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ALBERT STOESSL and J .  B. STOTHERS. Can. J .  Chem. 64, 1 (1986). 
Attempts to clarify the biosynthetic origin of the eggplant stress metabolite aubergenone (1) by incorporation of label from 

sodium [2-'H3, I-13C]acetate were frustrated by low yields and enrichment levels. However, the presence of deuterium in the 
biosynthetically significant 5-position was demonstrated by 'Hmr for the closely related auberganol(5) and a- and P-eudesmol 
(10 and l l ) ,  suggesting that these compounds, and hence also 1 ,  are normal eudesmanes and not the products of a possible double 
rearrangement. Deuterium was also incorporated into the expected positions of 9-oxonerolidol(12), 9-oxynerolidol (13), and 
lubirnin (4). Incorporation of label from [ l  ,2-13C2]acetate could be determined satisfactorily only for 13 and its allylic isomer 14, 
corresponding with expectations. This is the first report of 5 as a natural product and of 10,11, and the 10-epimer of 4 as eggplant 
stress metabolites. 

ALBERT STOESSL et J .  B. STOTHERS. Can. J .  Chem. 64, 1 (1986). 
Dans le but de determiner l'origine biosynthetique de l'auberginone (I), un metabolite de stress de I'aubergine, on a effectue 

des essais d'incorporation de l ' ac~ ta te - [ '~~-2 , '~C- l ]  de sodium qui n'ont pas reussi i cause des faibles rendements et des faibles 
niveaux d'enrichissement. Toutefois, on a pu demontrer la presence de deuterium dans la position 5, qui est significative d'un 
point de vue biosynthetique, en faisant appel a la rmn du 'H de l'auberganol(5) et des a- et P-eudesmol(10 et 11) qui lui sont trks 
apparentes; ces resultats sugg6rent que ces composts et, par consequent, le compost 1 sont des eudesmanes normaux et non pas 
des produits provenant d'une double transposition. I1 y a aussi incorporation de deuterium dans les positions prCvues du 0x0-9 
nCrolidol(12), du 0x0-9 nCrolidol(13) et de la lubimine (4). Ce n'est qu'avec le compose 13 et son isomhe allylique 14 que I'on a 
pu determiner d'une f a ~ o n  satisfaisante I'incorporation d'un marqueur de I'a~Ctate-['~C~-l,2] qui corresponde aux expectatives. 
Les rksultats obtenus dans ce travail correspondent i une preiniere concernant l'existence du compose 5 comme produit nature1 et 
des produits 10, 11 et de 1'Cpimkre en position 10 du compost 4 comme metabolites de stress de l'aubergine. 

[Traduit par le journal] 

Aubergenone ( I ) ,  a metabolite of Solanum melongena, has 
until now been unique among the carbocyclic stress metabolites 
of the Solanaceae in that its structure is that of a normal 
eudesmane whereas the many other compounds of the group are 
derived from hypothetical eudesmane precursors by carbon and 
hydrogen migrations (1, 2). However, it has been shown 
recently (3) that the biosynthesis of rishitin (2), a member of 
the group, involves a remarkable second rearrangement of the 
vetispirane, hydroxylubimin (3) (Scheme 1). The possibility 
therefore arises that 1 may also be formed through a similar 
sequence. In principle, this question might be answered through 
the biosynthesis of 1 with [2-2H3,1-'3C]acetate incorporation. 
If a vetispirane is an intermediate, its formation may be accom- 
panied by hydrogen (deuterium) migration from C-5 to C-4, as 
has been unambiguously demonstrated for 2 , 3 ,  and lubimin (4) 
(4). In the present case this could give rise to an observable 
signal in an uncluttered region of the 2 ~ r n r  spectrum provided, 
of course, that the incorporation level is sufficiently high and 
that the C-4 hydrogen (deuterium) does not itself participate in 
the hypothetical second rearrangement. On the other hand, if 1 
arises from an acyclic precursor without carbon-carbon rear- 
rangement, the salient deuterium atom will remain bonded to 
C-5 and, therefore, be observable either directly or through the 
P-isotope shift in the C-6 absorption pattern. 

To test these notions, eggplant fruit was treated with a sus- 
pension of Monolinia fructicola, as stress compound inducer, 
and, after 18h, with [2-2~3,1- '3~]aceta te  (1.86 X 1 O p 3 ~  
effective concentration). A small amount of 1 was isolated after 

'part 121 of 13Cmr studies; for Part 120 see ref. 12. 
'Communication No. 1010 from the Research Centre; Part 47 of 

"Postinfectional inhibitors from plants"; for Part 46 see ref. 13; for 
Part 45 see ref. 14; for Part 44 see ref. 15. 

2 days but the incorporation level was so low that only the 
deuterium signals for the methyl groups were observed in the 
2 ~ m r  spectrum. The 13C spectrum was similarly uninformative, 
revealing neither signal enhancements nor P-shifts for C-2, -4, 
-6, -8, -10, or -1 1. Fortunately, the situation was saved in part 
by the isolation of a new compound that was identified as a 
tetrahydroaubergenone, auberganol (S), by its 'H, 13Cmr, and 
mass spectra. Although this compound was not previously 
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known from eggplant or other natural sources, it has been 
described as one of the intermediates in the laboratory synthesis 
of 1 from a-cyperone (5). The ' ~ m r  and ms data for the 
eggplant metabolite are in excellent agreement with the litera- 
ture values and the mp is satisfactorily close. To confirm the 
identity of 5, however, the compound was oxidized to 6, which 
was completely transformed to 7 on refluxing with ethanolic 
potassium hydroxide. Ketol 7 was obtained earlier as an inter- 
mediate in the synthesis of 4-epi-aubergenone (6). A sample of 
the latter compound3 was hydrogenated to furnish authentic 7, 
which was found to be identical to that obtained from 5. As an 
aid for the assignment of the 13Cmr spectrum of 5, a portion of 
ketol 7 was reduced with sodium borohydride to furnish a 
mixture of two diols 8 and 9. The major product 8 was isolated 
by fractional crystallization and exhibited the properties reported 
earlier for 8 as a precursor of 7 in the aforementioned synthesis 
of 4-epi-aubergenone (6). The minor diol9 was therefore the 3 a  
isomer. The 13c data for 5-9 are collected in Table 1. 

As in the case of 1, the incorporation levels in 5 were too low 
to be detected by 13cmr. On the other hand, however, the 'Hmr 
spectrum clearly showed the presence of deuterium in the 
methyl groups, with well-defined signals at 6 0.84, 0.86, and 
1.18 for the 4-, lo-, and 1 1-methyl groups, respectively ('H 
enrichment ca. 0.5%), and for some of the skeletal positions 
(broad absorptions ca. 6 1.05, 1.25, 1.4, 1.6). Most signifi- 
cantly, a sharp signal at 6 3.70 established the presence of 
deuterium at C-3 (enrichment ca. 0.15%) and the absence of 
absorption near 6 1.88 showed there was little or no deuterium at 
C-4. The absorption positions for the 3- and 4-deuterons were 
known from analysis of the proton spectrum in which irradiation 
at 6 1.88 collapsed the 4-methyl doublet, 6 0.84, to a singlet and 
eliminated a 5.5-Hz coupling in the carbinyl pattern at 6 3.70, 
thereby reducing the latter to a doublet of doublets, J = 5.5, 
10.5 Hz. Some alteration in the spectrum near 6 1.25 indicated 
this to be the position of the  roton, on, thereby tentatively 
identifying an additional 'H signal. From these observations it 
can be concluded that 5 was probably formed without deuterium 
migration from C-5 to C-4.4 A definitive conclusion follows 
from the presence of deuterium at C-3, since this establishes that 
5 is not fomed by reduction of 1 but, rather, is either in a 
precursor or shunt relationship to 1. 

Another crystalline substance, m.p. 81-83"C, was isolated 
from the product and from its I3C spectrum, found to be a 2:3 
mixture of a- and P-eudesmols, 10 and 11, respectively. These 
could not be separated by either column or preparative thin- 
layer chromatography but corresponded in all respects to the 
like mixture of the two compounds obtained by Cordano et al. 
(7) from Balanites roxburghii. The 13cmr spectrum of our 
product once again showed no discernible enrichment or P- 
shifts; the data are listed in Table 1. The 'Hmr spectrum 
contained distinctive methyl signals at 6 0.71, 0.75, and 1.18 
arising from the 4-, lo-, and 1 1-methyl groups, respectively, 
with broadened skeletal deuterium signals centred at 6 1.36, 

3~rofessor R. B. Kelly kindly provided a generous sample of 4-epl- 
aubergenone. 

4An unambiguous conclusion on this point is elusive because of the 
possibility of two consecutive deuterium migrations, i.e. an eudes- 
mane -+ a vetispirane -+ an eudesmane with C-5 + C-4 -+ C-5 
deuterium migration, although it is known that the second migration 
does not occur in the rearrangement of 3 -+ 2 (4). It would appear that 
the only approach to a solution of this question would involve testing 
of suitable vetispiranes for incorporation into 1, experiments which are 
beyond the scope of the present study. 

1.44,1.50,1.60, and 2.30. The 6 2.30 signal corresponded to a 
multiplet in the proton spectrum containing one large coupling, 
-12 Hz, which could be attributed to the 5-proton. 

To evaluate the situation more fully, the major eggplant 
phytoalexins lubimin (4), 9-oxonerolidol (12), and 9-oxynero- 
lido1 (13) were also isolated for examination of their spectra. 
The 'Hmr spectrum of the lubimin sample revealed the presence 
of ca. 10% of the 10-epi isomer which had been found 
previously in potato (8) but not eggplant. The 'H spectrum of 
this sample was essentially the same as that recorded earlier for 
4 isolated in the course of analogous incorporation experiments 
with potatoes (4), exhibiting readily assigned signals for deute- 
rium at the aldehydic (6 9.78), exo-methylene (6 4.65), allylic 
(6 1.60), and secondary rnethyl(6 0.93) positions. In addition, 
broad signals centred at 6 1 .O, 1.4, 1.8, and 2.3 arising from 
skeletal deuterons were evident, that at 1.4 corresponding to 
I - ~ H  and (or) 4-'H. The 'Hrnr spectrum of 12 contained 
prominent signals for each of the four methyl groups, 6 1.20, 
1.50, 1.80, and 2.05, with that at 6 1.50 superimposed on 
absorption for skeletal methylene deuterons. In addition, a 
signal at 6 3.00 arising from the 8-methylene deuterons and 
weaker signals at 6 5.25,5.95, and 6.10 confirmed the presence 
of deuterium at C-2, -6, and -10. These assignments followed 
from the proton spectra obtained in an earlier study (9) and 
reported previously by Hiroi and Takaoka (10). The major 
metabolite isolated in the experiment was 9-oxynerolidol (13) 
for which the 'H spectrum readily revealed incorporation at the 
four methyl sites, 6 1.20 and 1.54, the latter signal arising from 
the three unresolved allylic methyl groups and more than three 
times as intense as the 6 1.20 signal. In addition, methylene 
absorption at 6 2.05 and olefinic signals at 6 5.95 and 5.22 were 
apparent. The lack of absorption in the range 6 2.1-5.1 
confirmed the absence of incorporation at C-9. The 13c spec- 
trum of 13 revealed the presence of two diastereomers, as found 
previously (9, 10) in a ratio of ca. 2: 1. In contrast to our earlier 
report, slightly different shieldings were found for 12 of the 15 
carbons owing to the increased shift dispersion produced by the 
3-fold increase of the observing frequency (300 vs. 100 MHz). 
The data are listed in Table 1. It may be noted that the original 
assignments for C-6 and -10 have been reversed (see below). 
~hekffects  of deuterium incorporation were just apparent in the 
patterns observed for each of the enriched centres, C- 1, -3, -5, 
-7, -9, and -1 1, with distinctive P-isotope shifts for C-1 (A = 
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STOESSL AND STOTHERS 

137 ppb), C-5 (1 10 ppb), C-7 (55 ppb), and C-9 (64 ppb) while 
the C-3 and - 1 1 signals were broadened. 

In a preliminary experiment, similarly inoculated aubergines 
were treated with sodium [I ,2-13C2]acetate. Although auberge- 
none (1) was present in trace amounts, insufficient material 
could be isolated for spectroscopic examination. However, 13  
and its allylic isomer 14 were isolated from tissue extracts by 
chromatography and their I3C spectra recorded to determine the 
pattern of intact acetate units in each compound as indicated by 
the bold linkages in 13 and 14. For each unit, the I3C-l3c 
coupling constants could be measured and these data are in- 
cluded in Table 1. The relative intensities of the 13c satellites 
and the central signal for the coupled carbons indicated that the 
13C enrichments were low, 0.25 and 0.15 ? 0.05% for 13 and 
14, respectively. The very low incorporation levels and the 
minimal yield of 1 dictated a change in tactics, leading to the 
experiment with [ 2 - ' ~ ~ ,  1-13c]acetate described above. 

Auberganol(5) and the eudesmols 8 and 9 were not present in 
readily detectable amounts in extracts from uninoculated auber- 
g ine~ .  The experiments described above suggest that these, 
together with aubergenone (I), are normal, i.e. non-rearranged 
eudesmanoids. No eudesmanes have as yet been reported as 
stress metabolites of other species of the Solanaceae. It is at 
present unknown whether auberganol is antifungally active but 
at least one report describes (+)-P-eudesmol, isolated from 
Hymenoclea monogyra, as active against Alternaria spp. (1 1). 

Experimental 
General experimental procedures and instrumentation utilized were 

as described in earlier papers (8,9) unless otherwise indicated. The 13C 
and ' ~ m r  spectra were recorded with a Varian XL-300 system using 
CDC13 (13C) and CHCl, ('H) solutions in 5-mm tubes. 

Aubergines (imported from Florida) were purchased in the local 
market in November and were of unknown storage age and variety. The 
fruits (25) were cut longitudinally into equal halves, seeds and pith 
were scooped out, and the resulting shells were charged with a 
suspension of Monilinia fructicola (2 x lo5 spores/mL, 40 mL/shell) 
and, after 22 h, with sodium [2- '~~, l - '~C]acetate  (Merck Isotopes 
Inc., 98% 'H, 90% I3C, 8 mg (0.093 mmol in 10 mL of H20/shell). 
Two days after inoculation, the liquid diffusate was collected, com- 
bined with water rinsings, and extracted with ether. Necrotic tissue 
was scraped from the shells and extracted by steeping overnight in 
MeOH/EtOAc (1:1), concentrating the filtered extract until mainly 
aqueous, and reextracting with ether. On column chromatography over 
Si02 (Camag DFO; 300 g) in sec-BuOHIEtOAc (5:95), the diffusate 
extract afforded fractions (20 mL each) that consisted predominantly of 
9-oxonerolidol(l2) together with 10 and 11 (fractions 26-28,53 mg), 
9-oxynerolidol (13) and its ally1 isomer 14 (fractions 29-34, 140 mg), 
a mixture of 4 and 1 (fractions 38-44, 41 mg), and crude crystalline 5 
(fractions 50-61; 14.9 mg). 

Rechromatography of fractions 26-28 gave 9-oxonerolidol (12) 
(18 mg, no discernible enhancement or shifts in the I3c spectrum) and 
compounds 10 and 11 as a crystalline mixture (13.5 mg); mp 81-83°C 
after two recrystallizations (light petrol, - 10°C); 'Hmr (CDC13) 6 (10): 
0.75 (s, 3H, 10-Me), 1.18 (s, 6H, isopropyl Me's), 1.60 (bs, 3H, 
4-Me), 5.30 (m, lH,  H-3); 6 (11): 0.66 (s, 3H, 10-Me), 1.18 (s, 6H, 
isopropyl Me's), 4.42 (m, lH), and 4.70 (m, 1H) exo-methylene 
protons; I3Cm (see Table 1); ' ~ m r  indicated low enrichment of ca. 
0.016 atoms D/molecule; m/e: 222, 204, 189, 164, 161, 149, 93, 
and 59 (100%). Exact Mass calcd. for CI5Hz60: 222.19835; found: 
222.19805. 

9-Oxynerolidol(l3) was obtained nearly pure (97 mg) by rechroma- 
tography of fractions 29-34 (MeOH/CHC13 5:95). The small amount 
of its allylic isomer that was also obtained was not further examined. 

Aubergenone (1) (5 mg) was obtained from fractions 38-44 by 
column chromatography (MeOH/CHC13 1:99) followed by multiple 
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preparative tlc (high performance precoated plates, Whatman Multi-K 
type CS5KC18F/K5F; EtOAc/toluene/HOAc 30:60: 1) and was com- 
bined for spectroscopy with another 3.2 mg similarly obtained from the 
tissue extract. 

Lubimin (15 mg) was obtained in the above purification of 1. It 
consisted of 4 accompanied by a small amount of its 10-epimer as 
judged from the 'Hmr spectrum. 

Auberganol(5) was purified by recrystallization from EtOAc (5 mg), 
mp 155-158°C; after a further recrystallization (EtOAc/hexane) it had 
mp 173.0-173.5"C (lit. (5) mp 166-166S°C); ir (CHC13): 3605 (s), 
3460 (br), 2935,2870,2855,1450 (d), 1382,1370,1130,1080,1008, 
903 cm-'; too little sample was available for determination of the small 
rotation (lit. (5). [&ID -2.7'); l ~ m r  (CDC13) 6: 0.86 (s, 3H, 10-Me), 
0.84 (d, 3H, J = 7.4 Hz, 4-Me), 1.18 (s, 6H, isopropyl Me's), 1.92 (m, 
lH,  H-4), 3.71 (dt, J = 10.4 and 5.5 Hz, lH, H-3); I3Cmr (see Table 
1). Exact Mass calcd for CISH280: 240.20891 ; found: 240.20879. 

The very complex tissue extract was used only for the isolation of 1 
by similar chromatographic techniques. 

In another experiment, similarly inoculated aubergines (20) were 
treated with sodium [ l  ,2-I3C2]acetate (1.68 mg) in 1 mL of H20 added 
to 10 mL of spore suspension/shell. Aubergenone (1) was present only 
in trace amounts and could not be studied. 9-Oxynerolidol(13) (15 mg) 
and its isomer 14 (16 mg) were isolated from the tissue extract by 
chromatography over Si02 in EtOAc/CH2C12 1:4. 

Reduction-epirnerization of 5 
Auberganol (2.5 mg) in acetone ( I d )  at 0°C was treated at 

increasingly long intervals with small drops of the Jones' reagent 
(59 mg Cr03, 2 mL H2SO4, H20 to 15 mL) until a yellow colour 
persisted for 30 min. Excess reagent was destroyed with MeOH (few 
drops) and the solution extracted with Et20 (2 X 10 mL); the extract 
was washed with 5% Na2C03 (2 mL) and water (2 x 4mL) and 
evaporated to give 6 (1.9 rng), homogeneous by tlc and 'H and I3crnr 
spectra. This product was refluxed in 0.1 M KOH in EtOH (2 mL) at 
74°C for 1 h, poured into H20 (10 mL), acidified (2 M HCl, 0.11 mL), 
and extracted into CHC13 (2 x 5 mL) to give 7 as a syrup (-1 mg) 
identical (except for the presence of trace amounts of different impuri- 
ties) with the sample prepared from synthetic 4-epi-aubergenone by 
tlc, ir, 'H, and 13Cmr spectra. 

Reduction of 4-epi-aubergenone 
The synthetic ketol (6) (15 mg) was hydrogenated over 5% Pd/C 

(25 mg, prereduced) in EtOH (15 mL) for 6 h. Essentially pure trans- 
dihydrocarissone (7) was obtained as a syrup on evaporation of the 
filtered solution. 

4-epi -Auberganols 
Synthetic 7 (12 mg) in MeOH (2 mL) was reduced with NaBH4 

(few grains) at 0°C. Extraction (CHC13) from ice-water gave a mixture 
of diols 8 and 9 (I3Cmr, see Table 1) as a syrup (1 1.5 mg). Crystalliza- 
tion from CH2C12 at - 10°C gave 8 (3.2 mg), mp 136-140°C, raised 
to 138-140°C by a further crystallization; I ~ m r  (CDC13) 6: 0.83 
(s, 3H, 10-Me), 0.97 (d, 3H, J = 6.8Hz, 4-Me), 1.19 (s, 6H, 
(CH3)2C(OH)-), 3.14 (ddd, lH, J = 5.0, 9.8, 11 .O HZ, H-3). 
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Influence de nitrates metalliques sur l'equilibre de dissociation ionique: 
Nz04 NO+ + NOT dans le sulfolane 

ABDELLATIF BOUGHRIET, MICHEL WARTEL' ET JEAN-CLAUDE FISCHER 
Laboratoire de chimie analytique et marine, britiment C8, UniversitP de Lille, 59655 Villeneuve D'Ascq Ckdex, France 

R e p  le ler avril 1985 

ABDELLATIF BOUGHRIET, MICHEL WARTEL et JEAN-CLAUDE FISCHER. Can. J. Chem. 64, 5 (1986). 
Au cours de la nitration des noyaux aromatiques par le N2O4 en milieu aprotonique, la prtsence d'un nitrate mCtallique tel que 

Zn(N03)2, C U ( N O ~ ) ~  ou U02(N03)2, gCnkre l'espkce catalytique NO+ selon la rCaction N2O4 + M(N03)2 *NO+ + M(N03); 
[I]. L'Ctude voltampCromCtrique de la rkduction de N2O4 en prCsence de nitrates mCtalliques M(N03)2 sur electrode de platine a 
permis d'atteindre la valeur de la constante de 1'Cquilibre [I] et celle de la constante de stabilitC du complexe trinitrato form6 selon 
M(NO3)2 + NO; a M(N03); [2] dans le sulfolane (M = Zn, Cu, U02). La forte stabilitC des complexes trinitrato M(N03); 
est due aux propriCtCs peu solvatantes du solvant. Les comportements des ligands C1- et NO; Ctant trks voisins, cette hypothkse 
est vCrifiCe par 1'Ctude de la stabilitC des complexes chlorozincates[II] (ZnC1:-' (i  = 1, 2, 3, 4)) dans le sulfolane, par 
voltampCromCtrie a courant nu1 sur Clectrode d'argent. 

ABDELLATIF BOUGHRIET, MICHEL WARTEL, and JEAN-CLAUDE FISCHER. Can. J. Chem. 64, 5 (1986). 
The addition of a metallic nitrate such as Zn(N03)2, Cu(N03)2, or U02(N03)2 to N204 solutions in aprotic media leads to the 

reclaiming of the NO+ species (which is considered as a catalyst for the nitration of aromatics by N2O4) as follows: N2O4 + 
M(N03)2 NO+ + M(N03); [I]. Using linear voltammetry, the study of the N2O4 reduction in the presence of metallic 
nitrates with a platinum electrode has allowed us to derive the equilibrium constant for reaction [I] and that corresponding to the 
formation of the trinitrato complexes in sulfolane according to: M(N03), + NO; M(N03); [2] (M = Zn, Cu, U02). The 
strong stability of the M(N03); complexes is due to the weak solvating character of the sulfolane. This hypothesis is also 
confirmed by the stability constants of zinc[II] chloride complexes: ZnCl?-' * ~n~1::; + C1- ( i  = 1,2,  3,4) in sulfolane from 
a potentiometric study by means of a silver chloride - silver electrode. 

Introduction 
La nitration du naphtalkne par N2O4 en milieu aprotonique a 

lieu selon un mecanisme faisant intervenir l'espkce catalytique 
NO+ (1) provenant de la dissociation ionique de N2O4 selon 
N204 NO+ + NO;. Cependant, la constante de dissociation 
de N204 dans diffkrents solvants aprotoniques est faible (KhZo4 
= 7 , l  x lo-' mol dmp3 a 303 K dans le sulfolane (2), et Kh,04 
= 6,3  x 10-lOmol dmp3 a 298 K dans le nitromethane (3a)). 
Des composCs tels que les nitrates metalliques (U02(N03)2, 
C U ( N O ~ ) ~  et Zn(N03)2) dans des solvants peu solvatants 
(favorisant les homoconjugaisons ou hCteroconjugaisons) favo- 
risent la dissociation ionique de N2O4 par formation de com- 
plexes nitrato M(NO,)?-' ( i  = I ,  2 ,  3, 4 et M = U02, Cu et 
Zn). Afin de mieux connaitre le phknomene d'interaction entre 
N2O4 et ces nitrates metalliques, nous avons CtudiC les constan- 
tes de stabilitk de ces complexes nitrato-metalliques: 

[I] ~(N03)::i + NO; ~ ( ~ 0 3 ) : ~ '  

N'ayant pu integrer ces diffkrentes entites chimiques dans un 
couple tlectrochimique, mais tgalement en raison de la faible 
concentration des espkces M(N03)+, M'+ et NO; en solution, 
les constantes de stabilite des complexes M(NO3)2 et M(NO,)+ 
n'ont pas pu &tre dktennintes. NCanmoins, une etude voltam- 
ptromitrique sur electrode de platine poli des solutions des 
derives oxygCnCs de l'azote (3) a montrk que le systkme 
NO+/NO est rapide dans le sulfolane, ce  qui nous a pennis 
d'entreprendre 1'Ctude de la reaction entre N204 et M(N03)2 
selon 

La formation de NO+ au cours de cette reaction a Cte suivie par 
ampkrometrie. 

11 est a noter que si les nitrates de cuivre et d'uranyle con- 
duisent A des complexes trinitrato (M(N03);) (4), Addison et 

' ~u t eu r  $ qui adresser la correspondance. 

al. (4) soulignent, dans le cas du zinc, I'existence d'un com- 
plexe tetranitrato ( ( N O + ) ~ Z ~ ( N ~ ~ ) ; - ) .  Ce  complexe, form6 
lors d'un melange Z ~ I ( N O ~ ) ~  et N2O4 en excks, est peu stable et 
se dkcompose 2 temperature ordinaire. Peu d'infonnations 
n'ont pu $tre relevees dans la bibliographie quant a sa stabilitk 
en solvant aprotonique dipolaire. Les ions nitrate et chlorure 
ayant des propri6tCs solvatantes trks proches dans le sulfolane, 
la transposition de 1'Ctude des complexes znCl:-' ( i  = 1 ,  2,  3, 
4), par potentiomitrie A courant nu1 sur Clectrode d'argent, au 
complexe z n ( ~ 0 ~ ) : -  devrait pennettre de justifier la non- 
stabilitk du tCtranitratozincate[II] de dinitrosyle dans notre 
solvant . 

Partie experimentale 
Le sulfolane (Prolabo) est purifiC selon la mCthode dCji dtcrite (5). 

Les perchlorates d'argent (Fluka) et de tttrakthylammonium (Carlo 
Erba) sont sCchCs i 333 K sous pression rCduite durant 1 mois. Les 
chlorures de ti4traCthylamrnonium (Eastman Kodak) et de zinc (Merck) 
sont sCchCs respectivement i 353 et 423 K sous pression rCduite durant 
8 jours. 

Le U02(N03)2 anhydre est obtenu par deshydratation 2 373 K de 
U02(N03)2,6H20 (Merck) sous pression riduite. Une telle technique 
n'est pas applicable aux nitrates de zinc et de cuivre qui se dCcomposent 
en conditions de dkshydratation. Les nitrates ZII(NO~)~ et C U ( N O ~ ) ~  
rigoureusement exempts d'eau sont donc prCparks "in situ" par reaction 
dans le sulfolane entre de la poudre de mttal (Cu, Zn) et un excks de 
N2O4 Quand la reaction est terminCe, le mklange rkactionnel est place 
sous pression rCduite, ce qui permet 1'Climination de N2O4 en excks et 
des oxydes d'azote NO et N2O3 formCs au cours de la reaction. 

Le perchlorate de nitrosyle est prtparC dans le nitromCthane par 
addition d'un excks de N203 a une solution de HC104,H20. Le solide 
recueilli aprks filtration est lavC au tCtrachlorure de carbone. 

Un millivoltmktre Isis 20000 Tacussel est utilist pour la potentio- 
mCtrie. La stabilitC des mesures est contrBlte sur un enregistreur 
Tacussel EPL2, relit au millivoltmktre. Toutes les prkparations de 
solutions sont effectuCes en boite i gants. Les manipulations sont 
rCalisCes h 303 2 0,l  K. L'tlectrode d'argent est recouverte d'un dCpBt 
de AgCI, avant chaque manipulation, selon la mkthode dCja dCcrite (2). 
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Les courbes intensitt-potentiel, en rtgirne stationnaire, sont tracCes 
A 303 k 0,l  K B l'aide d'un ensemble voltarnpCrornCtrique Tacussel. La 
vitesse de rotation de llClectrode indicatrice de platine (diarnktre, 
0,8 mm) est de 10 tours/s. La vitesse de balayage des potentiels est de 
5 rnV/s. La voltammttrie cyclique est rtaliste soit a l'aide de la rnCrne 
tlectrode soit avec une tlectrode de diarnetre = 2 rnrn. 

L'tlectrode de rCf6rence a dCjA Cte dtcrite (2). Le potentiel de 
derni-vague du  systerne ferrocene-ferricinium est pris cornrne origine 
de l'tchelle de potentiel. 
Le dosage de l'eau est effectut par la rnCthode de Karl-Fischer 

(rtactif gtntrt par coulomttrie (6)). 
Les spectres Raman de solutions Cquirnoltculaires des rntlanges de 

N2O4 et nitrate mttallique dans le sulfolane ont CtC obtenus A l'aide 
d'un spectromttre Raman Dilor R.T. 30. Pour cela, nous avons utilisi 
des tubes scellds contenant des solutions de 0,2 rnol en nitrate 
mttallique et 0,2 rnol dm-3 en N2O4 La radiation excitatrice est la raie 
?i 488,O nrn d'un laser 2 argon ionist, avec une puissance de 150 mW. 

Resultats et discussion 
Les courbes voltampCromCtriques sur tlectrode de platine 

poli de solutions de nitrate mCtallique (U02(N03)2, C U ( N O ~ ) ~  
ou Zn(N03)2), en prksence de perchlorate de tCtraCthylammo- 
nium comme Clectrolyte indiffkrent, ne rkvelent pas dans le 
sulfolane la vague d'oxydation caractkristique de l'ion nitrate 
(E* = + 1 3 7  V (3)). Ce rCsultat suggbre donc que ces nitrates 
mktalliques sont peu dissociCs dans notre solvant. L'addition de 
N2O4 5 ces solutions fait apparaitre sur les courbes i = f (E) une 
vague cathodique diffkrente de celle correspondant a la rCduc- 
tion de N2O4, et qui croit avec le rapport de concentration 
[N204]/[M(N03)2]. De meme, si l'on ajoute une solution de 
nitrate mCtallique A une solution de N204, il apparait une nou- 
velle vague dont le potentiel, E4 = +0,74 V, correspond i celui 
du systkme NO+ + e- NO en prCsence de N2O4 (3 b) (fig. 1, 
cas du nitrate d'uranyle). La prisence de 1'entitC NO+ en solu- 
tion est confirmCe par 1'Ctude en spectroscopie Raman des mC- 
langes CquimolCculaires N204-C~(N03)2, N204-U02(N03)2 
et N204-Zn(N03)2 dans le sulfolane. En effet, les spectres 
prksentent une bande intense i 2285 cm-', caractkristique de la 
vibration d'tlongation VNO de NO+ (fig. 2) (7). Nous reprksen- 
tons en figure 3 1'Cvolution du courant limite de diffusion de la 
vague cathodique attribuCe a NO+ lors de l'addition de nitrate 
mCtallique 2 une solution de N2O4. La hauteur de cette vague 
tend vers une limite, ce qui laisse supposer l'existence d'un 
Cquilibre partiellement dtplacC. Addison (4) signale, pour le 
cuivre et l'uranium, la formation des complexes Cu(N03); 
NO+ et U02(N03); NO+, et pour le zinc, la formation des 
complexes Zn(N03); NO+ et Zn(NO3):- 2NO+, lors de 
l'addition de nitrate mCtallique a N2O4 liquide. La rCaction peut 
donc s'Ccrire, dans le cas des ions cuivrique et uranyle, 

Cette rCaction laisse prCsager que la dissociation de M(N03); 
en M(NO3)2 et NO; est plus faible que celle de N2O4 selon 
N2O4 G NO+ + NOT. I1 est i noter que le complexe 
[Zn(N03)4][N0]2 se dCcompose 5 tempCrature ambiante (4). 
Des travaux ricents (8) confirment, dans le cas de l'uranium, 
que seul le complexe [U02(N03);][NO+] existe. Notre Ctude 
portera, dans une premikre Ctape, sur les sels de cuivre et 
d'uranyle. 

I. Constantes d'kquilibre de la rkaction de N Z 0 4  avec les 
nitrates de cuivre et d'uranyle dans le sulfolane 

L'Ctude Clectrochimique des melanges N204-M(N03)2 (avec 
~ 2 +  = cu2+ et UO$+ et [M(N03)2]/[N204] = 1) montre que: 
(i) en voltammCtrie cyclique, I'intensitC du courant du pic 

FIG. 1. Courbes intensitC-potentiel obtenues dans le sulfolane a 
303 K (electrode de platine,poli) lors de I'addition de nitrate d'uranyle 
B une solution de N2O4. Electrolyte indifftrent: [(C2H5)4NC104] = 
0,1 rnol dm-? [N2o4] = 6,83 X ~O-~rnoldrn-~; [UOz(N03)2] = 0 
( I ) ,  1,Ol X (2), 2,47 X (3), 4,90 X (4), 6,87 X 

1 0-3 rnol (5). 

cathodique i,P est proportionnelle a la racine carree de la vitesse 
de balayage de potentiel; (ii) par voltammttrie linCaire, le 
courant limite i, est proportionnel A la racine carrCe de la vitesse 
de rotation de 1'Clectrode. Le processus Clectrochimique n'est 
donc pas contr6lC par la cinCtique de la rCaction chimique [2]. 
La riduction de N2O4 en prtsence de nitrate mCtallique peut 
s'interprkter selon le processus 

Le courant limite de diffilsion Ctant proportionnel B la con- 
centration de NO+, soit il(NO+) = kNO+ [NO+], il est possible, 
connaissant le coefficient de proportionnalitC ~'(NO+)/[NO+] 
de la rCduction de NO+ (obtenue lors de 1'Ctude d'une solution 
de NOC104) pour une m&me Clectrode tournante (surface: 
0,50 mm2) animte d'une vitesse de rotation identique (o = 
62,8 rad s-'): kNo+ = 770 2 15 I J . ~  dm3 mol- ', d'atteindre la 
concentration en NO+ libre. Nous pouvons ensuite deduire 
la constante d'equilibre K &  = [NO+]CM(N03);]/[N204] X 
[M(N03)2], relative A la rCaction [2]. A 303 K, les constantes 
KG sont Cgales a 2,5 ? 0 ,4  et 1,7 * 0,2, respectivement, pour 
M2+ = Cu2+ et UO:+. Ces constantes sont en accord avec une 
rCaction [2] non totalement dCplacCe. En utilisant la valeur de la 
constante de formation de N204 selon NO+ + NO; F' N2O4, 
soit = 1,6 X lo+' mol-' dm3 (2), nous pouvons atteindre 
les constantes de stabilitC des complexes mCtalliques trinitrato 
a partir de la relation 
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iHRIET ET AL. 

FIG. 2. Spectres Rarnan de rnClanges N2O4 + M(NO& dans le 
sulfolane. [N2O4] = [M(N03)2] = 0,2 rnol vo = 488,O nrn; 
puissance, 150 rnW. N204 + U02(N03)2 (1); N2O4 + ZII (NO~)~  (2); 
N204 + Cu(N03)~ (3). 

A 303 K, la constante K;(M) est egale ii 4,O X et 2,7 X 
l ~ + ~ r n o l - '  dm3 respectivernent pour le cuivre[II] et l'ion 
uranyle. 

Les valeurs des constantes de dissociation des complexes 
trinitrato M(N03)3 (l/K;(M)) sont donc trhs proches de celle 
relative a la constante de dissociation ionique de N2O4 ( K & ~ ~  = 
1 /K$,04), ce qui confirme la prtsence d'une rtaction [2] Cqui- 
librte entre les nitrates mttalliques et N2O4. Gtntralement les 
constantes de stabilitC des complexes tttracoordonnts sont plus 
faibles que celles des complexes tricoordonnCs; c'est le cas du 
cuivre[I1.] en prCsence du ligand C1- dans les solvants eau 
(9- 1 I), acttonitrile (12), dirntthylsulfoxyde (13, 14). I1 ttait 
inttressant de confirmer cette hypothkse dans le cas du zinc[ll] 
afin de rnontrer que le cornplexe Zn(N03)4(N0)2 n'existe pas 
dans le sulfolane. Ne pouvant diterminer la constante de stabilitt 
du complexe zn(NO3)gP, nous nous sornmes interests ii la 
complexation du zinc[ll] avec le ligand C1- de cornportement 
voisin de celui de l'ion NO;. 

11. Constantes de stabilite' des complexes chlorozincates[II] 
dans le sulfolane 

I1 existe peu de travaux relatifs ii la stabilitt des complexes 
du zinc[II] en milieu aprotonique. Citons pour exemple ceux 
realisis dans le solvant DMSO (16). 

FIG. 3. Variation du courant lirnite (il(NO+)) obtenu lors de l'addi- 
tion de nitrate mCtallique a une solution 5,96 X rnol dm-3 de 
N2O4 dans le sulfolane a 303 K (Clectrode de platine poli). Electro- 
lyte indiffkrent: [(C2H5)4NC104] = 0 , l  rnol U02(N03)2 ou 
Zn(N03)2 (1); C U ( N O ~ ) ~  (2); courant lirnite de diffusion pour une 
solution de NOC (3). 

Afin d'acctder aux valeurs des constantes de stabilitt K* des 
complexes chlorozincates[II] relatives aux tquilibres 

avec i = 1, 2, 3 , 4  

nous avons cherchC a inttgrer chacun de ces tquilibres dans un 
couple Clectrochimique. Les complexes z n ~ l $ - ,  ZnCl;, ZnC12 
et ZnC1+ ttant meilleurs donneurs de C1- que AgC1, nous avons 
penst atteindre les constantes de stabilitt de ces espkces grlce 
a l'utilisation de l'tlectrode d'argent recouverte de chlorure 
d'argent. En effet, cette tlectrode est indicatrice de la concen- 
tration de chlorure dans le sulfolane (2). 

Nous avons suivi la neutralisation d'une solution de ZnC1;- 
(obtenue en mtlangeant ZnC12 et (C2H5)4NC1 dans un rapport 
de concentrations Cgal ii 112) par une solution de perchlorate 
d'argent, par potentiornetrie a courant nul. La courbe de titrage 
fait apparaitre trois sauts de potentiel pour les rapports 
[Ag+]/[Cl-1: 0,25; 0,5; 1 (fig. 4). Ces sauts sont caracteristi- 
ques respectivernent des rtactions suivantes: 
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E ( m V )  

FIG. 4. Courbe potentiomttrique (Clectrode Ag/AgCl) de dosage 
d'une solution de Z~CI:- (0,5 X lo-' mol par une solution de 
AgCIO, (0,2 mol dm-3) dans le sulfolane. Electrolyte indifferent: 
[(C2H5)4NC104] = 0,1 mol dmp3. 

et des deux reactions non discernables 

qui peuvent s'tcrire globalement 

L'Cquation de Nernst 'appliqute au systkme Clectrochimique 
([41-[71) 

[8] ~ n ~ l f . - '  + Agl AgCll + znC1:~; + e- 

avec i = l ,  2, 3, 4,  donne 

RT [ZnCl?: I] 
E = EA + 2,303 - log 

nF [ ~ n ~ l $ - ' ]  

L'analyse mathtmatique de la courbe de titrage montre que 
les &actions [4] et [51 sont rapides. Les coefficients de la loi de 
Nernst exptrimentaux sont trks proches de la valeur thCorique 
(59 mV par unit6 logarithmique pour le couple [4] et 61 mV par 
unite logarithmique pour le couple [5]). Les potentiels normaux 
E: et E: ont Ctt dCtermints et ont pour valeurs respectives 
-420 mV et - 124 mV (? 3 mV). Ces valeurs jointes aux valeurs 
du potentiel normal du systkme Ag+/Ag (+373 mV (5)) et du 
produit de solubilitC de AgCl (3,7 x 1 0 - ' ~ m o l ~ d m - ~  (5)), 
dans le sulfolane, permettent de calculer les constantes log K i  
et log KT, qui ont respectivement pour valeurs +5,2 * 0,2 et 
+10,1 ? 0,2. 

En ce qui concerne la variation de potentiel relative aux deux 
rtactions simultanCes [6] et [7], nous avons effectut un traite- 

FIG. 5. ,Simulation de la neutralisation d'une solution de ZnCli par 
AgC10,. Evolution de la concentration des espkces ZnC12, ZnC1' et 
Zn2+ au cours du dosage. 

ment mathtmatique des donnCes par affinement selon la mCthode 
des moindres carrCs. Les rtsultats obtenus sont: coefficient 
experimental de la loi de Nernst, 60 * 0,5 mV; log Kr = 12,l 
? 0,2; log K; = 13,4 5 0,2; potentiels normaux Eh = +71 + 
3 mV et E; = -7 + 2 mV. Nous constatons que la constante 
K; est suptrieure KT comme le laissait prCsager la courbe 
potentiomCtrique ou les neutralisations de ZnC12 et ZnC1+ ne 
sont pas sCparCes. Ce phtnomkne a dCja CtC observe dans des 
solvants autres que le sulfolane: DMSO (16), methanol (17), 
avec les ligands C1-, Br-, I- et SCN-. 

A l'aide des valeurs des constantes KT et Kz,  nous avons 
effectuC la simulation d'un dosage d'une solution de ZnC12 par 
AgC104 (fig. 5). Nous avons Cgalement report6 sur cette figure 
l'tvolution de la concentration des difftrentes espkces au cours 
du dosage. Les deux rCactions [6] et [7] donnent naissance a une 
seule vague, comme nous l'avons constate exptrimentalement. 

Les complexes ~nC1;-, ZnC1; sont plus stables dans le 
sulfolane et le dim&thylsulfoxyde (16) (solvants aprotoniques) 
que dans le mCthanol(17) et l'eau (18), en raison des propriCtts 
peu solvatantes du sulfolane et du DMSO (tableau 1). Ces 
rCsultats sont en accord avec les hypothkses formulCes par 
Ahrland (19), relatives ti la solvatation des complexes mttalli- 
ques en milieux protoniques et aprotoniques. En effet, les 
ligands susceptibles de former des liaisons hydrogknes sont 
fortement solvatCs par les solvants protoniques, ce qui diminue 
la stabilitC des complexes. 

111. Constante de stabilite' du complexe trinitratozincate[ll] 
duns le sulfolane 

Nous avons vu que la stabilitC du complexe tCtrachloro- 
zincate[II] est plus faible que celle du trichlorozincate[II] (log 
KT = + 10,l ? 0,2 et log K,* = 5,2 + 0,2 a 303 K), ce qui est 
en accord avec les rksultats relevCs, dans le cas du cuivre, pour 
un solvant a proprittC physique voisine du sulfolane (pouvoir 
donneur (DN) = 14,8), l'acttonitrile (DN = 14,l) (12). Cet 
Ccart de stabilitk doit Ctre retrouvC avec les complexes du nitrate 
tri- et tCtra-coordonnCs puisque les ligands C1- et NO; ont, 
dans notre solvant, des solvatations trks voisines: (i) les cons- 
tantes d'aciditC de HN03 et HC1 sont proches, soit 16 (3a) et 
14,5 (20), respectivement; (ii) les constantes d'homoconjugai- 
son de HN03 et HCl (AH + A- & A2H-) sont toutes deux 
Cgales a 3 , l  (2, 3a). 

La rCaction de N204 avec le complexe trinitrato selon 

doit Ctre peu dCplacCe vers la formation du complexe nitrosyle, 
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BOUGHRIET ET AL 

TABLEAU 1. Constantes de stabilitC des complexes chlorozincates[II]: Z~(CI)?- '  (i  = 1, 
2, 3,4), en milieux protoniques et aprotoniques, relatives aux Cquilibres 

Zn(cl)?;l + Cl- * zn (~ l ) ? - '  (Ki*) 

Solvant (DNa) 1% KT 1% @ 1% KT log !$ RCf. 

Eau (DN = 18,O) -0;19 -0,40 0,75 - 18 

DimCthylsulfoxyde 
(DN = 29,8) 1,94 3,89 2,26 - 16 

Sulfolane 
(DN = 14,8) 12,1*0,2 13,4&0,2 10,1?0,2 5,2*0,2 

- - - 

"Pouvoir donneur du solvant selon I'Cchelle de basicit6 de Gutmann et coll. (15) 
bNos valeurs. 

constante de la rtaction 
E (VI - [lo] N2O4 + Zn(N03)2 S NO' + Zn(N03); 

I par une ttude similaire 2 celle rCaliste avec les nitrates de cuivre 
et d'uranyle. La constante de la rtaction [lo] est tgale a 1,8 & 

0,3, et la constante de stabilitt du complexe trinitratozincate[II] 
est Cgale a 2,9 X mol-' dm3 a 303 K. Cette valeur, proche 
de celle de la constante de dissociation ionique de N2O4, 
emp&che, dans le sulfolane, la formation par N2O4 de com- 
plexes plus coordonnts. La spectroscopie Raman apporte une 
preuve directe de la formation d'un sel de nitrosyle, lors de 

I 
1'Ctude d'une solution tquimoltculaire N204-Zn(N03)2 (fig. 

I 2), mais ne permet pas de conclure sur l'absence en solution du 
complexe Zn(NO3);-; les bandes caracttristiques des vibra- 
tions de NO; libre ou complex6 sont masqutes par les raies 
intenses et larges du sulfolane. Notons que la stabilitt du com- 
plexe Zn(N03); (K:(Zn) = 2,9 X 10+7dm3mol-' a 303 K) 
est ltgkrement plus faible que celle du complexe Cu(N03); 
(K$(Cu) = 4,O x dm3 mol-' a 303 K), ce qui est en 
accord avec la classification des mttaux en fonction de leur 
pouvoir complexant proposte par Irving et Williams (21). 

En rCsumt, la prtsence de l'acide de Lewis Zn(N03)2, dans 
une solution de N2O4, conduit dans le sulfolane a la formation 
de NO+ et du complexe trinitratozincate[II]. Cette rtaction est 
observte dans notre solvant grice a une stabilitt du complexe 
Zn(N03); (K$(Zn) = 2,9 X dm3 mol- ' a 303 K) voisine 
de celle de N2O4 selon NO+ + NO; * N2O4 (KG204 = + 1,6 
x 1 o + ~  dm3 mol- ' a 303 K). 

FIG. 6. Courbes intensitC-potentiel obtenues dans le sulfolane a 
303 K (Clectrode de platin: poli) lors de I'addition de nitrate de zinc 
i une solution de N2O4 Electrolyte indifferent: [(C2H5)4NC104] = 
0,1 mol dm-3. [N204] = 5,96 X mol dm-3; [Zn(N03)2] = 0 (I), 
3,lO X (2), 5,30 X (3), 7,20 X (4), 11,40 X 

mol dmp3 (5). 

et donc ntgligeable. Cette hypothkse est d'ailleurs confirmte 
par l'allure des courbes i = f (E) obtenues au cours de l'addition 
de nitrate de zinc a une solution de N2O4 (fig. 6), allure trks 
semblable a celle des courbes relatives aux melanges N2O4 + 
U02(N03)2 (fig. 1) donnant lieu uniquement a la formation d'un 
complexe [(U02(N03)3] [NO]. 

De plus, la courbe reprtsentant l'tvolution du courant limite 
(il(NO+)) de rkduction de NO+ (form6 au cours de la reaction 
[2]) en fonction du rapport [Zn(N03)2]/[N204] (fig. 3), coi'n- 
cide bien avec celle exprimant i,(NO+) en fonction de 
[U02(N03)2]/ [N204]. I1 est alors possible de dtterminer la 

Conclusion 
L'utilisation de la voltamptromttrie a permis d'tlucider le 

mtcanisme de la rtduction de N2O4 en prtsence des nitrates 
mttalliques Zn(N03)2, C U ( N O ~ ) ~  et U02(N03)2 en milieu 
aprotonique: 

[El NO' + e- * NO 

Le processus tlectrochimique est contr6lt par le transfert mono- 
tlectronique rtversible mis en jeu lors de la rkduction de NO+ en 
NO (systkme [El). Ce rtsultat a rendu possible la dttermination 
de la constante d'tquilibre de la rtaction [C], (KG), et celle rela- 
tive a la formation du complexe mttallique trinitrato, K:(M), 
selon M(N03), + NO; M(N03);. A 303 K, les valeurs 
trouvCes sont: K;, = 1,8 + 0,3; K:, = 2,5 + 0,4; Kco2 = 
1,7 + 0,2; K:(M) = 2,9 X 4,O X et 2,7 X 

mol-' dm3, respectivement pour M = Zn, Cu et U02. Nous 
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avons nCgligt l'intervention des entitts M(NO3)Zp, M(N03)+ 
et M ~ + ,  dans les rtactions prtckdentes, en raison de leur con- 
centration trop faible dans-la solution. Cette hypothbe  a Ctk 
confirmCe par des travaux sur les mClanges N204-M(N03)2 
signalCs dans la littkrature, e t  par nos rksultats obtenus dans la 
s&e des complexes chlorozincates[11] ou la base C1- a un 
comportement vis-a-vis du mCtal Zn2+ trks semblable a celui de  
NO;. 

L'addition de  ces nitrates mttalliques dans une solution de  
N2O4 perrnet donc, en milieu aprotonique, le dtplacement de la 
base nitrate dans 1'Cquilibre de  dissociation ionique N204 $ 

NO+ + NO?, en IibCrant I'espkce NO+. L'emploi facile de  ces 
sels minCraux ainsi que leur grande solubilitC dans le sulfolane, 
nous ont conduits a les utiliser comme agent catalytique dans les 
rtactions d e  nitration par N2O4 des noyaux aromatiques (en 
gCnCrant en solution I'espkce catalytique NO+) (1). 
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The electrochemical oxidation of 2,s-dihydroxybenzoic acid on a mercury electrode 
in aqueous solutions 

D. S ~ z o u  AND N. PAPADOPOULOS 
Laboratory of Physical Chemistry, Department of Chemistry, University of Thessaloniki, Thessaloniki, Greece 

Received August 29, 1984' 

D. S ~ z o u  and N. PAPADOPOULOS. Can. J. Chem. 64, 11 (1986). 
The electrochemical behaviour of 2,5-dihydroxybenzoic acid (2,5-DHBA) has been studied in the pH range 5.5-12.7 at a 

hanging mercury drop electrode (HMDE). Voltammograms show the existence of one reversible wave of 2,5-DHBA governed 
by diffusion conditions. In the oxidation process a two-electron transfer takes place, as shown by the controlled potential 
electrolysis. From the calculation of the voltammetric parameters (peak width E, - Epj2, peak current function i p / 6 )  and from 
the other experimental data, a mechanism for the overall reaction in two different pH ranges, 5.5-9.5 and 9.5-12, is proposed. 

D. S ~ z o u  et N. PAPAWPOULOS. Can. J. Chem. 64, 1 l (1986). 
Le comportement Clectrochimique de I'acide dihydroxy-2,5 benzo'ique a CtC CtudiC ides pH allant de 5,5 i 12,7, Zi I'aide d'une 

Clectrode de mercure i goutte tombante. La vague reversible cyclovoltarnmCtrique de I'acide dihydroxy-2,5 benzoi'que est 
contr61Ce par la diffusion. Le processus d'oxydation implique un transfert de deux Clectrons. Sur la base de calculs des parametres 
voltammCtriques (largeur du pic i mi-hauteur, Ep - EPi2, et la fonction du courant du pic) ainsi que sur la base des autres donnCes 
expkrimentales, on propose un mCcanisme concernant la rkaction globale dans deux rCgions diffkrentes de pH (5,5-9,5 et 
9,5-12,O). 

[Traduit par le journal] 

Introduction 
Several studies have been carried out on the electrochemical 

behaviour of the hydroquinone-quinone system in aqueous as 
well as in nonaqueous solutions at different electrodes (1-9). 

The oxidation-reduction potentials of a number of quinones 
have been studied to determine the aromatic character, particu- 
larly in the fused ring systems (10 , l l ) .  Ring substituenk have a 
significant effect on these potentials, and the course of many 
reactions is regulated by them. Methyl substituted quinones 
have also been studied (12, 13). 

The hydroxy-derivatives of salicylic acid, classical reagents 
in inorganic analytical chemistry, belong to the group of substi- 
tuted hydroquinones. Very few papershave been reported on 
their complex formation and on the determination of their 
protonation constants (14-16). The monosubstituted hydro- 
quinones with strong electron-withdrawing substituents such as 
-COOH, -CHO, and -NO2 undergo anodic hydroxylation 
at low potentials in aqueous solutions. The evidence for this 
anodic hydroxylation has been provided by electrochemical 
techniques with carbon - Nujol paste electrodes for voltammet- 
ric studies and carbon cloth for preparative scale electrolysis 
(17. 18). 
\ ,  , 

In this paper, we investigate the electrochemical behaviour of 
2,5-dihydroxybenzoic acid (DHBA) in the pH range 5.5-12.7 
phosphate buffer, at a hanging mercury drop electrode (HMDE). 
We attempted to investigate, under the same conditions, the 
electrochemical behaviour of 2,6- and 2,4-dihydroxybenzoic 
acids, but an oxidation wave was not obtained at the potential 
range available on mercury. 

Experimental 
2,5-Dihydroxybenzoic acid (2,5-DHBA), from Fluka A. G. "puriss 

p.a.", was purified by recrystallization from water and dried under 
vacuum. 

As a supporting electrolyte solution, a solution buffered with phos- 
phates was used. The ionic strength was 0.3 M. All reagents used were 
Fluka A. G. "puriss p.a.". The solutions of 2,5-DHBA were freshly 
prepared, after the deaeration of the supporting electrolyte. High purity 

'~evision received July 4, 1985. 

argon was used for oxygen removal and all measurements were carried 
out in an argon atmosphere and at a temperature of 25 2 O.l°C. 

Cyclic voltammetric measurements were carried out on a HMDE 
(PAR 9323) of surface area 3.51 X cm2. A Pt sheet and a calomel 
electrode were used as counter and reference electrodes, respectively, 
and they were separated from the working electrode compartment by 
glassy diaphragms. 

Electrolysis was carried out using a mercury pool working electrode. 
The experimental setup included a G. Bank Electronic PCA-72L 

potentiostat, a G. Bank Electronic VSG-72L function generator, and a 
Hewlett Packard 7045A X-Y recorder. 

Results 
Cyclic voltammetric behaviour 

The electrochemical behaviour of 2,5-DHBA was studied as 
a function of increasing pH. In acid solution, pH range 2-5, the 
2,5-DHBA does not give any oxidation wave at a HMDE, in 
contrast to the hydroquinone, which under the same conditions 
gives a regular reversible wave from pH = 2. 

At pH 5-6 one poorly-defined oxidation-reduction wave ap- 
pears, while at pH 6 a well-defined wave is obtained. 2,5-DHBA 
oxidizes to the corresponding quinoid form, which, on the 
cathodic scan, reduces to the initial substance. 

The peak separation, E,, - E,, , is equal to about 35 mV over 
the whole pH range studied. 

In Fig. 1, the cyclic voltammogram of 2,5-DHBA in neutral 
solution at different sweep rates, u ,  is shown as an example. The 
peak current, i,, at these scan rates is directly proportional to the 
2,5-DHBA concentration, C ,  over the whole pH range, and, at 
the same sweep rates and pH values, the slope of the log i, - 
log C line is equal to unity. 

The peak potential, E,, corresponding to the oxidation wave, 
does not vary with scan rate (Fig. 2). It can be seen that the plot 
is a straight line almost parallel to the x-axis over the whole scan 
rate range studied. 

At pH about 9.5 the anodic wave of 2,5-DHBA appears to be 
distorted (split into two poorly-defined waves). This suggests 
that the depolarizer exists under two different forms. At this pH 
value the ionization of the first phenolic group begins, as the 
pK2 of 2,5-DHBA has been found to be equal to about 10 (16). 
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FIG. 1. Cyclic voltamrnograrn of 2,5-DHBA (C = M) in phosphate buffer pH = 7.4 at different scan rates in rnV s-I: (1) 25, (2) 64, 
(3) 144, (4) 256. Inset: plot of i, vs. v ' '~  for the anodic wave at different scan rates in rnV s-': 25, 36, 64, 100, 144, 196, 256, 324. 

In the pH range 5.5-9.5, the height of the anodic wave 
decreases with increasing pH and at pH 9.5 is split into two 
waves. Above this pH value only one wave appears, and its 
height decreases again as the pH increases. The peak potential 
shifts to more negative potentials with an increase in pH. The 
relationship between E, and pH is shown in Fig. 3 where the 
values of the slopes of the linear segments are approximately 
-60 and - 30 mV/pH unit. 

At pH > 12.7 the mechanism of the overall reaction changes. 
The cyclic voltammogram (Fig. 4), at this pH, illustrates an 
anodic wave and a corresponding reduction wave, owing to the 
oxidation product. At more negative potentials a second cath- 
odic wave with a corresponding oxidation wave on a second 
scan appears. The first reduction wave, B, is not observed at low 
sweep rates, but as the scan rate increases, its height increases 
also. Moreover, when the mercury drop remains for several 
seconds at -0.15 V, both waves C and D increase. These results 

are explained by an ece (electrochemical chemical electro- 
chemical) mechanism, in which the products of the chemical 
reaction are electroactive as well (19, 20). The oxidation 
product is probably a substituted quinone that, according to 
the bibliographic data for the behaviour of quinones in alkaline 
media, forms the intermediate substituted semiquinone result- 
ing from one-electron reduction (17, 18, 21, 22). The radical 
anion may undergo radical dimerization or may disproportion- 
ate (waves C and D) (23). 

A detailed study at pH >12.3 will be the subject of other 
work. 

Protons involved in the overall process 
As mentioned above, the variation of peak potential, E,, of 

the anodic wave with pH is shown in Fig. 3. 
The slope ( d E , l d ~ H ) ~  = (-0.059/n) . p  gives the number of 

protons, p ,  involved in the overall process. 
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SAZOU AND PAPADOPOULOS 13 

group is dissociated. The change in the slope of the plot E,-pH, 
at pH about 9.5, is attributed to the second dissociation constant 
of the 2,5-DHBA (pK2 - 10). These data, together with the pH 
dependence of the peak current, indicate the occurrence of a 
chemical reaction involving H+ ions prior to the electron transfer 
taking place at the surface of the electrode. 

The overall reaction in the two pH ranges can be expressed as 
follows: 

COO- coo- 

HO 
pJoH + pJO- +*+ 

HO 

FIG. 2. Dependence of the peak potential, E,, of the cyclic voltam- 
mogram of 2,s-DHBA (C = M) in phosphate buffer pH = 7.4 on 
the sweep rate, u.  HO 0 

FIG. 3. Peak potential variation with pH for the anodic wave of 
2,s-DHBA (C = M )  at the scan rate of 100 mV s-'. 

Two linear segments with slopes -60 and -30 mV/pH unit 
are observed in the pH ranges 5-9.5 and 9.5-12, respectively. 

. These slope values indicate that, in the overall reaction, two 
I protons intervene in the pH range 5-9.5 and one proton inter- 

venes in the pH range 9.5-12. 

Discussion 
The data obtained indicate that the oxidation of 2,5-DHBA 

corresponds to a two-electron reversible diffusion controlled 
charge transfer process. 

The slope values of the E, vs. pH plot indicate that in the 
overall reaction two protons intervene in the pH range 5.0-9.5, 
because of the existence of both undissociated phenolic groups, 
and one proton in the pH range 9.5- 12, where the first phenolic 

Finally, the oxidation of 2,5-DHBA seems to be a typical 
uncomplicated multistep reaction in which both charge transfers 
are reversible. Both, the initial form and the form that results 
after the transfer of the first electron, seem to be oxidized at the 
same potential and the wave observed has a peak height between 
a one-electron and two-electron reversible wave. These state- 
ments are supported by the following experimental results: The 
peak width, E, - EpI2, has an average value of 40mV. This 
means that there is a small difference between the Eo values for 
the two individual one-electron transfers (24, 25). The quantity 
i,/G was constant over the wide range of scan rates used. The 
E, was not shifted by increasing the scan rate. The ratio ipa/ip, 
was approximately unity when the base line was properly taken 
(24-26). 

It has been reported by other authors (17,18) that, in the case 
of 2-substituted hydroquinones, if the 2-substituent is electron 
withdrawing, such as - C O O H ,  - C H O ,  -NO2, hydroxyla- 
tion occurs in an overall process, with a total of four electrons 
being found using controlled potential coulometry. 

This hydroxylation was studied using carbon - Nujol paste 
electrodes and Pt electrodes modified by adsorbed metals and it 
was found that the Mad, promotes the reaction of hydroxylation 
(17, 18, 27). 

However, in our case, in the pH range 5-12 on a mercury 
electrode, the reaction involves only a two-electron oxidation to 
the substituted benzoquinone. No evidence for anodic hydroxy- 
lation appeared under the voltammetric conditions used in this 
study. 
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FIG. 4. Cyclic voltammogram of 2,5-DHBA (C = lop3 M) at HMDE in phosphate buffer pH = 12.7 at two different scan rates: (1) , 
25 rnV s-I, (2) 100 rnV s-I. 
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Study of the main extracted species of cobalt(I1) ion with 
dodecylthioglycolic acid as extractor 
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P. BENEITEZ, S. J. ORTIZ, and J .  ORTEGA. Can. J. Chem. 64, 15 (1986). 
The distribution of cobalt(l1) between water and an organic extractant (dodecylthioglycolic acid) dissolved in kerosene has 

been studied using a tracer of 60Co. The aqueous media we-e always constituted by buffer solutions (acetic acid - sodium acetate) 
and the ionic strength was adjusted with sodium nitrate to 1 mol dm-3. The main species of cobalt(I1) originating in the organic 
phase has been isolated and characterized on the basis of elemental analysis, thermal gravimetric analysis, and ir spectra. 

P. BENEITEZ, S. J.  ORTIZ et J. ORTEGA. Can. J .  Chem. 64, 15 (1986). 
Utilisant du 60Co cornme marqueur, on a ttudit la distribution du cobalt(I1) entre l'eau et l'acide dodtcylthioglycolique, 

dissous dans du kerosene. Tous les milieux organiques Ctaient constituts de solutions tampons (acide acCtique/acCtate de 
sodium) et, dans chaque cas, on a ajustt la force ionique a 1 mol/dm3, a l'aide de nitrate de sodium. On a isolt les principales 
espkces de cobalt(I1) qui se retrouvent dans la phase organique et on les a caracttrisCes en se basant sur l'analyse ClCmentaire, 
l'analyse thermogravimCtrique et sur les spectres ir. 

[Traduit par le journal] 

Introduction 
Many papers have shown the utility of carboxylic acids in the 

extraction of metal ions but only some of them have involved a 
I study of the stoichiometry of the extracted species (1-12). The 
1 cobalt extraction characteristic has attracted attention over a 

1 period oftime. The early works of Jaycock and Jones, Schweitzer 
j and Howe (13, 14) postulated that, for the extraction of that 
I metal, the major species in the organic phase was CoR2, but 
I later works of Jaycock, Gindin, and co-workers (15-17) pro- 
, posed that a dimeric species is present to a major extent in the 

organic phase. For the moment the situation concerning the 
structure of the extracted cobalt species does not appear to be 
resolved and the purpose of the present work is to report on some 

I 
new studies. Thus the present paper is concerned with the 
extraction of cobalt(I1) by dodecylthioglycolic acid in kerosene 
and the characterization of a solid compound isolated from the 
extract on the basis of elemental analysis, thermal gravimetric 
analysis, and ir spectra. A carboxylic acid containing a sulphide 
group in the P position with respect to the carboxylic group has 
been chosen, since the presence of the sulphur atom emphasiz- 
ing the acid character of the compound enhances the cobalt ion 
extraction and allows their separation from stronger acid media. 

Experimental 
Reagents 

The principal solution of 6 0 ~ o  tracer was obtained from the Radio- 
chemical Center of Amersham containing 10 pg Co/mL In the chlorlde 
state with an activity of 1 mCi/rnL. HDTG acid (dodecylthioglycolic) 

, was obtained from Phillips Petroleum Company with the general struc- 
1 ture of: 

R' 

where R' + R2 + R~ = CllHZ5, boiling point 220°C, and was used as 
received. Solutions of this organic acid were prepared in kerosene 
(S.S.T.) from Sociedad Petrolifera Espaiiola, Shell S.A., with dielec- 
tric constant 2.03. All the other reagents were of A.R. grade and were 

' ~ u t h o r  to whom correspondence may be addressed. 
'~evision received July 2, 1985. 

used without further purification. The solutions of these chemicals 
were freshly prepared just prior to use. 

Extraction procedure 
An aqueous solution (2 cm3) containing 6 0 ~ o ,  buffer reagents (mix- 

tures of acetic acid - sodium acetate 0.1 M with different pH), the 
metal salt (2 x M), and with the ionic strength adjusted to unity 
with sodium nitrate was mixed in a glass tube with the same volume of 
organic solution containing the desired concentration of HDTG, and 
the tube was shaken for 50 min at constant temperature (25 k 0.1 "C). 
After equilibration, each sample was centrifuged, a 1-cm3 portion of 
each phasz was pipetted into a counting tube, and the y-activity was 
measured in a well-type scintillation counter (Tracerlab Model 132 MA 
scaler). The remaining part of the aqueous phase was used for pH 
measurement with a pH meter (Metrohm Herisau E500) equipped with 
a glass combination electrode. 

Preparation of the metal carboxylate 
The metal carboxylate was prepared by extraction of cobalt(I1) from 

an aqueous solution containing this metal (3 X lo-' M) and the ionic 
strength adjusted to 1 M (sodium nitrate) with a solution of HDTG acid 
(1 M) in S .S .T. After equilibration the phases were separated and the 
organic phase was equilibrated once again with new aqueous solutions 
of metal. This organic phase, saturated with the metal carboxylate, was 
mixed with acetone ( 1 5 )  and a pink precipitate formed. It was re- 
moved, washed with two portions of acetone, recrystallized from 
ethanol, and dried at 90°C during 2 days. 

Analyses 
Elemental analysis was carried out by the Microanalytical Unit of the 

Consejo Superior de Investigaciones Cientificas (C.S .LC.). The metal 
and sulphur contents were measured by standard methods (1 8,19). The 
thermal gravimetric analysis was carried out by the Unit of the Institute 
del Cemento (Eduardo Torroja). 

Physical measurements 
The ir spectra were measured between KBr discs and recorded in a 

Perkin-Elmer 557 spectrophotometer in the 200-4000 cm-' region. 
The uv and vis spectra were obtained by a Beckman Acta 3-C spectro- 
photometer. The melting point was determined by a Yanagimoto MP-I 
melting point apparatus. The water molecules in the cobalt species 
were determined by titration with Karl-Fischer reagent and free from a 
wet atmosphere. Molar conductance measurements were obtained with 
a Beckman type RC16B2 conductivity bridge using 5 X I O - ~ M  
solution in chloroform at 25°C. Magnetic susceptibility measurement 
was carried out at room temperature by the Gouy method and was 
corrected for the diamagnetism of the component atoms using Pascal's 
constants (24). 
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Results and discussion 
The plot of the experimental data, as log D against equilib- 

rium pH, for the extraction of cobalt(I1) from nitrate and buffer 
(HAc-NaAc) solutions with dodecylthioglycolic acid in kero- 
sene leads to a similar curve in both cases, hence the nature of 
the extracted species is unaffected by acetate ions. Accordingly, 
and since the use of buffer solutions may contribute certain 
advantages to the extraction process, we have always used these 
buffer solutions in the extraction of Co(I1). 

The most general equilibrium for the extraction of cobalt(I1) 
with a carboxylic acid can be written as follows (13). 

for which 

[2] log D = log j + log Kex + 1/2(2j + x) log (CHDTG) 
+ ( j  - 1) log Cco - j log 

+ 2jpH - 1/2(2j + x) log 2 

where a,, denotes the side-reaction coefficient of the metal ion 
in the aqueous phase. Considering that under the experimental 
conditions of this work the hydrolysis of the metal ion may be 
assumed insignificant, then a,, = 1. 

The data obtained in the extraction of cobalt(I1) by dodecyl- 
thioglycolic acid in S.S.T. are shown in Fig. 1 as log D against 
equilibrium pH, and it can be seen that the slopes of the 
least-squares best-line fits range from about 2.6 to 3.4 and 
therefore j is not unity. The linearity of the plots falls off at high 

I values of pH; it may suggest that at low hydrogen ion concentra- 
tions Co2+ exists as a mixture of hydrolysed forms. Using the 
data given in Fig. 1 the plot of log D - log Cco against equi- 

I librium pH leads to straight lines with slopes approximately 4.0 
I (Fig. 2); then, under the experimental conditions of this study the 

1 species of cobalt(I1) extracted is dimeric ( j  = 2). From a plot of 
log D - log Cco - 4 pH against log (CHDTG) may be determined 
the number of acid molecules involving the extracted species. 
The plot for the experimental data (Fig. 3) leads to a straight line 
with slope = 2.5 and therefore x = 1. Thus, the graphical 
analysis of the data indicated a complex (Co(DTG)&(HDTG) 
as the main extracted species and the extraction equilibrium [I]  
becomes: 

The elemental analysis data of the isolated metal species (found: 
C 58.28, H 9.80, S 11.25, Co 10.05%) indicate the general 
formula C28H5404S2C~ (Anal. calcd.: C 58.21, H 9.42, S 
11.09, Co 10.20%). This species in the solid state is slightly 
soluble in the nonpolar solvents toluene, methanol, and diethyl 
ether; insoluble in solvents with high dipole moment, such as 
acetone, DMF, and DMS; and quite soluble in chloroform. The 
molar conductance in chloroform at 25OC was A, = 35.5 R-' 
cm2 mol-'. It showed low melting point (192-195"C), and it 
decomposed at a temperature near the melting point showing 
colour change from pink to black. 

The thermal gravimetric analysis study showed that the 
species was stable up to 200°C. At this temperature decomposi- 
tion of the organic matter took place and the thermolysis curve 
showed a weight loss of about 80% of the whole weight (weight 
of sample 283.1 mg), all of which suggested that the isolated 
cobalt(I1) species was not hydrated. The destruction of organic 

Equilibrium pH 

FIG.  1. Extraction of Co(II) with dodecylthioglycolic acid in kero- 
sene. Acid concentration: X , 1 .OM; 0 ,  0.5 M; 0 ,0 .25  M ;  0, 0.1 M .  

matter continued up to 310°C; at this point a perfectly horizontal 
stretch began, corresponding to the carbonate CoC03, and 
which continued up to 850°C. A new weight loss began at this 
temperature, to give finally a horizontal line due to the oxide 
Co3O4, which extended above 950°C. The titration with Karl- 
Fischer reagent for determination of water molecules likewise 
showed that the isolated cobalt species was anhydrous. 

The ir spectrum of the organic solution with the metallic 
species indicates the presence of the metal carboxylate; it shows 
two bands at 1590 cm-' and 1385 cm-', which correspond to 
the antisymmetrical and symmetrical vibrations of the COO- 
structure, respectively (21). Two strong bands at 1710 cm- ' 
and 1290 cm-I, arising from the stretching vibration of the 
C=O and C-0 in the COOH group, respectively, denote the 
presence of acid molecules in excess. One absorption band at 
1645 cm-' suggests an internal association (21), which is sup- 
ported by the appearance of another band at 300 cm- ' attributed 
to v(Me-S) (22). The ir spectrum of the pink precipitate formed 
exhibits almost the same pattern as that of the species in solution 
(bands at 1590 cm-', 1385 cm- ', 1645 cm- ', and 300 cm- I ) .  

The absence of absorption bands at 1710cm-' and 1290cm-' 
suggests the absence of acid molecules in excess and therefore 
involving the complex. Likewise, the absence of a C=O 
stretching vibration band (1725- 1690 cm- ') shows the absence 
of an addition complex between the acetone and the extracted 
species, which was expected since the acetone rarely forms 
stable complexes. The magnetic moment of the compound is 
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slope = 2 5 

3.0 4.0 5.0 60 FIG. 3. Variation of log D - log Cco - 4pH against equilibrium 

Eauilibriurn DH pH in the extraction of cobalt(I1) with dodecylthioglycolic acid in 
kerosene. 

FIG. 2. Variation of log D - log Cco against equilibrium pH in the 
extraction of cobalt(I1) with dodecylthioglycolic acid in kerosene. Acid 
concentration: x , 1 .OM; a, 0.5 M; 0,  0.25 M; 0, 0.1 M. addition of  trilaurylamine, all of which could suggest that the 

isolated cobalt species is not dimeric. 

found to be  4.65 BM, which is acceptable for tetrahedral 
structure. 

In summary, all these observations together with the elemen- 
tal analysis indicate the species CO(R-S-CH,-COO)~ with 
a feasible tetrahedral structure (1): 

1 

Studies of mixed complex formation between metal carboxyl- 
ates and amines, in the case of  copper, have shown that an 
interaction takes place between the copper and free base amine. 
Ultraviolet spectra suggested that the amine interaction had 
destroyed the dimeric bridged structure of  the copper carboxyl- 
ate, as seen by the disappearance of a shoulder in the region 
300-400 nm on addition of an amine to a copper carboxylate 
solution in chloroform (23). These studies, in the case of our 
cobalt carboxylate, have shown no band in that region and no 
effect o n  the uv spectrum of  the metal carboxylate by the 
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Kinetics and mechanisms of oxidations by metal ions. Part VI.' Oxidation of 
a-hydroxy acids by cerium(1V) in aqueous nitric acid 

NARAIN DATT,' RATAN R. NAGORI,~ AND RAJ N. M E H R O T R A ~ ' ~  
Department of Chemistry, Kurnaun University, Naini Tal263 002, India 

Received November 22, 1 9845 

N A R A ~ N  DATT, RATAN R. NAGORI, and RAJ N. MEHROTRA. Can. J. Chem. 64, 19 (1986). 
The kinetics of oxidation of glycolic, malic, tartaric, and citric acids by cerium(1V) ammonium nitrate were investigated in 

0.006 mol dm-3 nitric acid. The reaction was catalysed by H+ in the range 0.006-0.016 mol dmp3 at constant [NO;] 
(0.02 mol dm-3). The pseudo first-order rate constant kobs was independent of [ ~ e " ' ]  (0.0004-0.002 rnol dm-3). The proposed 
mechanism is based on the assumption that the formation of the precursor Ce(1V)- a-hydroxy acid complex precedes its rate con- 
trolling disproportionation, which is assisted by a proton,possibly due to the formation of the activated-state [Hf-cerv - HA]* 
(where CeIV is the reactive cerium(1V) species and HA is the a-hydroxy acid). The free radical R 'R~COH produced in the rate 
controlling step further reacts with a number of Ce(1V) molecules in the fast step to yield the final oxidation product. The activa- 
tion parameters for the rate controlling step could be evaluated only in the oxidation of tartaric acid. 

- 

NARA~N DATT, RATAN R. NAGORI et RAJ N. MEHROTRA. Can. J .  Chem. 64, 19 (1986). 
OpCrant dans des solutions 0,006 mol/dm3 en acide nitrique, on a CtudiC la cinttique des rkactions d'oxydation des acides 

glycolique, malique, tartrique et citrique par le nitrate d'ammonium cCrique(1V). A des concentrations en acide allant de 0,006 a 
0,016 mol/dm3 et a des [NOT] constantes (0,02 mol/dm3), la reaction est catalysee par les ions H+. La constante de vitesse de 
pseudo-premier ordre, kobs, est indkpendante de la [~e" ' ]  (0,0004-0,002 mol/dm3). Le mCcanisme propost repose sur 
l'hypothkse que la formation du complexe prkcurseur, Ce(1V) - acide a-hydroxylC, prCckde sa disproportionation dans 1'Ctape 
qui determine la vitesse et qui est assistke par un proton; cette assistance pourrait provenir de la formation de l'Ctat activC 
[Hf _cel" - HA]* (dans lequel ceIV est une espkce reactive du Ce(1V) et HA est un acide a-hydroxylC). Le radical libre 
R'R~COH, qui est form6 dans 1'Ctape qui dCtermine la vitesse, rCagit ensuite avec un certain nombre de molkcules de Ce(1V) 
dans 1'Ctape rapide pour conduire au produit final d'oxydation. On n'a pu Cvaluer les paramktres d'activation de 1'Ctape 
dkterminante que dans le cas de I'oxydation de I'acide tartrique. 

[Traduit par le journal] 

Introduction 
Since Krishna and Tewari (2) studied the kinetics of oxidation 

of a-hydroxy acids (lactic, malic, and mandelic acids) by 
cerium(1V) in aqueous sulphuric acid, there have been numer- 
ous investigations on the subject. These studies (3) dealt with 
one aspect or another, such as emphasizing a particular cer- 
ium(1V) species or suggesting a different one as the reactive 
species, supporting or contesting the formation of an intermedi- 
ate cerium(1V) - a-hydroxy acid complex, reporting on the 
thermodynamic parameters, or investigating the effect of sub- 
stituents on the benzene ring of mandelic acid, etc. 

The oxidation in perchlonc acid proceeded through an inner- 
sphere mechanism (4,5). The complex [ceA13+, where A is the 
anion of the a-hydroxy acid HA,  is thermodynamically more 
stable than its protonated form [CeHA14+ and is kinetically 
more reactive. One of these papers (5) also compared the results 
of the oxidation in sulphuric and perchloric acids. 

However, the study of the reaction in nitric acid medium has 
not attracted much attention, the only report available being on 
the oxidation of substituted mandelic acids (6). This study drew 
our attention because the second-order rate constant (= kobs/ 
[mandelic acid]) was reported as 7.42 x 1OP4dm3 mol-' s-I at 
25°C and [HN03] = 1 mol dmp3, in comparison to the value 
3.39 dm3 mol- ' s- ' at 20°C and [H2SO4] = 1 mol dm-3 (2). 
This seemed most unlikely in view of the various considerations 
related to the solution chemistry of cerium (IV) in nitric and 
sulphuric acid solutions. 

'For part V, see ref. 1. 
2~resent  address: Kumaun University, Almora Campus, Almora 

263 601, India. 
3Present address: Department of Chemistry, University of Jodhpur, 

Jodhpur 342 001, India. 
4 ~ u t h o r  to whom correspondence may be addressed. 
'~evision received July 12, 1985. 

Yet another reason for investigating this reaction was our 
interest in examining the dependence of the pseudo first-order 
rate constant kobs on the initial [ceIV], for we had noted that kobs 
decreased with increasing [ceIV] in the oxidation of diols (7) 
and carboxylic acids (8) in nitrate medium, though the disap- 
pearance of [CelV] was always first order in any kinetic run 
corresponding to any initial [~e '" ] .  This phenomenon was 
ascribed to the reactivity of the dimeric cerium(1V) species, the 
existence of which has been demonstrated (9, 10) and ques- 
tioned ( I  1), in addition to monomeric species. 

The preliminary investigations indicated that the rate of 
oxidation of mandelic acid was too fast to measure conveniently 
by the method adopted by us for following the kinetics. Strictly 
speaking, the rates are such that a clear picture of the study could 
be best provided by stopped flow technique, a facility presently 
not available to us. 

Experimental 
AnalaR (BDH) or Puriss (Fluka) grade a-hydroxy acids were used as 

received. The solutions were freshly prepared and standardized against 
a standard alkali. The solution of Ce(1V) ammonium nitrate (Loba, 
GR) was also freshly prepared and standardized against a standard 
Fe(II) solution. Ce(II1) ammonium nitrate solution was prepared by the 
reduction of a standard cerium(1V) solution by hydrogen peroxide 
(Sarabhai-M.). The solution was heated, after the reduction of Ce(IV), 
to decompose the unreacted hydrogen peroxide. Sodium nitrate (E. 
Merck) solution of the desired strength was prepared by weighing of the 
sample. Nitric acid (BDH, AnalaR) solution was standardized against a 
standard alkali. The nitroferroin (G. F. Smith) solution was suitably 
diluted. 

Stoichiometry 
The stoichiometry in the oxidations of malic and tartaric acids was 

determined under conditions similar to those in the kinetic runs ([a- 
hydroxy acid] > 10 [cerV]). The method adopted was the same as 
that described in the oxidation of malic acid in perchloric acid (4), 
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and involved the determination of formic acid by using mercury(I1) 
chloride. The mercury(1) chloride was determined using an iodine- 
thiosulphate titration. Taking into account the blank corrections, it was 
found that A[HCO~H] /A~C~ '~ ] ,  from three determinations, was 0.097 
* 0.004 and 0.123 * 0.008 respectively for malic and tartaric acids. 
Hence the stoichiometric equations for the oxidation of these acids are: 

[2] H02C. CHOHCHOH . C02H + 2H20 + 8CeN 

+ HC02H + 3C02 + 8Ce" + 8Ht 

The oxidized reaction mixtures of glycolic, 2-methyl-2-hydmxy- 
propanoic, and cimc acids were mated with 2,4-dinitrophenylhydra- 
zine. The precipitated hydrazones were purified and their melting 
points determined. The mps of the hydrazones from glycolic and 
2-methyl-2-hydroxypropanoic acid were 165°C and 130°C, respec- 
tively, which correspond to the mps of the hydrazones of formaldehyde 
(lit. (12a) mp 163.5-164.5"C) and acetone (lit. (12b) mp 128°C). The 
hydrazone from citric acid decomposed on heating. Considering that 
citric acid and 2-methyl-2-hydroxypropanoic acid are structurally 
similar, it is concluded that citric acid is oxidized to acetone dicarbox- 
ylic acid. The stoichiometric equation in the oxidation of each of these 
acids is expressed as: 

[3] CH20H.C02H + 2celV + HCHO + C02  + 2 ~ e " '  + 2Hf 

[4] H02C. CH2. C(OH)C02H. CH2C02H + 2CeN 

+ H02C. CHI. CO. CH2C02H + 2ce111 + C02  + 2Ht 

Test forfree radicals 
Reaction mixtures were degassed with nitrogen before the reaction 

was initiated. Acrylonitrile was added to partially oxidized reaction 
mixtures. The monomer was polymerized within a few minutes, 
indicating the presence of free radical in the reaction mixtures. The 
monomer was not polymerized when it was added separately to the 
solution of a-hydroxy acids and cerium(1V) ammonium nitrate. 

Rate measurements 
The kinetics were followed under pseudo first-order conditions, i.e. 

a-hydroxy acid was present in excess. The ionic strength of the reaction 
mixture was maintained with sodium nitrate. The pseudo first-order 
rate constant kobs was calculated from the gradients of the linear plots 
between In (a  - x) and time, where (a  - x) is the change in the titre 
value. Five milliliters of the reaction mixture was quenched in the same 
volume of Fe(I1) solution, which was titrated against cerium(1V) 
sulphate solution of the same strength as that of the Fe(I1) solution, 
using nitroferroin as the indicator. The microburette reading therefore 
directly gave the value of x. The microburette was graduated to 
0.02 rnL. Before adopting this method, it was ensured that the presence 
of a-hydroxy acid in concentrations present in the reaction mixtures did 
not alter the titre value of Fe(I1) against cerium(1V) sulphate solution. 
This was achieved by using approximately 3 rnol dmp3 sulphuric acid 
in the preparation of Fe(I1) and Ce(IV) solutions. The reaction was 
invariably followed up to 80% completion, and the kobs values were 
reproducible within 2 5 %  from the replicate runs. The average values 
are reported in the tables. 

Results 
Dependence on [ ~ e ' " ]  

The first-order dependence on [CeIV], indicated by the lin- 
earity of the plots between In (a - x )  and time, was further 
confirmed by the fact that kobs was independent of the initial 
[CeIV] when varied in the range 0.002-0.012mol dm? at 
constant [NO;], [H+], and [a-hydroxy acid]. 

VOL. 64, 1986 

TABLE 1. Dependence of kobs on [a-hydroxy acid] at 12°C; 
[Ce(NO3);-] = 0.002 rnol dm-3, [HN03] = 0.006 rnol dm-3 

lO3k0bs (s-') 

[a-Hydroxy acid] Glycolic Malic Tartaric Citric 
(mol dmp3) acid acid acid* acid 

- -- 

*[HN03] = 0.02 mol dm-3. 

TABLE 2. Dependence of kobs on [nitric acid] at constant ionic 
strength at 9°C. [Ce(NO3);-] = 0.002moldm-3, [a-hydroxy 

acid] = 0.02 rnol dm-3, and I = 0.02 rnol dm-3 

1O3kObs (s-I) 

[Nitric acid] 
(mol dm-3) 

Glycolic 
acid 

Malic 
acid 

1.27 
1.75 
1.87 
2.45 
3.45 
- 
- 
- 
- 

Citric Tartaric 
acid acid* 

2.15 - 
2.45 - 

3.09 - 
4.02 - 
5.16 
- 0.42 
- 0.57 
- 0.64 
- 0.78 

*I = 0.044 mol dm-3 at 16'C. 

Dependence on [Ce"'] 
The effect of [Ce"'] on  the kobs was investigated in the 

oxidation of  malic acid only. The kobs was independent of the 
initial [~e ' " ]  over a tenfold variation (0.0002-0.002 rnol dm-3). 
It was found that 10~k,,, = 2.30 * 0.12 s-' at [H+] = 0.006 rnol 

[malic acid] = 0.02 rnol dmp3, [CeIV] = 0.002 rnol dm-3 
at 15°C. 

Dependence on [a-hydroxy acid] 
This was investigated for  all the a-hydroxy acids. The  

results, Table 1 ,  indicated an apparent zero-order dependence 
on [a-hydroxy acid]. However, a later analysis of the results 
indicated that these kobs values were in fact the limiting values. 

Dependence on [nitric acid] 
These measurements were carried out at constant [NO;]. 

The results in Table 2 indicated that kobs increased with [H+]. 
This observation is in disagreement with the one recorded in the 
oxidation of  rnandelic acid (6). This observation also disting- 
uishes this study from the one in perchloric acid (5), in which 
kobs decreased with increasing [H+]. 

The plot between kobs and [H+] was linear and passed through 
the origin, indicating that the presence of H+ is essential for the 
reaction, which is understandable because ceriurn(1V) salts 
hydrolyze in the absence of  hydrogen ions. The representative 
plots for the oxidation of malic and citric acids are shown in Fig. 
1. 
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FIG. 1. Dependence of kobs ( s - I )  on [HN03] at constant ionic 
strength for the oxidation of malic (0) and citric (a) acids. Similar 
plots were also obtained in the oxidations of glycolic and tartaric acids. 
The experimental conditions are given in Table 2. 

Dependence on [NO;] 
No systematic study was made to measure kobs at different 

[NOT] because of the well-known retarding effect of nitrate 
ions in oxidations in nitrate medium. However, a few experi- 
ments carried out at randomly varied [NO;] confirmed that kob, 
decreased with increasing [NO;]. The reason for avoiding this 
study was that such measurements do not help in establishing 
the exact nature of the reactive cerium(1V) species, which could 
be any one of the various nitrate complexes of cerium(1V) (see 
reaction [8]). 

Discussion 
Cerium(IV) species 

The chemistry of cerium(1V) in aqueous nitric acid is compli- 
cated. Several complexes represented by [ c ~ ( N o ~ ) ~ ] ( ~ - " ) ,  
where n has an integral value between 1 and 6, are known (13). 
The mixed hydroxy-nitrate complexes represented by [CeOH- 
 NO^),]'^-") (14- 17), the hydroxy species C ~ O H ~ +  (6,18-21), 
and the equilibrium between monomeric and dimeric cerium(1V) 
(7-1 I),  have all been postulated to explain the observed kinetics. 

Since we used [HN03] < 0.06rn0ldm-~, both Ce4+ and 

CeOH3+ could be present in the system (15). However, 
C ~ O H ~ +  is not favoured as the reactive species because kobs 
did not decrease with increasing [H+], as expected in view of 
equilibrium [6]. A mixed hydroxy-nitrate complex, formed as 
a result of equilibrium [7], is also not favoured for the same 
reason. The possibility of the Ce4+ as oxidant is also excluded 
because of its extensive complexation with nitrate ions (22). 
This thus leaves the possibility that one of the several nitrate 
complexes may be reactive. The identification of a particular 
cerium(IV)-nitrate complex as the reactive one is not easy and 
this is perhaps one reason why several workers (23) have con- 
sistently avoided being specific about the reactive cerium(1V) 
species in nitrate medium. 

Mechanism 
The formation of a Ce(1V) - a-hydroxy acid complex is 

evident from the deepening of the colour of Ce(IV) solution 
upon addition of CY-hydroxy acids. Since the deepening of the 
colour is instantaneous, the formation of the precursor complex 
is considered to precede the slow rate controlling step. Measure- 
ments such as the wavelength of maximum absorbance, and 
determination of the formation constants of the precursor com- 
plexes, required the application of a high speed microprocessor 
controlled uv-visible recording spectrophotometer with a ther- 
mostatic compartment, a facility presently not available to us. 
The formation of the precursor complex is considered essential 
and is supported by the study in sulphuric (2) and perchloric acid 
(4, 5) solutions. The fact that kob, was independent of [~e"']  
precluded the possibility of participation of Ce(II1) in any step 
preceding the rate controlling step. 

The consideration of the pK, values of the a-hydroxy acids 
and the [H+] used implied that both the dissociated and the 
undissociated forms of the a-hydroxy acid existed in the system. 
However, in view of the dependence of kob, on [H+], the 
possibility of A-, the dissociated hydroxy acid, becoming the 
reactive entity is ruled out. Hence it is proposed that the un- 
dissociated hydroxy acid, HA, formed the precursor complex 
with the reactive cerium(1V) species. 

The hydrolytic (22) and spectral studies (24, 25) have con- 
firmed that cerium(1V) exists as a nitrate complex, and the X-ray 
crystallographic study (26) indicated that six bidentate nitrates 
are present around the cerium(1V) ion. Now, if it is assumed that 
a bidentate complex is formed between reactive cerium(1V) 
species and the a-hydroxy acid, then a nitrate ion will be lost in 
order to maintain the coordination number of 12. The situation 
is illustrated in equilibrium [8], which is consistent with the 
observed retarding effect of nitrate ions. 
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fast \ 
[lo] (m - 1)CeIV + R ' R ~ ~ O H  C=O + (m - 1)~e"'  + (m - I)H+ 

In equation [lo],  m is the number of Ce(1V) equivalents used 
in the oxidation of a-hydroxy acid according to the stoichiomet- 
ric equations [l-51, and n has any integer value between 1 and 
6. The rate of disappearance of [CeIV] in terms of reactions 
[8]-[lo] is given by eq. [ l  11 where Kn is defined in the 
equilibrium [12]. 

m k ~ [ ~ e ' ~ : l  [HA] 
Kn[N06In [H+l 

- d [ceiv] - 
[ I l l  d t  - [NOTI 

1 + K,,[NO;] + KK, [HA] [NO; ] " 

[NOTI 

The rate law deduced in eq. [ l  I] is further simplified by dividing 
the numerator and denominator by Kn [NO;In/[NO;], whence 
eq. [ l  I.] is reduced to eq. [ 131. 

- d[ceIv] - - m k ~ [ ~ e ' ~ : l  [HA] [H+l 
[I31 d t  

+ [NO;] + K[HA] 
Kn [NO; I " 

Since [NO; 1 = 0.02 mol dm-3 (the total ionic strength of the 
medium), it is easily seen that 

Equation [13] is therefore further simplified to eq. [14], which is 
the observed rate law. Again, at constant [Ht], mk[H+] can be 
replaced by the constant klim where klim is the limiting rate 
constant, and eq. [14j is reduced to eq. [15]. 

[14] kobs = mk[H+] 

[I51 kobs = k~im 

The value of k (= klim/8[H+], m = 8 for tartaric acid) at 
different temperatures in the oxidation of tartaric acid is given in 
Table 3. The values of AH* and AS* are also reported there. 
The corresponding values for the other hydroxy acids could not 
be obtained because the rate measurements in these systems 
were too fast. 

the free radical R ' R ~ ~ O H .  The formation of the activated state 
[ ~ + - - C e l ~  - HA]* as a result of reaction between a protonated 
Ce(1V) species and HA is not favoured because of the fact that 
the Ce(1V) s ecies extracted by ether from a solution having 

f . .  . 
5.5 mol dm- nitnc a c ~ d  contained no ionizable proton (9a) .  
The equilibrium between the monomeric and dimeric cerium(1V) 
species has no mechanistic significance in the present reaction 
because kobs is independent of the initial [CeIV]. This will 
always be the case in all those reactions in which either the 
monomeric or dimeric species are singularly reactive. 

The attempt to characterize the free radical by flow-esr 
techni-que proved unsuccessful (5). However, the formation of 
R 'R~COH (27) is favoured because its fast oxidation by a 
second Ce(1V) molecule explains the formation of HCHO in 
the oxidation of glycolic acid (R' = R2 = H), and acetone 
dicarboxylic acid in the oxidation of citric acid (R' = R2 = 
CH2C02H), which is akin to the formation of acetone in the 
oxidation of 2-methyl-2-hydroxypropanoic acid (R' = R2 = 
Me). 

The values of k decreased in the order: citric > glycolic > 
malic > tartaric acid, which is consistent with the reactivity: 
mandelic > 2-methyl-2-hydroxypropanoic > lactic > glycolic 
> malic acid in perchloric acid medium (4, 5). It is noted that 
the mechanism of the oxidation in nitric acid is different from 
that in perchloric acid because ( i )  kobs decreased with increasing 
[HC104] (4, 5), whereas it increased with increasing [HN03], 
and (ii) kobs was independent of [NO; 1 in perchloric acid (5), 
whereas nitrate ions retarded the kobs in nitric acid. The latter 
needs an explanation. In perchloric acid, CeOH3+(aq.) is the 
major reactive species because the contribution from Ce4+(aq.) 
to kobs is considered negligible (5). The kobs will remain un- 
affected if [ceOH3+(aq.)] is not adversely affected by the nitrate 
ions, and this is exactly the case because the hydrolytic studies 
in nitric acid (11) have suggested that the complexing of 
CeOH3+(aq.) by NOT is not appreciable in comparison to com- 
plexation of Ce4+(aq.) by NO;. 

Although this study could not provide a value of kobs for the 
oxidation of mandelic acid because the rate was too fast to 
handle with the method adopted, it has been established that the 
oxidation is not as slow as claimed by Banerji (6). 

The inclusion of a proton in the activated state, which could 
be visualized as [H+--CeIV - HA]" formed in reaction [9], Acknowledgements 
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N. PARTHASARATHY, J. BUFFLE, and W. HAERDI. Can. J. Chem. 64, 24 (1986). 
The interaction between polymeric aluminium hydroxide, Alp, and fluoride has been investigated to optimize the conditions for 

removal of fluoride from waste waters of aluminium manufacturing plants using Alp. The results of these studies have shown that 
the nature of products formed between Alp and fluoride depends on the molar concentration ratio of fluoride to aluminium ( rF) ,  
pH, and initial fluoride concentration. In the absence of interfering ions, fluoride can be effectively precipitated as A113(OH)29F10 
with Alp, using rF = 0.7 and 4 < pH =S 7. At rF > I,  Alp dissociates and fluoride is precipitated as cryolite, and the residual 
fluoride concentration is controlled by its high solubility. 

N. PARTHASARATHY, J. BUFFLE et W. HAERDI. Can. J. Chem. 64, 24 (1986). 
Dans le but d'optimiser les conditions permettant d'Climiner les ions fluorures des eaux usCes des usines produisant de 

l'aluminium 2 partir de l'hydroxyde d'aluminium sous forme de polymkre (Alp), on a CtudiC I'interaction entre Alp et les ions 
fluorures. Les rksultats de ces Ctudes dCmontrent que la nature des produits formts entre Alp et les ions fluorures depend du pH, 
de la concentration initiale des fluorures et du rapport des concentrations molaires des ions fluorures/aluminium ( r F ) .  Sous 
I'influence de Alp et en l'absence d'ions pouvant crCer des interferences, les ions fluorures peuvent &tre prCcipitCs d'une f a ~ o n  
efficace sous forme de A113(OH)29F10, en utilisant un r~ = 0,7 et 4 < pH S 7. Lorsque r~ > 1, le Alp se dissocie et les ions 
fluorures prCcipitent sous forme de cryolite; la concentration des ions fluorures rtsiduels est contr6lCe par sa grande solubilitC. 

[Traduit par le journal] 

Introduction tions [All, were varied in the range 5 X - 2 x 10-' M, and the 

In the past few years there has been a growing interest in the 
small, highly charged cationic polymeric aluminium hydroxide, 
Alp, because it seems to be a promising substitute for conven- 
tional aluminium salts as a coagulant in water treatment (1-3). 
The preparation and characteristics of Alp have been reported 
in the literature (1, 3-15). We showed (15) that hydrolysed 
aluminium solutions having r o ~  = 2.5 consist mainly (ca. 80%) 
of active polymeric aluminium hydroxide, Alp. With increasing 
r o ~  values, the proportion of Alp formed decreases and increas- 
ing amounts of A1 are found to be associated with the inert form 
of aluminium hydroxide. In addition, small amounts (5-10%) 
of monomeric aluminium are present in all the hydrolysed 
solutions. Alp prepared by slow addition of base to aluminium 
nitrate solution to an OH/A1 ratio of 2.5 showed (15) that its size 
is 10-20A, its average net positive charge is +7 (i.e. 0.5 per 
aluminium atom), and it consists probably of Al130,(OH):,'. 
Since Alp is highly positively charged, it is expected to be very 
reactive towards dissolved species, particularly towards inor- 
ganic anions such as fluoride and but the reactions 
between Alp and dissolved inorganic pollutants have received 
very little attention (16, 17). In this paper the interaction of Alp 
and fluoride has been investigated in order to get some insight 
into the reactivity of Alp and to find optimal conditions for 
treatment of fluoride-containing waste waters, in particular 
those produced in the aluminium industry. 

11. Experimental 
11.1 Reagents 

Reagent grade chemicals and demineralized water purified on Milli- 
pore - Milli Q systems were used throughout. All fluoride standards 
were prepared by serial dilution of stock 0.2 M sodium fluoride 
solution. Stock solutions of aluminium hydroxide were prepared as 
described in our previous paper (15) by hydrolysing aluminium nitrate 
solutions with a base (NaOH) to the desired hydrolysis ratio, ro", 
where r o ~  = [OH],/[Al],; [OH], is the total concentration of hydrox- 
ide ions, and [All, is the total aluminium ion concentration. roH was 
varied in the range 2.5-3.0. The total initial aluminium ion concentra- 

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

initial base concentrations were v&ed between 0.1 and 1 M .  The hydro- 
lysed solutions were characterized by ultrafiltration, aluminium-27 
nmr, and Ferron methods as described elsewhere (15). The hydrolysed 
solutions were left to stand for 6 days before use, as the variations in pH 
of these solutions were found to be small (0.01 pH/day) after this 
period. Ionic strengths of the solutions were adjusted to the desired 
values with sodium nitrate solution. 

11.2 Apparatus 
Fluoride titrations were carried out using the titration assembly 

described in ref. 18. A fluoride ion selective electrode (ISE) coupled to 
a Metrohm (EA 441/5) Ag/AgCl reference electrode with saturated 
KC1 salt bridge was used for making fluoride measurements. A 
Metrohm combination pH glass electrode (EA 120) was calibrated with 
pH 7 and 4 Merck standard buffers. Metrohm digital pH meters (E500) 
coupled to a Metrohm chart recorder (E478) were used for pH and 
potential measurements. A Tacussel PHlT NUM pH stat was used to 
maintain the pH constant. 

The pH and emf were read to within k0.01 pH unit and k 0.1 mV, 
respectively, and the potentials were noted only after checking that the 
drift was less than 0.004 mV/min. 

Unless otherwise stated, all measurements were made in polyethyl- 
ene titration cells (or beakers) thermostated at 25 ? 0.1 "C, with stirring 
and under an atmosphere of nitrogen. 

11.3 Methods 
11.3.1 Analytical methods 
All analytical methods used were the same as those described 

elsewhere (18). However, the salient features are reiterated here. The 
free and the total fluoride concentrations in the samples were deter- 
mined by means of a fluoride ISE. The total fluoride concentration was 
determined by using TISAB I11 containing CDTA as decomplexing 
agent for the aluminium fluoride complexes. The total aluminium 
concentrations in the samples were determined by flame atomic absorp- 
tion spectrometry (faas) using a Pye Unicam SP1900 atomic absorption 
spectrometer. Size fractionation of the samples was performed by 
filtering samples successively through Schleicher and Schull filters 
of porosities: 8 pm, 0.45 pm, and 0.2 pm and Amicon membranes 
XM300, PMIO, and UM05 in an Amicon ultrafiltration (uf) cell 
(model 52). A 0.2-pm filter instead of the conventional 0.45-pm filter 
was chosen to distinguish between the particulate and dissolved com- 
ponents, because colloidal forms of aluminium have been found to pass 
through 0.45-pm filters (5) but to be retained by 0.2-pm filters (5, 15). 
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11.3.2 Interaction offluoride with Alp 
For the sake of convenience the symbols rF and rg are designated for 

[F],/[A]], and [Flb/[Allb respectively. rF is a useful parameter for 
practical purposes, whereas rg is indicative of the stoichiornetry of the 
species formed. [Fib and [Allb are the concentrations of fluoride bound 
to aluminium and aluminium initially bound to hydroxide as Alp, 
respectively. Three forms of aluminium, denoted by Al,, Alp, and Al, , 
have been shown to exist in partially hydrolysed aluminium solution 
(12,13, 15). Al, consists of monomeric species such as A13+, A1OH2+, 
A ~ ( o H ) ~ .  Alp is the polymeric aluminium hydroxide species. Al,, the 
inert form of aluminium hydroxide, is composed of microcrystalline 
particles of solid aluminium hydroxide. For the sake of clarity the 
symbol rAH will be used for the ratio [OH]b/[Al]b, where [OH]b is the 
concentration of hydroxide ions bound to aluminium as polymer. 

11.3.2.1 Potentiometric titration of Alp with F 
Aliquots of a 0.1 M sodium fluoride solution were added to a solution 

of Alp at the same pH (5.0) and ionic strength (0.1 M) as Alp solution 
(Al, = 6 x lo-' M). The titrant was added at 30-min intervals and the 
pH was kept constant at 5.0 by means of a pH stat. The total concen- 
tration of fluoride was varied in the range - M. The 
potential, E, was measured with F- ISE 10-15 min after each addition 
of the titrant and the corresponding free fluoride concentration was 
evaluated from the previously constructed calibration curve. As in the 
present system, the equilibrium was reached slowly. The attainment 
of equilibrium was checked by performing other titrations using longer 
equilibration times (24 h). The titrant in this case was added manually. 

These experiments were run with solutions having various r o ~  ratios 
(2.5 S r o ~ S  3). 

11.3.2.2 Batch method 
To determine the nature of products formed during various stages 

of the titration, a batch technique was used. Aliquots of Alp ([All, = 
0.12 M; r o ~  = 2.5; pH = 5.0) were added to known volumes of 
sodium fluoride solutions (pH = 5.0) contained in a series of poly- 
ethylene beakers under constant stirring. The ionic strengths of these 
solutions were adjusted to 0.1 M with sodium nitrate solution. The total 
aluminium concentration was kept constant ([All, = 6 X M) and 
[F], was varied such that 0.1 S rF S 3 in one set of experiments. All 
solutions were kept at constant pH for 30 min, then filtered in cascade 
successively through membranes of porosity: 8 pm,  0.45 pm,  0.2 pm,  
XM300 (130 A), PM10 (20 A), and UM-05 (10 A). [All,, [F], , and the 
free fluoride concentrations, [F], were determined in each filtrate. The 
precipitate formed (if any) was washed with ethanol (70% v/v), dried 
over silica gel in a desiccator, and analy sed by using chemical methods, 
ir, and photoelectron spectroscopy (ESCA). 

11.3.3 Effect ofpH 
The Alp-fluoride interaction was studied in two systems: (a) excess 

of aluminium and (b) excess of fluoride. 
(a) r,= 2 3 (excessjuoride) (using a batch method) 
The batch method described above was used; rF was kept constant 

and the pH was varied over the range 3 < pH 6 7. [F] , [F], , and [All, in 
the 0.2-pm filtrates were determined. 

(b) r,= 2 0.1 (using a titration procedure) 
Aliquots of fluoride solutions were added to hydrolysed aluminium 

solutions having varying r o ~  immediately after performing the hydrol- 
ysis, and left to stand overnight under stirring conditions. These 
solutions were then back titrated with 0.1 M nitric acid, and the pH and 
[F] were measured after each addition. It must be pointed out that the 
titrant was added at intervals of 24 h in the pH range 4.5-5.5 as the 
attainment of equilibrium was slow under these conditions. These 
titrations were performed over the pH range 3 < pH S 8.5. The 
aluminium concentrations studied were in the range 5 .0  x - 
lop4 M and the [F], was lop4  M in all cases except for [All, = 1.5 x 

M, where [F], used was 10-'M. The ionic strengths of these 
solutions were adjusted to 0.1 M with NaN03. 

111. Results 
111.1 Fluoride bound and hydroxide released 

A typical plot of the potential, E, of F- ISE against log [F], 

for the titration of Alp with fluoride is shown in Fig. 1. The 
solution appeared clear in zone 1,  became turbid in zone 2, and 
finally a precipitate was observed (indicated by an arrow in Fig. 
1). Hydroxide was released during the titration. The correspond- 
ing amounts of hydroxide released were calculated from the 
amount of acid required to maintain the pH constant. 

The maximum amount of bound fluoride per aluminium(III) 
ion in the polymer is given by: 

and is found at the end point of the titration, i.e. when [F], = 
[F],, (Fig. I). Then: 

[AlF] is the concentration of the dissolved A1F2+ species. [AlF] 
was calculated by using the mass balance for monomeric alu- 
minium species, Al,, the free fluoride concentration obtained 
from F- ISE measurement, and the stability constant of AlF, 

(Log Py = 6.03 at I = 0.1 M; ref. 19): 

[4] [All, = [All + [AIF] 

By combining eqs. [3] and [4] one obtains: 

r;q in Fig. 1 was found to be 0.8. Similar titration curves were 
obtained for hydrolysed solutions having various r o ~ .  The 
corresponding r;q are plotted against rgH (Fig. 2). These 
results indicate that as rgH increases, the amount of fluoride 
incorporated in the precipitate decreases. 

The amount of OH- released during the titration shown in 
Fig. 1 is replotted as a function of rF (Fig. 3,  curve (a)). Also 
shown are the results obtained from a batch method and by 
manual titration (curves (b) and (c)). This figure allows com- 
parison of the results at three different time scales. For instance, 
at r~ = 1 the total equilibration time was 30 min for curve (c), 
9 h for curve (a), and 240 h for curve (b). In all cases [OH],, 
increases with rk, but the comparison of these experiments 
shows that a relatively long time (hours) is required for the 
completion of reaction. 

111.2 Nature of the species formed in the Alp-F system 
111.2.1 [All, constant 
The size fractionation results for solutions with rF ranging 

from 0.1 to 3.3 are summarized in Table 1. The percentages of 
A1 and F in each fraction were calculated with respect to the total 
initial aluminium and fluoride concentrations, respectively. The 
proportion of aluminium and fluoride in the UM 05 filtrate is 
small regardless of the r, value. Knowing that UM05 filters 
retain Alp and let through monomeric aluminium species A13+ 
and AlF, (15), the fraction of fluoride bound to aluminium as 
soluble AlpFn and AlF, may be evaluated from the measured 
free and total fluoride concentrations in the UM 05 retentate and 
filtrates, respectively. For rF = 0.1, the soluble fluoride was 
mainly present as AlPFn (found: 0.7% as F-, 9.4% as AlF, 26% 
in AlPFn, and 64% in the solid with respect to [F],), whereas 
with rF values greater than 0.5, the predominant form of soluble 
fluoride was AIF+ (found: 0.7-2.3%, as F-, 6.4-9.4% as AlF, 
1.9-4.0% in AI,Fn, and -70-90% in the solid). 

The fluoride associated with the particulate form (0.2 pm) 
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- zone 1 *I- zone 2 +zone 3 - 
I E (mV) I 

FIG. 1. A typical plot of E vs. log [F], for the titration of Alp with fluoride, monitored with fluoride ion selective electrode. Reference 
electrode used: Ag/AgCl/saturated KCl. Conditions used: curve (b), [All, = 6 X M; r o ~  = 2.5; 1 = 0.1 M; pH = 5.0; T =  25°C. Curve 
(a), [All, = 0; the other conditions were the same as for curve (b). 

FIG. 2. A plot of rkq vs. rkH. Conditions used: [All, = 6 x 1(r3 M; 
I=0 .1  MNaN03. 

increases with increase in the rF ratio (64% of [F], at rF = 0.1; 
90% at r, 0.5), which is consistent with the observation of 
turbidity followed by precipitation in zone 2 of the titration 
curve in Fig. 1. The ir, ESCA, and chemical analysis revealed 
that the nature of the solid formed depends on the rF value. At rF 
ratiosofO.1-1.0, thesolidincludes: 13%Al, 6.6%F,20%OH, 
0.1 % Na, 59.6% H20,  and the molar F/Al ratio = 0.69. This 

FIG. 3. Amount of hydroxide released ([OH],,) vs. fluoride bound 
to the polymer Alp([Flb). Conditions used: roH = 2.5; [All, = 6 X 

I = 0.1 M NaN03. Curve (a) (0), automatic titration with the titrant 
added at 30-min intervals; curve (b) ( X ) ,  manual titration, the interval 
between each addition being 24 h; curve (c) (a), batch method: each 
point in the curve was obtained after 30-min contact time. 

H20 ,  molar ratios of F/A1 = 1.0 and Na/Al = 0.2, and 
characteristic ir bands for cryolite and alumina. These data 
correspond to a mixture of cryolite (Na3A1F6) and alumina 
(A1203) in a mole ratio of 1:3. These results suggest that Alp 
decomposes into these products in the presence of excess of 
fluoride. 

111.3 Effect of pH on the nature of species formed 
corresponds to a basic aluminium hydroxide of composition: 111.3.1. Excess offluoride: zone 3 (Fig. 1) 
A1(OH)2.32Fo.68N~.01. With r~ ratio > 1, ESCA, chemical, and The distribution of various forms of fluoride are shown in Fig. 
ir analysis of the solid yielded: 21% Al, 14.1% F, 6.7% Na, 43% 4 as a function of pH. These results were obtained with [All, = 
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PARTHASARATHY ET AL. 

TABLE 1. Effect of r~ on the composition of Alp-F system 

Initial solution 0.2-pm Filtrate* Filtrate of UM-05 

*The results obtained with XM300 and PMlO filtrates were similar to those obtained with 0.2-prn filtrates. I = 0.1 M NaNO, M ;  
pH = 5.5; [XIf = total concentration of X in a given filtrate. 

+ F -  

80 - o solid N%AIg 

V HF 

60 - 

FIG. 4. Distribution of various forms of fluoride as a function of pH. 
I f, = fraction of each species with respect to total fluoride concentra- 

I 
tion. Conditions used: [All, = 1.7 X M ;  [F], = 5.1 x M ;  rF 

I = 3, rOH = 2.5. 

1.7 X lop3 and [F], = 5.1 X M using a batch method. The 
distribution of different forms of fluoride was computed from 
the measurements of the total and free fluoride concentrations in 
the 0.2-pm filtrates and retentates. It can be seen that the 
fraction of fluoride present as insoluble species is more or less 
independent of pH in the range 4.5-6.0, whereas the proportion 
of free and complexed fluoride varies with pH under the same 
conditions. 

111.3.2. Excess aluminium: zone 1 (Fig. 1) 
From the free fluoride concentrations measured at various pH 

during the back titration of Alp plus F solutions with acid (sect. 
11.3.3 b), the degree of complexation of F, a ,  defined as (20): 

was evaluated. For pH < 4.5, fluoride forms HF with hydrogen 
ions. Thus the mass balance equation for [F], is: 

[7] [F], = [F] + [HF] + C. [All forms of F bound to All 

I Combining eqs. [6] and [7] with eq. [4] and the formation 
I constants of HF, Py = [HF]/[H([F], and eq. [4] one obtains: 

[8] ( a  - 1 - py. [HI) = C. [All forms of F bound to A]]/[F] 

A value of py = 3.01 at I = 0.1 M, independently evaluated, 
was used to compute the left hand side of eq. [a]. Typical plots 
of log ( a  - 1 - @?[HI) vs. pH for various [All, are shown in 
Fig. 5. The main feature of this titration curve is that it can be 
divided into three pH zones corresponding to the changes in its 

FIG. 5. Typical plots of log (a - 1 - @?.[HI) vs. pH. Conditions 
used: M ;  [F], = M ;  I = 0.1 M ;  T = 25 I+- O.l°C; curve (a), [All, 
= 4.4 x lop3 M; curve (V), [All, = 2.2 x M ;  curve (0), [All, = 
7.7 x lop4 M.  

slopes: 
(i) 5.5 < pH < 8. In this pH domain, the reactions proceed 

rapidly and the slopes of plots such as those shown in Fig. 5 can 
be evaluated for various aluminium concentrations. An average 
value of 0.65 + 0.05 for the slope was obtained from titration 
curves performed at six different aluminium concentrations in 
the range lop4 - 5 x M .  

(ii) 4.5 < pH < 5.5. In this pH range, the reactions were 
found to be very slow, taking up to 24 h to attain equilibrium. 
This may be due to depolymerization of polynuclear hydrolysed 
species. No attempt was made to interpret these results quantita- 
tively as reactions were too sluggish. 

(iii) pH < 4. The results in Fig. 5 show that log ( a  - 1 - 
py. [HI) becomes independent of pH. The reactions in this case 
were found to be rapid. 

IV. Discussion 
In our previous paper (15) we showed that under mild hydro- 

lysing conditions, hydrolysed aluminium solution is predomi- 
nantly made up of polymeric aluminium hydroxide species 
which closely resembles A ~ , ~ O ~ ( O H ) ; &  In particular, our 
results showed that the polydispersity of Alp is small, more than 
80% of the polymeric species being in the size range 10-20 A. 
Consequently, in the subsequent discussions Alp will be repre- 
sented by AlI3O4(0H);,+ or [A1(OH)2.48]n (n = 13), the two 
being stoichiometrically equivalent. It was also shown that the 
remainder of [All,, which represents only ca. 10-20%, consists 
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of finely divided nonreactive aluminium oxi-hydroxide in equi- 
librium with traces of monomeric aluminium species. 

IV.1. Zone 1: 
IV. l . l .  r~ s 0.1;pH < 4 (Figs. 1 a n d 5 )  
Hem and Roberson (5) showed that at pH < 4 aluminium 

exists mainly as monomeric species. Hence it may be assumed 
that for pH < 4, Alp will dissociate completely into monomeric 
aluminium hydroxo species, provided equilibrium is attained. 
Since A1 is present in excess, the predominant fluoro complex of 
aluminium would be AlF, whereas a major part of the total 
aluminium is present as A13+ and A10H2+. Thus eq. [8] can be 
written as: 

and the mass balance for the total aluminium concentration is 
given by: 

Since aluminium ions are present in excess, the approximation: 

[ lo] [All, = [All + [AlOHI 

holds. Combining eq. [ lo]  with the formation constant given in 
eq. [ I l l :  

[ l  11 pPH = [AlOH]/[Al] [OH] 

one obtains: 

py was evaluated from eqs. [8] and [12] using log pPH = 9.0 
at 0.1 M ionic strength (19) and the experimental value of 3.01 
for log py. From all the titration data (Fig. 5), the mean value 
of log Pr  was found to be 6.13 + 0.04 (for 95% confidence 
limit). Considering the complexity of the system used, this 
value is in reasonable agreement with the value of 6.32 at 0.1 M 
ionic strength reported in the literature (19). Thus these results 
confirm that at pH values below 4.0, Alp dissociates completely 
into monomeric aluminium species provided sufficient time is 
allowed to reach equilibrium (ca. 1 week). 

IV.1.2. r F s  0 . 1 ; 5 < p H <  8 
In this case a soluble complex is formed between the polymer 

and fluoride (Table 1, Fig. 1). As aluminium ions are present in 
excess, the fixation of one fluoride per molecule of polymer has 
been assumed for the reaction of Alp with fluoride. This reaction 
may be written as: 

where z is the number of hydroxide ions released per fluoride 
bound. Let Kp be the ligand exchange constant: 

The total fluoride concentration, [F], is given by: 

The concentrations of all forms of aluminium except Alp are 
negligible compared to [All, under these conditions. As a first 
approximation, it is reasonable to assume: 

FIG. 6. A plot of Q vs. [All, (see eq. [19]). 

4 

Equation [16] can be written as: 

\ log [A 11 
. O - o  

[18] (a - 1) = log (Kp/KL. 13) + log [All, + z pH 

where K,  is the ionic product of water. 
The value of z was found to be 0.65 k 0.05 (for 95% 

confidence limits) (see sect. 111.1.2). An average value of 0.6 
OH released per fluoride fixed was also found experimentally 
for r~ S 0.1 (Fig. 3,  curves (a) and (b)). Thus if sufficiently long 
equilibration times are used, then the observed stoichiometry 
for fluoride bound per hydroxide ion released is independent of 
the titration mode and is close to 0.6. 

The value of K, can be found from Fig. 5 and eq. [18]. Indeed 
the intercepts on the ordinate, Q, of the straight line plots (Fig. 
5) in the pH region of interest should be dependent on [All,: 

[19] Q = log (Kp/Kf) + log [All, 

The slope of such a plot (Fig. 6) was found to be 0.97, which is 
close to the theoretically predicted value of 1. Kp can be 
evaluated from the intercept of this plot and was found to be 
1.03 & 0.01, which is in agreement with a value of 1 expected 
for ligand exchange reaction between OH and F (5). 

IV.2 Zone 2: 0 .5  < r~ S 1 
Fluoride precipitates in this region. Under similar conditions 

Hsu (16) also observed the precipitation of phosphates and 
silicates with polymeric aluminium hydroxide species and has 
proposed a model for these precipitation reactions. According 
to this model, the phosphate and silicate ions reduce the charge 
of Alp, inducing precipitation when its charge is completely 
neutralized. Analogous reaction schemes can be used for inter- 
preting the fluoride-aluminium interactions. However, in this 
case, in addition to the neutralization of charge, the fluoride ions 
can replace some of the hydroxide ions incorporated in the 
polymer since it has a stronger affinity than phosphate for 
aluminium and is similar in size to hydroxide ions. This would 
then explain the release of hydroxide ions observed during the 
reaction between Alp and fluoride. Since r: represents the 
number of fluoride ions bound per aluminium, the reaction 
between Alp and F can be represented in the general form: 
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PARTHASARATHY ET AL. 

[20] l/n[Al(OH)2.461n + r . F  TABLE 2. Summary of the main species formed between Alp 
and F under the experimental conditions used in this work = l/n[Al(OH),2.4,,Fr1,, + rnOH 

where r = rk in eq. [20]. r~ 
In order to get an uncharged reaction product one must have: 

PH GO. 1 0.5-1 .O >1.0 
[21] 0.54 + rn = r,!? 

By substituting the experimental value of r,! (= 0.8) in eq. 
[21], the value of rn was found to be 0.26. The ratio rnlr,!? = 
[Ofllrel/[FIb is then found to be 0.32, which is in agreement 
with the experimental value of 0.35 obtained from Fig. 3, 
curves (a), (b), at r, = 0.8. 

The results of analysis of the solid phase also support the 
formation of mixed fluoro-aluminium comuound. Thus all these 
results favour eq. [20], and by substituting n = 13 and r,!? = 
0.8, it becomes: 

[22] ~ 1 ~ ~ 0 4 ( 0 ~ ) : 4 f  + 10 F G A ~ I ~ O ~ ( O H ) ~ I F I O ( S )  + 3 OH- 

As mentioned above, the formation of a mixed phosphato- 
aluminium complex in the reaction between phosphate and 
hydroxy aluminium species has also been reported (16,17,2 1). 
The H2P04/AI mole ratio of the precipitate calculated from the 
results reported for roH = 2.5 and similar pH conditions yielded 
a value of 0.46, which would be comparable with the F/Al mole 
ratio (0.54) if no hydroxide ions were replaced by fluoride ions, 
as is the case for H2PO4. These findings therefore tend to sug- 
gest that the reaction mechanisms for the reaction of Alp with 
both fluoride and phosphate follow similar pathways. It must be 
pointed out that the nature of the solid formed under these 
conditions is markedly different from the one formed where 
excess of fluoride is present (see sect. 111.3.1). 

IV.3. Zone3: rF 2 3 
In this case two observations were made: (a) formation of 

precipitate, and (b) existence of dissolved complexed fluoride 
(Fig. 1). 

The results of analysis of the solid suggest that AlPFn depoly- 
merizes into cryolite and alumina under these conditions. The 
formation of cryolite in the presence of excess of fluoride has 
also been reported by Hem and Roberson (5). A comparison of 
these results with those of Fig. 4 shows that the solubility of the 
fluoride is dependent on the total aluminium concentration and 
pH when rF > 3. The solubility decreased with increased 
aluminium concentrations, whereas it increased with increased 
acidity below pH 4 and remains unaffected in the pH range 
4.5-8. 

The nature of the various forms of fluoride at rF 2 3 is shown 
in Fig. 4. It is apparent that the concentrations of free and bound 
fluoride are dependent on pH and the total aluminium concentra- 
tion initially present. 

Conclusions 
The results of this study show that the interaction between 

fluoride and aluminium hydroxide polymer, Al,, leads to the 
formation of several soluble and insoluble products depending 
on r ~ ,  pH, and total applied fluoride and aluminium concentra- 
tions. The types of products formed as a function of r, are 
summarized in Table 2. For rF S 0.1, a significant portion of the 
total fluoride is present as soluble fluoride. At rF = 0.7, roH = 2.5, 
and pH between 4 and 7, a major proportion of total fluoride is 
precipitated as A1 13(OH)29F10 Under these conditions about 
7 mg/L of fluoride remains in the solution owing to the intrinsic 
solubility of this compound. At rF > 1,  Alp dissociates and the 
reaction products under these conditions consist of a mixture of 
hydrated alumina and cryolite. The amount of dissolved fluoride 

4 HF, A1F HF, AlF HF, AIF 
4-5.5 AlF AlF 

Alplo (s) Na3AlF6 
5.5-7 Alpn A1 $n Al2O3, Na3AlF6 

7-8 F adsorbed on 
Al (OH)3 F 

present in these solutions was found to vary with the applied 
aluminium concentration and it is controlled by the high solu- 
bility of cryolite (0.042 g/L) (22). 

Thus if Alp is used for precipitating fluoride, then the optimal 
conditions are as follows: roH = 2.5, rF = 0.7, and4 < p H  < 7, 
provided no interfering components are present. The removal of 
fluoride by Alp from waste waters of aluminium manufacturing 
plants where interfering components are present is discussed 
elsewhere (23). 
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R. Poz~s-TORMO, L. MORENO-REAL, M. MART~NEZ-LARA, and S. BRUQUE-GAMEZ. Can. J .  Chem. 64, 30 (1986). 
HU02P04.4H20 (HUP) forms a laminar intercalate with butylamine, c = 29.30(5) A, which accepts cationic metals in 

exchange for the n-butylammonium ions. Hydrated uranyl metal phosphates M(U02P04)2. rlHrO (M = Mn, Co, Ni, Cu, Zn, 
Cd) are obtained by ionic exchange and were studied by thermal analysis and X-ray diffraction. The tetragonal structures of all 
these product compounds are derived from HUP. The diffuse electronic reflectance spectra of every sample show characteristic 
~0; '  absorption bands. In the spectra of the Co, Ni, and Cu phosphates there are other bands in the 500-800nm zone 
compatible with their observed aquocation transitions. 

R. Poz~s-TORMO, L. MORENO-REAL, M. MART~NEZ-LARA et S. BRUQUE-GAMEZ. Can. J .  Chem. 64, 30 (1986). 
Le HU02P04.4H20 (HUP) et la butylamine foment un compost laminaire intercale (c = 29,30(5) A) qui accepte des 

metaux cationiques en Cchange pour les ions n-butylammonium. On obtient les phosphates mCtalliques d'uranyle hydrates 
[M(U02P04)2.nH20 dans lesquels M = Mn, Co, Ni, Cu, Zn et Cd] g r k e  a un Cchange ionique et on les a CtudiCs par analyse 
therrnique et par diffraction des rayons-X. En se basant sur le HUP, on en deduit que tous ces composCs existent dans des 
structures tetragonales. Les spectres de reflectance Clectronique diffuse de chacun de ces Cchantillons prCsentent des bandes 
d'absorption caractCristiques du ~0; ' .  Dans les spectres des phosphates de Co, Ni ou Cu, on trouve aussi d'autres bandes, dans 
la region de 500 a 800 nm, qui sont compatibles avec les transitions observCes pour leurs aquocations. 

[Traduit par le journal] 

Introduction 
The intercalation chemistry of the inorganic layered com- 

pounds is becoming increasingly important; in particular, the 
ionic exchange and adsorption characteristics and the host- 
guest relationships of the layered phosphates have been inten- 
sively studied in: Zr(HP04)*.H20 (1); Sn(HP04)2.H20 (2); 
VOP04.2H20 (3), and HU02P04.4H20 (HUP) (4, 5). 

HUP belongs to the large family of uranium mica compounds 
with the general formula M(U02P04)2. nH20 where M may be 
a mono or divalent cation. These compounds have a typical 
structure of negatively charged layers of (U02P04);- sepa- 
rated by staggered layers of water molecules and compensating 
cations (6). In HUP, the latter are H+, but these may be 
substituted by almost any other cations. 

Pekarek and Vesely (7) have studied some thermodynamic 
phenomena of the ionic uptake by HUP/M (M' to MI"). Other 
authors investigated the proton conductivity of HUP and the 
HUAs (8, 9). The photoluminescent of these phos- 
phates are reported in detail by Olken et al. (5). 

A large number of synthetic compounds of the uranium mica 
type have been prepared. Uranyl phosphates of alkali metals, 
alkaline earth cations, and some transition metal ions were 
isolated by precipitating their respective ionic solutions (10- 13) 
and also by ion exchange in HUP ( 5 ,  14). 

The present work studies the uptake of divalent transition metal 
ions by the expanded intercalate (C4H9NH3)U02P04.3H20 and 
characterizes the final homoionic products, which all show good 
crystallinity and high degrees of hydration. The concept of using 
butylamine to facilitate exchange in layered hydrogen phos- 
phates was first demonstrated by Clearfield and Tindwa (IS), 
although Weiss et al. had prepared n-alkylammonium deriva- 
tives of hydrogen uranyl phosphate (16). 

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

Experimental 
Synthesis 

The uranyl hydrogen phosphate tetrahydrate HU02P04.4H20 (HUP) 
was prepared from uranyl nitrate and orthophosphoric acid in aqueous 
solution with the proportion U/P 1: 1.1, according to the method of 
Schreyer and Baes (17). The resulting product was air dried and kept 
in a controlled humidity atmosphere (PHlo = 9.12 Torr; 1 Torr = 
133.3 Pa). It was identified by chemical analysis, X-ray diffraction, 
and thermal analysis. 

The intercalate (C4H9NH3)UO2PO4.3H20 (BAUP) was prepared 
by exposing HUP to a saturated atmosphere of n-butylamine vapour 
(NBA) for 2 days in a desiccator. The product was evacuated at room 
temperature and was left in a controlled humidity atmosphere (H2SO4 
40% w/w). The composition of the intercalate, BAUP, was determined 
by spectrophotometry of P and U and Kjeldahl microanalysis of N; 
water content was measured by thermal analysis. 

X-ray diffraction and infrared spectroscopy were used for structural 
arrangement determination. 

Ionic uptake process 
The M"/C~H~NH; uptake process was studied by bringing into 

contact aqueous suspensions of the BAUP intercalate with aqueous 
metal acetate solutions (up to final concentrations of lo-' M) for 48 hat 
25°C. Experiments were made with different equivalent amounts of 
metallic ions ranging from 0.4056 mequiv./g, or 20% of theoretical 
maximum uptake capacity (2.028 mequiv./g), to 4.056 mequiv./g, a 
100% excess over capacity. The suspensions were then centrifuged and 
the solids washed until acetate removal was complete. These were then 
air dried and stored in an environment controlled at 50% humidity. The 
uptake of metallic ions in the exchange process was determined by 
analysis of the solid phase and its equilibrium solutions. Analytical data 
for the butylarnmonium and the various cation intercalates are available 
as supplementary material.' 

'A table of analytical data (Table I ,  supplementary material) may 
be purchased from the Depository of Unpublished Data, CISTI, Na- 
tional Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 
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POZAS-TORMO ET AL.: I 

Instrumental 
The instrumental techniques employed to characterize the new 

materials were infrared spectroscopy (Perkin Elmer 580), X-ray dif- 
fraction (Philips PW 1710), differential thermal and thermogravimetric 
analysis (Rigaku Thermoflex), diffuse reflectance and visible-ultra- 
violet spectroscopy (Kontron Uvikon 810), and atomic absorption 
spectroscopy (Varian AA 475 ABD). 

Results and discussion 
Characterization and structural determination of BAUP 

intercalate 
The product powder X-ray diffraction pattern (Table 2) can be 

indexed on a tetragonal unit cell with a = 6.968(7) and c 7 
29.30(5)A, though the basal spacing observed is 14.65A, 
which corresponds to the 002 re f l e~ t ion .~  All the starting prod- 
uct hM> lines were present in the intercalate with systematic 
absences when h + k f 2n. These data (Table 213 show the 
persistence of the HUP framework ab  plane and, in addition, 
clearly indicate that the tetragonal layer structure was preserved 
although the c axis was expanded. The most probable space 
group is P42/n. 

Botto et al. (18) found 9.05 A for the basal spacing (dOo2) of 
the isostructural compound NH4U02P04. 3H20. The perpen- 
dicular arrangement of an alkyl chain with four !toms of carbon 
between the layers would originate from 14.85 A layer spacing, 
very close to that obtained here (14.65 A). The existence of a 
monolayer in the n-butylamine intercalate (BAUP) contrasts 
with the bilayer found in the hydrogen phosphate of zirconium 
(19). This compound has an available layer surface arFa around 
the hydrogen atoms that is smaller than the HUP (24 against 
48.8 A2). 

In the intercalate infrared spectrum, as well as the bands of 
the phosphate, water, and ~0:' vibrations, there are others 
which correspond to the following groups: (2970 cm- I) ;  

v ~ ~ 2 s y m . a n d a s y m .  (2940 c ~ - ' ) ;  u ~ ~ , s y m .  (2880cm-1); 8 ~ ~ : a s y r n .  
(1620 cm-I); 8NH;sym, (1530 cm-I and 1510cm-'); t i C H 2 , c ~ ,  

(1470 cm-I). 
These data show that protonation of the guest amine has 

occurred to give rise to the butylammonium ions between the 
layers. 

The thermogravimetric curve (Fig. 1) exhibits three stages of 
weight loss. The first corresponds to the initial dehydratation 
and is associated with two endothermic effects, which may be 
seen on the DTA curve, and are centred on 90 and 130°C. In the 
two following stages (150-200°C and 300-400°C), the organic 
cation is removed; this process occurs in two endothermic 
effects (at 240 and 315°C). The last of these immediately 
precedes a DTA exothermic effect (340"C), the result of the 
combustion of organic residues. These processes are compar- 
able to the observed by Clearfield and Tindwa (19). 

Ionic uptake 
When the intercalate BAUP is placed in contact with metallic 

acetate solutions (M = Mn, Co, Ni, Cu, Zn, Cd), the following 
reaction takes place: 

3~ table of crystal and X-ray powder diffraction data (C4H9NH3)- 
U02P04.3H20 (Table 3, supplementary material) may be purchased 
from the Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada KIA 0S2. 

TABLE 2. X-ray crystallographic data of 
(C4HgNH3)UO2PO4. 3H20 

fw = 493.09 tetragonal, a = 6.968(7) A 
c = 29.30(5) A 

V = 1422.6A3, do = 2.31(1), do = 2.30, Z = 4 
Cu Kal ,  a2 ,  A = 1.54184A, 20°C 

FIG. 1. TG and DTA curves of the (C4HgNH3)U02P04.3H20. 

The ionic exchange reaction M2+/C4H9NH: took place 
without hydrolysis of the ion-exchange solid. This was con- 
firmed by determining P and U in the equilibrium solutions. In 
all cases the hydrolysis of P and U detected was below 0.6 and 
170, respectively. Greater percentages of hydrolysis were ob- 
tained when nitrate, chloride, or sulphate salts were involved in 
the ionic uptake reactions because of the higher acidity of these 
solutions. 

The ionic exchange described in eq. [ l ]  is quite fast and may 
be followed by measuring the equivalent values of the butyl- 
ammonium liberated (Kjeldahl N analysis), and of the metallic 
ions that remain in the solution, to determine the quantity 
removed; both values coincide. The apparent velocity of the 
uptake process was studied for each metallic ion and, by way 
of example, we shall consider the exchange CO'+/C~H~NH;, 
taking place with an initial molar ratio of 0.65:l (1.3 equiva- 
lents for each n-butylammonium equivalent at 25°C). Figure 2 
shows that after an hour, 90% of the intercalated butylammon- 
ium ions have been substituted by cobalt. After 12 h, all the 
exchange positions are occupied. The exchange sites are now 
saturated by cobalt and the reaction is complete. 

The curves obtained for the other ions are similar; their 
equilibrium times are between 10 and 12 h,  and the molar ratios 
are 0.6-0.8 (M2+): 1 (NBA). 
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2 8 12 2 4  
Time, h 

FIG. 2. Uptake of Co2+ by butylammonium uranylphosphate as 
function of time. 

1 2 3 4  1 2 3 4  

Cation added, meq/g BAU P 

FIG. 3. Retention isotherms of cations by butylammonium uranyl- 
phosphate (BAUP). 

In order to ensure equilibrium conditions, each isotherm 
point was obtained with 48 h contact time. 

The exchange isotherms show that the BAUP ion exchanger 
has great affinity for metallic ions and that 1- 1.6 equivalents of 
metallic ion for each equivalent of n-butylammonium are quite 
sufficient to give fully exchanged phases. All the isotherms 
(Fig. 3) show similar behaviour and may be fitted to a straight 
line using the equation of Langmuir's isotherm. 

Following the exchange process, the product was examined 
by X-ray diffraction and, in comparison with starting product, 
the basal spacing was changed; in particular, there was a 
decrease in the d(001). As the exchange sites become saturated, 
the hkO reflections persist; they are not affected by the ionic 
uptake. Figure 4 shows the changes in the X-ray diffraction 
patterns when the butylammonium is exchanged by Cu2+. This 
indicates that the layered structure ab plane is unaltered. 

I l l 1  I  I l i l '  I l  I I I I  
38 34 30 26 22 18 14 10 a 

28,  degrees 

FIG. 4. X-ray diffraction patterns of Cu2+ exchanged (C4H9NH3)- 
U02P04.3H20 at various loadings: (A) BAUP; (B) BAUP + 0.6 
symmetries of CU"; (C) BAUP + 1.0 symmetries of Cu2+; (D) BAUP 
+ 1.6 symmetries of Cu2+. 

I I 
3000 2000 1600 1200 800 

1 Wave Number, om- 

FIG. 5 .  Infrared spectra of CO'+ exchanged (C4H9NH3)U02P04. 
3H20: (A) 20% exchanged; (B) 50% exchanged; (C) fully exchanged. 
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POZAS-TORMO ET AL.: 1 

TABLE 4. Thermal data of M(U02P04)2. nH20 

Step I (25-80°C) Step 11 (80-150°C) Step 111 (150-300°C) 

Compound TG (x) DTA (peak) TG (y) DTA (peak) TG (z) DTA (peak) 

*Two mixed phases. 

Significant changes in the infrared spectra are produced by 
the substitution of n-butylamine by the metallic ions. In Fig. 5 
a progressive decrease may be seen in the vibration bands 
corresponding to the CH3, CH2, and NH: groups as the uptake 
process of Co2+ ions proceeds. In the fully exchanged phases 
these bands have disappeared. 

The P/U/M molar ratios of the solid compounds in which 
uptake is complete are 2:2:1; they correspond to hydrates with 
the general formula M(U02P04)2. nH20, where n = 8- 10. 

Thermal analysis of the MUP hydrates shows that the water 
molecules are lost in a succession of endothermic effects (from 

, 3 to 5) which occur between 50 and 300°C. In general, the 
successive stages of weight loss may be summarized by the 
following formulae: 

1 Table 4 gives the values of x, y ,  and z and also the ranges of 
temperatures in which weight loss occurs. The DTA curves 
exhibit similar behaviour in all the solids studied. There are 
sharp, clear endothermic peaks associated with the initial effects 
of weight loss. The peaks of the third stages are more diffuse. In 
Fig. 6 may be seen the DTA and TG curves of NiLTP. 

The metal uranyl phosphates reported here correspond to 
fully hydrated phases that are structurally related to the naturally 
occurring minerals autunite and torbernite (1 3, 20, 2 1). 

The diffractogram of hydrated UCdP shows a mixture of 
two phases: one, the fully hydrated compound with basal spac- 
ing of 11 A, and the other, possibly a metaphase, whose basal 
spacing is close to 9 A. When the cadmium compound was 
heated to 50°C, only one phase was seen; its composition was 
Cd(U02P04)2. 7H20. 

The crystalline compounds obtained by cation exchange 
showed very well-defined X-ray powder diffraction patterns 
that were indexed on the basis of a tetragonal unit Other 
authors (10, 11) obtained amorphous, or only slightly crystal- 
line, phases when the transition metal uranyl phosphates are 
synthesized by precipitation from aqueous solutions of the 
appropriate ion. 

Table 7 shows the lattice constants and X-ray powder pattem 
data obtained for the exchanged compounds. The a values 
compatible with the indexing of the recorded reflections are 
within limits of 20.008 A of the a value obtained for the BAUP 

?ables of crystal data and X-ray powder diffraction patterns of 
M(U02P04)2. nH20 (Tables 5 and 6, supplementary material) may be 
purchased from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 

- 

- 
DTA 

f' 

t 
b 

FIG. 6. TG and DTA curves of the Ni(U02P04)2.9H20. 

intercalate. On the other hand, the c spacing values were double 
the values of the interlamellar spacings. This is in agreement 
with the literature (5, 14) for isostructural compounds. 

Heated overnight at 50-60°C, the uranyl metal phosphates 
lose 1-3 water molecules and the basal spacing decreases to 
8.5 or 9 A. Some structural modification may be detected in 
the diffractograms, although their crystallinity persists and 
they may be indexed on a tetragonal system. Consequently 
C U ( U O ~ P O ~ ) ~ .  10H20, which is found naturally as the mineral 
torbernite, evolves into a very crystalline compound whose 
diffractogram and composition (7 hydrate) is identical to meta- 
torbernite (2 l) .  In the case of Mn(U02P04)2.9.5H20, the 
partial dehydration leads to a non-tetragonal compound with 
lower symmetry. None of the 7-hydrate and 8-hydrate com- 
pounds subjected to heating will rehydrate in atmospheres of 
50 to 60% relative humidity. 

The uranyl metal phosphates (UMP) are yellow when the 
cation electron shell is complete or semi-complete (closed shell 
ions) (M = Zn, Cd, or Mn) and its electronic diffuse reflectance 
spectrum only shows the uranyl group vibronic transition bands in 
the region of 350-500 nm (22). The remaining UMP compounds 
(M = Co, Ni, and Cu) give a spectral pattem which contains 
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TABLE 7. X-ray crystallographic data of M(U02P04)?. nH20 (Cu Ka,, a?; A = 1.541 8 A, 20°C) 

Compound* Formula weight a (A) c (A) z v(A3) dc do 

C O ( U O ~ P O ~ ) ~ . ~ H ~ O  950.93 6.962(9) 20.10(6) 2 974.2 3.24 3.27(1) 
Ni(U02P04)2. 9H20 950.71 6.907(9) 22.07(7) 2 1052.9 3.00 3.08(1) 
C U ( U O ~ P O ~ ) ~ .  1OH20 973.54 7.005(8) 20.67(6) 2 1014.3 3.19 3.26(1) 
Mn(U02P04)2.9.5H20 955.94 6.968(6) 20.92(6) 2 1015.7 3.12 3.18(1) 
Z ~ I ( U O ~ P O ~ ) ~ . ~  .5H20 966.37 7.050(7) 20.08(7) 2 998.0 3.21 3.29(1) 
Cd(U02P04)2. 7H20 7 968.40 6.966(8) lS.OS(5) 2 877.3 3.66 3.68(1) 
-- - - 

*All compounds belong to the tetragonal system. 
?Heated to 50°C 

TABLE 8. Electronic absorption bands of M(U02P04)2.nHz0 
in the region 500-800 nm (diffuse reflectance) 

Compound Colour i (nm) 

C O ( U O ~ P O ~ ) ~  .9H20 Pale orange 520 
Ni(U02P04)2.9H20 Pale green 655,700 
Cu(U02P04)2. 10H20 Blue green 655 

other bands in the 500-800 nm zone (Table 8) in addition 
to those mentioned previously. The values of X,,, of these 
500-800 nm bands are compatible with the observed transitions 
in the respective aqueous cations with different degrees of 
distorted octahedral symmetry. 

Concluding remarks 
In this work we have shown that the layered intercalate 

BAUP, which was obtained from the HUP(s) f n-BuNH2(v) 
reaction by ion exchange, gives very crystalline and highly 
hydrated uranyl metal phosphates. The layered material struc- 
tures resulting from this process maintain the ab plane of the 
tetragonal lattice of the starting product; the basal spacing of 
each species is dependent on  its degree of hydration. The water 
molecules serve an important structural function as they are 
found coordinated with the metallic cations in the form of labile 
octahedral aqueous complexes. Ongoing studies in these labora- 
tories suggest that the intercalate ligand-substitution reactions 
might be occurring in the host compounds. 
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Ion exchange reactions of n-butylamine intercalates of tin(1V) hydrogen phosphate and 
hydrogen uranyl phosphate with cobalt(II1) complexes 
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RAFAELA POZAS-TORMO, LAUREANO MORENO-REAL, M A R ~ A  MART~NEZ-LARA, and ENRIQUE RODR~GUEZ-CASTELL~N. 
Can. J .  Chem. 64. 35 (1986). , ~ ,  

The ion exchange reactions of n-butylamine intercalates of tin(1V) hydrogen phosphate and hydrogen uranyl phosphate 
towards carbonatotetraamrninecobalt(III), chloropentaamminecobalt(III), and hexaamminecobalt(III) have been investigated. 
Independent of the complex cation charges, the amounts of Co(II1) complex exchanged by the n-butylamine intercalate of tin(1V) 
hydrogen phosphate are practically the same. With the n-butylamine intercalate of hydrogen uranyl phosphate, the ionic 
exchange was completed and the composition was fixed by the exchanged Co(II1) complex. The layer charge densities of these 
phosphates justify the different ionic exchange behaviour observed towards the large complex cations. All the products were 
characterized by chemical analysis, X-ray diffractometry, infrared spectroscopy, diffuse reflectance spectroscopy, and thermal 
analysis. 

RAFAELA POZAS-TORMO, LAUREANO MORENO-REAL, M A R ~ A  MARTINEZ-LARA et ENRIQUE RODR~GUEZ-CASTELL~N. 
Can. J .  Chern. 64, 35 (1986). 

On a CtudiC les rtactions d'tchange d'ions des composCs d'intercalation entre la butylamine et I'hydrogenophosphate 
d'Ctain(1V) et l'hydrogtnophosphate d'uranyle avec le carbonatotttraamminecobalt(III), le chloropentaamminecobalt(III) et 
1'hexaamminecobalt(III). La charge des complexes cationiques n'influence pas le taux d'ions complexes de Co(II1) CchangCs par 
les composCs d'intercalation entre la butylamine et 1'hydrogCnophosphate d'ktain. Dans le cas du composC d'interaction entre la 
butylamine et I'hydrogCnophosphate d'uranyle, l'tchange ionique est totale et le complexe d'ion Co(II1) CchangC en dktermine la 
composition. Les densitts de charge de la couche de ces phosphates justifient le comportement des diffkrents Cchanges ioniques 
observts avec les grands complexes cationiques. On a caractCrisC tousles produits obtenus par l'analyse chimique, la diffraction 
de rayons X, la spectroscopie infrarouge, la spectroscopie de reflexion diffuse et par l'analyse thermique. 

[Traduit par le journal] 

Introduction 
Tin(1V) hydrogen phosphate monohydrate, Sn(HP04)2.H20 

(a-SnP), and hydrogen uranyl phosphate tetrahydrate, HU02- 
PO4. 4 H 2 0  (HUP), are layered inorganic ion exchangers ( l , 2 ) .  
a-SnP crystall~zes in the monoclinic system; the interlayer 
distance is 7 . 8 A .  O n  the other hand, HUP crystallizes in the 
tetragonal system, with an interlayer distance of 8.8 A. The ion 
exchange behaviour with alkali metals, alkaline earths, and first 
row transition metals of these phosphates was investigated 
(3-8). However, very little is known about ion exchange with 
large complexes on these exchangers. a -SnP is isostructural to  
a-zirconium hydrogen phosphate (a-ZrP) (1). Complex ions 
like [co(NH,),]~+ and [ c u ( N H ~ ) ~ ] ~ +  were exchanged using 
the monohydrogen forrn, o r  the wider-spaced n-butylamine - 
a-ZrP intercalate (9,  10). Cr(II1) Werner complexes have also 
been exchanged into HUP (1 1 ,  12). 

The n-butylamine intercalated forrns of a -SnP (BASnP) and 
HUP (BAUP) were chosfn because of their large interlayer 
distances (19.5 and 14.4 A ,  respectively), with wide passage- 
ways leading to the exchange site that would permit the inter- 
layer penetration of large complexes. The characterization of 
the exchanged behaviour of BAUP will be reported. 

Experimental 
Preparation 

I All the chemicals were of reagent grade and were used without 
further purification. a-SnP and BASnP were prepared as described 

I elsewhere (13, 14). HUP was prepared according to the method 
proposed by Schreyer and Baes (15). The BAUP was obtained by the 
same method used for BASnP. 'The complexes [ C O ( N H ~ ) ~ C O ~ ] N O ~ ,  

'Author to whom correspondence may be addressed. 

[CO(NH~)~CI ]C~~ ,  and [ C O ( N H ~ ) ~ ] C ~ ~  were synthesized as reported in 
the literature (16). 

Weighed amounts of Sn(C4HI IN)2(HP04)2.H20 and (C4H9NH3)- 
U02P04.3H20 were suspended for one day, at 25OC, in aqueous 
solutions of [Co(NH3)4C03]N03, [ C O ( N H ~ ) ~ C I ] C ~ ~ ,  and [Co(NH3),]- 
C13, which represented 300% of the exchange capacity. This operation 
was repeated once. The mixtures were filtered, and the solids were 
analyzed for their metal, water, and nitrogen contents. 

Instr~imentatiorz 
Metal content was determined using a Varian Techtron 475 ABD 

atomic spectrophotometer. The nitrogen content was determined by a 
micro-Kjeldahl method. X-ray films were obtained in Huber Debye- 
Schemer cameras with diameters of 11.46 cm using a Siemens X-ray 
generator. A Siemens D-500 diffractometer was used for the X-ray 
diagrams. The radiation was nickel-filtered CuKa in each case. TG and 
DTA analyses were carried out using a Rigaku Thermoflex thermo- 
analyzer, at a heating rate of 10°C min-'. Diffuse reflectance spectra 
were recorded on a Kontron-Uvikon 810 spectrophotometer with an 
integrating sphere attachment, which used BaS04 as the reference. 
Infrared studies were performed on a Beckman 4260 spectrophotom- 
eter by the KBr disc method. 

Anal. calcd. for S ~ [ C O ( N H ~ ) ~ C O ~ ] ~  49H1.51(P04)2' 1 .5H20: Co 
6.74, N 6.40; % loss on ignition (TGA to 900°C) (LOI) 22.27; found: 
Co 6.72, N 6.56, LO1 22.29. Anal. calcd. for S ~ [ C O ( N H ~ ) ~ C I ] ~ . ~ -  
H(P04)*. 1 .5H20: Co 6.9 1, N 8.20, LO1 18.43; found: Co 6.98, N 8.00, 
LO1 18.36. Anal. calcd. for S~[CO(NH~)~]~.~H~,~(PO~)~.~H~~: CO 
6.69, N 9.54, LO1 24.75; found: Co 6.66, N 9.83, LO1 24.68. Anal. 
calcd. for [ C O ( N H ~ ) ~ C O ~ ] U O ~ P O ~ . H ~ O :  Co 10.34, N 9.82, LO1 
22.83; found: CO 10.76, N 9.40, LO1 23.14. Anal. calcd. for 
[CO(NH~)~C~]~.~UO~PO~.~.~H~O: CO 5.89, N 7.00, LO1 17.52; 
found: Co 5.5, N 6.90, LO1 17.51. Anal. calcd. for [ C O ( N H ~ ) ~ ] ~ . ~ ~ -  
U02P04.2.21H20: Co 4.31, N 6.12, LO1 16.75; found: Co 4.40, N 
6.28, LO1 16.74. 
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TABLE 1. Composition and interlayer distances of the exchanged 
phases at 25OC 

Composition Interlayer distance (A) 

Results and discussion 
Composition and X-ray data 

Table 1 shows the composition and the interlayer distance 
of the exchanged phases at 25OC. The amount of cobalt(II1) 
complex exchanged by BASnP is independent of the charge of 
the complex. Although the interlayer distan~es of these com- 
pounds are different, a reflection line at 9.1 A was observed in 
the powder patterns of all the complex exchanged compounds. 
Because of the crystal distortion suffered in the intercalation 
process, the X-ray diffraction data of the BASnP derivatives 
show few reflection lines, and thus the calculation of unit cell 
constants based on the powder patterns is not possible.' The 
observed composition results from the "covering effect" of the 
guest molecule; that is to say, the complex ion bonded to 
phosphate groups impedes bonding at an adjacent site, as this 
site is now covered. A similar composition was seen when 
BAZrP was ion exchanged with tetraamminecopper(I1) (9). 
With BAUP there was a complete ionic exchange with the 
complex cations. In this case, the composition is a function of 
the complex cation charge. This different behaviour between 
HUP and a-SnP is due to the different layer charge densities. 
HUP has a smaller layer density than a-SnP and consequently a 
bigger free area around the active site (48.8 A' for HUP and 
21.5 A' for a-SnP (14)). Thus, total saturation with large 
complex cations can be attained. The hydration stoichiometry 
of these compounds shows a wide range. 

Table 3 shows the X-ray crystallographic data for the HUP 
exchanged phases. All samples could be indexed to tetragonal 
unit cells. The reflection lines corresponding to the original hkO 
planes were maintained.3 The absence of hkO lines when h + 
k f 2n demonstrates the retention of the n glide plane of uranyl 
phosphate. The layer structure has been preserved, while the c 
axis has varied. 

Infrared spectra 
The ir spectra of the exchanged compounds of BASnP are 

shown in Fig. 1. The S~[CO(NH~)~CO~~~.~~H~.~I(PO~)~ 
1.51H20 spectrum (curve A) shows bands, due to zeolitic 
water, occurring at 3570, 3490, and 1640cm-'; they can be 
superimposed upon those reported previously for a-SnP (17). 

2A table of X-ray powder diffraction data of S ~ [ C O ( N H ~ ) ~ C O ~ ] ~ , ~ ~ -  
H1.51(P04)2. 1.51 H20, S~[CO(NH~)~C~]~.~H(PO~)~. 1 .51H20, and 
S~[CO(NH~)~]~.~H~.~(PO~)~.~H~O (Table 2, supplementary material) 
may be purchased from the Depository of Unpublished Data, National 
Research Council of Canada, Ottawa, Ont., Canada KIA OS2. 

3Tables of X-ray powder diffraction data of [CO(NH~)~CO~]UO~- 
PO4 . H20, [ C O ( N H ~ ) ~ C ~ ] ~ . ~  U02P04 . 2.5H20, and [ C O ( N H ~ ) ~ ] ~ . ~ ~ -  
UO2PO4.2.21H20 (Tables 4, 5, and 6, supplementary material) may 
be purchased from the Depository of Unpublished Data, National Re- 
search Council of Canada, Ottawa, Ont., Canada KIA 0S2. 

VOL. 64, 1986 
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FREQUENCY (cm-3 
FIG. 1. Infrared spectra of (A), S~[CO(NH~)~CO~]~.~~H,.~~(PO~)~. 

1.5Hz0; (B), S~[CO(NH~)~C~IO.~H(P~~)Z. 1.5Hz0; (C), Sn[Co(NHd6]0.5- 
H0.5(P04)2 ' 3Hz0. 

The water stretching in the S~[CO(NH~)~C~]~.~H(P~~)~. 
1 .5H20 (curve B) and S~[CO(NH~)~]O.~HO.~(PO~)Z 3H20 
(curve C) are not so sharply defined and they are overlapped by 
the NH3 stretching bands. Generally, the NH3 stretching bands 
occur at higher frequencies (3300-3200 cm-') because these 
frequencies are sensitive to changes in the anion. (The anion of 
the complex salts (C1-) is substituted by the layer O3POP.) The 
broadening of these bands is the result of hydrogen bonding as 
well as the overlapping of the individual N-H stretching bands 
of the complex (18). The NH3 scissoring bands at 1330cm-' 
(curve B), and 1335 cm-' (curve C), are sharp and practically 
superimposable on those of the original complexes (18). In all 
cases, the NH3 rocking vibrations shift to higher frequencies 
and overlap the absorption bands of the phosphate group, as this 
rocking mode is very sensitive to the outer ions and the hydrogen 
bonding (1 9). The absence of characteristic bands in the region 
of 1500-1400cm-' and the higher frequency shift of the 
rocking mode indicate that the cobalt complex ion is now 
present as an amine complex and that the ammonia is hydrogen- 
bonded with the layer phosphate (20). The cobalt-nitrogen 
stretching bands are very weak and occur near 500cm-'. 
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TABLE 3. X-ray crystallographic data of cobalt(II1) complex uranyl phosphates (Cu K,,,,; A = 1.5418 A, 20°C) 

Compound* Formula weight a (A) c (A) Z v (A3) dc do 

FIG. 2. Infrared spectra of (A), [ C O ( N H ~ ) ~ C O ~ ] U O ~ P O ~ .  H20; 
(B), [CO(NH~)SC~IO.SU~~PO~.~.~H~~; (C), [Co(NH3)610,33U02P04. 
2.21H20. 

Phosphate vibration bands centered at 1000 cm-' dominate all 
the spectra of Fig. 1. 

Figure 2 shows the ir spectra of the exchanged phases of BAUP: 
[ C O ( N H ~ ) ~ C O ~ ]  UO2P04. H 2 0  (curve A), [ C O ( N H ~ ) ~ C ~ ] ~ , ~ -  
U 0 2 P 0 4 .  2.5H20 (curve B), and [ C O ( N H ~ ) ~ ] ~ . ~ ~  U02P04.  
2.21H20 (curve C). These spectra are well defined; there is a 
strong absorption band centered at 1000 cm-' assigned to phos- 
phate stretching (21), and a sharp band at 925 cm-' assigned to 
the u O i f  asymmetric stretching vibration; the two dominate 

*All compounds belong to the tetragonal system. 

FIG. 3. Diffuse reflectance spectra of (A), S ~ [ C O ( N H ~ ) ~ C O ~ ] ~ . ~ ~ -  
H I . s I ( P O ~ ) ~ .  1.5H20; (B), S~[CO(NH~)SC~IO.SH(PO~)~. 1.5H20; (C), 
S~[CO(NH~)~~O.SHO.~(P~~)~. 3H20. 

all the spectra. Water bands occur at 3500 and 1630 cm-'. The 
ammonia stretching vibration bands of these exchanged phases 
appear at 3300-3200 cm-I. These values are near those pre- 
viously observed in the a-SnP derivatives. This is to be ex- 
pected, because the anions in the layered phosphate are similar. 
The NH3 scissoring bands at 1270- 1370 cm- ' are very sharp 
and similar to those of the cobalt(II1) a-SnP complex. The 
metal-nitrogen stretching bands are better defined than those of 
a-SnP derivatives, and occur near 500 cm-I. Sometimes these 
bands are overlapped by the phosphate group bending vibration 
band. 

In a comparative study, the spectra of a-SnP and HUP 
derivatives are seen to be composites of those of the phosphate 
layer and the corresponding cobalt(II1) ammonia complex ion. 
In both series the N H ~  stretching, bending, and rocking modes 
shift to higher frequencies due to hydrogen bonding phosphate. 
The NH3 bending bands at 1620- 1640 cm- ' overlap the water 
bending mode. 

In all cases, the n-butylammonium ion absorption bands of 
the starting material disappeared. 

Diffuse rejectance ultraviolet-visible spectra 
The diffuse reflectance spectra of the a-SnP derivatives (Fig. 

3) and the HUP derivatives (Fig. 4) are very different. In the 
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FIG. 4. Diffuse reflectance spectra of (A), [CO(NH~)~CO~IUO~POJ.  

former, the layered phosphate is inactive in the 300-900 nm 
region. However, the HUP diffuse reflectance spectrum shows 
many sharp peaks in the 340-500 nm region; these are derived 
from the spectrum of the uranyl moiety (22). 

The spectra of the a-SnP derivatives correspond to the fol- 
lowing ions exchanged: carbonatotetraamminecobalt(III), with 
maxima at 5 15 and 350nm (curve A); chloropentaammine- 
cobalt(III), with maxima at 520 and 350nm (curve B); and 
hexaamminecobalt(III), with maxima at 470 and 340 nm (curve 
C). These spectra are practically superimposable on those of the 
salt complex employed (23, 24). 

The spectra of the HUP derivatives (Fig. 4) are composed 
of those of HUP and the cobalt(II1) complex ions. All the 
samples exhibit similar spectra in the 370-500 nm region. The 
absorption bands that correspond to the Co(II1) complex ions 
overlap; it is only possible to distinguish them at 510nm for 
[CO(NH~)~CO~]-UP and [CO(NH~)~CI]-UP, and at 470 nm for 
[CO(NH~)~]-UP. These values observed in the visible region 
coincide closely with those reported for the complex ions. How- 
ever, the high absorption of the HUP layer in the ultraviolet 

FIG. 5. DTA-TG curves of S~[CO(NH~)~CO~]O.~QH~.S~ (P04)2. 
1 .5H20. 

region impedes the detection of the corresponding bands assigned 
to the t 'A lg  transition. 

From these data we conclude that the Co(II1) complex ions 
are present in the exchangers. 

Thermal data 
The thermal behaviour of the a-SnP derivatives and HUP 

derivatives was investigated. As representative examples, we 
show the decomposition processes of S ~ [ C O ( N H ~ ) ~ C O ~ ] ~ . ~ ~ -  
H1.51(P04)2. 1 .5H20 and [ C O ( N H ~ ) ~ ] ~ . ~ ~ U ~ ~ P ~ ~ .  2.21H20. 
In the DTA-TG curves of the former compound (Fig. 5), three 
different stages can be seen. The first (DTA peak at 84°C) 
corresponds to the removal of the water of crystallization. The 
second corresponds to the evolution of ammonia and carbon 
dioxide. Finally, the condensation of orthophosphate to pyro- 
phosphate takes place between 400 and 500°C. In the X-ray 
powder diffraction pattems of the sample heated at 900°C, 
SnP20, could be identified4 (25). This confirms the presence of 
the proton in the exchanged compound. However, the expected 
Co304 could not be detected. This spinel is the final product 
when [ C O ( N H ~ ) ~ C O ~ ] ~ S O ~ . ~ H ~ O  is heated at 800°C (26). 

The thermogravimetric curve of [ C O ( N H ~ ) ~ ] O . ~ ~ U ~ ~ P ~ ~ .  
2.21H20 (Fig. 7) indicates that the decomposition of this 
compound occurs in three stages. The first corresponds to the 
removal of water. In the second, the ammonia and nitrogen 
liberation are almost overlapped; the cobalt(II1) ion is reduced, 
as in the case of the hexaamminecobalt(lII) halides (27). The third 
corresponds to the condensation of orthophosphate to pyrophos- 
phate. The DTA curve supports this mode of decomposition. 
The experimental per cent weight loss on ignition agrees with 
the calculated value if the Co(II1) reduction and the condensa- 
tion to pyrophosphate are considered. A significant increment 
of the magnetic susceptibility was observed in the compound 

4Figure 6, X-ray powder diffraction patterns of S ~ [ C O ( N H ~ ) ~ C O ~ ] ~ . ~ ~ -  
Hl.51(P04)2' 1.5H20 heatedat 900°C, (Fig. 6, supplementary material) 
may be purchased from the Depository of Unpublished Data, National 
Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 
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Flow calorimetry of viscous liquids. Volumes and heat capacities of mixtures 
of N,N-dimethylformamide with N-alkylacetamides 
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H. C. ZEGERS, R. BOEGSCHOTEN, W. MELS, and G. SOMSEN. Can. J .  Chem. 64, 40 (1986). 
A sampling device is described which enables the Picker flow heat capacity calorimeter to handle viscous liquids. The 

necessary constant liquid flow through the calorimetric cell is achieved by an overpressure on the entering liquids, and can be 
maintained by pressure control. In addition, the device permits automatic measurement of a number of samples. The approach is 
applied to densities and heat capacities of binary mixtures of dimethylformamide and the viscous liquids N-ethylacetamide, 
N-n-propylacetamide, and N-n-butylacetamide. The results appear to be accurate enough to establish excess molar heat 
capacities as well as apparent molar heat capacities. 

H. C. ZEGERS, R. BOEGSCHOTEN, W. MELS et G. SOMSEN. Can. J. Chem. 64,40 (1986). 
On dtcrit un dispositif dkchantillonnage qui permet d'examiner des liquides visqueux a l'aide du calorimetre ii Ccoulement de 

Picker. L'kcoulement constant du liquide travers la cellule calorimktrique, qui est nkcessaire avec cette mCthode, est rCalisC en 
appliquant une surpression sur les liquides introduits et en maintenant un contr6le sur la pression. De plus, ce dispositif permet de 
rkaliser une mesure automatique de plusieurs Cchantillons. On a applique cette approche a la dktermination des densitis et des 
capacitks calorifiques de mklanges binaires de dim~th~lformamideavec des liqui&s visqueux c o m e  les N-Cthyl-, N-n-propyl- 
et N-n-butylacCtamides. Les rksultats semblent &re assez fiables pour permettre de dCterminer les capacitks calorifiques molaires - 
en excks ainsi que les capacitts calorifiques molaires apparentes. 

[Traduit par le journal] 

Introduction 
Heat capacities at constant pressure are useful quantities in 

the study of mixtures and solutions. They can be used to predict 
the temperature dependence of enthalpies of different processes 
in mixtures or solutions (dilution, reaction, etc.) and to relate 
adiabatic and isothermal compressibilities. Another use of heat 
capacities is to derive from them the apparent or partial molar 
heat capacities Cp,B,+ or Cp,B of a component B, since these 
functions reflect the heat capacity of that component itself 
together with all changes in heat capacity caused by the dif- 
ferent environments of a component particle in mixtures. Being 
related to the second derivative of the chemical potential with 
respect to the temperature, these functions are very sensitive to 
structural changesin the mixtures, especially in aqueous media. 
Although the importance of values of Cp,B,+ and CpVB to solu- 
tion chemistry is obvious, their accurate experimental deter- 
mination is difficult. 

Since its introduction in 197 1, the Picker flow microcalorim- 
eter (1) has been used successfully to obtain volumetric heat 
capacities (C,/V) of pure liquids, liquid mixtures, and solu- 
tions in such an accurate way that reliable apparent and partial 
molar heat capacities can be calculated. In essence, the micro- 
calorimeter is a very sensitive heat balance that is able to detect 
differences in the volumetric heat capacities of two liquid 
samples down to 7 X J K-'  ~ m - ~ .  To achieve this high 
accuracy, the flow rate of the liquid through the calorimetric cell 
must have a value of about 0.010 cm3 s- '. In addition it must be 
very stable (?O. 1%). Often this is hard to achieve, especially 
with organic liquids which may cause damage to pumpi. In that 
case a popular alternative is to obtain the liquid flow supply by 
gravity. However, many organic liquids are too viscous to apply 
the gravity method and (or) may be so hygroscopic or sensitive 
to oxygen that contact with air should be avoided, making the 
flow-by-gravity method cumbersome. In order to overcome 
these problems we have developed a device that maintains a 
constant liquid flow through the calorimetric cell by a controlled 

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

overpressure on the entering liquids. Use of nitrogen as pressur- 
izing gas at the same time provides protection of the liquid 
samples against contact with air. In addition, the device is able 
to handle a number of liquid samples automatically. 

Experimental 
Apparatus 

A scheme of the sampling device is given in Fig. 1. The central unit 
is a programmable timer which activates simultaneously two nitrogen 
valves (a), an hplc valve (b), two sample changers (carrousels, (c)), and 
two pistons (d) to which a lid (e), a descending tube (f),  and a nitrogen 
inlet (g) are attached. The device operates in the following way. Vials 
containing the liquid samples (h) and sealed by means of aluminum foil 
are installed in sample holders (i) mounted on a carrousel. Activated by 
the timer, a sample holder moves to a position below a piston. Sub- 
sequently the piston moves down, closing the sample holder by the 
lid (e). At the same time the descending tube pierces the aluminum foil 
and plunges into the liquid sample. After that, a slight overpressure of 
nitrogen gas is applied to the closed sample holder and the sample 
liquid starts to rinse the tubing between vial and valve (b). After some 
time valve (b) switches the liquid flow into the calorimeter. This 
situation is maintained until a measurement is finished. Then the same 
procedure is applied to a second sample by means of the other piston. 
The instrument is able to accommodate a total of 24 samples. 

In this way the device can follow automatically a stepwise procedure 
as described by Grolier et al .  (2) and Fortier and Benson (3), to mea- 
sure the volumetric heat capacities of liquid mixtures with gradually 
changing compositions. Only the flow rate of the liquids through the 
calorimetric cell has to be watched, which can be performed by means 
of a flow meter or simple inspection of the electric output signal of the 
calorimeter. Changing viscosities of the mixtures may make it neces- 
sary to adjust the nitrogen overpressure in the sample holders, to 
maintain a constant flow of liquid. To achieve an optimal flow rate we 
never needed pressures higher than 1.7 bar (1 bar = 100 kPa). 

Measurements 
As a test, we carried out measurements with mixtures fed to the 

calorimeter both by our pressure device and by gravity. The results 
appeared to be identical, provided that the flow rates in both methods 
are comparable (4). This is due to the fact that heat loss to the environ- 
ment of the calorimetric cell is dependent on the flow rate (see ref. 5). 
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* 
calorimeter 

flowmeter 

I FIG. 1. Scheme of the sampling device for the Picker flow microcalorimeter; (a) nitrogen valve; (b) hplc valve; (c) sample changer (carrousel); 
(d) piston; (e) lid; (f) descending tube; (g) nitrogen inlet; (h) vial containing the liquid sample; and (i) sample holder. 

In addition, a low flow rate must be avoided. In that case not only 
does the heat loss become very high but also the zones in which some 
mixing occurs between subsequent samples may become very large. 
Both influences reduce the reliability of the method. Our pressure 
device eliminates these undesirable effects and renders the calorimeter 
suitable for viscous liquids. We will illustrate this by presenting results 
of measurements on mixtures of N, N-dimethylformamide (DMF) with 
N-ethylacetamide (NEA), N-n-propylacetamide (NPrA), and N-n- 
butylacetamide (NBuA) over the complete mole fraction range. The 
latter three compounds constitute a series of liquids with increasing 
viscosity, 6.01, 10.7, and 14.0 cP, respectively (6). 

Materials 
DMF (Baker Analyzed Reagent) was stored over molecular sieves 

4A for at least one week and used without further purification. NEA 
(Fluka, purum) was taken from stock. NPrA and NBuA were synthe- 
sized according to the reaction: 

where R denotes an alkyl group (7, 8). This reaction was made quanti- 
tative by adding acetic anhydride to the reacting mixture. Acetic acid 
and acetic anhydride were removed by azeotropic distillation with 
methylcyclohexane (9). NEA, NPrA, and NBuA were purified by 
azeotropic distillation with benzene (to remove last traces of water and 
acetic acid) followed by fractional distillation under reduced pressure. 
The middle fraction was taken and stored over molecular sieves 4A. 

fied Karl Fischer procedure of Verhoef and Barendrecht (10). In all 
cases the volume fraction of water was less than 0.0001. Gas-liquid 
chromatography showed a mole fraction purity of 0.995 or higher for 
each compound. 

Procedure 
Liquid mixtures of DMF with the various N-alkylacetamides were 

prepared by mass. Details of the procedure have been described before 
(1 1). The densities of the mixtures relative to the density of pure DMF 
were measured by a digital flow densimeter (Sodev, model 03D, 
Sherbrooke, Quebec). Heat capacities were obtained from volumetric 
heat capacities (C,/V) measured with a Picker flow microcalorimeter 
(Setaram, model "chaleur specifique", Lyon, France), equipped with 
the automatic pressure device described above. 

Results 
Volumes 

Densities d of the binary mixtures relative to the density of 
pure DMF (dl*) are presented in Table 1 as function of the mole 
fraction x i  of DMF. The density of pure DMF measured with 
respect to that of pure water (12) is0.943289 g cm-3 at 298.15 K, 
corresponding to a molar volume V? = 77.489 cm3 mol- '. The 
molar volumes of the pure N-alkylacetamides NEA, NPrA, and 
NBuA are V: = 94.734, 111.641, and 128.697cm3mol-' 

The water contents of all compounds were determined by the modi- respectively, and compare very well with the values Vz  = 
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TABLE 1. Experimental relative densities d - d: and changes in heat capacity per unit 
volume A(Cp/V) at 298.15 K. 

- - -  - - 

Dimethylformarnide (1) 

0.000000 -23.642 -11.614 
0.029594 -22.888 -1 1.132 
0.054080 -22.260 -10.684 
0.077114 -21.675 -10.180 
0.103742 -20.998 -9.496 
0.125044 -20.448 -8.918 
0.170595 - 19.301 -7.599 
0.208943 - 18.347 -6.477 
0.250458 -17.329 -5.363 
0.299090 -16.095 -3.839 
0.351258 -14.834 -2.276 
0.398358 - 13.694 - 1.089 
0.451 123 - 12.408 0.201 
0.499517 -11.247 1.306 

Dimethylformamide (1) 

0.000000 -37.258 -52.047 
0.027373 -36.389 -50.339 
0.053724 -35.551 -48.587 
0.076294 -34.830 -47.006 
0.099668 -34:084 -45.3 13 
0.129936 -33.098 -43.188 
0.157905 -32.195 -40.992 
0.178497 -31.516 -39.518 
0.249724 -29.149 -34.084 
0.298528 -27.494 -30.467 
0.350203 -25.737 -26.761 
0.406878 -23.729 -22.891 
0.453348 -22.105 - 19.853 
0.502137 -20.290 - 17.027 

Dimethylformarnide (1) 

- 

+ ethylacetamide (2) 

0.547163 - 10.135 
0.600022 -8.881 
0.653073 -7.659 
0.698129 -6.606 
0.749572 -5.415 
0.810031 -4.072 
0.844937 -3.297 
0.864074 -2.878 
0.903622 -2.023 
0.9245 1 1 - 1.573 
0.950019 - 1.032 
0.975559 -0.501 
1.000000 0.000 

+ n-propylacetamide (2) 

0.547575 - 18.604 - 14.509 
0.607416 -16.351 -11.411 
0.643876 - 14.924 -9.608 
0.701 153 - 12.654 -7.195 
0.750558 - 10.652 -5.261 
0.795686 -8.819 -3.718 
0.837565 -7.065 -2.546 
0.864162 -5.922 - 1.899 
0.891480 -4.764 - 1.352 
0.925 180 -3.305 -0.785 
0.949794 -2.227 -0.456 
0.976593 -1.044 -0.180 
1.000000 0.000 0.000 

+ n-butylacetamide (2) 

0.501666 -29.008 -29.334 
0.549373 -26.749 -25.684 
0.600930 -24.208 -21.819 
0.651353 -21.623 -18.074 
0.698473 - 19.080 - 14.739 
0.751076 -16.127 -11.375 
0.790938 - 13.787 -9.154 
0.842881 - 10.614 -6.483 
0.864032 -9.288 -5.296 
0.898194 -7.059 -3.686 
0.925305 -5.259 -2.587 
0.947877 -3.700 - 1.742 
0.977950 - 1.594 -0.714 
1.000000 0.000 0.000 

94.66,111.57, and 128.53 cm3 mol- ' obtained by Vaughn and 
Sears (6). 

Excess molar volumes of the mixtures were calculated from 

and are represented in Fig. 2. Apparent molar volumes Vi,+ of 
component i with mole fraction xi are obtained from 

[2] vi,+= vi*+ vg/xi 

with i = 1, 2. They are given graphically in Figs. 3 and 4. 

Heat capacities 
Volumetric heat capacities relative to DMF, A(C,/V) = 

C,/V - C,*,l/V:, were measured corresponding to a mean 
temperature of (298.15 2 0.1) K. Using C,*,,/V: = 1.9146J 
K- ' cm-3 we obtained the molar heat capacities of the pure com- 
pounds NEA, NPrA, and NBuA. The values C,*,2 = 180.28, 
207.94, and 236.89 J K- ' mol- ', respectively, agree very well 
with Cp,2 = 180, 207, and 2 3 6 ~ ~ - ' m o l - '  determined by 
Konicek, Suurkuusk, and Wadso with a drop calorimeter (13, 
14). 
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ZEGERS ET AL. 

FIG. 2. Excess molar volumes for mixtures of dimethylformamide 
with some N-alky lacetamides. 

FIG. 3. Excess apparent molar volumes of N-alkylacetamides in 
mixtures with dimethylformamide. 

FIG. 4. Apparent molar volumes of dimethylformamide in mixtures 
with several N-alky lacetamides. 

Excess molar heat capacities were calculated according to 

[31 CEm = {Cp*,l IV? + A(CplV))Vm - XI  cp*.~ - x2 Cp*,2 

where the subscript 2 refers to NEA, NPrA, and NBuA. They 
are represented in Fig. 5. The apparent molar heat capacities 
Cp,i,+ of component i were calculated by 

FIG. 5.  Excess molar heat capacities for mixtures of dimethylfor- 
marnide with several N-alkylacetamides. 

FIG. 6. Excess apparent molar heat capacities of N-alkylacetamides 
in mixtures with dimethylformamide. 

[41 Cp,i,+ = C,*,i + C;,mIxi 

and are shown in Figs. 6 and 7. 

Discussion 
The molar excess volumes and heat capacities of the mixtures 

considered here can be described by the polynomial: 

The coefficients ai were obtained by a least-squares analysis and 
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FIG. 7. Apparent molar heat capacities of dimethylformamide in 
mixtures with some N-alkylacetamides. 

are presented in Table 2. Each experimental value was assigned 
unit weight. Table 2 gives also the standard deviation of the fit S 
defined by 

where N and n denote the number of experimental points and 
coefficients, respectively. 

As observed earlier (4), apparent molar quantities of com- 
pounds in binary mixtures of this type are largely determined by 
the molar quantities of the pure compounds and the apparent 
molar quantities of each compound at infinite dilution. There- 
fore a compilation of these data is presented in Table 3. 

Apparent molar volumes 
The functions V2:+ - V,* (= v;+) for the N-alkylacetamides 

are represented in Fig. 3. They are all negative and depend on xl 
almost linearly. Values of v!,+ at infinite dilution, V?;;, are 
-0.70, -0.73, and -0.60cm3mol-I for NEA, NPrA, and 
NBuA, respectively. 

The apparent molar volumes of DMF in the mixtures (see Fig. 
4) are smaller than its molar volume VT = 77.49 cm3 mol- I. At 
infinite dilution in NEA, NPrA, and NBuA they amount to 
76.85, 76.77, and 76.97 cm3 mol- I, respectively. 

According to the general equation 

an observed linearity in the curves relating (V2,+ - Vz) and xl 
means that also Vl ,+ should depend on xl in a linear way. Hence, 
the approximately straight lines in Fig. 4 are in accordance with 
the almost linear relationships in Fig. 3. 

The apparent molar volumes of DMF at infinite dilution, 
V:+, in the solvents NEA, NPrA, and NBuA do not show a 
systematic trend. In a series of dialkyl-substituted amidic sol- 
vents (CH3CONR2), we found earlier (4) that V:+ of DMF 
increases with the size of the alkyl group from R = ethyl. V;T.+of 
DMF dissolved in dimethylacetamide does not fit the relation. 
This might indicate that in the present case the value of V:+in 
NEA is the deviating one. Similar reasoning leads to the con- 
clusion that the value of v?; for NEA dissolved in DMF lies 
outside a general trend (see ref. 4). 

Apparent molar heat capacities 
Generally the values of C,,2,4 - C,*,, (= C,E,2,4) for NEA, 
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TABLE 3. Apparent molar volumes and heat capacities in the limiting regions of mixtures of DMF with several mono- 
substituted acetamides 

v7,4 V,* a v?,+ C" 1,4 ~ ; , 2 ~  C" 2.4 
Acetamide (cm3 mol-') (cm3 mol-l) (cm3 mol-I) (J K-'kol-') (J K 0 1 )  (J K-'bol-') 

NE A 76.85 94.73 94.03 147.56 180.28 182.44 
NPrA 76.77 111.64 110.91 149.69 207.94 21 1.85 
NBuA 76.97 128.70 128.10 152.15 236.89 242.81 

TABLE 4. Values of C';;;+/vi for mixtures of 
DMF with monosubstituted acetamides 

c ; : + / v 1  c;;:+/v2 
Acetamide (J K- cmP3) (J K-' ~ m - ~ )  

NE A -0.0103 0.0228 
NPrA 0.0172 0.0350 
NBuA 0.0489 0.0460 

NPrA, and NBuA are positive over the complete mole fraction 
range. Only those for NEA at 0 < xl < 0.15 are slightly 
negative. As Fig. 6 shows, there is a steady increase with the 
mole fraction of DMF towards a maximal value at infinite 
dilution. Here C;;:,, ranges from 2.2 J K-' mol-' for NEA to 
5.9 J K-' mol- ' for NBuA. The mean CH2 increment in Cp";2",+ 
of 1.9 J K-' mol-' is in good agreement with the same incre- 
ment found for dialkylacetamides in DMF (4). 

The apparent molar heat capacities Cp, l ,+  of DMF in the three 
solvents NEA, NPrA, and NBuA (see Fig. 7) do not depend on 
xl in a monotonic way, but show maxima at x l  = 0.46, x l  = 
0.26, and xl  = 0.13, respectively. At infinite dilution, C;,,+ is 
147.6,149.7, and 152.2 J K- ' mol- ', respectively. Only C;,,+ 
in NEA is smaller than the molar heat capacity of pure DMF. 
The mean CH2 increment in the values is +2.3 J K-I mol-'. 

In previous work (4) we observed that heat capacities of 
binary mixtures of DMF and dialkylacetamides can be ade- 
quately described by equations of the type derived by Hilde- 
brand and Wood (15), Scatchard (16), and Redlich et al. (17), 
like: 

where + i  is the volume fraction of compound i in the mixture, 
Cp:i is the partial molar heat capacity of compound i, and u is an 
adjustable parameter. In order to describe the experimental data 
with the eqs. [8]-[lo] it is necessary that 

[11] cp";y+/v,* = c;;2",+/v; (= u) 

Within experimental error this is the case for mixtures of DMF 
and dialkylacetamides. Values of ~ ; ; y + /  v,* and ~ p " ; : + /  V;  
for the compounds in this paper are presented in Table 4. They 
differ substantially. In our opinion this is due to a larger short 
range interaction in the present mixtures, caused by hydrogen 
bonding. Indeed a recent computer simulation study (18) indi- 
cates marked differences in short range ordering of the mole- 
cules between aprotic disubstituted amides and protic mono- or 
unsubstituted amides. Consequently, application of the eqs. 
[8]-[lo] will be restricted to mixtures of related compounds 
where strong and directional short range interactions are absent. 
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Thermodynamics of solvent mixtures. I. Density and viscosity of binary mixtures of 
N-methylpyrrolidinone - tetrahydrofuran and propylene carbonate - acetonitrile 

A. V. ANANTARAMAN 
Defence Research Establishment Ottawa, Ottawa, Ont., Canada K I A  024 
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A. V. ANANTARAMAN. Can. J. Chem. 6 4 , 4 6  (1986). 
Excess volumes and viscosities of binary liquid mixtures of N-methylpyrrolidinone - tetrahydrofuran and propylene carbon- 

ate - acetonitrile are measured and examined in the light of empirical theories such as absolute rate, free volume, and regular 
solution theories. It is shown that non-ideality arises due to (a) shape factors, (b) molecular interaction, and that the two 
properties, excess volume and viscosity, illustrate these two aspects of non-ideality. 

A. V. ANANTARAMAN. Can. J. Chem. 6 4 , 4 6  (1986). 
On a mesurt les volumes en exc6s et les viscositts de melanges liquides binaires de N-mtthylpyrrolidinone - tetrahydro- 

furanne et de carbonate de propyltne - acttonitrile et on les a ttudits en faisant appel a des theories empiriques comme celle de la 
vitesse absolue, et les thtories du volume libre et de la solution rtgulikre. On montre que le comportement non-ideal est dO aux 
facteurs de forme et a l'interaction moltculaire. On montre tgalement que ces deux proprittts, a savoir le volume en exc&s et la 
viscositt, illustrent les deux aspects de ce comportement non-idtal. 

[Traduit par le journal] 

Introduction 
During the past decade, significant advances have taken place 

in the commercial development of batteries using nonaqueous 
electrolytes. Such remarkable progress could not have been 
achieved without fundamental understanding of the thermody- 
namic and electrochemical behaviour of the active components 
in a battery. Mixed solvents of propylene carbonate (PC) with 
1,2-dimethoxyethane (DME) or with tetrahydrofuran (THF) 
have been reported to give good cell performance ( l , 2 ) .  Since 
organic mixed solvents offer a wide range of variations in 
electrolyte properties, their use in the development of high 
energy - density batteries is relevant and attractive. 

The electrochemical behaviour of a nonaqueous battery can 
depend critically on the properties of the electrolyte. Among the 
properties of solvent mixtures, viscosity has an important role, 
because a low viscosity implies a low resistance to ionic trans- 
port within the medium. As part of a continuing investigation of 
the thermodynamic and other properties of solvent mixtures for 
nonaqueous battery systems, this paper reports the measure- 
ments of density and viscosity of mixtures of propylene carbon- 
ate - acetonitrile (AN) and N-methylpyrrolidinone (NMP) - 
tetrahydrofuran in the complete range of composition. 

Experimental 
Starting from high purity grade, the solvents were agitated with 

calcium hydride for 24 h in an argon atmosphere. Subsequently they 
were distilled under reduced pressure, and only the middle fractions 
were collected and stored in a dry argon atmosphere. The relevant 
properties of the pure solvents are listed in Table 1. 

The solvent mixtures were prepared gravimetrically in an argon 
atmosphere and the measurements were done completely isolated from 
atmospheric contact. 

The densities of pure solvents and their mixtures were measured at 
5.0 ? 0.05"C, using a long-stem pyknometer which was calibrated 
with mercury. The experimental reproducibility, in general, is better 
than 1 part in lo4. 

Kinematic viscosities were measured in a specially designed capil- 
lary viscometer that allows measurements to be made without contact 
with air (3). A schematic diagram of the viscometer is shown in Fig. 1. 

A gas-tight syringe of about 20-rnL capacity is connected through a 
short silicon rubber tubing to the outlet at stopcock S,.  The ground 
glass stopcocks S,  and S2 are slightly greased and the clean dry 
viscometer is weighed. The apparatus is taken into an argon glove box 

TABLE 1. Properties of pure components at 5.0°C. 

Kinematic Vapour 
Density p viscosity v pressure 

Solvent (g ~ m - ~ )  ((2s) (Torr) " 

N-methy lpyrrolidinone 1.0447 2.168 =0.2 
Tetrahydrofuran 0.9035 0.635 62.7 
Propylene carbonate 1.2203 3.128 0.5 
Acetonitrile 0.7984 0.541 34.5 

and the required volume of high purity solvent is carefully introduced 
into the pear-shaped reservoir R. All the stopcocks and the rotoflo are 
tightly closed, and the unit is carefully taken out of the box and 
connected to a vacuum line at the ground joint G. The solvent in the 
reservoir is degassed by alternate freezing and thawing. The viscometer 
is set up in a suitable thermostat bath and, after attaining temperature 
equilibrium, the liquid is slowly drawn above the mark, M I ,  by means 
of the syringe with the stopcocks S I  open and S2 closed. Any vapour 
drawn into the syringe is slowly pushed back into the viscometer with 
the pressure equalizer stopcock S2 open. The stopcock S I  is now closed 
and the time for flow between the two marks M I  and M2 is recorded. 
The procedure can be repeated for consistency. 

The viscometer was calibrated using triple-distilled water and pure 
solvents. All measurements were done in a thermostat maintained at 
5.0 ? 0.05"C. The accuracy of the measurement of viscosity is esti- 
mated to be better than 1%. 

Results 
The experimental values of densities and viscosities of the 

two binary systems are shown in Tables 2 and 3.  

Excess volume 
The excess volume V" is calculated from densities, according 

to the relations 

where Xi, Mi, and pi are the mole fraction, molar mass, and 
density of component i and p denotes the density of the mixture. 
The results are shown in Figs. 2 and 3.  The data can be fitted into 
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ANANTARAMAN 

I 
I FIG. 1. Viscometer. 

I 
I TABLE 2. Experimental densities and kin- 
I ematic viscosities of mixtures of the sys- 

tem. PC-AN at 5.0 + 0.05OC (XI = mole 
I 

I fraction of component 1 (PC)) 

x1 P (g ~ m - ~ )  v (CS) 

0.0 0.7984 0.541 
0.0920 0.8616 0.594 
0.1675 0.9069 0.683 
0.3043 0.9808 0.871 
0.3763 1.0149 0.992 
0.4910 1.0636 1.234 
0.6293 1.1137 1.622 
0.7795 1.1615 2.058 
0.7953 1.1667 2.151 
0.9537 1.2093 2.910 
1 .OOOO 1.2203 3.128 

an equation of the form 
n 

1 [2] v E = X , X 2  C A,(X1 -XI) '  
r = O  

The optimum number of coefficients A, is determined by the 
' magnitude of the standard deviation u. These coefficients are 

given in Table 4. 

Viscosity 
The dynamical viscosity q is calculated from the measured 

kinematic viscosity v ,  and the corresponding density p, using 
I the relation q = v l p .  For ideal binary mixtures, viscosity is 

given by the Arrhenius equation, 

TABLE 3. Experimental densities and kin- 
ematic viscosities of mixtures of the sys- 
tem. NMP-THF at 5.0 + 0.05OC (XI = 

mole fraction of component 1 (NMP)) 

X.  MOLE FRACTION OF NMP - 

FIG. 2. Excess volume as a function of composition. System: 
NMP-THF. Temperature: 5.0 + 0.05"C. 

X. MOLE FRACTION OF PC - 

FIG. 3. Excess volume as a function of composition. System: 
PC-AN. Temperature: 5.0 ? 0.05"C. 

TABLE 4. Coefficients A; of eq. [2] fitted to experimental vE at 5.0°C 

Mixture Ao A I A2 A3 u 

PC-AN -1.834 0.6414 0.5496 0.1396 0.013 
NMP-THF - 1.596 -0.1575 0.0101 0.2623 0.036 

where Xi and qi are the mole fraction and viscosity of the pure 
components. Ideal viscosities calculated on the basis of eq. [3] 
for the two systems, along with the corresponding experimental 
data, are shown in Figs. 4 and 5 .  
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0.60 I I I I I 
0 2 0.4 0 6  0.8 1 0  

X, MOLE FRACTION OF NMP - 
FIG. 4. Dynamic viscosity as a function of composition. System: 

NMP-THF. Temperature: 5.0 + 0.05"C. --- Measured, - Ideal eq. 
131. 

X, MOLE FRACTION OF PC - 
FIG. 5. Dynamic viscosity as a function of composition. System: 

PC-AN. Temperature: 5.0 ? 0.05"C. --- Measured, - Ideal eq. [3]. 

Discussion 
The excess volumes for both the binary mixtures NMP-THF 

and PC-AN are negative over the entire range of composition. 
This implies that geometrical factors allowing the molecular 
species to form a more dense structure within the mixture may 
be important in both cases. The dense packing may be due to (a) 
different molecular sizes leading to interstitial accommodation 
in the mixture and (b) differences in free volume between the 
components. 

On the basis of such geometrical arguments, the excess 
volume is expressed in terms of a reduced interaction energy 
parameter A: (4). 

The reduced volume V* is defined as V* = r*/y, where y is a 

numerical factor which depends on the geometrical arrangement 
of the molecules. r* is the distance corresponding to the 
minimum of A(r) and Z is the number of first neighbours in the 
quasi-lattice. 

In this simple model, the solution behaves as a pure compo- 
nent characterized by the average value of the interaction param- 
eter A:. The negative excess volumes of the two systems over 
the entire composition range suggest that the potential energy 
minimum of the unlike molecules is lower than the potential 
energy minima of either or both the like molecules. 

Viscosity is a complex property and existing theories cannot 
adequately explain the viscosity behaviour of even simple fluid 
mixtures. Empirical theories such as the absolute rate theory 
and the free volume theory have been used in predicting the 
viscosity of liquid mixtures (5-7). Macedo and Litovitz (8) 
have combined the two theories so that the probability for vis- 
cous flow is taken as the product of probabilities for acquiring 
sufficient activation energy and the occurrence of an empty site. 
However, the validity and physical justification for the use of 
such theories in predicting viscosities of complex liquid mix- 
tures is in doubt. 

Based on the ideas of regular solution theory (9, lo), Grun- 
berg and Nissan (1 1) have proposed an empirical expression for 
viscosities of real liquid mixtures, 

where E denotes the extent of non-ideality of the system. The 
parameter E is interpreted as a constant proportional to W/RT 
where W is the interchange energy arising from the increase in 
lattice energy due to juxtaposition of molecule 1 into the lattice 
of molecule 2. Grunberg (12) has derived an expression for the 
viscosity contribution to the interchange energy, 

where qobs represents the measured viscosity of the mixture; the 
constants cil and ci2 are calculated from the vapour pressures po 
of pure components 1 and 2 according to 

Following Grunberg's procedure, we have calculated the 
interchange energy W as defined by eq. [6]. The results are 
shown in Tables 5 and 6 where the measured viscosities and the 
deviation, E, are also included. 

It should be pointed out that the results shown in Tables 5 and 
6 depend on the assumed parallelism between viscosity and 
vapour pressure, as given by eq. [7]. Also, accurate experimen- 
tal data for viscosity and vapour pressure of pure components 
are required for evaluating reliable values of the constants ci, 

and ci2. This is particularly so where the pure components have 
low vapour pressures, as in the case NMP and PC. The molar 
volumes of NMP and THF at 5.0°C are 94.86 cm3 and 79.81 cm3, 
respectively, and the viscosities of the two substances at 5.0°C 
are 2.075 cp and 0.703 cp, respectively. This suggests that the 
mixture NMP-THF would be expected to show considerable 
deviation from ideal behaviour. Furthermore, the constants ci, 

and ci2 for NMP and THF, respectively, are significantly differ- 
ent, indicating that the two liquids are geometrically different. 

Based on formal ideas of statistical mechanics, Bearman and 
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TABLE 5. System: propylene carbonate - acetonitrile; deviation of viscosity from ideal 
behaviour 

qobs - In qid 
Mole fraction T O ~ S  (CP) = ( 

XI x2 
) WIRT teq. [61) 1112 (CP) 

XPC (eq. [91) 

TABLE 6. System: NMP-THF; deviation of viscosity from ideal behaviour 

In  qobs - In qid Mole fraction o s  P = ( 
XI xz XNMP (eq. P I )  

Jones (13) have derived an expression where the viscosity 
coefficient of a binary mixture is given as the sum of three 
integrals representing the interactions of like and unlike pairs of 
molecules. Using the simplifying assumptions of regular solu- 
tion theory, the authors express the viscosity of a binary mixture 
in terms of the viscosities of pure components q l  and q 2  

where q I 2  is a parameter attributed to unlike pair interactions. 
An identical equation was proposed earlier by Hind et al. (14) 
from purely empirical arguments. 

Values of the parameter q 1 2  calculated from experimental 
results for the two systems NMP-THF and PC-AN are shown 
in Tables 5 and 6.    he interaction parameter q 12 appears to give 
a constant value, particularly at low concentrations of the denser 
component in both systems. The arithmetic mean approxima- 
tion, q12  - (q ,  + q2)/2,  and the geometric mean approxima- 
tion, q12 - -, are in poor agreement with the value of q 12 

calculated from eq. [9]. One of the major difficulties of funda- 
mental theories such as that of Bearman and Jones is that q12 
can only be obtained from experimental measurements and can- 
not be calculated a priori from q ,  and q2.  

Viscosity and excess volume are properties that exemplify 
different aspects of solution non-ideality. While excess volume 
reflects molecular dissimilarity among the components, viscos- 
ity, on the other hand, expresses the strength of intermolecular 
interaction. The system NMP-THF clearly illustrates this 
aspect. It shows a large excess volume of mixing, indicating the 
geometrical dissimilarity between NMP and THF. On the other 
hand, the viscosity of the system conforms closely to the 
Arrhenius expression for binary liquid mixtures, clearly point- 

ing out the absence of specific intermolecular interactions 
between the components. 

Our studies suggest that, contrary to the observations of 
Prolongo et al. (15), negative volume changes of mixing 
(denoting strong geometrical rearrangements between the com- 
ponents) do not result in a positive value for E of eq. [5] and vice 
versa. General correlations between VE and E are difficult to 
make; the two properties are fundamentally different. 

Jambon and Delmas (1 6) have measured the solution viscosi- 
ties of binary systems involving globular molecules such as 
Sn& compounds (R = CH3, C2H5, C4H9). Their analysis, 
based on free volume theories, suggests that no significant 
correlation exists between excess viscosity and free volume and 
that such empirical theories are fundamentally inadequate to 
explain the origin of excess viscosity. 

Finally, our results show that viscosity behaviour of binary 
liquid mixtures cannot be explained in terms of interchange 
energy, as defined by eq. [6]. This equation is derived on the 
basis of the assumptions of regular solution theory, which 
ignores specific intermolecular interactions. It is believed that 
molecular shapes resulting from packing and intermolecular 
interaction energies are both important in accounting for viscos- 
ity behaviour. 
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The synthesis and X-ray structural characterization of 
bis[(2S,3S)-2,3-bis(diphenylphosphino)butane]rhodium(I) chloride and its reactivity 

towards small gas molecules 
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CHARLES G. YOUNG, STEVEN J. RETTIG, and BRIAN R. JAMES. Can. J. Chem. 64, 5 1 (1986). 
The Rh(S,s-chiraphos): cation, where chiraphos is 2,3-bis(diphenylphosphino)butane, has been synthesized and fully 

characterized by spectrosco y and single crystal data on the chloride salt (1). Crystals are monoclinic, a = 23.106(3), b = 
12.4987(8), c = 21.455(3) 8: , P = 128.539(5)", Z = 4, space group C2. The structure was solved by conventional heavy atom 
methods and was refined by full-matrix least-squares procedures to R = 0.046 and R,,. = 0.032 for4509 reflections with I > ~ ( 1 ) .  
'The coordination about Rh is square planar distorted toward tetrahedral within the five-membered chelate rings, similar to that in 
Rh(dpe):, where dpe is 1,2-bis(diphenylphosphino)ethane, but the distortion toward tetrahedral is significantly greater in 1; the 
methyl substituents further restrict rotational freedom about the P-Ph bonds, which leads to some blocking of the axial ligand 
sites by the four H atoms of the chelate-ring carbon atoms. In solution, 1 is umeactive towards 0 2 ,  CO, and H2, but oxidatively 
adds HX (X = C1, Br) to give trans-RhHX(S,S-chiraphos); species. 

CHARLES G. YOUNG, STEVEN J. RETTIG et BRIAN R. JAMES. Can. J. Chem. 6 4 , 5  1 (1986). 
On a synthCtisC le cation Rh(S,S-chiraphos):, oh le groupe chiraphos est le bis(diphCny1phosphino)-2,3 butane, et on I'a 

caractCrisC par la spectroscopie de rayons X sur un monocristal de son chlorure (1). Les cristaux appartiennent au groupe d'espace 
monoclinique C2 avec a = 23,106(3), b = 12,4987(8), c = 21,455(3) A, P = 128,539(5)q Z = 4. Onartsolu lastructurepar la 
mCthode conventionnelle de l'atome lourd et on l'a affinCe par la mCthode des moindres carrCs (matrice complkte) jusqu'k des 
valeurs de R = 0,046 et de R, = 0,032 pour 4509 reflexions avec I > a([). La coordination autour du Rh est un plan carrC 
dCfomC de faqon tCtraCdrique h l'inttrieur du cycle h 5 chainons du chClate, cornrne celle du Rh(dpe):, oh le groupe dpe est le 
bis(diphCny1phosphino)-1,2 ethane, mais la dCfomation tCtraCdrique est beaucoup plus accentuCe dans le cas du composC 1. De 
plus, les substituants mtthyles restreignent la rotation libre autour des liaisons P-Ph, ce qui conduit i un certain blocage des 
sites axiaux du ligand par les 4 atomes d'hydrogkne des atomes de carbone du cycle du chClate. Le composC 1,  en solution, ne 
rCagit pas avec le 0 2 ,  le CO et le HZ mais les halogtnures HX (X = C1, Br) s'additionnent de faqon oxydante pour donner des 
espkces RhHX(S, S-chiraphos): trans. 

[Traduit par le journal] 

Introduction 
Earlier work from this laboratory has reported on the synthe- 

sis and characterization of Rh(P-P)'X complexes, and their 
reactivity towards the small gas molecules Hz, 0 2 ,  CO, and 
HCl, with a view to exploring catalytic reactivity: X = C1, BF4, 
PF6, SbF6; P-P = dpm, dpe, dpp, dpb, and diop3 (1, 2). The 
Rh(P-P): cations, for example, were active for catalytic 
hydrogenation of olefins, including asymmetric hydrogenation 
with the chiral diop ligand system; even in cases where coordina- 
tively saturated dihydrides, RhH2(P-P);, are present, cata- 
lytic activity can result when one of the ditertiary phosphine 
ligands becomes monodentate (3). Reversible binding of CO by 

known rigidity of the five-membered chiraphos ring (8, 9) 
prompted us to synthesize the Rh(chiraphos): cation, and test 
its activity for decarbonylation, and for reactivity generally 
towards small gas molecules. We have reported on the attempted 
decarbonylation of racemic olefinic aldehydes, studies that led 
to a kinetic resolution of the aldehyde, one enantiomer preferen- 
tially undergoing intramolecular hydroacylation to a chiral di- 
substituted cyclopentanone, eq. [I]. 

Me Ph 

1:11 + umeacted 
(R)-aldehyde - 

some of the Rh(P-P); cations, particularly with P-P = dpp, 
(R,S)-aldehyde (S)-cyclopentanone 

led to studies revealing their efficiency for catalytic decarbonyl- 
ation of aldehydes (4, 5 ) ,  these systems being discovered We report here the details and full characterization of the 
independently by Pignolet and co-workers (6, 7). Attempts to Rh(chira~hOs); C1- (1) that reaction [I]  
then effect asymmetric decarbonylation of racemic aldehydes (10, 11) and also note itsnonreactivit~ towards CO, 02,  and Hz; 
required the use of a(p-p2)+ complexes with P-P chiral; the however, 1 oxidatively adds HC1 to give trans-RhHC1- 

(chiraphos): C1-. 
  he well-known ~h(dpe): cation, containing the corres- 

'Experimental Officer, University of British Columbia Crystal ponding unsubstituted, non-chiral, five-membered rings, was 
Structure Service. the earliest of the bis(ditertiaryphosphine)rhodium(I) cations to 

2 ~ u t h o r  to whom correspondence should be addressed. 
3~bbreviations used: (+)-diop = 4S,5S-bis((dipheny1phosphino)- 

be studied regarding reactivity towards Hz (12) amd 0' (13). 
methyl)-2,2-dimethy1-1 ,3.dioxolane; dpm = bis(diphenylphosphino)- Since that time, as as studies from this laboratory 
methane; dpe = 1 ,2-bis(diphenylphosphino)ethane; dpp = 1,3-bis(di- (1-5,10,1 I), several other groups have reported on R~(P-P); 
pheny1phosphino)propane; dpb = 1,4-bis(dipheny1phosphino)butane; systems and their reactivity towards small gas mokcules and 
(-)-chiraphos = 2S,3S-bis(dipheny1phosphine)butane; cis(2=phos) related catalysis: hydrogenation, decarbonylation, hydrofomyl- 
= 1,2-bis(dipheny1phosphino)ethylene. ation, and hydroacylation (6, 7, 14-21). 
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Experimental 
The cyclooctene dimer [RhCI(C8H14)2]2 was prepared by a literature 

method (22). (2S,3S)-Chiraphos was purchased from Strem Chemicals 
Inc. and was used without further purification. Unless otherwise stated, 
all synthetic procedures were performed under argon using dry, deoxy- 
genated solvents. 

Conductivity measurements employed a Thomas Serfass bridge and 
cell using M nitromethane solutions. Infrared spectra were re- 
corded on a Perkin-Elmer 598 instrument as Nujol mulls. Ultraviolet- 
visible spectra were recorded on a Perkin-Elmer 552A spectrophotom- 
eter and optical rotation measurements employed a Perkin-Elmer 141 
polarimeter. Proton (fiTMS = Oppm) and 31P-{'H} nmr spectra were 
recorded on Bruker WH 400 MHz and Varian XL 100 (40.4 MHz for 
3 1 ~ )  spectrometers, respectively, at ambient temperatures. The 3 ' ~  nmr 
experiments employed an external PPh3 reference but 6 values are 
reported in ppm (upfield negative) from 85% H3PO4. Microanalyses 
were performed by Mr. P. Borda of this Department. 

R ~ ( S  ,S -chiraphos): Cl-, 1 
A solution of S ,  S-chiraphos (0.94 g, 2.2 mmol) in benzene (10 mL) 

was added to a stirred solution of [RhC1(C8H14)2]2 (0.36 g, 0.5 mmol) 
in benzene (20mL); the resulting suspension was stirred for 1.5 h, 
whereupon the yellow solid was filtered, washed with warm benzene 
(30 mL), and vacuum-dried. The yield was 0.92 g (90%). At this stage 
the compound retains a half molecule of benzene of crystallization. 
Anal. calcd. for C59H59C1P4Rh: C 68.80, H 5.77; found: C68.9, H 5.8. 
The unsolvated compound was obtained upon recrystallization (in air) 
from CH2C12/diethyl ether. Anal. calcd. for C56H56C1P4Rh: C 67.88, 
H 5.70; found: C 67.8, H 5.7. Decomposition point in air = 275°C. 
Conductivity A M  = 59 a-' cm2 mol-'; [ a l ga  +23.6" (c 2.5, ethanol); 
ir: strongest bands at 1420,1090,990,735,685,520,500,470cm-1; 
uv-vis (CH30H): 410 (4130), 345 (sh. 4620), 313 (7040), 265 
(29 400), 237 nm (E 44 700 M-' cm-'); (CH3N02): 410 nrn (E 4080); 
'H nmr (CDC13) 6: 0.53 (m, br, 12H, CH3), 1.87 (m, br, 4H, CH), 
7.0-7.5 (m, 40H, Ph); 31P-{1~)  nmr (2:1 CH2C12/C6D6) 6: 60.6 (d, 
J-p = 130.8 HZ). 

Yellow needles of 1 for a crystal structure analysis were grown in air 
by diffusing ether into a CH2CI2 solution of the compound. 

R~(S,S-chiraphos)$ BFY, 2 
A solution of 1 (0.46 g, 0.46 mmol) in CH2C12 (10 mL) was treated 

with a solution of AgBF4 (0.092 g, 0.47 mmol) in MeOH (10 mL). The 
resulting mixture was stirred for 1 h, then reduced to dryness under 
vacuum. The residue was extracted with CH2Cll (5-10 mL) and, after 
filtration, the compound was precipitated with diethyl ether. The yield 
was 0.43 g (90%). The compound was recrystallized in air from 
CH2C12/diethyl ether. Anal. calcd. for C56H56BF4P4Rh: C 64.54, H 
5.42; found: C 64.2, H 5.5. Decomposition point in air = 305°C. 
Conductivity AM = 68 R-'cm2mol-I; ir: strongest bands at 1420, 
1090-1010,745,690,520,500,470 cm-'; uv-vis and 'H nmr as for 
1; 31P-{'H) nmr (2: 1 CH2C12/C6D6) 6: 60.4 (d, JRkP = 132.0 HZ). 
'The PF; and SbF; salts are prepared similarly using the appropriate 
silver compound. 

Reactivity of 1 with gases 
The complex, either in the solid state or solution (MeOH or CH2C12), 

was completely u~eac t ive  toward CO, 0 2 ,  and HZ at 1 atm (101.3 kPa) 
pressure and ambient temperatures. Hydrogen halides added oxida- 
tively, however, to give the halogeno(hydrido)rhodium(III) derivative. 

A solution of 1 (0.1 g, 0.1 mmol) in EtOH or CH2C12 (10 mL) was 
treated with HCI gas for -10 min. The volume of the bleached solution 
was then reduced in vacuo to ca. 1 rnL, when diethyl ether (20 mL) was 
added. Cooling produced white crystals that were filtered, washed with 
ether, and vacuum dried. The yield of trans-RhHCI(S, S-chiraphos): 
C1-, 3, was 0.09 g (90%). Anal. calcd. for C56H57C12P4Rh: C 65.48, H 
5.50; found: C 62.5, H 6.0. Decomposition point in air = 90°C. 
Conductivity A M  = 570-'cm2mol-';  [a lga  +220.4" (c 2.6, eth- 
anol); ir v(Rh-H): 2130 cm-'; uv-vis (CH30H): 288 (28 600), 275 
(30 400), 268 (31 OOO), 265 nm (E 30 700 M-' cm-I); 'H nmr (CDC13) 
6: -16.23 (9 lines, JRh-H = 16.0Hz, 2 ~ H - p A  = 16.0Hz, 2 ~ H - p B  = 

8.OHz, lH, Rh=H), 0.46 (virtual quartet, 3JHH = 7.5 Hz, 3 ' 5 ~ H p  

(apparent) = 7.5 Hz, 6H, 2 X CH3), 0.96 (virtual quartet, 3 J ~ ~  = 
7.5 Hz, 3 '5~Hp (apparent) = 7.5 Hz, 6H, 2 X CH3), 2.0 (m, 2H, 2 X 
CH), 3.4 (m, 2H, 2 x CH), 6.8-7.8 (m, 40H, Ph); 3 ' ~ - { ' ~ }  nrnr 
(CDC13) 6: 38.4 (dt, JP , -~h  = 94Hz, JAB = 27 HZ, 2P), 62.7 (dt, 
JPeRh = 94Hz, JAB = 27 Hz, 2P). The nmr spectra are essentially 
identical in acetone-d6. 

The complex trans-RhHBr(S, S-chiraphos): C1-, 4, was character- 
ized by 'H nmr after its formation in situ (CDC13) from the reaction of 1 
and gaseous HBr; 'H nmr (CDC13) 6: -15.12 (9 lines, JRbH = 
16.0Hz, 2JH-pA = 16.0Hz, 2~H-pB = 8.0Hz, lH, Rh-H), 0.53 and 
1.00 (virtual quartets, as for 2), 1.95 (m, 2H, 2 x CH), 3.72 (m, 2H, 
2 x CH), 6.8-7.6 (m, 40H, Ph). 

X-ray crystallographic analysis of bis[2(S),3(S)-2,3- 
bis(diphenylphosphino)butane]rhodium(l) chloride 

A crystal bounded by the 8 faces (followed by their distances in mm 
from a common origin): {- 1 1 l ) ,  0.07, {l - 1 - l),  0.07, (1 0 - I), 
0.08, {30 I), 0.26 was mounted in a general orientation. Unit-cell 
parameters were refined by least squares on 2 sin 0/X values for 25 
reflections (20 = 30-38") measured on a diffractometer with Mo-Ka 
radiation (X(Kal) = 0.70930, X(Ka2) = 0.71359 A). Crystal data at 
22°C are: 

C56H56CIP4fi f . ~ .  = 991.3 
Monoclinic, a = 23.106(3), b = 12.4987(8), c = 21.455(3) A, P = 
128.539(5)", V = 4847(1) A3, Z = 4, R = 1.359gcm-3, F(000) = 
2056, p.(Mo-Ka) = 5.68 cm-I. Absent reflections: hkl, h + k odd, 
space group C2 (c:, No. 5) required by molecular chirality. 

Intensities were measured with graphite-monochromated Mo-Ka 
radiation on an E~af-Nonius CAD4-F diffractometer. An 0-20 scan 
at 1.06-10.06" rnin- ' over a range of (0.70 + 0.35 tan 0) degree in o 
(extended by 25% on both sides for background measurement) was 
employed. Data were measured to 20 = 559 The intensities of 3 check 
reflections, measured every 3600s throughout the data collection, 
showed only small random fluctuations. After data reduction," an 
absorption correction was applied using the Gaussian integration 
method (23, 24). Transmission factors ranged from 0.915 to 0.933 for 
100 integration points. Of the 5793 independent reflections measured, 
4509 (77.8%) had intensities greater than or eaual to u( l )  above back- . , 
ground where u2(1) = S + 2B + (0.04(S - B ) ) ~  with S = scan count 
and B = normalized background count. 

The structure was solved by conventional heavy-atom methods, the 
Rh and P coordinates being determined from the Patterson function and 
those of the remaining non-hydrogen atoms from a subsequent differ- 
ence map. Refinement of the non-hydrogen atoms with anisotropic 
thermal parameters resulted in R = 0.054. In the final stages of 
refinement the hydrogen atoms were included as fixed contributors in 
idealized positions (methyl groups staggered in accordance with posi- 
tions observed on a difference map, C(sp2)-H = 0.97 and C(sp3)-H 
= 0.98 A, recalculated after each cycle). The absolute configuration 
is determined by that known for the chiral phosphine ligands. The 
scattering factors of ref. 25 were used for non-hydrogen atoms and 
those of ref. 26 for hydrogen atoms. Anomalous scattering factors from 
ref. 27 were used for the Rh, C1, and P atoms. The weighting scheme w 
= l/u2(F), where u 2 ( ~ )  is derived from the previousiy defined u2(1), 
gave uniform average values of w(1 Fo( - ( F , ( ) ~  over ranges of both 
I Fo( and sin 0/X and was employed in the final stages of full-matrix 
refinement of 559 variables. Reflections with I < u(1) were not in- 
cluded in the refinement. Convergence was reached at R = 0.046 and 
R, = 0.032 for 4509 reflections with 12 ~ ( 1 ) .  For all 5793 reflections, 
R = 0.069. The function minimized was Z w(l F,J - I Fc()2, R = C(l FoI 
- IFcll/CIFol and R,v = (Cw((F,I - ( F ~ ( ) ~ / ~ w I F ~ ~ ~ ) ~ ~ ~ .  

On the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.04 and 0.19u, respectively. 'The mean error 
in an observation of unit weight was 1.676. A final difference map 

computer programs used include locally written programs for 
data processing and locally modified versions of the following: ORFLS, 
full-matrix least-squares, and ORFFE, function and errors, by W. R. 
Busing, K. 0. Martin and H. A. Levy; FORDAP, Patterson and Fourier 
syntheses, by A. Zalkin; ORTEP 11, illustrations, by C. K.  Johnson. 
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[2] RhC1(C8H14)2]2 + 4 chiraphos 

cd16 - 2Rh(chiraphos): C1- + 4CeHl4 

jecting a finely ground sample of the hemisolvate to high vac- 
uum. Treatment of 1 with Ag+X- (X = BF4, PF6, SbF6) yields 
the corresponding X- salt. The syntheses parallel those used 
earlier (1) for the analogous dpm, dpe, dpp, dpb, and diop 
complexes, although, in contrast to these (2), the chiraphos salts 
are completely air stable in the solid state and solution. 

The conductivity data (28), identical uv-visible spectra of 1 
and 2, the absence of v(Rh-C1) bands in the 400-200cm-' 
region, and the crystallographic data for 1 are consistent with 
the presence of discrete cations and counter-anions in solution 
as well as the solid state. A solid state visible spectrum of 1 also 
shows an absorption maximum at 410 nm, the same as the solu- 
tion value. The electronic absorption and emission spectral data 
for square planar Rh(P-P): complexes have been analyzed in 
some detail (29-3 1). It should be noted that the FUI(P-P)~CI 
complexes with P-P = dpm, dpb, and diop are five-coordinate 
in the solid state and in nonpolar solvents, while the dpe (diphos) 
and dpp analogues contain ionic chloride (1). Crystallographic 
data are now available for the ionic Rh(dpe): C104 (32), 
Rh(dpp): B K  (33), Rh(dpb): B K  (19), and Rh(chiraphos)l 
C1- complexes (see below). 

The 31P-{'H) nmr spectrum of Rh(chiraphos): at ambient 
temperatures displays a simple doublet produced by equivalent 
P atoms coupled to Rh; the large downfield shift, typical of five- 
membered ring systems, and coupling constant are very similar 
to the data for Rh(dpe): (1). The 'H nmr data are uninformative. 

The nonreactivity of Rh(chiraphos): towards H2 or CO 
parallels that of Rh(dpe): (2), while the inertness towards O2 is 
surprising considering that the dpe analogue forms an isolable 
peroxorhodium(II1) complex (2, 13,34). In solution under Ar, 
however, the Rh(dpe),O: species readily loses 0 2 ,  and the pro- 
cess has been monitored spectrophotometrically to yield the fol- 
lowing data at 30°C in methanol: k,, = 0.25 M-' s-' , kOff  = 2.6 
x s-', and equilibrium constant K, measured by an inde- 
pendent static method, = 60 M-', or PIl2 (the pressure for 50% 
formation of the dioxygen complex) = 2.3 atm (2, 4). Steric 
factors within the chiraphos system must either decrease the 
k,,, or increase the koff values, respectively, compared to the 
dpe system (see below). 

Oxidative addition of HC1 yields the trans-chlorohydrido 
derivative, 3; the low carbon analysis is considered to result 
from contamination with lattice-held HCl, a feature observed 
with other RhHCl(P-P): complexes (2) and the iridium ana- 
logues (35). The spectroscopy (ir and nmr) is consistent with 
the presence of a single metal complex. The high-field hydride 
resonance (Fig. 1) is an overlapping doublet of triplets of triplets 
(9 lines) produced by coupling to '03Rh (16.0 Hz) and two sets of 
3 1 ~  nuclei (16.0 and 8.0 Hz). A molecular two-fold symmetry in 
the RhHCl(chiraphos): cation is indicated also by the pairs of 
well-separated resonances of two sets of 4 H 3  (6 0.46 and 0.96) 
and -CH groups (6 2.0 and 3.4) in the 'H nrnr. Of interest, 
both -CH3 resonances are quartets due to coupling to the 
neighbouring -CH proton and P nuclei, as well as virtual 
coupling to another P atom. This pattern implies strong 2 ~ p p  

coupling, indicative of trans-P nuclei (36); decoupling of the 
-CH protons gives the expected virtual triplet due to coupling 
to two equivalent P nuclei (36). 

The 3 ' ~  {'H) nmr of 3 (Fig. 1) exhibits an A2B2X pattern, the 
two sets of P nuclei (6 62.7, 38.4) being coupled to Rh and P. 

TABLE 4. Intra-annular torsion angles (deg) with 
standard deviations in parentheses 

Atoms Value (deg) 

FIG. 1. The 'H and "P{'H) nrnr spectra of trans-RhHBr(S,S- 
chiraphos); C1- in CDC1, at ambient temperature. 

Such A2B2 spectra have been used more commonly as diag- 
nostic of cis geometry within MHC1(P-P)2 complexes, with 
the required assumption of rapid exchange between H and C1 
(17, 34, 37). However, distortion from C4" (trans) symmetry, 
such that the pairs of P atoms become nonequivalent, can also 
give rise to A2B2 spectra; this is exemplified by the trans- 
R~HCl((+)diop)~ complex, that distorts to minimize phenyl- 
phenyl interactions such that the P atom pairs subtend respective 
H-Ru-P angles of about 75" and 96O, a difference of >20° 
(37, 38). Such a structural feature in 3 ,  resulting from the pre- 
ferred conformations of equatorial chiraphos ligands, would 
account for the two 2 ~ H p  values observed. The trans structure is 
strongly supported by: (a) the 'H nmr virtual coupling data 
which require two sets of P nuclei, the members of which are 
mutually trans, i.e. near square-planar P donors; (b) the 2 ~ H p  

couplings are typical of cis-disposed nuclei; the characteristi- 
cally large trans JHP values (39) are not observed; (c) the rela- 
tively high value of 2130 cm-' for v(Rh-H) is consistent with 
hydride trans to chloride (2, 39, 40); (d) the essential features 
of the metal-hydride resonance in the nmr are maintained at 
-60°C, which argues against a fluxional cis-HC1 structure. Of 
other RhHCl(p-P): cations (2), the only crystallographic data 
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YOUNG ET AL. 

FIG. 2. A stereoscopic view of the R~(s,S-chiraphos): cation, and the numbering scheme used. Thermal ellipsoids enclose 50% probability 
levels. Hydrogen atoms have been deleted for clarity. 

available are those for the P-P = dpm system, which has 
trans geometry (4 1). 

The RhHBr(chiraphos); complex was formed in situ from 
1 using HBr; the nmr data correspond closely to those for 3, 
and a trans geometry is again favoured. Unfortunately, 1 did 
not react with HF, which prevented a probing of the geometry 
via a 'JH, measurement. 

Structure description of Rh(S , s -chiraphos): C1- 
The structure consists of discrete Rh(S, S-chiraphos); cations 

and C1- anions, the latter situated along the twofold axes (0, y, 0) 
and (4, y, 4). The nearest neighbours of each of the two crystal- 
lographically independent C1- anions are six hydrogen atoms at 
distances of 2.79-2.90 A. All cation-cation distances corre- 
spond to normal van der Waals interactions. Figure 2 shows a 
stereoscopic view of the rhodium cation, including the atom 
numbering scheme. 

The Rh(S,S-chiraphos); cation, as a whole, possesses ap- 
proximate C2 symmetry and, ignoring the carbon atoms of the 
chelate rings (and their methyl substituents), the symmetry is 
close to C2,, . The coordination about Rh is square planar, dis- 
torted toward tetrahedral. The Rh atom lies essentially in the P4 
mean plane (displacement -0.008(1) A), while the phosphorus 
atoms lie alternately above and below the P4 mean plane (di2- 
placements: -0.112(2), 0.120(2), -0.108(2), and 0.132(2) A, 
respectively for P(1)-P(4)). The distortion of the coordination 
group in the closely related Rh(dpe)g cation is similar, but dis- 
placements of the P atoms from the coordination plane are signi- 
ficantly smaller (0.04 A) (32). 

The Rh-P distances in Rh(S,S-chiraphos); (2.291(2)- 
2.308(2), mean 2.300 A) are slightly longer than the values of 
2.232(2)-2.289(2)A reported for other square-planar S , S -  
chiraphos complexes of Rh(1) (9, 42) and similar to values of 
2.289(6)-2.3 13(6), mean 2.306 A, observed for Rh(dpe); (32). 
The conformations of the two chelate rings are nearly identical 
(see Table 4) and are very similar to those observed in other 
complexes of S,S-chiraphos (9, 42, 43) and in the Rh(dpe); 

phosphine) ligands forming five-membered chelate rings. In 
addition to the steric interactions between the phenyl rings noted 
earlier for the Rh(dpe); cation (32), the methyl substituents on 
the chelate rings further restrict rotational freedom about the 
P-Ph bonds. The C(5) and C(8) methyl groups make contact 
with carbon atoms of adjacent pseudoequatorial phenyl rings, 
while the C(6) and C(7) methyl groups are in contact with both 
adjacent phenyl rings (C(Me) .C(Ph) = 3.02(1)-3.37(9) A, 
H(Me) - C(Ph) = 2.66-2.80 A). As a result, the pseudoaxial 
phenyl rings are oriented more nearly perpendicular to the RhP4 
plane than in Rh(dpe); and are oriented such that the hydrogen 
atoms attached to C(10), C(22), C(34), and C(46) effectively 
block any axial a proach to the metal (Rh. . H = 3.05, 2.87, 
2.84, and 2.92 f, respectively). These "blocking" hydrogen 
atoms, two from each ligand situated on opposite sides of 
the coordination plane, are in close contact with one another 
(H...H = 2.28, 2.36A) and with a phenyl hydrogen atom 
associated with a pseudoequatorial phenyl ring of the other 
ligand (H. .H = 2.38-2.46 A). This steric factor must cer- 
tainly contribute to the lack of reactivity toward O2 (compared 
with Rh(dpe)l), even in solution. 

Bond lengths and angles are generally as expected although 
some distances, particularly in the phenyl rings, are shortened 
as a result of relatively high thermal motion. The phenyl rings 
containing C(9), C(15), C(27), C(33), and C(39) are all signi- 
ficantly nonplanar (maximum deviation from the mean plane = 
0.055(12)A). This nonplanarity is most probably an artifact 
arising from the uncertainties in the positions of some of the 
peripheral ring atoms having higher thermal amplitudes, al- 
though some small deviations from planarity may arise from 
steric effects. 
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The hot atom chemistry of muonium in alkane vapors 
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DONALD G. FLEMING, MASAYOSHI SENBA, DONALD J. ARSENEAU, IVAN D. REID, and DAVID M. GARNER. Can. J. Chem. 
64, 57 (1986). 

Energetic positive muons thermalizing in alkane vapors are observed in either diamagnetic environments, with relative 
fraction fD, or as the polarized muonium atom (Mu = p,+e-), with fraction fMu. The fraction fD is found to vary from -0.12 in 
CH4 to -0.24 in n-C6HI4 at pressures near 1 atm (300 K); some pressure dependence in yield is also observed, notably for the 
heavier alkanes. The diamagnetic fraction (yield) is interpreted as due to hot atom reactions (Mu*) ipcomplete analogy with past 
studies in hot tritium (T*) chemistry. The data have been interpreted within the Wolfgang-Estrup formalism and compared with 
similar analyses of T* reactions for (unrnoderated) alkane systems. It is concluded that the energy loss parameter (a)  is 
determined largely by inelastic scattering effects. If these are assumed to be the same for both Mu* and T* moderation, then the 
resulting reactivity integrals (I) for the noncyclic alkanes are found to exhibit the same trend with mass as in hot tritium 
chemistry, giving, on average, -6:l for the ratio I(T*)/I(Mu*). 

DONALD G. FLEMING, MASAYOSHI SENBA, DONALD J. ARSENEAU, IVAN D. REID et DAVID M. GARNER. Can. J. Chem. 
64, 57 (1986). 

On a observt que des muons positifs, qui sont chargts d'tnergie et qui se rechauffent dans des vapeurs d'alcane, existent soit 
dans un environnement,diamagnCtique avec une fraction relative fD soit sous forme d'atome de muomum polarist (Mu = p,+e-) 
avec une fraction fMu. A des pressions voisines de 1 atm (300 K), on a trouvC que la fraction fD varie d'environ 0,12 dans le CH4 a 
environ 0,24 dans le 14; on a aussi observt une relation entre la pression et le rendement, notamment dans le cas des alcanes 
plus lourds. On pense que la fraction diamagnttique (rendement) est due i des reactions d'atomes chauds (Mu*) et ceci est en 
accord complet avec les Ctudes anttrieures rtalistes dans la chimie du tritium chaud (T*). On a fait appel au formalisme de 
Wolfgang-Estrup pour interprCter les donntes et on les a compartes a des analyses identiques de reactions du T* dans des 
systkmes d'alcanes (non-modtrts). On en conclut que le paramktre de perte d'tnergie (a)  est determink en grande partie par des 
effets de dispersion non Clastiques. Si on admet que ces effets sont les m&mes pour les modkrations tant du Mu* que du T*, on 
trouve alors que les intCgrales rksultantes d'activitC (I) des alcanes non-cycliques exhibent la m&me tendance en ce qui a trait a la 
masse que dans la chimie du tritium chaud; on obtient ainsi un rapport moyen de l(T*)/I(Mu*) qui est d'environ 6:l.  

[Traduit par le journal] 

1. Introduction 
I .I General remarks 

The realm of studies in chemical reaction dynamics can be 
broadly divided into "hot" and "thermal" reactions, distin- 
guished roughly by the translational energy of reacting species. 
In hot (atom or ion) reactions this energy is large compared to 
the value of kBT characterizing thermal reactions, with the 
result that certain reaction channels which are energetically 
forbidden in the thermal energy regime become accessible at 
higher energies. The most direct knowledge about energetic 
reactions comes from atomic and molecular beam studies, 
where the capability of systematically varying the reaction 
energy (and angle) exists. The goal of such experiments is the 
measurement of true state-to-state cross sections, and while this 
goal is often not fully realized, molecular beam studies do 
provide the means by which theories of reaction dynamics can 
be most effectively tested on a microscopic level (1, 2). How- 
ever, particularly in the case of atom-molecule reactions, these 
studies are limited to beam energies that are typically s 1 eV so 
that the excitation function describing the energy dependence of 
the reactive cross section (u(E)) cannot be extended to higher 
energies. The role of probing u(E) at energies 2 1 eV has 
traditionally fallen to "hot atom" reactions, particularly recoil 
tritium experiments, in which the upper energy for significant 
reactivity is 5 3 0  eV (3-6). Although the excitation function in 
such studies emerges only indirectly as an integral result, 
defined by the hot atom "yield," these continue to be of interest 
(3). Photochemically generated hot H atoms (H*, D*, T*) have 

'1983-1984 John Simon Guggenheirn Fellow. Author to whom 
correspondence may be addressed. 

also been utilized and the much lower (few eV) incident energies 
characteristic of these atoms (7-9) provides some overlap with 
atomic beam work. 

The importance of isotopic substitution, notably of the hy- 
drogen atom, to the study of chemical reaction dynamics is 
well known, exemplified by the seminal work of Polanyi and 
co-workers on mass effects in chemical reactivity (10). In this 
respect there has recently been considerable interest in explor- 
ing the isotopic similarity between the muonium (Mu = p,+e-) 
and hydrogen (H) atoms, in both gases (1 1-14)~ and liquids 
(15), motivated by the fact that the mass of the positive muon is 
only 119th the proton mass. 

The effects of a change in isotopic mass on reaction dynamics 
can be quite different &hot versus thermal reactions. 1nthe case 
of thermal reactions it is the threshold region of the excitation 
function that is of paramount importance, a region that is poorly 
explored bv either hot atom or molecular beam studies. Both 
classical and quantum mechanical effects are important in 
thermal reactions (lo), with marked changes seen upon the 
substitution of Mu for H ( 1 1 - 15); in particular, Mu is a very 
sensitive probe of quantum tunneling.1n contrast, at the much 
higher energies characteristic of hot reactions, tunneling is 
relatively unimportant and mass effects on reaction dynamics 
should be almost entirely classical in nature (3, 4 ,  16-1 8). 
Indeed, atomic beam results at energies of - 1 eV are often very 
well described by classical calculations (I), even in the case of 
the H(D) + H2 reaction (16, 19, 20). 

Traditionally, recoil hot T chemistry has been the mainstay of 

' ~ l s o ,  J.  N. L. Connor and J.  C. Whitehead, private communica- 
tion. 
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studies in (light) hot atom chemistry (3-6), in which the incident 
triton is produced with kinetic energies - 100 keV, orders of 
magnitude larger than those of chemical interest. This is also the 
situation in Mu formation and hence the hot Mu (Mu*) chem- 
istry in alkane vapors discussed here should be directly compar- 
able with similar studies of T* reactivity (21-27). 

The alkane vapors have been chosen for this comparison 
because the hot tritium yields seem to have been most reliably 
and systematically determined for these systems. From such a 
study one can hope to learn about the sensitivity of hot atom 
reaction dynamics to changes in isotopic mass, as in previous 
work on thermal reactions (11-14); indeed, a factor of 27 
between the masses of Mu and T is the widest possible isotopic 
variation at the most sensitive end of the mass scale. The Dresent 
paper is the first time that the subject of hot Mu reacti;ity has 
been addressed directly, although it has often been referred to 
(15,28-30). It is hoped that comparison with the analogous hot 
tritium studies will help to sharpen the criteria for different 
theoretical models of hot atom reaction dynamics. 

1.2. Muonium (tritium) formation and thermalization in gases 
Positive muons (k+) enter the (gas) target of interest with 

kinetic energies > 3 MeV. The energy loss processes that the 
muon then undergoes can be divided into three stages (28-30), 
in analogy with related studies of proton charge exchange (31). 
Most of the incident energy is lost in the first stage, where 
Bethe-Bloch ionization dominates until a kinetic energy of 
-30keV is reached. At this energy, the muon velocity is 
comparable to that of electrons bound in atoms of the moderator 
and the k+  enters a regime of cyclic charge exchange, in which 
Mu is formed in one collision (with cross section u,,) and lost in 
a subsequent collision (with cross section u o l )  There are - 100 
of these charge exchange cycles, following which the muon 
emerges either in the Mu atom or as a bare p,+ at a kinetic energy 
of -30 eV. 

In the third and final stage of thermalization a further factor of 
- 1000 loss in energy to kB T occurs. It is during this third stage 
when hot atom (or ion) chemistry will be important, since reac- 
tive processes will compete with elastic andinelastic scattering 
in thermalizing the muon. In the present study of low ionization 
potential moderators (all lower than the 13.6-eV value of Mu 
itself), any muons that survive the charge exchange regime as 
bare muons are expected to rapidly produce Mu in subsequent 
collisions, since u l o  for exothermic charge exchange is large at 
such low energies (28,3 1). Hence in hydrocarbon vapors charge 
exchange alone implies 100% Mu formation ( fMu = 1.0), while 
observations of fMu < 1.0 are taken as evidence for the pres- 
ence of Mu* reactions. In general these differences are small, 
manifest in the fraction of muons appearing in diamagnetic 
environments ( fD). In contrast to the present study of alkane 
vapors, it is noted that, in other gases, only in Kr and Xe is fMu 

= 1.0 observed (28), cases in which hot atom chemical reac- 
tions are not possible. 

The concept that muonium is formed as a result of cyclic 
charge exchange is also believed to be the case in recoil tritium 
atom chemistry (3, 4, 6, 32). In the gas phase, tritons are 
produced from thermal neutrons via the 3 ~ e ( n ,  p)T reaction, 
endowing the recoil triton with 191 keV of kinetic energy. 
While this is much lower than the incident k +  energy of 
-3 MeV, it is still much larger than chemical bond energies. 
The triton is likely also produced as an ion but, unlike the k+, at 
191 keV its initial velocity is already comparable to those of the 
bound electrons in the moderator and hence it can be expected to 
undergo cyclic charge exchange as part of the initial thermaliza- 

tion stage. However, because of its mass, the triton (T atom) 
will emerge from the charge exchange regime at much higher 
energies than the muon, -900 eV. At such energies, the elec- 
tron loss cross section uol is appreciably larger than is the case 
for Mu at -30eV (31), and thus one might expect hot ion 
chemistry to be relatively more important in the case of the 
triton. The contribution of hot ions in determining measured 
yields in recoil tritium studies is, however, still thought to be 
small (3, 4, 32, 33). 

2. The Wolfgang-Estrup theory of hot (T*) atom reactivity 
In the Wolfgang-Estrup (WE) formalism (3-3, the funda- 

mental expression for the total probability P of a hot (T*) atom 
reaction (often referred to as the "yield") is defined by 

where pj(E) is the probability per collision for formation of 
product j at energy E, fj is the relative chance of collision with 
component j, and n(E) is the density of collisions between E 
and E + dE. Collisions at energies above E2 are too energetic to 
result in stable molecules, while E l  is the minimum (threshold) 
energy for reaction. The central hypothesis of the WE theory is 
that the collisional density is given in terms of a constant 
fractional energy loss a, defined in the absence of reaction by 

where, in the case of elastic scattering from rigid spheres (rs), a 
is given by 

(M - m)2 M + m 2m 
[3] a,, = 1 - l n - -  - 

2mM M - m  M 

with m and M being the masses of the incident hot atom and the 
moderator molecule, respectively. It is also assumed that the 
initial energy of the hot atom Eo >> E2, ensuring a sufficient 
number of collisions so that a statistically well-defined energy 
distribution of hot atoms exists in the region E2 > E > El .  This 
assumption should be well justified for recoil T* (Eo 5 900 eV) 
and for the present Mu* study (Eo 5 30eV), but may well be 
suspect for photochemically induced (epithermal) reactions 
(34). A further assumption is that E l  >> kBT so that any 
contribution from thermal reactions can be ignored (this is 
accomplished experimentally by the use of scavengers). 

If pj(E) is finite at high energies, eq. [2] must be modified to 
take account of the fact that the hot atom may have already 
undergone reaction in the energy region of interest, 

where here a single reactive component is assumed (hence the 
Jabel "j" is no longer necessary). If p(E) in this region is small, 
eq. [4] can be written as an exponential (e-" - 1 - x )  which, 
upon substitution into eq. [I] and re-expanding, yields the basic 
result of WE theory, 

Here I is the "reactivity integral," defined by 
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where a,,, gives the total "geometrical" cross section. For a 
binary mixture of one reactant (R) and inert moderator (M), the 
collisional energy loss parameter can be written as a = faR + 
(1 - f )aM, which upon substitution into eq. [6] yields the result 

Hence, if the total reaction probability P can be found as a 
function of moderator mole fraction, then a kinetic plot of eq. 
[7] yields a straight line of slope cwM/l and intercept aR/I  In 
practice, this may not be nearly so easy as it sounds. In hot 
&tium chemistry there can be several products formed from 
even a single reactant and the individual reaction probabilities 
Pi must be found for each product ( P  = C, P,). 

Although the WE formalism has little predictive capability, 
since there is no a priori way to determine I and hence the cross 
section u(E),  it has been very successful over the years in 
providing an easily understandable framework for the interpre- 
tation of experimental yields. From eq. [5] it can be seen that 
there are two competitive processes that determine these yields: 
the reactivity I and the collisional energy loss a ;  if I is large or cw 
is small (or both), then the hot atom yield will be high. A large 
value for I clearly implies a large reaction cross section, while a 
small cw means a large number of collisions during the slowing- 

1 down process, enhancing the probability for reaction. It is worth 
! noting that the WE development can be "exact" only in the limit 
1 p(E) + 0 (eq. [4]), a condition more likely to be met in Mu* 
I 

than in T* chemistrv. 
Of the approximations noted above that form the basis of the 

WE theory, the most suspect is that of a constant fractional 
energy loss (a) with its implication of a time-independent 
(steady state) collision density n(E). In recent years this 
assumption has been questioned, and alternative methods for 
the theoretical interpretation of hot atom reactions based on 
Monte Carlo methods (33,35,36) or on explicit time-dependent 
solutions of the Boltzmann equation (37-39) have been devel- 
oped. See also refs. 16-18. These theoretical treatments demon- 
strate, however, that the WE formalism still ~rovides  a reason- 
able framework for the interpretation of exp;rimental hot atom 
yields. In the discussion to follow we apply this formalism to a 
comparison of the yields of Mu* and T* reactions in alkane 
vapors. 

3. Experimental technique and results 
3.1 The pSR signals 

The experiments were carried out at the TRIUMF cyclotron, a meson 
facility adjacent to the campus of the University of British Columbia. 
Surface (4.1 MeV) muons (40) were brought to rest in a gas target 
positioned between a pair of Helmholtz coils of 1.5-m diameter, which 
provided a magnetic field transverse to the muon spin in the range - 1 G 
to -300 G. As a result of charge exchange and hot atom (or possibly 
hot ion) reactions, one can expect to observe thermalized muons in two 
environments: diamagnetic, with fraction fD, and paramagnetic (Mu), 
with fraction fMu. A third possibility, the formation of muonium 
radicals (41), is regarded as extremely unlikely in the saturated bond 
systems under consideration and will not be discussed further here (see 

I alsoref. 30). 
Regardless of its environment, the p +  ultimately decays in the parity 

violating process p +  -+ e+vbv,, emitting the positron preferentially 
along the muon spin axis. 'The decay positron is detected in coincidence 
with a data gate that is triggered by a stopped muon; the time difference 
between muon and positron is, on average, just the mean life of the 
muon, T~ = 2.2 ps. This time-differential process is repeated many 
times until a histogram of -lo6 events has been accumulated. In a 

Time (,us) 

-0.15 I I I I I I I 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Time (,us) 

FIG. 1. pSR signals at room temperature in 1 atm ethane gas at 
7.6 G (top) and 195 G (bottom). The solid line is a X 2  fit to the data, as 
discussed in the text. 

and those in diamagnetic environments precess with distinctly different 
Larmor frequencies (vMu = 103 X VD = 1.39 MHz G-I), manifest as 
modulations of the decay histograms, and referred to as pSR (Muon 
Spin Rotation) "signals" S(t). Examples are shown in Fig. 1 for 
room-temperature ethane gas at 1 atm pressure, at 7.6 G (top), and at 
195 G (bottom). These can be thought of in analogy with free induction 
decay signals in magnetic resonance. The curves are X 2  fits to the data, 
defined in the case of the top spectrum in Fig. 1 by 

[8] S(t) = COS (wMU t + $MU) 

where AMu, OM,,, +Mu and AD, o D ,  4D are the initial amplitudes, 
precession frequencies, and phases for paramagnetic Mu and diamag- 
netic muons, respectively, while AM, AD are transverse relaxation times 
(A = 1/T2) accounting for the interaction of these species with their 
environments. In the weak (7.6 G) field of Fig. 1 (top), the signal is 
dominated by fast Mu precession; the signal from slowly precessing 
diamagnetic muons appearing only as an underlying curvature in the 
data. This is in contrast to the bottom spectrum at 195 G,  where Mu 
precession is averaged out, both by the experimental time resolution 
(-3 ns) and by the coarse binning used, so that only the second term of 
eq. [8] is relevant. For further details of the technique, the reader is 
referred to refs. 28-30. 

Of the parameters in eq. [8], we are concerned in this paper only with 
the amplitudes AM, and AD of muons in paramagnetic muonium and 
in diamagnetic environments, since these indirectly reveal the hot 
process occumng during the muon's slowing down process. In par- 
ticular, the polarizations (PMu and P,) and relative fractions ( fMu and 
fD) are defined by 

transverse magnetic field, muons bound in the paramagnetic Mu atom 
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where A,, is the maximum possible amplitude for the experimental 
conditions (typically -0.3); the factor of two accounts for the loss of 
observable Mu due to the p+-e- hyperfine interaction (28-30, 42). 
The sum PD + PMu may be less than unity, the difference reflecting a 
"lost" or "missing" fraction of polarization, PL.  

Since we are interested in the signal amplitudes from muons stopping 
in the gas, any muons that actually stop in the walls of the target vessel 
must be corrected for. The source of this "wall effect" is the initial 
defining counter (318-mm thickness) and thin (118-mm) entrance 
window, which scatter some fractions of the more energetic muons into 
the A1 walls, where they precess as diamagnetic muons (with amplitude 
Aw) and hence contribute to fD. This can be corrected for experimen- 
tally, as discussed elsewhere (28-30) and can also be modeled from a 
Monte Carlo calculation of the muon stopping distribution. In the tables 
below (and in eqs. [9] above) AD is defined by AD = AD(obs) - Aw, 
where AD(obs) is the experimentally observed total signal (e.g., Fig. 1, 
bottom). 

3.2. Procedure and results 
The alkanes employed as vapors in this study were all obtained 

commercially and were generally of high purity (total impurity content 
typically s0 .5%,  including other hydrocarbons). Two different gas 
target vessels were used. The gaseous alkanes (up to propane) were 
taken directly from the bottle without further purification and were used 
to fill a large vessel of - 180-L capacity. The heavier liquid alkanes (up 
to hexane, n = 6) were degassed by several freeze-pump-thaw cycles 
prior to usage in order to remove any dissolved oxygen. For these cases 
adifferent target design of smaller capacity (-30 L) was used (29,30). 

For each run the target vessel was filled with neat alkane vapor at a 
given pressure and pSR histogram spectra were recorded by detecting 
positron events in two independent "counter telescopes" at each of two 
different magnetic fields; -200 G to measure AD (Fig. 1, bottom) and 
-8 G to measure AMu (Fig. 1, top). Usually at least two total pressures 
were employed in the range -0.2 - -1 atm, depending on the gas 
density. The polarizations PI, and PMu and the lost fraction PL,  as well 
as the relative fractions fD and fMu (eqs. [9]), are recorded as a function 
of pressure in Table 1 ; the values given are weighted averages from the 
two independent histograms.   hose for n-hexane and cIhexane are 
taken from ref. 30. The values for CH4 are in good agreement with 
those previously reported (28). 

It is noted, in agreement with previous studies (28-30,42), that the 
lost fraction PL + 0 as the pressure increases to even moderate values 
( 5 1  atm) at therelatively high densities of the present study. The missing 
fraction in gases is due to muon depolarization from the p+-e- 
hyperfine interaction (vo = 4463 MHz) during the charge exchange 
regime, an effect that is rapidly suppressed in the limit of "high 
pressures when the time between collisions becomes short compared to 
I/vo (0.22 ns). This situation is in marked contrast to complementary 
studies of Mu formation in condensed media, where relatively large 
missing fractions (PL - 20%) are routinely observed (15). In some 
cases the data in Table 1 also reveal a pressure dependence in the 
fraction fD,  notably in c-pentane (although curiously not in n-pentane), 
c-hexane, and n-hexane. Figure 2 presents a plot of fD versus pressure 
forc-hexane; the solid curve shown is a fit to a simple three-body model 
which is discussed further in ref. 30. 

4. Discussion 
4.1 Comparison of Mu* and yields in the alkanes 

In general, the extraction of reliable absolute total reaction 
yields from experimental data in hot tritium chemistry (P = 
Zip i )  is not easily done since it is the primary reaction yield that 
is of interest, but the experimental (radiochromatographic) 
yields are obtained long after the reaction has ceased and com- 
plicated exchange processes may have occurred. Moreover, 
scavengers (e.g., Brz, 02) are invariably required in order to 
minimize the com~etition between hot and thermal tritons for 
specific reaction ciannels. As a result, often the yield of only 
one product (e.g. HT) is reliably determined and this is fre- 

TABLE 1. Muon polarizations and relative fractions in alkane vaporsa 

Pressure 
Vapor Vorrlb PD P M ~  PL f ~ u  f~ 

CH4 800 9 2 1  7 6 t 2  1 5 t 2  8 9 t 2  1 2 t 2  
CzH6 350 19k2 6924  12k4 7 8 t 2  2222  

500 1 6 t 2  7121  1321 8222 1821 
760' 8 1 t 2  19k2 

C3H8 490' 7952  2 1 t 2  
n-C4H1o 380' 7 9 t 2  2122  
i-C4HIO 215 1 3 t 2  5144  3 6 t 4  8022  2 0 t 2  

295 1 3 t 1  6 5 t 2  2222  8 3 t 2  1752 
430 1 5 t 1  6 9 t 2  16k2  8 2 t 2  1 8 t 2  

c-C5H 10 175 4 2 2  5052  4 6 t 3  9 2 t 2  8 2 3  
250 15k1 6 3 t 1  2322  81-2 1 9 t 2  

n-c~H12 165 17?2 4 2 t 2  5123  86?3 1423 
240 1121 6721 2222 8622 1422 
290 12?1 6822 2022 85?2 15?2 

C-C~H 175 1121 6423 2523 8621 1421 
500 2322  7 1 t 2  5 2 3  75?2 2522 
760 2721 7 2 2 2  1 2 3  7321 2721 

n-C6Hldd 225 1322 7822  9?3 8 6 t 2  1422 
500 2221 7322 5 2 2  76?1 2421 

1010 2 5 t 1  75?2 0?2 7521 2521 

"Average values from two independent histograms, given as per cent. The 
diamagnetic amplitude has been corrected for p +  scattered into the walls of the 
target vessel. 

blTorr = 133.3Pa. 
'Maximum amplitude not determined and thus only relative fractions can be 

found from the measured pSR amplitudes AD and AM,. 
dSelected values from ref. 30. 

C, H, Pressure (atm) 

FIG. 2. The muon diamagnetic yield ( fD) in cyclohexane vapor as a 
function of total pressure. The solid line is a fit to a three-body model, 
as discussed in ref. 30. 

quently given relative to some other yield, notably HT/RT 
yields in hydrocarbons. As a consequence, it is difficult to 
compare results from different laboratories and, in some cases, 
even to extract total yields from a given publication. Neverthe- 
less, by examining a number of representative reports of both 
absolute yields and HT/RT ratios (21-27) one can hope to 
arrive at a reasonably reliable set of absolute T* yields with 
which the fD values found in Mu* chemistry (Table 1) can be 
compared. 

It is worth pointing out that two distinct advantages are 
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brought to the field of hot atom reactions by Mu chemistry: the 
pSR technique allows a direct interpretation of hot atom (ion) 
reactivity as manifest in the initial (t = 0) diamagnetic ampli- 
tudes AD (and hence fD, eq. [9]); and, moreover, truly thermal 
reactions can be distinguished from hot ones occurring at early 
times by the long (ps) time scale for relaxation of the pSR 
signal (eq. [8]), obviating the need for thermal scavengers. On 
the other hand, there is no possibility of clearly identifying 
individual diamagnetic product yields in muonium chemistry. 

In analogy with hot tritium studies (7-9, 21-27), hot Mu 
atom reactivity with saturated hydrocarbon vapors (RH) can be 
described principally in terms of two reactions: abstraction 
([IOU]) and substitution (or displacement) ([lob]) 

Mu* + RH - (MuR)* + H 

where the * indicates the possibility of forming translationally 
or rovibrationally excited product molecules, for which third- 
body collisions may be required to form a stable product. In hot 
tritium studies, the ratio of HT/RT yields exhibits a rather 
marked sensitivity to incident energy, pressure, moderator type, 
and to the nature of the hydrocarbon being attacked. Such a 
variation in reaction parameters can be expected to similarly 
affect the corresponding HMu/RMu yields. 

I There are two sources of moderator and (or) total pressure 
effects influencing the HT/RT yields in T* (Mu*) chemistry: 
translational excitation of (HT)* as a result of a high energy 
abstraction, and rovibrational excitation of (RT)* resulting from 
substitution reactions. In the case of translational excitation, 
light moderators (He) are very efficient at cooling, and hence 
result in a relative increase in HT yield, whereas heavy mod- 
erators (Xe) have the opposite effect, promoting dissociation of 
HT* and hence a reduction in yield (26, 35, 43). On the other 
hand, in those same studies it has been shown that for a range of 
moderators of mass comparable to that of the CH3 group, such 
as Ne, there is little change in the HT/RT ratio; in addition, 
these ratios and the total yields are found to be essentially 
pressure independent for the alkanes up to n = 4 (21-26, 35). 
This is important for the present comparison of Mu* and T* 
reactivity in pure alkanes, since differences in measured yields 
can be construed as largely reflecting differences in hot atom 
reactivity rather than in moderation. Such a conclusion is con- 
sistent with recent studies of photochemically induced reactions 

which only minor differences in the energy loss parameter a 
e found for different alkanes (7, 9). Moreover, these studies 
rongly indicate that inelastic effects dominate the energy loss 
rocess, as seen also in recoil tritium work in a variety of 
olyatomic moderators (26, 35, 43). 
Although there is ample evidence that neither Mu* (Table 1 

nd refs. 28-30) nor T* (21-26, 44) yields are dramatically 
ependent on total pressure, in general some pressure depen- 
ence is expected, particularly for substitution reactions (eq. 

I), depending on the level of residual excitation in the RT* 
u*) product formed. In the hot tritium work there is a steady 

ut modest increase in tritiated product yields related to (RT)* 
rmation; typically -30% increase for a factor of -20 change 
pressure up to -3 atm (see, however, ref. 25). Analysis of 

these data in terms of RRK(M) theory indicates a broad distri- 
bution of excitation energies with a mean value of -5 eV (23, 
25, 26,45,46). A more dramatic change in yield with pressure 

TABLE 2. Comparison of MU* and T* hot atom yields in (primarily) 
alkane vapors 

RH T*(P)"'~ T&/TZHJC M u * ( f ~ ) ~  

N2 - 

CH4 0.50 
CzH6 0.65 
C3Hs 0.66 
n-CdH~o 0.68 
I-C4HI0 0.62 
n-C5H~2 0.69 
n-C6H14 0.72 

C-C3Hs 0.84 
c -C~H 10 1.1 
neo-C5H12 0.51 
c-C6H12 1.2 
TMS - 

"Absolute reaction probability (total yield) of T* reactions, determined from 
several sources, as discussed in the text. 

bEstimated errors + 10% (or more) for the noncyclic alkanes and ?20% (or 
more) for the cyclanes, as discussed in the text. 

'Ratio of measured yield to that found for CH,. 
dThe experimental hot atom Mu* yields, from Table 1 this paper and from 

refs. 28-30. 

is seen in the fD values in Mu* chemistry in the heavier alkanes, 
which reach a constant yield asymptote at lower pressures 
(51 atm) than is typically seen in the T* data (Fig. 2 and ref. 30). 
This dependence suggests that the average excitation energy in 
the corresponding MuR* complex is lower (and also sharper) 
than in RT*, consistent with an expected reduced average 
energy for (substitution) reactions of hot muonium, since the 
initial (Eo) energy is so much less than in the case of hot tritium. 
The lack of any total pressure dependence in Mu* reactivity 
with the lighter alkanes (Table 1, ref. 30) suggests either rela- 
tively lower RMu* excitation energy, possibly due to their 
somewhat higher C-H bond energies (22,47), or that H abstrac- 
tion dominates for Mu*, unlike T* reactivity. 

Table 2 compares our best estimates of absolute T* yields 
(i.e., total reaction probabilities, P) for unmoderated alkane 
(RH) vapors (21-27) with the corresponding fD values seen in 
Mu* chemistry. The Mu values for N2 and tetramethylsilane 
(TMS) are also included. In all cases, the values given are meant 
to be pressure-independent yields, taken from average values of 
"high" (-1 atm) pressure asymptotes from the original refer- 
ences and the present study. The hot atom yields in Table 2 
likely represent upper bounds. In T* chemistry there could be 
contributions from thermal reactions, although the data were 
invariably obtained in the presence of scavengers. In addition, 
some of the earlier T* yields may have been obtained using 
slightly incorrect recoil tritium ranges, which could result in 
reported yields being about 10% too large (48). An indication of 
the absolute error expected in the T* data can be seen from the 
values for the cyclanes given in the lower half of Table 2; since 
P should be r 1, +20% is probably a conservative overall error, 
although * 10% is often quoted in some of the original papers. 
In the subsequent comparison with the WE formalism we con- 
sider only the noncyclic alkanes. 

In both T* and Mu* chemistry, the role played by hot ion 
reactions is not clear; any such contributions would tend to raise 
the observed hot (atom) yield. In pSR studies, the importance of 
molecular ions is established to date only in the rare gases (49) 
and they can be expected to be of some importance in molecular 
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gases as well. However, it is unlikely that a significant number 
of molecular ions could be stably formed at energies much 
above a few eV (where hot atom reactivity dominates). More- 
over, in the case of the alkanes, which all have ionization 
potentials lower than that of Mu (or T), molecular ion formation 
has to compete with exothermic Mu (or T) formation by low 
energy charge exchange. Hence, it is probably reasonable to 
ignore the role of hot ions in both the Mu* and T* yields of Table 
2. This conjecture is supported by recent theoretical calculations 
on hot tritium ions in CH4 (33), where it is concluded that their 
effect on both the collision density (eq. [4]) and on the inte- 
grated yield is relatively minor (except at very high energies), 
and also by earlier work in He-moderated hot tritium reactions 
in hydrocarbon vapors (21, 26,48). See also discussion in refs. 
3 , 4 ,  and 32. 

The results for diamagnetic (hot atom) yields given in Table 2 
for both Mu* and T* reactions should also be examined in light 
of results on the failure of the "additivity rule" in proton electron 
capture cross sections (ulo) in the alkanes (50). At proton 
energies of -800 keV (which would correspond to -90 keV 
F+) significant loss of neutral atom formation in the larger 
alkanes is seen, due to a concomitant increase in the electron 
stripping cross section (uol) as the H (or Mu) atom traverses a 
large alkane molecule. By extrapolating the trend in ref. 50 to 
the data in Tables 1 and 2, however, one would expect about 
50% less Mu formation in hexane than in methane, implying a 
corresponding increase of about a factor of five in the diamag- 

I netic fraction, fD. Although the present data do exhibit this 
I trend, what is observed is not nearly so dramatic a change. 
I Moreover, it must be remembered that the Mu (or T) atom 

actually stops in the gas and so the effects reported in ref. 50 
I need to be averaged over a wide energy interval, particularly 

I down to energies near kBT, where electron loss cross sections 
are much smaller than at higher energies. It can also be assumed 

I that any loss of Mu in the larger alkanes will affect T in the same 
way and hence the ratios of T*/Mu* yields discussed below will 
not be affected. 

I 

Despite the above uncertainties, it appears that the following 
general conclusions can be drawn from the original references, 
the data in Table 1 and the comparisons in Table 2: ( I )  For the 
noncyclic alkanes the trends relative to CH4 are essentially the 
same for both Mu* and T* reactions; in particular, both reactions 
exhibit an essentially constant yield beyond ethane. (2) Both 
Mu* and T* reactions exhibit pressure-dependent yields in 
many of the hydrocarbons, notably in the case of c-pentane, 
c-hexane, hexane (and TMS) in the case of Mu* (see also ref. 
30) and in ethane (25), c-butane (23,45), and ethyl fluoride (44) 
in T* chemistry. ( 3 )  In all cases, the absolute Mu* ( fD) yields 
are smaller than the corresponding yields for T* (P) reactions. 
In the case of the noncyclic alkanes in particular, the Mu* yields 
are lower on average than the corresponding T* yields by a 
factor of about 3.5. 

We conclude then that Mu* and T* reactions behave rather 
similarly in the gas phase, although this situation is in contrast 
to that seen in the liquid phase. As noted, in hot tritium 

I chemistry, the yields seen in liquids are usually the same as 
those found from high pressure (-3 atm) values in the corres- 
ponding gas phase studies (22-24), whereas in Mu chemistry, 
diamagnetic fractions seen in liquids are typically 3-5 times 
larger than in the gas phase (15). As we have remarked in earlier 
publications (29, 30), this dramatic difference is strongly sup- 
portive of the contention that radiation-induced "spur effects" 
dominate the determination of observed muon fractions in con- 
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TABLE 3. T*(Mu*) energy loss parameters, aMb 

RH  MU*)^ an(T*lb ~ s s ( T * ) ~  

"aM refers to the different (pure) moderators M in the table, 
for either T* or MU*. 

bCalculated from the rigid sphere approximation, eq. [3] in 
text. 

'Calculated at 10 eV from intemolecular potentials using pro- 
cedure of Estmp (52) and Belyaev et al. (53) as described in text. 

densed media (15). However, it should be kept in mind tha 
many-body effects can also play an important role; indeed 
significant changes are known to occur in charge changing cros 
sections between the gas and condensed phases (51), effect 
which may be related to the loss of neutral atoms referred tc 
above in the case of proton charge exchange in the larger alkane 
(50). 

4.2 ReactiviQ integrals for Mu* and T* reactions in the 
alkanes 

In the WE theory of hot atom reactions the reactivity integral 
I ,  and the collisional energy loss parameter, a ,  are related to thc 
measured hot atom yield by eq. [5]. For the comparison to b~ 
made here of Mu* and T* reactivity in pure alkanes, f = 1 (wc 
also refer to these single component alkanes as "moderators") 
The experimental values for the reaction probabilities (yields 
are found in Table 2 for both T*(P) and Mu*( fD) reactions. Wc 
now interpret these yields, for the noncyclic alkanes, in terms o 
the WE formalism. 

Because the reaction yield in this formalism is given in term; 
of the ratio I l a ,  some functional form of a must be assumed ii 
order to arrive at a value for I ,  which is the more fundamenta 
quantity since it contains the reaction cross section of interes 
(eq. [6]). A common choice over the years has been to assumc 
the rigid sphere values, a,, (eq. [3]), for the energy 10s: 
parameter. These values are given in Table 3 for both Mu* an( 
T* colliding with the alkane moderators of Table 2; for refer 
ence, the corresponding values for Ne and Ar moderators arl 
also given. Table 3 also presents the value of a calculated fron 
"soft-sphere" intermolecular potentials (a,,) at 10 eV from thl 
calculations of Estrup (52) and Belyaev et al. (53) for moderator 
M = Ne, Ar, H2(D2), and CH4. For the other alkanes, the saml 
functional form as that used for CH4 in ref. 52 is assumed. In thl 
calculation of a (Table 3), the ss values depend on energy wit1 
the rs (energy independent) limit being obtained at the lowes 
energies. However, at 3 1 eV, the energy dependence in a,, i 
relatively weak (52, 53), suggesting that photochemical ant 
recoil T* studies and the present Mu* studies can be comparec 
on the same basis. 

From the ah? values (i.e., for moderator "Mu) given in Tab11 
3, it is clear that considerable differences between different RE 
moderators should be expected. However, as previously referrel 
to, this is decidedly not the case in hot tritium chemistry, where 
for example, beyond CH4, the ratio aM/aAr for M = C2H6 
C3Hs, and C4H10 is essentially constant in both the -1-el 
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FLEMING ET AL. 

TABLE 4. Calculated Mu* reactivity integrals in alkanes from the Wolfgang-Estrup formalism 

"Reactivity integrals for T* reactions obtained in a Ne moderator, taken from values given in ref. 21. 
bEmpirical value of a from eq. 151 for each alkane moderator M, using the T* reactivity integrals in 

column 2 and the experimental yields of Table 2. 
'Determined from values of aM(T*) in column 3 and the definition a = a, + a,,,,, where a,, is given 

in Table 3. 
dCalculated reactivity integrals for Mu* from eq. [5] using the a, values from column 4 and the 

experimental yields of Table 2. Estimated errors are 230%. 
'Ratio of reactivity integrals for T* (column 2)/Mu* (column 5). 
fExtrapolated from trends in the lower mass alkanes. 

photochemical T* study of ref. 7 and in the recoil T* study of 
. This large discrepancy between the experimentally de- 
ed values for a M  and those expected from elastic scatter- 

g models are strongly supportive of the earlier suggestion that 
inelastic cross sections play a dominant role in determining the 
energy loss process in T* chemistry and, by extension, in Mu* 

Indeed, if one assumes pure elastic scattering, then a(Mu*)/ 
a(T*) - mM,/mT for both rigid sphere and soft sphere modera- 
tion, which means that the factor of 3.5 in the ratio of T*/Mu* 
yields in the pure alkanes of Table 2 would translate into a factor 
of 2 100 enhancement in the reactivity integrals I(T*)/I(Mu*). 
This does not seem reasonable. Not only do we expect T* and 
Mu* to undergo appreciable hot atom reactivity in the same 
energy region (520  eV), but extrapolation of isotope effects on 
reactive cross sections in the eV range from classical trajectory 
studies on a variety of molecules (12, 16, 17) indicates that a 
ratio I(T*)/I(Mu*) 5 10 should be expected. In the absence of 
any detailed dynamical studies of hot atom Mu reactivity, we 
propose here to use the WE model to empirically determine 
aM(T*) in each pure alkane M from the experimental hot 
tritium yields (Table 2) and the published reactivity integrals 
I(T*) determined in different inert moderators. These aM(T*) 
values are then used to calculate aM(Mu*) for each M, recogniz- 
ing the importance of inelastic contributions. Since the largest 
elastic contribution comes from the rigid sphere value, we adopt 
the definition 

and determine ainel from the T* data. 
In general, I(T*) is obtained from kinetic plots of reaction 

yields vs. moderator mole fraction (eq. [7]) and thus its value 
depends on the choice of moderator. The most complete data 
have been obtained for CH4, C2H6, C3H8, and C4HI0 (21) in 

I different noble gas moderators, from which the extracted reac- 
tivity integrals for each alkane are found to differ by = + 30%, 
on average. This can be taken as a measure of error in the 
procedure to extract I(Mu*) in comparison with the I(T*) values 
for each alkane. For the purposes of comparison, though, we 
adopt the value of I(T*) determined in a Neon moderator from 
ref. 21 since, as previously noted, the moderating efficiency of 
Ne is comparable to that of the CH3 group in each alkane (26, 
35, 43). The values for I(T*) are given in Table 4; those for 
pentane and hexane have not been reported, to our knowledge, 

so the values given are extrapolated from the lower mass 
alkanes. Using these values and those for the pure alkane yields 
from Table 2 in eq. [5] gives the results shown in the 3rd column 
of Table 4 for aM(T*). As expected, these show little variation 
with mass compared to the rigid sphere values (7, 9, 26, 35) 
and, moreover, exhibit the opposite trend; the value for CH4 is 
also consistent with that determined by Seewald and Wolfgang 
in unmoderated methane (21). Correcting for a,(T*) using the 
values in Table 3 in eq. [ l  11 yields the corresponding values for 
ainel(T*). 

A question now of considerable importance is: how different 
is ainel likely to be for Mu* and T* slowing down in the alkane 
moderators? In general, one expects nonresonant vibrational 
relaxation of at least small molecules to be enhanced by light 
atoms (Mu), but relaxation of rotational levels to be enhanced 
for heavier atoms (T) (54); on the other hand, vibrational 
excitation due to strongly attractive potentials is expected to 
depend directly on the mass (1, 55). In addition, the transfer of 
incident translational energy to translational-rotational energy 
in the exit channel can depend both on the incident energy and 
the target molecule (10). We will simply assume here that ainel 

is the same for both Mu* and T*, averaged over their respective 
energy intervals. In practice, then, from eq. [I I], aM(Mu*) = 
ainel(T*) for the RH moderators of Table 4 since a,,(Mu*) is 
too small (Table 3) in every case. The values for aM(Mu*) 
determined in this way for each of the alkane moderators M are 
given in column 4 of Table 4. These values are then used in 
conjunction with the experimental Mu* yields (Table 2) to find 
the corresponding reactivity integrals I(Mu*) from eq. [5], as 
given in column 5. 

The reactivity integrals determined in this way for Mu* 
reactions mirror the trend seen to increasing reactivity with 
increasing numbers of C-H bonds in the corresponding I(T*) 
values, both exhibiting the saturation apparent in the yields 
themselves beyond ethane. It is apparent that beyond ethane (or 
even methane) the excitation functions for T*(Mu*) reactions in 
the alkanes do not display any pronounced intrinsic dependence 
on structure and (or) on the number of carbon atoms, consistent 
with model calculations (35, 46, 56) of hot tritium reactivity. 

The last column in Table 4 gives the ratio of I(T*)/I(Mu*), 
the overall average of which is -6:l. If the reactive cross 
sections are assumed constant over a common energy interval, 
then u(T*) would be larger than u(Mu*) by this same factor (eq. 
[6], ref. 37). It should be kept in mind, however, that the data 
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have been viewed within the framework of the WE theory, a 
formalism that is constantly being called into question (37,43). 
In addition, several simplifying assumptions have been made, 
the most suspect of which is likely the assumption that the 
dominant inelastic contributions to the slowing-down processes 
are the same for both hot muonium and hot tritium. The calcu- 
lated ratios are certainly sensitive to this assumption, as can be 
seen by arbitrarily weighting the inelastic (or elastic) contribu- 
tion differently for Mu* and T* moderation. For example, if we 
define ainel(Mu*) = 2alnel(T*), then the ratio I(T*)/I(Mu*) is 
simply reduced by approximately this same factor; conversely, 
if the opposite weighting is assumed, the ratio is correspond- 
ingly increased by a factor of two. Differences of a factor of five 
or so in the number of collisions required to moderate Mu* vs. 
T* atoms are probably reasonable. Clearly one cannot state with 
any confidence what the absolute reactivity integrals (or cross 
sections) are for hot muonium (or hot tritium) reactivity in the 
absence of more detailed theoretical guidance. 

The present comparison of Mu* and T* reactivity in the 
alkanes represents, in fact, the first time that there has been a 
wide enough variation in isotopic mass to "test", in principle, 
dynamical models of hot atom reactivity. Unfortunately, the 
record to date on the success of direct theoretical calculations of 
I(T*) from specific excitation functions generated on a particu- 
lar potential energy surface, in comparison with hot tritium 
results, is poor (1 8,43). In Raff 's calculation on methane (1 8), 
for example, the theoretical value for I(T*) is about a factor of 
10 too low, although the ratio of HT/RT yields is well pre- 
dicted. In general, this lack of success likely reflects a combina- 
tion of poorly known potential surfaces at high energies and 

I errors in the calculation of the collisional density n(E)dE, rather 
I 

than in the dynamics themselves, which can presumably be 
accurately treated classically. It may be, moreover, that inaccu- 
racies in the nature of the potential surface for a given reaction 
would cancel in the ratio of I(T*)/I(Mu*), thus allowing a 
theoretical calculation of the corresponding collisional density 
and hence the reaction cross section. No calculation of this 
nature has yet been reported. 

The only calculation to date of an excitation function compar- 
ing Mu* and T* over a wide enough energy range is the current 
work of Connor et al. on the Mu*(T*) + F2 reaction (12), in 
which the same potential surface that was successfully utilized 
in calculations of thermal reaction rates (13) is employed. 
Although this surface is likely quite incorrect at high energies 
for the HF2 system, and, moreover, cannot be expected to 
mirror the alkane systems of Table 4, it is interesting to note that 
an evaluation of eq. [6] with their excitation function gives 
-2.5 for the ratio I(T*)/I(Mu*), suggesting that the slowing 
down processes for Mu* are more efficient than for T*. It is 
hoped that the present results comparing hot Mu chemistry with 
hot tritium chemistry in the alkanes will stimulate further 
theoretical calculations. 

5. Summary 
I In this paper we have compared the hot atom reactions of 

muonium (Mu*) on the alkane vapors, C n H Z n + 2  ( n  = 1-6), 
I with those determined elsewhere (7-9, 21-27) for hot tritium 

(T*) reactivity on these same alkanes. The corresponding ex- 
perimental yields (Table 2) are found to be in the ratio T*(P)/ 
Mu*( fD) - 3.5:1, essentially independent of n ;  moreover, 
within experimental error (-+30%), they exhibit the same 
trend with increasing n ,  both showing a saturation effect in total 
yield beyond ethane. This kind of similarity and consistency in 

hot muonium and hot tritium yields in alkane vapors strongly 
supports our contention that the same reactions (eq. [lo]), over 
comparable energy intervals are being seen by both Mu* and 
T*, and the factor of -3.5 difference in their yields is a 
manifestation of dynamical mass effects on hot atom reactivity. 
Although it may seem surprising that the marked difference of a 
factor of 27 in isotopic mass between muonium and tritium 
should be reflected in only a factor of -3.5 in total yields 
(indeed, differences in thermal rate constants between H and 
Mu are frequently much greater than this (1 1-15)), it must be 
remembered that the hot atom yield reflects a competition be- 
tween moderating collisions, which are primarily nonreactive, 
and reactive (hot atom) collisions, during the slowing down 
process. 

The measured yields of both Mu* and T* reactions in the 
alkanes have been interpreted within the framework of the 
Wolfgang-Estrup (WE) theory (3-9,  in which the hot atom 
yield (P) of eq. [5] is defined in terms of two quantities: the 
reactivity integral "I" (eq. [6]) and the energy-loss parameter 
"a" (f = 1 in the present study of pure alkane moderators). 
Despite the continuing questions about the validity of this 
formalism (37, 43) recently brought into focus by current 
theories in which the explicit time dependence of the rate 
equations for the slowing down process is considered (37-39), 
the WE theory still remains the only easily tractable procedure 
for the interpretation of experimental hot atom yields, a role it 
has played for over 20 years now. In our analysis, we have 
observed that a is dominated by inelastic scattering effects, and 
moreover we have assumed that ainel(Mu*) = ainel(T*), the 
latter determined from experimental hot tritium yields (eq. [ l  11 
and Table 4). With this assumption, the ratio of reactivity 
integrals I(T*)/I(Mu*) is -6:l for the alkanes, from methane 
to n-hexane (Table 4). As emphasized in the text, the WE for- 
malism makes no a priori prediction of either I (or equivalently, 
the excitation function, u ( E ) )  or of a ,  both being essentially 
model-dependent parameters in the theory; indeed, if we assume 
that inelastic moderation is more (or less) efficient for Mu* 
compared to T* (e.g., by a factor of 2), then the ratio 
I(T*)/I(Mu*) changes accordingly. 

Nevertheless, despite the uncertainties inherent in the WE 
formalism used and hence in our analyses of the T* and Mu* 
data carried out, the present study of these reactions represents 
the jirst time that the hot atom yields of two isotopes of such 
enormously differing masses have been canied out on the same 
(alkane) systems. It is hoped that the results will stimulate more 
detailed calculations of dynamical mass effects for hot atom 
reactivity, on the alkanes or on related systems (16- 18). Some 
progress along these lines is currently underway (12). 

Acknowledgements 
One of us (D.G.F.) would like to thank Dr. Ian W. M. Smith 

and the Physical Chemistry Laboratory at Cambridge Univer- 
sity for their hospitality during a three-month stay in 1984. 
D.G.F. would also like to thank the John Simon Guggenheim 
Foundation and the Scientific Council of NATO for their 
financial support during a sabbatical year abroad. The continu- 
ing research support of NSERC (Canada) is also gratefully 
acknowledged. Finally, we would like to thank Professors B. 
Shizgal, University of British Columbia, E. Mason, Brown 
University, and B. Rabinovitch, University of Washington, for 
their helpful comments concerning the theory of hot atom 
reactivity. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FLEMING ET AL. 65 

1 .  R. B. BERNSTEIN (Editor). Atom molecule collision theory, a 
guide for the experimentalist. Plenum Press, New York. 1979. 
p. 1; R. D. LEVINE and R. B. BERNSTEIN. Molecular reaction 
dynamics. Oxford Press, U.K. 1974. 

2. M. FAUBEL. Adv. At. Mol. Phys. 19,345 (1983); M. FAUBEL, K. 
H. KOHL, J. P. TOENNIES, and F. A. GIANTURCO. J.  Chem. Phys. 
78,5629 (1983); G. 0 .  ESTE, G. KNIGHT, and G. SCOLES. Chem. 
Phys. 35, 421 (1978). 

3. T. MATSUURA (Editor). Hot atom chemistry, recent trends and 
applications in the physical and life sciences. Kodansha Ltd. 
Elsevier, Tokyo. 1984. 

4. D. S. URCH. MTP Int. Rev. Sci. Inorg. Chem. Series 1 ,  8,  149 
(1972); R. WOLFGANG. Prog. React. Kinet. 3,  97 (1965); R. 
WOLFGANG. Ann. Rev. Phys. Chem. 16, 15 (1965); R. WOLF- 
GANG. J. Chem. Phys. 39, 2983 (1963); P. J.  ESTRUP and R. 
WOLFGANG. J.  Am. Chem. Soc. 82, 2661 (1960); 82, 2665 
(1960). 

5. D. J .  MALCOME-LAWES. J. Chem. Phys. 57, 2476 (1972); 57, 
2481 (1972). 

6. F. S. ROWLAND. In Molecular beams and reaction kinetics; hot 
atom chemistry. Vols. I ,  11. Academic Press, New York. 1970. 
pp. 108-138. 

7. G. A. OLDERSHAW and A. SMITH. J. Chem. Soc. Faraday Trans. 
1,74,1687 (1978); D. GRIEF and G. OLDERSHAW. J. Chem. Soc. 
Faraday Trans. 2, 78, 1211 (1982); G. A. OLDERSHAW. Gas 
kinetics and energy transfer. Spec. Period. Rep. Chem. Soc. 
London, Vol. 2. 1977. p. 96. 

8. C. C. CHOU, T. SMAIL, and F. S. ROWLAND. J. Am. Chem. Soc. 
91,3104 (1969); C. C. CHOU and F. S. ROWLAND. J. Am. Chem. 
SOC. 88, 2612 (1966). 

9. P. VIDAUD, R. D. FINK, and J .  E. NICHOLAS. J. Chem. Soc. 
Faraday Trans. 1 ,  75, 1619 (1979). 

10. J .  C. POLANYI and N. SATHYAMURTHY. Chem. Phys. 37, 259 
(1979), and references therein; J. C. POLANYI. ACC. Chem. Res. 
5, 161 (1972). 

1 1 .  D. M. GARNER, D. G. FLEMING, andR. J.  MIKULA. Chem. Phys. 
Lett. In press; D. G. FLEMING. Proc. of XI1 Int. Conf. on Physics 

/ of Electronic and At. Collision (ICPEAC). Edited by S. Datz. 
North Holland, Amsterdam. 1982. p. 297; D. G. FLEMING, D. M. 
GARNER, and R. J. MIKULA. Hyperfine Interact. 8, 337 (1981). 

I 12. J. N. L. CONNOR, C. J. EDGE, and A. LAGANA. Mol. Phys 46, 
1231 (1982). 

13. J. N. L. CONNOR, W. JAKUBETZ, A. LAGANA, J. MANZ, and J. C. 
WHITEHEAD. Chem. Phys. 65, 29 (1982); J. N. L. CONNOR. 
Hyperfine Interact. 8,  423 (1981); J. N. L. CONNOR, W. JAKU- 
BETZ, and J. MANZ. Chem. Phys. 28, 219 (1978). 

14. B. C. GARRETT and D. G. TRUHLAR. J. Chem. Phys. 81, 309 
(1984); N. C. BLAIS, D. G. TRUHLAR, and B. C. GARRETT. J. 
Chem. Phys. 78, 2363 (1983). 

15. P. W. PERCIVAL. Radiochim. Acta, 26, 1 (1979); D. C. WALKER. 
J. Phys. Chem. 85, 3960 (1981); Y. C. JEAN, B. W. NG, J.  H. 
BREWER, D. G. FLEMING, and D. C. WALKER. J .  Phys Chem. 85, 
45 1 (198 1); D. C. WALKER. In Muon and muonium chemistry. 
Cambridge Univ. Press, U.K. 1983; P. W. PERCIVAL, J .  C. 
B R ~ D O ~ ~ T ~ H ,  and K. E. NEWMAN. Hyperfine Interact. 17-19, 
721 (1984). 

16. R. N. PORTER. J .  Chem. Phys. 45,2284 (1966); R. WOLFGANG. 
Acc. Chem. Res. 2, 248 (1969); R. N. PORTER and S. KUNT. J. 
Chem. Phys. 52,3240 (1970); D. J. MALCOME-LAWES. J. Chem. 

I Soc. Faraday Trans. 2, 71, 1183 (1975); J. S. WRIGHT, S. K. 
I GRAY, and R. N. PORTER. J. Phys. Chem. 83, 1033 (1979). 

17. D. J. MALCOME-LAWES. J.  Chem. Soc. Faraday Trans. 2,74,  182 
(1977). 

18. L. M. RAFF. J. Chem. Phys. 60,2220 (1973); D. L. BUNKER and 
D. PATTENGILL. J. Chem. Phys. 53, 3041 (1970). 

19. N. C. BLAIS and D. G. TRUHLAR. Chem. Phys. Lett. 102, 120 
(1983); H. R. MAYNE and J. P. TOENNIES. J. Chem. Phys. 75, 
1794 (1981); N. C. BLAIS, D. G. TRUHLAR, and B. C. GARRETT. 
J. Chem. Phys. 76, 2768 (1982). 

20. R. G ~ ~ T T I N G ,  H. R. MAYNE, and J. P. TOENNIES. J. Chem. Phys. 
80, 2230 (1984); G. KWEI and V. W. S. Lo. J. Chem. Phys. 72, 
6265 (1980); R. GEGENBACH, CH. HAHN, and J. P. TOENNIES. J. 
Chem. Phys. 62, 3620 (1975). 

21. R. T. K. BAKER, M. SILBERT, andR. WOLFGANG. J. Chem. Phys. 
52,1120 (1970); D. SEEWALD and R. WOLFGANG. J. Chem. Phys. 
47, 145 (1967). 

22. E. TASCH~KAWA and F. S. ROWLAND. J. Am. Chem. Soc. 90, 
4767 (1968); E. K. C. LEE and F. S. ROWLAND. J. Am. Chem. 
SOC. 84, 3085 (1962). 

23. E. K. C. LEE and F. S. ROWLAND. J. Am. Chem. Soc. 85, 897 
(1963). 

24. J .  W. ROOT, W. BRECKENRIDGE, and F. S. ROWLAND. J. Chem. 
Phys. 43, 3694 (1965). 

25. D. J. MALCOME-LAWES. J .  Chem. Soc. Chem. Commun. 146 
(1973); A. J .  JOHNSTON, D. J. MALCOME-LAWES, D. S. URCH, 
and M. J. WELCH. J .  Chem. Soc. Chem. Commun. 187 (1966). 

26. T. K. BAKER and D. J. MALCOME-LAWES. J. Chem. Soc. Faraday 
Trans. 1 ,  69, 928 (1973); 69, 1858 (1973); D. J. MALCOME- 
LAWES. J. Chem. Soc. Chem. Commun. 1285 (1972). 

27. R. B. HALL and D. J .  MALCOME-LAWES. J. Chem. Soc. Faraday 
Trans. 1 ,  70, 648 (1974). 

28. D. G. FLEMING, R. J. MIKULA, and D. M. GARNER. Phys Rev. 
A, 26, 2527 (1982); R. J. MIKULA. Ph.D. Thesis, University of 
B.C. 1980. 

29. D. G. FLEMING, D. J. ARSENEAU, D. M. GARNER, M. SENBA, and 
R. J. MIKULA. Hyperfine Interact. 17-19, 655 (1984). 

30. D. J. ARSENEAU, D. M. GARNER, M. SENBA, andD. G. FLEMING. 
J. Phys. Chem. 88,3688 (1984); D. J. ARSENEAU. M.Sc. Thesis, 
Univ. of B.C. 1984. 

31. H. TAWARA. At. Data Nucl. Data Tables, 22, 491 (1978); L. H. 
TOBUREN, M. Y. NAKAI, and R. A. LANGLY. Phys. Rev. 171,114 
(1968). 

32. M. MENZINGER, R. L. LEROY, and A. J. XENCHA. J. Phys. Chem. 
76, 2937 (1972); E. TACHIKAWA and D. S. URCH. In Hot atom 
chemistry, recent trends and applications in the physical and life 
sciences. Edited by T. Matsuura. Elsevier, Tokyo. 1984. p. 33; 
M. MENZINGER and R. WOLFGANG. J. Chem. Phys. 50, 2991 
(1969); D. S. URCH and R. L. WOLFGANG. J. Am. Chem. Soc. 83, 
2982 (1961). 

33. T. VALENCICH. Chem. Phys. Lett. 104, 620 (1984). 
34. S. ARONOWITZ, S. CHANG, and T. SCATTERGOOD. J.  Phys. 

Chem. 85, 360 (1981). 
35. D. J .  MALCOME-LAWES. J. Chem. Soc. Faraday Trans. 2, 68, 

1613 (1972); 68,205 1 (1972); P. J .  KUNTZ, E. M. NEMETH, J. C. 
POLYANI, and W. H. WONG. J. Chem. Phys. 52,4654 (1970). 

36. D. J. MALCOME-LAWES. J. Chem. Soc. Faraday Trans. 2, 73, 
1222 (1977); J .  Chem. Phys. 56, 3442 (1972). 

37. B. SHIZGAL. J .  Chem. Phys. 74, 1401 (1981). 
38. B. SHIZGAL and J .  M. FITZPATRICK. J. Chem. Phys. 72, 3143 

(1980); B. SHIZGAL. J .  Chem. Phys. 72, 3156 (1980). 
39. K. D. KNIERIM, S. L. LIN, and E. A. MASON. J. Chem. Phys. 75, 

1159 (1981); M. G. PRISANT, W. M. OLLISEN, and R. J .  CROSS. J. 
Chem. Phys. 69, 4797 (1978); K. KOURA. J. Chem. Phys. 65, 
3883 (1976); J .  KEIZER. J .  Chem. Phys. 56, 5958 (1972); 58, 
4524 (1973). 

40. A. E. PIFER, T. BOWEN, and K. R. KENDALL. N u c ~ .  Instrum. 
Methods, 135, 39 (1976). 

41. E. RODUNER, P. W. PERCIVAL, D. G. FLEMING, J .  HOCHMANN, 
and H. FISCHER. Chem. Phys. Lett. 57, 37 (1978); E. RODUNER. 
In Exotic atoms 79: fundamental interaction and structure of 
matter. Edited by K. Crowe, J .  Duclos, G. Forentini, and G. 
Tovelli. Plenum Press, New York. 1980. p. 379; E. RODUNER. 
Hyperfine Interact. 8,  561 (1981). 

42, R. E. TURNER and M. SENBA. Hyperfine Interact. 17-19, 697 
(1984); R. E. TURNER and M. SENBA. Phys. Rev. A, 29, 2541 
(1984). 

43. D. J. MALCOME-LAWES. In Hot atom chemistry, recent trends and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



66 CAN. J .  CHEM. VOL. 64, 1986 

applications in the physical and life sciences. Edited by T. 
Matsuura. Elsevier, Tokyo. 1984, p. 39. 

44. Y. N. TANG, E. C. WU, J. W. ANDERTON, and R. R. CLARK. J.  
Chem. Phys. 79, 2181 (1983). 

45. L. J. FERRO and L. D. SPICER. J. Chem. Phys. 69,4335 (1978). 
46. L. D. SPICER. J. Chem. Soc. Faraday Trans. 2,74,527 (1977); L. 

D. SPICER and B. S. RABINOVITCH. Ann. Rev. Phys. Chem. 21, 
349 (1970). 

47. R .  C. WEAST (Editor). CRC Handbook of Chemistry and Physics. 
55th ed. CRC Press, Cleveland, OH. 1975. p. F-213. 

48. D. J. MALCOME-LAWES. J. Chem. Soc. Faraday Trans. 1,76,860 
(1980). 

49. D. G. FLEMING, R. J. MIKULA, M. SENBA, D. M. GARNER, and 
D. J.  ARSENEAU. Chem. Phys. 82, 75 (1983). 

50. G. BISSINGER, J. M. JOYCE, G. LAPICKI, R. LAMBERT, and S. L. 
VARGHEIE. Phys. Rev. Lett. 49, 318 (1982). 

51. C. J. WOODS, C. J. SOFIELD, M. E. B. COWAN, M. MURRELL, and 
J. DRAPERT. J. Phys. B, 17, 867 (1984). 

52. P. J. ESTRUP. J. Chem. Phys. 41, 164 (1964); R. M. FELDER and 
M. D. KOSTIN. J. Chem. Phys. 43, 3082 (1965). 

53. Yu. N. BELYAEV, N. V. KAMYSHOV, and V. B. LEONAS. Khim. 
Vys. Energ. 4 (1970); Engl. Trans]., High Energy Chem. USSR, 
4, 224 (1970). 

54. G. XIAO and X. ZHU-DE. Chem. Phys. Lett. 98,563 (1983); G. 
D. BILLING and D. C. CLARY. Chem. Phys. 80,213 (1983); D. C. 
CLARY. Chem. Phys. 65, 247 (1982); G.  D. BILLING and D. C. 
CLARY. Chem. Phys. Lett. 90,27 (1982); M. HUETZ-AUBERT, G. 
LOUIS, and J.  TAINE. Physica C, 93, 237 (1978). 

55. C. R. QUICK, JR., R. E. WESTON, JR., and G. W. FLYNN. Chem. 
Phys. Lett. 83, 15 (1981); S. DATTA, R. E. WESTON, JR., andG. 
W. FLYNN. J. Chem. Phys. 80,4071 (1984). 

56. R. L. LEROY, A. J. YENCHA, M. MENZINGER, and R. WOLF- 
GANG. J. Chem. Phys. 58, 1741 (1973). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



The one- and two-electron reduction of 2-thioriboflavin by radical anions of C 0 2  
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PARMINDER S. SURDHAR, DAVID A. ARMSTRONG, and VINCENT MASSEY. Can. J. Chem. 64,67 (1986). 
The one- and two-electron reductions of 2-thioriboflavin with .COT and cyclic disulphide anion of dithiothreitol (DS?.) 

have been studied by the steady state y and pulse radiolysis techniques. The .COT radical reacted with 2-thioriboflavin to give 
the neutral semiquinone (.FIH) and the radical anion (.F1-) at pH 5 and 10 respectively. The pK of the .FIH radical was 
determined to be 7.4. In the case of the anion, the 2-thioriboflavin spectrum is similar in shape to that of FAD radical anion, but 
red shifted by 40-50 nm. Red shifts are also seen in the neutral .FIH form for the 370-nm peak and 580-nm shoulder. However, in 
addition, there is strong enhancement of the absorbance at 500 nm. The spectrum of 2-thioriboflavin semiquinone produced in the 
presence of 2-5 mM dithiothreitol was perturbed, as was observed previously for unsubstituted flavin semiquinones in the 
presence of sulphydryls. The rate constants for the initial one-electron reduction step viz: [5] F1 + .COT -, .F1- + C 0 2  were 
4.0 ? 0.5 X lo9 M-' s-' and 1.3 & 0.2 X 109 M-' s-' at pH 7 and 10 respectively. The corresponding rate for the reaction of 
DS;. with 2-thioriboflavin at pH 7 was determined to be 2.4 * 0.2 X lo9 M-Is- ' .  The continuous production of DS;. 
radicals by y radiolysis reduced 2-thioriboflavin to the dihydro form, and the flavin was regenerated on the addition of air. The 
.COT radical also effected a two-electron reduction. However, in this case, if the process was taken beyond the equivalence 
point, the dihydroflavin spectrum was bleached and the oxidized flavin could not be recovered. 

PARMINDER S. SURDHAR, DAVID A. ARMSTRONG et VINCENT MASSEY. Can. J. Chem. 64,67 (1986). 
Faisant appel aux techniques de la radiolyse y de 1'Ctat stationnaire et de la radiolyse pulsCe, on a ttudiC les rCductions a 1 et a 2 

Clectrons de la thio-2 riboflavine avec le .COT et l'anion cyclique disulfurC du dithiothrkitol (DS?.). Le radical .COT rdagit 
avec la thio-2 riboflavine pour donner la semiquinone neutre (.FIH) et l'anion radicalaire (.Fl-) des pH respectifs de 5 et de 10. 
Le pK du radical .FlH est Cgal a 7,4. Dans le cas de I'anion, la forme du spectre de la thio-2 riboflavine est semblable a celle de 
I'anion radicalaire du FAD mais les bandes sont dCplacCes vers le rouge par environ 40-50 nm. Dans le cas de la f o m e  neutre du 
FIH,  on observe Cgalement un dCplacement vers le rouge du pic a 370 et de 1'Cpaulement a 580 nm. Mais, il y a de plus une forte 
augmentation de I'absorption a 500 nm. Le spectre de la semiquinone de la thio-2 riboflavine produite en prdsence de 2-5 mM 
dithiothriitol est perturb6 par rapport a ce qui a CtC observe prCcCdemment dans le cas des semiquinones de la flavine non 
substituCe en prCsence de sulphydryles. Les constantes de vitesse de 1'Ctape initiale de la rkduction a 1'Clectron [5] F1 + .COT+ 
.F1- + C 0 2  sont respectivement de 4,O * 0,5 x lo9 M-' S-' et de 1,3 0,2 x lo9 M-' s-' a des pH respectifs de 7 et de 10. La 
vitesse correspondante de la reaction DSi. avec la thio-2 riboflavine a un pH de 7 est de 2,4 * 0,2 x lo9 M-' s-'. La 
production continue de radicaux DS; . par radiolyse y rCduit la thio-2 riboflavine en la forme dihydro et I'addition d'air permet 
de regCnCrer la flavine. Le radical .CO; permet tgalement une reduction a 2 Clectrons. Mais dans ce cas, si on considbre la 
reaction en dC~a  du point d'tquivalence, la coloration du spectre de la dihydroflavine disparait et il n'est pas possible de rCcupCrer 
la flavine oxydee. 

[Traduit par le journal] 

Introduction 
Chemically modified flavins (Fl)' have been used success- 

fully in recent years as probes of reaction mechanisms and of the 
protein environment around the bound flavin in a number of 
flavoproteins (1-4). In most cases the modified flavins have 
quite different absorption spectra, pKs,  and redox potentials 
from their normal counterparts F A D  or  FMN.  This also applies 
to the one-electron reduced semiquinone forms: .FlH/.Fl-. 
Studies of the spectra of these semiquinone forms in the protein 
is an additional source of information o n  the immediate environ- 
ment of the flavin and o n  the interactions with protein residues 
that may serve to stabilize it. For  these reasons it is important to  
have as a reference the spectrum of the uncomplexed semiqui- 
none forms of the modified flavins in aqueous solution. 

This investigation is concerned with the formation and spectra 
of the semiquinone forms of 2-thioriboflavin, which has found 
use in several recent studies (1,  4). The experiments were 
performed by the pulse radiolysis technique (5), which was also 
utilized in earlier examinations of flavin semiquinones (6-9). 
The reducing radicals .COT and DST. (the radical of dithio- 
threitol, see reaction [4] below and footnote l ) ,  were produced 
by the well-established sequence of  reactions (5, 10): 

[ l ]  4.2H20 ,- 2.7eLq + 0.6.H + 2.8.0H + 2.7H' + 0.5H2 

+ 0.7H2O2 

[2] e, + N20 + H 2 0  + OH- + .OH + N2 

[31 .OH (or .H) + HCO; + H20 (or HZ) + .CO; 

[4] .OH (or . H) + D(SH):! -+ DS; . + H20 (or Hz) + H' 

'Abbreviations: Fl, flavin; -FIH, flavin semiquinone; .Fl-, flavin 
semiquinone anion; FIH2, dihydroflavin; F1H-, dihydroflavin anion; Suitable concentrations of D(SH)2 and formate were chosen 
LFl. lumiflavin: FAD. flavin adenine dinucleotide: FMN. flavin mono- SO that the time scale of reactions [ 11-[41 was much shorter 
nucleotide; D(SH)2, reduced dithiothreitol; DS,, bxidizid dithiothrei- (5 s) than that for the reaction of Fl with primary radicals 
tol; DST., radical anion of dithiothreitol. e;, -H,  and .OH. The Secondary radicals, .COT and DST., 
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reacted with F1 on a - 10-ps time scale: 

[5] Fl + .COT -, .F1- + co, 

Low dose rate "steady state" radiolysis experiments were also 
conducted with a Co60 -y source to establish that the final product 
formed by these reductions was the dihydroflavin F1H2 (1 1). 

Experimental 
Materials 

Dithiothreitol was from the Sigma Chemical Co. All other chemicals 
were the purest available grade and were used as supplied. The water 
for preparing solutions was redistilled, first from alkaline permanga- 
nate and then from acid dichromate (10). 

Apparatus and procedures 
All experiments were conducted at room temperature (24 * 2°C) 

with solutions containing 10 mM phosphate buffer. In order to prevent 
its oxidation by air, solutions requiring dithiothreitol D(SH), were 
prebubbled with nitrous oxide, which had been passed through a 
column of Ridox (Fisher Scientific Co.). The pH was finally adjusted 
by adding HC104 or NaOH. 

The y irradiations were performed in an A.E.C.L. 60Co "gamma 
cell" with a steady dose rate of -10 Gylmin. The precise dose rate was 
checked with a Fricke dosimeter (10) and corrections were made 
routinely for the natural decay of the isotope. The procedures were as 
described by Ahrnad and Armstrong (1 1 ) .  

The pulse radiolysis experiments were performed by utilizing 2-ps 
pulses of electrons with a dose of 2-4 Gylpulse from the 1.5-MeV Van 
de Graaff generator. Details of the generator and dosimetry have been 
described earlier (1 2). 

Values of AA, the change in absorption per unit dose observed at a 
given time after the radiation pulse, were converted to [e(F1 Radical) - 
e(Fl)] at each wavelength by dividing AA by the concentration of 
radicals produced per kilogray. Values of e(FI Radical) at different pHs 
were then obtained by adding the appropriate values of e(F1). The 
values of e(Fl,490 nm) were taken to be 21 000 and 19 100 at pH 7 and 
10 respectively (1). 

Results and discussion 
Pulse radiolysis 

The changes in absorption produced by the reaction of -COT 
with 10-14 FM 2-thioriboflavin at pH 5 at 80 p s  after the 
irradiation pulse are plotted as a function of wavelength in Fig. 
1. A typical oscilloscope trace illustrating the loss of absorbance 
at 490 nm with time can be seen in the top inset. The absolute 
spectra of the radicals at pH 5 and 10 were calculated from the 
changes in absorbance as described above. They have been 
presented in Figs. 2(a) and (b) (solid lines). Each spectrum has 
been based on at least two sets of experimental points. 

The main features of the spectrum at pH 5 were a minimum at 
420 nm, maxima at 360 and 500 nm, and a broad shoulder at 
about 620 nm. The spectrum at pH 10 showed a much stronger 
peak at 400 nm and a maximum at 5 10 nm. Above 540 nm the 
absorption tailed off and the shoulder at 620 nm was absent. The 
inset in Fig. 2(a) shows the absorbance coefficient of the radical 
at 580 nmas a function of pH. The curve through the points has 
been calculated for a pK of 7.4. This pK is attributed to the 
ionization of the radical in reaction [6], and may be compared to 
the pK of the radical of riboflavin, which is 8.3 (6). The lower 
value observed for 2-thioriboflavin is in accord with a similar 
lowering of the pK of the fully reduced form to 5.2,2 which can 
be compared with the value of 6.5 for riboflavin (14). 

The spectra of the neutral form of lumiflavin semiquinone and 

' ~ 1 .  Claiborne and V. Massey, unpublished data. 

400 500 600 700 
Wavelength (nm) 

FIG. 1. Circles and triangles: change in absorbance (AAB) at pH 5 
of 10- 14 pM 2-thioriboflavin in N 2 0  saturated 10 mM phosphate buffer 
containing 20 mM sodium formate. Dose 4 Gy/pulse. Top inset: oscillo- 
scope trace illustrating the loss of absorbance with time at 490 nm. Bot- 
tom inset: plot of -In (A, - A,) versus time for reaction of .COT with 
15 pM F1 (X) ,  7.7 pM N(O) at pH7, and 16.89 pM F l ( 0 )  atpH 10. 

the FAD radical anion obtained under similar conditions (15, 
16) are shown as dashed lines in Figs. 2(a) and (b). In the case of 
the anion the 2-thioriboflavin spectrum is similar in shape but 

' red shifted by 40-50 nm. Red shifts are also seen in the neutral 
.FlH form for the 370-nm peak and 580-nm shoulder of lumi- 
flavin. In addition there is strong enhancement of the absorbance 
at 500 nm. 

The dash-dot lines in Figs. 2(a) and (b) are, respectively, the 
neutral semiquinone form of 2-thio-FMN flavodoxin and the 
anionic form of 2-thio-FMN lactate oxidase obtained by photo- 
reduction (4). The anion spectrum in the flavoprotein is similar 
in shape to the free anion spectrum but the peaks are red shifted 
by 20-30 nm. In the flavodoxin, the 370-nm peak is similar in 
intensity and position. However, the 490-nm peak is drastically 
reduced and there is a much enhanced absorbance at 670 nm. 
These features must be attributed to interactions with amino acid 
residues in the flavin binding site. 

The changes in absorbance during the period of reaction of F1 
with .COT (top inset in Fig. 1) can be treated in terms of a 
pseudo first-order integrated rate equation. Plots of In (A, - A,) 
versus time at two different flavin concentrations at pH 7 and a 
third plot at pH 10 have been presented in Fig. 1 (bottom inset). 
The pseudo first-order rate constants at pH 7 were plotted 
against [Fl] to obtain the value of k5. This rate constant was 
4.0 2 0.5 X 109~-' s-' in 20 mM formate and can be com- 
pared with 3.6 + 0.4 x 109M-'s- for the corresponding 
reaction with riboflavin (6) and lumiflavin (15). As the pH 
increased above 8.5 the value of k5 fell, reaching 1.3 + 0.2 X 

1 0 ~ M - ' s - '  at pH 10. It may be noted that this corresponds 
to the pH region for ionization of thioriboflavin (pK = 9.8, 
Claiborne et al. (I)). Thus above pH 10 the dominant form of 
thioriboflavin, F1(-H)-, bears a negative charge, which would 
reduce the rate of reaction with -COT. A similar reduction in 
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I I I I I I 
400 500 600 TOO 

Wavelength (nm) 

FIG. 2(a). Absorption spectra, at pH 5, of the neutral semiquinone 
produced from 10-14 pM 2-thioriboflavin in N20-saturated 20 mM 
formate solutions by .C02  (-). Absorption spectra, at pH 7, of 
lumiflavin radical produced under similar conditions (---). Absorption 
spectra of 2-thio-FMN flavodoxin radical produced by photoirradiation 
in 0.1 M potassium phosphate, pH 7.0, containing 30 mM EDTA and 
1 pM 5-deazaflavin (-  .-). Inset: plot of €(Radical) at 580 nm versus 
pH. 

400 500 600 X X )  

Wavelength (nm) 

FIG. 2(b). Absorption spectra, at pH 10, of the radical anion pro- 
duced from 16-18 pM 2-thioriboflavin (-) and 10-40 pM FAD (---) 
in N20-saturated 20 mM formate solutions at pH 10 by .COT. Ab- 
sorption spectra of 2-thio-FMN lactate oxidase at pH 7 produced under 
anaerobic conditions in the presence of 0.1 M glycine, 6 pM 5-deaza- 
flavin, and 0.01 M imidazole (- . -). Ordinate scale for (- .-) is in 
arbitrary units. 

rate has been observed with unsubstituted flavins (6,16). It may 
be noted that step [6] is too fast to be seen in our buffered 
solutions (17). 

FIG. 3. (a) Spectra obtained from an N20-saturated solution of 
13.43 pM 2-thioriboflavin at pH 10 in 40 mM formate and 10 mM 
phosphate buffer before irradiation and after 1, 2, 4, 6 ,  and 8 min of y 
irradiation at 10 Gy min-'. The absorbance scale has been displaced by 
0.35 from zero for clarity. (b) Spectra obtained from an N20-saturated 
solution of 12.98 pM 2-thioriboflavin at pH 9 in 2 mM dithiothreitol 
and 10 mM phosphate buffer before irradiation and after 1 , 2 , 4 , 8 ,  12, 
and 15 min of y irradiation at 10 Gy min-'. The spectra after aeration of 
the irradiated solutions are shown by the dashed lines. Inset: change in 
[Fl], A[Fl], versus number of reducing equivalents of reducing species 
reacted for F1 + .COT at pH 10. 

2-5 mM D(SH)2 solutions at pH 7,  using the DS: . radical as 
the reducing species. As in the case of lumiflavin semiquinone, 
formed in sulphydryl-containing solutions (16, 18), the spec- 
trum of the 2-thioriboflavin radical was somewhat perturbed, 
exhibiting increased absorption in the 400-500 nm region and 
lesser absorbance above 540 nm. 

The slopes of pseudo first-order rate constants versus [Fl] for 
the reaction of DS; with 2-thioriboflavin at pH 7 gave k7 = 
2.4 ? 0.2 x 109M- ' s- ', which is a bit larger than 1.6 k 0.2 X 

10' M - ' s- ' for the corresponding reaction with lumiflavin (1 8). 

co60 y-radiolysis 
Spectral changes resulting from the reduction of 2-thioribo- 

flavin with .COT and DS;. radicals are shown in Figs. 3(a) 
and (b), respectively. In both cases the absorbance of F1 was 
suppressed by each successive dose of irradiation. For the 
DS;. radicals there was no further change after 12 min of 
irradiation. Also, apart from the increase in absorbance below 
310 nm due to the formation of DS2 in reaction [7], the initial 
flavin absorption was completely restored on the addition of air. 
These observations are consistent with dihydroflavin as the only 
major product, formed via reactions [7], [6], and [8a-c] or [9]. 

. , 

A number of pulse experiments were also performed in [8b] .Fl- + FlH. + FlH- + F1 
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The flavin species present would vary with pH because of the 
ionizations of .FlH and F1H2 (see above). 

In the case of the .COT radicals, reference to the isobestic 
point at 354 in Fig. 3(a) and (b) shows that up to 2 min of 
radiation there was only one product formed. This is again 
attributed to dihydroflavin formation by the above reactions. 
Further treatment with -COT caused an apparent shift in the 
isobestic point and a continuing reduction in the absorption 
between 310 and 410 nm. On admission of air, the initial 
absorption of the flavin was completely restored only if the 
reduction was stopped at or before the equivalence point. If the 
reduction proceeded beyond this, the absorbance on reoxidation 
with air followed the pattern illustrated by the dashed line in Fig. 
3(a). This type of behaviour has been seen in reactions of e&, 
and certain amine radicals with lumiflavin (15, 19). It is at- 
tributed to a further and irreversible reduction of HH2 by these 
species. It is interesting that in the case of 2-thioriboflavin it 
occurs with .COT, which does not react with the dihydro forms 
of lumiflavin or FAD at this pH. 

The spectra at the equivalence points for -COT reductions 
were taken to be those of 2-thiodihydroriboflavin. Values of 
€(HH2) at 490 nm calculated from these agreed within -+2% for 
different flavin and formate concentrations at the pHs used. 
From these and the known value of e(F1) at 490 nm, the change 
in flavin concentration A[Fl] could be calculated. The inset in 
Fig. 3 is a plot of A[H] x lo6 M versus the equivalents of .COT 
radicals produced, ered x lo6 M (cf. Ahmad and Armstrong 
(15)). The values of q, the moles of reducing equivalents taken 
up per mole of flavin, were calculated from the initial slopes of 
such plots. As shown in Table I ,  they lie in the range 1.8-2.2 
with an average value of 1 .93 2 0.1 independent of [HCOT] 
and [Fl]. This indicates a two-electron reduction of the thioribo- 
flavin in accord with eq. [ lo]  at both pH 7 and 10. 

[lo] 2-COT + F1- + 2H+ -+ F1H2 (or FlH- + H+) 

Similar experiments were performed with DS; radicals 
from dithiothreitol except that in these cases a correction had to 
be made for the thermal reaction (13, 20): 

[ l l ]  D(SH)2 + F1-+ DS2 + FlH2 (or FlH- + H') 

At pH 10 the initial rate calculated from the slope of the 
absorbance versus time plot observed with an unirradiated 
2 mM D(SH)2 solution was 2.02 x M min-I. Changes in 
flavin concentration calculated from this rate were subtracted 
from the initial changes observed in irradiated solutions to ob- 
tain the true change due to DS; . radicals. A similar procedure 
was used at pH 9.  However, below this pH the rate of the thermal 
reaction was negligible and no correction was necessary. The 

TABLE 1. Summary of q for .COT radicals 

values of q for 10-20 p M  F1 and 2 mM D(SH)2 solutions were 
2.24 k 0.10, independent of pH in the range 5-10. This 
confirms the two-electron reduction of thioriboflavin by the 
DS; . radicals. 

Summary 
The present study has demonstrated that, as with unsubsti- 

tuted flavins, the .COT and DS; . anion radicals can effect the 
two-electron reduction of 2-thioriboflavin to the dihydroflavin. 
The rate constants for the initial one-electron step, reactions [5] 
and [7], are close to the "diffusion control limit" at pH 7 and are 
slightly reduced at pH 10 due to charge repulsion. These results 
are quite similar to those obtained with FAD, lumiflavin, and 
riboflavin. The spectrum of the radical anion of 2-thioriboflavin 
in free solution is similar to that of the normal flavin, but slightly 
red shifted. However, the spectrum of the neutral eF1H form is 
significantly different. This feature should certainly be taken 
into account in interpreting spectral data of the semiquinone 
spectrum in flavoproteins. 
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Direct observation of low spin - high spin electronic ground states and cross-over 
exchange in manganocene derivatives, ( $ - C ~ H ~ R ) ~ M ~ ,  R = H, CH3, CzH5 by 

paramagnetic nuclear magnetic resonance1 
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DANIEL COZAK, FRANFOIS GAUVIN, and JACQUES DEMERS. Can. J .  Chem. 64, 71 (1986). 
The paramagnetic 'H nmr spectra for manganocene (I) and 1 ,I '-dimethylmanganocene (2), and the I3C nrnr spectra for 

1,l '-diethylmanganocene (3) have been recorded in toluene solvent over a -90 to 90°C temperature range. 1 shows a low field 
and a high field ring proton resonance in its spectrum near -59°C. At higher temperatures the low field resonance is prevalent and 
becomes gradually averaged due to a fast spin exchange process that dominates the spectrum at 90°C. For the ring substituted 
derivatives 2 and 3,  resonances due to only one paramagnetic species were detected in the low temperature range. Above ambient 
temperature a new spectrum due to rapid spin exchange averaging is observed for these complexes. Results are readily interpreted 
in terms of ground state molecular cross-over exchanges between the 2 ~ 2 , ,  6 ~ l g r  and 2 ~ l g  spin states of the complexes. 

DANIEL COZAK, FRANGOIS GAUVIN et JACQUES DEMERS. Can. J .  Chem. 64, 71 (1986). 
Nous avons enregistrC les spectres de larmn 'H du manganockne (I), du dimCthyl-1,l' manganockne (2) ainsi que les spectres 

de rksonance du 13C pour le diCthyl- 1 , 1 ' manganocene 1 differentes temperatures entre -90 et 90°C. Le spectre du composC 1, 
dCterminC i -59"C, prCsente deux resonances paramagnCtiques dues,aux protons annulaires. La rCsonance se trouvant a champs 
faible domine les spectres dCterminCs i plus hautes temperatures. A 90°C, ce signal est dO a un spectre moyen cause par un 
Cchange rapide entre plusieurs Ctats paramagnktiques de la molCcule. Les spectres des composCs 2 et 3, dCterminCs B basse 
tempCrature, prCsentent un seul Ctat paramagnktique. Aux tempkratures superieures i celles de la pikce, un nouveau spectre, dO 
aussi i un Cchange rapide entre plusieurs Ctats paramagnCtiques, remplace graduellement le premier. Les rCsultats expCrimentaux 
sont interprCtCs en fonction de la dynamique des Ctats Clectroniques fondamentaux *E~,, 6 ~ I g  et 2 ~ I g  connus pour ces molCcules. 

Introduction We wish to report here the paramagnetic 'H nmr behavior for 
Several transition metal compoun~s are known the unsubstituted manganocene complex 1 and its methylcyclo- 

to exist in an equilibrium ground state between their low spin pentadienyl derivative 2, together with 13c nmr data for the 
(1s) and high spin (hs) electronic configurations (1). However, (r15-C5H4C2H5)2Mn (3). 
the d5 manganocene compounds are the only sandwich com- 
plexes known to have such an equilibrium (2). Also, magnetic 
susceptibility, epr (electron paramagnetic resonance), and photo- 
electronic studies have shown that both the electronic 1s a:, e;, 
configuration, or 2 ~ 2 ,  state, and the hs a:,e$,e:, configura- 
tion, or 6 ~ 1 ,  state, are possible structures for the molecular 
ground states of ($-c,H,),M~ (1) and its 1,l '-dimethyl substi- 
tuted derivative (-q5-C5H4CH3),Mn (2) (3-5). Moreover, the 
electronic state associated with the other possible 1s configura- 
tion, e;,ai,, or 'A,, state, is generally considered too far 
above the ground state energy level to be significantly populated 
or involved in a multiple ground state cross-over exchange 
process (6). However, the 2 ~ 1 ,  doublet state has been used to 
interpret the gas phase photoelectronic spectrum (7) of 1 and it 
has been suggested as a contributing factor to the larger isotropic 
paramagnetic nmr proton shifts (6) observed at room tempera- 
ture for 2 compared to 1.  Thus, spectroscopic data point to the 
possible existence of these three ground states for manganocene 
compounds but direct spectroscopic detection and characteriza- 
tion of only the 1s 2 ~ 2 ,  and the hs 6 ~ , ,  states have so far been 
reported (2, 6 ,  8).3 

'Taken in part from the M.Sc. Thesis of F.G., Laval University, 
QuCbec (QuC.), Canada, 1985. 

'Author to whom correspondence may be addressed. 
3Some controversy seems to exist on the necessity of involving the 

2 ~ 1 ,  ground state to explain the photoelectronic spectra of gaseous 
complex 1, see refs. 4 and 7. Subsequently it was shown by epr that the 
ground states for 1 and 2 depend on the molecular environment. The 
epr spectroscopic data are available at low temperature. However, 
the main drawback of this spectroscopic method in the study of the 
dynamic spin process is the line broadening caused by rapid electron 
relaxation, which makes observation of the hyperfine structure im- 
possible above -229°C; see refs. 2 and 8 for more details. 

Experimental 
Chemical reactions and manipulation of the compounds were carried 

out under a blanket of purified nitrogen in Schlenk-type vessels. 
Oxygen and water impurities from the nitrogen gas were controlled by 
passing the gas first over supported copper catalyst (BASF-R3-11) 
heated at 200°C, which was purchased from Badische Anilin and 
Soda-Fabrik AG, W. Germany, followed by 4A molecular sieve beds. 
The solvents used were refluxed for 1 h in nitrogen atmosphere and 
passed over a drying agent before being distilled and stored. 

Melting points were measured, in a nitrogen atmosphere, in sealed 
glass capillaries on a Thomas Hoover oil immersion type apparatus 
and are-reported uncorrected. Mass spectra (ms) of the ~ o & ~ l e x e s  
studied were recorded on a Hewlett Packard 5995A mass spectrometer. 
Samples were placed in capillary glass tubes and introduced into the 
apparatus by means of a steel rod; they were then heated at a tempera- 
ture rate of 64"C/min to 200°C under I O - ~ T O I T  pressure (1 TOIT = 
133.3 Pa). Background subtracted spectra were regularly recorded for 
15 min. A Varian EM 360A and a Bruker HX90 CW instrument were 
used to record the proton nuclear magnetic resonance (nmr) spectra of 
the diamagnetic compounds. The nmr spectra for the manganocenes 
were recorded on a Bruker WH-400 instrument from toluene-d8 
saturated solutions in 5-rnm nmr tubes filled with nitrogen gas. For the 
liquid complex 3, 1:lO ('H) or 2:5 ("C) (v/v) complex - toluene-d8 
mixtures were used to run the spectra. The temperature range from -90 
to 90°C was covered in this study. The experimental chemical shifts 
were measured against the internal methyl carbon or proton resonance 
of the non-perdeuterated toluene solvent (< 1 %) and are reported in the 
text in 6 units with positive values increasing downfield from TMS. 
Internal reference chemical shift values used: 6(C1HD,C6D5), 2.3 ppm 
and 6 ( 1 3 C ~ 3 ~ 6 ~ 5 ) ,  21.3 ppm. Band widths at half-height, HI,', are 
given in parentheses following each chemical paramagnetic shift value 
in the text. Elemental C, H, and N analyses were done in duplicate by 
Schwarzkopf Microanalytical Laboratory, New York. 

Anhydrous manganese bromide, MnBr,, and sodium hydride, NaH, 
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were purchased from Aldrich Chemical Co. Ethyl bromide was used as 
received from Fisher Scientific Co. 

Synthesis 
The sodium cyclopentadienides used in the preparations given here 

were prepared by deprotonating the corresponding dienes with sodium 
hydride (10). 

Manganocene ( I )  and 1,l'-dimethylmanganocene (2) 
Complexes 1 and 2 were prepared following the procedure described 

in the literature (1 1, 12). The following analytical data were obtained 
for the synthesized products. 1: yield46%; mp 167- 169°C (lit. (1 1) mp 
172-173°C). Anal. calcd. for CIoHloMn: C 64.88, H 5.45%; Mol. 
Wt.: 185.13 g; found: C 64.36, H 5.34%; Mol. Wt. (ms): 185. 2: yield 
57%; mp 60-62°C (lit. (12) mp 61-63°C). Anal. calcd. for CI2Hl4Mn: 
C 67.61, H 6.62%; Mol. Wt.: 213.18g; found: C 67.29, H 6.15%; 
Mol. Wt. (ms): 21 3. 

1 ,l '-Diethylmanganocene (3 ) 
First, ethylcyclopentadiene ligand was prepared in the following 

manner. Ethyl bromide, 32.9 g (302 mmol), diluted in an equal volume 
of tetrahydrofuran (THF) was added dropwise from a dropping funnel 
over a period of 1 hour to a 200-mL solution of sodium cyclopenta- 
dienide 1.50 M (300 mmol) in THF maintained at - 10°C. The mixture 
was magnetically stirred for the next 15 h. The solution temperature 
was then raised to room temperature and the solution filtered on a glass 
frit to remove a white solid (NaBr). The filtrate was then extracted with 
100 mL distilled water and the aqueous fraction further washed with 3 
x lOOmL pentane. The THF and pentane fract~ons were then com- 

I 
I bined and dried over magnesium sulfate. The bulk of the pale yellow 

1 organic solution was then fraction distilled under normal pressure. 
Following the distillation of the pentane (35-36°C) and THF (66-67°C) 
fractions, a colorless liquid (1 1.4 g, 40%) passing at 53OC was col- 
lected by increasing the heating rate of the distillation. The expected 
mixture of structural isomers for the monomeric ethylcyclopentadiene 
gave the following proton chemical shifts and peak intensities: 'H nmr 
(CDCI,) 6: 1.14 (t, 9H), 2.38 (m, 6H), 2.90 (m, 4H), 6.23 (m, 6H) 
ppm. The product was then stored in a Schlenk tube over Dry Ice. 

The sodium ethylcyclopentadienide salt was prepared by adding, 
dropwise, ethylcyclopentadiene, 13.4 g (142 mmol), to 3.50 g (146 
mmol) sodium hydride in suspension in ca. 200 mLTHF. The reaction 
mixture was left under magnetic agitation overnight, then filtered over 
a glass frit to remove any unreacted hydride. The reaction yield was 
determined by volumetric titration (0.471 M, 66%) of the organic 
sodium. This value was then used to determine the quantity of reactants 
used in the following step. Proton nmr spectra of the reaction product 
were recorded after evaporating the THF solvent under vacuum from an 
aliquot placed in an nmr tube, and replacing it by a deuterated solvent: 
'H nmr (toluene-d8) 6: 1.02 (t, 3H), 2.33 (q, 2H), 5.38 (s, 4H) ppm. 

In a typical experiment 11.30 g (52.6 mmol) manganese bromide 
was suspended in 10 mL THF in a 500-mL Schlenk flask and 200 mL 
sodium ethylcyclopentadienide (1 10 mmol) solution, 0.55 M in THF, 
was slowly added at O°C while stirring. Once the addition was com- 
pleted, the mixture was magnetically stirred at room temperature for 
15 h. The insoluble NaBr formed during the reaction was removed from 
the solution by filtration and the solvent was pulled off on a vacuum 
line. This left an oily brown residue, which was washed with 3 X 

200mL hexane, leaving behind an insoluble solid. The hexane was 
then vacuum distilled until a thick red-brown oil (ca. 5 g) was left in the 
flask. The residue was then distilled under 13 Torr pressure. The 
middle distillate (107°C) gave 1.92 g (15%) of a highly air-sensitive 
red liquid corresponding to the pure product. Anal. calcd. for 
CI4HI8Mn: C 69.69, H 7 54, Mn 22.78%. Mol. Wt.: 241.24 g; found: 
C 69.82, H 7.56, Mn 21.43%; Mol. Wt. (ms): 241. 

Results 
Selected variable temperature proton nmr spectra showing 

the ring proton isotropic shifts for 1 over the full temperature 
range examined are shown in Fig. 1. These spectra can be 
regrouped in three temperature regions each having their spec- 

FIG. 1. Proton nmr spectra of 1 in toluene-d8 at various tempera- 
tures. The C5H5 resonance at low temperatures is more evident at 
stronger recording amplitudes. The spectra Y scale is not constant in the 
figure: s, solvent; g, silicon grease; *, impurities. 

tral features. Starting at high temperatures (90°C), a single 
resonance at 6 27.9ppm (800 Hz), due to the ring protons, is 
present at low field from the usual proton resonance region 
where n-bonded cyclopentadienyl rings are generally observed. 
This resonance showed two distinct temperature dependences. 
For the first, between 90 and 41°C, the ring protons moved 
upfield as the temperature was lowered. For the second, below 
41°C, the same resonance shifted downfield, as predicted by the 
Curie Law, until the temperature reached -76°C. A third 
temperature region appeared at low temperatures, near -59"C, 
where a new resonance grew in at high field with concomitant 
decrease in intensity of the other low-field resonance, see Fig. 1. 
For example, at -59"C, the new signal is present at 6 -25.8 ppm 
(1800 Hz) while the former is now at 6 28.3 ppm (4300 Hz). As 
the temperature is further lowered to -90°C the new signal 
moved upfield, following once more the Curie Law normally 
observed for the temperature-dependent isotropic shifts for most 
paramagnetic metallocene complexes (13, 14). The total shift 
variation observed is quite small for a given series of related 
spectra (ca. 2 ppm), considering the resonance band widths 
(probable error). Nevertheless, the spectra are quite reproduc- 
ible and therefore the observed experimental errors fall well 
within the shift variations discussed or graphically represented 
below. 

The variable temperature proton nmr spectra for substituted 
complexes 2 and 3 were also recorded. In both cases two main 
temperature-dependent spectra were observed, one at high tem- 
peratures and the other at low temperatures. The high tempera- 
ture limit spectrum, taken at 90°C, for the 1 , 1 '-dimethyl substi- 
tuted complex 2 is given in Fig. 2A and shows two broad 
resonances and a narrow signal at low field from the nmr region 
where the complexed diamagnetic ligand resonances are usually 
found. The low-field 6 131.8 (7700 Hz) and 78.3 ppm (3800 Hz) 
resonances observed at this temperature are assigned to the 
resolved ring protons and the 6 12.9 ppm (920 Hz) signal to the 
remaining methyl protons of 2. At 41°C extensive line broaden- 
ing in the spectrum made detection of paramagnetic nrnr reso- 
nances impossible. Further lowering of the temperature yielded 
an exchange broadened spectrum discernible at 2°C and fully 
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COZAK ET AL 

FIG. 2. Proton nrnr spectra of 2 (A) and 3 (B) in toluene-d8 at various temperatures. Only the "limit" spectra are shown: a, complex 1 as impurity; 
s, solvent; g, silicon grease; *, impurities. 

grown-in at -90°C, as shown in Fig. 2A. The higher-field 
signals in the -90°C spectrum are assigned to the nonequivalent 
cyclopentadienyl protons 6 0.5 (540 Hz) and -4.5 pprn (650 Hz), 
and the low-field resonance at 6 50.6 pprn (270 Hz) is attributed 
to the methyl protons. 

Similarly, the variable temperature proton nmr spectra for the 
l,lr-diethyl substituted complex 3 are analogous to the di- 
methyl derivative discussed above and mutually confirm the 
chemical assignments made here for the resonances. The main 
temperature-dependent spectra are depicted in Fig. 2B. Hence 
at 90°C the spectrum showed two broad ring resonances present 
at 6 114.5 (3500 Hz) and64.2 pprn (2300 Hz), together with two 
narrow signals at 6 18.5 (1200 Hz) and 10.3 pprn (340 Hz) 
assigned to the CH2 and CH3 protons, respectively. The iso- 
tropic chemical shifts observed did not follow the Curie Law. 
All four isotropic shifts moved upfield instead of downfield as 
the temperature was lowered from 90°C to approximately 3 1°C. 
Moreover, at 31°C the former two low-field ring resonances 
were fully collapsed into one signal at 6 77.8 pprn (8000 Hz) and 
the latter CH2 and CH3 signals were overlapping at 6 11.7 (ca. 
2300 Hz) and 8.1 pprn (ca. 2000 Hz), respectively (see Fig. 2B). 
This spectrum gradually disappeared as the temperature was 
lowered and a new set of resonances was present at - 12°C. This 
new spectrum evolved as the temperature was further lowered 
and was fully resolved at -90°C, with relatively narrow peaks at 
6 33.6 (230 Hz) and - 11.5 (1 10 Hz) ppm, due to CH2 and CH3 
respectively, and a doublet resonance at 6 - 1.4 (570 Hz) and 
-2.8 pprn (570 Hz), due to nonequivalent ring protons. 

Because of their poor solubility in toluene we were unable to 
record the corresponding 13C nmr spectra for 1 and 2. In THF-d8 
both 'H and 13c nmr results indicated a strong paramagnetic 
exchange interaction between the complexes and the solvent. 
Moreover, the proton spectra bear no resemblance to those 
taken in toluene. This result is not unexpected since THF and 
other Lewis bases are known to associate with manganocene to 
form addition compounds (1 5, 16). More details on this will be 
given elsewhere. However, 3 is miscible in toluene and its 

variable temperature 13c nmr spectra were recorded. The spectra 
recorded above 44°C show non-Curie Law temperature-depen- 
dent isotropic carbon shifts as for the proton spectra. Though no 
other manganocene spectrum in toluene is available for com- 
parison, we tentatively assign the two paramagnetic reson- 
ances in the spectrum, 6 47 1.1 pprn (480 Hz) and - 126.0 pprn 
(210Hz), to the ethyl CH2 and CH3 groups, respectively. The 
ring carbon resonance was not observed. At -9"C, no para- 
magnetic signals were detected in the spectrum due to line 
broadening caused by spin exchange. Below this temperature, 
near -43"C, a new spectrum appeared with a broad low-field 
peak at 6 27 1.8 pprn (650 Hz), followed by a doublet at 6 57.7 
(270Hz) and 43.7 pprn (220 Hz) located in the middle-field 
range, and at higher field a sharp signal was present at 6 
- 104.0 pprn (220 Hz). At -28°C a single resonance at 6 
52.4 pprn (480 Hz) is observed due to the collapsed middle-field 
signals, which are assigned to the nonequivalent ring carbons. 
The remaining low- and high-field resonances are due to the 
CH2 and CH3 carbons, respectively. 

Figure 3 shows the dependence upon temperature of the 
observed proton chemical shifts (6 versus T-I) for 1 and 3. 
Once more, the plots represented in this graph underline the 
distinct magnetic behavior of these compounds. Hence at low 
temperatures (T-' r ca. 0.004K-') the resonances have a 
linear Curie-type dependence on temperature and the extrapola- 
tion of this portion of the plots intercepts the ordinate axis within 
a reasonable value for the diamagnetic ligand chemical shifts. 
The other distinct region of these curves is at high temperature 
where the isotropic chemical shift variations do not obey the 
Curie Law. This is depicted in Fig. 3 by the departure from 
linearity in the curves, and increased paramagnetism is observed 
as the temperature increases (T-' < ca. 0.004K-'). A similar 
type of isotropic shift behavior has also been reported to be 
caused by metal-ring non-rigidity in cobaltocene derivatives 
(17). According to the Curie Law, the paramagnetic isotropic 
shift is inversely proportional to the temperature. Hence, at 
infinite temperature or T-' = 0 K- ' the paramagnetic isotropic 
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.. ,,.- 
INVERSE TEMPERATURE 

FIG. 3. The observed chemical shifts versus the inverse temperature 
plots for 1 (---0---) between -90 and 90°C and for 3 (-0-) 
between -90 and 30°C. The vertical bars on the curves are the probable 
errors for the observed chemical shifts, based on the band width at 
half-height, and are equal to 0.287 X 

shifts should ideally be nil and the observed nrnr chemical shifts 
would then be those of the diamagnetic ligand. In practice, 
extrapolation of the observed chemical shifts often falls in the 6 
0-lOppm region because of some error in the measured fre- 
quencies reported; HI,' = 10'-lo3 HZ. 

The room temperature isotropic proton resonance for the 
solid complex 1 was first reported to be far upfield of the 
diamagnetic nmr region (- 120 ppm from H20) (1 8). Our room 
temperature solution results coincide more closely with those of 
a subsequent communication where, in benzene solution, the 
ring protons for 1 are reported at 8 25.8 ppm and, for 2, an 
unresolved doublet centered at 6 141 ppm is assigned to the ring 
protons with the methyl resonance reported to be at 6 81 ppm 
(1 17 and 70ppm, respectively, in cyclohexane-dl').4 The dif- 
ferences in the shift positions quoted here and our results are 
due to the strong temperature and solvent dependence observed 
for the paramagnetism in these manganocenes. 

Discussion 
The low- and high-field proton resonances detected in the 

spectra of 1 can be interpreted as being due to two slow or 
non-exchanging molecular states of the manganocene molecule 
(exchange rate < lo3 s- I). Slow exchange on the epr time scale 

4Values taken from ref. 6 discussed here are transposed in 6 units 
using: (C2H5)2Fe, 6 = 4.0 ppm; (C5H4CH&Fe, 6 = 4.0 and 1.8 ppm, 
taken from ref. 9. 

between hs and 1s configurations of 1 in host lattices has been 
observed previously (8). Departure of the chemical shifts from 
the Curie Law, evident in Fig. 3 by the inflection in the curve at 
high temperature (T-' < 0.004K-I), suggests that above ca. 
40°C the resonances are time averaged by rapid spin exchange 
over two or more paramagnetic molecules, of which at least one 
has a strongly deshielding effect on the ring. 

The nmr properties for 2 and 3 in toluene solution are better 
related to each other than with 1. For the former complexes the 
resonances are at much lower fields at a given temperature 
(especially above room temperature) and there is a total absence 
of Curie Law behavior at elevated temperatures (low-field ring 
proton resonances). The linear relationship for the low tempera- 
ture resonances (see Fig. 3 for 3, for example) is indicative that 
spin exchange is not significant below ca. -46°C for the sub- 
stituted manganocene complexes in solution. This contrasts 
with the two resonances observed for 1 in the same temperature 
range (see Fig. 3). Above this temperature there is, for both 
substituted com~lexes. an inflection in the curves towards low 
magnetic fields As the temperature is increased. Data for the high 
temperature region (30-90°C) are not shown on Fig. 3 for 
scaling reasons, i.e. T- ' < 0.003 K- I, but it can be seen that 
there is reversal of the slope below this point. Hence, the 
observed resonances for 2 and 3 can not be accounted for by the 
Curie Law in this temperature range and must be due to a rapid 
spin exchange similar to that mentioned for 1. 

The large low-field proton shift observed at 37°C for 2 rela- 
tive to 1 has been intemreted bv Switzer et al. as due to the 
presence of a rapid equilibrium i&olving a doublet 'AIg ground 
state (6). Moreover, variable temperature epr studies have 
shown that 1 and 2 have thermally populated 'EZ, and 6 ~ 1 ,  

ground states exchanging in hydrocarbon solutions (2, 8). 
Based on the known electronic equilibria mentioned above, our 
variable temperature solution nmr results for the complexes 
studied can be interpreted in the following manner. For 1 at low 
temperatures in toluene, the 1s 'E2, molecular ground state 
gives way to a hs 6 ~ 1 ,  spin state as the temperature is raised. 
At higher temperatures a second spin exchange process is ob- 
served, presumably due to the rapid equilibrium between mainly 
6 ~ 1 , / 2 ~ 1 ,  spin states of the molecule. Similarly, at low tem- 
peritures,-the substituted manganocenes show spectra for one 
main populated electronic state, which can be either the 'E2, or 
the 6 ~ 1 ,  state, or possibly the time-averaged spectra of these 
rapidly kxchanging states. At higher temperatures a rapid three- 
way 'E2,16A l , / Z ~  or a two-way 6~ 1,/2A spin exchange 
sets in, depending respectively on the preceding attribution. 
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R. J. WALTMAN and J.  BARGON. Can. J .  Chem. 64, 76 (1986). 
The electrochemical oxidation of aromatic heterocyclic compounds thiophene, pyrrole, and indole and benzenoid and 

nonbenzenoid polycyclic hydrocarbons azulene, fluorene, and pyrene yield electrically conducting polymers with conductivities 
of 10-5-10 S/cm. The presence of substituents affects the electrical conductivity of these films and also their electroactive 
properties. Furthermore, substituents determine whether electropolymerization of these compounds can occur or whether soluble 
products are formed. The relative importance of these pathways is dependent on the stability of the intermediate radical cation. 
These effects are investigated by INDO molecular orbital calculations. 

R. J. WALTMAN et J. BARGON. Can. J. Chem. 64,76 (1986). 
L'oxydation Clectrochimique de cornposCs htttrocycliques aromatiques comme le thiophene, le pyrrole et l'indole et des 

hydrocarbures polycycliques de type benztnique et nonbenzinique comrne l'azulene, le fluorkne et le pyrene donne des 
polyrnkres conducteurs dlClectricitC avec des conductivitCs de a 10 S/cm. La prCsencede substituants affecte la conductivitC 
Clectrique de ces films ainsi que leur activite tlectrique. De plus, selon les substituants, on obtient soit une ClectropolymCrisation 
de ces composCs, soit la formation de produits solubles. L'irnportance relative de ces mecanismes depend de la stabiliti du cation 
radicalaire intermtdiaire. On Ctudie ces effets a l'aide de calculs INDO d'orbitales molCculaires. 

[Traduit par le journal] 

I. Introduction 
The electrochemical oxidation of aromatic heterocyclic, ben- 

zenoid, or nonbenzenoid molecules frequently leads to the for- 
mation of an electrically conducting organic polymer film at 
the electrode surface (1-5). These films typically have good 
adhesion and electrical contact to the electrode surface. Thin 
films, when supported by an electrode surface, can be electro- 
chemically cycled between the oxidized, conducting state, and 
the neutral, insulating state. Thicker films can be produced in 
the oxidized, conducting state and can be peeled off from the 
electrode surface to yield free-standing, electrically conducting 
films. Because these films are in the oxidized state, they repre- 
sent polymeric cations, whereby their overall charge balance is 
achieved by the incorporation of counteranions which stem 
from the electrolyte of the "electroplating" solution. 

According to this approach, conducting films have now been 
prepared from a wide variety of organic molecules. These 
include heterocyclic compounds such as pyrrole (I) ,  thiophene 
(2), furan (3), indole (4), thianaphthene (4), and carbazole (5). 
Conducting polymeric films have also been prepared from poly- 
cyclic benzenoid and nonbenzenoid hydrocarbons such as azu- 
lene (5), fluorene (6), fluoranthene (6), tripheny lene (6), and 
pyrene (6). Thus, the set of organic molecules which undergo 
electrochemical stoichiometry of the film-forming reactions; (b) 
opportunity to investigate the generality of the electropolymer- 
ization reaction. This can be achieved by studying: (a) the 
electrochemical stoichiometry of the film-forming reactions; (b) 
the parameters which determine the aptitude of a molecule to 
electropolymerize; and (c) how the aptitude for electropolymer- 
ization, i.e., reactivity, responds to the presence of substituents. 
The substituent effects can be further categorized into: (i) 
electronic effects, i.e., by its effect on the distribution of 

electrons at the reactive site; and (ii) steric effects, i.e., by its 
effect due to crowding at or near the reactive site. These con- 
siderations should provide a qualitative picture of the electro- 
polymerization reaction. 

Additional parameters, such as the properties of the resulting 
polymer films, are important in that the eventual technological 
application of these polymer films will require some versatility 
of their properties. This will most likely include the ability to 
vary the electrical conductivity of the films and the ability to 
improve the mechanical properties thereof. These goals can be 
met by chemical modification of: (a)  the polymer film; (b) the 
electroplating solution; and (c) the structure of the starting mole- 
cule. This latter category falls into the domain of substituent 
effects and will be considered in some detail below. With respect 
to chemical modification of the polymer film itself (7) or of the 
electroplating solution (8), these topics have been the subject 
of recent reviews (7, 8). Recently also, the electrochemical 
preparation of conductive composites (such as from polyvinyl- 
chloride and polypyrrole) have provided polymer composite 
films which have the advantageous mechanical properties of the 
host polymer, yet retain the high electrical conductivity of the 
conductive polymer (9). In this report, we will describe the 
effect of substituents on the electropolymerization reaction and 
how substituents affect polymer film properties, i.e., their 
electrical conductivity. These aspects will be considered utiliz- 
ing the following molecules as illustrative examples: pyrrole, 
thiophene, indole, azulene, fluorene, and pyrene. Finally, we 
will summarize some technological applications for which the 
high electrical conductivity and stability of these electrically 
conducting polymers have been exploited. 

11. The electropolymerization reaction 
Electrochemical stoichiometry 

'~u thor  to whom correspondence should be addressed. One of the important features found with the electropolymer- 
'Revision received August 13, 1985. ization reaction is that it proceeds with electrochemical stoichi- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLE I. Electrochemical data, elemental composition, and electrical conductivity of some electrically conducting polymers 

E,a 
monomer Voltammogram Elemental composition u 

Compound (v) n value of polymer (ohm-' cm-I) Reference 

Pyrrole (C4H5N) 
Thiophene (C4H4S) 
2,2'-Bithiophene (C8H6S) 
Indole (C8H7N) 
Thianaphthene (C8H6S) 
Carbazole (CI2H9N) 
Azulene (CloH8) 
Fluorene (CI3HIO) 
Fluoranthene (CI6Hl0) 
Triphenylene (C18H 12) 
Pyrene (C16H10) 

ometry (2). This allows characterization of the film-forming 
reactions, which typically proceed with n values which are 
slightly in excess of 2.0 (2,4-6). The n values can be measured 
in several ways. One of the most convenient is from voltammo- 
grams, utilizing the Nicholson and Shain (10) treatment for 
a totally irreversible reaction. For most of the film-forming 
reactions discussed here, the n values are usually in the range 
between 2.0 and 2.7 (Table I) ,  whereby 2 electrons/molecule 
are involved in the film-forming reaction, and the charge in 
excess of 2.0 is consumed in the concomitant electrooxidation 
of the polymer film. However, the n values derived from 
voltammograms really represent the total reaction at the elec- 
trode surface and can include secondary chemical reactions that 
accompany the electropolymerization reaction, such as dimer- 
ization reactions to form soluble products. This has been ob- 
served in the electropolymerization reaction of pyrene (6), and 
will be discussed below (Sect. IIIf) in more detail. For the 
moment, these data at least establish the fact that the electro- 
polymerization reaction does involve approximately 2 electrons/ 
molecule (Table 1). 

A more quantitative estimate of the degree of oxidation in the 
polymer films comes from their elemental composition data 
(Table 1). These data reveal that all of the polymers of Table 1 
are oxidized to the extent of 0.07 to 0.45. These data are, in gen- 
eral, consistent with the n values obtained from voltammetry. 

Electrochemical aspects 
Cyclic voltammetric studies of the molecules listed in Table 1 

reveal that they all electrooxidize irreversibly. These data 
suggest that the intermediate radical cations are unstable and 
rather reactive. As an illustrative example, a typical cyclic 
voltammogram using pyrene is shown in Fig. 1. The first 
oxidation wave of pyrene occurs at an anodic potential of 
+ 1.33 V. Upon reversing the direction of sweep from the first 
oxidation wave, a corresponding cathodic wave owing to the 
reduction of the oxidized polymer film is observed in the region 
from =+ 1.0 to $0.6 V. Subsequent anodic sweeps reveal the 
growth of the polymer film at a lower oxidation potential, where 
the peak potential (E,,) occurs at ca. + 1.1 V. Thus, the cyclic 
voltammogram of pyrene has all the characteristics of an ECE 
reaction (15, 16), i.e., a sequence of steps whereby an electron 
transfer event (E) is followed by a chemical reaction (C) and a 
subsequent electron transfer reaction (E). Since the film-forming 
reaction can be described as a cascade of ECE reactions, the 
general term E(CE),, has been recently forwarded to describe the 
film-forming reactions (5). 

.- 
B ( a )  

FIG. 1. Cyclic voltammogram of -5 p,mol/cm3 pyrene in 0.1 M 
TEAFB/CH3CN; (a) successive sweeps (200 mV/s) revealing growth 
of polymer and (b) two consecutive sweeps of pyrene from 0 to 
+ 1.80 V. The trace marked by the arrows is the first sweep. TEAFB 
is tetraethylammonium fluoroborate, an electrolyte. 

Radical-cation coupling 
When a molecule (R) is electrooxidized to its radical cation 

(R+') at the electrode surface, the electron transfer reaction is 
much faster than the diffusion of R from the bulk solution to the 
electrode surface. Accordingly, at the applied voltage, mole- 
cules close to the electrode surface region will occur only in 
their oxidized state R+'. This insures a high concentration of 
R+' at the electrode surface, which is continuously maintained 
by the steady state diffusion of R from the bulk. These mono- 
meric radical cations can undergo a variety of follow-up reac- 
tions depending upon their intrinsic stability (4). When R+' is 
relatively stable, it can diffuse away from the electrode surface 
and undkrgo reactions to form low molecular weight soluble 
products. If R+'  is very unstable, it can rapidly undergo indis- 
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criminate reactions with either the solvent or anions to form low 
molecular weight, and thus soluble, products equally well. 
Between these two stability ranges (which vary depending on 
the nature of R+'), R+' can undergo dimerization reactions or 
"electropolymerization." These reactions are thought to pro- 
ceed by the coupling of two radical cations. The concept of 
radical-cation coupling as a consequence of electrooxidation is 
not new, and has been applied before to explain the ECE 
reactions of many irreversible systems in which a monomer 
dimerizes to form a coupled product (14, 16). We wish to point 
out that electropolyrnerization reactions can be regarded as an 
extension of the dimerization reaction, i.e., they represent a 
sequence of dimerization reactions involving radical-cation 
coupling of R+' with its oligomeric radical cations. Evidence 
for such a reaction pathway, in which chain propagation is 
dependent on the presence of R+' (as opposed to R), is reflected 
in the following: (a) the cyclic voltammograms reveal an 
E(CE), process, consistent with radical-cation coupling 
reactions; (b) the finding that in order to sustain film growth 
at the electrode surface the electrode potential (voltage) has 
to be maintained at the electrochemical oxidation potential 
of R, where R is not limited to a monomer, as evidenced by the 
facile electropolyrnerization of 2,2'-bithiophene) (17); (c) the 
film-forming reaction is surface localized, and no evidence of 
polymerization in the bulk of the solution has yet been observed 

I (where for the concentrations the relation [R] >>> [R+'] holds); 
and (d) chronoabsorptometric studies (for R = pyrrole) reveal 1 that polypyrmle films grow linearly with time t, and not \'; 
This latter finding implies that the rate-limiting step during film 1 growth is the radical coupling process itself, and not the 
diffusion of monomer to the electrode surface (18). Thus, the 

: evidence favoring the radical-cation coupling reaction is strong. 
I In general then, the electropolyrnerization reaction for a mole- 

cule can be summarized by eqs. [[]-[4]. Equations []]-[3] 
describe the step by step electropolyrnerization reaction of a 
monomer RH2, while eq. [4] represents the overall electropoly- 
merization reaction. Note that the electropolyrnerization reac- 
tion proceeds via an intermediate dihydro-oligomer dication, 
which then loses two protons to form the neutral oligomer. 

- 2H+ 
[2] 2 ~ H i '  -+ [ H ~ R - R H ~ ] ~ +  HR-RH 

- 
- e 

[3] HR-RH [HR-RH]" 

- 2H' 
HR-R-RH 

Street et al. (21) have observed that during the electropoly- 
merization reaction, the pH of the solution becomes increasingly 

I acidic, consistent with the elimination of protons during electro- 
polymerization. The actual value of X is unknown, although 
recent tritium labelling studies (19) of poly-3,4-dimethylpyrrole- 
C104 indicate that X - 750, which corresponds to a molecular 
weight of =I00 000. However, Street et al. (19) have con- 
cluded that polypyrrole has a wide range of chain lengths, 
including some short-chained oligomers; therefore, such con- 
versions may not be applicable in the usual way. 

Structure-reactivity correlation 
Due to the insolubility and the poorly crystalline nature of 

conducting polymers, characterization of their structure and 
physical properties has represented a considerable challenge. 
For example, solid state CMAS (13C magic angle spinning) nmr 
studies of polyazulene-BF4 films give rise to a single, broad- 
line resonance in the aromatic region, which only provides 
evidence for its ring integrity but no evidence for the linkage 
pattern of the monomer units in the polymer film (20). Much 
progress in the structural characterization of polypyrroles has 
been made, but the body of evidence comes primarily from a 
variety of indirect measurements, again due to its poorly crystal- 
line structure (21). However, since vastly different aromatic 
molecules (Table 1) representing different classes of compounds 
have been found to electropolymerize and, moreover, since their 
anodic oxidation pathways are remarkably consistent, it would 
not be surprising if the polymer films were formed by a univer- 
sal polymerization mechanism. Knowledge of this mechanism 
would decidedly assist characterization efforts, since a hypo- 
thetical polymer structure could be predicted. Accordingly, we 
have studied ( 13, 23) the electropolyrnerization reaction path- 
way by investigating: (a) the electronic structures of radical 
cations; and (b) the effect of substituents on the electropolymer- 
ization reaction. For this purpose, we will take advantage of a 
known (16) correlation between reactivity and the unpaired 
electron density of R+', in particular with its degree of localiza- 
tion at a specific site. The electropolyrnerization reaction of 
pyrrole will be used as an illustrative example; however, all of 
the molecules listed in Table 1 follow an analogous reaction 
pathway. 

The electrooxidation of pyrrole gives rise to polypyrrole in 
which the monomer units are linked primarily via their a , a l -  
positions (2). This hypothesis has been supportzd primarily by 
the failure of 2-substituted pyrroles to electropolymerize (2). 
Furthermore, oxidative degradation studies of chemically syn- 
thesized polypyrrole (25) yielded primarily 2,5-disubstituted 
products. Nuclear magnetic resonance studies (26) also suggest 
primarily a,al-linked polypyrrole, although more recent 
XPS (X-ray photoemission spectroscopy) studies (27) show 
that as many as one out of three pyrrole rings is affected by 
structural disorder, part of which may be attributed to non-a,a1- 
linkages. Nevertheless, for a "simple" structure such as pyr- 
role, the gross structural features of its polymer can be 
predicted from the symmetry and reactivity of the pyrrole 
monomer. In fact, it has been suggested that the susceptibility 
of a given molecule towards electrophilic substitution is a 
valid reactivity index in determining the overall polymer link- 
age sites (22). Thus, polypyrrole can be expected to be (ideally) 
a , a l  linked, based upon the high selectivity of pyrrole to 
undergo electrophilic substitution at the a-positions. How- 
ever, because electropolyrnerization proceeds via radical-cation 
coupling reactions, R+'  is the key intermediate species and, 
accordingly, its reactivity parameters are the pertinent ones. 
Moreover, as the electropolymerization reaction proceeds, oligo- 
meric radical cations, which undergo radical coupling with 
other R+' molecules, are produced at the electrode surface. As 
the oligomeric radical cations become larger in chain length, 
they become easier to electrooxidize (16, 17), and they become 
less reactive (23). However, electropolyrnerization is sustained 
because reactive monomer radical cations, which react with the 
oligomeric radical cations, are continuously produced. The site 
of radical coupling of R+' to the oligomeric radical cation will 
depend upon the unpaired electron distribution in the oligomeric 
radical cation, which could be different from that of the mono- 
meric R+'. Depending upon the unpaired electron distribution, 
nonregular linkages may occur. Thus, consideration of only the 
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TABLE 2. The T-electron density and the unpaired electron density of neutral and radical cation monomers, respec- 
tively, and their idealized polymer structures 

Compound 

0 246 

0 064 

0 404 

Reference 32 Relerence 33 Relerence41 

0 0053 00172 

-0 0129 

040 1735 

Relerence 28 ( Relerence2 12 

1 1 Reference 29 Relerence 34 Relerence 4 1 Relerence4 I 

1 860 

-- 

I I Relerence 35 Relerence 36. 37 ( Relerence 14 Relerence5. 14 I 

n-Electron 
Densbty 

-- 

Pr~mary Efeclroph~l!c 
Reactwe Slle(s) 

Unpa~red Electron Denslly 
o f  Radlcal Calton 

(JooOc 
H 

1713 -0 0084 

Relerence 29 1 Reference 30 Relerence 23 

unpaired electron distribution of monomeric R+ '  would allow, 
at best, extrapolation to a polymer structure whose linkage sites 
are the same as the reactive sites of the monomer radical cation 
R+', i.e., an idealized polymer structure. These considerations 
are summarized in Table 2. Again, focussing on pyrrole as the 
illustrative example, it can be seen from Table 2 that the 
a-positions of the neutral monomer have the highest a-electron 
density, and accordingly, would be reactive in these positions. 
Thus, the primary electrophilic reactive sites are the a-positions 
(30). Consideration of the pyrrole radical cation also reveals that 
the positions of highest unpaired electron distribution are the 
very same a-positions, and thus, point to a,al-linked polypyr- 
role. The other molecules shown in Table 2 reveal similar 
behavior. Thus, in general, the ideal polymer structure can be 
gleaned from either of the above considerations. However, 
because chain propagation does in fact depend upon R+ '  and its 
oligomeric radical cations, departure from such an ideal struc- 
ture based on the reactivity pattern of the monomer would not be 
unexpected. Thus, again utilizing the electropolymerization 
reaction of pyrrole as an illustrative example, we have applied 
INDO (intermediate neglect of differential overlap) (24) mo- 
lecular orbital calculations to its various oligomeric radical 
cations, which occur intermediately in the electropolymeriza- 
tion reaction of pyrrole, to determine the trends in their reac- 
tivities and any differences which may occur in the reactivity 
pattern of oligomeric radical cations from their monomer radical 
cations. Therefore, we may determine the most probable linkage 
sites of the monomer units in the polymer. 

Ideal Polymer Struclure 

0 893 0.014 
1.020 0154 

0 925 0.041 

Reference 38 Relerence 39 Relerence 40 

The electrooxidation of monomeric pyrrole at an electrode 
surface gives rise to a delocalized radical cation. Our (23) INDO 
molecular orbital calculations reveal that, as expected, the 
delocalized pyrrole monomer radical cation 1 has the highest 
unpaired electron density at its equivalent a-positions (Fig. 2). 
Thus, among the resonance forms 2-4 shown, 3 is the most 

Relerence 20 

important. Accordingly, when two monomeric pyrrole radical 
cations dimerize, radical coupling can be expected to occur 
at the a-positions. Indeed, dimerization to the dihydrodimer 
dication 5 proceeds with great facility, followed by loss of two 
protons to yield the neutral 2,2' dimer 6. The driving force for 
deprotonation among other things is stabilization by return to 
aromaticity. 

The E(CE), reaction at the anode surface continues with the 
electrooxidation of the dimer 6 to its radical cation 7. Since the 
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80 CAN. 1. CHEM. VOL. 64, 1986 

FIG. 2. ( a )  The numbering scheme for pyrrole oligomers and (b) 
open shell INDO molecular orbital calculations of the unpaired elec- 
tron distribution of pyrrole, coplanar anti 2,2'-bipyrrole, and 
2,2': 5',2-terpyrrole radical cations. 

loss of an electron is now accommodated by two mono- 
mer units, the oxidation potential of 6 is lower than 
that of the monomer and should therefore be readily elec- 
trooxidized at the applied voltage (i.e., the voltage needed 
to electrooxidize the monomer), provided that it is not severely 

I twisted (16). An example is given in Fig. 1. The un- 

I paired electron distribution of the coplanar anti form 7 is 
given in Fig. 2. As was the case with the monomer radical 

I cation, the highest unpaired electron density remains at the 
I a-positions, namely the 5,5'-positions. However, because the 
I unpaired electron is now distributed over two monomer units, 

delocalization dilutes the unpaired electron density (i.e., reac- 

I 
tivity) of the u-positions in the dimer. Conversely, the P-posi- 
tions have acquired more unpaired electron density, indicative 
of a different type of spin distribution in the dimer radical 
cation. A resulting consequence is stabilization and thus de- 
creased reactivity of 7 in comparison with 1. This may well 
account for the difficulty found in producing thick, continuous, 
free-standing polypyrrole films from the electrooxidation of 
either 2,2'-bipyrrole or 2,2': 5',2"-terpyrrole (17), although it is 
reported to be possible (21). 

Among the resonance forms shown for the dimer radical 
cation, INDO calculations (Fig. 2) predict 9 to be the predomi- 
nant structure. The dimer radical cation can, therefore, be 
expected to continue to react primarily via the a-positions. 

Thus, at this stage of the electropolymerization reaction, the 
surplus of monomer radical cations 3 at the electrode surface 
assures further predominance of a,al-coupling, to yield the 
dihydrotrimer dication 11 that, upon deprotonation, forms the 
neutral trimer, i.e., 2,2': 5',2"-terpyrrole 12. Subsequent elec- 
trooxidation yields the radical cation 13, for which the unpaired 

electron distribution predicted by the INDO calculations is 
given in Fig. 2. The radical cation 13 in its coplanar anti 
configuration is predicted to be well delocalized, with much of 
the unpaired electron density residing at the 2',5'-,5,5"-, and 
3,3"-positions. It is interesting to note that here the a-positions, 
namely the 5,5"-positions, are no longer the positions with the 
highest unpaired electron density. They are comparable in the 
magnitude of their unpaired electron densities to those predicted 
for the 2',5'- and 3,3"-positions. The 2',5'-positions should be 
sterically inaccessible to monomer radical-cation attack. Con- 
versely, the 5,5"-positions can be easily attacked by the mono- 
mer radical cations, thereby propagating a , a l  linkages still 
further. The 3- or 3"-positions, i.e., the P-positions, are some- 
what sterically hindered and, therefore, a monomer radical 
cation would have to couple with the trimer radical cation in a 
nonplanar configuration. Thus, our INDO calculations predict 
that monomer radical cations could in principle undergo radical 
coupling reactions at either the 5,5"-positions (i.e., a-positions) 
or the 3,3"-positions (i.e., P-positions) of these oligomeric 
radical cations. The above conclusion is valid only if the 
criterion for reaction is the unpaired electron density. However, 
because the P-position is somewhat sterically inaccessible, a 
coupling should continue to predominate. Nevertheless, the 
INDO calculations reveal an important trend, namely, that as 
oligomerization proceeds from monomer to dimer to trimer 
radical cations, the unpaired electron distribution pattern does 
indeed differ from that of the monomer radical cation. Extra- 
polation of this trend suggests that as the oligomer progressively 
increases in chain length, the extensive T delocalization which 
sets in will delocalize the unpaired electron over the entire 
oligomer, such that further radical coupling would not be 
overwhelmingly favored at any single position. If the INDO 
results are taken literally, nonregular linkages would be much 
more prevalent in polypyrrole than previously appreciated, and 
the simple picture of a regularly a,al-bonded polypyrrole 
would thus be grossly incomplete. Indeed, XPS studies of 
polypyrrole by Street et al. (27) reveal that as many as one in 
three pyrrole rings is affected by some kind of structural 
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disorder. This may include nonregular linkages. For example, the best polymer films are prepared from thiophene, 2,2'-bithio- 
the poor crystallinity of polypyrrole (27) could in part be phene, and 3-methylthiophene. These thin films, when sup- 
explained in terms of P linkages. Thus, P,Pr-dimethylpyrrole, ported by an electrode surface, display electroactive and elec- 
which has both P-positions blocked with methyl groups, should trochromic properties (12, 13). The peak oxidation potential 
contain none or few p linkages, and indeed yields a much more (Epa )  of polythiophene-BF4 occurs at + 1.0 V. The cyclic vol- 
crystalline polymer (27). tammogram of a 1-km thick film has a peak width at half height 

If this concept is extrapolated to a more "complex" monomer (PWHH) of 21300-350 mV. Polythiophene films derived from 
I such as pyrene (see below), which has potentially many more 2,2-bithiophene also have an E,, of + 1.0 V, as may be ex- 
I reactive positions, then nonregular bonding can be expected to pected. However, its cyclic voltammogram reveals a much 

occur more frequently. sharper oxidation peak with a PWHH of -90 mV for a 1-km 
I 
I 

thick film. This is most probably due to the more regularly 
1 111. Substituent effects cw,cwt-linked monomer units in the dimer derived polymer film, 

The stoichiometric electropolymerization reaction de- and the much lower degree of hydrogen saturation of the dimer 
I scribed above is not limited to the unsubstituted parent derived film (Table 4), which may preserve the regularity of the 

molecules (R). Rather, some substituted forms thereof undergo polymer film to a higher degree than the monomer derived film. 
electropolymerization, provided that the substituent does not This hypothesis is consistent with a more homogeneous, i.e., 
dramatically affect the reactivity of the molecule. As stated more regularly cw,cwl-linked polymer film. A more uniform 
previously in the introduction, substituents can influence the distribution of polymer chains can be expected to yield a much 
electropolymerization reaction by either a steric effect or an sharper peak. 
electronic effect. They can also cause changes in the overall With the introduction of a P-methyl substituent, the polymer 
properties of the polymer film. These aspects will now be con- film is much more easily oxidized. A cyclic voltammogram of 
sidered for a group of monomers that electropolymerize, and poly-3-methylthiophene shows similar features (Fig. 3): The 
which exhibit such a substituent effect. presence of P-methyl substituent shifts the E,, by ca. 300 mV 

cathodic of the E,: of the unsubstituted polymer film, and is 
a .  Polythiophene therefore electroactive in a region considerably less anodic than 

1 .  Electrochemical data polythiophene. Also, the PWHH for a 1-krn thick film of 
Cyclic voltammetric data for thiophene and some 3-substituted poly-3-methylthiophene is -200 mV, considerably sharper than 

thiophenes are summarized in Table 3. In general, the reactions the parent polythiophene, although still not as sharp as the film 
which produce polymer films have n values between 2 and derived from the 2,2' dimer. Thus, we find that polythiophene 
2.7. These include thiophene, 3-methyl-, 3-bromo-, 3-iodothio- films, when appropriately substituted, are electroactive in dif- 
phene, and thiophene-3-acetonitrile (Table 3). Among these, ferent regions of the electrochemical voltage scale. 

a-attack u H 
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CAN. 1. CHEM. VOL. 64, 1986 

TABLE 3. Cyclic voltammetric data for thiophenes: monomer concentration 8.9-23.0 kmol 
cm-3 in 0.1 M TEAFB/CH3CN with sweep rate 40 mV s-I (ref. 13) 

- - - -- 

Monomer 
Polymer 

Compound 
EP, 
(V) (A cm s'I2 mol-' v-'I2 1 11 

Thiophene 
3-Methylthiophene 
3-Iodothiophene 
3-Bromothiophene 
3-Thiopheneacetonitrile 
3-Thiophenecarboxy lic acid 
3-Cyanothiophene 
3-Nitrothiophene 

TABLE 4. The elemental composition and electrical conductivity of some polythiophene 
films: f = film; p = pressed polymer 

Compound Elemental composition a (S/cm) Reference 

Thiophene C4.0H3.3So.~(BF4)o.07 
C4H2S(C104)0.30 
C4H2S(BF4)0.30 
C4H2S(CF3S03)0.30 
C4.0H2.0S0.98(BF4)0.05 
C ~ . O H ~ . O S O . ~ ~ ( C ~ ~ ~ ) O .  13 

2,2'-Bithiophene C ~ . O H ~ . I S I . O ( H S ~ ~ ) O . I ~  

The electropolymerization of 3-thiopheneacetonitrile, and of 
3-bromo- and 3,4-dibromothiophene is accompanied by much 
discoloration of the acetonitrile solution. This suggests that 
significant amounts of soluble products are produced simulta- 
neously with the film-forming reaction. Polymer films are not 
obtained from 3-thiophene carboxylic acid and 3-cyano- and 
3-nitrothiophenes. Thus, not all of the thiophene monomers 
electrooxidize to produce films. However, for those that do, a 
plot of the E,, monomer versus E,, polymer yields a structure- 
property correlation between thiophene monomers and their 
respective polymers (12). In particular, a linear correlation is 
obtained (Fig. 4), suggesting that the P-substituted monomers 
and their respective polymers are made up of a related system of 
n electrons, consistent with the fact that polythiophenes ought 
to consist primarily of a,al-linked monomer units. 

2 .  Hammett correlation and electropolymerization 
In Fig. 5, the E,, of some 3-substituted thiophenes are plotted 

against their respective Hammett substituent constants (a+', 
according to Brown and Okamoto, see ref. 42). While E O  

should be used for this treatment, only the E,, values are 
available for these irreversible reactions. However, we have 
shown (43) recently that the E,, values are close to the E O  values 
within a regular series of substituted fluorenes which electro- 
polymerize. Thus, by analogy, the E,, values of irreversible 
systems such as thiophenes must be close to, or linearly related 
to E O  within a regular series. Accordingly, the shift in the E,, 
values of the series of P-substituted thiophenes is dependent on 

three parameters, namely their polar, steric, and mesomeric 
effects (44). This behavior can be described by the usual 
Hammett-Taft equation: 

where p,,u+' describes the polar-mesomeric effects, and S 
accounts for the steric factor (44). From these considerations, 
Fig. 5 allows three conclusions to be drawn. First of all, the 
straight line fit with a slope of m = 0.80 indicates that all of the 
monomers electrooxidize by the removal of a n electron from 
the thiophene ring. Secondly, the positive sign for the substitu- 
ent constant p,, reveals that as the substituents take on more 
electrophilic character, the oxidation of the corresponding thio- 
phene monomers proceeds with more difficulty. Finally, the 
steric term S appears to be minimal for the electrooxidation 
reaction of the thiophene monomers. Therefore, the primary 
effect exerted by the P-substituents is electronic and described 
by the p,,u+' term. Thus, it appears that there is an optimum 
reactivity of the radical-cation intermediate which favors radical- 
cation coupling in the follow-up reaction to yield polymeric 
films. In this case, polymer films are obtained from thiophene, 
3-methyl-, 3-bromo-, and 3-iodothiophenes. However, thick, 
free-standing conducting films are obtained only from the parent 
and methyl-substituted thiophene monomers (13). 3-Bromo- 
and 3-iodothiophene yield poorly conducting thin films. 3-Thio- 
phenecarboxylic acid and 3-cyano- and 3-nitrothiophene yield 
no polymer films. Several reasons may be attributed to this 
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FIG. 3. Cyclic voltammograms of poly-I-rne'thylthiophene-BF4 (top figure) and polythiophene-BF4 (bottom figure), in 0.1 M TEAFB/CH3CN 
containing no other electroactive species. 

FIG. 4. Peak oxidation potential of thiophene monomers versus 
their respective polymers in 0.1 M TEAFB/CH3CN. 

lifetime favors rapid reaction with solvent or anions to form 
soluble products, rather than to electropolymerize. 

While steric effects do not appear to play any significant 
role in the electrooxidation of the monomer, their subsequent 
follow-up reactions (such as electropolymerization) may be 
more susceptible to steric effects that, therefore, may well play a 
role in deciding whether the electropolymerization reaction can 
compete favorably with other accessible follow-up reactions, 
such as dimerization or capture by solvent. This may explain the 
overall inferior quality of the polymer films derived from 
3-bromo- and 3-iodothiophenes, since their oxidation potential 
is not much different from the parent, and since halogens do not 
usually exert a strong electronic substituent effect. It is, how- 
ever, interesting to note that while a 3-methyl substituent allows 
facile electropolymerization, a less bulky 3-cyano substituent 
altogether suppresses electropolymerization. Again, this is con- 
sistent with the interpretation of electronically induced substitu- 
ent effects. 

Thiophenes in which the 2-position is substituted do not 
electropolymerize, presumably due to blockage of the reactive 
a-position. 

finding. One interpretation postulates that the stability (or 3.  Polymer composition and electrical conductivity 
reactivity) of these monomers is affected by the P-substituents. The electrical conductivities of variously substituted poly- 
As the reactivity of the radical cation increases, as reflected in thiophene films are summarized in Table 4. Their elemental 
their increasing oxidation potentials (Fig. 5), the more reactive analyses reveal that the basic monomer units are preserved in the 
they become. Thus, strongly electron-withdrawing groups de- polymer films, and that their level of oxidation varies from 
stabilize the radical-cation intermediate such that its decreased ~ 0 . 0 5  to 0.30. In general, polythiophenes have electrical 
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CAN. I. CHEM. VOL. 64, 1986 

TABLE 5. The oxidation potential, oxidation level, and electrical con- 
ductivity of N-alkyl substituted pyrroles and polypyrroles. Data taken 

from Diaz et al.  (48) 

,,ti 

FIG. 5. Electrochemical peak oxidation potential of thiophene 
monomers versus their respective Hammett substituent constants. The 
monomers enclosed within the square electropolymerize. 

conductivities between lop2  and 20 S/cm, depending on the 
growth conditions (Table 4) and the counteranion that is incor- 
porated into the polymer film. These values strongly depend on 
the exact nature of the polymerization conditions, which ex- 
plains the variances that are observed in the electrical conduc- 
tivity and film quality of polythiophene films (Table 4). Despite 
these shortcomings, the agreement is generally good. Compari- 
sons with derivatized polythiophene films reveal that, in gen- 
eral, the addition of a 3-methyl substituent enhances the electrical 
conductivity of polythiophene by a factor of =lo- 1000 (Table 
4). Thus, we see a case in which the electrical conductivity of a 
parent polymer is actually improved by the addition of a 
substituent. For polymer films derived from 3,4-dimethylthio- 
phene (27, 45), the results are less definitive. In one case, 
pressed films of poly-3,4-dimethylthiophene-CF3S03 exhibit 
conductivities as high as SOS/cm (45). On the other hand, 
free-standing films derived from perchlorate anions (27) exhibit 
conductivities of lop3 S/cm. 

Hotta et al. (46) have shown that the preparation temperature 
of polythiophene films has a significant effect on the polymer 
film properties. In particular, films that were prepared at lower 
temperatures were consistently higher in their electrical con- 
ductivity than those prepared at room temperature. This was 
especially prominent for polythiophene-SO4 films, whose elec- 
trical conductivity was higher by a factor of - lo3 when prepared 
at 5°C compared with room temperature (46). Films prepared at 
the lower temperatures were also found to be more dense and 
tougher than their room temperature counterparts (46). 

b. Poly-1 -substituted pyrroles 
I .  Poly-n-alkylpyrroles 
Another example in which substituents give rise to modifica- 

tions in polymer film properties comes from 1 -alkyl-substituted 
pyrroles (48). These data are summarized in Table 5. In par- 
ticular, the electrical conductivity of the 1-alkyl-substituted 
pyrroles decreases with increasing size of the alkyl substituent 
(48). Thus, while polypyrrole films have an electrical conduc- 

E,, (monomer) Oxidation level u 
N-alkyl Group (v) of polymer (S/cm) 

tivity of 100 S/cm, poly-1-methylpyrrole has a conductivity of 
S/cm, and poly-1-isobutylpyrrole lop5 S/cm. Also, the 

level of oxidation in the polymer films shows a decreasing trend 
with increasing size of the substituent (Table 5). The quality and 
yield of the polymer films also become poor with the larger alkyl 
substituents. From these results, it was concluded that the alkyl 
substituents alter the polymer film properties solely via a steric 
effect (48). 

2. Poly-p-substituted n-phenylpyrrole 
The substituent effects exerted by p-substituted n-phenyl- 

pyrroles are much more subtle than 1-substituted pyrroles since 
the electronic substituent effect is first transmitted through a 
phenyl ring before the pyrrole structure is affected. Further- 
more, if the phenyl ring is twisted relative to the pyrrole moiety, 
the substituent effect is further diluted. Thus, the substituent 
effect is expected to be rather modest, and this is indeed the case 
(49). Salmon et al. (49) have plotted the E,, of a variety of 
p-substituted n-phenylpyrroles versus their respective substitu- 
ent constants, and obtained a straight line of slope m = 0.16, 
much less than that obtained for the 3-substituted thiophenes 
(m = 0.80) discussed previously. They have also obtained a 
straight line plot (m = 0.18) from a plot of the E of poly-p- 
substituted n-phenylpyrroles as a function of o i r ~ r o m  these 
data, they have concluded that substituents affect the p-substi- 
tuted n-phenylpyrroles and their respective polymers similarly 
(49). 

The assertion may be further verified if a plot of the E,, 
values of the monomers against their respective polymers yields 
a linear correlation. Such a plot has been constructed in Fig. 6, 
utilizing the data of Salmon et al. (49). A least-squares fit 
yields approximately a straight-line fit, albeit a correlation co- 
efficient of only 0.77. However, this serves to substantiate the 
structure-property correlation between monomers and their 
respective polymers, as discussed previously with poly-3-sub- 
stituted thiophenes. 

c. Polyindole 
I .  Electrochemical data 
Cyclic voltammetric data for indole and some 5-substituted 

indoles are summarized in Table 6 (4). In general, the film- 
forming reactions have n values of approximately 2, as do the 
thiophenes (Sect. IIIa). These values are consistent with the n 
values obtained from elemental analysis (see below) and con- 
stant potential electrolysis. The constant potential electrooxida- 
tion of indole itself produces a light-green colored solution, and 
a green-black polymer film is deposited at the electrode surface. 
Among the substituted indoles that electropolymerize (Table 6), 
5-cyanoindole and indole-5-carboxylic acid produce the best 
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TABLE 6. Cyclic voltammetric data of 0.5-2.0 pmo1/cm3 of indole and 5-substituted 
indole monomers in 0. I M tetrabutylammonium perchlorate - acetonitrile versus NaSCE 

%a ~ / A c v ' / ~  Polymer film 
Compound (V) ( A ~ m s " ~ m o l - ' ~ - " ~ )  11 formation 

Indole 
5-Aminoindole 
5-Hydroxyindole 
5-Methoxylindole 
5-Methylindole 
5-Bromoindole 
5-Chloroindole 
5-Fluoroindole 
5-Indole carboxylic acid 
5-Cyanoindole 
5-Nitroindole 

0.6 0.7 0.8 0.9 
Epa Polymer ( V )  

FIG. 6. Peak oxidation potential of p-substituted N-phenylpyrrole 
monomers versus their respective polymers, constructed from the data 
of Salmon et al. (49). 

films. The relative yields are 0.6,0.5,  and 0.4 mol/F (F = fara- 
day) for indole-5-carboxylic acid, 5-cyanoindole, and indole, 
respectively. 

From the electrooxidation of a wide variety of substituted 
indoles, it was found (4) that polymers can be obtained when 
substituents are present on the benzene ring, but not when they 
are present on the five-membered ring of indole. These included 
bulky substituents, such as with 5-chloro- or 5-bromoindole. 
Thus, these data suggested that the linkage sites of the monomer 

I units in polyindole occur away from the benzene ring, namely at 
, the five-membered ring of indole. Therefore, substituents on the 

benzene ring should have only an electronic but not a steric 
influence on the reactive radical cation. 

2. Hammett correlation and electropolymerization 
In Fig. 7, the E,, of some 5-substituted indoles plotted against 

their respective Hammett substituent constants are shown. As 
observed previously for the thiophenes (Sect. IIIa), a linear 
correlation is obtained. Thus, electrooxidation of 5-substituted 
indoles results in a .rr-delocalized radical cation. The linear 
correlation also suggests that steric effects (see eq. [5]) are not 
important in the electrooxidation step. The slope obtained for 
the indole series is m = 0.56, smaller than that found previously 

for the thiophene series (m = 0.80). This indicates a less- 
pronounced substituent effect for the indole series, which can be 
accounted for in terms of its much larger T-structure, as well as 
to the fact that the substituents are further removed from the 
reactive sites, i.e., on an adjacent benzene ring. 

Among the 5-substituted indoles, electropolymerization is 
observed when they are substituted with electron-withdrawing 
groups, and not with electron-donating groups (Fig. 7). The 
exceptions are the strongly destabilizing nitro substituent, and 
the weakly donating fluorene substituent. Since the 5-substitu- 
ents exert only an electronic effect, inspection of Fig. 7 suggests 
that there is an optimum region in which the reactivity of the 
indole radical cation is well suited for the radical-cation coupling 
reaction, i.e., electropolymerization. Appropriate substituents 
can push indole in or out of this optimum region. Thus, with the 
more strongly electron-donating substituents such as a methyl or 
methoxy, the indole radical-cation intermediate becomes suffi- 
ciently stabilized to diffuse away from the electrode surface 
during its increased lifetime. The previously postulated ten- 
dency of the radical cations to undergo coupling reactions (Sect. 
11) would thus become reduced in favor of reactions in which 
the radical-cation intermediates would be captured by nucleo- 
philes or solvent outside of the electrode surface region. Con- 
versely, electron-withdrawing substituents up to the cyano 
group do not push the indole radical cation out of its optimum 
reactivity range (with respect to radical-cation coupling), and 

wa 

0.60 

0.40 

- NH/ 

- 

- /* - 

I I I I I I I I I  
- 1.6 -1 .4  -1.2 -1.0 -0 .8  -0 .6  -0 .4  -0.2 0 0.2 0.4 0.6 0.8 1.0 

at' 

FIG. 7. Electrochemical peak oxidation potential of indole mono- 
mers versus their respective Hammett substituent constants. The 
monomers enclosed within the square electropolymerize. 
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TABLE 7. Open shell INDO molecular orbital calculations of the unpaired electron densities of some 5-substituted indole 
monomer radical cations (ref. 4) 

X 

thus electropolymerization is still possible. This behavior is 
opposite to that observed with the thiophenes (Sect. IIIa), 
whereby electropolymerization is suppressed by electron-with- 
drawing substituents, but not with a donating methyl group. 
This comparison serves to illustrate that, because the intrinsic 
stability of radical cations varies according to their structure, 
substituent effects need not follow the same pattern. 

3. Electronic structure of 5-substituted indoles: 
an INDO study 

In order to qualitatively investigate the "push-pull" effect of 
substituents on the indole moiety, open-shell INDO (24) calcu- 
lations were performed. These results are summarized in Table 
7. The indole radical cation is characterized by high unpaired 
electron densities at the 1- and 3-positions of the five-membered 
ring. The unpaired electron densities in the adjacent benzene 
ring are comparatively low. Thus, delocalization into the 
benzo-moiety of indole does not seem to be attractive, possibly 
because such resonance structures would require a loss of 
aromaticity of the six-membered ring. The indole radical cation 
can accordingly be represented via the resonance structures as 
shown below. The high unpaired electron density at the 1- and 
3-positions identify these as the reactive sites, and also suggest 
that the monomer linkages in the polymer do occur in these same 

positions, at least in an idealized structure for polyindole (Sect. 
11, Table 2). 

Since the INDO calculations (Table 7) reveal that the unpaired 
electron density in indole is primarily localized in the five- 
membered ring, the electronic push-pull effects exerted by the 
5-substituents can be expected to be mild. This appears to be the 
case indeed. The electronic structure of indole with a strongly 
destabilizing group such as cyano is similar to the parent. 
5-Cyanoindole would therefore be expected to electropolymer- 
ize,-and does so (4). The exception is -nitroindole, which does 
not electropolymerize even though its unpaired electron distri- 
bution is not too different from indole itself. It is important to 

emphasize here that the value of the INDO calculations comes 
from evaluating the trends which result from substitution, rathe~ 
than from evaluating the data in any quantitative manner. In this 
way, some insights into the aptitude of any given molecule tc 
electropolymerize, and its reactive sites, may be ascertained. 

The trend, which is observed in the indole radical cation 
when substituted with increasingly electron-donating substit- 
uents, is one of decreasing unpaired electron density in the 
five-membered ring, concomitant with an increase in the un- 
paired electron density in the benzene ring. With Saminoindole, 
most of the unpaired electron is localized on the substituent 
nitrogen atom. Because of the decreasing reactivity at the 1 - and 
3-positions, radical-cation coupling becomes less likely as the 
substituent becomes more electron donating. This is indeed 
observed experimentally, where 5-methyl-, 5-methoxy-, 5- 
hydroxy-, and 5-aminoindole are found not to electropolymer- 
ize (Fig. 7). These findings establish two very important results: 
First, R+' can undergo a variety of reaction pathways, depend- 
ing upon its intrinsic stability. When R+' is relatively stable, 
it can diffuse away from the electrode surface and undergo 
reactions to form soluble products. If R+' is a highly unstable 
radical-cationic species, it can rapidly undergo indiscriminate 
reactions with either the solvent or anions to yield soluble 
products. In between these two stability extremes, R+' can 
;ndergo electropolymerization. These findings also.imply the 
possibility of electropolymerization of a substituted monomer 
that would otherwise not have electropolymerized in its unsub- 
stituted form. Secondly, these data indicate that substituents, 
even when removed from the reactive position such that steric 
effects are unimportant, nevertheless can suppress the electro- 
polymerization reaction by electronic effects. 

TABLE 8. Elemental composition and electrical conductivity of 
pressed films of polyindole and polythianaphthene 

Compound Elemental composition (ohm cm)- 

Indole C8.~H6. 13N0.98(~104)0.34 0.020 
Indole-5-carboxylic acid C9.~H6.60N1.02(C104)0.25 0.024 
5-Cy anoindole Cg.oH5.rlN1.94(C104)0.23 0.014 
Thianaphthene C S . O H ~ . ~ ~ S O . ~ ~ ( C ~ O ~ ) O .  16 0.008 
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TABLE 9. Cyclic voltammetric data for azulene and some azulene derivatives 

4, i/ACvl" Polymer 
Compound (V) (A cm s'I2 mol-' v-"*) n film 

Azulene 0.96 2855 2.1 + 
4,6,8-Trimethylazulene 0.90 1048 1.1 + 
Guaiazulene 0.73 949 1 . O  - 

1-tert-Butylazulene 0.91 1644 1.5 - 
1,3-di-tert-Butylazulene 0.85 1112 1.1 - 

4,6,8-Trimethyl-1-azulenealdehyde 1.26 880 1 .O  - 

NOTE: + indicates polymer formation. 

4. Polymer composition and electrical composition d. Polyazulene 
The elemental analvses and electrical conductivities of some I. Electrochemical data 

substituted polyindoles are summarized in Table 8 .  Their ele- 
mental analysis reveals that the basic monomer unit and substit- 
uent are preserved in the polymer films. Their level of oxidation 
varies from 0.23 to 0.34. Polyindoles are poorly electrically 
conducting, as seen in Table 8. Their conductivities are between 
lo-' and lop4  S/cm. These data establish that a high uptake of 
counteranions does not necessarily give rise to highly conduct- 
ing polymers (Table 1). 

Cyclic voltammetric data for azulene and some 1-substituted 
azulenes are summarized in Table 9. All of the monomers 
electrooxidize irreversibly, except for 1,3-di- tert-butylazulene, 
which exhibits a reversible redox reaction. Among the mono- 
mers shown in Table 9 ,  electropolymerization is observed only 
for azulene and 4,6,8-trimethylazulene. 1-Substituted azulenes 
do not electropolymerize, but instead form soluble products. 
These reactions are characterized by n values of = 1, which is 
indicative of the formation of dimeric products (50). The forma- 
tion of these dimers can be observed via cyclic voltammetry 
utilizing rapid sweep rates. For example, successive sweeps in 
the cyclic voltammogram of monomeric guaiazulene (Fig. 8) 
reveal the formation of 3,3'-biguaiazulene, which exhibits a 
two-wave reversible redox couple. These new peaks are in good 
agreement with the cyclic voltammogram of authentic 3,3'- 
biguaiazulene (Fig. 8). These data suggest that the equivalent 1- 
and 3-positions of azulene are important for electropolymeriza- 
tion. When the 1-position of azulene is blocked with a substit- 
uent, only dimeization occurs upon electrooxidation. This 
finding is consistent with the electronic structure of the azulene 
radical cation (40), which reveals that the positions of highest 
unpaired electron density occur at the equivalent 1- and 3-posi- 
tions. These data identify them as the reactive positions, and 
also suggest that, in the idealized structure of polyazulene 
(Table 2), the monomer linkages in the polymer do occur in 
these same positions (Fig. 9). Thus, 1-substituents on azulene 
sterically hinder the electropolymerization reaction, much as 
2-substituents block the electropolymerization reaction of pyr- 
role (2) or thiophene (1 2). 

e. Polyjuorene 
I. Electrochemical data 
Cyclic voltammetric data for fluorene and some 1-substituted 

fluorenes are summarized in Table 10. As shown, the monomers 
that electropolymerize have n values in excess of 2.0. These 
include fluorene, and 1-methyl- and 1-methoxyfluorene. 

2.  Hammett correlation and electropolymerization 
The E,, values of some 1-substituted fluorenes plotted against 

their respective Hammett substituent constants are shown in 
Fig. 10. As seen previously with the thiophene series (Sect. 

t I l l ~ ~ ~ l l l ~ ~ ~  IIIa) and the indole series (Sect. IIIc), a linear correlation is 
0 0.5 1 .O obtained (Fig. 10). Thus, the electrooxidation of 1-substituted 

E (V) 
fluorenes produces a delocalized radical cation whose substitu- 
ents exert an electronic push-pull effect in a predictable man- 

FIG. 8. cyclic voltammogram in 0.1 M TEAFB/CH,CN of: ( a )  ner. The slope of the line is m = 0.18, which does not indicate 
guaiazulene, showing formation of the 3,3' dimer on the second sweep a pronounced substituent effect, at least when compared with 
(500 mV/s), and (b) the authentic 3,3'-biguaiazulene dimer. the thiophenes series (m = 0.80) or the indole series (m = 
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FIG. 9. A possible electropolymerization pathway for azulene, 

TABLE 10. Cyclic voltammetric data for 2-5 p,mol/cm3 of fluorene and I-substituted fluorenes 
in 0.1 M TEAFB/CH3CN 

E P ~  
(monomer) i /~Cv"'  Polymer 

Compound (V) (A cm s'I2 mol- ' V-'I2) n film 

Fluorene 1.86 3683 2.5 + 
I-Hydroxyfluorene 1.63 1931 1.6 - 
1 -Methoxyfluorene 1.66 379 1 2.5 + 
1-Methylfluorene 1.78 3925 2.6 + 
Fluorene- 1 -carboxylic acid 1.87 - - - 

0.56). This may be attributed to the larger 7~ structure of 
fluorene over thiophene or indole, which dilutes the substituent 
effect to a greater degree. 

Among the 1-substituted fluorenes, electropolymerization is 
observed with the fluorenes that are substituted with electron- 
donating groups. These include the 1-methoxy- and l-methyl- 
fluorenes. No electropolymerization is observed with the more 
strongly electron-donating hydroxy substituent, which stabi- 
lizes the delocalized fluorene radical cation such that electro- 
polymerization is no longer a favorable follow-up reaction. 
Instead, its increased lifetime allows it to diffuse away from the 
electrode, and react to form soluble products. With the electron- 
withdrawing carboxylic acid group, the failure to electropoly- 
merize indicates that the fluorene radical cation is sufficiently 
destabilized, and therefore very reactive. The unstable interme- 
diate is rapidly captured by solvent or anion to produce soluble 
products. 

3. Electronic structure ofjuorene: an INDO study 
INDO (24) molecular orbital calculations of the fluorene 

radical cation (51, 52) indicate that the positions of highest 
unpaired electron density occur at the equivalent 2- and 7- 
positions (Fig. 11). Thus, in the idealized structure of poly- 
fluorene, the monomer units can be expected to be primarily 
2,7 linked. The addition of substituents at the 1-position alters 
the distribution of the unpaired electron density and the stability 
of the fluorene radical cation, which in turn affects its aptitude 
to electropolymerize. With increasingly electron-donating sub- 
stituents (methyl, methoxy, hydroxy), the unpaired electron- 
density distribution is increasingly localized within the substi- 
tuted benzene ring, and the reactive 7-position becomes increas- 
ingly umeactive. As shown in Fig. 10, the electropolymeriza- 
tion cut-off point is reached at the methoxy substituent, and 
no electropolymerization is observed with fluorene substituted 
with a more electron-donating substituent such as a hydroxy. 
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-1.0 -0.6 -0.2 0.2 0.6 
u+' 

FIG. 10. Electrochemical peak oxidation potential of fluorene 
monomers versus their respective Hammett substituent constants. The 
1-substituted fluorenes enclosed within the square electropolymerize. 

FIG. 11. (a) The numbering scheme for fluorene, and (b) open shell 
INDO molecular orbital calculation of the unpaired electron density of 
the fluorene radical cation. 

TABLE 11. Elemental composition and electrical conductivity of some 
poly fluorenes (pressed polymers) 

Compound Elemental composition a (S/cm) 

I Fluorene (ClsHlo) c13 OHY 5(BF4)o 23 lo-4 
1-Methylfluorene (CI4Hl2) c14 OHIO ~ ( ~ F 4 ) o  12 lo-5 
1-Methoxyfluorene (CI,Hl20) CI4 OH12 4 0  I Y(BF4)0 16 

I 

This result stems from the decreased unpaired electron density 
at the 7-position, which prevents a 2,7 linkage of the monomer 
units to form a polymer. 

4. Polymer composition and electrical conductivity 
The elemental analyses and electrical conductivities of some 

1-substituted polyfluorenes are summarized in Table 11. Ele- 
mental analysis data indicate that the basic monomer units and 

FIG. 12. The numbering scheme for pyrene. 

substituents are preserved in the polymers and that the polymers 
are oxidized to the extent of 0.12 to 0.23 per monomer unit. The 
electrical conductivity of polyfluorenes is between and 

S /cm. 

f .  Polypyrene 
1. Electrochemical data 
Cyclic voltammetric data for pyrene (Fig. 12) and some of 

its 1-substituted derivatives are summarized in Table 12. As 
mentioned previously in Sect. 11, the electrochemically esti- 
mated n value for pyrene (n = 1.7) is lower than would 
ordinarily be expected for these film-forming reactions, i.e., 
less than 2.0. This may result from the presence of competitive 
reaction pathways which have different electrochemical stoi- 
chiometries and different products, e.g., polymer versus soluble 
products (6). Thus, the n value of 1.7 is an apparent n value 
(nap,) for the total reaction. The n value for the film-forming 
reaction (n,) is provided by the elemental composition of the 
polymer. Since nap, and n, are both known (Table l ) ,  the 
fraction of pyrene monomer which leads to polymer can be esti- 
mated. This assumes that the competing reaction is a dimeriza- 
tion reaction with n = 1, and that it is the only competing 
reaction (6). Thus, if f is the fraction of monomer which 
electropolymerizes, then (1 - f )  is the fraction that forms 
soluble species. From eq. [6], 

where n, is 2.3 1 and is the n value of polypyrene determined 
from elemental analysis, and n, is 1.0 and is the n value for 
dimerization. Thus, the fraction of pyrene monomers that gives 
rise to polymers is 0.54; i.e., approximately half of the mono- 
mers are used in the film-forming reaction. 

M n y  Soluble Product 

n& Polymer 

2. Hammett correlation and electropolymerization 
The Epa values of pyrene and some I-substituted derivatives 

plotted against their respective substituent constants are shown 
in Fig. 13. As previously observed with the thiophenes (Sect. 
IIIa), indoles (Sect. IIIc), and fluorenes (Sect. IIIe), a linear 
correlation is obtained. Thus, the electrooxidation of pyrene 
results in the removal of a .rr electron, yielding a delocalized 
radical cation. The slope of the line is m = 0.26, which, like 
1-substituted fluorenes (m = 0.18), indicates a mild substituent 
effect. Of the monomers shown in Fig. 13, all give rise to 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. I. CHEM. VOL. 64, 1986 

TABLE 12. Cyclic voltammetric data for 2-4 pmol/cm3 of pyrenes in 0.1 M TEAFB/ 
CH3CN 

E,a 
(monomer) ~ / A C V ' / ~  Polymer 

Compound (V) (A cm s"' mol-' v-'l2) n formation 

Pyrene 1.33 2033 1.7 + 
1 -Chloropyrene 1.42 1900 1.6 + 
1-Bromopyrene 1.41 1973 1.6 + 
1 -Methylpyrene 1.27 1528 1.4 + 
Pyrene-1-carboxylic acid 1.45 1790 1.5 + 
Pyrene- 1-sulfonic acid 1.82 - - - 

1 FIG. 13. Electrochemical peak oxidation potential of pyrene mono- 
I 
i mers versus their respective Harnrnett substituent constants. 

conducting polymer films. This includes the range from the 
electron-donating methyl group to the electron-withdrawing 
carboxylic acid group. Substituents outside of this range, i.e., 
those substituents which are either more electron donating than 
methyl, or more electron withdrawing than carboxylic acid, 
were not tested. 

3.  Electronic structure of pyrenes: an INDO study 
The electronic structure of the pyrene radical cation (53) is 

summarized in Fig. 14. An INDO (24) molecular orbital calcu- 
lation reveals that the positions of highest unpaired electron 
density occur at the equivalent 1-, 3-, 6-, and 8-positions. The 
high unpaired electron densities also identify these positions as 
the reactive sites, suggesting that the monomer linkages in an 
idealized polymer structure do occur in these same positions. 
Thus, the first step in the electropolymerization reaction se- 
quence (Sect. 11), i.e., dimerization, produces 1 ,11-bipyrene 
(Fig. 15). As with the monomer pyrene radical cation, the 
positions of highest unpaired electron density in the 1, l '-dimer 
occur at the 1-, 3-, 6-, and 8-positions, according to esr data (54, 
55) for the 1 ,11-bipyrene radical cation (Fig. 16). Thus, when 
l , l  '-bipyrene is electrooxidized to its radical cation, a monomer 
radical cation will attack the 1 , l  '-dimer radical cation at its 
unblocked 3-, 6-, or 8-positions, to produce a 1,11:8',1"-, 
1 ,I  ': 6', 1"- and (or) I ,11: 3',11'-trimer (Fig. 15). Extrapolation 
of the reactivity pattern suggests a polymer that is linked 
primarily via these positions, or some combination thereof. 

4. Polymer composition and electrical conductivity 
The elemental compositions and electrical conductivities of 

polypyrene and some 1-substituted polypyrenes are summa- 
rized in Table 13. These data reveal that the polymers are 

0.0109 u 0.0103 0.0094 0.0089 

-0.0072 -0.0064 

FIG. 14. Open shell INDO molecular orbital calculations of the 
unpaired electron density of some pyrene radical cations. 

oxidized to the extent of 0.06-0.31 per monomer unit. Their 
electrical conductivities are in the range of 10-'-1 S/cm, 
similar to the polyazulenes and polythiophenes. 

IV. Substituent effects on the electropolyrnerization 
reaction: competitive kinetics 

As outlined in the previous section, substituents decidedly 
influence the follow-up reaction, and therefore, the aptitude for 
the electropolymerization reaction of a molecule upon electro- 
oxidation. They occur via a steric effect, or an electronic effect. 
In the latter case, the stability of the radical-cation intermediate 
is affected, and as shown in the scheme below, the fate of Rf ' at 

polymer 

R k 1  R f  ' kd , Radical cation diffuses 

,a away from electrode * 
\ 

Nucleophilic substitution 
product 

steady state is either to react with the polymer electrode, i.e., 
electropolymerization (k,), to diffuse away from the electrode 
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FIG. 15. A possible electropolymerization pathway for pyrene. 

0.56 TABLE 13. Elemental composition and electrical conductivity of some 
polypyrenes (pressed polymers) 

Compound Elemental composition u (S/cm) 

Pyrene (C16H10) C16.0H12.0(C104)0.31 10-'-la 
1-Methylpyrene ( C I ~ H I ~ )  C17.0H12.0(BF4)0.06 
l-chloropyrene (C16H9C1) CI~.OHIO.ZC~O.~(BF~)O.O~ lo-* m "Either tetrafluoroborate or perchlorate pressed polymers. 

v 
vent or anions and electropolymerization is suppressed. In this 
case, k,([S] + [X-I) >> (k, + kd). These considerations were 
vividly illustrated by the E,,-Hammett plots of the various 

FIG. 16. Hyperfine splitting constants of pyrene and 1 , l  '-bipyrene compounds discussed above. radical cations according to the data of Cooper and Forbes (54). 

(k,), or to react with solvent (S) or anions (X-) in the vicinity of 
the electrode surface (k,) (4). Therefore, the fraction f, of R+'  
which undergoes electropolymerization is given by 

From eq. [7], we see that electropolymerization will occur when 
the stability of R+' is such that k, >> kd + k,([S] + [X-1). 
When the stability of R+' is enhanced, for example by a 
substituent, then k, becomes greater than k, + k,([S] + [X-1). 
Under these conditions, R+'  will diffuse away from the elec- 
trode to produce soluble products. The proclivity of Rf '  to 
undergo the electropolymerization reaction becomes reduced in 
favor of capture by nucleophiles or solvent. When R+'  becomes 
sufficiently unstable, it reacts indiscriminately with either sol- 

V. Technological applications 
a .  Polymer electrodes 

In the oxidized state, conducting polymer films such as 
polypyrrole (56) ,  when supported by a Pt anode, are electrically 
conducting and therefore may be used as an anode to drive 
oxidation reactions. In particular, polypyrrole films coated onto 
Pt anodes, i.e., [Pt] polypyrrole electrodes, were used to 
investigate the redox reactions of various electroactive species 
dissolved in aprotic electrolyte solutions (7). Diaz et al. (7) 
found that the electrochemical data obtained from [Pt] polypyr- 
role electrodes compared favorably with bare Pt electrodes: the 
redox reactions occurred only at the electrode surface, electron 
transfer was rapid, and no absorption, adsorption, or reaction of 
the polymer electrode with the dissolved species occurred. 
Furthermore, modification of the polymer electrode surface by 
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TABLE 14. Some typical electrochromic data for a variety of polyheterocycles. Data taken from 
Garnier er al. (47) 

Oxidized form Reduced form Frequency response 
Polymer Anion A (nm) A (nm) time (ms) 

Pyrrole ClO, 660 420 20 
Thiophene BF,, C10, 730 470 40-50 
3-Methylthiophene BF; 750 480 12 
3,4-Dimethylthiophene CIO, 750 620 60 
2,2'-Bithiophene CF3SO; 680 460 40 

TABLE 15. A comparison of the "all-polymer" battery cell characteristics of polyazulene, poly- 
thiophene, and polyacetylene with the polyacetylene/Li battery 

Polyazulenea Polythiophenea Polyacetyleneb Polyacetylene/~ib 
~ - 

zsc (mA/cm2) 0.4-2.2 0.02 3 15-200 
Voc (V) 0.5-2.3 0.5 1 3.7 

"Reference 13. 
bReference 61 c. 
'Reference 61 a. 

the attachment of electroactive species is facile. For example, 
polypyrrole films can be easily nitrated, then electrochemically 
reduced, followed by acylation to attach a desired group (57). 

2.00 0 4  
- - 

b. Electro-optical display devices 
The color changes that accompany the electrochemical switch- - 

ing reaction, i.e., the reversible cycling between the oxidized - 
conducting state and the neutral insulating state, suggest the 2 
applicability of electroactive polymers in passive display devices - 

(58). In this regard, Gamier et al. (47,59) have investigated the a 
electrochromic behavior of a variety of polythiophene thin films ' - - 

0 
supported by a Pt anode. Their data (59) are summarized in > 0.80 - - 
Table 14. The colors that are obtained depend upon both the 
chemical structure of the polymer and the counteranion that is - - 
incorporated into the film. The switching response times are 0.40 - - 
typically 10-50 ms and are dependent on film thickness. They 
have concluded that a 0.1-pm film would represent the mini- I I I I I I I I I I  

mum thickness required to yield a sufficient color contrast on a 10 20  30  40  5 0  

Pt surface (59). Druy and Seymour (60) have also investigated Time (min) 
the electrochromic behavior of polythiophene electropolymer- 
ized from the 2,2' dimer. They report a switching response time FIG. 17. A typical voltage change during 0.15-mA constant current 

of -500 ms for a 0.42-pm thick film. discharge of a polyazulene battery cell. 

c. Battery applications 
To our knowledge, electrochemically produced conducting 

polymers as battery electrodes have not yet been exploited to the 
same degree as has the chemically synthesized conducting 
polymer polyacetylene (61). However, polyacetylene batteries 
remain the prototype among batteries that are constructed using 
electrically conducting polymers, so the interested reader is 
referred to the pertinent references (61). As for electrochemi- 
cally produced polymers, a preliminary account (13) utilizing 
polyazulene and polythiophene films, supported by a Pt surface 
as electrode, will be dilineated briefly and compared to the 
polyacetylene standard. 

A simple "all-polymer" battery cell design consists of a 
neutral and an oxidized film of polyazulene (or of polythio- 
phene) supported by a Pt surface, in an electrolytic solution 
(13). Such a cell in a closed circuit loop yields a maximum 
open-circuit voltage of -2.3 V, and a maximum initial short- 

circuit current of -4mA. These data are summarized and 
compared with an all-polymer polyacetylene battery (61c) in 
Table 15. A typical voltage change during a constant current 
discharge of a polyazulene battery is shown in Fig. 17. The 
polyazulene batteries tested could be recharged to yield similar 
values in the regenerated cells, at least in the short term (13). 
d.  Protection of semiconductor photoanodes 

The proclivity of small-band-gap semiconductor photoanodes 
to photocorrosion in aqueous media has thwarted the develop- 
ment of inexpensive yet efficient photoelectrochemical cells for 
the conversion and storage of solar energy. Various approaches 
have now been undertaken in an effort to stabilize the semicon- 
ductor-electrolyte interface. They include, for example, (a) 
coating the semiconductor with thin metal films (62) or with 
semiconductors (63); (b) using nonaqueous electrolytes (64); 
(c) derivatizing the semiconductor surface itself with electro- 
active species (65); and (d) coating the semiconductor surface 
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(min) -3- (h) l rradiation time 

FIG. 18. A comparison of the relative stability of variously coated photoanodes. The bare Si, Si/Pt, and Si/Pt/polypyrrole photoanodes are in 
1-117 electrolyte; taken from Skotheim et al. (66b) .  The Si/polyaniline photoanode is in a pH = 1 solution of 0.15 M ~ e ~ ~ ~ ~ +  and 0.1 M Na2S04 
in H2S04; taken from Noufi er al. (68) .  

with electrically conducting polymers (66-71). The salient 
features of the latter will be summanzed briefly. 

The driving force for utilizing electrically conducting poly- 
1 mers as protective thin-film coatings on photoanodes stems 

from their high electrical conductivity and chemical stability 
(58). Thin films also have good adhesion to the Pt surface (72), 
although peeling off of the polymer films from the photoanodes 

I continues to be a problem. More recently, poly-3-methylthio- 
I 

phene has been shown to yield improved adhesion to semicon- 
I ductor photoanodes (7 1). Nevertheless, an electrically conduct- 

ing polymer film acts as a barrier to ion/solvent transport to the 
photoanode surface and effectively minimizes photocorrosion 

1 for up to approximately several hundred hours, depending upon 
the system (66-71). Accordingly, redox reactions may be 
utilized to yield optimum open-circuit voltages with improved 
stability of the photoelectrochemical cell (68). Thus far, poly- 
pyrrole has been the film of choice primarily because of its high 
electrical conductivity, and because other electrochemically 
generated conducting polymers have not been available until 
more recently (Table 1). The stabilization to corrosion imparted 
by a polypyrrole (PP) film on n-Si is shown as an illustrative 
example in Fig. 18, taken from the data of Skotheim et al. 
(66b), and from Noufi et al. (68). The lifetime and photocurrent 
output of a Si/PP photoelectrode is improved over a bare Si 
photoelectrode; however, a Si/Pt/PP photoelectrode shows the 
greatest longevity with a lifetime of -450 h and with no loss in 
photocurrent output. A thin metal-coated photoelectrode (Si/Pt) 
and a polyaniline-coated Si photoelectrode (68) are also shown 
for comparison (Fig. 18). It is also noteworthy that the perfor- 

1 mance characteristics of the polymer-coated photoanodes are 
comparable to those of the bare photoelectrodes (66-7 1). 

e. Information storage 
In a novel application exploiting the high electrical conduc- 

tivity of polypyrrole, Meyer et al. (73) have explored the 
possibility of its use for high-density information storage (74). 
As shown in the scheme below, adapted from Meyer et al. (73), 
polypyrrole is electrochemically grown onto an anode with a sur- 
face relief pattern. Polypyrrole is then peeled off and made to ad- 
here to a solid substrate, leaving exposed the inverse surface relief 
pattern of the anode. The high electrical conductivity of poly- 
pyrrole may then be utilized for information storage as long as 
the information is stored as a relief pattern on the polymer film 
surface. The information is accessed by reading it capacitively 
with an electrode (73). Subsequent testing of this material in a 
video disk machine, as a disk of 210-rnm diameter and supported 
by a substrate, revealed a virtually defect-free material of con- 
stant signal-to-noise ratio over the entire information containing 
disk; i.e., a high degree of surface relief replication with no 
distortion of information was achieved. Furthermore, because 
the decrease in conductivity of polypyrrole occurs over long 
periods (i.e., years), Meyer et al. (73) anticipate no problems 
associated with the readability of the information even after 
years of storage. 

f. Other applications 
The increasing usage of home-electronics products, coupled 

with an increasing density of electronic circuitry on chips, has 
presented problems with electromagnetic interference (EMI) 
previously unforeseen (75). In this regard, conductive plastics 
(9) may find use as shielding materials to prevent the passing of 
electromagnetic signals into the airwaves (75). 

When polypyrrole is exposed to ammonia, its resistivity 

Electroplate Transfer t o  
Polypyrrole * Substrate * r( 

N i 
anode 

t 
Polypyrrole 

t 
Substrate 
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increases. Lundstrom and co-workers ( 7 6 )  have prepared poly- 
pyrrole-paper composites, which can be used as sensitive 
ammonia detectors. When exposed to ammonia, the change in 
electrical conductivity of polypyrrole is related to the concentra- 
tion of ammonia in air. 

The search for electrode materials that extract metallic cations 
from solutions and interfaces has prompted Le Berre e t  al. 
( 7 7 ,  7 8 )  to electrochemically synthesize electrically conducting 
polymers from macrocyclic ligands such as crown ethers. For 
example, thin films of  poly(dibenzo-24-crown-8)-BF, supported 
by a Pt anode can be cycled reversibly from its oxidized, con- 
ducting state to  its neutral, insulating state with no apparent loss 
of electroactivity, as  long as the polymer is not electrochemi- 
cally driven beyond its first oxidation state. The dicationic state 
is reported to be rather sensitive to the presence of nucleophiles, 
such that electroactivity becomes lost ( 7 7 ) .  
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Intrinsic selectivity and its geometric significance in SN2 reactions 
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SASON S. SHAIK. Can. J. Chem. 64, 96 (1986). 
An intrinsic selectivity is defined for identity SN2 reactions (X- + RX -+ XR + X-). This selectivity parameter is shown to 

yield information about: (a) the average looseness of the TS geometry in a reaction series; and (b) the sensitivity of the reaction 
series to geometric loosening. 

SASON S. SHAIK. Can. J. Chem. 64, 96 (1986). 
On dCfinit une sClectivitC intrinskque pour les reactions SN2 d'identitC (X- + RX-t XR + X-). On dCmontre que ce paramktre 

de sClectivitC fournit de I'information concernant: (a) 1'Ctat de relachement de la gComCtrie de 1'ET dans une sCrie de rCactions; et 
(b) la sensibilitk des series de rCactions a des relachements gComCtriques. 

[Traduit par le journal] 

Ever since Leffler's proposal (1) that the Bronsted parameter 
can serve as a measure of transition state (TS) structure. there - ,  
has existed an ongoing debate regarding the significance of 
selectivity parameters (2). The key question is, what kind of TS 
information is provided by selectivity measurements? To begin 
answering that, one must start with the fundamental reaction, 
the identity exchange. This work defines the intrinsic selectivity 
of identity SN2 reactions (eq. [I]) and shows that such 
selectivity experiments may lead to geometric information 
about the looseness of the TS and the "flexibility" of its C...X 
bonds. I 

The reaction profile for an identity SN2 reaction (3) is shown >r 

in Fig. 1.  The reaction barrier follows eq. [2] where f is a 0 

f c 
[2] AE* = f(Ix: - A,) - B w 

steepness variable that derives from the curvature of the 
intersecting curves. Whenever the curves descend steeply from 
the upper states towards the crossing point, the f-factor will be 
small, and vice versa when the descent is shallow (3,4). The Ix, 
- A, term is the vertical electron transfer energy from X:- to 
RX under the reaction conditions (gas phase (3a,c) or solution 
(3b)). The B factor is the crossing avoidance interaction which 
appears to be approximately constant for various X's (3b, c, 5). 

Figure 2 shows a structure-reactivity plot using eq. [2]. The 
ensemble of reactions is predicted to fall into families such that reaction coordinate - 
the ~eXIlbers (X:-/RX) of each family share acommonf-factor FIG. 1. State correlation diagram for identity SN2 reactions. The two 
(6). In each family line the barriers increase in proportion to Ix: ends of the reaction coordinate represent the geometries of the 
- A, and the line slope is the characteristic f of the reaction encounter ion-molecule complexes. In reactions in solutions all the 
family. The f-factor defines then the intrinsic selectivity (IS) of a states are solvated (ref. 3b). The avoided crossing is shown by dashes 
reaction family as specified in eq. [3]: near the intersection point. AE' is the resulting reaction barrier. 

[3] IS = f = 
a(AE*) (X-R)/:X- correlation lines will possess a shallow descent 

~ ( I x :  - ARX) towards the crossing point in Fig. 1 (4). This will result in a large 

The physical property that determines f has been shown f ,  eqs. l21 and [31, and hence in a large intrinsic 

(3a,b, 4) to derive from the delocalization properties of the selectivity (IS). The IS of an identity-reaction family can then be 

substrate's radical anion ( R z X ) - ,  which is described in eq. reexpressed as in eq. l51 in terms the WR: property. 

[4] in valence bond terms: 
[5] IS = f = 

a(AE*) 
WR: 

[4] (RLX)-  = Wx,(R. :X-) + WR:(R:- .X); WR: + Wx: = 1 - ARX) 

Whenever the weight (WR:) of R:- .X is large, the odd electron Collected in Table 1 are WR: indices and barriers for a few 
of (RLX)- is delocalized away from the R union center. In identity reactions that have been investigated experimentally 
such a case, the bond coupling interaction between X. and and computationally (7, 8). As may be seen, the halide 
(RLX)- will become weak and the X./(RLX)- * exchange reactions in entries 1-4 have smaller WR: values than 
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SHAIK 

TABLE 1. WR: indices and barriers (AE*) for identity reactions X- + CH3X + XCH3 + X- in the 
gas phase and in solutions 

wRzatb AE* (kcal/mol) 

X Gas phase H2O DMF Gas phased H20e DMFe 

(1) F 0.242 0.204 0.209 11.7 31.8 - 

(2) C1 0.253 0.242 0.245 5.5 26.5 22.7 
(3) Br 0.246 0.241 0.244 A 23.7 18.4 
(4) I 0.240 0.244 0.242 - 2 2 . 6  16.0 
(5) HS 0.340 0.326 0.328 15.6 - - 
(6) PhS 0.331' 0.326' 0.328' A -348 - 

(7) HO 0.357 0.307 0.313 21.2 41.8 - 

(8) NC 0.309 0.304 0.306 43.8 50.9 - 

"W,: is defined in eq. [4]. 
?he values are taken from ref. 3b. Note that in ref. 3b the symbol (b2)  is used for the W,: index. 
'Calculated as described in refs. 3b,c,  4, 6 b .  
dData from ref. 8. 
'AG*data from ref. 7 a .  
fAG* datum from ref. 7 b .  
BAG* datum from ref. 7 c  for ethanol as a solvent. 

FIG. 2. Structure-reactivity plots of barriers (AE*) vs. vertical 
electron transfer energies (Ix, - ARX) using eq. [2] (B = 14 kcal/mol, 
see ref. 3). Note that the slopes of the family lines are equal to the 
corresponding f-factors. 

prediction and to behave as the theoretical plots in Fig. 2. While 
it is clear from Fig. 3 that the two families exhibit different 
intrinsic selectivities, the question remains whether one can 
associate any property of the TS with such experimental IS 
parameters? 

Consider then the geometric looseness (L) of the TS as 
defined ( 9 ,  in eq. [6], by the fraction of C-X bond stretching 

in the TS relative to the bond length in the R-X molecule 
(dgx). In previous publications (5, 66) it was demonstrated 
that TS looseness correlates with the height of the barrier since 
both properties derive primarily from the C-X stretching 
deformation (5) that is required to achieve the crossing in Fig. 
1. ' Thus, looseness in a series of identity reactions is a result of 
the extent of C-X stretching that overcomes the Ix, - Am 
energy gap and achieves a transition state at the crossing point of 
X:-/(R-X) and X./(RLX)- in Fig. 1. Large Ix: - ARX 
gaps and delocalization indices (WR:) will require a greater 
C-X deformation and will thereby lead to looser transition 
state geometries (5). Since barriers and transition state geome- 
tries behave alike, it follows then that the intrinsic selectivity 
that derives from plots of barriers AE* vs. (Ix, - Am) may 
serve as an indicator of transition state geometry. 

Reliable geometric data for the identity reactions of X- = 
NC-, HOP, HS-, F-, C1- is available fromthe a b  initio studies 
of Wolfe er al .  (8). These data are plotted in Fig. 4 against the 
natural logarithm of the gas phase electron transfer energies, Ix, 
- ARX (3b).' The looseness of the transition state is seen to 

 h his means that high barriers are associated with a high R-X 
stretching deformation and, hence, also looseTS geometries. See ref. 5 
for a detailed treatment of this correlation. Such a correlation exists 

the exchange reactions of P ~ S  - , HS- , HO- , and NC- , ln because the energy requried to dissociate the TS into three fragments 

accord with eq. [5], the halide exchange series is predicted to (':- + CH3 + X) is given AEdlr = D ~ - ~  - AE* where is the 
C-X bond energy (ref. 66). Thus, the larger the AE*, the closer the possess a lower intrinsic selectivity than the exchange series of TS to its dissociation limit, 

PhS-, HS-, HO-, and NC-, in either the gas phase or in 
2~ line for the halide exchange transition states of X- = F-, ~ 1 - ,  

solution. Figure 3 is a plot the experimental AG* values (7) and Br- can be generated from MNDO geometries (ref. 9). The 
against the corresponding vertical electron transfer energies looseness varies in the order F- > C1- > Br-. The slope of the line, 
(3b) for the aqueous solution identity reactions that are collected Ad* /do vs. (I, - A,,), is 0.127 with 0.995 correlation coefficient. 
in Table 1. The experimental data set is seen to obey the above The looseness varies in proportion to the calculated barrier heights. 
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/ ' Slope - 0.2 5 
WR: - 0.31-0.33 

HO- 

FIG. 3. Plots of experimental free energies of activation (ref. 7) 
against vertical electron transfer energies (ref. 3b) for aqueous solution 
identity reactions X- + CH3X + XCH3 + X- . The X's are indicated 
alongside the family lines. 

increase in the following order of X- = NC- > H O P  > HS- > 
1 F- > C1- .2 This is also the order of the corresponding bamers in 

! the gas phase (or in solution), so that the loosest transition state, 
! (CN...CH3...CN)-, belongs to the reaction with the highest 

I barrier (see Table This correlation (5, 6b,  10) provides a 
I basis for attaching a geometric significance to the intrinsic 

selectivity parameter (IS) that derives from plots of barriers 
j AE* vs. (Ix, - ARX) Such a significance is projected in 
i Fig. 4, which shows that the identity reactions fall into two 

I families that differ in their WR: indices. The larger the WR: 

i index of the reaction series, the looser the average transition 
state of the series. Thus, the exchange reactions of HS-, HO- ,  
and NC-, which are characterized by a large WR: index, possess 
on the average looser transition state geometries than the halide 
exchange reactions, which are characterized by a smaller WR: 
index. Since the IS parameter varies in proportion to WR: (eq. 
[5], Fig. 3), the intrinsic selectivity of a reaction series is 
associated then with the average transition state looseness in the 
series: the higher the IS parameter, the looser, on the average, 
the transition states in the reaction series. 

A solvent is expected to effect only small changes in 
the looseness of transition states (6b,  10, 11) of the type 
(X--.CH3. ..X)- . 3  Therefore the foregoing conclusion will carry 
over to the corresponding reactions in solutions. In general then, 

3An extreme hydration (solvation by H20)  is a complete proton 
transfer by the solvent (stabilization relative to the unprotonated 
TS by > 100 kcal/mol). But even such extreme "solvation" does 
not seem to change the looseness of the TS significantly. Thus, 
(H2N...CH3...NH2)- (supplementary material of ref. 8) differs by 
4.5% in looseness in comparison with the doubly protonated TS 
(H3N...CH3...NH3)' (ref. 12). The same difference is observed for 
the free molecules CH3-NH2 vs. CH3-NH3+ (refs. 8, 12). Similar 
data exist for (H0...CH3...0H)- vs. (H20...CHy  OH^)+ (ref. 8 vs. 
ref. 13) and CH3-OH vs. CH3-OH2+ (ref. 8 vs. ref. 14). Thus the 
(X...CH3...X)- transition states appear to possess strong covalent 
bonds much like CH3-X molecules. The solvent will not change 
significantly the looseness of such transition states. For detailed 
thermochemical arguments, see refs. 6 b  and 10, while for isotope 
effect evidence see ref. 11. 

FIG. 4. Plots of the computed Ad*/do indices (ref. 5) against the 
vertical electron transfer energies (ref. 3b) for gas phase identity 
reactions X- + CH3X + XCH3 + X-. The do  value refers to the 
C-X bond length of CH3X in the ion-dipole encounter complex. The 
correlation coefficient for the upper solid line is 0.992. The lower 
dashed line is a two-point straight line that is used to indicate the 
separation of the two families (see, however, footnote 2). 

the curve-crossing model predicts that an identity reaction 
series that possesses high intrinsic selectivity, IS, will exhibit, 
on the average, high intrinsic barriers and loose transition state 
geometries. It follows that, both in the gas phase and in solution 
(Fig. 3), the less selective series of the halide exchange 
reactions will possess, on the average, righter transition states 
than the more selective series of X- = NC-, H O P ,  PhS- (and 
(or) HS-). Furthermore, both the intrinsic selectivity and the 
average transition state looseness will correlate with the average 
height of the intrinsic barriers in the corresponding series. These 
conclusions regarding the looseness of the transition states and 
the correlation of barriers and looseness in the two reaction 
series are in disagreement with previous conclusions of Albery 
and Kreevoy (7a) .4  

The geometric significance of the intrinsic selectivity (IS) 
parameter may be somewhat refined by inspecting Fig. 4. 
Having different slopes, the two lines2 in the figure will 
theoretically intersect at I,: - ARx = 41 kcal/mol. This means 
that, theoretically, two reactions that belong to families having 
different IS parameters may possess the same degree of transi- 
tion state looseness. This is the reason why the IS parameter can 
be strictly associated only with the average degree of looseness 
in a reaction series. There may then exist a more basic transition 
state property that is probed by the IS parameter. As shown in 
the following discussion, this property is the sensitivity of the 
reaction series to bond loosening in the transition state, 
(X...CH3...X)-, as a result of varying X. 

The looseness of the transition state is a result of the C-X 

4 ~ e e  refs. 5 and 6b for comparisons with the conclusions of the 
three-dimensional potential energy surface diagram model. 
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stretching deformation that is required to achieve a transition 
state (5) at the crossing point of Fig. 1. In accord, the looseness 
has been shown (10) to fit the approximate expression in eq. [7] 
where G is a constant, in energy units, for a reaction series 
(XP/RX) that is typified by a constant WR:. This equation is 

seen to mimic the trends in Fig. 4 such that in each series the 
looseness of the transition state increases as the electron transfer 
energy gap Ix. - ARX i n c r e a s e ~ . ~  The change in TS looseness, 
which is brought about by varying X in the series, is proportion- 
al then to WR: as expressed in eq. [8]. 

Thus a reaction series that possesses large WR: will experience 
great TS loosening or tightening effects as X is varied. In 
accord, the exchange series of X- = NC- , HO- , HS- (and (or) 
PhS-) is expected to exhibit a greater rate of variation in 
transition state looseness in comparison with the exchange 
series of X- = F-, C1-, Br-, and I-. 

As can be seen from eqs. [5] and [8], both the barriers and the 
looseness of the transition state vary in proportion to WR: and, 
therefore, a somewhat stricter definition of IS can be formu- 
lated. Thus, intrinsic selectivity parameters, which derive from 
plots of AE' vs. (Ix, - ARX), measure not only the average 

I 

looseness of the transition state, but also the sensitivity of the 
reaction series to geometric loosening as X is varied. It follows 
that a series of identity reactions that possesses a high IS 
parameter will then be characterized, on the average, by high 
intrinsic barriers and loose transition states. The looseness in 
such a series will be more sensitive to changes of X than a series 
that is characterized by low IS. This correlation of transition 
state properties derives from the notion (5, 6 b ,  10) that both 
barriers and transition state geometries result from the C-X 
stretching deformation required to overcome the 1,: - A* gap 
and to achieve a transition state, (X..-CH3...X)-, at the 
crossing point of Fig. 1. 

Other identity reaction series can be generated by varying X. 
Intrinsic selectivity parameters can then be measured and 

coupled with isotope effect5 measurements to test the predic- 
tions of this work. Once the physical significance of the intrinsic 
selectivity is unravelled, there may then exist a basis from which 
to understand the physical nature of selectivity parameters in 
nonidentity reactions. 
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The effect of substituents on the electrochemical oxidation potentials of 
1,1,2,2-tetraphenylcyclopropane and 1,1,3,3-tetraphenylpropenyl radical 
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DANIAL D. M. WAYNER and DONALD R. ARNOLD. Can. J .  Chem. 64, 100 (1986). 
The effects of multiple substitution by methoxy and cyano in the 4-position(s) of 1,1,2,2-tetraphenylcyclopropane (I) and 

1,1,3,3-tetraphenylpropenyl radical (2') on the oxidation potentials have been measured. The results indicate that the oxidation 
process for the cyclopropanes (la-m) is irreversible. Nevertheless, the substituent effect on the potential is essentially additive 
and correlates reasonably well with Xuf. A slow electron transfer process (an overall conversion of 1 to 2+ ), with a transition 
state resembling the ring-opened radical cation, is consistent with these observations. The oxidation of the radical 2' is 
quasi-reversible in dichloromethane. In this case also, the substituent effect on the oxidation potential is additive and correlates 
with Xu'. Any deviation from planarity of 2' is not sufficient to prevent substituents from exerting normal (additive) behaviour. 

DANIAL D. M. WAYNER et DONALD R. ARNOLD. Can. J. Chem. 64, 100 (1986) 
On a mesurC les variations des potentiels d'oxydation du tCtraphCny1-1 ,l ,2,2 cyclopropane (I) et du radical tCtraphCny1- 

1,1,3,3 propCnyle (2') portant des substituants mCthoxy et cyano en position 4. Les resultats indiquent que I'oxydation est 
irrCversible dans le cas des cyclopropanes (la-m). Cependant, l'effet du substituant sur I'oxydation est essentiellement additif et 
cet effet est en bonne corrklation avec la valeur de Xu'. Ces observations suggkrent un processus de transfert d'Clectron (une 
transformation globale de 1 en 2+), qui est lent et qui implique un Ctat de transition s'apparentant au cation radicalaire ?i chaine 
ouverte. Dans le cas du radical 2', I'oxydation est quasi reversible dans le dichloromCthane. Dans ce cas, Cgalement, le 
substituant a un effet additif sur I'oxydation et cet effet est en accord avec la valeur de Xu'. Les deviations de la plankit6 du 
composC 2' ne suffisent pas a contrecarrer I'effet normal (additif) des substituants. 

[Traduit par le journal] 

Introduction 
The electrochemical oxidation of 1,1,2,2-tetraphenylcyclo- 

propane ( la)  has been shown to lead to the formation of the 
1,1,3,3-tetraphenylpropenyl cation (2af)  in acetonitrile and 
dichloromethane (1). This carbocation subsequently cyclizes to 
form 1,3,3-triphenylindene (3) or deprotonates to give tetra- ph, 
phenylallene (4), depending on the basicity of the medium 

P, 

(Scheme I). The photosensitized (electron transfer) reactions of l a  

l a  involve the same intermediate (2~ ' ) .  In this case, the ratio of 
3 to 4 depends on the choice of sensitizer for the reaction (2). 

Both of these reactions undoubtedly involve the 1,3-radical 
cation as the first intermediate. 1,3-Radical cations have not 
been well characterized. Because of the stabilizing effect of the 
tetraphenyl substitution, we had hoped to obtain some direct 
evidence for the involvement of this species during the 
electrochemical oxidation of l a .  Radical cations are generally 
more stable in dichloromethane than in acetonitrile (3), but even 
in this solvent, at sweep rates as high as 20 V s-', no evidence 
for a single one-electron transfer was obtained (2). 

The homologous 1,2-radical cations are more easily studied. 
The effect of substitution on the electrochemical oxidation of 
tetraphenylethylene (5) is particularly interesting in this regard. 
It has been observed, by Bard and Phelps, that tetrakis(4-N,N- 
dimethylaminopheny1)ethylene undergoes a two-electron re- 
versible oxidation while tetraanisylethylene is oxidized in two 
closely spaced one-electron steps (4). Furthermore, the anodic 
oxidation of the unsubstituted tetraphenylethylene occurs in two 
one-electron steps that are even further apart (5). Presumably, 
electron-donating substituents on the tetrauhenvlethvlene de- 
crease the of the second electron iransfer step so that 
only one two-electron wave is observed in these cases. By 

analogy, it was anticipated that substitution with electron- 
withdrawing substituents on 1 would separate the two one- 
electron transfer steps. It was found, in fact, that the cyclic 
voltammogram of 1,1,2,2-tetra(4-cyanophenyl)cyclopropane 
(li)  does exhibit two closely spaced waves of approximately 
equal peak currents (1). 

The purpose of this paper is to report the details of the effect 
of substitution on the electrochemical oxidation potential of 1. 
Combinations of cyano and methoxy substitutions were used in 
order to study the additivity of the substituent effects in these 
species. The preparation (and thermal isomerization) of these 
compounds has already been described (6). 

The consequent formation of the allylic cation 2+ from the 
oxidation of 1 provides a convenient opportunity to study the 
substituent effects on the reduction potentials of these inter- 
mediates. This potential, of course, corresponds to the oxida- 

'present address: National Research Council of Canada, Ottawa, 
Ont., Canada, K1A 0R6. 
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WAYNER AND ARNOLD 

TABLE 1. Oxidation potentials of 1 in dichloromethane (0.1 M TBAP)" 

1 XI x2 Y1 YZ Ep ( v ) ~  Ep - Ep/2 (mV) an,' 

a 
b 
C 

d-cis 
d-trans 
e 
f 
g 
h-cis 
h-trans 
1 

j 
k-cis 
k-trans 
1 
m-cis 
m-trans 

H 
OMe 
OMe 
OMe 
OMe 
OMe 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 

- 

H 
H 
OMe 
H 
H 
OMe 
H 
CN 
H 
H 
CN 
OMe 
H 
H 
CN 
OMe 
OMe 

H 
H 
H 
OMe 
H 
OMe 
H 
H 
CN 
CN 
CN 
H 
OMe 
H 
OMe 
CN 
OMe 

- 

H 1.36 
H 1.30 
H 1.10 
H 1.10 
OMe 1.10 
OMe 1.03 
H 1.54 
H 1.70 
H 1.75 
H 1.75 
CN 1 .9Sd 
H 1.28 
H 1.25 
OMe 1.25 
OMe 1.36 
OMe 1.22 
CN 1.22 

"Measured by cyclic voltammetry at a sweep rate of 400 mV s-I. 
bVersus SCE. 
'Calculated from E, - E,/2 = 0.0483/ana. 
"First wave. 

-3.0 -2.0 -10 0.0 1.0 2.0 3.0 

Yo + 

FIG. 1. The oxidation potentials (E,) of the 1,1,2,2-tetraphenyl- 
cyclopropanes (la-m) versus Xu+. (a+: OCH,, -0.78; CN, 0.66). 

tion potential of the radical 2'. Possible mechanistic implica- 
tions also are considered. 

Results 
The oxidation potentials of la-rn are listed in Table 1. All of 

the oxidations are irreversible with E - EpI2 ranging from 130 
to 230 mV. A plot of E, versus ~ u + ~ ~ i v e s  a linear correlation 

TABLE 2. Reduction potentials of 2' in 
dichloromethane (0.1 M TBAP)" 

g 
h-cisb 
h-transb 
i 

0.37 90 
0.22 90 
0.07 90 
0.12 90 
0.12 70 

-0.04 70 
0.48 70 
0.65 80 
0.66 80 
0.66 80 

Not observed 
0.30 80 
0.28 90 
0.28 90 
0.31 80 
0.32 80 
0.32 80 
-- 

"Measured by cyclic voltammetry at a sweep 
rate of 400 mV s-' . 

%e stereochemical designation represents 
that of the tetraphenylcyclopropane precursor. 

'Versus SCE. 
d ~ , , ,  = I? (ref. 14). 

withaslopeof217 + 17mV,aninterceptof 1.38 + 0.02V,and 
a correlation coefficient of 0.956 (Fig. 1). 

The reduction potentials of 2a-rn+ are given in Table 2. All 
of these reductions are quasi-reversible with a separation of 
Epa - Ep, between 70 and 90 mV. The plot of ElI2 versus Xu+ 
has a slope of 193 12 mV and an intercept of 0.37 1+- 0.01 V 
with a correlation coefficient of 0.982 (Fig. 2). 

Discussion 
The Hammett equation for electrochemical reactions (ref. 7, 

eq. [I]) is often used to describe the effect of varying electron 
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I I I I I I I .  

-3 .0  -2 .0  -1.0 0.0 1 0 2 0 

C,+ 

FIG. 2. The oxidation potentials (Ellz) of the 1,1,3,3-tetraphenyl- 
propenyl radicals (2a-m') versus Xu+. ( a f :  OCH,, -0.78; CN, 
0.66). 

demand at the reactive centre on the equilibrium constants (@) 
for a series of structurally related compounds. In general, these 
plots have slopes in the range 0.1-0.8V (8). While this 
relationship is thermodynamically significant for reversible 
electrode processes, for irreversible processes the analysis is not 
straightforward. 

Analysis of the oxidation of la-m by the Hammett approach 
gives a best-fit line with a slope of 217 mV and with a correlation 
coefficient of 0.956 (Fig. 1). The oxidation potential of l e ,  
which falls well off the line, was not included in this correlation. 
Including this point has a significant effect on the correlation 
coefficient (0.927 in this case) and the slope of the best-fit line 
decreases markedly, to 185 mV. The reason why the oxidation 
potential of this derivative falls off the line is not obvious but it 
may represent a saturation in terms of the substituent effect on 
the oxidation of 1 ,  or a change in the mechanism for the anodic 
process. In all cases only one anodic wave is observed. 

There has been some controversy over the ability of a 
cyclopropyl ring to transmit electronic effects (9). It is in fact 
surprising to find that the oxidation potentials of la-m correlate 
as well as they do with C u f .  If the electron is removed from a 
molecular orbital that is essentially localized on an aromatic 
ring, then substitution at another ring should not have a large 
effect on the oxidation potential, and certainly not an additive 
effect. The oxidation of lc ,  however, is the same as that of Id ;  
similarly, the oxidation potentials of l h  and l g  are close. It is 
interesting that the oxidation potential of lj is close to that of 1 k. 
However, l m  is significantly easier to oxidize than 11. In the 
latter case, the difference may be attributed to merostabilization 
in the radical ion. This effect has been used to explain the 

observed variation in reduction potentials of 4,4'-disubstituted 
benzophenones (10) and the oxidation (and reduction) poten- 
tials of tetraarylethylenes (1 1). However, the effect of mero- 
stabilization in the 4-methoxy, 4'-cyano substituted diphenyl- 
methyl moiety is not large (only 3 kcal mol-'). Furthermore, the 
observed oxidation potential of lj (and 2jf and 2m+, Table 2) is 
not anomalous. 

The cyclopropane ring will be distorted in the 1,3-radical 
cation. Theoretical estimates of the length of the 1,2-bond in the 
radical ca!ion of 1,2-divinylcyclopropane give a value of more 
than 1.9 A (12). Thermochemical estimates of the strength of 
the one-electron, two-centre bond in l a ' +  give a value of only 
5-8 kcal mol-' (2). For the oxidation of 1,  the additivity of the 
substituent effect is undoubtedly derived from the interaction of 
all of the aryl rings in this ring-opened species, which interact 
through the vacant and half-filled p-orbitals. The idea of this 
product-like transition state is compatible with a slow electron 
transfer step (i.e. the electrochemical irreversibility). 

Shono and Matsumura have measured the half-wave oxida- 
tion potentials of some 4-substituted arylcyclopropanes (13). In 
their work, a slope of 730 mV was obtained from the Hammett 
plot of ElI2 versus a+. The slope of the best-fit line from the 
Hamrnett plot for la-m would be expected to be about 
one-fourth of the slope obtained for these monoarylcyclopro- 
panes if the transition states (i.e. a) are similar. One-fourth of 
the slope reported by Shono and Matsumura is 183 mV. The 
observed slope of 217 mV obtained from la-m is close to this 
value. However, the limited number of substituents used in both 
studies makes further comparison difficult. 

There are some interesting comparisons to be made with the 
oxidation potentials reported for the homologous tetraaryl- 
ethylenes (5) (1 1). In this previous report the variation in the 
oxidation potential of several 4-methyl, 4-cyano, and 4- 
methoxy derivatives of 5 were correlated with C a + .  The 
deviation of 1,2-di(4-methoxypheny1)-1,2-di(4-cyanophenyl)- 
ethylene (5m) from the best-fit line was attributed to merosta- 
bilization of the intermediate radical cation. We notice now, 
however, that there are some inconsistencies with this interpre- 
tation. For the oxidation (and reduction) of 5 ,  those compounds 
that show reversible electrochemical behavior form one line 
while those that show irreversible behavior fall on another line; 
all of the irreversible potentials show a positive deviation from 
the line formed by plotting the reversible potentials. This is to be 
expected since the deviation represents an increasing activation 
energy or, in electrochemical terminology, an increasing 
overpotential for oxidation. (Similarly, a negative deviation is 
observed for the reduction potential, indicating that there is an 
overpotential associated with the irreversible reduction.) The 
correlation of the overpotentials with C u +  is not a surprise since 
the overpotentials are related to the activation energy for the 
heterogeneous electron transfer. The oxidation (and reduction) 
of 5m is reversible. This point, in fact, lies on the line defined by 
the reversible oxidation potentials. These electrode processes 
probably involve the transfer of two electrons; thus, the effect of 
merostabilization should not be observed since the radical 
cation will not exist as a discrete intermediate. 

It is interesting that the slope of the best-fit line for the 
irreversible oxidation potentials of 5 is 190 mV, which com- 
pares well with the 217 mV found for the oxidation potentials of 
1.  (The slope of the line through those points corresponding to 
the reversible oxidation of 5 is 110 mV.) In the case of l m  the 
deviation may be attributed to merostabilization since the 
irreversible oxidation represents the barrier to the transfer of the 
first electron. However, the scatter of the points near C u +  = 0 as 
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well as the absence of the effect o n  the oxidation of 2' preclude 
definitive conclusions from being drawn. 

The electrochemical oxidation of l a  leads to  the formation of 
2a+ (1, 2). A quasi-reversible wave in dichloromethane for the 
reduction of 2a-m+ is observed from the cathodic sweep in the 
cyclic voltammogram. In all cases, the reduction of 2a+ is 
chemically reversible. Therefore, although the system is not 
electrochemically reversible, the value of L? must lie between 
Epa -30 m V  and E +30  m V  (14). Analysis of the reduction 
potentials of 2a-m' by the Hammett approach gives a slope 
of 193 mV with a correlation coefficient of 0.982 (Fig. 2). As 
was the case with l e ,  the reduction potential of 2e+ does not fall 
on the line. If this point is included in the correlation, the slope 
of the Hammett plot decreases to 163 mV,  and the correlation 
coefficient decreases significantly ( r  = 0.966). The esr spec- 
trum of 2a' has been observed; it is a well-resolved spectrum of 
over 200 lines (15). In this study the radical (as well as  the 
corresponding anion) was assumed to have a conformation in 
which two of the phenyl rings were in the plane of the propenyl 
T-system and the other two phenyl rings were parallel to each 
other but perpendicular to  the propenyl T-system. !f this were 
the case, additivity of the substituent effects would be  unlikely 
since the heterogenous electron transfer process is fast and 
therefore cannot be preceded by,  or concurrent with, aryl ring 
rotation. The  additivity of substituent effects in, for example, 
the reduction of 2c+ and 2 d + ,  2g+ and 2h+,  and the other pairs 
that have the same number and type of substituents indicates that 
a more reasonable conformation is one in which all of the rings 
are twisted in a propeller-like conformation. Otherwise, the 
effect of preferential rotation of ,  for example, the 4-cyano- 
phenyl rings in 2g+ out of the plane should be observed. A 
similar propeller-like conformation was reported for the tetra- 
anisylethylene radical cation (5eS+) in which the rings were 
estimated to be  twisted by about 30" (16). 

It is interesting that the slope of the Hammett plot of the 
oxidation potentials of 2a-m' is about the same as  the slope 
from the plot of the oxidation potentials of l a -m.  In fact, a plot 
of E, of 1  versus of 2  gives a slope of 1.09 * 0.15,  an 
intercept of 0.98 k 0 . 0 6 V ,  and a correlation coefficient of 
0.967. This, again, supports the suggestion that a t  the transition 
state for oxidation of 1 ,  all four aryl rings can interact with the 
developing charge. 

Experimental 
The synthesis and spectral characterization..of la-rn have been de- 

scribed previously (6, 17). Tetrabutylammonium perchlorate (TBAP) 
was obtained from Fisher Scientific Company, recrystallized three 
times from 95% ethanol, and dried in a vacuum oven (12 h at 80°C 

10Tom (I Tom = 133.3 Pa)). Dichloromethane (Fisher) was distilled 
from P2O5 and stored over 4A molecular sieves. The electrochemical 
cell and apparatus have been described previously (2). Typically, 
concentrations of 0.001 M (1) were used in a total cell volume of 
10 mL. A sweep rate of 400 mV s-' was used for all measurements. 
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A systematic study of reductions of unsymmetrically substituted maleic anhydrides by a variety of metal hydride reagents 

indicates that the high regioselectivity observed in these reactions is controlled chiefly by electronic factors. 

MARGARET M. KAYSER, LIVAIN BREAU, SONIA ELIEV, PETER MORAND et H. S. IP. Can. J.  Chem. 64, 104 (1986). 
Une Ctude systkmatique de la rCduction d'anhydrides malCiques substituCs d'une fa~on non symetrique, par divers hydrures 

mktalliques, indique que la rCgiosClectivitC observee au cours de ces rdactions est contrBlCe principalement par des facteurs 
6lectroniques. 

[Traduit par le journal] 

There is continuing interest in reductions of unsymmetrical 
cyclic anhydrides to the corresponding lactones (I) ,  and much 
effort has gone into the study of the mechanism of these 
reactions and into the development of methods permitting the 
selective reduction of one or the other carbonyl group to obtain 
the desired lactone (2). 

The reductions of unsymmetrically substituted succinic 
anhydride 1 by simple metal hydrides (NaBH4 and LiA1H4) 
yield as the principal product lactone 2, resulting from reduction 
of the more hindered carbonyl function (1). However, when 
selectrides (Aldrich Catalog No. 19, 987-7, 21-340-3, 22- 
076-0) are used as reducing agents, the major product of the 
reaction is lactone 3 (3). 

0 

reduction 
R' -+ R R ~  + . y o  

0 

These results have been rationalized in terms of steric effects 
in the following manner (4). The interaction between the 
substituent R, protruding above the plane of the carbonyl 
function, and the highly hindered selectride reagent is strong 
enough to offset other effects usually implicated in the regio- 
selectivity control (5). 

In the case of planar, unsymmetrical anhydrides such as 
phthalic 4 or maleic anhydride 7 ,  the substituent is located in the 
plane of the carbonyl function; thus, the steric interaction 
between the incoming reagent and the substituent should be 
minimal. 

However, a recent study (6) on reductions of 3-methoxy- 
phthalic anhydride 4 has shown that, while NaBH4 reduction 
yields a mixture of two lactones in approximately 1: 1 ratio, the 
selectride reduction produces mostly lactone 6 .  

Knight and Pattenden (7) examined the regioselectivity of 
reductions of 2-methoxy-3-methyl and 2-methoxy-3-phenyl 
maleic anhydrides, 7a and 7b,  by LiAlH4 and lithium tri-tert- 

'~uthor  to whom correspondence may be addressed. 
'Undergraduate participants in research. 
3Revision received August 28, 1985. 

reduction - @+ 
CH30  CH30 CH30 

butoxyaluminum hydride (LITBAL). The only products ob- 
tained in these reductions resulted from hydride attack at the 
carbonyl function adjacent to the methoxy group (8 and 9). 

On the basis of (i) ab initio calculations for the complexation 
of methoxymaleic anhydride 7 c  with a counterion (5), and (ii) 
the fact that the activation of a carbonyl function by a cation 
appears necessary for the reaction to occur (8), we have 
concluded that the regioselectivity observed in reductions of 
methoxymaleic anhydrides is due principally to the chelation of 
the methoxy group and the adjacent carbonyl function by the 
counterion (5). 

In view of the above results, the methoxy substituent appears 
to be a key element in directing reduction to the adjacent 
carbonyl function in methoxymaleic anhydrides, but sterically 
prevents reduction of the neighbouring carbonyl function in 
3-methoxyphthalic anhydride 4. Such puzzling results and 
conflicting interpretations have prompted us to undertake a 
systematic study of the relative importance of chelating versus 
steric effects in reductions of planar cyclic anhydrides. The 
substituted methoxymaleic anhydrides were chosen as suitable 
models for this investigation, since chelating and electronic 

LAH 
1 0 -  

R cH30$- 0 LITBAL cH30g0 R 0 + c H 3 e ~  0 
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II 
CH 0 C 

(1) 10% NaOH 'c' 'OE~ 

(2) H3O+ 
II 

,C\c/OEt 
CH3 

I1 

effects of the methoxy substituent in position 2 could be TABLE 1. Metal hydride reductions of methoxymaleic 
consistently confronted with the steric effect of the substituent anhydrides 
in position 3 of methoxymaleic anhydride molecule 7 .  At the 
same time an insight into the steric influence of methyl (and Product ratio* 
phenyl) substituent(s) could be gained from a parallel study of Compound Reducing agent 8 : 9  
reductions of methyl (and phenyl) maleic anhydrides. 

7 a  NaBHa 83 17 
Results 

All model compounds were prepared via short synthetic 
routes. 2-Methoxy-3-phenylmaleic anhydride 7 a  was synthe- 
sized by condensation of phenylacetonitrile with diethyloxalate, 
followed by methylation and acid hydrolysis (7). 2-Methoxy-3- 
methylmaleic anhydride 7 b  was prepared by a slightly modified 
synthetic sequence first reported by Schreiber (9). The conden- 
sation between ethylpropionate and diethyloxalate in the pres- 
ence of sodium ethoxide, generated in situ, gave ethyl P- 
methyloxalacetate, which was subsequently methylated with 
dimethylsulfate-K2C03 to the diester 11. Basic hydrolysis of 
11 gave 2-methoxy-3-methylmaleic anhydride 7 b  (eq. [I]). 

Methyoxymaleic anhydride 7 c  was prepared from tartaric 
acid 12 in a three-step synthetic sequence. In the first step 
tartaric acid 12, on treatment with acetic anhydride and sulfuric 
acid, was converted to diacetyltartiric anhydride 13 (10). The 
anhydride 13 reacted with pyridine and glacial acetic acid to 
give the pyridinium salt of hydroxymaleic anhydride 14 (1 l) ,  
which was subsequently methylated with diazomethaile to 
methoxymaleic anhydride 7c  (eq. [2]). This sequence gives an 
excellent overall yield of methoxymaleic anhydride. 

The three substrates 7 a , 7 b ,  and 7c  were reduced with simple 
metal hydrides (LiAlH4) and (NaBH4) and with bulky selectride 
reagents (L-, Na-, and K-selectrides). The crude products were 
analyzed by proton nrnr and gc/ms before purification. The 
results are listed in Table 1. 

7 6  NaBH4 
L AH 
L-sel 
K-sel 

7c NaBH4 
LAH 
L-sel 
K-sel 

*Product ratios were obtained from the analysis of nrnr 
spectra of crude reaction products. 

In all reactions, regardless of counterion present (Lif , Na+, 
Kf )  or the nature of the nucleophile (compact or bulky), the 
products obtained were the result of hydride transfer to the 
carbonyl function adjacent to the methoxy substituent. We 
could not detect the isomeric lactone 10, or the corresponding 
lactol, in either crude or purified products. 

Citraconic (methylmaleic) anhydride 20 was reduced with 
several reducing agents under various conditions of concentra- 
tion and temperature. The results are shown in Table 2. Several 
attempts to reduce phenylmaleic anhydride with selectride 
reagents gave no indication as to selectivity of this compound 
since the first step in the reduction appears to be hydride transfer 

COOH 
I 

H-C-OH AcOAc 
I - PI 

H-C-OH H2S04 AcO AcOH 
I 
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TABLE 2. Reductions of methylmaleic anyhydride 20 

Yield (%) Lactonic products 
Temperature Reduction Ratiot 

Reducing agent ("c) Time (h) Crude Isolated (%)* 21 : 22 

1 rnol NaBH4 
1 rnol KBH4 
2 rnol KBH4 
1 rnol KBH4 
2 rnol KBH4 
1 rnol LiAIH4 

L-sel 
L-sel 
L-sel 
Na-sel 
K-sel 
K-sel 

100 
Trace 
Trace 
Trace 

70 
100 
96 

100 
100 
100 
93 

100 

92 - 
Trace - 
Trace - 
Trace - 

9 1 9 
88 12 
83 17 
70 30 
75 25 
91 9 
88 12 
83 17 

*Reduction 100% means that no starting anhydride or diacid could be detected in the nmr spectrum of the crude product. 
?Lactonic ratio a:(3 was established from the nmr spectra of the crude reduction products by comparing the signals for hydrogen attached 

to a double bond, 6 5.85 (a) vs. 7.15 (P), and methyl groups CH3, 6 2.10 (a) vs. 1.95 ((3). 
f Diacid recovered. 

to a carbon-carbon double bond. The subsequent reduction of 
phenyl succinic anhydride gives a mixture of two phenyl 
butyrolactones. 

Discussion 
The role of a methoxy substituent in controlling regio- 

selectivity of hydride transfer can be double in nature: (I)  
the formation of chelate (5), which activates the implicated 
carbonyl group a toward hydride transfer; (2) the promotion of 
enolization, which deactivates the carbonyl group P (13). Since 
both effects were discussed elsewhere (5, 13), we shall present 
here only a brief resumC. 

The ab initio calculations for methoxymaleic anhydride - 
Li' complex have shown that the preferred binding site for the 
cation is the "bridged position", 15, corresponding to the strong 
overlap between the cation and the lone pairs on the two oxygen 
atoms (5). 

Chelate 15 is energetically favoured over the alternate 
structure 16 by 6 kcal mol-' and over 17 by 10 kcal mol-I. 

15 16 17 

E (kcal mol-') - 10 -4  0 

Since association with a cation activates carbonyl function 
toward nucleophilic addition, the preferentially formed com- 
plex 15 is reduced selectively at the a-carbonyl group. Of the 
two remaining isomeric complexes, 16 is more stable than 17 by 
4 kcal mol- ' . From the energy viewpoint 16 is the more likely 
candidate for reduction. However, the same effect that stabi- 
lizes complex 16 also diminishes reactivity of the carbonyl 
function p. 

It is apparent from examination of the canonical forms of the 
complexes 16 and 17 that the stabilization of 16 is due to the 
~r-electron donating capacity of the methoxy substituent 18. For 
the same reason, 16 possesses a higher degree of enolate 

I 

OLi 

character and, since enolized carbonyl groups resist reduction 
by metal hydrides (14), the complex 15 is reduced in preference 
to 16. The observed selectivity is a net result of these two 
effects. 

Steric effects, if any, are clearly less important. Evidently, 
the results of reductions of 7 a  and 7 b  could be interpreted in 
terms of steric control in the follow manner. The methyl 
substituent occupies "more space" in the immediate vicinity of 
the carbonyl function (P) than the methoxy group occupies in 
the immediate vicinity of the carbonyl function (a). Similarly, 
the phenyl group, which may assume aposition perpendicular to 
the plane of the anhydride ring as shown in 19, is more sterically 
important than the methoxy substituent. Thus, both the methyl 
and phenyl groups could, in theory, hinder the approach of a 
nucleophile, particularly a bulky selectride, toward the neigh- 
bouring carbonyl function more effectively than the methoxy 
group. However, if steric effects alone were involved, we 
would expect reversed regioselectivity in reductions of the 
unsubstituted methoxymaleic anhydride 7 c ,  where steric com- 
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petition is between the methoxy group and the hydrogen atom. 
This, of course, is not the case; the regioselectivity in the 
reduction of 7 c  follows the pattern observed in reductions of 
other methoxymaleic anhydrides. In all the reductions studied 
only the lactone 9c  was obtained and we were unable to detect 
any evidence of the isomeric lactone 10c in the crude reaction 
product. 

The results obtained from reductions of methylmaleic anhy- 
dride suggest that the steric effect of a methyl substituent 
situated in the plane of the anhydride ring is only marginal (see 
Table 2). In a preliminary communication (4) on selectride 
reductions we have reported that, while NaBH4 reduction of 
methylmaleic anhydride 20 gave mostly lactone 21, the reduc- 
tion with K-selectride yielded lactone 22 as the principal 
product. Systematic study of methylmaleic anhydride reduc- 
tions with a variety of metal hydrides, under different reaction 
conditions (Table 2), has shown that the preliminary results 
were incorrect. The error was most likely due to the selective 
loss of the lactone 21 during work-up and distillation. In the 
present study we have examined, by proton nmr and gc/ms, the 
crude reaction products before attempting isolation and purifica- 
tion of the lactones. The results show that in all cases 
preferential reduction occurs at the carbonyl function next to the 
methyl group. The highest proportion (25-30%) of the alternate 
lactone 22 was obtained in the reduction of 20 by L-selectride, 
carried out at room temperature. 

I I C H ~ ~ O ;  I 0  cH3,,.,0 I 0  C H 3 y j 0  I 0  

0 
20 21 22 

Under the usual reaction conditions (temperature - 78°C -+ 
-30°C) the product distribution ratio is only marginally 
affected by the size of the nucleophile, which suggests that the 
steric effect is feeble. 

What does affect regioselectivity of these reductions, if the 
steric effect is ruled out, chelation is not applicable, and the 
stabilization of the enolate 23 is weak in comparison to the 
stabilization of en01 18? 

The ab initio calculations performed for the "naked" methyl- 
maleic anhydride (24) show a small difference in the magnitude 

. of the LUMO coefficients on the carbon atoms of the two 
carbonyl groups. We should point out that this difference is 

H 
I 

Hll,c>t; 

H VS. cH3-0Y1 
\ 
OLi 

\ 
OLi 

23 18 

considerably larger in methoxymaleic anhydride, 25. Since the 
size of the LUMO coefficient correlates well with the reactivity 
of a carbonyl function toward a nucleophile, these results 

indicate that the carbonyl group adjacent to the methyl substi- 
tuent is intrinsically more reactive than the P-carbonyl group 
and is attacked preferentially even by a sterically demanding 
selectride reagent. These considerations are supported by the ab 
initio calculations (Gaussian 70 program with a minimal 
STO-3G basis set) (16). The study of protonation of methyl- 
maleic anhydride4 indicates that the association of H+ with the P 

cH30$:"o 

coefficients coefficients 

og - 0.348 0 2 - 0 . 3 4 2  

carbonyl group is favoured by 3.0 kcal mol-' (26, 27) which 
confirms the slight stabilizing effect of methyl substituent as 
illustrated in 23. The calculations also show that the H- attack 
should occur preferentially at the a-carbonyl group, 28 and 29. 

26 27 
E (kcal mol-') -3 0 

For both structures 28 and 2gB, the optimal position for 
hydride attack, at the distance of 2 A, was found to be above the 
double bond and at the angle of 110" to the plane of the carbonyl 
group. We did not optimize the position of H- attacking the 
carbonyl group - H+ complex. The calculations carried out for 
perpendicular attack showed slight, but consistent, preference 

28 29 
E (kcal mol-') 0 -7.5 

for the a-attack. Hence, the intuitive interpretation of the 
experimental results in terms of electronic effects is supported 
by ab initio calculation. 

Conclusion 
The present studies indicate that the regioselectivity of metal 

hydride reductions of substituted maleic anhydrides is only 
marginally affected by steric congestion. The principal factors 
controlling regioselectivity of these reactions appear to be 
electronic in nature. These effects seem to be the following: (I) 
intrinsic reactivity of the carbonyl group adjacent to phenyl, 
methyl, or methoxy substituent; (2) activation of the carbonyl 
function next to the methoxy substituent by chelation with a 
counterion; (3) deactivation of the carbonyl function capable of 
forming (by electron-releasing substituent) stabilized enolate. 

?he geometry for the parent maleic anhydride was obtained from 
the crystallographic data (17a). For the methyl substituted maleic 
anhydride, standard bond lengths and bond angles were used (176). 
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Experimental 
Proton and "C nmr spectra were recorded on a Varian HA-100 

spectrometer in CDCI3 or (CD3)2C0 as solvent and TMS as internal 
standard. The gc/ms spectra were obtained on a VG mass spectrometer 
with a DAN1 7070 gas chromatograph, and infrared spectra on a 
Beckman TR-20 instrument. 

The general procedurc for the reactions with LiA1H4 and NaBH4 is 
described in ref. 15. The selectride reductions were carried out as 
follows: an anhydride (0.003 mol) was dissolved in dry, freshly 
distilled THF (100 mL). The mixture, flushed with a constant slow 
stream of dry N2, was cooled in a Dry Ice - acetone bath. Li-, Na- or 
K-selectride (1 M in THF, 10 mL) was injected slowly into the reaction 
flask. The reaction was stirred for 2 h while the temperature was 
allowed to rise slowly to -30 or -20°C. At that time NaOH (4 N, 
2 mL) and 30% H202 (3 mL) were added and stirring was continued 
overnight. The reaction mixture was acidified with 6 N HC1, reduced 
on a rotatory evaporator, and extracted several times with chloroform 
and diethyl ether. The combined organic layers were evaporated to 
dryness. 

2-Methoxy-3-phenylmaleic anhydride, 7a 
Condensation of phenylacetonitrile with diethyloxalate in the pres- 

ence of sodium hydride (50% oil dispersion) gave ethyl (3-cyano-3- 
phenyl) pyruvate: mp 129- 130°C (18); proton nmr 6 (CDCl,): 1.40 (t, 
3H), 4.40 (q, 2H), 7.25-7.50 (m, 3H), 7.60-7.80 (m, 2H). Methyla- 
tion of the pyruvate with dimethyl sulfate - K2CO3 gave ethyl 
(3-cyano-2-methoxy) c i ~ a m a t e ;  proton nmr 6 (CDCl,): 1.40 (t, 3H), 
3.8 (s, 3H), 4.43 (q, 2H), 7.30-7.50 (m, 3H), 7.60-7.80 (m, 2H). The 
hydrolysis in concentrated HCl/glacial acetic acid gave anhydride 7a 
as pale needles (yield 80%); v,,, (KBr): 1835, 1765, and 1635 cm-'; 
proton nmr 6 (CDCI,): 4.30 (s, 3H), 7.35-7.50 (m, 3H), 7.85-8.00 
(m, 2H). These results are in agreement with the data reported in the 
literature (7). 

Reductions of 2-methoxy-3-phenylmaleic anhydride, 7a 
Reductions carried out according to the general procedures gave 

80-90% isolated yields of reduced products (8a and 9a). Crude 
products were analyzed by proton nmr. Separation by chromatography 
in hexane-ether (1:4) gave 4-hydroxy-3-methoxy-2-phenylbut-2- 
enolide 8a: mp 132- 134°C; v,,, (KBr): 3280, 17 15, and 1650 cm-'; 
proton nmr 6 ((CD3),CO): 4.16 (s, 3H), 6.35 (s, IH), 7.20-7.55 (m, 
3H), 7.80-8.05 (m, 2H); and 3-methoxy-2-phenylbut-2-enolide 9a: 
mp 123-124°C; v,, (KBr): 1745, 1645cm-'; proton nmr 6 
((CD3),CO): 4.15 (s, 3H), 5.15 (s, 2H), 7.26-7.45 (m, 3H), 
7.85-8.12 (m, 2H). 

2-Methoxy-3-methylmaleic anhydride, 7b 
Under the continuous flow of N2, sodium hydride (60% suspension 

in oil, 61.0 g) was washed with two portions of hexane and one of dry 
diethyl ether. After decanting solvents, a fresh diethyl ether (800 mL) 
was added. Absolute ethanol was added dropwise until evolution of Hz 
ceased. The reaction mixture was cooled on an ice bath. Diethyl oxalate 
(209.0g) followed by ethyl propionate (130.0g) wre added to the 
stirred mixture. The reaction mixture was refluxed for 2 h 45 min, then 
cooled, diluted with ice water, and acidified with 6 N HCI to pH 2. The 
mixture was extracted with three 500-mL portions of ether. The 
combined organic layers were dried over CaC12 and reduced on a 
rotatory evaporator. Vacuum distillation of the residue gave p-methyl- 
oxalacetic ester (1 .O Torr(l33.3 Pa), 85-95"C, 157 g, 63% yield). The 
ester was methylated with dimethyl sulfate - K2CO3 according to the 
procedure described by Knight and Pattenden (7). The resulting diethyl 
ether 11 (20.0g) was refluxed for 2 h with 4 N KOH (I00 mL). After 
cooling, the mixture was acidified with 6 N HC1 and extracted with five 
100-mL portions of ether. Ethereal extracts were dried over anhydrous 
MgS04 and the solvent was removed. The product obtained gave ir and 
nmr spectra identical to those described in the literature (8): mp 
40-42°C; v,, (CHC13): 1875, 1775, and 1675 cm-'; proton nmr 6 
(CDC13): 4.25 (OCH3), 2.10 (CH3). The yield was 7 1%. 

Reduction of 2-methoxy-3-methylmaleic anhydride, 7b 
The reductions of 7b  according to the general procedures gave 

75-80% yields of isolated reduced products. Crude products were 
analyzed by proton nmr. Separation on thick-layer chromatography 
gave 5-hydroxy-4-methoxy-3-methyl-furan-2(5H)-one, 8b: mp 93°C 
(crystallized from benzene); v,,,: 3315, 1750, 1733, 1686cm-'; 
proton nmr 6 (CDC13): 1.79 (s, 3H), 4.07 (s, 3H), 5.96 (CHOH), 6.2 
(OH); and 4-methoxy-3-methyl-furan-2(5H)-one, 9a: v,,, (KBr): 
1740 and 1665 cm-'; proton nmr 6 (CDCl,): 1.75 (m, 3H), 3.97 
(s, 3H), 4.67 (m, CH2). The spectral data are identical with those 
described in the literature (19). 

Methoxymaleic anhydride, 7c 
Tartaric acid (103 g) was placed in a round-bottom flask, to which 

freshly distilled acetic anhydride (220 rnL) and concentrated H2S04 
(6 mL) were added slowly. The mixture was stirred until all solid was 
dissolved. The solution was warmed and refluxed briefly (20 min). 
White crystalline diacetyltartaric anhydride precipitated on cooling. It 
was filtered, washed with cold dry ether, and dried. The yield of pure 
product was 118 g. Diacetyltartaric anhydride (26.0 g) was placed in a 
flask containing dry acetone (40 rnL) and heated gently until dissolved. 
The solution was cooled in an ice bath to 10°C and dry pyridine (1 8 mL) 
was added with stirring. After a few minutes the colour of the reaction 
rnixure changed from colourless to yellow-green. Glacial acetic acid 
(14 mL) was added in one portion with vigorous stirring to the mixture 
cooled below 10°C. The mixture was left overnight in a refrigerator. 
Pyridinium salt crystallized as fine, brown needles. It was filtered and 
washed with ice-cold dry diethylether (yield 15.2 g). The alcohol-free 
diazomethane (2.0 mg in 150 mL of dry ether) was added to a dry THF 
(200mL) solution of the pyridinium salt (3.69g). The solution was 
allowed to react for 30 min at 0°C. Then AIC13 (0.95 g) dissolved in dry 
ether (30 mL) was added. The reaction mixture was stirred for 1 h at 
room temperature. The white, flaky precipitate was removed by 
filtration. The organic solvents were removed and the product distilled 
at reduced pressure (0.5 Torr, 1 1 1°C) (ref. 12). The yield of 7c was 
2.45 g, 100%; v,, (CHCI,): 1860, 1775, and 1645 cm-'; proton nrnr 6 
(CDCI,): 4.05 (s, 3H), 5.75 (s, H); ms: M+ 128, M+ - 44, 84. 

Reductions of methoxymaleic anhydride, 7c 
Reductions carried out according to the general procedures gave only 

the lactonic product 9c. The isolated yields varied between 60 and 
94%. In general the best yields were obtained with LiA1H4, the poorest 
with NaBH4. The selectride reductions produced 9c in 70-85% yields; 
9c: v,, (CHCl,): 1785, 1745, and 1640 cm-I; proton nmr 6 (CDCl,): 
3.92 (s, 3H), 4.55 (s, 2H), 5.05 (s, lH), ms: Mf 114, 85, 69, 56. 

Reductions of methylmaleic anhydride, 15 
Reductions were carried out according to the general procedures. 

The variations in time and temperaturc as well as the yields and ratios of 
lactonic products obtained are shown in Table 2. Lactone 15a: proton 
nmr6 (CDC13): 2.14 (CH3), 4.73 (d, CH2-0), 5.87 (m, lH); ms: M+ 
98. Lactone 15 b: proton nmr 6 (CDCI3): 1.95 (CH3), 4.77 (1, CH20), 
7.15 (q, 1H); ms: M+ 98. 
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Thionium analogs of the opiates levorphanol and isolevorphanol: synthesis of the 
17-deaza-17-thia isosteres (sulforphanol and isosulforphanol) 

B. BELLEAU, U. GULINI,' R. CAMICIOLI, B. J. GOUR-SALIN, AND G. S A U V ~  
Department of Chemistry, McGill University, Montreal, P .Q . ,  Canada H3A 2K6 
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B. BELLEAU, U. GULINI, R. CAMICIOLI, B. J. GOUR-SALIN, and G. SAUVB. Can. J. Chern. 64, 110 (1986). 
The total synthesis of the position-17 sulfur analogs of the perchlorate salts of the rnorphinans, (5)-levorphanol and 

(4)-isolevorphanol via4a-(2-arninoethyl)-l,2,3,4,4a,9-hexahydro-6-rnethoxyphenanthrene, a key intermediate in the synthesis 
of butorphanol(4), is described. 2D-Correlation and heterocorrelation nuclear magnetic resonance spectroscopy confirmed the 
configurational relationship of the isosteres. 

B. BELLEAU, U. GULINI, R. CAMICIOLI, B. J. GOUR-SALIN et G. SAUVB. Can. J. Chern. 64, 110 (1986). 
On dtcrit la synthkse totale des analogues portant un atome de soufre en position 17 des perchlorates des morphinanes, 

(5)-ltvorphanol et (5)-isoltvorphanol; ces synthkses se font par l'intermtdiaire du (amino-2 Cthy1)-4a hexahydro-1,2,3,4,4a,9 
mCthoxy-6 phtnanthrkne, un intermtdiaire clC dans la synthkse du butorphanol(4). La rmn, corrtlation 2D et httCrocorrClation, a 
permis de confirmer les relations configurationnelles des isostkres. 

[Traduit par le journal] 

Introduction 
In a previous publication (1) a rationale was presented that 

ascribes a fundamental role to the directionality of the nitrogen 
lone pair of morphinan-like structures in a stereocontrolled 
proton transfer process at the opiate receptor level. Structure- 
activity relationship studies (2) led to the conclusion that 
sulfonium salt analogs of well-known opiates like levorphanol 
and isolevorphanol l a ,  b would help clarify the separate roles of 
ion pairing and hydrogen bond complex formation (as in a 
proton transfer complex) at the key counter anionic site level of 
the receptor. The key structural feature deserving exploitation 
here centers on the fact that the sulfonium ion cannot carry a 
proton-like tertiary amine, so that its incorporation as a 
substitute for the basic nitrogen of an opiate such as levorphanol 
should yield useful information about the role of the nitrogen 
lone pair (and its attached proton) in productive interactions 
with the receptors. In order that an unambiguous answer to this 
question may be secured, it is essential that the receptor probe 
engages in a unique mode of binding, as is the case for 
morphinan-like structures whose enantiomers are discriminated 
against in an absolute manner by the receptor binding sites, 
hence our choice of the levorphanol and isolevorphanol 
geometries as the patterns for the generation of sulfonium 
isosteres. In a preceding article (I) ,  we described the synthesis 
of the sulfonium analog of isolevorphanol (isosulforphanol3a) 
using a strategy patterned after that of Grewe and Mondon for 
the generation of morphinans (3). As it turned out, this strategy 
as applied to analogous sulphur-containing, non-nitrogenous 
intermediates led exclusively to the isomorphinan geometry 
(trans B/C fusion 3a) rather than the morphinan stereochemis- 
try 2a ,  the usual well-known outcome of the Grewe process. 
The structure of the isosulforphanol3a thus obtained (as well as 
that of an unexpected by-product) was established by single 
crystal X-ray analysis (1). It became obvious then that a 
different synthetic strategy had to be conceived in order to 
generate the isomeric sulforphanol analog 2a  (cis B/C fusion). 
It is the purpose of this communication to describe such a 
selective but bifurcate strategy, allowing as well for an 
alternative and efficient synthesis of the already described 
isosulforphanol analog 3a .  

'permanent address: Department of Chemical Sciences, University 
of Camerino, Carnerino, Italy. 

The synthetic strategies leading to 2 and 3 are outlined in 
Scheme 1. The starting material 4 is the key intermediate in the 
commercial synthesis of butorphanol(4), and we endeavored to 
replace its amine function by a hydroxyl group that could then 
be transformed into a thiol group. In principle, a more direct 
approach to this transformation would involve reaction with a 
pyridinium intermediate with a suitable thiolate anion, a 
sequence based on Katritzky's method (5). Although the requi- 
site 2,4,6-triphenylpyridinium intermediate could be easily 
obtained from 4, all attempts at reacting it with a variety of rele- 
vant nucleophiles (thioacetate, thioxanthate, thiourea, acetate, 
iodide) failed to give any of the desired products (aromatization 
of ring B being the major event). In a parallel fashion all attempts 
at diazotization of 4 and its N-acetyl or 3,5-dinitrodibenzoyl 
derivatives (6) failed to yield any of the corresponding alcohol 
6 or its esters. We thus turned our attention to a transamination 
process, with the hope of generating aldehyde intermediate 5. 
Attempts to extrapolate the recently developed method of 
Buckley and Rapoport (7) to amine 4 using a 4-formyl-1-methyl 
pyridinium salt led to disappointing results, only very small 
yields of aldehyde 5 being formed. However, the use of excess 
ninhydrin under controlled conditions led to the desired alde- 
hyde 5 in acceptable yields. Its structure was readily confirmed 
by spectroscopic methods and by borohydride reduction in high 
yield to the corresponding alcohol intermediate 6. Access to this 
key intermediate provided an opportunity to develop an im- 
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lla, R = CH3 10a, R = H 8a, R = CH3C0 
116, R = H 106, R = Ms 86, R = H 

proved process for the production of the isosulforphanol 3 
previously synthesized (1). Thus hydroboration of 6 in the 
expected anti-Markovnikov fashion (8), followed by peroxide 
oxidation, produced diol 10a exclusively, as judged by nmr 
spectroscopy. The corresponding bis-mesylate l o b  was readily 
obtained; this, upon treatment with sodium sulfide, led in good 
yield to the isosulforphan derivative l l a ,  which was identical in 
every respect with an authentic specimen. It was transformed 
into the isosulforphanol3a as previously reported (1), and into 
3 b  by reaction with ally1 bromide (the structure of 3a  having 
been established by single crystal X-ray analysis). Attention 
was then turned to the generation of the sulforphanol stereo- 
chemistry as in 9 (cis B/C fusion). We have previously shown 
(9) that angularly substituted hexahydrophenanthrenes analo- 
gous to 6 can be isomerized stereospecifically to conjugated 
forms like 7 to yield exclusively the product of p-face 
protonation at the B/C ring junction, thus allowing for the 
smooth generation of the desired cis fusion of the two rings. 
Intermediate 6 was therefore treated with potassium tert- 
butoxide in DMSO (9), whereupon 7 a  was obtained in good 
yield as judged on the basis of its nmr characteristics (distinct 
olefinic protons and expected coupling constant for a bridge- 
head proton). It was converted to the tosylate, which upon 
treatment with potassium thioacetate yielded thioacetate 8 a  
readily and then thiol 8 b  after base-catalyzed deacetylation. 
After extensive experimentation, this air-sensitive thiol could 
be induced to undergo photochemical cyclization in 25-35% 
yields to the sulforphan derivative 9a .  Conclusive evidence that 
9 a  is the B/C-cis isomer of the established structure l l a  was 
adduced by correlated homo- and heteronuclear nmr spectro- 
scopy (Figs. 1-4) (10). The 'H and 13C nmr chemical shifts are 
given in Tables 1 and 2 respectively. The structure of 3a ,  as 
noted previously, was established from an analysis of its X-ray 
crystal structure. 

Because the X-ray crystal structure of 2 is not yet available, 
evidence for its morphinan-like structure rests in part on the 

obvious presence in 9 a  of the benzylic CH10A,B<H9<H14 
system, which in the nmr spectrum displays absorption charac- 
teristics closely similar to those of l l a  (9a, 3.15 (HI,, ArCH), 
3.47 (H ArCH) (AB portion of ABX pattern, J H I a A , H l a o  = 16 
Hz, J H ~ , , ~ , H ~  = 6 HZ); l l a ,  3.24 ( H ~ o A ,  ArCH), 3.56 ( H i o ~ ,  
ArCH) (AB portion of ABX pattern, J H I O A , H I a B  = 16 HZ, J H l O A V H 9  
= 6 Hz). The configurational relationship between 2 and 3a was 
deduced from an analysis of the variations in 'H and I3C nmr 
chemical shifts in compounds l l a  and 9a .  

The H-15,, appears at 2.53 pprn in l l a  and at 1.84ppm in 9a.  
The downfield shift experienced by this axial hydrogen in l l a  is 
similar to that of the hydrogen of an axial methyl group on a 
cyclohexane ring (11). In the case of 9a ,  this interaction is 
removed and, as a consequence, the signal representing H-15,, 
has shifted upfield by 0.69 ppm. The most dramatic change was 
observed with H-8,,. This proton experiences two steric 
interactions, downfield shifting, paramagnetic in nature, with 
C-15,, and S-17. When rings B and C are cis fused as in 9a ,  
these two interactions are removed and the observed shift 
difference of -0.99 pprn (an average of 1.3 6 was used for 
H-8=,,, in 9a)  may be viewed as a reflection of this change. It is 
also interesting to note that the H-6,, and H-6, protons in l l a  
appear at the same place (1.66 ppm) in spite of the anticipated 
shift difference between them (0.55 ppm: cyclohexane (12)). 
This is obviously due to its proximity to the H-15,,, which 
imparts a downfield shifting effect on H-6,,, thus offsetting the 
expected shift difference between H-6,, and H-6,, protons. 

The diastereomeric relationship between l l a  and 9a  is also 
evident from their relative C-13 nmr chemical shifts. The most 
characteristic change is seen at C-15. This carbon has two 
y-gauche interactions with C-6 and C-8 in l l a  and therefore is 
expected to be shifted upfield. In 9a ,  the C-15 carbon has an 
anti-relationship with these two carbons and hence should be 
shifted downfield, as compared to l l a .  The observed 12.89- 
pprn downfield shift of C-15 from l l a  to 9 a  confirms this 
change in geometric relationship. Also consistent is the upfield 
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FIG. 1 .  Contour plot of the COSY 45 map of the aliphatic region of 3-methoxy-17-deaza-17-thiamorphinan (9a);  256 were recorded 
(4 scans/spectrum). The matrix was 1024 X 1024 data points. The data were processed with a sine bell function. 

shift (-5.07 ppm) of the C-12 carbon. In l l a  this carbon is anti 
to both C-6 and C-8, whereas in 9a  these are gauche to it. The 
reduced upfield shift, as compared to C-15, may be due to the 
absence of attached protons on the C-12 atom. The upfield shift 
(-5.2 ppm) experienced by C-10 in 9 a  is also in accordance 
with the geometric changes required when l l a  is formally 
converted into 9a ,  namely an additional y-gauche interaction 
with the C-8 atom. The downfield shift (5.02 ppm) of C-14 
(from l l a  to 9a) may have its origin in the reversal of the 
relative orientations of the C-15 and C-12 atoms which are /3 to 

I the C-14 atom. 
The 'H and 13c nmr shift differences therefore corroborate 

each other and support the geometric changes required in the 
formal conversion of l l a  into 9a,  thus establishing the 
diastereomeric relationship between l l a  and 9a.  

Sulforphan intermediate 9a  was 0-demethylated using boron 

tribromide to give 9b, which was S-methylated with methyl 
iodide to yield a mixture of the two possible methyl sulfonium 
iodide salts 2a  (ratio of 55:45 as estimated by nmr). This result 
is in marked contrast to that observed with isosulforphan l l b ,  
which gives a single sulfonium salt, that in which the S-methyl 
assumes the equatorial configuration (1). This different beha- 
viour of 9 b  can only be ascribed to the absence of steric 
interference by ring C to an axial approach of the methylating 
reagent. However, the trans-BIC geometry of the isosulfor- 
phan isomer l l b  effectively prevents such an axial approach. 
Separation of the two geometrical isomers 2a  by chromato- 
graphic methods could not be achieved in a practical manner. 
Fractional crystallization of the iodide, perchlorate, or hexa- 
fluorophosphate salts was also unproductive. However, separa- 
tion into the a-(equatorial) and p-(axial) (2b and 2c) isomers 
could be achieved using the picrate salts. 
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BELLEAU ET AL 

FIG. 2. Contour plot of the 2D heterocorrelation map of the aliphatic region of 3-methoxy-17-deaza-17-thiamorphinan (9a) in CDCI,; 256 
spectra were recorded (16 scans/spectrum). The matrix was 1024 X 512 data points. The data were processed with line broadening in the detecton 
domain and with a pseudo echo shape function in the evolution domain. 

5 

- -- - 

The configuration of the S-methyl groups of the two 
sulfonium salts was assigned unambiguously by I3C nmr 
spectroscopy as based on well-known precedents (13). The 
relevant chemical shift assignments were made by 2D- 
homoconelation and 2D-heterocorrelation nmr and the results 
compared with those previously reported for the case of 
2H-tetrahydrothiapyran and the corresponding isomeric S- 
methyl salts (13). An axial S-methyl induces a smaller down- 
field shift (@-interaction) at the @-carbons than an equatorial 
S-methyl. The relevant 'H and I3C nmr data for epimers 26 and 
2c are assembled in Tables 1 and 2, from which it can be 
deduced that the former has its S-methyl equatorially oriented 
and the latter has the same group axially oriented. Noteworthy 
are the C-14, C-15, and C-18 of 2c, which resonate upfield 
relative to those of 2 6, whereas C- 10 of the latter appears upfield 
relative to the same atom in 2c. These differences originate from 
y-gauche interactions as well as a @-interaction with C-16 of 
the S-methyl group, as quantitatively specified in Table 2. 

Supporting evidence for the assignment of configurations 26 

U 

24-  
< 

h 
U 

5 26-  

1 28-  

,"<' 

and 2c was obtained from the geminal 2 ~ ( ~ , ~ )  values for the 
H-16,,,, protons. These amounted to 12.2 and 14.0 Hz for 26 
and 2c, respectively, in agreement with the experimental 
evidence of Fava and co-workers for relevant S-methylthionium 
cations (14). 

The question of the relative thermodynamic stabilities of the 
equatorial (2b) and the axial (2c) epimers was answered by 
submitting each isomer to conditions of equilibration in 
acetonitrile-p'3 at 1 10°C for 1 week according to a previously 
established protocol (13). The ratio of epimers was monitored 
by nrnr, using the relative peak intensities of the S-methyl 
groups at 2.86 (axial) and 2.76 ppm (equatorial) as the reference 
peaks. At equilibrium, both epimers yielded an identical Kc, 
value of 2.33, which translates in a AG;,, value of -0.66 
kcal/mol in favor of the axial configuration. An examination of 
CPK models revealed that in the equatorial orientation (2b), the 
S-methyl is in very close contact with C-10 (hindering free 
rotation of the methyl) whereas in 2c, the axial methyl does not 
suffer serious repulsions or rotational restrictions. This reversed 
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I 
i 32 
i 

0 

j 34- - ) 

3 6 -  
0, 

U 

F L" 

U " 38 - 
7 

40 - 

42 - 

U 44 - 

U 46 - 

-= 4s- 

e m  
a- - 

-- 
8 

I I I I I I I I I I I I 

3.4 3.2 3 . 0  2.8 2.6 2 . 4  2.2 2 .0  1 .8 1.6 1 . 4  1 . 2  

PPM 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



PPM 

3 . 6  3 . 4  3 . 2  3 . 0  2 . 8  2 . 6  2 . 4  2 . 2  2 . 0  1 . 8  1 . 6  1 . 4  

PPM 

FIG. 3. Contour plot of the COSY 45 map of the aliphatic region of 3-methoxy-17-deaza-17-isothiamorphinan ( l l a ) ;  256 were recorded 
(4 scans/spectrum). The matrix was 1024 x 1024 data points. The data were processed with a sine bell function. 

order of configurational stabilities for a methyl substituent 
relative to cyclohexane models has its origin in the relief of 
1,3-diaxial compressions associated with the longer C-S 
bonds (2 1.8 A). This result parallels those of Eliel and Willer 
(1 3) who also observed substantial destabilizing gauche interac- 
tions (AG& = 1.2 kcal/mol) for an equatorial S-methyl in the 
cis- 1 -thiadecalin series. With 2b,  the analogous destabilizing 
interaction is estimated to approach a similar value. 

Preliminary pharmacological testing, using the experimental 
protocol already defined (I) ,  indicated that the isomer mixture 
2a is significantly more active than isosulforphanol 3a. 

Experimental 
General 

Melting points and distillation temperatures are uncorrected. Infra- 
red spectra were recorded on a Perkin-Elmer model 297 spectrometer. 
Proton nuclear magnetic resonance ('H nmr) spectra were measured 
using a Varian XL-200 spectrometer. The 2D nuclear magnetic 
resonance experiments were carried out using a Varian XL-300 
spectrometer. Tetramethylsilane was employed as the internal standard 

for all compounds. Mass spectrometric measurements were recorded 
on a Dupont 21-492B or LKB 9000 mass spectrometer. 

1,2,3,4,4a,9-Hexahydro-6-methoxy-4a-phenanthlacetaldehyde 5 
The hydrochloride salt of 4a-(2'-aminoethyl)-l,2,3,4,4a,9-hexa- 

hydro-6-methoxyphenanthrene 4 (2.5 g, 8.5 mmol) was dissolved in 
saturated aqueous NaHC03 solution (50 mL) and extracted with chloro- 
form (3 x 50mL). The organic extracts were dried and the solvent 
removed in vacuo. To the residue was added ethanol/water (1: 1 v/v) 
(100 mL), followed by ninhydrin (6.0 g, 33.7 rnmol) also dissolved in 
ethanol/water (1: 1 v/v) (100 mL). If the reaction mixture became 
gummy an additional 100 mL of ethanol was added. The reaction flask 
was wrapped in aluminum foil and stirred under nitrogen for 30 min, 
after which time solid NaHC03 (7.5 g, 0.09 mol) was added. Stirring 
under nitrogen was continued for an additional 14 h and the ethanol 
evaporated in vacuo. The aqueous layer was extracted several times 
with ethyl acetate and the combined extracts washed with water, dried, 
and the solvent evaporated. The blue residue was purified by flash 
chromatography (8 in. X 1 in. silica gel 60 (230-400 mesh)), using 
hexane/ethyl acetate (9:l v/v) as the eluent, to give a colourless oil 
that crystallized from hexane to yield 1.36 g (5.3 mmol, 62% yield) of 
white crystals; mp 72-74°C; ir (CHC13): 2815, 2715, 1712, 1610, 
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FIG. 4. Contour plot of the 2D heterocorrelation map of the aliphatic region of 3-methoxy-17-deaza-17-isothiamorphinan ( l l a )  in CDC13; 256 
spectra were recorded (16 scans/spectrum). The matrix was 1024 x 5 12 data points. The data were processed with line broadening in the detection 
domain and with a pseudo echo shape function in the evolution domain. 

TABLE 1.  'H chemical shifts (ppm) in the nmr spectra of sulforphan pairs of analogs l l a / 9 a  and 2b/2c respectively 

Position of hydrogen 

"Solvent for nmr, CDCI,. 
bNegative and positive values represent upfield and downfield shifts, respectively, for the change from l l a  to 90. 
'Solvent for nmr, CD,CN. 
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TABLE 2. 13C chemical shifts (ppm) in the nmr spectra of sulforphan pairs of analogs l l a / 9 a ,  9 ~ 1 2 6 ,  and 9a/2c, respectively, and the relevant 
shift differences (A) 

Position of carbon 

"Solvent for nmr, CDCI,. 
bNegative and positive values represent upfield and downfield sh~fts respectively. 
'Change from l l a  to 9a. 
dSolvent for nmr, CD3CN. 
'Change from 9a to 26. 
fChange from 9a to 2c. 
+gauche interactions; based on ref. 13, the expected value is - 10. 
hy-anti interactions; expected value (13) is -4. 
'p-interactions; expected value (13) is 11 (an axial S-methyl may accordingly be expected to be desh~elded more weakly by about 6 ppm, however, the trend is in the 

correct direction). 

I 
1574, 1500, 1460, 1444cm-'; 'H nrnr (CDC13) 6: 1.2-2.5 (m, 8H), 
2.55,3.12 (d of ABq, CH2C(0), J = 4 Hz, J = 16 Hz), 3.25-3.4 (m, 
CH2Ar), 3.8 (s, OCH,), 5.75 (s, CH=C(R2)), 6.7-7.1 (m, 3H, ArH), 
and 9.25 (m, C(0)H); mle: 212 (M'. - CH3C(0)H), base peak). 
Anal. calcd. for CL7H2002: C 79.65, H 7.86; found: C 79.64, H 7.88. 

4a-(2' -Hydrogethyl)-1,2,3,4,4a, 9-hexahydro-6-methog- 
phenanthrene 6a 

The preceding aldehyde 5 (0.50g, 1.95 mmol) was dissolved in 
chloroform (20 mL) under nitrogen and the solution cooled to O°C. A 
slurry of sodium borohydride (0.08 g, 2mmol) in dry ethanol was 
added and the mixture stirred at O°C for 30min, followed by the 
addition of enough 10% aqueous HC1 to produce a clear solution 
(10 mL). The aqueous layer was extracted with CHC13 (4 X 50 mL) and 
the combined extracts washed with saturated aqueous NaC1, dried, and 
the solvent evaporated in vacuo, leaving a pale yellow oil that crystal- 
lized from hexane to yield 0.47 g (1.82 mmol, 93.4% yield) of the 
alcohol 6 as white crystals; m 78 79°C; ir (neat, oil): 3385, 1607, f' - 1571, 1495, 1458, 1440cm-'; Hnmr(CDC13)6: 1.02-2.6(m, 12H), 
3.2-3.5 (m, 3H, CH20H), 3.77 (s, 3H, 0CH3), 5.$3 (br s, lH, 
R2C=C(H)), 6.52-7.05 (m, 3H, ArH); m/e: 258 (M '), 213 (base 
peak). 

4a-(2'-Hydrogethy1)-1,2,3,4,4a, IOU-hexahydro-6-methog- 
phenanthrene 7a 

The preceding alcohol 6 (l.Og, 3.87 mmol) was dissolved in 
dry DMSO (20 mL) under nitrogen, the solution cooled to 5"C, and 
potassium tert-butoxide (I .O g, 9.0 mrnol) added. After stirring at room 
temperature for 48 h the mixture was cooled again, an additional quan- 
tity of potassium tert-butoxide (1.0 g, 9.0 mmol) added, and stirring 
continued for an additional 48 h. The mixture was poured onto water 
(50 mL), extracted with methylene chloride (3 X 50 mL), and the com- 
bined extracts washed several times with water (in order to remove all 
of the DMSO), then dried and decolourized with charcoal. Evaporation 

of the solvent left 0.9 g (3.49 mmol, 90.1% yield) of a colouriess oii, 
which formed white crystals from hexane; mp73.5-75°C; ir (neat, oil): 
3380, 1602, 1563, 1487, 1470, 1430, 1420cm-'; 'H nrnr (CDC13) 6: 
0.9-2.6 (m, 12H), 3.2-3.6 (m, 3H, CH20H) 3.8 (s, 3H, 0CH3), 5.8 
(HloA), 6.25 (HloB) (AB portion of ABX pattern, JH,~,,, = 8 HZ, 
JHIOAHIOB = 16 HZ), 7.6-8.1 (m, 3H, ArH); mle: 258 (M'.), 213 
(base peak). 

4a-(2'-TosyIogethyl)-1,2,3,4,4a,I0a-hexahydro-6-methog- 
phenanthrene 7b 

The above alcohol 7a (2.93 g, 1 1.34 mmol) was treated at 0°C in dry 
pyridine (18 mL) with a solution of p-toluenesulfonyl chloride (2.59 g, 
13.58 mrnol) in dry pyridine (5 mL). After stirring at 0°C for 20 h, the 
mixture was gradually diluted with cold water, causing separation of a 
light yellow solid, which was collected, washed with water, and dried 
in vacuo to yield 4.305 g (10.44 mmol, 92.0% yield) of the tosylate 7 6; 
mp 8648°C.  It was used as such in the next step. An analytical sample 
was prepared by recrystallization from ether-hexane to give white 
crystals; mp 90.5-92°C; ir (neat, oil): 1170, 1355 cm-I; 'H nmr 
(CDC13) 6: 0.7-2.5 (m, lOH), 3.7-4.05 (m, CH20), 3.8 (s, 0CH3), 
5.75 (HloA), 6.25 (HlO,) (AB portion of ABX pattern, JK9HIOA = 8 HZ, 
JH1oAH1OB = 16 HZ)), 6.6-7.0 (m, 3H, ArH), 7.3,7.6(AB q ,  4H, JAB = 
4 Hz, ArTs); mle :  257 (M" - Ts), 91 (base peak). Anal. calcd. for 
C24H2804S: C 69.87, H 6.84; found: C 69.64, H 6.60. 

4a-(2'-Acetylthioethyl)-l,2,3,4,4a,I0a-hexahydro-6-methog- 
phenanthrene 8a 

The preceding tosylate 76  (1.38 g, 3.33 mmol) was treated under N2 
with potassium thioacetate (0.42 g, 3.7 mmol) in refluxing dry THF 
(50 mL) for 12 h. The solvent was removed in vacuo, the residue taken 
up in CHC13 (74 mL), the solution washed with H20  (4 X 50 mL), and 
the organic layer dried and evaporated in vacuo, leaving a yellowish 
oil. This oil was purified by flash chromatography (8 in. X 1 in. silica 
gel 60 (230-400 mesh)) using hexanelethyl acetate (9:l v/v) as the 
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BELLEAU ET AL. 117 

eluent to give 0.7 g (2.2 mmol, 66.5% yield) of a colourless oil 
(homogeneous by tlc); ir (neat): 1688 cm-I; nmr (CDC13) 6: 0.9-2.9 
(m, 12H), 2.2 (s, 3H, C(0)CH3), 3.8 (s, 3H, OCH,), 5.8 (HIOA), 6.25 

- (HIOB), (AB portion of ABX pattern, JHPHIOA = ~ H z ,  JHIOA~lOB - 
16Hz)); mle: 316 (M"), 213 (base peak). 

3-Methoxy-17-deaza-17-thiarnorphinan 9a 
The above thioacetate 8 a  (9.08 g, 28.7 mmol) was treated under N2 

in dry deoxygenated THF (100mL) with a solution of sodium 
methoxide (1.86 g, 34.42 mmol) in deoxygenated methanol. The 
mixture was stirred for 3 h, the pH adjusted to4 with 5% deoxygenated 
aqueous citric acid, and the aqueous layer extracted with deoxygenated 
chloroform. The combined extracts were dried, the solvent removed in 
vacuo under N2, and the resulting air-sensitive thiol8b (colourless oil) 
irradiated under nitrogen in deaerated benzene (air cooling) with two 
GE sunlamps 136 (275 W, 110-125 VAC, 60cyc) for 54h. The 
solvent was removed in vacuo and the residue purified by flash 
chromatography (12 in. x 3 in. silica gel 60 (230-400 mesh)) using 
hexanes/toluene (3:1, v/v) as the eluent to yield a light yellow solid 
that was crystallized from hexane to give 9 a  as white crystals (1.93 g, 
25.2% yield); mp 106.5-108°C; ir 9 a  (CH2Cl1): 2925, 1610, 1490, 
1230 cm-I; 'H nmr 9a (CDC13) 6: 1-2.7 (m, 14H), 3.15 (HIOA, 
ArCH), 3.47 (HIOB, ArCH) (AB portion of ABX pattern, JHVH,,, = 
6 Hz, JHloAHlo, = 1+6 HZ)), 3.8 (s, 3H, OCH,), 6.6-7.1 (m, 3H, ArH); 
m l e  (15): 274 (M '), 213 (base peak). Anal. calcd. for C17H220S: C 
74.40, H 8.08; found: C 74.22, H 7.96; 'H nmr 8 b  (CDCI,) 6: 
1.07-2.7 (m, 14H), 3.8 (s, 3H, OCH,), 5.8 (HIoA), 6.25 (HIOB) (AB 
portion of ABX pattern JHVHIoA = 6 HZ, JHIoAH,,, = 16 HZ)), 6.6-7.1 
(m, 3H, ArH). 

3-Hydroxy-17-deaza-17-thiamorphinan 9b 
The preceding 3-methoxy-17-deaza-17-thiamorphinan 9 a  (0.5 g, 

1.82 mmol) was dissolved under N2 in dry methylene chloride (10 mL) 
at -78°C followed by the addition of a solution (5 mL) of BBr3 in 
CH2C12 (0.5 M) at -78°C. The reaction mixture was allowed to warm 
slowly to room temperature and, after 18 h, it was poured onto H20 and 
the aqueous layer washed with CH2C12 (4 x 20 mL). The combined 
extracts were dried, the solvent removed in vacuo, and the residue 
purified by flash chromatography (6 in. x 1 in. silica gel 60 (230-400 
mesh)) using CHC13 as the eluent to give a colourless oil that was 
crystallized from methylene chloride to yield 0.317 g (1.3 mmol, 67% 
yield) of white crystals; mp 134-136°C; ir (KBr disc): 3300, 2920, 
2840,1615,1490,1450,1290,1220 cm-'; ' ~ n m r ( ~ ~ ~ 1 , )  6:0.9-2.8 
(m, 14H), 3.1 ( H I O ~ ) ,  3.5 (HIOB) (AB portion of ABX pattern JHVHIoB 
- - 6 Hz, JHloAHloB =+I6 HZ)), 4.75 (br s, lH, OH), 6.7-7.1 (m, 3H, 
ArH); mle:  260 (M '), 199 (base peak). 

a and p sulforphanol isomers 2a 
The above 3-hydroxy- 17-deaza- 17-thiamorphinan 9b (0.60 g, 

2.32 mmol) was treated with CH31 (4 mL) in CH3CN (22 mL) and, after 
standing for 14 h, dry ether was added to the solution, whereupon white 
crystals separated. These were washed with dry ether and dried in 
vacuo to yield 0.90 g (2.24 mmol, 96.4% yield) of white crystals; no 
definite mp; 'H nmr (CDC13 + CF3COOD) 6: 1.2-4.0 (complex m 
20H), 2.98 (s, SCH,), 3.1 (s, SCH3), 6.8-7.3 (ArH); mle: 260 (M" 
- CH31), 199 (base peak). Anal. calcd. for C17H2310S: C 50.75, 
H 5.76; found: C 50.53, H 5.62. 

The iodide salt (761 mg, 1.89 mmol) was dissolved without delay ill 
methanol and the solution passed through an anion exchange column in 
the perchlorate form prepared as described previously (1) to yield a 
methanol solution of the perchlorate salt of sulforphanol 2a; the salt 
was obtained as a white solid after evaporation of the solvent. It was 
recrystallized from CH3CN/hexane to give 671 mg (1.79mmo1, 
94.6% yield) of long white needles incorporating the two S-methyl 
stereoisomers, as judged by nmr analysis; 'H nmr (CDC13/CF3COOD) 
6: 1.1-3.8 (m, 20H), 2.8 (s, 3+H, SCH3), 3.0 (s, 3H, SCH3), 6.7-7.2 
(m, 3H, ArH); mle:  260 (M ' - CH3C104), 199. Anal. calcd. for 
Cl7HZ3C1O5S: C 54.47, H 6.18; found: C 54.49, H 6.33. 

The a-(equatorial CH,) and p-(axial CH3) isomers (2b and 2c) could 
not be separated efficiently by hplc or as their perchlorate or 

hexafluorophosphate salts, but could be separated as their picrate salts. 
Thus treatment of the perchlorate or iodide salts mixture with sodium 
picrate in aqueous ethanol gave crude yellow crystals that, after three 
recrystallizations from warm ethanol, yielded 2c  picrate as yellow 
needles; mp 176-178°C. The mother liquor, upon concentration 
followed by several recrystallizations of the solid from CH3CN/Et20, 
yielded pure 2b  picrate as yellow needles; mp 120-122°C. The two 
isomers were converted into their corresponding perchlorate salts by 
the anion exchange method previously described (1) to give, after 
recrystallization from CH3CN/hexane, white crystals of pure a- 
sulforphanol perchlorate (2b, mp 200°C (dec.)) and its isomer 2c  (mp 
208°C (dec.)). 

4a-(2'-Hydroxyethyl)-lO-hydroxy-l,2,3,4,4a,9,1O,lOa-octahydro-6- 
methoxyphenanthrene 10a 

The alcohol 6 (0.224g, 0.95 mmol) was dissolved in CH2CI2 
(10 mL) under nitrogen and 10 M borane-dimethylsulfide (1 mL) was 
added. After 1 hour, 15% aqueous sodium hydroxide (20 mL) was 
added, followed by 30% aqueous hydrogen peroxide (20 mL), and the 
mixture was allowed to stand an additional 24 h. The solution was 
extracted with ether, which was washed with 15% aqueous sodium 
tartrate (3 x 40 mL) and H20 (2 x 50 mL). The organic phase was 
dried and the solvent removed in vacuo to yield 0.26 g (0.95 mmol, 
100% yield) of the crude diol. The diol was purified by flash 
chromatography (4 in. x 1 in. silica gel 60 (230-400 mesh)) using 
hexanelethyl acetate (1:2 v/v) as an eluent to give 0.22 g (0.81 mmol, 
85% yield) of white crystals; mp 138-139°C; ir (Kbr disc): 3300, 1600, 
1570, 1490, 1400 cm-'; IH nmr (CDC13) 6: 1 .l-4.3 (m, 18H), 3.78 (s, 
3H, OCH,), 6.57-7.13 (m, 3H, ArH); mle: 258 (M" - H20), 83 
(base peak). Anal. calcd. for C17H2402: C 73.88, H 8.75; found: C 
73.86, H 8.76. 
4a-(2'-Mesyloxyethyl)-lO-mesy1oxy-1,2,3,4,4a,9,10,10a-octahydro- 

6-rnethoxyphenanthrene l o b  
The preceding diol 10a (1.97 g, 7.1 mmol) was dissolved in dry 

pyridine (100 mL) at O°C, methane sulfonylchloride (3 mL) added, 
and, after 24 hat  O°C, the mixture was poured onto water (400 mL) and 
extracted with CH2C12 (3 X 50 mL). The combined extracts were 
washed several times with 10% aqueous HCl(5 x 50 mL), once with 
H 2 0  ( S o d ) ,  dried, and evaporated in vacuo to yield 2.77 g 
(6.42 mmol, 90.4% yield) of a yellow oil. This was purified by flash 
chromatography using ethyl acetatelhexane (2: 1) as the eluent to yield 
2.60g (6.02mmo1, 84.8% yield) of a white solid, which was 
recrystallized from absolute ethanol to give 2.55 g (5.90 mmol, 83.1% 
yield) of white crystals; mp 115-1 16°C; ir (CH2C12): 1350, 1330, 
1170cm-I; 'H nmr (CDC13) 6: 0.7-2.6 (m, 13H), 2.83 (s, 3H, 
CH3S02), 3.00 (s, 3H, CH3S02), 3.72 (s, 3H, OCH,), 3.82-4.3 (m, 
2H, CH20S02R), 4.63-5.18 (m, lH, CHOS02R), 6.53-7.17 (m, 3H, 
ArH); mle:  337 (M" - CH3S03H, 213 (base peak). Anal. calcd. for 
C19H2807S2: C 52.75, H 6.52; S 14.67; found: C 52.68, H 6.63, S 
14.56. 
3-Methoxy-17-deaza-17-isothiamorphinan l l a  

The above dimesylate l o b  (2.4 g, 5.5 mmol) was treated in absolute 
ethanol (300 mL) with sodium sulfide nonanhydrate (14.5 g, 
60.4 mmol) under N2 and the mixture heated under reflux for 20 h. 
After cooling, the solvent was removed in vacuo, methylene chloride 
added to the residue, the suspended sulfur filtered off, the filtrate dried, 
and the solvent removed in vacuo to leave a yellow oil. This was 
purified by flash chromatography (6 in. X 1 in. silica gel 60 (230- 
400 mesh)) using hexanelethyl acetate (25: 1 v/v) as the eluent to give 
1.02 g (3.72 mmol, 66.9% yield) of white crystals; mp 73-74°C; ir 
(neat, oil): 3300, 1600, 1570, 1490, 1400 cm-'; 'H nmr (CDC13) 6: 
1.1-2.8 (m, 14H), 3.24 (HIOA, A S H ) ,  3.61 (HloB, ArCH), (AB por- 
tion of ABX pattern, JHIOA,~lOB = 16 HZ, JHP,H,OA = 6 HZ)), 3.8 
(s, 3H, OCH,), 6.7-7.0 (m, 4H, ArH); mle:  274 (M"), 213 (base 
peak). Anal. calcd. for C17H220S: C 74.40, H 8.08; found: C 74.61, 
H 8.17. 

3-Hydroxy-l7-deaza-l7-allylthioniurn-l7-isothiamorphinan 
bromide 3b 

3-Hydroxy-17-deaza- 17-isothiamorphinan (0.222 g, 0.853 mmol) 
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was prepared by 0-demethylation of l l a  as previously described ( 1 )  
and treated in dry acetonitrile (3  mL) with allylbromide (4.1 mL) under 
N1. After 42 h, the solution was poured onto dry ether and the solid col- 
lected, washed with dry ether, and recrystallized from acetonitrile/ether 
to yield 273 mg (0.72 rnrnol, 84.0% yield) of white crystals; mp 131- 
133°C (dec.). Anal. calcd. for C19H25BrOS: C 59.84, H 6.61; 
found: C 59.93, H 6.55. 
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Characterization and elimination of cationic interferences on platinum 
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M. A. MOSTAFA and M.  A. KABIL. Can. J.  Chem. 64, 119 (1986). 
Interfering effects of different cations on the atomic absorption signal of platinum can be completely eliminated by adding 

n-butylamine. 'The releasing action of n-butylamine comes through the formation of a volatile, platinum-amine complex, so the 
platinum species reaching the flame will normally be independent of the original composition of the solution. The inhibition 
release titration method has been used in studying the interfering effects to achieve a determinate characterization of compound 
formation. 

M.  A. MOSTAFA et M.  A. KABIL. Can. J. Chem. 64, 119 (1986). 
Les interferences de divers cations sur I'absorption atomique des signaux du platine peuvent &tre complktement CliminCs par 

l'addition de n-butylamine. L'effet de relargage de la n-butylamine provient de la formation d'un complexe volatil 
platine-amine qui fait que les espitces platiniques qui atteignent la flamme seront normalement independantes de la composition 
originale de la solution. On a fait appel i la methode de titration avec elimination de l'inhibition pour Ctudier les effets 
d'interference et obtenir une caractirisation determinee de la formation du compose. 

[Traduit par le journal] 

Introduction I 
The determination of platinum by atomic absorption spec- 

troscopy (AAS) has been reported in the literature (1-3). 
Lockyer and Hames (4) observed serious interferences from 
several metal ions. Addition of copper sulphate with a concen- 
tration above 20 000 pg/mL overcame the interferences en- 
countered from noble metals and sodium. Although copper 
sulphate was added in a large excess, the interferences were not 
completely eliminated. Another study (5) showed that the 
serious depressive inter-element interferences of Ag, Al, Au, 
Bi, Ca, Co, Cr, Fe, Hg, K, Mg, Mn, Mo, and Ni were removed 
by buffering the solution with a mixture of cadmium and copper 
sulphates, each at 0.5%. 

The disadvantage of the above method is the limitation of the 
buffer capacity in controlling interferences when some of the 
offending ions are present in concentration levels exceeding 
200 pg/mL. Extraction procedures (6) have been presented to 
avoid interferences from a variety of matrices. The standard 
releasing agent for platinum is 1% lanthanum chloride (7). 
However, such methods hinder a better understanding of the 
phenomena during aspiration and atomization of the sample in 
the flame. 

Experimental 

Solutions 
All solutions were prepared from B.D.H. chemicals and Analar 

grades. Stock solutions of the metals were prepared as chlorides; 
aliquots were suitably diluted to give the desired metal ion concentra- 
tion used for the experiments. The stock solution of platinum (7 x 

M chloroplatinic acid) was standardized using thiophenol (8). 

Equipment 
The atomic absorption spectrophotometer, Unicam SP 90A series 2, 

was fitted with a new HTA phototube, No. R 270 from EMI. Air was 
supplied through a PU 9003 air compressor. Acetylene was obtained 

I from cylinders after passing through concentrated sulphuric acid and 
glass wool for purification. A continuous titration device (9) was 
attached to the instrument and the results were analyzed on a CASIO 
FX-502P type programmable pocket c?lculator. Absorbance values 
were recorded with a Philips PM 8251 single-pen recorder at chart 
speed of 30 cm min-' . 

The instrumental parameters were: lamp current, 12mA; wave- 

' ~ev i s ion  received September 2, 1985. 

U I I I I 

o 1 2 3 4 5 ( X  10-3) 
C o t ~ o n  concn .  ( M I  

FIG. 1. Effect of some cations on the recovery of 1.025 X M 
chloroplatinic acid. 

length, 265.9 nm; slit width, 0.15 mrn; obervation height, l .O cm; air 
flow rate, 5 .O L m i d ;  fuel flow rate, 1 .O L min-' . 

Results and discussion 
Interjerence of cations 

Metal-metal interactions in a flame present a very compli- 
cated problem. Analysts can be puzzled from data reported by 
many workers in which no general observation can be con- 
cluded because any proposed mechanism for an inter-element 
interaction cannot be applied in general for others. 

The initial study concerning the effect of different cations (as 
chlorides) on the absorbance of the standard platinum solution 
in an air-acetylene flame are represented in Figs. 1 and 2. It is 
evident that the absorbance is changed considerably by the 
foreign cations and that at a definite concentration of the 
interferent a pronounced inflection is observed. The graphs 
obtained when the time axis of the titration plot was converted to 
molar ratio between the interfering ion and platinum showed 
that the distinct breakpoints corresponded to [M+] /[Pt] at aratio 
of 1:2, [M2+]/[pt] at aratio of 1:1, and [M3+]/[Pt] at aratioof 
2:3 (where M + ,  M2+, and M ~ +  are the mono, bi, and trivalent 
cations). The ratios are directly related to the formation of 
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0 1 I 

0 1 2 3 4 5 (x lo-? 
Cat ion  concn. (M)  Molar ratio ( [n-butylomine] / [Pt])  

FIG. 2. Effect of some other cations on the recovery of 1.025 x FIG. 4. Changes of the absorption signal of platinum as a function of 
M chloroplatinic acid. the n-butylaminelpt ratio. 

201  I I I I 

0 4 8 12 ;o 100 ( x  
Acid concn .  (M) 

FIG. 3. Changes in the absorption signal of 200 pg/mL (1.025 x 
M )  platinum in the presence of inorganic acids. 

M2,,[PtC16] and M2[Ptcl6l3, according to the following equa- 
tions: 

2 
[I] - Mn+ + Hr[PtCls] = M2,,[PtC16] + 2H+, ( n  = 1 or 2) 

and 

[2] 2 ~ ~ '  + 3H2[PtC16] = M2[PtC16]3 + 6HS 

Thus the data suggests a condensed phase chemical interfer- 
ence in which a less volatile platinum salt is formed (10). The 
general trend of the graphs indicates that the absorbance 
decreases at the first stage of the titration, and after the 
stoichiometry is attained the graphs plateau, except for lantha- 
num. In the case of La the absorbance of platinum was restored 
to about 110 recovery percentage at a concentration of 4 X 

M of lanthanum. 

Effect of anions 
It is difficult to independently investigate the influence of 

anions on the absorption signal of platinum because essentially 
all cations cause serious interferences on platinum. Inorganic 
acids are used for the decomposition of most samples, and the 
hydrogen ion has little effect on the dissociation of chloro- 
platinic acid. Thus anion interferences are best investigated 
using inorganic acids. The data in Fig. 3 show that the 
absorption signal of platinum is affected by the nature of the acid 
added. Hydrochloric and nitric acids have little influence. The 

decrease in the absorption signal was pronounced for other acids 
when the acid concentration became greater than 0.2 M. These 
acids decrease the signal even at low concentration. This may be 
due to some condensed phase interferences, i.e., crystallization 
of mixed salts with different thermal stabilities during evapora- 
tion and disintegration of aerosol. Evaporation of chloroplatinic 
acid solutions in the presence of sulphuric acid gives platinum 
sulphate (1 1). Curves 3, 5, and 6 of Fig. 3 indicate distinct 
breakpoints corresponding to [PO!-]/[P~] and [ S e - ] / [ ~ t ]  at 
ratios of 2: 1 and [Br-]/[Pt] at a ratio of 6: 1. Such ratios are 
directly related to the formation of H2[Pt(S04)2(OH)21, PtP207, 
and H2[PtBr6] which are known as less volatile compounds in 
the flame (1 1). 

Elimination of interjferences 
Platinum is known to form stable complexes with different 

amine compounds (12). A continuous AAS titration method 
was used to study the effect of n-butylamine on the chemical 
interferences affecting the Pt-absorbance signal. Changes in the 
absorption signal of Pt were monitored continuously and 
recorded as a function of amine concentration and the data are 
shown in Fig. 4. A feature of the data shown in Fig. 4 is that 
the absorbance decreases and reaches a minimum at an [n- 
butylamine] /[platinum] ratio of 1: 1. After reaching this ratio an 
enhancement occurs, reaching a maximum at about 108 
recovery percentage. The behaviour of n-butylamine can be 
discussed according to three main steps which take place during 
the process of atomization. (i) Vaporization of the solid 
Pt-amine complex, followed by its decomposition in the flame 
produces platinum atoms, which instantaneously react with the 
oxidizing species already present in the flame. Such reaction 
yields PtO leading to the deficiency of platinum atoms, followed 
by a depression in the absorption signal. (ii) After a particular 
stoichiometric ratio was attained at 1: 1 for Ptln-butylamine, the 
decomposition of the complex may form a reducing species in 
the flame, such as, CN, NH, or CH, which may react with PtO 
according to the following equations: 

[3] PtO + NH = Pt + N + OH 

[4] PtO + CN = Pt + N + CO 

(iii) The excess of n-butylamine leads to the formation of more 
reducing radicals in the flame which balance the excess of 
oxidizing species and restores the absorption signal to its normal 
value. 

In support for the previous mechanism, Fig. 5 shows the 
relatively steady decrease in the emission intensity of the OH 
radical with the continuous increase in NH emission intensity as 
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281.1 nm. 

O---O 
,,,o' 028 

FIG. 8. Distribution of platinum atoms (1.025 x M) as a 
function of observation height for different interferents, each in 2 x 

- 

4 
o l d  

0.24 - 

.\ U 

@--.-.-.-.--a 2 

- - 
" i L I I I 

2 3 4 5 6 7 ( X  10-2) 

n-bu ty lam~ne  concn (M) 
I 

FIG. 5. Effet of n-butylamine on preclusion of the formation of 
oxidizing species OH and facility of the formation of reducing species 0.00 
NH. Emission intensity of NH or OH already present in the flame is 
assumed to be 100. All other results are normalized against this value. 

OD 0.2 0.4 0 6  0.8 1P 1.2 1.4 

( 0 )  NH emission intensity at 337 nm; ( 0 )  OH emission intensity at Observotion h e ~ g h t  ( c m )  

0 l 
o 2.5 5 7.5 (XIO-~) 

n -  butylamine concn. ( M I  

P M: 1, Pt only, the others having Pt and 2, Mg; 3, Sr; 4, Ca; 5, Ba; 
6, Al; and 7, K. 

FIG. 7. Use of n-butylamine in eliminating interferences on 1.025 x 
M platinum encountered from 2 x M of some other cations. 

Curves: 1, Mg; 2, Sr; 3, Ca; 4, Ba; 5, Al; 6, K; 7, Na. 

0.2 8 

024 

a, 
020 

U 
0 C 

0 2.5 5 7.5 ( x  1 0 -  5) 2 O S 6 -  
n - butylamine concn. (M) 8 

2 012- FIG. 6. Use of n-butylamine in eliminating interferences on 1.025 x a: 
M Pt encountered from 2 x M of somecations. Curves: 1, Zn; 

2, Ce; 3, V; 4, Mo; 5, Co; 6, Cu; 7, Ni; 8, Pd. 0.08- 

the n-butylamine solution is added. In such a case the 
decomposition of n-butylamine gives reducing fragments (CN 
and NH). Accordingly an enhancement in NH band emission 
intensity has occurred (Fig. 5, graph 1). Also, such fgragments 
scavenge OH radicals in the flame giving a suppression in OH 
band emission intensity (Fig. 5, graph 2). Such foundations can 

- 
- 

- 

\ a 
/ 
g, 

0.00 1 I 1 , I 

C$ 0.2 0.4 0.6 0.8 1D 12 1.4 
Observotion height ( c m )  

FIG. 9. Distribution of platinum atoms (1.025 x M) as a 
function of observation height in 5 x M of n-butylamine for 
different interferents, each in 2 X M ( 0 )  Pt only, the others having 
Pt, n-butylamine, and (A) Mg, ( 0 )  Sr, (0) Ca, (0) Ba, (A) Al, a n i  
(.) K. 

bt: represented by the following equations: 

When n-butylamine is added in sufficient concentration to 
samples containing interfering cations, the suppression is 
gradually eliminated (Figs. 6 and 7). The data are encouraging, 
except for Na, K, and Pd, where the recovery percentages are 
84, 87, and 80. 

The data in Fig. 8 illustrate the distribution of platinum atoms 
in the presence of different cations as a function of observation 
height. The effect of different concomitants were examined as a 
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function of observation height in the presence of 5 X lop3 M 
n-butylamine. The data were completely coincident (Fig. 9) 
indicating that the formation of platinum-amine complex 
is attained in solution, protecting platinum from offending 
species. These data clearly illustrate the possibility of applying 
n-butylamine as a good masking agent for AAS determination 
of platinum. 
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M. C. CHALANDRE, J.  BRUNETON, P. CABALION et H. GUINAUDEAU. Can. J .  Chem. 64, 123 (1986). 
En plus d'une aporphine, les Ccorces de Hernandiapeltata Meissner (HernandiacCes) ont fourni deux nouvelles bisrkticulines 

et 10 dimbres aporphine-benzylisoquinolCine. Quatre d'entre eux sont nouveaux: la (+) northalicarpine-6 6, la (+) 
N-oxythalicarpine-2' 10, la (+) hkbridamine 11 et la (+) vilaportine 12. L'hCbridamine est le premier exemple de 
benzylisoquinolCine-phknanthrbne et la vilaportine est un dimbre comportant une moitit zwitterionique. La dkhydrothal- 
milatine-6a,7 9 est isolCe ici pour la premikre fois i 1'Ctat naturel. La possibilitC d'une relation biogCnCtique entre la (+) 
vanuatine et la (+) thalicarpine est envisagke. 

M. C. CHALANDRE, J.  BRUNETON, P. CABALION, and H. GUINAUDEAU. Can. J .  Chem. 64, 123 (1986). 
The bark of Hernandia peltata Meissner (Hernandiaceae) has yielded four new dimeric alkaloids, namely (+)-6-northali- 

carpine 6, (+)-thalicarpine 2'-N-oxide 10, (+)-hebridamine 11, and (+)-vilaportine 12. Hebridamine is the first example of a 
benzylisoquinoline-phenanthrene dimer and (+)-vilaportine is a dimer with an oxoaporphinium zwitterionic moiety. The 
6a,7-dehydrothalmelatine 9, previously known as a synthetic compound, has been isolated from a natural source for the first 
time. The possibility of a biogenetic relationship between (+)-vanuatine and (+)-thalicarpine 7 is considered. 

I1 est connu que la (+) rtticuline conduit, via un couplage 
oxydatif intramoltculaire, a de nombreuses structures mono- 
mtriques (2, 3). Or rtcemment nous avons pu isoler de 
Hernandia peltata Meissner trois alcaloi'des dimkres qui cons- 
tituent le premier exemple connu d'un couplage oxydatif 
intermoltculaire de deux unitts dtrivtes de la (+) rtticuline (4). 
L'un d'entre eux, la (+) vanuatine 1 pourrait s'inscrire dans un 
schtma biogtnttique conduisant a la (+) thalicarpine 7, 
alcaloi'de aporphine-benzylisoquinoltine dimkre cytostatique 
prCsent en particulier chez Hernandia ovigera (5) et dont la 
prtsente note rapporte l'isolement en quantitt notable dans H. 
peltata. Avant-d'envisager une ttude sptcifique de cette 
biosynthese, il importait d'approfondir la connaissance de la 
composition en alcaloi'des dimeres de cette espece. Nous 
rapportons ici l'isolement et l'identificadon de 13 alcaloi'des, 1 
aporphine et 12 dimkres, obtenus lors d'une ttude sur un nouvel 
tchantillon de cette plante. Six des moltcules isoltes sont 
originales: deux bisbenzylisoquinoleines de type bisrtticuline et 
quatre dimkres aporphine-benzylisoquinoleine. 

L'extraction est conduite selon le proctdt dtjh dtcrit (4): une 
sCparation prtliminaire des monomkres et des dimkres est 
rtaliste par filtration moltculaire sur gel de Sephadex LH 20; la 
fraction des alcaloi'des dimkres est scindee en bases phtnoliques 
et non phtnoliques par partage entre une solution aqueuse 
d'hydroxyde de sodium dilute et du chlorure de mtthylkne. 

Le fractionnement des bases phtnoliques conduit a l'isole- 
ment de la (+) maltkulatine 2 (0,2%) (4) et de deux nouveaux 
alcaloYdes bisbenzylisoquinoltiques de type bisrtticuline, la 
(+) ambrimine 3 et la (+) tfatine 4; la structure de ces deux 

'pour la partie XI de la sCrie, voir la rkfkrence 1. 
'~u teur  h qui adresser la correspondance. 

dimkres diphtnoliques monopontts "t&te a queue" a fait l'objet 
d'une autre note (1). Une suite de chromatographies sur 
colonnes de silice et de chromatographies sur couche mince 
prtparatives a permis d'isoler neuf alcaloi'des a partir du 
mtlange de bases non phtnoliques. Un seul monomere, la (-) 
laetine a Ctt isolt (6c); les autres alcaloi'des obtenus sont des 
dimeres: la (+) thalicarpine 7 qui reprtsente l'acaloi'de majori- 
taire de cette fraction (0,1%), accompagnte de (+) vanuatine 1 
(4), de (+) northalicarpine-2' 5 et de (+) thalmtlatine 8.3 Le 
cinquikme alcaloi'de isolt est la (+) dthydrothalmClatine-6a,7 9 
qui n'ttait jusqu'alors connue qu'a l'etat de produit synthttique 
(5. 7'). 
\ ,  , 

La (+) northalicarpine 6, C40H46N208, est un isomkre 
structural de la (+) northalicarpine-2' 5 (5). Le spectre de masse 
de 6 est tres proche de celui de 5,  mais il prtsente un pic de base 
a m / z  206 au lieu de 192 comme dans le spectre de 5. Le spectre 
de rmn du proton de 6 prtsentant un seul singulet dQ a un 
N-methyle est tgalement trks proche de celui de 5 ,  avec 
cependant deux differences sensibles; le singulet dii au mttho- 
xyle en 7' apparait a 6 3 3 4  ppm comme dans le cas de la (+) 
thalicarpine (3,58 ppm) ou de la (+) pennsylvanine (3,56 ppm) 
(15), au lieu de 3,72ppm comme dans le spectre de 5 ,  ce qui 
permet de dire que I'azote 2' de 6 est engagt dans une amine ter- 
tiaire. La substitution de N-2' par un mtthyle est confirmte par 
ladeuxikme particularitt du spectre de rmn de 6, c'est-a-dire par 
la position relativement blindee du singulet dQ au proton 8' 2 
6,14 ppm. De m&me, le pic de base prtsentt par l e  spectre de 
masse de 6 ii m / z  206, rtsultant de la coupure de la liaison 

3 ~ o u r  une liste complbte des aporphines-benzylisoquinolCines 
dimkres, voir la rkfCrence 5. Pour une liste complete des alcaloi'des 
aporphiniques, voir la rkfkrence 6. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. I. CHEM. VOL. 64, 1986 

4 5 

OMe 

benzylique 1'-a, est en faveur d'une amine tertiaire en 2' et 
d'une amine secondaire en 6, c'est-2-dire du cat6 aporphinique 
de la moltcule. La (+) northalicarpine-6 est le premier exemple 
connu d'aporphine-benzylisoquinoltine dtmethylte sur l'azote 

I aporphinique, les seuls dimkres"nor" connus dans cette strie 
portant l'amine secondaire du cGtt de la partie benzylisoquino- 
ltine ((+) northalicarpine-2' et (+) noradiantifoline-2') (5). 

La (+) thalicarpine N'-oxide 10, C41H48N209, prtsente dans 
son spectre de masse un trks faible pic moltculaire B m / z  712 
(0,1), traduisant l'incorporation d'un oxygkne suppltmentaire 
par rapport a la (+) thalicarpine 7 (5). Les spectres de rmn du 
proton de 7 et de 10 sont voisins bien que un des singulets dfi ?i 

un N-mtthyle de 10 soit dtplact vers les champs faibles 2 6 

\u OMe 0 

10 

3,39 ppm au lieu de 2,50ppm, ainsi que le signal donnt par le 
proton 1' (4,87 au lieu de vers 3,80ppm). L'ensemble de ces 
donntes et le fait que la rtduction de 10 par le zinc chlorhy- 
drique conduit 2 la (+) thalicarpine 7, indiquent que 10 est la 
N-oxvthalicmine-2'. 

Les positions respectives des signaux du proton 1' et du 
N-mtthyle-2' (6 4,81 et 3,39 ppm, respectivement) laissent 
penser qu'ils sont en position trans l'un par rapport B l'autre et 
donc que 10 serait la (+) P-N-oxythalicarpine-2'; cependant, 
une ttude plus approfondie serait ntcessaire pour confirmer la 
configuration de-la fonction N-oxyde (8). 

- 

Peu de dimkres porteurs d'une fonction N-oxyde ont kt6 
dtcrits jusqu'alors; 11 bisbenzylisoquinoltines de ce type ont 
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CtC rapporttes (8), mais il semble que la (+) N-oxythalicarpine- 
2' soit la premikre aporphine-benzylisoquinoltine N-oxyde 2 
etre isolCe. 

La (+) hCbridamine 11, C42H50N208, est un dimkre dont le 
spectre de masse prtsente un pic moltculaire a m / z  710 (0,1%). 
Son spectre de masse prCsente les caracttristiques d'un groupe- 
ment phenanthrkne, en particulier un pic de forte intensitt a m / z  
58. Le pic de base 5 m / z  206 et le pic moltculaire tres faible i 
m/z 710 indiquent que 11 est un dimkre avec une moitiC 
benzylisoquinolCique. 

Le spectre de rmn du proton de 11 est tgalement en faveur 
d'une structure de ce type prksentant, B 2,46 ppm, un singulet de 
9 protons rtsultant de la superposition d'un signal dQ a un 
N-mCthyle et d'un signal dQ 2 un groupement dimtthylamino 
d'un phenanthrkne. Le systkme AB de deux protons a 7,35 (d) et 
7,70 (d) ppm (J = 9,2 Hz), dO aux protons 6a et 7, ainsi que la 
presence d'un singulet fortement dCblindt h 9,39 ppm, dO au 
proton en 11, sont des indications caracttristiques dans la sene 
des phCnanthr5nes dtrivts d'une moitit aporphinique (6). Les 
autres signaux prCsentCs par le spectre de rmn sont identiques a 
ceux observts pour la (+) thalicarpine 7, permettant donc 
d'attribuer 5 la (+) hCbridamine la structure 11. 

Le dernier alcaloi'de, la (+) vilaportine 12, C40H44N209, est 
fortement color6 en vert. Son spectre uv (EtOH, A,,,: 227,257, 
320 et 392) est proche de celui des oxoaporphines et pratique- 
ment superposable 5 celui des zwitterions type bttai'ne des 
oxoaporphiniums comme l'alcaloi'de PO-3, la corunnine, la 
nandazurine ou l'arosinine (6); pour ces derniers comme pour 
12, le spectre uv est fortement modifiC en milieu acide (pour 12; 
A,,,: 227, 255, 187 et 379), ce qui rCsulte de la tautomtrie 
possible pour ces moltcules (9). Le spectre de masse de la (+) 
vilaportine 12 indique qu'il s'agit d'une molCcule dimkre, 
presentant un pic molCculaire 2 m/z  692 (10%) et un pic de base 
2 m / z  206, caracttristique d'une moitiC benzylisoquinoleine. 
Le spectre de rmn du proton, resumt autour de la formule 12, est 

en accord avec cette hypothkse; il est a noter tout particulikre- 
ment la position, dans les champs faibles L 4,70 ppm, du 
singulet de trois protons donnts par le N-mCthyle de la moitiC 
oxoaporphinium ainsi que la prCsence de six singulets dus a des 
mkthoxyles; la prtsence de neuf oxygknes dans la moltcule et 
de seulement six mtthoxyles montre l'existence d'une fonction 
phCnolique, ce qui confirme le type bttai'ne de la (+) vilaportine 
et non d'un sel d'ammonium quaternaire comme dans la 
thaylandine ou l'uthongine (6). La coloration verte et la position 
normale du signal correspondant au proton en 3 impliquent que 
l'hydroxyle soit en 1 (10). La comparaison des spectres de rmn 
de la (+) thalicarpine 7, de la (+) thalmClatine 8 et de la (+) 
vilaportine 12 montre que la substitution sur la moitit benzyliso- 
quinoltine reste la meme. 

I1 n'existe qu'une seule structure dimkre possCdant une moitiC 
oxoaporphinium vrai, le beccapolinium,~un bisaporphinoi'de 
isolt de 1'Annonacte Polyalthia cauliJlora (5). La (+) vilapor- 
tine constitue donc le premier exemple de dimkre posskdant une 
structure benzylisoquinoltine-oxoaporphine. 

Au terme de cette Ctude, il convient de proctder 5 un certain 
nombre de remarques. La premikre concerne la difftrence de 
composition alcaloidique observte entre notre premihe Ctude 
rtaliste sur un lot rtcoltC en juillet et cette prCsente analyse 
effectuCe sur un tchantillon rtcoltC en novembre. I1 apparait 
alors que si la (+) maltkulatine 2 est prtsente dans les deux 
Cchantillons, la vanuatine 1, qui reprCsentait environ 2,5% des 
alcaloi'des de 1'Cchantillon prtckdent, n'est prtsente ici qu'h 
1'Ctat de traces; au contraire, la (+) thalicarpine 7 que nous 
n'avions pas pu mettre en Cvidence lors de la premikre Ctude, 
represente ici 4% des alcaloi'des totaux. En premikre approxi- 
mation, tout semble se passer comme si une "balance biogtntti- 
que" existait entre la (+) thalicarpine 7 et la (+) vanuatine 1. 
Une telle affirmation, cependant, doit &tre vCrifiCe par 1'Ctude 
des variations saisonnikres et par elimination, 5 la suite de 
prClkvements multiples, des possibilitts de variations likes B des 
conditions tdaphiques, Ccologiques ou climatiques. De plus, si 
une telle balance existe, on peut s'interroger sur la disparition, 
dans le lot de novembre, de la (+) vatCamine sans qu7apparais- 
sent pour autant des dimkres du type (+) foetidine. I1 convien- 
drait enfin dYCtudier les variations Cventuelles de la composition 
en monomkres; H .  peltata est en effet riche en aporphines 
monomkres (1 1) et donc rien n'exclut l'hypothkse que la (+) 
thalicarpine soit formCe par couplage de la (+) rCticuline avec 
une aporphine-1,2,9,10 tCtrasubstituCe (12). 

Une autre remarque souligne l'homogtntite des structures 
dCcrites ici, toutes dimkres de la (+) rkticuline, ne variant que 
par leur Ctat d'oxydation. Bien que les quantitts isolCes soient 
souvent faibles (quelques milligrammes ou dizaines de milli- 
grammes par kilogramme de plante skche), l'absence de 
stockage ainsi que les conditions de desiccation et d'extraction 
permettent d'exclure l'hypothkse que ces composCs soient des 
arttfacts. De plus, des dtrivCs oxydCs comme la (+) oxothali- 
carpine et la (+) dChydrothalicarpine-6a,7 (5) ont dCj5 CtC mis 
en Cvidence dans des Hernandia. Enfin, il est intCressant de 
remarquer que Hernandia peltata livre presque tous les inter- 
mediaires postults pour le passage des aporphines aux oxoapor- 
phines (1 3). 

Partie experimentale 
Les pouvoirs rotatoires sont mesurCs dans le CHC13 h l'aide d'un 

polarimktre Schmidt Haensch; les spectres uv sont enregistrks sur un 
appareil Beckrnan 530 et les spectres ir sur Perkin Elmer 580. Les 
spectres de rmn ont Ct6 rCalisCs sur des appareils Varian EM 360 et 
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Bruker WB 360 (CDCI,, TMS = 0 pprn); les spectres de rnasse, sur 
AEI-MS 902. 

Extraction des alcaloi'des totaux, purl3catlon 
L'Cchantillon CtudiC (3,s kg) a CtC rCcoltC en novernbre 1982 (rtf 

PCNH-1079) et l'extraction est conduite selon le proctdC dCji decrit 
(4). Les alcaloi'des totaux (105 g) sont filtrCs sur Sephadex LH-20 
(CHC1,-MeOH, 30:70) ce qui conduit i recueillir une fraction enrichie 
en dirntres de 31 g. La fraction d'alcalo'ides dirntres est dissoute dans 
CHC1,-Et20 et la solution organique extraite par une solut~on diluCe de 
NaOH (5%) pour sCparer les bases phCnoliques (17 g) et non phCnoli- 
ques ( 1 1 g). 

Fractionnement des alcaloi'des 
Les bases phCnoliques sont chrornatographites sur alurnine dCsacti- 

vCe par addition de 6% d'eau. L'Clution par des solvants de polaritt 
croissante permet d'isoler la (+) rnalCkulatine 2 (3,2g) (CluCe par 
CHCI3-C6H6, 5050) et un rntlange de 2, 3, 4 et de produits polaires 
(Clut par CHC1,-MeOH, 95:1, 9 5 5 ,  90:lO); 1,8 g du melange est 
rechrornatographiC sur colonne de gel de silice pour ccrn (chrornatogra- 
phie en conche mince) (CHC1,-MeOH, 88: 12) et fournit 2 (306 rng) 
ainsi que la (+) ambrirnine 3 (172 g) et la (+) Cfatine 4 (298 rng). 

Les bases non phtnoliques sont stpartes par chrornatographie sur 
silice. L'tlution est conduite avec un gradient de MeOH (de 0,5 20%) 
dans CHC1,. Sont successivernent isolCs: 780rng d'Cpirnagnoline, 
lignane dCji dtcrit chez H. peltata (14), 3,s g de (+) thalicarpine 7, 
1,3 g d'un rnklange cornplexe, 1 , 1 g de 2 et 0,78 g de produits non 
identifiCs. Le mClange CluC aprts 7 est purifit par passage sur colonne 
de silice pour ccrn (CHC1,-MeOH, 95:s) et stpark en quatre groupes. 
Les groupes 1 (350 mg), 2 (165 mg) et 3 (105 rng) sont rechrornatogra- 
phits sur colonne de silice pour ccrn (pour 1, CHCI3-C6H12-DEA, 
40:55:5; pour 2 et 3, CHC1,-AcOEt-MeOH-NH40H, 79:lO: 10:l). 
Le groupe 4 est trait6 en ccm priparative (CH3CN-C6H6-EtOAc- 
MeOH-NH40H, 40:30:20:5:5). Le groupe 1 foumit la (+) hCbrida- 
mine 11 (7 mg), les northalicarpine 5 (1,4 mg) et 6 (6,s rng) ainsi que 
la (+) thalrnelatine 8 (17 mg) et son dCrivt dChydro-6a,7 9 (2,2 rng). Le 

1 groupe 2 livre la laetine (1,l rng), la (+) vanuatine 1 (3,2 rng) et la (+) 
vilaportine 12 (6 rng). Du groupe 3 sont isolCs des produits en cours 

I d'ttude et le groupe 4 foumit 4,4 rng de (+) N-oxythalicarpine 10. 
Les produits 1 ,  2 (4), 3, 4 (I), 5, 7, 8, 9 (5) ayant dCji CtC dCcrits, 

I ~ leurs constantes ne seront pas reprises lei. Pour 1,  2 et 7, ils sont 
I identiques i des Cchantillons authentiques (f, ir, rmn, Rren ccm); pour 

5 et 9, les constantes et donnCes spectrales sont en bon accord avec les 
valeurs publiCes. 

(+) Northalicarpine-6 6: rmn (240MHz (FT), CDCI,): 2,45 
(2'-NMe), 33.5 (7-OMe), 3,71 ( I-OMe), 3,77 (6'-OMe), 3,78 et 3,83 
(12'-OMe et 13'-OMe), 3,90 (2-OMe), 3,92 (10-OMe), 6,16 (H-87, 
6,47, 6,55, 6,58, 6,60, 6,62 (H-5', H-3, H-11', H-14' et H-8), 8,21 
(H-11); m/z: 680 (I),  490 (8), 324 (20), 322 (27), 206 (49), 192 (100). 

{OL. 64, 1986 

(+) N-Oxythalicarpine-2' 10: [a], + ISo, (0,14, CHCI,); uv 
(MeOH) A,,,: 215, 280, 300sh (log E 4,36, 3,98, 3,86); rmn 
(200MHz (FT), CDCI,): 2,53 (6-NMe), 3,39 (2'-NMe), 3,70, 3,73, 
3,74, 3,77, 3,85, 3,86, 3,90 (7-OMe), 4,81 (rn, H-1'), 6,50, 6,51, 
6,54, 6,58, 6,62, 6,64 (6H), 8,18 (H-11); m/z: 712 (0,1), 696 (0,3), 
695 (0,8), 505 (1,s). 490 (4), 340 (7,3), 206 (100). 

(+) He'bridamine 11: [a], positif; uv (MeOH) A,,,,: 220,260, 315; 
rmn(200MHz(FT),CDC13);m/z:710(0,2), 708 (0,8),504(0,1), 503 
(0,2), 206 (loo), 58 (65). 

(+) Vilaportine 12: uv (MeOH) A,,,: 297 sh, 257 sh, 320,392 (log 
E 4,57,4,30,4,45,3,67); dc AE (nrn): +0,25 (286), + 2  (257 sh), + 1 1  
(246), 0 (220), fin de courbe positive; mlz: 692 (40), 648 (20), 647 
(40), 632 (12), 487 (6), 486 (4), 324 (13), 206 (100). 
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The influence of pH in the tautomerisnl of 9,lO-anthracenediols and 1,3-diketones 
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JOHN C. ANDERSON and A. DOUGLAS BROADBENT. Can. J. Chem. 64, 127 (1986). 
Equations have been derived to describe how the ratio of the total concentration of all keto forms to that of all enolic forms (K') 

varies with changing pH, for a tautomeric system in which the en01 and ketone are polyprotic acids. The influence of pH on the 
tautomerism of 2-amino-9,lO-anthracenediol, 2,9,1O-anthracenetriol, 2,4-pentanedione, and 1-(3-pyridy1)-l,3-butanedione 
was examined. The equilibrium constants for all the acid-base equilibria involved were calculated from the dependence of K' 
on pH. 

JOHN C. ANDERSON et A. DOUGLAS BROADBENT. Can. J. Chem. 64, 127 (1986). 
On a dtrivC des tquations qui dtcrivent les variations du rapport (K') de la concentration totale de toutes les formes cttoniques 

sur celle de toutes les formes Cnoliques en fonction du pH d'un systkme tautomkre dans lequcl l'tnol et la cttone sont des acides 
polyprotiques. On a CtudiC l'influence du pH sur la tautomerje de l'amino-2 anthracenediol-9.10, de I'anthracknetriol-2,9,10, de 
lapentanedione-2,4 et de la (pyridyl-3)- l butanedione-l,3. A partir de I'effet du pH sur K', on a calculC les constantes d'tquilibre 
de tous les Cquilibres acide-base impliquts dans cette Ctude. 

[Traduit par le journal] 

Introduction 
A simple prototropic tautomerism, of the keto-en01 type, 

consists of four coupled acid-base equilibria, as shown in 
Scheme 1. This represents the accepted pathways for intercon- 
version of an en01 (EH) and a ketone (KH). A clear distinction 
between the acidic dissociation reactions and the overall 
tautomerism is essential (1, 2). The tautomerism equilibrium 
constant, KT, is a function of the acidic dissociation constants 
and is independent of pH (3). 

H+ + EH 4- HKH* -+ KH + Hi 
K3 K4 

The influence of pH on the coupled acid-base reactions, 
constituting a tautomeric equilibrium, has not been widely 
studied, despite the significance of keto-en01 and nitrogen 
heterocycle tautomerism in organic chemistry. The paucity of 
data on this aspect of tautomerism is not surprising on 
consideration of the criteria for optimum analysis of this 
problem. Firstly, the solution must have measurable amounts of 
the tautomeric species, and the analytical technique used must 
determine the concentrations of these without disturbing the 

equilibrium. Since the influence of pH is being considered, an 
aqueous or semi-aqueous solution is needed. This should not 
introduce any competing reactions, such as hydration, or result 
in inadequate solubility. Finally, the effect of the acid-base 
equilibra of the tautomers will be most obvious when at least one 
of them has an acidic dissociation constant in the normal 
aqueous pH range. 

In this paper, the overall tautomerism equilibrium constant, 
K t ,  is defined as the ratio of the total concentration of all ketonic 
to that of all enolic species. For Scheme 1, 

An equation for the dependence of K' on the concentration of 
hydrogen ion has been derived for a tautomeric system where 
both the ketone and en01 are polyprotic acids. The tautomerism 
of 2-amino-9,lO-anthracenediol, 2,9,10-anthracenetriol, 2,4- 
pentanedione, and 1-(3-pyridy1)-1,3-butanedione has been ex- 
amined and the dependence of K' on pH has been used to 
determine the acidic dissociation constants of the various keto 
and en01 forms and their influence on KT. 

Results and discussion 
Reaction scheme 

In a system where the en01 and keto forms are polyfunctional 
acids and bases, Scheme 2 is applicable. Enolic species are 
represented by the symbol E and ketonic species by K. 

K~ 1 K ~ 2  K ~ 3  KE.4 
EH, EHn-~ EHn_2 EHn_3 - ,.. 

KH,, KH,,-, KH,,-2 - -... 
KK I KK, KK 3 

Scheme 2 clearly illustrates that the overall tautomerism is a acidic dissociation constants are given for each step. These are 
series of coupled acid-base equilibria. Hydrogen ions and ionic apparent constants, which would be experimentally deter- 
charges have been omitted from the scheme for clarity. The mined, so that no distinction between isomeric conjugate bases 

from ionization of a polyprotic acid is considered (4). 
'Author to whom correspondence should be addressed. Present The overall tautomerism equilibrium constant, K t ,  will have 

address: Dtpartement de gtnie chimique, Facultt des sciences appli- a form dependent upon the analytical technique that is used to 
quks, UniversitC de Sherbrooke, Sherbrmke (Qut.), Canada JIK 2R1. measure the concentrations of the various species present in the 
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solution. If ideal solution behaviour is assumed, so that molarities are valid for activities, K '  may be defined by 

Simple equilibrium considerations give 

[I]  K' = 
K T I . ( ~  + KKI/[H+] + K K I . K K ~ / [ H + I ~  + K K I ' K K ~ ' K K ~ / [ H + I ~ ' " )  

(1 + KEI/[Hf 1 + KEI'KE2/[H+12 + KEI'KE2'KE3/[H+13"') 

[21 
- - K~2 ' (1  + [H+]/KKI + KKZ/[H+] + K K ~ ' K K ~ / [ H + ] ~ " " )  

(1 + [H+]/KEl + KE2/[H+] + KE2.KE3/[H+I2....) 

131 KTI = [KHnI/[EHnI = KEI / K K I ~  Because of this unusual discrepancy, we re-investigated the 
tautomerism of 2-amino-HOAOH in buffered, aqueous ethanol 

[41 KT, = [KHn-lI /[EHn-,I = K E ~ / K K ~ ~  solutions, over a wide range of pH, using polarography as 
Both KT] and K T ~  are independent of pH and are related by described earlier (6, 7). The value of K' was determined from 

the ratio of the limiting, diffusion-controlled, cathodic current 
151 K T I / K T ~  = K ~ l / K ~ ~  for the reduction of the anthracenone to the anodic current for 

The above equations represent a more general situation than has 
been considered previously (3, 5) and are applicable over any 
range of pH. 

2-Amino-9,IO-anthracenediol 
Bredereck et al. have studied the tautomerism of 2-amino- 

9,lO-anthracenediol (2-amino-HOAOH) in aqueous ethanol 
solutions of varying pH (6). Although the keto form can be 
isolated by precipitation from a solution of the two tautomers 
(6), we were unable to confirm the structure by FT 'Hrnr, 
because of the very low solubility of the compound in the 
usual solvents. By analogy with the corresponding hydroxy- 
substituted derivatives (7), the keto form is considered to be 
3-amino-10-hydroxy-9(1OH)anthracenone, in which conjuga- 
tion of the carbonyl and amino groups results in a low frequency 
ir carbonyl absorption band (6). 

An interpretation of Bredereck's data on the variation of K' 
with changing pH, in terms of eq. [2], would require that the 
decrease in K t ,  with decrease in pH from 8 to 6 ,  as illustrated in 
Fig. 1, be related to protonation of the amino group in 
2-amino-HOAOH (EH, + EH, in Scheme 3). The ammonium 
ion would, therefore, have to have a pK, of about 7. This is less 
acidic than typical phenylammonium ions, e.g., the conjugate 
acid of 2-aminoanthracene has a pK, of 3.40 in 50% aqueous 
ethanol at 25°C (8). 

the oxidation of the 2-amino-HOAOH. It was assumed that all 
the species had identical diffusion coefficients and that the 
influence of the applied potential on the drop-time did not affect 
the ratio of the recorded currents. The sum of the limiting 
currents for the 2-amino-HOAOH and its keto form was always 
within ?5% of the initial limiting current for the parent 
quinone, from which the 2-amino-HOAOH was generated by 
reduction using sodium dithionite, in neutral and basic solu- 
tions, or hydrogen and colloidal palladium in acidic solutions. 
The data are shown in Fig. 1. 

Above pH 9,  equilibrium between the two tautomers was 
attained within 1-2 min. In this pH region, there is reasonable 
correspondence between the previous and present Kt-pH data, 
considering that all our pH values were 0.3-0.5 units higher 
than reported in the former study (6,9).  Below pH 9, the rate of 
ketonization of the 2-amino-HOAOH decreased significantly 
with decreasing pH. This is a consequence of the general 
base-catalysed mechanism, typical of tautomerism of an en01 
via the enolate ion, which is formed in a rapid pre-equilibrium. 
At pH (7, equilibration required 2-3 days and it became 
apparent that the values of Kt ,  previously reported for the pH 
range 6-9, were too low and were not equilibrium values. In 
addition, because of the confusion between acid-base and 
tautomeric equilibria, the published linear free energy relation- 
ship (6, 10) does not describe the influence of substituents on the 
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ANDERSON AND BROADBENT 

TABLE 1. Acidic dissociation constants for various tautomers according to Scheme 2 

En01 or ketone KT I K T ~  PKE I PKEZ PKKI pKKle pKK2e 

2-Amino-9,lO-anthracenediol 0.08 2.71 4.34 10.57 2.9 3.3 11.0 
k0.03 20.07 k0.06 40.05 20.2 *0.2 k0.  1 

2,9,10-Anthracenetriol 3.9 30 8.70 9.67 7.90 9.3 11.1 
& l . l  * ?0.16 k0.09 k0.27 k0.2 * 

1,3-Pentanedione -0.45 5.03 -5.12 8.19 -6.2 -5.5 8.9 
20.06 k0.16 k0.07 k0.04 kO.1 20.1 20.1 

*Large standard error caused by scatter or paucity of data points 

FIG. 1. The dependence of K' on pH for 50% aqueous ethanolic 
solutions of 2-amino-9,lO-anthracenediol at 25OC. Circles represent 
experimental values and the line is based on the appropriate form of eq. 
[2], given below, using the values KT1 = 0.08, KT? = 2.71, pKEl = 
4.34, and pKEl = 10.57, which were derived from the K' data. Crosses 
represent previously published data (6). 

equilibrium constant for tautomerism of anthracenediols, but 
rather their effect on the acidity of the C-H bond in the keto 
forms. 

The redetermined values of K' are plotted as a function of pH 
in Fig. 1, which also shows the dependence based on the plateau 
values KT1 and KT2 and the two acidic dissociation constants, 
KEl and KE2, whose values were confirmed independently. The 
weighted least-squares estimates of these parameters were 
derived from the experimental data using a nonlinear regression 
procedure. Only these four constants are needed to define the 
curve, since the value of KE3 is SO small that the term involving 
it in eq. [2] only becomes significant after K' is essentially zero. 
In addition, KK2 and KK3 are negligibly small and KH3 and KH2 
(Scheme 3) are the only keto species present in the solution. 
Values of the constants are listed in Table 1. 

The graph of versus pH, for the diffusion-controlled 
anodic wave for polarographic oxidation of the 2-amino- 
HOAOH, consisted of three linear sections with slopes close to 
-90, -60, and -30 mV/pH unit. These lines intersected at pH 
values of 3.9 + 0.2 and 10.4 + 0.1, which correspond to the 
values of pKEl and pKE2 (11). The value of pKE3 Was 
inaccessible since no evidence was found that EIl2 became 
independent of pH in alkaline solution, as reported earlier (6). 

Freshly prepared solutions of 2-amino-HOAOH at pH 1 
exhibited maximum absorbance at 38 1 nm in the uv spectrum, 
which decreased on increasing the pH of the solution. A graph 
of absorbance at 38 1 nm versus pH gave a typical neutralization 
curve, for which regression analysis of the usual plot of pH 
versus log (Al - A)/(A - A2) gave an intercept of 4.15 ? 0.05, 
corresponding to p K E 1  In the acidic solutions examined, the 
2-amino-HOAOH was generated by reduction of the parent 
quinone using hydrogen and colloidal palladium. The absorb- 
ance at 381 nm was determined as soon as reduction was 
complete, but it remained constant over 5- 10 min since the rate 
of ketonization was too low to influence the reading. 

The spectrophotometrically determined value of pKEl of 4.15 
is the most reliable. The determination of pK, values from the 
dependence of ElI2 on pH is inferior because the potentials 
cannot be measured with a precision better than +5 mV and 
errors occur if the polarographic process is irreversible, or 
variations of diffusion coefficients occur over the pH range 
examined. Derivation of pK, values from the dependence of K' 
on pH, in the case of 2-amino-HOAOH, was limited by the 
considerable scatter of the K' values. This was a consequence of 
the errors inherent in measuring limiting currents and the long 
equilibration time necessary for the volatile, air-sensitive, 
neutral and acidic solutions. Despite this, the constants KT,, 
KT2, pKEl, and pKE2 uniquely describe the dependence of K' on 
pH and could be calculated from the experimental data. The 
other equilibrium constants in Scheme 3 were then calculated 
using eqs. [3], [4], and [5] (see Table 1). 

2,9,10-Anthracenetriol 
Equation [ I ]  was applied to the published data on the 

tautomerism of 2,9,10-anthracenetriol in aqueous solution, 
where extensive ketonization occurs over only a narrow range of 
pH (7). The keto form KH3 is considered to be 3,lO-dihydroxy- 
9(10H)anthracenone, based on the structures of the 3,6,10- and 
3,7,10-trihydroxy derivatives, which were established by 'Hmr 
(7). The various species present are illustrated in Scheme 4.  

Figure 2 shows how the polarographically determined values 
of K' for 2,9,10-anthracenetriol depend on pH and includes a 
matching plot of the appropriate form of eq. [I].  Only two keto 
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FIG. 2. The dependence of K' on pH for aqueous solutions of 
2,9,10-anthracenetriol. Circles represent the published experimental 
data (7) and the line is the plot of the appropriate form of eq. [ l ] ,  given 
below, usingKTI = 3.9, pKEl = 8.70. pKE2 = 9.67, andpKKI = 7.90. 

forms (KH3 and KH,) exist in the solution, because KE2 > 
KEIe > KK2, and KK3 is essentially zero, corresponding to the 
dissociation of an aromatic C-H bond. In addition, the value of 
K~~ is too small (2.5 x 10-13) to be of influence (7). 

The experimental data for K' did not show any plateau 
because of the proximity of the values of KEI and KE2. In this 
case, therefore, these acidity constants and KT, cannot be 
derived from direct examination of Fig. 2. The values of K' 
above 10 could not be measured with great precision (+lo%), 
so initially the analysis of the experimental data was achieved by 
adjustment of the values of KTI , KEI , KE2? and KK I to give the 
best visual fit to the K' - pH data points using the appropriate 
form of eq. [ I ] .  Subsequently, better estimates of these 
equilibrium constants were derived by a nonlinear regression 

FIG. 3. The dependence of K' on pH for aqueous and sulfuric acid 
solutions of 2,4-pentanedione. The points represent published experi- 
mental data (5, 13) and the line is the plot of the appropriate form of eq. 
[2] with KT2 = 5.03, pKEl = -5.12. pKE? = 8.19, and KTI = 0.45. 

procedure. Their values are given in Table 1. This analysis 
demonstrated that the values of the four parameters uniquely 
define the dependence of K' on pH. 

2,4-Pentanedione 
There is little published data on the influence of pH in 

keto-en01 systems. Zuman and co-workers (12) have studied 
the tautomerism of 1,3-dicarbonyl and related compounds, in 
the basic pH range, using spectrophotometric, polarographic, 
and bromine titration methods. Their results allowed the 
calculation of acidic dissociation constants for the en01 and keto 
forms. Because of the limited pH range involved, the solutions 
contained only the en01 and keto forms, and the enolate anion. A 
more detailed description is required when a wider pH range is 
considered. 

The en01 content of aqueous sulfuric acid and basic solutions 
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ANDERSON AND BROADBENT 131 

of 2,4-pentanedione has been determined (5, 13) and we chose 
to examine these data in relation to eq. [2] because of the range 
of acidity of the aqueous solutions studied. Values of K' ,  
calculated from the published data, are plotted as a function of 
pH in Fig. 3. The various species present are illustrated in 
Scheme 5.  

The protonated en01 EH2 behaves as a diprotic acid (KEl, 
KE2), but for the keto form KH, KK2 is negligibly small since it 
corresponds to acidic dissociation of a C-H bond in a methyl 
group of the 2,4-pentanedione. This also applies to KE3. The 
solution contains up to 5 species (Scheme 5) and there are 5 
acidic dissociation constants neglecting KK2. The appropriate 
form of eq. [2], given in Fig. 3, involves four constants, which 
can be read from the diagram. Nonlinear least-squares regres- 
sion eave the values of the constants listed in Table 1. which 
diffe;slightly from those previously calculated (5, 13) .' 

The KT2 plateau is not well defined, primarily because K' 
increases as the pH (Hammett acidity function) decreases from 0 
to -3, prior to the large decrease in K' associated with the 
formation of the resonance-stabilized, protonated en01 in 
strongly acidic solutions (pH < - 3). This anomalous behaviour 
is a consequence of the large changes in sulfuric acid concentra- 
tion resulting in variations of activity coefficient ratios (5). 

To confirm the value of K' in weakly acidic aqueous 
solutions, we investigated the proton nmr spectrum of 2,4- 
pentanedione in such solutions. Integration of the 'Hmr signals 
at 154 Hz (CH3-CO group in en01 and ketone) and 166 Hz 
(CH3-C= group in enol) upfield from the water resonance of a 
1 . O  M aqueous 2,4-pentanedione solution, adjusted to pH 4.1 
with dilute HC1, gave avalue of KT = 4.68 * 0.16 at 25°C. That 

this is lower than the anticipated plateau value is a consequence 
of the effect of the high concentration of the diketone decreasing 
KT (14). 

Various groups have established that the apparent acidic 
dissociation constant pKapp of 2,4-pentanedione in aqueous 
solution at 25°C is 9.05 * 0.03 (15-17). 

Kapp = 
[H+l.[E-l- KE2 -- 
CKI + [El 1 + K T ~  

From the above equation, a value of pKapp = 9.05 and KT2 = 
5.0 gives pKE2 = 8.27, which is in good agreement, consider- 
ing differences in concentraton and ionic strength, with the 
value of 8.19 derived from the K' - pH data. The dependence of 
K' on pH thus provides a useful method for the determination of 
the acidic dissociation constants. In the case of KEl ,  however, 
the value derived is not the true acidic dissociation constant 
because ketones follow a different acidity function than the 
amine indicators used to establish the Hammett acidity function 
used in Fig. 3 (1 8). 

1 -(3-Pyridy1)-1,3-butanedione 
Scheme 6 describes the tautomerism of 1-(3-pyridy1)-1,3- 

butanedione. For this sytem, rz = 2, but KK2 is negligibly small. 
K' was determined by 'Hmr spectroscopy in aqueous 

buffered dioxan solutions, by integration of the signal areas for 
the resolved methyl resonances of the en01 and keto forms (enol 
CH3, 2.04 ppm; keto CH,, 2.20 ppm) and for the en01 alkene 
and aromatic H-5 proton resonances (enol =C-H, 6.20 ppm; 
en01 and keto aromatic H-5, 7.3 ppm). 

K' = (keto CH3) /(en01 CH,) 

K' + 1 = (aromatic H-5)/(enol =C-H) 

Both methods gave consistent results but, in basic solutions of 
pH >8, the resolution of the en01 and keto methyl resonances 
was unsatisfactory because of peak broadening, resulting from 
the enhanced rate of base-catalysed tautomer interconversion. 
In addition, because of the concentrated solutions required to 
obtain reliable signal integrations, and also because of the need 
to maintain a constant ionic strength, precise K' values could 
not be obtained at pH >8.7. 

The experimental data are illustrated in Fig. 4 ,  along with a 
plot of the appropriate form of eq. [2]. Approximate values for 
KT1, KT2, KEl,  and KE2 could be read from the points plotted in 
Fig. 4. Nonlinear least-squares regression gave the values in 
Table 1. 
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FIG. 4. The dependence of K' on pH for 30% v/v dioxanlwater 
solutions of 1-(3-pyridy1)-1,3-butanedione at 35OC. The points repre- 
sent experimental values and the line is the plot of the appropriate form 
of eq. [2] using KT1 = 0.21, KT2 = 0.38, pKEl = 5.51, and pKE2 = 
9.18. 

Conclusion 
The reaction scheme and equations used in this study describe 

the tautomeric and acid-base equilibria linking polyprotic enols 
and ketones. The experimental dependence of K'  o n  p H  
provides sufficient data to  calculate all the relevant acidic 
dissociation constants for both tautomers (see Table 1). In 
several cases, good estimates of both equilibrium and acidic 
dissociation constants could be  read directly from the graph of 
K' vs, pH. The  nonlinear regression provided the best values of 
the constants and also clearly established that the set of 
equilibrium and acidic dissociation constants uniquely de- 
scribes the pH dependence of  K '  . 

When the en01 is the predominant tautomer, the acidic 
dissociation of the en01 0-H bond, to give the enolate ion, is 
less favourable than that of the keto C-H bond, which gives 
the common conjugate base; i.e., KEn < KKne, a reversal of  
the usual order of 0-H and C-H acidities. 

Experimental 
Materials 

Commercial 2-amino-9,lO-anthracenedione was purified by column 
chromatography (Si02/HCC13) and recrystallized from ethanol, mp 
301°C. 

1-(3-Pyridy1)-1,3-butanedione was synthesized from ethyl nico- 
tinate by reported methods and recrystallized from ethanollwater, mp 
81432°C (19); ' ~ m r  (DCC13) 8: 2.15 (s, 3H, en01 CH3), 6.15 (s, lH, 
en01 =C-H), 7.36 (m, J4,5 = 8 HZ, J5,6 = 5 HZ, J2.5 = 1 HZ, 1H, 
H-5), 8.14(m, 54.5 = 8 HZ, J4,6 = J 2 , 4  = ~ H z ,  1H, H-4), 8.72(m, J5.6 

= 5 Hz, J4,6 = ~ H z ,  lH,  H-6), 9.05 (m, 12 .4  = ~ H z ,  J2,5 = 1 HZ, lH, 
H-2), 16 (s, b, lH,  en01 0-H). 

Polarography 
All polarographic measurements were performed using a Metrohm 

Polarecord E261. The polarographic cell has been described (20). The 

IOL. 64, 1986 

solutions of 2-amino-HOAOH were prepared by diluting 50.0 cm3 of 8 
X 1@ M solution of 2-amino-9-10-anthracenedione in absolute 
ethanol with aqueous buffer solution and water to a final volume of 
100cm3. Stoichiometric reduction of the quinone was achieved by 
amperometric titration with alkaline 0.05 M sodium dithionite solution 
under nitrogen, for solutions with pH >6.5, or by using hydrogen and 
colloidal palladium, and subsequent displacement of hydrogen by 
nitrogen, for acidic solutions. All solutions had an ionic strength of 
0.1 M and were maintained at 25OC. The polarographic behaviour and 
the evaluation of K' (precision *7%) have been described (9). For pH 
measurements with the Beckman Research pH Meter, the glass 
electrode was calibrated with aqueous standard solutions and the pH of 
the ethanolic solutions was recorded after adequate equilibration 
(-15 rnin). 

Nuclear magnetic resonance 
The I ~ m r  spectra of 1.0 M 1-(3-pyridy1)-l,3-butanedione solutions 

in 30% v/v dioxanlwater were recorded using a Varian EM 360-L 
spectrometer at 35°C. Multiple integration of the appropriate signals 
gave K' with a precision of *8%. The pH of the solutions was adjusted 
by including aqueous HC1, NaOH, or aqueous buffer solutions, so that 
the ionic strength was always 0.5 M. Two solutions with pH >9 had 
higher ionic strengths. 

Nonlinear regression 
Values of the equilibrium and acidic dissociation constants were 

derived from the Kt-pH data using the weighted nonlinear least- 
squares regression procedure of the SAS Institute (SAS-ELIN). 
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Kinetics of acid and nucleophile catalysis of the diazotization of 1-naphthylamine 
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JULIO CASADO, ALBINO CASTRO, EMILIA IGLESIAS, M. ELENA PERA, and Jos6 V h z ~ u ~ z  TATO. Can. J. Chem. 64, 
133 (1986). 

The diazotization of 1-naphthylamine has been studied at acidities ranging from to 1.5 M. At low acidities nitrosation 
takes place via the unprotonated form of the amine, and the rate-controlling step is either the interaction with the nitrosating 
agent or, if high concentrations of a nucleophile are present, the loss of a proton from the protonated nitrosamine (the nucleo- 
philes studied were C1-, Br-, SCN-, and thiourea). At high acidities the protonated and free amines also react, the former of 
these reactions involving proton transfer to the solvent. In each case the proposed mechanism was supported by studying the 
reaction in D20, which also allowed the isotopic effect of the solvent on the formation equilibria of the various nitrosating agents 
to be obtained. 

JULIO CASADO, ALBINO CASTRO, EMILIA IGLESIAS, M. ELENA PERA, et J O S ~  V h z q u ~ z  TATO. Can. J. Chem. 64, 
133 (1986). 

On a CtudiC la diazotation de la naphtylamine-1 dans un intervalle d3aciditCs allant de 10-'a 1,5 M. A faible aciditC, la nitrosa- 
tion se produit via la forme non protonee de l'amine; 1'Ctape dkterminante de la rtaction est soit l'interaction avec l'agent de 
nitrosation ou, s'il y a une forte concentration de nuclCophiles, la perte d'un proton a partir de la forme protonee de la nitrosamine 
(les nuclCophiles CtudiCs sont les ions C1-, Br-, SCN- et la thiourCe). A des acidites ClevCes, les amines protontes et libres 
rCagissent Cgalement. Dans le cas des amines protonCes, la reaction implique un transfert de proton au solvant. Dans chaque cas, 
le mCcanisme proposC repose sur une Ctude de la rCaction dans le D20, qui permet Cgalement d'obtenir l'effet isotopique du 
solvant sur la formation a 1'Cquilibre des divers agents de nitrosation. 

[Traduit par le journal] 

Introduction 
The rate equations of diazotization reactions are heavily 

dependent on the experimental conditions, whose modification 
may change both the nitrosating agent (nitrosation being a 
preliminary step towards diazotization) and the slow step of the 
reaction, and at one time this behaviour gave rise to con- 
siderable controversy, the general validity of conflicting rate 
equations being claimed by their authors (I) .  Most research in 
this area has involved aromatic amines such as anilines and 
pyridines, whose diazonium ions are relatively stable and for 
which the effect of substitution has been analysed in some 
detail, but rather less is known about compounds with multiple 
rings. These considerations have led us to carry out a detailed 
study of the diazotization of 1-naphthylamine (1-NA) in water 
and in D 2 0 ,  at acidities ranging from lo-' to  1.5 M and in the 
presence of various nucleophiles. I -NA was chosen for its 
simplicity and the value of its pK,, and because the only 
published study of its diazotization (2), in which ClNO was used 
as nitrosating agent, yielded a value of 1.9 x 10" M-' s- ' for the 
attack constant at O°C, which is surprisingly high compared with 
the values of (1 .O-5.9) X 10' M-' s-I obtained at 25°C for 
anilines and their derivatives (3), and which are widely accepted 
as evidence of these reactions being diffusion controlled. It was 
expected that varying the experimental conditions might result 
in I-NA exhibiting nucleophile catalysis, rate-limiting proton 
transfer to  the solvent, and reactions via its free and protonate 
forms. 

Experimental 

tion, but fresh solutions were in any case prepared at short intervals. 
The stability of the diazonium salt produced by the reaction and that of 
the 1-NA were verified experimentally under the various working 
conditions used. The decomposition of nitrite was also observed to be 
negligible during the course of the reaction, even under the most 
unfavourable conditions. 

Kinetic measurements were carried out in a UVIKON 820 spectro- 
photometer, the temperature of the cell carrier being kept constant by a 
HETO 03T623 thermostat. A Radiometer 82 pH-meter with a GK 
2401C combined electrode was used to measure pH. 

The formation of the diazonium salt was monitored spectrophoto- 
metrically at 362 nm, a wavelength at which this salt is the only 
component of the reaction mixture to exhibit any appreciable absorp- 
tion (E = 6400 M-' cm-'1. The integration method was used for kinetic 
analysis. When equal concentrations of nitrite and 1-NA were 
employed, the equation fitted to the experimental absorbance-time 
data was 

1 - 1 
A, - A, A, - A,, (k2W 1 

A,, A,, and A. being the absorbances at times t, infinity, and 0 respec- 
tively. When the reaction was slow enough for more than a 20-fold 
excess of m i n e  to be used, the method of Davies, Swann, and Campey 
(4, 5) was used to fit the equation 

[2] In ( A ,  - A,) = In (A, - Ao) - k,t 

In either case the corresponding graphs (respectively l/(A, - A,) 
against rand In (A, - A,) against t) were linear for at least 85% of the 
reaction (Fig. 1) with standard deviations of less than 2%. When eq. [I] 
was used the values of A, and A. were obtained experimentally. The 
values of kl and k2 were reproducible to within 23%. All experiments 
were carried out at 25OC. 

All the reagents employed were Merck p.a. products and were used Results and discussion 
directly after drying. D20 was supplied by;he Spanish ~ u c l e a r ~ n e r g ~  ~t acidities in the range 0.085-1.62 M HC1O4 the diazotiza- 
Board (Junta de Energia Nuclear) and contained 99.77% D. 1-NA and tion of ~ - N A  was found, using excess amine, to be offirst order 
its solutions were protected from light to prevent their photodecomposi- 

with respect t o  both reagents (Table 1). First-order behaviour 
with respect to  HN02  was confirmed by the agreement between 

'present address: Departamento de Quimica Fisica, Facultad de the experimental A,-f data and eq. [21. Thus, Quimica, Universidad, Salamanca, Espaiia. 
2Author to whom correspondence may be addressed. [3] v = kl [HN02] = k211 -NA] [HN02] 
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FIG. 1. (a) Typical pseudo-second-order plot of the diazotization of 
1-NA at 25"C, I = 0.35 M, [HN02] = [I-NA] = 3.27 X M, 
[NaSCN] = 2 x M, [H+] = 0.1 M. (b)'Typicalpseudo-first-order 
plot of the diazotization of 1-NA at 25"C, I = 0.35 M, 11-NA] = 
1.05 X M, [HN02] = 3.27 X M, [NaCI] = 0.0266 M, 
[H'] = 0.1 M. 

Catalysis by nucleophiles 
The influence of the nucleophiles C1-, Br-, SCN-, and 

(NH2)2CS was studied at 25°C in 0.1 M HC104 using constant 
concentrations of nitrous acid and 1 -NA (I = 0.35 M). C1- , Br-, 
and SCN- were used in the form of their sodium salts. The 
concentrations of NaCl and NaBr employed varied from 
0.017 M to 0.25 M, those of NaSCN from 0.001 M to 0.015 M, 
and those of thiourea from 1.48 x M to 2.23 x M. 
The concentrations of HNO, and 1-NA were 3.3 X M 
except in the experiments with C1-, which were slow enough to 
allow the use of excess amine (1.06 X M). 

Under the above conditions the halide ions and thiourea all 
catalysed the reaction. The graphs of k2 against [Nucleophile] 
are curves in which k2 tends with increasing [Nucleophile] to a 
limit that is the same for all nucleophiles employed (Fig. 2). 
This limiting value may be evaluated from the intercepts of the 
plots llk2 vs. l/[X-I (the average value is 4500 M-' s-I for all of 
them). This suggests the reaction mechanism to be of the kind 
put forward by Woppmann (2), in which the nitrosating agent is 
the nitrosyl salt of the nucleophile (Scheme 1). No evidence of 
nitrosation by any other agent (NO+(H2N02+) or N2O3) was 
observed. 

Assuming the steady-state condition to be applicable to the 
intermediate I in Scheme 1,  

I where KXNo = K1K2 is the equilibrium constant of the forma- 
tion of the nitrosyl salt of the nucleophile, and Ka is the 
dissociation constant of the protonated amine (the value of 3.96 

\ 
obtained spectrophotometrically by the present authors for the 
pK, at 25°C and an ionic strength of 0.2 M agrees well with the 

TABLE 1. Values of the first-order pseudo-constant k, and A, under 
various conditions 

[HCIO,] (M) [I-NA] (M) [Nitrite] (M) A, kl (s-') 

*Calculated from the pH. 

FIG. 2. Influence of the concentration of SCN- (0)  and Br- (0) on 
the second-order rate coefficient, kz (eq. [4]) at 25OC, I = 0.35 M. 

value published by Hall and Sprinkle (6). Except for t h i ~ u r e a , ~  
the values of k2 were unchanged on working at pH 1.5. 

The values of k3 and k3/k4 obtained by plotting k2-I against 
[Nucleophile]-' are listed in Table 2. The values thus found for 
k3(CINO) and k3(BrNO) indicate diffusion-controlled pro- 
cesses and are compatible with those reported by Williams and 
co-workers (3) and Schmid and Fouad (1 1) (Table 2). The much 
lower values of k3 for SCNNO and nitrosothiourea are in 
keeping with the lower reactivity of these latter nitrosating 
agents, their greater catalytic effect being due to their large 
KxNo. Figure 3 shows that the values of log (k-,lk4) are 
satisfactorily correlated with Pearson's nucleophilicity param- 

3 ~ n  this case it is necessary to take into account that the initial 
stoichiometric concentration of nitrous acid is equal to [HNO,] + 
[Nitrosothiourea]. Thus, k2 = k3KxNoK,[TU]l{1 + (k-3/kd)[TUl} 
(1 + KXNO[H+I[TUI). 
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CASADO ET AL 

1. HN02 + Hf NOf + H20 KI 
2. N O + + X -  XNO K2 

y ~ 2  H,$NO 

+ XNO 2 @ + X- 3. 0 0 k- 7 

I k'Islow) 
HNNO 

several & + -& 
H + 

( X  = CI-, Br-, SCN-, thiourea) 
SCHEME I 

TABLE 2. Values of k3 and k-,lk, (eq. [4]) at 25OC and I = 0.35 M, together with 
some published values 

! k3 x I O - ~ ( M - '  s-I) 
I k3 x * 

X - KXNO ( M  s )  k-3/k4* A p-CIA p-MeA 

C1- 1.14 x 10-~(7)' 2.22 0.359 2.2" 1.8" 
5.50 x 1 0 - ~ ( 7 ) ~  2.5' 2.3' 

I Br- 5 .10X10-~(8)"  3.70 5.80 1.7' 2.8' 
I 
I 3 . 2  3.2d 
i sCN- 32 (9)' 0.382 248 

TU 5000 (10)" 0.00245 548 
I 
I 

*This paper; A = aniline; p-ClA = p-chloroaniline; p-MeA = p-methoxyaniline; TU = thiourea. 
"25°C (ref. in parentheses). 
*O°C. 
C200C. 
"~c id i ty  0.2 M, cf. ref. 3 .  
'Acidity 1-5 M, cf. ref. 3.  
Qeference 11. 

eter, n (12), the value of 1.1 for the slope of the line being similar Experiments carried out to determine the influence of 
to  those usually found for typical S N 2  substitutions on the temperature on the diazotization of 1-NA by ClNO yielded the 
carbon atom. The present results are thus in keeping with the value of 79.67 kJ/mol for the Arrhenius activation energy and 
usual order of nucleophilicity, C1- < Br- < SCN-< (NH2),CS. the values AH* = 13.89 kJ/mol and AS+ = - 19.45 J/(mol K) 

Support for the proposed k4 step was sought by repeating the for the k3 step.4 The enthalpy of activation is within the accepted 
Br- and SCN- experiments in heavy water. The constants limits for a diffusion-controlled step (10-20 kJ/mol), and thus 
obtained in water and D 2 0  are shown in Table 3. If, as is agrees with the value obtained for the constant k3. 
reasonable, the isotopic effect on the k3 process is assumed to be 
negligible, then a value of 3 .11 may be calculated for the Catalysis by HClO, and NaC10, 

isotopic effect on the k4 step. Since this value is that of a primary The influence of ionic strength o n  the diazotization of 1-NA 

isotopic effect, the slow k4 step must involve proton transfer. was studied by varying the concentration of NaC104 in a series 
of experiments carried out at 25OC in 0.5 M HClO4, using 

The D2° the effect On the K~ constant concentrations of nitrite and 1-NA of 2.75 x 10-5 M 
ecluilibrium to be calculated from the values of k?KxNnK,. If - - 
thk effects on the K2 equilibrium constant and the diffusion- 
controlled k3 step are assumed negligible, then when the 4 ~ h e s e  quantities were calculated from the values at different tem- 
nucleophile employed is SCN- or  Br- the values of p ~ ,  peratures of ~ ~ K c I N o K ,  (the slope of the graph of k2-' against [CI-I-') 

obtained in water and D 2 0  and listed in Table 3 imply isotopic together with published values for KclNo at 0 and 2 5 " ~  (7) and the 
values of K, at 14 (5.55 x M, I = 0.2 M) and 25°C (Table 3). The 

effects Of 2' l 9  and 2'967 On the formation Of latter were obtained spectmphotometrica1ly at 310 nm by the present 
These agree with each other and with those authors because the values found in the literature for K, at 15°C (14) 
by Challis e t a / .  (13) for the nitrosation reaction and 25°C (6) afford a value of 136.6 kJ/mol for the enthalpy of ioniza- 

I- + H~NO?' -+ I N 0  + HzO tion of the 1-naphthylammonium ion, which is enormously high com- 
pared with the values of 20-53 kJ/mol found for anilines (15) and 

which supports the assumptions made in their derivation. would imply a negative enthalpy of activation. 
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TABLE 3. Values of the kinetic and thermodynamic parameters of eq. [4] in water 
and D20, t = 25°C 

H = H20; D = D20.  
"Determined by us. 

FIG. 3. Variation of log (k-3/k4) with Pearson nucleophilicity, n .  

and 1.32 X M, respectively. The observed reaction rates 
reveal increasing catalysis as the concentration of salt rises, the 
dependence of the logarithm of the second-order experimental 
rate constant k on the ionic strength of the medium being linear, 
with a slope of 0.485 ? 0.017 (Fig. 4). These findings are 
similar to those obtained for other substrates (15), and may be 
considered as evidence of a secondary saline effect acting to 
increase the equilibrium concentration of the nitrosating agent 
(NO' or H2N02'). 

The influence of acidity was studied by varying the concen- 
tration of HC104 from 0.15 to 1.5 M at 25OC and an ionic 
strength of 1.5 M controlled by NaC104, the concentrations of 
nitrous acid and 1-NA being those mentioned in the previous 
paragraph. In these conditions the rate equation is (16, 17) 

Figure 5 shows that the slope of the graph of log k against -Ho 
varies with acidity, Ho being the Hammett acidity function, 
whose values for concentrations of HC1O4 corrected for an ionic 
strength of 1.5 M were taken from ref. 17. The experimental 
constant k itself, however, is a linear function of ho. These 
results are in keeping with there being interaction between the 

FIG. 4. Influence of the ionic strength on the second-order rate 
constant, k ,  at 2S°C, [HC1O4] = 0.5 M, [NaN02] = 2.75 X M, 
[I-NA] = 1.32 X M. 

nitrosating agent (NOf or H2N02') and the free and protonated 
forms of the amine, as in the diazotization of o-chloroaniline 
(17) and 2- and 4-aminopyridine- 1-oxides (1 6a), for then 

which, since [I -NA] ho = [l-NAH'IK,, implies the linear 
relationship 

between k and ho. If this hypothesis is accepted, comparison of 
eq. [7] with Fig. 5 implies values of 2.17 + 0.09 and 2.44 + 
0.04 for k5Ka and kg, respectively, and the former of these in 
turn implies a value of 1.97 x lo4 for k5 = kattackKNO+, (kattack 
being the rate constant for the elementary process of reaction 
between NO' and the free amine), which is extremely high 
compared with the values of 2000-6000 found for the nitrosa- 
tion of other amines by NO', and accepted as indicating a 
diffusion-controlled process (18). One reason for the high value 
of k5 may lie in the exponential influence of ionic strength on the 
reaction (see above). If this effect is allowed for by using the 
data of Fig. 4 to obtain an equivalent value for zero ionic 
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CASADO ET AL 

NO+ 

Products 
SCHEME 2 

FIG. 5 .  Dependence of k (eq. [ 7 ] )  on Ha (a) and ha (0) at 2S°C, 
I = 1.5 M ,  [NaN02] = 2.75 X M, [I-NA] = 1.32 X M .  

strength according to the equation 

PI log k5 = log kSO + 0.485 1 

the result is a value of 3690 for k5 that is fully compatible with 
published values for other substrates. 

For the k6 interaction between the nitrosating agent and the 
protonated form of the amine, a mechanism analogous to that 
shown in Scheme 2 for aniline is proposed, involving the 
association of the NO+ ion and the aromatic ring in a complex 
that, upon losing a proton, rearranges to yield the nitroso 
compound. Naphthylamine's possession of two condensed 
rings increases the number of possible positions for NO+ in the 
initial complex and hence the importance of nitrosation via the 
protonated form and, indeed, the value of k6 for 1 -NA is greater 
by a factor of 10 than for anilines and pyridines (16c), making 
this pathway significant at intermediate acidities. 

Since the above scheme involves proton transfer to the 
solvent in the rate-controlling step of the reaction, a primary 

isotopic effect ought to be detectable. Measurements of k6 in 
D 2 0  yielded the value of 1.59 for (k6)H,0/(k6)D20 and, since k6 
= PK'KNO+, the value of (KNO+)H,d(KNO+)D20 obtained 
earlier implies an isotopic effect of 3.50 for K'k", which is 
indeed a primary isotopic effect and thus supports the validity of 
Scheme 2. 
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Replacement of the carboxylic acid function with fluorine1 
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TIMOTHY B. PATRICK, KAMALESH K. JOHRI, DAVID H. WHITE, WILLIAM S. BERTRAND, RODZIAH MOKHTAR, MICHAEL R. 
KILBOURN, and MICHAEL J. WELCH. Can. J. Chem. 64, 138 (1986). 

Replacement of a carboxyl function by fluorine, fluorodecarboxylation, is a new process that can be accomplished by the 
reaction of alkanoic acids with xenon difluoride. Primary, tertiary, and benzylic acids perform best in the reaction, which is 
conducted at room temperature in methylene chloride or chloroform solution. A reaction mechanism is proposed in which the 
acid is initially converted to a fluoroxenon ester, RC02XeF. The esters of the primary and secondary acids react by nucleophilic 
displacement by fluoride, as evidenced by incorporation of "F and no reactions common to free radicals or carbocations. The 
esters of the tertiary and benzylic acids react by converting to free radicals that can be further oxidized to carbocations. Thus 
incorporation of ' 8 ~  and racemization are observed with a-methoxy-a-trifluoromethylphenylacetic acid. Hydroxyl and amino 
functions inhibit the reaction. Aromatic and vinylic acids do not react. 

TIMOTHY B. PATRICK, KAMALESH K. JOHRI, DAVID H. WHITE, WILLIAM S. BERTRAND, RODZIAH MOKHTAR, MICHAEL R. 
KILBOURN et MICHAEL J. WELCH. Can. J. Chem. 64, 138 (1986). 

Le remplacement d'une fonction carboxyle par un fluor, la fluorodCcarboxylation, est une nouvelle reaction que l'on peut 
realiser en faisant reagir les acides alcanoiques avec le diflorure de xknon. Les acides primaires, tertiaires et benzyliques sont les 
meilleurs acides pour cette rLaction qui s'effectue a la temperature ambiante, dans du chlorure de mkthyltne ou du chloroforme. 
On propose un mecanisme reactionnel dans lequel l'acide conduit initialement 2i un ester fluoroxCnonique RC02XeF. Les esters 
des acides primaires et secondaires reagissent par le biais d'un dkplacement nucleophile par les ions fluorures tel que mis en 
evidence par l'incorporation du I 8 F ,  et non pas par les reactions mettant en jeu les radicaux libres ou les carbocations. Les esters 
des acides benzyliques et tertiaires reagissent en se transformant en radicaux libres qui peuvent &tre oxydes par la suite en 
carbocation. Ainsi, on observe I'incorporation de l'ion I8F et la racemisation avec I'acide a-methoxy a-trifluoromtthylphknyl 
acetique. Les fonctions hydroxy et amino inhibent la rkaction. Les acides aromatiques et vinyliques ne rtagissent pas. 

[Traduit par le journal] 

The decarboxylation of carboxylic acids with replacement of 
halogen, halodecarboxylation, has proven both synthetically 
useful and mechanistically intriguing. The Hunsdiecker (1) or 
Kochi (2) reactions, which employ the use of silver, mercury, or 
lead salts, are the normal procedures for accomplishing halo- 
decarboxylation. However, in current halodecarboxylation 
methodology the replacement halogen is restricted to chlorine, 
bromine, or iodine, and methodology for replacement by 
fluorine is unknown (3). In this paper we report our details on 
the reaction of xenon difluoride with alkanoic acids, the first 
general method for fluorodecarboxylation (4). In addition, the 
mechanistic aspects of the reaction are presented. 

Results and discussion 
Aliphatic carboxylic acids react with one equivalent of xenon 

difluoride (5) in methylene chloride or chloroform solution, 
according to eq. [I]. The reaction may be performed at room 
temperature and usually requires 8-16 h for completion. The 
yields of pure product reported in Table 1 are obtained simply by 
washing the reaction mixture with sodium carbonate solution 
followed by removal of the solvent. 

[ I ]  RCOOH + XeF2 -+ R-F + Xe + HF + C02 

Alkanoic acids (entries 4 , 5 , 7 , 9 ) ,  arylalkanoic acids (entries 
1-3,6), and aryloxyacetic acids (entries l 0 , l l )  are examples of 
primary carboxylic acids that readily undergo fluorodecarboxyl- 

'Presented at the 7th Winter Fluorine Conference, Orlando, Florida. 
1985. 

2~uthor  to whom correspondence may be addressed. 
3Mallinckrodt, Inc., St. Louis, MO 63134, U.S.A. 
4Division of Radiation Sciences, Washington University School of 

Medicine, St. Louis, MO 631 10, U.S.A. 

ation. Although aromatic fluorination is known to occur with 
xenon difluoride (5), aromatic fluorination does not compete 
with the reaction at the carboxyl group by the xenon difluoride. 
Two dicarboxylic acids (entries 18, 19) are converted smoothly 
into the difluoro products with two equivalents of xenon 
difluoride. Also, the ketone function of levulinic acid (entry 8) 
is unaffected in the reaction and the carboxyl group is smoothly 
fluorodecarboxylated. Several secondary carboxylic acids 
tested for fluorodecarboxylation (entries 12, 13) give only small 
amounts of fluoro products, while norbornane-2-carboxylic and 
trans-2-phenylcyclopropanoic acids give no reaction. 

Tertiary carboxylic acids, similar to the primary aids, are 
smoothly fluorodecarboxylated as seen in entries 15 and 16. 
However, the bicyclic acid, 3-phenylbicyclo[ l . 1. llpentan-l- 
oic acid (entry 1715 displays decarboxylation with formation of 
its dimer: no fluoro ~ roduc t  is obtained. 

~ a r b o x ~ l i c  acids 'containing other protic functions, such as 
amino acids and cholic acid, give only unreacted starting 
material, as does cinnamic acid. Benzoic acid (entry 20) gives 
small amounts of benzoyl fluoride (6). 

Our studies on fluorodecarboxylation show that both primary 
and tertiary acids react very well, but secondary acids react less 
readily. Mechanistic studies have allowed us to explain this 
behavior. Our mechanism, summarized in Scheme 1, begins 
with the formation of a xenon ester. We have not detectedthe 
ester, but its formation is based on experiments by DesMarteau 
and co-workers (7), who have shown that a xenon ester can be 
isolated from the reaction of trifluoroacetic acid with xenon 
difluoride at -24OC (CF3COOH + XeF2 -+ CF3COOXeF + 

5 ~ e  thank Professor W. Adcock, the Flinders University of South 
Australia, for a sample of this acid. 
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TABLE 1. Yields and properties of fluorinated compounds 
--- 

Entry Acid Product" yieldb I9F nrnf 

- 

'H nrnf 

Mass 
spectrum 

( m l e )  

1 PhCH2COOH PhCH,F 76 -207.0 (t, 2 ~ H F  = 48.4) 4.25 (d, CH,), 7.15 (Ph) 110 

60 -220.2 (21, 'JHF = 47.0, 1-3 (CH,, rn), 7.13 (Ph) 
3JHF = 25.0) 

54 -218.2 (septet, 'JHF = 46.4) 1.6 (rn), 5.5 (d, t ,  J = 50) 
35HF = 23.1) 

62 -218.3 (septet, 'JHF = 47.0, 1.2-2 (rn, CH2), 5.5 (rn, CH,) 
3JHF = 24.0) 

-214.9 (d, t ,  2 ~ H F  = 47.1, 
35HF = 17.3) 

-218.13 (rn) 

-221.3 (rn, 'JHF = 46,4, 
35HF = 22.0) 

4.9 (d, d, CH2, JFF  = 47, JHE = 7), 
6.9 (rn, Ch), 7.0-7.5 (rn, Ph) 

0.7-2.2 (rn, ring), 5.4 (rn) 

2.1 (s, CH,), 2.7 (1, d, CH2, JHF = 12.1, 
J H H  = 4.7), 4.67 (t, d, CH2F, 
JFF = 46.9, JHH = 5.4) 

1.1-2.3 (CH,, ring) 4.2 d, d ,  JHF = 48, 
JHH = 6) 

5.1 (d, CH,), 7.15 (Ph) 

5.7 (d, CH,), 7.15 (Ph) 

1.4 (d, d J H F  = 30,6, JHH = 9), 4.83 
(d, sept J H F  = 72.9, JHH = 9) 

1.35- 1.7 (rn, CH,), 4.5 (d, rn, CH, 
J H F  = 46) 

1.1-2.1 (m, CH, CH,) 

7.21 (Ph) 

3.83 (s, CH3), 7.51 (s, Ph) 

Cholanic acid 

CH3C(0)CH2CH2COOH 

-213.97 (t, d. ,JHF = 46.4, 
35HF = 14.6) 

-148.7 (t ,  'JHF = 53.7) 

-149.8 (t, 'JHF = 53.7) 

-149.5 (rn) 

2-Norbornane acetic acid 2-Fluoromethyl norbornane* 

- 172.9 (rn, ,JHF = 46.4) 

I -adarnantanoic acid 

Ph3CCOOH 

PhC(OCH3)(CF3)(COOH) 

1.25 (CH,) 7.2-7.4 (Ph) 

-225.4 (d, t, 'JHF = 49.4) 
35HF = 20.8) 

- 115.1 (t, d, ' JH~  = 56.2, 
3JHF = 17.1) 

-228.8 (rn) 

2.4-3 (rn, CH,) 6.9-7.4 (rn, Ph) 

3.2 (CH,, rn) 5.5 (rn), 7.2 (Ph) 

PhCOOH 

BKHzCH2CHzCOOH 

PhCOF 

BrCH2CH2CH2F* 

"New compounds are marked with an asterisk and gave satisfactory elemental analyses. These analyses have been deposited and may be purchased from the Depository of Unpublished Data, CISTI, ~ a t i ~ z  
Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. Other compounds are reported in refs. 4 or 16. 

bIsolared yields (%) based on the quantity of starting acid. 
'Multiplicities are as follows: s = (singlet), d = (doublet), t = (triplet), m = (multiplet). 
d'3C nnu (CDCI,) 6: 29.7 (C-1), 41.8 (C-3), 53.3 (CH,), 125.9, 126.9, 128,2, 133.4 (aromatic), no elemental analysis. 
'Not obtained. 
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RCOOH + XeFz -+ RCOOXeF + HF 

A 

RCOOXeF + F- -+ RF + C 0 2  + Xe + F- (a) 

RCOOXeF -+ Re + C02 + XeF (b) 

(CF3C00)2 Xe + HF). DesMarteau further showed that the 
xenon esters decarboxylated on warming to 23°C. Xenon esters 
have also been suggested as reaction intermediates in the works 
of Gregorcic and Zupan (8), Nikolenko and co-workers (6), and 
Musher (9). Thus our postulation of the formation of fluoro- 
xenon ester A is strongly backed by literature precedent and 
supported by our observation of a required 1:l acid-XeF2 
reaction stoichiometry. 

For the case of primary and secondary carboxylic acids, the 
fluoro product is derived from nucleophilic displacement of 
C 0 2  and Xe by F-, mechanism (a). Evidence for this process 
comes from radiolabeling experiments performed with (n- 
B u ) ~ + N  18F-. Thus when 3-phenylpropanoic acid is allowed to 
react with xenon difluoride in the presence of "F- for 30 min at 
room temperature, a 40% radiochemical yield of :l-['sF]-fluoro- 
2-phenylethane is obtained. Similarly, reaction of 4-bromo- 
butanoic acid with ' 8 ~ - / ~ e ~ 2  leads to a 78% radiochemical 
yield of l-[18F]-fluoro-3-bromopropane. The 18F could be 
incorporated into the products either as fluoride-18 ion or as a 
18F-exchanged xenon difluoride species such as 18~Xe19F. A 
complete exchange of 1 8 ~ -  with XeF2 to produce 18~Xe19F 
would permit statistically a maximum radiochemical yield of 
50%, as only one of the two fluorine atoms of the l 8 ~ x e I 9 ~  is 
radioactive. The 78% radiochemical yield of 1-[18F]-fluoro-3- 
bromopropane could not be attained through involvement of an 
exchanged species. Furthermore, we have conducted an experi- 
ment in which "F- and XeF2 were allowed to react in 
methylene chloride solution under our radiochemical reaction 
conditions but in the absence of substrate acid. After evapora- 
tion of the methylene chloride with helium, the xenon difluoride 
was recovered quantitatively by vacuum sublimation at room 
temperature. The xenon difluoride recovered contained no 
radioactivity, and thus further shows that exchange of 18F- with 
XeF2 did not occur. Literature precedent also exists to show that 
"F-/XeF2 exchange would not occur under our reaction 
conditions (10). Thus in the major portion of the reaction the 
18F- is incorporated into the product by the nucleophilic process 
shown in mechanism (a) in Scheme 1. Nucleophilic displace- 
ment also explains the higher reactivity of primary acids over 
secondary acids. Minor reaction processes may also be in 
operation, such as SNi  substitution in ester A which has 
undergone exchange with radioactive fluoride. 

Several experiments showed that free radicals were not 
involved with primary acids. Thus 3-phenylpropanoic acid does 

not produce styrene by elimination nor does it react with 
benzene to produce bibenzyl. Also, 4-phenylbutanoic acid 
showed no internal cyclization similar to that observed when a 
primary radical is generated from lead tetraacetate reaction as 
described by Davies and Waring (1 I). In addition, rearrange- 
ment is not observed from reaction of 3,3-diphenylpropanoic 
acid (entry 6) with xenon difluoride. One would anticipate the 
formatio; of a 1,2-diphenylethane derivative if a brimary 
radical were formed, because rearrangement is a well-known 
process in the 2-phenylethyl radical systems (12). In an in- 
teresting comparison with other halode&rboxylation methods, 
one observes that in the Hunsdiecker Cristol-Firth reactions of 
primary acids (I) ,  a questionable free-radical process (13), rear- 
rangement is rarely found. But in the Kochi lead tetraacetate - 
chloride chlorodecarboxylation, a known radical reaction (2), 
rearrangement and elimination both are common. Thus our 
experiments show that free radicals are not observed with 
primary acids, but that 1 8 ~ -  is incorporated in a nucleophilic 
process (mechanism (a)). 

Evidence for mechanism (b) is obtained for systems which 
produce relatively stable free radicals and carbocations, the 
tertiary and benzylic systems. Thus when phenylacetic acid and 
xenon difluoride react in benzene solution, a mixture of 
diphenylmethane and benzyl fluoride is obtained. Control 
experiments show that the diphenylmethane did not arise from 
reaction of benzyl fluoride with benzene. The formation of di- 
phenylmethane shows that a reactive intermediate is generated, 
and the absence of bibenzyl from radical coupling indicates that 
the intermediate is a carbocation. 

The reaction of optically active a-trifluoromethyl-a- 
methoxyphenylacetic acid (1) gives a-fluoro-cl-trifluoromethyl- 
a-methoxytoluene (2) in 95% yield with complete loss of 
optical activity, showing that a trivalent intermedite is involved 
in the mechanism. Furthermore, when the reaction is conducted 
in the presence of (n-Bu)4+N 1 8 ~ -  for 30min at room 
temperature, the "F- is incorporated into 2 in 65% radiochemi- 
cal yield. The 18F-/XeF2 exchange experiments cited above 
and the 65% radiochemical yield show that a 18F-exchanged 
species is not involved. Thus 18F- is incorporated as free 
fluoride ion in a reaction with a cationic intermediate. These 
results support mechanism (b) shown in Scheme 1 for tertiary 
and benzylic acids. 

1 (optically active) 2 (racemic) 

Finally, when 3-phenylbicyclo[l . 1.1 .]pentanoic- 1-acid, a 
substrate which can produce a free radical but not a planar 
carbocation (1 3, 14), reacts with xenon difluoride, only radical 
dimerization is observed (entry 17). Thus each component of 
mechanism (b) has been observed experimentally. 

In conclusion, we have shown that fluorodecarboxylation 
with xenon difluoride is an effective process for the conversion 
of carboxylic acids to alkyl fluorides. The mechanism of the 
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reaction involves nucleophilic displacement by fluoride for the 
primary and secondary acids, while free radicals and carboca- 
tions are involved for tertiary and benzylic systems. The 
reaction also holds promise as an important new method for the 
preparation of fluorine- 1 8 labeled radiopharmaceuticals. 

Experimental 
Nuclear magnetic resonance spectra were obtained in deuterio- 

chloroform solution on a JEOL FX-90 Q at 89.75 MHz for proton 
spectra with internal tetramethylsilane (6 0.0) as a standard and at 
84.26 MHz for fluorine spectra with external Freon-1 1 (fluorotrichloro- 
methane, 6 0.0) as a standard. Mass spectra were obtained at 70 eV on a 
Varian MAT-I 11 direct inlet system or at the University of lllinois 
Mass Spectrometry Center. Xenon difluoride was purchased from 
PCR, Inc., Gainesville, Florida and used as obtained. Solvents 
CH2CI2, CHCI3, CDC13, and benzene were dried before use. 

General procedure. I-Fluoro-2-phenylethane (entry 2) 
To a solution of 3-phenylpropanoic acid (150 mg, 1 mmol) in 15 mL 

of methylene chloride contained in a polyethylene bottle was added 
crystalline xenon difluoride (170 mg, 1 mmol). 

The solution was stirred magnetically at 22OC for 10 h during which 
the colorless solution becomes slightly yellow. The resulting mixture 
was washed with 3% sodium bicarbonate (50mL) solution. The 
organic solution was dried (MgS04) and concentated to yield analyti- 
cally pure 1-fluoro-2-phenylethane (76% yield). 

1 -['8~]$uoro-2-phenylethane 
A solution containing 2 mg 3-phenylpropanoic acid, 2 mmol of 

tetra-n-butylammonium fluoride, 2 mCi of " F ,  and 0.3 mL of 
rnethylene chloride was treated with 2 mg of xenon difluoride. After 
standing for 30min the solution was analyzed on a Waters high 
pressure liquid chromatograph equipped with a Magnum Parisil M9 
10150 silica gel column. Elution with CH2C12-CH3CN (3:l) at a 
flow rate of 2.4 mL/min showed simultaneous ultraviolet detection 
(254 nm) and radioactive detection (NaI(T1) detector) for the product at 
16min. Thin-layer chromatography on silica gel with 3:l CH2C12- 
CH3CN showed that 40% of the total radioactivity of the crude 
product was present as 1-['~~]-fluoro-2-~hen~lethane. l-['8F]-fluoro- 
3-propane was prepared from 4-brornobutanoic acid in 78% radio- 
chemical yield, and a-['8F]-fl~oro-a-trifluoromethyl-a-meth~~y- 
toluene 2 was prepared in 65% radiochemical yield from 1. These reac- 
tions were conducted under identical conditions to those described for 
the preparation of l-['8F]-fluoro-2-phenylethane. 

Preparation of tetrabulylamrnonium [18~]juoride: general procedure 
~luorine-1s6 was prepared from [ 1 8 0 ] ~ 2 0  by the ''0 (p ,  n)I8F 

reaction in a 2-mL metal cyclotron target (15). Approximately 3-5 mCi 
of the activity produced was mixed with 5 mmol of tetra-n-butyl- 
ammonium fluoride (Aldrich) in a platinum crucible and taken to 
dryness at 100°C under a stream of nitrogen. The residue was further 
dried azeotropically by the addition and evaporation of two 0.1-mL 
portions of acetonitrile. The mixture was redissolved in 0.4mL of 

6Fluorine-18 has a half-life of 110 min and its radioactivity may be 
counted conveniently in a gamma counter at 51 1 keV. 

methylene chloride to give approximately 1.5-3 mCi of radioactivity, 
which was added to the substrate contained in a small glass vial. 

Bis(3-phenylbicyclo[I . I  .I]-] -pentanyl) 
3-Phenylbicyclo[l . 1 .l]pentan-1-oic acid (96 mg, 0.5 mrnol) in 8 mL 

of CDC13 was treated with 90mg (0.55 mmol) of xenon difluoride. 
After 8 h, gas evolution ceased and the yellow solution was analyzed by 
nrnr. The analysis showed the complete absence of starting material 
and the complete absence of fluorinated products. Preparative hplc 
(Whatman Magnum Silica Gel, 50 mm x 10 mm, hexane-CH2C12, 
9:l) gave pure product, 39 mg (35%). 

a-Tr$uoromethyl-a-methoxy-a-juorotoluene 
A solution containing 230mg (1 mmol) of (+)-a-methoxy-+- 

trifluoromethyl-phenylacetic acid (a:: +69", c = 1.6, CH30H) and 
170 mg (1 mmol) of xenon difluoride in 15 mL of CDC13 was allowed to 
react until gas evolution ceased (4 h). Both nmr and hplc analyses 
showed the presence of only a single product, and the solutibn showed 
no optical activity at the sodium D line. Isolation by preparative hplc 
(Whatman Magnum Silica Gel, 50 mm + 10 mm, hexane-CH2Clr, 
3:l) gave 197 mg (95%) of pure product. The product showed no 
optical activity in either methanol or chloroform solvents. 
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SUZANNE DEGUIRE, FRANSOIS BRISSE, JACQUES OUELLET, and RODRIGUE SAVOIE. Can. J .  Chem. 64, 142 (1986). 
A stoichiometric complex of formula (COOH)2.2H2018-crown-6 has been obtained from oxalic acid and the macrocyclic 

polyether 18-crown-6. The crystals of the complex have a monoclinic unit cell and belong to the P2, /c  space group. The 
components in the adduct are linked through hydrogen bonds in a polymer-like fashion: -crown-H20-HOOCCOOH-OH2- 
crown-, where the oxalic acid molecules are present in two distinct disordered orientations. The infrared and Raman spectra of 
the complex are also reported and interpreted. 

SUZANNE DEGUIRE, FRANCOIS BRISSE, JACQUES OUELLET et RODRIGUE SAVOIE. Can. J .  Chem. 64, 142 (1986). 
Un complexe de formule (COOH)2~2H20~18-couronne-6 a ett obtenu a partir de I'acide oxalique et l'tther macrocyclique 

18-couronne-6. Les cristaux du complexe ont une maille monoclinique et appartiennent au groupe d'espace P2, /c. Le cristal est 
constitut d'un enchainement -couronne-H20-HOOCCOH-OH2-couronne-, oh les diffkrentes unitts structurales sont relites 
par ponts hydrogkne. Les moltcules d'acide oxalique sont aligntes, de faqon dtsordonnte, dans deux orientations difftrentes. 
Les spectres infrarouge et Raman du complexe sont rapportks et interprttes. 

Introduction a Bomem DA3.02 interferometer. The Raman spectra of solid samples 

Many neutral molecules with hydrogen bonding capacity 
form complexes with macrocyclic polyethers, such as 18- 
crown-6 (henceforth called 18C6), in which a water molecule 
serves as a linker between the proton donor and the crown 
(1). Carboxylic acids generally follow this trend, forming 
complexes with 18C6 of 2:2:1 or 1: 1: 1 (acid/water/l8C6) 
stoi~hiometry, in which the acid is more or less firmly bound to 
water, depending on its acid strength, and the water molecules 
are themselves weakly hydrogen bonded to oxygen atoms of the 
crown (2). A particularly good example of this is found in the 
CH,(CN)COOH.H20. 18C6 adduct, whose crystal and molecu- 
lar structures have been determined by X-ray diffraction (3). 
Also of interest is the corresponding compound of 2:2: 1 
stoichiometry obtained from dichloropicric acid, in which 
proton transfer seems to occur from theacid to water, giving a 
charged-component complex involving the hydronium ion (4). 

From the mode of complexation of carboxylic acids with the 
18C6 crown, it was expected that dicarboxylic acids would 
simultaneously interact with two crown molecules in adducts of 
this type. This hypothesis has been verified by the synthesis of 
the (COOH)2.2H,0.18C6 complex, whose crystal structure 
and vibrational spectra are reported in this paper. 

Experimental 
The complex (mp 90-94°C) was prepared by adding anhydrous 

oxalic acid (0.68 g) to a solution of 18C6 (2 g) in tetrahydrofuran 
(10 mL). Crystallization occurred at room temperature after addition of 
a small amount (0.3 mL) of water. The deuterated complex (-90% d4) 
was obtained in a similar way, using a proportionally larger amount of 
D20.  The stoichiometry of the complex was determined by elemental 
analysis, titration by NaOH, and from the integrated intensities of the 
peaks in the 'H nmr spectrum ((CD3COCD3) 6 5 . 5  (H2C1O4 and H20) 
and 3.6 (18C6)). 

The infrared spectra, obtained from Nujol and hexachlorobutadiene 
mulls, were recorded on a Beckman IR4250 spectrophotometer and on 

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

sealed in capillary tubes were excited by the 514.5-nm line from a 
Spectra Physics Model 165 argon ion laser, and recorded on a micro- 
computer-controlled Spex Model 1400 spectrometer. The spectra 
were typically obtained at 400 mW laser power at the sample, 2 cm-' 
spectral slit width, with an integration time of 2 s for each frequency 
increment of I cm-'. The low-temperature measurements in both the 
infrared and the Raman spectra were made using conventional liquid 
nitrogen cryostats. 

For this X-ray study, a well-developed single crystal of the complex, 
obtained by slow evaporation of a THF solution, was mounted on a 
Nonius-CAD4 diffractometer. The unit-cell dimensions and the orienta- 
tion matrix have been obtained by a least-squares refinement of the 
angular settings of 25 well-centered reflections in the range 10 < 28 < 
38". The diffracted intensities of 1747 reflections were measured within 
the sphere of reflection limited by 28 < 50" and 0 < h =z 1 I, 0 < k < 9, 
- 17 < 1 < 17, using the graphite monochromatized molybdenum 
radiation. The o /28  scan technique was used with a scan width 
calculated by o = (1 .OO + 0.35 tan 8)". The intensities ofthree reference 
reflections, measured every hour, did not vary by more than 2% over 
the duration of the data collection. The centering of the crystal was 
verified every 100 measurements, and readjustment was made when 
needed. ~h~ diffracted intensities were corrected for Lorentz and 
polarization effects, but since the absorption coefficient for the Mo 
radiation was small, no absorption correction was applied.2 

The 1206 reflections (69%) that satisfied the criterion I 3  1.96u(l) 
were retained for the structure determination and refinement. u(l) was 
derived from the counting statistics. The scattering curves for 0 and C 
were taken from ref. 9 and those for H atoms from ref. 10. The P2 ' / c  
space group was assigned unambiguously from the systematic absence 
OH, k + 2n and h01, 1 + 2n. Since there are only two formulas per 
asymmetric unit, the center of the 18-crown-6 as well as that of the 
oxalic acid molecules must coincide with crystallographic centers of 
symmetry of the unit cell. The structure was solved using the 
multisolution program MULTAN. All the atoms constituting the 18C6 

2The programs used here are locally modified versions of NRC-2, 
data reduction; NRC-10, bond distances and angles; NRC-22, mean 
planes; FORDAP, Fourier and Patterson syntheses (A. Zalkin); 
MULTAN, multisolution program; NUCLS, least-squares refinement; 
and ORTEP, stereo drawings (ref. 5-8). 
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DEGUIRE ET AL. 

TABLE 1. Crystal data for the (COOH)2.2H20. 18-crown-6 complex 

(COOH)22H20.C 12H2406 FW = 390 F(000) = 2 10 e 
Monoclinic P2,Ic 2 = 2  
a = 9.322(4) b = 7.779(3) c = 14.666(3) A 
p = 111.41(2)" v = 990.1 A3 d, = 1 . 3 0 9 ~ c m - ~  

= (MoKa) = 1.08 cm-I h(MoKc5) = 0.7 1069 8, T = 22°C 
Crystal size 0.30 X 0.36 x 0.40 mm 

part were found on the first E-map. The others, including all the H 
atoms, were located on subsequent difference Fourier syntheses. The 
weighted least-squares refinement, minimizing 2 w(lF,I -  IF,^)^, 
was carried out with anisotropic temperature factors for 0 and C and 
isotropic temperature factors for H atoms. As the refinement proceed- 
ed, it was discovered that the oxalic acld, situated at (0 0 $), was present 
in two dlstinct orientations. A 5050  distribution between the two 
orientations led to very different values of the corresponding isotropic 
thermal parameters. They were held at their averaged values and only 
the occupation factor of each atom was refined For three of the atoms 
the occupation factors reached a value of 0.6, while at the same time 
they tended towards 0.4 for the other three atoms. This unequal 
convergence coincided for the three pairs of atoms, namely C(l l ) ,  
C(21); O(1 l),  O(21); and 0(12), O(22). Since the C-C distances of 
the two molecules of oxalic acld were unequal, the positions of these C 
atoms (C(11) and C(2 I)), were adjusted so that the two C-C distances 
remain equal to 1.540 A. The least-squares process was resumed, but 
only the coordinates and thermal parameters of the oxygen and 
hydrogen atoms of both oxalic acids were refined. After convergence, 
R and wR had not changed while S was slightly lowered.' Since both 
refinements did converge in the same way wh~ther the C coordinates 
were refined or set so that d(C-C) = 1.540 A, the final coordinates 
and structure factor tables given here reflect the chemically more 
meaningful situation. The refinement was concluded when R = 
0.033, wR = 0.039, and S = 1.454. At that time, the mean and 
highest values of the displacement-to-sigma ratio were 0.05 and 0.4, 
respectively. A final difference Fourier synthesis revealed only small 
fluctuations of the electron density, with extreme values of -0.13 and 
O. I 1 e A-3. 

Results and discussion 
The unit-cell dimensions and other crystal data of interest 

determined from the X-ray diffraction study are given in Table 
1. The atomic numbering is given on the diagram in Fig. 1. The 
bond distances and angles, calculated from the final atomic 
coordinates (Table 2),4 are given in Table 3. The various 
structural units (18C6, oxalic acid, water) that are part of the 
complex are shown by the stereopair of Fig. 2. The structural 
units are H-bonded to one another to form a columnar arrange- 
ment in which the following sequence, crown ether-water-oxdic 
acid-water, repeats itself. 

The 18-crown-6 molecule 
The center of this molecule coincides with a crystallographic 

center of symmetry at (4 4 0). The conformation of the ring is 
described by the t t g sequence repeated six times (t = trans, g 
= gauche). The actual values of the ring torsion angles are 
given in Table 4. The C-0 bond distances (average value 
1.484 A) are normal. However, the CH2-?Hz bond distances 
are all significantly shorter (average 1.484 A) than the accepted 

C(9) C(1') O(22') O(21) H(021) 

FIG. 1. Atomic numbering adopted for the (COOH),.2H20 18C6 
complex. 

TABLE 2. Fractional atomic coordinates and their esd's (X lo4 for 0 
and C, x lo3 for H atoms), U,, (X 104 for 0 and C) and Uiso ( x  lo3 

for H atoms) 

Atom x Y z u c q  1 uiso 

'R = CF,  - IF,II/I IF,,; w~ = [ x  w ( l ~ o  - ~ , l ) 2 / ~  , u l ~ o l ~ j ~ ~ ~ ;  = distance of 1.535(5) A for a ~ ( s p ~ ) - ~ ( s p ~ )  bond. such a 

[C w(lFoI - lF,l)'/(rn - n)]"'. shortening of a CH2-CH2 bond in a -0-CH2-CH2-0- 
4 ~ h e  tables of anisotropic temperature factors, least-squares planes, has been in nOnc~clic 12) 

and structure factors have been deposited and may be purchased from and upon the value of the -O-CH2-CH2-0 
the Deoositorv of Un~ublished Data. CISTI. National Research torsion angle. Concurrently with a short C-C bond, it Was 
~ o u n c i i o f  ~ a i a d a ,  ~ t t a w a ,  Ont., Canada KIA OS2. noted that the 0-C-C angles tended to be smaller than 
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TABLE 3. Bond distances and angles for the (COOH)2.2H20~18-crown-6 complex 

Bond Distances (esd's), A Bonds Angles (esd's), deg 

Oxalic acid 

FIG. 2.  Stereopair showing the various structural units and their linkage through hydrogen bonding. In order to differentiate between the two 
molecules of oxalic acid, the bonds of one of them have been blackened. 

TABLE 4. Torsion angles (") in the 18-crown-6 molecule 

Bonds Angle 

C(9')-C(1)-O(2)-C(3) - 117.3(2) 
C(1)-O(2)-C(3)-C(4) 178.9(2) 
O(2)-C(3)-C(4)-O(5) 71.7(2) 
C(3)-C(4)-O(5)-C(6) 174.3(1) 
C(4)-O(5)-C(6)-C(7) 173.9(1) 
O(5)-C(6)-C(7)-O(8) -71.3(2) 
C(6)-C(7)-O(8)-C(9) 176.3(1) 
C(7)-O(8)-C(9)-C(ll) -168.5(1) 
O(8)-C(9)-C(1 ')-O(2') 67.3(2) 

109.5". In the present case, where the -0-C-C-0 
sequence is included in a ring, the average of the six 0-C-C 
angles is 109.5" while the average C-0-C angle is 112.4". 

The oxalic acid 
As mentioned in the experimental section, the molecule of 

oxalic acid is present in the crystal form under two distinct 
orientations in a 40:60 ratio. However, when the C coordinates 
were refined, the C-C distances took the unusually different 
values of 1.569(4) and 1.504(6) A. To remedy this anomaly, 
both C-C distances were kept at the fixed value of 1.540 A. 
This choice took into account the C-C distance of oxalic acid 

in the gas phase, 1.548 A (21), and 1.537 A in both its cx and P 
crystalline forms (22), as well as the value of 1.538 A in the 
a-modification of the dihydrate (23). 

The bond distances and angles (Table 3) of the two oxalic acid 
molecules agree very well. The two molecules are planar but for 
the H atoms, which deviate by 0.10(3) and 0.23(6) A from their 
respective least-squares planes. These deviations favor the H 
bonds formed with the oxygen atom of the water molecule. The 
dihedral angle formed between the planes of the two molecules 
is close to 180". 

Hydrogen bonding 
The water molecule, O(W), is the link between the crown 

ether and the oxalic acid. This disposition is identical to that 
observed with cyanoacetic acid (3). Since, however, oxalic acid 
is a diacid, instead of forming a complex of limited dimensions 
as in ref. 3, the structural units are arranged here in a 
polymer-like fashion. 

O(W) forms two relatively long hydrogen bonds with the 
atoms O(2) and O(5) of the 18C6 molecule. At the same time, 
O(W) is an acceptor vis-h-vis the oxalic acid. The molecule of 
oxalic acid is present in two distinct orientations such that each 
hydrogen atom is H-bonded to O(W). These H bonds are 
significantly shorter than those between O(W) and the crown 
ether. The characteristics of these hydrogen bonds are presented 
in Table 5.  All these H-bond distances compare well with those 
reported for the 18C.cyanoacetic acid-water complex of ref. 3. 
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TABLE 5. Characteristics of the hydrogen bonding in the (COOH)2.2H20.18-crown-6 complex 

Frequency (cm-'1 

FIG. 3. Room temperature infrared spectrum of the (COOH)2. 
2H20. 18C6 complex (hexachlorobutadiene mull) in the region 1500- 
4000 cm-' . 

Vibrational spectra 
The 0-H stretching vibrations of the weakly bound water 

molecules give a strong doublet at 342513465 cm-' in the 
infrared spectrum (Fig. 3). The two components are more easily 
seen in the Raman spectrum (342213472 cm-') (Fig. 4) even 
though their overall intensity is relatively much lower than in the 
infrared. At liquid nitrogen temperature, the doublet is com- 
pletely resolved at 340313451 cm-'. The observed splitting, 
48 cm-', is very nearly equal to that expected for the v1 and v3 
vibrations of intermolecularly uncoupled and symmetrically 
bound water molecules (13). However, as shown by X-ray 
diffraction, the two HOH.. .crown bonds in the complex are not 
exactly similar (O...O: 2.850 and 2.877 A), and this is indicated 
in the spectrum of an incompletely deuterated sample by the 
appearance of a doublet, at 343 113455 cm-' (341713457 cm-' 
at - 1 80°C), due to the 0-H stretching vibration of the HOD 
molecules (Fig. 4). The D 2 0  vl/v3 vibrations are shifted by a 
factor of 1.35 in the spectra of the deutero compound, where 
they give a doublet near 2550 cm-'. 

From the centrosymmetric structure of the oxalic acid 
molecules in the complex and the two different orientations that 
they can take, the 0-H stretching modes of these units are 
expected to give doublets in both the infrared and Raman 
spectra. Furthermore, the two components of these doublets 
should have frequencies of -2100 and 1900 cm-' (14), based 
on the acid...water distances of 2.555 and 2.650 A that 
characterize the two nonequivalent types of acid molecules in 
the crystal. However, both the infrared and Raman spectra 
(Figs. 3 and 4) fail to show any band of appreciable intensity in 
the 2100 cm-' region. Neither can the absorption at - 1850 cm-' 
in the infrared spectrum be attributed to a v(0H) vibration, as 
this same band is present in the spectra of other similar 
complexes where the v(0H) vibration is clearly identified at a 
much higher frequency (2). The 1850 cm-' infrared band is 
most likely due to the overtone of the out-of-plane $OH) 

Frequency Shift (cm-1) 
FIG. 4. High-frequency region of the Raman spectrum of the 

(COOH)2.2H20. 18C6 complex at (A) 20°C and (B) - 180°C. (C) 
Corresponding spectrum of a -90% deuterated (acid and water) 
sample. 

vibration of the acid, and to combination modes of the ether, 
such as those responsible for the very strong bands in the 
800- 1100 cm-' region of the vibrational spectra. 

The assignment of the acid v(0H) vibrations in the spectra of 
the complex can be made in two different ways. Firstly, the two 
expected vibrations could be taken as having nearly equal fre- 
quencies, and thus explain the infrared doublet at 250012580 
cm-' and the scattering in the corresponding region of the 
Raman spectrum. This frequency range is characteristic of 
0--.0 distances of -2.60 A (14), which is the average of the 
water..-crown distances (2.555 and 2.650 A) determined above 
by X-ray diffraction. Alternatively, one of the expected 
vibrations could occur at -2500 cm-', the second one being 
overshadowed by the CH stretching modes in the 2900 cm-' 
region. This explanation is preferred, as the Raman spectrum of 
the deuterated complex shows two bands, at 2020 and 2195 cm-', 
with isotopic frequency shifts (1.26 and - 1.32 respectively) 
equal to those expected from the assumed frequencies of the 
corresponding v(0H) vibrations (14). Note that both interpreta- 
tions point to 0-..0 distances that are not exactly equal to those 
determined by X-ray diffraction. The infrared spectrum of the 
deuterated complex (not shown) is similar to the Raman, with 
two absorption bands at 1985 and 2175 cm-', that at lower 
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Frequency Shi f t  (cm-1) 

FIG. 5 .  Low-frequency region of the Raman spectrum of the (COOH)y2H20 18C6 complex at (A) 20°C and (B) - 180°C. (C) Corresponding 
spectrum of a -90% deuterated (acid and water) sample. 

frequency being about twice as intense as the other one. If these 
two bands are assigned to the v(0D) vibrations of the two types 
of acid molecules identified by X-ray diffraction, then their 
relative intensities should reflect the different occupational 
factors (0.6 and 0.4) associated with the two species. 

The Raman spectrum of the crown moiety in the complex 
(Fig. 5) is almost identical to that obtained with metal com- 
plexes in which the crown adopts its highly symmetric D3d con- 
formation (15). This is in complete agreement with the X-ray 
results. 

The bands attributable to the oxalic acid molecules can be 
readily identified in the Raman spectra, as this species has been 
thoroughly investigated by vibrational spectroscopy, in the gas 
phase (16), in rare gas matrices (17), and in both its a and P 
crystalline modifications (18-20). The room temperature 
Raman spectrum of the hydrogenated complex (Fig. 5A) is 
consistent with the centrosymmetric structure of these mole- 
cules, deduced from the X-ray measurements. This type of local 
symmetry results in a frequency non-coincidence of the infrared 
and Raman-active bands. For example, the C=O stretching 
modes give a symmetric vibration (A, species in the C2,, space 

group), which is Raman active only, and an antisymmetric 
mode (B, species), which is infrared active only. These two 
bands occur at 1738 cm-I in the Raman and 1720 cm-' in the 
infrared spectra. The shoulders at -1755 and 1700cm-' 
alongside the main infrared band are probably due to combina- 
tion modes, as they are also present in the infrared spectra of the 
uncomplexed acid (17, 19). The CO, rocking and bending 
modes at 55 1 and 457 cm-I are also observed as singlets in the 
room temperature spectrum of the nondeuterated complex. 

The structural parameters for the two types of acid molecules 
in the adduct (Fig. 2 and Table 3) are very similar. There is a 
general agreement between these findings and the Raman 
results, as many of the bands of the oxalic acid molecules are 
split in the low-temperature spectrum, which is consistent with a 
slight nonequivalence of the two types of acid molecules. 

The C-C bond should give rise, for the mixed C-C/C-0 
stretching mode, to a band occurring near 840 cm-'. Although 
there are several bands due to the ether in this region of the 
Raman spectrum (834, 840(?), and 864 cm-I), the oxalic acid 
vibration appears to occur as a singlet, at 850 and 797 cm-' in 
the spectra of the normal and deuterated complex respectively, 
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the weak band at  823 cm-' in the spectrum of  the deutero 
compound being attributable to the HOOCCOOD mixed isoto- 
pic species. 
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SERGE ALEX, RODRIGUE SAVOIE, MARIE-CLAUDE CORBEIL, and ANDRB L. BEAUCHAMP. Can. J. Chem. 64, 148 (1986). 
Two different crystalline complexes have been obtained from aqueous mixtures of glycylglycine (GlyGly) and methylmer- 

cury(II), and they were studied by vibrational spectroscopy and X-ray diffraction. In the first compound, a hydrogen atom of the 
protonated amino group of GlyGly is substituted by the CH3Hg+ cation, giving (CH3Hg)GlyGly: orthorhombic, P n ~ 2 ~ ,  a = 
7.920(6) A, b = 13.473(5) A, c = 8.059(3) A, and Z = 4. Further complexation on the carboxylate group yielded the complex 
[(CH3Hg)2GlyGly]C104: monoclinic, P21/c ,  a = 6.407(4) A, b = 24.439(6) A, c = 8.461(2) A, P = 93.82(4)', and Z = 4. The 
sites of complexation and the conformations of these solid complexes are well reflected in their vibrational spectra. Raman 
spectra indicate that complexation in aqueous solutions is limited to substitution on the -NH3+ group of GlyGly. 

SERGE ALEX, RODR~GUE SAVOIE, MARIE-CLAUDE CORBEIL et ANDRB L. BEAUCHAMP. Can. J. Chem. 64, 148 (1986). 
Deux complexes cristallins diffkrents ont CtC isolCs h partir de solutions aqueuses de glycylglycine (GlyGly) et de 

mCthylmercure(II), et ils ont CtC CtudiCs par spectroscopie de vibration et par diffraction des rayons X. Le premier composC a CtC 
obtenu parla substitution d'un hydrogtne de la fonction amino protonee de la GlyGly par le cation CH3Hg+, pour donner la 
(CH3Hg)GlyGly: orthorhombique, P n ~ 2 ~ ,  a = 7,920(6) A, b = 13,473(5) A, c = 8,059(3) A et Z = 4. Une complexation plus 
poussCe, sur la fonction carboxylate, a permis d'obtenir le complexe [(CH3Hg)2GlyGly]C104: monoclinique, P2,/c, a = 
6,407(4) A ,  b = 24,439(6) A, c = 8,461(2) A, P = 93,82(4)" et Z = 4. Les spectres de vibration rCflktent bien les sites de com- 
plexation de ces espkces, ainsi que leurs conformations propres. Les spectres Raman ont permis d'Ctablir que la 
complexation en milieu aqueux Ctait limitCe h la substitution sur la fonction -NH~+ de la glycylglycine. 

Introduction 
The methylmercury cation CH3Hg+ has been used in our 

(1-4) and other laboratories (5) as a convenient probe for the 
coordination sites in nucleic acid constituents. This cation can 
also bind to proteins (6), and various organomercury com- 
pounds are currently used as heavy-atom labeling agents for 
structural studies by electron microscopy and X-ray diffraction 
(7). 

Although the thiol groups appear to be the primary targets for 
mercury in proteins (6), coordination is likely to take place with 
other groups as well. The model complexes with monomeric 
amino acids considered so far involved mainly the sulfur- 
containing acids (8- 13). Selenium analogs have also been 
examined (14). Relying mainly on 'H nmr spectroscopy, 
Rabenstein et al. (15, 16) have investigated the equilibrium 
reactions between the CH3Hg+ cation and various amino acids 
in aqueous solutions. The only available crystal structure with a 
non-sulfur-containing amino acid is the tyrosine complex, in 
which one CH3Hg+ group is bonded to the NH2 end of the 
molecule (17). 

As part of our research program aimed at determining (via 
model systems) the mode of attachment of the CH3Hg+ cation to 
proteins and peptides, our initial effort is being directed to 
sulfur-free model ligands. Raman spectroscopy, applicable to 
both solids and aqueous solutions, is used to transfer the detailed 
structural information obtained by X-ray diffraction on solids to 
the species present in water. This technique also presents the 
advantage of providing an "instant" picture of the species in 
solution, since its time scale makes it less sensitive to exchange 
equilibria leading to signal averaging in 'H nmr. 

The present paper deals with glycylglycine (GlyGly), a 

'Authors to whom co~~espondence may be addressed 

dipeptide devoid of a side chain 

It can be regarded as a model for interactions of CH3Hg+ with 
the -NH~+ and -COO- ends of a protein chain. 

Experimental 
Reagents and techniques 

Glycylglycine (BDH Chemicals) was used without further purifica- 
tion. The sources of CH3Hg+ ions were the hydroxideCH3HgOH (1 M 
aqueous solution from Alfa Inorganics), the perchlorate CH3HgC104, 
and the nitrate CH3HgN03 (1 M aqueous solutions prepared as 
described earlier (2)). The CH3Hg+ ion was analysed potentiometrical- 
ly by titration with KC1 in ethanol (Ag/AgCl indicator electrode) (18). 
The various solutions studied by Raman spectroscopy were prepared at 
a concentration of 0.33 M ,  their pH being adjusted in each case with 
either NaOH or HN03 (4 N). 

Raman spectroscopy 
The Raman spectra, excited by the 514.5-nm line from a Spectra 

Physics Model 165 argon ion laser, were recorded on a Spex Model 
1400 microcomputer-controlled spectrometer. The samples were 
contained in capillary tubes that, in thecase of the highly light-sensitive 
solid complexes, were mounted on a motor shaft and rotated at high 
speed in the laser beam. Even so, the laser power at the sample had to be 
kept very low (-25 mW) in order to prevent sample decomposition. 
Solid glycylglycine and the various solutions, contained in cells 
mounted in a copper block maintained at 10°C, were studied at a laser 
power of 200 mW at the sample. The spectra were typically recorded at 
5 cm-' spectral slit width, with a 2-s integration time at each 2 cm-' 
frequency increment. 

lnfrared spectroscopy 
The ir spectra were recorded as KBr pellets with a Digilab FTS-15 

C/D Fourier-transform spectrophotometer equipped with a Globar 
source and wide-band mercury cadmium telluride detector (Infrared 
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Associates, New Brunswick, NJ). Typically, 100 interferograms of 
4096 points, recorded at an optical velocity of 1.2 cm/s and a maximal 
optical retardation of 0.5 cm, were co-added, apodized with a boxcar 
function, and Fourier transformed with 4 levels of zero filling, resulting 
in a spectral resolution of 2 cm-'. The apparatus was purged with dry 
nitrogen during the experiments. 

Nuclear magnetic resonance spectroscopy 
The 'H nmr spectra were obtained with a Bruker WH-90 spectrom- 

eter and they were referenced to TMS for DMSO-d6 solutions or to 
DSS for D 2 0  solutions. The solvents were Silanor DMSO-d6 (Merck, 
Sharp & Dohme Canada, 99.5% isotopic purity) and D 2 0  (Cambridge 
Isotope Lab., 99.8% isotopic purity). 

Preparations 
(CH3Hg)GlyGly 
One mmole (132 mg) of glycylglycine was dissolved in 1.0 mL of 

1 M aqueous CH3HgOH. On addition of absolute ethanol (10 mL), a 
colorless powder was immediately obtained. It was filtered off, washed 
with ethanol, and dried in vacuo for 24 h; yield 0.29 g, 82%; 'H nmr 
(D20) 6: 3.97 (2H, s,  a-CH2), 3.8 1 (2H, s, P-CH2), 0.90 (3H, s,  
CH3Hg), 2J(lH-'99Hg) = 219 Hz. Crystals were grown by vapor 
diffusion of ethanol into a concentrated aqueous solution of the 
complex. The composition was confirmed by X-ray work (vide infra). 

f ( C H ~ H ~ ) ~ G ~ Y G ~ Y I C I ~ ~  
One m o l e  (132 mg) of glycylglycine was dissolved in a mixture of 

1.0 mL of 1.0 M CH3HgOH and 1.0 mL of CH3HgC104. Ethanol was 
then added (-10mL). After a few days at room temperature and in 
open air (hood), colorless rectangular platelets were obtained; yield: 
0.21 g, 31%; 'H n m  (D20) 6: 3.90 (2H, s,  a-CH,), 3.94 (2H, s, 
P-CH2), 0.96 (6H, s,  CH3Hg), 2 ~ ( l ~ - ' 9 9 ~ g )  = 228 Hz; (in DMSO- 
d6) 6: 3.77 (2H, s,  CH2), 3.80 (2H, d, CH2), 5.26 (2H, s,  br, NH2), 
8.74 ( lH,  t, NH), 0.73 (6H, s,  CH3Hg), 2~('H-'99Hg) = 220Hz. The 
singlet at high field corresponds to both CH3Hg groups in fast 
exchange. A crystal from the homogeneous samples was used for X-ray 
work. 

The same compound was obtained by mixing (CH3Hg)GlyGly with 
an equal number of moles of CH3HgC104 (from a 1 .OM aqueous 
solution), and adding ethanol. Precipitation occurred instantly, yield- 
ing very thin plates. The sample obtained this way had the same ir and 
'H nmr spectra as those prepared by the first method. 

Crystal structure of [(CH3Hg)2GlyGly]C104 
C ~ H I ~ C ~ H ~ ~ N Z O ~  fw = 661.81 
Monoclinic, P2'/c, a = 6.407(4), b = 24.439(6), c = 8.461(2) A, 
P = 93.82(4)", V = 1321.9 A3, Z = 4, Dc = 3 . 3 2 4 g ~ m - ~ ,  
A(MoK6) = 0.71069 A (graphite monochromator), k(MoKa) = 234.2 
cm-', T= 293 K. 

A crystal of dimensions (mrn) 0.025 (between 010 and 010) X 0.115 
(001-001) X 0.30 (irregular faces) was used for X-ray work. Initial 
cell parameters and monoclinic Laue symmetry were observed from 
precession and cone axis photographs. The systematic absences (h01, 
1 + 2n and OM, k + 2n), noted on the precession films and 
subsequently confirmed from the full data set, unambiguously defined 
the P2,/c space group. The cell parameters obtained from films were 
accurately determined by least-squares refinement on the setting angles 
of 25 randomly distributed reflections centered on an E~af-Nonius 
CAD-4 diffractometer. The Niggli coefficients clearly indicated that no 
symmetry higher than monoclinic was present. 

The intensity data were collected with the CAD-4 diffractometer as 
reported earlier (19). Three standard reflections monitored during the 
experiment indicated that the crystal slowly decomposed in the beam: 
their intensities had regularly decreased by 20% at the end of the data 
collection. This decay was taken into account at the data reduction 
stage. A total of 1763 independent hkl and hkl reflections (28 < 45") 
were collected. After eliminating the systematically absent reflections, 
the data set consisted of 1705 unique reflections, of which 957 were 
retained as significantly above background ( I  > 3u(I)) for structure 
determination. These data were corrected for the Lorentz effect, 

polarization, and absorption (Gaussian integration, grid 8 X 8 X 8, 
transmission range: 0.064-0.564). 

The structure was solved by the heavy-atom method and refined on 
IFo] by standard least-squares procedures. Both Hg atoms were located 
from a Patterson synthesis and the remaining non-hydrogen atoms were 
located from a difference Fourier (AF) map phased on Hg. Isotropic 
refinement by full-matrix least squares converged to R = ZIIF,I - 
IFcII/ZIFoI = 0.1 16 and R, = [Zw(]F,I - I F , ~ ) ~ / Z W ~ F , ~ ~ ] ~ ' ~  = 0.134. 
The subsequent steps were carried out by block-diagonal least squares. 
The non-hydrogen atoms were refined anisotropically. The hydrogens 
whose positions were determined by those of the non-hydrogen atoms 
were fixed at idealized positions (C-H = 0.95 A, N-H = 0.87 A, 
Bi,, = 5.0 A2). The methyl hydrogens were not visible in the AF map. 
The hydrogen parameters were not refined, but their coordinates were 
recalculated after each least-squares cycle. Anisotropic refinement of 
all non-hydrogen atoms converged to R = 0.043, R, = 0.052, and a 
goodness-of-fit ratio of 1.78. The final AF map contained peaks in the 
range k(1.2 - 2.2) e/A3 near Hg, and the general background was 
below '0.9 e/A3 elsewhere. 

Crystal structure of (CH3Hg)GlyGly 
C5HioHgN203 fw = 346.74 
Orthorhombic, Pna2', a = 7.920(6), b = 13.473(5), c = 8.059(3) A, 
V = 859.9A3, Z = 4, Dc = 2 . 6 7 7 g ~ m - ~ ,  X(Moka) = 0.71069A, 
k(MoKa) = 178.5 cm-I, T = 293 K. 

The specimen used had the folloying distances (mm) betw_een the in- 
dicated pairs of faces: 0.040 (011-01 1) X 0.048 (01 1-01 1) X 0.490 
(100-100). It was mounted on an Enraf-Nonius CAD-4 diffractometer 
and a set of 25 randomly distributed reflections were created by the 
search routine of the system. These reflections were centered and the 
indexing routine yielded a reduced cell of dimensions a = 7.920, b = 
8.059, c = 13.473 A with three 90" angles. This cell was checked with 
long-exposure oscillation photographs taken along the axes. These 
three films showed the expected layer line spacings and contained 
mirror planes consistent with the orthorhombic-mmm Laue symmetry. 
The Niggli parameters unambiguously indicated that the lattice had no 
higher symmetry. Crystal density and fast scans on the hk0, h01, and 
Okl reflections pointed to Pn2'a (alternate orientation for Pna2') as the 
most likely space group. Prior to data collection, the b and c axes of the 
reduced cell were interchanged in order to define the cell in the standard 
Pna2' orientation. 

The intensity data were collected as above. The three standards 
monitored during the experiment showed random fluctuation within 
?3.4%. A set of 923 independent hkl reflections (28 < 50") was 
collected. After removal of the systematic absences, a total of 819 
unique reflections remained, of which 596 were retained (I  > 3u(I)) for 
structure determination. The data were corrected for the Lorentz effect, 
polarization, and absorption (Gaussian integration, grid 8 X 8 X 8, 
transmission range: 0.33-0.54). 

The conditions of systematic absence (Okl. k + 1 + 2n: h01, h # 
2n) for space group ~ n a 2 ~  were confirmedby inspection of the fuil data 
set. These conditions were also consistent with the centric Pnam mace 
group (alternate definition for Pnma), but this group was rejected ai the 
end of the refinement. The structure was solved by the heavy-atom 
method and refined by full-matrix least-squares procedures. The x and 
y coordinates of Hg were determined from the Patterson synthesis. The 
z coordinate was arbitrarily set to 0.25 to define the origin along c. The 
AF map phased on Hg contained an artificial inversion center and two 
overlapping images as expected. However, all the non-hydrogen atoms 
belonging t o  one of the images could be assembled. Isotropic 
refinement converged to R = 0.094 and R, = 0.101. The hydrogen 
atoms were treated as in the previous case. Anisotropic refinement 
converged to R = 0.023, R, = 0.028, and a goodness-of-fit ratio of 
1.08. The final AFmap showed peaks of k(0.7 - 1 .O) e/A3 nearHg and 
a general background below 20.54 e/A3 elsewhere. Refinement of the 
enantiomorphic structure led to R = 0.026 and R, = 0.032. Therefore 
the results from the first refinement were retained. The absence of a 
mirror plane perpendicular to the c axis ruled out the possibility that the 
unit cell belongs to the Pnam space group. 
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TABLE 1. Refined coordinates ( x  lo3, Hg, Cl x lo4) and equivalent 
temperature factors (X  lo3) 

Atom x Y z Uc, 

The scattering curves were from standard sources (20). The f' and f" 
contributions of Hg and Cl to anomalous dispersion were included in 
structure factor calculations (20). The programs used are listed 
elsewhere (21). The refined coordinates and equivalent isotropic 
temperature factors are listed in Table 1 .' 

Discussion 
Description of the structures 

The crystal of (CH3Hg)GlyGly contains discrete molecules 
(Fig. 1) in which one of the ammonium protons of the 
zwitterionic glycylglycine molecule has been substituted by a 
CH3Hg+ group. In view of the very soft character of mercury, 
preference for this nitrogen site over the harder carboxylate or 
amide oxygens was anticipated. In the [(CH3Hg)2GlyGly]+ 
cation (Fig. 2) present in the perchlorate, one of the CH3Hg+ 
ions is similarly attached to the -NH2 end, whereas a second 
CH3Hg+ ion is bonded to the carboxylate acting as a mono- 
dentate group. 

The interatomic distances and bond angles are listed in Table 
2. In all cases, the coordination of mercury is linear within 
4(1)". The Hg-N(l) distances found here (2.10(3) and 2.14(3) 

'The supplementary material includes lists of refined temperature 
factors, the coordinates of the hydrogen atoms, details on least-squares 
plane calculations, and tables of observed and calculated structure 
factor amplitudes for both compounds. This material may be purchased 
from the Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada KIA 0S2. 

FIG. 1. ORTEP drawing of the (CH3Hg)GlyGly molecule. The 
ellipsoids correspond to 50% probability. The long Hg...O contact is 
shown as a thin line. 

FIG. 2. ORTEP drawing of the asymmetric unit in [(CH3Hg)'- 
GlyGly]C104. The ellipsoids correspond to 50% probability. The 
dashed line indicates hydrogen bonding. The long Hg...O contact is 
shown as a thin line. 

A) are similar to those reported for complexes with simple 
amino acids (8, 17). Mercury binds less readi!y to harder 
oxygen sites, but the Hg-O(8) distance (2.07(2) A) indicates a 
normal single bond (22) in the [(CH3Hg),G1yGly]+ ion. 
Linearly coordinated CH3Hg+ groups usually retain some 
electrophilic character in the equatorial region (assuming that 
the H3C-Hg-N(0) direction is axial), where the metal is 
accessible. In the solid state this commonly leads to clustering 
around mercury of negatively charged groups, forming loose 
coordination bonds. In both of our compounds, one such 
secondary bond with Hg(1) is inJramolecular and involves the 
amide oxygen O(4) at 2.82(2) A in [(CH3Hg)2GlyGly]+ and 
2.71(1) A in (CH3Hg)GlyGly (Table 3). Although weaker than 
the contact with a free carb~xylate oxygen in the tyrosine 
complex (Hg.e.0 = 2.62(2) A) (17), this interaction is strong 
enough to control the conformation at this end of the complexes. 

Light-atom positions cannot be determined with high ac- 
curacy in the presence of Hg (and C1) atoms. Considering the 
large esd's, the bond lengths and angles of glycylglycine (23, 
24) are not significantly affected by complexation. However, 
chain conformation is appreciably changed in the complexes. 
Glycylglycine should ideally contain two planar fragments: the 
carboxylate group (C(6), C(7), 0(8) ,  O(9)) and the amide group 
(C(2), C(3), 0(4) ,  N(5), C(6)). Therefore molecular conforma- 
tion depends on the torsion angles about the C(2)-C(3), 
N(5)-C(6), and C(6)-C(7) bonds. In a strictly planar 
elongated chain, the angles about C(2)-C(3) and N(5)-C(6) 
should be 180". For C(6)-C(7) the value would be 0" or 180°, 
depending on the carboxylate oxygen used to define it; the O(8) 
atom (leading to the torsion angle nearer 0") is used here. In 
crystalline glycylglycine, departure from these ideal angles and 
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TABLE 2. Interatomic distances and bond angles 

Distance (A) Angle (deg) 

Bond [(CH3Hg)zGlyGly]C104 (CH3Hg)GlyGly Bonds [(CH3Hg)zGlyGlylClOd (CH3Hg)GlyGly 

TABLE 3. Distances in hydrogen bonds 
and Hg...O contacts 

Bond Distance (A) 

displacement of 0.15 A of C(6) from the amide plane result in a 
dihedral angle of 24.9" between the carboxylate and the amide 
planes. In the [(CH3Hg)2GlyGly]+ ion, the deviations are 
differently distributed and C(6) is not significantly displaced 
from the amide plane, so that the dihedral angle is only 8.6". It is 
noteworthy that the O(8)-bonded CH3Hgf group lies in the 
carboxylate plane, in spite of the absence of electronic con- 
straint to force this orientation. Therefore, the roughly planar 
portion in the complex extends from the H3C-Hg(8) group to 

the C(2) methylene group. In (CH3Hg)GlyGly, the C(3)- 
N(5)-C(6)-C(7) angle differs by -90" from those of glycyl- 
glycine and the 2: 1 complex (Table 4). This is reflected by the 
bent conformation shown in Fig. 1. The conformation at the 
NH2 end of the molecules is undoubtedly dictated by the 
Hg(l)...0(4) bonding contact mentioned earlier, which stabi- 
lizes the cisoid arrangement of N(1) and O(4). 

The packing diagram of [(CH3Hg)2GlyGly]C104 shows that 
the complex cations are organized in pairs in the unit cell 
(upper part of Fig. 3). The "dimer" consists of two centro- 
symmetrically-related [(CH3Hg),GlyGly]+ cations forming a 
pair of complementary N(1)-H( 1 1)...0(9) hydrogen bonds of 
3.05(3) A. This N.- -O distance is typical of this type of 
hydrogen bonds (25). Two long complementary contacts of 
3.02(2) A are also found between Hg(8) and the amide oxygen 
0(4),  but the binding effect is probably very small, because the 
O(8)-Hg(8) and C(3)=0(4) bonds are roughly parallel. In 
each molecule, the amide proton forms a N(5)-H(5)...0(14) 
hydrogen bond with a C104- oxygen (N(5)...0(14) = 3.06(4) 
A). Besides these two moderately strong interactions, cohesion 
between the various structural subunits in the cell does not 
involve strong individual interactions. Dimers roughly oriented 
along the c axis are repeated along this direction, thereby 
defining infinite ribons at y - 0 and -112. Successive dimers 
along c form two weak centrosymmetrically related hydrogen 
bonds, in which the remaining amino proton H(12) acts as a 
donor to the free oxygen O(?) of the next molecule. The 
N(1)...0(9) distance (3.22(3) A) lies at the upper limit of the 
range proposed for such hydrogen bonds (25). As mentioned 
above, the ClO,- ion forms a strong hydrogen bond to the 
amide N-H proton. However, in contrast with most other 
CH3Hg+ comnplexes containing this anion (26), the Hg. . -0  
contacts are very long (Table 3). The shortest contact observed 
here is 3.26 A for Hg...O(ll), whereas distances just above 
3 .0A are common. 

In the (CH3Hg)GlyGly neutral complex, the intermolecular 
interactions are on the average much stronger. They are shown 
in the packing diagram of Fig. 4.  Besides the intramolecular 
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TABLE 4. Torsion angles 

GlyGly 
Bonds (refs. 23, 24) [(CH3Hg)zGlyGlylC104 (CH3Hg)GlyGly 

Hg(1)-N(1)-C(2)-C(3) - -57(3) -42(2) 
N(1)-C(2)-C(3)-N(5) 152.7 - 146(3) - 169(2) 
C(3)-N(S)-C(6)-C(7) 155.0 - 170(3) - 84(2) 
N(5)-C(6)-C(7)-O(8) 11.3 -6(3) - 14(3) 
C(6)-C(7)-O(8)-Hg(8) - - 179(2) 

FIG. 3. Stereoview of the molecule packing for [(CH3Hg)2GlyGly]C104. Dashed lines correspond to hydrogen bonding. The Hg.s.0 contacts are 
shown as thin bonds. The atoms are represented by spheres of arbitrary size, with Hg and C1 being larger than the remaining non-hydrogen atoms. 
The atoms can be identified by comparison with Fig. 2. Only the 0-1  /2 portion of the b axis is shown. 

FIG. 4. Packing diagram for (CH3Hg)GlyGly. Dashed lines represent hydrogen bonds. The Hg...O contacts are shown as thin bonds. The atoms 
can be identified by comparison with Fig. 1. Only the 0-1 /2 portion of the b axis is shown. 

Hg...0(4) contact of 2.71(1)A with the amide oxygen, any 
given Hg atom forms a strong intermolecular secondary bond 
with a carboxylate oxygen O(9) at 2.83(1) A, and a weaker one 
with an amide oxygen at 3.04(1) A. In addition, the -NH2 
groups establish moderately strong hydrogen bonds with O(8) 
oxygens belonging to two different molecules related by the a 
glide plane (N...O = 2.84 A). These infinite chains extending 
along a are held to adjacent chains by strong interactions 
of 2.77(2)A taking place at each monomer between the 
amide N(5)-H bond and carboxylate oxygen O(9). 

Vibrational spectra 
The Raman spectra of glycylglycine and of its two complexes 

with CH3Hg(II) are shown in Figs. 5 and 6 .  The infrared spectra 
(Fig. 9, supplementary material) have also been obtained in the 
course of the present study. As they bring little information on 
these systems compared to the Raman data, they will not be 
discussed in detail. 

The vibrational spectra of glycylglycine are well documented 
(27-3 1) and the interpretation of the spectra presented here is 
based on these earlier results. 

CH3Hg 
The most characteristic spectral changes associated with the 

formation of the complexes are found in the 500 and 1200 cm-' 
regions, where new strong bands due to methylmercury appear. 
A characteristic broad absorption is also observed in the infrared 
spectrum at -8 10 cm- ' . The presence of methylmercury(I1) in 
both the [(CH3Hg)2GlyGly]C104 and (CH3Hg)GlyGly com- 
pounds can be clearly established from the very strong Raman 
bands at -560 cm-' , attributable to the Hg-CH3 stretching 
vibration (v(Hg-CH3)) (refs. 32-34). The strong peak at 
466cm-' in the spectrum of the N-substituted CH3HgGlyGly 
complex can also be unambiguously assigned to the Hg-N 
stretching vibration (v(N-HgCH3)), by comparison with other 
similar compounds, such as NH2-substituted 9-methyladenine 
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1000 1500 
Frequency (cm-') 

FIG. 5. Raman spectra of solid (A) glycylglycine (GlyGly), (B) (CH3Hg)GlyGly, and (C) [(CH3Hg)2GlyGly]C104 in the region 300- 1750 cm-I. 

(482 cm- ') (4) and adenine (470 cm- ') (3), (methioninato)mer- 
cury(I1) complex (48 1 and 518 cm- l) (35), and the mercury 
-glycine complex (36). 

In the [(CH3Hg)2GlyGly]+ ion, the vibrations of the CH3Hg 
group fixed on the NH2-terminal section of the molecule have 
frequencies which are almost identical to those of (CH3Hg)- 
GlyGly: the symmetric CH3 bending mode (6(CH3)) and 
v(Hg-CH3) vibrations occur at - 1200 and -560 cm- ' re- 
spectively in both cases, whereas the v(Hg-N) mode is shifted 
to -450 cm-' in the 2: 1 compound, where it overlaps the v2 
band of the perchlorate ion. This leaves the 536 cm-', 572 cm-', 
and 1220cm-' bands in the spectrum of the latter for the 
corresponding vibrations of the CH3Hg unit linked to the 
carboxylate group. 'The assignment of the 536 cm-' band to the 
Hg-0 stretching mode is questionable, as this vibration has 

been given much lower frequencies in the compounds CH3- 
HgN03 (292 cm- ') (32), and CH3HgS03CH3 (246 cm- ') and 
CH3HgS04- (273 cm-') (37). On the other hand, Green (33) 
has concluded from his extensive vibrational study of alkyl and 
aryl compounds of mercury(I1) that absorptions due to Hg-0 
vibrations occur in the region 500-650 cm-'. The antisym- 
metric v,,(Hg-0) stretching mode of the (CH3Hg),0+ oxon- 
ium ion has also been given a relatively high frequency of 
549 cm-' (38). The v(Hg-0) vibration of the methylmercury 
unit linked to the carboxylate group in [(CH3Hg)2GlyGly]C104 
should have a frequency somewhat lower than the corresponding 
v(Hg-N) vibration of the N-substituted unit (466cm-I in 
(CH3Hg)GlyGly), from the relative masses involved. However, 
the assignment of the 536cm-' peak to this ovibration is 
consistent with the shorter Hg-0 distance (2.09 A vs. r(Hg- 
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Frequency shif t  (cm-'1 

FIG. 6. High-frequency region of the Raman spectra of solid (A) 
glycylglycine (GlyGly), (B) (CH3Hg)GlyGly, and (C) [(CH3Hg)2- 
GlyGly]C104. 

N): 2.14A) indicated from the X-ray study, although these I values are highly uncertain. The local geometry could also be 

I responsible for this increase of the v(Hg-0) frequency: L 
1 Hg-0-C: 121" vs. L Hg-N-C: 114" and r(C-OHg): 

1.31 A vs. r(C-NHg): 1.51 A. 
1 -NH3+ 

The substitution of a proton of the NH3+ group by a CH3Hg+ 
ion in both complexes causes a disappearance of a number of ~ bands attributable to vibrations of the protonated amino end of 

I 
I glycylglycine. These include the bands due to the symmetric 

and antisymmetric bending modes of this group near 1500 and 
1630cm-' respectively, and those near 1100 and 1160cm-', 
due to rocking modes. The absence of these bands in the spectra 
of the complexes is particularly meaningful, as they are not 
expected to be sensitive to other effects, such as conformational 
and environmental changes. The stretching modes of the NH3+ 
group are of little help in characterizing amino substitution, as 
they give weak and broad bands in the 3200-3250 cm-' (v,,) 
(27) and 2600-2800 cm-' (v,) (39) regions of both the infrared 
and Raman spectra. Similarly, the vibrations of the NH2 group 
resulting from the substitution of a proton by CH3Hg+ are weak, 
and they cannot be unambiguously identified in the spectra. 

coo- 
The spectral changes associated with the neutralization of a 

carboxyl group and the formation of a Hg-0 bond, such as in 
the [(CH3Hg)2GlyGly]C10, complex, are not very characteris- 
tic when only the vibrational bands of the COO- group are 
considered. The was vibration at 1557cm-' in the Raman 
spectrum of GlyGly (1554/1576 cm-' in the infrared) is shifted 
to 1580cm-' upon formation of the Hg-0 bond, while the 
band at 1412 cm-I, due to the corresponding symmetric 
stretching mode, loses most of its intensity. We have observed 
the same phenomenon with the CH3COOHgCH3 complex, 
where the band due to the va,(COO-) mode of the CH3COO- 

ion shifted from 1564 to 1578 cm-', with a large intensity 
increase, and the band due to the v,(COO-) mode at 1418 cm-' 
showed a large decrease in intensity upon complex f ~ r m a t i o n . ~  
It has already been noted by Nakamoto et al. (41) that the shifts 
in frequency of the v(C0) stretching vibrations of the COO- 
group of carboxylic and amino acids are mostly confined to the 
asymmetric mode in such cases. 

Conformation 
The spectra of (CH3Hg)GlyGly differ markedly from those of 

GlyGly, much more so than does that of the 2: 1 complex. For 
example, the very strong infrared and Raman peak due to the 
amide N-H stretching vibration (amide A) at 3286 cm-' in the 
spectra of GlyGly, and which is shifted to higher frequency 
(3332 cm-') with reduction in intensity in the Raman spectrum 
of the 2:l complex, practically disappears in the spectra of 
(CH3Hg)GlyGly. In fact, this band is shifted to 3240 cm-' in 
the latter, with drastically reduced intensity. This behaviour is 
not directly related to the presence of CH3Hg(II) in the complex 
and it must be interpreted in terms of the change in the backbone 
conformation of the dipeptide (see Table 4). Similar effects 
have been observed in the spectra of polypeptides (23, 42), a 
strong peak near 3290cm-' being characteristic of P-sheet 
structure, whereas a weak one near 3245 cm-' is indicative of a 
non-ordered secondary structure. In the present case, both 
GlyGly and the 2: 1 complex exist as extended molecular units, 
with crystal structures related to the P-sheet arrangement found 
in some polypeptides and proteins. On the other hand, the 
monosubstituted complex has a different conformation. The 
N(1)-C(2)-C(3)-N(5) and C(3)-N(5)-C(6)-C(7) tor- 
sion angles in this compound (- 169" and -84" respectively) are 
better related to the 4 (= - 145.3') and c$ (= -76.9") angles 
measured in 3' helical polyglycine I1 (44). 

A change of conformation of (CH3Hg)GlyGly with respect to 
GlyGly is also indicated in other conformation-sensitive regions 
of the spectra (43). In the unsubstituted dipeptide, the amide 111 
and amide I Raman bands are found at 1254 and 1665 cm-' 
(average of the two factor-group components at 1644 and 
1682 cm-' (27)), whereas these vibrations occur at 1283/ 1291 
and 1650 cm-' in (CH3Hg)GlyGly. The values for the complex 
are very similar to the frequencies of crystalline polyglycine I1 
(1283 and 1654cm-'), which exists as a 3' helix (44). On the 
other hand, the frequencies of both GlyGly and the 2: 1 complex 
are closer to those of polyglycine 1 (1255 and 1674 cm-' (45)) 
which has an antiparallel rippled-sheet structure. Other con- 
formation-related differences are evident when the Raman 
spectrum of (CH3Hg)GlyGly is compared to that of GlyGly: (i) 
The very strong peak at 968 cm-' in the Raman spectrum of 
GlyGly, assigned to the v(Cp-C) stretching mode, is hardly 
detectable in the spectrum of (CH3Hg)GlyGly. This region of 
the Raman spectrum is known to be conformation sensitive 
(46). (ii) The relative intensity of the Ca-N and Cp-N 
stretching modes at 1048 and 1 138 cm- ' in the spectrum of 
GlyGly is strongly modified in that of (CH3Hg)GlyGly, the 
peak at 1138 cm-' being also shifted to 1 118 cm-'. (iii) The 
CH2 bending mode at 1448 cm-' in GlyGly is shifted to 
1434 cm-' in the N-substituted complex. This change parallels 
that observed in the spectrum of polyglycine I1 (3 helix), where 
this mode is shifted to a lower frequency by 12 cm-', from 1432 
to 1420 cm-', with respect to polyglycine I (rippled-sheet 
structure) (30, 46). (iv) The Cp-H stretching more at 2872 
cm-' and the Ca-H vibration at 3014 cm-' in the spectrum of 

3 ~ .  Alex and R. Savoie, unpublished results. 
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Frequency sh i f t  (cm-'1 

FIG. 7 .  Raman spectra of aqueous solutions of (A) glycylglycine (0.33 M) at pH = 7, and (B-D) equimolar mixtures (0.25 M) of glycylglycine 
and CH3Hg(II) at (B) pH = 3, (C) pH = 7, and (D) pH = 9. 

GlyGly merge into the central 2900-3000 cm-' region of the 
spectrum of (CH3Hg)GlyGly. It is noteworthy that these 
spectral changes, which are associated with a change in the 
conformation of the ligand, are more important than those 
expected on the basis of a mere substitution of a proton by a 
C H , H ~ +  group. 

Aqueous solutions 
The Raman spectra of aqueous GlyGly in the presence of 

CH3Hg(II) at various pH are shown in Fig. 7. The spectrum of 
the free species at pH 7 is also given for comparison. It shows 
that the dipeptide in aqueous solution has a structure that differs 
from that in the solid. In fact, the spectrum of aqueous GlyGly is 
quite similar to that of solid CH3HgGlyGly, for which a bent 
rather than an extended structure is indicated from the spectra. 
The Raman spectrum of aqueous GlyGly varies little with the 
pH, the main changes being associated with the protonation of 
the carboxylic group (pK, = 3.1) at low pH, which results in a 
decrease of the v,,(COO-) band at 1578 cm-' and a correspond- 

ing increase in the band due to the C=O stretching mode of the 
COOH group at - 1730 cm-I. Changes are also noted in the 
900 cm-' region at low pH, presumably for the same reason. 

The disappearance of the 506 cm-' band of CH3HgOH from 
the spectrum of an equimolar aqueous mixture of GlyGly and 
CH3Hg(II) at pH 7 shows that quantitative complexation of the 
methylmercury occurs. Furthermore, the 462 cm-' band in the 
spectrum indicates that this occurs through substitution of a 
proton of the NH3+ group by a methylmercury ion. The 
presence of this sole type of complex is suggested by the 
sharpness of the peaks at 564 and 1206cm-'. At pH 9, the 
complex is partly dissociated, as evidenced by the band at 
506 cm-' and the shoulders present on the high-frequency side 
of the 562 and 1206 cm-' bands. These secondary features, 
which are not present in the spectrum at pH 7, are attributable to 
CH3HgOH (32). Note that the intensity of the 506 cm-I band is 
misleading with regard to the actual amount of uncomplexed 
methylmercury in the solution, as this peak is basically much 
more intense than that at 462 cm-I. (Full dissociation would 
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FIG. 8. Peak-height intensities of the (0) 564 (v(Hg-C)) and (0) 
462 cm-' (v(Hg-N)) Raman bands relative to the 1206 cm-' (6(CH3)) 
peak, and widths at half-intensity of the ( X )  1206 (6(CH3)) and (A) 
564cm-' (v(Hg-C)) bands, as a function of pH, in a 1:l GlyGlyl 
CH3Hg(II) aqueous mixture. 

cause the 506cm-' band to be twice as intense as that at 
562 cm-', the latter being shifted to 572 cm-I.) 

The spectrum at pH 3 differs little from that at pH 7, except 
for the splitting of the 462 cm-I band into an unresolved doublet 
at 448/459 cm-' . The presence of the -453 cm- ' component is 
quite significant, as it corresponds to the v(Hg-0) vibration of 
the oxonium CH3HgOH2+ ion (32), which also contributes to 
the 564 and 1206 cm-' peaks. 

Although it is not possible to determine accurately from the 
spectra the extent of complexation of GlyGly and CH3Hg+ in 
aqueous solutions at various pH, spectral changes in the bands 
associated with free and complexed CH3Hg(II) clearly indicate 
that complexation is maximum near pH 7 (Fig. 8). The variation 
in intensity of the v(N-HgCH3) band at 462 cm- ' is particular- 
ly revealing in this respect, as it is not perturbed by other bands. 
The widths of the 6(CH3) and v(Hg-CH3) bands are also 
indicative of the extent of the complexation, as these peaks 
become sharper when the concentration of the complexed 
species increases. This occurs because neighboring bands due to 
free methylmercury vanish upon complexation. 

Methylmercury has been shown by 'H nmr to react with the 
COO- group of selected carboxylic and amino-carboxylic acids 
at low pH (15, 16, 40). In the present study, we have had no 
indication from the Raman spectra that this type of complexa- 
tion occurs to any appreciable extent in aqueous solutions of 
GlyGly and CH3Hg(II) at any pH between 1 and 6, even for a 
[CH3Hg(II)] /[GlyGly] molar ratio of 2. 

Subtraction of the spectrum of the solvent from those of the 
solutions permits the direct observation of the amide I band of 
the ligand in the 1650cm-' region (Fig. 7). This band 
surprisingly occurs at 1690 cm-' in the spectrum of an aqueous 
solution of GlyGly at neutral pH, a value which is much higher 
than in solid GlyGly (1648/1682cm-') and in crystalline 
(CH3Hg)GlyGly (1650 cm-'). This could mean that the confor- 
mation of GG changes upon dissolution in water. However, this 
hypothesis is not corroborated by the rest of the spectrum, 
particularly from the frequency of the amide I11 band, which 

remains unchanged at - 1280 cm- ' . More likely, the observed 
change in the amide I region is caused by a disruption of the 
hydrogen bonding network around the protonated amino group. 

Substitution of a proton of the NH3+ group by a CH3Hg+ ion 
also shifts the amide I band from 1690 to 1660cm-'. the same 
effect being observed when the pH of an aqueous sblution of 
free GlyGly is raised to high values (29) ,  possibly as a result of 
the deprotonation of the NH3+ group. This emphasizes the fact 
that the spectral modifications associated with protonation, 
hydrogen bond formation, and conformational changes can be 
just as important as those resulting from the formation of a 
complex. However, the changes in the regions of the Raman 
spectra where vibrations involving the highly polarizable 
mercury atom occur are very characteristic, and they do reflect 
quite accurately the state, as well as the nature, of the sites 
involved in the complexation of peptides. 
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Long-range proton coupling constants and molecular orbital calculations as indicators of 
conformational populations of benzene-1,2- and -1,3-dicarbaldehydes 
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TED SCHAEFER, GLENN H. PENNER, RUDY SEBASTIAN, and CRAIG S .  TAKEUCHI. Can. J. Chem. 64, 158 (1986). 
The 'H nrnr spectra of the benzene-1,2- and -1,3-dicarbaldehydes in carbon tetrachloride, benzene-d6, and acetone-d6 

solutions at 300 K are analyzed. The stereospecific long-range couplings over five formal bonds between the sidechain and ring 
protons show that the 1,2 isomer exists as an 87: 13 mixture of the cis-trans and trans-trans conformers in carbon tetrachloride. 
These populations are insensitive to solvent. Molecular orbital calculations utilizing extensive geometry optimization procedures 
imply that the cis-cis form, with proximate C=O bonds, is indeed of negligible significance as assumed in obtaining the 
populations of the other forms. Further calculations define a pathway of relatively low energy for interconversion of the two 
abundant forms, in agreement with dynamic nrnr studies. For the 1,3 isomer the long-range couplings provide a check of the 
conformer populations deduced from dipole moment and "C nmr studies. For example, if the cis-trans form is 70% abundant, 
as deduced from the dipole moment in benzene solution, then the long-range couplings imply that the population of the cis-cis 
conformer is insignificant. 

TED SCHAEFER, GLENN H. PENNER, RUDY SEBASTIAN et CRAIG S. TAKEUCHI. Can. J. Chem. 64, 158 (1986). 
On analyse les spectres rmn du 'H des benzkne dicarbaldehydes-1,2 et -1,3 qui ont t t t  mesurCs a 300 K et dans des solutions 

dans le tttrachlorure de carbone, le benzkne-d6 et 1'acCtone-d6. Le couplage stCrCospCcifique a longue distance a travers cinq 
liaisons normales entre les protons du cycle et ceux de la chaine latCrale indique que dans le tktrachlorure de carbone l'isomkre 1,2 
existe sous la forme d'un mtlange 87: 13 des conformkres cis-trans et trans-trans. Le solvant n'a aucune influence sur cette 
rtpartition. Les calculs d'orbitales molCculaires, faisant appel a des procCdCs extensifs d'optimisation gComCtrique, suggkrent 
que la forme cis-cis ayant des liaisons s'approchant de C=O n'a pratiquement aucune importance dans la dktermination des 
populations des autres formes. Des calculs plus pousses dkfinissent un chemin rkactionnel de faible Cnergie pour 
l'interconversion des deux formes abondantes et ceci est en accord avec les Ctudes de la rmn dynamique. Dans le cas de 
l'isomkre-1,3, les couplages B longue distance constituent une ~Crification des populations des conformkres qui ont CtC dCduites a 
partir des Ctudes du moment dipolaire et de la rmn du I3C. Par exemple, si la forme cis-trans est a 70%, tel que dCduit ti partir du 
moment dipolaire en solution dans le benzkne, alors le couplage a longue distance implique que la population de la forme cis-cis 
n'est pas significative. 

[Traduit par le journal] 

Introduction 
The conformational preferences of the benzenedicarbalde- 

hydes in solution have been investigated by a variety of 
techniques. The 1,2 isomer is often discussed in terms of three 
planar forms, for which the ct conformer has a statistical weight 
of two. Because the barrier to internal rotation in benzaldehyde 
is at least 19.5 kJ/mol in the gas phase (1-3) and about 
30kJ/mol in solution (4, 5), at ambient temperatures this 
approach seems reasonable, except perhaps for the cc form in 
which steric or electrostatic repulsions between the carbonyl 
bonds compete with the conjugation energy favoring planarity. 

Indeed, based on extensive S T 0  3G MO computations that, 
however, did not utilize geometry optimization procedures, it 
was argued that the 1,2 isomer has three nonplanar stable 
conformers (6). The calculated populations gave a net dipole 
moment in good agreement with that measured in dioxane 
solution at 298 K (6). Alternatively, if only the planar tt and ct 
forms existed in dioxane, then the ct form was 60% abundant at 
this temperature (6). The same assumption, applied to the dipole 
moment in benzene solution, led to 64% as the abundance of the 
ct conformer (7). In the latter study, the dipole moment did not 
change significantly between 287 and 327 K. 

The "C nrnr spectrum of the 1,2 isomer in a 0.5 M Freon 
solution gave no indication of restricted rotation at the lowest 
attainable temperatures (8). Force field calculations suggested 
that the barrier to internal rotation in this isomer is rather lower 
than for the other two isomers, for which spectra arising from 

'Undergraduate research participant, 1984- 1985. 

the individual conformers could be observed (8). It also 
appeared that 'H,13C couplings could not be used as indicators 
of conformer populations (8). 

Turning to the 1,3 isomer, dipole moments in benzene 
solution imply the presence of all three conformers (7), the 
double weighted ct form being 70% abundant Dear room 
temperature. In dioxane solution, the observed dipole moment 
was considered to be in reasonable agreement with a 0.18:O. 56: 
0.26 ratio of cc/ct/ t t  forms, as was the Kerr constant (6). At 
132K in 0.5 M Freon solution, the 13C nmr peak intensities 
yielded a ratio of 0.15:0.58:0.27 (8). 

Now, it is known that 'J(H, CHO) = 'J, in benzaldehyde 
and its derivatives, is stereospecific (9- 12). 

In 1, 'J(H-3, CHO) = 'J,is 0.76 Hz and5J(H-5, CHO) = 'J, 
is 0.00 Hz to within experimental error. That is, if the aldehyde 
group is held in one orientation, say by an intramolecular 
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hydrogen bond, no 5 ~ ,  is observable under conditions of very 
high resolution (13). The magnitude of 5 ~ ,  changes slightly in 
the presence of an electronegative ortho substituent. This 
perturbation can be incorporated into conformational deduc- 
tions. 

For the 1,2 isomer, two 5~ values are in principle available 
from spectral analysis and can be used for conformational 
assessments. For the 1,3 isomer, only one 5~ is present, yet its 
value is useful as a check of possible conformer distributions. 
For example, the tt conformer has a large 'J while the cc 
conformer should display no 5~ at all. The 1,4 isomer has 
degenerate chemical shifts for the ring protons and is not 
amenable to this approach. In any event, the 13C nmr and dipole 
moment studies agree that it exists in equal proportions of the ct 
and cc conformers (6-8, 14). 

Accordingly, the 'H nmr spectra were analyzed for CCl,, 
C6D6, and (CD3)2C=0 solutions of the 1,2 and 1,3 isomers. 
Furthermore, extensive geometry optimizations at the S T 0  3G 
level of molecular orbital theory were performed, particularly 
for the 1,2 isomer in which considerable bond angle deforma- 
tions are likely to exist. This paper reports on the conforma- 
tional deductions reached in this manner. 

Experimental 
The benzene- 1,2- and -1,3-dicarbaldehydes (Aldrich) were prepared 

as 4.0 mol% solutions in CC14, C6D6, and (CD3)2C=0, which also 
contained a few drops of tetramethylsilane. The CC14 solutions had 10 
mol% of C6DI2 as an internal lock material. These solutions were 
transferred to 5-mm od nmr sample tubes, were degassed by a number 
of freeze-pump-thaw cycles, and the tubes were then flame sealed. 

The 'H nmr spectra were accumulated on a Bruker AM 300 
spectrometer at a probe temperature of 300 K. A wide sweepwidth 
survey spectrum was obtained in order to reference the spectrum with 
respect to TMS, and to locate the aromatic and sidechain regions. Each 
region was examined in detail, with sweepwidth and data size adjusted 
to give acquisition times of approximately 40 s. Four to sixteen scans 
were acquired. Zero filling to twice the original data size was done 
before transforming the FIDs using an exponential broadening of -0.1 
and a gaussian multiplication of 0.6.  Line widths at half height were 
approximately 0.05 Hz after this resolution enhancement (see Fig. 1). 

The S T 0  3G MO (15) computations utilized the program Monster- 
gauss (16). INDO MO (17) and INDO MO FPT (1 8 ,  19) calculations 
were also performed on an Amdahl4701V8 system. 

Results and discussion 
Spectral analyses 

These were done with the computer program NUMARIT 
(20), as modified in this laboratory. The 'H nmr spectra of the 
1,2 isomer arise from AA'BB'XX' spin systems. Even though 
most calculated transitions were assigned and the root mean 
square deviations were 1 0 . 0 1  Hz, some significant correla- 
tions existed among the spectral parameters. These are given in 
Table 1. 

Table 2 contains the 'H nmr spectral parameters for the 1,3 
isomer in three solvents. The spectra correspond to ABCC'XX' 
spin systems, but in C6D6 solution the iterations diverged for 
such an approach. This occurred because of the particular 
magnitudes of the coupling constants and chemical shift 

FIG. 1. The observed and calculated 'H nmr spectra, at 300 MHz 
and 300 K, of the aldehyde protons in benzene- l,3-dicarbaldehyde as a 
4.0 mol% solution in C6D6. The spectrum was accumulated as 
described in the text. The line width at half height is about 0.05 Hz. 
The computed spectrum assumed a lorentzian line shape and the plotter 
had some difficulty in reproducing the closely spaced peaks. 

differences. Therefore the spectrum was analyzed as if it arose 
from an ABC2X2 spin system. For the other two solutions, the 
spectra were analyzed in both ways. It turned out that the 
parameter of interest, 5 ~ ( H , C ~ O ) ,  had the same value in both 
analyses for a given solution. 4 ~ 4 6 ,  the coupling between H-4 
and H-6, could not be established. 

S T 0  3G MO computations 
Previous computations of conformational energies (6, 7) did 

not use geometry optimization procedures, which should be 
particularly important for the 1,2 isomer. Because previous 
computations implied stable nonplanar conformers for the 1,2 
isomer and because their abundant presence would complicate 
the conformational analysis, the present calculations used 
extensive geometry optimizations in an attempt at establishing 
the presence of nonplanar minima in the energy. 

Calculations on benzaldehyde, in which the benzene moiety 
was held as a regular hexagon but all other bond angles and 
lengths were allowed to vary, gave eq. [ l ]  as the potential func- 
tion for rotation about the exocyclic C-C bond. Here 0 = 0 
corresponds to the planar conformer and the fit uses seven 
angular values (15" intervals). At the 95% confidence level, the 
barrier is calculated as predominantly twofold with a small 
fourfold component. Full geometry optimization, allowing all 
angles and lengths to vary, yields an energy difference of 
24.1 kJ/mol between the planar and perpendicular conformers. 
Microwave and far infrared spectra give an assumed twofold 
barrier of 19.5-20.5 kJ/mol (1 , 3), so that the present calcula- 
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TABLE 1. 'H nrnr spectral parameters at 300 MHz and 300 K for 
benzene- l,2-dicarbaldehyde in CC14, C6D6, and (CD3)2C=0 solutions 

Value 

Parameter C C I ~  CsD6 (CD3)zCO 

v(CHO)" 3 141.666(1)~ 3054.902(2)' 3166.1 1 3 ( l ) ~  
v3 = vg 2376.863(1) 2217.036(1) 2410.802(1) 
vq = ~5 2316.908(1) 2089.088(1) 2365.742(1) 
3 
J34 = 3 ~ 5 6  7.653(1)' 7.659(2) 7.662(1) 

3 
J45 7.493(2) 7.500(2) 7.517(2) 

4 ~ 3 5  = 4 ~ 4 6  1.295(2) 1.286(2) 1.279(2) 
4J(H, CHO) -0.228(1) -0.236(2) -0.231(1) 
5 
J36 0.504(1) 0.507(2) 0.513(2) 

'J(H-4, CHO) 0.439(1) 0.439(2) 0.445(1) 
'J(H-3, CHO) 0.339(1) 0.329(2) 0.324(2) 
'J(CHO, CHO) -o.ooo(l) -0.000(2) -O.OOO(~) 
6 ~ ( ~ ,  CHO) -0.036(2)' -0.040(3)/ -0.051(3)/ 
Calculated transitions 180 182 180 
Assigned transitions 165 165 164 
Peaks observed 82 90 78 
Largest difference 0.022 0.024 0.025 
RMS deviation 0.007 0.010 0.009 
'J(H-3, CHO) / ' J~~  0.43g 0.53 0.46 
'J(H-~,  cH0)I6J(H, CHO) 0.53 0.68 0.68 
4 ~ 3 5  l3 545 -0.63 -0.63 -0.63 

"Chemical shifts in Hz at 300.135 MHz to high frequency of internal TMS. 
b4.0mol% in CClj containing 101~101% of C6D12 and 0.5 mol% TMS. 
'4.0 mol% in C6D, with 0.5 mol% TMS. 
d4.0 mol% in (CD3),C=0 with 0.5 mol% TMS. 
'Numbers in parentheses are standard deviations in the last significant figure. 
fNo splittings actually observed. 
gcorrelations between the indicated parameters. 

TABLE 2. 'H nmr spectral parameters at 300 MHz for benzene-l,3-dicarbaldehyde in CCl,, C6D6, and 
(CDJ2C=O solutions 

Value 

Parameter CC14 C6D6 (CD3)CO 

u(CH0)' 
V2 
V', = V 6  

;5 
J45 = 3 ~ 5 6  

4 ~ 2 4  = 4 ~ 2 6  

~~6 
4 ~ ( ~ - 2 ,  CHO) 
4 ~ ( ~ - 4 ,  CHO) 
5 
J25 

'J(H-5, CHO) 
6 ~ ( ~ - 4 ,  CHO) 
6 ~ ( ~ ~ ~ ,  CHO) 
Calculated transitions 
Assigned transitions 
Peaks observed 
Largest difference 
RMS deviation 

"Chemical shifts in Hz at 300.135 MHz to high frequency of internal TMS. 
b4.0 mol% in CCI, containing 10 mol% C6D12 and 0.5 mol% TMS. 
'4.0 mol% in C6D6 containing 0.5 mol% TMS. 
d4.0 mol% in (CD3),C=0 containing 0.5 mol% TMS. 
'Numbers in parentheses are the standard deviations in last significant figure, but see footnote '. 
f~na lyzed  as an ABCC'XX' spin system. See text. 
8Analyzed as an ABC2X2 spin system. See text. 
"Parameters from an ABC2X2 analysis; iterations diverged for an ABCC'XX' analysis. 
'Due to the magnitudes of the couplings and the chemical shift differences, these parameters are not known; that is, 

the spectrum is insensitive to their values. 6J(H-4, CHO) and 'Jq6 are almost completely correlated, at 0.97. 
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TABLE 3. Relative energies of the conformersa of benzene-] ,2-dicarbaldehyde 
calculated by geometry optimized ST0 3G MO methods 

01 (deglb 02 (deg) Energy (kJ1mol) 01 (deg) O2 (deg) Energy (kJ/rnol) 

"The energies are given for structures in which the carbon framework of the benzene moiety is 
held as a regular hexagon but all other bond angles and lengths are optimized. The energy of the 
0,O conformer is -450.345 054 au. 

* O ,  = O2 = 0 defines the cis-trans or ct conformer, see structure in text. 
When all bond angles and lengths are optimized, the 0,O conformer has an energy of 

-450.345 590 au and the 0,180 ( t t )  form is less stable by 4.50 kJ/mol while the 180.0 (cc)  form 
is 18.81 k.J/mol less stable. 

dThe angles in this column identify one low-energy pathway of interconversion between the ct 
and tt conformers, the cc conformer having an insignificant population at 300 K. 

tions somewhat overestimate the barrier. In the liquid or in 
solution, however, the internal banier is nearer 30kJ/mol. 

Perhaps, therefore, S T 0  3G MO computations on the 1,2 and 
1,3 isomers will yield useful information on the stability of 
nonplanar conformers, in the sense that, although the calcula- 
tions overestimate the energy necessary to break the .rr electron 
conjugation by a few kJ/mol in the gas phase, the presence of 
solvent will tend to compensate for the overestimation. 

In fact, for the 1,3 isomer it is highly unlikely that nonplanar 
conformers are abundant at 300K in solution, since the free 
energy of activation for interconversion of the planar con- 
formers is 31 .O rt 0.5 kJ/mol at 163 K, the entropy of activation 
being small (8). Optimization of the geometry, with the 
constraint of a regular hexagon for the carbon network of the 
benzene entity, gave the tt form as 0.35 kJ/mol higher in energy 
than the ct form. The latter had an energy of -450.349907 au. 

Some S T 0  3G MO results for the 1,2 isomer appear in Table 
2. As expected, the ct form is most stable, followed by the tt 
form at 4.45 kJ/mol. The cc form is computed as 20.32 kJ/mol 
less stable than the ct form. This is up to 600 kJ/mol lower than 
that computed (6, 7) without bond angle and bond length 
relaxation. Nevertheless, the population of the cc form is 
expected to contribute negligibly to the conformational equili- 
brium at ambient temperatures, at least in the absence of 
substantial solvent perturbations of the conformer stabilities. 

To test the possibility of relatively low rotational barriers in 
the 1,2 isomer, as indicated by the force field calculations and 
by the 13c nmr data, one low-energy pathway between the ct 
and tt conformers is given in Table 3. The barrier to interconver- 
sion is only 13.6 kJ/mol. If 5 kJ/mol is added to this value to 
account for the overestimate expected on the basis of the com- 
putations for benzaldehyde above, but partially compensated by 
the solvent effect on the barrier of benzaldehyde, then the failure 
to observe 13C nmr spectra of the cc and tt forms at the lowest 
temperatures attained (8) is rationalized. To trace out acomplete 
rotational surface computationally would be very expensive. 

To test, in a relatively inexpensive manner, whether the 
planar 1,2 conformers can lower their energy by out-of-plane 
rotations (6), complete optimizations were done in which the 
rotational angles 8 ,  and O2 were also allowed to change and in 
which the benzene framework was allowed to distort from a 
hexagon. The conformers remained planar during these calcula- 

FIG. 2. The geometry of the planar cis-cis conformer of benzene- 
1,2-dicarbaldehyde as computed by ST0 3G MO methods. Note the 
large deviations from a standard geometry, accounting for the fact that 
the relative energy of this structure is more than an order of magnitude 
lower than the computed energies in the literature (6, 7). 

tions, the energy of the ct form decreased to -450.345590 au, 
and the tt and cc forms lay 4.50 and 18.8 1 kJ/mol above ct in 

. 

energy. Figure 2 displays the calculated geometry of the cc 
form, showing large angle distortions. 

'J(H, CHO) = 'J and the conformational populations 
( i )  The 1,2 isomer 
According to the immediately preceding relative energies, 

the fractional populations in the gas phase are 0.92, 0.08, and 
0.00 for the ct ,  t t ,  and cc forms, respectively, at 300K. 

In terms of the stereospecific properties of 5~ discussed in the 
introduction, namely that 'J, is large and 'J, vanishes, one has 
eqs. [2]-[4]. However, these equations are not linearly inde- 
pendent. If it is assumed that pcc is zero, as seems likely form the 
computations above, then p,, and p,, follow from eqs. [2]-[4]. 
Note that 'J, = 5 ~ 2 6  + ' ~ 2 ~  is 0.778(2), 0.768(4), and 0.768(3) 
Hz in CC14, C6D6, and (CD3)2C=0 solutions, respectively. 
These numbers are very near the 0.76 Hz reported for benzalde- 
hyde (21), implying a negligible intrinsic perturbation of 5J by 
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the second substituent. The ratios of p,,/p,, follow as 0.87: 
0.13, 0.86: 0.14, and 0.84:O. 16 in CC14, C6D6, and (CD3)2' 
C=O, respectively. 

These ratios are much larger than 0.64:0.36 in benzene and 
0.60:0.40 in dioxane, as deduced from dipole moment measure- 
ments under the assumption that p,, vanishes. Furthermore, on 
the basis of dipole moments computed by INDO MO methods, 
1.44, 4.23, and 5.23 D for tt, ct, and cc, respectively, the 
simplest reaction field model (22) predicts an increase in this 
ratio on passing from CC14 to (CD3)2C=0 solutions. It may be 
noted, however, that for the pyridinecarbaldehydes (23) the 
conformer stabilities in solution depend significantly on the 
quadmpolar terms in this model (22). The measured moments 
are 4.42 D in benzene (7) and 4.27 D in dioxane (6). We see no 
reason to doubt the population ratios obtained from 5 ~ .  Perhaps 
the additivity of group dipole moments assumed for the 1,2 
isomer is somewhat less reliable than for the 1,3 isomer. 

If some cc conformer is present, then the ratios above will 
change, of course. Suppose that p,, is as large as 0.05. Then 
p,,/p,,  becomes 0.76:O. 19 in C6D6 solution, for example; the 
ratio decreases from 6.1 to 4.0. Naturally, this approach will not 
bring the 5J results into agreement with the dipole results 
because the latter were interpreted on the basis of a vanishing 
PC,. 

Curiously, the gas phase populations based on S T 0  3G MO 
energies are in closer agreement with those deduced from 5J in 
solution than the latter are with the populations deduced from 
dipole moments in solution. It is interesting that the populations 
appear to be insensitive to solvent polarity. 

Substantial populations of nonplanar conformers would 
entail (24) a significant magnitude for 6 ~ ( ~ , ~ ~ ~ ) .  In benzalde- 
hyde itself, 6~ is reported as 0.03 Hz (21) and, as a a-.rr 
coupling depending on sin2 0, becomes -0.21 Hz in 2,6- 
dinitrobenzaldehvde (24). In the latter substantial out-of- lane - .  

conformations occur. In (CD3)2C=0 solution, 6~ for thk 1,2 
isomer is given as -0.051(3) Hz by the iterative analysis. If this 
were a reliable number and the low-energy pathway computed 
above were correct also in solution, therefore implying signifi- 
cant out-of-plane torsional amplitudes, then one would con- 
clude that both the ct and tt conformers represent only parts, 
albeit the major parts, of the conformational distribution. 
However, the -0.05 Hz was not observed as a splitting and in 
solution the potentials hindering torsions of aldehyde groups are 
usually larger than given by S T 0  3G MO methods, so that 
countable nonplanar forms cannot be substantiated in this 
manner. 

Large populations of the cc conformer might well be reflected 
by an observable 'J(CHO,CHO) because the INDO MO FPT 
computations yield 0.18 Hz for this conformer and only 0.06 Hz 
for the ct form, while the tt form is calculated to have a coupling 
of -0.05 Hz. The data in Table 1 imply a vanishing coupling in 
the three solutions. 

It appears that the long-range coupling constants in the 1,2 
isomer yield conformational infomation additional to that 
obtained from dipole moments and I3C nmr spectra. For the 1,3 
isomer these couplings are less informative. 

(ii) The 1,3 isomer 
The computed energies for optimized geometries yield gas 

phase fractional populations at 300 K of 0.57,0.25, and 0.18 for 
the planar ct, tt, and cc conformers, respectively. In Freon 
solution, estimated to have a dielectric constant of about 10 at 
the temperature of measurement (8), the I3C nmr spectra yield 
0.56, 0.26, and 0.18 for these populations. 

There is only one 5J(H, CHO) value for the 1,3 isomer and 
eqs. [4] and [5] hold. Taking 5 ~ ,  as zero as before and 5 ~ ,  as 
0.771 Hz (the mean of the values for the 1,2 isomer and very 
near the 0.76Hz for benzaldehyde) yields eq. [6]. That the 
populations of ct and tt are somewhat solvent dependent can be 
seem from the data in Table 2, where 5J is 0.482(1), 0.496(1), 
and 0.438(1) Hz in CC14, C6D6, and (CD,),C=O solutions, 
respectively. 

[6] '5 = 0.386 p,, + 0.771 p,, 

From the dipole moment in benzene solution it was concluded 
only that p,, = 0.70. If this number is correct, then p,, follows 
as 0.29 from eq. [6], leaving p,, effectively zero at 300K. In 
dioxane solution the dipole moment is apparently in reasonable 
agreement with the S T 0  3G MO energies above and with those 
computed in ref. 6. Such a distribution yields 0.413 Hz for 5 ~ ,  
not in agreement with any of the numbers in Table 3 but closest 
to the value of 0.438Hz in (CD3),C=0 solution. The cc 
conformer of high dipole moment may be favored in this polar 
solvent, yet contributes nothing to 'J. Its increased population 
in this solvent may well be the cause of the smaller 5~ observed. 

Some limits on the populations of the various conformers can 
be established on the basis of 5 ~ .  Thus, from eq. [6], one has 5J 
as 0.386 Hz for p,, = l ,0 .771 Hz for p,, = 1, and 0.00 Hz for 
p,, = 1. Reproduction of 0.482 Hz, as measured in CC14 
solution at 300K, is successful for p,,/p,,/p,,  values of 
0.75:0.25:0.00, 0.70:0.275:0.025, 0.60:0.33:0.07, 0.50:0.39: 
0.1 1, 0.40:0.42:0.18, and so forth. In other words, p,, cannot 
be more than 0.75 and then only if p,, vanishes. Similarly, for 
the (CD,)2C=0 solution, p,, can be as large as 0.86 if p,, 
vanishes. However, this situation is unlikely and it is probable, 
as stated above, that p,, increases in this solution. 
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The chemistry of peptides related to metabolites of Trichoderma spp. 2. An improved method of 
characterization of peptides of 2-methylalaninel 

I. M. SHAW AND A. T A Y L O R ~  
National Research Council of Canada, Atlantic Research Laboratory, Halifax, N.S., Canada B3H 321 

Received February 19, 1 9 8 5 ~  

I. M. SHAW and A. TAYLOR. Can. J .  Chem. 64, 164 (1986). 
4-Chlorobenzoylazide reacts with amino acid and peptide esters to give the 4-chlorobenzoyl derivatives in 60-90% yield, at 

room temperature, without measurable racemization. The reaction also proceeds smoothly with hindered amines such as methyl 
2-methylalaninate and with secondary amines, e.g. methyl L-prolyl-L-valinate. Ten examples of the reaction are reported with 
peptides, synthesized for the purpose, that might be accessible from hydrolysates of the numerous fungal metabolites now 
known, which contain a high proportion of 2-methylalanine. The derivatives of di-, tri-, tetra-, and pentapeptides were highly 
crystalline, with sharp melting points, and could be detected and integrated in the effluent from chromatography columns at about 
the 10-ng level. This simple method of derivatization might be usefully applied to the resolution of discrepancies in the physical 
properties of ostensibly the same 2-methylalanyl peptide prepared in different laboratories. 

I. M. SHAW et A. TAYLOR. Can. J .  Chem. 64, 164 (1986). 
L'azoture du chloro-4 benzoyle rkagit avec les esters d'acides aminks et de peptides, B la tempCrature ambiante, pour conduire 

aux dCrivks chloro-4 benzoylks avec des rendements de 60 ii 90% et sans rackmisation mesurable. La rkaction se produit aussi 
facilement avec des amines encombrkes, comme le mCthyl-2 alaninate de mkthyle, et avec des amines secondaires, comme le 
L-prolyl-L-valinate de mkthyle. On rapporte dix exemples de la reaction avec des peptides, synthCtisCs B cette fin, qui peuvent se 
retrouver dans les hydrolysats de  plusieurs mktabolites de champignons qui sont maintenant connus pour contenir une grande 
proportion de mkthyl-2 alanine. Les dkrivCs des di-, tri-, tetra- et pentapeptides sont trks cristallins, ils ont des points de fusion 
bien dkfinis et ils peuvent i tre dCtectks et intCgrCs en chromatographie a des niveaux de 10 ng. Cette simple mCthode de prkparer 
un dkrivC peut i tre appliquke utilement B la rksolution des diffkrences dans les propriktks physiques de peptides de la methyl-2 
alanine qui semblent les mimes, mais qui ont Ctk prCparCs dans des laboratoires diffkrents. 

[Traduit par le journal] 

In 1952 C. T. Calam and A. D. Ainley, working in the 
laboratories of the Dyestuffs Division of Imperial Chemical 
Industries, isolated a trypanocidal group of metabolites from a 
culture of a Paecilomyces ~ p . ~  The toxicity of the material led to 
its being abandoned as a therapeutic agent and further investiga- 
tion of its chemistry was undertaken by Kenner and his 
colleagues. Kenner's work (2-4) on M 13959 (= trypanocidin4) 
showed that its hydrolysis provided a number of unknown 
amino acids but that, among known compounds, there was a 
high proportion of 2-methylalanine. Since this work was 
published a large number of other fungal metabolites, which on 
acid hydrolysis provide 2-methylalanine in high yield, have 
been discovered. A list of these materials is given in Table 1 and 
it will be seen that a wide range of fungal genera are represented 
therein. In addition to the metabolites given in Table 1,  stilbellin 
(8), elvapeptin (9), lilacinin (lo),  and CC1014 ( I )  may also 
belong to this group. The proportion of 2-methylalanine isolated 
from these materials is given in Table 2 and if (as is likely) the 
amino acid moieties are linked as peptides, then either the 
2-methylalanine residues form an abnormal continuous segment 
or they are to be found in more or less alternate fashion. The 
resistance of these compounds to peptidases suggests that the 

'NRCC No. 24958. 
'Author to whom correspondence may be addressed. 
3~ev i s ion  received August 26, 1985. 
4We are indebted to Dr. W. B. Turner for a sample of M 13959 and for 

the communication from our colleagues in the Laboratories of Imperial 
Chemical Industries of the decision to call this material "trypanocidin." 
In view of the fact (see Table 1) that two completely different groups of 
mould metabolites are now called "leucinostatin" it might be useful to 
reserve this term for the material described by Arai and his colleagues 
(48) and to call leucinostatin = M 13959 = P168 = A20688 = 1907, 
metabolites of Paecilomyces lilacinus, trypanocidins. This would 
avoid confusion and would honour traditional prerogatives. 

latter supposition is true and this has found considerable support 
from fast atom bombardment (FAB) mass spectroscopy of some 
of the mixed natural products. 

It has been shown that the zervamicins (Table 2 and ref. 1 l ) ,  
the suzukacillins (6) ,  and the alamethicins (12) are very 
complex mixtures and that the proportions of the individual 
components of the mixture depend on the conditions of growth 
of the producing fungus. These facts and the worldwide interest 
in the physiological properties of these materials have led to 
extraordinary synthetic efforts to obtain a single entity by 
synthesis (13-17). The results of these efforts in the alamethicin 
field have been symmarized by Schmidt and Jung (16), who 
show that the measurements of the physical properties of the 
synthetic products by the different groups fall outside normally 
accepted ranges of error. The structures of many of the 
intermediates in the syntheses have been established by detailed 
assignment of 'H and I3C nmr spectra (see e.g., ref. 18), by 
elemental analysis, and, in some cases, by X-ray crystallo- 
graphic studies. However, the structures of several other 
intermediates are open to doubt. Seven examples are given in 
Table 3; these compounds have been synthesized by two or 
more groups of workers and there are few examples of 
duplicated experimental results lying within the normally 
accepted range of error (included in Table 3 are two examples 
where the results from different workers are in agreement). An 
explanation for the discrepancies in Table 3 may be the known 
abnormal behaviour of 2-methylalanyl peptides under various 
reaction conditions, including those commonly used in peptide 
synthesis (19-21). Whatever the explanation, it is clear that 
better methods of characterizing these peptides, either obtained 
by degradation of natural products or by synthesis, are required. 
We have attempted during the past decade to devise improve- 
ments in the characterization of these materials; some progress 
has been made and is reported in this and a following paper. 
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SHAW AND TAYLOR 165 

TABLE 1. Fungal peptide metabolites containing 2-methylalanine residues 

Specific optical rotation 
Melting 

Trivial name of point T Conc. Ultraviolet spectrum 
metabolite Producing fungus ("C) (") ("C) Solvent (g/100mL) pKa Amax (nm) Referencesa 

Alamethicin Trichoderma 275-279 -5 25 Alcohol 0.86 6.04 257 
= U22324 viride 

Antiamebin Emericellopsis 219-220 +10 25 MeOH 1.02 
synnematicola 

E. poonensis 
Cephalosporium 194- 196 + 17.8 25 MeOH 2.1 

pimprina 

Efrapeptin Tolypocladium $6.8 25 MeOH 1 .O 
= A23871 infla turn 

Emerimicin I1 Ernericellopsis 26 1 +5 25 MeOH 1 .O 273, 28 1, 289 
111 microspora 257 + 12 253, 257, 264, 267 
IV 240 + 13.5 252, 257, 264, 267 

Gliodeliquescin A Gliocladium 260 
deliquescens 

Hypelcin I Hypocrea peltata -17 21 MeOH 1 .O 
I1 -16 21 MeOH 1 .O 

Leucinostatin Penicillium 131-136 +644 22 MeOH 0.5 
lilacinurn 

Leucinostatin A Paecilomyces 98-101 -11 20 MeOH 0.1 202, 220 (sh) 
= MI3959 = P168 lilacinus 
= A20688 = 1907 

Leucinostatin B 132-140 -31 20 MeOH 0.091 204, 213 
= 1907-11 

Paecilomyces 
marquandii 

Paracelsin(s) Trichoderma reesei 253-255 - 19.5 21 MeOH 2.0 
Samarosporin Samarospora sp. 255-256 + 16.5 20 MeOH 1 .O 260 
Suzukacillin A Trichoderma 259-261 -85.7 20 MeOH 0.07 5.5 258, 264, 268 

viride 

Trichopolyn A = I Trichoderma 
= Tricholides polysporun 
Trichopolyn B = I1 114-116 

Trichorzianine Trichoderma 4.9 197 
hartzianurn 

Trichotoxin A Trichoderma 187 4.8 191 
B viride 
A40 158-160 5.4 

Zervamicins I Ernericellopsis 220 +16 25 MeOH 1 .O 5.5 217, 273, 282, 289 
salmosynnernata 315 

I1 257 +4.5 25 MeOH 1 .O 

"An asterisk (*) indicates that X-ray crystallographic data can be obtained from the reference. 
bThe physical properties of efrapeptin(s) were kindly sent to us by Dr. R. L. Hamill, Lilly Research Laboratories, before publication. 

In our hands peptides containing 2-methylalanine residues 
are easily and quantitatively esterified by treatment of the 
peptide, in solution in tetrahydrofuran (THF) containing 1% 
water, with ethereal diazomethane. We therefore sought an 
N-terminal group that, to serve our purpose, would have most of 
the following characteristics. It should enhance the ease of 
crystallization of the peptide and should confer absorption in the 
ultraviolet. Additionally, it should introduce an element not 
normally found in peptides, e.g. C1, Br, or P, and which for 
mass spectroscopic reasons, discussed in a following paper, 
should exist as two or more stable isotopes whose natural 

abundance is known with high precision. Finally, the derivative 
should be formed under very mild conditions with minimum 
racemization of the terminal amino acid residue, but when 
formed should be sufficiently stable to withstand vigorous reac- 
tion conditions such as those encountered in the permethylation 
reaction (22). 

It has been found that N-4-chlorobenzoyl derivatives satisfy 
many of the criteria given in the previous paragraph. Advoca- 
tion of the use of this N-terminal group is not new (23), but we 
have found that such derivatives can be made at room 
temperature in THF by reaction of the peptide methyl esters with 
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TABLE 2. Proportions of common a-amino acids present in fungal peptide metabolites containing 2-methylalanine 

3-OH 3-Me 
Metabolite Aib Iva Gly Ala Val Leu Ileu Phe Pro Pro Pro Glu Gln Reference 

Alamethicin I 8  1 2 2 1 2 1 2  57,58,59 
I1 9  1 1 2 1 2 1 2 

Antiamebin 6 2 1 1 1 1 2  1 42,43 
Efrapeptin 7  1 2 2 60 
Emerirnicin IIA 5 1 2 1 2 2 45 

IIB 4  1 1 2 1 2 2  
111 5  1 1 1 1 1 1 2 1 
IV 6 1 1 1 1 1 2  1 

Hypelicin A 10 1 1 1 2 3  46 
Leucinostatin(s) 3  2 1 2 , 3 , 4 , 4 8  
Paracelsin A 9  1 3  2 1 3  

B 9 1 3  1 1 1 3  
C 10 1 2  2 1 3  
D 10 1 2 1 1 1 3  7  

Samarosporin 6 1 1 1 1 2 1 5  1 
Suzukacillin 10 1 2 3  2 2 1 2 5, 6 
Trichopolyn 4  2 1 61 
Trichorzianine 8  2 1 1 1 1 3  56 
Trichotoxin A 9  1 1 1 2 1 1 1 53,54 

B 9  3  2 1 1 1 
Zervamicin IA 4  1 1 1 1 1 2 2 11 

IB 4  1 1 1 1 1 2 2 
IB' 5  2 1 1 2 2 
IC 4  1 2 1 1 2 2 
11- 1 5  1 1 1 1 2 2 
11-2 5  1 2  1 2 2 
11-3 5  1 1 1 1 2 2 
11-4 4  1 1 1 1 1 2 2 
11-5 4  1 1 2 1 2 2 

- - - - - - - - - - 

Abbreviations used: Aib = 2-methylalanine; Iva = 2-amino-2-methylbutyric acid; Gly = glycine; Ala = alanine; Val = valine; Leu = leucine; Ileu = 2-amino- 
3-methylvaleric acid; Phe = phenylalanine; Pro = proline; 3-OHpro = 3-hydroxyproline; 3-Mepro = 3-methylprolinc; Glu = glutamic acid; Gln = glutamine. 
Unless stated otherwise all asymmetric centers are assumed to be L.  

4-chlorobenzoylazide. As reported in the literature (24), this 
compound is a relatively stable crystalline solid and an 
improved preparation is given in the experimental section. It 
melts without decomposition at 42°C and shows no sign of 
decomposition at 80°C. We have kept 10-g samples at - 15°C (it 
is volatile) for 2-3 years without measurable change in the 
melting point. The reaction of this reagent with a number of 
peptides is summarized in Table 4. The choice of peptides was 
dictated by their potential formation during degradation of the 
metabolites listed in Table 1. Thus proline is the N-terminus of 
most of these examples, because of the several methods 
available of preferential hydrolysis at proline peptide bonds 
(25-27). Details of the syntheses of the parent peptides are 
given in the experimental section; they usually followed the 
methods previously reported (28) and are summarized in Fig. 1.  
Whilst it is obvious that the compounds in Table 4 could be 
prepared by shorter and more simple routes than shown in Fig. 
1, the object of the work was to use common preparative 
reactions in peptide chemistry to secure crystalline products and 
then to determine if analysis of the N-4-chlorobenzoyl deriva- 
tives would reveal the presence of unexpected impurities. 

Figure 2 shows a chromatogram of the compounds in Table 4 
on a commercially available reversed phase partition chroma- 
tography column; all components can be distinguished. The 
yields obtained in the chlorobenzoylation reaction are given in 
Table 4,  and were calculated for analytically pure material 
without corrections for losses due to recrystallization, etc. 
Crude yields, i.e. material after removal of excess 4- 

chlorobenzoylazide and acidic and basic impurities, lay in the 
range of 65-90%. Mass spectroscopic evidence was obtained 
for the presence of hydrazine derivatives of the type 
C1C6H4C0.NH.NR2 (where R2 is the peptide chain) among the 
basic impurities, thus accounting, in part, for the low yields. A 
further possibility, that the low yields were due to reacemiza- 
tion of the N-terminal residue, was investigated by studying 
the reaction of the azide with the diastereoisomeric pair, 
methyl N-4-chlorobenzoyl- and D)-alanyl-2-methylalanyl-L- 
alaninates. The optical rotations of the intermediates made 
during the syntheses of these diastereoisomers are given in 
Table 5. Their separation by partition chromatography was 
difficult, but a partial separation (Fig. 3) was achieved and the 
conditions given in Fig. 3 were critical in the sense that very 
small changes led to apparently identical partition coefficients. 
About 40ng of the D-alanine derivative was detected and 
integrated in the presence of about 0.4 kg of the L-alanine 
isomer. Similarly, about 70 ng of the latter was detected and 
integrated in the presence of 0.4 k g  of the D-alanine isomer. 
Quantities in the range 10-15 ng were detected, but the peaks 
were not integrated, or the integration error was very great, due 
to incomplete separation. A linear least-mean-squares fit of all 
the data (weight of compound in ng vs. integrated area) gave a 
line of index of fit (= r2) of 0.989 with a standard error of 
estimation of +27 ng. Hence one can reliably estimate about 
7% of one diastereoisomer in a mixture. When the analysis 
was canied out on the crude reaction products of 4- 
chlorobenzoylazide and methyl  or or D)-alanyl-2-methylalanyl- 
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SHAW AND TAYLOR 

TABLE 3. Comparison of melting points and specific optical rotations of 2-methylalanine peptides prepared in 
different laboratories 

Compound" 

Melting 
point  ID Concentration 
( " 0  ("1 (in methyl alcohol) Reference 

OBzl 

- 64 
-60.2 

-2.5 
-32 
-35 
-48.8 
-36.2 
-26.7 
-52.5 
-36.6 
- 17 
-27.5 
- 14.6 
+22.5 
- 17.6 
-27.5 
-28 

Not given 
-28.2 
- 17.5 
-22.2 
-11.6 

15 
16 
13 
29 

This work 
44 
15 
14 
13 
16 
15 
13 
16 
13 
15 
13 
28 
16 
16 
15 
16 
15 

"Abbreviations as in Table 2 with the following additions: BOC = [err-butyloxycarbonyl; Cbz = phenylmethoxycarbonyl; 
Phol = L-phenylalaninol; Bzl = benzyl. 

TABLE 4. Physical properties of some N-4-chlorobenzoyl peptides containing 2-methylalanine residues 

Melting R vc 
Yield point Amax (mL) 

Peptidea Mol. Wt.b ("C) ("1 (nm) E (T  = 24°C) 

R- AibOMe 
R-L-Pro-L-ValOMe 
R-L-Ala.Aib-L-AlaOMe 
R-L-Ala.Aib-L-AlaOMe 
R-L-Pro-L-Val.AibOMe 
R-L-Pro-L-Val.AibOMe 
R-L-Pro-~-Val. Aib. AibOMe 
R-L-Pro.Aib-L-Ala.Aib-L-AlaOMe 
R-L-Pro-~-Val.Aib. Aib-~-GluOMe 

I 
OMe 

R-L-Pro-L-Val.Aib.Aib-L-GluO-r-Bu 
I 

OMe 

"R = 4-chlorobenzoyl, other abbreviations as in Table 2. Ciphers written below glutamic acid residues are y-esters 
bMolecular weights calculated for the 35CI isotope. 
' R ,  = retention volume, i.e. time of elution X flow rate. 

L-alaninate, only one isomer was detected (either L or D 

according to the starting material) and hence the extent of 
racemization was less than 7% in either case. 

In agreement with other workers (29), we were unable to 
obtain satisfactory elemental analyses for crystalline methyl 
L-alanyl-2-methylalanyl-L-alaninate, possibly because of its 
deliquescent nature and (or) the presence of dioxopiperazines 
(19) formed during hydrogenolysis of its carbobenzyloxy 
derivative. However, methyl N-4-chlorobenzoyl-L-alanyl-2- 

methylalanyl-L-alaninate could be fully characterized (see 
experimental section and Fig. 2). In addition, the basic 
tripeptide methyl ester could be converted into the pentapeptide 
derivative ( I ) ,  which also provided elemental analyses within 
acceptable error, though only one of the two proline conformers 
was detected in its 13C nmr spectrum (30). An X-ray crystallo- 
graphic structure determination (31) of this pentapeptide (1) 
established its structure and conformation and in particular the 
N-terminal acylproline residue. 
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I  I  
OBzl 

Cbz. P r o . V a l . ( A i b l z . G l u O M e  

Boc. Pra .Val . (Aib12.Glu0 - t - B u  P r a . V a l . ( A i b 1 2 . G l u O - t - B u  P r o . V o l . ( A i b 1 2 . G l u O M e  
I  I I  

8 O H  I OMe 
12 1 OH 

Boc.Pra .Val . lA ib12.GluO-t -Bu C I Q C O . P ~ ~ . V ~ I . ( A ~ ~ I ~ . G ~ U O  - t - B u  P r ~ . V o l . ( A i b ) ~ . G l u O M e  

OMe OMe 

FIG. 1. Synthetic steps reported in the preparation of penta- and hexapeptides of 2-methylalanine. Abbreviations are the same as those defined 
in Tables 2,4,  and 5. 

I 

OBzl 

FIG. 2. Reversed phase partition chromatogram of the 4- 
chlorobenzoyl peptides found in Table 4. The column was a Dupont C8 
"Zorbax" 6 pm of dimensions 0.46 X 25 cm, of dead volume ca. 3 mL, 
and the solvent was 46% ammonium acetate buffer (0.01 M, pH 4.2) in 
methyl alcohol. The column was run at 22OC and the flow rate was 
1.5 mL min-I. 

These encouraging results led us to investigate the elabora- 
tion of the tetrapeptide (2, Rr = H), the preparation of which on 
the 100-g scale has been reported (28), into the various 
structures postulated for the C-terminal moieties thought to 
be present in many of the natural products listed in Table 1. 
The reactions investigated are summarized in Fig. 1. Condensa- 
tion of the tetrapeptide (2, Rr = H) with glutamyl diesters 
(a,?-dimethyl; a-methyl-y-benzyl; a-tert-butyl-y-benzyl) gave 
reproducible yields on the 10-g scale in the range 50-60%, and 
conversion of these products to the N-4-chlorobenzoyl dimethyl 
ester derivative gave crystalline material in all cases. However, 
partition chromatography of the 3 products showed them to be 
mixtures of 4 components eluted at 29,49,61, and 72 mL. The 
2 components of higher Rf were not detected after one 
recrystallization; the proportions of the 2 components of lower 
Rf depended on the nature of the glutamyl diester used in the 
condensation reaction and were (in the order given above) 
100: 100, 100:44, 100:lO. It was possible in the 2 latter cases to 
purify the major component to the point where it represented 

TABLE 5. Specific optical rotations of intermediates in the syntheses of 
methyl 4-chlorobenzoyl-L (and ~)-alanyl-2-rnethylalanyl-L-alaninates 

Specific 
optical [alZDJ 
rotation ( c  1 ,  MeOH) 

Compounda L I3 
- 

Cbz. AlaOH -6.9" +7.0° 
Cbz. Ala.AibOH -31" +25" 
Cbz.Ala.Aib-L-AlaOMe -35" -21" 

"Abbreviations as in Table 3. 

>99% of the mixture. The material from the 2 preparations 
shown in Fig. 1 had closely similar melting points, mass 
spectra, optical rotations, and 'H and I3C nmr spectra. 
However, the X-ray diffraction patterns of the crystals from 
different preparations were not always identical and the crystals 
were, physically, insufficiently stable for data collection. Like 
the 4-chlorobenzoylpentapeptide (I),  only one acylproline 
conformer was detected in the 13C nmr spectrum. 

As shown in Fig. 1,  the pentapeptide derivative (3) was 
converted into the crystalline tert-butyl ester (4). Correct 
elemental analytical data were obtained for this compound and 
many of the chemical shifts and C-H couplings in its I3C nmr 
spectrum could be assigned (see experimental section). It was 
treated with diazomethane and the gummy product with 
4-chlorobenzoylazide, but we were unable to induce the 
4-chlorobenzoyl derivative to crystallize. It was obtained as a 
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SHAW AND TAYLOR 169 

FIG. 3. Separation of methyl 4-chlorobenzoyl- and D)-alanyl-2- 
methylalanyl-L-alaninates. The column was the same as that used for 
the separations in Fig. 2, the solvent 62% ammonium acetate buffer 
(pH 4.2) in methyl alcohol, the flow rate 2 m L  min-', and the 
separation was run at 22 * 0.2"C. The peptides (0.2 pg of each) were 
applied to the column in 0.1 pL of methyl alcohol. The standard 
deviations of the retention volumes were 1.5 mL, n = 1 1, in the case of 
the L isomer and 1.4 mL, n = 11 for the D. 

FIG. 4. Fast atom bombardment mass spectrum of ? di-y-methyl 
a-tert-butyl N-4'-chlorobenzoyl-~-prolyl-~-valyl-2-methylalanyl-2- 
methylalanyl-L-glutamyl-L-glutamate. 

colorless amorphous solid that, however, gave a FAB mass 
spectrum (Fig. 4) in complete accord with its supposed 
structure. The crystalline L-phenylalaninolhexapeptide (5) was 
also obtained, and much of its 13C nInr spectrum assigned (see 
experimental section), but we were unable to convert it into a 
crystalline N-4-chlorobenzoyl derivative. 

Experimental 
Melting points are corrected, and infrared spectra were measured on 

a Perkin-Elmer 283 spectrometer. Ultraviolet spectra and optical 
rotations were determined on solutions of peptides in methyl alcohol on 
a Cary 14 spectrometer and a Rudolph polarimeter, respectively. The 
greatest error in optical rotation measurements was *2%. The 'H nmr 
spectra were obtained on a Varian 220-MHz instrument at the Canadian 
NMR Center at Toronto University Medical School; I3C nmr data were 
collected on a Varian XL- 100 instrument except those marked *, which 
were recorded on a Nicolet 360 NB spectrometer of the Atlantic Region 
Magnetic Resonance Center, Halifax, Nova Scotia. All nmr data are 
presented in the format used by Shaw and Taylor (28); all chemical 
shifts are reported in ppm downfield from the signal of Me4Si. The 
equipment used for high pressure liquid chromatography has been 

described in detail (32); analytical chromatography was performed on 
Dupont C8 "Zorbax" 6-pm columns of dimensions 0.46 X 25 cm; two 
Waters pBondapak Cls  columns (0.78 X 30 cm) in series were used 
for preparative chromatography. The solvent used in all cases was 
methyl alcohol mixed with ammonium acetate buffer (0.01 M ,  pH 4.2, 
water of resistance > 10 Mohrns), the composition of the mixture being 
controlled by a solvent programming device (Waters Model No. 660). 
Mass spectra were measured on Kratos MS-50 and Dupont 2 1 - 1 10B 
instruments. Full experimental details of mass spectroscopic measure- 
ments are given in a following paper. 

4-Chlorobenzoylazide 
4-Chlorobenzoyl hydrazide (33) (10 g) was dissolved in acetic acid 

(150 mL) and the solution mated with hydrochloric acid (2 N, 250 mL). 
Light petroleum (bp 30-60°C, 400mL) was added and the stirred 
mixture cooled to <5OC, when a solution (40 mL) of sodium nitrite 
(4.4 g) in water was added below the surface of the liquid. After 30 min 
at 5"C, the colorless precipitate had dissolved, the petroleum layer was 
separated, the aqueous raffinate extracted with light petroleum, and the 
dried (Na2S04) combined extracts evaporated at 10°C/30 Torr (1 Torr 
= 133.3 Pa) to 100 mL. The mixture was kept at - 15°C for 18 h, when 
the colorless crystals, mp 42"C, 8.3 g, 80%, were collected on a filter 
precooled to - 15OC. This material was stored at - 15°C in a 
screw-capped bottle kept inside a wide-mouth screw-capped jar that 
contained calcium chloride. 

Methyl N-4-chlorobenzoyl-2-methylalarzinate 
Methyl 2-methylalaninate (0.5 g) (28) was dissolved in tetrahydro- 

furan (THF, 10 mL) and the solution treated with 4-chlorobenzoylazide 
(I g). After 3 days at room temperature, the reaction solution was 
evaporated and the residue digested 3 times with light petroleum, the 
digest being decanted from the sticky residue each time. The final 
crystalline residue was collected (0.75 g, mp 115-125"C, 69%) and 
recrystallized from 11-butyl acetate as plates, mp 134°C (subliming 
>115"C), 0.69 g, 63%. Anal. calcd. for Cl2HI4C1NO3: C 56.4, H 5.5, 
C1 13.9, N 5.5%; found: C 56.3, H 5.5, C1 14.1, N 4.6%. 

N-Phenylmethoxycarbonyl-L-prolyl-2 -methylalanine 
N-Phenylmethoxycarbonyl-L-proline (34) (a .6g) ,  methyl 2-methyl- 

alaninate (30.5 g), and 1-ethoxycarbonyl-2-ethoxy- 1,2-dihydroquino- 
line (EEDQ, 64g) were dissolved in toluene (1.75 L) and the 
solution stirred at 55OC for 72 h. The toluene was evaporated, the 
residue dissolved in ethyl acetate (0.9 L), and the solution washed with 
dilute sodium bicarbonate (2%, 500 mL), dilute hydrochloric acid (2 N, 
500mL), and water. The dry (Na2S04) solution was filtered and 
evaporated, the residue (100 g) dissolved in methyl alcohol (1 L), and 
the solution treated with sodium hydroxide (N, 416 mL) at O°C. The 
reaction mixture was kept at room temperature and aliquots (5 mL) 
titrated with standard acid to determine when the reaction was 
complete. The solution was then evaporated to half volume, diluted 
with water (250mL), extracted with ethyl acetate, and the raffinate 
acidified. The precipitated oil was taken up in ethyl acetate (500 mL), 
and the solution dried (Na2S04), filtered, and evaporated. The residual 
oil usually crystallized spontaneously but crystallization can be 
induced by seeding. N-Phenylmethoxycarbonyl-L-prolyl-2- 
methylalanine (52 g, 60%) separated from tetrahydropyran as prisms, 
mp 137"C, [a ]g  -65" (c 2, MeOH), 6c ( c ~ H ~ o ~ H ) :  177.4; 174.0, 
173.9; 156.5, 156.3; 137.8; 129.3; 128.9; 128.7; 68.0; 61.2; 61.0; 
56.9; 48.3, 48.1; 32. I ,  30.9; 25.6; 24.8; 25.1, 24.4. Anal. calcd. for 
C17H22N205: C 61.1, H 6.6, N 8.4, 0 23.9%; found: C 61.2, H 6.7, 
N 8.4, 0 24.1%. 

Methyl 4-chlorobenzoyl-~-alar~yl-2-methylalanyl-~-alaninate 
N-Phenylmethoxycarbonyl-L-alanyl-2-methylalanine (77 g) (35) 

was suspended in toluene (500mL), and freshly distilled methyl 
L-alaninate (26 g) and EEDQ (83 g) were added. The reaction mixture 
became a viscous paste and required a stirrer with adequate torque to 
keep it in suspension. The reaction mixture was heated to 45°C and was 
stirred for 42 h, after which the crystalline precipitate (83 g, 84%, mp 
158- 162°C) was collected. Methyl N-phenylmethoxycarbonyl-L- 
alanyl-2-methylalanyl-L-alaninate separated from tetrahydrofuran - 
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SHAW AND TAYLOR 17 1 

with concentrated sulphuric acid (9 mL), and then with isobutylene 
(40 mL). The mixture was shaken in a glass pressure vessel at 20°C for 
4 days, after which the pressure was released, ethyl acetate (200 mL) 
added, and the solution washed with sodium bicarbonate solution (5%, 
3 x 100mL). The bicarbonate washings were extracted with ethyl 
acetate (100 mL) and the combined organic phases washed with water, 
dried, and evaporated. The residue was taken up in ether and the 
theoretical quantity of hydrogen chloride in ether added at - 10°C. The 
hydrochloride (23 g, mp 107- 109°C; [a% + 15" (c 2, MeOH)) was 
collected after storage at - lS°C for 48 h. This hydrochloride (6.6 g) was 
suspended in toluene (200 mL), and the mixture treated with triethyl- 
arnine (2.02 g) and shaken at 20°C for 15 min. N-Phenylmethoxycar- 
bonyl-~-prolyl-~-valyl-2-methylalanyl-2-methylalanine (28) (2, R = 
C7H70, R' = H, 10.4 g) was added and, when it had dissolved, EEDQ 
(5.06g). The mixture was stirred at 50°C for 72 h, when it was eva- 
porated to ca. 50mL, ethyl acetate (0.5 L) added, and the solution 
washed with citric acid (2 N, 3 x 100 mL), brine (2%, 100 mL), 
sodium bicarbonate solution (2%, 2 X 150 mL), and finally water. The 
solution was dried (Na2S04), filtered, and evaporated. The residue was 
taken up in THF (50 mL) and isopropyl ether (50 mL) added when the 
product (9.1 g, 57%, mp 160°C) separated. The N-pherzylmethoxycar- 
bonylpentapeptide diester (3) separated from ethyl acetate as needles, 
mp 165-166°C; [ a g  -58" (c 2, MeOH); 6~ (c2~C13):  7.37 (5H), 
7.34(H, e), 7.34 (SH), 7.07 (H, e, J = 6 Hz), 6.83 (H, e), 6.75 (H, e), 
5.31,5.13(2H,q, J =  13.3Hz),5.11(2H),4.41(2H,m),3.80(H,t, 
J = 6 Hz), 3.54 (2H, t, J = 7 Hz), 2.57 (2H, m), 2.14 (5H, m), 1.93 
(2H, m), 1.54 (3H), 1.48 (3H), 1.45 (15H), 0.88 (3H, d, J = 7 Hz), 
0.83 (3H, d, J = 7 Hz); 6c (C2H302~) :  177.2; 175.5 (bs); 175.2, 
174.9, 174.4; 173.4; 172.4; 156.8, 156.2; 137.9 (bs); 137.5; 129.4; 
129.0; 128.7; 82.4; 68.1; 67.0; 61.3; 60.3; 60.6; 57.7; 54.0; 48.4; 
32.8; 31.5; 31.8; 31.0; 28.3; 27.7; 27.4; 26.7; 23.8; 19.6; 19.5; 19.2. 
Anal. calcd. for C42H59N5010: C 63.5, H 7.5, N 8.8,O 20.2%; found: 
C63.5, H7.5, N8.8, 020.3%. 

a-tert-Butyl L-proly 1-L- valyl-2 -methylalanyl-2-tnethylalany 1-L- 
glutamyl-L-glutamate 

The fully protected pentapeptide (3, 3 g) in deuteriochloroform 
(15mL) was treated with a solution (30 mL) of trifluoroacetic acid 
(15mL) in deuteriochloroform. The course of the reaction was 
determined by taking the 'H nmr spectra of aliquots. After ca. 1.5 h 
there was no further decrease in intensity of the signal at 6~ 1.45. The 
reaction mixture was evaporated, the residue treated with diisopropyl 
ether, the amorphous solid collected, and the acid (2.7 g, [ a ]g  -58" 
(C 1.5, MeOH), 6~ (C2HC13): 7.73 (H), 7.51 (H), 7.32 (SH), 7.30 
(5H), 7.30 (H, e), 7.00 (H), 5.14 (2H), 5.08 (2H), 4.27 (2H, m), 3.81 
(H, m), 3.55 (2H, m), 2.56 (2H, m), 2.00 (7H, bm), 1.46 (6H), 1.42 
(6H), 0.82 (3H, d, 3~~~ 6.5 Hz), 0.79 (3H, d, 3~~~ 6.5 Hz). Anal. 
calcd. forC38H5~NSO10.H20: C 60.4, H 7.1, N 9.3 0 23.3%; found: C 
60.4, H 7.1, N 9.3; 0 23.1%, precipitated from dioxan solution 
(5 mL) with diisopropyl ether (50 mL). This acid (7 g), EEDQ (2.6 g), 
a-tert-butyl-y-benzyl L-glutamate (from 3 g of hydrochloride, see 
above), and toluene (500 mL) were stirred together at room tempera- 
ture for72 h. Thereaction mixture was evaporated, the residue takenup 
in ethyl acetate (500 mL), and acidic and basic by-products removed as 
described. The residue (= A, 35 mg) obtained after evaporation of the 
dry (Na2S04) extract was purified by high pressure liquid chromatogra- 
phy, using methyl alcohol - ammonium acetate buffer (pH 4.2) 4: 1. 
The main band eluting at ca. 48 mL was collected, the solution 
evaporated, and the residue taken up in tert-butyl alcohol. Lyophiliza- 
tion of the solution gave the N-phenylmethoxycarbonylhexapeptide (6)  
as a colorless solid, mp 50-55°C; [a% -43" ( c  0.6, MeOH), 6~ 
(C2Hc13): 7.63 (H, e, d, 3 ~ ~ H  8 HZ), 7.59 (H, e, d, 3 ~ H H  8 HZ), 7.36 
(SH), 7.34 (SH), 7.31 (SH), 7.05 (H, e), 6.95 (H, e), 6.46 (H, d, 3 ~ H H  

6Hz), 5.24,5.10(2H, 3 ~ H H  14.3 HZ), 5.09 (2H), 5.06(2H), 4.40 (2H, 
m), 4.24 (H, m), 3.79 (H, t, 3 J ~ ~  7.5 HZ), 3.61 (2H, m), 2.50 (4H, m), 
2.14 (9H), 1.55 (3H), 1.45 (12H), 1.38 (3H), 1.36 (3H), 0.75 (3H, d, 
3~~~ 7 HZ), 0.69 (3H, d, 3 ~ H H  7 HZ). Anal. calcd. for 
C54H72NSO13.0.5H20: C 63.4, H 7.2, N 8.2,O 21.1%; found: C 63.2, 
H 6.95, N 8.1, 0 21.2%. This triester (9, log) in methyl alcohol 
(30mL) was shaken with palladium on carbon (5%, 5 g) and hydrogen 

(3.5 kg cm-') at room temperature for 18 h. The reaction mixture was 
filtered through a bed of Celite (1 cm) and the filtrate evaporated. The 
residue (5.5 g) was taken up in hot methyl alcohol (15 mL) and the 
solution kept at 4°C for 48 h. The precipitated crystalline solid (3.85 g, 
mp 153-155°C) was collected. a-tert-Butyl L-prolyl-L-val)ll-2- 
methylalanyl-2-methylalanyl-~-glutamyl-~-glutamafe (4) separated 
from methyl alcohol as triclinic blades, mp 154-155°C; [a]',' -40.5" 
(C  0.8, MeOH); 65 ( c 2 ~ , 0 2 H ) :  179.4; 178.0; 177.1; 176.4; 174.5; 
173.6; 172.2; 170.6; 82.7 (C, t-Bu); 60.94 ('JCH 150.3 Hz); 60.0 
('JCH 141 HZ); 58.1 (a-C aib); 58.0 (a-C aib); 55.0 ('JCH 143 Hz); 
54.25 ('JCH 142 Hz); 47.5 (IJCH2 146Hz); 34.2 ('JCH, 131 Hz); 32.7 
('JCH2 - 125 Hz); 32.4 ('JcH 129.7 Hz, p-val); 31.3 ('JcH2 136 Hz); 
29.2 (?CH2); 28.2 ('JCH2 - 133 Hz); 28.3 (3C, IJCH, 127.9Hz), 26.5 
(?CH3); 25.1 (3C, 'JCH3 128 Hz); 19.9 ('JCH3 125 Hz); 18.5 ('JCH, - 
123 Hz). Anal. calcd. for C32H54N6011: C 55.0, H 7.8, N 12.0, 0 
25.2%; found: C 54.7, H 7.8, N 12.0, 0 25.3%. 

a-tert-Butyl ~-prolyl-~-valyl-2-methylalanyl-2-rnethylalanyl-~- 
glutamate 

The protected pentapeptide (3, 9 g) in methyl alcohol (120 mL) was 
shaken with palladium on carbon (5%, 0.6 g) and hydrogen (3.5 kg 
cm-') for 40 h at 20°C. The reaction mixture was filtered through a bed 
of Celite, the filtrate evaporated, and the crystalline residue (mp 
115- 117"C, 6.3 g) recrystallized from prop-2-01-isopropyl ether (1: 1) 
gave the a-tert- butyl L-prolyl-L-valyl-2-methylalanyl-2-methylalanyl- 
L-glutamate (7) as rosettes, mp 117-1 19°C; [a]g -41" (c 0.87, 
MeOH); 6c (C2H302~) :  180.2; 177.2; 175.5; 173.3; 172.9; 172.0; 
82.2; 69.9; 60.6; 57.9; 57.7; 54.9; 47.6; 34.2; 31.7; 28.4; 27.5; 26.6; 
25.8; 24.0; 23.1; 19.7; 19.1. Anal. calcd. for C27H47N508: C 56.9, H 
8.3, N 12.3; 0 22.5%; found: C 57.0, H 8.6, N 11.9, 0 23.0%. 

a-tert-Butyl tert-butyloxycarbonyl-~-prolyl-~-valyl-2-methylalanyl-2- 
methylalanyl-L-glutamyl(y)-L-phenylalaninol 

The tert-butyl ester described in the previous paragraph (7, 6 g) and 
magnesium oxide (0.9g) were stirred with a solution (150mL) of 
dioxan (75 mL) in water for 1 h at room temperature, when tert- 
butyloxycarbonylazide (3 g) was added and the mixture stirred at 3S°C 
for 72 h. The reaction mixture was diluted with sodium bicarbonate 
solution (5%), cooled to O°C, filtered, and extracted (pH 7.0) with ethyl 
acetate. The cold (0°C) raffinate was acidified to pH 3.0 with citric acid 
solution (2%), sodium chloride added to saturation, and the solution 
extracted (3 X 50 mL) with ethyl acetate. The extract was washed with 
water, dried (Na2S04), filtered, and evaporated. The residue recrystal- 
lized from ethyl acetate - methyl alcohol (100:l) gave the N-tert- 
butyloxycarbonyl derivative (8) as prisms, mp 200-202°C; [a]g 
-57" (c 1.15, MeOH). Anal. calcd. for C32H55N5010: C 57.4, H 8.3, 
N 10.5%; found: C 57.2, H 8.3, N 10.4%. This product (8, 
2.4 g), L-phenylalaninol (Aldrich, 0.54 g), and 2-isobutoxy-l- 
isobutyloxycarbonyl-1,2-dihydroquinoline (38) (1.2 g) were dissolved 
in ethyl alcohol (dried over Linde molecular sieve 3A and redistilled, 
100 mL) and the reaction mixture was stirred at 3S°C for 4 days. The 
resulting solution was evaporated, the residue (3.3 g) taken up in ethyl 
acetate (100 mL), and the solution washed successively with water 
(50 mL), sodium bicarbonate solution (2 X 50 mL), and water. The dry 
solution was evaporated, the residue dissolved in hot ethyl acetate 
(5 mL), and light petroleum added to turbidity. The mixture was kept at 
4°C for 36 h, when the crystalline mass that had separated was 
collected. The hexapeptide (5) separated from ethyl acetate - light 
petroleum (bp 30-60"C, 1:l) as prisms, mp 110-1 12°C; [a]g 
-83.6"; 6T. (C'H~O'H): 177.2, 177.1; 176.1, 175.9; 175.6; 175.3; 
174.9; 173.9, 173.8; 172.4, 172.3; 139.9(quat. C); 130.5 (2C, 'JcH - 
157 Hz); 129.4 (2C, ' J C ~  158.8 Hz, 2 ~ C H  - 5 Hz); 127.2 ('JCH 
157.7 Hz, ' J C ~  - 8 HZ); 82.6 (quat. Bu ester); 81.25, 81.2 (quat. Bu 
urethane); 64.0 ('JcH, 144.7 Hz, CH20H); 60.8,60.6 ('JCH - 145 Hz, 
a-pro); 60.85 ('JCH 142.6, aval); 57.9 (aib a-C); 57.85 (aib a-C); 
54.55 ('JCH 140 HZ); 53.8 ('JcH 139.5 Hz); 48.4,48.0 ('JCH, 142 Hz, 
a-pro); 38.1 ('JcH, 129Hz, PhCH?); 33.7, 33.0 ('JCH, 133 I-IZ, pro); 
32.2, 30.8 (? pro); 31.85 ('JCH 130 HZ, p-val (39)); 2 8 . 8 - ( ' ~ ~ ~ ,  127 Hz, 
Bu(3)); 28.4 ('JCH3 128 Hz, Bu(3)); 27.8 ('JcH3 128 Hz); 26.8 (? CH3); 
25.6 (? CH2); 24.8 (? CHI), 23.9 ('JCH3 128 Hz); 23.7 (IJCH3 128 Hz); 
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19.2, 19.3 (IJCH3 128 HZ, val). Anal. calcd. for C41H66N6010'H20: 
C 60.0, H 8.4, N 10.2, 0 21.4%; found: C 60.3, H 8.4, N 10.2, 
0 21.2%. 

Dimethyl N-(4-chlorobenzoyl)-~-prolyl-~-valyl-2-methylalar~y1-2- 
I methylalanyl-L-glutamate ~ (a) The a-tert-butyl ester (7, 1.7 g) was suspended in THF (100 mL) 
i and the stirred mixture treated with diazomethane (70 mg) in ether 

1 (20 mL). After 0.5 h at 20°C the excess diazomethane was blown off 
I with a stream of nitrogen, the solution evaporated, and the residue 
I taken up in hot tetrahydropyran (15 mL). The solution was kept at 4°C 

for 18 h, when the crystals that separated were collected (1.7 g). The 
a-tert-butyl-y-methyl ester (9) separated from tetrahydropyran as 
blades, mp 178-179°C; [a]: -5 1" (c 1.38, CHCI3). Anal. calcd. for 
C28H49N508: C 57.6, H 8.5, N 12.0%; found: C 57.4, H 8.4, N 
12.0%. This diester (3 g) was dissolved in THF (150mL) and the 
solution treated with p-chlorobenzoylazide (1.1 g) in THF (10 mL). 
The solution was stirred at 20°C for 72 h, then was evaporated and the 
residue digested with petroleum ether (bp 30-60°C, 3 X 50 mL). The 
crystalline residue was collected and the N-(4-chlorobenzoyl) deriva- 
tive (10) separated from n-butyl acetate as prisms, mp 90-95"C, 
recrystallizing at 125-130°C and finally melting sharply at 178- 179°C; 
[a13 -86" (c 0.66, CHC13). Anal. calcd. for C35HszC1Ns09: C 58.2, 
H 7.2, C1 4.9, N 9.7%; found: C 57.8, H 7.3, C1 4.9, N 9.9%. This 
tert-butyl ester (10, 1 g) was dissolved in methyl alcohol (100 mL) and 
hydrogen chloride passed into the solution for 15 min. The temperature 
of the reaction mixture increased to S ° C ,  when it was cooled to 20°C 
and kept at this latter temperature for 72 h. The solution was 
evaporated, the residue taken up in ethyl acetate (lOOmL), and the 
solution washed with sodium bicarbonate solution (2%, 3 X 50 mL), 
with ice-cold sodium carbonate solution (I%, 50 mL), and finally with 
water (2 x 50mL). The dry (Na2S04) ethyl acetate solution was 
filtered, evaporated, and the residue (0.72 g, 76%, mp 162°C; [a]: 
-90°, containing 3.5% of a byproduct of lower Rf) was recrystallized 
by dissolving in n-butyl acetate (8 mL) and adding diethyl ether 
(12 mL). The precipitate was collected after storage at 4OC for 96 h. 
After 6 recrystallizations in this manner, dimethyl N-(4'-chloro- 
benzoyl)-~-prolyl-~-valyl-2-methyalanyl-2-methylalanyl-~-glutamate 
was obtained, containing 0.15% of the impurity, mp 168-169°C; 
[a]g -99" (c 0.57, CHCI3); crystal data: P212121; orthorhombic; 
a = 16.60, b = 25.16, c = 10.23 A; 6~ (C2HCI3): 7.48 (2H, J = 8.6 
Hz),7.42(2H,J=8.6Hz),7.39(H,e,J=6.2Hz),6.80(H,e,aib 
NH), 6.55 (H, e, aib NH), 4.78 (H, JHoHp = 7.8 Hz, JHoH,,, = 6.2 Hz, 
val a-CH), 4.5 (H, m, glu a-CH), 3.76 (H, t, J = 6.1 Hz, pro a-CH), 
3.70 (3H), 3.64 (3H), -3.5 (H, m, val P-CH), -2.5 (2H, m, pro 
6-CH2), 2.32 (H, m, pro P-CH2), -2.2 (2H, m, glu y-CH2), 2.1- 
2.3 (3H, m, pro), 1.9 1 (2H, glu P-CH2), 2.04 (H, m, glu CH2), 1.55 
(3H, aib), 1.49 (3H, aib), 1.47 (3H, aib), 1.46 (3H, aib), 0.98 (3H, J = 
6.3 Hz, val), 0.98 (3H, J = 6.3 Hz, val); 6e (C'H~O'H): 177.6; 
175.7; 175.1; 174.5; 173.9; 173.8; 170.8; 137.5 (quat. arom.); 136.0 
(quat. arom., 'JCH - 7 HZ); 130.0 (2C, ' J ~ H  164Hz, 'JcH - 7 Hz); 
129.7 (2C, lJCH 167.5 Hz); 61.6 (IJCH 148Hz); 60.8 ('J-, 141 Hz); 
57.9 (aib a-C); 53.5 ('JCH 138 Hz); 52.65 ('JcH3 147Hz, ester Me); 
52.0 (IJCH3 147Hz, ester Me); 51.9 (aib a-C); 31.9 (IJCH 138 Hz, 
p-val (39)); 31.3 (lJCH2 - 130 HZ), 31.1 (? CH2); 27.7 (? CH3); 27.2 
(IJCHZ - 130Hz); 26.9 ('JCH3 132Hz); 26.6 ('JCH, 134Hz); 23.7 
('JCH3 128 Hz); 23.6 ('JCH3 128 Hz); 19.6 ('JCH, 127 Hz); 19.3 ('JcH3 
127 Hz). Anal. calcd. for C32H46C1N509: C 56.5, H 6.8, C1 5.2, N 
10.3, 021.2%; found: C56.4, H 6.9, C1 5.2, N 10.1, 021.1%. 

(b) y-Benzyl-L-glutamic acid (10.5 g) was suspended in THF 
(150mL) and water (1.5 mL) was added. The mixture was stirred with 
a solution (100 mL) of diazomethane (2 g) in ether for 3 days at room 
temperature, after which the solution was evaporated, the residue taken 
up in ether (100 mL), the ether solution washed with sodium bicarbon- 
ate solution (2%, 100 mL), dried (Na2S04), filtered, and the filtrate 
treated with hydrogen chloride. The precipitated hydrochloride (mp 
133-134"C, 79%, 6 g), suspended in toluene (400 mL), was treated 
with triethylamine (2.04 g) and, after shaking the mixture for 5 min, 
with the N-phenylmethoxycarbonyl tetrapeptide (2, R = C7H70, R' = 

H, log)  (28) and EEDQ (5.2 g). The reaction mixture was treated as 
described for the analogous tert-butyl ester (6) and gave the pentapep- 
tide (11) as prisms from n-butyl acetate, mp 144-146"C, 6 g, 41%; 
[a]: -67" (c 4, MeOH). Anal. calcd. for C39H53N5010.0.25H20: C 
61.9,H7.l,N9.3,021.7%;found:C61.9,H7.2,N9.5;021.2%. 
This ester (5 g) in methyl alcohol (120 mL) was shaken with hydrogen 
(4.2 kgcm-2) and palladium on carbon (5%, 1 g). The reaction mixture 
was worked up as described for the ester (10) and gave the pentapeptide 
methyl ester (12) as prisms from methyl alcohol (70 mg mL-I), mp 
132-134°C. Anal. calcd. for C24H41N508.1.5H20: C 52.0, H 7.9, N 
12.6, 0 27.4%; found: C 51.9, H 8.0, N 12.5; 0 27.0%. This 
iminoester (12, 1.5 g) was suspended in THF (75 mL) and a solution of 
diazomethane (0.12 g) in ether added. The peptide dissolved just as the 
color of the diazomethane disappeared. The dimethyl ester (13) 
separated from THF - isopropyl ether (1:3) as plates of characteristic 
trapezoid shape, mp 201-202"C, 1.5 g; 6 ~ :  177.5; 177.2; 175.3; 
174.7; 173.7; 173.7; 61.4 ('JCH 142Hz); 60.1 ('JCH 143Hz); 57.7 
('JCH3 4.5 Hz); 57.7 (aib a-C); 53.3 ('JcH - 145 Hz); 52.5 ('JCH3 
147Hz); 51.8 ('JCH3 147Hz); 47.9 (IJCH2 144Hz); 31.8 ('JcH2 
134Hz); 31.1 ('JCH 131 Hz, val P-CH (39)); 27.1; 26.4 (IJCH, - 140Hz); 27.8 ('JCH, 129Hz, 3 ~ C H 3 4 H ~ ) ; 2 6 . 8  (IJCHJ 129 HZ, 3 ~ C H 3  

4Hz); 23.5 (2C, IJCH3 129 Hz, 3 JCH34H~) ;  19.5 ('JCH3 130Hz); 19.0 
(IJCH3 130 Hz). Anal. calcd. for C2sH43N50s: C 55.5, H 7.9, N 12.9, 
0 23.7%; found: C 55.4, H 8.0, N 12.6; 0 23.4%. This dimethyl ester 
(0.11 g) was suspended in THF (5 mL) and the mixture treated with 
4-chlorobenzoylazide (40mg). The reaction mixture was stirred at 
room temperature for 96 h, was evaporated, the residue titurated with 
light petroleum (3 x 20 mL), and the residue (0.12 g) then taken up in 
butyl acetate (3 mL) and diethyl ether (3 mL) added. The solution was 
kept for 18 h at 4"C, when the crystalline precipitate (0.1 g, mp 
165-167°C; [a ]g  -91" (c 1, CHC13)) was collected. The 'H 
broadband-decoupled I3C n m  spectrum of this material was identical 
to that of the material prepared by method (a); recrystallization as 
described in method (a) gave material with identical mp and specific 
optical rotation. 
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MICHAEL D. FRYZUK, MAY-LING JANG, TERRY JONES and FREDERICK W. B. EINSTEIN. Can. J. Chem. 64, 174 (1986). 
The reaction of phenol with the binuclear rhodium hydride [{(i-Pr)2PCH2CH2P(i-Pr)2}Rh]2(p,-H)2 generates [{(i-Pr)2PCH2- 

CH2P(i-Pr)2}Rh]2(p,-H)(p,-OC6H5), 2, which was characterized by both solution spectroscopic techniques and a single crystal 
X-ray diffraction study. The structure was solved using Patterson and Fourier methods and refined to R = 0.019 ( R ,  = 0.027) for 
6062 reflections; crystals of the compound are triclinic, space group p i ,  with a = 9.018(2), b = 12.988(2), c = 17.558(3) a, 
a = 99.42(1), P = 92.62(2), y = 91.85(2)", and Z = 2. Further reaction with excess phenol leads to the mononuclear complex 
(r15-~6H5~)~h{(i-~r)2~C~2~H2~(i-~r)2}.2~6Hs~H, which contains two phenol units hydrogen bonded to the oxygen of the 
q5-cyclohexyldienylone ligand. The presence of the bridging phenoxide ligand in 2 results in reduced reactivity as compared to 
the starting binuclear hydride dimer. 

MICHAEL D. FRYZUK, MAY-LING JANG, TERRY JONES et FREDERICK W. B. EINSTEIN. Can. J. Chem. 64, 174 (1986). 
La rCaction du phCnol avec I'hydrure binuclCaire du rhodium [{(i-Pr)2PCH2CH2P(i-Pr)2}Rh]2(p-H)2 gCntre le composC 2, 

[{(i-Pr)rpCH2CH2P(i-~)2}Rh]2(p,-H)(p,-C6H5), qui a Cte caractCrisC a la fois par des techniques spectroscopiques et par une 
Ctude de diffraction des rayons-X sur un monocristal. On a rCsolu la structure par les mCthodes de Patterson et de Fourier et on I'a 
affinCe jusqu'i une valeur de R = 0,019 ( R ,  = 0,027) pour 6062 rCflexions; les cristaux sont tricliniques, groupe d'espace PI ,  
avec a = 9,018(2), b = 12,988(2), c = 17,558(3) a, a = 99,42(1), P = 92,62(2), y = 91,85(2)" et Z = 2. Une rCaction 
subskquente avec un excts de phenol conduit i la formation d'un complexe mononucltaire, (q5-C6H50)~h{(i-~r)2~CH2CH2P(i- 
Pr)2}.2C6H50H, qui contient deux unites de phenol qui sont liCes par des ponts hydrogene a I'oxygtne du ligand 
q-cyclohexyldi&nylone. La presence du ligand phenolate comme pont dans le compose 2 rCduit sa rtactivitk par comparaison 
avec celle de l'hydrure dimkre binucleaire de depart. 

[Traduit par le journal] 

Introduction 

In attempts to design polynuclear metal complexes that are 
resistant to fragmentation, a variety of bridging ligands have 
been employed to secure two or more transition metals together. 
Some typical but not exhaustive examples of bridging ligands 
are phosphides (PR2-, PR2-) (see ref. 1 for leading references), 
arsenides (ASR~-, AsR2-) (see ref. 2 for leading references), 
sulfides (S2-, SR-) (see ref. 3 for leading references), and 
oxides (0'-, OR-) (see ref. 4 for leading references). Synthetic 
strategies in the construction of homonuclear and heteronuclear 
clusters with bridging ligands have been impressive; numerous 
methodologies now exist for the convergent synthesis of 
remarkably complex metal clusters (5 ) .  However, little mention 
has been given to the feasibility of these purported fragmenta- 
tion-resistant clusters to act as catalysts (or even catalyst 
precursors) for a particular transformation. Indeed, many of 
these impressive syntheses lead to rather inert metal clusters, 
albeit with the bridging ligands appropriately in place (see ref. 6 
for some exceptions). 

For some time we have been investigating the synthesis and 
reactivity of coordinatively unsaturated rhodium-hydride clus- 
ters with chelating bidentate phosphine donors as the ancillary 
ligands (7-10). The binuclear members of this family of clusters 
1 are especially active in the hydrogenation and isomerization of 
terminal olefins, apparently without fragmentation of the 
binuclear unit (8, 1 1 ,  12). Our strategy for the preparation of 
catalytically-active metal clusters that contain bridging ligands 

l a ,  n = 2 ,  R =  i-Pr 
l b ,  n = 3 ,  R = i - P r  
l c ,  n = 2 ,  R = i - O P r  

involves modification of existing catalytically-active systems 
such as 1 to generate potentially fragmentation-resistant clusters 
of the type 2. This approach is not only complementary to the 
strategies mentioned previously, but it also allows one to 
examine the effects, beneficial or otherwise, of the presence of a 
bridging ligand. 

In this paper we report some of our initial findings on the 
synthesis, structure and reactions of a complex of the type 2, 
where the bridging ligand is a phenoxide (X = 0C6H5). 

 ellow ow of the Alfred P. Sloan Foundation (1984-1986). 
' ~ e c i ~ i e n t  of an NSERC Summer Undergraduate Award (1983 and 

1984). 

Experimental section 
General procedures and precautions were identical to those pre- 

viously described (8, 13). The syntheses of [(dippe)Rh]~(p,-H)2 and 
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(q3-C3~5)~h(dippe) (dippe = 1,2-bis(diisopropy1phosphino)ethane) TABLE 1. Crystallographic dataa 
are described in ref. 9. 

I(dippe)RhIz(k-H)(~~-O-Ph) Formula C34H700P4Rh2 

To a solution of [(dippe)RhI2(k-H), (0.162 g, 0.22 mmol) in 
hexanes (4 mL) was added sublimed phenol (0.052 g, 0.55 mmol) in fw 824.64 

-0.2 mL of toluene; the solution immediately turned from deep green Crystal system Triclinic 
to bright orange. The solution was allowed to sit undisturbed at room Space group PI 
temperature for 12 h then at -30°C for 4 h to generate orange prisms. a ,  A 9.018(2) 

The solution was decanted away from the crystals, and the crystals b, A 12.988(2) 

washed with 3-4mL of cold (-30°C) hexanes, and dried under c, A 17.558(3) 

vacuum. Yield: 0.15 1 g (83%), mp 182-184°C. 'H nmr (C6D6, ppm): a ,  deg 99.42(1) 
Ho,l,o,7.38(dd,3~m,,,= ~ . ~ H z , ~ J , , ,  =0.9Hz);HmeIa,7.13(dd,  P, deg 92.62(2) 
3 Jpa, = 7.3Hz); Hpa,, 6.73 (tt); PCHMe,, 2.06, 1.76 (octets, Y 7 deg 91.85(2) 
2 ~ p  = 3~,+,e = 7.1 HZ); PCH(CH3)2, 1.46, 1.17, 1.05, 0.94 (dd, v, A 2024.97 

3 ~ p  = 15.3 Hz); PCH2CH2P, - 1.1 (complex multiplet obscured by z 2 

PCH(CH3)2 resonances); RhHRh, -8.6 (ttt, 2Jp,,,,s = 61.5 Hz, Dcalcd, g ~ m - ~  1.353 

2 ~ p c i s  = 24.4 HZ, ' J ~ ~  = 13.1). IP{IH) nmr (C6D6. ppm relative to Crystal dimensions, rnm 0.14 x 0.19 x 0.40 
P(OMe)3 at + 141.0): AA'MM'XX' = P A ,  112.7 (m); PB, 86.0 (m). k (Mo-Ka), cm-' 9.81 
IR (toluene, cm-I): 1240 ( C 4 ,  s). Anal. calcd. for C34H700P4Rh2: Transmission coefficients 0.807-0.895 

C 49.52; H 8.56; found: C 49.78; H 8.48. Scan type 0-20 
w scan speed, deg min-' 0.80-4.00 

[(dippe)~h(q5-CdY50)].2PhOH Scan range (deg in o )  0.55 + 0.35 tan 0 
Method 1: To a solution of [(dippe)Rh],(p-H)2 (0.162 g, 0.22 mmol) Background fraction 0.25 

in toluene (5 mL) was added excess sublimed PhOH (-0.10 g, -5 Data collected h, k k ,  k I  
equiv.) in toluene (-0.5 mL) dropwise, then the resulting orange 2emax, deg 50 
solution allowed to sit at room temperature for 18 h. The volatiles were Take-off angle, deg 3 
removed under vacuum to give a red-orange solid. 'H nmr analysis Crystal decay Negligible 
indicated a mixture of [(dippe)RhI2(k-H)(k-OPh) and [(dippe)~h(q5- Unique reflections 71 10 
C6H50)].2PhOH. Careful fractional crystallization from minimum Observed reflections 6062 
toluene by the addition of hexanes yielded [ ( d i p p e ) ~ h ( q 5 - C 6 ~ s ~ ) ] .  Number of variables 58 1 
2PhOH as the more soluble component in approximately 50% yield. R 0.019 

Method 2: To a solution of (q3-C3~5)~h(dippe)  (0.161 g, 0.40 Rw 0.027 
mmol) in toluene (5 mL) was added sublimed PhOH (0.112 g, 1.19 
mmol) in toluene (-0.5 mL) and the mixture allowed to stir for 24 h. "Temperature 21 ? 1°C; Mo-K, radiation, graphite mono- 
The resulting deep orange solution was reduced in volume to -0.5 mL chromator, A = 0.70930 A (a , ) ,  0.71359 A (a2); function mini- 
and hexanes (1 mL) added. Cooling to -30°C gave orange crystals. mized was Cw(lF0I - IF,I)2, R = CI IF,I - IF,I IICIFoI, R,, = 

Yield: 0.210 g (two fractions: 82%); mp 89-91°C. 'H nmr (C6D6, (Cw(lFol - I F , I ) ~ I ~ ~ ~ F ~ ~ ~ ) ' ~ ~ ,  w = l l ( u 2 ( ~ )  + 0 . 0 0 0 6 ~ ~ ) .  

ppm): PhOH ... 0 ,  -9-12 (br s); H,,,,,, (PhOH), 7.28 (dd, 3 ~ m e , a  = 

8 . 0 ~ z ,  5 ~ p a ,  = 0.9 HZ); Hmela (PhOH), 7.18 (dd, 3~pa ra  = 7.8 Hz); Hydrogenation of 1-hexene 
H,,, (P~OH) ,  6.80 (tt); Horlho ( q 5 - c 6 ~ s 0 ) ,  6.25 (dd, 3~n,cra = 7.3 Hz; An identical procedure to that previously described (8) was utilized 
5~pa, = 1.0 HZ); H,,,, (q5-c6~50) ,  5.65 (dd, 3 ~ p a r a  = 6.0 HZ); Hpam except that the catalyst precursor was [(dippe)Rhl2(k-H)(k-OPh). 
(q5-C6~50), 4.70 (br t); PCHMe2, 1.58 (br octet, 2Jp = 3 ~ M p  = 
7.0H.4; PCH(CH3)2, 0.88 (dd, 3~~ = 15.5 HZ); PCH2CH2P, 0.84 Deuterium labelling studies 
(m); PCH(CH3)2,0.65 (dd, 3 J ~  = 13.5 Hz). 3 1 ~ { ' ~ )  nmr (C6D6, ppm [(dippe)Rh]z(k-D)2 + PhOH. To a solution of [(dippe)Rh]2(p-D)2 
relative to P(OMe.13 at + 141.0); 105.5 (d, ' J R ~  = 208 HZ). Anal. (0.039g, 0.053 mmol) in C6D6 was added P ~ O H  (0.009g, 0.096 
calcd. for C32H4903P2Rh: C 59.44, H 7.64, found: C 59.66, H 7.57. mmol) to generate an orange solution. Integration of the residual 
IR (toluene, cm-I): 2800 (OH, br); 1540 ( C 4 ,  s); 1271, 1246 hydride resonance versus the proton resonances of the phenoxy ligand 
(C-0, s). indicated an approx. 1 : 1 mixture of [(dippe)RhI2(k-D)(k-OPh) and 
Attempted preparation of (dippe)Rh(q3-CdY50) [(dippe)RhI2(p-H)(k-OPh). The addition of excess PhOH does not 

To a solution of (r13-C3~5)Rh(dippe) (0.032 g, 0.079 mmol) in change this 
toluene (2 rnL) was added PhOH (0.79 mLof 0.1 M solution in toluene, [(dippe)Rhl2(~-H) +dS-PhOD. To a solution of [(dippe)RhI2- 
1 equiv.) and the mixture stirred at room temperature for 24 h. The (PH)2 (0.080 gl 0.1°7 mmO1) in C6D6 *) was added C6D50D 

volatiles were then removed and the mixture analyzed by 1~ nmr (Aldrich; 0.012g, 0.120mmol); the resultant orange solution was 

spectroscopy. l,,tegration indicate that a -2: 1 mixture (+c3HS)Rh- analyzed by 'H nmr. Integration of the hydride resonance indicated an 
(dippe) and [(dippe)~h(-q5-C6H50)].2PhO~ was present. approximately 50% (*5%) loss of the hydride intensity which 

corresponds to a - 1: 1 mixture of [(dippe)Rh]z(k-H)(k-OC6DS) and 
Reactions of [(dippe)Rh]?(p-H)(k-OPh) [(dippe)Rbl2(k-oC6D5) as found above. 

Typically 10-20 mg of the complex was dissolved in C6D6 (0.4 mL) Crysrallographic analysis: Crystal data are given in T!ble 1. 
and placed in a 5 mm nmr tube sealed to a ground glass joint and fitted Precession and Weissenberg photographs (CuKa, A = 1.5418 A) were 
with a Teflon needle valve adapter. The nmr tube assembly was used to determine-approximate cell dimensions and to assign the space 
attached to the vacuum line and the solution degassed. Addition of the group as P1 or P1 (subsequent structure solution proved Pf to be the 
gaseous reactants (see below) was performed at - 196°C and the tube correct space group). Accurate cell dimensions were determined by 
sealed with a torch. least squares refinement of 25 accurately centred reflections (2p = 

With Hz: by 'H nmr, only the phenoxy-hydride dimer was detected 15-20") chosen from a variety of points in reciprocal space and 
even after long reaction times and heating to 75'C for 1 h. measured with Mo-Ka radiation (X = 0.7 1069 A). Data were collected 

With CHFCH,: by 'H nmr, only the phenoxy-hydride dimer was using an E~af-Nonius CAD4-F diffractometer. Scan information is 
detected even after long reaction times. given in Table 1; background measurements were made by extending 

With CO: As soon as the solution reached room temperature, an the scan range by 25% at each side of the scan. Measurement of 2 
orange to yellow colour change was observed; by 'H nmr, the solution standard reflections every hour allowed monitoring of crystal decay and 
contained PhOH and [(dippe)Rh(CO)]z(k-C0)2 (12). stability of the detection chain. Lorentz, polarization and absorption 
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TABLE 2. Final positional and thermal (A2) parameters for 
C34H700P4Rh2 

Atom X Y Z Bisoa 

corrections have been made (see Table 1 for range of transmission 
coefficients). 

The structure was solved by conventional Patterson and Fourier 
methods. All atoms were located by successive difference-maps. The 
final cycles of full-matrix least-squares refinement were performed by 
varying the coordinates of all atoms, with anisotropic temperature 
factors for all non-hydrogen atoms and fixed isotropic temperature 
factors for hydrogen atoms (the U values used for hydrogen atoms were 
determined during earlier refinement when hydrogen coordinates were 
fixed). A weighting scheme was derived on the basis of trends in wA2 as 
a function of lFol and sin plA (Table 1). An extinction correction (14) 
was also applied. The final difference map wat essentially clean apart 
from a couple of weak peaks [0.24-0.30(5)  el^^] in the vicinity of Rh 
atoms. The maximum parameter shift during the last cycle of 
refinement was 0 . 1 ~  for a hydrogen atom and 0 . 0 3 ~  for a non- 
hydrogen atom. Atomic scattering factors including anomalous disper- 
sion were taken from Tables for X-ray crystallography (15). Final 
positional and thermal parameters for non-hydrogen atoms were given 
in Table 2. Anisotropic thermal parameters, final positional, and 

thermal parameters for hydrogen atoms and structure factor listings are 
available as supplementary material (Tables 81-83).3 The computer 
programs used here are those belonging to "The VAX 7501780 crystal 
structure system" (16). 

Results and discussion 
The reaction of deep green solutions of [ ( d i ~ p e ) R b ] ~ ( p - H ) ~  

l a  (dippe = 1,2-bis)diisopropylphosphino)ethane) with phenol 
(C6H50H) leads to an immediate colour change to orange and 
the formation of 2 in excellent yields. Monitoring the reaction 
shown in reaction [ I ] by 31~{1H) nmr spectroscopy indicates 
that one equivalent of phenol is enough to completely convert 
l a  to 2 in quantitative yield; in practice, between one and two 

equivalents are used. Addition of excess phenol does not affect 
the 31~{1H) nmr spectrum initially, however, a new species does 
begin to grow in with time (vide infra). The 'H nrnr spectrum of 
2 is characterized by a symmetrical multiplet (triplet of triplet of 
triplets due to coupling with two ' 0 3 ~ h ,  two trans 3 1 ~  and two 
cis 3 1 ~  nuclei) for the bridging hydride at -8.9ppm and an 
AA'BB'C pattern for the protons on the bridging phenoxide; the 
dippe ligand resonances are appropriate for the symmetry of the 
complex. The 31~{1H) nmr spectrum consists of two sets of 
symmetrical resonances due to the AA'MM'XX' spin system. 
The ir spectrum shows a strong C 4  absorption at 1240 cm-'. 

The single crystal X-ray structure of 2 shown in Fig. 1 
confirms the above basic structure (reaction [I]). The four 
phosphorus, two rhodium, the bridging 'hydrogen, and the 
bridging oxygen atoms are essentially coplanar. Selected bond 
distances and angles are contained in Table 3. The molecule is 
quite symmetrical with both Rh(1)-H(1) and Rh(2)-H(l) 
bond distances equal to 1.74(3) A; similarly, the respective 
R h ( l + O  and R h ( 2 W  bond distances of 2.117(1) and 
2.1 14(2) A are almost identical. The Rh-P!onds trans to the 
bridging hydride are approximately 0.05 A longer than the 
R h - P  bonds trans to the bridging phenoxige group (compare 
Rh(1)-P) 1) and Rh(2)-P(3) at 2.2209(7) A to R h ( l F P ( 2 )  at 
2.1720(7) A and Rh(2)-P(4) at 2.1657(7) A). Although the 
Rh-P  bond distances correlate with the stronger trans in- 
fluence (17) of a hydride versus an oxygen donor, non-bonding 

3~nisotropic thermal parameters, final positional and thermal 
parameters for hydrogen atoms and calculated structure amplitudes are 
available at a nominal charge from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, Ottawa, Ont., 
Canada KIA OS2. 
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FRYZUK ET AL. 177 

FIG. 1. ORTEP view and numbering and labelling scheme for 
[(dippe)RhI2(p-H)(p-0C6H5). Thennal ellipsoids are drawn at the 
50% probability level. 

repulsions between the phenyl and the isopropyl groups may 
also be operative. The geometry around the oxygen atom is 
pyramidal with the following bond angles: Rh(1)-C-Rh(2), 
88.22(5)"; Rh(1)-C-C(5 l ) ,  1 19.6(2)"; Rh(2)-C-C(5 l ) ,  
1 17.2(2)". The bite angles of the dippe ligands of 86.57(2)" and 
86.77(3)" are only slightly larger than the previously observed 
angles of 85.89(4)" and 86.44(4)" in [(dippe)Rh]2(t-~)(p-r12- 
CH=CH2) (19). The Rh-Rh distance of 2.7825(4) A is similar 
to the observed distance of 2.8655(5) A found in [(dippe)RhI2- 
(p-H)(p-r12-C~=CH2). 

The source of the bridging-hydride in the p-phenoxide 
derivative 2 was investigated by analysis of the reaction of the 
dideuteride l a '  with unlabelled phenol (reaction [2]) and the 
complementary reaction of the dihydride l a  with deuterated 
phenol reaction [3] (Rh* = Rh(dippe)). 

In both reactions, 'H nmr spectral analysis of the products 
showed that the phenoxy-deuteride and the phenoxy-hydride 
were formed in approximately equal amounts, regardless of the 
experimental conditions. These experiments establish that 
protonation by phenol, or more accurately oxidative adition of 
HX (X = 0C6H5) proceeds through an intermediate which 
scrambles the hydrides and deuterides before the reductive 
elimination step. 

The phenoxy-hydride 2 is much less reactive than the starting 

binuclear dihydride l a .  For example, the addition of either Hz 
(4 atm) or ethylene (1 atm) to 2 does not result in any observable 
change in the 'H nmr spectrum. However, the addition of 
carbon monoxide to 2 results in an immediate colour change 
from orange to yellow; 'H nmr spectral analysis indicates the 
presence of free phenol (equiv.) and the formation of [(dippe)- 
Rh(C0)]2(p-C0)2 (1 2). Insertion of CO into the bridging- 
phenoxide was not observed (Scheme 1). 

N.R. 

0 
1 1  C O  

Rh- 
I \c/ 

C0 / I  
0 

N.R. 

Under typical hydrogenation conditions, the phenoxy- 
hydride 2 does act as a catalyst precursor for the reduction (and 
isomerization) of 1-hexene; however, the rate is an order of 
magnitude slower than the starting dihydride l a  (see Experi- 
mental section (12)). 

As mentioned above, when the formation of the phenoxy- 
hydride 2 from the binuclear dihydride l a  is monitored by 
3 1 ~ { ' ~ )  nmr spectroscopy, another product grows in with time 
in the presence of excess phenol, as evidenced by the appear- 
ance of a sharp doublet ('.lRh = 208 Hz). This new material is 
formulated as the mononuclear complex (dippe)~h($- 
C6H50).2C6H50H, 3. 

, HOC6H5 

Characteristic of the cyclohexadienylone ligand is the upfield 
shift of the protons of the coordinated + - C ~ H ~ O  group in the 'H 
nmr spectrum, and the presence of a strong band in the ir at 
1545cm-' for the carbonyl stretch. The presence of the 
additional phenol units hydrogen-bonded to the carbonyl is 
apparent both from the broad singlet downfield (-9- 1 1 ppm) in 
the 'H nrnr spectrum and the broad OH stretch in the ir; the 
analytical figures also support this formulation. 

This type of structural unit contained in 3 is not unique. A 
number of ruthenium(I1) derivatives of the general formula 
( P ~ ~ P ) ~ H R U ( ~ ~ - C ~ H , O ) . S ~  (where S = PhOH or MeOH), as 
well as the rhodium analogues of formula ( P ~ ~ P ) ~ R ~ ( ~ ~ -  
C6H50).(PhOH), (n = 2 or 3) have been isolated 
(18). The single crystal X-ray structure of ( P h 3 ~ ) 2 ~ ~ u ( r 1 5 -  
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TABLE 3. Selected bond parameters for C34H700P4Rh2 

Distance Distance 
Bond (A) Bond (A) 

Angle Angle 
Bonds (deg) Bonds (deg) 

C6H50).2PhOH is reported4 to show the pentahapto mode of 
ligation of the cyclohexadienylone ligand and the presence of -0- \ 

the two hydrogen-bonded phenol units. A more recent (19) -C3H6 

crystal structure of ( P ~ ~ P ) ~ R ~ ( ~ ~ - A ~ o )  (where ArO = 2,6-di- 4 (I)~) + 3C6H50H - 
tert-butyl-4-methylphenoxy) also shows the interaction of just 
five carbons of the aromatic fragment with the rhodium centre. 

The synthesis of 3 can also be achieved by the addition of 
<> ' 

excess phenol to the (dippe)rhodium allyl derivative 4 as shown ,, HOCsHs 
n' - - 

in reaction [4]. 
Interestingly, attempts to generate 3 without the hydrogen- 
bonded phenol units by the direct addition of exactly one 
equivalent of phenol to the allyl complex 4 only resulted in the 
isolation of the starting allyl 4 and 3 in a 2: 1 ratio, respectively: 
it would appear that in the presence of phenol the hydrogen- 
bonded adduct 3 is the preferred product. No further attempt 

4 ~ .  C. McConway and A. C. Skapskl. Cited in ref. 18 
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was made to generate the analogous cyclohexadienylone com- 
plex free of hydrogen-bonded phenol. 

Conclusions 
The results of this study show that the incorporation of a 

bridging ligand such as phenoxide to replace the bridging 
hydride diminishes the reactivity of the binuclear rhodium 
fragment; this is evidenced by both a complete lack of reactivity 
in stoichiometric reactions with dihydrogen and ethylene, as  
well as an order of magnitude reduced reactivity in the catalytic 
mode in the hydrogenation of 1-hexene, when compared to the 
very reactive [(dippe)Rh],(p-H),, l a .  Given that the typical 
bridging ligands are four- or six-electron donors (two electrons 
to each metal), coordinative saturation in polynuclear systems 
incorporating these bridging ligands is more easily achieved, 
ultimately generating less reactive or  inert metal clusters. 
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Thermal rearrangement of functionalized 1,2-divinylcyclopropane systems. A convenient synthesis of 
substituted 4-cyclohepten-1-ones 
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EDWARD PIERS, MAX S. BURMEISTER, and HANS-ULRICH REISSIG. Can. J. Chem. 64, 180 (1986). 
Reaction of the acyl chlorides 14-21 with lithium (phenylthio)(cis-2-vinylcyclopropyl)cuprate (2) provided the ketones 

22-29. Compounds 22-25, upon treatment with i-PrrNLi-Me3SiC1, were converted cleanly into the en01 silyl ethers 30-33, 
which gave the 1,4-cycloheptadienes 34-37 upon thermolysis (100- 110°C). Acid hydrolysis of the latter materials produced the 
corresponding 4-cyclohepten-1-ones 38-41. However, subjection of the cis-2-vinylcyclopropyl ketones 26-29 to i-Pr2NLi-r- 
BuMe2SiCl afforded, in each case, a mixture of isomeric en01 ethers (26 + 42 + 44 (1: 1); 27 -+ 43 + 45 (1 :9); 28 + 56 + 58 
(]:I); 29 - 57 + 59 (4:l)). Thermolysis (150-175°C) of these mixtures, followed by acid hydrolysis of the resultant products, 
gave the 4-cyclohepten-1-ones 54,55 ,64 ,  and 65, admixed with the corresponding 3-methylenecyclopentenes 52,53 ,62 ,  and 
63. On the other hand, treatment of the trans-2-vinylcyclopropyl ketones 70-74 with i-Pr2NLi-t-BuMe2SiC1 provided 
exclusively or predominantly the en01 ethers 75-79. Thermolysis (230°C) of the latter materials and subsequent acid hydrolysis 
of the resultant products 80, 50, 51, 60, and 61 afforded the 4-cyclopenten-I-ones 38, 54, 55, 64, and 65. 

EDWARD PIERS, MAX S. BURMEISTER, et HANS-ULRICH REISSIG. Can. J. Chem. 64, 180 (1986). 
La rCaction des chlorures d'acyle 14-21 avec le (phCnylthio)(vinyl-2 cyclopropyle-cis) cuprate de lithium (2) conduit aux 

cCtones 22-29. Les composCs 22-25, traitCs par le i-Pr2NLi-Me3SiC1, se transforment proprement en Cthers Cnoliques silylCs 
30-33 qui, par thermolyse (100-1 10°C), donnent les cycloheptadiknes-l,4 34-37. L'hydrolyse acide des composCs 34-37 
conduit aux cyclo-4 heptkne-4 ones-] 38-41. Cependant, si on traite les vinyl-2 cyclopropylcCtones-cis 26-29 avec le 
i-Pr2NLi- t-BuMe,SiCl on obtient, dans chaque cas, un rnClange d'Cthers Cnoliques isomeres (26- 42 + 44 (1: 1); 2 7 4  43 + 45 
(1:9); 98- 56 + 58 (1:l); 29- 57 (4:l)). La thermolyse(150-175°C) deces mClanges, suivie d'une hydrolyse acide, donne les 
cycloheptbne-4 ones-1 54, 55, 64 et 65 rnClangCs avec les mCthylbnes-3 cyclopentknes correspondants 52, 53, 62 et 63. Par 
ailleurs, si on traite les vinyl-2 cyclopropylcCtones-trans 70-74 avec le i-Pr2NLi-t-BuMe2SiC1, on obtient exclusivernent ou 
d'une f a ~ o n  rnajoritaire les Cthers Cnoliques 75-79. La thermolyse (230°C) de ces derniers, suivie d'une hydrolyse acide des 
produits rCsultants 80, 50, 51, 60 et 61, conduit aux cyclopentbne-4 ones-1 38,54,  55, 64 et 65. 

[Traduit par le journal] 

Introduction 
Recent reports (1, 2) from this laboratory described, inter 

alia, the development and utilization of a new seven-membered 
ring annulation method which can be summarized in general 
terms by eq. [I]. Thus, reaction of cyclic P-iodo a ,P-  
unsaturated ketones 1 (3) with a mixture of the lithium 

I 2 cis H' 
3 trans 4 reagents such as 2 and 3. However, on the basis of this line of 

reasoning, it appeared appropriate to investigate whether or not 
this type of chemistry could be extended to include a new 
synthesis of 4-cyclohepten-1-ones 11 via a route outlined in eq. 
[2]. Explicitly, reaction of a suitable acyl derivative 7 with the 
cuprate reagents 2 and (or) 3 should provide the ketones 8. 
Conversion of the latter materials into appropriate en01 deriva- 
tives 9 and subsequent thermal rearrangement of the latter 
materials would, if successfully executed, lead to the cyclo- 
heptadienes 10. Hydrolysis of the en01 ether function of 10 
would provide the substituted 4-cvclohepten- 1-ones 11. We 
report ierein the results of our studies in ;his area. ' (phenylthio)(2-vinylcyclopropyl)cuprates 2 and 3, followed by 

rearrangement of the mixture of 
- 'For a preliminary report regarding some of the work outlined here- P-(2-vin~1c~c10~r0~~1)en0nes 4 7  provides the annulation prod- in, see ref. 4. It should be noted that Wender and Filosa (5) have 

ucts 5, or, if R = H, 6. reported the preparation of 2,2,5-trimethyl-4-cyclohepten-1-one (kara- 
From a structural point of view, P-iodo enones 1 are hanaenone) via a route similar to that outlined in eq. [2], although they 

vinylogous acyl iodides and, therefore, it is not surprising that did not prepare the requisite 2-vinylcyclopropyl ketone by reaction of 
these substances react smoothly and efficiently with cuprate an acyl derivative with an appropriate cuprate (cf. 7 + 2, 3 -+ 8). 
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Results and discussion 
(a) Preparation of the alkyl and cycloalkyl cis-2-vinylcyclo- 

propylketones 22-29 (see Chart 1) 
The thermal Cope rearrangement of compounds containing a 

trans-divinylcyclopropane system can normally be carried out 
efficiently by heating these substances at elevated temperatures 
(usually >160°C). However, it is well known (refs. 6, 7; see 
also citations given in ref. 1) that the corresponding rearrange- 
ment of cis-divinylcyclopropane substrates ordinarily occurs 
under much milder conditions, often at or slightly above 
ambient temperatures. Because of this fact, and because we 
wished to be able to characterize synthetic intermediates 
without resorting to tedious separations of isomeric substances, 
our initial work was carried out on isomerically pure alkyl and 
cycloalkyl cis-2-vinylcyclopropyl ketones. 

The cis ketones 22-29 that were used in this work were 
prepared conveniently by reaction of the cuprate reagent 2 with 
the corresponding acyl chlorides 14-21.' Thus, treatment of 
cis-1-bromo-2-vinylcyclopropane (12)3 with 1.1- 1.4 equiva- 
lents of tert-butyllithium in dry ether or tetrahydrofuran at 
-78"C, followed by reaction of the resultant cyclopropyllith- 
ium reagent 13 with phenylthiocopper (10) at -20°C, afforded a 
brown solution of the cuprate 2. When the latter species was 
allowed to react (-78OC to room temperature) with each of the 
acyl chlorides 14-21, the required ketones 22-29, respectively, 
were formed smoothly and, in 7 out of the 8 cases, efficiently. 
Only the yield (41 %) of the benzyl ketone 15 was below 80%. In 
each case, the ketone could be obtained in high purity (>95%) 
by simple distillation of the crude product. 

(b) Conversion of the ketones 22-29 into en01 silyl ethers and 
thermal rearrangement of the latter substances (see Chart 
2) 

Treatment of the ketone 22 with 1.2 equiv. of lithium 
diisopropylamide (tetrahydrofuran, -78"C), followed by trap- 
ping of the resultant enolate anion with Me3SiC1, provided the 

'Other functional derivatives of carboxylic acids (e.g. RCOSPh, 
RCOSePh) can be employed in these reactions. However, in some of 
the cases in which comparisons were made, superior yields were 
obtained with acyl chlorides. 

3~eduction of 1 , l  -dibromo-2-vinylcyclopropane (8) with tri-n-butyl- 
stannane (9) or with zinc metal in ether - acetic acid (1) provides 
mixtures of cis- and trans-1-bromo-2-vinylcyclopropane (ratios -7:3 
and 4-5:1, respectively). The monobromides can be separated by a 
combination of fractional distillation and column chromatography (180 
g of silica gellg of mixture, elution with pentane). See also ref. 5. 

crude en01 ether 304 in essentially quantitative yield. In similar 
fashion, the ketones 23-25 could be transformed smoothly into 
the ethers 31-33, respectively. En01 trimethylsilyl ethers are 
not noted for their stability and, in addition, it was found that 
substances 30 and 31 rearranged slowly at or slightly above 
ambient temperatures. Therefore, compounds 30-33 were not 
purified but were subjected directly to thermolysis (neat, 
100-1 10°C, 30 min). The resultant products 34-37, respective- 
ly, were produced in excellent yields (>85%), could be purified 
by simple distillation, and were individually characterized. 
Acid hydrolysis of each of the Cope rearrangement products 
provided (>84%) the substituted 4-cyclohepten- 1 -ones 38-41. 
Thus, at least with the substrates 22-25, the initially proposed 
conversion (see 8 + 11, eq. [2]) can be effected conveniently 
and efficiently. 

Consecutive treatment of the cyclohexyl ketone 26 with 
i-Pr2NLi and t-BuMe2SiC1 under conditions similar to those 
outlined above did not produce cleanly the expected en01 ether 
42. Instead, a mixture (-1 :1) of 42 and the positional isomer 
445 was obtained. Thus, in contrast to the cyclobutyl (24) and 
cyclopentyl (25) ketones, kinetic deprotonation of 26 with 
lithium diisopropylamide resulted in competitive removal of 
protons HA and HB. This unusual result may be due at least 
partially to the fact that the (axial) proton HA in 26 is sterically 
more hindered than the corresponding protons in 24 and 25. 
Indeed, it appears that steric factors are of some importance in 
these reactions since deprotonation of 26 with lithium 2,2,6,6- 
tetramethylpiperidide (a more hindered base than i-Pr2NLi) 
gave, after addition of t-BuMe'SiCl, the en01 ethers 42 and 44 
in a ratio of -3:7, respectively. Furthermore, when the 3,3-di- 
methylcyclohexyl ketone 27 (HA hindered further by an axial 
methyl group) was subjected to the i-Pr'NLi-t-BuMe2SiC1 
sequence, the products 43 and 45 were produced in a ratio of 
- 1 :9, respectively. 

It appears, however, that steric influences are not exclusively 
operative in these deprotonations, since subjection of cyclo- 
hexyl cyclopropyl ketone (46) to kinetic deprotonation 
(i-Pr2NLi) and silylation gave exclusively (8 1% isolated yield) 
the en01 ether 47. Thus, the kinetic acidity of HB in 26 is 
significantly greater than that of the corresponding proton Hc in 
46, even though the steric environments of these protons are 
similar. It is known (12) that the kinetic acidity of proton HD in 
cis-1-acetyl-2-phenylcyclopropane (48) is 100 times that of HE 
in the corresponding trans isomer 49, a phenomenon which has 
been attributed to an electronic effect involving conjugation 
between the phenyl and acetyl groups in the cis isomer 48. - -  - 
Perhaps the vinyl group in 26 exerts an electronic effect similar 

- - 

to that of the phenyl group in 48, resulting in a relative increase 
in acidity of HB (in 26) compared to that of Hc in 46. 

Thermolysis (15O0C, I h) of the mixture of 42 and 44 (- 1: 1) 
provided, in 81% yield, a mixture of substances consisting 
mainly of 50 (the product of Cope rearrangement of 42) and 52 
(the product of a "2-vinylmethylenecyclopropane rearrange- 

4 ~ h i s  material was quite unstable and, therefore, its homogeneity 
and stereochemistry could not be established. However, it seems likely 
(ref. 11 and papers cited therein) that this en01 ether consisted largely 
of the Z isomer, as shown in the structural formula. 

5 ~ h e  presence of 44 in the isolated product mixture was indicated by 
an ir absorption at 1765 cm-I, attributable to the stretching vibration 
of the exocyclic double bond in 44, and by the subsequent acquisition 
of the rearrangement product 52. 
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mentW6 of 44), in a ratio of about 1 : 1. When the thermolysis 
products were treated with 1 N hydrochloric acid in tetrahydro- 
furan, the en01 ether 50 was hydrolyzed to the spiro ketone 54, 
while 52 remained unchanged. Separation of 54 and 52 was 
achieved by chromatography and these materials were indivi- 
dually characterized. In similar fashion, thermolysis of the 1:9 
mixture of 43 and 45, followed by acid treatment of the resultant 
- 

6For examples and a discussion of this type of thermal rearrangement, 
see ref. 13 and papers cited therein. 

products 51 and 53, gave a 1 :9 mixture of compounds 55 and 53, 
from which the latter substance could be isolated in pure form. 

Use of the cis ketones 28 and 29 as substrates produced 
results similar to those obtained with 26 and 27. Thus 28, upon 
treatment with i-Pr2NLi-t-BuMe2SiC1, gave the positionally 
isomeric en01 ethers 56 and 58 (ratio - 1 :I) ,  while 29 afforded a 
4:l mixture of 57 and 59, respectively. Thermolysis of these 
mixtures and treatment of the resultant products (60,62; 61,63) 
with aqueous acid produced, in each case, a mixture of the 
corresponding 4-cyclohepten-1-one (64, 65) and the methyl- 
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enecyclopentene (62, 63). The latter mixtures were separated 
and the substances were individually identified. 

The results summarized above make it clear that some alkyl 
and cycloalkyl cis-2-vinylcyclopropyl ketones (e.g. 22-25) 
serve as excellent substrates for the synthesis of functionalized 
4-cyclohepten- 1 -ones (e.g. 38-41) via the reaction sequence 
originally proposed (eq. [2]). However, other structurally 
similar ketones (e.g. 26-29) did not give clean-cut results. 
Obviously, the difficulties associated with these substrates 
(general structure 66) can be traced to the fact that when HF is 
quite hindered, kinetically controlled deprotonation results in 
competitive removal of HF and HG. A possible solution to this 
problem would be to employ pure trans ketones (general 
structure 67) in the place of the cis isomers 66. In substrates 67, 
the cyclopropyl proton HI is sterically more hindered than HG in 
66 and, in addition, the (possible) acidity-enhancing electronic 
effect of the vinyl group (vide supra) on HG in 66 would, 
presumably, be absent in 67. Therefore, one might expect 
kinetic deprotonation of 67 to result in clean removal of HH even 
in those cases in which this proton is quite hindered. Silylation 
of the enolate anion thus formed would give the en01 ethers 68. 

If the (high temperature) Cope rearrangement of the latter sub- 
stances were to be clean and efficient, the problem of ultimately 
producing 4-cyclohepten- 1 -ones admixed with varying amounts 
of "unwanted" methylenecyclopentenes (e.g. 52, 53, 62, 63) 
will have been eliminated. The results of our experiments with 
trans-2-vinylcyclopropyl ketones are described below. 

(c) Preparation of the alkyl and cycloalkyl trans-2-vinylcyclo- 
propyl ketones 70-74 (see Chart 3) 

The trans ketones 70,71,  and 74 were prepared efficiently by 
reaction of the corresponding acyl chlorides 14,18,  and 21 with 
the isomerically homogeneous cuprate reagent 3 .  The latter 

species was obtained from trans-1-bromo-2-vinylclopropane 
(69).3 Alternatively, in order to avoid the rather tedious 
separation of the isomeric 1-bromo-2-vinylcyclopropanes 12  
and 69, the trans ketones could be derived by base-catalyzed 
equilibration of mixtures of cis and trans ketones. For example, 
reaction of the chlorides 19  and 20 with mixtures of the cuprate 
reagents 2 and 3 ,  followed by treatment of the resultant product 
mixtures (27, 72; 28, 73) with potassium tert-butoxide in 
tert-butyl alcohol - tetrahydrofuran provided the trans ketones 
72 and 73, respectively. These materials were contaminated 
with small amounts (-6-7%) of the corresponding cis isomers 
but, from a preparative point of view, this lack of purity did not 
cause significant difficulties. 

(d) Conversion of the ketones 70-74 into en01 silyl ethers and 
thermal rearrangement of the latter substances (see Chart 
4) 

Treatment of the ketone 70 with i-Pr2NLi-t-BuMe2SiC1 
produced, in high yield, the expected en01 ether 75. More 
importantly, similar reactions involving the substrates 71-74 
gave, in each case, exclusively or predominantly the en01 ether 
(76-79) resulting from initial removal of the proton HJ. Only in 
the case of the 3,3-dimethylcyclohexyl ketone 72, in which 
removal of H, is hindered by an axial methyl group, was any of 
the isomeric en01 ether (45) formed (- 1 2 % ) . ~  Thus, use of the 
trans ketones as substrates did indeed eliminate largely or 
completely the problem of competitive deprotonation and the 
eventual production of mixtures of products. 

38 54 R=H 64 65 phscg 55 R=Me 

CHART 4 

H As expected, Cope rearrangement of the trans divinylcyclo- 
2 propanes 75-79 required temperatures (-230°C) considerably 

higher than those employed for the thermolysis of the cis com- 

M e w H  Me3ccH2QH 

pounds 30-33, 42, 43, 56, and 57. However, in each case, it 
was gratifying to find that the corresponding cycloheptadiene 

Me H 

27,72 28,73 7~robab ly  about one-half of this amount of 45 was formed from the 
cis ketone 27, which was a contaminant (-7%) in the sample of 72 

CHART 3 employed. 
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(80, 50, 51, 60, 61) was formed cleanly and efficiently. Acid 
hydrolysis of the en01 ether function of each of these thermolysis 
products gave the 4-cyclohepten-1-ones 38,54,55,64, and 65, 
respectively. 

Conclusion 
The overall conversion of the acid chlorides 14-21 into the 

structurally diverse 4-cyclohepten-1-ones 38-41, 54, 55, 64, 
and 65, respectively, reveals that the initially proposed scheme 
(eq. [2]) represents a viable method in organic synthesis. The 
study outlined above showed, however, that the method is more 
generally successful using alkyl and cycloalkyl trans-2-vinyl- 
cyclopropyl ketones (e.g. 70-74) as intermediates rather than 
the corresponding cis ketones. 

Experimental 
General information 

Melting points and distillation temperatures are uncorrected. U1- 
traviolet (uv) spectra were obtained on methanol solutions using a 
Cary 15 spectrophotometer. Infrared (ir) spectra were recorded on a 
Perkin-Elmer model 710B spectrophotometer. Proton nuclear mag- 
netic resonance ('H nmr) spectra were measured on deuterochloroform 
solutions using a Bruker WP-80 spectrometer or Varian Associates 
HA-100 or XL-100 spectrometers. Signal positions are given in 6 
units, with tetramethylsilane as the internal standard. For compounds 
containing one or more tert-butyldimethylsilyl groups, the chemical 
shifts were measured relative to that of the chloroform proton (6 7.25). 
High resolution mass spectra were measured with a Kratos MS-50 mass 
spectrometer. Gas-liquid chromatography (glc) was carried out with a 
Hewlett-Packard HP-5832 A gas chromatograph. Microanalyses were 
performed in the Microanalytical Laboratory at the University of 
British Columbia. 

General procedure A. Preparation of the alkyl and cycloalkyl cis- 
(22-29) and trans-2-vinylcyclopropyl ketones (70, 71 ,  74)  

To a cold (-78"C), stirred solution of cis- (12) or trans-l-bromo- 
2-vinylcyclopropane (69) in dry ether or dry tetrahydrofuran (3-4 mL/ 
mmol of 12 or 69), under an atmosphere of argon, was added, dropwise 
(syringe), a solution (- 1.6 M) of tert-butyllithium (1.1-1.4equiv.) in 
pentane, and the resulting solution was stirred at -78'C for 2 h. Solid 
phenylthiocopper (1 equiv.) was added, the resulting sluny was diluted 
with dry tetrahydrofuran (-5 mLlmmol of 12 or 69), was allowed to 
warm to -20°C, was stirred at this temperature for 30 min, and was 
then recooled to -78°C. To the resulting clear, brown solution was 
added the appropriate acyl chloride (0.66 equiv.) and the reaction 
mixture was stirred at -78°C for 10 min, at -20°C for 1 h, and at room 
temperature for 1 h. The solution was treated with saturated aqueous 
ammonium chloride and ether (-0.25 mL and 10 mL/mmol of 12 or 
69, respectively). The mixture (a precipitate formed) was stirred for 
20 min, was treated with anhydrous magnesium sulfate, and was then 
filtered through a column of Florisil (3 cm) layered over anhydrous 
magnesium sulfate (3 cm). 'The column was washed thoroughly with 
ether. Removal of the solvent from the combined filtrate gave an oil, 
which, upon distillation under reduced pressure, afforded the cis- or 
trans-2-vinylcyclopropyl ketone. 

The following compounds were prepared by means of this procedure. 

n-Pentyl cis-2-vinylcyclopropyl ketone (22)  
From 73mg (0.54mmol) of hexanoyl chloride (14) there was 

obtained 78.5 mg (87%) of 22; distillation temperaature 90-10O0C/ 
12 Torr (1 Tom = 133.3 Pa); ir(fi1m): 3090, 3020, 1700, 1620 cm-'; 
'H nmr 6: 0.75-2.4 (diffuse m, 13H), 2.50 (t, 2H, J = 7 Hz), 4.9-5.3 
(8-line m, 2H), 5.48-5.9 (8-line m, lH). Anal. calcd. for C,  ,H,,O: C 
79.46, H 10.91; found: C 79.60, H 11.00. 

Benzyl cis-2-vinylcyclopropyl ketone (23)  
From 169 mg (1.09 mmol) of phenylethanoyl chloride (15) there was 

obtained 84mg (41%) of 23; distillation temperature 70-80°C/0. 1 
Torr; ir(fi1m): 1695, 1640, 1605, 1500 cm-I; 'H nmr6: 0.98-1.48 (m, 

VOL. 64. 1986 

2H), 1.70-2.36 (m, 2H), 3.68 (s, 2H), 4.82-5.18 (6-line m, 2H), 
5.4-5.8 (8-line m, lH), 7.02-7.46 (m, 5H), Anal. calcd. for 
CI3Hl40: C 83.83, H 7.58; found: C 83.66, H 7.77. 

Cyclobutyl cis-2-vinylcyclopropyl ketone (24)  
From 155 mg (1.3 1 mrnol) of the acyl chloride 16 there was obtained 

182 mg (93%) of 24; distillation temperature 100- l 10°C/12 Tom; 
ir(fi1m): 3100, 1690, 1635 cm-'; 'H nmr6: 0.8-1.5 (m, 2H), 1.55-2.4 
(m, 8H), 3.12-3.5 (m, lH), 4.82-5.26 (8-line rn, 2H), 5.44-5.86 
(8-line m, 1H). Anal. calcd. for CloH140: C 80.01, H 9.40; found: C 
79.70, H 9.33. 

Cyclopentyl cis-2-vinylcyclopropyl ketone (25)  
From 60 mg (0.45 mmol) of the acyl chloride 17 there was obtained 

62.4 mg (85%) of 25; distillation temperature 1 10-120°C/12 Torr; 
 film): 3100, 1695, 1635 cm-I; 'H nmr 6: 1.02-2.42 (m, 12H), 
2.78-3.12 (m, lH), 4.82-5.24 (8-line m, 2H), 5.40-5.82 (8-line m, 
1H). Exact Mass calcd. for C I  IH160:  164.1201; found: 164.1204. 

Cyclohexyl cis-2-vinylcyclopropyl ketone (26)  
From 233 mg (1.59 mmol) of the acyl chloride 18 there was obtained 

231 mg (82%) of 26; distillation temperature 120-140°C/12 Torr; 
ir(fi1m): 3090, 3020, 1690, 1640cm-I; 'H nmr 6: 0.84-2.64 (m, 
15H), 4.84-5.26 (8-line m, 2H), 5.42-5.84 (8-line m, 1H). Anal. 
calcd. for CI2Hl80:  C 80.85, H 10.18; found: C 80.76, H 10.19. 

3,3-Dimethylcyclohexyl cis-2-vinylcyclopropyl ketone (27) 
From 895 mg (5.5 1 mmol) of the acyl chloride 19 there was obtained 

922mg (87%) of 27; distillation temperature 90-95OCi0.25 Torr; 
ir(fi1m): 3060, 2990, 1690, 1630cm-I; 'H nmr 6: 0.94 (s, 6H), 
1.0-2.82 (m, 13H), 4.9-5.3 (m, 8 lines, 2H), 5.45-5.87 (m, 1H). 
Exact Mass calcd. for CI4HZ2O: 206.1670; found: 206.1669. 

Neopentyl cis-2-vinylcyclopropyl ketone (28)  
From 179 mg (1.33 mmol) of 3,3-dimethylbutanoyl chloride (20) 

there was obtained 218mg (88%) of 28; distillation temperature 
80-90°C/12 Torr; idfilm): 3075, 1695, 1640cm-'; 'H nrnr 6: 0.95-1.5 
(m, 2H), 1.03 (s, 9H), 1.82-2.4 (m, 2H), 2.44 (s, 2H), 4.92-5.32 
(8-line m, 2H), 5.56-5.96 (8-line m, 1H). Exact Mass calcd. for 
CIIHl,O: 166.1357; found: 166.1359. 

Cycloheptyl cis-2-vinylcyclopropyl ketone (29)  
From 75 mg (0.47 mmol) of the acyl chloride 21 there was obtained 

73 mg (81 %)of 29; distillation temperature 70-8O0C/O. 1 Torr; ir(fi1m): 
3075, 3005, 1695, 1635 cm-'; 'H nmr 6: 0.82-2.4 (m, 16H), 
2.42-2.76 (broad unresolved m, lH), 4.84-5.24 (8-line m, 2H), 
5.44-5.86 (8-line m, 1 H). Exact Mass calcd. for CI3HZ00: 192.15 15; 
found. 192.1518. 

n-Pentyl trans-2-vinylcyclopropyl ketone (70)  
From 99mg (0.74mmol) of hexanoyl chloride (14) there was 

obtained 105 mg (86%) of 70; distillation temperature 100-1 10°C/12 
Tom; ir(fi1m): 3080, 3000, 1695, 1640cm-I; 'H nmr 6: 0.8-2.1 
(diffuse m, 13H), 2.55 (t, 2H, J = 7Hz), 4.9-5.66 (m, 3H). Exact 
Mass calcd. for CI IH180:  166.1357; found: 166.1355. 

Cyclohexyl trans-2-vinylcyclopropyl ketone (71)  
From 76 mg (0.52 mmol) of the acyl chloride 18 there was obtained 

84 mg (91%) of 71; distillation temperature 1 10- 120°C/12 Torr; 
ir(fi1m): 3080, 3000, 1695, 1640 cm-I; 'H nmr 6: 0.8-21. (diffuse m, 
14H), 2.3-2.65 (m, lH), 4.84-5.64 (m, 3H). Anal. calcd. for 
CI2Hl80:  C 80.85, H 10.18; found: C 80.99, H 10.24. 

Cycloheptyl trans-2-vinylcyclopropyl ketone (74)  
From 278 mg (1.74 mmol) of the acyl chloride 21 there was obtained 

236 mg (71%) of 74; distillation temDerature 65-75"C/0. 1 Torr; 
ir(fi1m): 3080, 3000, 1690, 1640 cm-'; 'H nmr6: 0.84-1.08 (m, lH), 
1.32-2.10 (m, 15H), 2.50-2.84 (m, lH), 4.90-5.68 (m, 3H). Exact 
Mass calcd. for C13HZ00: 192.1515; found: 192.1520. 

Preparation of 3,3-dimethylcyclohexyl (72)  and neopentyl trans- 
2-vinylcyclopropyl ketone (73)  

Reaction of the acyl chloride 19 (200mg, 1.15 mmol) with 1.5 
equiv. of a 1 : 1 mixture of the cuprate reagents 2 and 3, via a procedure 
very similar to that described above, gave 174 mg (73%) of a mixture of 
the ketones 27 and 72 (-1:l). Similarly, treatment of 3,3-dimethyl- 
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butanoyl chloride (20) (430 mg, 3.19 mmol) with 1.5 equiv. of a 
mixture of 2 and 3 (-4.2: 1, respectively) afforded 469 mg (90%) of a 
mixture of the ketones 28 and 73 (-3:1, respectively). 

A solution of the 1:1 mixture of 27 and 72 (87 mg, 0.42 mmol) and 
potassium tert-butoxide (71 mg, 0.63 mmol) in 3 mL of dry tetrahy- 
drofuran and 3 mL of dry tert-butyl alcohol was stirred at room 
temperature, under an atmosphere of argon, for 3 h. The reaction 
mixture was acidified by addition of dilute hydrochloric acid and the 
resultant mixture was extracted thoroughly with hexanes. The com- 
bined extract was washed with dilute aqueous sodium bicarbonate and 
brine, dried (MgS04), and concentrated. Distillation (90- 100°C/0.25 
Torr) of the residual oil gave 80mg (92%) of a colorless oil that 
consisted of a mixture of the ketones 27 and 72 in a ratio of -7:93, 
respectively. This material exhibited ir(fi1m): 3060, 2990, 1690, 
1630cm-I; 'H nmr 6: 0.94 (s, 6H), 1.0-2.14 (complex m, 12H), 
2.48-2.86 (m, lH), 4.90-5.70 (m, 3H). Exact Mass calcd. for 
C14H220: 206.1670; found: 206.1667. 

A solution of the 3: 1 mixture of 28 and 73 (380 mg, 2.32 mmol) and 
potassium tert-butoxide (104 mg, 0.93 mmol) in 3 mL of dry tetrahy- 
drofuran and 0.5 mL of dry tert-butyl alcohol was stirred at room 
temperature, under an atmosphere of argon, for 23 h. Work-up as 
described above and distillation (80-90°C/12 Torr) of the crude 
product gave 197 mg (52%) of a colorless oil that consisted of a 6:94 
mixture of the ketones 28 and 73, respectively. This material exhibited 
 film): 3080, 1690, 1640 cm-'; 'H nmr 6: 0.9-1.55 (m, 2H), 1.05 (s, 
9H), 1.86-2.12 (m, 2H), 2.48 (s, 2H), 4.90-5.68 (m, 3H). Exact 
Mass calcd. for CI  1H180: 166.1357; found: 166.1356. 

General procedure B. Conversion of the cis-2-vinylcyclopropyl ke- 
tones 22-25 into the cycloheptadienes 34-37 

To a cold (-78"C), stirred solution of lithium diisopropylamide 
(1.3- 1.5 mmol/mmol of ketone) in dry tetrahydrofuran (3 mL/mmol of 
base), under an atmosphere of argon, was added slowly a solution of 
the ketone (22-25) in dry tetrahydrofuran (2 mL/mmol of ketone), and 
the resultant solution was stirred at -78OC for 1 h. 

A quenching solution was prepared as follows. To a solution of 
trimethylsilyl chloride (-0.3 mL) in dry tetrahydrofuran (- 1 mL) was 
added dry triethylamine (-0.2 mL). The mixture was stirred (argon 
atmosphere) for a few minutes and then was centrifuged. The solution 
above the solid material was used to trap the enolate anions. 

Freshly prepared quenching solution (- 1.2 mL/mmol of ketone) 
was added to the cold (-78°C) enolate anion solution and the mixture 
was stirred at -78°C for 15 min and then at room temperature for - 1 h. 
The mixture was partitioned between saturated aqueous sodium 
bicarbonate and pentane (-10 mL and 20 mL/mmol of ketone, 
respectively) and the aqueous phase was washed twice with pentane. 
The combined extract was washed with brine, dried (Na2S04), and 
concentrated. The en01 silyl ethers 30-33 thus obtained as yellow oils 
in essentially quantitative yields exhibited no ir carbonyl absorption 
and, since they were quite unstable, these substances were not purified 
further. 

Thermolysis (neat, argon atmosphere, 100- 1 10°C, 30 min) of the 
yellow oils, followed by bulb-to-bulb distillation of the resultant 
materials, provided the cycloheptadienes 34-37 as colorless oils. 

7-n-~utyl-I -trimkthy~si~o.ry-~ ,4-cycloheptadiene (34) 
From 94 mg (0.57 rnmol) of the ketone 22 there was obtained 1 19 mg 

(88%) of 34; distillation temperature 120- 1 30°C/ 12 Torr; ir(fi1m): 
1660, 1260, 840 cm-'; 'H nmr 6: 0.13 (s, 9H), 0.74-2.94 (diffuse 
multiplets, 14H), 4.8 1 (t, lH, J = 5.5 Hz), 5.5-5.9 (m, 2H). Exact 
Mass calcd. for CI4Hz60Si: 238.1753; found: 238.1747. 

7-Phenyl-I -trimethylsiloxy-I ,4-cycloheptadiene (35) 
From 92 mg (0.49 mmol) of the ketone 23 there was obtained 107 mg 

(85%) of 35; distillation tern erature 85-95"CIO. 1 Torr; ir(fi1m): 1655, 
1600,1495, 1250,840 cm-9 'H nmr 6: -0 (s, 9H), 2.2-3.0 (m, 4H), 
3.1-3.7 (m, lH), 5.0 (t, lH, J = 5.5 Hz), 5.3-6.2 (m, 2H), 7.1-7.5 
(m, 5H). Exact Mass calcd. for C16H220Si: 258.1440; found: 
258.1448. 

5-(Trimethylsiloxy)spiro[3.6]deca-5,8-diene (36) 
From 120 mg (0.8 mmol) of the ketone 24 there was obtained 155 mg 

(87%) of 36; distillation temperature 95- 105"C/12 Torr; ir(fi1m): 1660, 
1645, 1250, 840 cm-'; 'H nmr 6: 0.19 (s, 9H), 1.54-2.74 (m, lOH), 
4.82 (t, lH, J = 6 Hz), 5.7-5.9 (m, 2H). Exact Mass calcd. for 
C13H220Si: 222.1434; found: 222.1442. 
6-(Trimethylsilox)l)~piro[4.6]undeca-6,9-diene (37) 
From 68 mg (0.42 mmol) of the ketone 25 there was obtained 94 mg 

(96%) of 37; distillation temperature 110-120°C/12 Torr; ir(fi1m): 
1650, 1250, 840cm-'; 'H nmr6: 0.17 (s, 6H), 1.1-2.1 (m, 8H), 2.22 
(d, 2H, J = 6Hz), 2.70 (t, 2H, J = 6Hz), 4.84 (t, IH, J = 6Hz), 
5.6-6.25 (m, 2H). Exact Mass calcd. for C,4H240Si: 236.1597; 
found: 236.1590. 

General procedure C. Conversion of the trans-2-vinylcyclopropyl 
ketones 70-74 into the cycloheptadienes 80, 50, 51,  60, 61 

To a cold (-78"C), stirred solution of lithium diisopropylamide 
(1.4- 1.5 mmol/mmol of ketone) in dry tetrahydrofuran (4 mllmmol of 
base), under an atmosphere of argon, was added slowly a solution of 
the ketone (70-74) in dry tetrahydrofuran (1 mL/mmol of ketone), and 
the resultant solution was stirred at -78OC for 45 min. A solution of 
freshly sublimed tert-butyldimethylsilyl chloride (1.6 mmol/mmol of 
ketone) in dry tetrahydrofuran (1 mL/mmol of chloride) was added, 
followed by dry hexamethylphosphoramide (0.5 mL/mmol of ketone). 
After the solution had been stirred at -78°C for 15 min and at room 
temperature for 2-3 h, it was partitioned between saturated aqueous 
sodium bicarbonate and pentane (- 10 mL and 20 mL/mmol of ketone, 
respectively). The aqueous phase was washed twice with pentane. The 
combined extract was washed four times with saturated aqueous 
sodium bicarbonate, twice with brine, and dried (MgS04). Removal of 
the solvent, followed by bulb-to-bulb distillation of the remaining oil, 
gave the corresponding en01 silyl ether (75-79)' as a colorless oil that 
exhibited no ir carbonyl stretching absorption. 

Thermolysis of 75-79 was accomplished by heating (neat, argon 
atmosphere) these substances at 230°C (air-bath temperature) for 
30-60 min. Direct distillation of the resultant materials provided the 
cycloheptadienes 80, 50, 51, 60, and 61, respectively, as clear 
colorless oils. 

7-n-Butyl-I -tert-butyldimethylsiloxy-l,4-cycloheptadiene (80) 
From 197 mg (1.19 mmol) of the ketone 70 there was obtained 

282 mg (85%) of 80; distillation temperature 140-150°C/12 Torr; 
~(film): 1660, 1260,840 cm-I; 'H nmr 6: 0.09, (s, 6H), 0.88 (s, 9H), 
0.70-2.95 (series of m, 14H), 4.80 (t, lH, J = 5.5 Hz), 5.5-5.9 (m, 
2H). Exact Mass calcd. for C17H320Si: 280.2222; found: 280.2228. 

7-(tert-ButyldimethyIsiloxy)spiro[5.6]dodeca-7,lO-diene (50) 
From 176 mg (0.99 mmol) of the ketone 71 there was obtained 

210mg (74%) of 50; distillation temperature 100-llO°C/O.l Torr; 
ir(fi1m): 1640, 1250, 840cm-I; 'H nmr 6: 0.12 (s, 6H) 0.94 (s, 9H), 
1.15-1.95 (m, lOH), 2.30 (d, 2H, J = 6.5Hz), 2.64 (t, 2H, J = 
6.0 Hz), 4.76 (t, 1 H, J = 6.0 Hz), 5.6-6.1 (m, 2H). Anal. calcd. for 
C18H320Si: C 73.90, H 11.03; found: C 74.21, H 1 1.30. Exact Mass 
calcd. : 292.2222; found: 292.2226. 

2.2 -Dimethyl-7-(tert- butyldimethyIsiloxy)spiro[5.6]dodeca-7,lO- 
diene (51 ) 

From 84 mg (0.41 mmol) of the ketone 72 (this material contained 
-7% of the cis ketone 27) there was obtained 78 mg (60%) of 51, 
which contained -12% of the methylenecyclopentene 53; distillation 
temperature 1 10-12O0C/0.35 Torr; ir(fi1m): 1630, 1255,850 cm-'; 'H 
nmr 6: 0.17, 0.19 (s, s), 0.75-1.00 (series of s), 1.01-2.75 (series of 
m), 4.72 (t, 1 H), 5.60-5.86 (m, 2H). 

7-tert-Butyl-I -tert-butyldirnethylsiloxy-I ,4-cycloheptadiene (60) 
From 188 mg (1.15 rnmol) of the ketone 73 (this material contained 

-6% of the cis ketone 28) there was obtained 267 mg (83%) of 60; 
distillation temperature 140-150°C/12 Torr; ~(f i lm):  1670, 1250, 
840cm-'; 'H nmr 6: 0.10, 0.12 (s, s, 3H each), 0.89, 0.99 (s, s, 9H 
each), 2.16-2.54(m, 3H), 2.6-2.9(m, 2H),4.89(t, lH, J = 5.5 Hz), 
5.36-5.82 (m, 2H). Exact Mass calcd. for C17H320Si; 280.2222; 
found: 280.2226. 

 he en01 silyl ether 77 was accompanied by a small amount 
(-12%) of the isomeric en01 ether 45. 
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l-(tert-Butyldirnethylsiloxy)spiro[6.6]trideca-l,4-diene (61) 
From 186mg (0.97 mmol) of the ketone 74 there was obtained 

272 mg (91%) of 61; distillation temperature 100- 1 10°C/O. 1 Torr; 
ir(film): 1665, 1260, 840cm-'; 'H nrnr 6: 0.10 (s, 6H), 0.90 (s, 9H), 
1.22-2.08 (m, 12H), 2.29 (d, 2H, J = 6.5Hz), 2.59 (t, 2H, J = 

5.5 Hz), 4.62 (t, 1 H, J = 5.5 Hz), 5.6-6.1 (m, 2H). Exact Mass calcd. 
for C19H340Si: 306.2379; found: 306.2372. 

General procedure D. Hydrolysis of the en01 silyl ethers 34  (80), 
35-37, 50,  51, 60, 61 to the 4-cyclohepten-1 -ones 38-41, 54, 
55, 64, 65 

To a solution of the en01 silyl ether in methanol or tetrahydrofuran 
(-lOmL/mmol of substrate) was added 1 N hydrochloric acid 
(-3 mL/mmol of substrate) and the resultant mixture was stirred, under 
an atmosphere of argon, at room temperature for 1-3 h. The reaction 
mixture was made basic by careful addition of cold saturated aqueous 
sodium bicarbonate and then was extracted thoroughly with pentane. 
The combined extract was washed with brine and dried (MgS04). 
Removal of the solvent, followed by bulb-to-bulb distillation of the 
residual material, provided the corresponding 4-cyclohepten- 1 -one as a 
colorless oil. 

2-n-Butyl-4-cyclohepten-1-one (38) 
From97 mg (0.41 mmol) of the trimethylsilyl enolether34 there was 

obtained 58 mg (85%) of the ketone 38. Alternatively, acid hydrolysis 
of the tert-butyldimethylsilyl en01 ether 80 (87 mg, 0.31 mmol) gave 
41 mg (80%) of 38; distillation temperature 100- 1 10°C/12 Torr; 
ir(film): 1705, 1660cm-'; 'H nmr 6: 0.89 (br t, 3H, J = 6Hz), 
1.08-2.0 (m, 6H), 2.0-3.0 (m, 7H), 5.6-5.86 (m, 2H). Exact Mass 

! calcd. for Cl lHI80:  166.1358; found: 166.1366. 

2-Phenyl-4-cyclohepten-1 -one (39) 
From 85 mg (0.33 rnmol) of compound 35 there was obtained 51 mg 

(84%) of the ketone 39; distillation temperature 95-105"C/O. 1 Torr; 
 film): 1695, 1660, 1605, 1500 cm-'; 'H nmr 6: 2.2-3.1 (m, 6H, 
4.00 (d of d, lH,  J =4.5, 10.5Hz), 5.72-5.88 (m, 2H), 7.08-7.44 
(m, 5H). Anal. calcd. for CI3Hl40:  C 83.83, H 7.58; found: C 84.00, 
H 7.58. 

Spiro[3.6]dec-8-en-S-one (40) 
From 55 mg (0.25 mmol) of the en01 ether 36 there was obtained 

34 mg (91%) of the ketone 40; distillation temperature 100-1 10°C/12 
Torr; ir(film): 1700, 1660cm-'; 'H nmr 6; 0.82-2.84 (series of m, 
12H), 5.7-5.94 (m, 2H). Anal. calcd. forCIOHI40:  C 80.01, H 9.40; 
found: C 79.75, H 9.30. 

Spiro[4.6]undec-9-en-6-one (41) 
From 36 mg(0.15 mmol) of thetrimethylsilyl enolether37 there was 

obtained 21 mg (85%) of the ketone 41; distillation temperature 
100- 1 10°C/12 Torr; ir(film): 1695 cm-'; 'H nmr 6: 1.3-2.84 (series of 
m, 14H), 5.48-5.84 (m, 2H). Anal. calcd. for CIIH160:  C 80.44, H 
9.82; found: C 80.10, H 9.83. 

Spiro[5.6]dodec-10-en-7-one (54) 
From92 mg (0.31 rnrnol) of the en01 silyl ether 50 there was obtained 

46 mg (84%) of the ketone 54; distillation temperature 70-80°C/ 0.1 
Torr; ir(film): 1700, 1650 cm-I; 'H nmr 6: 1.16-1.74 (series of m, 
14H), 5.64-5.80 (m, 2H). Anal. calcd. for C12H180: C 80.85, H 10.18; 
found: C 81.10, H 10.30. 

. . .  . . . . . . . 
. . .  . . 

. . . . . .  . . . . . , , 
2,2-Dirnethylspiro[5.6]dodec-10-en-7-one (55) 

. . .  From 70mg (0.22 mmol) of the en01 silyl ether 51 (this material 
contained -12% of 53) there was obtained 33 mg (73%) of an oil 
(distillation temperature 95-105"C/0.25 Torr) that consisted of the 
ketone 55 and the methylenecyclopentene 53 (ratio -87: 13). A sample 
of 55, obtained from this mixture by column chromatography on silica 
gel (elution with 1:7 ether - petroleum ether), exhibited ir(film): 1690, 
1640cm-'; 'H nmr 6: 0.76 (s, 3H), 0.91 (s, 3H), 0.9-2.45 (series of 
m, 13H),2.78-2.88(m, 1fI),5.72-5.84(m, 1H),5.86-5.97(m, IH). 
Exact Mass calcd. for C14H220: 206.1670; found: 206.1683. 

2-tert-Butyl-4-cyclohepten-1 -one (64) 
From 206 mg (0.74 mmol) of the tert-butyldimethylsilyl en01 ether 

60 there was obtained 108 mg (88%) of the ketone 64; distillation 
temperature 1 10- 120°C/12 Torr; ir(film): 1705, 1660 cm-'; 'H nmr 6: 

VOL. 64, 1986 

0.94(s, 9H), 2.1-3.14 (m, 7H), 5.4-5.86(m, 2H). ExactMasscalcd. 
for CIIH180:  166.1358; found: 166.1362. 

Spiro[6.6]tridec-4-en-1 -one (65) 
From 75 mg (0.24 mmol) of compound 61 there was obtained 34 mg 

(73%) of the ketone 65; distillation temperature 80-90°C/0.1 Torr; 
ir(fi1m): 1700, 1650cm-'; 'H nmr 6: 1.1-2.9 (series of m, 18H), 
5.44-5.84 (m, 2H). ExactMasscalcd. f 0 r C ~ ~ H ~ ~ 0 :  192.1514; found: 
192.1505. 

Subjection of the cis-2-vinylcyclopropyl ketones26-29 to thesequence 
(a) LiN(i-Pr)2-t-BuMe2SiCl, (b) thermolysis, and (c) 1 N hydro- 
chloric acid in tetrahydrofuran. Characterization of the dienes 
52, 53, 62. 63 

Deprotonation of each of the ketones 26-29 with lithium diisopro- 
pylamide, followed by reaction of the resultant mixtures of enolate 
anions with tert-butyldimethylsilyl chloride, was accomplished as 
described in general procedure C. From 26 there was obtained a 
mixture consisting mainly of the en01 silyl ethers 42 and 44 (ratio 
-1:l); 27 produced primarily compounds 43 and 45 (ratio - 1:9); 28 
gave 56 and 58 (ratio - 1 : 1); 29 afforded 57 and 59 (ratio -4: 1). The 
yields were >85%. In each case, the product mixture exhibited an ir 
absorption at - 1765 cm-', attributable to the stretching vibration of the 
exocyclic double bond in compounds 44,45, 58, and 59. 

Thermolysis (42,44: neat, 150°C, 1 h; 43,45: neat, 160°C, 45 min; 
56, 58: neat, 175"C, 1 h; 57, 59: neat, 150°C, 1 h) of each of these 
mixtures, followed by bulb-to-bulb distillation of the resultant oils, 
provided (>80%) the corresponding rearrangement products 50, 52; 
51,53; 60, 62; 61, 63. In each case, the product ratio was close to that 
of the starting materials. Treatment of the mixtures of rearrangement 
products with 1 N hydrochloric acid in tetrahydrofuran as described in 
general prodedure D gave, in each case, a mixture of the corresponding 
4-cyclohepten-l-one (54, 55, 64, 65) and the unchanged methyl- 
enecyclopentene (52, 53, 62,63). 

Compounds 54 (which showed spectra identical with those sum- 
marized previously) and 52 were separated by preparative tlc. The latter 
substance (distillation temperature 100- l 10°C/O. 1 Torr) exhibited 
ir(fi1m): 1635, 1250, 840cm-'; uv(Me0H): 231 nm (log E 4.12); 'H 
nmr6: -0.05(s,6H),0.84(s,9H),0.9-2.15(m, l lH) ,2 .36(dof t ,  
l H , J =  18 ,2Hz) ,2 ,65(dof t , lH,J=  18,2Hz),4,90(brs, lH),5.04 
(s, 1 H), 5.85-6.03 (m, 1 H), 6.06-6.20 (m, 1H). Exact Mass calcd. 
for C18H320Si: 292.2222; found: 292.2226. 

Column chromatography (silica gel) of the 9: 1 mixture of 53 and 55 
gave a sample of the diene 53  (distillation temperature 95- 105"C/O. 1 
Torr) which exhibited ir(film): 1630, 1250, 840cm-'; uv (MeOH): 
232 nm (log E 4.07); 'H nrnr 6: -0.07 (s, 6H), 0.80 (s, 3H), 0.82 (s, 
9H), 0.88 (s, 3H), 1.05-2.75 (m, 11H),4.88 (brs, lH), 5.02(s, lH), 
5.84-5.98 (m, lH), 6.02-6.20 (m, 1H). Exact Mass calcd. for 
C20H360Si: 320.2535; found: 320.2514. 

Compounds 64 (spectral data identical with those given above) and 
62 were separated by column chromatography on Florisil. Thediene 62 
(distillation temperature 120- 1 30°C/12 Torr) exhibited ir(film): 1640, 
1260, 840cm-'; uv (MeOH): 237 nm (log E 4.05); 'H nmr 6: -0.07, 
-0.05 (s, s, 3H each), 0.83, 1.01 (s, s, 9H each), 1.31 (d, lH, J = 
15Hz),1.75(d,1H,J=15Hz),2.54(doft,1H,J=19,2Hz),2.90 
(d of t, J = 19, 2Hz), 4.93 (br s, lH), 4.99 (s, IH), 5.84-6.02 (m, 
lH), 6.06-6.22 (m, lH). Exact Mass calcd. for C17H320Si: 280.2222; 
found: 278.2225. 

Compounds 65 (spectra identical with those given above) and 63 
were separated by column chromatography on Florisil. The diene 63 
(distillation temperature 100- 1 10°C/O. 1 Torr) exhibited ir(film): 1640, 
1250,830 c m ' ;  uv (MeOH): 233 nm (log E 3.95); 'H nmr 6: -0.06 (s, 
6H), 0.84 (s, 9H), 1.12-2.14 (m, 13H), 2.33 (d of t, lH, J = 18, 
2Hz) ,2 .59(dof t ,  lH,  J =  18,2Hz),4.90(brs ,  1H),5.03(s, lH), 
5.88-6.06 (m, lH), 6.08-6.26 (m, 1H). E.ract Mass calcd. for 
C19H340Si: 306.2378; found: 306.2382. 
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S.  HOTCHANDANI, R. H. CLARKE, and R. M. LEBLANC. Can. J. Chem. 64, 188 (1986). 
The zero-field ODMR of triplet state of chlorophyll b in n-octane has been carried out. The ODMR parameters measured at 

various fluorescence wavelengths suggest that Chl b is probably present in more than two ligated species in which water serves 
as the ligand. 

S. HOTCHANDANI, R. H. CLARKE et R. M. LEBLANC. Can. J. Chem. 64, 188 (1986). 
Les Ctudes de ODMR au champ zCro d'Ctat triplet de Chl b dans le n-octane ont CtC faites. Les paramktres ODMR mesurCs 

differentes longueurs d'ondes de fluorescence suggkrent que la Chl b existe sous la forme de plus de deux types de complexes 
ou l'eau agit comme ligand. 

Introduction 
Recently, we reported the ligand effects on chlorophyll a 

(Chl a) in n-octane by zero-field optical detection of magnetic 
resonance (ODMR) of its triplet state (1). From the ODMR 
parameters, namely the zero-field splitting (ZFS) parameters 
and rate constants for the decay of first triplet to ground state 
measured at various fluorescence detection wavelengths (excited 
with 457.9 nm and 5 14.5 nm argon-ion laser lines), we showed 
that Chl a exists in two distinct monomeric species. These 
species were assigned to the mono- and biligated chlorophyll 
monomer in which water served as the ligand coordinated to the 
magnesium metal center. The molecule chlorophyll b (Chl b) 
also plays an important role in photosynthesis and possesses an 
aldehyde group instead of a methyl group in Chl a (2). The 
ligand effects on Chl b are thus worth examining. - 

The Chl b - ligand (water) interaction has been studied by 
Ballschmiter and Katz (3) and by Cotton et al. (4) by ir and 
electronic spectroscopic methods. Recently, Chapados and 
Leblanc (5) using ir technique have discussed the effect of water 
on Chl a and Chl b mono- and multilayer arrays. The presence 
of various ligated species was, however, not discussed in 
the above studies. Since the ZFS parameters of the triplet state 
are quite sensitive to the local interactions, the ODMR 
technique provides a suitable means for probing particularly the 
subtle ligand substitution differences in triplet state. Prelimi- 
nary results on the zero-field ODMR of Chl b in n-octane have 
been reported by Clarke and Hofeldt (6); the ODMR experi- 
ments were carried out at only one wavelength (fluorescence 
maximum) and excited only with 457.9 nm argon-ion laser line. 
We present in this article the zero-field ODMR study of Chl b in 
n-octane at 2 K  carried out at various fluorescence detection 
wavelengths and excited with 457.9 nm and 514.5 nm laser 
lines to examine the ligand effect on Chl b triplet state. 

Materials and methods 
Chlorophyll b was obtained from Sigma Chemical Co. and was used 

without further purification. The solvent n-octane (Gold Label, Aldrich 
Chemical Co.) was distilled once and did not show any emission in the 

'~uthor  to whom all correspondence should be addressed. 

region of Chl b fluorescence. The concentration of solutions used in 
these experiments were kept in the range of M. 

The zero-field ODMR experiments at 2 K  were performed as 
described by Clarke and Hofeldt (6). The overall intersystem crossing 
rate constants (kdT) for decay from the lowest triplet state to ground 
state were measured at 77 K by method of Avarmaa (7). The excitation 
of samples was achieved by irradiation with 457.9 or 5 14.5 nm lines of 
an argon-ion laser (Spectra Physics Model 164). 

Results 
(a) Fluorescence 

When light from an argon-ion laser is used to excite a frozen 
solution of Chl b (not rigorously dried) in n-octane, fluor- 
escence maximum is found to be dependent upon wavelength of 
excitation. For example, as shown in Fig. 1, the 5 14.5 nm 
excitation line produces fluorescence maximum at 659 nm 
whereas the 457.9 nm laser line produces maximum at 649 nm 
with a shoulder at 659nm. The fluorescence maximum at 
649 nm (A,,, = 457.9 nm) is in agreement with the results of 
Clarke and Hofeldt (6) and is characteristic of Chl b monomers. 
All fluorescence spectra also show a band at -710nm, the 
origin of which is not yet well established but could be due to the 
water-linked Chl b dimer. 

(b) ODMR frequencies 
Figures 2 and 3 show the zero-field fluorescence detected 

ODMR spectra of Chl b in n-octane at 2 K recorded at various 
fluorescence detection wavelengths when excited with 457.9 
and 5 14.5 nm laser lines. 

It is seen from Fig. 2 (A,,, = 457.9nm) that at detection 
wavelengths 640 and 649 nm, two quite intense and well- 
resolved transitions, namely I Dl - I El and ID1 + I El, both 
corresponding to microwave-induced decrease in fluorescence 
intensity, are clearly visible at 870 t 10 and 1080 1+- 10 MHz. 
These frequencies are consistent with the earlier results of 
Clarke and Hofeldt (6). As one moves to longer detection 
wavelengths, these ODMR transitions become less intense but 
appear at the same frequencies. 

For excitation with 5 14.5 nm (Fig. 3), similar to A,,, = 
457.9 nm, two transitions, leading to microwave-induced de- 
crease in fluorescence intensity, at 870 and lO8OMHz are 
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610 6 6 0  710 7 6 0  
WAVELENGTH , nm 

HOTCHAND 

FIG. 1. The fluorescence spectra of Chl b  in n-octane at 77 K. 
(-) A,,, = 457.9 nm, (---) A,,, = 514.5 nm. 

6 0 0  7 75 9 5 0  1 1  25  1300 
FREQUENCY, MHz 

FIG. 2. Fluorescence detected zero-field CDMR spectra of Chl b  in 
n-octane at 2K.  The sample is excited with a 457.9 nm line from 
argon-ion laser and spectra recorded at ( a )  640 nm, ( b )  649 nm, ( c )  
659 nm, and ( d )  682 nm. 

observed for 640 and 649 nm detection wavelengths although 
not as intense and not as well resolved. As one goes to longer 
wavelengths, one starts to notice the distortion of these (870 and 
1080 MHz) transitions and growing in of the other transitions. 
At the detection wavelength of 659 nm the spectrum is already 

IANI ET AL. 189 

6 0 0  775 9 5 0  1 1  25 1300 
FREQUENCY, MHz 

FIG. 3. Fluorescence detected zero-field ODMR spectra of Chl b  in 
n-octane at 2 K; A,,, = 514.5 nm laser line. The detection wavelengths 
are ( a )  640 nm, ( b )  649 nm, ( c )  659 nm, ( d )  672 nm, and (e) 682 nm. 

complex. The transition at 870MHz has completely disap- 
peared and that at 1080 MHz has been replaced by transition at 
101 1 MHz. Furthermore, one can see feeble transitions (marked 
by arrows) at -920 and 1120 MHz, both leading to microwave- 
induced increase in fluorescence intensity. At 672 nm a very 
interesting feature appears. There are now only two well-resolved 
and intense transitions at 923 and 1125 MHz leading to micro- 
wave-induced increase in fluorescence intensity. At 682 nm, the 
same transitions as observed at 672 nm are predominant. 

It thus seems that excitation wavelength 457.9 nm predomi- 
nantly excites the species with ODMR transitions at -870 and 
1080 MHz (leading to decrease in fluorescence intensity), while 
514.5 nm is able to excite the species with ODMR transitions 
920 and 1126MHz (leading to an increase in fluorescence 
intensity) and also the species with ODMR transitions at -870 
and 1080 MHz (leading to decrease in fluorescence intensity). 
The complex shape of ODMR spectrum at 659 nm is probably 
due to simultaneous excitation of both species and thereby 
mixing the ODMR transitions. However, at wavelength 
672 nm, far removed from 649 nm (fluorescence maximum due 
to one species) one can see only two well-resolved transitions at 
920 and 1125 MHz due to another species. It should be 
mentioned that we have limited our ODMR discussion to Chl b 
monomers only (i.e. fluorescence wavelengths from 640 to 
690 nm) . 
(c) Intersystem crossing rate constants (kn) 

The overall decay constants kdT have been measured at 
various detection wavelengths (A,,, = 457.9 nm and 514.5 nm) 
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TABLE 1. Triplet ODMR data of Chl b in n-octance 

h e x c  fluoresccncc Adelection Transition frequencies 
(nm) (nm) (nm) (MHz) k d ~ t  (s-') 

~ - 

866 (d)*, 1084 (d) 
857 (d), 1072 (d) 
750 (d), 885 (d), 1085 (d) 
878 (d), 1088 (d) 
870 (d), 1087 (d) 
858 (d), 1062 (d) 
924 (i)*, 101 1 (d), 1 125 (i) 
923 (i), 1 125 (i) 
739 (i), 919 (i), 1109 (i)  

*(d) and (i) = microwave - induced decrease 
i k , ,  = overall triplet decay constant. 

and are presented in Table 1. A value of 380 + 40 for kdT is 
obtained when Chl b is excited with 457.9 nm. However, when 
excited with 514.5 nm laser line the rate constants seem to fall 
into two groups: ( I )  slower (170 + 10s-') rates for lower 
wavelengths 640-645 nm, and (2) faster (approximately 
double, 360 k 40 s-I) rates for higher wavelengths 659, 672, 
etc. 

Discussion 
I 
1 
I 

From fluorescence spectra it seems fairly reasonable to assign 
I the two maxima at 649 and 659 nm to two distinct species, one 

being preferentially excited with 457.9 nm and the other by 
1 
I 5 14.5 nm laser line. 
I The two sets of ODMR frequencies, i.e., 870 and 1070 MHz, 
I and 920 and 1125 MHz seem to support this assignment, and 1 similar to the case of Chl a in n-octane, the higher frequencies I can be assigned to monoligated and the lower frequencies to 
i biligated species of Chl b (1). The analysis of rate constants, 

i however, is not straightforward. These rate constants are known 
to be quite sensitive to local chlorophyll environment, particu- 

I larly with respect to ligands attached to the central magnesium 
atom. Unless rigourously dried, water is always available for 

I 

complexing with chlorophylls (via magnesium atom). Further- 
more, there is also an aldehyde group available for binding with 
water in Chl b. 

Comparing the results with Chl a in n-octane, where the 
assignment of rate constants to two species was a clear cut case, 
Chl b poses a problem. In Chl a, the rates for biligated species 
measured at its fluorescence maximum (excited with 457.9 nm) 
were found to be approximately double the rates for mono- 
ligated species detected at its fluorescence maximum (A,,, = 
514.5 nm). In Chl b too, we do see the slow (160 + 10s-l) and 
fast (340 s-', approximately double) rates, but the rates detected 
at 649nm (fluorescence maximum of one species, A,,, = 
457.9 nm) and those at 659 nm (fluorescence maximum of other 
species, A,,, = 514.5 nm) are almost the same -360 2 40 s-'. 
This makes the assignment of fluorescence maxima as due to 
mono- and biligated species rather difficult. However, one can 
invoke the presence of the following species: ( I )  species excited 
preferentially with 457.9 nm laser line with fluorescence maxi- 
mum at 649nm, with ODMR frequencies at -870 and 
1080MHz, and decay constants kdT equal to 380 + 40 s-.I; (2) 
species preferentially excited with 514.5nm and has fluor- 
escence maximum at 659 nm, ODMR frequencies at 920 and 
1125 MHz, and rates kdT equal to 360 k 40 s-'; and (3) species 
which emits fluorescence in short wavelength region 

or increase in fluorescence intensity, respectively. 

635-640 nm, (excited with 514.5 nm laser line) and has rates 
kdT equal to 160 + 10 s-'. Its ODMR transitions are probably 
very feeble, so much so that they are completely masked by 870 
and 1080 MHz transitions belonging to the first species. The rate 
constants of first species (380+ 40s-I) will, however, be 
dominated by the slower rates (160+ 10s-I) of the third 
species. 

It is at present difficult to pin point which one of the above 
three species is mono- or biligated (at the central magnesium 
atom), or ligated at aldehyde group, or ligated at ring V-keto 
group or ligated at all groups. However, following the argu- 
ments of Clarke and Frank (8) regarding the sensitivity of rate 
constants with respect to the ligand attachment; the first and the 
third species could be assigned, as in case of Chl a ,  to biligated 
and monoligated Chl b monomer, respectively, in which water 
is coordinated to magnesium metal center. 

The assignment of the second species with fluorescence 
maximum at 659 nrn, ODMR frequencies at 920 and 1 125 MHz, 
and rate constants equal, to 360 + 40s-',  is even harder. The 
higher ODMR frequencies suggest a monoligated (at Mg) 
species while higher rate constants suggest a biligated species. 
At present, we are unable to say much about its origin except to 
speculate that (in this species) the central magnesium atom is 
probably mono- or biligated with aldehyde or ring V-keto group 
or ligated with both the water on one side and the aldehyde or the 
ring V-keto group on the other side. 

It should be pointed out that in all the species mentioned 
above, ring V-keto and aldehyde groups are probably always 
hydrogen bonded with water (if not ligated to magnesium 
atom). However, it is the ligation at the magnesium atom that 
produces the pronounced changes in the triplet state ODMR 
parameters (9) and other properties of chlorophylls (5, 10). 

It thus seems that, substitution of an aldehyde group in Chl b 
for a methyl group in Chl a brings in quite dramatic changes: 
(i) contrary to Chl a ,  457.9 nm laser line yields fluorescence 
of Chl b at shorter wavelength (i.e. 649 nm) relative to 
excitation with 514.5 nm (Afl = 659 nm); (ii) the detection and 
assignment of various species is much easier in Chl a than in Chl 
b; (iii) the rate constants kdT for Chl b are approximately half 
those for Chl a .  This can be explained due to more nonplanar 
structure of Chl a relative to Chl b (with - C H O  group) leading 
to efficient spin-orbit coupling (6); (iv) the respective ODMR 
frequencies are higher in Chl b compared to those for Chl a ,  
which is again due to the increased conjugation of IT-electron 
network in Chl b due to - C H O  group than in Chl a which has a 
methyl group. 
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In conclusion, the ODMR experiments suggest that Chl b in 
n-octane is probably present in more than two species though a 
definitive assignment of mono- o r  biligated species o r  species 
ligated at aldehyde group is not easy. The ligand is most 
probably water, however, the present results d o  not point out to 
the exact nature of the ligand, i.e., whether it is water or the 
aldehyde group. 
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Ion/molecule reactions in allene. 111. Reactions of the parent ion with neutral alkanes 
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KENZO NAGASE and JAN A. HERMAN. Can. J. Chem. 64, 192 (1986). 
Ion/molecule reactions between the ion C3H4+' ion, from allene and neutral alkanes were investigated by mass spectrometry. 

There are four H'/CH3'/H-/H2- transfer reactions and relative rate constants were calculated. The overall rates increased in the 
order CH4 < C2H6 < C3H8 < i-C4HI0 < n-C4Hlo. There is also a stabilization process by alkanes of C6H8-' ion species, but its 
importance is lower than the above transfer processes. 

KENZO NAGASE et JAN A. HERMAN. Can. J.  Chem. 64, 192 (1986) 
Faisant appel i la spectromktrie de masse, on a CtudiC les rkactions ion/molCcule entre l'ion radical C3H4+', obtenu a partir de 

I'allkne, et des alcanes neutres. I1 se produit quatre rkactions de transfert H'/CH3'/H-/Hz- et on en a calculC les constantes rela- 
tives de vitesse. Les vitesses globales augmentent suivant l'ordre suivant: CH4 < C2H6 < C3H6 < i-C4Hlo < n-C4Hlo. I1 existe 
aussi un processus de stabilisation par les alcanes des espkces ioniques C6H8+'; toutefois, son importance est plus faible que celle 
provenant des processus de transferts mentionnks plus haut. 

[Traduit par le journal] 

Introduction 
In allene-alkane systems (alkanes: CH4, C2H6, C3H8, 

n-C4Hlo, and iso-C4H photoionized at 10.0- 10.6 eV (kryp- 
ton resonance lines) only allene parent ions are formed. It was 
verified experimentally that the A = 116.5 nm resonance line of 
krypton (10.6eV) does not ionize to a measurable extent the 
n-butane and the methylpropane molecules, the ionization 
potentials (IP) of these compounds being near this threshold 
(10.55 and 10.57 eV, respectively). At 10 eV the parent ion, 
C3H4+' (IP 9.6 eV), has some internal energy (<0.5 eV) but not 
enough to lead to fragmentation. It reacts with neutral allene in 
some characteristic ion/molecule reactions. which have been 
extensively studied (1-9). However, there i s  no report on the 
reactions of allene ions with neutral alkanes. 

In the C3H4 + RH2 systems where R is C,1H2,1 one should 
expect the H-/H2-/H' transfers to be important ion/molecule 
processes (10, 11). The H- transfer occurs efficiently in those 
cases where production of RH2 represents a reasonable exother- 
mic reaction channel for the ground state reactants. Transfer of 
HZ- is always favoured thermodynamically in any C,H2,+' + 
RH2 combination, which accounts for the observation that 
k(H-)/k(H2-) < 1.0 even when hydride transfer is highly 
exothermic. It was also reported that thermoneutral or slightly 
endothermic H-/H2- transfer processes with low cross-sections 
occur in the C3H6 + n-C4Dlo system and in this case it was 
assumed that a long-lived collision complex is formed favouring 
these reactions (12). 

One can expect that since allene is a highly unsaturated 
hydrocarbon, its parent ions might form a long-lived collision 
complex with alkanes and undergo hydride and hydrogen atom 
transfer reactions, beside stabilization processes of excited ion 
species formed during ionization of allene. The present experi- 
ments describe the ion/molecule processes found in allene + 
alkane systems and an attempt is made to rationalize the results 
obtained. 

Experimental 
The experimental procedure and the high-pressure photoionization 

mass spectrometer have already been described (13). The measure- 
ments were made under field-free conditions inside the collision 

'visiting Professor 1982. Present address: College of General 
Education, Tohoku University, Sendai 980, Japan. 

chamber with an electric field of low intensity (-5 V cm-I) applied in 
the ionic optics. The distance between the plane of formation of the 
parent ions by photon impact and the exit slit was 2.2mm. The 
experiments were done at room temperature, 25 ? 2"C, as indicated by 
a thermocouple connected to the collision chamber. 

The allene from Matheson of 99.5% purity was used without further 
purification. Methane, ethane, propane, n-butane, and methylpropane, 
also from Matheson were of instrumental grade purity. Mixtures of 
known concentrations (usually around 10% of C3H4) were prepared in 
a conventional high vacuum manifold. 

Results 
The mass spectrum of the allene-methane mixture was, 

essentially, similar to that of the allene - rare gas system (9). On 
the other hand, the spectrum of the allene-ethane system was 
somewhat different, and those of propane, butane, and methy!- 
propane systems were much different from that of allene - rare 
gas mixture. The pressure range employed in the present 
experiments is relatively high, favouring cluster formation of 
neutral allene. In all these C3H4 + RH2 systems only neutral 
allene molecules form the solvation shell of the ion species. 
Therefore, the real abundance of each daughter-ion starting a 
family of solvated species can be represented by the total 
intensities of each family (e.g. ZI[Ca9+(C3H4),] with n = 0, 
1, 2,  . . .). The pressure dependence of the fractional intensities 
of the families of solvated ions species is shown in Figs. 1-5. In 
general there appear to be eight solvated ion families: (C6H7+)f, 
(C6H8+')f3 (C6H9+)f7 (c6H1 I +)fr  (C7H7+)f9 ( C ~ H I  l+)f9 
(C7H12+')f, and (C7H13+)f, where the f subscript indicates the 
corresponding family of solvated ion species by neutral allene 
molecules. Their fractional intensities are pressure dependent 
and varied also with the nature of the alkane molecule. 

In the case of allene-methane mixtures, four families of ion 
species were present: (C6H7+)f, (C6H8+')f, (C6H9+)f, and 
(C7H7+)f. There was no evidence for ion/molecule reactions 
between the parent ion and methane. 

On the other hand, the allene-ethane system showed an 
additional family of ions, (C7Hl +)f. When perdeuterated 
ethane was used instead of C2H6, the intensity of the (C7Hl 
family decreased and a mass peak corresponding to C7H8D3+ 
appeared, suggesting a neutral methyl group transfer. Further- 
more, the fractional intensity of the C6H9+ family increased, 
while in the case of allene + rare gas systems the abundance of 
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NAGASE AND HERMAN 193 

FIG. 1. Pressure dependence of the fractional intensities for the major 
ion families in the allene-methane mixture. 

Allene (10%) + Elhone (90%) 
i 
i 0.7 I 

FIG. 2. Pressure dependence of the fractional intensities for the major 
ion families with allene-ethane mixture. 

I 

(C6Hy+)f was almost independent of the presence of the 
non-reacting gas (9). 

In the case of allene + propane mixtures, a new family of 
ions appeared, (C6Hll+)f, and the fractional intensities of the 
(C6Hl (C6Hy+)f, and (C7Hl were strongly enhanced 
compared to allene + ethane system, indicating the occurrence 
of reactions between C3H4+ and C3H8. A H' transfer process 
explains the formation of the C6Hll+ species. 

The butane + allene system gave two further additional 
families of ions species: C7H12+' and C7H13+. The ion species, 

Allene (10%) - Propane (90%) 

0.3 

FIG. 3. Pressure dependence of the fractional intensities for the major 
ion families in the allene-propane mixture. 

Allene (10%) - n-Butane ( 9 0 % )  

Plotol (Torr )  

FIG. 4. Pressure dependence of the fractional intensities for the major 
ion families in the allene-n-butane mixture. 

C7H13+, is formed in a H- transfer process, while the C7HI2+' 
results from a HZ- transfer. 

The families of ions formed in methylpropane + allene 
mixtures were the same as in the n-butane + allene mixtures, 
but important differences in fractional intensities were observed 
between the two isomers (Figs. 4, 5) .  
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Allene (10%) + i -  C4HI0 (90%) 
4 

4 

PtOtol ( Torr 

FIG. 5. Pressure dependence of the fractional intensities for the major 
ion families in the allene-i-butane mixture. 

Discussion 
In Part I1 we have proposed the following reaction scheme for 

allene-chemically "inert" gas systems in the relatively high 
pressure range (0.2 < P(C3H4) < 1 Torr) (9) 

where A+* stands for the excited ion complex (C3H4+'.C3H4)*, 
M stands for a "chemically inert" third body molecule and k, and 
k,' are the collision stabilization or deactivation rate constants of 
the excited dimer-ion by M or neutral allene, respectively. 

TheH'/CH3'/H-/H2- transfer processes might in principletake 
place either in reactive encounters between allene parent ions, 
C3H4+ ', and the alkane neutrals, or between the complexdimer- 
ion, (C3H4)'+' and the alkane molecules. It is found experimen- 
tally that the formation of C6H9+, C7H I I + , (C,,H2,,+ .C3H4)+, 
and (CnH2;C3H4)+' species resulting from the above trans- 
fer processes, obeys a second order rate kinetics. This is 
easily explained assuming long-lived intermediate species, 
(C,H2,,+2.C3H4)+'* and (C3H4)'+'*, which on collision with 
neutrals can either dissociate in a backward reaction into 

reactants, or form the species under consideration.' In our 
experimental conditions the much higher concentration of 
alkane neutrals over the allene molecules suggests that the 
following reactions are favoured over the reaction involving 
the allene dimer-ion, (C3H4)2+ *: 

where the (C3H4+'.CnH2t1+2)* stands for the excited ion com- 
plex between the parent ion and the neutral alkane undergoing 
a H' transfer (reaction [5]), CH3' transfer (reaction [6]), H- 
transfer (reaction [7]), and H2- transfer (reaction [8]). 

Reactions [I]-[8] yield the following kinetic expressions: 

For the convenience of the kinetic analysis, relative rates can be 
introduced. They are defined by the ratio of the rate of forma- 
tion of the ion under consideration to the rate of formation of 
C6H7+ species: 

where R stands for the experimental mixing ratio [C3H4]/ 
[C,H2n+2] and P, = P(C3H4) + P(C,,H211+2). In all experiments 
R = 0.11. 

We will assume that the ratio R' = [C3H4+'-C3H4]/[C3H4+'. 
C,H2n+2] of the concentrations of the ion complexes is 
proportional to the concentrations of reactants from which 
they are formed and therefore is equal or very close to 
the experimental mixing ratio, R. This is justified, because the 
life-time of collisional complexes formed from similar species 
is not very sensitive to their nature. 

The left-hand side terms of the eqs. [15]-[19] correspond to 
the experimental ratio of fractional intensities of corresponding 
families of ion species. 

The plots of expressions [15]-[18] are presented in Figs. 
6-10, and the ratios of rate constants obtained from the 
corresponding slopes are given in Table 1. Some additional 
information about each plot are given below. 

(i) The plots for expression [15] gave almost straight lines for 
all alkanes, Figs. 6, 7. From the slopes the values k51kl can be 
obtained, since the ratio k2/kl is already known to be constant 
and its mean value is 0.25 Torr-I (9). The value k5/kl for ethane 
is very small, but H' transfer is certainly occurring, since a clear 
difference is observed in the slopes of (C3H4 + C2H6) and 

2~npublished results from this laboratory. 
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o CH, 1 A c D d  

i I I I 
0 1 2 3 

PtOtal ( Torr) 

FIG. 6. Plot of expression [15] for the H' transfer process in the 
C3H4-CH4 and C3H4-CD4 mixtures. 

PtOtal (Torr) 

FIG. 8. Plot of expression [16] for the CH3' transfer process in the 
allene-alkane mixtures. 

I H- Transfert I 

0 1 2 3 

Ptotal (Torr) 

FIG. 7. Plot of expression [15] for the H' transfer process in the 
allene-alkane mixtures. 

(C3H4 + C2D6) systems and the difference could be accounted 
for by the formation of C6HsD+. 

(ii) The plots for expression [16] gave also straight lines for 
all alkanes, although the slope for n-butane changed and became 
small above 1 Torr, as shown in Fig. 8. The values kdk, 
obtained from the corresponding slopes which represent the 
relative CH3' rate transfer are tabulated in the fourth column in 
Table 1. 

(iii) In Fig. 9 are shown the plots for expression [17] for 

Ptotal (Torr) 

FIG. 9. Plot of expression [17] for the H- transfer process in the 
allene-alkane mixtures. 

propane and butane isomers. In the case of ethane the fractional 
intensity was too weak to be plotted. 

(iv) In Fig. 10 the plots for expression [18] are shown. The 
corresponding ratios kslkl are given in the sixth column in 
Table 1. 
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TABLE 1. Relative rate constants for the ion/molecule reactions between the parent ion C3H4+' and the alkanes 
-- - - - - - - 

(k5+k6+k7+ks)lkl,Torr-' k5/kl,Torr-' kdkl,Torr-I k7/kl,Torr-' kRlklr~orr- '  k,lkl , Torr- 
Alkane (overall reaction) (H' transfer) (CH; transfer) (H- transfer) (Hz- transfer) (stabilization of C6Hi') 

an.m. = not measured. 

1.5 

1 .o 

0.5 

0 1 2 
Ptotol (Torr) 

10. Plot of expression [18] for the Hz- transfer process in the 
allene-alkane mixtures. 

(v) The energy transfer in stabilization processes from the 
parent ions to the alkanes acting as a bath gas was examined by 
plotting expression 1191. As shown in Fig. 11 methane and 
ethane gave straight lines and from the corresponding slopes the 
values of the ratio kslkl were calculated. They are 0.048 k 0.02 
for methane and 0.11 t 0.03 TOR-' for ethane, when kklkl is 
assumed to be 0.11 Torr-' (9). For the C3-C4 alkanes the 
fluctuations were too big to allow calculation of kslkl from the 
slopes and therefore their values are not given in Table 1. 

Thus the kinetic treatment based on expressions [15] to [19] 
support the reaction scheme described by reactions [I]  to [8]. 
The total relative reactivity for the four channels of ionlmole- 
cule reactions involving parent ions of allene, C3H4+', and 
neutral alkanes is given by the sum of the relative rate constants 
for each channel and is presented in the first column of Table 1. 
It can be seen that the total relative reactivity increases with the 
size of the neutral alkane. 

Although the reactivities might depend on the IP's other 
molecular factors will influence the specific reaction channels. 
In Table 2 are presented the heats of reactions of CH3'/ 
H'IH-/H2- transfer processes for some systems involved in this 
study. The enthalpies of formation were taken from refs. 15 
and 16. 

P,,,,, ( Torr 

FIG. 11. Plot of expression [I91 for the stabilization process of 
C6H8+' in methane and ethane mixtures with allene. 

In each case, with the exception of methane, the CH3' 
transfer is exothermic and, indeed, occurs in the C3H4 + RH2 
systems. It is also more favorable for propane and butane 
compared to H' transfer (Table 2). One possible reason is that 
the C--C bond is weaker than the C-H bond by 35 kJ mol-' in 
RH2. On the other hand, in allene + methylpropane system the 
H' transfer is more important compared to CH; tansfer. This 
anomaly appears not to relate to thennochemistry (Table 2) and 
so presumably is kinetic in origin. 

The differences in HP/H2- transfer for the two butanes can be 
also accounted for on kinetic grounds. Although the H- transfer 
is more favorable by -8 and -25 kJ mol-' in butane and 
methylpropane, respectively, relative to HZ- transfer, one also 
has to take into account the relative probability that the reaction 
complex does or does not fall apart after the transfer of the H- 
entity. It was shown that the HZ- transfer reaction proceeds 
through a two-steps stereospecific mechanism, refs. 14, 17- 19. 
The reactive encounter between species initially involves the 
transfer of a singly H- ion in the reaction complex in an 
exothermic process. This complex may then fall apart, resulting 
in a single particle transfer process, or a second H atom may be 
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TABLE 2. Enthalpies of some Hm/CH;/H-/HZ- transfer reactions for the 
C3H4 + RH2 systems 

Transfer  AH/^^ 
process Reaction (kJ mol-I) 

C~HZ'(C~HS, C3H7')C3H5+ + 2 
H ' C3Hlm(n-C4Hlo, sec-C4H9')C3H5+' - 2 

C3HZS(i-C4Hlo, tert-C4H9')C3H5+ - 7 

1 
C3H; '(CH4, HS)C4H7+ 32 
C3HZ'(C2Hrj, CH3')C4H7+ - 30 

CH; C3H;'(C3Hs7 C ~ H S ' ) C ~ H ~ +  -59 
C3HZq(n-C4H lo, n-C3H7')C4H7+ - 47 
C3HZS(i-C4H lo, i-C3H7')C4H7+ -50 

H- i C3H: '(n-C4Hlo, C3H5')sec-C4H9+ - 60 
C3HZ '(i-C4Hlo, C3H5')tert-C4H9+ -123 

HZ- 
3 4 '(n-c4H10, C3H6) l-C4Hs+' -52 

C3Hla(i-C4Hlo, C3H6) i-C4Hs+' 
iC H+ 

-98 

"Heats of formation are taken from refs 15 and 16. 
bDue to the approximate value of the heat of formation of the allene ion (15), 

the estimated values of the heats of reactions are assumed to have an uncertainty 
of 5712kJ. 

transferred on an adjacent carbon atom while the reactants 
remain in the "loose" complex. Because the H2- transfer 
process is always in competition with H- transfer reaction, both 
the total rate of reaction and the relative rates of the competing 
H- and HZ- reactions must be considered. It was already 
observed that the importance of HZ- transfer relative to H- 
transfer decreases with increasing branching (18). In methyl- 
propane, the presence of a weakly bonded tertiary hydrogen 
atom in the reactant molecule apparently favors the occurrence 
of the H- transfer reaction over the Hz- transfer process as 
shown by the value of the ratio k(l)lk(2) = 8.9, compared to 
k(l)lk(2) = 2 for n-butane (Table 1). Here k(1) and k(2) stand 
for one- and two-particle transfer. 
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Limiting activity coefficients in dilute solutions of nonelectrolytes. 11. Determination for 
polar-nonpolar and polar-polar binary mixtures, and the application of some solubility-parameter 

treatments 
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S H A ~ U R  AFRASHTEHFAR and GENILLE C. B. CAVE. Can. J.  Chem. 64, 198 (1986). 
Activity coefficients were determined at 293.15 K for the more dilute component in 24 binary solutions of nonelectrolytes, 

by gas-chromatographic analysis of the equilibrium vapor phase. One component of the binary mixture was either nitromethane, 
nitroethane, I-nitropropane, 2-nitropropane, ethanenitrile, propanenitrile, ethyl ethanoate, or butyl ethanoate; and the other 
component was either heptane, I-heptene, or 1,6-heptadiene. 

From the limiting activity coefficients of these components, some factors that affected their magnitude were identified. The 
values were also used to test the modifications of Prausnitz, Blanks, and Weimer, of Helpinstill and Van Winkle, and of Keller, 
Karger, and Snyder to the Scatchard-Hildebrand equation modified to accommodate polar components. In addition, the degree 
of constancy of the ratio of the dipole - induced dipole interaction parameter for a series of solutes in one solvent to that in another 
was considered. 

S H A ~ U R  AFRASHTEHFAR et GENILLE C. B. CAVE. Can. J .  Chem. 64, 198 (1986). 
Les coefficients d'activite ont CtC dktermints a 293.15 K pour la composante la plus diluCe de 24 solutions binaires de 

non-Clectrolytes, par chromatographie en phase gazeuse de la phase vapeur ?I I'tquilibre. L'une des composantes du melange 
provenait de chacun des composCs suivants: le nitromethane, le nitroithane, le nitro-1 propane, le nitro-2 propane, 
l'ethanenitrile, le propanenitrile, I'Cthanoate d'Cthyle et l'ethanoate de butyle, tandis que l'autre composante provenait de chacun 
des composCs suivants: I'heptane, I'heptkne- 1 et I'heptadiene-1,6. 

L'utilisation des coefficients limites de I'activitC de ces composantes ont permis ['identification de quelques facteurs qui 
affectent leur intensite. Ces valeurs ont kgalement CtC utiliskes pour verifier la validitt des modifications de Prausnitz, Blanks et 
Weimer, de Helpinstill et Van Winkle, et, de Keller, Karger et Snyder, a 1'Cquation de Scatchard-Hildebrand, modifiCe de fason 

devenir applicable aux composantes polaires. De plus, le degrC de constance du rapport du paramktre de I'interaction dipale - 
dipale induit pour une sCrie de solutCs dans un solvant, sur ce mCme paramktre CvaluC dans le cas d'un autre solvant, a CtC 

Introduction 
A previous study (1, 2a) described a static equilibration 

apparatus having a novel gas-chromatographic headspace sam- 
pler, which was used to evaluate the limiting activity co- 
efficients of eight polar compounds in heptane and in benzene. 
In the present work, this study has been extended to include the 
same polar compounds in 1-heptene and 1,6-heptadiene as 
solvents, as well as heptane, 1-heptene, and 1,6-heptadiene as 
solutes in each of the eight polar compounds as solvents. 

From the resulting limiting activity coefficients, some factors 
that affected their magnitude were identified, namely: ( i )  the 
chain length and the polarity of the solute, and (ii) the effect of 
one or more double bonds in the solvent, on the limiting activity 
coefficients of the polar compounds. The data may also be used 
for testing extended solubility-parameter models. In the present 
paper three such extended-solution treatments (3-8) are con- 
sidered. In addition, the degree of constancy of the ratio of the 
dipole - induced dipole interaction parameters of a solute in two 
given solvents, first reported by Milanova and Cave (I) ,  was 
tested. 

Experimental 
Static equilibration apparatus 

The equilibration apparatus was the same one previously designed 
and used by Milanova (1, 20). However, for the present work it was 
improved by enclosing the metal headspace sampler in an air 
thermostat, which led to better precision, and by adding a sidearm near 
the base of the cell to facilitate adding and removing the solutions. The 
improved version of the entire equilibration apparatus has been 
described in detail elsewhere (9). 

The metal headspace sampler was housed in a double-walled air bath 
which fitted snugly over the sampler and its copper loops. Water at 

295.15 K from a water thermostat was pumped continuously through 
the double-walled jacket of the air bath. A 2 K differential was thereby 
ensured between the sampling loops and the equilibration cell, in order 
to prevent any possibility of some condensation of equilibrated vapor in 
the loops. 

When ethanenitrile was the solvent in the binary systems, somewhat 
high and non-reproducible results were obtained for the concentration 
of the hydrocarbon solute in the copper sampling loops. In this 
connection, Putnam et a/ .  (10) have reported that liquid and solid 
ethanenitrile reacted with copper. Therefore, an all-glass headspace 
sampler was constructed and used for systems having ethanenitrile as 
solvent. It provided exactly the same function as the metal sampler of 
Milanova, and has been described in detail elsewhere (90). It is 
illustrated in Fig. I. This unit was custom-made including fabrication 
of the stopcock barrel and stopcock plug, from borosilicate thick- 
walled tubing to permit tapering. Briefly, a large six-way stopcock had 
a tapered hollow plug, inside which three hollow tubes had been blown 
(Fig. 1). These three tubes formed the actual sampling containers for 
the samples of equilibrium vapor. Six short hollow glass tubes were 
blown onto the stopcock barrel. Four of them ended in 10/19 outer 
joints, of which two (A and B, Fig. 1) were connected to the carrier-gas 
line, one (C) was connected to the vacuum, and one (D) was plugged. A 
fifth tube (E) ended in a 19/26 inner joint. Sixty-degree rotation of the 
stopcock brought each of the three sampling tubes in the plug in turn 
into juxtaposition with the barrel end of tube E; and the 19/26 joint 
could be connected directly to theequilibration cell so that the sampling 
tube in the stopcock became part of the cell space. The sixth tube ( S , )  
was to permit evacuation of the cell when necessary. The three 
sampling tubes were calibrated by filling them with water from a 
preweighed syringe which was then reweighed. Their volumes and 
standard deviations were found to be 2.9671 k 0.00095 cm3, 3.28 1 1 t- 
0.0121 cm3, and 3.9285 ? 0.0108 cm3 for 12 replicates. 

Materials 
'The purification procedures are described in detail elsewhere (9b). 
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AFRASHTEHFAR AND CAVE 

TABLE 1. Purity and physical properties at 293.15 K of the purified reagents 

Refractive index(nD) Density" X 10-I 
Final purity 

Reagents Source % Exptl.' Lit. (1 1) Exptl.' Lit. (1 1) 

Nitromethane 
Nitroethane 
1 -Nitropropane 
2-Nitropropane 

Ethanenitrile 
Propanenitrile 

Ethyl ethanoate 
Butyl ethanoate 

Heptane 
1 -Heptene 
1,6-Heptadiene 

Aldrich 
Aldrich 
Aldrich 
Eastman 

B.D.H. 
Aldrich 

B.D.H. 
B.D.H. 

Aldrich 
Aldric h 
I.C.N. 

"Unit kg m-j. 
bTypical standard deviation for triplicate experimental readings was 0.0008. 
Typical standard deviation for triplicate experimental measurements was 0.001 15 
"Taken from CRC Handbook of Chemistry and Physics (12). 
Taken from Egloff (13). 

FIG. 1 .  Six-way all-glass headspace sampler attached to equilibra- 
tion cell. 

The final purities are in Table 1, together with the sources of the 
reagents, and the refractive indices and densities of the purified 
products. Final purities were determined by gas chromatographic 
analysis for impurities. 

Except for a few variations noted below, the fractional distillations 
were carried out under reduced pressure after flushing the still with 
nitrogen, at an output rate of ca. 20 cm3 h-I and a reflux ratio of ca. 
50: 1. The middle cuts were retained, stored in the dark over molecular 
sieves 3A, and used no later than a week after their purification. 

The nitrocompounds were dried over P205, then fractionally 
distilled. The nitriles were fractionally distilled over molecular sieves 

3A, at an output rate of 10cm3 h-I. The esters were fractionally 
distilled without initial drying. 

Heptane was purified by four fractional crystallizations followed by 
fractional distillation under nitrogen at atmospheric pressure. 

I-Heptene was distilled from sodium in a spinning-band still and a 
nitrogen atmosphere, at a rate of 10 cm3 h-' and a reflux ratio of 65: 1 .  

1,6-Heptadiene was purified by preparative gas chromatography in a 
Varian Aerograph 705 in manual mode, on a column packed with 10% 
Carbowax 20M on 80/100 Chromosorb W at 255 K. The lots were 
processed 1 rnL at a time. 

Benzene was purified by six fractional crystallizations. Tetrachloro- 
methane was fractionally distilled at atmospheric pressure. Cyclo- 
hexane was fractionally distilled over sodium at atmospheric pressure. 

Procedure 
The procedure used for equilibration and gas chromatographic 

analysis of the binary solutions and their vapors was essentially the one 
developed and used earlier by Milanova (2b), and reported in outline 
form in ref. 1. However, for the present work some precautionary 
refinements were added. The complete modified procedure is given 
elsewhere (9c). The refinements were (i) the equilibration apparatus 
was flushed with nitrogen before use; (ii) the solute and solvent were 
introduced into the equilibration cell via the sidearm that had been 
added to it, by two syringes weighed before and after dispensing the 
pure solute and solvent, respectively; (iii) the apparatus was degassed 
twice instead of once; (iv) not only was the equilibration cell immersed 
in a water thermostat set at 293.15 K as previously (2b), but also the 
metal headspace sampler was enclosed in the above-described air 
thermostat set at 295.15 K; ( v )  although liquid-vapor equilibrium was 
reached in 30 min; 2 h were allowed before the first sampling; (vi) after 
two to four vapor samples had been taken and analyzed, four samples of 
the liquid phase remaining in the cell were removed by syringe via the 
sidearm and analyzed by gas chromatography. 

It was necessary to know the solubility parameter of 1,6-heptadiene, 
previously unreported. The value of AHv29n,15 was measured for us by 
Majer. He used our above-described product, with molecular sieves 3A 
added to prevent contamination by atmospheric humidity, and an 
adiabatic vaporization calorimeter described by Majer et  al. (14). The 
mean of three runs was 15 = 35.00 kJ mol-I. Then from their 
empirical relationship AHv = K [(I - ~ , ) e - ~ r ] ~ . " ~ ,  where TI is the 
reduced temperature, 0.275 is a parameter from AHv data on alkenes, 
K is obtained from the value of AHv2pn.15, and using as the critical 
temperature 532.6 K,  Majer calculated = 35.20 kJ mol-I , 
with an estimated uncertainty of 0.3%. We then calculated the 
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TABLE 2. Experimetnal values of activity coefficients of components at infinite dilution, for binary liquid mixtures at 293.15 K" 

Component 1 

Component 2 

Nitromethane 
Nitroethane 
1 -Nitropropane 
2-Nitropropane 

Ethanenitrile 
Propanenitrile 

Ethyl ethanoate 
Butyl ethanoate 

Heptane 

"Note: Subscript 1 refers to the C, component, and subscript 2 to the polarcomponent listed in column 1. Thus, the notation yy means that, for example, the values 
in column 2 are for heptane at infinite dilution in each of the polar liquids in column 1; y? means that, for example, the values in column 3 are for each of the polar 
compounds at infinite dilution in heptane. 

bValues calculated from data by Milanova (2c), but using Tsonopoulos method (15) for calculating values of mixed virial coefficients. 

TABLE 3. Dispersion d6, polar P6, dipole-dipole '6, and induced dipole '"6 contributions to the 
total solubility parameter 6 of some compounds at 293.15 K,  in MP~" '  units" 

Compound 6 d6 P6 This work Lit. This work Lit. 

Nitromethane 
Nitroethane 
1 -Nitropropane 
2-Nitropropane 
Ethanenitrile 
Propanenitrile 
Ethyl ethanoate 
Butyl ethanoate 
Heptane 
1 -Heptene 
1,6-Heptadiene 

20.3 
17.0 
13.9 
13.1 
19.5 
16.0 
10.2 
7.73 
Nil 
2.65 
3.84 

"Literature values of '6  and '"6 are from ref. 7, converted to MPa"' units. 6 values were calculated from 
molal enthalpies of vaporization, reported in (I) ,  except for I-heptene which was from ( I l ) ,  and 
1,6-heptadiene which was calculated from A3HVZ98.15, specially measured for the present study. Values of d6, 
'6, "6, and '"6 have been rounded to three and two figures, as shown. 

solubility parameter of 1,6-heptadiene to be 15.57 MPa'12 units at 
293.15 K,  using a molar volume of 135.6 cm3 mol-I (13). 

Results 
The method used to calculate limiting activity coefficients 

(y:) from measured vapor concentrations of the solute is 
described in detail elsewhere (9d), and follows that used in an 
earlier study (1, 2). Briefly, an uncorrected activity coefficient 
(yif) was calculated for a solute in a given solvent at 293.15 K at 
each of its several concentrations, by assuming an ideal vapor 
and using the usual formula yif = C ~ / ~ X ~ .  Here Ci is the 
molar concentration of solute in the equilibrium vapor over a 
solution of mole fraction xi, and is the molar concentration 
of vapor over the pure liquid solute. The pure liquid at 293.15 K 
is taken as the standard state. The values obtained for yi' were 
then corrected for the non-ideality of the vapor by using second 
virial coefficients, to give the corrected values of yi. The values 
used for the pure (Bii) and mixed (Bv) virial coefficients were 
estimated by using the empirical method of Tsonopoulos (15). 

For each binary system the vapor concentration of solute had 

been measured for 5 or 6 solutions over a range of mole fractions 
xi of solute. The value of y: for the solute was then found by a 
linear least-squares fit of the (xi, yi) data, i.e. yi = yT + bxi. 
Application of the statistical F-test showed that at the 95% 
confidence level, terms higher than xi were not significant in the 
concentration range used (xi < 0.0 1). 

The values for the limiting activity coefficients and their 
standard deviations are in Table 2, where subscript 1 refers to 
the C7 component of the binary solution, and subscript 2 refers 
to the polar component listed in column 1 .  

The solubility parameter 6 of each polar liquid was con- 
sidered to consist as usual of a dispersion d6 and a polar P6 
contribution, where 6' = d62 + p6'. These values for the eight 
polar compounds and the three hydrocarbons are in Table 3. For 
1-heptene, 6 was calculated from the molal heat of vaporization 
(1 l), and for 1,6-heptadiene from Majer's value of the molal 
heat of vaporization. The values of "6 for 1-heptene and 1,6- 
heptadiene were calculated by the procedure already reported 
(1) for the eight polar compounds, namely, from a plot of R O 3 l 4  

n"4/V114 vs. 6 for the appropriate homologous series, where R O  
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AFRASHTEHFAR AND CAVE 

TABLE 4. The values of the interaction parameter $12 and $21, for the systems 
hydrocarbon + polar compound, in M P ~ " ~  unitsa 

Component 1 

Heptane 1 -Heptene 1,6-Heptadiene 

Component 2 $2 I $12 $2 I $12 $21 $12 

Nitromethane 
Nitroethane 
I-Nitropropane 
2-Nitropropane 
Ethanenitrile 
Propanenitrile 
Ethyl ethanoate 
Butyl ethanoate 

"The values of $,, are for component 1 at infinite dilution, and those of are for component 2 
at infinite dilution. 

- - 

TABLE 5. Ratios of $ for a solute at infinite dilution in one solvent to 
its value in another solvent, for several polar-polar and polar-nonpolar 

binary mixtures at 293.15 K 1.2 

System (solute in solvent)* $ I ~ ( A ) / $ I ~ ( B ) ~  ~ . d .  

A: The 8 polar components in I-C7 1.23 0.040 B: The 8 polar components in n-C7 

A: The 8 polar components in 1 ,6-C7 1.47 0.15 B: The 8 polar components in n-C7 

A: The 8 polar components in benzene 
B: The 8 polar components in n-C7 1.34 0.061 

1 2 3 4 5 

System (solute in solvent)* $ ~ I ( A ) / $ ~ I ( B ) ~  ~ . d .  V, ~6: ~rno1- I  x 104 

A: I-C7 in the 8 polar components FIG. 2. Correlation between Ll in [2] and ~ ~ P 6 ~ ~ f o r  hydrocarbons at 

B: n-C7 in the 8 polar components 1.11 0.061 infinite dilution in polar solvents. V, Heptane; W ,  I-heptene; a, 
1.6-he~tadiene: I .  nitromethane: 2. nitroethane; 3. 1-nitro~ro~ane; 4. , . . . . . . &  . .  

A: 1 ,6-C7 in the 8 polar components 2-nitropropane; 5, ethanenitrile; 6, propanenitrile;' 7, ethyl ethanoate; 
B: n-C7 in the 8 polar components 1.27 O' l7  8, butyl ethanoate. 

A: CC4 in the 8 polar components 
B: n-C7 in the 8 polar components 1.164 0.097 

*I-Heptene and 1,6-heptadiene are treated as polar in [I]. 
?$,,(A) and $,,(B) refer to $,,, and $,,(A) and ~J ,~(B)  refer to $,, from 

Table 4, for systems A and B respectively, named in column 1 of Table 5. The 
ratios in column 2 are in each case the means of eight systems; and s.d. is the 
standard deviation. 

$From ref. 1. 

is the molar refractivity at zero frequency, n is the number of 
valence electrons in the constituent atoms, and V is the molar 
volume of the compound. 

Discussion 
Each value y? in Table 2 was used to compute a parameter 

$12 from 

[ l ]  RT ln y? = V2[(d61 - d62)2 + + ~ 6 2 ~  - 
+ RT[l - (VZ/Vl) + In (V2/Vl)l 

which is a combination of relationships proposed and used by 
Prausnitz and co-workers (3, 4). Similarly, each value of yy 
was used to compute a corresponding parameter +21 by using [I]  
with subscripts 1 and 2 replaced by 2 and 1, respectively. The 
second subscript in +ij will henceforth denote the component 
which is at infinite dilution. The results are in Table 4. The 

values used for *6 and P6 were from Table 3,  and those of molar 
volume V from ref. 1 1. 

Milanova and Cave (1) evaluated +12 when each of the eight 
polar compounds in column 1 of Table 2 was the solute at 
infinite dilution in heptane and in benzene. The ratio of 1 4 ~ 2  

when benzene was sovlent, to its value when heptane was 
solvent was nearly constant for the eight polar solutes, namely 
1.34 ? 0.06 1.  The values of +12 and +2 in Table 4 were used to 
test more extensively the degree of constancy of this ratio. The 
results are shown in Table 5 .  

The values in Tables 2 and 3 were also used to test the 
empirical correlation +21 = kPZj2' of Weimer and Prausnitz (3), 
for binary mixtures of hydrocarbons (subscript 1) at infinite 
dilution in polar solvents (subscript 2). They evaluated k from 
plots of VS. L1, where 

[2] L1 = RTln y? - V1(6, - d62)2 

- RT[1 - (Vi/Vz) + In (V1/V2)1 

To be comparable, we also used this method. Figure 2 shows 
our linear plots forced through the origin for heptane, 1 -heptene, 
and 1,6-heptadiene each infinitely dilute in our eight polar 
solvents. The resulting least-square values of k are given in 
Table 6. Thus, these systems obeyed the Weimer-Prausnitz 
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TABLE 6. Correlation constants in 4JZl = kP822 and 4J2, = kl('til - P82)2 for hydro- 
carbons at infinite dilution in polar solvents 

Class of hydrocarbon k k; Ki 

Saturated (C7) 0.390 + 0.003 0.390+ 0.003 0.399 + 0.004 
Saturated (C5-C16) 0.396" 0.399~ 

NOTE: The values of d6 used for the calculation of k were from homomorph plots, to permit 
comparison with the k values of (3); k; refers to k, when d6 values were found from homomorph 
plots, and k'/ when d6 values were found from refractivity data. 

"Taken from ref. 3. 
%ken from ref. 4. 

correaltion, even though only heptane was nonpolar. Moreover, 
as the number of double bonds was increased, so was k. 
However, this Weimer-Prausnitz correlation failed for those 
systems that consisted of the eight polar compounds at infinite 
dilution, in each of the three hydrocarbons. That is, linear plot 
through the origin, of L2 VS. V2P822, were not reasonable ones 
(9e). Milanova and Cave (2) and Blanks and Prausnitz (4) 
reported the same failure. 

Helpinstill and Van Winkle (5) carried out similar studies for 
saturated and unsaturated hydrocarbons at infinite dilution in 
polar solvents, but they took the small polarity of the olefins into 
account. Thus they wrote 

and they plotted L l*  vs. V1(Ptil - ~ 8 ~ ) ~ ~  where 

[4] L1* = RTln y? - ~ l ( ~ 8 1  - d82)2 

- RT[1 - (VIlV2) + In (VI IV2)l 

and obtained a straight line through the origin, with $21* = 
kl(P81 - P82)2. From the data in Tables 2 and 3 for our 
hydrocarbons at infinite dilution in the eight polar solvents, 
values were found for kl and are given in Table 6. When the 
Helpinstill - Van Winkle correlation was tried by using the 
eight polar compounds at infinite dilution in each of the three 
hydrocarbons it failed. It is to be noted that in [3], dipole - 
induced dipole interactions are included in two terms, namely 
(P8 - P82)2 and also I J J ~  * . 

Keller et al. (6) proposed a solubility-parameter model for 
polar-polar and for polar-nonpolar binary systems, in which 
the solubility parameter 8 of a non-hydrogen-bonding polar 
substance was derived to be 

where '8 is the contribution due to dipole-dipole interactions, 
and 2'"tid8 is that due to dipole - induced dipole interactions. 
Here, for a compound possessing a single polar substituent of 
dipole moment p,, inti = c ~ , ~ / v  by definition, where C is a 
constant. Karger et al. (7, 8) applied the equations of Keller et 
al. (6) to evaluate '8 and '"8 for many compounds. 

In terms of relationships described by Keller et al. (6), the 
parameter $12 of [ l ]  for a binary mixture would be given by 

[6] $12 = in81d82 + in82d81 + 081082 

for a polar-polar mixture. For a polar component 2 at infinite 
dilution in a nonpolar solvent 1, [6] becomes 

[71 '"82 = $12181 

For each of the eight polar compounds in column 1 ofTable 4,  
at infinite dilution in the solvent heptane, '"62 was calculated by 
using in [7] the data in column 3 of Table 4 ,  and 81 = 15.32. The 
resulting values of '"82 along with those of "62 found from [5] 
are in Table 3. Values reported by Karger et al. (7) for some of 
these polar compounds are also in Table 3. 

For heptane at infinite dilution in each of the eight polar 
compounds as solvents, inspection of columns 2 and 3 of Table 
4 shows that a different set of '"82 values would be obtained. 
This suggests a limitation to the right-hand side of [6]; but the 
use of only the Flory-Huggins term for the entropy in [ l ]  may 
also be a contributing factor. Hildebrand et al. (16) have already 
suggested that $12 would not expected to be the same as 1 4 ~ ~ .  

It was noted above, and illustrated in Table 5 ,  that for a given 
pair of hydrocarbon solvents, the ratio of $12 for a polar 
compound in one of these solvents, to its value $12' in the other 
was reasonably constant for all eight polar compounds tested. 
Equation [6] may be used to describe this ratio. Thus, for 
polar-nonpolar mixtures 

where component 2 is the polar compound, and 1 the solvent. 
Thus, $12/$;2 becomes simply the ratio of the solubility 

parameters of the two solvents, which in the case of benzene and 
heptane reported by Milanova and Cave (2), is 1.23. Their 
experimental value was 1.34 -+ 0.063. 

For a polar-polar mixture, rearrangement of [6] gives 

Therefore plots of the right hand side vs. 082/d82 for the polar 
solutes in 1-heptene and 1,6-heptadiene as solvents should be 
linear. By using [9], '"81 and for these solvents were 
calculated by least-squares fits of the relevant data in Table 3 
and columns 5 and 7 of Table 4 .  The results with the standard 
deviations are in columns 5 and 7 of Table 3. 

Finally, inspection of Table 4 shows that the values of $12 and 
4 1 ~ ~  decrease when ( i )  the chain length in a homologous series of 
a component increases, in the case of each of the three C7 
hydrocarbon components in turn; (ii) the number of the double 
bonds in the C7 component is decreased. The values of y? and 
7';' in Table 3 obey trend (i) above. In that connection, Gerster 
et al. (17) found that y: for pentane and 1-pentene decreased in 
several polar solvents as the chain length of those solvents 
increased. 

These trends and values, and some others of '"8 in Table 3 are 
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AFRASHTEHFAR AND CAVE 203 

useful as empirical guides when partial molal free energies 
alone are being considered. However, the values given for (J 

have depended on the use of the Flory-Huggins entropy term in 
[ I ] ,  and the use of that term alone for entropies of polar systems 
is suspect. Experimental values for the partial molal enthalpy 
would provide a better basis; and in conjunction with those of 
the partial molal free energy would provide values directly for 
the partial molal entropy. Such evaluations will be the subject of 
a subsequent report. 
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The reaction of 3-methyltricarballylic acid with acetic anhydride. Addendum: On Fittig's product 
from acylative decarboxylation of camphoronic acid 
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GEORGE M. STRUNZ and PIERRE GIGU~RE.  Can. J .  Chem. 64, 204 (1986). 
Two products, 2,7-dioxa-1,4,4,5-tetramethylbicyclo[3.2.l]octane-3,6-dione (5), and 2-acetonyl-2,3,3-trimethylsuccinic 

anhydride (4) were identified from the base-catalysed reaction of camphoronic acid, 2 (R', R = CH3), with acetic anhydride. 
The former (5) is believed to be identical with the product described by Fittig and assigned an isomeric formulation. 

GEORGE M. STRUNZ et PIERRE G I G U ~ R E .  Can. J.  Chem. 64, 204 (1986). 
On a identifie deux produits de la reaction de I'acide camphoronique avec l'anhydride acCtique sous catalyse basique: le 

bicyclo[3.2.1] octane dioxa-2,7 diceto-3,6 tetramethyl-1,4,4,5 (5) et I'anhydride succinique acetonyl-2- trimCthyl-2,3,3 (4). On 
croit que le premier compose (5) est le produit decrit par Fittig, qui lui a assign6 une formulation isomerique. 

In studying the mechanism by which bislactones of structure 
1 are produced on reaction of the sodium salt of tricarballylic 
acid, 2 (R', R" = H), with carboxylic acid anhydrides, Fittig (1) 
extended his investigations to the more highly substituted 
homologue, camphoronic acid, 2 (R', R" = CH,). The sodium 
salt of camphoronic acid, when heated with acetic anhydride, 
afforded some 3% of a crystalline product that Fittig considered 
to be the bislactone 3. From this he concluded that formation of 
the bislactones 1 involves a mechanistic sequence other than the 
expected initial acylation at C-3 of tricarballylic acid with 
decarboxylation of the resulting P-ketoacid. 

Our recent investigation of products derived from acylative 
decarboxylation of 3-methyltricarballylic acid, 2 (R' = H, R = 
CH,), led us to speculate that Fittig's product may in fact have 
been 4 or 5, which can arise by a mechanism involving acylation 
at C-4 of a suitable derivative of camphoronic acid (2). 

In this communication we report that acylative decarboxy- 

lation of camphoronic acid1 through the agency of acetic 
anhydride in the presence of 4-dimethylaminopyridine affords 
the products 4 and 5 in yields of 24% and 37% respectively 
(crude crystalline products). These compounds were intercon- 
vertible through the ketodiacid, and their structures were readily 
assigned by comparison of their spectra with those of the 
analogous bisdemethyl products (2). The bislactone 5 is 
believed, by virtue of its melting point, to be identical with the 
product described by Fittig and assigned the isomeric structure 3 
(1). 

While the substituted succinic anhydride product predomi- 
nated over the bislactone in the 3-methyltricarballylic acid 
experiment ( 2 ) ,  the reverse is found here, presumably as a 
consequence of unfavorable steric interactions of the eclipsed 
groups in 4 (cf. Ref. 6). 

Experimental 
See ref. 2 for general description of instrumentation, etc. 

Reaction of carnphoronic acid with acetic anhydride 
To freshly distilled acetic anhydride (10 mL) containing 4-dimethyl- 

aminopyridine (IOOmg, 0.82mrnol) was added camphoronic acid 
(1 .O g, 4.58 mmol). The solution was heated under reflux for 32 h. 
During this period very slow evolution of carbon dioxide, indicative of 
the desired reaction, could be detected by the precipitation of carbonate 
from a solution of barium hydroxide. This had not completely ceased 
when the reaction was terminated by distillation of the volatile material 
under reduced pressure (water pump; bath temperature, ambient to 
95°C). The dark brown residue was dissolved in ethyl acetate and 
treated with activated charcoal. After removal of the charcoal by 
filtration, the volume of the filtrate was reduced in vacuo, and the 
resulting solution deposited crystals of 5 (105 mg), mp 147-149"C, on 
standing in the refrigerator. 

The mother liquor, after successive flash chromatography (CHCI3- 
EtOAc, 99: 1) and preparative layer chromatography (CHC1,-EtOAc, 
97:3), afforded additional crude crystalline 5 (234mg; total yield 
37%) as well as crude crystalline 4 (220 mg; 24%). 

 h he camphoronic acid used in this experiment was obtained by 
stepwise oxidation of (+) camphoric acid. The sequence, which 
involved oxidative decarboxylation (3) of the monomethyl ester of 
camphoric acid (4), and ozonolysis of the resulting methyl 3-dehydro- 
camphonanate, 6, gave in our hands a more satisfactory yield (overall 
36%) of camphoronic acid than the classical nitric acid oxidation of 
camphor (5). 
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Recrystallization of 5 from toluene gave fine colorless needles 
(289 mg), mp 146-149°C (lit. (1) mp 147.5-148°C); [a]: + 118" (c 
0.525, CHC13); ir (KBr): 3000, 2955,2890, 1803, 1747, 1467, 1454, 
1397, 1379, 1373, 1344, 1298, 1264, 1247, 1195, 1173, 1135, 1108, 
1073, 1033, 1013, 981, 939, 908, and 880cm-I; nmr (CDC13, 
60 MHz) 6: 1.28 (3H, s), 1.34 (3H, s), 1.39 (3H, s), 1.77 (3H, s), 2.33 
(2H, q, l J A B l  - 12.5 Hz; AvAB - 20.5 Hz); mass spectrum (inrer alia) 
m/z: 199 (MH)', 198 (Mf), 141 (M - C 3 ~ 5 0 ) f ,  126 (M - CO and 
C0$, I l l  (CsH702)+, 83 (CsHll)+, 43 (CH3 CO)' (base peak). 
Anal. calcd. for CIOHI4O4: C 60.59, H 7.12; found: C 60.80, H 7.14. 

Recrystallization of 4 (toluene-CC14) gave colorless needles 
(89 mg), mp 91-96°C; [a]E +8.3" (c 0.53, CHC13); ir (KBr): 2990, 
2955,2915, 2890, 1845, 1772, 1708, 1485, 1470, 1455, 1406, 1385, 
1372, 1364, 1283, 1255, 1196, 1166, 1122,985, 958, and 935cm-I; 
nmr (CDC13, 200 MHz) 6: 1.22 (3H, s), 1.36 (3H, s), 1.40 (3H, s), 
2.19 (3H, s), 2.94 (2H, q, l J A B l  18.7 Hz; AvAB 27.6 Hz); mass 
spectrum (inrer alia) m/z: 198 (Mf ), 141 (M - C3H50)+, 126 (M - 
CO and C02)f, 11 1 (c6H7o2)+, 83 (C6HlI)+ (M - CO and C02 - 
CH3CO)+, 43 (CH3CO) + (base peak). 

An analytical sample, recrystallized from toluene-CCl4, melted at 
95-97OC. Anal. calcd. for CIOHI4O4: C 60.59, H 7.12; found: C 
60.60, H 7.13. 
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Differential heats of dilution of tert-butanol into water-tert-butanol mixtures at 26.90"C 

YOSHIKATA KOGA 
Department of Chemistry, University of British Columbia, Vancouver, B.C., Canada V6T 1 Y6 

Received August 27, 1985 

YOSH~KATA KOGA. Can. J. Chem. 64, 206 (1986). 
The differential heats of dilution of tert-butanol into water-tert-butanol mixtures were measured at 26.90°C. The results in the 

range where the mole fraction of tert-butanol, x ,  is less than 0.05 indicate that the hydrophobic interaction is repulsive and of long 
range; the interaction appears to extend its tail as far as six molecular distances or longer. Above the threshold concentration 
x = 0.06, the differential heats of dilution were close to zero and approximately independent of concentration and temperature. 

YOSHIKATA KOGA. Can. J. Chem. 64, 206 (1986). 
On a mesurk h 26,90°C, les chaleurs diffkrentielles de dilution du tert-butanol dans des mklanges tert-butanol-eau. Les 

rksultats pour le tert-butanol dans la zone de fraction molaire x < 0,05 indiquent que l'interaction hydrophobe est rkpulsive et de 
grande portke; l'interaction semble prolonger son influence jusqu'h au moins six molkcules de distance. Au-dessus de la concen- 
tration limite de x = 0,06, les chaleurs diffkrentielles de dilution se rapprochent de zkro et sont approximativement indkpendantes 
de la concentration et de la tempkrature. 

[Traduit par le journal] 

The anomalous physical properties of tert-butanol (TBA) - (18). A small, almost negligible, correction was applied to the 
H30 mixtures at low concentrations of TBA have attracted measured value of Ah to obtain the value at the unified - 
much attention, and there are numerous thermodynamic data 

I available in the literature (1-14). Of these, the quantities 
I proportional to the second derivatives of the free energy with 
1 respect to appropriate variables appear to show more pro- 

nounced features. Examples include the concentration fluctua- 
tions (5-7), thecompressibility (8,9,  1 1), the expansibility ( lo ,  
12), the heat capacity (10, 12), and the partial molar volume 
(10, 13). While the integral heats of mixing have been ~ determined and compiled (14), it is surprising that there appears 
to be no actual measurement of the differential heats of dilution 
in the literature. 

In view of the fact that the differential heats of dilution could 
provide direct information about the energetics of the solute- 
solute interaction, or the hydrophobic interaction (2), such 
measurements were made in the present work at 26.90°C. The 
results suggest clearly that the solute-solute interaction is 
repulsive and of long range. It seems that this repulsive 
interaction is already operative at the mole ratio of TBA to H 2 0  
of 1:1000. This is consistent with the concept of cooperative 
hydrogen bonding in H 2 0  (15); namely, the structure reinforce- 
ment of H 2 0  due to TBA molecules, or the hydrophobic 
hydration (1-4), extends a long distance via cooperative 
hydrogen bonding. Recent computer experiments (16, 17), 
while providing a deeper insight into the structure of the 
TBA-H20 mixture, may be improved if the number of 
molecules is increased and the cooperativeness of the hydrogen 
bonds in H 2 0  is somehow included. 

tert-Butanol was purified by refluxing for 24 h with CaH2, 
followed by distillation. The normal boiling point was 82.42 + 
0.02"C. Freshly distilled water was used. The differential heats 
of dilution were measured by means of a LKB Bromma 8700 
precision calorimetry system. A glass capsule containing about 
0.7g ( ~ 0 . 0 1  mol) of TBA was broken in about 90g of 
TBA-H20 mixture. A small temperature change was followed 
by means of a thermister. The calibration of the system and the 
calculation of the differential heats of dilution, Ah, is standard 

temperature, 26.90 -1 0.02"C, the temperature of the bath, 
using AC,(= dAhldT). The latter was obtained by performing 
the calibration runs before and after the capsule of TBA was 
broken (18). The error limit in Ah was estimated to be 
-10.05 kl mol-'. The uncertainty in AC, is inevitably large due 
to the fact that the method is not designed for measuring AC,. It 
was estimated to be about -+ 100 J mol-' K-' , except for the 
range 0.07 < x < 0.13, where it became enormous since the 
value of AC, was calculated in effect as a quotient of zero over 
zero. 

The results are plotted against the mole fraction of TBA, x ,  in 
Fig. 1 for Ah and in Fig. 2 for AC,. In Fig. 2,  the points in the 
range 0.07 < x < 0.13 are omitted. The values at infinite 
dilution of TBA are those of Arnett, Kover, and Carter (19) and 
are shown by an arrow in each graph. Their value of Ah was 
corrected to that at 26.90°C. While they observed that Ah was 
constant for the range of x less than 2 X at the lowest mole 
fraction of the present measurement, x = 1 X the slope of 
the curve Ah vs. x already appears to be non-zero and positive. 
This means that at about this or a lower concentration, a solute 
molecule starts to feel the presence of the others in a repulsive 
manner. In other words, the structure reinforcement of H 2 0  due 
to TBA tails as far as 3 v ( 3 / 4 ~  X 1 X 1 0 - ~ ) = 6  molecular 
distance or longer. This repulsive interaction increases as the 
separation between solutes becomes shorter, as shown in Fig. 1 
by the fact that the positive slope increases along with x for 
small x .  When x reaches about 0.06, Ah becomes close to zero 
and approximately independent of x thereafter. This implies that 
in this region an additional TBA molecule feels as if it is within 
the bulk of pure TBA. The postulate that a clathrate of the type 
TBA (H20),, with n = 20, forms at room temperature (6, 7) is 
not inconsistent. Thus, up to this threshold value of concentra- 
tion, an additional TBA molecule has to force itself into an 
already somewhat reinforced network of H 2 0  and finds the least 
reinforced area, i.e. far enough from the existing TBA 
molecules to settle in. Then, it reorganizes the surrounding H20 
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COMMUNICATIONS 

FIG. 1. The differential heats of dilution of tert-butanol into water-tert-butanol mixtures, Ah,  against mole fraction, x, at 26.90°C. 

FIG. 2. The differential heat capacity changes, AC,, against 
mole fraction, x, at 26.90°C. 

molecules. As a result, the next T B A  has more difficulty with a 
less exothermic differential heat of dilution. Beyond the 
threshold concentration, there is n o  more room for hydrophobic 
hydration, and the mixture consists of clathrates and TBA.  

As shown in Fig. 2, AC, is positive for x less than 0.06 and is 
small and negative, if not zero, for higher concentrations. It 
follows that the threshold occurs at a smaller value of x at higher 
temperature, which is consistent with the interpretation of the 
light scattering data (7). 
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Synthesis and characterization of durene-capped porphyrins and the crystal structure 
of a hemin derivative 

SHANTHA DAVID, DAVID DOLPHIN, BRIAN R. JAMES, JOHN B. PAINE 111, A N D  TILAK P. WIJESEKERA 
Department of Chemistry, Utziversity of British Colurnbia, 2036 Main Mall, Vancouver, B.C., Canada V6T l Y 6  
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SHANTHA DAVID, DAVID DOLPHIN, BRIAN R. JAMES, JOHN B. PAINE 111, TILAK P. WIJESEKERA, FREDERICK W. B. EINSTEIN, 
and TERRY JONES. Can. J .  Chem. 64, 208 (1986). 

Sterically hindered porphyrins having a fully hydrophobic cavity have been prepared. The cavity is capped with a 
2,3,5,6-tetramethylbenzene moiety containing at the 1,4-positions methylene -(CH2),,- chains ( n  = 4, 5, 7) bonded at trans 
pyrrole rings of a porphyrin that is alkylated with methyl or ethyl groups at the other P-pyrrolic positions. The iron(II1) chloride 
derivative of the 4,4-durene-capped base has been obtained as single crystals, and subjected to X-ray structural analysis. The 
typical high spin, square pyramidal geometry of five-coordinate hemin chlorides is maintained; the porphyrin core is strongly 
distorted and there is no interaction between the phenyl group of the strap and the iron. 

SHANTHA DAVID, DAVID DOLPHIN, BRIAN R. JAMES, JOHN B. PAINE 111, TILAK P. WIJESEKERA, FREDERICK W. B .  EINSTEIN 
et TERRY JONES. Can. J. Chem. 64, 208 (1986). 

On a prCpart des porphyrines stCriquement empCchCes et possCdant une cavitC hydrophobe complkte. La cavitC est cappCe par 
un tttramtthyl-2,3,5,6 benzkne portant, dans les positions 1 et 4, des chaines mkthyltnes (-(CH,),,-oh 11 = 4, 5,7) lits aux 
cycles pyrroliques trans d'une porphyrine qui est alkylCe par des groupements mCthyle ou Cthyle dans les autres positions P du 
pyrrole. On a obtenu un cristal unique du dtrivt du chlorure de fer(II1) de la base cappCe par le durkne-4,4 et on I'a soumis B une 
analyse par diffraction des rayons-X. La gComCtrie de pyramide carrte et spin ClevCe qui est typique des chlorures d'hCmines 
pentacoordonnCes est maintenue; le noyau de la porphyrine est fortement dCformC et il n'y a acune interaction entre le groupement 
phtnyle et le fer. 

[Traduit par le journal] 

There have been numerous attempts to prepare simple iron(I1) 
porphyrin complexes which will reversibly bind oxygen in a 
manner analogous to hemoglobin and myoglobin (1-3). A 
major problem with the "readily available" protein-free model 
systems is that, in the presence of oxygen, an irreversible 
oxidation to p,-0x0-iron(II1) dimers occurs; this autooxidation 
proceeds via the formation of a monomeric iron-dioxygen 
adduct, which subsequently reacts with a second iron(I1) 
porphyrin unit (4). The synthesis of porphyrins with protective 
structures covering one face of the macrocycle has proved to be 
an effective way of inhibiting this "dimerization." Several such 
porphyrins have been synthesized, the best-known systems 
being the "picket-fence" (5) and "pocket" (6) porphyrins of 
Collman et al., the "capped" (7) porphyrins of Baldwin and 
co-workers, and the "cyclophane hemes" (8) of Traylor et al. In 
addition, model systems with steric hindrances on both faces of 
the porphyrin (the "basket-handle" porphyrins (9) of Momen- 
teau et al.), as well as those with protective structures on one 
and appended imidazole ligand on the other side, have been 
prepared (10, 1 1). 

Two fundamentally different approaches have been adopted 
for the synthesis of hindered porphyrins. The first is an 
extension of single-step coupling of benzaldehyde and pyrrole 
to produce meso-tetraphenylporphyrin (1  2). Aromatic alde- 
hydes with potential amino groups as ortho-substituents are 
condensed with pyrrole and the protective structures are linked 
to the amino groups via amide linkages using appropriate acyl 
chlorides (5,6).  In a modification of this method, the protective 
structures are linked to the aromatic aldehydes at their ortho 
positions via ester or ether functions, prior to the coupling with 
pyrrole (7, 9 ,  10). The most widely used approach to the syn- 
thesis of hindered porphyrins has been to condense, via ester or 

amide linkages, a diagonally P-substituted preformed porphyrin 
with a terminally bifunctional molecule carrying appropriate 
functional groups (8, 11, 13-15). 

Porphyrins produced by such methods are limited, however, 
in the size of the cavity produced. In addition, truly hydrophobic 
cavities cannot be produced since the protective structures are 
linked to the porphyrin by polar amide, ester, or ether linkages. 
An early attempt at the preparation of such a hydrophobic 
system using rigid dipyrromethene precursors resulted in very 
low yields during the cyclization step (16). 

The synthetic route originally developed in this department to 
construct permanently deformed porphyrins (17, 18) appeared 
to be ideally suited for the synthesis of a sterically hindered 
porphyrin having a fully hydrophobic cavity. 

Commercially available 1,4-bis(chloromethy1)-2,3,5,6-tetra- 
methylbenzene (1) was converted into the diacid chlorides (2) 
using standard malonate chemistry. The incorporation of the 
durene strap into the porphyrin' was initially carried out with the 
bis-pentanoic and heptanoic acid derivatives (2, n = 5 and 7), as 
outlined in the scheme. 2-Ethoxycarbonyl-3,s-dimethylpyrrole 
(3), prepared by the reductive condensation (19) of diethyl- 
oximinomalonate with 2,4-pentanedione, was condensed with 2 
to give the diketo bispyrrole (4), using a method previously 
employed for the preparation of covalently linked porphyrins 
(20). Diborane reduction, in THF, of 4 gave the bispyrrole ethyl 
ester (5, R = C02Et), which was transbenzylated (21) in 
refluxing benzyl alcohol and catalytic sodium benzyloxide. The 
benzyl ester (5, R = C02CH2Ph) was converted to the 
dicyanovinyl protected derivative (6, R = CH3) using standard 

' ~ l l  new compounds were characterized by satisfactory elemental 
analysis, and mass and nrnr spectroscopy. 
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COMMUNICATIONS 209 

H,C CH, H n = 4  [56%] 

clH2c# c H 2 c l  - - - cloc(cH2:n-* (cH2)nTcoc l  - 
o 

n = 7 [42w 

P h C H p O H  / A  5 R = C0,Et c 5 R = CO, CH, Ph 
P h C H p O N o  

[95%1 1 H = I P d - C  

DMF I A 5 R = H  5 R = C02H < 

5 R = CHO 

R '  = CO,E~ ( a )  n q  K O H  

R2 = CH C(CN)2 
C 

( b )  C H , C 0 2 H  

199x1 

SCHEME 1 

8 R ' = H  

R ~ '  CHO 
n =7[11x] 

R ' =  C02H 

R 2 =  CHO 
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Cl171l 
,,- CI I l l  

FIG. 1. A SNOOP1 (32) diagram of the hemin 10 (50% probability 
contours for all atoms; hydrogen atoms have been omitted for clarity; 
the dashed bonds are used to distinguish between the "strap" and the 
porphyrin skeleton). 

techniques (21-23). The intermediates in this sequence were 
unstable and neither isolated nor characterized. However, the 
dicyanovinyl group both protects the aldehyde function and 
provides a compound suitable for chromatographic purification. 

The conversion of 6 (R = CH,) to the chloromethyl 
derivative 6 (R = CH'C1) was carried out under conditions 
favourable for an electrophilic, rather than a radical, reaction to 
prevent competitive chlorination of the benzene substituents 
(24-28); chlorination in the dark using two equivalents of 
sulfuryl chloride in rnethylene dichloride at room temperature 
gave 6 (R = CH2Cl), which was isolated and immediately 
condensed with the pyrrole 7 (17) to give 8 (R1 = C02Et; 
R~ = CH=C(CN)' in consistently greater than 90% yield, 
attesting to the high regioselectivity of the preceding chlorina- 
tion step. 

Deprotection of the formyl group and saponification of the 
esters was achieved using KOH in refluxing aqueous n-propanol. 
The reaction was followed by the disappearance and appearance 
of bands at 407 and 320nm, respectively. Removal of the 
n-propanol followed by acidification gave the 5-carboxy-5'- 
formyldipyrromethane dirner 8 (R' = C02H; R' = CHO). 
Decarboxylation in refluxing DMF (followed by the disappear- 
ance of a 280-nrn band) gave 8 (R' = H; R~ = CHO), which was 
not isolated. Instead, most of the DMF was removed in vacuo, 
the residue dissolved in dichloromethane, and the remaining 
DMF removed by extraction with water. The dried dichloro- 
methane containing the 5-unsubstituted-5'-formyldipyrro- 
methane was added to a solution of p-toluenesulfonic acid in 
methanol/dichloromethane over a period of 5-6 days using a 
syringe pump. 

The capped porphyrins 9 (n = 4 or 5 or 7) were the only 
porphyrins present in the reaction mixture and were readily iso- 
lated and purified by chromatography. The overall yields of the 
decarboxylation and cyclization steps were 11-16% (9, n = 4),  
22-31% (9, n =5), and 9-13% (9, n = 7) and -100mg of 
porphyrin was readily available from one such reaction sequence. 

The free base 9 (n  = 4), in THF, was treated with an excess of 
FeCl,, in methanol. The mixture was refluxed, ilnder N2, for 

1 h. The solvent was removed and the residue washed with 
water and then chromatographed on alumina (activity V). 
Elution with CH2C12 gave the green p o x 0  dimer. Treatment of 
the eluate with 0 .2  M HCl gave the hemin chloride 10, which 
was recrystallized from CHzC12/hexane (85% yield). Crystals 
of the hemin 10 were prepared by the addition of methanol to a 
dichloromethane solution (-0.1 M) to a ratio of 3:7 (v/v). 
Standing at room temperature for -5 days yielded single cry- 
stals for X-ray structural a n a l ~ s i s . ~  

The molecular structure of the hemin 10 shown in Fig. 1 (32) 
indicates a very distorted porphyrin core, which results directly 
from the carbon "strap." Nevertheless, the square pyramidal 
coordination environment found about the Fe atom is typical of 

'A crystal suitable for data collection was mounted in a thin-walled 
glass tube and centred on an Enraf-Nonius CAD4-F diffractometer. 
Accurate cell dimensions were determined by least-squares refine- 
ment of the setting angles of 25 accurately centred reflections (with 
15" < 20 < 20") chosen from a variety of points in reciprocal space. 
The crystal system-was found to be triclinic and consequently the space 
group was P1 or Pl-(subsequent structure solution uniquely defined the 
space group as PI). A total of 5795 independent reflections were 
measured, of which 3271 were classed observed ( F / a ( F )  > 5a(F))  
and used in structure refinement. Lorentz and polarization corrections 
have been made. The Fe atom was located from the Patterson map, 
while all other non-hydrogen atoms were found from subsequent 
difference-Fourier maps. At this stage, the presence of a crystallization 
molecule of dichloromethane was detected in the unit cell. disordered 
in at least two different arrangements. The exact mode of this disorder 
is complicated and, although a number of chemically reasonable 
models were investigated, no satisfactory description of this volume 
could be made. We were able to minimize the electron density in this 
volume by fixing the "porphyrin" parameters and performkg full- 
matrix least-sauares refinement of the occu~ancies. coordinates. and 
temperature fa'ctors of two fractional dich1o;omethane molecules that 
overlapped at a common C site. Subsequent difference maps revealed 
clearly the positions of the hydrogen atoms of the porphyrin molecule 
(solvent hydrogens were not located). Refinement was continued by 
separation of the structure into three batches: batch I contained Fe(l) ,  
C1(1), and the porphinato skeleton (248 variables); batch 2 consisted 
of the "strap" and peripheral methyl and ethyl groups (369 variables); 
and batch 3 was made up of the disordered solvent molecule (31 
variables). A number of full-matrix least-squares cycles were per- 
formed on each batch alternately until the refinement .had converged. 
During these cycles, hydrogen atoms were copstrained with respect to 
their parent carbon atoms (C-H = 0.95(2) A; H--C-H = 1 IO(2)"; 
C<-H = 1 IO(2)") and an overall isotropic temperature factor was 
refined for (i) methyl hydrogens, (ii) methylene hydrogens, and (iii) 
"C," hydrogens. The final cycle of refinement, with all hydrogen and 
solvent parameters fixed and the coordinates and anisotropic thermal 
parameters of the non-hydrogen atoms allowed to vary, produced 
essentially no shifts (C(shift/e.s.d.)' = 2.52) and gave final agreement 
factors of R = 0.038 and R,,, = 0.048 for 470 variables. The final 
difference map contained a number of residual peaks (0.18-0.40 A - ~ )  
in the solvent region and two peaks (0.28 and 0.31 e A - ~ )  close to 
Fe( I) .  Weights were derived on the basis of trends in wA' as a function 
of sin 0 / h  and Fo (Table Atomic scattering factors including 
anomalous dispersion were taken from Tables for X-ray Crystallogra- 
phy (29). Final positional and U,,, temperature factors are given in 
Table 2.3 Anisotropic, thermal parameters, hydrogen parameters, bond 
parameters, mean-planes data, and structure factor listings have also 
been deposited (Tables 3-7).3 Data reduction and initial structure 
solution were performed using "The NRC VAX crystal structure 
system" (30), whereas the latter stages of structure solution and 
refinement were carried out using "CRYSTALS, Oxford University" 
(31). All calculations were performed using an "in-house" VAX750 
computer. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



COMMUNICATIONS 21 1 

other high spin Fe(II1) porphyrins that d o  not contain a "strap" 
(33) (Table 8).3 The Fe(1)--C1(1) distance of 2.232(1) A is 
close to  the value of 2.218(6) A found for [Fe(proto)(Cl)] (34) 
and the distance from Fe(1) to the centre of the phenyl ring of 
5 .613 A indicates n o  interaction between the phenyl group of 
the "strap" and Fe(1). 

The distortion of the porphinato skeleton found here is not as 
marked as found in the related deformed free-base porphyrin 
with short-strap bridging reported earlier (18, 35). The angle 
between the best planes of pyrrole rings 1 and 3 is 43.0" com- 
pared with 68.5" in the earlier example, while the corresponding 
angle between rings 2 and 4 is 17.2" compared to 13.5" in the 
more deformed case ( 18, 35). Atom pyramidalization (x,,,) 
and bond twist ( T ~ ~ ~ ~ , )  parameters (36) for the porphinato 
skeleton (Table 9) suggest that strain induced by the strap is 
distributed throughout the entire molecule rather than being 
localized within the two "strapped" pyrrole rings. Mean-plane 
data determined for eacK pyrrole ring further support distribu- 
tion of strain throughout the molecule, viz. the "strapped" C 
atoms C(2) and S(12)  within rings 1 and 3 ,  respectively, lie well 
out (0.06-0.10 A) of the plane defined by the other atoms in 
their rings. Also, C, atoms in pyrrole rings 2 and 4 lie out of 
plane with respect to the other ring members, in a direction 
towards the "strap." 

Bond distances and angles around the porphinato skeleton are 
remarkably similar to those found in other "undistorted" 
nonstrapped XFe(II1) porphyrins (Table 10) (37, 38). The bond 
parameters for the "strap" and alkyl substituents d o  not appear 
unusual. Transannular parameters indicate that the central 
porphyrin cavity has contracted as a result of binding to Fe(l) ,  
e.g. N(1)-N(3) and N(2)-N(4) are 3.965(5) and 4.016(5) A, 
respectively, cf. 4.003(4) and 4.241(4) A in a severely distorted 
porphyrin (35). 
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The aminolysis of phosphinates; the kinetics and mechanism of the aminolysis of phosphinate esters 
in acetonitrile1 
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and OHANNES V. TANIELIAN. Can. J. Chem. 64, 213 (1986). 

The aminolysis of aryl diphenylphosphinates, p-nitrophenyl diphenylphosphinothlonate, -phosphinothioate, and -phosphino- 
dithioate by n-butylamine, by the secondary arnines piperidine, pyrrolidine, morpholine, and dipropylamine, as well as by a 
series of diamines, has been studied in acetonitrile. The general reactivity order is diamines > butylamine > sec-amines. 
Butylaminolysis follows a two-term rate law, one first order in amine and the other second order in amine. The second order in 
amine term predominates. sec-Arnines and diamines follow a rate law which is first order in amlne only. Leaving group effects, 
solvent effects, and activation parameters support a pathway which involves rate-determining collapse of a zwitterionic 
pentacoordinate intermediate. In the case of butylamine this collapse is general base catalyzed and for the diarnines the reaction is 
intramolecularly general base catalyzed. 

ROBERT D. COOK, WAFA A. DAOUK, ASAAD N. HAJJ, AHMAD KABBANI, ANWAR KURKU, MUNA SAMAHA, FUAD SHAYBAN 
et OHANNES V. TANIELIAN. Can. J. Chem. 64, 213 (1986). 

Operant dans I'acCtonitrile, on a CtudiC l'aminolyse des diphCnylphosphinates d'aryles et des diphCnyl-phosphinothionate, 
-phosphinothioate et -phosphinodithioate de p-nitro-phCnyle par la n-butylarnine, par les amines secondaires cornrne la 
pipendine, la pyrrolidine, la morpholine et la dipropylamine ainsi que par une sCrie de diamines. L'ordre de rCactivitC gCnCrale 
est le suivant: diamines, butylamine, amines secondaires. La butylaminolyse obCit a une Cquation de vitesse impliquant deux 
termes, un du premier ordre en amine et un autre du deuxieme ordre en amine. Le terme du deuxikme ordre en arnine prCdomine. 
Les reactions avec les arnines secondaires et avec les diamines obCissent a une Cquation du premier ordre en arnine seulement. Les 
effets de groupements nuclCofuges et de solvants ainsi que les parametres d'activation sont en accord avec un mCcanisme 
rCactionnel irnpliquant une Ctape dkterminante au cours de laquelle il y a dCcomposition d'un intermkdiaire zwitteriol~ique 
pentacoordonnC. Dans le cas de la butylamine, cette dCcomposition est sournise a une catalyse gCnCrale des bases et, pour les 
diarnines, la rCaction est soumise B une catalyse gCnCrale des bases qui est intramoltculaire. 

[Traduit par le journal] 

Introduction 
Aminolysis reactions of carboxylic esters in aprotic solvents 

have been the subject of several reports starting with the work of 
Menger in 1966 (1). Menger found that the butylaminolysis of 
p-nitrophenyl acetate (p-NPA) in chlorobenzene is second 
order in amine and that tertiary amines only mildly catalyze the 
reaction. A mechanism involving concerted bifunctional cataly- 
sis was proposed, with a transition state similar to 1. 

0 
I1 

R-,C---0,R' 

1 
Shawali and Biechler (2) reported that the butylaminolysis of 

both phenyl dichloroacetate and difluoroacetate in p-dioxane 
follows a mixed rate law (eq. 111) and that tertiary amines do 

[ l ]  Rate = k2[ester] [amine] + k3[ester] [aminel2 

' ~ a k e n  in part from the M.S. Theses of W.A.D., A.H. ,  Ah.K., 
A.K.,  F.S., and O.T.,  American University of Beirut, Beirut, 
Lebanon. 

' ~ u t h o r  to whom correspondence may be addressed. Address for the 
academic years 1984-1986 at the University of Toronto. 

catalyze the reaction. On the other hand, for secondary amine 
aminolysis, only the term which is first order in amine appears. 
For butylaminolysis the authors suggest that the reaction 
~roceeds via a neutral tetrahedral intermediate. with the second 
amine molecule catalyzing the breakdown of this intermediate 
by proton removal. The bifunctional cyclic mechanism was 
proposed by Satchel1 and Secemski (3) as the pathway of the 
aminolysis of p-NPA in diethyl ether. These authors also report 
that [2.2.2]diazobicyclooctane catalyzes the reaction; a path- 
way involving nucleophilic catalysis was proposed (4). Later 
papers by the groups of Menger ( 5 )  and Watson (6) clearly show 
the presence of catalysis by tertiary amines in several systems 
and concluded that a two-step general base mechanism is 
preferable over the concerted Menger and Smith (5a) 
also reported linear free energy relationship data that strongly 
support the collapse of the intermediate as the rate-determining 
step, with the second amine molecule catalyzing the reaction by 
removing a proton from the zwitterionic form of the intermedi- 
ate (2). 

There have been several other reports on the aminolysis of 
carboxylic esters in aprotic media showing catalysis by proton 
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acceptors (7), ionophones (8), as well as intramolecular effects 
by groups in the acid part (9) and the phenol part (10) of the 
ester. Aminolysis reactions by imidazole (1 1) and by amino- 
pyridines (12) as well as catalysis of the imidazole reaction by 
lithium perchlorate (13) have also been studied. 

In this paper we report our results on the aminolysis of three 
phosphinate esters (3-5) as well as on p-nitrophenyl diphenyl- 
phosphinothionate (6), -phosphinothioate (7), and -phosphino- 
dithioate (8). Compounds 4-8 were studied with butylamine 

only but ester 3 was studied with butylamine, a series of 
secondary amines, and diamines. There is one previous report 
on the aminolysis of a phosphinate ester and a comparison will 
be made with this work (14). 

Results 
Rate data 

The observed rate constants as well as the calculated 
second-order rate constants (k2 = kobs/[amine]) for the butyl- 
aminolysis of 3-8 are given in Table 1. A plot of the k2 for the 
butylaminolysis of 3 versus amine concentration is given in Fig. 
1. The slope, k3, is 5.31 x lop2 M - ~  S - I  ( r  = 0.987) and the 
intercept, k2, is 8.02 x lop4 M- ' s-' or approximately 1.4% of 
the k3. Therefore within the range of amine concentrations used 
in our experiments the butylaminolysis of 3 follows the rate law 
of eq. [ l ]  with the third-order term predominating. The other 
esters in Table 1 give similar results and their k2 and k3 values 
are reported in Table 2. 

The kobs and k2 values for the aminolysis of 3 with sec-amines 
and diamines are given in Tables 3 and 4, respectively. Figure 2 
gives the plot of kobs versus amine concentration for the 
piperidinolysis of 3. Table 5 gives the data collected on the 
aminolysis reactions in chlorobenzene and Table 6 reports the 
results of the experiments canied out in the presence of tertiary 
amines. 

Activation parameters 
The activation parameters for the butylaminolysis of 3 and 8 

as well as for the piperidinolysis, and the aminolysis with 
1,3-diaminopropane of 3 are given in Table 7. 

Limitations on the rate data 
The reproducibility of the rate data for a given amine 

concentration was good. The major source of fluctuation was 
due to the difficulty of reproducing identical amine concentra- 
tions. The best results were obtained when the amine was 
delivered using a Gilmont microsyringe (for all primary amines 
and diamines). For the secondary amines, stock solutions were 
prepared and delivered by pipet. In the latter case the third figure 
in the observed rate constants is unlikely to be significant. 

The values of k2 and k3 for most systems are determined 
graphically. The errors in this determination, especially when 
less than 5 data points are used, are going to be large (+ 10%). 

I This will be particularly true for k2, which is determined from the 
intercept. These errors in the rate constants will cany over to the 
calculations of the activation parameters. A reasonable error 
limit for the second-order reaction would be 2 3  kcal/mol for 
the E , ( A P )  and + 10- 15 eu for the A S .  

TABLE 1 .  Rate constantsa for the butylaminolysis of 3-8 in acetonitrile 

Compound [Amine] kobs X l o 3  (s-I) k2 X l o 3  (M-' s-l) 

"Average of 2-3 runs; [ester] = 1.3 x M. 
b~ = 25'C. 
'T = 30°C. 
d~ = 40°C. 
'T = 50°C. 

TABLE 2. Graphically determineda k2 and k3 values for the butyl- 
aminolysis of esters 3-8 in acetonitrile 

"Determined from a plot of k,,,/[amine] vs. [amine]; slope = k3 and the 
intercept = kZ 

b[Ester] = 1.3 x 10-5M. 
' r  = correlation coefficient of the least-squares plot. 
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TABLE 4. Rate constantsa for the diaminolysis of 3 in acetonitrile 

10.0 - k 2  = 8.02 x 
at 30°C 

k3 = 5.31 x 
[Aminel kobs x lo3 k2 x lo3 

Amine ( M )  (s-I) (s-l) - 8.0 - 0 
4 1,2-Diaminoethane 0.08 1.69 21.2 
X 

1,3-Diaminopropane 0.04 2.13 53.1 
0.06 3.43 57.2 
0.08 4.40 56.2 
0.08b 2.88 36.0 
0.08' 1.92 24.0 

1,4-Diaminobutane 0.08 5.21 65.1 

1,5-Diaminopentane 0.04 1.31 32.8 
0.06 2.10 34.9 
0.08 2.45 30.6 

1,6-Diaminohexane 0.08 0.96 12.0 

0 I 
I I I N-methyl-l,2-diaminoethane 0.08 1.78 22.2 

0 0.04 0.08 0.12 0.16 N,Nf-dimethyl- 1,2-diaminoethane 0.08 0.109 1.36 
[AMINE], M 0.16 0.228 1.43 

FIG. I. Plot of kobs/[amine] vs. [amine] for the butylaminolysis of N'N'dimethy1-1*2-diaminoethane 0.08 0.781 9.76 
3 in acetonitrile; T = 30°C. N-methyl- l,3-diaminopropane 0.08 3.53 44.1 

N,N-dimethyl-l,3-diaminopropane 0.08 2.59 32.4 

"Average of 2-3 runs; [ester] = 1.3 X lo-' M. 
b~ = 40°C. 
'T = 50°C. 

TABLE 3. Rate constantsa for the secondary amine aminolysis of 3 in 
acetonitrile at 50°C 

Amine [Amine] kobs x lo5 (s-') k2 X lo5 (M-I s-I) 

Piperidine 1 .OO 34.3 34.3 
0.75 24.5 32.7 
0.50 17.2 34.4 
0.25 9.10 36.4 
1 .Oob 27.7 27.7 
1 .0Oc 48.0 48.0 

k2 = 3.32 x 

Morpholine 1 .OO 2.69 2.69 
1.40 3.55 2.54 
1.75 5.11 2.91 
2.00 5.54 2.77 
2.50 6.19 2.47 

k2 = 2.46 X 

Pyrrolidine 1 .OO 215 215 
0.75 166 220 
0.50 115 220 
0.25 46.3 185 

k2 = 2.23 X 

Dipropylamine 1 .OO 4.76 4.76 
1.25 6.68 5.34 
1.50 7.64 5.09 
1.80 8.25 4.71 
2.00 9.71 4.85 

k? = 4.46 X 

Methylbutylamine 0. 16e 5.90 37.0 

"Average of 2-3 runs; [ester] = 1.3 X 10-'M. 
bT = 40°C. 
'T = 60°C. 
"k2 determined from the slope of the plot of kobs VS. [amine]. 
'T = 30°C. 

TABLE 5. Rate constantsa for the butylaminolysis of 3 in 
chlorobenzene at 30°C 

[Amine] (M) kob, X lo5 (s-I) k2 X lo5 (M-I s-I) 

"Average of 2-3 runs; [ester] = 1.3 X lo-'. 
bDetermined from a plot of kOb,/[amine] vs. [amine] 

TABLE 6. Rate constantsa for the aminolysis of 3 in the presence of 
tertiary amines 

Amine M tert-Amine M kobs X lo5 (8 ' )  

~ u t ~ l a m i n e ~  0.08 - - 38.9 
0.08 Imidazole 0.08 66.7 
0.08 Pyridine 0.08 62.4 
0.08 Triethylamine 0.08 77.7 

1 ,3-Diaminopropaneb 0.08 - - 450 
0.08 Imidazole 0.08 256 
0.08 Pyridine 0.08 409 
0.08 Triethylamine 0.08 414 

Piperidine' 0.50 - 17.2 
0.50 Pyridine 0.50 20.0 
0.50 Triethylamine 0.50 21.0 

"Average in 2-3 runs; [ester] = 1.3 x 10-'M. 
b~ = 30°C in acetonitrile. 
'T = 50°C in acetonitrile. 
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[AMIIVE], M 

FIG. 2. Plot of kobs VS. [amine] for the piperidinolysis of 3 in 
acetonitrile: T = 50°C. 

TABLE 7. Activation parameters for the aminolysis of phosphinates in 
acetonitrile 

E, AG* A H *  
AS* 

Ester Amine kcal /mol eu 

3 Butylamine" -0.5 20.0 -1.2 -68 
8 ~ u t ~ l a r n i n e ~  -3.2 20.0 -3.8 -80 
8 Butylaminec 3.3 20.6 2.7 -60 
3 Piperidined 5.75 24.1 5.1 -59 
3 1,3-Diaminopropanee -8.1 19.5 -8.4 -92 

"T = 30°C in acetonitrile; k3 component. 
bT = 25'C in acetonitrile; k3 component. 
'T = 25°C in acetonitrile; k2 component. 
dT = 50°C in acetonitrile. 
'T = 30°C in acetonitrile. 

Discussion 
Butylaminolysis 

The butylaminolysis of all the esters studied follows the 
two-term rate law represented in eq. [ l ]  with the exception of 
ester 6,  which has only a k3 component. With all the esters k3 is 
larger than k2 (Table 2), and the k3/k2 ratio is larger; that is, 
catalysis is more important for the esters with the more basic 
leaving groups (3 ,4 ,5 ,  and 6 versus 7 and 8). The aminolysis of 
3 is catalyzed by the tertiary amines imidazole, pyridine, and 
triethylamine (Table 6) and therefore a cyclic concerted 
mechanism is ruled out. There are two reasonable pathways: (i) 
a general base-catalyzed direct displacement and (ii) a rate- 
determining general base-catalyzed breakdown of a pentacoor- 
dinate zwitterionic intermediate (eq. [2]). 

In the rate-determining step of both of these pathways, 
negative charge is generated on the leaving group in the 
transition state. Although only three compounds with para 
substituents have been studied (3-9 ,  their rates of aminolysis 
(k3) correlate with the u- values of the substituents and not with 
the u values. The calculated p value using a- is 2.55 ( r  = 
0.983). The significance of such a correlation with only three 
points is limited; however, what is clear is that the p-CN ester 
(4) is more reactive than the m-NO2 ester (S), in line with the a- 
values and not with the u values of the substituents. In support 
of rate-determining loss of the leaving group are the reactivity 
ratios for the phenol versus thiophenol leaving groups. The 
ratios of the k, values for 713 and 816 are 18.2 and 9.4, 
respectively. For the uncatalyzed reaction (k2), where the 
basicity of the leaving group might be expected to be more 
important, the ratio for esters 713 is 143. The large drop in rate 
when the butylaminolysis of 3 is studied in chlorobenzene also 
supports a pathway with a highly charged transition state (Table 
5). These data have led to the suggestion of a transition state 
with negative charge on the leaving group and, for the 
case of the pathway involving intermediate formation, rate- 
determining collapse of the intermediate will only be possible if 
the intermediate is the dipolar ion represented in structure 9 (5). 

The question of whether or not there is an intermediate along 
the reaction path in displacement at phosphorus in acyclic 
phosphorus esters is the difficult one to answer. Kirby and 
Warren (15) and Emsley and Hall (16) have summarized the 
evidence and argue for a direct displacement in these acyclic 
systems. On the other hand, there is ample evidence for 
intermediates in the reactions of cyclic phosphorus esters (17) 
and in two acyclic systems involving the acid-catalyzed 
hydrolysis of a phosphinothionate (18;) and a phosphonate 
(18b). In our report on the alkaline hydrolysis of a series of alkyl 
dialkylphosphinates and their sulfur analogs we were unable to 
eliminate either possibility, i.e., direct displacement versus 
intermediate formation (19). However, in the hydrolysis of aryl 
esters, with one exception (20), the rates correlate with 
Hammett's u values, and not with the a- values, supporting a 
mechanism where no charge is generated on the leaving group in 
the rate-determining step and therefore, by implication, sup- 
porting rate-determining formation of an intermediate (21). The 
ratio of reactivity under conditions of alkaline hydrolysis for 
aryl diphenylphosphinothioates and aryl diphenylphosphinates 
is only 4,  which is considerably less than is observed in the 
aminolysis reactions and is in line with the above statements. 

The atom doubly bonded to phosphorus influences the . - 

reactivity of the esters significantly. For example, the ratios of 
k3's for 316 and 718 are 22.8 and 72, respectively. The greater 
reactivity of the P=O esters is generally rationalized in terms of 
the differences in polarizabilityand sol-vation of the two groups 
(22). In acetonitrile the latter may not be very important. A 
summary of P=O/P=S reactivity ratios is presented in 
ref. 19 for several different systems and it is suggested that the 
values of these ratios cannot lead to significant mechanistic 
conclusions. 

k I I 
[2] R2P(0)OR1 + RUNH2 R2P&R1 

k2 

k- 1 
H2NR ' 

+NH2R R'OH 
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The butylaminolysis reactions give highly negative entropies 
of activation (Table 7). The values obtained are quite small for 
both the k2 and k3 components (23) (the entropies of activation 
for the second-order reaction have larger errors incorporated 
into the calculation because of the fact that the values of k2 are 
intercepts). Negative activation energies have been obtained for 
the third-order components, which, although unusual, have 
been observed in other systems and are suggested as being 
support for intermediate formation along the reaction pathway 
in contrast to a direct displacement (24). The transition from 
tetrahedral phosphorus to a charged pentacoordinate intermedi- 
ate, coupled with the incorporation of a second amine molecule 
in the transition state, should lead to very negative entropies of 
activation. As well as being a termolecular reaction, there 
should also be considerable restriction of rotation in the 
transition state as well as some electrorestriction of solvent. 

Therefore, for the mechanism, a process similar to eq. [2] is 
likely. The transition from intermediate (10) to transition state 
(11) can be pictured as in eq. [3], where a zwitterion is going 

towards two separated ions; that is, there is greater charge 
separation in the transition state, which is reached late on the 
reaction coordinate. than there is in the intermediate. Under the 
reaction conditions it is the p-nitrophenoxide anion that is being 
observed at 423 nm (25). The slower reaction in the less polar 
chlorobenzene would be expected for this process. 

The bimolecular reaction pathway can be thought of as the 
slow dissociation of the zwitterionic intermediate, with subse- 
quent loss of a proton to a second amine molecule, or as slow 
simultaneous intramolecular proton transfer to 0- and loss of 
phenoxide followed by proton loss to a second amine molecule. 

Bel'skii et al. (14) have reported their results on the 
arninolysis of the very reactive phosphinate p-nitrophenyl 
bis(chloromethy1)phosphinate by a series of primary and sec- 
ondary amines in benzene. They have also suggested, in line 
with Menger's original suggestion for carboxylates, that a 
zwitterionic intermediate exists along the reaction pathway. 

Secondary amine aminolysis 
The aminolysis reactions of 3 with the secondary amines 

piperidine, morpholine, pyrrolidine, and di-n-propylamine all 
follow a rate law where only the k2 term appears. This result is 
supported by the lack of significant catalysis with tertiary 
amines (Table 6). The observed rate of aminolysis by these 
amines is slower than that observed for butylamine and this rate 
order is the opposite of that observed for carboxylate esters (5). 
The overall slower rate is due to the absence of a general 
base-catalyzed pathway for the sec-amine aminolysis. Both for 
most carboxylic ester systems (5) and for the phosphinate 
studied by Bel'skii's group (14), a mixed rate law was obtained 
for the reactions with secondary amines. The reactivity order 
observed in the aminolysis reactions of p-nitrophenyl bis- 
(chloromethy1)phosphinate is piperidine > butylamine > 
diethvlamine (14). 

TABLE 8. Relative rates for the diaminolysis of 
3 in acetonitrile at 30°C; [H2N(CH2),NH2] = 

0.08 M 

n Relative rate pKaa APK~" 

"pK,  in acetonitrile; ref. 26. 
b A p ~ ,  = p K 2  - p K a l ;  ref. 26. 

3 and the pK, of the amines as measured in acetonitrile (26) with 
the exception of morpholine, which is considerably more 
reactive than its basicity would predict. The entropy of 
activation of the piperidinolysis of 3 is -59 eu, which is very 
small for a bimofecular reaction and suggests a restricted 
transition state. 

The reason for the lack of a third-order term is most likely 
steric in origin, inasmuch as the larger secondary amines 
prevent a second amine molecule from being involved in the 
rate-determining step. The observation of general base catalysis 
with Bel'skii's ester reflects the smaller size of the ClCH2 
substituent. 

Once again this bimolecular pathway can be rationalized as 
either rate-determining dissociation of the zwitterionic inter- 
mediate, followed by loss of a proton, or as a rate-determining 
intramolecular proton transfer to the 0 - ,  coinciding with loss of 
the leaving group. 

Diaminolysis 
The diaminolysis reactions of 3 follow a rate law which is first 

order in amine only; their reaction rates, however, are greater 
than those observed for either butylamine (7 times faster per 
amino group) or for the secondary amines. Anderson, Su, and 
Watson (6) observed a similar rate enhancement for 1,3- 
diaminopropane over butylamine in the aminolysis of p-NPA in 
chlorobenzene. A mechanism identical to the other systems but 
with intramolecular general base catalysis would appear to best 
fit these results. Of the unsubstituted diamines, the 1,4- 
diaminobutane is the most reactive (Table 8), in accord with its 
having the highest basicity of the diamines studied (26). Table 8 
also gives the ApK, ( p ~ :  - p ~ , ' )  values for the diamines, 
which show a break at the point at which intramolecular 
hydrogen bonding, and subsequently catalysis, becomes less 
important. The diamine that gives the maximum rate would go 
through a transition state (13) involving proton transfer in a 
seven-membered ring, one atom of which is the sterically small 
hydrogen. 

The entropy of activation calculated for the 1,3-diamino- 
propane reaction is -92 eu. This is an extremely small value for 

~, 

There is a good correlation between the rates of aminolysis of 
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TABLE 9. Relative rates for the aminolysis of 
3 by N-substituted diamines in acetonitrile at 

30°C 

Diamine 

H2NCH2CH2NH2 
CH3NHCH2CH2NH2 
(CH3)2NCH2CH2NH2 

HZN(CH2)3NH2 
CH~NH(CHZ)~NH~ 
(CH3)2N(CH2)3NH2 
CH3NHCH2CH2NHCH3 
CH3NHCH2CH2CH2CH3 

Relative rate 

"Rate12 to account for two reactive sites. 

a bimolecular reaction and reflects a large degree of freezing of 
rotation of the molecules in the transition state. This same 
system has also been studied in chlorobenzene, where the 
reaction followed a mixed rate law (eq. [ I ] )  and the overall rate 
is considerably decreased (k2  = 6.12 x M P 2  S-I). Such a 
solvent effect supports a highly charged transition state. 

A most interesting observation is the inhibition of reaction 
observed when tertiary amines are present. Table 6 shows that 
the rate of aminolysis with 1,3-diaminopropane is retarded in 

I the presence of imidazole, pyridine, and triethylamine. A 
possible explanation for this result would involve the inhibition 
of catalysis because of intermolecular hydrogen bonding be- 

) tween the "free" end of the diamine and the tertiary amine. 
I There is no spectral evidence, in this case or in any other in this 

study, of imidazole acting as a nucleophile. 
Table 9 summarizes the data for the N-substituted diamines. 

In the case of the monosubstituted diamines it is assumed that 
the reaction proceeds via nucleophilic attack of the primary 
amine and catalysis by the secondary amine, a conclusion 
reached because of the differences in reactivity between the two 
amine systems. The order of catalytic ability parallels the 
basicity of the amine end that is acting as a catalyst (1" < 2" > 
3") (26). Although a third-order term is not observed in the 
reactions with secondary amines, it appears that there is some 
intramolecular catalysis of a secondary amine reaction by 
another secondary amine in the case of N,Nr-dimethylethylene 
diamine, where it is 4 times more reactive than methylbutyl- 
amine (2 times per amino group) (Table 9). 

Experimental 
Synthesis of the esters 

The p-nitrophenyl diphenylphosphinate, 3, p-cyanophenyl diphen- 
ylphosphinate, 4, and m-nitrophenyl diphenylphosphinate, 5 ,  were 
prepared according to the method of Haake and Hurst (27). The 
p-nitrophenyl diphenylphosphinothioate, 7, and diphenylphosphino- 
dithioate, 8 ,  were prepared by the method of Spense, Swan, and Wright 
(28) while the p-nitrophenyl diphenylphosphinothionate, 6, was 
synthesized by the procedure of Williams, Douglas, and Loran (29). 
Table 10 gives the physical constants for the esters, as well as their 
literature values. The highly reactive ester 7 could never be purified 
completely; small amounts of diphenylphosphinic acid always re- 
mained in the sample. The ester was used as is in the kinetic 
determinations and it was shown that adding diphenylphosphinic acid 
had no effect on the reaction. 

Kinetics 
The reaction rates were followed by measuring the increase in 

absorbance due to the production of phenol or thiophenol using 
Pye-Unicam model SP6-550, model SP8-250, and the Perkin-Elmer 

TABLE 10. Melting points and kinetic wavelengths for the esters 3-8 

Kinetic wavelength 
Melting point ("C) (nm) 

Ester Observed Literature CH3CN C6H5Cl 

"Reference 27. 
bElemental analysis, found (calcd.): C 71.47 (71.69), H 4.57 (4.39). P 10.3 

(9.72), N 4.07 (4.39). 
'Reference 30. 
dReference 29. 
'Elemental analysis and tlc indicated that the ester was contaminated with a 

small amount of diphenylphosphinic acid (see text). 
'Reference 28. 

model 450 spectrophotometers. Reactions were carried out in thermo- 
statted cells and the temperatures reported are within ?O.l°C. The 
kinetic wavelengths used for the different esters are reported in Table 
10. 

Most reactions were initiated by adding the required amount of 
amine with a Gilmont microsyringe to a 25-mL volumetric flask 
containing 1.3 x M ester in acetonitrile or chlorobenzene. For the 
very fast reactions the amine was added directly to the thermostatted 
cuvette. In all runs the amine was in large excess over the ester so that 
pseudo-first-order conditions Reactions were followed to 
completion, except for ester 8, and all plots gave excellent straight lines 
to well over 95% reaction, with correlation coefficients of the 
least-squares analyses of the data greater than 0.99. The data reported 
in the tables are the average of 2-3 runs in each case; reproducibility of 
the kinetic determinations was excellent. For ester 8 the rates were 
determined from Guggenheim plots because the thiophenol product 
undergoes slow oxidation. This oxidation was not a problem in the 
aminolysis of 7 because of its much faster rate. Second-order rate 
constants were determined by dividing the kobs by the amine concentra- 
tion and third-order rate constants were obtained from the plot of 
kobs/[amine] vs. [amine]. The reactions with 1,6-diaminohexane, a 
solid, as well as with some of the secondary amines, were carried out by 
making a stock solution of the amine in acetonitrile and adding an 
appropriate volume to a stock solution of ester. The amide product with 
1,6-diaminohexane precipitated from solution; however, because of 
the relative slowness of the reaction the solution could be filtered before 
absorbance readings were taken. 

The amides formed with three of the amines were isolated from the 
reaction mixtures and identified by comparison with authentic samples. 
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Polymerisation de l'acide molybdique induite par l'acide metatungstique 
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P. COURTIN et J. LEFEBVRE. Can. J. Chem. 64, 220 (1986). 
En solution aqueuse, I'acide metatungstique se dCcompose tres lentement en oxyde tungstique, haut polymkre insoluble, et la 

polymtrisation de I'acide molybdique prCpart par tchange d'ions A partir du molybdate, Na,MoO,, est limitte ( n  = 24). L'addi- 
tion d'acide metatungstique i l'acide molybdique entraine la formation relativement rapide de hauts polymkres solubles. Ce sont 
des acides mixtes molybdotungstiques dont la composition dtpend de la fraction molaire f = [Mo]/[Mo + W] du mtlange. En 
particulier si 0,80 c f < 0,95, la rtaction des acides est totale; c'est une mtthode pour obtenir des sols tres riches en molybdkne, 
puisque le rendement en haut polymkre est tgal i 80%. La formation de l'acide mixte peut rtsulter soit de l'interaction directe 
des deux acides, soit de la dtcomposition de l'acide mttatungstique substitut par le molybdkne, formt transitoirement. Durant 
la polymCrisation suivie par ultracentrifugation et tchange d'ions, la teneur en Mo et W des acides mixtes ne varie pas. 

P. COURTIN and J. LEFEBVRE. Can. J. Chem. 64, 220 (1986). 
In acid media, metatungstic acid very slowly decomposes into tungstic oxide, an insoluble high polymer; under the same 

conditions, the polymerization of molybdic acid, prepared by ion exchange from the molybdate, NazMo04, is limited ( n  = 24). 
The addition of metatungstic acid to molybdic acid involves the relatively rapid formation of soluble high polymers. These are 
mixed molybdotungstic acids whose compositions vary according to the molar fraction, f = [Mo]/[Mo + W], of the reaction 
mixture. When 0.80 Sf c 0.95, this reaction is complete: this is a method of obtaining colloids very rich in molybdenum since 
the yield in high polymer is equal to 80%. The formation of the mixed acid can be due either to the direct interaction of the two 
acids or to the decomposition of the metatungstic acid, substituted by the molybdenum, which would be formed transiently. As 
determined by ultracentrifugation and by ion exchanges, the relative proportions of Mo and W in the mixed acids do not vary 
during the course of the polymerization. 

[Journal translation] 

Introduction 
Beaucoup d'oxydes d e  rnCtaux de transition ( W 0 3 ,  Vz05) 

peuvent &tre obtenus 1'Ctat colloi'dal ou d e  gel; ce sont alors des 
matCriaux aux propriCtCs intiressantes, qui se prktent a d e  
nombreuses applications: rCalisation de cellules electrochromi- 
ques ou de dispositif d'affichage, ernploi comme serni-conduc- 
teur (1). Les gels tungstiques ou vanadiques sont facilement 
obtenus suivant une mCthode dCveloppCe au laboratoire (2): 
preparation d'un acide a partir d'un sel pass6 sur une resine 
Cchangeuse d e  protons, suivie d e  la polyrnerisation de cet acide 
par tlirnination d e  H 2 0  entre deux groupements M-OH 
voisins. Les gels molybdiques, par contre, ne sont pas obtenus 
par cette voie parce que la polymerisation de l'acide molybdique 
formt est lirnitie. I1 est donc nCcessaire d'utiliser la preparation 
d e  Graham-Murgier (3) qui part d e  solutions tres concentrees. 

Cependant, un autre moyen d ' a c d d e r  aux gels molybdiques 
dans des conditions moins restrictives d e  concentration pourrait 
consister a incorporer a l'acide rnolybdique peu condense un 
autre acide pouvant Cvoluer spontanernent vers une forme 
hautement condensie, par exemple, l'acide tungstique, afin 
d'induire la formation d'un haut polyrnkre mixte. En effet, des 
composCs mixtes a base d e  tungstkne et de molybdkne sont 
aisCment obtenus aussi bien dans le dornaine des faibles 
condensations (hexa- et  dodCca-mCtallates (4)) que dans celui 
des condensations ClevCes caractkristiques des gels (5 ) .  Le 
probleme est donc d e  savoir si la texture hauternent condensee 
d e  l'acide tungstique est susceptible de se maintenir dans le 
polymkre mixte, m i m e  lorsqu'il y est present en faible 
proportion. 

Dans ce travail, le tungstkne a etC introduit dans la solution 
aqueuse molybdique sous forme d'hCtCropolyacide possedant la 
structure d e  Keggin (6) d e  formule gCnCrale H(8-,,,[X W12040] 

'Auteur i qui adresser la correspondance. 
'~Cvision regue le 19 septembre 1985. 

oh n est le degrt  d'oxydation d e  1'hCtCro-Clement X (X = Si,  
HZ). En effet, nous avons O ~ S ~ N C  qu'en solution aqueuse pure, 
l'un d e  ces cornposCs faiblernent condenses, l'acide mCtatungs- 
tique (X = Hz), avait la propriCtC d e  se transformer trks 
lentement en acide tungstique trks con dens^.^ C'est donc sous 
cette forme que le tungstene a principalement CtC introduit dans 
la solution aqueuse molybdique, avec l'avantage de ne pas 
apporter d'autre Clement Ctranger que le tungstkne. D'autres 
hCtCropolyacides du type prCcCdent (X = Si) ou mixtes lui ont 
CtC ensuite comparCs pour tenter d e  prCciser le rnCcanisme d e  
formation des acides mixtes molybdotungstiques po1yrnCrisC.s. 

Partie experimentale 
1. Re'actijs 

1.1 Acide rnolybdique 
I1 est prCparC par tchange d'ions sur une rtsine cationique de type 

Dowex 50 W X-2, 100-200 mesh, sous forme Hf, a partir d'une 
solution de molybdate de sodium Na2Mo04.2H20 a 20°C. 

1.2 He'te'ropolyacides tungstiques 
Ils sont prCparts suivant les mtthodes classiques (8), par extraction 

ou par Cchange d'ions. 
1.3 He'te'ropolyacides substitue's rnolybdotungstiques 
Les sels sont d'abord prCparCs (4, 9), puis les acides, par tchange 

d'ions. 
Le s y s t h e  mixte i Ctudier est prtpart soit par mtlange des rCactifs 

1.1 et 1.2, soit par dissolution de 1.3. I1 est dCfini par sa fraction 
molaire f = [Mo]/[Mo + W]. Les reactions sont lentes; elles sont 
suivies pour la plupart i temptrature constante de 20°C. 

2. Techniques et rnkthodes analytiques 
2.1 Ultracentrifugation pre'parative 
RtalisCe dans un appareil Beckman Spinco, rnodele E Cquipt d'un 

rotor i godets SW65E, i 36 000 rlmin pendant 100 min, elle permet la 
separation des hauts polymeres qui sont rassemblis au fond du tube 
sous forme d'un gel. En surface, on dispose d'une solution pure de 
composCs Itgers. 

3 ~ .  Courtin, rCsultats non publies 
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COURTIN ET LEFEBVRE 

2.2  change d'ions 
Par passage sur une resine Amberlite CG-400, 100-200 mesh, sous 

forme C1-, les ions polymolybdiques sont fixes. En utilisant 2 mCquiv. 
de resine pour 0,lOmCquiv. de molybdkne, 1'Cchange est complet 
quelle que soit la concentration. 

2.3 Hydrolyse rapide a pH contrdle' 
RCalisCe sous azote, a pH constant Cgal a 8, par addition de soude 

pendant 1 min a l'aide d'un combititreur Methrohm E 415, elle permet 
la dCgradation alcaline en ions ~ 0 0 4 ' -  et ~ 0 ~ ' -  des formes labiles du 
mClange exclusivement. 

2.4 Hydrolyse totale 
RCalisCe par un excks de soude ti llCbullition, elle permet la 

dCcomposition totale du systkrne a I'Ctat d'ions Moo4'- et wO4'-. 
2.5 Analyse 
Les hCtCropolyanions substituts [XMOW,,O~~](~-" ) -  sont dosts 

par polarographie en milieu acide chlorhydrique 1,O X lo-' M (X = 
Hz) et par spectrophotomCtrie d'absorption a 500 nm, aprks rkduction, 

pH 2, du molybdkne par le chlorure stanneux en solution dans le 
glycirol (10) (X = Si). Les autres dosages sont effectuCs aprks 
hydrolyse des melanges: 

Hydrolyse rapide: la somme [Mood2- + WOq2-] labile est titrie par 
dosage protomCtrique avec l'acide chlorhydrique en prCsence de 
mannitol (1 l ) ,  et Moo4*- est ditermint, a 475 nm, par spectro- 
photomitrie d'absorption du complexe color6 form6 avec le pyrocatC- 
chol en tampon phosphate (pH 7,50) (12); le mitatungstate est dosC par 
polarographie en tampon phosphate de pH 7,50 (13). 

Hydrolyse totale: MOO,'- et ~ 0 ~ ' -  sont dosCs simultanement, a 
475 et 350 nm, par spectrophotomCtrie d'absorption du complexe 
form6 avec le pyrocattchol en tampon phosphate de pH 7,50, ou par 
polarographie en milieu acide chlorhydrique 8 M (14). 

3. Masse molaire 
La condensation est mesurCe par ultracentrifugation analytique a 

I'aide d'un appareil Beckman Cquipt de l'optique Schlieren. 
3.1 Les coefficients de skdimentation appnrents, (s,),,,, sont 

dtterminCs en cellule de 12mm d'tpaisseur, a double secteur, a 
diffCrentes vitesses de rotation (14 000 < v < 26 000 rlmin), dans des 
solutions suffisamment diluCes pour Climiner les effets dus aux 
interactions molCculaires (1,O x lo-' M < Mo < 5,O x 10-'M). Le 
solvant ajouti au moment de la mesure est constituC de chlorure de 
lithium a la concentration 5,O X 10-'M. La distribution des coeffi- 
cients (s),,, est obtenue au moyen de la fonction de distribution 
normalisie g(s) = l/C(dC/ds) ou C est la concentration du solutC (15). 

3.2 Les coefficients de diSJusion, D,, sont obtenus par centrifugation 
basse vitesse, v = 10 000 rlmin, en cellule ti frontikre synthttique a 

capillaire, selon la mtthode de Fujita - Van Holde (16). 
3.3 La masse tnolaire des composCs lourds est calculie a l'aide de la 

relation de Svedberg (17); celle des composCs lCgers est obtenue par 
construction du diagramme d' Archibald aprks centrifugation en transi- 
tion vers 1'Cquilibre de skdimentation (18). a diffkrentes vitesses 
(15 000 < v < 42 000 rlmin), avec cellule a double secteur, a remplis- 
sage homogkne. 

Resultats experimentaux 
I.   tat du systeme 6 l'e'quilibre 

I1 est determine lorsque les concentrations des constituants ne 
varient plus avec l'iige, c'est-a-dire au bout de 3 0  jours i 20°C. 
Le systkme est toujours homogkne. 

1. Polyme'risation du systeme 
L e  coefficient de  sedimentation apparent est suptrieur a 50  

svedbergs pour tous les mClanges dont la fraction molaire 
f = [Mo]/[Mo + W ]  est comprise entre 0,08 et 0,94. I1 se forme 
donc des hauts polymeres dans un domaine Ctendu de composi- 
tions. L e  systkme est assez polydispersC (fig. 1) mais ne 
renferme qu'une famille de  composCs lourds de  coefficient de 
sedimentation moyen de  l'ordre de  100 svedbergs quelle que 
soit la valeur de  f entre 0 et 1 ,  la concentration e n  molybdene 

FIG. 1. Distribution du coefficient de skdimentation apparent (s,),,, 
mesurC dans les mClanges de fraction molaire f = 0,50 (a); 0,66 (b); 
0,75 (c) et 0,80 (d). 

dans le haut polymkre Ctant voisine de  1,O x M. La 
distribution des coefficients de  sedimentation tend ii se resserrer 
lorsque f augmente. 

2. Compose's lourds forme's dans le systeme 
11s sont recueillis apres ultracentrifugation preparative, sous 

forme d'un gel amorphe aux rayons X. La proportion de  
molybdkne et  de  tungstkne polymCrisC peut &tre importante- 
80% de  c e  qui a ete introduit. Elle est atteinte dans un domaine 
de  compositions qui est plus large pour le molybdkne, 0 ,14 < 
f < 0,94 (fig. 2 ,  courbe a),  que pour le tungstkne, 0 ,80 < f < 
0,94 (fig. 2 ,  courbe b), en raison de la persistance de la forme 
metatungstique dans les melanges d e  f < 0 ,80  (fig. 2 ,  courbe c). 
A partir des rCsultats de l'analyse ClCmentaire (tableau l ) ,  on 
peut exprimer la composition des acides mixtes dans le haut 
polymkre (H.P.), en fraction molaire fH.P. = [ M o ] ~ . ~ . / [ M o  + 
W1H.p.. Elle depend de  la composition initiale du melange (fig. 
3): d'abord constante et Cgale 2 0,50 pour les faibles valeurs de  f 
(0 < f < 0,30), elle crolt ensuite jusqu'en f = 0,90 de f a ~ o n  
pratiquement linCaire. Au-deli d e  f = 0,95,  la precision des 
analyses n'est plus suffisante pour preciser le mode de variation 
de fH,P, ,  en particulier l'existence Cventuelle d'une limite vers 
~ H . P .  = 0,95.  

La masse molaire des composes lourds calculee partir des 
mesures de  coefficients de  sedimentation et de  diffusion du gel 
remis en solution est de  l'ordre de  1,O x lo5  pour une 
concentration moyenne de  (1,O-4,O) x M en molybdkne 
(tableau 2). 

11. ~volution des me'larzges avec l'cige 
1. Masse molaire 
Durant les trois premiers jours d'Cvolution, la masse molaire 

apparente des melanges reste Cgale a la masse moyenne des 
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TABLEAU 3. Valeurs du coefficient de skdimentation apparent (s,),,, dans le mklange f = 0,17 en fonction de l'bge 

(?P)~PP (svedberg) 25 40 48 65 74 80 85 95 110 125 
Age (iours) 6 7 8 9 11 12 15 18 22 35 
[MoIH.~. M)  0,15 0,17 0,22 0,275 0,35 0,40 0,54 0,64 0,75 0,80 

TABLEAU 4. Valeurs des coefficients de skdimentation apparents ( s ~ ! , ~ ~  
des gels isolts i des ages diffkrents (en jours) des melanges de fraction 

molaire f 

TABLEAU 5.  Analyse Clementaire des composts lkgers en fonction de la 
fraction molaire f du melange 

% 
Charge par 

f Mo W MoIW mole (Mo + W) 

TABLEAU 6. Valeurs du rapport [Mo/W],,,~~,~ i des bges diffkrents (en 
jours), dans les melanges de fraction molaire f 

[MolW] [MoIW] [MoIW] [MoIW] 
f (6 d) (13 d) (20 d) (30 d) 

s'annule au bout de 30 jours a 20°C (fig. 4 ,  courbe b): sa vitesse 
de rtaction peut se mettre sous la forme v = k3[acide substituC], 
avec k3 = 0,123 d-I a 20°C; elle ne dCpend pas de la 
concentration en acide molybdique Cventuellement prbent. Au 
terme de l'Cvolution, le coefficient de skdimentation vaut 57 
svedbergs et le molybdkne est totalement dosC sous une forme 
labile a pH 8,  tandis que le tungstkne se rCpartit sous formes 
labile (en quantitC Cgale au molybdkne) et inerte (seul, a 1'Ctat de 
mktatungstate). Les produits de la rtaction sont donc l'acide 
mktatungstique et un acide mixte, de rapport MoIW = 1,  qui se 
polymCrise. 

Discussion 
1. Les rCsultats montrent qu'il est possible d'obtenir des 

acides mixtes hautement polymCrisCs en solution, par interac- 
tion des acides molybdique et mktatungstique, dans un grand 
intervalle de fraction molaire f = [Mo]/[Mo + W] des mtlan- 
ges. En particulier si 0,80 < f < 0,95, la rtaction est totale; ce 
sont les conditions de prkparation de sols riches en molybdkne. 

FIG. 4. ~volution du systkme avec l'bge: (a) solution d'acides mkta- 
tungstique et molybdique de fraction molaire f = 0,17: pourcentage 
de Mo combine; (b) solution d'acide metatungstique substituk par du 
molybdkne (H6[H2MoW pourcentage d'acide restant. 

La fraction molaire du haut polymkre fH,p, est alors Cgale a celle 
du melange. Toutefois au-deb de f = 0,90, sa determination 
prCcise devient vite difficile, en raison justement du pour- 
centage trks Clevt de Mo par rapport a celui de W. La fraction 
molaire fH,p, devrait tendre vers une limite correspondant a celle 
de l'espkce 1Cgkre formte. ExpCrimentalement, elle se situe 
au-dessus de fH,P. = 0,94, ce qui correspond a l'introduction 
d'un tungstene dans une moltcule de 18 ou 24 centres 
mktalliques (fH,P, = 0,944 ou 0,958). 

Les sols sont constitues de deux familles de composCs de 
m&me rapport MoIW, mais de masses tres diffkrentes. La 
rCpartition entre les deux s'ttablit en gCnCral ainsi: 80% 
d'espkces lourdes et 20% de legkres. Du point de vue polymCri- 
sation, le systeme ttudit ici se comporte comme les autres 
systkmes mixtes, a base d'acide antimonique en particulier, 
CtudiCs au laboratoire. Tous ces systkmes sont constituCs de 
plusieurs familles d'espkces de masse molaire diffkrente en 
Cquilibre. Si les deux acides en prCsence peuvent Cvoluer 
spontankment vers une forme hautement condensCe, les famil- 
les d'espkces en prCsence different a la fois par leur masse 
molaire et leur composition. Ceci a CtC vCrifiC sur le systkme 
acide antimonique - acide tungstique (19). Par contre, si l'un 
des ClCments en prCsence nlCvolue pas spontanCment vers une 
forme hautement condensCe, les familles d'espkces en prCsence 
ne different que par leur masse molaire. Cette conclusion 
valable dans le cas des composCs de l'acide antimonique et des 
acides phosphorique, arsCnique et arsCnieux (20) est aussi 
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vtrifiCe dans le cas des composts molybdovanadiques (7) et 
dans le cas prtsent des composts molybdotungstiques. 

2. La fraction molaire fH,P, ne varie pas de fagon continue 
comme la fraction molaire f du mtlange, puisqu'elle est 
constante dans l'intervalle 0 < f < 0,30. Cette particularitt est 
le signe d'un comportement difftrent des mtlanges selon la 
valeur de leur fraction molaire. C'est probablement au niveau de 
la formation de l'espkce ltgkre que se situe cette difference, 
puisque la polymtrisation ne modifie pas la fraction molaire de 
l'espkce mixte. 

A partir des rtsultats obtenus avec les deux hettropolyacides 
tungstiques (X = H2 et Si) d'une part, et avec les acides 
substituts correspondants d'autre part, nous proposons le 
schtma suivant pour rendre compte de la formation des acides 
mixtes. 

(i) L'action de l'acide molybdique sur I'hCttropolyacide est 
double: 

[ I ]  formation d'espkce ltgkre mixte 
[2] formation d'espece substitute [ X M O W ~ ~ O ~ ~ ] ~ "  
(ii) Suivant la nature de X, une troisikme rtaction peut avoir 

lieu: 
[3] formation d'espkce ltgkre mixte 2 partir de I'espkce 

substitute. 
L'influence de la valeur de la fraction molaire f du mtlange 
intervient au niveau de la compttition entre les reactions 1 et 2: 
aux faibles valeurs de f, la rtaction 1 est negligeable devant 
I'autre, dans le cas des mtlanges avec l'acide mktatungstique. 
Les rtactions 1 et 2 sont bien mises en tvidence dans le cas de 
l'acide silico-12 tungstique; elles sont simultantes, puisque la 
polymtrisation ne se fait pas a partir de l'acide substitut, m&me 
en prtsence d'acide molybdique. Dans le cas de l'acide 
mttatungstique, nous pouvons penser que la rtaction se dtroule 
suivant le m&me processus, bien qu'aucun rtsultat ne montre la 
prtsence de l'espkce substitute correspondante (en particulier, 
la presence de molybdene sous une forme inerte a pH 8). Pour 

I 
que la rtaction 2 ne soit pas observte exptrimentalement, il 
suffit que sa vitesse soit tgale 2 celle de la rtaction 3 qui a lieu 
obligatoirement dans ce cas. C'est ce qui est vtrifit exptri- 

mentalement: les deux constantes de vitesse k, et k3 sont 
voisines et kl est bien la constante de vitesse de la rtaction 2 si la 
rtaction 1 est ntgligeable en f = 0,17. Dans ces conditions 
(0 < f < 0,30), l'acide mixte ne se forme que suivant [3] et sa 
composition est constante. Aux plus fortes valeurs de f, la 
rtaction 1 n'est plus ntgligeble, et la composition varie. 
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Synthetic applications of chromium(V1) reagents in combination with chlorotrimethylsilanel 
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FERNANDO P. Cossfo, J E S ~ S  M. A~ZPURUA, and CLAUDIO PALOMO. Can. J. Chem. 64, 225 (1986). 
The synthetic utility of chromium(V1) reagents together with chlorotrimethylsilane, as new oxidizing systems, is described. 

Pyridinium dichromate (PDC) in combination with chlorotrimethylsilane oxidizes tert-butyldimethylsilyl ethers in good to 
excellent yields. Trimethylsilyl chlorochromate, a new chromium(V1) reagent, also was found efficient for this oxidative- 
deprotection method. These reagents were applied to the oxidation of some N-(2-phenyl-2-hydroxyethyl)azetidin-2-ones as well 
as N-(2-phenyl-2-trialkylsiloxy)azetidin-2-ones into their corresponding carbonyl compounds, key intermediates for N- 
unsubstituted p-lactams. Oxidation of hydroquinones and protected trialkylsilyl hydroquinones was also described. Protection of 
hydroquinones by means of the tert-butyldimethylsilyl group was achieved by using the readily available tert- 
butyldimethylchlorosilane (TBDMCS) and 1,8-diazabicyclo[5.4.O]undec-7-ene (DBU) as base, which avoids the use of 
sophisticated and (or) sensitive reagents. 

FERNANDO P. COSS~O, JES~TS M. A~ZPURUA et CLAUDIO PALOMO. Can. J. Chem. 64,225 (1986). 
On dCcrit l'utilitC en synthkse des rCactifs du chrome(VI), utilisCs de concert avec le chlorotrimbthylsilane, comme nouveaux 

systkmes oxydants. Le dichromate de pyridinium (DCP), utilisb de concert avec le chlorotrimCthylsilane, oxyde les bthers 
tert-butyldimCthylesilylCs avec des rendements qui vont de bons a excellents. On a aussi trouvC que le chlorochromate de 
trimkthylsilyle, un nouveau rCactif du chrome(VI), est un rbactif utile pour la mCthode de dCprotection oxydative. On a appliqut 
ces rbactifs l'oxydation, en dCrivCs carbonylCs correspondants, de quelques N-(phCnyl-2 hydroxy-2 Cthyl) azbtidinones-2 ainsi 
que de N-(phknyl-2 trialkylsiloxy-2) azetidinones-2, des intermkdiaires clCs dans la preparation de p-lactames qui ne sont pas 
substituts sur l'azote. On dkcrit aussi l'oxydation d'hydroquinones et d'hydroquinones protCgCes par des groupements 
trialkylsilyles. On a rCalisC la protection des hydroquinones par le groupement tert-butyl-dimbthylesilyle en les faisant rCagir 
avec le tert-butyl-dirnCthylchlorosilane (TBDMCS), qu i  est facilement disponible, en prCsence du diaza-1,8 bicyclo[5.4.0] 
undbckne-7 (DBU) comme base; cette mCthode Cvite l'utilisation de rCactifs sophistiqubs ou sensibles. 

[Traduit par le journal] 

) Oxidation is a fundamental process in organic synthesis and on the transformations outlined in Scheme 1, in which we need 
1 several reagents have been developed for-a wide variety of an effective mild oxidizing reagent. 

1 transformations ( 1 )  Among the reagents available for the The key to the first step of our approach is that protection of 
oxidation of organic compounds, the chromium(V1) derivatives the hydroxyl group as its trialkylsilyl ether in the starting imine 6 

( have received growing attention in the past years (2). However, seems to be critical in order to obtain the desired 10. 
i there is still considerable interest in the development of new Without protection of the hydroxyl group the product obtained 
I methods for oxidation reactions. Since the appearance of was an oxazolidine 9 instead of the expected p-lactam 10. Thus, 

pyridinium dichromate 1 (PDC) (3) and pyridiniu~chlorochro- 
mate 2 (PCC) (4), other similar oxidizing reagents have been 
developed by varying the amine ligand associated with the 
dichromate and chlorochromate anions. Recently, we have 
reported (5) a new class of chromium(V1) reagent, trimethyl- 
silyl chlorochromate 3, which was an efficient reagent in the 

(PDC) 1 (PCC) 2 3 

oxidation of alcohols into the corresponding aldehydes and 
ketones. 

This communication reports new synthetic applications of 
this heretofore unknown reagent 3 and some quite fruitful 
investigations on a new oxidizing system involving pyridinium 
dichromate (PDC) in combination with trimethylchlorosilane. 

Oxidation of alcohols and trialkylsilyl esters 
In connection with our objectives in carbacephem antibiotics, 

we required an efficient synthesis of 6-lactams of type 11 as 
model key intermediates. A synthetic route of this kind is based 

'Considered as Reagents and Synthetic Methods 45. 
' ~ u t h o r  to whom correspondence may be addressed 

treatment of an acetic acid 8 with an-appropriate trimethylsilyl 
protected imine 7 ( R ~ :  TMS) in equimolar amounts with phenyl 
dichlorophosphate in the presence of triethylamine gave, after 
work-up, the free hydroxy P-lactam 10 ( R ~ :  H) ( 6 ) .  

However, we now have found that when the tert-butyldi- 
methylsilyl group was used in place of the trimethylsilyl moiety 
for the protection of the hydroxyl group in the starting imine 6, 
the tert-butyldimethylsiloxy p-lactam 10 (R3: TBDMS) was 
obtained instead of the corresponding unprotected p-lactam 10 
(R3: H). An unexpected result was found on attempting to prepare 
the 0-lactam 10d from phenoxyacetic acid and the trimethyl- 
silyl protected imine 7 d  by means of our recently reported 
reagent, thionyl chloride/N,N-dimethylformamide (7). In such 
a case, the trimethylsiloxy P-lactam 10e was obtained instead 
of the expected unprotected P-lactam 10d. 

The second step of the method involves the use of an efficient 
reagent for oxidation of protected as well as unprotected 
P-lactam 10. Although the direct conversion of trimethylsilyl 
ethers of secondary alcohols to ketones has been reported (8), 
there is no report concerning the oxidation of TBDMS ethers of 
 alcohol^.^ Among many oxidizing reagents available, the 
general utility of pyridinium dichromate (PDC) in nonaqueous 
media is well recognized; this reagent allows mild and large- 

3 ~ f t e r  this work was submitted, a paper appeared concerning the 
conversion of silyl ethers into carbonyl compounds with Jones reagent 
in the presence of potassium fluoride. See ref. 17. 
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cl-~i-~ 
OH I R2 

HKR2 + H~N,), Me 
Base 

0 
ph -Hz0 ~ ~ p h  - 

7,lO R2 R~ 

a C6Hs H 
b TMS 
c TBDMS 
d CMeOCnHd H - .  
e TMS 
f TBDMS 8 MzNC6Hd H 

TBDMS 

6 

R: CH3, C(CH3)3 
R3: TMS, TBDMS 

R1 = CqH50- 
TMS: tnmethylsilyl group 
TBDMS: tert-butyldirnethylsilyl group 
i : PhOP0Cl2/NEt3/CH2CI2/r. t.120-24 h 
ii: SOCI2-DMF/NEt3/CH2C12/r.t./20-24 h 

scale oxidation of a wide range of alcohols to carbonyl 
compounds in dichloromethane at room temperature. Unfortu- 
nately, in the case of free hydroxy p-lactam 10 (R3: H) these 
conditions lead to a very long and incomplete reaction and in 
some cases undesired products are obtained. For instance, we 
have found that when p-lactam 10d was subjected to PDC oxi- 
dation in dichloromethane at room temperature for 30 h, the 
corresponding p-lactam l l b  was isolated in 60% yield along 
with the starting material 10d (as directed by tlc analysis of the 
crude product). In this case, 4-methoxybenzaldehyde was also 
detected, probably by oxidative cleavage of the C-4 bond. When 
the method was tested with the P-lactam l o g ,  the correspond- 
ing oxidized P-lactam l l c  was obtained in 66% yield, but the 
starting p-lactam log was also recovered. Attempts to apply 
this procedure for the oxidative deprotection of tert- 
butyldimethylsiloxy P-lactams 10 was unsuccessful: no oxida- 
tion takes place between PDC or PCC reagents and 10c or lOf in 
dichloromethane as solvent. 

Our new finding is that reaction of protected as well as 
unprotected P-lactams 10 with PDC reagent in combination 
with trimethylchlorosilane leads to a rapid and mild efficient 
method for oxidation of these p-lactams to their corresponding 
carbonyl compounds 11. Thus, treatment of p-lactam 10f, 
prepared from the P-lactam 10d by means of tert-butyldimethyl- 
chlorosilane (TBDMCS) and 1,8-diazabicyclo[5.4.0]undec-7- 
ene (DBU) (9), with PDC reagent and trimethylchlorosilane 
(molar ratio, substrate/reagent/C1SiMe3 1 : 1.5: 3.5) in dichloro- 

methane as solvent, gave after 60min of reaction at room 
temperature the corresponding oxidized p-lactam l l b  in 95% 
isolated yield. The utility of this method is exemplified by the 
direct oxidative deprotection of tert-butyldimethylsiloxy P- 
lactam 10 prepared by reaction of phenoxyacetic acid 8 with 
the corresponding tert-butyldimethylsilylated Schiff bases 7 
( R ~ :  TBDMS) promoted by phenyl dichlorophosphate reagent. 
In these cases, the oxidized P-lactams 11 were obtained in overall 
yields in the range of 40%. From the examples listed in Table 1, 
the reagent 3 as well as the PDC/C1SiMe3 system is general in 
scope, since various hydroxy compounds, trimethylsilyl ethers, 
and tert-butyldimethylsilyl ethers are readily oxidized into their 
corresponding carbonyl compounds in good to excellent yields. 

It is noteworthy that our procedure represents the first oxi- 
dative-deprotection method for tert-butyldimethylsilyl ether.3 
These compounds are stable towards Jones reagent (10) and 
towards PDC reagent, as we have demonstrated here; however, 
they are readily oxidized by reagent 3 or by the PDC/ClSiMe3 
system. A key feature of these p-lactams 11 is shown by their 
use as potential precursors of N-unsubstituted p-lactam anti- 
biotics (Scheme 3). Thus, we have found that treatment of l l b  
with 4-N,N-dimethylaminopyridinium bromide perbromide 
(DMAPHBr3) (1 1) affords the corresponding a-bromoketone 
14, which was easily converted into the N-unsubstituted 
p-lactam 15 by means of sodium hydrogen carbonate and water 
in acetone as solvent. Better results can be obtained following 
Barluenga's method (12) for the bromine substitution. Treat- 
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COSS~O ET AL. 

c  H TBDMS c w  

TABLE 1. Oxidation of hydroxy compounds and trialkylsilyl ethers 

Substrate Reagenta Time Product Yield (95)" 

1Oa l /TMCS 25 min l l a  88 
l o b  l /TMCS 25 min 90 
10c 1  /TMCS I h  85 

3  35 min 40' 
10d l /TMCS 30 min l l b  85 
1Oe l /TMCS 30 min 85 
l o f  1  /TMCS l h  95 
l og  l /TMCS 30min l l c  80 
10h l /TMCS 4 h 40' 
12a l /TMCS 2 h 13a 90 
12b 1  /TMCS 15 min 13b 100 
12c 3 l h  13c 95 
12d 1  /TMCS l h  13d 95 

"TMCS: C1Si(CH3)3. 
bYield of isolated pure products. 
'Overall yield from imine 6 .  

ment of the resulting amidocarbinol with triethylamine for a few 
hours gives the N-unsubstituted p-lactam 15 in moderate yield. 

Oxidation of hydroquinones and trialkylsilyl 
protected hydroquinones 

In view of the results obtained, we also extended our studies 
to the oxidation of the silyl ethers of hydroquinones. Although 
Miller and co-workers (13) have demonstrated the utility of 
silylation-oxidation as a method for the protection and depro- 
tection of the hydroquinone function, in some cases the oxidative 
deprotection failed to provide the expected quinone. Now we 
have found that oxidation of trimethylsilyl hydroquinones and 
tert-butyldimethylsilyl hydroquinones by means of trimethyl- 
silyl chlorochromate 3 or by the PDC/ClSiMe, system pro- 
ceeds quickly at room temperature, giving the corresponding 
quinones in excellent yields. 

The reaction was carried out in dichloromethane as solvent by 
addition of a dichloromethane solution of the silyl ether to a 
solution of the reagent 3 in the same solvent. The solution was 
initially homogeneous, but within a few minutes the reaction 
mixture darkened and a black residue appeared. The progress of 

TABLE 2. Oxidation of hydroquinones 16 into 
quinones 17 by means of reagent 3 

16 (R3: H )  Time (h) Yield 

a  1.5 90 
b  0.5 97 
d  0.5 95 
e 1 .O 90 

"Isolated yield of 17 by column chromatography 
(silica gel 70-230 mesh. Eluent: etherlhexane 1:l). 

the reaction can be followed by tlc analysis and the reaction was 
found complete in 10-15 min in all the cases tested. After 
work-up, the isolated crude products are almost pure as judged 
by their physical properties. As can be seen from the results 
listed in Table 4, the oxidation reaction is more rapid than the 
oxidation of unprotected hydroquinones (Table 2), but this is 
probably due to the low solubility of these last compounds in the 
reaction solvent. It is interesting to note that, whereas the PCC 
oxidation (13) was unsuccessful for compounds containing 
electron-withdrawing groups such as 16d in the aromatic ring, 
as well as the nonactivated bis(tert-butyldimethylsilyl) ether 
16a, our procedure gives the corresponding quinones in good 
yields. Similarly, we have found that PDC reagent also was 
found unsuitable for carrying out this transformation. However, 
PDC reagent in combination with trimethylchlorosilane pro- 
vides another efficient route to quinones from trialkylsilyl 
protected hydroquinones. 

On the other hand, the tert-butyldimethylsilyl ethers were 
prepared by treatment of hydroquinones 16 with tert-butyl- 
dimethylchlorosilane (TBDMCS) and 1,8-diazabicyclo- 
[5.4.0]undec-7-ene (DBU) as base in dichloromethane. The 
reaction was slightly exothermic and, after 5-l0min of 
stirring at room temperature, a single spot was detected 
by tlc analysis (silica gel plates, eluent: EtOAcIhexane 1 :3), 
which indicated a complete transformation. These 
compounds were isolated by vacuum distillation and used 
in the next step without further purification. In comparison, 
the TBDMCS/pyridine system was unsuccessful for 
tert-butyldimethylsilylation of hydroquinones, and the 
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R' HI! R2 R' YI! R2 Rl ';'f;I R2 A 
i x+ + - 

0 / 0 IXh / A 0 K-g"o / B 
1 Of' l l b  14 

i: PDCIC1SiMe3/CH2Cl2/r. t. 
ii: DMAPHBr3/AcOH 

iii: H20/Me2COINaHC03 
iv: HgOITFBAITHF, then NaHC03/NaOH 

16 17 

R ~ :  TMS, TBDMS. H 

R R1 R2 

use of triethylamine instead of DBU provided the expected 
silyl hydroquinones, but in lower yields and with longer 
reaction times. Particularly, in the case of 1,4-bis(tert- 
butyldimethylsi1oxy)-2,5-di-(tert-butyl)benzene, reaction of 
TBDMCS and 2,5-di-(tert-buty1)-1,4-hydroquinone in the pre- 
sence of triethylamine does not take place and the starting 
hydroquinone was recovered unchanged. Our procedure would 
appear to be an attractive alternative to the perchlorate (14a) or 
tert-butyldimethylsilyltriflate (13) methods, and avoids the use 
of other sophisticated or sensitive reagents such as allyl-tert- 
butyldimethylsilane (14b), tert-butyldimethylsilyl en01 ethers 
of 2,4-pentanedione (14c,d), tert-butyldimethyliodosilane 
(14e), and N-tert-butyldimethylsilylamides (10). 

Although the causes of differences in reactivity of PDC and 
PDC/ClSiMe3 towards TBDMS ethers are not clear at present, 
the easy preparation and the synthetic versatility of the reagents 
reported, as good oxidizing agents, is obviously, as demon- 
strated by these limited number of examples, and may be 
readily extended to further applications. 

Experimental 
Melting points were determined on a Biichi SMP-20 melting point 

apparatus and are uncorrected. Proton nmr spectra were measured on a 
Varian EM-360 Espectrometer and are reported in parts per million 
downfield from internal tetramethylsilane. All the starting materials 
used in this work were either commercially available in generally 98% 
or higher purity, and used without further purification, or prepared by 
standard literature procedures. 

TABLE 3. Silylation of hydroquinones 16 

16 Reagent" Time (min) Yield (%)' 

a TMCS 
TBDMCS 

b TMCS 
TBDMCS 

c TBDMCS 
d TMCS 

TBDMCS 
e TBDMCS 
f TBDMCS 

"TMCS: trimethylchlorosilane. TBDMCS: rerr-butyldimethylchlorosilane. 
bYields of isolated pure products; a single spot was observed in tlc analysis. 

TABLE 4. Oxidative deprotection of silyl ethers of hydroquinones 16 

Protecting Time" 
16 group;" R~ Method Reagent (min) Yield (%)' 

a TMS 

TBDMS 

b TMS 
TBDMS 

c TBDMS 
d TMS 

TBDMS 

e TBDMS 
f TBDMS 

C1Cr03SiMe3 
PDC/CISiMe3 

PDC 
CICr03SiMe3 
PDC/ClSiMe, 

PDC 
CICr03SiMe3 
C1Cr03SiMe3 
C1Cr03SiMe3 
CICr03SiMe3 
PDC/C1SiMe3 

PDC 
CICr03SiMe3 
PDC/C1SiMe3 

PDC 
C1Cr03SiMe3 
CICr03SiMe3 

20 97 
15 96 
- No reaction 
30 70" 
15 74" 
- No reaction 
30 70 
35 70" 
30 6gd 
50 95 
20 90 
- No reaction 
25 60" 
15 70" 
- No reaction 
25 7od 
30 84" 

"TMS: trimethylsilyl group; TBDMS: !err-butyldimethylsilyl group. 
bConditions: molar ratio substratelreagent, 1 :3; solvent: CH,CI,, room tem- 

perature. 
'Yield of isolated pure products by comparison with authentic samples. A 

single spot in tlc analysis. 
dIsolated by column chromatography (eluent: diethyl etherlhexane 1:l). 
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cossio E IT AL. 229 

Preparation of trimethylsilyl chlorochromate 3 
Finely powdered chromium trioxide (1.0 g, 10 mmol) was exposed 

to atmospheric moisture for 5- 10 min and then chlorotrimethylsilane 
(1.30 mL, 10 mmol) was added. The mixture was stirred at 30-35°C 
until the formation of an homogeneous orange-red solution (5- 
10 min), which was diluted with 20 mL of the appropriate solvent 
(CH2C12, CCI,, or C1CH2CH2C1). Finally, dry nitrogen was bubbled 
through the solution to eliminate the traces of hydrogen chloride 
formed. 

General procedure for the preparation of Sch~ff bases 6 
All the Schiff bases were prepared in a similar manner and used 

without purification. The following are representative of general 
procedures. 

Method A 
The liquid aldehyde (10 mmol) was added to the finely powdered 

2-amino-I-phenylethanolamine (1.4 g, 10 mmol) and the mixture was 
heated until total solution was obtained and was then allowed to stand at 
room temperature. The precipitated product was dissolved in dichloro- 
methane and dried with magnesium sulphate. Filtration and evapora- 
tion of the solvent gave the imine in sufficient purity for use in the next 
step. 

Method B 
A mixture of the aldehyde (IOmmol), 2-amino-I-phenyl- 

ethanolamine (10 mmol), and magnesium sulphate in dichloromethane 
(30mL) was stirred at room temperaturk for 2 h. The work-up, 
as described in method A, gave the corresponding Schiff base 6 .  

Preparation of trialkylsilyl ethers of Schzff bases 6 
General procedure for trirnethylsilylatio,~ of Schiff bases 6 
To a solution of an imine 6 (10 mmol) and triethylamine (1.4 mL, 

10 mmol) in dry dichloromethane (25 mL) cooled at O°C was added 
trimethylchlorosilane (1.2 mL, 10 mmol). The resulting mixture was 
stirred at room temperature for 60 min, and the resulting solution of the 
Schiff base 7 (R3: TMS) was used as such for the next step. 

General procedure for tert- butyldimethylsilylation of Schlff bases 6 
To a suspension of the Schiff base 6 (2.5 mmol) in dichloromethane 

(10 mL), DBU (0.52 mL, 3.5 mmol) was added. When the imine was 
dissolved, tert-butyldimethylchlorosilane (0.53g, 3.5 mmol) was 
added and the mixture was stirred at room temperature for a certain 
time (30-60min, the reaction can be monitored by tlc analysis; 
eluent: EtOAcIhexane 1:l). The tert-butyldimethylsilyl ether of the 
Schiff base 7 (R3: TBDMS) was used as such for the next step. 

Preparation of p-lactams 10 (R;': H). General procedure from phenyl 
dichlorophosphate reagent (6) 

To a solution of an imine 6 (10 mmol) and trlethylamine (1.4 mL, 
10 mmol) in dry dichloromethane (25 mL) cooled at O°C, trimethyl- 
chlorosilane (1.2 mL, 10 mmol) was added. The resulting mixture was 
stirred at room temperature for 60min. A substituted acetic acid 8 
(10 mmol), triethylamine (4.2 mL, 30 mmol), and phenyl dichloro- 
phosphate (1.5 mL, 10 mmol) were consecutively added at O°C. The 
resulting mixture was stirred for 24 h at room temperature. Water 
(20 mL) was added and stirring was continued for afurther 15 min. This 
washing was repeated and finally the organic layer was separated and 
dried (Na2S04). Evaporation of the solvent gave a waxy residue that 

: was treated with ethanol-water to give the p-lactams 10 (R,: H): 10a, 
mp 185-190°C; 10d, mp 175-177°C; log,  mp 175-178°C (lit. (6) mps 

I 185-190,175-177,175-178°C,respectively). 
1 
I Preparation of tert-butyldimethylsilyl ethers of p-lactarns 10 
I (R-": TBDMS). General procedure 

To a suspension of the p-lactam 10 (R3: H) in benzene (10 mL), and 
DBU (0.48 mL, 3.2 mmol), was added tert-butyldimethylchloros~lane 
(0.45 mL, 3 mmol) at room temperature and the reaction mixture was 
refluxed for 5 h (the reaction can be monitored by tlc; silica gel plates, 
eluent: AcOEtIhexane 1: 1); then, the resulting suspension was diluted 
with dichloromethane and washed with water (IOmL) and 0.2N 
hydrochloric acid (10 mL). The organic layer was dried (Na2S04) and 

the solvent evaporated under reduced pressure to give the nearly pure 
p-lactam 10 (R3: TBDMS), which was recrystallized from hexane or 
ethanollhexane to give a fairly pure product in 90-95% yield. 

cis-3-Phenoxy-4-phenyl-I -(2' -phenyl-2 '-tert-butyldimethylsiloxy- 
ethy1)azetidin-2 -one 1 Oc 

From p-lactam lOa(0.36 g, 1.0 mmol), yield: 90%, mp 11 1-1 14°C; 
ir (CHC13) v (cm-I): 1780 (C=O); nmr (CDCI,) 6 (ppm): 7.3-6.4 (m, 
15H, arom.), 5.1 (d, J = 5Hz,  lH, C H ) , 4 . 8 ( t ,  J = 6Hz, IH, 
CH-OSi), 4.3 (d, J = 5Hz,  IH, CH), 3.9 (d, d, J = 6Hz, J' = 
- 14 Hz, IH, N-CH-COSi), 2.8 (d, d, J = 6 Hz, J' = - 14 Hz, IH, 
N-CH-COSi), 0.8 (s, 9H, C-CH,) ,  0.0 (s, 3H, S i -CH3) ,  -0.2 
(s, 3H, Si-CH,) .  Anal. calcd. for C29H35N03Si: C 73.52, N 2.96, H 
7.46; found: C 73.53, N 3.18, H 7.37. 

cis-3-Phenoq4-phenyl-4-(4'-methoxyphenyl)-I-(2'-phenyl-2'-tert- 
butyldimethylsiloxyethy1)azetidin-2-one 1Of 

From p-lactam 10d (0.39 g, 1 mmol), yield: 92%, mp 131-134°C; ir 
(CHCI,) v (cm-I): 1770 (C=O); nmr (CDC1,) 6 (ppm): 7.3-6.4 (m, 
14H, arom.), 5.0 (d, J = 5Hz,  lH, CH), 4.7 (t, J = 6Hz, lH, 
CH--OSi),4.2(d, J =  5Hz,  l H , C H ) , 3 . 9 ( d , d ,  J =  6Hz, J t =  
- 14 Hz, IH, N-CH-COSi), 3.6 (s, 3H, OCH,), 2.8 (d, d, J = 6 Hz, 
J' = - 14 Hz, IH, N - C H - C O S i ) ,  0.8 (s, 9H, C-CH,), 0.0 (s, 3H, 
SiCH,), -0.2 (s, 3H, SiCH3). Anal. calcd. for C30H37N04Si: C 
71.52, N 2.78, H 7.42; found: C 71.43, N 2.97, H 7.52. 

cis4-(4'-Methoxyphenyl)-3-phenoxy-l-(2'-phenyl-2'-trimethylsiloq- 
ethy1)azetidin-2-one 1Oe. Typical procedure from thionyl 
chloride - dimethyljormamide reagent 

In a 25-mL dropping funnel, benzene (5 mL), N,N-dimethyl- 
formamide (I mL, 10.2 mmol), and thionyl chloride (0.8 mL, 
1 1 mmol) were added consecutively. After 3-5 min, two phases were 
separated and the reagent (lower layer) was added to a suspension of 
phenoxyacetic acid (1.52 g, 10 mmol) in dichloromethane (10 mL) at 
0°C. After stirring at 5-10°C for 10 min, the resulting solution was 
added dropwise to a solution of the Schiff base 7d  (2.55 g, 10 mmol) 
and triethylamine (4.7 mL, 33.6 mmol) in dichloromethane (25 mL) at 
0-5°C. The resulting mixture was stirred overnight at room tempera- 
ture, and washed with water (25 mL) and saturated sodium hydrogen 
carbonate solution (25 mL). The organic layer was dried (Na2S04) and 
the solvent evaporated under reduced pressure. The resulting oil was 
crystallized from ethanol-water to give 10e (1.4g, 30%), mp 
135-136°C; ir (CHCI,) v (cm-I): 1790 (C=O); nmr(CDC13) 6 (ppm): 
6.4-7.4(m, 14H,arom.),5.3(d, J = 5 H z ,  lH,CH),5.0(t,  J = 6 H z ,  
l H , C H ) , 4 . 5 ( d ,  J = 5Hz,  l H , C H ) , 4 . 1  ( d , d ,  J =  6Hz, J1 = 
- 14 Hz, lH, N-CH-COSi), 3.9 (s, 3H, OCH,), 3.0 (d, d, J = 6 Hz, 
J'  = - 14 Hz, N-CH-COSi), 0.2 (bs, 9H, CH,). Anal. calcd. for 
C27H31N04Si: C 70.25, N 3.03, H 6.77; found: C 70.1 I,  N 3.06, H 
6.74. 

Oxidation of P -1actams 1 0  
cis-3-Phenoxy4-phenyl-l-(2'-phenyl-2'-oxoethyl)azetidin-2-one 

l l a  
Method A: To a suspension of PDC (1.13 g, 3 mmol) in dichlorom- 

ethane (20 mL), trimethylchlorosilane (0.9 mL, 7.09 mmol) was added 
and the dark red-brown mixture was stirred for 3 min. Then cis-3- 
phenoxy-4-phenyl-1-(2'-phenyl-2'-hydroxyethyl)azetidin-2-one 10a 
(0.72 g, 2 mmol) was added and the mixture was stirred for 30 min. 
Next, moist silica gel was added and the suspension was filtered off 
through a pad of silica gel to give a dark solution, which was 
concentrated under reduced pressure. The product was isolated by 
column chromatography (silica gel 70-230 mesh, eluent: AcOEtIhex- 
ane 1:l) to give l l a  (0.60g, 85%), mp 175-176°C; ir (CHCI,) v (cm-I): 
1760, 1690 (C=0); nmr (CDC13) 6 (ppm): 7.7-6.4 (m, 15H, arom.), 
~.~(~,J=~Hz,~H,CH),~.~(~,J=~HZ,~H,-CH-),~.O(~,J= 
-18 HZ, lH, N-CH-CO), 4.0 (d, J = - 18 HZ, lH, N-CH-CO). 
Anal. calcd. for C2,HI9NO3: C 77.28, H 5.37, N 3.92; found: C 
77.83, H 5.1 1, N 3.70. 

Method B: To a solution of N-(2'-phenyl-2'-tert-butyl- 
dimethylsiloxyethyl)-2-phenylimine 7 c  prepared as above in dichloro- 
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methane (20 rnL) was consecutively added, at O°C, phenoxyacetic 
acid (1.52 g, 10 rnrnol), triethylarnine (4.2 mL, 30 mmol), and 
phenyl dichlorophosphate (1.5 mL, 10 rnmol) and the mixture was 
stirred at room temperature for 20 h. After this time, the reaction 
product was worked up by washing with water (20 mL), 0.1 N hydro- 
chloric acid (15 mL x 2), and water (20 mL) again, and by drying over 
sodium sulphate to give a solution of the crude cis-1-(2'-phenyl-2'-rert- 
butyldimethylsiloxyethyl)-3-phenoxy-4-phenyl-azetidin-2-one, which 
was added dropwise to a solution of the trimethylsilyl chlorochromate 3 
(20mmol) prepared as above. The resulting dark suspension was 
stirred at O°C for 35 min. When the reaction was complete, moist silica 
gel was added to hydrolyze the remaining oxidizing agent. Filtration of 
the mixture through a pad of silica gel and evaporation of the solvents 
yielded a crude solid that was heated under vacuum (60°C/1 Torr; 
1 Torr = 133.3 Pa) to eliminate siloxane by-products, affording 
cis-3-phenoxy-4-phenyl-l-(2'-phenyl-2'-oxoethyl)azetidin-2-one l l n  
(1.42 g, 40% overall yield), mp 175- 176"C, from ethanol. 

cis-4-(4'-Methoxyphenyl)-3-phenoxy-l-(2'-phenyl-2' -o.roethyl)- 
azetidin-2-one 11 b 

To a suspension of PDC (0.82 g, 2.18 mmol) in dichloromethane 
(20 mL), trimethylchlorosilane (0.96 mL, 7.56 mrnol) was added at 
0°C. After 3 min, cis-4-(4'-methoxypheny1)-3-phenoxy-1-(2'-phenyl- 
2'-tert-butyldimethylsi1oxyethyl)azetidin-one 1Of (0.48g, 0.96 
mmol) was added and the dark-brown reaction mixture was stirred 
at room temperature for 60 min. Moist silica gel was then added and the 
resulting suspension was filtered off through a pad of silica gel, the 
solvent being evaporated under reduced pressure. The was 
purified by column chromatography (silica gel 70-230 mesh; eluent: 
AcOEt/hexane 1:l) to give l l b  (0.34g, 95%), mp 97-99°C; ir 
(CHC13) v (cm-I): 1790, 1730 ( C 4 ) ;  nmr (CDC13) 6 (ppm): 7.7-6.1 
(m, 14H, arom.), 5.4 (d, J = 5 Hz, lH, X H - ) ,  5.1 (d, J = 5 Hz, 
l H , X H - ) , 4 . 9 ( d ,  J =  -18Hz, lH,N--CH-CO),3.9(d, J =  
-18 Hz, lH, N X H X O ) ,  3.5 (s, 3H, 0CH3). Anal. calcd. for 
C24H21N04:C74.39,H5.47,N3.62;found:C75.03,H5.91,N4.10. 

cis-4-(4'-Nitropheny1)-3-pheno.~j-I -(2' -phenyl-2' -0xoethy1)- 
azetidin-2-one 11 c 

To a suspension of the crude N-(2'-phenyl-2'-rert-butyl- 
dirnethylsiloxyethy1)-1-(4'-nitropheny1)imine 7h (10 mmol) pre- 
pared from 4-nitrobenzaldehyde (1.51 g, 10mmol) and 2-arnino-l- 
phenylethanolamine (1.4 g, 10 rnmol), followed by tert-butyl- 
dimethylsilylation as described above, was added consecutively, 
at O°C, phenoxyacetic acid (1.52 g, 10 mmol), triethylamine (4.2 mL, 
30 mmol), and phenyldichlorophosphate (1.5 mL, 10 mmol) and the 
mixture was stirred at room temperature for 20 h. After general 
work-up, the crude p-lactam lOh was dissolved in dichloromethane 
(30 mL) and PDC (1 1.3 g, 10 mmol) was added. Then, trimethyl- 
chlorosilane (9 mL, 70 mmol) was added dropwise at 0-5OC and the 
resulting mixture was stirred at room temperature for 4 h. After general 
work-up, the pure product was isolated by column chromatography 
(eluent: AcOEt/hexane 1:3) to give cis-4-(4'-nitropheny1)-3-phenoxy- 
1-(2'-phenyl-2'-oxoethy1)azetidin-2-one l l c  (1.6g, 40%), mp 160- 
165°C (from ethanol); ir (CHC13) v (cm-I): 1800, 172Q (C=O); nmr 
(CDC13) 6 (pprn): 8.1-6.5 (m, 14H, arom.), 5.6 (d; J = 5 Hz, lH, 
CH), 5.3 (d, J = 5Hz,  lH, CH), 5.1 (d, J = -18Hz, lH,  
N-CHXO),  4.1 (d, J = - 18 Hz, lH, N X H X O ) .  Anal. calcd. 
for C23H18N205: C 68.64, H 4.52, N 6.96; found: C 69.15, H4.07, N 
7.32. 

cis-4-(4'-Methoxypheny1)-3-phenoxy-1 -(if -bromo-2'-phenyl-2' - 
oxoethy1)azetidin-2-one 14 
cis-4-(4'-Methoxyphenyl)-3-phenoxy-l-(2'-phenyl-2'-oxoethyl)- 

azetidin-2-one (0.97 g, 2.5 mmol) was dissolved in acetic acid 
(IOmL), 4-N,N-dimethylaminopyridinium bromide perbromide 
(0.91 g, 2.5 mmol) was added, and the mixture stirred for 15 min. The 
precipitate was then filtered off and washed with water and ethanol, 
giving the product 14 (1.0 g, 86%), mp 110-1 12°C (dec.); ir(CHC13) v 
(cm-I): 1780, 1700 (C=O); nmr (DCC13) erythro and threo compound 
6 (ppm): 3.2 and 3.3 (s, 3H, 0CH3), 4.8 (d, J = 5Hz, lH, CH), 4.9 

and 5.0 (d, J = 2 Hz, lH, B r X H X O ) ,  5.3 (d, J = 5 Hz, lH, CH), 
6.0-7.5 (rn, 14H, arom.). Mol. wt. calcd. for C24H20BrN04: 466.36; 
found: M', 466. 

cis-4-(4'-Methoqphenyl)-3-pheno,~~azetidin-2-one 15 
Method A: cis-4-(4'-Methoxypheny1)-3-phenoxy- 1 -(1 '-bromo-2'- 

phenyl-2'-oxoethy1)azetidin-2-one 14 (1.4 g, 3 rnmol) was dissolved in 
acetone (30 mL) and water ( I0 mL). Sodium hydrogen carbonate 
(0.51 g, 6rnmol) was then added and the mixture was stirred at room 
temperature for 15 h. After this time, the solid was filtered off and 
washed with water and ethanol and the product was recrystallized from 
ethanol to give the title product 15 (0.61 g, 20%), mp 166-170°C (lit. 
(15) rnp 166-167°C). 

MethodB: To s stirred solution of HgO (0.28 g, 1.25 mmol) and 35% 
aqueous tetrafluoroboric acid (0.62 g, 2.5 mmol) in tetrahydrofuran 
(5 mL) was added cis-4-(4'-methoxypheny1)-3-phenoxy- 1-(1 '-bromo- 
2'-phenyl-2'-oxoethy1)azetidin-2-one 14 (1.16 g, 2.5 mmol). Thernix- 
ture was stirred at room temperature for 2 h and then treated 
successively with saturated sodium hydrogen carbonate solution and 
2 N sodium hydroxide until basic. The precipitated HgO was filtered off 
(0.23 g, 80%) and the filtrate was extracted with dichloromethane 
(20mL X 2). The organic extracts were dried and the solvent 
evaporated under reduced pressure giving an oil, which was dissolved 
in dichloromethane (5 mL); then triethylamine (0.28 mL, 2 mmol) was 
added and the mixture was stirred for 3 h. Next, the mixture was 
washed successively with 2 N  hydrochloric acid (5 mL) and water 
(5 mL). The organic layer was separated and dried over sodium sulfate 
and the solvent evaporated under reduced pressure to give 15, which 
was crystallized from ethanol (0.24g, 35%), mp 167-170°C (lit. (16) 
mp 167-170°C; lit. (15) mp 166- 167°C). 

General procedure for the oxidation of hydroquinones 16 
A solution of reagent 3 (30 mmol) prepared as above was added 

dropwise to a suspension of the hydroquinone 16 (10 mmol) in the same 
solvent (10 mmol). The resulting dark-brown mixture was stirred at 
room temperature for the time indicated in Table 2. The progress of the 
reaction was monitored by tlc analysis at regular intervals. Soon after 
completion of the reaction moist silica gel was added and the mixture 
was filtered off through a pad of silica gel to give a yellow solution that 
was concentrated under reduced pressure to afford crude product. 
Isolation by column chromatography (silica gel; eluent: diethyl 
etherlhexane 1: 1) gave a pure 1,4-benzoquinne 17. 

Preparation of 1,4-bis(tert-butyldirnethylsi1oxy)benzenes 
A solution of tert-butyldimethylchlorosilane (0.660 g, 4.4mmol), 

in CH2C12, the hydroquinone 16 (2.0 mmol), and 1,s- 
diazabicyclo[5.4.0]undec-7-ene (DBU) (0.760 g, 5.0 mmol), was 
stirred at room temperature for 30min. The mixture was washed 
with water (5 mL), 0.1 N hydrochloric acid (lOmL), and saturated 
NaHC03 solution (5 mL), then dried (Na2S04) and evaporated to 
yield crude 1,4-bis-(tert-butyldimethylsiloxy)benzenes, which were 
purified by reduced pressure distillation. 

For 1,4-bis(trimethylsiloxy)benzenes, the same procedure was 
followed, using trimethylchlorosilane instead of tert-butyl- 
dimethylchlorosilane. 

General procedure for the oxidation of I ,4-bis(trimethylsilo.~y)- 
benzenes 

Method A 
To a stirred ice-cold solution of trirnethylsilyl chlorochromate 3 

(6.0 mmol) prepared as above in dichloromethane (10 mrnol), a 
solution of the corresponding 1,4-bis(trimethylsi1oxy)benzene 
(2.0 mmol) in the same solvent (5 mL) was added dropwise over a 
5-min period, and stirred for 30 min. The reaction was monitored by tlc 
analysis (silica gel plates; eluent: AcOEt/hexane 1:2). On comple- 
tion, moist silica gel (5.0 g) was added and the mixture was shaken for 
5 min, decolorized, and filtered off through a pad of silica gel to give a 
solution that was concentrated and purified by reduced pressure 
distillation to afford a fairly pure quinone 17. 
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Method B 
To a suspension of PDC (5.648, 15 rnrnol) in dichlorornethane 

(15 mL), trirnethylchlorosilane (4.5 rnL, 35.4 rnrnol) was added at O°C 
and then the corresponding 1,4-bis(trirnethy1siloxy)benzene (5 rnrnol) 
was added to the resulting red-brown mixture. The reaction was stirred 
at room temperature for 15 rnin, then filtered off through a pad of silica 
gel (230-400 mesh) and washed with dichlorornethane. The resulting 
yellow solution was treated with water (15 mL X 2). The organic layer 
was dried (Na2S04) and the solvent evaporated under reduced pressure 
to give the corresponding quinone 17. 

General procedure for the oxidation of I ,4-bis(tert-butyldimethyl- 
si1oxy)benzene 

Method A 
To a cooled (0") solutions of trirnethylsilyl chlorochrornate 3 

(15 mmol), prepared as above in dichlorornethane (15 rnrnol) was 
added and the reaction mixture was stirred at the same temperature for 
20-30 rnin. On completion, wet silica gel (10 g) was added to 
hydrolyze the remaining oxidizing species and the mixture was filtered 
through a pad of silica gel. The organic solution was dried and the crude 
quinone purified by column chromatography (silica gel; eluent: 
hexanelether 1: 1). 

Method B 
To a suspension of PDC (1.97 g, 5.23 rnrnol) in dichlorornethane 

(10 mL), trirnethylchlorosilane (1.59 rnL, 12.52 rnrnol) was added at 
0°C and the corresponding 1,4-bis(tert-butyldirnethylsi1oxy)benzene 
(5.0 rnrnol) was then added to the resulting red-brown mixture. The 
reaction was stirred for 15 rnin, then filtered off through a pad of silica 

I gel (230-400 mesh) and washed with dichlorornethane. The resulting 
i yelow solution was treated with water (15 mL x 2) and the organic 
' layer was dried (Na2S04). The solvent was evaporated under reduced 

pressure and the resulting product was purified (elution of silanol) by 
I column chromatography (silica gel; eluent: diethyl etherlhexane 1: 1) 

to give the corresponding pure benzoquinone 17. 
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The preferred conformation of 2-fluoro-2-deoxy P-D-mannopyranosyl fluoride. An X-ray 
crystallographic and 2-dimensional proton nuclear magnetic resonance study 
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STEPHEN G. WITHERS, IAN P. STREET, and STEVEN J. RETTIG. Can. J.  Chem. 64, 232 (1986). 
The preferred conformation of 2-fluoro-2-deoxy P-D-mann~pyran~Syl fluoride has been determined in the solid state by 

X-ray crystallography and in aqueous solution by 2-dimensional J-resolved proton nuclear magnetic resonance. Crystals of 
2-fluoro-2-deoxy P-D-mannopyranosyl fluoride are monoclinic, a 4 10.9150(8), b 4 4.9079(4), c 4 6.9902(6) A, P = 
105.158(4)", Z = 2, space group P2]. The structure was solved by direct methods and was refined by full-matrix least-squares 
procedures to R = 0.028 and R,, = 0.031 for 797 reflections with 1 2 3u(I). The sugar ring was present in an essentially 
undistorted 4CI chair conformation. Weak, but significant interactions, presumably hydrogen bonding of the type OH . .. F and 
CH . .. F, are observed within the crystal lattice. Coupling constants observed in the proton nmr were consistent only with a 4 ~ 1  

chair conformation in solution. These observations are briefly discussed in terms of recent findings concerning the 
interaction of fluorodeoxy sugars with enzymic binding sites. 

STEPHEN G. WITHERS, IAN P. STREET et STEVEN J. RETTIG. Can. J. Chem. 64, 232 (1986). 
On a dCtermin6 la conformation privilCgiCe du fluorure du fluoro-2 dtoxy-2 P-D-mannopyrannosyle tant a 1'Ctat solide en 

faisant appel diffraction des rayons-X qu'en solution aqueuse en faisant appel a la rmn du 'H bidimensionnelle 
rCsolue pour J .  Les cristaux du fluoru!e du fluoro-2 dCoxy-2 P-D-mannopyrannosyle sont monocliniques avec 
a= 10,9150(8), b=4,9079(4), c=6,9902(6) A, P =  105,158(4)", Z=2 et groupe d'espace P2'. On a rCsolu la structure par des 
methodes directes et on l'a affinCe par la mCthode des moindres carrCs (matrice entikre) jusqu'a des valeurs de R=0,028 et 
R, = 0,03 1 pour 797 rkflexions avec 1 2 3a(I). Le cycle du sucre existe essentiellement dans une conformation chaise 4 ~ 1  qui 
n'est pas dCformCe. Dans la maille du cristal, on observe des interactions faibles, mais significatives, qui sont probablement dues 
B des liaisons hydrogknes du type OH.  . . F et CH . . . F. Les constantes de couplage observtes dans le spectre rmn du 'H en 
solution ne peuvent &tre expliqukes que par une conformation chaise 4 ~ I .  On discute brikvement de ces rksultats par rapport aux 
rCsultats obtenus rCcemment concernant l'interaction des sucres fluoro-dCoxy avec les sites de liaison enzymatique. 

[Traduit par le journal] 

Introduction 
The mode of interaction of carbohydrates and proteins has 

been attracting considerable interest of late, particularly since 
the antigenic determinants of red blood cells are oligosacchar- 
ides and it is their interaction with receptor proteins that is 
central to blood type recognition (1). In order to probe the inter- 
molecular forces dominating such interactions, deoxy- and 
fluorodeoxy-saccharide analogues have been employed in sev- 
eral specificity studies (2-5). Such analogues are useful since 
the hydroxyl moiety is replaced by a smaller, and therefore 
sterically compatible, substituent, but one of different electronic 
properties. Systematic studies of mono-substituted derivatives 
can therefore provide information on the factors contributing to 
binding at each position. The enzyme glycogen phosphorylase 
provides a useful model system for a study of carbohydrate/ 
protein interactions since the three-dimensional structure of the 
glycogen phosphorylase/glucose complex has been determined 
by X-ray crystallography (4). Studies currently in progress in- 
volve a systematic study of the specificity of this enzyme for 
glucose as an inhibitor and for its substrate glucose-l- 
phosphate, using a series of deoxy and fluorodeoxy analogues. 
However, since the enzyme is known to bind glucose in its 4C1 
conformation (4,6) it was considered important to establish that 
substitution of one or more fluorine atoms into the ring did not 
distort the sugar away from this preferred 4C, conformation. 
Such concerns were based upon the previous observation (7) that 
2,3,4-tri-0-acetyl P-D-xylopyranosyl fluoride adopts the IC4 
conformation in solution, as a result of interactions between the 

' ~ u t h o r  to whom correspondence may be addressed. 
2~xperimental Officer, University of British Columbia Crystallo- 

graphic Service Laboratory. 

dipole associated with the C-F bond and that associated with 
the ring oxygen atom. This provided a convincing demon- 
stration of the strength of the anomeric effect associated with a 
fluorine substituent at the anomeric centre, since in its preferred 
conformation the acetoxy substituents at C(2), C(3), and C(4) 
are forced into unfavourable axial orientations. In the case under 
consideration a complete inversion to a 'c, conformation is 
considerably less likely, primarily as a result of the requirement 
for the bulky hydroxymethyl group at C(5) to then adopt an axial 
configuration with consequent repulsive interaction. However, 
since any significant distortion in the molecule could affect its 
ability to bind to the enzyme, it was deemed important to 
investigate this possibility. 

2-Fluoro-2-deoxy-P-D-mannopyranosyl fluoride was se- 
lected as the most likely compound, in the series being texted, 
to be distorted, on the basis of dipolar repulsions between the 
two fluorine substituents and the ring oxygen atom, in the 4CI  
conformation. Its solid state structure was thus determined by 
X-ray crystallography and its conformation in solution 
ascertained by proton nmr. The X-ray crystal structure has also 
provided some insight into the involvement of the fluorine atom 
in hydrogen bonding within the crystal lattice. 

Experimental 
2-Fluoro-2-deoxy (3-D-mannopyranosyl fluoride was obtained by 

Zemplen deacetylation (8) of its tri-0-acetate. The protected sugar, 
obtained by the addition of trifluoromethyl hypofluorite to D-glucal 
tri-0-acetate (9), was kindly provided by Dr. D. Dolphin. 

The 'H nrnr spectra were determined in D20 at ambient temperature 
on a Bruker WH-400 spectrometer. The 'H nmr chemical shifts are 
referenced to external DSS at 0 ppm. The 1 9 ~  nrnr chemical shifts are 
referenced to external trifluoroacetic acid in D20 at 0 ppm. The 
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homonuclear 2-dimensional J-resolved spectrum was obtained using 
the standard pulse sequence shown below, at 256 different values of t l .  
256 spectra of l K  data points requiring 48 acquisitions each were thus 
obtained and the resultant matrix then transformed in the t l  and t2 
dimensions. 

Single crystals of 2-fluoro-2-deoxy P-D-mannopyranosyl fluoride 
were obtained by vapour diffusion of petroleum ether into a solution of 
the title compound in diethyl etherlmethanol. 

X-ray crystallographic analysis 
A crystal bounded by the 10 faces (followed by their distances in mm 

from a common origin): ? ( l  OO), 0.12, ? ( I  0 - I ) ,  0.09, +-( I  0 l) ,  
0.14, ?(1 1 -2), 0.19, *(-I 1 2), 0.23 was mounted in a general 
orientation. Unit-cell parameters were refined by least squares on 2 sin 
O / A  values for 25 reflections (20 = 35-42") measured on a 
diffractometer with Mo-Ka radiation (A(Kal) = 0.70930 A, A(Ka2) = 
0.71359 A). Crystal data at 22OC are: 
C6H l o b 0 4  fw = 184.14 
Monoclinic, a = 10.9150(8), b = 4.9079(4), c = 6.9902(6) A, P = 
105.158(4)", V =  361.43(5)A3, Z =  2, p, = 1.692Mgm-3, F(000) = 
192, ~ ( M o - K a )  = 1.62 cm-'. Absent reflections: Ok 0 ,  k odd, space 
group P21 (C:, No. 4). 

Intensities were measured with graphite-monochromated Mo-Ka 
radiation on an Enraf-Nonius CAD4-F diffractometer. An w-20 scan 
at 0.80- 10.06" min-I over a range of (0.60 + 0.35 tan 0) degrees in w 
(extended by 25% on both sides for background measurement) was 
employed. Data were measured by 20 = 55". The intensities of 3 check 
reflections, measured every 3600 s throughout the data collection, 
showed only small random variations. Of the 919 independent 
reflections measured and processed,3 797 (86.7%) had intensities 
greater than or equal to 3 4 4  above background, where u2(I) = S + 2B 
+ ( 0 . 0 4 ( ~ - ~ ) ) ~  with S = scan count and B = normalized background 
count. 

The structure was solved by direct methods, the coordinates of all 
non-hydrogen atoms being determined from an E-map and those of the 
hydrogen atoms from a subsequent difference map. Hydrogen atoms 
were refined with isotropic and non-hydrogen atoms with anisotropic 
thermal parameters. The scattering factors of ref. 10 were used for 
non-hydrogen atoms and those of ref. 11 for hydrogen atoms. The 
weighting scheme w = I /u2(F),  where u2(F) is derived from the 
previously defined u2(I), gave uniform average values of w(lFoI - 
I F , I ) ~  over ranges of both I FoI and sin O / A  and was employed in the final 
stages of full-matrix refinement of variables. Reflections with I < 3u(I) 
were not included in the refinement. Convergence was reached at R = 
0.028 and R,  = 0.031 for 797 reflections with I ?  3 4 4 .  For all 919 
reflections, R = 0.041. The function minimized was Zw(l FoI - IF,)', 
R = Z I I  FoI - IF,II/~IFoI and R,, = (Zw(lFoI - I F , ~ ) ~ / Z W ~ F ~ ~ ~ ) ~ ' ~ .  

On the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.001 and 0 . 0 1 4 ~  respectively. The mean error 
in an observation of unit weight was 1.648. A final difference map 
showed no unusual features, maximum fluctuations being -0.26 and 
+0.18 e The final positional and thermal parameters appear in 
Tables 1 and 64 respectively. Measured and calculated structure factors 
have been placed in the Depository of Unpublished ~ a t a . ~  

The ellipsoids of thermal motion for the non-hydrogen atoms are 
shown in Fig. 1 and the packing diagram in Fig. 2. The thermal 
motion has been analysed in terms of the rigid-body modes of 

3The computer progams used include locally written programs for 
data processing and locally modified versions of the following: MUL- 
TAN 80, multisolution program by P. Main, S.J. Fiske, S.E. Hull, L.  
Lessinger, G.  Germain, J.P. Declercq, and M.M. Woolfson; ORFLS, 
full-matrix least squares, and ORFFE, function and errors, by W.R. 
Busing, K.O. Martin, and H.A. Levy; FORDAP, Patterson and Four- 
ier syntheses, by A. Zalkin; ORTEP 11, illustrations, by C.K. Johnson. 

?The structure factor table, Table 6 (anisotropic thermal parameters) 
and other material mentioned in the text may be purchased from the 
Depository of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0S2. 

TABLE 1. Final positional (fractional x lo4, H x lo3) and isotropic 
thermal parameters ( U  x lo3 A2) with estimated standard deviations in 

parentheses* 

Atom x Y z ueq /  u iso  

FIG. 1. Stereoview of the 2-fluoro-2-deoxy P-D-mannopyranosyl 
fluoride molecule. 50% probability thermal ellipsoids are shown for the 
non-hydrogen atoms. Hydrogen atoms were assigned arbitrarily small 
thermal parameters for the sake of clarity. 

translation, libration, and screw motion (12). The rms standard 
error in the temperature factors u U V  (derived from the least- 
squares analysis) is 0.0007A2. Analysis of the six-membered ring 
gave rms AUd = 0.0009A2 and physically reasonable rigid-body 
parameters. The appropriate bond distances have been corrected for 
libration (12, 13), using shape parameters q2 of 0.08 for all atoms 
involved. Corrected bond lengths appear in Table 2 along with the 
uncorrected values; corrected bond angles do not differ by more than 
l a  from the uncorrected values given in Table 3. Intra-annular torsion 
angles defining the conformation of the six-membered ring are listed in 
Table 4,  and hydrogen bond and weak C-H . . . (F/O) interaction data 
inTable 5 .  Bond lengths and angles involving hydrogen and a complete 
listing of torsion angles (Tables 7-9) are included as supplementary 
material. 

Results and discussion 
The one-dimensional ' H  nmr spectrum of the title compound 

is presented in Fig. 3(a). Attempts to unequivocally assign all 
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TABLE 2. Bond lengths (A) with estimated standard deviations in parentheses 

Length Length 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle(deg) Bonds Angle(deg) 

FIG. 2. Stereoview of the packing of 2-fluoro-2-deoxy P-D-mannopyranosyl fluoride. Broken lines represent hydrogen bond and H...(F/O) 
interactions with H. . .F 5 2.47 A and H...O 2.56 A. 

TABLE 4. Intra-annular torsion angles (deg) 
with standard deviations in parentheses 

Atoms Value(deg) 

resonances and couplings in this spectrum as a means of 
determining its solution conformation were unsuccessful. 
Rather than embark on a lengthy series of decoupling 
experiments to permit assignment, a homonuclear ('H) 
two-dimensional J-resolved spectrum was obtained and is 
presented as a contour plot in Fig. 3(b). In such a presentation 
the coupling constant axis contains 'H-'H coupling constant 
information only, while the projection onto the chemical shift 

axis produces the proton-decoupled, but still fully fluorine- 
coupled 'H spectrum, thus enormously simplifying assignment. 
The assignment achieved is presented in Table 10. The coupling 
constants observed are consistent only with a 4CI  conformation 
for the sugar, as follows. Large coupling constants (approxi- 
mately 10 Hz) between H(5) and H(4) and between H(4) and 
H(3) are uniquely consistent with a trans-diaxial arrangement 
of these protons, while large vicinal proton-fluorine coupling 
constants of 30 Hz and 17.8 Hz between H(3) and F(2) and 
between H(1) and F(2) respectively are indicative of a trans- 
diaxial arrangement of these substitutents (14, 15). In fact, 
all the trans-diaxial coupling constants are slightly larger than 
those determined for the fully acetylated sugar (15). This could 
be due to differences in electronegativity of acetate (16) versus 
hydroxyl substituents or to a solvent effect, but is more likely 
due to the deprotected suga1 adopting a more rigid 4~~ 

conformation in D20  than the protected sugar adopts in CDC13. 
The possibility of some degree of distortion of the protected 
sugar (based upon nmr data) was discussed in this earlier paper 
(15). The value of 2-dimensional nmr in such a spectral 
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WITHERS ET AL 

TABLE 5.  Hydrogen bonds and weak C-H ...( F/O) interactions* 

Length Angle 

Atoms H...A(A) D...A (A) D-H...A(deg) 

*Superscripts refer to symmetry operations: x ,  y ,  1+z; x ,  y ,  z; 1-x, y-112, 2-z; 1 -x ,  y-112, 1-z; - x ,  
1 /2+y ,  1-z; and -.r, 1 /2+y ,  2-2, respectively. 

FIG. 3. The 'H nmr spectra of 2-fluoro-2-deoxy p-D-manno- 
pryanosyl fluoride in D20 at 400 MHz and ambient temperature. (a) 
1-Dimensional spectrum; (b) 2-dimensional J-resolved spectrum. 

assignment is best illustrated by a couple of examples from Fig. 
3. The multiplet due to H(5) (6 = 2.95 ppm) is well resolved in 
the two-dimensional nmr, and all couplings are seen to be 
proton-proton couplings, with no proton-fluorine coupling. 
The multiplets between 6 = 3.14 ppm and 6 = 3.30 ppm are 
well resolved in the two-dimensional nmr as resonances from 
two protons, one of which (H(6'), 6 = 3.21 ppm) is a proton 
coupled double doublet (J(6-6') = 12.4 Hz, J(6' -5) =5.9 Hz) 
with a small long-range fluorine coupling that manifests itself as 
a broadened contour. The other resonance (H(3), 6 = 3.23 ppm) 
contains both fluorine-proton and proton-proton coupling and 
thus appears as two double doublets separated along the 
chemical shift axis by the fluorine coupling constant. Similarly 
the resonance due to H(l) is seen to contain only fluorine-proton 
couplings and no proton-proton coupling, and thus appears as a 

multiplet along the chemical shift axis. A 4C1 conformation is 
therefore unequivocally assigned for this compound under these 
conditions. 

The bond lengths and bond angles for the title compound, as 
determined by X-ray crystallography, are presented in Tables 2 
and 3. The three-dimensional structure with carbon, oxygen, 
and fluorine atoms represented as thermal ellipsoids is presented 
in stereo format in Fig. 1. The compound is clearly in the normal 
4C1 conformation with one axial fluorine (F(2) and one 
equatorial fluorine (F(1). The distance C(2)-F(2) is very 
similar to the average C-F value of 1.40 A observed for several 
other deoxyfluoro sugar derivatives (1 7-2 l), but slightly greater 
tban the average value for the paraffinic C-F bond (22) (1.28 
A), whereas the C ( l t F ( 1 )  bond is slightly shorter (1.368 A). 
This shorter C ( l t F ( 1 )  bond length is interesting, as similar 
observations have been made previously on the relative 
shortening of the C ( l j O ( 1 ) H  bond length in many structure 
determinations of pyranose sugars (23). The pyranose ring is 
essentially unstrained since very little distortion is observed 
based upon the intra-annular torsion angles (23) (Table 4) and 
upon the calculated puckering parameters as defined by Cremer 
and Pople (24). Comparison of the intra-annular torsion angles 
with a set of average torsion angles for mannose calculated 
previously (23), based upon 12 mannose structures, reveals that 
some small differences (5" or less) in angle, centred around C(5) 
and 0(5), are observed. The puckering parameters reveal the 
same minor distortions. Paraqeters calculat~d are Q = 
0.582 A, 0 = 4.2", q2 = 0.043 A, q3 = 0.580 A. Comparable 
values for mannose calculated Jrom the average manno:e 
coordinates (25) are Q = 0.5505 A, 0 = 2.56", q2 = 0.0245 A, 
q3 = 0.5499 A. The deviation from an ideal chair conformation 
(0 = 0") is proportional to 0 and is small, although slightly 
greater than that of the average mannose structure. The above 
average total puckering a~pli tude,  Q, arises from larger 
than normal (by about 0.03 A) displacements of atom O(5) and 
C(5) from the mean plane of the ring. As a consequence, the 
intracyclic bond angles at O(5) and C(5) are smaller than the 
average values of 1 13.4" and 1 10.2", respectively (25). 

There is a considerable amount of hydrogen bonding in the 
crystal, both between adjacent molecules and also within the 
molecule (Fig. 2). All the hydroxyls are involved in hydrogen 
bonding both as donors and as acceptors, and are often multiply 
involved. The ring oxygen also acts as a hydrogen bond 
acceptor. Several weak interactions involving the fluorine atoms 
are observed. F(2) is involved in a weak intramolecular 
interaction with OH(3), as evidenced by the relatively short 
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TABLE 10. 'H nuclear magnetic resonance assignment 

Chemical Shift 'H-'H coupling "F-'H coupling 
8 (ppm) constants (Hz) constants (Hz) 

F...H distance. This results in OH(3) being rotated slightly 
away from its other stronger hydrogen bonding partner, OH(6) 
of an adjacent molecule. F(1) is involved in a weak interaction 
with the C H  proton of C(2), which is presumably activated 
towards such interaction by virtue of its two electronegative 
substituents. Such involvement of fluorine atoms in hydrogen 
bonding interactions is relatively unusual but not un- 
precedented, and Glusker and co-workers (26) have recently 
summarized their status. A more recent structure (27) in which a 
short intermolecular C-F---H-0 bond is observed has also 
been published and an earlier study (28) has established the 
existence of weak C-H---F hydrogen bonds. While such 
interactions are weak, they are doubtless significant, as 
evidenced in this case by the high density and low temperature 
factors observed despite the removal of two hydroxyl groups. 

Direct observation of  such interactions is important in the 
light of the many recent studies regarding interaction of 
fluorinated substrate analogues with biological systems (2-5, 
29, 30), and particularly with regard to  studies of  fluorocar- 
bohydrate/protein interactions where such hydrogen bonding 
has been invoked (4, 30) to  explain the high affinity for the 
protein of fluorodeoxy derivatives as compared to deoxy 
derivatives. 
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The photochemistry of 6- and 7-cyano-2,3-benzobicyclo[4.2.0]octa-2,4,7-triene 
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CHRISTOPHER OWEN BENDER, DONALD LAVERNE BENGTSON, DOUGLAS DOLMAN, and SEAMUS FRANCIS O'SHEA. Can. J. 
Chem. 64, 237 (1986). 

The direct irradiation of 7-cyanobenzocyclooctatetraene (5) led to 6- and 7-cyano-2,3-benzobicyclo[4.2.0]octa-2,4,7-triene 
(7 and 8; Q7 = Qg < 0.0001). On direct irradiation, 7 gave 1-cyanobenzosemibullvalene (6; Q, = 0.19), 5 (Q, = 0.022), and 
2-cyanonaphthalene (Q, = 0.04), whereas 8 gave 7-cyanobenzosemibullvalene (16; Q, = 0.03), 5 (Q, = 0.22), naphthalene (Q, = 
0.12), and 4-cyano-7,8-benzote~acyclo[3.3.0.02~4.03~6]~t-7-ene (17, Q, = 0.03). Upon sensitized irradiation, 7 gave 6 (a = 0.68) 
and 2-cyanonaphthalene (Q, = 0.007), while 8 gave 16 (Q, = 0.01) and naphthalene (Q, = 0.52). Deuterium labelling studies 
suggest that 6 and 16 derive from Zimmerman di-n-methane rearrangements. 

CHRISTOPHER OWEN BENDER, DONALD LAVERNE BENGTSON, DOUGLAS DOLMAN et SEAMUS FRANCIS O'SHEA. Can. J.  
Chem. 64, 237 (1986). 

La photolyse directe du cyano-7 benzocyclooctatetrakne (5) conduit aux cyano-6 et -7 benzo-2,3 bicyclo[4.2.0]octatriknes- 
2,4,7 (7 et 8; a7 = @g < 0,0001). Par irradiation directe, 7 conduit au cyano-l benzo semi-bullvalene (6; Q, = 0,19), a 5 
(Q, = 0,022) et au cyano-2 naphtalbne (Q, = 0,04), tandis que 8 conduit au cyano-7 benzo semi-bullvalbne (16; Q, = 0,03), a 5 
(Q, = 0,22), au naphtalkne (Q, = 0,12), et au cyano-4 benzo-7,8 tetracyclo[3.3.0.02~4~3~6]oct~ne-7 (17; Q, = 0,03). Par irradia- 
tion sensibiliske, 7 conduit 2 6 (Q, = 0,68) et au cyano-2 naphtalkne (Q, = 0,007), alors que 8 conduit a 16 (0 = 0,Ol) et au 
naphtalkne (Q, = 0,52). Des Ctudes de marquages au deuterium suggkrent que 6 et 16 dCrivent des transpositions di-n-mCthanes 
de Zimmerman. 

Introduction 

I On the basis of deuterium labelling studies we reported that 
1 the photoformation of 6,7-dimethylbenzosemibullvalene (i.e., 
j 6,7-Me2-BSB (4)) from 6,7-dimethylbenzocyclooctatetraene 

(i.e., 6,7-Me2-BCOT (1)) can be accounted for in terms of a 
I 

Zimmerman di-wmethane (DPM) rearrangement of the initial- 
ly formed diene 2 (1). In the light of this observation we 
suggested that the known (2) conversion of 7-CN-BCOT (5) to 
1-CN-BSB (6) on direct irradiation might follow a similar 
reaction sequence, and hence involve the intermediate forma- 
tion of 6-cyano-2,3-benzobicyclo[4.2.0]octa-2,4,7-triene (i.e., 
diene 7). We now present evidence to support this view, and 
other results which demonstrate that the extent of DPM 
rearrangement in such dienes is strongly dependent on substi- 
tuent location. 

Results 
The direct irradiation of COT 5 at wavelengths > 340 nm led 

cleanly not only to the anticipated diene 7 but also to the 
alternate 2~ + 2~ ring closure product 8. The two products 
were formed in equal amounts, in high chemical yield, but in 
very low quantum efficiency ( a 7  = < 0.0001). 

The structures of 7 and 8 were deduced from nmr data (see 
Experimental) and chemical evidence. Thus, treatment of 7 
with diimide led to the selective reduction of the nonconjugated 
(cyclobutene) double bond to give 7,8-dihydro-6-cyano- 
2,3-benzobicyclo[4.2.0]octa-2,4-diene (9). The nmr data for 9 
agree well with those reported for the corresponding protons of 
10 (3) (see Scheme 3). In the case of diene 8, reduction with 
diimide was ineffective. However, catalytic hydrogenation with 
10% Pd on C gave 11, a tetrahydro derivative of 8.  The same 

& + + %  - rearr . . 
1 2 3 4 

hv + unidentifiid 
products 

'7 

1 ? hv &CN ? hv 1 
4,' 5 DPM rearr. 
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&CN 

65.72 dd, J =  10 
' u  

r & 1.5 

material was the only significant product from the hydrogena- 
tion of the known compound 12 (4).' 

Further support for structures 7 and 8 derives from their facile 
thermal conversion to COT 5 (cf. the thermolysis of 13 to 14, 
Scheme 4 (5)). The rearrangements were detectable on the gc at 
column temperatures > 100°C for 7 ,  and > 135°C for 8 ,  and 
are essentially quantitative upon flash gas phase thermolysis at 
350°C. 

Photochemically, dienes 7 and 8 are also labile. The product 
formations from the direct and sensitized irradiations are 
depicted in Scheme 5; the yields given are based on consumed 
starting materials. 

The formation of 4-cyano-7,8-benzotetracyclo- 
[3.3.0.0~*~.0~~~]oct-7-ene (17) in the direct irradiation of 8 is 
analogous to the photoisomerization of 13 to 15 reported by 
Collin and Sasse (5). The structure of 17 was assigned on 
spectroscopic grounds alone. The mass spectrum shows a strong 
molecular peak at mle 179 and, like 15, contains a major 
fragmentation peak at mle 128, corresponding to naphthalene 
ion. The C2 symmetry of 17 is reflected by the 'H nmr spectrum, 
which shows only five sets of resonance signals: three in the 
aliphatic region centred at 6 4.36 (H- l ,6 ) ,  6 3.28 (H-5), and at 6 
2.96 (H-2, 3) (cf. 6 4.24 (H-1, 6), and 6 2.52 (H-2, 3) for 15 

'we  thank Professor McCullough of McMaster University for a 
comparison sample of authentic 12. 

direct Y 

(6)), and two in the aromatic region. The aliphatic signals 
approximate an AA'MXX' spin system, with H-5 appearing as 
a quintet (J5,'(6) = J5,2(3) = 4.5 Hz), as does the corresponding 
proton in the related derivative 18 (J5,,(6) = 4.5 Hz and 
J5,2(3) = 5 HZ (7)).2 

Structural assignment in the case of photoproduct 16 was less 
straightforward since the compound undergoes rapid poly- 
merization upon solvent removal, thus limiting the physical 
characterization. Nevertheless, the mass spectrum, nmr data, 
and hydrogenation results provide strong support for the 
proposed benzosemibullvalene structure. 

The mass spectrum (via gclms) established the molecular 
weight as 179 and the 'H nmr spectrum revealed the uniquely 
characteristic coupling constants of the rigid benzosemibull- 
valene framework. The nmr data for 16 are compared with those 
of 6 and parent benzosemibullvalene 19 (8) in Table 1. Note that 
the protons of 16 appear within the expected chemical shift 
regions; the 0.7-ppm downfield shift of H-6 relative to H-6 in 19 
agrees well with the reported chemical shift substituent constant 
of 0.8ppm for the cis proton of acrylonitrile (9). Chemical 
evidence in favour of the structure was obtained from the brief 
exposure of 16 to catalytic hydrogenation (10% Pd on C; 3 min). 
Two major components were formed, but only one (20, 31%) 
was isolated. 7-Cyano-2,3-benzobicyclo[3.3 .O]octa-2,6-diene 
(20) is a stable crystalline dihydro derivative of 16 and can be 
viewed as a product of 1,4-addition of hydrogen to C-2 and C-6 
of 16. Other 1,4-addition reactions of semibullvalenes are well 
known (7, 10). 

In addition to aromatic signals, the nrnr spectrum of 20 shows 
one vinylic proton at 6 6.52 and six distinctly separated 
one-proton multiplets, corresponding to four allylic or benzylic 
methylene protons between 6 2.76 and 6 3.27, and two benzylic 
or allylic bridgehead methine protons at 6 3.75 (H-5) and 6 3.98 
(H-1), which are strongly coupled (J l ,5  = 8.5Hz). This large 
coupling between the methine protons is incompatible with 
bicyclo[3.2. lloctadiene structures that could conceivably arise 
from alternative cyclopropyl ring cleavages of 16. Furthermore, 
the high-field methine at 6 3.75 is coupled to the vinylic proton 
( J  = 2.5 Hz), and this observation, along with other features of 
the nmr, permits us to exclude 21 as a contending structure. 

Lastly, in connection with the photoproducts 16 and 17, 
control experiments were carried out to examine if either 

2 ~ e  are grateful to Professor Klumpp of Vrije Universiteit, The 
Netherlands, for communicating to us nrnr spin decoupling results 
for 18. 
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7 

Yields 
a (direct) 
b (sensitized) 

Yields 
a (direct) 
b (sensitized) 

TABLE 1. 'The 'H nmr data of SB's 6,  16, and 19 

Description and signal positions, 

Assignment 16 19 6 

Aromatics 6.97-7.45 m 6.80-7.33 m 7.00-7.44 m 
H- 1 3.36 q 3.14q - 
H-2 3.15 t 2.86 t 3.66 d 

I H-5 4.02 dd 3.81 dd 4.22 d 
H-6 6.24 d 5.47 dd 5.70dd 
H-7 - 5.08 dd 5.20 dd 
H-8 2.90 t 2.60 dt 3.33 dd 

"Run in CDCI, (6) or CCI, (16 and 19) solvent with TMS as Internal standard. 
bCorrespondlng coupllng constants, where applicable, are within 0.5 Hz; 

typically, = = JZ,8 = 6.5,  J5.6 = J7.8 = 2.5, and = 5.0Hz. 

converted to the other under the conditions used for the 
photolyses of diene 8. Tetracyclic 17 was found to be stable to 
direct (Pyrex filter) and sensitized (benzophenone) photolyses, 
but SB 16 slowly disappeared under both irradiation conditions 
to give polymeric mterial. Thus 16 is not a secondary photo- 
product arising from 17, and vice versa. 

Mechanistic considerations 
Whereas the formation of SB 6 from diene 7 can be most 

reasonably accounted for in terms of a single mechanism, a 
DPM rearrangement involving initial bridging between C-5 and 
C-7 (Scheme 7,  route i), there are at least two plausible 
pathways that can rationalize the formation of SB 16 from diene 
8,  i.e., route ii (Scheme 7), a DPM rearrangement which 
commences with C-5-C-7 bridging, and route iii, which 
involves initial C-4-C-8 bridging. Routes ii and iii are 
skeletally nonequivalent and deuterium labelling studies were 
therefore undertaken to determine which operates. 

The labelled dienes 7 a  and 8 a  were conveniently obtained 
from the photolysis of the known (2) deuterated COT 5 a  (ca. 
86%-dl at C-9). The observation that SB 16a is produced on 
either direct or sensitized photolysis of 8a ,  as determined by 'H 
nrnr analysis, can be seen to be in accord with the DPM 
mechanism depicted as route ii. 

In the case of diene 7 a ,  the direct and sensitized irradiations 
led to SB product containing the deuterium label at C-6, as 
required by the DPM rearrangement shown (Scheme 7 ,  route i). 
The results complement those obtained from a previous label- 
ling study of the conversion of COT 5 to SB 6 on direct 
irradiation, where COT 5 was deuterated at C-6 and C- 10 (1,2). 

Singlet and triplet energies of 7 and 8 and quantum yields 
Diene 7 showed strong fluorescence in cyclohexane at room 

temperature, and a singlet energy of 95 kcallmol was assigned 
from intersection of the absorption and fluorescence spectra. No 
fluorescence could be detected for diene 8, but a value of 
92 5 E, 5 95 kcaYmol was estimated from the uv long-wave- 
length band. 

"Effective" triplet energies of ca. 59 kcallmol for both 7 and 8 
(cf. ET 61 kcallmol for styrene, and 61 5 ET 5 59 kcallmol for 
Me2-diene 2 (1)) were obtained from triplet sensitization 
experiments. Thus the diene triplet reactions were efficiently 
sensitized by benzophenone (ET 69 kcallrnol) and Michler's 
ketone (ET 62 kcallmol), modestly by 2-acetonaphthone (ET 
59kcal/mol), but not effectively by 1-acetonaphthone (ET 
56 kcallrnol). These data are included with other quantum yield 
information in Table 2. 

A remaining aspect is the sensitized photolysis of COT 5. 
Attempts to sensitize 5 with thioxanthone or with p-dimethyl- 
aminobenzophenone, using filters transmitting light between 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. 1. CHEM. VOL. 64. 1986 

\ 
\ route iii 
\\(not followed) 

\ 
\ 
\ 
\ 
L _ _ _ _ _  + O  @yCN - +  @gCN * q 

, 

I 26a 
CN 

27a 16, 16b 
For series a and b, = 86%-dl; 

I otherwise, = H 
SCHEME 7 

TABLE 2. Quantum yield data for COT 5 and dienes 7 and 8" 

Light @ (Product appearance) 
wavelength Sensitizer 

Compound (nm) (ET, kcallmol) COT 5 SB 6 SB 16 17 Napb 2-CN-Napb Other 

7(8) 280 None 0.022 (0.22) 0.19 (0.03) (0.03) (0.12) 0.04 - 

7(8) 334 Benzophenone (69) - 0.68 (0.01) - (0.52) 0.007 - 
7(8) 334 Michler's ketone (61) - 0.63 (0.01) - (0.5 1 )  0.007 - 
7(8) 334 2-Acetonaphthone (59) - 0.26 (0.003) - (0.16) <0.007 - 

703) 334 I-Acetonaphthone (56) - 0.026 (<0.003) - (0.01) <0.007 - 

5 313 None - - - - - <0.0001 (7.8) - 

"Ferrioxalate actinornetry; runs for 7 and 8 were done in cyclohexane, and those for 5 were done in both cyclohexane and benzene. @'s given are extrapolated to 
zero conversion; product analyses (internal hydrocarbon standard) by gc (and nmr for 7) at several conversions <lo%. Experimental error of @Is is + 10%. For 
sensitized runs, sensitizers absorb <95% of incident light. 

bNap = naphthalene. 

wavelengths 315 and 383 nm (the absorption tail of 5 at 
3 X M extends beyond 440 nm, hence the need for a 
window, rather than a cut-off filter), led to no observable 
formation of 7 or 8 (i.e., a7, Q8 <0.0001) or any other 
product. Here the triplet energy of COT 5 (5 is not phosphores- 
cent) is assumed to be close to that of COT 1 (ET 5 56 kcal/mol 
(I)), and it is assumed that energy transfer from thioxanthone 

I (ET 65.5 kcaUmo1) at 1.4 x M (1 1) and p-dimethylamino- 
benzophenone (ET 62 kcal/mol) at 3.1 x M is efficient. 
These sensitization results, coupled with only "upper-limit" 
quantum yields for the formation of dienes 7 and 8 upon direct 
irradiation, caution us about speculating as to the excited 
state(s) involved in the photochemistry of COT 5 .  

Discussion 

SB 16 plus naphthalene from 8) and are attributed to triplet ( T )  
processes. For the direct irradiations, multiplicity assignments 
cannot be made for all the photoproducts. Clearly, however, 
COT 5 is asinglet product of both 7 and 8 ,  and tetracyclic 17 is a 
singlet product of 8 ,  since they are not formed in sensitized runs. 
For the remaining products from direct irradiations, straightfor- 
ward application of the Zimmerman "ratio bracketing rule" (1 2) 
suggests that 2-cyanonaphthalene (from 7) and SB 16  (from 8) 
are mainly (>90%) singlet derived, but SB 6 (from 7) and 
naphthalene (from 8) may arise from singlet or triplet states (via 
intersystem crossing from S,) ,  or some composite of the two. 
The singlet (mostly) origin of SB 16  is noteworthy, since DPM 
rearrangements in rigid systems are generally triplet initiated 
(13). 

Excited state multiplicities Product dependency on substituent location 
Sensitization of 7 and 8 led to naphthalene and semibullval- The singlet products of 7 and 8 are similar to those reported 

ene products (i.e., SB 6 plus 2-cyanonaphthalene from 7 ,  and for the benzobicyclo[4.2.O]octa-2,4,7-trienes 2 (1) and 13 (5), 
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BENDER ET AL. 24 1 

and here we comment only on the failure of 7 to give a 
tetracyclic isomer of the type observed for 8 (+ 17) and 13 
(+ 15). That 7 does not undergo the cycloaddition (nor 
does diene 2 (1)) is attributed to the lack of sufficient 
donor-acceptor interactions between the potential 257 + 2~ 
partners (14, 15). This situation resembles that found for the 
dienes 28 (16) and 30 (17), where only polar substituted 28 
undergoes the ring closure process (+ 29, Scheme 8). 

For the diene triplets, a striking divergence of behaviour has 
been encountered. As was found for diene 2, the triplet 
reactivities of 7 and 8 involve competition between two reaction 
types: a DPM rearrangement to a semibullvalene, and a 
cyclobutene ring cleavage to a naphthalene (and presumably an 
acetylene). Extremes of the competition are observed for the 
cyano derivatives, where the DPM rearrangement is of synthetic 
proportions in 7 ,  but is almost totally suppressed in the case of 8. 

The meager production of SB 16may reflect a general 
reluctance of di-T-methanes to rearrange via initial bridging to 
the a-carbon of an acrylonitrile moiety. Note the avoidance of 
such a liaison in the sensitized rearrangements of the related 
compounds, 2-cyanobenzobarrelene (2), 5,6-dihydro-2-cyano- 
benzobarrelene (1 8), and 2-cy anobenzonorbomadiene ( 19), 
where bridging to the P-carbon of the acrylonitrile moiety 
occurs. Contrastingly, the high efficiency of the DPM re- 
arrangement in bridgehead3 substituted 7 accords with the 
enhanced DPM reactivity noted by Zimmerman for systems in 
which the methane carbon is substituted by delocalizing groups 
(20). 

However, the importance of the above correlations on the 
triplet product bifurcation is difficult to assess since factors 
promoting the cleavage process may also be significant and 
working in tandem with those favoring SB formation. One 
observation to be made in this regard is-that the proportion of 
naphthalene product increases as the stability (in terms of 
T-bond energy) of the acetylene unit expelled increases, i.e., 
the SBInaphthalene product ratios are 99:l for 7, 37:63 for 
2 (I), and 2:98 for 8, and the order of acetylene stability is 
H-CN > Me=Me > H m H .  

Finally, CNDOIS-Cl calculations of changes of atom-atom 
interaction energies in excited states of 2, 7 ,  and 8 were carried 
out to examine for possible correlations between initial distribu- 
tions of electronic excitation and the observed triplet product 
corn petition^.^ Selected atom-atom energies for the dienes are 
given in Table 3 (see Experimental). Inspection of the data 

3 ~ o r  a discussion of the influence of bridgehead substituents in DPM 
photochemistry, note the recent publications of Paquette et al.  (21). 

4This approach is similar to the "AP" method originally suggested by 
Zimmerman (22, and references cited therein). 

TABLE 3. Changesa in atom-atom interaction energies 
(eV) resulting from electronic excitation to the lowest 

triplet ( T )  state of dienes 2, 7, and 8 

Change in interaction energy (eV) 

Atom-atom 2 7 8 

"Calculated by the CNDOIS-CI method using the theoretical 
parameterization (26). Negative values are interpreted as 
"forces" tending to bring atoms together, while positive values 
cause the atoms to move further apart. Calculations on the full 
molecules were performed; only selected values are given here. 

reveals no convincing correspondence to the product prefer- 
ences. In part this is due to the near-degeneracy of the and & 
states of 2, and the sensitivity of the TI and & states of 8 to the 
different parameterization forms employed (see Experimental). 
Further studies aimed at delineating the product-controlling 
feature(s) in 2,3-benzobicyclo[4.2.0]octa-2,4,7-trienes are in 
progress. 

Experimental 
The nmr spectra were recorded on either Bruker 400-MHz, Varian 

200-MHz or 60-MHz instruments, with TMS as internal standard. The 
chemical shifts are in 6 units and the coupling constants (J) in Hz. The 
abbreviations br, s, d, t, q, and m refer to broad, singlet, doublet, 
triplet, quartet, and multiplet, respectively. The ir spectra were 
recorded on a Perkin-Elmer 337 spectrometer and are given in cm-'. 
The uv s p ! m  (run in cyclohexane solvent) were measured on a Caty 15 
spectrometer; maxima are given in nm, with E,,, values in parentheses; 
sh = shoulder. The gclms was recorded on an HP 5985 B instrument 
fitted with an SPB-I glass capillary column, 30m X 0.32 mm. All 
other mass spectra were recorded on an MS 9 (A.E.I.) instrument. 
Melting points are uncorrected. Elemental analyses were performed by 
Galbraith Labs, Inc., Knoxville, TN. Fluorescence and phosphor- 
escence studies were carried out on an Aminco-Bowman spectro- 
meter. Column chromatography was performed with Silica Gel 60 
(230-400 mesh; Merck) mixed with Sylvania 2282 phosphor and 
sluny packed into quartz columns permitting monitoring by a hand uv 
lamp. The gc analyses were made on a Varian 3700 instrument (LID), 
coupled to a Varian CDS 11 1 computing integrator, and fitted with an 
SE-30 glass capillary column, 30 m x 0.32 mm. Cyclohexane solvent 
for photolyses was prepared by scrubbing with 20% fuming sulfuric 
acid, followed by washing with 10% aqueous sodium hydroxide, 
drying (MgSO,), and finally distilling from calcium hydride. Sensi- 
tizers were distilled or recrystallized prior to use. 

General procedures for preparative photolyses 
The apparatus consisted of a 450-W Hanovia medium 

pressure mercury arc surrounded by a water-cooled quartz immersion 
well. For direct irradiations, the light was filtered through a cylindrical 
Pyrex sleeve, unless otherwise stated. For irradiations at wavelengths 
> 340 nm the light was passed through an aqueous filter (Pyrex) jacket 
(10-mm path length) containing a solution prepared from 750 g NaBr 
and 8 g Pb(NO& in 1 L of water. Three types of sample cell were used. 
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Cell A (200-mL sample volume) consisted of a cylindrical collar 
(Pyrex), which surrounded the aqueous filter jacket. The cell was fitted 
with gas inlet and exit ports, and sample solutions were purged with 
argon prior to, and during irradiations. Cells B (35 mL volume) and C 
(3.5 mL volume) were test-tube-like vessels (quartz) and sample 
solutions contained therein were deoxygenated by flushing with argon 
and sealed under a positive pressure; the solutions were magnetically 
stirred throughout the course of the irradiations. 

Direct irradiation of COT 5 
A solution of 228.5 mg (1.28 mmol) of 5 (2) in 200 mL of benzene 

was photolyzed at >340 nm for 55 h in cell A. The photolysate 
composition analysed for 113.9 mg (50%) of COT 5 , 5  1 .O mg (22%) of 
7, and 5 1.2 mg (22%) of 8 ,  as determined by a combination of gc and 
nmr analyses, after the addition of a known amount of standardized 
tetradecane. (Note: due to the facile thermal conversion of 7 (but not 8) 
to COT 5 on the column (at 120°C), gc analysis alone is inadequate.) 
The photolysate was concentrated and the residue chromatographed on 
Silica Gel 60 (2 cm X 60 cm) with 2% ether-cyclohexane solvent. The 
first band contained a mixture of 5 and 8 ,  and the second band gave 
48.5 mg (21%) of 7, mp 57-59°C (from hexane); ir (Nujol): 2230, 
C+N; uv: 258 sh (5 800), 266 (7 700), 276 (7 500), 285 sh (4 700), 
287 sh (3 600), and293 sh (1 000): nmr (400MHz; CDCI,): 7.19-7.28 
(m, 2H, aromatics), 7.1 1-7.17 (m, 2H, aromatics), 6.46 (d, l H, H-4, 
J4,3= lo), 6.19 (dd, IH, H-7, J7,8=2.8,  J7 .1  = I), 6.07 (dd, lH, 
H-8,J8,7=2.8,J8,1= l),5.85(d, lH,H-5,J5,4= 10),and4.46(brs, 
lH, H-1); spin decoupling experiments: irradiation of H-4 collapsed 
H-5 to an s; irradiation of H-l collapsed H-7 and H-8 to doublets 
(J7.8 = 2.8). Mass spectrum showed molecular ion at rnle = 179.0724 

I (100%); C13H9N requires 179.0734. Anal. calcd. for CI3H9N: C ~ 87.12, H 5.06, N 7.82; found: C 86.86, H 5.21, N 7.75. 
The first band from chromatography was concentrated and the 

~ residue dissolved in 4 mL of hexane. Storage of the solution at 2°C led 
to crystallization of COT 5. Filtration gave 72.1 mg (32%) of recovered 
COT 5; the filtrate (90.6mg) contained 54% 8 and 46% 5 by gc 

1 analysis. The filtrate was rechromatographed as above; early fractions 
I 

I 
contained mixtures of 8 and 5,  and later fractions gave 30.2 mg (13%) 
of pure 8 (from hexane), mp 68-70°C; ir (Nujol): 2220, e N ;  uv: 

I 262 sh (6 600), 268 (7 600), 278 sh (6 600), 291 sh (3 200), and 302 sh 
I 

(650); nmr (400 MHz; CDCI3): 7.16-7.22 (m, 2H, aromatics, 7.06- 
7.13 (m, 2H, aromatics), 6.71 (d, IH, H-8, JsZl = I), 6.42 (d, IH, 
H-4, J4,5 = lo), 5.93 (dd, 1 H, H-5, J5,4 = 10, J5.6 = 4.5),4.22 (br d, 
1H,H- l , J l ,6=  4.5),and4.00(t, IH,H-6,J6,1 = 56.5 = 4.5);spinde- 
coupling experiments: irradiation of H-8 sharpened the H-l d ( 5 1 , ~  = 
4.5); irradiation of H-5 collapsed H-6 to a d  (J6,] = 4.5) and H-4 to an s: 
irradiation of H-1 collapsed H-8 to an s and H-6 to a d (J6,5 = 4.5); 
irradiation of H-6 collapsed H-1 to a br s and H-5 to a d (J5,, = 10). 
Mass spectrum showed molecular ion at rnle = 179.0734 (33%), 128 
(base peak). Anal. found: C 87.32, H 5.08, N 7.78. 

Diimide reduction of diene 7 
To a stirred mixture of 50.6mg (0.28 mmol) of 7 and 1 .Og 

(5.2 mmol) of potassium azodicarboxy late in 25 mL of dioxane at room 
temperature, a total of 2 mL of acetic acid was added during a 5-h 
period. The mixture was stirred overnight, then treated with a second 
portion of 1 .O g (5.2 mmol) of potassium azodicarboxylate and 2 mLof 
acetic acid. The resulting mixture was then added to 100 mLof toluene, 
and washed with 10% sodium carbonate solution (100 mL), followed 
by water (2 X 50mL). The toluene solution was dried (MgS04), 
concentrated, and the residue was passed through Silica Gel 60 
(0.7 cm X 12 cm) with 4% ether-cyclohexane solvent, to give 33.6 
mg (66%) of colourless 9, mp 46-48"C, after two recrystallizations 

I 
1 from hexane; ir (Nujol): 2200, e N ;  uv: 257 sh (6 380), 265 (7 900), 
I 269 sh (7 500), 273 sh (7 400), 28 1 sh (4 900), and 286 sh (3 570); nmr 
I (400 MHz; CDC13): 6.97-7.26 (m, 4H, aromatics), 6.64 (d, IH, H-4, 

J4,3= lo), 5.77(dd, 1H,H-5, J5 ,4=  10, J5.1 = 1.5), 4.02(br, t, lH, 
H - l , J l . g =  J l , g , = 9 , J l , 5 =  1.5),2.93(m, lH,H-7),and2.36(m,3H 
remaining methylenes); spin decoupling experiments: irradiation of 
H-4 collapsed H-5 to a d (J5,, = 1.5); irradiation of H-5 collapsed H-4 
to an s and sharpened the H-1 t; irradiation of H- 1 collapsed H-5 to a d  

(J3.4 = 10) and modified to 6 2.36 m; irradiation of the 6 2.36 m 
collapsed H-1 and H-7 to singlets. Mass spectrum showed molecular 
ion at rnle = 181.0889 (lo%), 153 (base peak); CI3HIIN requires 
181.0892. Anal. calcd. for C13HlIN; C 86.15, H 6.12, N 7.73; found: 
C 86.21, H 6.21, N 7.73. 

Catalytic reduction of endo-7-cyano-2,3-benzobicyclo/4.2.O]octa- 
2,4-diene (12) 

A stirred mixture of 110.0 mg (0.61 mmol) of 12 (4) and 23 mg of 
10% Pd on C in 10 mL of ethyl acetate was hydrogenated at room 
temperature and pressure during 10 min. The catalyst was removed 
(centrifuge) and the solution concentrated. The residue was chromato- 
graphed on Silica Gel 60 (1 cm X 55 cm) with 5% ether-cyclohexane. 
Short-path distillation (75"CIO. 1 Torr; 1 Torr = 133.3 Pa) of the main 
band gave 102 mg (92%) of endo-7-cy ano-2,3-benzobicy clo[4.2.0]- 
oct-2-ene (11) (gc purity >99%) as a colourless oil; ir (neat liquid): 
2230, C+N; uv: 247 sh (105), 253 sh (190), 260 sh (290), 265 sh 
(360), 266 (380), and 272 (385); nmr (400 MHz; CDC13): 7.14-7.20 
(m, 3H, aromatics), 6.98-7.03 (m, 1 H, aromatic), 3.63 (q, 1 H, H- I ,  

= J I , ~  = J1,8, = 9), 3.40 (br q, IH, H-7, J7 ,6 = J7,8 = J7,8, =9),  
2.83-3.05 (m, 3H, H-4, H-6, H-8), 2.78 (ddd, 1H, H-4', J41,4 = 15.5, 
J4,,3(3') = 9, J4,,33(3) = 4), 2.34 (m, lH,  H-8', Jn , ,7  '. J ~ C , ~  = 9, J8,,8 = 
11, J8rJp 1.0), 2.10-2.20 and 1.99-2.08 (m, 2H, C-5 methylenes) 
spin decoupling experiments: irradiation of H- 1 modified H-8' (incom- 
plete decoupling) and the 2.83-3.05 m; irradiation of H-8' collapsed 
H- 1 and H-7 to br triplets ( J  = 9). Mass spectrum showed molecular 
ion at mle = 183.1048 (23%), 130 (base peak); Cl3Hl3N requires 
183.1048. Anal. calcd. for CI3Hl3N: C 85.21, H 7.15, N 7.64; found: 
C 85.47, H 7.09, N 7.62. 
Catalytic reduction of diene 8 

A stirred mixture of 14.5 mg (0.08 mmol) of 8 and 9.0 mg of 10% Pd 
on C in 10 mL of ethyl acetate was hydrogenated at room temperature 
and pressure during 15 min. The reaction mixture was worked up as in 
the hydrogenation of 12 (above) to give 12.9 mg (87%) of colourless oil 
identical (gc, ir, nmr) to 11. 

Gas phase thermolysis of diene 7 
Over a 30-min period, 18.0 mg (0. I0 mmol) of 7 was distilled into a 

Pyrex tube (2 cm x 30 cm) packed with glass beads (0.5-cm diameter) 
maintained at 350°C. The pressure in the system was kept at 8 Torr by 
the passage of nitrogen. The thermolysis product (no 2-cyanonaph- 
thalene by gc), collected in a cooled U-trap (ice-water), was chromato- 
graphed on Silica Gel 60 (1 cm X 40 cm) with 2% ether-cyclohexane. 
Crystallization of the main band from hexane gave 16.5 mg (92%) of 
COT 5,  mp 101- 103°C (lit. (2) mp 102-103°C). 

Gas phase thermolysis of diene 8 
The above apparatus and same conditions were used to convert 

12.1 mg (0.07 mmol) of diene 8 to 11.6 mg (96%) of COT 5, mp 
101-103°C. No naphthalene was detected (gc) in the thermolysis 
product. 

Direct irradiation of diene 7 
A solution of 88.6 mg (0.50 mmol) of 7 in 30 mLof cyclohexane was 

photolyzed (Pyrex filter) for 3.5 h in cell B. The photolysate composi- 
tion analysed for 7.5 mg (10%) 2-cyanonaphthalene, 44.3 mg (50%) 
SB 6,26.2 mg (30%) diene 7, and 5.1 mg (6%) COT 5,  as determined 
by gc and nmr after addition of a known amount of standardized 
tetradecane. The photolysate was concentrated and the residue chro- 
matographed on Silica Gel 60 (1.5 cm X 55 cm) with 2% ether-cyclo- 
hexane solvent. The first band gave 4.9 mg (6%) of COT 5 ,  mp 
101-103°C (from hexane). The second band gave 6.2 mg (8%) of 
2-cyanonaphthalene, mp 62-64°C (from hexane). The third band 
gave 23.4 mg (26%) of unreacted diene 7. The fourth band gave 
41.7 mg (47%) of material, mp 94-96°C (from hexane), identical 
(mixture mp, nmr, gc) to the known (2) l-cyanobenzotricyclo- 
[3.3.0.0~~~]octa-3,6-diene (6). 

Direct irradiation of diene 8 
A solutionof 92.6 mg (0.52 mmol) of 8 in 30 mLof cyclohexane was 

photolyzed (Pyrex filter) for 4.5 h in cell B. The photolysate composi- 
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tion analysed for 15.9 mg (24%) naphthalene, 38.1 mg (41 %) COT 5, 
16.6 mg (18%) diene 8, 5.3 mg (6%) tetracyclic 17, and 5.1 mg (6%) 
SB 16, as determined by gc and nmr after the addition of a known 
amount of standardized tetradecane. The photolysate was concentrated 
to 10 mL and chromatographed in Silica Gel 60 (1.5 cm x 45 cm) with 
3% ether-cyclohexane. The first band gave 9.3 mg (14%) of naphthal- 
ene, mp 78-80°C (from ethanol). The second band gave 40.8 mg of a 
mixture of COT 5 and diene 8; crystallization of the mixture from 
hexane gave 17.2 mg (19%) of COT 5, mp 101 - 103°C (from 
hexane), and the filtrate when rechromatographed gave 7.5 mg (8%) of 
recovered 8 and 15.6 mg of a mixture of COT 5 and diene 8. The third 
band, containing SB 16, was concentrated to ca. 5 mL (note: SB 16 
rapidly polymerizes when solvent free), then diluted with 30mL of 
CC14, and concentrated to ca. 5 mL. Subsequent repetitions of the CCl, 
addition (30 mL each) and concentration cycle led to essentially 
complete removal of the original ether-cyclohexane solvent system to 
give a solution of 16 (gc purity >99%) in CC1,: nmr (200 MHz; CCI,), 
see Table 1; nmr (400 MHz; 1: l ratio of CCWCDCI3): 7.36-7.42 (m, 
IH, aromatic), 7.03-7.23 (m, 3H, aromatics), 6.30 (d, lH, H-6, 
J6.5=2.5), 4.05(dd, IH, H-5, Js . l=6.5,  J5,6=2.5) ,  3.38 (q, IH, 
H-I, J I , 5 =  J 1 , 2 =  J 1 , ~ = 6 . 5 ) ,  3.20 (t, IH, H-2, J2.1 =J2.8=6.5) ,  
and 2.95 (t, lH, H-8, J8.1 = J8 ,2  = 6.5); spin decoupling experiments: 
irradiation of H-6 collapsed H-5 to a d (J5.] = 6.5): iradiation of H-5 
collapsed H-6 to an s,  and H- l to a t ( J I  = JI ,2 = 6.5); irradiation of 
H-l collapsed H-5 to a d  (J5.6 = 2.5), H-2 toad (J2,8 = 6.5), and H-8 to 
a d (J8,2 = 6.5); irradiation of H-2 collapsed H-l to a t (J1.8 = J1,5 = 
6.5) and H-8 to a d  (J8.2 = 6.5); irradiation of H-8 collapsed H-1 to a t 
(J1.2 = J1 ,5  = 6.5) and H-2 to a d (J2,1 = 6.5); gcims showedmolecular 
ion at mle = 179 (67%), 178 (base peak). 

1 The fourth and last band gave 4.1 mg (4%) of 17, mp 130-132°C 
I (from hexane); ir (Nujol): 2225, C%N; uv: 249 sh (120), 254 sh (200), 

260 (320), 265 sh (440), 266 (480), and 273 (560); nmr (400 MHz; 
CDCI,): 7.22-7.28 (m, 2H, aromatics), 7.16-7.22 (m, 2H, aro- 
matics), 4.33-4.38 (m, 2H, H-l and H-6), 3.28 (quintet, IH, H-5, 
J5.1(6) = Jsr2(,) = 4.5), and 2.91-2.98 (m, 2H, H-2 and H-3); spln 
decoupling experiments: irradiation of H-1,6 collapsed H-5 to a t 
(J5,2 = J5,, = 4.5) and H-2,3 to a d (J2(,),5 = 4.5); irradiation of H-5 
modified both H-1,6 and H-2,3; irradiation of H-2,3 collapsed H-5 to a t 
(Js.1 = J5.6 = 4.5) and H-1,6 to a d (J1(6),5 = 4.5). Mass spectrum 
showed molecular ion at mle = 179.0723 (72%), 178 (base peak), 128 
(51%). 

Sensitized irradiation of diene 7 
A solution of 34.8 mg (0.19 mmol) of 7 and 4.7 mg (0.02 mmol) of 

Michler's ketone in 35 mL of cyclohexane was photolyzed at >340 nm 
for 1 h in cell B (100% conversion by gc). The photolysate composition 
analysed for 31.2mg (90%) SB 6 and 0.3 mg (1%) 2-cyanonaph- 
thalene, as determined by gc after the addition of a known amount of 
standardized tetradecane; The photolysate was concentrated and the 
residue chromatographed on Silica Gel 60 (1.5 cm X 25 cm) with 2% 
ether-cyclohexane solvent. The first band gave a trace of 2-cyano- 
naphthalene (identified by tlc and gc comparisons with authentic 
sample), and the second band gave 30.4mg (87%) of SB 6 ,  mp 
94-96°C (from hexane). 

Sensitized irradiation of diene 8 
A solution of 46.0 mg (0.26 mmol) of 8 and 4.7 mg (0.02 mmol) of 

Michler's ketone in 35 mL of cyclohexane was photolyzed at >340 nm 
I 

for 1 h in cell B (100% conversion by gc). The photolysate composition 
analysed for 29.3 mg (89%) naphthalene and 1.1 mg (2%) SB 16, as 
determined by gc after the addition of a known amount of standardized 

I tetradecane. The photolysate was concentrated (to lOmL), and 
) chromatographed on Silica Gel 60 (1.5 cm x 30 cm) with 3% ether- 

cyclohexane. The first band gave 16.8mg (51%) naphthalene, mp 
78-80°C (from ethanol). The second band was concentrated to ca. 
5 mL and the solvent was exchanged for CC1,. The nmr spectrum of the 
resulting solution was identical to that of SB 16. 

Catalytic reduction of SB 16 
A stirred mixture of ca. 28 mg (ca. 0.16 mmol) of 16 and 6.4 mg of 

10% Pd on C in 5 mL of ethyl acetate was hydrogenated at room 

temperature and pressure during 3 rnin. The catalyst was removed 
(centrifuge) and the resulting solution, when analysed by gc, showed 
three major peaks of relative area 1 (16): 2 (20): 3 (unknown). The 
solution was diluted with 30 mL of cyclohexane and concentrated to 
5 mL. Repetition of the cyclohexane addition (30 mL) and concentra- 
tion to 5 mL was followed by chromatography on Silica Gel 60 
(1.5 cm X 60 cm) with 3% ether-cyclohexane solvent; 10-mL frac- 
tions were collected. Fractions 1-47 contained nothing. Fractions 
48-51 gave 8.7 mg (31%) of colourless 20, mp 99-101°C (from 
hexane); ir (Nujol): 2225, -N; uv: 248 sh (20), 253 sh (340), 259 
(600), 263 sh (740), 266 (980), and 272 (1 200); nmr (400 MHz; 
CDC13): 7.20-7.32 (m, 4H, aromatics), 6.52 (dt, lH, H-6, 16.5 = 
J6.8 = 2.5, J6,sl = 1.5), 3.98 (br t, IH, H-I, J l , 5  = JlSs = 8.5, Jl,s, ' 
1.0), 3.75 (m, IH, H-5), 3.27 (dd, lH, H-4, J4,5 = 9 ,  J4,,, = 16.5), 
3.16 (m, lH, H-8, J8,8, = 16, JaS1 = 8.5, J8.6 = 2.5, and J8,5 = 2.7 
(homo-allylic coupling)), 2.96 (dd, IH, H-4', J49,, = 16.5, J4,,5 = 2), 
2.76 (dm, 1H, H-8', J8',8 = 16, J8,,1 - 1.0, J a r v 5  = 2, J69,8 = 1.5); 
spin decoupling experiments: irradiation of H-6 modified H-5 and 
collapsed H-8 to a ddd (J8,,, = 16, Js,l = 8.5, J8,5 = 2.7), and H-8' to 
addd (Js,,s = 16, J8,,l = 1, = 2); irradiation of H-1 collapsed H-5 
to adm (J5,, = 9), H-8 to a dt (J8,8, = 16, J8,5 = 2.7, J8.6 = 2.5), and 
modified H-8'; irradiation of H-5 modified H-6 to a br s,  and collapsed 
H-l to a br d ( J I v 8  = 8.5), H-4 to a d (J4,4, = 16.5), H-8 to a ddd 
(J8.8, = 16, J8,] = 8.5, J8 ,6  = 2.5), H-4' to a d (J4,4, = 16.5), and 
H-8' to a br d (J8,,8 = 16); irradiation of H-4 modified H-5 and H-4' 
(incomplete decoupling) irradiation of H-8 modified H-5 and H-l 
(incomplete decoupling),and collapsed H-6 to a br s and H-8' to a 
single m; irradiation of H-4' modified H-5 and collapsed H-4 to a d 
(J4,5 = 9); irradiation of H-8' modified H-5 and H-8, and collapsed H-6 
to a t  (J6,5 = J6,8 = 2.5) and H-l to a sharp t (JI,5 = JIS8 = 8.5). Mass 
spectrum showed molecular ion at mle = 181.0894 (100%); CI3HIIN 
requires 18 1.0892. 

Fractions 52-59 contained 4.2mg (15%) of recovered 16 as 
determined by gc after the addition of a known amount of standardized 
tetradecane. Fractions 60-120 contained essentially nothing. Further 
elution with 0.5 L of 5% ether-cyclohexane also gave no product 
material. Thus the major reduction product (unknown) adheres 
strongly to the silica gel. 

Labelled COT 5a 
Deuterated COT 5a  (86%-dl at C-9) was prepared as previously 

described (2); nmr (400MHz; CDCI,): 7.21-7.31 (m, 2.888, 2 
aromatics + residual CHCI,), 6.95-7.05 (m, 2.00H, 2 aromatics), 
6.75 and 6.73 (d and s, 1.95H, H-5 and H- 10, J5.6 = 11.5), 6.67 (s, 
0.95H, H-8), 6.07 (dd, O.14H, H-9, J9.10 = 11.5, J9,8 = 4), and 5.95 
(d, 0.96H, H-6, J6,5 = 1 1.5); errors from nmr signal integrations are 
within +0.05H for 5a,  and for all subsequent integrations of deuterated 
comvounds. 

Labelled dienes 7a and 8a from COT 5a  
A solution of 219.3 mg (1.22 rnmol) of COT 5a  (86%-dl at C-9) (2) 

in 200 mL of benzene was photolyzed at >340 nm for 40 h in cell A. 
The photolysate was worked up as in the case of the direct irradiation of 
COT5togive38.7mg(18%)of7aand23.3mg(1l%)of8a.For7a, 
nmr (400 MHz; CDCI,): 7.19-7.28 (m, 3.17H, 2 aromatics + residual 
CHC13), 7.1 1-7.17 (m, 2.00H, 2 aromatics), 6.46 (d, 0.98H, H-4, 
J4.5 = lo), 6.19 (s, 0.96H, H-7), 6.07 (dd, O.I2H, H-8, J8.7 = 2.8, 
J8,, = I), 5.85 (d, 1.00H, H-5, J5,, = lo), and 4.46 (s, 0.95H, H-1). 
For 8a ,  nmr (400 MHz; CDCI,): 7.16-7.22 (m, 1.97H, 2 aromatics), 
7.06-7.13 (m, 2.00H, 2 aromatics), 6.7 1 (d, 0.97H, H-8, J8. = I), 
6 .42(~ ,  0.98H, H-4), 5.93 (dd, 0.14H, H-5, J5.,= 10, J5,6=4.5), 4.22 
(brd, 1.03H, H-I, J1 ,6=4 .5) ,  and4.00(d, 1.00H, H-6, J6,] =4.5). 

Direct irradiation of labelled diene 7a 
A solution of 21.6 mg (0.12 mmol) of 7 a  in 30 mL of cyclohexane 

was photolyzed (Pyrex filter) for 6 h in cell B. The photolysate, when 
worked up as in the case of the direct irradiation of unlabelled 7,  gave 
11.6 mg (54%) of SB 6a; nmr (60 MHz; CCI,): 6.90-7.40 (m, 4.00H, 
aromatics), 5.60 (dd, 0.14H, H-6, J6,5=2.5,  J6,7=5),  5.12 (d, 
0.94H, H-7, J7.s = 2.5), 4.12 (s, I.OIH, H-5), 3.60 (d, 1.02H, H-2, 
J2.8 = 7), and 3.27 (dd, 0.99H, H-8, J8,, = 7, J8,, = 2.5). 
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Sensitized irradiation of labelled diene 7a 
A solution of 16.1 mg (0.09 mmol) of 7a  and 4.7 mg (0.02 mmol) of 

Michler's ketone in 35 mL of cyclohexane was photolyzed at >340 nm 
for 20 min in cell B. The photolysate, when worked up as in the case of 
the sensitized irradiation of unlabelled 7, gave 13.5 mg (84%) of SB 6a; 
nrnr (60MHz; CC1,): 6.90-7.40 (m, 4.00H, aromatics), 5.60 (dd, 
0.14H, H-6, J6.5=2.5, 56.7 =5) ,  5.12 (d, 0.95H, H-7, J7,8=2.5) ,  
4.12 (s, 0.94H, H-5), 3.60 (d, 0.95H, H-2, 52.8 = 7), and 3.27 (dd, 
0.95H, H-8, 58.2 = 7, JeI7 12.5). 

Direct irradiation of labelled diene 8a 
A solution of 39.9 mg (0.22 mmol) of 8a  in 35 mL of cyclohexane 

was photolyzed (Pyrex filter) for 9 h in cell B. The photolysate, when 
worked up as in the case of the direct irradiation of unlabelled 8, gave 
ca. 1.7 mg (4%) of SB 16a; nmr (400 MHz: 1:l ratio of CCI JCDCI3): 
7.36-7.42 (m, 1 .00H, 1 aromatic), 7.03-7.23 (m, 3.12H, 3 aro- 
matics), 6.30 (d, 0.99H, H-6, 56.5 = 2.5), 4.05 (dd, 1.00H, H-5, 
J5, ,=6.5,  J5,6=2.5), 3.38(t,0.97H, H-1, J1 .2=J1 ,5=6.5) ,3 .20  
(d,O.%H, H-2, Jz,l = 6.5), and2.95 (t, 0.14H, H-8, J8,, = J8.2 = 6.5). 

Sensitized irradiation of labelled diene 8a 
A solution of 35.9 mg (0.20 mmol) of 8 a  and4.7 mg (0.02 mmol) of 

Michler's ketone in 35 mLof cyclohexane was photolyzed at >340 nm 
for 38 min in cell B. The photolysate, when worked up as in the case of 
the sensitized irradiation of unlabelled 8,  gave ca. 0.5 mg (ca. 1%) of 
SB 16a; nmr (400MHz; 1:1 ratio of CCWCDC13): 7.36-7.42 (m, 
1.00H, 1 aromatic), 7.03-7.23 (m, 3.06H, 3 aromatics), 6.30 (d, 
1.01H, H-6), 4.05 (dd, 0.97H, H-5), 3.38 (t, 0.98H, H-1), 3.20 (d, 
1 .00H, H-2), and 2.95 (t, 0.13H, H-8). 

Phosphorescence and fluorescence of COT 5 and dienes 7 and 8 
Compounds 5 ,7 ,  and 8 showed no phosphorescence spectra at 77 K 

in 1:l isopentanelmethylcyclohexane glass, and only 7 showed 
fluorescence in cyclohexane at room temperature (maxima at 330 nm). 
Intersection of emission and absorption spectra for 7 occurred at 
300 nm, corresponding to a singlet energy of 95 kcal/mol. The singlet 
energy of 8 was estimated to be 92 5 E, 5 95 kcallmol from the uv 
spectrum, which showed onset of absorption at ca. 310 nm and the 
lowest energy peak (a shoulder) at 302 nm. 

Quantum yield determinations 
Quantum yields were performed on an apparatus previously de- 

scribed (23), which includes an optical bench arranged for beam 
splitting into a fenioxalate actinometer (24). Sample solutions (3 mL) 
of reactants (ca. 3-10 X M) and sensitizer, if any (benzophenone, 
2 X lO-'M; Michler's ketone, 0.57 X M; 1- and 2-aceto- 
naphthone, 3 X 10-'M), were dexoygented prior to irradiation by 
flushing with argon. A positive pressure of argon was maintained over 
the stirred solutions throughout the course of the irradiations. For Q's 
and further experimental details, see Table 2. Note that 0 ' s  for 
sensitized irradiations of COT 5 with thioxanthone (ET 65.5 kcallmol; 
1.4 X M) or with p-dimethylaminobenzophenone (ET 62 kcall 
mol(25); 3.1 X M) in benzene solvent are not included in Table 2 
since we were unable to show that photoproduct(s) formed in these runs 
(see below). However, actinometer experiments carried out on the 
optical bench, with 366 nm light, permit us to place an upper value of 
Q < 0.0001 for the formation of 7 or 8, if either were a photoproduct; 
gc together with nmr analyses would have detected >1% presence of 
the dienes, if formed. 

Sensitized irradiations of COT 5 
(a) With thioxanthone 
A solution of 1.8mg (0.01 mmol) of COT 5 and 1.0mg (0.005 

mrnol) of thioxanthone in 3 rnL of benzene was irradiated for 24 h in 
cell C with 315-385 nm light (obtained from a cylindrical uranium 
glass (Ace) sleeve (2 mm) and a UG-11 (Schott) glass filter (3 mm); 
transmission maximum was 42% at 357 nm; transmittance at 366 nm 
was 35%). The photolysate composition showed no loss of starting 
material or sensitizer, as indicated by a combination of gc and nmr 
analyses after the addition of a known amount of standardized 
tetradecane. No photoproducts were observed. Note that with the same 

apparatus and filter system, a solution of 1.6 mg (0.009 mmol) of diene 
7 and 1.0 mg (0.005 mmol) of thioxanthone in 3 mL of benzene was 
30% converted to SB 6 within 2 min. 

(b) With p-dimethy laminobenzophenone 
A solution of 5.7 mg (0.03 mmol) of COT 5 and6.3 mg (0.03 mmol) 

of p-dimethylaminobenzophenone in 90 mL of benzene was divided 
into three equal portions. Each portion was separately irradiated for 12 h 
in cell C with 315-385 nm light. The threephotolysates werecombined 
and chromatographed on Silica Gel 60 (0.9 cm X 15 cm). Elution with 
2% ether-cyclohexane gave 5.0 mg (88%) of recovered COT 5,  mp 
101-103°C (from hexane); further elution with 6% ether-cyclohex- 
ane gave 6.4 mg (102%) of recovered sensitizer, mp 83-87°C. 

Calculations 
All calculations were made within the general framework of the 

CNDO semi-empircal molecular orbital method as previously de- 
scribed (2, 18). With the exception of the bridgehead C 5 4 - 7  
angle (23), the ground state geometries were determined using the 
CNDO-2 parameterization (26). By repeating the calculations for a 
range of values (105- 120°), the bridgehead angles were shown to have 
negligible effects on the results; the values given in Table 3 were 
obtained for a fixed angle of 115". 

The vertical excitation energies were determined by configuration 
interaction with the CNDOIS parameterization (27), using a modified 
version of the program QCPE #315, originally written by Del Bene 
and Jaffk (28). The number of configurations included was found not to 
importantly influence the results, and the values given in Table 3 were 
obtained from 90 states. The CI expansion coefficients were employed 
to partition the excitation energy into single atom and atom-atom 
interaction energies (2). 

Previously, we had interpreted the changes in atom-atom energies to 
indicate the initial nuclear motions resulting from excitation, and the 
approach proved useful for rationalizing product distributions in the 
DPM rearrangements of several benzobarrelene derivatives (2, 18). In 
the present examples this approach clearly does not work, e.g., note the 
entries for C5-C7; the changes in atom-atom energies are not only 
small, but in the case of 7, where SB formation is the observed major 
product, predict repulsion between the initial bridging atoms of the 
DPM rearrangement. 

Additionally, it should be pointed out that even the competition 
between localization of the excitation in the cyclobutenyl ( C 7 4 8 )  
versus the styrenyl ( C U 5 )  vinyl moieties is not clear-cut, since for 
2, T1 and T2 are near-degenerate (T1 - T2 = 0.1 eV), with T2 being 
more heavily weighted with excitation energy in the cyclobutenyl 
vinyl. Also, changing from the theoretical to the Pariser form of the 
repulsion integrals, usully held to be better for calculating triplet 
excitation energies, leads to a reversal in the order of the two lowest 
triplets for 8, and results in a heavier weighting of excitation energy in 
the styrenyl vinyl of T1. This combination of circumstances leads us to 
conclude that the calculations are unreliable in product prediction in the 
systems at hand. 
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Reactions of l-hydroxy-1,3-dihydrobenzo[c]thiophen-2,2-dioxides. Preparation of benz-fused 
6-sultines 

TONY DURST, JAMES L. CHARLTON, AND DAVID B.  MOUNT 
Ottawa-Carleton Chemistry Institute, Department of Chemistry, Universify of Ottawa, Ottawa, Ont., Canada KIN 9B4 

Received April 29, 1985 

TONY DURST, JAMES L. CHARLTON, and DAVID B. MOUNT. Can. J .  Chem. 64, 246 (1986). 
4,5-Benzo-3,6-dihydro-1,2-oxathiin-2-oxides (benz-fused 6-sultines) 1, were prepared by reaction of 1-hydroxy-1,3- 

dihydrobenzo[c]thiophen-2,2-dioxides 6 with NaBH4. Derivatives of 1 bearing alkyl substituents at position 6 are accessible 
from 1 upon reaction of 6 with 2RLi. 3-Aryl substituted derivatives were prepared by converting 2-benzylbenzylalcohols into 
their 0 ,  C dianion followed by quenching with SO2 and acidification. Benz-fused 6-sultines such as 15-17 were also prepared via 
the dianion route. 

TONY DURST, JAMES L. CHARLTON et DAVID B. MOUNT. Can. J. Chem. 64, 246 (1986). 
On a pr6parC les benzo-4,5 dihydro-3,6 oxathiine- 1,2 oxydes-2 (6-sultines fusionnees avec des benzknes (1) en faisant rCagir 

les hydroxy-1 dihydro-1,3 benzo[c]thiophkne-dioxydes-2,2 (6) avec le NaBH,. On peut obtenir les derives de 1 portant des 
substituants alkyles en position 6 en faisant rCagir les composCs 6 avec 2 RLi. On a prCpare les dCrivCs portant des groupements 
aryles en position 3 en transformant les benzyl-2 benzylalcools en leurs dianions 0 et C qui sont ensuite piCgCs par le SO2 avant 
d'Ctre acidifies. On a aussi prCparC les 6-sultines 15-17 par le biais de la voie impliquant les dianions. 

[Traduit par le journal] 

A number of years ago we developed a route to cyclic dihydrobenzo[c]thiophene-1,l-dioxide, 3 (2).'.' The ortho- 
sulfinate esters that we applied to the synthesis of several quinodimethane 2, generated from 1, was trapped efficiently 
benz-fused sultines such as 1 ( I ) .  These 6-membered ring with dienophiles such as dimethyl fumarate and maleic an- 
sultines showed considerable promise as  sources of o-quino- hydride (1). When less reactive trapping agents were used the 
dimethanes since they readily lost SO2 at about 80°C ( I ) ,  or  diene was recaptured by sulfur dioxide to  afford the sulfone 3 
approximately 100- 150" lower than the corresponding 1,3- (1, 2). 

do 3 steps* + mFBu s02c12 
\ K P  '0 

3 2 
*Reagents: tBuSK, A; LiAIH,; MCPBA, -20°C, EtOAc 

SCHEME 1 

Because of problems associated with the preparation of the 
derivatives of 1 via the route shown in Scheme 1, the full 
potential of these compounds as precursors of 2 has not been 
realized. 

Very recently we showed that 1 and a number of derivatives 
are easily synthesized via a two or  three-step sequence com- 
mencing with the readily available ortho-substituted benzal- 
dehydes, 4a,  b ,  or the related ketons such as 4c (3). 

Thus photolysis of 4 in benzene, containing sulfur dioxide, 
generated the dienols 5, which were trapped by the SO, to afford 
the a-hydroxysulfones 6 in acceptable yields (4, 5).  The 
photolysis reaction can be  carried out o n  multigram quantities. 
The desired compounds were easily separated from neutral 
organic by-products, based o n  their reversible conversion to the 
aldehyde sulfinates 7 (Scheme 2). 

The hydroxy sulfones 6 can be converted to a variety of 
substituted 6-sultines in several ways. Reaction of 6a with 
sodium borohydride in methanol followed by acidification 

afforded the sultine 1 in 70% yield. The sequence obviously 
involves the reduction of the in situ generated 7a  to  the benzylic 
alcohol 8 .  Two possible mechanisms could account for the 
formation of sultine 1 (Scheme 3). The function of the acid 
could be to protonate either the sulfinic acid function of 8 ,  to 
generate 8a,  o r  the benzylic alcohol, giving 86 .  Cyclization 
occurs in the case of 8a by a displacement at sulfinyl sulfur, 
while loss of H 2 0  from 8b  could generate a benzylic cation that 
is trapped by the sulfinate oxygen rather than at sulfur to form 1. 

W e  had initially suggested the mechanism passing through 
86, since the benzylic cation generated from 86 by loss of H 2 0  
should represent a hard electrophilic centre and Meeks and 

'1n our earlier publications (3, 5) this compound was inadvertently 
named as the [b] isomer. 

2For a review on the generation of o-quinodimethanes from a variety 
of sources including 1,3-dihydrobenzothiophene-2,2-dioxides see ref. 
2a. 
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DURST ET AL. 

Fowler (6) had shown that sulfinates are alkylated preferentially 
at oxygen with hard, very reactive, alkylating agents and at 
sulfur by soft reagents. The alternative route involving displace- 
ment of H20  from the protonated sulfinic acid 8a is now 
considered more reasonable, since Bunton and Hendy (7) have 
shown via "0 labelling that methyl p-toluenesulfinate under- 
goes hydrolysis in acidic media with S-0 bond ~ l e a v a g e . ~  

0 l 8 0  

11 Hf 11 
C7H7-S-0CH3 + ~ ~ 0 "  - C7H7-SOH + CH30H 

None of the isomeric sulfone 3 was detectable in the nrnr 
spectrum of the crude product, an observation which gives 
additional support to the latter mechanism. 

Similar treatment of the hydroxysulfones 6 b  and 6c gave 9 
(79%) and 10 (55%), respectively. In these cases isomeric 
mixtures were obtained. The structures were assigned on the 
basis of the nmr and infrared spectra, and analytical data (see 
experimental section). All sultines showed the expected S=O 
stretching frequency in the 1100-1 140 cm- ' range. The 6- 
sultines reported herein failed to show the molecular ion peaks 
in their mass spectra, with the base peaks generally occurring at 
M+' - 64. 

Non-hydrogen substituents can be introduced a to the sultine 
oxygen by reaction of 6 with alkyllithiums, such as methyl- 
lithium: i.e., 6c += 11. Functionalized lithocarbanions should 
react likewise, thus suggesting the possibility of preparing a 
wide variety of sultines by this route. Grignard reagents, 
unfortunately, do not react cleanly with the hydroxy sulfones 6 
and we have as yet been unable to isolate and identify products 
from these attempts. 

The fact that the hydroxy sulfinate 8 is an intermediate in the 
conversion of 6a to 1 suggested that other routes to 8 should be 
investigated. An obvious method was the generation of the 
dilithio species 12 followed by treatment with sulfur dioxide. 
Thus, raction of ortho-benzylbenzyl alcohol with 2 equivalents 

3 ~ e  are indebted to a referee for pointing out this reference. 
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of nBuli in THF at 20°C for 1 h gave a dark-colored solution 
containing 12, which was quenched with excess SOz. The 
solvent was evaporated and the residue warmed with concen- 
trated HC1. The nmr yield of sultine 9 was 50-70% (several 
experiments), with the remainder being recovered starting 
material. Similar treatment of ortho-benzyl-a,&'-dimethyl- 
benzyl alcohol afforded the sultine 13, mp 104"C, in 38% 
isolated yield. An attempted conversion of ortho-methylbenzyl 
alcohol into sultine 1 was unsuccessful, presumably due to the 
difficulty of forming the required dianion. The dianion route to 
these interesting 6-sultines is apparently restricted to cases in 
which the intermediate is accessible, as in the case for 12. 

The dianion route is also applicable to the formation of  
5-membered benz-fused sultines. Thus the dianions of 14a-c, 
generated from the appropriate bromoalcohols by treatment 
with 2 equivalents of nBuli in THF  at O°C, reacted with sulfur 
dioxide at -78°C to form the intermediate sulfinates, which on 
acidification gave the expected sultines 15a-c in 60-70% 
isolated yield. Similar metallation of 6-bromo-3,4-methylene- 
dioxybenzyl alcohol followed by SO2 treatment gave a variable 
ratio of the sultines 16 and 17 in up to 70% yield. The mixture 
resulted from the isomerization of the initially formed 6-lithio 
derivative to the more stable 2-lithio anion. A similar isomeriza- 

1. 2nBuLi, THF, 0°C 

Br 2. SO,; 3.Hf 
\\ 

tion has been observed during the halogen-metal exchange of 
the cyclohexylimine of 6-bromopiperonal (9). Pure 17 was 
produced upon treatment of 3,4-methylenedioxybenzyl alcohol 
with 2nBuli, SO,, and acidification as above. These sultine- 
forming reactions mirror the formation of y-lactones via the 
reaction of the same dianion intermediates with carbon dioxide 
and suggest that, in general, this parallel should continue to be 
expected (1 0). 

We are currently studying the preparation of 6-sultines fused 
to heterocyclic systems such as  the furan, thiophene, and indole 
rings and the use of such compounds for the generation of the 
corresponding orthoquinodimethanes. The latter have received 

considerable attention in the indole series as key intermediates 
in the synthesis of some indole alkaloids (1 1). 

Experimental 
"Work-up" indicates that the reaction mixture was poured into a 

saturated NH4Cl solution and extracted with CH2Cl. The organic 
extracts were dried over anhydrous MgS04 and the solvent evaporated 
to yield the crude product. The nmr spectra were taken on a Varian 
XL-300 or Varian T-60 instrument in CDC13 solution. 

Conversion of the hydroxy sulfones 6 to sultines. General procedure 
using NaBH4 

The hydroxy sulfone (6a, b ,  or c), 100 mg, was dissolved in 5 mL of 
methanol at O°C. NaBH4 (70 mg) was added, the reaction was stirred 
for 30 min, and then the solvent was evaporated. To the crude product 
was added 5 rnL of concentrated HCI, the mixture was stirred at 50°C 
for 3min, cooled, diluted with HzO, and extracted with CH2C12. 
Further work-up afforded the crude sultines, which were purified by 
silica gel chromatography. 

S~tltine I 
Yield 70%; ir: 1130 cm-'; 'H nrnr: 3.55 (d, J = 15.5 Hz, lH), 4.42 

(d,J=15.5Hz,1H),4.96(d,J=13.7Hz,1H),5.30(d,J=13.7Hz, 
IH), 7.2-7.4 (m. 4H); ms m/e (rel. %): 168 (0.2), 105 (lo), 104 
(loo), 103 (42). Anal. calcd. for CsHs02S: C 68.82, H 4.95, S 13.13; 
found: C 68.70, H 4.67, S 12.94. 

Sultine 9 
Yield 79%; ir: 1130cm-'; 'H nrnr: 4.71 (s, lH), 5.06 (d, J = 

14.4Hz, IH), 5.43 (d, J = 14.4Hz, IH), 7.06 (d, J = 6Hz, IH), 
7.2-7.7 (m, 8H): ms m/e (rel. %): 181 (14), 180 (93), 179 (loo), 178 
(46). Anal. calcd. for CI4Hl2SO2: C 68.82, H 4.95, S 13.13; found: C 
68.70, H 4.67, S 12.94. 

Sltltine 10 
Yield 5570, 1:l mixture of diastereomers, separable on silica gel 

chromatography using ethyl acetate - hexane 1:3. The less polar 
isomerhadir: 11 10, 1140 cm-I; 'H nmr: 1.82(d, J = 6.6 Hz,3H), 3.51 
( d , J =  15.2Hz, lH) ,4 .57(d , J=  15.2Hz, lH) ,5 .40(q , J=7 .6Hz,  
IH), 7.25-7.5 (m, 4H); ms m/e (rel. %): 119 (lo), 118 (loo), 117 
(85), 116(16), 91 (22). Anal. calcd. forC9Hlo02S: C 59.31, H 5.53, S 
17.60; found: C 59.63, H 5.20, S 17.20. 

The less polar isomer had ir: 1 1 10, 1140 cm-I; I H  nmr: 1.85 (d, J = 
6.6Hz, 3H), 3.82 (d, J = 14.2Hz, IH), 4.01 (d, J = 14.2Hz, lH), 
5.06(q, lH, J = 6.6Hz), 7.3-7,5(rn);msm/e(rel. %): 119(10), 118 
(100), 117(87), 115(21)91 (25). Anal. calcd. forC2HloSOz:C59.31, 
H 5.53, S 17.60; found: C 59.55, H 5.23, S 17.86. 

Sultine 11 
Sulfone 6c (50 mg) was dissolved 15 rnL of dry THF under N2 at 

20°C and treated with 3.0 mL of 1.6 M CH3Li (large excess). After 1 h 
the reaction mixture was quenched with 2 mL of methanol. The 
solvents were evaporated, and the residue was warmed to 40°C with 
5 mL concentrated HCl for 5 min, cooled, and diluted with 20 mL of 
H20. Extraction with CH2C12 afforded 39mg (80%) of 11; ir: 
1120cm-I; 'H nmr: 1.60 (s, 3H), 1.83 (s, 3H), 3.79 (d, J = 15 Hz, 
lH), 4.03 (d, J = 15 Hz, IH), 7.2-7.6 (m, 4H): Anal. calcd. for 
C,oH1202S: C 61.19, H 6.16, S 16.34; found: C 60.92, H 6.02, S 
16.55. 

Sultine 9 via the dianion route 
o-Benzylbenzyl alcohol (1.0g) was dissolved in 25 mL of THF 

containing 0.4 mL of tetramethylethylenediamine. The solution was 
cooled to -78OC and nBuli (2.2 M in hexane) was added slowly. The 
solution was warmed to 20°C and left for I h. Sulfur dioxide was 
introduced until the deep red colour was quenched. The reaction 
mixture was evaporated and the residue stirred with lOmL of 
concentrated HC1 for 15 min. The reaction was worked up by diluting 
with 40 mL of H20, extracting with CH2C12, and washing the extracts 
with 5% NaHC03 solution. The yield of crude product was 1.19 g, 
which appeared to be a 70:30 mixture of 9 and starting alcohol by nmr. 
Recrystallization from ethanol afforded 494 mg (4070) of 9 with 
properties identical to those described above. 
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Sultine 13  
ortho-Benzyl-a,al-dimethylbenzyl alcohol (470 mg) and 0.2 mL of 

tetramethylpiperidine were dissolved in 25 mL of THF at O°C under N2. 
nBuli (2.3 mL of 2.5 M, 2.2 equiv.) was added dropwise via syringe 
and the solution was stored for 3 hat 20°C during which time a deep red 
colour developed. The flask was recooled to 0°C and SO2 was 
introduced until the colour changed to yellow. The solvent was 
evaporated and the residue treated with concentration HC1 as above. 
Work-up gave 465 mg of an orange oil, which contained 65% of the 
sultine 13 in addition to the starting alcohol. Chromatography on silica 
using 9:l hexane - ethyl acetate afforded 206 mg (38%) of 13, mp 
104°C; 'H nmr: 1.67 (s, 3H), 1.90 (s, 3H), 5.04 (s, 1 H), 7.1-7.5 (m, 
9H); ms rn/e (rel. %): 209 (371, 193 (loo), 178 (56), 165 (17). Anal. 
calcd. for Cl6Hl6O2S: C 70.55, H 5.92, S 11.77; found: C 70.28, H 
6.09, S 11.97. 

Preparation of sultines 15  and 16. General procedure 
The appropriate o-bromobenzyl alcohol, -1 g, was dissolved in 

THFat -78"C, reacted with2.2equiv. of nBuli for 15 min, warmed to 
0°C for 15min, and then recooled to -78'C. Excess SO2 was 
introduced. The THF was evaporated and the residue stirred with 1 mL 
H20 and 5 mL of concentrated HC1 for 10min. Extraction with 
CH2C12, followed by washing with saturated NaHC03 solution, 
furnished a crude product that was purified by silica gel chromatog- 
raphy. 

Sultine 15a: isolated yield (61%) (8). 
Sultine 15b: isolated yield 78% (mixture of diastereomers) (8). 
Sultine 1%: isolated yield (56%) (8). 
Sultine 16 
Isolated yield 70%, mp 130-132°C; 'H nmr: 5.43 (d, J = 13.3 Hz, 

lH),5.87(d, J =  13.3Hz, lH),6.10(d, J =  1.2Hz, lH),6.12(d, J =  
1.2Hz, lH), 6.82(s, lH),7.10(s, lH);msrn/e(rel. %): 198 (73 ,  181 

I (lo), 150 (100), 134 (28), 121 (21), 104 (16), 76 (31). Exact Mass 
calcd. for C8H6O4S: 197.9985; found: 197.9978. 

Sultine 17  
To 1.00 g of 3,4-methylenedioxybenzyl alcohol, disolved in 15 mL 

of dry THF at O°C, was added 5.8 ml of 2.5 M nBuli (2.2 equiv.). The 

solution was stirred for 2 h during which time a red colour developed. 
Sulfur dioxide was introduced until the red colour disappeared. 
Work-up, identical to that described for 15, yielded 925 mg of crude 
product, which was judged to be 70% product 17 by nmr. Silica gel 
chromatography using hexane - ethyl acetate (4: 1) afforded 56% of 17, 
mp 120-121°C; 'H nmr: 5.48 (d, J = 13.OHz, lH), 5.91 (d, J = 
13.0Hz,lH),6.13(d,J= 1.4Hz,lH),6.15(d,J= 1.4Hz, 1H),6.87 
(d , J=7 .8Hz ,  lH),6.99(d, J = 7 . 8 H z ,  lH);msrn/e(rel.%): 198 
(loo), 150 (20), 134 (94), 121 ( l l ) ,  105 (12), 104 (lo), 92 (12), 78 
(22). Exact Mass calcd. for C8H604S: 197.9985; found: 197.9997. 
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DONALDL. HOOPER, HARTFORD W. MANNING, RONALD J. LAFRANCE, and KEITH VAUGHAN. Can. J .  Chem. 64,250(1986). 
Alumina-catalysed cyclization of a series of 1-(2'-acylpheny1)-3-cyanomethyltriazenes (5) affords good yields of the 

previously unreported 5-alkyl- and 5-aryl-l,2,3-triazolo[1,5-a]quinazolines (8). The parent heterocycle, 1,2,3-triazolo[1,5- 
alquinazoline, has been observed for the first time as the product of cyclization of 1-(2'-formylpheny1)-3-cyanomethyltriazene. 

DONALD L. HOOPER, HARTFORD W. MANNING, RONALD J. LAFRANCE et KEITH VAUGHAN. Can. J .  Chem. 64,250 (1986). 
La cyclisation, catalysCe par l'alumine, d'une sCrie dg (acyl-2 phtny1)-1 cyanomCthyl-3 triazenes (5) conduit, avec de bons 

rendements, aux alkyl-5 et aryl-5 triazolo-1,2,3[1,2-a]quinazolines (8) qui n'avaient pas CtC dtcrites anttrieurement. L'hCtCro- 
cycle de base, la triazolo-1,2,3[1,5-alquinazoline a CtC observke pour la premikre fois comme produit de la cyclisation du 
(formyl-2 phCny1)-1 cyanomCthy1-3 triazkne. 

[Traduit par le journal] 

1,2,3-Triazolo[l,5-a] pyrimidines undergo thermal equilib- 
rium between two isomeric structures 1 and 3 via the inter- 
mediacy of an open-chain diazo compound 2 (1). The diazo 
form (2) can become the predominant isomer of the equilibrium 
mixture when the pyrimidine ring is fused at R' and R2 to a 
a-deficient aromatic heterocycle, such as a u-triazole (2). On 
the other hand, ring fusion at R1/R2 with a a-excessive 
thiophene ring (3) results in preference for the tricyclic angular 
structure ( I ) ,  as is also the case for benzene ring fusion in the 
1,2,3-triazolo[1,5-alquinazolines. The first examples of this 
comparatively rare heterocycle were reported as products of 
the base-catalysed condensation of reactive methylene com- b pounds with o-azidobenzoic acid (4), which affords 1,2,3- 
triazolo[l,5-alquinazolines invariably substituted with 5-0x0 or 
5-amino groups and with a substituent at position C-3. In this 
communication, we report that alumina-catalysed cyclization of 
a series of 1-(2'-acylpheny1)-3-cyanomethyltriazenes (5) pro- 
vides a convenient synthesis of the previously unreported 1,2,3- 

triazolo[l,5-alquinazoline 8 a  and of its 5-alkyl' and 5-aryl 
derivatives 8b-g. 

Diazotization of the arylamine 4 and coupling with a-amino- 
acetonitrile, followed by neutralization with aqueous sodium 
carbonate to pH 8,  affords the triazene 5 ,  which exists in the 
solid state and in DMSO solution as the cyclic isomer, the 
1,2,3-benzotriazinol (6). In chloroform solution, the equilibri- 
um 5 6 lies in favour of the open-chain triazene form, so that 
when a chloroform solution of a triazinol e triazine is treated 
with solid, neutral alumina over a 24- to 48-h period, cyclization 
of the triazene occurs readily. The intermediate 1-aryl-5-amino- 
1,2,3-triazole (1) is not isolated, and further cyclization, with 
dehydration, affords the novel 1,2,3-triazolo[l,5-alquinazoline 
8. Presumably the initial cyclization step 5 + 7 is the 
rate-determining step in the overall process; the subsequent 
cyclization of 7, by nucleophilic attack of the 5-amino group of 
the intermediate triazole at the 2'-acyl carbonyl group, must be 
relatively fast. 

Yields and physical data of the intermediate 3-cyanomethyl- 
1,2,3-benzotriazin-4-01s (6a-g) are given in Table 1. The ir 
spectrum in Nujol of, typically, 6 b  shows the absence of 
carbonyl and the presence of a broad hydroxyl band at 
3170 cm-' anticipated for the cyclic structure (5). The 'H nmr 
spectra of the triazinols in DMSO-d6 (Table 2) demonstrate 
clearly the exclusive adoption of the cyclic form (6) with no 
trace of the ring-open form (5) in this medium; all the spectra 
show a characteristic AB quartet, JAB - 17.8 Hz, as expected 
for the diastereotopic N-CH2-CN protons adjacent to the 
chiral centre at C-4 of the triazine. The spectrum of 6c  also 
shows multiplicity of the diastereotopic methylene protons of 
the ethyl substituent at C-4. All compounds in this series exhibit 
a low-field singlet at ca. 6 8 arising from the hydroxylic proton 
at C-4. The aromatic patterns all show a characteristic high-field 
signal, corresponding to a proton on the a-carbon of the benzene 

3~ preliminary account of the synthesis of 86 has been described in a 
 or Part VIII, see ref. 6. recent article, which describes the general cyclization of 1-(2'- 
'Author to whom all correspondence should be addressed. acetylphenyl)3-alkyltriazenes (6). 
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HOOPER ET AL. 

R OH 
DMSO xwCH2CN 
P 

CDC13 N<N N=N-NHCH2CN 

(i) HN02, 0°C 5 

(ii) NH2CH2CN 

\ 

4 
a X = R = H  
b X = H , R = M e  
c X = H , R = E t  
d X = H , R = P h  
e X = H, R = p-tolyl 

ring (adjacent to the CR(0H)N moiety); this signal is an 8-Hz 
doublet with fine structure arising from long-range coupling, 

1 except in the case of 6g,  in which only the long-range coupling : is observed. 
I The ring-open forms of these triazinols, the triazenes (5), are 
, clearly evident in nmr and ir spectra run in chloroform solution. 

For example, the ir spectrum of the phenyl derivative ( 5 4  in 
CHC13 shows a strong carbonyl band at 1710 cm-' and a weak, 
broad NH absorption band at 3250cmP'; the strong OH 
absorption band observed at 3150cm-' in the Nujol mull 
spectrum is absent in the chloroform solution spectrum. The 'H 
nmr spectrum of 5 d  in CDC13 shows a strong two-proton singlet 
for the methylene protons at 6 4.7 ppm; only a trace of the AB 
system of 6 d  is evident in the CDC13 spectrum. The 13C nmr 
spectrum of this solution (Table 3) confirms the dominance of 
the open-chain form (Sd), as indicated by the low-field 
carbonyl signal at 6 198.7 and a single observable N-CH2 

signal at 6 47.4. The 13c nmr spectrum of the ethyl analogue 
(5c) in deuteriochloroform also shows a carbonyl signal at 6 
204.0, the N-CH2 signal at 6 47.4, and C-ethyl group signals 
at 6 32.8 (CH3 and 8.3 (CH3). 

The conversion of the triazene (5) in chloroform to the 
triazoloquinazoline (8) over alumina is a general high-yield 
reaction for all of the o-acylarylamines that we have investi- 
gated (see Table 4 for physical data). The 'H nmr spectra of the 
triazoloquinazolines are listed in Table 5 and are totally 
consistent with the assigned structures. The common character- 
istic of these spectra is the one-proton singlet at ca. 6 8.2-8.3, 
arising from the isolated proton at C-3 of the triazoloquinazo- 
line. Other features of the spectra are readily assigned to the 
5-alkyl and 5-aryl group protons or to the protons of the 
pyrimidine-fused benzene ring. The parent heterocycle, 1,2,3- 
triazolo[l,5-a]quinazoline @a), has the additional feature in 
the 'H nmr spectrum of a one-proton singlet at 6 9.00, assigned 

TABLE 1. Yields and physical data for the 3-cyanomethyl-l,2,3-benzotriazin-4-01s (6) 

Melting 
Yield point 

Compound X R ('70) ("c) Solvent 

6a* H H 58 123- 125 CHC13 
6 6  H CH3 82 85 CH2C12/hexane 
6c* H Et 8 1 83-86 Ether/pet. ether 
6d* H Ph 95 103- 105 CH2C12/hexane 
6 e  H p-Tolyl 56 92 CH2C12/hexane 
6 s  H 2'-Fluorophenyl 32 103 CH2C12/hexane 
6g C1 2'-Chlorophenyl 8 60 - 

*Representative compounds of this series were analysed for elemental composition (Table 7). 
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TABLE 2. 'H nuclear magnetic resonance characteristics of the 3-cyanomethyl-3,4-dihydro-1,2,3-benzotriazin-4-ols (6) 

6 (DMSO-d6), ppm 

N-CH2 (AB quartet) 
Compound X R R (&A, &B, J) Aromatic 

0.51 (3H, t, J7 .4Hz)  4.89, 5.04, 17.9Hz 
2.87-2.51 
(2H, q of AB quartets) 

(aromatic) 4.45, 4.66, 17.9 Hz 

sf H 2'-Fluorophenyl (aromatic) 4.59, 4.70, 18.0 Hz 

6g C1 2'-Chlorophenyl (aromatic) 4.53, 4.67, 18.0 Hz 

7.37-7.39, 7.53-7.66 (4H, m) 6.96 
(d, J 8 H z )  

7.50-7.55 (4H, m) 7 .22(~)  

6.91 ( lH,  dd, J 7.8 Hz) 7.89(s) 
7.35-7.65 (m) 

6.90 (lH, d, J 7.8 Hz) 7.80(s) 
7.21-7.30(4H, AA'BB', J8.2Hz) 
7.37-7.62 (3H, m) 

6.96 ( lH,  dd, J 7.76, 0.84Hz) 8.07(s) 
7.10(1H,ddd,J11.7,8.2, 1.OH.z) 
7.34-7.39 (2H, m) 
7.45-7.53 (2H, m) 
7.61 ( lH,  dd, J 7.9, 0.9Hz) 
7.97 ( lH,  dt, J 8.0, 1.8 Hz) 

6.76 (lH, d, J 2.1 Hz) 8.33(s) 
7.48-7.66 (5H, m) 
8.20 (lH, dd, J 7.7, 1.3 Hz) 

TABLE 3. l3C nuclear magnetic resonance characteristics of 142'- 
acylpheny1)-3-cyanomethyltriazenes* (5) in CDC13 

Compound X R 6 (CDCh), ppm 

5 c H Et 8 . 3 ( q , J 1 2 8 H z , C H , ) , 3 2 . 8 ( t , J 1 2 6 H z ,  
CH2-CO), 47.4 (t, J 146 HZ, N-CH,), 
114.7 (dd, J 166 and 7.4 Hz), 115.0 (t, J 
8.7 Hz, C=N), 118.4 (s), 121.4(dd, J 164 
and8 Hz), 130.6(dd, J 158and8 Hz), 134.6 
(dd, J 160and8.6Hz), 142.8 (s)and204.0 
(s, C=O) 

5 d  H Ph 47.4 (N-CH2), 115.0 (CEN), 119.4, 
121.1, 128.2, 129.4, 132.0, 133.8, 134.4, 
138.6, 143.0, 198.7 (C=O) 

*Solutions obtained by dissolving the corresponding triazinol (6c or 6d) in 
deuteriochloroform. 

TABLE 4. Yields and physical data of the 1,2,3-triazolo[l,5-a]quinazolines (8) 

Melting 
Yield point 

Compound X R (%I ("c) Solvent 

*Representative compounds of this series were analysed for elemental composition (Table 7). 
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HOOPER ET AL 

TABLE 5. IH nuclear magnetic resonance characteristics of the 1,2,3-triazololl,5-a]- 
quinazolines (8) 

Compound X R 6 (CDCI3), ppm 

7.76 (H-8, ddd, J 7.98, 7.35, 1.07 HZ), 
8.02 (H-7, ddd, J 7.98, 1.37 HZ), 8.30 
(H-3, s), 8.69 (H-6, dddd, J 8.38, 1.07, 
0.77, 0.63 Hz), 9.00 (H-5, J 0.77 Hz) 

2.95 (3H, S, CH3), 7.73 (H-8, ddd, J 8.22, 
7.28, 1.08 HZ), 7.99 (H-7, ddd, J 8.39, 
7.28, 1.20Hz), 8.13(H-9,dd, J8 .22 ,  
1.20 HZ), 8.18 (H-3, s), 8.72 (H-6, ddd, J 
8.39, 1.08, 0.51 Hz) 

1.49 (3H, t, J 7.5 Hz, CH3), 3.31 (2H, q, 
J 7 . 5 H z ,  CHI), 7.72 (IH, t), 7.97(1H, t), 
8.17 (IH, d, J 8 Hz), 8.22 (IH, s), 8.73 
(lH, d, J 8 Hz) 

8d  H Ph 7.59-7.61 (3H, m), 7.68 (IH, dt), 7.73- 
7.76 (2H, m), 8.02 (IH, t), 8.12 (IH, d), 
8.33 (IH, s), 8.81 (lH, d) 

8 e H p-Tolyl 2.49 (3H, s, CH3), 7.38-7.65 (4H, AA'BB', 
J7.9Hz),7.65(1H, t),8.00(1H,dt,  J 8 . 1  
and 1.1 Hz), 8.14 (IH, d, J 8.3 Hz), 8.29 
(IH, s), 8.77 (IH, d, J 8.2Hz) 

Sf  H 2'-Fluorophenyl 7.30 (IH, dt), 7.39 ( lH,  dt), 7.57-7.65 
(2H,m), 7.67 (lH,dt),7.83-7.86(1H, m), 
8.02(1H, dt), 8.35 (IH, s), 8.80 (IH, dd) 

8g C1 2'-Chlorophenyl 7.49-7.62 (5H, m), 7.96 (IH, dd, J 8.8 and 
2.2Hz),8.35(1H,s),8.75(1H,d,J8.9Hz) 

TABLE 6. 13C nuclear magnetic resonance characteristics of the 1,2,3-triazolo[l,5-a]- 
quinazolines (8) 

Compound X R 6 (CDC131, ppm 

8 a  H H 115.6 (d), 118.7 (s), 127.8 (d, two coincident 
carbons), 128.6(d), 133.2 (s), 134.8 (d), 140.8(s), 
154.1 (d) 

8b* H Me 22.7(q), 115.8(d), 118.4(s), 126.6(d), 127.0(d), 
127.5(d), 132.8(s), 134.3(d), 139.9(d), 161.3(q) 

8 c H Et 1 1.8 (q, J 128 HZ, CH,), 28.3 (t, J 125 HZ, CHI), 
116.0(d, J 168Hz), 117.8(s), 126.8(d, J 198Hz), 
127.3(s), 127.5(d, J 155 Hz), 134.0(d, J 163 Hz), 
140.1 (s), 157.5 (s), 165.1 (s) 

8d  H Ph 115.8, 117.6, 127.4, 127.7, 128.6, 129.4 (two 
coincident carbons), 130.0, 133.8, 134.3, 136.7, 
140.0, 162.3 

*See ref. 6. 

to the isolated proton at C-5 in the pyrimidine moiety. The 
structures of representative triazoloquinazolines ($a ,  8c,  8d ,  
and 8e) were corroborated by I3C nmr spectroscopy (Table 6). 

Experimental 
Melting points were recorded with a Kofler hot-stage apparatus and 

are uncorrected. The ir spectra were recorded with Perkin-Elmer 
Series 299 and 1300 spectrometers, and the nmr spectra with Varian 
EM360 and Nicolet 360 NB spectrophotometers. Microanalyses were 
carried out by the Canadian Microanalytical Laboratory, Vancouver, 

B.C., for representative compounds of types 6 and 8; the non-analyzed 
compounds gave 'H nmr, 13c nmr and ir spectra exactly analogous to 
those of the compounds analyzed. 

3-Cyanomethyl-I .2.3-benzotriazin-4-01s (6).  General procedure 
The 2-amino-ketone or -aldehyde (4) (0.01 mol) was diazotized in 

hydrochloric acid with 1 equivalent of sodium nitrite. The resulting 
diazonium salt solution was coupled with a-aminoacetonitrile bisulfate 
(0.02 mol) over a period of 0.5 h, and the mixture neutralized with 
aqueous sodium carbonate to pH 8. After stirring until precipitation 
was complete (1- 1.5 h), the product was filtered, dried, and recrystal- 
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TABLE 7. Elemental composition of representative compounds of types 6 and 8 

Calculated (%) Found (%) 

Compound Formula C H N C H N 

lized to afford the triazinol(6). Yields, and physical and spectroscopic 
data of these products are given in Tables I and 2. Table 3 gives the nmr 
characteristics of two of these products indeuteriochloroform, in which 
the triazinols revert to the open-chain triazene form (5). 

I ,2,3-triazolo[l,5-a]quinazolines (8). General procedure 
The appropriate triazinol (0.40g) was dissolved in chloroform 

(25 rnL) and the solution poured over anhydrous neutral alumina (14 g). 
The mixture was stirred at room temperature and the progress of 
reaction followed by tlc until complete disappearance of the reactant 
had taken place (usually within 24 h, but sometimes requiring 48 h). 
The mixture was filtered and the alumina washed with several aliquots 
of chloroform. The combined chloroform solutions were evaporated 
and the residual product recrystallized from a suitable solvent to afford 
the 1,2,3-triazolo[l,5-a]quinazoline (8). Yields, and physical and 
spectroscopic characteristics of these products are given in Tables 4 ,5 ,  
and 6. The proton spectra measured for compounds 8 a  and 8 b  were 
iteratively fitted using the ITRCAL program supplied by Nicolet 
Instrument Corporation as part of the software package for the NIC-360 
NB spectrometer. 
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Two-dimensional nuclear magnetic resonance at 500 MHz: the structural elucidation of a Salmonella 
serogroup N polysaccharide antigen1 
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DAVID R. BUNDLE, MANFRED GERKEN, and MALCOLM B. PERRY. Can. J .  Chem. 64, 255 (1986). 
High resolution 'H and 13C nmrspectroscopy at 500 MHz and 125 MHz was used for the structural analysis of the 0-antigen of 

Salmonella landau, which belongs to the Kauffmann-White serogroup N. This bacterial lipopolysaccharide was extracted from 
whole cells and hydrolyzed by mild acid to give lipid-free 0-polysaccharide. Conventional one-dimensional 'H and 13C nmr data 
showed the polysaccharide to contain four monosaccharides in each repeating unit and, in addition, to carry an average of one 
0-acetyl group for every two repeating units. Two-dimensional nrnr experiments aided the unambiguous assignment of the 'H 
and I3C resonances and thereby permitted the structural analysis of this polysaccharide by nmr techniques alone. The structure of 
the de-0-acetylated repeating unit was established as+2)-a-D-PerNAcp-(1 + 3)-a-L-Fucp-(I + 4)-P-~-Glcp-(l +~)-cx-D-  
GalNAcp(If,, through the use of methods which included homonuclear shift correlated (COSY and NOESY) experiments. The 
interpretation of this data was supported and simplified by consideration of firmly established I3c chemical shift assignments 
obtained from a heteronuclear 'H/I3C shift correlated experiment. A three-dimensional model of the 0-antigen obtained by 
semi-empirical calculations is shown to be consistent with interatomic distance constraints imposed by data from 2-D NOESY 
and one-dimensional nOe difference spectroscopy. 

DAVID R. BUNDLE, MANFRED GERKEN et MALCOLM B. PERRY. Can. J.  Chem. 64,255 (1986). 
On a utilisC le rmn du 'H et du I3C a 500 eta 125 MHz pour determiner la structure du 0-antigene de la Salmonella landau qui 

appartient au groupe sCrique N de Kauffmann et White. On a extrait ce lipopolysaccharide bactCrien des cellules cornplktes et on 
l'a hydrolysC en milieu Itgerement acide pour obtenir le 0-polysaccharide sans lipides. Les donnCes conventionnelles en une 
dimension de la rrnn du 'H et du 13C rnontrent que le polysaccharide contient quatre monosaccharides dans chaque unite de base 
et que, de plus, il porte une moyenne d'un groupement 0-acktyle par deux unites de base. Sur la base d'expkriences de rmn en 
deux dimensions on a pu faire des attributions non-ambigues des resonances 'H et I3c qui ont ainsi permis de faire une analyse 
structurale de ce polysaccharide uniquement par des techniques de rmn. On a Ctabli que la structure de l'unitt de base dCacCtylCe 
est+2)-a-D-PerNAcp-(I -, 3)-a-L-Fucp-(1 + 4)-P-~-Glcp-(l + 3)-a-D-GalNAcp(1 f,, en faisant appel des mCthodes qui 
incluent des experiences de corrClations de deplacernents homonuclCaires (COSY et NOESY). L'interprCtation de ces donnCes 
est en accord avec et a CtC simplifike par la considCration d'attributions de dkplacernents chimiques de I3C qui sont bien etablies et 
qui ont CtC obtenues a partir d'une experience de corrklation hCtCronuclCaire de dkplacements 'H/I3c. On dCmontre qu'un 
modkle tridimensionnel du 0-antigene, obtenu par des calculs semi-empiriques, est en accord avec les contraintes de distances 
interatorniques imposees par les donnCes de NOESY en 2-D et par la spectroscopie differentielle unidimensionnelle de l'effet 
Overhauser nuclCaire. 

[Traduit par le journal] 

Introduction 
The lipopolysaccharides (LPS) of gram-negative bacteria 

assigned in the Kauffmann-White scheme (1) to serogroup N, 
have been shown to be serologically cross-reactive with 
Yersinia enterocolitica 0:9, Brucella abortus, and E.  coli 0: 157 
(2-4). This observation gained structural significance when the 
0-antigens of the first two bacteria were shown to be homo- 
polymers of 1,2-linked 4,6-dideoxy-4-formamido-a-D-manno- 
pyranosyl (perosamine) units (5, 6). Compositional analysis 
showed that the 0-antigens of S. landau and E.  coli 0: 157 also 
contained the sugar, perosamine (7), and structural analysis of 
these 0-antigens became necessary in order to further under- 
standing of these important cross-serological relationships. 

Bacterial LPS contains three structurally distinct portions, 
each covalently linked to the other in a contiguous structure. 
The polymeric 0-chain is linked to the core oligosaccharide, 
which in turn is linked via the acid-labile, 3-deoxyoctulosonic 
acid (KDO), ketosidic bond to lipid A, the hydrophobic anchor 
that secures the whole "molecule" in the outer membrane of the 

I gram-negative cell wall (11). Mild acid hydrolysis severs the 
, KDO - lipid A linkage, liberating the 0-chain still linked to 

core oligosaccharide and chloroform-soluble lipid A.  
The success of two-dimensional nmr experiments at 500 

'NRCC No. 25 101. 
'NRCC Research Associate 1983- 1985. 

MHz, when applied to low molecular weight proteins (8, 9), 
indicated that such techniques should be particularly useful for 
the analysis of 0-antigen structure. Since these polymers, 
unlike much larger capsular polysaccharides, have an average 
molecular weight around 10 000 daltons, the limitations to the 
successful execution of certain two-dimensional experiments, 
such as ' H / ' ~ C  shift correlation, imposed by short transverse 
relaxation times (T2)  (lo), should not apply. This communica- 
tion reports the application of homo- and heteronuclear shift 
correlated spectroscopy to the delineation of a complex hetero- 
glycan structure, without recourse to other structural methods 
except for the initial identification of the component mono- 
saccharides. 

Results and discussion 
In order to perform a complete structural analysis of a 

polysaccharide, the following questions must be answered 
unambiguously: (1)  the identity of the component mono- 
saccharides present and their absolute configuration; (2) the ring 
size and anomeric configuration of each monosaccharide; (3) 
the position of linkages between sugar units; (4) sequence and 
arrangement of sugar residues in linear or branched structures; 
(5) the nature, position, and quantity of non-carbohydrate 
substituents. With the exception of absolute configuration, nrnr 
methods can in principle satisfy all aspects of Sese  require- 
ments. Indeed, an unstated objective, the elucidation of 
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5.0 4.5 410 3.5 3.0 2 5 2 .O 15 10 
PPm 

FIG. 1. Resolution enhanced 'H nmr spectra of: A, the native 0-polysaccharide liberated from LPS by mild acid hydrolysis and recorded at 303 K; 
B, the 0-deacetylated polysaccharide recorded at 300 K. 

FIG. 2. The 13c nmr spectra of A, native, and B, 0-deacetylated polysaccharides recorded at 310 K.  Simplification of the spectrum follows the 
removal of the 0-acetyl residue. 

three-dimensional structure, may also be approached by the nmr 
technique. 

The lipid-free 0-polysaccharide was prepared from the LPS 
of S. landau by conventional methods, which involved mild 
acid hydrolysis and gel filtration on Sephadex G-50 to obtain 
polymeric material. This 0-polysaccharide was subjected to 
total acid hydrolysis, reduction, acetylation, and gc - mass 
spectrometry of alditol acetates. In this way the component 
sugars were identified and the absolute configuration was 
determined after conversion of the monosaccharides to the cor- 
responding (-)-2-butyl glycosides (12). The component sugars 
were shown to be 2-amino-2-deoxy-D-galactose, D-glucose, 
L-fucose, and 4-amino-4,6-dideoxy-D-mannose (perosamine, 
PerN), present in equimolar proportions. Examination of the 'H 

nmr spectrum of the 0-polysaccharide (Fig. 1) also showed the 
presence of ester-linked acetate, 0.5 mol relative to the two 
N-acetyl groups, which indicated that both amino sugars 
were present as their acetamido derivatives. Complex spectral 
patterns were simplified by saponification of ester-bound 
acetate (Figs. 1 and 2), and the resultant spectra were consistent 
with a repeating unit structure containing four sugars and one 
0-acetyl group for every two repeating units. The limited 
complexity of the I3c spectrum of the native polysaccharide 
(Fig. 2A) suggested that 0-acetylation occurred at only one site 
in the tetrasaccharide repeat. Analysis of typical 'H and 13c 

features supports the analytical data for sugar composition, in 
that two amino sugars, present as acetamido derivatives, and 
two 6-deoxy sugars are component monosaccharides. Proton 
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BUNDLE ET AL. 

TABLE 1. First-order proton chemical shifts (6) and coupling constants (Hz) of the Salmonella 
landau 0-polysaccharide* 

Hexopyranosyl unit 

Residue A Residue B Residue C Residue D 
Proton a-D-PerNAc a-D-GalNAc a-L-FUC P-D-Glc 

H- 1 5.21 (-1) 5.08(3.6) 4.84t4.92(2.4)  4.50?4.55(7.9) 
H-2 4.02 (4.8) 4.29t 4.29 (10.7) 3.86 m$ 3.72t 3.27 (8.9) 
H-3 4.02 (10.3) 4.06 (-3.0) 3.83 m$ 3.57t 3.56 (8.5) 
H-4 3.94 (10.0) 4.14t 4.22 (-1.0) 3.83 (1.0) 3.54t 3.51 (8.5) 
H-5 3.85 (6.2) 4.04 4.34 (6.4) 3.50t 3.51 
H-6 1.17 3.72 (6.6) 1.12 4.28t 3.82(2.5, 11.1) 
H-6' 3.72 (6.6) 4.55t 3.89 (6.1) 
CH3CONH 1.95 2.01 
CH3CO0 2.1UT 

*Chemical shifts determined at 300K relative to internal acetone (6 2.225 ppm). 
tShifted resonances in the 0-6d acetylated repeating unit. 
$Unresolved multiplet. 

TABLE 2. Carbon-13 chemical shifts (6) of the Salmonella landau 0-polysaccharide* and anomeric 'JC,H coupling 
constants (Hz) 

Hexopyranosyl unit 

Carbon Residue A Residue B Residue C Residue D 
atom a-D-PerNAc a-D-GalNAc a-L-Fuc P-D-Glc 

101.7 (172 Hz) 100.8 (174Hz) 
78.9 49.7t 49.8 
68.8 78 . l t  78.0 
54.0 69.4 

67.9t 68.0 72.1 
17.7 62.1 

175.5" 175.7" 
22.9b 23 .0~ 

100.5t 100.2 (170 Hz) 104.8t 104.7 (163 Hz) 
69.1 74.2t 74.3 
79.1 75.0t 75.1 
72.6 77.6t 75.9 

67.9t 67.8 73.6t 77.9 
16.0 63 . l t  60.7 

*Chemical shift measured at 310 K and expressed relative to 1% internal dioxane (6 = 67.4 ppm). 
tResonances shifted by the presence of an acetyl at 0-6d. 
",*Resonance whose assignment may be reversed. 

and 13c chemical shift and heteronuclear coupling constant data 
(13) (Tables 1 and 2) also indicated the presence of three a- and 
one P-linked monosaccharide in each repeating unit. 

Considerable information was obtained even from such 
cursory examination of the one-dimensional spectra. However, 
to deduce the sequence and position of interglycosidic linkages 
by nrnr methods, to a degree of certainty comparable with that 
reached by classical methylation analysis and chemical degra- 
dation, requires unambiguous assignment of all the 'H and 13c 
resonances. When this is done for proton signals, nOe (nuclear 
Overhauser effect) difference spectra (14) provide a reliable 
method for determination of both the sequence and linkage 
between contiguous residues (15-17), provided serious over- 
lap of the resonances of interest do not occur. Conclusions from 
proton nOe measurements may be supported by 13c data for the 
aglyconic carbon atoms, which are known to experience 
considerable deshielding (18). The approach adopted here was 
to make as complete an assignment as possible of the proton 
resonances via COSY experiments and, since the quantities of 
polysaccharide permitted it, to support this analysis by assign- 
ing the 13c spectrum through a 'H / '~c  shift correlated 

experiment. Following these, proton nOe experiments to 
establish the sequence and postion of glycosidic linkages were 
envisioned. 

Homonuclear shift correlated spectra were recorded with and 
without suppression of the HOD signal. At one temperature, 
300 K,  this signal could be positioned between the two highest 
field anomeric resonances, a position in which no resonances 
were obscured by solvent peaks. Two windows, the anomeric 
and 6-deoxy resonances, are available as starting points for the 
analysis of the COSY spectra (Fig. 3). The first of these signals 
led to the identification (via cross-peaks) of H-2 ring protons, 
whilst the H-5 signals of the deoxy residues are located from 
cross-peaks to the methyl resonances at ca. 1.20 ppm. The 
anomeric resonances in order of decreasing chemical shift were 
arbitrarily assigned the notation H-la,  H-1 b, H-lc, and H-ld; 
then, following the cross-peaks, resonances H-lb to H-4b and 
H-ld to H-4d were assigned. In the case of residue, d, 
coincident resonances occurred, H-3d/H-4d, with an apparent 
absence of cross-peaks. This introduced a degree of uncertainty 
into the assignments, which were, nevertheless, substantiated 
via a 'H/13c shift correlation map. Overlapping signals due to 
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BUNDLE ET AL 

H-2a and H-3a prevented the unambiguous location of H-4a, 
which may be assigned via H-6a and H-5a. The identity of the 
6-deoxy signals as originating from either unit a or c was clearly 
evident since H-5a, a pseudo quartet in the one-dimensional 
spectrum, is typical of a pyranoside possessing the galacto 
configuration with small J4,5 - 1 HZ and J5& = 6 HZ. Although 
a low-intensity cross-peak identifies H-4c via H-5c (Fig. 3(a)), 
proximity or overlap of H-2c, H-3c, and H-4c prevents the 
unambiguous assignment of the former two resonances. Thus 
via the COSY experiment, 70% of the ring proton resonances 
were identified without assumptions of the identity or con- 
figuration of the component saccharides. Based on the mono- 
saccharide composition and the partial 'H assignments, residues 
a and c were identified as the 6-deoxy sugars. Comparison of 
chemical shift data (Table 1) with that compiled from the 
literature (18) enabled residue d to be identified as a P-D- 
glucopyranosyl unit and residue b as a 2-acetamido-2-deoxy-a- 
D-galactopyranosyl unit. Residue c ,  on the basis of the chemical 
shift and J1,2 value (2.4Hz), was assigned as an a-L-fuco- 
pyranosyl unit, which required residue a to be a 4-acetamido- 
4,6-dideoxy-a-D-mannopyranosyl unit. 

Numerous variants of the COSY experiment continue to be 
introduced and a relayed COSY (19) could in principle be used 
to identify the missing assignments H-3a, H-5b, H-6b, H-3c, 
H-4d, H-5d, and H-6d, although in this modification attention to 
J tuning becomes important (20). Since the quantity of 
polysaccharide available allowed it, an alternate approach was 
adopted, the construction of a ' H / ' ~ C  correlation map (Fig. 5). 
This identified the 'H chemical shifts of the H-6b and H-6d 
protons via their respective C-6 resonances, in agreement with 
partially relaxed 'H spectra (18). The assignment of H-6 
resonances led directly to the assignment of H-5b and H-5d, 
leaving only H-3a, H-3c, and H-4d as the ambiguous 'H 
signals. It should be recalled that in each of these cases the 
evidence from the COSY experiment suggested that coincident 
signals were responsible for the absent cross-peaks, H-3a with 
H-2a, H-3c with H-2c, and H-4d with H-3d. Correlation of most 
'H signals with the corresponding 13c resonances via the 
' H / ' ~ C  shift correlated experiment was straightforward, al- 
though for certain ring protons coincident resonances in F1 
complicated assignment of the I3C spectrum. This problem was 
partially resolved by examination of F, cross sections through 
each I3C signal, as the I3c resonances were well resolved. 
However, since resolution in Fl permitted only those proton 
multiplets with large 3~ values to be observed, this approach was 
limited to the identification of H-4d, H-3c, and H-3a. 

Examination of 13c chemical shifts (Table 2) and a compari- 
son of these with literature values (21, 22) indicated which 
pyranose ring atoms were involved in glycosidic linkages. Thus 
those 13C atoms that experienced significant deshielding, C-2a, 
C-3b, C-3c, and C-4d, were the putative linkage sites. Al- 
though 13c chemical shifts are strongly indicative of the posi- 
tion of glycosidic linkages, the sequence of monosaccharides in 
the polymer chain together with the position of the linkages 
were most readily determined by measurement of inter-residue 
noels. This may be accomplished by one-dimensional nOe 
difference spectra (Fig. 4) (15, 17) or via the two-dimensional 
nrnr equivalent, a NOESY experiment (Fig. 3(b)) (16, 23). 
Interpretation of the sequence via such dipolar coupling is 
strongly dependent upon conformation; however, substantial 
experimental evidence supports the exo-anomeric effect (24), 
which requires anomeric and aglyconic protons to be in virtual 
van der Waals contact (25), thereby forming the basis of this 

HOD 

FIG. 4.One-dimensional nOe difference spectra for irradiation of the 
respective anomeric protons H-la - H- Id, measured at 3 10 K. A, 
off-resonance control spectrum. B, difference spectrum obtained by 
irradiation of H-la. C, difference spectrum obtained by irradiation of 
H-lb. D, difference spectrum obtained by irradiation of H-lc. E, 
difference spectrum obtained by irradiation of H- Id. 

method of sequence and linkage determination. Thus nOe 
difference spectra permitted the proton attached to the aglyconic 
carbon atom to be identified, and in the NOESY contour plot the 
same resonance is correlated via a cross-peak to the anomeric 
proton involved in each glycosidic linkage. The results of the 
nOe difference and NOESY experiments (Figs. 4 and 3(b)) 
require that residue a ( a - D - ~ e r N ~ c )  is linked a-1,3 to a-L-Fuc 
(residue c), since irradiation of H-la resulted in nOe's for H-2a 
and, in addition, for a proton which may only be one of H-2c, 
H-3c, or H-4c. Thus residue a must be glycosidically linked to 
residue c and the 13c data (Table 2) require that the position of 
this linkage be C-3c. The a-L-Fuc unit is linked to the 4 position 
of the P-D-Glc residue since the dipolar coupling across the 
glycosidic bond is to either H-3d or H-4d, and 13c data (Table 2) 
indicated that the aglyconic carbon atom was C-4d. The 
P - D - g l ~ ~ ~ p y r a n ~ ~ y l  unit exhibited significant intra-ring nOe's 
between H-ld,  H-3d, and H-5d, which was consistent with the 
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FIG. 5. Heteronuclear ' H / ' ~ c  shift correlation map for the spectral regions of F Z ,  6 106.0-47.0 ppm and F , ,  6 5.30-3.10 ppm. The sample, 
60 mg of de-0-acetylated polysaccharide dissolved in 500 pL of D 2 0 ,  gave acceptable S /N after 800 scans, permitting data to be acquired at 3 10 K 
during 62.5 h of instrument time. The respective I3C and ' H  one-dimensional projections are displayed along the F 2  and F I  axes. 

1,3 diaxial orientation of the protons of this pyranosyl moiety. 
The largest inter-ring nOe was observed between H-ld and 
H-3b, in agreement with the downfield shifted C-3b resonance. 
Thus the P-D-Glc, residue d, was linked 1,3 to a-D-GalNAc, 
unit b. Lastly, nOe's observed from H-lb to H-2b and either 
H-2a or H-3a established the sequence b-a, but again overlap of 
crucial proton resonances failed to distinguish between the two 
possible sites of the inter-ring linkage. However, the one- 
dimensional nOe difference spectrum showed a narrow multi- 
plet at 6 4.02 suggesting a 1,2 linkage, which was supported by 
the 13C shift of C-2a. Although overlap of proton resonances 

H-2a/H-3a, H-2c, H-3c/H-4c, and H-3d/H-4d complicated 
identification of linkage position in three out of four cases, the 
proton nOe experiments did permit the repeating unit sequence 
a-c-d-b to be established. In combination with the 'H/l3C 
correlation map, linkage positions were clearly and unambi- 
guously determined. In this connection the assignment of 13C 
resonances made possible by the extensive homo- and hetero- 
nuclear shift correlations was an essential element of this 
approach. 

The chemical repeating unit of the Salmonella landau 
0-antigen determined by nrnr methods was 
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BUNDLE ET AL. 

FIG. 6. Ball and stick (A) and CPK (B) models of a hypothetical minimum energy conformation of the pentasaccharide of S .  landau 0-antigen, 
unit sequence PerNAmFumGlmGalNac+PerNAc (designated a + c + b b a ) .  The + / a  values for each of the consecutive glycosidic 
linkages are presented in Table 3. The torsional angles H-5-C-5-C-6-0-6 depicted for the Glc and GalNAc residues are -60" and -60". 

I Hydrogen atoms of hydroxyl groups are omitted from the calculation and the model plots. 

' As previously mentioned, the native polysaccharide carried one 
0-acetyl group for every two repeating units and the location of 
this group remained the outstanding feature to be determined. 
The chemical shifts of the 13C resonances affected by the 
occurrence of an ester-linked acetate are recorded in Table 2. 
Proton and I3c data indicated that one in two repeating units 
carried an 0-acetate group, which complicated assignment 
since resonances due to acetylated and non-acetylated structural 
elements exhibited similar intensities. It was immediately 
obvious from a I3C DEPT experiment (26), which distinguishes 
methine and methylene carbons, that the C-6d resonance at 
60.74 ppm was reduced in intensity and a new signal, downfield 
shifted by 2.39 ppm and also due to C-6d, had appeared in this 
spectrum of the native polysaccharide. Similarly, new reso- 
nances occurred corresponding to other carbon atoms in 
immediate proximity to the site of acetylation; thus the C-5d 
resonance was upfield shifted by 4.30 ppm, whilst C-4d 
exhibited a downfield shift of 1.76ppm, a pattern of shift 
changes consistent with C-6d as the site of acetylation, and with 
literature values for the sign and magnitude of these shifts (27). 
In agreement with this, C- l c  experienced a small but significant 
0.3-ppm shift, which could be expected since the a-L-Fuc, unit 
c, was linked 1,4 to the P-D-Glc residue. The H-lc signal was 
shielded by ca. 0.1 ppm (Fig. 1) and both these effects could be 
anticipated, since a 1,4 linkage places the anomeric centre of 
residue c in close proximity to the hydroxymethyl group of unit 
d (Fig. 6) (28). Examination of a resolution enhanced proton 
spectrum of the native polysaccharide revealed that the multi- 
plets due to the acetylated H-6d resonances were located at ca. 
4.30 and 4.55 ppm. Minor shift differences throughout the ring 
protons of residue d were observed but, with the exception of the 
H-lc signal, barely perceptible shifts were seen for other ring 
protons. Finally, nOe difference spectra performed by irradia- 
tion of each H-lc signal, due to acetylated and non-acetylated 
components, showed that an nOe to a multiplet centred at 4.30 

ppm, a downfield shifted H-6d resonance, could be detected 
only for irradiation of the shifted H-lc  resonance. The native 
Salmonella serogroup N 0-chain, therefore, possesses the tetra- 
saccharide sequence shown above, which may be acetylated at 
0-6d and, in the case of Salmonella landau, carries one such 
0-acetyl per two repeating units. 

Finally, drawing on the network of inter-ring nOe's in 
combination with semi-empirical calculations, it was possible 
to propose a three-dimensional model of the 0-antigenic 
polysaccharide. The minimum energy molecule calculated by 
the HSEA method (24, 29) and by application of the related but 
more sophisticated GESA programme (30) gave + and I) values 
for each glycosidic linkage that differed in each +,I) pair 
(calculated by either method) by less than 5 degrees (Table 3). 
The distance matrix for this molecule without the 0-acetyl 
group at 0-6d was consistent with the nOe data from the 
one-dimensional experiments and the semi-quantitative data 
obtained from NOESY experiments carried out with different 
mixing times. In addition to the short interproton distances 
corroborated by the pattern of observed nOe's, specific de- 
shielding effects may be correlated with short, ca. 2 .5& 
oxygen-to-proton distances (Table 3). One such case is the H-5c 
resonance that, compared to the chemical shift observed in the 
corresponding glycoside (18), is deshielded by 0 .4p m. This 
correlates with a H-5c to 0-3d separation of 2 . 5 1  in the 
minimum energy conformation. These results are in agreement 
with similar observations made for other 0-antigens, in that the 
HSEA-calculated conformation for the repeating unit also 
satisfies the observable nmr parameters for the polymeric 
structure (31, 32). Ball and stick and CPK projections of the 
repeating unit without the 0-acetyl group are presented (Figs. 
6A and 6B). 

In this study we have used the COSY, NOESY, and hetero- 
nuclear shift correlated experiments for the structural analysis 
of a polysaccharide. The most powerful of the three is the COSY 
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TABLE 3. Glycosidic torsion angles and selected interatomic distances for the S. landau repeating unit in the minimum 
energy conformation 

Glycosidic torsional angles 

Parameter a-o-PerNac-(1 + 3)-a-L-Fuc-(I 4 4)-P-D-Glc-(1 + 3)-a-D-GalNac-(1 + 2)-a-D-PerNac 

-50.0°/- 11.5" 43.0°/7.00 53.5°/15.0" -42.5'1-23.0" 

Selected inter-atomic H-la,  H-3c 2.47; H-lc,  H-4d 2.33; H-ld ,  H-3b 2.49; H- 1 b, H-2a 2.44 
distances (in A) across H-5a, H-4c 2.31 ; H-5c, 0-3d 2.62; 0-5d,  H-3b 2.50; 0-5b,  H-2a 2.70 
glycosidic bonds 0 -5a ,  H-3c 2.64; 0-5c ,  H-4d 2.79; H-5b, H-la  2.39 

experiment, which through the rigorous assignment of the 
proton spectrum provides the key to the assignment of the I3C 
spectrum and, finally, the interpretation of the nOe's in terms of 
linkage and sequence. Although the quantity of polysaccharide 
or spectrometer time available does not always allow the 
13c/'H shift correlation experiment to be performed, it is clear 
that the assignment of linkage position can often only be 
unambiguously decided by reference to the chemical shifts of 
the aglyconic carbon atoms, which are most readily obtained 
from this experiment. Less time demanding experiments (33, 
34) to identify the aglyconic carbon atoms are available but the 
unambiguous identification of these is then dependent upon 
correct assignment of the remaining ring carbon atoms. Al- 
though these may often be assigned by inspection or comparison 
with extensive literature data (21, 22), a rigorous treatment 
requires a ' H / ' ~ c  correlation map. Elaborate nmr experiments 
to establish polysaccharide structure, although possible, are not 
necessarily the most practical approach to structural analysis. 
Recent publications from this laboratory illustrate the effective 
combination of classical methods with high resolution nrnr at 
high field strength for the analysis of complex bacterial 
polysaccharides (35, 36). Conventional methylation analysis 
can most effectively establish linkage positions, leaving the nOe 
experiment to determine the sequence of saccharide units either 
in the polymer itself or within fragments readily obtained by 
particular degradation techniques suited to the structure under 
study. Such an approach combats the problem encountered even 
at 500 MHz (37), overlapping and poorly separated ring proton 
multiplets. 

Experimental 

inositol as an internal standard. Polysaccharide samples (0.5 mg) were 
hydrolyzed in sealed glass tubes with 1 M sulphuric acid (500 kL) for 
15 h at 100°C followed by barium carbonate neutralization. Amino- 
glycose estimation was performed following hydrolysis with anhy- 
drous hydrofluoric acid (500 kL) for4  h at 20°C, HFwas evaporated by 
a stream of dry nitrogen, and the amino-hexose was converted to either 
an alditol acetate or TMS derivative. The configuration of the 
individual hexoses was determined by glc analysis of their trimethyl- 
silylated (-)-2-butyl glycosides (12). 

Alditol acetates were separated on a column of 3% (w/w) SP2340 on 
80-100 mesh Supelcoport, and trimethylsilylated derivatives were 
separated on a column of 10% neopentylglycol sebacate polyester on 
80-100 mesh Chromosorb W, both as previously described (7). 

Gas-liquid chromatography - mass spectra were done using a 
Hewlett-Packard 5985B glc-ms system employing the 3% (w/v) 
SP2340 column above and an ionization potential of 70 eV. ldentifica- 
tion of each hexose was based upon comparison of retention time and 
mass spectrum with those of authentic laboratory reference specimens. 

Nuclear magnetic resonance measurements 
Two solutions of the polysaccharide in deuterium oxide (5 mg/ 

400 k L  and 80 mg/mL) were prepared for 'H and I3C measurements 
respectively. All spectra were recorded in the pulsed Fourier transform 
mode, with quadrature detection on a Bruker AM-500 spectrometer 
using either selective or dual ' H / ' ~ c  5-mm probeheads and a 10-mm 
broadband probehead. 

Proton spectra, 500MHz, were recorded at 300 and 310 K using 
spectral widths of 2.5 kHz, a ~ r / 2  pulse (9 k s  for selective and 28 k s  for 
the dual probehead), a 16K data set for a digital resolution of 
0.3 Hz/point, an acquisition time of 3 .2  s ,  and a relaxation delay of 
3.0 s during which an r.f. field, 22 dB below 0 .2  W,  was applied at the 
resonance frequency of the HOD signal. Resolution enhancement prior 
to Fourier transformation was achieved in one of two ways; either the 
Lorentz-to-Gauss line shape transformation (41) was used with typical 

Bacterial strain and growth 
Saltnonella landau (LCDC S-1358; NRCC 4124) a Kauffman- 

White serogroup N organism, was obtained from Dr. H. Lior, 
Laboratory for Disease Control, National Health and Welfare Canada, 
Tunney's Pasture, Ottawa, Ontario. Bacteria were grown in a 28-L 
fermentor on brain heart infusion media in submerged culture for 18 h 
(7) and cells were killed by addition of phenol to 0.75% (w/v) final 
concentration. After 2 h at 6"C, cells were collected by centrifugation 
in a Sharples continuous centrifuge, and the twice-saline-washed cells 
were digested with lysozyme, ribonuclease, deoxyribonuclease, and 
trypsin (38), followed by phenol-water extraction (39). Purified LPS 
(250mg) from the phenol phase was heated in 1.5% acetic acid 
(200mL) for 2 h at 100°C. Precipitated "lipid A was removed by 
centrifugation and the supernatant was lyophilized and chromato- 
graphed on a Sephadex G-50 column (2.5 x 60 cm) eluted with 0.05% 
pyridinium acetate pH 4.7 buffer. The column effluent was monitored 
for refractive index changes and the peak eluting at the void volume 
was collected and lyophilized (IOOmg), once from water and twice 
from deuterium oxide. 

values for line broadening of - 1.0 Hz and a Gaussian broadening 
factor of 0.4, or a non-shifted sine bell filtering function was used for 
maximum resolution enhancement with good S / N  (signal-to-noise). 
Chemical shifts are expressed relative to internal acetone (1%) (6 = 
2.225 ppm). In order to optimize delay periods for 2-D experiments, 
proton TI values were determined by the nonselective inversion 
recovery method (42) and were ca. 1.5 s for the hexose ring protons. 
Heteronuclear 'JC,H coupling constants for the anomeric positions were 
measured by gated decoupling (18). 

Carbon- 13 spectra, 125 MHz, were recorded at 3 10 K for a 25-kHz 
spectral width using a ~ r / 2  pulse (8.5 ps  for the 5-mm and 22 ks  for the 
10-mm probeheads) and a 32 K data set. In order to minimize heating 
effects, gated broadband decoupling of 1 W was used to establish nOe 
buildup during a delay period of 0 .7  s,  followed by ca. 1-W composite 
pulse decoupling (WALTZ) (43) during a 0.65 s acquisition time. 
Coupled and decoupled DEPT experiments (26) were performed for a 
12.5-kHz spectral width, using a 3 ~ / 2  proton pulse to distinguish CH 
and CH2 resonance and for enhanced S / N  during measurement of the 
anomeric 'JC,H coupling constants. The delay between pulses (2J)-I 
was set at 3.4 ms. Chemical shifts are expressed relative to internal 

Gas chromatographic analysis 1,4-dioxane (1% v/v) (6 = 67.4 ppm). 
Glycoses were determined by glc of their alditol acetates (40) using Two-dimensional nrnr experiments were recorded by means of the 
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Bruker DISNMRP software. Homonuclear shift correlated COSY (44) 
and NOESY (45) experiments were performed with and without 
suppression of the HOD resonance. Selective and continuous irradia- 
tion at the frequency of the HOD signal using decoupler power 40 dB 
below 0.2 W, except during acquisition, provided optimal suppression 
of this solvent peak. The COSY and NOESY data were obtained using 
a matrix ( t ,  X t2) of 256 X 1024 points that was zero filled to either 
512 X 1024 or 1024 X 2048 points and, following resolution enhance- 
ment in both dimensions by a non-shifted sine-bell window function, 
the doubly-transformed data were processed to give magnitude spectra. 
The spectral width of the matrix was 2500 Hz in both dimensions (a 
digital resolution of either 4.88 Hz/pt or 2.44 Hz/pt depending on the 
level of zero filling employed). The n / 2  pulse was 9.0 KS and a 
minimum delay of 1.5 s was used between transients for each value of 
the incrementable delay tl . The number of transients per FID was 64 for 
the COSY and 128 for the NOESY experiments. 

Heteronuclear shift correlated spectra (46) were recorded on a 
500-KL sample (containing 60 mg of polysaccharide) in a 5-mm tube 
usinga spectral width in F2 of 7800 Hz (62 ppm) covering the anomeric 
and ring carbon atoms, and 1140 Hz (2.24 ppm) in F, for the 
corresponding protons. The data were obtained uskg a matrix ( t ,  X t2) 
of 256 x 2048 points that were zero filled to 1024 x 4096 points and 
doubly transformed to give a power spectrum. The a 1 2  pulse widths 
were 8.5 KS for I3C and 30.0 KS for IH, while the fixeddelays T I  and T~ 

were selected for all multiplicities ( T ~  = (2J)-' 3.4 ms, TZ = (4J)-l 
1.7 ms). Digital resolution in F2 was 3.8 Hz/pt and inF1,  1.1 Hz/pt. A 
recycle delay of ca. one proton TI was employed, and 800 transients/ 
FID were collected and composite decoupling of ca. 1 W was applied 
during acquisition in order to minimize heating effects. Gaussian 
window functions were used in both dimensions, a line broadening of 
5 Hz was employed for the F2 domain, whilst the FI domain was 
optimized by the Lorentz-to-Gauss transformation employing a line 
broadening of -4.0 Hz and a Gaussian broadening factor of 0.3. The 
total acquisition time was 62.5 h. 

Semi-empirical calculations 
Semi-empirical potential energy calculations, HSEA method (29, 

30), were used to compute the minimum energy for a pentasaccharide 
corresponding to the repeating unit of S. landau 0-polysaccharide. 
Calculations were performed in 5-degree steps of the + and + angles, 
for each disaccharide segment of the polysaccharide, and the glycosidic 
valence angle was set at 117'. The same structure was also modelled 
using the GESA (29) programme, which uses an algorithm that allows 
all the glycosidic torsion angles to be simultaneously relaxed together 
with the H5-C5-C6-06 torsion angles. The atomic coordinates 
for heavy atoms of a-L-fucopyranose (47), P-D-glucopyranose (48), 
and 2-acetamido-2-deoxy-a-D-galactopyranose (49) were taken from 
X-ray data and the coordinates of the hydrogen atoms were generated as 
previously described (30) using a C-H bond length of 11.0 nm. 
Coordinates for 4-acetamido-4,6-dideoxy-a-D-mannopyranose were 
generated by bond modification of a-D-mannopyranose neutron dif- 
fraction data (50). The N-acetyl group was positioned such that the 
carbonyl bond eclipsed the C-4 to H-4 bond. An 0-acetyl group was 
also positioned on the 0-6d atom of P-D-Glc and the minimum energy 
recalculated for incorporation of this feature. 

The ball and stick drawings and shaded CPK plots were produced by 
the PLUTO and VERSFAN (5 1) programmes. All programmes were 
run on the NRC IBM 3080 computer. 
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Ternary charge transfer complexes. 11.' Complexes with Group I11 and IV elements 
in the anion2 
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SYDNEY BROWNSTEIN, ANNE MORRISON, and LIANG K. TAN. Can. J. Chem. 64, 265 (1986). 
Intensely colored charge transfer complexes are formed from NOMX4 (M = B,Al,Ga,Tl; X = C1,F) and benzene or methyl 

substituted benzenes. (N0)2MX6 (M = Si,Ge,Sn,Ti; X = C1,F) also form complexes with methyl substituted benzenes. 
Magnetic resonance and optical spectroscopic parameters are presented. NOMX4 forms stronger complexes than (N0)2MX6 and 
complexes containing fluorine are stronger than those with chlorine. 

SYDNEY BROWNSTEIN, ANNE MORRISON et LIANG K. TAN. Can. 1. Chem. 64, 265 (1986). 
I1 se forme des complexes de transfert de charge tres colores lors des rCactions du benzene ou de benzenes substituis par des 

groupements methyles avec des derives NOMX4, dans lesquels M = B, Al, Ga et TI alors que X = C1 et F. Les dCrivCs 
(NO)2MX6, dans lesquels M = Si, Ge, Sn et Ti alors que X = C1 et F, forment aussi des complexes avec les benzknes substitues 
par des groupements mithyles. On rapporte les parametres de rmn et de spectroscopie optique des complexes. Les NOMX4 
forment des complexes qui sont plus forts que ceux provenant des (N0)2MX6 et les complexes contenant du fluor sont plus forts 
que ceux contenant du chlore. 

[Traduit par le journal] 

Introduction 
The preparation of stable charge transfer complexes of NOCl, 

MCl,, and an aromatic hydrocarbon has been reported (1). In 
this article the properties of such complexes will be discussed as 
a function of the aromatic compound and the counterion to the 
NO group, where the central element of the counterion is from 
Group I11 or IV of the periodic table and the halogen is chlorine 
or fluorine. 

I Following is a brief description of the nitrosyl salts that were 
/ used in this study. A reproducible synthesis of NOBC14 has been 

reported (2). From an analysis of its Raman spectrum (3) and the 
temperature dependence of its dissociation it is concluded that 
the compound should be formulated as NO+BC~,- (4). NOBF4 
is also a well-known ionic solid (5). Both Raman (6) and X-ray 
(7) studies of NOAlCl, support its formulation as an ionic solid. 
There is no definitive evidence for NOA1F4 nor (N0)3A1F6. 
NOGaCl, may be readily synthesized from excess NOCl and the 
metal (8). An apparently definitive study has been made on the 
synthesis of NOT1Cl4 (9). (NO),SiF6 (lo), (N0),GeF6 (1 I), 
(NO),SnF6 (lo), and (N0),TiF6 (10) are known, but the mixed 
chloride fluoride has only been reported with tin as central atom 
(12). There is no report of (N0),MC16; M = Si, Ge. The 
compound (N0)2SnC16 is an ionic compound insoluble in liquid 
nitrosyl chloride (13). Both it and (N0),TiC16 can be readily 
prepared by reaction of NOCl with the metal chloride dissolved 
in CC14 (14) 

The existence of charge transfer complexes was first es- 
tablished with iodine/aromatic complexes, where equilibrium 
constants of 1 and 6 were found for their formation with benzene 

I and mesitylene (15). The appearance of a new, intense ultra- 
, violet absorption maximum, which is definitive for these com- 
I plexes, was explained as arising from the partial transfer of a lI 

electron from the donor to the acceptor species (16). Strong 
complexes were found with tetracyanoethylene as acceptor, 
giving equilibrium constants of 2 and 17 for benzene and mesi- 
tylene (17). 

 he preceding article in this series is ref. 1. 
'issued as NRCC No. 25 103. 
3 ~ u t h o r  to whom correspondence may be addressed. 

Complexation of the nitrosyl cation with aromatic com- 
pounds was first reported in 1963 (18), and has been studied in 
solution and in the gas phase by optical and ion cyclotron 
resonance spectroscopy (19, 20). Solid charge transfer com- 
plexes between the ;itrosyl cation and aromatic compounds 
were only recently reported and have much greater stability 
towards dissociation than those with iodine and tetracyano- 
ethylene (1). Complexes of similar stoichiometry but with NO+ 
replaced by Ga+ have been reported (21,22). They are not charge 
transfer complexes since they are colorless and dissociate very 
readily. 

Experimental 
Magnetic resonance spectra were obtained on a Varian Associates 

XL-100 spectrometer equipped with a Nicolet Fourier transform 
attachment operating at 100 MHz for protons, or on a Bmker AM-400 
operating at 400 MHz for protons. All chemical shifts, except for I9F, 
are reported with respect to tetramethylsilane, although neopentane 
was used as an internal reference since it is inert under these conditions. 
A correction of 0.92 ppm was applied for protons and 3 1.4 ppm for I3C. 
Fluorine chemical shifts are reported with respect to internal CFC13 as  
zero. Visible spectra were obtained on a Cary 210 spectrometer in 
CH2C12 as solvent. 

Chemicals 
Nitrosyl chloride, nitrosyl fluoride, boron trichloride, boron tri- 

fluoride, aluminum trifluoride, silicon tetrafluoride, germanium tetra- 
fluoride, stannic fluoride, and bromine trifluoride were used without 
further purification. Benzene, toluene, p-xylene, mesitylene, sulfur 
dioxide, neopentane, and methylene chloride were purified and used as 
previously described (23, 24). 

Aluminum chloride, purified by repeated vacuum sublimation, was 
transferred in a dry box under dried nitrogen, via a sidearm, to a glass 
tube closed by a stainless steel valve. The sidearm was then sealed 
under vacuum. An excess of nitrosyl chloride was condensed into the 
reactor and the reaction was allowed to proceed to completion in excess 
NOCl as solvent. All volatile materials were removed by pumping 
under vacuum to give NOA1C14, which was stored under vacuum. 
NOGaC14 was prepared in a similar manner except that the pure metal, 
rather than the chloride, was used as starting material. NOT1C14 was 
prepared directly in the spectral cell by reaction of NOCl with the 
appropriate amount of anhydrous thallic chloride. Both SnC14 and 
TiCI4 were vacuum distilled into containers closed with Teflon high 
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TABLE 1. Chemical shifts of some boron, aluminum, and gallium chloro and fluoro species 

Sample = l l ~ a  - z 2 7 ~ l b  - Z7'Ga 6 1 9 ~  

MC13 
MC13.NOCI + NOCl 
MC13.NOC1 + MC13 
Tetramethylammonium MC14 
MC13.NOCI + benzene 
MCI3.NOC1 + toluene 
BF3 
Tetramethylammonium BF4 
BF3.NOF + p-xylene 
MF3.NOF + mesitylene 

MF3.NOF + hexamethylbenzene 

" for (CH30)3B is 32 084 591. 
for (CH,CH2)3AI is 26 060 416 and for ~1~~ aq. is 26 056 874. 

' Reference 25. 

vacuum stopcocks. (N0)2MC16; M = Sn, Ti,  were prepared in the 
reaction vessels by vacuum transfer of weighed quantities of NOCl and 
MCl,. A s~milar procedure was followed with (N0)2GeF4C12. An 
excess of NOF was added to SnC14 or TiCI, dissolved in SO2 and all 

I volatile materials were removed under vacuum to give white, solid 
(N0)2MC14F2; M = Sn,Ti, in good yield. Some attack of the NOF upon 

I 
I the glass reaction vessel was observed. (N0)&IF6; M = Sn,Ti, were 

prepared by reaction of MF4 with neat BrF3 and NOC1, followed by 
evaporation of the volatile species under vacuum. Attack on the reac- 
tion vessel was observed. (N0)2MF6; M = Si, Ge was prepared directly 
from NOF and MF4 in SO2 solution. 

Sample preparation 
An appropriate weighed quantity of NOMC1, was transferred in a dry 

box into either an nmr tube equipped with a straight-line, high vacuum 
Teflon stopcock or a similarly equipped sidearm to a quartz curette 
containing a magnetically controlled spacer to vary the optical path 
length. The other reagents were then transferred as vapors, via a 
vacuum line system, to the container. The quantity of solvent was 
weighed in a precalibrated container before transfer to the spectral cell 
so that accurate equilibrium constants or extinction coefficients could 
be calculated. Aromatic compounds of low volatility were weighed and 
added, in the dry box, to NOMC14 before addition of the volatile 
species. Similar procedures were followed with (N0)2MC16 except that 
its transfer, as such, was unnecessary. 

Results and discussion 
The reaction of NOCl and BC13 in anhydrous methylene 

chloride as solvent does not immediately lead to the formation 
of solid insoluble NO+BC14-. From the boron chemical shift 
values listed in Table 1 for freshly prepared samples containing 
NOCl and BC13 it appears that there is immediate complex 
formation and rapid exchange between complexed BC13 and an 
excess of free BCl,. After several hours there is extensive 
precipitation and the samples set to a semi-solid mass. The 
boron chemical shifts agree with those observed for the di- 

I methyl sulfide complex (25). Although the characteristic deep 
color of a ternary charge transfer complex was observed for 

I solutions containing toluene, p-xylene, and hexamethyl- 
benzene, the erratic onset of precipitation of NOBC14 prevented 
a detailed study of these systems. 

The reaction of NOF and BF, in sulfur dioxide as solvent 
immediately produces white, solid, insoluble NOBF4. A pale 
yellow solution with an excess of benzene, and orange with an 
excess of toluene, are formed in SO2 with negligible solubiliza- 

tion of the NOBF,. Most of the NOBF, is brought into solution 
with an excess of p-xylene to give an intense red color. From 
the boron and fluorine chemical shifts, listed in Table 1 for the 
complexes with p-xylene, mesitylene, and hexamethylben- 
zene, one can conclude that in these soluble complexes the ion 
BF4- is in a similar environment to that oftetramethylammonium 
fluoroborate dissolved in SO,. The proton resonance and uv 
spectra of the NOBF4.hexamethylbenzene complex are listed in 
Table 2. 

NOAIC14 is quite soluble in liquid sulfur dioxide. There is 
rapid exchange between the complexed AlCl, and an excess of 
free A1Cl3, but little change in chemical shift of 27A1 from that of 
NOA1Cl4 upon formation of a ternary charge transfer complex. 
The chemical shift values for some representative samples are 
listed in Table I .  The chemical shift values are consistent with 
those observed for the AlCl,.dimethyl ether complex (25). The 
dependence of the proton and carbon chemical shifts of benzene 
upon the relative concentrations of the free and complexed 
species is shown in Table 3. It is assumed that all the benzene is 
complexed in the presence of excess NOA1Cl4. From the chem- 
ical shifts thus obtained for pure complex and that of benzene 
alone, it is possible to calculate the equilibrium constant f o ~  
complex formation from the chemical shifts observed with ar 
excess of benzene. The large values found in this way confinr 
the assumption of complete complex formation with exces: 
NOAlC14. The accuracy of the calculations is quite poor since i 
depends upon a small difference between two large numbers 
The calculated values are listed in Table 3. 

Proton and carbon chemical shifts in SO2 solution anc 
uv-visible spectral data in CH2C12 solution for many complexe! 
with NOAlC14 are listed in Table 2. For comparison, the UI 

parameters are listed for the uncomplexed hydrocarbons and fo 
the tetracyanoethylene (TCNE) complexes. 

The reaction of AlF3 with NOF in SO2 as solvent requires I 
few minutes at room temperature. Under these conditions thc 
Pyrex glass also reacts, so that upon addition of the aromatic 
hydrocarbon one gets a mixture of the charge transfer com 
plexes with NOBF4, (N0),SiF6, and nitrosyl aluminum fluoride 
The relative proportions can be inferred from the intensities o 
the fluorine resonance signals, which confirms the reaction be 
tween NOF and AlF,. Proton chemical shifts and visible ab 
sorption parameters will be average values and not definitive 
but the 19F and 2 7 ~ 1  chemical shifts of some complexes are listec 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BROWNSTEIN ET AL 

TABLE 2. Magnetic resonance and ultraviolet spectral parameters for some aromatic hydrocarbons and their NOMX4 and 
(N0)2MX6 complexes 

Compound 

Benzene 
NOA1CI4.Benzene 
NOGaCI4.Benzene 
NOT1CI4.Benzene 
Toluene 

(N0)2SnC16. tert- butylbenzene 
p-Xy lene 
NOA1CI4.p-xylene 
(NO)2SnC14F2.p-xylene 

3600 (weak) 
2750 
3400 

(NO)2TiC16.p-~y~e~e 
Mesitylene 
NOA1Cl4~mesity1ene 
(NO)2SiF6.mesitylene 
(NO)2SnC16~mesitylene 
(NO)2SnC14F2.mesitylene 
(N0)2TiC16.mesitylene 
(N0)2TiC14F2.mesitylene cis 

and trarzs 
Hexamethy lbenzene 
NOBF4.hexamethy lbenzene 
NOA1CI4.hexamethy lbenzene 
(N0)2SiF6. hexamethylbenzene 
(N0)2Ge C12F4.hexamethylbenzene 
(N0)2GeF6. hexamethylbenzene 
(NO)2SnC16.hexamethylbenzene 
(NO)2SnC14F1.hexamethylbenzene 
(N0)2Ti C16.hexamethylbenzene 
(N0)2TiC14F2.hexamethylbenzene 
(N0)2TiF6.hexamethy lbenzene 
Chlorobenzene 

NOGaCI4.chlorobenzene 

" Data from ref. 17. 

2900 (shoulders) 

in Table 1. These were confirmed for the hexamethylbenzene 
complex by a synthesis using BrF3 and NOCl (26). 

Evidence from uv, and from proton, fluorine, and carbon 
resonance spectroscopy shows that (N0)2SiF6 is brought into 
solution and forms charge transfer complexes with mesitylene 
and hexamethylbenzene but not with less highly methyl substi- 
tuted benzenes. The data are presented in Table 2. Similar 
reactivity was observed with (N0)2GeF6. The fluorine chemical 
shifts for these species are listed in Table 4. The mixed chloro- 
fluoride (N0)2GeF,C12 also forms a complex with hexameth- 
ylbenzene and spectral parameters are listed in Tables 2 and 4. 

(N0)2SnC16 forms complexes of reasonable stability with 
hexamethylbenzene and mesitylene. The mixed chloride fluor- 

ide (N0)2SnC14F2 is brought into SO2 solution and forms com- 
plexes with p-xylene, toluene, and benzene as well. Spectral 
data are listed in Tables 2 and 4. Where complex formation is 
not essentially complete, proton and carbon chemical shifts are 
not listed since these would be average values for the mixture of 
free and complexed hydrocarbon. Neither SnF2 nor SnF4 react 
with NOF or NOCl in SO2 suspension. (NO),SnF6, prepared 
from SnF4, BrF3, and NOCl (26), appears to react, at least 
partially, with benzene and the other aromatic hydrocarbons. 
Spectral data are listed in Tables 2 and 4. Reactions with TiX4 
are essentially similar to those with SnX4 and their spectral 
parameters are also listed in Tables 2 and 4. 

Complexes with fluorine in the anions appear to form more 
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TABLE 3. Chemical shifts and equilibrium constants for ternary complex formation 

[Complex] [Benzene] 

" Concentrations are given as mole fractions. The subscript indicates initial concentrations 
In ppm to low field of TMS. 

TABLE 4. Fluorine resonance shifts of some charge transfer complexes 

Compound S I 9 ~  

SiF, 
(NO)2SiF6.hexamethylbenzene 
GeF4 
(NO)2GeF4C12~hexarnethylbenzene 
(N0)2GeF6. hexamethylbenzene 
(N0)2SnC14F2 cis and trans 
(N0)2SnC14F2.hexamethylbenzene 
(NO)2SnC14F2.mesitylene 
(NO)2SnC14F2.p-xylene cis and trans 
(N0)2SnC14F2.toluene 
(N0)2SnC14F2.benzene 
(N0)2TiC14F2.mesitylene cis and trans 
(NO)2TiC14F2.hexamethylbenzene cis and trans 
(NQ2TiF6.hexamethy lbenzene 

- 162.2 
- 138.6 
- 168.1 
-161.9 
-129.1 

-62.1 and -67.8 
-62.4 
-62.9 

-63.3 and -68.2 
-63.4 
-63.2 

- 18.4 and - 121.9 
-20.6 and -1 10.7 

47.0 

readily than those which only contain chlorine ligands. Thus 
NOBF4 is brought into solution by p-xylene, mesitylene, and 
hexamethylbenzene to form a complex, but NOBC1, is not. 
Reasonably complete complex formation is observed with 
(N0)2SnC14F2 and toluene, but with (N0)2SnC16 mesitylene is 
required for a complex of similar strength. 

It is reasonable to assume that the displacement to lower field 
of the chemical shift for the ring protons and carbon atoms in the 
charge transfer complexes, compared to the uncomplexed hy- 
drocarbon, is probably larger when there is greater electron 
transfer. This displacement increases from 0.62 for the aromatic 
protons of benzene to 0.72 for toluene, 0.70 for p-xylene, and 
0.77 for mesitylene. A similar trend is found in the 7.9-ppm 
displacement of the aromatic carbons in NOAlCl,.benzene to 
18.9 ppm for NOAIC14.hexamethylbenzene. For a given hydro- 
carbon the extent of the shift of A,,, to longer wavelength is 
taken as an indication of the strength of complex formation 
within this series. Although the equilibrium constant for com- 
plex formation of an aromatic hydrocarbon is much greater with 
NOMC1, than with tetracyanoethylene, the long wavelength 
shift of the absorption maximum is greater with the tetracyano- 
ethylene complexes. The difference in the maxima between free 
and complexed hydrocarbono decreases for the NOMCI, com- 
plexes from benzene at 670 A to hexamethylbenzene at 560 A, 
while for the tetracyanoethylene complexes it increases from 
1.160 A for benzene to 2.670 A for hexamethylbenzene. These 

results suggest a slightly different origin for the charge transfer 
band in the two series of complexes. 

From these considerations one may conclude that within 
Group 111 the order of complex formation is NOA1Cl4>NOGa- 
Cl4>NOT1Cl4>NOBF4. It appears that the species NOMCI,; M 
= Al,Ga,Tl, form stronger complexes than (N0)2MX6; M = Si, 
Ge, Sn, Ti, X = Cl,F, since only the former have strong 
complexes with benzene. Within Group IV, titanium and tin 
complexes are of approximately equal strength, with those of 
germanium being weaker, and those of silicon still weaker. 
There is therefore a very significant effect of the anion upon the 
extent of charge transfer complexation in solution for this type 
of compound. 

There is a slight decrease in nuclear magnetic resonance 
frequency on going from MC13 to MC14- where M is boron or 
gallium, and a slight increase for aluminum. Similar shifts are 
observed upon reaction of BC13 or AlC13 with NOC1, but there is 
a very large gallium resonance change from GaC13 to NOGaCl, 
and its complex with benzene. There is no obvious explanation 
for the different behaviour of the gallium resonance since the 
proton and carbon resonances and uv spectra of its benzene 
complex are similar to those with aluminum and thallium. 

The moisture sensitivity of all of these complexes was such 
that meaningful infrared spectra could not be obtained. We were 
also unable to grow adequate quality crystals of these com- 
pounds for single crystal X-ray structure determinations. NO 
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Substituent effects on benzyl radical hydrogen hyperfine coupling constants (hfc's). 
Part 5. The comparison of electron spin resonance hfc's and the stabilization energy of 

vradicals due to spin delocalization 
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A.  MARTIN DE P. NICHOLAS and DONALD R. ARNOLD. Can. J. Chem. 64,270 (1986). 
Electron spin resonance (esr) hfc values of T-radicals are found to be linearly related to the stabilization energy due to spin 

delocalization. Application of this relationship to benzyl radicals permits the representation of a', values on an energy scale. 
Mulliken charges in the a -  and P-spin systems are found to provide valuable information about factors governing the effects of 
substituents on spin delocalization in benzyl radicals. These effects can be rationalized by considering four types of spin-spin 
interactions involving u- and T-electrons in the a -  and P-spin systems. The Mulliken analysis shows that all substituents are 
stronger T a-acceptors (or weaker T a-donors) at the para  position relative to the meta position. Similarly, in the P system the 
meta derivatives are the better acceptors. This may be understood in terms of the excess of T a-spin at the para-carbon and the 
excess of T P-spin at the meta-carbon. Similar effects are observed in the u framework. 

A.  MARTIN DE P. NICHOLAS et DONALD R. ARNOLD. Can. J. Chem. 64 ,270  (1986). 
On a trouvC que les valeurs de chf de la rpe des radicaux T sont relies d'une facon linCaire avec 1'Cnergie de stabilisation 

due 2 la dClocalisation du spin. L'application de cette relation aux radicaux benzyles permet de reprCsenter les valeurs u', sur une 
Cchelle d'Cnergie. On A trouvC que les charges de Mulliken des systemes de spin a et P foumissent des informations utiles 
concernant les facteurs gouvemant les effets des substituants sur la dClocalisation des spin dans les radicaux benzyles. On peut 
rationaliser ces effets en considkrant quatre types d'interactions spin-spin impliquant des Clectrons u et T dans les systkmes de 
spin a et p .  L'analyse de Mulliken montre que, par rapport aux substituants en position me'ta, tous ceux qui sont en position pa ra  
sont des accepteurs - a n  plus forts (ou des donneurs -an plus faibles). De la mCme manikre, dans les systemes substituCs en P, les 
dCrivCs substituCs en me'ta sont de meilleurs accepteurs. On peut comprendre ceci en fonction d'un exces de spin-a T sur le 
carbone en para  et d'un excks de spin-P 7~ sur le carbone me'ta. On observe des effets similaires dans le cadre des Clectrons u. 

[Traduit par le journal] 

Introduction 
The dominant interaction of the unpaired electron in a 

7-radical is with the electrons paired in the 7-bonds. Such 
interactions are characterized by the delocalization of the spin 
throughout the 7 system. The resulting spin density distribution 
is apparent from the electron spin resonance (esr) spectrum of 
these species. The esr hyperfine coupling constants (hfc's) reflect 
this delocalization of the unpaired electron and, intuitively, 
should be related to the stabilization energy of these radicals. 
Thus, we proposed the a', scale, based on esr hfc's of the 
benzylic hydrogens, which should indicate the effect of ring 
substituents on the delocalization, and therefore the stabiliza- 
tion, of benzyl radicals (1, 2). This substituent parameter scale 
is defined by eq. [I] .  

where a-hfc is the hfc due to the hydrogens at the benzylic 
position and the subscript indicates the substituent. 

Values of a', can be used in Hammett type linear free-energy 
relationships to assess the relative importance of variation in 
spin density on reaction rates and equilibrium. Although cor- 
relation of the rate of reaction, for example, with a', indicates 
benzyl radicals are involved, and the magnitude of the reaction 
constant, p', assesses the relative importance of the variation in 
benzyl radical stabilization on the rate of reaction, it has not 
been possible, up to now, to quantitatively evaluate p' values on 
an absolute energy scale (I) .  

In this paper, we describe how esr hfc's and experimentally 
determined rotational barriers (V2) can be used to quantitatively 
assess the effects of substituents on the 7-stabilization of benzyl 
radicals due to spin delocalization (SE(RV)). Accordingly, we 

will not include contributions from other stabilizing interactions 
in our assessment of radical stability. Hence, these SE (R') 
'values will differ significantly from other SE values based on the 
total stabilization of the open-shell species, R' .  For example, in 
polyenyl radicals SE (R') will be, by our definition, the addi- 
tional stabilization conferred on the radical on account of spin 
delocalization. 

In closed-shell species, a Mulliken population analysis (3,4) 
permits an understanding of the charge interactions present in 
the molecule. We have found such an analysis to be useful in 
rationalizing interaction energies in benzenoid systems (5). 
Here, we apply such an approach to substituted benzyl radicals. 
Mulliken charges in the a -  and P-spin systems are used to make 
a semiquantitative analysis of the interactions governing the 
stability of a radical. 

Details of calculations 
Standard single determinant MO theory was used. The ab  

initio MO calculations described were obtained by the use of the 
GAUSSIAN 76 program (6) on a Control Data CYBER 170- 
730 system. The open-shell, spin-unrestricted (UHF) pro- 
cedure was employed (7) to compute the energies of the benzyl 
radicals with the benzyl group coplanar with the phenyl ring. 
The minimal STO-3G basis set (8) was used. Partial geometry 
optimizations, subject to imposed symmetry constraints, were 
performed. A standard phenyl ring (optimized values for ben- 
zene) with hexagonal symmetry was assumed in every case (9). 
The parameters used for the STP-3G calculation were rcc = 
1.38669 A and rcH = 1.08258 A (9). 

Geometry optimizations were carried out at the STO-3G 
level (10). The rcH of the CH2 group for X=H was assumed for 
all the substituted radicals because the optimization of this para- 

' ~ u t h o r  to whom correspondence should be addressed. meter for the substituents, X = H, me&-F, para-F,  metal^^, 
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NICHOLAS AND ARNOLD 

TABLE 1. The total UHF 
energies of substituted benzyl 
radicals at the STO-3G level 

(EUHF) 

Substituent -EuHF(~u) 

H 265.87735" 
3-Me 304.46068 
4-Me 304.46064 
3-CN 356.43598 
4-CN 356.43646 
2-F 363.33550 
3-F 363.33581 
4-F 363.33574 
3-OMe 378.29038 
4-OMe 378.29031 

"Reference 10. 

and para-CN, in the coplanar form of XC6H4CH2 affected the 
total energy by less than 0.03 kJ mol- I .  Model CH3 groups (rcH 
= 1.09 A and <HCH = 109.47") were used for the methyl and 
methoxy substituents. For the methoxy radicals, the orientation 
of the OMe group with the C 4  bond perpendicular to the ring 
was found to be more stable than when it was coplanar with the 
ring. 

Except in the cases mentioned above, all other geometrical 
parameters of the substituent and the CH2 group were optim- 
ized. The STO-3G total energies are listed in Table 1. 

Results and discussion 
Relationship between T-stabilization energy and esr hfc's of 

r -radicals 
The r-stabilization energy of a T-radical, SE (R'), is given 

by eq. [2]: 

where V2 (CH2) and V2* are the rotational barriers of the CH2' 
group of the radical R' = ZCH2', in the presence and absence of 
spin delocalization, respectively (1 1, 12). In this section, we 
investigate the relationship between SE(R') and the a-hfc of the 
methylene hydrogens for a series of r-radicals. The relevant 
data are listed in Table 2; the radicals are arranged in the order of 
decreasing a-hfc's. 

The first radical considered is a hypothetical T-radical with a 
SE (R') of zero. The a-hfc of this species is equal to the Q value 
given by the McConnell relationship (13). 

[3] a-hfc = Q p 

where p is the r spin density, unity in this case. This Q value is 
obtained conveniently as the algebraic sum of the hyperfine 
coupling constants of the allyl radical (136). It is interesting to 
note that the Q value derived in this way is in excellent agree- 
ment with the a-hfc of the methyl radical, in a planar conforma- 
tion, corrected for vibrational effects (14). 

The a-hfc and SE (Re) values for the acetylmethyl (15) and 
allyl (1 1) radicals were available in the literature. The SE (Re) 
for the benzyl radical was assumed to be equal to that of the 
phenethyl radical (16). Such an assumption is reasonable be- 
cause the hfc for the benzylic (a)  and para-hydrogens are ap- 
proximately the same in the two radicals (17). 

H 

H 

5 s - t r a n s  - 
FIG. 1. A schematic representation of the relationship between the 

a-stabilization energy due to spin delocalization (SE (R')) and the 
activation barrier for the terminal s-cis s-trans isomerization in the 
pentadienyl radical. Values are given in units of kJ mol-I. 

In the pentadienyl and heptatrienyl radicals a direct deter- 
mination of SE (R') from eq. [2] is at present not feasible. Here 
we will show how these SE values may be estimated using the 
thermochemical cycle illustrated in Fig. 1 for the pentadienyl 
radical. 

From Fig. 1 we get: 

Substitution of eq. [2] in eq. [4] gives: 

where the subscripts P and A denote the pentadienyl and allyl 
radicals, respectively, and c and t correspond to the s-cis and 
s-trans forms of the pentadienyl radical, respectively. Values 
of El, the barrier to rotation of the terminal double bond about 
the C2-C3 bond, have been determined by esr spectroscopy 
(12). V,* corresponds to the Ei value in the perpendicular form 
of the radical. Since the CH2' group is orthogonal to the r 
system in this conformation, the Vc* barrier is analogous to the 
Ei* barrier in the following isomerization of closed-shell 
polyenes. 
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Hence, 

[6a] Ei* ( c  + t)n = Vc* (C + t), 

[6b] Ei* ( t  + c ) ~  = Vc* ( t  + c), 

where the pentadienyl and heptatrienyl radicals correspond to n 
= 0 and 1, respectively. For n = 0 , l  and 2, values of Ei*(c+ t) 
and Ei*(t + c) of 17 and 29 kJ mol- have been reported (18). 

From eqs. [5] and [6], we get values of 82 and 84 kJ mol- ' for 
the SE(R')p(o and SE(R')p(c,, respectively. The difference of 
10 kJ mol-' in the heat of formation for the two forms of this 
radical is approximately equal to the corresponding difference 
of 12 kJ mol-' in the closed-shell polyenes. That is, while the 
r-stabilization due to spin delocalization is the same for the two 
forms of the pentadienyl radical, the A P f  values differ on 
account of greater steric interaction in the cis form. According- 
ly, we may assume that in general, for a polyenyl radical (X), 

In the heptatrienyl radical, using arguments discussed above, 
we can write equations similar to eqs. [5a] and [5b]: 

where the subscript H denotes the heptatrienyl radical. An upper 
limit of 35 kJ mol- ' has been evaluated for Ei(c+ t), using the 
esr method and, since SE(R')p(c, and Vc*(c+ t), are known, a 
SE(R.), value of 102 kJ mol- ' is obtained from eqs. [7] and [9]. 

The linear relationship between the a-hfc of the methylene 
hydrogen and the r-stabilization energy, plotted in Fig. 2, is 
represented well ( r  = 0.997) by: 

[ lo] SE(R') (kJ mol-') = 145 + 3 - (5.75 * 0.20) a-hfc (G) 

It is interesting to note that the magnitude of the intercept in 
Fig. 2 is equal to half the r-bond energy in ethylene. We can 
rationalize this observation in the following way: spin delocali- 
zation is in essence the interaction of a-spin with P-spin. This 
interaction is at a maximum for the formation of the r-bond of 
ethylene from two CH2' moieties, with unit spin density on each 
of the carbons. The intrinsic energy of this r-bond is equal to 
twice the stabilization resulting from the complete "delocaliza- 
tion" (that is, bonding, in this case) of an unpaired electron in a 
r framework. Consequently, such "delocalization" results in 
zero residual spin on the carbons. Hence the SE(R') value of a 
hypothetical r-radical with a zero a-hfc should be equal to half 
the intrinsic energy of the r-bond in ethylene, as is observed. 

Green and Walton have alternatively suggested that SE(R') is 
dependent upon the logarithm of a-hfc (12). We favour the 
inverse linear relationship for several reasons. The correlation 
coefficient for the linear plot in Fig. 2 is excellent ( r  = 0.997), 
significantly better than for the alternative logarithmic relation- 

0  10  2 0  
ct- h f c  

( G  

FIG. 2. A plot of the T-stabilization energy (SE(R')) versus the esr 
hfc of a-H of the CH2 group (a-hfc) in T-radicals of the form 
ZCH2'. Points are numbered according to Table 2. The correlation 
coefficient for the line, including points 1-6, is r = 0.997. 

TABLE 2. Electron spin resonance hyperfine coupling cons- 
tants of the methylene hydrogens (a-hfc) and T-stabilization 

energies of T-radicals due to spin delocalization (SE(RS)) 

Radical a-hfc (G) SE(R')' ( k ~  mol-') 

1. Pseudo-methy 1 24.65' 0 
2. Acetylmethyl 19.7' 35' 
3. Benzyl 16.25" 5 2' 
4. Ally1 14.46 6 9  
5. Pentadienyl 10.0s 84" 
6. Heptatrienyl 7 . w  102" 
7. I 12 (CH2<H,)' 0 146' 

"Unless stated otherwise, SE values were calculated from eq. [ 2 ] ,  
assuming a V2* value of 4 kJ mol-' 

bFor a hypothetical radical with a zero SE value. 
'Reference 15. 
dReference 1.  
eV2 value assumed to be equal to that of the phenethyl radical and 

obtained from ref. 16. 
fReference 11. 
BReference 12a. 
hObtained after correction of value in ref. 12, as indicated in the text 

(eqs. [5 ]  and [9 ] ) .  
'A hypothetical radical with a zero a-hfc value (see text). 
IT-Bond energy from ref. 4. 

ship ( r  = 0.97). Furthermore, there is a fundamental inconsis- 
tency in the SE values derived by Green and Walton that causes 
us to question the validity of their analysis. For the pentadienyl 
and heptatrienyl radicals they have derived a total r-stabilization 
energy, SE(total), that includes contributions from factors other 
thanspin delocalization. Consequently, this leads to an artificial 
increase in the SE values in these two species relative to the 
other radicals. For example, the SE(tota1) for the benzyl radical 
corresponds to the sum of SE(R') and the intrinsic aromatic 
stabilization present in the benzyl radical with the CH2' group 
perpendicular to the ring. While such SE(tota1) values may be of 
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NICHOLAS AND ARNOLD 

TABLE 3. Total a and 7~ Mulliken group charges in monosubstituted  toluene^".^ 

"Reference 5. 
bqo(Y), q,(X), q,(Y), and q,(X) are the total a and .rr charges respectively donated (with- 

drawn) by a substituent, Y or X ,  to (from) the ring; Y = CH, and X = rnera o rpa ra  substituent. 
Negative (positive) q values indicate donation (withdrawal). 

TABLE 4. Total a and 7~ Mulliken group charges in monosubstituted benzyl 
radicals" 

Substituent 
(XI lo3 q,(y) lo3 q,,(~) lo3 q , ( ~ )  lo3 q n ( ~ )  

3-H -2.4 -61.1 -1.3 0 
4-H -2.4 -61.1 - 1.3 0 
3-Me - 1.5 -3.5 -0.5 -6.1 
4-Me - 1.7 -3.5 0.1 -6.0 
3-CN -9.8 96.2 -7.1 13.9 
4-CN -8.2 95.9 -7.5 14.2 
2-F - 12.6 202.0 -3.6 -65.9 
3-F -6.9 202.4 -3.5 -65.5 
4-F -5.1 202.5 -1.9 -65.9 
3-OMe -5.4 178.7 -2.4 -79.4 
4-OMe -3.1 178.9 0.1 -80.1 

'Y = CH2 and X = rnera or para  substituent. 

interest, we believe that attempting to relate these energy quan- 
tities to hfc's is unwarranted, and can lead to erroneous conclu- 
sions. This is so because SE(tota1) values include stabilizing 
interactions not dependent on the unpaired spin distribution, 
which can vary significantly from one system toanother without 
a concomitant change in the hfc. 

It is also significant that the result for the acetylmethyl radical 
is in agreement. The apparent discrepancy between the SE value 
for this radical (15) and the bond dissociation enthalpy value 
(DH') for acetone (1 9) is not surprising, since the stability of the 
radical is only one factor affecting DH' (20). 

Application to benzyl radicals 
Applications of eqs. [ I ]  and [lo] to benzyl radicals gives: 

[I  I]  GSE(R') = K a', 
I 

I where GSE(R') is the substituent effect, relative to hydrogen, on 
the T-stabilization energy of a benzyl radical, and K is a 
constant. This definition of benzyl radical stability, eq. [ l  11, 
focuses only on substituent effects involved directly with vari- 
ations in spin density at the benzylic position. This approach has 
been adopted because we are primarily interested in correlating 
relative stability to reactivity involving the benzylic radical, and 
in assessing p' values on an energy scale. 

A reduction of the a-hfc of a benzyl radical by 1.0 G cor- 
responds to an increase in stabilization of ca. 6 kJ mol-', or, one 
a', unit is equivalent to 93 kJ mol-'. The range of known a', 

values (I) ,  from para-thiomethyl (0.063) to meta-cyano 
(-0.026) represents a variation in benzyl radical stability of 8 kJ 
mol-'. 

This analysis now allows a more quantitative evaluation of 
the significance of p'  values. For example, the p' for the thermal 
isomerization of 2-aryl-3,3-dimethylmethylenecyclopropane 
(1,21) indicates that this rearrangement is only about half as 
sensitive to substituent effects as is the benzyl radical. This, of 
course, assumes that the entropy of the reaction is unaffected by 
substitution. 

Relationship between Mulliken charges and a', values 
Table 3 lists a and T charges donated (or withdrawn) by the 

substituent and the CH, group of monosubstituted toluenes. 
Table 4 lists a and T charges donated (or withdrawn) by the 
substituent and the CH2 group of the analogous benzyl radicals 
in the coplanar conformation. These calculated charge effects 
reflect interactions resulting only from charge redistribution (5); 
spin redistribution is not taken into account. For example, the 
group charges for the benzyl radicals (Table 4) are smaller than 
those observed for he corresponding toluenes (Table 3), but the 
isodesmic interaction energies are generally larger in the benzyl 
radicals (Table 5). This is because spin related effects are not 
included in the charge analysis in Table 4. 

Table 4 shows that the net charge effect on the radical is 
similar to that in closed-shell systems, for all substituents. For 
example, the net charge effect of both meta- and para-cyano 
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TABLE 5. Substituent effects on isodesmic interaction energies 
(AE) in benzyl radicals and toluenes 

~ ~ 0 . b . c  

Substituent Y=CH2 Y=CH3 
(XI Benzyl radical Toluene GDEO 

I H 0 0 0 
3-Me 0.9 -0.1 1.1 
4-Me 1 .O 0.5 0.3 
3-CN - 15.0 -5.1 -9.9 
4-CN - 16.3 -6.2 -10.1 
3-F 3.2 -1.0 4.2 
4-F 3.4 0.5 2.9 
3-OMe 5.8 -0.9 6.7 
4-OMe 6.0 1.3 4.7 

"All values in kJ mol-'. 
b A ~  values for the isodesmic reaction: C6HSY + C6HSX + YC6H4X + 

C6H6, where X = subst~tuent and Y = fixed group. 
'Negative (positive) value indicates a stabiliz~ng (destab~l~z~ng) interac- 

tion. 
dRelative bond d~ssociat~on energies. 

substituents is strong IT and u withdrawal. However, the ability 
of these substituents to delocalize spin from the benzylic posi- 
tion is very different in nature (1). It is useful, therefore, to 

I examine whether a better understanding of the effects of spin 

~ delocalization in benzyl radicals can be obtained by separating 

I 
the total charge effect into the individual contributions from the 
a- and P-spin systems. 

Table 6 shows the effects of substituents on interactions 
involving Mulliken a-charges. These charges are essentially 
estimates of a-spin donation (or withdrawal) by a group attach- 
ed to the phenyl ring. The benzylic group is shown to be a strong 
IT a-spin donor and u a-spin acceptor. Thus, substituents that 

I are strong IT a-spin acceptors and u a-spin donors favourably 
interact with the benzyl group and stabilize the radical. 

Table 7 shows the effects of substituents on interactions 
involving Mulliken P-charges. The benzylic group is shown to 
be a strong IT P-spin acceptor and u P-spin donor. Consequen- 
tly, substituents that are strong IT P-spin donors and u P-spin 
acceptors should favourably interact with the benzyl group and 
stabilize the radical. 

Next, we compare this Mulliken population analysis of the 

a -  and P-spin systems with the relevant u', values for several 
substituents. 

Cyano sltbstituent 
The u', values indicate that this substituent very effectively 

delocalizes spin when in the para position and localizes spin 
(relative to hydrogen) when in the rneta position (1). This 
behaviour is described well by the Mulliken analysis; while 
para-cyano shows stabilizng interactions, rneta-cyano dis- 
plays destabilizing interactions with the benzylic groups in both 
spin systems. 

Depending on the electron demand of the benzylic group, the 
nature of the substituent can vary significantly from that observed 
in closed-shell systems. Thus, while the cyano substituent is 
usually considered a strong IT acceptor, reflected by a large 
positive u-value, in a benzyl radical this group acts as a IT 

a-donor in the rneta position and a IT P-donor in the para  
position. Furthermore, the calculated dipole moments of the 
cyano substituted benzyl radical and toluene, listed in Table 8, 
also indicate that the nature of the cyano substituent is very 
different in the two systems. 

Methoxy substituent 
This group strongly delocalizes spin in the para position (1). 

From Tables 6 and 7 it is apparent that para-methoxy has a 
positive u', value because of stabilizing interactions in the 
P-spin system. This substituent has similar types of interactions 
at the meta position, but, now the destabilizing interactions in 
the a-spin system dominate to make this radical slightly destab- 
ilized relative to the unsubstituted benzyl radical (1). All IT 

effects involving the lone pair of electrons require rehybridiza- 
tion of the electronegative oxygen atom and consequently will 
be susceptible to effects caused by u interactions. In fact, in 
comparison to the cyano substituent, the methoxy derivatives 
show larger u effects. The calculations show that the most stable 
orientation of the methoxy group is with the C 4  bond perpen- 
dicular to the phenyl ring. Thus, C-0 type hyperconjugative 
spin delocalization is possible. It is clear that the effect of this 
substituent, although usually regarded simply as a two-centre- 
three-electron interaction, is actually the net result of both u and 
IT effects in the a- and P-spin systems. 

Fluoro substitl~ent 
Fluoro is one of the few substituents with a destabilizing 

interaction at all positions (Table 9). The population analysis 

TABLE 6. Total a and n Mulliken group a-charges in monosubstituted 
benzyl radicals" 

a-Charges 
Substituent 

(XI lo3 q,(y) lo3 q,(x) lo3 q , ( ~ )  lo3 q , ( ~ )  

"Y = CH, and X = mera or para substituent. Charges obtained by considering only the 
electrons with a-spin. 
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NICHOLAS AND ARNOLD 

TABLE 7. Total u and IT Mulliken group P-charges in monosubstituted 
benzyl radicalsa 

P-Charges 
Substituent 

(XI lo3 q,(y) lo3 q,(x) lo3 q,(y) lo3 q,(x) 

"Y = CH, and X = meta or para substituent 
electrons with P-spin. 

TABLE 8. Comparison of calculated dipole mo- 
ments (D) in toluenes and benzyl radicals 

Dipole moment 

Substituent Toluenea Benzyl radical 

H 0.25 0.00 ~ 3-Me 0.21 0.18 
I 

4-Me 0.04 0.18 
3-CN 3.85 3.21 
4-CN 4.02 3.25 
3-F 1.17 1.10 
4-F 1.27 1.09 
3-OMe 0.97 1.18 
4-OMe 1.22 1.18 

"Reference 5. 

suggests that this is due to the destabilizing interaction in the 
a-spin system, which more than compensates for the stabilizing 
effects in the P-spin system. Although both fluoro and methoxyl 
act as p donors in closed-shell species, their behaviour in the 
benzylic radical is very different. This results from weaker n 
and stronger u effects in the fluoro substituted radicals. 

The charge/spin analysis predicts that the behaviour of this 
substituent should be similar at the para and ortho positions, as 
observed in their esr spectra. 

Methyl substituent 
The u', value is positive for this group at both the para and 

meta positions, although, at the meta position the stabilizing 
I effect is very small (0.002 + 0.003). The Mulliken analysis 

correctly predicts that the methyl group will delocalize spin 
strongly at the para position, but the meta-methyl group is 
shown as destabilizing in both spin systems. However, meta- 

, methyl is a weaker u P-donor than meta-hydrogen. Thus, the u 
p-interaction in meta-methyl will be stabilizing relative to the 
unsubstituted benzyl radical; this may account for the mild 
stabilizing power of this substituent. The magnitude of the 
n-charge effects of this substituent are relatively small, and 
hence may change in sign on small perturbations. Furthermore, 
the assumption of equal partitioning, intrinsic to the Mulliken 
scheme, may cause incorrect assignments of charges to be made 
in this case. 

:. Charges obtained by considering only the 

TABLE 9. Electron spin resonance hyperfine coupling con- 
stants (hfc) and u., values of fluorobenzyl radicals 

Hyperfine coupling ~onstant".~ 

Type of derivative 
Position ortho-FC meta-Fd para-Fd 

ortho (i) 5.28 5.15 5.30 
(ii) 8.18' 4.95 5.30 

meta (i) 1.75 1.80 1.75 
(ii) 1.70 4.72' 1.75 

para 6.32 6.19 14.43' 
benzylic (i) 16.42 16.39 16.42 

(ii) 16.32 16.39 16.42 
u., valuef -0.007* -0.009d -0.01 ld 

"Unless stated otherwise, hfc's are due to hydrogen and are in G .  
buncertainty in hfc's ca. L0.03 G. 
T h i s  work. Determined by the procedure described in refs. 

1 and 2. 
dReference 1. 
'19F. 
ancertainty 20.003. 
*Calculated from eq. [ I]  using the average of the two ben- 

zylic hfc's. 
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The chemistry of peptides related to metabolites of Trichoderma Spp. 3. An unusual 
dehydration reaction of 2-methylalanine peptides after electron impact ionization1 
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W. D. JAMIESON and A. TAYLOR. Can. J. Chem. 64, 277 (1986). 
Peptides of 2-methylalanine, where this residue is not the C-terminus, give molecular ions of low abundance on electron 

impact ionization, but abundant ions are formed by loss of the elements of water from the molecular ion. The dehydration reaction 
does not occur in permethylated derivatives, nor under the milder ionization conditions in the chemical ionization source. The 
reaction does not appear to be time or temperature dependent, but depends on the steric hindrance of the NH group of the 
2-methylalanine residue. The rea.:tion occurs at sites where 2-methylalanine is not the C-terminal amino acid. In the cases of two 
pentapeptides where the dehydration reaction was of high probability, the correct sequence was found by semi-quantitative 
measurements of reaction rates in the first field-free region of a double focussing mass spectrometer. 

W. D. JAMIESON et A. TAYLOR. Can. J .  Chem. 64, 277 (1986). 
Lors de la spectromCtrie de masse par ionisation sous impact Clectronique, les peptides de la mtthyl-2 alanine, dans lesquels ce 

rksidu n'est pas C-terminal, donnent des ions moltculaires dont l'abondance relative est faible; toutefois, il se forme des ions 
abondants par la perte des ClCments de l'eau 2 partir de l'ion moleculaire. La reaction de deshydratation ne se prodult pas ni avec 
les dCrivCs permCthylCs ni avec les conditions d'ionisation plus douces prkvalentes lors d'ionisations chimiques. I1 ne semble pas 
que la reaction depende du temps ou de la temptrature; toutefois, elle depend de llemp&chement stCrique du groupement NH du 
rCsidu de la mtthyl-2 alanine. La rtaction se produit a des sites oh la methyl-2 alanine n'est pas l'acide amin6 C-terminal. 
Dans les cas de deux pentapeptides pour lesquels la reaction de dtshydratation Ctait trks probable, on a pu ttablir la sequence 
correcte en effectuant des mesures semi-quantitatives de vitesses de reactions dans la prernikre region sans champ d'un 
spectromktre de masse i double focalisation. 

I [Traduit par le journal] 
1 Some aspects of the chemistry of the complex fungal 
I metabolites containing 2-methylalanine moieties have been 

I reviewed in a recent paper (1). Although these metabolites are 
resistant to catalytic hydrolysis by peptidases (2), there is a 

I considerable body of evidence which can best be interpreted by 
1 assuming that they are polypeptides (3). Foremost among this 

evidence are mass spectroscopic studies on degradation 
products obtained by acid hydrolysis of metabolites (4). More 
iecentlv. use of fast atom bombardment (FAB) sources has . , 
provided impressive mass spectroscopic data, which has thrown 
light on the structure of several of the natural products (5). By 
contrast, mass spectroscopy of some N-acyl derivatives of 
synthetic peptides of 2-methylalanine gave anomalous results 
in the sense that molecular ions were not observed (6). For 
example, methyl L-prolyl-L-valyl-2-methylalanyl-2-methyl- 
alaninate (6), examined directly or as its N-chloroacetyl, 
N-trifluoroacetyl, N-deuterioacetyl, or phenylmethoxycarbonyl 
derivative, did not provide a detectable molecular ion, nor 
fragment ions of high molecular weight that could be attributed 
to well-known ion reactions, e.g. (R.COX.R')+ + R.CO+ or 
R+  (X=O, NH). Examination of these spectra suggested that 
ionization preferentially occurred at the N-terminal acyl group 
and resulted in loss of the marker group, thus making the spectra 
complex. A further disadvantage of these N-terminal groups 
emerged when it was found that they were either unstable under 
permethylation conditions (7), or underwent C-methylation. 

In an attempt to overcome these problems we investigated 
the mass spectroscopy of N-4-bromobenzoyl and N-4- 
chlorobenzoyl derivatives of the tetrapeptide mentioned in 
the previous paragraph. These groups were chosen because the 
natural abundances of the bromine and chlorine isotopes are 
well established (8), thus making them eminently suitable as 

'NRCC No. 25 104. 
'~uthor to whom correspondence should be addressed. 

markers. In addition, it seemed likely that they would survive 
permethylation without elaboration or degradation. Part of the 
electron impact mass spectrum of the tetrapeptide (4, R = 
4-Br.C6H4CO) is shown in Fig. 1A. If one disregards the 
presence of protonated species, there are only 5 pairs of isotopic 
pairs, each of the 5 pairs being separated by 28 (3 1) mass units. 
Going down the mass scale, they represent the sequential loss of 
NH . CMe2C02Me; NH . CMe2CO; NH . CH(C3H7). CO; and 
N(C4H7)C0. The ions of m / z  538,540 probably arise by loss of 
the valine side chain by the mechanism previously proposed (9); 
clearly this reaction is of low probability in this case. Omitted 
from Fig. 1A are prominent doublet metastable ions cor- 
responding to tine fragmentations (only 7 9 ~ r  species given): 
581' + 549+ + 31; 549+ + 464+ + 85; 464++ 436+ + 28; 
436+ + 379+ + 57; 379+ -+ 280+ + 99; 280+ + 252+ + 28; 
and 252++ 183+ + 79. However, as can be seen in Fig. 1 A, the 
spectrum is complicated by the presence of protonated species 
of all the major ions, leading to uncertainty as to the molecular 
weight and difficulty in interpretation of ion reactions in the first 
field-free region of the mass spectrometer (see below). Though 
such protonated ions are present in published spectra of many 
aromatic bromo compounds (lo), they (as far as we know) have 
excited little comment, despite the presence in our MS-50 
spectra of prominent metastable species indicating the reac- 
tions: (R- tH)+ + R+ + H. 

The mass spectrum of the tetrapeptide (4, R = 4- 
Cl.C6H4.CO) is shown in Fig. 1B for comparison. The 
spectrum is clearly very similar, but it is complicated by the 
presence of protonated species only in the cases of the M+ and 
(M-3 1)+ ions, where they are of relatively low abundance. This 
result, together with the known (1 1) greater stability of aromatic 
chloro groups in the electron impact ionization source, led us to 
restrict our studies to this marker group. 

The pentapeptide 9 (6) has an abnormal I3C nmr spectrum, 
because 13C signals due to only one conformer of the proline 
ring are observed. We thought, based on the promising results 
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Clr HI1 3 5 ~ ~  NO req. 208.0529 

C I l ~ l l  3 7 ~ ~ ~ ~  req. 210.0500 335.1148 

C l T ~ 2 0 3 5 C l ~ 2 0 3  req. 335.1162 

cI7 H ~ , , ~ ' c I N ~ o ~  req. 337.1132 
337.1123 

I 
CZ6 H37 3 5 ~ i  ~ ~ 0 6  req. 536.2401 

FIG. 1. Electron impact ionization mass spectrum of methyl N-4-bromobenzoyl-~-prolyl-~-valyl-2-methylalanyl-2-methylalaninate. Ions of 
lower abundance than those at m / z  538 and all metastable ions have been omitted. B. Mass spectrum of methyl N-4-chlorobenzoyl-L- 
prolyl-~-valyl-2-methylalanyl-2-methylalan1nate (4, R = ClC6H4CO). 

described in the previous paragraph, that this structural un- 
certainty might be resolved by an examination of its mass 
spectrum. To our surprise, the mass spectrum shown in Fig. 2A 
was obtained. The abundances of the group of ions at mlz  561, 
562, 563, 564, and 565 were consistent with the view that m l z  
561 was a molecular ion instead of that expected at m l z  579+. 
No ion reaction 579+ + 561+ + 18 could be demonstrated in 
the first field-free region of the mass spectrometer, and although 
an ion of m l z  579 could be detected at high gain its intensity 
was, on average, only about 2% of the ion at m l z  561. Further, 
the ratio of abundances of ions at mlz  579 and 581 did not 
correspond to that expected for ions of the elemental com- 
positions C 2 7 ~ ~ g ~ ~ C l N 5 0 ~  and C27~3837C1~507.  Permethyla- 
tion of this compound gave a single product as determined by 
chromatography, but the expected ions at m l z  635, 637 were 
not observed (Fig. 2B). The question of the structure of the 
peptide 9 was unequivocally solved by X-ray crystallographic 
analysis (12), thus demonstrating that the mass spectrum of 9 
(Fig. 2A) was anomalous. 

Mass measurement of the ions at m l z  561,563 revealed that 
they differed from that expected for the peptide 9 in elemental 
composition by the elements of water. Dehydration of peptides 
containing serine, threonine, asparagine, and (or) glutamine 
residues in the electron impact ionization source of the mass 
spectrometer is common (13), but we know of no precedent for 
the experimental results given in Fig. 2A. 

It was decided, therefore, to investigate the question of 
whether this dehydration reaction was an anomaly characteristic 
only of 9 or whether it was an example of a more general 
phenomenon. 

To this end a number of compounds have been synthesized; 
the syntheses have either been reported or are to be found in the 
experimental section. All of the compounds were crystalline, 
had sharp melting points, and on elemental analysis gave results 
within experimental error. All were homogeneous on reverse 
phase partition chromatography and the retention volumes 
measured are given in Table 1. The protected glutaminyl di- and 
tripeptides (e.g. 7) were appreciably soluble in water and the 
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U 
c~~ H ~ ~ ~ ~ c I N ~ ~ ~  req .  604.2901 

c~~ 3 7 ~ ~  N5 O6 req. 606.2871 

FIG. 2. A.  Electron impact ionization mass spectrum of methyl N-4-chlorobenzoyl-~-prolyl-2-methylalanyl-~-alanyl-2-methyla1anyl-~-alaninate 
(9, R = C1C6H4CO). Ions represented by dotted lines are expected fragments from normal C=O fissions in peptide chains; solid lines represent 
fragments derived from ( M  - 18)' or ( M  - 36)'. B .  Mass spectrum of methyl N-4-chlorobenzoyl-~-prolyl-N-2-dimethylalanyl-~-N- 
methylalanyl-N-2-dimethylalanyl-~-N-methylalaninate Ions of < 1% of the ion at m / z  604 have been omitted. 

crystalline peptides were hydrated, the water of hydration being 
tenaciously held. This unexpected phenomenon was reported 
recently for an analogous compound (14). 

The following conclusions may be drawn from the data given 
I in Tables 1 and 2. The dehvdration reaction does not occur when 
j the C-terminal amino acid is Z-methylalanine but does occur 
I when the C-terminal sequence is N-2-methylalanylglycine, 
i N-2-methylalanylalanine, N-2-methylalanylvaline, or N-2- 
I 

methylalanylglutamic acid. The abundances of some of the 
fragment ions seen in the spectra are given in Table 2. In those 
cases where the dehydration reaction was probable, the reaction 
which resulted in fission of the ester alkoxy group was always 
attended by the corresponding dehydrated ion. When the 
C-terminal group was a glutamyl diester (e.g. 6 , 7 ) ,  dehydrated 

ions were observed corresponding to the sequential loss of 
alkoxyl, carbonyl, and the two methylene moieties of the side 
chain. 

Several of the peptides were permethylated; these are 
indicated in Table 1 by an entry indicating their retention 
volumes on partition chromatography. None of the 
permethylated compounds underwent the dehydration reaction 
and this is illustrated by a comparison of Figs. 2A and 2B. It 
follows that at least one of the hydrogen atoms eliminated as 
water in the dehydration reaction is a nitrogen substituent. The 
data in Tables 1 and 2 suggest that the nature of the side chain of 
the amino acid that N-acylated the 2-methylalanine residue is 
important in the dehydration reaction. Thus the abundance 
ratio (M-18)+/M+ in the case of a-methyl-y-benzyl N- 
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TABLE 1. Molecular ion data and partition coefficients of 4-chlorobenzoyl peptides containing 2-methylalanine residues 

M +  ( 3 5 ~ i )  
Ratio (35C1) T 

Compound Found Theory (M - 18)+/M+ "C Rv Rv(P) Ref. 

1 R.Aib.OMe 255.0659 255.0662 0.004* 66 10.0 1 
2 R.Gly.Aib.OMe 312.0867 3 12.0874 0.2 123 8.47 9.93 A 
3 R.Pro.Va1.Aib.OMe 451.1887 451.1874 0.04* 110 16.62 27.15 1 

L L 

4 R.Pro.Val.Aib.Aib.0Me 536.2405 536.2401 0.09* 217 21.98 1 
L L 

5 R.Pro.Val.Aib.Gly .OEt 522.2257 522.2245 2 185 A 
L L 

L 

6 R.Pro.Va1.Aib.Aib.Glu.OMe 679.3009 679.2984 3 26 1 27.46 1 
L L OMe 

7 R.Gln.Aib.Val.OMe 482.1918 482.1932 5 203 A 
L L 

L 

8 R.Gly.Aib.Glu.OMe 23 190 38.1 A 
OC7H7 

9 R.Pro.Aib.Ala.Aib.Ala.OMe 42 253 17.15 1 
L L L 

10 R.Ala.Aib.Ala.OMe 70* 167 10.42 1 
L L 

11 R.Gly.Aib.Gly.0Et 89 * 120 8.47 7.97 A 

Abbreviations: Aib = 2-methylalanyl; Ala = alanyl; Gly = glycyl; Glu = glutamyl; Gln = glutaminyl; Pro = prolyl; Val = valyl; Rv = retention volume; RV(P) = 
retention volume of permethylated peptide; M = molecular ion; T = temperature; * indicates that the 3'C1/37C1 ratio calculated for either M+/(M + 2)+ or (M - 
1 8 ) + / ( ~  - 16)+ was incorrect; A = synthesis in experimental section. 

TABLE 2. Relative abundances of ions resulting from fragmentation reactions of the C-terminal amino acid ester functionality 
in N-4-chlorobenzoyl peptides containing 2-methylalanine residues. 

Fragmentation ions 

Compound (M - 31(45))+ (M - 18 - 31(45))+ (M - NH.cHR.CO~R')+ (M - 18 - NH.CHR.CO~R')+ 

Compound numerals refer to Table 1; * indicates relative intensities 

4-chlorobenzo~lglycyl-2-methylalanylglutamate (8) is 23, but 
for the pentapeptide with the C-terminus 2-methylalanyl-2- 
methylalanylglutamate (6), the ratio is 3. The NH group 
between two 2-methylalanine residues is not readily exchanged 
(14), and in our hands cannot be methylated except under 
forcing conditions when C-methylation also occurs. The data in 
Table 1 therefore support the hypothesis that the probability 
of dehydration depends on the steric hindrance of the 2- 
methylalanyl NH group. Thus all the 6 peptide-chain atoms 
'NH. 'c(ME)'. 3 ~ 0  . 4 ~ ~ .  5 ~ ~ ( R ) .  6 ~ 0  are involved in the de- 
hydration process. 

Reference to Fig. 2A shows that the same functionality can be 
involved in a dehydration reaction when it is embedded in a 
peptide chain; for this peptide, chlorine-containing ions that 
have lost 2 mols of water (Fig. 2A, m/z 543) are observed, and 
also ions that have lost the terminal CO .NH. CH(Me). C02Me 
(mlz 431) group and yet are still 18 mass units less than 
expected (Fig. 2A, m / z  449). 

The dehydration reaction was not observed in the chemical 

of the 35C1/37CI pairs, not natural abundance. 

ionization source when methane was used as the reagent gas, 
andthe(M- I )+ ,  (M+ I)+, (M+29)+, and(M+41)+abundance 
ratios ((M+ 1)' = 100) for a representative group of compounds 
are give in Table 3. Except for the glutamic acid derivative 
(a), these ratios are those expected for ionization at an ester 
functionality (IS), but ions providing sequence information 
were scarce and loss of chlorine was an important competing 
reaction. 

Thus there are difficulties in unambiguously determining the 
molecular weights and the sequence of amino acid residues in 
peptides of unknown structure containing 2-methylalanine. A 
possible method of surmounting these difficulties lies in using 
the ion fragmentation reactions that occur in the first field-free 
region of the CEC 21-1 10B mass spectrometer. In Figs. 3A and 
3B are shown the results of such parent ion fragmentation 
experiments for the daughter ions m/z 236, 238 and mlz 280, 
282, recorded in the spectra reproduced in Figs. 1B and 1A 
respectively. 

When the curves representing the 3 5 ~ 1  and 37C1 species and 
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JAMIESON 

TABLE 3. Normalized abundances of (M - I)', (M + I )+ ,  
(M + 29)', and (M + 41)' ions in chemical ionization mass 
spectra of peptides containing 2-methylalanine residues using 

methane as the reagent 

Molecular ions 

Compound (M - 1)' (M + 1)' (M + 29)' (M + 41)' 

5 2.6 100 32 10 
10 1.2 100 30 11 
11 1.7 100 32 11 
13 0.4 100 17 6 

- - 

Compound numerals refer to Table I .  

AND TAYLOR 

12 C 

the 7 9 ~ r  and "Br analogues are compared, it is apparent that the 
areas under the peaks (in Figs. 3A and 3B) are in the same ratio 
as  the ratio of the natural abundances of the isotopes. In the case 
of the C1 species, similar experiments (see below) to determine 
the parents of other prominent pairs of daughter ions in Fig. 1A 
also revealed that the ratio of the areas under the peaks was the 
same as the ratio of the natural abundance of the isotopes. In all, 
10 determinations of the ratios of the areas were made and the 
mean value found was 2.81 ? 0.30,  which compares well with 
the generally accepted value of 3.08 (8). Thus an estimate of the 
precision of the measurements can be made. 

Figure 3 shows that the analogous pairs of daughter ions m / z  
236, 238 and m / z  280, 282 are formed by decomposition 
of pairs of parent ions and that both pairs of 4 reactions 
are: R.NH.CH(C3H7).CO+ + R +  + NH.CH(C3H7).C0 and 
R.NH.CH(C3H7)+ + R +  + NH.CH(C3H7). Similar uni- 
molecular decomposition reactions were observed when the 
peptide 9 (R = C1C6H4CO) was examined. Thus the ions at 139, 
141 were the daughters of parents of m / z  208, 210 and 236, 
238, and the latter, in turn, were the daughters of parents 
R.NH.CMe2CO+ ( m / z  321,323) and R.NH.CMe: ( m l z 2 9 3 ,  
295). The experiments were continued, using the parents as 
daughter ions until no further parents could be found. In all 
cases it was found that the daughter ions arose preeminently 
from only two parent ions. The pair m / z  579, 581 had no 
detectable parents. The experiments, therefore, provided un- 
ambiguous sequence information. 

An estimate of the probability of the reactions with respect to 
one  another may be made by normalizing the signals of the 
daughter ions (e.g. see Fig. 3A) to  their relative abundances in 
the mass spectrum (Fig. 2A). These calculations give the 
relative rates, in arbitary units, of the various reactions and these 
are summarized for the sequence 579+ + 548+ + 477+ + 
392+ -+ 321 + -+ 236+ in Table 4. Also in Table 4 is given the 
reaction rate for the fragmentation 346+ + 236+ + 1 10 and it is 
clear that the probability of this reaction is much lower than that 
of the alternative: 321+ + 236+ + 85. A similar analysis 
applied to  the pentapeptide 6 also gave the correct sequence 
of amino acids and demonstrated that the ions of m / z  505, 507 
(= C1.C6H5CO-N(C4H7)CO-NH.CH(CHMe2) .CO.NH.C- 
(Mez).C0.NH.C(Me2).CO+) were not daughters of parents of 
m / z  630 ,632 ,  o r  661, but were derived from m / z  648 ,650  and 
679, 68 1. The method, which requires about 5 0  p g  of sample, 
therefore has some promise but requires automation and 
application to many other examples. 

N-4-Chlorobenzoylation of peptides of 2-methylalanine is a 
useful procedure for their characterization, since these deriva- 
tives are easy to crystallize, can be detected in the effluent from 
chromatograms in quantities of a few ng,  and can be prepared 

FIG. 3. A. Unimolecular ion decomposition of Cl.C6H4.C0. 
N(c~H~).CO.NH.CH(C~H~)CO' (5.59 kV) and C1.C6H4.C0. 
N(C4H7) .CO.NH.CH (C3H7)' (5.12 kV); solid line represents 35C1 
species and the dotted line 37C1. B. Ion decompositions of Br.C6H4. 
C0.N(C4H7).C0.NH.CH(C3H7).CO' (5.57 kV) and Br.C6H4.C0. 
N(C4H7.C0.NH.CH(C3H7)' (5.16 kV); solid line 7 9 ~ r ,  dotted line 
" ~ r .  In all cases the abscissa are the accelerating voltages and the mass 
of the parent ions can be calculated from the formula: m / z  daughter ion 
X p / q ,  where p  is the acceleration voltage (kV) at which the parent 
ions appear and q  is the voltage at which the daughter ion is observed. 

without detectable racemization at the N-terminal amino acid 
residue (1). The mass spectroscopic results reported here add to 
the value of these derivatives, for although the spectra are 
complicated by dehydration reactions and by protonation, 
reliable sequence information can be  obtained. 

Experimental 
Melting points are not corrected. Infrared spectra were measured on 

a Perkin Elmer 238B spectrometer; samples were dispersed in potas- 
sium bromide discs. The 'H and I3c nmr spectra were measured on 
solutions in c ~ H ~ O ~ H  using a Varian XL-100 spectrometer and the 
facilities at the Atlantic Region Magnetic Resonance Center, Halifax, 
N.S. Ultraviolet spectra were determined on solutions in methyl 
alcohol using a Cary 14 spectrometer. The purity of all peptides was 
assessed by high pressure reversed phase partition chromatography on 
a Dupont "Zorbax" C8 column of dimensions 0.46 X 25 cm. All other 
instrumentation used for chromatography has been described in 
detail (16). Electron impact mass spectra were recorded on Kratos 
MS-50 and C.E.C. 21-1 lOB instruments. The sensitivity of the latter 
instrument was enhanced3 by using an Hamamatsu (Model R595) 

3 ~ e  are indebted to Dr. S. E. Scheppele for details of these 
modifications before publication. 
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TABLE 4. Relative rates, in arbitrary units, 
of ion reactions that indicate the sequence of 
amino acid residues in the pentapeptide 9 

(R = 4-chlorobenzoyl) 

Ion reaction Relative rate 

electron multiplier (20 stage, modified to have 300 kfl stage resistors), 
the output of which was amplified by a Keithley (Model 427) current 
amplifier. Samples were introduced directly into the source of both 
instruments, in the case of the C.E.C. mass spectrometer by means of a 
temperature-controlled quartz probe.4 All mass measurements were 
made by the peak matching method using an ion in the spectrum of 
perfluorokerosene as a standard. The relative rates of ion decomposi- 
tion reactions in the first field-free zone of the ionic flight path of the 
CEC instrument were measured by tuning the magnetic field to detect a 
particular daughter ion when the accelerating voltage was 4 kV 
(defining the average kinetic energy of the ion beam). The accelerating 
voltage was then scanned to higher values, keeping the setting of the 
magnetic field and the electric sector voltage constant. Ionic decom- 
positions were detected and recorded by using the ion current as the 
y-axis signal on an x/y recorder and the accelerating voltage (suitably 
attenuated) as the x-axis signal. The intensities of the peaks obtained 
(see Fig. 3) were measured by making several Xerox copies of the 
graphs, excising the peaks, and weighing the excised paper. Chemical 
ionization mass spectra were obtained using a Finnigan 4000 quadru- 
pole mass spectrometer equipped with a modified (17) INCOS data 
system and using methane or deuteriomethane as the reagent gas. Some 
CI spectra were measured on a modified (18) MS-9 instrument using 
the same ionization gases. Peptides were permethylated by the method 
described in an earlier paper (7). 

N-4-Chlorobenzoylglycyl-2-methylalanine 
Ethyl 4-chlorobenzoylglycinate (19) (18 g) was dissolved in methyl 

alcohol (250 mL) and a solution (50 mL) of sodium hydroxide (5 g) in 
water added. After 2 h, titration of an aliquot showed that the ester had 
been completely hydrolysed and the remainder of the reaction mixture 
was concentrated t o .  40 mL, cooled to O°C, and acidified. The 
precipitate (mp 133-137°C (sublimes above 120°C), 15.5 g, 97%) was 
taken up in boiling water (700 mL), the mixture filtered, the filtrate kept 
at 4°C for 18 h, and the crystalline precipitate (14.7 g, lit. (20) mp 
143-145°C) collected. This acid (6.4g) was suspended in toluene 
(300 mL) and the stirred mixture treated with a solution (100 mL) of 
1-ethoxycarbonyl-2-ethoxy- 1,2-dihydroquinoline (EEDQ, 7.5 g). The 
mixture was stirred at room temperature for IOmin, when methyl 
2-methylalaninate (6) (4.5g) was added. The reaction mixture was 
heated to 50°C and maintained at this temperature for 60 h, when it was 
cooled and evaporated. The residue was taken up in ethyl acetate 
(300 mL), acidic and basic impurities removed in the usual way (6), 
and the dried (Na2S04), filtered solution evaporated. The colorless 
solid residue (7 g) was taken up in hot toluene (50 mL), and the filtered 
solution kept at room temperature for 50 h, at which time the crystals 
that had separated were collected. Methyl 4-chlorobenzoylglycy1-2- 
methylalanine (2) separated from toluene as needles, mp 150- 15 1°C; 
A,,,: 236 nm (E = 17 400). Anal. calcd. for C14H17C1N204: C 53.8, 
H5.4,Cl 11.4,N8.95%;found;C53.7,H5.5,Cl 11.3,N,8.5%.This 
ester (5 g) was dissolved in methyl alcohol (50mL) at 55OC and the 
warm solution treated with a solution (25 mL) of sodium hydroxide 

4~vai lable  from Masspec Inc., P.O. Box 9314, College Station, 
Texas 77840, U.S.A. 

(1.2g) in water. The reaction mixture was immediately cooled to 
room temperature and aliquots of the solution titrated to follow the 
extent of the hydrolysis. When the hydrolysis was complete (ca. 1 h) 
the solution was evaporated to 20 mL, then diluted with water (50 mL) 
and acidified. N-4-Chlorobenzoylglycyl-2-methylalanine separated 
from ethyl alcohol as needles mp 247-249°C; 4.3 g, 90%. Anal. calcd. 
for CI3HI5C1N2O4.0.5H20: C 50.7, H 5.2, N 9.1%; found: C 50.5, H 
4.7, N 9.6%. 

Ethyl N-4-chlorobenzoylglycyl-2-methylalanyglycinate (11) 
Ethyl glycinate hydrochloride (Mann Laboratories, 0.7 g) was 

suspended in toluene (40 mL) and the mixture treated with triethyla- 
mine (0.51 g). The mixture was shaken for lomin, when N-4- 
chlorobenzoylglycyl-2-methylalanine (1.5 g) and EEDQ (1.25 g) were 
added. The mixture was heated to 50°C and was stirred at that 
temperature for 60 h, at which time it wasevaporated, the residue taken 
up in ethyl acetate (150 mL), and acidic and basic impurities removed 
as usual (6). The dry (Na2S04) ethyl acetate solution was filtered and 
the filtrate evaporated to give a colorless gum (2.1 g). This gum 
crystallized spontaneously after standing on the bench for several days; 
the crystals were readily recrystallized from either toluene or n-butyl 
acetate. Ethyl N-chlorober~zoylglycyl-2-methylalanylglycinate (11) 
separated from n-butyl acetate as needles, mp 125-126°C; A,,,: 236 
nm (E 16 800). Anal. calcd. for CI7H22C1N3O5: C 53.2, H 5.7, C19.3, 
N 10.95, 0 20.9%; found C 53.1, H 6.0, C1 9.3, N 10.8,O 21.0%. 

a-Methyl y-benzyl N-4-chlorobenzoylglycyl-2-methylalat1yl-~- 
glutamate 

a-Methyl y-benzyl L-glutamate hydrochloride (21) (1.43g) was 
suspended in toluene (100 mL) and the mixture shaken with triethyla- 
mine (0.55 g) for 10 min. N-4-chlorobenzoylglycyl-2-methylalanine 
(1.5 g) and EEDQ (1.25 g) were added to the stirred mixture, which 
was kept at 45-50°C for 7 days, when it was evaporatedand the residue 
dispersed in ethyl acetate (200 mL). The precipitate (0.32 g) dissolved 
when the mixture was shaken with sodium bicarbonate solution (5%, 
100mL). The ethyl acetate phase was washed successively with 
ice-cold hydrochloric acid (2 N, 4 X 100 mL), water, sodium bicarbon- 
ate solution (5%, 2 x 50mL), and water. The dry (Na2S04), filtered 
ethyl acetate solution was evaporated and the crystalline residue 
collected. The tripeptide diester (8) separated from n-butyl acetate (2 g 
in 15 mL) as long fine needles, mp 144°C; [a]? - 13.7" (c  0.84, 
MeOH); A,,,: 236 nm ( E  15 400). Anal. calcd. for C26H30C1N307: C 
58.7,H5.6,C16.7,N7.9%;found:C58.6,H5.6,C16.8,N8.1%. 

Ethyl N4-chlorobenzoyl-~-prolyl-~-valyl-2-tnethylalanylglycinate 
Ethyl glycinate hydrochloride (2.8 g) was suspended in toluene 

(20 mL), triethylamine (2 g) added, and the mixture shaken for 10 min 
at room temperature. The stirred reaction mixture was treated with a 
solution of N-phenylmethoxycarbonyl-~-prolyl-~-valyl-2-methylala- 
nine (6) (8.7 g) and EEDQ (5 g) in toluene (200 mL). After 70 hat 45OC 
the reaction mixture was evaporated, the residue taken up in ethyl 
acetate (300 mL), and acidic and basic by-products removed in the 
usual way. The dry (Na2S04) ethyl acetate solution was filtered and the 
filtrate evaporated to provide a gum (9g), which has resisted all 
attempts at crystallization. This gum (8 g) in methyl alcohol (100 mL) 
was shaken with palladium on carbon (5%. 0.25 g) and hydrogen (3.5 
kg c K 2 )  for 24 h when the reaction mixture was filtered through a bed 
of Celite 545 (0.5 cm) and the filtrate evaporated. When the gummy 
residue was titurated with THF or tetrahydropyran, crystals were 
obtained that could be recrystallized as hexagonal plates, mp 89-91°C, 
from either solvent. However, on standing at room temperature they 
changed to a clear resin, which readily crystallized when treated with 
one of these solvents. The crystalline material (1 g) in THF (15 mL) 
was treated with 4-chlorobenzoylazide (1) (0.5 g) and the colorless 
solution kept for 3 days at room temperature. The reaction mixture was 
evaporated and the residue digested several times with petroleum ether 
(bp 30-60"C, 3 X 50 ml), when the residual gum was taken up in 
ethyl acetate (50 mL), and the solution washed with ice-cold hydro- 
chloric acid (2 N, 4 x 10 mL) and water (2 x 50 mL). The dry 
(Na2S04), filtered solution was evaporated to give a gum (0.32 g, 
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JAMIESON AND TAYLOR 283 

24%). This gum, which appeared to be homogeneous chromatographi- 
cally, was found to contain a few crystals after standing for several 
months. It was found that treatment of the mixture of gum and crystals 
with a few drops of n-butyl acetate (but not with any of some 20 other 
solvents tried) resulted in very slow crystallization and a crop of 
needles (0.18 g, mp 112-1 18°C) could be collected after 2-3 weeks. ' These needles exhibited the same characteristics as the gum, i.e. they 

I could be taken up in about 5 mL of n-butyl acetate at 100°C, and the 
solution over a period of 3-4 weeks, in a sealed container, deposited 
fine needles of 5 (R = 4-chlorobenzoyl), mp 113-116°C; [a]i4 
-93 (c 0.46, MeOH); A,,,: 225 nm (E 12 900). Exact Mass (ms), 
m/z: 524.2284 ( c ~ ~ H ~ ~ ~ ~ C I N ~ O ~  requires 524.2215), 522 (Table 
l ) ,  506.2 124 ( c ~ ~ H ~ ~ ~ ~ c ~ N ~ ~ ~  requires 506.21 lo), 504.2103 
(C25H3335C1N205 requires 504.2139) Anal. calcd, for C25H35ClN406. 
C 57.4, H 6.7, C1 6.8, N, 10.7%; found: C 57.3, H 6.7, C1 7.1, 
N 10.7%. 

Methyl N-4-chlorobenzoyl-~-glutaminyl-2-methylalanine-~-valinate 
N-Phenylmethoxycarbonyl-L-glutamine (22) (15 g) and EEDQ 

(14.5 g) were dissolved in THF (200mL). After 5 min methyl 
2-methylalaninate (6.2 g) was added to the solution and a voluminous 
precipitate was obtained. The reaction mixture needed a stirrer of 
adequate torque to keep the precipitate in suspension while it slowly 
went into solution over a period of 18 h. After 44 hat 3592, the solution 
was evaporated, the residue dissolved in ethyl acetate (100 mL), and 
acidic and basic by-products removed. The ethyl acetate solution was 
evaporated and the residue (19.9 g) taken up in methyl alcohol 
(200 mL). The solution was treated with sodium hydroxide (N, 70 mL), 
the reaction mixture kept for 2 h at room temperature, then concen- 
trated at 40°C under reduced pressure to 50mL, diluted with brine 
(lo%, 50 mL), and extracted with ethyl acetate (2 x 50 mL). The 
raffinate was acidified and extracted with ethyl acetate (3 x 100 mL). 
The combined acid extracts were washed with brine (lo%, 2 x 50 mL) 
and with ice-cold water (1OmL). The dry (Na2S04) solution was 
filtered and evaporated to give a gum (1 1.9 g), which solidified on 
trituration with petroleum ether (bp 30-60°C) N-Phenylmethoxy- 
carbonyl-L-glutaminyl-2-methylalanine separated from ethyl acetate 
as v e y  fine, needles, mp 142'C; [a]? -24.1' ( c  1.4, MeOH), 6. 
(THF( H,)). 7.73 (H, e), 7.30 (5H), 6.90 (H, e), 6.76 (H, e), 6.61 (H, 
e), 5.05 (2H), 4.17 (H, m), 2.23 (2H, m), 1.97 (2H, m), 1.47 (3H), 
1.46 (3H). Anal. calcd. for C17H22N306: C 56.0, H 6.1, N 11.5%); 
found: C 55.8, H 6.3, N 11.2%. This acid (7.3g) was suspended in 
toluene (200 mL) and EEDQ (5 g) added. The stirred mixture was 
treated with methyl valinate (2.6 g; methyl valinate hydrochloride (23) 
(10 g) was dissolved in chloroform (700 mL) and the solution cooled to 
5°C when it was saturated with ammonia. The precipitated ammonium 
chloride was collected by filtration and the filtrate evaporated at -5OC, 
15 Torr (1 Tom = 133.3 Pa), to about 50mL. The residue was 
fractionally distilled through a Fenski column (15 X 1 cm), the ester 
(8.5 g) collected at 35"C, 20 Torr, and the mixture stirred at 45OC for 
60 h. The crystalline precipitate (7.5 g) was collected and was 
recrystallized from ethyl acetate as fine needles of methyl N-phenyl- 
methoxycarbonyl-~-glutaminyl-2-methylalanyl-~-valinate (7, R = 
C7H70CO), mp 138-140°C; [a]: -28" (c, 0.311, MeOH), SH 
(C2H302H): 7.33 (5H, m), 5.08 (2H), 4.24 (H, J = 6.9 Hz), 4.05 (H, 
m), 3.69 (3H), 2.32 (2H, m), ca. 2.0 (3H, m), 1.49 (3H), 1.44 (3H), 
0.90 (3H, J = 6.9 Hz), 0.87 (3H, J = 6.9 Hz). Anal. calcd. for 
C23H34N407.0.25H20: C 57.2, H 7.2%; found: C 57.1, H 6.8%. The 
ethyl ester was similarly prepared and was recrystallized as needles 
from water, mp 87-91°C. Anal. calcd. for C24H36N407.H20: C 56.5, 
H 7.5, N 11.0%; found: C 56.4, H 7.5, N 10.9%. The urethane methyl 
ester (2g) in methyl alcohol (100mL) was treated with dilute 
hydrochloric acid (0.2 N, 20 mL) and palladium on carbon (0.25 g, 
5%). The mixture was shaken with hydrogen (1.76 kg ~ m - ~ )  for 48 h. 
The colorless precipitate that separated was dissolved by adding water 
(30mL). The catalyst was filtered, and most of the methyl alcohol 
evaporated from the filtrate. The residual aqueous solution was 
lyophilized, the residue suspended in chloroform, and the stirred 

: suspension saturated with ammonia. The precipitated ammonium 
chloride was collected by filtration, the filtrate evaporated, the residue 

taken up in THF (75 mL), and the solution treated with 4-chloro- 
benzoylazide (0.9 g).  After 3 days at room temperature the reaction was 
evaporated, the residue stirred with petroleum ether (100 mL) for 6 h, 
and the amorphous solid (1.8 g) thoroughly washed with petroleum 
ether. The product was taken up in hot water (125 mL), a small quantity 
of insoluble material removed by filtration, and the filtrate kept at 
4°C for 18 h. Methyl 4-chlorobenzoyl-L-glutaminyl-2-methylalanyl-1.- 
valinate (7, R = CIC6H4CO) separated from water as needles, mp 91- 
92°C; [a]: +1  * 5" (c, 0.4 MeOH); A,,(MeOH); 238nm (E 
I5 100); 6,: 7.87 (2H), 7.46 (2H, J = 8.5 Hz), 4.41 (gluaCH, J = 
7 Hz), 4.22 (valaCH, J = 6.5 Hz), 3.7 (3H), ca. 2.4 (gluaCH2, m), ca. 
2.1 (glupCH2, valpCH, m, assigned by double resonance experi- 
ments), 1.52 (3H), 1.46 (3H), 0.85 (valMe, J = 6.8 Hz), 0.77 (valMe, 
J = 6.8Hz); Sc: 177.8; 176.7; 173.6 (2, C=O); 168.9, 139.0; 133.4; 
130.3; (2C, 'JCH = 164Hz); 129.6 (2C, 'JC. = 167Hz); 58.1; 55.7 
('JCH = 143.5 Hz); 52.39 ('JCH, = 148.5Hz); 32.49 ('J~., = 
127.5 Hz); 31.63 ('Jo = 134.5 Hz); 27.95 ('JCH, = 131 Hz); 26.68 
('JCH, = 129.7Hz); 24.38 ( ' J~H,  = 128.6Hzj; 19.49 ('JCH, = 
127 Hz); 19.03 ('J,-~, = 125 Hz). Anal. calcd. for C72H31C1N406. 
H20:C52.75,H6.6,C17.2,N 11.2%;found:C52.4,H6.7,C17.2,N 
11.5%. The ether ester was prepared in the same way and separated 
from water as needles, mp 85°C. 

Methyl N-4-bromobenzoyl-~-prolyl-~-valyl-2-methylalanyl-2- 
methylalaninate 

A solution (50mL) of methyl L-prolyl-L-valyl-2-methylalanyl-2- 
methylalaninate (6) (4, R = H, 1 g) in THF (75 mL) was treated with 
4-bromobenzoylazide (24) (mp 46"C, prepared from 4-bromobenzoyl- 
hydrazide (24) in the same way as has been described (1) for 
4~chlorobenzoylazide, 0.7 g) and the reaction mixture stirred at room 
temperature for 3 days. The reaction mixture was filtered, the filtrate 
evaporated, and the residue digested with cold toluene (3 x 20 mL). 
The residual 4-bromobenzoyltetrapeptide (4, R = 4-bromobenzoyl) 
separated from THF-diisopropyl ether,(l:2) as prisms, mp 144- 
146°C; [a]: -85" (c 0.37, MeOH); A,,,: 229 nm (E 13 000). Anal. 
calcd. for C26H37BrN406: C 53.7, H 6.4, Br 13.8, N 9.6%; found: C 
53.65, H 6.4, Br 13.6, N 9.7%. 
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The Raman spectrum of kaolinite #9 at 21°C 
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K. H. MICHAELIAN. Can. J .  Chem. 64, 285 (1986). 
The Raman spectrum of kaolinite #9, a layer silicate of composition A12Si205(OH), from Mesa Alta, New Mexico, USA, is 

reported and compared to previously published Raman and infrared spectra, as well as calculated lattice vibration frequencies, of 
other kaolinite samples. In the OH stretching region, a Raman band is observed at 3684 cm-', a frequency which is generally 
unknown in infrared spectra of kaolinite. The two most likely origins of this band are (a)  uncoupled inner-surface hydroxyl 
stretching, and (b) transverse/longitudinal splitting involving the 3695 cm-' band, which occurs in both Raman and infrared 
spectra of kaolinite. The existing data do not conclusively show which of these explanations is correct. In the lattice vibration 
region, most of the observed Raman bands of kaolinite #9 have been tentatively assigned by comparison with published 
frequency calculations and existing assignments of infrared spectra of various kaolinites. The descriptions of many of the 
vibrational modes are approximate, partly because extensive mixing of vibrations makes a simple description of them 
impossible. 

K. H. MICHAELIAN. Can. J. Chem. 64, 285 (1986). 
On rapporte les spectres Raman de la kaolinite #9, une couche de silicate de composition AlrSir05(OH)4 provenant de Mesa 

Alta, New Mexico, USA, et on les compare aux spectres Raman et infrarouges rapportes anterieurement ainsi qu'aux frtquences 
de vibration calculCes pous des rCseaux d'autres tchantillons de kaolinite. Dans la region d'tlongation OH, on observe une bande 
de vibration i 3684 cm-', une frtquence qui est gtnkralement inconnue dans les spectres infrarouges de la kaolinite. Les deux 
origines le plus probables pour cette bands sont (a) une elongation qui n'est pas couplCe d'un hydroxyle de la surface interne, ou 
(b) un dtboublement transversal/longitudinal impliquant la bande h 3695 cm-' qui se retrouve tant dans les spectres Raman 
qu'infrarouges de la kaolinite. Les donnees existentes ne dkmontrent pas d'une facon concluante laquelle de ces explications 
serait correcte. Dans la region de vibration du reseau, on a attribut la plupart des bandes Raman observees pour la kaolinite #9 en 
faisant une comparaison avec les frtquences calcultes qui ont CtC publites et avec les attributions existantes des spectres 
infrarouges de diverses kaolinites. Les descriptions de plusieurs modes vibrationnels ne sont qu'approximatifs; ceci est dC1 au fait 
que des recouvrements importants de vibrations font qu'il est impossible de les dtcrire simplement. 

[Traduit par le journal] 

Introduction 
The scarcity of Raman spectra of clay minerals in the lit- 

erature means that important structural information is lacking in 
many cases. For example, interpretation of the O H  stretching 
vibrations of the layer silicates in terms of known structures has, 
in most cases, been based only on infrared absorption spectra. 
This situation is largely caused by two factors: first, infrared 
spectrometers tend to be  more readily available and simpler to 
operate than Raman instrumentation; secondly, clays such as 
layer silicates yield weak Raman spectra, making it difficult to 
obtain research-quality results. 

Several years ago, Wiewiora, Wieckowski, and Sokolowska 
(1) published what is believed to be the first successful Raman 
study of kaolinite sub-group minerals, which are made up of 
layers consisting of a single silica tetrahedral sheet and a single 
alumina octahedral sheet, and have the formula A12Si205(OH)4. 
For Keokuk kaolinite the authors observed, but did not assign, a 
a number of bands between 100 and 1100 cm-'; in the O H  
stretching region, they found bands at 3620 ,3650 ,3667 ,3682 ,  
and 3692 cm-'.  The known (2) infrared-active O H  stretching 
vibrations of kaolinite occur at 3620, 3652, 3669, and 3697 
cm-I; hence 3682 cm-' can be regarded as a new O H  stretching 
frequency. 

The assignment of the O H  stretching bands of kaolinite to  
particular types of hydroxyl groups has been a subject of interest 
for many years, and the observation of another O H  vibrational 
frequency has important implications regarding previous spec- 
tra-structure correlations for kaolinite. Wiewiora et al. (1) 
attributed the 3682 cm- '  band to a "coupling vibration in 
phase" involving inner-surface hydroxyl groups. As is discus- 

sed below, assignment of this band to an uncoupled inner- 
surface hydroxyl vibration and, alternatively, to longitudinal1 
transverse splitting has also been considered in the present in- 
vestigation. The  available evidence suggests that the 3682 cm- '  
band arises from uncoupled inner-surface hydroxyl stretching. 

The present study of the Rarnan spectrum of kaolinite #9 was 
undertaken with the following goals: (1) comparison with pre- 
viously published Rarnan spectra of kaolinite, to determine 
whether differences due to particle size, origin of the kaolinite, 
or other factors, are observed; (2) assignment of the Raman 
spectrum of kaolinite in terms of hydroxyl group vibrations, the 
vibrations of the silica layer, and those of the alumina layer; (3 )  
comparison with infrared specta of kaolinite; (4) establishment 
of priorities for further Raman investigations of kaolinite. 

Experimental 
Kaolinite #9, from Mesa Alta, New Mexico, USA, was obtained 

from Ward's Natural Science Establishment, Inc. Its purity was 
checked using X-ray diffraction and an inductively coupled argon 
plasma spectrometer. The only impurity detectable in the X-ray anal- 
ysis was a small amount of quartz. The ICAP showed trace quantities of 
Ca, Fe, Mg, and Na, in decreasing order of abundance. Potassium was 
not included in this analysis. 

Raman spectra were excited using the 476.5-,488.0-, and 514.5-nm 
lines of a Coherent Radiation CR6 argon ion laser; power levels at the 
sample were between 40 and 300 mW. A small monochromator elim- 
inated argon plasma lines from the laser beam before it was allowed to 
strike the sample. All of the bands reported in this paper were observed 
using at least two different excitation lines. 

Scattered light was analysed with a0.85-m Spex model 1403 double 
monochromator equipped with 1800 groove/mm holographic gratings, 
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and detected with a thermoelectrically cooled RCA C31034 photomul- 
tiplier tube and photon counting electronics. The monochromator and 
the electronics were controlled by a Spex Datamate. The strongest 
Raman bands gave intensities of about 3.5 x lo4 counts/s at a laser 
power of 40 mW and a spectral slit width of 5 cm-I. Spectra were 
calibrated using neon emission lines; accuracies of the band positions 
are about 2 1 cm-' for the stronger bands, decreasing to about k3cm-' 
for weaker bands. No correction was made for the slight frequency 
dependence of the sensitivity of the optical system. 

The best spectra were obtained for large (-25 mm) lumps of kaolin- 
ite, the form in which it was supplied. Powdered samples and films on 
microscope slides were also briefly examined. In all three cases, the 
spectra showed the same Raman bands. However, the scattering from 
finely ground kaolinite is very weak, giving Raman spectra with poor 
signal/noise ratios. Because of this, spectra of lumps of kaolinite #9 
are the only ones presented in this paper. 

Results and discussion 
Each of the laser lines used to excite the Raman spectra of 

kaolinite caused fluorescence that subsides with time, reaching a 
minimum in about 1-2 h. Further irradiation does not totally 
eliminate the fluorescence, however, and Raman spectra of 
kaolinite #9 contain a broad fluorescence band that extends from 
about Av = 200 to 6000 cm-' with respect to the 488.0-nm laser 
line. A similar background is visible in the spectra of Wiewiora 
et al. (I) and in Raman spectra of other layer silicates (3). 
Ideally, the effect of this fluorescence could be eliminated by 
utilizing the difference in the times required for the fluorescence 
and scattering processes. For simplicity, in the present work the 
fluorescence background was reduced in the 300- 1000 cm-I 
and 3600-3720 cm-' regions with a baseline linearization 
program. 

The vibrations of layer silicates are conveniently discussed in 
terms of their constituent units. Hence, for kaolinite, Raman 
and infrared spectra can be interpreted by considering vibrations 
of the hydroxyl groups, the silica tetrahedra, and the alumina 
octahedra. With regard to the latter two structures, Ishii et al. 
(43)  have published results of detailed calculations of lattice 
vibration frequencies of a series of layer silicates, which facili- 
tates assignment of some of the Raman bands of kaolinite. 
Therefore the Raman spectrum of kaolinite is discussed below 
in terms of hydroxyl vibrations and lattice vibrations. The 
different regions of the spectrum are shown in Figs. 1-4; band 
positions and relative intensities are given in Table 1. 

1. Hydroxyl vibrations 
1.1 Kaolinite #9 
The OH stretching region of the Raman spectrum of kaolinite 

#9 is shown in Fig. 1. Five bands are identifiable, the two at 
highest frequency being incompletely resolved. Four of the 
bands (3695, 3669, 365 1, and 3620 cm-') occur at the same 
frequencies as the well-known infrared absorption bands des- 
ignated (6) A, B, C, D, respectively. The fifth band, at 3684 
cm- ' , is not found in published infrared spectra of kaolinite; this 
band will be denoted A'  in this paper. As indicated in the 
Introduction, all five bands were observed in the Raman spec- 
trum of Keokuk kaolinite by Wiewiora et al. (1); however, band 
A' is more prominent in their spectra than is the case in Fig. 1. 

Figure 2 shows resolution enhancement of the inner-surface 
hydroxyl stretching region of the Raman spectrum of kaolinite 
#9. The sharpened spectrum was obtained using the frequency 
domain deconvolution method of Jones and Shimokoshi (7). In 
this example, a Lorentzian band shape and a half width of 10 
cm-' were used; the effective range of the triangle-squared 
apodization function was 0.2 cm. Improved resolution of bands 

TABLE 1. Raman spectrum of 
kaolinite #9 from 100 to 3700 

cm-' 

"vw = very weak; w = weak; 
m = medium; s = strong; sh = 
shoulder. 

3600 3720 
FREQUENCY (CIT 1 

FIG. 1. Raman spectrum of kaolinite #9: OH stretching region. 
Bands at 3669, 3651, and 3620 cm-' are designated B, C, and D, 
respectively (see text). 

A and A' permits determination of their frequencies as 3695 + 1 
cm-' and 3684 * 1 cm-I, respectively. The use of other 
apodization functions is not expected to affect these conclusions 
significantly. 

In addition to the OH stretching vibrations, the in-plane 
bending of inner hydroxyls and of surface hydroxyls (both of 
which include some motion of aluminum ions (8) ) also yields 
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3600 3720 
F R E Q U E N C Y  (CM-I 1 

FIG. 2. Curve 1: observed spectrum, OH stretching region; Curve 2: 
deconvolution of inner surface hydroxyl stretching bands. Bands at 
3695 and 3684 cm-' are designated A and A', respectively (see text). 

Raman bands. The inner hydroxyls give rise to the band at 915 
cm-' (Fig. 4 ) ,  while the surface hydroxyls cause the shoulder at 
-938 cm-' (9).  

1.2 Assignment of OH stretching vibrations 
Although A' was regarded as a newly-found OH stretching 

band by Wiewiora et al. ( I ) ,  it should be noted that several 
authors have proposed the existence of a second band within the 
envelope of band A, which is asymmetric in infrared spectra of 
kaolinite. Serratosa, Hidalgo, and Vinas (10) suggested that 
band A originates from two types of hydroxyls with a slight 
difference in energy. The comparatively high frequency of this 
band implies that the OH groups involved do not participate in 
hydrogen bonding, whereas the band width indicates the oppo- 
site. These conflicting viewpoints can be rationalized by pos- 
tulating that the observed envelope contains two bands (10 , l l ) .  
More recently, Rouxhet, Samudacheata, Jacobs, and Anton 
(12) studied infrared spectra of synthetic kaolinites with varying 
degrees of deuteration, which permitted conclusions regarding 
coupling of OH or OD stretching vibrations. They found that 
band fitting of the OH stretching region assuming the presence 
of four bands was unsuccessful, and concluded that "five com- 
ponents are necessary to account for the spectrum of a kaolinite 
in which both coupled and uncoupled OH or OD groups are 
present." Hence even before Raman spectra were available, five 
OH stretching bands were expected for kaolinite. ' 

Before discussing the assignment of these OH stretching 
bands, it should be recalled that there are three types of hydroxyl 
groups in kaolinite (13): ( a )  "outer hydroxyls" at the surface of 
microcrystals, including both hydroxyls at broken edges and 
hydroxyls of the octahedral sheet at the upper surface; ( b )  
"inner-surface" hydroxyls at the surface of the octahedral sheet 
opposite tetrahedral oxygens of the next layer; and ( c )  "inner 

' w e  have observed an intensity differential at the frequency of band 
A' when subtracting diffuse reflectance FTIR spectra of kaolinite #9, 
and a shoulder on band A near 3684 cm-' in photoacoustic FTIR 
spectra of other kaolinites. 

hydroxyls" which are common to the octahedral and tetrahedral 
sheets. Assignments of the infrared OH stretching bands of 
kaolinite, which have been reviewed by Farmer (14),  generally 
invoke only the latter two types of hydroxyl groups. Intercala- 
tion studies (15,16) show that bands A, B, and C arise from 
inner-surface hydroxyls, while D is due to inner hydroxyls. 
Some authors associate each of A, B, and C with particular 
hydroxyls in the kaolinite structure, while others attribute these 
bands to coupling of the inner-surface hydroxyl stretching vi- 
brations. Possible confusion may arise from the fact that the 
relative intensities of the bands are somewhat dependent on the 
source of the kaolinite (2,17); e.g., band B is observable only in 
the spectra of well-crystallized samples (18).  

The assignment by Rouxhet et al. (12) combines features of 
both of the just-mentioned interpretations regarding coupling of 
inner-surface stretches. These authors attributed bands A and B 
to, respectively, in-phase and out-of-phase stretching of the 
two inner-surface hydroxyls perpendicular to the kaolinite 
layers; band C was assigned to the third inner-surface hydroxyl, 
which, on the basis of electrostatic energy calculations (19) and 
transition moments of A, B, and C ( 1  1,12), was believed to be 
nearly parallel to the layers. A recent infrared study of kaolinite 
crystallinity (20) concluded that this assignment was consistent 
with the calculated (19) structure.   ow ever, this attribution of 
band C may now have to be revised, since very recent the- 
oretical (21) and crystal structure (22, 23) investigations of 
kaolinite have shown that the third inner-surface hydroxyl 
group has a more vertical orientation than was previously 
thought to be the case. 

Infrared spectra obtained by Rouxhet et al. (12) show that 
weakly deuterated kaolinite (in which the OD oscillators are 
uncoupled) has an OD stretching band at 2714 cm-' that is 
replaced by bands at 2723 and 2708 cm-' in spectra of fully 
deuterated samples. The isotope shifts of the latter two bands 
with respect to bands A and B of undeuterated kaolinite are 
1.357 and 1.355, respectively. Using an average isotope shift of 
1.356~ and 2714 cm-' as the frequency of an uncoupled OD 
stretching vibration leads to a calculation of 1.356 X 27 14 cm- ' 
= 3680 cm-' for the frequency of an uncoupled inner-surface 
hydroxyl vibration. This prediction is supported by the observed 
shift of band A to lower frequency, caused by growing-in of the 
-3680 cm-' band at a high degree of deuteration, when the OH 
oscillators are not coupled. Moreover, it is consistent with the 
conclusion that a fifth band, at about 3680 cm-' ,  is necessary to 
fit the observed infrared spectrum of kaolinite. In fact, a fre- 
quency of about 3680 cm-' for uncoupled inner-surface hy- 
droxyl stretching has been proposed previously by other authors 
(24, 25). In contrast, the stretching frequency of "free" OH 
groups (24) is about 3750 cm-', as has been observed for 
kaolinite by reflection spectroscopy (26). 

Wiewiora et al. ( 1 )  rejected theconclusion that A' arises from 
uncoupled OH groups, largely because the kaolinite that they 
examined was well crystallized. These authors emphasized the 
general tendency of symmetrical vibrations to yielh strong Ra- 
man bands, and therefore attributed A' to the "the coupling 
vibrations in phase" of the OH groups that give rise to bands B 
and C. However, the appearance of a strong OH stretching band 
in the Raman spectrum does not necessarily indicate that it 
arises from in-phase coupling; as Wiewiora et al. ( 1 )  noted, the 
symmetrical OH stretching vibrations of dickite, which invol- 
ves three hydroxyl groups, does not yield a strong Raman band. 

 his value is erroneously given as 1.366 in ref. 12. 
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Moreover. Raman sDectra of two different kaolinite sam~les  
that have been examined in the present investigation show band 
A' with relative intensity significantly less than observed by 
Wiewiora et al. (I), bringing further uncertainty to an inter- 
pretation based on the high intensity of A' in their spectra. 

An alternative assignment of band A' can be suggested using 
the reasoning of Farmer and Russell (27), who showed that 
transverse and longitudinal frequencies need to be considered 
when analysing spectra of layer silicates. Vibrations perpendic- 
ular to the layers occur at the longitudinal frequency v,, while 
those parallel to the layers occur at the transverse frequency v,. 
Hence a particular vibration can give rise to two bands: the 
characteristic splitting of the - 1100 cm-' infrared absorption 
band of kaolinite (2), which is observed only for larger particle 
sizes (18), is due to this effect. Similar reasoning suggests that 
band A' could be the transverse mode equivalent to band A, 
which falls near the longitudinal frequency. If this explanation 
is correct, A' would appear with reduced intensity in the Raman 
spectrum of kaolinite-in which the particle size is smaller than 
that of kaolinite #9. This was investigated by recording the OH 
region of the Raman spectrum of international k a ~ l i n i t e , ~  which 
was shown to have an average particle size significantly less than 
that of kaolinite #9 by comparing FTIR spectra of the two 
samples. Raman spectra of international kaolinite showed an 
~ ' / k  intensity rat& which is equal, within experimental uncer- 
tainty, to that of kaolinite #9. These results suggest that trans- 
verse/longitudinal splitting is not responsible for the occurrence 
of band A' in the   am an spectrum of kaolinite. 

The interpretations of band A' that have been outlined show 
that the data presently available do not permit a definite con- 
clusion with regard to its assignment. If one considers coupling 
of OH vibrations to be the likely origin of A', then the assign- 
ment of Wiewiora et al. (1) seems less satisfactory than that of 
Rouxhet et al. (12), since a qualitative observation regarding 
Raman intensities is not as definitive as the results of deuteration 
experiments, which are a common means for analysing coup- 
ling of OH vibrations. Furthermore, the present investigation 
has shown that band A' is probably not due to transverse/ 
longitudinal splitting, but further Raman studies of other kao- 
linite samples having a range of particle sizes are required 
before this explanation can be fully evaluated. 

2. Lattice vibrations 
2.1 The 100 - 300 cm-' region 

The 100 - 300 cm-' region of the Raman spectrum of 
kaolinite #9 is shown in Fig. 3. Bands are identifiable at 143, 
197,245, and 270 cm- ' ; a shoulder occurs on the low frequency 
side of the 143 cm-' band at about 130 cm-'. Because the low 
frequency vibrations of kaolinite have not been studied very 
thoroughly, the assignments of these bands, which are pre- 
sented below, must be regarded as tentative. 

Ishii et al. ( 4 3  calculated vibrational frequencis of 127, 130 
and 285 cm-' for the ideal hexagonal C6,, Si205 lattice; for the 
less symmetrical C3v lattice, the predicted frequencies were 
1 13, 209, and -290 cm- ' . The symmetry of the Si205 lattice 
is certainly less than C6v in kaolinite; however, if the effect of 
deviation from C6, symmetry on the vibrational modes is not 
very great, the calculated 127 and 130 cm- ' bands could still be 
invoked to account for the 130 and 143 cm-' Raman bands, 
respectively. The corresponding frequencies reported for Keo- 

lThe author is grateful to Dr. V. C. Farmer for providing this sample. 

100 300 
FREQUENCY ( c M - ~  > 

FIG. 3. Raman spectrum of kaolinite #9: 100 - 300 cm-' region. 

kuk kaolinite4 (1) are 120 and 132 cm-I; a very recent spectrum 
of Georgia kaolinite (28) shows a single band at 14 1 cm- . Far 
infrared diffuse reflectance spectra of kaolinite obtained in our 
laboratory (29) show, among others, bands at 120, 132, and 141 
cm -', which may be analogous to the observed Raman bands. 

The 197 cm-' Raman band, whose infrared counterpart is at 
196 cm-' (29), can be attributed to vibrations (probably trans- 
lations) of hydroxyl ions (4). An alternative assignment is to the 
209 cm-' mode calculated for the C3,, Si205 lattice. The 245 
cm-' Raman band, which corresponds to a shoulder in the 
infrared spectrum (29) at 248 cm-', is assigned to a mixture of 
silicon-oxygen deformation and hydroxyl libration (4). The 
final Raman band in this region, at 270 cm-', is observed in 
infrared spectra at 273 cm-' in transmission (18) and at 279 
cm-' by diffuse reflectance (29); this band is assigned (18) to 
mixed silicon-oxygen deformations and octahedral sheet vibra- 
tions. 

2.2 The 300 - 900 cm-' region 
The remainder of the lattice vibration region is shown in Fig. 

4. The Raman spectrum of kaolinite #9 between 300 and 900 
cm-'contains bandsat336,394,418,431,463,516,638,710, 
75 1, and 790 cm- ' . Comparison of these frequencies with those 
in infrared spectra of kaolinite shows that several Raman bands 
occur at lower frequencies than their nearest infrared counter- 
parts: recent ir data for kaolinite (1 8) include bands at 348,432, 
472, 542,650, 755, and 797 cm-I. The only infrared frequen- 
cies near 394 and 41 8 cm- are shoulders at 383,411, and 421 
cm-' recently observed (29) using diffuse reflectance. The 7 10 
cm-' Raman band does not have an obvious infrared analogue. 
The origin of the differences between Raman and infrared 
frequencies may be transverse/longitudinal splitting, or simply 

'Identical frequencies of 120 and 132 cm-' are given in Table 1 of 
ref. I for kaolinite, dickite, and nacrite, although the spectra in that 
paper suggest that the frequencies are not the same for each mineral. 
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FIG. 4. Raman spectrum of kaolinite #9: 300 - 1000 cm-' region. 

that different vibrations are active in the Raman and infrared 
spectra; further work is required before the comparison of in- 
frared and Raman spectra of kaolinite can be more thoroughly 
understood. This will permit more detailed conclusions re- 
garding the structure of this mineral. 

The Raman frequencies (except 394 and 710 cm-I) can be 
assigned in a straightforward manner if it is assumed that the 
respective Raman and infrared frequencies have common orig- 
ins. Bands at 336, 418, 431, 463, 516,  and 638 cm- '  are 
attributed to  mixed SiO deformations and octahedral sheet vi- 
brations (18); the 516 cm- '  vibration involves an Si-0-A1 
linkage (8). The 751 cm- '  band is due to vibrations of SiOAl 
groups (8) and surface hydroxyls (14). SiOAl vibrations also 
give rise to the 790 cm-I band (8). 

The bands at 5 16 and 638 cm- ' ,  which are prominent in the 
Raman spectrum of  kaolinite #9 (Fig. 4),  are also present in the 
spectrum of Georgia kaolinite recently published by Johnston et 
a l .  (28); however, these bands were not observed for Keokuk 
kaolinite (1). Several attempts to  observe these two bands in the 
spectrum of international kaolinite were inconclusive because 
of the extremely weak scattering in the lattice vibration region 
for this finely ground sample. Thus the data available so far 
suggest that the 5 16 and 638 cm- ' bands are sample dependent, 
although investigation of the Raman spectra of other kaolinite 
samples is required before these results can be fully explained. 

Conclusions 
The above discussion has shown that a significant amount of 

work must be carried out before the Raman spectrum of kaolin- 
ite is fully understood. The following experiments are proposed 
in order to elucidate some of the ambiguous points which have 
already been mentioned. 

(a )  Raman spectra of a number of different kaolinite samples 
should be obtained in order to  determine whether differences in 

relative intensities of band A'  (3684 cm-I) are attributable to 
sample origin. 

(b)  Raman spectra of  a particular kaolinite sample ground to 
different particle sizes are required to establish whether trans- 
verse/longitudinal splitting accounts for the appearance of band 
A' .  

(c) The samples mentioned in ( a )  should be  examined with 
respect to possible occurrence of Raman bands at 516 and 638 
cm-' . 
(6) A s  a final point, the experiment mentioned under (a )  could 

be repeated at low temperature, where reduced band widths 
might facilitate the characterization of the O H  stretching bands. 
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Stability of bismuth oxyiodides in aqueous solutions at 25°C 
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PETER TAYLOR and VINCENT J. LOPATA. Can. J. Chem. 64, 290 (1986). 
Equilibrium iodide activities have been measured as a function of pH for the phase assemblages a-Bi203 + Bi5O7I + aqueous 

solution and Bi5071 + BiOI + aqueous solution, yielding the following Gibbs energies of formation for the bismuth oxyiodides: 
A f ~ 0 ( ~ i 5 0 7 ~ ,  S, 298 K) = - 1266.1 ? 5.8 kJ mol-'; and AfGO(~iOI,  s, 298 K) = -247.8 2.8 kJ mol-'. Using published data 
for the assemblage BiOI + Bi13 + aqueous solution, we estimate that AfG0(Bi13, S, 298 K) = - 160.0 * 16.2 kJ mol-' and log 
KSp(BiI3) = - 15.3 * 3.4. 

PETER TAYLOR et VINCENT J .  LOPATA. Can. J .  Chem. 64, 290 (1986). 
On a mesure les activitCs des iodures B 1'Cquilibre en fonction du pH des assemblages de phase a-Bi203 + Bi5071 + solution 

aqueuse et Bi5071 + BiOI + solution aqueuse et l'on en a dkduit les Cnergies de Gibbs suivantes pour la formation des 
oxyiodures: ArG0(Bi5o71, S, 298 K) = - 1266,l ? 5,8 kJ mol-'; et A f ~ O ( ~ i O 1 ,  s, 298 K) = -247,s ? 2,s kJ mol-I. En se 
basant sur des donnCes connues relatives a l'assemblage de phase BiOI + Bi13 + solution aqueuse, nous avons CvaluC les 
paramktres suivants: AfG0(Bi13, S, 298 K) = -160,O f 16,2 kJ mol-' et log Ksp(Bi13) = -15,3 ? 3,4. 

[Traduit par le journal] 

. . 
Introduction Solution compositions were computed on a molar activity 

M~~~ metal halides undergo hydrolysis to one or more basic basis. Since the equilibrium constants determined from this 

halides, and ultimately to the metal oxide or hydroxide. In 1934, (Kg and Klo) are it is necessary 

Montignie (1) reported the sequential hydrolysis of Bi13 by distinguish between molarity and molality in subsequent calcu- 
1 KOH to B ~ O I  and ~ i ~ 0 ~ 1 .  D~~~~~~ and yen (2) have described lations. In any case, most of the solutions used in the final 
I 

equilibria between B ~ I ,  and B ~ O I  in iodide solutions. equilibrium determinations were too dilute for this distinction to 
I 

Rulmont (3) and Ketterer and Kriimer (4) have recently be significant. 
described the preparation and characterization of Bi5071, while Solids were identified by X-ray powder diffraction (XRD), 
~ l i ~ ~ k ~ ~  et al. (5) have determined phase relationships using CuKa radiation and a Philips PW-1150 diffractometer 

involving B ~ O I ,  B ~ ~ o ~ J , ,  and in the condensed anhy- with a diffracted-beam monochromator. Solid iodides were also 

drous system Bi13-Bi203. characterized by thermogravimetric analysis, done manually on 
Here we report the stability limits of Bi5071 with respect to 1-8 samples because of damage by evolved iodine to compo- 

interconversion with B ~ O I  and a - ~ i 2 0 3  in aqueous solutions at nents of a recording microbalance in preliminary experiments 

2 5 0 ~ ,  estimate the ~ i b b ~  energies of formation of solid with lead and bismuth iodides. Samples were heated in fireclay 

B ~ ~ O ~ I ,  B ~ O I ,  and B ~ I ~ .   hi^ work was prompted by the boats in a horizontal tube furnace, for periods of -0.5 h at 

possibility of using Bi5071 to immobilize radioactive isotopes of increasing temperatures (-25 K intervals), until constant 

iodine. In this regard, Kharbanda et al. (6), Ramani et al. ( 7 ,  weight indicated Bi203. 

and Mel'nikov et al. (8) have described the sorption of ','I on Preparation and characterization of bismuth oxyiodides 
. . .  "bismuth hydroxide." Basic iodides have received little atten- BiOI 

. . .  , . . tion as hosts for ' 2 9 ~ ,  according to recent reviews by Vance et al. About l o g  of BiOI was prepared by mixing solutions of 
(9) and Burger et al. (10). 

. . .  
Bi(N03)3.5H20 and a small excess of KI over that required by 

Experimental methods eq. [I]. 

Starting materials were reagent-grade Bi(N03),.5H20, [ I ]  Bi(N03), + H,O + I- --r BiOI + 2H+ + 3NO; 
a-Bi203, KI, and carbonate-free aqueous solutions of NaOH A deep orange-red precipitate of BiOI formed rapidly, together 
and KOH. Solutions of desired iodide and hydroxide molarities with some dark gray material, probably BiI, formed by re- were prepared using deionized water. The pH was adjusted and 
measured using automatic titration equipment (Metrohm E526 action [2]. 

titrator and E535 dosimat, or Mettler DV/DK modular system). [2] BiOl + 2H+ + 21- --r Bi13 + H20 
This system was calibrated with standard buffer solutions at 
pH = 7.00 and 9.18. This provided an adequate basis for 

The solids were isolated by filtration, and the BiI, was rapidly 
hydrolyzed back to BiOI upon washing with water (reverse of measurements of pH up to about 11.5, above which the 

electrode showed discernible deviation from Nernstian re- reaction [2]). The solid was identified as pure BiOI by XRD, 

sponse, as discussed below. Iodide activities were measured 
based on the published diffraction pattern (1 1). Thermal 
decomposition of the BiOI in air occurred in two stages. In the 

using an Orion Model 94-53 specific ion electrode and a Model first stage, between 250 and 4800C, the observed weight loss of 
90-02 double-junction rderence electrode, calibrated using 26.4% agreed well with the value of 27.03%, calculated for the 
standard solutions with iodide activities ranging from lo-' to formation of Bi5071, according to eq. ,31. 
lop7 mol dm-3. Nernstian response was sustained over this 
range so long as solutions were carefully purged with nitrogen. [3] 5BiOI + 0 2  + Bi507I + 212 

'issued as AECL No. 8736. In the second stage, between 600 and 700°C, the remaining 
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TAYLOR AND LOPATA 29 1 

iodine was removed, in accordance with eq. [4]. TABLE 1. X-ray powder diffraction data for Bi5071 (d in A) 

[4] 4Bi5O7I + O2 + 10Biz03 + 212 This work' Ref. 4 Ref. 3 
The overall weight loss of 33.9% agreed well with the 
calculated value of 33.79%. based on ea. r51. h k 1 dCalc dohs 1/11 dohs 1/11 dohs 

This decomposition behaviour is similar to that reported by 
Rulmont (3). Kramer (12) determined a different route for the 
decomposition of BiOI in a nitrogen atmosphere, with succes- 
sive losses of Bi13 to form progressively more oxygen-rich 
phases: Bi40512, Bi70913, Bi5O7I, and finally, Bi203. 

(b) Bi5071 
This iodide was prepared in 10-g quantities, both by 

hydrolysis of BiOI with excess aqueous KOH, and by the 
reaction of a-Bi203 powder with excess aqueous KI, in 
accordance with eqs. [6] and [7], respectively. 

Each reaction proceeded to completion overnight in a stirred 
reaction vessel at room temperature. The XRD patterns of the 
filtered, washed solids were identical with each other and with 
the pattern obtained from the intermediate product of thermal 
decomposition of BiOI, described above (eq. [3]). These 
patterns are similar to those previously reported for Bi5O7I 
(3-9,  except for additional weak features, as shown in Table 1. 
These features are reproducible, and the entire pattern can be 
indexed on the basis of the orthorhombic unit cell reported by 
Ketterer and Kramer (4), as shown in Table 1 .  The tetragonal 
and orthorhombic unit cells proposed by Rulmont (3) cannot 
account for all the lines. All the diffraction peaks we observed 
can be assigned Miller indices, hkl, with 1 even, suggesting a 
cell with c equal to one half of the value reported by Ketterer and 
Kramer (4). We presume that they observed some weak features 
in their single-crystal diffraction data that necessitated the larger 
cell. The general agreement between our intensity data and 
theirs is poor, perhaps because our 001 intensities are increased 
by preferred orientation. There was no indication that our solids 
contained any structurally essential water or other components, 
and thermogravimetric data agreed well with eq. [4]. All the 
samples decomposed between 500 and 700°C, with total weight 
losses of 9.35, 9.7, and 9.0%, respectively, from solids 
prepared from Bi203 and iodide, BiOI and hydroxide, and 
partial thermal decomposition of BiOI. The calculated weight 
loss for eq. [4] is 9.26%. 

The crystal structure of a second form of Bi5O7I, designated 
P-Bi5071, was recently reported by Ketterer et al. (14); we have 
not observed this solid in any of our experiments. 

Determination of stability limits 
The stability limits of bismuth oxide - iodide solids in contact 

with aqueous solutions can be expressed by equilibria [8]-[lo]. 

K8 
[8] JBi13(s) + OH-(aq) 1BiOI(s) + I-(aq) + fH20(l) 

K9 
[9] %BiOI(s) + OHP(aq) fBi5O,I(s) + I-(aq) + 1H20(1) 

Kl0 
[lo] Bi50,1(s) + OH-(aq) = $Bi203(s) + IP(aq) + 1H20(1) 

These are variants of eqs. [2], [61, and [7], respectively, chosen 

'Orthorhombic unit cell, a = 16.267(4) 8, (1 A = 0.1 nm), b = 5.356(2) A, 
c = 11.503(2) A, obtained by least-squares refinement of the cell reported by 
Ketterer and Kramer (4), but with the value of c halved. The 18 uniquely 
indexed lines were used in the refinement. For the 30 lines listed, the maximum 
difference between observed and calculated 20 is 0.03 lo, and only three values 
exceed 0.02". Observed d spacings were calibrated using a BaF2 internal 
standard (a = 6.1971 A, according to the unpublished data of D. A. Hewitt 
(13)). Computations were done using a program written by D. E. Appleman and 
H. T. Evans, Jr., U.S. Geological Survey, Geological Division, Washington, 
DC, U.S.A. 20244. The large number of near coincidences of d,,,, values arise 
because a - fit, hence d(hk0 = d(h1kl') when h2 + 212 = h" + 2112. 
Asterisks indicate the hkl values favoured in ref. 4. 
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because each equilibrium constant, in a dilute aqueous system, 
is simply expressed as the quotient of iodide and hydroxide 
activities. 

whence 

[12] -log K,, = log K,  + pH + pI 

where pI = -log {I-). In other words, each pair of adjacent 
solids in the sequence Bi13 -+ BiOI + Bi5071 +Bi203 should 
buffer the iodide activity at a particular value at a given pH. 
Dyrssen and Yen (2) observed such behaviour with BiI3 + BiOI 
in acidic solutions with an ionic strength of 3.0 mol dm-3. Their 
data correspond to a value of about 10.0 for log Kg, as 
discussed below. We have measured equilibrium iodide activi- 
ties as a function of pH for each of the solid pairs, BiOI + 
Bi5071 and Bi5O7I + a-Bi,03 and hence estimated Kg and Klo, 
respectively. 

A third bismuth(II1) oxyiodide, Bi70913, was reported by 
Klimakov et al. (5) as an equilibrium phase in the system 
Bi13-Bi203. We have not positively identified it in this study, 
but have evidence that it occurred in some experiments at 
100°C. This suggests that it is metastable with respect to the 
disproportionation reaction [13] near ambient temperature. 

However, it is more likely that it is a stable solid, but is difficult 
to nucleate in ambient-temperature aqueous solutions. 

Equilibrium between a-Bi203, Bi5O7I and solution 
Preliminary attempts to determine the equilibrium constant 

Klo,  by allowing mixtures of a-Bi203 and Bi5071 powders to 
equilibrate with various solutions of KOH and (or) KI, met with 
limited success because of slow kinetics. However, one series 
of experiments, in which 0.3 g of each solid was shaken for a 
week in 20cm3 of KI solution (0.001 to l.Omol dm-3) in 
stoppered Teflon bottles, gave results consistent with the 
expected equilibrium behaviour, with log Klo = -3. Similar 
results were obtained when successive aliquots of KOH and (or) 
KI were added to stirred suspensions of the mixed solids, while 
the pH and pI were monitored. A deviation towards less 
negative values of log Klo occurred at pI values above about 6; 
this deviation was reduced by continuously purging the reaction 
vessel with nitrogen. Dissolved oxygen is known to interfere 
with iodide-selective electrodes at such low iodide activities 
(15); displacement of iodide from the solid phase by traces of 
carbonate may also have contributed to the deviation. 

Some preliminary kinetic experiments showed that the rate of 
uptake of iodide by Bi203 powder is enhanced by pretreating the 
oxide with aqueous iodide, presumably because a layer of 
Bi5071 is formed on the oxide surface. We therefore ran a series 
of equilibration experiments with iodide-treated Bi203. About 
5 g of a-Bi,03 was stirred overnight with sufficient aqueous KI 
to achieve about 20% conversion to Bi5071 (eq. [7]). Measure- 
ments of iodide activity and pH confirmed that iodide uptake 
was almost quantitative. The solution was filtered, and the solid 
was washed repeatedly with water and immediately resus- 
pended in 40 cm3 of deionized water purged with nitrogen. The 
solution chemistry stabilized at pH = 9.5 and pI = 8. Aliquots 
of KOH or KI were then added, and the pH and pI were 
monitored continuously. After addition of each aliquot, equilib- 
rium was re-established at successively higher pH and lower pI 
values, with pH + pI remaining constant at about 17.6, which 

FIG. 1. Measurements of log K , ,  (14.00 - pH - PI) as a function 
of pH, from three series of experiments with a-Bi203 + Bi5071 at 
25°C. Lines A and B represent linear regressions of all data and data at 
pH < 11.5, respectively. 

corresponds to log Klo = -3.6, at ambient temperature (23 ? 
2°C). Although equilibrium could be approached from either 
direction, it was attained more quickly after addition of KI than 
KOH (ca. lOmin, rather than ca. 100 min). Therefore, in the 
definitive series of equilibrium measurements, aliquots of KI 
only were added to the solution, to minimize the total duration 
of the experiments. 

In this final series of experiments, the above procedure was 
repeated in a vessel thermostatted at 25"C, at least 30 min being 
allowed for equilibration between addition of aliquots of iodide. 
No significant changes were observed on standing for a further 
16 h. Results are presented in Fig. 1. 

Linear regression analysis of all 44 data yielded line A, with a 
slope, d(1og Klo)/d(pH) = -0.042. The main cause for this 
nonzero slope appeared to be a small deviation of the pH- 
sensing electrode from linear behaviour at pH > 11.5. The 
existence of such a deviation was confirmed by pH measure- 
ments on freshly diluted standard hydroxide solutions, but no 
correction was attempted. When the analysis was limited to the 
30 data at pH 5 11.5, the slope was reduced to -0.01 1 (line B). 
Based on these data, we obtained log Klo = -3.39 * 0.13 (2u). 
However, some systematic differences are apparent between the 
three experiments, probably because of minor calibration 
errors. A value of log Klo = -3.39 * 0.20 probably represents 
the total experimental uncertainty more accurately. 

Equilibria between Bi5071, BiOI, and solution 
Although Bi5O7I was converted to BiOI by acidic iodide 

solutions, and BiOI was hydrolyzed to Bi5O7I by basic solu- 
tions, our intitial attempts to measure equilibrium behaviour 
between these two solids in near-neutral solutions (eq. [lo]) 
were unsuccessful, because of the very slow interconversion 
kinetics. However, our success in obtaining equilibrium data 
from iodide-treated Bi203, as opposed to simple mixtures of 
Bi203 and Bi5071 (preceding section), prompted us to attempt 
equilibrium measurements on partially hydrolyzed BiOI, rather 
than on a mixture of BiOI and Bi5071. 

About 5 g of BiOI was stirred overnight with sufficient 
aqueous KOH to achieve about 20% conversion to Bi5071. The 
solid was isolated by filtration, washed, and then submitted to 
an experimental procedure similar to that for the Biz03-Bi5071 
equilibrium measurements, described above. In these experi- 
ments, equilibrium was usually re-attained within a few seconds 
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FIG. 2. Measurements of log Kg (14.00 - pH - PI) as a function of 
pH, from three series of experiments with Bi5071 + BiOI at 25°C. 
Flagged squares are measurements recorded while the pH was slowly 
drifting up and represent upper limits of log Kg (see text). 

of addition of aliquots of hydroxide, but only after several hours 
following addition of iodide. Most equilibrium measurements 
were therefore made by successive additions of hydroxide. 

Results of three series of experiments with BiOI and Bi5O7I 
in a solution thermostatted at 25°C are shown in Fig. 2. The data 
at pH < 7 represent upper limits of Kg, since both pH and pI 
continued to drift for several hours, perhaps because of slow 

1 equilibration of the polymeric species that dominate the solution 
I chemistry of bismuth in this pH range (16). Both pH and pI 
' remained stable in experiments at pH values between 7 and 9; 
I 

they were normally recorded about 15 min after addition of 
hydroxide. Analysis of the data obtained at 7 < pH < 9 in these 
three runs yielded values for log Kg of 3.42 f 0.04 (2u), 3.59 + 
0.02, and 3.46 k 0.01. Clearly, systematic errors between the 
series outweigh the random errors within each series. Based on 
these three separate measurements, we estimate that log Kg = 
3.49 + 0.18. 

Gibbs energies of formation of Bi5O7I, BiOI, and Bi13 
The Gibbs energies of formation of the bismuth iodides can 

be calculated from those of a-Bi203(s), H20(1), OH-(aq), and 
I-(aq), together with Kg, Kg, and Klo, using eqs. [14]-[16]: 

[I41 AfGo(Bi5071, S) = PAfGO(a-B~~o~, S) + AfGO(l-, aq) 
+ iAfG0(H20, I) - AfGO(O~-,  aq) 

+ RT ln K,o 

[IS] AfGO(BiOI, S) = i{iAfG0(Bi5071, S) + AfGO(I-, aq) 
+ iAfG0(H20, I) - AfGO(OH-, aq) 

+ RT In Kg} 

= i A f G O ( a - B ~ ~ O ~ ,  S) + AfGO(I-, aq) 
+ +AfGo(H20, I) - AfGO(OH-, aq) 

+ RT(0.2 ln Klo + 0.8 ln Kg) 

[16] AfG0(Bi13, S) = 2{:AfG0(BiO1, s) + AfGO(I-, aq) 
+ +A~CO(H~O, I) - AfGO(OH-, aq) 

I + RT ln K g }  

= IAfGO(a-Bi203, S) + 3AfG0(I-, aq) 
+ jAfG0(H20, I )  - 3AfG0(OH-, aq) 

+ RT(0.2 In Klo + 0.8 ln Kg + 2 In Kg) 

Robie et al. (17) list the following Gibbs energies of formation 
at 298.15 K and 100 kPa, with aqueous species referring to a 

standard state of 1 mol kg-': Bi203(s), -493.453 + 1.464 (2u) 
kJ mol-l; H20(1), -237.141 + 0.084k.l mol-I; OH-(aq), 
-157.328 + 0.090k.l mol-I; IP(aq), -51.915 k 0.860k.J 
mol-I. (These error limits are stated in ref. 17 as twice the 
estimated standard deviations.) Substituting in eqs. [14]-[16], 
we obtain expressions [17]-[19]. 

Using the values for Kg and Klo derived here, we obtain 

Dyrssen and Yen (2) obtained log K20 (= 2 log [H'] + 2 log 
[I-] (their log K,)) = -8.50 for equilibrium [20] in 3 mol dm-3 
aqueous sodium perchlorate solution. 

Equilibrium constants Kzo and Kg are related by eq. [21]. 

[2]] log KZo = 2 log Kg + 2 log K, 

Using the value log K, = -14.22 + 0.02 in 3 mol dm-3 
aqueous sodium perchlorate, as reported by Ingri et al. (18), but 
without attempting to correct K20 for ionic strength effects, we 
estimate log Kg = 10.0 + 1 .O. Application of this value to eq. 
[19] yields AfC0(Bi13, S, 298 K) = - 160.0 f 16.2k.l mol-'. 
Combining this value with data for Bi3+(aq) and IP(aq) from 
ref. 17 (AfCO = 82.80 k 0.85 and -51.915 f 0.860k.l mol-', 
respectively), we calculated the solubility product of Bi13: log 
Ks,(Bi13, 298 K) = - 15.3 + 3.4. 

This solubility product is in better agreement with the value of 
- 15.6 reported by Dyrssen and Yen (2) than - 18.1, as reported 
by Ahrland and Grenthe (l9),  although both literature values lie 
within our estimated error limits. A value near - 15 also appears 
to be more consistent with observations on Bi13 precipitation, as 
summarized by Eve and Hume (20). However, since the 
Dyrssen-Yen data again refer to 3 mol dm-3 perchlorate media, 
direct comparisons are not strictly valid. 

Conclusions 
From the viewpoint of radioactive iodine immobilization, the 

most important conclusion is that Bi,O7I is seven orders of 
magnitude more stable than BiOI, and about fourteen orders of 
magnitude more stable than Bi13, towards hydrolysis, if 
"stability" is expressed as the minimum iodide activity at a 
given pH, at which the solid can exist at equilibrium. Expressed 
another way, the lowest controlled iodide activities that can be 
achieved in this system are those buffered by the solid phase 
assemblage, Bi203 + Bi5071, and are expressed by the 
relationship, pH + pI = 17.39 + 0.20 at 25°C. However, 
considerable care is necessary in the pretreatment of solids in 
order to achieve this equilibrium in a reasonably short time. A 
full understanding of the behaviour of a bismuth oxyiodide 
waste form for radioactive iodine also requires some knowledge 
of redox chemistry, iodine speciation, and interactions with 
other anions. We have previously reported data on the stability 
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of basic bismuth carbonates (21), and are presently investigat- 
ing reactions of Bi203  with other common anions in aqueous 
systems. The  Gibbs energy data presented here permit calcula- 
tion of stability at 25°C with respect to  redox reactions involving 
any other species for which Gibbs energies of formation are 
known. 
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Structure de l'opigenine: triterpene pentacyclique isole d'Opilia celtidifolia 
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DANIBLE DRUET, LOUIS COMEAU et JEAN-PIERRE Z A H R A . ~ ~ ~ .  J. Chern. 64, 295 (1986). 
La structure de l'opigtnine, une aglycone issue de la fraction glycosidique dlOpilia celtidifolia, a ete Ctablie grdce aux 

donnees spectroscopiques (ir, rmn du 'H et du I3C, rnasse) de l'opigenine et des ses dCrivCs. I1 s'agit d'un triterpkne nouveau, 
de structure voisine de celle du 3P-hydroxy lupane, rnais avec un isopropyle en position 20 et un pont oxyrnethylkne en 
position 20-28. 

D A N I ~ L E  DRUET, LOUIS COMEAU, and JEAN-PIERRE ZAHRA. Can. J. Chern. 64, 295 (1986). 
The structure of opigenin, an aglycone from the glycosidic fraction of Opilia celtidifolia, has been established by study of the 

genin and its derivatives by means of ir, mass spectroscopy, and 'H and "C nmr spectroscopy. This is a new triterpene whose 
skeleton resembles that of 3P-hydroxy lupane but with an isopropyl group in position 20 and an oxyrnethylene bridge in 
position 20-28. 

[Traduit par le journal] 

Introduction 
Dans le cadre d'une ttude sur les ~ lan tes  mkdicinales 

d'Afrique de I'Ouest, une Opiliacte de ~ o t e  d'Ivoire, Opilia 
celtidifolia, a retenu notre intCr2t. I1 s'agit d'une liane que l'on 
trouve le plus souvent dans la zone des savanes et dont la 
pharmacopCe locale fait de multiples usages (1-3). 

Dans un premier temps, l'ttude structurale des aglycones 
issues de la fraction glycosidique de la plante nous a permis, 
d'identifier les composts majeurs (4). I1 s'agit de l'acide 
oltanolique de son acttate et de I'htdCragCnine, des triterpknes 
pentacycliques. 

Dans un second temps, l'ttude des composts rnineurs a 
permis la mise en tvidence de plusieurs substances comprenant, 
entre autres, un alcool terptnique prtsent en trks faible quantite 
(moins de 0,7%, en poids, de la totalit6 des aglycones), dont 
nous avons tent6 d'ttablir la structure. Une Ctude analytique 
prtliminaire n'a pas permis d'identifier ce composC a un 
triterpkne de structure connue. I1 nous a donc fallu, afin de 
complCter 1'Ctude structurale, prtparer quelques uns de ses 
dCrivts. Les rtsultats obtenus lors de l'ktude de ces dCrivts ont 
rCvC1C un squelette hydrocarbon6 assez inhabituel dans la sCrie 
des triterpknes pentacycliques. Nous avons donc dCnommC 
cette aglycone "opigtnine". Une ttude ultkrieure, conduite sur 
les autres cornposCs mineurs, devrait nous permettre d'Ctablir 
les relations existant entre I'opigCnine et les autres triterpknes 
presents dans laplante. S'il s'avkre que cette aglycone neresulte 
pas d'un rkarrangement subi par une aglycone de structure 
classique, il sera alors ntcessaire d'Ctablir le processus biosyn- 
thetique qui est l'origine de sa formation. 

FIG. 1. Structure de llopigCnine et de ses derives. 

pression). Les traces d'acide oltanolique rksiduel sont tlimi- 
ntes par cristallisation du chlorure de rntthylkne. Les cristaux 
obtenus (F = 275-280°C) prksentent une structure en feuillet qui 
ne convient pas pour la diffraction des rayons X. 11s rCpondent 
positivement au test de Liebermann-Burchard et nkgativement 
a celui du tktranitromtthane. 

Une partie des cristaux est dCsacCtylCe par hydrolyse en 
milieu basique afin d'ttablir les constantes physico-chimiques 
de I'opigCnine l a ,  RecristallisCe du dichloromCthane, l'opigt- 
nine prtsente un point de fusion de 265-267°C. Le resultat de 
l'analyse centhimale et la prtsence en spectrornttrie de rnasse 
d'un pic d'ion moltculaire 2 mlz  = 442 conduisent a la for- 
mule brute C30H5002. La spectromktrie infrarouge montre qu'il 
s'agit d'un alcool (vOH B 3500 cm-') gem-dimtthylC (vCH 

RQultats et discussion 1360 et 1380 cm-'). L'absence d'absorption dans le domaine 
850-870 cm-' laisse supposer que l'opigtnine ne prCsente pas 

L'opigCnine a Ctt isolCe plusieurs fois i partir d'extraits de liaison 6thyltnique, ce qui confirme le test au tttranitro- 
provenant de lots differents dlOpilia celtidifolia, selon les ,&thane. E~ spectromttrie de masse, 170pigtnine donne la 
conditions dCcrites dans la partie expCrimentale. Obtenue par fragmentation cxacttristique des triterpknes pentacycliques 
chromatographie sur colonne ?t partir du mClange des aglycones hydroxylts en 3: on remarque, en effet, g rnlz = 189, 203 et 
acCtylCes, sa purett est contrblke par ccm (chromatographie sur 207, les pics rCsultant d'une scission au niveau du cycle C,  
touche mince) et clhp (chromatographie liquide a haute dCcrite par ailleurs (5-8). Deux autres fragments permettent de 

prkciser la structure de l'aglycone: l'un, i m l z  = 411, doit 
'~uteur  B qui toute correspondance doit &tre adressee. rtsulter de la perte de CH20  et H' et suggkre la prtsence d'un 
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TABLEAU 1. En rmn du 'H, glissements chimiques comparCs de I'opigtnine et de ses dCrivCs et de composCs de rifkrence 

ComposC (rtf.) Me 23-24-25 Me 26 Me 27 Me 28 Me 29-30 -CH20- 3H 

AcCtate d'opigknine 0,84 (X2)-0,87 
1 b (ce travail 

3P-AcCtoxy 19P,28P- 0.83-0,85-0,86 
Cpoxy lupa-20,29-he (1 1) 

ComposC 2 (ce travail) 0,84 (X2)-0,88 

3P,28P-DiacCtoxy lupa- 0,85-0,87 (X2) 
20,30-he (12) 

ComposC 3 (ce travail) 0,83-0,84-0,85 

ComposC 4 (ce travail) 0,83-0.84-0,86 

NOTA: Les valeurs des dkplacements chimiques sont donnkes en parties par million 
q = quadruplet, m = multiplet). 

pont oxymCthylkne; l'autre, a m / z  = 381, provient de la perte 
d'une molCcule d'eau et d'un groupement isopropyle. La 
prCsence de ce groupement sur la molCcule est confirmCe par le 
pic de base a m / z  = 43 (5). La rmn du 'H a 200 MHz est 
effectuCe, pour des raisons de commoditC, sur l'opigenine 
acCtylCe l b .  Les signaux obtenus pour les groupements 
mCthyles (tableau 1) correspondent 21 la prCsence de cing 
groupements angulaires et d'un groupement isopropyle. A 
6 = 2,04 ppm, un singulet (3H dQ au mCthyle d'un groupement 
acCtyle montre que I'opigCnine ne posskde qu'un hydroxyle 
acktylable. La position de ce groupement est donnCe 21 6 = 4,5 
ppm ( 3 ~  = 10 HZ, 3J = 6 HZ) par le quadruplet caracteristique, 
dans les systkmes triterpkniques pentacycliques, du couplage 
3 ~ a a  et 3Ja, du proton en 3 axial, lorsque celui-ci se trouve en a 
d'un acCtyle (10). On en dCduit que l'hydroxyle acCtylable 
occupe la position 3 Cquatoriale. Les doublets dCdoublCs 
observCs a 6 = 3,35 et 4,16 ppm ('JAB = -7 HZ, 4 ~ A A ,  = ~ H z ,  
4 ~ B B ,  = 1,5 HZ) correspondent a deux hydrogknes situts sur un 
carbone porteur d'une fonction Cther-oxyde, en l'occurrence un 
groupement oxymethylkne. On peut considCrer qu'ils consti- 
tuent les deux parties A et B d'un systeme AB dont chaque 
branche est dtdoublCe par la prCsence d'un couplage a longue 
distance du type 4 ~ .  I1 s'avkre, d'apres les observations 
effectuies par certains auteurs (9) sur des dCrivCs de triterpknes 
possCdant un pont oxymkthylkne, que de tels couplages ne sont 
possibles que si les t&tes de pont sont des carbones quaternaires 
(fig. 2). La valeur relativement faible trouvee pour la constante 
de couplage JAB des protons du groupement oxymCthylkne 
indique que ce pont se trouve inclus dans un cycle tendu a quatre 
ou cinq atomes. On note en effet, dans la litttrature, des valeurs 
de JAB de cet ordre pour des composCs dont le groupement 
-CH20- appartient a un cycle a cinq atomes: 6 et 7 Hz pour 
des dCrivCs du 3P-hydroxy 13P ,28P-Cpoxy olCan- 1 1,12-kne 
(1 I), 7 et 7,5 Hz pour des dCrivCs du 3P-acCtoxy 19P,28P-Cpoxy 
lupane (12). Cette constante est comprise entre 10 et 12 Hz 
lorsque le groupement --€Hz@- fait partie d'un cycle i six 
atomes: 11 Hz pour le 3P-acCtoxy 20P,28P-Cpoxy lupane (13). 
Le spectre de rmn du "C, enregistri sur l'acttate l b  en utilisant 
toutes les techniques appropriCes a la dktermination de la nature 
des diffirents types de carbones prCsents dans la molCcule 
(APT, INEPT, ADEPT), fait apparaitre: 8 carbones primaires 
(CH3-) a 6 = 27,9; 24,8; 21,3; 20,l; 16,4; 16,4; 15,8; 14,2 
ppm; 11 carbones secondaires (-CH2-) a 6 = 69,O; 38,5; 

avec le TMS comme rkfkrence (d = doublet, dd = doublet dkdoublk, t = triplet, 

FIG. 2. Structure du cycle D de I'opigCnine. 

34,9; 33,8; 29,8; 27,9; 26,5; 25,4; 23,7; 22,7; 18,l ppm; 6 
carbones tertiaires (-CH-) a 6 80,9; 5 5 3 ;  50,7; 47,l;  42,4; 

I 
39,7 ppm; 7 carbones quaternaires (-C-) dont aucun n'est 

I 
CthylCnique a 6 = 170,9; 72,2; 41,5; 40,7; 37,8; 37,l;  31,7 
PPm. 

L'attribution de ces diffkrents glissements chimiques figure 
dans le tableau 2 Ctabli aprks ditermination de la structure de 
l'opigknine. 

Le test de Liebermann-Burchard, la fragmentation carac- 
tiristique en spectromCtrie de masse et la prCsence de mCthyles 
angulaires en rmn du 'H suggkrent un squelette hydrocarbon6 de 
type triterpkne pentacyclique. 

La prCsence d'un groupement isopropyle, caractiris6 aussi 
bien en spectromCtrie de masse qu'en rmn du 'H, nous a amen6 
a effectuer une Ctude comparative des constantes de rmn du 'H 
et du 13C obtenues pour 1'acCtate d'opigCnine l b ,  avec celles 
donnCes par la 1ittCrature (9, 12-20). En rmn du 'H, on constate 
que 1'opigCnine prCsente une certaine similitude avec les derives 
du lupane et du hopane et plus particulikrement avec ceux du 3P- 
acCtoxy lupkne (tableau 1). On note l'absence de signal pour le 
methyle en 17, ce qui peut &tre l'indice d'une "fonctionnalisa- 
tion" du carbone en 28. En rmn du 13C, on constate une identiti 
presque parfaite entre les glissements chimiques des carbones 
des cycles A, B, C et d'une partie du cycle D (C(I)-C(16) et C(23)) 
de l'acttate d'opigCnine et du 3P-acCtoxy lupane (tableau 2), 
les diffkrences constatCes au niveau des cycles D et E Ctant 
vraisemblablement dues a la prCsence du pont oxymCthylkne et 
du groupement isopropyle sur ces cycles. L'ouverture du pont 
oxymCthylkne est effectuCe par action de l'acide paratolukne 
sulfonique dans l'anhydride acCtique sur I'acCtate d'opigknine 
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TABLEAU 2. En rmn du I3C, glissements chirniques cornparks du 3P-acCtoxy lupane et de I'opigCnine et de ses dCrivCs 

3P-AcCtoxy 3P-AcCtoxy 
C lupane l b  2 4 C lupane l b  2 4 

1 38,3 38,5 38,6 38,O 16 35,5 34,9 35,3 32,l 
2 23,6 23,7 23,7 23,4 17 43,l 31,7 37,O 40,5 
3 80,7 80,9 80,9 80,7 18 47,5 47,l 48,6 49,4 
4 37,7 37,8 37,8 38,2 19 44,6 25,4 117,9 73,6 
5 55,3 55,5 55,4 55 ,O 20 29,3 72,2 140,l 45,3 
6 18,2 18,l 18,2 18,O 21 21,9 42,4 36,l 37,6 
7 34,l 33,8 34,l 34,2 22 40,4 29,8 30,5 29,4 
8 40,7 40,7 41,l 40,8 23 27,9 27,9 27,9 27,7 
9 50,2 50,7 50,3 50,2 24 16,5 16,4 16,3 16,5 

10 37 ,O 37,l 37,2 36,8 25 16,l 16,4 16,3 16,5 
11 20,9 22,7 22,8 21,3 26 15,9 15,8 16,l 16,O 
12 25 ,O 26,5 26,8 25,7 27 14,4 14,2 14,9 14,7 
13 37,9 39,7 38,4 3 7 3  28 18,O 69,O 61 ,O 61,9 
14 42,7 41,5 42,2 44,o 29 15,l 20,l 21,l 20,8 
15 27,4 27,9 27,6 28,8 30 23 ,O 24,8 22,9 21,2 

NOTA: Les valeurs de S sont donnies en parties par million avec le TMS comme reference. Pour l b :  S(C=O) = 170,9 pprn et S(COCH3) = 
21.3 ppm. Pour 2: S(C=0) = 171,O pprn et 171,5 pprn et S(COCH3) = 21,3 et 2 1 3  ppm. Pour 4: S(C=O) = 177,8; 171.8; 170.3 pprn et 
S(COCH3) = 21,l; 21,3; 21.5 ppm. 

l b  (21). On obtient ainsi le composC 2 qui prCsente, en 
spectrographie infrarouge, l'absorption caractCristique des liai- 

I sons CthylCniques 2 800 cm-' . En spectrometric de masse, le pic ' de l'ion molCculaire situC 2 m/z = 526 permet, avec l'analyse 
centksimale, de dCterminer la formule brute: C34H5404. A c6tC 
des fragments 189 et 203 caractCristiques des triterpknes, on 
remarque trois fragments intkressants: Le premier a m/z = 423 

1 (M+' - CH3C02H-CH(CH3)2) confirme la prCsence d'un 
I groupement isopropyle. Le second 2 m/z = 406 ((M+' - 2 
1 CH3C02H) montre que la molCcule est diacCtylCe et le troisikme 
I nous apprend que l'un des acCtyles est port6 par un carbone 

primaire: m/z = 453 (M+' - CH20COCH3). La rmn du 'H 
apporte quelques precisions sur la conformation de la molCcule 
(tableau 1). Ainsi pour les mCthyles de l'isopropyle on observe 
deux doublets. L'un est centrC sur 6 = 0,86 pprn ( 3 ~  = 6,5 Hz), et 
ses composantes sortent dans les signaux des mCthyles du cycle 
A 2 6 =0,84 et 0,88 ppm; l'autre doublet, centrC sur 6 = 1,00 
ppm, ( 3 ~  = 6,5 Hz) apparait nettement. La courbe dlintCgration 
est en accord avec cette analyse. La prCsence de ces deux 
doublets traduit la nonCquivalence des mCthyles du groupement 
isopropyle (22). Deux singulets, a 6 = 2,04 et 2,08 pprn (2 X 
3H), dus aux mCthyles de deux acetyles confirment la diacCtyla- 
tion. La presence d'une fonction alcool primaire est marquCe 
par deux doublets centrCs respectivement sur 6 = 3,83 et 4,30 
pprn (2 x lH, 2 ~ A B  = - 1 1 HZ) et attribuables aux protons non 
equivalents d'un groupement -CH20Ac port6 par un carbone 
quaternaire. Enfin, centrC sur 6 = 5,23 ppm, un doublet (lH, 
3~ = 7 Hz) indique la prCsence d'une liaison CthylCnique trisubsti- 
tuCe dont le proton n'est coup16 qu'avec un seul proton vicinal, 
donc en a d'un carbone tertiaire: (R)2-CH-CH=C-(R)2. 
La rmn du I3C confirme cette disposition avec deux pics dus 
respectivement a un carbone CthylCnique quaternaire a 6 = 
140,l pprn et a un carbone CthylCnique tertiaire a = 117,9 
PPm. 

Le composC 2 se prCsente donc comme un diol triterpknique 
pentacyclique insaturC. L'ouverture du pont oxymCthylkne a 
conduit a l'apparition d'une fonction alcool primaire et d'une 
liaison CthylCnique trisubstituke. L'absence du mCthyle angu- 
laire sur le carbone 17 et les valeurs des glissements chimiques 
des protons du groupement -CH20Ac, trks voisines de celles 

donnCes dans la littCrature (12) pour le 3P,28P-diacCtoxy 
lupa-20,30-kne, nous amknent 21 positionner ce groupement sur 
le carbone en 17. L'emplacement de la double liaison, vraisem- 
blablement sur les cycles D ou E, ne peut Ctre dCterminC avec 
precision que si l'on additionne sur celle-ci un groupement 
chimique convenable. L'hydroboration oxydative de 2 conduit, 
aprb purification, au composC d'addition hydroxylC 3. En rmn 
du 'H, on constate que les doublets attribuCs aux protons non 
equivalents du <H20Ac ont subi un deplacement (6 = 3,79 et 
4,42pm, 2 X lH, 2 ~ A B  = - 11 HZ) par rapport au composC2, ce 
qui indique un changement dans l'environnement chimique 
de ces protons. On remarque Cgalement deux quadruplets 
( lH au total), situCs 2 6 = 5,29 et 5,45 ppm, et prCsentant des 
constantes de couplage voisines et Cga1es respectivement 2 
3~ = 12 Hz, 3J = 6 HZ et 3~ = 10 HZ, 3~ = 6 HZ. Ces deux 
quadruplets sont dans le rapport de 1:4, si l'on compare les 
integrations respectives. Comme cela a dCj2 CtC signal6 par 
ailleurs (23), la reaction d'hydroboration a conduit aux deux 
stCrCoisomkres a et p .  La prCsence, dans le spectre, de deux 
singulets situCs a 6 = 8,55 et 9,15 pprn (1H au total), et 
disparaissant par Cchange avec D20, donc attribuables aux 
protons des OH, confirme l'isomkrie. Les valeurs relativement 
importantes des glissements chimiques observCes ici, et que 
l'on peut attribueren premikre approximation aux protons situCs 
en a des groupements hydroxyles apparus aprks hydroboration 
oxydative, montrent que ceux-ci sont situCs dans le c6ne de 
blindage d'un groupement chimique voisin. En fait, si l'on 
considkre les Ctapes qui ont conduit au composC 3, il ne peut 
s'agir que du groupement -CH20Ac. L'acCtylation de 3 donne 
le triacCtate 4 aue l'on recristallise facilement dans l'hexane. La 
masse de l'ion' moleculaire, 586, obtenue en 'spectromCtrie de 
masse, jointe a l'analyse centbimale, conduit a la formule 
C36H5806. On retrouve a nouveau les fragments 203 et 189 
caractiristiques des triterpknes pentacycliqus et quelques frag- 
ments qui montrent que la molCcule est triacCtylCe (mlz = 526, 
466 et 406), que l'une des fonctions alcools acCtylCes est 
primaire (mlz = 453, M+' -CH3C02H - CH20COCH3; m/z 
= 393. M+' -(2 X CH3C02H) - CH20COCH3) et qu'il existe 
un groupement isopropyle (m/z = 483, M+' - CH3C02H - 
CH(CH3)2). La rmn du 'H confirme la prCsence des trois 
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groupements acttyles (trois singulets 3 X 1H a 6 = 2,02; 2,05; 
2,13 ppm) et  montre que les protons non equivalents du 
-CH20Ac en 17 ont subi a nouveau une variation de 
glissement chimique (6 = 3 ,98  et  4,28 ppm, 'JAB = - 11 HZ). 
Ceci est en faveur de l'hypothkse que nous avons faite 
concernant la presence, dans l'environnement immtdiat d e  ce 
groupement, d'un autre groupement, en l'occurrence l'hydro- 
xyle act tyl t  provenant de ~ ' h ~ d r o b o r a t i o n  oxydative. La rmn du 
"C permet, au moyen d e  I'APT d'attribuer tous les glissements 
chimiques observes aux diffkrents carbones d e  la molecule 
(tableau 1). On  note que le carbone porteur de l'hydroxyle pro- 
venant d e  l'hydroboration oxydative est un carbone secondaire. 

En  resume, l ' t tude du dtrive resultant d e  l'ouverture du pont 
oxymtthylkne nous a permis d e  fixer la position d e  ce 
groupement entre le carbone en 17 et un autre carbone tttra- 
substitut en t&te d e  pont. En  tenant compte du fait qu'il existe 
un groupement isopropyle, vraisemblablement situe sur le cycle 
E ,  et que l 'htttrocycle form6 par le pont oxymethylkne ne 

as plus de cinq atomes, il est alors possible de 
proposer cornpone 1 a, structure l a  pour l'opigenine. 

Deux faits expCrimentaux justifient le choix d e  cette struc- 
ture. En  premier lieu, l'examen du modkle molCculaire corres- 
pondant a la structure l a  montre qu'apres ouverture du pont 
oxymtthyl&ne, le proton d e  la liaison tthylknique prtsente un 
angle dikdre d'environ 100" avec le proton en 1 8 a .  Cet angle 
correspond a une constante d e  couplage en rmn du 'H d'environ 
7 Hz. C'est bien ce que  l'on observe exptrimentalement. En 
second lieu, si notre hypothkse structurale est exacte, le 
compose resultant d e  l'hydroboration oxydative doit presenter 
un proton en position 19, qui par couplage avec les 1 8 a  
et  20P donnera un quadruplet en rmn du  'H. Nous observons en 
effet une telle figure d e  couplage avec, toutefois, la particularit6 
d'un dedoublement dQ a l'isomerie a-p du  proton en 19. 

La structure l a  est donc cohtrente avec les resultats experi- 
mentaux obtenus et peut donc Ctre raisonnablement proposee 

. . 

pour l'opigtnine. 

Partie experimentale 
Les points de fusion ont CtC pris sur microscope platine chauffante 

de Reichert. Les spectres ir ont Ctk effectuCs sur un appareil Leitz. Les 
pouvoirs rotatoires ont Ctt mesurCs dans le chloroforme au moyen d'un 
micropolarimktre Perkin-Elmer. Les spectres de rmn du 'H ont CtC 
enregistrks indifftremrnent sur Varian XL 100, Varian XL 200 et 
Brucker AM 200, en solution dans le deutCrochloroforme avec le TMS 
c o m e  rtftrence interne. Les spectres de rmn du 13C ont CtC 
dCterminCs sur Varian XL 200 et les spectres de masse, sur Thompson 
ou L. K. B. 

1. Isolement de l'ace'tate d'opige'nine 1 b 
L'opigknine est extraite a partir des aglycones brutes obtenues par 

hydrolyse acide de la fraction glycosidique d'Opilia celtidifolia (4). 
Celles-ci (79 g), placCes dans un Soxhlet, sont lavCes a l'oxyde d'Cthyle 
durant 72 h. L'Cvaporation du solvant permet de rCcupkrer 40g de 
rCsidu que l'on acCtyle 25°C h l'aide de 80 mL d'anhydride acCtique 
en presence de 400 mL de pyridine anhydre. La reaction dure 48 h. 
Aprks Climination des rkactifs sous pression rtduite la phase organique 
est reprise au dichloromkthane, lavCe successivement au Na2C03, a 
l'eau, a l'HC1 2 N, puis a nouveau a l'eau jusqu'a neutralitk. Aprks 
sCchage sur Na2S04 et Climination du solvant, on obtient 41,2g 
d'acttates d'aglycones. 

Ces acetates sont ensuite fractionnks par chromotographie sur 
colonne de silice (50 g de silice par gramme d'aglycones), avec comme 
Cluant le mklange hexane-oxyde d'Cthyle (90: 10 en volume). A partir 
de 5 g d'aglycones acCtylCes, on isole en moyenne 35 mg d'acCtate 
d'opigCnine l b ,  soit 0,7% en poids des aglycones brutes. Aprks 
cristallisation du mClange dichloromCthane-hexane, 1'acCtate d'opi- 

gCnine prksente les caracteristiques suivantes: F 275-280°C; ah5 
+25,6", ( c  26,6 X CHC13); ir cm-' (KBr); 1724, 1389, 1380, 
1250, 1142, 11 17, 869; rmn 'H et I3c (CDC13): tableaux 1 et 2; masse 
m/z: 484(49), 424(100), 409(38), 38 1(47), 355(35), 342(24), 2 19(19), 
205(35), 203(37), 189(94). Anal. calc. pour C32H5203: C 7933; H 
10,74; 0 9,92; tr.: C 79,17; H 11,09; 0 9,74%. 

2. Obtention de l'opige'nine 
On saponifie durant 3 h au reflux, 21 mg d'acktate dlopigCnine l b  a 

l'aide de 8 mL de potasse 2 N mkthanolique. Aprks dilution, la fraction 
hydro-alcoolique est extraite a l'oxyde de Cthyle, I'extraite CthCrC est 
lavC a l'eau, sCchC sur Na2S04, et le solvant est CliminC. Le rksidu 
(18 mg) est recristallisC dans le dichloromkthane et l'on observe les 
caracteristiques suivantes: F 265-267°C; ir cm-'(KB~): 3500, 1380, 
1360, 1142, 11 17, 865; rmn 'H et I3C (CDC13): tableaux 1 et 2; masse 
m/z: 442(45), 424(20), 41 1(6), 409(8), 38 1(3), 207(33), 203(15), 
189(45), 43(100). Anal. calc. pour C30H5002: C 81,45; H 11,31; 
O7,24; tr.: C 81,16; H 11,44; 0 7,40%. 
3. Ouverture du pont oxyme'thyl6ne 

On additionne 53 mg d'acide paratolukne sulfonique a 64mg 
d'opigknine l a  dans 10 mL d'anhydride acetique et porte le tout a 
117-120°C durant 30 min (21). Aprks ce temps, on dilue a l'eau et 
extrait au dichloromkthane. La solution organique est lavCe au 
NaHC03 aqueux, puis a l'eau jusqu'i neutralitC. Aprks sCchage sur 
Na2S04 et Climination du solvant, on rkcupkre 74 mg de rCsidu. Le 
compost? 2 est sCparC des produits secondaires par chromatographie sur 
colonne de silice avec le mClange hexane - oxyde d'Cthyle (90:lO en 
volume) c o m e  Cluant. On isole ainsi I4 mg de produit pur que l'on 
recristallise a partir du mClange hexane-dichloromCthane et qui 
prtsente les caractkristiques suivantes: F 237-240°C; ai5 + 13,6" (c 
21 x CHCI3); ir cm-'(KBr): 1725, 1355, 1232, 1025,975,800; 
rmn 'H et I3C (CDC13): tableaux 1 et 2; masse m/z: 526(9), 466(42), 
423(10), 406(16), 393(10), 363(5), 203(39), 189(72), 43(100). Anal. 
calc. pour C34H5404: C 77,56; H 10,26; 0 12,17; tr.: C 77,43; H 
10,34; 0 12,23%. 

4. Hydroboration oxydative du compose' 2 
Une solution de 20 mg de produit 2 dans 2 mL de THF anhydre est 

portCe O°C, puis saturCe successivement a l'aide d'azote dCsoxygCnC 
et de diborane. On rnaintient la solution sous agitation a 20°Cdurant 3 h 
et alcalinise a l'aide de 3,2 mL de soude 3 N. On ajoute alors goutte a 
goutte, sous agitation, 3,2 mL de peroxyde d'hydrogene a 30%. Le 
melange est abandonnC 1 h a 20°C, puis la fraction organique est 
extraite a l'oxyde d'Cthyle. Aprks lavage a l'eau jusqu'a neutralit6 et 
sCchage sur Na2S04, le solvant est ClirninC. Le rCsidu pkse 19,3 mg. 
L'analyse par ccm montre que ce rCsidu est essentiellement constituC de 
deux produits pondkralement majoritaires, accompagnks de trois 
produits secondaires. L'un des produits majoritaires est identifik a 2, 
l'autre est is016 en ccm preparative sur plaque Merck 60 GF254. Aprks 
Clution a l'aide du melange hexane- oxyde d'Cthyle (25:75 en volume), 
on obtient 9,2 mg de produit 3. 

L'acCtylation de 3 est effectuCe a 25°C durant 48 h l'aide de 1 mL 
d'anhydride acttique et 2 mL de pyridine anhydre. L'acCtate est 
rCcupCrC de la manikre habituelle et recristallisC a partir de I'hexane. 
On obtient 7 mg de composC 4 que I'on identifie parrmn du 'H et du I3C 
ainsi que par spectromCtrie de masse, et qui prCsente les caractkris- 
tiques suivantes: F 240-245°C; ir cm-'(CS2): 2925, 1740, 1475, 
1370, 1250; rmn du 'H et du I3c (CDC13): tableaux 1 et 2; masse m/z: 
586(35), 526(20), 483(15), 466(45), 453(33), 406(10), 393(9), 
203(20), 189(50), 43(100). Anal. calc. pour C36H5806: C 73,72; 
H 9,90; 0 16,38; tr.: C 73,63; H 9,91; 0 16,45%. 
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Kinetic solvent effects on alkaline decolorization of crystal violet in some aquo-organic solvents 
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URMILA MANDAL, SUMITA SEN, KAUSHIK DAS, and KIRON KUMAR KUNDU. Can. J. Chem. 64, 300 (1986). 
Rate constants (k,) of alkaline fading of crystal violet (cv+) have been determined at 25'C by spectrophotometric measure- 

ments in aqueous mixtures of some protic, aprotic, and dipolar aprotic cosolvents. Transfer free energies of the substrate (CV'), 
AG:(cv+), were also determined in some of the solvent systems from solubility measurements of the chloride salt, and by 
subtracting AGy(C1-) obtained earlier by use of the tetraphenylarsonium tetraphenylboron (TATB) extrathermodynamic 
assumption. This helped determine transfer free energies of the transition state (X*), AG~(x*), as A G ~  values of lyate ion 
(S-) based on the TATB assumption are already known for all of these solvent systems. The observed log (k,/k,) - composition 
profiles reveal that the relative solvation of the reacting species rather than the dielectric constant of the solvents dictates the 
complex variation of the rates of the reaction in these solvent systems. Correlation of -AGf(= RT In k,/k,) with AG:(s-) 
indicates that the reaction is largely controlled by the relative solvation of S- in most of the cases. But analysis of AG~(cv+)  
and AG:(X') - composition profiles for some of the solvent systems reveals that the non-compensation of the A G ~  
contributions of initial-state substrate and of the transition-state complex, which may be considered to be an outer-sphere 
complex [CV+](S-), is also in accord with what is expected from the relative solvating characteristics of the cosolvents as guided 
by their respective physico-chemical properties. 

URMILA MANDAL, SUMITA SEN, KAUSHIK DAS et KIRON KUMAR KUNDU. Can. J .  Chem. 64, 300 (1986). 
On a dCterminC les constantes de vitesse (k,) de la dCcoloration alcaline du cristal violet (CV'), operant a 25"C, dans des 

mtlanges aqueux de cosolvants protiques, aprotiques et aprotiques dipolaires et faisant appel i des mesures spectrophoto- 
metriques. On a aussi dtterminC les Cnergies libres de transfert du substrat (CV'), AGy(CVf), dans quelques systemes de solvants 
en se basant sur des mesures de solubilitC du chlorure et en soustrayant les valeurs de A G ~ ( c ~ - )  qui ont CtC obtenues 
anttrieurement en faisant l'hypothese extrathermodynamique du tCtraphCnylbore tCtraphCnylarsinium (TBTA). On a ainsi pu 
dttermint les Cnergies libres de transfert de 1'Ctat de transition (X*), AGy(X*), sous la forme de valeurs de AGy de l'ion 
lyate (S-) qui sont bakes sur l'hypothese du TBTA et qui sont dCja connues pour tous ces systemes de solvants. Les profils 
composition - log (k,/k,) observts rkvelent que c'est la solvatation relative des especes plutbt que la constante diklectrique des 
solvants qui rCgit la variation complexe des vitesses de reaction dans ces systkmes. Une corrtlation entre le - A G ~ ( = R T  
In k,/k,) et le AG~(s-) indique que, dans la plupart des cas, la reaction est principalement contrbl6.e par la solvatation relative 
de S-. Une analyse des profils composition -AG~(CV+)  et AG:(x*) pour quelques solvants rCvele que l'on peut considCrer 
que le fait qu'il n'y a pas de compensation des contributions du substrat de 1'Ctat initial et du complexe de 1'Ctat de transition, qui 
peut Etre considCrC cornrne un complexe pCriphCrique [CV+](S-), est aussi en accord avec ce que l'on peut attendre partir de 
caracttristiques de solvatations relatives des cosolvants, tels que prescrites par leurs propriCtCs physico-chimiques. 

[Traduit par le journal] 

Introduction 
Kinetic solvent effects on reactions in different media are 

often rationalized in the light of general parameters such as 
"solvent polarity," which sum up all the specific and non- 
specific interactions of the media with initial and transition 
states (1). Unfortunately, a quantitative measure of this property 
is always empirical and the values obtained are of best use only 
for reactions having reactants similar in nature to those 
employed as model probes. Consequently a large number of 
solvent polarity scales are available (1). Moreover, such data for 
mixed solvents are scanty and are quite difficult to assess on the 
basis of the values for the pure components. 

Since the pioneering work of Leffler and Grunwald (2), 
Arnett et al. (3), and Parker and co-workers (4), increasing 
efforts (5- 11) to rationalize kinetic solvent effects on various 
reactions from a thermodynamic approach have recently been 
noted. These essentially entail determining the kinetic solvent 
effects by splitting the activation parameters into contributions 
from initial and transition states, and hence attempting to 
correlate (12) and to understand (8) their behaviour in light of 
the relevant physico-chemical properties of the solvents. 

Recent evaluation of free energies of transfer, A e ( i ) ,  of 
individual ions in various pure and mixed solvents provides a 
useful means to study the solvent effect on rates of reactions 

involving charged particles in solution from the viewpoint of 
short-range interactions between the ions and the solvent media. 
Thus the kinetic characteristics of a chemical reaction can be 
correlated with, or even predicted from, the thermodynamic 
properties of the reacting species. The present paper aims to 
study kinetic solvent effects for the alkaline decolorization 
reaction of the dye crystal violet (CV+), which is actually the 
process of carbinol base formation as shown below (1 3). In fact, 
the contribution of (2) to the resonance hybrid suggests an 
electron deficiency at the tert-carbon position and hence lyate 
ion (S-) is likely to attack this position to form the colorless 
carbinol base (13). 

Notably, nucleophilic substitution reaction involving tertiary 
centres of CV+ or malachite green (MG) as the substrates and 
various nucleophiles including OH-, H,O, etc. have been 
extensively studied (14). In fact, on the basis of these studies 
using water as the standard nucleophile and MG as the standard 
substrate, Ritchie (14) proposed his well-known linear free 
energy relation (LFER): log (k/ko) = N + ,  where the terms have 
the usual significance. This relation accommodates the unusual 
and interesting situation that cation-anion combination reac- 
tions involving tertiary centres show no change in selectivity 
with change of substrate. Later Scott and co-workers 
(15) proposed a general form of the Ritchie equation, log 
(k/ko) = S + N +  (S+ = constant), to accommodate further data . . 

' ~ u t h o r  to whom all correspondence should be addressed. of a similar nature. 
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MANDAL ET AL 

1 2 
Colored crystal violet cation 

In the present study the rate of the reaction has been fol- 
lowed spectrophotometrically in aqueous mixtures of dimethyl 
sulphoxide (DMSO), N,N-dimethyl formamide (DMF), aceto- 
nitrile (ACN), tetrahydrofuran (THF), dioxane (D), 1,2-di- 
methoxyethane (DME), 2-methoxyethanol (ME), urea (UH), 
ethylene glycol (EG), and glycerol (GL). The solubilities of 
crystal violet chloride (CVfCl-) in some of these mixed 
solvents (aqueous DMSO, UH, EG, and GL) have also been 
determined with a view to evaluating standard free energies of 
transfer of the initial-state substrate AG?(Cvf)  and hence that 
of the transition state AG?(X*), as AG?(s-) values are 
obtainable from earlier work (16). Here S- denotes the lyate 
ion, which is purely OH- in the case of aqueous aprotic or 
dipolar aprotic solvents but comprises OH- and possibly some 
conjugate base ion OR- in amphiprotic cosolvants (ROH) like 
ME, EG,  or GL.  These are based on the widely used tetra- 
phenylarsonium tetraphenylboron "reference electrolyte" extra- 
thermodynamic assumption (1 7): 

Experimental 
The organic cosolvents were purified by following usual methods 

(16). Crystal violet chloride (CV'C1-) (E. Merck) was used as 
received. The absorption maximum was found to be at 590 nm (13, 18), 
the molar extinction coefficient at this wavelength being 9.27 X lo4 
(18). All the experiments were carried out at 25'C. The mixed solvents 
were prepared by mass dilution. 

The reaction under study can be considered to be pseudo-first order if 
the concentration of the lyate ion is maintained at a much higher level 
than that of crystal violet. This was precisely the experimental 
condition, the concentrations of S- and crystal violet being - 1 .5-5.0 
x lop3 M and 7.0-7.5 X Mrespectively. Under these conditions 

where k' = k[S-1. k' was obtained by following the reaction with the 
help of a Perkin Elmer D2000 spectrophotometer and k was calculated 
to eliminate the effect of differing concentrations of S-. These rate 
constant k (L mol-' min-I) values have been presented in Table 1 
along with AG: values (see Discussion) obtained therefrom. 
A@(s-) values are taken from the literature as cited in the footnotes to 
Table 1. 

Table 2 gives the solubilities of crystal violet chloride. AG: values 
for the dye have been calculated by the usual relation (19) computing 

Colorless carbinol base 

the required activity coefficient data by the extended Debye-Hiickel 
equation, tentatively assuming the ion size arameters for crystal violet 
cation and the chloride ion to be 5 A and 3 1, respectively. AG:(CV') 
has been obtained by subtracting the literature values (as cited in 
footnote to Table 2) of AG:(Cl-) from the total AG: for the dye. 

Discussion 
As indicated in the Introduction, the usual approach of 

correlating the kinetic solvent effects with some of the widely 
used solvent polarity scales (I) ,  though feasible and useful for 
pure nonaqueous solvents, is difficult in most of the aquo- 
organic solvents because of scanty "solvent polarity" data. It 
was therefore considered useful to analyze the present data on 
the basis of solute-solvent interactions of the involved species 
and the relevant physico-chemical properties of the mixed 
solvents. 

Thus turning to the results of the present study, it is found that 
in general the rate constant increases with addition of organic 
cosolvent to water, as shown by a plot of log (ks/kw) vs. mol% 
organic cosolvents (Fig. 1). This may be expected, as in most of 
the cases the mixed solvents have a lower dielectric constant 
than water and the reaction under study involves charge 
annihilation. Accordingly, in the only case where the dielectric 
constant progressively increases, i.e. UH-water mixtures (20), 
the rate constant has been found to decrease. However, that the 
dielectric constant is not the only parameter involved is clearly 
demonstrated by the log (ks/kw) - composition profiles in some 
other media, e.g., aqueous mixtures of GL,  EG, ACN, and 
DMF. In the first case, the rate constant decreases in spite of 
decreasing dielectric constant while in the latter three cases the 
rate constant profiles pass through extrema, whereas the dielec- 
tric constants are known to decrease almost monotonically with 
cosolvent compositions (2 1-23). Furthermore, no reflection of 
the initial maxima in dielectric constant in aqueous DME (24) 
has been observed in the variation of rate constant in the 
mixtures. 

A closer look at Fig. 1 reveals that the log (ks/kw) - 
composition profiles are similar in pattern for aqueous GL, EG , 
ME, and THF. It is interesting to note that the number of OH 
groups in the hydroxylic cosolvent molecules decreases in the 
order G L  > EG > ME, and this is just the reverse of the order of 
the rate constant values. Apparently, this shows that the 
presence of hydroxylic cosolvents renders the nucleophile OH- 
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TABLE 1. Kinetic and thermodynamic data for the reaction under study and the reacting species 
involved at 25OC 

Organic AGf AG:(S-) 
cosolvent Wt.% Mol% log k log k,/k, ikJ mol-') (kJ m~l - ' ) " -~  

T H P  

DC 

1.06 (= log k,) 
DMSOa 10.8 2.7 1.02 -0.04 

21.4 5.7 1.15 0.09 
31.9 9.7 1.30 0.23 
41.9 14.2 1.47 0.40 
53.6 21.0 1.88 0.81 
61.7 27.0 2.23 1.17 
70.7 35.6 2.96 1.90 

7.8 3.6 1.04 -0.02 
24.5 12.4 0.85 -0.21 
44.5 26.0 0.78 -0.29 
53.9 33.9 0.93 -0.14 
59.8 39.5 1.03 -0.04 
65.1 45.0 1.16 0.10 
70.6 51.2 1.30 0.24 

9.4 2.4 0.88 -0.18 
18.9 5.4 0.86 -0.21 
25.5 7.8 0.95 -0.12 
38.4 13.3 1.18 0.11 
48.8 19.0 1.50 0.44 
58.3 25.6 1.77 0.71 

9.2 2.5 1.60 0.53 
17.9 5.1 1.73 0.66 
27.4 8.6 1.84 0.78 
37.6 13.1 2.26 1.20 
47.6 18.5 2.44 1.37 

10.2 2.3 1.10 0.03 
20.3 5.0 1.10 0.03 
30.4 8.2 1.22 0.16 
40.9 12.4 1.47 0.41 
50.7 17.3 1.79 0.72 
60.6 23.9 2.22 1.16 
70.6 32.9 2.74 1.67 

8.7 1.9 1.07 0.00 
17.6 4.1 1.06 0.00 
27.2 6.9 1.13 0.06 
36.6 10.3 1.29 0.23 
46.1 14.6 1.50 0.44 
56.8 20.8 1.83 0.77 
67.4 29.2 2.21 1.14 

9.6 2.4 1.41 0.34 
19.4 5.4 1.45 0.39 
28.8 8.7 1.50 0.44 
59.1 25.5 1.82 0.76 
69.5 35.1 2.03 0.97 
79.6 48.0 2.43 1.37 

11.5 3.8 0.77 -0.30 
20.3 7.1 0.70 -0.36 
25.0 9.1 0.64 -0.43 
29.6 11.2 0.59 -0.48 
32.5 12.6 0.55 -0.52 

18.8 4.3 1 .OO -0.07 
27.7 7.0 0.91 -0.15 
36.4 10.1 0.83 -0.24 
44.8 13.7 0.59 -0.47 
52.9 18.0 0.58 -0.48 
60.8 23.3 0.56 -0.51 
68.4 29.7 0.5 1 -0.56 
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MANDAL ET AL. 

TABLE 1. (concluded) 

Organic AG? AG:(S-) 
cosolvent Wt.% Mol% log k log k , / k ,  (kJ mol- l) (kJ m01- ' )~-~ 

"Reference 27. 
bReference 30. 
'Reference 25a. 
dReference 40. 
'Reference 38. 
fcomputed from the autoionization data published in ref. 16 and AG?(H+) data published in ref. 39; AG:(i) 

values are on molar scale. 

TABLE 2. Solubility data of the dye crystal violet chloride and its constituent ions 

Organic Solubility AG:(cv+C~-) AG:(C1-)a-C AG:(CV+) 
cosolvent Wt.% Mol% (mol kg-') (kJ mol- I) (kJ mol-') (kJ mol-') 

0.041 (in water) 
0.089 
0.154 
0.207 

0.048 
0.089 
0.144 

0.051 
0.083 
0.087 

0.060 
0.078 
0.150 

"Reference 27. 
bReference 39. 
'Reference 19; AG, values of (CVtCI-) and CI- are on a mole fraction scale and that of CV* on a molar scale 

or OR- less reactive than in the presence of aprotic cosolvents. 
On the other hand THF, being an aprotic solvent, makes OH- 
increasingly desolvated (25, 26) and hence more and more 
active than for reactions in water, provided initial and transition 
states are more or less equally solvated in the respective solvent 
systems. 

However, for other aqueous aprotic mixtures, e.g. aqueous 
DMSO, DMF, ACN, and DME, an initial minimum or such a 
trend can be observed in the respective log (ks/kw) - composi- 
tion profiles. Clearly, something occurs at lower organic 

1 compositions in these mixtures which opposes the effect of the 
I well-known "anion desolvating" affinity of these aprotic co- 
1 solvents (26-30). This might be the effect of initial- and 

transition-state solvation and (or) tl.2 effect of the release of 
water monomers by possible breakdown of three-dimensional 
(3D) hydrogen-bonded water structure on addition of these co- 
solvents (6b, 23, 28, 29, 31-34). This sometimes influences 
the relative solvation of certain ionic and non-ionic solutes 
(25-30, 34), especially large-sized hydrophobic ones, and is 

referred to as structural interactions (35). Once this compensat- 
ing effect is overcome, the log (ks/kw) - composition profiles 
rise sharply at higher composition of these dipolar aprotic 
cosolvents. 

In the case of aqueous UH, another factor may be operative to 
some extent. The zwitterionic forms of UH molecules may 
stabilize the positive charge of crystal violet cations on the 
peripheral N atoms of its quinonoid forms, thus hindering the 
formation of carbinol base. This would then contribute to the 
decrease of k, values in aqueous UH, in addition to the effects of 
dielectric constant referred to earlier, and to the observed 
increased solvation of OH- through positive charge centres of 
zwitterionic forms of UH (27). 

The above discussion suggests that the change in rate of a 
reaction upon solvent transfer is primarily determined by the 
solvation of reacting species. To test the validity of this 
hypothesis, plots of -AG:, which is the negative of change in 
free energy of activation upon solvent transfer, and of A@(s-) 
vs. mol% cosolvent have been shown in Fig. 2 for a few 
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1 0  DMSO 1 2 A ACN 
3. DMF I 4.V THF 

A T H F  
D 

0 DME 
@ ME 
@ UH 
6 EG 

c -5 1 I I I 
-10 0 10 20 

-1 -0 AG; I 5-1 .  k~ moi l  
0 20 LO 60 

mo\% cosolvent - FIG. 3. Plots of -ACT vs. AG~(s-) for alkaline decolorization 
of crystal violet in different aquo-organic solvent mixtures. 

FIG. 1. Variation of log k , / k ,  with mol% cosolvent for alkaline 
decolorization of crystal violet at 25°C. representative mixed solvents. AG: can be obtained by 

applying Eyring's equation 

+ 5 -  
8 -  

E 
7 
Y 

X, 0 

a 

0 

k = (RT/Nh) exp (-AG*/RT) 

V GL 
X DMF 
+ ACN 

- 

the symbols having their usual significance, and defining 

AG: = AG: - AGZ = 2.303 RT log (k,/k,) 

A THF 
* DMF 0 /DM50 

- @ GL 
/ 

-10 1 I I I 
0 10 20 

mol % cosolvent 

FIG. 2. Variation of ACT (solid lines) and AG:(S-) (dotted 
lines) with mol% cosolvent. 

In all the cases the two profiles are found to be qualitatively 
similar, which implies that the kinetics of the chosen reaction is 
seemingly largely controlled by the solvation of S-. Inspired by 
this observation, a plot of -AG: vs. AG:(s-) has been 
constructed for all the solvent systems studied (Fig. 3). Despite 
a small amount of scatter, the data are largely found to lie on two 
straight lines of differing slopes, one consisting of the results 
from aqueous mixtures of DMSO, D, DME, and UH and the 
other of results from aqueous THF, ME, DMF, EG, and GL. 
Data from ACN-water mixtures seem to fit neither line. 
However, the slopes of both lines are far from unity, which 
indicates that there is a large difference between the solvation of 
the initial state (substrate, CV') and its transition state. 

Evidently, analysis of the relative contributions of initial and 
transition states should be rewarding. Four solvent mixtures, 
two from each group, viz., aqueous DMSO, UH, EG, and GL, 
have been therefore selected to study the effect of solvation of 
the substrate crystal violet cation (CV') and its transition state 
X*. Figure 4 compares the values of AG:(CV') and AG:(X*) 
with solvent composition. AG:(X*) has been obtained from 
the relation 

From Fig. 4 it appears that CV+ and its transition state X* 
are increasingly more solvated in aqueous mixtures of the 
cosolvents DMSO, EG , and GL, but less so in UH; their relative 
order is DMSO > EG > G L  B UH. 

In view of the fact that CV' is a triphenyl methyl dye with 
three (CH,),N-substituted phenyl groups attached to the posi- 
tively charged rert-carbon atom at the centre and has quinonoid 
resonating forms, its solvation in aqueous mixtures of different 
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MANDAL ET AL. 

TABLE 3. Dipole moment and polarizability of some cosolvents at 25°C 

Parameter Water DMSO UH GL EG 

Dipole moment (p x 10" esu) 1.85 3.96b 4.56" 2.68' 2.28d 
Polarizability (a x loz4 ~ m - ~ ) '  1.44 7.99 5.55 8.16 5.76 

"Reference 41. 
bReference 8. 
'Reference 42. 
dReference 43. 

0 DMSO 

A 

G 
G L  

1 I 
0 5 10 15 

mol% cosolvent 

FIG. 4. Variation of AGy(CVf) (solid lines) and AG:(Xi) 
(dotted lines) with mol% cosolvents. 

cosolvents with varying physico-chemical properties is likely to 
be an involved process. Firstly, because of its large size, 
Born-type (36) electrostatic interactions seem negligibly small. 
This is also borne out by the fact that, despite increased 
dielectric constant of aqueous urea solution, the A ~ ( c v + )  - 
composition profile grazes the abscissa instead of becoming 
increasingly negative due to this effect, while the reverse would 
have been true in the other cases because of decreased dielectric 
constant. Evidently other factors are more important. Of the 
various other possible factors, such as ion-dipole, ion - 
induced dipole, ion-quadrupole, and dispersion interactions, 
which are likely to affect its solvation, the last factor is 
seemingly most effective. Just as the Born-type electrostatic 
interactions are negligibly small, because of low surface charge 
density around this large-sized ion, so are the other types of 
ion-dipole/quadrupole interactions. This is also borne out by 
the observation that CVf is much more strongly solvated in 
aqueous DMSO than in aqueous UH, which follows the order of 
polarizabilities and not the dipole moments (vide Table 3). Of 
course the effective polarizability, which contributes directly to 

the magnitude of the dispersion interaction, is rather difficult to 
assess in the mixed solvents. However, the extent of hydrogen- 
bonding interactions in aquo-organic mixtures is likely to 
determine the accessibility of the hydrophobic portion of the 
organic cosolvent molecule for dispersion interaction. Thus the 
presence of increased number of H-bonding centres is likely to 
decrease the hydrophobicity of an organic cosolvent molecule in 
aqueous mixtures and thus reduce the magnitude of dispersion 
interaction with an organic solute, as expected on the basis of 
polarizability of the pure cosolvents, alone. Thus for urea, 
though not most polar among these cosolvents (vide Table 3), its 
possible pronounced ion-dipole interaction effect is seemingly 
hindered by its capability of forming urea-water clusters (37) 
due to three possible H-bonding centres in its zwitterionic 
forms. Despite the possible formation of hydrates of DMSO 
(6b), the larger polarizability and unhindered hydrophobicity of 
two CH3 groups of the DMSO molecule possibly cause larger 
dispersion interactions in DMSO-water mixtures than in urea- 
water mixtures. The observed larger solvation of Ph4Asf /Ph4BP. 
in DMSO - water mixtures as compared to that in urea-water 
mixtures (27) also substantiates this contention. Notably, that 
the possibility of increased stabilization of the quinonoid forms 
of CV' by the zwitterionic forms of UH might partly contribute 
to the decreased k, values in UH-water mixtures, as referred to 
earlier, is not seemingly correct. 

Again, the above consideration regarding the effect of 
H-bonding on hydrophobicity of the cosolvents and on disper- 
sion interactions is also true for aqueous protic cosolvents and 
accounts for the observation that CVf is more strongly solvated 
in aqueous EG than in aqueous GL in spite of the higher 
polarizability of GL compared to that of EG (vide Table 3). 
Moreover, the dispersion interaction, being of short range, 
requires close proximity of the interaction centres. The ap- 
proach of the large CVf towards the hydrophobic methylene 
chains in the cosolvents is sterically more hindered in aqueous 
GL than in aqueous EG owing to H-bonding interactions 
between H 2 0  and OH groups, and can be expected from the 
conformational structures of EG ( l a  and l b )  and GL (2a and 
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2b) molecules. The presence of three H-bond donating centres in 
GL, compared to two in EG, thus decreases the hydrophobicity 
of the former to a greater extent. AG? of another larger 
hydrophobic organic ion, viz. Ph4As+/Ph4B-, was found earlier 
to follow the same order as the number of H-bond donating 
centres in the organic cosolvent molecule, for aqueous mixtures 
of ethanol, EG, and GL (38). Evidently, despite the larger 
polarizability of the cosolvent GL compared to DMSO (Table 3), 
the larger H-bonding propensity of GL with water molecules 
through three OH groups of GL seemingly hinders the hydro- 
phobic CH2 chain from approaching CV' to impart a large 
dispersion interaction, as compared to that in DMSO-water 
mixtures. 

The observed qualitative similarity between the composition 
profiles of AG?(CV+) and AGy(X*) indicates that the 
solvation of the transition state is dictated by the factor involved 
in solvation of the substrate, i.e. by dispersion interactions. 
Consequently, the AG:(x*) values are found to be nearly zero 
in UH-water mixtures, as are the AG:(cv') values, whereas 
both these values are highly negative in DMSO-water mix- 
tures. It is interesting to note that while in aqueous DMSO 
AG?(X*) > AG:(CV'), the order is just the reverse in 
aqueous EG or GL. In other words, the transition state becomes 
less solvated in the presence of DMSO, an aprotic cosolvent, 
compared to the substrate, contrary to what is observed in 
mixtures of water with hydroxylic cosolvents EG or GL. This is 
compatible with the expectation that for effective solvation the 
transition state, which may be considered as a quasi-stable 
outer-sphere union of CV' and OH- or OR-, requires mole- 
cules having good hydrogen bond donating ability, besides 
being capable of undergoing dispersion interactions. So, rela- 
tive to the substrate, the transition state is found to be solvated to 
a greater extent in GL, which contains three OH groups, than in 
EG, which has only two of them. 

Thus it appears that in DMSO-water mixtures the effect of 
larger stabilization of CV' over its transition state opposes the 
effect of pronounced stabilization of OH- (37) and results in a 
slight minimum in the log (k,/k,) - composition profile at the 
initial composition. The same may also be more or less true for 
other aqueous dipolar aprotic cosolvents. In urea-water mix- 
tures, the opposing effects of initial- and transition-state 
solvation being relatively small, the observed decreased rates of 
the reaction are chiefly guided by the effect of increased 
stabilization of OH- (27) as referred to earlier. On the other 
hand, in the cases of aqueous EG and GL mixtures, larger 
stabilization of the transition state over its initial state opposes 
the effect of increased stabilization OH-/S- (38, 39) in the 
respective cases. And while the former effect nearly nullifies the 
other in the case of EG, the retarding effect of the pronounced 
solvation of OH-/S- in GL-water mixtures (38) overcomes 
the accelerating effect of larger stabilization of the transition 
state over its initial state, thus imparting smaller k, than k, 
values. 

Thus, the results of the present study clearly demonstrate that 
correlation of the relative solvation of the reactants and the 
transition state with the relative physico-chemical properties of 
the solvents offers better insight into the kinetic solvent effect. It 
is hoped that the same will be true for other reactions as well. 
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The metathesis of N-silylamines and benzeneselenenyl chloride. An efficient selenenamide 
synthesis 
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THOMAS G. BACK and RUSSELL G. KERR. Can. J. Chem. 64, 308 (1986). 
The metathesis reactions of N-(trimethylsilyl)dialkylamines with benzeneselenenyl chloride afford high yields of N,N- 

dialkylselenenamides l a - l f .  Similarly, N-(trimethylsilyl)acetamide produces the unstable N-(phenylse1eno)amide 2 in situ 
while N-(trimethylsilyl)imidazole and N-(trimethylsilyl)benzimidazole undergo selenenylation at the 4- and 2-position, 
respectively, to provide the selenides 3 and 4. N-(Trimethylsilyl)phthalimide failed to react under these conditions. 

THOMAS G. BACK et RUSSELL G. KERR. Can. J. Chem. 64, 308 (1986). 
Les rkactions de mCtathkse des N-(trimCthylsilyl)dialkyl-arnines avec le chlorure de benzbnesClCnCnyle conduisent aux 

N,N-dialkyl-sC1CnCnamides l a - l f .  De la mCme manikre, la N-trimCthylsilyl)acCtamide conduit, in situ ti la N-(phCnylsC1Cno) 
arnide 2 instable alors que le N-(trimCthylsilyl)imidazole et le N-(trimCthylsilyl)benzimidazole subissent respectivement des 
sClCnCnylations dans les positions 4 et 2 pour conduire aux sClCnides 3 et 4. La N-(trimCthylsily1)phtalirnide ne reagit pas dans ces 
conditions. 

[Traduit par le journal] 

Introduction 
N,N-Dialkylbenzeneselenenamides (1) (1) comprise a rela- 

tively unexplored class of compounds that have recently been 
shown to possess some synthetically useful properties. They 
transform aldehydes to their a-selenenylated derivatives (1-3) 
and convert olefins such as cyclohexene to P-acetoxy selenides 
in the presence of acetic anyhydride (1). They are also sufficiently 
nucleophilic to perform Michael additions upon acceptors such as 
enones (1) and dimethyl acetylenedicarboxylate (4) to afford P- 
amino-a-phenylseleno carbonyl compounds after intramolecular 
selenenylation. 

Unfortunately, the preparation of selenenamides 1 is ham- 
pered by their hydrolytic instability, and their direct synthesis 
via eq. [ I ]  often provides but modest yields, particularly in the 
case of more hindered amines (1). 

[ I ]  PhSeX + 2R2NH 4 PhSeNR* + R?NH*+X- 
X = CI, Br, OH 1 

Recently the metathesis reactions of benzeneselenenyl chlo- 
ride with trimethylsilyl cyanide (5) (eq. [ 2 ] )  and trimethylsilyl 
isothiocyanate (6) (eq. [3]) have proven convenient methods for 
the synthesis of phenyl selenocyanate and benzeneselenenyl 
thiocyanate, respectively. These reactions are rapid and quanti- 
tative and the volatile by-product chlorotrimethylsilane is easily 
removed with the solvent. 

(21 PhSeCl + Me3SiCN 4 PhSeCN + Me3SiC1 

TABLE 1. Preparation of selenenamides PhSeNR? ( I )  

Selenenamide -NR2 Isolated yield, % bp, "C (Torr)" 

"All products were distilled in a Kugelrohr apparatus 
bLiterature (1) bp 39-40°C (0.1 Torr). 

that strictly anhydrous conditions are maintained.2 

[4] PhSeCl + Me3SiNR2 4 PhSeNR2 + Me3SiC1 
1 

Several related systems were also investigated. N-(Tri- 
methylsily1)acetamide reacted rapidly with the selenenyl chlo- 
ride in an nmr experiment to provide a new product with a methyl 
singlet at 6 1.98, attributed to the expected N-(phenylse1eno)- 
acetamide (2) (eq. [5]). An impurity signal was also observed at 
6 1.76. Attempts to purify the desired product resulted in de- 
composition. 

[3] PhSeCl + Me3SiNCS 4 PhSeSCN + Me3SiC1 0 0 
I I I I 

It therefore seemed a reasonable extension of these processes to [5] PhSeCl + Me3~iNH;Me 4 P ~ S ~ N H ~ M ~  + Me3SiC] 
prepare selenenamides by the similar metathesis of the selen- 2 
enyl with N-(trimeth~lsil~l)amines (eq. i41). We N-(T~methylsily~)imidarole and N-(trimethylsilyl)benzimi- 
rePo' that this a ~ ~ r o a c h  ~rovides  an efficient and simple SYn- dazole undenvent selenenylation at carbon instead of at nitrogen 
thesis of and selenenamides' The are to afford the products 3 and4 (eqs. [6] and [7]), respectively. It is 
summarized in Table 1, which indicates the yields of distilled not known whether C-selenenylation occurs directly in the first 
products. The crude products obtained after removal of volatile 
material, but prior to-distillation, are formed essentially quanti- 2 ~ h i l e  this work was in progress, Tomoda et al. reported the 
tatively and are of sufficient purity for most purposes, providing generation of l b  in situ by a similar procedure and employed it to 

selenenylate butanal (7). The selenenamide was characterized by nmr 
'~uthor  to whom correspondence should be addressed. spectroscopy but was not isolated. 
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step of these processes, or whether the N-phenylseleno deri- 
vatives are the initial products but rearrange rapidly to the more 
stable compounds 3 and 4. By analogy, it has been suggested 
that anilines undergo similar initial N-selenenylation followed 
by rearrangement of the phenylseleno group to the aromatic 
ring (8). 

PhSe 

161 PhSeCI + <y -+ + Me3SiCl 

I I 

171 PhSeCl + a) -t a k S e P h  + Me3SiCI 

I I 

An attempt to prepare the useful reagent N-(phenylse1eno)- 
phthalimide (5) (9) from N-(trimethylsily1)phthalimide and the 
selenenyl chloride failed as no reaction occurred. It is interest- 
ing to note that, in contrast to the latter processs, N-(trimethyl- 
silyl)amides, -azoles, and - h i d e s  are known to react with 
various sulfur chlorides to afford generally high yields of stable 
N-thioamides (lo), N-thioazoles (1 I ) ,  and N-thioimides (12). 

I 

It is evident that the above method provides a convenient 
route to N,N-dialkylselenenamides. Similar methodology may 
furnish access to other selenium-nitrogen compounds in the 
future. 

Experimental 
The nmr spectra were recorded on a H~tachi Perkin Elmer R24B or 

on a Varian XL200 spectrometer in deuteriochloroform solution unless 
otherwise noted. Chemical shifts are reported in ppm downfield from 
tetramethylsilane. Infrared spectra were obtained on a Nicolet 5DX 
FTIR spectrometer and mass spectra were recorded on a Kratos MS80 
instrument. Elemental analyses were performed by Dr. W. S. Lin at the 
University of Calgary. 

All N-silylamines and N-silylazoles were obtained from commer- 
cial sources or were prepared by standard literature methods (13). All 
other reagents were commercially available. 

A typical procedure for the preparation of selenenamide l a  follows. 
All other products in Table 1 were prepared in the same manner. 
Known compounds l a - l c  (1) and If (3) were identified by their ir 
and nmr spectra, while complete spectral and analytical details are 

? provided for new compounds Id ,  l e ,  3, and 4. 

N,N-Dimethylbenzeneselenenamide ( la)  
Benzeneselenenyl chloride (960 mg, 5.00 mmol) in 8 mL of dichlo- 

romethane was added to a solution of N-(trimethylsily1)dimethylamine 
(585 mg, 5.00 mmol) in 2 mL of the same solvent. The red colour of the 
selenenyl chloride was immediately discharged. The resulting pale 
yellow solution was concentrated under a stream of nitrogen and 
distilled in a Kugelrohr apparatus at ca. 40°C (0.10 Torr; 1 Torr = 
133.3 Pa) to afford 831 mg (83%) of the title compound, with nmr 
spectrum as reported previously (1). 

N-(Phenylse1eno)pyrrolidine (Id): ir (film): 1574, 1 176, 1022,937, 
739, 693 cm-I; nrnr: 7.7-7.1 (complex, 5H), 3.1 (m, 4H), 1.8 (m, 

4H); mass s ctrum, m/e (relative intensity, %): 227 (M*, 'OSe, 38), 
225 (M*, ' g e ,  24). 70 (M* - PhSe, 100). Anal. calcd. for CloH13- 
NSe: C 53.09, H 5.80, N 6.19; found: C 52.88, H 5.91, N 6.50. 

N-(Phenylseleno) piperidine (le): ir (film): 1578, 121 1, 1022,897. 
735, 691 cm-I; nmr: 7.7-7.1 (complex, SH), 2.96 (m, 4H), 1.5 
(complex, 6H); mass spectrum, m/e (relative intensity, %): 241 (MC, 
'OS~, 43 ,239  (M*, "Se, 23), 84 (M* - PhSe, 100). Anal. calcd. for 
CIIH15NSe: C 54.99, H 6.31, N 5.83; found: C 54.89, H 6.08, N 
6.12. 

N-(Phenyse1eno)acetamide (2) 
The product 2 was prepared in CDC13 solution in the usual manner; 

nmr: 7.5-6.9 (complex, 5H, Ph), 1.98 (s, 3H, MeC=O of 2), 0.37 
(s, 9H, Me3SiC1). An impurity was observed at 1.76 (s), integrating at 
1.2H. Attempts to isolate the product resulted in decomposition. 

4-(Phenylse1eno)imidazole (3j3 
Benzeneselenenyl chloride (192 mg, 1 .OO mmol) in 2 mL of dichlo- 

romethane was added to N-(trimethylsilyl)imidazole (140 mg, 1.00 
mmol) in 2 mL of the same solvent. After stirring for 5 min at ambient 
temperature, the colour of the reaction mixture changed from red to 
orange and a white precipitate formed. This was filtered and washed 
with 2 mL of dichloromethane to afford 205 mg (92%) of compound 3, 
mp 191-195°C (from methanol-ether); ir (Nujol); 3390-2200 (very 
broad) 1654, 1567, 1542, 1055, 937, 734, 661 cm-'; nmr (CDC13 - 
DMSO-d6): 7.65 (s, 1 H), 7.20 (shoulder) and 7.1 (br s, total 6H); I3C 
nmr: 140.0, 131.8, 129.5, 129.3, 128.7, 126.0, 118.8;masss ctrum, 
m/e (relative intensity, %): 214 (MI ,  'Ose, 47), 222 (M* , 'gee.  28), 
144 (M* - Se, 100). Anal. calcd. for C9H8N2Se: C 48.44, H 3.62, N 
12.56; found: C 48.52, H 3.60, N 12.74. 

2-(Phenylseleno)benzimidazole (4j4 
Benzeneselenenyl chloride (192 mg, 1 .OO mmol) in 2 mL of dichlo- 

romethane was added to N-(trimethylsilyl)benzimidazole (190mg, 
1 .OO mmol) in 2 mL of the same solvent. The colour of the reaction 
mixture immediately changed from red to yellow. Concentration in 
vacuo afforded product 4 as a solid foam (254 mg, 93%), mp 131- 
135°C (from dichloromethane-hexane); ir (Nujol): 3300-2100 (very 
broad), 1769,1619,1586, 1571, 1273, 1246,752,745,735cm-';nmr 
(CDC1, - DMSO-d6): 8.74 (br s, lH,  exchanged with D,O), 8.0-7.1 
(complex, 9H); I3C nrnr: 141.2, 135.1, 131.2, 129.1, 127.7, 122.1, 
121.7, 115.4; mass s ectrum, m/e (relative intensity, %): 274 (M*, 
'OSe. 8), 272 (M*. '%e, 5). 118 (M* - C6H4Se, 100). Anal. calcd. 
for CI3HloN2Se: C 57.15, H 3.70, N 10.26; found: C 57.28, H 3.43, 
N 10.04. 
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Kinetics and mechanism of the thermal decomposition of the 
thiosulphatopentaamminecobalt(III) ion in dilute aqueous acid 
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ANTHONY MARTIN NEWTON. Can. J .  Chem. 64, 31 1 (1986). 
In acetic acid - sodium acetate buffer of pH 5.6 (25°C) the CO(NH~)~S~O,+  ion undergoes redox decomposition rather than 

aquation. First-order kinetic are observed and the reaction products co2+ ,  NH3, and S4O6'- are due to internal reduction of 
Co(II1) by coordinated S2032-. In dilute perchloric acid of pH <4 the rate is retarded, first-order plots are not linear, and S4062- 
is not a major product of the reaction. It is proposed that, in dilute HClO,, protonation of C O ( N H ~ ) ~ S ~ O ~ +  depletes the concen- 
tration of the reactive complex and that decomposition of coordinated HS2O3- occurs. Conversion of 0-bonded ~ ~ 0 2 -  to 
S-bonded ~ ~ 0 2 -  in the reactive complex is also considered. 

ANTHONY MARTIN NEWTON. Can. J. Chem. 64, 311 (1986) 
Dans un tampon d'acide acitique - acetate de sodium, a pH 5,6 et a 25OC, l'ion C O ( N H ~ ) ~ S ~ O ~ +  subit plutBt une reaction 

d'oxydo-reduction qu'une reaction d'aquation. On observe une cinktique du premier ordre et les produits de la reaction, soit le 
co2+,  le NH3 et le S4062-, proviennent de la reduction interne du Co(II1) par l'ion S2O3'- coordonnk. L'acide perchlorique 
diluk, pH <4, retarde la vitesse alors que les courbes d'ordre un ne sont pas lineaires et que I'ion S4O6'- n'est pas un produit 
majoritaire de la reaction. On pense que, en presence de HC104 dilut, la protonation de l'ion C O ( N H ~ ) ~ S ~ O ~ +  diminue la concen- 
tration du complexe reactif et que I'ion coordonte HS2O3- se decompose. On considere tgalement la transformation de l'ion 
S203'- lie par I'oxyg&ne en l'ion ~ 2 0 3 ~ -  lie par le soufre dans le complexe rtactif. 

[Traduit par le journal] 

i 
Introduction 

In dilute aqueous acid the majority of acidopentaammine - 0 6  

complexes of cobalt(II1) undergo the aquation reaction and 
pseudo-first-order kinetics are observed (1,2). However, redox 
decomposition is reported to complicate the aquation of Co- 
( N H ~ ) ~ I ~ +  (3) and of C O ( N H ~ ) ~ N O ~ ~ +  (4). The results reported 
here show that in dilute aqueous acid the C O ( N H ~ ) ~ S ~ O ~ +  ion ? , - 1  3 
undergoes redox decomposition rather than aquation. - A 

Experimental 
Analytical grade reagents and deionized water were used through- 

out. Thiosulphatopentaamminecobalt(II1) nitrate was prepared by 
Ray's method (5). It was analysed for content of ammonia and the - 2 0  

relative formula mass was measured by ion exchange chromatography. 120 240 360 

(Calculated for [Co(NH3),S203]N03: NH3 = 26.8%; M ,  = 318; found: MINUTES 

NH3 = 26.6%; M, = 318.) 
Sodium tetrathionate dihydrate was by adding, with ' Semilog plot for the of C0(NH3)5S203+ in 

shaking, a suspension of iodine in absolute ethanol to solid sodium acid - sodium acetate buffer of pH 5'6' 
thiosulphate pentahydrate until the iodine colour persisted in the reac- 
tion mixture. The crude product was rapidly filtered and washed with 
ethanol to remove excess iodine. It was then dissolved in the minimum 
volume of water, ethanol was added, and the mixture was cooled in an 
ice-salt bath overnight. The crystals which formed were filtered off, 
washed withethanol, ether, and storedovercalcium chloride. Analyses 
for tetrathionate ion (6), water of crystallization, and relative formula 
mass were done. (Calculated for Na2S4o6.2H2O: S4062- = 73.2%; 
H20 = 11.7%; M, = 306; found: S402 -  = 73.2%; H20 = 11.7%; M ,  

' 
= 308. The absorption spectrum in dilute HC104 showed a maximum at 
216 nm with E = 9.20 X lo3 M - '  cm-I, while in acetic acid-sodium 
acetate buffer at pH 5.6 (25°C) the maximum was at 219 nm with E 

= 8.53 X lo3 M - '  cm-I. 
Spectrophotometric measurements were carried out using a 

Zeiss PMQ-I1 and a Pye Unicam SP8-400 spectrophotometer. 
The absorption maximum of C O ( N H ~ ) ~ S ~ O ~ +  at 290 nm (E = 
1.37 x 104 M-' cm-') was used to follow the kinetic runs and 
the concentration of CO(NH~)~S ,O~+  was about 4 X lo-, M .  In 
those cases where the appearance of Co2+ was followed, the Co2+ 
was measured by Kitsen's method (7) and the HC1 method (8). 

The reaction mixtures were protected from light. Kinetic studies in 
acetic acid-sodium acetate buffer at pH 5.6 (25°C) were done in the 

temperature range 45-60°C and at least 80% of each run was fol- 
lowed. Kinetic studies were also done in dilute HC1O4 - 10-I M) 
at 59°C. 

Results 
Decomposition at p H  5.6 

As shown in Fig. 1, the reaction at pH 5.6 is first order and the 
rate constants, k,  were obtaiaed from the equation 

and are summarized in Table 1. These rate constants fit an 
Arrhenius equation 

(21 k = 5.82 x 1 0 ' ~ e x ~  ( -Ea/RT)  

k being in the units s- ' and E, being 133 kJ mol- ' . The results 
from Table 2 show the stoichiometry of the reaction to be that 
given by eq. [3]. 

[3] C O ( N H ~ ) ~ S ~ O ~ +  + Co2+ + 5NH3 + KS402- 

The addition of sodium thiosulphate to the reaction mixture 

Pnnted in Canada / Imprime au Canada 
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TABLE 1. First-order rate constants for the 
decomposition of C O ( N H ~ ) ~ S ~ O ~ +  at pH 

5.6 

Temperature ("C) 105k (s-I) 

a [ ~ o ( ~ ~ 3 ) 5 ~ 2 ~ , ] +  = 4 X 10-4M;measuring 
rate of appearance of co2+.  

b [ ~ o ( ~ ~ 3 ) , ~ 2 0 3 ] +  = 4  x 10-4M;measuring 
rate of disappearance of complex ion. 

MINUTES 

FIG. 2. Time dependence of the optical absorbance, A (290 nm), of a 
solution of [ C O ( N H ~ ) ~ S ~ O ~ ] N O ~  in 0.1 M HCIO, at 59°C. 

had no appreciable effect on the rate in the concentration range 
(1.0-5.0) x lop3 M, and free ~ 2 0 3 ~ -  is therefore not a 
reactant at any stage of the reaction. 

Decomposition in dilute HC104 
In dilute perchloric acid at pH 4 or lower, the kinetics of the 

redox decomposition of C O ( N H ~ ) ~ S ~ O ~ +  are more complicated 
than at pH 5.6, and semilog lots are concave downwards with 
the latter part of these plots being almost linear (Fig. 2). There 
was no evidence from the spectra of partially reacted solutions 
or from ion exchange chromatography on such solutions of any 
cobalt-containing species other than the starting material and 
C O ( H ~ O ) ~ ~ + .  Analysis of the product solutions under these 
conditions showed a complete conversion of Co(II1) to Co(I1). 
The absorbance of the solutions at 216 nm (the wavelength of 
maximum absorbance of the tetrathionate ion in dilute per- 
chloric acid) suggested a concentration of tetrathionate that was 
much higher than was possible from the mass of the starting 
material and assuming the stoichiometry to be that of eq. [3]. 

It seems clear therefore that in dilute perchloric acid (pH < 4) 
C O ( N H ~ ) ~ S ~ O ~ +  either does not decompose according to eq. [3] 
or, if it does, the tetrathionate ion produced decomposes partially 
or completely, giving one or more products of molar absorbance 
index greater than that of S4062- and which may also have a 
catalytic effect on the redox process, thus causing curvature of 
the semilog plots. 

To test the latter interpretation, the effect of added tetra- 
thionate on the rate was studied at 59°C and [ ~ ~ 0 ~ ~ - ]  = 1.9 X 
lop3 M. Under these conditions the semilog plots (Fig. 3) were 
similar to those for the reaction in dilute perchloric acid only. 

MINUTES 

FIG. 3. Semilog plot for the decomposition of C O ( N H ~ ) ~ S ~ O ~ +  in 0.1 
M HC104 - 1.9 x M Na2S4O6 at 59°C. 

TABLE 2. Analysisof the products of the decomposition of C O ( N H ~ ) ~ S ~ -  
03+ at 59.11°C in acetic acid - sodium acetate buffer of pH 5.6. 

Expected by 
lo4 [Complex] (M) Product Found reaction [3] 

1 .OO 104[Co2+] M l.Ola 1 .OO 
1.03 1.01" 1.03 

90.0 88.5" 90.0 
0.448 0.430b 0.448 

43.2 lO3[~H3] M 20.9' 21.6 
35.0 17.1' 17.5 
0.652 ~ o ~ [ s ~ o ~ ~ - ]  M 3.5Yd 3.26 
6.628 3.3gd 3.14 

'[co2+] determined by Kitsen's method (7). 
bReaction in 0.1 M HC10, and [co2+] determined by the HCI method (8). 
'[NH,] determined by micro-Kjeldahl distillation. 
d[S40,2-] determined spectrophotometrically . 

Furthermore, a 1.9 X lop3 M solution of Na2S406 in 0.1 M 
perchloric acid and at a temperature of 59°C showed no change 
in optical absorbance over a period of 72 h, and added Na2S04 
(1.9 X lop3 M) and added Na2S2O8 (1.9 X ~ o - ~ M )  had the 
same effect on the rate as did the Na2S4O6. It is therefore safe to 
conclude that the decomposition of ~ 4 0 6 ~ -  is not important in 
the redox decomposition of C O ( N H ~ ) ~ S ~ O , +  in dilute perchloric 
acid. 

The product co2+ is reported to catalyse the radiolytic de- 
compositions of C O ( N H ~ ) ~ H ~ O ~ +  and C O ( N H ~ ) ~ ~ +  (9). The ef- 
fect of added CoS04 (1.9 X M at 59°C) was therefore 
studied, but no change in the rate of the redox decomposition 
was detected. This observation therefore rules out the par, 
ticipation of C O ( H ~ O ) ~ ~ +  in the reduction of the Co(II1) centre 
by either an inner sphere or outer sphere mechanism. 

Discussion 
That the ammine ligand in C O ( N H ~ ) ~ S ~ O ~ +  is involved in the 

redox process is unlikely, since coordination deactivates NH3 
towards oxidation (10). Furthermore, in the redox decomposi- 
tion of C O ( N H ~ ) ~ O H ~ ~ + ,  a slow process at 59°C (kobs at 70°C 
= 1 X lop8 s-') (1 l ) ,  oxidation of an aquo ligand rather than an 
ammine ligand is the initial redox step (12). 

Since S2032- is readily oxidized by a number of oxidising 
agents, including ~ e ~ + ,  it is almost certain that the redox decom- 
position of Co(NH3),S203+ involves a single electron transfer 
from the thiosulphato ligand to Co(II1). The mechanism which 
seems to be operative when C O ( N H ~ ) ~ S ~ O ~ +  decomposes at pH 
5.6 is that given in eqs. [4] and [5]. 
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The existence of the S2O3- radical ion has been postulated for 
other systems (13,14) and an intramolecular electron transfer 
mechanism has been suggested for the redox decomposition of 
C O ( N H ~ ) ~ N O ~ ~ +  (4). 

An alternative mechanism is one in which the C O ( N H ~ ) ~ -  
S203+ undergoes aquation, followed by a redox reaction be- 
tween the products C O ( N H ~ ) ~ O H ~ ~ +  and ~ 2 0 3 ~ ~ .  This mech- 
anism was, however, rejected for the following reasons: 

1. The rate of disappearance of the complex was always the 
same as the rate of appearance of Co2+, whereas the rate at 
which Co2+ is produced by the reaction of C O ( N H ~ ) ~ H ~ O ~ +  with 
~ 2 0 3 ~ -  is much too slow to account for the rate of production of 
Co2+ in the reaction of interest. 

2. This alternative mechanism would require the rate of Co2+ 
production to be dependent on the concentration of added 
s ~ o ~ ~ - ,  a requirement which has not been met. 

An acid-catalysed pathway contributes to the aquation of 
C O ( N H ~ ) ~ S O ~ +  (15). Since the S2032- and SO4- ions are of 
similar basicity (pK, for dilute HS2O3- and HS04- being - 1.74 
and 2.0, respectively, at 25°C (16) ), protonation of the starting 
complex at pH 4 and lower seems a reasonable suggestion in the 
present case. 

The protonated species should be relatively inactive in internal 
redox since the electron transfer process should now be more 
difficult. Protonation of some of the C O ( N H ~ ) ~ S ~ O ~ +  would de- 
plete the concentration of reactive complex, resulting in a reduc- 
tion in the rate of the redox process. This latter suggestion is 
supported by the fact that at 59"C, at pH 5.6, the rate is 6.7 x 
lop5 S-I, whereas at the same temperature but in 4.02 X 1 oP3 M 
HC104 it is 5.4 X lop5 s-' and in 1.05 X lo- '  M HC104 it is 
5.1 X lop5 s-' .  The latter two rate constants were determined 
from the linear portions of the semilog plots. Since S2032- dis- 
proportionate~ in acid, it may be that a similar process occurs 
involving coordinated HS2O3- and this may account for the 
optical absorbance at 216 nm of the final product solutions of the 
redox decomposition of C O ( N H ~ ) ~ S ~ O ~ +  at pH 5 4. 

No reaction is known to occur between SO4'- and 12, whereas 
iodine is readily reduced by S203~-, which is structurally sim- 
ilar to S042-. On this basis it has been suggested that a species a 
rather than b is an intermediate in the 12/S2032- reaction (17). 

Similarly a species containing an I-S bond rather than an 1-0 
bond has been suggested as an intermediate in the oxidation of 
the tetrathionate ion to S042-  by iodine (18). 

The available evidence shows the 0-bonded isomer to com- 
prise at least 90% of the C O ( N H ~ ) ~ S ~ O ~ +  ion (19). Since an 
intermediate having an I-S bond is believed to be involved in 
the 12/S2032- redox reaction, it therefore seems that the 0- 
bonded C O ( N H ~ ) ~ S ~ O ~ +  must convert to the S-bonded isomer 
before the redox reaction occurs. Rates of isomerization are 
known to be retarded by the presence of acid (20) and hence 
such a mechanism may be important in depleting the con- 
centration of the reactive complex. Additionally, the relative 
rates of such an isomerization at pH 5 4,  and the redox process, 
may be responsible for, or at least contribute to, the curvature of 
the first-order plots. 
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A. JOHN ELLIOT, SHAHSULTAN PADAMSHI, and JANA PIKA. Can. J. Chem. 64, 314 (1986). 
The radiolytic reductio? of uranyl ions in degassed sulphuric acid solutions containing various organic solutes was studied. 

It was shown that while COOH, C02-, and a-hydroxy-alkyl radicals reduced uranyl ions, the P-hydroxy-alkyl radicals and 
those derived from gluconic acid could not affect the reduction. The oxidation of uranium(1V) by hydrogen peroxide at pH 0.7 
involves hydroxyl radicals in a chain mechanism but at pH 2.0 the oxidation proceeds by a non-radical reaction pathway. From 
the enhancement of the rate of oxidation of uranium(1V) by oxygen in the presence of 2-propanol, a mechanism involving the 
perhydroxyl radical, which reconciles earlier published data on kinetics and oxygen tracer studies, is proposed for the oxygen- 
uranium(1V) reactions. 

A. JOHN ELLIOT, SHAHSULTAN PADAMSHI et JANA PIKA. Can. J. Chem. 64, 314 (1986). 
On Ctudie la reduction radiolytique des ions uranyles dans des solutions dCgazCes d'acide sulfurique contenant divers solutks 

organiques. On montre que, contrairement aux radicaux COOH, COz- et a-hydroxy-alkyles qui rCduisent les ions uranyles, les 
radicaux P-hydroxy-alkyles et ceux provenant de l'acide gluconique ne peuvent effectuer la rkduction. L'oxydation de 
I'uranium(1V) par le peroxyde d'hydrogtne i un pH de 0,7 fait intervenir des radicaux hydroxyles dans un mCcanisme en chaine; 
toutefois, i un pH de 2,0, la rCaction d'oxydation s'effectue par une voie non-radicalaire. En se basant sur le fait que la vitesse 
d'oxydation de l'uranium(1V) par l'oxygtne est plus grande en presence de propanol-2, on propose pour cette rCaction un 
mCcanisme qui implique le radical perhydroxyle. Ce mkcanisme permet de concilier les donntes publites anttrieurement tant sur 
la cinCtique que sur les Ctudes par marqueurs d'ox>g' ene. 

[Traduit par le journal] 

Introduction 
Contamination of pipework with U 0 2  will occur following 

the rupture of a nuclear fuel bundle either in test o r  in accident 
conditions. One  strategy to decontaminate this pipework is to 
oxidize the insoluble UOz (a uranium(1V) compound) in the 
presence of suitable complexing agents and corrosion inhibitors 
to the more soluble uranyl ion (a uranium(V1) species). One 
mixture reported to be effective for this decontamination is a 
solution containing hydrogen peroxide, oxalic acid, gluconic 
acid, and 8-hydroxyquinoline (1). During the decontamination 
many free-radical reactions will be initiated both from the 
radiation fields and from the chemistry involved in the oxidation 
of uranium ions. However, in the open literature only limited 
information is available on free-radical reactions involving 
uranium. In this paper w e  report on the reduction of uranyl ions 
by organic radicals, and the oxidation of soluble uranium(1V) 
ions by both hydrogen peroxide and oxygen with and without 
organic solutes present. 

Experimental 
Materials 

The chemicals used were purchased from the following companies: 
Fisher Scientific (uranyl sulphate, 2-propanol, sodium formate, so- 
dium oxalate), Anachemia (sulphuric acid), Aldrich (sodium gluconate 
(HOCH2[CHOHI4CO2Na)), J. T. Baker (hydrogen peroxide, 2-methyl- 
2-propanol (tert-butanol)). All were used as supplied except tert- 
butanol, which was multiply recrystallized. Triply distilled water was 
used for solution preparation. Uranium(1V) ions were prepared by 
electrolytically reducing uranyl ions at a platinum electrode under a 
nitrogen atmosphere. 

Methods 
Samples for steady-state radiolysis studies were degassed on a 

vacuum line (freeze-pump-thaw cycles) in a round-bottom flask and 

'AECL No. 897 1. 
' ~ u t h o r  to whom all correspondence should be addressed. 
3Concordia University Co-operative Program Student. 

then poured under vacuum into a 10-cm pathlength Spectrosil optical 
cell. The above procedures were carried out in semi-darkness to 
prevent photolytic reduction of the uranyl ion. The samples were 
irradiated in an AECL Gammacell at a dose rate of about 1.7 X lOI9 eV 
L-'s- ' .  In experiments where the sample was photolyzed, a high 
pressure xenon arc lamp was used. The uv-vis spectra of these 
solutions were recorded on a Cary 17 spectrophotometer. 

A limited number of pulse radiolysis experiments were also 
performed and in these studies the solutions were degassed by the 
syringe-bubbler technique. The 2.25-MeV electron accelerator and 
detection system has been described elsewhere (2). 

To study the reaction of uranium(1V) ions with hydrogen peroxide, 
the solution containing the uranium(1V) ions and the solution contain- 
ing the hydrogen peroxide were deoxygenated separately by stripping 
with nitrogen gas, rapidly mixed, and then transferred to a 10-cm cell 
under a nitrogen atmosphere. For experiments where organic solutes 
were present, the solute was added to the uranium(1V) solution before 
deoxygenation. The change in concentration of uranium(1V) during the 
experiment was monitored by its absorption near 650 nm using either a 
Cary- 17 or Cary- 1 18 uv-vis spectrometer. Hydrogen peroxide was 
assayed by the tri-iodide method of Ghormley and co-workers (3). 

For the autoxidation of uranium(IV), the reaction is slow enough for 
the solution to be saturated with oxygen. When this oxidation was 
carried out with an alcohol present, the alcohol was added after the 
solutions were oxygen saturated. 

Results and discussion 

Radiolysis of uranyl sulphate solutions 

Experimental observatiotzs 
The yields of uranium(1V) have been measured in y-irra- 

diated degassed sulphuric acid solutions containing mol L-' 
uranyl sulphate and one of the following organic solutes: 
0 . 1  mol L-' 2-propanol, 0.1 mol L-' sodium formate, 0 . 1  mol 
L-' sodium gluconate, 1.0 mol L-' tert-butanol. The yield of 
uranium(1V) was monitored (see Fig. 1) by its absorption near 
650-670 n m  (the absorption maxima varied depending on the 
degree of complexation with the organic solute). In general, the 
procedure was to give the solution an irradiation dose of 
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WAVELENGTH / nm 

FIG. 1. Spectra of a degassed mol L-' U02S04 solution 
containing 0.1 mol L- 2-propanol at pH 1.1; before irradiation (---); 
after 22.5 X 10" eV L-I radiation, where complete conversion to 
U(1V) has occurred (-); after 30 X 10" eV L-I radiation where some 
U(II1) has been formed (. . .). 

1 2 0  / , 1 1 1 1 1 [ 1 1 1  

DOSE / lo2' eV L-I 

FIG. 2. Yield of uranium(1V) as a function of dose for degassed 
rnol L-' uranyl sulphate solutions containing: 0.1 rnol L-I 2-pro- 

pan01 at pH 1.1 (0 ) ;  0.11 rnol L-I oxalate at pH 2.0 (A) and pH 5.0 
(0); 1.0 rnol L-' tert-butanol at pH 1.4 (0 ) .  

2-5 x lo2' eV L-' and then record the spectrum; this cycle was 
repeated until such time as all the uranyl ions were converted to 
uranium(IV), as illustrated in Fig. 2. For solutions containing 
2-propanol, formate, or oxalate, the yield of uranium(1V) was 
calculated assuming 100% conversion. As a check, the maxi- 
mum yield of uranium(1V) was confirmed by photolytically 
reducing the uranyl ions. This was not possible when oxalate 
was present, as photolysis of these solutions forms CO and C 0 2  
but very little uranium(1V) (4). In the cases where tert-butanol 
or gluconate were present, complete reduction by radiolysis was 
not always possible; however, the extinction coefficient of 
uranium(1V) was determined by the complete photolytic reduc- 
tion of uranyl ions in these solutions. 

With the 2-propanol and formate solutions, after complete 
conversion of the uranyl ions to uranium(1V) (either radio- 

4 0 I I I I I 
2- PROPANOL 

I SODIUM FORMATE 

I OXALIC ACID 

FIG. 3. The G-value for uranium(1V) as a function of pH from 
degassed mol L-' uranyl sulphate and 0.1 mol L-I organic solute 
(0) .  The symbols (0) are the data reported by Hyder. 

lytically or photolytically), a small steady-state concentration of 
uranium(II1) was formed (see Fig. 1) on continued radiation. 
Both from the published extinction coefficient at 350nm 
(1200 L mol-' cm-I (5)) and from oxidizing the uranium(II1) 
back to uranium(1V) (by air or theslower reaction with water), it 
is estimated that uranium(II1) constituted less than 2% of the 
uranium ions under these conditions. 

The dependence of the G-value (i.e. number formed per 
100 eV of energy absorbed) of uranium(1V) on pH for solutions 
containing 2-propanol, sodium formate, and oxalic acid is 
shown in Fig. 3. The pH was adjusted using sulphuric acid. Also 
shown by the squares in Fig. 3 are the G-values reported by 
Hyder (6). For solutions containing 2-propanol and sodium 
formate, the uranium(1V) formed precipitated above pH 2.1 
and 3.5, respectively. For solutions containing 0.1 rnol L-' 
sodium gluconate, at pH 4.4 the G-value for uranium(1V) was 
1.4 as calculated from the initial slope of the yield versus dose 
plot, while at pH 2.0, the G-value was zero. The uranium(1V) 
ion can exist in this solution as it was formed by photolytic 
reduction. For 1 .O rnol L-' tert-butanol solutions, the initial 
G-value for uranium(1V) was 0.35 * 0.10 for the pH range 
0.7-2.0. An example of the data is shown in Fig. 2. The uranyl 
ion could be totally reduced to uranium(1V) photolytically in 
these solutions. 

Some further radiolysis experiments were performed using 
deoxygenated rnol L-' uranium(1V) sulphuric aid solutions 
containing 0.5 rnol L-' tert-butanol. The G-value for uranium- 
(IV) loss was less than 0.3 for pH 0.7-2.1. This small yield can 
be attributed to oxidation by radiolytic hydrogen peroxide (see 
later). 
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Proposed mechanism 
For the solutions studied here, most of the ionizing radiation 

is absorbed by the water to form the species shown in reaction 
[I]. 

The yields for dilute aqueous solutions are given in parentheses 
and are expressed in G-values. These values will be up to 10% 
higher for G(e-,, + H) and G(0H) at some of the solute 
concentrations used in these experiments (8). 

Depending on the pH of the solution, the organic solute (S) 
present, and how far the reduction of the uranyl ions has 
proceeded, the solvated electrons will be scavenged either by 
the uranyl ions or the organic solute to form uranium(V) 
(reactions [2]-[4]), 

or will be scavenged by the protons to form hydrogen atoms 
(reaction [5]). 

[5] H+ + e-,,+ H k5 = 2 x L mol-' s-I (9) 

These hydrogen atoms formed through [I]  and [5] will either 
reduce the uranyl ions, 

or react with the organic solute present. For all solutes except 
oxalic acid, the radical produced from the reaction of the 
hydrogen atom will be the same as that formed from the 
hydroxyl radical. With oxalic acid it is thought that the product 
from hydrogen atom reaction is similar to the electron adduct of 
oxalic acid (1 1). 

In the discussion so far, all reactions involving uranyl ions 
(reactions [2], [3], and [6]) lead to the formation of uranium(V). 
Uranium(V) is not long lived in aqueous solution as it 
disproportionates as shown in reaction [7] (for solutions 
containing sulphate ions): 

In general, where the degree of hydrolysis and complexation of 
the uranium ions is poorly defined, they will be referred to as 
U(IV), etc. However, in the present experiments the uranium- 
(VI) was always present as the uranyl ion UOZ2+ and will be 
referred to as such, although it will be complexed with anions in 
the solution, e.g. S042-. 

Not all the radicals formed from the reaction of hydroxyl 
radicals and hydrogen atoms with the organic solute are capable 
of reducing uranyl ions. This is best illustrated with P-hydroxy- 
alkyl radical formed from tert-butanol. 

[8] (CH3)3COH + OH+ ~ H ~ - - c ( c H ~ ) ~ o H  + H20 
k8 = 6.3 x 1O8~rnol-Is-' (14) 

With tert-butanol present, the initial G(U(1V)) of 0.35 -t 0.10 
(see Fig. 2) can be explained by the 25% of G(e-,, + H) which 
are scavenged by the uranyl ions through reactions [5] and [6] 
followed by reaction [7]. This leads to a prediction of a G-value 
for uranium(1V) of -0.4. It is obvious from these results 

that the P-hydroxy-alkyl radical does not reduce uranyl ions. 
Likewise the low G-value for uranyl ions (<0.3) when 
uranium(1V) solutions containing 0.5 mol L-' tert-butanol 
were irradiated indicates that this P-hydroxy-alkyl radical also 
cannot oxidize uranium(1V). The small G-value is consistent 
with the oxidation of uranium(1V) by radiolytically produced 
hydrogen peroxide and this reaction will be discussed later. 

The radicals formed from gluconic acid by reaction with 
hydroxyl radicals and hydrogen atoms also cannot reduce 
uranyl ions to uranium(1V). At pH 4.4, where all the electrons 
were scavenged by the uranyl ion, G(U(1V)) was about half of 
G(eP,,), i.e. 1.5 (reactions [2] and [7]), while at pH 2, where 
G(U(1V)) was zero, greater than 90% of the solvated electrons 
were scavenged through reaction [5]. Assuming the rate 
constant for hydrogen atom reaction with gluconic acid is 
similar to that with glucose (i.e. - lo8 L mol-' s- (15)), all the 
hydrogen atoms were scavenged by the gluconic acid. 

Over the pH range studied (pH 0.7-3.4) with formate added, 
the formate will exist essentially as formic acid (pK = 3.75). In 
these experiments all the radical species formed from water 
(reaction [I]) will lead to the reduction of uranyl ions. The 
hydrogen atoms and hydroxyl radicals that react with the formic 
acid will, depending on the pH, form either C02-  or COOH 
(pK = 1.4 (17)), both of which are strong one-electron 
reducing agents. 

[lo] U022+ + C02-(COOH)+ U(V) + C02(+H+) 

As can be seen in Fig. 3, the G-value for uranium(1V) drops as 
the pH increases, this in part can be attributed to the decrease in 
radical yield over this pH range (7). Also over this pH range, the 
mechanism for the reaction of the hydrogen peroxide (formed in 
[I]) with uranium(1V) changes, as will be described in detail in 
the next section. In summary, oxidation by hydrogen peroxide 
of uranium(1V) proceeds slowly at pH 0.7 and predominantly by 
a mechanism which produces hydroxyl radicals. 

[ l  11 U(IV) + H202+ U(V) + OH- + OH 

In the presence of formic acid, the hydroxyl radicals are 
converted to COOH, which undergoes reaction [lo], so that, 
overall, little uranium(1V) is lost. At pH 2, the oxidation of 
uranium(1V) is much faster and proceeds through a path that 
does not produce hydroxyl radicals. Under these conditions 
uranium(1V) will be oxidized directly to uranium(V1) by the 
radiolytically produced hydrogen peroxide. This is indicated in 
Fig. 3 by the decrease in the G-value of uranium(1V) with an 
increase of the pH from pH 0.7, where the G-value is given by 
(121, 

[12] G(U(IV)) - 0.5 [G(e-,,) + G(H) + G(OH)] 

to a value approaching, at pH 3, that given by [13], 

[131 G(U(IV)) - 0.5 [G(e-,,I + G(H) + G(0H)I - G(H202) 

The situation when 2-propanol was added is very similar to 
that of formate. In these experiments all the radicals formed in 
[I]  and [5] react with 2-propanol. 

[I41 (CH3),CHOH + OH --t 0.86 (CH~)&OH 
+ 0.14 CH~CH(CH~)OH + HzO 

k I 4  = 2.3 x lo9 L mol-' s-' (14) 
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Of the radicals formed in reactions [14] and [15], only 86% of 
these are a-hydroxy-alkyl radicals (18) that are capable of 
reducing uranyl ions (reaction [16]). By analogy to the 
tert-butanol experiments described earlier, the 14% which are 
P-hydroxy-alkyl radicals will not reduce uranyl ions. The rate 
constant for reaction [16] was measured in pulse radiolysis 
experiments by following pseudo-first-order decay of the 
(CH3)$ZOH radical at 340 nm in a pH 1 solution containing 
2.7-5.2 X rnol L-' uranyl sulphate and 1 mol L-' 2-pro- 
panol. The value for k16 at 22°C was (4.1 * 0.3) x 1O7L 
mol-' s-'. 

The situation when oxalate is the added solute is different in 
that oxalate complexes strongly with both the uranyl ion (19) 
and with uranium(1V). For the pH range 1.3-3.1 (Fig. 3), the 
G-value for uranium(1V) was constant at 2.9. This is consistent 
with the hydroxyl radical reacting with oxalate to form a radical 
that can reduce the uranyl ion. 

[I71 COO- + OH- COO or COOH + C 0 2  
I I 

COOH COOH 
kI7 = 6 X 10' L mol-I s-I (16) 

The drop in the G-value above pH 3 is probably a consequence 
of the competition for hydroxyl radicals between the oxalate and 
the radiolysis product uranium(1V) as the radiolysis proceeds. 
This is supported by the yield versus dose plot at pH, which is 
gently curved (Fig. 2). 

[18] COO- + OH - COO (or C 0 2  + COz-) 
I I 
coo- coo- 

kI8 = 1 x lo7 L mol-' s-' (16) 

[19] U(1V) + OH- U(V) + OH- kI9 = 8 x lo8 Lmol-I s-I (10) 

At pH 5, the oxalate exists essentially as the dianion, which has 
a lower rate constant (reaction 1181) than at lower pH's where 
the oxalic acid is in the mono-anion form (reaction [17]). 

Reactions of uranium(1V) ions with hydrogerz peroxide 
Experimental observations 
To understand the role of radiolytically produced hydrogen 

peroxide in the radiation chemistry of uranium ions, the reaction 
of uranium(1V) ions with hydrogen peroxide was studied in 
deoxygenated sulphuric acid solutions at pH 0.7, 1.5, and 2.0. 
These experiments were carried out with and without hydroxyl 
radical scavengers present. In the absence of scavengers, the 
uranium(1V) ions were oxidized to uranyl ions; the rate of this 
reaction increased with pH for a given uranium(1V) ion and 
hydrogen peroxide concentration, as shown in Figs. 4a and b. 
At pH 0.7 for mol L-' uranium(1V) ions, increasing the 
hydrogen peroxide concentration increased the reaction rate 
(compare open to filled circles in Fig. 4a). The addition of 
0.12 rnol L-' 2-propanol to a solution containing rnol L-' 
uranium(1V) and rnol L-I hydrogen peroxide (Figs. 4a and 
b: triangles) inhibits the loss of uranium(1V) at pH 0.7, while at 
pH 2.0 the addition of 0.12 and 1.2 mol L-'  2-propanol hadonly 
a minimal effect on uranium(1V) loss (Fig. 4: triangles and 
squares; note that 1.2 mol L-' 2-propanol has a lower initial 
uranium(1V) concentration than the 0.12 rnol L-' 2-propanol 
solution). The effect of adding 0.08 rnol L-' formate to the 
reaction solution at pH 0.7 was similar to that of adding 

FIG. 4. The disappearance of uranium(1V) as a function of time. 
Gra h (a): ( 0 )  = [U(IV)lo = 9.1 x rnol L-I; [Hz02]o = 9.6 x B 10- rnol L-'; pH = 0.7; (@) = [U(1V)lo = 9.1 X rnol L-I; 
[H2O2I0 = 17.8 x rnol L-'; pH = 0.7; (A) = [U(lV)], = 9.4 x 

rnol L-I; [H2O2Io = 9.4 x mol L-I; [2-propanol] = 0.12 rnol 
L-I; pH = 0.7; ( 0 )  = [U(IV)], = 9.4 x rnol L-I; [H202j0 = 9.4 
x rnol L-'; [tert-butanol] = 0.46 rnol L-I; pH = 0.7. Graph (b): 
( 0 )  = [U(IV)], = 11.1 x rnol L-'; [H20210 = 9.4 x rnol 
L-I; pH = 1.5; (A) = [u(IV)], = 11.1 x rnol L-I; [H202]o = 9.5 
x rnol L-'; [2-propanol] = 0.12 rnol L-I; pH = 1.5; (@) = 
[U(IV)], = 8.5 x rnol L-I; [H20zlo = 8.5 x rnol L-I; pH = 

2.0; (A) = [U(IV)], = 8.9 x rnol L-I; [H2O2I0 = 9.5 x ~ O - ~ m o l  
L-'; [2-propanol] = 0.12 rnol L-I; p~ = 2.0; (m) - [U(IV)lo = 8.0 x 

rnol L-I; [H2O2Io = 8.7 x rnol L-I; [2-propanol] = 1.1 
rnol L-I; pH = 2.0. Graph (c): ( 0 )  - [U(IV)lo = 4.5 x 10-~mol L-I; 
[H2O2I0 = 4.8 X rnol L-I; pH = 2.0; ( 0 )  = [U(IV)I0 = 4.1 X 

10-~mol L-I; [H2O2Io = 4.7 x 1 0 - ~ m o l ~ - ' ;  [2-propanol] = 0.12mol 
L-I; pH = 2.0; (A) = [U(IV)], = 4.6 x rnol L-I; [Hz02]o = 4.2 
x rnol L-I; [formate] = 0.08 rnol L-l; pH = 2.0; (0) = [U(Iv)lo 
= 4.8 x rnol L-I; [H2Ozlo = 4.6 x rnol L-I; [formate] = 

0.45 rnol L-I; pH 2.0. 

0.12 rnol L-' 2-propanol. However, in contrast to 2-propanol, 
at pH 2 the addition of higher concentrations of formate 
(0.45 molL-I) did inhibit the uranium(1V) loss to a limited 
extent over the addition of 0.08 rnol L-' formate. This is shown 
in Fig. 4c, along with the results for 0.12 rnol L-' 2-propanol. In 
this figure, the initial concentrations of uranium(1V) and 
hydrogen peroxide were halved to slow the initial rate. 

Figure 5 summarizes the stoichiometry of the reaction in the 
absence of hydroxyl radical scavengers for the three pH values 
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FIG. 5. A plot of the ratio of hydrogen peroxide consumed to 
uranium(1V) consumed as a function of the initial concentration ratio: 
pH 0.7 (0); pH 1.5 (A); and pH 2.0 (0). 

where the ratio of hydrogen peroxide consumed to uranium(1V) 
consumed is plotted as a function of the initial concentra- 
tion ratio. It should be noted that an earlier study by Baker and 
Newton (20) found that in deoxygenated 2 rnol L-' perchloric 
acid, the consumption ratio of [H202:J/[U(IV)] was constant at 
1.024 k 0.016 for the initial concentration ratio range of 
[H202]/[U(IV)] of 0.54-18. This is quite different from our 
results in the less acidic sulphuric acid solutions studied here 
and may be associated with the ionic state of uranium(1V) ion. 
In 2 rnol L-' perchloric acid, the uranium(1V) will exist as U4+. 

In the current experiments at pH 2, about 55% of the 
uranium(1V) will be UOH~', 5% as U4+,  and the remainder as 
the ion pair uS041+. 

At pH 1, the uranium(1V) will essentially all exist as the ion-pair 
u S O ~ ~ + .  

Proposed mechanism 
Our results at pH 0.7 can be understood in terms of the 

free-radical chain sequence originally proposed by Baker and 
Newton (20) (reactions [ l l ] ,  [22], [19], [23], [7]) and the 
additional reactions [24]-[26]. In these reactions, U(V1) can 
either be the ion pair, U S O ~ ~ ' ,  or U4+ but not the hydrolysed 
form UOH3+. 

Initiation: 
[ l l ]  U(IV) + H202+ U(V) + OH + OH- 

Propagation: 
[221 U(V) + H202 + ~ 0 ~ ~ +  + OH + OH 

Termination: 
[231 U(V) + OH + ~ 0 , ~ '  + OH- 

Side reactions: 
[24] OH + H202 + 0 0 H  + H20 k2, = 2.7 X 10' L mol- ' s- ' (23) 

[25] OOH + OOH -+ H202 + 0, 2k2, = 8.6 x lo5 L mol-' s-I (24) 

[26] U(IV) + OOH + UO,~+  + OH 

Reactions [24]-[26] would explain the stoichiometry ob- 
served in Fig. 5 .  In these reactions, hydrogen peroxide (reaction 

[24]) competes with uranium(1V) (reaction [19]) for the 
hydroxyl radical. Provided reaction [25] can compete with [26], 
then more hydrogen peroxide will be consumed than uranium- 
(IV). The reason for our choice of reaction [26] (25, 26) over 
reaction [27] (27) will be outlined in the next section. 

[27] U(1V) + OOH + U(V) + Hz02 

The situation is even more complex than the above side 
reactions suggest. Studies on the disproportionation reaction [7] 
have indicated an effect of the product U022+ on the rate due to 
a uranium(V)-uranyl complex (13). Other studies indicate that 
the uranyl ion will complex with both hydrogen peroxide (28) 
and the perhydroxyl radical, OOH (29). This also will affect the 
kinetics as the uranyl ion concentration builds up during the 
experiment. 

The results for the addition of 2-propanol or formate at pH 0.7 
basically conform with this mechanism, i.e. hydroxyl radicals 
formed in [ l  I.] and [22] are scavenged to form a reducing radical 
that can then reduce the uranyl ions back to a lower oxidation 
state by reactions [ lo]  or [16] followed by [7]. Furthermore, the 
results when 0.46-' rnol L tert-butanol was added to rnol 
L- ' uranium(IV), rnol L- hydrogen peroxide solution at 
pH 0.7 are also consistent with the mechanisms [l  11, [22], [23], 
and [7]. In this case, approximately two molecules of peroxide 
were consumed for every uranium(1V) lost (Fig. 4a) since 
tert-butanol scavenges the hydroxyl radicals formed in reac- 
tions [ l l ]  and [22] but, as was seen in previous section, the 
P-hydroxy-radical formed (reaction [8]) cannot reduce the 
uranyl ion back to uranium(1V). These results indicate that in 
the presence of tert-butanol the reaction rate is controlled by 
reaction [ l l ]  because all the hydroxyl radicals formed in [ l l ]  
and [22] are scavenged by the tert-butanol and cannot propagate 
the chain reaction. In the absence of tert-butanol, reactions [22] 
and. [19] can propagate the chain reaction so that now reaction 
[22] is the rate-limiting step. Based on these last two statements 
and the data in Fig. 4a, estimates for k1 of 0.21 L mol-' s-' and 
for k2, or 55 L mol-' s-' have been made. 

In pH 2 solutions in which the 0.12 and 1.2molL-' 
2-propanol added was more than sufficient to scavenge all the 
hydroxyl radicals generated (reaction [14]), the uranium(1V) 
was still consumed. This implies that hydroxyl radicals are not a 
major intermediate at thii pH. An explanation is that the 
oxidation proceeds by two mechanisms: one involving U4+ and 
USO,~' in which hydroxyl radicals are formed as inter- 
mediates, and the other involving UOH3+ in which hydroxyl 
radicals are not generated. This second mechanism has a rate 
constant which is larger than that associated with the first 
mechanism. This would also explain the pH dependence of the 
rate. As mentioned earlier, at pH 1.0 the UOH3+ will constitute 
less than 5% of the uranium(1V) ions but that percentage rises to 
55% at pH 2 for the solutions containing 2-propanol. The formic 
acid results are also consistent with the above proposal. The 
0.08 rnol L-I formate solutions at pH 0.7 and 2.0 both behaved 
similarly to the 0.12 rnol 2-propanol solutions. The probable 
reason that the 0.45 rnol L-I  formate could inhibit the loss of 
uranium(1V) at pH 2 (Fig. 4c) was that the sulphate ion 
concentration was higher in this experimental solution because 
the pH of the sodium formate was adjusted by the addition of 
sulphuric acid. The higher sulphate concentration would de- 
crease the uOH3+ concentration and raise the US042+ concen- 
tration. It should be noted that no evidence exists for a complex 
between uranium(1V) ions and formate ions, as the wavelength 
of maximum absorption and the asociated extinction did not 
change in the presence of the 0.45 rnol L-' formic acid. 
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0 .o ,I 
0 2.0 4.0 60 8 0  10.0 12.0 14.0 160 18.0 

T I M E  1 lo3 s 

FIG. 6. The time dependence for the reaction of oxygen (initially 1.3 
X mol L-I) with uranium(1V) without ( 0 ,  0) and with 0.12 mol 
L-' 2-propanol (a, B) present. The circles are for pH = 2.0 and the 
squares are for pH = 0.8.  

) A possible mechanism for the reaction of U O H ~ +  with 
I hydrogen peroxide could be the simpler bimolecular reaction 

[281. 

[28] U O H ~ +  + ~ 2 0 2  -+ UOr2+ + H20 

However, this reaction does not explain the stoichiometry 
observed at this pH, as shown in Fig. 5. At the present we have 
been unable to propose a mechanism that satisfactorily explains 
these pH 2 results. The results obtained at pH 1.5 can be 
explained if both mechanisms are operating simultaneously. 

The above results are consistent with the oxygen tracer 
experiments of Gordon and Taube (30) for the oxidation of 
uranium(1V) with hydrogen peroxide. They reported that as the 
pH rose from 0.35 to 1.5, the number of oxygen atoms 
transferred from the peroxide to the product uranyl ion increased 
from 1.0 to 1.18. This could be rationalized in terms of the 
mechanism change we observed in this study. 

Reaction of uranium(1V) with molecular oxygen 
Experimental observations 
The effect of 2-propanol on the rate of oxidation of 

uranium(1V) by molecular oxygen was studied to determine if 
free radicals were involved. In general, the loss of uranium(1V) 
was followed (spectroscopically at 652 mn) in solutions that 
initially contained about rnol L-' uranium(1V) ions and 
were oxygen saturated (1.3 X lop3 rnol L-I). The pH (0.8-2.0) 
was adjusted with sulphuric acid. In agreement with earlier 
reports, the rate of uranium(1V) loss increases with pH (open 
symbols in Fig. 6); the effect of adding 0.12 rnol L-' 2-propanol 

O i i ~ ,  
0 2.0 40 6 0 8.0 

T I M E  1 lo3 s 

FIG. 7. The time dependence for the reaction of uranium(1V) 
(initially -2.1 x 10-3 mol L-') with oxygen at pH 1.3: [O2lO = 1.3 x 

mol L-' (A); [O2I0 = 1.3 x rnol L- oxygen and 0.12 rnol 
L-I 2-propanol(0); [0210 = 2.6 x mol L-I  oxygen and0.12 mol 
L-' 2-propanol ( 0 ) .  

was to increase the rate of oxidation (sigmoidal curves-solid 
points in Fig. 6). From Fig. 7 the overall stoichiometry of the 
reaction when 2-propanol was present shows that one oxygen 
molecule was consumed for every uranium(1Vj ion oxidized. 
The increase in the rate of reaction on addition of 0.12 rnol L-' 
2-propanol at all pH's studied implies that free radicals are 
involved and that at least some hydroxyl radicals are generated. 

Proposed mechanism 
Before speculating as to what these reactions are, it should be 

noted that little consensus exists in the literature as to the 
mechanism involved in the oxidation by molecular oxygen of 
uranium(1V) ions (27, 30, 31). A mechanism which accommo- 
dates the kinetic results of Halpem and Smith (27), the tracer 
study of Gordon and Taube (30), and the present results is given 
below. In these reactions the oxygen atoms derived from 
molecular oxygen are marked with an asterisk. The pH 
dependence of the reaction indicates that uOH3+ (equilibrium 
[20]) is the most reaction uranium(1V) ion. 

Initiation: 

Labelling propagation step: 

[3 11 U O H ~ +  + O*O*H + UOO*~' + O*H + Ht 
[32] U O H ~ +  + O*H+ UOO*' + 2H+ 
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The termination reactions are given by reactions [23] and [7]. 
Summing reactions [3 11-[33], the overall equation [34] is 
arrived at, 

where both atoms in the molecular oxygen are incorporated into 
different uranyl ions. This satisfies the restrictions imposed by 
the tracer experiments (28). The pH dependence is satisfied by 
UOH3+ acting as the active species (equilibrium [20]). In fact, 
the reported (32) retardation of the reaction in sulphuric acid 
solutions (as compared to perchloric acid) could be the direct 
result of equilibrium [20] competing with equilibrium [21]. 

The effect of adding 2-propanol is to circumvent reaction [32] 
by scavenging the hydroxyl radical formed in reaction [3:1.] 
through reaction [14]. The alkyl radicals (HR) formed in [14] 
react with oxygen to form a peroxy radical, which will 
dissociate to form the perhydroxyl radical (33). 

The OOH radical recycles back to [3 11 so that the reactions [31], 
[14], and [35] become the propagating cycle. As the alcohol 
molecule is oxidized in this cycle also, this leads to the 
stoichiometry observed in our experiments where one uranium- 
(IV) ion was oxidized per oxygen molecule consumed. 

The choice for the mechanism of the reaction of OOH with 
uranium(1V) as being reaction [31] rather than reaction [27] was 
made for two reasons. Firstly, if hydrogen peroxide was the 
product (reaction [27]) then, at pH 2, based on the uranium(IV)/ 
hydrogen peroxidel2-propanol results reported earlier, no hy- 
droxyl radicals would be formed and hence 2-propanol should 
have had no effect on the reaction rate. Secondly, to meet the 
isotopic labelling requirements (30) over the pH range studied, 
reaction [31] has to be chosen rather than [30], followed by 
reactions [ l  11, [22], [19], [23], [7]. 

Conclusion 
In this study, some of the free-radical redox reactions 

involving uranium ions have been characterized. In particular, 
we have shown that for alkyl radicals derived from alcohols, 
only the a-hydroxy-alkyl radical can reduce uranyl ions and that 
the P-hydroxy-alkyl radicals can neither reduce uranyl ions nor 
oxidize uranium(1V) ions. The mechanism for the reaction of 
hydrogen peroxide with uranium(1V) was demonstrated to 
change from a free-radical chain reaction involving hydroxyl 
radicals (reactions [ l l ] ,  [22], [19], [23], [7]) at pH 0.7 to 
non-free-radical oxidation reaction at pH 2 (possibly reaction 
[27]). From studying the 2-propanol mediated oxidation of 
uranium(1V) by oxygen, the reaction of the perhydroxyl radical 
(OOH) with uranium(1V) has been shown to form hydroxyl 
radicals (reaction [26]) rather than hydrogen peroxide (reaction 
[27]). This has enabled us to propose a mechanism for the 
reaction of oxygen with uranium(1V) (reactions [29]-[33]) that 
satisfies both the kinetic (27) and tracer (30) experiments. 
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Synthesis and characterization of molybdenum-tin complexes derived from the 
molybdenum tricarbonyl anion, [MeGap~~]Mo(Co)~- ,  and organotin chlorides. 

X-ray crystal structure of [MeGap~~]Mo(C0)~SnPh~ (where pz = pyrazolyl, N2C3H3) 
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EMMANUEL C. ONYIRIUKA, STEVEN J.  RETTIG, and ALAN STORR. Can. J .  Chem. 64, 321 (1986). 
The reaction of the molybdenum tricarbonyl anion, [MeGap~~]Mo(C0)~- ,  with the organotin chlorides, Ph3SnC1, Me3SnC1, 

and Me2SnC12, has yielded a series of complexes in which direct Mo-Sn single bonds are featured. The [MeGap~~]Mo(Co)~ -  
SnMe2Cl complex shows an interesting solution behavior in which a transition from a 3:4, or piano stool structure, to a 3:3: 1, or 
capped octahedral arrangement, is thought to occur. The 3:3:1 structure has been demonstrated in the solid state for the 
[MeGap~~]Mo(cO)~SnPh~ compound by means of a crystal structure determination. Crystals of [methyltris(l-pyrazoly1)- 
allato-N,N,~(triphenylstannyl)tricarbonylmolybdenum are monoclinic, a = 11.4439(8), b = 19.51 16(8), c = 15.2686(12) 1 @ = 111.370(3)", Z = 4, space group P2]/c. The structure was solved by conventional heavy-atom methods and 

was refined by full-matrix least-squares procedures to R = 0.025 and R,, = 0.031 for 5259 reflections with I r 
3a(l). Important bond lengths include: M e S n  = 2.8579(3), Mo-N = 2.239(2)-2.244(2), Mo-C = 1.967(3)-2.000(3), 
Sn-C = 2.151(3)-2.166(3), Ga-N = 1.920(3)-1.931(3), and G a 4  = 1.943(4).&. 

EMMANUEL C. ONYIRIUKA, STEVEN J.  RETTIG et ALAN STORR. Can. J .  Chem. 64, 321 (1986). 
L'anion molybdkne tricarbonyle, [MeGap~~]Mo(C0)~- ,  rtagit avec les chlorures organo-stanniques, Ph3SnC1, Me3SnC1 et 

Me2SnC12, pour donner une sene de complexes dans lesquels on remarque des liaisons simples directes Mo-Sn. Le complexe 
[MeGap~,]Mo(C0)~SnMe~Cl en solution prksente un comportement intiressant; on croit qu'il se produit une transition d'une 
structure 3:4, arrangement en tabouret de piano, vers une structure 3:3: 1, arrangement octakdrique cappk. En se basant sur une 
dktermination de la structure cristalline, on dkmontre I'existence de la structure 3:3: 1 dans le composC [MeGap~~]Mo(C0)~SnPh~ 
B 1'Ctat solide. Les cristaux du [ m k t h y l t r i s ( p y r a z o l y 1 - l ) g a l l a t o - N , N , ~ ( t r i p h ~ n y l s t a n n y l ) t ~ n e  sont mono- 
cliniques et appartiennent au groupe d'espace P2] /c  avec a = 11,4439(8), b = 19,5116(8), c = 15,2686(12) .&, @ = 
111,370(3)", Z = 4. On a rCsolu la structure par les mithodes conventionnelles de I'atome lourd et on l'a affinie par la mCthode 
des moindres carrCs (matrice complkte) jusqu'h des valeurs de R = 0,025 et de R, = 0,031 pour 5259 rkflexions avec I r 3u(l). 
Les longueurs importantes de liaison comprennent Mo-Sn = 2,8579(3), Mo-N = 2,239(2)-2,244(2), Mo-C = 
1,967(3)-2,000(3), Sn-C = 2,151(3)-2,166(3), Ga-N = 1,920(3)-1,931(3) et Ga-C = 1,943(4) A. 

[Traduit par le journal] 

I Introduction 
Some time ago Trofimenko (1) introduced the anionic sym- 

metrical tridentate chelating tris(1-pyrazoly1)borate ligand sys- 
tems, [RBpz3]- (where R = H,  alkyl, aryl, or pyrazolyl; pz = 
pyrazolyl, N2C3H3). The analogous [MeGapz3lP ligand was 
introduced later and its coordinating properties explored (2-5). 
Both the above ligand systems, being six-electron donors, have 
been likened to, and compared with, the cyclopentadienyl ion in 
many isoelectronic complexes (1-5). Recently we have ex- 
ploited this similarity in investigations of the reactivity of the 
[ H B ~ z ~ ] M o ( C O ) ~ -  and [MeGap~ , ]Mo(C0)~ -  ions towards 
transition metal halide species to produce novel transition metal - 
transition metal bonded compounds (6). The present account 
details our findings on  the reactivity of the [ M e G a p ~ ~ ] M o ( C o ) ~ -  
ion towards Ph3SnC1, Me3SnC1, and Me2SnC12. Complexes 
containing direct Mo-Sn bonds have been isolated and the 
compound [ M e G a p ~ ~ ] M o ( C 0 ) ~ S n P h ~  has been characterized by 
an X-ray crystallographic analysis. 

Experimental 
Starting materials 

Air-sensitive materials were handled in a nitrogen atmosphere. Tet- 
rahydrofuran (THF), CH2C12, benzene, and n-hexane were dried by 
refluxing over Na/benzophenone, CaH2, potassium, and CaS04 res- 
pectively, followed by distillation. Me3SnC1 (Aldrich Chemicals), 
Ph3SnC1 (Alpha Chemicals), and Me2SnC12 (PCA Chemicals) were 
used as supplied. The sodium salt of the methyltris(1-pyrazoly1)gallate 
ligand, Nat[MeGapz3]-, was prepared as a THF solution as described 

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

previously (2). Tris-acetonitrile molybdenum tricarbonyl, (MeCN)3- 
Mo(CO)~, was prepared as described in the literature (7). 

Synthesis of [MeGapz3]Mo(CO)3S~zMe3 
To a stirred THF solution of (MeCN)3Mo(C0)3 (0.107 g, 0.353 

mmol) an equimolar amount of the Nat[MeGapz3]- ligand solution 
(0.353 mmol in 10 mL THF) was added. An almost immediate color 
change from yellow to amber was observed upon mixing the reactants. 
The reaction mixture was stirred at room temperature for -2 days and 
the ir spectrum of the resulting solution was recorded to ensure the 
complete formation of ~ a + [ ~ e G a p z ~ ] ~ o ( ~ ~ ) ~ - .  The resulting solution 
was then reacted directly with an equimolar amount of Me3SnCl 
(0.070 g, 0.353 mmol) in the same solvent. The cloudy, dark orange, 
reaction mixture produced was stirred for another 2 days after which the 
solvent was removed in vacuo to afford a dark orange-brown oily 
residue. This residue was extracted with n-hexane and filtered. Upon 
slow evaporation of the solvent from the filtrate, dark orange crystals of 
the desired product were recovered in -68% yield. The compound is 
stable under nitrogen but decomposes slowly on exposure to air. 
Analytical, ir, and nrnr data for the complex are presented in Table 1 
and its 'H nrnr spectrum is shown in Fig. 1. The mass spectrum of the 
compound displayed signals due to the [P-3COIt ion at -544, but 
signals due to the parent ion, P', were not observed. 

Synthesis of [MeGap~]Mo(C0)~SnPh~ 
A solution of the Nat [MeGap~~]Mo(Co)~- salt in THF was prepared 

as described above. An equimolar amount of Ph3SnC1 (0.136 g, 0.353 
mmol) in THF was added to the salt solution. 'The resulting cloudy 
reaction mixture was stirred for -2 days after which the solvent was 
removed in vacuo. The dark yellow residue remaining was extracted 
with CH2C12 and filtered. An equal amount of hexane was added to the 
filtrate and the mixed solvents were allowed to evaporate slowly. A 
chocolate-brown sticky solid with some visible tingeof yellow was left 
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TABLE 1. Physical data for complexes [MeGap~~lMo(C0)~SnY 

Analysis 

Calcd. /found vco (cm-') 
CH2C12 

Y C H N (Nujol) GaMe SnMe pz-H4 p ~ - ~ 5  PZ-H3 Ph3 

"In toluene-d8 solution (T,, = 7.91 pprn); JHCCH= 2 HZ for pz protons. 
C6D6 solution (7cP6 = 2.84 pprn); A, 3:3:1 structure, B, 3:4 structure (see Fig. 4). 

behind. This mixture was washed with CH2CI2 and the liquid decanted 
off slowly to leave behind bright-yellow air-stable crystals of the 
desiredproduct [MeGapz3]Mo(CO),SnPh3 in approximately 40% yield. 
Pertinent physical data for this complex are presented in Table 1. The 
mass spectrum of the complex displayed the parent ion signal, P+,  at 
-816, together with prominent signals due to the ions [P-CO]+, 
[P-2CO]+, [ P - 3 ~ 0 ] + ,  and [P-3CO-Me]+. 

Synthesis of [MeGap~~]Mo(CO)~SnMefll 
ATHF solutionof theNa+ [MeCap~~]Mo(C0)~-  salt wasprepared as 

described above and an equimolar amount of Me2SnC12 (0.1933 g, 
0.880 mmol), in the same solvent, was added slowly. The initial yellow 
color of the starting molybdenum tricarbonyl anion darkened slightly 
during the reaction. The reaction mixture was stirred for - 1 day after 
which the solvent was removed in vacuo. The resulting orange residue 
was extracted with benzene and filtered. Slow evaporation of the solvent 
from the filtrate yielded yellow crystals of the desired product from 
concentrated solutions in -50% yield. Pertinent physical data for this 
complex are included in Table 1. The mass spectrum of the complex 
displayed a stron parent ion, P+,  signal at -650. In addition signals 5 due to the [P-CO] , [P-2CO]+, [P-3CO-Me]+, and [P-3CO]+ ions were 
also observed, the latter being the strongest in the spectrum. The relative 
intensities of the lines in these signals agreed well with a computer- 
generated profile, taking into account the relative abundances of the 
naturally occurring isotopes of Mo, Ga, Sn, and C1 (see Fig. 2). 

Physical measurements 
The ir spectra were recorded on a Perkin-Elmer 598 spectrometer, 

'H nrnr spectra were recorded on a Bruker WP-80 instrument, and 
mass spectra on a Kratos AES M50 spectrometer at - 100°C and 70 eV. 
Elemental analyses were performed by Mr. P. Borda of the U. B. C. 
microanalytical laboratory. 

X-ray crystallographic analysis of [methyltris(I-pyrazoly1)gallato- 
N ,N ,N](triphenylstannyl)tricarbonylmoly bdenum 

A crystal bounded by the 7 faces (followed by their distances in mm 
fromacommonorigin:{010},0.21,{100),0.13,(0-1 1),0.29, 
(0 1 l ) ,  0.22, (0 1 -2), 0.28 was mounted in a general orientation. Unit- 
cell parameters were refined by least squares on 2sin 8/A values for 25 
reflections (28 = 40-47") measured on a diffractometer with Mo-Ka 
radiation (A(Kal) = 0.70930, (A(Ka2) = 0.71359 A. Crystal data at 
22°C are: 

Monoclinic, a = 11.4439(8), 6 = 19.5116(8), c = 15.2686(12) A, 
= 111.370(3)", V = 3174.9(4) .A3, Z = 4, p, = 1.707 ~ ~ m - ) ,  F(000) 

= 1608, ~ ( M o - K a )  = 20.4 cm-'. Absent reflections: h01, 1 odd, and 
OkO, k odd, uniquely indicate the space group P2' / c  (C:,,, No. 14). 

Intensities were measured with graphite-monochromated Mo-Ka 
radiation on an E~af-Nonius CAD4-F diffractometer. An w-28 scan 
at 1.26-10.06" min-' over a range of (0.70 + 0.35tan 8) degrees in w 
(extended by 25% on both sides for background measurement) was 
employed. Data were measured to 28 = 55". The intensities of 3 check 
reflections, measured every 3600 s throughout the data collection, re- 
mained constant to within 3%. After data reduction,' an absorption 
correction was applied using the Gaussian integration method (8,9). 
Transmission factors ranged from 0.469 to 0.610 for 96 integration 
points. Of the 7254 independent reflections measured, 5259 (72.5%) 
had intensities greater than or equal to 3u(1) above background where 
u2(1) = S + 2B + (0.04(S-B))2 with S = scan count and B = 
normalized background count. 

The structure was solved by conventional heavy-atom methods, the 
coordinates of the Sn, Mo, and Ga atoms being determined from the 
Patterson function and those of the remaining non-hydrogen atoms 
from a subsequent difference map. In the final stages of refinement the 
non-hydrogen atoms were refined with anisotropic thermal parameters 
and the hydrogen atoms were fixed in idealizedpositions (C(sp3)-H = 
0,98, C(sp2)-H = 0.97 A, methyl groups staggered in accordance 
with observed peaks), recalculated after each cycle of refinement. The 
scattering factors of ref. 10 were used for non-hydrogen atoms and 
those of ref. 1 1 for hydrogen atoms. Anomalous scattering factors from 
ref. 12 were used for the Sn, Mo, and Ga atoms. The weighting scheme 
w = l /u2(~) ,where  u2(F) is derived from the previously defined 
u2(1), gave uniform average values of w(~F , I - IF , I )~  over ranges of 
both IF,I and sin 8/A and was employed in the final stages of 
full-matrix refinement of variables. Reflections with I < 341) were not 
included in the refinement. Convergence was reached at R  = 0.025 and 
R ,  = 0.03 1 for 5259 reflections with I ?  3u(1). For all 7254 reflections 
R  = 0.050. The function minimized was Cw(lF,I - IF,l)', R  = 
CIIF,I-IF,II/CIF,I, and R ,  = ( ~ w ( l ~ , l - ~ ~ , l ) ' / C w l ~ , l ~ ) ~ ' ~ .  

On the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.03 and 0 . 2 1 ~  respectively. The mean error in 
an observation of unit weight was 1.280. A final difference map showed 
maximum fluctuations of - 1.3 to +0.61 e A-3 within 1 .O A O ~ M O  and 

 he computer programs used include locally written programs for 
data processing and locally modified versions of the following: ORFLS, 
full-matrix least-squares, and ORFFE, functibn and errors, by W. R. 
Busing, K. 0 .  Martin and H. A. Levy; FORDAP, Patterson and 
Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by C. K. 
Tohnson. 
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ONYIRIUKA ET AL 

m I I I 
3 4 5 6 7 8 9 lb -c 

FIG. 1. Room temperature 80-MHz 'H nmr spectrum of [MeGap~~]Mo(cO)~SnMe~ in toluene-d8. 

FIG. 2. Partial mass spectrum of [MeGap~~]Mo(C0)~SnMe,C1. Inset: computer-generated profile of signal for ions containing Ga, Mo, Sn, 
and C1 atoms. 

Sn, respectively, and was essentially featureless away from the heavy 
atoms. The final positional and thermal parameters appear in Tables 2 
and 63, respectively. Bond lengths and angles appear in Tables 3 and 4, 
respectively. Calculated hydrogen atom parameters (Table 5 )  and a 
complete listing of torsion angles (Table 7) are included as supplemen- 
tary material.3 Measured and calculated structure factors have been 
placed in the Depository of Unpublished ~ a t a . ~  

Results and discussion 
4 number of complexes of the type [ M e G a p ~ ~ ] M ( c o ) ~ X  

(where M = Mo or W,  X = -q3-ally1 or NO) have been reported 
and the compound [ M ~ G ~ ~ Z ~ ] M ( C O ) ~ ( - ~ ~ - C ~ H ~ )  has been 
structurally characterized (2). Recently the tricarbonyl anion 
[ M e G a p ~ ~ ] M o ( C o ) ~ -  has yielded complexes with Mo-Rh and 
Mo-Cu bonds by reaction with Wilkinson's catalyst, 
R l ~ ( P P h ~ ) ~ c l ,  and the tetrameric copper species [Cu(PPh3)C1I4 

3 ~ h e  structure factor table, Table 6 (anisotropic thermal parameters), 
and other material mentioned in the text may be purchased from the 
Depository of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Canada KIA 0S2. 

(6). As part of an ongoing investigation into the reactivity of the 
[ M e G a p ~ ~ ] M o ( C o ) ~ -  ion, its behavior towards a number of 
organotin chlorides has been studied. Thus, 1:l reactions with 
Ph3SnC1, Me3SnC1, and Me2SnC12 yielded yellow-orange 
crystalline products of Mo-Sn bonded species, e.g. 

The complexes are moderately air-stable in the solid state but 
solutions deteriorate on exposure to air. It is interesting to 
compare the compounds with those reported some time ago by 
Patil and Graham in which the MeGapz3- ligand is replaced by 
the Cp- group (1 3). In both series of compounds only terminal 
CO bands are displayed in their ir spectra, indicative of direct 
Mo-Sn interaction without accompanying bridging CO lig- 
ands. In the case of the cyclopentadienyl complexes three strong 
terminal CO bands were observed in each case, whereas the 
three compounds reported here show different patterns. Thus, 
both the "SnPh3" and "SnMe2C1" complexes give one weak and 
two strong vco vibrations, whereas the "SnMe3" complex 
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TABLE 2. Final positional (fractional X lo4; Sn, Mo, and Ga x 10') 
and isotropic thermal parameters (U x lo3 A') with estimated standard 

deviations in parenthesesa 

Atom x Y z uc, 

"Uc,  = 1 /3 trace (diagonalized U) 

displays one strong and two weak v,, bands. Perhaps these 
variations reflect a difference in structure between the com- 
plexes (see below). The 'H nrnr data for the "SnPh; and 
"SnMe3" complexes show all three pyrazolyl groupings to be 
equivalent in solution, indicating a symmetrical structure for the 
complexes. The spectrum for the [ M e G a p ~ ~ ] M o ( C 0 ) ~ S n M e ~  
complex is shown in Fig. 1. The 'H nmr spectrum of 
[MeGap~~]Mo(C0)~SnMe~Cl  is interesting since it changes 
with time and solvent (Fig. 3 shows the change, with time, in the 
spectrum of the complex in toluene-d8. A similar effect was 
observed using benzene-d6 as solvent. Thus, initially the 
spectrum shows two "sets" of signals. The most intense set of 
signals is consistent with a symmetrical 3:3:1 or capped 
octahedral structure as shown in Fig. 4A, similar to that 
established for the "SnPh3" derivative (see below). In this 

TABLE 3. Bond lengths (A) with estimated standard deviations in 
parentheses 

Bond Length (A) Bond Length (A) 
- 

Sn-Mo 
Sn-C( 14) 
Sn-C(20) 
Sn-C(26) 
Mo-N(1) 
Mo-N(3) 
Mo-N(5) 
Mo-C(1) 
Mo-C(2) 
Mo-C(3) 
Ga-N(2) 
Ga-N(4) 
Ga-N(6) 
Ga-C(4) 
O(l)-C(l) 
0(2)-C(2) 
0(3)-C(3) 
N(l)-N(2) 
N(l)-C(5) 
~ ( 2 ) - ~ ( 7 )  
N(3)-N(4) 
N(3)--C(8) 
N(4)-C(10) 
N(5)-N(6) 
N(5)-C(l1) 

arrangement free rotation about the Mo-Sn bond in solution 
would give the observed pattern of equivalent pyrazolyl signals 
and a singlet for the "SnMe2" grouping. In the second "set" of 
signals the two Sn-Me groups are nonequivalent and yet the 
pyrazolyl groups seemingly remain equivalent. This pattern is 
difficult to rationalize since even a static 3:4, or four-legged 
piano stool arrangement (Fig. 4B) would be expected to give 
inequivalent pyrazolyl groups as well as possibly distinguishing 
between the two Me groups on the Sn atom. A rotation of the 
MeGapz3 moiety about the Ga-..Mo axis might afford a 
rationale for the observed equivalence of the pyrazolyl groups in 
this second arrangement. A similar rotation of the HBpz3 
grouping in the complexes [ H B ~ z ~ ] M o ( C O ) ~ ( ~ ~ - C ~ H ~ )  and 
Cp2MoH2+Cu[HBpz3I2 has been invoked to explain the 
equivalence of the pyrazolyl groups in the room temperature 'H 
nmr spectra of these compounds (14). In any event, with time, 
the species responsible for the weaker set of signals gradually 
disappears and one is left with only one set of signals, explicable 
in terms of a 3:3:1 structure. Interestingly, Patil and Graham 
(13) report a singlet for the "SnMeT protons in their CpMo- 
(C0)3SnMe2Cl complex for which they speculate a 3:4 or piano 
stool structure similar to that demonstrated by Bennett and 
Mason (15) for the complex (q-C5H5)Mo(C0)3Et. 

The chemistry of M-M' bonded derivatives (where M'  = 
Ge or Sn; M = Mo or W) has been studied quite extensively but, 
rather surprisingly, no X-ray structural data has been reported for 
complexes of the type (q-C5H5)M(C0)3M'R3 (where R = alkyl 
or aryl), the molecular arrangements proposed for these species 
being based primarily on ir and 'H nmr data (16). The X-ray 
crystal structure of the complex [ M e G a p ~ ~ ] M o ( C 0 ) ~ S n P h ~  
presented here represents what we believe to be the first reported 
structure of this type, in which the [MeGapz3] moiety replaces 
the q-C5H5 ligand in the general formulation given above. The 
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FIG. 3. Room temperature 80-MHz 'H nmr spectra of [MeGapz3]- 
M ~ ( c o ) ~ S n M e ~ C l  in toluene-ds, showing the change with time: initial 
spectrum (top), after 1 day (middle), and after 5 days (bottom). (A) 
3:3:1 structure, (B) 3:4 structure. 

X-ray structure analysis confirms the 3:3:1 arrangement pre- 
dicted on the basis of the 'H nmr and ir data. The molecule, 
which has approximate C3 symmetry, is shown in Fig. 5. The 
structure is similar to that recently reported for the compound 
[MeGap~~1Mo(C0)~Cu(PPh~) (6) but different from the 3:4 
piano stool structures of the related molecules (q-C5H5)- 
Mo(C0)3Sn(C1)[q-CsHs)Fe(C0)212 (17), [ H B P z ~ ~ M ~ ( C O ) ~ B ~  
(18), and (q-C5H5)M~(C0)3Et (15). The multi-metal species 
with q-C5H5 replacing MeGapz3 on Mo and the [(q-C5H5)- 
Fe(CO),] groupings replacing the Me groups on Sn may well be 
incapable of adopting a 3:3:1 structure due to the bulky Fe- 
containing substituents. However, one of the interesting aspects 
that prompted Curtis and Shiu (1 8) to determine the structure of 

FIG 4. Possible molecular arrangements for the [MeGapz3]Mo- 
(C0)3SnMe2Cl complex in solution: (A) 3:3:1 structure, (B) 3:4 
structure. 

the above bromo derivative was the possibility of observing a 
3:3:1 capped octahedral structure. Thus calculations by Kubacek 
et al. (19) had shown that such an arrangement represents a 
minimum in the potential energy surface for (q-C5H5)ML4 
complexes where the global minimum (ground state) is always 
the 3:4 structure. 

The structure of the [MeGap~~]Mo(C0)~SnPh~ complex 
clearly shows the presence of three terminal carbonyl groups 
with bond angles of 169.7(3), 172.1(3), and 172.7(3)" for the 
Mo-4-0  units, the slight deviations from linearity being 
directed away from the Sn centre and probably caused by the 
proximity of the phenyl groups on the Sn atom. The C-0 bond 
distances of 1.154(4), 1.139(3), and 1.14 l(3) A are also in the 
range expected for terminal carbonyl groups and the Mo-C 
distances of 1.967(3), 2.000(3), and 1.994(3) A are consistent 
with a terminal CO bonding arrangement. The above parame- 
ters show that one of the carbonyl groups differs significantly 
from the other two. This represents the most significant 
departure from overall C3 molecular symmetry and can be 
ascribed to a weak C-He--0 hydrogen bond 
(C(10)-H(10)---0(1)(x, 1 /2-y,z-1 /2), H.a.0 = 2.39, C...O 
= 2.326(4) A, C-H...O = 162", C--O...H = 156") linking 
molecules in infinite chains extending along the b axis. All 
other intermolecular distances are greater than the sums of van 
der Waals radii. 

The Ga...Mo-Sn unit with angle of 178.49(1)" is essentially 
linear and, as expected, the planar pyrazolyl groups (x2 = 
0.2-6.9, maximum deviation from the mean plane 0.007(4) A), 
whilst eclipsing the distant phenyl groups (planar to within 
0.01 l(5) A, X2 = 2.0- 13.1) on Sn, are staggered with respect to 
the three CO ligands on the Mo centre. The M&n distance of 
2.8579(3) A observed for the present complex is considerably 
shorter than the expected distance of 3 .OO A based on the sum of 
covalent radii (1.39 + 1.61 A) for the two atoms (15, 20-22). 
The distance is, however, comparable to the first Mo-Sn 
distance reported, 2.891(5) A for the complex [(q-C5H5)Mo- 
(CO)3]Sn(Cl)[(q-C5H5)Fe(C0)2]2 (17). As in the structure 
described herein, the Sn atom in this multi-metal complex is in 
a pseudotetrahedral environment. Cameron and Prout (23) have 
reported a Mo-Sn distance of 2.691(4) A for the complex 
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TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) 

FIG. 5 .  Stereoscopic view of the [MeGapz31Mo(C0)3SnPh3 molecule; 50% probability thermal ellipsoids are shown. 
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(q-C5H5)2Mo(SnBr3)Br in which the Sn  atom is in a distorted 
trigonal bipyramidal ~nvi ronment  with a fourth, long, Sn...Br 
interaction of 3.41 1 A. A similar environment for the Sn  atom 
has been reported for the complex (bipy)(Cl)M~(CO)~(SnMe- 
Cl,), (bipy = 2,2'-bipyridyl), in which the Mc+-Sn distance 
of 2.753(3) A was interpreted as indicative of some multiple 
bond character (24). The same authors reported the structure of 
the tungsten-tin complex (MeS(CH2)2SMe)(Cl)oW(C0)3(Sn- 
MeC12) in which the W-Sn distance of 2.759(3) A was argued 
to reflect the similarity of the W and M o  covalent radii (25). 
In both these structures there is a bridging Cl ligand between the 
metal centres, with a long Sn--Cl distance. 

The present study has demonstrated the ability of the 
[Me Gap~ , ]Mo(C0)~ -  anion to form complexes with organotin 
moieties in which the M o  and Sn  metal centres are linked by a 
single covalent bond. W e  are presently extending our investiga- 
tions into the reactivity of the [MeGapz,]Mo(CO),- anion to 
include other main group compounds and will report on our 
findings in due course. 
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Adsorption isotherms for coadsorption studies from solution 
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PANAGHIOTIS NIIUTAS and ADRIANI PAPPA-LOUISI. Can. J. Chem. 64, 328 (1986). 
The mixed adsorption of k adsorbates from solution on energetically homogeneous surfaces is studied by means of lattice 

statistical thermodynamics. The adsorption layer is considered to behave as a non-electrolyte bulk solution composed from k 
adsorbates and solvent. On the basis of this assumption the adsorption isotherms and their state equations are determined by 
means of the lattice theory of strictly regular solutions and Flory-Huggins statistics. The thermodynamic restrictions imposed 
when these models have to be applied to real systems are also determined and discussed. 

PANAGHIOTI~ NIKITAS et ADRIANI PAPPA-LOUISI. Can. J. Chem. 64, 328 (1986). 
Faisant appel B la thermodynamique statistique des rCsaux, on a CtudiC I'adsorption mixte des adsorbates de type ken solution 

sur des surfaces homogknes actives. On considkre que la couche d'adsorption se comporte comme une solution non Clectrolytique 
formCe par les adsorbates de type k et par le solvant. Cette hypothitse permet de dtterminer les isothermes d'adsorption et leurs 
Cquations d'Ctat en faisant appel & la thCorie de rCseau des solutions strictement regulieres et aux statistiques de Flory-Huggins. 
On dttermine Cgalement et on discute des restrictions thermodynarniques qui s'imposent lorsqu'on applique ces modkles B des 
systkrnes rCels. 

[Traduit par le journal] 

I. Introduction problem of the coadsorption of k adsorbates from solution on 
When a substance is adsorbed on a solid surface from surfaces. 

solution, then the adsorption process takes place by the 
displacement of the preadsorbed solvent molecules by the 
adsorbate ones. This adsorption process may be also considered 
to take place on the coadso&tionof k substances, Al ,  A2, . . . , Ak 
from a solution of a solvent S ,  provided that there are not 
significant differences in the adsorption free energies of A,. That 
is, we can accept that the adsorption of A, may be described by 
the following chemical equations: 

where ri is the number of solvent molecules displaced from the 
surface solution by one A, molecule and the symbols (b), (ads) 
denote the bulk solution and the adsorption layer, respectively. 

The number of the equilibrium equations [ l ]  is equal to k and 
therefore the relation between the concentrations of the ad- 
sorbed particles and those in the bulk solution, i.e. the 
adsorption isotherm, will be expressed by a system of k 
equations. In the case of dilute solutions the general expression 
of these equations is 

where ai is the fraction of the surface covered by A,, ci the 
concentration of A, in the bulk solution, and Pi is an adsorption 
equilibrium constant. 

According to current views (1-5) we can consider that the 
adsorption layer on an electrode surface behaves as a non- 
electrolyte bulk solution of k + 1 components, i.e. of the k 
adsorbates Al ,  A2, . . . , Ak and of the solvent S .  The non- 
electrolyte solution theories which have already been used for 
the study of the adsorption of a single solute from a solution onto 
an energetically homogeneous surface are (i) the lattice theory 
of the strictly regular solutions (SRS) (6-9) and (ii) Flory-Hug- 
gins statistics (FH) (6, 8, 10). The isotherms developed on the 
basis of these theories give a realistic description of the 
adsorption layer features (4, 5 ,  1 1 - 14). For this reason, in the 
present work we shall apply the above theories to the general 

11. Adsorption from k + 1 component solution 
I .  Model of SRS theory 

In this model we accept the following: 
a. The adsorption layer is a three-dimensional phase and 

behaves as a non-electrolyte bulk solution composed of N1 
molecules of adsorbate A,, N2 molecules of A2, . . . , Nk 
molecules of Ak, and Nk+, = NS molecules of the solvent S. 
The molecules are spherical or effectively spherical and they are 
approximately of the same size. 

b. The N = Zfz; Ni molecules of the adsorption layer occupy 
sites of a regular lattice. Each molecule occupies a single site 
and there are no vacant sites in the lattice. All sites are 
energetically equivalent. 

c.  The interactions between the adsorbed molecules are weak 
so that interactions between non-nearest-neighbouring mole- 
cules are considered negligible. 

The adsorbed molecules may vibrate about their lattice sites. 
If the vibration modes and, more generally, the internal degrees 
of freedom of a molecule are independent of the presence of 
other molecules in neighbouring sites, then the canonical 
ensemble partition function, Q ,  for the surface solution will be 

where E is the total interaction potential energy and qinZi is the 
internal partition function of the A; component. The sum is over 
all the possible distributions of the adsorbed molecules on the 
lattice sites. 

If Nu is the number of the nearest-neighbouring pairs of sites 
occupied by an Ai and an A, molecule, Wij the interaction 
energy between the molecules Ai, Aj in the pair, and Ei the 
residual energies due to interactions of the adsorbed particle A, 
with the adsorbing surface and surrounding particles in the bulk 
solution including the dipole-field interactions, then the total 
energy E may be expressed as 
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NIKITAS AND PAPPA-LOUIS1 

However, in an arbitrary lattice we generally have 

[5] Nil = %cN1 - Yz{NI1 + N12 + . . . + N1(I-l) 

+ NI(,+ 1) + . . . + Nlk+ 1) 

where c is the coordination number of the lattice. Therefore 

where 

[7] U; = cN;W0I2 

and 

[S] w'j = w, - (W;; + WJj)/2 

Now, introducing eq. [6] into eq. [3] and using the zeroth 
approximation (6) for the evaluation of the sum we get 

since for random mixing the mean value of N, is equal to 
cNINJIN. 

The chemical potentials of the adsorbed molecules, pl(ads), 
are 

where 

and 

[12] A,= cWVlkT 

The chemical potentials in the bulk solution, pi(b), can be 
expressed in terms of mole fractions. If we also accept the 
unsymmetrical system as the reference system (15, 16) then at 
the region where Henry's law is valid we have 

and 

[ 141 ps(b) = pOs 

where p10 is the chemical potential of the ith component in its 
standard state. 

At equilibrium the chemical potentials will fulfill the equa- 
tions: 

1151 pl(ads) - rlps(ads) = P I ( ~ )  - rlpS(b) 1+ k + 1 

since we accept that the adsorption process takes place on the 
basis of eq. [I] .  Introducing eqs. [ lo],  [13], and [14] into eq. 
[15] we obtain: 

where 

[I71 In PI = {In (4in,1/4lrfi,s) + c(r~Wss - W I I ) I ~ ~ T  

+ (EI + PI' - ~ICL?) I~T)  

Equations [16] compose the system of isotherms which 
describes the coadsorption of the substances A; (i = 1, . . . , k) 
from a solution of a solvent S on an energetically homogeneous 
surface under the assumption that the adsorption layer behaves 
as a strictly regular bulk solution. So isotherms [16] are strictly 
valid for ri = 1 or for values of ri very close to unity. Isotherms 
[16] may be also used for values of r; appreciably different from 
unity (9, 14). However, in this case, the interaction parameters 
AU are not any longer given by eq. [12], since the faults 
resulting from the entropic terms, In (XIIXsrl), are expected to 
contribute erroneously to the values of A,. 

For isotherms [16] to be used in the interpretation of 
adsorption experimental data, the mole fraction Xi have to be 
expressed as a function of the surface coverages 6;. If Ti is the 
number of moles per unit area of the adsorbate A;, then we have: 

But Ti = 6iTi,m,x and T ,,,,, = riTi,max. Therefore we have 

and 

2.  Models of FH statistics 
In this model, as in the case of SRS model, the adsorbed 

molecules are arranged in space following the geometry of a 
regular lattice. However, in this model, the adsorption layer is a 
two-dimensional phase and each adsorbed molecule can occupy 
more than one site in the lattice. 

In order to analyze the properties of this model we first 
examine the case of a surface solution having zero energy of 
mixing. If M is the total number of lattice sites and ni the 
number of sites occupied by a single A; molecule, then we have 

and 

The total differential of the free energy of the adsorbed phase 
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330 CAN. J. CHEM. VOL. 64. 1986 

can be expressed in the form: 

dA 1 
- 1 - ln (Airr~/Asrri)d6i [23] - - 

MkT ; = I  n,ni 

where Xi is the absolute activity of A,. However, the ratio 
Ain~/ASni is directly proportional to the ratio of the probability that 
a group of nin, sites are occupied entirely by n, particles of A,, 
P(n, particles A,), to the probability that this group is occupied 
by n, particles of the solvent S, P(ni particles S). That is (6, 7, 
10) 

A,". P(n, particles A;) 
[24] - = ~i 

- 
- K i a ;  

A,"' P(ni particles S) 

where K; is a constant independent of the composition of the 
adsorption layer. Now, if we accept that the probability of 
occupation of a lattice site is independent of the presence of 
particles in neighbouring sites, then we have 

[25] a ,  = (6,1pl)"~l(6,1p,)rr~ 

where p, is the number of distinguishable ways in which a 
particle A, as a whole can be placed in the lattice after one of its 
elements has been placed. 

Introducing eqs. [24], [25] into eq. [23] and integrating, we 
obtain 

A " - {ai[ln ( K ~ P ~ ~ ~ ~ ~ ~ ~ / P ~ )  + In 6; - l]lni} [26] - - 
MkT i=1 

while the free energy of mixing will be given by 

AAm - k f l  
[27] - - 1 (6; In 6;)ln; 

MkT i=1 

Now, the chemical potentials of the adsorbed particles can be 
easily obtained from 

where p,?(ads) is the chemical potential of the pure AI substance 
at the adsorption layer. 

The above equations hold for the ideal case where the energy 
of mixing is zero. Yet the field effect is not taken into 
consideration. In order to overcome these weaknesses we can 
introduce into eq. [28] appropriate activity coefficients, f,, and 
internal partition functions, q,, in which we formally include 
both the internal degrees of freedom and the field effect. Thus 
we have 

+ ~ ? ( a d s ) l k ~  + lnfi - In q, 

If the process of adsorption is again assumed to be repre- 
sented by eq. [I] ,  then we have ri = niln, and, introducing eq. 
[29] into eq. [15], we obtain the isotherms: 

Isotherms [30] can be used only when the relation betweenfi 
and 6, or Xi is known. To a molecular level and for the 
adsorption of a single adsorbate from solution, this relation has 
been determined by means of the Bragg-Williams and the 
quasi-chemical approximation (13). However, these two ap- 
proximations lead to remarkable deviations from the experi- 
mental data ( 13, 14), so that it is useless to extend them to the 
case of the joint adsorption. On the contrary, the determination 
of the relation between filfsr~ and Xi to a macroscopic level has 
led to isotherms with high applicability (13). This treatment can 
be easily extended to the joint adsorption from solution. The 
excess free energy, ge, with respect to the free energy of an 
athermal mixture due to the non-zero energy of mixing, is related 
to the activity coefficients by the known relation (17) 

k+ 1  

[32] gelkT= 1 Xilnfi 
i= 1  

Then 

age/ kT - lnfr - ln f, [33] -- 
ax, 

and therefore 

ge a gel kT dgelkT 
[34] lnfi = - + - 

kT ax, + ;+Z 1 ax, 

Now, if we expand the excess free energy g' to a power series 

we obtain 

1371 lnfi = C C A ~ ~ ~ ~ { ( A X ,  - xixj)(xi - x,)"' 
r < j  m 

[38] lnf,  = 5 C A , , ~ { ( ~ X ,  - XiXj)(X, - X,)"' 
I<J rn 

whereA = 1 w h e n i o r j =  1,A = O w h e n i a n d j +  / ; p i s a n .  
even number when 1 = j and odd number when 1 = i; p + I and 
p = i or j ;  finally, u = 1 when j = k and a = 0 when j + k. 
Also, m may depend upon the values of i, j .  

111. Thermodynamic restrictions and equations of state 
Isotherms [ 161 and [30] are of the general form 

If @ is the surface pressure of the adsorbed phase, then 

"@ 
[40] d @ =  1 - d In c; 

; = I  aln ci 

However, " ln F; 
[41] d l n c i =  1 - 

i=1 ax, dX1 
where we have 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NIKITAS A N D  PAPPA-LOUIS1 

and, in dilute solutions, from the Gibbs adsorption theorem we 
get 

where 

[43] ai = 1IRT. rl,,,, 
Therefore 

d@ is an exact differential. So we must have 

a 6; a l n ~ ; ]  - a { 4 ; d l n ~ ; ]  
1451 ={I-- r ai ax, -- ax, '~7 ni t  1 

The system of isotherms [39] should fulfill these equations in 
order to be compatible with thermodynamics. Substituting Fi 
from eq. 1161 or [30] into eq. [45],  we obtain that the condition 
[45] is fulfilled if and only if 

[46] rllal = constant 

Parameter ri is taken equal to the ratio of the molecular volumes 
of the adsorbate A; and the solvent S ,  (Vj /Vs) ,  or equal to the 
ratio of the areas covered by these substances on the electrode 
surface. These two choices depend upon the choice of the 
dimensions of the adsorbed phase. If this is considered as a 
two-dimensional layer, as it is used in the case of Flory-Hug- 
gins isotherms, then r; = Si/Ss and 

[47] rilai = R T .  1 0 ' 4 / S s ~  = const. (S; ,  S, in nm2/molecule) 

; where L is Avogadro's constant; i.e., in this case no thermody- 
namic restriction is imposed. However, if we consider the 

I adsorption layer as a three-dimensional phase, then the restric- 
tion rllal = const. is not always fulfilled. Usually in this case the 
restriction [46] presupposes that the adsorbed substances have 
the same height in the adsorption layer. 

Integrating [45] and following lengthy algebra, or alterna- 
tively from eq. [ 9 ] ,  taking into account the restriction [46],  the 
equations of state of the coadsorption isotherms developed here 
may be calculated. They are the following: 

a. Model of SRS theory 

where 

[49] b = rilai 

b. Model of FH statistics 

+ 1 1 Al,v{mX;Xj(~i - Xj + cr) - (crX; - X;X,) 
i<j rn 

IV. Adsorption from three-component solution 
The general relationships developed above can be used in 

practice only for coadsorption of two substances from solution. 
In this case, for the use of isotherms [16],  [30] ca. 10' 
measurements are required, while an increase in the number of 
adsorbates increases the number of measurements exponen- 
tially. 

For adsorption from three-component solution the above 
equations may be rewritten in the following form: 

a. Model of SRS theory 
Adsorption isotherms 

[51] In (XA/XsrA) + XB{l + ( rA  - l)XA)AAB 

+ - XA) - X A ( ~  - X s ) r ~ ) A ~ s  

- X B { ~ A  - ( T A  - ~ ) X J A B S  
= In (cA/cS)  + In P A  

[52] In (XB/XsrB) + XA{l + ( rB  - l)XB)AAB 

- X A { ~ B  - ( T B  - 1 ) X s ) A ~ s  
+ { X S ( ~  - XB) - X B ( ~  - X S ) ~ B ) A B S  

= In (cB/cS)  + In PB 
Equation of state 

b. Model of FH statistics 

Adsorption isotherms 

where C
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However, this form of isotherms is not also appropriate for an 
easy application to experimental data. The study of the 
individual adsorption on the basis of isotherms of this model 
showed that a satisfactory description of the experimental data is 
possible, even if n = 0 (13). If ni = 0 then eqs. [56], [57] are 
reduced to 

Note that eqs. [58], [59] are identical to the energetic terms of 
isotherms [5 11, [521. 

Equation of state 

In the above equations the interaction parameters AAS, ABS, 
Bo, and Co may be obtained from the individual adsorption of 
the substances A and B under the assumption that the presence 
of an adsorbate (say A )  at the interface does not change 
significantly the intermolecular interactions of the other adsor- 
bate ( B )  with the solvent and within its molecules. On the 
contrary, the parameters AAB and A. can be calculated only 
from the interpretation of the coadsorption experimental data. 

When r, = rg = 1, isotherms [51], [52] or [54], [55] are 
reduced to 

i.e., the known isotherms of Frumkin for adsorption of two 
substances are obtained with parameters: 

The equation of state of these isotherms is 

The Frumkin isotherms are also obtained if we accept that r, = 
rg = 1 and that the solvent behaves as a continuous medium. In 
this case we obtain the isotherms [61], [62] with parameters: 

[651 A l Z  = cWABIkT, A l  = cWAAIkT, and AZ = cWBBIkT 

Note that there is a characteristic difference in the physical 
meaning of the interaction parameters between the two models 
of the Frumkin isotherms. Thus in the case of the continuous 
solvent model, parameters A and A2 are identical to those of the 
single adsorption. On the contrary, in the case of the discrete 
solvent model there is no identity in the interaction parameters 
of the individual and the joint adsorption. So we have to use eq. 
[63] for the calculation of A I ,  A2 .  Obviously, the values of A l z ,  
obtained in the two cases, will be different. Finally the 
restriction [46] leads to the identity SA = Sg. Therefore in the 
Fmmkin isotherms the identity of the dimensions of the 
adsorbed molecules is not imposed simply from the model of the 
isotherm but also from thermodynamic reasoning. 
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Coadsorption of triphenylphosphine - triphenylphosphine oxide, triphenylphosphine - 
dodecyldiphenylphosphine oxide, and dodecyldiphenylphosphine oxide - tri(n)octylphosphine oxide 

from methanolic solutions on a polarized mercury electrode 
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ADRIANI PAPPA-LOUISI and PANAGHIOTIS NIKITAS. Can. J .  Chem. 64, 333 (1986). 
The coadsorption of triphenylphosphine - triphenylphosphine oxide, triphenylphosphine - dodecyldiphenylphosphine oxide, 

and dodecyldiphenylphosphine oxide - tri(tz)octylphosphine oxide on a polarized mercury electrode from methanolic solutions of 
LiCl is investigated by means of electrocapillary measurements. Results show that reorientation or other molecular modifications 
do not take place during the coadsorption process. The adsorbed molecules maintain their orientation with the phenyl and alkyl 
groups in contact with the electrode surface. Thus, the adsorption maxima of the substances in the mixed adsorption are located at 
the same polarization region as in the single adsorption, although their separation distance increases as the bulk concentration of 
adsorbates rises due to changes in the electrical characteristics of the interface. This shift is not observed when the two substances 
are adsorbed at the same, or nearly the same, potentials (charges). In all cases the adsorption of a substance leads to a decrease in 
the adsorption of the coadsorbate to an extent depending on the electric field. The influence of the field on the adsorption iso- 
therms cannot be determined by means of the surface pressure method but by determining the type of adsorption isotherm. It was 
found that all the systems studied follow an isotherm based on the strictly regular solutions theory. The interaction parameters 
are independent of the field, while the standard free energy of adsorption of an adsorbate, within experimental error, is indepen- 
dent of the presence of the coadsorbate. This is due to the insignificant change in the bulk adsorbate solvent interactions caused 
by the presence of the coadsorbed substance in the solution. 

ADR~AN~ PAPPA-LOUISI et PANAGHIOTIS NIKITAS. Can. J .  Chem. 64, 333 (1986). 

I On fait appel A des mesures Clectrocapillaires pour Ctudier la coadsorption des melanges biphCnylphosphine - oxyde de biphenyl- 
phosphine, triphCnylphosphine - oxyde de dodtcyldiphCnylphosphine, oxyde de dodCcylediphenylphosphine - oxyde de 

i tri(n)octylphosphine, en solution de LiCl dans le methanol, sur une electrode polariske au mercure. Les resultats indiquent qu'il 
n'y a pas de reorientation ou d'autres modifications molkculaires lors de la coadsorption. Les molkcules adsorbees maintiennent 
leur orientation avec les groupes phenyles et alkyles, qui sont en contact avec la surface de I'tlectrode. Ainsi les maxima 
d'adsorption de ces substances dans I'adsorption mixte se situent dans la region de polarisation qui correspond A l'adsorption 
simple et ceci en dCpit du fait que leur distance de separation augmente avec l'augmentation de la concentration globale des 
adsorbates due aux variations des caracttristiques Clectriques de l'interface. On n'observe pas ce dkplacement lorsque les deux 
substances sont adsorbkes au m&me potentiel (charges) ou presque. Dans tous les cas, l'adsorption d'une substance provoque une 
diminution du taux d'adsorption de la molecule coadsorbke et cet effet depend du champ Clectrique. On ne peut pas determiner 
l'influence du champ sur les isothermes d'adsorption en faisant appel a la mCthode de la pression de la surface; toutefois, il est 
possible de le faire en determinant le type d'isotherme d'adsorption. On a trouve que tous les systkmes CtudiCs obeissent a un 
isotherme bask sur la theorie des solutions rigoureusement regulikres. Les paramktres d'interaction ne dependent pas du champ 
alors que 1'Cnergie libre normale d'adsorption d'une molecule adsorbee ne depend pas, A 1'intCrieur des erreurs expkrimentales, 
de la presence d'une molecule coadsorbee. Ceci est dti A des changements non significatifs dans les interactions entre la molCcule 
adsorbee et le solvant que provoquent la prksence de molCcules coadsorbees en solution. 

[Traduit par le journal] 
. .  . 

I. Introduction reference to a priori models, such as that of the three parallel 

~ l ~ h ~ ~ ~ h  the investigation of the mixed adsorption oforganic capacitors. We check the possibility of extending the thermo- 

substances from soluti~ns began in 1930, with the work of dynamic the 
Ockrent and Butler (1-3), the literature on this subject is poor, Trasatti, and their CO-workers (14-20) for the interpretation of 

The main reason must be attributed to the great number of adsorption data, to the mixed adsorption from solution as well as 

measurements necessary for a detailed study of this pheno- the applicability of the mixed adsorption isotherms developed in 

menon. ~f N ,  where N >  10, is the number of the necessary ref. 21. For this reason we studied the interfacial behaviour of 

measurements for the study of the individual adsorption of a the Systems t r i ~ h e n ~ l ~ h o s ~ h i n e  (TPP) - t r i ~ h e n ~ l ~ h O s ~ h i n e  

substance, then for the coadsorption of two substances ca. 10' (TPo), t r i ~ h e n ~ l ~ h O s ~ h i n e  (TPP) - d O d e c ~ l d i ~ h e n ~ l -  
measurements are required. Because of the experimental PhosPhine oxide (DDPO), and dodecyldiphenylphosphine oxide 
difficulties, but also due to the lack of a quantitative approach to (DDPo) - tri(n)OctylphOsphine at the mercury - 

the coadsorption phenomenon based on realistic models, a methanolic solution interface. 'The individual adsorption of 
number of publications have a purely qualitative character these substances has already been studied in our laboratory 
(4-7). A strictly quantitative work is that of the Russian (22-24). So by studying their mixed adsorption there is the 
investigators, which exclusively involves the model of the three possibility of a quantitative study of the adsorption characteris- 

parallel condensers as a basis for the study of the mixed tics of one substance in the presence of another at the interface. 

adsorption (8-13). However, this approach, being oriented 
towards a certain direction, leaves some aspects of the problem 11. Experimental 
undefined. Description of the experimental apparatus and details on the origin 

In the present work we attempt a quantitative study of the and purity of the chemicals employed are given elsewhere (22-24). 
coadsorption of organic compounds from solution without Measurements were carried out with a non-siliconized capillary. The 

Pnntcd in Canada / Imprime au Canada 
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FIG. 1. Electrocapillary curves of Hg in methanolic 0.1 M LiCl + xM TPP + yM TPO solutions. (A) x = 4 x and y: (1) 0, (2) 5 x (3) 
1 x 10-~,(4)2 X 1 0 - ~ , ( 5 ) 3  x 10-~ , (6)5  x 10T2,(7)7 x 10-2,(8)0.1.(B)y = 5  x 10-~andx:(1)0,(2)4 x 10-~ , (3)1  x 1 0 - ~ , ( 4 ) 2  x 10-~ , (5)  
4 x (6) 7 x (7) 1 x (8) 2 x Broken line corresponds to the base electrolyte solution. 

characteristics of the capillary, its calibration, and the procedure used 
for measuring the surface tension has also been described previously 

1 

I 
(25). 

For the study of the coadsorption of the substances under investiga- 
I tion, the electrocapillary curves of Hg in the solutions 0.1 M LiCl + 
1 

1 
xM A + yM B/MeOH where A, B = TPP, TPO, DDPO, TOPO were 
determined. In the system TPP (A) - TPO (B) we used 12 values of x 

I between 0 and 2 x and 12 values of y in the range from 0 to 0.2. 
For every value of x (or y), y (or x) ranged through its values. In the 
system TPP (A) - DDPO (B) we used 12 values of x (or y) between 0 
and 2 X for y (or x) = 0 and y (or x) = 2 x while in the 
system TOPO (A) - DDPO (B) x, y took also 12 values, x between 0 
and2 x 1 0 - ~ f o r ~  =Oandl  x 10-3,andybetween~and0.1forx=0,  

I 1 x In addition, for a detailed study of the change in the 
I adsorption maximum of a substance due to the presence of another 

adsorbate at the interface, we also took measurements, at an indicative 
level, in the systems TOPO-TPP and TOPO-TPO. 

111. Results and discussion 
I. Generalities 

Figure 1 shows some of the electrocapillary curves of the 
system TPP-TPO. It is seen that the presence of a second 
adsorbate, in the bulk of the solution from which the adsorption 
of a substance takes place, causes depression of the surface 
tension (y) values. This depression depends upon the electrical 
state of the electrode. In the system of constant TPP concentra- 
tion (Fig. IA), electrocapillary curves are strongly depressed in 
the negative region whereas they coincide with that of the base 
solution in the positive region. The opposite holds in a system of 
constant TPO concentration (Fig. 1B). Therefore TPP, in the 
presence of TPO, is not practically adsorbed on Hg at extreme 
negative potentials, whereas, on the contrary, the adsorption of 
TPP in the positive region prevails over TPO adsorption. An 
analogous behaviour is observed in the system TPP-DDPO 
(Fig. 2). On the contrary, in the system DDPO-TOP0 (Fig. 3) a 
characteristic depression of the surface tension values over all 
the potential range examined is observed. Particularly for the 
system of constant TOPO concentration, the shape of the 
electrocapillary curves shows that, phenomenologically, the 

electric field of the interface does not affect the free energy of 
DDPO adsorption in the presence of TOPO. 

The shift of the electrocapillary maximum (ecm) is positive as 
the concentration of phosphinoxides in the solution increases, 
and it is negative for the TPP adsorption. In all cases this is 
analogous to the shift of the ecm that is shown by the 
corresponding substances on their individual adsorption from 
the same base electrolyte solution (22-24). Therefore in the 
systems under investigation, the adsorption of a substance does 
not lead to reorientation of the coadsorbate, at least at the 
electrocapillary maximum region. 

2.  Potential and charge of maximum adsorption 
According to the Gibbs adsorption theorem, the electrical 

coordinates of the maximum in adsorption of an adsorbate A,  in 
the presence of other adsorbates A ,/, i = 1, 2, . . . k can be 
determined from the charge (d") vs. potential (E) curves (18). 
As in the case of the individual adsorption of a substance from 
solution, of a given A, concentration, CA,, the adsorption of Al 
is at a maximum at the charge and potential of the intersection 
point of the relevant curve with that of the base solution. 

The coordinates of the adsorption maximum can also be 
determined from the maximum in the curves of surface pressure 
(@) against potential (E) or charge ((TI") at constant concentra- 
tions of A,, / .  However, we should note that in this case, the 
maximum in the @ vs. E curve, which corresponds to the 
concentration CA~,  is not always identified with the maximum 
adsorption of Al at this concentration. In the limit of dilute 
solution, the Gibbs adsorption equation for constant potential 
and constant concentrations of all the substances in the solution, 
except from that of A!, takes the form (26) 

[I]  - d y = R T T ~ , d l n c A ,  

where TA? is the relative concentration of A [ .  Intergrating eq. 
[I] ,  we have 
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PAPPA-LOUIS1 AND NlKlTAS 

FIG. 2. Electrocapillary curves of H in methanolic 0.1 MLiCl + xMTPP + yM DDPO solutions. (A) x = 2 X 10-'and y: (1) 0, (2) 4 x (3) B 1 X (4) 2 X (5) 4 x 10- , (6) 7 x (7) 1 x lo-', (8) 2 x lo-'. (B) y = 2 x and x as the y values in (A). Broken line 
corresponds to the base electrolyte solution. 

FIG. 3. Electrocapillary curves of Hg in methanolic 0.1 M LiCl + xM DDPO + yM TOPO. (A) x = 1 X and y: (1) 0, (2) 4 X (3) 
1 x (4) 2 x (5) 4 x (6) 7 x (7) 1 x lo-', (8) 2 x lo-'. (B) y = 1 X and x :  (1) 0, (2) 1 x (3) 2 x (4) 
4 x (5) 1 x lo-', (6) 2 x lo-', (7) 4 x lo-', (8) 0.1. Broken line corresponds to the base electrolyte solution. 

where yo is the surface tension of the base solution, that is, the and therefore 
electrolyte solution that contains the substances A,,[ at constant 
concentrations. From eq. [2] and the first mean value theorem 
we obtain [5] (s) ck, = 0 and ( )  ck, < O  

That is, the maximum in the @ vs. E curve at CA, corresponds to 
the adsorption maximum of A[ at a concentration cAIr, which 
generally is smaller than CA,. The maximum in the @ vs. E plots 
will give the adsorption maximum of Al only when it is 
independent of the concentration of A,. . , 

where denotes that the quantity (arA,',aE) refers to a 1fWe now use Parson's function (27) [(= y + d"E) ,  then at 

concentration of A1 less than or equal to CA,. At the maximum of constant electrode charge, Gibbs eq. [ l ]  takes the form 

the @ vs. E curve, which corresponds to CA,, we have 
[6] -d [ = R T ~ ; ,  d In c ~ ,  

a@ 
[41 (z) = O  and ($1 < O  

c A ~  CAI 

and, therefore, whatever holds for @ vs. E plots also holds for 
the plots of @(= [ O  - [) against u'". 
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FIG. 4. Relative surface pressure curves as a function of potential 
(A ) ,  and charge (B ) ,  of methanolic 0.1 M  LiCl + 1 X 1 0 - ' ~  TPP 
solutions in the presence of the following TOPO concentrations: ( 1 )  
6  x (2)  3  X lo-', (3 )  1 x (4)  5 x M. 

In the systems studied the adsorption maxima were deter- 
mined from the urn vs. E and @ vs. E (or urn) plots, since in all 
cases they were concentration independent (Fig. 4). It was 
found that when two substances in their individual adsorption 
show adsorption maxima at different potentials and charges, 
then in their mixed adsorption, these maxima mutually separate 
further. This is shown in Fig. 5 where we give, as examples, 
some @ vs. E plots of the systemTP0-TOPO. The extent of the 
mutual separation depends on the position of the individual 
adsorption maxima and on the concentration of the adsorbates. 
The more remote the individual adsorption maxima of adsor- 
bates, the weaker their mutual shift, while the bulk concentra- 
tion of one absorbate affects only the adsorption maximum of 
the other adsorbate, shifting it with its increase. When the two 
substances are adsorbed at the same, or nearly the same, 
potentials (charges), as in the case of the system DDPO-TOPO, 
then there is no detectable shift in the adsorption maxima in the 
mixed adsorption of these substances. 

Qualitatively, the interpretation of these experimental data 
can be achieved if we take into consideration the changes in the 
total dipole moment per unit area of the interface due to the 
adsorption process. Figure 6 displays typical d" vs. Ecurves for 
a substance (B) absorbed in the negative region. Note that at the 
adsorption maximum of B, the net dipole moment per unit area, 
introduced by the solvent, is equal to that introduced by the 
substance B. At potentials more negative than EBmaX, the 
solvent introduces greater dipole moment than B, due mainly to 
the reorientation process of its molecules (28-30), while at 
more positive potentials than EBmaX, the dipole moment 

FIG. 5.  Relative surface pressure curves as a function of potential ( A )  
due to TOPO ( I  X lo-' M )  adsorption in methanolic 0.1 M  LiCl + sM 
TPOsolutions,where.r:(1)0,(2) 1 X 10 -~ , (3 )2  X 10 -~ , (4 )5  X lo-', 
(5 )  0.1. and ( B )  due to TPO (5 X lo-' M )  adsorption in methanolic 
0.1 M  LiCl + xM TOPO, where x: ( 1 )  0 ,  (2)  1 x (3)  5  X 

(4)  1 x 10-2. 

FIG. 6. Typical dependence of the electrode charge on potential in 
the absence (0)  and in the presence ( 1 )  of a substance ( B )  adsorbed at 
the negative region. 

introduced by the solvent is less than that of B. Now if we regard 
the system "solvent S + adsorbate B" as a new solvent S' ,  then 
the solvent S t  introduces into the interface smaller dipole 
moment (per unit area) than the solvent S at potentials more 
negative than EBma,, but greater at the opposite potential 
region. So, if an adsorbate A has its adsorption maximum in S at 
a potential more negative than EBmaX, then, in the solvent S ' ,  
this maximum will be shifted to even more negative potentials 
until the dipole moment introduced by A into the interface 
becomes equal to that introduced by S'. The opposite will occur 
if A is adsorbed at more positive potentials than EBmaX. 
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AND NIKITAS 

This could also explain the shift of Em,,, a'",,, of DDPO and 
TOP0 to lower negative values with respect to that of TPO in 
their individual adsorption from methanolic solutions (23, 24). 

The increase in the concentration of B causes the solvent S t  to 
be more differentiated than S .  Consequently, the greater the 
surface concentration of B, the greater the effect on the 
adsorption maximum of A. An exception is the case of 
coadsorbed substances that have their adsorption maxima at 
about the same position. Then the dielectic characteristics of the 
new solvent S t  are differentiated only on both sides of their 
common maximum, and therefore there is no change in their 
adsorption maxima. Finally, the independence of the adsorption 
maximum of a substance A from its concentration, when it is 
coadsorbed with a substance B ,  can be explained if, at a certain 
potential, the ratio of the B molecules to those of S (which are 
displaced directly or indirectly from the surface solution by one 
A molecule) is independent of the concentration of A. This must 
hold, as the ratio of the displaced molecules of B and S depends 
mainly upon the bulk B-S interactions and the field -dipole 
interactions of the substances B and S. 

The above interpretation of the shift of Em,,, a"',,, holds in 
the case where the adsorbates A and B behave as simple 
dielectrics. If, during the coadsorption process, molecular 
modifications or reorientations of the adsorbed A and B 
molecules take place, then strong deviations from the expected 
behaviour are possible. 

1 3. Experimental adsorption isotherms 
The relative surface concentration of an adsorbed species AI 

may be determined from eq. [ l ]  and it is related to the real 
surface concentration rA, by means of 

where Xib, X,b are the bulk mole fractions of the substance AI 
I and solvent S, respectively. When the adsorbed molecules are 
I effectively spherical or cylindrical, we have: 

where ni, ns are the number of the adsorbed layers of the 
substance A, and the solvent S; SA,, Ss are the areas covered by 
an adsorbed A; and S molecule, respectively, at saturation, and 
L is the Avogadro constant. In eq. [8] I-,,, Ts are expressed in 
mol/cm2 and SA,, Ss in mm2. Now, from eqs. [7] and [8] we 
obtain 

The fraction of the electrode surface covered by the molecules 
of AI may be calculated from 

Equation [lo] was used for the calculation of the surface 
composition of the system TPP-TPO. In these calculations the 
following approximations were made: We assumed that the area 
covered by an adsorbed A (or B) molecule, SA (or SB) is 
independent of the presence of the other substance at the 
interface and equal to the corresponding value of SA (or SB) 
obtained from the individual adsorption of A (or B). This 

FIG. 7. Experimental adsorption isotherms (A) of TPO in methanolic 
0.1 M LiCl + 4 X M TPP solution at the following potentials: (I) 
-0.9, (2) -0.7, (3) -0.5, (4) -0.3 V (SCE) and (B) of TPP in 
methanolic 0.1 M LiCl + 5 X lo-' M TPO at the following potentials: 
(1) -0.3, (2) -0.5, (3) -0.7, (4) -0.9 V (SCE). Broken lines are the 
corresponding individual experimental isotherms of (A) and (B). 

approximation is justified by the fact that the interpretation of 
the shifts of E,,, and Em,, shows that in the systems studied the 
presence of substance A (or B) in a solution of B (or A) does not 
cause, at the interface, reorientation or any other kind of 
molecular modification that would strongly affect the inter- 
molecular interactions, and, consequently, the intermolecular 
distances of the adsorbed molecules. We also accepted that 
nA = nB = 1 and approximately n, = 2. 

In the systems TPP-DDPO and TOPO-DDPO there is no 
possibility of using eq. [ lo] because of the limited experimental 
data. However, the use of dilute solutions allows for calcula- 
tions of the interfacial composition, with a good approximation, 
by means of 

Some mixed-adsorption isotherms of TPP and TPO on Hg 
are provided in Fig. 7. In the same figure the isotherms of the 
individual adsorption of TPP, TPO are also provided for 
comparison purposes. As is expected, the amount adsorbed 
from each component in its mixed adsorption is lower than that 
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in its individual adsorption. Yet the adsorption of a component 
decreases to a greater extent at field values where the second 
component, which coexists at the interface, is more strongly 
adsorbed. 

4. Injuence of the electric field on the adsorption isotherms 
In the individual adsorption of a substance from solution the 

field effect on the isotherms may be determined by means of the 
surface pressure method (14, 18). We shall show that this 
method does not provide information in the case of the mixed 
adsorption. 

Let us consider two surface pressure curves, a0 vs. In c, at 
constant CB for two different potentials or, more correctly, for 
two different values of potential difference across the inner 
layer. Here a0 is the surface pressure of A with respect to the 
solution of the base electrolyte. At not too high concentrations 
of A the slope of these curves is directly proportional to 6,. The 
surface pressure Q0 may be generally expressed as 

while from the adsorption isotherms we have 

where PB is the adsorption equilibrium constant of B. From eqs. 
[12] and [13], aA = g ( a O ,  PB); that is, the slope of a0 vs. In c, 
at a constant value of Q0 depends on the electric field. There- 
fore, independent of whether or not the field changes the iso- 
therm interaction parameters, the surface pressure curves ( a 0  
vs. In cA) are not superimposed by sliding parallel to the hori- 
zontal axis. The same is expected to hold for the relative surface 
pressure a ,  that is, the surface pressure with respect to the base 
electrolyte solution that also contains, in constant concentra- 
tion, the substance B, because we have 

which again lead to a field dependence relation for of the 
form: 6, = g ( a ,  PB, PB'). 

In Figs. 8 , 9 ,  and 10 examples of surface pressure curves a', 
for the substances studied, are shown. Note that they cannot be 
superimposed. 

On the contrary, in all systems studied and in the polarization 
range for which the individual adsorption isotherms are con- 
gruent with respect to potential (22-24), the relative surface 
pressure curves were superimposed, by sliding parallel to the 
horizontal axis, in opposition to the expected behaviour (Fig. 
11). This disagreement will be analysed below. 

The electric field of the interface affects the interaction 
parameters of the isotherm and its equilibrium constant, which 
is related to the free energy of adsorption. 

The interaction parameters of the mixed-adsorption iso- 
therms are determined from the A-B, A-A, B-B, A-S, and 
B-S interfacial interactions (21). If, in the coadsorption 
process, reorientation or any other molecular modification of 
the adsorbed molecules of A and B does not occur, then, with a 
good approximation, we can accept that the presence of a 
substance at the interface does not affect the interactions of the 
molecules of the other substance, between themselves and the 
solvent. Therefore the influence of the field on the isotherm 
interaction parameters, relate to the A-A, A-S, B-S interac- 
tions, may be calculated from the study of the individual 
adsorption of the substances A and B. For the isotherm 

FIG. 8. Surface pressure curves (A) of TPO in methanolic 0.1 M 
LiCl + 4 X M TPP solution and (B) of TPP in methanolic 0.1 M 
LiCl + 5 X M TPO at the following potentials: (a) -0.3, (V) 
-0.4, (A) -0.5, (+) -0.6, (0) -0.7, ( X )  -0.9V (SCE). Solid lines 
are calculated according to SRS isotherms with parameters as indicated 
in Table 1 .  

parameter related to the A-B interactions, information may 
only be obtained from its determination at every potential 
(charge), as it is shown below. 

In what concerns the free energy of adsorption AG:, i = A or 
B, we can notice the following. The value of AG: is mainly 
determined from the bulk interactions of the species i with the 
solvent medium, its specific interactions with the electrode 
surface, and the electrostatic interactions of i with the electric 
field. Consequently, the change of AG: with the field is 
expected to be determined only from the electrostatic interac- 
tions of the molecules of species i with the electric field, 
provided again that there is no reorientation of the adsorbates A 
and B in the coadsorption process. Therefore, the change of 
AG? (say i = A), to a good approximation, is independent of 
the presence of the other substance (B) at the interface and may 
be determined from the study of the individual adsorption of the 
i component by the surface pressure method. 

5.  Isotherm parameters 
The experimental data for the systems studied were analyzed 

by means of the isotherms of the SRS theory, of the Flory- 
Huggins statistics with n, = 0 ,  and the Fmmkin isotherms, all in 
the form given in ref. 21. In order to test these isotherms, and for 
reasons mentioned above, we accepted that the parameters AAS, 
ABS, Al ,  A2 of the isotherms, related to the A-A, B-B, A-S, 
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FIG. 10. Surface pressure curves (A) of TOPO in methanolic 0.1 M 

LiCl + 1 X M DDPO solution and (B) of DDPO in methanolic 
0.1 M LiC1 + 1 x loM3 M TOPO solutions at various potentials. 
Symbols as in Fig. 9. Solid lines are calculated according to SRS 
isotherms with parameters as indicated in Table 1. 
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FIG. 9. Surface pressure curves (A) of DDPO in methanolic 0.1 M 8 
LiCl + 2 X M TPP solution and (B) of TPP in methanolic 0. I M 
LiCl + 2 x M DDPO solution at various potentials. Symbols as in 
Fig. 8, plus (V) for -0.1 and (A) for -0.2 V (SCE). Solid lines are 4 

calculated according to SRS isotherms with parameters as indicated in - Table 1. I 

- 
A 
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*+.-"y@ 
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I I I 

E 8 
I 

z 
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and B-S interactions, may be calculated from the individual - I ~ C T P O  
adsorption of the corresponding substance. In the present paper , 
the values of these parameters were calculated from 6 vs. c data 8 
by using the procedure described in ref. 3 1, with isotherms of 16 

individual adsorption obtained from eqs. [5 11, [54], and [61] of 
ref. 21. The surface pressure method was also used with state 12 
equations obtained from eqs. [53], [60], and [64] ofref. 21. The 
results obtained are provided in Table 1.  These are in reasonable 

8 agreement with those obtained in refs. 22-24. Note that the 
isotherm of Flory-Huggins statistics does not describe the 
adsorption of DDPO and TOPO (32), and therefore the 4 
corresponding mixed-adsorption isotherms cannot be applied to 
the systems TPP-DDPO and TOPO-DDPO. 

Now, before testing the mixed-adsorption isotherms in the 

B 

/ 

1' 

7 Q+-w-41 
>a'- 

I , I 

systems studied, it is necessary to consider the thermodynamic 10 8 6 4 
restrictions imposed (21). As it has been shown (21), the -Inc,,p 

Frumkin can be when 'A = '., SRS isotherms FIG. 1 I Composite relative surface pressure curves corresponding 
when b~ = b~ (where bi' r i  RT (r;)max), for the to the surface pressure curves in Fig. 8. Solid lines are calculated 
Flory-Huggins isotherms there is no restriction if we consider according to SRS isotherms at potentials -0.9 v (SCE) (A) and -0.3 
that the adsorption phase is a two-dimensional layer. Table 2 V (SCE) (B). 
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TABLE 1 .  Interaction parameters for TPP, TPO, DDPO, TOPO adsorption (individual and joint) on Hg from methanolic 0.1 M LiCl solutions 

Isotherm 
Parameter 

Bennes (36) 
A~~ 

Flory-Huggins 
A AS 

E, V(SCE) <-0.3 -0.2 -0.1 <-0.3 -0.2 -0.1 <-0.3 -0.2 -0.1 
Adsorbate: 

TPP 0.00 2.00 5.00 1.47 0.60 -1.00 2.20 1.50 -0.30 
TPO 0.00 0.00 0.00 1.42 1.42 1.42 2.20 2.20 2.20 
DDPO 1.50 2.40 3.00 1.65 0.80 0.50 - - - 

TOP0 -0.60 1 .OO 2.40 1.95 1.80 1 .OO - - - 

Isotherm Frumkin SRS theory Flory-Huggins 
Parameter A12 AAB AAB 

E, V(SCE) <-0.3 -0.2 -0.1 <-0.3 -0.2 -0.1 < -0.3 -0.2 -0.1 
Adsorbate system: 

TPP-TPO 0.00 1.60 5.00 0.00 2.50 4.80 0.00 3.20 5.70 
TPP-DDPO - - - -1.00 -2.00 -4.00 

- DDPO-TOP0 - - - 0.00 0.00 0.00 - - 

TABLE 2. Adsorption parameters used in this work 

s, r,,, x 1010, r(Bennes).RTr,,,, 
Compound nm2 molecule-I mol cm-" r(Bennes) mN m-' r(F1ory-Huggins) 

TTP 
TPO 
DDPO 
TOPO 

shows the values of the relevant parameters. Note that the 
Frurnkin isotherms may be applied only to the TPP-TPO 
system, while the SRS isotherms, to a good approximation, may 
be applied to all systems we have studied, by using a mean value 
for ri RT (rJmax. 

The tests of the isotherms were carried out either by using 6 
vs. c data or the state equations of the isotherms from 0 vs. In c 
data. In the first case the isotherms are rewritten in a linear form 
and the experimental data are plotted accordingly. For example, 
SRS isotherms may be expressed as 

[17] F = -AABeB + In PA 

where 

F=ln(XA/X~)+[Xs( l -XA) -XA( l -XS)rA]AA 

i =  A o r B  

[24] Xs = 1 - XA - XB 

and the experimental data are plotted as F vs eB at cA = const. 
and G vs. @A at CB = const. Examples of some tests are given in 

adsorption of the substances studied. The values of the isotherm 
parameters calculated in this way were used as a first approxi- 
mation for the calculation of the theoretical surface ~ ies su re  
curves from the corresponding equation. The calculated curves 
were compared with experimental points in plots of 0 against 
In c. Usually, small changes in AAB, PA, PB parameters were 
found to be necessary in order for the calculated curves to be 
fitted to the experimental points. Figures 8-1 1 show some of the 
tests of the isotherms under investigation on the basis of the state 
equations. The calculated values of the interaction parameters 
are provided in Table 1 ,  while Fig. 13 shows the change in free 
energy of mixed adsorption of the substances studied, which is 
calculated from the SRS isotherms, as a function of potential. 

In all cases we have studied, the free energy of mixed 
adsorption of a substance coincides with the corresponding 
value of the individual adsorption of this substance. On the basis 
of models, AG; ( i  = A or B) is given by eq. [17] or [31] of ref. 
21. Note that the main influence of a substance B on the free 
energy of adsorption of A comes from the change in the 
chemical potential caused by the presence of B in the bulk 
solution. FA0 is the chemical potential of A in a hypothetical 
ideal solution of A, B, and S having XAb = 1 (33-35). 
Therefore depends upon the solvent system and changes 
when B is added to the solution. However. in our svstems. the 
bulk concentration of B is quite low, thus resulting i i  negligible 
influence of B on and, consequently, on AGAO. 

Having calculated the isotherm parameters, we can now 
check the superimposability of the-relative surface pressure 
curves (Fig. 11). In the negative region, the coadsorption of 
TPP and TPO is described by the Langmuir isotherms. In this 
ideal case, we have 

Fig. 12. 
The slopes of these plots yield the values of AAB parameters 1 - Q A - s B  

0 = - RT(rA),,, In 
and the intercepts of the graphs give the free energy of mixed 1 - S", 
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TABLE 3. Values of relative surface pressure due to the coadsorption of TPP-DDPO and DDPO-TOP0 calculated 
according to the SRS isotherms 

Adsorbate system TPP-DDPO 
Constant molar 2 x TPP 2 x lo-3 DDPO 

concentration, clM 
DDPO TPP 

6 0.3 0.5 0.8 0.3 0.5 0.8 

Adsorbate system 
Constant molar 

DDPO-TOP0 
1 X DDPO 1 x TOPO 

concentration, clM 
TOP0 DDPO 

6 0.3 0.5 0.8 0.3 0.5 0.8 

FIG. 12. Tests of SRS isotherms for the coadsorption of TPP-TPO 
on Hg. (A) Constant TPP concentration, 4 x M and ( B )  constant 
TPO concentration, 5 x lo-' M .  Symbols as in Fig. 8. 

where aBO is the value of aB at 6, = 0.  However, 

and it is found experimentally that PBO = PB. Therefore 

FIG. 13. Standard free energy of adsorption of TPP (0), TPO (O), 
DDPO (A), and TOPO (A) at zero surface coverage of the coadsor- 
bate, calculated according to the SRS isotherms. 

That is, the curves in plots of vs. In c, at cB = const. (or @ 
vs. In CB at c, = const.) have the same slope for the same @ 
value and, consequently, they are superimposed by sliding 
parallel to the In c axis. 

On the contrary, in the systems TPP-DDPO and TOPO- 
DDPO the superimposability of the relative surface pressure 
curves is due to the small change in their curvature at different 
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potentials. This is shown in Table 3, where values of @, 
calculated from the SRS isotherms at two different potentials 
and at different 6 values are provided. Note that at the same BA 
value of different potentials, the corresponding @ values are not 
identical but the difference is too small to be experimentally 
detected. The  notable exception observed at aDDPO = 0.8 is due 
to the fact that at -0.3 V (SCE) the value @ = 8.79 mN m-' 
corresponds to  a concentration of DDPO that is outside the 
limits of our study and possibly out of the region where the 
approximation [ l  11 holds. 

Conclusions 
1. The coadsorption of TPP-TPO, TPP-DDPO, and DDPO- 

TOP0 o n  a Hg electrode from methanolic solutions takes pace 
without reorientation of the adsorbed molecules or other 
molecular modifications. The  adsorbed molecules have a 
constant orientation, with their phenyl and alkyl groups in 
contact with the electrode surface. 

2. The main effect caused by the presence of a second 
substance at the interface is the decrease in the amount of the 
coadsorbate adsorption. This decrease is more pronounced in 
field values close to the adsorption maximum of the second 
adsorbate. 

3. The presence of a second substance at the interface affects 
also the adsorption maximum of the first adsorbate. In their 
mixed adsorption the separation distance of their adsorption 
increases to  an extent depending on the position of the 
individual adsorption maxima and on the concentration of the 
adsorbates. 

4. The surface pressure method can not be used in obtaining 
information about the field effect on the isotherms. This can be 
obtained by determining the isotherm parameters at every field 
value. 

5. The coadsorption of the systems studied follows satisfac- 
torily an isotherm based on the strictly regular solutions theory. 
The free energy of adsorption follows the same variation pattern 
as  in the case of the individual adsorption. The free energy of 
adsorption is also independent of the presence of the second 
adsorbate at the interface due to  the insignificant changes in bulk 
intermolecular interactions caused by the presence of the second 
substance. 
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Hydrolysis and condensation of chlorophosphine and alkyl phosphite ligands on platinum and 
palladium. 3 1 ~  and 19'pt nuclear magnetic resonance studies and the crystal and molecular 

structures of [Pt2C14{p,-(Et0)2POP(OEt)2)2] and [C12Pt{p,-(P(OEt)20)2P(0))PtC1(PEt3)2] 
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Hydrolysis of ci~-[PtCl~-{P(OEt)~C1)21 results in condensation of the phosphite to form [Pt2C14{k-(Et0)2POP(OEt)2}2], which 
crystallizes in the monoclinic space group P21/n, with a = 13.814(7), b = 11.429(4), c = 10.726(5) A, P = 106.30(5)". 
Reactions of P(OEt)2C1 or (Et0)2POP(OEt)2 with [Pt2C14(PEt3)2] also yield very easily hydrolyzed products but in these cases an 
even more complex condensation occurs to yield [C12Pt{~-(P(OEt)20)2P(0)}PtC1(PEt3)2], which crystallizes in the monoclinic 
space group P2, /c, a = 17.547(8), b = 19.775(6), c = 11.268(3) A, P = 106.42(3)". Complete X-ray diffraction studies are 
reported for both crystals, confirming the presence of double (Et0)2POP(OEt)2 bridges in [Pt2C14{p,-(Et0)2POP(OEt)2}2] and a 
novel triphosphite bridge in [C12Pt{~-(P(OEt)20)2P(0)}PtC1(PEt3)2]. Detailed analyses and computer simulation of the 31P{1~}  
and 1 9 5 ~ t { 1 ~ )  nmr spectra of these complexes are also described, together with studies of the related compounds, 
[Pt2Me4{k-(EtO)2POP(OEt)2}2] and [C12(Et3P)Pt{~-(EtO)2POP(OEt)2}PtC12(PEt3)]. In conjunction with previous studies of 
[Pt2C12(dppm)2] and related complexes, these spectra provide examples of several types of AA'XX' spin systems and the analysis 
of these systems is discussed in detail. 

DAVID ERIC BERRY, KATHRYN ANNE BEVERIDGE, GORDON WILLIAM BUSHNELL, KEITH ROGER DIXON et ALAN PIDCOCK. 
Can. J .  Chem. 64, 343 (1986). 

L'hydrolyse du ~is-[PtCl~-{P(0Et)~Cl}~] provoque la condensation du phosphite en donnant le [Pt2C14{~-(EtO)2POP(OEt)2}2] 
qui cristallise dans le groupe d'espace monoclinique P2,ln avec a = 13,814(7), b = 11,429(4), c = 10,726(5) A,  P = 
106,30(5)". Les reactions du P(OEt)2C1 ou du (Et0)2POP(OEt)2 avec le [Pt2C14(PEt3)2] donnent Cgalement des produits que I'on 

I peut hydrolyser trks facilement. Mais, dans ces cas, on obtient des condensations beaucoup plus complexes qui conduisent au 
I [C12Pt{k-(P(OEt)20)2P(0)}PtC1(PEt3)2] qui cristallise dans le groupe d'espace monoclinique P2, /c avec a = 17,547(8), b = 
i 
I 19,775(6), c = 11,268(3) A, P = 106,42(3)". On rapporte les Ctudes complktes de diffractions par rayon X pour les 
I deux cristaux. Ces ttudes confirment la presence d'un pont double de (Et0)2POP(OEt)2 dans le composC [Pt2C14{k- 

(Et0)2POP(OEt)2}2] et d'un nouveau pont triphosphite dans le composC [C12Pt{~-(P(OEt)20)2P(0)}PtC1(PEt3)2]. On 
dCcrit Cgalement une analyse dCtaillCe et une simulation par ordinateur des spectres de rmn du 3 1 ~ { 1 ~ }  et du 1 9 5 ~ t { ' ~ }  
de ces complexes ainsi que I'ttude des composCs apparentCs du type [Pt2Me4{k-(Et0)2POP(OEt)2)21 et [C12(Et3P)Pt{k- 
( E ~ o ) ~ P O P ( O E ~ ) ~ } P ~ C I ~ ( P E ~ ~ ) ] .  Conjointement avec les Ctudes antkrieures sur le [Pt2C12(dppm)2] et des complexes apparentes, 
ces spectres fournissent des exemples de plusieurs types de systkmes de spin AA'XX' et on discute en dttail de I'analyse de ces 
systkmes. 

[Traduit par le journal] 

Introduction 
The coordination chemistry of chlorophosphines and organo- 

phosphites is often complicated by the reactivity of the P-Cl 
and P-OR bonds. For example the solvolytic degradation of 
triorganophosphite ligands, P(OR)3, to metal phosphite or 
phosphonate derivatives, MOP(OR)2 or MP(0)(OR)2,2 has 
been known for a long time (1). More recently, similar 
transformations have been demonstrated to occur by methyl 
transfer to a metal and by a metal-catalyzed Arbuzov rearrange- 
ment (2), and in other processes trimethylphosphites have been 
converted to the unusual P(OMe)2 and P(0Me) ligands (2-5). 
Reactions in which phosphorus(II1) compounds condense and 
coordinate are also known. The simplest example is the reaction 
of phosphorous acid with K2PtC14, which results in a bidentate 
ligand, 02POP02,  bridging two platinum atoms by phosphorus 
coordination (6, 7). A related ligand, (Me0)2POP(OMe)0, 
is formed in one of the pyrolysis products of [Os3(CO),,- 

{P(OMe)3}] but it bridges three 0 s  centres by phosphorus and 
oxygen coordination (4, 8). Clearly solvolysis of P-Cl bonds 
can lead to analogous reactive P-0- and P-OR linkages and 
the chemistry of P-Cl bonds is also of considerable interest 
because this group is the most usual choice of reactive function 
for the elaboration of phosphorus ligands. Reactions with 
alcohols to form phosphorus esters and with Grignard or 
organolithium reagents to form phosphorus-carbon bonds are 
particularly well-studied examples. Reactions of coordinated 
chlorophosphines are less well studied and their potential for the 
in situ elaboration of ligands or the formation of bridges to other 
metal centres has not in general been realized. 

We have been particularly interested in the chemistry arising 
when two chlorophosphine ligands occupy mutually cis posi- 
tions in a coordination shell, and have discussed the literature 
background in some detail in a previous paper (9). Briefly, the 
expected first hydrolysis product of a c i ~ - M ( P R ~ c l ) ~  fragment 
is a simple C ~ ~ - M ( P R ~ O H ) ~  group but in practice such simple ' ~ u t h o r  to whom correspondence may be addressed. 

 he majority of authors have referred to both tautomers as products are rarely isolated. The most usual outcome is a 

phosphonates although strict nomenclature (Chem Abstr 76, Index fragment such as structure '9 derived from deprotonation of the 
Guide section IV, paragraph 197) would seem to require that initial hydrolysis product, and examples have been reported for 
MOP(OR):! or MOP(OR)2M' bonding arrangements be named as severalmetals, notably Pd (10, 1 11, Pt ( lo) ,  Mo (1 1, 121, Ir (13, 
derivatives of phosphorous acid and MP(0)(OR)2 as derivatives of 14), and Rh (13). A second possibility is illustrated by the 
phosphonic acid. ready conversation of c~s-[Mo(CO)~{(PP~~O)~H}]- to cis- 
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[ M O ( C O ) ~ ( P ~ ~ P O P P ~ Z ) ]  by elimination of hydroxide in an acid 
medium (15, 16). Ligands of the type R2POPR2 are capable of 
chelation (structure 11) but more usually occur as bridge ligands 
(structure 111) (15). 

I I1 111 

In our previous work (9), we describe X-ray diffraction 
studies of ~ i s - [ P t C l ~ ( P P h ~ 0 H ) ~ ] ,  the first well-characterized 
example of a cis-bis(hydroxyphosphine) complex, and of 
[Pd2(p-C1)2{(P(OEt)20)2H}2], an example of a type I complex. 
A primary objective of our work is to obtain good structural 
characterization for all possible hydrolysis products of chloro- 
phosphine complexes, and in the present paper we describe two 
further structure determinations together with associated syn- 
thetic and spectroscopic results. Compound IV, [Pt2C14{p- 
(Et0)2POP(OEt)2)2], is readily obtained by hydrolysis of 
~is-[PtCl~{P(0Et)~Cl)~]  in a reaction closely related to that 
mentioned above for molybdenum. In contrast to the chelate 
Ph2POPPh2 in the Mo case (15), the platinum complex is 
dinuclear with two bridging (Et0)2POP(OEt)2 ligands. Com- 
pound VII, [C12Pt{p-(P(OEt)20)2P(0)}PtC1(PEt3)2], is a novel 
derivative of the unknown triphosphorous acid, H5P3O7, and its 
formation is of especial interest since reactivity of both P-C1 
and P-OR bonds is involved, leading to a ligand condensation 
to produce a more complex ligand than that initially present. 
This appears to be the first well-characterized complex involv- 
ing condensation of more than two phosphorus units and we also 
note that tri- and polyphosphites are very rare even in simple 
phosphorus chemistry (17). A preliminary description of the 
structure and spectroscopy of VII has been published (18). 

Results and discussion 
(a) Synthesis 

As we have described previously, complexes of the type 
c ~ s - [ M C ~ ~ ( P R ~ C ~ ) ~ ] ,  M = Pt or Pd, are readily prepared by 
reactions of chlorophosphines with [MC12(PhCN)2] (9). How- 
ever, the products are very easily hydrolyzed and the final 
outcome of the reactions under normal laboratory conditions is 
critically dependent on the nature of R and M. For example, 
for R = Ph and M = Pt we were able to isolate cis- 
[PtC12(PPh20H)2], the first well-characterized example of a 
cis-bis(hydroxyphosphine) complex, and to demonstrate its 
conversion to a type I complex, [Pt2C12{(PPh20)2H)21 (9). 
When R = OEt and M = Pt the initial product, cis- 
[PtC12{P(OEt)2C1)2], is obtained as a colourless oil but, even 
when normal laboratory precautions against admission of 
moisture were taken, attempts at crystallization resulted in 
hydrolysis and condensation to a product whose initial spectros- 
copy suggested structure IV. Complex IV has been prepared 
previously by reaction of (Et0)2POP(OEt)2 with [PtC12(SEt2)2] 
(19) and in the present work we have used [PtC12(PhCN)2] as the 
platinum substrate in an analogous reaction to confirm the 
nature of the above hydrolysis product. 

The spectroscopy and structure of the bis(dipheny1phos- 
phino)methane (dppm) complexes V and VI have been exten- 
sively studied (20, 21). Complex IV is a close relative of these 
species except that the dppm derivatives normally have trans 
stereochemistry at the platinum centres (20), whereas previous 
work on IV had suggested that it has cis stereochemistry (19). 

H2 
IV (R = OEt) V (R = Ph) 

VI (R = Ph) 

We therefore undertook a detailed study with the dual objectives 
of confirming the nature of our hydrolysis product and of 
establishing the structure and spectroscopy of these cis deriva- 
tives. In order to study variation of spectroscopic parameters 
with trans influence we also synthesized the tetramethyl ana- 
logue of IV by reaction of (EtO)2POP(OEt)2 with [PtMe2(COD)] 
and by reaction of [Pt2C14{p-(Et0)2POP(OEt)2}2] with methyl 
Grignard. Details of the spectroscopic and structure studies 
are reported below together with results on [C12(Et3P)Pt{p- 
(EtO)2POP(OEt)2)PtC12(PEt3)]. This last complex is prepared 
by reaction of (Et0)2POP(OEt)2 with [Pt2C14(PEt3)2] in ben- 
zene under carefully controlled anhydrous conditions. As 
discussed below, the reaction is more complex if traces of 
moisture are present. 

The hydrolysis of the related monochlorophosphine com- 
plexes, cis-[PtCl2(PEt3)(PR2C1)1, is normally straightforward 
and results simply in cis-[PtC12(PEt3)(PR20H)] derivatives (9). 
However, the reaction of P(OEt)2Cl with [Pt2C14(PEt3)2] 
provided a striking demonstration of the lability of P-Cl and 
P-OEt moities in these systems. Normally, cis-[PtC12(PEt3)- 
{P(OEt)2C1)] was obtained from this reaction (9), but on one 
occasion colourless crystals of complex VII were obtained. 
Several attempts to repeat this preparation have failed, probably 
because the formation of VII depends critically on such factors 
as the moisture content and hydrogen chloride concentration. 
However, we were able to characterize VII completely by nrnr 

VII (R = OEt) 

spectroscopy and by X-ray crystallography on the sample 
initially obtained, and we have found subsequently that VII 
can be obtained, apparently reproducibly, from reactions of 
(EtO)2POP(OEt)2 with [Pt2C14(PEt3)2] in dichloromethane 
solution. Note that under rigorously anhydrous conditions 
in benzene this same reaction yields [C12(Et3P)Pt{p- 
(Et0)2POP(OEt)2)PtC12(PEt3)] as described above. Details of 
the 3 ' ~  and ' 9 5 ~ t  nrnr spectra of VII have been published in a 
preliminary communication (18) and no further comment is 
necessary here. The data are included in Table 1. 
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BERRY ET AL. 

TABLE 1. Phosphorus-3 1 and platinum-195 nuclear magnetic resonance parameters 

Parameter A B C D 

A = [Pt2Me4(w-(Et0)2POP(OEt)2}2] in C6D6. 
B = [Pt2C14(p-(EtO)2POP(OEt)2}2], IV, in CDCI,. 
C = [C12(Et,P)Pt{~-(EtO)2POP(OEt)2}PtC12(PEt3)] in CDCI,. 
D = [C12Pt{p-(P(OEt)20)2P(0)}PtC12(PEt3)2], VII, in CDCI,. 
NOTE: Chemical shifts (6)  are quoted in parts per million relative to 85% H,PO, for phosphorus and relative to 

5('95Pt) = 21.4MHz for platinum (see ref. 33). For the platinum resonances the absolute values of E in MHz are also 
quoted. Coupling constants (J) are in Hz. 

(b)  Nuclear magnetic resonance 
As we have pointed out above, the complexes IV-VI, are all 

closely related from the point of view of nrnr spectroscopy, 
since each has the basic connectivity shown in VIII. To analyze 
the spectra it is necessary to recognize the existence of three 
distinct isotopomeric structures in each case, having respec- 
tively none, one, or two magnetically active 1 9 5 ~ t  atoms. Since 
platinum- 195 is 33.8% abundant, these three isotopomers are 
respectively 43.9, 44.8, and 1 1.4% of the total sample. From 
the point of view of 3 ' ~ { ' ~ )  spectroscopy the four chemically 
equivalent, but magnetically inequivalent, phosphorus atoms of 
the " n ~ - ' ~ ~ ~ t "  isotopomer constitute an AA'At'A'" spin system, as 
indicated in structure VIII, and contribute only a single central 

protons. Under these circumstances each 13C satellite may be 
analyzed as half of an AA'XX' spin system. The present com- 

lexes are clearly fundamentally similar spin systems and their 
'lp spectra ( see Fig. 2A for example) may be divided into three 
distinct regions: downfield and upfield satellites due to 'J(Pt-P) 
and a central region containing the " n ~ - ' ~ ~ P t "  singlet together 
with sidebands due to 3~(Pt-P). Each of the satellite regions 
consists of one half of an AA'XX' system as defined in structure 
IX, together with a single line contributed by the " t ~ o - l ~ ~ ~ t "  
isotopomer. The upfield and downfield lines of the " t w ~ - ' ~ ~ ~ t "  
isotopomer are separated by ' J(R-P) + 3 ~ ( ~ t - ~ )  (21). 

In their analysis of the AA'XX' spin system, Pople et al. (23) 
define four secondary parameters: 

Pt /pA-y-pA,' 'Pt '%pt 
-px 

\ / \ 
\Pt 

Y-PA,,, PA, - PA.--Y -Px, / 

VIII IX 

Each half (A or X) of the spectrum then consists of a strong 
doublet separated by Nand  two symmetrical quartets. The line 
positions of the first quartet relative to the centre of the N 
doublet are given by: 

peak to the spectrum. The spectrum due to the " ~ n e - ' ~ ' ~ t "  
isotopomer is more interesting and analyses for the complexes 
of types V and VI have generally depended on a suggestion 
made by Sheppard and Turner in the early days of nrnr (22). 
These authors were concerned with the 'H spectra of 13C 
enriched ethylene and pointed out that in an H213C=cH2 
molecule the presence of the 'J(C-H) coupling introduces an 
"effective chemical shift" difference between the two pairs of and the other quartet is identical except that M replaces K 
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FIG. 1. 3 1 ~ { 1 ~ )  nuclear magnetic resonance spectrum of 
[ P ~ ~ M ~ ~ { ~ - ( E ~ O ) ~ P O P ( O E ~ ) ~ } ~ ]  in C6D6 at 101.3 MHz. (A) Computer 
simulation of downfield " ' ~ t  satellite. (B) Observed downfield Ig5pt 
satellite. The peaks marked k are due to the K / L  quartet and the 
meanings of K, L,  N, and * are discussed in the text. (C) Computer 
simulation of central region. The very intense central peak has been 
omitted to facilitate plotting of the weaker components. (D) Observed 
spectrum of central region. 

In the present examples, J(AA1) = J(XX1), and it follows that 
M  = 0 and the M I L  quartet collapses to a doublet of separation 
L  (21). Moreover, if the phosphorus atoms are mutually trans at 
the platinum centres then J(AA1) and J(XX1) are much larger 
than the other coupling constants and the K I L  quartet collapses 
to a single central line (21). However, since the literature 
contains some apparent mis-assignments of spectra which 
depend on this point,3 it is also important to realize that the inner 
(stronger) lines of the K I L  quartet are always separated by the 
difference in magnitude of K  and (K2 + L2)lI2. This is easily 
demonstrated by reference to the line positions and especially 
the intensities (23) of the K I L  quartet. Thus the maximum 
possible separation of the two strong lines is equal to L. 

( i )  [PtzMe4{p-(EtO)2POPfOEt)2hl 
The 3 ' P { 1 ~ )  spectrum of this complex is shown in Fig. 1. The 

overall spectrum is basically similar in form to the example 
shown in Fig. 2A, with downfield and upfield satellites and an 
intense central region but, in order to show the weaker features 
in detail, only the downfield satellite and the central region are 
illustrated in Fig. 1. The upfield satellite is a mirror image of the 
downfield satellite. This is perhaps the simplest of the current 
spectra to assign since all of the lines of the "half AA'XX"' 
pattern can be seen in the platinum satellites. The line marked 
with an asterisk is not symmetrical with respect to the other lines 

3 ~ o r  example, the complexes [Pt2R4(p-Me2PCH2PMe2)2], R = Me 
or CCMe, both show only two rather weak lines inside an unusually 
intense N doublet. The two inner lines have been previously assigned to 
the L  doublet (24, 25) but it seems more likely that the correct 
assignment has L  = Nand the inner lines are the inner components of 
the K / L  quartet. 

and cannot therefore be part of the AA'XX' pattern. It is actually 
due to the " t w ~ - ' ~ ~ ~ t "  isotopomer. Remembering that the 
strong lines of the K / L  quartet must be "inside" the L  doublet, 
the assignment shown in Fig. 1B follows immediately and we 
can calculate all three P-P coupling constants. The separation 
between the "one-lg5pt" satellites gives 'J(P~-P) and the 
separation between the asterisked line and its upfield counter- 
part gives 'J(P~-P) + 3 ~ ( ~ t - ~ )  (21) so that all the parameters 
for a full computer simulation and refinement are available 
except for 4J(Pt-Pt), which has little effect on the phosphorus 
spectrum. The results of this simulation with the contributions 
from all three isotopomers added together are shown in Figs. 1A 
and 1C and the final refined parameters are collected in Table 1. 
Also included in Table 1 are the parameters for the 195Pt{'~) 
spectrum, which was a simple triplet ( J  = 3039 Hz), confirming 
the value of 'J(P~-P). The line width in this lg5pt spectrum did 
not allow resolution of 4 ~ ( ~ t - P t )  but the broadening at the base 
of the peaks suggested an upper limit of about 200 Hz for this 
parameter. 

(ii) [Pt2C14{p-(Et0)2POP(OEt)2}2] 
This spectrum is more difficult to assign because of the lack of 

resolution in the satellite bands (Figs. 2B and 2D). The first 
problem was to decide which peak is due to the " t ~ o - ' ~ ~ ~ t "  
isotopomer. This was accomplished using the lg5pt spectrum, 
which showed two coupling constants (k5840 and k50.5 Hz) 
whose sum was equal to the separation between the asterisked 
peaks in Fig. 2. Unfortunately, the L  doublet and the inner lines 
of the K I L  quartet are seen only as poorly defined shoulders on 
the N doublet, but the requirement that the K I L  lines must be 
inside the L  doublet identifies the K / L  quartet as the lines 
marked k in Fig. 2B. The L  doublet must then be the cause of the 
barely perceptible shoulders on the outside of the N doublet, 
implying that L  is slightly greater than N. Refinement of this 
assignment presents a difficulty since the values for K  and L  are 
obviously very approximate because of the lack of resolution. 
However, using the parameters given in Table 1, a summation 
of the spectra of all three isotopomers gave a completely satis- 
factory computer simulation, which is shown in Figs. 2C and 
2E. The broad, weak outer features of the satellite spectra are 
due to the " t w ~ - ' ~ ~ ~ t "  isotopomer and their position is very 
dependent on the value of 4 ~ ( ~ t - ~ t ) .  However, it is clear that 
the refined value of this parameter is rather approximate, as are 
all the P-P couplings. The choices given in Table 1 represent 
the centres of the acceptable ranges which are about -t3 Hz wide 
for the P-P couplings and perhaps 5 2 0 H z  for the Pt-Pt 
coupling. 

The lg5~t{'H) spectrum of [Pt2C14{cL-(EtO)2POP(OEt)2)2] 
consisted of a triplet of triplets due to 'J(Pt-P) and 3 ~ ( ~ t - ~ )  
with additional weak, poorly resolved sidebands due to 
4 ~ ( ~ t - ~ t ) .  

(iii) [Clz(Et3P)Pt{p-(EtO)2POP(OEt)2}PtC12(PEt3)] 
The analysis of the 3 ' ~ ( ' ~ )  spectrum of this complex is 

basically similar to those described above except that in this case 
the phosphorus atoms belong to an AA'XX' spin system even in 
the absence of magnetically active platinum (structure X). Thus 
the overall spectrum consists of central A and X resonances 
(Figs. 3B and 3D), each with platinum satellites which are not 
shown in the figure. Also in this case J(AA1) and J(XX1) are no 
longer equal and the M I L  quartet does not collapse to a doublet. 
Thus the central X region shown in Fig. 3B arises primarily 
from the " n ~ - ' ~ ~ ~ t "  isotopomer and the strong pair of lines 
inside the N doublet can only be explained if the M I L  and K I L  
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90 70 50 30 PPm 

FIG. 2. 3 i ~ { I ~ }  nuclear magnetic resonance s ectrum of [Pt2C14{p-(Et0)2POP(OEt)2}2] in CDC13 at 101.3 MHz. (A) Complete spectrum h' showing the three regions; downfield and upfield ' 'Pt satellites and the intense central region. (B) 20 Hz cm-I expansion of the downfield lg5pt 
satellite. The peaks marked k are due to the K / L  quartet and the meanings of K ,  L ,  N, and * are discussed in the text. (C) Computer simulation of 
downfield lg5pt satellite. (D) 20 Hz cm-I expansion of the upfield Ig5pt satellite. The meaning of * is discussed in the text. (E) Computer simulation 
of upfield lg5Pt satellite. 

quartets are essentially coincident; i.e., J(AAf) << J(XX1), 
which is entirely reasonable since the former is a six-bond and 
the latter a two-bond coupling. We also assumed that 4J(AX') 
<< 'J(AX), making N and L approximately equal. In order to 
calculate K (= M) it is necessary to identify the other com- 
ponents of the coincident quartets in Fig. 3B. These outer com- 
ponents should also occur in the central A resonance (Fig. 3D) 
but in fact no subsidiary peaks have significant intensity in 
Fig. 3D. This suggested that the weakest of the three pairs of 
subsidiary peaks in Fig. 3B was the correct choice for the outer 
components of the K I L  quartet. On this basis we proceeded to 
calculate 'J(AX) and 'J(z'). The 1 9 5 ~ t { 1 ~ }  spectrum con- 
sisted of a doublet of doublets due to the one-bond Pt-P coup- 
lings and a slight broadening of the peaks suggested that 3 ~ ( ~ t - ~ )  
is about 20 Hz. This gave all the parameters necessary to refine 
and simulate the contributions of the " n ~ - ' ~ ~ p t "  and " ~ n e - ~ ~ ~ ~ t "  
isotopomers and essentially gave a complete explanation of the 
spectrum since the " t ~ o - ' ~ ~ ~ t "  isotopomer makes only a very 
small contribution. The final simulation (Figs. 3A and 3C) 
included this small contribution assuming that 4J(Pt-~t)  is 
OHz. The actual value of 4J(Pt-Pt) is not critical for the 
interpretation of the 3 ' ~  spectrum but the line width in the 19'Pt 
spectrum suggested that it is < 150 Hz. 

(iv) Signs and magnitudes of coupling constants 
-80 Hz- -80 Hz- The parameters listed in Table 1 present no particular 

surprises. The cis geometry at platinum in all four complexes is 
FIG. 3. 31P{1H} nuclear magnetic resonance spectrum of confirmed by the small magnitudes (15-23Hz) found for 

[ C ~ ~ ( E ~ ~ P ) P ~ { P - ( E ~ ~ ) ~ ~ P ( O E ~ ) ~ I P ~ C ~ ~ ( P E I  in CDC13 at 101.3MHz. 1 ~(pt -pt )  and, although the sign is not determined by the 
Only the central P(OEt)2 and PEt3 resonances are shown. lg5pt satel- obsemed spectra, the values are negative in view of 
lites are not illustrated. (A) Computer simulation of central P(OEt), 
resonance. (B) Central P(OEt)* resonance at 55.12 ppm. The peaks previous results (26). The magnitudes of 'J(Pt-P) reflect the 
marked k are due to the approximately coincident M I L  and K / L  electronegativity of the groups attached to phosphorus and the 

quartets and the meanings of K ,  M ,  L, and N are discussed in the text. known trans influences the ligands the trans 
(C) Computer simulation of central PEt, resonance. (D) Central P E ~ ~  position in the platinum coordination. Thus '~(pt-P) for PEt3 
resonance at 14.68 ppm. trans to C1 in [C12(Et3P)Pt{p-(EtO)2POP(OEt)2}PtC12(PEt)] is 
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FIG. 4. ORTEP plot of IV, [Pt2C14{p-(EtO)2POP(OEt)2)2j. The 
unlabelled half of the molecule is related to the labelled half by a 
crystallographic centre of symmetry. 

3287 Hz compared to 2322 Hz when PEt3 is tram to phosphorus in 
[C12Pt{p,-(P(OEt)20)2P(0)}PtC1(PEt3)2]. Corresponding values 
for the P(OEt)2 groups are larger, reflecting the electronegativity 
of the ethoxy substituents, and range from 5408 to 6186 Hz when 
trans to Cl, to 3037 Hz trans to methyl. Interestingly, 3 ~ ( ~ t - P )  
also shows a very marked change with tram influence, decreasing 
from 54 Hz when tram to C1 in [Pt2Cl~p,-(EtO)2POP(OEt)2}21, to 
only 4.4 Hz trans to methyl in [Pt2Me4{p,-(Et0)2POP(OEt)2}21. 
The sometimes very high sensitivity of long-range couplings to 
trans-influence effects has been noted previously (27). The 
observed spectra for [Pt2C14{p,-(Et0)2POP(OEt)2}2] and its 
methyl analogue require that 'J(Pt-P) and 3J(Pt-P) have the 

i same sign and, since directly bonded Pt-P couplings are known 
I to be positive (28), it follows that the three-bond couplings are 
I 

i 
also positive. This is a difference between our analysis and a 
previous approximate interpretation of the 3 ' ~  spectrum of 

I [Pt2C14{p,-(EtO)2POP(OEt)2}2] (19) and it also leads to some- 
what different P-P couplings from those suggested previously. 
The observed spectra also require that ' J(P-0-P) and 4~(P-P)  
have like signs in [Pt2C14{p,-(Et0)2POP(OEt)2}2], and opposite 
signs in [Pt2Me4{p,-(Et0)2POP(OEt)2}2], but the signs of these 
pairs relative to other couplings are not determined. 

No sign information is available from the spectra of 
[C12(Et3P)Pt{p,-(EtO)2POP(OEt)2}PtC12(PEt3)] and [C12Pt{p,- 
(p(oEt)2o)zp(o>}ptC1(PEt3)21. 

(c) Structures of [Pt2C14(p-(Et0)2POP(OEt)2h], (ZV), and 
~C~zpt{~-(P(oEt)zo)~P~O))PtC~(PE~~)21j (VZZ) 

The atomic labelling schemes and the structures of single 
molecules of the complexes IV and VII are shown in Figs. 4 and 

I 5 respectively. Fractional atomic coordinates and isotropic 
temperature parameters, bond lengths, and bond angles are 
collected in Tables 2-4 and 5-7 respectively. Further tables of 
anisotropic temperature factors, structure factors, and selected 
intermolecular distances for both compounds have been depo- 
sited,4 together with a table of mean plane information for VII. 

The structure of IV consists of two square planar platinum 
centres linked by a pair of cis (Et0)2POP(OEt)2 bridges so as to 
form an eight-membered ring which lies in an extended chair 
conformation. There is a crystallographic centre of symmetry at 
the centre of the ring. The Pt-P bonds are relatively short (av. 

4Copies of these tables may be purchased from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada, KIA 0S2. 

C13  

ORTEP plot of W, [C12Pt{~-(P(OEt)20)~P(O)}PtCl(PEt,),l. 

TABLE 2. Fractional atomic coordinates and temperature parameters 
for compound IV 

Atom x l a  y l b  Z / C  Ucs 

R -3636(2) 3 1524(2) 106352(3) 310(1) 
Cl(1) - 1537(2) 3 173(2) 11839(3) 600(11) 
Cl(2) - 1280(2) 1610(2) 9422(3) 579(9) 
p( 1) 615(2) 3205(2) 9336(2) 3 17(7) 
p(2) 363(2) 46 1 1 (2) 11898(2) 317(7) 
o(1)  53 l(5) 2202(5) 83 1 O(5) 43(2) 
o(2) 1753(4) 3336(5) 10025(6) 42(2) 
O(3) 500(5) 4496(5) 13384(5) 43(2) 
O(4) 1392(4) 5008(5) 11731(5) 38(2) 
O(5) 330(5) 424 l(5) 8285(6) 4063 
'71) 927(10) lOlO(8) 8727(11) 64(5) 
c(2)  985(14) 338(10) 7558(13) 89(7) 
c(3) 2502(8) 3647(12) 9336(10) 61 (4) 
c(4)  3519(10) 3183(12) 10072(15) 83(6) 
(75) 943 (9) 3424(9) 14126(11) 59(4) 
c(6)  1047(12) 3642(13) 15463(11) 84(5) 
(77) 2066(7) 584 l(7) 126 18(9) 48(3) 
C(8) 3017(8) 5917(11) 12211(12) 69(5) 

NOTE: Estimated standard deviations are given in parentheses. Coordinates 
x 10" where n = 5 for Pt and n = 4 otherwise. Temperature parameters 
x 10" where n = 3 for C and 0 and n = 4 otherwise. (I,, = the equivalent 
isotropic temperature parameter. (I,, = 4 C,C,,U,,aTaT(a;a,). 

TABLE 3. Interatomic distances for compound IV 

Atoms Distance (A) Atoms Distance (A) 

Estimated standard deviations are given in parentheses 

2.20 A; 1 A = 0.1 nm) compared with many previous examples 
(29), but this is not unexpected in view of the low trans 
influence of the chloride ligand and the high electronegativity of 
the ethoxy substituents. It appears that this electronegativity 
also reduces the trans influence of the phosphorus ligand since 
the Pt-Cl bonds (av. 2.34 A) are also somewhat shorter than is 
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TABLE 4. Bond angles for compound IV 

Atoms Angle (") Atoms Angle (") 

Cl(2)-Pt-Cl(1) 87.9(1) P(2)-Pt-P(1) 96.5(1) 
P(2)-Pt-Cl(1) 85.4(1) P(1)-Pt-Cl(2) 90.1(1) 
P(1)-Pt-Cl(1) 174.1(1) P(2)-Pt-Cl(2) 173.3(1) 
O(1)-P(1)-Pt 1 19.1(3) O(3)-P(2)-Pt 117.9(2) 
O(2)-P(1)-Pt 115.0(3) O(4)-P(2)-Pt 115.2(2) 
O(5)-P(1)-Pt 113.0(2) O(4)-P(2)-O(3) 106.9(4) 
0 2 - P ( l ) O ( l )  105.8(4) P(1)-O(5)-P(2') 135.2(4) 
0 - ( 1 - 0 1  95.2(3) 
O(5)-P(1)-0(2) 106.3(4) 
( 1 - O ( l ) P ( l )  120.5(6) C(5)-O(3)-P(2) 121.9(6) 
C(3)-O(2)-P(l) 123.1(6) C(7)-O(4)-P(2) 123.2(6) 
2 - 1 - 0  108.7(9) C(6)-C(5)-0(3) 107.7(9) 
C(4)-C(3)-O(2) 109.6(9) C(8)-C(7)-0(4) 107.2(8) 

Estimated standard deviations are given in parentheses. 

TABLE 5. Fractional atomic coordinates and temperature parameters 
for compound VII 

Atom x l a  ~ l b  Z / C  U e ,  

Pt(1) 26201(3) - 11069(2) 151(4) 599(2) 
Pt(2) 25296(4) 6654(3) 41434(4) 689(2) 
Cl(1) 3612(3) - 1496(2) - 843 (4) 93(2) 
Cl(2) 1664(3) - 1651(2) - 1570(3) 94(2) 
Cl(3) 2604(5) 1156(2) 6090(4) 158(4) 
p(l) 3575(2) -614(2) 1448(3) 63(1) 
P(2) 16 18(2) -772(2) 696(3) 63(1) 

2523(2) 227(2) 2348(3) 
P(3) 2737(3) 

60(1) 
p(4) -350(2) 5254(3) 74(1) 
p(5) 2283(3) 1723(2) 32 1 1 (3) 79(2) 
O(1) 3321(4) -234(4) 2527(7) 63(3) 

1351(5) -373(4) 1989(7) 
0(2) 2460(6) 

630) 
O(3) 65 l(4) 1253(8) 78(4) 
o(4) 4252(6) - 1079(5) 2227(11) 98(5) 
O(5) 4094(6) -82(5) 1008(9) 93(4) 
o(6) 967(6) -316(6) - 2 12(8) 92(4) 
o(7) 1080(7) - 1333(5) 994(12) 108(5) 
c(1) 4194(16) - 1780(10) 2392(22) 150(12) 
c(2) 4810(16) -2103(15) 3202(32) 214(18) 
c(3) 3800(12) 296(9) -195(16) 113(9) 
c(4) 4202(15) 952(10) -35(30) 167(15) 
c(5) 1162(12) 102(11) -1 143(17) 130(9) 
c(6) 421(12) 374(14) - 1884(22) 173(13) 
(37) 1273(9) - 1994(8) 1354(16) lOO(7) 
c(8) 622(12) -2449(11) 703(23) 155(11) 
c(9) 2765(10) - 1144(7) 4455(14) 90(7) 
C(10) 2928(12) - 1774(8) 5304(16) 1 lO(8) 
C(11) 3673(13) -315(10) 6497(14) 113(8) 
C(12) 4355(13) -262(15) 5953(25) 171(14) 
C(13) 2020(13) -437(11) 6123(19) 122(10) 
C(14) 1178(14) -487(14) 5150(23) 160(14) 
C(15) 2185(14) 2382(8) 4260(15) 127(10) 
C(16) 1957(19) 3094(10) 3716(18) 169(15) 
C(17) 1400(11) 1780(9) 1916(16) 1 lO(8) 
C(18) 671(14) 1481(18) 2330(28) 199(17) 
C(19) 3062(12) 2024(8) 2560(17) 112(9) 
C(20) 3895(16) 1958(15) 3523(27) 189(15) 

NOTE: Estimated standard deviations are given in parentheses. Coordinates 
X 10" where n = 5 for Pt and n = 4 for the other atoms. Temperature parameters 
x 10" where n = 4 for Pt and 3 otherwise. U,, = the equivalent isotropic 
temperature parameter. UCg = 4 C,CjU~a?@(ai.aj). 

TABLE 6. Bond lengths for compound VII 

Atoms Length (A) Atoms Length (A) 

(a)  Platinum coordination 

(b)  Phosphorus to oxygen bonds 

O(l)-p(l) 1.597(8) 0(2)-p(2) 1.605(8) 
O(l)-P(3) 1.635(8) 0(2)-P(3) 1.640(9) 
0(3)-P(3) 1.471(9) 
o(4)-p( 1) 1.561(10) 0(6)-p(2) 1.584(10) 
0(5)-P( 1) 1.561(10) 0(7)-~(2) 1.554(11) 

The ethoxy groups 

C( 1)-0(4) 1.406(21) C(5)-0(6) 1.451(19) 
c(3)-0(5) 1.506(19) C(7)-0(7) 1.382(18) 
C(2)-C(l) 1.360(30) C(6)-C(5) 1.437(26) 
c(4)-c(3) 1.462(26) C(8)-C(7) 1.476(24) 

(d)  The triethylphosphine ligands 

C(9)-P(4) 1.817(14) C(15)-P(5) 1.799(14) 
C(11)-P(4) 1.834(17) C(17)-P(5) 1.807(17) 
C(13)-P(4) 1.808(17) C(19)-P(5) 1.824(19) 
C(10)-C(9) 1.548(20) C(16)-C(15) 1.542(24) 
C(12)-C(11) 1.494(31) C(18)-C(17) 1.594(32) 
C(14)-C(13) 1.574(32) C(20)-C(19) 1.560(30) 

The estimated standard deviations are given in parentheses. 

normal trans to phosphorus (30). Another point of interest 
concerns the question of a bridging versus a chelate role for the 
(Et0)2POP(OEt)2 ligand. Until recently, R2P-0-PR2 lig- 
ands were not known to function as chelates, a fact which was 
generally attributed to a requirement for a large POP angle (3 1). 
Undoubtedly this is an important factor in the predominance of 
bridged rather than chelate structures but two recent structural 
determinations, [M(C0)4(Ph2POPPPh2)], M = Cr, Mo, have 
shown chelate structures with the POP angle 100.3 and 103.3", 
respectively (1 5). In the present complex this angle is 135", so it 
is clearly a very flexible parameter. 

'The structure of VII consists of two square planar platinum 
units linked by a novel condensed phosphorus ligand. This 
ligand may be regarded as having two P(II1) centres, P(l) and 
P(2), which act as two electron donors to Pt(l), and a P(V) 
centre, P(3), which acts as a one electron donor to Pt(2). The 
six-membered ring lies in a chaise-longue conformation with 
O(1) and O(2) held in the same plane as the Pt(1) coordination. 
P(3) is about 0.7 A above this plane and the Pt(2) coordination is 
approximately perpendicular (93.6") to that of Pt(1). The 
Pt-Cl bonds (av. 2.35 A), which are all trans to phosphorus, 
and the Pt-P bonds (av. 2.20 A) are closely similar to those 
found above in compound IV and do not appear to be affected by 
the formal oxidation state of the phosphorus. In contrast, there 
are four significantly different P-0 lengths: P=O, 1.471(9); 
P(V)-OP, av. 1.637; P(II1)-OP, av. 1.601 ; P(II1)-OEt, 
av. 1.565 A, all of which fall within the ranges found for similar 
bonds in tetrahedral phosphates (32): P=O, 1.38- 1.56; 
P-OP, 1.48-1.66; P-OC, 1.56-1.64A. 
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TABLE 7. Bond angles for compound VII 

Atoms Angle (") Atoms Angle (") 

(a) The Pt angles 

(b) The six membered ring P and 0 angles 

(c) The ethoxy groups 

! (d) The triethylphosphine P angles 

I (e) The ethyl groups 

Estimated standard deviat~ons are given in parentheses. 

Experimental 
(a) Synthetic and spectroscopic studies 

Data relating to the characterization of the complexes are given in the 
tables, the Results section, and in the preparative descriptions below. 
Microanalysis was by the Canadian Microanalytical Service, Vancou- 
ver, B.C., Canada. Nuclear magnetic resonance spectra were recorded 
in appropriate solvents (Table 1) using a Bruker WP250 Fourier 
transform spectrometer locked to the solvent deuterium resonance. The 
spectrometer was operated at 101.3 MHz for 3 1 ~  and at 53.5 MHz for 
Ig5Pt. For both nuclei, protons were decoupled by broad-band 
("noise") irradiation at appropriate frequencies. 3 1 ~  chemical shifts 
were measured relative to external P(OMe)3 and are reported in parts 
per million relative to 85% H3PO4 using a conversion factor of 
$141 ppm. Ig5pt chemical shifts are reported in ppm relative to 
=(lg5pt) = 21.4MHz (33). Positive values are downfield of the 
references. Simulated nmr spectra were calculated on an IBM 3031 
computer and plotted on a Calcomp 1039 plotter. The programs used 
were a locally constructed package based on the UEAITR and 
NMRPLOT programs from the literature (34, 35). In all cases the 
spectra of the different isotopomers were calculated separately and then 
summed to give the final simulation. 

All operations were carried out at ambient temperature (ca. 25°C) 
under an atmosphere of dry nitrogen using standard Schlenk tube 
techniques. Solvents were dried by reflux over appropriate reagents 
(phosphorus pentoxide for dichloromethane and potassium/benzo- 
phenone for tetrahydrofuran, toluene, benzene, and hexane) and were 
distilled under nitrogen prior to use. 

P(OEt)2C1 and (EtO)2POP(OEt)2 were commercially available from 
the Aldrich Chemical Co., and were used as received. [PtC12(PhCN)2] 
(36), [Pt(CH3)2(COD)] (37), and [Pt2C14(PEt3)2] (38), were prepared 
as previously described. Recrystallizations from solvent pairs were by 
dissolution of the complex in the first solvent (using about double the 
volume required for complete solution) followed by dropwise addition 
of sufficient second solvent to cause turbidity at ambient temperature. 
Crystallization was then completed either by continued very slow 
dropwise addition of the second solvent or, in those cases where a 
temperature is indicated in the detailed descriptions below, by setting 
the mixture aside at a reduced temperature. 

[Pt2X4{11.-(Et0)2POP(OEt)zhl 
(i) X = Cl. P(OEt)3Cl (0.20 mL, 1.4 mmol) was added dropwise to a 

stirred solution of [PtC12(PhCN)2] (0.30 g. 0.64 mmol) in dichloro- 
methane (10 mL). The initial yellow colour was slowly discharged dur- 
ing stirring for 6 h. The solvent was removed in vacuo and the resulting 
colourless oil characterized as ci~-[PtCl~{P(0Et)~Cl}~] by 3 1 ~  nmr (9). 
Repeated attempts at crystallization caused apparent hydrolysis of the 
product to a compound whose spectroscopy suggested the known dimer 
[P~~C~~{CL-(E~~)ZP~P(OE~)Z}ZI (1 9). 

(ii) X = Cl. In order to confirm the above result we decided to 
synthesize an authentic sample of [Pt2C14{p-(Et0)2POP(OEt)2)2]. 
This was achieved by a modification of the published method (1 9) using 
[PtC12(PhCN)2] as the starting material instead of [PtC12(SEt2)2]. 
Typically, (Et0)2POP(OEt)2 (0.15 mL, 0.61 mrnol) was added drop- 
wise to a stirred solution of [PtC12(PhCN)2] (0.30 g, 0.64 mmol) in 
dichloromethane (10 mL). Stirring was continued for 4 h before 
removal of the solvent in vacuo. Recrystallization of the residue 
from dichloromethane/diethyl ether at -20°C gave [Pt2C14{p- 
(Et0)2POP(OEt)2}2] (0.15 g, 0.14 mmol) as colourless crystals. Anal. 
calcd. for C16H40C14010P4Pt2: C 18.3, H 3.85, C1 13.5; found: C 
18.4, H 4.00, C1 13.6%. 

(iii) X =Me. (EtO)2POP(OEt)2 (0.15 mL, 0.61 mmol) was added 
dropwise to a stirred solution of [PtMe2(COD)] (0.20 g, 0.53 mmol) in 
dichloromethane (20mL). Stirring was continued for 3 h before 
removal of the solvent in vacuo. Recrystallization of the oily residue 
from dichloromethane/hexane gave [Pt2Me4{p-(EtO)2POP(OEt)2)21 
(0.16g, 0.17mmol) as colourless crystals. Anal. calcd. for 
C20H52010P4Pt2: C 24.9, H 5.42; found: C 25.8, H 5.26%. The 
product was stable in the solid state and in deuterobenzene solution but 
decomposed over several hours in deuterochloroform solution. 

A small-scale reaction carried out in an nmr tube by the addition of 
MeMgI (0.1 mmol in hexane) to a solution of [Pt2C14{p-(Et0)2- 
POP(OEt)2}2] (0.03 g, 0.03 mmol) in dichloromethane (1 mL) 
showed essentially complete conversion (by 3 1 ~  nmr) to [Pt2Me4{p- 
(Et0)2POP(OEt)2}2] after 20 min. 

[P~~C~~(PE~~)~{P-(E~~)ZPOP(OE~)~II 
(Et0)2POP(OEt)2 (0.07 mL, 0.29 mmol) was added dropwise to a 

stirred suspension of [Pt2C14(PEt3)2] (0.20 g, 0.26 mmol) in carefully 
dried benzene (1OmL). Stirring was continued for 45 min, during 
which time the yellow colour of the suspension was gradually 
discharged. The solvent was removed in vacuo to leave an oily residue, 
which was eventually crystallized by precipitation from dry dichloro- 
methane/hexane at -20°C followed by prolonged trituration with 
hexane. Final recrystallization from dichloromethane/hexane at 
-20°C gave [Pt2C14(PEt3)2{p-(Et0)2POP(OEt)2}] as colourless crys- 
tals, mp 127- 129°C. Anal. calcd. for C20H50C1405P4Pt2: C 23.4, H 
4.91; found: C 23.5, H 4.84%. Note that a similar reaction in 
dichloromethane without special precautions regarding drying of 
solvents resulted in the hydrolyzed product, VII. 
[C~Pt{p-(~(EtO)~O)~P(0)}PtCl(PEt3)2] 
(i) P(Et0)2CI (0.30 mL, 2.1 mmol) was added dropwise to a stirred 
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solution of [Pt2C14(PEt3)2] (0.94 g, 1.22 mmol) in dichloromethane 
(30 mL). The yellow colour of the solution was quickly discharged but 
stining was continued for 2 h before removal of the solvent in vacuo. 
The oily residue was crystallized from dichloromethane/hexane at 
-20°C to yield [C12Pt{p-(P(OEt)20)2P(0)}PtC1(PEt3)2] as colourless 
crystals. Several attempts to repeat this reaction failed to give the same 
product and in consequence other routes were explored leading to the 
following synthesis. 

(ii) (Et0)2POP(OEt)2 (0.10 mL, 0.41 mmol) was added dropwise 
to a stirred solution of [Pt2C14(PEt3)2] (0.30 g, 0.39 mmol) in dichloro- 
methane (15 mL). The yellow colour of the solution was almost 
immediately discharged and after 15 min the solvent was removed in 
vacuo. Recrystallization of the residue from dichloromethane/hexane 
at -20°C gave [C12Pt{p-(P(OEt)20)2P(0)}PtC1(PEt,),] as colourless 
crystals (O.lOg, 0.094mmol), mp 130-133°C. Anal. calcd. for 
C20H50C1307P5Pt2: C 22.8, H 4.78, C1 10.1, P 14.7; found: C 22.7, 
H 4.83, C1 10.8, P 15.2%. Note that a similar reaction in carefully 
dried benzene yielded a different product, [C12(Et3P)Pt{p- 
(EtO)2POP(OEt)2}PtC12(PEt3)] (see above). 

(b) X-ray data collection 
Compounds IV, [Pt~C14{p-(EtO)2POP(OEt)2}2]r and VII, [Cl,Pt{p- 

(P(EtO)20)2P(0)}PtC1(PEt3)2] were prepared as described above by 
reaction of (Et0)2POP(OEt)2 with [PtC12(PhCN~2] and by reaction of 
P(OEt)2C1 with [Pt2C14(PEt3)2], and crystals suitable for study by 
X-ray diffraction were grown by vapour diffusion of hexane into 
solutions of the complexes in dichloromethane. Compound IV was 
mounted in a glass tube with a little solvent (dichloromethane/pentane) 
but no special precautions were necessary for compound VII. 
Preliminary photographic work on both compounds was carried out 
with Weissenberg and precession cameras using Cu K, radiation. After 
establishment of symmetry and approximate unit cells the crystals were 
transferred to a Picker 4-circle diffractometer automated with a 
PDPI 1/10 computer and utilising Zr-filtered Mo K, radiation (A = 
0.71069A). The unit cells were refined by least-squares methods 
employing respectively 28 and 22 pairs of centering measurements at 
228  in the ranges 1201 = 5-47" (IV) and 17-44" (VII). The crystal of 
IV was mounted in the direction of - 10, 8, -5 and crystal VII was 
approximately along the c axis. The crystal data at approximately 24°C 
were as follows. For compound IV: 
Ci6H4oC1401oP4Pt2 
Monoclinic, space group ~ 2 ~ / n , - e ~ u i v a l e n t  positions x ,  y, z; i, j ,  i; 
4 + x ,  f - y, + z; 4 - x ,  f + y, $ - z; a = 13.814(7), b = 
11.429(4), c = 10.726(5) A; P = 106.30(5)"; V(cel1) = 1625(1) A3; 
Dm = 2.137 g (flotation in CC14/CHBr3), D, = 2.142 g ~ m - ~ ;  
M, = 1048.37; Z = 2; asymmetric unit = half molecule. 

For compound VII: 
C2oH5oC1307P5Pt2 
Monoclinic, space group P21/c, a = 17.547(8), b 3 19.775(6), c = 
11.268(3) A; P = 106.42(3)"; V(cel1) = 3750(2) A3; Dm = 1.896 g 
cm-3 (flotation in CC14/CHBr3), D, = 1.867 g ~ m - ~ ;  M, = 1054.02; Z 
= 4; asymmetric unit = one molecule. 

Intensity measurements for both compounds were collected for two 
reciprocal space octants (k, 1 2  0) using a 8/28 scan with steps of 0.01" 
in 28, counting for 0.25 s per step, and with background measurements 
at each end of the scan. Measurements for IV extended to 20 = 50" with 
160 steps and background counts for 20 s, and for VII to 45' with 200 
steps and 25 s counts. Each batch of 50 reflections was preceded by the 
measurement of three standard reflections (IV: 10,0,0;  0, 8,O; 0 , 0 ,  8; 
and VII: 6 , 0 ,  0; 0 ,  6, 0; 0 , 0 ,  2). The Lorentz and polarization factors 
were applied and each batch was scaled to maintain the sum of the 
standards constant. The standards for IV declined by about 10% during 
the data collection but there was no evidence of decomposition for VII. 
The initial files contained 3 195 and 527 1 reflections, respectively, and 
after systematically absent reflections, duplicate measurements, and 
those reflections with apparently negative net counts were eliminated, 
the final data sets contained 2855 and 4647 reflections. 

For compound IV, the crystal faces were not identifiable and it was 
necessary to apply absorption corrections as a function of 4. Reflection 

-5,4,  2 (near x = 90") was measured at 10' intervals in 4 to construct 
an absorption correction curve. The intensity of -5, 4, 2 varied by a 
factor of 3.6 ( p  = 96.09 cm-I for MoK, radiation). For compound VII 
absorption corrections were applied with a numerical integration 
procedure utilizing a 14 X 8 X 10 Gaussian grid. The crystal had 
pinakoidal forms (010) and (100) with the faces 0.112 and 0.257 mm, 
respectively, from a central origin; the faces at the tip were approxi- 
mated by - l , 0 ,  1 at 0.404 mm, and a broken glued end by l , 0 ,  -2 at 
0.327 mm. The absorption coefficient was 83.55 cm-' and the range of 
transmission factors 0.04-0.18. 

(c) Structure solution and rejnemenr 
The structures were found and refined using the SHELX-76 program 

package (39), and illustrations were drawn using ORTEP (40). The 
atomic scattering factors used were for neutral atoms, with corrections 
for anomalous dispersion (41). The structures were solved by direct 
methods, completed by standard Fourier synthesis procedures using 
difference maps, and refined by the method of least squares minimizing 
CwA2 where A = IF,( - IF,]. The weights wereobtained fromcounting 
statistics using w = l / (a2(F) + 0.001F2). One intense low angle 
reflection, 2, 0, 0, was suppressed from the least-squares process for 
compound VII, but otherwise the refinements proceeded without 
incident with 163 and 334 parameters to be determined from 2855 and 
4646 independent observations for IV and VII, respectively. Hydrogen 
atoms were not located. All other atoms were treated as vibrating 
anisotropically and convergence was obtained with maximurn shift/esd 
ratios of 0.76 and 0.12, respectively. For compound IV the re- 
siduals were R = 0.0550 and R,, = (CWA~/CWF;)"~ = 0.0688. The 
final difference map for compound IV had 5 peaks in the range 
1.1-3.8e A-3 at distances of about 1 A from heavy atoms. Other 
maxima were less than I .  1 e A-3 and the minimum was -3.3 e k 3 .  
Corresponding figures for VII were R = 0.0612. R,, = 0.0726, max = 
+1.83 e A-3 (close to Pt(2)), min = -2.31 e A-3. Neither difference 
map gave any indication that any material h@ been overlooked. For 
compound IV the molecular symmetry was 1 and for the coordinates 
given in Table 2 the centre of inversion is located at (0, $, 1). 
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TABLE 1. Compositions and densities of aqueous mixtures of aluminum chloride and hydrochloric acid 

(mj + mk)V+(mean) 

mj m k (d - d,) x 10' mj V+(AlC13) 
(mol kg-') (mol kg-') (g ~ m - ~ )  (cm3 ~ O I -  I )  (cm3 mol-') 

solutions of NaCl at other temperatures were taken from Haar er al.  
(19) and Rogers and Pitzer (20), respectively. 

A stock solution was prepared by dissolving approximately 90 g of 
Alfa Puratronic A1C13.6H20 in 720g of standard 0.015 M HC1. 
Aluminum was determined gravimetrically as the 8-hydroxyquinolate, 
with results that permitted us to calculate that the stock solution was 
0.49617 2 0.00057 molal in ~ 1 ~ ' .  Preliminary pH measurements on a 
0.5 m solution of A1C13.6H20 in distilled water had indicated that the 
amount of HCl occluded in the solid was less than theestimated relative 
error of a gravimetric chloride determination. The HCI standard 
solution was therefore assumed to be the sole source of H+  in our 
acidic solution of aluminum chloride. and the molalitv of chloride was 

Results and calculations 
For treatment of densities of our mixed electrolyte (AlC13 and 

HCI) we follow principles summarized by Millero (21) in 
defining a mean apparent molar volume as 

[ l ]  V+(mean)=(V- 1000vw)/Cmi 

in which V is the total volume (cm3) of a solution containing 
1 kg of water, v, is the volume of I g of water, and the mi 
represent molalities of solutes i. Equation [ I ]  leads to 

I calculated by difference. in which d and d, represent the densities of solution and pure 
A series of solutions of AlC13 in the composition range 0.03-0.5 m 

I was obtained by diluting the stock solution by mass with standard water, respectively, and the W, represent the molar masses of 
0.001 M HC1. Volumetric data for aqueous HC1 (18) allowed calcula- i. 

tion of solution compositions on a mass (molality, m) basis. Compositions and densities of our solutions are given in the 
Water used as reference liquid and as solvent was singly distilled, first three columns in Table 1, with mean apparent molar 

deionized, filtered through activated c&on to remove organic contami- volumes calculated according to eq. [2] given in the fourth 
nants, and boiled to remove dissolved gases. column. 
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BARTA AND HEPLER 

TABLE 2. Smoothed Pitzer interaction model parameters for apparent molar volumes of HCI estimated 
from the fit to data from Akerlof and Teare (23) 

Temperature v0(~C1)  IJ * 
( " 0  (cm3 mol-I) (cm3 mol-I) P(')" x 10' p(O)" x 10' 2cV x lo6 

10 17.15 0.04 3.60 -2.39 -1.63 
25 17.95 0.06 4.96 -3.57 -2.11 
40 18.35 0.07 5.99 -4.43 -2.49 
55 18.34 0.10 6.85 -5.12 -2.83 

*Standard error of the estimate at the 95% confidence level. 

Because the fraction of the total ionic strength due to the [8] G ~ ~ / R T  = fGX(I) + 2mc(BZ5 + 2pM5mc) 
aluminum chloride greatly exceeds that due to the hydrochloric 
acid in our solutions, we can attempt to isolate the defined 
apparent molar volume for each of our solutes by application of where mj and mk are molalities of electrolytes MX and NX in the 
Young's rule (22), which we write as mixture, and m, is the molality of the common ion X. All other 

symbols are as previously defined (24). Because the pressure 
[3] (m, + mk)V+(mean) = mjV+(A1C13) + mkV+(HCl) derivatives of the mixing coefficients, O z N  and +zNX, and 
where mi and mk refer to the molalities of aqueous AICll and also C ~ X  are too small to be important in our concentration 
HCl, respectively. Use of eq. [3] with our experimental results range, we have assigned these parameters values of zero. 
(Table 1) and the volumetric properties of aqueous HCl from Substituting the pressure derivative of eq. [8], modified as 
Akerlof and Teare (23) has led to the desired values of stated, into eq. [7] and rearranging gives 

- - -  

V+(A1Cl3) that are listed in the fifth column in Table 1. Although 1 we can in principle use these calculated values of V+(AIC13) in 191 V+(mj + mk>lmj - (m1c/~j)[VO(~C1> 

I an extended Debye-Huckel equation of the form + 2RTmC(BXcl + 2CXclmc>l 
I 
/ [4] V+ = V$  + ~ ~ m ~ ' ~  + BVm + ... (or I instead of m) 
I 
I 
I to obtain the desired standard state partial molar volume 

, represented here by v$, there are ambiguities as to the 
appropriate use of the molality of A1Cl3 or the total ionic 

I 
, strength and also other difficulties. Similar problems arise in 

connection with application of the Helgeson, Kirkham, and 
Flowers model (4). It is therefore preferable to use the Pitzer 

I 

model (2, 24), which explicitly deals with ionic interactions in 
mixed electrolyte solutions. 

As the first step toward applying the Pitzer model to obtaining 
the standard state partial molar volume of the aqueous alumi- 
num salt, v0(~1Cl3) ,  from the experimentally based mean 
apparent molar volumes in Table 1, we define the excess volume 
of a solution as 

in which the i z i  and vO(i) are the numbers of moles and the 
standard state (infinitely dilute) partial molar volumes of solutes 
i, respectively. Combination of eqs. [4] and [5] leads to 

We now go from the general eq. [6] to the corresponding 
specific equation for two electrolytes represented by j and k as in 
eq. [3]. Rearrangement of the resulting specific version of eq. 
[6] gives 

The excess volume, vEX, may be represented directly as the 
pressure derivative of the excess Gibbs free energy as developed 
by Pitzer and others (2, 24, 25). For a ternary common ion 
system resulting from mixing electrolytes MX and NX of charge 
types 3: 1 and 1: 1, respectively, the interaction model represen- 
tation, per kilogram of water, may be written 

The binary interaction coefficient, BV, has an ionic strength 
dependence originally defined for the osmotic coefficient (2). 
For the excess Gibbs free energy the appropriate function is 

[ lo] BGX = p ( O )  + p(l)[l  - (1 + 2I1I2) exp (-2E'I2)]/(2I) 

V0(~1Cl3), p('lV, and P ( ~ ) ~  were evaluated at each tempera- 
ture by multiple linear regression analysis of our density data 
using eqs. [9] and [10] and values of BEcl and CXcl 
calculated from data (23) for aqueous HCl. The Debye-Huckel 
slope, Av, is from Bradley and Pitzer (26). Values of the 
parameters for HCI are reported in Table 2. The desired 
resulting values of V(AlC1,) at the four temperatures of our 
measurements are listed in Table 3. 

The values of V0(~1Cl3) were weighted statistically and then 
fit with an empirical function of temperature. Smoothed values 
calculated from this function were used to obtain final estimates 
of the parameters p('lV and P ' O ) ~ .  The former was fit with an 
empirical function of temperature, and the latter was represented 
by a Lagrange polynomial. The result is that the temperature 

TABLE 3. Standard partial molar volume of aqueous 
AlC13 obtained by extrapolation using the Pitzer inter- 

action model 

Temperature ~ ~ ( ~ 1 ~ 1 3 )  IT* 

("C) (cm3 mo1- I )  (cm3 mo1- I) 

10 8.25 0.22 
25 8.81 0.25 
40 8.05 0.28 
55 6.05 1.05 

*Standard error of the estimate at the 95% confidence level. 
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dependence of the parameters for volumetric properties of A1C13 
over the range 10-55°C may be represented by the following 
equations: 

[ l  11 v0(~1Cl3)  = a l  + a2T + a 3 ~ 2  

[I21 P('IV = a4 + a5T + a6/(T - 362) 

Values of the coefficients a l  ... a l o  are listed in Table 4. The 
temperature dependence of the interaction parameters is shown 
in Fig. 1.  

A set of equations based on the Pitzer virial model can be 
developed similarly for analyzing and representing other appar- 

 TABLE^. Coefficients for apparent molar volume 
of AlC13 (eqs. [Ill-[13]) 

Coefficient Estimate 

Temperature ("C) 

FIG. 1. Temperature dependence of binary interaction parameters 
for the apparent molar volume of aluminum chloride from 10-55'C. 

TABLE 5. Smoothed Pitzer interaction model 
parameters for apparent molar heat capacities 
of HC1 calculated from the equations given by 

Tremaine et al. (8) 

Temperature c ~ ( H c ~ )  
("C) (J mol-' K-') P'O'J x lo5 

TABLE 6. Coefficients for apparent molar 
heat capacity of AlC13 (eqs. [16]-[17]) 

Coefficient Estimate 

ent molar properties. In this work we have carried out such 
development for the apparent molar heat capacity and have 
applied the resulting equations to the recently available data of 
Hovey and Tremaine (1 1) for A1Cl3-HCl mixtures at tempera- 
tures of 10, 25, 40, and 55°C. As in the case of volumes, the 
mixing parameters may be neglected. The excess heat capacity 
is 
(141 C:X = - T ( ~ J ~ G ~ ~ / ~ J T ~ ) , , ~  

Combination of eqs. [14] and [8] with the general form of eq. [7] 
leads to a regression model for evaluating d ) , ( ~ l C l ~ )  and the 
second temperature derivatives of the interaction parameters: 

[I51 Cp,+(mj + md/mj  - (mk/mj)[CO,(HCl) 
- 2RT2mC(&cl + 2Ci!fc1m,)l 
- [Ajl In (1 + 1.21"')]/(1.2mj) 

= d),(AIC13) - 2RT2mc[Bi1~13 + ~ C ~ I C I ~ ~ ~ I  

Values of c:(HC~) and gel were calculated from the equa- 
tions of Tremaine et al. (8) and are listed in Table 5. Data for 
evaluating ci!fcl are not yet available, and we have tentatively 
assigned this parameter a value of zero. Values of Cp,+(mean) 
were taken as reported (1 1). The Debye-Hiickel slope, Aj, is 
from Bradley and Pitzer (26). 

In addition to the intercept, c;(A1C13), which is the quantity 
that we want, only the @('IJ term was needed to fit the heat 
capacity data. The temperature dependence of this parameter 
and also that of c:(A~C~~) were fit with the following empirical 
functions: 

Values of the coefficients b l  . . . b6 are listed in Table 6 .  Figure 2 
shows the temperature dependence of P")J. Values of c E ( ~ l C 1 ~ )  
at the four temperatures of the measurements are listed in Table 7. 
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BARTA AND HEPLER 

Temperature ("C) 

FIG. 2. Temperature dependence of binary interaction parameters 
for the apparent molar heat capacity of aluminum chloride from 
10-55°C. 

TABLE 7 .  Standard partial molar heat capacities 
of A1C13(aq) obtained by extrapolation using the 

Pitzer interaction model 

Temperature C;(A1Cl3) u* 

("c) (J mol-I K-') (J mol-' K-I) 

10 -591.8 16.8 
25 -493.8 6.3 
40 -448.1 9.4 
55 -433.3 18.8 

*Standard error of the estimate at the 95% confidence 
level. 

We turn now to the representation of the standard state 
properties of aluminum ion, V ( A ~ + ~ )  and C;(A~+~),  as 
semi-theoretical functions of temperature that can be combined 
with other data, as stated in the introduction, for use in 
equilibrium calculations at elevated pressures and temperatures. 
For this purpose we have chosen the equations of Helgeson and 
Kirkham (3), which express the standard state properties of ions 
as the sum of terms describing low-temperature electrostrictive 
collapse of the solvent structure and the change in hydration at 
high temperature due to rapid decrease in the dielectric constant 
of water. At constant pressure the appropriate relations are 

in which c , ,  c2, d l ,  and d2 are adjustable parameters and 0A13+ 
is an adjustable "structural" temperature that allows a simple 
empirical description of the rapid decrease in the standard state 
properties, observed for many ions, with decreasing tempera- 
ture in the low temperature region. The terms in wi(i = A13+) are 

TABLE 8. Coefficients for the Helgeson- 
Kirkham model for the standard state partial 
molar properties of A13+ (aq) (eqs. [18] 

and [ 191) 

Coefficient Estimate 

based on the Born hydration model and may be calculated from 
the following relations defined by Helgeson and Kirkham (3): 

in which q = 1.66027 x 105A cal mol-', rXtl is the 
crystallographic radius of the ion, and D is the dielectric 
constant of pure water. Equations [I81 and [19] in principle 
apply to ionic properties calculated on either the absolute or the 
conventional basis (assigning a value of zero to the correspond- 
ing property of hydrogen ion at each temperature). Because of 
the additional uncertainties involved in defining absolute 
thermodynamic properties of ions, we prefer to use conven- 
tional values and have chosen the corresponding form of oi (eq. 
[2CIl). 

Combining the values of the standard state partial molar 
properties of AlC13 listed in Tables 3 and 7 with those for 
chloride ion based on the values for HCl listed in Tables 2 and 5, 
we have calculated conventional values of v0(A13+) and 
c;(A13+). Table 8 reports the results of the simultaneous 
optimization of eqs. [18] and [19] with respect to the common 
parameter, €4, using the Pauling radius of A13+ and values of Q 
and x calculated from the equations of Bradley and Pitzer (26). 
The temperature dependences of the standard state properties of 
aluminum ion are shown in Figs. 3 a  and 3b.  

Discussion 
The quantity on the right side ofeq. [9] or [15] is equivalent to 

the difference between the apparent molar property of AlC13 as 
defined by Young's rule and that part of the Debye-Hiickel term 
due to the aluminum salt. Values of this quantity calculated 
from the density and heat capacity data in combination with the 
information in Tables 2 and 5 and from the smoothed curves 
(eqs. [Ill-[13] for volumes and eqs. [17] and [19] for heat 
capacities) are plotted against molality of aluminum in Figs. 4 
and 5. The accuracy of the Pitzer interaction model correlation 
of the data as described in the preceding section is within the 
limit of the overall experimental uncertainties. The quality of fit 
of the Helgeson and Kirkham model to the standard state partial 
molar properties of aluminum ion is acceptable in the case of 
both volume (Fig. 3a) and heat capacity (Fig. 3b). Because no 
minimum relative sum of squares with respect to Oi occurs in the 
objective function for the volume, the optimization is essentially 
governed by the heat capacity. The resulting value of 0A13, 
(Table 8) leads to values of v0(A13+) and c;(A13+) within 
0.6% (0.25cm3 mol-I) and 0.9% (0.9J mol-' K-') of the 
respective calculated isothermal values. These differences are 
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FIG. 3. Temperature dependence of the standard partial molar ( a )  
volume and (b )  heat capacity of AI3+(aq). Helgeson-Kirkham model 
representation (solid lines) of the extrapolated values (circles), corrected 
for the Born hydration contribution. 

TABLE 9. Pitzer interaction model parameters for apparent molar 
volumes and heat capacities of HNO, and A1(N03)3 at 25OC: standard 

state partial molar properties of AI3+(aq) 

Electrolyte Coefficient" Estimate" a"*b Source of data 

HN03 V'(HNO~) 29.20 0.35 Ref. 27 
p(l)v 6.50 X 

p(0)V 0 

-72.4 0.5 Ref. 27 
0 

Al(N03)3 V O ( A ~ ( N O ~ )  43.47 0.77 Ref. 11 
p(o)v -1.48 X 

p ( l ) V  0 

VO(AP+) -44.13 0.98 

CO(A~(NO~)~) -327.2 4.4 Ref. 1 1  ~ R ) J  -1.91 x 
p ~ ~ ) ~  2.1 1 x 1 0 - ~  
c ~ A I ~ + )  -110.0 4.5 

A1Cl3 v0(~13+) -45.04 0.27 Thiswork 
c $ A ~ ~ + )  -114.2 6.3 Ref. 11 

"Units are cm3 mol-I and J mol-I K-'. 
bStandard error of the estimate at the 95% confidence level. 

Temp. (OC) 
10 
25 

8.50 

0 0.1 0.2 0.3 04  05 

rn(A13') 

FIG. 4. Apparent molar volume of aluminum chloride from 
10-55"C, corrected for the Debye-Hiickel electrostatic contribution. 
Solid curves are calculated from the fit of the Pitzer virial model. 

small enough that eqs. [18] and [19] may reasonably be used in 
estimating the pressure and temperature dependence of equilibria 
involving A13+(aq) to perhaps 1 kbar and 200°C. Equations [16] 
and [19] represent C:(A1C13) equally well; however, the 
empirical relation for P(A1cl3) (eq. [ l l ] )  is superior to the 
Helgeson-Kirkham model for the purpose of data representa- 
tion. 

Since only solute-solvent interactions contribute to the 
partial molar properties at infinite dilution, it is interesting to 
compare the values obtained in the preceding section for 
A13+(aq) calculated from the data for aluminum chloride with 
those that may be obtained from another aluminum salt. Using 
the equations developed in this paper, data for nitric acid from 
Enea et al. (27), and data for aluminum nitrate - nitric acid 
mixtures at 25OC from Hovey and Tremaine ( I  I), we have 
compiled Table 9. Both c0,(A13+) and P(A13+) obtained from 
the chloride are slightly more negative than the corresponding 
properties obtained from the nitrate, but both sets of values are 
coincident within the limit of error at the 95% confidence level. 
The values of P(A13+) obtained by our analysis are in better 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BARTA AND HEPLER 359 

FIG. 5. Apparent molar heat capacity of aluminum chloride from 
10-55"C, corrected for the Debye-Hiickel electrostatic contribution. 
Solid curves are calculated from the fit of the Pitzer virial model. Data 
(circles) are from Hovey and Trernaine (1 1). 

agreement than are those that may be calculated similarly from 
results listed in Millero's compilation (15). 

ADDED NOTE: AS a result of comments received from D. J. 
Bradley (Montana College of Mineral Science and Technology), 
it is appropriate to point out that there is a theoretical basis 
for including higher order electrostatic terms for unsymmetrical 
mixed electrolytes in the binary mixing coefficient that we have 
represented by eMN, as discussed in detail by Pitzer and others 
(25, 28, 29). These higher order terms, calculated according to 
theoretical principles described by Pitzer, contribute less than 
0.02 cm3 mol-' and 0 .05  J K-' mol-I to  the objective functions 
represented in eqs. [9] and [15], respectively, with the result 
that the final values of the fitted parameters, including the 
standard partial molar properties, are not significantly affected 
by these terms. For our  purposes, which include relative 
simplicity in mathematical representation of experimental 
results, it has therefore seemed appropriate to neglect these 
higher order terms. 

Acknowledgements 
We are grateful to J .  K .  Hovey and P .  R.  Tremaine for giving 

us the results of their measurements of heat capacities before 
publication (ref. 1 I) ,  for allowing us to use the densimeter at the 
Alberta Research Council, and for helpful discussions. W e  also 
thank the Natural Sciences aod Engineering Research Council 
of Canada for their support of this and related research. 

1. D. D. WAGMAN, W. H. EVANS, V. B. PARKER, R. H. SCHUMM, 
I. HALOW, S. M. BAILEY, K. L. CHURNEY, andR. L. NUTTALL. 
J. Phys. Chern. Ref. Data 11, Suppl. 2 (1982). 

2. K. S. PITZER. J. Phys. Chern. 77, 268 (1973). 
3. H. C. HELGESON and D. H. KIRKHAM. Am. J. Sci. 276, 97 

(1976). 
4. H. C. HELGESON, D. H. KIRKHAM, and G. C. FLOWERS. Am. J. 

Sci. 281, 1249 (1981). 
5. D. SMITH-MAGOWAN and R. H. WOOD. J. Chern. Thermodyn. 

13, 1047 (1981). 
6. P. S. Z. ROGERS and K. S. PITZER. J. Phys. Chem. 85, 2386 

(1981). 
7. J. A. BARBERO, L. G. HEPLER, K. G. MCCURDY, and P. R. 

TREMAINE. Can. J. Chern. 61, 2509 (1983). 
8. P. R. TREMAINE, K. SWAY, and J. A. BARBERO. J. Solution 

Chern. In press. 
9. J .  P. HERSHEY, S. SOTOLONGO, and F. J. MILLERO. J. Solution 

Chern. 12, 233 (1983). 
10. J. P. HERSHEY, R. DAMESCENO, and F. J. MILLERO. J. Solution 

Chem. 13, 825 (1984). 
11. J. K .  HOVEY and P. R. TREMAINE. Geochim. Cosmochirn. Acta. 

In press. 
12. International Critical Tables. Vol. 3. McGraw-Hill Book Co., 

Inc., New York. 1928. pp. 70 and 97. 
13. L. H. MILLIGAN. J.  Am. Chern. Soc. 44, 567 (1922). 
14. K. FAJANS and 0. JOHNSON. J.  Am. Chem. Soc. 64,668 (1942), 
15. F. J. MILLERO. In Water and aqueous solutions: structure, 

thermodynamics, and transport processes. Edited by R. A. Home. 
Wiley-Interscience, New York. 1972. Chapt. 13. 

16. P. PICKER, E. TREMBLAY, and C. JOLICOEUR. J. Solution Chern. 
3, 337 (1974). 

17. G. S. KELL. In Water-a comprehensive treatise. Edited by F. 
Franks. Plenum, New York. 1972. 

18. J. L. FORTIER, P.-A. LEDUC, and J. E. DESNOYERS. J. Solution 
Chern. 3, 323 (1974). 

19. L. HAAR, J. GALLAGHER, and G. S. KELL. NBS/NRC Steam 
Tables. Hemisphere, New York. 1984. 

20. P. S. Z. ROGERS and K. S. PITZER. J. Phys Chern. Ref. Data 11, 
15 (1982). 

21. F. J. MILLERO. Chern. Rev. 71, 147 (1971). 
22. T. F. YOUNG and M. B. SMITH. J. Phys. Chern. 58,716 (1954). 
23. G. AKERLOF and J. TEARE. J. Am. Chern. Soc. 60, 1226 (1938). 
24. K. S. PITZER and J. J. KIM. J. Am. Chern. Soc. 96,5701 (1974). 
25. K. S. PITZER. J. Solution Chern. 4 ,  249 (1975). 
26. D. J .  BRADLEY and K. S. PITZER. J. Phys. Chern. 83, 1599 

(1979). 
27. 0. ENEA, P. P. SINGH, E. M. WOOLLEY, K. G. MCCURDY, and 

L. G. HEPLER. J. Chern. Thermodyn. 9, 731 (1977). 
28. K. S PITZER. J .  Phys Chern. 87, 2360 (1983). 
29. R. N. ROY, J. J .  GIBBONS, J. C. PEIPER, and K. S. P~TZER. 

J. Phys. Chern. 87, 2365 (1983). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



A theoretical study on the oxidation mechanism of triose reductone in reference to L-ascorbic acid 
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Y ~ s u o  ABE, HIDEO HORII, SETSUO TANIGUCHI, SHINICHI YAMABE, and TSUTOMU MINATO. Can. J. Chem. 64, 360 (1986). 
The oxidation of triose reductone H-CM(OH)=C(OH)-H (which has the same functional group as L-ascorbic acid) to 

dehydroreductone is investigated by ab initio molecular orbital computations. The geometries of the substrate, oxidized product, 
and of six possible intermediate species are optimized by gradient methods at the STO-3G basis set level. All the species are 
found to be planar and stable molecules by the vibrational analysis. The most possible oxidation route is shown to consist of 
four steps. The combination of the enediol and carbonyl groups in the deprotonated molecule 2 gives an effective .rr conjugation 
for the electron removal. The oxidation process of L-ascorbic acid is discussed on the basis of the results for triose reductone. 

Y ~ s u o  ABE, HIDEO HORII, SETSUO TANIGUCHI, SHINICHI YAMABE et TSUTOMU MINATO. Can. J. Chem. 64, 360 (1986). 
Faisant appel B des calculs ub initio d'orbitales moltculaires, on Ctudie l'oxydation de la triose rtductone H - C M ( O H ) =  

C(OH)--H (qui a le mCme groupe fonctionnel que l'acide L-ascorbique) en dthydrortductone. On a optimis6 les gComCtries du 
substrat, du produit oxydC et de six espkces intermediaires possibles en utilisant les mtthodes de gradient au niveau de l'ensemble 
de base STO-3G. L'analyse vibrationnelle indique que toutes ces espbces sont planaires et stables. On montre que la voie 
d'accks la plus probable aux produits d'oxydation comporte quatre Ctapes. La combinaison de l'knediol et des groupes carbonyles 
dans la molCcule dCprotonCe 2 donne une conjuguaison .rr qui facilite le dCpart de I'Clectron. On discute de I'oxydation de l'acide 
L-ascorbique B partir des rksultats obtenus avec la triose rtductone. 

[Traduit par le journal] 

I. Introduction 
2,3-Dihydroxy-2-propenal is produced from dextrose by 

alkaline hydrolysis (1). It is called triose reductone (RH2) 
because of its reducing power. The reductone is the simplest 
molecule having an enediol group. The physiologically impor- 
tant L-ascorbic acid (Vitamin C) is a typical compound with this 
structural moiety. Kinetic studies on the oxidation of RH2 with 
oxygen ( 2 ) ,  peroxodisulfate (3), and hexacyanoferrate(II1) (4) 
have been reported. These data are comparable with those of 
L-ascorbic acid (5-7). Both of them are oxidized to dehydro 
forms with the successive one-electron removal. The probable 
reaction schemes from RH2 to dehydroreductone (propantrione, 
DR) are given in Fig. 1 (4). In the overall process 1+ 8, two 
protons and two electrons are lost. 

CH(OH)CH~OH 

0- 
I 

C-H 

RH2 L-Ascorbic acid 

It is of biochemical interest to examine the oxidation 
mechanism of RH2, because its functional group is thought to 
operate in the same way as that of L-ascorbic acid. If some 
differences of the reactivity are found, those should be ascribed 
to the five-membered ring and (or) the attached substituent of 
the latter molecule. In this work, the oxidation mechanism of 
RH2 to DR is examined by an ab initio molecular orbital (MO) 
calculation, and some transient species involved in Fig. 1 are 
also calculated. 

'~uthor  to whom correspondence may be addressed. 
'present address: Yuge Mercantile Marine College, Yuge-cho, 

Ochi-gun, Ehime 794-25, Japan. 

The motive of the theoretical approach comes from the 
following mechanistic interest. 
(1) In the equilibrium RH2 & RH- + H', which proton of RH2 

is removed? 
(2) Is the oxidation, RH2+ DR, the 7~ electron removal or the 

loss of the lone-pair electron on the oxygen atom? 
(3) How do the deprotonation and the electron loss work to 

convert RH2 to DR? 
(4) Are the intermediate species represented in Fig. 1 really 

stable? 
When these questions are solved, the oxidation process of 
L-ascorbic acid as well as RH2 will be clarified thoroughly. 

11. Method of calculation and experimental background 
The stable geometry and the electronic structure of each 

species in Fig. 1 are investigated. 1 , 2 , 3 , 7 ,  and 8 are calculated 
by the standard restricted Hartree-Fock (HF) method. For 4 ,5 ,  
and 6, the Pople-Nesbet unrestricted HF wavefunction is 
employed. Geometries are optimized with the STO-3G basis set 
by the use of the gradient technique implemented in the 
Gaussian 80 program (8). The one-point energy calculation 
is performed on the STO-3G geometry of each species with the 
3-2 1G+p basis set (i.e., 3-21G+p//STO-3G). As the diffuse 
polarization functions, the p-type GTO's are added to 3-21G. 
The exponent on the carbon atom is 0.034, and that on the 
oxygen atom is 0.059 (9). To check whether the optimized 
geometries correspond to the stable states, vibrational analyses 
are carried out. The second energy derivatives are obtained by 
differentiating the analytical first derivatives numerically. 

According to the kinetic data (4), the oxidation rate constant 
of 2 + 5  is 1000 times larger than that of 1+4.  The 
rate-determining step of the RH2 oxidation has been shown to be 
2+ 5  in the range of 5 > pH > 2. This is because the second 
oxidation 5+ 7  is quite rapid. The route 1+ 2+ 5+ 7  + 8 
is, therefore, most likely. An alternative route 1+ 2+ 5+ 
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-e - e 
H-C-C=C-H - H-C-C=C-H - H-C-C-C-H 

I1 I 1 
0 OH O- 

II I I 
0 OH 0' 

II II I1 
0 o+-H 0 

2 5 7 

- e - e 
H-C-C=C-H H-C-C=C-H - H-C-C-C-H 

I1 I I 
0 0- 0- 

I I I 
0 0- 0' 

I1 II II 
0 0 0  

3 6 8(DR) 
FIG. 1. The probable oxidation scheme (RH2 + DR) suggested from the kinetic measurements (4). Important routes are specified by bold 

lines. 

6 +  8 is also probable. Radical species 5 and 6 coexist in the 
equilibrium state (pK, = 1.4) (10). Since the oxidation rate 
constants of 5 +  7 and 6 +  8 are not available, we can hardly 
judge which route is more important. However, they differ only 
in the sequence of the deprotonation and the second oxidation. 
This is independent of the rate-determining step and is a minor 

I difference. First, five species involved in the route 1 + 2+ 5 + 
7 +  8 are analyzed in detail. Second, others including 6 are 

I examined briefly. 

111. Results of geometry determination 
The geometry of each species in Fig. 1 is examined. In Fig. 2, 

the structure of RH2 (planar) is given together with the observed 
X-ray data (1 1). The agreement of the covalent bond length 
between the two is satisfactory. Since it is the gas-phase data, 
two intramolecular hydrogen bonds are formed, O;..H, and 
O;..Hf. Encouraged by the similarity, we obtain the structures 
of the transient species and the product DR, which are shown in 
Fig. 3. The vibrational analysis demonstrates that they are all 
stable molecules (all the harmonic frequencies are real). In Fig. 
4 ,  their energy levels and zero-point vibration energies are 
drawn. Since these energies are for the gas phase, they do not 
correspond to the thermodynamic quantities in the aqueous 
media. Solvation to species will change the energy levels 
significantly. However, the solvation energy for each species is 
thought to be of a similar magnitude. A comparison of the 
reactivity by the use of the energy diagrams in Fig. 4 seems to 
be useful. For instance, the result of k(2+ 5)lk(l+ 4) = 1000 
mentioned in the previous section is explicable. The energy 
change along the oxidation 2 +  5 is +30 kcal/mol(endo- 
thermic), while that along 1+ 4 is + 188 kcallmol. Although 
qualitative, this energy difference corresponds to the large ratio 
of rate constants. 

The effect of the diffuse p-type orbitals on total energies is 
examined. The largest stabillzing energy, + 9 1.5 kcallmol, 
relative to the 3-21G value is gained in the di-anion 3. The 
anions 2 and 6 get the energy of - + 50 kcallrnol. The stabilizing 
energy by 3-21G+ 3-21G+p of the neutral species is about 
+30 kcallmol, and that of cations is + 17 kcallmol. Thus, the 
inclusion of diffuse orbitals is important to evaluate properly the 
energy of anions. 

FIG. 2. The structure of triose reductone optimized with the MO 
calculation of the STO-3G basis set. The bond distance and angle are in 
Angstroms and in degrees, respectively. The X-ray experimental data 
in parentheses (italic) are taken from ref. 11. The X-ray 0,-Hf bond 
length 0.73 A is somewhat doubtful. The small letters (a, b, . . . , and j) 
are used to specify atoms. Underlined numbers denote the atomic 
electron density calculated by 3-21G+p//STO-3G. 

In the reversible deprotonation step 1 a 2 ,  H: is removed. 
An alternative model where H i  is taken off is found to be 
23.2 kcallmol less stable than 2. The problem of which proton, 
H: or H i ,  is more removable may be solved by the 
frontier-electron theory of Fukui. The lowest a* (in-plane) MO 
is antibonding for Oj-H, and 0,-Hf bonds. The latter 
contribution to the MO is larger. This predicts the 0,-Hf bond 
cleavage for the nucleophilic attack and the deprotonation. In 
the step 1+ 2,  some noticeable geometric changes take place. 
The single C b a c  bond in 1 is converted to the carbonyl group 
in 2. Two C 4  bonds of 2 are almost identical (1.42 and 
1.41 A), whereas they are distinguishable as single and double 
bonds in 1 .  The anion species 2 is a conjugated system and its n 
electrons are readily ejected. When a TT electron is abstracted 
from 2,  the neutral radical 5 (RH- is formed. The geometry of 5 
is not so different from that of 2. 
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Energy (a. u.) 
3-21G+p//STO-3G 

I 

FIG. 5. Shape of the sing1 occupied molecular orbital (SOMO) of 5. 
Contour lines are in BohrPK. When the sign of the lines is switched 
(broken line + full line and vice versa) along a covalent bond, SOMO 
is antibonding there. The cut plane for this density map is 1 A above the 
molecular plane. 

FIG. 4. The total electronic energies (bold lines) with the 3-21G+p 
basis set and zero-point vibration energies (broken lines with STO-3G, 
in kilocalories per mole relative to the bold lines) for eight species in 
Fig. 3. Values in parentheses denote the stabilizing (<0) and 
destabilizing (>O) energies in kcal/mol. From the left to the right, two 
electrons are lost (44+ 43 + 42). 

Next, the second oxidation 5 +  7 is considered. A large 
geometry distortion is caused by this electron loss. Two C 4  
bonds get the single bond character by 5 + 7. The C,-Oj-H, 
site is the hydroxyl group in 5 ,  whereas it is the protonated 
carbonyl group in 7 .  This change is shown by that of bond 
lengths(-H=0.99+ 1.0lAandc--o= 1.39+ 1.28A). 
In the step 7 +  8, the proton H l  is removed and the molecular 
skeleton is kept almost constant during this deprotonation. The 
oxidized product 8 (DR) is a triketone in which the IT 

conjugation is only about one third of that of 6. In view of the 
process 1 + 2 + 5 -, 7 + 8, 1 + 2 and 5 + 7 involve signifi- 
cant geometric changes, i.e., the conversion of the C 4  bond 
character and hydroxyl + protonated carbonyl. 

Geometries of other species 3, 4, and 6 shown in Fig. 3 are 
discussed. Through the double deprotonation from 1, 3 is 
formed. It is a conjugated IT electron system. The presence of 
the dianion (R~-)  3 was proposed by the uv spectra (2). The 
present vibrational analysis confirms the experimental result. 
After an electron removal from 3, 6 is produced with a small 
geometric change. The anion radical 6 would be generated 
effectively by the deprotonation of 5 rather than by this 
oxidation of 3. The difficulty of the latter route arises from the 
small concentration of 3 (pK,([[, = 13.0 of RH?). The second IT 

electron loss from 6 leads to 8 with a marked geometry 
variation. 

The intermediates 4, 5 ,  and 6 are all conjugated systems, 

because they are calculated to be planar. From them, IT electrons 
are readily removed by oxidizing agents such as hexacyanofer- 
rate(II1). Radical species are detected both by pulse radiolysis 
(10, 12) and by esr (electron spin resonance) spectroscopy (13, 
14). In the latter case, they are generated by the autoxidation of 
RH2 with peroxidase catalyst. The present calculation confirms 
that odd-electron systems 5 and 6 are stable intermediates. We 
may therefore identify these as the esr measurable radical 
intermediates. In fact, the esr spectrum of 6 has been recorded 
by Yamazaki et al. (14). 

IV. Discussion of the oxidation mechanism 
From RH2 to DR, various oxidation routes are illustrated in 

Fig. 1. Kinetic measurements have supported two routes 
1 + 2 + 5 + 7 + 8 a n d 1 + 2 + 5 + 6 + 8 ( 5 > p H > 2 ) . T h e  
electronic nature of molecules involved in the former is 
examined. In the step 1 + 2,  a proton removal raises the energy 
level of the highest occupied MO (HOMO). HOMO is of the IT 

bond nature and an electron may be released readily in the step 
2-+ 5.  It is noted that this electron abstraction does not occur 
from the lone-pair (n)  orbital on the 0, atom. Mobile IT 

electrons in the conjugated system 2 are more easily removed. 
The radical species 5 is generated in the step 2- 5. The singly 
occupied MO (SOMO) is also a IT orbital and its spatial 
extension is drawn in Fig. 5. An odd electron is delocalized over 
the molecular skeleton. At the C b X a X d  chain, it is bonding. 
In the second oxidation 5 +  7 (i.e., the loss of the SOMO 
electron), therefore, two C 4  bonds are to be elongated. In 
fact, 7 has two C 4  single bonds. SOMO is antibonding at 
three C - 4  bonds. This leads to their shortening for the second 
oxidation. In 7 ,  three C--0 bonds attain the carbonyl character. 
Thus, the geometric change in 5 + 7 is understandable in terms 
of the nodal properties of SOMO. The loss of the SOMO 
electron naturally gives the geometry of the protonated triketone 
7.  Once the protonated triketone 7 is produced, the proton HJ 
may be removed in the aqueous solution. The hydration to the 
Oj-H, bond causes the proton transfer, DRH' (7) + H 2 0  + 
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t' 
1.17\ 

\ 
occurs, the route 1- 2- 5- 6- 8 predominates. If the 

q g  out-of-plane T electron loss takes place primarily, the route 
1- 2- 5- 7- 8 is operative. 

?:.I6 

The role of the carbonyl C d - 4 ,  bond (see Fig. 2) is 
discussed. First, the hydration to this group enhances the 

138.@98 

solubility of RH2. Second, electronically this group is important 
to elongate the conjugate chain. In fact, it has a semi-single 
bond character (= 1.32 A) in 5. Thus, for the easier oxidation of 
the enediol group, the role of the carbonyl adjacent to it is 

FIG. 6. The optimized structure of the protonated propantrione 7 indispensable. 
(DRH+)-water system. Through the hydrogen bond, the proton 
attached to DR may be moved readily to water. V. The oxidation of L-ascorbic acid 

DR (8) + H30+.  A model of this hydrogen-bond system is 
tested. The optimized geometry of DR...H+...0H2 is obtained 
and is exhibited in Fig. 6. An almost symmetric hydrogen-bond 
(1.16 = 1.17 A) is calculated, through which the proton transfer 
would take place readily in aqueous media. This leads to the 
product DR 8. Thus, the second 7r-electron loss and the proton 
transfer are combined to cany on the reaction. The former takes 
place out of the molecular plane, while the latter occurs in the 
plane. The same discussion holds for the reversible step of the 
proton transfer 5 6. This belongs to the second important 
route 1 - 2- 5- 6- 8. The proton HE of 5 is readily 
removed. The a* (in-plane) vacant MO of 5 is Oj-HE 
antibonding and low-lying. The hydration to H l  leads smooth- 
ly to the production of 6.  While the deprotonation 2- 3 is 
difficult, 5- 6 is easy. The difference is ascribed to that of the 
a* MO energy levels (0.47 au of 2 vs. 0.25 au of 5, whereas 
0.23 au of 1). A comparison of total energies shown in Fig. 4 
also shows the difficulty or the ease of deprotonation. The 
energy gap between 2 and 3 is larger than that between 5 and 6. 
This difference indicates that 5- 6 is easier than 2- 3. 

Two possible routes are related to the fact that the radical 5 
has two functional sites. If the in-plane proton transfer from 5 

The oxidation scheme of RH2 seems to be applicable to that of 
L-ascorbic acid. According to the neutron-diffraction data (15), 
its five-membered ring is almost planar. Radical intermediates 
in the oxidation of the acid were reported by the radiolysis-esr 
studv (16). This work has shown that the radical anion is 
pro&ckd by the oxidation in neutral and basic solutions and its 
odd electron is spread over a highly conjugated tricarbonyl 
system. The protonation to the C2 position was assumed. In the 
present computational study, the assumption is shown to be 
valid, as far as the RH2 - Vitamin C analogy is applicable. The 
figure of the protonation of the ascorbate radical is taken from 
the literature (16). In the equilibrium 6 * 5,  the spin densities 
calculated with 3-21G+p are exhibited. In both species, spin 
polarization takes place. In particular, the localization of the 
spin density of C2 of I, is well reproduced by the large density 
(0.96) on the C, atom of 5.  

In view of the present result and the well-documented 
presence of the ascorbate radical, the oxidation mechanism of 
L-ascorbic acid may be deduced as shown in Fig. 7. The 
five-membered ring seems to increase the stability of the 
intermediate radical. Aside from this and the dependence of the 
kinetics on the pH, there weould be no reason to distinguish the 
oxidation mechanism of RH2 from that of L-ascorbic acid. 

%*H 0.47(2), 0.25(5), 0.23(1) VI. Concluding remarks 
LUMO(I* ) - charge- transfer (CT) \ Although the solvent effect is not included, the oxidation 

process of triose reductone is clarified theoretically with the aid 
HOMO(K) ::; -0-9- of kinetic information. The mehanism is partitioned into four 

or SOMO(JT) steps, 1- 2,  2- 5, 5- 7, and 7- 8. After a proton is 
water 

1 ,2o r5  removed from the substrate through electrolytic dissociation 

H equilibrium, two T electrons (not n electrons) are removed in a - stepwise manner. At the second oxidation, the hydroxyl group 

CT is converted to the protonated ketone, followed by the proton 
transfer. An alternative route 1 - 2- 5- 6- 8 is competitive 

High lying %dfH level 4 small CT -+ proton transfer difficult ( 2 ) With route, because the radical intermediate 5 has two 
Low lying q!H level -+ large CT -+ proton transfer easy ( 1  and 5 )  functional sites. 
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Suggested Oxidation Mechanism of L-Ascorbic Acid 

2' 5' 1' 
L- Ascorbic Acid (ll radical 

Oehydroascorbic Acid 

FIG. 7. Suggested oxidation mechanism of L-ascorbic acid (Vitamin C). The alternative route 1' + 2' + 5' + 6' + 8' is omitted in the figure for 
simplicity. 

Reviewing these results, we may answer four questions 
presented in the Introduction. 
(1) In the equilibrium RH, RH- + H + ,  the leaving proton is 

H:. The deprotonation from the right-side hydroxyl group in 
1 is needed to elongate the 7~ conjugated chain. 

(2) In any oxidation step in Fig. 1 , ~  electrons are taken off. The 
important intermediates 2, 5 ,  and 6 have mobile 7~ electrons 
which are readily removed. 

(3) Deprotonation occurs through the hydrogen bond between 
the substrate and a water molecule. Deprotonation raises the 
H O M O  energy levels for the easier oxidation. The in-plane 
proton transfer and the 7~ electron loss work cooperatively. 

(4) All the intermediate species suggested in Fig. 1 are found to 
be stable, according to the STO-3G optimization and vibra- 
tional analysis. 
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J.  RUGGIERO, R. SANCHES, M. TABAK, and 0. R. NASCIMENTO. Can. J .  Chem. 64, 366 (1986). 
Conventional and saturation transfer (electron spin resonance) techniques are used to study the motional properties of several 

spin labels introduced in three proteins: lysozyme, sperm whale myoglobin and human hemoglobin. The mobilities of a 
maleirnide spin label which binds covalently to the proteins, as well as of two small probes TEMPO and PD-TEMPOL were 
monitored in the temperature range from - 10 to - 150°C for samples in the dry and solution states. The three proteins 
show a similar temperature dependence as indicated by the parameters 2A,, and A H .  A small linear increase in 2A,, 
with decrease in temperature is observed for the dry samples. For the proteins in solution, on the other hand, the 2A,, 
temperature dependence shows a change of behaviour around -60°C that is related to the freezing of the water molecules in 
the hydration shell. The changes observed for the parameter A H  are such that at temperatures below -60°C A H  is greater for the 
solution sample, while at temperatures above -60°C A H  is greater for the dry sample. Saturation transfer measurements show 
that the motion of the spin label is very restricted in all systems (T, > lo-%) in the temperature range studied, so that the residual 
librational motion of the label is sensitive to the hydration, being responsible for the observed changes of the esr parameters with 
temperature. 

J .  RUGGIERO, R. SANCHES, M. TABAK et 0 .  R. NASCIMENTO. Can. J .  Chem. 64, 366 (1986). 
Faisant appel aux techniques de la rpe (resonance paramagnetique Clectronique) par transfert conventionnel et par transfert de 

saturation, on Ctudie le mouvement des marqueurs de spin introduits dans trois protkines, soit la lysozyme, la myoglobine du 
sperme de la baleine et l'hemoglobine humaine. Dans un intervalle de temptrature allant de - 10 a - 150°C et operant sur des 
Cchantillons secs ou en solution, on a mesurt les mobilites du marqueur de spin de la maleirnide, qui se lie par covalence aux 
prottines, ainsi que les mobilites de deux petites sondes, TEMPO et PD-TEMPOL. En se basant sur les parametres 2A,, et sur le 
A H ,  on peut en dkduire que les trois prottines subissent l'effet de la temperature de la mCme f a~on .  Dans le cas des Cchantillons 
secs, on observe une faible augmentation lineaire du parametre 2A,, lorsque la temperature diminue. D'autre part, dans le cas des 
proteines en solution, I'effet de la temperature sur le parametre 2A,, change aux environs de -60°C et ceci qui correspond au point 
de congelation des moltcules d'eau dans la sphkre d'hydratation. Les changements observts sont tels qu'a des temperatures 
inferieures a -60°C, le AH de l'kchantillon en solution est plus tleve tandis qu'au dessus de -60°C le AH de l'echantillon sec est 
plus eleve. Les mesures de rpe par transfert de saturation indiquent que dans l'intervalle de temperature Ctudit, le mouvement du 
marqueur de spin est tres restreint dans tous les systkmes (T, > lo-%). Par conskquent, le mouvement residue1 de libration du 
marqueur est sensible a l'hydratation et est responsable des changements des parametres de la rpe en fonction de la temperature. 

[Traduit par le journal] 

Introduction 
The hydration of biomolecules has been studied by several 

techniques such as calorimetry, absorption isotherms, infrared 
spectroscopy, nuclear magnetic relaxation (1,2), thermal stim- 
ulated depolarization (3), and computer simulation (4,5). Large 
discre~ancies are observed when results obtained from different 
methdds are compared. This is expected if one considers that 
different physical properties are probed in each case. Despite 
this difficulty in correlating new information with the known 
data, the hydration of macromolecules is an interesting subject 
for further studies. 

The use of esr measurements to study the hydration of 
proteins was first proposed by Rupley et al. (6). They suggested 
that significant changes in the motional properties of a spin label 
(TEMPONE)3 could be followed as a function of the s a m ~ l e  
hydration and interpreted as changes in the internal dynamics'of 

' ~ u t h o r  to whom correspondence may be addressed. 
2~evision received September 13, 1985. 
3~bbreviations: TEMPONE: 4-oxo-2,2,6,6-tetramethylpiperi- 

dine-l-oxyl; MAL-6: 4-maleimido-2,2,6,6-tetramethylpiperidine- 
1-oxyl; TEMPO: 2,2,6,6-tetramethylpiperidine- 1 -0xy1; PD-TEM- 
POL: 4-hydroxy-d17-2,2,6,6-tetramethylpiperidine-l-oxyl; esr: 
electron spin resonance; st-esr: saturation transfer electron spin res- 
onance. 

the protein. The exclusion of possible structural changes 
induced in the protein by dehydration was crucial in the 
interpretation of these results. The absence of such structural 
changes was also suggested by Raman (7) ,  infrared reflectance 
(8), and photoacoustic (9) spectroscopic studies. 

The spin label motion as a function of temperature of 
hemoglobin-MAL-6 samples in the dry and solution states was 
studied by Johnson (10). For the lyophilized sample he observed 
spectral changes that were related to the librational motion of the 
spin label. A hydrogen bonding of the spin label to the protein or 
to a water molecule was the explanation given for the spectral 
changes observed for the solution sample. 

These studies led us to consider the relevance of the spin label 
used and also the influence of the protein studied on the results 
obtained as a function of hydration. We propose to describe in 
this communication the esr studies in the dry and solution states 
of three different proteins: lysozyme, rnyoglobin, and hemoglo- 
bin using the spin labels: MAL-6, TEMPO, and PD-TEMPOL, 
as a function of temperature. 

Experimental 
Sample preparation 

Hemoglobin solution was obtained from whole blood from healthy 
donors. The red blood cells were washed three times in phosphate 
buffered saline (135 mM NaC1, 5 mM phosphate, pH 7.4) and 
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hemolysis was achieved by dilution of equal volumes of packed cells 
and distilled water. The hemolyzed cells were centrifuged for 40 min at 
20000 rpm (Sorvall RC-5B refrigerated centrifuge) at 4OC, and the 
supernatant hemoglobin solution was maintained, discarding the 
pelleted membranes. The hemolyzate was then filtered in a Sephadex 
G-25 column (1 1) avoiding substantial dilution. This hemoglobin 
solution was used in our studies. Solutions of sperm whale myoglobin 
and egg-white lysozyme were obtained by dissolving the lyophilized 
commercial material (Sigma Chemical Co.) in phosphate buffer 0.05 
M, pH 7.0 so that the protein concentration was approximately 10%. 
After dilution a centrifugation step was used to remove unsoluble 
material from the solution. 

Spin labeling of the proteins 
Hemoglobin solution was spin labeled with 2,2,6,6-tetramethyl- 

piperidino- 1 -oxyl (TEMPO, Aldrich Chem. Co.) and 4-hydroxy- 
2,2,6,6-perdeuterotetramethylpiperidine- 1 -oxyl (PD-TEMPOL Merck 
Co.) in the following way: an aliquot of a stock solution of the 
label (approximately 10 mM) was introduced into the bottom of a test 
tube and dried under a N2 flux. Then the hemoglobin solution was added 
on top in such volume as to make the final spin-label concentration 
2 x  M for PD-TEMPOL and 5X M for TEMPO. In the case 
of the reaction of myoglobin and lysozyme with 4-maleimido-2,2,- 
6,6-tetramethylpiperidino-1-oxyl (MAL-6, Aldrich Chem. CO.) the 
procedure was similar: an aliquot of a stock solution of M A L d  in 
acetone was introduced into the bottom of a test tube and dried under 
N2. Then the protein solution was added in such a way as to make the 
following proportions: MAL-6lmyoglobin 1 : 1 and MAL-6/lysozyme 1 : 1. 
The reaction mixture was left in the refrigerator at 4°C for 38 h. The 
excess spin label was removed by filtration of the reaction mixture in a 
small Sephadex G-25 column. All the labeled samples were lyophilized 
and dried over P205 in order to obtain the dry samples. In some experi- 
ments the sample was then exposed to a known water vapour pressure 
in a saturated salt solution container. The solution sample was used 
after the Sephadex G-25 filtration step. 

Electron spin resonance measurements 
Conventional esr and st-esr spectra were obtained using a Varian 

E-109 X-band spectrometer (9.14 GHz) equipped with a rectangular 
cavity E-248 and the temperature control accessory E-257. The 
temperature was monitored by a copper-constantan thermocouple at- 
tached to a Fluck ~otentiometer. The microwave vower used was 2 mW 
and modulation amplitude 1.0 G .  The st-esr spectra were obtained as 
the second harmonic out-of-phase signal. The self-null method was 
used in the adjustment of phase (12) with the sample in the cavity, 
modulation amplitude 5.0 G and 1-mW microwave power. After this 
adjustment the power was increased to 64 mW (measurements were 
also made at 30 mW at lower temperatures) and the second harmonic 
out-of-phase signal recorded. In the case of hemoglobin spin labeled 
with TEMPO or PD-TEMPOL, adjustments of phase were also made 
at the 0.1-mW power level, as at the lowest temperatures the sample 
is more readily saturated. The analysis of the st-esr spectra was made 
by comparison of the experimental spectra parameters L"/L and C'IC 
with calibrations obtained by Thomas (12). 

Results and discussion 
Covalent spin labels 

In Fig. 1 the conventional esr spectra of spin labeled 
myoglobin are presented for different temperatures. In Fig. l(a) 
the spectra were obtained for the solution sample while Fig. l(b) 
is for the dry sample. The parameters used in our analysis are 
2A,,, the splitting between the outer hyperfine lines, and A H ,  
the linewidth at half height of the low field line. The spectra 
obtained with spin labeled lysozyme, in the temperature range 
- 10 to - 150°C, are similar to those of myoglobin, so that the 
spectra in Fig. 1 are characteristic of the two proteins. A careful 
inspection of the spectra shows clearly an increase in AH and 
2A,, as the temperature is lowered. 

In Fig. 2(a) the parameter 2A,, from the esr spectra is plotted 

FIG. 1. (a) Conventional esr spectra of myoglobin-MAL-6 aqueous 
solution. The temperature is indicated in the spectrum as well as the esr 
parameters 2A,, and AH. (b) Conventional esr spectra of myoglobin- 
MAL-6 dry powder sample. The temperature is indicated in the 
spectrum. 

as a function of temperature for lyophilized and aqueous 
solution of myoglobin-MAL-6. For both samples a decrease is 
observed in 2Azz with an increase in temperature, with the dry 
sample having a lower 2A,, value over almost the whole 
temperature range studied. For the dry sample a single straight 
line could be fitted to the data as shown in Fig. 2(a). On the 
other hand, two straight lines were fitted to the data for the 
solution sample, one for temperatures below -60°C and 
another above this value. It is interesting to note that for the low 
temperature region the behavior of the two samples is similar, 
i.e., the straight lines fitted to the data are practically parallel, 
indicating that the rate of change of 2A,, is the same. Above 
-60°C there is a faster decrease in 2A,, for the solution sample, 
so that above ca. - 10°C the value for the solution is smaller than 
the value for the dry sample. 

In Fig. 2(b) the plot of the temperature dependence of the 
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FIG. 2. (a) The parameter 2A,, as a function of temperature for 
myoglobin-MAL-6 samples. The straight lines are least-square fits to 
the experimental points. Key: (A) aqueous solution; (0) lyophilized 
sample (water content: 0.12 g H20/g myoglobin). The error in the 
measurement above - 100°C is 0.3 G; below - 100°C it is increased to 
0.5 G due to the broadening which introduces additional error 
especially in the high field. The bars in the figure correspond to the 
errors indicated above. (b) The linewidth of the low field line as a 
function of temperature for myoglobin-MAL-6 samples. Key: (A) 
aqueous solution; (0) lyophilized sample (water content: 0.12 g H20/g 
myoglobin). The error in AH is the same as in Fig. 2(a). 

linewidth of the low field line is shown for the two samples of 
spin labeled myoglobin. A general decrease of AH is observed 
with an increase in temperature. In this case a different behavior 
can be noticed for the dry and solution samples below and above 
ca. -60°C. At lower temperatures (below -60°C) the linewidth 
for the dry sample is less than for the solution sample, while at 
temperatures above -60°C the linewidth for the solution sample 
is less than that for the dry sample. The variation of linewidth for 
the dry sample over the whole temperature range (A(AH) = 3 G) 
is less than that for the solution sample (A(AH) = 5 G). The 
error of the AH measurement is estimated to be 0.4 G. 

In Figs. 3(a) and 3(b), respectively, the parameters 2A,, and 
AH are presented as a function of temperature for lysozyme- 
MAL-6 with different water contents. The behavior of these 
parameters described for myoglobin is also valid in this case. 
The variation of 2A,, for the dry sample is very small, while for 
the solution sample it is considerable. Again, for the dry sample 
a unique rate of decrease of 2A,, with temperature is observed, 
while the solution sample shows this same rate below -60°C 
and a faster rate above -60°C. Over the whole temperature 
range, the variation of AH for the solution is greater than that for 
the dry sample. The two curves cross near -60°C, so that below 
this temperature the value for the solution is larger while above 
this temperature the value for the dry sample is larger. The 
experiment with lysozyme with an intermediate water content 

FIG. 3. (a) The parameter 2A,, as a function of temperature for 
lysozyme-MAL-6 samples. The straight lines are least-square fits to 
the experimental points. Key: (A) aqueous solution; (0) lyophilized 
sample (water content: 0.07 g H20/g lysozyme); (x) intermediate 
water content sample (0.45 g H,O/g lysozyme). The error is the same 
as in Fig. 2(a). (b) The linewidth of the low field line as a function of 
temperature for lysozyme-MAL-6 samples. Key: (A) aqueous solution; 
(0) lyophilized sample (water content: 0.07 g H20/g lysozyme); (x) 
intermediate water content (0.45 g H20/g lysozyme). The error is the 
same as in Fig. 2(a). 

(0.45 g H 2 0 / g  protein) resulted in a 2A,, plot lying between the 
data for the dry and solution samples (Fig. 3(a)). Below ca. 
-45°C a straight line could be fitted to the data and it is parallel 
to the one fitted to the lyophilized sample data. Above ca. -45°C 
another straight line could be fitted to the data, with a slope 
between those obtained for the dry and solution samples. As 
shown in Fig. 3(b), -45°C is also the temperature at which the 
AH data obtained for this intermediate water content sample and 
for the lyophilized sample intersect. 

The changes observed for the parameters 2A,, and AH with 
temperature suggest that the spin label used is undergoing 
changes in motional properties (13,14). In order to verify this 
proposition the saturation transfer technique was used. In Fig. 4 
the st-esr spectra obtained for myoglobin samples at different 
temperatures are shown. Fig. 4(a) is for the solution sample, 
while Fig. 4(b) is for the dry one. The parameters obtained from 
these spectra are L / L  and Cr /C .  They have different 
sensitivities to slow motion; L"/L is the most sensitive and for 
this reason was the parameter of our choice. The values of L"/L 
obtained for several samples studied in this work are presented 
in Table 1. Comparison of these values with the calibration 
curves of Thomas (16) shows that below - 10°C the correlation 
times are greater than lop5  s. The direct comparison of the 
lineshapes of our st-esr spectra with those reported in the 
literature (1 5,16) also shows that in our case the labels are very 
immobilized. In this way, st-esr indicates that the label is very 
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FIG. 4. (a) The st-esr spectra of myoglobin-MAL-6 aqueous 
solution. The temperature is indicated in the spectrum. The st-esr 
parameters measured are also indicated. (b) The st-esr spectra of 
myoglobin-MAL-6 dry powder sample at different temperatures. 

immobilized so that the changes in 2A,, and AH are not due to 
motional changes of the label. 

The dependence of 2A,, with temperature for the lyophilized 
samples can be interpreted in terms of the librational motion of 
the spin label, as proposed by Johnson (10). This model is based 

\ 
on the fluctuations of the N 4  bond orientation with respect 

/ 
to the C-N--C plane of the nitroxide ring, which could 

produce torsional motion of the ring. This effect produces a 
temperature-dependent hyperfine separation of the form 

2AZZ(T)  = A: ( I  + cos 0 )  

where 0 = (RTIE~)"~, 0 being the half angle of oscillation, E A  
the torsional energy barrier, and 2 ~ : ~  the separation in absence 
of motion. For small oscillations it gives a linear dependence of 
2A,, with the temperature. This model was used to fit the 
experimental data for MAL-6 spin labeled lyophilized hemo- 
globin (10). For our lyophilized samples we observed this linear 
behavior over the whole temperature range studied. The 
solution samples at low temperatures also have this 2A,, 
dependence, indicating that in the frozen solution the presence 
of the water does not affect the spin label motion. Its presence, 
however, increases the local polarity of the medium, causing an 

\ 
increase in the spin density on the nitrogen in the N 4  group 

/ 
of the spin label, leading to an increase in 2A,,. The behavior of 
2A,, for the solution sample above -60°C can be explained as 
due to the thawing of the water of hydration, which will 
presumably facilitate the motion of the label. In the case of the 
lysozyme sample with intermediate hydration we found that the 
change in slope for the 2A,, vs. T plot takes place at a higher 
temperature (-45°C) and the slope of this curve is less than that 
for the solution sample; in this way this temperature of slope 
change and the slope at this region are probably strongly 
dependent on the hydration of the protein. In the solution 
sample, as the temperature is raised above - 10°C the free water 
also thaws and the spectra become typical of solutions. 
Therefore, below - 10°C the same model, i.e., librational 
motion of the spin label, can be used for the dry and solution 
samples. Johnson (10) explained the dependence of 2A,, upon 
temperature for hemoglobin-MAL solutions as due to the 

\ 
formation of a hydrogen bond between N=O group of the 

/ 
spin label and a proton that could be either in the protein (near 
the binding site of the label) or in a water molecule. The plots of 
the parameter 2A,, as a function of temperature obtained for 
the proteins studied in the present work are similar to those 
described in ref. 10. The change of slope in the 2A,, temperature 
dependence for the hemoglobin-MAL-6 solution sample in this 
reference also takes place around -60 to -70°C. This general 
behavior of 2A,, suggests that the hydrogen bond is probably 
not due to the specific site of attachment of the label in the 
protein, as it is common to all three proteins, but that it involves 
a water molecule. 

At a temperature near the transition between the first and 
second regions for 2AZZ, considerable changes in AH are 
observed. Near -60°C the dependence of AH for the dry and 
solution samples cross one another so that at temperatures 
below -60°C AH is greater for the solution sample, while at 
temperatures above -60°C AH is greater for the dry sample. The 
increase in linewidth with a decrease in temperature comes from 
the inhomogeneous broadening due to the methyl protons of the 
spin label and the protons of water molecules near the label. 
Below -60°C the water in the solution sample is frozen and 
there is electron-nuclear interaction with the water protons and 
with the spin label methyl protons. For the dry sample, the 
interaction is mostly with the methyl protons since very few 
water molecules are present, hence the lower value of AH 
obtained. Above -60°C the water of hydration in the solution 
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TABLE 1. The st-esr parameter L"/L at different temperatures* 

Mb-MAL-6 Hb-TEMPO Hb-PD-TEMPOL 
Lyso-MAL-6 Mb-MAL-6 dry powder dry powder dry powder 

Temperature, "C 0.45 gH20/g lyso solution 0.12gH20/gHb 0. 12gH20/gHb 0.12 g HzO/ Hb 

The st-esr parameter C f /C  in the temperature range -20 to - 

*From ref. 12 a value of L"/L of 0.98 corresponds to correlation times in the range lo-' - s; C'/C of 0.33 corresponds to correlation times in the 
range - loM4 s. 

samples thaws, allowing the methyl groups and the water 
molecules to move more freely. This motion makes the 
electron-nuclear interaction less effective, and results in a 
smaller AH if compared to the value for the dry sample, where 
the methyl proton interaction is still effective. The temperature 
of -60°C, as noted above, also corresponds to the change in 
slope for 2A,, vs. T plot. It is interesting that the linewidth 
changes described above can be observed directly from the esr 
spectra (Fig. 1): in the temperature range below -60°C, 
AH is increased in the solution sample to a greater extent 
than in the dry sample; the opposite occurs above -60°C. 
It is noticed that an improved resolution is obtained above 
-60°C for the solution sample in the central part of the esr 
spectra, consistent with the decrease in linewidth. Finally, it 
should be noted that the characteristic temperature for the 
lysozyme sample with intermediate hydration is the same both 
in the 2A,, vs. T and AH vs. T plots (-45°C). 

Noncovalent small spin probes 
Since the results obtained with MAL-6 spin labeled samples 

suggest a general behavior of 2A,, and AH for all .proteins 
studied, an attempt was made to monitor the hydration of the 
samples with small noncovalent spin probes: human hemoglo- 
bin was labeled with two different small spin labels, TEMPO 
and PD-TEMPOL. In this second label the piperidine ring has 
deuterium instead of hydrogen, decreasing the inhomogeneuous 
broadening due to the electron-nuclear interaction. In Fig. 5(a) 
the parameter 2A,, is presented for the spin labels TEMPO and 
PD-TEMPOL dissolved in hemoglobin solution and as dry 
powder samples. It can be seen that in the dry samples 2A,, 
changes are quite small: a slight increase with lowering of the 
temperature is observed. The hemoglobin solution samples 
show a greater change of 2A,, versus T: the slope of the curve 
becomes greater above ca. -60°C, and at low temperatures 
(below -60°C) the slope is similar to that in the dry sample. In 
fact, for PD-TEMPOL the slopes are the same. In this case, as 
the lines are relatively narrow and well resolved, 2A,, is 

measured with good accuracy (0.2 G). In the case of TEMPO 
the lines are broader and the accuracy of measurement is not as 
good (around 0.4 G). For this reason the slopes are not exactly 
the same for this label. This behavior of 2A,, vs. T is analogous 
to that obtained with the covalently labeled proteins. For the 
solution samples, again, a change of slope takes place around 
-60°C. On the other hand, the changes for the dry samples are 
quite small and linear over the whole temperature range. In Fig. 
5(b) the linewidth AH for the samples described above is plotted 
as a function of temperature: it is clear that AH is much less for 
PD-TEMPOL than for TEMPO. As noted previously in the 
case of PD-TEMPOL, the inhomogenous broadening due to the 
protons in the piperidine ring is eliminated. This accounts for 
the difference of about 2 G in AH for TEMPO and PD- 
TEMPOL. The behavior of AH with temperature shows a very 
slight change over the whole temperature range. Furthermore, 
the differences in AH between the dry and solution samples are 
within experimental error. This result is different from that with 
the covalent spin label, where the changes in A H ,  although 
small, are significant. Perhaps this is related to the fact that the 
covalent label is tightly bound to the protein, while the small 
spin probes do not interact with the protein that remains 
dissolved in the solution (or powder). For this reason the 
linewidths for TEMPO and PD-TEMPOL represent a static 
distribution of orientations, which is the same both in the 
powder and in the frozen solution. The presence of water affects 
only the polarity of the label, making 2A,, greater in the solution 
samples. In the case of the covalent label attached to the protein 
the linewidth is also affected by the restrictions imposed by the 
protein matrix. In this case the values of AH are not only given 
by a static distribution but also depend on the local state of the 
protein, which is a function of hydration. In this way the 
changes observed around -60°C can be correlated with the 
thawing of hydration water above this temperature: this will 
allow an increase in motion in the microenvironment of the spin 
label and a narrowing of the esr lines will take place for the 
solution sample (above -60°C, AH for the solution is smaller 
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FIG. 5. (a) The parameter 2A,, as a function of temperature for 
hemoglobin samples spin labeled with the small probes: TEMPO (A) 
aqueous solution and (0) dry powder sample (0.12 g HzO/g hemoglo- 
bin), and PD-TEMPOL (0) aqueous solution and (x) dry powder 
sample (0.12 g H20/g hemoglobin). The error in the case of TEMPO is 
the same as in Fig. 2(a). For PD-TEMPOL it is reduced to 0.2 G due to 
the narrowing of the lines. (b) The linewidth of the low field as a 
function of temperature for hemoglobin samples. Key: (0) lyophilized 
hemoglobin-TEMPO (water content: 0.12 g H20/g hemoglobin; (A) 
hemoglobin-TEMPO aqueous solution; (x) lyophilized hemoglobin- 
PD-TEMPOL (water content: 0.12 g H201g hemoglobin; (0) hemoglo- 
bin-PD-TEMPOL aqueous solution. 

than AH for the dry sample). This would explain the AH 
changes for the covalent label. The 2AZZ changes are similar for 
all the labels used, as they reflect the polarity of the microenvi- 
ronment. It is worth mentioning the results in refs. 17 and 18 on 
the dynamics of myoglobin at low temperature. These authors 
show that the mean-square displacements for most residues 
(2) as a function of temperature show a discontinuity around 
220 K (-53°C). It is suggested that these changes in the protein 
structure are correlated to the state of water in the protein. 
Studies of the absorption of microwaves in crystals of Met Mb 
also show a gradual thawing of water upon heating above 
-53°C (19). These results are in agreement with our data 
showing that a structural change takes place near -60°C. 

Conclusions 
Our conclusions can be summarized as follows. 
(1) The behavior of the parameter 2Azz with temperature is 

the same for the three proteins studied, hemoglobin, myoglo- 
bin, and lysozyme, as observed with the different spin labels, 
MAL-6, TEMPO, and PD-TEMPOL. This behavior must 
probably be common to all proteins and we believe reflects the 
sensitivity of the spin label to the polarity of its microenviron- 
ment. 

(2) The lyophilized samples show a small linear increase in 

2Azz with decrease in temperature. Again, this is a feature 
common to proteins and spin labels used in this work. A 
restriction of the spin label librational motion could be responsi- 
ble for this effect, as proposed by Johnson (lo),  although other 
possibilities are not excluded. 

(3) The behavior of the protein in solution for temperatures 
below ca. -60°C is similar to the lyophilized protein (2A,, 
versus T). At this temperature the water present is already 
frozen and its presence does not affect the spin label motion. 
However, it changes the polarity of the medium and this ex- 
plains the larger value of 2Azz observed for the solution sample 
compared to the lyophilized sample. As the temperature is 
increased above -60°C the water of hydration starts to thaw. 
This facilitates the spin label motion and a larger rate of change 
of 2Az, with temperature is observed. Around - 10°C the 
thawing of the bulk water causes another change in the 2Azz 
behavior. 

(4) In the case of the parameter AH it is necessary to analyze 
separately the covalent spin label and the small probes.  ort the 
covalent maleimide label, the dependence of AH upon temper- 
ature also shows -60°C as a characteristic temperature. Below 
-60°C the sample in solution has a larger AH value than the 
lyophilized sample, while above -60°C the inverse is true. This 
can be interpreted as due to a motional narrowing effect in the 
solution sample due to the thawing of hydration water. 

(5) The small probes TEMPO and PD-TEMPOL do not show 
differences in the behaviour of AH for solution and dry samples. 
This is exulained as due to a similar static distribution of label 
orientations in both samples. As expected, the linewidth AH for 
the deuterated label PD-TEMPOL is 2 G less than AH for 
TEMPO. This is due to the elimination of inhomogenous 
broadening in PD-TEMPOL. 

(6) The spectral changes observed as a function of tempera- 
ture suggest that the parameter 2AZZ is quite sensitive to the 
hydration state of the sample. Since the sensitivity of AH 
depends on the spin label used and since its variation is small, it 
might be interesting to study in more detail the 2Azz vs. T 
dependence as a function of protein hydration. 

(7) Electron spin resonance measurements, as proposed by 
Rupley et al. (6) can be another method used to study protein 
hydration. 
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Synthesis and characterization of LMo(CO)~M(PP~~),  (where L = tridentate 
pyrazolyl-gallate or -borate ligand; M = Rh, x = 2; M = Cu, x = 1). X-ray crystal 

structures of [MeGap~~lMo(C0)~Rh(PPh~)~  and [MeGap~~lMo(C0)~Cu(PPh~) 
(where pz = pyrazolyl, N2C3H3) 
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373 (1986). 

The reactions of the LMo(CO),- ions (L = MeGapz,, HBpz3, Me2Gapz(OCH2CH2NMe2)) with [Cu(PPh3)C1I4 and 
Rh(PPh3),C1 have yielded complexes with Mo-Cu and Mo-Rh bonds. The X-ray crystal structures of two such complexes 
have been determined. Crystals of [MeGap~~lMo(C0)~Cu(PPh~) are monoclinic, a = 17.071(2), b = 16.738(1), c = 23.641(3) 
A, P = 104.899(6)", Z = 8, space group P2,/n, and those of [MeGap~~lMo(C0)~Rh(PPh~)~ ,  aretriclinic, a = 12.519(3), b = 
17.182(4),c = 12.071(2)A, a = 105.02(1), P = 109.87(1), y = 97.10(2)O,Z = 2,spacegroupPl. Bothstructuresweresolved 
by conventional heavy atom methods and were refined by full-matrix least-squares procedures to R = 0.040 and R,, = 0.035 for 
6296 reflections with I  2 2o(4 and R = 0.036 and R, = 0.037 for 5642 reflections with I 2  3o(4, respectively. The former 
complex provides a rare example of a 3:3: 1, or capped octahedral structure, with a short (mean) Mo-Cu distance of 2.5 13(9) A. 
The latter compound displays one terminal and two bridging CO ligands and a Mo-Rh distance of 2.6066(5) A. 

GREGORY A. BANTA, BRENDA M. LOUIE, EMMANUEL ONYIRIUKA, STEVEN J. RETTIG et ALAN STORR. Can. J. Chem. 64, 
373 (1986). 

Les reactions des ions LMo(CO),- (L = MeGapz,, HBpz,, [Me2Gapz(OCH2Ch2NMe2)) avec le [Cu(PPh3)C1I4 et le 

I Rh(PPh3),C1 conduisent ?ides complexes comportant des liaisons Mo-Cu et Mo-Rh. On a dCtermlnC les structures cristallines 
I de deux tels complexes par diffraction des rayons-X. Les cristaux de [MeGap~~lMo(C0)~Cu(PPh~) sont monocliniques avec 

a = 17,071(2), b = 16,738(1), c = 23,641(3) A, P = 104,899(6)", Z = 8, groupe d'espace P2, / n  alors que ceux du [MeGapz3]- 
MO(CO),R~(PP~,)~ sont tricliniques aveq a = 12,519(3), b = 17,182(4), c = 12,071(2) A, u = 105,02(1), P = 109,87(1), 
y = 97,10(2)", Z = 2, groupe d'espace P1. On a rCsolu les deux structures par les mCthodes conventionnelles aux atomes lourds 
et on les a affinCes par la mCthode des moindres carrCs (matrice entiere) jusqu'a des valeurs respectives de R = 0,040 et R, = 

I 0,035 pour 6296 reflexions avec I >  2o(4  et R = 0,036 et R,,, = 0,037 pour 5642 rkflexions avec I 2  3o(4.  Le premier de ces 

I 
complexes reprksente un rare exemple d'une structure 3:3:1, une structure octaCdrlque cappCe, avec une distance Mo-Cu 
moyenne qui est courte, 2,5 13(9) A. Dans le dernier composC, on observe laprisence d'un ligand CO terminal avec deux agissant 
c o m e  ponts; la distance Mo-Ph est de 2,6066(5) A. 

[Traduit par le journal] 

Introduction Tetrahydrofuran(THF), benzene, CH2C12, and hexane were dried by 

The anionic, symmetrical, tridentate &elating rnethy1tris(l- refluxing over Na/benzophenone, potassium, CaH2 and CaS04, re- 
spectively, followed by distillation. Rh(PPh3),CI (Strem Chemicals) 

pyrazolyl)gallate ligand [MeGapz31-' was was used as supplied. The sodium salt of the methyl tris(1-pyrazoly1)- 
time ago as an Of Trofimenko's [ R B P ~ ~ I -  ligand gallate ligand, N ~ + [ M ~ G ~ ~ ~ ~ ] - ,  was as a THF solution as de- 
systems, (R = H, a l k ~ l ,  a r ~ l  Or pyrazolyl) (2). In addition we ,,"bed previously (1). The ligand Na+[Me2Gapz(OCH2CH2NMe2)]- 
have explored extensively the chelating properties of a number was also prepared as a THF solution as described in ref. 8. K+HBpz3- 
of unsymmetrical, uninegative, tridentate ligands having both (9), (MeCN),Mo(CO), (lo), and [Cu(PPh3)C1I4 (1 1) were prepared by 
the pyrazolyl group and an additional bifunctional donor entity literature methods. 

attached to a "Me2Ga" (ref. and references therein). SyntheslsofLMo(CO)3Rh(PPh3)2 (whereL = [MeGapz3], [HBpz3], or 
The above ligand systems, being six-electron donors, have been [Me2Gapz(OCH2CH2NMe2)]) 
likened to, and compared with, the cyclopentadienyl ion in  he Na+L- ligand solution (-0.4 -01 in 100 mL) was added to a 
many "isoelectronic" complexes (4-7). The present account stirred solution of an equimolar amount of (MeCN)3Mo(CO)3 (-0.1 g) 
details our recent findings on the reactivity of the LMo(CO)~- in the same solvent. The initial yellow coloration of the molybdenum 
ions (L = MeGapz3, HBpz3, Me2Gapz(OCH2CH2NMe2)) complex in THF changed to an amber colour on addition of the ligand 
towards Wilkinson's catalyst, ~ h ( p p h ~ ) ~ c l ,  and also towards solution. The reaction mixture was stirred for -2 days during which 

the [Cu(PPh3)Cll4 tetrameric species. ~~~~l~~~~ have been time the amber colour intensified. The resulting solution of Na'LMo- 

isolated containing direct Mo-Rh and Mo-Cu bonds, in (CO),- was reacted directly with Rh(PPh3),C1, added as a slurry In 
- 100 mL THF. The dark red reaction mixture was stirred for a further addition to Co ligands in a number Of bonding modes' 2 days and then the solvent was removed in vacua to afford dark 

data are presented for the two [ M ~ G ~ P z ~ I -  red-black residues. The residue was extracted with benzene and fil- 
M o ( C O ) ~ R ~ ( P P ~ ~ ) ~  and [MeGap~~lMo(C0)~Cu(PPh~) .  tered. Evaporation of the solvent from the filtrate gave an oily red-black 

material which was recrystalllzed from CH2C12/hexane to give air- 
Experimental stable dark-red crystals of the desired products in approximately 60% 

Starting mater~als yield. Analytical, ir, nmr, and other data for the three complexes are 
Air-sensitive materials were handled in a nitrogen atmosphere. collected in Table 1 and the 'H nmr spectrum for the [MeGapz,]Mo- 

(C0)3Rh(PPh3)2 complex is shown in Fig. 1. The mass spectrum of this 
'Author to whom correspondence may be addressed. latter complex displayed signals due to the P-PP~,+ ion at -890. 
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In the preparationof [HBp~, jMo(co)~Rh(PPh~)~  a yellow crystalline 
sample of the complex (Ph3P)2Rh(CO)Cl Anal. calcd.: C 64.31, H 
4.34; found: C 63.73, H 4.27; vco 1980 cm-' (CH2C12)) was also 
isolated in low yield. 

Synthesis of [ M ~ G U ~ Z ~ ] M O ( C O ) ~ C U P P ~ ~  
A solution of the ~ a ' [ ~ e ~ a ~ z ~ ] M o ( C 0 ) ~ -  salt in THF was prepared 

as described above. A one-quarter molar amount of [Cu(PPh3)C1I4 was 
added to the reaction mixture and produced an immediate rusty-orange 
colour. This reaction mixture was stirred for approximately 1 day before 
the removal of solvent in vacuo. The resulting orange residue was ex- 
tracted with CH,C12 and the mixture filtered. Hexane was added to the 
filtrate and the mixed solvents allowed to evaporate slowly. Golden- 
yellow air-stable crystals of the product, [MeGap~,jMo(C0)~CuPPh~, 
were produced from the concentrated solutions in approximately 60% 
yield. Pertinent physical data are included in Table 1 for the complex. 

X-ray crystallographic analyses 
[Methyltris(l -pyrazolyl)gallato(N, N , N)]tricarbonylmolybdenum- 

(tripheny1phosphine)copper (Mo-Cu) 
A crystal bounded by the 8 faces (followed by their distances in 

millimeters from a common origin): ?(O 0 I),  0.075, ?(1 0 l ) ,  0.100 
?(- 1 0  l) ,  0.113, k(O 1 O), 0.219 was mounted in a general orienta- 
tion. Unit-cell parameters were refined by least-squares on 2 sin @ / A  
values for 25 reflections (20 = 26-32") measured on a diffractometer 
with Mo-Ka radiation (h(KaI) = 0.70930, h(Ka2) = 0.71359 A). 
Crystal data at 22OC are: 
C31 H27C~GaM~N603P fw = 791.8 
Monoclinic, a = 17.071(1), b = 16.738(1), c = 23.641(3) A, P = 
104.899(6)", V = 6528(1) A3, Z = 8, pc = 1.61 1 Mg m-3, F(000) = 
3168, p(Mo-Ka) = 19.2 cm-'. Absent reflections: h01, h+ 1 odd, and 
OM), k odd, uniquely indicate the space group P2, /n  [non-standard 
setting of P2,/c, c:,,, No. 14, equivalent positions: ? ( x ,  y, z; i - x ,  
l+y,  t-z)j. 

Intensities were measured with graphite-monochromated Mo-Ka 
radiation on an Enraf-Nonius CAD4-F diffractometer. An 0-20 scan 
at 1.01-10.06° min-' over a range of (0.57 + 0.35 tan 0) degrees in o 
(extending by 25% on both sides for background measurement) was 
employed. Data were measured to 28 = 55". The intensities of three 
check reflections, measured every 3600 s throughout the data collec- .- tion, remained constant to within 1.5%. After data reduction,' an 

. absorption correction was applied using the Gaussian integration 
,a method (12,13). Transmission factors ranged from 0.66 1 to 0.764 for 

5 8 64 integration points. Of the 14 929 independent reflections measured, 
a N  
N - .  z 6296 (42.2%) had intensities greater than or equal to 2u(I) above 
a1 N - background where u2(1) = S + 2B + (0.04(S - B))' with S = r a n  count a $  E 
, , and B = normalized background count. 

II z m  .-Nz Y The structure was solved by conventional heavy-atom methods, the 
- 0 %  5 11 I1 - coordinates of the Mo, Ga, Cu, and P atoms of each of the two 

F ; 8 independent molecules being determined from the Patterson function. 
-, The remaining non-hydrogen atoms were positioned from a subsequent - ' 2 difference map. In the final stages of refinement all non-hydrogen g g g &  

ll & Z  11 
atoms were refined with anisotropic thermal parameters. Hydrogen 

8 o atoms were included as fixed contributors in idealized positions ' %+ (methyl hydrogens based on observed positions, c(sp3)-H = 0.98, 24 E 6 
5 11-5 < C(sp2)-H = 0.97 A), recalculated after each cycle of refinement. The 
o z N 2 scattering factors of ref. 14 were used for non-hydrogen atoms and 
-0 Lj=X 0 
]I e u -  those of ref. 15 for hydrogen atoms. Anomalous scattering factors from 
-0 i 3 3  

. . O Q  a ref. 16 were used for the Mo, Ga, Cu, and P atoms. The weighting 
Z 5 scheme w = l/u2(F), where v'(F) is derived from the previously - 

3 2, definedu2(1), gaveunif~rmavera~evaluesof w(l F,I - 1 ~ , l ) ~ o v e r r a n ~ e s  .a L-d - 
,I 6 of both IF,I and sin 8 /h  and was employed in the final stages of 
s$g full-matrix refinement of 793 variables. Reflections with I < 2u(1) 

t, .o 

'The computer programs used include locally written programs for 
data processing and locally modified versions of the following: 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, by 
W. R. Busing, K. 0 .  Martin, and H. A. Levy; FORDAP, Patterson and 
Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by C. K. 
Johnson. 
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BANTA ET AL. 

9 
Me- 

I I I h !i 4 5 6 7 A 4 lb 7z 
FIG. 1. Room temperature 100-MHz 'H nmr spectrum of [ M e G a p ~ ~ l M o ( C o ) ~ R h ( P P h ~ ) ~  in C6D6. 

were not included in the refinement. Convergence was reached 
at R = 0.040 and R,, = 0.035 for 6296 reflections with I 2 2u(I). 
For all 14929 reflections R = 0.216. The function minimized 
was C W ( I F ~ I - I F , I ) ~ ,  R = CIIFoI-IFcII/~IFoI and R,, = 
(CW(IF~I-IF,I)~/CWIF~I~)I~~. 

On the final cycle of refinement the mean and maximum parameter 
shifts correspond to 0.03 and 0.290, respectively. The mean error in an 
observation of unit weight was 1.220. A final difference map showed 
maximum fluctuations of - 1.3 1 to +0.61 e A-3 near the heavy atoms 
and was essentially featureless elsewhere. The final positional and 
thermal parameters appear in Tables 2 and 73 respectively. Bond 
lengths, bond angles, and intra-annular torsion anglesappear in Tables 
3-5, respectively. Calculated hydrogen parameters (Table 6) and a 
complete listing of torsion angles (Table 8) are included as deposited 
material.3 Measured and calculated strucure factors have been placed 
in the Depository of Unpublished ~ a t a . ~  

[Methyltris(l -pyrazolyl)gallato-(N, N,  N)tricarbonylmolybdenum- 
bis(tripheny1phosphine)rhodium (Mo-Rh) 

Experimental details are as above except where noted. The bounding 
planes of the crystal used for data collection were: (0 0 - I ) ,  0.200, 
?(1 - 10),0.050, *(O 1 O), 0.125, (- 1 - 1 I), 0.200 mm. Reflections 
employed in the refinement of the unit-cell parameters had 20 = 
30-36". Crystal data: 
C49H42GaM~N603P2Rh fw =01093.4 
Tr~clinic, a = 12.519(3), b = 17.182(4), c = 12.071(2) A, a = 
105.02(1), P = 109.87(1), y = 97.10(2)", V = 2294(1) A3, Z = 2,  p, 
= 1.583 Mg m-3, F(000) = 1 100, p(Mo-Ka) = 13.1 cm-I. Absent 
reflections: none, space group PI (C:, No. 2 ,  reduced cell, conven- 
tional orientation) from structure analysis. 

An o-20 scan at 1.26-10.06° min-' over a range of (0.75 
+ 0.35 tan 0)" in w was employed. Of 10 493 independent reflections 
measured (to 20 = S o ) ,  5642 had I 2 3u(I) above background. The 
intensities of the standard reflections remained constant to within 3%. 
The data were corrected for absorption, transmission factors ranging 
from 0.578 to 0.913 for 72 sampling points. 

The coordinates of the Mo, Rh, Ga, and P atoms were determined 
from the Patterson function (which suggested the centrosymmetric 

3The structure factor table, Table 7 (anisotropic thermal parameters) 
and other material mentioned in the text may be purchased from the 
Depository of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Canada K1A 0S2. 

space group PI) and those of the remaining non-hydrogen atoms from 
a subsequent difference map. Hydrogen atoms were fixed in idealized 
positions. Convergence was reached at R = 0.036 and R,, = 0.037 for 
5642 reflections with I 2 3u(I) and 568 variables. For all 10 493 
reflections R = 0.102. The mean and maximum parameter shifts were 
0.04 and 0.280 respectively and the mean error in an observation of 
unit weight was 1.328. Anomalous scattering corrections were made for 
Mo, Rh, Ga, and P atoms. The final difference map showed maximum 
fluctuations of - 1.76 to +0.96 e AP3 near the Rh atom. 

Spectra 
The ir spectra were recorded on a Perkin-Elmer 598 spectrometer. 

The 'H nmr spectra were recorded on a Varian XL-100 or a Bruker 
WP-80 instrument. 

Results and discussion 
The reactivity of the [MeGap~~ lM(Co)~ -  ions (M = Mo or 

W) towards a number of three-electron donor ligands has been 
well documented and the complex [ M e G a p ~ ~ ] M o ( C 0 ) ~ ( ~ ~ -  
C3H5) has been characterized structurally (1). The reactivity of 
the related species [Me2Gapz(OCH2CH2NR2)]M(C0)3- 
(where R = H or Me) towards similar ligands has also been 
extensively investigated (17-22). Presently, we are probing the 
reactions of these tricarbonyl anions, LM(C0)3- with a variety 
of transition metal complexes. The present account details 
reactions of the ligands (M = Mo) with Rh(PPh3)3Cl and 
[Cu(PPh3)C1],. In all cases crystalline products were obtained 
and representative examples of these have been characterized 
structurally by X-ray analysis. These analyses confirm the 
presence of direct Mo-Rh and Mo-Cu bonds in these 
compounds in addition to carbonyl groups in a number of 
different bonding environments (23-26). 

Much current research has been directed towards heterobi- 
metallic complexes with transition metal - transition metal 
bonds, partly since it is reasoned that cooperative effects be- 
tween the different metal centres may influence the reactivity of 
such complexes (27-36). It is also argued that studies of simple 
binuclear species may well provide useful clues into the design 
and synthesis of larger heterometallic cluster species with 
potential catalytic applications (ref. 27 and references therein). 
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376 CAN. 1. CHEM. VOL. 64, 1986 

TABLE 2. Final positional (fractional X lo4; Mo, Rh, Ga, Cu, and 
P X lo5) and isotropic thermal parameters (U X lo3 A2)" with es- 

timated standard deviations in parentheses 

Atom 

Mo 
Mo' 
Ga 
Ga' 
Cu 
Cut 
P 
P' 
O(1) 
O(2) 
O(3) 
O(1') 
O(2') 
O(3') 
NU) 
N(2) 
N(3) 
N(4) 
N(5) 
N(6) 
N( 1') 
N(2') 
N(3') 
N(4') 
N(5') 
N(6') 
C(1) 

I C(2) 
C(3) 

I C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(11) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
(219) 
0 )  
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
C(27) 
C(28) 
C(29) 
C(30) 
C(31) 

TABLE 2. (Continued) 

Atom 
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BANTA ET AL. 377 

TABLE 2. (Concluded) of the unsymmetric gallate ligand about the molybdenum 
centre, with two Ga-Me and two N-Me signals being 

Atom x Y z u-7 recorded. 

C(22) - 1094(7) 63 l(4) 2451(8) 82 
C(23) - 1963(6) 865(6) 1687(7) 89 
C(24) - 1847(6) 1675(6) 1738(7) 87 
c(25) -838(5) 2264(4) 2575(6) 60 
c(26) 839(4) 3336(3) 5498(4) 38 
c(27) 68 l(6) 41 28(4) 5622(5) 60 
c(28) 170(7) 4500(4) 6425(6) 7 4  
c(29) -181(6) 4092(4) 7097(6) 69 
0 )  -25(6) 3306(4) 6992(6) 70 
c(31) 473(5) 2924(3) 6205(6) 57 
(732) 26 18(4) 420(3) 3184(5) 41 
(733) 2 170(5) 102(3) 3916(5) 47 
c(34) 1756(5) - 745 (4) 3593(6) 66 
c(35) 1810(6) - 1273(3) 2575(7) 71 
c(36) 2273(6) -974(4) 1843(6) 70 
c(37) 2645 (5) - 132(3) 2117(5) 51 
C(38) 2466(4) 1683(3) 2060(4) 37 
(739) 3018(4) 2268(3) 1705(4) 42 
c(40) 2508(5) 2342(4) 536(5) 55 
(741) 1436(6) 1851(5) -283(5) 66 
(342) 857(6) 1290(4) 66(5) 67 
c(43) 1357(5) 1208(3) 1229(5) 54 
c(4.4) 4685(4) 1716(3) 3878(4) 35 
c(45) 5345(5) 2523(3) 4365(4) 43 
(746) 6535(5) 2676(4) 4632(5) 54 
c(47) 7063(5) 2022(5) 4414(5) 61 
(748) 6416(5) 1226(4) 3948(5) 59 

1 c(49) 5228(5) 1068(3) 3696(5) 46 

1 "U,, = f trace diagonal~zed U .  

The reactions of the anionic ligands [MeGap~~]Mo(Co)~- ,  
[HB~z~]Mo(CO)~- ,  and [MeGa(pz)(OCH2CH2NMe2)1Mo- 

I (CO)3- with Wilkinson's catalyst, Rh(PPh3)3Cl, in THF 
resulted in the displacement of the chloro ligand, the formation 
of molybdenum-rhodium bonds, and the loss of triphenylphos- 
phine from the rhodium coordination sphere. The crystalline 
products are air stable but solutions of the complexes decom- 
pose on exposure to the air. In one experiment (using the 
[HB~z~]Mo(CO)~- anion) a small amount of the yellow 
crystalline material Rh(PPh3)2(CO)Cl was isolated, presumably 
being produced via displacement of a phosphine from 
Rh(PPh3)3Cl by a CO ligand emanating from the molybdenum 
tricarbonyl anion starting material. 

The reaction of the [MeGap~~]Mo(Co)~-  anion with the 
tetramer [Cu(PPh3)C1], in the THF led to the isolation of a 
yellow crystalline product which resulted from displacement of 
the chloro ligand by the tricarbonyl anion. The solid material is 
air stable but solutions of the complex decompose rapidly on air 
exposure. 

Physical data for the complexes are listed in Table 1. The vco 
frequencies indicate the presence of both terminal and bridging 
carbonyl groups in the compounds. The room temperature 'H 
nmr data of the complexes containing the "MeGapz3" and 
''HBpz; ligands suggest equivalence of the three pyrazolyl 
rings since only one set of signals is observed for the pyrazolyl 
ring protons (e.g. Fig. 1). Low temperature spectra, although 
broadening these proton signals, did not distinguish clearly any 
difference between the three pyrazolyl rings. The room temper- 
ature 'H nmr of the [Me2Ga(pz)(OCH2CH2NMe2)]Mo(CO)3- 
Rh(PPh3)2 complex is consistent with a facial coordination 

'The crystal structure of the [MeGap~~lMo(Co)~Rh(PPh~)~ 
complex is shown in Fig. 2, and consists of discrete molecules 
separated by normal van der Waals distances. The structure 
clearly shows the presence of a terminal Mo-C(1 )-O(1) unit, 
which, although significantly nonlinear (173.9(5) h) is too far 
removed from the Rh centre (Rh-..C(l), 2.845(5) A) to suggest 
any bridging interaction. This CO ligand presumably accounts 
for the highest vco value recorded at 1879 cm- ' (Nujol). The 
two remaining Mo-CO units, although different, are both 
clearly in bridging range of the Rh centre with Mo-C-0 
angles of 167.4(4) and 153.2(4)" and Rh...C distances of 
2.334(5) and 2.079(5) A respectively (vco values 1758, 1772 
cm-I). It is also evident that the pyrazolyl rings are nonequiva- 
lent in the solid state and to explain the solution 'H nmr data it is 
necessary to postulate that a rapid fluxional process is taking 
place in solution. Two such processes may be envisaged, one in 
which there is a rapid rotation of the "MeGapz3" ligand about 
the Ga-..Mo axis, and another, perhaps more likely, in which 
there is a rapid interchange of the different roles of the three CO 
ligands, with concomitant equalization of the environments of 
the three pyrazolyl rings. The Ga..Mo-Rh unit is significant- 
ly nonlinear in this structure with an angle of 161.59(3)" at Mo. 
The pyrazolyl rings, here, and in the structure of the copper 
complex described below, are planar within experimenLal error 
(maximum deviation from N2C3 plane = 0.007(7) A). The 
phenyl rings are either planar or, slightly, but significantly 
nonplanar (X2 = 0.2-20.7, mean 8.0, maximum deviation 
0.018(7) A for Cu; X2 = 0.3-37.0, mean 19.6, maximum 
deviation 0.025(6) A for Rh). The rhodium complex reported 
here is very similar to one reported earlier by Carlton et al .  (27). 
These authors reported the structure of the compound (q- 
C5H5)Mo(CO)3Rh(PPh3)2, in which a "q-C5H5" ligand substi- 
tutes the "MeGapz; ligand of the present complex. The 
similarity of the two complexes illustrates once more the 
interchangeability of the "q-C5H5" and "MeGapz3" lbgand 
systems (1). The Mo-Rh bond distance of 2.6066(5) A (cf. 
2.588(1) A in the q-C5H5 complex) in the present compound is 
well below the estimated single bond distance of 2.8-3.0 A and 
suggests some multiple bond character between the two 
transition metals. A bonding scheme similar to that proposed by 
Carlton et al. would give an 18-electron count to the Mo atom 
and a 16-electron count to the Rh centre. In this picture, in 
addition to two bridging CO groups, a double bond between the 
two transition metals, with one component being a Rh + MO 
dative link, constitutes an integral part of the overall molecular 
framework. In keeping with the different roles of the carbonyl 
ligands the C-0 bond lengths involving the "bridging" ligands 
(1.190(5) and 1.175(6) A) are significantly longer than that of 

the unique terminal CO ligand (1.154(6) A). The Rh (K-CO)~MO 
framework possesses a butterfly arrangement as seen in the 
analogous q-C5H5 complex (27) with the Rh-C-Mo dihedral 
angle of 156" compared with 161" in the q-C5H5 compound. 

The crystal structure of the [MeGapz3]Mo(C0)3Cu(PPh3) 
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TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 

Bond Length (A) Bond Length (A) 

( M e G a p ~ ~ ) M o ( c o ) ~ R h ( P P h ~ ) ~  

Rh-MO 2.6066(5) C(l1)-C(12) 1.383(7) 
Rh-P(l) 2.2491(13) C(12)-C(13) 1.357(7) 
Rh-P(2) 2.2836(12) C(14)-C(15) 1.383(7) 
Rh-C(1) 2.845 (5) C(14)-C(19) 1.374(7) 
Rh-C(2) 2.334(5) C(15)-C(16) 1.411(8) 
Rh-C(3) 2.079(5) C(16)-C(17) 1.355(9) 
Mo-N(1) 2.249 (4) C(17)-C(18) 1.377(9) 
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BANTA ET AL 

TABLE 3 .  (Concluded) 

Bond Length ( A )  Bond Length ( A )  

FIG. 2. Stereoscopic view of the [methyltris(l-pyrazolyl)gallat~-(N,N,N)]tr~carbonylmolybdenumbis(triphenylphosphine)rhodium(Mo-Rh) 
molecule; 50% probability thermal ellipsoids are shown. Hydrogen atoms are omitted for clarity. 

complex is shown in Fig. 3 and again consists of discrete 
molecules separated by normal van der Waals distances. The 
only intermolecular contact of any possible significance is a 
C-H...O interaction associating pairs of unprimed molecules 
about the inversion centre at (0,0,1/2) (C(30)TH(30)...0(2) 
(-x,-y,l-z), C...O=3.424(9), H...O ~ 2 . 5 5  A, C-H...O = 
151"). Apart from several small but statistically significant 
differences between the corresponding bond lengths and angles 
(Tables 3 and 4), the most notable difference between the two 

crystallographically independent molecules of [MeGapz3]- 
Mo(CO)~CU(PP~,) is in the orientation of the PPh3 ligand. 
The conformation about the Cu-P bond in the molecule 
denoted by unprimed atom labels is about 4" from staggered 
compared with a value of 26" in the second molecule. A unit cell 
view of the structure is shown in Fig. 4. The complex 
[MeGap~~1Mo(C0)~Cu(PPh~) is valence isoelectronic with the 
above Rh compound, [ M e G a p ~ ~ l M o ( C o ) ~ R h ( P P h ~ ) ~ .  Howev- 
er, the Cu complex is of much higher symmetry, possessing an 
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TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) 

(MeGapz 

130.52(12) 
131.46(12) 
123.55(12) 
59.3(2) 
59.8(2) 
64.1(2) 
84.1(2) 
86.4(2) 

170.0(2) 
88.6(2) 
86.7(2) 
85.3(2) 
87.0(2) 

168.5(2) 
90.2(2) 
88.4(2) 
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BANTA ET AL. 

TABLE 4. (Continued) 

Bonds Angle (deg) Bonds Angle (deg) 
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TABLE 4. (Concluded) 

Bonds Angle (deg) Bonds Angle (deg) 

approximate 3-fold axis along the near-linear C(4)-Ga.. . 
Mo-Cu-P atomic arrangement (mean angles: C-Ga.. .Mo = 
178.0(3), Ga ... Mo-Cu = 175.2(6), and Mo-Cu-P = 
176.1(9)"). In this solid state structure the three pyrazolyl rings 
are in equivalent environments. If a similar arrangement 
pertains in solution, the 'H nmr results, mentioned above, are 
satisfactorily explained. The three CO ligands are essentially 
symmetrically placed with mean bond angles Mo-C-0 of 
170.1(5), 170.7(1), and 172.1(6)", Cu-C-0 of 117.0(1), 
117.5(3), and 118.5(1)", and mean bond lengths Mo-C of 
1.973(7), 1.964(6), and 1.966 (6) A, Cu.. .C of 2.247(13), 
2.298(23), and 2.415(5) A, 

The solution ir spectrum for the Cu complex shows two vco 
bands (a and e modes) and is consistent with the approximate C3 
symmetry for the complex observed in the solid state, with 
nearly linear Mo-C-0 units. The positions of these vco 

bands (1898 and 1798 cm-', CH2C12 solution) are slightly 
higher than those observed for the uncomplexed anion [Me- 
G a p ~ ~ l M o ( C 0 ) ~ -  (Et4N+ salt) (1890 and 1760 cm-', CH2C12 
solution) which in turn are close in value to the v c ~  vibrations, 
recorded some time earlier by Trofimenko (37), for the corre- 
sponding [HB~z~]Mo(CO)~-  anion (Et4N+ salt) (1 897 and 1761 
cm-', MeCN solution). In the solid state the Cu complex 
displays three bands in the vco region of the spectrum (1890, 
1805, and 1780 cm- I ,  Nujol mull). These could arise either 
from a splitting of thee mode observed in the solution spectrum, 
or from slightly different packing environments for the two 
independent molecules. As already noted above, one of the 
carbonyl groups of the unprimed molecules is involved in a 
possible C-H ... 0 interaction. The solid state ir spectrum of 
the uncomplexed carbonyl anion in the salt [Et4N+] [(MeGapzd- 
Mo(CO)~-] displayed two v o  bands (1885 and 1730 cm-', 
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BANTA ET AL. 383 

TABLE 5. Intra-annular torsion angles (deg) with 
standard deviations in parentheses 

Atoms Value (deg) 

Nujol mull) as expected from its C3" symmetry. These values 
again compare closely with those reported for the analogous 
boron species in the salt [Et4N+:I [ (HB~z~)Mo(CO)~- ]  (1 890 
and 1750 cm-', KBr disc) (38).4 

In the scheme presented below the Mo centre retains an 
18-electron count if it is assumed that the CO groups of the 
molybdenum tricarbonyl anion retain their terminal character to 

the Mo atom. The single donor bond, Mo + Cu, between the 
two transition metals gives the Cu of the Cu1(PPh3)+ moiety a 
14-electron count. The X-ray data however, do suggest some 
interaction between the Cu centre and the carbonyl groups, 
although the exact nature of this interaction is not clear. 
Obviously the interaction is of a semi-bridging type since the 
Mo-C-0 angles are not far removed from linear. Numerous 
recent publications have documented and discussed different 
types of bridging CO interactions in heterobimetallic transition 
metal complexes (23-31,34,36). The present Cu compound 
does not appear to fit into the category of a distal electron-rich 
metal centre (the Cu centre has a 14-electron count) donating 
excessive charge into the CO IT* orbitals (25), although, if 
 IT- IT bonding occurs between the Cu and the Mo centres, 
then an interaction with the CO groups similar to that postulated 
for the complex ( T ( - C ~ H ~ ) ~ M O ~ ( C O ) ~  (26,39) may be possible. 
Such an interaction between a Mo-Cu IT-bond and the IT* 
orbital of a CO ligand is shown schematically below. This type 
of interaction would, of course, tend to lengthen the C-0 
bond, and, with a mean C-0 distance of 1.164 A, the carbonyl 
ligands do display slightly longer bonds than usually found for 

terminal CO ligands. The present structure does not meet the 
requirements for lI-CO type bonding. 'These were recently 
reviewed by Honvitz and Shriver (26). Thus the Cu-0 
distances (2.945(5)-3.143(5) A) areo much longer than the 
Cu-C distances (2.234(6)-2.419(6) A) leading to R values of 
approximately 2.14-2.16 (R  = exp [D(Cu-C)/D(Cu-0)]), 
a value much lower than expected for a lI-CO type interaction. 

4The constructive comments of a referee regarding the ir data of the 
Cu complex are gratefully acknowledged. 
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FIG. 3. Stereoscopic views of the two independent molecules of [methyltris(l-pyrazolyl)gallato-(N,N,N)]tricarbonylmolybdenum(triphenyl- 
phosphine)copper (Mo-Cu); 50% probability thermal ellipsoids are shown. Hydrogen atoms are omitted for clarity. The mirror image of the 
primed molecule is shown for direct comparison. 

In addition, the vco frequencies observed for the complex are all 
much higher than the expected value of - 1650 cm- ' for a n-CO 
group. 

Perhaps the bonding in the present complex is more subtle. In 
this regard recent MO calculations (28) on the complex 
(q-C6H6)(CO)Cr(pCO)2Rh(CO)(q-C5H5), a complex origi- 
nally postulated to contain a Cr+ Rh donor bond in addition to 
semi-bridging CO interactions (30), suggest a strong interaction 
between the distal Rh cent!e and the bridging CO ligangs 
(Cr-CO (bridge), 1.902(7) A, Rh-CO (bridge), 2.200(7) A) 
with a net bond order close to zero between the metal atoms 
(RhV.0, 2.757(2) A). Similar calculations on the present 
system may well be invaluable in determining the major 
bonding interactions responsible for the short Mo-Cu 
separation. 

It is again interesting to compare similar complexes in this 

area. Carlton et al. (27) have provided structural data on two 
different forms of the complex (q-C5H5)W(C0)3Cu(PPh3)2r 
and suggest some semi-bridging interactions involving the two 
metals and two of the CO ligands. 'Three important differences 
occur with the [MeGap~~lMo(C0)~Cu(PPh~) complex. First, 
only one PPh3 ligand is attached to the Cu centre, making the 
molecule valence isoelectronic with the [ M e G a p ~ ~ ] M o ( C 0 ) ~ -  
Rh(PPh3), compound. Second, the present structure has 
three roughly equivalent CO groups whereas in Carlton's 
tungsten compounds one of the three CO groups is clearly 
terminal tp tungsten. Third, the mean Mo-Cu distance of 
2.513(9) A is considerably shorter~han either of the W-Cu 
distances of 2.77 l(1) and 2.72 l(1) A reported by Carlton et a:. 
Given that the radii for Mo and W are very similar at - 1.61 A 
(the M-M djstances in (q-C5H5)(CO)3M-oM(CO)3(q-C5H5) 
are 3.222(5) A for M=Mo (40) and 3.24(1) A for M=W (4 l) ,  
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FIG. 4. Stereoscopic view of the [methyltris(l-pyrazolyl)gallato-(N,N,N)]tricarbonylmolybdenum(triphenylpho~phine)copr (Mo-Cu) struc- 
ture; metal atoms of the umprimed molecules are shaded for identification. 

these differences in bond lengths suggest a much stronger 
Mo-Cu interaction in the present complex. Indeed, the 
observed Mo-Cu distance is significantly shor te~ than the 
estimated single Mo-Cu bond length of -2.7-2.8 A. Another 
noticeable difference occurs in the Cu-P distances in the two 
complexes. Thus the compoun! reported here displays a mean 
Cu-P distance of 2.196(3) A, somewhat shorter than the 
corresponding mean distance of 2.299(12) A reported for the 
two crystalline forms of (q-C5H5)W(C0)3Cu(PPh3)2. 

The structures of the (q-C5H5)W(C0)3Au(PPh3) (42) and 
[ H B ~ z ~ ] M o ( C O ) ~ B ~  (38) complexes are worthy of comparison 
with the [MeGap~,lMo(C0)~Cu(PPh~) structure. The W-Au 
compound displays an arrangement very different from that 
found for Mo-Cu complex. Thus, instead of a symmetrical 
structure analogous to that depicted in Fig. 3 ,  with the 7-C5H5 
ligand replacing the MeGapz3 ligand and the Au atom replacing 
the Cu atom, the arrangement adopted is that of a "four-legged" 
piano stool, or a distorted square pyramid with the (q-C5H5)W 
unit at the apex and the three CO ligands and the Au(PPh3) 
grouping occupying the basal positions. A similar structure, 
described as a 3:4 piano stool, has been reported recently by 
Curtis and Shiu (38) for [ H B p ~ ~ ] M o ( c o ) ~ B r .  These authors 
mentioned that one of the interesting aspects which prompted 
their study was the possibility of observing a capped octahedral 
(3:3: 1) structure, since calculations by Kubacek et a1. (43) had 
shown that this arrangement represents a minimum in the 
potential energy surface for analogous (q-C5H5)ML4 complex- 
es whose global minimum (ground state) is always the four- 
legged piano stool, or 3:4 structure. It appears that the present 
copper complex [MeGap~~lMo(C0)~Cu(PPh~)  closely ap- 
proaches this 3:3: 1 capped octahedral arrangement. 

Finally, the structure of the complex, (q-C3H5)Fe(CO),- 
AuPPh3 (44) has many features similar to the Mo-Cu complex 
presented here. It has been proposed that the bonding in this 
iron complex results from the Lewis base (q-C3H,)Fe(C0)3- 
donating a pair of electrons to the Lewis acid Au(PPh3)+ and 
does not necessarily involve any direct interaction between the 
Au atom and the CO ligands, the geometry of the complex being 
dictated by transition metal basicity. If this reasoning is correct 
then the Au centre attains a 14-electron count and the Fe-Au 

separation of 2.519(1) A results entirely from the Fe + Au 
dative bond. 

The present study has again shown the versatility of the 
"MeGapz3" ligand in that it can, on the one hand, successfully 
mimic the behaviour of the "q-C5H5" ligand system (1) but, 
more importantly, on the other hand it can display significantly 
different behaviour (7). This versatility is being further exploit- 
ed in the area of heterometallic complexes. 
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Partial molal volumes of amines in benzene. Specific interactions1 
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ESTER F. G. BARBOSA and ISABEL M. S. LAMPREIA. Can. J. Chem. 64,387 (1986). 
Apparent molal volumes, V+, of secondary and tertiary amines and linear hydrocarbons were determined in benzene at 25OC, 

using a vibrating tube densimeter. These quantities have been extrapolated to infinite dilution to obtain partial molal volumes. 
The contribution to partial molal volume of the amine groups, calculated using a simple additive scheme, v0 = C N ~ P ~ ,  were 

interpreted in terms of conformational effects present in these molecules. A first attempt to find a measure of the contribution to 
the partial molal volume of the specific interaction amine-benzene in tertiary and secondary amines was made. The results agree 
well in the two different approaches used. 

ESTER F. G. BARBOSA et ISABEL M. S. LAMPREIA. Can. J. Chem. 64, 387 (1986). 
Faisant appel a un densimttre a tube vibrant et op6rant dans le benztne a 25"C, on a mesur6 les volumes molales apparents, V+, 

d'arnines secondaires et tertiaires et d'hydrocarbures liniaires. On a extrapol6 ces quantit6s a dilution infinie afin d'obtenir les 
volumes molales partiels. On a interprtg la contribution au volume molale partiel des groupements amines, calcults en utilisant 
un schtma additif simple, v0 = C N ~ V ~ ,  en fonction d'effets conformationnels prtsents dans ces mol6cules. On a tent6 un 

k 
premier essai dans le but de trouver une mesure de la contribution au volume molale partiel de I'interaction sptcifique 
amine-benztne dans les amines secondaires et tertiaires. Les risultats obtenus avec I'une ou l'autre approche concordent bien. 

[Traduit par le journal] 

Introduction weredistilled in a vacuum jacketed column at 70and 0.4 Torr (1 Torr = 

The volumetric behaviour of solutes has proved to be of great 
importance in the understanding of interactions in solution. 
Much work has been published on Po additive schemes in which 
every group contribution is assumed to be independent of the 
molecule under study, depending solely on the solvent (1-4). 
However, experience has shown that the position of the group in 
the molecule, size of the molecule, and specific solute-solvent 
interactions produce deviations from the simple additive be- 
haviour. To get a deeper understanding of these factors, 
different kinds of reference volumes with respect to which 
volume changes could be calculated and interpreted have been 
used in the past (5-7). Molar volume of the solute VO, Bondi's 
van der Waals volume Vw (8), and cavity volume K,, as given 
by the scaled particle theory (SPT) have been used for the above 
purpose. 

In this study we have tried to find a measure of the 
contribution of the specific interactions to the partial molal 
volumes of secondary and tertiary amines in benzene. Compara- 
tive values of these contributions were found using two different 
approaches, one based on the model of ~ e r a s a w a  et al. (6) and 
the other on SPT (7). In both cases linear hydrocarbons were 
used as reference materials, to separate the two types of 
interactions present in these molecules. 

Experimental 
Materials 

All substances employed were guaranteed commercial reagents 
obtained from Merck, B .D.H., Eastman Kodak, Aldrich, and Fluka. 

The three tertiary amines, triethylamine, tri-n-butylamine, and 
tri-n-octylamine, were first heated with an appropriate quantity of 
acetic anhydride and fractionally distilled, then refluxed with KOH for 
several hours and again fractionally distilled from BaO through a 
column packed with Pyrex glass rings. The two last amines mentioned 

'portions of this work have been presented to the 2nd International 
Conference on Thermodynamics of Solutions of Non-Electrolytes, 
Lisbon, Portugal, 1982, and to the 6th International Symposium on 
Solute-Solute-Solvent Interactions, Osaka, Japan, 1982. 

133.3 Pa) respectively. ~ii-n-propylamine, after having been heated 
with acetic anhydride, was shaken with KOH several times until all 
acetic anhydride has been extracted. Then it was allowed to stand over 
sodium hydroxide pellets for several days and fractionally distilled as 
previously described. 

The secondary amines, diethylamine, di-n-butylamine, di-n- 
hexylamine, and di-n-octylamine, were refluxed with KOH pellets for 
several hours and fractionally distilled as described for the tertiary 
amines. Di-n-dodecylamine was fractionally recrystallized three times 
from a mixture of ethanol-benzene in a dry nitrogen atmosphere. 

The two linear hydrocarbons, n-octane and n-decane, were refluxed 
for several hours over sodium thread and fractionally distilled from 
CaHz in a vacuum jacketed column. 

The purity of the solutes was tested by density measurements. 
Values obtained are compared with the ones found in the literature (see 
Table 1). 

Benzene was refluxed for several hours over CaH2 and fractionally 
distilled in a column packed with Pyrex glass rings, under dry nitrogen. 

The purity of benzene was also tested by density measurements. The 
average densities of the different samples used in the POdeterminations 
of each solute are shown in Table 2. Selected literature values at 25°C 
are 0.87365 (9), 0.87367 (10). 

Measurements 
Densities were measured using an Anton Paar DMA 02D vibrating 

tube densimeter. The temperature of the bath was kept constant at 25 T 
0.00l0C with a Tronac PTC 40 temperature controller. The tempera- 
ture of the bath was set with a Hewlett-Packard quartz crystal 
thermometer. The oscillator of the thermometer was kept at constant 
temperature in a distilled water-ice bath. The densimeterand the water 
bath were both enclosed in an air box thermostated to TO.l°C. The 
densimeter was calibrated using water and dry air. This calibration was 
repeated several times in each set of measurements. 

Solutions were all prepared by weight in volumetric flasks of 
appropriate volume according to the expected error in each solute. 
Design to prevent evaporation was introduced into the flasks. The 
densities were precise to ?2 x lo6 g ~ m - ~ .  

Results and discussion 
Densities 

Experimental density values for various amine and linear 

Prinred in Canada / lmpnrne au Canada 
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Table 4 summarizes the values at infinite dilution of the TABLE 1. Densities and molar volume of amines and linear hydro- 
carbons at 25°C 

- - - - -  

d v0 
Compound (g ~ m - ~ )  (cm3 mol-') Reference 

Diethylamine 

Di-n-hexylamine 
Di-n-octylarnine 
Triethylamine 

Tri- n-hexy lamine 
Tri-n-octy lamine 

Pentane 
Hexane 
Heptane 
Octane 

Nonane 
Decane 

This work 
Swift (1 1) 
Letcher (12) 
This work 
Letcher (1 2) 
17 
This work 
This work 
This work 
Letcher (12) 
Krichevskii et a / .  (13) 
This work 
Letcher (12) 
This work 
Letcher (12) 
Klofutar et al. (14) 
This work 
Klofutar et a / .  (14) 
Kertes and Grauer ( 15) 
Klofutar et al. (14) 
Klofutar et al. (14) 
Grauer and Kertes ( 16) 
17 
17 
17 
This work 
17 
17 
This work 
17 

hydrocarbon solutions, in the molality ranges studied, obey 
equations of the type 

where A ,  B, and C are empirical coefficients as shown in Table 
2. As can be seen, the A values compare well with the average 
density of benzene, calculated from the different experi- 
mental determinations of benzene density when V0 values were 
obtained for each solute. 

Partial molal volumes 
The apparent molal volumes of all solutes were calculated in 

the usual way 

where M is the solute molecular weight; P the solvent weight; p 
the solute weight; and do and d the densities of pure solvent and 
solution, respectively. 

The V4 values for the range of molalities studied are given in 
Table 3. 

The partial molal volumes v0 of solute were obtained by 
linear extrapolation of the V4's to infinite dilution by a 
least-squares fitting method. 

partial molal volumes p, along with the excess AV volumes 
calculated as Av = - V'. 

In all the solutes investigated, positive values of A v  were 
obtained. This fact leads to the conclusion that the prevailing 
intermolecular interaction of any of the amines with benzene is 
due to the aliphatic part of the molecule. This is an indication of 
inappropriate geometrical fitting of the solutes in this solvent. A 
more careful look at the results, in particular for solutes of the 
same size, shows that for the amines the increase in volume is 
never as big as for the hydrocarbons, meaning that the amine 
group - benzene interaction produces a decrease in volume. 
This is in agreement with the findings of the previous workers: 
C6H6 - tertiary amines n-TI: interactions and C6H6 - secondary 
amines n-II and NH ...II interactions (19-21). 
- 
VO group contributions 

The linear dependence of partial molal volumes on the 
number of carbon atoms, nc, found for the three homologous 
series studied allows us to identify the slopes, b, of eq. [3] with 
the contribution of the methylene group, and the intercepts, a ,  
with the combination of group contributions as shown in 
eqs . [4] - [6] . 

[31 = a + bnc 

[4] af fc  = 2VgH2 + 2VgH, 

[51 asec.arnines = -2V;Hz + 2vgH3 + P 0 _ \ i H  
- 

161 atert.arnines = -3V?H2 + 3VgH3 + Vk: 
The group contributions as presented in Table 5 were derived 

by a least-squares fitting of experimental v0 values to eq. [3] 
and using expressions [4]-[6]. In this statistical method we have 
taken into account the non-constancy of the standard deviation 
of the different V0 determinations.' Intercepts along with their 
standard deviations are a ~ c  = 32.8, 2 0. 15, asec.arnines = 37.4, 
+. 0.20, and = 4 1.0, +- 0.21 cm3 mol- ' . The slopes 
b = qHz can be seen in Table 5, as referred to above. The eHz used in eqs. [4]-[6] is the average of the values obtained 
from the three sets of compounds. Table 5 also shows the 
CH2-group contribution to the pure solutes as well as their 
excess volume AVcH2 = VgHZ - VgH2. 

In this same table one can see that the methylene-group 
contribution is always bigger in C6H6 than in pure solutes. As 
already pointed out for the global solute molecules, this fact can 
be explained by the perturbation of benzene structure caused by 
the aliphatic part of these molecules, when they are introduced 
in this solvent. This result is in opposition to what can be 
observed in water, where hydrophobic bonding interactions are 
present. Another observation concerning this group contribu- 
tion, in the three sets of compounds, is that their values are 
almost constant, although differences greater than the experi- 
mental error are present. 

2~lgebraic equations for first-order ( y  = a + bx) weighted least- 
squares fitting: 
a = (Cw,yi Cwixf - Cwixi C w,x,yi)/D 
b = (C w; C wixiyi - C wixi C wiyi) /D 
D = CwiCwix! - (2 W ~ X J ~  
u, = u(C wixf /D)"' 
ub = u(CW~/D)"~ 
wi = c2/uf 
with C equal to the smaller u. 
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BARBOSA AND LAMPREIA 389 

TABLE 2. Empirical parameters of the equation d = A + Brn + crn2, for amines and linear hydrocarbons in benzene at 25OC 

A B x 10' c x lo3 C6H6 
Compound (g c d )  (g cm-3 mol-I kg) (g cm-3 mol-' kg2) a x lo5' B ~ b ~ 6 6  purified from 

Diethylamine 
Di- n-butylamine 
Di-n-hexylamine 
Di-n-octylamine 
Di-n-dodecylamine 
Triethylamine 
Tri-n-propy lamine 
Tri-n-butylamine 
Tri-n-octy lamine 
Octane 
Decane 

Fluka puriss p.a. 
B.D.H. Analar 
Merck p.a. 
Merck p.a. 
Merck p.a. 
Fluka puriss p.a. 
Merck p.a. 
Merck p.a. 
Merck p.a. 
Fluka puriss p.a. 
Merck p.a. 

"Standard error of solution density estimation. 
bac6~, is the average value of benzene density in the vo determination of each solute. The average standard deviation was 2 x lO"g~m-~.  

TABLE 3. Apparent molal volume of amines and linear hydrocarbons in benzene at 25OC 

m v+ rn 
(mol-I kg-') (cm3 mol-I) 

v4 
(mol kg-') (cm3 mol-I) 

Diethylamine 

0.0322 105.08 
0.0485 105.00 
0.0761 104.89 
0.1 177 104.86 
0.1476 104.99 
0.1795 104.93 
0.2554 104.98 
0.2998 104.98 
0.3307 104.93 
0.3598 104.97 

Di-n-butylamine 

0.0526 173.08 
0.0740 173.16 
0.201 1 173.17 
0.2649 173.16 
0.3341 173.08 

Di-n-hexylamine 

0.0198 240.80 
0.0300 240.92 
0.0501 240.79 
0.0741 240.83 
0.1185 240.86 
0.2189 240.79 
0.2597 240.80 

Di-n-octylamine 

0.0199 308.87 
0.0244 308.86 
0.0503 309.00 
0.0857 308.84 
0.0969 308.80 
0.1355 308.82 
0.1672 308.78 
0.1884 308.68 
0.2293 307.58 
0.2594 308.50 
0.2890 308.50 
0.3026 308.44 

Di- n-dodecy lamine 

0.0195 444.36 
0.0466 443.99 
0.0629 443.96 
0.0827 444.00 
0.1101 443.86 
0.1298 443.73 
0.1653 443.46 
0.1857 443.29 
0.2559 443.00 
0.2924 442.95 
0.3863 442.51 

Tri-n-ethylamine 

0.0283 140.24 
0.0427 140.35 
0.0505 140.25 
0.0613 140.34 
0.0773 140.18 
0.1243 140.32 
0.1634 140.31 
0.2306 140.31 
0.2629 140.29 
0.3052 140.36 

Tri- n-propy lamine 

0.0408 193.47 
0.0755 193.49 
0.0846 193.50 
0.1008 193.53 
0.1227 193.57 
0.1702 193.47 
0.2048 193.56 
0.2554 193.45 

Tri-n-butylamine 

0.0187 243.81 
0.0351 243.90 
0.0502 243.98 
0.0746 243.99 
0.0950 243.90 

rn v4 
(mol kg-') (cm3 mol-I) 

Tri-n-butylamine (cont.) 

0.1235 243.91 
0.1658 243.83 
0.2210 243.87 
0.2593 243.91 
0.3009 243.80 

Tri- n 

0.0323 
0.0417 
0.0490 
0.0604 
0.0699 
0.0834 
0.0904 
0.1015 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



390 CAN. J .  CHEM. VOL. 64, 1986 

TABLE 4. Partial molal volumes of amines and linear hydro- 
carbons at infinite dilution in benzene at 25°C 

v0 A v  
Compound (cm3 mol-') (cm3 mol-I) 

Diethylamine 
Di-n-butylamine 
Di-n-hexylamine 
Di-n-octylamine 
Di-n-dodecylamine 
Triethylamine 
Tri-n-propylamine 
Tri-n-butylamine 
Tri-n-hexylamine 
Tri-n-octylamine 

Tri-n-decylamine 
Tri-n-dodecylamine 
Pentane 
Hexane 
Heptane 
Octane 

Nonane 
Decane 

'This work. 
b~eference 14. 
'Reference 18. 

I 

In relation to the tertiary amine group (f N:), the introduc- 

I tion of Et3N in the linear fit To vs. nc changes considerably the 
I intercept a .  Therefore this compound was not included in the 

calculations of the average group contributions. The VgN: for 
this amine was calculated and is vSN: (Et3N) = - 10.4 cm3 
mol-'. This lower value may be justified by a noticeable 
difference of conformational effects in this amine as compared 
to the other amines of this series, in which a regular behaviour is 
observed (23). In respect to the higher amines, if one assumes 
that the CH2-group contribution is the same as in linear 
hydrocarbons, the slightly different slope of the curve v0 vs. 
Vw would correspond to a small variation of the amine-group 
interaction along the series. This conclusion agrees with the 
observation made by Kertes and Grauer (15) and is related to the 
effect of chain length on excess enthalpies of mixing of these 
amines in C6H6. Kertes and Grauer explained this fact by the 
existence of a shielding effect to the lone-pair nitrogen 
electrons, due to the long aliphatic chains. In spite of this 
knowledge, the average of this amine-group contribution was 
calculated, as was the one for the secondary amines, assuming 
its constancy and using a simple additive scheme. The average 
values obtained, V'N: = - 8.3 cm3 mol- ' and V;E~, = 4.6 cm3 
mol-', both much smaller than their Bondi's van der Waals 
volumes, suggest the presence of another factor leading to a 
significant decrease in volume, in addition to the one caused by 
the specific interaction amine-benzene. 

Conformational effects such as gauche interactions have 
been proven to influence physical properties of organic mole- 
cules (22). Terms containing those effects have already been 
introduced in additive schemes for v0 by Edward et al. (4). 
These authors refer to many cases in which decreases in volume 
were associated with gauche interactions. Similar results were 
obtained by ourselves as a result of a conformational study of 
some of these amines in benzene (23). 

These conclusions gave us great incentive to obtain more 
detailed information about the effects on volume, correspond- 
ing to these specific interactions on the one hand and to 
conformational effects on the other hand. The continuation of 
these studies is important, to make possible the introduction of 
these contributions to more exact additive schemes. 

Partial molal volumes of the specific interactions 
As already pointed out, in the amine-benzene systems one 

may assume that the interactions present are composed of two 
different contributions. One is due to the aliphatic part of the 
molecule, leading to an increase in volume, and the other is due 
to the amine groups, producing the opposite effect. 

To clarify the contribution to the partial molal volumes of the 
amine-benzene specific interactions, we have tried to separate 
the aliphatic from the amine contributions using two different 
approaches. One of these approaches, (i), is based on the model 
of Terasawa et al. (6) and the other, (ii), on SPT (7), 
considering Vw and vcaV respectively as reference volumes. 

(i) According to Terasawa et al.,  the partial molal volume of 
a solute A is composed of two contributions, i.e., the van der 
Waals volume, VW,A, and the void partial molal volume, 
vvoid,A (the actual void space created by addition of one mol of 
solute A to the solvent). 

171 V i  = V ~ , ~  + vvoid,A 

To estimate the contribution of specific solute-solvent 
interactions to the partial molal volume, the same authors had 
the idea of comparing Vvoid,A (or PA) with that of a reference 
material with the same van der Waals volume as the solute A. As 
hydrocarbons do not interact strongly with many organic 
solvents and all organic molecules are derived from them, these 
compounds were considered to be an appropriate standard 
material for this purpose. Then, applying eq. [7] to the 
hydrocarbon molecule having the same van der Waals volume 
as the solute A, we obtain 

and, from eqs. [7] and [8], 

[9] VS-S = pi - %C = vv0id.A - vvoid,HC 

where Ks is the partial molal volume of the specific inter- 
actions. 

To obtain vSps it is thus necessary to have values of the partial 
molal volumes of linear hydrocarbons with the same van der 
Waals volumes as the solutes studied. Since in general there are 
not real hydrocarbons with the requirement just stated, a 
weighted least-squares fitting linear relation v0 vs. Vw was 
obtained for these compounds and from it the suitable v$c 
values were taken. Also, weighted linear regressions were done 
for the amines. This procedure is particularly important for the 
tertiary amines, as very different errors are associated with the 
experimental results. Table 6 shows the slopes and intercepts 
obtained. 

The vSs parameter values calculated as explained above are 
listed in Table 9, and will be discussed jointly with the 
corresponding parameters presented in the next section. 

(ii) Using now the statistical mechanical scaled particle 
theory (7, 24), we can derive in a similar way to (i) a 
comparative measure of the specific interactions from a differ- 
ent conception of the separation of the various contributions 
to P. 

The SPT expression for V0 is 
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TABLE 5. Average group contribution to the partial molal volumes in pure solutes and benzene at 25OC 

Compounds 

Secondary amines 16.51 16.96 k 0.01 0.45 - 4.6 k 0.3 - 
Tertiary amines 16 .48~ 16.91 ? 0.02b 0.43 - - -8.3 ? 0.3 
Linear hydrocarbons 15.98 16.82 k 0.02 0.84 33.3 ? 0.2 - - 

= PH, - @H,. 
bEt3N was excluded from the least-squares fitting as this amine showed a different behaviour from their homologues. 

TABLE 6. Empirical parameters of the weighted linear re- 
gressions VO = a + b Vw for linear hydrocarbons and 

amines in benzene at 25OC 

a b 
Compounds (cm3 mol-') - - 

0 
E 

Secondary amines 12.4 k 0.2 1.659 ? 0.001 0 

E 
Tertiary amines 16.8 ? 0.2" 1.653 & 0.002 \ 

Hydrocarbons 21.6 k 0.2 1.644 ? 0.002 b 
.-? 

z' 
"Et3N was excluded from the fit as this amine was shown to have a c 

r l W  
different behaviour from its homologues. 

[lo] V" = Vcav + AV, + kTRT t 
where vcav is the partial molal volume associated with cavity 
formation, A q  is the partial molal volume contribution from 
solute-solvent interactions, and kTRT accounts for the change 
of standard state between the gas and solution. Application of 
[lo] to amines and hydrocarbons with the same Vcav, and 
subsequent subtraction leads to 

[ i l l  iss= T i -  V E c = ~ V i , A - ~ V i , H c  
iss is a new parameter which will be compared with rss 
calculated previously. In order to obtain this interaction 
contribution it is necessary to calculate vcav for the amine and 
hydrocarbon molecules under consideration. 

From SPT, vcav is a known function of temperature, molar 
volume, isothermal compressibility, hard-sphere diameter of 
the solvent u l ,  and hard-sphere diameter of the solute u2 

[12] Eav = 0.3153 u: + AU; + B u 2  + C 

where 

[13] A=3kTRT(y+2y2) / (1-y)3u:  

[14] B = 3kTRTy/(l - y)2 

and y as defined by: 

[16] y = N , ~ u : / ~ v  

is the ratio of the volume occupied by one mole of hard-sphere 
solvent molecules to the molar volume of the solvent. As can be 
seen from the above expressions, Vcav is extremely sensitive to 
the choice of u l ;  in fact, it appears as the 6th power of this 

I 

parameter. On the other hand, Eav varies much less with the 
solute diameter u2. The appropriate choice of these u values, 
especially u , ,  is the first difficulty to be overcome. 

As the theory claims, u has a very precise physical meaning 
and can be determined from independent measurements such as 
viscosities, 2nd virial coefficients, compressibilities, surface 
tension, and solubilities. The SPT theoretical relationships for 

FIG. 1. Correlation of Mayer u values with van der Waals volumes 
calculated after Bondi. 

isothermal compressibilities, kT, and surface tension, y, as a 
function of u have been established. Mayer (25) presents a 
series of u values taken from kT and y experimental results. 
Another set of u based on gas solubility technique (26) and 
compiled by Wilhelm and Battino (27) were used by French and 
Criss (28) in volumetric studies. 

The two sets of molecular diameters are not in agreement, 
thus leading to very different Vcav and AF. Hence we decided to 
calculate these quantities for the process of introducing a 
molecule of a particular substance into a solution of itself, 
expecting to obtain Avi  = 0. In Table 7 the results of these two 

calculations for five organic molecules can be observed. 
As A q  corresponding to u values based on the solubility 
approach are in all cases very negative and those derived from 
SPT are approximately zero, we have used these latter values to 
carry on our calculations. Consequently, ul = 5.01 A for 
benzene has been adopted. 

Concerning the solutes, as we did not have the hard-sphere 
diameter for the amines and some linear hydrocarbons, we tried 
a linear relationship (29) between the volume of one mole of 
molecules of the Mayer diameter and the Bondi van der Waals 
volumes for molecules of nature and shape in best agreement 
with the model adopted. In Fig. 1 we present the plot and 
analytical expression for the relation, based on the assumptions 
we have made. 

Vcav for the secondary and tertiary amines and linear 
hydrocarbons - were then calculated and A v i  derived. Table 8 
shows u2, Vcav, and A v i  for the amines under study. 

The curves AF vs. vcav for each class of compounds were 
then constructed (Fig. 2). As expected, three smooth curves 
were obtained, which approach each other towards the long- 
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TABLE 7. The SPT parameters for the process of introducing a particular substance in itself 

- 
Solvent and v0 k~ u ,  = u2 VC,, A p, 

solute (cm3 mol-I) (lo-'' N-' m2) (A) (cm3 mol-I) (cm3 mol-I) 

( 3 6  89.41 9.66" 5 . 0 1 ~  86.9 0.2 
5.26' 128.8 -41.8 

n-Hexane 131.62 16.69" 5. 6sd 127.3 0.2 
5.92' 190.6 -63.1 

n-Heptane 147.46 14.38" 5.97d 143.9 0.0 
6.25' 209.9 -66.0 

rz-Octane 163.54 11 .98b 6.32d 161.2 -0.6 
6.54' 216.5 -56.0 

CC14 97.09 10.77' 5.1Sd 95.6 -1.0 
5.37' 133.6 -39.2 

"Reference 30. 
bReference 3 1. 
'Reference 32. 
dReference 25. 
'Reference 27. 

TABLE 8. The SPT cavity and interaction contribution to partial molal volumes of 
secondary and tertiary arnines in benzene at 25°C 

vcav A F . ~ ~  AV, ,HC~ 
Compound (cm3 mol-') (cm3 mol-I) (cm3 mol-I) 

Diethylamine 
Di-n-butylamine 
Di-n-hexylamine 
Di-11-octylamine 
Di-n-dodecylamine 
Triethy ~dmine 
Tri-n-propylamine 
Tri-n-butylamine 
Tri-n-hexylamine 
Tri-n-octylamine 
Tri-n-decylamine 
Tri-n-dodecylamine 

"AR,, calculated using smoothed values obtalned from the weighted f i t  cx, vs. V,. 
bAvi,, for the hydrocarbons with the same cavity volume as that of the amines taken from the 

curve AVi.HC VS. vca, (Fig. 2). 
'AV;,, calculated from the experimental V0 value. 

FIG. 2. Correlation of SPT interaction volume AE with the cavity volume E,, for secondary I3 and tertiary amines 0 and linear 
hydrocarbons 0 in benzene at 25°C. 
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TABLE 9. Contribution to the partial molal 
volume of the specific interaction amine- 

benzene at 25OC 

Compound v s s  Is-s 

Diethylamine -8.3 -8.5 
Di-n-butylamine -7.7 -7.7 
Di-n-hexylamine -7., -7.4 
Di-n-octylamine -6.4 -7.0 
Di-n-dodecylamine -5.2 -5.0 

Triethylarnine -6.3' -6.0" 
Tri-n-propylamine -3.* -3.9 
Tri-n-butylamine -3+ -3.3 
Tri-n-hexylamine -3.0 -3.3 
Tri-n-octylamine -2.4 - Z 7  
Tri-n-decylamine - 1 .7 
Tri-n-dodecylamine -O+ 

"Calculated from the experimental value. 

chain compounds. Similar behaviour was detected when the 
straight lines vs. Vw were drawn. The  relative position of the 
curves is in agreement with the fact mentioned previously, that 
the amine group produces a decrease in volume; i .e.  for the 
same cavity size, Avi  for the amines is always smaller than for 
the hydrocarbons. Again, a stronger interaction for the second- 
ary amines than for the tertiary ones is reflected in the same 
curves. Et3N once more seems to be  a special case lying outside 

I the curve. 
Finally, to calculate iss, eq. [ I  I ] ,  the Av,,HC values required 

I were taken from the respective curve and are also reported in ' Table 8. iss and vss values are listed in Table 9. As can be  
I seen in this table, the two sets of results are in good agreement. 
1 The fact that these numbers were obtained from such different 
1 approaches gives support to  both of  them. The negative values 
, observed for all the amines mean that the contribution to Po of ' the amine-group interaction is always smaller than the corres- 

I ponding contribution of the hydrocarbons, in benzene. How- 
ever, we think that less negative values can be  calculated if one 
takes into account the conformational differences between these 
two classes of compounds (23). Another striking feature 
concerning the results contained in Table 9 is the regular 
variation (with the exception of Et3N) of both measures of 
partial molal volume of the specific interaction along the series. 
In the case of Et3N, we  think that the conformational difference 
already referred to  is responsible for its particular behaviour 
and, once considered, would make this amine conform to the 
regularities observed for the higher ones. These regularities 
encourage the investigation of suitable expressions to  account 
for the variation of amine-group contribution along these series, 
when applying additive schemes to these systems. 
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Apparent molar heat capacities and volumes of alkylbenzenesulfonate salts in water: 
substituent group additivity 
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Edmonton, Alta., Canada T6H 5x2 
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K. SWAY, JAMEY K. HOVEY, and PETER R. TREMAINE. Can. J. Chem. 64, 394 (1986) 
Densities and specific heats were measured for the aqueous sodium salts of benzenesulfonate, p-toluenesulfonate. 2 2 -  and 

2,5-dimethylbenzenesulfonate, mesitylenesulfonate, and p-ethylbenzenesulfonate. The limiting partial molar volumes, V0 and 
heat capacities, c:, lead to revised values in the group contributions for aromatic <HI and 4 H 3  groups in the 
additivity scheme proposed by Perron and Desnoyers. The heat capacities of substituted alkylbenzenes can deviate from group 
additivity by as much as 70 and 40 J K -' mol, -', respectively, when polar groups are located on the a and P positions of the alkyl 
chain. 

K. SWAY, JAMEY K. HOVEY, et PETER R. TREMAINE. Can. J. Chem. 64, 394 (1986). 
On a mesure les densitts et les chaleurs spicifiques de solutions aqueuses du benzenesulfonate, du p-tolu&nesulfonate, des 

dimethyl-2,4 et dimkthyl-2,5 benzenesulfonates, du mCsitylenesulfonate et du p-ethylbenz&nesulfonate de sodium. Les volumes 
molaires partiels et les capacitts calorifiques limites P o  et c: conduisent ti des valeurs corrigkes des contributions de groupe 
pour les groupements CH2 et CH3 aromatiques dans le schema d'additivite propose par Perron et Desnoyers. Lorsqu'il y a des 
groupes polaires dans les positions a et P de la chaine alkylee, les capacitks calorifiques des alkylbenzenes substitues peuvent 
presenter des deviations de l'additivitk du groupe qui peuvent aller respectivement jusqu'a 70 et 40 J K-' mol-I. 

[Traduit par le journal] 

Introduction 
The temperature dependence of surfactant micellization 

equilibria is of increasing interest, both as a tool for developing 
fundamental insights and because surfactants can be used as 
steam additives in heavy oil recovery. Partial molar heat 
capacities and volumes are key parameters in describing the 
temperature and pressure dependence of such equilibria (1-3). 
The critical micelle concentrations of industrially important 
surfactants lie below the practical limit of modem calorimeters 
and densimeters. As a result, the properties of surfactant 
monomers at pre-micellar concentrations must be estimated 
from functional group additivity schemes. 

At the low concentrations of interest in this context, it is often 
sufficient to know the standard state functions in water or dilute 
brines. Perron and Desnoyers (4) recently developed a compre- 
hensive group additivity scheme for predicting the standard 
partial molar properties of benzene derivatives in water at 25°C. 
The parameters for benzene sulfonates were derived from heat 
capacity and volume measurements on sodium benzenesul- 
fonates that included chloro, carboxylate, and sulfonate groups 
as substituents, but not simple alkyl groups. Here, we report 
heat capacity and volume measurements on p-ethylbenzenesul- 
fonate, and on mono, di-, and tri-methylbenzene sulfonates, in 
order to better define the effects of alkyl substituents and 
isomerization. 

Experimental 
The sodium salts of benzenesulfonic acid and mesitylenesulfonic 

acid were prepared by neutralizing aqueous solutions of the acid (Pfaltz 
and Bauer, "Source 1 "). Those of p-ethylbenzenesulfonic acid 
(Tokyo Kasei Kogyo Ltd.), p-toluenesulfonic acid (Eastman Kodak), 
2,4- and 2,5-dimethylbenzenesulfonic acid (Pfaltz and Bauer), and a 
second sample of benzenesulfonic acid (Pfaltz and Bauer, "Source 2") 
were purchased as the salt. 

Each salt was recrystallized at least twice from saturated hot aqueous 
solutions, then dried to constant weight in a vacuum desiccator, 
typically for two to five days. A faint orange coloration persisted in the 
sodium benzenesulfonate from Source 1, even after three recrystalliza- 

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

tions. All water was distilled once and passed through a Milli-Q 
reagent grade mixed-bed ion exchange and activated carbon system 
before use. Stock solutions were prepared by weight. The molality of 
each was checked by passing three aliquots through strong cation 
exchange columns (Rexyn 10 1, acid form) and titrating the eluted acid 
with standard sodium hydroxide solution to a phenolphthalein end 
point. The results agreed to within 0.5%. 

The heat capacity and density of each solution were measured 
relative to water at 25.0°C using a commercial Picker flow microcalor- 
imeter (5) and vibrating tube densimeter (6). Values for the specific 
heat capacity and density of pure water at 25OC and 100 kPa were taken 
to be cPw0 = 4.1793 J K- '  g - l  and dwO = 0.997062 g ~ m - ~  (7,8). The 
average of the apparent molar heat capacities from the two calorimeter 
cells was multiplied by the mean heat leak corection factor, f = 1 .O1 k 
0.005, which was obtained daily by calibration with aqueous NaCl(9). 

Results 
Apparent molar heat capacities, +c,, and volumes, +v, are 

defined by the expression 

where Y is the heat capacity or volume of the solution, n, 
and n are the number of moles of water and solute respectively 
(if n, = 55.509, n = molality, m) and p, is the property for 
1 mole of pure solvent. 

To obtain apparent molar heat capacities and volumes at 
infinite dilution, the experimental results were fitted to an 
extended Debye-Hiickel equation of the form (9,lO). 

using the method of least squares. The limiting slopes on the 
molal scale, Ac = 32.5 1 J K- ' kg1/' m ~ l - ~ "  and Av = 1.865 
cm3 kg1/' m01-~/', were iaken from Bradley and Pitzer (1 1). At 
infinite dilution, the apparent molar properties become identical 
with partial molar (standard state) heat capacities and volumes 
so that 6Cj  C: and +vO = To. 

The experimental data and apparent molar properties are 
listed in Appendix 1. The derived values of c:, vO, and 
Bc, and Bv are listed in Table 1, along with the standard 
deviations obtained from the least-squares fit. 
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SWAY ET AL. 395 

TABLE 1. Standard state heat capacity, volume, and ionic strength parameters 

Solute Formula 

Sodium benzenesulfonate (Source 1) $SOjNa(aq) 247.8 2 0.2 -16.7 & 0.6 101.73 & 0.13 -0.58 ? 0.29 
Sodium benzenesulfonate (Source 2) $S03Na(aq) 259.0 & 0.4 -8.4 2 0.9 103.96 2 0.08 0.03 2 0.16 
Sodium p-toluenesulfonate p-CH3$S03Na(aq) 333.6 2 0.4 -32.4 & 0.8 120.94 & 0.04 -0.37 & 0.07 
Sodium 2,4-dimethylbenzenesulfonate 2,4-(CH3),$S03Na(aq) 400.3 * 2.0 -56.9 2 6.5 132.4 2 0.02 -1.00 2 0.08 
Sodium 2,5-dimethylbenzenesulfonate 2,5-(CH3)2$S03Na(aq) 416.4 2 0.5 -28.9 & 1.2 135.74 & 0.08 -0.33 * 0.17 
Sodium mesitylenesulfonate 2,4,6-(CH3)3$S03Na(aq) 488.1 5 0.9 -94.4 2 2.0 148.03 ? 0.24 - 1.37 2 0.5 1 
Sodium p-ethylbenzenesulfonate p-CH3CH2$S03Na(aq) 392.1 2 0.7 -61.0 k 1.7 134.42 2 0.10 -0.02 ? 0.02 

Error limits are standard deviations (precision) from the least-squares fits of eq. [2] to data below 0.8 m. The accuracy is estimated to be 2 6  J K-' mol-I and 
2 1 cm3 mol- I. 

TABLE 2. Group contribution to To and c: in water at 25'C from Perron and Des- 
noyers (4). Contributions for <Hz- and <H3(arom) are revised from this work 

Group Aromatic Aliphatic Aromatic Aliphatic 

Benzene 
-H 
--CH3 
4 H  
4 H  (ortho to COONa) 
--C1 
-Br 
-I 
-NO2 
-NH2 
--COONa 
-S03Na 
4 C H 2 C O O N a  
<Hz- 
u 
--COOH 
--CHO 

*23.2 cm3 m o l l ,  145 J K- ' mol-', in ref. 4. 
t85  J K-' mol-I in ref. 4. 

Discussion 
Standard state heat capacities and volumes for a large number 

of benzene derivatives have been compiled by Perron and 
Desnoyers (4). These were used to derive the contribution of 
each group to the standard state properties of the solute, as 
tabulated in Table 2. The scheme is based on the assumption that 
the relative positions of the aromatic substituents about the ring 
do not affect the group contribution, and that all H atoms are 
equivalent. 

In Table 3, we have compared our values of cE and To 
for the sodium aryl sulfonates with experimental values reported 
by other workers, and with values calculated from the group 

, additivity scheme. The experimental data cited by Perron and 
Desnoyers for aqueous neutral arenes, and for simple phenols, 
benzoates, phenylalkanols, and phenylcarboxylates are also 
included, for use in the discussion below. The absolute accuracy 
of measurements on organic electrolytes is somewhat lower 
than that for simple inorganic systems because purification is 
more difficult. Error limits of 2 6  J K- ' mol- ' and 2 1 cm3 
mol-' are probably reasonable estimates. Our data for +SO3- 

Na(aq) and p-CH3+S03Na(aq) agree with earlier results (4, 12) 
to within these limits. Data for the other sulfonates have not 
been reported previously. 

The experimental heat capacities for the methyl substituted 
benzenesulfonates are systematically higher than those calcu- 
lated from the group contributions by about 16 J K-' mol-' per 
-CH3(arom).  The experimental value for p-ethylbenzenesul- 
fonate is lower than the group contribution calculation by 41 J 
K- ' mol- ' . Constant discrepancies in the group assignments for 
-CH3(arom) and 4H2- (a rom)  also occur for all the other 
solutes in Table 3 except the phenylalkanols and phenylcarbox- 
ylates (+(CH2),0H and +(CH2),,COONa). 

Perron and Desnoyer's additivity scheme was based on rather 
limited results for alkylbenzene derivatives, a subset of the data 
in Table 3. We chose to recalculate the values for the aromatic 
methyl and methylene groups, using both the new and old data 
in Table 3. However, we omitted the values for all the phenyl- 
alkanols and phenylcarboxylates because the polar substituents 
might be expected to interact strongly with the aromatic ring. 
This treatment yields the values 156 J K-' mol-' and 54 J K-' 
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TABLE 3. Experimental standard state heat capacities and volumes compared to values calculated from 
group additivity 

Sulfonates 

+S03Na (Source 1) 
+S03Na (Source 2) 
4S03Na (4) 
p-CH3+S03Na 
p-CH3+S03Na (12) 
2,4-(CH3)2+S03Na 
2,5-(CH3)2+S03Na 
2,4,6-(CH3)3+S03Na 
p-CH3CH2+S03Na 

Arenes 

- - - C;(J K- '  mol-I) V O  (cm3 mol-') 

Calculation Calculation 

Experi- Perron and This Experi- Perron and This 
ment Desnoyers work ment Desnoyers work 

Benzene (1 3) 
Benzene (14) 361?5* 
CH34 (14) 

372 I 372 
430k 13* 433 

CH3CH26 (14) 504*13* 551 
CH3(CH2)2+ (14) 606*25* 639 

Benzoates and phenols 

p-CH3+COONa (4) 312 309 
p-CH3+OH (15) 384 376 
p-CH3CH2+OH (15) 465 494 

Phenylalkanols and Phenylcarboxylates 

+CH20H (15) 396 369 
+(CH2)2OH (15) 462 457 
+(CH2)3OH (15) 530 545 
+(CH2COONa (16) 305 264 
+(CH2)2COONa (1 6) 362 352 
+(CH2)3COONa (1 6) 423 440 
+(CH2)4COONa (16) 504 528 

*Error limits reported by the original authors. 

mol-' for the <H3(arom) and <Hz-(arom) group contri- 
butions, respectively. A similar comparison for volumes leads 
to the value 25.3 cm3 mol- for <H3(arom). 

Values for cj and calculated from the original and 
revised group additivity schemes are compared in Table 3. The 
revised scheme yields much better agreement with experimental 
data for all systems listed except the phenylalkanols and 
phenylcarboxylates, which are treated in detail below. All other 
compounds that contain a single alkyl group deviate from 
additivity by no more than 14 J K-' mol-'. The dimethyl 
benzenesulfonates and mesitylenesulfonate deviate by no more 
than 18 J K-' mol-I. We note that the experimental data for the 
dimethylbenzene isomers in Table 1 differ from each other by 
20 J K-' mol-' and 3.4 cm3 mol-', just outside the combined 
estimate of accuracy. The revised group additivity scheme 
agrees best with the value for the 2,4 rather than the 2,5 isomer 
but, in fact, the difference between the two isomers is 
surprisingly small. 

The deviations between experimental heat capacities for the 
phenylalkanols and phenylcarboxylates and values calculated 
from the revised group additivity scheme are plotted in Fig. 1, as 
a function of alkyl chain length. The additivity scheme 
underestimates ?j for the a-substituted solutes by about 
70 J K-' mol-I. However, the discrepancy decreases dramati- 
cally with increasing chain length, and is nearly within 
experimental error at n = 3. It appears that substituted 
phenylalkanes have anomalous standard state heat capacities 
when polar groups occupy or P positions (n = 1 or 2) on the 
alkyl chain. There is no evidence for a similar effect on 
volumes. 

Finally, Perron and Desnoyers noted an approximately linear 
relationship between the contributions for aromatic and alkyl 
substituent groups. The revised values for A H 3  and <Hz- 
heat capacity contributions in Table 2 deviate much more from 
linearity than the original assignments of Perron and Desnoyers. 
The volumes are little affected. 
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SWAY ET AL. 397 

FIG. 1. The discrepancy between the experimental heat capacities 
and those calculated from group additivity (Table 2) for phenylalkanols 
and phenylcarboxylates. 0 = +(CH2),,0H; = + (CH2),,COONa. 
For n 2 4, the discrepancy is presumably negligible. 
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Appendix 1 
Apparent molar properties at 2S°C, for aqueous, substituted benzene sulfonic acid 

sodium salts, A ~ s o ~ - N ~ + ( ~ ~ )  

m c ~ d  - 1  +CP (d- dw) 4 v 
(mol kg-') cpw d, (J K-I mol-I) (g ~ m - ~ )  (cm3 mol- ') 

Ar = benzene, Source 1 (acid) 

0.05407 -0.002173 254.8 0.004207 101.99 
0.1087 -0.00433 1 256.7 0.008382 102.29 
0.2197 -0.008539 259.0 0.016678 102.60 
0.4510 -0.016934 262.1 0.033345 102.87 
0.6890 -0.025016 263.4 0.049853 102.76 
0.9462 -0.033095 268.3 0.066173 103.47 

Ar = benzene, Source 2 (salt) 
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Appendix 1 (Concluded) 

Ar = ethylbenzene 

Ar = rnesitylene 

0.1002 -0.003036 
0.2054 -0.006364 
0.3104 -0.010013 
0.4989 -0.017098 
0.6109 -0.021643 
0.7103 -0.025982 

Ar = p-toluene 
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Selected-ion flow tubestudies of reactionsofthe radical cation (HC3N)+' in theinterstellar 
chemical synthesis of cyanoacetylene 
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M3J I P 3  
Received August 15, 1985 

A. Fox, A. B. RAKSIT, S. DHEANDHANOO, and D. K .  BOHME. Can. J. Chem. 64, 399 (1986). 
The radical cation (HC~N)+ '  was produced in a Selected-Ion Flow Tube (SIFT) apparatus from cyanoacetylene by electron 

impact and reacted at room temperature in helium buffer gas with a selection of molecules including Hz, CO, HCN, CH4, HZO, 
OZ, HC3N, C2H2, OCS, C2H4, and C4H2. The observed reactions exhibited a wide range of reactivity and a variety of pathways 
including charge transfer, hydrogen atom transfer, proton transfer, and association. Association reactions were observed with 
CO, OZ, HCN, and HC3N. With the latter two molecules association was observed to proceed close to the collision limit, which 
is suggestive of covalent bond formation perhaps involving azine-like N-N bonds. For HC3N an equally rapid association has 
been observed by Buckley et al. with ICR (Ion Cyclotron Resonance) measurements at low pressures and this is suggestive of 
radiative association. The hydrogen atom transfer reaction of ionized cyanoacetylene with HZ is slow while similar reactions with 
CH4 and HZO are fast. The reaction with CO fails to transfer a proton. These results have implications for synthetic schemes for 
cyanoacetylene as proposed in recent models of the chemistry of interstellar gas clouds. Proton transfer was also observed to be 
curiously unfavourable with all other molecules having a proton affinity higher than (C3N)'. Also, hydrogen-atom transfer was 
inefficient with the polar molecules HCN and HC3N. These results suggest that interactions at close separations may lead to 
preferential alignment of the reacting ion and molecule which is not suited for proton transfer or hydrogen atom transfer. 

A. Fox, A. B. RAKSIT, S. DHEANDHANOO, et D. K .  BOHME. Can. J .  Chem. 64, 399 (1986). 
La reaction d'impact Clectronique sur le cyanoacCtylkne a permis de gCnCrer le radical cation ( H C 3 ~ ) + '  dans un tube a 

Ccoulement, 2 ion selectif; on I'a fait rkagir, a la temperature ambiante et dans de l'helium agissant comme gaz tampon, avec 
diverses molCcules comme le HZ, le CO, le HCN, le CH4, le H20,  le 0 2 ,  le HC3N, le C2H2, le OCS, le C2H4, et le C4H2. 
Les reactions observCes representent un large Cventail de rCactivitCs et une grande diversite de voies rCactionnelles, y compris 
les transferts de charge, d'atomes d'hydrogene et de protons ainsi que les reactions d'association. On a observe des reactions 
d'association avec le CO, le OZr le HCN et le HC3N. Dans les cas de ces deux dernienes molCcules, on a observk que les 
rkactions d'association se produisent jusqu'i la limite des collisions et ceci suggere qu'il y a formation de liaisons covalentes 
impliquant peut-&re des liaisons N-N du type azine. Dans le cas du HC3N, Buckley et al. ont aussi observe une reaction 
d'association a l'aide de mesures ICR alors qu'ils opCraient a basses pressions; ces rksultats suggerent une association radiative. 
La reaction de transfert d'atomes d'hydrogkne du cyanoacktylkne avec le H2 est trks lente alors que des rCactions semblables 
avec le CH4 et le H 2 0  sont rapides. La rCaction avec le CO ne produit pas de reactions de transfert de proton. Ces rCsultats ont 
des implications pour les schCmas de synthese du cyanocktylkne qui ont CtC proposes dans des modkles rCcents de la chimie des 
nuages gazeux interstellaires. On a aussi observe que la rCaction de transfert de proton n'est curieusement pas favorable avec 
aucune des autres molCcules possCdant une affinitC protonique plus ClevCe que celle du (C2N)'. De plus, le transfert d'un atome 
d'hydrogene est inefficace avec les molCcules polaires HCN et HC3N. Ces rksultats suggkrent que les interactions, lorsque les 
separations sont faibles, peuvent conduire a un alignement prCfCrentie1 de l'ion qui rkagit et de la molecule, qui n'est pas 
approprit pour un transfert de proton ou d'un atome d'hydrogene. 

[Traduit par le journal] 

. . .  . 
Introduction HCO+ (3), and the reaction of C2H2+' with the (CN)' radical 

The radical cation (HC~N)+*  has been implicated as an (1). Also, laboratory evidence is available for the formation of 
intermediate in the chemical synthesis of cyanoacetylene in (HC3N)+' by the reactions of C2H2 with CN+ (4) and (HCN)+' 
dense interstellar gas clouds rich in molecular hydrogen (1-3). (5). Another loss Process for (HC3N)+' that may compete with 
Available models of the chemistry proceeding in ,-louds reaction [I]  in dense interstellar clouds is the reaction with CO, 
presume a rapid hydrogenation as indicated by reaction [I] .  which is the most abundant molecule in these environments next 

to Ha. This reaction has been presumed in one available model 
[ I ]  (HC3~)"  + H2 --, H 2 C 3 ~ +  + He (6) to occur rapidly by proton transfer as indicated in reaction 
Cyanoacetylene can be formed if the product ion of the hydro- [4]. 

. . . .  ' 
genation reaction recombines with electrons as in reaction [2] [41 (Hc3N)+- + CO -, HCO+ + .C3N 

. . .  
' [2] H ~ C ~ N '  + e --, HC3N + H' There appears to be no previous systematic laboratory study 

or transfers a proton to a molecule X as in reaction [3]. of the reactions of (HC3N)+'. The study reported here was 

[3] H Z C 3 ~ "  + X 4 XH' + HC3N directed specifically towards an experimental elucidation of the 
kinetics and product distributions of the reactions with H2 and 

Sources of the radical cation (HC3N)+' which have been CO that are important in the interstellar chemistry. However, it 
adopted in the various chemical models for interstellar gas was also extended towards a more general investigation of the 
clouds include the reaction of C3H2+' with atomic nitrogen hydrogenation of (HC3N)+' in reactions of type [5] with sub- 
(1-3), the protonation of (C3N)' by ions such as H3+ and 

[5] (HC~N)" + XH + HZC~N' + X' 

'Author to whom correspondence may be addressed. strates XH = H20, HCN, CH4, C2H2, C2H4, and HC3N. Of 
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400 CAN. 1. CHEM. VOL. 64, 1986 

FIG 1. (a): SIFT spectrum for ions derived from cyanoacetylene (8% in helium) by electron impact at 28 eV. Ions are injected at 12 V; the buffer 
gas is helium at 0.315 Torr. (b): SIFT spectrum for H C ~ N '  derived from cyanoacetylene (10% in helium) by electron impact at44.5 eV. The HC~N'  
ions are injected at 12 V; the buffer gas is helium at 0.357 Torr. The background spectrum arises in part from ion-molecule reactions with water 
impurity and with cyanoacetylene leaking through the selection quadrupole. 

additional interest was the competition of hydrogenation with 
charge transfer, which leads to the direct conversion of 
(HC3N)+' to cyanoacetylene as in reaction [6], 

and the competition with proton transfer, as indicated by re- 
action [7], 

[7] (HC3N)+' + XH -+ XH2+ + (C3N)' 

which drives one of the proposed sources of (HC,N)+' in its 
opposite direction to regenerate the (C3N)' radical. 

Experimental 
The measurements were performed with the Selected-Ion Flow 

Tube (SIFT) apparatus in the Ion Chemistry Laboratory (7,8). The 
(HC3N)+' was generated in an axial electron impact ionizer (Extra- 
nuclear Model 0413) from cyanoacetylene diluted with helium at elec- 
tron energies from 25 to 45 eV. The ions that may be derived from 
cyanoacetylene using this source are shown in Fig. 1, which also dis- 
plays the spectrum downstream when (HC~N)+ '  is selected upstream. 
The major impurity ion is H ~ C ~ N ' ,  which is thought to arise primarily 
from the reaction of (HC~N)+ '  with H20 impurity in the buffer gas, 
while the (HC3~)2+ '  ion is presumed to arise from a rapid addition 
reaction with cycanoacetylene leaking from the source through the 
selection quadrupole. The ions were injected into helium buffer gas at 
ca. 12 V. The total pressure was in the range from 0.30 to 0.36 Torr (I 
TOIT = 133.3 Pa) and the ambient temperature was 296 + 2 K. The 
reagent gases and vapours as well as the helium buffer gas were 
generally of high purity, with a minimum purity of 99.5 mol%. Hydro- 
gen cyanide was prepared according to the procedure described by 
Glemser (9). The cyanoacetylene was prepared from methyl propriolate 
(Aldrich) (10). Chemical ionization of the hydrogen cyanide and cyano- 
acetylene using H3+ indicated a purity of greater than 99% for both of 
these reagents. 

Results 
Table 1 summarizes the rate constants and product distribu- 

tions obtained in this study and includes values for the collision 
rate constant, kc,  for the reactions investigated (1 1). It includes 
all the primary product ions that were observed to contribute 
more than 5% to the total product spectrum. The reactions are 
listed in order of decreasing ionization energy of the neutral 
substrate. Rate constants were derived in the usual manner (7) 
and product distributions were determined using the method of 
Adams and Smith (1 2). 

Hz 
Hydrogen was observed to react with (HC3N)+' only slowly. 

Two primary products were observed, as is indicated in Fig. 2. 
The ion at m l z  = 26 was assigned to be the acetylene cation 
C2H2+' and not the vinylidene cation or CN+ . The formation of 
the latter is endothermic. Also, the C2H2+' was observed to 
react further with H2 to produce C2H4+' and some C2H3+ in 
the manner reported previously for the reaction of C2H2+' 
derived by electron impact from acetylene (13). The data also 
provided an upper limit of 1 x 10-l3 cm3 molecule-' s-' for 
the rate constants of the reactions of C2H4+', H~C,N+, and 
(HC3N)2+' with H2. The initial decay of the latter ion in Fig. 2 
is due to the depletion of its source ion (HC~N)+ ' .  

co 
The measurement of the reaction of (HC3N)+' with CO was 

straightforward. The decay of (HC,N)+' provides an apparent 
second-order rate constant of 3.4 x lo-'' cm3 molecule-' s-' at 
a total pressure of 0.3 1 Torr. Only the adduct ion (HC3N)+'.C0 
was observed to be present in the product ion spectrum. Proton 
transfer was not observed. The adduct ion and the impurity ions 
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FOX ET AL. 

TABLE 1. Summary of rate constants (in units of lop9 cm3 molecule-' 
s-') and product distributions measured for reactions of HC3N+' with 

106 I I 1 

the SIFT technique at 296 + 2 K 

Neutral Products Branching" kexp b FC 
reactant ratio 

H2 C2H2+' + HCN 0.5 0.0019 1.5 
H?c,N' + H' 0.5 

CO (HC3N)+'.C0 1 .O O.OMd 0.80 
HCN (HC3NYa.HCN 1 .O 0.89' 3.3 
CH4 C2H3N ' + C2H2 0.5 0.59 1.1 

C3H2N+ + CH3' 0.3 21 

C3H4+' + HCN 0.1 2 
H20 H 2 C 3 ~ +  + HO' 1 .O 0.67 2.4 2 
0 2  HCO+ + (C2NO)' 0.4 0.0025' 0.67 @ 

HC3N (HC3N)+'.HC3N 1 .O 1.2' 3.4 2 
C2H2 c ~ H ~ "  + HCN 0.8 0.64 1 .O 0 \ 

~ 2 ~ 2 ' '  + HC3N 0.2 
OCS (OCS)" + HC3N 0.8 0.72 1.2 

(HC3NS)+' + CO 0.2 
C2H4 C2H4+' + HC3N 0.8 0.67 1.1 

H ~ C ~ N '  + C2H3' 0.2 
C4H2 C4H2+' + HC3N 1 .O 0.89 1.1 

. . . . 

"Primary product ions which contribute more than 5%. The branching ratio 
has been rounded off to the nearest 5% and is estimated to be accurate to +30%. 

?he accuracy of the rate constants is estimated to be better than +30%. H C ~ N '  + H2 
'Collision rate constants derived from the combined variational transition 

state theory - classical trajectory study of Su and Chesnavich (1 1). 
?n helium buffer gas at a total pressure of 0.31 Tom and concentration of lo3 I I I 

1 .OX 1016 atoms c K 3 .  0 . 5  I 1.5 
'In helium buffer gas at a total pressure of 0.34 Tom and concentration of 

I I .  1 x 1016 
Hz F ~ ~ ~ ( r n o l e c u l s s .  s-' x 1020 1 

I 

I (HC3N)2+' and H2C3N+ were all observed not to react with CO, 
I k 5 1 x 10-l2 cm3 molecule-' s-'. 

HCN, HC3N 
Hydrogen cyanide and cyanoacetylene were observed to react 

with (HC3N)+' in a similar fashion. With both molecules 
adduct formation was predominant and rapid at the few tenths of 
a Torr of helium pressure employed in these measurements. 
Proton transfer was observed to be almost absent although the 
data analysis allowed for as much as about 5% of the reaction 
with HCN and about 1 % of the reaction with HC3N to proceed in 
this fashion. The product ion spectra provided evidence for the 
successive addition of up to three molecules of HCN and two 
molecules of HC3N to (HC3N)+' but, interestingly, the addition 
of the first molecule was by far the most rapid in each case, by 
more than about an order of magnitude. Figure 3 displays data 
that illustrate this point for HC3N. 

CH4 
A variety of products was'observed for the rapid reaction of 

ionized cyanoacetylene with methane. However, the stoichiom- 
etry is such that the product assignments were not straightfor- 
ward. Product ions were observed at m l z  = 52 (H2C3N+ or 
C4H4+), 41 (H3C2N+ or C3H5+), 40 (HZC2N+ or C3H4+), 28 
(H2CN+ or C2H4+), and 66 (H4C4N+). Experiments with 
CD4 allowed the exclusion of the following products: C4H4+, 
H2C2N+, and C2H4+ Also an upper limit of 5% could be 
assigned to the formation of C3H5+. Formation of H2C3N+ can 
be ascribed to hydrogen atom transfer. The H4C4N+ will arise 
from condensation with hydrogen atom elimination and may be 
protonated methylcyanoacetylene. The C3H4+ will result from 

FIG. 2 The variations in ion signals recorded for the addition of 
hydrogen into the reaction region of the SIFT apparatus in which 
H C ~ N +  is initially established in helium buffer gas. P = 0.341 Torr, C 
= 7.0X lo3 cm s- I, L = 46 cm, and T = 297 K. The H C ~ N +  is derived 
from cyanoacetylene at an electron energy of 44.5 eV and injected at 
12 v .  

condensation followed by elimination of HCN and may also 
give rise to H2CN+ if proton transfer proceeds before the 
products separate. The nature of the C3H4+ ion is uncertain. 
Available heats of formation suggest that ionized allene, 
methylacetylene, and cis-cyclopropane are some of the possi- 
bilities. The nature of the major product ion H3C2N+ that may be 
formed by condensation with elimination of acetylene is also 
uncertain. A number of isomers can be thought to be formed. 
The heat of formation of ionized methyl cyanide is too high. 
Formation of ionized methyl isocyanide is less endothermic but 
still energetically unfavourable by 10 kcal mol-'. Other isomers 
are possible, e.g. ionized ethynylimidogen, but their heats of 
formation are not known. 

H z 0  
The predominant channel observed for the reaction with H 2 0  

was hydrogen atom transfer. Formation of C 3 0 + ,  which cannot 
be distinguished from H2C3N+ with our mass spectrometer, was 
excluded on the basis of experiments with D20.  Less than 5% of 
the reaction proceeded by proton transfer and there was no 
evidence for charge transfer, which is endothermic in any case. 
The impurity dimer ion (HC3N)2+' did not react with H20 .  A 
secondary reaction was observed between the H2C3N+ and H 2 0  
to form the adduct. 
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FIG. 3. The variations in ion signals recorded for the addition of 
cyanoacetylene into the reaction region of the SIFT apparatus in which 
HC~N' is initially established in helium buffer gas. P = 0.319 Torr, 
5 = 6.8 x lo3 cm s-I, L = 46 cm, and T = 298 K. 

0 2  
The reaction of (HC3N)+' with O2 was the slowest reaction 

observed in this study with a measurable rate constant. HCO+ 
and the adduct (HC3N)+'.02 were the only products observed 
and these were formed in approximately equal amounts. 

C2H2 

C2H2+' and C4H2+' appeared as the major product ions in 
this reaction. Formation of CN+ and C3N+ is endothermic in 
this case. An abundance of secondary ion chemistry was 
observed since both of the primary product ions are reactive 
towards acetylene. We have established in separate experiments 
that C2H2+' gives rise to C4H2+', C4H3+, and C4H4+', which 
in turn add acetylene to give rise to the corresponding adduct 
ions. All of these conversions were observed to be initiated by 
the reaction of (HC3N)+' with acetylene. The C4H3+ ion 
generated from C2H2+', which also reacts further with acety- 
lene, could not be distinguished with our mass spectrometer 
from (HC3N)+'. Therefore it is conceivable that the decay of 
the ion at m l z  = 51 provides only a lower limit to the rate 
constant of the primary reaction. 

ocs 
The predominant reaction observed with carbonyl sulphide 

was charge transfer, and the (OCS)+' product ion reacted 
further to add one molecule of carbonyl sulphide. A minor 
channel was observed that corresponds to sulphur atom abstrac- 
tion and so leads to the incorporation of sulphur into the 

cyanoacetylene ion. No reaction was observed with the H2C3N+ 
ion that was also present initially. This is not surprising since 
proton transfer is endothermic in this case. 

c2H4 
C2H4+' was the predominant product with ethylene and it 

rapidly reacted further to establish C3H5+ and the adduct 
(C2H4)2+'. The minor channel leading to the formation of 
H2C3N+ corresponds to the transfer of a hydrogen atom. 

ca2 
Charge transfer was the predominant reaction observed with 

diacetylene. The production of C3N+, which could not be 
distinguished with our mass spectrometer from C4H2+', is 
endothermic. The C4Hz+' reacted further to form the adduct 
C4H2+'.C4H2 as well as some C6H2+'. This latter reaction has 
been studied in separate experiments in more detail and will be 
reported elsewhere. It was also interesting to note that the 
H2C3N+ reacted quite rapidly with diacetylene to add one 
molecule, while the addition of a second molecule was noted to 
be at least ten times slower. At 0.33 Torr of helium and a 
concentration of 1.1 x 1 0 ' ~  helium atoms cmP3 the apparent 
bimolecular rate constant for addition of the first molecule of 
diacetylene was (8.7 ? 2.6) x lo-'' cm3 molecule-' s-'. This 
is close to the collision limit and probably reflects the formation 
of a strong hydrogen bond in the adduct. Bonding of the second 
diacetylene molecule would then be much less favourable and 
lead to a much lower rate of adduct formation. 

Discussion and conclusions 
The efficiency of the hydrogenation of ionized cyanoacety- 

lene by H atom transfer from Hz according to reaction [ I  ] has 
been established in the experiments reported here to be less than 
0.05% at 296 K. The hydrogen atom transfer is more than 30 
kcal mol-' exothermic but its low efficiency suggests that it has 
a positive activation energy. Consequently it may not contribute 
significantly to the formation of H2C3N+ at the much lower tem- 
peratures found in interstellar gas clouds. The reactions with 
CH4 and H20 provide more efficient routes for the hydrogena- 
tion of ionized cyanoacetylene and so may be more suited to 
the eventual synthesis of cyanoacetylene by reactions [2] and 
[3]. Of course other reactions operate in interstellar gas clouds 
to establish H2C3N+ without HC3N+' as a precursor, such as, 
for example, the reaction of C3H3+ with N atoms (2,3) and the 
reaction of C2HZf' with HCN (5). 

Also, we have shown that proton transfer from ionized cyano- 
acetylene to carbon monoxide does not occur at room tempera- 
ture and so is not a viable reaction in models of the chemistry of 
interstellar clouds. We have observed a slow addition reaction 
in a few tenths of a Torr of helium to form what may be the 
isocyanate ion, H-C=C-CS=N+=C=O, but it is uncer- 
tain to what degree this happens in interstellar clouds in which 
radiative association would be the only means of stabilizing the 
adduct ion. 

The reaction of ionized cyanoacetylene with carbonyl sul- 
phide also has interesting implications for interstellar chem- 
istry. The (HC3NS)+' ion formed in 20% of the reaction at room 
temperature is a potential source of 'S-C=C-C=N or 
:C=C=C=N-S', which may be formed by the recombina- 
tion of (HC3NS)+' with electrons. 

The failure to observe significant amounts of proton transfer 
with any of the neutral reagents is curious. The proton affinities 
of the neutral molecules chosen as reagents span a range from 
101 for HZ to 184 kcal mol- ' for cyanoacetylene (14,15). The 
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proton affinity of (C3N)' can be calculated to be 140 kcal mol-' 
from the known heats of formation of ionized cyanoacetylene, 
the proton, and the (C3N)' radical. The latter is based on the 
appearance potential of CN- from dicyanoacetylene (16) and 
appears to be reliable. The proton affiinity of (C3N)' is therefore 
1essthanthatforCO (142), OCS (151), C2H2(153), C2H4(163), 
H20(166), HCN(171), C4H2(180), andHC3N(184), wherethe 
proton affinity is given in parentheses in kcal mol-'. Yet the 
proton transfer observed with any of these molecules was at 
most 5% of the total reaction pathway. 

Charge transfer, H atom transfer, and adduct formation were 
the alternate channels that appeared to compete successfully 
with proton transfer. The recombination energy of (HC3N)+' is 
11.60 eV, which exceeds the ionization energy of the molecules 
C4H2 (10.17), C2H4 (10.5), OCS (1 1.18), and C2H2 (1 1.41). 
Charge transfer is therefore exothermic and indeed was ob- 
served to be a predominant reaction channel for each of these four 
molecules. For the reaction with C2H2 the ultimate formation of 
the charge transfer product is minor but we speculate that 
C2H2+' in part also reacts with HC3N before the products 
separate to produce C4H2+'. We have shown in a separate study 
that this latter reaction proceeds readily when C2H2+' is pro- 
duced by electron impact from acetylene (1 7). 

The hydrogen atom affinity of ionized cyanoacetylene is at 
least 10 kcal mol-' higher than the homolytic X-H bond 
energy of any of the molecules of type XH chosen as reagents in 
this study. Yet hydrogen atom transfer was observed not to 
compete effectively with charge transfer when the latter was 
also exothermic, as for the reactions with ethylene, acetylene, 
and diacetylene. Also it did not compete significantly with 
adduct formation for the reactions with HCN and HC3N. In fact, 
only for the reactions with Hz, CH4, and H20  was hydrogen 
atom transfer observed to compete effectively with other 
reaction channels. 

We suggest that both the curious failure of proton transfer and 
the discriminating behaviour of hydrogen atom transfer may be 
accounted for by steric constraints that could operate at close 
separations because of the electrostatic interaction between the 
cyanoacetylene ion and the reacting molecule. Preferential at- 
tack at the nitrogen end of the lengthy (H-C=C-C=N)+' 
ion would put the proton "out of reach" of the reacting molecule 
and so prevent proton transfer. Also, for hydrogen atom trans- 
fer, the hydrogen atom in the reacting molecule may become 
"out of reach" of the ion, depending on the length and preferred 
alignment of the reacting molecule. This is likely to be the case 
with HCN and HC3N, for example. These strong dipoles are 
likely to approach the positive ion preferentially with their 
negative nitrogen end. Azine type N-N bonding would then be 
possible if the nitrogen end of the ion is the site of attack. The 
high rates of association observed for the reactions with HCN 
and HC3N are consistent with this kind of chemical bond forma- 
tion. The linkages may be the type shown in [8] and [9]. 

Adduct formation was not observed with HZ, H20 ,  and CH4 
because the hydrogen atom in these molecules is easily "within 
reach." Adduct formation was also not observed with C2H2, 
C2H4, and C4H2. In these cases charge transfer is preferred 
because of the relatively low ionization potentials of these 
molecules. 

The association of cyanoacetylene molecules with ionized 
cyanoacetylene has also just recently been observed by Buckley 
et al. in an ICR (Ion Cyclotron Resonance) and a high pressure 
photoionization mass spectrometer (18). The apparent bi- 
molecular rate constant that was reported for the addition of the 
first molecule in the ICR at a total pressure of lo4 Torr is 
surprisingly large, k = 7.4 X lo-'' cm3 molecule-' s-', and 
close to the value obtained at the much higher pressures of the 
SIFT experiments reported here. High rates of association under 
SIFT conditions are normally attributable to the formation of 
strongly bound adducts stabilized by collision with the buffer 
gas atoms. In this case, however, the almost equally high specific 
rate observed at the much lower pressures of the ICR suggests 
that this stabilization may proceed by the emission of a photon 
and so implies a truly bimolecular radiative association reaction. 
Buckley et al. (1 8) have also proposed several bonding possi- 
bilities for the association reaction other than the azine-like link- 
age discussed earlier. They have pointed out that C 2  bonding 
could lead to an ion of type [lo] while C-N bonding may re- 

sult in an ion of type [ l  11. These alternatives are attractive in 
that addition of a second molecule of cyanoacetylene to these 
dimer ions can lead to some interesting cyclic structures (18). 
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S. FLISZAR, G. CARDINAL, and N.  A. BAYKARA. Charge distributions and chemical effects. XL. Chemical bonds in 
benzenoid hydrocarbons. Can. J. Chem. 64, 404 (1986). 

Benzenoid hydrocarbons were examined using a bond energy scheme featuring the role of atomic charges. The latter were 
conveniently deduced from appropriate correlations between theoretical results and I3C nuclear magnetic resonance shifts. 
Atomization energies calculated in this manner agree with their experimental counterparts to within 0.36 kcal mol-' (average 
deviation). It appears that benzenoid hydrocarbons can be efficiently described in terms of local charge density properties. In 
the absence of any distinctive specific feature characterizing benzenoids, this particular description of chemical bonds ulti- 
mately results in a unifying genealogy smoothly relating to one another the various possible types of CC and CH bonds which 
are formed by sp2 and sp3 carbons. 

S. FLISZAR, G. CARDINAL et N. A. BAYKARA. Charge distributions and chemical effects. XL. Chemical bonds in 
benzenoid hydrocarbons. Can. J.  Chem. 64, 404 (1986). 

Utilisant un schCma d'Cnergie de liaison comportant le r81e des charges atomiques, on a CtudiC des hycrocarbures benzirnoi'des. 
On peut facilement dCduire les charges atomiques des corrClations appropriCes entre les rCsultats thCoriques et les dCplacements 
chimiques du I3C en rmn. Les energies d'atomisation calculCes de cette manikre sont en accord, dans des limites de 0,36 kcal 
mol-' (deviation moyenne). I1 semble que les hydrocarbures benzenoi'des peuvent Ctre dCcrits d'une maniirre efficace en fonction 
des propriCtCs de densit6 de charge locale. En l'absence de caracteristiques specifiques distinctives des benzknoides, cette 
deschption particulikre des liaisons chimiques resulte finalement en un g ~ n ~ a l o g i e  reliant l'un a l'autre les divers types possibles 
de liaisons CC et CH formCes par les carbones sp2 et sp3. 

[Traduit par le journal] 

Introduction 
This study describes benzenoid hydrocarbons. It considers 

the role of electronic charges in chemical bonding and leads to 
reasonably accurate energy calculations using atomic charges 
deduced from 13c nmr shifts. Moreover, it offers a vivid insight 
into the nature of chemical bonds. 

The expression 

indicates how their energies depend on the charges of the 
bond-forming atoms (1-3): eg is for a reference bond with net 
charges qp and qy at atoms i and j, respectively, whereas eij 
corresponds to modified charges, q, = qy+ Aq, and qj = 
qy+ Aqj. The av and aji parameters, "measuring" the changes 
in bond energy accompanying unit charge variations at atoms i 
and j, respectively, are discussed further below, as well as the 
E ~ ' s .  Finally, the sum1 

is a valid approximation for the atomization energy of a 
molecule at its potential minimum. Indeed, the formula 

has proven accurate in over 130 comparisons between calcu- 
lated and experimental energies (Fig. 1). 

Equation [3] indicates the steps involved in these energy 
calculations. We begin with a description of the appropriate av 
and E; parameters, which will be conveniently tabulated. 
Next, we discuss the derivation of th.e required Aqi charges, 
with the help of "C nrnr shifts. Then it becomes a simple matter 
of assembling the pieces in order to deduce AEZ and, 

 he omitted nonbonded contributions can safely be neglected in a 
first approximation (1-3). 

Deviation kcal rnol-' 

FIG. 1. Frequency of deviations between calculated and experi- 
mental atomization energies. This error distribution survey covers 
alkanes (1 ,  2) (including cycloalkanes constructed from chair and (or) 
boat cyclohexane rings), simple ethylenic (4) and polyunsaturated 
hydrocarbons ( 3 ,  both conjugated and nonconjugated, as well as 
ethers, aldehydes, and ketones (6). The average deviation is -0.23 
kcal mol- I .  
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TABLE 1. Most frequently used a ,  valuesa, from eq. [4] 

Bond i-j R, (A) a, (kcal mol-' me-') 

C ( A r W ( A r )  
C ( s p 3 W ( s p 3 )  
C(Ar)-H 
C ( s p 3 t H  
H - c  
C(Ar)--C(sp3) 
C ( A r t H  
C=C (CzH4) 
C ( s p 2 W ( s p 3 )  
C ( s p 2 t H  

"The values indicated a;'" are expressed for total (a + T) electronic charges, 
eq. [5]; aFrefers to changes in a electrons only. The results 2 , 4 ,  and 5 are from 
refs. 1 and 2; 8-10, describing ethylenic carbons, are from refs. 2 and 4. 

therefrom, the corresponding enthalpies of formation, AH? 
(gas, 298.15 K). 

Calculation of the aij parameters 
The appropriate expression is (1, 2) 

where zeff are effective nuclear charges (7-9) (e.g., 4 for C), 
vi = number of atoms attached to i, and (r;)' is the average 
inverse distance between the Ni electrons of atom i and the 
nucleus of atom j. KTO' is 1 for H and 0.4287 for C (1, 2, 10). 
The factor $ translates nuclear-electronic into total 
(potential + kinetic) energy changes (1, 2, 10, 11). The 
derivatives of the appropriate valence state energy of atom i, 
c, follow from SCF-Xa calculations (Appendix I). The 
second-order term being negligible for hydrogen and carbon, all 
the aU1s used in this work can be treated as constants. The most 
frequently occurring values are indicated in Table 1. 

With sp2 carbons, whose charges vary at both the u and IT 

levels, the aijAqi term becomes a$Aqq + a;Aqy; aU is thus 
the weighted average of a$ and a; (2). Taking advantage of 
the relationship (12) Aqy = mAq7, this average is (4) 

[5] a, = (ma: + a:)l(l + m) 

For nonsubstituted aromatic carbons, it is found that m = 
-0.8 12 (Appendix 11); substitution (e.g. with a methyl group) 
changes m to - -0.90. For ethylenic carbons, m = -0.955 (4, 
5). Equations [4] and [5] sum up the calculation of the aij7s. 

Reference bond energies, E: 

The reference bonds E I - E ~  (Table 2) were described earlier 
(1-3). Additional, frequently occurring reference energies are 
conveniently deduced with the help of the function2 (1, 2, 13) 

'The quantities appearing in eq. [6] are defined in terms of a suitable 
partlhoning of the molecular electron density into atomic contributions, 
p,, and of the equilibrium coordinates, r,, of the nuclei, i.e., 

Pi(r) dr = N,(r;') with p,(r) d r  = N, 
lr - r1I I- I 
p,(r) 

dr = NJ(r,yl) with pJ(r) d r  = NJ 
lr - r,l f- I 

The superscript zero indicates the corresponding expressions for the 
reference molecule. 

which contains information regarding orbital shapes and inter- 
nuclear distances, Rjj. This function is part of AE,* and nonzero 
if actual (r;) and (or) RU parameters differ from those 
assumed in the definition of any E; included in CE;. (This 
situation arises, f6r example, if ethylene is constructed with 
ethane CH reference bonds.) In contrast, when the e8.s are 
properly chosen, results derived from eq. [3] show that F = 0 is 
a valid approximation3 (cf. Fig. l ) ,  hence the merits of defining 
suitable $'s. This is achieved by modifying E;'S deduced for 
(r;)' and (R;)' into values corresponding to (r;) and 
( R ; ) ,  as requested by eq. [ 6 1 . ~  Changes in reference 
charges, if desired, are made with the help of eq. [I]. Thus we 
deduce, for example, the ethylene and benzene CH bonds from 
that of ethane, or CC single bonds like those in biphenyl, 
cis-stilbene, etc., from that of ethane. 

While a unified new genealogy of chemical bonds surfaces 
with eq. [6], the pivotal question rests here with our approxi- 
mate way of applying it in a possibly rough, but certainly 
simple, scheme satisfying chemical intuition. The underlying 
hypotheses and detailed numerical examples illustrating the use 
of eq. [6] are given in Appendix 111. These hypotheses are 
eventually going to be put on trial in extensive comparisons with 
experimental results. With the set of reference bond energies 
indicated in Table 2, F is -0 again, and energy calculations can 
be made in a straightforward manner using eq. [3]. 

Charge calculations 
Net charges of alkane carbon atoms are conveniently deduced 

from the remarkably accurate relationship (1, 2, 15) 

where the I3C nmr shift, 6C2H6 (ppm), and Aqc = qc - 
q $ ( C 2 ~ 6 )  are expressed with reference to ethane. Similarly, 
for ethylenic sp2 carbons we use (4) 

where the nmr shifts, 6C2H"nd Aqc = qc - q°C(C2H4) are 
expressed taking ethylene as reference. Finally, for aromatic 
carbons we use (Appendix 11) 

where both Aqc and 6C6H6 are taken with reference to the 
benzene carbon atom. Note that eqs. [8] and [9] are for total 
(u  + IT) net charges. These results serve two purposes, namely, 
the calculation of individual aUAqi terms and that of the total net 
charge on all carbon atoms. The latter is obtained from a sum of 

3The first part is small because atomic net charges are small (e.g., 
<0.035 1 e for sp3 and -0.007 e for ethylenic sp2carbons) and because 
small changes in electron populations are unlikely to modify their 
center of charge to any significant extent. The second part, in square 
brackets, is obviously zero for spherically symmetric electron clouds or 
small if the centers of electronic charge move along with the nuclei 
during small changes in internuclear distances. 

4For example, eq. [6] predicts F = -2.39 kcal mol-' for an ethylenic 
CH bond and -4.80 kcal mol-' for a CC single bond formed by an 
ethylenic carbon (4, 5, 13, 14). Systematic inclusion of these results 
in the EE'S corresponding to these bonds takes care of F. Figure 1 
includes -50 olefins calculated in this manner. 
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CAN. J. CHEM. VOL. 64, 1986 

TABLE 2 .  Frequently used reference bond energiesa 

Reference charge 
(me) 

Bond i-j Type  ~ i j  (A) i j ~ $ ( k c a l  mol-I) 

c--C 
C = C  
c--C 
C e C  
C-H 
c-c 
c-c 
c-c 
c-c 
C--C 
C-H 
C-H 

sp3-sp3 
sp2-spZ 
sp2-sp2 
Ar-Ar 
sp3-H 
Ar-Ar 
Ar-sp3 
Ar-sp2(nc) 
.4-sp2(c) 
sp2-sp3 
.4-H 
sP2-H 

"Bond 8 is nonconjugated, 9 is conjugated, Ar = aromatic C atom, sp2 indicates an ethylenic carbon. The following E;'S 

are taken from previous work: 1 , 5  ( I ) ,  2, 10, 12 (4) and 3 (5). Bonds 1.3, and 5 were used for deducing 6-12. The reference 
charge selected for benzene, 14.8 me, is discussed in Appendix 11. 

all Aqi's to which are added 35.1 me for each sp3 carbon, 14.8 
me for each aromatic, and 7.7 me for each ethylenic sp2 carbon 
of the molecule. This gives the sum Cqc and CqH = -Cqc. The 
reference for hydrogen being taken in all cases at - 11.7 me, it 
follows that 

where nH is the number of hydrogen atoms. This concludes the 
derivation of the charges required in the forthcoming energy 
calculations. 

I The calculation of atomization energies, AE,* 
I 

We can now apply eq. [3]. The calculation of CE: is 
straightforward, using Table 2. There is one point to be 
mentioned. The aromatic CC bond, E,, represents, so to speak, 
the average between a single and double bond as they are found 
in benzenoid structures: it is the CC bond of benzene. It is 
counted twice the number of double bonds one can write 
using classical Kekult structures. The remaining CC bonds 
(e.g., 1 in naphthalene, 2 in anthracene, etc.) are treated as 
C(sp2)-C(sp2) single bonds-bond €6 in Table 2. 

As regards the evaluation of C,C,a,,Aq,, first we calculate 

TABLE 3. Calculation of C;CjaijAqi (kcal mol-I) for 2-methylnaph- 
thalene, using the aij's of Table I and eqs. [7] and [9Ia 

Atom 6 Aq CjaV CjaijAqi 

"The 6's are relative to benzene (1-10) and to ethane for the methyl carbon. 
From the Aq,'s (me), counting 14.8 me for each aromatic carbon and 35.1 me 
for the sp3 reference, it is Cq, = 178.88 and EAqH = - 178.88 - lo(- 11.7) 
me. Note the contribution of C-2, -0.052 6 = -0.354 kcal mol-'. The sumof 
all the CiC,aijAqi's yields 40.11 kcal mol-', ready for use in eq. 131. 

CjaG for each carbon atom, using  able 1. These sums are corresponding part of CiCjaijAqi. Finally, we calculate CAqH conveniently displayed in structure I. Next, we calculate the 
corresponding Aqc's and form the product AqiCjaij = CjaUAqi and add -0.632 CAqH to the previous sum. This is now 

for each carbon, as in the example given in Table 3. The sum of CiCjaijAqi, ready for use in eq. [3]. 

these atomic terms over all carbon centers i yields the There is one case which is treated in a slightly different 
manner, with no loss in simplicity, that of an aromatic carbon - 

C C attached to a non-aromatic carbon. Its contribution is -0.052 
tiCsH6 kcal mol-'. This carbon is taken at 14.8 me in the 
computation of Cqc. The reason for this approach stems from a 
situation of small differences between large numbers (explained 
in Appendix IV) arising in the evaluation of CjaP 

In closing, let us mention a simple formula for nonsubstituted 
aromatic hydrocarbons, taking care of CAqH by charge normali- 

-1.074 t 
-0.799 zation and using the aU's of Table 1, as well as eq. [9]. It is, 

indeed, readily deduced that 

& + 0.632 (14.8 nc - 11.7 IZH) 
S u m  of the ad terms for  the various types of atoms, CJa,, in kcal 

mol-I me-'.  where Ncc = number of CC bonds formed by the carbon whose 
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FLlSZAR ET AL. 

TABLE 4. Energy calculations of selected planar benzenoid hydrocarbons, using I3c n m  shifts 
(kcal mol-I)" 

Molecule ENccs CS ZCjaijAq, CE: A@ 

Benzene 0 0 11.76 1354.74 1366.50 
Naphthalene 7.2 -1.6 31.27 2127.50 2158.77 
Anthracene 50.1 17.6 48.57 2900.26 2948.83 
Phenanthrene -4.5 -8.0 54.81 2900.26 2955.07 
Pyrene -30.2 - 17.1 77.81 3217.84 3295.65 
Benz[a]anthracene 17.3 -0.7 73.60 3673.02 3746.62 
- 

"The average deviation between these calculated atomization energies and their experimental counterparts 
is 0.23 kcal mol-' (see Table 5). The sources of the nmr shifts are indicated at the bottom of Table 5. 

nrnr shift is 6 C 6 H 6 ,  nc = number of C atoms, and n~ = number of 
H atoms in the molecule. Selected numerical examples are 
indicated in Table 4. 

Now is the proper time to look at thermochemical results in 
order to assess the validity of our approach toward solving eq. 
PI. 

Results 
Most of the benzenoid hydrocarbons for which both the 

enthalpy of formation, AH! (gas, 298.15), and the carbon-13 
nrnr spectrum are experimentally known were examined in the 
present work. While experimental AH! results are typically 
reported with an error of 0.3-1.0 kcal mol-', independent 
measurements from different laboratories often differ from one 
another by much more than this. Pyrene, for example, is 
reported by Cox and Pilcher (16) with = 49.94 2 0.64, 
contrasting with the result cited by Kao and Allinger (l7), 5 1.59 
kcal mol-' . Whenever reasonable, critically selected data given 
by Cox and Pilcher (16) were used. The structures of some of the 
compounds investigated here are shown in Fig. 2. 

In order to offer valid comparisons with theoretical results, 
we must first deduce "experimental" atomization energies from 
enthalpies of formation, zero-point and heat-content energies, 
ZPE + HT - HO, and from the enthalpies of formation of the 
atoms, AH~O(A). The latter are taken from the literature (18), 
namely, AHfO(C) = 170.89 and AH!(H) = 52.09 kcal mol-' at 
298.15 K. The appropriate equation is, for nonlinear molecules, 

Vibrational energy data are scarce, however, for the molecules 
considered in this study. Fortunately they can be constructed to 
a good approximation by means of additivity rules (2), e.g., 
ZPE + HT - HOz33.35 + 18.213 (n - 2) - 0.343 nbr for a 
mono-olefin with n carbons and nbr = number of branchings, or 
ZPE+HT--Ho=55 .19+  18.213 ( n - 4 )  -0.343 nbr kcal 
mol-' for diolefins (5). Similar equations are also found to apply 
in other homologous series of compounds, e.g., alkanes and 
cycloalkanes, ethers, and carbonyl compounds (2). Along these 
lines, we use the following formula for alkyl substitution, based 
on the experimental ZPE + HT - Ho value (66.22 kcal mol-') 
deduced for benzene in the harmonic oscillator approximation 
(2): 

ZPE + HT - Ho = 66.22 + 18.21 n - 0.343 nbr 

where n is the number of alkyl carbon atoms. Molecules like 
9,lO-dihydroanthracene or 1,2,3,4-tetrahydronaphthalene were 

FIG. 2. A selection of molecules examined in this work. The 
numbering corresponds to that indicated in Table 5. 

treated in similar manner. In these situations, attention must be 
given to a lowering of ZPE + HT - Ho by 11.5 kcal mol-' 
accompanying the loss of a pair of hydrogen atoms and by 
-RT/2 = 0.296 kcal mol-' for each hindered rotation in cyclic 
compounds (2, 19). Moreover, the condensation of two 
fragments involves a correction of 4RT= 2.37 kcal mol-' 
because this term is included in the HT - Ho part of each 
molecule used as fragment and should not be counted twice in 
the final product. For example, the ZPE + HT - Ho value of 
9,lO-dihydroanthracene is obtained from dimethylbenzene 
(66.22 + 2 X 18.21) and benzene, less 2 x 11.5, less 4RT, and 
less 4RTl2 kcal mol-'. This type of estimate usually carries an 
uncertainty not exceeding 0.2 kcal mol-' . Styrene, for example, 
can be constructed from benzene and ethylene to give ZPE + HT 
- Ho = 66.22 + 33.35 - 11.5 - 4RT = 85.70 kcal mol-I. 
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408 CAN. I. CHEM. VOL. 64, 1986 

TABLE 5. Calculated and experimental energies of benzenoid hydrocarbons, kcal mol-' " 

A E,* 

Molecule 

1 Benzene 
2 Toluene 
3 1,2-Dimethylbenzene 
4 1,3-Dimethylbenzene 
5 1,4-Dimethylbenzene 
6 1,2,3-Trimethylbenzene 
7 1,2,4-Trimethylbenzene 
8 1,3,5-Tnmethylbenzene 
9 1,2,3,4-Tetramethylbenzene 

10 1,2,3,5-Tetramethylbenzene 
11 1,2,4,5-Tetramethylbenzene 
12 Pentamethylbenzene 
13 Hexamethylbenzene 
14 Ethylbenzene 
15 n-Propylbenzene 
16 Isopropylbenzene 
17 sec-Butylbenzene 
18 tert-Butylbenzene 
19 1,2-Diphenylethane 
20 Styrene 

I 21 cis-Stilbene 
22 trans-Stilbene 
23 Biphenyl 

I 
24 Naphthalene 

I 

25 1-Methylnaphthalene 
26 2-Methylnaphthalene 
27 1,8-Dimethylnaphthalene 
28 Anthracene 
29 9-Methylanthracene 
30 9,lO-Dimethylanthracene 
31 Phenanthrene 
32 Pyrene 
33 Triphenylene 

I 34 Benz[a]anthracene 
35 7-Methylbenz[a]anthracene 
36 7,12-Dimethylbenz[a]anthracene 
37 Dibenz[a,c]anthracene 
38 Dibenz[a, hlanthracene 
39 1,2,3,4-Tetrahydronaphthalene 
40 9,lO-Dihydroanthracene 
41 9,lO-Dihydrophenanthrene 
42 (1-8)-Octahydroanthracene 
43 (1-8)-Octahydrophenanthrene 
44 (1- 12)-Dodecahydrotriphenylene 

- 

19.81 k 0.13 
11.99 ?O.lO 
4.56 k 0.26 
4.14 & 0.18 
4.31 ? 0.24 

-2.26 r 0.29 
-3.31 k 0.26 
-3.81 ? 0.33 
- 10.02 
-10.71 
- 10.82 
- 17.80 
-25.26 

7.15 ? 0.19 
1.89 * 0.19 
0.96 2 0.26 

-4.15 * 0.31 
-5.40 * 0.31 
32.4 ? 0.3 
35.30 * 0.25 
60.31 2 0.42 
52.5 
43.53 ? 0.60 
36.25 k 0.45 
27.93 ? 0.64 
27.75 2 0.62 
See text 

55.2 ? 1.1 
(42.1) 
(31.6) 
49.5 ? 1.1 
53.94 ? 0.31 
61.9 k 1.1 
65.97 

(56.2) 
66.4 ? 1.1 

(77.2) 
(79.6) 

7.3 ? 1.3 
38.2 k 1 . 1  

(37.8) 
(-4.3) 
(-4.9) 

(- 16.4) 

Calcd Exptl. 

'The experimental AH: results for 1-8,14-21,23,28,31,33,36, and 40 are "selected values" reported in ref. 16. The results for9-13 are given in ref. 24, that of 
22 in ref. 25, and those of 24-26 in ref. 26. The value indicated for 32 is taken from ref. 27, 34 is reported in ref. 17, and 39 is taken from ref. 28. The 
ZPE + HT - HO result given for 31 was deduced from a vibrational analysis described In ref. 29, in the harmonic oscillator approximation. The carbon-13 n m  
spectra are from ref. 30 (2-13), ref. 31 (14-19). and from ref. 32 (20, 23, 39-44); 21 and 22 are from ref. 33; 24, 31, 32 from ref. 34; and 28 is from ref. 35; 
25,26 are given in ref. 36; 27 is from ref. 37; and 29,30,34-38 are from ref. 38; 33 is described in ref. 39. In order to minimize possible solvent effects, whenever 
possible measurements made in benzene were selected 

From the vibrational spectrum of styrene (20), on the other 
hand, we find in the harmonic oscillator approximation that 
ZPE = 80.96 and HT - Ho = 4.84, for a total of 85.80 kcal 
mol-'. Similarly, using ZPE + HT- Ho = 88.82 + 5.08 = 
94.90 kcal mol-' for naphthalene, deduced from its vibrational 
spectrum (21), we add to it the difference, 28.68 kcal mol-I, 
between naphthalene and benzene, thus obtaining an estimate of 
123.6 kcal mol-' for anthracene. The same procedure is used for 
the higher homologues as well. Finally, using the fundamental 

frequencies of pyrene (22), we obtain (in the harmonic oscillator 
approximation) ZPE = 125.94, HT - Ho = 7.1 1 ,  for a total of 
133.05 kcal mol-' . 

While, of course, additional spectroscopic information 
would be welcome, we feel that the uncertainties affecting 
present estimates of ZPE + HT - Ho energies should not be 
blamed for possible discrepancies between calculated and 
observed AE,* (or AH;) energies. With this in mind, we can 
now proceed with comparisons involving experimental enthal- 
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FLISZAR ET AL. 409 

pies of formation (Table 5). In the absence of experimental 
results, predicted AH: values are indicated in parentheses. Two 
AE,* results listed in the column reporting "experimental 
values" are in parentheses: these are theoretical results offered 
for comparison, deduced from enthalpies of formation calcu- 
lated by Dewar and de Llano (23). 

Discussion 
The average deviation between calculated and experimental 

energies is 0.36 kcal mol-' for a collection of 35 benzenoid 
compounds. This result does not include 7,12-dimethylbenz- 
[alanthracene: the discrepancy of - 16 kcal mol-' between 
theory and experiment is in all likelihood due in part to an error 
in the latter. Although certainly real, steric interactions involv- 
ing the methyl group in position 12 are probably not so severe as 
to cause a destabilization exceeding that found in 1,8-dimethyl- 
naphthalene and 4,5-dimethylphenanthrene-molecules which 
are discussed further below. 

At this stage it seems safe to conclude that the agreement 
between theory and experiment supports the general ideas 
underlying our energy analysis. On the other hand, the quality 
of this agreement should not be used to hide the limitations of 
our approach. These are best revealed by the following 
examples. Trans-stilbene was treated as a planar system and the 
C(sp2)-Ph bonds were accordingly derived on the basis of a , conjugated sp2-sp2 single bond (Appendix 111, example 6). 

I While the molecular structure of trans-stilbene appears to be 
I approximately planar in the solid state (40), its gas phase 

I structure is found to be nonplanar (41). However, the potential 
( curve for energy vs. the dihedral angle is very shallow and the 
1 calculated energy barrier corresponding to the C, conformation 
I is only about 0.5 kcal mol-' (17). Both these results and our 
I calculation suggest that in trans-stilbene there is no great energy 

difference between conjugation and hyperconjugative stabiliza- 
tion of the sp2-sp2 single bond5 but it is also clear that in this 
particular situation it could not be assumed a priori that our 
treatment would lead to a valid result, as it did. The case of 
cis-stilbene is clear-cut. Electron diffraction data (43) point to a 
C2 symmetry in the gas phase and a structure that may be 
described as having a propeller-like conformation with phenyl 
groups rotated ca. 43" about the C-Ph bonds. The latter were 
thus treated as nonconjugattd bonds: e8 = 86.89 kcal mol-' was 
deduced for Rcc = 1.49 A, which is the experimental bond 
length (43). Similarly, the gas phase value (44) for the torsional 
angle about the central bond of biphenyl, 41.6", and its bond 
length, R = 1.49 A (17, 45), suggest that the central bond 
should be treated like a nonconjugated CC single bond, thus 
giving ecc = 88.68 kcal mol-'. Finally, the same situation 
arises with triphenylene (33) which is significantly nonplanar 
(17, 46). The bonds joining the "external" rings to one another 
were thus calculated at ecc = 88.45 kcal mol-' for R = 1.46 A, 
following the approach used for biphenyl. It is clear that some 
advance knowledge is necessary in our calculations, namely, as 
regards planarity (or lack of it) of the benzenoid skeleton. 

As an additional example, consider 4,5-dimethylphenan- 
threne. Using the 13C nmr spectrum measured by Stothers et al. 
(47), we deduce AH: = 36.8 kcal mol-' assuming planarity. 
Closely neighboring methyl groups which are separated by five 
bonds in the molecular skeleton, however, result in chiral 

nonplanar conformations (48). Modeling, where appropriate, 
the CC bonds on those described for biphenyl and cis-stilbene, 
we predict AH: = 47.8 for the nonplanar form, in acceptable 
accord with the reported value (16), 46.26 ? 1.46 kcal mol-', a 
result which is self-explanatory. Equally instructive examples 
are offered by dimethylnaphthalene isomers. With the substi- 
tuents in the 1,8 position, our calculation yields AE,* = 2748.6 
kcal mol-' for the planar form, in error with respect to its 
experimental ~ounterpart,~ 2745.0 kcal mol-'. The thermo- 
chemical stability is overestimated by -3.6 kcal mol-', thus 
suggesting a possible loss of conjugation in this molecule 
which, as a matter of fact, is known to suffer considerable 
distortion from the normal naphthalene geometry (50). Indeed, 
a calculation following the lines described above for biphenyl 
and nonplanar 45dimethylphenanthrene agrees with experi- 
ment. In contrast, 2,6-dimethylnaphthalene can safely be 
assumed to retain the planar geometry of naphthalene. The 
result deduced for this form, AE,* = 275 1.3, agrees well with 
the experimental value,6 2751.0 kcal mol-'. These examples 
illustrate possible applications of energy analyses based on 13C 
spectra in problems regarding the origin of molecular stability, 
namely, as regards partial suppression of conjugation accompa- 
nying deformations of a benzenoid skeleton. 

These examples are also there to remind us that our theory 
differs in its nature from variational calculations and thus lacks 
the flexibility of the latter, capable of predicting geometries as 
well as energies. Indeed, our approach applies only to mole- 
cules at equilibrium; in turn, it illustrates efficiently the role of 
local charges, namely, the way they affect chemical bonds. It is 
certainly gratifying to recognize how intimately bonds of 
different types are related to one another, e.g., the CH bonds of 
ethane, ethylene, and benzene or the CC single bonds of ethane, 
toluene, cis-stilbene, and biphenyl. Minor uncertainties plague- 
ing numerical applications should not obscure the fundamental 
simplicity of the arguments describing bond energies in terms of 
local charges. The general concepts developed here, capable of 
describing chemical bonds in a unifying picture encompassing 
well-diversified situations, are more relevant, in our opinion, 
than the precision of the calculations supporting these views. At 
the present level, residual uncertainties resulting from occa- 
sional computational approximations are of the order of those 
affecting experimental results and are not of the sort that could 
threaten the essence of the basic ideas underlying our descrip- 
tion of molecular energies. 

While, of course, our approach does not have the potential of 
true density functional theory based on the Hohenberg-Kohn 
theorem (51), it offers at least a conceptually related, simple, 
and instructive solution when both local charges and nuclear 
positions are given for a ground-state molecule at equilibrium. 
At this relatively modest level, it becomes clear that the theory 
of chemistry and of the chemical bond are in essence a theory of 
electron density, a fact which can now be described in simple 
terms for a great variety of organic molecules. 
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'Related analyses regarding the stabilization of sp2-sp2 single 
bonds are offered in ref. 42. 

v h e s e  results were deduced from eq. [ l l ]  using thermochemical 
data at 350-370 K given in ref. 49. 
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Appendix I 
The aEIaN derivatives were obtained from LCAO-Xa 

calculations by means of the programs developed by Dunlap et 
al. (52).  Huzinaga's ( 9 . ~ 5 ~ )  basis (53) was used for ground-state 
carbon. Hydrogen was described by a (5s)  basis obtained from 
Dunning's (3s )  basis set (54).  In the LCAO-Xa method it is 
necessary to fit the charge density and the exchange potentials to 
sets of auxiliary Hermite gaussian functions. The X a  exchange 
potentials were fitted to the auxiliary functions following the 
criterion given by Dunlap et al. (52) ,  i .e. ,  
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TABLE Al.  (dEIdN), and (JEIaN), values (au) for use in eq. [4]" 

(aEIaN), au 

Molecule Orbital UHF U ~ X ~ I I .  Selected 

Benzene 'IT -0.259 -0.264 -0.262 
u -0.372 -0.379 -0.375 

Ethylene 'IT -0.244 -0.248 -0.246 
u -0.373 -0.378 -0.375 

"Additional results are reported in refs. 1 and 2 

where the tilde represents a fitted quantity. The sampling points 
for the exchange potentials were determined by taking each 
tenth point of the Herman-Skillman radial mesh (55) and an 
angular mesh consisting of the twelve vertices of a regular 
icosahedron (56). The auxiliary functions were selected as 
suggested by Dunlap et al. (52) for first-row diatomics: s-type 
functions were employed for the charge density fit, having 
orbital exponents twice those of the corresponding s-type 
gaussians used for the orbital basis. Five orbital exponents (5 .O, 
2.0, 0.6, 0.3, 0.1) were used for p-type functions. The 
exponents of every other p function used in the orbital basis 
were doubled to construct d-type Hermite gaussians for fitting 
the Coulomb potential. Bond-centered auxiliary s functions 
were also used, as suggested by Dunlap et al. (52). For the fit to 
the exchange potential, orbital exponents were taken at one- 
third of those of the corresponding charge density auxiliaries. 

In LCAO-Xa calculations of heteronuclear systems one 
meets with the problem of choosing a single a value for the 
whole system because, contrasting with the Scattered Wave 
Method (57), the possibility of assigning different a values to 
different regions of space no longer exists. The general attitude 
has been to use the Kohn-Sham value of 213 or 0.7 in such 
situations. For a significant collection of organic molecules, on 
the other hand, we have found (58) that experimental atomiza- 
tion energies are well reproduced with an a value taken as an 
average of aU's defined for the individual bonds, i.e., 

where (i, j) is a bond between centres A and B. The individual 
aA's  can be chosen following Schwarz (59), from a fit with 
Hartree-Fock values, or, else, from a fit with experimental 
energies of ground-state atoms (58). Selection of the latter aA's  
yields atomization energies that are closer to their experimental 
counterparts (within a few kcal mol-I) than the corresponding 
results deduced from the ~ H F  values given by Schwarz (59). The 
results are indicated in Table A l .  The last column reports the 
(aEIaN) values used in applications of eq. [4]. 

Appendix I1 
STO-3G charge analyses, following Pople's recipe (60) 

and Mulliken's scheme (61), are reported in Table A2, as well 
as the pertinent 13C nmr shifts. Taking the a-.rr separation, 
Aq = Aqu + Aq", into account as well as the relationships 
Aqu = mAq", 6 = cuAqu + cTAq" and (d6/dqT) = 157 ppmle 
(2, 12), we deduce 6 = 0.835 Aq + 178.66 (ppm from TMS) 
and, hence, Aq = 1.2 6 and m = -0.812. These results are 
admittedly crude. Extensive numerical analyses, however, 
such as those reported in Table 4,  gave no reason for revision. 

Mulliken's analysis involves a half-and-half partitioning of 

TABLE A2. Atomic charges (me) and I3C nrnr shifts (ppm from TMS) 
of selected benzenoid hydrocarbons" 

Molecule Atom Net charge 6 

Benzene 
Naphthalene C-1 

C-2 
Anthracene C-l 

C-2 
c-9 

Phenanthrene C-1 
C-2 
C-3 
c 4  
C-9 

- - 

"Geometries were taken from electron diffraction studies of benzene (62). 
naphthalene (63), and anthracene (64) and from a neutron diffraction study of 
phenanthrene (65). The shift vs. charge correlation is generally acceptable. 
Atom C-4 of phenanthrene exhibits the largest deviation. The difference 
between calculated and experimental energies of phenanthrene is 0.76, using 
the shift value, and -0.34 kcal mol-I using the charge result, while the reported 
experimental uncertainty is 2 1.1 kcal mol-' , a situation frustrating dedication 
to accuracy. 

overlap populations. While charges of% C atoms (i.e., atoms 
forming the same type and number of 8, nds) are valid in 
comparisons involving them, lifting the constraint of halving 
overlap terms between dissimilar atoms becomes a must in 
realistic evaluations of absolute atomic charges (1, 2, 15). For 
benzene, we are presently unable to lift this constraint: hence the 
following approaches toward an estimate for the carbon net 
charge of benzene. 

(i) The 13C nlnr shift of the methyl carbon%toluene, 6 21.3 
ppm from TMS (32), gives q c  = 32.77 me, from eq. [7]. Using 
the correlation between methyl-C and methyl-H net charges (2), 
the latter are estimated at - 12.38 me in toluene. The toluene 
CH3 group is, in this approximation, 4.37 me negative. On the 
other hand, H replacing CH3 (under otherwise identical condi- 
tions) is 9.05 me more negative than the latter (2). In this 
estimate, the benzene hydroien should be negative b; 13.4 me 
and, hence, qc(C6H6) = 13.4 me. This, of course, is a rough 
estimate. Now we look at an entirely different approach. 

(ii) Applying eq. [2] to the benzene CH bond with E?,, a5, 
a,, and $c = -qE gives ECH = 107.29 + 0.422 & kcal 
mol-', where the benzene carbon net charge, &, is now left as 
an unknown. Six of these CH bonds plus six CC bonds add up to 
give AE,* = 1366.5 kcal mol-I. Estimates of the CC bond 
energy based on SCF potentials at the nuclei (1-3) indicate that 
ECC is 1.62- 1.65 times the CC bond energy of ethane, E: = 
69.633 kcal mol-'. With the ratio 1.62 there results & = 18.1 
me; for 1.65 it is $c = 13.2 me. Extensive numerical analyses 
involving all the experimental data included in Table 5 suggest 
that the ratio - 1.64 (giving E ~ )  with $c = 14.8 me represents a 
valid estimate. In this analysis, the uncertainty about & is 
unlikely to exceed 2 me. Finally, current work on graphite (to be 
published) shows that the uncertainty about qE = 14.8 me is 
probably less than 1 me. 

Appendix I11 
Approximate but valid estimates of eq. [6] can be obtained in 

a simple way. They are rooted in the following hypotheses (13). 
For CC and CH bonds involving sp3 carbons, (rijl) is 
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adequately approximated by the inverse of the appropriate 
internuclear distance ( I ) ,  a simplifying hypothesis that locates 
the centers of u charges at their respective nuclear positions. 
Similarly, the charge centroids of aromatic carbons are taken at 
their nuclear positions. The situation differs with ethylenic sp2 
carbons because their overlapping 2p electrons forming a T 

bond shift their respective charge centroids inwards (4, 5, 13, 
14). A simple recipe for single bonds formed by an ethylenic 
carbon j is as follows. (i) The centroid of the (Nj - 1) u 
electrons of ethylene (taken as reference) is located at its nuclear 
position. (ii) The "effective" distance of a bonded nucleus i (C 
or H) from the 2p electron of j is 0.02 A larger than RV. (iii) Our 
estimate of the average inverse distance between the N, elec- 
trons of the sp2 carbon and nucleus i is thus 

(ri1)=0.529 [(N, - l ) Q 1  + (RV + 0.02)-1]l~jau 

ready for use in eq. [6]. This recipe, offered as a convenient 
replacement for equivalent but involved SCF analyses7 of 
charge centroids (13), has proven accurate. Indeed, for a 
collection of -50 olefins calculated in this approximation, the 
average deviation between theoretical and experimental atomi- 
zation energies is -0.25 kcal mol-' (4, 5). Note that these 
considerations do not concern the benzenoid structures them- 
selves, but only the ethylenic parts in molecules like styrene, 
stilbene, etc., reported here for the sake of completeness. 

The numerical examples worked out below illustrate the use 
of eqs. [2] and [6] in the derivation of suitable referente bond 
energies, E:. The conversion factors 1 bohr = 0.529 A and 1 
hartree = 627.51 kcal mol-I were used. All aV's are expressed 
in kcal mol-' me-' units and the energies in kcal mol-I. The 
numbering of the aV and 4 parameters is that indicated in 
Tables 1 and 2. The reference carbon net charges are (in e 
units) 35.1 (C2H6), 7.7 (C2H4) and 14.8 (C6H6). 

Example 1. Let us first apply the recipe given for ( r i l )  when 
j is an ethylenic C atom, with Nj = 3.9923 e. For a C,-Cj 
single bond (R = RO = 1.53 A) we find ( r j l )  = 0.34463 au 
and F = -4.80 kcal mol-'. For a CH bond (R 2 RO = 1.08 A) 
we find (r;)  = 0.48758 au and F = -2.39 kcal mol-'. 
These F values are incorporated in the new ei-'s describing CC 
and CH bonds formed by ethylenic sp2 carbons, as shown 
below. 

Example 2. Starting with the ethane CC bond, €7, we construct 
the Cj(sp2)-Ci(sp3) bond, el,,, with RCC = 1.53 A, qj = 7.7, 
and qi = 35.1 me. The change from 35.1 to 7.7 me (using the 
average of a2  = -0.488 and a6 = -0.450) modifies E? to give 
ecc = 82.49; adding F = -4.80, one obtains 77.7 for elo. 
Similarly, starting now with the ethane CH bond, e5, the change 
from 35.1 to 7.7 me at the C atom (using the average of 
a4 = -0.247and a7 = -0.210ineq. [2] leadstoeCH = 113.07; 
with F = -2.39, it follows that e12 = 110.68 for the 
c ( s p 2 + ~  reference bond ( 13). 

Example 3 .  For aromatic carbons, we keep the centers of charge 
as in the bond described above, ecc = 82.49, hence F = 0. To 
obtain e7, we start with this result and modify the charge from 
7.7 to 14.8 me, using a6 = -0.450. Thus, e7 = 82.49 - 0.450 
(14.8-7.7) = 79.30. Similarly, the 113.07 result quoted above 
leads to e l l  = 113.07 - 0.210 (14.8-7.7) = 111.58. 

'Theoretical analyses, at the 4-31G level including polarization 
functions, account for over 80% of the results anticipated from 
empirical evaluations (13). Our recipe is, in principle, at the level 
of experimental accuracy. 

Example 4. e7 was obtained from el  by replacing one CH3 of 
ethane by phenyl. The nonconjugated central bond of biphenyl 
is deduced from 2(e7 - €1) + el and F = -0.29, which reduces 
R from 1.53 to 1.49 A with qc = 14.8 me. The reference e8 (for 
a CC single bond, as in cis-stilbe~e) is deduced from e7 (R = 
1.53 A), which is reduced to 1.49 A with F = -5.40. Using t!e 
average of a2  and a& = -0.460 (for 1.53 and 1.49 A, 
respectively) for evaluating the change from 35.1 to 7.7 me at 
the sp2 carbon, we find eg = 79.30 - 5.40 + 12.99 = 86.89. 

Example 5. Here we begin with e3 = 89.70 (a conjugated CC 
single bond formed by spL carbons, as in 1,3-butadiene) (5) at 
its equilibrium distance, - 1.48 A, and construct a C(Ar)-C(Ar) 
single bond modelled on benzene, with R = 1.397 A. For qj = 
qj = 7.7 me, F = 9.90. Setting the charges at 14.8 me, using 
a& = -0.486, reduces ECC by 6.90. The final result, 92.70, is 
in moderate agreement with its counterpart, 91.56, obtained 
from a numerical analysis of experimental data. Contrasting 
with the previous examples, this case illustrates a limitation of 
our simple evaluation of (r;) for use in eq. [6]. 

Example 6. Taking now the above CC single bond, €5 = 91.56, 
as input, we construct a CC single bond, R = 1.445 A (66), l i k ~  
that found in styrene. The change from 1.397 to 1.445 A 
translates into F = -4.98 with qi = qj = 14.8 me. Modification 
of the charge from 14.8 to 7.7 me at the ethylenic carbon, with 
a&.= -0.472, increases ECC by 3.35, thus giving l = 89.93. 
Similarly, for 1.48 A (17) we find eg = 90.40 describing the 
~ ( ~ r ) < ( s p ~ )  reference bond, as in trans-stilbene. 

Appendix IV 
For an aromatic carbon linked to a non-aromatic carbon, 

XjaV is 2 a s ( A r )  + ag(nAr) ,  where a g ( A r )  is for the 
benzenic bond and a@(nAr) for the bond formed with a 
non-aromatic carbon. The change in charge at the aromatic 
carbon is Aqc (relative to benzene), contributing AqcXjaj to 
AEZ. On the other hand, this Aqc is also part of Xqc, hence, of 
XhqH, contributing -AqcaHc. The total contribution of Aqc is 
thus 

[2aEE (Ar) + aEE(nAr) - aHc]Aqc 

Of course, in this calculation, Aqc must not be included in the 
evaluation of XAqH. Using eq. [5], as well as Aqc = (m + 1) 
X Aq" and 6 = 157 Aq" (Appendix 11), we find that the energy 
contributed by Aqc is, in au, 

where 6 is the 13C shift relative to benzene. Inserting the 
appropriate aV7s (in au) gives the energy contributed by Aqc, 
i.e., in kcal mol-I, 

for m = -0.8997. It is clear that the final result depends heavily 
on m, beyond the precision permitted by present SCF charge 
analyses. Inspection of molecules corresponding to this situa- 
tion has consistently led to the -0.052 parameter. The 
corresponding m value, --0.90, seems intuitively reasonable 
when compared to -0.955 for ethylenic carbons (4) and to 
-0.812 for a benzenic carbon not engaged in a bond with a 
non-aromatic carbon. 
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ARTUR J. MOTHEO, ERNESTO R. GONZALEZ, and LUIS A.  AVACA. Can. J.  Chem. 64,413 (1986). 
The adsorption of azide ions on mercury electrodes has been studied from constant ionic strength solutions of composition 

x M NaN3 + (p - X) M NaF with p = 0.25 and 0.5. Double layer parameters were obtained by taking into account the change 
in activity coefficients with solution composition. The results were analyzed together with those reported previously for p = 0.95, 
recalculated to take into account the change in activity coefficients. The influence of the ionic strength on the amount adsorbed, 
the properties of the inner layer, and the parameters of an adsorption isotherm for azide anions are discussed in terms of the 
electrostatic model of the double layer. 

ARTUR J. MOTHEO, ERNESTO R. GONZALEZ et LUIS A. AVACA. Can. J. Chem. 64,413 (1986). 
OpCrant sur des solutions de force ionique constante et de composition x M en NaN3 + (IJ. - X) M en NaF, avec p = 0,25 et 

0,5, on a CtudiC l'adsorption des ions azotures sur des electrodes de mercure. On a obtenu les paramktres de double couche en 
tenant compte du changement des coefficients d'activitk avec la composition des solutions. On a analysC ces rCsultats ainsi que 
ceux rapportCs antkrieurement pour p = 0,95 et recalculCs pour tenir compte du changement dans les coefficients d'activitC. 
On discute de l'influence de la force ionique sur la quantitC de substance adsorbee, sur les propriCtCs de la couche interne et sur 
les paramktres de l'isotherme d'adsorption des ions azotures en fonction du modkle Clectrostatique de la double couche. 

[Traduit par le journal] 

Introduction 
Because of its many advantages, most recent studies of 

adsorption of anlons on mercury have been carried out in 
constant ionic strength solutions. A comparison with studies of 
the same anion in single salt solutions often showed differences 
in the amount adsorbed and, in some cases, in the double layer 
properties. Ions for which the adsorption is so strong that the 
adsorbed charge numerically exceeds the electrode charge, 
show higher specific adsorption in constant ionic strength 
solutions. Fawcett and McCarrick (1) showed this to be the case 
for iodide. More recently, the same situation was found in a 
study of thiocyanate adsorption at two different ionic strengths 
(2). A different behavior was found for ions that adsorb 
moderately. By comparing their results with a previous study by 
Payne (3), Fawcett and Sellan (4) concluded that for nitrate the 
adsorption increased with ionic strength at high concentrations 
of NO3- while the opposite situation was observed for low 
concentrations of NO3-. 

In relatlon to the inner layer properties in constant ionic 
strength and single salt solutions, no differences were found for 
azide ( 3 ,  and small ones for iodide (6), while widely differing 
behaviors were observed for chloride (7) and bromide (8). 
These results point to the necessity of detailed studies of the 
effect of the ionic strength on the double layer properties. 

In a previous study on the adsorption of azide on mercury (5) 
at a constant ionic strength (p)  equal to 0.95, a comparrson was 
made with the results in single salt solutions (9). This showed 
that the amount of N3- anions adsorbed depends on the ionic 
strength of the solution, but in both cases the same adsorption 
isotherm applies. Moreover, as mentioned above, the inner 
layer in single salt and mixed solutions seems to have the same 
characteristics. This is not a general case, so it is of interest to 
study the effect of the ionic strength on the adsorption of N3- in 
order to better understand the properties of the interface in the 
presence of this anion. 

In the present work, the double layer properties of the system 
NaN3 + NaF on mercury were studied at p = 0.5 and 0.25 and 
the results examined together with those obtained previously (5) 

'~uthor  to whom correspondence should be addressed. 

for p = 0.95. In this work, the change of activity coefficients of 
the electrolytes with solution composition was taken into 
account so the double layer parameters for p = 0.95 were 
recalculated accordingly. 

Experimental 
Experimental details of the purification of reagents, electrochemical 

techniques for recording capacity-potential curves, and potentials of 
zero charge were given previously (5). Activity coefficients for NaN3 
were calculated as described below, from data obtained using the cell 

[ l]  Na electrodelx M NaCl + (p  - X) M NaN31AgC11Ag 

The emf measurements were carried out with a Coming Electrometer 
101, employing a Coming no 476 210 electrode and an AgIAgC1 
electrode prepared according to recommendations (10). All measure- 
ments were done at 25 ? O.l°C. 

Results and discussion 
Capacity-potential curves 

Figure 1 shows the capacity-potential curves for the system 
x M NaN3 + (0.25 - X) M NaF. A similar set of curves was 
obtained for p = 0.50. The general features are the same as 
those observed previously (5) for p = 0.95 and resemble those 
of other halides and pseudo-halides (2, 7 ,  8). These systems 
differ from most oxyanions in the sense that no pronounced 
minimum is observed on the anodic side of the potential of zero 
charge (E,). The base solution curve ( p  M NaF) was integrated 
twice in the cathodic direction using the experimental value of 
E, and taking for the surface tension at the potential of zero 
charge a reference value yb, = 0 as integration constants. By 
back integration from E = - 1.65 V of the remaining curves in 
each set, taking into account the influence of the variation of 
activity coefficients on the potential (see discussion in the next 
section), the values of Ay, = yb, - y, presented in Table 1 were 
obtained. A comparison of the values of Ay, with those obtained 
for p = 0.95 (5) shows that this parameter has some dependence 
on the ionic strength only at high azide concentrations. 

Change in activity coeficients with solution composition 
As it was pointed out previously (I) ,  in some constant ionic 

strength systems it becomes important to take into account the 
changes in activity coefficients with solution composition. 

Pnnled In Canada i lrnpnrne au Canada 
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TABLE 1. Coordinates of the point of zero charge for mercury electrodes in aqueous x M NaN3 + (p. - X) M NaF at 2S°C, 
for p. equal to 0.25 and 0.5 M 

Ez Cz A Y Z  Ez Cz A Y Z  

X (Vvs. SCE)* (p.F ern-?) (mN m-I) (Vvs. SCE)* (p.F cm-l) (mN m-') 

0 -0.4339 23.65 0.0 -0.4340 24.95 0.0 
0.001 -0.4393 25.03 0.0 - 0.4392 26.00 0.0 
0.0025 -0.4420 26.50 0.1 -0.4419 27.43 0.1 
0.005 -0.4468 28.13 0.3 -0.4469 29.19 0.3 
0.0075 -0.4518 29.69 0.4 -0.4517 30.28 0.4 
0.01 -0.4560 30.42 0.5 -0.4560 30.80 0.5 
0.015 -0.4625 30.74 0.7 -0.4625 32.35 0.7 
0.025 -0.4720 33.07 1 .O -0.4719 33.70 1.1 
0.05 -0.4871 35.26 1.6 -0.4870 35.65 1.8 
0.1 -0.5048 36.85 2.4 -0.5057 37.05 2.7 
0.25 -0.5262 38.24 3.9 -0.5308 38.30 4.5 
0.5 - - - -0.5489 38.97 6.0 

*Voltage vs. standard calomel electrode. 

FIG. 1. Differential capacity of the double layer for a mercury 
electrode in aqueous x M NaN3 + (0.25 - X) M NaF. x = 0.0 (I), 
0.001 (21, 0.0025 (3), 0.005 (4), 0.0075 (5), 0.01 (6), 0.015 
(7), 0.025 (a), 0.05 (9), 0.1 (lo), 0.25 (1 1). 

where yu is the mean activity coefficient of the salt RA in the 
mixture, while the yOs are the corresponding values in single 
salt solutions at the same ionic strength of the mixture. This 
equation is derived from treatments based on a modified 
Debye-Hiickel equation and does not take into account size 
effects (12). 

For the system described, the activity coefficients of the 
anions yA and y, may be assumed to be independent of solution 
composition (12), so from eq. [2], the parameter p can be 
defined as 

Thus, for NaN3-NaF mixtures a PI will be introduced as: 

Values of ygaF are available in the literature, but not those for 
YONaN3. Attempts to measure these with a Ag/AgN3/N3- 
electrode were unsuccessful because of instability of the 
electrode. The alternative procedure of measuring PI directly 
using the cell 

[5] Na electrode/)( M NaN3 + (p. - X)  M NaF/F electrode 

as described previously (1) also failed because the fluoride 
electrode was unstable in these solutions. The final procedure 
adopted here was to obtain the necessary values of ygaN, to be 
used in eq. [4] by the experimental determination of a P2 defined 
as 

(YON~CI)~ 
As will be seen later, these affect the calculation of double [6] p2 = ln- 

layer parameters, in particular the specifically adsorbed charge (YON~N,), 
determined by differentiation. Fawcett and McCarrick (1) took and corresponding to the mixtures NaCl-NaN3 used in the cell 
this into consideration for a system of two salts with a common described in the experimental section (eq. [I]). The Nernst 
cation, RA and RB, and at constant ionic strength, by equation for that cell is 
introducing a parameter P defined as p = d In yRldx, where y, 

RT RT is the activity coefficient of the cation and x = Cu/(Cu + [71 E + -In CNaCcl= €0 - In ~ N , Y C I  
CRB). For such a system it is possible to write (1 1) F 
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where EO is the standard emf. Considering that at constant ionic 
strength ycl is independent of composition (12), it follows that 

The resulting values of Pa, together with the corresponding 
errors, were the following: -0.012 + 0.003 for p = 00.5; 
-0.034 + 0.006 for p = 0.5; and -0.0763 + 0.0004 for p = 
0.95. Introducing these values of P2 and those of from 
the literature (13) into eq. [6], the values of yiaN3 were found to 
be 0.730,0.705, and 0.709 for the ionic strengths 0.25,0.5, and 
0.95, respectively. It must be pointed out that owing to the form 
of eq. [6] the errors in p2 represent at most a 1% uncertainty in 
the values of Using those results in eq. [4] together with 
those of (13), the values of P1 for the NaN3-NaF 
mixtures were calculated as being 0.056, 0.109, and 0.208 for 
the ionic strengths 0.25, 0.5, and 0.95, respectively. 

It is of interest to note that the values of yoNaN3 are very 
similar to those of (13). This justifies the approxima- 
tion made by D'Alkaine et al. (9) in using values of in 
the work with NaN3 in single salt solutions. 

The adsorbed charge 
Using the values presented in Table 1, capacity-potential 

curves were integrated twice to obtain the electrode charge 
density (q)  and the surface tension (y) as a function of potential, 
for each value of x in each set. From these, Parsons' function 
c+ = qE+ + y was obtained. For this purpose, the experimental 
potential scale (E,) was converted to a thermodynamic scale 
using the expression 

I where f = FIRT. Values of the specifically adsorbed charge ( 9 ' )  
due to N3- anions were then obtained at constant electrode 

I charge from the expression 

where q! is the anionic charge in the diffuse layer. In order to 
apply this equation, qd was taken at first as being equal to 
( R T E ~ I ~ T ~ ) ~ ' ~  and a value of q' calculated. By using diffuse 
layer theory, a new value of q! was obtained. The procedure 
was then applied in an iterative way until the difference between 
two successive values of q' was less than 0.01 pC ~ m - ~ .  This 
calculation of q' was also applied to the experimental results 
obtained previously (5) for p = 0.95 because in that work the 
change of activity coefficients with solution composition was 
not taken into account. All the calculations described above 
were carried out with the use of computer programs. 

If the influence of the change in activity coefficients is 
disregarded, values of q' are given by the simpler expression 
q' = fldc+/d In x),. A comparison with the more correct values 
obtained from eq. [lo] shows that the correction is negligible for 
p = 0.25. For p = 0.5 and 0.95 differences are larger but they 
become significant only for the two highest values of X. 

For p = 0.5 and 0.25 the dependence of q' on q resembles 
that presented previously (5) for p = 0.95. The effect of the 
ionic strength on the adsorbed charge can be seen in Fig. 2 
where the q' vs. q curves for three concentrations of N3- in the 
bulk are presented for each value of p .  For x = 0.25, it can be 
observed that q' increases with p .  This is because in this 
situation Iq'l > q and the potential at the outer Helmholtz plane 

FIG. 2. Specifically adsorbed charge due to N3- anions on mercury 
for the ionic strengths 0.25 (O),  0.5 (O), and 0.95 (A). Figures on the 
lines indicate the values of X. 

(oHp) is negative. An increase of the ionic concentration in 
the diffuse layer makes less negative, allowing larger values 
of q' to be attained. For x = 0.0025 the values for p = 0.25 and 
0.5 are very close to each other and may be considered equal 
within experimental error. But those for p = 0.95 lie well 
below, indicating that for this value of x the situation is reversed 
with respect to that for x = 0.25. Here, Iq'l < q and is 
positive. An increase in the ionic concentration makes less 
positive so q' decreases. An intermediate situation is observed 
for x = 0.025. This set of curves suggests that at some lower 
value of X, for which will approach a zero value, q' for a given 
concentration of NaN3 will be independent of p .  The analysis 
done here in terms of electrostatic principles is quite straightfor- 
ward; it has already been discussed in connection with the 
adsorption of SCN- (2) and NO3- (4) but no results as illustrative 
as those in Fig. 2 were presented. 

The inner layer properties 
As usual, the properties of the inner layer will be analyzed in 

terms of plots of the potential drop across the inner layer (4,,-2), 
obtained by subtracting the potential of the oHp from the 
electrode potential, as a function of the adsorbed charge at 
constant q (Christie plots). Figure 3 shows the combined Christie 
plots for the three ionic strengths analyzed. The relevant region 
for the present system is that for q > 0, I q'l > q and it is obvious 
that here the plots are independent of p .  This is in accordance 
with the fact that a previous comparison of the results for p = 
0.95 (5) and single salt solutions (9) showed that the inner layer 
properties were the same in both systems. The slope of the plots 
seems to depend on p when q < 0 and when q > 0 and Iq' l < q. 
However, the reduced number of points and the larger errors 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



416 CAN. J .  CHEM. VOL. 64, 1986 

associated with low values of q' preclude the possibility of 
reaching definite conclusions. According to the classical model 
of the double layer, 4m-2 can be written 

where Km2 is the integral capacity of the inner layer and KI2 that 
between the inner Helmholtz plane (iHp) and the oHp. The 
slope of the Christie plots is then given by 

In the region where q > 0 and Iq'l > q the plots are linear and 
almost parallel, so that the two derivatives on the right-hand side 
of eq. [12] are zero and the slope is simply 1lKl2. It must then be 
concluded that in this region K12 is independent of the ionic 
strength. This integral capacity can be written 

where E is the permittivity of the inner layer, x2 the distance 
from the metal to the oHp, and x l  that between the metal and the 
iHp. Thus the conclusion above means that neither the E profile 
nor the distances are affected by the ionic strength (unless they 
both vary in a compensating way, which is unlikely). This is not 
a general situation because in other cases, for example for the 
adsorption of SCN- (2), the slope was found to be dependent on 
ionic strength. Figure 3 shows that in the region where q =S 0 
there is a definite tendency of the slope to increase with p .  This 
is a consequence of the weight of the points corresponding to the 
higher values of q'. Because the values of q' are small, it is 
unlikely that x2 and (or) xl  may be affected, so the smaller 
values of K12 for increasing p are probably a consequence of a 
decreasing E. This decrease in E can be due to the fact that 
between the iHp and oHp more water is bound as the adsorbed 
charge and ionic concentration increase. Finally, in the region 
where q > 0 and Iq'l < q the effect of p is not well defined, 
probably because q '  is more inaccurate. Nevertheless, values of 
K12 are definitely larger. As already discussed ( 3 ,  this is due to 
a replacement of Na' by F in the diffuse layer, which makes x2 
smaller. 

The equivalent of eq. [13] for the integral capacity of the 
inner layer is Km2 = ~ 1 4 ~ r x ~ .  Then if a uniform value of the 
permittivity is assumed, the distance ratio (x2 - xl)lx2 = 
Km2/K12 can be obtained. K12 and Km2 were calculated from the 
slope and the separation of the Christie plots, leading, in the 
region q > 0, to the average values x1Ix2 = 0.77 for Iq'l > q 
and x1/x2 = 0.86 for Iq'l < q. Because changes in x l  are 
unlikely, these values show that the oHp is nearer the iHp when 
Iq'l < q. Again this is due to the fact that the solvated F anion, 
which determines the diffuse layer charge in this region, has a 
smaller radius than the Na' cation (5). 

The adsorption isotherm 
According to the electrostatic model of the double layer and 

in the situation where discreteness-of-charge effects are esti- 
mated on the basis of the cutoff-disc model, the adsorption 
isotherm can be written (14, 15) 

f f 
[I41 In (- qllaN,-) - In (q' - q',) = @ + -9: + - 

K12 KIZ 

FIG. 3. Potential drop in the inner layer as a function of the 
specifically adsorbed charge due to N3- anions p, = 0.25 (O), 0.5 (A), 
0.95 (W).  Figures on the lines indicate the electrode charge density in 
p,C ~ r n - ~ .  (A) values correspond to the base solution. 

where aN3- is the activity of N3- in the bulk, q,' the maximum 
value of q' , @ a parameter related to the standard free energy of 
adsorption of an isolated particle, K,,,I the integral capacity 
between the metal and the iHp, and g a dimensionless parameter 
related to the self-atmosphere potential of the adsorbed ion. As 
in previous cases (4, 16), the values of 42 are not large and can 
be approximated by the expression 

where A = ( R T E ~ I ~ T T ) ~ ' ~ .  Introducing eq. [15] into eq. [14] the 
result is 

[16] ln (- qllaN,-) - In (q' - 

This isotherm was tested by plotting q '  vs. In (-qllaN,-) - In 
(q' - 9,') at constant q. Here it was assumed that the N ~ -  anion 
adsorbs with the long axis perpendicular to the metal surface, 
giving for q,' a value of 226 pC ~ m - ~ .  Figure 4 shows the results 
for p = 0.25. Plots with the same characteristics were obtained 
for p = 0.5 and 0.95. It is interesting to note that the isotherm 
plots present characteristics similar to those of the Christie 
plots. This statement is theoretically obvious but such a 
situation has not been apparent in experimental results presented 
for other systems. Figure 4 shows that straight lines are obtained 
for small values of q, but as q becomes larger it is apparent that 
there are two different slopes: one in the region I q' l < q and 
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MOTHEO ET AL. 

FIG. 4. Test of the adsorption isotherm (eq. 181) for p = 0.25. Figures on the lines indicate the electrode charge density in pC c K 2 .  

another one for I q'l > q. From the point of view of the isotherm 
parameters it is interesting to analyze the dependence of the 
parameter g on p .  This parameter was determined from slopes 
of plots like those in Fig. 4 using values of K,,, and K,, obtained 
from the corresponding Christie plots as described above. K,,,] 
was evaluated from the relationship K,,, = (IIK,,, + lIKIz)-l. 
In the region where Iq'l > q,  g depends somewhat on q but on 
average it was calcuated as being 1.14, 1.05, and 0.90 for the 
ionic strengths 0.25, 0.5,  and 0.95, respectively. As discussed 
by Levine and Robinson (17, 18) g depends on the relative 
positions of the iHp and oHp and on the profile of variation of 
the permittivity of the inner layer with distance. As shown 
above, an increase in p leads to an increase in q'.  This increase 
is relatively small and unlikely to cause any alteration in the 
dimensions of the double layer. At the same time, an increase in 
p means an increase in the ionic concentration in the diffuse 
layer. Thus there will be more bound water at the oHp and the 
permittivity in this region is likely to decrease. This may explain 
the fact that g decreases with increasing p. 

In the region where Iq'l < q the average values of g were 
1.53, 1.30, and I .  13 for the ionic strengths0.25,0.5, and0.95, 
respectively. Here g decreases with p for the reasons just 
discussed. Also, it must be noted that the values of g are larger 
than those for the condition Iq' l > q. The reason is again the fact 
that when F determines the diffuse layer charge the thickness of 
the inner layer is reduced. In other words, the oHp becomes 
nearer the iHp and consequently g increases (17, 18). The 
values of g obtained here are not very different from unity, 
falling well within the range discussed by Levine and Robinson 
(17, 18). This contrasts with the case of some oxianions where 
much higher values of g were observed (4, 16, 19). Finally, it 
must be noted that the values of g obtained here for azide anions 
are larger than those observed in single salt solutions (9), while 
according to the discussion above the opposite should be true. 
This was found to be due to the fact that the isotherm used 
in single salt solutions did not contain a term in q,' which results 

in lower values of g. As an example, for p = 0.25, q = 6 p C  
~ m - ~ ,  and in the region Iq'l > q the value obtained was 
g = 1.14. But if the t h e m  in q,' in the isotherm is disregarded 
it is found that g = 0.75. This value is indeed in good agreement 
with those obtained in single salt solutions (9). 

This work presents a detailed evaluation of the effect of p on 
the specific adsorbed charge for a system containing an active 
anion. The results were satisfactorily analyzed on the basis of 
the electrostatic model of the double layer. On the other hand, 
the double layer properties other than the amount adsorbed seem 
to be independent of p. This observation cannot be generalized 
because there is some evidence that the situation may be 
different for other systems. The adsorption isotherm based on 
the electrostatic model is an adequate fit to the experimental 
results. In particular, the self-atmosphere parameter g and its 
dependence on p are in accordance with this model but, again, 
this seems to be restricted to the present system. 
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Electrochemical gasification of lignite in phosphoric acid 
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KEITH E. JOHNSON and Luc VERDET. Can. J .  Chem. 64,419 (1986). 
A combination of simple voltammetry, cyclic voltammetry, chronopotentiometry, glc, proximate and ultimate analyses, and 

petrography were applied to the investigation of lignite electrogasification in phosphoric acid. Conversion of -40% lignite to 
C02 occurs, in part by thermal reaction. Electrooxidation of the lignite occurs in part through electrocatalysis due to incorporated 
Fe(I1). Lesser amounts of CO are produced thermally. 

KEITH E. JOHNSON et Luc VERDET. Can. J. Chem. 64,419 (1986). 
On a utilisC une combinaison de voltamCtries simple et cyclique, de chronopotentiomitrie, de cpg, d'analyses approximative et 

ultime et de gtrographie pour Ctudier 1'ClectrogazCification de la lignite dans l'acide phosphorique. Environ 40% de la lignite se 
transforme en C02 et cette rkaction est en partie thermique. L'klectro-oxydation de la lignite se produit en partie par le biais d'une 
tlectrocatalyse due i du Fe(I1) qui est incorporC. I1 se produit thermiquement des quantitis moins importantes de CO. 

[Traduit par le journal] 

Introduction 

The notion of using an electrochemical method to convert 
coal into a gaseous fuel was revived recently by Coughlin and 
Farooque (1) who electrolyzed slurries of various coals in dilute 
sulfuric acid and obtained hydrogen and lesser amounts of 
carbon dioxide and carbon monoxide. It was noted that the 
required potential for electrolysis was -0.9 V, much less than 
that required for water electrolysis. In other words, coal electro- 
gasification might also be viewed as an interesting water elec- 
trolysis with depolarization of the anode reaction. Further 
studies of the coal - sulfuric acid electrolysis reactions were 
undertaken by Baldwin et al. (2), Bockris and co-workers (3), 
Park and co-workers (4 - 6), and Marooka et al. (7) among 
others. It was observed (a) that iron(I1) species were extracted 
into solution from the coal and were oxidized to iron(III), thus 
contributing to the current flow (2); (6 )  that some chemical as 
well as electrochemical conversion of the coal to C 0 2  occurred 
(3); (c) that iron(I1) and added cerium(II1) catalysed the coal 
oxidation (4). 

Since the earlier work (1) indicated that increased tempera- 
tures produced greater currents and the coals apparently passi- 
vated by electrolysis at low temperatures could be reactivated by 
heating, we studied a variety of electrolytes for the process (8). 
While a molten carbonate system has theoretical appeal and 
such media have been investigated in the fuel cell context, we 
chose another fuel cell system, 85% phosphoric acid, for a first 
detailed study since it showed better current levels than sulfuric 
acid. We would note in passing that the highest currents were 
obtained using methane sulfonic acid as the electrolyte; these 
currents were roughly 10 times those from comparable phos- 
phoric acid slurries. 

Experimental 

The samples used were Bienfait, Saskatchewan lignite, Boundary 
Dam (lignite) char, and carbon graphite. Saskatchewan lignites ap- 
proximately comprise 1 /3 carbon, 113 the elements of water, and 113 
clay minerals. 85% Phosphoric acid (Fisher) was used as electrolyte. 

The electrolysis cells consisted of stoppered glass beakers containing 
the coal slurries stirred by a magnetic stirring bar with a gold or 
platinum sheet anode. The catholyte was pure solvent in a tube 
terminating in a frittered glass disc; the cathode was a platinum sheet. 
The reference electrode consisted of a silver wire dipping into an 

'~evision received October 7, 1985. 

electrogenerated silver(1) solution in phosphoric acid in another tube 
similarly terminated by a glass frit/salt bridge. Provision for adding a 
thermometer, Pt or Au microelectrode, and gas bubbler to the cell 
existed. Exit gases, usually in a stream of nitrogen carrier, could be 
vented to a hood or collected in a gas bag for analysis by a Carle Model 
111-H chromatograph. The cells were immersed in a thermostat. 

Current-voltage curves were measured with a simple ammeter and 
voltmeter circuit. 

Cyclic voltamrnograms and chronopotentiograms were obtained 
using a PAR 170 Electrochemistry System with a HP7035B X-Y 
Recorder. 

Proximate and ultimate analyses 
The moisture content was determined by the ASTM:D 3173-73 

procedure. This method has been criticized, especially when used with 
low rank coals (9). However, tests showed that with the lignite used in 
the present work the procedure gave good reproducibility, and that 
oxidation because of the use of air was negligible. 

Volatile matter was determined using the ASTM:D 3172-73 
procedure, with the modification for sparking fuels. 

The ash content was determined using the ASTM:D 3174-73 
procedure. 

Carboxylic acid functions were determined by exchange of the 
samples with calcium acetate and titration of the liberated acetic acid 
with base. 

Petrographic analyses were performed by W. McDougall, V. 
Narnbudiri, and J. Potter of the Energy Research Unit of the University 
of Regina by standard procedures (10). 

Results 

Figure 1 demonstrates the enhanced current produced by 
adding carbon graphite, lignite, or char to 85% phosphoric acid 
at 125°C and Fig. 2 shows the effect of temperature on the 
current-voltage profile. Measurements of the current at 2 V at 
20 temperatures yielded an activation energy of 28.9 kJ/mol 
(6.9 kcal/mol), slightly high for a diffusion-controlled process 
but comparable to the Ce(1V) in H2S04 oxidation rate for coal 
(6). The decay of current at fixed potential was slow for lignite 
and not quite so slow for char. If the lignite was previously ex- 
tracted with H3PO4, the recorded current was lower, whereas 
the extract produced a higher initial current but one falling off 
more rapidly. 

Extraction of the coal with H3PO4 gave gases with a C02 :C0  
ratio of 3.2 after 30-h electrolysis at (30°C) compared with 
ratios of 4.9 for unextracted coaland 2.3 for coal extracted with 
a benzene-alcohol mixture. 
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Slurry in H3PO4; 125OC 

Lignite A 

Char 
Carbon Graphite A 

Blank 

0 1 2 3 

E CV) 
FIG. 1. Current-voltage profile for phosphoric acid at 125OC contain- 

ing; o, lignite; A, char; and +, carbon graphite. Large platinum elec- 
trodes. 

Lignite Slurry 20 Mesh 
v 

FIG. 2. The effect of temperature on the current-voltage profile of a 
20-mesh lignite slurry in phosphoric acid. Large platinum electrodes. 

Linear sweep voltammograms obtained with gold disc mi- 
croelectrodes are shown for 30 and 150°C for H3PO4 alone and 
with added Fe(1I) (Figs. 3 and 4) and for lignite in H3PO4 
slumes (Figs. 5 and 6). The influence of formic acid on the 
voltammogram is noted in Fig. 5. The substitution of platinum 
for gold gave similar curves (Fig. 7) with lower current densities 
and no sharp anodic acid peak at -0.8 V. 

Chronopotentiograms obtained with currents of 75 and 130 
pA merely highlighted the occurrence of electrode reactions at 
-0.4 and +0.8 V.  Cyclic voltammograms showed the rever- 
sible Fe(III)/ Fe(I1) peaks for Fe(I1) solutions at --0.4 V,  the 

I / 3O.C ;gold disc elect. 0.07mm2 

FIG. 3. Linear sweep voltammogram for (a) H3PO4 (b) Fe(I1) in 
H3PO4 with gold microelectrode at 30°C. 

I I CPA 1 

FIG. 4. Linear sweep voltammogram for (a) H3PO4 (b) Fe(I1) in 
H3PO4 with gold microelectrode at 150°C. 

Lignite200 mesh 
4 5 %  in H3P04; 30 'C;  
gold disc elect. 0.07mm2 

1 (---- + HCOOH ) 

FIG. 5. Linear sweep voltammogram for lignite in H3PO4 with gold 
microelectrode at 30°C. 

Lignite 3.3% in slurry; H3P04 150'C 

gold disc elect. 0.07mm2 

FIG. 6. Linear sweep voltammogram for lignite in H3PO4 with gold 
microelectrode at 150°C. 
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H+ + e-+ hH2 and COz + 4H+ + 4e- + C + 2H20 

JOHNSON AND VERDET 

Table 1 summarizes the 4 O O H  function test results and 
Tables 2 and 3 the proximate ultimate analytical data. Electrol- 

0.8 

0.4 

/-- 
-1D f- 

the current efficiencies for HZ and C02 production by constant ysis and heating of the lignite produced vkry little discernible 

r l ( r A )  

I 
E(V) 

20 0.2  LA^ I 

Lignite slurry l200meshl; 
33% in H3Pq,; 
150'C 
platinum disc elect. 0.03mrn2 

FIG. 7. Linear sweep voltammogram for lignite in H3PO4 at 150°C 
with platinum microelectrode. + E ( V )  

- 
Ic 

' 0  FIG. 9. Cyclic voltammograms in H3PO4 with 0.7-rnm' gold micro- 
electrode at 150°C: ( a )  1 X lo-' m Fe(II), (b) 5% lignite slurry; (c) base 
electrolyte. 

+ E ( V I  

I Lignite ( 20 mesh)  

I C  5% in H3P04; 
150'C; 11 mA; 

0.5 Tirne(h1 
50 100 150 

FIG. 10. Potential vs. time for Pt electrode in 5% slurry at 150°C. 

TABLE 1. Determination of COOH functionalities by exchange with 
Ca(OCOCH3)2 and titration of liberated CH3COOH 

FIG. 8. Cyclic voltammograms in H3PO4 with 0.7-mm2 gold micro- 
electrode at 30°C: ( a )  2x lop2 m Fe(LI); (b) 3.3% lignite slurry; (c) A" B 
base electrolyte. (mequiv. /g) (mequiv. /g) 

same peaks for lignite slurries, gold oxide peaks in the 0.8 V Lignite 1.3 1 0.37 

region, and an additional anodic current rise around 0.5 V for 1.32 0.36 
Lignite after staying 15 days slumes, the rise being more pronounced at 150°C. Figure 8 in H3P04 at 1500C 

1.06 1.35 
1.02 1.32 

shows cyclic voltammograms for phosphoric acid, Fe(I1) in Lignite after electrolysis at 1.06 1.21 
phosphoric acid, and a slurry at 30°C, and Fig. 9 shows a similar for 11 days at 1 5 0 0 ~  1.05 1.20 
set for 150°C. The cyclic voltammetry indicates the presence of char 0 
iron ions, albeit trace amounts, in the H3PO4. 0 

Several macroelectrolysis experiments were undertaken with Char after electrolysis at 20 mA for 0.23 
platinum electrodes; the potential at constant current typically 17 days at 150°C 0.22 
behaved as in Fig. 10, indicating several stages in electro- Charafterelectrol~sis at 1.50V for 0.34 

activity beyond the potential of Fe(I1) oxidation. The evolved l6 days at 1500C 0.39 

gases consisted of CO and COz with traces of ethylene from 
"A = with preliminary stay in HCI solution before exchange with Ca acetate. thermal reaction of lignite and H3PO4 plus hydrogen when the 
b~ = without HCI digestion time, 

slurry was electrolyzed. It was noted that the CO:COZ ratio was 
lowered once electrolysis commenced (Fig. 11). current electrolysis were 88 and 39%, respectively (a H2:C02 

Based on the overall electrode processes ratio of 4.5 rather than 2). 
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TABLE 2. Proximate and ultimate analysis of electrolyzed coal 

Heating 
value 

Moisture Fixed Volatilesa Ash" ( s  /g) S C" H~ 0 b . c  Nb 

Lignite 3:5 1 47.76 39.21 9.52 24880.7 0.396 68.42 4.65 25.87 1.06 
s.6d.;e. l1.d. 1.94 62.3 31.21 4.52 26679.1 0.794 71.22 3.95 23.8 1.03 

(1.45 V) 
s. 12d. (3 .7qd  (70.29)' (4.02)e (24.66)' (1.03)e 
Char 1.52 73.34 9.22 15.92 26455.3 0.224 85.4 1.94 11.45 1.21 
s.5d.;e. 17.d. 1.07 74.49 8.22 16.22 26761.6 1.109 87.3 2.12 9.27 1.30 

(20 mA; 10 mA) 
s.6d.;e.5d. 1.09 72.40 8.46 18.05 26665.3 1.119 81.7 1.98 14.6 1.74 

(1.45 V) 
s.l4d.;e. 10.d. 1.13 72.3 1 7.89 18.67 25721.6 1.829 82.8 1.88 14.3 1.03 

(I .o V) 

"Air-dry basis. 
bDry, ash-free basis. 
'Calculated by difference. 
W e t .  
'Wet, ash-free basis. 
Abbreviations: s .  = stirred (155°C); d = days; e = electrolyzed (155°C). 

Lignite(20 mesh) 
52 in H3P04; 150'C; 

: oCO, oC02, +H2 

FIG. 1 1. Gas composition vs. time for lignite in H3P04 at 150°C with 
electrolysis between platinum electrodes at 11 mA commencing after 
125 h. 

TABLE 3. Conclusions from ultimate and proximate analysis of elec- 
trolyzed lignite and char 

1. Decrease in moisture 
content 

2. Decrease in volatiles 
(H:C) 

3. Decrease in lignite ash 
4. Increase in char ash 
5. Increase in calorific 

value 
6. Increase in S content 

Desorption, chemical dehydration, 
H3P04 extraction 

C02 production, radical condensa- 
tion and polymerization 

Inorganics dissolved by H3P04 
Char inorganics insoluble 
Decrease in moisture, H:C and ash 

S compounds involatile and 
insoluble 

petrographic change; neither vesiculation nor any other evi- 
dence of devolatilization was noticed. The only recognizable 
difference between feedstock and residues was an increase in 
reflectance, Ro(av), from 0.39 to 0.43%. Detailed reflecto- 
grams of the chars showed a wide range of Ro(av) (0.40-4.79%) 
indicating nonuniform materials. This mitigated against any 
reliable measure of the effect of electrolysis but no vast changes 
were apparent. 

Discussion 
As in the case of sulfuric acid, lignite coal is chemically 

attacked by phosphoric acid with the production of gaseous CO 
and C02.  This is due presumably to the dehydration of formyl 
and oxalyl groups. The rate of attack is slow but does increase 
with temperature. The formation of ethylene probably arises 
from the presence of some --OC2H5 groups on the coal. 
Electrolysis of coal slurries at 11 mA constant current produces 
a higher C02:C0 ratio than does heating (12:l vs. 4:1), 
suggesting Kolbe-type reactions of the 4 O O H  groups on the 
coal ( t h e 4 O O H  groups were separately identified by infrared 
spectroscopy). 

The linear voltammograms indicate the oxidation of Fe(I1) to 
Fe(II1) at -0.4 V, again as in sulfuric acid, but a further current 
flow occurs prior to the +0.8-V region. The current enhance- 
ment by formic acid addition suggests that isolated carbons in 
the coal macromolecules could be oxidized at this poten- 
tial (+0.8 V). Comparison of Figs. 8 and 9 shows the distinct 
electroactivity of lignite at 150°C (+0.3++0.8 V) as well as 
the iron redox peaks (-0.4 V) and the gold oxide peaks ( f 0 . 8  V 
oxidation, - +0.7 V reduction). 

The gold oxide formation peak is much more pronounced at 
150°C and is decreased in the presence of added Fez+ or lignite, 
presumably because the ~ e " / ~ e ~ +  exchange current is the 
higher one. 

The current efficiency for Hz production of only 88% could 
be due to slow leakage of Fe(II1) into the catholyte or loss of 
gases from the apparatus, considering the length of the 
electrolysis time. The current efficiency for COz production is 
surprisingly high at 39%. The rest of the charge presumably 
goes to humic acid and surface oxide production (cf. ref. 6 and 
references therein). The recent results of Dhooge and Park (6), 
in which 100% conversion to COz by electro-oxidation of coal 
in H2SO4 was claimed, are not necessarily in conflict with our 
data. Their electrolyses were carried out at a constant potential 
of + 1.0 V vs. NHE or - + 0.6 V vs. the Fe(II1) /Fe(II) potential 
in 1 M H3PO4 (ref. 6, Table I ) ,  which would correspond to 
-+0.2 V vs. A g + / ~ g  in our system or close to the process 
following the Fe(I1) oxidation. It is noteworthy that constant 
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current electrolysis produces substantially more (-10 times) 
C 0 2  than CO.  The experiments in which the C 0 2  proportion in 
the gases is reduced by extraction confirm the availability of a 
soluble electroactive species (Fe(I1)) and suggest that the C O  is 
the product of a noncatalytic process. The coal moieties 
involved in the Fe(I1)-catalysed reaction appear to dissolve in 
benzene-alcohol since the residue then produces even less COz. 

In summary, the electrolysis of lignite slurries in phosphoric 
acid at 150°C gives rise to carbon dioxide and hydrogen with 
smaller amounts of carbon monoxide. While the carbon 
monoxide arises from a thermal reaction, the carbon dioxide has 
both thermal and electrochemical origins. Further, the electro- 
oxidation of lignite is a mixed process of direct electrochemical 
oxidation and Fe(I1) electrocatalysed oxidation. The -40% 
conversion rate of lignite to C 0 2  suggests that this electrogas- 
ification could be viable where low-cost o r  off-peak power is 
plentiful. 
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MIRKO DIKSIC, SIMIN FARROKHZAD, and LAWRENCE D. COLEBROOK. Can. J.  Chem. 64,424 (1986). 
Fluorination of uracil with acetylhypofluorite and fluorine in acetic acid is described. 'The influence of the acetate ion on the 

products of the fluorination reaction was examined. Two stereoisomers (cis (3) and trans (4)) were found in the reaction mixture 
following fluorination in the absence of the acetate ion, but only one isomer (4) and 5-fluorouracil were found when the acetate 
ion was present during the fluorination reaction. 'H nuclear magnetic resonance revealed that acetate from the solution 
containing acetate ion rather than from the residue from acetylhypofluorite binds to position 6 of uracil to form intermediates. 
The synthesis yields 5-fluorouracil isolated as pure compound in a chemical yield, relative to the fluorine introduced, of about 
45%. The influence of inorganic cations on the yield of acetylhypofluorite was also evaluated. 

MIRKO DIKSIC, SIMIN FARROKHZAD et LAWRENCE D. COLEBROOK. Can. J .  Chem. 64,424 (1986). 
On dCcrit la fluoration de l'uracil i l'aide de I'hypofluorite d'acktyle et de fluor dans I'acide acetique. On a etudie I'influence 

de I'ion acetate sur la nature des produits delarkaction de fluoration. Lors des rCactions effectuees en l'absence d'ions acetates, 
on a dCmontr6 que les mClanges rCactionnels contiennent deux sttrCoisom~res, soit les produits cis (3) et trans (4); toutefois, les 
melanges obtenus apres des reactions effectuCes en prisence d'ions acCtates ne contiennent que du fluoro-5 uracil et de 
I'isomtre 4. La rmn du 'H permet de dkmontrer que ce sont les ions acCtates de la solution plutBt que ceux de I'hypofluorite 
d'acetyle qui se lient i la position 6 de l'uracil pour former des intermkdiares. La synthese conduit au fluoro-5 uracil qui a C t t  
isole i 1'Ctat pur, avec un rendement, bask sur la quantitC de fluor utilisC, qui est d'environ 45%. On a ausi LvaluC I'influence des 
cations inorganiques sur le rendement de I'hypofluorite d'acktyle. 

[Traduit par le journal] 

Introduction 
I8F-labelled 5-fluorouracil (5-[18F]FU) has been suggested as 

a tracer for in vivo investigation of the pharmacokinetics of 
uracil (1). Since its metabolic fragment continues to carry a 
positron-emitting radioisotope, the "F label, it can be used to 
investigate, in vivo, by means of positron emission tomography 
(PET), the metabolism of 5-['8F]fluorouracil (2), possible 
incorporation of the [I8F]-labelled fluorouracil into RNA (3) in 
tumors, and, with this, the rate of RNA synthesis. The rate of 
RNA synthesis might, in turn, provide some indication of the 
activity of a tumor, which could be useful in assessing tumor 
therapy (4). Recently, the tissue distribution of 5-['8F]fluoro- 
uracil was extensively evaluated in tumor-bearing animals (5,6) 
and in humans with cancer (4). The results of these studies sug- 
gest that 5-fluorouracil indeed accumulates in different animal 
(5,6) and human tumors (4). 

Although attempts have been made to explain the reaction 
mechanism of the fluorination of uracil (7), it has never been 
completely understood. The intermediate, 5-fluoro-6-acetoxy- 
5,6-dihydrouracil isomers 3 or 4 (Fig. l), was isolated in 1979, 
but details of the reaction mechanism and stereochemical 
structure remained unexplained (7). 

Uracil was first fluorinated with trifluoromethylhypofluorite 
(CF30F) (8). The synthesis of 5-['8F]fluorouracil (5) (5- 
[18F]FU) was first reported in 1973 (9) and the fluorination of 
uracil with [I8F]F2 in acetic acid was reported in 1979 along 
with isolation of an intermediate. Recently we also reported a 

'TO whom correspondence should be addressed, at: Medical Cyclo- 
tron Unit, Montreal Neurological Institute, 3801 University St., 
Montreal, P.Q., Canada H3A 2B4. 

convenient high-yield synthesis of 5-["F]FU (10). In the present 
paper the isolation of intermediates produced in the fluorination 
of uracil, as well as their nrnr spectra, is reported. Although 
positive stereochemistry of these intermediates could not be 
established by nmr spectra or chemical reactivity, we can now 
suggest a structure for these intermediates. 

Results and discussion 
Reactions of trifluoroacetylhypoAuorite with stilbene (1 I), 

acetylhypofluorite with triacetylglucal (12-15), and trifluoro- 
methylhypofluorite with uracil (16) have been reported. In all 
these cases, 100% regiospecificity was reported. Stereoselectiv- 
ity in the syntheses of these fluoro compounds was also very 
good, but not always 100% (1 1, 20). This stereoselectivity. is 
apparently influenced by the hardness of the base involved in the 
reaction (1 1). A mixture of threo and erythro forms was 
produced in the stilbene reaction with acetylhypofluorite in the 
presence of sodium acetate (1 1, 17). An addition of acetylhypo- 
fluorite across the double bond in triacetylglucal also resulted 
in two stereoisomers (18-20). Fluorination of uracil with 
molecular fluorine in acetic acid has also been reported, but the 
details of the reaction mechanism have never b;en established 
(7, 9 ,  22, 23). 

Our results show that two major stereoisomeric adducts, cis- 
and trans-5-fluoro-6-acetoxy-5, 6-dihydrouracil, 3 and 4, are 
produced by fluorination of uracil with molecular fluorine in 
acetic acid (reagent grade), or with acetylhypofluorite in acetic 
acid; however, 5-fluorouracil and one isomer, 4, are found in 
the crude reaction mixture under both reaction conditions when 
an acetate ion is present during the fluorination reaction (Table 
I). The 'H nmr and 19F nmr spectra were measured on the 
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Synthesis of 5 - Fluorouracil 

4 

elimination elimination 

5 - 
FIG. 1. Reaction scheme for the fluorination of uracil, 1, with 

acethy lhypofluorite. 

relatively crude adducts prepared by fluorination of uracil (uracil 
present during bubbling) with F2 in acetic acid (reagent grade). 
When acetate salt was not present during the reaction, the spec- 
tra revealed the presence of two geometric isomers (trans (4) 
and cis (3)) in a ratio of 1:2, but no 5-fluorouracil (Table 1). But 
when uracil was added (fluorination with CH3COOF) after the 
end of bubbling, the ratio between cis (3) and trans (4) isomers 
was 4: 1, and no 5-fluorouracil was found (Table 1). The presence 
of two geometric isomers indicates that the reaction does not 
have complete stereoselectivity. In contrast, in the presence of 
added acetate ion the spectra taken several hours after the end of 
bubbling showed the presence of a single isomer and 5- 
fluorouracil, suggesting that one of the isomers (Table 1) does 
not survive to the end of the reaction. We note that the reaction 
done in distilled acetic acid gave trans (4) and cis (3) isomers in 
a ratio of 2.5: 1. This suggests that the removal of traces of 
impurities changes the mechanism of the reaction. 

The 'H and 19F nrnr spectra from positions 5 and 6 of the 
diastereomers were analyzed using iterative computer fitting, 
but positive identification of the stereochemistry at these 
positions could not be established on the basis of the coupling 
constants. ~ h u s ,  3 ~ H 5 - H 6  is 3.9 and 4.3 HZ in 3 and 4, 
respectively, while 3~F5-H6 is 2.8 and 2.2 HZ in 3 and 4, 
respectively. These values are too similar in magnitude to 
permit an unequivocal assignment of the configuration on the 
basis of the evidence of a coupling constant alone. Values of 4 
and 2 HZ have also been reported for 3 ~ H 5 - H 6  and 3~F5-H6, 
respectively, for an isomer of 5-fluoro-6-acetyoxy-5,6- 
dihydrouracil prepared by fluorination of uracil in acetic 
anhydride - 5% acetic acid (23). Stereochemistry was not 
assigned (23). 

TABLE 1. Ratios between cis (3) and trans (4) isomers formed under 
different fluorination conditions 

Reaction Acetate Fluorinating 
medium Ratio 3:4 ion reagent 

AcOH (reagent) Only 4* Yes F2 
AcOH (reagent) 2:lt No F2 
AcOH (distilled) 1:2.5? No F2 
AcOH (reagent) 4:1$ No CH3COOF 
AcOH (reagent)$ 8:1§ Yes CH3COOF 

*Only one isomer (trans (4)) and 5-Fur found after evaporation of AcOH. 
tUracil present during bubbling. 
$Uracil added after the end of bubbling. 
$Present in crude reaction mixture (before evaporation of AcOH), but after 

evaporation or about three hours after bubbling only trans (4) and 5-Fur were 
present. 

Our results also suggest that the acetate ion is a strong enough 
base to facilitate acetic acid elimination in one of the isomers. 
This was confirmed in experiments where acetate ion was added 
to the crude reaction mixture containing the cis-trans mixture, 
19F nmr taken a few hours later showed that CH3COOH was 
eliminated from the isomer assigned the cis configuration for 
that isomer (3), and the mixture contained only 5-fluorouracil 
and the trans isomer (4) in the same ratio in which the two 
isomers were present in the solution without acetate ion. The 
ease with which the cis isomer loses CH,COOH supports our 
assignment, because the cis isomer (3) has H and CH3COOH in 
the trans configuration favoured for the elimination of 
CH3COOH. 

Fluorination with Jluorine 
When fluorination with fluorine was carried out in the presence 

of an acetate ion, 60% of the fluorine was found in 5-fluorouracil 
( 1 9 ~  nmr spectra), and the remainder (36-38%) in one stereo- 
isomer (4), with a small admixture of 5,6-difluoro compound 
(2-4%). Fluorination of uracil with F2 in CH3COOH or CD3- 
COOD also yielded a minor product, which accounted for about 
2-4% of the total F2 approximately 1 h after introduction of F2 
was stopped. This compound was tentatively identified by its 19F 
nmr spectrum as 5,6-difluoro-5,6-dihydrouracil. The 1 9 ~ { ' ~ )  
spectrum appeared as an AB quartet, 3~F5-F6'7.9 HZ. When the 
fluorination reaction was carried out in CD3COOD, the 19F 
multiplet at S - 197.9 ppm showed loss of an H-F coupling 
(hydrogen on nitrogen-1). In consequence, this multiplet was 
assigned to F6, and the multiplet at - 195.6 to F5. The geminal 
coupling constants, 2~H5-F5  and 2JH6-F6, were both 45.8 Hz. 

Vine et al. (7), who investigated the fluorination of uracil 
with molecular fluorine in acetic acid with the addition of 25% 
(by volume) of acetic anhydride, reported the 'H nmr spectrum 
of a single isomer with S 2.13 (CH3), 5.48 (JH5-~5 = 47 Hz, 
J H 5 - ~ 6  = 4.5 HZ, H5), and6.27 ( JH5-~6 = 45 HZ, J H ~ - F ~  = 2.22 
Hz, H6) ppm in acetic acid-d4. They assigned the cis (H5-H6) 
configuration to this isomer on the basis of the magnitudes of the 
coupling constants. However, our experimental data on the two 
isomers show that the coupling constants are too similar to 
permit an unequivocal stereochemical assignment on the basis 
of coupling constants alone. In our work, the isomer produced 
in the fluorination of uracil in the presence of inorganic acetate 
has a 'H nmr spectrum very similar to that reported by Vine et 
al. (7). The only difference is the value of JH-F (geminal), for 
which 47 Hz was reported, compared with our value of 45.14 
Hz. When we repeated the procedure of Vine et al. (7) we 
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TABLE 2.Yield of acetylhypofluorite as a function of acetatelfluorine 
ratio and cation 

Cation CH3COOX/F2 Number of 
X (mmol /mmol) Yield (%) determinations 

~ a +  0.096 53 2 3 2 
0.29 53 + 4 2 
1.92 69 * 3 3 
0.29 83 + 4 3 
4 75 2 3 3 
8 75 5 3 2 

12 80 + 2 3 
160 68 2 3 3 

K+ 0.9 71 + 2  2 
1.9 78 * 3 3 
2.9 90 * 4 3 

N H ~ +  0.096 55 2 3 2 
0.29 60 * 3 3 
1.9 70 * 2 3 
2.9 90 * 3 3 

H+ Glacial 
acetic acid 30 * 3 3 

obtained an isomer with JH-F (geminal) = 45 Hz, which agrees 
well with the value obtained for the compound prepared by other 
procedures. On the basis of the nmr evidence, we conclude that 

I the compound prepared by Vine et al. (7) is identical to the one 
we synthesized in the presence of an acetate ion. Our work 
indicates that the stereochemical assignments of Vine et al. (7), 
made on the basis of coupling constants, may not be correct. We 
consider that the opposite configuration is more likely. 

The trans configuration of the intermediate 5-fluoro-6- 
acetoxy-5,6-dihydrouracil, 4, obtained in the reaction of uracil 
and the fluorinating agent in the presence of inorganic acetate, 
was assigned on the basis of the observation that acetate from 
solution, rather than residue from CH3COOF, adds in the 6 
position and that this isomer is relatively more stable towards 
elimination of CH3COOH. (See the experiments with deutera- 
ted acetate, analyzed by 2~ nmr, and discussion of possible 
reaction mechanisms.) The trans configuration of the inter- 
mediate is in accordance with other reactions involving ionic 
mechanisms, in which a halogen in the presence of a nucleo- 
phile is added to a double bond, yielding a compound with halo- 
gen and nucleophile in a trans configuration (24). 

Indirect evidence for the stereochemistry of the cis isomer, 
3 ,  is obtained from 19F chemical shifts. This isomer has a chem- 
ical shift (6 -21 1.0 ppm) similar to cis-5-fluoro-6-methoxy- 
5,6-dihydrouracil (6 -208 ppm), for which the structure was 
positively assigned by X-ray crystallography (16). In this case, 
the fluorination reaction with CF30F proceeds with complete 
stereoselectivity (16), with only syn addition, and there is con- 
clusive evidence that the nucleophile (methoxy) which adds to 
position 6 comes from the solvent rather than from the trifluoro- 
methoxy residue of the CF30F (16). Values of 3 ~ H s - H 6 ( ~ i ~ )  = 
4.0 and 3 ~ F s - H 6 ( t r ~ n ~ )  = 2.2 Hz were reported for cis-5-fluoro- 
6-methoxy-5, 6-dihydrouracil (1 6), comparable to the values 
noted above for the cis-acetoxy analogs (22). The ease with 
which stereoisomer 3 loses CH3COOH also supports the assign- 
ment of the structure. 

In the absence of added acetate ion, it is possible that fluorina- 
tion (F2 in CH3COOH) of uracil proceeds through direct fluor- 
ination and in situ synthesis of acetylhypofluorite, which adds to 
the 5,6-double bond through a cation, 2, (Fig. 1). The cation 

formed after the addition of fluorine (from F2 or CH3COOF) 
at C-5 will be more stable than fluorocarbon cations (16). This 
would allow the acetate ion to attack from either side and form 
two stereoisomers (equal probability would be expected only 
when the ion is planar and there is no hindrance of a nucleophilic 
attack). 

The ratio between trans (4) and cis (3) isomers in the fluorina- 
tion with F2 in acetic acid differs from that observed in the 
fluorination with CH3COOF (discussed later) (Table I). This 
suggests that the reaction of molecular fluorine with uracil to 
form an intermediate occurs at a higher rate than that of fluorine 
with acetic acid to form acetylhypofluorite. The observation is 
not the same as that recently reported by Shiue etal .  (21), who 
found no difference in the products in the fluorination of 
2',3'-di-0-acetyl-5'-deoxyuridine resulting from the two 
reactions. 

Fluorination with acetylhypofluorite 
The acetylhypofluorite yield is lower when it is synthesized in 

acetic acid without additional acetate ion (see Table 2 and ref. 
13). As shown in Table 2, our results indicate that the yield of 
acetylhypofluorite is more a function of concentration than of the 
cation used. It is evident that the hypofluorite yield reaches a 
broad maximum when sodium acetate is used, while in other 
cases it increases with the concentration of acetate. A similar 
result was reported by Fowler et al. (13). 

Fluorination of uracil with acetylhypofluorite (generated in 
situ) yielded intermediates 3 (cis) and 4 (trans) in different 
ratios (8: 1) than fluorination with FZ, where it was 2: 1 (Table 1). 
Fluorination done with acetylhypofluorite with acetate ion pre- 
sent during the reaction yielded mostly 5-fluorouracil (probably 
formed from cis isomer 3) and a minor compound, trans isomer 
4. However, the fluorination of uracil with acetylhypofluorite 
when acetate ion was not present gave a ratio of 4: 1 between the 
cis (3) and trans (4) isomers (Table 1). 

That the incorporated acetate comes from the free acetate ion 
rather than from acetylhypofluorite was established by a label- 
ling experiment (monitored by 2H nmr) using deuterated acetate 
added to the reaction mixture after fluorine bubbling was stopped, 
but before uracil was added. No exchange between acetylhypo- 
fluorite and CD3COO- was observed. In this experiment, only 
one isomer was found, with deuterated acetate in position 6 of 
the intermediate. It was assigned the anti-configuration (trans 
(4)) as discussed above. The presence of deuterated, rather than 
regular, acetate in position 6,  confirmed by 'H nmr, supports the 
notion that the free acetate ion adds to position 6. 

Fluorination of uracil with acetylhypofluorite also yields a 
small amount (2-4%) of the 5,Sdifluoro adduct, 5,5-difluoro- 
6-acetoxy-5,6-dihydrouracil, identified by 2 ~ F F  = 284.2 Hz and 
the vicinal coupling constants 3 ~ F H ( ~ i s )  = 1.99 HZ and 
3~HF(trans) = 6.73 Hz. The 6-methoxy analog of this com- 
pound has been reported by Robins et al. (16). 

'8~-labelled 57fluorouracil 
The reaction scheme given in Fig. 1 for a non-radioactive 

synthesis was also applied when the 18F-labelled compound was 
synthesized (10). 18F-acetylhypofluorite was prepared first, and 
allowed to react in situ with uracil in the presence of acetate ion, 
yielding the intermediate, 5-[18F]fluoro-6-acetoxy-5,6-di- 
hydrouracil, 4 ,  which easily loses acetic acid, giving 5-[18F]- 
fluorouracil (1 0). 

Summary 
On the basis of stability towards CH3COOH, elimination of 
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one  isomer, and  the  comparison o f  the  19F chemical shifts with 
those o f  a related compound positively identified b y  X-ray crys- 
tallography (16),  the  stereochemistry o f  t w o  intermediates 
formed in the  fluorination reaction is suggested. 

It was  also observed that the ratio o f  t r ans  (4) to  cis (3) i s  
greatly influenced by  the  purity o f  acetic acid,  giving a ratio of  
2.5:1 when the fluorination with F2 w a s  done  in distilled acetic 
acid rather than in reagent grade, where  it was  1 :2. T h e  fluorina- 
tion in the presence o f  a n  acetate a lso  yielded t w o  isomers,  but 
one  (c is  (3))  did not survive the  work-up. Chemical  and radio- 
chemical yields were  similar in both synthetic routes. 

Experimental 
General 

Research grade chemicals obtained from regular suppliers were used 
in the syntheses. Thin-layer chromatography (tlc) was done on silica 
gel hard layer plates with a fluorescence indicator (254 nm). Two 
solvents were used for development of tlc plates: A, THF-hexane 
(65:35) and B, ethyl acetate - H20-HCOOH (1 3: 1: 1). "F compounds 
were investigated by visual identification under 254-nm uv light and by 
thin-layer radiochromatography, using a scanner with a windowless 
gas-flow proportional detector with a I-mm opening. The final product 
was purified by simple filtration through a Sep-Pak column, using 
THF-hexane (40:6) as an elution solvent. In "cold" reactions, 
identification of reaction products was done by I9F nmr, 'H nmr, 2~ 

nmr, mass spectrometry, melting point, and tlc on silica gel. Reactions 
were followed by tlc. 

The 'H nmr spectra were obtained at 200 MHz on a Varian XL-200 
spectrometer using DMSO-d6 or acetic acid-d4 solutions, with TMS as 
an internal reference. The I9F nmr spectra were obtained at 75.39 MHz 
on a Bruker WP-80SY spectrometer, on a reaction mixture in acetic 
acid, acetic acid-d4, or DMSO-d6, using trichlorotrifluoroethane (I9F 
chemical shift, 6 -82.20 ppm) as an external reference. Iterative 
analysis of nmr spectra was carried out using the PANIC program on a 
Bruker Aspect 2000 computer. 

An authentic sample of 5-fluorouracil, used as a reference, was 
isolated from the drug, fluorouracil (Roche), by lowering the pH to 
about 6.5 (mp (uncorrected) 281°C (lit. (25) mp. 282-283°C). 

In the first set of experiments, uracil (60-80 mg, 0.5-0.7 mmol) was 
fluorinated with acetylhypofluorite (prepared in situ) in acetic acid (10 
mL) and acetic acid-d4 (10 mL), with and without inorganic acetate. 

In the second set of reactions, uracil (80 mg, 0.7 mmol) was 
suspended in glacial acetic acid, acetic acid-d4, or in those acids 
(10 mL) in the presence of an acetate (deuterated or regular). Fluorine 
(0.1-0.6 mmol) in nitrogen was then introduced. The work-up was 
carried out as described later under B. In some experiments, the inter- 
mediates were analyzed directly in the acid solutions by 'H nmr (deu- 
terated acids) and I9F nmr (regular and deuterated acids). When the 
intermediates were isolated, 'H and I9F nmr spectra were taken in 
DMSO-d6 solution. In experiments done in acetic acid to which sodium 
deuteroacetate had been added, 'H nmr spectra were taken on a crude 
reaction mixture. 

A. Reaction of acetylhypojuorite with uracil 
Acetylhypofluorite was prepared by reacting a 0.5-5% mixture of 

fluorine (0.1-0.6mmol of F2) in nitrogen with acetic acid in the 
presence of added acetate (generally 0.15 M) or with acetic acid 
without an acetate ion present, as described earlier (1 1-15). The 
presence of an OF  group was established in the reaction mixture (from 
which all F2 had been removed) by the appearance of a signal at 16 1.9 
ppm in the I9F nmr spectrum (acetic acid or acetic acid-d4). At room 
temperature (about 22°C) the half-life of acetylhypofluorite is 20 min, 
as measured by I9F nmr. 

Acetylhypofluorite was allowed to react with uracil (80 mg, 0.7 
mmol) by suspending it in a solution of hypofluorite in acetic acid, with 
(first set) and without (second set) added acetate ion. The reaction 
mixture from the first set was divided into two parts and a different 
work-up carried out on each. In the first part, acid was evaporated under 

reduced pressure (0.1 Torr; 1 Torr = 133.3 Pa) at a bath temperature of 
60°C, the residue redissolved in DMSO-d6 or acetic acid-d4, and 'H 
and I9F nmr spectra taken. When the reaction was carried out in the 
presence of added acetate ion, trans-5-fluoro-6-acetoxy-5,6- 
dihydrouracil, 4,  was present, together with 5-fluorouracil. After 
evaporation of acetic acid, the residue proved to be over 80% final 
product, 5-fluorouracil, 5 ,  and only about 16- 18% intermediate 4. The 
second part was worked up by removing acid under reduced pressure 
and adding 0.7 mL of triethylamine to the residue. This was followed 
by a brief heating in a 60°C bath. The heating resulted in the complete 
elimination of CH3COOH from the intermediate, giving pure 5- 
fluorouracil (5) in a quantitative yield. 

In the second set (reaction done without addition of an acetate), the 
reaction mixture was divided and, on the first part, a similar work-up 
was done by evaporation under reduced pressure (0.1 Torr) in a 60°C 
bath. After evaporation, the residue consisted of about 88% of 
intermediate 3 and 12% of 4,  but no 5-fluorouracil in the first half. The 
second half of the reaction mixture was worked up with triethylamine 
as described above. Addition of 0.7 mL of triethylamine to the residue 
after evaporation, followed by brief heating in a 60°C bath, resulted in 
loss of CH3COOH in both 3 and 4,  yielding 5-fluorouracil (5) or 
"F-labelled 5-fluorouracil. After evaporation of triethylamine, the 
residue was extracted with 1 mL of tetrahydrofuran-hexane (40:60) 
mixture, an the 5-fluorouracil or "F-labelled 5-FU was purified on a 
silica gel Sep-Pak column (10). 

Purification of intermediate 3 was done only when working with 
non-radioactive materials. After fluorination in reagent grade acetic 
acid (no acetate added), isolation and purification were achieved using 
liquid chromatography (hplc) on silica gel with THF-hexane (35:75) as 
the solvent. It was not possible to determine the melting point because 
the intermediate was thermally unstable. 

trans-5-Fluoro-6-acetoxy-5,6-dihydrouracil(4) 
The 'H nmr spectrum (acetic acid-d4 6 : 2.07 (s, 3H, CH3COO), 

5.49 (do fd ,  1H, 2JH5-F5 = 45.1 HZ, 3 ~ H 5 - H 6  = 4.27 HZ, H5), 6.31 (d, 
of d, lH ,  3 ~ ~ 5 - ~ 6  = 4.38 HZ, 3 ~ H 6 - F 5  = 2.26 HZ, H6); "F nmr 
spectrum (acetic acid-d4) 6 : -2 12.0 (d of d ,  IF,  2JF5-~5 = 45.24 Hz, 
3 ~ ~ 5 - ~ 6  = 2.19 HZ); (acetic acid/DMSO-d6) 6 : -212.0 (d of d ,  IF,  
2JF5-~5 = 45.17 HZ, 3 ~ F 5 - ~ 6  = 2.9 HZ). The ' 9 ~  Ilm Spectrum Was 
best simulated by including a 4 ~ F 5 - H I  coupling of 2.2 Hz. The I9F nmr 
spectra were analyzed by iterative computer fitting; TLC of the crude 
reaction mixture showed spots with Rf = 0.5 (5-FUr) and 0.81 in 
solvent A (trans (4) isomer). On heating, compound 4 was converted 
into 5-fluorouracil, mp 283"C, M +  130; tlc of the purified product 
showed Rf of 0 .5  and 0.79, identical with an authentic sample of 
5-fluorouracil, using, as developing solvent, solvent mixture A and 
solvent mixture B, respectively. 

When the reaction was carried out in acetic acid in the presence of 
perdeuteroacetate, or in acetic acid-d4 in the absence of acetate ion, the 
'H nmrspectrum of the reaction mixture showed no signal at 2.07 ppm, 
and it was unnecessary to use JF5-H1 in the simulation of the 19F 
spectrum of the trans isomer. 

Following fluorination with acetylhypofluorite in acetic acid (pro- 
duced in acetic acid but no acetate), the solvent was evaporated and the 
resaidue dissolved in DMSO-d6. The nmr analysis showed 10% of the 
residue to consist of 5-fluorouracil, the bulk of the remaining material 
being 3 and 4 in a 4 : l  ratio. However, the I9F nmr of the reaction 
mixture before evaporation had only two isomers present. A small 
amount (2-4%) of 5,5-difluoro-6-acetoxy-5,6-dihydroura~il, identified 
by its I9F spectrum (acetic acid or acetic acid-d4), was always present. 
On evaporation of the solvent, the 5,5-difluoro adduct was transformed 
into 3. 
5,5-D1juoro-6-acetoxy-5,6-dihydrouracil 
The ' 9 ~  spectrum (acetic or acetic acid-d, 6: - 1 14.3 (2~p5-F5r = 

284.20, 3 ~ F 5 - F 6  (cis) = 1.99 Hz, F5), -132.0 (3JF5 ' -H6(t r~n~)  = 
6.73 Hz, F5'). On broadband 'H decoupling, the I9F spectrum con- 
sisted of an AB quartet. 

B. Fluorination of uracil in acetic acid with rnolecularjuorine 
When uracil (0.7 mmol) suspended in acetic acid (10 mL) was 
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allowed to react with molecular fluorine (-0.5 mmol) in the absence of 
added inorganic acetate, a mixture of 1 part trans- (4) and 2 parts 
cis-5-fluoro-6-acetoxy-5,6-dihydrouracil (3) was obtained (the stereo- 
chemical assignments are given under Results and discussion). After 
evaporation of acetic acid and addition and subsequent evaporation of 
triethylarnine, both isomers yielded 5-fluorouracil, with properties 
(mass spectrum, 'H and 1 9 ~  nmr spectra, and melting point) identical to 
an authentic sample. 

cis-5-Fluoro-6-acetoxy-5,6-dihydrouracil(3) 
'H nmrspectrum (acetic acid-d4) 6 : 2.10 (s, 3H, CH3COO), 5.30 (d 

ofd, 1 ~ , ~ ~ ~ ~ - ~ ~ = 4 6 . 6 9 ~ ~ , ~ ~ ~ ~ - ~ ~ = 3 . 9 6 H ~ , H 5 ) , 5 . 3 4 ( d 0 f d ,  lH,  
3 ~ F 5 - ~ 6  = 2.29 HZ, 3 ~ H 5 - H 6  = 3.02 HZ, H6); '9 nmr spectrllm (acetic 
acid and acetic acid-d4 6 : -21 1.0 (d of d, IF, 2 ~ H 5 - F 5  = 46.11 Hz, 
3 ~ ~ a - F s  = 2.76 Hz). The 1 9 ~  spectra were analyzed by computer fitting. 
The ' 9 ~  spectrum of the acetic acid solution was best computer-simu- 
lated by allowing for a JF5-H1 coupling of 2.2 Hz. The trans isomer 
(4) had chemical shifts and coupling constants as described above. 

5-Fluorouracil was identified by mp (281-283"C), 'H and '9 nmr 
spectra, and mass spectrometry (M' 130). The 'H nmr spectrum in 
DMSO-d6 was identical to that of an authentic sample of 
5-fluorouracil. 

In distilled acetic acid, 5-fluorouracil and the trans isomer 4 were 
found in the reaction crude when fluorination was done in the presence 
of an acetate ion, but a mixture of trans (4) and cis (3) isomers (in a 
ratio of 2:l) was formed when the reaction was carried out without 
addition of acetate ion. About 4% of 5,6-difluoro-5,6-dihydrouracil 
was identified in the reaction mixture by its I9F nmr spectrum. 

5,6-Dipuoro-5,6-dihydrouracil 
The '9Fnmrspectrum (acetic acid) 6 : - 195.6 (d of d, IF, 2 ~ F 5 - H 5  = 

45.78 HZ, 3 ~ ~ 5 - F 6  = 7.90 HZ, F5), -197.9 (d of d, IF, 2 ~ ~ 6 - ~ 6  = 
45.78 HZ, 3JF5-F6 = 7.90 HZ, F6). 
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Structural, magnetic, and spectroscopic studies of tetrakis(pyridine) complexes of 
iron(I1) sulfonates 
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JOHN S. HAYNES, STEVEN J .  RETTIG, JOHN R. SAMS, ROBERT C. THOMPSON and JAMES TROTTER. Can. J. Chem. 64, 429 
(1986). 

The iron(I1) complexes Fe(NC5H5)4(RS03)2 where R = CF3, CH,, and p-CH3C6H4 have been prepared and their crystal 
structures determined by single crystal X-ray diffraction. Cryst$ of trans-bis(methanesulfonato-O)tetrakis(pyridine)iron(II) 
are monoclinic, a = 16.524(2), b = 9.1 127(6), c = 18.684(2) A, P = 109.903(6)", Z = 4, space group Pn. The structure was 
solved by conventional heavy-atom methods and was refined by full-matrix least-squares procedures to R = 0.034 and R,, 
= 0.038 for 4243 reflections with I 2 3u(4.  Crystals of trans-bis(trifluoromethanesulfonato-O)tetrakis(pyridine)iron(II) are 
monoclinic, a = 10.456(1), b = 9.2981(8), c = 14.625(2) A,  P = 96.372(6)", Z = 2, space group Pn. Structure solved and 
refined as above to R = 0.036, and R,, = 0.037 for 1483 reflections with 1 2 3u(4.  Crystals of trans- 
bis(p-toluenesulfonato-O)tetrakis(pyridine)iron(II) are orthorhombic, a = 40.818(2), b = 9.8722(6), c = 17.3544(7) A, Z = 8, 
space group Fdd2. The structure was solved by Patterson and Fourier syntheses and was refined by full-matrix least-squares 
procedures to R = 0.030 and R,, = 0.032 for 1851 reflections with 1 2  3u(l). All three structures show discrete octahedral 
molecules with monodentate trans-coordinated sulfonate groups. Two crystallographically independent molecules are observed 
in the R = CH3 structure, the difference between them involving the orientation of the CH3S03 groups with respect to the 
0-Fe-0 vector. The FeN402 chromophore in each compoundo is a tetragonally compressed octahedron (approximate D4,, 
symmetry) with average Fe-N distances of 2.21, 2.23, and 2.24 A and Fe-0 distances of 2.1 1,2.06, and 2.08 A for the CF3, 
CH3, and p-CH3C6H4 derivatives, respectively. The compounds were studied using vibrational, electronic, and Mossbauer 
spectroscopic methods, magnetic susceptibility measurements, and differential scanning calorimetry. Quadrupole splitting 
values from Mossbauer spectra indicate a ' ~ 2 ,  ground state for all three compounds and magnetic susceptibility data (3 10-4.2 K) 
have been analyzed assuming this ground state, using both a crystal field and a zero-field splitting model. 

JOHN S. HAYNES, STEVEN J. RETTIG, JOHN R. SAMS, ROBERT C. THOMPSON et JAMES TROTTER. Can. J. Chem. 64, 429 
(1986). 

On a prtpart les complexes du fer(I1) Fe(NC5H5)4(RS03)2 dans lesquels R = CF3, CH3 et p-CH3C6H4 et on a dCtermint leurs 
structures par diffraction des rayons-X sur des cristaux uniques. Les cristaux du bis(mtthanesuIfonato-0) tttrakis(pyridine)fer- 
(11) trans sont monocliniques avec a =  16,524(2), b=9,1127(6), c= 18,684(2) A,  P= 109,903(6)", Z=4 et groupe d'espace Pn. 
On a rtsolu la structure par les mCthodes conventionnelles aux atomes lourds et on l'a affinte par la mCthode des moindres carrts 
(matrice entitre) jusqu'i des valeurs de R=0,034 et R,,,=0,038 pour 4243 rtflexions avec 1 2 3 4 4 .  Les cristaux du 
bis(trifluoromtthanesulfonato-O)tetrakis(pyridine)fer(II) trans sont monocliniques avec a=10,456(1), b=9,2981(8), 
c= 14,625(2) A,  P=96,372(6)", Z=2 et groupe d'espace Pn. On a rtsolu et affiinCe la structure par les mtthodes dtcrites plus 
haut jusqu'i des valeurs de R=0,036 et R,,=0,037 pour 1483 rtflexions avec 1 2 3u(4.  Les cristaux du bis( - 
tolutnesulfonato-O)tttrakis(pyridine) fer(I1) trans sont orthorhombiques avec a=40,8 18(2), b=9,8722(6), c= 17,3544(7) 8: , 
Z=8 et groupe d'espace Fdd2. On a rCsolu la structure par des synthtses de Patterson et de Fourier et on l'a affinCe par la 
mCthode des moindres carrts (matrice entitre) jusqu'i des valeurs de R =0,030 et R,,=0,032 pour 185 1 reflexions avec 12 3 4 4 .  
Dans le trois structures, on retrouve des molCcules octaCdriques individuelles avec des groupements sulfonates monodentates 
coordonntes en trans. Dans la structure oh R=CH3, on observe deux moltcules qui sont cristallographiquement indtpendantes; 
la difftrence entre les deux implique I'orientation des groupements CH3S03 par rapport au vecteur 0-Fe-0. Dans chacun des 
composts, le chromophore FeN402 est un octatdre qui est comprimt d'une faqon tttragonale (symttrie approximative D4)!) et 
dans lequel les distances Fe-N moyennes sont 2,21, 2.23 et 2,24 A alors que les distances Fe---0 sont 2,11, 2,06 et 2,08 a 
respectivement pour les derives CF3, CH3 et p-CH3C6H4. On a CtudiC les composts en faisant appel aux spectroscopies 
vibrationnelles, tlectroniques et de Mossbauer, i des mesures de susceptibilitt magnttique et i la calorimttrie de balayage 
difftrentiel. Les valeurs des dtdoublements quadrupolaires obtenus a partir des spectres de Mossbauer indiquent que les trois 
composts existent dans un ttat fondamental 5B2,; on a analysC les donnCes de susceptibilitC magnttique (de 3 10a 4,2 K)  i l'aide 
des modtles tant de champ cristallin que de dtdoublement i champ ztro en faisant I'hypothtse que 1'Ctat fondamental est bien 
celui-18. 

[Traduit par le journal] 

Introduction We had earlier utilized spectroscopic and magnetic tech- 
The study of the coordinating properties of sulfonate anions, niques to investigate the coordination of Sulfonate anions in 

RS03-, is of interest for a number of reasons. In view of the fact anhydrous salts (15, 16) as well as in pyridine complexes (17). 
that they are the anions of relatively strong acids, they might be The basic structure proposed for the latter group of com~ounds,  
expected to coordinate only very weakly to transition metal involving octahedral stereochemistry with trans-coordinated 
ions. Indeed, there are numerous examples where the trifluoro- sulfonate groups, is confirmed in the present work by single 
methanesulfonate (triflate) ion has been utilized as a noncoor- crystal X-ray diffraction studies on the iron(I1) methane-, 
dinating counter-anion (1-5). Nevertheless, examples where trifluoromethane-, and p-toluenesulfonate derivatives. The 
CF3S03- and other sulfonates coordinate as monodentate bonding parameters for these three conlplexes are examined 
(6- 10) as well as bidentate and tridentate (1 1-14) ligands are here with a view to assessing the relative coordinating strengths 

known. of the anions and the effects of coordination on anion geome- 
tries. This assessment is aided by comparisons with published 

' ~ u t h o r  to whom correspondence should be addressed. structural data on other sulfonates and on pyridine complexes 
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with other anions (18-22). Finally, the structural information 
provided by the X-ray diffraction studies on these three closely 
related compounds permits a detailed examination of the effects 
of small variations in the nature of the ligand field on the 
spectroscopic and magnetic properties of octahedral iron(I1) 
complexes. 

Experimental 
Materials 

Anhydrous iron sulfonates, Fe(RS03)2, where R is CH3, CF3, and 
p-CH3C6H4, were prepared as described previously (16). These 
compounds, as well as the pyridine complexes, are both moisture and 
oxygen sensitive and were handled in a nitrogen atmosphere glove box. 
Pyridine was dried before use by refluxing over barium oxide, then 
distilling. Methanol was allowed to stand over molecular sieves (4A) 
before distillation and diethyl ether was dried by refluxing with 
sodiumbenzophenone followed by distillation. All solvents were 
degassed prior to use via several freeze-pump-thaw cycles. 

Syntheses 
The three pyridine complexes were prepared by analogous routes 

involving addition of an excess of pyridine to a methanol solution of the 
appropriate iron(I1) sulfonate. Over a period of a few hours, crystals of 
the pyridine complex started to form and, after leaving overnight, the 
product was isolated by filtration and washed with small quantities of 
diethyl ether. All manipulations were performed in the glove box. 
Yields of 60-70% were obtained. As an example, detailed conditions 
for the preparation of Fe(NC5H5)4(CF3S03)2 are given. To a methanol 
(5 mL) solution of Fe(CF3S03)2 (1.37 mmol) was added 4 mL of 
pyridine. Yellow-green crystals of the product which appeared 
overnight were isolated by filtration and washed with a small amount 
(-3 mL) of diethyl ether (yield 64%). Anal. calcd. for FeC2?- 
F6H20N406S2: C 39.41, H 3.01, N 8.36; found: C 39.41, H 3.10, N 
8.28. Anal. calcd. for Fe(NC,H5)4(CH3S03)2: C 46.98, H 4.67, N 
9 .96,O 17.07; found: C46.70, H 4.67, N 9 . 7 2 , O  17.01. Anal. calcd. 
for Fe(NC5H5)4(CH3C6H4S03)2: C 57.13, H 4.80, N 7.84, 0 13.43; 
found: C 56.87, H 4.82, N 7.64, 0 13.20. 

X-ray crystallographic analyses 
trans -Bis(methanesulfonato- O)tetrakis(pyridine)irot~(ll) 
A crystal bounded by the 11 faces (followed by their distances in mm 

from a common origin) k ( 0 0  l ) ,  0.20, *(O 1 l) ,  0.27, *(O 1 -1). 0.27, 
k (O2  l ) ,  0.28 *(I 0 - l ) ,  0.30, (1 OO), 0.31 mm was mounted in a 
general orientation. Unit-cell parameters were refined by least squares 
on 2 sin @ / A  values for 25 reflections (28 = 35-42") measured on a 
diffractometer with Mo-Ka radiation (A(Ka,) = 0.70930, (A(Ka2) 
= 0.71359 A). Crystal data at 22'C are: 

C22H26FeN406S2 fw = 562.44 

Monoclinic, a = 16.524(2), b = 9.1127(6), c = 18.684(2) A, P = 
109.903(6)", V =  2645.3(5) A3, Z= 4, p, = 1.412Mgm-3,F(000) = 
1168, p(Mo-Ka) = 7.61 cm-'. Absent reflections: h01, h + l  odd, 
space group Pn  (nonstandard setting of PC, C:, No. 7,  equivalent 
positions: x,  y ,  z; 1 /2+x,  - ) I ,  1 /2+ z) from structure analysis. 

Intensities were measured with graphite-monochromated Mo-Ka 
radiation on an Enraf-Nonius CAD4-F diffractometer. An w-28 scan 
at 1.34- 10.06" min -' over a range of (0.85 + 0.35 tan 8) degrees in w 
(extended by 25% on both sides for background measurement) was 
employed. Data were measured to 28 = 55". The intensities of three 
check reflections, measured every hour throughout the data collection, 
showed only small random fluctuations. After data reductioq2 an 

"he computer programs used include locally written programs for 
data processing and locally modified versions of the following: 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, by 
W. R. Busing, K. 0 .  Martin andH.  A. Levy; FORDAP, Patterson and 
Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by C.  K. 
Johnson; AGNOST, absorption corrections, by J .  A. Ibers; TLS, 
thermal motion analysis, by V. Schomaker and K. N. Trueblood. 

absorption correction was applied using the Gaussian integration 
method (23, 24). Transmission factors ranged from 0.660 to 0.761 for 
112 integration points. Of the 6042 independent reflections measured, 
4243 (70.2%) had intensities greater than or equal to 3u(l) above 
background, where ~ ' ( 1 )  = S + 2B + ( 0 . 0 4 ( S - ~ ) ) ~  with S = scan 
count and B = normalized background count. 

The noncentrosymmetric space group Pn was indicated by the 
E-statistics. The structure was solved by conventional heavy atom 
methods. The coordinates of the Fe and S atoms from each of the two 
crystallographically independent molecules were determined from the 
Patterson function and those of the remaining non-hydrogen atoms 
from subsequent difference maps. Full-matrix least-squares refinement 
of the non-hydrogen atoms with anisotropic temperature factors 
resulted in R = 0.050. In subsequent stages of refinement the hydrogen 
atoms were included as fixed contributors in idealized positions 
(methyl groups based on observed positions, C(sp2)-H = 0.97 A, 
C(sp3)-H = 0.98 A), recalculated after each cycle of refinement. The 
scattering factors of ref. 25 were used for non-hydrogen atoms and 
those of ref. 26 for hydrogen atoms. Anomalous scattering factors from 
ref. 27 were used for the Fe and S atoms. The weighting scheme w = 
l /u2(F),  where u 2 ( ~ )  is derived from the previously defined u2(l), 
gave uniform average values of w(l F,I - I ~ , l )%ver  ranges of both I F,I 
and sin 0 /h  and was employed in the final stages of full-matrix 
refinement of 629 variables. Reflections with I < 3u(l) were not 
included in the refinement. Convergence was reached at R = 0.034 and 
R,, = 0.038 for 4243 reflections with 12 3u(I). For all 6042 reflections 
R = 0.078. The polarity of the structure (for the particular crystal used) 
was determined by parallel refinement, the resulting R and R,,. factor 
ratios of 1.023 and 1.028, respectively, representing a probability of 
>99.5% that the correct polarity has been chosen. The function 
minimized was CW(IF , I - IF , I )~ ,  R = CIIF,I-IF,II/XlF,I and 
RIY = (Cw(lF,l - l ~ , l ) ~ I C w l ~ , l ~ ) ~ " .  

On the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.02 and 0.16u, respectively. The mean error in 
an observation of unit weight was 1.546. A final difference map 
showed maximum fluctuations of -0.85 to +0.36e AP3 near Fe atoms 
and was featureless elsewhere. The final positional and thermal param- 
eters appear in Tables 1 and 5,3 respectively. Measured and calculated 
structure factors have been placed in the Depository of Unpublished 
Data.3 

trans-Bis(tr1j7uoromethanesulfonato-0 -tetrakis(pyriditze)irori(ll) 
Experimental details are as above except where noted. The 8 

bounding planes of the crystal used for data collection were: &(- 1 0 I), 
0.09, + ( I  0 I ) ,  0.31, k(O 1 O), 0.06, *(OO l ) ,  0.33 mm. Reflections 
used in the refinement of the unit-cell constants had 20 = 26-33". 
Crystal data: 

Monoclinic, a = 10.456(1), b = 9.2981(8), c = 14.625(2) A, P = 
96.372(6)", V = 1413.1(3) A3, Z = 2, pc = 1.576 Mg m-3, F(000) = 
680, ~ ( M o - K a )  = 7.54 cm-I. Absent reflections: h01, lz+l odd, 
space group Pn from structure analysis. 

An w-28 scan at 1 .18-10.06° min-' over a range of (0.65 + 0.35 
tang)" in w was employed. Of 277 1 independent reflections measured 
(to 28 = 52O), 1483 had intensities greater than 3u(I) above 
background. An absorption correction was applied, transmission 
factors ranging from 0.895 to 0.909 for 88 sampling points. 

The noncentrosymmetric space group Pn  was suggested by both the 
E-statistics and by the Patterson function, from which the coordinates 
of the Fe and S atoms were determined. Refinement of the non- 
hydrogen atoms with anisotropic thermal parameters gave R = 0.047. 
Hydrogen atoms were included as fixed contributors in idealized 
positions in the final stages of refinement. Convergence was reached at 

3 ~ h e  structure factor table, Table 5 (anisotropic thermal parame- 
ters), and other material mentioned in the text may be purchased from 
the Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada, K I A  OS2. 
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R = 0.036 and R,, = 0.037 for 1483 reflections with I2 3u(I) (368 
variables). For all 277 1 reflections R = 0.103. The polarity was again 
determined by parallel refinement, the R and R,, ratios of 1.009 and 
1.006 both corresponding to a >99.5% probability that the correct 
polarity has been chosen. The mean and maximum parameter shifts on 
the final cycle of refinement corresponded to 0.02 and 0.09u, 
respectively, and the mean error in an observation of unit weight was 
1.363. A final difference map showed maximum fluctuations of -0.56 
to +0.47 e k3 near Fe and was featureless elsewhere. 

/ trans-Bis(p-toluenesulfonato-O)tetrakis(pyrid~ne)iron(II) 
I The six bounding planes of the crystal used for data collection were: 
I ?(100),0.15,(-12-2),0.19,(-1 -2-2),0.20,(-1 -1 1),0.18, 

(-1 1 l),  0.21 mm. Reflections used for the refinement of the lattice 
constants had 28 = 30-40". Crystal data: 

Orthorhombic, a = 40.818(2), b = 9.8722(6), c = 17.3544(7) A, V = 
6993.0(6) A3, Z = 8, pc = 1.358 Mg m-3, F(000) = 2976, ~ ( M o - K a )  
= 5.91 cm-I. Absent reflections: hkl, h+ kodd and k+l  odd, Okl, k+l  
# 4n, and h01, h + l  # 4n, uniquely indicate the space group 
Fdd 2 (c::, No. 43). 

An 0-28 scan at 0.84-10.06" min-I over a range of (0.65 + 0.35 
tan 8)" was employed. Of 2605 independent reflections measured (to 28 
= 60°), 1851 had I 2 3u(I). Data were corrected for absorption, 
transmission factors ranging from 0.824 to 0.900 for 88 sampling 
points. 

Space group symmetry requires the molecule to possess exact C1 
symmetry. The Fe and S coordinates were determined from the 
Patterson function and those of the remaining non-hydrogen atoms 
from a subsequent difference map. After refinement of the non- 
hydrogen atoms with anisotropic thermal parameters to R = 0.043, a 
difference map gave the positions of all hydrogen atoms, which were 
refined with isotropic thermal parameters in subsequent least-squares 
cycles. Convergence was reached at R = 0.030 and R,,, = 0.032 for 
185 1 reflections with I 2 3u(I) (280 variables). For all 2605 reflections 
R = 0.073. The polarity was determined by parallel refinement, the R 
and R,, ratios of 1.055 and 1.069 clearly indicating the correct choice 
(p > 99.9%). The mean and maximum parameter shifts on the final 
cycle of refinement were 0.015 and 0 . 2 3 ~  and the mean error in an 
observation of unit weight was 1.346. Maximum fluctuations on the 
final difference map were -0.25 to +O. 17 e k 3 .  

Analysis of thermal motion 
The thermal motion in the three compounds (Figs. 1 and 2) has been 

analyzed in terms of the rigid-body modes of translation, libration, and 
screw motion (TLS model) (28). The rms errors in the U,, (derived 
from the least-squares analyses) are 0.0031, 0.0053, and 0.0019 A', 
respectively, for Fe(NC5H5)4(RS03)2, R = CH3, CF3, and p-CH3C6H,. 
In each case, analyses of the entire molecule indicated significant 
independent motion of structural subunits, particularly the sulfonate 
groups. The subunits S03C, 02Fe(py)4, SCF3, and tolyl were 
separately analyzed (rms AU,, = 0.0012-0.0083 A'). The appropriate 
distances have been corrected for libration (28, 29), using shape 
parameters q' of 0.08 for all atoms involved. Corrected bond lengths 
appear along with the uncorrected values in Table 2. Bond angles are 
given in Table 3. Calculated hydrogen atom parameters for Fe(N- 
C5H5)4(CH3S03)2 and Fe(NC5H5)4(CF3S03)2, anisotropic thermal 
parameters, bond lengths and angles involving hydrogen for 
Fe(NC5H5)4(p-CH3C6Hm3)1, and complete listings of torsion angles 
(Tables 4-8) are included as supplementary material. 

Spectroscopy 
Infrared spectra in the region 4000-250 cm-I were recorded on 

samples mulled in Nujol held between KRS-5 plates (Harshaw ' 

Chemical Co.) using a Perkin Elmer 598 spectrophotometer. Electron- 
ic spectra (3.8-30 kK) were recorded on samples mulled in Nujol using 
a Cary 14 spectrophotometer. 5 7 ~ e  Mossbauer spectra were obtained as 
reported previously (30). Samples were contained in Nylon holders 
sealed with epoxy resin. The Doppler velocity scale was calibrated with 

a metallic iron foil absorber and isomer shifts are quoted relative to the 
centroid of the iron foil spectrum. 

Magnetic susceptibilities 
Variable temperature magnetic susceptibility measurements were 

made between 130 and 4.2 K using a vibrating sample magnetometer 
(31) and between 300 and 80 K using Gouy equipment (32). Magnetic 
susceptibilities were measured at room temperature at three different 
values of H dH/dx with a Faraday magnetic balance (33). No field 
dependence was observed for any of the complexes. Molar magnetic 
susceptibilities were corrected for the diamagnetic susceptibilities of all 
atoms; corrections used were ~ e ~ +  -13, NC5H5 -49, CF3S03- -46, 
CH3S03- - 35, CH3C6H4so3- -89 (units lop6 cm3 m0l-I). 

Differential scanning calorimetry (DSC) 
The DSC runs were performed using a Mettler DSC 20 cell 

programmed with a Mettler TC 10A processor. Powdered samples 
(-5 mg) contained in aluminum crucibles were heated (35-450°C at a 
rate of 4" min-') in an atmosphere of dry nitrogen (flow rate 50 mL 
min-I). The temperature calibration was achieved using the known 
fusion temperatures of indium, lead, and zinc and the heat flow was 
calibrated using an accurately known quantity of indium. 

Results and discussion 
Crystal structure analyses 

The molecular structures of the three Fe(NC5H5)4(RS03)2 
molecules are given in Figs. 1 and 2 along with the atom 
numbering schemes; intermolecular bond distances and angles 
are given in Tables 2 and 3 .  With the exception of possible weak 
C-H.a.0 hydrogen bonds (Table 9, deposited supplementary 
materials), each of the three structures consists of discrete 
molecules separated by normal van der Waals distances. 
Structure analyses show all three compounds to be octahedral 
with monodentate trans-coordinated sulfonate groups. Two 
conformations are observed in the R = CH3 compound, the 
difference between them involving the orientation of the 
CH3S03 groups with respect to  the 0 - F e - 4  vector. The two 
independent R = CH3 molecules and the R = CF3 molecule 
have approximate C2  symmetry and for R = p-tolyl the 
molecules possess exact C2  symmetry. In each case the twofold 
axis lies in the FeN, plane and bisects opposite N-Fe-N 
angles. 

The FeN, groups are nonplanar in all three compounds. For R 
= CH3 and CF3 the maximum deviations from the mean plane 
are less than 0.021 A, while for R = p-tolyl the maximum 
deviation is 0.284(4) A. In the R = CF3 structure the f o u ~  
pyridine N atoms are coplanar; the F e  is displaced 0.015(1) A 
from the N4 plane. The  pyridine rings are generally planar to 
within experimental error. While the pyridine rings containing 
N ( l ) ,  N(4), and N(6) in the R = CH3 structure and N(2) in the 
R = p-tolyl structure are nonplanar, no atom deviates by more 
than 0.015(4) A. The bond distances and angles in the pyridine 
rings are similar to  those found for free gaseous pyridine by 
electron diffraction and microwave spectroscopy (34, 35). An 
interesting structural feature present in all three compounds is 
that the four pyridine molecules are arranged in a staggered 
propeller fashion and the rings trans to  one another are nearly 
orthogonal. The  trans-pyridine bonds are very close to linear, 
whereas the 0-Fe-0 bond angles deviate significantly from 
180". Nevertheless, the overall distortion of the FeN402 
chromophore is not great and the environment around the iron 
atom in all three compounds may be described as approximately 
D 4 h .  

The average Fe-N distances for the CF3, S H 3 ,  and 
p-CH3C6H4 derivatives are 2.21,  2.23, and 2.2$ A ,  respec- 
tively. These are comparable to the distances 2.23 A reported for 
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TABLE 1 . Final positional (fractional X 1 04, Fe and S X 1 05, H X 1 03) TABLE 1. (Continued) 
and isotropic thermal parameters (U x lo3 A2) with estimated standard 

deviations in parentheses" Atom Y y 7 

Atom x Y z U U s  (337) 11716(4) 920 1 (6) 7913(3) 
C(38) 1 1702(3) 77 17(6) 7804(3) 

Fe(NC5H5)4(CH3S03)2 C(39) 10960(3) 7057(5) 7331 (3) 
FeU) 40090 68958(6) 63300 37 C(4O) 9624(4) 4273(5) 5386(3) 

Fe(2) 904 18(6) 66988(6) 62924(5) 34 C(41) 9979(4) 3634(6) 4892(3) 

s ( I )  49188(10) 91714(12) 78340(8) 43 C(42) 10457(4) 4469(7) 4581(3) 

s(2) 35615(10) 44572(15) 48373(9) 53 C(43) 10567(4) 5934(6) 4775(3) 

S(3) 862 1 1 (10) 946 17(13) 49533(8) 49 C(44) 10187(3) 6502(5) 5270(3) 
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HAYNES 

TABLE 1. (Concluded) 

Atom r J z ucq! ul\o 

(37) 1 188(2) -2812(7) 4703(4) 88 
c(8)  2241(1) 5 125(3) 1714(2) 49 
(39) 2094(1) 5967(5) 1 186(3) 63 
(310) 1952(1) 5438(5) 540(3) 72 
c ( l l )  1969(1) 4054(6) 436(3) 69 
c(12) 21 18(1) 3266(4) 983(2) 50 
(313) 2373(1) 41 13(4) 405 l(2) 56 
(314) 221 l(1) 4450(5) 4720(2) 68 
c(15) 1884(1) 4246(5) 4773(2) 58 
(316) 1723(1) 3710(4) 4158(2) 50 
C( 17) 1899(1) 3371(3) 3504(2) 42 
H(2) 189(1) -221(5) 282(3) 64(14) 
H(3) 166(2) -357(8) 386(5) 137(23) 
H(5) 1 lO(2) - 35(8) 429(6) 164(31) 
H(6) 136(1) 97(5) 325(3) 62(11) 
H(7a) 115(1) - 380(7) 449(4) 1 1 1 (20) 
H(7b) 135(1) -312(6) 49 l(4) 85(19) 
H(7c) 980)  -254(9) 484(8) 187(39) 
H(8) 233(1) 550(3) 21 l(3) 37(8) 
H(9) 206(1) 685(6) 123(3) 75(14) 
H(10) 188(2) 616(7) 11(5) 125(22) 
H(l1) 187(1) 37 1 (5) 4(3) 74(14) 
H(12) 214(1) 235(4) 95(2) 4x9)  
H(13) 259(1) 42 l(3) 399(2) 44(9) 
H(14) 233(1) 477 (4) 511(3) 71(13) 
H(15) 176(1) 446(6) 522(4) 99(18) 

, H(16) 148(1) 357(5) 417(3) 78(14) 
I H(17) 178(1) 296(3) 306(2) 35(8) 
I 

1 "(I,, = 113 trace (diagonal~zed (I). 

F e ( ~ y ) ~ C l ~  (18) and 2.26 A for F e ( p ~ ) ~ ( N c s ) ~  (19). The Fe-0 
distances range from 2.1 1 A in the trifluoromethanesulfonate 
complex to 2.06 A in the methanesulfonate compound. Assum- 
ing that Fe-0 bond distances in sulfonate complexes are good 
measures of the strength of the metal-anion coordination, it is 
interesting to note that in [q5-C2(C~3)51(C0)2FeOS02CF3 
the Fe-0  distance is only 2.007 A (6). The presence of the 
strong n-acid ligands in this complex makes the iron centre 
strongly electrophilic and results in what is described in ref. 6 as 
a strong "electrostatic iron-triflate interaction." 

Turning to a consideration of internal bonding parameters for 
individual anions, we note that the bond distances and angles 
observed here for CF3S03- appear comparable to those seen in 
other unidentate coordinated trifluoromethanesulfonate groups 
(6-10). The anion assumes a staggered-ethane conformation 
about the S< bond and, while the average C-F bond length 
is greater than those usually found in ionic CF3S03- com- 
pounds (2-5), it is typical for the unidentate coordinated anion 
(6-10). The 0-3-0 angles are consistently greater than the 
C-S-0 angles, a consequence of the fact that bond pair 
repulsions involving the multiply bonded S - 0  groups are 
greater than those involv~ng the S< group. The effect of 
coordination on the CF3S03- group is most clearly seen in the 
S - 0  bond distances. The S-0 bond involving the oxygen 
coordinated to iron is the longest such distance in this compound 
and the average bond length for the terminal S - 0  bonds (- 1.44 
A) is close to the value found in ionic CF3S03- compounds 
(2-5). 

The methanesulfonate compound has the same staggered- 
ethane type structure for the anion with 04-0 angles greater 
and C-S-0 angles smaller than the tetrahedral angle. The 

FIG. 1 .  Views of the two independent Fe(NC5H5)4(CH3S03)2 mole- 
cules; 50% probability thermal ellipsoids are shown for the non- 
hydrogen atoms. 

average S< bond distance in this case (1.78 B\) is slightly 
shorter than in the CF3S03- compound but longer than that seen 
in Ca(CH3S03)2 (ave. S< = 1.75 A) (12). Again, the 
average S - 0  distance involving the iron-bound oxygens is 
longer (1.48 A) than t h ~  average S - 0  distance involving 
terminal oxygens (1.45 A). In the compounds Ca(CH3S03)2 
(12) and Cu(CO)(C2H5S03) (36) the sulfonate anion acts as 
a tridentate ligand and the range of S - 0  bond distances is 
much smaller, 1.429- 1.456 A and 1.445- 1.462 A, respec- 
tively. In these structures the effect of anion coordination only 
slightly affects the equality of S - 0  bond lengths. Two other 
methanesulfonates with known structures are relevant here, 
C U ( C H ~ S O ~ ) ~ ( H ~ O ) ~  (10) and Cd(CH3S03)2(H20)2 (14). In 
the copper complex the water molecules form the equatorial 
plane of a tetragonally distorted octahedron with two unidentate 
coordinated CH3S03- groups in axial positions. Somewhat 
surprisingly, and in contrast to what is found here, the S - 0  
bonds involving the terminal oxygens in the aquo complex are 
longer than those involving the oxygens bonded to the metal. 
This is likely a consequence of hydrogen bonding interactions 
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TABLE 2. Bond lengths (A) with estimated standard deviations in parentheses 

Length Length 

Bond uncorr. corr. Bond 

F ~ ( N C ~ H ~ ) ~ ( C H ~ S O ~ ) Z  
2.057 N(6-(30) 
2.059 N(6-(34) 
2.258 N(7tC(35)  
2.223 N(7-(39) 
2.23 1 N(8 tC(40)  
2.214 N(8-(44) 
2.062 C(5-(6) 
2.064 C(6-(7) 
2.228 c(7-(8) 
2.243 C ( 8 w ( 9 )  
2.205 C(lO&C(11) 
2.217 C ( l l t C ( 1 2 )  
1.491 C(12tC(13)  
1.455 C(13tC(14)  
1.445 c(15-(16) 
1.788 C(16-(17) 
1.478 C(17-(18) 
1.448 c ( 1 8 t C ( 1 9 )  
1.453 c(20-(2 1) 
1.788 C(21&C(22) 
1.475 C(22&C(23) 
1.440 C(23-(24) 
1.490 C(25jC(26)  
1.763 C(26tC(27)  
1.484 C(27-(28) 
1.445 C(28-(29) 
1.439 C(30&C(31) 
1.787 C(31 tC(32)  
1.321 C(32tC(33)  
1.339 c(33-(34) 
1.333 C(35-(36) 
1.343 C(36-(37) 
1.327 C(37-(38) 
1.332 C(38tC(39)  
1.341 C(4OtC(4 1) 
1.331 c (4  1 w ( 4 2 )  
1.322 C(42tC(43)  
1.347 C(43tC(44)  

- - 

uncorr. con.  
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HAYNES ET AL. 

TABLE 2. (Concluded) 

Length Length 

Bond uncorr. corn. Bond uncorr. corr. 

FIG. 2. Views of Fe(NC5H5)4(CF3S03)2 (top) and Fe(NC5Hs),- 
(p-CH3C6H4S03)2 (bottom); 50% probability thermal ellipsoids are 
shown for the non-hydrogen atoms. 

involving the terminal sulfonate oxygens that are present in the 
aquo complex but absent in the pyridine complexes studied 
here. The cadmium complex (14) contains metal atoms bridged 
by bidentate methanesulfonate groups to form an infinite chain 
structure. In this case the S - 0  terminal bond (1.436 A) is 
shorter than the terminal S - 0  bonds in F e ( ~ y ) , ( C H ~ s 0 ~ ) ~  
(ave. 1.452 A), as is expected due to the fact that in the cadmium 
complex the S - 0  T-bonding involves primarily only one 
terminal S - 0  bond while in the iron complex the T-bonding is 
shared between two such bonds. 

In Fe(py)4(p-CH3C6H4S03)2 the geometry around sulfur is, 
again, approximately tetrahedral with the largest distortion in 
the O(3)-S-0(2) angle (Fig. 2). The benzene ring is planar 
within experimental accuracy and the bond lengths and angles in 
the ring are as expectedbAgain, the terminal S - 0  distances are 
shorter (1.45 and 1.44 A) than the S - 0  doistance involving the 
oxygen coordinated to iron (1.49 A). In organic p- 
toluenesulfonates (37-39), the 5-0 distances in the S-G-R 
groups are longer still (- 1.57 A). This is a clear illustration of 
the difference between bonding modes involving sulfonates and 
metals on the one hand and carbon on the other, the former being 
more ionic and one that does not distort the anion geometry as 
much. Consistent with this observation, we note that the S - 0  
distances in the pyridine complex are closer to those observed in 
the parent acid hydrate (40), a compound that exists as an 
oxonium saltowith all the S-0 bonds approximately the same 
(ave. 1.454 A). 

Spectroscopy and magnetism 
Partial infrared data with assignments are given in Table 10. 

Bands assigned to internal vibrations of the pyridine ligands are 
typical for complexes of this type and, in particular, the 8a, 6a, 
and 16b vibrations show the expected shift to higher frequencies 
on coordination (4 1-44). X-ray diffraction clearly showed that 
for all three complexes the CS03 moiety undergoes symmetry 
reduction from C3v to approximate C, on coordination. In C3v 
symmetry six infrared active bands (3E and 3A,) are expected 
for this group, while in C, the E modes are split and nine bands 
are expected. In Table 10 infrared bands assigned to CS03 are 
listed according to the C3,, modes from which they are derived. 
Clearest evidence of symmetry reduction in all three complexes 
is the splitting by 80-90 cm-' of the degenerate v4(E), SO3 
stretching mode in C3,. symmetry. Further evidence of symmetry 
reduction is seen in the SO3 deformation regions of the spectra 
of the methyl and trifluoromethyl derivatives. In C3,, symmetry 
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CAN. 1. CHEM. VOL. 64. 1986 

TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) 
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HAYNES ET AL. 

TABLE 3. (Cotzcluded) 

Bonds Angle (deg) Bonds Angle (deg) 

Here and elsewhere primed atoms have coordinates related to those in Table I by 
operation: 1 12-.K, 112-y, z. 

the symmetry 
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TABLE 10. Infrared spectra, selected vibrations 

Infrared frequencies (crn-I)" 

"s = strong, m =medium, sh = shoulder. 
bAssignments (CS03 part, C3, symmetry) from ref. 16. 
'Assigments from ref. 17. 

TABLE 11. " ~ e  Mossbauer parameters" 

T 6 AEQ I- 1 r 2  

Compound (K) (rnm s- ') (rnm s- I )  (mm s- I )  (rnm s-l) 

"Estimated precision of parameters is 20.01 mm s ' .  
bSource is at 291 K and absorber at 78 K. In all other cases source and absorber are at the same temperature. 

only two bands, assignable to ~ 3 ( A l )  and v5(E), are expected. 
For these complexes, three absorptions are clearly assignable to 
SO3 deformation modes. In the past, anion spectra very similar 
to those observed here have been used to infer unidentate 
sulfonate coordination (17). The present results validate the 
earlier conclusions and support the use of infrared criteria for 
determining the nature of sulfonate ion coordination in 
complexes. 

Mossbauer data are given in Table 11 and a representative 
spectrum is shown in Fig. 3. At all temperatures employed, the 
Mossbauer spectra consisted of simple quadmpole-split doub- 
lets, as expected for distorted octahedral high-spin iron(I1) 
complexes. The room temperature isomer shifts are virtually 
identical for the three complexes, and approximately 0 .3  mm 
s-' lower than those of the anhydrous iron(I1) sulfonates, 
Fe(RS03)2 (16, 45). The lower isomer shifts of the present 
complexes are attributabe to the covalent nature of the Fe-N 
(pyndine) bonding, which increases the s electron density at the 
iron nucleus. It is evident that in these complexes with FeN402 
chromophores, differences in anion basicity are not large enough 
to have an appreciable effect on the isomer shift. This is in 
contrast to the results (41) for F e ( p ~ ) ~ x ~  (X = Cl. Br, I), where 
the room temperature isomer shift decreases from 1.06 mm s-' 
for the chloride to 0.99 mm s-I for the iodide. 

The quadrupole splittings, AEQ, exceed 3 mm s- in all cases. 
We, as well as Long and co-workers (41, 46), have cautioned 
about the dangers of using the magnitude of AEQ to deduce the 
orbital degeneracy of the iron(I1) ground state, particularly 
when AEQ is small. This is because the major contribution to the 
electric field gradient (efg) tensor results from an unequal 
distribution of the sixth iron 3d electron among the d,, and d,,, 
d,, orbitals (in tetragonal symmetry). As the low-symmetry 
distortion and hence the splitting of the t2, orbitals approach 
zero, so also will the quadmpole interaction, regardless of the 
orbital degeneracy of the ground state. On the other hand, since 
an orbitally degenerate 5E, state can produce a quadmpole 
splitting of at most about 2 mm s-' (30), values substantially 
higher than this are diagnostic of an orbitally nondegenerate 
ground state. Thus the present results are consistent only with a 
5 ~ 2 ,  ground state, corresponding to the d,,, orbital lying lowest. 
This is precisely as required by the .molecular structures 
discussed above, which show in each case an axially com- 
pressed octahedron of approximate D4/, symmetry. Thus V,,, 
the principal component of the efg tensor, is positive in these 
complexes and presumably lies close to the pseudo-tetragonal 
molecular axis. 

Solid state electronic spectra recorded at room temperature 
for the three complexes are typical for high-spin iron(I1) in a 
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I 
I I I I I I I I 

- 2.0 0.0 + 2.0 + 4.0 
VELOCITY ( mm s-1) 

FIG. 3. Mossbauer spectrum of Fe(NC5H5)4(CH3S03)2 at 78 K. 

J-J 
0 100 200 3 00 

TEMPERATURE / K 

FIG. 4.  Magnetic moment versus temperature plots for Fe(NC5H5),- 
(RS03)2. Solid lines are calculated (see text). 

tetragonally distorted octahedral environment (47). Broad 
maxima are observed at 11.5, 11.4, and 11.0 kK for the R = 
CF3, CH3, and p-CH3C6H4 derivatives, respectively. We 
tentatively assign these adsorptions to unresolved electronic 
transitions from the ground 5 ~ 2 g  state to the 5~ I g  and 5B I g  levels 
derived from 5Eg in cubic symmetry. The range of band 
energies observed is small, consistent with the relatively small 
differences in the FeN402 chromophores as shown by the X-ray 
structure determinations. We note, however, that on going from 
the CF3 to the p-CH3C6H4 derivative the energy decreases by 
about 500 cm-I, a trend which parallels !n increase in the 
average Fe-N distance from 2.21 to 2.24 A. The triflate also 
exhibits a shoulder on its principal absorption band at about 9.2 
kK. While this shoulder could result from some resolution of the 
5 ~ 2 g  + 5 ~ l g ,  5 ~ l g  transition, it is difficult to rationalize why the 
triflate should exhibit this feature and not the other two 
complexes, particularly in view of the fact that of the three 

pyridine complexes the triflate is the least tetragonally distorted. 
It is possible that the shoulder observed in the triflate arises from 
some other source, perhaps a weak spin-forbidden transition, 
and is a feature obscured in the spectra of the other two 
complexes by virtue of their relatively broader principal 
absorption bands. 

Magnetic susceptibilities have been measured from 4.2 to 
3 10 K for all three complexes and the data are given in Table 12 
(deposited supplementary material). Magnetic moments as 
functions of temperature are displayed in Fig. 4 .  In both 
magnitude and temperature dependence the magnetic moments 
of these complexes are consistent with their formulation as 
pseudo-octahedral high-spin iron(I1) compounds in which the 
orbital degeneracy of the 5 ~ 2 g  state is lifted by a low-symmetry 
crystal field. It is possible to analyze the temperature depen- 
dence of the magnetic moment as a function of distortion from O,, 
symmetry, spin-orbit coupling, and electron delocalization 
(48,49). The distortion parameter A (or 3Ds) is the separation of 
the 5B2g and 5 ~ g  states arising from the cubic field 5 ~ 2 g  ground 
term in the presence of a tetragonal ligand field. A positive value 
of A corresponds to the orbitally nondegenerate 5 ~ 2 g  state lying 
lowest. The spin-orbit coupling constant A is expected to be 
reduced somewhat from its free-ion value of - 100 cm -' (50). 
The orbital reduction parameter k allows for electron delocaliza- 
tion in the t2, orbital set. From powder magnetic susceptibility 
data it is difficult to determine the sign of A unambiguously. 
However, as discussed above, the Mossbauer data clearly show 
that the ground state in each of these complexes is an orbital 
singlet, as expected from the molecular geometries. Hence in 
analyzing the magnetic data only positive values of A have been 
considered. 

The parameter values obtained by fitting the magnetic 
moment data (to - 10 K) are given in Table 13, and have been 
employed to construct the solid lines shown in Fig. 4 .  It will be 
seen that the fits are quite reasonable, especially at temperatures 
above about 20 K. In view of the approximate nature of this 
crystal field model (48, 49), the parameter values in Table 13 
should be considered to be only semi-quantitative (i.e., ca. 
? 10%). With this in mind, it appears thatthe axial ligand fields 
are of about the same order of magnitude in all three cases. 
Values of A are, as expected upon complex formation, substan- 
tially lower than the free ion value. For the methanesulfonate 
derivative, A and k are reduced by corresponding amounts, 
although this correlation is not observed in the other two cases. 

Disagreement at low temperatures between the observed 
moments and those calculated from the simple crystal field 
model (48, 49), is not unexpected. For example, the model 
ignores zero-field splitting of the spin quintet ground state of the 
iron(I1) ion, which becomes particularly important at low 
temperatures. To show that zero-field splitting effects can 
account for the magnetic properties of these complexes, in 
particular in the low temperature region, we have analyzed the 
data in another way, utilizing the magnetic susceptibility 
equation for zero-field splitting of the S = 2 ground state 
multiplet (5 1). The axial zero-field splitting parameter D and the 
spectroscopic splitting parameter g were found for all three 
compounds by least-squares fitting of the molar susceptibilities 
as a function of temperature to the functions given in ref. 5 1. 
Information contained in the powder magnetic susceptibility 
data is insufficient to determine the sign of D and equally good 
fits are obtained using either positive or negative D values. For 
positive D ,  the best-fit parameters are given in Table 13 and the 
fitted magnetic susceptibility data for Fe(py)4(CH3S03)2 are 
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TABLE 13. Parameters from fits of magnetic data 

Zero field splitting 
Crystal field parameters parameters 

A(3 Ds) h D 
Compound (cm- ') (cm- ') k (cm- ' ) g 

TABLE 14. Differential scanning calorimetry data 

Event 1 Event 2 

% Mass lossa % Mass lossa 
Temp. AH Temp. AH 

Compound ("C) (kJ mol- I )  ~ a l c d . ~  obs. ("C) ( k ~  mol- I) calcd.' obs. 

"Mass loss estimated by weighing sample in the aluminum crucible before and after the event. 
bCalculated assuming loss of two moles of pyridine. 
cCalculated assuming loss of four moles of pyridine. 
dSeveral events are observed from 160 to 270" (see text). Observed weight loss after heating to 280°C 

0 1  1 8  I ' , f , ' , , ,  
0 40 80 120 

TEMPERATURE / K  
FIG. 5. Magnetic susceptibility versus temperature plot for Fe(NC5- 

H5)4(CH3S03)2. Solid line is calculated (see text). 

displayed in Fig. 5.  The agreement with experiment, particular- 
ly at low temperatures, is noticeably improved over that 
obtained with the crystal field model. The magnitude of the 
zero-field splitting is expected to be inversely proportional to the 
separation of the ' E ,  and 5 ~ 2 ,  states (arising from the splitting 
of the 5 ~ 2 g  ground state) (52). Hence the relatively large D value 
obtained for the triflate derivative suggests a smaller 'T2, 
splitting, reflecting perhaps the lower degree of tetragonality for 
this complex as shown by the X-ray data. 

Differential scanning calorimetry 
In order to establish the range of thermal stabilities of these 

complexes and to evaluate the possibilities of obtaining com- 
plexes with lower pyridine-to-iron ratios through thermolysis, 
we studied the tetrakis(pyridine) complexes using differential 
scanning calorimetry. The results are summarized in Table 14. 
Thermograms of the triflate and para-toluenesulfonate deriva- 
tives show them to lose pyridine in two distinct steps. 
Approximate weight loss measurements indicate that the first 
step involves loss of two moles of pyridine per mole of complex 
to form bis(pyridine) derivatives. The remaining pyridine 
groups are lost in the second step at higher temperatures. The 
results for the methyl derivative &e similar, in that two moles of 
pyridine are lost in a single first step. In this case, however, the 
higher temperature thermolysis is more complex, with the re- 
maining two moles of pyridine dissociating in-several endother- 
mic steps. Similar results were obtained by Tominaga etal. (53) 
who observed that thermolysis of Fe(py)&12 gave F e ( p ~ ) ~ C l ~ ,  
Fe(py)C12, F e ( ~ y ) ~ , ~ C l ~ ,  and, finally, FeC12 in distinct steps. In 
all three sulfonate complexes, infrared spectra and gravimetric 
analysis indicated that the residue remaining after removal of all 
pyridine was the corresponding anhydrous sulfonate compound. 

Previous workers have used thermolysis as a preparative 
technique for obtaining bis(pyridine) complexes (41, 54). Our 
results suggest that it should be possible to obtain bis(pyri- 
dine)iron(II) sulfonates by heating bulk samples of the tetrakis- 
(pyridine) complexes at appropriate temperatures. We have 
succeeded in obtaining F ~ ( P Y ) ~ ( C F ~ S O ~ ) ~  by this route and the 

~ - 

preparation and characterization of such complexes is presently 
under study in this laboratory. 
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Metal ion - biomolecule interactions. X. Synthesis, spectroscopic and magnetic resonance 
investigations of methylmercury(I1) complexes of the sulfur modified nucleosides 6- 

mercaptopurine riboside and 2-amino-6-mercaptopurine riboside 
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Department of Chemistry, Queen's University, Kingston, Ont., Canada K7L 3N6 
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E. BUNCEL, R. KUMAR, and A. R. NORRIS. Can. J. Chem. 64, 442 (1986). 
A number of methylmercurated complexes of 6-mercaptopurine riboside and 2-amino-6-mercaptopurine riboside 

(6-MNucH2) containing S-bound CH3Hg(II) in neutral and cationic complexes (as in [CH3Hg(6-MNucH)] and [CH3Hg(6- 
MNucH2)]N03), S- and N-bound CH3Hg(II) (as in [(CH3Hg)2(6-MNucH)]N03), and S-, N-, C-bound CH3Hg(ll) (as in 
[(CH3Hg)3(6-MNuc)]N03) have been prepared in aqueous solution at appropriate ptI and mole ratios of the constituents. The 
complexes were characterized by means of 'H and I3C nmr and ir spectroscopy and elemental analysis. Formation of C-bound 
methylmercurated species extends our previous results obtained with xanthosine, inosine, and imidazole derivatives, and 
substantiates our proposal that activation through electrophilic coordination at N(7) is a requirement for C(8)-H abstraction. 
' J ( ' H - ' ~ ~ H ~ )  coupling constants, measured in (CD3)'S0 for a number of CH3Hg(II) complexes of N-, S-, and C-donor 
heterocyclic ligands, including the 6-mercaptopurine riboside of the present study, correlate well with the ' J ( ' ~ C - ' ~ ~ H ~ )  
coupling constants, according to I J  = 8.460'~ - 155.6. The significance of this correlation in terms of the strength of the 
Hg-ligand bond is considered. The results could provide insight into the apparent selectivity of binding of CH3Hg(II) by 
bio-ligands, as well as in the design of chemotherapeutic agents for the treatment of methylmercury poisoning. 

E. BUNCEL, R. KUMAR et A. R. NORRIS. Can. J.  Chem. 64, 442 (1986). 
Operant en solution aqueuse et utilisant des pH et des rapports molaires appropriCs, on a synthCtisC un certain nombre de 

complexes du mCthylmercure avec les ribosides de la mercapto-6 purine et de l'amino-2 mercapto-6 purine (M-6NucH2) qui 
contiennent du CH3Hg(II) liC soit au S dans des complexes neutres ou cationiques (comme dans le [CH3Hg(M-6NucH)I et dans 
le [CH3Hg(M-6NucH2)]N03), soit au S ainsi qu'au N (comme dans le [(CH3Hg)2(M-6NucH)]N03) soit au S, au N et au C 
(cornme dans le [(CH3Hg)3(M-6Nuc)]N03). On a caractCrisC les complexes en faisant appel aux analyses ClCmentaires, a la 
spectroscopic ir et B la rmn du 'H et du13C. La formation d'especes contenant du mtthylmercure liC au C Ctend nos rCsultats 
anttrieurs obtenus a l'aide de dCrivCs de la xantosine, de l'inosine et de l'imidazole et donne plus de poids B notre proposition 
selon laquelle l'activation par le biais d'une coordination Clectrophile en N(7) est nkcessaire B l'enlkvement du C(8)-H. Dans 
le cas des constantes de couplage ' J ( ' H - ' ~ ~ H ~ ) ,  mesurkes dans le (CD3)'S0 pour un certain nombre de complexes du CH3Hg(II) 
avec des ligands hCtCrocycliques donneurs de N, S ou C et incluant ceux des ribosides de la mercapto-6 purine et de I'amino-2 
mercapto-6 purine rapportks dans cette Ctude, on a pu Ctablir une bonne correlation avec les constantes de couplages 
' J ( ' ~ c - ~ ~ ~ H ~ )  et elle est dCfinie par 1'Cquation I J  = 8,460'~ - 155,6. On considere la signification de cette corrClation en 
fonction de la force de la liaison Hg-ligand. Ces rCsultats pourraient fournir des explications relativement a la stlectivitC 
apparente de la liaison du CH3Hg(II) avec des bio-ligands ainsi que dans la prCparation de modeles pour des agents 
chCmothCrapeutiques pour le traitement des empoisonnements par le mCthylmercure. 

[Traduit par le journal] 

Introduction 
In connection with our studies (1) of the interactions of 

methylrnercury(II) and mercury(II) derivatives with nucleic acid 
constituents as  free bases, nucleosides, and nucleotides, the thio 
derivatives of nucleosides appeared to be of particular interest. 
A number of such compounds can be found in limited quantities 
in nucleic acids. Transfer RNAs have been found to contain 
2-mercaptouridine, 2-mercaptocytidine, 4-mercaptouridine, 
and other mercapto-containing compounds (2,3). Each poly- 
nucleotide may contain one or more of these species. In addi- 
tion, 6-mercaptopurines are drugs of choice in the treatment 
of acute lymphocytic and chronic mylelocytic leukemias (4). 
We therefore deemed it of interest to determine the likely co- 
ordinating sites of 6-mercaptonucleosides (6-MNucH2) towards 
heavy metal ions. The methylmercury(I1) cation, which binds 
analogously to  other heavy metal ions at a variety of ligand 
sites, serves as a good probe because, with few exceptions, it 
is essentially unifunctional and its equilibria involving nucleo- 
sides are quickly attained (5,6). 

It is noteworthy that in some cases the metal complexes of 
6-mercaptonucleosides have been found to be more active 

'Author to whom correspondence may be addressed. 

chemotherapeutic agents than the free ligands. The palladium- 
(11) and bismuth(II1) complexes of 6-mercaptopurine have 
recently been found to exhibit moderate anticarcinogenic 
activities (7). At present little is known about the structures of 
these complexes. A crystallographic study has proven the 
existence of chelate rings involving S(6) and N(7) in bis(6-mer- 
capto-9-benzylpurinato)palladium(II) dimethylacetamide and in 
the isostructural platinum(I1) compound (8). In two additional 
metal complexes with 6-mercaptopurine, the metal ions, viz. 
Hg(I1) and Cd(II), have been found to bind preferentially to S(6) 
(9). The results of nmr studies of the reactions of 
[Rh(PPh3)2CO]+ with 6-mercaptopurine riboside have been 
interpreted in terms of the formation of complexes containing 
S-bonded ligands (10). 

In the present paper, we report on the isolation and character- 
ization by 'H and I3C nmr, as well as by ir spectroscopy, of the 
products from the reactions of methylmercury(I1) with 6- 
mercaptopurine riboside and 2-amino-6-mercaptopurine 
riboside. 

Experimental 
The 'H nmr spectra of the complexes dissolved in (CD&SO were 

recorded on a Bruker HX-60 instrument operating at 60 MHz in the 
Fourier transform mode. The "C nmr spectra were recorded on a 
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TABLE 1. Analytical data for the isolated 6-mercaptonucleoside complexes 

Microanalytical dataa 

Compound %C %H %N 

2a [(CH3Hg)(6-MPRH)] 26.59(26.46) 2.85(2.81) 11.09(11.23) 
3a [(CH3Hg)(6-MPRH2)]N03 23.52(23.49) 2.84(2.67) 12.30(12.46) 
4a [ ( c H ~ H ~ ) ~ ( ~ - M P R H ) ] N O ~ ~  16.47(16.97) 2.13(2.94) 8.44(8.25) 
2b [(CH3Hg)(2-A-6-MPRH)] 25.72(25.69) 2.98(2.92) 13.34(13.62) 
3b  [(CH3Hg)(2-A-6-MPRH2)]N03 23.08(22.88) 2.72(2.77) 14.27(14.56) 
4b  [(CH3Hg),(2-A-6-MPRH)]N03 18.41(18.20) 2.28(2.27) 10.44(10.61) 

"Calculated values given in parentheses. 
bCalculated values are for 4a formulated as [(CH3Hg),(6-MPRH)]N03.4H20. 

Bruker CXP-200 instrument operating at 50.307 MHz. Chemical shifts added a solution of CH3HgN03 (0.093 g, 0.335 mmol) in 10 mL water. 
are referenced relative to internal tetramethylsilane (TMS). All spectra The suspension dissolved to give a clear solution. After stining for 2 h 
were recorded at room temperature (25 +- 2°C). The ir spectra were the solution was set aside to evaporate slowly. This procedure yielded a 
recorded as 1% (w/w) KBr discs on a Perkin-Elmer 598 spectropho- white solid which was stirred with ethanol for 20 min, filtered, and 
tometer. Microanalyses were performed by Guelph Chemical Labora- dried in vacuo (0.181 g, 94%). 
tories Ltd (Table 1). 

6-Mercaptopurine riboside (Sigma), 2-amino-6-mercaptopurine 
riboside (Sigma), [(CH3Hg)30]0H (Alfa), and CH3HgC1 (Alfa) were 
used as received. CH3HgN03 was prepared from CH3HgC1 and 
AgN03 as described previously (1 I). 

Complexes of 6-mercnptopurine riboside (6-MPRHr, l a )  
[CH3Hg (6-MPRH)] (2a) 
To a stirred solution of l a  (0.100 g, 0.352 mmol) in 20 mL of 

distilled water was added a suspension of [(CH3Hg),0]OH (0.080 g, 
0.353 mmol) in 5 mL water. The solution was stirred for I0 min and the 
white precipitate that formed was filtered, washed with ethanol and a 
small quantity of water, and finally dried in vacuo (0.165 g, 94%). 

[CH3Hg(6-MPRH2)]N03 (3a) 
A solution of CH3HgN03 (0.098 g, 0.353 mmol) in 5 mL of water 

was added to a suspension of l a  (0.100 g, 0.352 mmol) in 20 mL water. 
The clear solution which resulted was evaporated slowly to dryness and 
the solid residue was stirred with ethanol, filtered, and dried in vncuo 
(0.178 g, 90%). 

[(CH,H~)Z(~-MPRH)INO~ (4a) 
To a solution of 2a (0.088 g, 0.176 mmol) in 10 mL of water was 

added a solution of CH3HgN03 (0.049 g, 0.177 mmol) in 5 mL water, 
followed by 5 mL of ethanol. Crystallization was allowed to occur at 
5°C and the product was filtered and dried in vncuo (0.098 g, 65%). 

[(CH3Hg)d6-MPR)lNO P a )  
To a solution of 2a (0.102 g, 0.204 mmol) in 15 mL of water was 

added a solution of CH3HgN03 (0.114 g, 0.205 mmol) in 5 mL water. 
The pH of the solution was adjusted to ca. 8 with 2 M NaOH and the 
solution heated at 70°C for 1 h. On standing, a yellowish oil separated 
and was stirred in ethanol to yield a yellow powder. This was collected 
by filtration and dried in vacuo. Some decomposition occurred in the 
course of recrystallizations from ethanol, as evidenced by the appear- 
ance of a small amount of black material that was filtered off before 
taking the 'H nmr spectrum. Hence, elemental analysis on this product 
was not performed (0.165 g, 82%). 

Complexes of 2-amino-6-mercnptopurine riboside (2-A-6-MPRH?, Ib) 
[(CH3Hg)(2-A-6-MPRH)] (2b) 
To a stirred and heated solution of l b  (0.100 g, 0.334 mmol) in 15 

mL of water was added a suspension of [(CH3Hg),0]OH (0.076 g, 
0.335 mmol) in 5 mL water. This resulted in the formation of a thick 
white precipitate. Following heating and stirring for an additional 20 
rnin, the white precipitate was collected by filtration, washed with hot 
water, and dried in vncuo (0.168 g, 98%). 

[(CH3Hg)(2-A-6-MPRH2)]N03 (3b) 
To a suspension of l b  (0.100 g, 0.334 mmol) in 10 mL of water was 

[(CH3Hg)2(2-A-6-MPRH)]N03 (4b) 
A solution of CH3HgN03 (0.057 g, 0.205 mmol) in 5 mL of water 

was added to a hot stirred suspension of 2b (0.105 g, 0.204 mmol) in 25 
mL water. On cooling to room temperature, the solution transformed to 
a gel. It was heated again with stirring for 30 min following which a 
clear solution resulted. The hot solution was filtered and left to 
evaporate slowly. The resulting white solid was stirred with ethanol, 
filtered and dried in vacuo (0.148 g, 9 1 %). 

[(CH3Hg)3(2-A-6-MPR)]N03 (5b) 
A solution of CH3HgN03 (0.120 g, 0.216 mmol) in 5 mL of water 

was added to a stirred suspension of 2b (0.11 1 g, 0.216 mmol) in 10 mL 
water. The pH of the resultant solution was increased to ca. 8 with 2 M 
NaOH, and the solution was heated at 70°C for 1 h, during which time 
some decomposition occurred as evidenced by the formation of a 
greyish-black precipitate. After filtration, the solution was allowed to 
stand, whereupon a yellowish-white solid precipitated. This was 
collected by filtration and found by 'H nmr to consist mainly of 2b. The 
filtrate was set aside to evaporate slowly to dryness and the resulting 
residue was stirred with ethanol before filtration and drying in vacuo. 
An elemental analysis was not performed on this product since it was 
found, by using 'H nmr techniques, to be contaminated with a small 
amount of 4b  (0.093 g). 

Results and discussion 
Binding sites and complex formation 
The S-modified nucleosides 6-mercaptopurine riboside ( la )  

and 2-amino-6-mercaptopurine riboside ( lb )  offer a number of 
potential binding sites towards CH,Hg(II). In relation to the 
parent substrates studied previously, in which N(1), N(7), and 
C(8) were found to be possible binding sites in methylmercura- 
tion, the mercapto analogs contain the sulfur atom as a likely 
additional binding site (lc).  Thus, depending on the reactant 
stoichiometry, the pH of the medium, and the relative affinities 
of the N, S, and C centers towards CH3Hg(II), a number of 
possible products should be obtained in these interactions. 
Although coordination to the oxygen atoms of the ribose moiety 
could also be possible, no evidence for such a process has been 
found in this or previous work (1). 

Studies of the (CD3)*S0 solutions of the complexes by 'H 
and 13C nmr have been found to be most informative in 
establishing the binding sites, while more limited information 
has been derived from ir absorption data. The complexes 
obtained from the interaction of l a  and l b  with CH3Hg(II) are 
shown in Scheme 1. In all cases, the compounds l a  and l b  form 
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I I 
R R 

3 1 

l a ,  etc. X = H(6-rnercaptopurine riboside) 
16, etc. X = NH2(2-amino-6-rnercaptopurine riboside) 

R = ribosyl 

Sites of metal ion binding in 6-mercaptonucleosides 
(a) S-methylmercuration (1 :I stoichiometry) 

Based on the above observations, we can view the deprotona- 
tion of 1 as giving rise to the delocalized anion 7 (14). This anion 
7 has the potential to function as an ambidentate ligand with 
respect to both H+ and metal ion coordination. According to 
HSAB theory, reaction of 7 with H+ will occur at the "harder" 
site, that is, N rather than S, giving rise to 1. On the other hand, 
reaction of 7 with CH3Hg+ can potentially lead to the formation 
of either 2 or 8 (Scheme 2). The tendency of heavy metal ions 
such as Hg(I1) to favour the "soft" sulfur over the "hard" 
nitrogen donor atoms would point to the former as the most 
probable binding site for CH3Hg+. In accord with these consid- 
erations, reactions of thiolated nucleosides and thiolated poly- 
nucleotides with heavy metal ions have been shown to occur at 
sulfur rather than at nitrogen (17). 

Thus the expected products in the reaction of l a  or I b  with 
CH3Hg+ at pH 7-8 will be 2a and 2b, respectively. The evi- 
dence we have obtained indicates that this is the case. The 
complex is found by microanalysis to correspond to [(CH3Hg)- 
(6-MNucH)], where MNucH = purine riboside or 2-amino- 
purine riboside. Evidence in favour of the structure of 2 derives 
from the 2 ~ ( 1 ~ - 1 9 9 ~ g )  value of - 185 Hz in (CD3)2S0, which is 
characteristic of S-bonded CH3Hg(II) (15). Further evidence 
for the formation of 2 is the downfield shift of the C(8)-H 

signal with respect to 1. In the parent substrate, where N-bound 
CH3Hg(II) has been documented in [CH3Hg(NucH)], an upfield 
shift in the C(8)-H signal is observed with respect to the 
C(8)-H signal observed in the nucleoside itself (lc).  More- 
over, in the 13C n m  spectrum, the C(6) resonance adjacent to 
the site of metal ion attack experiences a substantial upfield shift, 
together with a minor upfield shift in the C(5) resonance. The 
resonances due to C(2), C(4), and C(8) experience downfield 
shifts with respect to the corresponding resonances in 1. A 
similar pronounced upfield shift in the C(6) resonance has been 
previously reported in 6-mercaptonucleosides on methylation 
(16). These results are in contrast to those obtained for the 
N-methylmercurated complexes [CH3Hg(NucH)] (NucH = ino- 
sine or guanosine), where the C(2) and C(6) resonances adjacent 
to the site of coordination experience downfield shifts while the 
C(4), C(5), and C(8) resonances are relatively unaffected with 
respect to the parent ( lc) .  Furthermore, the CH3Hg(II) re- 

analogous complexes 2a/2b, 3a/3b, etc., which show very 
simple characteristics (vide infra). 

In solution, 6-mercaptopurine riboside is generally consider- 
ed to exist in the thione form -NH-C(S=S), 1,  although in 
one study evidence was given for the thiol form 
-N=C(-SH)-, 6, as we11 (12). However, an X-ray crystal 
study of 6-mercaptopurine riboside reported, in addition to the 
thione form, a substantial contribution by the zwitterionic 
amidic form -N+H=C(-S-)-, 1' (13). 
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TABLE 2. 'H nuclear magnetic resonance spectral data  for  6-mercaptonucleoside and  its complexes 

Chemical  Coupling 
constants, Hz 

Compound N(1)H C(2)H C(8)H NH2 Hi CH3Hg(II) 2 ~ ( ' ~ - ' 9 9 ~ g )  

"Data for all l a  and l b  are taken from ref. 16. 
bAll resonances are singlets unless otherwise indicated: d = doublet 
'N(1)-H resonance is not observed due to exchange broadening caused by complexat~on at sulfur (27) 
dN-, S-bound CH,Hg(II) 
'C(8)-bound CH,Hg(II). 

sonance at 9.0 ppm in 2, when compared to the CH3Hg(II) 
resonance found at ca. 1.0 ppm in the N-methylmercurated 
species [CH3Hg(NucH)], is good evidence in favour of structure 
2 (lc).  Further evidence in support of 2 is provided by our 
previous studies on the complex [CH3Hg(MeImS)]. In this com- 
plex, methylmercuration at sulfur has been confirmed by X-ray 
crystal studies and the I3C nmr spectrum exhibits a resonance 
associated with CH3Hg(II) at 8.7 ppm (1 d).  

When the reaction between 1 and CH3HgN03 is carried out 
under acidic conditions (pH 2-3), a product 3 is obtained that 
corresponds to the formula [CH3Hg(6-MNucH2)]N03. The 'H 
nmr spectrum of 3 (Table 2) exhibits a downfield shift in the 
C(8)-H resonance with respect to 1, a feature characteristic of 
cationic complexes generated by addition of CH3Hg(II) at N(7). 
Also, the coupling constant, 2 ~ ( 1 ~ - 1 9 9 ~ g ) ,  of ca. 200 HZ is 
higher than the value of ca. 185 Hz found for the neutral 
complex with S-bonding in 2 (1 d). 

There are two possible structures for this cationic species, 
namely 3 and 9. Evidence that coordination has not occurred at 

N(7) stems from the observation that N(7) coordination of 
CH3Hg(II) in inosine and guanosine leads to a 2 ~ ( 1 ~ - ' 9 9 ~ g )  
coupling constant of 229 Hz, significantly higher than that ob- 
served in the present case (1 c). Also the ' J ( ' H - ' ~ ~ H ~ )  value in 3 
is comparable to the 2~(1H-199Hg) of 204.3 Hz for the complex 
[CH3Hg(MeImSH)]N03, for which X-ray crystal studies have 
established sulfur to be the CH3Hg(II) binding site, with N 
protonated (1 d, 18. Further support for structure 3 is derived 
from the I3C nmr spectrum. The resonances due to C(5) and 
C(6) experience upfield shifts while the C(2), C(4), and C(8) 
resonances experience downfield shifts with respect to 1 (Table 
3). These observations are in contrast to the N(7)-methylmer- 

curated complexes, e.g. [CH3Hg(NucH2)]N03, where upfield 
shifts in the C(2), C(4), C(5), C(6) resonances and a downfield 
shift in the C(8) resonance have been observed (1 c). It is also 
pertinent that the N(7)-coordination of CH3Hg(II) in inosine 
and guanosine leads to a CH3Hg(II) carbon resonance of -0.7 
ppm, which is significantly lower than the 8.0 pprn assignable to 
CH3Hg(II) coordinated at C(6)=S in 3 (1 c ) .  The ir spectrum 
shows the appearance of a characteristic band 1360 cm-' due to 
free NO3- and is in accord with the proposed cationic nature of 
the complex ( 18). 

(b) N- and S-methylmercuration (2:l stoichiometry) 
When the reaction of 2 with CH3HgN03 is carried out at pH 3 

under 2: 1 stoichiometry of CH3Hg(II) / 6MNucH2 one obtains a 
product that can be formulated as either 4, 10, or 11. 

The 'H nmr spectrum of the product of this reaction exhibits 
an appreciable downfield shift in the C(8)-H resonance relative 
to 1 (Table 2). The coupling constant, 2 ~ ( 1 ~ - 1 9 9 ~ g ) ,  of 215 HZ 
is intermediate between the values obtained previously for 
N(7)-bound CH3Hg(II) in [CH3Hg(NucH)]N03 (229 Hz) and 
the value (185 Hz) for 2, which indicates rapid exchange of 
CH3Hg(II) between the two environments (lc).  In the 13C nmr 
spectrum, a pronounced upfield shift in the C(6) resonance 
relative to 1 (Table 3) is characteristic of S-bound CH,Hg(II), 
which is in accord with either 4 or 10 (16). The latter possibility 
is less likely, as indicated from the trends in the chemical shifts 
of the other resonances in the 13C nmr spectrum. The carbon 
resonances C(4), C(6), and C(8) adjacent to the site of methyl- 
mercuration are the most affected (Table 3). The C(2) resonance 
is also affected to an extent comparable to 2, for which exclusive 
sulfur methylmercuration has been established. The C(8) reson- 
ance in 2 is almost unchanged with respect to 1. If structure 10 
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TABLE 3. I3C chemical shifts and coupling constants for the CH3Hg(II)-6-mercaptonucleoside complexes 

Chemical shifts"." 

Methyl- 
mercury(11) Coupling 

Base carbons carbons constants 
Hz 

Compound c(6) (32) C(4) C(8) C(5) CH3Hg I J(13C-'99~g) 

11 b [(CH3Hg)2(2-A-6-MPRH2)](N03)2 164.4 156.9 15 1.0 143.0 

"In (CD,),SO; chemical shifts measured from (CH,),Si internal standard at 50.307 MHz. 
bData for l a  and l b  are taken from ref. 16. 
'N-, S-bound CH,Hg(II). 
dC(8) bound CH3Hg(II). 
'Not observed under experimental conditions. 

were to be favoured, the C(8) resonance should be affected little 
or not at all, while larger changes in the C(2) resonance should 
have been observed, which is not the case. Also, on steric 
grounds, a more favourable situation for 4 as compared to 10 is 
anticipated. Since the --SHgCH3 function on C(6) is expected 
to be electron withdrawing overall, one would expect the donor 
ability of N(1) towards CH3Hg+ (or H+) to be decreased, 
thereby rendering N(7) as the most reactive centre. Thus the 
weight of evidence is in favor of structure 4. The carbon reson- 
ance of CH3Hg(II) at ca. 4.5 ppm is significantly higher than the 
value (-0.13 ppm) obtained in N(l),N(7)-bound methylmer- 
cury(I1) in the inosine and guanosine complexes [(CH3Hg)2- 
(NucH)]N03, (1 c), which further supports S- and N-involve- 
ment in CH3Hg(II) binding. The appearance of a strong band at 
1360 cm-' due to NO3- in the ir spectrum supports the cationic 
nature of the complexes (1 8). 

A different product of stoichiometry, 2 CH3Hg(II): 1 
6MNucH2, could result in principle if the reaction was carried 
out using 1 as the reactant rather than 2 as above. The complexes 
that could form under these conditions at pH 2-3 can be formu- 
lated as 12 and 13. However, the isolated product corresponds 

in fact to 4, as shown by the analytical as well as the spectros- 
copic ('H, 13C nmr, and ir) data. This could be due to an in- 
creased acidity of N(1)-H on coordination of CH3Hg(II) at 
N(7) and S(6). 

On the other hand, when 1 was titrated with two molar 
equivalents of CH3HgN03 in (CD3)2S0, the 'H nmr of the 
solution showed a downfield shift in the C(8)-H resonance, 
together with a higher value of the coupling constant 
2 ~ ( ' ~ - 1 9 9 ~ g )  of 225 Hz. All 13c nmr chemical shifts were very 
close to the values observed for 4 except for the CH3Hg(II) 
resonance, which occurred upfield by 0.5 ppm relative to 4 
(Table 3). These results suggest that in (CD3)2S0 medium, the 
2.1 complex has the structure given by 12. 

(c) N-, and S-, and C-rnethylrnercuration (3:I stoichiornetry) 
The complexes that could arise from a 3:l interaction be- 

tween CH3Hg(II) and the nucleosides under study are 14 and 5. 

An attempt to obtain complex 14 via the reaction of 2 with 
CH3HgN03 (2 moles) at pH 3 led only to the formation of 4. 
Also, when 4 was treated with CH3HgN03 ( I  mole) at pH 3, no 
reaction occurred and only unreacted 4 could be recovered. 
Presumably, the lack of formation of 14 can be ascribed to 
adverse steric and electronic factors, as was also noted in the 
case of complex 10. 

However, when the reaction of 4 with CH3HgN03 (I: 1 mole 
ratio) was carried out at pH 7-8, the product obtained was found 
to have the structure given by 5. The same product was obtained 
when 1 was reacted with CH3HgN03 (3: 1 mole ratio) at pH = 8. 
Interestingly, the reaction of l a  with CH3HgN03 (3:l mole 
ratio) yields 5 almost quantitatively, while with 16 an appreci- 
able amount of 4 was found in addition to 5. 
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BUNCEL ET AL. 

FIG. 1 .  The correlation between 2 ~ ( ' H - ' 9 9 ~ g )  and ' J ( ' ~ C - ' ~ ~ H ~ ) .  Numbers 1 to 18 refer to compounds (CH3)2Hg; 1; [(CH3Hg)(MeImS)], 2; 
[(CH3Hg)(2-A-6-MPRH)] , 3; [(CH3Hg)(6-MPRH)] , 4; [(CH3Hg)2(8-ThioGuo)], 5; [(CH3Hg)(6-MPRH2]N03, 6; [(CH3Hg)(uri)], 7; [(CH3Hg)- 
MeImS)]N03, 8; [(CH3Hg)(2-A-6-MPRH2)]N03, 9; [(CH3Hg)(Th)], 10; [(CH3Hg)(8-ThioGuoH2)]N03, 11; [(CH3Hg)3(8-ThioGuo)]N03, 12; 
[(CH3Hg)2(2-A-6-MPRH)IN03,13; [(CH3Hg)2(6-MPRH)INO3,14; [(Cy3Hg)2(Th)lN03,15; [(CH3Hg)(Th)(N03)2Hgl, 16; [(CH3Hg)(Th)lN03, 
17; [{(CH3Hg)(6-MPRH)(N03) r}2Hg], 18; Dataon coupling constants, -J('H-199Hg) for complexes 1 , 2 , 5 , 7 , 8 ,  10,11,12,  15, 16, 17, and 18 
are taken from ref. 1. 

The occurrence of carbon methylmercuration is in accord 
with our previous findings on the activation of C(8)-H in 
inosine and xanthosine, and C(2)-H in imidazole derivatives, 
as a result of coordination of CH3Hg(II) to N(7)/N(1) in these 
systems ( I  a,c,e). Proton abstraction gives an ylid (carbenoid) 
form that then reacts with CH3Hg(II) to give the observed 
product, as shown in eq. [I]. 

The most significant proof for the structure of 5 is the appear- 
ance of two 'H nmr signals due to CH3Hg(II) in an integral ratio 
of ca. 2: 1, one signal occurring at 0.74 pprn and assignable to an 
averaged, rapidly exchanging, S- and N-bound CH3Hg(II), and 
the other signal at 0.62 pprn assignable to C-bound CH3Hg(II). 
The latter signal is in the same region as previously found for 
C-bound CH3Hg(II) in the inosine, xanthosine, and N-methyl- 
imidazole complexes. As well, different coupling constants, 

2 1 J( H - ' ~ ~ H ~ ) ,  are observed for the CH3Hg(II) groups in the 
different environments, which is characteristic of simultaneous 
binding at two different sites. The 13C nmr confirms the presence 
of CH3Hg(II) in two different environments, one resonance at 
4.50 pprn for both S- and N-bound CH3Hg(II) and one at 7.00 
pprn for carbon-bound CH3Hg(II). It is also noted that the C(8) 
resonance in 5 has experienced a downfield shift of 61 ppm, 
which is closely similar to the shift observed in the methylmer- 
curated C(8) atoms of inosine and xanthosine (1 c,e). 

I3c chemical shlfrsand correlation O ~ ~ J ( ' H - ' ~ ~ H  g) andlJ (I3C- 
1 9 9 ~  g) couplings 

The 13C chemical shifts of CH3Hg(II) that have been observed 
in this work for S-bound CH3Hg(II) (8-9 pprn in 2 and 3) are 
considerably larger than previously observed for N-bound 
CH3Hg(II) (- 1 .OO to 2.00 pprn in inosine and guanosine) ( I  c). 
In compounds 4 and 5, containing both S- and N-bound 
CH3Hg(II), the 13C signal of CH3Hg(II) (4.00 to 5.00 ppm) 
occurs at an intermediate value compared to the respective 
N-bound/S-bound 1: 1 complexes, showing that there is rapid 
exchange of CH3Hg(II) on the nmr time scale. Thus I3C chem- 
ical shifts of CH3Hg(II) provide a useful indicator of the nature 
of the donor ligand (19, 20). 

The donor ligands that give rise to substantial 13C chemical 
shifts also give rise to substantial ' J ( ' ~ C - ' ~ ~ H ~ )  couplings 
(Table 3). As well, almost parallel changes are apparent in 
' J ( ' H - ' ~ ~ H ~ ) ,  methyl proton - mercury couplings (Fig. 1). 
The two quantities are correlated by eq. [2] (correlation co- 
efficient = 0.9949). 

The origin of this relationship is presumably that a strongly 
bound ligand weakens the Hg-C bond trans to it and thus 
decreases the "s" character in the Hg-C bond. Since the Fermi 
contact term dominates the two-bond mercury-proton coup- 
ling, a decrease in "s" character in the Hg-C bond results in a 
smaller J value (21). In the present systems, ' J ( ' ~ C - ' ~ ~ H ~ )  for 
2a  is lower by 175 Hz than in the neutral N-bound CH3Hg(II) 
complex [(CH3Hg)Th], and approximately 753 Hz higher than in 
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the carbon-bound CH3Hg(II) group in (CH3)2Hg. Also, 'J(I3C- 
' "H~)  for 3 a  is lower by 301 Hz  than in the cationic N-bound 
complex [(CH3Hg) (ThH)]N03. However, in the 2:l  complex 
4 a ,  the 'J value is lower by 100 H z  than in the 2:l  complex 
[(CH3Hg)zThINO3. 

Concluding remarks 
W e  have found in the present study that 6-mercaptopurine 

riboside ( l a )  and 2-amino-6-mercaptopurine riboside ( l b ) ,  
under basic and acidic conditions, respectively, form 1 : 1 
CH3Hg(II) / 6-MNucHz complexes 2 a / 2 b  and 3 a / 3 b ,  involv- 
ing binding of CH3Hg(II) via the sulfur atom. Under 2:l  stoi- 
chiometry of CH3Hg(II) / 6-MNucHz, complexes 4 a / 4 b  are 
obtained in which both sulfur and N(7) are involved in binding. 
The observation of C(8)-, N(7)-, and S(6)-binding under 3:l  
stoichiometry of CH3Hg(II) / 6-MNucHz, 5 a / 5 b ,  reinforces 
our previously proposed mechanism for the ready formation of 
the C-bonded adducts by means of initial activation by a coor- 
dinated electrophilic species at N(7) ( l a , c , e ) .  Thus 6-thionu- 
cleosides show different coordination behaviour with respect to 
the parent guanosine and inosine, with N ( l )  no longer being the 
primary donor atom (1 c).  This is in accord with the preference 
of Hg(I1) for soft (class b) donor atoms such as sulfur (22). 
2 ~ ( 1 ~ - 1 9 9 H g )  coupling constants correlated well with J(I3C- 
1 9 9 ~  g) coupling constants and their magnitudes reflect the in- 

crease in the strength of the mercury-ligand bond in the order 
Hg-C > Hg-S > Hg-N (23). 

Extrapolating to biological systems, the interaction of CH3- 
Hg(I1) with thiols to  form S-bonded adducts is believed to be 
important in both the toxicology of CH3Hg(II) and the use of 
antidotes containing thiol groups (24). Although the formation 
constants for S-bonded CH3Hg(II) thionucleosides must be very 
large (25), these compounds are found to undergo extremely 
rapid nucleophilic ligand displacement reactions (e.g. gluta- 
thione model). Clearly these rapid ligand exchange reactions are 
the key to the bioavailability of CH3Hg(II). A similarly essential 
role exists in the treatment of mercury poisoning with chemo- 
therapeutic agents, which complex CH3Hg(II) and Hg(I1) in a 
more rapidly eliminated form (26). Carbon-bound CH3Hg(II) 
species.such as those obtained in the present work provide 
another pathway for CH3Hg(II) and Hg(I1) uptake since their 
formation is essentially irreversible. The toxicity of CH3Hg(II) 
in living beings may be due as  much to this factor as to  the 
extensive binding of CH3Hg(II) to S-centers. Finally, it is 
possible that 6-thionucleosides could be  effective in competing 
with sulfur containing bio-ligands following intoxication by 
mercury and its organic derivatives ( 4 ) .  
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ARTHUR E. MARTELL, RAMUNAS J .  MOTEKAITIS, ERIC T. CLARKE, and J .  J .  HARRISON. Can. J .  Chem. 64,449 (1986). 
Two synthetic approaches for the synthesis of N,N'-di(2-hydroxybenzyl)ethylenediamine-N,N'-diacetic acid (HBED) and 

derivatives are reported. The first involves conversion of N,N1-di(2-hydroxybenzy1)ethylenediamine to the diamide HBEDDA 
via reaction with formaldehyde and HCN followed by hydrolysis. Analysis of the species distribution curves of the Cu(I1) 
chelates of N,N'-di(2-hydroxybenzyl)ethylenediamine-N,N'-diacetic acid (HBED) and its diamide, HBEDDA, and of the 
nature of the coordination in each complex species formed, suggest the selection of the reaction conditions most favorable for the 
Cu(I1)-catalyzed hydrolysis of HBEDDA to HBED. The rate of conversion was found to be low, and the reasons for these 
findings are described. Iron(II1) catalysis of the conversion of HBEDDA to HBED was found to be rapid and complete with a 
pseudo-first-order rate constant of 3.1 X s-' at 25.0°C. The results provide the final step of a new method for the synthesis of 
HBED. The second synthetic approach involves reaction of N,N1-ethylenediamine-diacetic acid (EDDA) with substituted 
phenols and formaldehyde. These approaches appear to be general for the synthesis of HBED and derivatives. 

ARTHUR E. MARTELL, RAMUNAS J .  MOTEKAITIS, ERIC T. CLARKE et J .  J. HARRISON. Can. J .  Chem. 64,449 (1986). 
On rapporte deux mCthodes de synthese de l'acide N,N'-di(hydroxy-2-benzyl)-Cthyl~nediamine-N,N'-diacCtique (HBED) et 

de ses dCrivCs. La premiere implique le transformation de la N,N1-di(hydroxy-2-benzy1)Cthylenediamine en diamide HBEDDA 
par le biais d'une rCaction avec le formaldChyde et le HCN qui est suivie d'une hydrolyse. Une analyse des courbes de distribution 
des especes qui se foment lors de la chelation du Cu(I1) avec l'acide HBED et son diamide HBEDDA ainsi que celle de la nature de 
la coordination dans chaque espece complexe qui se forme permet de dCterminer les conditions de reaction qui sont les plus 
favorables pour l'hydrolyse, catalysCe par le Cu(II), du HBEDDA en HBED. On a trouvC que la vitesse de conversion est faible et 
on dCcrit les causes de ce resultat. On a trouvC que la transformation, catalysCe par le Fe(III), du HBEDDA en HBED est rapide et 
que la constante de vitesse de pseudo premier ordre est Cgale A 3 , l  X s-', A 25°C. Ces rksultats fournissent 1'Ctape finale 
d'une nouvelle mCthode de synthese de l'acide HBED. La deuxieme voie de synthese implique la rkaction de l'acide 
N,N1-CthylenediaminediacCtique (EDDA) avec des phenols substituCs et du formaldChyde.Ces mCthodes semblent gCnCrales 
pour la synthese de l'acide HBED et de ses dCrivCs. 

[Traduit par le journal] 

Introduction 
The synthesis of ~,~'-di(2-h~drox~benz~l)e&~lenediamine- 

N,N1-diacetic acid (HBED, 1) is of considerable interest 
because of its usefulness as a chelating agent for Fe(II1) (1, 2) 
and for other trivalent ions (3-5). The free ligand and its esters 
have been found to be effective in the removal of iron from test 
animals (4,6.  7) and are therefore of interest for the treatment of 
Cooley's anemia. The corresponding Ga(II1) and In(II1) che- 

cals, I ~ c . , ~  but a description of the procedure employed is 
currently subject to proprietary restrictions. 

We report two approaches for the synthesis of HBED and 
derivatives. The first approach involves conversion of N,N1- 
di(2-hydroxybenzy1)ethylenediamine to the diamide (HBED- 
DA) via reaction with formaldehyde and HCN followed by 
hydrolysis. Because of the difficulty of hydrolyzing HBEDDA, 
2, to HBED, 1 ,  it was decided to investigate the promotion of 

lates may also be useful as radiopharmaceuticals for tumor H2NOC7 ,-, r C O N H 2  
imaging purposes (4-7). 

Unfortunately, the deygjopment of HBED as a ligand for 
these purposes has been l%ld back by lack of a good synthetic 
method. The procedure described previously (1) suffers from 

Ho& 

the formation of a resinous polymeric by-product, which seems 
to be promoted by treatment with acid or base, and to sometimes 2 
form spontaneously during recrystallization of the material 
(decomposition seems to be a reverse Mannich reaction involv- 
ing the splitting out of formaldehyde). 

I 
H00C7 A r COOH 

A new method of HBED synthesis, suitable for moderate to 
large scale production, has been developed by Strem Chemi- 

'Authors to whom correspondence may be addressed. 
2Current address: Chevron Research Co., P.O. Box 1627. Rich- 

mond, CA 94802, U.S.A. 1 

3~evision received October 22, 1985. 4 ~ .  Strem. Personal communication, 1984. 
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this reaction by Cu(I1) and Fe(II1) ions. To be successful, this 
must be done in such a manner as to utilize the formation of an 
HBED chelate of high stability as the driving force in reaction. 
This paper describes the selection of conditions most favourable 
for metal ion catalysis, and development of a procedure for the 
metal ion-catalyzed formation of HBED from its diamide. 

A second approach for the synthesis of HBED derivatives, 
which involves reaction of N,N1ethylenediamine diacetic acid 
(EDDA) with substituted phenols and formaldehyde, is also 
reported. 

Experimental 
Materials 

A pure sample of HBED was kindly donated by Mr. Mike Strem of 
Strem Chemicals, Inc., Newburyport, Massachusetts. 

Poterztiometry 
Potentiometric measurements of hydrogen ion concentration were 

made in an apparatus of the type described previously (8). The 
potentiometric system was calibrated with dilute standard HCI and 
KOH solutions at 0.100 M ionic strength adjusted with KN03 so as to 
read p[H] directly, where p[H] = -log [H+]. The molarligand to metal 
ion ratio was maintained at 1 : 1 for the determination of the formation 
constant of the Cu(I1) chelates of HBEDDA and for the determination 
of the Fe(II1) - potentiometric equilibrium curve. 

Computatiorzs 
Calculations of protonation constants of the ligand and its Cu(I1) 

chelate, and of the formation constants of the chelate, were carried out 
with programs PKAS (9) and BEST (IO), for the protonation constants 
and the Cu(II) chelate stability constants, respectively. The calculation 
of species distributions from equilibrium constants was carried out with 
program SPE, which employs the algorithm from BEST adapted to the 
Micromation computer system for graphic display on Houston Instru- 
ments DMP-29 HIPLOT X-Y plotter. 

Kinetic measurements 
The kinetics of conversion of the Cu(I1) and Fe(II1) chelates of 

HBEDDA to the corresponding HBED chelates was followed with a 
Perkin Elmer Model 553 fast scan uv/vis spectrophotometer. The 
absorptivities were such that 1.0 X solutions (in 1 .OM-cm cells) 
provided sufficiently intense bands for quantitative measurements. The 
rates of conversion of the Cu(I1) chelate were measured at p[H] 3.0 and 
50.0°C, while those of the Fe(II1) chelate were measured at p[H] values 
from 8 to 11 at 25.0°C. 

Preparation of N,N1-di(2- hydro.rybenzy1)ethylenediamine-N, Nr -di- 
acetonitrile, 4 

N,N'-di(2-hydroxybenzy1)ethylenediamine-N,N1-diacetonitrie, 4, 
was synthesized, by a slight variation of published procedure (1 I), 
from the N,N1-di(2-hydroxybenzyl)ethylenediamine, 3 (12). 

Preparation of HBEDdiamide.2HC1.2Hfl, 2 
To a three-neck flask equipped with a magnetic stirrer cooling bath 

under argon were added 380 mL ethanol, 15.66 g HBEDacetonitrile 
(0.045 mol), and 34.8 g 30% H202 solution (0.307 rnol). To this at 5°C 
was added 1.48 g (0.037 mol) sodium hydroxide dissolved in 16 mL 
water. This was stirred 3 h at 5-1O0C, after which 31.1 g sodium 
bisulfite (0.30 mol) dissolved in 50 mL ice water was slowly added so 
that the temperature was held below 10°C. Then, after stining at 1O0C, 
the product was filtered to remove Na2S04. The filtrate was mixed with 
lOmL HC1 and allowed to crystallize. A total of 4.75 g purified 
material was recovered, mp 200-205°C; 22% yield; 'H  nmr (CD30D/ 
D20, Na0D)S: 5.8-6.6 (m, 8H, ArH), 3.64 (s, 4H, H2NOCCH2N), 
3.21 (s, 4H, ArCH2N), 2.71 (s, 4H, NCH2CH2). Anal. calcd. for 
C20H2$\r404.2HC1.H20: C 50.32, H 6.33, N 11.75, C1 14.85; found: 
C50.29, H6.20, N 11.56, C1 15.22. 

Fe(III)-HBED 
The Fe(II1)-HBED chelate was prepared in solution by mixing 

equivalent molar amounts of an Fe(II1) salt and HBEDDA, adjusting 
the solution to neutral or alkaline pH, and stirring for 3-4 h at room 
temperature. The ammonia formed may be removed by refluxing 
briefly at pH 10. 

Conversiorz of Fe(lll)-HBED to HBED 
To aO.10 M solution of the Fe(II1)-HBEDreactionproduct obtained 

by Fe(I1I)-promoted hydrolysis of HBEDDA was added sufficient HC1 
solution to lower the p[H] to 5.0. To this solution an excess of 
8-hydroxyquinoline in ethanol was added and the solution was warmed 
to about 50.0°C. The black precipitate of the Fe(II1)- 
8-hydroxyquinoline chelate was filtered off, and the remaining deeply 
red-colored solution was repeatedly (5X) extracted at 50.0°C with 
chloroform containing 8-hydroxyquinoline. After three final extrac- 
tions with pure chloroform, the remaining aqueous layer was shown 
spectrophotometrically to have been 96.6% converted to the metal-free 
ligand. The solution was acidified with HC1 to p[H] 2 and the HBED 
was isolated by cooling the solution to O°C. The first batch of nearly 
colorless crystals consisted of 55% of the theoretical amount. Addition- 
al material was obtained by reduction of the volume of the mother 
liquor and further crystallization at 0'. 

Preparation of N, N'-di(3,S-dirnethyl-2- hydroxybenzy1)ethylenediamine- 
N ,N' -diacetic acid 7a 

To a three-neck, 100-mL flask, equipped with a nitrogen source, 
thermometer, magnetic stirrer, heating mantle, SCM electrode and 
reference electrode, and dropping funnel was added 7 mL 30% NaOH 
solution and 15 mL methanol. To this was added 4.4g (0.025 mol) 
ethy lenediamine-N, N-diacetic acid and 1 2.2 g of 2,4-dimethylphenol 
(0.10 mol) dissolved in 12 mL methanol. The pH initially at 10.9 was 
adjusted by the addition of 10% HCl to pH 8.2. The reaction was heated 
to reflux and 8.1 g 37% formaldehyde solution (0.10 mol) in 24 mL 
methanol was added dropwise with stirring. The pH of the mixture was 
controlled at pH 8.0. This was heated at reflux for a total of 5 h, then the 
mixture was cooled to room temperature. The pH was adjusted with 
NaOH solution to 9.0 and a product precipitated. This was filtered and 
dried in a vacuum oven at 70°C overnight. A total of 8.08 g of product 
7a as disodium salt was recovered, mp 18 1 - 183°C; 62% yield; 'H nmr 
(CD30D) 6: 6.8 (br s, 2H, ArH), 6.5 (br s, 2H, ArH), 3.6 (s, 4H, 
HOZCCH2N), 3.1 (s, 4H, ArCH2N), 2.6 (s, 4H, NCH2CH2), 2.20 (s, 
6H, ArCH3), 2.15 (s, 6H, ArCH3). Anal. calcd. for C24H30N206- 
Na2.2H20: C 54.96, H 6.54, N 5.34, Na 8.77; found: C 54.54, H 6.26, 
N 5.35, Na 8.45. 

Preparation of N ,N' -di(5-sodiurnsulfonate-2-hydronybenzy1)ethyl- 
enediamine-N ,N' -diacetic acid, 76 

To a three-neck flask equipped with nitrogen source, thermometer, 
magnetic stirrer, heating mantle, SCM electrode and reference elec- 
trode, and dropping funnel was added 4.4 g ethylenediamine diacetic 
acid (0.025 rnol), 23.22 g p-phenolsulfonic acid sodium salt 
(0.10 rnol), and 60 mL methanol. This was heated to reflux and 1.8 g 
NaOH in 3 mL water was added. The pH was 8.7. To this slurry at 
reflux was added 8.2 g 37% formaldehyde solution (0.10 rnol). 
Midway through the formaldehyde addition, the mixture became a 
solution. This was refluxed for 5.5 h, then cooled to room temperature 
overnight. The white solids which precipitated were filtered and dried 
in vacuo to give5.0 g product; 'H nrnr(D20) 6: 6.6-7.8 (m, 6H, ArH), 
3.8 (br s, 4H, H02CCH2N), 3.3 (br s, 4H, ArCH2N), 2.9 (br s, 4H, 
NCH2CH2). Attempted purification of 76 by recrystallization was 
unsuccessful. 

Results and discussion 
N, N'-di(2-hydroxybenzy1)ethylenediamine- N,N1 -diaceta- 

mide 2, was synthesized according to Scheme 1. The known 
(1 1,  12) N,Nr-di(2-hydroxybenzyl)ethylenediamine, 3, was 
treated with HCN and formaldehyde to give N,N1-di(2- 
hydroxybenzyl)ethylenediamine-N,N'-diacetontrile, 4, in 97% 
yield. The order of addition of reagents was important in this 
reaction. When the formaldehyde was added before the sodium 
cyanide, only 19% yield of 4 was obtained. Compound 4 could 
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not be hydrolyzed to 1 by either acid or base catalysis (1 1). 
Instead, small amounts of N,N1-di(2-hydroxybenzy1)mono- 
ketopiperazine, 5, were obtained. Compound 5 formed even 
after boiling 4 in water (1 1) at pH 7. 

The diamide 2 was obtained by treating dinitrile 4 with excess 
H202 at 5- 10°C using a catalytic amount of sodium hydroxide. 
The diamide could be precipitated as the di-HC1 salt. Rather 
surprisingly, no evidence of an N-oxide was detected under 
these conditions where one might expect N-oxide to form.5 
This may be due to the unavailability of a reaction pathway for 
nitrogen atom substitution in these compounds 4 and 2. 
Evidence supporting this was obtained by recovery after 8 h of 
unchanged 4 in the presence of excess H202 in methanol 
solution at room temperature. In contrast, when 4 was treated 

'see ref. 13 for conditions used in preparing nitrilotri(methy1ene- 
phosphonic acid) N-oxide, for example. 

with H202 and a catalytic amount of sodium hyroxide at room 
temperature overnight, no amide could be recovered. Instead, a 
com~lex mixture chat was not characterized was observed. 
Prolonged treatment of 4 with strong acid resulted in decompo- 
sition and loss of yield. 

The diamide, 2, could not be hydrolyzed in either acid or base 
solution or with sodium nitrite in acetic acid under a variety of 
conditions. Conversion to HBED, however, has been carried 
out by utilizing the catalytic effects of Cu(I1) and Fe(III), as 
discussed below. 

A second synthetic route suitable for the synthesis of 
derivatives of 1 substituted para to the phenolic hydroxyl group 
was accomplished by reacting ethylenediamine-N,N1-diacetic 
acid, 6, with formaldehyde and a substituted phenol, as 
indicated in Scheme 2. 

This reaction was examined using 2,4-dimethylphenol (14) 
under a variety of conditions and was found to be very sensitive 
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TABLE 1. Effect of pH on synthesis of HBED deriva- 
tives" 

Product yield (isolated) 

Run PH 7 a  6 

1 5 - 63% 
2 7 Trace 53% 
3b 8 62% - 

4b 9 27 % - 
5b 11 21% - 
6b 13 Trace - 

"Reaction of 0.025 mmol EDDA, 6, with 0.05 mmol 
2,4-dimethylphenol and 0.05 mmol CH20 solution in CH3- 
OH-H20 at reflux for 5 h. 

bCompound 8 was detected in the filtrate in large amounts. 
U 

to pH. At pH less than 7,  only traces of desired product 7 a  were 3 4 5 6 7 8 9 10 

observed. Starting compound 6 was recovered unchanged and it -Lea [H' 1 
appeared that only pheiolformaldehyde reaction was o&u-ring. 

2 

FIG 1. Species equilibrium distribution diagram for a 1: 1 aqueous Between pH 8 and 13, desired 7 0  could be isolated in n~oderate 
solution of Cu(II)-HBED as a function of -log at 25,00C; = yield and all of 6 was consumed (Table 1). The best yield of 0, TL = TM = 10-3 M, Curye labelled also represents 

desired product, 7 a ,  62% (see Experimental), could be obtained the H ~ L  species, 
by reacting 6 and a twofold excess of 2,4-dimethylphenol at 
reflux temperature with a twofold excess of formaldehyde at 
pH8.0. A by-product of this reaction, which became the 
predominant product under suitable conditions (deficiency of 
phenol or high pH), was identified by 'H and I3C nmr as 8 
(Scheme 2). Compound 8 could be prepared in nearly quantita- 
tive yield in solution by reacting EDDA separately with 1 mol 
CH20 and 1 mol base (Na2C03 or NaOH). 

The structural assignment of 8 follows by comparing its 13C 
nmr spectrum (D20), 6: 176.0 (C02H), 75.9 (NCH2N), 57.7 
(NCH2CH2N), 5 1.6 (NCH2C02H) with that of 1,3-dimethyl- 
imidazolidine (15) (CF3C02H), 8: 74.48 (NCH2N), 55.18 
(NCH2CH2N), 42.70 (CH3N), and from the 'H nmr spectrum 
of 8 (D20), 6: 3.50 (2H, s ,  NCH2N), 3.23 (4H, s ,  
NCHzCOZH), 2.87 (4H, S, NCH2CH2N). 

Presumably, by adding the formaldehyde last to a solution of 
6 and 2,4-dimethylphenol at as low a pH as practical (pH 8), 
formation of 7 a  competes favorably with formation of 8, which 
does not react further under these conditions to form 7 a .  The 
dimethyl derivative 7 a  prepared by this procedure precipitated 
as the disodium salt by adjusting the pH of the mixture at pH 9 
and cooling. 

A second HBED derivative 7 b  was also prepared by the 
reaction of 6 with formaldehyde and 4-phenolsulfonic acid 
sodium salt (14). Compound 7 b  was produced, as expected, and 
was characterized by nmr, but efforts to find a suitable 
crystalline derivative of 7 b  failed. As with compound 2, the 
synthesis of 7 b  was sensitive to strong acid and at pH <4 yields 
starting compound phenol sulfonic acid and by-products. 
Compound 7 b  may hold promise as a very water-soluble iron 
chelating agent. 

Hydrolysis of HBEDDA to HBED 
Cu(l1) complexes 
The equilibrium data in the paper by L'Eplattenier et al. (1) 

were employed to determine the species formed from Cu(I1) and 
HBED at a 1: 1 molar ratio as a function of p[H]. The results for a 
1.0 x lop3 molar solution are presented in Fig. 1. It is seen that 
the three forms of the Cu(11) chelate, CuH2L, CuHL-, and CuL 
are related by chelate proton association constants (pK's) of 

8.63 and 5.18. Thus the low p[H] form, 9, the intermediate p[H] 
species, 10, and the high p[H] form, 11, have been shown to 
have the conformations indicated below ( 1). 

Because it was initially thought that the replacement of the 
carboxyl groups by amide groups would not have a major 
influence on the protonation constants of the Cu(I1) chelates, it 
was reasoned that the corresponding amide groups of the Cu(11) 
chelates of HBED diamide would have conformations analo- 
gous to those of 9,10, and 11. Thus the low pH form would have 
the arrangement of coordinating donor groups indicated by 12. 
At high pH values, by analogy with HBED itself, the diamide 
would be expected to involve phenolate coordination as 
indicated by 13. In addition, an intermediate with a single co- 
ordinated phenolate group may also be formed in the mid-p[H] 
range. 

Consideration of the factors involved in metal ion catalysis of 
amide hydrolysis (16) indicates that the most effective catalytic 
complex would be 12, which should have its maximum 
concentration below pH 4. In 12, coordination of the carbonyl 
oxygen should activate the carbonyl carbon toward nucleophilic 
attack by a base such as the water molecule or hydroxide ion. 
In 13, the strong planar coordination by the Cu(I1) ion is not 
directed toward the carbonyl oxygen. Because of the likelihood 
of weak axial coordination of the amide group, conformations 
such as that indicated by 14 should also be considered. It has 
been shown by Hopgood and Angelici (17) and others (18), 
however, that saturation of the coordination tendencies of 
Cu(I1) by the planar donor groups leaves little additional 
coordination to be applied to the metal ion in the axial positions. 
In other words. the catalvtic effect of Cu(I1) directed toward the > ,  

axial positions is relatively weak. 
The amide nitrogen coordination, with proton dissociation of 

the type indicated by 15, should be considered a definite 
possibility at intermediate and high pH. Such microspecies 
would be catalytically inactive, since coordinated amide groups 
are negatively charged and should have little or no tendency to 
react with nucleophiles. The inertness of such groups toward 
hydrolytic attack has previously been pointed out (19). 
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9 CuHzL (below pH 5.18) 

-0OC---\ - ,--COO- 

10 

11 CUL*+ (above p[H] 8.63) 

12 C U H ~ L ' ~ +  (low p[H] form) 

MARTELL ET AL. 

FIG 2. Potentiometric equilibrium curves for 2.000 rnillimolar solu- 
tions of HBEDDA (L), CUHBEDDA(CU~+) and F ~ H B E D D A ( F ~ ~ + ) ;  
p = 0.100 M KCl; t = 25.0°C. The Fe3+ curve breaks after a = 4 
(moles base/mole ligand) because of p[H] drift resulting from the initia- 
tion of Fe(II1)-catalyzed hydrolysis of the amide groups of the ligand. 

13 CuL' (high p[H] form) 

H2N\ 

14 CuL' (5-coord~nate) 

15 CuL' (alternate high pH form) 

It seems therefore, that the Cu(I1) complexes below p[H] 5 3 4 5 6 7 8 9 10 
would be the most catalytically active Cu(I1) species in 
promoting amide hydrolysis, and p[H] 4.5 was therefore -Log [H+] 

selected for carrying out the conversion of the HBED diamide to FIG 3. Species equilibrium distributioll diagram for a 1: 1 aqueous 
HBED. At this p[H], the hydrolysis of the aquo Cu(I1) ion is solution of Cu(I1)-HBEDDA as a function of -log [HI at 25.0°C; 
minimal and may be neglected (19). p = 0.100 M; TL = TM = 1 x lo-' M. 
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454 CAN. 1. CHEM. 

TABLE 2. Protonation constants and chelate formation 
constants of HBED and HBEDdiamide (HBEDDA)' 

Log K 

Quotient HBED ( H ~ L ) ~  HBEDDA (H4L)' 

[HLI 
[H:l[Ll 

[H:l[HLl 
[H3Ll 
[H:l[H,Ll 
W4LI 
tH:l[H3Ll 
[CuLI 
[Cu:l [Ll 
[CuHL] 

[Cul[HLl 
[CuHzLl 
[Cu:l [HzLl 
[CuHL] 

[CuL:I[Hl 
[CuHzLI 
[CuHL:I[Hl 

= 0.100 M (KNOs); t = 25.00°C 
bReference I .  
T h i s  work. 

In order to quantify the reasoning described above, the 
protonation constants of HBED diamide and its Cu(I1) complex- 
es were measured potentiometrically by standard techniques, 
and the results are presented in the form of the potentiometric 
equilibrium curves illustrated by Fig. 2. From these data, the 
species distributions as a function of p[H] were calculated to 
give the distribution curves in Fig. 3. The protonation constants 
and metal chelate formation constants of HBEDDA, which 
were calculated from the data in Fig. 2, are given in Table 2, 
along with the corresponding value of HBED for comparison. It 
is apparent from the distribution curves in Figs. 1 and 3 that the 
partially deprotonated complex species CuHL+ starts to form 
well below pH3 and reaches its maximum value at pH4.5, 
above which it is converted to the fully deprotonated complex, 
CuL, with a pK of 6.67. Thus even at low p[H] one of the 
phenolate donor groups is coordinated to Cu(II), and the 
catalytic effect of the metal on amide hydrolysis predicted above 
would be greatly diminished. At the low pH values at which 
Cu(I1) coordinates the neutral ligand, H2L, the catalytic activity 
of the metal ion would be expected to be quite low, because of 
the low concentrations of hydroxide ion under these conditions. 

Cu(I1) catalysis 
This prediction has been verified by actually measuring the 

rate of conversion of HBEDDA to HBED at pH 3.0 and 50.0°C 
in the presence of an equivalent molar concentration of Cu(I1). 
After 24h only a small fraction of the diamide had been 
converted, with a pseudo-first-order rate constant of about 1.0 x 

s-'. This disappointing result is due to weak axial 
coordination in Cu(I1) complexes, and to the formation of 
phenolate type Cu(I1) complexes of HBEDDA at much lower 

p[H] than those of HBED. This striking difference in phenolate 
binding by these two ligands is now ascribed to the effective 
binding of Cu(I1) by the EDDA moiety in HBED, which delays 
conversion to the phenolate type complexes to much higher 
pW1. 

Fe(III) complexes 
Because of the failure of Cu(1I) as a catalyst for hydrolysis of 

the amide group of HBEDDA, it was decided to investigate 
catalysis by Fe(II1). Although the completely deprotonated 
chelate, 16, would be expected to form completely at low 
pH, it was felt that because of the additional charge on Fe(III), 
its strong octahedral coordination tendencies, and the high 
stability of the Fe(II1)-HBED chelate, there would be consider- 
able driving force favoring hydrolysis. This would be especially 
true at high pH, at which hydroxide ion concentration is high 
and the Fe(II1) product chelate, 17, would still be expected to 
be stable and soluble. 

The potentiometric equilibrium curve of the Fe(II1)- 
HBEDDA system at 25.0°C, 0.10 M ionic strength (Fig. 2), 
confirms that the phenolic protons are displaced initially at low 
p[H], leading to a strong acid titration curve. At and above p[H] 
7.5 the system appeared to be unstable, presumably because of 
the onset of metal ion-catalyzed hydrolysis of the ligand. 

Fe(I1I) catalysis 
The reaction rate for conversion of Fe(II1)-HBEDDA to 

Fe(II1)-HBED was found to be so rapid in aqueous solution at 
p[H] 9.0 that the temperature was reduced to 25.0°C for 
convenience of measurement. The change of absorptivity with 
time, illustrated by Fig. 4, follows a pseudo-first-order rate law, 
and the value of kobs was found to be 3.1 x lop3 s-'. The yield 
of Fe(II1)-HBED was found to be essentially quantitative by 
comparison of the absorbance of the product of hydrolysis with 
that of an authentic sample of the HBED-Fe(II1) chelate. 

The absorbance curves for the Fe(II1)-promoted conversion 
of HBEDDA to HBED at p[H] 9.0 are illustrated in Fig. 3. 
Although the reaction involving the hydrolysis of two coordi- 
nated amide groups (16) might be expected to occur in two 
steps, the isosbestic point in Fig. 4 clearly proves that the 
hydrolysis reactions are essentially concerted, and the Fe(II1) 
chelate involving the coordination of one carboxylate group and 
one amide carbonyl oxygen is only an unstable intermediate 
present in negligible concentration. 

The influence of p[H] on reaction rate was measured and the 
results are listed in Table 3. The expected increase in kobs with 
increasing hydroxide ion concentration was observed, but was 
far below first-order dependence. The formation of hydroxo 
complexes at high pH could account for the low hydroxide ion 
dependence, because the formation of such complexes would 
reduce the concentration of the reactive intermediate 16, as well 
as suppressing the catalytic activity of the iron(II1) center by 
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MARTELL ET AL.  455 

FIG 4. Spectral changes as a function of time (1-min intervals) for a solution of 2.30 X M Fe HBEDDA at pH = 9.00 borax buffer; 
p. = 0.1000 Mat  25.0°C. The initial absorption band with a maximum at 517 nrn for the Fe(II1)-HBEDDA complex is rapidly converted to 

I the 485-nm maximum band of the Fe(II1)-HBED. the pseudo-first-order rate constant is computed as 3.1 x s-I. 

TABLE 3. Pseudo-first-order rate constants for the 
conversion of Fe(II1)-HBEDDA to Fe(II1)-HBED 

(25.0°C, p. = 1 .OO M) 

p[H] kobc, S - I  X lo3 Buffer 
I 

8.0 2.7 Tris 
9.0 3.1 Borate 

10.0 6.7 Ammonia 
11.0 9.3 Ammonia + NaOH 

strong hydroxo coordination of the metal ion. Another factor 
that could account for low hydroxide dependence is the 
possibility of general base catalysis, whereby the catalytic 
effects of the buffer anions at the lower hydroxide ion concen- 
trations would make significant contributions to the observed 
reaction rate. 

\ 
NH2 

16 
Fe(II1)-promoted hydroxide-catalyzed hydrolyais of HBEDDA 

Isolation of HBED 
The conversion of the Fe(II1) chelate of HBED to the free 

ligand involves special requirements. Because of its exception- 
ally high stability (20), treatment with strong excess mineral 
acid does not accomplish more than partial conversion. The 
sensitive methylene groups between the phenolic ring and the 
nitrogen atoms preclude the removal of Fe(II1) by the use of 
excess alkali metal hydroxide, a method that works well for 
the related ligand, ethylenebis-N,N1-(0-hydroxyphenylglycine) 
(EHPG). The method that has been successful for the isolation 
of hydroxamate siderophores (21) from the corresponding 
iron(II1) chelates resulted in only partial precipitation of the 
iron(II1)-8-hydroxyquinoline chelate, apparently because the 
HBED-iron(II1) chelate is much more stable than those of the 
hydroxamate siderophores. On the other hand, conversion to 
the oxine was sufficient to make it possible to remove nearly all 
of the remaining iron by successive extractions with chloro- 
form. Conversion to the iron-free HBED was shown spectro- 
photometrically to be 96.6% complete. 
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Isomerization of alkyl branched alkynoic acids1 
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SUZANNE R. ABRAMS. Can. J .  Chem. 64,457 (1986). 
Acetylenic acids are isomerized by alkali metal amides of 1,3-diaminopropane to 3,5-dienoic acids. An acid with a methyl 

branch at C-3 separating the carboxyl from the triple bond is rearranged to a mixture of the terminal alkynoic acid and two 
isomeric 3,5-dienoic acids. The corresponding 4-methyl compound affords the terminal alkynoic acid, one 3,5-dienoic acid, 
and two cyclized products, cis- and trans-3-methyl-5-(octylidene)-1-cyclopentanecarboxylic acids. Propargylic acids 
branched at C-5 and C-6 are rearranged to the appropriately substituted 3,5-dienoic acids in moderate yield. 

SUZANNE R. ABRAMS. Can. J .  Chem. 64,457 (1986). 
Sous I'influence des sels alcalins des amidures du diamino-1,3 propane, les acides acCtylCniques s'isomCrisent en acides 

dibne-3,5 oiques. Un acide portant un groupement mCthyle en position C-3, qui sCpare le groupement carboxyle de la triple 
liaison, se transpose en un mClange d'acide alcynoi'que terminal et de deux acides dibne-3,5 ojques isombres. Le composC 
equivalent comportant un  mCthyle en position 4 conduit a un acide alcynoi'que terminal, un acide dibne-3,5 oi'que et deux 
produits de cyclisation, les acides mCthyl-3 octylidbne-5 cyclopentanecarboxylique-I cis et trans. Les acides propargyliques 
portant des substituants dans les positions C-5 et C-6 se transposent, avec des rendements modtrCs, en acides dibne-3,5 o'iques 
substituCs appropriCs. 

[Traduit par le journal] 

Introduction Results and discussion 
Exceedingly strong bases that effect multipositional isomer- It had previously been established (2) that the carboxyl group 

ization of triple bonds along methylene chains (1) cause of the acetylenic acid is converted to the dianion (1) in the 
acetylenic acids to be rearranged to E,E- and E,Z-3,Sdienoic isomerization reaction. It is postulated (Scheme 1) that the triple 

I 

acids (2). Based upon this observation, an efficient synthesis of bond, when remote from the dianion, undergoes normal 

) E,Z-3,5-tetradecadienoic acid, the pheromone of the black 
I carpet beetle (Attagenus megatomia), has been developed. The ' key step is the isomerization of 7-tetradecynoic acid with the 

sodium salt of 1,3-diaminopropane in 1,3-diaminopropane to 
1 afford a 1: 1 mixture of E,E- and E,Z-33-tetradecadienoic 

acids in 65% yield (2). 
This novel rearrangement is interesting from the point of view 

of possible applications in natural product syntheses. Specific 
3,5-dienoic acids substituted on the carbons of the double bonds, 

, useful as diene components in Diels-Alder reactions, might be 
I readily accessible by isomerization of appropriately substituted 

alkynoic acids. Diels-Alder reactions with the sodium salts of 
3,5-dienoic acids are found to have greatly accelerated rates 
when performed in water. The dienes are prepared by decon- 
jugation of the corresponding 2,4-dienoic compounds (3). 

Previous studies have shown that rearrangements of unsub- 
stituted acetylenic acids with other less basic reagents afford 
allenic, acetylenic, or 2,4-dienoic acids (4). Julia and Descoins 
(5) reported that isomerizations with the potassium salt of 
ethylene glycol of a variety of 3-methyl acids containing a triple 
bond proceeded much more slowly than the unsubstituted 
analogs. In only one case did they isolate rearrangement 
products, a mixture of stereoisomers of 2,4-dienoic acids. 

The rearrangement of alkynoic acids with strong base is 
interesting from a mechanistic point of view. The carboxyl 
group obviously has a great effect on the course of the triple 
bond migration. How it influences the sequence of proton 
abstractions involved in the formation of the diene system is 
unknown. 

To explore both the synthetic and mechanistic aspects of the 
rearrangement, some alkyl branched alkynoic acids have been 
prepared and the isomerization of these compounds with strong 
base studied. 

acetylene-allene interconversions along the methylene chain, 
and that the 4,5-allenic isomer 2 is a key intermediate. It is 
thought that the proton abstraction pattern is altered at this stage 
and that the doubly allylic protons on C-3 are more acidic than 
the vinyl protons on C-4 and C-6. Thus, proton abstraction from 
C-3 by the reagent, followed by protonation at C-5, breaks the 
allene-acetylene interconversions and affords a particularly 
stable intermediate 3, which has an extensively delocalized 
conjugated n system. Protonation at C-2 on work-up gives the 
observed 33-dienoic acid product mixture 4. If the postulated 
mechanism is correct, and 1,  which has a triple bond at C-5 ,C-6, 
is an obligatory intermediate, then neither C-5 nor C-6 may be 
substituted. However, one of the protons on C-3, and one on 

INRCC NO. 25 196. SCHEME I 
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0 

L i  HN(CH213NH2 
> > 

HO KOt Bu HO 
H2N(CH213NH2 7 4 4 O/O 

C-4, would not be required for the rearrangement to proceed. It 
ought to be possible to obtain dienoic acids with substitution at 
C-3 or C-4. To test this hypothesis, two alkynoic acids, one 
branched with a methyl group at C-3 and one at C-4, were 
synthesized by alkylation of the appropriately branched iodo- 
acid with octyne. 

Rearrangement of 3-methyl-6-tridecynoic acid (5) with a 
mixed isomerization reagent (1) affords three products (Scheme 
2), two dienoic acids 6 and 7, and the terminal acetylenic acid 8. 
In this case, and in all subsequent discussion, acids were 
methylated and structures of the isolated esters elucidated. 

The formation of 3-methyl-12-tridecynoic acid (8) is evi- 
dence that the allene-acetylene interconversions are proceeding 
normally when the triple bond is remote from the carboxylate 
dianion. 

The geometry of the C-5,C-6 double bonds of the diene 
systems of 6 (Z-) and 7 (E-) have been ascertained from the 
coupling constants for the protons on the double bond (6, J5,6 = 
8.4 Hz; 7 ,  J5,6 = 15.2 Hz). The chemical shifts of the signal for 
the protons of the C-3 methyl group of 6 and 7 are nearly 
coincident (difference of 0.01 ppm), as are the chemical shifts 
of the methylene signals of C-2 (difference of 0.04 ppm). This 
suggests that the geometry about the C-3 ,C-4 bond is the same 
in both compounds. However, there is no direct evidence to 
allow an assignment of the geometry of the double bond. ln- 
direct evidence supporting the assignment of the C-3,C-4 double 
bond as trans comes from two sources. First, in products of 
rearrangement reactions of the unsubstituted alkynoic acids and 
propargylic acids, in which the stereochemistry can be deduced 
from nrnr using the coupling constants of H-3 and H-4, the trans 
geometry is found. As well, consideration of the geometry of 
intermediates postulated in the formation of the diene system 
supports the trans assignment (Scheme 3). The stereochemical 
assignment can be rationalized by considering abstraction of a 
proton from C-3 of 9 and the stability of the intermediate allylic 
allenic anion. Two conformations that 9 may adopt are A, in 
which a methyl group lies in the plane of the C-4,C-5 double 
bond, and B, in which the carboxylate dianion similarly is in the 
plane of the double bond. A would be expected to be of lower 

energy. If abstraction of a proton on C-3 is effected from A, then 
the allenic anion C should be formed preferentially (rather than 
D from B). The allenic anion C would be expected to be of much 
lower energy than the more hindered anion D. Protonation of C 
or D at C-5 could take place from either face of the ally1 unit, 
affording 10 with both Z and E geometries at the C-5,C-6 
double bond. 

Attempts to synthesize isomeric 3-methyl-3,5-dienoic acids 
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2 6 O/o 16 1 8 '10 

SCHEME 4 

by equilibration of 6 and 7 with thiophenol (6) failed. It is postulated that the rearrangement takes place as shown in 
Deconjugation of a mixture of ethyl (E,E)- and (E,Z)-3-methyl- Scheme 5. The dianion of the homopropargylic acid, 17, is 
2,4-decadienoate (7) with lithium diisopropylamide afforded rearranged to the key intermediate 18, at which point the 
only 3-methylene-4-decenoic acid. In this process a proton on allene-acetylene interconversions are terminated with the ab- 
the methyl group at C-3 was abstracted in preference to a proton straction of a proton from C-6. The intermediate allenic anion is 

, on the chain at C-6. protonated at C-4, affording the dianion 4 with the extended 
From rearrangement of 4-methyl-7-tetradecynoic acid (12), delocalized .rr system. Substitution on either C-5 or C-6 should 

1 under the same isomerization conditions, four products were not hinder the rearrangement, but substitution at C-3 or C-4 
isolated (Scheme 4). The most prominent component is 4- should not be allowed if 17, with its triple bond at C-3,C-4, is an 
methyl-13-tetradecynoic acid (13). One 3,5-dienoic acid is obligatory intermediate. The formation of terminal acetylenic 
observed. The stereochemistry of the C-3,C-4 double bond isomers is precluded by the positioning of the branch between 
cannot be assigned. The C-5,C-6 double bond geometry is trans the triple bond and the terminus of the chain, so the isomeriza- 
( J 5 , ~  = 15.5 Hz). The remaining two products, which account tion of propargylic acids should afford the 3,5-dienoic acids. A 
for 44% of the reaction mixture, are the result of the rearrange- number of acetylenic acids branched at C-5 and C-6, and one at 
ment taking a different course. It is proposed that the products C-4 (Scheme 6), were prepared by alkylation of the tetrahydro- 
are two cyclopentanecarboxylic acids 15 and 16, differing only pyranyl ether of propargyl alcohol with the appropriate alkyl 
in the relative orientations of the methyl branch with respect to halide, followed by oxidation. 
the carboxyl group. The assignment of relative stereochemistry As for the unsubstituted case, isomerization of the 2-alkynoic 
is based on a chemical shift difference. The methyl signal for the 
isomer with the methyl and carboxyl groups on the same face of 
the ring is expected to be deshielded relative to the methyl signal 
for the isomer with the groups disposed trans. A difference of HO A 
0.09 ppm is observed. The geometry about the exocyclic double 

+% 

bond has not been established. 
-/ 

Others have observed analogous cyclizations of stabilized 
anions alkylating unactivated (8, 9) and activated triple bonds 
(10) to form five-membered cycles with exocylic double bonds. 

I 
In the present case, the triple bond migrates from the C-7 to C-6 

J/ -1 
-0 17 

position before it is attacked by the stabilized dianion. This is an 
interesting example of a 5-exo-digonal taking precedence over a 
6-exo-digonal ring closure. In theory both of these reactions 
should have the opportunity to take place. According to Bald- 
win's rules ( l l ) ,  both are favoured. In this example, only the 

0 

1 
five-membered ring is observed. -;.--;..xi \ 

Acetylenic acids with the triple bond between the carboxyl and I 18 
an alkyl branch were considered next. In the earlier study (2) it 
had been shown that the unbranched propargylic acid, 2- 
tetradecynoic acid, was also isomerized to 3,5-dienoic acids, 4 

and the homopropargylic acid was shown to be an intermediate. SCHEME 5 
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0 1 L i  NH(CH2)3NH2 
> & 

KOtBu 
H2N(CH2)3NH2 

H 0 

24 
0 

19 
0 

YIELD '10 

3 0  

acids proceeded through the homopropargylic isomer. By 
carrying out the isomerization reaction at room temperature, 
3-alkynoic acids could be isolated in good yield. One example is 
described in the experimental section. 

It is interesting that, as predicted, 3-cyclohexylpropynoic 
acid (23) affords, on rearrangement, only traces of the 3 3 -  
dienoic acids (28). The major products appeared to be dimeric 
and they were not investigated further. 

Rearrangement of the substituted methyl- and cyclohexyl- 
alkynoic acids 19 to 22 using more vigorous reaction conditions 
(60°C) afforded the desired substituted 3,Sdienoic acids 24-27 
in moderate yields. The C-3 ,C-4 double bond in each rearrange- 
ment product 24-27 is observed to be trans, from the coupling 
constants. Pairs of isomeric dienoic acids are formed in the case 
of the methyl branched series. The stereochemistry about the 
double bonds with the methyl group can be assigned by analysis 
of the chemical shifts of the protons adjacent to the double bond 
in question. Olefinic protons next to a cis double bond are 
shifted downfield relative to those adjacent to a trans double 
bond by 0.5 ppm, and methylene signals next to a cis double 
bond are similarly shifted by 0.2-0.3 ppm (2, 6 ,  12). In the 
5-methyl case, the major product (78% of the mixture) is 
assigned the trans,trans configuration on analysis of the 
chemical shifts observed in comparison with those of the next 
most significant product (7% of the mixture). the signal for H-4 
of the major component is observed at 8 6.12, while that of the 
minor component is found at S 6.5 1. Similarly the methylene 
signal of C-7 is shifted downfield at 0.10 ppm in the case of the 
minor component. In the 6-methyl series, the (E, E)-compound 
is found to predominate by a ratio of 3:l .  The signals in the 

olefinic region of the nmr spectrum are overlapped, but the 
methylene signals for C-7 are clearly separated, with the larger 
triplet at higher field (0.12 ppm). 

There is no ambiguity in the geometry of the C-5,C-6 double 
bonds in the products 26 and 27, and the C-3 and C-4 double 
bonds are found to be trans. 

Conclusions 
Alkyl branched acetylenic acids can be isomerized to 

substituted 3,5-dienoic acids. The position of the alkyl group, or 
the lack of one, on the chain affects the rate of the acetylene- 
allene interconversions and thus the distribution of products 
obtained. The 3-methyl branch (Scheme 2) does not appear to 
impede the formation of the 4,5-allenic dianon 2 relative to the 
unsubstituted case. From the synthetic point of view, 3-alkyl 
branched acetylenic acids offer good possibilities for construc- 
tion of trisubstituted dienes. The 4-methyl branch does impede 
the rearrangement to 3,Sdienoic acids. The 4-alkyl branched 
isomers may, however, provide access to cyclopentanecarbox- 
ylic acid derivatives. Propargylic acids, which are readily 
accessible, should prove to be useful in the synthesis of 
3,Sdienoic acids substituted at C-5 and C-6. 

Experimental 
All reactions requiring dry conditions were performed in vacuum 

flame-dried, or oven-dried ( I  10°C for inore than 2 h) glassware, under 
a positive pressure of argon. Solvents described as dry were obtained 
by distillation as follows: tetrahydrofuran (THF) from benzophenone 
ketyl; dichloromethane (CH2CI2) and acetonitrile (CH3CN) from 
CaH2; hexamethylphosphorous triamide (HMPA) at reduced pressure 
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and subsequently stored over activated 4A sieves; 1,3-diaminopropane 
from BaO, then stored over activated 4A sieves. 

Proton nmr spectra were recorded on a Varian EM 390 (90 MHz) or 
Bruker AM-360-WB (360 MHz) spectrometers, with CDC13 as 
solvent. Carbon spectra were recorded on the Bruker instrument in the 
Fourier transform mode at 90.6 MHz with proton noise decoupling, 
with CDCI, as solvent and lock. Infrared spectra were obtained with a 
Perkin Elmer 237B instrument. Gas chromatograms were obtained 
with a Varian 3700 instrument with FID, and 30-m SP 2100 capillary 
column. Retention times are given in minutes with the relative 
intensities in parentheses. Mass spectra were obtained on a Finnigan 
4000E gc/ms instrument with an Incos 2300 data system and using an 
SF2100 column. Mass spectra are reported in mass to charge units (mlz) 
with the relative intensities given in parentheses as percentages of the 
base peak. Accurate mass measurements were provided by the Mass 
Spectrometry Laboratory, Psychiatric Research Unit, University of 
Saskatchewan, with an MS902S instrument with VG console update. 
Accurate masses were obtained at 1500 resolution and 3 s/decade 
using accurate-mass low-resolution software with PFTBA internal 
standard. Elemental analyses were performed by Spang Microanalyti- 
cal Laboratory, Eagle Harbor, Michigan, U.S. A. 

General isomerization procedure 
Into a 25-mL pear-shaped flask fitted with magnetic stirring bar was 

charged lithium (42 mg, 7.0 mmol). 1,3-Diaminopropane (dry, 
5.0 mL, corrosive!) was added by syringe and the mixture heated and 
stirred at 70°C until a white suspension of the lithium amide was 
formed. After cooling to room temperature, potassium tert-butoxide 
(500 mg, 5.0 mmol) was added, affording a lemon-yellow solution. A 
solution of the acetylenic acid (1.0 mmol) in a 1,3-diaminopropane 
(1.0 mL) was added by syringe, and the mixture stirred for 1.0 h, then 
poured into ice water. The mixture was acidified with HC1 and 
extracted with CHC1, (3x) .  The combined organic phases were 
washed successively, once with 10% HC1, HzO and NaCl solution, 
then dried over Na2S04, filtered, and the solvent evaporated to afford a 
crude mixture of isomerized acids. Methyl esters were prepared either 
by reaction with methanolic HC1 or with diazomethane, and then 
purified by chromatography. 

The ratios of reagents in the different isomerization reactions were 
kept constant. The reaction temperature and time were varied with the 
particular substrate. Separations of the methylated products were 
effected either with silicic acid chromatography or hplc with reverse 
phase (Altex Ultrasphere ODs, 5 pm, 10 X 25 cm) or cation exchange 
(Whatman Partisil M9 10150 SCX, A ~ +  form) columns. 

3-Methyl-6-tridecynoic acid (5) 
According to the method of Olah et al. (13). to a solution of 

5-hydroxy-3-methylpentanoic acid (prepared by reduction of the half 
acid ester of 3-methylglutaric acid, followed by saponification, 3.7 g, 
28 mmol) in CH3CN (dry, 60 mL) was added first sodium iodide (1 8 g, 
120 mmol), then chlorotrimethylsilane (15.3 mL, 120 mmol). The 
mixture was refluxed overnight, then cooled to room temperature, 
poured into ice water, and extracted with ether (3X). The combined 
ethereal extracts were washed first with H20 (1 X), then with 10% 
Na2S,03 solution (1 x ) ,  and finally with NaHC0, (3 X). The combined 
NaHC0, extracts were acidified with HC1 and extracted with ether 
(3 x). The combined ethereal extracts were washed with NaCl solution 
(1 x ) ,  dried over Na2S04, and the solvent evaporated to afford crude 
5-iodo-3-methylpentanoicacid (4.8 g, 71%), which gave 'H nmr 6: 3.2 
(t, J = 7Hz,  CH21, 2Hj, 1.7-2.4 (m, 5H), and 1.0 (d, J = 6 Hz, 
CH,, 3H). The crude acid was employed in the next step without further 
purifiqation. 

To a solution of 1-octyne (4.4 mL, 30.0 mmol) in THF(dry, 30 mL), 
at -70°C, wasaddedfirst n-butyllithium(17,6mL, 0.63 M, 28 mmol), 
then a solution of the lithium salt of 5-iodo-3-methylpentanoic acid 
(4.8 g, 20.0 mmol) in THF (100 mL) and HMPA (17 mL) (prepared by 
addition of n-butyllithium (1 1.3 mL, 0.63 M, 18 mmol) to the acid in 
THF-HMPA). The resultant mixture was stirred and allowed to warm 
to room temperature overnight, then poured into HzO, acidified with 
HC1, and extracted with ether (3x) .  The combined ethereal extracts 

AMS 46 1 

were washed with H 2 0  (1 x) ,  then with NaCl solution (I x ) ,  and dried 
over Na2S04. Evaporation of the solvent afforded a brown oil (4.5 g) 
from which 3-methyl-6-tridecynoic acid (5) (860 mg, 20%) was isolated 
by chromatography of the methyl ester over a cation exchange column 
( A ~ +  form) eluting with methanol, followed by saponification. The 
acid 5 was distilled (bulb-to-bulb, over temp. 180°C, 0.1 Torr (I Torr 
= 133.3 Pa)) and gave v,,, (film): 3500-2600, 1700 cm-I; 'H nrnr 
(360 MHz) 6: 2.35 (dd, J = 14.5, 5.0 Hz, OOCCH, lH), 2.0-2.2 
(m, OOCCH, H2CC=CCH2, 5H), 1.55 (m, HCCH,, lH), 1.20- 
1.48 (m, CH2, 8H), 0.95 (d, J = 6.5 Hz, H3CCH), and 0.85 (t, J = 
7.1 Hz, H2CCH3); I3cnmr; 179.1, 80.7,79.3,41.1,35.8,31.4,29.4, 
29.1,28.6,22.6, 19.2, 18.8, 16.5, and 14.0 ppm; gc/ms of methyl ester: 
238 (0.05), 168 (13), 164 (lo),  135 (8), 109 (12), 108 (20) and 95 
(100). Anal. calcd. for C14H2402: C 74.95, H 10.78; found: C 74.95, 
H 10.71. 

Rearrangement of 3-methyl-6-tridecynoic acid (5) 
Isomerization of the acid 5 (224 mg, 1 .O mmol) as described above 

for 1.0 h at room temperature afforded a mixture of acids (176 mg, 
75%), which was esterified with methanol HC1. Four major products, 
all isomeric, could be distinguished by glc (160°C, 16.3 (12), 17.7 
(12), 18.1 (32), 20.8 (44)). Three of these were purified by hplc 
(reverse phase, eluting with 20% H20,  80% CH30H). Methyl 
3-methyl-12-tridecynoate gave a single peak on glc (16.3 min); ir 
v,,(film): 3300 and 1730cm-I; 'H nmr(360 MHz) 6: 3.65 (s, OCH,), 
2.28 (dd, J = 14.6, 6.0 Hz, OOCCH, lH), 2.16 (dt, J = 2.6, 
7.0 Hz, H 2 C C ~ C ,  2H), 2.09 (dd, J = 14.6, 8.1 Hz, OOCCH, 
lH), 1.91 (t, J = 2.6Hz, C=CH, lH), 1.2-1.6 (m, CH2, CH, 
15H), and 0.91 (d, J = 6.6 Hz, CH3, 3H); gc/ms: 238 (missing), 
207 (0.5), 195 (1.1), 164 (4.4), 101 (42), and 74 (100); accurate mass 
analysis of McLafferty rearrangement product calcd. for CI2H2,,: 
164.1565; found: 164.1453. Methyl 3-methyl-3,5-tridecadienoate 
(ester of 6 )  gave a single peak on glc (18.1 min); ir v,,, (film): 1730 
and 800 cm-I; 'H nrnr (360 MHz) 6: 6.1-6.2 (m, H-4, H-5,2H), 5.43 
(dt, J = 7.2, 8.4 HZ, H-6, lH), 3.67 (s, 0CH3, 3H), 3.06 (s, OOCCH?, 
2H), 2.13 (m, C=CCH2, 2H), 1.80 (s, H3CC=C, 3H), 1.2-1.4 
(m, CH2 lOH), and 0.86 (t, J = 6.5 Hz, H3C, 3H); irradiation of the 
signal 6 2.13 effects collapse of the signal 6 5.43 to a d, J = 8.4 Hz; 
gc/ms: 238 (51), 179 (8), 178 (7), 164 (32), 140 (40), 108 (45), 93 
(100); accurate mass analysis for molecular ion calcd. for CI5H26O2: 
238.1933; found: 238.1907. Methyl 3-methyl-3,5-tridecadienoate 
(ester of 7) gave a single peak on glc (20.8 rnin); ir v,,, (film): 1730,960, 
and800cm-I; 1 H n m r ( 3 6 0 ~ ~ z )  6: 6.20(dd, J = 10.3, 15.2Hz, H-5, 
lH),5.87(d, J =  10.3Hz,H-4, lH) ,5 .62(d t , J=  15.2,7.4Hz,H-6, 
lH), 3.66 (s, OCH,, 3H), 3.02 (s, 00CH2,  2H), 2.08 (dt, J = 7.6, 
7.1 Hz, C=CCH2, 2H), 1.79 (s, H3CC=C, 3H), 1.2- 1.6 (m, CH2 
lOH), and 0.85 (t, J = 7.0Hz, CH3, 3H); gc/ms: 238 (61), 179 (1 l), 
178 (8), 164 (3 I), 140 (40), 108 (42), and 93 (100); accurate mass 
analysis for molecular ion, calcd. for C15H2602: 238.1933; found: 
238.1956. 

4-Methyl-7-tetradecynoic acid (12)  
According to the method of Whitesell et al. (14), to a stirred 

suspension of NaHC0, (8.4 g, 0.10 mrnol) and m-chloroperbenzoic 
acid (85%, 9.6 g, approx. 0.05 mmol) in CH2C12 (dry, 50mL) was 
added 4-methylcyclohexanone (5.6 g, 0.05 mmol). The temperature of 
the mixture was maintained between 18 and 30°C with an ice-water 
bath. After stirring for 5 h, H 2 0  was added and the CH2C12 layer was 
separated. The aqueous was extracted with CH2C12 (4x). The 
combined organic phases were washed with 10% Na2C03 solution 
(2X), NaCl solution (1 x ) ,  then were dried over Na2S04, filtered, and 
the solvent evaporated to yield crude 4-methyl-7-oxacycloheptanone 
(IS), 5.8 g, (90%), which gave ir v,,, (film): 1720 cm-I; 'H nmr 
(90 MHz) 6: 4.3 (m, 0CH2, 2H), 2.7 (m, OCCH? 2H), 1.3-2.2 (m, 
CH2, CH, 5H), and 1.0 (d, J = 6 Hz, CH3, 3H). 

According to the method of Olah et al.  (13), the lactone was con- 
verted to 6-iodo-4-methylhexanoic acid, 3.1 g (48%), which gave ir 
v,,, (film): 3400-2500, 1710cm-'; 'H mnr (90 MHz) 8: 3.2(m, CH21, 
2H). 2.3 (t, J = 6 Hz, CHICOO, 2H), 1.3- 1.9 (m, CH2 CH, 5H), and 
0.9 (t, J = 6 Hz, CH3, 3H). The crude iodoacid was alkylated with the 
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lithium salt of octyne to afford 4-methyl-7-tetradecynoic acid (2.8 g). 
The acid 12 was converted to methyl ester with methanolic HCl and 
chromatographed over a cation exchange column (Ag+ form), 
eluting with methanol, affording the methyl ester, 1.13 g (37%), which 
gavems: 252 (0.6), 221 (3), 220 (2), 182 (21), 178 (12), 165 (1 I), 150 
(24), 135 (17), 124 (26), 108 (55),95 (92), and 81 (100). Saponifica- 
tion afforded the acid 12, which was distilled (bulb-to-bulb, oven temp. 
200°C, 0.1 Torr) and gave 'H nmr (360 MHz) 6: 3.64 (s, OCH,, 3H), 
2.24-2.37 (m, OOCCH,, 2H), 2.08-2.18 (m, H2CC=C, 4H), 
1.2- 1.7 (m, CH2 CH, 13H), and 0.86 (m, CH,, 6H); I3C nmr: 180.5, 
80.4,79.8,35.9,31.8,31.6,31.4,31.3,29.1,28.6,22.6, 18.8, 16.5, 
and 14.0 ppm. Anal. calcd. for C15H2602: C 75.58, H 11.00; found: 
C 75.55, H 10.97. 

Rearrangement of 4-methyl-7-tetradecynoic acid (12) 
Isomerization of 4-methyl-7-tetradecynoic acid (230 g, 1 .O mmol) 

was carried out as described above for 1.0 h, at room temperature. The 
crude product (170 mg) was esterified with methanolic HCl, affording a 
mixture of methyl esters (200mg) which gc/ms analysis indicated 
contained 4 major isomeric products that made up 86% of the mixture 
(170°C, 19.2 (la),  19.8 (26), 24.3 (31), and 27.5 (11)). Methyl 
4-methyl-13-tetradecynoate was isolated by hplc (reverse phase, 
eluting with 10% H20,  90% CH30H) and gave a single peak on glc 
(24.1); ir v,, (film): 3300 and 1730 cm-I; 'H nmr (360 MHz) 6: 3.65 
(s, 0CH3, 3H), 2.25-2.35 (m, OOCCH,, 2H), 2.16 (dt, J = 2.6, 
7.0 Hz, C H 2 C ~ C ,  2H), 1.92 (t, J = 2.6 Hz, CECH, lH), 
1.2-1.7 (m, CH,, 17H), and0.85 (d, J = 6.3 Hz, 3H); ms: 252 (1-4), 
237 (0.8), 109 (23), 95 (44), 87 (92), 81 (69), 74 (90), and 55 (100); 
accurate mass analysis for the molecular ion calcd. for C18H2802: 
252.2088; found: 252.2058. Methyl trans-3-methyl-5-(l-octylidene)- 
I-cyclopentanecarboxylic acid was isolated by hplc (cation exchange 
column, eluting with 0.25% dimethoxyethane in hexane) and gave a 
single peak on glc (19.1); ir v,,, (film): 3320, 3310, and 1730 cm-'; 
'H nmr(360 MHz)G: 5.41 (m, HC=C, lH), 3.65 (s, 0CH3, 3H), 3.37 
(m, HCCOO, lH), 2.49 (dd, J = 15 ,7  Hz, H-4, lH), 2.30 (m, H-3, 
lH), 2.10 (m, H-2, lH), 1.96 (q, J = 7 Hz, H,CC=C, 2H), 1.80 
(dd, J = 14, 7Hz,  H-4', IH), 1.43 (m, H-2', IH), 1.3-1.4 (m, 
CH2 lOH), 0.97 (d, J = 6.7Hz, H3CCH, 3H), and 0.86 (t, J = 
7.OHz, H3CCH2, 3H); irradiation of the signal 6 2.30 causes the 
methyl doublet at 6 0.97 to collapse to a singlet, and the multiplets at 6 
2.49 and 1.80 to collapse to doublets, J = 14 Hz; irradiation of the 
quartet at 6 1.96 causes collapse of vinyl signal at 6 5.41 to a singlet, 
and irradiation at 6 2.10 causes the signal at 6 3.31 to become adoublet, 
J = 8 Hz, and simplifies the multiplet at 6 1.43; ms: 252 (lo), 237 (5), 
193 (30), 192 (22), 164 (4), 150 (7), 139 (loo), and 107 (84); accurate 
mass analysis for the molecular ion CI5H26o2 calcd.: 252.2088; found: 
252.2081. The cis isomer 15 eluted after the trans compound and gave 
a single peak on glc (19.7); ir v,,, (film): 3320,3300, 1720-'; 'H nmr 
(360 MHz) 6: 5.29 (m, HC=C, lH), 3.68 (s, OCH,, 3H), 3.31 (m, 
HCCOO, IH), 2.49 (dd, J = 15.3, 6.3Hz, H-4, lH), 2.05 (m, H-2, 
lH), 1.9-2.0 (m, H2CC=C, H-3', 3H), 1.79 (m, H-4', lH), 1.59 (q, 
J = 11 Hz, H-2', lH), 1.2-1.4 (m, CH2, 10H). 1.06 (d, J = 6.2Hz, 
H3CCH, 3H), and0.86 (t, J = 7.0 Hz, H3CCH2, 3H); irradiation of the 
signal 6 2.05 causes collapse of the signal at 6 3.31 to a doublet, J = 
8 Hz, and simplifies the multiplet at 6 1.59; irradiation at 6 1.95 causes 
the multiplet at 6 2.49 to become a doublet, J = 6 Hz, and the methyl 
doublet at 6 1.06 and the vinyl proton 6 5.29 to become singlets; ms: 
252(12), 237(5), 193 (38), 192(33), 177(11), 164(13), 150(21), 139 
(96), and 107 (100); accurate mass analysis for the molecular ion 
C15H2602 calcd.: 252.2088; found: 252.2062. Methyl 4-methyl- 
3,5)tetradecadienoate was isolated using the same column, but with 1 % 
dimethoxyethane in hexane, and gave a single peak on glc (27.5); ir 
v,,, (film): 1730, 960 cm-I; 'H nmr (360 MHz) 6: 6.30 (dd, J = 0.9, 
15.5Hz, H-5, lH), 5.74 (dt, J = 7.2, 15.5Hz, H-6, lH), 5.38 (t 
further split, J = 0.6,7.4Hz, H-3, lH), 3.67(s, OCH-,, 3H), 3.18 (dd, 
J=0.6,7.4Hz,00CCH2,2H),2.11(dt, J=6.9,7.4Hz,H2CC=C, 
2H), 1.82 (q, J = 1.1 Hz, H3CC=C, 3H), 1.2-1.6 (m, CH2, 12H), 
and 0.87 (t, J = 6.7 Hz, H3CCH2, 3H); ms: 252 (24), 221 (1.6), 178 
(13), 165 (7), 154 (1 I), 140 (12), 135 ( la) ,  105 (25), 95 (45), 94 (30), 
93 (82), and 81 (100); accurate mass analysis for the molecular ion 
calcd.: 252.2088; found: 252.2091. 

6-Methyl-2-nonynoic acid (20) 
To a solution of the tetrahydropyranyl ether of propargyl alcohol 

(7.3 g, 47 mmol) in THF (dry, 50 mL) at 0°C was added a solution of 
n-butyllithium in hexane (33 mL, 52 mmol). After stirring for 0.5 h, a 
solution of 1-bromo-3-methylhexane (16) (8 g, 4Ommol) in HMPA 
(dry, 40 mL) was added dropwise. The stirred reaction was allowed to 
warm to room temperature over 3.5 h, then was poured into ice water, 
and was extracted with hexane (3x) .  The combined hexane extracts 
were dried over Na2S04, filtered, and the solvent evaporated. The 
residue was taken up in CH30H (200 mL) and p-toluenesulfonic acid 
(approx. 100 mg) was added. The solution was refluxed overnight, then 
cooled, and the solvent evaporated. The residue was taken up in ether 
and washed with H 2 0  (1 x ) ,  NaHCO, solution (1 x ) ,  NaCl solution 
(I x ) ,  then dried over Na2S04, filtered, and the solvent distilled. 
Chromatography over silicic acid afforded 6-methyl-2-nonyn- 1-01 
(2.65 g, 23% from 3-methyl-1-hexene), which gave ir v,,, (film): 
3450, 2200, and 1010 cm-I; 'H nmr (90 MHz) 6: 4.2 (t, J = 
2 Hz, 0CH2, 2H), 2.1-2.3 (m, H2CC=C, 2H), 1 .O-1.7 (m, CH2, 
CH, 7H), 0.8-1.0 (d and t superimposed, J = 7 Hz, 2CH3); I3c nmr: 
84.4, 78.4, 51.1, 38.9, 31.8, 20.0, 19.1, 16.5, and 14.3 ppm; ms of 
TMS ether: 226 (missing), 181 (20), 155 (a), 142 (a), 135 (9), 
127 (17), 93 (19), 75 (100). 

To a solution of the alcohol (2.25 g, 14.6 mmol) in acetone (60 rnL) 
at 0°C was added dropwise a solution of CrO, (2.92g, 29.2 mmol) in 
HzO (1 1.2 mL) and H2SO4 (2.8 &).After stirring for 0.5 h, isoprop- 
an01 was added until the mixture was green, then the solvents were 
removed at reduced pressure. The residue was taken up in ether, then 
washed with H 2 0  (I x ) ,  and NaCl solution ( l x ) ,  then dried over 
Na2S04, filtered, the solvent evaporated, and the residue distilled 
(bulb-to-bulb, oven temp. 105"C, 0.075 Torr) to afford 6-methyl-2- 
nonynoic acid (20) (1.84 g, 75%). This compound gave ir v,,, (film): 
3100 (br), 2220, and 1680 cm-'; 'H nmr (360 MHz) 6: 2.25-2.41 (m, 
H2CC=C, 2H), 1.04-1.66 (m, CH,, CH, 7H), 0.87 (t, H2CCH3, J 
= 6.8 Hz, 3H), and 0.85 (d, HCCH,, J = 6.6Hz, 3H); I3C nmr: 
158.4, 92.9, 72.6, 38.8, 34.5, 31.9,20.0, 19.1, 16.6, and 14.3 ppm; 
gc/msof the methyl ester: 182 (missing), 15 1 (20), 139 (27), 125 (20), 
121 (29), 1 1 1 (39), 107 (78), 93 (72), and 79 (100); accurate mass 
analysis for the TMS ester - CH3 calcd.: 225.1310; found: 225.1297. 

Rearrangement of 6-methyl-2-nonynoic acid (20) at room temperature 
Using the standard conditions the acid 20 (500 mg, 3.0 mmol) was 

rearranged for 1.0 h at room temperature. The crude product was 
esterified with methanolic HC1, affording a mixture of esters (220 mg, 
40%) that appeared by glc to contain four products (120°C, 17.0 (78), 
17.7 (3), 19.8 (5) and 22.6 (14)). The major product, the methyl ester 
of 6-methyl-3-nonynoic acid, was obtained after chromatography 
(hplc, reverse phase eluting 30% H20-70% CH30H) and gave ir v,,, 
(film): 1740cm-I; 'H nmr(360MHz) 6: 3.72(s, 0CH3, 3H), 3.25 (t, J 
= 2.5-Hz, 00CCH2, 2H), 2.16 (ddt, J = 16.4, 5.6, and 2.5 Hz, 
HCC=C, lH), 2.03 (ddt, J = 16.4, 6.9, and 2.5 Hz, HCC=C, 
lH), 1.62 (m, HCCH,, lH), 1.1-1.4 (m, CH,, 4H), 0.94 (d, J = 
6.7 Hz, HCCH3, 3H), and 0.87 (t, J = 7.1 Hz, H2CCH3, 3H); ms: 192 
(missing), 167 (0.2), 122 (4), 112 (1 l),  108 ( l l ) ,  84 (23), and 43 
(100). 

Rearrangement of 6-methyl-2-nonynoic acid (20) at 60°C 
The acid 17 (500 mg, 3.0 mmol) was rearranged with the standard 

reagent at 60°C for 2.0 h. Methylation afforded a mixture of methyl 
6-methyl-E, E- and methyl 6-methyl-E,Z-3,5-nonadienoates (280 
mg), which gave 2 peaks on glc (120°C, 20.0 (26), and 22.9 (74)) 
but which could not be separated by any of the chromatographic 
techniques employed. In the 360-MHz nmr spectrum of the mixture, 
the olefinic, H2CCO0, OCH,, and methylene signals overlapped, but 
the allylic H 6 2.09 (t, J = 7.2 Hz) and 1.98 (t, J = 7.4Hz) and the C-6 
methyl signals 6 1.72 (s) and 1.69 (s) in the ratio of 1:3 could be 
distinguished. Superimposable gc/ms spectra were obtained for the 
isomeric products: (1)  182 (43), 123 (27), 108 (70), 93 (loo), 81 (96), 
67 (42), and 55 (27); and (2) 182 (42), 123 (26). 108 (67), 93 (98), 81 
(97), 67 (41), and 55 (27). Accurate mass analyses of the molecular 
ions calcd. for C I  IHls02:  182.1306; found: 182.1289 (major product) 
and 182.1242 (minor product). 
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5-Methyl-2-nonynoic acid (19)  
By a series of reactions analogous to that employed for the synthesis 

of 6-methyl-2-nonynoic acid, 5-methyl-2-nonynoic acid was prepared 
in about 12% overall yield starting from 2-methyl-1-hexene, The 
intermediate 5-methyl-2-nonyn-1-01 (distilled bulb-to-bulb, oven 
temp. 90°C, 0.05 Ton, 31% from 2-methyl-1-hexene) gave ir v,,, 
(film): 3350,2200, and 1010 cm-'; 'H nmr(360MHz) 6: 4.21 (t, J = 
2.2Hz, 0CH2, 2H), 2.16 (ddt, J = 16.6, 5.7, and 2.2Hz, 
C=CCH, lH), 2.03 (ddt, J = 16.6, 7.0, and 2.2 Hz, C r C C H ,  
lH), 1.58 (m, HCCH3, 1H) 1.1-1.4 (m, CH2, 6H), 0.92 (d, J = 
6.6 Hz, HCCH,, 3H), and 0.86 (6, J = 6.8 Hz, H3CCH2, 3H); I3c 
nmr: 85.2, 79.3, 51.3, 35.8, 32.6, 29.3, 26.2, 22.9, 19.5, and 14.1 
ppm; gc/ms of TMS ester: 226 (missing), 21 1 (lo), 18 1 (24), 169 (7), 
142 (6), 135 (8), 127 (12), 75 (loo), and 73 (65). Jones oxidation gave 
the acid 16 (77%), which was distilled (bulb-to-bulb, oven temp. 
120°C, 0.1 Torr) and gave ir v,,, (film): 3 100,2220, and 1670 cm- I; 
'H nmr (360MHz) 6: 2.31 (dd, J = 17.2, 5.7Hz, C=CCH, lH), 
2.21 (dd, J = 17.2, 7.0Hz, C-CCH, lH), 1.72 (m, HCCH,, lH), 
1.2-1.5(m,CH26H),0.98(d,J=6.7Hz,HCCH3,3H),and0.87(t,J= 
6.8 Hz, H2CCH3, 3H); I3C nmr: 158.4, 91.7, 73.7, 35.8, 32.1, 29.2, 
26.1, 22.8, 19.5, and 14.0 ppm; gc/ms of TMS ester: 240 (missing), 
225 (61), 181 (82), 156 (29), 96 (261, 75 (831, 73 (941, and 43 (100); 
accurate mass analysis for TMS ester - CH3 calcd. for C I ~ H ~ ~ O ~ S ~ :  
225.13 10; found 225.1392. 

Rearrangement of 5-methyl-2-nonynoic acid (19)  
The rearrangement of 5-methyl-2-nonynoic acid (336mg, 2.0 

mmol) was carried out under standard conditions for 2.0 h at 60°C, af- 
fording, after methylation and chromatography, a mixture of isomeric 

I compounds (102 mg, 28%), the principal component (78%) of which 

; was methyl 5-methyl-E,E-3,honadienoate. This compound gave 
1 gc/ms: 182 (24), 108 (47), 93 (loo), and 81 (49). The mixture gave an 

ir v,,, (film): 1740, 1640, 960, and 760 cm-'; 'H nmr (360MHz) 6: 
6.12(dd, J =  15.6,0.3Hz,H-4, lH),5.59(dt, J =  15.6,7.2Hz,H-3, 
lH), 5.42(t, J = 7.3Hz, H-6, lH), 3.66(s, OCH,, 3H), 3.10(d, J = 
7.2Hz, H-2, 2H), 2.07 (dt, J = 7.3,7.4Hz, C=CCH2, 2H), 1.72 (d, 
J = 0.3 Hz, H3CC=CH, 3H), 1.32-1.42 (m, CH2, 2H), and 0.88 (t, J 
= 7.4Hz, H3CCH2, 3H), and other signals of low intensity at 6: 6.51 
(d, J = 15 Hz, H-4), 3.67 (s, 0CH3), 2.17 (m, C=CCH2), and 1.86 

, (H3CC=C) due to the E,Z-isomer. An accurate mass analysis was 
obtained for the molecular ion of the major component calcd. for 
C1 1H1802: 182.1306; found: 182.1228. 

4-Cyclohexyl-2-butynoic acid (21)  
To a solution of 4-cyclohexyl-2-butyn-1-01 (17) (2.0 g, 13.2 rnmol) 

in acetone at O°C was added a solution of CrO3 (3.3 g, 33 mmol) in H20 
(13 mL) and H2SO4 (4.4 mL). After stirring for 0.5 h, isopropanol was 
added until the mixture was green, then the solvents were evaporated 
and ether was added. The aqueous phase was washed with ether (3 X), 
and the combined organic phases were washed with NaHC03 solution 
(2X). The combined NaHC03 phases were acidified with HC1, then 
extracted with ether (3X). The combined organic phases were then 
washed with NaCl solution (1 x ) ,  dried over Na2S04, filtered, the 
solvent evaporated, and the residue distilled (bulb-to-bulb, oven temp. 
120-150°C, 0.075 Torr) affording 4-cyclohexyl-2-butynoic acid (21) 
(1.0 g, 50%). This compound gave ir v,,, (CHC13 solution): 3600, 
3100, 2200, and 1680 cm-I; 'H nmr (90 MHz) 6: 2.26 (d, J = 6 Hz, 
H2CC=C, 2H), and 0.8-2.0 (m, 11H); gc/ms of TMS ester: 238 
(0.8), 223 (72), 179 (100) and 156 (44); accurate mass analysis for the 
molecular ion of the TMS ester - CH3 calcd. for C12H1902Si: 
223.1164; found 223.1159. 

Rearrangement of 4-cyclohexyl-2-butynoic acid (21)  
Rearrangement of the acid 21 (664 mg, 4.0 mmol) for 2.0 h at 60°C 

under the standard conditions afforded, after methylation with CH2N2 
and chromatography over silica gel, the dienoic methyl ester of 26 
(280 mg, 40%), which gave ir v,,, (film): 1730 and 960 cm- I; 'H nmr 
(360MHz) 6: 6.08 (d, J = 15.8 Hz, H-4, lH), 5.58 (br t, J = 7.4Hz, 
HC=CCH2, lH), 5.56 (dt, J = 15.8, 7.2Hz, H-3, IH), 3.66 (s, 
0CH3, 3H), 3.08 (d, J = 7.2Hz, 00CCH2, 2H), 2.02-2.12 (m, 
H2CC=C, 4H), and 1.5- 1.7 (m, CH2, 4H); gc/ms of methyl ester: 

180 (30), 165 (0.5), 130 (8), 121 (33), 106 (39), 91 (57), and79 (100); 
accurate mass analysis for the molecular ion of the methol ester calcd. 
f 0 r C ~ ~ H ~ ~ 0 ~ :  180.1151; found: 180.1121. 

5-cyclohexyl-2-pentynoic acid (22)  
Employing an analogous set of conditions to that for the synthesis of 

4-cyclohexyl-2-butynoic acid, 5-cyclohexyl-2-pentynoic acid was 
prepared starting with 1-bromo-2-cyclohexylethane. The acid 22 
(distilled bulb-to-bulb, oven temp. 130- 145"C, 0.05 Torr) gave ir v,,, 
(film): 3100, 2220, and 1680 cm-I; 'H nmr (90MHz) 6: 2.3 (t, J = 
7Hz, H2CC=C, 2H), and 0.8-1.9 (m, CH2, CH, 13H); I3C nmr: 
158.6,92.9,72.5,36.6,34.7,32.6,26.4,26.0,and16.1ppm;gc/ms 
of TMS ester: 252 (missing), 237 (27), 193 (38), 162 (21), 133 (22), 
and 73 (100); accurate mass analysis for TMS ester - CH3 calcd. for 
Cl3HZ1O2Si; 237.1295; found: 237.1302. 

Rearrangement of 5-cyclohexyl-2-pentynoic acid (22)  
Rearrangement of the acid 19 for 2.0 h at 60°C with the standard 

reagent afforded, after methylation with CH2N2 and chromatography 
over silica gel, eluting with 20% ether - 80% hexane, the methyl ester 
of 27, (1 10 mg, 28%). This compound gave ir v,,, (film): 1730, 960 
and 760 cm-'; 'H nmr (360MHz) 6: 6.30 (ddt, J = 15.0, 10.9, and 
1.4Hz, H-4, lH), 5.71 (d, J =  10.9Hz,H-5, lH),5.57(dt, J = 7 . 2 ,  
7.0 Hz, H-3, lH), 3.62 (s, 0CH3, 3H), 3.06 (dd, J = 7.2 Hz, l.OHz, 
H-2, lH), 2.18-2.24 and 2.05-2.08 (m, C=CCH2, 4H), and 
1.46-1.52 (m, CH2, 4H); gc/ms: 194 (62), 162 (7), 144 ( l l ) ,  135 
(40), 120 (99), 91 (87), 79 (go), and 67 (100); accurate mass analysis 
for the molecular ion of the methyl ester calcd. for C12H1802: 
194.1307; found: 194.1305. 
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The structure of [Ir2(C0)2(~-H)(~-CO)(Ph2PCH2PPh2)2:l[BF4] and comparisons with its 
rhodium analogue and other related doubly bridged A-frames 
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BRUCE R. SUTHERLAND and MARTIN COWIE. Can. J .  Chem. 64, 464 (1986). 
The structure of [Ir2(CO)2(p-H)(p-CO)(DPM)2][BF4] (DPM=Ph2PCH2PPh2) has been determined~crystallographically. It 

crystallizes in the monoclinic space group P2' /n (a = 13.7740(6) A, b = 15.277(2) A, c = 23.581 (2) A, P = 97.015(5)", V = 
4924.9 A3, Z =4) and on the basis of 6628 unique observations and variation of 272 parameters, the structure converged to R = 
0.031 and R,, = 0.043. This metal-metal bonded complex is similar to its rhodium analogue, having the two essentially identical 
Ir centres bridged by the carbonyl, hydride, and two diphosphine ligands. The major difference between this compound and the 
rhodium species (in the solid state) relates to the orientation of the phenyl groups of the diphosphine ligands; in the iridium 
complex four of these groups block the sites adjacent to the bridging hydride ligand, whereas these sites are relatively 
unobstructed in the rhodium analogue. This difference may result in different coordination sites for substrate molecules and 
therefore in different chemistry. 

BRUCE R.  SUTHERLAND et MARTIN COWIE. Can. J .  Chem. 64, 464 (1986) 

Faisant appel i la cristallographie, on a dttermint la structure du complexe [Ir2(CO)2(p-H)(p-CO)(DPM)2][BF4] 
(DPM=Ph2PCH2PPh2). I1 cristallise dans le groupe d'espace P21/n ( a  = 13,7740(6) A, b = 15,277(2) A, c = 23,581(2) A,  P 
= 97,015(5)", V = 4924.9 A3, Z = 4) et sur la base de 6628 observations uniques et de 272 paramktres, on a affinC la 
structure jusqu'i des valeurs respectives de R et R,,, de 0,031 et 0,043. Ce complexe comportant une liaison metal-metal est 
semblable a son analogue contenant du rhodium et il posskde deux centres Ir qui sont essentiellement identiques et qui sont liCs 
par le carbonyle, l'hydrure et les deux ligands diphosphines. La principale diffkrence entre ce compost et son analogue contenant 
du rhodium (a 1'Ctat solide) a trait i l'orientation des groupements phCnyles des ligands diphosphines; dans le complexe de 
l'iridium quatre de ces groupements bloquent les sites adjacents au ligand hydrure agissant comme pont alors que dans le 
complexe au rhodium ces sites ne sont pas bloquts. I1 est possible que cette diffkrence puisse provoquer des differences dans les 
sites de coordination pour les molCcules de substrats et conduire ainsi des chimies differentes. 

[Traduit par le journal] 

Introduction 
We have recently shown (1) that catalysis of the water-gas 

shift (WGS) reaction, by complexes containing two metal 
centres, can be effectively modelled by using DPM-bridged 
(DPM = Ph2PCH2PPh2), hydrido, and hydroxy complexes of 
iridium. In particular, the observation of [Ir2(C0)2(pH)(k- 
CO)(DPMh]+ in our WGS cycle prompted us to suggest that 
this cycle could serve as a model for the one in which the 
rhodium analogue, [Rh2(C0)2(pH)(pCO)(DPM)2] + , acted as 
catalyst or catalyst precursor (2). However, one notable 
difference in the chemistry of the above two hydrido-bridged 
complexes of Rh and Ir concerned their chemistry with acid; 
whereas the Rh species instantly evolved H2 upon treatment 
with acid ( 2 ) ,  the Ir complex yielded a stable dihydride from 
which H2 could be evolved only under forcing conditions (1). 
Although this difference is in line with the well known greater 
stability of iridium-hydrides over those of rhodium (3), we were 
led to believe that an additional, equally important difference 
lay in the sites of protonation of the two complexes. We 
suggested (1) that protonation of the Rh complex occurred 
adjacent to the bridging hydride ligand such that reductive 
elimination of H2 could be facile, whereas with the Ir complex 
initial protonation occurred opposite the bridging hydride ligand 
such that a ligand rearrangement would have to precede 
reductive elimination of H2, thereby hampering the reductive 
elimination step. 

In order to explain this postulated difference in protonation 
sites we undertook a structural determination of the above 
iridium hydride complex in order to compare it with the 
structure of the rhodium analogue (2). Furthermore, it was of 

'Author to whom correspondence should be addressed. 

interest to us to establish what differences might be present in 
the two compounds as an aid in determining how close an 
analogy could be drawn between complexes of rhodium and 
iridium. Such conclusions are important in studies in which 
rhodium-containing catalysts are -modelled by their iridium 
analogues. Herein we report the results of this structure deter- 
mination and a comparison between the two rhodium and 
iridium compounds. 

Experimental 
The complex [Ir2(CO)2(p-H)(p-CO)(DPM)21[BF4] was prepared 

by the protonation of [Ir2(C0)3(DPM)2] using HBF4.0Et2, as has 
previously been reported (1). Dark orange crystals of the title complex 
of suitable X-ray diffraction quality were obtained from the slow 
diffusion of diethyl ether into a saturated CH2C12 solution of the 
complex. These crystals proved to be air stable so they were handled 
in air and the one chosen for the crystallographic study was mounted 
on a glass fibre using epoxy adhesive. Unit cell parameters were 
obtained from a least-squares refinement of the setting angles of 25 
reflections, in the range of 20.0°<20<25.00, which were accurately 
centred on an Enraf-Nonius CAD4 diffractomer using MoKa radia- 
tion. The systematic absences (h01: h + l  = odd, OM): k = odd) were 
consistent with the space group P2, /n;  this nonstandard setting of 
P21/c was retained because of the convenient P angle. 

Intensity data were collected on a CAD4 diffractometer in the 
bisecting mode employing the o-20 scan technique up to 20 = 50.00° 
with graphite monochromated MoKa radiation. Backgrounds were 
scanned for 25% of the peak width on either end of the peak scan. The 
intensities of three standard reflections were measured at 1 h intervals 
of exposure to assess possible crystal decomposition or movement. NO 
significant variation in these standards was noted, so no correction was 
applied to the data. A total of 8677 unique reflections were measured 
and processed in the usual way using a value of 0.04 for p (4); of these, 
6628 were considered to be observed and were used in subsequent 
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TABLE 1. Summary of crystal data and details of intensity collection 

Compound [I~(CO)~(F-H)(F-CO)(DPM),~ [BF41 
fw 1325.05 
Formula IrZP4F403C53BH45 
Cell parameters 

a, A 13.7740(6) 
I b, A 15.277(2) 
I c ,  A 23.581(2) 

I 3 3  deg 97.015(5) 
v, A3 4924.9 

d(calc), g cm-3 1.786 (2 = 4) 
Space group 
Temp, "C 22 
Radiation Gryhite monochromated MoKa 

(A = 0.71069 A) 
Receiving aperture, mm 2.00 x ( 1 .OO tan 0) wide x 4.0 high 

173 from crystal 
Take-off angle, deg. 3.05 
Scan speed, deg min-' Variable between 1.12 and 6.7 1 
Scan width, deg 0.75 + (0.347 tan 0) in o 
20 maximum, deg 50.00 
No. of unique data collected 8677 (h ,  k, 21) 
No. of unique observations 6628 

(F; 2 3 4 ~ ; ) )  
Crystal faces Of the form {1,0, I}, {0,0, I}, 

{i,o,i}, {OJ , I} 
Crystal dimensions, mm 0.11 X 0.33 X 0.22 

, Absorptioncoefficient, cm- ' 55.627 
Range in transmission 

factors 0.2901-0.5664 
Final no. of parameters 

varied 272 
Error in observation of 

unit weight 1.101 
I R 0.03 1 
1 R,v 0.043 

calculations. Absorption corrections were applied to the data by using 
i Gaussian integration (5).' See Table 1 for pertinent crystal data and 
/ details of intensity collection. 

Structure solution and refinement 
The structure was solved in the space group P21/n using 

standard Patterson and Fourier techni~ues. All atoms. including - 
hydrogens, were ultimately located. Atomic scattering factors 
were taken from Cromer and Waber's tabulations (6) for all 
atoms except hydrogen, for which the values of Stewart et al. 
(7) were used. Anomalous dispersion terms (8) for Ir and P were 
included in F,. The carbon atoms of the phenyl rings were 
refined a$ rigid groups having D6,, symmetry, C-C distances 
of 1.39 A and independent isotropic thermal parameters. All 
hydrogen atoms of the diphosphine ligands were located and 
included as fixed contributions but were not refined. Their 
idealized positions were calculated from the geometries aboyt 
their attached carbon atoms using C-H distances of 0.95 A. 
Each hydro4en atom was assigned an isotropic thermal para- 
meter of 1 greater than the B (or equivalent isotropic B of 

' ~ l l  initial computing, including structure solution, absorption 
correction and least-squares refinement, was carried out on a PDP-11 
PLUS computer using the Enraf-Nonius structure solution package. 
The final few refinements using the rigid-group approximation for the 
phenyl rings, and other structure completion operations were carried 
out on the University Amdahl computer using programs that are 
described in ref. 5. 

TABLE 2. Positional and thermal parameters for the individual atoms 

Atom x" Y z B 

Ir(l) 0.1 1218(2) 0.24627(2) -0.01014(1) 2.19 
Lr(2) 0.26373(2) 0.36077(2) 0.02385(1) 2.24 
P(1) 0.1400(1) 0.1659(1) 0.07390(7) 2.66 
P(2) 0.3059(2) 0.2885(1) 0.10969(7) 2.61 
P(3) 0.0875(1) 0.3028(1) -0.10232(7) 2.3 1 
P(4) 0.2522(1) 0.4266(1) -0.06524(7) 2.37 
F(1) 0.4155(7) 0.0432(7) 0.7232(4) 14.23 
F(2) 0.5135(11) 0.1057(9) 0.6728(5) 21.39 
F(3) 0.5620(8) 0.0037(7) 0.7254(5) 15.57 
F(4) 0.5275(11) 0.1 184(8) 0.7646(6) 21.85 
O(1) -0.0784(4) 0.1519(4) -0.0346(2) 4.94 
O(2) 0.3956(4) 0.5073(4) 0.0689(3) 5.53 
O(3) 0.0577(4) 0.4197(4) 0.0424(2) 4.47 
C(1) -0.0050(5) 0.1873(5) -0.0253(3) 3.27 
C(2) 0.3447(5) 0.4507(5) 0.05 12(3) 3.44 
C(3) 0.1 1 17(5) 0.3701(4) 0.0289(3) 2.98 
C(4) 0.2036(5) 0.2286(5) 0.1132(3) 3.14 
C(5) 0.1304(4) 0.4152(4) -0.1052(1) 2.70 
B(1) 0.5057(12) 0.0792(16) 0.721 l(7) 8.73 
H(1) 0.238(5) 0.264(5) -0.012(3) 4.6(19) 

"Estimated standard deviations in this and other tables are given in paren- 
theses and correspond to the least significant digits. 

bFor all atoms except H(1), the values given are the equivalent isotropic 
thermal parameters. 

anisotropic atoms) of its attached carbon. The bridging hydride 
ligand was successfully locatedand was refined isotropically. All 
other non-hydrogen atoms were refined anisotropically. 

The final model in the space group P2 , /n  with 272 
parameters refined converged to R = 0.03 1 and R, = 0.043.3 
On the final difference Fourier map, the 20 highest residuals 
(0.7- 1.2 e/A3) were in the vicinities of the Ir and P atoms and 
the BF4- counterion; these compare with intensities of ca. 6.0 
e/A3 on earlier Fourier maps for carbon atoms. Listings of 
coordinates and isotropic thermal parameters for nongroup and - - 
group atoms are given in ~ a b l e s  2 and 3,  respectively. 
Anisotropic thermal parameters, hydrogen parameters, and 
structure amplitudes have been deposited as supplementary 
information and are available on request (Tables 6 ,  7 ,  and 8, 
respectively) .4 

Description of structure and discussion 
The complex, [Ir2(CO)2(p-H)(p-CO)(DPM)2:l [BF4], crys- 

tallizes from CH2C12 in two crystal modifications, a red form 
and an orange form (the orange form has ir spectral parameters 
very similar to those of the solution spectrum (1)). The structure 
of the orange form has been determined crystallographically and 
is reported here. The unit cell contains four anions and four 
cations, all of which are separated by normal van der Waals 
distances between the constituent atoms. A perspective view of 
the complex cation is shown in Fig. 1, and tabulations of 
distances and angles are given in Tables 4 and 5 .  The BF4- 
anion has the expected tetrahedral geometry, and as is common 
with such pseudo-spherical groups, displays some degree of 
disorder as indicated by the large thermal parameters. Neverthe- 
less, the metrical parameters of this group are normal. 

3~ = C I I F ~ I  - IF,II/XIF~I; R,, = [Cw(lF0I - I F , I ) ~ / c w F ~ ] ' ' ~ .  
4Complete set of data may be purchased from the Depository of 

Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA 0S2. 
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TABLE 3 .  Rigid group parameters 

( a )  Derived positions and thermal parameters 

Atom x Y z B (A') Atom x Y z B (A2) 

(b) Group parameters 

xc* yc zc phi t  theta rho 

Ring 1 
Ring 2 
Ring 3 
Ring 4 
Ring 5 
Ring 6 
Ring 7 
Ring 8 

*X,, Y,, and Z, are the fractional coordinates of the centroid of the rigid group. 
tThe rigid group orientation angles, phi, theta, and rho (radians), are the angles by which the rigid body is rotated with respect to a set of axes X, Y, and 

Z. The origin is the centre of the ring, X is parallel to a*, Z is parallel to c, and Y is parallel to the line defined by the intersection of the plane containing 
a* and b* with the plane containing b and c. 

As shown in Fig. 1, the cation has the typical geometry for a 
bis DPM-bridged complex (9), with both diphosphine ligands in 
an essentially trans arrangement on each metal. The remaining 
ligands lie in the plane which is essentially perpendicular to the 
metal phosphine vectors, and are arranged symmetrically such 
that each metal shares the bridging hydride and carbonyl ligands 
and also has a terminal CO group. If the Ir-Ir interaction is 
ignored, the metal geometries can be described as square 
pyramidal with the bridging carbonyl at the common apex of the 
two pyramids. The angles between the pseudo-trans ligands in 
the two pyramids average 169.29(6) and 155(2)" for the 
P-Ir-P and OC-Ir-H(1) angles, respectively. The major 
distortion from the square pyramidal geometry for each metal 
results because the bridging carbonyl group is offset towards the 
adjacent metal yielding an average H(1)-Ir-C(3) angle 
(86(2)") which is much less than average C(3)- 
Ir-CO(termina1) angle (1 19.0(3)"). 

The compound is clearly metal-metal bonded, with the 
Ir(1)-Ir(2) distance of 2.7661(4) A corresponding to a normal 

Ir-Ir single bond; a range of distances between 2.779(1) and 
2.893(2) A seems to be typical in related Ir-Ir bonded species 
(10- 13). Support for a metal-metal bonded formulat~on comes 
from the intraligand P-P separations (av. 2.999(2) A), which 
indicate a compression along the Ir-Ir axis due to mutual 
attraction of the metals. The geometry of the bridging carbonyl 
ligand is typical for such a group accompanied by a metal-metal 
bond (14), therefore the Ir(1)-C(3)-Ir(2) angle, of 81.9(3)" is 
acute. Both terminal carbonyl groups are normal, with Ir-C 
distances much shorter than those on the bridging group. All 
parameters within the bridging DPM ligands are normal. 

Refinement of the bridging hydride ligand p~oceeded well 
and the resulting Ir-H distances (av. 1.75(7) A) are in good 
agreement with each other and are in the range normally 
observed for hydrides which bridge second and third row group 
VIU metals (15, 16). The angle at the bridging hydride is 105(4)". 
These parameters agree rather well with those in the closely 
related Rh analogue (2) where Rh-H distances of 1.97(11) and 
1.75(11) A and a Rh-H-Rh angle of 94(5)" were observed. 
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SUTHERLAND AND COWIE 467 

FIG. 1. A perspective drawing of the [ I r 2 ( ~ ~ ) 2 ( F - ~ ) ( I * . - ~ ~ ) ( ~ ~ ~ ) 2 1 +  

cation showing the numbering scheme. The numbering of the phenyl 
carbons starts at the one bound to phosphorus and proceeds sequentially 
around the rings. Thermal ellipsoids are shown at the 20% level except 
for the methylene hydrogen atoms, which are shown artificially small. 

TABLE 4. Selected distances (A) for [Ir2(CO)2(~-H)(~-CO)(DPM)2][BF4] 
(a) Bonded distances 

Bond Distance Bond Distance 

(b) Nonbonded distances 

Atoms Distance Atoms Distance 

The differences in the metal-hydrogen bond lengths between 
the two compounds are not significant and the more acute angle 
at the hydride ligand in the Rh complex results from the some- 
what shorter Rh-Rh separation and the one slightly longer 
Rh-H distance. 

The present compound is most clearly related to three other 
so-called (17) doubly bridged A-frame complexes: namely, 

[R~~(C~)~(F-H)(F-CO)(DPM)~~+ (21, [Rh2(C0)2(~-Cl)(~-  
Co)(DPM)21+ (181, and [I~~(CO)~(F-S)(IJ.-CO)(DPM)~I (13). 
All four compounds have pseudo-trans bridging DPM arrange- 
ments, one terminal CO on each metal, a bridging CO, a 
bridging formally anionic ligand, and a metal-metal bond. 
Superficially, the structures of all four complexes are essentially 
identical (apart from the obvious differences in the bridging 
anionic ligands). Although it is not surprising that Rh and Ir 
analogues are similar or that the two complexes containing 
bridging chloride and sulfide ligands are similar, it is surprising 
that the two bridging hydride complexes should so closely 
resemble the others since the hydride complexes have two fewer 
valence electrons. One might therefore expect differences in the 
metal-metal bond orders, although such is not observed. All 
four metal-metal separations correspond to normal single 
bonds (2.7661(4) (iridium hydride), 2.73 l(2) (rhodium hy- 
dride), 2.8415(7) (rhodium chloride), and 2.843(2) A (iridium 
sulfide)). The longer distances in the chloride and sulfide 
complexes seem to result from the larger covalent radii of these 
bridging groups tending to force the metals apart. Consistent 
with these observations, extended Hiickel calculations by 
Hoffman and Hoffmann (17) indicated that the molecular orbitals 
for [R~~(C~)~(F-H)(F-CO)(DPM)~~+ and [Rh2(C0)2(~- 
C~)(IJ,-CO)(DPM)~]+ were rather similar so that in spite of the 
two valence-electron difference no metal-metal bond-order 
difference was predicted. 

In addition to the obvious comparisons noted above, the 
present compound can also be compared with other binuclear 
group VIII diphosphine compounds in which the metal-metal 
bonds are simultaneously bridged by hydrido and carbonyl 
groups. Two such species are [Rh2C13(pH)(pCO)(DPM)2] 
(19) and [Pt2(~-H)(~-CO)(DPE)21 (DPE = Ph2PCH2CH2PPh2) 
(20). Not unexpectedly, the parameters involving the M 2 ( p  
H)(IJ,-CO) cores in these molecules are quite similar and are 
normal for metal-metal bonded species. 

The structure determination of [Ir2(CO)2(pH)(~-CO)- 
(DPM)2]f was undertaken to provide a basis for compari- 
son between it and the analogous rhodium hydride. In particu- 
lar, we sought to determine whether the structural information 
might suggest reasons for the apparent difference in protonation 
sites (1). The most obvious structural parameters which might 
explain these differences are the angles between the bridging 
hydrido and terminal carbonyl ligands and between the bridging 
and terminal carbonyl ligands; these would give a measure of 
the "openness" of the possible protonation sites. However, in 
our opinion, in the two hydride complexes these angles, 
averaging 153(4) and 113.5(9)", respectively, for the Rh 
complex, and 155(2) and 1 19.0(3)" for Ir, do not differ enough 
to explain the different protonation sites, even though the Ir 
complex is somewhat more open adjacent to the bridging 
carbonyl ligand than the Rh analogue. There is one significant 
difference between the iridium hydride and the above three 
related A-frame complexes which may have a significant 
influence on the chemistry; this pertains to the orientations of the 
phenyl groups. In the three other complexes the diphosphine 
methylene groups are bent towards the bridging anionic ligands, 
thereby thrusting four phenyl groups (actually an ortho hydro- 
gen from each) into the vacant sites between the bridging and 
terminal carbonyl ligands. This would effectively block these 
sites and would instead favour protonation at the sites adjacent 
to the bridging hydride ligand in [ R h 2 ( C 0 ) 2 ( ~ - H ) ( ~ -  
CO)(DPM)2]f. The present iridium hydride differs significantly 
in this regard; its DPM methylene groups bend towards the 
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TABLE 5 .  Selected angles (deg) for [Irr(C0)2(p-H)(p-CO)(DPM)2][BF,] 

Bonds Angle Bonds Angle Bonds Angle 
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bridging CO ligand, and four phenyl groups (1,4,5, and 8) block 
the sites adjacent to the bridging hydride ligand. T y o  of the 
ortho hydrogen - iridium contacts are less than 3.02 A and are 
much less than those contacts on the other side of the dimer 
where all are greater than 3.7 A. Although the short Ir-H 
contacts are not particularly unusual (rhodium - ortho hydrogen 
contacts of ca. 2.8 A are observed in Wilkinson's compound (21)) 
they are shorter than those in the rhodium analogue vf our 
compound (2), where the shortest such contact is 3.18 A,  but 
more importantly they are on the opposite face of the dimer. If 
the observed solid state structures were maintained in solution, 
the reason for the apparently different protonation sites would 
seem to be clear; in the rhodium compound the ortho hydrogens 
of four phenyl groups block the sites opposite the bridging 
hydride ligand whereas in the iridium analogue the sites 
adjacent to the hydride ligand are blocked. However, the 
structures in solution will nor be static and might be expected to 
fluctuate between the two extremes observed for the Rh and Ir 
compounds. Nevertheless, a difference in energy of only a few 
kilojoules per mole between the two extremes will have a very 
significant effect on the equilibrium concentration of these 
species. We therefore propose that the solid state structure 
observed for the iridium complex is the more thermodynamical- 
ly favoured in solution (for which we can offer no explanation). 
This would tend to favour subsequent protonation at the site 
opposire the bridging hydride ligand. It may also be that with the 
Rh complex the thermodynamically favoured protonation prod- 
uct has the two hydride ligands mutually cis (before reductive 
elimination of H2) whereas for Ir the favoured product has the 
two hydride ligands mutually trans. Again, it is worth reempha- 
sizing that the ir spectrum of the crystals studied is very similar 
to that in solution~suggesting that there are no major differences 
between the solid state structure and the structure in solution 

The observed structural differences between the compounds, 
[M2(CO)2(p-H)(p-CO)(DPM)2]+ (M = Rh, Ir), have other 
potentially relevant consequences regarding modelling of 
rhodium-catalyzed reactions by the iridium analogues. Al- 
though this approach can yield useful information, caution must 
be taken not to extend analogies too far. We can see this in the 
two hydrides being discussed and in their potential reactions 
with substrate molecules such as olefins; with the rhodium 
compound, a substrate molecule reacting adjacent to the 
bridging hydride group is in a position for hydride migration 
(yielding an alkyl species) to occur, whereas with the iridium 
analogue it is conceivable that the substrate molecule might 
coordinate rrans to the hydride ligand and consequently nor be 
in a position for a facile hydride migration. Clearly the 

chemistry would then differ. We are currently pursuing these 
ideas. 
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A bonded polyoxyethylene phase for gas and liquid chromatography1 
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PALITHA P. W~CKRAMANAYAKE and WALTER A. AWE. Can. J. Chem. 64,470 (1986). 
Bonded phases were produced by reacting 2,4,7,9-tetramethyl-5-decyne-4,7-bis(polyethyleneoxide 30 mol) ether (SurfYnolG3 

485) with silicic supports of high and low surface area. There is circumstantial evidence (a) that the nonextractable layer is held by 
multiple hydrogen bonding and (b) that the synthesis of these packings involves a reaction at the crosslinking site of the 
surfactant. The bonded phases, with layer thicknesses between 10 and 30 A, were tested with three chromatographic techniques. 
In gas-solid chromatography, the phase proved well deactivated and yielded a reduced plate height of 2.5 (using a silica gel 
support). In gel permeation chromatography, polyethyleneglycols eluted within the mobile-phase volume. In liquid-solid 
(normal-phase adsorption) chromatography, the elution pattern differed significantly from that of unmodified silica gel. In each 
case, high-efficiency separations were obtained. 'The chromatographic experiments thus demonstrated the potential usefulness of 
the new phase for both gas and liquid chromatography. However, it was not tested in direct comparison with conventional phases 
nor was its utility established by subjecting it to routine analytical use. 

PALITHA P. WICKRAMANAYAKE et WALTER A. AWE. Can. J. Chem. 64,470 (1986). 
On a prCparC des phases likes en faisant rCagir du SurfYnolG3 485 avec des supports siliciques posstdant des surfaces Clevtes ou 

basses. Des preuves circonstancielles permettent de croire (a) que la phase qui ne peut pas Stre extraite est like par des 
liaisons hydrogknes multiples et (b) que la synthkse des ces garnissages implique une rCaction au site de rkticulation de l'agent de 
surface. On a vCrifiC l'utilitC des phases likes, dont 1'Cpaisseur varie entre 10 et 30 A, en faisant appel i trois techniques 
chromatographiques. Dans la chromatographie gaz-solide, la phase s'avkre bien dCsactivCe et conduit a une hauteur rCduit de 
plateau de 2,5 (en utilisant un support de gel de silice). Dans la chromatographie par permiation de gel, les polytthylkneglycols 
sont CluCs avec le volume de la phase mobile. Dans la chromatographie liquide-solide (adsorption de phase normale), les 
caractCristiques de 1'Clution diffkrent beaucoup de celles observCes avec une gel de silice qui n'a pas CtC modifiC. Dans tous les 
cas, on a obtenu des ~Cparations avec une grande efficacitt. Les experiences chromatographiques ont donc dCmontrCes I'usage 
potentiel de la nouvelle phase tant en chromatographie liquide que gazeuse. Toutefois, on ne l'a pas CvaluC par comparaison 
directe avec des phases conventionnelles et on n'a pas Ctabli nonplus son utilitC en la soumettant a des utilisations analytiques de 
routine. 

[Traduit par le journal] 

Introduction 
Ever since we described the "unexpected behavior of a 

common gas chromatographic phase" ( I )  in forming thin, 
nonextractable layers on typical gc supports, we wondered if 
polymers other than Carbowax-20M (CW-20M) could be used 
to achieve an equally surprising performance. A variety of 
materials were tried, from other polyethers to polyesters, 
silicones, and even hydrocarbons (2-5). Some rivaled, but none 
excelled, CW-20M. 

The "bonded" layers made from this modified polyethylene- 
glycol (as well as from other common liquid phases) have rather 
interesting uses and properties (6-34). As far as one can tell 
from the commercial literature, similar separation media have 
been produced under different trade names by a variety of 
chromatographic supply houses and, more recently, by HNU, 
Dow (35). The high-temperature bonding technique has also 
been used with great success for the deactivation of, and the 
formation of insoluble layers in, glass capillaries (36-40). 

It is primarily this aspect of deactivation that has made the 
bonded layers valuable for gas chromatography. In liquid 
chromatography, deactivation is usually a matter of choosing a 
suitable solvent mixture. Hence, it is not surprising that, as far 

 ateri rial taken in part from thesis of P.P.W. (Dalhousie University. 
1980) and presented at the 64th Chemical Institute of Canada 
Conference, Halifax, N.S., June 198 1 .  

'present address: Division of Chemistry, National Research Coun- 
cil, Montreal Road, Ottawa, Ont., Canada KIA OR6. 

3 ~ o  whom correspondence should be addressed. 
4Revision received November 8, 1985. 

as we can tell, these particular CW-20M-based phases have not 
found significant use in hplc. 

Typical hplc phases are, of course, produced by reacting the 
silica surface with silane monomers (41-45). Still, several 
reports can be found in the literature of polymers being bonded 
to microparticulate supports. Of particular interest in the present 
context are early syntheses using short-chain polyethylenegly- 
cols (46,47) in analogy to the estenfication of silica with alcohols 
(48), and the more recent development of cross-linked polyeth- 
yleneimine layers (49, and references quoted therein). 

Our heat-treated, CW-20-M-based layer was assumed to 
derive its nonextractability (i.e., its bonded character) primarily 
from the polymer stretching out on the surface. Nonextractabil- 
ity was postulated to arise from multi-point sorption coupled 
with conformational changes in the chain, which made it orient 
to, and fit the silicic surface at minimum potential energy 
(27, 32). The multi-point contacts were presumed to involve 
hydrogen bonds between surface silanols and polyether 
oxygens. 

Such hydrogen bonding is, of course, well-known and has 
been exploited to a variety of ends (50). To cite a chromato- 
graphic example, polyethyleneglycols and similar materials are 
frequently used to prevent denaturation and irreversible adsorp- 
tion of proteins in size exclusion chromatography (51-53, and 
references therein). The distinguishing feature of the heat- 
treated Carbowax phase is, however, that a thin (-15 A on 
Chromosorb W) layer remains affixed to the surface even 
through week-long continuous extractions with protic solvents 
such as methanol. 

More recent support for the postulated conformational 
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changes induced by heat treatment (32) has come from 
interesting ir studies of Kaiser and Chase (54). The authors also 
claimed that the infrared spectra showed the terminal hydroxyls 
of the Carbowax entering ester bonds with the surface silanols. 

Such a reaction is, of course, to be expected under aprotic 
conditions (48), provided the polymer -did indeed contain 
terminal hydroxyls. If the heat-treated layers were extracted 
with, say, toluene, such terminal bonds should persist. If they 
were extracted with, say, methanol, the esterbonds should 
hydrolize (really, methanolize). As far as the bonded character 
of the layer is concerned, terminal ester linkages contribute, if at 
all, in a rather insignificant way; to wit, if nonextractability were 
primarily due to silicic ester bonds, the layer could not be stable 
to extended extraction by boiling methanol. 

Whether in a synthetic, chromatographic, or analytical 
context, one can appreciate the potential magnitude of the two 
effects, terminal hydroxyl esterification versus hydrogen bond- 
ing of chain oxygens, by formally comparing the number of 
hydroxyls to the number of ether linkages in the polymer. 
Taking for demonstration a fictional, OH-terminated polyethyl- 
eneglycol of about 20000 molecular weight, there are 227 
-0- groups for a single -OH. 

To characterize further the nature of the thin, bonded layers 
derived from CW-20M would clearly pose an interesting 
challenge. The present state of knowledge can perhaps be most 
aptly defined as reasonable conjecture. In a-wider context, 
layers oriented within the range of surface forces are fascinating 
though complex objects of study. The interests involved range 
from basic investigations in physical chemistry (55, 56) and 
chromatography (57-65), over biological interfaces, adhesive 
joints, and the oceans' top layer, to dishwashing (66,67). Some 
physicochemical aspects of thin layers, as seen by gas chroma- 
tography, have been reviewed (68). Not unexpectedly, the best 
performing of these systems exhibit a polarity lower than that of 
the polymer from which they originated. Furthermore, they are 
generally superior to conventional glc packings in resolving 
positional isomers; and their resistance to mass transfer in the 
stationary phase is very low. 

Also of interest in this discussion is the excellent gas 
chromatography of alcohols on the CW-20M-based columns. A 
simple argument will show why. Alcohols often elute with poor 
peak shapes from conventional separation media, and this is 
commonly blamed on the interaction of their hydroxyl groups 
with the silanols of the silicic support. Now, one can exhaus- 
tively treat such a support with a small silanizing reagent. On the 
resulting thin, organic layer, atop mostly "capped silanol 
groups, alcohols (of the same or larger size than the silanizing 
reagent) usually do migrate similarly with broad and (or) 
asymmetric concentration profiles. Compare this with the 
highly efficient alcohol chromatography on a Carbowax- 
modified surface, even though the latter kept its silanol groups 
intact (though partly hydrogen-bonded) under a comparably 
thin polyether layer. Clearly this situation is not adequately 
explained by the current conceptual framework. 

The search for a new liquid phase to be used in the synthesis of 
improved bonded layers obviously raises the question of what 
constitutes improvement. In terms of one particular criterion, 
heat stability, this search has been successful. Verzele and 
coworkers developed a type of polyethyleneglycol free of 
polymerization catalyst and therefore of considerably higher 
stability (69). These low-bleed "Superox" phases have found 
extensive use as Carbowax substitutes. Similar to CW-20M, 
they can deactivate glass capillary columns (40). When used in 

our experiments like CW-20M on Chromosorb W, the material 
bonded well and the layer remaining after exhaustive extraction 
could be heated overnight at 300°C without loss of chromato- 
graphic performance. 

With this exception, CW-20M has been by far the best of any 
polyethylene or polypropylene glycol tested. The only interest- 
ing fact to note from past attempts to find a superior material is 
that certain short polypropyleneglycol chains performed com- 
paratively well with a wide-pore silica gel such as Davison 
grade 62. (The analogous reaction with CW-20M is trouble- 
some since a high concentration of polymer is required and the 
support particles tend to stick together. There may also have 
been some difficulty for CW-20M molecules to migrate into 
some of the narrower pores, as discussed later.) 

The unique structural characteristic of CW-20M among the 
polyethyleneglycols (including "linear CW-20M") is that it is 
"prepared by joining together two 7500 molecular weight 
alpha-hydro-omega-hydroxypoly(oxyethy1ene) molecules with 
a diepoxide" (70). That puts an aromatic "kink" in the structure 
and the obvious question arises whether this kink has anything 
to do with CW-20M's superior bonding ability. 

The diepoxide employed for making CW-20M (as well as a 
series of other conventional cross-linking agents with two or 
more oxirane functional groups) did show some evidence of 
bonding when subjected to the same conditons as CW-20M in 
preliminary experiments. Without exception, however, the 
chromatographic performance was very poor. This suggested 
that the polyethyleneglycol chains were necessary for producing 
a chromatographically efficient layer. Furthermore, phases 
synthesized from CW-20M often had a phenol-like smell, a 
possible indication that (parts of) the cross-linking agent had 
indeed been liberated from its chains. Why this should lead to 
better bonding is not immediately clear. As far as the search for 
a competitor to CW-20M is concerned, however, it made 
empirical sense to look for a smaller molecule containing two 
polyethyleneglycol chains with a kink in the middle. 

Fortunately, we became aware of an inexpensive commercial 
material that seemed to fit the bill. Figure 1 shows the structure 
of 2,4,7,9-tetramethyl-5-decyne-4,7-bis(polyethyleneoxide) 
30mol) ether. The material is known by its trademark as 
Surfynol@ 485, a surfactant made by Air Products (71). Its 
acetylenic cross-linking agent, 2,4,7,9-tetramethyl-5-decyne- 
4,7-diol is also used as a surfactant, and is marketed as 
Surfynol@ 104 (71). The performance of Surfynol 104 in 
bonding experiments was mediocre at best, not unlike that of its 
aromatic counterpart in CW-20M. Surfynol 485, on the other 
hand, did very well indeed. 

Experimental 
Chromosorb W, 45-60 mesh, and silica gel 62, 100-120 mesh, 

were exhaustively acid-washed. Lichrosorb and Lichrospher Si- 100, 
10 p,m, were used as received. 

The synthesis of the bonded phases was carried out in refluxing 
hexadecane under nitrogen as described earlier for CW-20M (4), 
followed by exhaustive extraction with methanol in a high-speed 
apparatus (72). Unless otherwise noted, Surfynol was added at 6 
weight% load to Chromosorb and at 60% load to the other supports. 
Elemental analyses were carried out by Guelph Chemical Laboratories, 
Guelph, Ont.; surface area determinations were done by Micromerit- 
ics, Norcross, GA. 

Gas chromatographic columns were 100 X 0.2cm id, except as 
noted, and liquid chromatographic columns were 10 x 0.4 cm id. The 
latter were packed by the balanced-density method using tetrabromo- 
ethane and carbon tetrachloride. 
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FIG. 1. Structure of two Air Products SurfynolCO surfactants. 

Ancillary experiment 
The Si-OH group of both Chromosorb W and silica gel 62 were 

converted to Si-NH2 by a modification of Peri's method (73). 
Typically, the support was treated in a quartz tube at 800°C for 2 h with 
a stream of chlorine and nitrogen. After cooling in nitrogen, a stream of 
ammonia was turned on and the temperature raised to 700°C where it 
remained for 1 h with ammonia, and a further hour with pure nitrogen 
flowing. The support was then allowed to cool in nitrogen. Treatment 
of this support with water liberated ammonia. Bonding of Surfynol and 
other compounds to the dry material was carried out as described above. 

Results and discussion 
The ancillary experiment with aminated silicic surfaces 

provided additional, though circumstantial, support for the 
multipoint sorption (as opposed to the terminal ester linkage) 
model of polyethyleneglycol (PEG) bonding: If there are no 
more silanol groups to be found on the surface, the ester bonding 
mechanism cannot be used to account for any extraction- 
resistant PEG layer. 

On the other hand, hydrogen bonds between the ether 
oxygens and the surface amino groups would still be expected to 
exist, although being obviously weaker than those formed with 
surface hydroxyls. Therefore, one expects to find that bonding 
is possible, but that the resulting phase is chromatographically 
inferior. In part this should be due to the easier extraction of 
polymer by, or possible reaction of silamine groups with, 
methanol, and to the reduced stability of the phase against 
atmospheric moisture. 

These expectations are borne out by the gas chromatographic 
test shown in Fig. 2. There is clear evidence of an organic layer, 
but alcohols elute with peak shapes noticeably worse than those 
of alkanes. In other words, the phase is not sufficiently 
deactivated. 

In contrast, Sur fpo l  485 on regular, i.e., hydroxylated, 
Chromosorb W elutes alcohols with much better peak shape. 
Figure 3 shows this chromatography, which is equivalent to that 
obtained from CW-20M derived layers (and significantly better 
than those from a variety of conventional polyethyleneglycols 
and polyethyleneoxides of lower and higher molecular weight 
than CW-20M). 

Elemental analysis shows 0.14% C,  which translates to a 
layer thickness of -26 P\ on a (nominal) 1 m2/g support. 
Carbowax phases on this type of support are generally consid- 
ered to hold 0.1-0.2% polymer load (25). Elemental analysis is 
stretched to the limit here, but from the evidence available it 
seems that the Surfynol-derived layer is roughly comparable to 
(or perhaps a bit thicker than) the Carbowax-based film. 

The heat stability of the Surfynol485 phase is also compara- 
ble: an overnight exposure to 280°C did not destroy the 
chromatographic properties of this column.  o ow ever, for 

TEMPERATURE (OC) 
FIG. 2. Gas chromatography of (a) n-alkanols (carbonnumbers 7, 8, 

10, 12, 16, 18) and (b) alkanes (12, 14, 16, 18, 20) in an g0C/min 
temperature program from 40 to 220°C on surface-aminated Chromo- 
sorb W, 45-60 mesh, modified with Surfynol485. 

TEMPERATURE ("C) 

FIG. 3. Gas chromatography similar to that shown in Fig. 2 for ( a )  
n-alcohols and (b) n-alkanes but on regular Chromosorb W modified 
with Surfynol485. 

practical purposes, 250-260°C is likely to prove a more 
reasonable upper temperature limit. Also, as with CW-20M 
columns, the canier gas should be essentially free of oxygen.) 

Thus the gas chromatographic performance of Surfynol485 
and CW-20M does indeed turn out to be comparable on 
Chromosorb W. This lends credence to prior speculation that 
the presence of a cross-linking agent between two polyethylene- 
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glycol chains is conducive to obtaining a high-performance 
chromatographic phase by heat treatment. Aside from the 
reasons given earlier for believing in a rupture of link and 
chains, the following ancillary experiments support the view- 
point of a chemical change in the polymer during heat treatment. 

Surfynol is typically bonded in boiling hexadecane (i.e., at 
287°C). Similar runs with octadecane (3 16°C) or even eicosane 
(343°C) lead to a comparable product. Lower-boiling alkanes 
such as dodecane (216"C), however, do not. 'There the phase is 
yellow, bleeds heavily in the gas chromatograph, and changes 
with time in analyte retention. Only after conditioning at 250°C 
does it eventually settle down. 

If Surfynol 485 is coated in heavy load, heat-treated in an 
inert atmosphere and then extracted (similar to the earlier 
procedure used on CW-20M, (I)), the gas chromatographic 
performance of the resulting material is poor and reminiscent of 
a thermosetting resin layer. For obvious reasons, no further 
experiments were conducted with that material. 

In refluxing hexadecane, Surfynol 485 works as well as 
CW-20M on diatomaceous supports. But that would be of more 
academic than practical interest. However, Surfynol is decided- 
ly superior to CW-20M on high-surface-area supports such as 
silica gels used for gas-solid or liquid chromatography. 

For one, Surfynol can be used in the bonding reaction in 
almost any amount without fear of particle agglomeration. 
Subsequent extraction is easy and fast. This was demonstrated 
by adding Surfynol485 to silica gel 62 at different weight ratios. ' The ratios were 0.3 (insufficient), 0.6, and 1.2. The latter 60 

I and 120% levels yielded essentially identical polymer loads. 
I 'The 60% material was subjected to prolonged extraction, 

monitored in this case for demonstration purposes. Right after 
the bonding reaction, and a few fast washes to remove the 
hexadecane, the phase's carbon content was about 16%. After 
about 10 h of continuous extraction with fast-flowing, hot 
methanol, it reached its final level of 15%, which it maintained 
for the duration of the experiment (40 h). Obviously, a long 
extraction is unnecessary for this material: a few washes will 
essentially do the job. 

The carbon content corresponds to a layer of about 14 A, 
which is significantly thicker than any achieved by usin8 
CW-20M. (This nominal layer thickness is less than the 26 A 
mentioned above for the Chromosorb-based material. This is in 
agreement with the general trend of bonded layers to turn out 
thicker on low-surface-area suppprts (74). Assuming the ele- 
mental analyses to be reliable, 14 A is, in fact, larger than would 
have been expected for analogous (74) extrapolation from 26 
A.) 

Chromatographically that means a well-deactivated phase. 
And, indeed, as seen in Fig. 4,  such solutes as 1-pentanol, 
hexanol, and heptanol separate with acceptable peak shapes, a 
behaviour rarely found with silica gel packings of (nominal) 
300 m2/g surface area. 

This is still not a practical alcohol column, but it could serve 
very well for low-resolution work with highly volatile organics 
if one wants to avoid subambient programming. Figure 5 
demonstrates this with a (composite) separation of n-alkanes 
from methane to tridecane starting at room temperature. A 
somewhat more applied example is shown in Fig. 6,  the 
low-resolution chromatography of super unleaded gasoline. 

Treatment with Surfynol485 reduces the interaction of silica 
gel 62 even with alkanes: the bonded phase is somewhat less 
retentive; but it is more efficient, as shown in Fig. 7 by a 
comparison of Van Deemter plots. The solute nonane was run 

FIG. 4. Temperature-programmed gas chromatography of 1- 
pentanol, hexanol, and heptanol on modified silica gel 62. 

I I I I I 

30 130 2 30 
TEMPERATURE (OC) 

FIG. 5. Temperature-programmed gas chromatography of n-alkanes 
from methane to tridecane on modified silica gel 62, 100-120 mesh. 
Composite picture using a C-1-C-5 gas mixture and a C-6-C-13 
solution. Column: 2 m x 2.1 mm id. 

at 90°C on plain silica gel (upper curve) and at 80°C on the 
modified material (lower curve) in order to obtain roughly 
similar retention. The minimum plate height corresponds to 
about 2.5 particle diameters (i.e., a reduced plate height of 2 . 3 ,  
which is not all that far from the theoretically attainable limit. 

The only disadvantage of the phase noted so far is its type of 
bleed. It made it unsuitable for high-sensitivity gc-ms analysis. 
Perhaps this bleed could be reduced by freeing the material of its 
polymerization catalysts, similar to the approach of Verzele et 
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30  130 2 30 
TEMPERATURE ("C) 

FIG. 6. Gas chromatography of super unleaded gasoline. Conditions 
as in Fig. 5. 

1 4 -  

1 . 0  - 

H E T P  - 
(mm) 

0 6 -  

CARRIER V E L O C I T Y  i c m  / 5 )  

FIG. 7. Van Deemter plot for nonane at 90°C on plain (A) and at 80°C 
on S w n o l 4 8 5  modified (@) silica gel 62, 100-120 mesh. 

al. (69). The wetting ability of Surfynol485 should make it an 
interesting candidate for the production of heat-immobilized 
layers of capillaries, similar to the earlier transfer of such 
technology from packed columns of CW-20M, SE-30, etc., but 
this possibility was not investigated. 

Rather than investigating capillary gc, it was of greater 
interest at this stage to have a look at the performance of 
Surfynol-treated silica gel in liquid chromatography. It is 
obvious that the material would not serve well as a reversed 
phase (RP). It is easily wetted by water and, although RP-type 
behaviour can be observed under suitable conditions, the 
performance is poor. Besides, as Horvath has pointed out ( 7 3 ,  
it is possible to force even plain silica gel into RP behaviour. 

0-5 0.9 1.3 
Retention volume/mL 

FIG. 8. Size exclusion chromatography of polyethyleneglycol 
molecular-weight standards, using methanol at 0 .2ml/min,  a 0.4 X 

10 cm column packed with 10 p,m Lichrospher Si-100, and a refractive 
index detector. The Lichrospher particles were modified with Surfjjnol 
485. 

The more interesting aspect to pursue was the deactivated 
nature of the surface, even though, as mentioned before, 
deactivation in liquid chromatography is usually a question of 
choosing the right mobile phase. 

A well-known problem in gel permeation chromatography is 
the undesirable sorption of hydrophilic molecules on silica- 
based surfaces (51-53). As a test, polyethyleneglycol molecu- 
lar weight standards were chromatographed in methanol. The 
resulting calibration curve is shown in Fig. 8, corresponding to 
what one would expect from pure size-exclusion behaviour on a 
support of this porosity (76). It would have been interesting to 
follow this lead with more demanding analytes, enzymes for 
instance, to test for denaturation effects, etc. However, this was 
considered outside our primary area of interest. 

Incidentally, Fig. 8 also provides an explanation, at least in 
part, why Surfynol 485 worked much better than CW-20M. 
This experiment used a Si-100 support and, for ~omparison, 
silica gel 62 has a mean pore diameter of 170 A (77). It is 
obvious that the pores would have excluded intact CW-20M to a 
large extent while admitting the much smaller Surfynol485. In 
this respect it may be worthwhile to mention that Surfynols of 
shorter polyethyleneglycol chains are available and these may 
be even better suited for treating narrow pores. (It bears 
repeating, however, that "regular" polyethyleneglycols of lower 
molecular weights, while showing evidence of bonding, gave 
inferior chromatographic performance.) 

Another area of hplc where one would expect a modification 
of the surface to make a difference, is straightforward adsorp- 
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SURF~NOL 485 
MODIFIED 

20 min 
FIG. 9. Liquid-solid chromatography, using chloroform at 

0.4mL/min through a 0.4 X lOcm column packed with 1 0 ~ m  
Lichrosorb Si-100 in (a) unmodified and (b) modified form. Peak 
designations are (1) o-chloroaniline, (2) m-chloroaniline, (3) phenol, 
(4), p-chlorophenol, (5) p-methoxyphenol, and (6) p-nitrophenol. 

tion chromatography. That this is indeed so  is shown in Fig. 9 .  
Not only are the peak shapes different but the retention order 
itself shifts. It is not immediately obvious what effects did bring 
about these observed changes. One can think of a more homo- 
geneous or a less acidic surface, one can envision different 
water retention by the particles, one can focus on the adsor- 
bent properties of altered silanol groups on the surface or  the 
additional ether oxygens in the layer, o r  one can speculate on the 
increased organic nature of the interface region. More experi- 
ments would have to be done to confirm or  deny the applicability 
of such concepts to the case at hand and to capitalize on any that 
can be verified. Of more immediate importance, however, is to 
establish whether o r  not the new phase is sufficiently different 
from silica gel in selectivity across a wide range of solutes. Also 
important may be possible differences in response to water 
content of the mobile phase and in everyday ease of handling. In 
other words, the practical advantage of using such a phase in 
hplc still needs to be established. 

Engineering Research Council of Canada grant No. A-9604. 
We thank M .  Verzele for a gift of  Superox and M .  Chinoy of Air 
Products for generous samples of  Surfynol 104 and 485. 
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Crystal structure of tris(o-phenylenethiourea)selenium(II) bromide pentahydrate, 
CzlHlsN6S3BrzSe.5H20 
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SP. CHIDAMBARAM, G. ARAVAMUDAN, G. C. ROUT, and M. SESHASAYEE. Can. J. Chem. 64,477 (1986). 
The synthesis and crystal structure of the title complex are reported. Crystals are triclinic, space group pi with a = 10.359(2), 

b = 10.742(2), and c = 13.604(2) A, u = 87.25(1), P = 88.89(1), y = 83.63(2)", and Z = 2. The structure was solved by the 
heavy atom method and refined by least squares to final R and R,, of 0.055 and 0.06 for 1707 unique reflections. The structure is 
comprised of planar [Se2(0-phenylenethio~rea)~]~+ ions and bromide counterions with the water molecules providing extensive 
lattice stabilization through hydrogen bonding. The dinuclear complex arises by the fusion of two SeS, trapezoids with each Se 
bonded strongly to two terminal sulfur atoms Se-S(1) = 2.306(4), Se-S(3) = 2.286(5) A and weakly to two other bridging 
sulfur atoms Se-S(2) = 2.840(5) and Se-S(2)' = 2.852(5) A. 

SP. CHIDAMBARAM, G. ARAVAMUDAN, G. C. ROUT et M. SESHASAYEE. Can. J. Chem. 64, 477 (1986). 
On rapporte la synthkse et la structure cristalline du complexe mentionnt dans le titre. Les cristaux sont tricliniques et 

cristallisent dans le groupe d'espace avec a = 10,359(2), b = 10,742(2), et c = 13,604(2) A,  a = 87,25(1), P = 88,89(1), y 
= 83,63(2)", et Z = 2. On a rtsolu la structure par la mtthode des atomes lourds et on l'a affiinCe par la mtthode des moindres 
cants jusqu'a des valeurs finales de R et R,, de 0,055 et 0,06 pour 1707 rtflexions uniques. La structure comporte des ions plans 
de [se2(o-phCnylknethiour~e)6]4+ et des contre-ions bromures avec des moltcules d'eau qui fournissent une stabilisation 
importante de la maille par le biais de liaisons hydrogknes. Le complexe binuclkaire provient de la fusion de deux SeS, sous 
forme de traptzoi'des dans lesquels chacun des Se est fortement lit aux deux atomes de soufre terminaux (Se-S(l) = 2,306(4) et 
Se-S(3) = 2,286(5) A) et faiblement lit deux autres atomes de soufre qui agissent c o m e  ponts (Se-S(2) = 2,840(5) et 

I Se-S(2)' = 2,852(5) A). 

[Traduit par le journal] 

Introduction H 

The interaction of selenium(1V) species with sulfur ligands 
has gained immense importance due to the formation of the 

111 5 a y C = S  + se4* + 2Br- + 5H20 
N 

Se(I1)-sulfur ligated complexes which have been shown to be H 
intermediates in the biochemical role of selenium (1, 2). 
Generally the interaction of selenium(1V) with sulfur containing 
ligands leads either to (a) reductive complexation, that is, H H 
reduction of selenium(1V) to selenium(I1) and formation and 
stabilization of selenium(I1) complexes with sulfur ligands (eg., 
thiosulphate (3), xanthates (4), dithiocarbamates ( S ) ,  thioben- H 
zoic acid ( 6 ) ,  mercaptocarboxylic acids (7)) or to (b) reduction 

Se02 (BDH, 0.5 mmol(0.055 g)) dissolved in 3 mLof methanol and of 
to (eg.? sul~hide ,  thiourea). o-phenylenethiourea (*Idrich Co, 99% pure, 3 m o l  (0.45 g)) dis- 

with the use of acid solved in 15 mL of methanol were mlxed in the presence of 12.5 mL of 
medium, the highly unstable complex cis-dichlorobis(thiourea)- 2 N hydrobromic acid. The yellow solution obtained, gave needle 
selenium(I1) was isolated (81, and its structure determined. We shaped, yellow-orange crystals of the title complex on evaporation at 
have found (9) that, unlike thiourea, interaction of o-phenylene- room temperature (30°C).Anal. calcd.: Se 10.14, Br 20.54, S 12.32, N 
thiourea (ptu) with Se(1V) species leads to ready formation of 10.78. C 32.24, H 3.59; found: Se 10.09, Br 20.48, S 12.34, N 10.70, 
Se(1I) complexes, which are indefinitely stable at room tempera- C 32.21, H 3.96. To prevent contamination with excess ligand or 
ture. In this paper we report the synthesis and structure of t r i ~ ( ~ -  oxidized product, the crystals formed were washed with ether.   he 

phenylenethiourea)selenium(n) bromide ptahydrate,  The smc- crystals were extremely stable when preserved in paraffin. In 

ture consists of novel planar Se2S6 units (the first of its kind to atmosphere, the turned Opaque and due to loss of water 
of crystallization. be in Se(ll) with unidentate ligands) 'On- It is interesting to report that the disulfide oxidation product in reac- 

taining four Se-S and four tion [I]  was found to undergo disproportionation rapidly under acidic 
loose bridging Se-S bonds with each Se(1I) displaying a trap- 
ezoidal sulfur coordination. conditions to o-phenylenethiourea and a 

Experimental N 
H 

Preparation of the complex species, determination of whose composition and detailed characteri- 
The reaction used for the preparation of the complex is zation is in progress. 

Crystal data (at 23OC) 

'TO whom correspondence should be addressed. CZIH18N6S3Br2Se.5H20 fw = 779.4 
'Revision received October 18, 1985. Triclinic, a = 10.359(2), b = 10.742(2), and c = 13.604(2) A, u = 
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87.25(1), P = 88.89(1), y = 83.63(2)", V = 1502.6 .A3. Space group 
pi, Z = 2, F(000) = 919.99, D, = 1.72 Mg m-3, k(MoK,) = 4.11 
mm-'. Preliminary cell constants were obtained from Weissenberg 
photographs and a crystal of size 0.42 x 0.25 X 0.22 rnm was mounted 
on a Emaf-Nonius CAD 4 diffractometes. Graphite monochromated 
MoK,(A = 0.71069 A) radiation was used. Lattice parameters were 
determined by least-squares refinement of 0 values of 25 high angle 
reflections. The intensity data were collected by w-20 scan technique 
with scan interval Aw = (0.80 + 0.35 tan 0)", extended by 25% on both 
sides for background measurements. Two check reflections (426 and 
06i) recorded at the end of every hour of data collection time, showed 
no significant variation in intensity. A total of 5763 reflections were 
collected in the range of 2 < 0 < 25" (h ,  0-12; k, - 12-12; 1, - 16-16). 
The 1707 reflections with I > 3u(f) formed a unique set. Ri,, equalled 
0.01 after merging 123 reflections. No correction was made for 
absorption. 

The SHELX-76 program (10) was used for all the computations done 
in solving the structure. Se and Br atoms were located from a Patterson 
map and the rest of the structure from Fourier maps. The function 
minimized in full matrix least-squares refinement was C ~ ( A F ) ~ .  
All but seven of the hydrogen atoms appeared in the final difference 
Fourier maps and were refined isotropically. Maximum peak height 
in the final difference Fourier map was 0.73 e maximum and 
average shift/esd in all non-hydrogen atom parameters were 1.615 
and 0.022 in the final refinement cycle. Convergence was reached at 
R = 0.055 and R, = 0.06 where w (the weighting scheme used) = 
1 /(u2(F0) + 0.05991 F0l2). 

Though the crystal used was of good quality as shown by the 
photographs and reflection profiles, only 30% of the possible reflec- 
tions were observed, indicating that the diffractometer alignment 
should have been better, which would have yielded better quality 
data. This is also reflected in the large shiftlesd in refinement, the 
datalparameter ratio being only 4.0. 

Atomic scattering factors for non-hydrogen atoms, hydrogen atoms, 
and anomalous scattering factors are taken from refs. 11, 12, and 13, 
respectively. 

The final positions are given in Table 1. Table 2 contains the bonding 
parameters in the structure. Fig. 1 was drawn using the ORTEP (14) 
program3. 

Results and discussion 
Crystals of S e ( ~ t u ) ~ B r ~ . S H ~ o  are yellow-orange in colour, this 

being attributed to typical charge transfer bands. The compound 
is stable as such or when suspended in 2 N hydrobromiE acid, 
but undergoes an immediate self-redox decomposition to Se and 
an oxidized product of the ligand when immersed in alkaline 
solution. The infrared spectrum of the complex does not have 
distinctive differences from that of the ligand which would 
enable positive conclusions regarding the coordination behav- 
iour of the ptu ligand in the complex. 

Figure 1 shows the ORTEP picture of the molecule. Only half 
of the centrosymmetrical ~ S e ~ ( p t u ) ~ ] ~ +  unit is featured in full. 
Additionally, the selenium and three sulfur atoms belonging to 
the other half are also shown for reasons of clarity. The structure 
is made up of an [Se2(pt~)6]4+ cation, bromide counterions, and 
five water molecules of crystallization. In each cation, seleni- 
um, the soft acid site, is bonded to four phenylenethiourea 
ligands exclusively through sulfur atoms, the soft base site. The 
dinuclear complex arises by the fusion of two SeS4 trapezoids 
with each selenium bonded strongly to two terminal :ulfur 
atoms Se-S(1) = 2.306(4), Se-S(3) = 2.286(5) A and 

3~nisotropic thermal parameters, bond lengths, and angles of the 
hydrogen atoms, mean plane calculations, and the structure factor 
tables may be purchased from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, Ont., Canada 
KIA 0S2. 

TABLE 1. The fractional atomic coordinates ( x  lo4) and equivalent 
thermal parameters (X lo3 .A2) of nonhydrogen atoms 

Atoms X Y Z Ues 

weakly to two other bridging sulfur atoms Se-S(2) = 2.840, 
Se-S(2)' = 2.852 A. The SeS4 group is planar to within 0.007 
A. The S-Se-S angles deviate substantially from 90". The 
dihedral angle between the two SeS4 trapezoids is nearly zero 
(0.03 (20)"). It is the first time in selenium(I1) chemistry that a 
dimeric structure is reported with monodentate sulphur ligands. 
A [Te2S6I4+ dimer with similar molecular geometry was 
reported (15) in the compound T ~ ( ~ U ) ~ ( H F * ) ~  (tu = thiourea). 

It is interesting to comment on the coordination types of 
sulfur ligands reported till now around Se(I1). The coordination 
number is observed to be two (bent) or four (square planar or 
trapezoidal). In two coordinated Se(I1) complexes, the Se-S 
bond lengths are close to the sum of single covalent radii of 
selenium and sulfur (2.11 A) as reported in refs. 3, 6 , 7 ,  8 ,  16, 
and 17. This is because the ligands in these cases are mostly 
negatively charged and unidentate, and there are only two sulfur 
ligands bonded to selenium. In Se(S2COCH3)2 (4) xanthate 
provides four sulfur atoms around the central metal atom 
selenium, two of these sulfurs (bridging ligands) are quite far 
from selenium so that their interaction with selenium is very 
weak, enabling the other thiolatosulfurs to bond strongly. 
Complexes such as Se(S2CNC4H802)2 (5) and Se[N(Ph,PS)21 
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CHIDAMBARAM ET AL 

TABLE 2. Bond lengths (A) and bond angles ("), esd in parentheses 

Atoms Bond length Atoms Bond length 

Se-S(l) 2.306(4) C(21)-C(22) 1.394(25) 
Se-S(2) 2.840(4) C(22)-C(23) 1.428(24) 
Se-S(3) 2.286(5) C(23)-C(24) 1.414(26) 
s(l)-c(l) 1.755(17) C(24)-C(25) 1.397(32) 
C(l)-N(l) 1.345(23) C(25)-C(26) 1.390(29) 
C(l)-N(2) 1.375(23) C(26)-C(21) 1.362(24) 
N(1)-C(l1) 1.398(25) C(3)-N(5) 1.354(2 1) 
N(2)-C(12) 1.408(21) C(3)-N(6) 1.308(2 1) 
C(l1)-C(12) 1.354(25) N(3)-C(2 1) 1.389(24) 
C(12)-C(13) 1.425(26) N(4)-C(22) 1.414(21) 
C(13)-C(14) 1.390(29) N(5)-C(3 1) 1.354(24) 
C(14)-C(15) 1.371(35) N(6)-C(32) 1.454(23) 
C(15)-C(16) 1.420(31) C(3 1)-C(32) 1.335(26) 
C(16)-C(1 I) 1.463(29) C(32)-C(33) 1.408(27) 
s(2)-c(2) 1.723(17) C(33)-C(34) 1.378(30) 
C(2)-N(3) 1.350(21) C(34)-C(35) 1.391(36) 
C(2)-N(4) 1.360(22) C(35)-C(36) 1.422(3 1) 
s(3)-c(3) 1.762(16) C(36)-C(3 1) 1.398(27) 

Atoms Angle Atoms Angle 

(18) though arising from bidentate ligands, are structurally very 
close to the present case, which have two weaker and two 
stronger bonds in its four coordination leading to a planar 
trapezoidal structure. [Se(pt~)~]C1~.2HCl (9) is the only com- 
plex so far reported in Se(I1) chemistry which shows a near 
square planar coordination. In the present case, in which the 
same sulfur compound features as the ligand, the smaller 
number of ligands per Se(I1) alters the molecular geometry of 
SeS4 coordination from square planar to trapezoidal and also 
provides a dimeric Se2S6 unit. In all the SeS4 species the 
average Se-S bond length is 2.53 A, showing that the Se-S 
interactions in these complexes are weaker than in two- 
coordinated complexes. This can be attributed to the larger 
number of sulfur atoms around selenium in the tetra-coordinated 
complexes. 

The ptu ligands are planar to within 0.04 to 0.07 A. The C-S 
distances in the ligands are 1.75(2), 1.72(2), and 1.76(2) A 
showing partial double bond character. The C(1)-N(1) and 

C(1)-N(2); C(2)-N(3) and C(2)-N(4); C(3)-N(5) and 
C(3)-N(6) pairs show no significant variation in bond lengths, 
clearly indicating that the ptu ligand in the Se(I1) complex occurs 
exclusively in thione form with the molecular parameters close 
to those observed in the structure of the free ptu ligand (19), 
Se(ptu),.Clz.2HC1 (9), and in tellurium(I1) complexes of the 
ligand (20). The ligand in all these cases is present in the thione 
form. The other bond parameters in the ligands are normal. The 
average N-H, C-H, and 0-H bond lengths are 0.88(7), 
0.9 1(2), and 0.83(1) A, respectively. 

There are two bromide ions per formula unit. The bromines, 
water oxygens, and nitrogen atoms of ptu ligand form an 
extensive hydrogen bonding network. Bromine atoms are well 
outside the coordination sphere of Se and form hydrogen bonds 
with six water molecules and one nitrogen atom, with Br.. .O 
and Br ... N distances in the range of 3.08(2)-3.33(2) and 
3.35(1) A, respectively. The angles Br.. .H-0 are in between 
157 and 175" and the Br ... H-N angle is 128". Also oxygen 
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Perspective view of the molecule showing atomic numbering, with 50% probability thermal ellipsoids. 

atoms of water molecules form five hydrogen bonds with 
nitrogen atoms, as evidenced by  the N.. .O distances of the order 
of 2.69(2) A. N-H.. .O angles range between 163 and 176". In 
addition, oxygen atoms among themselves form two hydrogen 
bonds with 0.. .0 distances 2.99(2) and 2.81(3) A. 
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Some physical properties of long chain hydrocarbons 

L. T.  CHU, CARMEN SINDILARIU, AARON FREILICH, AND VOJTECH FRIED 
Department of Chemistry, The City University ofNew York, Brooklyn College, Brooklyn, NY 11210, U.S.A. 

Received November 27, 1984' 

L. T. CHU, CARMEN SINDILARIU, AARON FREILICH, and VOJTECH FRIED. Can. J .  Chem. 64, 481 (1986). 
The densities, refractive indices, and viscosities of liquid n-nonadecane and n-nonadecyl benzene were investigated at 

temperatures not too far above their respective melting points. Except for the viscosities, no significant differences were observed 
in the behavior of the two hydrocarbons. The n-nonadecane + n-nonadecyl benzene system exhibits small positive excess 
volumes and small negative excess viscosities. The excess refractive index is zero in the entire concentration range. 

L. T. CHU, CARMEN SINDILARIU, AARON FREILICH et VOJTECH FRIED. Can. J.  Chem. 64, 48 1 (1986). 
OpCrant i d e s  temperatures juste au-dessus de leur point de fusion respectif, on a mesurk les densitCs, les indices de rkfraction 

et les viscositCs du n-nonadCcane et du n-nonadCcy1-benzkne liquides. Except6 pour les viscositiCs, on n'a pas observk de 
diffkrences significatives dans le comportement de ces deux hydrocarbures. Le systkme n-nonadCcane + n-nonadkcyl-benzene 
prCsente de faibles excks positifs des volumes et de faibles excks nCgatifs des viscositCs. L'excks d'indice de refraction est nu1 
pour toute la garnrne des concentrations. 

[Traduit par le journal] 

Introduction 
Long chain aliphatic compounds have been the subject of 

many investigations. Ralston and coworkers (1,2) measured the 
solubilities of long chain organic compounds in solvents of 
various polarities. They observed that in nonpolar and slightly 
polar solvents the solubility curves of substituted (with polar 
groups) aliphatic compounds and of the normal aliphatic 
compounds of corresponding chain length are qualitatively 
similar. If this is really so then the shape of the solubility curve 

I depends mainly on the length of the alkyl chain. Seyer (3) ' observed that the solubility of diacetyl in normal aliphatic 
1 solvents, ranging from C6 to Cll ,  obeys the ideal solubility law. 

1 Ciceres and coworkers (4-6) noticed that the excess volumes of 
o-, m-, and p-xylene solutions with normal aliphatic hydrocar- 
bons vary from negative values for n-hexane to relatively large 
positive values for n-hexadecane. Heric and Coursey (7, 8) 
found that the excess volumes and the excess viscosities of 
solutions of n-hexadecane in 1-n-chloroalkanes of different 
chain length obey the congruence principle (9) very well. 

Some normal long chain aliphatic hydrocarbons exhibit 
unusual behavior in the solid state. Aliphatic hydrocarbons 
containing from 18 to 36 carbons are polymorphous and 
undergo a solid-solid phase transition at temperatures slightly 
above their respective freezing points (10-15). In the higher 
temperature solid phase, designated as the "rotator phase", the 
molecules rotate about their long axes. In the lower temperature 
solid phase, designated as the "rigid phase," the rotation is 
severely restricted. The rotator phase formed from the melt at 
the freezing point is metastable and converts after a sufficient 
time, depending on the chain length, into the more stable low 
temperature solid rigid phase. Piper et al. (1 1) measured the 
transition temperatures for a large number of compounds. 

To get some insight into the behavior of long chain 
hydrocarbons, we decided to investigate the physical properties 
of long chain hydrocarbons in the pure state and in mixtures. For 
convenience we studied the properties of melts rather than of 
solids. In this work we deal with the dependence of density 
(volume), refractive index, and viscosity of n-nonadecane (ND) 
and n-nonadecyl benzene (NDB) melts for the pure hydrocar- 
bons and their mixtures. 

'~evis ion received October 16, 1985. 
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TABLE 1. Some physical properties of n-nonadecane at various 
temperatures 

Temp. Densit? Refractive index Viscosity 
("c) (g/cm ( n ~ )  (CP) 

Experimental 
The ND and NDB were Aldrich commercial chemicals of the highest 

purity (99%+). No impurities were detected in glc measurements of 
either hydrocarbon. The melting points, measured with an NBS 
certified mercury in glass thermometer, were in close agreement with 
the literature values, though we encountered some difficulties in 
reproducing the melting point of NDB. ND: mp 31.2"C (lit. (12, 16, 
17) mp 31-32°C); NDB: mp 25.01°C (lit. (12) mp 24.94 t 0.03"C). 

The densities of the two hydrocarbons and their mixtures were 
measured pycnometrically with a 25-cm3 volumetric flask, calibrated 
with deionized, twice-distilled water. Dissolved air was expelled from 
the water prior to the calibration. Air buoyancy corrections were 
employed in all the weighings. Because of the low volatility of both 
hydrocarbons, evaporation losses were negligibly small and were 
ignored in the density evaluation. The volumetric flask was placed in a 
thermostated water bath for 1 h. The temperature of the water bath was 
monitored with an NBS certified thermometer. The accuracy of the 
temperature reading was better than 20.01°C at the lower temperatures 
and about &0.02"C at the higher temperatures. The reproducibility of 
the density measurement was within 2 1 X lop4 g cm-3 for the pure 
melts and 2 1.5 x lop4 g cmP3 for the mixture. To check the accuracy 
of the method, we took density measurements with cyclohexane at 
25°C. All of the measurements were within t 1 X g cmP3 of the 
literature values (16, 17). The density measurements reported in 
Tables 1-3 represent averages of five measurements. 

The viscosities were measured with an Ostwald-Ubbelohde viscos- 
imeter made from pyrex glass in our glassblowing shop. The flow time 
in the given temperature interval varied between 400 and 1200 s. The 
small kinetic energy contributions to the viscosity of the samples were 
neglected. The viscosity, q, was calculated from the formula q = vd = 
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TABLE 2. Some physical properties of n-nonadecyl benzene at various 
temperatures 

Temp. Densit? Refractive index Viscosity 
("c) (g/cm ) ( n ~ )  (CP) 

TABLE 3. Some physical properties of n-nona- 
decane (1) + n-nonadecyl benzene (2) mixtures 

at 40°C 

Ctdwhere v is the kinematic viscosity, d is the density, and t is the flow 
time. The viscosimeter constant, C, was determined from the flow 
time, density, and viscosity of highly purified glycerol (& = 1.2552 g 
~ m - ~ ,  q = 5 . 8 7 ~ ~  (16)). More than usual attention was paid in 
mounting the viscosimeter in'the thermostated bath to ensure that the 
capillary was vertical. The thermostated bath was the same as that used 
for the density measurements. The reproducibility of the viscosity 
measurements was within + 1 x lo-' cp at the lower temperatures and 
only k 2  X lo-' cp at the higher temperatures. The values reported in 
Tables 1-3 are averages of at least five measurements. 

The refractive indexes were measured with a Zeiss refractometer 
with a reproducibility of + 1 x at the lower temperatures and k 2  
X at the higher temperatures. The values reported in Tables 1-3 
are averages of five measurements. 

Results and discussion 
The experimental data are listed in Tables 1-3. The data for 

density and refractive index were fitted to 

and for viscosity to 
a 

l n - q = - + b  
T 

The parameters of these expressions, obtained by a least- 
squares technique, are listed in Table 4. 

According to the measured data, the molar volumes and 
refractive indices of the two hydrocarbons differ, but the rates of 
volume change and refractive index change with temperature 
are practically the same for the two hydrocarbons. Thus, with 
regard to volume and refractive index, the behavior of the two 
hydrocarbons is similar. If there is some rotational motion still 

FIG. 1. The excess viscosity of the nonadecane + nonadecyl benzene 
system at 40°C. 

FIG. 2. The excess volume of the nonadecane + nonadecyl benzene 
system at 40°C. 

present in the melt, it is not sufficient to cause deviations in the 
densities and refractive indices of the two hydrocarbons. This is 
not so when it comes to viscosity. At 35"C, the viscosity of NBD 
is about 2.4 times as large as that of ND. At 70°C, the viscosity 
of NDB is only 2.1 times as large as that of ND. Thus, the 
viscosity of NDB decreases more rapidly with temperature than 
that of ND. If this trend prevails, the viscosity vs. temperature 
curves of the two hydrocarbons will intersect. What is responsi- 
ble for the different viscosity behavior of the two hydrocarbons? 
ND possesses dispersion forces only while NDB possesses 
dipole-dipole interaction forces in addition to the dispersion 
forces. It is our belief that it is the effect of temperature on the 
dipole-dipole forces (dispersion forces are practically tempera- 
ture independent) and consequently on the rotational motion of 
the molecules that is responsible for the different viscosity- 
temperature behavior of the two hydrocarbons. 

The densities, refractive indices, and viscosities of the binary 
ND + NDB system, at 40°C, are given in Table 3. Analysis of 
the data reveals that the refractive index varies linearly with mole 
fraction: nE is 0 in the entire concentration range. -qE and vE 
are, however, different from zero (see Figs. 1 and 2). The vE VS. 
mole fraction curve goes through a maximum and the -qE vs. 
mole fraction curve goes through a minimum. Because of the 
large molar masses of the two hydrocarbons, small errors in the 
densities and mole fractions affect substantially the vE value 
(VE=(X~M~ + X2M2)/d - X I M I / d l  - X2M2/d2). Toasmaller 
extent this is also true for the -qE values. 
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TABLE 4. The parameters a and b obtained by the least-squares technique and the standard deviation, 6 

n-Nonadecane n-Nonadecyl benzene 

a b 6 a b 6 

Density 0.7752 -6.60x 2 1 . 0 ~  lo-4 0.8470 - 6 . 5 0 ~  1 .OX lo-4 
Refractive index 1.4356 -4.16x lop4 2 1 .OX 1.4742 -4.05X -C 1 .OX lo-4 
Viscosity 2248.8 -5.9327 2 2 . 0 ~  lo-3 2637.1 -6.3031 k 2 . 0 ~  lo-3 
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Determination of solubility products of phosphate and vanadate apatites of lead and their solid solutions 
in 0.165 M sodium chloride solution 
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P. V. R. RAO, S. K. GUPTA, and T. S. B. NARASARAJU. Can. J .  Chem. 64, 484 (1986). 
The solubility products of phosphate and vanadate apatites of lead and seven of their solid solutions, spread over the entire 

compositional range, were determined in 0.165 M sodium chloride solution at 37OC. These solubility products decreased with an 
increase in vanadium content. A theoretical interpretation was advanced based on changes in lattice and hydration energies 
resulting from isomorphous ionic substitutions. The aim of the studies was the understanding of the toxic effects of lead and 
vanadium on the human skeletal system. 

P. V. R. RAO, S. K. GUPTA et T. S. B. NARASARAJU. Can. J. Chem. 64, 484 (1986). 
Operant B 37°C et dans des solutions B 0,165 M de chlorure de sodium, on a dtterminC les produits de solubilitC du phosphate 

et du vanadate d'apatites de plomb et de sept de leurs solutions solides qui couvrent le spectre entier de compositions. Ces 
produits de solubilitC diminuent avec une augmentation du contenu en vanadium. On propose une interprktation thtorique qui est 
basCe sur des changements dans le rCseau et sur les energies d'hydration qui rksultent de substitutions ioniques isomorphes. 
Le but de ces Ctudes Ctait de comprendre les effets toxiques du plomb et du vanadium sur le squelette humain. 

[Traduit par le journal] 

Introduction 
Calcium phosphate apatite (CaPA), Ca10(P04)6(OH)2, the 

principal inorganic constituent of human bones and teeth ( l ) ,  
undergoes several isomorphous cationic and anionic substitu- 
tions involving toxic ions. This constitutes the basis of the 
incorporation of toxic ions into the human skeletal system. It 
was established that the toxicity is controlled by the extent of 
incorporation of toxic ions during the principal bone processes 
calcification and resorption. Significant among such cationic 
substitutions has been the replacement of Ca2+ by pb2+ forming 
lead phosphate apatite (PbPA), Pb,o(P04)6(0H)2, accounting 
for the incidence of plumbism, an occupational disease preva- 
lent among workers of potteries and paints. While limited 
information on Ca2+ = pb2+ substitution in CaPA was avail- 
able (2-4), substitution of p04> by ~0~~ leading to the 
formation of lead vanadate apatite (PbVA), Pb,o(V04)6(0H)2, 
in the context of toxic effects of vanadium (5, 6) on human 
skeletal system, has not been studied. To investigate the 
combined effect of Pb2+ and ~0~~ on calcification and 
resorption and to explore the possibility of their reversal, it was 
decided to study the solubility equilibria of PbPA, PbVA, and 
seven of their solid solutions spread over the entire composi- 
tional range, since these bone processes are controlled by the 
deposition and dissolution of CaPA at the interface of bone 
and body fluid. In addition, these studies were intended to 
clarify a few ambiguities associated with the available results 
on the solubilities of apatites. 

Experimental 
PbPA, PbVA, and a series of seven of their solid solutions were 

prepared through appropriate modifications of a wet method3 and 
characterized to be of a high order of purity through X-ray, infrared, 
electromicroscopic, and thermal analyses, in addition to conventional 
chemical analyses.3 The solubility product of each sample was 
determined at the biologically significant temperature of 37°C by 
analysis of its saturated solution, the pH of the dissolving medium 

'Author to whom correspondence should be addressed. 
'Revison received November 1 1 ,  1985. 
3 ~ .  S. B. Narasaraju, S. K. Gupta, and P. V. R. Rao. Private 

communication. 

being maintained constant using suitable buffer combinations. Each 
system was set up by adding 0.1 g of apatite to potassium hydrogen 
phthalate - hydrochloric acid buffer of required pH prepared in 100 mL 
of 0.165 M sodium chloride, the latter being needed to maintain the 
ionic strength of the medium effectively constant (7). Further, 0.165 M 
NaCl was considered as a standard reference solution (8), in which the 
activity coefficients of the dissolved ionic species could be taken as 
unity to avoid inaccuracies in their calculations, especially of polyva- 
lent~ions, and to enable products of ionic concentration in saturated 
solution of substances to be taken as their solubility products. 
Equilibration was carried out through shaking for about 12 h in air-tight 
polyethylene containers at a regulated speed using a mechanical 
shaker. The assembly was kept in a thermally insulated cabin 
maintained at 37 -' 0.5OC. The period of equilibration for attainment of 
saturation was found to be about 4 h based on a study of dissolution 
kinetics (9). To be doubly sure about the attainment of saturation, the 
equilibration period was extended to 12 h, at the end of which the pH of 
the system was measured. The colloidal component of the solute was 
separated from the solution by filtration through a 1G4 sintered glass 
crucible under suction at the temperature of equilibration, the suit- 
ability of the sintered glass crucibles for the purpose being verified by 
comparison with results obtained using colloidal filters (Millipore 
Filter Corporation, Bedford, U.S.A.) of pore size 10 mkrn (lo). From 
the saturated solutions thus obtained, lead was determined complexo- 
metrically (9) while phosphate and vanadate were estimated spectro- 
photometrically (1 1, 12), a separate aliquot being taken each time. 
Based on a series of such determinations the error limits were found to 
be *I%. 

Results and discussion 
In Table 1 are included a few representative sets of results on 

the determination of the solubility products of PbPA, PbVA, 
and seven of their solid solutions. While the experimentally 
determined concentrations of lead, phosphorus, and vanadium 
are given in columns 2 to 4 ,  the concentration of OH- calculated 
from the final pH of each system is given in column 5,  all the 
concentrations being taken as synonymous with activities as 
explained earlier. The gram atom ratios, Pb/P, Pb/V, and 
Pb/(P + V) calculated from the results of columns 2-4, are 
reported in column 8 of the table. It is evident that the ionic 
product Kip of PbPA is equal to the product of the concentrations 
of the dissolved ions raised to appropriate powers, as given by 
[P~~+] 'O[PO~>]~[OH-]~ .  While the concentrations of pb2+ and 
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TABLE 1. Solubility products of phosphate and vanadate apatites of lead and their solid solutions in 0.165 M sodium chloride 

Gram atom 
Measured conc. (g atom/L) Calculated conc. (g ion/L) ratio 

Sol'n. Pb Average 
No. [Pb] X 10' [PTot] X lo4 [VTo,] X lo5 [OH-] x 10' l*  PO^^-] X 10'' [ v o ~ ~ ]  X p + v pKip pKip 

(1)t (2) (3) (4) (5) (6) (7) (8) (9) (10) 

Solute: lead phosphate apatite, PbIO(P04)6(OH)2 

1. 8.200 5.069 - 0.2818 
2. 2.970 1.736 - 1.0233 
3. 2.480 1.340 - 1.2882 
4. 1.982 1.138 - 1.4791 

Solute: solid solution no. 1, Pblo(P04)5 4(V04)0 6(OHI2 

5. 10.000 4.876 12.269 0.3548 
6. 2.970 1.615 0.393 0.9330 
7. 2.480 1.453 1.099 1.3200 
8. 1.790 1.162 0.314 1.4800 

Solute: solid solution no. 2, Pb10(P04)4 5(VO4)[ 5(OH)2 

9. 2.970 1.615 0.982 0.6457 
10. 2.356 1.421 0.785 1.2590 
11. 1.988 1.162 0.259 1 .5500 

Solute: solid solution no. 3, 69(V04)2 31(OH)2 
12. 2.970 1.485 2.110 0.6920 
13. 2.233 1.292 0.785 1.0700 
14. 1.988 1.074 2.042 1.5500 

I I 
Solute: solid solution no. 4, Pblo(P04)3(V04)3(OH)2 

15. 2.970 1.615 3.485 0.8320 
16. 2.236 1.179 1.885 1.2000 1 17. 2.087 1.074 2.788 1.7800 I 

I Solute: solid solution no. 5, Pb10(P04)2 6(VO4)3 4(OH)2 

1 18. 9.500 3.713 19.631 0.3020 
19. 2.970 1.421 4.417 0.7250 
20. 2.144 0.969 1.220 1.2300 

Solute: solid solution no. 6, Pb10(P04), 9(VO4)4 I(OH)2 

21. 2.970 1.292 4.859 0.6760 
22. 2.285 0.953 2.650 1.0700 
23. 1.998 0.827 7.852 1.1500 

Solute: solid solution no. 7, Pb1~(P04)~ 2(VO4)4 8(OH)2 

24. 1.980 0.517 6.478 0.6610 
25. 1.394 0.355 3.926 1.3489 

Solute: lead vanadate apatite, Pblo(V04)6(0H)2 

26. 0.800 - 4.71 1 1.4454 
27. 0.899 - 5.104 1.2882 

*Calculated from the measured final pH of the equilibrated system. 
tColumn numbers referred to text. 

OH- were available directly from the measurements, that of solid solutions. In all such calculations the dissociation of 
~0~~ was calculated as shown below from the overall analyti- H3VO4 to H2VO4-, H V O ~ ~ - ,  and ~0~~ was considered. The 
cal concentration of PO4> represented as C(PO,b possibility of existence of polyphosphates and polyvanadates in . - -, 

presence of cations such as Pb2+ is remote under conditions 
[I] Cpo4) = [H3P04] + [H2P04-] + [HP042-] + [POqF] prevalent in the present systems. All these subdivided values, 

~ ( P O , )  KlK2K3 excepting those of ~ 0 ~ ~ -  and V043- given in columns 6 and 7,  
F - 

12] IPo4 - [H+I3 + K,[Ht]' + KlK2[H+] + K,K2K3 are not reported for the sake of brevity. For the apatite phase, the 
calculated values of the pKip and their averages are given in 

where K1, K2, K3 are dissociation constants for H3PO4 (13, 14) columns 9 and 10 respectively of the table; the corresponding 
given respectively by 7.51 X 1W3, 6.33 x and 4.73 x values of the other possible phases such as Pb(HP04), Pb- 
10-13. A similar set of calculations (15) was done for the Kip of (H2PO4)2, and Pb2(HP04)(OH)2 (16) and their vanadate 
PbVA, while a combination of the two gave K,, values of the counter parts are not reported, again for the sake of brevity. 
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Since the powers to which the ionic concentrations are to be 
raised to get Kip values of apatites are high, the errors in their 
determinations play a significant role in deciding the fluctua- 
tions of the Kip values calculated. While establishing the 
constancy of Kip values of each one of the samples at 37 -+ 0.5"C, 
care was taken to see that there was an unambiguous constancy 
after making allowance for the fluctuations caused by errors in 
the determination of ionic concentrations required. For this 
purpose sets of positive and negative error limits of determina- 
tion of Pb2+,  PO^^, vo4%,  and pH/OH- obtained from pilot 
experiments with known quantities were chosen to calculate the 
upper and lower limits of Kip/pKip values of each sample. A 
similar scrutiny was made before concluding the effect of ionic 
replacement on pKip values of PbPA, PbVA, and their solid 
solutions. 

The results could unambiguously confirm that the samples 
exhibited a stoichiometric dissolution since the gram-atom 
ratios given in column 8 are in close proximity with the 
theoretical value of 1.67 and the pKip values of the apatite phase 
are constant for each system. The earlier results (16- 18) (which 
were based on the supposition that the solubility of apatites is 
non-stoichiometric, being controlled either by the secondary 
phosphates or surface coatings of extraneous phases) are not 
substantiated by the present findings which confirm the thermo- 
dynamically expected stoichiometric dissolution (19-23). An 
important finding of the present investigations was that the 
solubilities of the samples exhibited a marked decrease with an 
increase in vanadium content, the average pKip values of PbPA 
and PbVA being 168 and 187, respectively, with the solid 
solutions having intermediary values. A theoretical interpreta- 
tion of dependence of solubility of an ionic crystal on cationic 
and anionic replacement is possible through thermodynamic 
considerations (24). 

For an ionic compound, the free-energy change accompany- 
ing dissolution, AGsoI,, is related to K,, as shown below at a 
given temperature T, 

and can be calculated from experimental values of Ksp. 
Alternatively, it can be evaluated by considering dissolution of 
an ionic compound to be consisting of, (i) breaking down of its 
crystal architecture and (ii) the hydration of the constituent ions 
so set free resulting in the expression 

where ZAGhi is the sum of the free-energy changes of hydration 
of the constituting ions of the solute, while AGlattice is the 
free-energy change of formation of the lattice. It is evident from 
this expression that a high solubility results when the hydration 
energy is high and lattice energy low, the converse being the 
case for low solubility. The terms on the right-hand side of the 
above equation can be calculated (24) by the following 
expression for an ionic crystal of general formula M,N,. 

where Z+ and 2-, r+ and r given the charges and ionic radii, 
respectively of the concerned ions; A ,  the Madelung constant; 
n ~ ,  the Born exponent; Ro, the crystallographic radius; and 0.85 
and 0.1 are the correction terms in the respective ionic radii. If 
the cation remains the same, the dependence of AGsoI, on r is 

given by the equation 

while the corresponding expression in the case of anion 
remaining the same is given by 

in either case the term (1 - l/nB) being assumed to be constant. 
It could be shown that the above equations are adequate to 

explain qualitatively the dependence of solubility of ionic 
crystals on ionic replacement:~he first and second terms on the 
right-hand side of eqs. [5] and [6] represent, respectively, 
changes in hydration and lattice energies consequent upon 
anionic replacement. It is evident that onincreasing the valuk of 
r- a constant r + ,  both these terms diminish, although the 
diminution in the second is less than that in the first, contributing 
to a decrease in solubility. The lower solubilities of PbVA and 
the solid solutions over that of PbPA could thus be explained. 
These conclusions are found to be in agreement with the 
corresponding results on the halides of Cs. Further, it can be 
shown from kq.  [5] that for systems involving comparable 
values of r +  and r as is the case with pb2+ and ~ 0 ~ ~ -  a 
solubility decrease is expected relative to its counterpart for 
which the disparity is more. 

1. A. S. POSNER. In  Phosphorus and its compounds. Vol. 11. Edited 
by J. R. Van Wazer. Interscience Publishers, Inc., New York. 
1961. p. 1429. 

2. W. BOYD. A text-book of pathology. Lea Febiger, Philadelphia. 
1962. pp. 428-429. 

3. R. KLEMENT. Z. Anorg. Allg. Chem. 237, 161 (1938); Chem. 
Abstr. 32, 6571 (1938). 

4. G. I. SPIELHOLTZ and F. S. KAPLAN. Talanta, 27,997 (1980). 
5. S. PRAKASH. Advanced chemistry of rare elements. S. Chand & 

Co. (Pvt) Ltd., Delhi. 1975. p. 565. 
6. M. PHULL andP. C. N~GAM. Indian J. Chem. Educ. 8 ,22  (1981). 
7. J. N. BRONSTED. Z. Phys. Chem. Stoechiom. Venvandtschaftse. 

103, 307 (1922). 
8. V. K.  LA MER. J. Phys. Chem. 66,973 (1962). 
9. P. V. R. RAO. Studies on preparation and some physico-chemical 

aspects of solid solutions of phosphate and vanadate apatites of 
lead. Ph.D. Thesis. North-Eastern Hill University, Shillong, 
India. 

10. N. S. CHICKERUR, R. P. SINGH, and T. S. B. NARASARAJU. 
Naturwissenschaften, 56, 282 (1969). 

11. T. S. B. NARASARAJU and V. L. N. RAO. Z. Anal. Chem. 258,365 
(1 972). 

12. G. CHARLOT. Colorimetric determination for elements. Elsevier 
Publishing Company, Amsterdam - London - New York. 1964, 
v. 427. 

13. ~ . F . N I M s .  J.Am.Chem. Soc.56, 1110(1934). 
14. L. F. NIMS. J. Am. Chem. Soc. 55, 1946 (1933). 
15. R. J. H. CLARK and D. BROWN. The chemistry of vanadium, 

niobium and tantalum. Pergamon Press, New York. 1975. p. 496. 
16. H. M. ROOTARE, V. R. DIETZ, and F. G.  CARPENTER. J .  Colloid. 

Sci. 17, 179 (1962). 
17. R. M. BLITZ, E. D. PELLEGRINO, S. T. MILLER, and A. MOFFIT. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



RAO ET AL. 487 

Clin. Orthop. Relat. Res. 71, 219 (1970); Chem. Abstr. 76, 58 22. T. S. B. NARASARAJU and U. S. RAI. Can. J .  Chem. 57, 2662 
090K (1972). (1979). 

18. T. S. B. NARASARAJU and V. L. N. RAO. Z. Phys. Chem. 23. T. S. B. NARASARAJU, K. K. RAO, and U. S. RAI. Can. J .  Chem. 
(Leipzig), 255, 655 (1974). 57, 1919 (1979). 

19. J .  S. CLARK. Can. J .  Chem. 33, 1696 (1955). 24. D. L. LEUSSING. In Treatise on analytical chemistry. Part 1. 
20. E. C. MORENO, T. M. GREGORRY, and W. E. BROWN. J. Res. Edited by I. M. Kolthoff, P. J .  Elving, and E. B . Sandell. The 

Natl. Bur. Stand. Sect. A,  72, 773 (1968). Interscience Encyclopaedia Inc., New York. 1959. p. 675. 
21. D. R. WIER, S. H. CHIEN, and C. A. BLACK. Soil SCI. 111, 107 

(1971). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



A fast atom bombardment study of the lead isotope ratios in early nineteenth century 
Niagara Peninsula pottery glazes 
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JACK M.  MILLER, TIMOTHY R. B. JONES, TINA KENNEY, DAVID W. RUPP, BRIAN GREEN and ROBERTS. B A R D O L I . C ~ ~ .  J.  
Chem. 64, 488 (1986). 

The application of fast atom bombardment (FAB) mass spectrometry to the determination of lead isotope ratios in 
nineteenth century pottery glazes from the Niagara Peninsula has been investigated with the aim of determining the source of the 
lead used in the glazes. Methods of sampling have been compared, including direct analysis of glass chips, analysis of 
powdered glaze scrapings, analysis of acid extracts of the former, and simple acid leaching of the surface of a piece of pottery. 
The latter method gave the best results. The FAB data, as obtained on an older mass spectrometer, can distinguish lead from 
igneous vs. sedimentary deposits, but is not adequate to determine specific mining locations. Although newer FAB 
instrumentation can narrow this range, the overlap of data from the Niagara Peninsula and England precludes a simple answer to 
the archeological question as to English vs. Canadian origin of the lead used in the Jordan pottery glazes. However, the data do 
suggest that the potter used a local source for the lead. 

JACK M. MILLER, TIMOTHY R. B. JONES, TINA KENNEY, DAVID W. RUPP, BRIAN GREEN et ROBERT S .  BARDOLI.CPI~. J .  
Chem. 64 ,488  (1986). 

Faisant appel A la spectromttrie de masse par bombardement avec des atomes rapides et dans le but de dtterminer la source du 
plomb utilisC pour fabriquer les tmaux, on a dCterminC les rapports des divers isotopes du plomb dans l'tmail de poteries du 
dix-neuvikme sikcle provenant de la ptninsule du Niagara. On a compart les diverses mkthodes d'tchantillonnage, y compris 
l'analyse directe de morceaux de verre, l'analyse de poudres formkes A partir de fragments d'Cmail, l'analyse d'extraits acides 
des premiers ou tout simplement en faisant un lavage acide de la surface des pikces de poterie. Cette demikre mkthode donne les 
meilleurs rCsultats. Les donntes de la spectroscopie, telles qu'obtenues sur un spectromktre de masse plus vieux, permettent de 
distinguer du plomb provenant de sources igntes ou skdimentaires; toutefois, cette mtthode n'est pas adtquate pour diterminer 
des sites spCcifiques de mines. M&me si les nouveaux appareils permettent de combler une partie de ces dkficiences, le 
recouvrement des donnks provenant de la peninsule du Niagara et de 1'Angleterre ne permet pas de donner une rCponse simple 
aux questions archCologiques concernant l'origine anglaise ou canadienne du plomb utilist dans les tmaux de la poterie ~ o r d a n .  
Toutefois, les donnks suggkrent que le potier a fait appel B une source locale pour son plomb. 

[Traduit par le journal] 

Introduction 
The application of the tools of modem analytical chemistry to 

archeological problems, when combined with the tools of 
classical archeology, forms the relatively new field of archeo- 
logical chemistry. The ability to study trace element occurren- 
ces, isotope ratios, etc. can, especially when combined with the 
other archeological information available, permit dating of 
objects, or the determination of place of manufacture, place of 
origin of raw materials, or both. Such information can be 
particularly useful in determining trade patterns and social 
interactions. The chemical makeup of objects such as coins, 
tools, and pottery, the commonest artifacts, usually contain 
ratios of elements or isotopes that reflect their region of origin. 
A technique is especially valuable to the archeologist if it is 
nondestructive, and whether destructive or not, if it is sensitive 
enough to use with very small samples. Several reviews of this 
field have been published (1, 2). 

Lead is a particularly important element archeologically and 
is often found in its metallic form or alloyed with various 
metals, and in glasses and glazes. All these forms have high 
"survival" factors, i.e., they are found as identifiable objects 
subject to characterization by classical methods. Stable lead 
isotope ratios differ with the source of the lead around the world 

as a result of differing radioactive precursors. Certainly, lead 
from igneous deposits is readily distinguished from lead derived 
from sedimentary deposits (3, 4).' Thus a comparison of the 
lead isotope ratios of lead of archeological origin should help to 
pinpoint the source of the lead used in the manufacture of the 
object. However, in practice this is only possible if the errors 
associated with the measurement are smaller than the variations 
in isotope ratio with the source of the lead. An igneous and 
sedimentary source of lead could readily be distinguished even 
with crude instrumentation but, as we shall show, to distinguish 
between Niagara Peninsula lead and some English leads is not a 
trivial problem. 

The advent of fast atom bombardment (FAB) source for 
conventional organic mass spectrometers ( 5 )  now makes the 
measurement of isotope ratios from solid inorganic samples a 
widely available technique and, if the systematic errors can be 
minimized, a powerful and easily accessible tool for the 
archeological chemist. Dolnikowski et al. (6) have recently 
demonstrated the application of FAB mass spectrometry to the 
determination of metals in archeological artifacts, including the 
determination of lead isotope ratios. In their case it proved easy 

'R. Farquar. Private communication. 1985. 
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to demonstrate that the American copy of the British pottery 
under examination clearly had a glaze of American origin. 
However, some North American and English lead isotope ratios 
overlap in their plots of 2 0 7 ~ b / 2 0 6 ~ b  VS, 2 0 4 ~ b / 2 0 6 ~ b .  This is 
just the region where the data we discuss below appear on such a 
plot. 

Our problem was with the origin of the lead for the glazes 
used in-the Benjamin Lent pottery on the Niagara Escarpment 
near Jordan, Ont., a site active in the pioneer period between 
1835- 1836 and 1841-1842, and recently excavated by one of 
us (7). Several hypotheses exist. Firstly, native Niagara lead 
may have been used, there being surface deposits of galena 
(naturally occumng PbS) found in the face of the Niagara 
escarpment and in the surrounding area. Also, there appears to 
be some evidence of lead having been smelted in the nearby area 
in pioneer times. Secondly, a large number of broken bottles 
have been excavated at the site and it has been hypothesized that 
glass bottles, either from England or North America, might 
have been the source of material for the glaze. An alternative 
hypothesis suggests that the lead which lined the tea chests in 
which tea was imported via England might have served as the 
potter's source of lead for his glazes. Such lead is likely to have 
been reused scrap lead from a number of locations and might not 
match the expeEted isotope ratios for any specific area. The 
bottle hypotheses was eliminated at an early stage, the bottle 
glass having a much lower lead content than the glazes. In the 
work described below we explore the other two possibilities. 

, Experimental 

(a)  Instrumentation 
Fast atom bombardment mass spectra were obtained on two 

instruments, an early AEI MS 30 at Brock University and a large 
double focussing mass spectrometer, the prototype VG ZAB SE, 
located at the VG factory in Wythenshawe. In both cases the atom beam 
was provided by an Ion Tech atom gun, with xenon as the bombarding 
gas; atom energies were on the order of 8 kV. 

The MS-30 had a Kratos FAB source retrofit, including fast 
pumping, with samples being inserted via a stainless steel probe and 
lock which penetrates the end flange. Data were collected with a Kratos 
DS 55 data system (Nova 4X and fast preprocessor) and via a set of data 
acquisition programs written in house, based in part on programs 
written by ~ a ~ ~ ~ .  This was necessary since our Kratos DS-55 data 
system could not average and process raw data. Experiments were also 
done with data acquisition on chart paper and-via an integrating 
voltmeter while the instrument was operated in a static mode, with the 
magnet being set to the top of each peak of interest in turn. The best 
results were obtained using 30 slmass decade narrow scans (170-230 
Daltons) with data averaged using the time averaging capabilities of our 
raw data acquisition routines. Samples were run at a nominal resolving 
power of 1000, averaged in groups of 16, with typically eight sets of 
such data being acquired. 

The ZAB was run at a resolving power of approximately 800, with 
narrow scans between m l z  230-200 at either 30 or 100 s/mass decade. 
There were 100 scans collected for each sample using the 1 112.50 data 
system. The ZAB data from the data system were consistent with trial 
runs obtained from the oscillographic recorder. Ten minutes of instru- 

1 ment time was all that was requiredper sample. Higher resolution could 
have been used to eliminate the lead hydride ~ e a k s  rather than correct- 
ing for them as discussed below. However, at the lower sensitivity 
which comes with higher resolution, longer data acquisition time 
would have been required. Work is now underway to determine the 
optimum in the resolution-sensitivity tradeoff. 

All data were corrected for background detected in the lead isotope 
region (0.1 -0.2%), i.e., 4-8% of the '04Pb peak, and for the presence 

2R. Lapp. University of Nebraska. Private communication. 1984 

of (typically) 0.5-1.0% PbH species, corrected on the basis of the 
2091208 intensity ratio. The hydride peaks are time dependent, which 
complicates their correction. 

Data were not corrected for mass discrimination of the detectors 
which we believe to be much smaller than the other systematic instru- 
ment errors. For both instruments the 5 mass unit range in question is a 
tiny fraction of the normal scanning range for which they are designed. 
The manufacturers have not recommended a mass discrimination cor- 
rection, and previous work in our lab involving deuterium substitution 
suggests that neglecting this correction is valid for data with the 
accuracy we are obtaining. 

(b)  Sampling 
Four methods of obtaining samples for insertion into the FAB source 

were attempted. 
( i )  Direct glaze chip method 
In this, perhaps the simplest of the methods as far as sample pre- 

paration is concerned, a chip of glaze is lifted from a sherd using 
a flat hardened knife or spatula. The glaze chip is then attached directly 
to the probe tip with double-sided masking tape. This method pre- 
sented two problems, first the difficulty of getting a flat chip of glaze 
from the sherd, and secondly the relatively poor signal-to-noise ratio 
in the MS-30 with the hardened fired glaze surface exposed to the atom 
beam. This method may be suitable for use with the ZAB which was 
observed to have between one and two orders of magnitude sensitivity 
advantage over the MS-30 for FAB work in this mass range. We did 
not however pursue this approach as ZAB time was limited. 

(ii) Direct powder method 
Glaze was scraped from the surface of a sherd using a carbide tipped 

scriber, and 1-2 mg of the solid powder obtained was placed directly 
on the tip of the FAB probe, again using double-sided tape. Some tests 
were done with the powdered glaze pressed into a pellet, but this did not 
seem critical. The MS-30 data thus obtained were adequate to dis- 
tinguish sedimentary from igneous lead, but the reproducibility of the 
data precluded their use for serious studies. Using the ZAB with its 
greater sensitivity, good data were obtained, equivalent or better in 
quality than that reported by Dolnikowski et al. (7). In an attempt to get 
better sensitivity with the MS-30 we attempted two acid extraction 
procedures, discussed below, with some degree of success. 

(iii) Powder-acid extraction method 
The powdered glaze scraped from the sherds as described above was 

subjected to a 24 h hot aqua-regia extraction. Several milligrams of 
glaze were extracted, the undissolved glaze centrifuged off, and the 
lead-acid solution was allowed to evaporate to dryness. This material 
was then redissolved in a minimum amount of water and a drop of the 
concentrated solution was applied to the probe tip followed by eva- 
poration of the water in an oven. Several applications could be made to 
thicken the layer on the probe tip. The extract from 4 mg of sample 
digested with 2 m L  of acid was sufficient to do 15 separate determina- 
tions. The total ion current obtained in this way using the extracted lead 
salts was an order of magnitude higher than working with the un- 
extracted powdered glazes. 

(iv) Sherd-acid extraction method 
Since the extraction procedure seemed to be such an advance, we 

then tried to determine if acid extraction of the glazed surface of a sherd 
would also provide a sufficient lead concentration for the analysis 
without the tedious scraping of the glaze, and perhaps without noticeably 
defacing the sherd. In this technique the glazed surface of the sherd 
was dipped for 2-3 min in a boiling aqua-regia solution. No visible 
sign of degradation of the glazed surface was observed. The resulting 
solution gave the best results of the four methods used for sample 
preparation with the MS-30. In addition to achieving the best mass - - 
spectrometric data from his technique, it was also theeasiest in terms of 
sample preparation, though taking slightly longerthanaffixing the glaze 
directly to the probe tip with double-sided tape. With spare FAB probe 
tips one person could easily prepare ten samples in an hour. 

Ultrapure acids should normally be used for lead isotope determina- 
tions (8 ,9 )  because traces of lead occur in normal reagent grade acids. 
However, no lead could be detected by the MS-30 in a blank extraction 
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TABLE 1. MS 30 data for the direct powder method 

Sherd no. Colour 2 0 8 ~ b / 2 0 6 ~ b  2 0 7 ~ b / 2 0 6 ~ b  

846 Green 2.094 0.8944 
3043 Gold-purple 2.304 0.8123 
1026 Red-green 1.908 0.7945 
1835 Green red 2.104 0.8440 
84 1 Yellow 2.147 0.8345 
863 Green 2.232 0.8231 

Average 2.132 0.8338 

of lead-free glass, using high quality Baker Instra-analyzed reagent 
grade acids. Blank determinations on various grades of acids should be 
run with high sensitivity instruments before they are used in the extrac- 
tion techniques described above. 

Results and discussion 
The sherds subjected to FAB-ms determination of their lead 

isotope ratios were obtained from the Jordan pottery site in 
Jordan, Ontario, in early nineteenth century pioneer pottery 
excavated by one of us (7). 

In Table 1 we show the results of the isotope ratios measured 
using the direct powder method on the MS-30. The poor sensi- 
tivity made it difficult to measure the 204Pb abundance with any 
accuracy. The data do, however, cluster in the region expected 
for English or Niagara Peninsula lead, and are distinct from data 
from most of the remainder of North America. The average 
value, however, falls outside the range of values expected. We 
did not have much confidence in these data although they were 
better than data obtained by directly examining a glaze chip. 
Detailed statistics were not collected on data points since it was 
obvious that improved methods would be needed. All the tab- 
ular ratio data &e based on raw ion abundance that were first 
corrected for background and the presence of lead hydride 
species prior to calculation of the isotope ratios. 

Dolnikowski et al. (6) in their FAB work used a plot of the 
2 0 7 ~ b / 2 0 6 ~ b  ratio against that of 2 0 4 ~ b  I2O6pb as avisual indicator 
of the potential origins of lead samples. This plot has the 
disadvantage of using the 204Pb abundance which is low and 
most subject to error. More commonly used is a plot of the 
2081206 ratio vs. that of 2071206 (Fig. 1). The English data are 
taken from the literature (4),' while for the Niagara Peninsula 
and related areas in similar geological formations-from northern 
New York State the data were kindly provided by Farquar.' It 
can be seen that the benchmark data for England and for the 
Niagara Peninsula overlap to a large extent so that we would 
expect to have difficulty in distinguishing between the two 
sources unless the standard deviations are very small. In the 
work of Dolnikowski et al. (6) it was suggested that there was a 
clear distinction between the lead isotope ratios from England 

AVERAGE STANDARD 1 
D E V I A T I O N  

T 

4- 
ZAB , 

FIG. 1. Plot of 2 0 7 ~ b / 2 0 6 ~ b  VS. 2 0 8 ~ b / 2 0 6 ~ b  for (U) English (4)' and 
(A) Niagara Peninsula' lead, (and related escarpment samples from 
northern New York State), together with data from Jordan pottery 
sherds determined using (a) MS 30 and (+) ZAB SE mass spec- 
trometers equipped with FAB sources. Standard deviations are shown 
for the two instruments. 

and North America. However, their only points suggesting 
possible overlap come from the Niagara Peninsula. More de- 
tailed investigations1 of the lead isotope ratios from the litera- 
ture (3) point to further overlap of various lead sources from the 
original "Thirteen Colonies" with these of English lead, making 
life difficult for the archeologist. 

It was clear that if the direct powder method was to be used 
successfully, higher sensitivity was needed. In Table 2 we show 
the data obtained on a VG ZAB SE prototype, a large high- 
mass, high-resolution, high-sensitivity reverse-geometry mag- 
netic mass spectrometer. For the purposes of our experiments, 
only the stability of the instrument and its sensitivity were 
important to obtaining good results. The data obtained were of 
much higher quality, with standard deviations an order of mag- 
nitude smaller than for comparable runs on the MS 30. Figure 1 
shows that the data from the ZAB fall directly on top of the 
Niagara Peninsula points. These also overlap with half of the 
values for English lead, so even with the greater precision, one 
cannot unequivocally state the origin of the lead in these glazes. 
However, the data appear to lie within the field of the Niagara 
Peninsula data points. 

In an attempt to improve on the precision obtained with the 
MS 30 we experimented with the acid extraction techniques. 
Data are shown in Table 3 and plotted on Fig. 1. The standard 

TABLE 2. ZAB SE data for the direct powder method 

Sherd no. Colour 208pb/206pb 2 0 7 ~ b / 2 0 6 ~ b  204pb/206pb 

846 Green 2.077tO.005 0.851320.002 0.053320.0004 
3075 Wine 2.07720.011 0.8505 20.0005 0.0569t0.0017 
1166 Dk. brown 2.063?0.007 0.842020.006 0.0545?0.0009 
1 166* Dk. brown 2.07020.003 0.842520.003 0.053720.0009 

*Scan speed was 100 s/mass decade. 
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TABLE 3. MS 30 data for the powder and sherd extraction methods 

Sherd no. Colour 2 0 s ~ b / 2 0 6 ~ b  207Pb/206~b 

Green 
Lt. brown 
Red green 
Orange red 
Orange red 
Orange red 

Green 
Gold brown 
Gold brown 
Green 
Green 
Gold brown 
Green slip 
Red green 
Red wine 
Green 

1170 Green 2.0510 0.8485 

Average 2.046 0.8397 

*Sherd extraction rather than the powder extraction method. 

TABLE 4 .  Summary of data for sherd #846 

Mass spec. Sampling method 208Pb/206~b 2 0 7 ~ b / 2 0 6 ~ b  

ZABSE Directpowder 2.077k0.005 0.8513k0.002 
MS 30 Direct powder 2.094 0.8944 
MS 30 Powder extn. 2.097k0.05 0.8449k0.013 
MS 30 Sherd extn. 2.067k0.03 0.8504k0.014 
MS 30 Sherd extn. 2.084k0.02 0.8413k0.015 

deviations are reduced by a factor of two compared to the direct 
powder methods, but are still a factor of 5- 10 worse than the 
ZAB powder data. This does suggest, however, that if the 
extraction techniques are used with the ZAB, data may be 
obtainable with sufficient precision to permit isolation of lead 
sources to particular mines. With the MS 30 data there is 
apparently some systematic error as the data seem shifted 
towards the lower left-hand side of the graph. However, the 
average value for all these lead extractions is very close to the 
Niagara Peninsula points, much closer to them than to the 
English data, again suggesting that the potter had a local source 
of lead. 

One glaze sample from sherd #846, a green-glazed piece of 
pottery, was analyzed by both instruments, and the standard 
deviations calculated. These data are summarized in Table 4.  
Each MS 30 extraction method data point is within less than one 
standard deviation of the other MS 30 data points. The ZAB data 
fall close to the mean of the three MS 30 extraction samples. 

Replicate determinations on separate samples of sherd # 1 166 
were also done using the ZAB. Different scan speeds showed no 
significant differences (Table 2), although standard deviations 
were lower for the determination done using a 100 rather than 
30 s/mass decade scan speed. 

In conclusion, it would appear that if a modem mass spectro- 
meter with a FAB source is used for lead isotope determinations 
for samples of archeological interest, it should be possible to 
develop the methodology to permit a rapid indication of prob- 
able origins of the lead in the artifact. Acid extraction tech- 
niques give the best results, and we predict that if these are used 
in conjunction with a modem high sensitivity instrument, high 
quality data can readily be obtained. 
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Complexes of hybrid ligands. Some pd2+ and pt2+ complexes of fluoro-alkoxy thioether 
ligands; the measurement of the trans-effect of phosphines on thioether inversion1 
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RENB T.  BOER^ and CHIUSTOPHER J. WILLIS. Can. J. Chem. 64,492 (1986). 
The hybrid ligands R-S-CH2-C(CF3)2-O- (R = CH3 or C6H5) have been used in conjunction with the other donors to 

prepare complexes of pt2+ and pd2+. Five-membered chelate rings are formed by coordination through the hard alkoxy and the 
soft thioether donor sites. Products are of two types: neutral MCI{RSCH2C(CF3)20)(PR3) or cationic 
[ M { R S C H ~ C ( C F ~ ) ~ O ) ( P R ~ ) ~ + ,  and their geometry is assigned. Variable temperature nmr measurements are used to follow the 
inversion of the thioether function in the hybrid chelate ring, and values of AGS are calculated. From a comparison of the barrier 
to inversion in various complexes, the dynamic trans effect of various ligands is assessed including, for the first time using this 
criterion, the trialkylphosphines. 

RENB T. BOERB et CHRISTOPHER J. WILLIS. Can. J .  Chem. 64, 492 (1986). 
On a utilisC les ligands hybrides R-S-CH2-C(CF3)2-O- (R = CH3 ou C6H5) en conjonction avec d'autres donneurs 

pour prCparer des complexes du pt2+ et du pd2+. I1 se forme des chtlates i cinq chainons par coordination des sites donneurs dur 
de l'alcoolate et doux du thioCther. Les produits sont de deux types, soit neutres (MC1{RSCH2C(CF3)20)(PR3)) ou cationiques 
([M{RscH~c(cF~)~O)(PR~)~]+) et on a attribut leur gtometrie. On a utilisC des mesures de rmn i temperature variable pour 
examiner l'inversion de la fonction thiotther dans le cycle du chClate hybride et l'on a calcult les valeurs du AGS. En se basant sur 
une comparaison de la baniere i l'inversion dans divers complexes, on a CvaluC l'effet dynamique trans de divers ligands dont les 
trialkylphosphines qui y ont CtC incluses pour la premiere fois en utilisant ce critkre. 

[Traduit par le journal] 

Introduction 
In the first part of this series (2), we described the synthesis of 

molecules of general formula RSCH2C(CF3)20H, containing 
both a fluorinated alcohol and a thioether function. In the 
mono-ionized form, these may act as bidentate, chelating, 
ligands toward transition metal ions. The combination of the 
hard -C(CF3)20- donor with the soft thioether function 
enables them to form stable complexes with the softer transition 
metal ions, and we have described studies on the neutral 
bis-complexes M[RSCH2C(CF3)20]2, which show cis geometry 
for M = Pt and both cis and trans for M = Pd. 

In the present paper, we describe the extension of this study to 
the preparation of two additional types of complexes of these 
hybrid ligands, cationic complexes of type 1 with alkyl- and 
arylphosphine as coligand, and neutral type 2 complexes with 
phosphine and chloride as coligands. 

The cationic complexes are generally prepared with fluoro- 
borate as counterion. Using phosphines as coligands, we have 
been able to make platinum(I1) complexes with R = Me, L = 

PPh3 (3), PPh2Me (4), PPhMe2 (S), or PMe3 (6); R = Ph, L = 
PPh3 (7), PPh2Me (8), or PPhMe2 (9). Palladium(I1) phosphino 
complexes were more difficult to prepare, and were restricted to 
that with L = PPh3, R = Me (10). Neutral type 2 complexes 
have been prepared for both Pt (11) and Pd (12). 

In previous studies on related systems (2, 3) we have 

' ~ a k e n  in part from ref. 1 .  Presented in part at the XXIII 
International Conference of Coordination Chemistry. Boulder, CO. 
1984. 

attempted to place the fluoroalkoxide function relative to other 
ligands in the dynamic trans-effect series by the measurement 
of the barrier to thioether inversion. Our object in synthesizing 
type 1 and 2 complexes was to extend this study and to include, 
for the first time, trialkylphosphines as coligands trans to the . -  - 

thioether group. The presence in these complexes of several 
nmr-active nuclei ('H, "F, and "P), each of which may couple 
to Ig5Pt, makes them particularly suitable for characterization 
by nmr. 

Experimental section 
General techniques and the preparation of the fluoroalcohol thioethers 

CH3SCH2C(CF3)20H and C6H5SCH2C(CF3)20H have been describ- 
ed previously (2). As before, we will abbreviate the anionic forms of 
the ligands to Me-S-0-, and Ph-S-0-. Phosphine and thioether 
complexes of PtC12 and PdC12 were prepared by standard routes (3). 

[Pt(Me-S-0)(PP113)2]BF4, 3 
To ~ i s - P t C l ~ ( P P h ~ ) ~  (1.0 g, 1.26 rnrnol) in CH2C12 (30 mL) was 

added CH3SCH2C(CF3)20H (0.29 g, 1.26 mmol) followed by the 
stoichiometric quantity of KOH in ethanol. (In this and following 
reactions, it was found convenient to measure out the required amount 
of KOH volumetrically using a standard solution, -0.3 M ,  in ethanol). 
After stirring 3 h, the solution was centrifuged to remove KC1, then 
AgBF4 (0.25 g, 1.26 rnrnol) was added, causing immediate precipita- 
tion of AgCI. 'The solution was centrifuged, stirred 16 h, filtered, and 
reduced in volume. Addition of pentane precipitated 3 as an off-white, 
air-stable solid (1.22 g, 94% yield) which was recrystallized from 
CH2C12-EtOH to give large colorless crystals, mp 294-296°C. 

Complexes 4-9 
Complexes 4-9 were prepared by the same general route, starting 

with the appropriate complex c i ~ - P t c l ~ ( P R ~ ) ~  and the ligand alcohol 
CH3SCH2C(CF3)20H or C6H5SCH2C(CF3)20H. [Pt(Me-S-0)- 
(PPh2Mej2]BF4, 4: colorless prisms from CH2C12-EtOH, mp 183- 
184°C. [Pt(Me-S-O)(PPhMe2)2]BF4, 5: Purification by dry- 
column chromatography on Florosil (CHZC12 eluant) yielded an oil 
which solidified to an amorphous cream solid when treated with ether, 
but could not be crystallized. [Pt(Me-S-O)(PMe.7)2]BFd, 6: oil, 
giving light yellow powder, recrystallized from CHzCl2-EtOH to give 
colorless crystals, mp 198-200°C. [Pt(Ph-S-O)(PPh3)2]BF4, 7: 
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TABLE 1. Analytical data for complexes 

% Carbon % Hydrogen % Phosphorus % Sulfur 

Compound Formula calcd. found calcd. found calcd. found calcd. found 

pale yellow blocks from CH2C12 - 1-propanol, mp225-230°C. 
[Pt(Ph-S-O)(PPh2Me)2]BF4, 8: oil, purified by dry-column chro- 
matography (CH2C12 eluant), cream solid when treated with ether and 
vacuum-dried. [Pt(Ph-S-0)(PPhMe2),]BF4, 9, similar to 8.  

the metal dichloride. Treatment with ligand and base (KOH) in 
the required molar ratio gives the type 2 chloro-complex, which 
may in some cases be isolated at that point. The addition of 
AgBF4 then produces the cationic type 1 complex. 

[Pd(Me-S-O)(PPh3)2BF4, 10 MC12(L)2 + RSCH2C(CF3)20H + KOH 
To t ran .~-PdCl~(PPh~)~  (0.50 g, 0.72 mmol) suspended in benzene 

(40 mL) was added CH3SCH2C(CF3)20H (0.20 g, 0.72 mmol) fol- 
lowed by the stoichiornetric amount of KOH in ethanol. As the base 

J 
MCl(L){RSCH2C(CF3)20} + L + KC1 

was added, the suspension passed through deep red to orange in color. 
KC1 was removed, then AgBF4 (0.14 g, 0.72 mmol) in EtOH was 
added and AgCl was immediately removed by centrifugation, giving a 
blood-red solution. Removal of solvent. followed bv extraction with 
CHC13 and precipitation with ether gave a bright red powder, 
mp 200"C, which could not be recrystallized without decomposition; 
satisfactory analytical figures on the solid could not be obtained, but the 
compound was characterized by solution nmr data. 

PtCI(Me-S-0)(PPh3), 11 
To c i ~ - P t C l ~ ( P P h ~ ) ~  (0.50 g, 0.63 mrnol) suspended in DMF 

(40mL) was added CH3SCH2C(CF3)20H (0.14g, 0.63 mmol) fol- 
lowed by KOH (0.63 mmol) in EtOH. After stirring 16 h, by which 
time the solids had dissolved, the solution was reduced in volume and 
the product precipitated in 44% yield by addition of hexane. Recrystal- 
lized from CH2C12-EtOH, beige flakes, mp 267-269°C. 

PdCI(Me-S-O)(PPhs), 12 
To trans-PdC12(PPh3)2 (0.1 g, 1.43 mrnol) suspended in benzene 

(150 mL) was added CH3SCH2C(CF3)20H (0.33 g, 1.43 mmol) and 
sulfur (0.046 g, 1.43 mmol) followed by KOH (1.43 mmol) in EtOH. 
The resulting deep-red solution was stirred 16 h, filtered, and solvent 
removed to give a yellow solid. After washing with ether, recrystalliza- 
tion from CH2C12-C6H12 gave yellow platelets, mp 210°C. 

Characterization 
In all cases where a crystalline product was obtained, new complexes 

were characterized by elemental analysis. Data are given in Table 1; 
because of the variety of elements present, it was not possible to obtain 
reliable results for S and P analyses in every case. 

Mass spectra of the cationic type 1 complexes gave peaks corres- 
ponding to the complete cation, [M(PR~)~(M~-S-o)]+, only in the 
case of the Pt complexes with PR3 = PPh2Me and PMe3. For all of the 
cationic Pt phosphine complexes, a strong peak appeared at a mass 
number corresponding to the loss of the substituent on sulfur, that is, 
the species [Pt{SCH2C(CF3)20}(PR3)2]+, and for the species 

I [ ~ t ( ~ r ~ ) ~ ] + .  where the complete fluoroalcohol thioether ligand has been 
lost. For the neutral type 2 complexes, the heaviest mass-number peak 
for both 11 and 12 corresponded to the loss of C1- from the molecule, 
together with typical fragmentahon patterns corresponding to the loss 
of CF3-, etc. All species had infrared spectra consistent with their 
proposed structures. Nuclear magnetic resonance spectra, which 
provided the principal means for characterization, are discussed 
separately later in this paper. 

Results and discussion 
The synthesis of each of the complexes discussed in this work 

begins with the appropriate phosphine or thioether complex of 

[M(L)2{RSCH2C(CF3)2O}]BF4 + AgCl 

Careful choice of solvent and control of stoichiometry is needed 
in order to isolate these products, and yields at each stage were 
found to be very variable according to the nature of M, R, and L. 

In the mass spectra of the cationic species, substantial peaks 
corresponding to the loss of the S-alkyl group in the ligand were 
observed in each case, and this suggested that it might be possible 
to prepare a neutral thiol complex by reductive dealkylation: 

This is a well-recognized type of reaction carried out by 
nucleophilic attack on the thioether, although it has only been 
observed where the R-S group is attached to an aromatic ring 
(4, 5). Controlled dealkylation was not successful in our 
systems, however, since the stability of the complexes was not 
sufficient to prevent ligand displacement when treated with the 
strong nucleophiles needed (I-, SCN-). 

Nuclear magnetic resonance studies 
General features of the nrnr spectra of the complexes are 

shown in Tables 2 and 3. Table 2 gives 'H and 19F data for the 
fluoroalcohol thioether ligand, while Table 3 gives 'H and 3 1 ~  

data for the phosphine ligands in the cationic complexes. 
In a static situation, the pyramidal coordination of the 

thioether function induces inequivalence in the protons of the 
adjacent methylene group and in the geminal CF3 groups 
attached to the ring. As we have previously demonstrated for the 
neutral bis-complexes of this ligand (2), this inequivalence may 
be removed by raising the temperature so that inversion of the 
chelate ring and inversion at sulfur becomes rapid (on the nmr 
time-scale), resulting in the chelate ring appearing dynamically 
planar. In each case, variable-temperature data are quoted under 
conditions designed to show, where possible, the limiting cases 
of such variations in the spectra. 

( i )  Neutral type 2 complexes 
There are clearly two possible geometric isomers for these 

compounds; the cis form shown as 2 above, or the trans form in 
which positions of the C1- and PPh3 ligands are reversed. 
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494 CAN. J. CHEM. VOL. 64, 1986 

TABLE 2. 'H and "F nmr data for alcohol-thioether ligands in complexesa 

CF3 groups CHI group R-S 

Temp. 6 AAB JAB 6 AAB JAB 6 3 ~ ( ~ t , ~ )  4J(P,H) 
Compound solventb (OC) (ppm) (Hz) (Hz) ( P P ~ )  (Hz) (Hz) ( P P ~ )  (Hz) (Hz) 

3 M 
A 
M 

4 M 
M 
C 

4 C 
5 C 

C 
C 

6 M 
M 

C/D 

7 
C/D 

C 
C 
C 

8 C 
C 
C 

9 C 
C 
C 

10 M 
M 
M 

11 C 
M 
A 
D 
D 

12 (cis) M 
12 (trans) C 

C 
C 

-76.21 (s, W = 4.2') 
d (s,W = 18) 

-76.26 (s,W = 9.5) 
-76.43 68.5 9.5 
-76.4 (br doublet) 

(coalesced) 
-76.94 (s, W=7.5) 
-74.4 155 9.5 
-74.4 - 145 (br d) 
-74.4 (s, W=33) 
-76.95 184.4 9.6 

(br d of d) 
d 178.5 9.4 
d (s, W= 11) 

-76.6 42 -9.5 
(br singlet) 

-76.6 (s, W=3.8) 
-76.4 54 -10 

(br doublet) 
-76.8 (s, W=9) 
-76.9 112 -9 

(br doublet) 
-76.4 (s, W=8) 

-76.37 63 9.5 

(s, W=2.8) 
150 9.4 
130 10 
135 - 
140 -9.5 

(coalescedg) 
91 9.5 
(singlet) 
(singlet) 

3.42 37.9 13.7 
3.27 31 14 

(br singlet) 
3.39 38.5 14 

(br doublet) 
3.36 (br singlet) 
3.36 (s, J=2OSe) 
3.40 49.3 14.5 

(br d of d) 
3.40 (s, J=17') 
3.36 45.6 15 

(br d of d) 
3.48 26.8 -14 
3.45 (s, J=17Se) 
3.56 50.1 

(br doublet) 
3.53 (s, J=22.5') 
3.48 49.3 

(br doublet) 

1 4 t  

3.46 (s , J=lSe)  

(br doublet) 
3.62 ( s , J s 2 0 e )  
3.53 19.2 13.5 

(br singlet) 
3.50 (singlet) 
3.23 47.6 14.1 
3.27 45.5 14.0 
3.46 33.5 14.5 
3.53 31.5 14.5 
3.47 (s, J=31.0e) 
3.32 48.5 14 
3.16 49.0 14" 

(br singlet) 
3.15 (singlet) 

"Chemical shifts from TMS ('H) or CFC1, (19F). 
*C = CDCI,; M = CD2C12; D = ds-DMSO; A = d6-acetone. 
'Half-height peak width, Hz. 
dNo CFClj standard was added to solutions intended for high-temperature spectra. 
'Value of ,J(Pt,H), Hz. 
fhfultiplet, C6HS--S group. 
Wery broad singlet at 150°C. 

(Throughout, we use the term cis and trans with reference to the 
arrangement of the two soft ligands, phosphine and thioether, in 
the complexes.) It is immediately clear from the nrnr spectra that 
the Pt complex 11 contains only one isomer, while the Pd analog 
12, is a mixture of two. In addition to the 'H and 19F data shown 
in Table 2, the Pt complex has a ,'P signal consisting of a singlet 
with ' 9 5 ~ t  satellites, 6 = - 1.87ppm, 'J(Pt,P) = 3455 Hz, 
while the Pd complex has two singlet ,'P signals, at 23.9 and 
21.5 ppm. 

Based on the known chemistry of the two metals, it would be 
expected that the antisymbiotic effect (6) would be stronger for 
the Pt complex, resulting in preferential formation of the isomer 
where the two soft ligands (PPh3 and S-CH,) are cis to each 
other. The nrnr data are entirely consistent with this assignment. 
Firstly, there is no observed coupling from the CH3-S group to 

phosphoms, whereas a value of 4-5 Hz for 4 ~ ( P , H )  is consis- 
tently observed for coupling to one phosphorus nucleus in the 
cationic type 1 complexes. It is well-established that trarzs 
coupling is considerably stronger than cis, so the absence of 
coupling is consistent with cis geometry in 11. Secondly, 
,J(Pt,H) for the -SCH, group is 58-61 Hz, consistent with the 
presence of a trans chloride ligand, whereas in complex 3, is 
only 40.8 Hz. 

The CH3 resonance in 11 is at 1.9-2.1 ppm, more shielded 
than the resonance in the free ligand (2.20ppm), whereas the 
shift on coordination is in the opposite direction (to 2.8- 
2.9ppm) in Pt(Me-S-O)2 (2). This shielding is almost 
certainly due to the effect of the aromatic ring anisotropy of the 
phenyl groups in the cis-phosphine ligand in 11, and similar 
effects occur for the cationic type 1 complexes. An upfield shift 
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on coordination has also been observed in a ruthenium complex, 
and attributed to nonbonding interactions between S-CH3 and 
phenyl groups (5). 

An analogous system in which chelated thioether and 
phosphine are coordinated to platinum has been reported (7). 

In this compound, the CH3-S resonance is at 1.6ppm, 
4J(P,H) = 1 Hz, and 3 ~ ( ~ t  ,H) = 14 Hz. The small coupling of 
the methyl protons to phosphorus, and the very greatly reduced 
coupling to platinum, are consistent with hydride trans to 
SCH3, rather than the phosphine as the authors suggest. 

The methylene signal of 11 consists of an AB pattern (67%) 
with JAB = 14 HZ, a typical value for geminal protons, which is 
superimposed on a well-defined ABX pattern (33%) due to 
coupling with lg5pt. The latter is symmetrical, with JAX = JBX 
= 3 1.0 Hz. On raising the temperature, the difference between 
inequivalent methylene protons decreases as thioether inversion 
becomes more rapid. Coupling to 1 9 5 ~ t  persists throughout, 
demonstrating a nondissociative mechanism of inversion. At 
180°C, the highest temperature attainable in DMSO solution, 
the former have collapsed to a sharp singlet with satellites; 
3 ~ ( ~ t , H )  = 31.0 Hz. The peaks from the inequivalent CF3 
groups consist of a doublet of quartets at 32°C; the latter collapse 
into two broad singlets at - 1 10°C and to one very broad singlet 
around 150°C. The higher coalescence temperature is due to the 
greater difference in chemical shift of the 1 9 ~  signals. 

With the palladium complex 12 it is possible to observe 
isomerization in solution. Freshly prepared samples show a 
preponderance of one isomer (cis)  which corresponds to the 
solid-state form. After - 10 min in solution, this has equilibrat- 
ed into the cis-trans mixture, whose composition is solvent and 
temperature dependent. At 32"C, the cis isomer amounts to 54% 
in CD2C12 but only 18% in CDC13, the latter dropping to 13% at 
60°C. 

Discrimination of these isomers is made on the same 
arguments as for 11. The two CH3-S signals are at 1.78 pprn 
with 4J(P,H) = 1.5 Hz and at 2.72 pprn with 4~ = 5 HZ; the 
combination of greater shielding and smaller coupling clearly 
indicates that the former has CH3-S cis to phosphine. 

Signals from the methylene protons in 12 show AB patterns 
for both cis and trans isomers. The former is resolved at 
ambient temperature, but the latter only gives sharp signals on 
cooling to -20°C. Coupling to 3 1 ~  (4J = -2.5 HZ) then appears 
for one of the CH2 protons of the trans isomer. On heating to 
60°C, the methylene signal of the trans isomer collapses to a 
sharp singlet; it is not possible to observe this accurately for the 
cis isomer because its population drops as the temperature is 
raised, but it may be estimated that its coalescence temperature 
is at least 30°C higher than trans. This is in accord with the 
geometrical assignments, as the trans effect on thioether 
inversion of PPh3 is expected to be significantly greater than that 
of c1- (8,9). 

The 3 1 ~  signals of cis and trans 12 were assigned from a 
comparison of their relative intensities in different solvents 
where populations had been established using 'H and "F nmr 
spectra, from which the peak at 23.9 pprn is assigned to the cis 

isomer and that at 21.5 pprn to the trans. The latter is therefore 
slightly more shielded by the presence of the trans thioether, 
consistent with previous observation that a ligand of greater 
trans influence shifts a 3 1 ~  resonance to higher field (10). 

The "F nmr spectra of complex 12 show an interesting 
difference between isomers. The cis form shows the usual 
doublet of quartets associated with inequivalent geminal CF3 
groups, but the trans form gives a singlet signal even at -20°C. 
As noted above, the methylene protons in this isomer give an 
AB doublet showing inequivalence because of the adjacent 
pyramidal thioether. The unusual nmr equivalence of the CF3 
groups is also seen in the cationic complex 3 .  

(ii) Cationic type I phosphine complexes 
In the presence of chloride, complexes of type 11 and 12 form 

by displacement of phosphine. Removal of C1- with Ag+ leads 
to the isolation of the cationic complexes, in which the ligand 
trans to the thioether is also a phosphine. The 3 1 ~  data for these 
complexes are summarized in Table 3. The two phosphines are, 
of course, required to adopt cis geometry by the presence of the 
chelating coligand, and spectra are consistent with the presence 
of two inequivalent 3 1 ~  nuclei. We denote the phosphine trans 
as PB. The coupling between them, 2 ~ ( ~ A , ~ B )  lies within the 
narrow range of 24.0-26.1 Hz. This is typical of cis phosphine 
complexes, for example, in the dihalide complexes 
PtX2(PMe3)2, 2 ~ ( ~ , ~ )  is 18.9,16.2, and 14.0forX = C1-, Br-, 
and I-, respectively, compared to values of -500 Hz in the 
trans isomers ( 1 1). 

Two arguments may be used in the assignment of the 13p 
signals to PA and PB. Firstly, in complexes of Me-S-0-, 
coupling of 4-5 Hz is observed from CH3 protons to one 
phosphorus nucleus. Selective decoupling experiments then 
show that, in all cases, this coupling is to the 3 1 ~  with the 
downfield resonance. There is ample precedent to show that the 
trans phosphine couples more strongly than the cis in square- 
planar complexes (12), so the downfield resonance may be 
assigned to PA. Secondly, the cationic PPh3 complex 3 may be 
compared with the neutral complex 11, which we have shown to 
have the phosphine and thioether functions cis. The 31P peak in 
11 is at - 1.87 ppm, whereas those in 3 are at 14.75 and 
0.44 ppm, so the latter is more likely to correspond to PB, cis to 
the thioether group. 

The differences in the value of 'J(Pt,P) between PA and PB for 
the various complexes are given in Table 3,  and show a 
consistent trend. In the two series, using either Me-S-0- or 
Ph-S-0- as coligand, the value of AIJ(P) increases as 
phenyl groups in PR3 are successively replaced by methyl. 
Although 'J is decreasing for both PA and PB in these 
sequences, it drops more rapidly for PB. Thus, in going from 
PPh3 (3) to PPh2Me (4), 'J decreases by 125 Hz for PB but only 
54 Hz for PA. The value of 'J(Pt,P) for PA trans to the thioether 
function of the hybrid ligand is consistently smaller by -60 Hz. 
for each Me-S-0- complex than for its Ph-S-0- analog, 
showing the expected greater trans influence of the methyl- 
thioether. The value of 'J for PB only changes by -10Hz 
between each pair of complexes, consistent with our assignment 
that this phosphine is trans to alkoxide in each case. 

For the palladium complex 10, assignment of the two 31P 
signals was camed out by comparison with neutral complex 12. 
The downfield resonance (6 = 30.0 ppm) is associated with PB, 
and that to higher field (6 = 25.6 ppm) with PA. The difference 
between these (6.4 ppm) is greater than that found between cis 
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TABLE 3. 'H and "P nmr data on phosphine 

R3PA ligand' 

W A )  'J(Pt,P,) h(CH3) 3 ~ ( P t , ~ )  'J(P* ,H) 
Compound L solventb ( P P ~ )  (Hz) ( P P ~ )  (Hz) (Hz) 

"At 32°C. "P chemicals shifts from (MeO),PO(ext), positive shifts to low field; all 31P spectra proton decoupled. 
bFor 'H spectra (M = CD2C12, C = CDCI,); all ,'P spectra were run in CH,C12, 0.1 M. 
'R3PA rrans to sulfur, R3PB trans to oxygen. 
dChemical shift difference, 6(PA) - 6(PB). 
'Difference in coupling constants, 'J(Pt, PA) - ('J(Pt,PB). 
fComplex at 32°C; chemical shifts refer to O°C, see text. 

I I 
3.0  2 0 PPm 

FIG. 1 .  The 'H nrnr spectrum of [ ~ t ( ~ e - s - o ) ( ~ P h ~ M e ) ] ' ,  4, 
showing coalescence of the CH, signal. 

and trans forms of 12 (2.4 ppm), but less than the 14.3 ppm 
found in the Pt complex 3. The value of *J(PA,pB) (23.7 Hz) is 
very similar to that in 3. The relative positions of the 3 1 ~  

resonances in the Pd complex are opposite to the assignments in 
the Pt series 3-9, with PB to low field of PA, but such a reversal 

has been noted before in the cis and trans forms of the Pt and Pd 
complexes MC12(PR3)2 ( 1 3). 

Variable temperature nrnr studies were needed for a complete 
characterization of the 'H and I9F nrnr spectra of the cationic 
complexes. Those of the Pt complexes with phosphines as 
coligand were generally similar, and the PPh2Me complex 4, 
shown in Fig. 1, will be discussed as an example. 

At -20°C, the limiting2 low temperature for this compound, 
the methyl region of the spectrum contains three doublets with 
doublet satellites, which are associated with CH3S, CH3PA, and 
CH3PB Each methyl group is coupled to both phosphorus and 
latinum, and 4J for the CH3S-P coupling is about half that of 

'J for CH3-P coupling. The 'J couplings for CH3S-Pt and 
CH3PB-Pt are comparable, but that for CH3PA-Pt is smaller. 

The ligand CH2 resonance has a typical AB pattern (JAB 
= 14 Hz, AAB = 38.5 Hz) superimposed on a smaller ABX 
pattern due to coupling to ' 9 5 ~ t .  In contrast to the spectrum of the 
neutral complex 11, this ABX pattern is unsymmetrical and 
buried under the major peaks, making analysis impossible. The 
19F spectrum3 at -20°C consists of a doublet of quartets 
(JAB = -9.5 Hz, AAB = 68.5 Hz), with slight second-order 
distortion, associated with the inequivalent gerninal CF3 groups. 

The limiting high-temperature spectrum of complex 4 was 
run in CDC13 (sealed tube). All of the CH3 resonances show 
some degree of temperature dependence in their chemical shifts, 
causing major changes in the appearance of the spectra 
(although the parameters are not greatly altered). The methylene 
signal is a fairly broad singlet, with 3~ coupling to 1 9 5 ~ t  of 
20,5 Hz, less than 3~ for the CH3S group (38 Hz). The 19F 
signal has also collapsed to a singlet at 90°C; further sharp- 
ening would undoubtedly occur at higher temperatures, but no 
further information would be obtained. 

In the spectrum of the PPhMe2 complex 5, most features are 
similar to those of 4 discussed above. However, there is a 
conspicuous difference in the low-temperature spectrum of the 
CH3-P groups, which appear as four equal signals divided 
into two groups of two, all having essentially equal coupling to 

2 ~ y  limiting we imply that no significant change occurred in the 
spectrum when the temperature range was extended. 

3 ~ o  attempt was made to record the signal due to the BF4- 
counterion, which lies -7000 Hz to high field of the CF3 region. 
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BOERE AND WILLIS 

ligands in cationic Pt complexes" 

31P and 195Pt. (The signals overlap, and selective decoupling 
was needed to resolve them.) They merge into the usual two 
peaks at high temperature. This low-temperature inequivalence 
can be explained by slow rotation (on the nmr time-scale) 
about the Pt-P bonds, associated with steric interaction, which 
could lead to conformational isomers having different environ- 
ments for the methyl groups. 

When the same phosphine is used as a coligand with the 
phenylthioether Ph-S-0-, giving complex 9, a similar 
effect is seen. In the low-temperature spectrum, two signals 
(each a doublet with 195Pt satellites) are seen for CH3-PA, but 
only one signal for CH3-PB. This suggests that, in this com- 
plex, the steric restraints are such that there is restricted rotation 
about the Pt-PA bond, but not the Pt-PB bond. Alternatively, 
the preferred conformation may be such that the CH3 groups 
attached to PB are in similar environments. 

For the PPh3 complex 3, the 'H and 3 1 ~  nmr spectra are 
normal, but the I9F signal is anomalous. It consists of a singlet, 
even at -20°C, indicating equivalent geminal CF3 groups in the 
chelate ring. Under the same conditions, and up to 32"C, the 
adjacent methylene protons give the usual AB doublet because 
of the presence of the pyramidal thioether. A complete struc- 
tural investigation of 3 (and, for comparative purposes, the 
PPh2Me complex 4) has been carried out to clarify this anomaly.4 

The only cationic complex of palladium studied was [Pd- 
(PPh3),(Me-S-O)]+, 10. Its 'H and 19F spectra are similar to 
those of the Pt analog 3, except that the coalescence temperature 
is considerably lowered; this difference is generally observed 
for thioether complexes of Pd and Pt (14). 'The CH, and CF3 
signals show the usual inequivalence at -40°C, but both have 
become equivalent at 32°C. The CH3S signal is a doublet 
through coupling to the trans phosphine; 4 ~ ( ~ t , ~ )  = 4.5 Hz, 
the same value as in 3. 

Thioether inversion sr~idies 
We have previously reported studies of inversion of coordi- 

nated thioethers in a number of systems where fluorinated 
alkoxide donors are also present, namely perfluoropinacol 
complexes M(PFP)(SR,),, M = Pt or Pd (3), and neutral 
complexes of the hybrid ligands M(R-S-O),, M = Pt or Pd 
(2). In the present work, we have taken the same general 

4R. T. BoerC, N. C. Payne, and C. J .  Willis. Unpublished results. 

approach; that is, we have obtained rate constants, and hence the 
inversion barrier AGS, from observations of band-widths at the 
coalescence point in variable-temperature nmr spectra. The 
treatment of data has been discussed in our previous papers and 
follows that given by Sandstrom (15). 

In the complexes described in this paper, thioether inversion 
may be followed by observing the nmr signal of either the CH, 
protons or the CF3 groups of the ligand, both of which will show 
inequivalence because of the presence of the pyramidal coordi- 
nated sulfur atom. In the former, this leads to AB type doublets 
at the lower limiting temperature, which coalesce to A, singlets. 
The spectral changes accompanying coalescence for complex 4 
(Fig. 1) show the 1 9 5 ~ t  satellites in the limiting high- 
temperature spectrum, and the ABX pattern, at low intensity, 
visible under the dominant AB pattern at low temperatures. We 
have not attempted to account for Pt coupling in the inversion 
studies, and the contribution of the coupled nuclei to the 
linewidth at coalescence is assumed to be negligible. 

A closed solution for the rate of exchange at the coalescence 
point for an AB spin system has been derived (l5), and the rate 
constant, k, is given by 

Here, w* is the half-height linewidth at coalescence, and J is 
the coupling constant JAB, which we have obtained from the 
low-temperature limiting spectra. The calculations are summa- 
rized, and the results presented in Table 4. 

Inversion at sulfur exchanges I9F signals from the CF3 groups 
in A3X3 or A3B3 systems to yield eventually a singlet A6 type 
spectrum. No closed analytical expression exists for this 
process, and previous Dnmr studies of CF3 exchange have 
generally employed complete band-shape fitting. However, in 
cases where the value of AAB is large, the effect on a 
doublet-of-quartets pattern of increasing the exchange rate is 
firstly to collapse the quartets internally into two broad singlets, 
then for this pattern to undergo further collapse into one broad 
singlet. We have, therefore, taken the simplified approach of 
applying the equation of Gutowsky and Holm (16) to the CF3 
spectra, taking the linewidth at half-height of this second 
coalescence point as AAB. Calculations based on the I9F spectra 
are summarized in Table 4; values of the activation energies 
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TABLE 4. Calculations for the exchange of CH2 and CF3 signals 

CH2 signal dataa CF3 signal data 

Compound w*(Hz) k(s-I) Tc(K) AGS(kJ/mol) w*(Hz) k(sC1) Tc(K) AGS(kJ/mol) 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 (cis) 
12 (trans) 

O J A B  values are given in Table 2. 
bEstimated error on T, values is -+5 K 
'Estimate; very broad line. 

obtained in this way must be considered as approximations, by an aromatic group, and this has been attributed to stabiliza- 
especially as the value of AAB decreases. tion of the transition state by 7~ conjugation with the ring (14, 

Mechanism of inversion of thioethers 
The results of these studies further substantiate the applica- 

tion of the classical mechanism of inversion to coordinated 
thioethers, developed by Abel and coworkers (17). Key points 
of this approach, which we have developed in previous papers 
(2, 3), can now be applied to a further range of complexes. 

(i) Metal dependence 
Isostructural complexes of Pt and Pd can be compared in two 

cases in this series. For the neutral complexes 11 and 12, AG$ is 
10-1 1 kJ lower for Pd, while between the cationic pair with 
PPh3 as coligand, 3 and 10, the Pd complex is lower by -8 kJ. 
We have previously noted a reduction of - 16 kJ in AG$ in the 
neutral bis-complexes M(R-S-0)2 in going from Pt to Pd 
(2). The lower bamers in the case of Pd are consistent with its 

19). However, in complexes with nonchelating aromatic sub- 
stituents on sulfur, of the type M+S(R)Ph, a slight increase in 
AG$ compared to the Me-S analog (0.5-0.6 kJ mol-I) has 
been noted (20), suggesting free rotation about the C-S.bond 
and minimal conjugation effects. Such a change is below the 
experimental error in our data. 

(iii) Trans effect and the barrier to inversion 
The data available now, in conjunction with previous results 

(2), enable us to establish a trans-effect series for Pt and Pd 
thioether complexes that includes, for the first time, phos- 
phines. Using the data in Table 4, where the thioether group is 
part of the hybrid ligand chelated to Pt in each case, the order of 
decreasing bamer height (that is, of increasing trans effect) as 
the trans ligand is varied is 

lower electronegativity (1.35 versus 1.44 (18)) and with the 
better 7~ overlap between metal and sulfur, leading to stabiliza- Compound 

tion of the transition state. Pt(Me-S-0)2 11 3-6 
(ii) Substituent on sulfur 
A comparison of the AG$ values for analogous complexes of Trans-function -C(CF3)20- C1 PR3 

Me-S-0- and Ph-S-0- shows little, if any, difference Barrier, kJ/mol 8 9 k  1 82?1 65-67 
beyond experimental error. A reduction of the barrier has been 
observed when the backbone of a chelated thioether is replaced Data from the Pd complexes show a parallel trend 

Compound 

Trans function -C(CF3)20- C1- -S-CH3 PR3 
Barrier, kJ/mol 73.5? 1 71-72 68? 1 5 6 k  1 

Within the phosphine series, the differences are not signifi- PPh3 depend on the nature of the reaction being studied. A study 
cant, the barrier ranging from 67 k 1 kJ with PMe3 to 65 2 1 kJ on various substituted thioethers led them to a similar conclu- 
with PPh3 as ligand. A recent study by Gosling and Tobe (2 1) of sion (22). 
the kinetic trans effect on ligand substitution rates has given the Our results are, in general, complementary to those of 
order SR2 < 0SR2 < AsR3 < PR3 < P(OR)3. These workers Gosling and Tobe, and show that the use of thioether inversion 
also note that the effect of substitution of R groups in phosphines barriers as a measure of the trans effect leads to the expected 
is small, and that the relative positions in the series of PMe3 and placing of the phosphines at the high end of the scale. 
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Structural parameters for the chair or twist-boat conformations of 1,3-dioxa-5,6-benzocycloheptene 
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ROBERT ST-AMOUR, MARC J.  OLIVIER, MAURICE ST-JACQUES, and FRANGOIS BRISSE. Can. J.  Chem. 64, 500 (1986). 
Low temperature X-ray studies of 1,3-dioxa-5,6-benzocycloheptene ( 1 )  and its 2-methyl ( 2 )  and 2,2-dimethyl derivatives (3 )  

show that 1 and 2 exist in the crystal state exclusively in the chair ( C )  form while 3 exists exclusively in the twist-boat (TB) form. 
The final values of the agreement index, R,,, are 0.048, 0.059, and 0.046 for 1, 2 ,  and 3 ,  respectively. Significant structural 
differences between the g+g+ arrangement of the acetal moiety with the TB form and the g+g- disposition in the C form are 
revealed. These differences can be interpreted as arising from a less efficient back-donation of an antiperiplanar lone pair on the 
oxygen atom in the g+g+ relative to the g'g- arrangement. Furthermore, the C-0 bond lengths shed some light on the hybridi- 
zation state of the lone pairs of electrons on oxygen. Finally the results are used to rationalize nrnr observations in terms of 
molecular conformations in solution. 

ROBERT ST-AMOUR, MARC J. OLIVIER, MAURICE ST-JACQUES et FRANGOIS BRISSE. Can. J.  Chem. 64, 500 (1986). 
L'Ctude par diffraction des rayons X A basse temperature du dioxa-1,3 benzo-5,6 cycloheptene (1) et de ses derives methyl-2 

( 2 )  et dimethyl-2,2 ( 3 )  montre que 1 et 2 existent A 1'Ctat solide seulement sous la forme chaise ( C )  alors que 3 n'existe que sous la 
forme bateau-croisk (TB).  Les valeurs finales du facteur d'accord R,,, sont 0,048,0,059 et 0,046 pour 1,  2 ,  et 3 respectivement. 
Des diffkrences structurales significatives entre l'arrangement g+g+ du groupe acetal dans la forme TB et la disposition g+g- 
dans la forme C sont mises en Cvidence. On interprkte ces differences par une retrodonation moins efficace du doublet antipe- 
riplanaire de I'oxygkne dans I'arrangement g+g+ relativement i l'arrangement g+g-. De plus, les longueurs des liaisons C--0 
clarifient le type d'hybridation des doublets de l'oxygkne. Finalement, ces resultats permettent de rationaliser les observations 
de rmn sur les conformations des molCcules en solution. 

Introduction 
In recent years, we have studied the conformational proper- 

ties of 1,3-dioxa-5,6-benzocycloheptene 1 and several deriva- 
tives in solution (1, 2) by means of 'H and 13C dnrnr (dynamic 
nuclear magnetic resonance) methods. They reveal the existence 
of a mixture of the chair form 1A and the twist-boat form, l B ,  in 
a ratio of 79:21 (in CHF2C1, at - 130°C) (1). 

Whereas the presence of a methyl group on the acetal carbon, 
C(2), slightly stabilizes the C, form,2 2 ~ ,  (96% at - 115°C) (2), 
the addition of a second methyl on the same carbon destabilizes 
the C form completely in favor of the TB form, 3B (100%). This 

' ~ u t h o r s  to whom correspondence may be addressed. 
 he abbreviations C and TB are used for the chair and the twist- 

boat conformations, respectively. Furthermore, the chair form 2A with 
an equatorial methyl group is represented by C,. 

conformational behaviour was rationalized in terms of elec- 
tronic and steric factors. 

It is known that changes in electronic interactions can 
produce significant structural modifications in some organic 
compounds. For example, crystallographic studies (3) show 
that the bond distances in the C - 0 - 4 - W  sequence in 
carbohydrates are dependent upon the orientation of the polar 
substituents on the anomeric carbon. The title compounds 
contain the same sequence of atoms, so that some structural 
differences between the chair and the twist-boat conformations 
might be expected. 

To our knowledge, only the TB form of an analogue, 
5,6-dichloro-2-p-nitrophenyl-1,3-dioxacyclohept-5-ene, 4, has 

0 

CI A o '  
4 

been characterized and no structural information regarding the 
chair form has been found. This lack of information suggests a 
crystallographic investigation of compounds 1,  2, and 3 ,  
yielding a precise characterization of the shape of the two most 
important conformations of the seven-membered ring contain- 
ing the acetal function. Such data also permit a more complete 
assessment of the dependence of the structural parameters on 
electronic factors. 

Experimental 
The three compounds were prepared by known procedures (1, 2). 

Crystals of 1 were obtained by a bulb-to-bulb sublimation in a 
Kugelrohr apparatus. Those of 2 were grown at room temperature by 
sublimation onto a cold finger while crystals of 3 were recrystallized in 
an ethanol-water mixture. All X-ray measurements have been made at 
low temperature using the locally modified Nonius liquid nitrogen low 
temperature attachment. 
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TABLE 1. Crystal data of interest 

Compound 

Parameter 1A 2A 3A 

Molecular formula 
Molecular weight 
F(000) 
Melting point ("C) 
Unit cell 
a (A) 
b 
C 

P (deg) 
v (A3) 
dcalc (g ~ m - ~ )  
z 
Space group 
Radiation, Kc1 (A) 
F ( K ~  (cm-l) 
7- ("C) 
Crystal size (mm) 

C9H 1002 
150.179 
320 

37-38 
Orthorhombic 

8.450(6) 
10.709(7) 
8.412(4) 

90 
761.2 

1.321 
4 
Pnma 

Mo, 0.71069 
0.864 
- 70(2) 

0.20 x 0.20 x 0.08 

C10H1202 
164.206 
352 

55-57 
Monoclinic 

10.117(3) 
7.975(4) 

12.822(4) 
123.15(2) 
866.1 

1.259 
4 
P2Jc 

Cu, 1.54178 
6.63 

-50(2) 
0.44 X 0.28 X 0.04 

CllH1402 
178.233 
768 
101-102 

Orthorhombic 
6.354(6) 

20.001(6) 
15.068(3) 
90 

1915.0 
1.236 
8 
Pbca 

Cu, 1.54178 
6.35 

-50(2) 
0.54 X 0.24 X 0.02 

The accurate cell parameters and the intensity data were obtained on 
an Enraf-Nonius CAD4 diffractometer, using 25 reflections randomly 
found in the diffraction sphere. The space groups were chosen 
according to the symmetry of axial films and systematic absences in the 
measured intensities. Crystal data of interest are given in Table 1. The 
intensity data were collected by the ~ 1 2 0  scan technique using graphite 
monochromatized Ku radiation (either Cu or Mo). The intensities of 
three reference reflections were monitored every hour to assess the 
stability of the crystals. The orientation of the crystals was verified after 
every 100 measurements. Structure factors were obtained after scaling 
of the intensity data and Lorentz and polarization corrections were 
applied.3 No attempt was made to correct for absorption because the 
absorption coefficients were small. Furthermore, the FLAT option of 
the Nonius diffractometer was used for both 2 and 3. This option allows 
for the intensity measurement to be made in an orientation which 
minimizes the absorption effects. The details of the data collections are 
summarized in Table 2. The structures were solved using the MULTAN 
set of programs. All non-hydrogen atoms were revealed in each case in 
the first computed E-map. The weighted least-squares refinement of the 
atomic coordinates, minimizing Z w(l FoI - I F , I ) ~ ,  was conducted 
with anisotropic temperature factors for C and 0 atoms and isotropical- 
ly for H atoms. The weights were derived from the counting statistics of 
the intensities. The refinements were concluded when the largest 
(displacement/o) ratio was less than 0.30. The details of the least- 
squares refinements are given in Table 2 for all three compounds. 

The scattering curves for non-hydrogen atoms were taken from ref. 5 
and those for H atoms for ref. 6. The atomic coordinates for the 
compounds under investigation are listed in Table 3. The tables of 
observed and calculated structure factors are part of the supplementary 
material.4 

%e programs used here are modified versions of NRC-2, data reduc- 
tion; NRC-10, bond distances and angles; and NRC-22, mean planes; 
FORDAP, Fourier and Patterson maps (A. Zalkin); MULTAN, multi- 
solution program; NUCLS, least-squares refinement; and ORTEP, 
stereodrawings (7- 10). 

4Structure factor tables, anisotropic temperature factor tables, details 
of the least-squares planes calculations, and the list of REFCODES of 
1,3-dioxane containing compounds taken from the Cambridge Data 
File have been deposited. Copies may be purchased from the Deposi- 
tory of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0S2. 

Results and discussion 
The atomic numbering is indicated on the structures 1 ,2 ,  and 

3 .  The packing diagrams for the three molecules are shown in 
Fig. 1. The bond distances and bond angles of the three 
compounds are listed in Table 4 and are compared to the 
corresponding quantities in 4. The torsion angles of interest are 
listed in Table 5.  

The conformations of the molecules fall into two categories. 
Compounds 1 and 2 have the C conformation with the acetal in 
the gf g- arrangement while compounds 3 and 4 have the TB 
conformation and a gf gf acetal arrangement. 

Previous theoretical studies of a model compound (3d), 
dimethoxymethane, have shown that an acetal sequence in the 
gf g- arrangement without constraint has an ideal torsion angle 
of 60". Our observations in compound 1 (Table 5) are -75.0(2)" 
and 75.0(2)" for 0 (  1 ) 4 ( 2 ) - - 0 ( 3 ) 4 ( 4 )  and O(3)--C(2)- 
0 ( 1 ) 4 ( 1 ) ,  respectively. The same torsion angles in com- 
pound 2 have values of -75.1(2)" and 74.4(2)". The equatorial 
methyl group in 2A hardly perturbs the conformation of the 
seven-membered ring. The torsion angles are significantly 
lower than the experimental value of 82.7" reported for the 
gf g- disposition of dimethoxymethane (15). 

In the twist-boat 3B with a gfgf disposition, the torsion 
angles of interest have values of 47.1(2)" and 49.1(2)". In 4 the 
same torsion angles are 5 1.6(4)" and 45.9(4)". These quantities 
are ~i~nificantlydifferent  from the calculated 62.4" and experi- 
mental 63.3" values for the gf gf arrangement of dimethoxy- 
methane (1 1). 

From a study of a large number of 1,3-dioxane derivatives in 
the chair form, the average of 67 bond angles O(1)-C(2)- 
O(3) in the acetal sequence is 11 1.7", a value slightly larger than 
the ideal for sp3 hybridization. In compound 1, this angle has a 
value of 113.6(2)" while in compound 2 it is 112.8(2)". In 
contrast, in the twist-boat 3B this bond angle is only 109.6(2)", 
rather close to the 110.5(3)" in 4. A similar difference in bond 
angles is calculated by van Alsenoy et al. (1 1) in dimethoxy- 
methane, for which the -4 angles in the gf g; and the 
gf g+ conformations are evaluated to be 115.7 and 112.4", 
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TABLE 2. Summary of data collection and refinement 

Compound 

Parameter 1A 2A 3 8  

Scan range (deg) (1 .O + 0.35 tan 0) 
Scan rate (deg min-') 1.7 to 10.0 
2'3ma (deg) 55.0 
h, k ,  1 ranges 0 s  h G  10 

0 s  kG 13 
OG 1s 10 

Max. fluctuation of 
standard reflections (%) 2.3 

Number of reflections measured 1099 
Number of reflections observed 670 
If I 3  k u(I), k = 1.90 
R = ZlAFIIZIF,I 0.040 
R, = [Z  W A  F ~ I Z  F;]"~ 0.048 
S = [ZwAFZ/(m - n)]'12 1.74 
 displacement/^),^ 0.01 
(Displacementj~)~,,,,,, 0.00 
Extreme fluctuations of 

residual electron density (e A-j-3) -0.23, 0.19 

FIG. 1. Stereoviews of the molecules l A ,  2 A ,  and 3B in their respective unit cells. For 1 A  and 2 A ,  the a axis is horizontal while c is vertical. For 
3 B ,  b is horizontal and c is vertical. 
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UR ET AL. 503 

TABLE 3. Fractional atomic coordinates for l A ,  2A, and3B, (X 104for 
0 and C atoms, X lo3 for H atoms), Ueg (A2, X lo4 for 0 and C), and 

U,,, (A2, x 1 O3 for H) 

Atom x Y z ue, 

TABLE 3. (Concluded) 

Atom r Y z u e ,  

H(121) 11 l(3) 62(1) 43(1) 46 
H(122) 236(4) - 1 l(1) 37(1) 62 
H(123) 88(3) 8(1) 121(1) 56 
H(131) 43 1 (4) -23(1) 206(2) 80 
H(132) 568(4) -28(1) 118(1) 68 
H(133) 642(3) 23(1) 191(1) 52 

respectively. The larger angle values in g tg-  may arise from 
syn-diaxial interaction between the two lone pairs on the 
oxygen. In our case, the gem-dimethyl effect (12) may also 
contribute to the 109" angle in 3B. 

The structural parameters obtained for 1 ,  2, and 3 also allow 
us to assess the bond lengths to the anomeric carbon. A normal 
C-0 bond length is 1.43- 1.44 A. For example, it is 1.425(5) A 
in methanol and 1.435(5) A in cyclopenteneoxide (16). These 
values are close to our results for the out5r C - 0  bonds of the 
chair form l A ,  1.441(2) A; 2A; 1.436(3) A; and twist-boat 3B,  
1.432(2) A. On the other hand, the anomeric bond length of the 
acetal function is significantly shorter in the chair forms l A ,  
1.409(2) A; and 2A,  1.414(2), 1.408(2) A; whereas in the 
twist-boat 3B the inner bond length is slightly longer, 
1.425(2) A. In the case of 4B one also notes that the anomeric 
C-0 bonds are shorter than the outer C-0 bonds. 

The mean values of the inner and outer bond lengths in the 
acetal sequence reported for 67 1,3-dioxane rings in the 
Cambridge Data File are presented in Table 6. They are 
compared with their counterparts in dimethoxymethane and our 
own results. 

It is of interest that, for the compounds studied here, it is also 
possible to rationalize the inner bond shortening in relationship 
to conformational changes in a manner similar to that used by 
Jeffrey (3 c) for methylpyranosides. 

According to many authors (3), the shortening of the inner 
C-0 bond in a gauche conformation is due to the back- 
donation of one lone pair of an oxygen to the non-bonding 
orbital of the antiperiplanar C - 4  bond, as seen in 5. The longer 
inner bond for the TB form 3B,  which is in a gf gf disposition 
compared to the C forms 1A and 2A possessing a g f g -  
conformation, may reflect a less efficient back-donation of the 
lone pair on the oxygen of the TB form because of a less 
favorable angular relationship. 

r\ 

The difference in the extent of back-donation, and conse- 
quently of the inner C - 4  bond lengths, between the C and the 
TB forms can be readily explained if the oxygen is considered to 
be sp2 hybridized instead of sp3. Both hybridization states have 
been considered previously (3 b, 13) without firm evidence for 
one or the other. Molecular models and the torsion angles in 
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TABLE 4. Comparison of bond distances and bond angles in various dioxabenzo cycloheptene 
molecular conformation 

Compound 

Distance 

O ( l W ( 2 )  
0(3)--C(2) 
o ( l t c ( 7 )  
0(3)--C(4) 
C(6)--C(7) 
C(5)--C(4) 
C(5)--C(6) 
C(5)--C(11) 
C(6)--C(8) 
C(1 l)--C(lO) 
C(8)--C(9) 
C(9)--C( 10) 
C(2)--C( 12) 
C(2)--C( 13) 

*Value identical to that given just above due to crystallographic symmetry. 

TABLE 5. Comparison of the torsion angles in the various dioxabenzocycloheptene molecular conformations 

Compound 

Bond 1A 2A 38 4 B 

o (  1 )--C(2&0(3)--C(4) -75.0(2) -75.1(2) 47.1(2) 5 1.6(4) 
0(3)--C(2+0(1)--C(7) 75.0(2)* 74.4(2) 49.1(2) 45.9(4) 
c(2&0( 1 )--C(7)4(6)  -81.7(2) -80.5(2) -90.5(2) -86.7(4) 
C ( z t 0 ( 3 ) - - C ( 4 ) 4 ( 5 )  81.7(2)* 82.1(2) -89.3(2) -88.3(4) 
o (  1 t c ( 7 ) - - C ( 6 ) 4 ( 5 )  59.4(2) 57.1(2) 37.2(3) 30.1(4) 
0(3)--C(4)--C(5)4(6) -59.4(2)* -59.2(1) 37.3(3) 28.3(4) 
c ( 4 ) - - C ( 5 ) 4 ( 6 ) 4 ( 7 )  O.O(2) 1.3(2) -3.7(3) 7.9(4) 
C(l l)--C(5)--C(6)4(8) 0.0(2) 0.3(3) -0.8(3) 5.5(2) 

c(12)--C(2w(1)--C(7) - - 167.1(2) -67.7(2) - 

C( 12)--C(2+0(3)--C(4) - 166.3(2) 168.5(2) - 

C(13)--C(2+0(1)--C(7) - - 170.6(2) 169.0(5) 
C(13)--C(2+0(3)--C(4) - - -69.7(2) -70.0(4) 

*Symmetry related. 
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ST-AMOUR ET AL. 505 

TABLE 6. Relation between acetal conformation and relevant structural parameters in 1,3-dioxa compounds 

0 - C - 0 4  Bond lengths (A) 
torsion angles 0 4 - 0  

Compound Reference Conformation (degrees) angle (degrees) Inner C - 0  Outer C - 0  

Dimethoxymethane 11 + - 82.7 -82.7 115.7 1.421$ 1.443 
15* g g B g +  63.3(9) 63.3(9) 114.3(7) 1.382(4) 1.432(4) 
11 g+  g+  62.4 62.4 112.4 1.422 1 .449 
3 d g + g +  60 60 113.9 1.423 1.444 
11 gt 57.4 179.4 109.5 1.409, 1.432 1.448, 1.442 
3d gt 60 180 110.9 1.400, 1.425 1.443, 1.434 

1,3-Dioxane t g+  g -  60.5 -60.7 111.7 1.415 1.435 
1A This work g+  g -  75.0(2) -75.0(2) 113.6(2) 1.409(2) 1.441(2) 
2A This work g+  g -  74.4(2) -75.1(2) 112.8(2) 1.414(2), 1.408(2) 1.438(3), 1.4333) 
3B This work g + g +  49.1(2) 47.1(2) 110.5(3) 1.425(2), 1.425(2) 1.432(2), 1.432(2) 
4B 4 g + g +  45.9(4) 5 1.6(4) 109.6(2) 1.407, 1.413 1.428, 1.421 

*Gas phase electron diffraction. 
?Averaged from the 67 rings in the Cambridge Data File. 
$When the molecule possesses a symmetry element, only one of the symmetry related distances 1s ~nd~cated.  

FIG. 2. Newman projections along 0(1)+ C(2) for 2A and 3B,  
where O(1) is either sp2 or sP3 hybridized. x is the torsion angle 
between O(3) and the axis of the p or sp3 orbital. 

Table 5 for 2 (C) and 3 (TB) lead to the Newman projections 
along the O(1)--C(2) bond5 shown in Fig. 2 for each of the 
possible hybridization states. When O(1) is sp3, a similar torsion 
angle, X ,  exists for 2A and 3B between a lone pair of O(1) and 
the u* orbital of the C(2)-0(3)  bond (X - 15"). On the other 
hand, if O(1) is sp2 hybridized, the torsion angle is more 
favorable for back-bonding in the C form 2A (X - 15") than the 
TB form 3B where x is about 40". The smaller x value for C 
relative to TB in the latter case then explains the greater bond 
shortening observed for the C forms of 1 and 2. This 
experimental observation in seven-membered rings constitutes 
the first evidence in favour of sp2 hybridization for the acetal 
oxygen atoms. 

 he same result will be observed in a projection along 0(3)-C(2).  

TABLE 7. Comparison of the dihedral angles (degrees) measuring the 
puckering in l A ,  2A,  and 1,3-dioxane 

*Atoms included in the planes: [ I ]  benzo group; [2] C(7), 0(1) ,  0(3), C(4); 
[310(1), 0(3) ,  C(2). 

Although not included in the least-squares planes calculations 
(in each of the three compounds), atoms C(4) and C(7) are found 
to be coplanar with the benzo group, which forms plane [I] .  
Atoms C(7), 0(1),  0(3) ,  and C(4) in the chairs 1 and 2 are also 
coplanar; they form plane [2]. Plane [3] is the acetal function 
made up of atoms 0(1) ,  0(3) ,  and C(2). The puckering of the 
cycloheptene chair is measured by the angle between these 
planes. They are compared in Table 7 to those of 1,3-dioxane. It 
is clear that 1A and 2A have quite similar puckering. However, 
these two seven-membered rings are more puckered than 
1,3-dioxane. The result of this puckering causes an increased 
interaction between an axial substituent on the anomeric carbon 
C(2) and the axial benzylic hydrogens H(41) and H(71) in 3. 

This also explains why only the TB form is observed for 3. 

Correlation between X-ray and nuclear magnetic resonance 
data 

We now compare solid state information derived from the 
X-ray analyses with I3C nmr information on the same com- 
pounds in solution (1, 2). As we will see next, the combination 
of these two techniques provides complementary information 
about the molecular geometry. 

Whereas the two techniques reveal only the symmetrical TB 
form for 3 (dimethyl derivative) both in the crystalline state and 
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in solution at low temperature, slightly different results are 
obtained for the parent compound 1 and its monomethyl 
derivative 2 .  The low temperature 13C nmr spectra of 1 and 2  in 
solution show the presence of a major conformation (C) and a 
minor one (TB)  in a ratio 79:21 for 1 (in CHF2Cl at - 130°C) and 
96:4 for 2  (in CHF2C1 at - 1 15°C). The X-ray data identify only 
one conformation for each compound, the C form for 1 and the 
C, form for 2 .  Obviously, the absence of the TB form for 1 and 2  
in the crystal state does not allow direct characterization of their 
TB geometries. Furthermore, the solution study of these 
compounds is complicated by the impossibility of slowing 
down, on the nmr time scale, the interconversion between the 
two identical TB forms, a fact which precludes observation of 
non-averaging TB signals by 'H and 13C nmr. In spite of this, 
the combined approach provides a better understanding of the 
features of the TB geometry of 2B.  

In order to determine whether 2B is symmetrical or not, we 
use information from the two techniques. X-ray information (4) 
on the mono 4-nitrophenyl derivative, 4, shows that it adopts a 
symmetrical TB ring 4 B .  But it is possible that the effect of the 
methyl group in 2  differs from that of the 4-nitrophenyl group in 
4. An answer to this question is provided by the analysis of the 
low temperature 13C nmr results summarized under the struc- 
tures below. 

The reduced amount of the TB form for methyl substitution 
relative to phenyl substitution ( 2  vs. 6 )  was rationalized in terms 
of a larger non-bonding interaction for the methyl group. This 
stronger interaction could lead to a small deformation of the 
highly flexible TB form of 2 .  Supporting evidence is provided 
by the value of the 13C chemical shift y-effect. As shown by 
Lambert and Vagenas (14) in carbocyclic rings, the y-effect of a 
methyl substituent is linearly related to the dihedral angle 0 
between the methyl substituent and the y-carbon. A similar 
linear relationship has already been proposed (2) to explain the 
y-shift caused by a methyl group at C(2) on the benzylic carbons 
C(4) and C(7) in 2 .  The average value of - 2.83 ppm measured 
for 2 8  does not fit the linear relation, if we assume a 
symmetrical TB form with torsion angles taken as similar to the 
values of -67.7" and 170.6" determined for 3B in the solid state 
(Table 5). But a slight twist, changing these angles by about 10" 
and leading to torsion angles of about -80" and 180" for 2B,  
would increase the averaged y-shift to about -3.1 ppm, a value 
that fits well with the linear relationship. The latter torsion 
angles, corresponding to an unsymmetrical geometry, then 

represent the extent of deformation brought about by steric inter- 
action of the methyl group in the flexible TB conformation of 2 .  
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Structural studies of organoboron compounds XXIII:' 
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W. KLIEGEL, H.-W. MOTZKUS, D. NANNINGA, STEVEN J. RETTIG, and JAMES TROTTER. Can. J. Chem. 64, 507 (1986). 
Details of the synthesis, physical properties, and the crystal molecular structures of 2,2-diphenyl-l,3-dioxa-4a-azonia-2- 

borata-1,2,3,4-tetrahydronaphthalene, 5, and 4,4-diphenyl-3-oxa-l-aza-4a-azonia-4-borata-l,2,3,4-tetrahydronaphthalene, 
9, are reported. Crystals of 5 are monoclinic, a = 9.972(1), b = 11.848(1), c = 13.561(2) A, P = 106.231(5)", Z = 4, 
space group P21/c and those of 9 are orthorhombic, a = 20.676(1), b = 15.4199(9), c = 9.7533(4) A, Z = 8, space group 
Pbca. Both structures were solved by direct methods and were refined by full-matrix least-squares procedures to R values of 
0.036 and 0.045 for 1060 and 1700 reflections with I 2 3u(4 respectively. Compound 5 has the expected cyclic B,N-betaine 
structure, resulting from N-aklylation of 2(1H)-pyridone with formaldehyde followed by reaction with (Ph2B)20. The aza 
analog, however, does not have the analogous structure. The alkylation of 2-aminopyridine with formaldehyde in the presence of 
(Ph2B)20 yields 9, derived from alkylation of the amine rather than the pyridine ring nitrogen atom. 

W. KLIEGEL, H.-W. MOTZKUS, D. NANNINGA, STEVEN J.RETTIG et JAMES TROTTER. Can. J. Chem. 64, 507 (1986). 
On rapporte les details relatifs a la synthkse, aux proprittts physiques et aux structures cristallines et moltculaires du 

diphtnyl-2,2 dioxa-1,3 azonia-4a borata-2 tttrahydro-1,2,3,4 naphtalkne (5) et du diphtnyl-4,4 oxa-3 aza-1 azonia4a borata-4 
tttrahydro- 1,2,3,4 naphtalkne (9). Les cristaux du compost 5 sont monocliniques, avec a = 9,972(1), b = 1 1,848(1), c = 
13,561(2) A, P = 106,23 1(5)", Z = 4 et groupe d'espace P21 / c  alors que ceux du compost 9 sont orthorhombiques avec a = 
20,676(1), b = 15,4199(9), c = 9,7533(4) A, Z = 8 et groupe d'espace Pbca. On artsolu les deux structures par des mtthodes 
directes et on les a affintes par la mkthode des moindres carrts (matrice entikre) jusqu'i des valeurs R de 0,036 et 0,045 
respectivement pour 1060 et 1700 kflexions avec I 2 3 4 4 .  Les compost 5 posskde la structure attendue d'une B,N-Etalne 
cyclique qui provient d'une N-alcoylation de la 1 H-pyridone-2 avec le formaldehyde suivie d'une rtaction avec le (Ph2B)20. 
Toutefois, I'analogue azott ne posskde pas une structure analogue. L'alcoylation de I'amino-2 pyridine par le formaldehyde en 
presence de (Ph2B)20 conduit au compost 9, qui provient d'une alcoylation de l'amine plut6t que de I'atome d'azote du noyau 
pyridinique. 

[Traduit par le journal] 

Introduction 
The tautomeric system 2(1H)-pyridone ++ 2-hydroxy- 

pyridine 1 has been the subject of several experimental and 
theoretical studies (1-6). The alkylation of this bifunctional 
nucleophile still appears to be somewhat puzzling in spite of a 
number of detailed studies. For example, some thorough work 
is found in the literature (7-10) which demonstrates the 
possibility of both N- and 0-alkylation to a variable extent 
depending on the alkylation reagent and the conditions of the 
reaction. The alkylation of 2(1 H)-pyridones with formaldehyde 
has been shown to result in N-alkylation products (1 1,12). We 
have prepared 1-hydroxymethyl-2-pyridone 2 according to the 
literature (11) and allowed this compound to react with 
oxybis(dipheny1borane) to yield the diphenylboron chelate 5 .  
The cyclic B,N-betaine 5 is a ring-enlarged analog (by formal 
methylene insertion) of the diphenylboron chelate 4 which has 
recently been synthesized (13) and characterized by X-ray 

I structure analysis (14). 
Since no unambiguous assignment of the structure of the 

; chelate 5 could be made by chemical or spectroscopic means, an 
X-ray crystallographic study of 5 represented the best method 
for ruling out the alternate structure 6, a possible result of 

 or Part XXII, see ref. 30. 

hypothetical 0-alkylation of 1 to 3. A very similar analytical 
problem arose with the aza-analogous diphenylboron chelate 
which was obtained by the reaction of 2-aminopyridine (7), 
formaldehyde, and oxybis(dipheny1borane) in a single step 
(without first forming the intermediate formaldehyde adduct). 
Since 2-aminopyridine also possesses two nucleophilic centers, 
both alternative structures, 8 and 9, must be considered for the 
chelated alkylation product. Simple ir and nmr data were not 
sufficient for a definitive structural assignment, therefore an 
X-ray crystallographic analysis was undertaken. 

Experimental 
2,2-diphenyl-l,3-dioxa-4a-azonia-2-borata-l,2,3,4-tetr~hydro- 

naphthalene, 5 
1-Hydroxymethyl-2-pyridone (0.50 g, 4 mmol), prepared according 

to the literature (1 l),  and oxybis(dipheny1borane) (0.70 g, 2 mmol) 
were dissolved in 20 mL ethanol. After reacting the solution under 
reflux conditions for 2-3 min and cooling down, colorless crystals 
were obtained. Intense cooling yielded 1.1 1 g (96%) of 5 mp 
169-171°C (from benzene - petroleum ether); ir (KBr): 1650 cm-' 
(C=N/C=O); 'H nrnr (CDC13-TMS) 6 (ppm): 5.50 (s, 
N-CH2-0), 6.30-6.73 (m, 14 H of Ph2B and pyridone). Anal. 
calcd. for C18H16BN02: C 74.80, H 5.58, N 4.85; found: C 74.94, H 
5.83, N 4.85. The substance gives a blue color reaction (15) with 
diphenylcarbazone in methanolic solution. Crystals suitable for X-ray 
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CH20 - 11 and (or) 11 

analysis were obtained by recrystallization from benzene-cyclo- 
hexane. 

4,4-Diphenyl-3-oxa-1 -aza-4a-azonia-4- borata-1,2,3,4-tetra- 
hydronaphthalene, 9 

2-Arninopyridine (0.47 g, 5 mmol), formaldehyde (5 mmol, 40% 
aqueous solution), and oxybis(diphenylborane) (0.87 g, 2.5 mmol) 
were dissolved in 10 rnL ethanol at room temperature. Intense cooling 
produced 1.08 g (75%) of colorless crystals, m 164-168°C (from 
ethanol); ir (KBr): 3260 (N-H), 1640 cm-' (C=N); 'H nmr 
(d6-DSMO - TMS) 8 (ppm): 4.72 (s, N-CH2-0), 6.52, 6.78, and 
7.59 (3 m, 3 H of pyridine), 7.18 (s, 10H of Ph2B), 8.46 (m, N-H). 
Anal. calcd. for C18H17BN20: C 75.03, H 5.95, N 9.72; found: C 
75.15, H 5.99, N 9.72. The substance gives a blue color reaction (15) 
with diphenylcarbazone in methanolic solution. Crystals suitable for 
X-ray analysis were obtained by recrystallization from ethanol. 

X-ray crystallographic analyses 
2,2-diphenyl-1,3-dioxa-4a-azonia-2-borata- ,2,3,4-tetrahydro- 

naphthalene, 5 
A crystal bounded by the 12 faces (followed by their distances in mm 

from a common origin): k (1  -1 O), 0.12, +(1 OO), 0.08, k (1  1 O), 
0.14, ?(O 1 l),  0.19 f-(0 -1 l ) ,  0.19, +(1 02),0.18 was mountedina 
general orientation. Unit-cell parameters were refined by least-squares 
on the 2 sin 0/A values for 25 reflections (20 = 25-40") measured on 
a diffractometer with Mo-Ku radiation (A(Ku,) = 0.70930, A(Ku2) = 
0.71359 A). Crystal data at 22°C are: 

ClgH16BN02 fw = 289.14 
Monoclinic, a = 9.972(1), b = 11.848(1), c = 13.561(2) A, P = 
106.231(5)", V =  1538.2(3)A3, Z =  4, p, = 1 . 2 4 9 ~ ~ m - ~ ,  F(000) = 
608, ~ ( M o - K a )  = 0.75 cm-'. Absent reflections: h01,l odd, and OM>, 
k odd, uniquely indicate the space group P2, /c  (C:,,, NO. 14). 

Intensities were measured with graphite-monochromated Mo-Ka 
radiation on an Enraf-Nonius CAD4-F diffractometer. An 0-20 scan at 
1.06-10.06" min-' over a range of (1.00 + 0.35 tan 0) degrees in o 
(extended by 25% on both sides for background measurement) was 
employed. Data were measured to 20 = 52". The intensities of three 
check reflections, measured every 3600 s throughout the data collec- 
tion, remained constant to within 4%. Of the 3018 independent 
reflections measured and processed,2 1060(35.1%) had intensities 
greater than o r e  ual to 341) above background where u2(1) = S + 2B 
+ (O.M(S - B)Q with S = scan count and B = normalized background 
count. The majority of observed data had 20 < 35". Higher angle data 
were collected to maximize the number of observations. A 2u cutoff 
would only increase the number of observed reflections by 32. 

The structure was solved by direct methods. The positions of the 
non-hydrogen atoms being determined from an E-map. In the final 
stages of refinement the non-hydrogen atoms were refined with 
anisotropic thermal parameters and the hydrogen atoms were included 
as fixed contributors in idealized positions (C(sp3)-H = 0.98, 
C(sp2)-H = 0.97 A), recalculated after each cycle of refinement. The 
scattering factors of ref. 16 were used for non-hydrogen atoms and 
those of ref. 17 for hydrogen atoms. The weighting scheme w = 
1 /u2(F), where u2(F) is derived from the previously defined u2(1), 
gave uniform average values of w(I Fol - I ~ ~ 1 ) '  over ranges of both I FoI 
and sin 0/A and was employed in the final stages of full-matrix 
refinement of variables. Reflections with 1 < 3u(I) were not included in 
the refinement. Convergence was reached at R = 0.036 and R,,, = 
0.040 for 1060 reflections with I ?  3u(f). The function minimized was 
Zw(lFOl -  IF,^)^, R = CllFol - l ~ ~ l l / ~ l ~ ~ l  and R,, = (Zw(lFoI 
- I F ~ I ) ~ / Z W I F ~ I ~ ) ~ ~ ~ .  

On the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.007 and 0.04u, respectively. The mean error 
in an observation of unit weight was 1.690. The final difference map 
was essentially featureless, residual densities ranging from -0.15 to 

 he computer programs used include locally written programs for 
data processing and locally modified versions of the following: 
MULTAN 80, multisolution program by P. Main, S. J .  Fiske, S .  E. 
Hull, L. Lessinger, G. Germain, J .  P. Declercq, andM. M. Woolfson; 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, by 
W. R. Busing, K. 0 .  Martin, and H. A. Levy; FORDAP, Patterson and 
Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by C. J.  
Johnson. 
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TABLE 1. Final ositional (fractional) and isotropic thermal parameters f0.14 e A-3. The final positional and thermal parameters appear in 2 .  . (U x lo3 A ) with estimated standard deviations in parentheses Tables 1 and 6 respectively.3 Calculated hydrogen atom parameters 
appear inTable 5 .3 Measured and calculated structure factors have been 

Atom x Y z u,,/u,,, placed in the Depository of Unpublished ~ a t a . ~  

4,4-diphenyl-3-oxa-1 -aza-4a-azonia-4-borata-1,2,3,4-tetra- 
hydronaphthalene, 9 

Experimental details are as above except where noted. The 12 
bounding planes of the crystal used for data collection were: {l  1 11, 
0.17, ?(O 1 O), 0.31, ?(1 OO), 0.31 mm (from a common origin). 
Reflections employed in the refinement of the unit-cell parameters had 
20 = 30-41". Crystal data: 

C I ~ H I ~ B N ~ O  fw = 288.16 
Orthorhombic, a = 20.676(1), b = 15.4199(9), c = 9.7533(4)A, V = 
3110.1(3) A3, Z =  8, p, = 1.231 MgmP3, F(000) = 1216, ~ ( M o - K a )  
= 0.7 1 cm- I. Absent reflections: Okl, k odd, h01, 1 odd, and hk0, h 
odd, uniquely indicate the space group Pbca (D::, NO. 61). 

An 0-20 scan at 1 .01- 10.06' min-' over a range of (0.62 + 0.35 
tan 0)" in o was employed. Of 45 17 independent reflections measured 
(to 20 = 60°), 1700 had intensities greater than 3u(I) above 
background. The intensities of the check reflections remained constant 
to within 3%. 

The strucure was solved by direct methods, the non-hydrogen atoms 
being positioned from an E-map. After refinement of the non-hydrogen 
atoms with anisotropic thermal parameters to R = 0.082, the hydrogen 
atoms were positioned from a difference map and were subsequently 
refined with isotropic thermal parameters. Convergence was reached at 
R = 0.045 and R, = 0.046 for 1700 reflections with I ?  3u(I). The 
mean and maximum parameter shifts on the final cycle of refinement 
were 0.02 and 0 . 1 5 ~  and the mean error in an observation of unit 
weight was 1.813. The final difference map showed maximum 
fluctuations of -0.24 and +0.15 e A-3. 

Analysis of thermal motion 
The thermal motion in the two molecules (Fig. 1) has been analysed 

in terms of the rigid-body modes of translation, libration, and 
screw-motion (TLS model) (18). The rms errors in the Uij (derived 
from the least-squares analyses) are 0.0021 and 0.0015 A2, respective- 
ly for 5 and 9. Analyses of the entire molecules indicated independent 
motion of the phenyl groups. Subunits consisting of PhB groups and the 
ten atoms of the fused-ring systems were separately analysed for both 
structures (rms A Uii = 0.0025-0.0034 A2 and 0.0024-0.0026 A2 for 
5 and 9 respectively). The appropriate bond distances have been 
corrected for libration (18,19), using shape parameters q2 of 0.08 for 
all atoms involved. Corrected bond lengths appear in Table 2 along 
with the uncorrected values; corrected bond angles do not differ by 
more than l u  from the uncorrected values given in Table 3. 
Intra-annular torsion angles defining the conformations of chelate rings 
are listed in Table 4. Bond lengths and angles involving hydrogen and a 
complete listing of torsion angles (Tables 7-9) are included in the 
supplementary material. 

Results and discussion 
Compound 5 has the expected structure derived from the 

ligand 2, the N-alkylation product of 2(1H)-pyridone with 
formaldehyde. The molecule 5 is related to the cyclic B,N- 
betaine 4, which may be regarded as a diphenylboron chelate of 
an "0-adduct" of pyridone while 5 may be thought of as the 
corresponding chelate of an "OCH2-adduct" of pyridone. 
Surprisingly, the aza analog does not have the analogous 
structure 8 which would be less sterically hindered about the 
Ph2B moiety than in the observed structure 9, in which an 

3 ~ h e  structure factor table, Table 6 (anisotropic thermal parameters) 
and other material mentioned in the text may be purchased from the 
Depository of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0S2. 
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A A 

FIG. 1. Stereoscopic views of the 2,2-diphenyl-1,3-dioxa-4a-azonia-2-borata-l,2,3,4-tetrahydr0naphthalene (top) and 4,4-diphenyl-3- 
oxa-l-aza-4a-azonia-4-borata-1,2,3,4-tetrahydronaphthalene (bottom) molecules; 50% probability thermal ellipsoids are shown for the non- 
hydrogen atoms. Hydrogen atoms have been assigned artificially small thermal parameters for the sake of clarity. 

intramolecular N-B interaction involving the pyridine ring 
nitrogen occurs. The structure 9 is consistent, however, with 
that postulated by Gragg et al. (20) on the basis of mass spectral 

I data of the addition products of (2-pyridy1amino)diphenyl- 
borane and various carbonyl compounds. Similar addition 
products with the basic ring structure of 9 were also formulated 
by Dorokhov et al. (21) on the basis of spectroscopic data and 
by analogy with the chemical behavior of comparable amidine 
adducts (22). 

The pyridone C-0 distance4 of 1.308(3) A in 5, similar to 
the corresponding value of 1.3 16(3) A observed for a compound 
of the type 4 (14), is indicative of considerable single bond 
character. The intracyclic C(1)-N bond of the pyridine ring in 
5 is short at 1.348(4) A, indicating double bond character. The 
corresponding C-0 and C-N distances in 2-pyridones (both 

4Libration-corrected bond lengths are employed throughout the 
discussion and are compared with similarly derived parameters. 
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TABLE 2. Bond lengths (A) with estimated standard deviations in parentheses 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

experimental and calculated) have been summarized in ref. 14 A similar, but more pronounced, situation is noted in the case of 
andrange 1.221-1.264 and 1.373-1.410 A, respectively. The 9 where the short and long bonds differ by an average of 
observed geometry of 5 is thus consistent with a greater 0.046(5) A. This type of bond length alternation was not 
contribution of structure 5a to the overall mesomeric structure observed for closely related molecules of the type 4 (14). 
5a t, 5b. 

The C(2)-N(2) bond in 9 between the 2-amino group and the 
pyridine ring is relatively short at 1.335(3) A. The correspond- 
ing distances5 in 2-aminopyridine (23) and 3-aminopyridine 
(24) (which does not have an amidine grouping) are 1.355(2) 
and 1.390(4) A, respectively. The endocyclic C-N bond 
within the amidine grouping of 9 ,  1.354(3) A, does not differ 
significantly from the corresponding distance of 1.359(2) A in 
2-aminopyridine. The related N(1)-C(2) distance in 3- 
aminopyridine is slightly shorter at 1.345(4) A. The structural 
data for 9 are consistent with a more important contribution of 
the canonical form 9 b  to the overall structure 9a t, 9b.  It is 
noteworthy that the main contributing canonical forms 5a and 
9b of the overall mesomeric structures of 5 and 9 both represent 
1,4-betaines with the greatest spatial separation of the formal 
positive and negative charges on nitrogen and boron, 
respectively. 

The pyridine ring in 5 exhibits a distinct and significant 
alternation of double and single bond character, the averaGe 
difference between the short and long bonds being 0.035(6) A. 

'Corrected for libration from data in refs. 23 and 24 (rms AU,, = 
0.0012 and 0.0014 for the entire molecules). 

'The 0-B distances in 5 are significantly different; the longer 
of the two (1.578(4) A) involves the pyridone oxygen atom and 
is similar to the nearly equal 0-B distances in compounds of 
the type 4 (1.557(3)-1.580(3) A) and in other diphenylboron 
chelates with  o oxide^ (25-27) or carbonyl (28, 29) oxy en 
coordinated to boron. The O(2)-C(6) distance of 1.369(4) 1 in 
5 is significantly shoGer than the corresponding 0-C(l) 
distance of 1.411(3) A in 9 ,  indicating some double bond 
character in the former. Other bond lengths and angles in both 
structures (Tables 2 and 3) are normal. 

6 ~ .  Kliegel, S. J.  Rettig, and J. Trotter. 1.552(4) A for 4,4- 
dimethyl-2,2-diphenyl-l,3-dioxa-4-azonia-2-boratacyclohexane. In 
preparation. 
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TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle(deg) Bonds Angle(deg) 

The chelate rings in 5 and 9 have slightly irregular O(2)- and 
0-envelope conformations (torsion angles in Table 4). The 
aromatic rings in 5 are all slightly but significantly nonplanar. 
(x2 = 10.1-21.5, maximum deviation from the mean plane 
0.009(4) A). In 9 the C(7)-phenyl ring is planar within 
experimental error while the C(13)-phenyl and pyridine rings 
are significantly nonplanar (x2 = 67.0 and 209.0, maximum 
deviations from the mean planes 0.0 15(3) and 0.0 19(2) A). The 
pyridine ring in 9 is found to possess a flattened C(2),C(5)-boat 

conformation (see Table 4) with the B and N(2) atqms displaced 
from the mean plane by 0.170(2) and 0.078(2) A in opposite 
directions, presumably a steric effect. The N(2) a t c p  displays 
near planar geometry, being displaced 0.061(2) A from the 
plane of its substituents, this plane being rotated 2.5(5)" with 
respect to the mean plane of the pyridine ring. 

The crystal structure of 5 consists of discrete molecules 
separated by normal van der Waals distances and that of 9 
consists of infinite chains of molecules linked b.1 weak 
N(2)-H(N2)...0(1/2 - x , l  - y,z  - 112) hydrogen bonds 
[H...O = 2.32(3), N...O = 3.127(3) A, N-H...O = 161(2)"]. 
Both molecules show intramolecular interactions of possible 
significance [C(12)-H(12).-.0(2) in 5, C(8)-H(8)-..0, and 
C(14)-H(14)...N(l) in 9 with H.-.(O/N) distances of 2.46, 
2.53(2), and 2.54(2) A; C...(O/N) distances of 2.844(4), 
2.873(3), and 2.976(3) A; and C-H..-(O/N) angles of 103, 
100(1), 102(1)" respectively], the C-H...N interaction in 9 
involving the aromatic T-system of the pyridine ring. 
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TABLE 4. Intra-annular torsion angles (deg) 
standard deviations in parentheses 

Atoms Value(deg) 
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A new truxillate and some flavonoid esters from the leaf gum of Traversia baccharoides 
Hook. f. 
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Received August 19, 1985 

PALANIAPPAN KULANTHAIVEL and M. H. BENN. Can. J .  Chem. 64, 514 (1986). 
Investigation of the leaf washings of Traversia baccharoides Hook. f. (Asteraceae: Senecionae) revealed the presence, besides 

typical cuticular lipids, of labd- 13-ene-5,18-diol, 13-epi-ent.-manoyl oxide, n-butyl caffeate and its mono-0-isobutyrate 
derivatives, an a-truxillate photodimer of n-butyl caffeate (di-n-butyl traversate), (2S)-5,3',4'-tihydroxy-7-methoxyflavanone, 
and various derivatives of quercetin including the 3-, 3'-, and 4'-mono-0-isobutyrates. 

PALANIAPPAN KULANTHAIVEL et M. H. BENN. Can. J .  Chem. 64, 5 14 (1986). 
Un examen des eaux de lavage des feuilles du Traversia baccharoides Hook. f. (Asteraceae: Senecionae) revkle qu'elles 

contiennent, en plus des lipides cuticulaires typiques, du labdene-13 diol-5,6, de I'oxyde du manoyle-13-epi-ent., du caffeate de 
n-butyle ainsi que son derive mono-0-isobutyrate, un photodimkre a-truxillate du caffeate de n-butyle (le traversate de 
di-n-butyle), la trihydroxy-(2s)-5,3',4' methoxy-7 flavanone, et divers derives de la quercetine, dont les mono-0-isobutyrates 
en positions 3, 3' ou 4'. 

[Traduit par le journal] 

Traversia baccharoides Hook. f. (Asteraceae: Senecionae) is 
a low shrub of montane to sub-alpine shrub habitat, indigenous 
to the South Island of New Zealand. Among the characteristic &oll" ,,8,0HR 
features of the plant is a distinct stickiness to the touch, a yellow 
stain with a delicately resinous aroma remaining upon the skin. 
We report here the results of an investigation of this leaf-gum. 

Freshly collected sprigs of T. baccharoides were briefly 1 2a R = CH20H 
26 R = CH20Ac 

rinsed in chloroform to yield a yellow solution, removal of 2c R = CHO 
solvent from which gave a thick orange-yellow gum with the 
odour of the plant. The major components of the gum were 
separated and characterized, as detailed in the Experimental, R20 R1Owu 1 
with the following results. - 

A set of straight-chain even-numbered fatty acids, principally 
C22-C30, was representative of commonly encountered plant 
cuticular lipids (1). 

The resinous odour of the gum appeared to be largely due to 
two diterpenes, 1 3-epi-ent. -manoyl oxide (1) and labd- 13-ene- 
5,18-diol (2a). After we had identified the skeletons of these 
compounds by 'H and I3C nrnr we anticipated that they would 
belong to the same stereochemical series. The  [aID value of 2a ,  
unlike that of 1 ,  is unreliable for assignation of absolute 
stereochemistry (2). However, the ord (optical rotatory disper- 
sion) curve of our material followed that of an authentic 
specimen of 2a.  We thus found the diterpenes to be antipodal. 

A major component of the leaf-gum proved to be a C1 3HI6o4 
compound that was quickly recognized as n-butyl caffeate (3a) 
(cf. data in the Experimental, and Tables 1 and 4). n-Butyl 
esters are relatively rare among known natural products and this 
is the first report of the occurrence of 3 a  in nature. (n-Butanol 
was not employed at any stage in the extraction and processing 
of the plant material, neither was it, or 3a ,  present as a 
contaminant in the solvents or absorbents; i.e. we have 
considered and excluded the possibility that 3 a  was an artefact.) 

Besides 3 a  we isolated a mixture of its mono-0-isobutyrates 
(4a, 4b), which were only able to separate after 0-methylation 
with diazomethane, although the structures of the major (4a) 
and minor (4b) isomers could be deduced from the I3c nrnr 
spectrum of the mixture. The identifications were confirmed by 
synthesis of authentic reference specimens of the methyl ethers 
(5c, 5d) from n-butyl ferulate (5a) and isoferulate (5b). 

'Author to whom correspondence may be addressed. 

0 
3a R I  = R2 = H 
36 R' = R2 = AC 
4a R' = H, R2 = i-PrCO 
46 R' = i-PrCO, R2 = H 
4c R1 = Ac, R2 = i-PrCO 
4d R1 = i-PrCO, R2 = AC 
5a R1 = H,R2 = M e  
56 R1 = Me, R2 = H 
5c R '  = i-PrCO, R~ = Me 
5d R' = Me, R2 = i-PrCO 

A further derivative of n-butyl caffeate was encountered in 
the form of a compound that we called di-n-butyl traversate 
(6a). Our identification of this as an a-truxillate was based on 
the following evidence: (i) ms (mass spectra) measurements 
established the molecular composition as C26H3208, as required 
for a dimer of 3a;  with (ii) the only fragment ions (7a) 
corresponding to a truxillate rather than a truxinate (no ions seen 
for cleavage (b) in 7b) (3); (iii) in the 200-MHz 'H nrnr 
spectrum of 6 a  the cyclobutyl ring protons were observed as an 
AA'BB' system (thus excluding isomers in which these nuclei 
form an A2B2 set) (3-5); and (iv) the chemical shift of the 
methyl function in dimethyl traversate (6c), obtained by 
acid-catalysed methanolysis of 6 a ,  corresponds to shielding by 
an adjacent cis-related aromatic ring (4). 

It seemed reasonable to suspect that 6 a  was formed by the 
photochemical [2 + 21 dimerization of 3 a ,  as the formation of 
other truxillates from cinnamates (3-6). Consistent with this 
idea, irradiation of 3 a  in aqueous suspension (6) with a 
medium-pressure Hanovia mercury vapour lamp produced 6a .  
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KULANTHAIVEL AND BENN 515 

0 R2 
6a  R' = Bu, R2 = H 
6 b  R'  = Bu, R~ = AC 
6c R' = Me, R2 = H 

I The remaining seven compounds that we identified were 
flavonoids. Apart from the colourless (2s)-5,3',4'-trihydroxy- 
7-methoxyflavanone (Sa), these were yellow and responsible 
for the colour of the leaf-gum. All these pigments proved to be 
derivatives of quercetin, three being the well-known methyl 
ethers rhamnazin (9), isorhamnetin ( lo),  and rhamnetin ( l l ) ,  
while the others were previously undescribed mono-0- 
isobutyrate ester derivates. Our identification of these latter 
substances as the 3-, 4'-, and 3'-esters (12a, 13a,  and 14a,  
respectively) can be summarized as follows. The 13C nrnr 
spectrum of 12a closely resembled that of quercetin (plus 
signals from the isobutyrate unit), except for the C-2 signal, 
which was shifted downfield by about 12 ppm, an observation 
consistent with acylation at C-3 (cf. the effect of glycosylation 
at this position) (7). Furthermore, the bathochromic shifts 
observed in the uv (ultraviolet) spectrum of 12a upon addition 
of AICl3, or NaOAc-H3B03, were in accord with the ring-B 
diol system (8). The ms and 'H nmr spectrum of the flavonoid 
and its tetra-0-acetate derivative were also in accord with 
structure 12a,  and peresterification of 12a or quercetin with 
isobutyric anhydride yielded the same penta-0-isobutyrate 
(12c). 

Flavonoid acetate esters are well known as natural products 
(8) and a few other 0-acyl derivatives have been described (9, 
10) but, to our knowledge, 12a is the first example of an 
analogous isobutyrate. 

Two more such compounds, 13a and 14a,  were obtained as a 
mixture that we were unable to separate; they co- 
chromatographed in a variety of solvent systems, but both 'H 

and 13c nmr indicated their presence in ca. 1:3 ratio. We 
suspected that separation of these isomers (as also 4 a  from 46) 
might be hampered by a facile O+ 0 acyl migration moving the 
ester function between positions 3' and 4'; however, after 
acetylating the mixture we were still unable to separate the 
isomers. 

Phenolics have been demonstrated to contribute to plant 
defence both in the allelopathic inhibition of competitors (1 I), 
and as insect feeding-deterrents (12). Traversia baccharoides 
does not suffer from plant competition, and is markedly 
"under-utilized" by phytophageous insects (usually showing no 
sign of any such a t t a ~ k ) , ~  and it seems likely that n-butyl 
caffeate, the flavonoid esters, and possibly the truxillate 
contribute to the ecological defences of the plant. 

Experimental 
Instrumental and analytical methods were as described previously 

(14), supplemented by FT-IR using a Nicolet 5DX system. Analytical 
tlc was on 0.25-mm layers of Merck silica gel 60 F-254; and the radial 
centrifugal tlc was carried out on 2-mm-thick layers of Merck silica gel 
60 PF254 plus CaS04.'12H20, using a Harrison Research Model 7924 

Plant material, and the preparation of the leaf-gum extract 
Traversia baccharoides (1.8 kg of fresh plant) was collected in early 

bloom in the N.W. Nelson region of New Zealand. A voucher 
specimen is deposited in the Herbarium of the University of Calgary. 
The twigs with flower heads and leaves were rinsed by swishing them 
for ca. 1-2min in CHC13 (ca. 500 mL) contained in a beaker (1 L). 
When the wash liquid became bright yellow it was replaced by fresh 
solvent (a total of ca. 2.5 L of CHC13 were used). Evaporation of the 
combined washes at 40°C and under aspirator vacuum gave a 
yellow-orange gum (44.5 g). 

Fractionation of the leaf-gum 
The crude gum (44.5 g) was absorbed on silica gel (Woelm Pharma 

70-230 mesh) by redissolving it in CHCI3 (ca. 100 mL), stirring in the 
silica gel, and then removing the solvent under reduced pressure. This 
material was then loaded onto the top of a column (5 cm X 60 cm) of the 

- 

'J. S. Dugdale. Personal communication, 1985. 
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TABLE 1. 'H nuclear magnetic resonance spectra of n-butyl caffeate (3a) and derivatives" 

H 3 a 36 4 a 46 4c 4d 5 a 56 5 c 5d 

2 6.23 d 6.38 6.28 6.33 6.38 6.38 6.24 6.28 6.29 6.38 
(16) 

3 7.54 brd 7.61 7.57 7.56 7.61 7.61 7.60 7.58 7.59 7.63 
(16) 

5 7.09 d 7.35 7.26 7.19 7.34 7.35 m 7.02 7.13 7.23 7.09 
(2) 

8 6.85 d 7.21 6.96 7.02 7.24 7.23 6.90 6.83 6.94 7.02 
(8.5) 

9 6.93 dd 7.40 7.28 7.02 7.40 7.40 m 7.06 7.02 7.35 7.11 
(2, 8.5) 

1 ' 4.18 t 4.20 4.19 4.20 4.20 4.20 5.20 4.19 4.19 4.2 1 
(6.5) 

2' 1.68 m 1.72 1.68 1.68 1.68 1.68 1.69 1.68 1.68 1.69 
3' 1.47 m 1.48 1.44 1.44 1.42 1.42 1.43 1.43 1.45 1.46 
4' 0.98 t 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.97 

(7) 

"At 200MHz, of solutions in CDCI,. Coupling constants (J) in Hz, are shown in parentheses below 6 values (rel. TMS=O) and multiplicities of the 
signals (s = singlet, d = doublet, t = triplet, hpt = heptet). Where not specified, multiplicities and J-values are as for the first entry for such groups. 

same absorbent (500 g) packed in hexane. The column was eluted, and 
fractions collected as follows: F1-3, hexane (3 x 500mL); 4-13, 
hexane-ethyl acetate (19: 1 v/v) (2 x 500 mL, 13 x 250 mL); 14-21, 
hexane - ethyl acetate (9: 1 v/v) (8 x 250 mL); 22-23, hexane - ethyl 
acetate (4:1 v/v) (12 X 250mL); 34-44, hexane - ethyl acetate 
(3:2 v/v) (12 x 250 mL); 45-48, hexane - ethyl acetate (2:3 v/v) (4 x 
250mL); 49-52, hexane - ethyl acetate (1:4 v/v) (4 x 250 mL); 
53-56, ethyl acetate (4 x 250 mL); 57-58, ethyl acetate - methanol 
(19:l v/v) (2 X 50 mL); and ethyl acetate - methanol (9:l v/v) (2 x 
500 mL). 

Purification of F4-5 (200mg) by ptlc (benzene-hexane 1:l v/v) 
afforded ent.-13-epi-manoyl oxide (I) ,  mp 97-98°C (MeOH); [a]D 
-28" (CHC13) (lit. (2) mp 100- 101°C (15) mp 98-99.S°C). The I3C 
nrnr of 1 was identical with that reported in the literature for this 
compound (16) with the exception of the shift observed for the C-10 
resonance, which we observed at 6 36.8 ppm. The literature value for 
this signal (6 39.6) seems to represent a typographic error, i.e. should 
be 36.9 ppm. 

Concentration of F24 resulted in the separation of a solid (17 mg), 
recognized from its ms as a mixture of long-chain fatty acids. After 
treatment of this material with ethereal diazomethane, gc-ms analysis 
revealed a series of straight-chain fatty acid methyl esters, predominant 
being the hexacosanoate, octacosanoate, and triacontanoate, accom- 
panied by lesser amounts of tetracosanoate, docosanoate, and eico- 
sanoate, and traes of tricosanoate, pentacosanoate, heptacosanoate, 
and nonacosanoate. 

Evaporation of F27-33 gave a gum (1.5g), which was near 
homogeneous by tlc (benzene - ethyl acetate 4:1 v/v). Further 
purification by rechromatography on silica gel with diethyl ether - 
hexane (3:7 v/v) as eluant gave a gum, homogeneous by tlc, which 
was, however, ca 2: 1 mixture of 4a and 46; ir (film): 3350 (br), 1760, 
1710, 1640, and 1610 cm-'; ms (positive ion CI-NH3) m l z :  307 (6), 
25 1 (55), and 7 1 (2). The 'H and I3C nm1 data are given in Tables 1 and 
4. 

Acetylation of a portion (60 mg) of the mixture with acetic anhydride 
(0.5 mL) in pyridine (1 mL) at-room temperature overnight gave a 

TABLE 2. 'H nuclear magnetic resonance spectra of di- 
n-butyl traversate (6a) and derivativesa 

6 (ppm) 

"In CDC1,-DMSO-d6, at 200 MHz. Abbreviations and format as 
in footnote a to Table I .  

mixture of the acetate derivatives (4c, 4 4  that we were also unable to 
separate (see Table 1 for 'H nmr data). 

Methylation of another portion of the mixture of 4a and 46 with 
excess ethereal diazomethane for 4 h at room temperature, followed by 
removal of excess reagent and solvent, gave a mixture of the methyl 
ethers, which were separated by centrifugal radial centrifugal tlc (diethyl 
ether - hexane 3:7 v/v), first eluted being Sc, as a noncrystalline gum; 
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KULANTHAIVEL AND BENN 

TABLE 3. I H  nuclear magnetic resonance spectraa of the flavonoids 12a, 12b, 12c, 
13c, 13b, and 14b 

6 ( P P ~ )  

6.28 d 
(2) 

6.41 d 
(2) 

7.36 d 
(2) 

6.93 d 
(8.5) 

7.24 dd 
(8.5, 2) 

2.88 hpt 
(7) 

1.32 d 
(7) 

"At 200 MHz, in CDCI, unless otherwise specified. Abbreviations and format as in footnote" 
to Table 1. 

CDC1,-DMSO-d6-D20. 
'A six-proton signal. 
"'A four-proton signal. 

TABLE 4. I3C nuclear magnetic resonancea spectra of the cinnamates (3a, 4a,  4b, 5c, and 56) 
and di-n-butyl traversate (6a) 

"At 50.4MHz, in CDCI, unless otherwise specified. Signal multiplicities are as for the first entry 
CD,OD. 

'Assigned by selective proton decoupling experiments. 
"'Not observed. 
'Partly under the solvent signal. 
f.gSignals in the same vertical column may be interchanged. 
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TABLE 5. I3C nuclear magnetic resonance spectraa of the flavonoids 
8a,  1 2 4  13a, and 14a 

6 ( P P ~ )  

C 8a  12a " 13a 14a 

"At 50.4MH.z in acetone-d6 unless otherwise specified; format as in Table 4. 
CDC1,-DMSO-d6. 

I n  CD,OD. 

ms: 320 (I), 250 (80), 194 (47), 177 (33), and 150 (20). Later fractions 
yielded 5d, also as a gum, with a ms nearly identical to that of 5c. The 
'H and I3C nmr data for these derivatives are listed in Table 1 and 4, 
respectively. Their identity was confirmed by comparison of their ir 
spectra with those of authentic specimens (whose preparation is 
described later). 

Trituration of F36-37 with hexane - ethyl acetate gave n-butyl 
caffeate (3a) (2.53 g), mp 110°C (hexane - ethyl acetate) (lit. (17) mp 
109- 110°C). The ir spectrum (KBr) was superimposable upon that of 
synthetic 3a. The 'H and I3C data for this compound, as well as its 
diacetate derivative, are listed in Tables 1 and 4. 

Fraction 38 (0.3 g) contained a mixture of 3 a  and 9. The latter 
compound crystallized from F39 and was obtained as a yellow solid 
(0.18 g), mp 224-225°C (AcOH), identified as rhamnazin by direct 
comparison (ir, 'H nmr, tlc and uv spectra) with an authentic specimen 
(lit. (18) mp 214-215°C). 

Removal of solvent from F41 left a gum, which upon trituration with 
hexane - ethyl acetate gave (2s)-5,3',4'-trihydroxy-7-methoxyflav- 
anone (8a) (refs. 19, 20), sternbin (ref. 21) (0.19 g), mp 222-223.5"C 
(lit. (19) mp 220°C). The cd (circular dichroism) (MeOH) revealed 

+ 11 540°, [0]312 OD, and -32980' (cf. ref. 22). The I3C 
nmr data for 8a,  not previously reported, are given in Table 5. 

Concentration of F42-43 resulted in the crystallization of more 8 a  
(0.64g), then the separation of a mixture of 8a,  13a, and 14a, and 
finally a solid (0.43 g) that, although homogeneous by tlc in several 
solvent systems, was shown by 'H and I3C nmr to be a ca. 1:3 mixture 
of 13a and 14a (data inTables 3 and 4). The ms of this material showed 
m/z: 372 (6.9), 302 (52), 153 ( 3 ,  and 137 (5) as significant high-mass 
ions. The uv (MeOH) had A,,,: 372 (9 OW), 304 sh (2 700), 272 (sh) 
(4000), and 257 nm (6 600); upon addition of AlC13 (a), A,,,: 458 
(13 300) (1 900), 271 (8 OW), and 228 nm (6 100); with A1C13-HC1 
(a), A,,,: 428 (9 900), 360 (3 400), 304 (2 loo), and 266 (7 400); with 
NaOAc, A,,,: 396 (5 900), 329 (5 100), and 275 nm (5 000); with 
NaOAc and H3BO3, Amax: 386 (6 600), 296 (4 000), and 260 nm 
(5 900); and with NaOMe, A,,, 332 (10000) and 246 nm (3 700), 
decomposition within minutes. 

Acetylation (pyridine - acetic anhydride) gave a mixture of acetates 
(136 and 146) that co-chromatographed in several solvent systems. 
The 'H nmr data for 146 are given in Table 3. 

Evaporation of F45 and trituration of the residue with ethyl acetate 
gave a yellow solid (0.07g) shown by tlc to be a mixture of two 
compounds. Separation of a portion (0.02 g) of this mixture by ptlc 
(CHC13-MeOH-EtOAc, 8: 1 : 1 v/v) gave the less polar isorhamnetin 
(10) (7 mg), mp 296-300°C (MeOH) (lit. (13) mp 305-306°C). Com- 
parison (uv, ir, 'H nmr, and ms) with authentic isorhamnetin confirmed 
this identification. The more polar component (8 mg) formed a major 
part of F46 and was the sole constituent of F47, from which it was 
readily isolated (0.04g). A yellow solid, the material had mp 
292-294°C (MeOH), and it was identified as rhamnetin (11) by direct 
comparison (ir, ms, 'H nmr, uv, and tlc) with an authentic reference 
sample (lit. (18) mp 290-295°C). 

The mother liquors remaining after removal of 11 from F46 and 47 
were combined and evaporated to yield a residual solid (3.1 g) that was 
rechromatographed on silica gel (160 g). Elution with chloroform- 
methanol (49:l v/v) gave labd-13-ene-5,18-diol (2a) (1.16g), mp 
127.5-128.5"C (hexane-benzene) (lit. (I) mp 130.5"C). Acetylation 
of 2a (acetic anhydride - pyridine) gave a monoacetate (26); 'H nmr 
(200MHz, CDC13)6: 5.35 (qt, J = 1.2and7.5 Hz, H-14), 4.57(brd, J 
= 7.5Hz, H-15), 2.06 (Ac), 1.72 (brs, H-16), 1.13 (H-17), 0.87, 
0.80, and 0.79 (H-18, -19, and -20). Oxidation of 2a (10 mg) with 
MnOz (50mg) in chloroform (3 mL) overnight gave the unstable 
aldehyde (2c); 'H nmr (200 MHZ, CDC13) 6: 9.99 (d, J = 8 Hz, H-151, 
5.91 (brd, J = 8Hz, H-14), 2.18 (d, J = l H z ,  H-16), 1.16(H-17), 
0.88 (3H), and 0.79 (6H) (H-18, -19, and -20). Further elution of the 
column with chloroform-methanol (24: 1 v/v) gave dibutyl traversate 
6a (0.18 g) mp 182-183°C (EtOAc) v,,, (KBr): 3500, 3300, 2700, 
and 1610 cm-', = 0 (CHC13); ms: 236 (44), 180 (85), and 163 
(100). The 'H and I3c nmr data for 6 a  are given in Tables 2 and 4. 
Acetylation of 6 a  (25 mg) with acetic anhydride and pyridine gave the 
acetate derivative (66), mp 145-146.5"C (benzene); v,,, (KBr): 1771 
and 1721 cm-'; ms: 321 (a), 320 (7), 278 (48), 236 (90), 180 (39), and 
163(33); the 'H nmr data is in Table 2. Transesterification of 6 a  was 
achieved by boiling a solution of it (15 mg) in methanol saturated with 
HC1, underreflux for 4 h. Removal of solvent and recrystallization then 
gave dimethyl traversate (6c), mp 268-271°C (MeOH); v,,, (KBr); 
3390,3322, 1709, and 1619cm-';ms:388(4), 245 ( l l ) ,  194(65), 164 
(51), and 136 (55); the 'H nmr data are in Table 2. 

From F50 a yellow solid (0.062 g) separated, and recrystallization 
gave pure quercetin 3-0-isobutyrate (12a), mp 253-256°C (CHC13- 
MeOH); v,, (KBr): 3417,3293 (br), 1741, 1662, and 1613 cm- '; uv 
(MeOH) A,,,: 347 (10 900, 262 (12 300), and 253 nm (12 600); after 
adding AlC13 (a), A,,,: 435 (17 400), 332 (3 700), 304 (4 900), and 275 
nrn (16 700); with A1C13-HC1 (a), A,,,: 393 (10 900), 358 (10 900), 
298 (7 200), and 268 (14 300); with NaOAc (a), A,,,: 366 (13 500), 
260 sh (4700), and 259 nm (17000); with NaOMe (a), A,,,: 397 
(15 600), 328 sh (6 500), and 269 (16 300); ms: 302 (14), 153 ( 3 ,  137 
(17), and 109 (6); the 'H and I3c nmr data are in Tables 3 and 5. 
Acetylation of 12a with acetic anhydride and pyridine gave a 
tetra-0-acetate (126), mp 187-188°C (hexane-EtOAC); v,,,: 1775, 
1648, and 1624 cm-'; the 'H nmr data are in Table 3. 

Photochemical synthesis of di-n-butyl traversate 
n-Butyl caffeate (3a) (400 mg) was suspended in water (250 mL) and 

irradiated through a Pyrex filter with a 450-W Hanovia mercury vapour 
lamp, while a stream of nitrogen was bubbled through the solution. 
After 3 days tlc revealed the presence of the dimer 6a. Irradiation was 
continued for two more days and the mixture was then worked up to give 
a dark-brown gum, which was chromatographed on a column of silica 
gel (55 g). Elution with chloroform-methanol (49:l v/v) gave first 3 a  
and then (with 24:l v/v eluant) crude dimer ( l lomg),  which was 
triturated with ethyl acetate to afford pure 6a,  identical (ir, and 'H nmr) 
with the natural product. 

n-Butyl isoferulate 3-0-isobutyrate (5c) 
Isoferulic acid (200 mg) was dissolved in n-butanol(25 mL) saturat- 

ed with hydrogen chloride and the solution boiled under reflux for 4 h. 
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Removal of solvent and reagent under reduced pressure gave n-butyl 3. M. KUROYANAGI, Y. YAMAMOTO, S. FUKUSHIMA, A. UENO, T. 
ferulate (230 mg) as an oil; v,,, (film): 3400 (br), 1701, 1635, 1604, NORO, and T. MIYASE. Chem. Pharrn. Bull. Jpn. 30,1602 (1982). 
and 1592 cm-'; ms: 250 (48), 194 (80), 177 (67), and 150 (37); the 4. G. MONTAUDO and S. CACAMESE. J. Org. Chem. 38,710 (1973). 
'H nrnr data are given in   able 1. Acylation of this ester with isobutyric 5. R. B. FILHO, M. P. DE SOUZA, and M. E. 0. MATTOS. 
anhydride (2 mL) in pyridine (2 mL) overnight, at room temperature, Phytochemistry, 20, 345 (1981). 
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syntheses. Vol. 1.  Edited by R. ~rinivasan-and T. D. Roberts. 
n-Butylferulate 4-0-isobutrate (5d) Wiley-Interscience, New York. 1971. p. 103. 

Ferulic acid (250 mg) was converted into 5 d  (250mg) by the same 7, K. R,  M A R K H ~ M ,  V. M,  cHARI ,  and T. J. MABRY, In The 
procedure used to make 5c  from isoferulic acid. flavanoids: advances in flavanoid research 1975-80. Edited by J. 
Quercetin penta-0-isobutyrate (I2c) 

Quercetin (0.2 g) was peracylated with isobutyric anhydride (3 mL) 
in pyridine (3 mL) at room temperature, overnight, and the reaction 
mixture worked up, in the usual way to give thLpenta-0-isobutyrate 
(12c) (0.43 g), mp 169.5-171°C (acetone-hexane). 
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Transformation of P-diketones to p-chloro-a,@-unsaturated ketones induced by lithium 
hydride and phenyl dichlorophosphate 
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HSING-JANG LIU, GUY V. LAMOUREUX, and MONTSE LLINAS-BRUNET. Can. J. Chem. 64, 520 (1986). 
The conversion of P-diketones to the corresponding p-chloro-a,p-unsaturated ketones is facilitated by using lithium hydride 

as a base and phenyl dichlorophosphate as an activating agent. 

HSING-JANG LIU, GUY V. LAMOUREUX et MONTSE LLINAS-BRUNET. Can. J. Chem. 64, 520 (1986). 
La transformation des P-dicktones en P-chloro cktones a , p  non saturkes est facilitke par l'utilisation de I'hydrure de lithium 

comme base et du dichlorophosphate de phknyle cornme agent d'activation. 
[Traduit par le journal] 

During the course of our synthetic studies on cononafacic 
acid (I), it became necessary to convert diketone 1 to the 
corresponding p-chloro-a,p-unsaturated ketones 2 and (or) 3 .  
Several methods are known to effect this type of transformation 
using a variety of reagents, such as phosphorus trichloride (2), 
phosphorus oxychloride (2), acetyl chloride (3), thionyl chloride 
(4), phosgene (5), triphenylphosphine-carbon tetrachloride (6), 
oxalyl chloride (7), and triphenylphosphine dichloride (8), with 
or without the assistance of a base, usually a tertiary amine. 
Application of most of these methods to our system, however, 
met with little success. Invariably, the attempted reactions 
resulted in substantial loss of material without formation of the 
desired products in significant amount. As a consequence of 
these difficulties, alternative methods were investigated. 

Previously, phenyl dichlorophosphate was found in our 
laboratory to be an excellent activating agent for the condensa- 
tion of carboxylic acids with alcohols (9) and thiols (10). Since 
1,3-diones are normally completely enolized and possess 
characteristics similar to those of carboxylic acids, it is 
conceivable that phenyl dichlorophosphate can also serve as an 
activating agent to facilitate the desired transformation 1 + 
213. Contrary to this expectation, however, only a very small 
quantity of the desired products was formed when dione 1 was 
subjected to treatment with phenyl dichlorophosphate in tetra- 
hydrofuran (THF) in the presence of triethylamine at room 
temperature. On the other hand, when the reaction was carried 
out -subsequently, with lithium hydride substituting triethyl- 
amine and in the presence of hexamethylphosphoramide 
(HMPA), the results were rather promising and a sub- 
stantial amount (-50% yield) of chloro enones 2 and 3 
(3:2) was obtained for the first time. As the reaction is most 
likely to occur via the formation of a vinylogous mixed an- 
hydride 4 followed by an overall replacement of the phosphate 
group with chloride (Scheme l ) ,  a greater concentration of 
chloride ion is expected to facilitate thk reaction, giving rise to 
an improved yield of the products. Indeed, when two equivalents 
of lithium chloride were added, the yield of 2 and 3 was 
increased considerably to 64% (1). 

In search of a better activating agent, we have also examined 
phosphorus oxychloride and diph;nyl chlorophosphate. Under 
comparable conditions, a 45% yield of 2 and 3 ,  again in 3:2 
ratio, was obtained when the former reagent was applied, while 
an even lower yield of 25% resulted from the use of the latter 
reagent. Clearly, for the conversion of dione 1 to the corres- 
ponding chlorides 2 and 3 ,  phenyl dichlorophosphate is a more 
effective activating agent in the newly developed method, 
which in turn is superior to many existing methods attempted. 
The effectiveness of the new method could be attributed to the 
combination of a non-nucleophilic base and an adequately 
reactive and yet sufficiently stable activating agent. 

The combination of LiH-PhOPOC12-LiC1 proved to be 
generally useful for the transformation of P-diketones, cyclic 
ones in particular, to the corresponding p-chloro-a,p- 
unsaturated ketones. Table 1 summarizes the results obtained 
for a number of additional examples. During these studies, it 
was also recognized that the use of HMPA as a chelating agent 
was in fact unnecessary. The results were virtually unchanged in 
the absence of this reagent and a typical experiment could be 
simply carried out by sequential addition of lithium hydride 
(- 1.3 equiv.), phenyl dichlorophosphate, and lithium chloride 
(-2 equiv. each1) to a solution of P-diketone in THF and 
allowing the reaction mixture to stir at room temperature for the 
required period of time.' The results obtained for cyclic 
P-diketones 5-8 (Entries 2-5) were uniformly good, with the 

'with smaller quantities of the reagents, the reaction was considera- 
bly slower. 

2The disappearance of the starting material and the intermediate 
mixed anhydride was monitored by thin-layer chromatographic 
analysis. 
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LIU ET AL. 

Table 1. Transformation of 0-diones to P-chloro enones 

Entry Dione Time (h)a Product@) % Yield 

10 17 (one isomer) 

a ~ n l e s s  otherw~se stated, all reactions were carried out in THF at room temperature using 1.3 equiv, of LiH 
and 2 equiv. each of PhOPOCI, and LICI. 

b~~~~ (1.3 equ~v.) was added 

corresponding chloro enones 12-15 produced, typically, in result (35% yield of 1 7 ~ )  obtained for the corresponding methyl 
-80% yield. For acyclic diketones, however, the results were diketone 10 (Entry 7) was rather disappointing due to the 
less consistent because of the apparent structural dependency. competing reaction leading to cyclic en01 phosphate formation. 
For example, P-keto aldehyde 9, which does not contain any The latter process was found to occur exclusively in the case of 
a'-hydrogen atom, was found to undergo the reaction normally, 
with complete regio- and stereoselectivity, to give P-chloro 3 ~ h i s  compound was also obtained as a single stereoisomer. Its 
enone 16 (Entry 6) as the only product. On the other hand, the stereochemistry remains to be ascertained. 
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2,4-nonanedione (11) (Entry 8) to give en01 phosphate 18 as the 
only isolatable product. 

In conclusion, the procedure described above was shown to 
be effective for the conversion of P-diketones (with the 
exception of the acyclic ones, which are also readily enolizable 
towards the a'-carbon(s)) to  P-chloro-a,P-unsaturated ketones 
of considerable synthetic ~ t i l i t y . ~  

Experimental 
General 

Melting points were determined on a Kofler hot stage apparatus and 
are uncorrected. Elemental analyses were performed by the microana- 
lytical laboratory of this department. Infrared (ir) spectra were recorded 
on a Nicolet 7-199 FT-IR spectrophotometer. Unless otherwise stated, 
ir samples were run as thin films. Proton nuclear magnetic resonance 
('Hmr) spectra were recorded on a Bruker WH-80, WH-200, or 
WH-400 spectrometer and, except where otherwise stated, were 
obtained on solutions in deuterochloroform with tetramethylsilane as 
internal reference. Carbon-13 nuclear magnetic resonance ( ' ' ~ m r )  
spectra were recorded on a Bruker WH-400 spectrometer and were 
obtained on solutions in deuterochloroform using tetramethylsilane as 
internal reference. Mass spectra (ms) were recorded using an A.E.l. 
model MS50 mass spectrometer. 

Transformation of p-diones 5-11 to p-chloro enones 12 -1 7 and en01 
phosphate 18 

The reactions were carried out using the general procedure illustrated 
below with 2-methyl- 1,3-cyclopentanedione (7). Times of reaction and 
yields of products are noted in Table 1. Products were purified by the 
following methods: 12, 13, 16, and 17 by crystallization, 14 and 15 by 
distillation, and 18 by flash chromatography on silica gel (20% ether in 
petroleum ether). 

At O°C, to a solution of diketone 7 (508 mg, 4.5 mmol) in THF 
(20 mL) under an argon atmosphere, were sequentially added lithium 
hydride (45 mg, 5.6 rnmol), phenyl dichlorophosphate (1.35 mL, 
9 mmol), and lithium chloride (390 mg, 9.2 mmol). The reaction 
mixture was stirred at room temperature for 2 h. After cooling to O°C, a 
solution of 10% aqueous sodium bicarbonate (20 mL) was added and 
the resulting solution extracted with dichloromethane (4 X 20 mL). 
The extracts were washed with water, dried over magnesium sulfate, 
filtered, and concentrated. Bulb-to-bulb distillation of the residue at 
50°C (oven temperature)/l.S Torr (1 Torr = 133.3 Pa)gave 492 mg 
(83% yield) of 3-chloro-2-methyl-2-cyclopentenone (14): ms M+ 
132.0153 and 130.0182 (calcd. for C6H7C10: 132.0156 and 
130.0186). The ir (17 13 (C=O) and 1644 (C=C)cm-') and ' ~ m r  (6: 
1.75 (t, 3H, J = 2 Hz, -CH3), 2.58 (m, 2H, -CH2CO-), and 2.83 
(m, 2H, -CH2CCl=)) spectra were found to be in agreement with 
those reported for 14 (8). 

Compounds 12,13, and 15-18 showed the following physical data: 
Chloro enone 12: mp 62-63°C (petroleum ether); ir: 1710 (C=O) 

and 1590 (C=C) cm-'; 'Hmr 8: 1.66 (br s, 6H, 2 X -CH3), 2.30 (m, 
4H, 2 X -CH2-), 2.74 (ddd, lH, J = J' = 6, J" = 3.5Hz, 

I 
-CHCO-), 3.24 (dddd, lH, J = 6, J'  = 5, J"  = J"' = 1.5 Hz, 

I 
-CHCCl=), and 6.21 (d, lH, J = 1.5Hz, -CH=); ms M': 
196.0658 and 198.0630 (calcd. for C I  IH13C10: 196.0655 and 
198.0625). Anal. calcd. for CIIHI3C10: C 67.18, H 6.66, C1 18.02; 
found: C 67.11, H 6.58, C1 17.87. 

Chloro enone 13: mp 67-68°C (petroleum ether); ir: 1699 (C=O) 
and 1580 (C=C) cm-'; ' ~ m r  6: 1.62 (d, lH, J = 8 Hz, -CHH-), 
1.82(ddd, l H , J = 8 ,  J ' =  JW=2Hz,CHH-),3.04(dd, l H , J = 5 . 5 ,  

I 
J' = 4.5Hz, -CHCO-), 3.16, 3.24 (both m, 1H each, 2 x 

I I 
=CCH-), 3.47 (ddd, lH, J = 5.5, J' = 4.5, J" = 1 Hz, -CHCCI=), 
5.96(d, lH, J = 1 Hz, =CHCO-), 5.95 and6.07 (bothdd, lH each, 

4For a leading reference, see ref. 8. 

J = 5.5, J' = 3 Hz each, -CH=CH-); ms M': 180.0343 and 
182.03 17 (calcd. for CloH9C10: 180.0341 and 182.03 12). Anal. calcd. 
for CloH9C10: C 66.49, H 5.02, C1 19.63; found: C 66.53, H 5.06, 
C1 19.61. 

Chloro enone 15 obtained by bulb-to-bulb distillation of the crude 
product at 40°C (oven temperature)/0.5 Torr displayed ir (1679 
(C=O) and 1627 (C=C) cm-') and ' ~ m r  6: 1.90 (t, 3H, J = 2 Hz, 
-CH3), 2.02 (m, 2H, -CH2-), 2.45 (t, 2H, J = 6Hz, 
-CH2CO-), and 2.73 (m, 2H, -CH2CC1=) spectra in agreement 
with those reported (8). In the mass spectrum, molecular ions were 
observed at 144.0338 and 146.03 12 (calcd. for C7H9C10: 144.0342 
and 146.0312). 

Chloro enone 1 6  (7): mp 71-72°C (petroleum ether); ir: 1703 
(C=O), 1636 (C=C), and 1610 (benzene) cm-'; 'Hmr 6: 3.76 (d, 
2H, J = 2 Hz, -CH2-), 7.38 (t, 1 H, J = 2 Hz, =CHCl-), 7.40 
(brdd, lH, J = J' = 8 Hz, -CH=CHCH=), 7.48 (brd, lH, J = 

8 Hz, -CH= A CH2-), 7.62 (ddd, 1 H, J = J '  = 8, J" = 1.5 Hz, 

I 
-CH=CHCH=), and 7.82 (br d, lH, J = 8 Hz, CH=CCO-); ms 
M': 178.0180 and 180.0153 (calcd. for CloH7C10: 178.0186 and 
180.0156). 

Chloro enone 17: mp 102-103°C (petroleum ether): ir: 1696 
(C=O), 1625 (C=C), 1605, and 1580 (benzene) cm-'; ' ~ m r  6: 2.82 
(t, 3H, J = 1 Hz, -CH3), 3.80 (br s, 2H, -CH2-), 7.39 (ddd, lH, J 
= J' = 8, J"  = 1 HZ, -CH=CHCH=) 7.47(ddd, lH, J = 8, J' = J" 

I 
= 1 Hz, -CH=CCH~-), 7.59 (ddd, lH, J = J' = 8, J" = 1 Hz, 
-CH=CHCH=), and 7.80 (dd, lH, J = 8, J' = 1 Hz, 

I 
-CH=CCO-); " ~ m r ;  190.9, 147.5, 146.6, 139.5, 134.4, 132.6, 
127.5, 125.8, 124.2, 34.0, and 22.9; ms M': 192.0345 and 194.0317 
(calcd. for Cl1H9C1O: 192.0342 and 194.03 12). Anal. calcd. for 
C11H9C10: C 68.58, H 4.71, C1 18.40; found: C 68.45, H 4.68, C1 
18.24. 

En01 phosphate 18: ir: 1685, 1595 (C=C), 1305, and 950 
(phosphate) cm-'; ' ~ m r  6: 0.85 (t, 3H, J = 6 Hz, -CH2CH3), 1.28 

(m, 4H, -(CH2)2CH3), 1.93 (s, 3H, =ccH'), 2.10 (m, 2H, 
=CHCH2-), 4.79 (m, lH, =CHCH2-), 5.43 (br s, lH, 

I 
-CH=CCH3), and 7.25 (m, 5H, -OC6H5); ms M': 294.1021 
(calcd. for CI5Hl9PO4: 294.1021). 
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Evaluation of the diffusion coefficient of the zincate ion using a rotating disk electrode 
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ELISABETE JORGE PESSINE, SILVIA M. L. AGOSTINHO, and HBLIO C. CHAGAS. Can. J. Chem. 64, 523 (1986). 
Using a rotating Hg-film disc electrode, the diffusion coefficient of the zincate ion in a 1-4 M aqueous solution of NaOH was 

measured. Experiments covered a temperature range from 25 to 40°C. The experimental results are in agreement with the 
predictions of the Stokes-Einstein theory for diffusivity. The obtained Stokes radii decrease with increasing alkali concentration, 
but the ratio D q / T  is reasonably constant within the whole range of temperature investigated. 

ELI~ABETE JORGE PESSINE, SILVIA M. L. AGOSTINHO et HBLIO C. CHAGAS. Can. J. Chem. 64, 523 (1986) 
Utilisant une tlectrode a disque tournant de mercure sous forme de film et optrant a des temperatures allant de 25 a 40°C, on a 

mesure le coefficient de diffusion de l'ion zincate dans des solutions aqueuses de NaOH de 1 a 4 M. Les rtsultats exptrimentaux 
sont en accord avec les prtvisions qui peuvent Ctre faites a l'aide de la thtorie de diffusivitt de Stokes et Einstein. Les rayons de 
Stokes qui sont obtenus diminuent avec une augmentation de la concentration en base; toutefois, le rapport D q / T  est 
raisonnablement constant sur tout I'intervalle des temperatures CtudiCes. 

[Traduit par le journal] 

Introduction 
The electrochemical behaviour of zinc in alkaline aqueous 

media has been the subject of a relatively large number of 
investigations (1-6) due to the importance of this system for 
both industrial electrodeposition processes and high density 
electrical batteries. With regard to the latter, corrosion is one of 
the principal factors that restricts the application of the 
zinc-zincate system as an efficient energy source over very long 
periods of time. In the range of 1- 10 M alkali, the predominant 
corrosion product is the complex ion tetrahydroxyzincate (7-9). 

Many authors have observed that transport of the zincate ion 
from the electrode surface to the bulk of the solution is the rate 
limiting step in the process of zinc dissolution. Any kinetic 
study of the zinc-zincate system thus requires a knowledge of 
the diffusion coefficient (D) of the zincate ion. However, since 
the available literature data for the diffusion coefficient of 
zincate ion is both very scarce and discordant ( lo) ,  many 
authors have employed only an order of magnitude estimate i f  
the diffusion coefficient in the analysis of their kinetic studies 
(4, 11-13). Several factors account for the existence of 
discrepancies in the available diffusion coefficient data: (a) 
most of the published results are based on the polarographic 
method (10) in alkaline media, conditions under which the 
zincate ion presents maxima of the second kind created by 
kinetic factors owing to the movement of solution past the drop 
surface, and these maxima overestimate the limiting current; (b) 
the zincate ion is reduced at a very negative potential, restricting 
the utilization of certain types of solid electrodes. In this case the 
hydrogen evolution occurs at potentials near those of zincate 
reduction (due to the low hydrogen overvoltage) making the 
evaluation of the cathodic limiting current of the reduced ion 
difficult. 

In the present work we report a determination of the diffusion 
coefficient of the zincate ion in alkaline medium using an 
amalgamated gold rotating disk electrode. The rotating disk 
electrode provides one of the most accurate electrochemical 
methods for evaluation of diffusion coefficients (14, 15) due in 
part to the fact that the method is based on an exact mathematical 

'Comisslo nacional de energia nuclear, Departamento de Metalurgia, 
Caixa Postal 11049. Pinheiros, Slo Paulo, Brazil. 

2Revision received October 16, 1985. 

solution for the diffusive-convective problem, and that the 
electrode has a uniformly accesible surface. As pointed out by 
Opekar and Beran (16), this method offers additional advan- 
tages in relation to conventional polarography and other such 
methods. From the dependence of the limiting current on the 
angular velocity of the disk, it is possible to separate currents 
from two different processes when only one is diffusion 
controlled; this is the case for simultaneous reduction of the 
zincate ion and hydrogen evolution, the former being controlled 
by diffusion while the latter is chemically controlled at the same 
potential (1 3, 17). The use of an amalgamated gold rotating disk 
electrode further facilitates the determination of the limiting 
current for zincate ion reduction due to the high hydrogen 
overvoltage of mercury. 

Experimental 
All solutions were prepared using analytical grade reagents and 

triply distilled water. The zincate solutions (1- 10 mM) were prepared 
by adding appropriate aliquots of an aqueous zinc sulfate stock solution 
(ZnS04.7H20 in water) to NaOH solution (1-4 M). The solutions 
were deoxygenated with purified nitrogen prior to all measurements. 
Prior to amalgamation, the gold disk electrode (+ = 0.465 cm) was 
mechanically polished with emery paper and with chromic oxide 
(1-5 p) and rinsed with water and ethyl alcohol. Simply placing 
mercury on the electrode surface and removing the excess by rotating 
the disk at 10000 rpm (18) failed to give reproducible results. This 
problem was overcome by leaving the electrode immersed in mercury 
for several days. Prior to each experiment a new layer of mercury was 
added and the excess removed as before. 

All experiments were performed at 25,30,35, and 40°C. Viscosities 
of the sodium hydroxide solutions were determined at the same 
temperatures. The electronic equipment and cell has been described 
previously (19). A saturated calomel - potassium chloride electrode 
was used as reference electrode and a platinum foil as the counter 
electrode. 

Results 
Voltammograms were determined for solutions containing 1 ,  

2, 4 ,  6, 8, and 10 mM zincate ion in aqueous NaOH (1, 2,  3 ,  
and 4 M) at several temperatures (25, 30, 35, and 40°C) and at 
different angular velocities of the disk electrode (f ' I 2  = 2, 3 , 4 ,  
5,  6, 7 Hz1I2). 

Figure 1 shows a typical I-V curve for the reduction of the 
zincate ion (A) and the hydrogen evolution (B) on the rotating 
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FIG. 3. Variation of 1  with f 'I2 atpotential E = - 1.625 vs. SCE 
and T = 25°C for: (1) 1 M NaOH, 4 mM ZII(OH),~-; (2) 2 M NaOH, 
8 mM z n ( O ~ ) , ~ - ;  (3) 3 M NaOH,4 mM z~(oH),~-;  and (4) 4 M 
NaOH, 10 mM zn(OH)?-. 

FIG. 1. Current-voltage relationships on Au-amalgamated disk 
electrode. (A) 2 mM Z~(OH)?- reduction. (B) Hydrogen evolution 
in free zincate ion solution. Both curves at 25OC, in 4 M aqueous 
NaOH with frequency of the rotating disk electrode varying from 2 to 
5 Hz'I2. 

FIG. 2. Limiting diffusion current for z~(oH)~'-:  8 mM deposition 
vs. f 'I2, varying NaOH concentrations. (1) 1 M, (2) 2 M, (3) 3 M, 
(4) 4 M. Area = 0.17 cm'. 

FIG. 4. Graphic evaluation of the limiting diffusion current without 
influence of H+ ion discharge reaction and some residual current (22). 

Hg-film disc electrode. Almost similar curves have been 
obtained in other situations studied here. This means that the 
wave of the zincate ion reduction begins at potentials less 
negative than the H+ ion discharge waves. Thus, the influence 
of this last reaction on the measurements of the limiting 
diffusion current for the z ~ ( o H ) ~ ~ -  reduction at the potential 
considered here is less pronounced. 

Figure 2 demonstrates the linear dependence of the limiting 
diffusion current on the angular velocity at different concentra- 
tions of zincate ion in 1 M NaOH (25 + 1°C). The same 
behaviour was observed for zincate solutions over the entire 
range of sodium hydroxide concentration and temperature 
studied. The diffusion coefficient of the zincate ion was 
calculated from these straight lines by linear regression using 
the Levich equation under diffusion control (20). 

To compare the results obtained using both the Levich's 
diffusion and mixed controlled equations (20, 21), Fig. 3 has 
been constructed. Here are shown the variation of I - '  with f 'I2 

at E = 1.625 V vs. SCE (standard calomel electrode). This 
potential was taken after the determination of the limiting 
diffusion current of the Zn(OH)42- reduction using the scheme 
displayed in Fig. 4 (22). The calculated D values are listed in 
Tables 1 and 2. 
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PESSINE ET AL. 

TABLE 1. Average values of the zincate ion diffusion coefficient (D x lo6 cm2s-I) as a 
function of NaOH concentration and temperature* 

NaOH Temperature ("C) 
concentration 

(M) 25 30 35 40 

*Each result of the table corresponds to an average of sixty measurements over a wide range of 
angularvelocities of thediskelectrode (f1I2 = 2,3 ,4 ,5 ,6  Hz1I2) and zincate ion concentration ( i , 2 ,  
4.6,  8, 10mM); at least two independent voltamograms were constructed for each condition. 

- - 
'In 

0 
\ 
n - 
C - 

( 1 / T ) x  lo3K 

FIG. 5. Zincate ion diffusion coefficient vs. 1 / T  varying NaOH 
concentrations (1) 1 M, (2) 3 M, (3) 2 M, and (4) 4 M. 

Figure 5 shows the temperature dependence of the diffusion 
coefficient at each sodium hydroxide concentration. From these 
data, we obtain the value of (10.00 + 0.40) kcal/mol for the 
diffusion activation energy for zincate ion. The values of the 
solvodynamic radii (Table 3) were determined from the Stokes- 
Einstein equation (23). 

Discussion and conclusion 
Figure 6 compares the literature data for the zincate ion 

diffusion coefficient at 25OC in different alkaline media. The 
largest discrepancies in D values occur at alkali concentrations 
between 1 and 5 M. The polarographic values obtained by 
Dirkse (7) in KOH media are about five times larger than those 
of Meites (24) in NaOH media, a difference much too large to be 
ascribable to the change from potassium to sodium hydroxide. 

FIG. 6. Zincate ion diffusion coefficient at 25 C vs. OH- concen- 
trations. (0, El) McBrien and Cairns (10); (A) Meites (24); and 
(8) authors' data. 

Indeed, McBreen's and Cairns' values (10) for the same alkali 
concentrations, are intermediate between these former values. 

The value of 9 x cm2/s was used by Popova et al. (12) 
without reference to its origin and is listed in the Bard 
Encyclopedia (25). The results of Nanis (cf. 10) using the 
capillary method, indicate that the diffusion coefficient is 
independent of the zincate ion concentration over the range of 
0.02-0.4 M. Finally, mention must be made of the values 
determined by Payne and Bard (26) using chronocoulometry 
(6.11 x lop6 cm2/s) and polarography (6.40 x loe6 cm2/s). 
These values were not included in Fig. 6 because it is not clear 
which alkali concentration was employed. 

The results presented in this work (Tables 1 and 2), obtained 
through a great number of experiments and employing one of 
the most accurate electrochemical methods, show an accuracy 
of about 4% for the value of the diffusion coefficient of the 
zincate ion. 

Quickenden and Jiang (27) have reported that the use of the 
diffusion control, instead of the mixed control, Levich equation 
in the evaluation of the diffusion coefficient introduces disper- 
sion in the results obtained using the rotating disc method. The 
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TABLE ~ . Z ~ ( O H ) ~ ' -  diffusion coefficient (D X lo6 crn2 s-I) as a function of aqueous 
NaOH concentration and temperature using mixed control Levich equation 

NaOH Temperature ("C) 
concentration 

(M) 25 30 35 40 

0.0 
0  2  4  6 8 1 0 1 2 1 4  

C,,- / M 

FIG. 7. Viscosity of (1) NaOH and (2) KOH vs. their concen- 
trations. 

zincate ion D values listed in Tables 1 and 2, evaluated with 
both Levich's equations varying over a narrow range, demon- 
strate that the nature of the surface reaction has more of an 
influence on the results than the way experimental data are 
treated. 

The data in Table 3 indicate that the ratio D q l T  is 
temperature independent, within the experimental error, but 
increases with increasing sodium hydroxide concentration. The 
solvodynamic radius decreases about 20% in going from 1 to 4 
M NaOH. Since both potentiometric and spectroscopic studies 
of the zincate ion system have shown that, in this hydroxide 
concentration range, the predominant species being tetrahydroxy- 
zincate Zn(OH)42-, the observed decrease in the solvodynamic 
radius can not be ascribed to a change in the complexation 
equilibria. We, therefore, attribute the decrease in the solvo- 
dynamic radius with increasing alkali concentration, to com- 
petition between solvation of z~(OH)~ ' - ,  Na+, and OH-. This 
competition was especially important at sodium hydroxide 
concentrations above 2 M (Fig. 7). Indeed, at 4 M alkali there 
are only seven water molecules available for supporting 
electrolysis, or roughly the number of water molecules neces- 
sary to complete the first solvation shell of Na+ and OH-. In a 
study of the formate anion diffusion coefficient in different 
electrolytes (NaOH and KOH), Heitbaum and Gonzalez- 

TABLE 3. Solvodynamic radius of the zincate ion and the Stokes- velasco (28) found that the solvodynamic radius of the formate 

Einstein coefficient anion is smaller in 5 M NaOH than in 5 M KOH. This can be 
explained in terms of the smaller ionic radius of the sodium ion 

(Dq/T) x 10'' (r  = 0.95 A) relative to the potassium ion ( r  = 1.33 A) which 
NaOH (M) T("C) (crnZPK-'s-I 1 , x 108 results in a greater degree of solvation of the former. Conse- 

quently, in NaOH solution there will be less water available for 
hydration of the formate anion explaining the smaller solvo- 
dynamic radius as compared to the KOH medium. 

The data (29) in Fig. 7 show that the viscosity is strongly 
dependent on the nature of the cation in the alkali concentration 
range above 2 M, being smaller for KOH solutions than for 
NaOH solutions. The source of this difference is probably the 
same as that outlined above. The data for the activation energy 
as a function of alkali concentration are not sufficiently precise 
to reveal a trend of the type expected on the basis of the 
significant change (20%) in the solvodynamic radius. 
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A. KATRIB, B. D. EL-ISSA, and A. W. POTTS. Can. J.  Chem. 64, 528 (1986). 
The assignment of the four outermost ionization energies obtained by uv-photoelectron spectroscopy (UPS) of p- 

N,N-dimethylarninobenzalrnalonitrile is given. The X-ray photoelectron spectroscopy of the N 1s and C 1s core levels are also 
discussed. Two "shake-up" lines were observed at the high binding energy side of the N 1s spectral line. The energies of these 
spectral lines were found to correlate very well with the uv-visible spectrum. Also the energy difference of the two "shake-up" 
lines was found to be similar to the energy difference between the first and second ionization energies obtained by ups techniques. 
Only one "shake-up" line was observed in the case of C 1s photoionization. Theoretical studies by semiempirical methods 
including HAM/3, MIND013, and extended Hiickel are also discussed. 

A. KATRIB, B. D. EL-ISSA et A. W. POTTS. Can. J. Chem. 64, 528 (1986). 
On rapporte les attributions pour les quatre energies d'ionisation les plus Cloignees, obtenues par spectroscopie 

photdlectronique uv (spu), du p-N,N-dim~thylaminobe11~drndonitrile. On discute aussi des spectroscopies photdlectroniques 
aux rayons X au niveau des noyaux N Is et C Is. On a observe deux raies "d'Cbranlementm dans la partie de haute Cnergie de liaison 
de la raie spectrale du N Is. On a trouve qu'il existe une bonne correlation entre les energies de ces raies spectrales et les spectres 
uv-visible. On a aussi trouve que la difference d'Cnergie entre les deux raies "d'Cbranlement" est semblable i la difference 
d'energie entre les prernikre et seconde energies d'ionisation qui ont CtC obtenues par les techniques de spu. On n'a observe qu'une 
seule des deux raies "d'ebranlernent" dans le cas de la photoionisation du C 1s. On discute aussi d'etudes thCoriques par des 
mCthodes semi-empiriques incluant HAM/3, MIND013 et Hiickel Ctendu. 

[Traduit par le journal] 

Introduction 
In a study of soye benzalmalonitrile derivatives, which are 

known to have the effect of sneeze and tear gases in addition to 
2ther physiological properties, some correlations in the uv, UP 
(uv-photoelectron) and XP (X-ray photoelectron) spectra have 
been found in the case of p-N,N-dimethylaminobenzal- 
malonitrile. 

In order to assign the outermost molecular orbitals on the 
basis of ionization energies (IEs) obtained by UPS (uv- 
photoelectron spectroscopy) techniques, the photoelectron 
spectra of relevant molecules published previously have been 
used, as well as quantum mechanical calculations such as 
HAM/3, MIND0/3, and extended Huckel. In the case of 
aniline (1,2), the first IE was assigned to a ring 7~ ( b l P ' )  
molecular orbital (MO). Also the second IE was assigned 
mainly to the nitrogen "lone pair" which has a similar binding 
energy to ammonia at 10.8 eV. The destabilization of the first 
orbital by 1.1 eV as compared to the 1 e ,  of benzene is explained 
in terms of conjugative and inductive effects. However, in the 
case of p-N,N-dimethylaniline (I),  the first IE at 7.45 eV was 
assigned to r, type of molecular orbital localized mainly on the 
nitrogen lone pair orbital, while the following two IEs are 
assigned to the benzene ring 7~ orbitals. The molecule p- 
N,N-dimethylaminobenzalmalonitrile is expected to have 
similar behaviour concerning the outermost MOs especially 
since the nitrile group IEs are expected to be above 12 eV (3). 

In the case of X-ray photoelectron spectroscopy (XPS), it has 
been found in certain types of compounds that the core level 
photoionization shows satellite structure which can be attributed 
to electronic transitions from the highest occupied (HOMO) to 

'Revision received October 24, 1985. 

the lowest unoccupied molecular orbital (LUMO) {T* + 7~ 
transitions); this is known as a "shake-up" process. 

Shake-up lines are of relatively low intensity and are situated 
at the higher binding energy (lower kinetic energy) side of the 
main spectral line. Clark et al. (4-6) have used the shake-up 
lines to estimate the number of aromatic groups in polymers. A 
shake-up process was also observed in the case of -N=N- 
compounds (7) upon the removal of N 1s electrons. A 
correlation between the shake-up line and the uv-visible 
spectrum of the compound was also observed (7). It is expected 
that the shake-up process could provide valuable information 
concerning the nature of the outermost molecular orbital(s). 

Theoretical methods 
Three semiempirical theoretical methods were used to justify 

the assignment of the different IEs. Two of these methods, 
namely MIND013 (8, 9) and extended Huckel (EH) (10) 
employ the solution of the Schrodinger equation by using 
predefined overlap integrals between the different atomic 
orbitals. These methods are valuable in that they can be used to 
predict the order of the MOs and the composition of their 
respective eigenvectors. For practical purposes, the IEs can be 
taken as the negative of the orbital energies according to 
Koopmans' theorem (1 l) ,  although this involves rather strin- 
gent approximations since the process of ionization is adiabatic 
and one would have to include relaxation effects. Nonetheless, 
if one were to assume that relaxation effects are approximately 
of the same order of magnitude for the outermost electrons, one 
can regard the difference in the orbital energies as a first 
approximation to the difference of ionization energies of the 
respective states. Invariably, the HAM13 method (12-14) 
employs a suggestion first employed by Slater (15) in which the 
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8 9 10 11 12 13 14 15 16 17 

B i n d i n g  E n e r g y  ( e V )  

FIG. 1. The He(1) photoelectron spectrum of dimethylaminobenzalmalonitrile. 

IE is calculated by removing half an electron from the respective 
orbitals. In HAM13 the half electron is in effect equally 
removed from all the occupied MOs. The eigenvalues produced 
after such a condition is invoked, are then directly related to the 
ionization energies. Thus, unlike other semiempirical methods, 
but similar to the multiple scattering X-a method, HAM13 
makes a clear distinction between ionization and orbital 
energies. The difference between the two modes of energy is 
related to relaxation effects that accompany the of 
ionization (16). Transition state excitation energies can be 
calculated by using configuration interaction of the molecule. 
Moreover, energies of core electrons can be calculated by taking 
the difference between the heat of formation of the molecule less 
the 1s electron from the heat of formation of the neutral 
molecule. In all three methods employed, the basis set used 
employed a minimal basis composed of one 1s Slater-type 
orbital (STO) of H, one 2s, and three 2p STOs for each of C and 
N. The bond lengths and bond angles used in the calculations are 
based on the equilibrium values of similar compounds (1 7). 

Experimental 
A McPherson ESCA-36 spectrometer with MgK, source was used 

for measuring X-ray photoelectron spectra; a cryogenic pump in the 
sample chamber maintained a pressure of lo-' Torr (1 Torr = 133.3 
Pa). The sample was mounted on adhesive tape; its temperature was 
approximately ambient. The He(1) spectrum is obtained by using a 
Perkin Elmer P.S. 16 spectrometer with a heated probe. To record the 
He(1) spectrum, the sample was heated to 125OC. The sample was 
prepared in the laboratory and its purity was tested spectroscopically. 

Results and discussion 
1.1 The He(1) spectrum 

The uv photoelectron spectrum of p-N,N-dimethylamino- 
benzalmalonitrile shows the presence of three distinct peaks 
below 11 eV (Fig. 1). The first IE occurs at a vertical ionization 
potential of 7.8 eV and has no similar analogue in the photo- 
electron spectrum of benzal ma l~n i t r i l e .~  However, in the case 
of N,N-dimethylaniline (I) ,  the first IE occurs at 7.45 eV and 
is assigned to a T-type MO which is localized mainly on the 
nitrogen lone pair orbital, contrary to aniline, where the third IE 

'A. Katrib. In preparation. 

at 10.8 eV is assigned to the nitrogen lone pair. The reason for 
this considerable change in the energy and position of the N lone 
pair orbital with respect to the two benzene T MOs can be 
explained in terms of resonance (conjugation) and inductive 
effects. In the case of aniline, the binding energy of the nitrogen 
lone pair moiety is expected to be close to that for ammonia at 
10.8 eV, while the MO of the benzene ring occurs at 9.25 eV 
(1 e,). Therefore, the resonance interaction between the molecu- 
lar orbitals would result in destabilization of the benzene ring T 

MOs and stabilization of the nitrogen lone pair orbital. On the 
other hand, the inductive effect of the nitrogen group will be of 
the opposite sign. In the case of N,N-dimethylaniline, the 
situation is reversed because the IE of the nitrogen lone pair is 
expected to be close to the dimethylamine at 8.93 eV, which is 
lower than was observed in the case of styrene (C=C T at 
10.55 eV as compared to ethylene at 10.5 1 eV) (18). 

The calculated orbital energies predicted by HAM/3, MIN- 
D0/3,  and EH methods are given in Table 1. The type of each of 
the MOs is displayed next to the respective energies. The 
MIND0 calculated value for the energy of the LUMO is 
positive and because this has no significant meaning, its value is 
not displayed. The measured and calculated IEs by HAM13 
taking into account relaxation effects are given in Table 2. 
Quantum mechanical calculations by using HAM/3, MIN- 
D0/3,  and EH predict that the outermost molecular orbital 
(HOMO) is a T-type orbital localized mainly on the amino N 
(lone pair) orbital (Table 1). The IE predicted by HAM13 by 
removing half an electron from the occupied orbitals at 7.5 eV 
is in good agreement with the experimental value at 7.8 eV 
(Table 2). 

The second and third IEs predicted by HAM13 at 8.78 and 
9.36 eV (Table 2) are associated with T orbitals that are derived 
mainly from the conjugated C atoms of the benzene ring with 
some contribution of the nitrogen p, orbital of the amino and 
nitrile groups. The EH and MIND013 calculations show that 
the second MO is a u-type orbital involving interaction between 
the different atoms whereas the third MO is of a T-type character 
involving the benzene ring. 

The HAM13 method predicts a u-type orbital close to the 
fourth T-derived orbital while the MIND013 and EH calcula- 
tions predict that the fourth MO is a T type associated mainly 
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TABLE 1. Orbital energies for P-N,N-dimethyl- 
aminobenzalmalonitrile obtained by three different 

semiempirical methods 

EHa MIND0/3" HAM/3" 
(eV) (eV) (eV) 

'The type of each of the orbitals is written next to 
the orbital energies. 

TABLE 2. Correlation of the ionization energies 
obtained from photoelectron spectroscopy and 
theoretical values obtained from HAM/3 for 

p-N, N-dimethylaminobenzalmalonitrile 

HAM/3 Experimental Assignment 
(eV) (eV) (ev) 

with the benzene C atoms. It is important to note that the 
presence of a a-type orbital at binding energies below 12 eV is 
excluded in these types of molecules (1, 2). The fifth IE at 
10.67eV is predicted by HAM13 to be a C=C IT MO of the 
ethylenic moiety which is in good agreement with the measured 
IE at 10.9eV. 

1.2 X-ray photoelectron spectrum 
The N 1s spectrum shows the presence of a main spectral line 

at 399.3 eV, with two relatively low intensity lines at 402.0 and 
403.8 eV (Fig. 2a). From this spectrum, it can be deduced that 
the N 1s binding energies of the amino and nitrile nitrogens are 
identical. The first shake-up line at 402.0 eV (AE = 2.7 eV) is 
assigned to a shake-up process involving the IT* +  IT transition 
(HOMO to LUMO) in p-N,N-dimethylaminobenzalmaloni- 
trile. This energy seems to correlate with the first uv-visible 
absorption line (Table 4) at 430 nm (2.88 eV). The second 
shake-up line (AE = 4.5 eV) is assigned to the IT* +   IT 
transition from the second occupied MO to the lowest unoccupied 
MO. This elecronic transition correlates with the uv absorption 
line at 267 nm (4.64 eV) of the neutral molecule. It is interesting 
to note that the energy difference between the two shake-up 
lines (AE = 1.8 eV) is the same as the difference between the 
first and the second measured IEs as well as the difference 
between the first and second absorption lines (AE = 1.7 eV) 
measured by uv-visible radiation (see Table 3). These results 
imply that both molecular orbitals suffer the same contraction 
(relaxation) as a result of photoionization from the outermost or 
from the N 1s electrons. The XPS of the C 1s energy region 
shows a broad line at 284.6 eV and a low intensity shoulder at 
the high binding energy side (Fig. 26). This line is assigned to a 
shake-up process which might involve the IT* +   IT transition 
from the second occupied MO in the molecule. The first shake- 
up, however, is not visible. Although it was not possible to 
differentiate between the amino and nitrile N 1s electrons, it is 

B~nding Energy (eV) B~ndinq Energy (eV) 

FIG. 2. The XPS of p-N,N-dimethylaminobenzalmalonitrile, ( a )  the 
N 1s energy region and (b) the C 1s energy region. 

expected that the shake-up process should be associated with 
the photoionization of the amino N Is, since the outermost 
molecular orbital is mainly localized on the amino group moiety. 
In Table 3, we display the difference in the IEs of the   IT) and 
( 2 ~ )  MOs as obtained experimentally from the shake-up process 
and theoretically. The HAM13 results are obtained from the 
difference of the IE of the ( 1 IT) and ( 2 ~ )  whereas this difference 
in the case of MIND013 and EH is derived from the difference 
in the energy of these orbitals. The HAM13 difference of 
1.22 eV seems to be underestimated relative to the experimental 
value which is reported as 1.8 eV. The MIND013 difference, 
however, is in agreement with the experimental value whereas 
the EH result is around 0.8 eV below the expected value. Table 
4 displays the energies for the IT* + IIT and IT* +  IT 
transitions. The experimental transitions are obtained from the 
uv-visible spectrum whereas the theoretical results show the 
HAM13 excitation energies with configuration interaction. The 
theoretical results are for singlet transitions which are obtained 
by adding to the energy difference of the orbitals involved in the 
transition the exchange integral that represents interaction be- 
tween electrons having opposite spin, in comparison with triplet 
transitions that represent the same interaction between electrons 
having the same spin. The wansition from  IT to the IT* correlates 
very well with the experimental assignment whereas the second 
transition seems to be somewhat lower than the experimental 
value probably because the energy of the   IT MO is thought to be 
underestimated. The HAM13 core level ESCA energies associ- 
ated with the N 1s electrons were calculated by the method 
introduced earlier. The calculated energies for the three differ- 
ent types of N were found to be 402.77,403.76, and 403.49 eV, 
the first being associated with the amino N while the other two 
are related to the nitrile nitrogen atoms. The experimental 
ESCA energy cannot differentiate between the N 1s electrons, a 
fact which may be due to the relative broadening of the N 1s 
spectral line (width at half maximum = 2.2 eV). 

Conclusions 
The He(1) photoelectron spectrum of p-N,N-dimethyl- 

aminobenzalmalonitrile shows that the outermost molecular 
orbital (HOMO) is a IT-type MO predominantly of the amino 
nitrogen lone pair nature. Its stabilization by 0.3 eV as compared 
to the same MO in dimethyl aniline is attributed to the inductive 
effect of the nitrile groups in the molecule. The second and third 
IT-type MOs are assigned to the benzene ring. The ethylenic 
group C=C IT MO binding energy seems to be not affected as 
a result of conjugative and inductive effects with the benzene 
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TABLE 3. The difference between the energies of the P IT and P IT MOs as obtained 
theoretically and experimentally for p-N,N-dimethylaminobenzalmalonitrile. 

Experimental (eV) 'Theoretical (eV) 

He(1) uv-visible Shake-up HAM/3" M I N D O / ~ ~  E H ~  

T h e  HAM13 results are obtained from the difference of the IEs of the respective states. 
bThe MIND013 and EH results are obtained from the difference in the orbital energy of these 

states. 

TABLE 4. The shake-up process associated with 
transitions of electrons from the two upper-most 
HOMOS to the LUMO for p-N,N-dimethylamino- 

benzalmalonitrile 

Experimental HAM /3 singlet 
uv-visible transitions 

(eV) (eV) 

IT* + l7r 2.9 2.95 
7r* + 27r 4.6 3.84 

ring in a similar way to the situation in styrene. Quantum 
I mechanical calculation on this molecule by using HAM/3,  
1 MIND0/3 ,  and EH methods predicts that the outermost mo- 

lecular orbital is mainly an amino nitrogen lone pair with a 
IT-type character. The HAM13 calculated IE of this M O  is in 
good agreement with the experimental value. Similar results 
were obtained for the ethylenic -C=C- IT M O .  The presence 

, of two shake-up lines of relatively low intensity associated with 
1 the photoionization of the N 1s electrons was assigned to IT* + 

IT transitions of the H O M O  (:N) and the second occupied orbital 
(IT of the benzene ring) to the LUMO.  The two shake-up line 
energies were found to correlate with the uv-visible absorption 
lines in the neutral molecule. It was also concluded that the 
highest two occupied MOs suffer the same contraction as  a 
result of ionization by using He(1) o r  X-ray radiation of the 
valence or the N 1s electrons respectively. Such a conclusion 
was based on  the energy difference between the two outermost 
orbitals, the two shake-up lines, and the two absorption lines 
observed by He(I), XP, and uv-visible spectra, respectively. 

express their gratitude to Dr. S.  Hassan for providing the 
sample. 
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An MNDO study of substituent effects in carbocations: the unimportance of inductive 
effects 
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64, 532 (1986). 

Stabilization effects for both saturated and unsaturated substituents were examined using MNDO calculations. (By 
"saturated substituents" we mean to imply that the substituent is attached to C+ by sp3 carbon, whether or not the substituent has 
a site of unsaturation at some point remote from the carbocationic center.) Relative gas phase stabilities of regioisomeric 

L 

carbocations have been calculated. For simple groups, directly bound to C, a donation, a donation, and polarization effects 
are found to be important. Saturated-substituent stabilization effects are examined by means of reaction enthalpies for 

L 

isodesmic reactions between the appropriate neutral molecules and C H ~ .  Traditional analyses of substituent effects based 
solely on inductive effects for saturated groups have little or no significance. Inductive effects have no special importance in 
determining saturated substituent stabilization effects on carbocations. 

AMIN MOHAMED AISSANI, JAMES CLAYTON BAUM, RICHARD FRANCIS LANGLER et JACK LEON GINSBURG. Can. J. Chem. 
64, 532 (1986). 

On utilise des calculs MNDO sur des carbocations choisis pour dCterminer les effets de stabilisation de substituants tant 
saturCs que non saturks. (Par "substituant saturC", on entend un substituant qui est attache au C+ par un carbone sp3 mCme si le 
substituant porte un site d'insaturation en un autre point CloignC du centre carbocationique.) On a calculC les stabilitCs relatives 

+ 
de carbocations rCgioisom&res. Pour des groupements simples qui sont directement liCs au C ,  on a trouve que les effets de 
donation TI ou a ainsi que de polarisation sont importants. On a CtudiC les effets de stabilisation des substituants saturCs a l'aide 

+ 
des enthalpies de rCactions isodesmiques entre les molCcules neutres appropriCes et le CH3. Les analyses traditionnelles des 
effets de substituants qui sont uniquement bakes  sur les effets inductifs des groupements saturCs n'ont que peu ou pas de 
signification. Les effets inductifs n'ont pas d'importance spCciale dans la dktermination des effets de stabilisation des 
substituants saturCs des carbocations. 

[Traduit par le journal] 

Introduction 
As part of our work in organosulfur chemistry, we have 

recently initiated a program of theoretical studies. Our initial 
study (1) has raised two questions: (i) how does sulfur compare 
to saturated carbon as a carbocation stabilizer? and (ii) how 
useful is the concept of inductive stabilization in anticipating 
substituent-stabilization effects in carbocations? Recent studies 
authored by Topsom et al. (2, 3) have further stimulated our 
interest in problems associated with inductive effects. 

Inductive effects accompany a shift of electron density in a u 
bond toward the more electronegative atom involved in the 
bond. Predictions may be improved by utilizing group electro- 
negativities (4, 5). The shift of electron density in one a bond is 
supposed to trigger a parallel but smaller shift in adjacent bonds 
with the result that each donor atom will lose electrons in greater 
proportion than it receives them (6). This view may be 
illustrated pictorially as shown below: 

A second approximation (6) consideration involves the well- 
known hyperconjugative effect associated with simple aklyl 
groups. 

'Author to whom inquiries should be directed. 
'~evis ion received October 29, 1985. 

Our previous study of thionium ions (1) led us to the 
conclusion that, "The relative degree of stabilization is indepen- 
dent of whether the substituent is a good u donor or indeed 
whether it is a u donor or u acceptor." That study was focused 
on cations which had strong TT donors attached to the carbocat- 
ionic center. We felt that the relevance of inductive effects to 
relative carbocation stabilities might be more clearly revealed if 
the present study examined substituents which are poor TT 

donors. 
Our subsequent study of S-substituted radicals3 led to the 

conclusion that the CF3 group is a polarization destabilizer when 
attached to positively charged carbon and a polarization 
stabilizer when attached to radical carbon. Thus, a third 
question has arisen; are polarization effects useful in analyzing 
substituent effects in carbocations? 

Our approach to the investigation of these questions has been 
to carry out MNDO calculations on a series of isomeric 
carbocations (structures 1 and 2), the corresponding saturated 
molecules, the methyl cation, and methane. For the sake of 
completeness, we have also camed out calculations on the 

+ 
simpler cations CH,X, (structures 3). 

Methods 
All computations were done using the MNDO (modified neglect of 

differential overlap) semiempirical method (1 a ) .  A program written by 

3 ~ .  C. Baum, J. L. Ginsburg, and R. F. Langler. Unpublished 
results. 
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AISSANI ET AL. 533 

Walter Thiel and modified by the National Resource for Computation 
in Chemistry was used (1 b). Dewar and Thiel(7a) compared MNDO 
calculated heats of formation with experimental heats of formation for 
various cationic species, including carbocations. The mean accuracy 
was comparable to that for neutral species. 

The method used to calculate MNDO enthalpies of formation was 
discussed by Dewar and Thiel in their initial paper (7 b). They used the 
relationship 

where AH;"O1 is the enthalpy of formation of the molecule in question, 
EZ' is the total electronic energy of the molecule, E; is the total 
electronic energy of atom A, and AHA is the experimental enthalphy of 
formation of atom A at 298' K. 

TABLE I .  Calculated relative stabilities of isomeric carbocations 

Carbocation X AHdkcal lmol) AAHt(kcal/mol) 

1 a CF3 88.6 
2a 77.8 + 10.8 

l b  CN 250.0 
26 253.5 -3.5 

l c  C(O)CH3 177.3 
2c 181.3 - 4 

1 d C1 205.3 
2d 211.0 -5.7 

1 e BH2 205.6 
2e 219.2 - 13.6 

If CH3 194.3 
2f 208.2 -13.9 

l g  F 157.7 
2g 174.3 - 16.6 

l h  H 212.3 - 

1 i C-CH 243.0 
2i 267.1 -24.1 

lj CH=CH2 201 .O 
2 j  231.3 

-30.3 

l k  OH 133.5 
2k 170.4 -36.9 

11 NH2 166.5 
21 217.7 

-51.2 

Since experimental molecular enthalpies of formation (298" K) are TABLE 2. Carbocation C1 bond orders involving p, orbitals 
included in the criteria used to determine MNDO parameters, Dewar 
(7a) maintains that vibrational corrections are accounted for in the 
MNDO parameterization. Dewar (76) established and supported this Carbocation X c I -c2 C1-X 

position for MIND013 computed enthalpies of formation. 
1 a CF3 0.44 - Since its inception, the MNDO method has been used successfully 

- 
for studies of carbocations and heterocarbocations (e.g., 7c-7 i ) .  2a 0.39 

l b  CN 0.35 0.36 
Results and discussion 

Substitution at sp2 carbon 
The first portion of the discussion will deal with the effects 

of substituents directly attached to sp2 carbon (C, in struc- 
ture 1). Table 1 presents calculated relative gas phase stabili- 
ties, AAHf, for isomeric pairs of carbocation 1 and 2. AAHf 
is a measure of the stabilizing ability of X relative to H when 
attached to C, . 

Table 2 presents data for bond orders arising from the 
interactions of the C,p, and C2p, orbitals. We note that the 
difference in these "n bond" orders for the isomeric carbocat- 
ions presented in Table 2 and the corresponding differences in 
CS IT bond orders reported in our previous study (1) (for cations 
with structures 4 and 5) are virtually identical. The correlation 

between these two results suggests that the hyperconjugative 
effect of the ethyl groups in structures 1 is qualitatively similar 
to the IT bonding effect of sulfur in structures 4. The principal 
impact of sulfur substitution as opposed to alkyl sustitution is 
that the stabilizing-destabilizing effect of those substituents 
which have the largest influence on AAHf is substantially 
diminished by the presence of the superior IT bonder S. For 
example, X =OH in structures 1 and 2 affords a value for AAHf 
of -36.9 kcal/mol whereas X = OH in structures 4 and 5 gives 
rise to a AAHf of -20.0 kcal/mol. The stabilizing ability of 

groups common to the present and previous studies is in the 
same order. 

Another indicator of the tendency of ethyl groups to act as 
weak IT donors can be adduced from a comparison of the data 
for structures 1 and 3 presented in Table 3. Ethyl groups tend 
to enhance total IT donation into Cf  while diminishing the IT 

bonding interaction of other substituents also attached to Cf in 
the same way that sulfenyl sulfur does. 

Table 4 details the results of our analysis of electron dona- 
tion into C1 for structures 1. Consistent with the results of our 
previous study ( I ) ,  the results in Table 4 indicate that the stronger 
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TABLE 3. Population numbers for C+ and :X n bond orders for 
structures 1 and 3 

Electron 
population CX 

Carbocation X in Clp, n bond order 

TT donors have a stabilizing effect which can be anticipated on 
the basis of their TT donation into the "empty" Clpz  orbital. 
The order so obtained is independent of a-donation/withdrawal. 
The present study includes a larger selection of substituents 
which are poor TT bonders than our previous study did. A brief 
examination of Table 4 shows that electron population in Clpz  
varies systematically with TT donation from X when X is a strong 
TT donor. For those groups which do not donate electron density 
from a TT bond or lone pair, the electron population in Clpz is the 
only available indicator of T donation from X. There is no 
correlation between AAHf and electron population in the Clp, 
orbital for any of the poor TT donors. 

Table 5 presents more data for the poor TT  donor^.^ It is 
immediately obvious that AAHf values for the poor TT bond- 
ers can not be correlated with (i) electron population in Clpz ,  
(ii) transfer into C,  , or (iii) total electron transfer into C1. In an 
attempt to rationalize the AAHf trends, we have examined the 
ionic bond orders for the cations of interest. Major polarization 
stabilization-destabilization in each case is associated with the 
bonds to C1 so that the ionic bond orders listed in Table 5 are 
restricted to those involving C1. There is some counterbalancing 
tendency for the poorer electron donors to enjoy polarization 
stabilization and for the better donors to suffer from polarization 
destabilization. The similarity of AAHf values for l b  and 
l c  suggests that a difference in ionic bond order of 0.0529 
corresponds to a difference of ca. 0.12 e' at C1. From this rela- 
tionship, it is possible to calculate effective electron donations 
into C l  which account for TT transfer, a transfer, and polariza- 
tion effects. Table 6 shows the results of our effective electron 
donation calculations. We conclude that polarization effects are 
comparable in importance to electron donation into the sp2 

4C1 is excluded from consideration here because of the difficulty of 
comparing bonds involving only second shell orbitals with bonds 
involving both second and third shell orbitals. 

carbon of carbocations substituted by poor TT donors at sp2 
carbon. 

Cyano-substituted carbonium ions have received a good deal 
of attention recently. In accord with both our present and past 
results ( l ) ,  Gassman et al. (10-14) find that in comparison to H, 
the cyano group is a weak carbocation stabilizer when attached 
to C+ but functions as a destabilizer at more remote centers in 
saturated substituents. Our calculations (on l c  and 2c) suggest a 
similar result for the acetyl group when that group is oriented 
perpendicular to the "empty" p orbital on C+. Such an orien- 
tation avoids a direct interaction between the "empty" p orbital 
and the CO TT bond. The possibility of a-keto stabilization of 
carbocations has been suggested previously (15) and is consis- 
tent with our own results on the carboethoxyl group (1). 

Substitution at  sp3 carbon 
Electron donations 
In order to maximize the opportunity to focus on inductive 

effects, we have undertaken a series of calculations on systems 
which interpose an ethylene bridge between the carbocationic 
center and the groups examined in the first portion of this study. 
Substituent effects on carbocationic stability were evaluated by 
determining AH, for the following isodesmic reaction 

The results of calculated gas phase heats of reaction, AH,, 
are given in Table 7 along with the heats of formation for 
+ 
CH3 and CH4. 

Typically, an analysis of carbocation stabilities, relying on 
inductive effects for saturated groups as outlined in the Intro- 
duction, proceeds in the following manner. Electron donation 
into sp2 carbon is presumed to be the most important mechanism 
of carbocation stabilization. The substituent in question is ex- 
pected to donate electron density in accord with its electro- 
negativity. Group electronegativities are almost invariably 
ordered on the basis of the electronegativity of the most electro- 
negative atom present in the substituent, e.g., CH2F would be 
expected to be more electronegative than CH2Cl because fluorine 
is more electronegative than chlorine. Since there are a variety 
of methods, currently available, for calculating group electro- 
negativities, it is no longer necessary to use a single atomic 
electronegativity to estimate a group e l e c t r o n e g a t i ~ i t ~ . ~ ~ ~  

Table 8 presents a variety of group electronegativities for the 
groups included in our study along with MNDO electron dona- 
tions from C2H2X into C1 of structures 2. While there is a 
tendency for the various approaches to substituent electronega- 
tivities to order the groups in the same way, our computational 
results cannot be anticipated from group electronegativities. For 
example, all approaches presented in Table 8 find that OH is 
more electronegative than C1. As might be expected, both 
Huheey's original method (4, 5) and our modification of it (20) 
find that C2H40H is more electronegative than C2H4C1. How- 

'These methods have been developed in very different ways as an 
examination of refs. 4, 5, and 16 will show. 

6 ~ i v e n  the arbitrary nature of Miilliken population analyses, some 
caution is warranted in using substituent electronegativities derived 
from ab initio computations (16). An elaborate procedure has been 
developed to circumvent the problem of abstracting atomic electron 
densities from ab initio results (17a). The MNDO method avoids this 
ambiguity by using the density matrix system of population analysis 
which ignores the overlap integral ( l7b) .  
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+ 
TABLE 4. Electron donation into CI  in structures 1 

Electron Donation into Clpz('i7) and Cls,p,,p,(o) 
population 

Carbocation X CIP, X CzH5 H 

TABLE 5. Electron donation and ionic bond orders for selected structures 1 

Sum of ionic 
Electron donation into CI  Ionic bond orders* for C1 bond orders 

for C1 bonds 
Carbocation X 'i7 o Total CI-X CI-HII c1-c2 (au) 

*Ionic bondordersp' are defined as (8,9)p1,,, = -qAqB/RAB where q, = atomic charge on A ,  q, = atomic chargeonB, and RAE = AB bond length. 

TABLE 6. Effective electron transfer for selected structures 1 

Total polarization Equivalent Effective 
Total electron effects for C I  electron electron AAHf 

Carbocation X CI  ( a 4  donation* transfer (kcal /mol) 

*These numbers correspond to the electron donation required to fully compensate for the removal of polarization effects. They were 
calculated using the following equation. 0.0529 au = 0.12 e ' .  

ever, our MNDO calculations show that there is no significant 
difference in u donation, r donation, or net electron donation 
from these two groups. We note that our modification (20) of 
Huheey's method for the calculation of group electronegativi- 
ties tends to afford smaller differences in saturated substituent 
electronegativity values (43) .  As a result, our modification 
makes it somewhat easier to reach the unavoidable conclusion 
that substituent electronegativities are not useful in attempting 
to assess either the electron donating ability of saturated sub- 
stituents7 or the relative impact of saturated substituents on the 
heats of reaction for carbocation formation. 

Table 9 displays results which permit an assessment of the 
more basic assumption that charge delocalization should cor- 

' B ~  saturated substituents we mean to imply that the substituent is 
attached to C@ by sf3 carbon, whether or not the substituent has a site 
of unsaturation at some point remote from the carbocationic center. 

relate with substituent-stabilization effects. The differences in 
charge delocalization are very small. There is no systematic 
correlation of AH, values with electron donation into C1 or 
C1H11H12. Furthermore, our introduction pictured a general- 
ized scheme for the charge distributions accompanying inductive 
effects that is completely incompatible with our computational 
results. Typically, our calculations furnish partial charges of 
-0.10 on C2 in structures 1 and -0.15 on C2 in structures 
2. Systems which are denied strong r donation into C+ in- 
variably have a substantially greater negative charge built up on 
the carbon(s) adjacent to the carbocationic center. There is no 
correlation between the negative charge buildup on C2 in struc- 
tures 2 and the electronegativity of X or CH2X. Some excess 
electron population on C2 is accumulated in the C2p,  orbitals. 

A possible link between X and the buildup of electron 
population at C2 in structure 2 is provided by the NH2 group. 
Two configurations for the NH2 group have been examined and 
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TABLE 7. Substituent effects on the energetics for the formulation of 
carbocation 2 

Substituent 
heat of 

A H f  stabilization* 
Species X (kcal /mol) AH, (kcal/mol) 

'Isodesmic reaction defined in eq. [I].  

are presented as Newman projections (21-1 and 21-2) along with 
their calculated heats of formation. 

Both orientation of the -NH2 group and the near planarity at 
nitrogen in 21-1 suggest that there is an interaction between the 
nitrogen lone pair orbital and the C2py orbital. Buildup of 
electron population in the Czpy orbital supports the hypercon- 

jugative donation of electron density from H I ,  and H12 into the 
Clpz orbital. The overall surplus of electron population on C2 
establishes significant polarization stabilization for the ClC2 
bond. 

We should also point out that a few groups (X) are oriented in 
structures 2, in such a way as to indicate a preference for 
interaction with the C2pz orbital. A case in point is provided by 
the -OH group. A Newman projection of the energy mini- 
mized conformation of 2k is presented as 2k-1. 

Differences in the net electron donations into C I  or 
ClHl1Hl2 in the series of cations 2a + 21 are very small. 
Such differences never amount to more than a few hun- 
dredths of an electron. Allowance for polarization stabilization, 
using the relationship advanced in the discussion of sp2 sub- 
stituted systems, indicates that differences here are also equiva- 
lent to electron donations of the same magnitude. The consequent 
absence of any correlation between electron donations into C1, 
even allowing for polarization effects, and AH, values suggests 
that conventional discussions of saturated-substituent7 stabili- 
zation effects are simpliJied to the point of having little or no 
signiJicance. 

There is some tendency for the cations 2, which have poorer 
stabilizers (C2H4X groups), to suffer from greater polarization 
destabilization associated with the CIHl and C1HI2 bonds (due 

TABLE 8. Substituent electronegativities and electron donation into C ,  for cations 2 

a donation .rr donation Net electron 
Huheeya ~ o ~ s o m ~  Inamotoc Wellsd Huheey'  angler/ from from donation from 

Cation X (XI (XI (XI (XI (C2HdX) (C2HdX) C2H4X C2H4X C2H4X 

"References 4.5. 
bReference 16. 
'Reference 18. 
dReference 19. 
'Calculated using method in refs. 4,5. 
fcalculated using method in ref. 20. 
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AISSANI ET AL. 

TABLE 9. Residual positive charge on C, and C IH12HI I in carbocations 2 

Partial Partial 
charge charge on 

Carbocation X on C1 C I H I I H I ~  

2a CF3 +0.52 +0.76 
2b CN +0.52 +0.75 
2d C1 +0.52 +0.75 
2g F +0.52 +0.75 
2c  C(O)CH3 +0.51 +0.74 
2k OH +0.51 +0.73 
2h H +0.52 +0.74 
2e  BH2 +0.51 +0.73 
2f CH3 +0.51 +0.74 
2i CECH +0.5 1 +0.73 
2j CH=CH2 +0.5 1 +0.73 
21 NH2 +0.50 +0.72 

to the buildup of adjacent like charges). Table 10 presents the 
pertinent data for cations 2 (listed in order of increasing sub- 
stituent stabilization). This tendency offers some basis for the 
common practice of overlooking inductive stabilization from 
hydrogen attached to C+ .  

In each cation 2,  the H21-H22 separation is diminished by ca. 
0.015 A when compared with the H21-H22 distance in the 
corresponding structure 6. This result indicates the operation of 
hyperconjugative stabilization in structures 2 and underscores 
the need for a buildup of electron density in the C2p, orbital. 
The similarity of the magnitudes of contractions for the 
H21-H22 distances in structures 2 is consistent with the 
observed similarities of the electron densities in the C l p r  
orbitals of structures 2 (see Table 8). 

In addition to the contraction of the H21C2H22 angles, the 
C1C2 bond lengths are consistently shorter in structures 2 than 
they are in the corresponding structures 1 (except for tbe l a ,  
2a pair). A typical value for such a contraction is 0.03 A. The 
magnitude of this contraction in C1C2 bond lengths is identical, 
for each substituent common to the present study8 and our pre- 
vious study of thionium ions (I), to the corresponding contraction 
of the CS, bond of structures 5 when compared to structures 
4. For example, when X = OH, the C(sp2)s bond length in 

structure 5 is 0.06 A shorter than the corresponding bond length 
in structure 4 and the C1C2 bond length is 0.06 A shorter in 
structure 2 than the corresponding bond length in structure 1. 
Along with our earlier discussion of C1C2 "T bond" orders in 1 
and 2, these bond length results make the analogy between a 
sulfur atom and a methylene group attractive. 

As might be expected, the C IC2C3 angle is wider in structures 
2 where there is a relatively strong hyperconjugative effect, than 
it is in structures 1 where the hyperconjugative effect is 
considerably weaker. The same angle expansion can be ob- 
served by comparing the CLC2C3 angles in structures 2 and 6. 
The systematic contraction of the C2C3X bond angles in 
structures 2 (when compared with the corresponding angles in 
structures 6) is a good deal more surprising. The sum of these 
skeletal angle differences for structures 2 and 6 correlates with 
C,C2 T bond order in structures 2. Table 11 presents the bond 
angle information while Table 2 contains the C lC2  IT bond 
orders for structures 2. We note that those X groups which are 
the best IT donors when attached to C ,  , induce the greatest angle 
deformations when attached to C3. 

Conclusions 
Good T donors attached to C+  exhibit substituent- 

stabilization effects which correlate with electron donation into 
the "empty" p orbital on C+ . 

Poor T donors attached to C+  offer substituent-stabilization 
effects which can only be anticipated by a simultaneous 
accounting for IT donation, a donation, and polarization effects. 
These three factors are similar in importance for substituent- 
stabilization effects. 

The usual view of inductive effects leads to expected charge 
distributions (for carbocations substituted at sp2 carbon by 
saturated7 substituents) which is intuitively unreasonable. This 
view requires the buildup of substantial polarization desta- 
bilization in order to achieve charge delocalization. The tra- 

TABLE 10. CI-HI I ,  C1-HI2 ionic bond orders 

Total ionic 
bond order 

Ionic bond order Ionic bond order CI-HII,CI-HIZ 
Carbocation X CI-HII (au) CI-HII (au) (au) 

CF3 
CN 
C1 
F 
C(O)CH3 
OH 
H 
BH2 
CH3 
C-CH 
CH=CH2 
NH2 

' ~ r o u ~ s  common to both studies are: CH3, OH, F, CN, CF3, and C1. 
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TABLE 11. Bond angle variations for structures 2 and 5 

Species 

clC2c3 
angle 

(") 

czc3x Total 
angle angle 

("1 difference (") 

ditional view is entirely incompatible with our  molecular orbital 
computations, which find that sp3 carbon attached to Cf 
acquires substantial negative charge which results in signijicant 
polarization stabilization. 

There is no significant difference in electron donation into Cf 
via inductive or hyperconjugative effects for the saturated 
substituents examined in this study. The heats of reaction 
reported here range over ca. 15 kcal/mol. Attempts to correlate 
differences in saturated substituent-stabilization effects in terms 
of electron donation appear to  have n o  meaning whatsoever. 

There is a useful analogy between the mode of stabilization of 
Cf by sulfur and the mode of stabilization of C+ by CH2. 
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Intrazeolite photochemistry. IV. Studies of carbonyl photochemistry on the hydrophobic 
zeolite Silicalite using time-resolved diffuse reflectance techniques1 
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F. WILKINSON, C.  J. WILLSHER, H. L. CASAL, LINDA J. JOHNSTON, and J. C .  SCAIANO. Can. J .  Chem. 64, 539 (1986). 
Transient absorption and luminescence from aromatic ketone triplets (xanthone, acetophenone, butyrophenone, valerophen- 

one, p-methoxyacetophenone, P-phenyl-p-methoxypropiophenone and benzil) supported on the hydrophobic zeolite Silicalite 
have been obtained by time-resolved diffuse reflectance laser flash photolysis. These experiments were aimed at establishing 
the usefulness of this technique for studies of zeolite supported photoreactions. While the transient spectral properties can be 
used to examine the properties of the supporting media, the decays of the signals frequently follow complex kinetic behaviour. 
The decays for such heterogeneous systems cannot be easily fit to clean first or second order kinetics and are thought to be a 
mixture of several first order decays arising from triplets in different inclusion and adsorption sites. Evidence is presented for 
close-packing of the aromatic substrates and for triplet lifetime enhancement. Although the triplet spectrum of included benzil 
shows evidence for considerable axial freedom, the results for P-phenylpropiophenones indicate that other types of motion are 
restricted for included ketones. It is also found that the rate of the Norrish Type I1 reactions of valerophenone and 
butyrophenone supported on Silicalite are decreased with respect to the rates in solution. 

F.  WILKINSON, C.  J. WILLSHER, H. L. CASAL, LINDA J. JOHNSTON et J. C.  SCAIANO. Can. J. Chem. 64, 539 (1986). 
Faisant appel a la photolyse flash d'un laser a rCflexion diffuse rCsolue, on a mesure, l'absorption et la luminescence fugace 

d' i tats triplets de cttones aromatiques (xanthone, acCtophCnone, butyrophCnone, valCrophCnone, p-mCthoxyacCtophCnone, 
P-phCnyl p-mCthoxypropiophCnone et benzil) supportCes sur le zeolite hydrophobe, Silicalite. On a rtalist ces expCriences dans 
le but d'ktablir 1'utilisC de cette technique pour des Ctudes de photorCactions supportCes sur des zeolites. Alors que l'on peut 
utiliser les propriCtCs spectrales fugaces pour examiner les propriCt6.s du support, les dCgCnCrescences des signaux permettent 
souvent de suivre des comportements cinCtiques complexes. Les dCgCnCrescences de tels systkmes hCtCrogknes ne suivent pas 
exactement des cinCtiques d'ordre un ou deux et on croit qu'elles sont des melanges de plusieurs dCgCnCrescences d'ordre un qui 
proviennent de triplets dans divers sites d'inclusion ou d'adsorption. On prCsente des donnCes suggCrant que les substrats 
aromatiques existent dans un arrangement compact et que les temps de vie des triplets sont augmentis. MCme si le spectre triplet 
du benzil prCsente beaucoup de libertC axiale, les rCsultats obtenus avec les (3-phCnylpropiophCnones indiquent que, pour ces 
cCtones, d'autres types de mouvements sont restreints. On a aussi trouvC que les vitesses de rCactions Norrish Type I1 de la 
valCrophCnone et de la butyrophCnone supportCes sur de la Silicalite sont plus faibles que les vitesses correspondantes en solution. 

[Traduit par le journal] 

Introduction 
Organic photoreactions on zeolite supports have been the 

subject of attention during the last couple of years (1-4). Our 
own studies have concentrated on the hydrophobic zeolite 
Silicalite; this serves as a convenient substrate on which to probe 
both the effect of crystal lattices on organic photoreactions and 
the ways in which photochemical probes can be used to 
determine the nature of active sites in zeolites. Silicalite (5) is 
over 99% SiO,, and its channel system consists of near-circular 
zigzag channels, cross-linked by elliptical straight channels. 
The diameter of the circular channels is 5.4 2 0.2 A$nd the free 
cross-section of the elliptical ones is 5.75 x 5.15 A.  

The recently developed technique of diffuse reflectance laser 
photolysis (6-9) has been successfully applied to the detection 
of excited states at interfaces and in various crystalline systems. 
We report here the results of an exploratory study of the 
photochemistry of various carbonyl compounds supported on 
Silicalite. Very recently Turro et al. have applied the same 
technique to study organic substrates on porous silicas (10). 

commercial materials and were purified by distillation or 
crystallization. 

Samples were prepared using the techniques outlined in earlier 
reports in this series (1-3) and contained 1-3% ketone by weight. 
Based on a void volume of 0.19 mL/g for Silicalite (5) these inclusions 
would correspond to <20% occupancies. The samples (typically 
0.5-1 g) were contained in a quartz spectrometer cell with an optical 
path of 3 mrn, which in these experiments corresponds to the depth of 
the solid sample. The powder was shaken between laser shots to ensure 
that a fresh surface would be exposed each time. 

Unless otherwise indicated, the samples had been purged with 
nitrogen. EarIier work (2) on similar samples has shown that a few 
minutes of purging with nitrogen are sufficient to remove oxygen. 

The time-resolved diffuse reflectance measurements were carried 
out by exciting the samples with the frequency tripled (354 nm, 
30-70 mJ) or frequency quadrupled (266 nm, - I0 mJ) pulses from a 
Nd-YAG laser. The monitoring source was a 200 W pulsed xenon 
lamp. The signals from the monochromator-photomultiplier system 
are captured by a Tektronix 7912-AD digitizer and processed using a 
PDP- 11 103 computer. Special care was taken to minimize signals due 
to all specular reflections. Further details have been reported elsewhere 
(7). 

Experimental section All our kinetic analysis is based on the fraction of reflected light 

Silicalite (from Union Carbide) had a particle size of - 1 km and was absorbed by the intermediate, i.e., 

calcined (500°C, 24h)  before use. All the ketones used were 
Jo  -J  A J  

Signal = - = - 
'Issued as NRCC No. 250 18. Jo , Jo 
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I I I I I 
400 500 600 700 800 

Wavelength, nm 

FIG. 1. Triplet diffuse reflectance spectrum of xanthone on Silica- 
lite at 0, 25, and 100 ~s after the laser pulse (354 nm excitation). 

where Jo and J refer to the photomultiplier signals before laser 
excitation and at time t after excitation, respectively. To a first 
aproximation this provides a suitable parameter for kinetic and 
spectroscopic analysis. 

Results and discussion 
In common with other zeolites, Silicalite offers more than one 

site for inclusion and (or) adsorption of organic compounds. 
Molecules with kinetic diameters comparable to that of benzene 
(-5.8 A) are capable of being included in the channels of 
Silicalite. We have previously found that molecular geometry, 
size, and conformational flexibility play an important role in 
determining channel inclusion (2-3). Therefore, for the sam- 
ples studied in this work there will be a combination of surface 
adsorption and channel inclusion. We use the term Silicalite- 
supported to describe these samples. 

Xanthone 
The molecular size and geometry of xanthone make it a 

borderline case for inclusion in the Silicalite channel frame- 
work. It seems likely that xanthone is located in a distribution of 
channel and surface sites. 

The spectrum of the Silicalite-supported xanthone triplet, ob- 
tained using 354 nm excitation on a 4.88 KS per point time scale, 
is illustrated in Fig. 1 and shows its characteristic maximum at 
605nm, independent of how long after the laser pulse the 
signals were recorded. It is well known (1 1) that the position of 
A,, for the xanthone triplet is a sensitive probe of the polarity 
of the environment, being -610, 655, and 610nm in 2- 
propanol, carbon tetrachloride, and sodium dodecyl sulfate 
(SDS) micelles, respectively (11). The value observed in 
Silicalite is in excellent agreement with the values of A,,, in 
polar media (2-propanol, SDS micelles) and suggests that 
xanthone is in a relatively polar environment in Silicalite. This 
result is rather surprising since other studies have shown that 
inclusion sites in Silicalite are nonpolar (12). However, we note 
that in the case of silica gel2 the maximum is located at 580 nm, 
indicating that its surface sites may be substantially more polar 
in nature than those of Silicalite. This is a property that silica gel 
shares with other silicas (1 3). 

The kinetics of triplet decay for xanthone on Silicalite are 
rather complex, extending over remarkably long periods of 
time. Figure 2 shows two traces obtained independently using 

2~ime-resolved diffuse reflectance studies of silica gel supported 
systems will be reported separately. 

Time 

FIG. 2. Decay of triplet xanthone on Silicalite on time scales 
differing by a factor of 1000. 

L 
Time 

FIG. 3. Norrnalizeddecay traces for triplet xanthone on Silicalite as a 
function of laser dose: A, 100%; 0, 20%; 0, 10%. 

the same sample with time scales differing by a factor of 1000. 
Note that the time per point in the longer time scale (trace B) is 
equivalent to 10 times the complete trace from the short time 
scale (trace A). The highest point in trace B corresponds to only 
a fraction of the initial signal in trace A since, on slower time 
scales, the fast information is not captured. The first point in 
trace B is actually an average or histogram of the earlier data. 
Not surprisingly, these data fail to fit either a first or second 
order decay. Bimolecular processes may play a role at very short 
time scales (vide infra), but at longer times these complex decays 
are probably best interpreted in terms of a distribution of first 
order decays arising from the multiple inclusion sites. While a 
more detailed understanding of the nature and number of decay 
modes would certainly be desirable, further elaboration is not 
warranted at the present time. 

Luminescence lifetimes can be monitored using the same 
approach discussed above (but blocking the monitoring beam) 
and lead to traces in agreement with those recorded in the diffuse 
reflectance mode. 

Attenuation of the laser dose, in either the diffuse reflectance 
or the luminescence mode, leads to signal reductions which are 
systematically less than the attenuation ratio itself. Figure 3 
shows three normalized diffuse reflectance traces obtained with 
varying laser doses. The actual shape of the decay trace does not 
change significantly, suggesting that in the time scale monitored 
T-T annihilation does not play an important role. It should be 
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- 
Time 

FIG. 4. Decay of triplet xanthone on Silicalite in the presence of 
nitrogen (A), air (B), and oxygen (C). 

I 
300 400 5 0 0  

Wavelength, n m  

FIG. 5. Triplet diffuse reflectance spectrum of butyrophenone on 
Silicalite obtained by 266 nm excitation; the inset shows adecay trace 
at 330 nm. 

noted that the small deviations in the latter parts of the decay 
traces are probably owing to the fact that the traces have been 
normalized, and the weaker signals obtained with the attenuated 
laser doses have large errors. The ratios of the initial signal 
intensities were 100:38:33 for laser doses of 100:20: 10. 
Saturation effects of this type have also been observed for benzil 
triplets in crystals (8) and are to be expected based on current 
theorv (14). , .  , 

'The effects of air and oxygen on the triplet decay were also 
examined. For a nitrogen purged sample the half-life of the 
decay was -300 ys, whereas an air equilibrated sample had a 
half-life of 30 ys. The half-life was shorter still, -5 ys,  for an 
oxygen purged sample. Figure 4 illustrates this effect. We 
observe that while quenching does occur, the magnitude of the 
effect is substantially smaller than that which we have observed 
for oxygen quenching of xanthone on silica gel, where half-lives 
of 12 and 0.5 ys  were measured for nitrogen and oxygen purged 
samples, respectively. This difference-suggests that a large 
fraction of Silicalite-supported xanthone molecules are inside 
the channel structure and thus, not readily accessible to oxygen. 
To the extent that the exterior surface of Silicalite would 
resemble silica gel, the value of A,,, for T-T absorptions also 
supports extensive channel inclusion. 

- 
Time 

FIG. 6. Normalized decay traces for triplet acetophenone (A), 
butyrophenone (B), and valerophenone (C) on Silicalite (266nm 
excitation). 

Acetophenone, butyrophenone, and valerophenone 
These ketones were selected because their kinetic diameters 

allow for easy channel inclusion. Furthermore, the Nomsh 
Type I1 phototransformation of included valerophenone and 
butyrophenone could be compared with solution behaviour, 
thus, giving an idea of immobilization effects on this reaction. 

Irradiation of Silicalite-supported butyrophenone samples 
yields the transient diffuse reflectance spectrum shown in Fig. 
5. The spectrum is reasonable for a triplet benzoyl chromophore 
although somewhat broader than is normally observed in 
solution (15). Valerophenone and acetophenone in Silicalite 
give similar triplet spectra upon 266 nm excitation. The triplet 
decays for these three ketones all show complex kinetics. 
However, a comparison of the decays for each one on the same 
time scale (Fig. 6) showed that the lifetimes followed the order 
acetophenone > butyrophenone > valerophenone. For butyr- 
ophenone and valerophenone, which undergo the Nomsh Type 
I1 reaction, the lifetimes are -30 and -2 ys, respectively; these 
represent a large increase in the triplet lifetime over those in 
solution (125 and -5 ns) (16, 17). 

Previous studies of valerophenone on Silicalite (2) have 
shown that the acetophenone produced in the Norrish Type I1 
reaction plays a dominant role in determining the phosphores- 
cence of the sample studied. This potential complication does 
not appear to be a problem here, since the two ketones which 
undergo the Type I1 reaction give transients which have 
different lifetimes and both of which are significantly shorter 
than that of the acetophenone triplet. Therefore, we conclude 
that the lifetime enhancement relative to the values in solution is 
real and attribute it to a decreased rate of the Nomsh Type I1 
reaction due to restrictions in molecular mobility. Similar 
results have recently been observed by Turro et al. for 
valerophenone and y,y-diphenylbutyrophenone adsorbed on 
porous silica (10). It is also interesting to note that the lifetimes 
for the two ketones still reflect the relative ease of abstraction of 
secondary vs. primary hydrogens. This suggests that the relative 
rates of decay are not determined by the rate at which the 
reactive conformation can be achieved. In other words, hydro- 
gen abstraction remains the rate determining step for decay, 
with the favorable conformation for abstraction being less 
abundant in Silicalite than in solution. 
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2 rns 

Wavelength, nm 

FIG. 8. Triplet spectrum of p-methoxyacetophenone on Silicalite 
(354 nm excitation). 

FIG. 7 .  Decay of triplet p-methoxyacetophenone on Silicalite 
(354 nm excitation), top. An expansion of the early part of this decay is 
shown at the bottom with an inset showing a first order analysis of the 
data (where Jo - J ,  is the corrected baseline level). 

p-Methoxyacetophenone and P-phenyl-p-methoxypropiophe- 
none 

The dimensions of these molecules are such that inclusion in 
Silicalite should be possible, although the methoxy substituent 
may restrict this process to some extent (3). 

Figure 7 shows the decay of triplet p-methoxyacetophenone 
following 354 nm laser excitation. As in the case of xanthone 

u 

the decay kinetics are complex and extend over a long period of 
time. However, in this case we observe a reasonably well 
defined "fast-slow" separation, as illustrated in Fig. 7 (top) for 
the time scale in which this differentiation is most evident. The 
fast part of the decay, shown in Fig. 7 (bottom) seems to 
approach first order kinetics (after an appropriate baseline shift) 
rather well (see insert in Fig. 7). The lifetime derived from this 
analysis was 230 ps; lifetimes of this magnitude had been 
determined previously using phosphorescence techniques for 
several aromatic ketones included in Silicalite (1, 2). The slow 
component's lifetime is too long to allow us to establish the 
dominance of first or second order decay modes (due to 
limitations of the digitizer); typical half-lives are of a few 
milliseconds. The luminescence from p-methoxyacetophenone 
also showed a fast and a slow component. The lifetime of the 
latter agreed well with the diffuse-reflectance measurements; 
however, the fast component seems to incorporate luminescence 
from an additional (even shorter lived) species. 

The diffuse reflectance spectrum of the triplet state of 
p-methoxyacetophenone is shown in Fig. 8. The intensity of the 
spectrum does, of course, change with time, but its spectral 
features do not. The value of A,,, = 410 nm is in excellent 

agreement with that recorded in homogeneous solution for the 
same chromophore (1 8). The broad band in the 600 nm region is 
not present in the spectra of p-methoxybenzoyl monoketones in 
homogeneous solution; however, similar absorptions are ob- 
served in the case of poly(p-methoxyacrylophenone) (19), and 
to a lesser extent in its copolymers with other monomers (20). In 
the triplet spectra of polymers these broad bands around 600 nm 
have been suggested to reflect the close proximity of the 
chromophores (19, 20). Thus, correlation of this observation 
with the spectra of Silicalite-supported p-methoxyaceto- 
phenone suggests that the chromophores are also in close 
proximity on Silicalite. 

P-Phenyl-p-methoxypropiophenone, like all P-arylpropio- 
phenones, undergoes efficient deactivation in solution as a result 
of excited state interaction with the P-aryl moiety. Its triplet 
lifetime in isopentane at 300 K is 71 ns, compared with several 
microseconds for p-methoxyacetophenone ( 18). 

Earlier work from our laboratory (3) has already shown that 
inclusion of ketones of this type in Silicalite essentially 
eliminates this decay mode as a result of restrictions of the 
molecular motions required to achieve an adequate conforma- 
tion for quenching. Consistent with this, the behavior of P- 
phenyl-p-methoxypropiophenone triplet (354 nm excitation, 
monitoring diffuse reflectance transient absorption) was essen- 
tially the same as that of p-methoxyacetophenone; the only 
difference was some shortening of the fast decay. 

Similar results were obtained upon 266 nm excitation of 
P-phenylpropiophenone. The triplet has a broad spectrum, A,,, 
-320 nm, and decays within 500 p s  with complex kinetics. 

Benzil 
Benzil (excited at 354 nm) gave a triplet spectrum (Fig. 9) 

with A,, at 470 nm which is much closer to that of benzil triplet 
in solution (A,,, at 480 nm in cyclohexane or acetonitrile (21)) 
than to the spectrum for the crystalline material (A,,, at 520 nm 
(8)). The transient spectrum of the benzil-Silicalite sample 
showed an additional broad, weak band at long wavelengths, 
A,, - 830 nm. 

The emission spectrum has A,,, at 550 nm which is again 
shifted from those in glasses at 77 K and in the crystal which 
show A,,, at 510 (22) and 510 nm (8), respectively. These re- 
sults confirm that we are not looking at microcrystalline benzil 
on the surface of the Silicalite but rather at adsorbed or included 
benzil molecules. 

Benzil undergoes extensive conformational reorganization 
upon excitation into the triplet manifold; for example, the dipole 
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Sil ical i te 

0' Crystal 

350 450 550 650 750 850 

Wavelength, n m  

Crystal 

400 500 600 700 

Wavelength, n m  

FIG. 9. Triplet diffuse reflectance (top) and emission (bottom) 
spectra of benzil crystals and benzil on Silicalite obtained by 354 nrn 
excitation. 

Time 

FIG. 10. Decay of triplet benzil on Silicalite in the presence of 
nitrogen (A) and air (B). 

moment of the triplet is zero, as compared with 3.75 D for the 
ground state (23). The spectral characteristics mentioned above 
suggest that while the crystal structure of pure benzil severely 
limits this reorganization (8), the Silicalite framework allows it 
to occur rather freely. Since only axial motion is required this 
result is not entirely surprising; axial motions are not hindered 
on Silicalite (24). 

Decay kinetics based on either the triplet absorption at 
470 nm or emission at 550 nm gave similar results. The decays 
give reasonable fits to first order kinetics (except for a small 

amount of faster component at the beginning) and lead to 
lifetimes of ca. 360 ks.  As with xanthone, the signal reductions 
upon laser attenuation do not match the laser attenuation ratio, 
following the order 100:36:3 1 for 100:20: 10% of the laser dose. 
The presence of oxygen had a dramatic effect on the triplet 
lifetimes. Under air these lifetimes were reduced by a factor of 
approximately 20 from those measured under nitrogen. Thus, 
under air, over 80% of the decay took place with a lifetime of 
ca. 18 ks. Figure 10 shows a comparison of decay traces under 
air and under nitrogen. This dramatic oxygen effect on the 
triplet lifetime contrasts with the case of crystalline benzil where 
no effect was detected (8). 

Conclusions 
Time-resolved diffuse reflectance techniques can play an 

important role in developing an understanding of organic 
photoprocesses in zeolites. These studies can help us to 
understand the nature and properties of the active sites in these 
catalysts. 

For aromatic ketones on Silicalite, complex triplet decay 
kinetics seem to be the rule, with decay processes extending 
over several orders of magnitude in time scale. Such complex 
kinetics would be expected for a heterogeneous system where 
ketone triplets in different channel or surface sites may decay 
with different rate constants. Similar behaviour has been ob- 
sewed in fluorescence decays of various aromatics adsorbed on 
solids (25). 

Transient spectra can be quite useful in establishing some of 
the characteristics of the various adsorption sites on zeolites. 
Thus, the value of A,, = 605 nm for hiplet xanthone suggests a 
relatively polar environment, comparable with 2-propanol, but 
not as polar as in the case of silica gel where A,,, = 580 nm. 
The idea of closely packed guest molecules is supported by the 
spectral features of p-methoxyacetophenone triplet, and earlier 
evidence (2) for energy migration. The absorption and lumines- 
cence properties of benzil support the idea of considerable axial 
freedom for the included molecule. In the case of P- 
phenylpropiophenone, a similar degree of axial freedom cannot 
help the molecule undergo intramolecular quenching; in con- 
trast, the folding motion required for deactivation is prevented 
by the Silicalite lattice. Butyrophenone and valerophenone 
show lifetime enhancements which reflect a decreased rate for 
the Nonish Type I1 reaction, owing to similar restrictions on 
molecular mobility. 
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Synthese de derives N-5 substitues des SH-pyrido[4,3-b]benzov]indoles, isomeres des 
6H-pyrido[4,3-b]carbazoles (ellipticines) 

CHI HUNG NGUYEN, EMILE BISAGNI' ET JEAN-MARC LHOSTE 
Centre national de la recherche scientifique, Unit6 associPe 40533, Laboratoire de synthise organique, Institut Curie, 
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R e p  le 15 juillet 1985 

CHI HUNG NGUYEN, EMILE BISAGNI et JEAN-MARC LHOSTE. Can. J. Chem. 64, 545 (1986) 
Les derivts lithits en 2 des alkyl-l chloro-4 pyrrolo[3,2-clpyridines rtagissent avec les acCtophCnones en donnant les alcools 

tertiaires correspondants. Aprks dtshydration, les diaryl- I ,  1 Cthylknes formes sont reduits en diaryl- I ,  1 tthanes et la transfor- 
mation de ces derniers en chloro- 1 alkyl-5 5H-pyrido[4,3-blbenzolfl indoles est realisee soit directement par le dichloromethyl- 
methyltther en presence de chlorure stannique, soit indirectement par formylation suivie de cyclodeshydratation par I'acide poly- 
phosphorique. La substitution de l'atome de chlore par les dialkylaminoalkylamines fournit enfin les dialkylaminoalkylarnino-1 
alkyl-5 5H-pyrido[4,3-b]benzolflindoles, isomkres des dialkylaminoalkylamino-1 ellipticines N-6 substituCes. 

CHI HUNG NGUYEN, EMILE BISAGNI, and JEAN-MARC LHOSTE. Can. J. Chem. 64, 545 (1986) 
2- ith hid derivatives of 1-alkyl-4-chloropyrro10[3,2-c]pyridines react with acetophenones, giving the corresponding tertiary 

alcohols. After dthydration into 1,l-diarylethylenes and subsequent reduction to I ,  1-diarylethanes, the synthesis of I-chloro-5- 
alkyl-5H-pyrido[4,3-b1benzolflindoles was achieved either by direct cyclization with dichloromethylmethylether plus stannic 
chloride or by formylation and cyclodehydration with polyphosphoric acid. Finally, the substitution of the chlorine atom with 
dialkylaminoalkylamines leads to I-amino substituted 5-alkyl-5H-pyrido[4,3-b]benzolf]indoles, isomers of I-dialkylamino- 
alkylamino 6-substituted ellipticines. 

L'ellipticine l a ,  dont les proprietes antitumorales sur la 
leuctmie L1210 de la souris ont t t t  reconnues vers la fin des 
annees 60 (1) appartient a la famille des pyrido[4,3-blcarba- 

1 zoles dont certains dCrivts presentent des propriktts antitu- 
1 
1 morales plus importantes que l'alcaloi'de l a .  C'est le cas, 

notamment, du compose l b  (2,3) dont l'etude n'est pas achevte 
et du compost 2 qui est dtja utilise chez l'homme (4, 5). Cette 
sCrie httCrocyclique a donc largement retenu l'attention des 
chimistes et, depuis 15 ans, plus de 25 mtthodes distinctes 
permettant d'y acctder en ont t t t  dicrites (6-9). 

Par ailleurs, divers analogues structuraux du composk l a  ont 
tgalement Cte prtparts et, tandis que les dtrivts oxygene, 
soufrt et hydrocarbon6 sur le sommet 6,  respectivement 3 (lo),  
4 (1 1, 12) et 5 (13), sont dtnuts de toute activitk, la strie des 
aza-9 ellipticines ou pyrido[3',4':4,5]pyrrolo[2,3-glisoquino- 
leines 6 (14, 15) a largement retenu l'attention des biologistes. 
Ainsi, le compose 7 s'est montrt actif sur une grande variCtC de 
tumeurs exptrimentales (16, 17) et il a m&me fait l'objet d'une 
ttude clinique phase 1 dont les rtsultats semblent encourageants 

I (18). 
Cette serie parait donc inttressante et, puisque la presence de 

l'azote en 2 sur ce dernier systeme hettrocyclique se traduit en 
fait par une amelioration des proprittts antitumorales de ce type 
de substances, il nous a semblt utile de chercher A ttudier les 
eventuelles propriCtCs biologiques des dCrivts des SH-pyrido- 
[4,3-blbenzolfl indoles 8. 

En effet, en dehors de diffkrentes quinones rkcemment 
synthkthisees par notre laboratoire (19), les derivts de cet 
h6ttrocycle nesont pas dtcrits et il s'agit de savoir si l'azote 
intracyclique en 2 peut en lui-m&me suffire au maintient de 
l'activitk antitumorale, malgrt le remplacement du systeme 
isoquinoltine des ellipticines par un noyau naphtalene. Cela 
devrait d'ailleurs permettre de preciser les caracttristiques 

structurales, et peut-Ctre les proprittes chimiques, nkcessaires a 
l'apparition d'une telle activitt dans la famille des intercalants 
du type ellipticine. 

Dans ce mtmoire, nous dkcrivons les rtsultats de nos re- 
cherche~ concernant une premiere voie d'acces 2 certains derives 
des mtthyl-6 5 H-pyrido[4,3-blbenzolflindoles 8. 

'Auteur ii qui adresser la correspondance. 
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Chimie 
Nous avons rnontrC rCcemrnent que la lithiation de la 

rntthyl-1 chloro-4 pyrrolo[3,2-clpyridine 9a  (20) par le tert- 
butyl lithium est rCgiospCcifique de son sornrnet 2 (21). 

De m&me qu'il rCagissait avec I'acCtaldChyde pour donner 
73,5% de la methyl-1 (a-hydroxyCthy1)-2 chloro-4 pyrrolo- 
[3,2-clpyridine (21), le derive lithiC ainsi form6 se condense 
avec I'acCtophCnone et la p-rnCthoxy-acCtophenone pour engen- 
drer, respectivernent, 78% de la rnCthyl- 1 (a-phCnyl a-hydroxy)- 
Cthyl-2 chloro-4 pyrrolo[3,2-clpyridine 10a et 71% de son 
analogue rnCthoxylC lob.  La deshydratation de ces deux corn- 
posCs, rCalisCe par l'anhydride acCtique bouillant, conduit aux 
phCnyl-1 (etp-methoxy phtnyl-1) (rnCthy1-1' chloro-4' pyrrolo- 
[3,2-clpyridyl-2')-1 Cthylenes l l a  et l l b .  Cette reaction s'ac- 
cornpagne toutefois de l'hydrolyse partielle du chlore qui 
intewient probablernent au cours du traiternent du mClange 
rkactionnel et, a cGtC de l l a  (52,5%) et de l l b  (44%), il se 
forme 23% de 12a et 26,5% de 12b. Ces deniers composes ont 
Cgalernent CtC prCparCs a partir de la rnCthyl-1 rnCthoxy-4 
pyrrolo[3,2-clpyridine 13. C'est ainsi que les alcools tertiaires 
14a et 14b ont CtC prCparCs cornrne leurs analogues chlores et 
que leur dkshydratation en prCsence d'acide p-toluene sulfo- 
nique s'accornpagne de leur dCrnCthylation totale en 12a et 12b. 

Par hydroghation en prCsence de charbon palladie, ces 
deniers fournissent 90% des dCrivCs saturCs correspondants 
15a et 15b, normalernent transformts par l'oxychlorure de 
phosphore bouillant en rnCthyl-1 (a-phCny1)Cthyl-2 (et a-(mC- 
thoxy-4' phCny1)Cthyl-2 chloro-4 pyrrolo[3,2-clpyridines 16a 
et 16b, Cgalernent formCs par hydroghation de l l a  et l l b  en 
presence de rhodium sur alurnine. Ce denier catalyseur est 
toutefois le seul a avoir permis I'hydrogCnation selective de la 
double liaison. En effet, au cours des essais prtlirninaires 
rCalisCs a la temperature arnbiante, le nickel de Raney comrner- 
cia1 s'est avCrC inefficace et le cornposC l l a ,  hydrogtne en 
prksence de charbon palladiC a lo%, a engendrC, apres 
absorption de la quantitt thCorique d'hydrogene, un rnClange 
cornprenant (en chromatographie en couche mince (ccm)) le 
cornposC de dCpart l l a ,  son dCrivC d'hydrogenation 16a et un 
troisierne produit correspondant tres probablernent au dCrivC 
d'hydrogCnolyse du chlore, que nous n'avons pas chercher a 
isoler. 

Pour transformer les cornposCs 16a et 16b en 5H-pyrido- 
[4,3-blbenzolflindoles 8 ,  deux voies distinctes ont CtC en- 
visagCes: d'une part, la formylation selon Vilsrneier-Haak, 
suivie de la cyclodCshydratation, et, d'autre part, la cyclisation 
directe. Bien que les rendernents en aldkhydes 17a et 17b soient 
assez faibles, la formylation s'effectue dans les deux cas et la 
cyclodCshydratation en chloro-1 dirnCthy1-5,6 5H-pyrido- 
[4,3-blbenzolflindoles 18a et 18b est ensuite aisCe. Au 
contraire, la cyclisation directe pour former 18 au dCpart de 16 
au rnoyen du dichlorornCthylrnCthylCther en prCsence de 
chlorure stannique est rCalisable uniquement dans le cas de 16a. 
En effet, les essais rCalisCs dans les rntrnes conditions experi- 
rnentales au depart de 16b ont conduit a l'obtention d'un seul 
cornposC dCfini. Form6 en tres faible rendernent, le spectre de 
rmn 'H rnontre qu'il correspond a la formule 19, indiquant ainsi 
que I'hCtCrocycle aza-5 indolique cornplexC par le chlorure 
stannique devient rnoins rCactif que le cycle benzCnique 
rnCthoxylC. 

Disposant des dCrivts chlorCs 18a et 18b, il a CtC facile de les 
substituer par les dialkylaminoalkylamines pour former les 
dialkylarninoalkylarnino-1 dimethyl-5,6 5H-pyrido[4,3-b]- 
benzolflindoles 20-23. Cependant, pour cornplCter ce travail, 

nous avons cherchC a accCder aux dCrivCs des 5H-pyrido- 
[4,3-b]benzolflindoles non substituCs sur leur sornrnet 5. C'est 
pourquoi nous avons rCalisC la rntrne synthese que prkcedern- 
rnent au depart de la benzyl-1 chloro-4 pyrrolo[3,2-clpyridine 
9c (22, 23) lithiCe et de la p-rnCthoxy-acCtophenone. 

En dehors de l'alcool tertiaire 10c, forme avec un rendernent 
de 29% netternent inferieur a celui de 10a et l o b  tous les autres 
intCrmCdiaires ( l l c ,  12c, 15c, 16c, 17c et 18c) ont CtC obtenus 
dans les rnsrnes conditions expCrirnentales et avec des rende- 
ments cornparables a ceux de leurs analogues N-rnCthylCs. De la 
mime rnaniere, la y-diCthylarninopropylamine a bien trans- 
fomC le compost 18c en dCrivC arninC 24. Malheureusernent, 
les essais de dkbenzylation de ce denier, tentes par hydrogtna- 
tion catalytique sur charbon palladiC dans diverses conditions 
expCrirnentales, ont conduit i un mClange cornprenant princi- 
palernent le cornposC de dCpart inchangC, a cat6 de traces d'un 
nouveau produit dCcelable en ccrn rnais que nous n'avons pas 
reuissi a isoler i 1'Ctat pur, rntrne apres plusieurs chrorna- 
tographies sur alumine. 

Conclusion 
Nous avons rnontrC que les 5H-pyrido[4,3-blbenzolfl- 

indoles-5 substituCs sont accessibles une synthese en 5-6 
Ctapes au dCpart des chloro-4 pyrrolo[3,2-clpyridines N-1 
substitukes. Celle-ci ne parait toutefois pas applicable a la 
preparation des dCrivCs 5 1 ~ ~  correspondants, Furtant neces- 
saires pour pouvoir valablernent cornparer les propriCtCs biolo- 
giques des dCrivCs de cette sCrie a celles des 6H-pyrido- 
[4,3-blcarbazoles (ellipticines) (24). 11 sera donc utile d'en 
Ctudier une autre voie de synthese car s'ils ne rnanifestent pas de 
propriCtCs antiturnorales significatives sur la 1eucCrnie ~ 1 2 1 0 , ~  
les cornposCs 20-23 N-5 mCthylCs sont neanrnoins assez 
cytotoxiques in vitro pour justifier une Ctude plus complete de la 
sCrie. 

Partie experimentale 
Les points de fusion ont Ctt pris au banc de Kofler. Les spectres de 

rmn 'H ont CtC emegistrCs sur un appareil Varian XL 100, dans les 
solvants indiques, et les dCplacernents chirniques sont exprirnCs en pprn 
par rapport au Me&. 

Methyl-1 (a-phknyl a-hydroxy)ethyl-2 chloro-4 pyrrolo-[3,2-c]- 
pyridine IOa 

Le melange form6 par le cornpose 9a (21) (3,33 g, 20 mmol) en 
solution dans le THF anhydre (120 rnL) est refroidi B -65°C et en 
maintenant l'ensernble sous agitation B la rnCrne ternpkrature, le 
tert-butyl lithium (l5,6 mL de la solution cornrnerciale 1,6 N, soit 1,25 
Cquivalent) est ajoutC lenternent. Aprks 10 rnin d'agitation B -65"C, 
I'acCtophCnone rectifiCe (3,4 g, 30 mmol) dans le THF (10 mL) est 
ajoutCe en 5 min. Le melange est agitC B -65°C pendant 45 rnin, puis 1 
h B la ternp6rature arnbiante et versC dans 250 mL d'acide chlorhydrique 
0,5 N. Aprks 1 nuit sous agitation, le melange est extrait au 
chloroforme et l'bvaporation du solvant fournit un residu qui recristal- 
lise dans I'Cthanol en donnant 3,92 g (68,4%) d'aiguilles incolores, 
F = 227-228°C; rmn 'H ((CD3),SO) 6: 1,95 (s, 3H, C H 3 4 - - O H ) ,  
3,46 (s, 3H, N 4 H 3 ) ,  6,26 (s, lH, OH), 6,77 (s, lH, H-3), 7,34 (s, 
5H, C6Hs), 7,45 (d, 1H, H-7, J7-6 = 5,5 HZ), 8,03 (d, lH, H-6). 
Anal. calc. pour C16H15C1N20: C 67,02; H 4,24; N 9 7 ;  C1 12,39; 
trouvC: C 66,93; H 5,45; N 9,92; Cl 12,19. 

' ~ e s t ~ s  sur les cellules en culture dans les conditions habituelles (1 6, 
17), les cornposCs 20-23 inhibent la croissance de 50% des cellules aux 
concentrations de 0,5 X M (20 et 21) et 5 X M (22 et 23). 11s 
sont toutefois toxiques pour la souris B 35 rnglkg et totalernent inactifs 
sur la leucernie L 1210 B la dose de 12,5 mglkg. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NGUYEN ET AL. 

9a R1 = CH3 10 (a, b, C) 13 
9c R' = CHzCsHs 

1 

I I 
CH3 R1 

11 (a, b, C) 12 (a, b, c) 14 (a, b) 

Cl 0 CHO 

R \ 1 1 1  I ,  - R ' ~ H & H  I I 

C N ' C  N ' 
I I 

CH3 R1 
I I 

CH3 R1 
I I 

CH3 CH3 

16 (a, b, c) 15 (a, b, c) 19 

17 (a, b, c) 18 (a, b, c) 20 R1 = CH3; R2 = H; R3 = (CH2)3NHCH2CH3 
21 R' = CH3; R2 = H; R3 = (CH2)3N(CH3)2 

a R1 = CH3; R2 = H 22 R1 = CH3; R2 = H; R3 = (CH2)3N(CH2CH3)2 
b R1 = CH3; R2 = 0CH3 23 R1 = CH3; R2 = 0CH3; R3 = (CH2)3N(CH2CH3)2 
c R' = CH2C6HS; R2 = 0CH3 24 R1 = CH2C6H5; R2 = 0CH3; R3 = (CH2)3N(CH2CH3)2 

Me'thyl-1 (a-mPthoxy-4' phe'nyl a-hydroxyje'thyl-2 chloro-4 pyrrolo- 
[3,2-clpyridine l o b  

Ce cornposC a CtC prCparC c o m e  le precedent a partir du dCrivC 
chlorC 9a (6,66 g, 40 mmol), lithiC par 1,25 Cquivalent de tert-butyl 
lithium dans le THF (240 mL) et de la p-rnCthoxy-acetophknone (9 g, 
60 mmol). I1 recristallise dans 1'Cthanol en donnant 9 g (71%) 

I d'aiguilles incolores, F = 210-212°C. Anal. calc. pour CI7Hl7ClN2O2: 
I C64,46; H5,41; N 8,84; C1 11,19; trouvC: C 64,58; H5,38; N 8,82; C1 ' 11,27. 

Benzyl-1 (a-me'thoxy-4' phenyl a-hydroxy)e'thyl-2 chloro-4 pyrrolo- 
[3,2-clpyridine 1Oc 

La benzyl- 1 chloro-4 pyrrolo[3,2-clpyridine 9 c  (22, 23) 2,42 g, 10 
mmol) en solution dans le diCthylCther sec (160 rnL) est lithike a -65°C 
par 11 mmol de tert-butyl lithium et traitCe par la p-mCthoxy 

acCtophCnone (1,8 g, 12 mmol) en solution dans 1'Cther (80 d ) . 3  
Aprks un traitement identique a celui mis en oeuvre dans les cas 

3 ~ a n s  le cas de la benzyl-1 chloro-4 pyrrolo[3,2-clpyridine 9c, le 
rendernent de la rCaction est netternent abaissC si la lithiation est effec- 
tuCe dans le THF. Ainsi, aprks rCaction du lithien avec le DMF il se 
forme 58% de benzyl-1 formyl-2 chloro-4 pyrrolo[3,2-clpyridine dans 
1'Cther et seulernent 29,6% dans le THF. Par ailleurs, en faisant rtagir 
le lithien de 9cformC dans le THF avec l'acCtaldChyde, on isoleenviron 
30% de benzyl-1 (a-hydroxyethy1)-2 chloro-4 pyrrolo[3,2-clpyridine 
et 10% d'un melange qui, apr2s oxydation par le bioxyde de rnangankse 
et chrornatographie, fournit 2,5% de benzyl-1 chloro-4 acetyl-6 pyr- 
rolo[3,2-clpyridine, ce qui rnontre que la lithiation effectuke dans ces 
conditions n'est pas totalernent spCcifique du somrnet 2 de 9c. 
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prCcCdents, le melange est extrait a l'Cther et le rCsidu de I'Cvaporation 
du solvant est repris dans le minimum d'Cthano1. Le solide insoluble est 
filtrC pour donner 800 mg du composC 10c et 1'Cvaporation des eaux 
mtres foumit un rCsidu qui est chromatographiC sur silice en Cluant 
avec le dichloromCthane pur. La premitre fraction CluCe correspond a 
la p-mCthoxy-acCtophCnone, la seconde contient le composC chlorC 9c 
inchange et la troisitme est constituCe par une nouvelle quantitt du 
composC attendu 10c. Les deux fractions de 10c rCunies recristallisent 
dans 1'Cthanol pour donner des aiguilles incolores (1,15 g, 29%), F = 
161-163°C. Anal. calc. p o ~ r C ~ ~ H ~ ~ C l N ~ 0 ~ :  C 70,31; H 5.39; N7,13; 
C19,02; trouvC: C 70,34; H 5,62; N 7,17; C1 8,85. 

Me'thyl-1 (a-phe'nyl a-hydroxy)e'thyl-2 me'thoxy-4 pyrrolo-[3,2-c]- 
pyridine 14a 

Le tert-butyl lithium (17 mL de la solution commerciale 1,6 N, soit 
25 mmol) est ajoutC ii la solution de la mtthyl-1 mCthoxy-4 pyrrolo- 
[3,2-clpyridine 13 (3,24 g, 20 mmol) dans le THF (100 mL) refroidie a 
-65°C. Aprts 5 min a cette temperature, le bain rCfrigCrant (acetone + 
Carboglace) est remplacC par un mtlange glace + sel et le mtlange 
rkactionnel est agitC pendant 15 rnin a - 15°C.4 La solution, devenue 
rose pile, est de nouveau refroidie a -65°C et 1'acCtophCnone ( 3 3  g, 
30 mmol) en solution dans 10 mL de THF est ajoutCe progressivement. 
Aprts 30 min d'agitation h -65°C et 1 h d'abandon a la tempkrature 
ambiante, le mClange est verst dans 250 rnL d'acide chlorhydrique 0,5 
N, agitC pendant 15 min et extrait au dichloromCthane. Le rtsidu 
d'haporation des phases organiques rCunies est repris dans le 
minimum de tolutne refroidi a - 15°C et recristallist dans le m&me 
solvant pour donner des cristaux incolores ( 4 3  g, 79,8%), F = 174- 
175°C. Anal. calc. pour Cl7HI8N2o2: C 72,32; H 6,43; N 9,92; trouvC: 
C 72,34; H 6,43; N 9,90. 

Ce composC est obtenu suivant la m&me technique que le prtctdent i 
partir de 13 (6,5 g, 40 mmol), du tert-butyl lithium (50 mmol) et de la 
p-mkthoxy-acCtophCnone (8 g, 60 mmol). I1 recristallise dans le 
tolutne pour donner des microcristaux incolores (7,6 g, 60,7%), F = 
168-170°C; rmn 'H ((CD3)2SO) 6: 1,88 (s, 3H, CH3<-OH), 3,43 
(s, 3H, N 4 H 3 ) ,  3,75 (s, 3H, C6H4-OCH3), 4,02 (s, 3H, OCHw), 
6,01 (s, lH, OH), 6,64 (s, lH, H-3), 6,89 (d, 2H, H-3' + 
H-5'-Ar, J3,-2, = 9 HZ), 7,02 (d, lH, H-7, J7-6 = 6 HZ), 7,24 (d, 
2H, H-2' + H-6'-Ar), 7,78 (d, lH, H-6). Anal. cdc. pow CI8H2$\r2o3: 
C 69,21; H 6,45; N 8,97; trouvC: C 69,43; H 6,49; N 8,70. 

Phe'nyl-1 (me'thyl-I' chloro-4' pyrrolo[3,2-clpyridyl-2')-I Pthylhne 
I l a  etphe'nyl-1 (me'thyl-I' dihydro-4' ,5' 0x0-4'(pyrrolo-[3,2-c]- 
pyridyl-2')-1 e'thylkne 12a 

Le composC 10a (7,5 g, 26 mmol) est chauffC ii reflux pendant 18 h 
dans 105 mL d'anhydride acCtique et le mtlange est CvaporC sous 
pression rkduite. Le rCsidu est repris dans l'eau, alcalinisC par addition 
de soude N et extrait au chloroforme. 

Aprts Cvaporation du solvant, le rCsidu est repris dans 20 mL du 
melange dichloromCthane-Cthanol 9:l. La partie insoluble est filtree. 
Elle correspond au composC 12a. 

Le filtrat est chromatographi6 sour colonne de silice en Cluant avec le 
melange dichloromCthane-Cthanol 9: 1. 

(a) La premitre fraction CluCe contient le composC l l a  qui recristal- 
lise dans le cyclohexane en donnant des paillettes incolores (3,7 g, 
52,6%), F = 130°C; rmn 'H ((CD3)2SO) 6: 3,48 (s, 3H, N--CH3), 
5,68 (d, IH, H-A CHF, = 1 HZ), 6,07 (d, lH, H-B CH2=), 
6,63 (d, lH, H-3, Js7 = 0,7 HZ), 7,41 (m, 5H, C6H5), 7,56 (q, lH, 
H-7, J7-6 = 5,8 Hz), 8,08 (d, lH, H-6). Anal. calc. pourCI6Hl3C1N2: 
C 71,51; H 4,84; N 10,43; C1 13,22; trouvC: C 71,48; H 4,58; 
N 10,29; C1 12.90. 

(b) La seconde fraction CluCe contient une nouvelle quantitt du 

4Comme nous l'avons dCja signal6 (21), si la lithiation du composC 
13 est rCalisCe sans "rtchauffer" le mClange rCactionnel a - 15°C pen- 
dant 15 min, le rendement de la rCaction est seulement de 8-10%. 

produit 12a. Aprts Cvaporation du solvant, celle-ci est jointe a la 
premitre partie filtrte prkctdemment et la recristallisation de l'ensem- 
ble dans le tolutne fournit des microcristaux incolores ( 1 3  g, 22,9%), 
F = 235°C; rmn 'H ((CD3)2SO) 6: 3,35 (s, 3H, N--CH3), 5 3 3  (d, 
lH, H-A CH2=, JA-, = 1,2 HZ), 5,85 (d, I H, H-B CH2=), 6,5 1 
(d, lH, H-7, J7 -6=  7 , l  HZ), 6,55 (s, lH, H-3),7,11 (d, lH, H-6), 
7,38 (s, 5H, C6H5), 10,89 (s large, lH, NH-5). Anal. calc. pour 
Cl6Hl4N2O: C 76,78; H 5,64; N 11.19; trouve: C 76,92; H 5,79; N 
10,86. 

Pre'paration du compose' 12a a partir de l'alcool tertiaire 14a 
Le composC 14a (3 g) est chaufft a reflux pendant 70 h dans 150 mL 

de tolutne en prCsence de 4,4 g d'acide p-tolutne sulfonique et le 
solvant est CvaporC. Le rtsidu est repris dans l'eau, extrait au 
dichloromCthane dans lequel il est peu soluble, lave avec une solution 
d'hydrogCnocarbonate de sodium et le solvant est CvaporC. Le rCsidu 
recristallise dans le tolutne en donnant 2,2 g (82,7%) de microcristaux 
incolores, F = 235"C, identiques au produit 12a dCji obtenu prCcC- 
demment . 

p-Me'thoxyphe'nyl-1 (me'thyl-I' chloro-4' pyrrolo[3,2-clpyridyl-2')-I 
e'thylhne I l b  et p-rne'thoxyphe'nyl-1 (me'thyl-I' dihydro-4',5' 
0x04' pyrrolo[3,2-clpyridyl-2')-I e'thylhne 12b 

Le compost l o b  (5 g) est chaufft h reflux dans l'anhydride acCtique 
(75 mL) pendant 18 h et le mtlange rCsultant est trait6 suivant la 
technique dCjh utiliste pour prCparer l l a  et l l b .  Aprts chromato- 
graphie sur colonne de silice, les deux fractions CluCes par le mtlange 
dichloromCthane-Cthanol9: 1 sont CvaporCes. 

(a) La premitre foumit un rCsidu qui recristallise dans le cyclohexane 
en donnant 2,5 g (44%) du composC l l b ,  F = 157-158°C; rmn 'H 
((CD3),SO) 6: 3,49 (s, 3H, NCH3), 3,81 (s, 3H, 0CH3), 5 3 4  (d, lH, 
H-A CHF, = 1,l HZ), 5,96 (d, lH, H-B CH2=), 6,61 (d, 
lH, H-3, Js7 = 0,8 HZ), 6,98 (d, 2H, H-3' + H-5' de C6H4, 
J3'-2' = 9 Hz), 7,29 (d, 2H, H-2' + H-6' de C d 4 ) ,  7,56 (q, lH, 
H-7, J7-6 = 5,7 HZ), 8,08 (d, lH, H-6). Anal. C ~ C .  ~ ~ U T C ~ ~ H ~ ~ C ~ N ~ O :  
C 68,34; H 5,06; N 9,38; C1 11,87; trouvt: C 68,18; H 4,97; N 9,34; 
C1 12,14. 

(b) La deuxitme fraction contient le composC 12b qui recristallise 
dans 1'Cthanol en microcristaux incolores (1,4 g, 26,4%) qui se 
subliment et F = 260-270°C; rmn 'H ((CD3)2SO) 6: 3,36 (s, 3H, 
N 4 H 3 ) ,  3,81 (s, 3H, OCH,), 5,40 (d, lH, H-A CH2=, JA-, = 1,2 
Hz), 5,76 (d, IH, H-B CHF), 6,51 (d, lH, H-7, J7-6 = 6,6 HZ), 
6,52 (s, lH, H-3), 6,97 (d, 2H, H-3' + H-5' de C6H4, J3'-2' = 8,8 
Hz), 7,21 (d, lH, H-6), 7,27 (d, 2H, H-2' + H-6' de C6H4), 
10,83 (s large, lH, NH). Anal. calc. pour Cl7HI6N2o2: C 72,84; H 
5,75; N 9,99; trouvC: C 72,57; H 5,58; N 10,08. N.B. Le m&me 
composC 12b a Cgalement CtC obtenu avec un rendement de 89% en 
chauffant au reflux pendant 24 h 1 g de I'alcool tertiaire 14b dans 70 mL 
de xyltne, en prtsence de 2,66 g d'acide p-toluene sulfonique, et en 
traitant ensuite comme d t j i  indiqut pour transformer 14a en 12a. 

De'rive's benzyle's l l c  et 12c 
L'alcool 10c (6,8 g) est dtshydratk en le chauffant dans I'anhydride 

acttique (I50 mL) ii reflux pendant 20 h. Le mClange resultant est trait6 
comme dCji dCcrit pour prkparer l l a  et 12a et la chromatographie sur 
silice, en Cluant avec le mClange dichloromCthane-Cthanol 9 5 5 ,  
fournit les deux composts attendus: (a) 5,8 g (68,2%) de l l c ,  F = 
144-146°C (cyclohexane); rmn 'H ((CD3)2SO) 6: 5,16 (s, 2H, 
CH2-Ar), 5,47 (s, lH, CH-A, CH2=), 5,86 (s, lH, CH-B CH,--), 
6,69 (s, IH, H-3), 6,84-7,30 (m, 9H, 5H-Ar + 4H-Ar', J3'L2' = 
10 Hz), 7,5 (d, lH, H-7, J7-6 = 6 HZ), 8,08 (d, IH, H-6). Anal. 
calc. pour C23H19C1N20: C 73,69; H 5 , l l ;  N 7,47; C1 9,46; trouvt: 
C 73,39; H 5,19; N 7,41; C1 9,20. (b) 1,4 g (19,8%) de 12c, F 
= 216-217°C (tolutne); rmn 'H ((CD3)?SO) 6: 3,8 (s, 3H, 0CH3), 
5,02 (s, 2H, CH2-Ar), 5,32 (s, lH, CH-A CH2=), 5,66 (s, lH, 
CH-B CHF), 6,44 (q, lH, H-7, J7p6 = 7,3 HZ, J7-3 0,5 HZ), 
6,59 (d, lH, H-3), 6.85-7,27 (m, 10H, 5H-Ar + 4H-Ar' + 
H-6, J2'-3' = 9,3 Hz). Anal. calc. pour C23HZON202: C 77,50; H 
5,66; N 7,86. trouvC: C 77,25; H 5,77; N 7,88. 
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Alkyl-1 (a-ary1)ethyl-2 dihydro-4,5 0x04 pyrrolo[3,2-clpyridines 
15a, 15b et 15c 

Le composC 12 voulu (a ,  b ou c) (10 mmol) en solution dans l'acide 
acCtique (100 mL) est hydrogen6 en l'agitant sous atmosphere 
d'hydrogkne la tempirature ambiante et a la pression normale en 
prCsence de 150 mg de charbon palladiC a lo%, jusqu'i cessation de 
l'absorption d'hydrogkne (30-45 min). Le catalyseur est filtrC, lavC 
avec l'acide acCtique et ce demier est CvaporC. Le rCsidu est repris trois 
fois dans 30 mL de tolukne, rCCvaporC i chaque reprise sous pression 
rkduite pour bien Climiner l'acide acCtique restant et le solide obtenu est 
recristallisk dans le minimum de toluene pour donner des microcris- 
taux incolores. 

15a: Rendement 9 1%; F = 253-254°C; rmn 'H ((CD3)2SO) 6: 1,60 
(d, 3H, CH3--CH, J C H 3 - ~  = 7 , l  HZ), 3,36 (s, 3H, NCH3), 4,32 (q, 
lH, CH--CH3), 6,44 (q, lH, H-7, J7-6 = 7 , l  HZ, J7-3 = 0,3 HZ), 
6,53 (s, lH, H-3), 7,01 (d, lH, H-6), 7,14-7,46 (m, 5H, C6HS), 
10,71 (S large, lH, NH). Anal. calc. pour Cl6HI6N20: C 76,16; H 
6,39; N 11,lO; trouvC: C 76,O; H 6,35; N 10,94. 

15b: Rendement 85% F = 1 10-12O0C, se resolidifie et F = 227°C; 
rmn 'H ((CD3),SO) 6: 1,57 (d, 3H, CH3--CH, J = 7 Hz), 3,40 (s, 3H, 
N 4 H 3 ) ,  3,75 (s, 3H, 0CH3), 4,26 (q, lH, CH--CH3), 6,45 (d, lH, 
H-7, J7-6 = 8,2 HZ), 6,49 (s, lH, H-3), 6,88 (d, 2H, H-3' + 
H-5' Ar, J3'-2' = 8,8 Hz), 7,01 (d, lH, H-6), 7,12 (d, 2H, H-2' + 
H-6' Ar), 10,8 (s large, lH, NH-5). Anal. calc. pour CI7HI8N2O2.H20: 
C 67,98; H 6,71; N 9,33; trouvC: C 68,38; H 6,84; N 9,15. 

15c: Rendement 90% en produit brut, qui a CtC directement trans- 
form6 en son dCrivC chlorC 16c. 

Technique A 
Le composC 15 voulu (10 mmol) est chauffC dans l'oxychlorure de 

phosphore bouillant (70 mL) pendant 2 h 30 (15a), 3 h (15b) et 5 h 
(15c) et l'excks d'oxychlorure est CvaporC sous pression rCduite. Le 
rCsidu est dCcomposC dans l'eau glacCe, alcalinisC par l'ammoniaque et 
extrait au dichloromCthane. Aprks Cvaporation du solvant, le rCsidu est 
chromatographiC sur colonne de silice, en Cluant avec le mClange 
dichloromCthane-Cthanol 9: 1. L'Cvaporation de la fraction d'Clution 
contenant le composC attendu foumit un solide qui recristallise dans 
l'hexane ou le cyclohexane en donnant des microcristaux incolores. 

Technique B 
Le rhodium sur alumine (125 mg a 5%) est placC dans un tricol muni 

d'un agitateur magnCtique et aprks avoir fait passer un courant 
d'hydrogkne pour Climiner l'air, 25 mi, d'Cthanol sont ajoutCs par une 
premikre ampoule i additionner. Le coinposC 11 (a,  b ou c, 50 mmol) 
en solution dans 100 mL d'Cthanol et primitivement placC dans une 
seconde ampoule est ensuite ajoutC et l'ensemble est agitC 2 la 
tempkrature ambiante, en atmosphere d'hydrogkne la pression 
normale, jusqu'a absorption de la quantitC thCorique d'hydrogkne 
(environ 48 h). Aprks filtration et Cvaporation du solvant, le solide 
rCsiduel est chromatographi6 sur silice cornrne dCjB dCcrit avec la 
Technique A. 

16a: Rendement A 78%; Rendement B 75%; F = 109-1 10°C; rmn 
'H ((CD3)2SO) 6: 1,67 (d, 3H, CH3--CH, JCHrH = 7 HZ), 3,54 (s, 
3H, NCH3), 4,48 (q, lH, CH--CH3), 6,60 (s, IH, H-3), 7,24-7,34 
(m, 5H, C6H5), 7,47 (d, lH, H-7, J7-6 = 5,8 Hz), 8,O (d, lH, H-6). 
Anal. calc. pour C16H15C1N2: C 70,98; H 5,54; N 10,35; C1 13,12; 
trouvC: C 70,90; H 5,62; N 10,07; C1 13,35. 

16b: Rendement A 50%; Rendement B 85%; F = 114°C; rmn 'H 
((CD3),SO) 6: 1,65 (d, 3H, CH--CH3), 3,54 (s, 3H, N--CH3), 3,74 
(s, 3H, 0CH3), 4,53 (q, lH, CH--CH3), 6,56 (d, lH, H-3), 6,9 (d, 
2H, H-3' + H-5', J3,-2, = 9 HZ), 7,17 (d, 2H, H-2' + H-6'), 
7,46 (q, lH, H-7, J7-6 = 5,8 HZ, J7-3 = 0,8 HZ), 8,O (d, lH, H-6). 
Anal. calc. pour Cl7HI7C1NZO: C 67,88; H 5,70; N 9,31; C1 11,79; 
trouvC: C 67,82; H 5,73; N 9,35; C1 1 1,49. 

16c: Rendement A 64%; Rendement B 69%; F = 126- 128°C; rmn 
'H (CDC13) 6: 1,65 (d, 3H, CH3--CH, JCH3-~ = 7,2 HZ), 3,78 (s, 

3H, 0CH3), 4,O (q, lH, CH--CH3), 5,05 (q, 2H, CH2-Ar, JH-H = 
17,l Hz), 6,72-7,29 (m, 11H, 5H-Ar + 4H-Ar' + H-3 + H-7, 
J2'-3' = 9 Hz), 8,O (d, lH, H-6, JC7 = 5,7 Hz). Anal. calc. pour 
C23H21C1N20: C 73,30; H 5,62; N 7,43; Cl 9,41; trouvC: C 73,45; H 
5,63; N 7,75; C1 9,58. 

A la solution du dCrivC chlorC 16a (500 mg, 1,8 mmol) dans le DMF 
(1,26 mL) on ajoute, sans refroidir, 1,48 mL d'oxychlorure de 
phosphore et le melange resultant est chauffC au bain d'huile i 120°C 
pendant 2 h. Aprks avoir ajoutC successivement 1,26 mL de DMF puis 
1,48 mL d'oxychlorure, l'ensemble est de nouveau chauffC 2 110- 
120°C pendant 2 h, dCcomposC i froid en le versant dans l'eau glacCe 
(100 mL) et alcalinisC par une solution d'hydroxyde de sodium 3 N. Le 
prCcipitC form6 est extrait au dichloromCthane, lavC avec une solution 
d'hydroxyde de sodium N, puis h l'eau, et 1'Cvaporation de la phase 
organique sCchCe foumit un solide qui est repris dans le minimum 
d'Cthanol et recristallisC dans le m&me solvant en cristaux jaune-pble 
(90 mg, 16,3%), F = 163-164°C; rmn ]H ((CD3),SO) 6: 1,8 (d, 3H, 
CH3--CH, J C H 3 < ~  = 7,4 HZ), 3,53 (s, 3H, NCH3), 5,84 (q, lH, 
C H 4 H 3 ) ,  7,32 (m, 5H, C6H5), 7,67 (d, lH, H-7, J7-6 = 5,8 Hz), 
8,2 (d, lH, H-6), 10,83 (s, lH, CHO). Anal. C ~ C .  pour CI7Hl5C1N20: 
C 68,34; H 5,02; N 9,38; C1 1 1,89; trouvC: C 68,08; H 4,92; N 9,09; C1 
11,65. 

Methyl-1 (a-p-mithoxyphiny1)ethyl-2 formyl-3 chloro-4 pyrrolo- 
[3,2-clpyridine 17b 

Le complexe form6 i partir du dimCthylformamide (9,2 mL, 0,12 
mol) et de l'oxychlorure de phosphore (10,8 mL, 0,12 mol) est ajoutC 
goutte i goutte i une solution du composC 16b (3 g, 10 mmol) dans du 
dichloro-1,2 Cthane (10 mL) (rapport molaire 12:l). Le melange 
rCsultant est chauffC au bain d'huile 110°C pendant 24 h, versC dans 
l'eau, neutralis6 par une solution d'hydrogCnocarbonate de sodium et 
extrait au dichloromCthane. Le rCsidu de 1'Cvaporation du solvant est 
repris dans le minimum d'Cthanol pour donner 1, l  g d'un solide 
correspondant i llaldChyde attendu 17b pur. Les eaux mkres sont 
CvaporCes et le nouveau rCsidu est chromatographiC sur colonne 
d'alumine, en Cluant avec le melange Cther de p6trole - acCtate d'Cthyle 
4.1. La premikre fraction foumit 440 mg du composC 16b inchangC; la 
seconde contient une nouvelle quantitC de 17b qui, rCunie i la 
premiere, recristallise dans le mCthanol en donnant au total 1,3 g, soit 
38,6% d'aiguilles incolores, F = 184°C. CalculC par rapport au 
composC 16b rCellement consommC, le rendement en 17b est de 
46,4%; rmn 'H ((CD3)2SO) 6: 1,76 (d, 3H, CH--CH3, J = 7,3 Hz), 
3,53 (s, 3H, N--CH3), 3,76 (s, 3H, 0CH3), 5,77 (q, lH, CH--CH3), 
6,92 (d, 2H, H-3' + H-5', J3,-2, = 8,9 HZ), 7,18 (d, 2H, H-2' + 
H-6'), 7,66 (d, lH, H-7, J7-6 = 5,7 HZ), 8,20 (d, lH, H-6), 10,83 
(s, lH, CHO). Anal. calc. pour C18H17C1N202: C 65,75; H 5,21; N 
8,52; C1 10,78; trouvC: C 65,48; H 5,25; N 8,35; C1 11.06. 

Benzyl-1 (a-p-mithoxyphiny1)ethyl-2 formyl-3 chloro-4 pyrrolo-[3,2-c]- 
pyridine 17c 

La formylation de 16c est rCalisCe avec les memes proportions de 
rCactifs et en suivant la meme technique que dans le cas prCcCdent. 
Aprks la chromatographie sur alumine, llaldChyde 17c recristallise 
dans le methanol en microcristaux incolores, F = 182-184°C 
(rendement: 31,6%); rmn IH (CDC13) 6: 1,64 (d, 3H, CH3-CH, 
J C H 3 - ~  = 7,5 Hz), 3,77 (s, 3H, 0CH3), 5,10 (s, 2H, CH2-Ar), 6,02 
(q, lH, CH--CH3), 6,75-7,27 (m, 10H, 5H-Ar + 4H-Ar' + 
H-7), 8,06 (d, lH, H-6, JC7 = 5,7 Hz), 11,08 (s, lH, CHO). Anal. 
calc. pour C24H21C1N202: C 71,19; H 5,23; N 6,92; C18,76; trouvC: C 
70,99; H 5,35; N 7,09; C1 8,63. 

Chloro-1 dimithyl-5,6 5H -pyrido [4,3-b]benzo[f]indole 18a 

Methode A 
L'aldChyde 17a (100 mg) est chauffC 120°C sous agitation, pendant 

2 h, dans 5 g d'acide polyphosphorique et le mClange est verse dans 
l'eau froide, puis alcalinisk par l'ammoniaque. Le prCcipitC form6 est 
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recristallist dans le minimum d'tthanol pour donner 72 mg (76%) du 
compost 18a partiellement hydratt, F = 202°C; rmn 'H ((CD3&SO) 6: 
3,07 (s, 3H, CH3-6), 4,14 (s, 3H, N - C H 3 ) ,  7,44-7,76 (m, 2H, 
H-8 + H-9), 7,60 (d, lH,  H-4, Jk3 = 5,9 Hz), 8,12-8,34 (m, 
2H, H-7 + H-lo), 8,35 (d, lH,  H-3), 8,84 (s, lH,  H-11). Anal. 
calc. pour Cl7HI3C1N2.1/2H20: C 70,40; H 4,83; N 9,66; trouvt: C 
70,63; H 439;  N 10,04. 

Me'thode B 
Le compost 16a (600 mg) est dissout dans le dichlorotthane (6 mL) 

et le chlorure stannique (1,02 mL, 4 tquivalents) est ajoutt a la tempt- 
rature arnbiante. Ace mtlange, refroidi a O°C, on ajoute le dichloromt- 
thylmtthyltther (0,35 mL, 1,7 Cquivalent). Aprts 1 h d'agitation a 
O°C, l'ensemble est chaufft a reflux pendant 3 h, verst dans l'eau, 
alcanist par I'amrnoniaque et extrait au dichloromtthane. Le rtsidu de 
1'Cvaporation du solvant est chromatographit sur colonne d'alumine, 
en tluant avec le mtlange tther de pttrole - acttate d'tthyle 4:l. La 
premitre fraction Clute contient le compost de dtpart inchangt (400 
mg), la seconde fournit 110 mg (soit 53% par rapport au compost 16a 
consommt) du produit attendu 18a, F = 202"C, identique a celui 
prtpart par la mtthode A. 

Chloro-1 rne'thoxy-9 dirne'thyl-5,6 5H-pyrido[4,3-b]benzo[f]indole 
18b 

La solution de l'aldthyde de 176 (200 mg) dans le mtlange acide 
acttique (8 mL), plus anhydride acttique (5 mL) additionnt de chlorure 
de zinc fondu sec ( 1 3  g), est chauffee reflux pendant 2 h 30 et verste 
dans l'eau froide. Aprks avoir alcalinist avec une solution d'hydroxyde 
de sodium N et extrait au dichloromtthane, le rtsidu de l'tvaporation 
du solvant est chromatographi6 sur colonne d'alumine, en tluant avec 
le mClange tther de pttrole - acttate d'tthyle 1: 1. L'tvaporation de la 
principale fraction d'tlution fournit un solide qui recristallise dans le 
tolutne en donnant des microcristaux jaune-plle (120 mg, 63,5%), F 
= 215-216"C, correspondant au compost 186 ltgkrement hydratk; 
rmn 'H ((CD3)2SO) 6: 3,15 (s, 3H, CH3-6), 4,01 (s, 3H, N--CH3), 
4,23 (s, 3H, 0CH3), 7,33 (q, lH,  H-8, 37-8 = 9,4 HZ, JGlo = 2,8 
HZ), 7,63 (d, lH, H-lo), 7,68 (d, lH,  H-4, Jk3 = 5,9 HZ), 8,24 (d, 
lH, H-7), 8,38 (d, lH, H-3), 8,88 (s, lH,  H-11). Anal. calc. pour 
Cl8HlSC1N20~O,25H20: C 68,51; H 4,92; N 8,88; trouvt: C 68,54; H 
4.97; N 8,61. 

Me'thyl-1 [a-(rne'thoxy4' forrnyl-3' phe'ny1)-I' e'thyll-2 chloro4 
pyrrolo[3,2-clpyridine 19 

En cherchant transformer directement le compost 16b en dtrivt 
tttracyclique 186 au moyen du dichloromtthylmtthylkther en prtsence 
de chlorure stannique, dans les mCmes conditions expkrimentales que 
celles utilistes prtctdemment pour former directement 18a partir de 
16a, 100 mg de 16b ont conduit, aprts chromatographie sur silice, a 8 
mg d'un solide qui recristallise dans I'hexane en microcristaux jaunes, 
F = 186-188"C, dont le spectre de rmn 'H prtsente les signaux 
suivants: ((CD3)2SO) 6: 1,66 (d, 3H, CH-CH3) ,  3,56 (s, 3H, 
N--CH3), 3,92 (s, 3H, 0CH3), 4 3 4  (q, lH,  CH-CH3), 6,58 (s, lH, 
H-3), 7,23 (d, lH, H-5', J514, = 9 HZ), 7,56 (m, 3H, H-2' + 
H-6' + H-7), 7,99 (d, IH, H-6, JG7 = 5,8 HZ), 10,34 (s, lH,  
CHO). 

La faible quantitt obtenue n'a pas permis de faire I'analyse centtsi- 
male de ce nouveau compost mais son spectre de rmn 'H montre sans 
ambiguYtt qu'il correspond la structure 19 et son spectre de masse est 
en accord avec cette dernitre. Ainsi, en desorption-ionisation (NH3, 
340 mA, 90 eV), il donne bien les pics molCculaires a 329 (M + 1, 
100%) et a 331 (M + 1, pic isotopique C1 37, 37%). De mCme, en 
impact Clectronique, (275"C, 0,25 Bar, 70 eV) les pics principaux sont 
a 328 (M", 100%) et a 313 (M - 15, A H 3 ,  88,8%). 

Chloro-1 benzyl-5 rne'thyl-6 rne'thoxy-9 5H-pyrido[4,3-blbenzo-[fl- 
indole 18c 

Le mtlange constitut par I'acide acttique (20 mL), l'anhydride 
acttique (5 mL), l'acide p-tolutne sulfonique anhydre (2,16 g) et 
l'aldthyde 17c (270 mg) est chaufft sous agitationi 12O0Cpendant 4 h, 
versC dans l'eau (100 mL) alcalinist a froid par l'ammoniaque et extrait 

au dichloromtthane. Le rtsidu de l'tvaporation du solvant est 
chromatographi6 sur colonne d'alumine, en Cluant avec le mtlange 
tther de pttrole - acktate d'tthyle 3:2. Le compost 18c, qui se trouve 
dans la premitre fraction d'klution, recristallise dans l'hexane en 
microcristaux jaune pile, F = 180-182°C; rmn 'H ((CD3)2SO) 6: 2,87 
(s, 3H, CH3-6), 3,96 (s, 3H, OCHs), 5,97 (s, 2H, CHz), 7,05-7,12 
(m, 2H de C6H5), 7,22-7,37 (m, 4H, H-8 +3H de C6H5), 7,62 (d, 
lH, H-4, Jk3 = 5,9 HZ), 7,63 (s, lH,  H-lo), 8,15 (d, lH, H-7, 
J7-a = 9,4 Hz), 8,35 (d, IH, H-3), 8,94 (s, lH,  H-1 1). Anal. calc. 
p o ~ r C ~ ~ H ~ ~ C l N ~ 0 :  C 74,51; H 4,95; N 7,24; C19,16; trouvt: C 74,69; 
H 5,13; N 7,20; Cl 8,92. 

Dialkylarninoalkylarnino-1 alkyl-5 rne'thyl-6 5H-pyrido[4.3-bl- 
benzo[f]indoles 20-24 

Le chloro-1 mtthyl-6 5H-pyrido[4,3-b1benzoIflindole voulu (18a, 
186 ou 18c, 300 mg) est chaufft dans l'amine choisie (10 mL) au bain 
d'huile a 160°C pendant 20 h et l'excts d'amine est Cvaport sous 
pression rtduite. Le rtsidu obtenu est repris dans l'eau, alcalinist par 
addition d'une solution d'hydroxyde de sodium N et extrait au 
dichloromtthane. Aprts Cvaporation du solvant, les composts 20,21, 
22 et 23 sont directement cristallists, puis recristallists dans le 
cyclohexane, et le compost 24 est recristallist dans le mCme solvant, 
mais aprts chromatographie sur colonne d'alumine en tluant avec le 
mtlange dichloromtthane-tthanol 97:3. 

20: Rendement 78,4%; F = 134-136°C; rmn 'H ((CD3)2SO) 6: 1,06 
(t, 3H, CH3-CH2), 1,70-2,04 (m, 2H, CH2-P), 2,6-2,81 (m, 4H, 
CH&H3 + CH2-y), 3,14 (s, 3H, CH3-6), 3,62-3,82 (m, 2H, 
CH2-a), 4,14 (s, 3H, N-CH3) ,  6 3 8  (d, lH, H-4, JH = 6 HZ), 
7,04 (s large, lH, NH), 7,4-7,64 (m, 2H, H-8 + H-9), 8,10 (d, 1 H, 
H-3), 8,16-8,33 (m, 2H, H-7 + H-lo), 8,69 (s, lH, H-11). 
Anal. calc. pourC22H26N4: C76,26; H 7,56; N 16,17; trouvt: C76,12; 
H 7,49; N 15.97. 

21: Rendement 74,3%; F = 183-185°C; rmn 'H ((CD3&SO) 6: 
1,74-2,04 (m, 2H, CH2-P), 2,31 (s, 6H, N(CH3)2, 3,15 (s, 3H, 
CH3-6), 3,60-3,84 (m, 2H, CH2-a), 4,14 (s, 3H, N-CH3), 6,89 
(d, lH, H 4 ,  Jk3 = 6 HZ), 6,98 (s large, 1 H, NH), 7,42-7,64 (rn, 
2H, H-8 + H-9), 8,O-8,31 (m, 3H, H-3 + H-7 + H-lo), 8,57 
(s, IH, H-11). Le signal du CH2-y est partiellement rnasqut par 
celui du DMSO: 1 pic a 2,43. Anal. calc. pour CZ2Hz6N4: C 76,26, H 
7,56; N 16,17; trouvt: C 7 6 , l l ;  H 7,51; N 15,95. 

22: Rendement 47%; F = 138- 140°C; rmn 'H ((CD3)2SO) 6: 1,02 
(t, 6H, CH3-CH2),  1,89 (m, 2H, CH2-P), 2,52-2,70 (m, 6H, 
(CH2-CH3)2 + CH2-y), 3,14 (s, 3H, CH3-6), 3,72 (m, 2H, 
CH2-a), 4,13 (s, 3H, N-CH3) ,  6,8 (t, lH,  NH), 6 3 8  (d, lH,  H-4, 
Jk3 = 6 HZ), 7,52 (m, 2H, H-8 + H-9), 8,02-8,32 (m, 2H, H-7 
+ H-lo), 8,11 (d, lH,  H-3), 8,60 (s, lH, H-11). Anal. calc. pour 
C24H30N4: C 76,96; H 8,07; N 14,96; trouvt: C 77,15; H 8,Ol; N 
14,79. 

23: Rendement 66%; F = 140-142°C; rmn 'H ((CD3)2SO) 6: 1,03 
(t, 2 X 3H, CH3-CH2),  1,89 (m, 2H, CHI+), 2,39-2,69 (m, 3 X 

2H, CH2-CH3 + CH2-y), 3,12 (s, 3H, CH3-6), 3,69-3,75 (m, 
2H, CH2-a), 3,95 (s, 3H, N-CH3-5), 4,11 (s, 3H, 0CH3), 6,71 (t, 
IH, NH-I), 6,86 (d, lH,  H-4, Jk3 = 6 HZ), 7,23 (q, lH, H-8, 
Jg7 = 5,7 HZ, JGlo = 2,4 HZ), 7,40 (d, lH, H-lo), 8,09 (d, lH, 
H-3), 8,17 (d, lH,  H-7), 8,52 (s, lH,  H-11). Anal. calc. pour 
C25H32N40: C 74,22; H 7,97; N 13,85; trouvt: C 73,95; H 7,94; N 
13,60. 

24: Rendement 72,5%; F = 122-125°C; rmn 'H ((CD3)2SO) 6: 1,06 
(t, 2 X 3H, CH3-CH2),  1,90 (m, 2H, CH2-P), 2,37-2,73 (m, 3 X 

2H, CH2-CH3 + CH2-y), 2,85 (s, 3H, CH3-6), 3,75 (q, 2H, 
CH2-a), 3,92 (s, 3H, OCH,), 5,85 (s, 2H, CH2), 6,81 (d, 2H, H-4 
+ NH), 7,03-7,35 (m, 6H, H-8 + C6H5), 7,42 (d, lH,  H-10, 
= 2,s HZ), 8,06 (d, lH, H-3, JM = 6 HZ), 8,11 (d, lH,  H-7, J7-a 

= 9,s Hz), 8,60 (s, lH,  H-11). Anal. calc. pour C31H36N40: C 
77,46; H 7 3 5 ;  N 11,66; trouvt: C 77,60; H 7,67; N 11,25. 
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An extension of the Beierbeck and Saunders parameters for the semiempirical calculation of the 
13c nuclear magnetic resonance chemical shifts: the gauche-y(X) effect in epoxides 

MARIA I. COLOMBO, DANIEL A. BUSTOS, MANUEL GONZALEZ-SIERRA, ALEJANDRO C. OLIVIERI, AND EDMUNDO A. RUVEDA 
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MARIA I. COLOMBO, DANIEL A. BUSTOS, MANUEL GONZALEZ-SIERRA. ALEJANDRO C. OLIVIERI, and EDMUNDO A. 
RUVEDA. Can. J .  Chem. 64, 552 (1986). 

An additional substituent parameter, the gauche-y(X), was derived and a correction for the HC parameter of Beierbeck and 
Saunders is proposed; this new parameter would allow the semiempirical calculation of I3C nuclear magnetic resonance shifts of 
six-membered ring epoxides and, consequently, their stereochemistry. 

MARIA I. COLOMBO, DANIEL A. BUSTOS, MANUEL GONZALEZ-SIERRA, ALEJANDRO C. OLIVIERI et EDMUNDO A. RUVEDA. 
Can. J .  Chem. 64, 552 (1986). 

On a dCveloppC un paramktre de substituant additionnel, le parambtre gauche-y(X), et on propose une correction au 
parambtre HC de Beierbeck et Saunders. Le nouveau parambtre permettrait de calculer semi-empiriquement les diplacements 
chimiques, en rmn du 13C, des Cpoxydes six chainons et, par voie de consCquence, leur stkrCochimie. 

[Traduit par le journal] 

The epoxy group on six-membered rings is a common 
functionality in natural products. However, the unambiguous 
configurational assignment of the oxirane ring was difficult to 
establish until the advent of 13C nmr spectroscopy. In fact, the 
pioneering work of Lukacs and co-workers (1) on steroidal 
epoxides showed that the influence of this functional group on 
the chemical shifts of neighbouring carbons was useful for 
solving the problem satisfactorily. It was shown that the 
introduction of an epoxide into a six-membered unsaturated ring 
causes the homoallylic-positioned carbon atom, bearing an 
axial proton cis to the oxygenated function, to undergo an 
upfield shift of 4-6ppm. The same effect was observed on 
terpenoids having a rigid framework (2-4), on six-membered 
ring monoterpenes (3, and, also, in aliphatic chains with 
preferred conformations (6). 

It was suggested that the main effect of introducing a gauche 
y-substituent is the elimination of an HC interaction, associated 
with 1,3-diaxial HH interactions (7). However, if the observed 

chemical shift variation is larger than that caused simply by 
removal of the HC interaction, as in the case of cyclohexane 
epoxides, an additional y(X) parameter may be required for 
semiempirical calculation of 13c nmr shifts. This new gauche- 
y(X) (y,(X)) parameter could be used as a complement to those 
previously reported (7) and, consequently, for the determina- 
tion of the stereochemistry of six-membered ring epoxides. 

Applying the semiempirical parameters derived by Beierbeck 
et al. (7), we have computed the shifts for the sequence: 
saturated hydrocarbon + olefin + epoxide, considering the 
epoxide as a cis-l,2-dihydroxylated compound (Scheme 1). A 
shielding effect of 5.8 ppm is predicted for the labelled carbon in 
going from A to the epoxide C,  whereas an upfield shift of 
2.7 ppm is expected for the A8 (B + C). On the other hand, in 
going from B to the epoxide D,  a deshielding effect of 1.9 ppm 
is computed. 

We have found, as the result of the analysis of the 
experimental data listed in Table 1 ,  that a y,(X) of ca. 

+YOH 

*The parameters (HC), y,, and yo" are defined in ref. 7 
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COLOMBO ET AL. 

l b  carvone 2a isomenthone 3a neomenthol 4a menthol 
Id I P,6P-epoxy 2b piperitone 3a' neoisomenthol 4a' isomenthol 

2c la,2a-epoxy 3c la,2a-epoxy 4c la,2a-epoxy 
2d IP,2P-epoxy 3d lP,2P-epoxy 4d I p,2P-epoxy 

5b methyl isopimarate 6b As"' methyl isopimarate 7 b  methyl sandaracopimarate 
5c 7a,8a-epoxy 6c 8a,9a-epoxy 7 c  8a,l4a-epoxy 
5d 7P,8P-epoxy 6d 8P,9P-epoxy 7 d  8P, 14P-epoxy 

8b R = H methyl grindelate lob dimethyl 18-succinyloxygrindelate 
8c R = H 7a,8a-epoxy 10c 7P,8P-epoxy 
9b R = OH methyl 6a-hydroxigrindelate 
9c R = OH 7a,8a-epoxy 

-3.8 ppm, leading to the shifts shown in Scheme 2, is necessary suggest naming (HC), for this type of compound, a AS(B -, D) 
to obtain good agreement with the observed values. This value of practically zero, also in accord with the experimental 
parameter does not apply at quaternary carbons. Furthermore, data, is found (Scheme 2). Such a small value for this HC 
upon assigning a 3-ppm value for the HC interaction, which we parameter could be attributable to the less effective 1,3-diaxial 

HH interaction in the half-chair conformation of the epoxide. 
In Table 1 is shown a comparison between calculated and 

- (HC)* + y,(X) observed 13C nmr values for the compounds studied, using the 
parameters given in Scheme 3. 

The conclusions at which we have arrived seem to be quite 

*The parameters (HC), y,, and  yo^ are defined in ref. 7 *This is the same parameter as that suggested in ref. 7 

SCHEME 2 SCHEME 3.  Parameters for the calculation of I3C n m  of epoxides 
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TABLE 1. Calculated and observed chemical shifts for the compounds 

Shift Shift 

Carbon Compound Calcd. Obs. Carbon Compound Calcd. Obs. 

3 16 43.5 42.4 12 6c 29.9 29.2 
4 16 42.8 41.9 5 6d 44.3 48.0 
3 1 d 40.8 41.3 12 6d 35.2 36.2 
4 1 d 37.5 34.6 11 7 6  19.0 18.5 
4 2a 58.0 57.2 12 76  35.2 34.4 
5 2a 22.7 26.8 11 7 c 19.0 17.4 
4 26 54.9 51.6 12 7 c 30.0 29.7 
5 26 24.1 23.2 11 7 d 13.8 15.8 
4 2c 49.6 48.2 12 7 d  35.2 35.0 
5 2c 21.4 23.7 5 86 44.7 42.6 
4 2d 54.9 52.1 5 8c 39.4 37.1 
5 2d 18.8 17.0 5 96 51.4 51.0 
4 3a 50.6 48.2 5 9 c 46.1 44.8 
5 3a 25.4 24.2 5 106 38.9 37.6 
4 3a' 50.6 47.4 5 1Oc 38.9 37.7 
5 3a' 20.9 22.5 9 l l a  56.0 59.7 
4 3 c 42.3 40.7 9 116 53.0 54.4 
5 3 c 19.6 18.6 9 l l c  47.7 50.0 
4 3d 47.8 47.0 9 l l d  53.0 54.1 
5 3d 17.1 17.4 5 12a 46.0 46.9 
4 4a 50.0 50.2 5 126 42.9 41.5 
5 4a 25.4 23.3 5 12c 37.6 36.2 
4 4a' 50.0 49.7 5 12d 42.9 41.2 
5 4a' 20.8 19.7 1 13a 35.8 37.6 
4 4c 41.7 42.9 1 136 32.7 34.2 
5 4 c 19.6 20.2 1 13 c 27.5 30.4 
4 4d 47.2 47.2 1 13d 32.7 33.6 
5 4d 17.1 16.2 5 146 42.9 41.4 
5 5a 50.1 49.1 5 14c 37.7 35.9 
5 56 47.0 45.3 5 14d 42.9 41.6 
5 5 c 41.7 41.1 5 156 42.9 41.9 
5 5 d 47.0 45.2 5 15 c 37.6 37.3 
5 6a 50.1 49.1 5 15d 40.2 42.7 

12 6a 38.2 36.2 5 166 38.3 34.6 
5 66 47.0 46.6 5 16c 33.0 30.8 

12 66 35.2 35.1 5 16d 38.3 35.6 
5 6c  41.8 37.5 

T h e  chemical shifts for compounds 2a ,  26,  3a ,  3 a f ,  4 a ,  and 4a' were taken from ref. 10; for 
compounds 2c ,  2d ,  3c ,  3d ,  4c ,  and 4d from ref. 5; for compounds 5 ,  6 ,  and 7 from ref. 2; for 
compounds l o b  and 10c from ref. 1 1 ;  for compound 11 from ref. 3 ,  and those for compounds 12, 13, 
14, 15, and 16 from ref. 1 .  The resonance values for compounds 1, 8, and 9 are data from this 
laboratory. 

bRoot-mean-squares deviation between calculated and observed resonances is 1.71 ppm. 

l l a  methyl isocopal-15-oate 12a 17P-acetoxy-5a-androstane 
116 methyl isocopal-12-en-15-oate 126 17P-acetoxy-5a-androst-2-ene 
l l c  12a, l3a-epoxy 12c 2a,3a-epoxy 
l l d  12P,13P-epoxy 12d 2P,3P-epoxy 

136 17P-acetoxy-5a-androst-3-ene 
13c 3a,4a-epoxy 
13d 3P,4P-epoxy 
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COLOMBO ET AL 

general; however, the effect of a 5P,6P-epoxide on the 
homoallylic carbon shift of the withanolides deserves some 
comment. As was previously reported by Gottlieb and Kirson 
(8), C-8 of withaferin A diacetate (17) does not suffer the 
expected shielding effect induced by the oxirane ring. Also, the 
same carbon of withanolide G (18) is practically unaffected 
compared to that of withanolide E (19). These apparently 
abnormal results could be  explained by assuming that, in 17,  
ring B adopts a distorted half-chair conformation leading to a 
reduced y-gauche interaction. This assumption is supported by 
the reported X-ray analysis of withaferin A acetate p-bromo- 
benzoate (9), which indeed shows such a distortion. Other cases 
that d o  not exhibit the expected effect on  the homoallylic carbon 
shifts may be  due to conformational distortion. 
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Iminium ion-mediated cyclizations of 4-aryl-1,4-dihydropyridines. Alternate cyclization pathways 
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GEORGE D. HARTMAN, WASYL HALCZENKO, and DAVID W. COCHRAN. Can. J .  Chem. 64, 556 (1986). 
Acid-catalyzed cyclization of dimethyl 2,6-dimethyl-4-[(2-ethenyl-5-methoxy)phenyl]-1,4-dihydropyridine-3,5-dicarboxy- 

late affords novel products via competing intramolecular processes. The present mechanistic pathways differ from previous 
iminium ion-mediated cycloadditions, to afford conformationally constrained dihydropyridine analogs for study as calcium 
antagonists. These results illustrate the ability of the dihydropyridine nucleus to function as either a nucleophile or an 
electrophile, depending upon substituents in the aryl ring. 

GEORGE D. HARTMAN, WASYL HALCZENKO et DAVID W. COCHRAN. Can. J.  Chem. 64,556 (1986). 
La cyclisation acido-catalyste du dimCthyl-2,6 [(Cthenyl-2 mCthoxy-5)phCnyll-4 dihydro-1,4 pyridinedicarboxylate-3,5 de 

dimkthyle conduit 1 de nouveaux produits via des processus intramolCculaires qui sont en compktition. Les voies rkactionnelles 
impliqukes ici different de celles prCsumCes anterieurement lors de cycloadditions impliquant des ions iminium et elles 
conduisent 1 des analogues de dihydropyridines ayant des contraintes conformationnelles et pouvant servir dans des Ctudes 
cornrne antagonistes du calcium. Ces rksultats illustrent la facilite du noyau dihydropyridine 1 agir soit comme un nuclCophile soit 
comme un Clectrophile suivant la nature des substituants attaches au noyau aromatique. 

[Traduit par le journal] 

Calcium antagonists encompass a heterogeneous group of 
compounds that inhibit calcium-dependent cellular processes 
(1). These agents are thought to decrease calcium influx through C H ~ ~ ~ C  C02CH3 - H + 

the slow calcium channel in the cell membrane, while having 
minimal effect on calcium extrusion or other ionic transport 
mechanisms (2). These attributes allow this class of compounds 

gH3 CH3 H 
to inhibit calcium-mediated pathologic contractile events. 2 
Consequently, several calcium antagonists have gained clinical 
importance in the treatment of angina, hypertension, arrhyth- 
mias, and migraine (3). Among these, the 4-aryl- 1,4-dihydro- 
pyridines, as characterized by nifedipine (I) ,  have proven to be 
the most potent. 

2~0~ 1 3:13&i02 1 
CH302C C02CH3 3 

Development and further refinement of biologically active 
dihydropyridines have involved molecular classification ac- 
cording to drug receptor site and specific channel gating 
characteristics (4, 5). Pharmacologic progress in this area has 
hinged on the evolution of synthetic strategies that would 
provide molecules of appropriate topology. Inspired by sugges- 
tions that calcium entry blocker activity was correlated with the 
ring pucker in the dihydropyridine nucleus (6), a considerable 
amount of attention has lately been given to the preparation of 
conformationally constrained analogs (7, 8). As part of this 
effort we have described (9, 10) the synthesis of novel, rigid 
dihydropyridine derivatives arising from intramolecular bis- 
cyclization reaciions between a 4-aryl substituent and the 
dihydropyridine/iminium species. Thus, treatment of dimethyl 
2,6-dimethyl-4-(2-etheny1)phenyl- 1,4-dihydropyridine-33-di- 
carboxylate (2) with gaseous HCl gave cation 3, which was 

'~uthors to whom correspondence may be addressed. 

4 

trapped internally by the aminocrotonate to provide 4. In an 
effort to prepare more potent calcium entry blockers in this 
series, as well as with recognition that alternate reaction 
possibilities existed for intermediates such as 3, we decided to 
explore the synthesis of aryl-substituted compounds. We now 
wish to report that acid-catalyzed cyclization of dimethyl 
2,6-dimethyl-4- [(2-ethenyl-5 -methoxy)phenyl] - 1,4-dihydro- 
pyridine-3,5-dicarboxylate (8) affords products that are dramat- 
ically different from those observed for 2, and which arise via 
competing intramolecular processes. 

Results and discussion 
The synthesis of dihydropyridine 8 is presented in Scheme 1. 

Treatment of the known 2-bromo-5-methoxybenzaldehyde ace- 
tal (5) (1 1) with n-BuLi followed by N-formylpiperidine gave 

Printed In Canada i IrnprirnC au Canada 
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HARTMAN ET AL. 

I 
CHO 

7 

8 
a: n-BuLi, THF, -70°C; b: N-formylpiperidine; c: (C6H5)3PCH3Br/n- 
BuLi, THF, 0°C to room temp. over 16 h; d: CH3COCH3,p-TSA, 
room temp. for 4 h; e: CHFOCH2CO2CHfi2N(CH3)C=CHCO2CH3, 
CH30H, reflux for 72 h. 

SCHEME 1 

acetal aldehyde 6 .  This compound was then methylidenated 
with the appropriate Wittig reagent and the aldehyde depro- 
tected to give 7, which was subjected to Hantzsch reaction 
with methyl acetoacetate and methyl 3-aminocrotonate to 
provide 8.  

When 8 in chloroform solution was treated with excess 
hydrogen chloride gas, starting material was consumed within 
18 h and three new compounds were produced. The major 
products (Scheme 2) of reaction and basic work-up were di- 
methyl l-methylidene-3,9-dimethyl-6-methoxy-2,4a-dihydro- 
9H-indeno[2,l-clpyridine-4,9a-dicarboxylate (14) and its tau- 
tomer, 15, which were obtained in 74% yield in a ratio of 1: 1.25 
as an inseparable mixture. The minor product of reaction was 
dimethyl 4,5-dihydro-10-methoxy-3,5-dimethyl- 1,5-methano- 
1 H-4-benzazonine-2,12a-dicarboxylate 11, which was isolated 
in 12% yield. Surprisingly, none of the bis-cyclized adduct 12 
was observed. The structure of 11 was proven by single-crystal 
X-ray analysis2 and an ORTEP representation is presented in 
Fig. 1. The structures of 14 and 15 were assigned based upon 
360-MHz 'H nmr, elemental analysis, and mass spectral data. 
The assignment of the relative stereochemistry at the bridging 
carbon C-7 in 14 and 15 was made in the following manner. The 
mixture of 14 and 15 was reduced with sodium borohydride in 
acetic acid (12) to afford a single product whose 360-MHz 'H 
nmr, elemental analysis, and mass spectral properties were 
correct for the gross structure of 16. Nuclear Overhauser 
enhancement (nOe) experiments, wherein saturation of the C-6 
methyl resonance at 6 0.62 gave an enhancement in the signals 
for N-H, N-6 and H-7, while saturation of the methyl resonance 
at C-7 produced an enhancement of the signals for H-4 and H-7, 
unequivocally indicated that the product had the relative 
stereochemistry shown in 16. 

The formation of cycloadducts 11,14, and 15 from 8 suggests 
that reaction proceeds along two competing pathways. The 
major pathway (path a, Scheme 2) involves protonation of the 
styrenic double bond to give the methoxy-stabilized secondary 
benzylic cation 13, which is attacked by C-3 of the dihydro- 
pyridine to provide 14 and 15. Nucleophilic reactivity in this 
sense is directly analogous to that seen previously both in the 

'~etails of the structure will be published in full in the Journal of 
Medicinal Chemistry. 

FIG. 1 .  ORTEP representation of 11. 

capture of cation 3  internally by the crotonate double bond (9), 
as well as in the acid-catalyzed opening of acetals (10). Similar 
reactivity has also been reported by Aritomi and Nishimura (13) 
in the internal capture of iminium salts by the dihydropyridine 
nucleus. It should also be noted that the formation of the 
indicated isomer at C-7 denotes, not unexpectedly, the capture 
of cation 15b. It is also apparent that the dramatic reversal in 
mechanism seen between 2  and 8 can be attributed to the rapid 
formation and trapping of the highly stabilized p-methoxy- 
benzyl cation 13. 

The minor pathway (path b) features formation of iminium 
ion 9 followed by attack of the styrenic double bond on C-2 to 
give cation 10. Elimination of a proton, rather than internal 
capture as seen for 3 ,  then occurs to yield 11. 

The present results support and extend several concepts that 
have recently been advanced with regard to dihydropyridine 
reactivity (9, 10). As demonstrated in path a, where the 
dihydropyridine nucleus functions as a nucleophile, and in path 
b, where it acts as an electrophile, the net reactivity can 
encompass both polarities. Moreover, in contrast to styrene 2 
and acetals (9) that display a single behavior, olefin 8 illustrates 
the ability to utilize its dihydropyridine nucleus as either 
nucleophile or electrophile competitively. We thus conclude 
that reactivity of 4-aryl-l,4-dihydropyridines in the present 
acid-catalyzed cyclization processes is a function both of aryl 
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13 

I path a 

8 

path b 

substituents that covalently interact with the nucleus, as well as 
those that only affect the stability of cyclization intermediates. 

The compounds described in this paper represent novel, con- 
formationally constrained dihydropyridine derivatives, which 
will be studied as calcium antagonists. Moreover, the pathways 
by which these cycloadducts &se represent a uniquecompeti- 
tive reactivity previously unrecognized for 1,4-dihydropyri- 
dines. W e  feel that the application of these cyclization modes 
and preferences in analogous systems will- be of synthetic 
utility. 

Experimental 
Melting points were taken on a Thomas-Hoover capillary apparatus 

and are uncorrected. The nmr spectra were recorded on an EM-390 or a 
Nicolet NT-360 spectrometer with Me& as an internal standard. Mass 
spectra were obtained on a LKB-9000s mass spectrometer at 70eV. 
N-formylpiperidine, methyl acetoacetate, and methyl 3-aminocro- 
tonate were obtained from Aldrich and all were used without 
purification. n-Butyllithium (hexane) was purchased from Alfa. 

2-12-(1,3-Dioxalanyl)]-4-tnethoxybenzaldehyde (6) 
To 38.87 g (0.15 mol) 2-bromo-5-methoxybenzaldehyde acetal (5) 

(1 1) in 500 mL tetrahydrofuran cooled to -75OC under nitrogen was 
added 0.15 mol n-butyllithium (in hexane) dropwise over 1.5 h. After 
stining for 1 h at -70°C, a solution of 20.37 g (0.18 mol) N-formyl- 
piperidine in 50 mL tetrahydrofuran was added dropwise while keeping 
the temperature < -70°C. The resulting yellow solution was allowed to 
come to room temperature with stirring overnight. 

The reaction mixture was quenched with 75 mL of saturated 
ammonium chloride solution and extracted with 2 X 400 mL portions 
of ether. The combined organic extracts were washed successively with 
4 X 100 mL portions of saturated ammonium chloride solution, then 
with brine, and dried. Solvent removal in vacuo gave an oil, which was 
fractionated through a 6-in. Vigreux column to give 22.8 g (73%) of 6 
as an oil; 'H nmr (90MHz, CDC13): 3.55 (s, 3H, 0CH3), 3.80 (s, 4H, 

/O 
-CH2-CH2-), 6.15 (s, lH, HC, ), 6.72 (dd, lH, aromatic, J = 

'0 
2, 8 Hz), 6.95 (d, lH,  aromatic, J = 2 Hz), 7.65 (d, lH, aromatic, J = 
8 Hz), 10.05 (s, lH, CHO). 
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2-Ethenyl-5-rnethoxybenzaldehyde (7) 
To 95.0 g (0.226 mol) methyl triphenylphosphonium bromide sus- 

pended in 500 mL tetrahydrofuran and cooled to -75OC under nitrogen 
was added 0.252mol n-butyllithium dropwise while keeping the 
temperature <-70°C. After addition was complete the temperature 
was allowed to gradually rise to O°C over 3-4 h. Then, a solution of 
21.5 g (0.103 mol) of 6 in 50 mL tetrahydrofuran was added dropwise 
while the temperature was kept <5"C. After addition was complete the 
reaction mixture was stirred in an ice bath overnight. The solvent was 
then removed in vacuo and the residue was taken up in 150mL 
methylene chloride. This solution was passed through a pad of silica gel 
that was thoroughly rinsed with methylene chloride. The solvent was 
removed in vacuo to give a viscous oil that was purified by flash 
chromatography on silica gel, eluting with hexane - ethyl acetate, 
85: 15. The product acetal was isolated as a clear oil with Rf0.5 in this 
solvent system. The yield was 14.9 g (70%). 

Cleavage of the acetal was accomplished by treatment with 
p-toluenesulfonic acid monohydrate in acetone for 8 h at room 
temperature. The solvent was then removed in vacuo and the residue 
was taken up in either. This was washed with 2 X 50 mL portions of 
saturated sodium bicarbonate solution, then with brine, and dried. 
Solvent removal gave an oil, which was purified by flash chromatogra- 
phy on silica gel, eluting with hexane - ethyl acetate (9: 1) to give pure 
7, Rf 0.5, as a slightly yellow oil, 8.02g (48%); 'H nmr (90MHz, 
CDCl,): 3.81 (s, 3H, OCH,), 5.35 (dd, lH, =CH,), 5.54 (dd, lH, 
=CH2), 7.0-7.55 (m, 4H, aromatic + -CH=), 10.25 (s, lH, 
CHO). 

Dimethyl 2,6-dimethy1-4-[(2-etheny1-5-methoxy)pheny1]-1,4-dihydro- 
pyridine-3,5-dicarboxylate (8) 

To 8.0 g (0.049 mol) 7 dissolved in 50 mL methanol was added 
5.68 g (0.049 mol) methyl 3-aminocrotonate and 5.72 g (0.049 mol) 
methyl acetoacetate and the resulting solution was heated at reflux for 3 
days. The solvent was then removed in vacuo and the residue was 
triturated with ether. The pale yellow solid that separated was filtered 
off, washed with a small amount of cold ether, and air dried to give 
6.55 g of 8. The filtrate was purified by flash chromatography on silica 
gel, eluting with hexane-ether (1:2) to provide another 1.45 g of 8, 
which had Rf0 .4  in this solvent system. The total yield of 8 was 8.0g 
(46%), mp 141-143°C; 'H nmr(360 MHz, CDC13): 2.32 (s, 6H, CH,), 
3.56 (s, 6H, C02CH3), 3.74 (s, 3H, OCH,), 5.19 (dd, lH, CH2=, 
J = 2 ,  12Hz) ,5 .25(~ ,  lH),5.50(dd, 1H,CH2=, J =  2, 18Hz),5.60 
(br, s, lH, NH), 6.68 (dd, lH, aromatic, J = 3, 9Hz), 6.87 (d, lH, 
aromatic, J = 3 Hz), 7.35-7.50 (m, 2H, aromatic), 7.45 (dd, lH, 
-CH=, J = 12, 18 Hz); ms m/e: 357 (M+). Anal. calcd. for 
CzoH23N05:C67.21,H6.49,N3.92;found:C67.18,H6.64,N3.85. 

Dimethyl 4,5-dihydro-lO-methoxy-3,5-dimethyl-l,5-methano-IH-4- 
benzazonine-2,12a-dicarboxylate (11); dimethyl I-methylidene- 
3,9-dirnethyl-6-methoxy-2,4a-dihydro-9H-indeno[2, I -c]pyridine- 
4,9a-dicarboxylate (14); and dimethyl 1,3,9-trimethyl-6-methoxy- 
4a,9-dihydroindeno[2, I -c]pyridine-4,9~-dicarboxylate (15) 

A stream of HC1 gas was bubbled into a solution of 2.0 g (5.6 mmol) 
of 8 in 30 mL chloroform cooled to 0-5OC in an ice bath for 0.5 h. The 
reaction mixture was then stirred at room temperature overnight as the 
temperature gradually rose to ambient. The reaction mixture was 
diluted with 100 mL chloroform was 35 mL ice-cold water. This was 
neutralized with concentrated ammonium hydroxide solution and the 
phases were separated. The aqueous phase was extracted with 3 X 

50 mL portions of chloroform and the combined organic extracts were 
washed with brine and dried. Solvent removal gave a yellow foam 
(2.1 g) which was a mixture of 11, 14, and 15. This was purified by 
careful flash chromatography on silica gel (230-400 mesh), eluting 
with hexane-ether (1:2) to afford 1.48 g (74%) of a mixture of 14 and 
15, eluting first with an Ri0.5, followed by 0.24 g (12% of 11, Rf0.4. 

Compound 11, mp 150- 155°C; 'H nmr (360 MHz, CDC1,): 1.40 (s, 
3H,C~,~),2.23(d,3H,CH~"),3.15(~, lH,Hb),3.58(s,3H),3.71 (s, 
3H),3.81(~,3H),4.11(brs, 1H,Ha),4.21(br ,s ,  lH,NH),5.23(d,  
lH,Hd), 6.22(d, lH,Hc),6.66(d, lH, Hi), 6.93(d, 1H,Hg),6.95(d, 

lH, He); ms m/e: 357 (Mt). Anal. calcd. for C20H23N05: C 67.21, H 
6.49, N 3.92; found: C 66.90, H 6.64, N 3.92. 

The tautomeric mixture 14/15 was determined, by integration of 
nmr peaks described below, to be a 1:1.25 ratio of these two 
compounds and had mp 170- 172°C; ms m/e: 357 (M+). Anal. calcd. 
for C20H23N05: C 67.21, H 6.49, N 3.92; found: C 67.50, H 6.65, N 
3.99. 14 had 'H nmr (360 MHz, CDCl,): 1.21 (d, 3H, CH3b), 2.33 (s, 
3H, CH,"), 4.45 (d, lH, Hd), 4.69 (d, lHH,), 4 . 9 6 ( ~ ,  lH, Ha), 5.91 
(br s, lH, NH), 6.58 (br s, lH, He), 6.68 (dd, lH, Hi), 7.05, (d, lH, 
H,). 15 had 'H nmr (360MHz, CDC13): 1.18 (d, 3H, C H ~ ~ ) ,  2.30 (s, 
3H, CH3"), 2.42 (s, 3H, CH3d), 4.85 (s, lH, Ha), 6.58 (br s, lH, He), 
6.72 (dd, lH, Hi), 7.04 (d, lH, H,). In addition, the nmr spectrum of 
14/15 contained absorptions that could not be specifically associated 
witheithertautomer: 3.61 (q, lH), 3.72 (s, 6H, C02CH3), 3.79 (s, 3H, 
OCH,), 3.74 (s, 3H, C02CH3), 3.88 (s, 3H, C02CH3). 

Dimethyl 2,4a,9,9a-tetrahydro-6-methoxy-1,3,9-trirnethyl-l H-inde- 
no[2, I -c]pyridine-4-9a(a)-dicarboxylate (1 6) 

To 5 mL glacial acetic acid was added 0.06g (1.6 mmol) sodium 
borohydride at room temperature and, after the initial vigorous gas 
evolution, this suspension was stirred for 15min. Then 0.10g 
(0.28 mmol) of a mixture of 14/15 (1: 1.25) was added in one portion 
and the resulting yellow solution was stirred at room temperature 
overnight. 

'The reaction mixture was then poured into 20mL ice water, 
neutralized with saturated sodium bicarbonate solution, and filtered to 
give a tan solid. This was purified by flash chromatography on silica 
gel, eluting with hexane-ether (1:2) to give 0.32 g (31%) of 16, Rf0.4 
in this solvent system, mp 134-140°C; 'H nmr (360MHz, CDC1,): 
0 .62(d,3H, J = 7 H z ) ,  1.18(d,3H, J =  7Hz),2.25(~,3H,al lyl ic  
CH3),3.11 (q, lH,J=7Hz),3.73(~,3H),3.76(~,3H),3.80(~,3H), 
3.99 (m, lH), 4.30 (br d, lH, NH), 4.96 (s, lH), 6.62-7.01 (3H, 
aromatic); ms m/e: 359 (M+). Anal. calcd. for C20H25N05: C 66.83, 
H 7.01, N 3.90; found: C 66.93, H 7.30, N 3.67. 
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Motional behavior of "asperlin" in solution. A 13c spin-lattice relaxation study 
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PHOTIS DAIS and GEORGE FAINOS. Can. J.  Chem. 64, 560 (1 986). 
I3c nuclear magnetic resonance spin-lattice relaxation times (TI) have been used to probe the motional behavior of 

5-acetoxy-5,6-dihydro-6-(1,2-epoxypropyl)-2-pyrone ("asperlin") in dimethyl sulfoxide solution. This molecule offers 
structural features suited to a study of internal motions, i.e., epoxypropyl and methyl internal motions superimposed on an 
anisotropic overall reorientation. The rigidity of the pyrone ring and its semiplanar conformation result in an overall ellipsoidal 
shape, and hence the rotational dynamics of asperlin are adequately approximated by the diffusion of a prolate ellipsoid with the 
major axis passing through the C(2)-H(2) bond. The description of the internal motion of the epoxypropyl ring is strongly 
model dependent. Furthermore, the relaxation data for the oxirane ring carbons do not uniquely define a dynamic model. Due to 
similarities in the activation energies of the overall and internal motions, based on temperature-dependent measurements, it has 
not been feasible to interpret the relaxation data by a single type of motion. Internal rotation of the epoxymethyl substituent is 
rationalized by applying the stochastic diffusion model of multiple internal rotations. 

PHOTIS DAIS et GEORGE FAINOS. Can. J.  Chem. 64, 560 (1986). 
On a utilisk les temps de relaxation spin-rCseau (TI) de la rmn du I3c pour Ctudier le comportement des mouvements de 

1'acCtoxy-5 dihydro-5,6 (Cpoxy-1,2 propy1)-6 pyrone-2 ("asperlin") en solution dans le dimCthylsulfoxyde. Cette molCcule 
prCsente des caractCristiques de structure qui sont adaptCes a une Ctude des mouvements internes; il s'agit des mouvements 
internes de 1'Cpoxypropyle et du mCthyle qui se superposent a une orientation globale anisotrope. La rigidit6 du cycle pyrone et sa 
conformation semi-planaire lui font adopter une forme globale ellipsoi'dale et l'on peut dCcrire adkquatement la dynamique de la 
rotation de I'asperlin en faisant I'approximation qu'elle ressemble a la diffusion d'une ellipsoide allongCe avec un axe majeur qui 
passerait par la liaison C(2)-H(2). La description du mouvernent interne du cycle Cpoxypropyle dCpend beaucoup dy modkle. 
De plus, les donnies de relaxation des carbones du cycle oxirane ne permettent pas de dCfinir un modkle dyamique. A cause de 
similaritCs dans les Cnergies d'activation des mouvements globaux et internes, que I'on a obtenues a partir de mesures qui 
dCpendaient de la tempirature, on n'a pas pu interpreter les donnCes de relaxation par un seul type de mouvement. On a rationalist5 
la rotation interne du substituant CpoxymCthyle en appliquant le modkle de diffusion stochastique des rotations internes multiples. 

[Traduit par le journal] 

Introduction 
A large number of natural products contain a,P-unsaturated 

lactone structures. These include compounds of the coumarin 
series, macrolides, the steroid withaferin, and 2-pyrones of 
fungal origin. Among the latter group is 5-acetoxy-5,6-di- 
hydro-6-(l,2-epoxypropy1)-2-pyrone) (I), produced by Asper- 

gillus nidulans (1) and termed "asperlin," which possess anti- 
biotic and antitumor activity. The structure of 1 has been studied 
(2-4) by 'H and 13C nrm spectroscopy, as well as by chemical 
synthesis. It was concluded that the pyrone ring of 1 assumes a 
semi-planar conformation, in which five of the six carbons are 
held coplanar, that the C(4)-H(4) bond approaches coplana- 
rity with the olefinic bonds, and also that the 4,5-substituents of 
the ring have the L-threo configuration. In addition, the data 
confirmed that the oxirane ring is trans, and indicated that 1 is 
the 6R,7S diastereomer. Finally, it was shown that the H-5 and 
H-6 protons are anti, in the most probable conformation of the 
side chain about the C(5)-C(6) bond. 

To obtain a fuller understanding of the properties of 1, we 
have measured the I3C spin-lattice relaxation times (T,) of 1 in 
DMSO-d6 solution over the temperature range 20-100°C, and 

I ~ u t h o r  to whom all correspondence should be addressed. 

calculated the diffusion coefficients of the overall and internal 
motions from the relaxation data. The data are consistent, 
approximately, with an overall axially symmetric diffusion, 
upon which internal rotations are superimposed. The interpreta- 
tion of the relaxation data for the oxirane ring is found to be 
strongly dependent on the models adopted, whereas the methyl 
internal rotation is described by using the stochastic diffusion 
model for multiple internal rotations. 

Experimental 
I3c nuclear magnetic resonance relaxation experiments were 

conducted on a Varian XL-200 spectrometer operating at 50.3 MHz 
under conditions of full IH noise decoupling. The temperature was 
controlled to within ?O.l°C by means of a precalibrated copper- 
constantan thermocouple in the probe insert. The relaxation times 
were measured by the FIRFT technique (5) and analysed by a 
three-parameter non-linear procedure (6). The pulse duration for a 180" 
flip angle, checked at various temperatures, was 29.6 ks .  Other details 
on relaxation experiments and I3c nOe (nuclear Overhauser enhance- 
ment) measurements are given elsewhere (7). The rms error in the 
three-parameter fit was ?5% or better, whereas the reproducibility was 
k.5- lo%,  the upper limit pertaining at high temperatures. Samples of a 
0.8 M solution of 1 in DMSO-d6 were degassed by saturation with dry 
nitrogen gas for 1-2 min before use. All of the calculations were 
performed with algorithms written in APL. 

Results and discussion 
Carbon-13 T, values obtained from 20 to 100°C for the 

protonated carbons of 1 are summarized in Table 1. The nOe 
values for all protonated  carbon^,^ at all temperatures, ap- 

2 ~ o r  consistency with previous publications (2-4), 1 is numbered as 
a lactone. Accordingly, its carbonyl carbon is position 1 rather than, as 
in the pyrone system, position 2. 
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DAIS AND FAlNOS 

TABLE 1 .  I3C spin-lattice relaxation times (in seconds) of "asperlin" in DMSO-d6 solution 

(C-3 ,C-4,C-5) / 
T ( K )  C-2 C-3 C-4 C-5 C-6 C-7 CH3 (C-6,C-7) 

FIG. 1. Axes of rotation in "asperlin" and rotational diffusion 
/ coefficients. 

I 

I proached the asymptotic value of 2.988 to within ?5%, 
1 indicating that these carbons relax predominantly via dipole- 

dipole interactions. The T, value of C-2 in the pyrone ring at 
all temperatures is smaller than the TI'S of the remaining ring 
carbons (Table 1). These differences, which are outside the 
experimental error, indicate that 1 reorients anisotropically 
about a preferential axis of rotation. Since C-3, C-4, and C-5 are 
characterized by similar T1 values, their respective C-H 
vectors should form nearly equal angles with the preferential 
axis of rotation. Stereomodels indicate that this is the case, if the 
axis of rotation passes through, or forms small angles with, the 
C(2)-H(2) vector. The C(3)-H(3) vector forms an angle of 
60" with this axis, whereas the C(4)-H(4) and C(5)-H(5) 
bonds form angles of 70.5" with the same axis. These qualitative 
relaxation characteristics reflect the molecular shape of 1, which 
in turn determines the type of the overall molecular reorienta- 
tion. The rotational dynamics of 1 can be adequately approxi- 
mated by the diffusion of a prolate ellipsoid with a major axis 
passing through the C(2)-H(2) bond as in Fig. 1. The rotation 
about this axis is described by the rotat~onal difusion coefficient, 
Dll, and the rotation of this axis is characterized by the rotational 
diffusion coefficient, D l  . 

Woessner has shown (8) that these two coefficients are related 
to the relaxation tlme by: 

where A, B ,  Care geometric functions (8) of the angle P formed 
by the pertinent C-H vector and the major axis of the ellipsoid. 
Because p = O0 for the C(2)-H(2) vector, its respective 
relaxation time is sufficient to determine D l  by means of the 
equation (8) 

Using the relaxation data for C-4 (or C-5), a value of P = 70.5", 
and of 1.09 A for a C-H bond, the D l  and Dl1 parameters 
displayed in Table 2 were calculated. By using the diffusion 
coefficients from Table 2 in eq. [ l ]  with P = 60°, the angle 
formed by the C(3)-H(3) bond and the axis of rotation, the 
experimental TI values of C-3 are nicely reproduced (Table 3). 
This finding gives validity to the model used in the present 
treatment. Inspection of Table 2 reveals that over an 80°C 
temperature range the diffusion coefficients change by a factor 
of four, and that the pyrone ring rotates about the major axis 
-1.5 times faster than about the perpendicular axis. The 
constancy of the Dl l /Dl  ratio is in accord with simple 
hydrodynamic theory (9), which requires that this ratio be 
determined by the molecular geometry. Plots of the diffusion 
coefficients Dl1 and D l  on a semilogarithmic scale versus the 
reciprocal of the temperature (K-I), in Fig. 2, give the 
following activation energies: 3.62 * 0.46 kcal/mol for rota- 
tion about the major axis of the ellipsoid, and 4.07 * 
0.25 kcal/mol for rotation perpendicular to that axis. 

The measured TI values of C-6 and C-7 are equal within the 
experimental error (Table l ) ,  indicating that no puckering 
motion within the oxirane ring contributes to the relaxation of 
these carbons. The relaxation data may be interpreted in terms 
of motional anisotropy of a rigid molecule, since the major axis 
of the ellipsoid and the internal axis of rotation coincide, or, 
alternatively, by considering the superimposition of internal 
motion about the C(5)-C(6) bond upon the overall motion. 

We first consider the effect of motional anisotropy, neglect- 
ing internal motion about the C(5)-C(6) bond. Anisotropic 
motion as described above will lead to differences in the TI 
values of the oxirane and pyrone ring carbons, if the angle 
formed by the C(6)-H(6) and (or) the C(7)-H(7) vectors and 
the axis of anisotropic motion is different from 109.5" or 120°, 
formed by the pertinent C-H vectors of C-4, C-5, and C-3, 
respectively. The HCH dihedral angle determined (10) for 
oxirane is 116.60". A slightly larger value is probably expected 
for the disubstituted ring in 1, due to increasing steric 
constraints caused by sub~t i tu t ion.~  However, such small angle 
differences, corresponding to a range ~ 1 0 " ,  must contribute 
very slightly to the T, calculated, assuming no internal motion. 
Therefore, the differences observed in the experimental T1 
values for the oxirane and pyrone carbons (Table l ) ,  ranging 

3~ HCCsUbs, dihedral angle of 120" for the disubstituted oxirane ring 
was adopted in the following calculations. 
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TABLE 2. Rotational diffusion coefficients (in seconds-') for "asperlin" in 
DMSO-d6 solution 

TABLE 3. Calculated and experimental T ,  values for C-3, C-6,7, and CH3 of "asperlin" 

C-3 C-3 C-6,7 C-6,7 C-6,7 C-6,7 CH3-8 CH3-8 
T(K) (exptl.) (calcd)" (exptl.) (calcd.)"' (~a lcd . )~* '  (~alcd.)~, '  (exptl.) (calcd.)/ 

'By employing Woessner's eqs. [ l ]  and [ 2 ] ;  see text. 
*By employing the two-states jump model with T, = T, = 10-L2s. 
T h e  values within parentheses are the angles 0 that reproduce the experimental data. 
d ~ A  = 1 r L 2 s ,  7 8  = 2 X 10-12~.  

= 7, = lo-' ' S. 
fBy employing the model of multiple internal rotations as expressed by eqs. [9]-[ll] 

from 20 to 30%, are strong evidence against the possibility that 
overall anisotropic motion is responsible for the observed TI 
values of C-6 (or C-7). 

A second approximate analysis is based on the assumption of 
an overall anisotropic reorientation, plus internal motion about 
the C(5)-C(6) bond. This analysis, however, is strongly 
model dependent. A model using unrestricted internal diffusion 
may be applied to this problem. Since the internal rotation axis 
is parallel to the major axis of the ellipsoid, the internal 
reorientation is independent of the reorientation of the remain- 
der of the molecule about its symmetry axis (1 1). In this case, 
the relaxation of the oxirane ring can be described by eq. [I], 
in which Dl1 is replaced by the internal rotational diffusion 
coefficient, D,. The calculated diffusion coefficients for an 
angle P = 120" are summarized in Table 2 and plotted vs. (1 /T)  
in Fig. 2. We find an activation energy of 4.06 2 0.50 kcal/mol 
for the internal rotation of the epoxypropyl moiety. Moreover, 
inspection of Table 2 reveals that the epoxypropyl ring rotates 
about two times faster than the ellipsoid about its symmetry 
axis. 

The temperature independence of the relaxation time ratio 
T,(C-3,C-4,C-5)/T1(C-6,C-7), observed in Table 1, can be 
explained by the constancy of the diffusion coefficient ratio 
D,/DII throughout the temperature range of the measurements 
(Table 2). This result is a consequence of the similarity of 
activation energies for the internal and overall molecular 
diffusion processes. An analogous situation has been encoun- 
tered in the study of the 3-chlorobiphenyl system (12). 

Activation energies for internal diffusion or jump models in a 
25% solution of 3-chlorobiphenyl in DMSO-d6 were found to 
be equal to that corresponding to the overall diffusion, within 
the experimental error. 

A possible alternative to the approximate temperature inde- 
pendence of the relaxation time ratio could be that the internal 
motion is sufficiently rapid so that the relaxation rate falls within 
the geometric limit (13). In this case, the observed ratio 
becomes dependent on the diffusion coefficients of the over- 
all motion only, with the rate reduced by the geometric factor 
(312 cos2 P - 112)' (13), i.e., 

where 

Equation [4] is an alternative form (1 3a) of the expression in the 
brackets of eq. [I], with p and P defined previously. For p = 1.5 
and p = 109.5", expression [3] gives 0.0188. This geometric 
limit does not apply to the present data, since it predicts a 
relaxation time ratio that differs markedly from the observed 
value of -0.75. 

Next we consider restricted motion about the C(5)-C(6) 
bond. Some theoretical expressions (14-18) describe internal 
motion as a jump between several stable conformations. 
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FIG. 2. Temperature dependence of the overall (Dll, D L ) ,  epoxy- 

, propyl (D,), and methyl (D , )  rotational diffusion coefficients of 
I "asperlin" in DMSO-d6 solution. 

, According to these models, the rates of jumping or, equivalent- 
ly, the lifetimes of the various conformations determine the 
relaxation rates. However, the fact that low amplitude diffusion 
is ineffective (15, 16) in causing relaxation suggests that a jump 
model involving relatively few conformations should be gener- 
ally suitable for describing relaxation. Consequently, a model 
consisting of two alternate conformational states is taken to be 
an appropriate description of oscillation in the oxirane ring. The 
spectral density for such a model in the extreme narrowing 
region is given by (16, 17) 

where 

and 

[7] C = 
3 ' T ~ ' T ~  {sin2 p( l  - cos 20)) 

(TA + 78)' 

x (2 - sin2 p(l  - cos 20)) 

Expression [5] was derived by conceptualizing that the internal 
rotation axis is aligned with the symmetry axis of the ellipsoid. 
In eqs. [5]-[7], P is the angle formed by the C-H relaxation 
vector and the internal axis, T,, and T B  are the lifetimes of the two 
states, and 0 is the half-range of the jump. 

For very rapid internal jumping between the two states, this 
model would lead to a limiting relaxation time ratio of 

Assuming 'T, = 'TB,  the limiting value of the relaxation time ratio 
depends on the angle 0. Values of 0.72 and 0.70 were obtained 
for jumps between 0 = +20° and +90°, respectively. These are 
in good agreement with the observed ratios in Table 1. In 
particular, an angle of 0 = +20° is commensurate with a very 
slight distortion of the anti orientation of the H-5 and H-6 
protons deduced from the coupling data (4). 

Although this model reproduces the experimental relaxation 
ratio, it does not give information about the actual rate of 
internal jumping nor a clear measure of the jumping amplitude. 
Of course. the internal motion does not have to be so fast that the 
observed relaxation ratio is described by a geometric factor 
only. The second term in eq. [5] could also contribute to the 
observed relaxation rate. 

The problem of interpreting the relaxation data in terms of 
eqs. [5]- [7] is, clearly, unresolved. However, the temperature 
dependence of the relaxation data in Table 1 can be used to 
evaluate the validity of the approximations inherent in this 
model. T, values calculated for C-6,7 using different 'T, and 'TB 

lifetimes are summarized in Table 3 for comparison with 
experimental data. Good fits were obtained with 'T, = 'TB = 
10-12s and 'T, = 10-12s and 'TB = 2 X 10-12s, although these 
lifetimes gave small differences in the values of 20, i.e., 50-52" 
and 56-60" for the first and second case, respectively. It should 
be noted that plots of T1 vs. 0 corresponding to various values of 
D L  (Table 2) and 'T, = 7, are skewed, with the maximum T1 
value occumng at 0 = 50". A maximal factor of 5 for ' T ~ / ' T ~  is 
possible in order to fit the data, although this value corresponds 
to a large range, 20 = 120" for C-6,7. A factor of 6 is 
inconsistent with the data. Using 'T, = 'TB = 10-l1 s gives a 
range for 20 = 60°, which is similar to that when 'T, = 10-l2 s 
and 'TB = 2 X 10-l2 S. Reducing 7, and 'TB to 10-lo s renders 
even 0 = 50" insufficient to fit the observed T1 values of C-6,7. 
In summary, these calculations show that lifetimes in the range 
lo-" to 10-12s fit the data adequately, whereas longer 
lifetimes are inconsistent with the observed T1 values. 

The present findings demonstrate that the relaxation data for 
the protonated carbons of the oxirane ring of 1 do not uniquely 
define a dynamic model. The internal motion of the oxirane ring 
can be satisfactorily approximated either by free rotation about 
the C(5)-C(6) bond, or by a jumping process between two 
stable conformations. The problem of discriminating between 
these two models is due mainly to the fortuitous similarity in the 
activation energies of the internal and overall diffusional 
motions. However, inspection of molecular models indicates 
that geometrical constraints imposed on the rotation of the 
epoxypropyl moiety are not severe enough to justify restricted 
rotation about the C(5)-C(6) bond. 

The relaxation of the carbon (CH3-8) receives contributions 
from three types of molecular motion: (1) the internal rotation of 
the methyl group about its symmetry axis described by diffusion 
coefficient Di; (2) the reorientation of the adjacent oxirane ring 
with diffusion coefficient D,; and (3) the overall molecular 
motion characterized by diffusion coefficients Dl1 and D L .  
Approximate separation of these relaxation contributions can be 
realized by applying the stochastic diffusion model of multiple 
internal rotations, developed initially by Wallach (19), and 
subsequently modified by Levine et al. (20, 21). In the present 
case, two motions about the C(5)-C(6) and C(7)-CH3 
bonds are considered to be free and independent of the 
overall molecular reorientation. Restricted rotation about the 
C(6)-C(7) bond ensures that the two internal motions are 
independent of one another. The spectral density used to 
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TABLE 4. Motional parameters and calculated relaxation times for 1, including all C-H 
interactionso 

"Using eq. [12]. 

calculate the required relaxation times is obtained by Fourier 
transformation of the appropriate autocorrelation function 
(19, 20): 

where 

[ lo] T = ( 6 D I  + m2(Dll - D l )  + a2D, + c2Di)-I 

and dv(P) are the second-rank Wigner rotation matrices (22). 
The angles Po, P I ,  P2 correspond to angles between the first 
internal rotation axis and the major axis of the ellipsoid, the 
second and the third rotational axis, and the final rotation axis 
and the C-H relaxation vector, respectively. 'The subscripts, 
m, a ,  b, c are integers ranging from -2 to +2.  It should be 
noted that the summation of the matrix elements C ldOh(B)l2 in - -  . 

a.6  
eq. [9] is omitted, since it is equal to unity, as the second internal 
rotation about the C(6)-C(7) is frozen (19). 

The relationship between spin-lattice relaxation times and 
spectral density is given by 

Using the spectral density eqs. [9]-[l l], numerical results were 
obtained for values of D l ,  Dll, and D, from Table 2. The 
parameter, Di,  fitting the experimental relaxation times, is 
depicted in the last column of Table 2 for each temperature, 
whereas Table 3 gives the T I  values of the methyl carbons 
reproduced by the model of the multiple internal rotations. The 
agreement between the reproduced and experimental data is 
very good. The temperature dependence of the Di  diffusion 
coefficient, shown in Fig. 2, corresponds to an activation energy 
of 2.93 kcal/mol. This energy value implies that some resis- 
tance to free methyl internal rotation is likely to occur in 1. This 
result is not unexpected due to the geminal disposition of the 
methyl group and H-7 in the oxirane ring of 1. 

The relaxation parameters of 1 shown in Table 1 are averages 
of at least two measurements. The effect of random noise and 
other sources of error (e.g., temperature fluctuations) contribute 
to the experimental uncertainty by 5- 10%. The error introduced 
by nOe experiments was 5%. The overall effect of these sources 
of error results in a standard deviation of 7-11% for each 
individual TI measurements or a standard deviation of 5-8% 
for each mean value. This margin of experimental error appears 
to be quite substantial compared to the small anisotropy 
observed for 1 ,  which gives TI differences of the order of 
10-16% (Table 1). Therefore, the legitimacy of the present 
quantitative analysis should be tested by considering those 
factors that may affect the anisotropy of the motion. 

The first factor is related to the choice of the anisotropic axis 
of reorientation of the ellipsoid. A preferential axis of rotation 
that forms small angles with the C(2)-H(2) vector, it is not 
expected to modify the basic conclusions of this report. Larger 
deviations, however, may change the shape of the ellipsoid and 
consequently the interpretation of the relaxation data. Using 
Platzer's method (23), an anisotropic analysis for 1 was carried 
out by adjusting the anisotropic ratio, p ,  while varying the 
orientation of the anisotropic axis of rotation (i.e., the angles P 
relative to the various C-H vectors). The best agreement 
between the observed TI values of all the ring carbons and the 
bracketed quantity in eq. [ l ]  was obtained when the axis formed 
angles of 10-20" with the C(2)-H(2) vector. For an angle of 
20" between the C(2)-H(2) vector and the assumed symmetry 
axis of the ellipsoid for two sets of measurements, the motional 
parameters obtained by this approach were: p = 1.37, D l  = 

2.4 x 1 0 ~ s - '  at 293K, a n d p  = 1.21, D l  = 8.1 x 1 0 ~ s - '  at 
353 K. Consistent results were obtained for the remaining 
temperatures. Larger changes of the orientation of the aniso- 
tropic axis resulted in higher motional anisotropies than those 
reported in Table 2, but failed to reproduce the experimental 
data. Discrepancies of the order of 15, 25, and 40% were 
observed between the calculated and the experimental TI values 
for changes of the orientation of the anisotropic axis by 30, 40, 
and 50°, respectively. 

The second factor we have investigated is the contribution of 
the intramolecular nonbonded C-H interactions to the relax- 
ation of the ring carbons of 1. TI values were calculated for each 
carbon, over a range of trial ratios p ,  with relaxation contribu- 
tions summed over all protons in the molecule, i.e., 

where Av = a(3 cos2 fig - I)', BV = 3 sin2 pii cos2 B..) J C.. v = 
$ sin4 Po, and Po is the angle between the symmetry axis of the 
ellipsoid as in Fig. 1 and the vector joining the ith carbon with 
the jth proton. Internuclear separations, rv, were calculated 
using the ATCOOR computer program (24) assuming standard 
bond lengths and angles. Representative results at four tempera- 
tures are summarized in Table 4. Although no significant 
differences were found in the calculated diffusion coefficients 
from those obtained using bonded C-H interactions, it appears 
that contributions from nonbonded C-H interactions account 
for - 1.5% of the relaxation of the C-2 carbon and -3% for each 
of the remaining ring carbons, which r ~ l a x  via two nonbonded 
protons at distances less than 2.5 A. These contributions 
decrease the margin of the TI differences to 7-13%, which is 
comparable to the experimental uncertainty at high tempera- 
tures. This molecule, therefore, represents the borderline case, 
in which the overall motion may be described as isotropic at 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DAIS AND FAINOS 565 

high temperatures. The approximate assumption that 1 can be 
described by an overall isotropic motion plus internal rotation of 
the epoxypropyl ring leads to activation energies of 3.89 + 
0.16 kcal/mol and 4 .28  + 0 .39  kcal/mol for the overall and 
internal motions, respectively. The latter value is considered as 
the upper limit for the internal rotation. 
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DAVID A. COOPER, STEVEN J.  RETTIG, and ALAN STORR. Can. J. Chem. 64,566 (1986). 
The reaction of the [Rh(C0)2C1]2 dimer with the Na+[Me2Ga(N2C3H3)(0CH2(C5H4~))]- ligand has yielded the planar 
four-coordinate species [Me2Ga(N2C3H3)(OCH2(C5H4N))]Rh(CO), (LRh(CO)), displaying the tridentate gallate ligand in a 
meridional coordination mode. In addition, a second product, of similar geometry but with one of the Me groups on the Ga 
replaced by a C1 atom, viz, [(C1)MeGa(N2C3H3)(0CH2(C5H4N))]Rh(CO), has also been isolated and characterized. The former 
complex undergoes a facile oxidative addition reaction with MeI, the transient six-coordinate Rh(II1) species produced being 
rapidly converted, in a methyl migration step, to the five-coordinate Rh(II1) acetyl complex, LRh(C0Me)I. Crystals of 
[Me2Ga@2C3H3)(OCH2(C5H4N))]Rh(CO) are monoclinic, a = 13.139(2), b = 13.324(2), c = 17.352(2) A, P = 103.25 1 (7)", 
Z = 8, space group 12/a,  and those of [(Cl)MeGa(N2C3H3)(0CH&H4N))]Rh(CO) are triclinic, a = 8.846(2), b = 
12.714(3), c = 7.631(2) A, a = 93.82(1), P = 113.94(1), y = 107.99(1)", Z = 2, space group P1. Both structures were solved 
by conventional heavy-atom methods and were refined by full-matrix least-squares procedures to final R values of 0.029 and 
0.048 for 1890 and 1939 reflections with I 2 3 u ( 4 ,  respectively. Both molecules display irregular square planar coordination 
geometry about Rh with Rh-0 = 2.038(3) and 2.048(3), Rh-N(pyrazoly1) = 2.022(4) and 2.025(7), Rh-N(pyridy1) = 
2.038(3) and 2.020(6), Rh-CO = 1.778(5) and 1.808(9) A, respectively, for the two compounds. Molecules of 
[Me2Ga(N2C3H3)(OCH2(C5H4N))]Rh(CO) form weakly associated, centrosymmetric dimers via an intermolecular Rh...Rh 
interaction of 3.5445(7) A. 

DAVID A. COOPER, STEVEN J .  RETTIG et ALAN STORR. Can. J .  Chem. 64 ,566  (1986). 
La rCaction du dimkre [Rh(C0)2C1]2 avec le ligand N~+[M~~G~(N~C-,H-,)(OCH~(C~H,N))I - conduit a la formation d'espkces 

tCtracoordonnCes planes [Me2Ga(N2C3H3)(OCH2(C5H4N))]Rh(CO), (LRh(CO)), dans lesquelles le ligand tridentate gallate est 
dans un mode de coordination miridional. De plus, on a is016 et caractiris6 un deuxikme produit, de gComCtrie semblable, dans 
lequel un des groupements mCthyles du Ga a CtC remplacC par un atome de C1. Le premier complexe subit une reaction d'addition 
oxydative facile sous l'influence du MeI; l'espkce hexacoordonnCe du Rh(II1) qui se produit d'une faqon transitoire se transforme 
rapidement, par une migration de mithyle, en un complexe pentacoordonnC du Rh(II1) acCtylC, le LRh(C0Me)I. Les cristaux du 
[Me2Ga(N2C3H3)(0CH2(C5H4N))]Rh(CO) sont monocliniques avec a = 13,139(2), b = 13,324(2), c = 17,352(2) A, P = 
103,25 1(7)", Z = 8 et groupe d'espace I 2 / a  alors que ceux du [(C1)MeGa(N2C3H-,)(0CH2(C5H4N))]Rh(CO) sont tricliniques 
av5c a = 8,846(2), b = 12,714(3), c = 7,63 l(2) A, a = 93,82(1), P = 113,94(1), y = 107,99(1)", Z = 2 et groupe d'espace 
P I .  On a rCsolu les deux structures par les mCthodes conventionnelles aux atornes lourds et on les affinies par la mCthode des 
moindres carrCs (matrice entikre) jusqu'h des valeurs finales de R de 0,029 et 0.048 respectivement pour 1890 et 1939 reflexions 
avec I 3 u ( 4 .  Les deux molCcules prCsentent des gComCtries de coordination autour du Rh qui sont du type plan carrC irregulier 
avec Rh-0 = 2,038(3) et 2,048(3), Rh-N(pyrazoly1e) = 2,022(4) et 2,025(7), Rh-N(pyridy1e) = 2,038(3) et 2,020(6), 
Rh-(CO) = 1,778(5) et 1,808(9) A respectivement pour les deux composCs. Les molCcules de [Me2Ga(N2C3H3)(0CH2- 
(C5H4N))]Rh(CO) foment  des dimkres centrosymCtriques, faiblement associCs par le biais d'une interaction intermolCculaire 
Rh...Rh de 3,5445(7) A 

[Traduit par le journal] 

Introduction 
An earlier publication (1) reported the synthesis and com- 

plexation of the novel tridentate unsymmetric anionic organo- 
gallate ligand 1. [Me2Ga(N2C3H3)(0CH2(C5H4N))] - . The lig- 
and, containing both pyrazolyl and pyridyl donor groups, was 
shown to coordinate in a facial mode in a number of octahedral 

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

transition metal carbonyl compounds. The present account 
details the reaction of this ligand with the [Rh(C0)2C1]2 dimer. 
The major product isolated, LRh(CO), has been shown by ir, 'H 
nmr, mass spectrometry, and, definitively, by X-ray crystallo- 
graphic analysis to display the L ligand in a meridional 
coordination mode. The complex undergoes a facile oxidative 
addition reaction with MeI, followed by a migratory insertion 
reaction to yield Rh(II1) acetyl compound. A second product 
from the reaction of NaL with [Rh(C0)2C1]2, namely, the 
chloro substituted species [(C1)MeGa(N2C3H3)(0CH2- 
(C5H4N))]Rh(CO), has been fully characterized and its X-ray 
crystal structure determined. 

Experimental 
Starting materials 

Air-sensitive materials were handled in a glove-box under an 
atmosphere of oxygen-free dry nitrogen, in a nitrogen-blanketed 
apparatus, or on a high-vacuum line. Tetrahydrofuran (THF) was dried 
by refluxing over Na-benzophenone and was used immediately 
following distillation. Benzene, CH2C12, and hexane were dried by 
refluxing over potassium, calcium hydride, and calcium sulphate, 
respectively, followed by distillation. [Rh(C0)2C1]2 (Strem Chemi- 
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COOPER ET AL. 

TABLE 1. Analytical and infrared data 

Calcd. (%) Found (%) vco(cm-') 

Compound C H N C1 C H N C1 Nujol CH2C12 

cals) and iodine (Aldrich) were used as supplied. Me1 (Fisher) was 
distilled from P2O5 before use. The sodium salt, NaL, was prepared as 
a standard THF solution as described earlier (1). 

Reaction of [Rh(C0)2C1]2 wirh NaL 
A two-molar equivalent of the NaL ligand solution was added 

dropwise to a stirred THF solution of [Rh(C0)2C1]2 (0.2768, 
0.70 mmol) maintained at -78OC. The resulting reaction mixture was 
warmed slowly to room temperature and then refluxed for 18 h, during 
which time the original yellow solution turned dark reddish-brown. At 
this point the ir spectrum of the product mixture indicated complete 
disappearance of the starting rhodium carbonyl dimer and the presence 
of new carbonyl species giving vco bands at 2018 and 1953 cm-I. The 
solvent was then removed under vacuum and the resulting dark 
reddish-brown residue extracted with benzene. 'The benzene solvent 
was allowed to evaporate slowly from the filtered extracts to yield, first, 
orange cube-shaped crystals of LRh(C0) (-50% yield) and then, from 
more concentrated solutions, yellow platelet crystals of the chloro 
derivative [(C1)MeGa(N2C3H3)(OCH2(C5H4N))]Rh(CO) (-15%) 
yield). Analytical, ir, and 'H nrnr data for the two complexes are 
collected in Tables 1 and 2. 

Reaction of LRh(C0) wirh Me1 
A 1:l molar ratio of LRh(C0) (0.056 g, 0.14mmol) and Me1 

(0.020 g, 0.14 mmol) was stirred in CH2C12 at room temperature. The 
original solution gradually changed color from yellow to orange with 
the concomitant loss of the vco band of LRh(C0) at 1962 cm-I and the 
appearance of two new carbonyl bands at 1714 and 2042 cm-' in the 
ir spectrum of the reaction mixture. After 2 h the solvent was allowed to 
evaporate slowly from the reaction mixture to yield small orange 
crystals of LRh(C0Me)I in -30% yield (see Tables 1 and 2). 

Reaction of LRh(C0) wirh l2 
Iodine (0.030 g, 0.1 1 mmol) was stirred at room temperature with an 

equimolar amount of LRh(C0) (0.043 g, 0.11 mmol) in Ch2C12. The 
vco band of the starting material (1962 cm-I) gradually disappeared 
and was replaced by a new carbonyl band at higher frequency (2095 
cm-I) in their spectrum. A black solid was isolated from the solution at 
the end of the reaction but no analytically pure sample of the expected 
diiodide, LRh(CO)12, could be obtained. 

X-ray crystallographic analyses 
[Dirnethyl(pyrazol-1 -yl)(2-pyridylrnethoxy)gallato-~2,~,~3]car- 

bonylrhodiurn(1) 
A crystal bounded by the 6 faces (followed by the distances in mm 

between parallel faces): (1 1 0),0.134, and (0 0 1),0.176, was mounted 
in a general orientation. Unit-cell parameters were refined by least 
squares on 2 sin 0/A values for 25 reflections (20 = 30-35") measured 
on a diffractometer with Mo-Ka radiation (A(KaI) = 0.70930, (A(Ka2) 
= 0.71359 A). Crystal data at 22OC are: 

C 2H 5GaN302Rh fw 405.90 
Monoclinic, a = 13.139(2), b = 13.324(2), c = 17.352(2) A,  P = 
103.251(7)", V = 2956.6(8) A3, p,, = 1.82 (flotation in CHBr3- 
CHC13), Z = 8, p, = 1.824 Mg m-3. F(000) = 1600, ~ ( M o - K a )  = 
29.2 cm-I. Absent reflections: hkl, h+k+ l  odd, and h01, h (and I) 
odd, spacegroupl2/a(non-standardsetting of C2/c, c$,,, NO. 15 with 

equivalent positions: (0 0 O), (1 12, 112, 1 /2)k(x, y, z; 112-x, y, -2)) 
from structure analysis. 

Intensities were measured with graphite-monochromated Mo-Ka 
radiation on an Enraf-Nonius CAD4-F diffractometer. An 0-20 scan 
at 0.84-6.71" min-' over a range of (0.70 + 0.35 tan 0) degrees in o 
(extended by 25% on both sides for background measurement) was 
employed. Data were measured to 20 = 55". The intensities of 3 check 
reflections, measured every 3600 s throughout the data collection, 
remained constant to within 3%. After data r educ t i~n ,~  an absorption 
correction was applied using the Gaussian integration method (2,3). 
Transmission factors ranged from 0.657 to 0.716 for 96 integration 
points. Of the 3388 independent reflections measured, 1890(55.8%) 
had intensities greater than or equal to 3 4 4  above background, where 
u2(r) = S + 2B + (0.04(~-B))' with S = scan count and B = 
normalized background count. 

The centrosymmetric space group 12/a was suggested by both the 
E-statistics and by the Patterson function, from which the coordinates 
of the Rh and Ga atoms were determined. The remaining non-hydrogen 
atoms were positioned from a subsequent difference map. In the final 
stages of refinement the non-hydrogen atoms were refined with 
anisotropic thermal parameters and hydrogen atoms were fixed in 
calculated positions (C(sp2)-H = 0.97, C(sp3)-H = 0.98 A, UH 
proportional to U,, of the parent atom, methyl hydrogen positions 
based on observed positions). The scattering factors of ref. 4 were used 
for non-hydrogen atoms and those of ref. 5 for hydrogen atoms. 
Anomalous scattering factors from ref. 6 were used for the Rh and Ga 
atoms. The weighting scheme w = 1 /u2(F), where u2(F) is derived 
from the previously defined u2(r), gave uniform average values of 
w(I FoI - I ~ , l )~overranges of both I FoI and sin 0/A and was employed in 
the final stages of full-matrix refinement of 172 variables. Reflections 
with I < 3 4 4  were not included in the refinement. Convergence was 
reached at R = 0.029 and R,, = 0.030 for 1890 reflections with I 2 

3 4 4 .  For all 3388 reflections R = 0.093. The function minimized was 
ZW(IF,I-IF,I)~,  R = ZIIFoI- IFcII/~IFoI and R,, = (ZwlFolm 
- l ~ , 1 ) ' / ~ w l ~ ~ 1 ~ ) ~ ' ~ .  

On the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.007 and 0.038u, respectively. The mean error 
in an observation of unit weight was 1.143. The final difference map 
showed no unusual features, the largest peak (0.45 e being near 
the Rh atom. The final positional and thermal parameters appear in 
Tables 3 and g3 respectively. Bond lengths, bond angles, and 
intra-annular torsion angles appear in Table 4-6, respectively. Calcu- 
lated hydrogen parameters (Table 8) and complete listings of torsion 
angles (Table 10) have been deposited.3 Measured and calculated 
structure factors have been placed in the Depository of Unpublished 
Data.3 

'The computer programs used include locally written programs for 
data processing and locally modified versions of the following: 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, by 
W. R. Busing, K. 0 .  Martin and H. A. Levy; FORDAP, Patterson and 
Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by C. K. 
Johnson. 

3 ~ h e  structure factor table, Table 9 (anisotropic thermal parame- 
ters), and other material mentioned in the text may be purchased from 
the Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada, KIA 0S2. 
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-- - 
33 3 
r-r- rt 22 

TABLE 3. Final positional (fractional x lo4, Rh and Ga X lo5) and 
isotropic thermal parameters (U  X lo3 A2) with estimated standard 

deviations in parentheses* 

Atom 

* U,, = 113 trace (diagonalized Lr). 

[(Chloro)methyl(pyrazol-1 -yl)(2-pyridylmeth~xy)gallato-~',0,~3]- 
carbonylrhodium(l) 

Experimental details are as above except where noted. The six 
bounding faces of the crystal are of the forms: {O 1 0),0.126, {- 1 0 11, 
0.175, and (1 101, 0.388 mm (between parallel pairs of faces). 
Reflections used for the determination of the lattice constants had 20 = 
30-38". Crystal data are: 

CI IH12C1GaN302Rh fw 426.31 
Triclinic, a = 8.846(2), b = 12.714(3), c = 7.631(2)0A, a = 
93.82(1), P = 113.94(1), y = 107.99(1)", V = 727.6(3) A3, p,, = 
1.93, Z = 2, p, = 1.946 Mg m-3, F(000) = 416, ~ (Mo-Ka)  = 31.5 
cm-I. Absent reflections: none, space group PI (c:, No. 2, 
reduced cell, conventional orientation) from structure analysis. 

An o-20 scan at 1.55-10.06" min- ' over a range of (0.95 + 0.35 tan 
0)" in w was employed. Of 3336 independent reflections measured, 
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TABLE 4. Bond lengths (A) with estimated standard deviations in LRh(C0). Thus, the reaction of NaL with [Rh(C0)2C1]2 in THF 
parentheses gave orange crystals of the target molecule in moderate yield. 

Infrared evidence indicates the formation of a transient dicar- 
Bond ~ e n ~ t h ( A )  Bond Length@) bony1 species, LRh(CO)*, ( v o  2020, 2080 cm-') during the 

reaction but only the monocarbonyl complex (vco 1962 cm-') 

Rh-O(l) 
Rh-N(2) 
Rh-N(3) 
Rh-C(1) 
Ga-Cl 
Ga-O(l) 
Ga-N(1) 
Ga-C(2) 
O(l)-C(3) 
0(2)-C(1) 
N( l)-N(2) 

1939 had intensities greater than 3 4 4  above background. The 
variation in the standard reflections was less than 5%. Data were 
corrected for absorption, transmission factors ranging from 0.305 to 
0.648 for 132 grid points. 

The centrosymmetric space group was suggested by the Patterson 
function, from which the Rh, Ga, and C1 coordinates were determined. 
The remaining non-hydrogen atoms were positioned from a subsequent 
difference map and all non-hydrogen atoms were refined with 
anisotropic thermal parameters. Hydrogen atoms were fixed in calcu- 
lated positions. Convergence was reached at R = 0.048 and R,,, = 
0.055 for 1939 reflection with I r 3 u ( 4 .  For all 3336 reflections R = 
0.101. Anomalous scattering corrections were also applied for C1. On 
the final cycle of refinement the mean and maximum parameter shifts 
were 0.010 and 0.041 u and the mean error in an observation of unit 
weight was 1.960. The final difference map showed maximum 
fluctuations of -2.8 and +1.5 e AP3 near the Rh atom and was 
essentially featureless away from the heavier atoms. 

Physical measurements 
Infrared spectra were recorded on a Perkin-Elmer 598 spectrometer. 

The 'H nrnr spectra were obtained on Bruker WP80 and Bruker WH 
400 MHz instruments using FT techniques. Mass spectra were record- 
ed on a Kratos AES MS50 mass spectrometer at 120°C and 70 eV. 
Elemental analyses were performed by Mr. P .  Borda of the U.  B. C.  
microanalytical laboratory. 

Results and discussion 
The unsymmetric tridentate pyrazolylgallate ligand, 1, has 

been incorporated in a facial coordination mode in numerous 
octahedral transition metal carbonyl complexes and in a 
tetrahedral "Ni(N0)" compound (1). The present study was 
initiated to demonstrate the capability of meridional coordina- 
tion for this ligand system and this has been achieved in the 
formation of the four-coordinate square planar Rh(1) species, 

could be isolated from solution.   he incoborati&of the related 
tridentate ligand systems [Me2Ga(N2C3H3)(0CH2CH2NR2)]- 
(where R = H or Me) in similar square planar "Rh(1)CO" com- 
plexes has been reported recently (7). These complexes also 
formed via unstable dicarbonyl species, which again were not 
isolable from solution. The vco stretching frequency of 1962 
cm-' for the present complex, LRh(CO), compares favorably 
with the values reported for the compounds [Me2Ga(N2C3H3)- 
(OCH2CH2NR2)]Rh(CO) ( v o  = 1955 cm-' for R = H and 
1957 cm-' for R = Me). The slightly higher value in the 
present complex may well result from the r-acidity of the 
pyridyl ring in the L ligand. 

The proton nrnr of the LRh(C0) complex is shown in Fig. 1 
and is clearly in agreement with a square planar complex in 
solution. Thus both the "GaMe2" and -OCH2- groupings 
give rise to singlets in the spectrum, as expected for the 
tridentate ligand in a meridional conformation about the Rh 
centre. The assignment of the other signals to the various 
pyrazolyl and pyridyl protons follows from previous studies 
(1 9 7). 

The mass spectrum of the LRh(C0) complex displayed a pro- 
minent signal due to the monomeric parent ion, P+ ,  with addi- 
tional signals due to the P-Me+, P-CO+, and P-Me-Cot 
ions also being observed. The most intense signal in the spectrum 
was assigned to the [OCH2(C5H4N)]+ ion. 

The molecular structure of LRh(C0) is shown in Fig. 2 and 
confirms the expected planarity about the Rh(1) centre with the 
fourth coordination site occupied by the terminal CO ligand 
(Rh-C-0 = 176.2(5)"). Bond distances involving Rh 
are: Rh-0 = 2.038(5), Rh-N(pyrazoly1) = 2.0?2(4), 
Rh-N(pyridy1) = 2.038(3), and Rh-CO = 1.778(5) A. The 
coordination group (N20C) is significantly non-planar (x2 = 
215), the atoms lying alternatively above and below the mean 
plane (0(1), 0.021(4); N(2), -0.027(4); C(l) ,  0.045(5); and 
N(3), -0.025(4) A). The Rh atom is displaced from this mean 
plane by -0.0451(1) A, a displacement greater than that of any 
of its substituents and, interestingly, in the direction of the 
symmetry-related Rh atom with which it interacts weakly (see 
below). 

The pyrazolyl and pyridine rings are both planar within 
experimental error (x2 = o  1.3 and 8.4, maximum deviations 
0.005(6), and 0.009(6) A, respectively). The chelate rings 
RhOGaN2 and RhONC2 are both significantly non-planar (x2 = 
2095 and 99) !ut the deviations from planarity (max 0.069(4) 
and 0.042(6) A) are relatively small (see torsion angles in Table 
6). In fact, the entire non-hydrogen skeleton (excluding the 
Ga-Me carbon atoms) is planar to within *0.325(1) A. 

Interestingly, the structure analysis also reveals the presence 
of weakly associated centrosymmetric dimer species in the solid 
state with a Rh...Rh interaction at 3.5445(7) A (see Fig. 3). A 
weak metal-metal interaction is supported by the following 
facts: (a) the Rh-Rh distance is the shortest distance between 
non-hydrogen atoms of the two molecules forming the dimer; 
(b) the displacement of the Rh atom from its coordination plane 
is in the direction of t h ~  weak interaction (see above); and (c) the 
separation of 3.64 A between the mean molecular planes 
(including all non-hydrogen atoms except C(2) and C(3)) is 
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TABLE 5. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle(deg) Bonds Angle(deg) 

longer than the 3.4-3.5 A normally associated with a T-T 
interaction that could occur between overlapping ligands. These 
dimeric units are well separated from adjacent dimers in the 
crystal lattice. Similar Rh...Rh interactions have been observed 
in other square planar Rh(1) carbonyl complexes (8-1 l ) ,  as 
indicated in Table 7. In the present LRh(C0) system the 
Rh...Rh interaction is limited to dimer species rather than 
molecular stacking on a more extended scale as observed in the 

other Rh(1) complexes in Table 7 for reasons analogous to those 
presented for similar dimers in the structure of tetraethylammo- 
nium [4,4',5,5'-tetracyano-2,2'-biim~dazolato-(2-)]dicar- 
bonyliridium(1) (12) (Ir...Ir = 3.183(1) A). 

The reaction between LRh(C0) and Me1 in CHzClz is thought 
to proceed via a six-coordinate Rh(II1) oxidative addition 
product to give the five-coordinate Rh(II1) acetyl complex 
LRh(C0Me)I: 

Me 

'co 

Me 

CO in cm'  1962 

(CH,CI, soln.) 
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a 

FIG. 1. Room temperature 80-MHz 'H nmr spectrum of LRh(C0) in C6D6 (inset 400 MHz). 

TABLE 6. Intra-annular torsion angles (deg) 
with standard deviations in parentheses 

TABLE 7 .  Selected Rh...Rh interactions 

Complex Rh...Rh (A) Reference 
Atoms Value(deg) 

LRh(C0) 3.5445 This work 

Thus the vco band of the starting monocarbonyl species at 1962 
cm- ' was replaced by two bands at 17 14 and 2042 cm-' in the 
metal carbonyl stretching region of the ir spectrum on addition 
of MeI, the 1714-' band gaining in intensity with time. 
Attempts to isolate the species responsible for the 2042 cm-' 

band were unsuccessful, only crystals of the Rh(II1) acetyl 
complex LRh(C0Me)I (vco = 17 14 cm- ') being obtained from 
the product solution. It is postulated that the 2042 cm-' band is 
due to the labile six-coordinate Rh(II1) trans-addition product 
(this mode of addition being commonly found in oxidative 
addition reactions of alkyl halides on d8 Rh(1) and Ir(1) 
complexes (ref. 13 and references therein)) and that this species 
readily undergoes a methyl migration to form a terminal acetyl 
group in the LRh(C0Me)I complex. Interestingly, related 
rhodium complexes containing o-bonded methyl groups have 
not been observed during the reaction of Me1 with cyclopenta- 
dienyl rhodium carbonyls. For example, the reaction of Me1 
with ( r 1 5 - ~ 5 ~ e 5 ) ~ h ( ~ 0 ) 2  proceeds directly to the (r15-C5Me5)- 
Rh(C0Me)I complex at 50°C (14). 

The 'H nmr of the acetyl complex is shown in Fig. 4 and is 
consistent with the predicted formulation with a square pyrami- 
dal arrangement about the Rh atom. An X-ray structure determi- 
nation has established this arrangement for the related compound 
[Me2Ga(N2C3H3)(0CH2CH2NMe2)]Rh(COMe)I (7). The posi- 
tion of the -COMe signal is similar to those reported earlier for 
related rhodium acetyl species (7, 15), and no signal was 
observed in the region near 9 T where one might expect 
Rh-Me signals (7, 15- 17). In addition, the non-planarity of 
the complex renders inequivalent the two methyl groups on Ga 
and the -OCH2- protons. Thus two singlets are observed for 
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FIG. 2.  Stereoscopic view of the [dimethyl(pyrazol-l-yl)(2-pyridylmethoxy)gallato-~2,0,~3]carbonylrhodium(~) molecule; 50% probability 
thermal ellipsoids are shown for the non-hydrogen atoms. Hydrogen atoms have been omitted for the sake of clarity. 

FIG. 3. Stereoscopic view of the [dimethyl(pyrazol-l-yl)(2-pyridylmethoxy)gallato-~2,~,~3]carbonylrhodium(~) dimer 

the "GaMe2" moiety and an AB quartet for the methylene 
protons. A noteworthy feature of the spectrum is the significant 
downfield chemical shifts of the two signals due to the pyrazolyl 
and pyridyl protons that are adjacent to the iodine atom in the 
molecule, compared to their positions in the square planar 
LRh(C0) species, an effect possibly related to the deshielding 
influence of the electronegative halogen substituent. 

The addition of iodine to a CH2C12 solution of LRh(C0) 
resulted in the immediate appearance of a new carbonyl band at 
2095 cm-' and the gradual disappearance of the vco band 
attributable to the starting Rh(1) compound. This new band is 
probably due to the diiodide species LRh(CO)(I),, although 
analytically pure samples of this complex could not be obtained 
from the product solution. Difficulties in obtaining satisfactory 
elemental analyses for the complexes [Me2Ga(N2C3H3)- 
(OCH2CH2NR2)]Rh(CO)(X)2 (X = I or Br, R = H or Me), with 
vco -2090 cm- ' , and for related pyrazolylborate dihalogen 
monocarbonyl species have been noted previously (7, 18, 19). 

The second product isolated from the reaction of 
[Rh(C0)2Cl]2 with NaL, albeit in low yield, was in the form of 
yellow platelet crystals and analyzed as [(Cl)MeGa(N2C3H3)- 
(OCH2(C5H4N))]Rh(CO). The origin of the chlorine for methyl 
substitution on the gallium atom is puzzling since the only 

source of chlorine atoms is the [Rh(C0)2C1]2 starting material, 
no chlorinated solvents being used in the reaction or work-up 
procedures. The ir spectrum of this chloro complex shows, in 
addition to a vco band at 1968 cm-' (CH2C12), a band at 
360 cm-' (C6H6), assigned to a W G ~ C ,  stretching vibration. This 
value is comparable to those found for other four-coordinate 
"GaCl" species (e.g. Me3NGaH2Cl, 345 cm- ' (C6H6) (20), 
Me3NGaC13, 360 and 390 cm-' (Nujol) (21), and Ph3PGaC13, 
352 and 39 1 cm- ' (CH2C12) (22)). 

The predicted structure for the complex, with a square planar 
geometry about the Rh(1) center and a meridional coordination 
of the tridentate ligand, has been confirmed by X-ray structural 
analysis (see below) and is consistent with the 'H nmr shown in 
Fig. 5. Thus, the -OCH2- methylene protons are made 
inequivalent by the "(C1)MeGa" moiety and give rise to an AB 
quartet in the spectrum. The remaining signals are readily 
assigned to the -GaMe, pyrazolyl, and pyridyl protons, as 
indicated. 

The mass spectrum of the [(Cl)MeGa(N2C3H3)(0CH2- 
(C5H4N))]Rh(CO) complex displayed a strong parent ion signal 
P+, in addition to prominent signals due to the P-CO+ and 
P-Cl+ ions. The most intense signal in the spectrum corre- 
sponded to the (Cl)Ga[OCH2(C5H4N)]+ ion. 
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a 

FIG. 4. Room temperature 80-MHz 'H nmr spectrum of LRh(C0Me)I in C6D6. 

, , I I I I I I I I I I I I I I L  

2 3 4 5 6 7 8 9 10 T ( P P ~ )  

FIG. 5.  Room temperature 80-MHz 'H nmr spectrum of [(CI)MeGa(N2C3H3)(0CH2(C5H4N))]Rh(CO) in C6D6. 

The molecular structure of the chloro complex, shown in Fig. (C5H4N))]Rh(CO) (see below) is responsible for this difference. 
6, is very similar to that of the LRh(C0) compound described The Rh-C-0 grouping is essentially linear with a bond angle 
above. In [(C1)MeGa(N2C3H3)(OCH2(C5H4N))]Rh(CO) the of 177.1(8)" at carbon. Bond distances involving Rh are: 
coordination group (RhN20C) is planar within experimental Rh-0 = 2.048(5), Rh-N(pyrazoly1) = 2.025(7),oRh-N- 
error (X2 = 7.9, maximum deviation 0.02(1) A), in contrast to (pyridyl) = 2.020(6), and Rh-CO = 1.808(9) A. These 
the situation observed for LRh(C0). The absence of the inter- values do not differ significantly from those in LRh(CO), but the 
molecular Rh...Rh interaction in [(Cl)MeGa(N2C3H3)(0CH2- Ga-0, Ga-N, and Ga-C bonds are all shorter than those in 
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FIG. 6. Stereoscopic view of the [(chloro)rnethyl~pyrazol-1-yl)(2-pyridylrnethoxy)gallato-~2,0,~3]carbonylrhodiurn(~) molecule; 50% proba- 
bility thermal ellipsoids are shown for the non-hydrogen atoms. Hydrogen atoms have been omitted for the sake of clarity. 

LRh(C0) (see Table 4) as a result of orbital contraction at Ga 
induced by the elecFonegative C1 substituent. The Ga-C1 
distance of 2.194(3) A is normal. 

The pyrazolyl and pyridyl rings are planar within experimen- 
tal error (x2 = 2.4 and 2.0, maximum deviations 0.009(10) and 
0.010(10) A) and the two chelate rings RhOGaN2 and RhONC2 
are both significantly non-planar (x2 = 3550 and 26), the 
maximum deviation for the latter (0.042(10) A) being the same 
as that found for LRh(C0). The RhOGaN2 ring in [(Cl)MeGa- 
(N2C3H3)(OCH2(C5H4N))]Rh(CO) deviates more from planarity 
than does the same ring in LRh(C0) (maximum deviation 
0.163(6) A compared to 0.069(4) A). This is reflected in the 
larger magnitude of the intra-annular torsion angles (see Table 
6) and represents an out-of-plane movement of the Ga atom that 
results in the C1 occupying a distinctively pseudoaxial position 
with respect to the five-membered ring. The entire n o p  
hydrogen skeleton except chlorine is planar to within 0.57(1) A, 
the Ga atom being displaced more than the pseudoequatorial 
methyl carbon atom C(2). 

Unlike the dimethyl analog, [(Cl)MeGa(N2C3H3)(0CH2- 
(C5H4N))]Rh(CO) does not form Rh-..Rh linked dimer species 
in the solid state. The bulky chloro ligand in its pseudoaxial 
position effectively blocks any close approach of neighboring 
molecules from one side of each molecule, making stacking 
unlikely. The closest approach of Rh atoms from the "open" 
side of the molecule is 4.220(1) A. This distance is long as a 
result of slipping, which may be due to a pair of weak inter- 
molecular C-H...Cl interactions that link molecules into 
ribbons extending along the body diagonal of the unit cell 
(C(8)-H(8)...Cl(l -x,1 -y, 1 -z) and C(9)-H(9)...Cl(-x, 
-y,-z), @..-C1 = 2.84 and 2.84, C..-C1 = 3.680(9) and 
3.783(11) A, C-H...Cl = 145 and 164"). 

A more rational approach to ligands of the type [(Cl)MeGa- 
(N2C3H3)(0CH2(C5H4N):~]- is being developed, with the 
obvious possibility of producing novel tetradentate ligand 
systems. 

graphic Service) for the use of laboratory facilities and computer 
programs, and the University of British Columbia Computing 
Centre for assistance. 
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The condensation of trimethylsilylium with water and the proton affinity of 
trimethylsilanol 

JOHN A. STONE,' ANASTASIA C. M. WOJTYNIAK, AND WILLUM WYTENBURG 
Chemistry Department, Queen's Universiv, Kingston, Ont. Canada K7L 3N6 
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JOHN A. STONE, ANASTASIA C. M. WOJTYNIAK, and WILLUM WYTENBURG. Can. J .  Chem. 64, 575 (1986). 
The proton affinity (PA) of trimethylsilanol has been determined by high pressure mass spectrometry from the enthalpy change 

for the reaction Me3Si+ + HzO S Me3SiOH2+. A p  = -30.1 ? 1.9 kcal mol-I giving PA (Me3SiOH) = 183.7 kcal mol-'. 
This latter value is 10 kcal mol-' less than that of the carbon analogue, tert-butanol. 

JOHN A. STONE, ANASTASIA C. M. WOJTYNIAK et WILLUM WYTENBURG. Can. J. Chem. 64, 575 (1986). 
Faisant appel B la spectromktrie de masse ti haute pression, on a mesurk le changement d'enthalpie pour la reaction Me3Si+ + 

HzO = Me3SiOHzf et l'on en a tirk l'affinitk protonique (AP) du trimkthylsilanol. Le A p  = -30,l ? 1,9 kcal mol-' 
conduit B une AP (Me3SiOH) = 183,7 kcal mol-I. Cette valeur est 10 kcal mol-' plus faible que celle de l'analogue carbonk, le 
tert-butanol. 

[Traduit par le journal] 

Although the proton affinities of alcohols have been soundly 
established, those of their silicon analogues are virtually 
unknown. The one exception to this generalization is a 
bracketed proton affinity for trimethylsilanol (1). Non-alkyl 
substituted silanols are chemically unstable, readily forming 
siloxanes by an intermolecular elimination of water. Substitu- 
tion of alkyl for H in the silyl group does lead to greater stability 
of a silanol but such silanols are still somewhat unstable and are 
not readily available. 

A further problem encountered when attempts were made, by 
the usual mass spectrometric gas phase equilibrium methods, to 
determine the proton affinities of silicon compounds with 
silicon attached directly to a heteroatom was the propensity to 
transfer a silicon-containing group rather than the proton (2). 
We have indeed found that, in a pulsed electron beam 
high-pressure ion-source mass spectrometer (HPMS), advan- 
tages may be taken of the preference for silyl group transfer to 
obtain a ladder of Me3Si+ affinities for a variety of compounds 
in the same manner as for proton affinities (3). One of the 
compounds examined was water and it was found that the 
following equilibrium could be observed at the high tempera- 
tures (up to 600 K) available in our HPMS. 

The carbon analogue of 1 is prepared by the reaction of the 
tert-butyl cation with water. 

The standard enthalpy change for reaction [2] was determined 
from a van't Hoff plot to be - 11.2 kcal mol-' (-46.9 kJ 
mol-'), which, together with the enthalpies of formation of 
Me3C+ and H20,  yielded an enthalpy of formation of 2 that was 
essentially the same as that derived using the measured proton 
affinity of tert-butanol (4). It was therefore concluded that 2 is 
protonated tert-butanol. By analogy we propose that 1 be 
identified as protonated trimethylsilanol. 

Me3Si+ is readily formed in a high-pressure ion source using 
either tetramethylsilane alone (5, 6), or by proton transfer from 
the reagent ions in methane (CH5+, C2H5+) to tetramethylsilane 

'~u tho r  to whom correspondence may be addressed. 

FIG 1. The van't Hoff plot for the reaction ~ e ~ ~ i +  + Hz0=Me3- 
s ~ o H ~ + .  The ion source mixtures contained 99.5% CH4, 0.5% Me&, 
and 0.05 - 0.5% HzO at total pressures between 400 and 600 Pa. Each 
different symbol represents a different sample. The standard state is 
101 kPa and a least-squares analysis yields AH' = -30.1 ? 1.9 kcal 
mol-' and A 9  = -27.0 2 3.2cal K-' mol-I (the error limits 
represent one standard deviation). 

(3,7).  The latter method yields only Me3Si+, while the former 
yields a more complicated spectrum due to the reactions of 
fragment ions with SiMe4. In the presence of added water, 
equilibrium [ l ]  is set up at 270-530Pa and the equilibrium 
constant iMe3SiOH,+/iMe3Si+ [H20] can be calculated, where i is 
a measured equilibrium ion current. 

The standard enthalpy change obtained from the van't Hoff 
plot in Fig. 1 is -30.1 k 1.9 kcal mol-' while AS0 is -27 k 
3.2cal K-' mol-'. On the assumption that 1 is indeed 
protonated Me3SiOH and taking A ~ ? ( M e ~ s i + )  = 150.5 kcal 
molP'(8), AH?(H20) = -57.8 kcal mol-I, and A H ? ( M ~ ~ -  
SiOH) = - 119.4 kcal mol-'(9), then the proton affinity of 
Me3SiOH is 183.7 kcal mol-'. 

This value is far less than the range of 196 - 204 kcal mol-' 
obtained by the bracketing technique with ion cyclotron 
resonance (icr) instrumentation ( I ) . ~  The lower limit was 

' ~ 1 1  values of proton affinities from the literature have been adjusted 
to be consistent with the value of 204 kcal mol-I suggested for NH3 in 
the compilation of ref. 10. 
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obtained using double resonance by observation of the reaction 

Irradiation of Me3SiOH2+ led to a decrease in the product 
ion signal but there was no change in Me3SiOH2+ when 
Me2C+-CH3 was irradiated. We believe that this lower limit 
must be too high since the proton affinity of Me3SiOH would then 
be higher than that of its carbon analogue Me3COH, with a 
value of 193.7 kcal mol- ' (1 0). As discussed below, a com- 
pound with silicon bonded to the heteroatom being protonated 
appears to always have a proton affinity no greater than that of 
its carbon analogue. It is possible that the forward reaction, 
which could be perturbed, was a Me3Si+ transfer or the 
formation of a complex, although the latter is unlikely at the low 
pressures prevalent in icr studies. We do not have data on the 
Me3Sif affinities of olefins. 

The only equilibrium determination of the proton affinity of a 
compound in which silicon is bonded directly to the heteroatom 
that receives the proton involved (t-Bu)Me2SiNMe2 (2). This 
compound was found to have a proton affinity 5.2 kcal mol-' 
less than its carbon analogue. Theoretical calculations carried 
out on silylamines lend credence to this difference. For 
example, the calculated proton affinities of MH3NH2, 
(MH3)2NH, and (MH3),N are higher for M = C than for M = Si 
by 8.9, 18.7, and 28.4kcal mol-', respectively (11). The 
higher proton affinity of CH3NH2 relative to SiH3NH2 has been 
confirmed in another calculation, which yielded a difference of 
6.9 kcal mol-I (12). In addition, Me20 is calculated also to 
have a proton affinity greater than that of its silicon analogue, 
(SiH3)20, the difference being 1 1 . 8  kcal mol- '( 1 1). It is 
calculated that CH30H and SiH30H have identical proton 
affinities (12). The proton affinity of SiH30H has not been 
measured, but that of CH30H is 18 1.9 kcal mol-' (10). While 
methyl substitution on silicon is calculated to stabilize silyl ions, 
it does so to a much smaller extent than does substitution on 
carbon in the analogous carbon compounds (13). If we accept 
equal proton affinities for SiH30H and CH30H, then substitu- 
tion of Me for H on Si and C leads to a stabilization of the 
protonated species for silanol of only 2 kcal mol-I compared 
with 12 kcal mol-' for its carbon analogue. 

It would be of value to confirm the validity of this proton 
affinity determination for Me3SiOH by other equilibrium 
measurements, similar to that for reaction [ I ] .  The next least 
strongly bound adduct containing the silicon oxygen bond is 
Me3SiOMeH+, obtained by the addition of MeOH to Me3Si+. 
Measurements of basicity differences by equilibrium measure- 
ments in our laboratory suggest that the binding energy for this 

complex is about 9 kcal mol-' greater than that of the water 
complex. It is therefore too strongly bound for study at the 
temperatures available in our HPMS. 

The very low enthalpy of dissociation of Me3COH2+ to 
Me3C+ and H 2 0  (1 1.2 kcal mol-') reflects the great stability of 
Me3C+, solvation by a single H 2 0  molecule being unable to 
stabilize it further to any significant extent (4). Since an 
a-methyl group is far less effective in stabilizing a positive 
charge at silicon than at carbon (13), further substantial 
stabilization of Me3Si+ is therefore possible upon addition of 
H 2 0  to the positive Si centre, hence the much stronger bonding 
between Si and 0 in Me3SiOH2+. 

Experimental 
The pulsed electron beam, high-pressure ion-source mass spec- 

trometer and the method of determining gas phase equilibria have 
been described previously (14). Methane was Matheson Grade 
(99.99%) and tetamethylsilane, which was dried by standing over 
13X molecular sieve, was from Merck Sharpe and Dohme, Canada 
Ltd. 
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Schmidt reaction of some constrained aromatic acids, and related topics 
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E. H. RUEDIGER, S. S .  GANDHI, M. S. GIBSON, D. FARCASIU, and C.  UNCUTA. Can. J. Chem. 64, 577 (1986). 
Schmidt reaction of phthalic acid in 90-98% sulfuric acid gives anthranilic acid and anthranilazide (major products) by a 

process considered to involve 3,  I-benzoxazin-2,4(1 H)-dione as intermediate. Benzimidazol-2-one is produced in this reaction 
by a secondary process from anthranilazide; it is also produced by photolysis of anthranilazide. Under Schmidt reaction 
conditions, 1,2,3-benzotriazin-4(3H)-one gives o-azidobenzamide. Under similar conditions, the lactol of 4-formyl-5- 
phenanthroic acid gives 1-azapyren-2(1H)-one and phenanthrene-4,5-dicarboximide, while phenanthrene-4,5-dicarboxylic 
acid gives I-azapyren-2(1 H)-one. Diphenic acid yields phenanthridone and 2,2'-diaminobiphenyl in proportions dependent 
on the sulfuric acid concentration. 

E. H. RUEDIGER, S .  S .  GANDHI, M. S .  GIBSON, D. FARCASIU et C. UNCUTA. Can. J. Chem. 64,577 (1986). 
La rCaction de Schmidt sur l'acide phtalique, dans I'acide sulfurique a 90-98%, conduit a I'acide anthranilique et a l'azoture 

de l'acide anthranilique (produits principaux) par un processus pour lequel on considere qu'il y a implication d'une 
1 H-benzoxazine-3,l dione-2,4 cornme intermediaire. Au cours de cette rtaction, l'azoture de l'acide anthranilique conduit i la 
formation de la benzimidazolone-2 par un processus secondaire; il s'en produit aussi par photolyse de l'azoture de l'acide 
anthranilique. Dans les conditions de la reaction de Schmidt, la 3H-benzotriazine-l,2,3 one-4 conduit au o-azidobenzamide. 
Dans des conditions semblables, le lactol de I'acide formyl-4 phCnanthroi'que-5 conduit a la 1H-aza-l pyrenone-2 et au 
phtnanthrknedicarboximide-4,5 alors que l'acide phCnanthrenedicarboxylique-4,5 conduit a la 1 H-aza-1 pyrknone-2. L'acide 
diphtnique conduit a la phenanthridone et au diamino-2,2' biphtnyle dans des proportions qui varient avec la concentration en 
acide sulfurique. 

[Traduit par le journal] 

The reactions of phthalic acid and of phthalic anhydride with 
sodium azide under acidic conditions have been variously re- 
ported as giving the following products: anthranilic acid and 
traces of o-phenylenediarnine from phthalic acid in concentrated 
sulfuric acid (1); anthranilic acid, benzimidazol-2-one (I) ,  and 
some 3,l-benzoxazin-2,4(1H)-dione (isatoic anhydride) (2) 
from phthalic anhydride in sulfuric acid (2); benzimidazol- 
2-one from phthalic anhydride in acetic acid (3); anthranilazide 
(3) and benzimidazol-2-one from phthalic acid and sodium azide 
in 90% sulfuric acid (1:6:15 molar ratio) (4). We now report 
details of our findings pertinent to these reactions together with 
details of experiments on several related topics. 

In our experiments, phthalic acid in 1,2-dichloroethane 
(DCE) was treated with sodium azide in 90-98% sulfuric acid at 
40-45°C. Under these conditions, the isolated products were 
anthranilic acid, anthranilazide, benzimidazol-2-one, and a 
small amount of o-phenylenediamine. The relative proportions 
of anthranilazide and benzimidazol-2-one were dependent both 
on reaction and isolation conditions, and separate experiments 
confirmed (5) that the former compound (by thermolysis) was 
the precursor of the later. In the cases previously noted (2, 3), 
benzimidazol-2-one presumably arose in the same way and we 
have since confirmed that anthranilazide is produced early in the 
reaction of phthalic anhydride with sodium azide in acetic acid 
(3). 

This isolation of an acyl azide under Schmidt conditions is 

very unusual and the possibility that anthranilic acid, reported to 
be unreactive (I) ,  might be the source of anthranilazide had to 
be considered. We found that anthranilic acid, when subjected 
to the same conditions, was consistently recoverable in 88-9 1% 
yields; anthranilazide was not detectable in the recovered 
samples. We conclude that anthranilic acid and its azide are 
formed from a common intermediate, most probably isatoic 
anhydride or its conjugate acid, by competing processes of 
hydrolysis and azidolysis in 90-98% sulfuric acid. Consistent 
with this view, we have observed that product compositions of 
anthranilic acid and anthranilazide from Schmidt reaction of 
isatoic anhydride and of phthalic acid are comparable under 
comparable conditions. Interestingly, the recently reported 
azidolysis of 2-amino-3,l-benzoxazin-4-one (4) follows a 
similar course, except that decarboxylation is blocked (6) .  

In a parallel experiment, we noted that 1,2,3-benzo- 
triazin-4(3H)-one (S), unlike isatoic anhydride, did not 
function as an anthraniloylating agent under Schmidt condi- 
tions; instead, o-azidobenzamide was produced, an unusual 
example of formation of an azido compound from a triazinone 
under acidic conditions. We attribute this to acid-catalysed ring 
opening of the triazinone and reaction with hydrogen a ~ i d e . ~  

Anthranilazide, now conveniently available by controlled 
Schmidt reaction of phthalic acid, was of interest in another 
connection, namely its photolysis. This might lead to a nitrene 
which could be trapped internally, by nitrene insertion into an 

' ~ u t h o r  to whom correspondence may be addressed. 3~e rmina l  or 1,3-dipolar addition of hydrogen azide to protonated 
'present address: Corporate Research - Science Laboratories, 5 diazonium ion, followed by loss of nitrogen, would lead to 

Exxon Research and Engineering Company, Clinton Township, o-azidobenzamide, as would direct displacement of the diazonium 
Annandale, NJ 08801, U.S.A. function as nitrogen. 
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N-H bond, as indazol-3-one (6), or  externally, using dimethyl 
sulfoxide, as N-(0-aminobenzoy1)-S,S-dimethylsulfoximine 
(7, 8); alternately, Curtius rearrangement could occur. Photol- 
ysis gave benzimidazol-2-one, showing that Curtius rearrange- 
ment was the dominant reaction. 

Returning to our main concern, we  gave consideration to the 
Schmidt reaction of 4-formyl-5-phenanthroic acid (lactol for- 
mulation (9)), previously reported by Medenwald (10) to give 
1-azapyren-2(1H)-one (7). Formation of this product involves 
reaction at  the latent aldehyde site, aryl migration (with electron 
pair), and deformylation. In this case, however, competitive 
hydrogen migration (with electron pair) is also possible. 
Reexamination of this Schmidt reaction confirmed the forma- 
tion of 7 ,  but revealed that another major product was also 
produced. This was identified as phenanthrene-4,5-di- 
carboximide (a), the result (ultimately) of a competitive 
hydrogen migration. 

Schmidt reaction of phenanthrene-4,5-dicarboxylic acid, 
prepared by oxidation of 4-formyl-5-phenanthroic acid (lactol), 
gave 7 as  the major product. Unlike the case of phthalic acid, 
however, the Schmidt reactions of these phenanthrene deriva- 
tives were complex and it was not possible to  characterize any 
minor products. 

Finally, Schmidt reaction of biphenyl-2,2'-dicarboxylic acid 
(diphenic acid) has been reported to  give mainly phenanthri- 
done, with minor amounts of 2,2'-diaminobiphenyl (1 l ) ,  and we 
have confirmed this using 90% sulfuric acid. The formation of 
phenanthridone in this case parallels that of 7 from 
phenanthrene-4,5-dicarboxylic acid. However, the biphenyl 
system is less rigid than the phenanthrene system. Further 
examination of the diphenic acid case revealed that the product 
distribution was sensitive to the concentration of sulfuric acid 
employed; 2,2'-diaminobiphenyl was the major product, phen- 
anthridone the minor, when 95-98% sulfuric acid was em- 
ployed. Presumably both carboxyl groups in diphenic acid are 
significantly protonated in 95-98% sulfuric acid, repulsion then 
creating sufficient distancing between the charged groups for 
each to undergo Schmidt reaction independently. Product 

distributions in Schmidt reactions of other dicarboxylic acids 
are probably also susceptible to  changes in sulfuric acid 
concentration in cases where molecular rotation or  flexion are 
significant factors. 

Experimental 
Mass spectra were determined with an AEI MS-30 double beam 

spectrometer; mle values are quoted for the lowest isotopic species. 
The ir spectra were recorded on Karl Zeiss Jena UR 10 and Perkin 
Elmer 237-B double beam spectrophotometers. 

Thin-layer chromatography (tlc) was performed on silica gel 1B2-F 
plates (Baker); ligroin refers to the fraction bp 60-90'C. 

Reference samples were prepared by previously published routes (4) 
or were purified commercial samples. After early experiments with 
phthalic acid in which products were separated by crystallization, 
product compositions were estimated by comparison with prepared 
mixtures of the possible products; the experiments described below 
were optimized for the isolation of anthranilazide and are representa- 
tive of a number of runs. 

Reaction of phthalic acid with sodium azide - sulfuric acid 

During 40-50 min, NaN3 (23 g, 0.35 mol) was added to a stirred 
mixture of phthalic acid (10 g, 0.06 mol), 1,2-dichloroethane (DCE) 
(50 mL), and 95-98% HzSO4(50 mL), the reaction temperature being 
maintained at 35-45'C. After being stirred at this temperature for a 
further 1.5 h, the mixture was chilled, diluted with water, and the pH 
was adjusted carefully (to avoid overheating) to 4-5 by addition of 
NaOH. The resulting mixture was extracted with ether (6 X 100 mL), 
and the extract was dried (Na2S04) and evaporated carefully in vacuo 
(to avoid thermolysis of anthranilazide). This gave a brown solid (7.4 
g), mp 68-70°C, shown by tlc (ligroin-ether) to contain anthranilic 
acid and anthranilazide (major products; ir and mass spectra), together 
with traces of other minor products; mass spectrum mle: 137 (M', 
anthranilic acid) and 162 (M', anthranilazide). 

Chromatography on Brockman alumina (activity class I) (ligroin- 
ether) gave, after careful evaporation of solvent, anthranilazide (3.5 g, 
37%), mp 82°C (lit. (4) mp 83"C), identical (mixture mp, tlc, ir and 
mass spectra) with a reference sample. Later eluates (ether-acetone) 
gave trace amounts of o-phenylenediamine, identified by comparison 
(tlc; mass spectrum mle;  108) with a reference sample. The column 
retained anthranilic acid. 

A similar experiment using 90% H2SO4 gave 7.3 g of crude reaction 
products, mp 70-76"C, which yielded 3.4 g (35%) of anthranilazide 
after chromatography, followed by traces of o-phenylenediamine. 
Material insoluble in ether (prior to chromatography) was collected 
(730 mg, mp 250-255°C) and identified as impure benzimidazol-2-one 
(tlc; ir and mass spectra; mass spectrum, mle; 134). From other 
experiments without temperature control or from those in which the 
crude products were allowed to remain for extended periods at room 
temperature prior to chromatography, benzimidazol-2-one, mp 305°C 
(lit. (4) mp 308°C) was isolated in larger quantities at the expense of 
anthranilazide. 

Reaction of isatoic anhydride with sodium azide - sulfuric acid 
Reaction of isatoic anhydride (4.9 g, 0.03 mol) with NaN3 (7.6 g, 

0.117 mol) in a mixture of 90% H2S04 (27.1 mL), water (0.7 mL), and 
DCE (28 mL) was carried out as in the foregoing experiment (the 
amounts of NaN3 and H 2 0  were adjusted to compensate for material 
used or produced in converting phthalic acid to isatoic anhydride in the 
former experiment). The crude product (4.2 g) possessed an ir 
spectrum virtually identical with that from the previous experiment; 
anthranilazide (1.35 g, 28%), recovered chromatographically, had mp 
82°C. 

Reaction ofphthalic anhydride with sodium azide - acetic acid (ref. 3) 
Phthalic anhydride (4.4 g, 0.03 mol) in glacial CH3C02H (50 mL) 

was treated with NaN3 (7.8 g, 0.12 mol) at 50°C as described 
previously, except that the reaction was quenched after 3 h. This gave a 
product consisting largely of phthalic anhydride, but clearly containing 
anthranilazide (ir spectrum). Chromatography, as above, gave 0.6 g 
(12%) of anthranilazide. 
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Reaction of 1,2,3-benzotriazin-4(3H)-one with sodium azide - sulfuric 
acid 

During 40 min, NaN3 (6.8 g, 0.105 mol) was added to a stirred 
mixture of the triazinone (1.47 g, 0.01 mol), DCE (16.5 mL), and 90% 
H2SO4 (16.5 mL), the reaction temperature being kept at 40-50°C. 
After completion of the reaction as described above for phthalic acid, 
the pH was adjusted (NaOH) to 8-9 and the product (0.9 g) was 
isolated by extraction with ether. Crystallization from water gave 
o-azidobenzamide (0.8 g, 49%) as needles, mp 132-133°C (lit. 12) mp 
135.5-136°C). Anal. calcd. for C7H6N40: C 51.85, H 3.70, N 34.57; 
found: C 52.33, H 3.73, N 34.66. 

Photolysis of anthranilazide 
A fused silica photolysis cell containing a solution of anthranilazide 

(0.2 g, 1.2 mmol) in acetone (5 mL) and cyclohexane (25 mL) was 
irradiated using a Hanovia Utility UV quartz lamp at 15-cm distance. 
The temperature of the reaction mixture remained below 30°C. 'The 
reaction was monitored by ir spectroscopy for the disappearance of 
starting material (azide band at v,,, 2135 cm-') and was complete 
within 60-90 min. Evaporation of the solvents gave a nearly 
quantitative yield of benzimidazol-2-one (0.11 g, 68% after purifica- 
tion), identical with a reference sample (tlc, ir and mass spectra). 

A similar reaction in which dimethyl sulfoxide replaced cyclohexane 
gave, after purification, 0.09 g (56%) of benzimidazol-2-one. The 
mass spectrum of the crude product showed a minor peak at mle 212, 
possibly due to traces of the sought sulfoximine, but this compound 
was not otherwise detectable. 

Reaction of 4-formyl-5-phenanthroic acid (lactol) with sodium azide - 
sulfuric acid 

A suspension of the lactol(13) (3.0 g, 12 mmol) in DCE (30 mL) and 
95-98% H2S04 (9 mL) was treated with NaN3 (2.52 g, 39 mmol) in the 
manner described above for phthalic acid, but the reaction time was 
extended by 30 min. Ether extraction gave an ether-soluble yellow 
solid (780 mg) and an ether-insoluble brown solid (1.85 g). Thin-layer 
chromatography showed that the former fraction contained two major 
components, well resolved, together with several poorly resolved 
minor components; mass spectral evidence indicated that the predom- 
inant major component was probably 8, the other 7. Thin-layer 
chromatography of the ether-insoluble material revealed that it con- 
tained the same range of materials as the ether-soluble fraction, plus 
others (at least nine were discernible); there were two major compo- 
nents, 7 and, to a significantly lesser extent, 8 (mass spectrum). 

- 

Accordingly, a sample (500 mg) of the ether-soluble material was 
chromatographed on silica. Elution with benzene-ether (9:l) gave 
phenanthrene-4,5-dicarboximide 8 as a yellow solid (280 mg, pure by 
tlc), mp 237-238°C (from acetic acid) (lit. (10) mp 240°C) ir 
(KBr): 1672 and 1645 (C=O)  cm-'; mass spectrum, rnle; 247 (M', 
loo), 219 (54), 205 (29), 190 ( l l ) ,  and 176 (25). 

Further elution with benzene-ether (3:l) gave l-aza- 
pyren-2(1 H)-one 7 as a yellow solid (45 mg, pure by tlc), mp 345°C 
after sublimation in vacuo (lit. (1 1) mp > 340°C); ir (KBr): 1664 
(C=O) cm-'; mass spectrum, m l e :  219 (M+, loo), 190 (14), and 
163 (6). . . 

Further elution with ether, followed by acetone, gave a small amount 
of brown solid containing at least two compounds (tlc). 

Medenwald's corresponding experiment (10) was repeated, but our 
procedure for work-up was followed. The ether-soluble and ether- 
insoluble fractions exhibited virtually the same tlc characteristics as 
those obtained in the foregoing experiment. 

Reaction of phenanthrene-4,5-dicarboxylic acid with sodium azide - 
sulfuric acid 

A suspension of the diacid (3.5 g, 13 mmol) in DCE (33 mL) and 

4With G. A. Pawelchak. 

95-98% H2SO4 (1 1 mL) was treated with NaN3 (5.14 g, 78 mmol) in the 
manner described for the preceding lactol. An analogous procedure for 
isolation gave an ether-soluble material (0.94 g), mp 217-223"C, and 
an ether-insoluble residue (1.95 g), mp 267-272°C. Each solid was 
yellow-brown in colour, exhibited several spots on tlc, and contained 
the same major component, namely 7. 1-Azapyren-2(1H)-one 7 was 
recovered from each fraction by sublimation in vacuo, 0.75 g from the 
former fraction and 1.17 g from the latter for a total recovery of 1.92 g 
(67%), mp 3 18-320°C. This sample was slightly impure (see prece- 
ding experiment), but its identity was satisfactorily established by ir 
and mass spectral correlations. 

In the ether-soluble fraction there was evidence (tlc and mass 
spectrum) for the presence of 8 (mass spectrum, rnle 247), attributable 
to traces of lactol in the dicarboxylic acid, and other minor products. 

Reaction of diphenic acid with sodium azide - sulfuric acid 
Diphenic acid (5.0 g, 21 mmol) in DCE (23 mL) and 95-98% H2S04 

(17 mL) was treated with NaN3 (8.0g, 130 mrnol) in the manner 
described above for phthalic acid, the reaction time being extended by 
30 min. The extraction procedure gave a reddish-brown solid (2.8 g), 
together with some undissolved sediment. The reddish-brown solid 
was triturated with ether and the resulting ether-soluble material was 
chromatographed on alumina to yield 2,2'-diaminobiphenyl as beige 
crystals (1.65 g, 43%), mp 74-76°C (reference sample, mp 81°C); 
identity was confirmed by ir and mass spectral correlations. 

The sediment from the original extraction was collected, washed, 
and dried to give a brown powder (0.3 g), mp 290-293°C. This was 
sublimed in vacuo to yield phenanthridone (0.24g, 6%) as white 
needles, mp 293°C (reference sample, mp 293°C); identity was 
established by ir and mass spectral correlations. A further quantity of 
slightly impure phenanthridone (0.2 g), mp 287-290°C, was recovered 
as insoluble material from the intermediate ether trituration. 

From a similar scale experiment conducted using 90% H2S04, the 
quantities obtained of 2,2'-diaminobiphenyl and of phenanthridone 
were 0.18 g (5%) and 2.28 g (56%), respectively. 
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Isolation of 5-methoxy-2,2-dimethyl-l-2H-benzopyran-6-propanoic acid methyl ester 
and characterization by two-dimensional nuclear magnetic resonance spectroscopy 
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'The structure of the title compound (I), isolated from Hortia regia, was established by nuclear magnetic resonance 
spectroscopy. 'The investigation demonstrates the value of indirect shift correlation experiments. The compound was further 
characterized by chemical and spectroscopic methods. 

HELEN JACOBS, FRANK RAMDAYAL, WILLIAM F. REYNOLDS, JANUSZ POPLAWSKI et STEWART MCLEAN. Can. J. Chem. 64, 
580 (1986). 

Faisant appel i la rmn, on a dCtenninC la structure du composC 1 qui est mentionnC dans le titre. Cette Ctude a permis de 
dimontrer la valeur des expkriences de corrClations indirectes des dtplacements. On a de plus caractiris6 le composC en se basant 
sur des mithodes chimiques et spectroscopiques. 

[Traduit par le journal] 

As part of a collaborative investigation of the natural products 
of Guyana, samples of materials isolated in Guyana are sent to 
the Toronto laboratories for spectroscopic examination. It can 
be anticipated that many of these natural compounds will be of 
established structure and will simply require identification. 
Since we wished to test the potential of our nmr spectroscopic 
techniques to solve structural problems, the Toronto group has 
deliberately applied these techniques to some of the samples 
before any information regarding the type of compound expec- 
ted, its formula, or any other spectroscopic data was made 
known to them. 

The title compound was received as an oil, and 'H, 13C and li 1Y! II , - --- lL i  J u l  --id- , 
~ ~ ~ ~ - e d i t e d ~  (1) 13c nmr spectra were used to arrive at a tenta- i 6 5 4 3 2 i 

tive assignment of its structure. The 'H spectrum (Fig. 1) pro- s~ 
vided evidence for the presence of two equivalen; C L M ~  
groups (gem-dimethyl), two OMe groups, an apparent A2B2 
spectrum in the aliphatic region, and two AX spectra, one 
(6 5.66, 6.54) with JHH = 9.9 Hz and the other (6 6.50, 6.89) 

FIG. 1. 400-MHz 'H spectrum for 1 in CDCl-,. 

with JHH = 8.4Hz. The 9.9-Hz coupling suggested the 
TABLE 1. Assigned 'H and I3c chemical shifts for 1 (in ppm relative presence of a cis disubstituted olefinic grouping and the 8.4-Hz to (CH3)4Si in CDCI3 solution) 

coupling was attributed to ortho-related aromatic protons. Key 
features in the 13C spectrum included a peak at 6 173.6 Carbon 6c 6~ Coupling suggestive of an ester functionality, signals for two non- 
protonated aromatic carbons (6 152.5, 154.3) with chemical C-2 75.51 - 

shifts that indicated that they carried an OR substituent, and a C-3 130.36 5.66 d , J  = 9.9 Hz 
relatively deshielded aliphatic carbon (6 75.6). 
Complete data are summarized in Table 1. 

Based on these data, 1 was deduced as the most probable 

'On leave from the Institute of Chemistry, Biatystok Branch of the 
University of Warsaw, Biaiystok, Poland. 

2 ~ ~ ~ ~ :  dimensionless enhancement by polarization transfer. 

Pnnted in  Canada i Imprim6 au Canada 
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structure. However, we were reluctant to rely so heavily on 'H 
(ref. 2) and I3C (ref. 3) chemical shift arguments for structural 
assignments, particularly since there were obvious discrepan- 
cies between earlier I3C assignments for 2,2-dimethyl-1-2H- 
benzopyran (4) and some of its ring-substituted derivatives (5). 
consequently, we believed that fukher verification was neces- 
sary, particularly with respect to the ring substitution pattern. 

Examination of the literature revealed that structure 1 had 
previously been assigned (6) to one constituent of an inseparable 
mixture isolated from Hortia badinii. The assignment was made 
on the basis of the 'H spectrum of the mixture, from which the 
peaks associated with other components were subtracted. This 
procedure provided a set of data very similar to ours, although 
some small differences (up to 0.08 ppm) in chemical shift are 
apparent. The reservations we held concerning the rigor of our 
structural assignment apply also to the earlier assignment. 

Conjirmation of the structure by two-dimensional nuclear 
magnetic resonance spectroscopy 

other-substitution of the benzenoid ring that had to 
be considered are represented by structures 2 - 6. (We note that 

some could, however, be considered improbable on the basis of 
chemical shifts observed.) 

A standard direct 'H- 13c shift-correlated experiment (7) was 
carried out first. This gives peaks for each directly bonded 
C-H pair at in F and in F2 (see Fig. 2), thus establishing 
direct 'H- '~C connectivities. The experiment involves polariza- 
tion transfer from 'H to 13C and requires a delay of (2JcH)-' to 
set up this polarization transfer. Consequently, it is possible to 
use the same experimental procedure to establish indirect 
'H-13C connectivities by choosing delay times appropriate for 
geminal or vicinal ( 2 ~ C H  or 3JCH) couplings rather than 
one-bond ('JCH) couplings (8, 9). This experiment has already 
proved very useful for characterizing other natural products (10, 
11). It does require some knowledge of 2 ~ C H  and 3 ~ C H  

couplings, but extensive compilations of these are available (12, 
13). 

In the structures under consideration, values of 3 ~ C H  

- 9-10 Hz for trans couplings involving olefinic or aromatic 
protons and carbons are to be expected, while 2 ~ C H  5 2 HZ. Both 
'JCH and 3 ~ C H  are typically ca. 5 Hz for couplings involving 
aliphatic carbons. We chose the initial fixed delay prior to 
polarization transfer A, = 0.05 s, with the second fixed delay A2 
= 0.033 s,  both optimized carbons (12). In fact, in addition to 
the cross peaks already noted for the ipso carbon, cross peaks 
are observed for the carbon peaks at 6 154.3 and 6 129.4 (not 
shown). This eliminates both 4 and 6 from consideration since 
both should show a cross peak with 6 152.5 (assigned to the 
carbon carrying the heterocyclic oxygen). Only structure 1 
remains consistent in every respect with the spectroscopic data. 

The structure of the compound is rigorously established on 
the basis of the data cited and the spectrum can be totally 

FIG. 2. Direct 'H - I3C shift correlated spectrum for 1. I3C fre- 
quencies are along the horizontal axis while 'H frequencies are along 
the vertical. 

TABLE 2. Hydrogen signals establishing indirect con- 
nectivities to each carbon from the indirect shift- 

correlated experiment 

Carbon Observed hydrogen connectivities 

H-3,H-4,(CH3)2 
(CH3)2 
None observed 
H-3,H-8 
H-7,H-a,0CH3 
H-8,H-a,H-P 
H - ~ ( W ) , ~ H - - ~  
H-7(w)" 
H-7,H-4 
H-P 
H-a 
H-a,H-P,C02CH3 
None observed 
None observed 
( C ~ 3 ) 2 ~  

"Low intensity peak. The adjacent oxygen functionality 
apparently increases the magnitude of ' JCH sufficiently (12) 
that a weak cross peak is observed corresponding to this 
coupling. 

b~ cross peak is observed corresponding to polarization 
transfer from the protons of one of the equivalent methyl 
groups to a I3C atom in the second methyl group ( 3 J C ~ ) .  

assigned with confidence (see Table 1). Although further 
confirmation appears unnecessary, we note that the experiment 
provides a number of additional cross peaks, all of which are in 
accord with the assignments already made. To cite just one 
example, a strong cross peak is observed between peaks 
assigned as C-6 and H-8 and confirms their meta relationship. 
All observed cross peaks are summarized in Table 2. In addition 
to the evidence cited above, the observation of a 0.6-Hz 
long-range coupling between H-4 and H-8 is also consistent 
with the proposed structure (14). The observation of this type of 
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coupling has been claimed to be diagnostic for the presence of 
the part structure 7 (14); 

However, it should be noted that styrene derivatives also show 
ca. 0.5-Hz couplings between a and ortho protons (15). Thus 
the reliability of this diagnostic test for 7 is questionable. 

The results presented here illustrate the great utility of the in- 
direct shift-correlated experiment.3 The main structural features 
of the compound were deduced from the 'H and I3c spectra, but 
it was not possible to use these data to distinguish between a 
number of isomeric possibilities differing in substitution pat- 
terns. The direct shift-correlation experiment was required to 
identify unequivocally aromatic C-H pairs, but provided little 
further structural information; it is at this point that the recog- 
nition of 2-bond and 3-bond connectivities becomes crucial and 
the power of the indirect shift-correlation experiment in dis- 
tinguishing between isomeric possibilities becomes apparent. In 
the present case the data were compatible with only one of the 
isomeric possibilities, and allowed structure 1 to be assigned 
uneauivocallv. In fact. the combination of direct and indirect 
shifi-correlakd spectra has some distinct advantages over the 
alternative 13C-13C connectivity (INADEQUATE) experiment 
(16). The most obvious is sensitivity (lo),  since the INADE- 
QUATE experiment appears to be an order of magnitude less 
sensitive. The second advantage is that, while the INADE- 
QUATE experiment establishes only direct 13C- 13C connectivi- 
ties, the indirect shift-correlated experiment can often establish 
connectivities to several adjacent protons (and carbons) from a 
single 13c cross section. Consequently, the same connectivity 
may be established and confirmed in more than one way. Thirdly, 
as illustrated in Fig. 3, the indirect experiment can establish 
connectivities even through heteroatoms, e.g. oxygen, some- 
thing which is not possible with INADEQUATE. In previous 
applications this experiment has been used to assign the spectra 
of compounds of established structure (10, 11, 17-19), but the 
present results clearly demonstrate its potential in the field of 
structure elucidation of new compounds. It was to test this 
potential that the present investigation was carried out by the 
spectroscopic group before any other structural information 
concerning the compound in hand was available to them. 

Although, as it happens, a compound of structure 1 has been 
described in the literature (6), it had not previously been 
obtained in a homogeneous form. Consequently, we have 
treated 1 as a new natural compound, and completed its 
characterization. These data, all of which are in accord with the 
assigned structure, are reported in the experimental section. 

As a further confirmation of the assignments made, 1 was 

3 ~ e  use the terms direct and indirect to describe the two shift- 
correlated experiments in the context of the connectivities established, 
i.e. between directly or indirectly bonded pairs of nuclei. A referee has 
argued that it would be better to refer to one-bond or long-range shift 
correlations. However, in nmr spectroscopy, long-range usually refers 
to couplings over four or more bonds. An alternative acceptable 
terminology would be 'J-based or "J-based shift correlation. 

FIG. 3. 'H cross sections through each non-protonated I3C frequency 
from the indirect 'H - I3C shift-correlated spectrum for 1. 

reduced to a dihydro derivative by catalytic hydrogenation. The 
'H spectrum of dihydro-1 showed an AA'XX' spectrum (6 
1.74, 2.73) in place of the AX spectrum (6 5.66, 6.54) of 1, 
while the other signals showed little change. In the 13C 
spectrum, the 6 1 17.2 and 6 130.4 signals of 1 were replaced by 
methylene signals at 6 17.44 and 6 32.20 while the rest of the 
spectrum showed only small and predictable changes (see 
Experimental). These results clearly confirm the assignments 
made to the vinylic and aromatic C-H groupings in 1. 

Experimental 
Infrared spectra were recorded on a Nicolet 5DX FTIR spectrometer 

with samples as liquid films. Ultraviolet spectra were recorded on a 
Carey 14 spectrometer with samples dissolved in 95% ethanol. 

Standard 'H and I3c spectra were obtained on a Varian XL-400 
spectrometer operating at 399.93 MHz for 'H and 100.57 MHzfor I3C, 
using a sample containing 8 mg of 1 in 0.5 rnL of CDC13 in a 5-mm 
tube. The 'H spectral width was 4000 Hz and 32 768 data points were 
collected and zero-filled to 65 536 points. No weighting was applied 
during Fourier transformation. The 13C spectrum contained the same 
number of data points for a 20000-Hz spectral width and I-Hz 
exponential line broadening was applied prior to Fourier 
transformation. 

The 2D spectra were obtained on a Varian XL200 spectrometer 
operating at 50 MHz for I3C and using 30 mg of 1 in 2 mL of CDC13. 
For the direct shift-correlated experiment, the I3C spectral width was 
6000Hz while the 'H spectral width was 1400 Hz. 1024 data points 
were collected for each spectrum with 64 transients/spectrum, and 256 
time increments were used with zero filling to 1024. Five-hertz line 
broadening was used for both frequency axes. For the indirect 
shift-correlated experiment the I3C spectral width was 8000 Hz with 
2048 data points. The 'H spectral width was 1400 Hz and 96 
increments were used with 256 transients/spectrum. Weighting 
parameters were identical to those used in the previous experiment. 
Delay times are discussed in the text. 

Standard Varian software was used to obtain the 2D spectra. 
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Isolation and characterization of 1 
Dried roots of Hortia regia Vand.4 were ground and exhaustively 

extracted by percolation with cold methanol. The material obtained 
after the methanol had been removed under reduced pressure was 
chromatographed on neutral alumina (activity 111). The fraction eluted 
with 20% ethyl acetate in hexanes was rechromatographed on silica 
gel, and the fraction eluted with 5% ethyl acetate in hexanes was 
substantially pure 1 as a colorless oil (0.5% from dried plant). 
Bulb-to-bulb distillation at 7 Pa and a bath temperature of 170°C 
provided the sample of 1 used for this study. ir: 1738 cm-I; uv: A,,, 
267 (E 6 500), 278 ( E  5 500), 313 (E 1 850); ms: (m/z(rel. intensity)): 
276(16), 262(18), 261(100), 203(10), 187(16). Exact Mass calcd. for 
C16H2004: 276.3 161 ; found: 276.1360. Anal. calcd. for C16H2004: C 
69.54, H 7.30; found: C 69.53, H 7.28. 

Compound 1 in ethyl acetate was hydrogenated over 10% palladium 
on carbon at ambient temperature and pressure, and was obtained as a 
colorless oil: ir: 1738 cm-I; 'Hmr (400 MHz; CDC13) (6 (multiplicity, 
J ,  number of protons)): 6.88 (d, 8.4 Hz, lH), 6.50 (d, 8.4 Hz, lH), 
3.73 (s, 3H), 3.65 (s, 3H), 2.86 (m, 2H), 2.73 (m, 2H), 2.59 (m, 2H), 
1.74 (m, 2H), 1.29 (s, 6H); I3cmr (100 MHz; CDC13) (6 (number of 
connected hydrogens from edited spectrum)): 17.44 (2), 24.90 (2), 
26.68 (2 X 3), 32.20 (2), 34.98 (2), 5 1.44 (3), 60.20 (3), 73.61 (0), 
112.95 (I), 114.84(0), 123.75 (0), 127.71 (I), 153.57 (0), 156.45 (0), 
173.66 (0). 
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ROSEMARY J. ARMSTRONG and LARRY WEILER. Can. J. Chem. 64, 584 (1986). 
The epoxy allysilanes 7 and 16 were synthesized by stereoselective routes from P-keto esters and cyclized with Lewis acids in 

good yield. The monocyclic product from 7 was converted into (2)-karahana ether (lo),  and the bicyclic product from 20 was 
used in a synthesis of the 3-hydroxylabdadienoic acid 24b. 

COOR 

ROSEMARY J. ARMSTRONG et LARRY WEILER. Can. J.  Chern. 64, 584 (1986). 
Utilisant des voies sttr~os~lectives appliqutes a des P-ctto esters, on a synthttist Ies tpoxysilanes 7 et 16 et on les a cyclists, 

avec de bons rendements, sous I'influence d'acides de Lewis. Le produit monocyclique obtenu a partir du produit 7 a ttC 
transform6 en I'tther du (5)-karahana (10) alors que I'on a utilist le produit bicyclique obtenu a partir du composC 20 pour 
effectuer la synthkse de I'acide hydroxy-3 labdadienoi'que (24b). 

Introduction 
For the past fifty years, organic chemists have often sought 

biomimetic type routes in their syntheses of natural products 
(1). These routes, based on the presumed biosynthetic pathway, 
frequently were very efficient and led to the development of new 
synthetic reactions. The concept of biomirnetic polyolefin cycliz- 
ations is based upon the Stork-Eschenmoser hypothesis, which 
was proposed in 1955 (2). These authors suggested that many 
cyclic terpenoid natural products arise via a cyclization of the 
appropriate polyolefin initiated by an electrophile. The confor- 
mation of the polyolefin and an anti-periplanar addition to the 
olefin determine the structure and stereochemistry of the final 
product. There have been a variety of successful natural 
products syntheses based on this concept (1, 3). In most cases, 
the cyclization has been initiated by the attack of a Lewis acid or 

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

246 

[Traduit par le journal] 

a Bronsted acid on an alkene (3, 4), allylic alcohol (S), or an 
acetal(6). In the first case the product is not functionalized at the 
electrophilic terminus, and in the last two cases the functionality 
at this terminus is either an alkene or an ether-two groups that 
frequently require substantial manipulation to convert into the 
desired natural products. 

In an effort to introduce other functional groups at the 
electrophilic terminus of the polyolefin, several research groups 
have studied the initiation of these cyclizations using other 
electrophiles, such as mercury(I1) (7), brominating agents (8), 
and sulfinating or selinating reagents (9). This approach to 
functionalized products from polyolefin cyclizations has not 
been generally successful. In all but a few examples, the yield of 
polycarbocyclic products is very low, the exceptions being 
some recent mercury(I1) cyclizations (7 a ,  6 ) .  Following these 
cyclizations, it is necessary to convert the heteroatom into 
another functional group, such as an alcohol. In general this 
cannot be carried out stereoselectively. 
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ARMSTRONG AND WElLER 585 

In 1962, Goldsmith showed that a terminal epoxide of a 
polyolefin could function as the electrophilic initiator in these 
cyclizations (3g, 10). In addition, Goldsmith recognized that, if 
the cyclization that leads to a six-membered ring proceeded via a 
transition state with ring A in a chair conformation, the resulting 
alcohol should be equatorial (eq. [I]). In 1966, Corey et al. (1 1) 

and van Tamelen et al. (12) showed that squalene 2,3-epoxide 
was enzymatically converted into a tetracyclic product that had 
an alcohol at C-3 with the a: stereochemistry. Following these in 
vivo experiments, van Tamelen's group played a leading role in 
studying the in vitro cyclization of polyolefin epoxides (13). 
Without exception, these cyclizations had serious limitations as 
synthetic tools. Frequently, the regioselective synthesis of the 
terminal polyolefin epoxide was difficult to achieve in high 
yield.   he cyclizations often proceeded in low yield and usually 
gave a large number of products that were difficult to separate. 
However, these studies proved that the transition state in these 
in vitro cyclizations did,-in fact, proceed through a ring A chair 
conformation as shown in eq. 111. 

Most of the early work on polyolefin cyclizations involved 
the use of unsubstituted alkenes as terminators. These alkenes 
had the disadvantage that, once cyclization was complete, the 
resulting carbonium ion could lose a proton from a number of 
positions or be trapped by nucleophiles, resulting in a variety of 
products being formed. Johnson and co-workers found that the 
styryl terminating group did lead to preferential formation of 
products resulting from an intermediate benzylic carbonium ion 
(3b). However, one was then faced with the problem of 
efficiently removing the aromatic ring to obtain useful products. 

Subsequently it was found that allenes (3b), acetylenes 
(3b, 14), or vinyl halides (15) could function as efficient and 
useful terminators in these polyolefin cyclizations. Several 
groups have shown that the en01 or en01 phosphate of P-keto 
esters was also a very versatile terminating group in olefin 
cyclizations (16). 

One of the major problems in polyolefin cyclizations, which 
was briefly alluded to above, is the lack of regioselectivity in 
quenching the carbonium ion intermediate produced in the 
cyclization. In 1976, Fleming et al. found that an allylsilane had 
a dramatic effect in controlling the regioselectivity in an olefiin 
cyclization (17). For example, ~ohnson and co-workers had 
found that the acetall, on treatment with acid, gave a mixture of 
five products (including the three isomeric alkenes) as shown in 
eq. [2] (18). On the other hand, the acetal2 cleanly cyclized to 

A 
M e 0  OMe R = TMS 

1 R = H  
2 R = SiMe3 \ 

(ref. 176) 

I 
OMe 

3 

the exocyclic alkene 3 (17). Presumably the regioselectivity in 
the latter reaction is controlled by the remarkable ability of 
silicon to stabilize a developing carbonium ion P to itself (19). 
In a subsequent paper Fleming and Pearce noted that the silicon 
also appeared ti activate the terminal alkene in this cyclization 
(eq. [2]), compared to the unsubstituted case (17b). 

Chow and Fleming extended these results to show that this 
type of cyclization could be controlled to regioselectively yield 
the exocyclic alkene 3 above, or either of the endocyclic 
alkenes as shown in eq. [3] (17c). Following the initial report on 

[31 gTMs - y 
M e 0  OMe OMe 

T M S  

A 
M e 0  OMe I 

OMe 

(ref. 17c) 

the utility of allyl- and vinylsilanes in olefin cyclizations, this 
concept has been applied to the synthesis of five-membered 
rings (20), six-membered rings (21), seven-membered rings 
(22), and polycyclic systems (23). The results of Wang and 
Chan are particularly noteworthy (22). Electrophilic cycliza- 
tions to seven-membered rings are rare; however, the allylsilane 
shown in eq. [4] cyclized cleanly and efficiently to the 
cycloheptane derivative. 

(ref. 22) 

We recentlv introduced a stereoselective svnthesis of 
carboxylated ilylsilanes using the Grignard coubling to the 
en01 phosphate of a P-keto ester (24) as shown in eq. [5]  
(25, 26). These allylsilanes could be cyclized with Lewis acids 
or mercuric salts to give mono- or bicyclic products in good 
yield, and we demonstrated the utility of this cyclization in the 
synthesis of trixagol (4) (26) and albicanyl acetate (5) (25). It 
was clear from these results that the conjugated alkene, although 
deactivated in electrophilic reactions by the ester moiety, was 
sufficiently activated by the silicon to allow these cyclizations to 
proceed efficiently. An additional bonus in these cyclizations 
was the remarkable ability of the silane group to control the 
regioselective generation of the exocyclic alkene. 

We then turned our attention to the cyclization of epoxy 
allylsilanes with the expectation that the epoxide would be 
opened stereoselectively and that the resulting alcohol could be 
used to introduce other functional groups. As noted above, in 

- - 

vitro cyclizations of epoxy olefins usually proceed in low to 
moderate yields (13). We would like to report our results on the 
cyclization of epoxy allylsilanes and the utility of this cycliza- 
tion in the synthesis of two representative natural  product^.^ 

The diene 6 (26) was regioselectively epoxidized in 84% 
yield to the epoxy allylsilane 7 using m-chloroperoxybenzoic 
acid (MCPBA). This reagent is known to preferentially attack 
electron-rich alkenes, thus the electron-withdrawing effect of 
the carbomethoxy group must be greater than the electron- 

% preliminary report of some of these results has appeared (ref. 27). 
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0 
TMS 

[5 ]  R&COOM~ -+ + R L C O O M e  

\R = Me2C=CHCH2CH2CMe=CHCH2 

donating effect of the trimethylsilyl group. Cyclization of the 
epoxy allylsilane 7 proved to be extremely facile. Treatment of a 
solution of 7 in dry methylene chloride with either stannic 
chloride or boron trifluoride etherate effected conversion to the 
cyclic hydroxy ester 8 in good yield. Boron trifluoride was the 
Lewis acid of choice. Gas chromatographic analysis showed 
that the crude product contained approximately 80% of 8, 10% 
of starting 7, and 10% of two other unidentified products. This is 
at least a three-fold improvement in yield over the optimum 
cyclization of an olefinic epoxide reported to this time. It was 
clear that the trimethylsilyl group endowed the nucleophilic 
terminus with just the right electronic properties to efficiently 
participate in the cyclization. 

Some loss of material was experienced on the column 
chromatographic purification of 8. However, when the crude 
cyclization mixture was treated with lithium aluminum hydride, 
the diol 9 was isolated in 68% yield from 7. The spectral and 
chromatographic properties of 8 and 9 indicated that each was a 
single diastereomer. The spectral data of the diol9 were identical 
to those reported by Coates and Melvin (28) for a sample of 9 
prepared by another unambiguous route.3 The structure and cis 
stereochemistry of the diol 9 was further confirmed by its 
conversion to (5)-karahana ether (10) following the procedure 
of Coates and Melvin (28). Karahana ether is a volatile 
monoterpene, with a pleasant camphor-like odor, which has 
been isolated from Japanese hops (29). Two other syntheses of 
karahana ether have been reported recently (30). 

This sequence of reactions proves that the ester and the 
alcohol groups in the cyclized product 8 must have the cis 
stereochemistry shown. This stereochemistry can result from a 
cyclization of the epoxy olefin via a chair-like transition state 
(2, 10). 

The extension of the monocyclic epoxy allylsilane cycliza- 
tion to the bicyclic case was achieved after some effort. The first 
problem to be solved involved the regioselective synthesis of the 
terminal epoxide 11. Oxidation of the triene 12 (25, 31) with 
MCPBA gave a mixture of regioisomers (1:l) involving 
epoxidation of the 6,7 and 10,ll  double bonds, and the two 
epoxides were difficult to separate on preparative scale. The 
en01 phosphate 13 could be regioselectively epoxidized with 
MCPBA at low temperature (-50°C) to give the 6,7- and 

3 ~ e  are grateful to Professors Coates and Yamada for this data. 

10,ll -epoxides in a ratio of 1 :4. Unfortunately we were unable 
to separate these isomeric epoxides and the coupling of the 
mixture of en01 phosphates with trimethylsilylmethyl magne- 
sium chloride was inefficient. 

The most successful approach to the synthesis of the 
10,ll-epoxy allylsilane utilized the terminal epoxidation meth- 
od of van Tamelen and co-workers (13a, 32). This involved 
conversion of the triene 12 to the terminal bromohydrin with 
N-bromosuccinimide (NBS), and closure to the desired epoxy 
allylsilane 11 with potassium carbonate. The NBS reaction 
could be canied out either in DME-H20 (3: 1) or in THF-H20 
(5: 1). The resulting bromohydrin was unstable, hence the crude 
reaction mixture was usually treated immediately with base. It 

TMS 

d : o o M e  -- ,&&COOMe 

7 Nuc 

9 10 

(a) MCPBA; (b) BF3.Et2O; (c) LAH; (d) TsCl, PY 

SCHEME 1. Synthesis of (-+)-kaharana ether (10). 
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ARMSTRONG AND WEILER 587 

shown to be the C-9 epimers by comparison with an authentic 
sample of these esters (25). 

This clean cyclization of 11 can be contrasted with the 
cyclization of methyl l0,ll-epoxyfamesate (17), which on 

I I treatment with phosphoric acid or a Lewis acid gives a variety of 
TMS products. The major bicyclic products in this latter example 

were the C-9 epimeric A'.'-alkenes which were isolated in 
10-28% yield (eq. [6]) (13a). The ratio of the 9a/9P epimers 

I2  
varied with catalyst, but the 9 a  isomer was the major one. No 
exocyclic alkene 14 was found in the reaction mixture (13a). 

OPO(0Et)z 
COOMe 

13 

was necessary to carefully control the temperature of this 
cyclization and to monitor the progress of the reaction by tlc. 
The yield of terminal epoxide was generally from 45 to 55% 
after purification, and complete regioselectivity in epoxide 
formation was invariably obtained. 

The epoxy allylsilane 11 was treated with a wide range of 
Lewis acids, and the ratio of products was determined by gas 
chromatography (gc) and 'H nmr spectra (3 1). Boron trifluoride 
etherate in dry methylene chloride gave a good yield of the 
epimeric hydroxy esters 14. Unfortunately the stereoselectivity 
in this reaction was poor, the two epimers, 14a and 14b, being 
formed in equal amounts. Cyclization at lower temperature 
(-50°C) gave improved stereoselectivity; however, a signifi- 
cant amount of a monocyclic product was obtained. Stannic 
chloride in dry methylene chloride gave the best yield and ratio 
of hydroxy esters 14a and 14b. On a small scale (<1 mmol), 
these esters were isolated in ca. 60% yield and the ratio of 14a to 
14b was 1:2. Larger scale reactions (up to 5 mmol) gave ca. 
55% yield of products, but the ratio of epimers fell to 2:3. On 
cooling the reaction, the stereoselectivity improved but again 
substantial amounts of monocyclic products were produced. 

COOMe COOMe 

The structures of the two cyclized products were confirmed 
by the following transformations. A mixture of cyclized esters, 
in a ratio of 2:3, was oxidized with pyridinium chlorochromate 
to give two ketones, 15, also in a ratio of 2:3. This confirmed 
that the cyclized products were not epimeric at C-3. The ketone 
carbonyl of 15 was removed by formation of the tosylhydra- 
zones and reduction with catecholborane (33) as shown above. 
Two products, 16, were obtained in a ratio of 2:3 and they were 

COOMe COOMe 

Although the above conversions of 11 and its derivatives give 
no indication of the stereochemistry of the hydroxyl group at 
C-3, they do confirm the structure of the remaining carbon 
skeleton. The stereochemistry of the alcohol was determined to 
be equatorial from the 400-MHz 'H nmr spectrum of the esters, 
which showed the C-3 proton to be a double doublet with J = 5 
and 11 Hz. 'This stereochemistry is also in accord with the 
Stork-Eschenmoser hypothesis of a ring A chair-like transition 
state for this cyclization. 

If one assumes that the cyclization of the epoxy allylsilane 11 
occurs via a chair-chair transition state to give ester 14b, and 
via a chair-boat transition state to give ester 14a, then the 
energies of these two transition states must be very similar, to 
give the observed product distributions. The cyclization is 
irreversible and the esters 14 do not equilibrate under the 
reaction conditions. The a-ester is the more stable product 
presumably because of the A ( ' , ~ )  strain in 14b. Thus we 
conclude that the ratio of the two products is kinetically 
controlled and depends on the activation energy of the transition 
states leading to 14a and 14b. It is not immediately apparent 
what the controlling factors are in these transition states. 
However, it is expected that steric interactions of the ester with 
other groups might play an important role in the cyclization. To 
test this hypothesis, we synthesized esters with different sizes 
and studied their cyclization. 

The tert-butyl ester of 11 decomposed under the cyclization 
conditions. The isopropyl, neopentyl, and di-tert-butylmethyl 
esters were synthesized as above from the corresponding 
acetoacetate esters, which were prepared from diketene as 
shown in Scheme 2 (34). 

Cyclization of the isopropyl ester 20a gave an epimeric 
mixture of bicyclic products 21 in 51% yield and a ratio of 
9a/9P of 1:3. This modest improvement in stereoselectivity 
over the methyl cyclization encouraged us to study the neopen- 
tyl ester 20b and the di-tert-butylmethyl ester 20c. No notice- 
able improvement in the product ratios was observed in the 
cyclization of the neopentyl ester 20b. There was a small 
increase in the ratio of a / P  isomers in the cyclization of the 
di-tert-butylmethyl ester 20c using stannic chloride as catalyst. 
Changing the Lewis acid catalyst did not lead to any increase in 
the stereoselectivity in either of these cyclizations. An unex- 
pected improvement in the product distribution was obtained 
with the di-tert-butylmethyl ester by the addition of a small 
amount of acetic acid to the stannic chloride catalyzed reaction. 
The maximum stereoselectivity was obtained when 0.1 equiv. 
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0 0 a0 L!+ ),,COOR A \ COOR 

190-c 

A' 
COOR 

20a-c 21a-c 

(a) ROH; (b) NaH, n-BuLi, Me2C=CHCH2CH2CMe=CHCHrBr; 
(c) NaH, C1PO(OEt)2 then Me3SiCH2MgC1, Ni(acac)?; 
(d) NBS, THF-H20 then K2CO3, MeOH; (e) SnC14, trace HOAc 

SCHEME 2. Cyclization of diene epoxides. 

of acetic acid was added, giving a ratio of a/p = 1:5 on small 
scale. The stereoselectivity fell to 1:3 for larger scale reactions. 
However, this still represented a 100% improvement over the 
methyl ester cyclizations. A summary of these results is 
contained in Table 1. 

These results show that increasing the size of the ester group 
in the diene epoxide leads to an increase in the amount of P 
isomer obtained, and hence a larger difference in the activation 
energy of the chair-chair transition state relative to the 
chair-boat transition state. This difference can be rationalized 
by comparing the interaction of the ester group with the angular 
methyl group at C- 10 and with the C- 1 methylene of the incipient 
A ring. In the chair-chair transition state there is a gauche 
interaction between the ester COOR and both the C-10 methyl 
and the C-1 methylene (see 22). In the chair-boat transition 
state 23 the ester is eclipsed with the C-1 methylene. This 
eclipsing interaction will increase as the size of the ester 
increases. Hence the chair-chair transition state leading to the 
9p  epimer is preferred for larger esters. 

A large number of natural products possess the bicyclic 
carbon skeleton of 14 and 21. However, those with a C-3 
alcohol are less common. Two examples of these latter products 
are 3-acetoxylabda-8(20), 13-dien- 15-oic acid (24a) and the 

corresponding alcohol 24b. The acetate 24a was isolated from 
the autumnal leaves of Metasequoia glyptostroboides (35), and 
its enantiomer was isolated from a Brazilian tree (popularly 
known as "Copaiba") as the alcohol 24b (36). The acid 25 is also 
a known natural product (37) and had been synthesized by 
Ohloff in 1958 (38). We outline below the first synthesis of the 
C-3 oxygenated labdadienes 24. 

#cooH 
AcO HO"' .. 

Our first approach to the synthesis of the labdadienes was 
patterned after our trixagol synthesis (26). The C-3 alcohol of 
21c was protected as its tert-butyldimethylsilyl (TBDMS) 
ether. In the first instance the alcohol was reacted with 
TBDMS-Cl under standard conditions (39) for up to 10 days to 
achieve complete reaction. However, treating the alcohol with 
TBDMS triflate (40) produced complete conversion to the silyl 
ether within 15 min. In the next step we hoped to selectively 
reduce the less hindered 9 a  ester and thus achieve a facile 
separation of the 9 a  and 9p  isomers. Careful reduction of the 
esters 26 enriched with the P isomer ( a / P  = 3:7) gave a 60% 
mixture to the two C-9 hydroxymethyl compounds and 40% 
recovered ester, which was greater than 90% P. This ester was 
reduced with DIBAL (diisobutylaluminum hydride) to give the 
9P-hydroxymethyl compound 27. 

The alcohol 27 was converted into the mesylate in quantita- 
tive yield, and the mesylate was transformed to the sulfide with 
potassium thiophenoxide in 94% yield (26). We were unsuc- 
cessful in oxidizing this sulfide with MCPBA or potassium 
hydrogen persulfate (41). However, the sulfide was oxidized to 
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ARMSTRONG AND WEILER 

TABLE 1. Cyclization of epoxy allylsilanes 11 and 20 

Run Ester Conditions" 
Yield Product 

(%I (9.19P) 

1 11 1.2 equiv. SnCl4,CH2CI2,OoC 55 2:3 
2 20a, R = CHMe2 1.2 equiv. SnCl4,CH2CI2,OoC 5 1 1 :3 
3 20b, R = CH2Mel 1.2 equiv. SnCl4,CH2Cl2,O0C 62 2:5 
4 20c, R - CH(CMe3)2 1.2 equiv. SnCI4,CH2Cl2,OoC 60 1 :3 
5 20c, R = CH(CMe3)2 1.2 equiv. SnClz + 0.1 equiv. HOAc,CH2Cl2,O0C 55 1 :5 

"All reactions were run with 1 mmol of ester. 

21 L 
TBDMSO 

30 
(a) TBDMS-Tf; (b) DIBAL, +Me-THF, 0°C then DIBAL, +Me; 
(c) Tf20 ,  CH2C12, -45OC; (d) C H ~ C O C H C O O M ~ ,  THF, 
-40°C; (e) NaH, C1PO(OEt)2 then LiMelCu; (f) HF, H20-MeCN then KOH, MeOH 

SCHEME 3. Synthesis of 3-hydroxylabdadiene. 

the sulfone in 85% yield with diphenyl diselenide and hydrogen 
peroxide (42). Although the anion from this sulfone could be 
alkylated with methyl iodide ( -30% ), we were totally unable 
to alkylate it with any other alkylating agent. Thus we were 
forced to explore another route to introduce the side chain at 
C-9. 

Treatment of the alcohol 27 with N-methyl-N,N1-dicyclo- 
hexylcarbodiimidium iodide (43) resulted in a 65% yield of the 
corresponding iodide. Here we were thwarted in our attempt to 
introduce the side chain by alkylation of this iodide with the 
dianion of methyl acetoacetate (44). This is one of the very few 
examples we have found of the failure of this dianion to undergo 
alkylation. Alkylation with the methyl acetoacetate dianion was 
eventually achieved, albeit in low yield, with the triflate 28. This 
triflate was prepared by adding the alcohol 27 to a cold (-40 to 
-50°C) mixture of pyridine and triflic anhydride in the minimum 
amount of methylene chloride. Because the triflate decomposed 
above O°C, the reaction had to be worked up at low temperature 
(see experimental) and the crude triflate was added to a solution 
of the methyl acetoacetate dianion to give a 28% purified yield of 
the y-alkylated P-keto ester 29. This is the first example of the 
dianion alkylation of a P-keto ester with a triflate, and the use of 

triflates should extend the scope of the P-keto ester dianion 
reaction (44). 

The synthesis of the hydroxy labdadienoic acid 24 from the 
P-keto ester 29 involved, first, formation of the Z-en01 
phosphate, followed by a cuprate coupling (24) to give the 
E-alkene 30 in 75% yield. Somewhat surprisingly, treatment of 
the silyl ether 30 with tetra-n-butylammonium fluoride did not 
effect cleavage of the tert-butyldimethylsilyl ether. Instead, 
hydrolysis of the methyl ester occurred. The silyl protecting 
group in 30 was hydrolyzed with 5% hydrofluoric acid in 
acetonitrile ( 4 3 ,  and the methyl ester was hydrolyzed with 
aqueous methanolic KOH. The spectral data of the synthetic 
(*)-246 were in good agreement with those of an authentic 
sample (36).4 

Methyl (Z)-6,7-epoxy-7-merhyl-3-[(trimethylsilyl)methy1]-2-0cten0~te 
(7) 

To 7.63 g (0.030 moI) of diene 6 in dry CH2Clz at 0°C was slowly 
added a solution of 5 .70g (0.033 mol) of MCPBA in CH2C12. The 

4 ~ e  are grateful to Professor Mahajan for this data. 
5 ~ o r  outline of procedures see ref. 26. 
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reaction mixture was stirred for 2 h at O°C, then warmed to room 
temperature and diluted with ether. The organic layer was washed three 
times with saturated NaHC03, once with saturated NaC1, dried, and 
concentrated to give 8.1 g of crude7. Purification by flash chromatogra- 
phy (46) using petroleum ether-ethyl acetate (12:l) as eluant gave 
6.83 g (84%) of epoxide 7 as a colourless oil. Preparative tlc of a small 
amount of this material using petroleum ether-ethyl acetate (7: 1) gave 
7 as a colourless liquid; bp (Kugelrohr distillation) 80°C/0. 1 Tom (1 
Torr = 133.3 Pa); ir(CHC1,): 1700, 1615, 1250, 1160, and850cm-'; 
'H nrnr (CDCl3) 6: 0.10 (s, 9H), 1.30 (s, 3H), 1.35 (s, 3H), 1.60- 1.90 
(m, 2H), 2.15-2.50 (m, 4H), 2.75 (bt, J = 6 Hz, lH), 3.68 (s, 3H), 
and 5.58 (s, IH); mass spectrum, m/z: 27 1(3), 270(Mf, 1 1), 255(8), 
123(12), 121(20), 96(17), 95(42), 91(11), 89(41), 85(16), 82(31), 
80(10), 75(20), 74(12), 73(100), 71(10), 69(10), 67(14), and 59(38). 
Exact mass calcd. for CI4Hz6O3Si: 270.1650; found (ms): 270.1650. 

Methyl cis-3-hydroxy-2,2-dimethyl-6-methylenecyclohexanecar- 
boxylate ( 8 )  

To a solution of 4.05 g (0.015 mol) of the trimethylsilyl epoxide 7 in 
130 rnL of CH2C12 at -56°C was slowly added a solution of 3.69 mL 
(0.030 mol) of BF3.Et20 in 20 mL of CH2C12. The reaction mixture 
was stirred for 4 h at -56OC, then quenched with saturated NaCl at 
-56°C. The organic layer was diluted with ether, washed four times 
with saturated NaC1, dried, and concentrated to give 3.41 g of crude 
product, which was used without further purification in the preparation 
of diol 9. Purification of a small amount of this material by flash 
chromatography using petroleum ether-ethyl acetate (8: 1) gave 8 as a 
colourless liquid; bp (Kugelrohr distillation) 95"C/0.1 Torr; ir 
(CHC13): 3420, 1710, 1650, 1155, and 1075 cm-'; 'H nmr (CDC13) 6: 
0.93 (s, 3H), 1.04 (s, 3H), 1.70-2.80 (bm, 4H), 3.00 (s, lH), 
3.30-3.50 (m, IH), 3.70 (s, 3H), 4.35 (bd, J = lOHz, IH, 
exchangeable with D20), 4.85 (bs, lH), and 4.95 (bs, 1H); mass 
spectrum, m/z: 198(Mf, 13), 180(20), 167(9), 139(12), 138(11), 
123(14), 122(13), 121(100), 120(15), 109(10), 105(14), 97(14), 
96(18), 95(80), 93(12), 83(16), 82(10), 81(13), 79(16), 69(13), 
67(20), 59(14), and 55(25). Anal. calcd. for Cl lHr803:  C 66.64, H 
9.15; found: C 66.37, H 8.92. 

cis-3-Hydroxy-2,2-dime~hyl-6-methylenecyclohexanemethanol (9)  
A slurry of 0.850 g (0.022 mol) of LiAlH4 in dry ether was stirred at 

O°C, and 3.41 g of the crude hydroxyl ester 8 in dry ether was slowly 
added to the slurry. The reaction mixture was heated at reflux for 2 h, 
then cooled to room temperature and quenched with 1 M HC1. The 
organic layer was washed once with 1 M HC1, twice with saturated 
NaC1, dried, and concentrated to give 1.95 g of crude 9. Purification by 
flash chromatography using petroleum ether-ethyl acetate (1:l) as 
eluant gave 1.73 g (68% from trimethylsilyl epoxide 7) of cis-diol9 as a 
colourless oil. Preparative tlc of a small amount of this material using 
petroleum ether-ethyl acetate (I :  1.5) gave 9 as a colourless liquid; bp 
(Kugelrohr distillation) 105"C/0. 1 Torr; ir (CHC13): 3600, 3400, 
1640, 1080, and 1010 cm-'; 'H nmr (CDC13) 6: 0.94 (s, 3H), 1 .OO 
(s, 3H), 1.30-2.50 (m, 5H), 2.36 (bs, 2H, exchangeable with D20), 
3.44(dd, J = 4 H z ,  lH),3.69(ApartofanABXsystem,JAB = 11 HZ, 
JAX=4Hz ,  IH), 3.91 (BpartofanABXsystem, JAB = 1 I HZ, JBX = 
7Hz, IH), 4.73 (bs, IH), and 4.93 (bs, 1H); mass spectrum, tn/z: 
170(~' ,0.5) ,  152(21), 138(8), 122(100), 121(55), 109(22), 108(20), 
107(90), 96(26), 95(21), 93(30), 91(18), 81(37), 79(30), 71(21), 
69(17), 67(31), 55(34), and 53(18). Anal. calcd. for CIOHI8o2; C 
70.55, H 10.66; found: C 70.40, H 10.70. 

8,8-Dimethyl-2-tnerhylene-6-oxabicyclo[3.2. lloctane (karahana 
ether) (10) 

A solution of 0.850 g (5.0 mmol) of diol 9 in 7 mL of dry pyridine 
was stirred at O°C, and 0.950 g (5.0 mmol) of p-toluenesulphonyl 
chloride was added to the solution. The reaction mixture was stirred for 
5 h, while allowing it to warm to room temperature. The reaction 
mixture was diluted with ether, washed five times with 1 M HCl, once 
with saturated NaHC03, once with saturated NaC1, dried, and the 
solvent was removed to give 1.04 g of crude 10. Purification by flash 
chromatography using petroleum ether-ether (9:l) as eluant gave 
0.62 g (81%) of bicyclic ether 10 as a colourless liquid with a pleasant, 

camphor-like odour, whose spectral data ('H nmr, ir, ms) are in good 
agreement with those of the literature (28-30). 

General procedure A. Formation of epoxides from terminal bromo- 
hydrins (refs. 13a,32) 

A solution of 1.0 equiv. of the olefin in THF-H20 (511) 
(6 mL/mmol of olefin) was stirred at 10°C in the dark. To this solution 
was added NBS ( I .  1 equiv.) in small portions, and the reaction was 
stirred for 16 h while allowing it to warm to room temperature. The 
reaction was diluted with ether, washed three times with saturated 
NaCl, dried, and the solvent was removed. The crude bromohydrin was 
dissolved in anhydrous methanol and cooled to 0°C. Anhydrous 
potassium carbonate (K2C03) (2.5 equiv.) was added to the reaction 
and the mixture was stirred for 15-30 min at O°C, while monitoring the 
reaction by tlc. The reaction was diluted with ether, acidified with 1 M 
HCl, and the organic phase was washed once with 1 M HC1 and three 
times with saturated NaC1. The aqueous washings were extracted three 
times with ether, the combined organic layers were dried, and the 
solvent was removed. Frequently the residue contained water, and was 
dissolved in ether, dried a second time, and the solvent was removed. 

Methyl (2Z ,6E)-IO,I I -epoxy-7,ll -dimethyl-3-[(trimethylsilyl)- 
methyl]-2,6-dodecadienoate ( I  I )  

This compound was prepared according to the above general 
procedure A using 3.50g (0.01 l mol) of triene 12 and 2.13g 
(0.012 mol) of NBS in 70 mL of a 5: 1 solutionof THF-H20. The crude 
bromohydrin obtained was moderately unstable, and was converted to 
epoxide 11 using 3.80 g (0.028 mol) of K2C03 in anhydrous methanol. 
Work-up of the reaction mixture and purification of the crude product 
by flash chromatography using petroleum ether-ethyl acetate (15: 1) as 
eluant gave 1.70 g (46%) of epoxide 11 as a colourless oil; bp 
(Kugelrohr distillation) 130°C/0.2 Torr; ir (CHCl,): 1705, 1625, 
1165, and 850 cm-'; 'H nrnr (CDC13) 6: 0.04 (s, 9H), 1.25 (s, 3H), 
1.29 (s, 3H), 1.61 (s, 3H), 1.45- 1.76 (m, 2H), 1.95-2.26 (m, 6H), 
2.39(s,2H),2.69(t, J = 6 H z ,  lH),3.65(~,3H),5.00-5.28(m, IH), 
and5.55 (s, 1H); mass spectrum, m/z: 3 3 8 ( ~ + ,  3), 323(14), 253(13), 
211(14), 186(18), 149(41), 107(36), 89(23), 85(21), 82(40), 81(22), 
73(100), and 59(37). Anal. calcd. for C19H3403Si: C 67.41, H 10.12; 
found: C 67.33, H 10.22. 

General procedure B. Cyclization of epoxy allylsilanes 
A solution of the epoxy allylsilane (1.0 equiv.) in dry CH2C12 

(30 mL/mmol of allylsilane) was cooled to 0°C and to this solution was 
added the desired amount of acetic acid while stirring under nitrogen. 
The Lewis acid was slowly added as a solution in CH2C12 and the 
reaction was either stirred for 1-4 h at O°C, or was allowed to warm to 
room temperature. The mixture was quenched with aqueous KF, 
diluted with ether, and the organic layer was washed three times with 
aqueous KF, once with saturated NaCl, dried, and the solvent was 
removed. 

Methyl trans -decahydro-6P -hydroxy-5,5,8aP -trimethyl-2- 
methylene-It-naphthalenecarboxylate (14a, 14b) 

These compounds were prepared according to general procedure B 
using 1.35 g (4.00 mmol) of compound 11 and 0.56 mL (4.8 mmol) of 
stannic chloride. The reaction was stirred for 3 h while allowing it to 
warm to room temperature. Work-up of the reaction mixture gave 
1.14 g of crude product, which was purified by flash chromatography 
using petroleum ether-ethyl acetate (6:l) as eluant to yield 0.58g 
(55%) of 14 ( a l b  = 1: 1.5, as determined by 'H nmr spectroscopy and 
gc (T = 180°C)). Preparative tlc of a small amount of this mixture using 
the same solvent system gave 14 as a viscous oil; bp (Kugelrohr 
distillation) 150°C/0. 1 Torr; ir (CHC13): 3630, 3460, 1730, 1650, and 
1160 cm-I; 'H nmr (400MHz) (CDC13): 6: 0.77 (s, 1.2H), 0.80 (s, 
1.8H),0.92(s, 1.2H), 1.00(s, 1.8H), 1.04(s, 1.2H), 1.06(s, 1.8H), 
1.25-1.76 (m, 7H), 1.95-2.16 (m, lH), 2.28 (bd. J = 10 Hz, lH, 
exchangeable with D20), 2.39-2.46 (m, 0.6H), 2.53-2.62 (m, 0.4H), 
2.74(~,0.6H),2.76(~,0.4H),3.25(dd,J= 11 Hz,5Hz, IH) ,3 .62(~ ,  
1.2H),3.64(s, 1.8H),4.66(~,0.6H),4.73(~,0.4H), and5.03(s, lH); 
mass spectrum, mlz: 266(M+, 46), 248(27), 139(27), 135(100), 
134(22), 121(28), 119(31), 114(28), 107(38), 105(24), 97(21), 
95(29), 93(28), 91(24), 79(22), 69(26), 67(22), 55(34), 43(52), and 
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ARMSTRONG AND WEILER 59 1 

41(56). Exact mass calcd. for C16H2603: 266.1882; found (ms): 
266.1881. 

Methyl trans-decahydro-5,5,8a~-trimethyl-2-methylene-6-0~0-1<- 
naphthalenecarboxylate (15) 

A suspension of 0.3 10 g (1.5 mmol) of pyridinium chlorochromate, 
0.040 g (0.48 mmol) of anhydrous sodium acetate, and0.25 g (1 % w/v 
of solvent) of 4 A molecular sieves (dried and crushed) was stirred 
rapidly in 25 mL of CH2C12 at room temperature. To this solution was 
added 0.258g (0.97 mmol) of alcohols 14 ( a l b  = 1:l.M) and the 
reaction was stirred for 2 h at room temperature. The reaction mixture 
was diluted with ether, stirred for 5 min, and the supernatant was 
passed through a 2.5 g Florisil column which had a layer of MgS04 on 
the top. The dark-brown residue was washed with ether, the ethereal 
extracts were passed through the column, eluted with ether, and the 
combinedeluate was concentrated to give 0.250 g of 15 ( a /  b = 1: 1.44, 
as determined by gc (T = 170°C)). Further purification by flash 
chromatography ;sing petroleum ether-ethyl acetate (15: 1) a; eluant 
gave 0.228 g (89%) of 15 as an oil; bp (Kugelrohr distillation) 
120°C/0. 1 ton; ir (CHCl,): 1735,1705,1650, and 1 160 cm-I; 'H nmr 
(CDCl,) 6: 1.05 (s, 1.2H), 1.08 (s, 1.8H), 1.12 (s, 1.8H), 1.15 (s, 
2.4H), 1.30(s, 1.8H), 1.45-1.95 (m, 5H), 2.15-2.96(m, 5H), 3.64 
(s, 1.2H), 3.69 (s, 1.8H), 4.72 (bs, 0.6H), 4.8 1 (bs, 0.4H), and 4.92 
(bs, 1H); mass spectrum, m/z: 264(M+, 86), 249(55), 246(35), 
232(68), 217(33), 199(42), 161(49), 148(39), 147(54), 135(32), 
133(100), 125(37), 123(49), 121(41), 120(41), 119(52), 114(36), 
109(5 l),  107(73), 105(53), 95(65), 93(45), 91(67), 8 1(57), 79(55), 
77(39), 69(6 l) ,  68(56), 59(35), 55(82), and 53(38). Exact mass calcd. 
for C16H2403: 264.1725; found (ms): 264.1727. 

Methyl trans-decahydro-5,5,8a~-trimethyl-2-methylene-l<- 
naphthalenecarboxylate (16) 

To a solution of 0.053 g (0.20 mmol) of ketones 15 in 2 mL of dry 1 ethanol was added 0.041 g (0.22 mmol) of p-toluenesulphonylhydra- 
I zine. The reaction mixture was heated at reflux for 4 h, cooled, and the 
I , solvent was removed to yield the p-toluenesulphonylhydrazones as a 
I crystalline solid that was used without purification in the formation of 
1 compounds 16; ir (CHCl,): 1730, 1600, and 1160 cm- I .  

To a solution of these tosylhydrazones in chloroform (dried and 
distilled from CaCl?) was added 0.026 g (0.22 mmol) of catecholbor- 
ane at O°C. The reaction was stirred for 1.5 h at 0°C; 0.082g 
(0.60 mmol) of sodium acetate trihydrate was added, and the mixture 
was stirred at room temperature overnight. The reaction was diluted 
with ether, washed twice with saturated NaC1, dried, and the solvent 
was removed. Purification by flash chromatography using petroleum 
ether-ethyl acetate (10:l) gave 0.035g (71%) of compounds 16 
( a l b  = 1.00: 1.42, as determined by gc (T = 130°C)). The gc retention 
times were identical with those of an authentic sample of epimeric 
esters 16 (25). 

General procedure C. Synthesis of alkyl acetoacetates from diketerle 
(ref. 34) 

A mixture of anhydrous sodium acetate (0.005 equiv.) and the 
alcohol (1.0 equiv.) was heated with stirring to 80-85"C, or to the 
boiling point of the alcohol. Diketene (1.05 equiv.) was added 
dropwise to the reaction mixture while maintaining the temperature 
below 1 15°C. The reaction was stirred for 2.5 h from the time of initial 
addition of diketene, and the product was distilled directly from the 
reaction mixture. 

2-Propyl3-oxobutanoate 
This compound was prepared according to general procedure C 

using 8.2 mL (0.1 1 mol) of 2-propanol, 0.040 g (0.5 mmol) of anhy- 
drous sodium acetate, and 8.8 mL (0.1 1 mol) of diketene. The product 
was distilled to give 13.3 g (86%) of P-keto ester as a colourless liquid; 
bp 90-100°C/45 Torr (lit. (47) bp 79-80°C/17 Torr); ir (CHCl,): 
1740, 1715, and 1105 cm-I; 'H nrnr (CDCl,) 6: 1.26 (d, J = 6Hz, 
6H), 2.26 (s, 3H), 3.42 (s, 2H), and 5.05 (septet, J = 6 Hz, I H). 

2,2-Dimethylpropyl3-o.robutanoate 
This compound was prepared according to general procedure C 

using 5.28g (0.060mol) of 2,2-dimethylpropyl alcohol, 0.025g 

(0.30 mrnol) of anhydrous sodium acetate, and 4.90 mL (0.063 mol) of 
diketene. The product was distilled to give 7.69 g (75%) of P-keto ester 
as a colourless liquid; bp 100-1 16"C/45 Torr (lit. (48) bp 60°C/3 
Torr); ir (CHCI,): 1740,1705, and 1370 cm- I; 'H nrnr (CDCI,) 6: 0.93 
(s, 9H), 2.25 (s, 3H), 3.46 (s, 2H), and 3.80 (s, 2H) 

2,2,4,4-Tetramethyl-3-pentyl3-oxobutanoate 
This compound was prepared according to general procedure C 

using 13.2 g (0.092 mol) of 2,2,4,4-tetramethyl-3-pentanol (49), 
0.038 g (0.5 mmol) of anhydrous sodium acetate, and 7.84 mL 
(0.10 rnol) of diketene. The product was distilled to give 18.2 g (87%) 
of P-keto ester as a colourless liquid; bp 12OoC/5 Torr; ir (CHCl,): 
1730, 1715, and 1380 cm-I: IH nmr (CDCI,) 6: 1.01 (s, 18H) 2.32 (s, 
3H), 3.51 (s, 2H), and 4.65 (s, 1H); mass spectrum m/z: 228(M+, 
O.l), 171(11), 103(17), 87(42), 85(100), 69(17), 58(20), 57(85), 
43(83), and 41(40). Anal. calcd. for C13H2403: C 68.39, H 10.59; 
found: C 68.57. H 10.80. 

2-Propyl (E)-7,11 -dimethyl-3-0x0-6,lO-dodecadienoate (18a) 
This compound was prepared from the dianion (44) using 3.08 g 

(0.077 mol) of sodium hydride (60% dispersion in oil), 10.1 g 
(0.070 mol) of 2-propyl3-oxobutanoate, 29.6 mL (0.077 mol) of a 2.6 
M solution of n-butyllithium in hexane, and 16.3 g (0.070mol) of 
geranyl bromide. Work-up of the reaction mixture gave 20.9 g of crude 
product, which was used without further purification in the preparation 
of en01 phosphate. Preparative tlc of a small amount of this compound 
using petroleum ether-ethyl acetate (8:l) gave 18a as a colourless 
liquid; bp (Kugelrohr distillation) 150°C/0.25 Torr; ir (CHCl,): 1735, 
1705, and 1100cm-I; 'H nmr(CDc1,) 6: 1.31 (d, J = 6Hz, 6H), 1.63 
(s, 6H), 1.73 (s, 3H), 1.9-2.25 (bs, 4H), 2.25-2.75 (m, 4H), 3.45 (s, 
2H), 5.09 (septet, J = 6Hz, lH), and 5.0-5.3 (m, 2H); mass 
spectrum, m/z: 280(M+, 5), 219(10), 169(17), 151(14), 136(33), 
123(10), 109(81), 105(17), 93(15), 87(1 l),  81(26), 69(100), 68(14), 
67(15), and 55(18). Anal. Calcd. for C17H2803: C 72.82, H 10.07; 
found: C 72.94, H 10.03. 

2,2-Dimethylpropyi (E)-7,11 -dimethyl-3-0x0-6,lO-dodeca- 
dienoate (lab) 

This compound was prepared from the dianion (44) using 1.63 g 
(0.041 mol) of sodium hydride (60% dispersion in oil), 6.35g 
(0.037 mol) of 2,2-dimethylpropyl 3-oxobutanoate, 25.4 mL 
(0.041 mol) of a 1.6 M solution of n-butyllithium in hexane, and 9.04 g 
(0.039 mol) of geranyl bromide. Work-up of the reaction mixture gave 
12.2 g of crude product, which was purified by distillation to yield 
5.63 g (50%) of 186 as a yellow oil. Preparative tlc of a small amount of 
this compound using petroleum ether-ethyl acetate (5: 1) gave 186 as a 
colourless liquid; bp 155"C/0.15 Torr; ir (CHCl,): 1745 and 1720 
cm-l; 'H nrnr (CDCl,) 6: 0.98 (s, 9H), 1.64 (s, 6H), 1.74 (s, 3H), 
1.98-2.14 (m, 4H), 2.20-2.75 (m, 4H), 3.49 (s, 2H), 3.87 (s, 2H), 
and 4.95-5.25 (m, 2H); mass spectrum, m/z: 3 0 8 ( ~ + ,  12), 290(10), 
247(12), 169(22), 136(36), 109(55), 93(20), 8 1(26), 7 1 (68), 69( loo), 
57(24), 55(24), 43(87), and 41(74). Anal. calcd. for C19H3203: 
C 73.98, H 10.46; found C 74.05, H 10.40. 

2,2,4,4-Tetramethyl-3-pentyl (E)-7,ll-dimethyl-3-0x0-6,lO- 
dodecadienoate (18c) 

This compound was prepared via the dianion (44) using 3.30 g 
(0.083 mol) of sodium hydride (60% dispersion in oil), 17.1 g 
(0.075 mol) of 2,2,4,4-tetramethyl-3-pentyl 3-oxobutanoate, 53.2 mL 
(0.083 mol) of a 1.55 M solution of n-butyllithium in hexane, and 
19.2 g (0.083 mol) of geranyl bromide. Work-up of the reaction 
mixture gave 30.5 g of crude product, which was used without further 
purification in the preparation of its en01 phosphate. Preparative tlc of a 
small amount of this compound using petroleum ether-ethyl acetate 
(8:l) as eluant gave 18c as a colourless liquid; bp (Kugelrohr 
distillation) 120°C/0. 1 Torr; ir (CHCI,): 1735, 1710, and 1370 cm-I; 
'H nmr (CDCl,) 6: 1 .OO (s, 18H), 1.61 (s, 6H), 1.69 (s, 3H), 
1.90-2.12 (m, 4H), 2.20-2.75 (m, 4H), 3.49 (s, 2H), 4.65 (s, 1 H), 
and 4.96-5.23 (bt, 2H); mass spectrum, m/z: 364(M+, 0. l) ,  238(11), 
195(10), 136(10), 109(27), 81(16), 71(26), 69(62), 57(100), and 
41(48). Anal. calcd. for C23H4003: C 75.78, H 11.06; found: C 75.73, 
H 10.96. 
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General procedure D. Formation of (Z)-allylsilanes from (Z)-en01 
phosphates 

The Grignard reagent was prepared from magnesium turnings 
(1.5-2.0 equiv.) and trimethylsilylmethyl chloride (1.5-2.2 equiv.) in 
ether at room temperature under nitrogen, and to this stirred solution 
was added 0.025-0.05 equiv. of anhydrous nickel(I1) acetylacetonate. 
The resulting dark-brown mixture was stirred for 5 min at room 
temperature and a solution of en01 phosphate (1.0 equiv.) in ether was 
slowly added (exothermic reaction). The reaction mixture was stirred at 
room temperature or at reflux for the desired time, and various amounts 
of catalyst were added during this time. The reaction was cooled to 
room temperature, quenched by the careful addition of 1 M HC1 (until 
the mixture was acidic to litmus paper), and diluted with ether. The 
organic layer was washed once with 1 M HC1, twice with saturated 
NaC1, dried, and the solvent was removed. 

2-Propyl (2Z,6E)-7,11-dimethy1-3-[(trimethylsilyl)methyl]- 
2,6,10-dodecatrienoate (19a) 

The en01 phosphate of 18a was prepared (24) using 3.08g 
(0.077 mol) of sodium hydride (60% dispersion in oil), 20.9 g of crude 
P-keto ester 18a, and 1 1.1 mL (0.077 mol) of diethyl chlorophosphate. 
Work-up of the reaction mixture gave a quantitative yield of an orange 
oil, which was used without further purification in the preparation of 
silyl ester 19a. Preparative tlc of a small amount of this material using 
petroleum ether-ethyl acetate (2:l) gave pure en01 phosphate as a 
viscous liquid; bp (Kugelrohr distillation) 19O0C/0.2 Torr; ir (CHCl,): 
1720, 1670, 1270, 1105, and 1020 cm-I; 'H nmr (CDCI,) 6: 1.28 (d, J 
= 6 HZ, 6H), 1.40 (dt, JCHZCH3 = 7 HZ, JPOCHZCH, = 1 HZ, 6H), 1.63 
(s, 6H), 1.71 (s, 3H), 1.95-2.15 (m, 4H), 2.23-2.53 (m, 4H), 4.28 
(dq, J C ~ , C H ,  = 7 HZ, JPOCH2 = 7 HZ, 4H), 4.87-5.25 (m, 3H), and 
5.35 (s, IH); mass spectrum, m/z: 416(M+, 5), 357(12), 287(32), 
220(48), 192(19), 165(19), 155(100), 133(19), 127(37), 105(20), 
99(38), and 69(31). Anal. calcd. for C21H3706P: C 60.56, H 8.95; 
found: C 60.36, H 8.90. 

The crude en01 phosphate (3 1 g) was reacted according to the general 
procedure D using 3.40 g (0.14 mol) of magnesium turnings, 21.4 mL 
(0.154 mol) of trimethylsilylmethyl chloride, and 0.45-0.90 (1.8- 
3.5 mmol) of anhydrous nickel(I1) acetylacetonate. A further portion of 
0.45-0.90 g (1.8-3.5 mmol) of catalyst was added immediately after 
addition of the en01 phosphate, and the reaction was stirred at room 
temperature for 1 h. Work-up of the reaction mixture gave 27 g of crude 
product, which was purified by flash chromatography using petroleum 
ether-ethyl acetate (30: 1) as eluant to yield 17.0 g (70% from isopropyl 
acetoacetate) of 19a as a yellow oil. Preparative tlc of a small amount of 
this material using petroleum ether-ethyl acetate (20: 1) gave 19a as a 
colourless oil; bp (Kugelrohr disti11ation)130"C/0.1 Tom; ir (CHCl,): 
1700, 1630, 1220, 1 170, 1 1 15, and 850 cm- '; 'H nmr (cDCI,) 6: 0.08 
(s, 9H), 1.27 (d, J = 6 Hz, 6H), 1.64 (s, 6H), 1.7 1 (s, 3H), 1.97-2.30 
(m, 8H), 2.45 (s, 2H), .4.85-5.25 (m, 3H), and 5.54 (s, 1 H); mass 
spectrum, m/z: 350(Mf, 5), 281(7), 239(15), 223(10), 156(7), 
149(29), 81(14), 75(26), 73(100), 69(50), 43(17), and 41(49). Anal. 
calcd. for C21H3802Si: C 71.94, H 10.92; found: c 72.20, H 10.99. 

2,2-Dimethylpropyl (2Z,6E)-7, I I-dimethyl-3-[(trimethylsilyl)- 
methyl]-2,6,10-dodecatrienoate (19b) 

The en01 phosphate of 186 was prepared (24) using 0.80g 
(0.020mol) of sodium hydride (60% dispersion in oil), 5.638 
(0.018 mol) of P-keto ester 18b, and 2.76 mL (0.019 mol) of diethyl 
chlorophosphate. Work-up of the reaction mixture gave 5.44 g (67%) 
of an orange oil, which was used without further purification in the 
preparation of silyl ester 196. Preparative tlc of a small amount of this 
material using petroleum ether-ethyl acetate (2:l) gave pure en01 
phosphate as a viscous oil; bp (Kugelrohr distillation) 180°C/0. 1 Tom; 
ir (CHCl,): 1720, 1670, and 1030 cm-'; 'H nmr (CDC1,) 6: 0.96 (s, 
9H), 1.37 (dt, JCHZCH, = 7 HZ, JPOCHZCH3 = 1 HZ, 6H), 1.67 (bs, 6H), 
1.74 (bs, 3H), 1.90-2.17 (m, 4H), 2.26-2.64 (m, 4H), 3.82 (s, 2H), 
4.27 (dq, JCH2CH, = 7 HZ, JPOCH,CH, = 7 HZ, 4H), 5.0-5.26 (m, 2H), 
and 5.39 (s, 1H); mass spectrum, m/z: 4 4 4 ( ~ + ,  l l ) ,  308(17), 
220(30), 155(100), 136(35), 127(39), 12 1 (22), 109(49), 105(20), 
99(45), 93(28), 85(27), 81(41), 71(60), 69(91), 67(24), 57(31), 

55(34), 43(88), and 41(77). Exact mass calcd. for C23H4106P: 
444.265 1; found (rns): 444.2634. 

This crude en01 phosphate (3.44 g) was reacted according to general 
procedure D using 0.377 g (16 mmol) of magnesium turnings, 2.63 mL 
(17 mmol) of trimethylsilylmethyl chloride, and 0.050-0.10 g (0.19- 
0.33 mmol) of anhydrous nickel(I1) acetylacetonate. A further portion 
of 0.050-0.10 g (0.19-0.33 mmol) of catalyst was added immediately 
after addition of the en01 phosphate, and the reaction was stirred at 
room temperature for 1 h. Work-up of the reaction mixture gave 2.7 g 
of crude product, which was purified by flash chromatography using 
petroleumether-ethyl acetate (40: 1) as eluant to give 1.92 g (66% from 
P-keto ester 186) of 196 as an orange oil. Preparative tlc of a small 
amount of this material using petroleum ether-ethyl acetate (30: 1) gave 
196 as a viscous liquid; bp (Kugelrohr distillation) 120°C/0. 1 Torr; ir 
(CHCl,): 1690, 1620, 1240, 1150, and 850 cm-'; 'H nmr (CDCI,) 6: 
0.10 (s, 9H), 0.98 (s, 9H), 1.64 (s, 6H), 1.73 (s, 3H), 1.92-2.30 (m, 
8H), 2.47 (s, 2H), 3.80 (s, 2H), 4.98-5.25 (m, 2H), and 5.62 (s, 1H); 
mass specrum, m/z: 3 7 8 ( ~ + ,  22), 309(20), 239(35), 223(17), 
149(38), 82(15), 81(19), 75(32), 73(100), 71(25), 69(51), 55(15), 
43(45). and 41 (27). Anal. calcd. for C23H4202Si: C 72.95, H 1 1.18; 
found: C73.13, H 11.15. 

2,2,4,4-Tetramethyl-3-penryl(2Z,6E)-7,11-dimethyl-3-[(tri- 
methylsilyl)methyl]-2,6,10-dodecatrienoate (19c) 

The en01 phosphate of 18c was prepared (24) using 3.80g 
(0.083 mol) of sodium hydride (60% dispersion in oil), 30.5 g of crude 
P-keto ester 18c, and 11.5 mL (0.08 mol) of diethyl chlorophosphate. 
Work-up of the reaction mixture gave a quantitative yield of a yellow 
oil, which was used without further purification in the preparation of 
silyl ester 19c. Preparative tlc of a small amount of this material using 
petroleum ether-ethyl acetate (1:l) gave pure en01 phosphate as a 
colourless oil; bp (Kugelrohr distillation) 140°C/0. 1 Torr; ir (CHCl,): 
1715, 1670, and 1030 cm-'; 'H nmr (CDC13) 6: 1.01 (s, 18H), 1.36 
(dt, JCH2CH, = 7 HZ, JmCHZCH, = 1 HZ, 6H), 1.62 (bs, 6H), 1.69 (bs, 

- 3H), 1.90-2.16 (m, 4H), 2.25-2.55 (m, 4H), 4.26 (dq, JCH,CH3 - 
7 Hz, JPOCHl = 7 HZ, 4H), 4.63 (s, 1 H), 4.95-5.25 (bt, 2H), and 5.40 
(s, 1H); mass spectrum, m/z: 500(Mt, 2), 357(22), 238(17), 220(38), 
155(61), 136(16), 127(20), 109(30), 99(19), 81(22), 70(75), 69(25), 
57(100), 55(18), 43(23), and 41(47). Anal. calcd. for C27H4906P: C 
64.78, H 9.87; found: C 64.57, H 9.90. 

This crude en01 phosphate (20 g) was reacted according to general 
procedure D using 1.94 g (0.080 mol) of magnesium turnings, 12.2 mL 
(0.088 mol) of trimethylsilylmethyl chloride, and 0.25-0.50 g (1 .O- 
2.0 mmol) of anhydrous nickel(I1) acetylacetonate. The reaction 
mixture was stirred at room temperature for 2 h with no further addition 
of catalyst. Work-up of the reaction mixture, and purification by flash 
chromatography using petroleum ether-ethyl acetate (40:l) gave 
12.20 g of 19c as a yellow liquid. Preparative tlc of a small amount of 
this material using the above solvent mixture gave 19c as a colourless 
oil; bp (Kugelrohr distillation) 120°C/0. 1 Torr; ir (CHCl,): 1690, 
1620, 1155, and 850 cm-I; 'H nmr (CDC13) 6: 0.08 (s, 9H), 
1.03 (s, 18H), 1.64 (s, 6H), 1.72 (s, 3H), 1.97-2.28 (m, 8H), 2.51 
(s, 2H), 4.59 (s, lH), 4.98-5.26 (m, 2H), and 5.62 (s, 1H); mass 
spectrum, m/z: 434(M+, 0. l ) ,  308(26), 293(18), 292(14), 291(40), 
239(18), 109(20), 73(85), 71(16), 69(45), 57(100), and 41(3). Anal. 
calcd. for C27H5002Si: C 74.59, H 1 1.59; found: C 74.28, H 1 1.75. 

2-Propyl(2Z,6E)-lO,l I-epoxy-7,1 I-dimethyl-3-[(trimethyl- 
silyl)methyl]-2,6-dodecadienoate (20a) 

This compound was prepared according to general procedure A 
using 10.3 g (0.029 mol) of triene 19a and 5.76 g (0.032 mol) of NBS 
in 175 mL of a 5: 1 solution of THF-H20. Work-up of the reaction gave 
13.3 g of crude bromohydrin, which was used without further purifica- 
tion and was converted to epoxide 20a using 10.1 g (0.074 mol) of 
K2CO3 in anhydrous methanol. Work-up of the reaction mixture and 
purification of the crude product by flash chromatography using 
petroleum ether-ethyl acetate (15:l) as elilant gave 6.0g (56%) of 
epoxide 20a. Preparative tlc of a small amount of this material using 
petroleum ether-ethyl acetate (8: 1) as eluant gave 20a as a colourless 
liquid; bp (Kugelrohr distillation) 16OoC/0. 15 Torr; ir (CHCl,): 1700, 
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1625, 1255, 1210, 1170, 11 10, and 850cm-'; 'H nmr (CDC13) 8: 0.08 
(s, 9H), 1.29 (d, J = 6 Hz, 6H), 1.30 (s, 3H), 1.34 (s, 3H), 1.65 (s, 
3H), 1.55- 1.80 (m, 2H), 2.00-2.30 (m, 6H), 2.44 (s, 2H), 2.73 (t, J 
= 6Hz, lH), 5.00 (septet, J = 6Hz,  lH), 5.00-5.27 (m, lH), and 
5.51 (s, 1H); mass spectrum, m/z: 366(Mf, 5), 239(11), 149(16), 
107(18), 81(18), 75(26), 73(100), 71(18), 59(17),43(39), and41(16). 
Anal. calcd. for C21H3B039Si: C 68.00, H 10.45; found: C 68.92, 
H 10.39. 

2,2-Dimethylpropyl(2Z,6E)-10,ll-epoxy-7,11 -dimethyl-3-[(tri- 
methylsilyl)methyl]-2,6-dodecadienoate (20b) 

This compound was prepared according to general procedure A 
using 1.13 g (3.0 mmol) of triene 19b and 0.590 g (3.3 mmol) of NBS 
in 20 mL of a 5: 1 solution of THF-H20. Work-up of the reaction gave a 
quantitative yield of crude bromohydrin, which was used without 
further purification. The crude bromohydrin was converted into 
epoxide 20b using 1.04 g (7.5 mmol) of K2CO3 in anhydrous metha- 
nol. Work-up of the reaction mixture and purification of the crude 
product by flash chromatography using petroleum ether-ethyl acetate 
(20: 1) as eluant gave 0.64 g (54%) of epoxide 20b. Preparative tlc of a 
small amount of this material using the same solvent system gave 20b 
as a colourless liquid; bp (Kugelrohr distillation) 130°C/0. 1 Torr; ir 
(CHCI3): 1700, 1625, 1260, 1220, 1160 and 860 cm-'; 'H nmr 
(CDC13) 6: 0.09 (s, 9H), 0.99 (s, 9H), 1.3 1 (s, 3H), 1.35 (s, 3H), 1.69 
(bs, 3H), 1.59- 1.8 1 (m, 2H), 2.04-2.3 1 (m, 6H), 2.47 (s, 2H), 2.74 
(t, J = 6 Hz, lH), 3.80 (s, 2H), 5.09-5.30 (m, lH), and 5.59 (s, 1H); 
mass spectrum, m/z: 394 (Mf ,  7), 379(10), 239(14), 149(20), 
135(17), 121(16), 107(23), 85(17), 82(16), 81(24), 75(26), 73(100), 
71(43), 69(17), 67(17), 55(17), 43(89), and 41(23). Anal. calcd. for 
C23H4203Si: C 70.00, H 10.73; found: C 69.83, H 10.80. 

2,2,4,4-Tetramethyl-3-pet1ty1(2Z,6E)-lO,I 1-epoxy-7,ll- 
dimethyl-3-[(trimethylsilyl)methyl]-2.6-dodecadienoate (20c) 

, This compound was prepared via general procedure A using 13.5 g 
(0.031 mol) of triene 19cand6.07 g (0.034 mol) ofNBS in 180 mLof a 
5:l solution of THF-H20. Work-up of the reaction mixture gave a 
bromohydrin, which was used without purification. The crude bromo- 
hydrin was converted to epoxide 20c using 10.7 g (0.078 mol) of K2CO3 
in anhydrous methanol. Work-up of the reaction mixture and purifica- 
tion by flash chromatography using petroleum ether-ethyl acetate 
(30:l) as eluant gave 7.9 g (57%) of epoxide 20c. Preparative tlc of a 
small amount of this material using the same solvent system gave 20c 
as a colourless liquid; bp (Kugelrohr distillation) 130°C/0. 1 Torr; ir 
(CHCI3): 1700, 1625, 1160, and 860 cm-I; 'H nmr (CDC13) 8: 0.07 (s, 
9H), 1.03 (s, 18H), 1.28 (s, 3H), 1.32 (s, 3H), 1.67 (bs, 3H), 
1.55-1.80(m,2H), 2.05-2.22(m, 6H),2.51 (s, lH), 2.73(t,  J =  
6Hz, lH), 4.58 (s, lH), 5.15-5.30 (bt, lH), and 5.59 (s, 1H); mass 
spectrum, m/z: 450(Mf, l ) ,  307(9), 239(10), 197(14), 135(12), 
125(13), 109(14), 107(13), 75(16), 73(89), 71(27), 57(100), 43(30), 
and 41(19). Anal. calcd. for C27H5003Si: C 71.94, H 1 1.18; found: C 
71.66, H 11.33. 

2,2,4,4-Tetramethyl-3-pen@ trans-decahydro-6P-hydroxyl- 
5,5-8a~-tr~rnethy1-2-rnethylene-1~-naphthalenecarboxylate 
( 2 1 ~ )  

These compounds were prepared via general procedure B using 
0.62g (1.4 mmol) of compound 20c, 7.8 pL (0.14mmol) of acetic 
acid, and 0.18 mL (1.5 mmol) of stannic chloride. The reaction was 
stirred at 0°C for 2 h. Work-up of the reaction mixture and purification 
by flash chromatography using petroleum ether-ethyl acetate (8: 1) as 
eluant gave 0.287 g (55%) of alcohols 21c in a ratio of 1:3, as 
determined by 'H nmr spectroscopy and gc (T = 250°C). Preparative 
tlc of a small sample of this mixture using petroleum ether-ethyl 
acetate (6:l) gave 21c as wh~te foam; bp (Kugelrohr distillation) 
14S°C/0. 1 Torr; ir (CHC13): 3630, 3460, 1720, 1660, 1375, and 1165 
cm-'; 'H nmr (CDC13) 8: 0.79 (s, 0.75H). 0.82 (s, 2.25H), 0.93 (s, 
0.75H), 0.95 (s, 2.25H), 0.98 (s, 6.758), 1 .OO (s, 4.5H), 1.03 (s, 
6.758), 1.05 (s, 0.75H), 1.11 (s, 2.25H), 1.17-2.55 (m, 10H, 1H 
exchangeable with D20), 2.82 (bs, lH), 3.07-3.44 (m, lH), 4.54 (s, 
0.25H), 4.59 (s, 0.75H), 4.75 (bs, lH), and 4.86 (bs, 1H); mass 

spectrum, m/z: 378(Mf, 4), 252(38), 234(27), 233(22), 189(31), 
135(21), 127(18), 119(8), 71(31), 57(100), and 41(21). Anal. calcd. 
for C24H4203: C 76.14, H 11.18; found: C 76.30, H 11.30. 

2,2,4,4-Tetramethyl-3-pen@ trans-decahydro-6P-[tert-butyldi- 
methylsilyl)oxy]-5,5,8aP-trimethyl-2-methylene-l~-naphtha- 
lenecarboxylate (26) 

These compounds were prepared (40) using 0.08 g (2.1 mmol) of 
alcohols 21c, 0.60 mL (5.1 mmol) of 2,6-dimethylpyridine, and 
0.73 mL (3.2 mmol) of TBDMS triflate in 3 mL of CH2C12. Work-up 
of the reaction mixture gave 1 .O g (99%) of compounds 26, which were 
used without further purification in the preparation of alcohols 27. 
Purification of a small amount of this material by preparative tlc using 
petroleum ether-ethyl acetate (60: 1) as eluant gave the pure 9P epimer 
of 26 as a colourless glass; bp (Kugelrohr distillation) 140°C/0. 1 Torr; 
mp 116-1 18°C; ir (CHC13): 1720, 1660, 1160, 1100, and 835 cm-'; 
'H nmr (CDCl,) 8: 0.08 (s, 6H), 0.80 (s, 3H), 0.92 (s, 9H), 0.94 (s, 
3H), 1.01 (s,9H), 1.06(s,9H), 1.12(s,3H), 1.25-2.60(m,9H), 2.81 
(bs, lH), 3.27 (dd, J = 9Hz,  6Hz,  lH), 4.60(s, lH),4.75(bs, IH), 
and 4.86 (bs, 1H); mass spectrum, mlz: 492 (M', 0. l ) ,  309(6), 
189(14), 91(17), 75(80), 73(41), 71(41), 69(21), 57(100), 55(44), 
43(16), and 41(55). Anal. calcd. for C30H5603Si: C 73.11, H 11.45; 
found: C 73.07, H 1 1.40. 

trans-Decahydro-6P-[tert-butyldimethylsilyl)oxy]-5,5,8a~ -2'- 
methyl-2-methylene-16-naphthalenemethano (27) 

To a solution of 0.984 g (2.0 mrnol) of esters 26 in 50 mL of toluene 
was added 0.28 mL (3.5 mmol) of THF. The reaction was cooled to 
O°C, 7.0mL (7.0 mmol) of a 1 M solution of DIBAL in hexane was 
added, and the reaction was stirred at 0°C for 1 h. The reaction was 
quenched with 1 M HC1 and diluted with ether. The organic phase was 
washed three times with 1 M HCl, once with saturatedNaC1, dried, and 
the solvent was removed. Purification of the crude product by flash 
chromatography using petroleum ether-ethyl acetate (40: 1) as eluant 
gave 0.400 g of esters 26 (9a/9P = 1 : 1 1, as determined by gc (T = 
250°C)). The enriched p-ester 26 was dissolved in toluene and 3.52 mL 
(3.5 mmol) of a 1 M solution of DIBAL in hexane was added to the 
solution. The reaction was stirred at room temperature for 2 h, then 
diluted with ether, and quenched with 1 M HCI. The organic layer was 
washed three times with 1 M HCl, once with saturated NaC1, dried, and 
the solvent was removed. Purification of the product by flash 
chromatography using petroleum ether-ethyl acetate (8: 1) as eluant 
gave 0.271 g (95%) of alcohol 27; bp (Kugelrohr distillation) 
138"C/O. 1 Torr; mp 65-67°C; ir (CHCI3): 3620, 3450, 1650, 1100, 
and 840 cm-I; 'H nmr (CDC13) 6: 0.07 (s, 6H), 0.76 (s, 3H), 0.77 (s, 
3H), 0.91 (s, 9H), 0.94 (s, 3H), 1.12-2.62 (m, lOH), 1.37 (bs, lH, 
exchangeable with D20), 3.15-3.37 (m, IH), 3.65-3.90 (m, 2H), 
4.66 (bs, lH), and 4.95 (bs, IH); mass spectrum, m/z: 3 5 2 ( ~ + ,  l ) ,  
295(21), 147(13), 107(18), 105(24), 95(20), 81(15), 75(100), 73(34), 
and 69(15). Anal. calcd. for C21H4002Si: C 7 1.53, H 1 1.43; found: 
C71.28. H 11.52. 

Mesylare from alcohol 27  
To a solution of 0.67 mL (4.8 mmol) of triethylamine in ether at 0°C 

was added a solution of alcohols 27 (9a /9P = 1 :2, as determined by 'H 
nrnr spectroscopy) in ether at 0°C with stirring. After 5 min, 0.27 mL 
(3.5 mmol) of methanesulphonyl chloride was added to the reaction, 
and the mixture was stirred at 0°C for 2 h, then at room temperature for 
2 h. The reaction was quenched with 1 M HC1, and the organic phase 
was washed three times with 1 M HC1, three times with saturated 
NaHCO,, once with saturated NaCl, and dried. The solvent was 
removed to give 1.39 g (quantitative yield) of a mesylate, which was 
used without further purification in the preparation of sulfide. Prepara- 
tive tlc of a small amount of this material using petroleum ether-ethyl 
acetate (6:l) gave pure mesylate (9a/9P = 1:2) as an oil which slowly 
crystallized; mp 72-77°C; ir (CHC13): 1360, 1175,945, and 840 cm-'; 
'H nmr (CDC13) 8: 0.06 (s, 6H), 0.78 (s, 3H), 0.86 (s, 1.2H), 0.91 (s, 
10.8H), 0.94 (s, 1.8H), 0.99 (s, 1.2H), 1.15-2.58 (m, lOH), 3.00 (s, 
1.2H), 3.02 (s, 1.8H), 3.05-3.35 (m, lH), 4.20-4.50 (m, 2H), 4.61 
(bs, 0.6H), 4.72 (bs, 0.4H), 4.85 (bs, 0.4H), and 4.92 (bs, 0.6H); mass 
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spectrum, m/z: 430(Mt, 3), 203(100), 153(32), 147(28), 135(22), 
133(23), 119(24), 109(25), 107(39), 95(31), 93(23), 81(21), 75(61), 
and 73(35). Exact mass calcd. for C22H4204SSi: 430.2573; found 
(ms): 430.2572. 

trans -Decahydro-6P -[tea-butyldimethylsily1)oxy-5,5,8aP -tri- 
methyl-2-methylene-l(-(phenylthiomethyl)naphthalene 

A sluny of 1.02 g (6.4 mmol) of KH (25% in oil) in dry ethanol was 
stirred at room temperature and 0.66 mL (6.4 mmol) of thiophenol was 
added to the slurry. After 10 min a solution of 1.39 g of the above 
mesylate ( l a / ]  P = 1 : 1.5) in ethanol was added to the mixture, and the 
reaction was heated at reflux for 16 h. The ethanol was removed under 
reduced pressure and the residue was partitioned between ether and 
saturated NaCI. The two phases were acidified with 1 M HC1, and the 
organic phase was washed twice with saturated NaC1, dried, and 
concentrated. The crude product was purified by flash chromatography 
using petroleum ether as eluant to remove the mineral oil and diphenyl 
disulfide. The column was then eluted with petroleum ether-ethyl 
acetate (40:l) to give 1.33 g (94% from alcohols 27) of sulfide as a pale 
yellow solid. Preparative tlc of a small amount of this material using the 
above solvent system gave pure sulfide ( l a /  l P = 1: 1.5) as a colourless 
crystalline solid; bp (Kugelrohr distillation) 180°C/0.1 Torr; mp 
73-89°C; ir (CHCl,): 1100 and 840 cm-I; 'H nmr (CDCl3) 6: 0.07 (s, 
6H), 0.79 (s, 3H), 0.93 (bs, 15H), 1.15-2.50 (m, lOH), 2.81 -3.30 
(m, 3H), 4.70 (bs, lH), 4.84 (bs, 0.4H), 4.99 (bs, 0.6H), and 
7.15-7.48 (bs, 5H); mass spectrum, mlz: 445(13), 444(Mt, 27). 
387(26), 203(28), 133(15), 123(27), 119(15), 117(15), 109(16), 
107(17), 95(17), 93(15), 81(16), 75(100), 73(56), 69(18), 57(19), and 
55(51). Exact mass calcd. for C27H440SSi: 444.2882; found (ms): 
444.2876. 

trans-Decahydro-6P-[tert-butyldirnethylsilyl)oxy]-5,5,8aP -tri- 
methyl-2-rnethylene-l(-(pherzylsulfonylmethyl)naphthalene 

To a solution of 0.504 g (1.6 mmol) of diphenyl diselenide in a 5.1 
mixture of ether-CH2C12 at O°C was added 0.92 mL (8.1 mmol) of a 
30% (w/v) solution of hydrogen peroxide in water. To this oxidizing 
mixture was added 0.717 g (1.6 mmol) of the above sulfide ( l a / l P  = 
1:1.5) and the reaction was refrigerated at 5OC for 16 h, during which 
time colourless crystals were observed to form. The reaction mixture 
was diluted with ether and ethyl acetate, and filtered to remove the 
insoluble crystals. The filtrate was washed three times with saturated 
NaC1, dried, and the solvent was removed to give 0.90 g of sulfone as 
an oil that was insoluble in petroleum ether. The crude product was 
dissolved in ethyl acetate and adsorbed into silica gel. Purification by 
flash chromatography using petroleum ether-ethyl acetate (6:l) as 
eluant gave 0.65 g (85%) of sulfone ( l a / l P  = 1:1.5). Preparative tlc 
of a small amount of this material using the same solvent system gave 
pure sulfone as a colourless glass; bp (Kugelrohr distillation) 
195"C/0.1 Torr; ir (CHCl,): 1660, 1315, 1150, 1105, and 840 cm-'; 
'H nrnr (CDCl,) 6: 0.06 (s, 6H), 0.63 (s, 1.8H), 0.73 (s, 3H), 0.9 1 (s, 
10.2H), 0.93 (s, 3H), 1.12-2.48 (m, lOH), 3.00-3.40 (m, 3H), 4.43 
(bs, lH), 4.60 (bs, 0.4H), 4.74 (bs, 0.6H). and 7.49-7.98 (m, 5H); 
mass spectrum, mlz: 476(M+, 0.2), 420(29), 419(92), 217(61), 
203(78), 201(34), 199(100), 147(23), 135(33), 109(20), 107(21), 
95(24), 75(57), and 73(28). Anal. calcd. for C27H4402SSi: C 68.02, H 
9.30; found: C 67.85, H 9.18. 

A small portion of sulfone ( l a / l p  = 1: 1 . 9 ,  was crystallized from 
ether to give moderately pure P isomer; mp 156-159°C; 'H nmr 
(CDCl,) 6: 0.06 (s, 6H), 0.63 (s, 3H), 0.73 (s, 3H), 0.91 (s, 9H), 0.93 
(s, 3H), 1.15-2.50 (m, lOH), 3.04-3.58 (m, 3H), 4.43 (bs, IH), 4.74 
(bs, IH), 7.49-7.68 (m, 3H), and 7.80-7.98 (m, 5H). 

Methyl 5-[trans-decahydro-6'P -[(tert-butyldirnethylsilyl)o.ryl-5', - 
5'  ,8afP -trirnethyl-2' methylene-1 'P -naphthalenyl]-3-0x0- 
pentanoate (29) 

To a solution of 73 pL (0.9 1 mmol) of pyridine in 1 mL of CH2C12 at 
-40 to -50°C was added 139 pL (0.82 mmol) of freshly purified 
trifluoromethanesulphonic anhydride (triflic anhydride) with stirring. 
A white precipitate formed immediately and after 5 min a solution of 
0.290 g (0.82 rnrnol) of alcohol 27 in 2 mL of CH2C12 was added to the 
mixture. The reaction was stirred at -40 to -50°C for 1 h, during 

which time the original precipitate disappeared and a new precipitate 
formed. The reaction was filtered through a glass sinter and the 
crystalline pyridinium triflate was washed with hexane that had been 
cooled to approximately -20°C. The filtrates were combined and the 
solvent was removed under high vacuum while maintaining the 
temperature below O°C. The residue was dissolved in cold hexane 
(-20°C), and the insoluble matter was filtered through a glass sinter 
and washed with cold hexane. The filtrates were again combined and 
the solvent was removed under high vacuum while maintaining the 
temperature below 0°C. The resulting colourless to pink oil was 
dissolved in cold (-40°C) THF, and added to a preformed solution of 
the dianion of methyl acetoacetate in THF that was cooled to -40°C. 
(The dianion was prepared (44) from 0.056 g (1.4 mmol) of sodium 
hydride (60% dispersion in oil), 133 FL (1.2mmol) of methyl 
acetoacetate, and 0.93 mL (1.4 mmol) of a 1.5 M solution of 
n-butyllithium in hexane.) The reaction mixture was allowed to warm 
to O°C over a period of 1 h, then stirred at 0°C for a further 2 h. The 
mixture was quenched with 1 M HC1, ether, the organic phase was 
washed once with 1 M HC1, once with saturated NaC1, and dried. The 
solvent was removed, while maintaining the temperature below 50°C, 
to yield an orange oil. Purification was performed, on the same day, by 
flash chromatography using petroleum ether as eluant to give 0.060 g 
(22%) of diene. The column was then eluted with petroleum ether- 
ethyl acetate (25:l) to remove any remaining nonpolar material. 
Elution with petroleumether-ethyl acetate (10:l) gave the P-keto ester 
29 (0.104 g, 28%) as a pale yellow oil. Preparative tlc of a small 
amount of this material using petroleum ether-ethyl acetate (6: 1) gave 
29 as a colourless oil; bp (Kugelrohr distillation) 170°C/0. 1 Tom; ir 
(CHC13): 1750, 1720, 1255, 1100, and 840 cm-'; 'H nmr (CDCl3) 6: 
0.06(s,6H),0.71 (s, 3H),0.76(s, 3H),0.91 (s, 12H), 1.08-2.73 (m, 
14H), 3.24 (bt, J = 7Hz, lH), 3.42 (s, 2H), 3.74 (s, 3H), 4.43 (bs, 
lH), and 4.84 (bs, 1 H); mass spectrum, m/z: 450 (M+ , 5), 394(32), 
393(90), 149(19), 135(20), 121(17), 119(16), 107(17), 95(15), 
81(15), 75(100), 73(50), 69(22), 55(20), 43(19), and 41(20). Exact 
mass calcd. for C26H4604Si: 450.3 165; found (Ins): 450.31 68. 

Methyl ( E ) - 3 - m e r h y l - 5 - [ t r a n s - d e c a h y d r o - 6 ' P - [ t e ~ l -  
silyl)oxy]-5' ,5' ,8a1p -trimethyl-2' methylene-1 ' P -naph- 
thalenyll-2-penrenoate (30) 

The en01 phosphate from 29 was prepared (24) using 11 mg 
(0.27 mrnol) of sodium hydride (60% dispersion in oil), 80 mg 
(0.18 mmol) of P-keto ester 29, and 3 1 pL (0.21 mmol) of diethyl 
chlorophosphate. Work-up of the reaction mixture gave a yellow oil, 
which was purified by flash chromatography using petroleum ether- 
ethyl acetate (2: 1) as eluant to give 94 mg (90%) of en01 phosphate as a 
viscous liquid; ir (CHCl,): 1730, 1670, and 1035 cm-'; 'H nmr 
(CDCl,) 6: 0.06 (s, 6H), 0.70 (s, 3H), 0.75 (s, 3H), 0.9 1 (s, 12H), 
1.05-2.55 (m, 14H), 1.38 (dt, JCH,cH, = 7 HZ. JPOCH2CH, = 1 HZ, 
6H), 3.23 (bt, J = 7 HZ, lH), 3.7 1 (s, 3H), 4.27 (dq, JCH,cH, = 7 HZ, 
JPOCH2CH, = 8 HZ, 4H), 4.49 (bs, 1 H), 4.85 (bs, 1 H), and 5.35 (s, 1H); 
mass spectrum, mlz: 586(Mt, 0.6), 530(29), 529(86), 432(16), 
375(17), 300(14), 253(19), 252(82), 230(13), 229(100), 220(24), 
21 1(26), 201(18), 183(20), 155(57), 135(16), 127(18), 119(16), 
99(23), 8 1 (15), 75(56), and 73(41). Exact mass calcd. for C30H5507P- 
Si: 586.3455; found (ms): 586.3435. 

A suspension of 67 mg (0.33 mmol) of cuprous bromide-dimethyl 
sulphide complex (CuBr.Me2S) in 2 mL of ether was stirred at O°C, and 
0.39 mL (0.66 mmol) of a 1.7 M solution of methyllithium-lithium 
bromide complex in ether was slowly added to the suspension. The 
resulting light tan solution was cooled to -7S°C and a solution of 64 mg 
(0.1 1 mrnol) of the above en01 phosphate in 1.5 mL of ether was added 
to the reaction. The reaction mixture was warmed to --50°C and stirred 
for I h while maintaining the temperature between -40 and -50°C. 
During this time the colour of the reaction mixture changed from bright 
yellow to a reddish-purple colour. The reaction was quenched at -40°C 
by the addition of a mixture of 50% aqueous ammonium chloride and 
concentrated ammonium hydroxide (ca. 5: 1). and diluted with ether. 
The organic phase was washed three times with this ammoniacal 
solution to remove all copper salts, once with saturated NaC1, dried, 
and the solvent was removed. The crude product was purified by Rash 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ARMSTRONG AND WElLER 595 

chromatography using petroleum ether-ethyl acetate (40: 1) as eluant to 
give 40 mg (82%) of 30 as a pale yellow oil. Preparative tlc of this 
material using the same solvent system gave 30 as a colourless liquid; 
bp (Kugelrohr distillation) 13OoC/0. 1 Torr; ir (CHC13): 1720, 1650, 
1155, 1105, and 840 cm-'; 'H nmr (CDC13) 8: 0.08 (s, 6H), 0.72 (s, 
3H), 0.77 (s, 3H), 0.92 (s, 12H). 1.06-2.55 (m, 14H), 2.18 (d, J = 
1.5Hz,3H),3.25(bt, J = 7 H z ,  lH),3.71(~,3H),4.51 (bs, 1H),4.88 
(bs, lH), and 5.65 (bs, 1H); mass spectrum, m/z: 448 (M', 2), 
392(39), 391(100), 316(12), 285(11), 241(14), 171(12), 147(12), 
135(23), 121(22), 119(16), 109(13), 107(17), 105(1 I), 95(29), 
93(13), 81(13), 75(65), 73(34), and 69(12). Anal. calcd. for 
C27H4803Si: C 72.27, H 10.78; found: C 72.32, H 10.85. 

Methyl (E)-3-methyl-5-(trans-decahydro-5',5',8a'P-trimethyl-2'- 
methylene-6'P-hydroxy-1 'P-naphthalenylj-2-pentenoate 

The standard solution of 48% aqueous hydrofluoric acid and 10 
volumes of acetonitrile was prepared (4.8% HF in CH3CN), and 3 mL 
of this standard solution was added to 9.5 mg (0.02 mmol) of silyl ether 
30. This reaction was stirred at 0°C for 2 h while allowing it to warm to 
room temperature, then was diluted with ether. The organic phase was 
washed four times with water, dried, and the solvent was removed to 
give 7 mg (99%) of crude alcohol, which was used unpurified in the 
preparation of 246 (98% pure by gc ( T  = 250°C)). The spectral data 
('H nmr, ir, ms) are in good agreement with those found in the literature 
(35,36); ir (CHC13): 3620, 3470, 1720, 1650, 1210, and 1 155 cm- '; 
'H nmr (CDCI,) 8: 0.72 (s, 3H), 0.80 (s, 3H), 1.01 (s, 3H), 1.1-2.55 
(m, 15H, 1H exchangeable with D20), 2.18 (d, J = 1.5 Hz, 3H), 
3.15-3.40 (m, lH), 3.70 (s, 3H), 4.53 (bs, IH), 4.88 (bs, 1 H), and 
5.65 (bs, 1H); mass spectrum, mlz: 334(Mf, 6), 319(19), 316(16), 

, 301(25), 260(19), 203(23), 175(21), 135(100), 134(25), 123(26), 
, 121(38), 1 19(29), 114(55), 109(29), 107(53), 95(38), 93(35), 83(26), 
; 82(26), 81(38), and 55(27). Exact mass calcd. for C21H3403: 334.2508; 
1 found (ms): 334.2512. 

(Ej-3-Methyl-5-(trans-decahydro-5' .5' .8a1P-trimethyl-2' - 
methylene-6'P-hydroxy-I 'P-naphthaleny1)-2-pentenoic acid ~ 

I (3-hydroxylabda-8(20),13-dien-15-oic acid) (24b) 
To a solution of 10 mg (0.03 mmol) of the above methyl ester in 3 mL 

of methanol was added 1 mL of a 10% (w/v) solution of aqueous KOH 
at 0°C. The reaction was stirred at room temperature for 30 h, then 
diluted with ether, washed three times with 1 M HCI, and once with 
saturated NaC1. The aqueous washings were extracted three times with 
ether, the combined organic layers were dried, and the solvent was 
removed. The crude product was purified by flash chromatography 
using petroleum ether-ethyl acetate (1: 1.5) as eluant to give 8 mg 
(83%, 2 steps) of 24b as acrystalline solid whose spectral data ( 'H nmr, 
ir, ms) are in good agreement with those found in the literature (35,36); 
mp 173-174.S°C; ir (CHC13): 3000, 1700, and 1640 cm-'; 'H  nmr 
(CDCl,) 8: 0.72 (s, 3H), 0.8 1 (s, 3H), 1.03 (s, 3H), 1 .O-2.6 (m, 16H, 
2Hexchangeable with D20), 2.19 (d, J = 1.5 Hz, 3H), 3.10-3.37 (m, 
lH), 4.52 (bs, lH), 4.89 (bs, lH), and 5.68 (bs, 1H); mass spectrum, 
m/z: 320 (M' , 7), 302(22), 152(25), 149(52), 136(27), 135(100), 
134(26), 133(24), 123(31), 122(36), 121(48), 119(31), 109(40), 
107(61), 105(28), 97(33), 96(3 l),  95(27), 93(48), and 91 (39). Exact 
mass calcd. for C2DH3203: 320.2351; found (ms): 320.2354. 
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La synthkse de nouvelles thiazines est decrite. Leur dktermination structurale et leurs parametres spectroscopiques sont 

examines. La cyclocondensation [2+2] de ces thiazines sur les cCt6nes est CtudiCe ainsi que la rkversibilite de la reaction en 
fonction de la nature des substituants en positions 4 et (ou) 5 des 6H-thiazines-1,3. 

J .  P. PRADERE, J .  C. ROZE, H. QUINIOU, R. DANION-BOUGOT, D. DANION, and L. TOUPET. Can. J .  Chem. 64,597 (1986). 
The synthesis of new thiazines is described. Their structural determination and their spectroscopic parameters are examined. 

The [2+2] cyclocondensation of these thiazines with ketenes is studied along with the reversibility of the reaction as a function 
of the nature of the substituents on position 4 and (or) 5 of 6H-1,3-thiazines. 

[Traduit par le journal] 

Introduction 
Des travaux mentionnent l'utilisation des dihydrothiazines 4 

(R' = groupement gCnCrateur de cycle P-lactamique) comme 
prCcurseurs de ~Cphalosporines (1) ou de cCphkmes 3 (2). La 
synthkse de ces composCs bicycliques a CtC Cgalement effectuCe 
par rCaction de cycloaddition [2+ 21 partir de 6H-thiazines- l , 3  
2 non substituCes en position 2 et comportant en position 4 un 
groupement fonctionnel Clectroattracteur (3). 

x x x 
2 3 4 

Les synthkses de composCs P-lactamiques par action des 
cttknes sur la fonction imine de composCs 1inCaires ou cycliques 
ont fait l'objet de nombreuses publications (4). Toutefois, peu 
de travaux concement les 6H-thiazines-1,3 substituCes en 
positions 2, 4 et 5. Dans certains cas, lorsque la position 2 des 
6H-thiazines-1,3 2 est substituCe par un groupement aroma- 
tique, il n'a pas CtC possible d'obtenir le ctphkme correspondant 
(5). 

Aprks avoir dtcrit l'accks i de nouvelles 6H-thiazines-1,3 
polyfonctionnelles e leurs caractCristiques physico-chimiques 
(rayons X, rmn13C et I5N), nous nous proposons de montrer 
l'influence de la temptrature et de la nature des substituants en 
positions 4 et 5 sur la rkactivitt des phCnyl-2 6H-thiazines-1,3 
vis-a-vis du diphCnylcttkne et du dichlorocCtene. 

1. Phenyl-2 6H-thiazines-1,3 polysubstituees 
1 .1  SynthPse 

Les 6H-thiazines- 1,3 substitutes 2 ont CtC obtenues selon une 
rCaction de cyclocondensation [4+2]. 

'Auteur i qui adresser la correspondance. 
'Revision recue le 24 octobre 1985. 

l a X = H  R = CHO, COCH3 2 
l b  X = CH3 R' = H, CH3 
I C  X = C02C2H5 

Ar = C6H5 

Le thia-1 aza-3 butadikne l a  opposC a lYacrolCine dans le 
dichloromCthane, ou la mCthylvinylcCtone sans solvant, 
conduit thermiquement aux 6H-thiazines-1,3 2a et 2b.  Lorsque 
la fonction imine de 1'hCtCrodikne 1 est substituCe par un 
groupement carboxylate (X = C02C2H5), l'accks aux thiazines 
correspondantes 2e et 2f nCcessite une catalyse acide (7). On 
peut utiliser les acides de Lewis : chlorure d'aluminium, acetate 
de zinc ou les acides sulfoniques : Nafion-H (8), Amberlyst 15 
dans le dichloromCthane. L'efficacitt de 1'Amberlyst 15 s'est 
avCrCe gCnCrale pour cette rtaction de cyclocondensation 
[4+2]. Cette mCthode permet l'introduction en positions 4 et 
(OU) 5 sur le cycle thiazinique de groupements Clectroattracteurs. 
Le caractkre Clectroattracteur du substituant en position 5 peut 
&tre modifiC par blocage de la fonction aldehyde (R = CHO), 
selon les mCthodes decrites dans la 1ittCrature (9,lO) : l'action du 
thiophCnol en presence d'acide de Lewis conduit aux thiazines 
2g, 2i ,  2j tandis que 1'Cthylkneglycol en prtsence d'acide 
paratolukne sulfonique (APTS) permet d'isoler le composC 2h. 

L'hCtCrodikne l a  opposC l'aldthyde crotonique foumit la 
6H-thiazine-1,3 2k mCthylCe en position 6 (voir tableau 1). 

1 . 2 .  Spectrome'trie de rmnJ3C et J 5 ~  

Nous avons effectuC les mesures spectroscopiques par rCso- 
nance magnCtique nuclkaire I3C et I5N afin d'ttablir une 
corrklation entre la reactivitt de la fonction imine et la nature des 
substituants portCs par la thiazine. 

La comparaison des dtplacements chimiques 6 C2 en rmn 
13C des composCs 2a et 2g d'une part, 2c et 2i d'autre part, 
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PRADERE ET AL. 599 

TABLEAU 2. CoordonnCes atomiques et leurs Ccarts-type pour la 
6H-thiazine-1,3 26 

Atom x Y z B(A2)" 

TABLEAU 3. Paramktres angulaires et longueurs de liaison pour 
la 6H-thiazine- 1,3 26 

A : Angles dikdres entre plans moyens en degrCs 

S 
0 
N 
C1 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 
C10 
C11 
C12 
HI A 
HlB 
H4A 
H4B 
H4C 
H5 
H8 
H9 
HI0 
HI1 
H12 

i -  
I "Les atomes avec un astirlque ont un coefficient d'agitation thermique ' isotrope fixe. 

, montre que l'introduction d'un groupement electroattracteur en 
position 5 provoque un dtplacement vers les champs faibles 
d'environ 8 ppm pour ce carbone. Un groupement tlectroattrac- 
teur en position 4 a un effet tres limit6 sur le dtplacement 
chimique de C2. On peut toutefois remarquer que les effets des 
groupements tlectroattracteurs en positions 4 et 5 sont additifs 
(composts 2a ,  2e ,  2g et 2j)  (voir tableau 1). 

L'interprttation des dtplacements chimiques 6 1 5 ~ ,  dans le 
cas des thiazines 2c ,  2d ,  2i est rendue difficile par l'existence de 
l'effet topologique P du groupement en position 4 qui pourrait 
entrainer une difftrence suptrieure i?i lOppm entre la valeur . . 

observte et la valeur thtoriaue ( 1 1). 
Ainsi on observe pour ces composts, par rapport aux 

thiazines, 2a,  2b ,  2g ,  un dtplacement chimique vers les hautes 
frtquences du signal de l'atome d'azote comme il a t t t  observt 
lorsque ce dernier est hybrid6 sp3 (12). 

Vue en perspective du composC 2b3 

3Les coordonnCes de tous les atomes avec les P,,, les longueurs et 
angles de liaisons avec Ccart-type ainsi que la liste des facteurs de 
structure sont disponibles. On peut les acheter en s'adressant au DCpBt 
de donnCes non publiees ICIST, Conseil National de Recherche du 
Canada, Ottawa, (Ont.), Canada KIA 0S2. 

Plan Angle dikdre, degrCs 

B : Angles de torsion du cycle thiazinique en degrCs 

C6-S-C 1 -C2 
C1-S-C6-N 

C6-N-C5-C2 
C5-N-C6-S 
S-C 1 -C2-C5 
C 1 -C2-C5-N 

C : Liaison Longueur, A 

D : Liaison Angle, degrCs 

1.3. Diffractome'trie X 
Les rtsultats de la determination stmcturale de 2b font 

apparaitre le cycle benztnique, le groupe acttyle et l'enchaine- 
ment htttroatomique C2-C5-N-C6 dans des plans tres 
voisins, ce qui laisserait supposer l'existence d'un systeme 
conjugt. En fait, les longueurs de liaisons observtes par rayons 
X sont tres proches des valeurs mesurtes pour ces mCmes 
liaisons dans des systkmes isolts (14). Les paramktres cristal- 
lographiques de la 6H-thiazines- 1,3 2b sont rassemblts dans les 
tableaux 2 et 3. 

2. Cephemes 
L'acces aux composts P-lactamiques 3 par action du diphtn- 

lycttene en solution tolutnique (90°C) ou du dichlorocttkne 
gtnt r t  in situ dans le benzkne sur les 6H-thiazines-1,3 
substitutes dtpend de la nature des substituants en positions 4 et 
5 de la thiazine 2 (voir tableau 4). 

2 . l .  Cyclocondensation et cycloreversion 
L'acces direct aux composts P-lactamiques 3 a t t t  possible, 
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lorsque les 6H-thiazines-1,3 ne sont pas simultantment substi- 
tuks  en positions 4 et 5 par un groupement carbonylt (composts 
2g et 2i)  ou lorsque ces thiazines posskdent un seul groupement 
carbonylt en position 4 (compost 2j)  ou 5 (composts 2a ,  2b,  
2c,  2 d ) .  

Les rtactions de cyclocondensation entre les 6H-thiazines- 
1,3 2 et le diphtnylcttkne ont conduit aux ctphkmes corres- 
pondants 3 avec de bons rendements (tolukne, 90°C). Toute- 
fois une tltvation de temperature peut entralner la thermolyse 
du ctphkme obtenu. Ainsi les ctphkmes 3a ,  3b ,  3c ,  3d con- 
duisent respectivement par cycloreversion (tolukne, 1 10°C) 
aux 6H-thiazines-1,3 prtcurseurs 2a ,  2b ,  2c ,  2d .  

Ces rtactions de cycloreversion sont a rapprocher de celles 
mentionntes dans la litttrature pour des cycles P-lactamiques 
(15). 

L'analyse par spectromttrie de masse des ctphkmes indique 
la formation de l'ion (M - (c~H,),c=c=o)~ pic de base des 
spectres en bon accord avec les fragmentations observtes pour 
des structures P-lactamiques (1  6). 

tolukne, 1 10°C 

R N '  R 

Dans les memes conditions nous n'avons pu acctder au 
ctphkme 3e par action du diphtnylcttkne sur 2e .  La difficult6 
d'obtention de ce compost pourrait etre like un tcart rela- 
tivement faible entre l'tnergie ntcessaire a la cyclocondensa- 
tion et celle correspondant au seuil de reversibilitt de la 
rtaction. Nous avons pu vtrifier que 3e obtenue par une 
synthkse indirecte se thermolysait effectivement. 

En effet, l'action de l'tthylkne glycol en prtsence d'APTS 
suivie de l'addition du diphtnylcttkne sur la 6H-thiazine-1,3 
2e fournit le ctphkme 31. La libtration de la fonction aldthyde a 
partir de 31 permet d'acctder 3e .  La thermolyse de 3e 
(tolukne, 110°C) redonne la 6H-thiazine-1,3 2e .  

La mise en evidence de la cycloreversion indique que les 
rtactions entre thiazines et cttknes sont sous contr6le thermo- 
dynamique. Les corrtlations entre structure et rtactivitt ne 
peuvent etre envisagtes qu'avec une extreme prudence malgrt 
la similitude des dtplacements chimiques observts pour le 
carbone C2 entre 2a ,  2b d'une part et 2e ,  2f d'autre part (voir 
tableau I). 

2 .2 .  Reactions particulit?res 
Ces rtactions sont observtes avec les 6H-thiazines-1,3 

substitutes en position 5 par un groupement aldehyde. 
L'action du dichlorocttkne sur la 6H-thiazine-1,3 2a con- 

duit au cCphkme 3"a. Dans ce cas, le dichlorocttkne rtagit 
aussi sur la fonction aldthyde (17). 

D'autre part, il est possible d'acctder au ctphkme 3g aprks 
protection de la fonction aldthyde du ctphkme 3a sans alttrer le 
cycle P-lactamique (action du thiophtnol en prtsence d'acide 
de Lewis). 
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Les donnees spectroscopiques enregistrees (ir, rmn I3C) pour 
les cephkmes 3 sont en bon accord avec celles de la litterature 
(16,18). 

En rtsumt, les rtsultats exptrimentaux ci-dessus permettent 
de penser que les cyclocondensations de cttknes et prtcurseurs 
sont d'autant plus aisees que l'encombrement stkrique en 
position 4 et l'attraction Clectronique sur les carbones C4 et C5 
des 6H-thiazines-1,3 sont plus faibles. 

Partie experimentale 
L'Amberlyst 15 commercial (Janssen Chimica) est stcht a l'irtuve 

a 120°C. 
Les chromatographies sur colonnes sont effectuCes sur gel de silice 

Merck (Kieselgel60, 70-230 mesh ASTM). Les points de fusion sont 
dttermints a l'aide d'un microscope Reichert 21 platine chauffante 
Kofler. Les spectres ir sont enregistrts i l'aide d'un spectrophotornktre 
UNICAM SP 1100. Les rnesures sont faites sur les substances 
disperstes dans le brornure de potassium. Les frCquences sont 
exprirnees en crn- ' . 

Les spectres de rmn 'H et I3C sont enregistrCs respectivernent 21 
l'aide des appareils Perkin-Elmer R-24-B (60 MHz) ou JEOL MH 100 
(IOOMHz) et Brucker WH 90 (20, 115 MHz). Les produits sont 
exarnints en solution dans leCDC13, les dtplacernents chirniques (6 par 
rapport au TMS) sont exprimts en pprn et les constantes de couplage en 
hertz (Hz). Les spectres de rmn "N sont enregistrts 21 l'aide d'un 
appareil Brucker WM 250 (25, 355 MHz). Les dtplacements chi- 
rniques sont exprirnts en pprn par rapport a CH3N02 utilist comme 
rCftrence interne. 

Les spectres de rnasse sont enregistris a l'aide d'appareils Varian 
MAT 31 1 et Varian MAT 1 12 k double focalisation (Cnergie d'ionisa- 
tion 70 eV). 

Les analyses sont effectutes par le service de rnicroanalyse du 
CNRS. 

Caracte'ristiques cristallographiques de 2b 
CI2HIlNOS Monoclinique, P21/,, a = 12,258(3), b = 9,313(2), c 

= 9,785(2) A, P = 98,90(2)", V = 1103,6(4) A3, Z = 4, dcaIc = 1,31 
Mg rn-3, p = 0,25 mm-I. Le cristal utilisC (plaquette 0,4 x 0,2 x 
0,05 mrn obtenue d'une solution dans l'kthanol) a fourni 3360 
rtflexions uniques dont 1048 avec I > u (4 .  Les rnesures ont kt6 
effectuCes avec un diffractornktre autornatique CAD-4 Enraf-Nonius 
du Centre de DiffractomCtrie de I'UniversitC de Rennes. (h(MoKa) = 
0,71069 A, balayage 0120 = 1, Om, = 25" ; h : 0,17; k = 0,13; 1 = 

-13,13; R,,, = 0,018). 
Aprks corrections de Lorentz polarisation, dispersion anornale du 

soufre comprise (la source des facteurs de diffusion ttant les tables 
internationales de cristallographie, volume IV, 1974), la structure a t t t  
ksolue en utilisant les mCthodes directes a l'aide du jeu de programmes 
SDP Enraf-Nonius sur un calculateur PDP 11 160 Digital. La carte de 
densit6 obtenue avec le meilleur set a rtvtlt  la totalitt des atomes non 
hydrogene. Aprks affinements isotropes, puis anisotropes, une seule 
diffkrence de Fourier a suffi pour dCterminer la totalitt des atomes 
d'hydrogkne (entre 0,40 et 0,21 e k 3 ) .  Le rneilleur affinement par 
moindres carrts par rnatrice complkte de tous les paramktres (sauf les 
coefficients thermiques des atornes d'hydrogkne fixts a 4 A2) adonnC R 
= 0,049, R,,. = 0,043 et S = 1,21, le schtma de pondiration utilisC 
ttant : 1 /w = u'/F, = f I (u2/Z) + (0,041~ 1 I et lafonction minimisee : 
CW(AF)'. Le rtsidu de densit6 Clectronique est alors infkrieur a 0,15 e 
A-3. 

Foymyl-5 phe'nyl-2 6H-thiazine-1,3 2a 
A une solutionde 25 mmol de ladans 50 cm3 de dichloromtthane on 

ajoute 100 mmol d'acroltine en presence d'hydroquinone. On main- 
tient I'agitation magnttique 2 h a ternpkrature ambiante. Apres Cva- 
poration des solvants, la 6H-thiazine-1,3 est chromatographite 
(tluant : dichloromtthane). Par cristallisation dans un mtlange Cthanol- 
tther de pttrole, on obtient, 3,8 g de 2a. 

Ace'tyl-5 phe'nyl-2 6H-thiazine-I , 3  2b 
Une solution de 25 mmol de l a  dans 125 mmol de rntthylvinyl- 

cttone en prCsence d'hydroquinone est portte i reflux pendant 2 h. 
Aprks concentration, 2b cristallise dans un melange Cthanol- Cther de 
pttrole. On obtient 5,2 g de thiazine. 

On peut obtenir Cgalement 2b en ajoutant 5 mmol de chlorure 
d'aluminium et 25 mmol de mCthylvinylcCtone ti une solution de 
5 mmol de l a  dans 20 cm3 de dichloromCthane a -20°C. 

Mtthyl-4 phinyl-2 6H-thiazines-I ,3  2c et 2d 
A une solution de 1 mmol de l b  dans 20 cm3 de dichloromtthane, ti 

tempCrature arnbiante, on ajoute, 0,3 g dlAmberlyst 15 et 10 mmol 
d'acrolCine ou de rnCthylvinylcCtone en prCsence d'hydroquinone sous 
agitation rnagnktique. L'Cvolution de la rCaction est suivie par chrorna- 
tographie sur couche mince. Aprks filtration, la solution est chromatog- 
raphite sur colonne (Cluant : tther de petrole - acCtate d'tthyle 80:20). 
2c : cristaux jaunes fondant a 88°C; m/z = 217. 2d : cristaux jaunes 
fondant 21 75-77°C. Anal. calc. pour Cl3HI3NOS : C67,50, H 5,67, S 
13,86; tr. : C 67,93, H 5,63, S 13,94. 

~thox~carbonyl-4 phinyl-2 6H-thiazines-I ,3  2e et 2f 
A une solution de 3 rnmol de l c  dans 20 cm3 de dichlororntthane, 

dans la glace, on ajoute 3 rnrnol de chlorure d'alurniniurn pulvCrist, 
puis 24mmol d'acroltine ou de rnCthylvinylcCtone en presence 
d'hydroquinone. Le rnClange est maintenu sous agitation rnagnCtique et 
1'tvolution de la reaction suivie par chrornatographie sur couche 
mince. En fin de rCaction on ajoute 60 crn3 de dichlorornCthane et 40 
cm3 d'eau. Aprks dkcantation, sCchage et Cvaporation des solvants, la 
thiazine est purifite par chrornatographie sur colonne (tluant : tther de 
gtrole - acttate d'Cthyle 80:20). La cristallisation est effectuCe dans 
un melange Cthanol - Cther de pCtrole. 2e : cristaux jaunes fondant a 
88-90°C. Anal. calc. pour C14H13N03S : C 61,07, H 4,76, S 11,64; 
tr. : C 60,87, H 4,63, S 1 1,63. 2f: cristaux jaunes fondant ?I 66-67°C. 
Anal. calc. pour C15Ht5N03S : C 62,26, H 5,23, S 11,08; tr. : C 62,00, 
H 5,22, S 10,96. 

Ph<nyl-2 bis(phe'ny1thio) rne'thyl-5 6H-thiazines-I , 3  2g, 2i, 2j 
A 3 mrnol de 2a, 2c, ou 2e dans 20 crn3 de dichlorornCthane, on 

oppose 9 mmol de thiophtnol en presence de 9 rnrnol d'tthCrate de 
trifluorure de bore. L'agitation magnCtique a temperature arnbiante est 
poursuivie pendant 3 h. La solution est ensuite lavCe par I'hydrogCno- 
carbonate de sodium et extraite a l'tther diCthylique, puis chrornatog- 
raphike sur colonne (Cluant : dichloromCthane - tther de petrole 
5050). Les composts obtenus sont recristallisCs dans un rntlange 
Cthanol- tther de pCtrole. 2g : cristaux jaunes fondant a 104-105°C. 
Anal. calc. pour C23H19NS3 : C 68,11, H 4,72, S 23,72; tr. : C 68,34, 
H 4,71, S 23,51. 2i : cristaux jaunes fondant a 79-81°C; m/z = 419. 
2j : cristaux jaunes fondant a 82-83°C. Anal. calc, pour C26H23N02S3 : C 
65,37, H 4,85, S 20,14; tr. : C 65,84, H 4,87, S 19.59. 

(Dtoxolanne-1,3 yl-2)5 phinyl-2 6H-thiazine-I ,3  2h 
A 5 mmol de 2a dans 50 cm3 de benzkne anhydre, on oppose 

15 mmol d'tthylkne glycol en prtsence d'une trace d'acide paratolukne 
sulfonique. Le mClange rtactionnel est port6 a reflux pendant 16 h. 
L'eau formCe est CliminCe a l'aide d'un stparateur de Dean et Stark. La 
solution est lavte i l'hydrogtnocarbonate de sodium, puis extraite a 
l'acttate d'Cthyle. Aprks Climination du solvant et recristallisation dans 
un melange acetate d'Cthyle - Cther de pttrole, 2h est obtenu sous 
forme de cristaux jaunes fondant a 89°C. Anal. calc. pour 
CI3Hl3NO2S:C63,13,H5,30,S 12,97;tr. :C62,87,H5,30,S 13,Ol. 

Foymyl-5 me'thyl-6 6H-thiazine-I ,3  2k 
A une solution de 10 mmol de l a  dans 15 cm3 de tolukne, on ajoute 5 

cm3 de crotonaldthyde (5 tquiv.) i 15% d'eau. On porte reflux sous 
agitation magnttique. La disparition de l a  est suivie par chromatog- 
raphie sur couche mince. Aprks concentration et chromatographie sur 
colonne (Cluant : Cther de pCtrole - acttate d'tthyle 90: lo), on isole une 
huile jaune, m/z = 217. 

Triphinyl-6,7,7 ce'phimes 3a, 3b, 3c, 3d, 3g, 3i, 3j 
Le diphtnylcttkne est prepart selon la mCthode dtcrite dans la 

litterature (19). 
A une solution de 5 mmol de thiazines 2a, 2b, 2c, 2d, 28, 2i ou 2 j  

dans 20 cm3 de tolukne sec, sous atmosphere d'azote, sont ajouttes 
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7 mmol de diphCnyl cCttne en solution dans 10 cm' de tolutne sec. Le 
melange reactionnel est port6 a 100°C sous agitation magnktique. 
L'evolution est suivie par rmn. Les produits obtenus sont recristallisCs 
dans l'ethanol. 3a  : cristaux blancs fondant a 162-164°C. Anal. calc. 
pour C25H19N02S : C 75 3 4 ,  H 4,82, S 8.07, tr. : C 75,64, H 4,89, S 
8,15. 3b : cristaux blancs fondant a 148-150°C. Anal. calc. pour 
C26H21N02S : C75,88, H 5,14, S 779 ;  tr. : C76,38, H 5,40, S 7,52. 
3c : cristaux blancs fondant i 168°C. Anal. calc. pour C26H21N02S : C 
75,88, H 5,14, S 7,79 ; tr. : C 75,58, H 5,44, S 7,37. 3d : cristaux 
blancs fondant i 163-165°C. Anal. calc. pour C27H23N02S : C 76,20, 
H 5,45, S 7,54 ; tr. : C 76,24, H 5,38, s 7,631 3g : cristaux blancs 
fondant a 132-134°C. Anal. calc. pour C37H29NOS3 : C 74,09, H 
4,87, S 16,04 ; tr. : 74,16, H 4,87, S 15,83.3i : cristaux blancs fondant 
1 130-132°C. Anal. calc. pour C38H31NOS3 : C 74,35, H 5,09, S 
15,67 ; tr. : C 74,57, H 5,22, S 15,31. 3 j  : cristaux blancs fondant a : 
147-149°C. Anal. calc. pour C40H33N03S3 : C 71,50, H 4,95, S 14,32 ; 
tr. :C71,80 ,H4,97 ,S  14,02. 

Dichloro-7,7 phe'nyl-6 ce'phimes ?a, 3'b, 3'g 
Une solution de 5 mmol de thiazines 2a,  26 ou 2g et de 10 mmol du 

chlorure de l'acide dichloroacCtique dans 50 cm3 de benztne anhydre 
est portte k reflux sous atmosphtre d'azote, avant addition goutte a 
goutte et sous agitation, d'une solution de 10 mmol de triethylamine 
dans 25 cm3 de benzene sec. L'avancement de la reaction est suivi par 
rmn. Le milieu rkactionnel est ensuite lavC par HC1,4 N, puis a l'eau, 
avant sCchage et distillation du solvant. 

3"a : Le reflux est maintenu 24 h et le meilleur resultat est obtenu en 
doublant les proportions de dichlorocCttne (20 mmol pour 5 mmol de 
thiazine). Une chromatographie sur couche mince (gel de silice selon 
Stahl 13% de pl2tre; Cluant ; Cther de pitrole - Cther diCthylique 
2/3:1/3) permet l'obtention aprts recristallisation dans 1'Cther diethy- 
lique de cristaux blancs fondant i 150°C, m/z = 379. 

3'b : Aprks 5 h de reflux, les polymeres formCs sont CliminCs par 
chromatographie sur colonne (Cluant : Cther dikthylique). La recristal- 
lisation dans un mtlange chloroforme - Cther diethylique donne des 
cristaux blancs fondant a 137°C. Anal. calc. pour CL4H1 1C12N02S : C 
51,23, H 3,38, C1 21,61, N 4,27, S 9,77 ; tr. : C 51,29, H 3,33, C1 
21,40, N 4,31, S 9,94. 

3'g : Aprts 4 h de reflux, par dilution a l'alcool de l'huile obtenue, le 
cCpheme donne des cristaux blancs fondant 148°C. Anal. calc. pour 
C25H19C12NOS3 : C 58,13, H 3,71, CI 13,73, N 2,71, S 18,62 ; tr. : C 
57,88, H 3,79, C1 13,59, N 2,62, S 18,42. 

(Dioxolanne-1,3 yl-2)-3 e'thoxycarbonyl4 triphe'nyl-6,7,7 ce'phime 31 
Aprts blocage de la fonction aldehyde de la thiazine 2e selon le 

m&me mode opkratoire que celui utilist pour transformer 2a en 2h, on 
ajoute 5 mmol de diphCnylcCtene a 3 mmol du composC obtenu dans 10 
cm3 de tolukne sec, sous atmosphere d'azote. Le melange rkactionnel 
est port6 ti 90°C pendant 6 h sous agitation magnitique. Apres 
concentration et recristallisation dans l'Cthano1, on isole un solide blanc 
fondant a 161- 162°C. Anal. calc. pour C30H27N05S : C 70,15, H 
5,30, S 6,24 ; tr. : C 70,28, H 5,34, S 6,20. 

De'protection de la fonction alde'hyde du ce'phime 31 : e'thoxycarbonyl- 
4 formyl-3 triphe'nyl-6,7,7 ce'phime 3e 

A une mmol de 31 dans 50 cm3 d'ethanol on ajoute 0,s cm3 d'acide 
sulfurique concentrk. L'agitation magnetique a temperature ambiante 
est poursuivie jusqu'a disparition totale du produit de depart (contrble 

par chromatographie sur couche mince). Apres lavage a l'eau, puis 
extraction par le dichloromtthane, une chromatographie est effectute 
sur colonne de gel de silice (Cluant : Cther de pitrole - acetate d'Cthyle 
85:15). La recristallisation dans 1'Cther de petrole fournit des cristaux 
blancs fondant a 155- 156°C; Rdt 50%; ir(KBr) : 1790 (C=O 
p-lactame), 1735 (C=O ester), 1670 (C=O aldkhyde) cm-I; rmn 
(CDC13)8:2,62,(d, 1H,HA),3,86(d, lH,HB),  J A B  = 18 ,4H~ ,9 ,95  
(s, 1H, CHO); sm m/z : 469 (MIf,  194 ((C6H5)2C=C=0). Anal. 
calc, pour C28H23N04S : C 71,62, H 4,94, S 6,83; tr. : C 71,23, 
H 4,94, S 6.82. 

Thermolyse de 3a-3e 
Une solution toluCnique (10 cm3) de 0,25 mmol de cephtmes 3a-3e 

est portCe a reflux. L'apparition d'une coloration jaune intense de la 
solution ainsi que le contrble par chromatographie sur couche mince 
rCvtlent la prksence des thiazines 2a-2e correspondantes. Aprts 
skparation des produits rCactionnels par chromatographie sur colonne 
de gel de silice, les 6H-thiazines-1,3 2a-2e sont identifiCes par 
rksonance magnCtique nuclCaire. 
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JACQUES BERTHELOT et MICHEL FOURNIER. Can. J. Chem. 64, 603 (1986). 
L'action du tribromure de tCtrabutylammonium (TBABr3) sur diffCrents alcynes (R--R', avec R et (ou) R' = H, 

alcoyle, phCnyle, carboxyle, carbonyle) dans le chloroforme i 20°C conduit i la formation exclusive et stCrCospCcifique de 
l'isomkre E de l'alckne 1-2 dibromC correspondant. Pour expliquer ce resultat nous proposons un mCcanisme faisant intervenir 
comme intermediaire un zwitterion bromC cyclique. 

JACQUES BERTHELOT and MICHEL FOURNIER. Can. J. Chem. 64, 603 (1986). 
The reaction of tetrabutylammonium tribromide (TBABr3) with alkynes (R--R', with R and (or) R' = H, alkyl, 

phenyl, carboxyl, carbonyl) in chloroform at 20°C gives only the corresponding E 1 Jdibromo alkene in high yields. A 
mechanism involving a cyclic brominated zwitterion is suggested to account for the results, especially the stereospecificity of 
this E-addition. 

De nombreux agents bromants, notamment les tribromures 
d'alkylammonium (trim6thylphtnylammonium ( 1) , pyridinium, 
quinoleum (2)), ont kt6 jadis utilises pour Cviter les incon- 
venient~ d'emploi du brome (trks toxique et corrosif). En 
general, ils presentent l'inconvenient d'Ctre peu stables, d'avoir 
un degre de brome actif diminuant rapidement au cours du 
temps ou d'&tre faiblement solubles. 

Nous avons recemment decrit une mtthode simple, pour 
additionner du brome sur les doubles liaisons Cthyleniques (3) 
ou pour le substituer selectivement en a d'acetals (3), qui utilise 
le tribromure de t~trabutylammonium (TBABr3).' Ce reactif, 
solide orange (F = 84"C), tres stable, non toxique, a degre de 
brome constant, est facilement utilisable dans des conditions 
douces (20°C). 

En outre, si l'addition Clectrophile du brome sur les olefines a 
Cte trks CtudiCe, les principaux details ttant bien connus (4), la 
reaction correspondante sur les alcynes l'est beaucoup moins et 
n'a suscitt que peu d'attention (5). 

L'halogtnation des alcynes (chloration, iodation et surtout 
bromation) a et t  effectuee soit par l'halogkne en solution 
(principalement dans l'acide acetique) (6a, b),  soit a l'aide des 
halogenures metalliques (derives cuivriques essentiellement) en 
phase liquide et au reflux du solvant (7a-e). Dans tous les case, 
ces rkactions conduisent a des melanges d'alcenes 1-2 di- 
bromts (E et Z), le plus souvent souilles de produits secondaires 
(alcknes monobromts, alcknes tribromes, composes d'addition 
du solvant) difficilement separables. Dans les cas les plus 
favorables (absence de produits secondaires), il se forme 
toujours un melange d'isomkres E et Z, l'isomere E Ctant en 
general majoritaire (8). En outre, les rendements globaux en 
produits isolks purs sont souvent tres moyens (45-65%) et 
l'halogkne ou le sel cuivrique doivent Ctre en large exces (de 5 a 
20 fois la quantitk d'alcyne). Dans la plupart des cas, il faut 
optrer au reflux du solvant. Par contre, nous signalons qu'en 
effectuant l'addition du brome, assistee d'ions bromures en 

'Auteur i qui adresser toute correspondance. 
'TBABr3 est un produit pur et pr&t i I'emploi, commercialise par 

Janssen Chimica. 

milieu hydroacetique, sur l'ester ethylique de l'acide phenyl- 
propionique, Berliner et al .  n'obiennent que l'isomkre E 1-2 
dibrome (9, 10). 

Pour ces raisons, il etait tentant de comparer l'action de 
TBABr3 sur les alcynes a celle des agents bromants habituelle- 
ment utilises en esperant un gain de rentabilite. 

Resultats 
Nous avons pris comme modkle d'etude la bromation du 

diphtnyl-1,2 acetylene (1) ou tolane (figure 1). 
L'tvolution de la reaction est suivie pour differents solvants, 

a diverses temperatures, en faisant varier les concentrations 
relatives des reactifs. Dans tous les cas, que ce soit a basse 
temperature avec des conditions stoechiometriques des rtactifs 
ou en prolongeant la duree de reaction, a temperature plus 
elevte et avec une plus grande concentration en TBABr3, seul 
l'isomere E est obtenu; nous n'avons jamais detect6 (meme en 
ccm (chromatographie sur couche mince)) la presence de l'iso- 
m b e  Z et aucun produit provenant de reactions secondaires ne 
vient perturber la reaction. Ces resultats sont resumes dans les 
tableaux 1 et 2. 

Nous constatons que si la concentration relative de TBABr3 
augmente par rapport a celle du tolane, le rendement en alcene 
1-2 dibromt diminue par suite de l'apparition d'une resinifica- 
tion, mais nous ne recuptrons ni l'isomere Z de cet alcene, ni le 
produit de depart. Quels que soient la temperature et le rapport 
Br3-Ialcyne, nous n'avons jamais obtenu le tetrabromo- 
1,1,2,2 diphenyl-1,2 ethane. Comme nous l'avions deja remar- 
qut avec les alcknes (3) soumis a l'action bromante de TBABr3, 
c'est le chloroforme, peu polaire, qui permet d'obtenir les 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 64, 1986 

TABLEAU 1. Evolution de I'action de TBABr3 sur le tolane dans diffkrentes conditions* 

C6H5\ /Br 

Br/C=C Tolane de A Duree \ c ~ H ,  depart 
Essai C6H5-X6H5 TBABr3 ("c) (h) ( % I  (%) 

*Ces essais sont effectuCs sur 4 rnrnol de tolane, 4 rnrnol de TBABr, (1: 1) dans 18 rnL de CHCI,. Les rendernents indiquCs sont ceux des 
produits isolCs et purs aprks separation par cp (Cluant: Cther de petrole 95 - Cther 5) s'il restait du produit initial. Les essais I et rn ont ete 
effectuCs en rnklangeant TBABr, et le tolane solides et en portant i la fusion de TBABr, (84°C). 

TABLEAU 2. Action deTBABr3 sur le tolane dans diffkrents solvants* 

Solvant Volume (mL) 2 obtenu (%) 1 restant (%) 

CHC13 18 
CC14 25 
CH3CN 20 
THF 30 
EtOH 45 
MeOH 45 

*RCactions toutes effectuies sur 4 rnrnol de tolane et 4 rnrnol de TBABr, a 
20°C pendant 30 h. Les rendernents sont indiques en produits purs et isoles (cf. 
tableau 1). Les volumes de solvant utilists sont fonction de la solubilitC des 
reactifs. 

meilleurs rksultats; les alcools (plus polaires, mais solubilisant 
rnoins bien les rCactifs) sont moins adapt& a ces rCactions, ce 
qui avait dCjh CtC remarquC par d'autres auteurs lors des 
diffkrents essais d'halogknation (7a, 7e). 

La diffkrence de vitesse d'addition d'un m&me rCactif 
conjointernent sur un alcene et l'alcyne correspondant est bien 
connue (4, 10). I1 en est de m&me lorsque nous faisons rCagir 
TBABr3 sur le trans-stilbene et le tolane dans la m&me solution 
chloroformique (21 20") et en m&me concentration (tableau 3). 
En outre, si I'on soumet le dibromo- 1,2 diphCnyl- l ,2 Cthylkne E 
(2), lui-rn&rne, ?I l'action de TBABr3 dans des conditions 
stoechiomttriques et pendant dix jours a 20°C, seul (2) est 
rCcuptrC quantitativement. Ces rksultats obtenus avec le tolane 
comme modele nous ont permis d'obtenir, dans les meilleures 
conditions et avec la m&me sClectivitC, uniquernent des alcenes 
1-2 dibromCs E, lorsque differents alcynes ont CtC sournis a 
l'action de TBABr3 (tableau 4). 

Dans tous ces essais, les rendements bruts sont pratiquement 
quantitatifs; les rendements en produits isoles sont plus faibles 
surtout dans le cas des liquides, s'ils sont purifies par distilla- 
tion, les alcenes 1-2 dibromCs Ctant fragiles B la chaleur 
(polymCrisation facile). Dans ce cas, la meilleure mtthode de 
purification est la chromatographie prkparative (cp) sur silice 
(cas de d notamment). La structure et la sttrCochimie des 
produits 9-14 a CtC confirmCe par comparaison avec des 

Cchantillons, connus, par leurs spectres de masse et de rmn 'H 
(risonnance magnCtique nuclCaire) (cf. partie experimentale). 
I1 est 2 noter que, comme avec le tolane, nous n'avons jamais 
obtenu de composCs tCtrabromCs 

Discussion 
Dans les Ctudes antCrieures (7e, 12) la bromation des alcynes, 

que ce soit par le brome ou par ses sels mktalliques, semble 
toujours &tre de nature ionique. De m&me la bromation du tolane 
par TBABr3 n'est par affectCe par la prCsence de me'ta- 
dinitrobenzkne ou d'oxygkne (rCputCs capteurs de radicaux), et 
donne les rnernes rksultats a la lumikre ou a llobscuritC, sous gaz 
inerte (argon) ou 2 l'air. La rCaction est toujours stCrCo- 
spCcifique, les rendements et les durCes de rCaction Ctant 
inchangks. Nous pensons donc que cette addition de TBABr3 
sur les alcynes est Cgalement de nature ionique. En utilisant le 
brorne, ou CuBr2, la formation du mClange en proportions 
variables des isornkres E et Z pose des problkmes pour 
l'interprktation rnecanistique du phCnomkne malgrC des Ctudes 
approfondies (7a, 7d, 12). I1 a dCjh CtC montrC que dans les 
tribromures d'ammoniurn, l'anion Br3- avait une structure 
linCaire (I), ou les liaisons entre les atomes de brome Ctaient 
plus fragiles que celle de la structure rnolCculaire, et on a postule 
qu'il pourraitr~agir suivant: 

Cette formation de brome molCculaire devrait donc conduire 
dans notre cas a la formation du mClange des isomeres E et Z soit 
par addition analogue 21 celle du brome sur un alcyne soit par 
isomCrisation ultCrieure de l'alckne 1-2 dibromC E catalysCe 
par le brome (7e). Or nous n'obtenons jamais d'isomere Z, 
m&me en laissant rCagir d'une f a ~ o n  CquimolCculaire du 
TBABr3 et du diphCnyl-1,2 dibromo-1,2 Cthylene pendant dix 
jours dans les conditions de la rCaction. Par contre, si l'action du 
brome sur le mCthylphCnylacCtylene conduit a un mClange 
d'isomeres E, Z, seul l'isomkre E est pratiquement (99%) 
obtenu quand il est soumis a l'addition du brome en prCsence de 
LiBr (16). De plus, comme nous l'avons dCja signalt, par 
addition de brome assistCe d'ions bromures sur le phtnylpro- 
pionate d7Cthyle, seul l'isomere E est form6 (9, 10). Ces rCsul- 
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BERTHELOT ET FOURNIER 605 

TABLEAU 3. Difference d'action de TBABr3 sur le tolane et le trans-stilbkne* 

C6H5\ /H 
,C=C 

\ 
C6H5-C=C-C6H5 

H 
Tolane C6H5\ /Br 

C6H5 TBABr3 DurCe (C6H5CHBr)?- rCcupCrC ,,C=C 
Essai (rnrnol) (rnrnol) (rnrnol) (h) miso (%) (%) Br \ ~ 6 ~ 5  

a 4 4 4 1 98 100 - 
b 4 4 4 30 98 100 Traces 
c 4 4 8 1 97 100 5% 
d 4 4 8 '  30 98 - 97% 

*Les produits sont sCparCs par cp (Cluant: Cther de pCtrole 97 - Cther 3); pour l'essai a, cf. la rCf. 3. 

tats avaient amen6 a postuler l'existence d'un ion Br3-, non 
dissocik, et son addition sur l'alcyne par un processus tri- 
molCculaire d e  type AdE3, passant par un Ctat d e  transition de  
nature comparable a celui de  la fig. 2 ,  aprks attaque du brome et  
de l'ion bromure sur les deux carbones de la triple liaison (10, 11). 
En ce qui concerne TBABr3, nous pouvons rappeler que c e  
dernier, agissant sur un alckne E, tel que le trans-stilbkne, 
conduit exclusivement a l'alcane 1-2 dibromC me's0 (3), donc a 
une addition en ant i  sur chaque carbone de  la double liaison, 
compatible avec la formation intermkdiaire, comme dans 
llhalogCnation molCculaire (4),  d'un ion bromonium cyclique. 

De plus, nous opCrons en solvant chloroformique alors que 
les essais d'addition du brome en prCsence d'ions bromures sont 
effectuCs dans l'acide acCtique aqueux. C'est pourquoi, sans 
rejeter le mecanisme AdE3 citC prCcCdemment, nous pouvons 
Cgalement supposer que l'action de  TBABr3 sur les alcynes se  
fait selon un mCcanisme AdE2, impliquant le passage dans c e  
cas par un zwitterion cyclique bromC intermediaire (fig. 3) suivi 
d'une addition trans d'ion Br- (ou Br3-) sur c e  zwitterion, 
conduisant a l'alckne 1-2 dibromC E. On peut noter que ce 
mCcanisme avec un intermkdiaire cyclique a dCja CtC Ctabli dans 
le cas de  l'addition d'halogknures d e  sulfknyles sur le phenyl-1 
propyne (fig. 4),  ou aucune cis addition n'a CtC observee (17). 

Conclusion 
L'utilisation de  TBABr3, reactif non toxique, trks facilement 

utilisable (stable et a degrC d e  brome constant) dans des 

conditions expCrimentales douces et dans les solvants usuels a 
donc permis de  bromer, avec de  bons rendements, des alcynes 
d'une f a ~ o n  trks sClective (absence d e  produits secondaires) e t  
trks stCrCospCcifique puisque seul l'isomkre 1-2 dibromC E est 
obtenu, c e  qui est d'un intCr&t synthCtique Cvident. Bien que le  
mCcanisme d'addition ne soit pas dkfinitivement Ctabli, nous 
apportons les indices sur sa  nature trks vraisemblablement 
ionique. 

Partie experimentale 
Les points de fusion ont CtC dCterminCs au banc de Kofler, les 

spectres infrarouges (ir) ont CtC obtenus avec un spectrometre Pye- 
Unicarn SP3-200, ceux de rmn IH (en solution dans CDCI3, rCfCrence 
interne HMDS) avec un appareil Varian EM-360. Les spectres de 
rnasse (sm) ont CtC effectuks sur un appareil AEI MS-30. Les 
chromatographie sur couche mince (ccm) et prCparatives (cp) ont CtC 
rCalisCes sur gel de silice fluorescente "Merck PF 254." Les alcynes 
utilisCs sont des produits commerciaux (Merck ou Alfa). 

Procidi ge'niral de bromation par  TBABr3 (cas du tolane I )  
A 4 mmol d'alcyne dans 18 mL de chloroforme on ajoute lenternent, 

B temperature ambiante et sous agitation, 4 mmol de TBABr3 (environ 
20 min) ; la solution rouge intense vire lentement au rose puis au jaune. 
On laisse agiter pendant plusieurs heures en suivant 1'Cvolution de la 
rCaction par ccm (cf. tableau 1). La solution chloroformique est ensuite 
lavCe deux fois par 20 rnL d'une solution aqueuse contenant 5% de 
thiosulfate de sodium, puis trois fois par 20 mL d'eau, et enfin sCchCe 
sur sulfate de sodium. Le solvant est CvaporC sous vide et le rCsidu est 
cristallisC (MeOH), puis recristallisi (MeOH). L'alckne 1-2 dibromC 2  
est obtenu brut quantitativement, puis avec un rendement de l'ordre de 
95% aprks purification (controlCe par ccm) ; F net 214°C (litt. F (7a) 
210°C). Quand le reaction est incomplkte (cf. tableau 1) le tolane 
restant est sCparC de 2  par cp. Cornrne nous l'avons dCjB signal6 
(tableau 4), si  les rendements bruts sont quantitatifs, avec les autres 
alcynes, ils sont plus faibles en produits purs quand ceux-ci sont 
liquides, apres distillation (d'oh l'emploi de la cp pour les obtenir, cas 
de 12 en particulier). 

Principales caractiristiques spectrales des alcPnes 1-2 dibrornis E 
La spectrographie de masse donne d'utiles indications,+notamment 

par la prCsence dCjB signalCe (8) du pic molCculaire Ma caractCris- 
tique d'un composC dibromC (form6 de trois raies d'intensitk relative I ,  
2, 1). Ces alcenes dibromCs prCsentent Cgalement tous les pics 
suivants : (M - Br)', form6 de 2 raies d'Cgales intensites et (M - 
2Br)+ qui est souvent le pic debase (cas de 2 , 9 , 1 0 , 1 1  et 12 ; pour 11 il 
s'agit de (M - (2Br + C02))+). 

En ce qui concerne la rmn 'H il a dCjB CtC constatC, pour les alcknes 
dibromCs vinyliques (8) ou contenant..un groupement mCthyle lie au 
carbone sp2 (12), des diplacements differents pour les isomeres E  et Z 
en ce qui concerne cet hydrogene vinylique ou ce groupement mCthyle. 
Avec les alcknes 1-2 dibromCs de cette nature que nous obtenons, nous 
retrouvons bien uniquement ces pics caractkristiques d'isomkres E: 9 :  
6,7 ppm (s, 1H); 14: 6,6ppm (s, 1H); 10: 2,6ppm (s, 3H). 
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TABLEAU 4. Action d e  TBABr3 sur diffkrents alcynes* 

F o u  E b  ("C/Torr) Spectre 
DurCe d e  masse+ 

Essai Alcy n e  (h) Produit C e  travail Litt. (ref.) R (%)i m / e  = Me 

*Essais effectuCs sur 4 mmol d'alcyne et 4 mmol de TBABr, 120°C dans 20 mL de CHCI, et suivis par ccm. Les produits obtenus ont CtC comparCs i d e s  echantillons connus (cas de 
a-0. Si l'essai d est effectue dans I'Cthanol on n'obtient que 13, mais avec un faible rendement (30% en produit brut). 

iLes R (%) sont indiquCs en produits isolCs purs; pour d, 12 est obtenu par cp (Cluant: ether de petrole 75 - Cther 25). 
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Proprietes de solvation des solutions concentrees en acide phosphorique 

C. LOUIS ET J. BESSI~RE 
l ~ b o r a t o i r e  de chirnie et d'electrochimie analytique, FacultP des sciences, UniversitP de Nancy I ,  B.P. 239, 

54506 Vandoeuvre Les Nancy CEDEX, France 
Requ le 10 avril 1985 

C. LOUIS et J. BESSI~RE. Can. J .  Chem. 64, 608 (1 986). 
Les variations de solvatation d'espkces en solution dans les milieux H20-H3P04 (1-14 M) sont caractCristes par des 

coefficients d'activitC de transfert de solvatation f. Ils sont calculCs a partir des valeurs de potentiels normaux de systkmes redox 
ou de mesures de solubilite. Leur analyse met en evidence une augmentation de la solvatation des anions et une desolvatation 
des cations lorsque la concentration d'acide croit. L'amplitude de la variation depend du nombre de charges portees par I'espkce 
considCrCe, de la presence d'atomes d'oxygkne dans sa structure, de son caractkre basique. Les consequences des variations 
de solvatation sur les reactions d'oxydo-reduction et de precipitation sont analysees. 

C. LOUIS and J.  BESSI~RE. Can. J .  Chem. 64, 608 (1986). 
~olvatibn properties of ions in H20-H3P04 media (1 - 14 M) are characterized with their solvation transfer activity coefficients 

f. These are calculated from normal potential or solubility values, and indicate an increasing solvation for anions and decreasing 
solvation for cations in concentrated acid solutions. For each species, the range depends on its number of charges, on the 
existence of oxygen atoms in its structure, and on its basic properties. The consequences of variation of solvation on oxidation- 
reduction reactions and solubility properties are studied. 

Les variations avec la teneur en acide de la rCactivitC de vue thermodynamique a partir des variations de solvatation des 
solutCs dans les milieux eau -acide phosphorique ont CtC espkces mises en jeu. Celles-ci sont caractCrisCes par des 
CtudiCes dans le cas de rCactions d'oxydo-rkduction et de coefficients d'activitt de transfert de solvatation f. 
prkcipitation (1,2). Elles peuvent &tre interprCttes d'un point de 

Rappel theorique 
Les coefficients dlactivitC d'anions et de cations sont calculCs a partir des potentiels normaux de systkmes redox les mettant en jeu 

d'aprks les relations: 

[l] systkme Mn+/M, log fM,+ = n ( ~ & ~ - ~ ~ ~ ~ 4  - ~ @ ~ ) / 0 , 0 5 9  

[2] systkme Mn+/M(n-m)+ log fM("-,,,)+ = m ( ~ & ~ - ~ ~ ~ ~ 4  - ~ & ~ ) / 0 , 0 5 9  

[3] systkme M O , " + / M O ~ + ~ ( ~ - ~ ) - ~ ] +  log f ~ ~ ~ ~ + / f ~ ~ [ ; + 2 ( ~ - ~ ) - , , ~ +  = m ( ~ [ ~ ~ - ~ 3 ~ ~ ~  - E P O  )/0,059 + 2(p - q)Ro(H) 

+ (P - 4) 1% aH20 

[4] systkme AX,/A, log fx- = (E!,' - ~ & O - ~ 3 ~ ~ ~ ) / 0 , 0 5 9  

ou E P ~ - ~ ~ * J  reprCsente le potentiel normal du systeme redox dans le milieu phosphorique exprim6 par rapport au systkme de 
comparaison femciniumlferrockne (Fc+/Fc) et E P O  son potentiel normal dans l'eau; Ro (H) est la fonction d'aciditt du milieu 
phosphorique (1) et UH,O son activitC en eau. 

11s sont dans certains cas calculCs a partir de valeurs de 
produits de solubilitC d'aprks la relation: 

ou p@0-H~*4 reprksente le produit de solubilitC du composC 
MX dans le milieu phosphorique et p e O  son produit de  solu- 
bilitC dans I'eau. La dktermination de la solubilite de phosphate, 
par exemple XHP04, permet Cgalement le calcul des coeffi- 
cients dlactivitC selon des relations analogues a: 

[6] log fX2+ = RO(~P042-)  - p ~ F O  - log [X2+] 

ou R ~ ( H P O ~ ~ - )  caractkrise le pouvoir donneur de H P O ~ ~ -  du 
milieu et p c U  est le produit de solubiliti dans l'eau. 

Resultats et discussion 
L'Ctude de l'evolution des propriCtCs d'oxydo-riduction et de 

solubilitC dans les milieux H20-H3P04 (2) conduit aux valeurs 

'Revision requ le 13 novembre 1985. 

de log f ou de log f,,/f,,, rassemblkes dans le tableau 1 er repr6 
senties par les figures 1 et 2. 

1. Variation de solvatation de cations 
Les cations Ag', Cu2+, pb2+, Sn2+, zn2+ ,  c d 2 +  

sont caractCrisCs par des valeurs positives et croissantes des 
logarithmes des coefficients d'activitC avec la concentration 
d'acide. 11s sont donc de moins en moins solvates lorsque la 
concentration d'acide augmente. Pour une concentration 
donnCe en acide, les valeurs de log fM,+ dCpendent de la charge 
de l'ion. Ainsi, les variations de log fAg+ sont moins importantes 
que celles observees pour l'ensemble des cations divalents: 
1'Ccart est de 3 unites lorsque l'on passe du milieu 2 M au 
milieu 11,5 M alors qu'il est de 7 unit& au minimum pour 
un cation divalent. Elles sont du mCme ordre de grandeur que 
celles de log fFe3+/fFe2+ et log fv3+lfv2+ qui correspondent a des 
systkmes mettant en jeu une seule charge et n'impliquant I'oxy- 
gkne. Les valeurs log fCu2+ et log fSn2+ sont nkgatives dans les 
milieux peu concentrCs en acide phosphorique, de mCme que 
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LOUIS ET BESSIERE 

TABLEAU 1. Variation des coefficients d'activitC d'espkces ioniques avec la concentration d'acide 

H3P04 ( M I  

2,O 5,s 8 ,O 11,s 14,O 

les valeurs log fFe3+/fFe2+ dans tout le domaine de concentration 
de H3PO4. Les espkces c u 2 + ,  Sn2+, Fe3+ sont donc plus sol- 
vattes dans les milieux phosphoriques correspondants que dans 
l'eau. Dans la mesure ou les systkmes considtrts dans le solvant 
de rtftrence ne font pas intervenir les phtnomknes de complexa- 
tion, on devait s'attendre, pour les solutions dilutes en acide, 
a des valeurs nCgatives de log fFe3+ et dans un moindre mesure 
de log fCU2+, la complexation en solution dilute ttant assimi- 
lable 5 un accroissement de solvatation. Une augmentation de 
la concentration de H3PO4 entralne pour ces espkces une dt -  
complexation (ou une diminution de solvatation), ce qui accroit 
leur rtactivitt. Ainsi, le pouvoir oxydant de Fe(II1) est, en 
milieu 14 M, voisin de celui qu'il a dans l'eau en milieu non 
complexant (log fFe3+/fFe?+ = -0,2). Les ions c d 2 +  et zn2+ ,  
qui ne donnent pas de complexe en solution aqueuse dilute en 
acide, sont caracttrists par des valeurs log fCd2+ et log fin?+ 

positives dans le milieu de concentration 2 M en H3PO4. Ces 
ions sont dtja moins solvatts dans ce milieu que dans l'eau 
en milieu non complexant. Le terme log fMn+ integre donc les 
phtnomknes de complexation qui peuvent avoir lieu en solution 
dilute, les notions de complexation et de solvatation dans de 
tels milieux ttant confondues. Parmi les cations divalent, Cu2+, 
pb2+, Hg22+ se desolvatent moins vite que Zn2+ et cd2+ .  Or, 

, en milieu phosphorique, les espkces Pb2+ et Hg22+ donnent des 
composts insolubles avec les anions de l'acide, ce qui traduit 
une forte affinite. D'autre part, dans l'eau la stabilitt des phos- 
phates de cuivre et de plomb est suptrieure a celle des phos- 
phates de zinc et de cadmium: Pb3(P04)2, pKs = 4 3 3 ;  
Cu3(P04)2, pKS = 3 6 9 ;  Zn3(P04)2, pK5 = 32,O; Cd3(P04)2, 
pKs = 32,6 (3). La desolvatation des ions semble donc d'autant 
plus aiste qu'ils donnent des complexes moins stables avec les 
espkces phosphate. Les valeurs de pK, de Ba3(P04)2 et 
Ca3(P04)* sont respectivement de 29,3 et 26 (4) et les coeffi- 
cients d'activitt qui peuvent Ctre calcults pour les cations Ba2+ 

et Ca2+ caracttrisent une dtsolvatation comparable a celle de 
Zn2+. 

Lorsque 1'011 compare les systemes U O ~ ~ + / U ~ + ,  vo2+ / V O ~ + ,  
V O ~ + / V ~ + ,  H3As04/AsOf, l'effet de l'aciditt est le mCme 
pour les trois premiers: deux protons mis en jeu pour un 
tlectron. 11 est moins prononct pour le demier: trois protons 
pour deux tlectrons et c'est dans tous les cas la forme rtduite 
qui est la plus chargte. C'est donc la dtsolvatation de cette 
espkce qui est prtdominante. En effet, la quantitt log fox/f,ed est 
dtcroissante et sa variation est d'autant plus importante que 
l'tcart entre le nombre des charges porttes par la forme oxydte 
et la forme rtduite est grand: elle est de 14 unitts pour log 
fUO22+lfU4+ et de 8 et 5 unitts pour log fvo:lfvo2+ et log 
fV02+lfV3+ lorsque l'on passe du milieu 2 M au milieu 14 M 
en H3P04. Contrairement a ce qui a t t t  observe pour les systkmes 
Fe3 + /Fe2 + et v3+/v2+,  log fox$,, est positif dans les milieux di- 
luts en acide pour les trois systkmes Uoz2+ /U4+, V O ~ + / V O ~ + ,  
v02+ /v3+ ainsi que pour H3As04/AsO+. Ceci signifie que ce 
sont les formes rtduites qui sont initialement les plus fortement 
assocites aux anions du solvant. Dans les milieux plus concen- 
trts en acide ou log fox/fred est ntgatif, les termes de solvata- 
tion d'une part, d'aciditt et d'activitt de l'eau d'autre part, 
jouent un r61e antagoniste dans la variation du potentiel normal 
apparent des systkmes, mais la solvatation ne compense que 
partiellement l'influence de l'aciditt et de l'activitt de l'eau. 

Le nombre des charges porttes par les formes oxydtes et 
rtduites ne joue pas seul. La prtsence d'oxygkne dans l'un ou 
l'autre des cations mis en jeu dans le systeme redox intervient 
tgalement. Les deux systkmes U O ~ ~ + / U ~ +  et v 0 2 + / v 3 +  prt- 
sentent une certaine analogie: les formes oxydtes comportent 
des atomes d'oxygkne, les formes rtduites n'en comportent pas. 
Seul, les distingue le nombre des charges porttes par les formes 
rtduites et on observe que la variation de log fU022+lfU~-+ est 
deux fois plus importante que celle de log fV02+lfV3+; les varia- 
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CAN. I. CHEM. VOL. 64, 1986 

FIG. 1 .  CaractCristiques de solvatation des esptces en solution dans les milieux H20-H3P04. 

tions des potentiels normaux apparents de ces deux systemes de charge serait donc plus important pour les systemes enga- 
sont tres voisines. La cornparaison des systernes v O ~ + / V O ~ +  geant deux especes oxygCnCes. 
et Fe3+/~e2+ ou v3+/V2+, pour lesquels le nombre de charges 
Cchangtes est le m&me mais dont le premier seul met en jeu 2 .  Variation de solvatation des anions 
des espkces avec atome d'oxygene, montre que la variation de La solvatation des anions croit avec la concentration de 
solvatation est deux fois plus grande dans le premier cas. L'effet l'acide et sa variation est d'autant plus importante que les 
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FIG. 2. Caractkristiques de solvatation dans les milieux H20-H3P04 des especes rnises en jeu dans les systernes de l'argent, du fer, de l'uranium, 
du vanadium, de l'arsenic et des hexacyanoferrate. 

anions sont plus basiques. L'ttude de la variation de la fonction 
Ho par la dttermination de la modification de la protonation 
de l'indicateur de Hammett: 4-chloro-2-nitroaniline (pKHzO = 
-0,9), lors de l'addition au milieu H3PO4 5,5 M de Cl-, NO3-, 
s ~ F ~ ~ - ,  HSO~- i la concentration de 0,5 M, montre que ces 
anions sont dCpourvus de proprit tb basiques et que l'addition 
des acides conjuguts se traduit par une augmentation du niveau 
d'aciditt. Au contraire, les ions F et ~ 0 ~ ~ -  basiques dans l'eau 
(p~B$? = 3,2, p~B%4-  = 1,9) prtsentent des caracttristiques 
de basicit6 dans les milieux H20-H3P04 et l'addition des acides 
conjuguts ne modifie pas le niveau d'aciditt de ces milieux. 

Les anions C1-, Br-, I- ont un comportement voisin, l'effet 
de taille reste minime. Leur accroissement de solvatation est 
faible comparativement i celui de l'ion F dont les proprittts 
basiques expliquent que log f est trois fois plus t levt  que celui 
des autres halogenures. Le coefficient d'activitt des sulfates est 
sup6rieur au double de celui des chlorures depourvus de basicitt 
et i celui des fluorures. Ceci met en tvidence l'intervention dans 

les caracttristiques de solvatation des anions de leur caractkre 
basique et du nombre de charges qu'ils portent. De la mCme 
manikre, les ions hexacyanoferrate(III), F e ( c ~ ) ~ > ,  dtpourvus 
de proprittts basiques dans l'eau, ont des coefficients d'activitt 
environ deux fois plus ClevCs que ceux des halogtnures sans 
proprittts basiques dans l'eau. Au contraire, les hexacyano- 
ferrate(II), F ~ ( c N ) ~ ~ - ,  basiques dans I'eau p~ p&N)6H22- = 3, 
p~F$N)6H3- = 4,2), ont des coefficients d'activitt Clevis et qui 
augmentent rapidement avec la concentration de l'acide. 

La rtactivitt des anions du solvant est caracttriste par les 
fonctions Ro(H2P04-), Ro(HPo4"), R ~ ( P O ~ ~ - )  (1). L'tvolu- 
tion des propriCtts de solvatation d'une espkce en solution 
caracttriste par la variation de son coefficient d'activitt se 
traduit par la modification de sa rtactivitt vis-i-vis des autres 
espbcei prtsentes (ions du solvant ou solutts). Nous allons 
Ctudier les constquences des phtnomknes de solvatation dans le 
cas des rtactions d'oxydo-rtduction et de formation de com- 
posts insolubles. 
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3. PhtnomZnes de solvatation et re'actions d'oxydo-rtduction 
Le diagramme potentiel - niveau d'aciditt (2) est une traduc- 

tion graphique des phCnomknes de solvatation dans la mesure ou 
la plupart des donnCes concemant les coefficients d'activitC ont 
Ctt obtenues a partir de determinations Clectrochimiques. 11 rend 
compte de l'effet du niveau dlaciditC, de l'activitt de l'eau et de 
la solvatation relative des oxydants et des rCducteurs conjuguCs 
sur la rCactivitC des espkces et permet de prCvoir les rkactions 
d'oxydo-reduction dans les milieux H20- H3P04. Parmi les 
systkmes redox envisages, trois groupes se dessinent: ( i )  les 
systkmes dont le potentiel varie fortement avec la teneur en 
acide. 11s engagent formellement deux protons pour un Clectron 
CchangC ( ~ 0 2 ~ '  /U4+, ~ 0 2 '  / v o 2 + ,  V02+  /V3+) et 1'Cvolution 
est plus marquee pour les couples mettant en jeu une particule 
oxygknte. Les systkmes dont la forme rCduite prksente des 
propriCtCs basiques entrent Cgalement dans cette catCgorie 
(F~(CN)~%/F~(CN),&). ( i i )  Les systkmes dont le potentiel 
redox varie peu avec la teneur en acide: Fc+/Fc et a un rnoindre 
degrC 13-/I-. (i i i)  Les systkmes intermkdiaires: d'une manikre 
gCnCrale, leur pouvoir oxydant Cvolue dans le m&me sens. 
Cependant, les couples pour lesquels la rCactivitk du proton 
intervient seule prksentent une variation de leurs propriCtCs 
d'oxydo-rCduction plus importante. Ainsi, le pouvoir rkducteur 
de l'hydrogkne et de l'hydroquinone Cvolue plus vite que celui 
des mCtaux seuls ou en prtsence d'anions. Lorsque les systkmes 
font intewenir le proton et des espkces ioniques ou molCculaires 
(H2S03/H2S02, H3As04/AsOf) I'effet dii a I'aciditk peut &tre 
limit6 par les termes log fox/fred et le pouvoir rCducteur de ces 
composks varie alors moins vite que celui des mCtaux. Les 
termes log fo,lfred peuvent se compenser en partie lorsque deux 
systkrnes appartenant au mCme type et faisant intervenir le 
m&me nombre d'klectrons sont en presence, alors qu'ils peuvent 
s'ajouter lorsque les deux systkmes appartiennent a des types 
diffkrents comme ~ e ~ + / ~ e ~ +  et u O ~ ~ + / U ~ + .  

4 .  Ph6nomZnes de solvatation et re'actions de pre'cipitation 

4.1 Formation de compose's insolubles n'engageant pas les 
phosphates 

La comparaison des valeurs log fMn+ et log fxn- permet 
de prCvoir 1'Cvolution de la solubilitt des sels MX avec la 
teneur en acide. Cependant, la solubilitC rCelle diffkre de la 
quantitC calculte si il se forme des espkces solubles MX ou 
MX%-m)-. 

D'une manikre generale, il y a compensation partielle des 
effets de changement de milieu sur l'anion et sur le cation. Les 
pKs de quelques composCs calculCs d'aprks la relation [5] sont 
prCsentCs dans le tableau 2. Lorsque l'anion est, comme C1-, 
dCpouwu de propriCtCs basiques, l'effet de cation peut l'empor- 
ter sur I'effet d'anion. Ainsi, AgCl est plus stable en milieu 
H3PO4 14 M que dans l'eau. I1 en est de m&me pour PbC12 et 
Hg2C12. Des rksultats analogues seraient obtenus pour les 
bromures et les iodures puisque log f,, et logfi- sont trks peu 
differents de log fc,-. Dans le cas de PbS04, l'effet d'anion 
I'emporte sur l'effet de cation mais l'kcart reste pratiquement 
constant dans tout le domaine de concentration; la solubilite de 
PbS04 varie donc peu avec la teneur en acide. 

La prCsence d'acide peut modifier nettement la stabilite de 
sels engageant des cations dont la variation de solvatation se fait 
diffkremment. Ainsi, les hexacyanoferrates(I1) de cuivre, de 
zinc et de cadmium, dont la stabilitk est voisine dans l'eau, ont 
des caracttristiques de dissolution diff6rentes en milieu H3PO4 
2 et 5,5 M. Cu2+ et pb2+ se desolvatent moins vite que Cd2+ et 
zn2+;  l'effet d'anion est donc plus marquC dans le cas des sels de 

TABLEAU 2. Effet de la concentration de H3PO4 sur la solubilitC de 
quelques composCs 

H3PO4 (M) 

PKS H20 2,O 5,5 8,O 11,5 14,O 

AgCl 
PbC12 
Hg2C12 
PbS04 
Pb2[Fe(CNI6I 
Cd2[Fe(CNI6I 
Cuz[Fe(CN),I 
Zn2[Fe(CN)61 

logfCd~+lfCu2+ 
logf~n2+lf~u2+ 

cuivre et de plomb que dans celui des sels de zinc et de 
cadmium. En milieu H3PO4 5,5 M, la stabilitt du sel de 
cadmium est plus grande que dans l'eau bien que l'espkce 
Fe(CN)6& soit fortement solvatte en raison de sa basicitt. Une 
inversion entre la stabilitt dans l'eau et dans les milieux 
phosphoriques peut intewenir pour les sels engageant le m&me 
anion et les cations Mnf et N"' lorsque la difference de leur pKs 
dans l'eau est infkrieure a log fMn+/fNn+. Ainsi, l'iodate de 
cuivre (p@O = 7,1), qui est plus stable dans l'eau que l'iodate 
de zinc = 5,4) est moins stable que ce demier en milieu 
acide. 

Les rkactions de precipitation engageant des anions peu 
basiques comme les halogCnures ou les iodates sont favoriskes 
dans les milieux concentres en acide. Lorsque les anions sont 
basiques, l'effet de cation peut compenser dans certains cas 
l'accroissement de solvatation de l'anion. Mais de nombreuses 
espkces minerales qui precipitent dans l'eau sont solubles en 
milieu acide phosphorique. L'Climination d'une espkce par 
precipitation ou son dosage par formation d'un compost5 peu 
soluble seront donc plus difficiles. 

4.2 Pre'cipitation des phosphates 
Phosphates de plomb 

Lors de l'ttude des systkmes mettant en jeu le plornb, nous 
avons dCterminC la solubilitt des phosphates de plomb PbHP04 
dans les milieux de concentration infkrieure a 8 M et du 
Pb(H2P04)2 dans les milieux plus concentrCs. Puisque les 
fonctions basiques ont kt6 evaluees independamment a partir 
des systkmes redox Hg2HP04/Hg et BiPOdBi, nous avons 
comparC (tableau 3) les valeurs expkrimentales de solubilitk du 
plomb a celles calculCes a partir de relations analogues a [6] 
avec P ~ ~ H P O , )  = 9,9 et P ~ ; $ ~ , ~ P O ~ ) ~ )  = 42,I .  

I1 y a donc une concordance satisfaisante en ce qui conceme 
les limites des domaines de prkcipitation des diffkrents phos- 
phates. Pb3(P04)2 est soluble m&me pour de faibles concentra- 
tions de H3PO4. PbHP04 precipite jusqu'a une concentration 
d'acide de 8 M. Dans les milieux plus concentres, c'est 
Pb(H2P04) qui est insoluble. 

Phosphates d'argent 
L'ttude de la solubilitC des phosphates d'argent dans les 

milieux H20-H3P04 (5) montre que Ag3P04 precipite pour des 
concentrations d'acide infirieures a 4 M, Ag2HP04 pour des 
concentrations d'acide allant jusqu'a 9,5 M et que AgH2P04 est 
insoluble dans les milieux plus concentrks. La solubilitC de 
l'argent peut &tre calculee B partir du coefficient d'activitk du 
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LOUIS ET BESSIERE 

TABLEAU 3. Solubilit6 des phosphates de plomb dans les milieux H20-H3P04 

2,O 9,4 1,3 1.6 x lo-' 4 x 10-~ 
5,5 12,2 3,4 8 X lo-' 6 X 

8,O 14,8 5,8 0, l  7 x lo-3 
113  18,9 8,7 2 Pb(HzP04)z insoluble 

PbHP04 soluble 

2,o 22,4 1,3 0,4 PbHP04 insoluble 
5.5 26,8 3,4 2,7 Pb3(P04)2 soluble 

"Valeurs calculies. 
bValeurs expirimentales 

cation Ag+ et de la fonction Ro(P043-) pour les faibles 
concentrations de H3P04, ou Ag3P04 seul se forme, d'aprks la 
relation [6] ou p@o = 20,83 (6). Les valeurs calcultes et les 
rtsultats exptrimentaux sont prtsentts dans le tableau 4. 

Dans le domaine de concentration ou la forme insoluble est 
Ag3P04, les valeurs de solubilitt exptrimentales et calcultes 
sont concordantes. La valeur tlevte de 1,9 calculte en milieu 
5,5 M est cohtrente avec le fait qu'a cette concentration d'acide, 
il a t t t  montrt que la forme insoluble est Ag2HP04. 

Phosphates de baryum et de calcium 

TABLEAU 4. SolubilitL des phosphates d'argent dans les milieux H20- 
H3P04 

- 

1 ,o 20,8 0 2  0,6 0,2 
2,o 22,4 0,7 0,6 
3 8  23,4 0,9 0,9 
4 8  24,8 1,2 1,3 0,7 Ag3P04 soluble 
5 s  26,8 1,6 1,9 Ag2HP04 insoluble 

Les rtsultats des ttudes de solubilitt des phosphates de 
oValeurs calcultes, 

baryum (6-9) et de calcium (10, 1 1) dans les milieux phosphori- 
bvaleurs exptrimentales (5 ) ,  

ques nous ont permis de calculer les coefficients d'activitt de 
~ a ~ +  et Ca2+ qui n'avaient pu Ctre dttermints autrement. Les 
coefficients d'activitt du cation Ba2+ sont calcults d'aprks la Phosphates d'uranium 
relation [6] oh p@-o = 7,6 (4) pour des concentrations d'acide L'ttude de la solubilitt des phosphates dluranium(IV) en 
de 3 M. Au dela de cette concentration c'est la forme milieu phosphorique (12, 13) montre que, pour les concentra- 
Ba(H2P04)2 qui prtcipite; log fBaZ+ est alors calcult d'apres la tions d'acide inftrieures a 9 M, la forme insoluble est 
relation U(HP04)2.6H20, et pour les concentrations plus tlevtes, 

c'est U ( H P O ~ ) ~ H ~ P O ~ ~ H ~ O  qui prtcipite. En admettant que les 
solubilitts des phosphates d'uranium(1V) ont t t t  dttermintes a 

Comme pf@o n'est pas connu, c'est la variation de log fBa2+ l'tquilibre et $ue -1es "gels" qui se foment peuvent 6tre 
que nous avons calculte a de la limite de la zone de considtrts comme des solides de structure dtfinie et conbtante, 
concentration d'acide oh la fome insoluble est BaHPO, (3 M) leS coefficients d'activitt de I'espkce U4+ peUVent Ctre calcul6~ 
jusqu'a une concentration d'acide de 13 M. d'aprks la relation: 

Pour les concentrations de H3P04 inftrieures a 3,8 M,  
CaHP04 est insoluble. La relation utiliste est analogue a [6] 
avec p@-O = 7,O (4). Pour des concentrations plus tlevCes 
d'acide, Ca(H2P04)2.H20 prtcipite. La relation: 

- log [ca2+1 - log aH20 

conduit au calcul de la variation de log fca2+. 

Les valeurs de log fBa2+ et log fca2+ sont rassembltes dans le 
tableau 5. Les cations Ba2+ et c a 2 +  ont des caracttristiques de 
solvatation analogues i celles dttermintes pour les autres 
cations divalents; ils sont voisins de Zn2+, sn2+,  Cd2+, 
c'est-a-dire de ceux qui se dtsolvatent le plus. Ceci est en accord 
avec la stabilitt dans I'eau plus faible de Ba3(P04)2 et de 
Ca3(P04), et avec le fait que le sulfate de baryurn est stable 
mCme dans les milieux concentrts en acide: le renforcement de 
solvatation de l'anion est cornpenst par la dtsolvatation 
importante du cation. 

[9] log fu4+ = -pKF?O + 2 R ~ ( H P O ~ ~ - )  

- 6 log aHIo - log [U4+] 

avec p@o = 27,5 (12) en se lirnitant au domaine de 
concentration 2-8,8 M en H3PO4 ou le solide est toujours 
U(HP04)2.6H20 et la solubilitt de u4+ est inftrieure a 0,5 M. 

Des valeurs de log fuo22+ peuvent en Ctre dtduites puisque log 
fuoz2+/fu4+ a t t t  dttermint par une autre voie (tableau 1). Les 
rtsultats sont rassemblts dans le tableau 6. Pour les milieux de 
concentration d'acide inftrieure a 4 M, la structure du phos- 
phate d'uranium(V1) insoluble est U02(HP04)-4H20; dans les 
milieux plus concentrts, elle est U02(H2P04)2.3H20 (14). La 
solubilitt des phosphates dluraniurn(VI) est beaucoup plus 
tlevte que celle des phosphates d'uranium(1V): elle n'est inft- 
rieure a 0,5 ion g/L que pour des concentrations d'acide allant 
jusqu'a 2,5 M. Le dornaine de concentration d'acide ou il est 
possible de calculer a la fois log fUO22+ et log fU4+ a partir des 
solubilitts des phosphates de U(V1) et U(1V) est donc trks 
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TABLEAU 5. Coefficients d'activite des cations ~a~~ et Ca2+ en fonction de la concentration de H3P04; 
valeurs calculCes 

TABLEAU 6. Coefficients d'activite des espkces UOZ2+ et U4+ calculCs a partir de la solubilitC de U(HP04)2.6H20 

"D'aprhs rkf. 12. 
bD'aprhs rkf. 1. 
'DJaprhs le tableau 1 

TABLEAU 7. Coefficients d'activite de I1esp&ce ~0~~~ calcules A partir 
de la solubilite de U02(HP04).4H20 

H3P04 
(M) [ U O ~ ~ '  la RO ( H P O ~ ~ - ) ~  log ~ H , O  logf~0,zt  

"D'aprhs rtf. 14. 
b~ 'aprhs  rkf. 1. 

restreint. Nous donnons dans le tableau 7 les valeurs du 
coefficient d'activitt de ~ 0 2 ~ '  calcultes d'aprks la relation: 

- 4 log aH,o - log [ u O ~ ~ + ]  

avec p e O  = 10,7. 
I1 semble donc que U4+ soit plus fortement solvatt dans les 

milieux phosphoriques diluts que dans l'eau, puis se dtsolvate 
trks rapidement lorsque la concentration d'acide augmente, ce 
qui est conforme, en raison du nombre de charges porttes par 
cette espkce, h l'analyse qui a ete faite. U 0 2 2 f  a,  dans le m&me 
domaine de concentration d'acide, des caracttristiques de 
solvatation voisines de celles des cations divalents qui, comme 
Sn2+ ou z n 2 + ,  se dtsolvatent le plus lorsque la concentration 
d'acide augmente. 

par leurs coefficients d'activitt de transfert de solvatation. Les 
cations sont moins solvatts lorsque la concentration d'acide 
augmente tandis que la solvatation des anions est renforcee. 
Pour une espkce donnte, l'amplitude de la variation de solvata- 
tion dtpend du nombre de charges, de la prtsence d'oxygkne 
dans sa structure, de son caractkre basique. Les coefficients 
d'activitt permettent d'interprtter ou de prtvoir les rtactions 
d'oxydo-rtduction (diagramme potentiel - niveau d'aciditt), 
l'tvolution des proprittts de solubilitt y compris celles des 
phosphates. 11s devraient tgalement intewenir dans la prtvision 
des rtactions mises en jeu dans les processus de stparation 
comme l'extraction liquide-liquide et la flottation ionique. 
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J.  BARRAU, M. EL AMINE, G. RIMA et J. SATGB. Can. J .  Chem. 64, 615 (1986). 
S 
I I 

Les hktkrocycles germaniks et phosphorks anisyl-2 dimkthyl-4,4 thio-2 dithiaphosphagermetanne-1,3,2,4, Me2GeSP(An)S 
S 

I I 
( I) ,  et anisyl-5 tktramkthyl-2,2,3,3 thio-5 dithiaphosphadigermolanne-1,4,5,2,3, M ~ ~ G , ~ G ~ ( M ~ ~ ) s P ( A ~ ) s  (2), sont obtenus par 
action de l'anisyltrithiophosphonate d'arnrnonium sur les dichlorures germaniks correspondants. Le composk 1 est instable h 
tempkrature ambiante et se dkcompose pour conduire h (Me2GeS) et (AnPS2),. Le composk 2 subit une fragmentation thermique 
h 200°C avec formation de (Me2GeS)3 et (AnPS),. Ces rksultats sont expliquks par deux mkcanismes de dkcomposition faisant 
intervenir les espkces doublement likes transitoires (Me2Ge==S) et (AnPS2) ou (AnPS) respectivement. Les rkactions d'kchange 
entre 2 et divers chlorures mktallks (MIVB) sont dkcrites. La rkaction avec Me2SiC12 conduit h la dimkthylsilathione [Me2Si=S] 
via un dithiaphosphasiletanne intermkdiaire. 

J .  BARRAU, M. EL AMINE, G. RIMA, and J .  SATGB. Can. J .  Chem. 64, 615 (1986). 
The synthesis of the new germylated and phosphorylated heterocycles 2-anisyl-4,4-dimethy1-2-thio-1,3,2,4-dithiaphos- 

S 
I I 

phagermetane, Me2qeSP(An)S (I) ,  and 5-anisyl-2,2,3,3-tetramethyl-5-thio-1,4,5,2,3-dithiaphosphadigermolane, 
S 

I I 
M ~ ~ G , ~ G ~ ( M ~ ~ ) s P ( A ~ ) s  (2), are described. The decomposition of 1 with formation of (Me2GeS)3 and (AnPS2), is observed 
at room temperature. At 200°C 2 undergoes thermal fragmentation leading to (Me2GeS)3 and (AnPS),. These results are 
explained by two mechanisms of decomposition involving formation of transient species [Me2Ge=S] and [AnPS2] or [AnPS], 
respectively. Exchange reactions between 2 and various metal (MIVB) chlorides are described. With Me2SiC12 the reaction leads 
to silathione [Me2Si=S], probably via transient dithiaphosphasiletane. 

Introduction 
Dans ce mCmoire, nous prksentons 1'Ctude de nouveaux 

hCtCrocycles germaniCs, l'anisyl-2 dimCthy1-4,4 thio-2 dithia- 
S 
I I 

phosphagermetanne- l,3,2,4, Me2G~SP(An)S (I),  et l'anisyl-5 
ttramkthyl-2,2,3,3 thio-5 dithiaphosphadigermolanne- 1,4,5,2,3, 

S 
I I 

Me2G;eGe(Me2)SP(An) (2). 
Ces hCttrocvcles sont les ~remiers remesentants de thio- 

phosphonates germaniCs cycliques. 11s sont par dCcomposition 
intramolCculaire, comme diverses autres stuctures hCtCrocycli- 
ques germmikes (1 - 1 l) ,  sources d'espkces B double liaison du 
germanium [Me2Ge=S] (12) et Cgalement du phosphore - - 

L S l  
d'acides trithiophosphoniques peuvent Cgalement &tre utilises 
comme agents de synthkse en chimie organogermanike ou 
organophosphorke . 

Resultats et discussion 
Le dithiaphosphagermetanne 1 est obtenu B 20°C au sein de 

I'acCtonitrile par action de l'anisyltrithiophosphonate d'ammo- 
nium (13) sur le dichlorodimCthylgermanium. 

'Auteurs h qui adresser toute correspondance 
2~Cvision reGue le 8 novembre 1985. 

[An =  OM^] 
rmn 'H = 1 ,Oppm (s) et I ,  1 ppm (s) 
3 1 ~  hp = 79,9 ppm (s) 

Toute tentative de concentration sous vide ou distillation con- 
duit B (Me2GeS)3 et (AnPS2), (14). La formation de ces entites 
peut &tre interprCtCe par un mCcanisme de P-decomposition de 
l'h~trocycle l_conduismt aux espkes monomkres [Me2Ge=S] 

(Me2GeS)3 (AnPS21, 
3 4 

L'addition de thiiranne au milieu rkactionnel permet d'isoler 
le dimCthylgermadithiolanne Me2GeSCH2CH2S (5) et le dithia- 
phospholanne-1,3,2, AnP(S)SCH2CH2S (6). Ces hCtCrocycles 
reprksentent respectivement les adduits des deux espkces .rr likes 

et AnP 
\\ 

S 
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Soulignons cependant que l'obtention du dithiaphospholanne- 
1,3,2 (6) n'est pas une preuve irrkfutable de la condensation de 

l'intermtdiaire monomkre AnP sur le thiiranne puis- 
\\ 

S 
L J 

que ce m2me htttrocycle (6) peut 2tre obtenu i partir du telomkre 
(AnPS2)n. 

D'autre part, une insertion directe du thiiranne sur le di- 
thiaphosphagermetanne 1 avec formation d'un httCrocycle i 7 
chainons instable (cf. rtactivitk de 2) peut Cgalement expliquer 
la formation du dithiaphospholanne 6 et du dimtthylgermadi- 
thiolanne 5 via [Me2Ge=S]. 

1 

Me2Ge 
\s/ \ ~ n  

[Me2Ge=S] + AnP 
I 

L'action directe de l'anisyltrithiophosphonate d'ammonium 
sur le tttramtthyl-1 ,1,2,2 dichloro-1,2 digermane (lo) permet 
tgalement d'acctder 2 l'anisyl-5 tttramtthyl-2,2,3,3 thio-5 
dithiaphosphadigermolanne- 1,4,5,2,3 (2) avec un rendement 
de l'ordre de 95%. 

Le dithiaphosphadigermolanne i phosphore tttracoordonnC 
ainsi synthttist a CtC caracttrist par analyse de rmn ('H: 
tiMe = 0,56 ppm (s) et 1,lO ppm (s); tioMe = 3,16 ppm (s); 31P: 
tip = 86,O ppm) et spectromttrie de masse. 

La specGgraphie de masse par dtsorption par champ permet 
d'observer uniquement le massif de l'ion moltculaire M+' pour 
un courant de filament variant de 5 mA i 20 mA. 

L'analyse du spectrogramme effectute sous impact Clectro- 
nique (70 eV) rtvkle notamment la prCsence de quatre massifs 
correspondant i l'ion moltculaire M+' et aux ions [~e ,GeSl+ ' ,  
[M - Me2GeS]+' et [ ~ n P s ] + ' .  Faibles 2 20°C, les intensitCs 
relatives de ces trois derniers pics augmentent trks fortement 
lorsque la temptrature de la source dCpasse 100°C. 

Une ttude de filiation par identification des ions mttastables 
permet de proposer le diagramme de fragmentation suivant: 
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BARRAU ET AL 

MeGe 
/s \  1' 
\S/P-An 

Le compost 2 est stable a tempCrature ordinaire mais instable 
a tempCrature plus ClevCe. Optrant 2 270°C en tube scellt sa 
thermolyse et sa pyrolyse en phase vapeur conduisent a la 
formation exclusive de (AnPS), (7) (15) et de (Me2GeS), (3) 
via les espkces monomeres [AnP=S] et [Me2Ge=S]. 

(MezGeS)3 (AnPS), 
3 7 

L'existence de corrtlation entre les processus de fragmenta- 
tion sous impact Clectronique et les comportements sous effet 
thermique de petits hCttrocycles siliciCs prCcurseurs d'espkces 
T liees du silicium (16) nous amkne a proposer, pour rendre 
compte de cette thermolyse, un micanisme de dtcomposition 
thermique de 2 en accord avec son comportement sous impact 
Clectronique. Ce mtcanisme initiC par attaque n u c l ~ o ~ h i l e  
d'un germanium par le soufre (P=S) conduit, a c6tC de 
[Me2Ge=S], a un dithittanne intermediaire (8) instable 
subissant lui-m&me une P-dCcomposition. 

mathione monomkre sur le thiiranne ne peut cependant pas &tre 
rCalisCe a partir de 2. Le thiiranne rCagit en effet a 20°C sur 2 
avec formation de dithiaphospholanne, 6, et d'hexamkthyl- 
2,2,3,3,5,5 trigerma-2,3,5 dithiolanne- 1,4, 9 (10). 

Me2Ge-GeMez 

Me2 
9 6 

% relatifs: 72% 28% 

Ce bilan rkactionnel peut s'interprtter par une insertion du 
thiiranne dans une liaison Ge-S de 2 suivie d'une dtcomposi- 
tion (proctdant par attaque nuclCophile intramolCculaire d'un 
atome de S en a du germanium sur l'atome de phosphore) de 
1'hCtCrocycle ainsi obtenu. Le passage par un digermathiiranne 
intermtdiaire qui se dimerise pour conduire a l'octamtthyl- 
tCtragermadithiacyclohexane (10) instable (10) permet d'expli- 
quer la formation de 9. 

C 
A l9appui de cette hypothkse, signalons que nous n'observons 

aucune dCcomposition de 2 a 270°C au sein de la tritthylamine. MezGe-GeMe2 Melee-GeMe2 
Celle-ci doit vraisemblablement former avec 2 un complexe 7 

/ \ 
S'Ge,S - Me2Ge S S instable non isolable, empkchant ainsi toute attaque nucltophile \ / 

du soufre sur le germanium. Me2 Me2Ge-GeMez 
La rCaction classique (4) de condensation de la dimkthylger- 9 10 
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La dimethylgermathione peut cependant &re caracterisee par 
addition sur la liaison germanium-soufre de Me2Ge(SMe)2 en 
realisant la thermolyse de 2 en prtsence de ce dtrive. Le sulfure 
de bis(dim~thylmtthy1thiogermanium) attendu (11) (4) est 
obtenu avec un rendement de 20%. 

I I 

SMe SMe 
11 

Rdt 20% 

Bien que la spectroscopic photoelectronique ait deji  permis la 
mise en evidence de la dimethylgermathione [Me2Ge=S] (P. I 
exp? ns 8,6; IT Ge-S 9,55; a Ge-S 10,75; a G e 4  11,47 
eV) lors de dtpolymerisations thermiques de cyclogermathianes 
(17) 

A 
(R2GeS)3 = [R2Ge=Sl + (R2GeS)2 (R = alkyl) 

nous ne pouvons pas utiliser cette technique pour suivre la 
decomposition de 2 puisque le phosphore porte un groupe anisyl 
x 6 H 4 - 4 C H 3  dont les divers potentiels d'ionisation mas- 
quent ceux de [Me2Ge=S]. 

La sensibilitt des liaisons Ge-S vis-a-vis des rtactifs dipo- 
laires a pu Ctre mise a profit pour acceder ?I partir de 2 et divers 

r, 1 

chlorures mbtallts l d'autres espbes IT likes 1 ) MI,, = X 1 

M = Ge Z = C1 20°C Rdt 95% 
M = Si Z = Me 150°C Rdt 40% 1 1 

Z = C1 20°C Rdt 95% (Z2MS)n (AnPS2)rv 

Avec M = Si et X = Me, la dimethylsilathione intermediaire 
peut &re caracttriste par condensation sur l'hexamethyltri- 
siloxanne (16). 

Avec le tetrachlorure de germanium (112 mole pour 1 mole de 
2) et le dichlorogermylkne, les rtactions d'echange ont lieu a 
20°C et conduisent aux polymkres (GeS2), et (GeS), vrai- 
semblablement via les intermediaires disulfure de germanium 
monomkre [S=Ge=S] d'une part, et monosulfure de ger- 
manium (:Ge=S] d'autre part. 

Partie experimen tale 
Toutes les rkactions ont CtC rCalisCes en atmosphkre inerte d'argon. 

Les spectres de rrnn 'H ont CtC enregistris sur spectromktre Varian EM 
360A B 60 mCgacycles; toutes les valeurs des dkplacements chimiques 
sont donnCes par rapport au TMS pris comme rCfCrence interne. Les 
spectres de rmn 31P ont CtC rCalisCs sur spectromktre Bruker WP 90 a 

3 ~ . ~  exp = potentiel d'ionisation experimental. 

36,4 mCgacycles; les dCplacements chimiques sont donnCs par rapport 
B H3P04 pris comme rCfCrence externe. 

Les spectres de masse ont CtC effectuis sur spectromktre de masse 
Ribermag R1010. 

I1 
Me2GeSP(An)S (1 )  

DimCthyldichlorogermanium (1 g, 0,0057 mol) en solution dans 150 

II 
cm3 de CH3CN est trait6 par 1,55 g de AnP(SNH4)2 (13) (0,0057 mol). 
Aprks filtration, les analyses de rmn ('H et 31P) et de spectromCtrie de 
masse du filtrat mettent en Cvidence la formation d'anisyl-2 dimCthy1- 
4,4 thio-2 dithiaphosphagermetanne-1,3,2,4; rmn (CH3CN) 'H SM,: 
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BARRAU ET AL. 619 

1,O pprn (s) et 1 , l  pprn (s); 3 1 ~  6p: 79,O pprn; spectre de rnasse, mle: Action du thiiranne sur I'anisyl-5, te'trame'thyl-2,2,3,3 thio-5 dithia- 
S phosphadigermolanne-1,4,5,2,3 
I I Une quantiti de thiiranne (0,28 g, 0,0046 rnol) est ajoutC goutte 2 

338 [ M ~ ~ G ~ s P ( A ~ ) s ] + ' .  goutte ?i 1 g d'anisyl-5 tCtramtthy1-2,2,3,3 thio-5 dithiaphosphadi- 
Aprtts concentration de ce filtrat sous 10 Torr (1 Torr = 1333 Pa), germolanne-1,4,5,2,3 (0,0022 rnol) en solution dans 5 crn3 de C6H6. 

les analyses cpv (chrornatographie en phase vapeur), rmn et SPectro- Les analyses de cpv (comparaison avec un Cchantillon pur) et de 
rnktrie de rnasse dCnotent la prisence de (MezGeS)3 (rmn (C6H6) IH rmn permettent de mettre en evidence la formation d7hexamCthyl- 
~ M C :  0,82 P P ~ )  et de (AnPS2)n ( n  = 2 essentiellement, rmn 2,2,3,3,5,5 trigerma-2,3,5 dithiolanne-1,4 dCji dCcrit (10) (rmn 
( M 6 H 4 C 1 2 )  3 1 ~  6P: 14,5 pprn). (C6D6) 6Me2ceceMe2: 0 3 6  ppm; 6s~eMe,s: 0,76 ppm) et de sulfure 

d'anisyl-2 dithiaphospholanne-l,3,2 (6) (synthCtisC par ailleurs) (% 
Anisyl-5 titrame'thyl-2,2,3,3 dithiaph~s~hadigermolanne-1,4,5,2,3, relatifs 72 (28%)). 

.P S 

II 
(0,0120 rnol) et de 3,24 g de AnP(SNH4)2 (0,0120 rnol) dans 500 crn3 
de CH3CN est rnaintenu 24 h i temperature arnbiante sous agitation. 
Apres filtration, le filtrat est concentrC sous 10 Torr. Les cristaux ob- 
tenus sont recristallises dans le benzene. On obtient ainsi, 3,68 g d'ani- 
syl-5 ~trarnCthyl-2,2,3,3 thio-5 dithiaphosphadigermolanne- 1,4,5,2,3 
(Rdt 70%); pF = 150-151°C; rmn (C6D6) 'H tiMc: 0,56 pprn (s) et 
1,10 pprn (s); 60Mc: 3,16 prn (s); 8,50 pprn (dd, JpH = 19 HZ) 
et 6.70 (dd, Jm = 3 Hz); EP 6,: 86.0 pprn. Spectre de rnasse tnle: 440 

S 8 - - 
I I II 

[~e~~~Ge(Me2)sP(An)Sl+'; 425 [ M ~ G , ~ G ~ ( M ~ ~ ) s P ( A ~ ) s ] + ;  304 
[M~~G,~sP(A~)s]";  289 [MeG,esp(~n)~]+;  170 [A~PS]+ ' ;  136 
[M~G~s]";  121 [MeGeSl+. Anal. calcd. pour CllHI90S3PGe2: 
C 30,05; H 4,32; S 21,85; tr.: C 30,lO; H 4,35; S 21,78%. 

Thermolyse de I'anisyl-5 te'trame'thyl-2,2,3,3 thio-5 dithiaphosphadi- 
germolanne-1,4,5,2,3 

Un Cchantillon de M ~ ~ G ~ G ~ ( M ~ ~ ) s P ( A ~ ) s  est rnaintenu en tube 
scellC 2 200°C pendant 14h. Les analyses de cpv, rmn et spectro- 
mktrie de rnasse dCnotent la formation de (Me2GeS)3 (27%) et 
(AnPS), ( n  3, mle 510 [A~PS]~")  (15) 2 cBtC de 4370 de derive de 
depart. 

Pyrolyse de I'anisyl-5 te'trame'thyl-2,2,3,3 thio-5 dithiaphospha- 
digermolanne-l,4,5,2,3 

Une solution de 0,20 g de 2 dans 5 crn3 de C6H6 anhydre est 
introduite goutte ?i goutte dans un pyrolyseur rnuni 2 sa sortie d'un piege 
refroidi ?i la neige carbonique et maintenu 270°C sous courant faible 
d'argon (dude d'introduction 15 min). Aprtts rktablissernent de la 
ternpkrature ordinaire le pyrolyseur est rincC avec quelques crn3 de 
C6H6. Une analyse cpv du rnClange permet de caractCriser la formation 
de (Me2GeS)3 (76%) et l'absence totale de dCrivC de depart. 

Caracte'risation de la dime'thylgermathione 
Le mClange de 0,39 g de dirnCthyldithiornCthyIgermanium (0,002 

rnol) et 1 g d'anisyl-5 tCtrarnCthy1-2,2,3,3 thio-5 dithiaphosphadi- 
germolanne-1,4,5,2,3 (0,0022 rnol) est rnaintenu en tube scellC a 
270°C pendant 4 h. Les analyses de cpv et de rmn ((C6H6) SMe2Ge: 0,7 1 
pprn (s); 1,96 pprn (s)) perrnettent de rnettre en evidence la 
formation de [Me2Ge(SMe)l2S (20%) par cornparaison avec un 
Cchantillon authentique synthCtisC par ailleurs. 

Synthise du sulfure de bis(dime'thyltne'thylthiogermanium) 
Une quantitC (0,69 g, 0,0017 rnol) de (Me2GeS)3 est chauffi 14 h a 

150°C en tube scellC en presence de 1 g de Me2Ge(SMe)2 (0,005 1 rnol). 
Les analyses de cpv, rmn et spectromCtrie de rnasse perrnettent alors 
d'identifier [Me2Ge(SMe)12S (Rdt 2670) a cBtt de (Me2GeS)3 et 
Me2Ge(SMe)2 n'ayant pas rtagi. [Me2Ge(SMe)12S: rmn (C6H6) 
6Me2Ge: 0,71 pprn (s); ?isMc: 1,96 pprn (s). Spectre de rnasse, mle 332 
[[Me2Ge(SMe)2]S]+'. 

I I 
Anisyl-2 thio-2 dithiaphospholanne-l,3,2, AnPSCH2CH$ (6)  

A 5 g de dianisyl-2,4 dithio-2,4 dithiadiphospholanne-1,3,2,4 
(0,0123 mol) en suspension dans 20 crn3 de benzene anhydre, on ajoute 
20 g de thiiranne (0,3333 rnol). Le rnClange est rnaintenu sous agitation 
pendant 4 h, puis concentrk et distillC. On obtient ainsi 2 g d'anisyl-2 
thio-2 dithiaphos holanne-1,3,2 (Rdt 31%); Eb = 112°C/0,1 P Torr; rmn (C6D6) H tjOMe: 3,20 pprn (s); scad: 6,70 pprn (dd, JpH = 
3,5 Hz) et 8,18 pprn (dd, JPH = 9,5 Hz); 6CH2S: 2,90 pprn (rn); 31P 
6p: 92 pprn. Anal. calc. pour C9H1 IOS2P: C 41,22; H 4,19; S 36,64; 
tr.: C 41,35; H 4,21; S 36,72%. 

Anisyl-5 titrame'thyl-2,2,3,3 thio-5 dithiaphosphadigermolanne-1.4,- 
5,2,3 et divers chlorures me'talle's 

Le melange de quantitCs stoechiornetriques de dithiaphosphadi- 
gerrnolanne-l,4,5,2,3 et de chlorure rnCtallC S2MC12 est soit rnaintenu 
2 20°C, soit port6 a 160°C pendant 4 h en tube scelle (cf. tableau 
de la reaction [9]). 

Les analyses cpv et rmn rCvttlent alors la disparition quasi complete 
du dithiaphosphadigermolanne et la formation de dichloro-1,2 tCtrarnC- 
thyldigermane (10) et de (AnPS2), i cBtC des sulfures rnCtallCs 
correspondants (C2MS), ((Me2GeS)3 dCji dCcrit (18); (Me2SiS)2,3 dCjk 
dCcrit (19), (Me2SiS)2/Me2SiS)3 = 1:2; (C12GeS), caractCrisC par 
analyse %tr. (calc.): C140,12 (40,39); S 18,35 (18,23)). 

Caracte'risation de la dime'thylsilathione 
L'addition goutte h goute de 0,14 g de dimCthyldichlorosilane 

(0,0011 rnol) 2 un melange anisyl-5 tttramithyl-2,2,3,3 thio-5 
dithiaphosphadigermolanne-1,4,5,2,3 (0,5 g = 0,001 1 rnol) et oxyde 
trimere (Me2SiO)3 (0,72 g = 0,0033 mol) donne un rnClange 
rkactionnel rnaintenu 1 h 30 2 150°C en tube scelle. Une analyse cpv du 
rnClange permet de constater la formation de 

Me2SiOfMe2SiO&SiMezS (25%) 

dCja dCcrit (20). 
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Le lithio-2 naphtalene carbonitrile-1 et ses produits de substitutions 

R. R. FRASER ET S. SAVARD' 
Ottawa-Carleton Chemistry Institute, Universite' d'ottawa, Ottawa, Ont., Canada KIN 9B4 

Re~u  le 23 juillet 1985 

R. R.  FRASER et S. SAVARD. Can. J.  Chem. 64, 621 (1986). 
La lithiation du naphtalkne carbonitrile-l conduit i la formation du dCrivC lithio-2 exclusivement. La rCaction de cet 

intermkdiaire avec dix diffkrents Clectrophiles perrnet d'obtenir les dCrivCs substituCs en position 2 avec des rendements de 
rnodCrCs 2 bons. Les alkyl-2 naphtalkne carbonitriles-1 sont facilement lithiCs et subsCquemment alkylCs pour donner un 
substituant alkyle rnodifiC sur la position a. Les valeurs des pK, pour les hydrogknes de la position 2 du naphtalkne carbonitrile-1 
et du methyl-2 naphtalkne carbonitrile-l ont CtC dCterminCes et sont respectivernent de 36,3 et 28,5. 

R. R. FRASER and S. SAVARD. Can. J. Chern. 64, 621 (1986). 
Lithiation of 1-naphthonitrile provides the 2-lithio derivative exclusively. Reaction of this intermediate with ten different 

electrophiles produces 2-substituted derivatives in moderate to good yields. 2-Alkyl-1-naphthonitriles are readily lithiated and 
further alkylated to provide alkyl substituents modified at the a position. The pK, values for the hydrogen at the 2-position of 
1-cyanonaphthalene and 2-methyl-1-cyanonaphthalene have been determined to be 36.3 and 28.5, respectively. 

L'ortho-lithiation directe de composts aromatiques est une 
mtthode efficace pour la prtparation d'intermtdiaires aryl- 
lithiums utilisables ensuite dans les difftrentes syntheses. 
Plusieurs substituants sont bien connus pour diriger et stabiliser 
1' ortho-mktalation, par exemple le CH(OR)2, 0CH20CH3, 
N(R):! et CH2N(CH3), (1). De mEme, certains tlectrophiles se 
sont avCrts trks efficaces comme agent activateur d'une telle 
lithiation dont le CONR, le CSNR, le CONR2, l'oxazoline et le 
0CONR2 (1). Dans ce demier cas, trois mtthodes ont et t  
utilistes pour Cviter la condensation du carbanion avec le 
produit de dCpart afin de permettre une concentration acceptable 
d'aryllithiurn avant l'addition d'un tlectrophile exteme (2): (i) 
l'utilisation d'une basse temperature de rtaction (-78°C ou 
moins); (ii) l'utilisation d'un tlectrophile sttriquement (oxazo- 
line (3)) ou Clectroniquement (carbamate, amide (1 c)) dtactivt 
qui rCagit suffisamment lentement avec la base nucltophile 
(alkyllithium) ou avec l'anion formt, pour permettre l'attaque 
subsCquente d'un agent Clectrophilique; (iii) l'addition in situ de 
l'tlectrophile pour piCger l'intermtdiaire aryllithium immtdia- 
tement aprks sa formation par une base trks sttriquement 
encombrk, le tktrarntthylpip6ridine amidure de lithium (LTMP) 
(2, 4). Cette dernikre mtthode appliqute par Krizan et Martin 
permet d'obtenir des dtrivts benzonitrile-2 et (dicyano- 1,3 
benzene)-2 dans d'excellents rendements, comme dans le cas des 
rtsultats obtenus prtcedemrnent avec un Cchange halogene- 
mttal (S), contmirement a ceux obtenus par une lithiation directe 
( l b ,  6). 

Le groupement nitrile a Ctt aussi utilist comme agent 
activateur dans la mttalation directe d'autres composts aroma- 
tiques, dont le thiophene (7, 8) et le stltnophkne (8). 

Nous voulons presenter ici la formation du lithio-2 naph- 
talene carbonitrile-1, 1 provenant d'une ortho-lithiation directe 
(LTMP, THF, -78°C). L'anion formt dans ces conditions est 
suffisamment stable pour rtagir par la suite avec une grande 
varittt dlClectrophiles sans que de condensation nitrile-anion 
ne soit dCcelte. Cette rtaction perrnet d'obtenir un naphtalkne 
substitut-1,2 possCdant le groupement nitrile-1 transformable 
par la suite de diverses f a~ons .  

La tableau 1 prtsente les divers tlectrophiles utilises: les 

I~rCsente adresse: CRIQ (Centre de Recherche lndustrielle du 
QuCbec), 333, rue Franquet, C.P. 9038, Sainte-Foy (QuC.), Canada 
GlV 4C7. 

halogtnures d'alkyles, les disulfures, l'iode ainsi que le 
chlomre de trimtthylsilyle conduisent ti de bons rtsultats. La 
constatation gCntrale est, toutefis, que l'utilisation d'un 
tquivalent de base ne permet pas un rendement suptrieur 9 85%. 

L'utilisation de composts carbonylts comme agent tlec- 
trophilique conduit B l'obtention de deux types de produits 
suivant la nature du produit de dCpart. Ces composCs se foment 
probablement lors de l'isolement lorsque le melange rtactionnel 
est trait6 avec l'acide chlorhydrique diluC. Le benzaldthyde 
avec le lithio-2 naphtalkne carbonitrile-1, 2 donne la lactone 
cyclique 12, identique 2 celle obtenue par Watanabe et Snieckus 
lors de la rtaction du lithio-2 naphtalkne carboxamide-1 
N,N-ditthyle avec le benzaldthyde (9). Lorsque la cyclohep- 
tanone est utiliste, la formation d'une lactame 11 (ir (CHC13): 
1668 cm-I; sm: 265 (M+)) est constatte. 

Le ditthylchlorocarbamate, le chlorure d'acetyle, le bromure 
de benzyle et la benzophtnone ne permettent pas l'obention de 
rtsultats utilisables dans les conditions telles aue dtcrites. Avec 
cette dernikre, toutefois, la prtsence d'un compost de masse 
335 correspondant au produit de substitution (alcool tertiaire, 
lactame ou imine) peut Etre dCtectCe par gc-ms parmi les 
produits multiples de la reaction. 

Le tableau 2 prtsente les pourcentages de deuttration obtenus 
lors de la rCaction du naphtalene carbonitrile-1, 1 avec le 
diisopropyl amidure de lithium (LDA) et le LTMP, suivi d'un 
pitgeage avec D20 .  Avec le LTMP, 83% de deuttration sur la 
position 2 est constatt alors qu'avec la LDA on n'en retrouve 
que 23%. Aucune deuteration sur un autre site n'est obsewte. 
Ces rtsultats indiquent une aciditt intermtdiaire entre les deux 
bases qui correspond a un pK, approximatif de 36,3 * 0,6  (10). 
Cette mesure n'ttaient valable que si la quantite de produit 
deuttrt correspond a la valeur a l'tquilibre de l'espece lithike en 
prtsence de base.2 La mttalation complkte du nitrile aromatique 
est donc impossible avec le LTMP (pK, = 37,3) ( lob ,  c) si un 
equivalent de base est utilist, expliquant le fait que le rendement 
maximum obtenu dans le tableau I soit de 85%. Le LDA n'est 
pas assez basique pour dtprotonner de f a ~ o n  efficace le 
naphtalkne carbonitrile-1 , 1.  I1 est inttressant de constater que le 

'Une expCrience dCmontrant que la quantitC de produit lithiC, 
rnesurCe par deuteration aprks 15 et 45 rnin de rCaction, est identique, 
permet de supposer une rtaction a 1'Cquilibre. 
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TABLEAU 1. Substitutions du naphtalene carbonitrile-1 par lithiation directe avec LTMP 

Y N  Y N  Y N  WH + LTMP WLi - WE 
1 2 3-10 

Electrophile Produit Point de fusion ("C)" ~endemknt~ 

CISi(CH3)3 
C H ~ I  
CH3CH21 
CH3CH2CH21 
CH3SSCH3 
PhSSPh 
I2 

3, E = Si(CH3)3 
4, E CH3 
5, E = CH2CH3 
6 ,  E = CH2CH2CH3 
7, E = SCH3 
8, E = SPh 
9 , E = I  

10, E =  

Cycloheptanone 
111 

70-7 1 
85-86 (Litt. (19) 87-88) 
66-67 (Litt. (20) 66,5-67,5) 
C 

933-943 
100-101 
97-99 

(Litt. (21a) 171-173) 
(Litt. (21b) 164-166) 

"Le compose isole indique habituellement une purete 98% par gc-ms. 
bMatiriel isole aprts purification (recristallisation ou chromatographie). On utilise 10 equivalent de LTMP et 1.1 equivalent 

d'Clectrophile. 
'Liquide incolore. 
"Recristallisation dans I'hexane. 
'Recristallisation dans I'Cther. 
f2 equivalents d'electrophile utilises. 
84 equivalents d'ilectrophile utilises. 
*Rendement maximum avec I'equivalent de base et d'electrophile, 50%. 
'Isole par chromatographie. 
'Une autre structure, I'iminolactone correspondante proposee par un examinateur, est aussi possible. L'evidence de I'infra- 

rouge et de la rmn de "N n'est pas claire a cause du manque de modtles appropries. 

pK, du produit 1 est environ de 2 unites (100 fois) plus acide que 
celui du benzonitrile (6). 

Lors de l'addition des halogtnures d'alkyles sur le lithio- 
nitrile 2, un produit secondaire (de 3 9 8%) est detect& Une 
analyse par gc-ms indique que pour l'iodure de mtthyle, ce 
produit correspond au derive ethyl-2 naphtalene carbonitrile- I ,  
5.3 La sequence de formation de ce compose est present6 dans le 
schema 1. Ainsi, aprks l'addition du groupement alkyle en 
position 2 (A, B) une faible quantite du produit form6 reagit 
avec le lithio-2 nitrile 2 provenant de la metalation de 1 (C) pour 
donner le compose lithie en position benzylique qui reagit 
ensuite (D) avec l'halogenure d'alkyle. Un phenomkne sem- 
blable a d6jB ete observe par Krizan et Martin (2) lors de 
l'addition in situ d'iodure de methyle au lithio-2 dicyano-1,3 
benzene, l'utilisation d'un equivalent de l'halogenure conduit B 
la formation presqu'exclusive du derive ethyl-2. Dans notre 
experience, la quantitt faible presente de ce dCrivt 5 indique que 
l'attaque de l'tlectrophile (B) semble plus rapide que l'tchange 

3 ~ e s  fragmentation par spectroscopie de masse et rmn 'H sont 
identiques au produit 5. 

entre l'aryllithium et le derive alkyl-2 (C). Des resultats 
identiques sont obtenus avec l'utilisation de l'iodure d'ethyle 
(gc-ms, 5% d'un compose, 209 (M')) et de l'iodure de 
n-propyle (gc-ms, 3% d'un compost, 237 (M+)). Avec 
l'utilisation du bromure d'allyle le seul produit d'alkylation 
is016 correspond au produit de diaddition 10. Dans ce cas, 
l'acidite des protons allyliques est accrue par la presence du lien 
double. 

Ces resultats suggkrent une aciditt plus importante pour les 
protons benzyliques que pour le proton aromatique de la 
position 2. Dans l'article de revue de Ronald et Winkle (1 l ) ,  
la rCaction d'un alkyllithium sur differents toluenes ortho- 
substituts dont, par exemple, le 2-CH2NMe2, le 2-COOH (12) 
et le 2-CONHMe, conduit a une mttalation exclusive de la 
position benzylique. 

Le pK, de cette position a donc kt6 vCrifie et le tableau 2 
presente les pourcentages de deuttration obtenus lors de la 
lithiation de 4. Le produit est presque entikrement deprotonne 
par le n-propyltrimCthylsily1 amidure de lithium (94% D, aprks 
addition de D20)  alors qu'aucune reaction n'a lieu avec le 
bis-trimethylsilyl amidure de lithium (LHMDS) (13), indiquant 
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FRASER ET SAVARD 623 

TABLEAU 2. Lithiation et deutiration du naphtalkne carbo- 
nitrile-1 et de son dCrivC mCthyl-2 

CN 

LTMP 
1 - 2 -  

13 

CN CN 

LTMP 

Lithio-nitrile Base % Do PK," 

2 DIPA 23d 36 ,7  k 0,6' 

2 LTMP 83" 35,9 * 0,6' 

4a HMDS - 0 >28.3 

OMesure h partir des valeurs obtenues par rmn 'H et sm. 
bpKa approximatif en tenant compte d'un tquilibre atteinte entre la 

base et le nitrile et bas6 sur les valeurs suivantes d'aciditt pour les bases, 
H 

DIPA: 35,7; LTMP: 37,3; HMDS: 25.8; / V N S i = :  30,9 (IOc). 
Valeur moyenne de 2 experiences avec des temps de lithiation de 15 

et 45 min. 
dValeur moyenne de 2 experiences avec des temps de lithiation de 25 

et 240 min. 
'La valeur de 36.3 ? 0.6 dans le texte provient de la moyenne de 

ces deux valeurs. 

un pK, approximatif de 28,5 2 0,6, les protons benzyliques 
Ctant environ 10' fois plus acides que celui de la position 2. 

Cette grande acidit6 des protons benzyliques permet le 
prolongement ou la modification de la chaine laterale de f a ~ o n  
efficace (tableau 3). Ainsi la metalation, suivi de l'addition 
d'iodure de mtthyle, sur le dtrivt  ethyl-2, 5 conduit a la 
formation du dtrivC isopropyl-2, 15. 

L'influence du substituant nitrile-1 sur 1'aciditC du groupe- 
ment mtthyl-8 a CtC aussi Ctudike. La lithiation du mCthyl-8 
naphtalkne carbonitrile-1, suivie de l'addition de chlorure de 
trimCthylsilyle conduit uniquement au derive trimethylsilyl-2, 
17 (tableau 3). Si ce dtrivC est trait6 a nouveau dans les m&mes 
conditions, aucun derive silylC sur les protons benzyliques de la 
position 8 n'est observe. L'utilisation d'une base plus forte 
(lOc), le (cyclohexyl-1 nCopenty1) tertio-butyl amidure de 
lithium conduit au mCme rtsultat. Ainsi 1'aciditC du mCthyl-8 
(pK, 42) est beaucoup plus faible que celle retrouvee avec le 
methyl-2. 

Certains substituants en position 1 sur le naphtalkne pouvant 
activer l'hydrogkne de la position 8 (1 a, 1 b) (OCH3 (14), NHR 
(15), CH2N(CH3)2 (16), S02NHC4H9-t (17)), l'effet du nitrile 
a CtC analysk. En bloquant prtalablement la position 2 ,  la 
plus acide, par un groupement trimCthylsilyle 3, une tentative de 
lithiation avec le LTMP et ensuite le (cyclohexyl-1 neopentyl) 
tertio-butyl amidure de lithium, suivie d'une addition de 
chlorure de trimkthylsilyle, n'a donne aucun resultat obser- 
vable. Avec le n-butyllithium et le tCtramCthylknediamine 
(TMEDA) dans le THF, suivi de l'addition de l'iodure de 
mtthyle, le seul produit isole correspond au produit d'addition 
de l'alkyllithium sur le nitrile et i la N-methylation de l'imine 
formC. 

Dans le cas du naphtalkne carbonitrile-1, 1, le groupement 
nitrile n'induit une forte influence qu'en position 2, l'aciditt de 
la position 8 semblant trks peu affectee par la presence de ce 
substituant. 

La mCtalation directe du naphthalkne carbonitrile-1, 1, est 
une mCthode efficace pour obtenir un derive substituk en 
position 2. L'aryllithium forme a partir d'une base non- 
nucltophile comme le LTMP est suffisamment stable a basse 
temperature (-78°C) pour effectuer ensuite l'addition d'un 
Clectrophile. De plus, les protons benzyliques obtenus lors de 
l'alkylation de la position 2 ttant beaucoup plus acides que ceux 
sur le cycle aromatique, il est d'autant plus facile de modifier la 
chaine laterale introduite anttrieurement. Un autre avantage 
observe est que le groupement nitrile, activant trks peu le proton 

TABLEAU 3.  MCtalation et reacton des dCrivCs alkyl-2 et -8 du naphtalkne carbonitrile-1 

R1 F N  R' CN 

Rendementb Point de fusion 
R' R2 ~lectro~hile Produit (R1 , R3) (%I ("(3“ 

'Le compose isole indique habituellement une purete >98% par gc-ms. 
bMatCriel isole aprts purification. 
'Liquide incolore. 
dCompos& identique a celui obtenu precedemment (Tableau I). 
'Recristallisation dans l'hexane. 
fIso16 par chromatographie. 
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CN CN 

de la position 8, ou les protons benzyliques attach& a cette 7,0, 8,0), H8 = 8,21 (d, 8,0), CH3 = 2,74 (s); rmn 13c: C1 = 109,2, 
position, leur acidit6 demeure donc trop faible pour obtenir une C2 = 142,9, C3 = 1266, C4 = 132,6, C4a = 1328, C5 = 128,4, C6 

d6protonation par les amines lithiCs. = 127,7,C7 = 128,5, C8 = 124,9,C8a = 131,2,CN = 1 17,1,CH3 = 
21,3; sm: 167 (Mf,  100,0), 166 (Mf - 1, 38,9), 140 (Mf - 27, 

Partie experimentale 
Tous les nouveau composCs ont CtC charactCrisCs par gc-ms ainsi 

que par rmn du 'H (300 MHz) et du 13C (20 MHz). 
Les spectres du carbone 13 Ctaient enregistrks sur un spectrombtre 

rmn Varian FT-80, operant a une frCquence de 20 MHz. Les dCplace- 
ments chimiques Ctaient obtenu dans des solutions de CDC13 utilisant 
comme rCfCrence interne la bande i 77,OO ppm du CDC13. L'attribution 
des rCsonances Ctait faite A partir d'experiences de dCcouplage 
hors-rCsonance et des effets de substituants connus (18). Les spectres 
des protons Ctaient enregistrks sur un spectromktre rmn Varian 
XL-300, optrant i une frCquence de 300 MHz. Les Cchantillons Ctaient 
en solution dans le CDC13 et la rCfCrence interne Ctait la rCsonance 2 
7,24 ppm du chloroform. Les dCplacements chimiques sont donnCs en 
ppm, avec entre parenthbse la multiplicitC et la constante de couplage 
en Hz (s = singulet, d = doublet, t = triplet, q = quadruplet, m = 
multiplet). Les spectres infrarouges Ctaient enregistrCs sur un spec- 
tromttre ir Perkin Elmer 783 la valeur des absorptions est donnCe en 
cm-I et les Cchantillons Ctaient prCparCs en solution dans le chloro- 
forme. Les spectres de masse Ctaient enregistrCs sur un spectromktre 
VG 7070-E. 

Pre'pararion du me'thyl-2 naphralenecarbonitrile-I, 4 (Procedure 
habiruelle de lithiation et de substitution du naphtalene carboni- 
trile-1 et de ses de'rives alkyl-2) 

Une solution de 1,02 mL (0,006 mol) de TMP dans 25 mL de THF 
(anhydre) est refroidie i 0°C et agitCe pendant 30 min sous atmosphere 
inerte (argon) aprbs l'addition de 4,85 mL (0,006 mol) d'une solution 
de mCthyl lithium dans 1'Cther diCthylique (1,25 M). On refroidit 2 
-78°C et une solution du nitrile 1 (0,926 g, 0,006 mol dans 3 mL de 
THF) est additionnCe lentement. La solution bmne est agitCe pendant 
35 min avant l'ajout de l'iodure de mCthyle (0,42 mL, 0,0066 mol). 
Aprbs 2 h ?I -7S°C, le mClange rkactionnel est rCchauffC a la 
tempCrature de la pibce et agitC pendant 1 h. Pour isoler, 20 mL d'eau 
glacCe sont ajoutCs, la phase organique est lavCe avec HC1 10% (2 X 

50 mL), avec une solution de NaCl (saturC) (4 X 50 mL) et sCchCe sur 
MgS04 avant d'Cvaporer le solvant. Le solide obtenu est purifiC par 
chromatographie sur gel de silice (hexane) et recristallisC dans 
l'hexane; 809g (80%) d'un solide blanc (pf: 84-85°C) est ainsi 
recueilli, le mCthyl-2 naphtalkne carbonitrile-1, 4. 

Propriete's spectroscopiques 
Naphtalkne carbonitrile-I, 1: rmn 'H: H2 = 7,92 (dd, 7,1, 1,2), H3 

= 7 3 3  (dd, 7,1, 8,7), H4 = 8,09 (dd, 8,7, 1,2), H5 = 7,96 (d, 8,1), 
H6 = 7,62 (dd, 8,1, 7,0), H7 = 7,73 (dd, 8,5, 7,0), H8 = 8,25 (d, 
8,5); rmn 13C: C1 = 109,9, C2 = 132,1, C3 = 124,8, C4 = 132,4, 
C4a = 132,1, C5 = 128,6, C6 = 127,4, C7 = 128,4, C8 = 124,8, C8a 
= 132,7, CN = 117,6; sm: 153 (Mf,  100,0), 126 (M' - 27, 14,5). 

Trimethylsilyl-2 naphtal2ne carbonitrile-I, 3: ir: 3018, 2960, 2222 
(CN), 1588, 1255,880, 855,847; rmn 'H: H3 = 7,66 (dd, 8,5), H4 = 
8,Ol (d, 8,5), H5 = 7,90(d, 8,2), H6 = 7,61 (dd, 8,2,7,0), H7 = 7,70 
(dd, 8,2, 7,0), H8 = 8,33 (d, 8,2), Si= = 0,52 (s); rmn I3C: C1 = 

117,5, C2 = 147,0, C3 = 131,4, C4 = 133,1, C4a = 134,8, C5 = 
130,1, C6 = 129,3, C7 = 130,1, C8 = 126,4, C8a = 134,9, Si- = 
-0,4, CN = 119,7; sm: 225 (M', 36,5), 21 1 (M' - 14, 35,6), 210 
(Mf - 15, 100,0), 183 (M' - 42, 20,O). 

Methyl-2 naphtalene carbonitrile-I, 4: ir: 3020, 2970, 2220 (CN), 
1520, 1425, 1140, 1110,930;rmn 'H: H3 = 7,41 (d, 8,0), H4 = 7,96 
(d,8,0),H5 = 7,88(d,8,0),H6 =7,56(dd,8,0,7,0),H7 =7,67(dd, 

18,7), 139 (Mf - 28, 16,l). 
Ethyl-2 naphtalPne carbonitrile-I, 5: ir: 3010, 2970, 2220 (CN), 

1509, 825; rmn 'H: H3 = 7,47, (d, 8,5), H4 = 8,02 (d, 8,5), H5 = 
7,91 (d, 8,3),H6 = 7,58(dd, 8,3, 7,0),H7 = 7,69((dd,8,2,7,0),H8 
= 8,25 (d, 8,2), CH2 = 3,09 (q, 7,0), CH3 = 1,38 (t, 7,O); rmn I3c: C1 
= 108,4, C2 = 149,0, C3 = 126,3, C4 = 132,9, C4a = 133,2, C5 = 
128,3, C6 = 126,6, C7 = 128,4, C8 = 124,9, C8a = 131,3, CN = 
116,8, CH2 = 28,6, CH3 = 15,3; sm: 181 (Mf,  65,7), 180 (Mf - 1, 
7,5), 166 (Mf - 15, 100,0), 140 (M' - 41, 12,s). 

n-Propyl-2 naphtalkne carbonitrile-I, 6: ir: 3015,2960,2220 (CN), 
1508,821;rmn1H:H3=7,40(d,8,5),H4=7,97(d,8,5),H5=7,86 
(d, 8,5), H6 = 7,54(dd,8,5,7,0) ,H7 = 7,66(dd,7,0, 8,3),H8 = 
8,21 (d, 8,3),CH2 = 3,01 ( t , 7 ,0 ) ,CH2=  1,77(sext,7,0),CH3 = 
0,98 (t, 7,O); rmn I3C: C1 = 108,9, C2 = 147,5, C3 = 126,6, C4 = 
132,6, C4a = 132,8, C5 = 128,3, C6 = 126,9, C7 = 128,4, C8 = 
125,0,C8a= 131,3,CN= 117,0,CH2= 37,2,CH= 24,3,CH3 = 
13,7; sm: 195 (Mf,  5 .53 ,  194 (M' - 1,9,4), 166 (M' - 29, 100,0), 
140 (Mf - 55, 16,O). 

Thiorne'thoq-2 naphtalene carbonitrile-I, 7: ir: 3010, 2927, 22 18 
(CN), 1585, 1502, 1434,811; rmn IH: H3 = 7,41 (d, 8,8), H4 = 7,94 
(d,8,8),H5 =7,81 (d,8,5) ,H6=7,49(dd,8,5,7,0) ,H7=7,62(dd,  
7,0, 8,2), H8 = 8,11 (d, 8,2), CH3 = 2,62 (s); rmn I3C: C1 = 107,2, 
C2=  144,4,C3 = 124,1,C4= 132,8,C4a= 133,1,C5 = 129,1,C6 
= 126,5,C7 = 128,4,C8 = 123,0,C8a = 130,3,CN = 115,9,CH3 = 
15,9; sm: 199 (Mf,  100,0), 198 (Mf - 1, 11,6), 167 (Mf - 32, 
12,6), 166 (M' - 33, 55,3), 140 (M' - 59, 56,6). 

Thiophenoq-2 naphtaldne carbonitrile-I, 8: ir: 3020, 2220 (CN), 
1583, 1501, 1134, 819; rmn 'H: H3 = 7,14 (d, 9,0), H4 = 7,82 (d, 
9,0),H5 = 7,81 (d,8,0) ,H6 = 7,54(dd,7,0,8,0), H7 = 7,67(dd, 
7,0,8,5), H8 = 8,19 (d, 8,5), CH(ortho) = 7,52 (m), CH (mkta, para) 
= 7,42 (m); rmn I3C: C1 = 108,5, C2 = 143,2, C3 = 129,0, C4 = 
132,8, C4a = 133,1, C5 = 128,4, C6 = 127,0, C7 = 128,9, C8 = 
124,6, C8a = 131,6, CN = 115,8, C1' = 130,8, C2' = 133,6, C3' = 
129,7, C4' = 125,9; sm: 261 ( M ' ,  100,0), 260 (M' - 1, 37,8), 259 
(Mf - 2, 13,0), 234 (M' - 27, 13,7). 

lodo-2 naphtalkne carbonitrile-I, 9:  ir: 3020, 2230 (CN), 1500, 
1117,818,670;rmn1H:H3=7,83(d,9,0) ,H4=7,67(d,9,0) ,H5= 
7,80(d,8,5),H6 = 7,54(dd,7,0,8,5),H7 = 7,61 (dd,7,8,8,5),H8 
= 8,14 (d, 8,5); rmn 13C: C1 = 110,2, C2 = 100,1, C3 = 133,4, C4 = 
135,0, C4a = 131,6, C5 = 129,3, C6 = 127,8, C7 = 128,6, C8 = 
125,2, C8a = 134,3, CN = 118,2; sm: 279 (M', 100,0), 152 (M' - 
127, 49,0), 125 (M' - 154, 10,s). 

(Hexadiene-1,5 yl-3)-2-naphtalkne carbonitrile-I, 10: ir: 3082, 
3065,3015,2220 (CN), 1640, 1625, 1596, 1508,992,922,825; rmn 
'H: H3 = 7,43 (d, 8,0), H4 = 8,00 (d, 8,0), H5 = 7,86 (d, 8,5), H6 = 
7,56 (dd, 7,0, 8,5), H7 = 7,66 (dd, 7,0, 8,0), H8 = 8,21 (d, 8,0), 
CH = 2,58 (m), CH = 2,66 (m), CH = 4,15 (m), CH2 = 4,98 (m), 
CH2=5,16(m),CH=5,71(m),CH=6,02(m);sm:233(~f,10,1), 
193 (M' - 40, 16,7), 192 (M' - 41, 100,0), 191 (M' - 42, 13,7), 
190 (Mf - 43, 16,2), 166 (M' - 67, 15,5), 165 (Mf - 68,29,5). 

Spiro [3H Benz[e] isoindole-11-3, I '-[cycloheptane], 11: ir: 3290, 
3010, 2930, 2860, 1668 (CO), 1519, 1158, 1080,997,980, 820; rmn 
'H: H3 = 7,43 (d, 8,2), H4 = 8,06 (d, 8,2), H5 = 7.93 (d, 8,0), H6 = 
7,60(dd,7,0,8,0),H7=7,76(dd,7,0,8,1),H8=9,31(d,8,1), 12H 
= 1,60-2,06 (m); rmn I3C: C1 = 122,0, C2 = 154,4, C3 = 124,4, C4 
= 133,3, C4a = 133,2, C5 = 128,2, C6 = 126,4, C7 = 128,2, C8 = 
117,8, C8a = 129,0, C-N = 90,4, CH2 = 40,0, CH2 = 29,2, CH2 = 
23,0, CO = 167,4; sm: 265 (M', 56, l ) ,  209 (M' - 56, 19,8), 208 
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FRASER ET SAVARD 625 

(M' - 57, 71,2), 195 (M' - 70, 59,8), 180 (M' - 85, 35,7), 153 
(M' - 112, 100,0), 152(Mf - 113, 18,7), 143(M' - 122, 18,2), 
126 (M' - 139, 27.6). 

Phenyl-3, naphto[l,2c] furane(3H) one-I, 12: ir: 3060,3020, 1752 
(CO), 1580, 1520, 1108, 1040,960,820; rmn 'H: H3 = 7,33 (d, 8,2), 
H4 = 8,07 (d, 8,2), H5 = 7,94(d, 8,0), H6 = 7,63 (dd, 7,0, 8,0), H7 
= 7,74 (dd, 7,0, 8,0), H8 = 9,04 (d, 8,0), CH(ortho) = 7,29 (m), CH 
(mita, para) = 7,37 (m), CH = 6,45 (s); rmn I3C: C1 = 119,7, C2 = 
151,2, C3 = 123,7, C4 = 135,7, C4a = 133,4, C5 = 129,2, C6 = 

127,4 = 129,3, C7 = 129,3, C8 = 119,3, C8a = 129,0, CH = 82,1, 
CO = 17O,8,Cl1 = 136,0, C2' = 127,2, C3' = 129,0,C4' = 128,4; 
sm: 260 (M', 39,7), 156 (M' - 104, 16,5), 155 (M' - 105, 100,0), 
127 (M' - 133, 33,1), 126 (M' - 134, 12,6). 

Deute'ro-2 naphtaldne carbonitrile-I, 13: rmn 'H: H3 = 7,53 (d, 
8,5),H4=8,09(d,8,5),H5=7,96(d,8,1),H6=7,62(dd,8,1,7,0), 
H7 = 7,73 (dd, 8,5,7,0),  H8 = 8,25 (d, 8,s); sm: 154 (M', 100,0), 
127 (M' - 27, 14,6). 

Deute'ro methyl-2 naphtaldne carbonitrile-I, 14: rmn 'H: H3 = 7,41 
(dd, 8,0), H4 = 7,96 (d, 8,0), H5 = 7,88 (d, 8,0), H6 = 7,56 (dd, 7,0, 
8,0),H7 = 7,67(dd,7,0, 8,0),H8 = 8,21 (d,8,0),CH2D =2,72( t ,  
2,2); sm: 168 (M', 100,0), 167 (M' - 1, 36,0), 141 (M' - 27, 
14,0), 140 (M' - 28, 15,9); t = triplet intensite 1:l:l .  

Isopropyl-2 naphtaldne carbonitrile-I, 15: ir: 3065, 3015, 2970, 
2935,2875,2200 (CN), 1598,825; rmn 'H: H3 = 7,47 (dd, 8,5), H4 
= 7,98 (d, 8,5), H5 = 7,83 (d, 8,0), H6 = 7,51 (dd, 7,0, 8,0), H7 = 

7,62(dd, 7,0,8,5),H8 = 8,18(d, 8,5),CH = 3,62(sept,7,0),CH3 = 
1,36 (d, 7,O); rmn I3C: C1 = 107,9, C2 = 153,0, C3 = 125,1, C4 = 
133,1, C4a = 132,7, C5 = 128,3, C6 = 126,6, C7 = 128,4, C8 = 

1 123,0,C8a=131,4,CN=116,8,CH=33,2,CH3=23,2;sm:195 
1 (M' - 38,5), 180 (M' - 15, 100,0), 153 (M' - 42, 17,7), 152 (M' 

- 43, 12,4). 
Trime'thylsilyl-I ethyl)-2-naphtaldne carbonitrile-I, 16: ir: 3015, 

2960,2215 (CN), 1620, 1592, 1250,840; rmn 'H: H3 = 7,32(d, 8,8), 
H4 =7,94(d,  8,8),H5 = 7,83(d, 8,0),H6 = 7,50(dd,7,0, 8,0),H7 
= 7.63 (dd, 7,0, 8,5), H8 = 8,16 (d, 8,5), CH = 3,02(q, 7,0), CH3 = 
1,50 (d, 7,0), Si- = -0,02 (s); rrnn I3C: C1 = 107,0, C2 = 151,7, 
C3 = 124,9, C4 = 132,4, C4a = 132,9, C5 = 128,2, C6 = 126,0, C7 
= 128,4, C8 = 124,3,C8a = 130,5,CN = 117,7,CH = 29,6,CH3 = 
14,8, Si= = -3,2; sm: 253 (M', 58,0), 258 (M' - 1, 17,5), 238 
(M' - 15, 24,4), 73 (M' - 180, 100,O). 

Me'thyl-8 trime'thylsilyl-2 naphtaldne carbonitrile-I, 17: ir: 3020, 
2980,2960,2215 (CN), 1462, 1420, 1253, 1 140,868, 840,828; rmn 
'H:H3=7,68(d ,8 ,1) ,H4=8,03(d ,8 ,1) ,H5=7,77(d ,7 ,5) ,H6,  
H7 = 7,46 (m), CH3 = 3,16 (s), Si= = 0,53 (s); rmn I3c: C1 = 
114,3, C2 = 147,8, C3 = 131,2, C4 = 132,5, C4a = 132,5, C5 = 
127,6, C6 = 126,9, C7 = 129,4, C8 = 128,3, C8a = 134,5, CN = 
121,1, CH3 = 23,4, Si- = - 1.0; sm: 239 (M', 44,7), 225 (M' - 

14,21,9),224(M' - 15,100,0), 197(M'-42,5,7), 167(M'-72, 
4,3). 

(Lithio me'thy1)-2 naphtaldne carbonitrile-I, 4a: rmn I3C: C1 = 
143,0, C2 = 146,7, C3 = 115,2, C4 = 130,6, C4a = 129,8, C5 = 
128,3, C 6 =  127,8, C7 = 128,0, C8 = 118,3,C8a = 133,1,CH2Li = 
63,8, CN = 126,3. 
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Application des conditions de reaction par transfert de phase a la synthese d'amino-ethers derives 
du trans phenoxy-2 cyclohexanol 

P. DEPREUX ET A. MARCINCAL-LEFEBVRE 
Laboratoire de chimie organique, FacultP de pharmacie de Lille, 3, rue du Professeur-Laguesse, 59045 Lille CEDEX, France 

Requ le 4 janvier 1985' 

P. DEPREUX et A. MARCINCAL-LEFEBVRE. Can. J. Chem. 64, 626 (1986). 
On a prCparC des amino-Cthers du trans phCnoxy-2 cyclohexanol en faisant appel a des mCthodes impliquant des conditions 

anhydres (alcoolates de sodium dans le xylene) ou des conditions de catalyse par transfert de phase (CTP) (systemes a deux 
phases liquide - liquide ou solide-liquide). On a optimisC divers facteurs. Dans le cas du systeme a deux phases liquide - liquide 
dans lequel on n'ajoute pas de catalyseur, la rCaction se produit avec des rendements, qui sont comparables ou supCrieurs a ceux 
obtenus avec adjonction de catalyseurs de transfert de phase, un ammonium quaternaire se formant in situ. En se basant sur le fait 
qu'il ne se produit pas d'extraction de OH- dans la phase organique et que les rendements dependent de la vitesse de l'agitation, 
on apu dCmontrer que la dCprotonation du ROH se produit a I'interface. En prCsence dlAliquat, le rendement ne change pas avec 
la concentration organique du catalyseur. Les corrClations statistiques obtenues entre les variations de rendements et plusieurs 
parametres Ctaient bonnes. 

P. DEPREUX and A. MARCINCAL-LEFEBVRE. Can. J. Chem. 64, 626 (1986). 
Amino-ethers of trans-2-phenoxycyclohexanol were prepared by methods involving anhydrous conditions (sodium alkoxides 

in xylene) or phase transfer catalysis conditions (liquid-liquid or solid-liquid two-phase systems). Various factors were 
optimized. In the liquid-liquid two-phase system, when no catalyst was added, reaction proceeds with comparable or even better 
yields than with some PTC catalysts, a quaternary salt being formed in situ. It was shown that the deprotonation of ROH takes 
place at the interface, since there was no OH- extraction in organic medium and the yield depends on the stirring speed. In the 
presence of Aliquat, the yield does not change with the organic concentration of the catalyst. Statistical correlations obtained 
between the variations in yield and several other parameters were good. 

Dans le cadre de travaux sur les dCrivCs du trans phCnoxy-2 
cyclohexanol, nous avons CtudiC plus particulikrement la + c~-(cH,),-N< 4 1 
synthkse d'amino-Cthers de type 1 (schCma l ) ,  afin d'optimiser 
leurs conditions d'obtention par un procCdC commode et peu 
coiiteux, telle la catalyse par transfert de phase. SCHBMA 2 

part par rtaction de l'alcool lui-m&me dans des conditions de 
rCaction par transfert de phase (schtma 3), catalysCe par des 
arnrnoniums quaternaires (1) ou des Cthers-couronnes (2), ou 
par addition d'amines tertiaires (3) ou de polyamines (4), sus- 
ceptible~ de former des ammoniums quaternaires (24), soit en 
prCsence de solution aqueuse de soude a 40% (systkme liquide - 
liquide (5 ) ) ,  soit en prtsence de soude en pastille (systkme 
solide - liquide (5)) et en employant diffkrents solvants 
organiques. 

1. -N(C2H& lt I j3 
Q+ +ROH + OH- -+ R-0-Q+ + H 2 0  (Ctape 1) 

lc -N(CH3)2 org. org. aq. org . 

SCHBMA 1 R-0-Q+ + R'-C1 -+ R-0-R' + Q+C1- (Ctape 2) 

org . org.aq. 
L'importance pharmacologique du ~ h a h o n - ~ ( C H ~ ) ~ - - N  

est reconnue; on le rencontre dans de nombreuses molCcules SCHBMA 3 

ii activitCs biologiques diverses. Ainsi le test de Winter appliquC 
au composC l,, en vue de dCterminer son activitC anti- 
inflammatoire potentielle, rCvkle une activitC du m&me ordre de 
grandeur que celle de l'lndomtthacine utilisCe cornme substance 
de rtfkrence.' 

Nous avons rCalist la synthkse de type Williamson des Cthers 
1, d'une part par rCaction dans le xylkne a reflux entre 
l'alcoolate de sodium du trans phCnoxy-2 cyclohexanol et 
l'amine tertiaire halogCnte aliphatique (schtma 2), et d'autre 

1. RCvision reque le 16 octobre 1985. 
2. Reduction de I'cedeme provoquC par la carraghknine dans le cous- 

sinet plantaire du rat (26): I,, 55.05% (3 h); Indomethacine, 79,36% 
(3 h). 

Les rCactions de substitution nuclCophile par transfert de 
phase ont Ctt beaucoup ttudites (6- 10) et il est particulikrement 
intCressant de pouvoir appliquer ce type de rCactions par 
transfert de phase ii la synthkse medicamenteuse qui se heurte 
souvent a la fragilitt des molCcules polyfonctionnelles prCpa- 
rtes, dans les conditions de formation des alcoolates. 

En ce qui concerne la rCactivitC et la stabilitt des amines 
tertiaires halogtntes, la prCsence de deux groupements fonc- 
tionnels dans ces composCs laisse prCvoir une rCactivitt com- 
plexe pour laquelle trois directions ont t t t  mises en Cvidence 
(1 1) (schtma 4). Selon le milieu et sa constante diklectrique, la 
dimkrisation en (b) se produit en proportions variables (1 1) et, 
lorsque n = 2, on a observk, dans l'eau, 70% de dimerisation 

Printed in Canada 1 lmprimi au Canada 
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DEPREUX ET MA 

(voie d'inactivation des amines tertiaires halogCnCes), alors que 
dans le benzkne aucune reaction ne se produit. 

Le dimere ainsi form6 (adiquat,,) possede deux groupe- 
ments ammoniums et pourrait jouer le r61e de catalyseur par 
formation d'un alcoolate d'ammonium P+ R-0- dans des 
rCactions de type transfert de phase. Cette hypothkse fut avancCe 
par J. Jarousse (1 2) pour expliquer la rCaction du cyclohexanol 
avec le chloro-2 N,N-dimCthylaminoCthane en prksence d'une 
solution aqueuse de soude 2 50%. NCanmoins peu de prkcisions 
ttaient donnCes quant aux conditions opCratoires et au rende- 
ment. De m&me, J. Dockx (13) a CtudiC la rtaction d'alcools de 
type benzhydrol avec des dCrivts halogCnCs en prCsence 
d'ammoniums quaternaires, mais n'a pas publiC les rksultats 
obtenus. 

Les composts prCparts ont CtC isolCs sous forme d'oxalates 
recristallists de I'acCtate dlCthyle. Les rendements ont Ctt 
calculCs par rapport au trans phCnoxy-2 cyclohexanol mis en 
rkaction. Dans chaque essai, nous avons rCcupCrC en fin de 
synthkse un pourcentage variable de cet alcool. Les corrClations 
entre difftrents parametres et le rendement ont CtC Ctablies. 

Syste'me biphasique liquide - liquide 
Pour les rtactions effectutes en milieu biphasique liquide - 

liquide, les conditions standards utilisCes sont les suivantes : 
cinq Cquivalents de NaOH (solution aqueuse a 40%) par rapport 
au phCnoxy-2 cyclohexanol (en solution benzCnique) et un 
equivalent de chlorhydrate d'amine tertiaire halogCnCe. Le 
melange est maintenu a reflux, sous agitation a 450 tourslmin, 
pendant 4 h, en prtsence Cventuellement de 0 , l  Cquiv. de cata- 
lyseur. Les variations de conditions opCratoires ont port6 sur la 
quantitt de soude, le solvant organique, le temps et la tempera- 
ture de rkaction ainsi aue la nature du catalvseur. 

(A) Les re'sultats obtenuspour le compose' lA sont rassemblts 
dans le tableau 1. 

(a) Dans les conditions standards, en prCsence de chlorure de 
benzyltrie'thylammonium (CBTEA) (reaction l ) ,  d ' ~ l i q u a t ~  ou 
de sulfate acide de tCtrabutylammonium (TEBA) (reactions 4 et 
6), les rendements sont respectivement de 14,37 et 34%. Si l'on 
augmente la quantitC de catalyseur et de soude (rCaction 2), le 
rendement est comparable. Une temperature de rtaction in- 
fkrieure est dtfavorable (rCactions 3 et 5). 

(b) Sans adjonction de catalyseur, le rendement dans les 
conditions standards (reaction 7) est de 33%. Les variations des 
conditions (reactions 8-14) montrent l'influence favorable de 
l'augmentation de temperature (rtaction 12, 43%, xylene a 
reflux) ou de l'augmentation de la quantitC de soude, mais 
seulement si on opere a tempCrature ambiante (rkaction 14). 

(c) Une amin; tertiaire; telle la trikthylamine, bien que 
pouvant avoir un r6le catalytique dans les rtactions des derivCs 
halogCnCs par formation d'un ammonium quaternaire, provo- 
que une chute du rendement de 27 (rCaction 14) a 9% (rtaction 
17). 

3. Aliquat: mClange de (nC8-C12)3N+CH3Cl-. 

Si l'on Ctudie la corrClation entre les variations de rendement 
observCes et le rapport molaire NaOH - alcool, la tempCrature 
de rCaction, le temps de rtaction, la constante diklectrique de la 
phase organique et le nombre de carbone de l'ammonium (Q+ 
ou P+), on observe que 74% des variations de rendement 
peuvent &tre expliquCs par la corrtlation avec les paramktres 
citts prCctdemment. Si l'on compare, au moyen du test 
statistique F de Fischer - Snedecor, les variations de rendement 
expliqutes par ces paramktres et celles dues au cc hasard 
exptrimental D, il existe une diffkrence significative entre ces 
deux types de variations au seuil de 3%. La tempe'rature de 
re'action apparait comme un facteur prCpondCrant dans les 
variations de rendement (coefficient de correlation r = 0,64). 
De meme, le temps de re'action n'est pas ?I ntgliger ( r  = 0,46); il 
est directement lit au facteur tempCrature ( r= 0,88) et, si l'on 
ne tient pas compte du facteur temps dans les corrClations avec 
les variations de rendement, alors seulement 58% de celles-ci 
peuvent &tre expliqutes et le seuil du test F est alors de 7%. 

Hemot et Picker (14) ont ttudiC l'activitt catalytique des 
ammoniums quaternaires et ont montrt que deux facteurs 
intervenaient: d'une part, un grand nombre d'atomes de carbone 
(haute lipophilie) pour P+ ou Q+ et, d'autrepart, une disposition 
symttrique autour de l'htttroatome, ce deuxikme facteur Ctant 
cependant moins important (24). Ainsi, le CBTEA (13 car- 
bones) contient le nombre minimum d'atomes de carbone et son 
manque de symttrie est considCrt comme peu favorable. 

Sur la base de cette notion, nous avons, dans la corrklation, 
fait intervenir l'ammonium quaternaire par son nombre 
d'atomes de carbone. Ce facteur posskde une corrtlation posi- 
tive ( r  = 0,44) avec les variations de rendement. Dans le cas du 
tCtrabutylammonium (symktrique, 16 C), du trioctylmtthylam- 
monium (25 C) ou du dimere cyclique provenant du chloro-2 
pipCridinoCthane (P+ symttrique, 14 C), les cations sont volu- 
mineux; de ce fait, l'anion alcoolate semble moins associC, donc 
beaucoup plus rtactif, comparativement aux cations hydro- 
philes et moins volumineux tels que le benzyltriCthylammonium 
et celui rtsultant de l'utilisation de tritthylamine, qui permet la 
formation de (CH2)5NXH2XH2-N+(C2H5)3.  

Les baisses de rendement lors de l'addition de CBTEA ou de 
trikthylamine par rapport au rendement obtenu sans addition de 
catalyseur pourraient donc &tre expliqutes par compCtition entre 
paires d'ions et par une augmentation de l'hydrophilie dans le 
cas des ions triCthylammoniums, qui possedent des propriCtCs 
tensio-actives dkfavorables (24). 

~ t a n t  donne la lipophilie de l'alcool de dCpart (log P (calculC) 
= 3),4 on peut penser que la formation de l'alcoolate s'effectue 
a l'interface de deux phases liquides, selon le micanisme dCcrit 
pour les composCs a CH acide qui sont eux-m&mes lipophiles 
(24, 25). Pour vCrifier cette hypothkse, nous avons CtudiC les 
variations de rendement en fonction de la vitesse d'agitation et 
de la concentration en catalyseur, et montrC5 que, dans les 
conditions ou nous opCrons, 1'Aliquat extrait les ions OH- en 
phase organique (3,6 X lop2 Cquiv. OH- : 1 Cquiv. d'Aliquat 
dans le benzene), ce qui n'est pas le cas avec le pipkridinochlor- 
tthane, apres 2 h d'agitation a 80°C uniquement en prCsence 
d'une solution de soude a 40% et de benzene; l'extraction de 

4. log P: logarithme du coefficient de partage calculC par la mCthode 
des constantes fragmentales de Rekker (voir rCf. 15). 

5. Titrage, par HCl0,ll N en presence de fuchsine acide 1%0 et de 
10 mL de H20, de 4 mL de la phase organique prClevCs apres 2 h 
d'agitation a 80°C d'une solution aqueuse de soude ?I 40% (5 mL) et de 
benzene (10 mL) en prCsence dlAliquat (0.38 g). 
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TABLEAU 1. RCactions en presence de soude aqueuse ?i 40%. Variations de rendernent en oxalate de 1, (agitation: 450 
tours /rnin) 

Pararnktres 

QuantitC QuantitC Temps TernpCrature 
de de de de 

Phase soude catalyseur rCaction reaction Rendernent 
Catalyseur organique (tquiv.) (Cquiv .) (h) ("c) en 1, (%) 

1. CBTEA 
2. CBTEA 
3. CBTEA 
4. Aliquat 
5. Aliquat 
6. TEBA 
7. Pas de catalyseur 
8. Pas de catalyseur 
9. Pas de catalyseur 

10. Pas de catalyseur 
11. Pas de catalyseur 
12. Pas de catalyseur 
13. Pas de catalyseur 
14. Pas de catalyseur 
15. Benzo-15 crown-5 
16. Benzo-15 crown-5 
17. Et3N 

c6H6 

C6H6 
c6H6 
c6H6 

c6H6 
c6H6 
c6H6 
CH2C12 
CH2C12 
c6H6 

c6H6 
Xyltne 
C6H6 
CH2C12- 
C6H6 
c6H6 
CH2C12 

TABLEAU 2. Variations de rendement en oxalate de lA en fonction de 
la vitesse d'agitation 

Vitesse de rotation 
(tours/min) 200 300 450 500 950 1100 

Rendernent 
en lA (oxalate) (%) 8 28 33 36 42 45 

l'anion OH- est reconnue comme difficile et ntgligeable dans de 
nombreuses rCactions (5, 16, 25). 

En prCsence des seuls rCactifs (soude, R U H  et chloro-2 
piptridinoCthane dans le benzene), le catalyseur forme in situ 
(P+) est moyennement hydrophile, relativement symttrique et 
volumineux; comme il n'extrait pas les ions OH- en phase 
organique et que les rendements sont ameliorCs par augmenta- 
tion de l'agitation (tableau 2) et donc de l'interface, on peut 
envisager un mCcanisme interfacial pour l'arrachement de H+ 21 
ROH (Ctape 1) et que les Ctapes se produisant a l'interface 
limitent la vitesse de rtaction6 (schtma 2 oh P+ = Q+). La paire 
d'ions R - 4 -  P+ est formte d'un anion stabilist par P+ 
suffisamment volumineux pour ne pas lui &tre trop associC. La 
substitution (Ctape 2) peut se produire a la fois a l'interface, 
puisque le dCrivC halogtnt est soluble dans les deux phases, et 
simultankment dans la phase organique, puisque les rendements 
sont diminuts en presence de catalyseurs plus hydrophiles, tels 
le CBTEA ou la triethylamine. Par contre, l'addition aux 
rtactifs d'un catalyseur plus lipophile, tel que l'aliquat, ou plus 
symetrique tel que le TEBA (rCactions 4 et 6), augmente 
legkrement les rendements, par rapport i ceux obtenus dans les 
conditions standards (reaction 7) ; a la diffkrence des catalyseurs 
prtctdents, y compris de P + ,  ces catalyseurs extraient les ions 

6. Lors des rkactions se produisant selon un rnCcanisrne par extrac- 
tion des ions OH-, la vitesse de rtaction augrnente avec la lipophilie 
du catalyseur et sa concentration, rnais est independante de la vitesse 
d'agitation au-dessus d'une certaine valeur (environ 300 tours/min (16)). 

TABLEAU 3. Influence de la concentration en Aliquat sur le rendement 
en oxalate de lA 

Nornbre dlCquivalents 
d'aliquat par rapport Vitesse Rendernent 

h l'alcool (tours/rnin) en lA (oxalate) (%) 

OH- en phase organique, ce que nous avons vtrifiC ; nCanmoins 
la formation de RO- reste prCpondCrante a l'interface, car les 
rendements ne sont pas augmentts par l'augmentation de la 
concentration en catalyseur, mais le sont par l'tltvation de la 
vitesse d'agitation (tableau 3). 

Cette ltgere augmentation des rendements peut signifier une 
amelioration de l'ttape 2 par Cchange de cation: en faveur de 
RO- Q +  avec :Q+: (Bu)~N+ ou (octyl),N+CH,.Q+ ttant plus 
lipophile, et donc plus efficace pour dCtacher RO- de l'interface 
que P+ .  

(B) Nous avons ensuite appliqut les differentes conditions de 
synthese envisagCes prCcCdemment, en phase liquide - liquide, 
i l'obtention des amino-Cthers lB,C,D (schtma 1) ; et d'autre 
part, nous avons voulu comparer la reactivitt d'un alcool moins 
lipophile, tel que le cyclohexanol (log P = 1,8) et l'avons fait 
rtagir avec les chloro-2 pipkridino- (17) et dimtthylamino- 
Cthanes (18) (schtma 5) sans adjonction de catalyseur dans le 
benzkne, 4 h  a reflux en prCsence de 5 Cquiv. de soude 
(conditions standards). Les rCsultats obtenus lors de la synthese 
des e'thers lB,c,D sont rassemblCs dans la fig. 1. 

Quelques soient les conditions opkratoires, les dCrivCs 1 s . c .~  
sont obtenus avec des rendements infkrieurs a ceux du dtrivC 
1,. Cette diffkrence pourrait &tre expliquee par trois facteurs: la 
basicit6 de l'amine, l'encombrement stCrique au niveau de son 
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DEPREUX ET MARCINCAL-LEFEBVRE 629 

atome d'azote et la lipophilie; ces facteurs interviennent 
essentiellement au niveau de l'activitt du catalyseur et de sa 
formation in situ par dimtrisation de l'amine chlorte. I1 semble 
vraisemblable que les effets sttriques interviennent de f a ~ o n  
prtpondtrante, d'une part dans l'association du dimere avec 
l'anion alcoolate, et d'autre part dans la stabilitt de ce dimere 
vis-a-vis des ions OH- et, par exemple, de la temptrature (19). 
Ainsi, le chloro-2 piptridino-tthane donne de meilleurs rende- 
ments que le chloro-2 pyrrolidino-ethane, dont l'azote est moins 
encombre. 

Si l'on compare les rtsultants obtenus dans le dichlorome- 
thane (rtactions 2'), on observe que les tthers 1 n'ont pu &tre 
obtenus qu'avec les chloro-2 piptridino- et ditthylamino- 
Cthanes qui sont plus lipophiles et plus encombrts que les 
dtrivts pyrrolidiniques et dimtthylamints,7 le meilleur rende- 
ment ttant obtenu avec le derivt le plus lipophile. Dans ces 
conditions optratoires le volume de soude est tleve et favorise la 
transformation irrtversible en phase aqueuse des amines chlo- 
rtes en dimkre et particulierement des plus hydrophiles, ce qui 
peut rendre compte du rendement quasi nu1 en lc et lD par 
consommation de ces dernikres. 

La re'activite' du cyclohexanol n'est pas suptrieure a celle du 
phenoxy-2 cyclohexanol. Avec le cyclohexanol, nous avons 
obtenu les dtrivts et 2B avec des rendements respectifs 
comparables a ceux obtenus pour 1, et l c ,  ce qui semble 
exclure pour le phtnoxy-2 cyclohexanol l'intervention d'effets 
sttriques (du groupement phtnoxy en 2) ou de stabilisation de la 
paire d'ions Q+ R-0- par les doublets des deux atomes 
d'oxygkne. 

(C) Nous avons etudit pour l'obtention des dtrivts de type 1 
et 2 (25 essais) la corre'lation globule entre les variations de 
rendement et les parametres suivants: (I) rapport molaire 
NaOH-alcool; (2) temps de rtaction; ( 3 )  temptrature de 
rtaction ; (4) constante ditlectrique du solvant organique ; (5 )  
nombre de carbone de Q+ ; ( 6 )  log P de l'alcool ; (7) rapport 
molaire eau - amine chlorte ; ( 8 )  log P de l'amine chlorte. Les 
rtsultats amknent les commentaires suivants: 

Dans les conditions d'ttude (25 essais, 8 parametres explica- 
tifs), 65% des variations de rendement peuvent &tre expliques 
par la correlation. I1 existe une difftrence significatjve au seuil 
be 1,22% entre les variations de rendement expliqutes par le 
modele et celles dues au hasard. 

La lipophilie de l'alcool est peu corrtlte ( r  = -0,07) mais ce 
rtsultat est peu indicatif, ttant donnt la faible gamme de 
lipophilie employte. I1 existe naturellement une tres bonne 
corrtlation ( r  = 0,97) entre les paramktres 1 et 7 du fait de 
l'emploi dans tous les cas d'une solution aqueuse de soude i 
40%. Une corrtlation similaire ( r  = -0,89) existe entre temps 
et temptrature de rtaction. 

Parmi les paramktres, nous pouvons noter une corrtlation 

7. log P des amines chlorkes, calculC selon rCf. 15: pipiridinique, 
2,2; diCthylarninCe, 2; pyrrolidinique, 1,6; dimCthylaminCe, 0,99. 

FIG. 1. Variations de rendement pour les arninotthers 1. 1 ': CBTEA 
(0,25 Cquiv.) - C6H6 - 40 Cquiv. de NaOH, 4 h a 80°C; 2': pas de 
catalyseur - CH2Clz - 40 Cquiv. de NaOH, 24 h a 20°C; 3': pas de 
catalyseur - xylhne - 5 Cquiv. de NaOH, 4 h 110°C; 4': pas de 
catalyseur - C6H6 - 5 Cquiv. de NaOH, 4 h a 80°C. A: piperidino- 
amino-Cther lA; B: dikthylamino-Cther lg; C: dimCthylamino-Cther lc; 
D: pyrrolidinoamino-Cther ID. 

nC'gative des variations de rendement avec le rapport molaire 
NaOH-alcool ( r  = -0,44), le temps de rtaction ( r  = -0,40), 
la lipophile de l'alcool ( r  = -0,07), le rapport molaire eau - 
amine chlorte ( r  = -0,41) et la constante ditlectrique 
( r  = -0,29). I1 existe une corrtlation positive avec la temptra- 
ture ( r  = 0,38), le nombre de carbone de Q +  ( r  = 0,57) et le 
log P de l'amine chlorte ( r  = 0,55). Les paramktres 1-3, 5 ,  
7 , 8  apparaissent donc comme prtpondtrants dans les variations 
de rendement. 

Etant donne les baisses de rendement observtes dans le cas 
des composts lB et l c ,  en prtsence de 5 tquivalents de soude, 
sans adjonction de catalyseur, lors du passage du benzene ii 
80°C (rtactions 4' et 3 ' ,  fig. l ) ,  baisse qui peut &tre expliqute 
par une dtcomposition cette temptrature (1 10°C) du dimere de 
l'amine chlorte, nous avons ttudie la correlation entre les 
variations de rendement et les paramktres 1-5 et 8 pour les 
essais effectuts i une temptrature inftrieure a 110°C (21 
essais). Dans ces conditions, 76% des variations de rendement 
sont expliqutes et le test F indique une difftrence significative 
entre les variations expliqutes par les facteurs envisages et celles 
dues au hasard au seuil de 0,10%. La quantitC de soude et d'eau 
( r  = -0,50), le nombre de carbone de P+ ou de Q +  ( r  = 0,60) 
et le log P de l'amine chlorCe ( r  = 0,55) sont les facteurs 
prtpondtrants. Si l'on fait intervenir la basicitt de l'amine 
tertiaire, la corrtlation n'est pas amtliorte (r2 = 0,76) et de plus 
ce paramktre intervient peu dans les variations de rendement 
( r  = 0,17). 

(D) Dans les conditions de rtaction en milieu liquide- 
liquide, en prtsence de 40 equivalents de soude dans le benzene 
et de 0,05 equivalent d'un tther couronne, le "benzo-15-crown- 
5", les rendements en Cther lA sont semblables i ceux obtenus 
dans les memes conditions avec le CBTEA (18% aprks 4 h a 
80°C) ; le complexe de l'tther couronne avec l'ion Na+ ttant 
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TABLEAU 4. RCactions dans un systkrne solide-liquide. Variations de rendernent en oxalate de 1, (agitation: 450 tprn) 

Pararnetres 

QuantitC QuantitC Temps TernpCrature 
de de de de 

Phase soude catalyseur reaction rCaction Rendernent 
Cataly seur organique (tquiv.) Na2C03 (Cquiv.) (h) ("c) en 1, (%) 

Pas de catalyseur Benzene 3,5 + 0 4 70 12 
Pas de catalyseur Benzene 3,5 + 0 4 80 34 
Benzo- 15 crown-5 Benzkne 3,5 + 0, l  4 70 18 
Benzo- 15 crown-5 Benzkne 3,5 + 0,1 4 80 5 5 
Benzo- 15 crown-5 Xylkne 3,5 + 0,1 4 110 36 
Benzo-15 crown-5 Xylkne 3,5 + 0,1 0,5 110 17 
Kryptofix 5 Benzkne 3 s  + 0,1 4 70 20 
Benzo- 15 crown-5 Benzkne 3,5 o 0,1 4 70 20 
Benzo- 15 crown-5 Benzkne 0 + 0,1 4 80 0 
CBTEA Benzkne 3,5 + 0,1 4 80 21 
TEBA Benzkne 3,5 + 0,1 4 70 17 
TCtramCthyltthyltne 

diamine Benzkne 3.5 + 0,1 4 80 28 

cornrne la CBTEA, un catalyseur de transfert de phase trop nique (2,3 pour le benzkne et 2,11 pour le xylkne) et pour 
hydrophiles (24). difftrencier les ammoniums des ethers couronnes le nombre de 

Systkme biphasique solide-liquide 
Afin d'ttudier l'injluence de l'eau, nous avons rtalist la 

synthkse du compost lA dans un systkme biphasique solide- 
liquide en employant comme phase solide un mtlange soude 
(3,5 tquiv.) - Na2C03 dans du benzkne (70 ou 80°C). Dans ce 
type de catalyse, la dtprotonation de l'alcool se produit a la 
surface du mtlange solide. Les rtsultats obtenus avec un tel 
systkme sont rtunis dans le tableau 4. 

En absence de catalyseur, les rtsultats sont similaires a ceux 
obtenus en phase liquide-liquide. Cornparativement a la rtac- 
tion en phase liquide-liquide, la quantitt d'eau ttant faible (et 
provenant essentiellement de la dtprotonation de l'alcool), la 
dimtrisation serait plus lente, mais suffisante pour catalyser la 
rtaction de l'anion alcoolate avec l'amine chlorte. 

Les couronnes sont de bons catalyseurs dans les transferts de 
phase solide-liquide et l'utilisation du "benzo-15-crown-5" 
s'avere btntfique. Dans le benzkne, aprks 4 h  a 80°C le 
rendement est de 55%. Avec un compost de type cryptand, le 
Kryptofix 5, les rtsultats sont similaires. Ces rtactions sont 
classiquement rtalistes en prtsence de NaOH + Na2C03, mais 
la prtsence de carbonate, utilist classiquement dans ce type de 
catalyse (20), n'est pas indispensable. A l'inverse, l'utilisation 
de Na2C03 seul, dtcrite par certains auteurs (21), ne permet 
pas, dans le cas du compost lA, la condensation. 

Dans ce proctdt en phase solide-liquide, l'utilisation de 
CBTEA (0,l  tquiv.), 4 h dans le benzkne a 80°C, a donnt un 
rendement de 21% (il ttait de 14% en phase liquide-liquide). 
De m&me le TEBA donne un rendement de 17% aprks 4 h a 
70°C, Cquivalent a celui obtenu dans les m&mes conditions sans 
adjonction de catalyseur. Enfin en prtsence de tttramtthylethy- 
lknediamine, le rendement est de 28%, aprks 4 h a 80°C dans le 
benzkne. 

Pour l'ttude des corre'lations en phase solide-liquide, nous 
avons utilist comme parametre dans le cas des essais a 70, 80, 
110°C (12 essais), le temps et la temptrature de rtaction, le 
rapport molaire NaOH-alcool, le rapport molaire entre l'eau et 
l'amine chlorte, la constante ditlectrique de la phase orga- 

carbone du contrion positif et le nombre de sites Clectroniques. 
Nous pouvons constater que 95% des variations de rendernent 

observts dans la catalyse solide-liquide peuvent &tre expliquts 
par la corrtlation avec les paramktres envisages. Dans des 
conditions de rtaction identiques, c'est-a-dire 4 h a 70 ou 80°C 
dans le benzkne en prtsence du mtlange NaOH-Na2C03 avec 
utilisation d'un tther couronne, d'une polyamine ou d'ammo- 
niums quaternaires, nous avons envisagt la corrtlation entre les 
rendements et la temptrature de rtaction, le nombre d'atomes 
de carbone du contrion positif et le nornbre de sites tlectro- 
niques, 76% des variations de rendement sont expliquts par ce 
paramktres. La temptrature de rtaction est un facteur prtpon- 
dtrant ( r  = 0,69). 

Re'actions en milieu anhydre 
Lors de l'ttude du proctdt en milieu biphasique liquide- 

liquide, nous avons remarqut l'importance de la formation du 
dimkre. Pour confirmer ce fait, nous avons effectut la synthese 
des e'thers 1 en milieu anhydre, en solution dans le xylkne (D = 
2) a reflux avec formation prtalable du phtnoxy-2 cyclohexano- 
late de sodium sous l'action du sodium fondu (1 tquiv.). Apres 
3 h de reaction, les rendements de la condensation entre 
l'alcoolate de sodium et les amines chlortes sont les suivants: 
chloro-2 piptridinotthane, rendement 25%; chloro-2 ditthyl- 
aminotthane, rendement 27%; chloro-2 pyrrolidinotthane, 
rendement 20%. Dans ces conditions si l'on admet qu'il ne se 
forme pas de dimkre, le contrion de l'anion est I'ion Na+ et les 
trois arnines donnent des rendements comparables. Nous avons 
ttudit l'effet de l'addition de  CBTEA ou de TEBA qui peuvent 
donner comme phase liquide-liquide la pair d'ions (b) 

dont la rtactivitt se rapprocherait de celle de l'anion dissocit et 
dans laquelle les interactions anion-cation seraient- diminutes 
par rapport a (a) (22). Effectivement par ce proctdt, les 
rendements sont ameliorts: par exemple dans le cas du dtrive 
lA, le rendement est de 40% en prtsence de CBTEA et de 46% 
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DEPREUX ET MARCINCAL-LEFEBVRE 63 1 

en presence de TEBA (0,l  tquiv.); ayant dii ajouter de 
l'acetonitrile pour dissoudre le catalyseur, nous avons vtrifit 
que l'amtlioration de rendement rtsultait bien de l'utilisation 
d'un ammonium quaternaire et non de celle d'acttonitrile, 
solvant polaire qui peut tgalement augmenter la vitesse de 
substitutions nucleophiles par solvation sptcifique du cation 
(dans un melange xylene-acetonitrile le rendement en 1, est de 
19%). Nous avons confirme l'effet favorable sur le rendement 
de l'addition de CBTEA avec le chloro-2 pyrrolidino-ethane 
(Rdt: 31%), le chloro-2 dimethylamino-ethane (27%) et avec la 
chloro-2 ditthylamino-tthane (30%). Si l'on utilise le chloro-3 
piperidinopropane en milieu anhydre, le rendement passe de 
19% avec RO-Na+ seul comme nucltophile a 29% en presence 
de CBTEA. 

Conclusion 
La rtaction entre lc trans phtnoxy-2 cyclohexanol et diverses 

amines tertiaires halogtntes aliphatiques s'effectue avec des 
rendements moyens en general. Dans des conditions de transfert 
de phase en milieu liquide-liquide, les rendements dependent 
principalement de la dimtrisation d'une certaine quantitt 
d'amine chlorte en ammonium quaternaire ; cette dimensation, 
voie d'inactivation irrtversible des amines chlorkes, est fonc- 
tion de la constante ditlectrique du milieu et de la lipophilie de 
l'amine chlorte. Dans le cas du compost lA, l'amine chlorte est 
faiblement soluble dans l'eau (log P = 2,2) ; de ce fait, si a 80°C 
on augmente le volume d'eau par utilisation de 8 fois plus de 
lessive de soude (40 tquiv.) on favorise cette condensation 
irrtversible en ammonium quaternaire, d'ou la diminution de 
rendement par consommation d'amine chlorke. A temperature 
ambiante, la dimtrisation est plus lente, de ce fait l'utilisation 
d'un volume d'eau plus important est favorable a la formation 
d'une quantitt suffisante de catalyseur. Parallklement a la 
lipophilie, l'encombrement de l'ammonium quaternaire (nom- 
bre de carbone de P+ ou Q+) apparait determinant dans le 
rendement . 

Etant donnt le lipophilie de l'alcool mis en rtaction, les 
ammoniums jouent davantage le r61e de contrion vis-a-vis de 
l'anion alcoolate que de catalyseur de transfert de phase, la 
dtprotonation se produisant vraisemblablement a l'interface. 

L'Ctude en phase solide-liquide a confirm6 l'inttrgt des 
tthers couronnes dans ces conditions. 

En milieu anhydre, dans le xylene, il n'y a vraisemblable- 
ment pas de dimtrisation et l'utilisation de CBTEA ou de TEBA 
augmente le rendement en apportant un contrion moins associt a 
RO-, l'amine chlorte rtagissant sous la forme activte d'ion 
tthylene immonium (23). 

Malgrk des rendements moyens pour un cycle de rkactions le 
proctdC par transfert de phase s 'avbe donc interessant dans la 
reaction d'tthtrification de cyclohexanols par sa facilitt de mise 
en aeuvre et le recyclage possible de l'alcool n'ayant pas rCagi. 

Lors du traitement du milieu rtactionnel, les phases organiques, 
stchtes sur sulfate de sodium anhydre, ont CtC tvaporCes sous pression 
rtduite au moyen d'un Cvaporateur rotatif Biichi B la pression de la 
trornpe B eau. Les rtsidus d'tvaporation sont dissous dans de 1'Cther 
anhydre et transformts en oxalate par addition progressive d'une 
solution CthCrte d'acide oxalique. 

Les points de fusion non corrigts ont CtC dCtermints par la rntthode 
en tube capillaire. 

Les spectres infrarouges (ir) ont ttC enregistres avec un spectromktre 
Beckman IR20 B double faisceau ou un appareil Perkin Elmer 297. Les 

bases huileuses sont ttalCes en film entre deux pastilles de brornure de 
potassium. Les rtsultats sont donnts en crn-I. 

Les spectres de rtsonance magnCtique nucltaire ('H rmn) ont ett 
rtalists B la frtquence de 60 MHz sur un appareil JEOL C.60HL. Les 
dtplacernents chimiques sont en ppm par rapport au tttrarnCthylsilane. 
Les signaux sont dtsignCs par les abrtviations suivantes: s (singulet), d 
(doublet), t (triplet), q (quadruplet), rn (massif ou multiplet). Les 
constantes de couplage (J) sont donntes en Hz. La structure trans est 
vtrifite B cette frtquence par la largeur de signal B demi-hauteur. 

Les difftrentes corrtlations concernant les variations de rendernent 
ont CtC dttemintes par un programme informatique de rCgression 
multiple sans rtpttitions sur un ordinateur PDP 11. 

Methodes g6n6rales de synthsse 
(A) ProcPde' en milieu biphasique liquide-liquide 
A un melange de 0,0156 rnol de chlorhydrate d'amine tertiaire 

halogCnCe et 10- rn~  d'une solution aqueuse de soude B 40%, on ajoute 
ou non selon le cas 0 , l  tquiv. d'arnmoniurn quatemaire, puis 
0,0156 rnol de trans phtnoxy-2 cyclohexanol en solution dans 10 B 
20 mL de benzkne. On chauffe B reflux (80°C) 3 h sous agitation B une 
vitesse de rotation comprise entre 450 et 500 tours/min. 

Aprks refroidissernent, on sCpare la phase organique, la lave ?I l'eau, 
puis l'tvapore sous pression rtduite aprks stchage. Le rCsidu d'tvapo- 
ration est transform6 en oxalate qui recristallise de l'acttate d'Cthyle 
aprks filtration et concentration du filtrat. 

(B) Procede' en milieu biphasique solide-liquide 
Un melange de trans phtnoxy-2 cyclohexanol (0,026 rnol) dans 

20mL de benzkne, d'hydroxyde de sodium en pastilles (2,l g), de 
carbonate de sodium (1,25 g) et de 10 rnol% de catalyseur est agitt 
vigoureusement vers 60°C pendant 30 rnin. A cette temptrature, on 
ajouteensuite goutte B goutte une solution de chloro-2 piptridinokthane 
(0.026 mol) dans 10 rnL de benzkne. L'agitation est alors poursuivie 
pendant 4 h B reflux (80°C). Aprks refroidissernent on ajoute de l'eau et 
1'Cther 1, est isolt, puis transforme en oxalate comme prkctdemment. 

(C) Proce'dk en rnilieu anhydre 
A une solution de phtnoxy-2 cyclohexanolate de sodium (0,0156 rnol) 

dans 20mL de xylkne anhydre, on ajoute B froid une solution de 
IOmol% de CBTEA ou de TEBA dans 5 rnL dlacCtonitrile, puis 
0,0156 rnol d'arnine tertiaire halogCnte dans du xylkne anhydre. On 
chauffe B reflux 3 h sous agitation. Aprks refroidissement on reprend 
par l'eau. Les amino-Cthers sont extraits, puis isolCs sous forme 
d'oxalate c o m e  prtctdemment. 

(Phe'noq-2 cycloheq1oq)-2 pipe'ridinoe'thane ( IA ) .  F (oxalate): 
104-105°C; ir : 2960, 2880, 1600, 1490, 1240, 750, 690crn-I; rmn 

/ CH2 
(CCl4; base): 1,35 (m, 14H, CH,); 2,3 (rn, 6H, -CH2-N \ 1; 

CH2 
3,3 (m, lH, CH-H2); 3,s (t, 2H, --%CH2-CH2, J = 6Hz); 
4,03 (rn, IH, -CH-0C6H5, Wl12 = 22,s HZ); 7 (m, SH, C6H5). 
Anal. (oxalate) calc. pour C21H31N06: C 64,09, H 7,94, N 3,56, 
0 24,39; tr.: C 63,66, H 7,92, N 3,62, 0 24,79. 

(Phenoq-2 cycloheq1oq)-2 die'thylarninoethane ( I B ) .  F (oxalate): 
105-107°C; ir: 2920,2860, 2800, 1600, 1590, 1240,750,690~11-'; 
rmn(C6D6; base): 0,9 (t, 6H, CH3, J = 7,5Hz); 1,35 (m, 8H, CH2); 
2,4 (q, 4H, CH2-CH3, J = 7,s HZ); 2,55 (t, 2H, CH2-CH2-N, 
J = 6 Hz); 3,s (m, 3H, CH&CH2); 4 , l  (m, lH, CH-oC6H5, 
WlI2 = 20,s Hz); 7 (rn, 5H, C6H5). Anal. (oxalate) calc. pour 
C20H31N06: C62,96, H 8,19, N 3,67, O25,16; tr.: C62,16, H 8,18, 
N 4,00, 0 25,64. 

(Phenoq-2 cyclohexy1oxy)-2 dime'thylaminoe'thane (Ic). F (oxalate): 
108-1 10°C; ir: 2920,2840, 1600, 1590, 1490, 1240,750,690 cm-'; 
rmn (CC14; base): 1,4 (rn, 8H, CH3; 2,l (s, 6H, CH,); 2,3 (t, 2H, 
CH2-N, J = 6 Hz); 3,4 (rn, 3H, CH-%CH2); 4 (rn, lH, 
CH--OC6H5, Wli2 = 21 Hz); 7 (rn, 5H, C6H5). Anal. (oxalate) calc. 
pour C18H27N06: C 61,17, H 7,70, N 3,96, 0 27,16; tr.: C 60,18, 
H 7,66, N 4 , 2 8 , 0  27,61. 
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(Phinoxy-2 cyclohexy1oxy)-2 pyrrolidinoithane ( I D ) .  F (oxalate): 
92-93°C; ir : 2960, 2880, 2800, 1600, 1490, 1240, 750, 690crn-l; 

/CHI 
rmn (C6D6; base): 1,2 (rn, 12H, CH2); 2,4 (rn, 4H, -N\ ); 

CH, 
2,6 (t, 2H, -CH-N, J = 6 Hz); 3,5 (rn, 3H, CH-0-CH,); 
4 (rn, 1H, C H - O C ~ H S ,  Wl,r = 21 Hz); 7 (rn, 5H, C6H5) Anal. 
(oxalate) calc. pour C20H29N06: C 63,30, H 7,70, N 3,69, 0 25,30; 
tr.: C 62,87, H 7,76, N 3,86, 0 25,49. 

(Phinoxy-2 qclohexy1oxy)-2 pipiridinoithune (1 E) .  F (oxalate): 1 19- 
120°C; ir : 2950,2880,2790, 1600,1590, 1490, 1240,750,690 cm-'; 

/ CHI 
rmn (C6D6; base): 1,4 (rn, 16H, CH2); 2,2 (rn, 6H, CH2-N\ ); 

CH2 
3,45 (rn, 3H, CH-0-CH2);4,15 (rn, lH, CH-OC6H5, W1,2 = 21 HZ); 
7 (m, 5H, C6H5). Anal. (oxalate) calc. pour C22H33N06: C 64,84, 
H 8,16, N 3,44, 0 23,56; tr.: C 64,60, H 8,24, N 3,71, 0 23,90. 
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COMMUNICATION 

The anesthetic potency of n-alcohols. A model spectroscopic study in inverted micelles 

PIERRE M ~ N A S S A ,  TH~RLSE LUSSIER, AND CAMILLE SANDORFY 
De'parrement de chimie, Universire' de Morztre'al, Monrre'al (Qut?.), Canada H3C 357 
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PIERRE M~NASSA, T H ~ R ~ S E  LUSSIER, and CAMILLE SANDORFY. Can. J .  Chem. 64, 633 (1986). 
A relation has been found between the anesthetic potency of n-alcohols (rz = 1,3 ,6 ,7 ,9 ,  11 ,  14, and 16) and their association 

constants with polar groups in inverted micelles. From this point of view, cholesterol and 7-dehydrocholesterol behave like 
short-chain n-alcohols while cholestanol behaves like a long-chain n-alcohol. 

PIERRE M~NASSA, T H ~ R ~ S E  LUSSIER et CAMILLE SANDORFY. Can. J .  Chem. 64, 633 (1986). 
On a pu dkmontrer qu'il existe une relation entre le pouvoir anesthksique des n-alcools et leur constante d'association avec des 

groupements polaires dans des micelles Inverses, qui a CtC determinCe pour rz = 1 ,  3, 6,7,9,  11 ,  14 et 16. De ce point de vue, le 
cholestCrol et le dehydro-7 cholestCrol se comportent comme des 11-alcools a chaine courte alors que le cholestanol s'apparente 
aux 11-alcools 2 chaine longue. 

Alcohols are known to have anesthetic potency (1). Pringle et 
al. (2) have shown that this potency increases with the length of 
the hydrocarbon chain in n-alcohols. There is, however, a 
"cutoff" at CI3.  While the latter still possesses a weak anesthetic 
potency, C14 has no anesthetic potency at all (3). 

In an attempt to find a correlation between this behavior and 
the physico-chemical properties of alcohols, Wilson et al. (4) 
compared the hydrogen bond (H-bond) forming tendencies in 
the series of alcohols from C,  to CI8 by infrared spectroscopic 
means. They found that in neutral solvents, the free/H-bonded 
ratio for self-association is independent of the chain length. The 
same applies to ester carbonylln-alcohol association. Subse- 
quently, MCnassa and Sandorfy (5) undertook similar studies in 
a membrane mimetic environment. Their system consisted of 
sodium di(2-ethylhexyl) sulfosuccinate (AOT) with traces of 
water in carbon tetrachloride to which an alcohol was added. 
The detergent AOT containing traces of water forms inverted 
micelles in carbon tetrachloride (6). The infrared spectra were 
recorded on a Nicolet model 5DXB Fourier-transform ir 
spectrometer with a resolution of 2cm-I.  The method for 
computing association constants hos been given previously (5, 
7). The association constants of n-alcohols with AOT exhibit a 
pronounced dependence on chain length. The alcohol/AOT 
association constant decreases with increasing chain length as 
shown in Fig. 1. The spectra give evidence that association 
occurs between the alcohols and the SO3- group of AOT. The 
carbonyl bands were not observably affected with the dilute 
solutions that were used in those studies. However, with higher 
water content and alcohol concentrations, alcohol/carbonyl 
(AOT) association could also be detected. 

More importantly, the H-bond association constants stopped 
decreasing at C lo  (5 )  and remained constant at about 5 L mol-l. 
Thus there appears to be a parallelism between the effect of the 
chain length on the H-bond equilibria of alcohols in these 
systems and their anesthetic potency. While AOT can only be a 
remote model for actual cell membranes, an analogy exists: the 
alcohol (anesthetic) must cross a hydrophobic region before 
reaching the polar groups. So the inverted micelles used in this 
work, which consist of a hydrophobic belt containing polar 
groups inside, mimic to some extent a lipid membrane sur- 
rounding a protein that contains an ion channel (8). It is perhaps 

Number  o f  Ca rbons  

FIG. 1. The dependence of the AOT/alcohol association constants 
on the number of carbon atoms in n-alcohols (5). The association 
constants for the sterols depicted in Fig. 2 are also shown. 

interesting in this respect that the breadth of the hydrophobic 
part of AOT (13 A) is about the same as the length of C l o  In 
actual cell membranes, the brea$h of the hydrophobic portion 
of the lipid is typically about 18 A, about the same as the length 
of C14. 

A second observation made in our earlier work ( 5 )  concerns 
cholesterol. That cholesterol readily self associates by forming 
0-H.. . :0-H.. .:O-H.. . type H-bonds has been known for 
some time (9, 10). Now we have shown, by determination of 
H-bond association constants in the cholesterol/AOT/carbon 
tetrachloride system, that from this point of view cholesterol 
behaves like a short-chain alcohol (C3), despite its bulky 
hydrocarbon moiety. 

It then seemed interesting to us to ascertain whether this is a 
general property of sterols or if cholesterol represents a special 
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FIG. 2. The formulas of (a) cholesterol, (b) 7-dehydrocholesterol, 
and (c) cholestanol. 

case. Cholestanol, a saturated sterol, and 7-dehydrocholesterol, 
which contains two conjugated double bonds, were studied 
(Fig. 2). The sterol/AOT association constants were found to 
be the following: 

Cholesterol 1 l .O k 0.8 L mol-I 
Cholestanol 5.0 r O.5~mol- I  
7-Dehydrocholesterol 15.0 ? 1.0 L mol-' 

Previously we  found that cyclohexanol o r  trans-decahydro- 
2-naphthol have low alcohol/AOT association constants, like 
the long-chain n-alcohols ( 5 ) .  It appears then that the rings do 
not make it easier for the molecule to  cross the hydrophobic belt 
of the AOT inverted micelles but that the double bonds, which 
make the molecules approach coplanarity, do. 

Whether o r  not the above mentioned sterols possess an 

anesthetic potency is not known to us. However, certain steroids 
d o  possess anesthetic potency (1 1, 12) and the more potent ones 
contain the 3-OH group. All these observations seem to indicate 
that both hydrogen-bonding and hydrophobic interactions play a 
role in the anesthetic activity of alcohols. Their properties are 
likely to  depend on  a delicate balance between the two. 
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Estimation of heats of vaporization for non associating organic liquids from the boiling 
points at various pressures 

J. PETER GUTHRIE 
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J. PETER GUTHRIE. Can. J. Chem. 64, 635 (1 986). 
At any pressure the heat of vaporization can be expressed as a quadratic function of the boiling point at that pressure. A seven 

parameter equation expressing the simultaneous dependence on boiling point and pressure can be fitted to the data; six pressures 
from 1 to 760 Torr (1 Torr = 133.3 Pa) were used. AH,,, = bll + b12 In (p) + b13p + (bzl + bz2 In (p))tbp + (b3[ + b32 In 
(p))tbp2. This relationship served as a guide for developing a relationship between vapour pressure at 25°C and the calorimetric 
heat of vaporization, and also a relationship between vapor pressure at 25OC and the boiling point at some other pressure. 
Parameters for both these relationships could be derived from the parameters obtained for AH,,, as a function of temperature and 
pressure. A third method was developed starting from an equation for vapor pressure and fitting to the heat of vaporization, the 
heat capacity of vaporization, and at least one t,p point. These methods allow the estimation of the vapor pressure at room 
temperature from very meager data. The problems of errors in estimated values are discussed. 

J. PETER GUTHRIE. Can. J. Chem. 64, 635 (1986). 
A toutes les pressions, la chaleur de vaporisation peut etre exprimte c o m e  une fonction quadratique de son point d'kbullition 

a cette tempkrature. Toutes les donnkes peuvent Ctre accomodtes par une tquation h sept paramktres exprimant la dtpendance 
simultante sur le point d'tbullition et sur la pression; on a utilisk six pressions de 1 h 760 Torr. AH,,, = bl + b12 In (p) + b13p + 
(bZl + bZ2 In (p))tbp + (b31 + b32 In (p))tbp. Cette relation a servi de guide pour dtvelopper une relation entre la pression de 
vapeur 25°C et la chaleur de vaporisation calorimCtrique ainsi que le point d'tbullition h d'autres pressions. On a pu obtenir les 
paramktres pour ces deux relations a partir des paramktres obtenus pour le AH,,, en fonction de la temp6rature et la pression. On a 
dtveloppt une troisikme mtthode h partir d'une tquation pour la tension de vapeur et en y instrant la chaleur de vaporisation, la 
capacitk calorifique de vaporisatin et au moins un point de t,p. Ces mtthodes permettent d'tvaluer la tension de vapeur a la 
tempkrature ambiante h partir de trks peu de donntes. On discute des problkmes des erreurs dans les valeurs prkdites. 

[Traduit par la revue] 

Introduction 
In calculating the standard heat of formation of a gaseous ' compound, starting from a heat of formation determined by 

calorimetry on the liquid, it is necessary to have a value for the 
heat of vaporization at 25°C. Although there are standard 
methods for measuring heats of vaporization calorimetrically 
(I), the technique remains somewhat specialized and recourse is 
frequently had to estimation procedures (1). Of these, one of the 
simplest is that reported by Wadso (2), which needs only the 
normal boiling point.' The method is limited to non-hydrogen 
bonding liquids, with normal boiling points below 200°C. We 
have had occasion to determine heats of formation (3-8) which 
were used to calculate free energies of formation in aqueous 
solution. In the course of these calculations it was necessary to 
estimate the heat of vaporization. We have encountered 
difficulties when the normal boiling point could not be deter- 
mined because of the thermal instability of the compound, or 
when the normal boiling point was higher than 200°C. Accord- 
ingly, we have sought for ways to extend the range of the Wadso 
equation, and took advantage of a report by Hildebrand and 
Scott (9) that AH,,, was a quadratic function of the normal 
boiling point. This approach could be applied at any vapour 
pressure. We have also had a need for estimates of the vapor 
pressures of organic liquids at 25"C, as part of the calculation of 
free energies of transfer from the gas to aqueous solution. In the 
present paper we wish to report the results of our attempts to 
generalize the Wadso equation. We have found empirical 
relations between the heat of vaporization at 25°C and the 
boiling point at various pressures, using a quadratic relation 
which allows a wider range of temperatures. The parameters of 
the quadratic can themselves be expressed as a function of 

'Normal boiling point means boiling point at 1 atm = 101.325 kPa. 

pressure, allowing boiling points at any pressure to be used as 
the starting points for heat of vaporization estimates. Further- 
more, the process can be inverted to allow the vapor pressure at 
any temperature to be estimated given only the heat of vaporiza- 
tion. We found that even better estimates of the vapor pressure 
can be obtained from any boiling point - pressure datum, using 
a relationship based on the empirical relationship found for 
AH,,,. Finally we have found that by fitting an equation, 
derived by Prausnitz er al. (10) from the theory of fluids, to 
AH,,,, LC,,,, and one p,t  point we can obtain quite good vapor 
pressure estimates. 

Results and discussion 
The starting point for this work was the compilation of vapor 

pressure data by Stull et al. (1 1, 12), which gives boiling points 
at a series of pressures for a wide range of compounds. From this 
body of data, were selected those compounds which could not 
form hydrogen bonds, and for which there were calorimetric 
heats of vapbrization available from the literature. For a number 
of ketones we used data from work by Ambrose et al. (13), and 
for the heavier hydrocarbons we replaced the values from ref. 12 
by values from ref. 14 where these were significantly different; 
in both cases boiling points at the desired pressures were 
calculated from the empirical equations given by refs. 13 or 14. 
The set of data which we used is found in Table S1 .2 There are 
vapor pressure data for a number of large n-alkanes for which 
there are no heats of vaporization; since these compounds are 
solids with very low vapor pressures at room temperature, it is 

'copies of the supplementary material (Table S1, and larger versions 
of the graphs in Fig. 2) may be purchased from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA 0S2. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



636 CAN. J. CHEM. 

TABLE 1. Parameters for the quadratic dependence of AH,,, on tbp 

VOL. 64, 1986 

Pressure a I a2 104a3 
(Torr) (kcal /mol) (kcal /mol deg) (kcal/moldeg2) 

(a) Full data set 
10.7(0.04) 0.0641(0.0015) 
8.78(0.03) 0.0507(0.0008) 
7.67(0.03) 0.0413(0.0011) 
7.00(0.04) 0.0346(0.0014) 
6.13(0.09) 0.0238(0.0020) 
5.84(0.12) 0.0184(0.0023) 

(b) Truncated data set 
10.7(0.07) 0.0710(0.0058) 
8.85(0.06) 0.0442(0.0038) 
7.74(0.06) 0.0382(0.0026) 
7.10(0.07) 0.0315(0.0023) 
6.18(0.10) 0.0227(0.0022) 
5.92(0.14) 0.0169(0.0026) 

unlikely that experimental values for the heats of vaporization of 
the supercooled liquids at 25°C will become available in the near 
future. For the n-alkanes theheat of vaporization is a very good 
linear function of number of carbon atoms for n-butane to 
n-heptadecane (15) or n-pentane to n-heptadecane (16) so that it 
seemed legitimate to include estimated values of the heat of 
vaporization for these compounds. This was done in order to 
have some data for high temperatures at the lowest vapor 
pressures. We used the equation AHvap = 0.46 + 1. 18nc ( r  = 
0.99999), which is essentially identical to that reported by 
Mansson et al. (16). Similarly, values of AHvap were estimated 
for 2-undecanone and 2-tridecanone by linear interpolation 
based on values for a series of 2-alkanones (17), for which we 
found AHvap = (3.12k0.10) + (1. 17?0.01nc) by least squares. 
The estimated values were given larger error limits to ensure 
that they were lightly weighted in the least squares calculations. 
For each pressure the data were fitted to the following quadratic 
expression in tbp the boiling point ("C) at that pressure: 

The fitting was done using a general least squares program 
which is based on the Marquardt algorithm3 (18). The parame- 
ters evaluated in this way are found in Table 1. This table 
includes parameters fitting all the data in Table S 1 and also a final 
restricted data set where all boiling points less than 0°C or 
greater than 300°C were excluded. This final set used only the 
range of practical interest and allowed a fit giving fewer serious 
deviations without needing additional parameters. 

The parameters so determined are clearly all functions of 
pressure; Fig. 1 shows that they are all smooth functions of 
pressure, and in fact that a2 and a3 are linear in In (p). For a l  it is 
necessary to use a more elaborate function; in fact a constant 
term, a term linear in In @), and a term linear in p were required 
to account for the variation in a l  with pressure. 

Again, the best fit values of the parameters were determined by 
least squares, using eq. [2] with two or three parameters as 
needed. For eqs. [2] and [3] p is in atm (1 atm = 101.325 kPa). 

3For polynomials it would actually be more efficient to use linear 
least squares, but the computational times are trivial and we have a 
convenient general program able to fit equations linear or nonlinear in 
the parameters. 

FIG. 1. Parameters for the quadratic relationship between heat of 
vaporization and boiling point, as a function of pressure. Parameter 
values from Table 1 for the full data set are plotted vs. In (p) in atm, 
and the lines are drawn using the corresponding parameters from Table 
1 

These parameters were used as initial estimates for the next 
stage of the calculations in which all the data in the full or the 
restricted set from Table S 1 were fitted to the combined eq. [3], 
determining all the parameters at once to ensure that a set of 
parameters suited to fitting data at any pressure was obtained. 

The parameters so determined are found in Table 2. The quality 
of the final fit is shown in Fig. 2. 

With these parameters defined, it is clearly possible to calculate 
a version of eq. [ l ]  for any pressure for which boiling point data 
at that pressure are available. It will, of course, be essential to 
exercise proper caution in evaluating the reliability of vapor 
pressure - temperature data from the literature, particularly 
when the data are simply physical properties of a compound and 
not measurements intended for high accuracy. 

The fit to eq. [I] is actually very good at each pressure; for 
approximately 150 compounds, the weighted rms error is about 
0.28 kcal/mol, and the worst deviations are only about 1.0 
kcal/mol. The deviations may be summarized as: pressure 
(Torr), number of points, number of deviations greater than 1 
kcal/mol, number of deviations greater than 2 kcal/mol; (full 
dataset) 1, 142,12,4; 10, 150,8,0;40, 154,7, 1; 100,154,8,0; 
400, 154, 8,O; 760, 154, 7,O; (truncated data set) 1,39, 5,O; 
10,92, 10,3; 40, 120,3,0; 100, 129,3,0; 400, 143,4,0; 760, 
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GUTHRIE 

TABLE 2. Parameters for the dependence of the heat of vaporization parameters on 
the vapor pressure 

Parameter bi I bi2 bi3 

(a) Full data set 
a I 5.14(0.04) -0.841(0.010) 0.589(0.077) 
a2 0.0212(0.0010) -0.00662(0.00023) 
a3 8.74(0.51)~ ' -8.55(1.52)~ 

(a) Truncated data set 
a1 5.28(0.07) -0.822(0.017) 0.616(0.082) 
a2 0.0182(0.0014) - 0.00620(0.00060) 
a3 9.88(0.70)X - 1.74(0.46)X 

140, 3,O. The fit to eq. [3] is similarly good; the weighted rms 
deviation was 0.28 kcal/mol for either data set. For the full data 
set of 908 points there were only 50 deviations of more than 1.0 
kcal/mol, and only 13 greater than 2.0 kcal/mol, while for the 
truncated data set of 526 points there were only 19 deviations of 
more than 1.0 kcal/mol, and none greater than 2.0 kcal/mol. 

Although there was no improvement in the rms error using the 
restricted data set it seems better to use parameters based on this 
data set, because they give better description for high boiling 
compounds, even though there are severe deviations for boiling 
points less than 0°C. Leaving out points with boiling points less 
than 0°C has allowed a better description of the range of interest, 
at the price of a much poorer description of very low boiling 
compounds. The calculated curves begin to deviate seriously 
from the observed points at high temperatures (where the heats 
of vaporization are estimates and were accordingly given less 
weight in the fittng procedure). Clearly, the parameters reported 
allow a good calculation of AH,,, up to a boiling point of 
300°C, but are not useful beyond this point. In a practical sense, 
however, it is rare to find compounds which are sufficiently 
thermally stable that meaningful boiling points above 300°C can 
be recorded, so the treatment reported here covers the normally 
accessible range of boiling points. 

It is now possible to invert the procedure and develop an 
equation for estimating the vapor pressure given the heat of 
vaporization. For each parameter ai in eq. [ I ]  we substitute the 
appropriate form from eq. [2]; then by rearranging terms we get 
a transcendental equation, eq. [4], relating p and AH,,, 

+ [ b l l  + b218 + b31O2 - AH,,,] = 0 

where 8 is the temperature ("C) at which the vapor pressure 
(atm) is to be estimated. The term in p is insignificant at low 
pressures where the equation is of interest, so that in fact we 
have a linear equation in In (p) 

Substituting numerical values, and setting 8 = 25"C, we obtain 
eq. [6] giving the vapor pressure at room temperature, which is a 
quantity which we frequently need for free energy of transfer 
calculations. 

161 In (p) = 5.66 - 0.988AHva, (full data set) 

In (p) = 5.86 - 1 .OlAH,,, (truncated data set) 

The quality of the estimation was tested by using the data base 
in Table S 1; for each compound the data were fitted to the simple 

Clausius Clapeyron equation, eq. [7], and the vapor pressure 

at 25°C was estimated. This value was compared to the value 
obtained by solving eq. [6] using the experimental heat of 
vaporization. The agreement is reasonable for pressures greater 
than 0.1 Torr, but becomes increasingly poor for lower 
pressures. Thus, eq. [6] is useful for interpolation. It should be 
borne in mind that the Clausius Clapeyron equation itself should 
not be used for long extrapolations because the heat of 
vaporization is not temperature independent, and consequently 
ln(p) is not a truly linear function of 1/T. The curvature is 
slight, and a straight line is a remarkably good approximation 
(19). Nevertheless, any long extrapolation will be very sensitive 
to curvature or slight errors in the slope and will be unreliable. 

Another approach is possible when there is no calorimetric 
heat of vaporization: since as we have shown AH,,, is a function 
of temperature and vapor pressure, AH,,, = flt,p), it necessari- 
ly follows that f(tbp,pobs) = fl8,p) where tbp is the boiling point 
("C) at pressure pobs (atm) and p is the vapor pressure at a 
reference temperature 8 ,  normally 25°C. As before, since we 
are interested in the low pressure region, the term in eq. [3] 
linear in p can be neglected and we get 

[81 In (p) = {b21(tbp - 8) + b31 (tbp2 - e2) 

+ (pobs)(b12 + b22tbp + b32tbp2)}/{b12 + b22e + b32e2) 

By collecting terms which are constant for a given value of 8 
taken as 25"C, we can simplify this to: 

[91 In (PI = C I  + ~2 ln (pobs) + (c3 + ~4 In (pobs))tbp 

+ ( ~ 5  + C6 In @obs))tbp 
2 

The values of ci were calculated from the values of b,k given 
in Table 2; the values so calculated are given in Table 3. 

This approach was tested using the data base from Table S 1 ; 
the boiling point at 100 Torr was used as the reference point for 
calculating the vapor pressure at 25°C. Once again the agree- 
ment with the value obtained by a Clausius Clapeyron extrapo- 
lation was quite good for pressures greater than 0.1 Torr. 

The most common situation where one needs to estimate a 
vapor pressure is one where the desired vapor pressure is quite 
low so that it is not practical to measure it without specialized 
apparatus. In order to estimate such vapor pressures one must 
take account of the nonlinear nature of the plot of In (p) vs. 1 IT.  
Various methods have been suggested in the literature for the 
situation where good p-T data are available for a range of 
temperatures. King (20) and Ambrose (21) have proposed very 
similar equations involving four or five parameters which allow 
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extrapolations down to very low pressures. Prausnitz (10) has 
proposed a five parameter equation which involves only two 
adjustable parameters from which the five parameters are 
calculated using relations based on the theory of fluids. For the 
situation where the data are not good enough for direct 
evaluation of the parameters, these (20, 21) and other (22, 23) 
authors have proposed making use of the approximate parallel- 
ism of p-T curves by relations such as 

to estimate the pressure of substance A at a given temperature 
from the pressure of a reference substance B at the same 
temperature. Unfortunately this approach requires data over a 
significant range of temperatures and pressures in order to allow 
accurate determination of the slope and intercept required for 
extrapolation. If the range of data available is small then the 
extrapolation will be uncertain. This is precisely the situation in 
which we often find ourselves. 

A solution to the dilemma is offered by the Prausnitz equation 
which requires only two adjustable parameters. Furthermore it 
differs from the equation favored by Ambrose and King in that 
the coefficients of the terms in T and T2 are much smaller even 
though the overall curve is very similar. This suggests that the 
exact values of the parameters are not well determined by the 
data, but are subject to severe correlation. A similar conclusion 
is suggested by the fact that despite the empirical success of 
[lo], which suggests that the coefficients for corresponding 
functions of T should be related by the slope parameter, m,  we 
find that these coefficients frequently change sign as well as 
magnitude from one compound to another without impairing the 
fit. When the curvature is small the correction terms are not well 
defined and numerous sets of parameters may work equally 
well. 

Our suggestion is that when the data are very sparse, one 
could obtain an estimate of the vapor pressure from the heat of 
vaporization, the heat capacity of vaporization, and a few p-T 
points, even when these latter data would not themselves allow 
good extrapolation to lower temperatures. Since we have in this 
and previous papers (24, 25) reported methods for obtaining 
useful estimates of the heat and heat capacity of vaporization at 
25"C, this seems an attractive way to make use of all of the 
limited information available. The procedure is to calculate 
Prausnitz' parameters, E o / R  and s, from the expressions for 
AH,,, and PC,,, derived from this equation. The equation is 

The first step was to express AH,,, and AC,,, in terms of the 
parameters as: 

where, 

Then by an iterative solution E o / R  and s can be calculated. 
Although A could then be calculated (lo),  it seemed better to 
determine it empirically by fitting the equation to one or several 
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TABLE 4. Sensitivity a In p to 
errors in AH and AC. 

TABLE 3. Parameter values for eq. [9] 

Parameter value based on 

Full 
Parameter data set 

Truncated 
data set 

0.523 
0.832 

-0.184 
0.00628 

- 1 . 0 0 ~  
1.76X 

p-T points to guarantee correctness at the lowest temperature 
for which the vapor pressure is known. 

As a test of the procedure, we can use toluene, and from the 
following data: 

AC,,, = - 12.5 cal/deg mol (25, 26) 

t = 1.5"C a t p  = 7.5 Torr (21) 

the parameters were determined to be: A = 56.7632, B = 
-6594.12, C = -7.2539, D = 1 . 1 7 6 ~  E = 5.130x lo-', 
Eo/R = 66594.12, and s = 8.7539. The calculated pressure 
for 159 K was 0.001 17 Pa; Ambrose (2 1) gives 0.001 Pa. This is 
a 17% error for a 115" extrapolation. Although this is not very 
good when compared to the performance of either the Ambrose 
or Prausnitz equations when they are fitted to good data, it is 
adequate for our purposes, which are to get vapor pressures 
accurate enough that the contribution from errors in vapor 
pressure is less than or comparable to the other errors in the 
thermochemical calculations, i.e., not more than a few tenths 
of a kcal/mol. 

We may attempt to estimate the sensitivity to errors in AHvap 
and ACvap by using the Kirchhoff equation, eq. [12], in which 
AHvap is taken as linear in temperature 

[12] In (p) = A + B I T  + C In ( n  

At temperature 8 = 298 K,  -AHe/R = - B + CT, and ACvap 
= A c e  = -RC;thenB = AHe/R - ACe/R,andC = -ACvap/R. 
This leads to 

The significance of the contributions can be seen by calculating 
the coefficients of urn and u~, for various temperatures T, as 
shown in Table 4. 

For errors of 1000 cal/mol in AHe and 1 cal/deg mol in AC, 
and T = 298 K we expect an error of 1.27 in In (pe). 

There are very few values of vapor pressures for high boiling 
liquids for use in testing these proposed extrapolation methods. 
Landolt-Bornstein (27) gives data for diethyl phthalate, for 
which In (p,) = - 13.98. The Clausius Clapeyron equation 
leads to In (pe) = - 12.29, with an error of 1.69, confirming that 
it is often a poor procedure for extrapolation . Equation [6] leads 
to In (pe) = - 13.92, in excellent agreement; eq. [9] leads to 
- 14.77, in poorer agreement, and eq. [ I  :I] leads to - 13.45 in 

Sensitivity to 
T 

useful agreement. Experimental values are available for hexa- 
decane (20,28,29), In (p,) = - 13.14. The Clausius Clapeyron 
equation leads to In (p,) = - 12.06, again in poor agreement, 
eq. [6] leads to In (pe) = - 14.00, in poor agreement, eq. [9] 
leads to In (pe) = - 13.76, in only slightly better agreement; eq. 
[ l  11, using the boiling point at 1 Torr to define A ,  leads to In (pe) 
= - 13.22, in excellent agreement. 

We found that In (pe) at 25°C is an excellent linear function of 
the number of carbon atoms for a series of n-alkanes from 
hexane to hexadecane (data from refs. 20, 28, 29), In (pe). = 
5.206 - 1.1477n (r = 0.99994). Using this equation we could 
estimate values for the higher n-alkanes; these values were in 
reasonable agreement with those estimated using [6], [9], and 
[ l  11, with errors of about 1 in In (pe) at n = 29. 

The methods reported above extend and generalize the 
Wadso equation and make it possible to get useful thermochem- 
ical information from very meager physical data. We have 
encountered the need for such methods from our thermochemical 
investigations and hope that these methods will prove useful to 
other workers. 
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Ion-molecule reactions with carbon chain molecules: 
reactions with diacetylene and the diacetylene cation 
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SEKSAN DHEANDHANOO, LEONARD FORTE, ARNOLD FOX, and DIETHARD K. BOME. Can. J .  Chem. 64, 641 (1986). 
Reactions of hydrocarbon and carbon/nitrogen ions with diacetylene and of the diacetylene radical cation with various 

molecules have been examined with a view to molecular growth by ion-molecule reaction. Measurements were performed with a 
Selected-Ion Flow Tube (SIFT) apparatus at 296 * 2 K of the rate constants and product distributions for the reactions of C + ,  
CH3+, C2H2+, C3H+, CN', C2N+, and C2N2+ with C4H2 and of C4H2+ with H2, CO, C2H2, C2N2, and C4H2. Condensation 
and association reactions which build up the carbon content of the ion were observed to compete with charge transfer. For the 
reactions of CN' and C2N2+ with C4H2 this growth involved the addition of cyanide to the carbon chain. The kinetics of 
protonation of diacetylene were also investigated. It was possible to bracket the proton affinity of diacetylene between the 
known proton affinities of HCN and CH30H with a value for PA(C4H2) = 177 * 5 kcal mol-I, which results in a heat 
of formation for C4H3+ of 305 * 5 kcal mol-'. Numerous secondary association reactions were observed to form adduct 
ions in helium buffer gas at total pressures of a few tenths of a Torr with rates near the collision rate. This was the case for 
C&I4+ (C4H2+.C2H2), C7H5' (C3H3+.C4H2), CgH4' (C4H2+.C4H2), CgHs' (C4H3+.C4H2), C9H3' (CsH+.C4H2), C9H4' 
(Cd2+.C4H2), C9Hs' ( C S H ~ + . C ~ H ~ ) ,  CioH4' (C6H2+.C4H2), CioHs' (C6H3+.C4H2), C I I H ~ '  (C3H3+.(C4H2)2), c12H6' 
(C4H2+ .(C4H2)2), C9H3N+ (HC5N+.C4H2), and CloH4N+ (C2N+.(C4H2)2) where the reactants are indicated in parentheses. 
The observed high rates of association imply the formation of chemical bonds in the adduct ions but the structures of these ions 
were not resolved experimentally. In most instances there seems little basis for preferring acyclic over cyclic adduct ions. 

SEKSAN DHEANDHANOO, LEONARD FORTE, ARNOLD FOX et DIETHARD K. BOME. Can. J .  Chem. 64, 641 (1986). 
Dans le but d'tvaluer la croissance des moltcules par des rtactions ion-moltcule, on a ttudit les rtactions d'ions 

hydrocarbonts et d'ions carbone/azote avec le diacttyltne ainsi que les rtactions du radical cation du diacttyltne avec diverses 
moltcules. On a effectut les reactions 296 5 2 K et on les a ttudites a l'aide d'un appareil tube a tcoulement a ion choisi; on a 
mesurt les constantes de vitesse et les distributions de produits pour les rtactions du C4H2 avec C + ,  CH3+, C2H2+, C3H+, 
CN', C2N+ et C2N2+ et pour les rtactions du C4H2+ avec HZ, CO, C2H2, C2N2 et C4H2. On a observt que les rkactions 
de condensation et d'association qui provoquent une croissance dans le contenu en carbone de I'ion sont en comp6tition avec 
le transfert de charge. Pour les rtactions du CN' et du C2N2+ avec le C4H2, cette croissance implique l'addition de cyanure 
sur la chaine carbonte. On a aussi ttudit la cinttique de la protonation du diacttyltne. I1 est possible de situer l'affinitt 
protonique du diacttyltne entre les affinitts protoniques connues du HCN et du CH30H et ceci conduit une valeur de 
PA(C4H2) = 177 * 5 kcal/mol et une valeur de la chaleur de formation du C4H3+ qui est tgale a305 * 5 kcal/mol. On a 
observt que plusieurs rtactions secondaires d'association forment des ions adduits dans un tampon d'htlium des pressions 
totales de quelques dixitmes de Tom et avec des vitesses qui sont proches des vitesses de collision. Tel est le cas avec les ions 
suivants, oh l'on a indiqut les rtactifs entre parenthtses: C6H4+ (C4H2+ .C2H2), C7H5+ (C3H3+.C4H2), C8H4+ (C4H2+ .C4H2b 
CsHs' (C4H3+.C4H2), C9H3' (CsH+.C4H2), C9H4' ( C S H ~ + . C ~ H ~ ) ,  C9Hs' ( C S H ~ + . C ~ H ~ ) ,  C1OH4' (C6H2' .C4H2)? C I O H ~  
(CsH3+.C4H2), C11H7+ (C3H3'. (C4H2)2), C12H6' (C4H2' .(C4H2)2), C9H3N' (HCSN+.C~H~)  et CIOH~N' (C2N' .(C4H2)2). 
Les taux tlevts d'association observts impliquent qu'il y a formation de liaisons chimiques dans les ions adduits; toutefois, les 
structures de ces ions ne sont pas rtsolues exptrimentalement. Dans la plupart des cas, il ne semble pas y avoir de prtftrence pour 
des ions adduits lintaires ou cycliques. 

[Traduit par la revue] 

Introduction 
Extended "chain-like" molecules of bonded carbon atoms are 

formed naturally under a wide range of physical conditions. For 
example, cyanopolyynes with up to 11 carbon atoms have been 
identified at the low temperatures and low densities of the 
interstellar medium (I) ,  while polyacetylenes with at least 12 
carbon atoms have been found present at the high temperatures 
and the high densities of hydrocarbon flames (2). In the presence 
of ionization the formation and destruction of these chain 
molecules may involve ions (1,2) and so it is of interest to 
establish the rates and products of ion-molecule reactions 
involving carbon chains. Here we report laboratory studies 
directed towards the identification and characterization of reac- 
tions of ions with diacetylene and reactions of the diacetylene 
radical cation with various molecules. Neutral and ionized 
diacetylene can be expected to be early intermediates in the 
growth of long carbon chain molecules from single carbon 
units. 

Special emphasis is given in this investigation to reactions of 

diacetylene with the carbonaceous cations C+, CH3+, C2H2+, 
and C3H+, which are primal ions in the growth of molecules 
in the chemistry of interstellar gas clouds (3). Also, several 
reactions of carbon/nitrogen cations of the type C,N,+ with 
diacetylene and of the diacetylene ion with C2N2 have been 
chosen for study because of their possible role in the chemistry 
of the ionosphere of Titan (4). Finally, a number of selected 
proton-transfer reactions have been investigated to estimate the 
proton affinity of diacetylene, which is useful in the elucidation 
of the neutralization of protonated diacetylene by proton 
transfer or electron-ion recombination. 

Experimental 
All measurements were taken with the Selected-Ion Flow Tube (SET) 

- flowing afterglow apparatus in the Ion Chemistry Laboratory at York 
University (5,6). The reagent ions were derived from appropriate 
parent gases by electron impact at low pressures. An axial electron 
impact ionizer (Extranuclear, Model 041-3) was used as the ion source. 
Typical ion ejection energies were in the range 10-20 V. The initial 
spectrum for the experiments in which C4H2+ was the selected ion is 
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FIG. 1. SIFT spectrum for C4H2+ derived from diacetylene (2090 in 
helium) by electron impact at 53 eV. The C4H2+ ions are injected at 
16 V; the buffer gas is helium at 0.35 Tom. The background spectrum 
arises in part from collisional dissociation of C4H2+ and in part from 
ion-molecule reactions with water vapour and other impurities in the 
helium, and with diacetylene leaking through the selection quadrupole. 

shown in Fig. 1. Unless otherwise indicated, the individual reagent 
ions (and impurity ions) were generated in the manner described in a 
recent study of reactions with cyanoacetylene (7). The canier gas was 
either helium or hydrogen. To remove traces of water vapour, the 
canier gas was passed through zeolite traps (a 5050  mixture of Union 
Carbide molecule sieves 4A and 13X) cooled to liquid nitrogen 
temperature. The diacetylene was prepared by the alkaline hydrolysis 
of 1,4-dichlorobut-2-yne (8) and was stored at Dry Ice temperature to 
avoid polymerization. Experiments with H3+ as the "chemical ioniza- 
tion" reagent indicated a purity of greater than 99%. All measurements 
were taken at an ambient temperature of 296 + 2 K. 

Results 
Tables 1 and 2 present summaries of the reaction rate 

constants and product distributions obtained in this study for 
reactions of ions with diacetylene. Table 1 gives the results 
for reactions of carbonaceous ions and nitrogen-containing 
carbonaceous ions with cyanoacetylene, while Table 2 is 
restricted to results obtained for the proton-transfer reactions. 
Table 3 provides a summary for the reactions investigated with 
the diacetylene cation. Rate constants and product distributions 
were determined in the usual manner (5, 9). The tables include 
all of the primary product ions that were observed to contribute 
more than 5% to the total primary products. The branching 
ratios have been rounded off to the nearest 5% and are accurate 
to ?30%. The reaction rate constants are compared with 
collision rate constants derived with the Langevin theory (10) 

TABLE 1. Summary of rate constants (in units of lo-' cm3 mole- 
cule-' s-') and product distributions measured at 296 ? 2 K for 

ion-molecule reactions with diacetylene 

Reactant Branching 
ion Products ratio kex: kcb 

C+ C5H+ + H 0.50 2.9 1.84 
C4H2+ + C 0.45 
C3H+ + C2H 0.05 

CH3+ C3H3' + C2H2 0.9 1.3 1.69 
C5H3+ + H2 0.1 

C2H2+ C4H2+ + C2H2 0.9 1.4 1.39 
ca3+ + H 0.1 

C3H+ C5H2+ + C2H 0.85 1.2 1.24 
C5H+ + C2H2 0.10 
C4H2+ + C3H 0.05 

C3H3+ C3H3+.C4H2 1 .O - 1 1.23 
C4Hz+ C4H2+ .C4H2 0.9 1.3 1.15 

CsH2' + C2H2 0.1 
C4H3+ C4H3' .C4H2 0.9 - 1 1.14 

ca3+ + C2H2 0.1 
C5H+ C5H+ .C4H2 1 .O - 1 1.09 
C5H2+ C5H2+ .C4H2 0.4 - 1 1.09 

C7H3' + C2H 0.6 
C5H3+ C5H3+. C4H2 1 .O - 1 1.09 
C a 2 +  C&2+ .C4H2 1 .o - 1 1.05 
ca3+ C&3+.C4H2 1 .o - 1 1.05 
C ~ H ~ + . C ~ H Z  C ~ H ~ + . ( C ~ H Z ) Z  1 .O - 1 1.01 
C ~ H ~ + . C ~ H Z  C ~ H ~ + . ( C ~ H ~ ) Z  1 .O - 1 0.99 
CN + C4H2+ + CN 0.75 0.97 1.39 

HC5N+ + H 0.25 
C2N+ C5H+ + HCN 0.6 1.3 1.23 

C4H2+ + C2N 0.2 
C2N+ .C4N2 0.2 

C2N2+ C4H2+ + C2N2 0.9 1.2 1.14 
HC5N+ + HCN 0.1 

HC5N+ HC5N+ .C4H2 1 .O - 1 1.05 
C2N+.C4H2 C2N+.(C4H2)2 1 .O - I 1.02 

"The accuracy of the rate constants is estimated to be better than '-30% unless 
the rate constant is indicated to be approximate. Only the apparent bimolecular 
rate constant is given. The measurements were taken at helium pressures in 
range from 0.27 to 0.37 Torr and helium densities in the range from 9.0 X 10" 
to 1.2 x 1016 atoms ~ m - ~ .  

bCollision rate constants derived from the Langevin theory (10). 

with an estimated polarizability for diacetylene of 6.0 A3 
(1 1). Thermochemical data were taken from the usual sources 
(12, 13). 

Hef /Hez + 

He+ was derived from helium at 35 eV and injected into 
helium carrier gas at 0.32 Torr (1 Torr = 133.3 Pa). Approxi- 
mately 30% conversion of He+ to Hez+ was observed down- 
stream. Both ions reacted rapidly with diacetylene to yield a 
variety of product ions corresponding to charge transfer and 
dissociative charge transfer. No attempt was made to discern 
branching ratios for the reactions of the two helium ions. The 
rate constant for the reaction of He+ was determined to be 2.7 x 
lop9 cm3 molecule-I S-I. 

C + 

More than 95% of the C+ was in the 'P ground state (7). The 
C+ was observed to react rapidly with diacetylene to produce 
three product ions, as can be seen from Fig. 2. The C4H2+ 
arises from the charge transfer reaction, which is 25 kcal mol-' 
exothermic. The other major product ion was C5H+, which is 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DHEANDHANOO ET AL. 643 

TABLE 2. Summary of rate constants (in units of lo-' cm3 
molecule-' s-') measured at 296 2 2 K for proton-transfer 

reactions with diacetylene 

Reactant ion Product kexp(l k,b 

"The accuracy of the rate constants is estimated to be better than 
230%. 

bCollision rate constants derived from the Langevin theory (10). 
'In hydrogen buffer gas at a total pressure of 0.36 Tom and 

concentration of 1.2 X 1016 molecules c K 3 .  

TABLE 3. Summary of rate constants and product distributions measured 
at 296 k 2 K for reactions with C4Hz+ derived from diacetylene 

Neutral Product Rate 
reactant Products distributiona constantb 

Hz 
CO C4Hz+ .CO 

HC50+ + H 
CZHZ C4H2+ .C2H2 
C4H2 C4Hz+ .C4Hz 

c a z +  + CzH2 
CzNz C4Hz+. CzNz 

HC5N+ + HCN 

"The branching ratio may be in error by as much as ?20%. 
bRate constants are expressed as a (-b) to represent a X The units 

are cm3 molecule-I s-I. The accuracy is estimated to be better than ?30%. All 
rate constants are effective bimolecular rate constants for the disappearance of 
C4H2+ in helium buffer gas at total pressures in the range from 0.26 to 0.36Torr 
and helium concentrations from 8.4 X lOI5 to 1.2 X 1016 atoms ~ m - ~ .  

probably the carbene cation HC-C-C=C-C:+ that may be 
formed by C-H bond insertion with elimination of a hydrogen 
atom. Cyclic isomers of CSH+ are likely to be less stable. A 
minor channel of the reaction of C+ with diacetylene leads to 
C3H+, which is probably the carbene cation HC-C-C:+ that 
may arise by C-C bond insertion with elimination of C2H. 
The branching ratios observed for the production of C3H+ and 
C5H+ suggest that C-C bond insertion occurs 10 times less 
frequently than C-H bond insertion. C-H bond insertion can 
be expected to be more likely since it leads to a secondary 
carbocation intermediate in which the positive charge can be 
delocalized, while C-C bond insertion involves a primary 
carbocation intermediate in which the positive charge is 
localized. 

Figure 2 also shows that secondary reactions were observed 
for all three primary product ions. The CSH+ was observed to 
rapidly add a molecule of diacetylene according to reaction [I]. 

The structure of the C9H3+ product ion is uncertain. However, if 
the CSH+ has carbene character, it can be expected to react with 
diacetylene by C-H bond insertion to form the acyclic cation 
+ CH(C4H)2. The high specific rate of association is consistent 
with such chemical bond formation in the adduct, as is the 
failure to observe rapid addition of a second molecule of 
diacetylene. The secondary reactions of C4H2+ and C3H+ were 

c*+ H C r  C-C= CH I C+ 

FIG. 2. The varieties in ion signals observed for the addition of 
diacetylene into the reaction region of the SIFT apparatus in which C+ 
is initially established in helium buffer gas. P = 0.275 Torr, 6 = 5.6 X 

lo3 cm s-', L = 46 cm, and T = 295 K. The C+ is derived from 
cyanogen (10% in helium) at an electron energy of 60 eV. 

similar to those observed in separate experiments, described 
later in the text, in which these ions were prepared directly in the 
electron impact source. 

CH3 + 

Charge transfer is slightly (7 kcal mol-') endothermic in 
this case and was not observed. Figure 3 shows that the major 
product ion was C3H3+ and that CSH3+ was a minor product. 
The secondary reactions [2] to [4] 

[2] C3H3+ + C4Hz + C7HS+ 

[3] C7H-j' + C4H2 + Cl lH7+ 

[4] C5H3' + C4Hz + C9H-j' 

were also observed to occur. They all involve the addition 
of diacetylene. The fast secondary reaction of C3H3+ with 
diacetylene provides insight into the structure of this ion. 
Available thermochemical data indicate that the reaction of 
CH3+ with diacetylene may produce either the linear (pro- 
pargyl) or the cyclic (cyclopropenium) isomer of C3H3+. The 
ICR (ion cyclotron resonance) measurements of Smyth et al. 
(14) at low pressure have shown that only the linear isomer 
reacts with diacetylene. Our observation of the secondary 
reaction of C3H3+ therefore implies that the reaction of CH3+ 
with diacetylene predominantly forms the linear isomer of 
C3H3+. In the case of the formation of the minor CSH3+ product 
ion, there is no basis for prefening an acyclic isomer (e.g. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



644 CAN. 1. CHEM. VOL. 64, 1986 

FIG. 3. The variations in ion signals observed for the addition of 
diacetylene into the reaction region of the SIFT apparatus in which 
CH3+ is initially established in helium buffer gas. P = 0.335 TOIT, B = 
5.3 X lo3 cm s-', L = 46 cm, and T = 293 K. The C H ~ +  is derived 
from pure methane at an electron energy of 23 eV. 

+ CH2-CGC-C=CH) over a cyclic isomer (e.g. a C2H substi- 
tuted cyclopropenium ion), except perhaps by analogy with the 
preferred production of the linear propargyl isomer of C3H3+. 

The structures of the diacetylene adduct ions produced by 
reactions [2]-[4] are also not known. However, the high 
specific rates for their formation again imply formation of strong 
chemical bonds. A possible and interesting cyclic isomer of the 
C7H5+ ion formed in reaction [2] is the phenyl carbene cation, 
C6H5C:+. This carbene cation may add a second molecule of 
diacetylene, as in reaction [3], by C-H bond insertion to yield 
+ C H C ~ H ( C ~ H ~ ) ,  a possible cyclic isomer of CllH7+. Finally, 
the C9H5+ ion formed in reaction [4] may also have a cyclic 
structure. One possibility is the formation of C-C5H4(C4H)+. 

C2H2 + 

Charge transfer was observed to be the main product channel 
for this reaction but there was a significant (10%) channel 
leading to carbon-chain lengthening with elimination of H 
in the formation of C6H3+, which presumably is protonated 
triacetylene. This is evident in Fig. 4. Also, both product ions 
were seen to rapidly react further with diacetylene. The C6H3+ 
responded to diacetylene with the addition reaction [5]. The 

resulting CloHS+ is likely to be a proton-bound adduct of 
diacetylene and triacetylene but cyclic isomers again cannot be 

FIG. 4. The variations in ion signals observed for the addition of 
diacetylene into the reaction region of the SIFT apparatus in which 
C2H2+ is initially established in helium buffer gas. P = 0.372 Torr, B 
= 6.7 X lo3 cm s-I, L = 46 cm, and T = 295 K.  The C 2 ~ 2 +  is derived 
from pure acetylene at an electron energy of 35 eV. 

ruled out. The C 4 ~ 2 +  responded to diacetylene in the manner 
indicated later in the text for the separate study of this reaction. 

C3H + 

The C3H+ carbene cation was observed to react with 
diacetylene primarily by condensation with elimination of C2H 
or C2H2 leading to carbon-chain lengthening in the ion. Charge 
transfer appeared as only a minor channel. The predominant 
C5H2+ product ion may result from C-H bond insertion with 
loss of C2H and formation of HC--C-CH=C=CS+ or from 
C-C bond insertion with loss of C2H and formation of the 
radical cation 'C+(C--CH)2. The C5H+ formed by elimination 
of C2H2 is likely to be the carbene cation HC--C-C--C-C:+. 
All three product ions were observed to react further. The C5H+ 
responded according to reaction [ l ]  and the C4H2+ reacted in the 
manner described later in the text. The C5H2+ radical cation 
appeared to react further by addition and by condensation with 
elimination of C2H in the following manner: 

In this case C-H insertion could lead to the acyclic radical cat- 
ion HCEC-CH=C=CH-C'=C+-C-CH, which may 
lose C2H to form the carbon-chain cation HC--C-CH=C= 
CH-C--C+. 
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+ 

Ionized acetylene was reacted with carbon monoxide, acetyl- 
ene, diacetylene, and cyanogen. No reaction was observed 
with hydrogen. Charge transfer and hydrogen atom transfer are 
endothermic with this molecule. Available heats of formation 
indicate that formation of the adduct ion C4H4+ may be 
exothermic and that several isomers of C4H4+ are possible, but 
it is not clear which one might be preferred. In any case, the very 
low upper limit to the rate constant for this reaction suggests that 
formation of the adduct involves a positive activation energy. 

A slow reaction was observed with carbon monoxide. 
Approximately equal amounts were produced of the adduct ion 
C4H2+.C0 and the condensation product HC50+, which 
involves elimination of H. No further reaction with CO was 
noticed with either product. 

Acetylene was observed to add to C4H2+ with a rate constant 
close to the collision limit but addition of a second molecule of 
acetylene was not rapid. It is not known whether the failure 
to add a second molecule of acetylene is indicative of the 
formation in the initial addition reaction of a cyclic product ion 
such as ionized benzyne, or an acylic product ion such as 
ionized 3-hexene-1,5-diyne, but both types of product are 
possible. 

Addition was also the major channel with diacetylene, 
although in this case about 10% of the reaction led to the 
elimination of acetylene with formation of what may be ionized 
triacetylene. Again the measured rate constant for the loss of 
C4H2+ is close to the collision limit. Results are shown in Fig. 5. 
The C6H2+ is seen also to add a molecule of diacetylene but 
addition of a second molecule of diacetylene appears to be 
relatively unfavourable for both adduct ions in the product 
spectrum. 

The primary product distribution observed for the reaction of 
C4H2+ with C4H2 differs from that measured at lower pressures 
with an ICR (15), which indicates loss of C2H2 (83%), Hz 
(17%), and H (1%) without any adduct formation. One cause of 
this difference may be the collisional stabilization of reactant 
and adduct ions, which proceeds at the moderate pressures of 
the SIFT experiments and which will be essentially absent in the 
ICR experiments. Observations that are consistent with such an 
interpretation have been made very recently in an ICR - high 
pressure mass spectrometer study (16). Loss from the adduct ion 
of both acetylene and hydrogen was noted in ICR experiments at 
-5 X Torr, but the loss of H2 was observed to be entirely 
quenched in mass spectrometer experiments at pressures above 
-0.01 Torr. Furthermore, the C6H2+ produced by the reaction 
of C5H2+ with C4H2 was seen to react further with C4H2, under 
ICR conditions, to produce C8H2+ and CloH2+ by elimination 
from the adduct ion of C2H2 and H2, respectively. In contrast, 
all the adduct ions were observed to be stabilized in the high 
pressure mass spectrometer. 

There is good agreement between the SIFT and ICR results 
on the rate constants for the loss of C4H2+ and C6H2+ in 
their reactions with C4H2. In the case of C4H2+ the SIFT 
rate constant of (1.3 + 0.4) X cm3 molecule-' s-' is 
the same, within experimental error, as the ICR rate constants 
of 1.4 X lop9 cm3 molecule-' s-' (15) and (1.39 -C 0.5) X 

cm3 molecule-' s-' (16). Also, for the reaction of 
C6H2+ with C4H2, the ICR rate constant of (1.06 + 0.4) X 

cm3 molecule-' s-' is the same as the value of 1 x 
lop9 cm3 molecule-' s-' estimated from the SIFT results. 

It is of interest to consider briefly the possible structures 
of the highly unsaturated hydrocarbon ions C8H4+ and CloH4+ 

I C ~ H $  + H C E  C-C =CH 

c4  Hz+ C8~4' 

FIG. 5. The variations in ion signals observed for the addition of 
diacetylene into the reaction region of the SIFT apparatus in which the 
diacetylene radical cation is initially established in helium buffer gas. P 
= 0.259 Torr, 8 = 5.3 x lo3 cm s-', L = 45 cm, and T = 297 K .  
The C2H2+ is derived from diacetylene (10% in helium) at an electron 
energy of 35 eV. 

produced in the addition reactions of C4H2+ and C6H2+ with 
C4H2. Carbon-chain isomers may be achieved by the addition 
of the C-H bond of one reagent across the triple bond of 
the other. The C 8 ~ 4 +  isomer produced in this way would 
be HC=C-C-C-CH=CH-C-CH+, while HC=C- 
C=C-CH=CH-C=C-C=CH+ would be a possible 
C10H4+ chain isomer. Formation of carbon-ring isomers can 
also be imagined. For example, C8H4+ may have a cyclic 
structure with two alternating triple and double bonds while the 
analogous cyclic CloH4+ structure would have an additional 
triple bond. Possible structures of C2,H,+ and C2n+2Hn+ ions in 
general have been considered in more detail by Buckley et al. 
(16), who have observed sequential addition of diacetylene up 
to the formation of CZ0Hlo+ and CI8H8+, respectively. Further- 
more, these authors have identified reactivity patterns that 
suggest that the sequence initiated by C4H2+ involves produc- 
tion of both cyclic and acyclic ions, with the  latter being 
unreactive and increasingly preferred as the ion grows. 

Adduct formation was also predominant in the SIFT experi- 
ments for the reaction of C4H2+ with cyanogen, but there was also 
an indication of a minor channel (2%) leading to elimination of 
HCN and production of what is likely to be ionized cyano- or 
isocyanodiacetylene. Both product ions did not appear to 
rapidly react further with cyanogen. The specific rate for the 
addition of cyanogen to C4H2+ is relatively low, so that the 
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adduct ion may not involve chemical bond formation in this 
case. The ion HC(CN)=C(CN)-C-CH+ would be one 
possible chemically bound adduct. 

cN+ 
The CN+ ion was observed to react with diacetylene 

predominantly by charge transfer and by H atom elimination to 
form what is likely to be ionized cyanodiacetylene. The nature 
of these reaction channels and the measured branching ratios is 
very similar to those we have determined previously for the 
reaction of CN+ with acetylene (17). Both product ions were 
observed to rapidly react further with diacetylene in the manner 
described earlier in the text in the case of C4H2+, and by 
addition in the case of HCSN+ to form HC5N+.C4H2. The 
possible structures of the latter adduct are likely to be analogous 
to those discussed earlier for the C ~ H ~ +  .C4H2 adduct ion. 

c 2 N +  
The C2N+ was derived by electron impact at 60-80 eV from 

a 10% mixture of cyanogen in helium and exhibited only a 
single reactivity towards diacetylene (7). Product channels were 
observed corresponding to charge transfer, formation of C5H+, 
and adduct formation. Formation of C5H+ with elimination of 
HCN was the preferred channel. Since C2N+ may have carbene 
character, it seems likely that the formation of the adduct 
involves C-H bond insertion. Thus NEC-CH+-C-C- 
C z C H  is a plausible intermediate, most of which eliminates 
HCN to form C5H+ and some of which is stabilized by collision 
to produce the C6H2N+ product Figure 6 shows that all three 
primary product ions add a molecule of diacetylene in rapid 
secondary reactions. The addition reactions with C4H2+ and 
C5H+ have already been discussed, while the addition reaction 

I with C6H2N+ may proceed in analogy with the addition reaction 
I 

of C5H3+ noted earlier in the text. 
I 

CZN2 + 

The C2N2+ derived from cyanogen by electron impact was 
observed to react primarily by charge transfer. A minor channel 
was observed to lead to what is presumably ionized cyano- 
diacetylene. The observed secondary reactions of C4H2+ and 
HC5N+ with diacetylene were as those described earlier in the 
text. 

H ~ + ,  N2H+,  H ~ O + ,  H2CN+,  C H 3 0 H 2 +  
Except for CH30H2+, these ions all reacted rapidly with 

diacetylene by proton transfer with rate constants close to the 
collision limit. The results are summarized in Table 2. The 
CH30H2+ was observed to react only by addition but with a 
high effective bimolecular rate constant. The high efficiency 
implies that the adduct is strongly bound, presumably by the 
proton. The secondary ion chemistry in helium buffer gas 
indicated a further rapid reaction of the C4H3+ proton transfer 
product with diacetylene. The main channel of this secondary 
reaction was observed to correspond to addition to form CsH5+ 
but a significant competing channel, about lo%, led to the 
formation of C6H3+ as indicated in reaction [7]. 

The C8H5+ adduct may be the proton-bound diacetylene dimer 
but cyclic isomers are also possible, such as, for example, 
C6H5C2+. Complications arose in the secondary ion chemistry 
from the presence of hydrogen, which was added in the helium 
buffer gas experiments to generate the primary ions. Reactions 

FIG. 6. The variations in ion signals observed for the addition of 
diacetylene into the reaction region of the SIFT apparatus in which 
C2N+ is initially established in helium buffer gas. P = 0.296 Tom, D = 
5.8 x lo3 cm s-', L = 46 cm, and T = 296 K.  The C2N+ is derived 
from pure cyanogen at an electron energy of 80 eV. 

with hydrogen became dominant in hydrogen buffer gas. They 
led to ions with m/z  = 103 and 79 and the reactions are believed 
to be as indicated in [8] and [9]. 

Discussion 
Diacetylene was found to be reactive towards all of the 

carbonaceous and carbon/nitrogen cations chosen for study. 
Aside from charge transfer, the predominant reaction channels 
observed correspond to condensation and association, both 
of which are suited for molecular growth by ion-molecule 
reactions. Condensation results when the adduct of the reacting 
ion and molecule dissociates into products before it is stabilized, 
while association refers to the process in which the adduct is 
stabilized by collision with a-third molecule or by loss of 
radiation before separation into reactants or products. 

Charge transfer was often an exothermic option because 
the ionization energy of diacetylene, 10.180 f 0.003 eV, is 
relatively low in the range of the recombination energies of the 
selected reagent ions. Indeed, charge transfer was an observed 
product channel for all the primary ions with a recombination 
energy known to be larger than the ionization energy of dia- 
cetylene, including ~ e +  (24.6), CN+ (14.5), C2N2+ ( 13.3741, 
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C2N+ (-13), C2H2+ (1 1.41), C+ (1 1.260), andC3H+ (10.35 + 
0.15) where the recombination energy is given in parentheses in 
eV (13, 6). The recombination energy of C2N+ is not well 
established. We can improve on the available approximate 
value by coupling the observation of charge transfer with 
diacetylene (ionization energy, IE = 10.180 eV) with the failure 
to observe charge transfer with cyanoacetylene (IE = 11.60 eV). 
These results imply a recombination energy of 10.9 + 0.7 eV 
for the C2N+ generated in our experiments from cyanogen by 
electron impact. CH3+ was observed not to charge transfer. It is 
the only one of the selected ions with a recombination energy 
(9.842eV) known to be smaller than ionization energy of 
diacetylene. 

A number of the reaction channels observed to compete with 
charge transfer are of the condensation type leading to the 
lengthening of, or the addition of cyanide to the diacetylene 
carbon chain. Thus C5H+, C5H2+, and C5H3+ were produced 
from the reactions of C+, C 3 ~ + ,  and CH3+ with diacetylene, 
respectively, and C6H2+ and C6H3+ were produced from C4H2+ 
and C4H3+, respectively. Both CN+ and C2N2+ were observed 
to produce HC~N+,  which is presumably ionized cyano- or 
isocyanodiacetylene. In contrast, C2N+ reacted to produce 
C5H+ and thus to effect carbon-chain lengthening without 
cyanide addition. The most effective chain builders were C3H+, 
C2N+, and C+. 

The synthesis of molecules in an ionized environment by 
means of ion-molecule reactions requires the neutralization of 
the product ion as a final step. The neutralization may proceed in 
a number of different ways including electron-ion recombina- 
tion (EIR), proton transfer (PT), or charge transfer (CT). Thus 
the carbonaceous neutrals C5, C5H, C5H2, and C5H3 may be 
derived from C5H+, C5H2+, and C5H3+ as, for example, in 
reactions [lo] and [ l l ] .  However, these neutralization steps 

PT 
-4 :c=c=c=c=c: 
EIR 

generally have not been studied in the laboratory and little is 
known about the relevant recombination energies or proton 
affinities. The C6H2+ and C6H3+ ions derived from the reac- 
tions of ionized and protonated diacetylene with diacetylene are 
likely to be ionized and protonated triacetylene, respectively, 
which may form neutral triacetylene by charge transfer and 
proton transfer, respectively. The reactions of CN+ and C2N2+ 
with diacetylene both produce some HC5N+ and so are potential 
sources of cyano- and isocyanodiacetylene, but other isomers 
are possible. It is interesting to note that under the SIFT 
conditions the HC5N+ was observed to react with diacetylene 
primarily to form the adduct, even though charge transfer is also 
exothermic if HC5N+ is ionized cyanodiacetylene. 

Addition reactions were observed to be quite common, 
especially as secondary reactions, and several were observed 
to compete effectively with exothermic dissociation channels. 
Thus C3H3+, C5H+, C5H3+, C6H2+, C6H3+, and HC5N+ 
appeared to react with diacetylene to form stabilized adduct ions 
exclusively. In contrast, the addition of diacetylene to C4H2+, 
C4H3+, C5H2+, and C2N+ was observed to occur in competition 
with dissociation channels. Also, the adduct ions C3H3+ .C4H2, 
C4H2+ .C4H2, and C2N+ .C4H2 were observed to add a second 
molecule of diacetylene. The nature of the mechanism of 
stabilization of these adduct ions was not discerned and none of 
these reactions were studied systematically as a function of 

pressure. Also, no attempts were made to obtain structural 
information on the adduct ions, most of which may be cyclic 
or acyclic. In principle such information is available from 
comparative studies of ion reactivities. However, an elaborate 
experimental campaign would be required in practice to provide 
unequivocal results in this fashion. 

In a few instances some insight into pressure dependence and 
stabilization mechanism is available from comparisons with 
results of photoionization mass spectrometer and ICR measure- 
ments performed at much lower pressures. The observation of 
dissociation products instead of adduct formation for the fast 
reaction of C4H2+ with C4H2 in the ICR spectrometer (15, 16) 
implies collisional stabilization of the adduct at the moderate 
pressures of the SIFT apparatus. A similar situation appears to 
apply for the fast reaction of C6H2+ with C4H2, which has been 
shown to lead to dissociation in ICR experiments (16) and to 
adduct formation in photoionization mass spectrometer experi- 
ments at ca. 0.01 Torr (16). Adduct formation is the reaction 
also observed in the SIFT experiments. The situation for the 
fast reaction of C3H3+ with C4H2, which proceeds by adduct 
formation in the SIFT apparatus, is less clear. A similarly fast 
reaction has been observed with an ICR spectrometer for the 
linear isomer of C3H3+, but products were not elucidated (14). 

The diacetylene radical cation was observed to react pri- 
marily by addition to the molecules chosen for study, with the 
exception of hydrogen. The latter molecule failed to react with 
a measurable rate and this has implications for the lifetime 
of C4H2+ in environments rich in H2, such as dense inter- 
stellar clouds. With CO and C2N2, dissociative channels were 
observed, which lead to ions that, upon neutralization, allow 
for the growth of the carbon chain and the incorporation of a 
heteroatom. This is illustrated in the reaction sequences [12] 
and [13]. 

CO PT 
[12] C4H2+ 4 HC50+ + :C=C=C=C=C=O 

EIR 

PT 
[i31 c ~ H ~ +  '3 Hc5N+ 4 'CEC-CEC-CEN 

EIR 

The reaction of C4H2+ with C4H2, only slightly dissociative 
at the moderate pressures of the SIFT apparatus, becomes 
completely dissociative at low pressures (15) without changing 
its overall reaction efficiency and allows for growth of mole- 
cules with up to eight carbon atoms. The reaction with C2H2 
appears to have quite a different behaviour. Only adduct 
formation is observed, even at low pressures (18, 19). Also, 
there is some disparity of an unknown origin in the rate 
constants measured at moderate and low pressures. The SIFT 
rate constant is 2 to 3 times as large as those determined from 
measurements at low pressures. Recent ICR experiments have 
found the disappearance rate constant to be (3.3 X 0.8 ) X 

lo-'' cm3 molecule-' s-' and independent of pressure in the 
range from 2 x lop6 to 3 x lop5 ~ o r r  (18). Earlier trapped- 
ion measurements led to a rate constant of (2.3 + 0.3) X 

lo-'' cm3 molecule-' s-' at ca. Torr, which was also 
reported to be pressure independent (1 9). The pressure indepen- 
dence of the rate constant at low pressures has been rationalized 
both in terms of bimolecular radiative association (19) and in 
terms of saturated termolecular collisional association (18). The 
latter interpretation requires a lifetime for the C6H4+ collision 
complex in the millisecond regime. The actual mechanism of 
stabilization remains unresolved. 

There appears to be no previous information on the kinetics 
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of protonation of diacetylene. We have found that protonation 
occurs with considerable ease under our experimental condi- 
tions. The proton-transfer reactions that were observed all 
proceed essentially at the collision rate at room temperature. 
The occurrence of proton transfer with H2CN+ and the failure 
of proton transfer with CH30H2+ allow the proton affinity of 
diacetylene to  be  bracketed between the known proton affinities 
of HCN and CH30H.  The proton affinities available for these 
two molecules (20) yield a proton affinity for diacetylene of 177 
* 5 kcal mol-'. This value corresponds to  a heat of formation 
for C4H3+ of 305 + 5 kcal mol-', which agrees well with 
the value of 307 kcal mol-' that may be derived from the 
appearance potential for C4H3+ from vinylacetylene (12). The  
bracketed value for the proton affinity agrees with the results 
of bracketing measurements performed recently with the tech- 
niques of ICR and high pressure mass spectrometry (20). 
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Cyanothiolacetate as a masked P-hydroxyproprionitrile carbanion in Michael reactions1 
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HSING-JANG LIU and HLA WYNN. Can. J. Chern. 64, 649 (1986). 
A facile method for the introduction of a highly functionalized isopropyl unit, in the form of P-hydroxyproprionitrile or 

acrylonitrile, to the P carbon of an a,P-unsaturated ketone has been developed using S-tert-butyl cyanothiolacetate as a 
P-hydroxyproprionitrile equivalent in Michael reactions. 

HSING-JANG LIU et HLA WYNN. Can. J. Chern. 64, 649 (1986). 
On a dCveloppC une rnCthode facile d'introduction d'une unite isopropyle hautement fonctionalisCe, sous la forme d'un 

P-hydroxyproprionitrile ou d'acrylonitrile, au carbone P d'une cktone a,p-non saturke; la mCthode est basCe sur l'utilisation 
d'un cyanothiolacCtate de S-tert-butyle comme carbanion Cquivalent Bun P-hydroxypropionitrile dans des rkactions de Michael. 

[Traduit par la revue] 

Introduction 
One of the synthetically useful features of the thiolester group 

is its susceptibility to reduction with sodium borohydride to the 
alcohol level. This was first observed by Fujita and co-workers 
on the highly activated thiolesters derived from 2-mercapto- 
thiazoline (3). Later it was found that ordinary thiolesters could 
also be reduced in the same way (4). It was further shown 
that the thiolester group could be selectively reduced in the 
presence of other commonly encountered acid derivatives such 
as amide, ester, and nitrile (4). 

The ease of reduction of the thiolester group with sodium 
borohydride suggests a number of interesting possibilities for its 
use as a latent hydroxymethyl unit in synthesis, especially when 
such a unit, with or without protection, cannot be directly 
involved in a desired transformation. In a recent report (1), we 
described a convenient approach to P-hydroxypropionitrile and 
acrylonitrile derivatives involving alkylation or Knoevenagel- 
type reactions of cyanothiolacetate as the initiating step. As 
illustrated in Scheme 1, the synthetic approach is greatly 

0 R' 0 R' 
1 1  I 1 1  NaBH4 1 

NCCH2CSR + NCC-CSR NCFCH20H 

facilitated because of the ability of the thiolester group present 
in the starting material to serve both as an activating group for 
the carbon-carbon bond formation and as a convenient source 
of hydroxymethyl moiety. The overall transformation can be 
considered as the replacement of one to two a-protons of 
P-hydroxypropionitrile (or acrylonitrile) by electrophiles using 
cyanothiolacetate as a P-hydroxypropionitrile carbanion equi- 
valent. 

The use of cyanothiolacetate as a convenient source of a 
masked P-hydroxypropionitrile carbanion has a considerable 
potential in organic synthesis. One interesting application is in 
its use as a Michael donor to facilitate the introduction of a 
highly functionalized isopropyl unit to the P-carbon of an 

'~h io l  esters in organic synthesis, Part XIII. For Parts XI and XI1 
of this series, see refs. 1 and 2 respectively. 

a,P-unsaturated ketone. This process, which is described 
herein, is expected to have broad utility in the synthesis of 
natural products, especially those of isoprene origin. 

Results and discussion 
A. Michael reactions of cyanothiolacetates 

Three cyanothiolesters (benzyl (I) ,  tert-butyl (2), and ethyl 
(3)) were examined. These compounds were readily prepared 
from the corresponding thiols and cyanoacetic acid according to 
the reported procedure (5). S-Benzyl cyanothiolacetate (1) was 
initially used but exploration on this compound was very brief 
due to its instability. On the other hand, cyanothiolester 2, 
which was used extensively throughout this work, was shown 
to be stable and could be stored at room temperature for a 
prolonged period of time. In the large-scale preparation, this 
thiolester was purified first by distillation at 100°C/2 Torr 
(1 Torr = 133.3 Pa). The distillate was then chromatographed 
on silica gel as described (5). S-Ethyl cyanothiolacetate (3), bp 
100°C/4 Torr, was purified in a similar manner. 
1,4-Diazabicyclo[2.2.2]octane (DABCO), which was found 

to be a highly effective base to induce Michael reactions of 
P-keto thiolesters (6) and S,S1-diethyl dithiomalonate (7), was 
used initially for the present studies. The experimental results 
obtained for the addition of thiolester 2 to five a,P-unsaturated 
ketones are summarized in Table 1. These results showed that 
DABCO was only effective in a limited number of cases 
(Entries 1, 6, and 7). In most cases, however, the yields of 
adducts were rather disappointing (Entries 8- 12) and occasion- 
ally bis-addition was observed (Entry 12). 

In search of adequate conditions for the Michael reaction, 
we have examined a series of tertiary amine bases including 4- 
dimethylaminopyridine (DMAP), ethyldiisopropylamine (Hunig's 
base), N,N-dimethylaniline, pyridine, and imidazole. Apart 
from S- tert-butyl cyanothiolacetate (2), the corresponding ethyl 
derivative 3 was also used as a Michael donor. As shown by the 
experimental results compiled in Table 2, none of the amines 
applied was particularly effective. Consequently, alternative 
methods were sought. In the subsequent studies thiol ester 2 was 
used exclusively, since thiol ester 3 was shown, in spite of its 
smaller size, to be inferior as a Michael donor (cf. Table 1, 
Entry 1 and Table 2, Entry 2). 

Generally, in Michael reactions in which the donor can also 
serve as a good leaving group, the rate-limiting step in which the 
new carbon-carbon bond is formed is reversible. The position 
of the equilibrium depends, to a large extent, on the stability of 
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TABLE 1. Michael reactions of  thiolester 2 using D A B C O  as a base" 

Equiv. Equiv. 
Entry Enone (equiv.) of 2 of DABCO Time (h) ~ r o d u c t ( s )  % Yieldc 

$ (I, 1 .2  

"Unless otherwise stated, these reactions were performed in DME at room temperature. 
bAll these products were obtained as diastereomeric mixtures. 
'Yields were calculated on the basis of the yield-limiting reactant. 
dThis reaction was canied out in refluxing ether. 
'These reactions were canied out in THF. 

the intermediate enolate ion (8). In principle, the equilibrium 
could be shifted to the side of product formation by trapping 
the intermediate enolate ion with an adequate electrophile. As 
shown in Scheme 2, one such electrophile could be chlorotri- 
methylsilane, which is expected to react with the enolate ion 
rapidly to give a stable silyl en01 ether that could then be 
converted to the desired ketone. Based on this principle, 
a general method for the Michael reaction was developed. 
Initially, the Michael reaction of thiolester 2 and 2-cyclohexen- 
1-one was examined in DME at room temperature in the 
presence of imidazole and chlorotrimethylsilane. The results 
were promising but not highly satisfactory. After a number of 
trials and modifications, it was found that the best results were 

obtained by the use of sodium hydride as a base, chlorotri- 
methylsilane as a trapping agent, and benzene as a solvent. 
By the use of this combination, a number of reactions were 
successfully explored. Results are compiled in Table 3. 

In a typical experiment, thiolester 2 (1 equiv.) was treated 
with 1.2 equiv. of 2-cyclohexen-1-one, 0.9 equiv. of chlorotri- 
methylsilane, and 1.5 equiv. of sodium hydride in benzene at 
room temperature for 17 h. An 86% yield of adduct 4 was 
isolated after standard aqueous work-up and purification. In this 
case and two other cases (Entries 7 and 10) the normal work-up 
was found to be sufficient to generate the ketone carbonyl from 
the corresponding en01 ether. In other cases (Entries 2-6,8, and 
9), however, the silyl en01 ether moiety was shown to be rather 
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LIU AND WYNN: I 

TABLE 2. Michael reactions using different tertiary amine basesa 

Thiolester 
Entry Enone (equiv.) (equiv.) Base (equiv.) Time (h) Product % Yield 

DMAP 
(1.5) 

DABCO 
(1.2) 
Hunig's base 
(1.2) 
Imidazole 
(1.5) 
N,N-Dimethylaniline 
(1.2) 
Pyridine 
(1.2) 

DMAP 
(1.2) 

DABCO 
(1.2) 

DM AP 
(1.2) 

DABCO 
(1.2) 

kc. 
OSEt 

12 

12 

12 

12 

b 

b 

7 

7 

10 

10 

"All these reactions were performed in DME and at room temperature. 
bNo reaction. 

stable and a brief treatment (10 min) of the crude product with 
potassium fluoride in methanol was necessary to secure the 
desired product. 

During the studies, it was also noted that it was important to 
keep the amount of the trapping agent slightly less than that of 
the thiolester. In a number of experiments, when an excess of 

I 

COSR 

noteworthy. Whereas all the products possessing two or more 
chiral centers were obtained as mixtures of diastereomers, 
adducts 13 and 14 were produced, surprisingly, each as a single 
stereoisomer. Each compound displayed a single set of signals 
in the ' Hmr spectrum as well as in the 13cmr spectrum. Another 
noteworthy case is the addition of thiolester 2 to methyl vinyl 
ketone (Entry lo), a highly reactive Michael acceptor. The best 
yield obtained for the adduct 15 was 48%, when the reaction 
was carried out in benzene at 10°C for 3 h. The low yield 
was partly due to the formation of a by-product, which was 
characterized as a diastereomeric mixture of compound 16. This 
compound was apparently formed via bis-addition product 17, 

0SiMe3 involving an intramolecular aldol process. In order to suppress 

Me3SiCl , ;.iN - the formation of this bis-product, as well as to improve the yield 
of adduct 15, the reaction was performed in toluene at low 
temperatures (-40°C and -60°C). Contrary to our expectation, 
the yields obtained for the desired product were lower and an 

COSR COSR increasing amount of compound 16 to the extent of 34% yield 
SCHEME 2 was obtained. 

chlorotrimethylsilane was used, the desired product was not 
formed.' 

Of the results shown in Table 3, three cases are particularly a 8 
'TO account for this observation, it is very likely that chlorotri- 

methylsilane reacts first with the thiolester and the resulting silvl en01 - .  
ether-is the effective trapping agent. 16 17 
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TABLE 3. Michael reactions of thiolester 2 using sodium hydridea in the presenceb or absence of chlorotrimethylsilane 

With chlorotrimethylsilane Without chlorotrimethylsilane 

Equiv. Time Temp. Time Temp. 
Entry Enone (equiv.) of 2 (h) ("C) Product % Yield (h) ("C) Product % Yield 

"The amount of sodium hydride used was 1.5 equiv. based on thiolester 2. 
*The amount of chlorotrimethylsilane used was 0.9 equiv. based on thiolester 2. 
'Room temperature. 
dToluene was used as a solvent. 
eNo reaction. 

The reactions of thiolester 2 with P,P-disubstituted enones no detectable amount of adduct was produced. These two types 
such as 3-methyl-2-cyclohexen- 1 -one (Entry 11) and a ,P-  of enones are known to be poor Michael acceptors, whichdo not 
disubstituted enones such as 3-methyl-3-penten-2-one and usually undergo addition reaction with Michael donors of low 
2-methyl-2-cyclohexen-1-one (Entries 12 and 13) were also nucleophilicity, such as malonic acid derivatives (9). Our case 
examined using the described conditions. In all of these cases, was no exception. 
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LIU AND WYNN: 1 

TABLE 4. Ketalizationa and reductionb of Michael adducts 

Ketalization Reduction 

Time Equiv. of Time Overall 
Entry Adduct (h) Product NaBH4 (h) Product % yield 

"These reactions were performed using ethylene glycol (10 equiv.) and p-toluenesulfonic acid (0.1 equiv.) in 
refluxing benzene. 

bAll the reactions were run at room temperature. 

Table 3 also summarizes the results of several Michael 
reactions carried out under similar conditions in the absence of 
chlorotrimethylsilane. These experiments were performed in 
order to determine whether chlorotrimethylsilane indeed played 
a role in assisting the Michael reaction. An examination of the 
results reveals that, although in several cases (Entries 1, 4, 5, 
and 7) the yields of adducts were comparable, in other cases 
(Entries 2, 8 and 9) the adducts were obtained in substantially 
better yields when chlorotrimethylsilane was present. 

Standard conditions for Michael reaction of analogous donors 
such as dialkyl malonate often involve the combination of a 
base, such as hydroxide and alkoxide, and a protic solvent, such 
as water and alcohol (10, 11). These conditions are apparently 
inadequate for the cyanothiolester under investigation, since the 
thiolester group is labile toward these strongly nucleophilic 
reagents. Experimentally, this was proven to be true. When the 
addition of cyanothiolester 2 to 4,4-dimethyl-2-cyclohexen- 
1-one was attempted in ethanol with potassium hydroxide at 
room temperature, adduct 14 was obtained in a poor yield of 
19%. 

B. Conversion of Michael adducts to P-hydronypropionitrile 
and acrylonitrile derivatives 

Since the ketone carbonyl is more reactive towards sodium 
borohydride than the thiolester carbonyl, its protection was 
necessary prior to the selective reduction of the latter functional 

group. In all the cases examined, the protection was readily 
achieved in the form of a ketal using standard ketalization 
conditions. Thus, treatment of adduct 4 with ethylene glycol in 
refluxing benzene in the presence of p-toluenesulfonic acid with 
continuous removal of water gave ketal 18 in virtually quanti- 
tative yield. Subsequent reduction of ketal 18 with sodium 
borohydride in ethanol at room temperature gave rise to the 
desired alcohol 19 in 90% yield over two steps (Table 4, Entry 
1). Under similar conditions, four additional Michael adducts 
were ketalized and reduced to give the desired.keta1 alcohols 
in good overall yields. Particulars of these experiments are 
summarized in Table 4, Entries 2-5. 

The conversion of ketal alcohols to the corresponding 
acrylonitriles was equally straightforward. Two methods were 
found to be readily applicable. Direct dehydration of ketal 
alcohol 19 with 1,3-dicyclohexylcarbodiimide (DCC) in reflux- 
ing ether in the presence of a trace amount of cuprous chloride 
(1, 12) proceeded smoothly to give a 79% yield of acrylonitrile 
derivative 28 (Table 5, Entry 1). 

Ketal alcohol 21 was converted by two different methods 
into acrylonitrile derivative 29. Direct dehydration with DCC 
gave a 60% yield of the latter compound (Entry 2). Indirectly, 
mesylation of 21 with methanesulfonyl chloride and triethylamine 
in dichloromethane at room temperature, followed by treatment 
of the resulting mesylate with 1,8-diazabicyclo[5.4.O]undec- 
7-ene (DBU) in refluxing benzene, gave the same compound in 
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TABLE 5. Dehydration of ketal alcohols 

Ketal Time 
Entry alcohol Methoda (h) Product % Yield 

32 

"Method A: A direct dehydration using DCC (1 .5 equiv.) and a trace amount 
of copper(1) chloride in refluxing ether. Method B: A two-step procedure 
involving mesylation using methanesulfonyl chloride and triethylamine, fol- 
lowed by elimination with DBU in refluxing benzene. 

bThe time for mesylation was 24 h and the time required for elimination was 
50 min. 

comparable yield (Entry 3). Table 5 also summarizes the results 
obtained for the conversions of 23 + 30,25 + 31, and 27 + 32 
(Entries 4-6). 

Having successfully completed the investigation on the con- 
version of Michael adducts to P-hydroxypropionitrile deriva- 
tives and, further, to acrylonitriles, the removal of the ketal 
protecting group was examined. Experimental results showed 
that the deprotection could be readily achieved without destruc- 
tion of the rather labile acrylonitrile moiety. When exposed to 
p-toluenesulfonic acid in acetone at room temperature, both 
compounds 28 and 31 were found to undergo transketalization 
smoothly to give ketones 33 (81% yield) and 34 (97% yield) 
respectively. 

In conclusion, cyanothiolacetate 2 was shown to undergo 
Michael reaction with conjugated enones. The thiolester group 

of the products could be selectively reduced, after proper 
protection of the ketone carbonyl, with sodium borohydride to 
the alcohol level. Hence, a highly functionalized isopropyl unit 
in the form of P-hydroxypropionitrile could be easily introduced 
to the P-carbon of a conjugated enone, utilizing cyanothiolace- 
tate as a masked P-hydroxypropionitrile carbanion equivalent. 
Furthermore, the P-hydroxypropionitrile group was readily 
dehydrated either directly with DCC or indirectly via a two- 
step sequence involving mesylation and elimination. Hence, 
cyanothiolacetate can also be conveniently used as a masked 
acrylonitrile unit in Michael reactions. 

Experimental 
General 

Melting points were determined on a Kofler hot stage apparatus and 
are uncorrected. Elemental analyses were performed by the micro- 
analytical laboratory of this department. Infrared (ir) spectra were 
recorded on a Perkin-Elmer model 457 or Nicolet 7-199 FT-IR 
spectrophotometer. Unless otherwise stated, ir samples were run as 
thin films. Proton nuclear magnetic resonance ('Hmr) spectra were 
recorded on a Varian HA-100, HA-100/Digilab, Bruker WH-80, 
WH-200, or WH-400 spectrometer and, except where otherwise 
stated, were obtained on solutions in deuterochloroform with tetra- 
methylsilane as internal reference. Carbon-13 nuclear magnetic reso- 
nance (I3Cmr) spectra were recorded on a Bruker HF-90/Nicolet 
1085 system or a Bruker WH-200 or WH-400 spectrometer and were 
obtained on solutions in deuterochloroform using tetramethylsilane as 
internal reference. Mass spectra (ms) were recorded using A.E.I. 
model MS9, MS12, or MS50 mass spectrometers. Silica gel, 0.040- 
0.063 mm particle size, 230-400 mesh ASTM, was used as adsorbent 
for flash chromatography, and silica gel, 60-120 mesh, was used 
as adsorbent for column chromatography. Unless otherwise stated, 
anhydrous magnesium sulfate was used for drying organic solutions. 

Michael reactions of cyanothiolacetates 2 and 3 with a, P-unsaturated 
ketones 

The reactions were carried out using the general procedures illus- 
trated below with 2-cyclohexen-1-one. Details of each reaction, such 
as temperature, time, yield, and relative quantities of reagents and 
reactants, are noted in Tables 1-3. 

A. Using tertiary amine as a base 
At O°C, to a solution of S-terr-butyl cyanothiolacetate (2) (500 mg, 

3.18 mmol) in DME (10 mL), were added DABCO (357 mg, 
3.18 mmol) and 2-cyclohexen-1-one (0.26 mL, 2.65 mmol). After 
stirring at room temperature under an argon atmosphere for 36 h, the 
reaction mixture was poured into ice-cold 1 N aqueous hydrochloric 
acid (20 mL) and extracted with chloroform (4 X 20 mL). The extracts 
were washed with saturated aqueous sodium chloride, dried, filtered, 
and concentrated. Chromatography of the residue on silica gel, eluting 
with 10% ethyl acetate in petroleum ether, gave adduct 4 (410 mg; 
61% yield) as a mixture of two diastereomers (ca. 1:l); ir (CHC13): 
1677 (thiolester C=O), 17 15 (ketone C=O), and 2240 (CGN) cm-I; 
'Hmr 6: 1.50 (s, 9H, -C(CH3)3), 3.45 (d, -0.5H, J = 6 HZ, 

I I 
-CHCN of one isomer), and 3.60 (d, -0.5H, J = 4 Hz, -CHCN 
of another isomer); ms M': 253.1137 (calcd. for CI3Hl9NO2S: 
253.1136). Anal. calcd. for C13H19N02S: C 61.63, H 7.56, N 5.53, 
S 12.65; found: C 61.38, H 7.75, N 5.28, S 12.46. 

B.  Using sodium hydride as a base in the presence of chloro- 
trimethylsilane 

Cyanothiolester 2 (348mg, 2.21 mmol) was dissolved in benzene 
(8 mL) and stirred at -5OC under an argon atmosphere. Chlorotri- 
methylsilane (0.22 mL, 1.73 mmol), 2-cyclohexen-1-one (0.25 mL, 
2.56 mmol), and sodium hydride (50% dispersion in oil; 154 mg, 
3.2 mmol) were sequentially added and the reaction mixture stirred for 
17 h at room temperature. The reaction was worked up as in method A 
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LIU AND WYNN : I 655 

and the crude product3 purified by flash chromatography on silica gel 
(20% ethyl acetate - petroleum ether) to give adduct 4 (478 mg; 86% 
yield). 

C. Using sodium hydride as a base in the absence of chlorotri- 
methylsilane 

Cyanothiolester 2 (92 mg, 0.58 mmol) was dissolved in benzene 
(8 mL) and stirred at -5OC under an argon atmosphere. Sodium 
hydride (50% dispersion in oil; 28 mg, 0.58 mmol) was introduced, 
followed by addition of 2-cyclohexen-1-one (0.07 mL, 0.7 mmol). 
After stirring for 22 h at room temperature, the mixture was worked 
up as in method A. Purification of the crude product by column 
chromatography on silica gel (20% ethyl acetate - petroleum ether) 
gave adduct 4 (1 32 mg; 90% yield). 

The adducts 7-16 showed the following data: 
Adduct 7: mp 81-85°C (benzene - petroleum ether); ir (CHC13): 

1675 (thiolester C=O), 1730 (ketoneC=O), and 2240 (C=N) cm-I; 
' ~ m r  6: 1.52 and 1.54 (both s, - 1: 1, total 9H, -C(Ch,),), 3.54, 

I 
3.64 (both d, -1:1, 1H total, J  = 10 Hz each, -&HcN), and 6.20 
(br s, 2H, -CH=CH-); ms M+: 303.1292 (calcd. forCI7HZINO2S: 
303.1293). Anal. calcd. for C17H21N02S: C 67.30, H 6.98, N 4.62, 
S 10.57; found: C 67.48, H 7.15, N 4.48, S 10.31. 

Adduct 8: mp 42-43°C (benzene - petroleum ether); ir: 1685 
(thiolester C=O), 1725 (ketone C=O), and 2260 (CEN) cm-'; ms 
M': 241.1138 (calcd. for CI2Hl9NO2S: 241.1136). Anal. calcd. for 
CI2HI9NO2S: C 59.72, H 7.94, N 5.81, S 13.26; found: C 59.64, 
H 7.95, N 5.71, S 13.09. The 'Hmr spectrum displayed two sets of 
signals in a ratio of 2: 1, indicating the presence of two diastereomers. 
The following signals were attributed to the major isomer: 6 1.07 

I 
I 

(d, 3H, J  = 6 HZ, CH3CH-), 1.54 (s, 9H, -C(CH3)3), 2.28 (s, 3H, 
I 

CH3CO-), and 3.90 (d, lH, J  = 4 Hz, -CHCN). The following 
signals were attributed to the minor isomer: 6 1.13 (d, 3H, J  = 6 Hz, 

I 
CH3CH-), 1.49 (s, 9H, -C(CH3),), 2.12 (s, 3H, CH3CO-), and 

I 
3.52 (d, J = 6 Hz, -CHCN). 

Adduct 9: mp 57-60°C (crystallized on standing); ir (CHCI3): 1679 
(thiolester C=O), 1747 (ketone C=O), and 2250 (C=N) cm-'; 
'Hmr 6: 1.50 (s, 9H, -C(CH3)3), 3.60 (d, -0.5H, J  = 7 Hz, 

I I 
-CHCN of one isomer), and 3.67 (d, -0.5H, J  = 5 Hz, -CHCN 
of another isomer); ms M+: 239.0980 (calcd. for CI2Hl7NO2S: 
239.0980. 

Adduct 10: mp 65569°C (crystallized on standing); ir: 1675 
(thiolester C=O), 1740 (ketone C=O), and 2240 (C=N) cm-' ; 
'Hmr 6: 1.50 (s, 9H, -C(CH3)3), 3.68 (dd, -0.5H, J  = 8, J' = 6 Hz, 

I 
-CHCN of one isomer), and 4.00 (dd, -0.5H, J = 9, J' = 5 Hz, 

I 
-CHCN of another isomer); ms M+: 279.1290 (calcd. for C15H21N02S: 
279.1293. Anal. calcd. for C15H21N02S: C 64.48, H 7.58, N 5.02, 
S 11.45; found: C 64.55, H 7.63, N 4.93, S 11.23. 

Adduct 11: mp 58-60°C (crystallized on standing); ir: (CHCI3): 
1670 (thiolester C=O) and 1740 (2 x ketone C=O) cm-' ; ' ~ m r  6: 
1.50 (s, 9H, -C(CH3)3) and 1.7-3.1 (complex, 22H); ms M+: 
401.2020 (calcd. for C23H31N03S: 401.2025. 

Adduct 12: ir: 1675 (thiolester C=O), 1710 (ketone C=O), and 
2240 (C=N) cm-'; 'Hmr 6: 1.34 (t, 3H, J  = 8 Hz, CH3CH2), 3.02 

3 ~ o r  compounds 7,  8, 9, 13, and 14, the crude product was further 
treated with an equal amount (by weight) of potassium fluoride in 
water-methanol (1:2; 100 mL per each gram of the crude product) at 
room temperature for 10 min. This was followed by acidification with 
1 N aqueous hydrochloric acid, extraction with chloroform, and work- 
up of the extracts in the usual manner. 

I 
(q, 2H, J  = 6 Hz, CH3CH2-), 3.62 (d, -0.5H, J  = 5 HZ, -CHCN 

I 
of one isomer), and 3.74 (d, -0.5H, J  = 4 Hz, -CHCN of another 
isomer); ms M+ : 225.0824 (calcd. for CllHl5NO2S: 225.0823. 

Adduct 13: ir (CHCI3): 1680 (thiolester C=O), 1710 (ketone 
C=O), and 2260 (CEN) cm-I; 'Hmr 6: 1.06 (d, 3H, J  = 7 Hz, 

I 
CH3CH-), 1.54 (s, 9H, -C(CH3)3), and 3.44 (d, lH,  J  = 5.5 Hz, 

I 
-~HcN); " ~ m r  6: 209.2, 190.4, 114.9, 51.5, 50.6, 45.6, 44.5, 
40.4,33.4,29.5,27.9, 14.1; ms Mf  : 267.1290 (calcd. for ClJ-121N02S: 
267.1293). Anal. calcd. for C14H21N02S: C 62.89, H 7.92, N 5.24, 
S 11.97;found:C62.72,H 8.10,N5.12,  S 11.59. 

Adduct 14: mp 74-77°C (benzene in petroleum ether); ir 1680 
(thiolester C=O), 1710 (ketone C=O), and 2250 (CEN) cm-'; 

I 

'Hmr 6: 1.14, 1.22 (both s, 3H each, -~(CH,),),  and 3.74 (d, lH, 
I 

J =  2Hz,-CHCN); 13~mr6:208 .3 ,  191.2, 115.4,50.6,46.8,46.6, 
40.1 (2x),37.7,33.4,29.5,28.9, 19.9;msM+:281.1444(calcd.for 
C15H23N02S: 281.1449). Anal. calcd. for C15H23N02S: C 64.02, 
H8.24, N4.98, S 11.37; found: C63.82, H8.26, N4.93, S 11.35. 

Adduct 15: ir 1685 (thiolester C=O), 1718 (ketone C=O), and 
2250 ( C s N )  cm-'; 'Hmr 6: 1.50 (s, 9H, -C(CH3)3), 2.14 (s, 3H, 
CH3CO-), 2.63 (t, 2H, J  = 7 Hz, -CH2CO-), and 3.62 (dd, 

I 
lH, J  = 8, J' = 6Hz,  -CHCN); ms M+: 227.0975 (calcd. for 
Cl lH17N02S: 227.0980). 

Adduct 16: ir: 1680 (thiolester C=O), 1710 (ketone C=O), 2240 
(CEN), and 3500 (-OH) cm-'; ms M+ 297.1391 (calcd. for 
C15H23N03S: 297.1399). The ' ~ m r  spectrum displayed two sets of 
signals in a ratio of 4: 1. The following signals were attributed to the 
majordiastereomer: 6 1.18 (s, 3H, -CH3), 1.50(s, 9H, -C(CH3)3), 
and 2.19 (s, 3H, -COCH3). The following signals were attributed to 
the minor isomer: 6 1.25 (s, 3H, -CH3), 1.52 (s, 9H, -C(CH3)3), 
and 2.16 (s, 3H, -COCH3). 

Ketalization and selective reduction of Michael adducts 4 and 7-10 
The reactions were carried out using the general procedures illus- 

trated below with adduct 4. Reaction time and yield of individual 
reactions are noted in Table 4. 

Ketone 4 (501 mg, 1.98 mmol) was dissolved in benzene (40 mL). 
Ethylene glycol (1.23 g, 19.8 mmol) and p-toluenesulfonic acid 
monohydrate (36 mg, 0.2 mmol) were added. The reaction flask was 
fitted with a Dean-Stark water separator charged with type 3A 
molecular sieves in the take-off arm. The reaction mixture was heated 
at reflux for 7 h under an argon atmosphere and then cooled to room 
temperature. Saturated aqueous sodium bicarbonate solution (10 mL) 
was added and the resulting solution extracted with dichloromethane 
(4 X 20 mL). The extracts were washed with saturated aqueous sodium 
chloride, dried, filtered, and concentrated to afford ketal 18 (596 mg); 
ir (CHC13): 1050- 1 100 (C-O), 1678 (C=O), and 2240 ( C r N )  cm- ' ; 
' ~ m r  6: 1.50 (s, 9H, -C(CH3)3), 3.45, 3.49 (both d, 1H total, J  = 

7 Hz each, -CHCN), and 3.95 (br s, 4H, -OCH2CH20-); ms M+ : 
297.1409 (calcd. for C15H23N03S: 297.1399). Anal. calcd. for 
C I Z H ~ ~ N O ~ S :  C 60.58, H 7.80, N 4.71, S 10.76; found: C 60.52, 
H 7.76, N 4.65, S 10.88. 

Ketal 18 (248 mg, -0.84 mrnol) was dissolved in absolute ethanol 
(5 mL) and sodium borohydride (124 mg, 3.26 rnrnol) was added. The 
reaction mixture was stirred under an argon atmosphere at room 
temperature for 1 h. It was then poured into ice-cold saturated aqueous 
ammonium chloride solution (20mL) and extracted with dichloro- 
methane (4 x 20mL). The extracts were washed with saturated 
aqueous sodium chloride solution, dried, filtered, and concentrated. 
The crude material was purified by column chromatography on silica 
gel (50% ethyl acetate - petroleum ether) to give a mixture of 
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diastereomeric alcohols 19 (163 mg; 90% yield from 4); ir 2240 
(C=N) and 3400-3500 (-OH) cm-'; 'Hmr 6: 2.80 (m, lH,  

I 
-CHCN), 3.82,3.86 (both d, 1H each, J = 6 Hz each; -CH20H), 
and 3.95 (m, 4H, -OCH2CH20-); ms M+: 211.1209 (calcd. for 
CllHI7NO3: 211.1208). 

Compounds 20-27 displayed the following physical data: 
Ketal20: u 1680 (C=O) and 2260 (C=N) cm-I; 'Hmr 6: 1.49, 

1.54 (both s, 9H total, -C(CH3)3), 3.60, 3.65 (both d, 1H total, J = 

I 
10Hz each, -CHCN), 3.90 (br s, 4H, -OCH2CH20-), and 6.20 
(m, 2H, -CH=CH-); ms M+: 347.1557 (calcd. for CI9Hz5NO3S: 
347.1555). 

Alcohol 21: ir: 2260 (C=N) and 3400-3500 (-OH) cm-' ; 'Hmr6: 
3.80 (m, 2H, -CH20H), 3.90 (m, 4H, -OCH2CH20-), and 6.20 
(m, 2H, -CH=CH-); ms M+: 261.1366 (calcd. for Cl5HI9NO3: 
261.1365). 

Ketal22: u 1680 (C=O) and 2250 (CEN) cm-'. Anal. calcd. for 
CI4Hz3NO3S: C 58.92, H 8.13, N 4.91, S 11.21; found: C 59.00, 
H 8.16, N 4.83, S 11.04. The following 'Hmr data were attributed to 

I 
the major isomer: 6 1.10 (d, 3H, J = 7 Hz, CH3CH-), 1.36 (s, 3H, 

I 

I 
I 

and 4.26 (d, lH, J = 4 Hz, -CHCN). The following 'Hmr data were 
I 

attributed to the minor isomer: 6 1.22 (d, 3H, J = 7 Hz, CH3CH-), 

1.36 (s, 3H, CH3CO-), 1.52 (s, 9H, -C(CH3)3), 3.60 (d, lH,  J = 

I 
I 

4Hz, -CHCN), and 3.90 (br s, 4H, -OCH2CH20-). 
Alcohol 23: ir: 2260 (C=N) and 3400-3500 (-OH) cm-'; ms 

m/e: 184.0973 (M+ -15; calcd. for C9HI4NO3: 184.0974). The 
following 'Hmr signals were attributed to the major isomer: 6 1.10 

I I 
(d, 3H, J = 6 HZ, CH3CH-), 1.32 (s, 3H, CH3CO-), 1.74 (d, 2H, 

J = 8 Hz, -CH,CO-), 3.14 (td, lH,  J = 7, J' = 5 Hz, -CHCN), 
I 

3.80 (dd, 2H, J '= 7, J' = 6Hz,  -CHIOH), and 3.97 (s, 4H, 
-OCH2CH20-). The following 'Hmr data were attributed to the 

I 
minor isomer: 6 1.20 (d, 3H, J = 8 Hz, CH3CH-), 1.32 (s, 3H, 

I I 
CH3CO-), 1.82 (d, 2H, J = 9 HZ, -CH2CO-), 3.14 (td, lH,  J = 

7, J' = 5 Hz, -CHCN), 3.80 (dd, 2H, J = 7, J' = 6 Hz, -CH20H), 
and 4.00 (s, 4H, -OCH2CH20-). 

Ketal 24: ir: 1050-1 100 (C-0), 1680 (C=O), and 2260 (C- 
N) cm-'; 'Hmr 6: 1.50 (s, 9H, -C(CH3)3), 3.60 (d, -0.5H, J = 

I I 
7 Hz, -CHCN of one isomer), 3.67 (d, -0.5H, J = 4 Hz, -CHCN 
of another isomer), and 3.95 (br s, 4H, -OCH2CH20--); ms M+: 
283.1239 (calcd. for C14H21N03S: 283.1242). 

Alcohol 25: u 2260 (C=N) and 3400-3500 (-OH) cm-I ; ' ~ m r  6: 
I 

2.75 (m, 2H, -CHCN and -OH), 3.80 (d, 2H, J = 6Hz,  
-CHIOH), and 3.90 (m, 4H, -OCH2CH20-); ms M+: 197.1043 
(calcd. for CloHI5NO3: 197.1052). 

Ketal 26: ir: 1680 (C=O) and 2260 (C=N) cm-' ; 'Hmr 6: 1.50 

(s, 9H, -C(CH3)3), 3.50 (m, lH, -CHCN), and 3.90 (m, 4H, 
-OCHICH~O-); ms M+: 323.1558 (calcd. for CI7Hz5NO3S: 
323.1555). 

Alcohol 27: ir: 2250 (C=N) and 3400-3500 (-OH) cm-' ; IHmr 6: 
I 

2.50(brs, 1H,-OH),2.70(m, 1H,-CHCN),3.76(dd,2H, J =  6, 
J' = 2 Hz, -CH20H), and 3.86 (m, 4H, -OCH2CH20-); ms M+ : 
237.1359 (calcd. for CI3Hl9NO3: 237.1365). 

Dehydration of alcohols 19,  21,  23,  25,  and 27 
The dehydration reactions were carried out using the general 

procedures illustrated below with alcohol 21. Time of reactions and 
yields of products are noted in Table 5. 

A. Direct dehydration 
Alcohol 21 (291 mg, 1.11 mmol) was dissolved in ether (5 mL). 

DCC (342 mg, 1.67 mmol) was introduced, followed by addition of a 
small amount of copper(1) chloride (15 mg). The mixture was heated at 
reflux for 48 h under an argon atmosphere, cooled to room temperature, 
and filtered. Concentration of the filtrate gave a residue which was 
dissolved in n-pentane, filtered, and concentrated. The crude product 
was purified by flash chromatogfaphy on silica gel (20% ethyl acetate - 
petroleum ether) to afford ketal olefin 29 (165 mg; 60% yield); u 1080 
(C-0), 1630 (C=C), and 2220 (C=N) cm-I; 'Hmr6: 3.92 (m, 4H, 
-OCH2CH20-), 5.76 (d, lH,  J = 2Hz,=CHH), 5.86(brs, lH,  
=CHH), 6.10 (dd, 1 H, J = 6, J' = 4 Hz, -CH=), and 6.34 
(dd, lH, J = 6, J' = 3 Hz, -CH=); I3cmr 6: 138.4, 132.3, 132.1, 
128.8, 126.5, 115.4, 92.1, 64.5, 64.0, 55.1, 53.2, 50.8,44.8,44.7, 
43.6; ms M+: 243.1256 (calcd. for CI5Hl7NO2: 243.1259). Anal. 
calcd. for CI5Hl7NO2: C 74.04, H 7.05, N5.76; found: C74.06, 
H7.20, N5.59. 

B . Indirect dehydration 
Alcohol 21 (249 mg, 0.95 mmol) was dissolved in dichloromethane 

(10 mL). Methanesulfonyl chloride (0.22 mL, 2.85 mmol) and tri- 
ethylarnine (0.66 mL, 4.75 mmol) were added and the mixture stirred 
for 24 h at room temperature under an argon atmosphere. The resulting 
solution was evaporated to dryness in vacuo and the residue dissolved 
in benzene (5 mL). DBU (0.5 mL) was introduced and the solution 
refluxed for 50 min under an atmosphhere of argon. It was then cooled 
to room temperature, poured into 1 N aqueous hydrochloric acid 
(30mL), and extracted with dichloromethane (4 X 20mL). The 
extracts were washed sequentially with water, saturated aqueous 
sodium carbonate, and saturated aqueous sodium chloride, dried, 
filtered, and concentrated. Flash chromatography of the residue on 
silica gel (20% ethyl acetate - petroleum ether) afforded ketal olefin 29 
(135 mg; 58% yield from alcohol 21). 

Ketal olefins 28 and 30-32 showed the following physical data: 
Ketal olefin 28: ir: 1080 (C-0) and 2220 (C=N) cm-'; 'Hmr 6: 

3.95 (s, 4H, -OCH2CH20-), 5.70 (d, lH,  J = 2 Hz, =CHH), and 
5.82 (brs, lH, =CHH); ms M+: 193.1102 (calcd. for CIIHI5NO2: 
193.1103). 

Ketal olefin 30: ir: 1050-1 100 (C-0), 1630 (C=C), and 2220 
I 

(C=N) cm-'; ' ~ m r  6: 1.20 (d, 3H, J = 7 Hz, CH~CH-), 1.36 
I 

(s, 3H, CH3CO-), 3.96 (s, 4H, -OCH2CH20-), 5.70, and 5.78 
I 

(both d, 1H kach, J = 2 Hz each, =CHI); ms mle: 166.0868 (M+ 
- 15; calcd. for C9HI2NO2: 166.0868). 

Ketal olefin 31: ir: 11 10 (C-0) and 2220 (C=N) cm-'; 'Hmr 6: 
3.94 (s, 4H, -OCH2CH20-), 5.75 (d, lH,  J = 2 HZ, =CHH), 5.83 
(br s, lH, =CHH); ms m/e: 127.0759 (M+ -52;calcd. forC7HI1O2: 
127.0759). 

Ketal olefin 32: ir: 1120 (C-0), 1620 (C=O), and 2238 
(C=N) cm-'; 'Hmr 6: 3.80 (m, 4H, -OCH2CH20-), 5.78, and 
5.86 (both br s, 1H each, =CH2); ms M+: 219.1262 (calcd. for 
Cl3HI7NO2: C71.19, H 7.82, N 6.39; found: C 71.06, H 7.93, N 6.23. 

Deketalization of ketal olejns 28 and 31 
A solution of ketal olefin 28 (62 mg, 0.32 mmol) and p-toluene- 

sulfonic acid monohydrate (30 mg, 0.16 mmol) in acetone (5 mL) was 
stirred at room temperature under an argon atmosphere for 24 h. It was 
made basic with saturated aqueous sodium bicarbonate and extracted 
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LIU AND WYNN: 1 657 

with dichloromethane (4 X 10rnL). The extracts were washed with 
saturated aqueous sodium chloride, dried, filtered, and concentrated. 
The crude product was purified by flash chromatography on silica gel 
(20% ethyl acetate in petroleum ether) to afford ketone 33 (39 mg; 81% 
yield); ir: 1710(C=O)and2220(C=N) cm-'; ' ~ m r 6 :  5.80(d, IH, J 
= 2 Hz, =CHH) and 5.94 (br s ,  IH, =CHH); ms M+ : 149.0839 
(calcd. for C9HI ,NO: 149.0841). 

Treatment of ketal olefin 31 (67 mg, 0.37 mmol) with p-toluene- 
sulfonic acid monohydrate (70mg, 0.37 mmol) and acetone (5 mL) 
under similar conditions for 36 h gave ketone 34 (49 mg; 97% yield); ir: 
1620 (C=C), 1740 (C=O), and 2230 (CGN) cm-'; 'Hmr 6: 3.10 

I 
(m, IH, -CH-), 5.84, and 5.95 (both brs, 1H each, =CH2); ms 
Mt : 135.0683 (calcd. for C8H9NO: 135.0684). 
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HSING-JANG LIU and HLA WYNN. Can. J. Chem. 64, 658 (1986). 
The first total synthesis of a-costal (1) in racemic form has been achieved in an unequivocal manner whereby the structure 

previously assigned to the natural aldehyde is confirmed. A salient feature of the'synthesis is the use of S-terr-butyl 
cyanothiolacetate to facilitate the introduction of the labile acrolein unit. 

HSING-JANG LIU et HLA WYNN. Can. J. Chem. 64, 658 (1986). 
On a rCalisC la premibre synthbse totale et non-ambigiie de l'a-costal(1) a 1'Ctat racimique et l'on a ainsi confirm6 la structure 

qui a CtC ant~rieurement attribuCe ii cet aldChyde naturel. La caractkristique principale de cette synthbse est l'utilisation du 
cyanothiolacCtate de S-terf-butyle pour faciliter l'introduction de l'unit6 acrolCine labile. 

[Traduit par la revue] 

Introduction 
During the course of our studies on cyanothiolesters, we have 

established a methodology to facilitate the synthesis of P- 
hydroxypropionitrile and acrylonitrile derivatives through the 
use of cyanothiolacetate as a masked P-hydroxypropionitrile 
carbanion equivalent (Scheme 1) (1,2). In essence, this method 
provides a convenient means for the incorporation of a highly 
functionalized isopropyl unit.2 In order to test the applicability 
of this method in the area of natural product synthesis, a-costal 
(1) was chosen as a target molecule. 

R' R' 
I NaBH4 I 

NCCH2COSR + NCCCOSR - NCCCHrOH 
I 
R" 

I 
R" 

carbonyl. The resulting ketone is expected to undergo Knoeven- 
agel-type condensation with cyanothiolacetate to facilitate the 
installation of the acrolein unit found in the target molecule. In 
route B, a leaving group will be introduced to the P carbon of the 
ketone carbonyl. This is to be followed by an alkylation reaction 
with cyanothiolacetate. In route C,  the Michael addition of 
cyanothiolacetate is considered as a convenient means for the 
introduction of a highly functionalized isopropyl unit. 

All of the outlined approaches were examined and, by the use 
of route A, the first total synthesis of a-costal (1) in racemic 

a-Costal (1) is one of the constituents of the leaf oil of 
Thujopsis dolabrata Sieb. et Zucc. It was first isolated in 1965 
by Ito et al. (5), along with several other sesquiterpenes. This 
compound was found to be inseparable from its double-bond 
isomer, p-costal (2).3 It was based solely on the information 
gathered on this mixture that the structure of a-costal was 
tentatively assigned (5). 

In the approach to the synthesis of a-costal, the most suitable 
starting compound appeared to be ketone 3, which was readily 
available from 2-methyl- l,3-cyclohexanedione (4) (6, 7). This 
compound already possesses some of the required features of 
the target molecule, such as a trans-decalin system, the angular 
and vinylic methyl groups, and a trisubstituted double bond. 
The transformation of ketone 3 to a-costal (1) requires the 
incorporation of an acrolein unit onto the carbon p to the ketone 
carbonyl. Involving the developed methods (1, 2) outlined in 
Scheme 1, this requirement could be achieved, in principle, by 
the three possible routes illustrated in Scheme 2. 

Route A requires a 1,3-oxygen transposition of the ketone 

'For part XI11 of this series, see ref. 1. 
'For other methods, see refs. 3 and 4 and references cited therein. 
3 ~ n  the original literature, a-costal was inadvertently named as 

p-costal and vice versa. 

form has been achieved, confirming the structure and stereo- 
chemistry tentatively assigned to the natural aldehyde? 

Results and discussion 
The starting 2-methyl-1,3-cyclohexanedione (4) was pre- 

pared in 90% yield by hydrogenation of the monosodium salt of 
2-methylresorcinol at room temperature under 50 psi (1 psi = 
6.89 kPa) pressure of hydrogen using 5% rhodium on alumina 
as a catalyst (9). This procedure compares favorably with the 
traditional one by Mekler ( lo),  which requires substantially 
higher pressure using Raney nickel as a catalyst. Enedione 5 
was prepared by modification of a reported procedure (1 1). 
Treatment of diketone 4 with ethyl vinyl ketone in 1,2- 
dimethoxyethane (DME) at room temperature in the presence of 
1,4-diazabicyclo[2.2.2]octane (DABCO) (1 2) gave trione 6 in 
90% yield. Intramolecular aldol condensation of 6 with benzoic 
acid and triethylamine in refluxing xylene (13) resulted in the 
formation of crystalline enedione 5, mp 40-42°C (lit. (1 1) 
mp 39-40°C), in 89% yield. Ketalization of enedione 5 with an 

4 ~ a r t  of this work has been reported previously in a preliminary 
form (8). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LIU AND WYNN: 2 659 

X = leaving group, R = CN, R' = COSC(CH3)3 

SCHEME 2 

excess of ethylene glycol in the presence of a catalytic amount of 
either d-10-camphorsulfonic acid or p-toluenesulfonic acid in 
refluxing benzene gave ketal7 (82-88% yield). In the case of 
camphorsulfonic acid, a small amount (-6% yield) of diketal8 
was also formed. 

Ketal enone 7 was subjected to Birch reduction (14) in liquid 
ammonia at -78OC with an excess of lithium metal in the 
presence of tert-butyl alcohol. The resulting lithium enolate was 
trapped with diethyl phosphorochloridate in tetrahydrofuran 
(THF) at 0°C with (6) or without (7) the presence of N,N,N1,N'-  
tetramethylethylenediamine. The yield of the desired en01 
phosphate 9 ranged from 50 to 69%, comparable to that 
obtained by Ireland and Pfister (6). In addition to en01 phosphate 
9, avariable amount (10-20%) of ketone 10, apparently formed 
by the protonation of the intermediate enolate ion, was also 
obtained. In spite of the extreme care undertaken in carrying 
out the reaction, the formation of this ketone could not be 
suppressed. 

Ketal en01 phosphate 9 underwent reductive elimination of 
the phosphate group smoothly when treated with lithium in 
ethylamine in the presence of tert-butyl alcohol (6). Transketal- 
ization of the resulting ketal olefin 11 (84% yield) with acetone 
in the presence of p-toluenesulfonic acid gave rise to the known 
ketone 3 (6, 7) in quantitative yield. According to the synthetic 
plan shown in Scheme 2, three routes are conceivable to 
incorporate an acrolein unit onto the P-carbon of the ketone 
carbonyl. In order to activate the center to which the acrolein 
unit is to be attached, ketone 3 was converted to the a , P -  
unsaturated ketone 1 2  as follows. 

Ketone 3 was treated sequentially with lithium diisopro- 
pylamide and phenylselenenyl chloride in THF at -78OC (1 5). 
After 3 h, the reaction was complete and selenide 13 was 
isolated in 88% yield as a single stereoisomer. The stereo- 
chemistry of the newly incorporated chiral center was deduced 
on the basis of the 'Hmr spectrum, which showed a signal at 
64.54 for the proton attached to this chiral center. The signal 
appeared as a doublet of doublets with coupling constants of 12 
and 6 Hz, indicating that the proton was axial and thus the 
phenylselenenyl substituent equatorial. When selenide 13 was 
exposed to 30% hydrogen peroxide in THF at 0-15°C for 5 h, 
the a,P-unsaturated ketone 1 2  was isolated in 78% yield, 

resulting from concomitant oxidation of the phenylselenenyl 
group and elimination of the resulting selenoxide. 

With enone 12 in hand, the three synthetic routes leading to 
a-costal (1) were individually explored as planned (Scheme 2). 
The first route to be examined was route A, in which a 
Knoevenagel-type condensation was conceived as a means 
for the introduction of a highly functionalized isopropyl unit 
required for the synthetic target. 

Towards this end, enone 12 was converted to alcohol 14 by 
the use of Wharton's reaction (16). Epoxidation of enone 12 
with 30% hydrogen peroxide in ethanol in the presence of 
sodium hydroxide afforded an 89% yield of epoxy ketone 15 
as a single stereoisomer in crystalline form, mp 54-55°C. 
The stereochemistry of this compound could not be assigned 
unambiguously at this stage. However, the subsequent trans- 
formation requires its stereochemistry as shown, resulting from 
the epoxidation of enone 12 from the less hindered side. Initial 
attempts to induce the Wharton reaction on epoxy ketone 15 
were carried out as follows, using standard conditions. Hydra- 
zine hydrate (2 equiv.) and acetic acid (0.2 equiv.) were added 
sequentially to a methanolic solution of epoxide 15 and the 
resulting solution was stirred for 3 h at room temperature. The 
results were found to be rather unsatisfactory; the desired 
product 14 was isolated only in 38% yield, along with a 
substantial quantity of an unidentified material which appeared 
to be dimeric in nature (bishydrazone?), as suggested by its 
mass spectrum. When the reaction was carried out in neat 
hydrazine hydrate in the absence of glacial acetic acid at 
elevated temperature (1 7), a poor yield (18%) of the desired 
rearrangement product 14 was obtained. To avoid formation 
of the dimeric material, the reaction was performed with the 
following modifications. A dilute methanolic solution of epoxy 
ketone 15 was added slowly to a solution of hydrazine hydrate 
(5 equiv.) and glacial acetic acid (0.2 equiv.) in methanol. This 
experiment, involving the reverse addition and the use of a large 
excess of hydrazine hydrate, proved to be superior and the 
desired product 14 was obtained in a much improved yield of 
74%. In the 'Hmr spectrum, the C-7 proton appeared as a broad 
triplet at 64.22. Decoupling experiments showed that this 
proton was coupled with the axial proton on C-8 at 62.72 with 
a rather small coupling constant of 2.5 Hz. On the basis of 
this observed small coupling constant, the stereochemistry of 
compound 14 was deduced. 

Oxidation of allylic alcohol 14 with pyridinium dichromate 
(18) gave an 89% yield of dienone 16. The conversion of this 
compound to the corresponding saturated ketone 18 requires 
the selective reduction of the double bond conjugated with 
the ketone carbonyl. In the presence of Wilkinson's catalyst 
(tris(tripheny1phosphine)rhodium chloride), hydrosilanes have 
been shown (19) to add to a,P-unsaturated ketones exclusively 
by 1,4-addition, to give silyl en01 ethers which readily undergo 
hydrolysis to give saturated ketones. When enone 16 was 
subjected to hydrosilation with triethylsilane in the presence of 
Wilkinson's catalyst for 6 h at room temperature, silyl en01 ether 
17 was isolated in quantitative yield. On exposure to tetra-n- 
butylammonium fluoride in THF, this compound was converted 
to ketone 18  in 73% yield. An improved yield of 89% was 
obtained when the hydrosilation product was directly subjected 
to the fluoride treatment without purification. 

Having successfully prepared the saturated ketone 18 from 
3 via an overall 1,3-oxygen transposition, its condensation 
with S-tert-butyl cyanothiolacetate was investigated. Initially, 
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ketone 18 was treated with the latter reagent in THF in the 
presence of DABCO at room temperature. This set of conditions 
has been successfully used previously to effect the Knoevenagel- 
type condensation of S-tert-butyl cyanothiolacetate with various 
ketones (2). In the present case, however, the reaction was 
not highly e f fec t ive .~ l thou~h  the reaction occurred readily at 
the outset, as indicated by thin-layer chromatographic (tlc) 
analysis, it could not be brought to completion even after 15 h 
at refluxing temperature, and only 21% yield of the desired 
product was formed. These results suggested that the reaction 
was probably reversible. In order to facilitate product forma- 
tion, water, which was produced during the condensation, 
needed to be removed. Towards this end, magnesium sulfate 
was added to the reaction mixture. Surprisingly, this resulted in 
the rapid consumption of the thiolester reagent without substan- 
tial formation of the desired product, for reasons which have 
yet to be determined. In further attempts, sodium sulfate was 
used as a dehydrating agent. This experiment proved to be 
successful, giving an isomeric mixture oC 19 along with 
compound 20 in ca. 4: 1 ratio in a total of 73% yield. 

To complete the synthesis of a-costal (I) ,  it remained to 
modify the newly incorporated cyanothiolester unit to the 
required acrolein moiety, preferably with control of stereo- 
chemistry. Previously, it was shown (2) that the carbon-carbon 
double bond of a,P-unsaturated cyanothiolester systems pre- 
sent in the Knoevenagel-type condensation product could be 
selectively reduced with sodium borohydride under controlled 
conditions. In the presence of an excess of the reducing agent 
at higher temperature, further reduction of the thiolester to 
the alcohol level could also be simultaneously effected. The 
selective reduction of the carbon-carbon double bond of com- 
pound 19 was first examined in an attempt to determine the 
selectivity of the reduction. It was gratifying to find that when a 
mixture of 19 and 20 was subjected to sodium borohydride 
(1 mol equiv.) reduction at 0°C in ethanol, not only was the 
reduction of the former compound effected, but the carbon- 
carbon double bond of the latter compound was also smoothly 
reduced. Apparently, the conditions were sufficient to effect the 
isomerization of the double bond into conjugation with cyano 
and thiolester groups. The reduction product 21  obtained in 74% 
yield was found to be homogeneous by tlc. However, the ' ~ m r  
spectrum indicated the presence o f  all four diastereomers, 
showing four doublets in a ratio of 2:2: 1:l for the methine 
proton of the cyanothiolester group. Further reduction of cyano- 
thiolacetate 21  with sodium borohydride in ethanol at room 
temperature gave an 88% yield of the corresponding alcohol 22 
as a mixture of diastereomers. The same diastereomeric mixture 
could also be prepared directly from 19 and 20 using an excess 
of sodium borohydride (4 mol equiv.) in ethanol at -40°C5 for 
4 h and at room temperature for 12 h. The yield (9 1 %) thus 
obtained was far superior to the two-step sequence. 

Alcohol 22 was subjected to dehydration with dicyclohexyl- 
carbodiimide in refluxing ether in the presence of a catalytic 
amount of copper(1) chloride (1, 2, 20) to give a mixture of 
cyano olefins 23 and 24 in 2: 1 ratio and 94% total yield. These 
isomeric compounds were separated by Chromatotron. Both 
compounds showed in the ir spectrum, olefin absorption band 
at 1620 cm-' and nitrile absomtion band at 2210 cm-'. The 
epimeric nature of these compounds was further confirmed 

'when the reduction was carried out first at -78OC and then at room 
temperature, the same diastereomeric mixture was produced but in 
somewhat poorer yield. 

by the mass spectra, each of which showed a molecular ion 
peak (215.1676 for the major and 215.1663 for the minor) 
in accordance with the molecular formula of CI5H2]N. The 
stereochemistry of these two compounds was assigned after 
careful examination of their respective 'Hmr spectra. The major 
isomer showed a multiplet at 62.28 for the C-7 hydrogen atom. 
By decoupling experiments, this proton was found to be coupled 
to the vinylic protons of the acrylonitrile moiety at 65.74 
(a doublet of doublets) and 5.82 (a broad singlet). Similarly, the 
C-7 proton of the minor isomer, which appeared at 62.72 as 
a multiplet, was also shown to couple with the terminal vinylic 
protons observed at 6 5.85 and 6.07, each as a doublet. It has 
been shown by sufficient examples that the axial and equatorial 
protons of cyclohexane derivatives (especially when rigid) are 
not equally shielded (21). The axial proton normally absorbs at 
a much higher field than the equatorial counterpart, with the 
relative chemical shift difference of ca. 0.2-0.8 ppm. The fact 
that the C-7 proton of the major isomer appeared at a much 
higher field (62.28) than that of the minor isomer (62.72) 
by 0.44 ppm indicated the axial orientation of this proton. 
Accordingly, the stereochemistry of 23 and 24 was deduced as 
shown. 

The predominant formation of epimer 2 3  possessi~g the 
desired stereochemistry was apparently a result of preferential 
reduction of the conjugated carbon-carbon double bond of 
compound 19 with sodium borohydride, involving the addition 
of the hydride ion from the less hindered side of the molecule. 
In an attempt to improve the stereoselectivity, the mixture of 
compounds 19 and 20 was subjected to reduction with a bulky 
reducing agent. Unexpectedly, sequential reduction of the 
mixture of 19 and 20 with lithium tri-tert-butoxyaluminum 
hydride and then with sodium borohydride, followed by 
dehydration of the resulting alcohol, afforded mainly the 
undesired epimer 24 (-3 parts) and a smaller quantity of 2 3  
(1 part). 

Cyano olefins 2 3  and 24 were individually reduced with 
diisobutylaluminum hydride at -78OC in toluene for 3 h. From 
the former epimer an aldehyde was obtained in 59% yield. This 
compound was shown to be identical with natural or-costal (1) 
by comparison of its ' ~ m r  spectrum with published values (5). 
Reduction of 24 gave a 60% yield of compound 25, an epimer of 
a-costal (1). In agreement with the stereochemical assignments, 
the C-7 proton of this compound appeared, in the 'Hmr 
spectrum, again at a much lower field (6 3.04 in CDC13) than the 
corresponding one (6 2.56) of or-costal (1). 

After completing the first total synthesis of or-costal (1) in a 
stereoselective manner, the other two possible routes outlined in 
Scheme 2 were also examined in order to determine (i) the 
feasibility of these approaches leading to the natural product and 
(ii) the possible improvement of the total synthesis. For route 
B, alcohol 14, which was produced as a single stereoisomer 
with a well-defined stereochemistry, provided an interesting 
opportunity to carry out the total synthesis with complete 
stereochemical control. It is conceivable that the replacement of 
the hydroxyl group with S-tert-butyl cyanothiolacetate with 
inversion of stereochemistry could lead eventually to the target 
molecule. The required replacement reaction could be directly 
effected using a Mitsunobu reaction (22). The best result was 
obtained when alcohol 14 and S-tert-butyl cyanothiolacetate 
(2 equiv.) were sequentially added to a THF solution of 1.5 
equiv. each of diethyl azodicarboxylate and triphenylphos- 
phine. After 3.5 h at -35OC, an inseparable mixture of the 
desired compound 26 and its isomer 27 (ca. 2: 1) was isolated in 
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11 12 

54% yield. Treatment of this mixture with sodium borohydride 
resulted in the exclusive reduction of compound 26 to give two 
epimeric alcohols 28 (1:l; 78% yield), with compound 27 
recovered intact. The transformation of 28 to a-costal (1) 
requires the selective saturation of its disubstituted double bond. 
Unfortunately, this requirement could not be satisfactorily 
fulfilled in spite of numerous trials using different methods 

(catalytic hydrogenation, diimide reduction, and homogeneous 
hydrogenation with Wilkinson's catalyst) under various condi- 
tions. 

The synthesis of a-costal ( 1 ) C  by route requires the Michael 
addition of S-tert-butyl cyanothiolacetate to enone 12. This 
was readily effected by treatment of the latter compound with 
the cyanothiolacetate and sodium hydride in the presence of 
chlorotrimethylsilane (1) in refluxing benzene for 16 h. A 76% 
yield of the desired adduct 29 was obtained. This material was 
shown to be a mixture of four diastereomers by the 'Hmr 
spectrum, which displayed four doublets for the methine proton 
of the cyanothiolacetate group at 8 3.44, 3.53, 3.46, and 3.64, 

~ O K s c ( c H 3 ~ 3  

CSC(CHJ3 
I I CHCN 
0 
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integratin to a 2:2:1:1 ratio. In order to remove its ketone E carbonyl, compound 29 was converted to the corresponding 
alcohol 30 by brief treatment with sodium borohydride at 0°C. 
~ e o x ~ ~ e n a t i o n  of 30 was examined but without any success; the 
reduction of the corresponding mesylate 31 with sodium iodide 
and zinc dust (23) in refluxing N,N-dimethylformamide (24) 
gave hydroxy nitrile 32 as the only isolatable product, while 
attempted preparation of halide and xanthate derivatives failed 
to yield any desired products. The  poor stereoselectivity of the 
Michael addition (12 -+ 29) and the lack of simple solutions to 
effect the removal of the ketone carbonyl of the adduct made 
further exploration of route C to a-costal (1) unattractive. 

Experimental 
General 

Melting points were determined on a Kofler hot stage apparatus and 
are uncorrected. Elemental analyses were performed by the micro- 
analytical laboratory of this department. Infrared (ir) spectra were 
recorded on a Perkin-Elmer model 457 or Nicolet 7-199 FT-IR 
spectrophotometer. Unless otherwise stated, ir samples were run as 
thin films. Proton nuclear magnetic resonance ( ' ~ m r )  spectra were 
recorded on a Varian HA-100/Digilab, Bruker WH-80, WH-200, 
or WH-400 spectrometer and, except where otherwise stated, were 
obtained on solutions in deuterochloroform with tetramethylsilane as 
internal reference. Carbon- 13 nuclear magnetic resonance (I3cmr) 
spectra were recorded on a Bruker HFX-90/Nicolet 1085 system or 
a Bruker WH-200 or WH-400 spectrometer and were obtained on 
solutions in deuterochloroform using tetramethylsilane as internal 
reference. Mass spectra (ms) were recorded using A.E.I. model MS9, 
MS12, or MS50 mass spectrometers. Unless otherwise stated, anhy- 
drous magnesium sulfate was used for drying organic solutions. 

Materials 
DME and THF were freshly distilled over sodium metal. Benzene 

and ether were freshly distilled over lithium aluminum hydride. 
Dichloromethane was washed with an equal volume of 10% aqueous 
sodium carbonate and distilled over powdered calcium chloride. 
Gaseous ammonia was passed through potassium hydroxide pellets and 
distilled over sodium metal. N,N,N1,N'-Tetramethylethylenediamine 
was freshly distilled over sodium metal. Diethyl phosphorochloridate 
was distilled over powdered lead carbonate (25). Ethylamine, xylene, 
and diisopropylamine were freshly distilled over calcium hydride. 
Ethanol was distilled over magnesium turnings. S-tert-Butyl cyano- 
thiolacetate was prepared according to the reported procedure (26). 

2-Methyl-2-(3-oxopentyl)cyclohexane-1,3-ion (6) 
2-Methylresorcinol(10 g, 0.08 mol) was dissolved in distilled water 

(70 mL). Sodium hydroxide (3.75 g, 0.09 mol) and 5% rhodium on 
alumina (1 g) were added and the hydrogenation bottle fitted in a 
Pam hydrogenation apparatus. The mixture was shaken under 50 psi 
pressure of hydrogen at room temperature for 9.5 h. The reaction 
mixture was then filtered through a sintered glass funnel and the filtrate 
acidified by dropwise addition of concentrated hydrochloric acid 
(-25 mL) to a pH of -4. The resulting solution was extracted with 
ethyl acetate (4 x 200 mL). The extracts were dried, filtered, and 
concentrated to give dione 4 (9.1 g; -90% yield), which was subjected 
to further reaction without purification. 

Dione 4 (19 g, 0.15 mol) was dissolved in DME (300 mL). DABCO 
(19.38 g, 0.17 mol) was added. The solution was chilled to O°C and 
stirred for 15 min under an argon atmosphere. Ethyl vinyl ketone 
(17.3 mL, 0.17 mol) was added dropwise and the reaction mixture 
stirred for 12 h at room temperature. The mixture was poured into 
ice-cold 1 N aqueous hydrochloric acid solution (-200 mL) and 
extracted with dichloromethane (4 x 300 mL). The extracts were 
washed with saturated aqueous sodium chloride, dried, filtered, and 
concentrated. The product 6 (28.37 g; -90% yield) thus obtained was 

6~tandard methods for reducing a ketone to the hydrocarbon level 
are incompatible with other existing functionalities. 

used directly for the next reaction. An analytical sample obtained by 
flash chromatography (20% ethyl acetate in petroleum ether) on silica 
gel showed the following spectral data: ir: 1715 (C=O) and 3500 (en01 
-OH) cm-'; ' ~ m r  6: 1.02 (t, 3H, J = 7 Hz, CH3CH2-), 1.26 
(s, 3H, CH3-), and 1.8-2.9 (complex, 12H, 6 x -CH2-); ms M': 
210.1258 (calcd. for CI2Hl8o3: 210.1256). 

5,8a-Dimethyl-3,4,8,8a-tetrahydro-1,6[2H 7H]-naphthalenedione 
(5) 

The crude trione 6 (3.95 g, - 19 mmol), obtained from the above 
experiment, and benzoic acid (2.47 g, 20 mmol) were dissolved in 
xylene (20 mL). Triethylamine (2.0 mL, 14 mmol) was added and the 
solution was heated at reflux with a Dean-Stark water separator. After 
22 h, the solution was cooled and extracted with ether. The extracts 
were washed with water, 5% aqueous sodium bicarbonate, 2 N aqueous 
sulfuric acid, and water. Drying, filtration, and concentration gave the 
crude product, which was purified by flash chromatography on silica 
gel. Elution with 50% ether in petroleum ether gave enedione 5 (3.23 g; 
89% yield based on crude 6); mp 40-42°C (ether); ir 1610 (C=C), 
1660 (conjugated C=O), and 17 10 (saturated C=O) cm-' ; 'Hmr 6: 

I 
1.38 (s, 3H, CH3-) and 1.79 (s, 3H, CH~C=); 13cmr 6: 212.1, 
197.7, 158.2, 130.8, 50.7, 37.4, 33.3, 29.7, 29.5, 27.3, 23.4, and 
21.6; ms M': 192.1149 (calcd. forCI2Hl6O2: 192.1150). Anal. calcd. 
for CI2Hl6o2: C 74.96, H 8.39; found: C 74.89, H 8.54. 

5,5-Ethylenedioxy-l,4a-dimethyl-4,4a,5,6,7,8-hexahydro-2[3 HI- 
naphthalenone (7)' and 1,1,6,6-diethylenedioxy-5.8~-dimethyl- 
1,2,3,5,6,7,8,8a-octahydronaphthalene (8 )  

A solution of d-10-camphorsulfonic acid (50 mg, 0.2 mmol) and 
ethylene glycol (2 mL, 38.61 mmol) in benzene (20 mL) was heated at 
reflux for 13 h with a Dean-Stark water separator. A portion of benzene 
(- 10 mL) was distilled off and the solution cooled to room tempera- 
ture. Enedione 5 (414 mg, 2.15 mmol) in benzene (10 mL) was added. 
The mixture was heated at reflux for 3 h under an argon atmosphere. 
After cooling to room temperature, the mixture was made basic with 
saturated aqueous sodium bicarbonate. The organic layer was separ- 
ated and the aqueous solution extracted with ether (4 X 20mL). The 
organic solutions were combined, dried, filtered, and concentrated. 
The crude product was purified by flash chromatography on silica gel 
(30% ethyl acetate in petroleum ether) to give ketal 7 (418 mg; 82% 
yield); ir: 1040-1200 (C-O), 1618 (C=C), and 1670 (C=O) cm-' ; 

I 
'Hmr 6: 1.31 (s, 3H, CH3-), 1.80 (s, 3H, CH~C=),  and 3.94 (br s, 
4H, -OCH2CH20-); ms M': 236.1410 (calcd. for C14H2003: 
236.1412). Anal. calcd. for C14H2003: C 71.14, H 8.54; found: 
C 71.06, H 8.63. 

Further elution with the same solvent system afforded diketal 8 
(36 mg; 6% yield): ir: 1040- 1 180 (C-0) cm-' ; 'Hmr 6: 1.04 (d, 3H, 

I 
J = 7 Hz, CH~CH-), 1.28 (s, 3H, CH3-), 3.95 (m, 8H, 2 X 

-OCH2CH20-), and 5.44 (br s, lH,  -CH=); ms M' : 280.1671 
(calcd. for C16H2404: 280.1675). 

I ,  1 -Ethylenedioxy-6-diethylphosphoryloxy-5,8a~-dimethyl- 
1,2,3,4,4aa, 7,8,8a-octahydronaphthalene (9)' and5,5-ethylene- 
dioxy-1 a,4a~-dimethyl-1,4,4a,5,6,7,8,8aa-octahydro-2[3H]- 
naphthalenone (10) 

To a solution of lithium (169 mg, 0.02 g-atom) in ammonia (35 mL), 
was added dropwise a solution of ketal7 (1.52 g, 6.35 mmol) in ether 
(25 mL) containing tert-butyl alcohol (0.5 mL, 5.31 mmol). The 
resulting solution was stirred under an argon atmosphere for 1.5 h at 
-78°C. Excess lithium was destroyed by dropwise addition of freshly 
distilled isoprene until the blue color discharged. The mixture was 

'Ketal 7 was obtained as the only product in 88% yield when the 
reaction was carried out using p-toluenesulfonic acid as a catalyst. 

 he stereochemical designations used in this and all other chemical 
names in this section denote relative stereochemistry. All compounds 
used and obtained were racemic. 
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warmed to room temperature and concentrated under reduced pressure. 
The residue was cooled to O°C and a solution of N,N,N',Nf-tetra- 
methylethylenediamine (13 mL) in ether (22 mL) was added slowly. 
After stirring for 5 min under an argon atmosphere, a solution of diethyl 
phosphorochloridate (3 mL, 20.76 mmol) in ether (10 mL) was slowly 
added. After stimng for 5 h, the mixture was poured into ice-cold water 
and extracted with ether (4 X 50 mL). The extracts were washed 
with water, dried, filtered, and concentrated. The crude product was 
chromatographed on silica gel. Elution with 40% petroleum ether in 
ether gave ketone 10 (151 mg; 10% yield); ir: 1050-1200 (C-0) and 

I 
1710 (C=O) cm-'; ' ~ m r  6: 1.02 (d, 3H, J = 8 Hz, CH~CH-), 1.25 
(s, 3H, CH3-), and 3.9-4.0 (m, 4H, -OCH2CH20-); ms M+: 
238.1565 (calcd. for C14H2203: 238.1569). 

Further elution with 30% petroleum ether in ether gave en01 
phosphate 9 (1.65 g, 69% yield); ir: 1690 (C=C) cm-' ; 'Hmr 6: 0.98 
(s, 3H, CH3-), 1.38 (t, 6H, J = 7 Hz, 2 x CH3CH20-), 1.63 (br s, 

I 
3H, CH3C=), 3.95 (s, 4H, -OCH2CH20-), 4.16 (qd, 4H, J = J' 
= 7Hz, CH3CH20-); ms M+: 374.1851 (calcd. for C18H3106P: 
374.1858). 

naphthalene (1 1 ) 
At O°C, small pieces of lithium wire (2.0 g, 0.29 g-atom) were added 

to ethylamine (200 mL) under an argon atmosphere and the mixture 
was stirred for 1 h. A solution of ketal phosphate 9 (10.59 g, 28 mmol) 
and tert-butyl alcohol (4.5 mL, 48 mrnol) in THF (194 mL) was added 
dropwise over 1 h. After stimng for 2 h at O°C, ethylamine was 
removed under reduced pressure and water was added dropwise to 
discharge the blue color. The resulting mixture was extracted with ether 
(4 X 200 mL) and the extracts were washed with ice-cold water, dried, 
filtered, and concentrated. Flash chromatography of the residue on 
silica gel (30% ether in petroleum ether) afforded ketal olefin 11 
(5.22 g; 84% yield); ir: 1080-1200 (C-0) cm-'; ' ~ m r 6 :  0.92 (s, 3H, 

I 
CH3-), 1.63 (br s, 3H, CH3C=), 3.90 (s, 4H, -OCH2CH20-), 
and 5.29 (m, lH, -CH=); 13cmr 6: 134.9, 120.8, 113.0, 65.2, 
65.1, 43.9, 41.4, 30.5, 26.9, 23.2, 23.0, 22.6, 21.5, and 14.1; 
ms M+: 222.1617 (calcd. for C14H2202: 222.1620). Anal. calcd. for 
C14H2202: C 75.62, H 9.98; found: C 75.99, H 9.99. 

5,8a/3-Dimethyl-3,4,4aa,7,8,8a-hexahydro-l[2 HI-naphthaleneone (3) 
Ketal olefin 11 (620 mg, 2.79 mmol) was dissolved in acetone 

(15 mL) and p-toluenesulfonic acid (530 mg, 2.79 mmol) was added. 
After stirring at room temperature under an argon atmosphere for 16 h, 
the reaction mixture was poured into ice-cold saturated aqueous sodium 
bircarbonate and extracted with dichloromethane (4 X 20 mL). The 
extracts were washed with saturated aqueous sodium chloride, dried, 
filtered, and concentrated. Flash chromatography of the residue on 
silica gel (10% ethyl acetate - petroleum ether) gave ketone 3 (500 mg; 
100% yield); ir: 1710 (C=O) cm-' ; ' ~ m r  6: 1.06 (s, 3H, CH3-), 

I 
1.66(s, 3H,CH3C=), and5.35 (m, lH, -CH=);msM+: 178.1360 
(calcd. for CI2Hl80: 178.1358). 

5,8a/3-Dimethyl-2 a-phenylselenenyl-3,4,4aa,7,8,8a-hexahydro- 
1[2H]-naphthafenone (13) 

Diisopropylamine (0.3 mL, 2.14 mmol) was dissolved in THF 
(9mL) at -78°C under an argon atmosphere. Methyllithium (1.29 mL, 
1.3 M solution in n-hexane) was added dropwise and the mixture 
stirred for 10 min. A solution of ketone 3 (250 mg, 1.4 mmol) in THF 
(0.5 mL) was added. After 10 min, a solution of phenylselenenyl 
chloride (320 mg, 1.67 mmol) in THF (0.5 mL) was added and the 
reaction mixture stirred for 3 h at -78OC. Ice-cold 1 N aqueous 
hydrochloric acid (10 mL) was added and the resulting solution 
extracted with ether (4 x 20 mL). The extracts were washed with 
saturated aqueous sodium chloride, dried, filtered, and concentrated. 
The residue was purified by flash chromatography on silica gel, eluting 
with 10% ethyl acetate in petroleum ether, to give selenide 13 (410 mg; 

88% yield); ir: 1590 (aromatic) and 1710 (C=O) cm-' ; 'Hmr 6: 1.15 
I 

(s, 3H, CH3-), 1.65 (s, 3H, CH3C=), 4.54 (dd, lH, J = 12, J' = 
I I 

~ H Z ,  -CHS~-), 5.34(m, l ~ ,  -cH=), and7.45 (m, 5H, aromatic 
protons). 

5,8a/3-Dimethyl-4aa, 7 ,8 ,8a- te t rahydro- l [ -naphthaenon  (12) 
At O°C, to a solution of selenide 13 (300 mg, 0.9 mmol) in THF 

(10 mL), were added 30% hydrogen peroxide (0.26 mL) and water 
(0.73 mL). The mixture was stirred for 5 h at 15OC, poured into 
saturated aqueous sodium bicarbonate (20 mL), and extracted with 
ether (4 X 20 mL). The extracts were washed with saturated aqueous 
sodium chloride, dried, filtered, and concentrated. Purification of the 
residue by flash chromatography (10% ethyl acetate - petroleum ether) 
afforded dienone 12 (130 mg; 78% yield); ir: 1690 (C=O) cm-'; 

I 
'Hmr 6: 1.02 (s, 3H, CH3-), 1.68 (s, 3H, CH3C=), 5.42 (m, 1 H, 

I 
-CH=C-), 5.94 (ddd, lH, J = 11, J' = 3, J" = 1.5 Hz, 
=CHCO-), 6.90 (ddd, lH,  J = 11, J r  = 6, J" = 2 Hz, 
-CH=CHCO-);msM+: 176.1198 (calcd. f 0 r C ~ ~ H ~ ~ 0 :  176.1201). 

2 a,3a-Epoxy-5,8a/3-dirnethyl-2,3,4aa, 7,8,8a-hexahydro-1[4H]- 
naphthalenone (15) 

At 10°C, to a solution of dienone 12 (351 mg, 2 mmol) in ethanol 
(3 mL), were added with stirring a solution of sodium hydroxide 
(30 mg) in water (0.1 mL) and 30% hydrogen peroxide (0.34 mL, 
3 mmol). After 1 h at room temperature, the mixture was diluted with 
water and extracted with dichloromethane (4 X 10 mL). The extracts 
were washed with saturated aqueous sodium chloride solution, dried, 
filtered, and concentrated. Purification of the crude product by flash 
chromatography on silica gel (5% ethyl acetate - petroleum ether) 
gave epoxide 15 (339 mg; 89% yield). Single recrystallization from 
petroleum ether gave pure white crystals (mp 54-55°C); ir: 1720 

I 

I 
(C=O) cm-' ; ' ~ m r  6: 0.96 (s, 3H, CH3-), 1.66 (s, 3H, CH3C=), 

I I 
3.20(d, IH, J = 4Hz, -CHCO-), 3.56 (brs, lH, -CH,CHO-), 
and 5.40 (m, lH, -CH=); ms M+: 192.1153 (calcd. for Cl2HI6o2: 
192.1150). 

7a-Hydroxy-l,4a/3-dirnethyl-3,4,4a, 7,8,8aa-hexahydronaph- 
thalene (14) 

A solution of epoxide 15 (380 mg, 1.96 mmol) in methanol (5 mL) 
was added dropwise over a period of 1 h to a solution of hydrazine 
hydrate (0.48 mL, 9.77 mrnol) and glacial acetic acid (0.02 mL, 
0.38 rnrnol) under an argon atmosphere. The reaction mixture was 
stirred for 2.5 h at room temperature and then ice-cold water was 
added. The solution was extracted with dichloromethane (4 x 20 mL) 
and the extracts were washed with saturated aqueous sodium bicarbon- 
ate, dried, filtered, and concentrated. The residue was subjected to 
flash chromatography on silica gel. Elution with 20% ethyl acetate in 
petroleum ether gave allylic alcohol 14 (258 mg; 74% yield); ir: 1650 
(C=C) and 3300-3400 (-OH) cm- ' ; 'Hmr 6: 0.86 (s, 3H, CH3-), 

I I 
1.68 (s, 3H, CH~C=),  4.22 (brt, IH, J = 4Hz, -CHOH), 5.36 
(m, lH, -CH=CCH3), 5.65 (ddd, lH,  J = 10, J' = 4, J" = 

I 
1.5 Hz, -CH=CHCH-), and 5.78 (dd, J = lOHz, J' = 1 Hz, 

I 
-CH=CHCH-);ms~+: 178.1355 (calcd. f0rCI2Hl80: 178.1358). 

4a/3,8-Dimethyl-4a,5,6,8aa-tetrahydro-2[1 HI-naphthalenone (16) 
Allylic alcohol 14 (64 mg, 0.36 mmol) was dissolved in dichloro- 

methane (4 mL). Pyridinium dichromate (188 mg, 0.54 mmol) was 
added. The mixture was stirred at room temperature under an argon 
atmosphere for 4 h and filtered. The residue was washed thoroughly 
with dichloromethane. Concentration of the filtrate gave the crude 
product, which was subjected to flash chromatography on silica gel. 
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Elution with 10% ethyl acetate in petroleum ether gave dienone 16 
(56 mg; 89% yield); ir: 1675 (C=O) cm-'; 'Hmr 6: 1.06 (s, 3H, 

I I 
I I 

CH3-), 1.65 (br s, 3H, CH3C=), 5.38 (m, 1 H, -CH=C-), 5.86 
(dd, IH, J = 10, J' = 1.5Hz, =CHCO-), and 6.83 (d, lH, J = 
lOHz, -CH=CHCO-); ms M': 176.1198 (calcd. for CI2Hl60: 
176.1201). Anal. calcd. for Cl2HI60: C 81.76, H 9.16; found: 
C 81.38, H 9.09. 

7-Triethylsilyloxy-l,4ap-dimethyl-3,4,4a,5,8,8a a-hexahydronaph- 
thalene (1 7) 

Dienone 16 (287 mg, 1.62 mmol) was dissolved in triethylsilane 
(10 mL). A catalytic amount (15 mg) of tris(tripheny1phosphine)rho- 
dium chloride was added. The mixture was stirred at room temperature 
under an argon atmosphere for 6 h and concentrated. The residue was 
then subjected to column chromatography, using 20% ethyl acetate in 
petroleum ether as an eluent, to give en01 ether 17 (508 mg; 100% 
yield); ir: 1186-1208 (Si-0CH2CH3) and 1665 (C=C) cm-' ; 'Hmr 
6: 0.5-1 (complex, 15H, 3 X CH3CH2-), 1 .OO (s, 3H, CH3-), 1.63 

I I 
(s, 3H, CH~C=), 4.80 (br s,  lH,  -CH=CO-), and 5.36 (br s, lH, 
-CH=); ms M': 292.2224 (calcd. for C18H320Si: 292.2222). 

4ap,8-Dimethy1-3,4,4a,5,6,8aa-hexahydro-2[1 HI-naphthalenone 
(18) 

En01 ether 17 (500 mg, 1.71 mmol) was dissolved in THF (10 mL) 
and tetra-n-butylammonium fluoride (1 M solution in THF; 1.7 mL, 
1.71 mmol) was added at 0°C. The mixture was stirred for 1 h at room 
temperature under an argon atmosphere. Concentration of the solution 
gave a residue, which was purified by flash chromatography using 10% 
ethyl acetate in petroleum ether as an eluent to afford the saturated 
ketone 18 (226 mg; 73% yield); ir: 1710 (C=O) cm-I; IHmr 6: 1 .OO 

I 
(s, 3H, CH3-), 1.58 (s, 3H, CH3C=), and 5.40 (br s, lH, -CH=); 
ms M': 178.1356 (calcd. for CI2HI80: 178.1358). Under similar 
conditions, ketone 18 was obtained in 89% yield from enone 16 without 
purification of the intermediate en01 ether 17. 

7[8H]-(tert-Butylthiocarbonylcyanomethylene)-l,4a~-dimethyl- 
3,4,4a,5,6,8aa-hexahydronaphthalene (19) and 7-(tert-butyl- 
thiocarbonylcyanomethyl)-l,4a~-dimethyl-3,4,4a,5,8,8a a- 
hexahydronaphthalene (20) 

S-tert-Butyl cyanothiolacetate (458 mg, 2.92 mmol) and DABCO 
(330 mg, 2.95 mmol) were dissolved in THF (10 mL). Anhydrous 
sodium sulfate (622 mg, 4.38 mmol) was introduced, followed by the 
addition of a solution of ketone 18 (261 mg, 1.46 mmol) in THF 
(1 mL). The mixture was stirred at room temperature for 48 h, poured 
into ice-cold 1 N aqueous hydrochloric acid, and extracted with 
dichloromethane (4 X 20mL). The extracts were washed with 
saturated aqueous sodium chloride, dried, filtered, and concentrated. 
Rash chromatography of the residue on silica gel (40% benzene in 
petroleum ether) afforded compound 19 (269 mg; 58% yield) as a 
mixture of two isomers (ca. 1:l); ir: 1670 (C=O), and 2240 
(C-N) cm-I ; ' ~ m r  6: 0.90, 0.94 (both s, total 3H, CH3-), 1.52, 
1.54 (both s, 9H total, -C(CH3)3). and 5.38 (brs, lH, -CH=); ms 
M': 317.1814 (calcd. for CI9Hz7NOS: 317.1813). 

Further elution with the same solvent gave compound 20 (70 mg; 
15% yield) as a mixture of two diastereomers (ca. 3:2); ir: 1670 
(C=O) cm-'; ' ~ m r  6: 0.78 (s, 3H, CH3-), 1.50 (s, -5.5H, 
-C(CH3)3, for major isomer), 1.52 (s, -3.5H, -C(CH3)3, for 

I 
minor isomer), 4.05 (br s,  -0.4H, -CHCN, for minor isomer), 

I 
4.75 (brs, -0.6H, -CHCN, for major isomer), 5.38 (m, lH,  

I 
-CH=CCH3), and 5.90 (m, lH, -CH=); ms M' : 317.1813 
(calcd. for C19H27NOS: 317.18 13). 

7-(tert-Butylthiocarbonylcyanomethyl)-l,4ap-dimethyl- 
3,4,4a,5,6,7,8,8a a-octahydronaphthalene (21) 

A mixture of compounds 19 and 20 (113 mg, 0.35 mmol) was 
dissolved in absolute ethanol (7 mL) at 0°C. Sodium borohydride 

(3.3 mg, 0.09 rnmol) was added and the mixture stirred for 2 h at 0°C 
under an argon atmosphere. Ice-cold saturated aqueous ammonium 
chloride was added and the resulting solution extracted with dichloro- 
methane (3 x 10 mL). The extracts were washed with saturated 
aqueous sodium chloride, dried, filtered, and concentrated. Flash 
chromatography of the crude product on silica gel (50% benzene in 
petroleum ether) afforded saturated cyanothiolester 21 (83 mg; 74% 
yield) as a mixture of four diastereomers (2:2: 1: 1); ir: 1678 (C=O) and 
2240 ( C r N )  cm-'; ' ~ m r  6: 0.80 (s, 3H, CH3-), 1.52 (s, 9H, 
-C(CH3),), 3.37, 3.39 (both d, -0.33H each, J = 8 Hz each, 

I 
-CHCN), 3.69, 3.70 (both d, 0.17H each, J = 12 Hz each, 

I 
-CHCN), 5.33 (br s,  -0.33H, -CH=, for two minor isomers), 
and 5.34 (m, -0.66H, -CH=, for two major isomers); ms M' : 
319.1971 (calcd. for CI9Hz9NOS: 319.1970). 

7-(1 -Cyano-2-hydroxyethyl)-l,4ap-dimethyl-3,4,4a,5,6,7,8,8a a -  
octahydronaphthalene (22) 

A. From reduction of compound 21  
Compound 21 (185 mg, 0.58 mmol) was dissolved in absolute 

ethanol (7 mL) at O°C. Sodium borohydride (90 mg, 2.43 mmol) was 
added. The mixture was stirred at room temperature for 10 h under an 
argon atmosphere, poured into ice-cold saturated aqueous ammonium 
chloride solution, and extracted with dichloromethane (3 x 20 mL). 
The extracts were washed with aqueous sodium chloride solution, 
dried, filtered, and concentrated. The residue was chromatographed on 
silica gel (50% ethyl acetate in petroleum ether) to give alcohol 22 
(119 mg; 88% yield) as a mixture of diastereomers; ir: 1060 (C-0), 
2260 (CFN), and 3400-3500 (-OH) cm-'; ms M': 233.1778 
(calcd. for C15H23NO: 233.1780). The 'Hmr spectrum showed two 
sets of signals in ca. 2:l ratio, with major signals at 60.80 (s, 3H, 

I 
CH3-), 1.60 (s, 3H, CH3C=), 2.72 (dt, IH, J = 7,  J' = 6 HZ, 

I 
-CHCN), 3.90 (m, 2H, -CH20H), and 5.36 (m, lH,  -CH=). 
The minor set of signals appeared at 60.87 (s, 3H, CH3-), 1.66 

I I 
(s, 3H, CH~C=), 3.02 (m, lH, -CHCN), 3.90 (m, 2H, -CH20H), 
and 5.36 (m, lH, -CH=). 

B. From direct reduction of compounds 19  and 20 
The mixture of compounds 19 and 20 (124 mg, 0.39 mmol) was 

dissolved in ethanol (7 mL) and cooled to -40°C. Sodium borohydride 
(69 mg, 1.82 mmol) was added and the reaction mixture stirred for 4 h 
at -40°C under an argon atmosphere. Temperature was increased 
to room temperature and stirring continued for 24 h. Isolation and 
purification processes were performed in the same manner as men- 
tioned above to give alcohol 22 (83 mg; 91% yield), identical in all 
respects with that obtained above. 

7P-(1-Cyanoetheny1)-I ,4ap-dimethyl-3,4,4a,5,6,7,8,8aa- 
octahydronaphthalene (23) and 7a-(I -cyanoethenyl)-1,4aP- 
dimethyl-3,4,4a,5,6,7,8,8aa-octahydronaphthalene (24) 

The diastereomeric mixture of alcohols 22 (42 mg, 0.18 mmol) 
was dissolved in ether (5 mL). Dicyclohexylcarbodiimide (74 mg, 
0.36 rnmol) and a catalytic amount (2 rng) of copper(1) chloride were 
added. The mixture was heated at reflux under an argon atmosphere for 
8.5 h, cooled to room temperature, diluted with ether, and filtered. 
Concentration of the filtrate, followed by purification of the crude 
product by flash chromatography on silica gel (40% petroleum ether in 
benzene), gave a mixture of two epimeric nitriles 23 and 24 (38 mg; 
94% yield) in ca. 2: 1 ratio, according to ' ~ m r  integration. This mixture 
was subjected to separation by Chromatotron using 5% ether in 
petroleum ether as an eluent to give pure p-isomer 23 (1 1 mg) and pure 
a-isomer 24 (7mg). The rest of the material was recovered as a 
mixture. The following spectral data were obtained for the p-isomer 
23: ir (CHC13): 1620 (C=C) and 2210 (C=N) cm-' ; 'Hmr6: 0.82 (s, 

I I I 
3H, CH3-), 1.62(br s, 3H, CH~C=), 2.28 (m, lH, -CHC=CH~), 
5.36 (m, lH, -CH=), 5.74 (dd, lH, J = 2, J'  = 1 Hz, =CHH), and 
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5.82 (brs, lH, =CHH); ms Mt :  215.1676 (calcd. for CI5HZIN: 
215.1674). The a-isomer 24 showed the following spectral data: ir 
(CHCl,): 1620 (C=C) and 2210 (C=N) cm-I; 'Hmr 6: 0.87 (s, 3H, 

I I I 
CH3-), 1.66 (brs, 3H, CH3C=), 2.72 (m, lH, -CHC=CH2), 
5.34 (m, lH, -CH=), 5.85 (d, lH, J = 2 Hz, =CHH), and 6.07 
(d, lH, J = 2Hz, =CHH); ms M+: 215.1663 (calcd. for C15H21N: 
215.1674). 

Nitriles 23 and 24 were also obtained in 1:2.8 ratio by reduction of 
compounds 19 and 20 with lithium tri-tert-butoxyaluminum hydride as 
follows. To a solution of the mixture of compounds 19 and 20 (99 mg, 
0.31 mmol) in THF (5 mL) at O°C, was added lithium tri-tert- 
butoxyaluminum hydride (1 19 mg, 0.47 mmol). The mixture was 
stirred under an argon atmosphere for 3.5 h at O°C, acidified with 
ice-cold 1 N aqueous hydrochloric acid, and extracted with dichloro- 
methane (3 X 10 mL). The extracts were washed with saturated 
aqueous sodium chloride, dried, filtered, and concentrated to give 
cyanothiolester 21, which, without purification, was subjected to 
further reduction (21 + 22) with sodium borohydride and dehydration 
(22 + 23 and 24) with dicyclohexyl carbodiimide using described 
conditions (vide supra). Nitriles 23 and 24 (34 mg; 50% overall yield) 
thus formed were shown to be in a ratio of 1:2.8 by 'Hmr analysis. 

(-')-a-Costal (I) 
Cyano olefin 23 (10 mg, 0.047 mmol) was dissolved in toluene 

(0.5 mL) and cooled to -78OC with stirring under an argon atmos- 
phere. After 5 min, diisobutylaluminum hydride (25% by wt. in 
toluene; 0.05 rnL, 0.07 mmol) was added. After stirring for 3 h at 
-78"C, the mixture poured into dilute aqueous oxalic acid and 
extracted with ether (2 X 2 mL). The extracts were dried, filtered, and 
concentrated. The resulting crude product was subjected to column 
chromatography on silica gel (40% petroleum ether in benzene) to give 
racemic a-costal (1) (6mg; 59% yield); ir (CHCI,): 1620 (C=C), 
1694 (CHO), and 2700 (aldehyde C-H) cm-' ; ' ~ m r  (CDC~,) 6: 0.84 

I I I 
I I I 

(s, 3H, CH3-), 1.60 (s, 3H, CH3C=), 2.56 (m, lH, -CH-C=), 
5.32 (m, lH, -CH=), 5.90 (brs, lH, =CHH), 6.30 (brs, lH,  
=CHH), and 9.54 (s, lH,  -CHO); IHmr (CC14) 6: 0.83 (s, 3H, 

I I I 
-CH3), 1.58 (s, 3H, CH~C=), 2.53 (m, lH, -CH-c=), 5.28 
(m, lH,=CH-),5.90(brs, lH,=CHH),6.21 (brs, lH,=CHH), 
and 9.52 (s, lH, -CHO); 1 3 ~ m r  6: 194.6, 155.4, 134.7, 132.8, 
121.2,46.9,40.2,37.9,37.2,32.4,29.7,29.0,27.0,23.0,and21.1; 
ms M+: 218.1671 (calcd. for CI5H22O: 218.1671). 

( 2)-Epi- a-costal (25) 
Cyano olefin 24 (5 mg, 0.023 mmol) was dissolved in toluene 

(0.5 mL) and cooled to -78°C with stirring under an argon atmos- 
phere. Diisobutylaluminum hydride (5% by wt. in toluene; 0.15 mL, 
0.05 mmol) was added. The mixture was stirred for 3 h at -78OC. 
poured into dilute aqueous oxalic acid, and extracted with ether (2 x 
2 mL). Drying, filtration, and concentration gave the crude product, 
which was subjected to column chromatography on silica gel. Elution 
with 40% petroleum ether in benzene gave racemic epi-a-costal 25 
(3 mg; 60% yield); ir (CHCl,): 1697 (CHO) and 2852 (aldehyde 

I 
I 

C-H) cm-I; ' ~ m r 6 :  0.85 (s, 3H, -CH3), 1.54(br s,  3H, CH3C=), 
I I 

3.04 (m, 1 H, -CH-C=), 5.34 (m, 1 H, -CH=), 6.1 1 (s, lH, 
=CHH), 6.48 (d, lH, J = 1.5 Hz, =CHH), and 9.48 (s, lH, 
-CHO); ms M+: 218.1672 (calcd. for CI5HZ2O: 218.1671). 

7P-(tert-Butylthiocarbonylcyanornethyl)-l,4a/3-dimethyl- 
3,4,4a,7,8,8aa-hexahydronaphthalene (26) and 7P-(2-tert- 
butylthio-3-cyano-I-oxapropeny1)-1,4ap-d1- 
3,4,4a,7,8,8aa-hexahydronaphthalene (27) 

Triphenylphosphine (1 10 mg, 0.42 mmol) was dissolved in THF 
(3 mL) under an argon atmosphere at - 15°C. Diethyl azodicarboxylate 
(0.07 mL, 0.42 mmol) was added and the solution cooled to -30°C 
with stirring. A solution of allylic alcohol 14 (50 mg, 0.28 mmol) in 
THF (0.5 mL) was introduced, followed by the addition of a solution of 

S-tert-butyl cyanothiolacetate (88 mg, 0.56 mmol) in THF (0.5 mL). 
After stirring for 3.5 h at -35OC, ice-cold water and then 1 N aqueous 
hydrochloric acid were added and the resulting solution was extracted 
with dichloromethane (4 x 15 mL). The extracts were washed with 
saturated aqueous sodium chloride, dried, filtered, and concentrated. 
The crude product was subjected to flash chromatography on silica gel 
(40% benzene in petroleum ether) to give a mixture of compounds 26 
and 27 (50 mg; 54% yield) in ca. 2:l ratio. The 'Hmr spectrum of the 
mixture displayed two sets of signals in ca. 2: 1 ratio. The major set of 
signals was attributed to compound 26 (a 1: 1 diastereomeric mixture); 
6: 0.95,0.98 (both s,  1.5H each, -CH3), 1.52 (s, 9H, -C(CH,),), 

I 
1.66(br s, 3H, CH3C=), 3.50,3.58 (bothd, 0.5Heach J = 6Hzeach, 

I 
-CHCN), and5.34 (m, lH,  -CH=). The minor signals were found 
to be identical with those observed for pure 27 (see the following 
experiment). The mixture also showed the following spectral data: 
ir: 1680 (C=O), 2210 (CEN), and 2240 (C=N) cm-I; ms M': 
317.1819 (calcd. for CI9HZ7NOS: 317.1813). 

7P-(l-Cyano-2-hydroxyethyl)-l,4a/3-dimethyl-3,4,4a, 7,8,8a- 
hexahydronaphthalene (28) 

The 2: 1 mixture of compounds 26 and 27 (46 mg, 0.14 mmol) was 
dissolved in absolute ethanol (5 mL) and cooled to 0°C with stirring. 
Sodium borohydride (21 mg, 0.55 mmol) was added and stirring con- 
tinued for 30 h at room temperature. The mixture was then poured into 
saturated aqueous ammonium chloride and extracted with dichloro- 
methane (3 x 5 mL). The extracts were washed with saturated aqueous 
sodium chloride, dried, filtered, and concentrated. The residue was 
chromatographed on silica gel (20% ethyl acetate in petroleum ether) to 
give 15mg of compound 27; ir: 2210 (CEN) cm-'; ' ~ m r  6: 1.01 

I 
(s, 3H, CH3-), 1.43 (s, 9H, -C(CH3)3), 1.66 (br s,  3H, CH3C=), 
5.00 (s, lH, X H C N ) ,  and 5.4-5.8 (complex, 4H, -CH= and 

I 
-CH=CHCHO-); ms M+ : 3 17.1806 (calcd. for C19HZ7NOS: 
317.1813). 

Further elution with the same solvent system gave alcohol 28 (17 mg; 
-78% yield based on 26) as a mixture of two diastereomers (ca. 1: 1); 
ir: 2260 (CEN) and 3400-3500 (-OH) cm-'; ' ~ m r  6: 0.93, 0.96 

I 
I 

(both s, 1.5H each, CH3-), 1.66 (br s, 3H, CH3C=), 3.90 (br s, 2H, 
-CH20-), and5.3-5.8 (complex, 3H,-CH= and-CH=CH-); 
ms M+:  231.1617 (calcd. for CI5HZlNO: 231.1623). 

3-(tert-Butylthiocarbonylqanomthyl)-5,8a/3-dimthyl-3,4,4a a ,  7,8,8a- 
hexahydro-1[2 HI-naphthalenone (29) 

At 5"C, to a solution of S-tert-butyl cyanothiolacetate (160 mg, 
.1.01 mmol) in benzene (7 mL), were added chlorotrimethylsilane 
(0.11 mL, 0.92 mmol) and sodium hydride (50% dispersion in oil; 
72 mg, 1.52 mmol). After stirring for 5 min under an argon atmos- 
phere, a solution of dienone 12 (121 mg, 0.68 mmol) in benzene 
(0.5 mL) was introduced. The mixture was heated at reflux for 16 h. 
It was then cooled to room temperature, poured into 1 N aqueous 
hydrochloric acid, extracted with dichloromethane (3 X 10 mL), and 
the extracts concentrated. The residue was dissolved in methanol 
(20 mL) and treated with 5 mL of aqueous potassium fluoride solution 
(0.5 g/10 mL) for 10 min. The resulting solution was poured into 1 N 
aqueous hydrochloric acid (20 mL) and extracted with dichloro- 
methane (4 X 20 mL). The extracts were dried, filtered, and concen- 
trated. The crude product was purified by flash chromatography on 
silica gel (10% ethyl acetate - petroleum ether) to give 27 mg of 
starting dienone 12. Further elution with the same solvent system gave 
1,4 adduct 29 (136 mg; 76% yield based on consumed starting material) 
as a mixture of four diastereomers in ca. 2:2:1:1 ratio by ' ~ m r  
integration. The following 'Hmr data were attributable to the two major 
isomers: 6 1.08, 1.12 (both s, 3H total, CH3-), 1.52, 1.54 (both s, 

I 
total 9H, -C(CH3),), 1.68 (brs, 3H, CH3C=), 3.44, 3.53 (both d, 

I 
IH total, J = 5 Hz each, -CHCN), and 5.42 (m, lH, -CH=). The 
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following ' ~ m r  data were attributable to the two minor isomers: 6 1.20, 
1.28 (both s, total 3H, CH3-), 1.56 (s, 9H, -C(CH3),), 1.68 (br s, 

I I 
3H, CH3C=), 3.46,3.64 (both d, 1H total, J = 5 Hzeach, -CHCN), 
and 5.42 (m, lH, -CH=). The following spectral data were also 
recorded on the mixture: ir (CHC13): 1679 (thiolester C=O), 1710 
(ketone C=O), and 2220 (C-N) cm-I; ms M': 333.1765 (calcd. for 
C19H27N02S: 333.1762). 

3-(tert-Butylthiocarbonylcyanomethyl)-1 -hydroxy5,8a P-dimethyl- 
1,2,3,4,4a(u,7,8,8a-octahydronaphthalene (30) 

Ketone 29 (41 mg, 0.12 mmol) was dissolved in absolute ethanol 
(4 mL) and cooled to O°C with stirring. Sodium borohydride (10 mg, 
0.26 mmol) was added and the mixture stirred for 1.5 h at O°C. 
Saturated aqueous ammonium chloride solution was added and the 
resulting solution extracted with dichloromethane (3 X 5 mL). Drying, 
filtration, and concentration gave the crude product, which was purified 
by flash chromatography on silica gel (40% ethyl acetate - petroleum 
ether) to give alcohol 30 (30 mg; 75% yield) as a mixture of diastereo- 
mers. The following spectral data were recorded on the mixture: ir: 
1680 (C=O), 2250 (C=N), and 3500-3600 (-OH) cm-I; 'Hmr 
6: 0.84 (brs, 3H, CH3-), 1.51 (brs, 9H, -C(CH3)3), 1.62 (brs, 

I I I 
3H, CH~C=), 3.4-3.6 (m, 2H, -CHCN and -CHOH), and 5.40 
(m, lH, -CH=); ms M': 335.1919 (calcd. for C19H29N02S: 
335.1919). 

3-Cyanomethyl-1 -hydroxy-5,8a/3-dimethyl-l,2,3,4,4aa,7,8,8a- 
octahydronaphthalene (32) 

Alcohol 30 (74 mg, 0.22 mmol) was dissolved in chloroform (4 mL) 
and cooled to O°C under an argon atmosphere. Methanesulfonyl 
chloride (0.05 mL, 0.66 mmol) and triethylamine (0.15 mL, 1.1 mmol) 
were added and the mixture stirred for 6 h at room temperature. The 
mixture was acidified with ice-cold 1 N aqueous hydrochloric acid 
and extracted with dichloromethane (4 X 8 mL). The extracts were 
washed with saturated aqueous sodium bicarbonate, dried, filtered, and 
concentrated. This crude mesylate 3 1  (134 mg) showed satisfactory ir 
and ' ~ m r  spectra as follows: ir: 1185, 1360 (O=S=O), 1680 
(C=O), and 2260 (C=N) cm-I; ' ~ m r  6: 0.81 (br s, 3H, CH3-), 

I 
1.49 (s, 9H, -C(CH3)3), 1.58 (br s, 3H, CH3C=), 3.00 (s, 

I I 
CH3S03-), 3.4-3.6 (complex, 2H, -CHCN and -CHO-), and 
5.33 (m, lH, -CH=). 

The crude mesylate was dissolved in N,N-dimethylformamide 
(7 mL). Sodium iodide (480 mg, 3.2 mmol) and zinc dust (420 mg, 
6.4 mmol) were added. The mixture was heated at reflux for 7 h under 
an argon atmosphere. It was then cooled to room temperature and 
filtered and the residue washed thoroughly with dichloromethane. The 
filtrate was subsequently washed with water and the aqueous solution 
extracted with dichloromethane (4 X 5 mL). The extracts were washed 
with saturated aqueous sodium chloride, dried, filtered, and concen- 
trated. The crude product was purified by flash chromatography (30% 
ethyl acetate in petroleum ether) to afford alcohol 32 (6 mg; 14% yield 

from 30) as a mixture of diastereomers; ir: 2260 (C=N) and 
3400-3500 (OH) cm-I; ' ~ m r  6: 0.80, 0.82 (both s, -1.5 H each, 

I 

3.39 (dd, lH, J = 11, J' = 4Hz, -CHOH), and 5.38 (m, lH, 
-CH=); ms M': 219.1621 (calcd. for C14H21NO: 219.1623). 
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a-N,N-Dimethylaminoethylferrocene. A nuclear magnetic resonance study relating to 
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IAN R. BUTLER, WILLIAM R. CULLEN, F. GEOFFREY HERRING, and N. R. JAGANNATHAN. CAN. J. CHEM. 64,667 (1986). 
A 'H nrnr study of Fe(C5H4CHMeNMe2-q)(C5H4PPh2-q), 2 ,  using the nOe difference experiment, shows a spatial 

correlation between the -NMe2 group and the site of stereoselective lithiation. 

IAN R. BUTLER, WILLIAM R. CULLEN, F. GEOFFREY HERRING et N. R. JAGANNATHAN. CAN. J. CHEM. 64,  667 (1986). 
Sur la base d'une Ctude h l'aide de la rmn du 'H et faisant appel h une expCrience de diffkrence d'eOn effectuCe sur le 

Fe(C5H4CHMeNMe2-q)(C5H4PPh2-q) (2 ) ,  on peut dCmontrer l'existence d'une corrClation spatiale entre le groupement 
-NMe2 et le site de la lithiation stCrCosClective. 

[Traduit par le journal] 

One of the most frequently used starting materials for the carbon atom can be situated between the cyclopentadienyl rings 
synthesis of chiral ferrocene compounds is a - N , N -  (3-6).' In the absence of a structure for lithiated 1, that of the 
dimethylaminoethylferrocene, 1 (1). This compound is easily dilithio derivative of 1 (7), 
resolved into its enantiomers via its tartrate-salts (2). The 
metalation of 1 with lithiumalkyls is stereoselective, the 
nitrogen atom directing the reaction as shown in eq. 111. Thus 

Me NMe2 2 n-BULI 

[I1 - <A> 
(R)-1 

(R,  S) (R,R) 

the use of chiral 1 allows the isolation of essentially optically 
pure products following substitution of the lithium with a 
variety of electrophiles. Ugi and co-workers have attributed this 
remarkable stereoselectivity to steric effects involving primarily 
the C-methyl group, which is presumed to prefer to stay above 
the plane of the upper ring (3). 

X-ray crystallographic studies of products derived from the 
lithiation reaction indicate that there is no one preferred 
orientation for the CHMeNMe2 group; there are examples 
showing that any one of the groups attached to the asymmetric 

'Author to whom correspondence may be addressed. 

where TMED = tetramethylethylenediamine, should come 
closest to that of the transition state involved in the lithiation of 
1. Here one of the two different-NMe2 groups in the molecule 
is situated well outside the interplane region, such that the methyl 
group-CHMeNMe2 lies between the rings. This lithium atom, 
which is bonded to the -NMe2 group and the deprotonated 
carbon atom, is also situated outside the interplane region. 
Nevertheless, this carbon atom is the one that would more likely 
be lithiated, according to eq. [ 11. The other -NMe2 is part of a 
-CHMeNMe2 group of opposite chirality to the first. This 
amino function and its -CHMeNMe2 group lie in the inter- 
plane region and the nitrogen is coordinated to a lithium atom 
that lies almost in the same plane as the cyclopentadienyl ring. 
However, this lithium atom is bonded to the carbon atom that 
would be less likely to be lithiated, according to eq. [ I  1. Thus, in 
the cluster of the dilithio derivatives the 4:96 ratio "expected" 
from eq. [ l ]  is found to be 50:50. This observation has not been 
made previously (7) and probably accounts for the isolation of 
the unexpected (S,S) diastereomer of [Fe(-q5-C5H3(P(CMe3)2- 
1,3] [-q5-~5~3(C~~e~~e2)~(C~e3)2- 1,2)] (6). This com- 
pound should have had the (S,R) configuration because the first 
step in its synthesis was the lithiation of (S)-1 according to 
e q  i l l .  

Clearly the stereoselectivity observed in reactions involving 1 
must be due to effects other than, or in addition to, those 
previously envisioned. This paper describes the probing of these 
effects using 'H nmr spectroscopy. 

The cyclopentadienyl proton resonances of 1 are overlapped 
even at 400 MHz and therefore a derivative is required in which 
the resonances are more dispersed and which retains the 
integrity of the C5H4CHMeNMe2 group. The recently synthe- 
sized compound 2 has most of the required properties (8). The 
proton resonances overlap only slightly, as is seen in Figs. 1 and 
2, the number of resonances being greater than might be 
expected at first sight because of the combination of the 
asymmetric center with the planar chirality of both rings. This 
makes all the protons inequivalent. 

2 ~ l s o ,  I. R. Butler, W. R. Cullen, and S. J. Rettig, unpublished 
results. 
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I 
CHEMICAL SHIFT(PPU)  -> 4. 0 

FIG. 1. 2D-J resolved contour plot of ferrocenyl proton region of 2; 128 experiments in the t, axis with 1024 data points on the tz axis with a 
relaxation delay of 5 s and 32 scans for each t, experiment. Sinebell apodization was employed in both dimensions before Fourier transform. 

Protons 1 and 2 have almost identical chemical shifts and give 
rise to the pseudo triplet. Protons 4 and 5 can be readily 
identified by their residual "P couplings observed in the 2D-J 
spectrum (Fig. 1). Each appears as a set of overlapping doublet 
of doublets of doublets in the one-dimensional spectrum. The 
31P couplings to 4 and 5 are -3.5Hz. Proton 3 is readily 
assigned from its splitting pattern (it shows the typical 1,2,2,2,1 
pattern of a ferrocenyl proton adjacent to a single substituent) 
and homonuclear decoupling experiments. Similarly, reso- 
nances 6 , 7 ,  and 8 can be assigned, using the 2D-J spectrum to 
identify the resonance multiplicity and decoupling experiments 
to determine their relative positions. 

To check the assignment, 2 was lithiated with n-butyllithium 
and the resulting product solution treated with D20. The 'H nmr 
spectrum of the deuterated product indicates that site 3 has been 
deuterated almost exclusively. 

Reaction of 2 with sulfur results in oxidation of the 
phosphorus, affording 3. The enhanced electronegativity of the 

PPh2(S) side chain results in increased deshielding of the 
cyclopentadienyl resonances to which the phosphorus is at- 
tached. The nmr spectrum of 3 shows only 5 resonances because 
of overlap; however, these can be readily assigned as described 
for 2. The two low-field resonances 6 4.45,4.40 are due to the 
phosphorus-substituted cyclopentadienyl ring protons. The 
remaining three resonances 6 4.29, 4.11, 4.03 are assigned to 
protons in the 3, 617, and 8 positions, respectively. Oxidation 
of the phosphorus shifts all cyclopentadienyl resonances down- 
field. In both compounds 2 and 3 the resonances of protons 3 
and 8 are separated by approximately 0.3ppm, which is 
probably reflected in the stereoselectivity of the lithiation 
reaction. 

Having assigned the resonances in 2, a series of nOe (nuclear 
Overhauser effect) difference experiments were undertaken to 
garner further information about the preferred site of methala- 
tion. The first of these experiments was carried out by 
irradiating the NMe2 singlet. As is seen in Fig. 2C, only two 
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BUTLER ET AL. 

FIG. 2.400-MHz 'H spectra of 2 in CDC13 excluding phenyl region. 
A: normal spectrum, B: nOe difference spectrum with irradiation of 
CCH3 ( 4 ). C: nOe difference spectrum with irradiation at N(CH3)2 
( 4 ) .  

proton sites are significantly enhanced, namely 3 and 8, with the 
greater effect on 3. If there is free rotation about the bond 
between the CHMeNMe, group and the ring, enhancement 
would be expected at 3 and 8 and, in addition, some effect on the 
bottom ring protons would be expected. Thus the -NMe2 
group seems to have a preference for a position above the rings 
and in proximity to the site of metalation at proton 3. 

The second nOe difference spectrum shown in Fig. 2B was 
obtained by irradiation of the C-CH3 resonance. In this case 
positive nOe enhancements are observed into proton sites 1, 2, 
4 ,5 ,  and 8. By far the largest enhancement is observed at site 8, 
which is expected from the result of the first nOe experiment. 
However, since positive nOe effects are observed in all four 
proton sites on the lower cyclopentadienyl ring, the methyl 
group must lie preferentially between the rings as shown in 4. 
Certainly this geometry is found in some known structures. A 
third nOe different experiment was conducted by irradiation of 
the ortho protons of the phenyl rings. Weak positive nOe 
enhancements were observed only into the ring proton sites 4 

PYU .. 

4 

and 5, adjacent to the phosphorus. Thus there is little interaction 
of the PPh2 group with the protons of any other rings and 
extrapolation of the results from 2 to 1 seems justified. 

Indeed, nOe difference spectra of 1, although more difficult 
to assign, do show these effects. 

Thus it appears that in solution the NMe2 group lies 
predominantly outside the rings, as indicated in 4. Making the 
assumption that prior to metalation the incoming RLi coordi- 
nates to the amine function, it seems that the site of metalation is 
governed by the movement of the C-methyl group away from 
the area between the rings. This would result in 
stereoselectivity . 

In this model the conformation of the transition state would 
look somewhat like that seen in 4 and in the appropriate part of 
the structure of the dilithio derivative described above. How- 
ever, the result that the opposite diastereomer can be isolated 
suggests that the initial diastereoselectivity is a kinetic phenom- 
enon associated with favored conformations such as 4 in 
solution. Apparently, there is little energy difference between 
the two possible diastereomers. 
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and 4-aryloxymethyl-4-hydroxy-2,2,6,6-tetramethyl-l-piperidinyloxy derivatives 

M. CYGLER' AND M. J. GRABOWSKI 
Department of Crystallography, Institute of Chemistry, Universiiy of Lddi, 91 -416Lddi, Nowotki 18, Poland 

AND 

W. STRZYZEWSKI, L. TURAZA, AND R. SKOWRO~~SKI 
Institute of Chemistry, Universiiy of Lddi, 90-136 t d d i ,  Narutowicza 68, Poland 

Received May 30 1985 

M. CYCLER, J. GRABOWSKI, W .  STRZY~EWSKI, L. TURAKA, and R. SKOWRO~~SKI. Can. J. Chem. 64, 670 (1986). 
The synthesis of 5,5,7,7-tetramethyl-1-oxa-6-azaspiro[2.5]octane and modified synthesis of 5,5,7,7-tetramethyl-I-oxa-6- 

azaspiro[2.5]oct-6-yloxy are described. Reaction of these spiro-oxiranes with phenols gave corresponding 4-aryloxymethyl 
4-piperidinols and their I-piperidinyloxy derivatives. The same products have also been obtained by reaction with ethanol. The 
crystal structures of two derivatives: 4-phenoxymethyl-2,2,6,6-tetramethyl-4-piperidinol(3a, 2880 reflections, R = 0.054) and 
4-phenoxymethyl-4-hydroxy-2,2,6,6-tetramethyl-l-piperidinyloxy (6a, 4395 reflections, R = 0.084) have been determined. 
Piperidine rings are in a chair conformation in both compounds with the phenoxymethyl substituent in an equatorial position. The 
C 
\ 

N-0- group is not planar, with the N-0 bond inclined by 18.4" to the CNC plane. Although the space groups are different 
/ 

C 
for these two compounds the molecules are packed in the crystal lattice in a topologically equivalent way. 

M. CYCLER, J. GRABOWSKI, W. STRZY~EWSKI, L. TURAZA et R. SKOWRO~~SKI. Can. J. Chem. 64, 670 (1986). 
On dCcrit la synthese du tCtramCthy1-5,5,7,7 oxa-1-aza-6 spiro[2.5]octane et une synthese modifiCe du tCtramethy1-5,5,7,7 

oxa-1-aza-6 spiro[2.5]octyloxy-6. La rkaction de ces spiro-oxiranes avec des phCnols conduit aux aryloxymCthyl-4 pip6ridinols-4 
correspondants ainsi qu'a leurs dtrivCs pipCridinyloxy- I.  On a aussi obtenu les mCmes produits par rkaction avec de 1'Cthanol. On 
a determink les structures cristallines de deux dCrivCs: le phCnoxymCthy1-4 tCtramCthy1-2,2,6,6 pipCridinol-4 (3a, 2880 
rkflexions et R = 0,054) et le phCnoxymCthyl-4 hydroxy-4 tCtramCthyl-2,2,6,6 pipCridinyloxy-l (6a, 4395 rkflexions et R = 
0,084). Dans chacun de ces composCs, les cycles des pipCridines existent dans le conformation chaise et le substituant occupe la 

C 
\ 

positionCquatoriale. Le groupement N-0. n'est pas polaire et la liaison N-0 est inclinCe de 18,4" par rapport au plan 
/ 

c .  
CNC. MCme si les groupes d'espace de ces deux composts sont diffkrents, les molCcules sont entassCes dans le rkseau cristallin 
de fa~ons  qui sont topologiquement Cquivalentes. 

[Traduit par la revue] 

Introduction 
Stable nitroxyl radicals incorporated in 2,2,6,6-tetramethyl- 

piperidine have attracted the attention of chemists for over 10 
years (1). These compounds have found many industrial appli- 
cations. Together with their precursors, the free amines, they 
are recommended as light and heat stabilizers in the production 
of plastics (there are over 200 patents on that application of 
nitroxyl radicals cited in Chem. Abstr., e.g. ref. 2). Their 
utilization as spin labels in the investigation of biological 
systems (3) is one of the most important research applications. 
The synthesis of the title compounds was undertaken with a 
view to their potential further applications. We have chosen a 
method of synthesis based on spiro-oxirane chemistry to gain 
more insight into such reactions. The structural investigations 
described in this paper are a continuation of our interest in the 
conformation of substituted piperidine rings and the conforma- 
tional differences between the nitroxy radicals and their parent 
amines. 

' ~ u t h o r  to whom correspondence may be addressed at the Depart- 
ment of Biochemistry, University of Alberta, Edmonton, Alta., 
Canada T6G 2H7. 

Results and discussion 
Synthesis 

The steps in the synthesis of 4-aryloxymethyl-2,2,6,6- 
tetramethyl-4-piperidinol 3 and 4-aryloxymethyl-4-hydroxy- 
2,2,6,6-tetramethyl-1-piperidinyloxy 6 are shown in Scheme 
1. 5,5,7,7-Tetramethyl-1 -oxa-6-azaspiro[2.5]oct-6-yloxy 5 
has previously been obtained by two methods: through the 
reaction of the ketone 4 with diazomethane (yield = 34%) (4) 
and by the method of Corey and Chaykovsky in the reaction of the 
ketone 4 with dimethylsulfonium methylide (yield = 7 1 %) (5). 
We have applied a variant of the Corey reaction using dimethyl- 
oxosulfonium methylide (6), which is safer in use and more 
easily available. In addition to compound 5 we have obtained 
the epoxide 2, which has not previously been described in the 
literature. The reaction yields were 54.0% and 51.8% for 5 and 
2, respectively. The structures of these intermediate compounds 
were confirmed by ir, 'H nmr, and mass spectroscopy. 

These epoxides (2 and 5) were then subjected to reaction with 
phenols under basic conditions. In each case only one product 
was obtained, which, as expected (7), turned out to be a tertiary 
alcohol. This was confirmed by the reaction of compounds 3 
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0 

ArOH (CH312S=CH2 - 
I 

H 
I 

H 
I 
H 

I 2 3a-f 

4 

ArOH - 
I I 

with Cr03 (this excludes primary and secondary alcohols). The 
oxidation of 3 with hydrogen peroxide in the presence of 
NaZWO4 and verseniane gave a product identical to 6 ,  which 
confirmed its deduced structure. X-ray analyses of 3a and 6a  
proved these assignments to be correct. 

It is clear that the reaction of epoxides 2 and 5 with phenols 
proceeds typically, according to the SN2 mechanism, with the 
expected reaction product (8). The approaching group attacks 
the least substituted carbon atom of the oxirane ring. The 
physical properties, results of analysis, and spectral data for the 
compounds obtained are presented in Tables 1 and 2. 

A different reaction mechanism was invoked for the reaction 
of aromatic amines with glycide esters (oxiranes substituted 
with polar groups), including the spiro-oxiranes (9). In this 
reaction only secondary alcohols were obtained, as is shown in 
Scheme 3: 

Reactions of alkyl derivatives of ethylene oxide with alcohols in 
acidic medium gave, on the other hand, a mixture of two 
isomers (7). 

For these reactions an SN1 mechanism has been proposed (8). 
We have also followed the reaction of epoxides 2 and 5 with 

ethanol in a variety of conditions. In all cases (acidic or basic 
conditions), just as in the reactions with phenols, only one 
isomer of 4-ethoxymethyl-2,2,6,6-tetramethyl-4-piperidinol or 
4-ethoxymethyl-4- hydroxy-2,2,6,6-tetramethyl- 1 - piperidin- 
yloxy was obtained. 

Crystal structure determination 
Compounds 3a and 6 a  are representative of the two groups of 

end products and have been chosen for further crystallographic 
studies. 

Structure of 3a 
The final atomic coordinates are given in Table 3. A view of the 

molecule is shown in Fig. 1 and bond lengths, valence angles, 
and some torsion angles are given in Table 5. The piperidine 
ring exists in a chair conformation with an axial hydroxyl group. 
The phenyloxymethyl group is in a fully extended conformation 
with torsion angles around C(41)-O(42) and O(42)-C(7) 
bonds being 179.1(5)" and 179.7(5)", respectively. The phenyl 
ring is nearly perpendicular to the mean plane of the piperidine 
ring. The hydroxyl group is not equally disposed toward the 
piperidine ring but is more inclined to one of the methylene 
groups (the exocyclic OCC angles differ by 5.2"). The distances 
between the axial substituents to the piperidine ring are listed in 
Table 5. The interactions of these substituents decrease the ring 
puckering significantly and lead to an increase of the valence 
angles at the ring methylene groups to 116.5(3)". The average 
endocyclic torsion angle is 45.9", as compared to 57" in an 
unsubstituted piperidine ring (10) and 53.5" in 2,2,6,6- 
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TABLE 1. Results, physical properties, and analysis of 4-aryloxymethyl-4-piperidinol derivatives 

%N 
Melting Yield Mass spectra (15 eV) Molecular 

Compound point("C) (%I m / e  (%I Formula mass calcd. found 

3a 102.5-103.5 68.0 248 (100): 58 (45.2): 98 (19.4) C16H25N02 263.19 5.31 5.25 
36 78-80 42.8 293 (100): 294 (30.3): 58 (19.8) C16H22N204 308.17 9.06 8.83 
3c 168.5-169.0 63.2 293 (100): 294 (17.8): 58 (16.2) C16H24N204 306.17 9.06 8.89 
3d 30 34.6 282 (100): 58 (50.9): 284 (35.8) C16H24C1N02 297.68 4.69 4.46 
3e 141-142 65.5 282 (100): 284 (33.8): 58 (19.6) C16H24C1N02 297.68 4.69 4.53 
3f 110-111 68.5 262 (100): 58 (38.1): 137 (22.7) C17H27N02 277.20 5.41 5.39 
6a  133-134 61.1 278 (100): 94 (55.4): 108 (37.2) Cl6HZ4No3 278.17 5.03 4.98 
66 104-106 59.6 43(100):323(69.6): 41(62.8) C16H23N205 323.16 8.67 8.49 
6~ 179-180 67.4 323(100):267(44.7):309(37.0) C16H23N205 323.16 8.67 8.51 
6d 114-1 15 63.2 43 (100): 312 (78.2): 55 (56.3) C16H23C1N03 312.67 4.47 4.37 
6e 181.5-183 62.7 43 (100): 312 (95.3): 56 (60.4) C16H23C1N03 312.67 4.47 4.45 
Sf 175-176 65.6 108 (100): 292 (84.2): 262 (39.7) C17H25N03 291.19 5.13 5.07 
6g 153-154 48.7 328(100):144(44.3):329(37.4) C20H26N03 328.18 4.27 3.98 

tetramethylpiperidinium ion (TMP+ , ref. 1 l), where there are 
only two axial substituents. The flattening of the ring in 3a is 
nearly uniform, with the lowest puckering around C(4) where 
the mean CCCC torsion angle is 45.5(5)". The degree of 
puckering of the ring at C(4) in 2,2,6,6-tetramethylpiperidine 
derivatives correlates well with the size of the axial substituent 
at this position. In TMP+ (11) and N,Nr-bis(2,2,6,6-tetra- 
methyl-4-piperidy1)succinamide dihydrate (DTMP, ref. 12), 
where a H atom is axial to the ring at C(4), the CCCC torsion 
angle is similar to that in an unsubstituted piperidine ring 
(59.2(9)" in TMP+, 55.8" and 57.9" in two independent mole- 
cules of DTMP). A related compound, 4-ethynyl-2,2,6,6- 
tetramethyl-4-piperidinol (TMPE, ref. 13) has an axial ethynyl 
group at C(4) and the CCCC torsion angle in this molecule is 
49.7(8)". Finally, in 3a with the axial hydroxyl group this 
torsion angle is even smaller. Hydrogen bonds also play a role in 
the ring distortion, as was shown in the case of DTMP (12) 
where two independent molecules with different geometry 
of H bonds display different degrees of puckering, which 
correlates with stretching or bending effects of the hydrogen 
bond interactions. The main effect is, however, observed at the 
end of the molecule around the N atom (hydrogen bond 
acceptor) with relatively small changes at the opposite side of 
the ring. The observed order of puckering around C(4) in 3a and 
TMPE can not be attributed to H bond interactions. The 
hydrogen bonds in TMPE are stronger (N.. .O = 2.790(9) A 
versus 2.971(3) P\ in 3a) and they are equatorial to the ring 
(stretching), while the effect of the hydrogen bond formed by 
the axial hydroxyl group of 3a  must be less pronounced. Yet 3a 
displays smaller puckering at the C(4) part of the ring. 

The size of an equatorial substituent has an opposite effect on 
the puckering of the ring, as was shown for N-methyl-2,2,6,6- 
tetramethyl-4-piperidinols (14). The magnitude of changes at 
the C(4) position is, however, smaller, with more pronounced 
changes occumng around the N atom. The degree of puckering 
of the ring is determined primarily by the bulkiness of the axial 
group. The size of an equatorial substituent plays a secondary 
role in defining the ring shape. This is exemplified by the 
structures of 3a and TMPE, where both axial and equatorial 
substituents are different and the degree of puckering at C(4) is 
determined by the size of the axial group. 

The hydrogen atom at N(1) takes an axial position. As we 
have pointed out earlier ( l3), owing to a low energy difference 
between the axial and equatorial configuration, a hydrogen atom 

adopts a position which allows the free electron pair of the 
nitrogen atom to maximize the hydrogen bond interactions with 
a neighbouring molecule. Here a strong hydrogen bond is 
formed when the free electron pair is oriented equatorially with 
respect to the ring. 

An increase of endocyclic angles at unsubstituted ring atoms 
(N(l), C(3), C(5)) observed here was also found in other 
derivatives with 2,4,6 axial substituents (13- 15) and reveals the 
positions in the ring least resistant to deformation. The angles at 
the fully substituted C(2) and C(6) atoms are characteristic for 
an axial orientation of a substituent at N(l) (Table 4 in ref. 15). 

Structure of 6a 
The final atomic coordinates are given in Table 4. There are 

two independent molecules in the unit cell. Both have very 
similar conformations. The bond lengths, valence angles, and 
some torsion angles are given in Table 5. A view of one of the 
molecules (I) is shown in Fig. 2. 

The overall conformation of 6a is similar to that of its free 
arnine (compound 3a). The piperidine ring of the molecule 
assumes a chair conformation with an axially oriented hydroxyl 
group. The phenoxymethyl group exists in an extended confor- 
mation, with the phenyl ring nearly perpendicular to the mean 
plane of the piperidine ring (see Fig. 2). There are small but 
statistically significant differences in the torsion angles along 
the C(41)-O(42) and O(42)-C(7) bonds in both molecules. 
In molecule I1 these angles are - 179.4(6) and 179.0(6)" respec- 
tively, while they are - 174.6(6) and 175.2(6)", respectively, in 
molecule I. A coupled change in both of these angles seems to 
be necessary to avoid clashes between hydrogens on the C(41) 
atom and on the phenyl ring. A rotation around the C(41)- 
O(42) bond alone would move the H(8 1) atom of the phenyl ring 
towards one of the hydrogens of the C(41) methylene group. A 
simultaneous rotation in the opposite direction along the 
O(42)-C(7) bond moves that hydrogen atom back towards its 
starting position. Such a concerted movement along these two 
bonds is obviously not changing significantly the energy of the 
molecule and shows that there is some rotational freedom along 
them. 

The conformation of the piperidine ring is similar to that 
found in other six-membered nitroxyl derivatives (16,17). The 
ring is most flattened in the N part, with the CNCC torsion 
angles (36.4(4)" in mol I and 32.2(4)" in mol 11) being in the 
range found in other compounds (16). As we have shown 
previously (16), the puckering of the C(4) part of the ring 
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CYGLER ET AL. 673 

m 
FIG. 1. A view of the molecule of 4-phenoxymethyl-2,2,6,6- . - 

8 
tetramethyl-4-piperidinol, 3a. a - 

h 

depends on the degree of substitution of the C(4) atom. When an 
axial substituent to the ring is present at C(4) there is a 
significant decrease in the CCCC torsion angles. The average 
value of that torsion angle in both molecules of 6 a  is 53.0(1.0)" 
and agrees well with the value found for bisubstituted rings 
(53.7"). The flattening of that part of the ring is also reflected in 
an opening of the endocyclic angles at the methylene groups 
(C(3) and C(5) atoms). The distances between axial substituents 
are given in Table 5. 

The average length of the N-0 bond in both molecules is 
0 
L - 
\ .- E 

0 

1.280(4) A. The N-0. group is not planar. The N-0 w P. 
/ vl 

c' r-i W 
c] 
CP 

bond makes an angle of 18.6(2) and 18.3(2)" with the CNC 
plane in molecules I and 11, respectively. The length of this 

s 
bond, its inclination to the CNC plane, and the CNC angle are 
within the limits observed in other compounds (16). Similarly, 
as in 3a,  the C(4)-C(41) bond is evenly disposed toward the 
piperidine ring while the C(4)-O(41) bond is somewhat 
inclined toward one side (the exocyclic OCC angles differ by 
6"), probably as a result of hydrogen bond formation between 
H(041) and O(1) from the neighbouring molecule (see Fig. 4). 

The average C-C bond length in the phenyl ring is 
1.376(14) A. Some bonds in the ring are rather short but their 
calculated lengths are probably affected by a relatively large 
thermal motion of the phenyl ring. 

Crystal packing 
Diagrams representing packing of molecules are shown in 

Figs. 3 and 4. Molecules of both compounds form intermolecular 
hydrogen bonds. In 3a the H bond is formed between the 
hydroxyl group and the N atom of a neighbouring molecule. It is 
oriented equatorially to the ring. The geometry of that bond is: 
0-H = 0.89(3), O...N = 2.971(3), H...N = 2.11(3) A, 
0-H ... N = 163(2)". 

m g p s  g g g z g z  
m m m m m m  m m m m m m  
I I I I I I  I I I I I I  

8 8 8 8 8 8  8 8 8 8 8 8  
a m a a a a  m m m m * *  
m m m m m m  m m m m m m  

E E E E E E a  
33sssss 
SZZZZZE 
0 w 0 m w O N  
0 0 0 m N N m  

X X X X X X  X X X X X X  x x x x x x  x x x x x x  
Z Z Z Z Z Z  Z Z Z Z Z Z  
o a ~ w m w  a m w * m m  
??*?=??  =??'??'?'? 
d d d d d d  - 4 4 4 - +  

m " , m m m m  m m m m m m  
hhhhhh hhhhhh x x x x x x  x x x x x x  zzzzzz zzzzzz 
o m m w m m  c o O * * N N  
991"T" "-1-11 
4 4 4 4 - M  - - - - - -  
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TABLE 3. Final atomic parameters and equivalent temperature factors 
( x  lo4, x  lo3 for H atoms) for 4-phenoxymethyl-2,2,6,6-tetra- 

methyl-4-piperidinol 3a 

Atom x Y z u~~ 

Atom x 

HN 1 
H211 
H212 
H213 
H22 1 
H222 
H223 
H3 1 
H32 
H041 
H411 
H412 
H5 1 
H52 
H611 
H612 
H613 
H62 1 
H622 
H623 
H8 1 
H9 1 
HlOl 
H l l l  
H121 
- 

In 6a  the H bond is formed between the hydroxyl group of one 
molecule and the nitroxyl oxygen of the other independent 
molecule. The geometry is as follows: o l ( l )  ... 01'(4) = 
2.776(3), 0 " - ~ " ( 0 4 )  = 0.85(2), o l ( l ) .  . .HI1(04) = 1.94(2) 
A, O1(l). . .HI1(04)-01'(4) = 168(2)", OI1(l). . .01(4) = 
2.708(4), 01(4)-H1(04) = 0.93(2), OI1(l). . .H1(04) = 1.78(2) 
A, 0l1(l). . .H1(04)-01(4) = 174(2)". 

Chion and Lajztrowicz-Bonneteau (18) have analyzed the 
directionality of hydrogen bonds involving nitroxyl groups 
incorporated in five- and some six-membered rings. They found 
that in the majority of cases this bond is inclined by 10 to 30" 
(a2) to the plane containing the N-0. group and parallel to the 

FIG. 2. A view of molecule I of 4-phenoxymethyl4hydroxy-2,2,6,6- 
tetramethyl-1-piperidinyloxy, 6a.  

FIG. 3. A stereoscopic view of the unit cell of 3a with hydrogen 
bonds marked by dotted lines. The origin is in the lower left comer, the 
Z-axis is horizontal, the X-axis is vertical, and the Y-axis points 
toward the reader. 

C 
\ 

C.. .C vector (of the N-0. moiety) and that its projection 
/ 

C 
makes an angle of 20-50" (a3) with the N-0 vector. In all but 
one case the donor atom has also been found on the same side of 
this plane as the C...C atoms. In the present compound the 
corresponding angles are: a2 = 10.3(3), a3 = 32.5(3)" for the 0 
atom involved in the hydrogen bond to the O(1) atom of 
molecule I and a2 = 8.9(3), a 2  = 41.6(3)" for molecule 11. The 
disposition of the donor group with respect to the above 
described plane containing the N-0 group is, however, 
different in both molecules. In molecule I it is on the same side 
as the C.. .C atoms, while it is on the opposite side in molecule 
11. 

Figures 3 and4 show that the organization of the molecules of 
both compounds in the crystalline state is very similar although 
not identical. The same, topologically equivalent, system of H 
bonds is retained and nonbonded contacts of neighbouring 
molecules are similar. To accommodate the additional O(1) 
atom, by which the molecules of 6 a  differ from 3 a ,  within the 
crystal structure of 3 a  and maintain favourable van der Waals 
interactions, the molecules have to move apart and slightly 
rotate. This results in changes in cell dimensions and lowering 
the crystal symmetry to triclinic. Such a similar packing 
arrangement can be rationalized on the basis that only a small 
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TABLE 4. Final atomic parameters and equivalent temperature factors ( X  lo4, x 10' for H atoms) for 4-phenoxymethyl-4-hydroxy-2,2,6,6-tetramethyl- 
piperidinyloxy 6a 

Molecule I Molecule I1 

Atom X Y Z u/  U q  X Y Z u /  ucq 
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TABLE 5. Bond distances, valence and torsion angles for 3a amd 6a (esd's in parentheses) 
Bonds 

Atoms 

N(1)-0(1) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(41) 
C(6)-C(62) 
C(7)-C(8) 
C(9)-C(10) 

6a 6a 6a 

3a Molecule I Molecule I1 Atoms 3a Molecule I Molecule II Atoms 3a Molecule I Molecule I1 

- 1.281(3) 1.279(4) N(1)-C(2) 1.495(2) 1.490(3) 1.486(5) N(1)-C(6) 1.483(2) 1.485(4) 1.482(3) 
1.538(3) 1.528(4) 1.535(4) C(2)-C(21) 1.531(3) 1.531(5) 1.513(4) C(2)-C(22) 1.525(3) 1.531(4) 1.538(4) 
1.524(3) 1.514(4) 1.510(3) C(4)-C(5) 1.524(3) 1.512(3) 1.513(4) C(4)-O(41) 1.436(2) 1.433(3) 1.431(2) 
1.537(3) 1.531(4) 1.532(4) C(5)-C(6) 1.546(3) 1.539(4) 1.531(4) C(6)-C(61) 1.534(3) 1.513(4) 1.529(5) 
1.525(3) 1.535(4) 1.523(3) C(41)-O(42) 1.425(3) 1.435(3) 1.424(3) O(42)-C(7) 1.366(3) 1.372(3) 1.372(3) 
1.394(3) 1.382(4) 1.377(4) C(7)-C(12) 1.392(3) 1.378(3) 1.378(4) C(8)-C(9) 1.386(3) 1.402(5) 1.392(5) 
1.368(4) 1.360(4) 1.348(5) C(l0)-C(1 I) 1.392(4) 1.372(5) 1.371(6) C(11)-C(12) 1.372(3) 1.377(5) 1.379(5) 

n > 
Angles Z - 

n 
6a 6a 8 

P 
Atoms 3a Molecule I Molecule I1 Atoms 3a Molecule I Molecule I1 e 

0 r 
O(1)-N(1)-C(2) - 117.2(3) 114.1(2) O(1)-N(1)-C(6) - 115.0(2) 116.6(3) .% 
C(2)-N(1)-C(6) 118.2(1) 124.8(2) 126.4(2) N(1)-C(2)-C(3) 11 1.6(2) 109.9(3) 109.2(3) \O - 
N(1)-C(2)-C(21) 105.7(2) 108.1(2) 106.8(3) N(1)-C(2)-C(22) 11 1.6(2) 109.8(2) 107.9(3) m 

m 

C(21)-C(2)-C(22) 107.8(2) 108.9(3) 110.3(3) C(3)-C(2)-C(21) 108.4(2) 107.9(2) 109.4(3) 
C(3)-C(2)-C(22) 11 1.5(2) 112.2(2) 113.1(3) C(2)-C(3)-C(4) 116.2(2) 116.5(2) 116.9(2) 
C(3)-C(4)-C(5) 11 1.2(2) 109.8(2) 109.0(2) C(3)-C(4)-O(41) 107.2(2) 106.8(2) 112.9(2) 
C(3)-C(4)-C(41) 109.1(2) 110.5(2) 11 1.0(2) C(5)-C(4)-O(41) 112.9(2) 112.9(2) 107.7(2) 
C(5)-C(4)-C(41) 110.2(2) 111.0(2) 110.7(2) O(41)-C(4)-C(41) 105.7(2) 105.6(2) 105.6(2) 
C(4)-C(5)-C(6) 116.7(2) 1 6.6(3) 116.5(2) N(1)-C(6)-C(5) 11 1.5(2) 109.7(2) 109.9(2) d N(1)-C(6)-C(61) 106.4(2) 1 8.6(2) 107.9(2) N(1)-C(6)-C(62) 110.8(2) 108.6(3) 108.7(2) 
C(5)-C(6)-C(61) 107.8(2) 108.8(3) 109.0(2) C(5)-C(6)-C(62) 11 1.9(2) 112.3(2) 112.5(2) 
C(61)-C(6)-C(62) 108.1(2) 108.8(2) 108.7(3) C(4)-C(41)-O(42) 109.4(2) 108.7(2) 109.5(2) 
C(41)-O(42)-C(7) 1 19.3(2) 1 17.8(2) 117.5(2) O(42)-C(7)-C(8) 124.7(2) 124.0(2) 124.1(2) 
O(42)-C(7)-C(12) 115.5(2) 115.4(2) 115.5(3) C(8)-C(7)-C(12) 119.7(2) 120.6(3) 120.4(3) 
C(7)-C(8)-C(9) 118.5(2) 117.9(2) 118.2(3) C(8)-C(9)-C(10) 122.0(2) 121.7(3) 121.7(4) 
C ( 9 ) C ( l O ) C ( l )  119.0(2) 119.2(3) 119.8(4) C ( 0 ) - C ( 1 ) - ( 2  120.3(2) 120.8(3) 120.1(3) 
( 7 - ( 2 ) - ( 1 1 )  120.4(2) 119.9(3) 119.8(3) 
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TABLE 5 .  (Concluded) 
Torsion angles 

6a 6a 

Atoms 3a Molecule I Molecule I1 Atoms 3a Molecule I Molecule I1 

Distances between axial substituents to the piperidine ring 

Atoms 3a Molecule I Molecule I1 
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CYGLER ET AL. 679 

cm-I: 1230 (C-0-C), 870 (oxirane), 1370 (N-0); 'H nmr (CC14) 
(in situ reduction with the excess of N,N-diphenylhydrazine), 6 (ppm): 
1.14 (s, 6H, 2,6-CH3 eq.), 1.19 (s, 6H, 2,6-CH3 ax.), 1.59 (s, 4H, 
-C-CHz-C), 2.51 (s, 2H, -C-CH2-0); ms (15 eV) m/e (%): 
184' (30.1), 56 (loo), 98 (68.8), 83 (40.8), 70 (33.9), 81 (33.4). 

4-Aryloxyrnethyl-2,2,6,6-tetrarnethyl-4-piperidinol 3 or 4-aryloxy- 
methyl-4-hydroxy-2,2,6,6-tetramethyl-l-piperidinylo 6 

General procedure 
The flask containing the mixture of phenol (0.03 mol), NaOH 

(0.44g, 0.01 1 mol), and water (1.5 cm3) was immersed in a boiling 
water bath. 5,5,7,7-Tetramethyl-1-oxa-6-azaspirol[2.5]octane 2 or 
5,5,7,7-tetramethyl-1-oxa-6-azaspirol[2.5]oct-6-yloxy 5 (0.01 mol) 
was then added all at once. The heating was continued for 5 h. The 
reaction mixture was then transferred to 100 cm3 of 4% NaOH solution 
having a temperature of 10-15°C. The product was extracted with 
ether. The ether extract was dried with anhydrous K2CO3 and the ether 
was distilled away under low pressure. The crude product was purified 
by crystallization. Compounds 3a-d were crystallized from n-hexane 
and 3e-f from a mixture of hexane - ethyl acetate, while compounds 
6a-g were crystallized from water-methanol (1: 1) mixtures. Physical 
properties, and spectral and analytical results are shown in Tables 1 
and 2. 

Oxidation of 4-aryloxymethyl-2,2,6,6-tetramethyl-4-piperidinols 3 
to 4-aryloxyrnethyl-4-hydroxy-2,2,6,6-tetramethyl-1 -piperidinyloxys 
6 (shown below for the oxidation of 3a to 6a) 

4-Phenoxymethyl-2,2,6,6 - tetramethyl -4-piperidinol 3 (2.63 g, 
0.01 mol) was dissolved in 15 cm3 of methanol and mixed in a flask 
with Na2W04 (0.4 g) and disodium versenate (0.4 g). Next, 10 cm3 of 
water and 10 cm3 fo H202 (30%) were added. The flask containing the 
solution was heated for 1 h in a water bath and then slowly cooled to 
room temperature. The crystalline product was filtered out. There was 
2.7 g of 4-phenoxymethyl-4-hydroxy-2,2,6,6-tetramethyl-l-piperi- 
dinyloxy 6a, mp 133-134"C, yield 97.1%. 

Compounds 36-f were oxidized in a similar way to 66- f with yields 
in the range of 90-98%. 

Reaction of 5,5,7,7-tetramethyl-I -oxa-6-azaspiro[2,5/octane 2 with 
ethanol 

Reaction condition I 
Sodium (0.23 g) was added to 5 cm3 of absolute ethanol. After the 

reaction was completed compound 2 (1.69 g, 0.01 mol) was added (at 
boiling temperature). The temperature was maintained for 3 h. The 
alcohol was then distilled away under low pressure and 50 cm3 of water 
was added, followed by extraction with kther. The extract was first 
dried with anhydrous MgS04 and then the ether was distilled away. 
The remaining material was recrystallized from n-hexane. 4- 
Ethoxymethyl-2,2,6,6-tetramethyl-4-piperidinol (1.2 g) was obtained 
(mp70-71°C, yield 55.8%); ir (KBr) v cm-I: 3500-3100 (OH, NH), 
1240 (C-0-C), 1 1 15 (C-0); 'H nmr (CCl,), 6 (ppm): 1.45 (d, 
12H, 2,2,6,6-CH3), 1.22 (3H, CH3), 1.77 (s, 4H, -C-CH2-C), 
3.00 (q, 2H, -C-CH2-0), 3.33 (m, 2H, -CH2 ethoxy group); ms 
(15eV) m/e (%): 200 (loo), 58 (36.2), 182 (23.2), 98 (15.3). 

Reaction condition 2 
Ethanol (6.4 cm3) was mixed in the flask with concentrated H2SO4 

(0.55 cm3) and compound 2 (1.69 g, 0.01 mol) was added at a 
temperature not exceeding 45°C. The mixture was left at room 
temperature for 24 h and a 20% NaOH solution was added. Ethanol was 
distilled away under low pressure, 50 cm3 of water was added, and the 
product was extracted with ether. The extract was dried with anhydrous 
MgS04 and the ether distilled away. The remaining material (0.69 g, 
yield 32%) was recrystallized from n-hexane, giving a compound 
identical to the one obtained under reaction condition 1. 

Reaction of 5,5,7,7-tetramethyl-1 -oxa-6-azaspiro[2.5]oct-6-yloxy 5 
with ethanol 

The reaction was carried out using reaction condition 1 as in the 
synthesis of epoxide 2. The crude product was crystallized from ethyl 
acetate - hexane (1:4) solution. Red crystals of 4-ethoxymethyl- 

4-hydroxy-2,2,6,6-tetramethyl-1-piperidinyoxy were obtained 
starting with compound 5 with the yield 69.8%; ir (KBr) v cm-I: 
3400-3 100 (OH), 1260 (C-0-C), 1130 (C-0), 1360 (N-0); 
'H nmr (CC12) 6 (ppm): 1.03 (3H, CH3), 1.14 (s, 6H, 2,6-CH3 eq.), 
1.32 (s, 6H, 2,6-CH3 ax.), 1.58 (d, 4H, -C-CH2-C), 3.10 
(s, 2H, -C-CH2-0), 3.42 (m, 2H, -CHI ethoxy group); ms 
(15eV) m/e (%): 87 (loo), 230' (87.5), 59 (63.6), 83 (58.0), 55 
(34.3, 56 (32.1). 

X-ray analysis 
Suitable crystals of 3a were obtained from n-hexane and those of 6a 

from methanol-water (1 : 1) mixture. Diffraction data were collected on 
a CAD-4 diffractometer using monochromated CuKa radiation. The 
unit cell dimensions were obtained from a least-squares refinement of 
the angular settings for 25 reflections with 0 in the range 18 -53" for 3a 
and 10 - 42" for 6a. The space group P21/c for 3a was determined 
from systematic absences on Weissenberg photographs. Crystal data 
and pertinent details of refinement are given in Table 6. 

An w/n0 scan technique was used for data collection with the scan 
width Aw = ( A  + 0.2 tan O)", extended by 25% on either side for 
background measurements (A equals 0.7 for 3a and 0.6 for 6a). One 
reflection was frequently monitored during the data collection and used 
for scaling purposes. The structures were solved with direct methods 
(SHELX 76, ref. 22). Compound 3a was refined using full-matrix 
least-squares while a block-diagonal least-squares method with one 
molecule per block was used for 6a (SHELX 76, ref. 22). Scattering 
amplitudes were taken from ref. 23. For 6a only 46% of measured 
reflections were above 3u level. The percentage of "observed" reflec- 
tions decreased rapidly with the 0 angle. For 0 > 57" only about 
20% of the measured reflections were above the 3u threshold. In the 
preliminary stages of refinement, reflections above the 3u threshold 
were used. Since there are 553 parameters to refine, the reflections/ 
parameter ratio was only 5.3. In the last few cycles of refinement, 4395 
reflections with I > 0.5u(I) were used. Two reflections in the case of 
3a and six for 6a were affected by extinction and were given zero 
weight in the refinement. Non-hydrogen atoms were refined with aniso- 
tropic temperature factors. The highest peaks in the difference map 
are 0.2 e/A3 and they appear near oxygen atoms. Final atomic co- 
ordinates for both compounds are given in Table 4.' 
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Excess thermodynamic properties of tetraalkyltin compounds with Trans-decalin 
and highly branched alkanes. Effect of steric hindrance 
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HONG PHUONG-NGUYEN and GENEVIBVE DELMAS. Can. J .  Chem. 64,681 (1986). 
Molar excess thermodynamic quantities hE, e, and uE have been measured at 25OC over the whole composition range for 

mixtures of four globular Sn(C,,H2,+ ( S n h )  (n = 1-4) with t-decalin, and 2,2,4,4,6,8,8-heptamethylnonane (br-C16) as well 
as hE for the same Sr& compounds with 2,2,4-trimethylpentane (br-C8). The excess viscosities are measured at -20,25, and 
40°C for the t-decalin + S n h  systems. By introducing gE in the solution activation energy, the free energy of mixing can be 
related to and calculated from the excess viscosities. The steric hindrance contribution, corresponding to an increase of order or 
diminution of mobility in solution, known to occur either with compounds having highly substituted atoms or with flat-shaped 
molecules, was investigated. The free volume contribution to the different thermodynamic properties is calculated from the 
Prigogine-Patterson-Flory theory. The difference between the experimental and calculated excess data is associated with 
the steric hindrance contribution. Values of hE, e, uE, and sE confirm the existence of a large steric hindrance contribution 
(hE < -200 J mol-I and TsE < -400 J mol-I for two systems). Another contribution, found to occur for the two smaller 
globular S n k ,  may originate in the liberation of movement induced in solution by the second component. 

HONG PHUONG-NGUYEN et GENEVIBVE DELMAS. Can. J. Chem. 64,681 (1986). 
Nous avons mesurk, a 25"C, sur tout le domaine de concentration les propriCtCs thermodynamiques d'excbs suivantes: hE, e 

et uEPour des mClanges de t-dkcaline et de heptamethyl-2,2,4,4,6,8,8 nonane (ram-C16) avec les quatre premiers composts de la 
serie Sr& (R = CnH2,+ n = 1-4). Les hE ont aussi Ctk mesurCes avec le trimethyl-2,2,4 pentane (ram-C8). Des mesures de 
viscositCs d'excbs ont CtC faites k -20, 25 er 40°C sur les mClanges de t-dCcaline + SnR4. En introduisant gE dans I'tnergie 
d'activation de la solution, on peut relier 1'Cnergie libre de melange (non-combinatoire) aux viscositks d'excbs. La contribution 
dlemp&chement sttrique, qui se traduit par une diminution de mobilitC ou une augmentation d'ordre en solution, Ctait l'objet de 
ce travail. Elle se manifeste soit avec des molCcules qui possbdent un atome trbs substituk soit avec d'autres qui ont une forme 
molkculaire assez plate. La thkorie de Prigogine-Patterson-Flory est utilisCe pour calculer les contributions de volume libre. La 
diffkrence entre les valeurs expCrimentales et calculCes des viscositts d'excbs est identifike B la contribution ii TsE venant de 
I'empEchement stkrique. Les rCsultats de hE, 6 uE et sE confirment l'existence d'une contribution importante aux propriCtCs 
thermodynamiques venant de I'emp6chement stCrique (hE < -200 J mol-I et TsE < -400 J mol-I pour deuxsystbmes). Pour les 
deux plus petits SnR4, une autre contribution apparait qui pourrait &tre relike h la libCration, par le deuxibme composC, d'un 
mouvement dans ces moltcules trbs symCtriques. 

Introduction 
Previous work (1-3) on the tetraalkyltin compounds has 

shown that the long-chain molecules (or SnR4) 
have orientational order which is destroyed in solution with 
globular molecules. The short-chain or globular SnR4 seemed 
very interesting since the hE (2, 3) and c$ ( I )  of their mixtures 
with long-chain compounds, either linear alkanes or SnR4, 
show important irregularities instead of varying smoothly with 
the size or free volume of Sn&. 

Steric hindrance effect 
Analysis of the hE of the Sn& mixtures and of others leads 

to the definition of a new contribution to the thermodynamic 
properties of mixing arising from an increase of order or 
diminution of mobility of the molecules in solution in compari- 
son to the pure liquids. This contribution, named steric 
hindrance contribution (2), condensation contribution (4), or 
coupling of torsional oscillations (5), occurs either when a 
molecule in the mixture has a crowded central atom, such as 
the highly branched alkanes, the SnR4 compounds, and some 
disubstituted cyclohexanes (6a), or when it has a special flat 
shape such as cyclopentane or trans-decalin (6b). The steric 
hindrance character of many branched alkanes (with the carbon 
atom number n =Z 8) has been related (5) to the number of trans 
configurations of the molecule in the liquid state. The interac- 
tion of this type of molecule with the second component gives an 
exothermic contribution to hE which makes the total hE either 
negative or less endothermic than expected from comparison 
with similar systems. Since the steric hindrance contribution is 

less important at higher temperature, the c$ values associated 
with steric hindrance are positive. As can be expected from an 
increase of cohesion or from a contraction, steric hindrance 
gives a negative contribution to the excess volume uE. 

The aim of the present work was to study the steric hindrance 
effect in mixtures where the two components have either 
characteristic which is known to induce the steric hindrance 
effect. The compounds chosen were, on one hand, the four 
lower members of the S& series and, on the other hand, two 
highly branched alkanes namely, 2,2,4,4,6,8,8-heptamethyl- 
nonane (br-CI6) and 2,2,4-trimethylpentane (br-Cs) and the flat 
shaped molecule, t-decalin . 

Values of the excess free energy are valuable to obtain the 
excess entropy and eventually the steric hindrance contribution 
to sE. Since the gE could not be measured by vapor pressure for 
the systems composed of nonvolatile compounds, they were 
calculated by an indirect method from excess viscosity data 
(7, 8). 

For eight systems, namely the four lower members of the 
S& series, mixed with t-decalin and br-CI6, hE, c$, and uE 
have been measured at 25°C as a function of concentration. For 
br-Cs, hE values with the Sn& compounds with t-decalin 
have been obtained at -20, 25, and 40°C. The names of the 
tetraalkyltin compounds have been abbreviated in the following 
way: SnMe4, SnEt4, etc., for S n ( m e t h ~ l ) ~ ,  Sn(ethyl)4, etc. 

Experimental 
Materials 

The Sr& compounds were purchased from the Organisch Chemisch 
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Instituut (Utrecht), t-decalin from Chemical Samples Co. (Columbus, 
OH), and the branched alkanes from the K and K Co. (White Plains, 
NY). The purity, as measured by gc was 99.8% for t-decalin and br-Cs 
and 97.4% for br-C16. The physicochemical constants of the SnR, 
compounds, measured together with those of other series (9) are given 
in ref. 1. 

Apparatus 
The density measurements were made with an Anton Paar densito- 

meter, the characteristics of which have been described earlier (10). 
The calorimeters are respectively a Picker flow apparatus for the 6 

and a tilting Tian-Calvet calorimeter for the hE. Details on the cells, 
accuracy, and calibration can be found in refs. 2 and 11 for hE, and 
refs. 1 and 12 for 6. 

The viscosities are measured in an Ubbelohde viscosimeter installed 
in a constant-temperature water or water-methanol bath. The dynamic 
viscosities expressed in centipoises are obtained from the flow time, t, 
by the relation q = (dl - d,)(Ct - B/t) where dl and d, are the liquid 
(pure or solution) and vapor densities, and C and B are calibration 
constants obtained as described in ref. 13. 

Theory 
Equation of state theory 

The parameters required to characterize a liquid are V*, the 
core volume or volume at OK, P*, the pressure reduction 
parameter associated with the cohesive character of the liquid, 
and T* the reduction temperature. Large, cohesive compounds 
have larger values of these parameters than volatile ones. The 
V*, P*, and T* parameters and the reduced volume 7, are 
calculated, with a model, from the density, the expansion 
coefficient a, and the thermal pressure coefficient y of the pure 
liquid (14). The free volume contributions, hE(fv), uE(fv), 
gE(fv), and &fv) which depend on the difference in state of 
expansion of the liquids mixed can be calculated as described in 
the appendix of ref. 12a or in the original papers. They are 
negative for hE, uE, and 6 since the difference of expansion of 
the pure liquids leads to a kind of condensation of the more 
expanded component in the less expanded one, and since this 
difference of expansion becomes larger at higher temperature. 
In the present systems, the free volume contributions are of 
some size only in systems involving SnMe4 and br-C8 as seen in 
the corresponding columns in the tables. The term X12s1-l is the 
non equation-of-state part of hE. It cannot be calculated a b  initio 
but is obtained by subtracting from the experimental heats of 
mixing hE(fv). sl and s2 are the molecular surface-to-volume 
ratios of the molecules of liquids 1 and 2 obtained from 
molecular models. 

Sign ofXlz 
In nonpolar systems, the hE values are rarely negative 

because the free volume contribution is usually not large enough 
to overcome the positive hE coming from the difference in force 
field between the two molecules and so the X12 values are 
also usually positive. The steric hindrance effect has been 
discovered both in systems with a negative hE, more negative 
than the calculated hE(fv), and in systems whose hE value was 
less endothermic than could be expected by comparison with 
similar compounds. If the steric hindrance contribution is 
dominant, the XIZ parameter will be found negative. 

Separation of the different contributions to the thermodynamic 
functions 

Excess heats and heat capacities. Measuring thermodynamic 
functions in a series helps to detect the different contributions 
and the variation of their relative importance from one system to 
another. The comparison of the sign of hE and is also a 
useful indication of the dominant contribution. The disordering 

and steric hindrance contributions are both diminishing when T 
increases. Accordingly, the corresponding contributions to cE, 
are negative and positive respectively (since the contributions to 
hE are of contrary signs). Further, the presence of different . - 

contributions of comparable size can be inferred from the 
concentration dependence of the excess functions which can be 
either skewed or even can change sign over the composition 
range. 

Excess volumes. The calculated uE can be broken down into 
three terms (10) namely uE(hE) which has the sign of hE(exp.), 
uE(fv) which is negative and uE(P*) which can have either sign 
since it is proportional to (Dl - d2)(PT - P:). This last term, 
which can give large contributions to uE has been investigated in 
systems composed of liquids of different state of expansion and 
cohesive energy (1 1, 12, 15).' 

Excess viscosity andfree energy of mixing. Several defini- 
tions have been used for the excess viscosity but the more 
appropriate one for establishing the relation between the 
solution viscosity and gE is 

[ I ]  Aln-q = ln-q - (xl 1 n q l  + x2ln-q2) 

where -ql, -q2, and -q are the dynamic viscosities of the pure 
components and the solution respectively; the term in paren- 
theses is considered as the logarithm of the viscosity of the ideal 
solution. 
h order to be displaced and flow, a molecule has to overcome 

tne attractive forces of its neighbours and find an empty site 
nearby. An expression which takes account of these require- 
ments has been developed by Macedo and Litovitz (7) and has 
been applied by Bloomfield and Dewan (8). 

where A is a parameter, AG* the activation energy, and D the 
reduced volume. A bridge can be made between the flow and 
thermodynamic properties of mixing if one assumes the simple 
relation between the pure liquids and solution activation 
energies AG1*, AG2*, AG*, and the excess (noncombinatorial) 
free energy of mixing, gE 

[3] AG* = xlAG1* + x2AG2* - gE 

If eq. [2] is applied to liquids 1 and 2 and to the solution and 
substituted in eq. [ l ]  after using eq. [3] one finds 

where In -q(hE) = - h E / R ~  

The physical meaning of eqs. [4] and [5] is as follows: a positive 
value of hE which entails a loss of cohesive energy upon mixing 
the pure liquids will give a negative contribution to A In q, 
corresponding to a solution less viscous than the ideal solution. 
The inverse will hold for a more cohesive solution displaying a 
negative hE. The third term, In -q(uE) will give a positive 
contribution to A In -q or increase the viscosity of the solution if 
there is a contraction on mixing as is the case in systems with a 
difference in free volume between the components. 

IS. N. Bhattacharyya and D. Patterson. Unpublished results. 
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TABLE 1. Excess enthalpies hE, volumes uE, and heat capacities c: for the Sn& + trans-decalin systems at the 
The Ai parameters are the coefficients of the Redlich-Kister equations. hE(fv), X12sI-', uFalcd., and ( C , E ) U  have been calculated at the same concentration 

Component 
h Ao A I A2 h: hE(fv) x12x1-' 

(1) (2) (Jmol-I) xl (Jmol-') (J mol- I )  (J mol-l) (J ~ m - ~ )  (J mol-') (J cm-3 A-I) ua 

SnMe4 + trans-decalin -71.7 0.30 -201.86 330.97 -80.70 -0.56 -29.3 -2.0 1.9 (7) 
SnEt4 + trans-decalin 54.8 0.45 222.14 -61.17 -34.75 0.34 -6.3 1.9 1.8 (7) 
SnPr4 + trans-decalin -235.0 0.43 -904.82 366.69 -175.54 -1.41 -0.2 -6.4 2.8 (6) 
SnBut + trans-decalin -215.0 0.38 -799.34 372.13 -183.25 -1.14 -1.04 -5.3 3.4 (7) 

SnMe4 + trans-decalin -0.96 0.53 -3.86 -0.13 0.02 -0.824 -0.010 -0.505 -0.309 -0.14 0.04(5) 
SnEt4 + trans-decalin -0.09 0.57 -0.35 -0.06 0.43 -0.074 -0.132 -0.065 -0.007 -0.01 O.Ol(5) 
SnPr4 + trans-decalin -0.43 0.42 -1.68 0.41 0.07 -0.162 -0.149 -0.01 1 -0.002 -0.27 0.02(5) 
SnBut4 + trans-decalin -0.38 0.38 -1.44 0.52 -0.11 -0.074 -0.132 -0.065 -0.007 -0.31 0.01(6) 

SnMe4 + trans-decalin 0.73 0.35 2.47 -2.26 0.05 0.59 -0.28 
SnEt4 + trans-decalin 0.37 0.65 1.49 1.36 -2.45 0.25 <O and > -0.07 
SnPr4 + trans-decalin 0.26 0.56 9.98 1.10 -2.41 0.14 < O  and > -0.07 
SnBut + trans-decalin 0.44 0.28 0.92 - 1.64 2.16 0.26 < O  and > -0.07 

'Number of experimenlal points in parenlhescs. 
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TABLE 2. Excess enthalpies hE, volumes uE, and heat capacities cpE for the S& + br-CI6' systems at theconcentration xl of the maximum of the corresponding experimental curve. 
The Ai parameters are the coefficients of the Redlich-Kister equations. hE(fv), XI2s1 -I, oEcalcd.and (c:),, have been calculated at the same concentration 

Component 
hE Ao A I A2 h: hE(fv) ~ 1 2 ~ 1 - I  

(1) (2) (J mol-I) xl (J mol-I) (J mol-I) (J mol-I) (J ~ m - ~ )  (J mol-I) (J A-I) uC 

SnMe4 + br-C16 67.5 0.65 198.28 287.82 134.13 0.44 -48.0 4.31 b 

SnEt4 + br-C16 93.1 0.46 372.76 24.48 12.76 0.46 -8.1 4.7 b 

SnR4 + br-CI6 -92.0 0.45 -362.54 85.37 -51.21 -0.40 -0.6 -2.0 3.30(5) 9 
SnBut + br-C16 -40.7 0.46 -161.18 -33.40 0.43 -0.16 -0.9 -0.4 b z 

? 
n 

uE BO B 1 B2 ~ ~ c a l c d .  uE(hE) lIE(p*) oE(fv) ~ ~ e x p .  - ~ ~ c a l c d .  L? 
(cm3 mo1-I) x, (cm3 mo1-I) (cm3 mo1-I) (cm3 mo1-I) (cm3 mo1-I) (cm3 mo1-I) (cm3 mo1-I) (cm3 mo1-I) (cm3 mo1-I) uC 3 < 

0 

SnMe4 + br-C16 -0.20 0.50 - 0 0 -0.167 0.087 0.062 -0.316 -0.03 r 
4 3 )  g 

SnEt4 + br-CI6 0.21 0.50 0.80 0.03 - 0.197 0.078 0.187 -0.068 0.02 O.Ol(4) ; 
SnR4 S br-C16 -0.16 0.52 -0.64 0.02 0.60 0.014 -0.058 0.077 -0.005 -0.18 <0.01(5) g 
SnBut4 + br-C16 -0.27 0.64 -0.95 0.56 -0.59 0.081 -0.028 0.047 -0.006 -0.19 <0.01(5) 

SnMe4 + br-CI6 <O. 1 - - - - <O. 1 -0.44 
SnEt4 + br-C16 -0.76 0.50 -3.05 +0.40 - -0.52 <O and > -0.05 
SnR4 + br-C16 0.52 0.78 1.77 2.09 2.57 0.26 <O and > -0.05 
SnBut + br-C16 0.35 0.64 0.82 1.62 0.72 0.13 <O and > -0.05 

'2,2,4.4,6.8.8-Heptamelhylnonane. 
b~eference 8. 
'Number of experimenlal points in parenlheses. 
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PHUONG-NGUYEN AND DELMAS 685 

TABLE 3. Excess enthalpies hE for the S n k  + br-Cs systems at the concentration xl of the maximum of the corresponding experimental curve. 
The A, parameters are the coefficients of the Redlich-Kister equations. hE(fv) and x I2s , - '  have been calculated at the same concentration 

Component 
hE Ao AI A2 hEo hE(fv) X I ~ S I - I  

(1) (2) (J mol-I) xl (J mol-I) (J mol-l) (J mol-I) (J ~ m - ~ )  (J mol-I) (J cm-3 A-I ) a' 

SnMe4 + 2,2,4-trimethylpentane 1 10.0 0.57 440.97 82.31 82.38 0.94 -1.4 4.3 3.5(6) 
SnEt + 2,2,4-trimethylpentane 138.0 0.45 562.77 - 112.86 -1 11.77 0.97 -8.9 4.7 1.5(6) 
S n h  + 2,2,4-trimethylpentane -64.0 0.40 -248.04 107.44 -5.67 -0.39 -27.3 - 1.04 1.5(5) 
SnBut4 + 2,2,4-trimethylpentane -29.0 0.40 -101.80 97.40 11.20 -0.15 -45.8 0.43" b 

"The positive X I 1  is very likely due to the overestimation of hE(fv). 
bReference 8. 
'Number of experimental points in parentheses. 

The second term, In q(sE) corresponds to the effect of the 
excess entropy of the system. Only the free volume part of sE 
can be calculated by the theory used for the other free volume 
contributions. As with In q(uE), it is a function of the difference 
in reduced volumes of the components but the pressure para- 
meter P* and the core volume V* come in the final expression 

The noncalculable excess entropy will be reflected in A In q(exp) 
but not in A In q(ca1cd.) so that the difference between the two 
will be a measure of TsE 

Results and discussion 
Tables 1 and 2 give the maximum of hE, uE, and I$ and the 

concentrations at which these functions are maximum for the 
mixtures with t-decalin and br-C16 respectively. Table 3 shows 
the hE data with br-C8 and Table 4 the excess viscosities of the 
S& compounds with t-decalin. Measurements have been done 
at 25°C but excess viscosities have been also measured at 40 
and -20°C. The coefficients of the Redlich-Kister equations 
of the measured property yE 

1=2 
[8] y E =  ~ 1 x 2  C Yi(x1 - ~ 2 ) ~  

i = O  

are also listed for most of the systems. The values (hE), and 
(I$), added in the tables are obtained by dividing the data at the 
maximum by the average core volume x l V  + x2Q. The 
equation of state contributions hE(fv), I$(fv), the different 
contributions to uE, and the Xl2sF values have been tabulated 
also. 

To compare the different systems, the maxima of hE, I$, and 
uE have been plotted in Fig. 1 vs. V* the core volume of the 
S& compounds for t-decalin ( o ) ,  br-C16 (a), and br-C8 
(0) .  

In the following discussion, the steric hindrance contribution 
will be analysed in the series as it is reflected in turn from hE, 
I$, uE, and A In q .  

Heats and excess heat capacities 
Observation of Figs. 1 a and 1 b suggests that, as a simplifying 

assumption, the systems studied can be divided into two groups. 
The first group consists of the six mixtures containing SnPr4 

and SnBut4. The hE values of these compounds with t-decalin, 
br-CI6, and br-C8 are large and exothermic. This holds also for 
X12s1- (see Tables 1-3) so that one can conclude that the steric 
hindrance contribution is dominant. The positive I$ values are 
also consistent with the above assumption. 

The second group consists of the mixtures of SnEt4 and 
SnMe4 with t-decalin, br-C16, and br-C8 which, with the 
exception of the SnMe4 + t-decalin system have a positive hE. 
The hE, larger for the SnEt4 mixtures by 200-300 J mol-' than 
for the next in the series, SnPr4, are particularly striking and 
indicate that another contribution is active and dominant here. 
A difference in force-field between the two components of the 
mixture, a difference larger with SnEt4 and SnMe4 than with the 
other S n k  compounds, seems the obvious explanation for the 
endothermic heats. However, this effect cannot be the only one 
because it was not apparent in mixtures with other nonpolar 
molecules such as the linear alkanes or long-chain S n k  
compounds. The positive hE must be associated with a special 
contribution due to the shape of the present molecules, i.e., an 
effect of the disorder-type found with other systems (1 1) but not 
well understood presently. 

Judged by the magnitude of hE and X12s1-l, the SnMe4 
+ t-decalin system seems to be right at the temperature at which 
the two effects make comparable contributions to the thermo- 
dynamic functions. The concentration dependence of X12 
shown in Fig. 2 (V) supports this analysis. In decalin-rich 
solutions, the negative XI2 suggests that steric hindrance is 
dominant while in SnMe4-rich mixtures X12 is positive and has 
the same magnitude as in the SnEt4 solutions. On the other 
hand, the moderate variation of XI2 for the other systems 
reflects the rather symmetrical shape of their hE (B, 0 ,  0 ) .  

Figure 3 shows the concentration dependance of 6 in the 
t-decalin systems. The larger 6 for the SnMe4 is indicative of 
a larger temperature dependence of hE for this volatile liquid. 
The skewed or S-shaped curves of cE, for SnBut4 and SnPr4 
seem in contradiction ki th  the above description of a dominant 
contribution in hE. However, the magnitude of the < is such 
that the predicted variation in hE, even over a large temperature 
interval, is moderate. Results of excess viscosities at different 
temperatures (Fig. 4), confirm the small variation of the thermo- 
dynamic properties with temperature in the S& +t-decalin 
mixtures except for the SnMe4 solutions. Consequently, the I$ 
data do not invalidate the above distinction between the two 
groups of systems. 

Excess volumes 
The values of uE(exp.) - uE (calcd.) listed in Tables 1 and 2 

are large and negative indicating that the steric hindrance effect 
induces a contraction in the systems larger than that taken into 
account by the negative contribution coming from uE(hE) or 
uE(fv). In the present series, the values for the four more 
sterically hindered systems, SnPr4 and SnBut4 with t-decalin 
and br-C16 varies between -0.18 and -0.31 cm3 mol-', the 
numbers for SnMe4 being, as expected from the h' value, 
intermediary (-0.14, -0.03) between those and the SnEt4 
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values (-0.01, 0.02). It is worthwhile to compare the present 
SnBut4 +br-C16 system with the SnBut4 + n-C16 mixture. Due 
to the lack of the steric hindrance contribution, uE(exp.) - 
uE(calcd.) is small and positive (0.037) for the linear alkane 
while it is -0.19 cm3 mol-' with br-C16. 

Effect of P* on vE 
The two systems SnMe4 (1) + t-decalin (2) and SnMe4 (1) 

+ br-C16 (2) are well suited to see the effect on uE of the term (c l  
- E2)(PT - P3). The first factor (61 - 62) has the same value 
for the two systems. On the other hand, (PT - P?) is negative 
and small for SnMe, +br-C16 and positive and larger for SnMe, 
+ t-decalin (respectively 396 - 409 = - 13 and 504 - 409 = 
95 J cmP3). Consequently, the uE are predicted more negative 
for the first system than for the second and this is what is 
found experimentally namely -0.96 and -0.20 cm-3 mol- ' 
respectively. 

Excess viscosities and excess entropies 
In Table 4,  the excess viscosity results are presented for the 

t-decalin mixtures, the experimental values on the left part and 
the calculated contributions, as defined in eq. [5], on the right. 
The coefficients of the Redlich-Kister equation are listed as 
well as the maxima of A In q and the concentration of the 
maxima. In the lower part of the table, experimental A In q 
values at 40 and -20°C are reported. In Fig. 4,  the maxima of 
A In q(exp.) are plotted against the temperature for the four 
systems. The trends of the temperature dependence are similar 
for the three higher S n k  compounds, a larger variation being 
reasonably found for SnEt4. The rapid change of A In q for the 
SnMe, mixture between 25 and 40°C and between 25 and 
-20°C supports the analysis made from the hE results of terms 
of opposite sign being in balance at 25°C. The positive value of 
A lnq at 40°C can be accounted for by the increased difference 
between the free volume of t-decalin and SnMe4 but the increase 
of A In q between 25 and -20°C is difficult to explain, 
considering the trend in the other systems. However, the 
positive (although small) values of A In q found at -20°C for 
the t-decalin +SnBut4 system in SnBut4-rich solutions (x > 
0.7) shows that the trend for a positive A In q value at low 
temperature is not unique to the SnMe, system. 

In Table 4,  the difference 6 between the experimental and 
calculated A In q values are reported as well as TsE(visc.) 
obtained from eq. [7] (7th and last column of the table). 

In the present analysis, the question to be asked is whether the 
TsE values confirm the above analysis, namely the dominance of 
steric hindrance in the higher SnR4 and the sharp change in the 
balance of the contributions for the two lower ones. From the 
negative values in Table 4 ,  one sees that indeed the expected 3 
negative contribution for the steric hindrance effect is present 

c and unexpectedly large (between - 100 and -500 J mol-I). It is .- 
interesting to note that although the difference in TsE between .- 

& the propyl and ethyl derivatives is about as large as that between 
3 their hE values, sE is negative throughout the series. The 

positive TsE which could have been expected from the sign of hE 
'5 for the lighter SnR4 compounds, does not occur because the 

u 2 
2 , contributions to TsE due to steric hindrance (as obtained from 
* 
0 the excess viscosities) are about twice as large as the contribu- 

8 3 tions to hE due to steric hindrance. The negative values of 
4 S uE(exp.) - uE(calcd.) are quite consistent with the TsE results. 
!?? In a previous study (13a) of long alkanes disordered by 

mixing with a globular molecule, the TsE(visc.) values in the 
series of the linear alkanes were found to correlate with 
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PHUONG-NGUYEN AND DELMAS 

200 - 1.0 - 

I I 1 I I 

0 
I 

200 0 200 0 m 
v; cm3 mol-' VT cm3 mol-' v: cm3 mol-' 

FIG. 1. Excess molar thermodynamic properties at 2S°C, at the concentration of the maximum, plotted against the molar volume at 0 K, V*, of 
the SnR4 com ound (methyl to butyl). The second component is t-decalin (O),  br-C16(@), or br-Cs (0). Curves a for hE, curves b for 6, and E curves c for u . 

FIG. 2. The concentration dependence of the non-free-volume part 
of hE, X12~I- I ,  is shown for the mixtures of t-decalin with SnMe, (V) ,  
SnEt, (M), SnPr4 (El), and SnBut, ( 0 ) .  

FIG. 3. The concentration dependance of 6 is given for the t- 
decalin +Sn& systems. Same symbols as in Fig. 2. 
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I I I I I I I 
- 20 0 20 40 

Temperature (OC) 

FIG. 4. The excess viscosities, A In q, at the concentration of the 
maximum, are plotted for the t-decalin +Sn% systems versus the 
temperature. Same symbols as in Fig. 2. 

FIG. 5. The steric hindrance contributions to the excess viscosities, 
~ ~ ~ ( v i s c . )  (Table 4, last column), are plotted for the t-decalin +Sn% 
systems at 25°C versus the corresponding contributions to hE, XI2s1-'  
(Tables 1 and 2). Same symbols as in Fig. 2. Data are given for two 
others mixtures (13a) showing the steric hindrance effect: SnBut + 
br-CI6 ( X )  and + br-Clz (+) (2,2,4,6,6-pentamethylheptane). The 
position of the SnEt4 + t-decalin mixture on the graph ( W )  points to 
another effect. 

hE(disorder). Furthermore, in one system studied between 25 
and 8VC, the decrease of TsE(visc.) was matching that of 
hE(disorder) becoming zero at the temperature known for the 
disappearance of correlations of molecular orientations between 
the chains. The same type of correlation between the enthalpic 
and entropic contributions due to steric hindrance has been 
tested in Fig. 5 in which TsE(visc.) (at the maximum of A In q) 
has been plotted against the Xlz parameters (at the maximum of 
hE). It is probably a coincidence that the point for SnMe4 is in 
line with the others since XIZ varies rapidly with concentration 
for this system. From previously obtained results (13a), data on 
SnBut4 +br-C16 ( X )  and br-Clz (+) have been added in Fig. 5. 

They show that the steric hindrance effect exerted on the SnR4 
by t-decalin is stronger than that due to these branched alkanes. 
This had been found already by comparing the thermodynamic 
properties of C-C5 and t-decalin (6b, 16) with that of C-C5 and 
br-C16 (15). The other contribution is apparent in the SnEt4 
system whose positive XIZ puts the point (H) quite distant from 
the correlating line. 

In conclusion, the rapid change in hE between SnEt4 and 
SnPr, may be due to two effects: on one hand, to the diminution 
for the lower S n k  of the steric hindrance contribution as 
indicated by Fig. 4 and, on the other hand, to the existence 
for the SnEt4 and SnMe4 of the right conditions (free volume, 
molecular shape) for the liberation of movement in these 
compounds apparently quite cohesive (they have higher P* than 
the longer homologues or than an alkane of the same molecular 
weight) in the liquid state. 

Measurements of the '19Sn relaxation times by nmr in the 
pure Sr& compounds and in their solutions in t-decalin are 
being made with the aim of obtaining a finer picture of the 
molecular changes associated with some of the unexpected 
values of the thermodynamic functions measured in the present 
work. 
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Sulphur anion chemistry in hydrocarbon flames with H2S, OCS, and SO2 additives 
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JOHN M. GOODINGS, DIETHARD K. BOHME, KAMAL ELGUINDI, and ARNOLD FOX. Can. J. Chem. 64, 689 (1986). 
A premixed, fuel-rich, methane-oxygen flame at atmospheric pressure was doped separately with 0.2 mol% of HIS, OCS, 

and SO2 to probe the behaviour of fuel sulphur during combustion. These three additives represent compounds occurring early, 
intermediate, and late in the oxidation sequence of fuel sulphur. They are chemically ionized in the reaction zone of a 
hydrocarbon flame to give large signals of sulphurous negative ions. 'Those detected include S-, SH-, SO- (uncertain), SO2- 
(S2-), SO3-, HS03-, CH30-.SO2, SO4- (S202-, S3-), and HS04-. Ion concentration profiles of these ions were measured 
along the conical flame axis by sampling the flame into a mass spectrometer. The shapes of the profiles are insensitive to the 
nature of the additive, but their relative magnitudes are indicative of the additive's positidn in the sulphur oxidation sequence. For 
each additive, the very large HS04- signal has analytical implications as an indicator for total fuel sulphur. The sulphurous anion 
chemistry is discussed for each additive in terms of roughly twenty ion (electron)-molecule reactions of six basic types, whose 
rate constants were known previously, or were measured at room temperature using the York flowing afterglow apparatus. 

JOHN M. GOODINGS, DIETHARD K. BOHME, KAMAL ELGUINDI et ARNOLD FOX. Can. J.'Chem. 64, 689 (1986). 
Dans le but d'examiner le comportement de combustibles/soufre au cours de combustions, on a ajoutC skpartment 0,2 mol% 

de H2S, de OCS et de SO2 i des flammes prCmClangCes de mtthane-oxygbne, riches en combustibles et qui opkraient 
ti la pression atmosphCrique. Ces trois additifs reprCsentent les composCs qui se retrouvent respectivement dans les stades 
prkliminaires, interrntdiaires et finaux de la stquence d'oxydation de melanges combustibles/soufre. 11s sont ionisis 
chimiquement dans la zone de la reaction de la flamme d'hydrocarbure pour donner des signaux importants des ions nkgatifs des 
entitCs sulfurkes. Les entitis dCtectCes comportent: S-, SH-, SO- (incertain), SO2- (S2-), SO3-, HS03-, CH30-.SO2, SO4- 
(S202-, S3-) et HS04-. On a mesurC les profils des concentrations ioniques de ces ions en fonction de l'axe conique de la flamme 
en faisant appel a un Cchantillonage de la flamrne dans un spectromktre de masse. Les forrnes de ces profils ne varient pas avec la 
nature des additifs; toutefois, leurs amplitudes relatives sont relikes a la position de I'additif dans la sequence de I'oxydation du 
soufre. Pour chaque additif, le signal trks important du HS04- a des implications analytiques c o m e  indicateur de la quantitC 
totale du soufre/combustible. Pour chacun des additifs, on discute de la chimie des anions sulfureux en fonction d'environ vingt 
rkactions ion (tlectron)/molCcule de six types de base dont les constantes de vitesse Ctaient antkrieurement connues ou qui ont CtC 
mesurCes a la tempkrature ambiante en faisant appel un appareil de phosphorescence continue de York. 

[Traduit par la revue] 

Introduction 
The control of SO, emissions from the combustion of fossil 

fuels has become important for reasons of public health and 
because of the impact on the environment by acid rain. Industry 
reports (1) indicate that the sulphur content of coal and heavy 
fuel oil can amount to 1-5% by weight; an average figure for 
gasoline is 0.03%. Increasing energy costs and problems of 
supply may necessitate the burning of high-sulphur fuels in the 
future, a trend which is at odds with an increasingly stringent 
body of environmental and health regulations. 

Other combustion pollutants such as NO, and soot are, to 
some extent, amenable to chemical modification during the 
combustion process. Undesirable products can be converted 
into less harmful forms by altering the combustion conditions or 
by means of additives (2). On the other hand, sulphur does not 
appear to offer the same possibilities for its chemical manipula- 
tion into harmless forms. The seemingly inevitable conversion 
of fuel sulphur into SO2 has focussed effort in two other 
directions; namely, sulphur removal from the fuel before 
combustion, and stack-gas scrubbing of SO2 from the burnt gas 
afterwards. However, continued study of the sulphur chemistry 
occumng in a flame may provide insight into more esoteric 
approaches to sulphur removal at source during the combustion 
process. It is also valid because of the analytical implications for 
the evaluation of sulphur-containing fuels. 

An important insight was gained in a previous study (3) in 
which flame ionization was employed as a probe for sulphurous 
intermediates leading to SO, formation in the reaction zone and 
burnt gas of a premixed, CH4-O2 flame doped with 0.2% of 
OCS. It was found that sulphur species readily form negative 

ions in the flame, and that these negative ions reveal features of 
the stepwise oxidation of OCS. These results encouraged us 
to extend the investigation further to include the addition of 
0.2% of H2S and of SO2 for comparison with OCS. The three 
additives represent a progression in the sulphur oxidation chain 
with H2S occumng early, OCS being intermediate and SO2 
being late as the final oxidation product. 

For each additive, sulphurous negative ions are formed by 
chemical ionization (CI) processes of the neutral sulphur 
intermediates with the natural ions which are present in any 
hydrocarbon flame. The ion chemistry of the source and sink 
reactions is discussed, and comparisons are drawn amongst the 
three additives. The advantage of this method is that the 
sulphurous ions serve as a probe of the neutral sulphur chemistry 
in the flame reaction zone where it originates. 

Experimental 
All of the ion concentration measurements were performed on the 

same CH4-02 flame of fuel-rich composition (equivalence ratio 4 = 
2.15) whose ion chemistry we have studied extensively in the past 
(4, 5). It was of the laminar premixed type with a conical luminous 
reaction zone (height = 5 mm, base diameter = 3 mm, thickness - 
0.3 rnrn) to facilitate ionic sampling along the flame axis into a mass 
spectrometer. The flame has an adiabatic flame temperature of 2460 K 
and burnt gas velocity of approximately 1 m s-'. It was stabilized at 
atmospheric pressure on a simple, tubular, quartz burner (2.3 mm id) 
surrounded by a flowing argon shield to minimize the entrainment of 
atmospheric air. Provision was made to add 0.2 mol% of H2S or of SO2 
to the-premixed gas in exactly the same way as was done previously 
for OCS (3). The additives could be introduced or removed without 
altering the flame. All gases were used straight from the cylinders 
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without further purification (CH4 > 99.0%, O2 > 99.6%, Ar > 99.9%, 
H2S > 97.5%, OCS > 97.5%, SO2 > 99.90%). 'The burner was 
mounted on a motor-driven carriage with accurate alignment of the 
flame axis with the sampling orifice of the mass spectrometer. The 
calibrated burner drive provided spatial resolution of k0.02 mm along 
the flame axis (designated z) for measurements of ion concentration 
profiles. 

The flame-ion mass spectrometer has been described previously in 
detail (4). The flame burned against a 60°, conical, chromium, 
sampling nozzle of orifice diameter ca. 0.1 rnrn mounted in a 
water-cooled flange of the type described by Hayhurst and Telford (6). 
The sampled ions pass through two stages of differential pumping into a 
quadrupole mass filter. The mass-analyzed ions are detected with a 
parallel-plate Faraday cage connected to a vibrating reed electrometer 
having a grid-leak resistance of 10" ohms. The ion signal magnitudes 
in the figures are quoted in volts based on the detected ion current 
passing through 10" ohms. Modifications to the quadrupole power 
supply have improved the resolution of the mass filter, particularly 
at high mass numbers. We have adopted the same normalization 
technique described in the paper with ocs additive (3). The profiles 
shown in the fieures include a correction for mass discrimination in the 

.d 

filter against ions of high mle  measured at high resolving power. The 
dynamic range of sensitivity of the apparatus is five orders of magni- 
tude. A method has been described (4) for locating a reproducible 
origin (z = 0) in thejame (not referred to the burner) corresponding to 
the downstream edge of the luminous reaction zone on the flame axis. 
In this way, a family of ion profiles at different mass numbers mle  can 
be accurately overlaid on the distance scale z. 

The shapes of the profiles obtained for the three additives at the same 
mass number are very similar. However, some of the profiles presented 
in this work are somewhat different from those reported earlier (3) in 
that they are not as noticeably double-peaked. This is due to the use of a 
new chromium sampling nozzle having a larger orifice diameter such 
that the effect of boundary layer cooling, as discussed in the previous 
study (3), is less. In the present case, negative ion equilibria shift less in 
the exothermic direction, and electron attachment to form negative ions 
is reduced, particularly downstream where the temperature is high. 
That is, the free electron concentration is enhanced at the expense of 
the negative ion concentration, and distortion of the profiles due to 
sampling is reduced. 

Results and discussion 
Anion projles 

Figure 1 displays the dramatic enhancement observed in 
the total negative ion profiles with the separate additions of 
equimolar amounts of H2S, OCS, and SO2 into the premixed 
flame gas. In contrast, the total positive ion profiles showed no 
change in peak magnitude for these three cases. It is clear 
from Fig. 1 that SO2 has the largest effect on the upstream 
concentration of negative ions and that H2S and OCS also 
enhance negative ion formation and do so about equally. The 
bulk of the observed increases could be accounted for by the 
anions listed in Table 1. Individual profiles for the ions with 
m / e  equal to 33,64, 80, and 97 are shown in Figs. 2-5. While 
differences in the peak magnitudes of these profiles are again 
noticeable with the three different additives, the shapes of the 
individual profiles appear to be quite insensitive to the nature of 
the additive. 

The ion assignments of the individual masses are given in 
Table 1. In making these assignments account has been taken of 
isotopic contributions as indicated previously (3). Increases in 
signal are apparent for all the ions in Table 1 with the following 
exceptions: m / e  = 32 decreases for all three additives and m / e  
= 33 decreases for the addition of SO2 only. The former ion 
is 02- in the undoped flame and reacts when the sulphur 
compounds are added. The m / e  = 33 ion is H02- in the 
undoped flame and it reacts when SO2 is added to the premixed 

TOTAL N E G A T I V E  I O N S  

1 2 0  A 

O I S T A N C E  ALONG FLAME A X I S  Z (mm) 

FIG. 1. Total negative ion profiles of the undoped flame and of the 
flame doped with 0.2 mol% of H2S, OCS, and SO2. The flame reaction 
zone is located upstream of z = 0. 

D I S T A N C E  ALONG FLAME A X l S  Z (mm) 

FIG. 2. Profiles of mle  = 33 representing SH- and (or) H02- when 
the flame is doped with 0.2 mol% of H2S, OCS, and SO2. The flame 
reaction zone is located upstream of z = 0. 

O I S T A N C E  ALONG FLAME A X l S  Z (mm) 

FIG. 3. Profiles at mle  = 64 representing SO2- (and possibly S2-) 
when the flame is doped with 0.2 mol% of H2S, OCS, and SO2. The 
flame reaction zone is located upstream of z = 0. 
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GOODINGS ET AL 

TABLE 1. Peak intensities of anion signals (in volts) in the reaction zone of the undoped 
flame, and with the flame doped with 0.2 mol% of HIS, OCS, and SO2 

Parent ion Mass number No additive H2S OCS so2 

Total positive 320 320 320 320 
Total negative 18.5 60 65 140 

S - 
SH- 
so2- (s2-1 
SO3- 
HS03- 
CH30-SO2 
so4- (s202-, s3-) 
HS04- 
C (sulphur anions) 

O I S T A N C E  ALONG FLAME A X I S  Z (mm) 

FIG. 4. Profiles at m/e = 80 representing SO3- when the flame is 
doped with 0.2 mol% of H2S, OCS, and SO2. The flame reaction zone 
is located upstream of z = 0.  

flame gas. The sulphur content of the residual peaks at m / e  = 
32 and m / e  = 33 could not be determined with confidence due 
to the complications discussed previously (3). All the ions 
which were observed to increase contained at least one sulphur 
atom. Several of the sulphurous ions observed contained 
hydrogen and (or) oxygen and one at m / e  = 95 must contain 
carbon. 

Inspection of the ion peak intensities in Table 1 reveals that 
the appearance of sulphurous anions is dominated by HS04- 
and, to a lesser extent, by SO3- in all three doped flames, 
approximately in proportion to the total negative ion peaks. 
Distinguishable features for the different additives are mani- 
fested with several of the relatively minor ions. The SO2 flame is 
characterized by a considerably enhanced abundance of SO2- 
and a shortage of SH-. The flame doped with H2S clearly 
shows an enhanced SH- peak. In general, the OCS peaks are 
intermediate between those of the other two additives. 

Sulphurous anion chemistry 
It is clear from the observed increases in the total negative ion 

profiles that the additives provide the flame with additional 
anions. These new anions may arise by attachment or dissocia- 
tive attachment of electrons with the additive or with molecules 
derived from the additive by neutral chemistry. The ion 
assignments indicate that all of the new negative ions are 

O I S T A N C E  ALONG FLAME A X I S  Z (mm) 

FIG. 5. Profiles at m / e  = 97 showing the large signals of HS04- 
obtained when the flame is doped with 0.2 mol% of H2S, OCS, and 
SO2. The flame reaction zone is located upstream of z = 0 .  

sulphurous so that the sulphur in the additive becomes entrained 
in the ion directly in the initial formation by attachment or 
dissociative attachment, or indirectly through secondary ion- 
molecule reactions. The secondary ion chemistry will be 
complex but should be dominated by reactions of sulphurous 
anions with the dominant (non-sulphurous) neutrals in the 
flame. Secondary reactions with the additive itself or some of 
its neutral derivatives will have less impact but may still be 
noticeable. 

Dissociative attachment in OCS should proceed in the 
manner indicated by reaction [ l ]  

[ l ]  e- + OCS -+ S-  + CO 

since it is by far the least endothermic option of five possible 
channels (7). The endothermicity of reaction [ I ]  is about 
25 kcal mol-I. The two channels given by reaction [2] appear 
likely with H2S 

They are approximately 23 and 38 kcal mol-' endothermic, 
respectively. Formation of H- and SH is endothermic by more 
than 70 kcal mol-' and is thus not expected to be significant. 
With SO2, direct exothermic attachment to form SO2- is 
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expected (8) according to 

[3]  e-  + SO2 + M + SO2- + M 

The channels leading to SO-, S-, 02- ,  or 0 - in this case are all 
endothermic by more than 80 kcal mol-'. We may therefore 
conclude that all the new primary ions formed from the three 
additives by electron attachment are sulphurous: S- from OCS, 
S- and SH- from H2S, and SO2- from SO2. 

Some of the secondary ion chemistry in OCS has been 
discussed previously in considerable detail (3). Briefly, with 
S- as the primary ion we can expect the following secondary 
reactions to predominate 

[ 4 a ]  S- + 02+ SO2 + e-  

[ 4 b ]  S-  + 0 2  + SO- + 0 

[ 4 ~ ]  S - + 0 2 + M + S 0 2 - + M  

[5]  S O - + 0 2 + M + S 0 3 - + M  

[6]  SO2- + OH SO3- + H 

[7]  SO3- + XH HS03- + X 

[8 ]  SO2- + 0 2  + M + SO4- + M 

[9]  SO4- + XH = HS04- + X 

where M is a third body and XH is likely to be OH. Other 
reactions are possible if secondary sulphurous neutrals are 
present in sufficient concentration 

[ l o ]  S- + SO2 + M +  S202- + M 

[ l l ]  CH30- + SO2 + M + CH30-.SO2 + M 

Reaction [lo] could account for the formation of some S202- at 
rnle = 96 although SO4- predominates from analysis of the 34S 
isotope contribution at m l e  = 98. Improved resolving power 
of the mass filter has led to the unequivocal identification of a 
sulphurous anion at m l e  = 95, presumably formed by associa- 
tion of SO2 with CH3OP via reaction [ l  11. It is noteworthy that 
the magnitude of this ion peak is approximately equal to that of 
SO4- at m l e  = 96 for all three additives. This is the first 
sulphurous anion which must contain carbon that we have been 
able to detect. It is significant because it indicates the presence 
of appreciable SO;? in the reaction zone of the OCS flame. It was 
also possible to detect the parent CH3OP ion at m l e  = 3 1 in the 
undoped flame, which was not resolved previously because it 
occurs in the asymmetric foot of the very large 02- signal at 
m l e  = 32. With OCS additive we can expect the following 
additional reactions to contribute 

[121 0 2 -  + OCS + so2- + CO 

[13] OH- + OCS + SH- + C 0 2  

[14] S-  + OCS + S2- + CO 

Isotope contributions of 3 4 ~  at m l e  = 66 indicate that SO2- 
predominates over S2- at m l e  = 64. 

Reactions [ lo] and [12]-[14] have been examined separately 
at room temperature with the flowing afterglow technique in the 
Ion Chemistry Laboratory at York University. Reaction [lo] has 
an effective second-order rate constant of 8.4 X lo-" cm3 
molecule-' s-' at 294 * 2 K and a pressure of 1.5 Torr 
(1 Torr = 133.3 pa).' This is a relatively high value for addition 
reactions of this type and suggests a stability for S202- brought 
about by covalent bonding. However, the ion has not often 

'D. K .  Bohme and co-workers. Unpublished results. York Univer- 
sity, Downsview, Ont., Canada M3J 1P3. 

been observed in the gas phase although it has been identified 
previously in sulphur-doped crystals at low temperatures. 
Reactions [12]-[14] have all been found to occur rapidly with 
rate constants of (4.1 ? 1.2), (9.5 * 2.9), and (9.1 k 2.7) X 

cmP3 molecule-' s-', respectively.' Also, no further 
reactions were observed for SO2-, SH-, and SZ- with OCS; 
i.e., k I 10-l2 cm3 molecule-' s-' in each case. Thus, 
reactions [ l ]  and [4]-[14] together can account qualitatively for 
all the predominant sulphurous ions observed with the OCS 
additive; the importance of [ l ( ~ ]  and [14] is doubtful. 

The enhanced abundance of SO2- in the flame seeded with 
SO2 clearly is to be attributed to the direct attachment of 
electrons to SO2. The lack of production of SH- in this case is 
not unexpected. OH- is known to add to SOz to produce HS03- 
(9, 10) according to 

[15] OH- + SO2 + M + HS03-  + M 

Production of SH- from these reagents is about 20 kcal mol-' 
endothermic and requires considerable bond redisposition. The 
ion signal at rnle = 33 actually decreases with SO2 addition, 
presumably because of the charge transfer reaction 

The charge transfer is almost thermoneutral according to the 
known electron affinities of 1.16 eV for H 0 2  (1 1) and 1.1 * 
0.1 eV for SO2 (12). 

The identifying features of the flame doped with H2S can also 
be understood in terms of the ion chemistry with the additive. 
More SH- can clearly be expected with H2S than with OCS 
because of proton transfer reactions of the type 

which can be expected to occur between H2S and a number of 
the anions present in the undoped flame. Also, some production 
of SH- is expected from the dissociative attachment reaction 
[2b]. Starting with reaction [2a], the S2- and S3- ions might be 
expected to arise from the following two reactions with H2S and 
(or) SH 

[18] S-  + HIS (SH) + S2- + H2 (H) 

Sulphur bond formation reactions of this type may be general- 
ized by the reaction 

Their energies may be expressed with equation [21] 

where D and EA are the bond dissociation energy and electron 
affinity, respectively. D(Sn--S) is approximately 70 kcal mol-I 
for n = 2-7 and 103 kcal mol-' for tz = 1. D(X-S) for 
H2S is 72 kcal mol-' and for SH is 85 kcal mol-'. Values of 
2.077, 1.663, and 2.0 eV are available for EA(S), EA(S2), and 
EA(S3), respectively (1 1, 13). They indicate that reaction [18] 
is exothermic for both H2S and SH; reaction [19] is exothermic 
for H2S and slightly endothermic for SH. We have investigated 
the reactions of S- ,  S2-, and S3- with H2S separately with the 
flowing afterglow technique near room temperature. S2- and 
S3- were found not to react at 473 K while S- reacted at 3 17 K 
primarily according to reaction [22], which may be either proton 
transfer or hydrogen atom transfer, with a rate constant of (5.2 
k 1.6) X 10-lo cm3 molecule-I s-';I 
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Reaction channel [22] is only thermoneutral. The observation 
that it is preferred over the more exothermic reaction channel 
[18] near room temperature may reflect the kinetic barrier which 
is likely to be associated with the considerable bond redisposi- 
tion required to bring about reaction channel [18]. Apparently 
the same chemistry is operative at flame temperatures; reaction 
channel [22] is the preferred route rather than the reaction 
sequence [18] + [19]. This behaviour is borne out by the 3 4 ~  

isotope analysis which indicates the presence of SO2-, not S2-, 
at m/e = 64, 66 and SO4-, not S3-, at m/e = 96, 98. 

Influence of the sulphurous neutral chemistry 
It is possible that the discussion to this point underestimates 

the amounts of secondary sulphurous neutrals formed from the 
parent additives within the short time scale of the flame reaction 
zone. Certainly the observation of CH30- -SO2 with all three 
additives gives pause for thought since neutral SO2 must be 
involved in its formation. In this fuel-rich flame where Hz is the 
major combustion product, relatively large concentrations of 
free H atoms will be present in the reaction zone and also 
upstream of it because of their very large diffusivities (4, 14). 
Thus, the following sequence of reactions may be near to being 
balanced 

Overall, the net reaction is 

[27] SO2 + 2H2 E H2S + 20H 

Since the OH concentration exceeds its equilibrium value in the 
reaction zone (4, 14), then the production of H2S, and to a lesser 
extent SH, is suppressed with SO2 additive. In contrast, the 
production of SO2 with H2S additive is enhanced. The entry and 
participation of OCS into the above scheme will occur via the 
reaction 

[28] OCS + H E SH + CO 

which has the same H-atom dependence as the reverse of 
reaction [26]. On the other hand, radical reactions of H and OH 
with sulphur species may be minimized if SO2 catalyzes radical 
recombination according to 

[29] SO2 + OH(H) + M + HS03(HS02) + M 

Other channels akin to reaction [30] might produce neutral SO3 

[31] HS03 + H(0H) + SO3 + H2(H20) 

or even sulphuric acid 

[32] HSO, + OH + M + H2S04 + M 

, Thus, radical attack on the additives in the flame reaction zone 
may give rise to a variety of species (S, SH, SO, SO2, HS02,  
SO3, HS03, &So4) which can attach electrons to form 
sulphurous negative ions. The degree to which the neutral 
sulphur chemistry affects the observations of sulphurous anions 
is difficult to assess quantitatively, but its influence cannot be 
disregarded. 

Conclusions 
The present range of additives including H2S, OCS, and SO2 

is representative of fuel sulphur compounds occurring early, 

intermediate, and late in the sulphur oxidation sequence. Thus, 
more general conclusions can be advanced than were possible 
with OCS in isolation (3). 

( I )  All three additives produce a dramatically increased 
concentration of sulphur anions in the flame reaction zone, and 
it is reasonable to assume that any fuel sulphur will do the same. 
This means that fuel sulphur gives rise to species (e.g., S ,  SH, 
SO2, etc.) having higher stabilities than those of the C-H-0 
molecules normally present in a hydrocarbon flame. 

(2) The ambient concentration of negative ions represents a 
balance between the rates of electron attachment and detach- 
ment. Three-body and dissociative attachment have a negative 
temperature dependence. Associative detachment by radicals 
and thermal detachment (near z = 0 in the profiles) have a 
positive temperature dependence. Thus, possible attempts to 
remove sulphur from combustion products as sulphurous anions 
will benefit from a lower temperature. 

(3)  The profile shape of a given sulphurous anion is 
remarkably insensitive to the nature of the additive. This will be 
the case if the rates of production and loss of the sulphurous 
anion are fast such that its profile essentially replicates that of 
the reagent C-H-0 anion (or free electrons in the case of 
attachment). 

(4) The profile magnitudes are not sufficiently distinct to 
predict the nature of the fuel sulphur from the anion signals. 
However, some useful qualitative trends are discernible at each 
end of the oxidation sequence; H2S enhances SH- at one end, 
while at the other end, SO2 enhances SO2- and SH- is absent. 

(5) The anions are dominated by HS04- which accounts for 
roughly half of the total ion signal present for each of the three 
additives. This has analytical implications for the detection of 
total sulphur. It does not necessarily imply the presence of 
sulphuric acid in the flame, however. 

(6) The full range of sulphurous anions detected (in order of 
increasing mle) includes S-, SH-, SO- (uncertain), SO2- 
(S2-), SO3-, HS03-, CH30-.SO2, SO4- (S202-. , S3-), and 
HS04-. Thus, S-H and S-0 bonds may form, but evidently 
C-S and S-S bond formations are not favoured. 

(7) The CH30- . SO2 ion is revealing since its formation via 
reaction [ l  11 requires the presence of SO2 as a reagent. For the 
H2S and OCS additives, appreciable secondary SO2 must be 
present as a combustion product in the flame reaction zone. 
Evidently the oxidation of sulphurous neutrals (e.g., H2S + SH 
+ SO+ SO2 or OCS + S --, SO + SO2) proceeds very rapidly 
under flame conditions. 

(8) The sulphurous anion chemistry is explicable in terms of 
roughly twenty ion (electron) - molecule reactions. The types 
of reactions are diverse and include attachment and dissociative 
attachment, association, atom transfer, proton transfer, and 
charge (electron) transfer. 

(9) Sufficient time is available in the flame reaction zone for 
the occurrence of at least four consecutive ion-molecule 
reactions. This is evident from sequences such as S- + SO2- + 

SO3- + HS03- or S- + SO2- --, SO4- --, HS04- with the 
H2S or OCS additives. The sequences might be longer except 
that we have not been successful in detecting sulphurous anions 
unambiguously having m/e > 100. Fast reaction rates are aided 
by the high (atmospheric) pressure of the flame (many of the 
reactions are termolecular) but not necessarily by the high flame 
temperature (many of the reactions have a negative or zero 
temperature dependence). 

(10) These results bear out a general contention of flame- 
ion chemistry; namely, that the elevated flame temperature is 
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sufficient to  overcome reaction endothermicities of at least 
25 kcal mol-'. Reactions [I.] and [2a]  are cases in point. 
This behaviour is in contrast to  room-temperature studies, for 
example, using the flowing afterglow apparatus, in which 
endothermic reactions generally d o  not proceed at measurable 
rates. 
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TOYOAH KIMURA, YUTAKA UEDA, and YOHICHI HIRAI. Can. J. Chem. 64, 695 (1986). 
A photoconductivity study was made on y-irradiated low and high density polyethylene using 3-methylpentane, methylene 

chloride, and hexafluorobenzene as dopants. Electron spin resonance (esr) and optical absorption measurements were made 
together with photoconductivity. A study was also made for poly(4-methylpentene- 1). The process of photocurrent generation is 
not ascribed totally to photodetrapping of trapped electrons in polyethylene; the process by photodetrapping of trapped electrons 
dominantly contributes to photocurrent generation in the ir region and may partly contribute in the visible region but not in the uv 
region. Another process for photocurrent generation other than photodetrapping of trapped electrons exists in the uv and perhaps 
partly in the visible region. We have tentatively ascribed this process to photodetachent of electrons from carbanions whch are 
formed by the reaction between radicals and electrons. 

TOYOAH KIMURA, YUTAKA UEDA et YOHICHI HIRAI. Can. J. Chem. 64, 695 (1986). 
On a effectut une Ctude de photoconductivitC sur des polyCthylknes de basse et de haute densitC, irradiCs aux rayons y et 

contenant les substances suivantes comme dopants: mtthyl-3 pentane, chlorure de mCthylkne et hexafluorobenzkne. En plus de la 
photoconductivitt5, on a aussi effectut des mesures de rpe et d'absorption. On a aussi CtudiC le poly(mCthy1-4-pentkne-1). On 
n'attribue pas tout le processus de la gCnCration du photocurant au photodCpiCgeage des Clectrons piCgCs dans le polyCthylkne; ce 
processus de photodCpiCgeage des Clectrons piCgCs contribue d'une faqon dominante a la gCnCration du photocourant dans le 
region de I'ir et peut aussi contribuer en partie dans la rCgion du visible, mais pas dans la region de l'uv. En plus du 
photodCpiCgeage des Clectrons piCgCs, un autre processus de gtneration de photocourant existe dans l'uv et peut-Ctre aussi dans le 
visible. Sur une base priliminaire, on a attribuC ce processus au photodttachement des Clectrons des carbanions qui se foment 
par la rCaction des radicaux et des Clectrons. 

[Traduit par la revue] 

Introduction 
Trapped electrons generated by ionizing radiation have been 

widely investigated in organic solids especially in frozen 
organic glasses at the liquid nitrogen temperature (1). Concern- 
ing trapped electrons in nonpolar hydrocarbon glasses at 77 K, it 
is well known that the electron spin resonance (esr) spectra for 
those electrons show a singlet line with a line width of -4 G(1), 
that absorption maxima of optical absorption spectra are 
- 1700 nm(l), and that photoconductivity maxima of photocon- 
ductivity spectra are - 1000 nm(2). It is also known that elec- 
trons are efficiently trapped in glassy matrices but not in crystal- 
line matrices. 

Hydrocarbon polymers such as polyethylene (PE), polypro- 
pylene (PP), or poly(4-methylpentene- 1) (P4MP) have chemi- 
cal unit structure similar to low molecular weight hydrocarbons 
such as 3-methylpentane (3MP) or 2-methylpentane (2MP). 
Thus it is interesting to compare the nature of electrons trapped 
in low molecular hydrocarbon glasses and the nature of those 
trapped in hydrocarbon polymers. Electron spin resonance 
spectra of trapped electrons in y-irradiated polymers show 
singlet signals which are similar to those in low molecular 
hydrocarbon glasses although the line widths are slightly 
narrow: 3.4 G for PE and 2.6 G for P4MP (3). Concerning the 
optical absorption spectrum in a hydrocarbon polymer, Keyser 
and Williams have reported that the position of the absorption 
maximum (hgax) of trapped electrons in y-irradiated P4MP at 
77 K lies beyond 2000 nm (4). This result seems to be similar to 
that for low molecular weight hydrocarbon glasses, although the 

in P4MP is longer than those in the glasses. On the other 
hand Partridge has shown a photoabsorption spectrum h2ax 
which is -280nm in y-irradiated low density polyethylene 
(LDPE) at 98 K and ascribed this to trapped electrons. 

'To whom correspondence should be addressed. 
'present address is Tokai Kohgyo Co. Ltd., Ohbu, Aichi, Japan. 

Polyethylene is widely used as electrical insulators. Thus, the 
nature of PE is widely studied in the field of electrical 
engineering by means of thermoluminescence (TL) (6-13), 
thermally stimulated current (TSC) (14-21), and photostimu- 
lated detrapping current (PSDC) (22,23). Trapped electrons, 
which are defined as electrons trapped physically in a matrix, 
are proposed to be the origin of TL (7-lo), TSC (17,19), and 
PSDC (22,23). The reported PSDC spectra of trapped electrons 
in high density polyethylene (HDPE) X-irradiated at 90 K have 
shown only a small peak at -1 eV and almost monotonous 
increase with considerable extent up to 5 eV (23). 

The optical absorption and photoconductivity spectrum in y- 
and X-irradiated PE in refs. 5 and 23, respectively, are 
dominant in the uv region and these have been ascribed to 
trapped electrons, as is described above. However, this is 
unacceptable from a viewpoint of trapped electrons in low 
molecular hydrocarbon glasses. It is conclusive that optical 
absorption and photoconductivity maxima lie in the ir region in 
low molecular hydrocarbon glasses. Freeman has demonstrated 
that even in highly polar media the upper limit of the absorption 
maximum of trapped electrons would be about 2.5 eV (24). 
Electron trapping in PE is an important and interesting phenom- 
enon not only in the field of radiation chemistry but also in that 
of electrical engineering. Nevertheless, no further paper has 
been published since then. 

Another point which we should note is the relationship 
between trapped electron yields in polymers and their crystal- 
linities. It is reported that the higher the crystallinity of a 
polymer, the higher the trapped electron yield (4), which 
conflicts with the results from low molecular organic glasses as 
is described already. 

In order to clarify these points described above we have 
measured optical, photoconductivity, and esr spectra for LDPE 
and HDPE y-irradiated at 77 K. We have also studied the effect 
of doping using 3MP, methylene chloride, and hexafluoroben- 
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zene as dopants. In addition to LDPE and HDPE an investigation 
was also made for P4MP. 

Experimental 
Low density polyethylene and high density polyethylene were 

BE-R3000 (Ube Industries Ltd., the density was 0.919) and Sholex 
6006M (Showa Denko K.K., the density was 0.958), respectively. 
LDPE and HDPB films made by hot press (I mm thickness) were 
immersed in hot methylene chloride for a few days under argon 
atmosphere in a separable flask with three necks and a condenser. 
Following this, LDPE and HDPE were purified by hot hexane by the 
same procedure as above. On the other hand, another purification was 
made by dissolving PE pellets in hot xylene and then precipitating in 
methanol. However, no detectable difference in measured results can 
be observed between the samples purified by the former and latter 
method. Therefore, the former purification was mainly used through 
this work. Polyscience P4MP pellets were purified by the same pro- 
cedure as that for PE. Purified PE and P4MP were dried in vacuo. 
Purified P4MP was pressed into a 1 rnm thickness film by hot melt. 

3-Methylpentane was Tokyo Kasei extra pure reagent and purified 
by molecular sieve 13X, which was evacuated at 300°C for 10 h. 
Nakarai Chemicals methylene chloride (spectro grade) and hexafluoro- 
benzene (guaranteed reagent) were used as received. 

Samples for photoconductivity measurements were made using films 
(1 X 9 X 50 rnm) of LDPE, HDPE, and P4MP. Electrodes were made 
on the surfaces of both sides of a film by the following two methods. 
One is aluminum vapor deposition, where the front electrode was made 
to have a few slits through which incident photons were injected. The 
other is pressing brass meshes on both sides of a film by a flatiron. We 
have confirmed that the samples with aluminum deposited electrodes 
gave essentially the same results as those with mesh electrodes. 
However, since the adhesion between deposited aluminum and a film 
was poor which resulted in the poor reproducibility in the results and 
also the detachment of aluminum from the film when a dopant was used, 
the latter method was mainly used. Copper flat rings with a lead wire 
were contacted to the electrodes by a Teflon screw and nut which were 
set through a hole at the top of the film with electrodes. A sample in the 
photoconductivity cell, the main part of which was made of Supracil 
quartz, was evacuated on a vacuum line and sealed off immediately 
before the measurement. The scheme of the experiment was the same 
as that in ref. 25. A dc voltage of 500 V was applied for a sample of 
1 mm thickness (5 kV/cm). 

The samples for optical absorption measurement and for esr were a 
film (9 X 50mm) and -6-8 pieces of cut film (-1 x 50mm), 
respectively. Samples in esr cells (Supracil quartz tube) and those in 
optical absorption cells (rectangular Supracil quartz) were evacuated 
on a vacuum line and sealed off. The esr measurements were made on a 
JEOL JES-3BX spectrometer with a ES-SCXA microwave unit. Opti- 
cal absorption measurements were made on a Hitachi 323 spectro- 
photometer. 

Doping for LDPE or HDPE was made by transferring a degassed 
dopant into the photoconductivity cell in which LDPE or HDPE was 
kept in vacuo. Then LDPE or HDPE was kept immersed in the dopant 
liquid overnight. After that the dopant was removed by vacuum 
distillation. The content of a dopant was measured by the difference in 
the weight before and after doping. 

y-Irradiation was made by y-rays from a 60Co source. The 
irradiation dose was 3.9 x lo5 rad (1 rad = 10 mGy). y-Irradiation and 
measurement were carried out at 77 K through this work. 

Results and discussion 
It is more difficult to purify polymers than low molecular 

hydrocarbons. In the latter case impurities such as olefines, 
aldehydes, ketones, etc. are satisfactorily removed from hydro- 
carbons by the use of a molecular sieve and purified hydrocar- 
bons are separated from the molecular sieve by vacuum 
distillation. However, this technique cannot be used for 
polymers because the separation by vacuum distillation is 

Photon energy , eV 
6 5 4  3 

I I I I I 
500 1000 1500 2000 

Wavelength , nrn 

FIG. 1. Optical absorption spectra of photobleachable species in 
y-irradiated nondoped LDPE (-) and LDPE doped with 3MP 
(---) system. 

o oL 5d0 
I I 1 I 

1000 1500 ZOO0 
Wavelength , nm 

FIG. 2. Optical absorption spectra of photobleachable species in 
y-irradiated nondoped HDPE (-) and HDPE doped with 3MP 
(---) system. 

practically inapplicable. Then, impurities may remain in poly- 
mers to some extent, which may lead to the difference in the 
results between low molecular hydrocarbons and PE as de- 
scribed before. There remains the following possibility: impuri- 
ties in PE suppress the formation of trapped electrons and thus, 
the optical absorption spectrum (A,,, ~ 2 8 0  nm) in ref. 5 cannot 
be ascribed to trapped electrons. To  check this possibility the 
effect of doping with a small amount of 3MP was investigated 
because it is expected that a small amount of 3MP does not 
compete with impurities for electrons. On the other hand, if 
trapped electrons do exist in y-irradiated PE, doping of PE with 
electron scavengers such as methylene chloride or hexafluoro- 
benzene will reveal the structure of trapped electrons in esr, 
optical absorption, and photoconductivity spectra. Thus, the 
effect of doping with electron scavengers was also investigated. 

( I )  Effect of 3MP doping on esr, optical absorption, and 
photocoizductivity spectrum. 

Some intermediate species produced in y-irradiated LDPE 
and HDPE are photobleachable with visible light. We call these, 
"photobleachable species" through this work. Optical absorp- 
tion spectra of photobleachable species in the y-irradiated 
LDPE and HDPE sample were obtained by subtracting the 
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Time , s 

FIG. 3. Time profile of photocurrent in nondoped HDPE system. 
Wavelength of incident light was 1200 nm. 

spectra of photobleached samples from those before the photo- 
bleach. Optical absorption spectra of photobleachable species 
in y-irradiated nondoped LDPE and HDPE are shown as the 
solid line in Figs. 1 and 2, respectively. The optical absorption 
spectrum of bleachable species in LDPE in Fig. 1 is similar to 
that in ref. 5. In the case of HDPE, the spectrum was not 
measured at wavelengths shorter than -300 nm because of the 
lack in transparency of HDPE films. 

An example of photocurrent from y-irradiated HDPE is 
shown in Fig. 3. The rise time of the amplifier was 100 or 
300ms through this work. In Fig. 3 it is shown that the 
photocurrent rises instantaneously when the shutter, through 
which the incident light comes, is opened and falls instantane- 
ously to zero when the shutter is closed. Similar time profiles 
were obtained through this work. Photoconductivity spectra, 
meaning the photocurrent per incident photon versus the 
wavelength of incident light, for nondoped LDPE and HDPE 
system are plotted as circles in Figs. 4 and 5, respectively. The 
photoconductivity maxima at which the photocurrent per 
incident photon shows a maximum are -280-300 nm for both 
nondoped LDPE and HDPE. This is similar to the result in ref. 
26. It is interesting that for the nondoped LDPE system the 
photoconductivity spectrum is similar to the optical absorption 
spectrum (Figs. 1 and 4). 

The amounts of 3MP dopant were 4 and 3 wt% for 3MP- 
LDPE and 3MP-HDPE systems, respectively. Doping of LDPE 
and HDPE with 3MP resulted in an increase in signal intensities 
of esr singlets. Since the amounts of samples for esr were not 
enough to neglect the quartz signal, we did not determine the 
increment of signal intensities as a result of 3MP doping. 
However, it can be obviously concluded from esr measurement 
that 3MP doping leads to an increase in esr singlet, which can be 
ascribed to trapped electrons. The nature of the singlets in 
3MP-LDPE and 3MP-HDPE is different from those in nondop- 
ed LDPE and HDPE as will be described later. 

The effect of 3MP doping on the optical absorption spectra of 
photobleachable species in LDPE and HDPE is clearly shown in 
Figs. 1 and 2, respectively. It is interesting to see that doping of 
LDPE and HDPE with 3MP causes the optical absorption 
spectra of photobleachable species to increase in the ir region 
and that the effect of 3MP doping is negligible in the visible and 
uv regions as is shown in Figs. 1 and 2. 

Photoconductivity spectra for 3MP doped LDPE and HDPE 
are shown in Figs. 4 and 5, respectively together with those for 
nondoped LDPE and HDPE. The results from the photoconduc- 
tivity spectra are similar to those from the optical absorption 
spectra in Figs. 1 and 2. In both cases of LDPE and HDPE in 
Figs. 4 and 5, doping with 3MP causes an enhancement in the 

spectrum in the ir region, but gives only a small and almost 
negligible effect in the visible and uv region, respectively. 

From the results by esr it can be concluded that no impurity, 
which suppresses completely the formation of trapped electrons 
described above, exists in LDPE and HDPE systems and that 
3MP doping causes the trapped electron yield to increase in 
LDPE and HDPE systems. Then both results by the optical 
absorption and photoconductivity measurements indicate that 
trapped electrons in 3MP doped systems are dominant in the ir 
region, which agrees well with the results on trapped electrons 
in low molecular hydrocarbon glasses. 

The increase in the intensities in the optical and photoconduc- 
tivity spectra as a result of 3MP doping in Figs. 1, 2, 4, and 5, 
indicates that new trapping sites for electrons are created by 
3MP dopant molecules. The structure of the new trapping sites 
is not known at present. However, as is shown later, the nature 
of the new trapping sites is quite different from that in nondoped 
PE systems. It is generally expected that polymers swell when 
they absorb a low molecular substance. In the present case of 
LDPE and HDPE the increments in the volume after 3MP 
doping were 3.9 and 3.1% at room temperature, respectively. 
Although we did not measure the increase in the volume at 77 K, 
it can be said that the swelling of LDPE and HDPE is small at 
77 K. If the swelling leads to a lower total density and if we 
ignore the role of doped 3MP molecules in new trapping sites, 
then the yield of trapped electrons in the swollen system would 
be lower than that in the nonswollen system. This is because the 
trapped electron yield is higher in HDPE than in LDPE (4). 
Therefore, doped 3MP molecules probably play an important 
role in the new trapping sites. 

It is expected that 3MP molecules migrate into an amorphous 
region but not inside the crystalline region. The HDPE has less 
amorphous region than HDPE. Therefore the content of 3MP 
dopant in HDPE is actually less than that in LDPE. Neverthe- 
less, the increment of trapped electrons as a result of 3MP 
doping in the HDPE system is even more than that in LDPE 
system as is seen in Figs. 1 and 2. This can be explained if we 
assume that electron traps are dominant in the interfacial region 
between the crystalline and amorphous part, which has been 
suggested by Kobayashi and Yahagi (17). Because of the 
existence of the esr singlet and optical absorption in the ir region 
and also from the reason which will be described later, we 
consider the existence of trapped electrons in y-irradiated 
nondoped LDPE and HDPE. The role of doped 3MP molecules 
is not clear except that they contribute to form new trapping 
sites. New trapping sites are probably dominant in the interfa- 
cial region between the crystalline and amorphous parts as is 
described above. According to the cavity model for trapped 
electrons, potential wells with suitable depths and sizes are 
necessary (27). Therefore, some of doped 3MP molecules are 
arranged in PE to form suitable potential wells for new trapping 
sites. 

In Fig. 6, power saturation curves, namely relative intensities 
of esr singlet signals versus square root of microwave power, for 
nondoped and 3MP doped HDPE system are shown. Since the 
power unit was not calibrated, only relative power values were 
available. The curves were adjusted to give the same intensity at 
the square root power of 2.236 au. It is seen from Fig. 6 that the 
signals for nondoped HDPE system saturate at a lower power 
than those for 3MP doped HDPE system. Namely, the new 
trapping sites which are formed as a result of 3MP doping show 
a different power saturation characteristic from that for trapping 
sites in nondoped PE system. 
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Photon energy, eV 

FIG. 4. Photoconductivity spectra for y-irradiated nondoped LDPE (-0-) and LDPE doped with 3MP (--A--) system. 

Photon energy , eV 
6 5 4 3  2 1.0 0.8 0.6 

I l l  1 I I I 1 I I 

Wavelength , n m  

FIG. 5. Photoconductivity spectra for y-irradiated nondoped HDPE (-0-) and HDPE doped with 3MP (--A--) system. 

We do not intend to deny the existence of the cavity traps that ( 2 )  Effect of doping with electron scavengers 
include 3MP molecules in amorphous region. However, taking It is well known that methylene chloride reacts with an 
the fact that the increment of trapped electron yield as a result of electron to form C1- and the corresponding radical. It is also 
3MP doping in HDPE system is even more than that in 3MP known that hexafluorobenzene reacts with an electron to form 
doped LDPE system, it is better to say at present, that cavity an anion (28). These dopants were used as electron scavengers. 
traps that include 3MP are dominant in the interfacial region as Contents of methylene chloride in LDPE and HDPE were 5 and 
is described above. 3 wt%, respectively and those of hexafluorobenzene in LDPE 
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FIG. 6. Power saturation curves for singlet signals in esr spectra for 
nondoped HDPE (-a-) and HDPE doped with 3MP (--0--) 
system. 

and HDPE were 4 and 2 wt%, respectively. Electron spin 
resonance measurements were made for LDPE and HDPE 
doped with methylene chloride and hexafluorobenzene y- 
irradiated at 77 K. In each of these four systems (CH2C12- 
LDPE, C6F6-LDPE, CH2C12-HDPE, and C6F6-HDPE) it is 
hard to discern the singlet which is ascribed to trapped electrons. 
So, even if trapped electrons exist in these systems, the amount 
should be low. 

Optical absorption measurements have also revealed that 
doping with methylene chloride or hexafluorobenzene reduces 
drastically the specrum in the ir region. This is shown in Fig. 7 
for HDPE systems. In the case of C6F6 doping the spectrum in 
the visible region is higher than that in the nondoped HDPE 
because of the tail of C6F6- absorption. In the case of LDPE 
systems, similar results as those in Fig. 7 were obtained. 
However, the spectra in the ir region for the CH2C12 and C6F6 
doped LDPE systems were almost negligible, indicating that 
electron scavenging by these scavengers in this system is more 
effective. In conclusion, dopants reduce drastically the spectrum 
in the ir region whereas the spectrum in the visible and uv 
regions is almost the same or increases because of the absorption 
of C6F6-. Then it can be said that the optical absorption by 
trapped electrons in LDPE and HDPE is dominant in the ir 
region. This is also supported by the results from esr and agrees 
well with the results from low molecular hydrocarbon glasses. 

Photoconductivity spectra for nondoped, CH2C12 doped, and 
C8.5 doped systems are shown in Figs. 8 and 9 in the case of 

Photon energy , eV 
1.0 0.8 0.6 0.3- I I I I I 

Wavelength , nrn 

FIG. 7. Optical absorption spectra of photobleachable species in 
y-irradiated nondoped HDPE (-), CH2C12 doped HDPE (---), 
and C6F6 doped HDPE (-.-.-) system. 

LDPE and HDPE, respectively. It should be noted from Fig. 8 
that doping with methylene chloride and hexafluorobenzene in 
LDPE systems suppresses considerably the photoconductivity 
spectra in the ir region but that the effect of doping is negligible 
in the uv region. In the case of HDPE, the photoconductivity 
spectra are suppressed by the doping as is seen in Fig. 9. In the 
uv region around the photoconductivity peak in Fig. 9, it can be 
said that the effect of the doping is small, although the curve for 
CH2C12-HDPE system and that for C6F6-HDPE system are 
somewhat higher and lower than that for the nondoped HDPE 
system, respectively. In both cases of LDPE and HDPE, the 
photoconductivity spectra in the visible region are suppressed 
by the doping with these electron scavengers. The reason for 
this may be as follows. Photoconductivity spectra of trapped 
electrons in LDPE and HDPE may have relatively high 
intensities compared with the photoconductivity maxima. This 
is observed in 3-methylheptane glass where the photoconductiv- 
ity maximum lies at - 1000 nm but the intensity at 500 nm is 
73% of the peak intensity at -1000nm (2). An alternative 
explanation for the suppression of photoconductivity spectra in 
the visible region by the doping may be that these dopants might 
suppress a precursor (other than trapped electrons) which gives 
the photocurrent. The photocurrent in y-irradiated hydrocar- 
bons is generally explained by the detrapping of electrons from 
their traps. However, we will suggest below a process of 
photocurrent generation which does not involve trapped elec- 
trons. This process is responsible for the photocurrent for the 
LDPE and HDPE systems doped with those electron scavengers 
in Figs. 8 and 9. 

(3) Electron spin resonance, optical absorption, andphotocon- 
ductivity spectrum for P4MP systems 

No singlet which is ascribed to trapped electrons was 
observed in the esr spectrum for the y-irradiated P4MP system. 
Optical absorption measurements for y-irradiated P4MP show- 
ed that photobleachable species are produced also in this 
system. The optical absorption spectrum exists in the uv and the 
visible region, but only the absorption tail in the ir region up to 
1400 nm. This indicates that trapped electrons are not produced 
in P4MP used in the present study. Nevertheless, we observed a 
photocurrent for the y-irradiated P4MP system. In Fig. 10 the 
photoconductivity spectrum for the P4MP system is shown 
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FIG. 8. Photoconductivity spectra for y-irradiated nondoped LDPE (-0-), CH2C12 doped LDPE (--A--), and C6F6 doped LDPE 
(-.-0---) system. 

Pho ton  energy  , eV 
6 5 4 3  2 1.0 0.8 0.6 

u I l l  I l l  I I I I 

Wavelength , n m  

FIG. 9. Photoconductivity spectra for y-irradiated nondoped HDPE (-0-), CH2C12 doped HDPE (--A--), and C6F6 doped HDPE 
(-.-El-.-) system. 

together with the optical absorption spectrum of photobleach- 
able species. It is interesting to note that the two curves in Fig. 
10 fit well with each other except for the long wavelength side. It 
should be noted that the photoconductivity spectrum for the 
P4MP system in Fig. 10 is similar to those for the CH2C12 doped 
and C a 6  doped LDPE systems in Fig. 8 and, also, to those 
CH2C12 doped and C6F6 doped HDPE systems in Fig. 9. These 
five conductivity spectra described above indicate that photo- 

current generation from the process of photodetrapping of 
trapped electrons is negligible because singlets in esr signals for 
these five systems are negligible. It is also interesting to note that 
the five photoconductivity spectra for the P4MP, CH2C12-LDPE, 
Ca6-LDPE, CH2C12-HDPE, and C6F6-HDPE systems have 
maxima at nearly the same position, 300 nm. 

We did not observe photobleachable optical absorption in the 
ir region. This does not agree with the results in ref. 4. This 
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Photon energy, eV 

15 
6 5 4 3  2 1.0 0.8 
1 ' 1 1 1 ~ 1  I I "  ' I I I 

4 .I 5 

FIG. 10. Optical absorption spectrum of photobleachable species 
(-) and photoconductivity spectrum (--0--) for y-irradiated 
P4MP system. 

discrepancy may arise from the difference in P4MP itself. 
Unfortunately we  could not obtain P4MP from the same 
company as that in ref. 4 .  

( 4 )  Mechanism of photocurrent generation other thanphotode- 
trapping of trapped electrons 

In T L  studies heat detrapping of  electrons from their traps and 
subsequent recombination are proposed as a mechanism of T L  
( 7 , 8 ,  10, 13). It has been found that similar glow peaks as  those 
in T L  are obtainable in T S C  work. Then, photodetrapping of  

1 electrons from their traps has been proposed as a mechanism of 
, photocurrent generation (17, 19). In the present study it is true 

that photocurrent by photodetrapping of trapped electrons is 
dominant in the ir region in the case of  the LDPE and HDPE 
systems, as is described already. However, another mechanism 
other than photodetrapping of trapped electrons is necessary for 
photocurrent generation in the uv and perhaps in the visible 

' region. 
1 The mechanism of  photocurrent generation other than photo- 

detrapping of trapped electrons is not clear at present. One of 
the provable mechanisms is photodetachment of electrons from 
carbanions which are formed by the reaction between radicals 
and electrons: 

Willard et al. have shown that the absorption onset of 
3-methylhexane carbanion is longer than 800 nm (29). It is not 
clear, however, whether electrons are photodetachable by the 
visible light. In the case of  polyethylene it may be possible for 
electrons to  be  photodetached from carbanion by visible light 
because the electron affinities for CH3., C2H5',  n-C3H7., and 
iso-C3H7. are - 1.08-1.8, 1.4, 1 .O, and - 1.0 eV,  respectively 
(30). Optical absorption spectra of bleachable species in the uv 
region for the LDPE, HDPE, and P4MP systems, shown in 
Figs. 1, 2, and 10, respectively, could be ascribed to carbanions. 
The spectrum of 3 M P  carbanion in the uv region proposed by 
Willard et al. (31) is similar to ours but the absorption maximum 
is slightly shorter than ours. 
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Voltammetric studies of the electrochemical behaviour of salicylidene-2-aminopyridine 
at a hanging-mercury-drop-electrode 
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REFAT ABDEL-HAMID. Can. J. Chem. 64, 702 (1986). 
Electrochemical behaviour of salicylidene-2-aminopyridine has been investigated in 0.1 M tetraethylammonium perchlorate - 

dimethylformamide solutions by cyclic voltammetric and convolution potential sweep voltammetric methods. It was found that 
the depolarizer exhibits two well-defined diffusion-controlled irreversible one-electron waves. The cyclic voltammetric charac- 
teristics and the convolution, deconvolution, and logarithmic convolution analyses reveal that salicylidene-2-aminopyridine in 
such conditions follows a set of two one-electron transfer reactions each followed by an irreversible chemical reaction. The 
values of the first-order rate constant of the irreversible chemical reaction and E I l 2  were computed. 

REFAT ABDEL-HAMID. Can. J. Chem. 64, 702 (1986) 

Faisant appel i des mtthodes de voltamttrie cyclique et de voltamttrie a balayage de potentiel avec convolution et optrant 
dans des solutions A 0 , l  M de perchlorate de tttratthylammonium dans le dimtthylformamide, on a ttudit le comportement 
tlectrochimique de la base de Schiff formte par l'aldthyde salicylique et l'amino-2 pyridine. On a trouvt que le dtpolarisant 
prtsente deux vagues monotlectroniques, bien dtfinies, irrtversibles et contrBltes par la diffusion. Les caracttristiques de la 
voltamttrie cyclique, de la convolution, de la dtconvolution et des analyses logarithmiques de la convolution suggkrent que, dans 
les conditions utilistes, la base de Schiff suit un mtcanisme tlectronique-chimique-tlectronique-chimique. On a calcult les 
valeurs des constantes de vitesse du premier ordre de la r6action chimique irreversible ainsi que de El12 .  

[Traduit par la revue] 

Introduction 
The electrochemical reduction mechanism of numerous aro- 

matic imines or Schiff bases at a mercury electrode has been 
investigated in aprotic media (1-6). Relatively few studies, on 
the other hand, have concerned the electrochemical behaviour 
of heteroaromatic Schiff bases (7). In view of the considerable 
success achieved by others in clarifying the mechanism of 
reduction of aromatic hydrocarbons and carbonyl compounds 
through investigations in aprotic solvents, a study of the 
electrochemical reduction behaviour of heteroaromatic Schiff 
bases in N,N-dimethylforrnamide was undertaken. 

This communication is concerned with electrochemical re- 
duction of salicylidene-2-aminopyridine as investigated by 
cyclic voltammetry and convolution and deconvolution poten- 
tial sweep voltammetry. The reduction mechanism at the 
hanging-mercury-drop-electrode (HMDE) is elucidated and 
discussed. 

Experimental 
Salicylidene-2-aminopyridine was synthesized by the condensation 

of salicylaldehyde with 2-aminopyridine in a 1:l ratio in an ethanolic 
solution as reported earlier (8). The solid product obtained was 
recrystallized from ethanol. Tetraethylammonium perchlorate (Fluka) 
was recrystallized from methanol and dried in a vacuum oven at 60°C. 
N,N-Dimethylformamide (A.R. grade BDH) was purified by passing 
it through active neutral alumina as described elsewhere (9). 

based upon twin chanel 12-bit analogue-to-digital converter (50 ps 
conversion time) and a Gemini Galaxy 2 microcomputer. Data capture 
was written in Macro 80 assembler language which allowed a minimum 
acquisition time of 100 ks per point. In all experiments 500 data points 
were routinely captured, equally spaced in time, with a time interval 
appropriate to the time-scale of the particular experiment. Background 
data were also stored, and were subtracted from the experimental data 
set, minimizing effects such as double-layer charging currents. 

Solutions were purged with nitrogen before each experiment and an 
atmosphere of nitrogen was maintained above the working solution. 
~nternal resistance ohmic drop distortions were minimized by applying 
positive feedback compensation. 

Convolution and deconvolution procedures were carried out accord- 
ing to the method described earlier (10). The convolution logarithmic 
analysis was carried out on the basis of the following general 
equations ' 

and 

~ r e s h  stock solution of tetraethylammonium perchloia;e (TEAP) 
(0.1 mol dm-3) in dimethylformamide (DMF) was prepared. Fresh where 5 = ( E  - @ ) ~ F / R T ,  a is the symmetry factor, Il and I 2  are the 
stock solution of the Schiff base (10 mM) was prepared from a fresh convolution currents given in eqS. [3] and [4], respectively, Ilim is the 

electrolyte solution on the same day that measurements were carried limit of 11 and E approaches infinity and i, is the exchange current for 
nut. the electron-transfer process at E = @. 

The experiments were performed using 0.1 M TEAPIDMF as 
supporting electrolyte. The measurements were done using a three i ( ~ )  d u  

[3] I; = I,(t) = 5,- l I 2  - 
electrode cell. It consists of a hanging mercury electrode with surface ,,(t - u)? 
areaof 1.05 x cm2as working electrode, Ag/AgN03 (0.01 M) in 
0.1 M TEAPIDMF as reference electrode and 1-cmZ platinum sheet as 

I ' 
1: i ( ~ )  exp (-  ki ( t  - u)) 

auxiliary electrode. [4] I; = 12(k1 ,t)  = 5,- ' I2  du 
Cyclic voltammetry was performed using an E.G. & G. PAR model (t - n ) ?  

363 scanning potentiostat-galvanostat. The current response and 
potentials were stored on magnetic disk via a fast data-capture system IT. Boddington, I. D. Dobson, and N. Taylor. Unpublished results. 
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ABDEL-HAMID 

TABLE 1. First wave characteristics for salicylidene-2-aminopyridine in 0.1 M TEAP/DMF 
at 291 K 

Sweep rate - Ep ip Ep - Ep12 ip/v1I2 - E a  kcb -E1/2= 
(mV s-l) (V) (PA) (mV) ( P A V - " ~ )  (V) (s-') (V) 

"Deconvoluted peak current potential 
bk, ? 3%. 

? 0.5%. 

Results and discussion 
It has been found that salicylidene-2-aminopyridine was 

readily hydrolysed in aqueous and aqueous-organic solvent 
media into their parent constituents (8, 12). Thus, N,N- 
dimethylformamide is a convenient medium for this electro- 
chemical investigation. Furthermore, studies in DMF give a 
more direct insight into the eIectrochemica1 properties of the 
azomethine group since, under the usual conditions, a prepro- 
tonation step can be excluded in this solvent. 

Cyclic voltammograms of salicylidene-2-aminopyridine in 
anhydrous N,N-dimethylformamide containing 0.1 mol dmp3 
tetraethylarnrnonium perchlorate as supporting electrolyte show 
two well-defined irreversible waves. The reversal peaks of the 
two waves are almost nonexistent, indicating that the two waves 
correspond to two slow one-electron transfers or a fast one- 
electron transfer coupled with a rapid chemical reaction. The 
cathodic peak currents, i,, of the two waves correlated with the 
square root of the sweep rate, v1I2, with correlation coefficients 
of 0.9997 and 0.9987 for the first and second waves, respec- 
tively. They are also proportional to the concentration of the 
Schiff base in the range 0.49-1.19 x lop3 M (r  = 0.9967 and 
0.9970, respectively). These are consistent with diffusion as the 
rate-limiting step (13). A number of electrochemical criteria are 
applied to establish the nature of the two waves. 

The widths of the first cyclic voltammetric wave (E, - Ep12) 
at different sweep rates are observed to be insignificantly 
greater than the theoretical value expected for a reversible 
charge-transfer step (Table 1) (13). The peak potential, E,, does 
shift in a negative direction with increasing scan rate. The plot 
of E, against log v yields a straight line with a slope less than 
28.8 mV per decade (-6.9 k 1 mV). Both observations are 
indicative of reversible electron transfer coupled with a follow- 
up chemical reaction (13, 14). This reaction could be regarded 
as a protonation of the Schiff base radical anion (2). 

The variation of current function, iP/v1l2, with scan rate v is 
an important diagnostic criterion for establishing the type of 
mechanism by cyclic voltammetry. For a reversible electronic 
process followed by an irreversible chemical process (E,,,Ci,) 
the current function should slightly increase with scan rate (15). 
The ratio slowly increases with scan rate (Table 1) revealing that 
the observed behaviour is consistent with a reversible electron- 
transfer process followed by a first-order irreversible chemical 
reaction. 

Convolution of the cyclic voltammetric data of salicylidene- 
2-aminopyridine is carried out according to eqs. [3] and [4]. 
Figure 1 illustrates convoluted currents I ,  and l2 cyclic 
voltammograms for the first wave of 1.19 X lop3 M solution. It 
is clear that the convoluted current I ,  does not reach the same 
plateau value, regardless of the scan rate, and does not return 

FIG. 1. Cyclic convoluted currents I l  and I2 voltammograms for the 
first wave of 1.19 X M salicylidene-2-aminopyridine in 0.1 M 
TEAP/DMF solution at v = 500 mV s-I. 

..,f: .. a*' 

I I 
1.675 1 .875 2.075 

-E/V vs. Ag/Ag 

FIG. 2. Curves of (Ili, - II ) for the correct treatment of kc ,  12, and 
for the first wave of salicylidene-2-aminopyridine in 0.1 M 

TEAP/DMF solution at v = 500 mV s-I. 

during the reverse half of the sweep to its initial (zero) value. 
This shows that the starting material is not conserved within 
the course of the cycle. This behaviour can be ascribed to 
irreversible electron-transfer or reversible electron-transfer 
coupled with a rapid chemical reaction. 

Deconvolution cyclic voltammetric results reveal that the 
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TABLE 2. Second wave characteristics for salicylidene-2-aminopyridine in 0.1 M 
TEAP/DMF at 29 1 K 

Sweep rate - Ep ip Ep - EpI2 ip/v1'2 - Epa k,b 
(mV s-I) (V) (1-w (mV) ( p , ~  v-'I2) (V) (s-l) 

"Deconvoluted peak current potential. 
bk,' 4%. 

anodic to cathodic deconvoluted peak-current ratio, dllp,/dll ,, , 
is almost less than unity (0.28) through the scan rate range 
used. This is consistent with the reversible electron-transfer 
process followed by an irreversible first-order chemical reaction 
(&,,Ci, mechanism), because the anion radical formed is 
removed from the vicinity of the electrode surface by reaction as 
well as by diffusion. 

The first-order rate constant of the following chemical 
reaction, Kc, the convoluted current 12, and EI l2  of the first 
wave are computed using the digital simulation and experi- 
mental data according to the method described earlier1 (Table 
1). The method relies on the equality of (Ilim - 11) and I2 on 
both the forward and reverse halves of the sweep at E = EI l2 ,  
where EI l2  = @ + (RT/nF) In ( D A / ~ B ) 1 1 2 .  This is done by 
iterating different values of k;. If the k: value used to compute 
12  is large the crossing point of the (Ilim - 1,) and 12  - E curves 
on the reverse sweep lies negative of the crossing on the forward 
sweep and I, rapidly changes sign after this point. For the low 
value of k: used, the crossing point on the return lies positive of 
the crossing on the forward scan and I, fails to return to zero at 
the end of the sweep. The correct treatment of data, the correct 
convoluted I2 data, and the k; and E l I 2  values show zero 
displacement of the crossings which both lie at correct E'". 
Also I2 reaches zero at the end of the sweep. The crossing points 
of (Ilim - 11) and I2 as a function of potential are demonstrated 
in Fig. 2 for the correct treatment of data as a representative 

for the second wave shows that II during the reverse of the 
sweep, whatever the scan rate, does not coincide with II on the 
forward scan and also it does not reach its initial (zero) value 
at the end of the sweep. Moreover, the anodic-to-cathodic 
deconvoluted peak-current ratio is always less than unity (0.37) 
through the scan rate range used. These facts indicate very good 
consistency of the data and provide a further verification of 
the ErevCi, mechanism. The first-order rate constants of the 
follow-up reaction are computed as mentioned above and the 
values obtained are collected in Table 2. 

Logarithmic analysis of the convoluted results is tested for 
various mechanisms and it is found that the data follow 
satisfactorily the ErevCi, mechanism. 

Taking into account the acid-base properties of the sali- 
cylidene-2-aminopyridine (HSAP) (pK, = 8.25 in aqueous 
solutions (16)), the radical anions should be rapidly protonated 
by the starting compound through the "father-son" reaction 
(17) (reactions ii and iv). 

Thus, the whole electrochemical reduction of HSAP in 
anhydrous N,N-dimethylformamide can be represented as 
follows: 

[ i ]  HSAF' + e e HSAP; 

K, 1st wave 
[ii] HSAP; + HSAP + HSAPH' + SAP- 

[iii] HSAPH' + e eHSAPH- 1 
example. 1 The convolution logarithmic analysis is tested for various civ] H S A P H  + HSAP HSAPH2 + SAP- 2nd wave 
reaction schemes (Ere,, EC, CE, Ei,, ECE, ... ) according to 
eqs. [ l ]  and [2]. In the sweep-rate range used, it is found that the Acknowledgement 
data of the first wave fit satisfactorily the following equation 

This work has been ~erformed at The Universitv of Leeds. 

It gives rise to straight lines (correlation coefficients nearly one) 
with slopes close to 39.88 V-' (at 18°C) expected for an E,,Ci, 
mechanism. This gives further support to the above conclusion 
that the first wave is ascribed to a reversible one-electron 
transfer followed by irreversible first-order chemical reaction. 

The cyclic voltammetric results in the study of the second 
wave are recorded in Table 2. It can be seen that (E, - Ep12) is 
slightly greater than the value expected for a reversible process 
and E, does shift towards more negative potentials, to the extent 
of -24.5 mV per log v unit. Furthermore, the ratio iP/vu2 
decreases on increasing the scan rate. All the above evidence 
suggests that the irreversibility of the second wave is due to a 
moderately fast first-order reaction involving the product of the 
second electron-transfer. 

Examination of the convoluted cyclic voltammetric data (I,) 

England. The author &hes to thank Dr. N.  ailo or for the 
provision of facilities. 
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Mechanism of formation of serine p-lactones by Mitsunobu cyclization: synthesis and use 
of L-serine stereospecifically labelled with deuterium at C-3 
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SHAWN E. RAMER, RICHARD N. MOORE, and JOHN C. VEDERAS. Can. J. Chem. 64, 706 (1986). 
The ring closure of N-benzyloxycarbonyl-L-serine (1) under Mitsunobu conditions (Ph3P, dimethyl azodicarboxylate, -78°C) 

to give the corresponding p;lactone (2) is shown by deuterium and oxygen-18 labelling studies to proceed by hydroxy group 
activation, in contrast to analogous cyclizations of more hindered P-hydroxy acids, which usually occur by carboxy group 
activation. Samples of 1 stereospecifically labelled with deuterium at C-3 were prepared by hydrogenation of (2)- 
2-acetamido-3-methoxyacrylic acid (9) with deuterium, followed by selective Acylase I deacetylation of the 2 s  isomer, removal 
of the protecting groups, and N-acylation of the resulting L-serine with benzyl chloroformate. Mitsunobu cyclizations of this 3R 
deuterated N-acyl serine, of the [hydroxy-'80] analog l g ,  and of the [ c a r b ~ x ~ - ' ~ O ]  derivative If show that lactonization 
occurs with inversion of configuration at C-3, loss of the hydroxy oxygen, and retention of the carboxy oxygens. Similar labelling 
experiments demonstrate that aqueous sodium hydroxide opens the p-lactone ring by exclusive attack at the carbonyl to 
regenerate 1 ,  whereas acidic hydrolysis proceeds primarily by attack of water at the C-3 methylene group of 2. This information 
allows interconversion of L-serines that are stereospecifically labelled at C-3 with hydrogen isotopes and affords access to other 
labelled P-substituted alanines. 

SHAWN E. RAMER, RICHARD N. MOORE et JOHN C. VEDERAS. Can. J .  Chem. 64,706 (1986). 
Faisant appel a des etudes par marquage au deuterium et a l'oxygkne-18, on a dCmontrC que la cyclisation de la 

N-benzyloxycarbonyl L-strine ( I ) ,  dans des conditions de Mitsunobu (Ph3P, azodicarboxylate de dimethyle, -7g°C), qui 
conduit h la formation de la p-lactone corespondante se produit par le biais d'une activation du groupement hydroxyle; ceci est en 
opposition avec ce qui se produit lors de cyclisations analogues d'acides P-hydroxyles plus empCchCs qui se produisent 
habituellement par le biais d'une activation du groupement carboxyle. On a prtpart  des tchantillons de 1 marques 
sttr6os@cifiquement par du deuterium en C-3 en proctdant a une hydrogenation de l'acide acktamido-2 methyoxy-3 
acryliques-(2) (9) avec du deuterium suivie d'une deacetylation stlective de l'isomkre 2-(S) par 1'Acylase I, de l'enlkvement des 
groupes protecteurs et finalement d'une N-acylation de la L-strine qui en rCsulte par du chloroformate de benzyle. Les 
cyclisations, selon Mitsunobu, de cette N-acyl sCrine deutkrte en 3(R), de son analogue l g  portant un hydroxyle "0 et du derive 
lf portant un carboxyle ''0 demontrent que la lactonisation se produit avec une inversion de configuration en C-3, avec une perte 
d'oxygkne de l'hydroxyle et  avec retention des oxygknes des groupements carboxyles. Des experiences semblables de marquage 
ont permis de dkmontrer que, sous l'influence de l'hydroxyde de sodium aqueux, le cycle de la p-lactone s'ouvre par une attaque 
qui se produit exclusivement au niveau du groupement carbonyle pour regentrer le compost 1 alors que l'hydrolyse acide se 
produit principalement par une attaque de l'eau au niveau de groupement mkthylkne en C-3 du composC 2. Cette information 
permet une interconversion de L-sCrine qui sont stCr6ospCcifiquement marquees en C-3 avec des isotopes de l'hydrogene et 
permet un accks facile a d'autres alanines P-substitutes qui seraient marqukes. 

[Traduit par la revue] 

Introduction 
The Mitsunobu reaction (1) of P-hydroxy carboxylic acids 

can produce alkenes and (or) p-lactones depending on substrate 
structure and solvent polarity (2-5). Although a number of 
earlier attempts to cyclize serine derivatives to p-lactones with 
various reagents proceeded in low to modest yields (5 1% to 
45%) (6-1 l) ,  we recently reported that reaction of optically 
pure N-acyl serines (e.g., 1) under slightly modified Mitsunobu 
conditions (triphenylphosphine and dimethyl azodicarboxylate, 
-78°C) gives p-lactones (e.g., 2), without racemization, in 
good yield (60-72%) (Scheme 1) (12). Previous investigations 
on the mechanism of the Mitsunobu reaction have shown that an 
initially-formed triphenylphosphine-azodicarboxylate adduct 
(13,14) can react with P-hydroxy acids to give either hydroxy 
group activation (HGA) or carboxy group activation (CGA) (2, 
4). Although intermolecular Mitsunobu coupling of alcohols 
with carboxylic acids to form esters generally proceeds by the 
HGA pathway (1,13), this type of activation of P-hydroxy acids 
has been reported to result primarily in decarboxylative elimina- 
tion to olefinic products (2-5). In the cases previously studied, 
p-lactone products arose principally by the CGA pathway (2,4). 

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

Since serine p-lactones are versatile intermediates for synthe- 
sis of important P-substituted alanines 3 (Scheme 1) (12), and 
the availability of the latter compouds stereospecifically la- 
belled with hydrogen isotopes at C-3 would be useful for studies 
of enzyme mechanisms (15,16), we decided to examine the 
mode of formation of serine p-lactone 2 using N- 
benzyloxycarbonyl serine (1) labelled with oxygen-18 and 
deuterium at C-3. The site of nucleophilic attack on 1 by water 
and hydroxide to form 3 and 4 (Scheme 1, Nu = OH) was also 
investigated. 

It is well established that ester or lactone formation by the 
HGA process in the Mitsunobu reaction proceeds with inversion 
of configuration at the carbon bearing the hydroxyl, whereas the 
CGA mechanism results in retention at that position (1, 2, 4). 
Therefore the position of activation during formation of serine 
p-lactones can be determined by cyclization of an N-protected 
serine that is stereospecifically labelled with deuterium at C-3. 
For example, a sample of protected L-serine 1 bearing deuteri- 
um in the HB (pro R) position would cyclize to p-lactone 2 a  ('H 
and nitrogen cis) or 2 b  ( 2 ~  and nitrogen trans) depending on 
whether the reaction follows the CGA or HGA pathway 
(Scheme 1). Similarly, nucleophilic opening at C-3 of 2 a  or 2b 
would result in inversion of configuration at that carbon to give 
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RAMER ET AL. 

1 
I 

Ph3P, MeOOCNNCOOMe 

THF, -78°C 

N HCOR NHCOR 
HB HA 

( 1. Nu: I 1. Nu: 

3a or 3b, respectively, whereas carbonyl attack would give 4a 
or 4b.  If the nucleophile (Nu) is water or hydroxide, isotopic 
labelling is essential to distinguish between the two types of ring 
cleavage. Early studies on reaction of P-butyrolactone with 
['80]water (17) and on hydrolysis kinetics of P-propiolactone 
(18) report alkyl-oxygen cleavage at neutral pH and acyl- 
oxygen fission under strongly acidic or basic conditions. 

A number of syntheses of serine labelled stereospecifically 
with deuterium or tritium at C-3 have been reported (19-26), 
but many either lack stereochemical purity or are able to 
produce only very small quantities of material after considerable 
effort. However, a recent synthesis published while our work 

was in progress utilizes an approach similar to the one described 
here (26). 

Results 
One of the required intermediates, N-benzyloxycarbonyl 

(2S, 3 ~ ) - [ 2 , 3 - ~ ~ ~ ] s e r i n e  ( lc) ,  was synthesized as shown in 
Scheme 2. Treatment of the known (27) protected chlorodehyd- 
roalanine 6 with sodium methoxide in methanol gives the acetal 
7 in 96% yield. Elimination of methanol affords exclusively the 
Z isomer of the dehydroserine derivative 8. The geometry of the 
double bond was confirmed by nrnr spectral comparison to a 
large number of analogous compounds, including 16  and its E 
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NaOCH, C H 3 0 ~ 0 0 C H 3  T ~ O H  - 
CH30H CH30 NHCOCH, 

A 
CI 

xocn3 
CH30 NHCOCH, 

6 7 8 

f -BUOK H + Bu,NOH -- 
d C O O H  

R h/C -- 
Et20, H 2 0  D,, MeOD 

CH,O NHCOCH, 

COOH H~ H~ COOH H~ H~ COOH 

H D ~ C ~  D + + / 4 H C  

NHCOCH, CH,O NHCOCH, CH3O NHCOCH, 

1 0  11 c,d 12c,d 

isomer, which were prepared by 0-methylation of 3-oxoalanine 
derivatives (e.g., 15) with diazomethane. The structure of the Z 
isomer 16 was determined by X-ray crystallographic analysis.' 
An ORTEP drawing is shown in Fig. 1. 

Attempts to hydrogenate the ester 8 with deuterium gas using 
a variety of conditions gave a mixture of serine and alanine 
derivatives. Moreover, the 'H nmr spectra of the resulting 
serine showed some hydrogen at C-2 and a significant scram- 
bling of deuterium stereochemistry at the C-3 position. There- 
fore the methyl ester was hydrolysed to the acid 9 using 
conditions (28) that avoided Michael addition of hydroxide, and 
the correspoding tetrabutylammonium salt was prepared to 
decrease the amount of N-acetylalanine (10) formed during 

'~x~erirnental details and tables of crystal data, positional and 
thermal parameters, anisotropic and isotropic thermal parameters, 
bond lengths, selected bond and torsional angles, weighted least- 
squares planes, and observed and calculated structure factors have been 
deposited and may be purchased from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, Ottawa, Ont., 
Canada KIA OS2.  

hydrogenation with deuterium. Under optimal conditions (5% 
Rh/C, methanol-dl) the deuteration yields the desired 2S,3R 
and 2R,3S compounds l l c  and 12c, respectively, as well as the 
corresponding trideuterio racemate, l l d  and 12d, and the 
racemic over-reduction product, N-acetylalanine (10). How- 
ever, nmr analysis clearly shows that no 2R,3R or 2S,3S serine 
derivatives are produced. 

In general, the deuteration mixture was treated directly with 
Acylase I from hog kidney (29) to hydrolyse the N-acetyl group 
of the 2 s  amino acids, which are then easily separated from the 
N-acylated 2R isomers. The methyl ether of 13c,d is cleaved 
without epimerization using boron tribromide (30). Analysis of 
the product by 'H and 'H nmr spectroscopy showed that the 
dideuterated 2S,3~-[2,3-'H~] serine (14c) and the trideuterated 
2s-[2,3,3-'H3] serine (144  are formed in a 2:3 ratio by the 
hydrogenation procedure. The 'H nmr spectrum (10% NaOD/ 
D20) exhibits a single peak at 3.58 ppm for the Hs proton but 
has no signal at 3.72 ppm for the HR proton of the unwanted 
isomer. The 'H nmr (10% NaOH/H20, CDC13 internal 
standard) shows peaks at 3.72 ppm (ID), 3.59 ppm (0.6D), and 
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-Ph3P0 
* O - K ~ A C  ACO 0 9 0  

' H  'H 
NHCOR NHCOR, NHCOR 

" 2 0  
1. NaOH 

-Ph-PO 

H O T 0  

NHCOR 

H 6 y 0  'H 

NHCOR 

CH,O\. 07 CH,O CH,O 

HO 'H yo 'H " H C H , ~ ~ - ' - ! = O  '. H 

NHCOR NHCOR HNCOR NHCOR 

C H ~ O ~ O  ... t-t c H 3 0 X 0  

NHCOR NHCOR 

FIG. 1. An ORTEP drawing of (Z)-2-(N-phtha1imido)-3-methoxy- 
propenoic acid phenylmethyl ester 16. The numbering of the atoms 
corresponds to that used in the Supplementary X-ray Material. 

3.31 ppm (1D at C-2) for this mixture of trideuterated and 
stereospecifically dideuterated serines 14d and 14c. The spectra 
are in agreement with those reported previously for these 
labelled compounds (25). Treatment of 14c,d with benzyl 
chloroformate gave the required N-benzyloxycarbonyl serines 
l c , d  (31). 

Cyclization of l c , d  afforded the corresponding mixture of 
trideuterated and dideuterated p-lactones 2,which were isolated 
and subsequently opened with aqueous sodium hydroxide to 
regenerate the N-benzyloxycarbonyl-L-serines 1. 'The benzyl 

group was removed by hydrogenolysis and the L-serine was 
analyzed by nmr spectroscopy as above. The results clearly 
showed that the process of Mitsunobu cyclization and basic ring 
opening proceeded with net inversion of configuration at C-3 to 
give l d , e .  This is consistent either with CGA cyclization and 
nucleophilic attack at C-3 to form 3a (Nu = OH) or with HGA 
cyclization and nucleophilic attack at the carbonyl to give 4b 
(Nu = OH) (Scheme 1). 

The oxygen-18 labelling experiments depicted in Scheme 3 
permit discrimination between these two possibilities. Treat- 
ment of unlabelled p-lactone 2 with sodium [180]hydroxide in 
['80]water (50% isotopic purity) and tetrahydrofuran (THF) 
rapidly cleaves the ring to generate the sodium salt of N- 
benzyloxycarbonyl-L-serine (lf). This was acidified under 
nonaqueous conditions and trapped by diazomethane esterifica- 
tion as its methyl ester 18 to avoid possible exchange of oxygen 
at the carboxyl. Examination of the 13c nmr spectra of 18 shows 
''0 isotope shifts of the expected magnitude (32, 33) at the 
carbonyl carbon (A6 = 0.015 and 0.038 ppm) and at the methyl 
carbon (A6 = 0.026 ppm) but no detectable shift at the hydroxyl 
carbon, C-3. The complete lack of oxygen- 18 at the hydroxyl 
was confirmed by comparison of the mass spectra of 18 and the 
isotopic isomer 19. The latter compound was prepared by 
opening of the unlabelled p-lactone 2 with potassium [180,]ac- 
etate (34) at C-3 (12) to form ['802]acetyl-~-benzyloxycarbon- 
yl-L-serine (17),  followed by hydrolysis to hydroxy-labelled 
l g  and esterification (diazomethane) to give 19. The high 
resolution electron impact mass spectra of 18 and 19 both 
display molecular ions and fission of a COOCH3 fragment. With 
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compound 18 this results in complete loss of all 1 8 0  label 
(C10H12N03 = 194.08 lo), but the hydroxy-labelled isomer 19 
shows complete retention of 1 8 0  ( C l o ~ 1 2 N 0 2 1 8 0  = 196.0684). 
The results demonstrate that hydroxide attacks the p-lactone 2 
exclusively at the carbonyl carbon. Taken together with the 
deuterium labelling experiment above, it is clear that Mitsunobu 
cyclization of N-benzyloxycarbonyl serine (1) follows a 
hydroxy group activation (HGA) pathway to give p-lactone 2 b  
with inversion at C-3; this is then cleaved by hydroxide at the 
carbonyl to produce 4b (Nu = OH) (Scheme 1). 

To confirm these observations, the N-benzyloxycarbonyl 
serines If and l g  bearing oxygen-18 in the carboxyl and 
hydroxy group, respectively, were cyclized to p-lactones 
(Scheme 3). Mass spectral analysis of these prodcuts demon- 
strated that ring closure of lf results in retention of all 180 label 
to form 2f, whereas cyclization of l g  proceeds with complete 
loss of 180 to give unlabelled lactone 2. 

Interestingly, reaction of unlabelled p-lactone 2 with [180]- 
water and HBF4 at 20°C causes slow (ca. 11 days) ring opening 
to hydroxy-labelled N-benzyloxycarbonyl serine (lg),  which 
was isolated as its dimethyl derivative 20 by direct treatment 
with diazomethane. Since carboxylic acids exchange oxygen 
relatively rapidly under these conditions (35), 180 label also 
appears in the carboxylate group. The location of label was 
determined by mass spectral comparison with reference samples 
of 20,21, and 22. These were obtained by diazomethane-HBF4 
methylation of the 180-hydroxy compound l g  (derived from 
acetate 17), of the 180-carboxy analog If, and of unlabelled 1 ,  
respectively. The high resolution electron impact mass spectra 
of 20,21, and 22 display expected molecular ions as well as loss 
of a COOCH3 fragment. This fission gives mass peaks 
C11H14N03 (208.0980) for compounds 21 and 22, but produces 
peaks C l l H 1 4 ~ 0 2 1 8 0  (210.1020) for the samples of 20 ob- 
tained after opening of P-lactone 2 either by [ 1 8 ~ ] w a t e r / ~ ~ ~ 4  
or by [180]acetate. Although the possibility of a certain amount 
of carbonyl attack on 2 by aqueous acid cannot be excluded 
under the experimental conditions, it is clear that at least a major 
portion of the nucleophilic opening occurs by attack at C-3. 

Discussion 
Our experiments show that Mitsunobu ring closure of 

N-benzyloxycarbonyl serine (1) proceeds by hydroxy group 
activation (HGA) with subsequent loss of the oxygen at C-3 and 
inversion of configuration at that site to give p-lactone 2b 
(Scheme 1). Opening of this lactone with aqueous hydroxide 
involves exclusive attack at the carbonyl to form 4b (Nu = OH). 
In contrast, under acidic conditions with water as the nucleo- 
phile, displacement at C-3 to give 3b  (Nu = OH) is the major (if 
not exclusive) pathway of ring cleavage. 

The vast majority of reported p-lactone formations by 
Mitsunobu coupling of p-hydroxy carboxylic acids occur by 
carboxyl group activation (CGA), (2,4). In a few cases where 
the a-carbon (C-2) has much greater steric bulk than the 
p-carbon (C-3), a minor amount (12-44%) of p-lactone 
formation by the HGA mechanism has been detected (4). 
Generally the HGA pathway with p-hydroxy acids has been 
described to give primarily decarboxylative elimination (2-5), 
presumably because of antiperiplanar alignment of the breaking 
bonds. However, these transformations were usually done at 
about 20"C, and we find that at such temperatures the primary 
product of Mitsunobu reaction of N-benzyloxycarbonyl serine 
(1) is the known (36) olefin 5.3 If the rate of addition of 1 to the 
triphenylphosphine-azodicarboxylate adduct is carefully con- 

3~npublished results, Lee D. Arnold and J.  C. Vederas. 

trolled and the temperature is kept at -78"C, the olefin 5 
becomes a minor product and 60% isolated yields of p-lactone 2 
can be consistently achieved (12). Since thermal elimination of 
carbon dioxide from p-lactones once they are formed requires 
high temperatures (2 100°C) (5), it is the partitioning of the 
initial HGA adduct which accounts for formation of 5 and 2b. 
The precise factors that control this partitioning remain un- 
known. Possible explanations for the temperature effect may 
include the degree of ionization of the C-3 to oxygen bond, the 
participation of pentacoordinate phosphorus intermediates (1  3), 
and the conformational interconversion (2) of syn and anti 
coplanar alignments of the carboxy and activated hydroxy 
groups. Although increase of solvent polarity should promote 
charge separation and has been shown to affect the ratio of olefin 
to CGA p-lactone formation in other systems (2), preliminary 
indications are that a change from THF to acetonitrile has little 
effect on cyclization of N-acyl ~ e r i n e s . ~  Apparently, steric 
interactions favor the HGA intermediate regardless of solvent 
polarity, and its partitioning to olefin 5 or p-lactone 2b is 
influenced primarily by temperature. 

In the cleavage reactions, attack by hydroxide at the carbonyl 
to give 4b (Nu = OH) is in accord with earlier studies (17,18) 
and with behaviour of p-lactones with other "hard" nucleophiles 
like methoxide (12, 37). However, hydroxide, unlike methox- 
ide (12), does not cause epimerization at the a-carbon (C-2). 
Most soft nucleophiles generally displace at C-3 to give 3b  
(12), in agreement with the observed mode of ring opening by 
[180]water under acidic conditions. Use of an acid with a 
non-nucleophilic counter ion (e.g., HBF4) is essential to obtain 
attack by water; use of dilute aqueous HC1 results in rapid 
formation of P-chloroalanine (Nu = C1) (12, 38). Cleavage by 
nucleophiles other than water is probably a complicating factor 
in the early studies of acidic p-lactone hydrolysis (17, 18). 
However, the general observation of alkyl-oxygen fission at 
neutral to moderately low pH agrees with our results. The 
previously reported acyl-oxygen cleavage in very strong acid (8 
N H2SO4) was not examined with serine p-lactones 2 because of 
product decomposition. 

Knowledge of the stereochemical outcome of formation of 
serine p-lactones 2 and their cleavage mechanism permits 
synthesis of a large variety of P-substituted alanines 3 (12) 
that are stereospecifically labelled at C-3. Such compounds find 
continuing use in work on enzyme mechanisms (15,16,39,40). 
In addition, Mitsunobu cyclization and hydroxide opening of 
N-acyl serines stereospecifically labelled with hydrogen iso- 
topes at C-3 permits facile interconversion of the 3R and 3S 
isomers. These compounds are widely employed in biochemical 
studies, but generally each isomer has required an independent 
multistep synthesis. 

Experimental 
Melting points are uncorrected. Infrared (ir) spectra were recorded 

on a Nicolet 7199 lT system. Proton nuclear magnetic resonance 
spectra ('H nmr) were measured using Bruker spectrometers, models 
WP80, WH200, and (or) WH400. Deuterium ( 2 ~  nmr) and carbon-13 
(I3C nmr) nuclear magnetic resonance spectra were measured on the 
Bruker WH400. The internal standards were tetramethylsilane for 
organic solvents and sodium 3-trimethylsilyl-[2,2,3,3-D4]-propionate 
for deuterium oxide. High resolution mass spectrometric (ms) mea- 
surements were obtained on a Kratos A.E.I. MS50 mass spectrometer 
using electron impact (EI) and chemical (NH3) ionization (CI). Micro- 
analyses were obtained using a Perkin Elmer 240 CHN analyser. 

Cyclization of N-benzyl~qcarbon~l-L-serines I ,  I c ,  I g ,  and I f  to 
p-lactones 2 ,  2b,  and 2f 

Unlabelled p-lactone (2) was prepared on large scale in 60% yield 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



RAMER ET AL. 711 

from N-benzyloxycarbonyl-L-serine (1) (Sigma) as previously de- 
scribed (12). In a typical smaller scale experiment, a solution of 
triphenylphosphine (157.9 mg, 0.601 mmol) in 2mL of dry tetrahyd- 
rofuran was cooled to -78°C and dimethylazodicarboxylate (87.6 mg, 
0.600 mmol) was added dropwise. After 10 min a white precipitate 
formed, to which was added over lOmin N-benzyloxycarbonyl-L- 
serine (1) (121.5 mg, 0.508 mmol) in 2 mL of dry tetrahydrofuran. 
This was stirred at -78°C for 25 min, then allowed to warm to room 
temperature and stirred for an additional 2.5 h. The solvent was removed 
and the residue was purified using flash silica chromatography (60:40 
Skelly B-ethyl acetate). This gave 48.7 mg (43%) of the p-lactone 2 as 
a white solid; ir(fi1m): 3363,1845,1685 cm-I; IH nmr(CD2C12) 6: 4.48 
(2H, d, CH2-CH), 5.08 ( lH,  dd, CH), 5.15 (2H, S, CH2-C6H5), 5.50 
(lH, br s, NH), 7.37 (5H, s, aryl-H). Exact Mass calcd. for CllHlINO4: 
221.0688; found: 221.0685. 

Similarly, when the 'H labelled N-benzyloxycarbonyl-L-serine 
(lc,d) (see below) was used, the labelled p-lactone 26  was formed and 
showed the expected chromatographic and spectral properties; 'H nmr 
(CD2C12) 6: 4.44 (0.46H, s, CHD), 5.14 (1 H, s, CH2), 5.50 (1 H, br s, 
NH), 7.38 (5H, s, aryl-H). Exact Mass calcd. for CllH92H2N04: 
223.0813; found: 223.0810. 

From N-benzyloxycarbonyl-L-serine with ''0 in the carboxyl 
oxygen (1J) (isotopic content: 71 + 1% ''o), the p-lactone 2f was 
formed with 1 8 0  in the carbonyl and lactone oxygens. This had the 
expected chromatographic and spectral properties when compared to 
the unlabelled material (2). Isotopic content: 73 "- 1% ''0 by chemical 
ionization (NH3) mass spectrometry. 

From N-benzyloxycarbonyl-L-serine with 180 in the hydroxyl 
oxygen ( lg)  (isotopic purity: 76% "0, see below), p-lactone was 
formed, which showed identical properties to 2 and no indication of 
"0 in the chemical ionization mass spectrum. 

2-Acetamido-3,3-dirnethoxypropanoic acid methyl ester (7) 
A solution of sodium metal (1.85 g, 80 mmol) in 150 mL dry 

methanol was added to 2-acetamido-3-chloroacrylic acid methyl ester 6 
(27) (14.3 g, 80 mmol) and the resulting solution was refluxed for 13 h. 
The methanol was removed in vacuo and saturated potassium bicarbo- 
nate solution was added. This was extracted with chloroform, and the 
extracts were dried over sodium sulfate and concentrated in vacuo to 
give 15.7 g (96%) of the dimethoxy compound 7 as an oil; ir (film): 
3290, 1750, 1665 cm-'; 'H nmr (CDC13) 6: 2.05 (3H, s,  COCH3), 
3.45 (6H, S, CH30-CH), 3.78 (3H, S, C02CH3), 4.61 ( lH,  d, J = 
3.5 HZ, (CH30),-CH), 4.88 ( lH,  dd, J = 3.5, 8.0 HZ, CH-NH) 6.33 
(lH, br d, J = 8.0 Hz, NH); ms mle:  174 ( M + - 0 ~ ~ 3 ) .  Anal. calcd.: 
C46.82, H7.37, N6.83; found: C46.59, H7.51, N 6.55. 

(Z)-2-Acetamid0-3-methoxyacrylic acid methyl ester ( 8 )  
To a solution of 2-acetamido-3,3-dimethoxypropanoic acid methyl 

ester (7) (20.1 g, 99 mmol) in 300 mL of dry toluene was added 500 mg 
of p-toluenesulfonic acid and 130mg of hydroquinone, and the 
solution was refluxed for 3.5 h with azeotropic distillation of methanol/ 
toluene. Additional dry toluene was added as necessary. The toluene 
was removed in vacuo, and the residue taken up in 225 mL of saturated 
sodium chloride solution and extracted with chloroform. The chloro- 
form extracts were dried over sodium sulfate and concentrated In vacuo 
to yield a dark brown oil. This was repeatedly recrystallized from ethyl 
acetate to give 7.33 g (43%) of colourless vinyl methoxy compound 8, 
mp91-92"C(lit. (41)mp93"C);ir(film): 3160,3020,1720 1660cm-I; 
IH nmr ( C D C ~ ~ )  6: 2.03 (3H, s,  COCH3), 3.68 (3H, s,  C02CH3), 3.83 
(3H, s, vinyl-0CH3), 7.23 ( lH,  s, vinyl H), 7.38 ( lH,  br s,  NH). 
Exact Mass calcd. for C7HI 1NO4: 173.0688; found: 173.0690. Anal. 
calcd.: C 48.55, H 6.40, N 8.09; found: C 48.57, H 6.34, N 7.90. 

(Z)-2-Acetamido-3-methoxyacrylic acid (9 )  
To a suspension of potassium tert-butoxide (7.50 g, 66.8 mmol) in 

150 mL anhydrous ether at O°C was added 0.195 mL (10.8 mmol) of 
water. This was stirred for 5 min, methyl ester (8) (1.50 g, 8.66 mmol) 
was added, and stirring was continued at 20°C for 3 h. Ice was added 
and the separated aqueous phase was run down a 20 mm x 150 mm AG 
50 acid-washed ion exchange column. The product was eluted with 
100 mL of water and concentrated in vacuo to yield 1.32 g (96%) of the 
free acid 9 as a fluffy white powder; mp 172-174°C; ir (film): 3230, 

3030, 1692, 1650cm-'; 'H nmr (D20) 6: 2.05 (3H, s,  COCH3), 3.88 
(3H, s, vinyl-0CH3), 7.38 (IH, s, vinyl H). Exact Mass calcd. for 
C6H9N04: 159.0531; found: 159.0532. Anal. calcd.: C 45.28, H 5.70, 
N 8.80; found: C 45.14, H 5.60, N 8.54. 

Deuterated L-serine (14c ,d) 
In a typical experiment the tetrabutylammonium salt of 9 was 

prepared by dissolving 0.5 1 g (3.2 mmol) in one eqivalent of tetrabutyl- 
ammonium hydroxide and lyophilizing the resulting solution. This was 
lyophilized 3 times from D20 if preparing deuterated serine. The oil 
was taken up in 40 mL of methanol (orCH30D) and added to 5% Rh(C) 
(0.20 g) prehydrogenated for at least 3 h in 100 mL of ethyl acetate. The 
resulting solution was stirred under 1 atm (101.3 kPa) of hydrogen 
(deuterium) for 3 h, filtered through Celite, and the solvent removed in 
vacuo. The free acid was obtained by stirring with acid-washed AG50 
X 8 ion exchange resin, filtering, and lyophilizing to give a white solid 
(0.51 g, 96%). This is a mixture of N-acetyl-0-methylserine (11 and 
12) and N-acetylalanine (10) in a 2:3 ratio. When the serine derivative 
was purified it was spectrally and chromatographically identical to 
authentic samples (42). 

The 2S N-acetyl compounds (1.20 g of the above mixture) were 
selectively deacetylated by Acylase I using literature methods (29) and 
the resulting 2S amino acids were isolated by AG50 (H') ion exchange 
chromatography (372 mg, 42%). The (2s)-0-methylserine (13) ob- 
tained showed the expected spectral and chromatographic properties, 
compared to authentic 0-methylserine (Sigma). 

The above mixture (0.35 mg, 2.9 mmol) was treated with boron 
tribromide (12 mmol) in dichloromethane for 2.5 days at room temper- 
ature and the L-serine (14) (173 mg, 17% from 9) was isolated from the 
L-alanine by careful ion exchange chromatography. This had identical 
spectral properties to authentic L-serine. The deuterated serine obtained 
in this manner was a 3:2 mixture of 14d/14c, ir (film): 1755, cm-I; 'H 
nmr (10% NaOD/D20) 6: 3.58 (s, CH); 2H nrnr (10% NaOH/H20, 
CDC13 int. standard) 6: 3.31 (ID, s), 3.59 (0.6D, s), 3.72 (ID, s). 

Deuterated N -benzyloxycarbonyl-L-serine (1 c ,d) 
This material was prepared from the mixture of (2S, 3R)- 

[2,3- '~~]serine (14c) and (2s)-[2,3,3-'H3]serine ( 1 4 4  by literature 
procedure (31); ir (film): 3340, 1715 cm-I; 'H nmr (D20) 6: 3.86 
(0.4H, s,  CHOH), 5.16 (2H, s, CH2), 7.46 (5H, s, aryl-H). Exact 
Mass calcd. for C I I ~ 1 1 2 ~ 2 ~ 0 5 :  241.0919; found: 241.0919. 

Hydrolysis of 2~-label led P-Iactone 2b with sodium hydroxide: 2b + 
l e  

To a cooled (0°C) solution of 0.5 mL tetrahydrofuran, 0.5 mL of 
water, and0.194 mLof0.587 MNaOH (0.114 mmol, 1.05 equiv.) was 
added dropwise a solution of the labelled p-lactone 2 6  (24.2mg, 
0.108 mmol) in 1 mL of tetrahydrofuran. This was stirred 10 min, the 
tetrahydrofuran removed in vacuo, and the water lyophilized. The 
residue was taken up in 1 mL of 1 N HC1 and extracted with ethyl 
acetate. The solvent was removed to give 24.5 mg (95%) of the labelled 
N-benzyloxycarbonyl-serine l e  as a white solid; ir (film): 3340, 1715 
cm-I; 'H nmr (D20) 6: 3.84 (0.4H, s, CH), 5.15 (2H, s,  CHI), 7.45 
(5H, s, aryl-H). Exact Mass calcd. for C11Hl12~2N05;  241.0919; 
found: 241.0921. 

N-Phthalimido-3-oxoalanine phenylmethyl ester (15) 
The literature preparation was adapted (43). A solution containing 

30.0g (0.101 mol) of N-(phtha1imido)glycine phenylmethyl ester (44) 
in 250 mL of benzyl formate (dried over phosphorus pentoxide) was 
cooled to 5°C and 220mL of a THF solution of potassium tert- 
butoxide (I M) was added over 1 h. The mixture was kept at 5°C 
for 36 h and quenched at O°C by the addition of 10 mL of glacial acetic 
acid (178 mmol) in 250 mL of dry benzene. After 30 min, the reaction 
mixture was added to 250 mL of 0.5 M aqueous hydrochloric acid and 
extracted with 4 L of benzene. The combined benzene extracts were 
concentrated in vacuo to yield 26.1 g of 15 (yield 80%); mp. 
136.5-138°C; ir (film): 1790, 1720 cm-I; 'H nmr (CDC13) 6: 5.20 (s, 
lH, NH), 5.38 (s, 2H, CH2), 7.2-7.4 (m, 7H, ArH), 7.85-7.95 (m, 
2H, ArH). Exact Mass calcd. for C18H,3NOS: 323.0794; found: 
323.0794. Anal. calcd.: C 66.87, H 4.05, N 4.33; found: C 67.09, H 
4.22, N 4.27. 
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Z-2-(N-Phtha1imido)-3-methoxypropenoic acid phenylmethyl ester 
(16) 

A solution containing 1.02 g (3.15 mmol) of N-phthalimido-3- 
oxoalanine phenylmethyl ester 15, 0.5 mL of 1% aqueous HBF4, and 
300 mLof ether was cooled to O°C. A solution of diazomethane in ether 
was added until a yellow colour persisted. The mixture was then 
warmed to 20°C, stirred for 15 h, filtered, and concentrated to a yellow 
solid. Column chromatography on silica gel (5 X 45 cm), using 32% 
ethyl acetate in chloroform followed by gradient elution to 100% ethyl 
acetate, gave 0.93 g of 16 (yield 87%); mp 116-1 17OC; ir (film): 1790, 
1760, 1720, 1650cm-'; 'H nmr(CDC13) 6: 3.89 (s, 3H, CH30), 5.21 
(s, 2H, CH2), 7.32 (m, 5H, ArH), 7.71 (m, 3H, ArH, vinyl-H), 7.87 
(m, 2H, ArH). Exact Mass calcd. for CI9Hl5NO5: 337.0950; found: 
337.0953. Anal. calcd.: C 67.65, H 4.48, N 4.15; found: C 67.58, 
H 4.50, N 4.11. 

Potassium [1802]acetate 
This material was prepared by literature procedure (34) from 

unlabelled acetonitrile and [180]water. In order to determine the 
isotopic content, a portion was treated with a-bromo-p-phenylaceto- 
phenone using the method reported for preparation of p-bromophen- 
acylformate (33). Mass spectrometric (CI) examination of the resulting 
purified phenylphenacylacetate (74% yield) gave an isotope ratio of !? - 21.6% O1 and 76.9% mp 105-106°C; ir (film): 1724, 1717, 
1700, 1600 cm-'; 'H nmr (CDC13) 6: 2.23 (3H, s, CH3), 5.34 (2H, s, 
CH2), 7.35-8.08 (9H, m, aryl-H). Exact Mass calcd. for ~ ~ @ ~ 4 0 ~ ~ 0 ~ :  
258.1029; found: 258.1031. 

[18~-~cetyl]-O-acetyl-~-benzyloxycarbonyl-~-serine (1 7) 
The p-lactone 2 (59.6 mg, 0.27 rnmol) was added to a solution of 

potassium ['802]acetate (142 mg, 1.39 rnmol) in dimethylformamide 
(6 mL) and water (0.5 mL). Themixture was stirred 1.5 h, water (6 mL) 
was added, and the solution was acidified to pH 2 with 1 N HCl. The 
solution was extracted with chloroform and the extracts were concen- 
trated in vacuo to give 77mg (99%) of pure "0-labelled 0- 
acetyl-N-benzyloxycarbonyl-L-serine (17); ir (film): 3140, 1710, 1530 
cm-'; 'H nmr (cDc~~) 6: 1.93 (3H, s, COCH3), 4.40 (3H, br, CH and 
CH20Ac), 5.05 (2H, s, CH2-C,$15), 5.95 (lH, br s, NH), 7.23 (5H, s, 
aryl-H). Exact Mass calcd. for C 1 3 ~ I S ~ 0 4 1 8 0 2 :  285.0984; found: 
285.0987. Isotopic ratio: 21.4% ''0, 77.1% ''02. 

[~~droxy-18~]-~-benzyloxycarbonyl-~-serine (lg) 
A solution of [180-acetyl]-O-acetyl-N-benzyloxycarbonyl-~- 

serine (17) (77 mg, 0.27 mmol), 2 mL THF, 2 mL water, and 0.59 M 
sodium hydroxide (1 rnL) was stirred at 4OC for 2.5 h. This was 
acidified with 1 N HCI and extracted with ethyl acetate. The solvent 
was removed in vacuo to give 53 mg (82%) of pure '8~-labelled N- 
benzyloxycarbonyl-L-serine (lg); ir (film): 3320, 1720 cm-I; 'H nmr 
(CD30D) 6: 3.85 (2H, d, J = 4.4 HZ, CHIOH), 4.28 (lH, t, J = 
4.2 Hz, CjY), 5.09 (2H, s, CHI-C,$15), 7.31 (5H, s, aryl-H). Exact 
Mass calcd. for C 1 1 ~ 1 3 ~ 0 4 1 8 0 :  241.0836; found: 241.0830. Isotopic 
purity: 76.2% "0. 

Hydrolysis of p-lactone 2 with sodium [18~]hydroxide: 2 -+ I f  + 18 
Sodium metal (10.9 mg, 0.473 mmol) was added cautiously to cold 

(0°C) [180]water (50% isotopic purity) under an argon stream. To this 
was added 0.5 ml of THF, followed by the dropwise addition of a 
solution of N-benzyloxycarbonyl-L-serine-p-lactone (2) (99.6 mg, 
0.450 mmol) in 3 mL of THF. This was stirred for 0.5 h at 20°C, the 
THF was removed in vacuo, and the water was lyophilized to give the 
crude sodium salt of If. In preparative experiments the free acid of If 
was obtained by dissolving the sodium salt in water, acidifying with 1 
N HC1, and extracting with ethyl acetate. The ethyl acetate extracts 
were dried (Na2S04) and concentrated in vacuo to give the pure free 
acid If (89% yield) with the expected spectral and chromatographic 
properties. This had an isotopic ratio CI-ms of 7 1% 180 ( repared from H .  90 at.% "0 water). Exact Mass calcd. for C11H13N041 0 .  241.0836; 
found: 241.0833. 

In studies of the mechanism of p-lactone opening, anhydrous ether 
(10 mL) and p-toluenesulfonic acid monohydrate (85.4 mg, 
0.449 mmol) were added to the sodium salt of lf and the mixture was 

treated with an ether solution of diazomethane until a slight yellow 
color persisted. This was stirred for 0.5 h, filtered, and the solvent was 
removed in vacuo to yield an oil (1 17.6 mg). This was purified on a 
silica gel column using Skelly B - ethyl acetate as the eluant to give 
56.5 mg (50%) of the methyl ester 18 whose spectral and chromato- 
graphic properties were compared to unlabelled material and the 
corresponding [180-hydroxy] compound 19. The ir and IH nmr were 
identical; for compound 18, I3c nmr (CDC13) 6; 52.69 (isotope shift 
0.026ppm upfield), 56.17, 63.18, 67.25, 128.16, 128.29, 128.60, 
136.20, 156.39, 171.17 (isotope shifts 0.015 and 0.038 upfield). Exact 
Mass calcd. for C 1 2 ~ , 5 ~ 0 4 ' 8 0 :  255.0992; found: 255.0995. 

Acidic hydrolysis of p-lactone 2 with [ 1 8 ~ ] w a t e r :  2 + l g  + 20 
A solution of N-benzyloxycarbonyl-L-serine-p-lactone (2) (72.9 mg, 

0.330mmol) in 1.5 mL THF was added dropwise to a solution of 
['solwater (0.70g, 50% isotopic purity), 0.5 mL THF, and HBF4 
(0.060 mL, 0.329 mmol). This was stirred at room temperature for 11 
days, lyophilized, and the residue was taken up in ether. Excess 
diazomethane was added to the stirred ether solution and the solvent 
was removed in vacuo. The resultant oil 20 was compared spectrally 
(ir, 'H nmr, ms) to the unlabelled analog 22 and the [carb~xy-'~O] 
analog 21; for compound 20. Exact Mass calcd. for 
269.1149; found: 269.1142. 

Esterification of N-benzyloxycarbonyl-L-serine (1) and its [180- 
hydroxyl] analog: l g  + 19  

A solution of diazomethane in ether was added to N- 
benzyloxycarbonyl-L-serine (1) (263 mg, 1.10 mmol) in ether (10 mL) 
until a yellow color persisted. This was stirred an additional 0.5 h and 
the solvent removed in vacuo to give the unlabelled methyl ester 
(279mg, 99%); ir (film): 3350, 1708 cm-I; 'H nmr (CDC13) 6: 2.96 
(IH, br, s, OH), 3.73 (3H, s, CH3), 3.90 (2H, br, CH20H), 4.39 (lH, 
m, CH), 5.09 (2H, s, CH2-C6H5), 5.88 (lH, br d, NH), 7.30 (5H, s, 
aryl-H). Exact Mass calcd. for C12H15N05: 253.0950; found: 
253.0953. 

Similarly, 19 was prepared from lg ;  the product showed the 
expected spectral and chromatographic properties. Exact Mass calcd. 
for c ~ ~ H ~ ~ N ~ ~ ~ ~ ~ :  255.0992; found: 255.0995. 

N-benzyloxycarbonyl-0-methylserine methyl ester (22) 
Unlabelled N-benzyloxycarbonyl-0-methylserine methyl ester was 

prepared by literature methods (45) from 0-methylserine to give 22 as 
an oil; ir (film): 3345,2947, 1723 cm-'; 'H nmr (CDC13) 6: 3.38 (3H, 
s, 0CH3), 3.78 (3H, s, C02CH3), 3.7 (2H, br m, CH20CH3), 4.5 
(lH,m,CH), 5.15(2H, s,CH2-C6H5),5.6(1H, brd,NH),7.33(5H, 
s, q l - H ) .  Exact Mass calcd. for CI3Hl7NO5: 267.1106; found: 
267.1104. 
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Nuclear magnetic resonance spectra of oriented bicyclic systems containing heteroatom(s): 
the spectrum of 2-thiocoumarin 
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S. ARUMUGAM and C. L. KHETRAPAL. Can. J .  Chem. 64, 7 14 (1986). 
From the proton nmr studies of 2-thiocoumarin and coumarin, it is concluded that the relative interproton distances in the two 

oxygen heteroatom bicyclic systems are similar. The values for the phenyl ring protons do not deviate significantly from the 
regular hexagonal geometry, unlike bicyclic systems with nitrogens as the heteroatoms, such as diazanaphthalenes. Larger 
values of the indirect spin-spin couplings within the protons of the ring containing the oxygen heteroatom, compared to the 
values between the ortho protons in the phenyl rings in coumarin and 2-thiocoumarin, correspond to the olefinic nature of these 
protons. This is in contrast to results for the nitrogen heterocycles where both the rings are aromatic. 

S. ARUMUGAM et C. L. KHETRAPAL. Can. J. Chem. 64, 714 (1986). 
Sur la base d'ktudes rmn de la thio-2 coumarine et de la coumarine, on peut conclure que les distances relatives interprotons, 

dans ces deux systkmes hCtCrocycliques oxygCnCs, sont similaires. Les valeurs pour les protons des cycles aromatiques ne dCvient 
pas beaucoup par rapport a la gComCtrie hexagonale rtgulikre; cette observation est en opposition avec celle qui a ttC faite avec 
des syst2mes hCtCrocycliques bicycliques contenant de l'azote, cornme les diazanaphtalknes. Par rapport aux valeurs 
comparables pour les protons ortho des noyaux aromatiques de la coumarine et de la thio-2 coumarine, les valeurs observCes pour 
les couplages indirects spin-spin entre le protons du cycle contenant l'oxygkne comme htttroatome sont plus ClevCes; ce rtsultat 
correspondrait la nature olCfinique de ces protons et cette observation est en opposition avec les rCsultats obtenus avec les 
hCttrocycles azotts dans lesquels les deux cycles sont aromatiques. 

[Traduit par la revue] 

Introduction 
The proton nrnr spectra of oriented bicyclic ring systems 

containing nitrogen, oxygen, and sulphur as heteroatom(s) have 
been investigated earlier (1-5). The systems examined are 1,3-, 
2,3-, and 1,4-diazanaphthalenes (1-3), coumarin (4), and 
thialene (5). Except for the system with the oxygen heteroatom, 
in all the systems the arrangement of protons in the phenyl rings 
has been found to be distorted from the regular hexagonal 
geometry. In the oxygen compound (coumarin), no significant 
deviations from the regular hexagonal geometry have been 
observed for the relative arrangement of the phenyl protons. The 
bicyclic system 2-thiocoumarin, which is similar to.coumar- 
in, was studied and the results are reported in the present paper. 
It may be noted that the rings containing the heteroatoms 
attached to the phenyl ring are aromatic in all cases, except for 
coumarin and 2-thiocoumarin. 

Experimental 
A 5 mol% solution of 2-thiocoumarin was prepared in N-(p- 

ethoxybenzylidene-)pl-n-butylaniline (EBBA). The spectrum of the 
solution was recorded on a Bruker WH-270 FT nmr spectrometer 
equipped with a BNC-12 computer and 20 K data memory. At 303 K, 
240 free induction decays were accumulated and Fourier transformed 
in order to obtain the frequency domain spectrum. A typical spectrum is 
shown in Fig. 1 .  An average line width of 10 Hz was obtained. 

Spectral analysis 
The iterative analysis of the spectrum was carried out as an ABCDEF 

system using the LAOCOONOR (6) programme on a DEC-1090 
computer. All the 15 direct dipolar HH couplings between the 
interacting nuclei i and j (Dij's) were iterated upon, along with the 5 
chemical shifts (vi - vj) The indirect spin-spin couplings used were 
taken from the analysis of the spectrum of coumarin in isotropic 
medium (4). A root-mean-square (rms) error of 0.8 Hz was obtained 
between the observed and the calculated line positions, with no line 
deviating by more than 2.0 Hz when 239 spectral lines were assigned 
for the analysis. The derived parameters are reproduced in Table 1. 

'Author to whom correspondence should be addressed. 

In another analysis, iterations on all the indirect spin-spin coupling 
constants were also carried out, in addition to those on the direct dipolar 
couplings and the chemical shifts. Within experimental error, values of 
the indirect couplings thus determined were similar to those for 
coumarin. A value for J 1 2  of 9.56 Hz was thus obtained, compared to 
values for the ortho protons in the phenyl ring of 7.35 and 7.72 Hz. 

Results and discussion 
For the planar molecule of the type 2-thiocoumarin, 8 

independent relative interproton distances and 3 order param- 

TABLE 1. Spectral parameters* for 2-thiocoumarin oriented in 
the nematic phase of EBBA (values within parentheses are the 

"best-fit" calculated values) 

Parameter Value (Hz) Parameter Value (Hz) 

*J values used: JI2 = 9.56. J34 = 7.72, J35 = 1.47, Jj6 = 0.50, 
J45 = 7.35, Jj6 = 1.10, J56 = 7.72; all other Jij's = 0.00 Hz. 

?At 270 MHz. 
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ARUMUGAM AND KHETRAPAL 

FIG. 1. Experimental (top trace) and calculated (bottom trace) proton nrnr spectra of 2-thiocoumarin oriented in nematic phase of N-(p- 
ethoxybenzy1idene)-p'-n-butylaniline. Solute concentration: 5 mol%; temperature: 303 K;  spectrometer: WH-270; no. of free induction decays 
accumulated in the experimental spectrum: 240. 

TABLE 2. Structural parameters in 2-thiocoumarin and coumarin. The values for the phenyl ring protons in diazanaph- 
thalenes are also included for compa-ison. The numbering of protons corresponds to that given in Fig. 1, with protons 

1 and 2 being those in the ring containing the heteroatoms 

Value 

Parameter 
1,3-Diaza- 

2-Thiocoumarin* Coumarin (4) Phthalazine (2) Quinoxaline (1) naphthalene (3) 

0.997 ? 0.001 0.994 
2.709 t 0.003 2.707 
2.857 t 0.003 2.857 
2.397 t 0.002 2.396 
0.997 * 0.001 0.998 1.008 1.01 1.003 
2.003 t 0.002 2.000 2.038 2.04 2.023 
1.735 k 0.002 1.733 1.748 1.75 1.738 
1.004 -+ 0.001 1.001 1.008 1.01 1.005 

*The order parameters with respect to the right-handed Cartesian coodinate system with x ,  y axes being in the ring plane, such that the 
positive y-axis is the line joining proton 5 to 4, are: S, = 0.2958 2 0.0009, S,, = -0.0718 2 0.0001, S, = -0.1 185 & 0.00C5. 
The value r,, = 2.481 A was used for the calculation of the S-values. 
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eters (S-values) have to be obtained from 15 direct dipolar 
couplings. The least-squares-fit programme SHAPE (7) was 
used to determine the "best-fit" values of the relative interproton 
distances and the order parameters from the experimental 
dipolar couplings. A root-mean-square error of 0.2Hz with a 
maximum deviation of 0.6 Hz between the observed and the 
"best-fit" computed dipolar couplings was obtained. The values 
of the calculated dipolar couplings are given in Table 1, within 
parentheses, and the derived geometrical and order parameters 
are reproduced in Table 2. The geometrical parameters for 
coumarin and some heteroaromatic bicyclic ring systems 
derived essentially from studies in aromatic liquid crystal 
solvents are included in Table 2 for comparison. 

An agreement between the observed and the best-fit calculat- 
ed dipolar couplings (Table 1) justifies the assumption of the 
planar structure of 2-thiocoumarin. A comparison of the 
geometrical data for coumarin and 2-thiocoumarin (Table 2) 
shows that the structures of the two are very similar and 
substitution of the sulphur atom for oxygen does not significantly 
alter the relative proton positions. 

Furthermore, the relative interproton distances in the phenyl 
rings of coumarin and 2-thiocoumarin do not deviate signific- 
antly from the regular hexagonal geometry. On the other hand, 
there are significant distortions in the arrangement of the phenyl 
protons in the diazanaphthalenes (Table 2). 

The larger value of J I 2  in coumarin and 2-thiocoumarin 
compared to the value for the ortho protons of the phenyl ring 
indicates that the 1 and 2 protons are olefinic in nature and the 
a-pyrone rings of coumarin and 2-thiocoumarin are both 
nonaromatic. On the other hand, in the diazanaphthalenes both 
the rings are aromatic. 

Values of the order parameters with respect to the Cartesian 
coordinate system defined in Table 2 incidate that the principal 
axis of the order matrix is titled with respect to the selected 
Cartesian coordinate system by 16.4". 

Harmonic force fields for 2-thiocoumarin could not be 
located in the literature and hence vibrational corrections have 
not been applied. Furthermore, for a comparison of the 
structural data with other heteroaromatic systems where the 
vibrational corrections have not been applied, it is more 
reasonable to use the data without applying such corrections. 

Conclusions 
The structures of 2-thiocoumarin and coumarin are similar. 

No distortions in the phenyl ring protons are observed in these 
molecules. In contrast, the fused rings containing nitrogen 
heteroatoms produce significant distortions in the relative 
arrangements of the phenyl protons in diazanaphthalenes. 
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15, 363 (1972). 

2. C. L. KHETRAPAL, A. SAUPE, and A. C. KUNWAR. Mol. Cryst. 
Liq. Cryst. 17, 121 (1972). 

3. S. ARUMUGAM, A. C. KUNWAR, and C. L. KHETRAPAL. Mol. 
Cryst. Liq. Cryst. 109, 263 (1984). 

4. E. CAPPELLI, A. DI NOLA, and A. L. SEGRE. Mol. Phys. 27, 1385 
(1974). 

5. N. SURYAPRAKASH, C. L. KHETRAPAL, R. F. X. KLEIN, and V. 
HORAK. Magn. Reson. Chem. In press. 

6. P. DIEHL, C. L. KHETRAPAL, andH. P. KELLERHALS. Mol. Phys. 
15, 333 (1968). 

7. P. DIEHL, P. M. HENRICHS, and W. NIEDERBERGER. Mo1. Phys. 
20, 139 (1971). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Heats of transport of some aqueous nonelectrolytes 
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A. K. MUKHERJEE and S. K .  SANYAL. Can. J. Chem. 64, 717 (1986). 
The thermal diffusion of aqueous solutions of glucose, sucrose, ethylacetate, and 1,4-dioxan (0.1 m) contained in the pores 

of a sintered glass disc (or porosity G4), which is subjected to a temperature gradient, has been studied. The resulting heat of 
transport data have been interpreted, in terms of local changes in entropy in the solvent brought forth by the presence of the 
solutes, and correlated to the hydrophobic hydration effects. 

A. K. MUKHERJEE et S. K. SANYAL. Can. J. Chem. 64, 717 (1986). 
On a CtudiC la diffusion thermique de solutions aqueuses de glucose, de sucrose, d'acetate d'kthyle et de dioxanne-1,4 

(0,l m) contenues dans les pores d'un disque de verre frittt (de porosite G4) soumis a un gradient de temperature. On a 
interpret6 les donnees relatives au transport de chaleur qui en rksulte en fonction de changements locaux d'entropie dans le 
solvant, qui sont causCs par la prksence de solutes et qui sont relies a des effets d'hydration hydrophobe. 

[Traduit par la revue] 

Introduction 
Experiments on thermal diffusion through coarsely porous 

diaphragm have been reported in the past (1-4), but little 
attention has been paid to the thermal diffusion of nonelectro- 
lytes under these conditions. In the present communication, the 
thermodiffusive phenomenon of aqueous glucose, sucrose, 
ethylacetate, and 1,4-dioxan has been studied at a mean 
temperature of 25°C and a mean concentration (m) of 0.1 m by 
using a diffusion call designed and fabricated for the present 
experiment. 

Theoretical 
A solution-filled pore in a highly porous nonisothermal 

diaphragm (e.g., a sintered G4 glass disc) may be considered to 
be equivalent to a microscopic Soret cell in which thermal 
diffusion proceeds at a moderately fast rate. Thus, the relations 
used for thermal diffusion in a binary system (5) (and for a 
solvent-fixed reference frame) can be adopted in the persent 
case, subject to a supposition (6, 7) that the chemical potential 
of the component i (pi) just within the diaphragm at each of its 
surfaces is the same as that in the adjacent layer of free solution 
outside the diaphragm. The latter holds true for the assumed 
equilibrium acrpss each surface of the disc. The heat of transport 
of the solute (Q) is thus given by eq. [I] (8) 

where u is the Soret coefficient, and is obtained as, 

dlnm 

St  

m the mean molal concentration, y the mean activity coefficient 
on molality scale, and T the mean (absolute) temperature. Am 
refers to the concentration difference between the two sides of 
the diaphragm at the steady state (denoted by subscript "st" in 

eq. [2], the solution in each half-cell of the glass being kept 
thoroughly mixed by means of magnetic stirrers (see below). 

Experimental 
(a) Thermodiffusive cell 

The cell (Fig. 1) used is in two parts, containing glass tubes inverted 
onto each other. The one at the bottom has the G4 glass disc (of 
thickness 2 mm) fused onto its inner walls, and slips into the tube at the 
top through a ground glass joint, forming two compartments of nearly 
equal volumes (245.5 and 246.3 mL, respectively) above and below 
the diaphragm. A heating element of nichrome wire, covered by glass 
wool tape is wound around the top glass tube (Fig. 1) and forms a 
component of a thennoregulating system, also consisting of an 
electrical contact thermometer, inserted into the top compartment, and 
a relay unit. The contents of the lower compartment &e cooled by 
passing cold thermostated water through glass cooling coils located 
inside the compartment. There are side filling tubes, one in each 
compartment just above and below the glass disc, which are connected 
through standard joints to graduated vertical glass capillary tubes. The 
lower compartment is provided with an additional inlet to facilitate the 
filling procedure. The temperature difference across the diaphragm is 
measured (to within ?0.02°C) by two pairs of face-to-face copper- 
constantan thermocouples, held fixed in the two compartments close to 
the diaphragm. Small magnetic stirrers are provided in two half-cells 
and are moved by means of a rotating magnet. The whole set-up is 
enclosed in a large air thermostat maintained at the mean temperature of 
the experiment. 

(b) Materials and method 
The nonelectroly tes used, i.e., glucose, sucrose, ethylacetate, and 

1,4-dioxan were of high purity grade, and their solutions were prepared 
indoubledistilled (deaerated) water of conductivity less than0.5 pmho 
cm-'. The initial concentration of each solution studied was 0.1 m. 

The cell was assembled and filled, from the bottom half-cell through 
the disc to the top half-cell, with solution, taking care to eliminate the 
entrapped air bubbles from the whole system. On applying a thermal 
gradient across the diaphragm, the temperatures were monitored by the 
thermocouples, and any solvent flow was ascertained by noting the rate 
of development of pressure difference between the glass capillary tubes 
emerging from the top and the bottom half-cells. Such solvent flow, 
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GLASS CELL 
FIG. 1. Schematic diagram of the glass cell. Legend: A, lower com- 

partment (246.3 mL); B, upper compartment (245.5 mL); C, glass 
cooling coil (diameter 1 cm, total length in the lower half-cell is 
11.5 cm); E, thermocouple points; F, stirrer; G, H, outlets with 
standard joints; I, J ,  graduated tubes; K, inlet for solution; L, contact 
thermometer (the length of the immersed portion of the thermometer in 
the upper-half is 12.5 cm and the diameter of that portion is 1 cm); T, 
heating tape; N, rotating bar magnet; P, iron base; M, glass disc (2 rnm 
thick). Total length of the cell, AB is 26.2 cm, diameter of the cell, AX 
is 5.0cm. 

however, turned out to be negligible after making proper correction for 
unequal thermal expansions in the two compartments.' 

At the steady state, the aliquots were withdrawn from each 
compartment, and the concentration difference was determined by a 
Brice-Phoenix differential refractometer. The latter was previously 
calibrated with a number of standard pairs of solutions of each solute 
having known concentration differences. 

A number of tests as follows have been applied to the present 
equipment to insure its satisfactory operation. 

( I )  Initial experiments were run with aqueous solutions of 0.1 rn 
CdS04 and 0.417 rn urea at 25.0°C to check the reliability of the results 
obtained with the present cell. The Soret coefficients (a) thus obtained 
were within I+- 1 % of the corresponding values for 0. I rn CdS04 (9) and 
0.417 rn urea (lo), determined by independent techniques. 

(2) For a given solution at the mean temperature of 25°C the 
apparatus has been operated at ATs from 4 to about 9°C and the same 
value of a ,  within the limits of experimental error, were obtained. The 

'By using the known volume of each half-cell, as well as thermal 
expansion coefficients of water and glass (the latter being about two 
order of magnitude less than the former), an allowance was made to 
account for the unequal thermal expansion of water while recording Ah 
values between the two glass capillary tubes at each mean temperature 
of study. 

temperatures were monitored throughout a run on a Leeds-Northrup 
potentiometer capable of recording electromotive force within 
I+-0.5pV. 

(3) In general, about 1 mL of solution was withdrawn from each 
compartment to determine the steady state concentrations and the 
separations obtained were found to be independent of these amounts 
provided that the volume removed were within 1-3 mL. Similar results 
were obtained for 0.1 rn CdS04 and 0.417 rn urea solutions of known 
Soret coefficients. 

(4) The separation obtained was also found to be independent of the 
stirrer speed within the range of 140- 160 rpm of the rotating magnet. A 
higher speed tended to lead to lower separations due presumably to 
some convective remixing which resulted from stining into the 
diaphragm (1 b) . 

(5 )  The relaxation time (7) for the present solutions in the given cell 
was in the range of 800-1000 (taking the effective path length of 
diffusion to be equal to the thickness (0.2 cm) of the disc, i.e., by 
neglecting any probable internal structure of the porous disc, and 
assuming the diffusion coefficient of the given solutes to be of the order 
of 5X ~ O - ~ c m ~ s - ' .  Thus, for the composition of the solutions to reach 
within 1% of the final value at the steady state, a time of 57 or about 
70-90 min must be allowed. The given runs lasted for about I00 min. 
(Some runs were continued even longer up to 150 min without record- 
ing significantly different a values.) 

In addition, trial runs were performed for each solution to find out the 
time for attainment of the steady state concentrations in each half-cell, 
and the former turned out to be well within 100 min, in agreement with 
the requirement of relaxation times as above. 

(6) The sintered diaphragm is known to be effective in preventing 
disturbance of the Soret equilibrium by convection (8), even though, 
for dilute electrolyte solutions (at col~centrations less than 0.05 rn) the 
results may be 'influenced by ionic adsorption or other surface effects 
(8). For the given nonelectrolyte solutions at 0.1 rn concentrations, 
such surface effects are considered unimportant. Furthermore, essen- 
tially the same a for a solution obtained for different ATs applied at a 
given mean temperature' indicates that the convective remixing is not 
appreciable (the latter should have been more prominent at a higher AT 
leading to a larger separation). The absence of convective remixing was 
also ensured by virtue of obtaining a good agreement of a values of 
0.1 rn CdS04 and 0.417 rn urea with the corresponding literature data. 
It is also known that the amount of convection is inversely related to the 
sum of the two Rayleigh numbers, R, and RT (1 1) (for a given design of 
thermal diffusion cell). This sum (R, + RT), is of the same order of 
magnitude for 0.1 rn glucose and 0.1 rn CdS04 solutions. The latter is 
known to be relatively stable to convective remixing. 

It may be noted here that the present design of the cell using a G4 
sintered diaphragm for separating the hot and the cold compartments 
has some similarity to the design originally developed by Saxton et al. 
(1954) (Ib) for the study of thermal diffusion in binary mixtures of 
organic liquids. Thus, the heating arrangement used for the top 
half-cell, the temperature measuring devices, and the sample with- 
drawing outlets, as well as the mode of analysis of the concentration 
differences have been similar in both cases. However, in the present 
case, one half-cell simply slips into the other through a ground glass 
joint with the sintered disc fused onto the walls of the former (Fig. l ) ,  
while in the design of Saxton et al., the two half-cells were screwed 
together externally. Further, the cooling coil in the given case is located 
inside the lower half-cell unlike the external cooling arrangement used 
in the cell of Saxton et al. Instead of a single external magnet activating 
the magnetic stirrers in both compartments, as employed in the latter 
method, the present design uses a rotating framework with a pair of 
small bar magnets so fixed as to face each other across the diaphragm of 
the glass cell, and this ensures effective stirring of the solutions in the 

Results and discussion 
The results are incormrated in Table 1. The errors in the deter- 

minations of u and the'heat of transport (Q) are calculated as the 
standard deviations and shown in parenthesis below each value. 
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MUKHERJEE AND SANYAL 719 

TABLE 1. Experimental parameters for the solutions studied may possibly be attributed to  a ring structure of dioxan so  that 
the (hydrophobic) surface area in contact with neighbouring 

Solution 103umc,,b Q = RT2uB water is reduced. This finds qualitative support from the 
(0.1 m) T/A Ba (deg-') (J mO1-') reported larger "entropy loss" for the transfer of open chain 

298 1.69 1248 
amines and ethers from the gas phase (at 1 atm pressure) to 

Glucose 1.01 
(20.03) (k22.1) dilute aqueous solution, as  compared to their cyclic analogues 

Sucrose 298 1 .O 0.58 428 (12). 
(k0.02) (& 14.8) 

Ethylacetate 298 1 .O 6.51 4806 
(k0.06) (&44.3) 

1,4-Dioxan 298 1 .O 6.12 4518 
(?0.02) (& 14.8) 

T h e  thermodynamic factor defined as (1 + (d In y)/(d In m)),. 
bFrom eq. [2]. 

The value of the thermodynamic factor, (1 + (d In y) /(d In m ) ) ~ ,  
is assumed to be unity in the absence of  relevant literature data 
on activity (or, osmotic) coefficients and is a reasonable ap- 
proximation for such dilute solutions of nonelectrolytes. The 
steady state hydrostatic pressure differences ( A h ) ,  corrected for 
unequal thermal expansions, was found to be negligible in all 
the cases studied. 

Positive Q corresponds to the promotion of "local" structure 
(8) of water, i.e., it finds an interpretation in terms of the local 
ordering (i.e., loss of entropy) of water adjacent to the solute 
molecules in dilute solutions. The  much larger Q values of 
ethylacetate and dioxan than those of the sugars, evidently arise 
from a more hydrophobic character of  the former, which further 
reinforces such ordering influences. Again, between the two 
sugars studied sucrose, having a greater number of structure 
breaking (free) hydroxyl groups than glucose, has a lower Q. 
This also agrees with the above picture. 

A somewhat higher Q for ethylacetate than that of  dioxan 

(a) D. J. TREVOY andH. G. DIRCKAMER. J. Chem. Phys. 17, 1.120 
(1949); (b) R. L. SAXTON, E. L. DOUGHERTY, JR. and H. G. 
DRICKAMER. J.  Chem. Phys. 22, 1166 (1954); (c) W. M. 
RUTHERFORD, E. L. DOUGHERTY, and H. G. DRICKAMER. J. 
Chem. Phys. 22, 1289 (1954); and (d) W. M. RUTHERFORD and 
H. G. DRICKAMER. J.  Chem. Phys. 22, 1157 (1954). 
K. F. ALEXANDER. Z. Phys. Chem. (Leipzig), 197,233 (1951). 
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Diastereoselectivity and asymmetric induction in the Diels-Alder reaction of 
o-quinodimethanes 

JAMES L. CHARLTON 
Department of Chemistry, University of Manitoba, Winnipeg, Man., Canada R3T 2N2 

Received March 5, 1985' 

JAMES L. CHARLTON. Can. J. Chem. 64,720 (1986). 
The extent of asymmetric induction in the bimolecular Diels-Alder reactions of chiral o-quinodimethanes with dimethyl 

fumarate, methyl acrylate, and maleic anhydride has been studied. o-Quinodimethanes with chiral a-alkoxy groups were pre- 
pared from l-alkoxy-l,3-dihydrobenzo[c]thiophene-2,2-dioxides 4a-f or 1-alkoxy-3-phenyl-l,3-dihydrobenzo[c]thiophene- 
2,2-dioxides 4g-h by thermolysis. These alkoxybenzosulfones were prepared from the corresponding hydroxybenzosulfones 8 
and 1-phenylethanol, 2-phenyl- 1-propanol, 4-phenyl-2-butanol, 1-phenyl-2-propanol, 3,3-dimethyl-2-butanol, or 1-cyclo: 
hexylethanol. The 1-phenylethoxy substituent yielded the largest asymmetric induction. The absolute configurations of the major 
cycloadducts of methyl acrylate with the o-quinodimethanes generated from 1-(R-1-pheny1ethoxy)- and 1-(S-1-pheny1ethoxy)- 
1,3-dihydrobenzo[c]thiophene-2,2-dioxides 4i  and 4 j  have been determined to be 1 S,2S- 1 -(R-1 -phenylethoxy)- and 1R,2R- 1 - 
(S-l-phenylethoxy)-2-carbomethoxy-1,2,3,4-tetrahydronaphthalene l l i  and l l j ,  respectively. The proposition that a chiral 
alkoxy substituent can block one face of the o-quinodimethane towards addition of a dienophile is discussed. 

JAMES L. CHARLTON. Can. J. Chem. 64, 720 (1986). 
On a ttudit le degrC d'induction asymCtrique qui se produit lors de rtactions de Diels-Alder bimolCculaires d'o- 

quinodimtthanes chiraux avec le fumarate de dimtthyle, ~~acrylate  de mtthyle et l'anhydride malCique. On a prCpart les 
o-quinodimtthanes portant les groupements a-alkoxy chiraux en proctdant 9 la thermolyse d'alkoxy-1 dihydro- 1,3 benzo[c]thio- 
phkne dioxydes-2,2 (4a-f) ou d'alkoxy-1 phtnyl-3 dihydro-1,3 benzo[c]thiophkne dioxydes-2,2 (4g-h). On a prCparC ces 
alkoxybenzosulfones a partir des hydroxybenzosulfones (8) et du phCnyl-1 Cthanol, du phCnyl-2 propanol-1, du phCnyl-4 
butanol-2, du phCnyl-1 propanol-2, du dimCthyl-3,3 butanol-2 et du cyclohexyl-1 Cthanol. Le substituant phenyl-1 Cthoxy a 
conduit aux inductions asymitriques les plus ClevCes. On a determink que les configurations absolues des principaux cycloadduits 
de l'acrylate de mCthyle avec les o-quinodimkthanes g6nCrCs a partir du (phtnyl-1R Cthoxy)-1 et du (phCnyl-1S Cthoxy)-1 
dihydro-1,3 benzo[c]thiophkne dioxydes-2,2 (4i et 4j) sont respectivement les (phCnyl-1R 6thoxy)-1S,2S et (phtnyl-IS 
Cthoxy)-1R,2R carbomCthoxy-2 tttrahydro-1,2,3,4 naphtalkne ( l l i  et 111). On discute de l'hypothkse selon laquelle un 
substituant alkoxy chiral peut bloquer une face d'un o-quinodimkthane lors de l'addition d'un diknophile. 

[Traduit par la revue] 

Introduction 
Due to their readiness to undergo Diels-Alder reactions, 

o-quinodimethanes (0-QDMs) have been used as intermediates 
in the synthesis of lignans, alkaloids, steroids, and anthracyc- 
lines (1-9). In contrast to the extensive work on asymmetric 
induction in Diels-Alder reactions of butadienes (10-12), 
relatively fewer studies have been made of asymmetric induc- 
tion in Diels-Alder reactions of o-QDMs (5, 7, 9). Quinkert 
and Stark, Oppolzer et al., and Kametani and Fukumoto 
exploited the stereoselectivity of the intramolecular Diels- 
Alder reaction of o-QDMs to prepare optically active steroids 
(9). Franck et al. have studied the reaction of an achiral 
o-QDM with a chiral dienophile to determine the relative roles 
of steric and secondary orbital interactions on the asymmetric 
induction (7). More recently Ito et al. (4) have reacted the 
oxazolidinium system 1 with fluoride ion to give the o-QDM 2 
bearing a chiral auxiliary that partially controls the stereochem- 
istry of the subsequent addition of dienophile~.~ 

In each of the cases cited above the asymmetric induction was 
attributed to the ability of the chiral auxiliary to block one face 
of the o-QDM, or to specifically direct the dienophile to one face 

I of the o-QDM. In the case of the work of Ito et al. it was 
I suggested that a-stacking of the substituent phenyl group 

blocked one face of the o-QDM, as shown by conformations 2A 
and 2B. This suggestion follows from a similar analysis of the 

'~evision received October 28, 1985. 
?he absolute configuration of the molecules in the figure is inverted 

from Ito's work to facilitate comparison to later figures. 

OR* 05". .(-) 

\ eMe2 - 

addition of dienophiles to chiral butadienes made by Trost et al. 
(1 1) and Dauben and Bunce (12). By determining the absolute 
configuration of the cycloadduct 3, it was concluded that 
reaction had occurred from conformation 2A, despite the fact 
that nonbonded interactions would appear to favour conforma- 
tion 2B. 

We have recently developed a simple synthesis of l-alkoxy- 
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CHARLTON 721 

1,3-dihydrobenzo[c]thiophene-2,2-dioxides 4 (R' = H, R2=al- 
kyl) and their 3-phenyl derivatives 4 (R1=Ph), both of which 
can be thermalized to the a-alkoxy o-QDM 5 (13, 14). 

Using these precursors we have undertaken a study of the 
addition of dimethyl fumarate, methyl acrylate, and maleic 
anhydride to o-QDMs bearing a variety of chiral alkoxy groups, 
to determine the effect of structure of the chiral auxiliary on the 
extent of asymmetric induction (15). This study has also yielded 
information on the mechanism of the induction. 

Results and discussion 
The addition of a-alkoxy o-QDMs to fumarate has been 

shown previously to give exclusively the cis-1,2-trans-2,3 
adduct (5, 13, 14). Similarly, addition to maleic anhydride has 
been shown to yield only the all-cis endo adducts ( 5 ,  16). 
Asymmetric induction results if a chiral and optically pure 
group R is able to favour formation of one of the diastereomers 6 
or 7. Separation of 6 and 7 followed by removal of the chiral 
auxiliary R would yield the optically pure adducts. Typically a 
large asymmetric induction is desirable as it enables selective 
synthesis of one of the desired stereoisomers 6 or 7 .  

In two cases, 4i and 4j, we have used an optically pure auxiliary 
to prepare optically pure acrylate cycloadducts, which could be 
related to a compound of known configuration thereby estab- 
lishing the absolute configuration of the major cycloadduct. 

The chiral auxiliaries were specifically chosen to test the 
effect of varying the position of the phenyl group and the 
position of the chiral center, within the auxiliary, on its ability to 
control the addition sterically . Two auxiliaries having no phenyl 
group were chosen to investigate asymmetric induction by 
groups incapable of any n-stacking interactions. 

Thus the alkoxysulfones 4e-j were synthesized using the 
approach described previously (1 3, 14) and illustrated below. 

4a R' = H; R2 = (+I-)-CHCH3Ph 
4b R' = H; R2 = (+I-)-CHCH3CH2Ph 
4c R' = H; R2 = (+I-)-CHCH3CH2CH2Ph 
4d R' = H; R2 = (+I-)-CH2CHCH3Ph 
4e R1 = H; R2 = (+I-)-CHCH3cyclohexyl 
4f R' = H; R2 = (+I-)-CHCH3-tert-butyl 
4g R' = Ph; R2 = (+I-)- CHCH3-tert-butyl 
4h  R1 = Ph; R2 = (+I-)-CHCH3Ph 
4i R1 = H; R2 = (R)-CHCH3Ph 
4j R' = H; R2 = (S)-CHCH3Ph 

In order to test whether a particular auxiliary can induce 
asymmetry in the cycloadducts, it is not necessary to use an 
optically pure group R since the ratio of the diastereomeric 
cycloadducts can be determined by lH nmr of the racemic 
adducts. In this way we have tested several chiral auxiliaries for 
their ability to give diastereoselectivity in the addition reaction. 

Sulfones 4a-j existed as a mixture of diastereomers and these 
mixtures could only be partially separated by chromatography 
on silica gel. The ratio of the diastereomers was determined in 
each case from the ratio of the methyl doublets in the nmr of the 
crude product and can be found in Table 1. In the case of 4h the 
two diastereomers were separated by chromatography on silica 
gel to give the individual diastereomers 4h-I and 4h-11. The 
yields of 4 (see Table 1) are based on the alcohol. The cyclo- 
adducts 9a- h were prepared by refluxing in toluene, benzene, or 
cyclohexane (see Experimental) (5 h) a mixture of 4 (100- 
200 mg) with four equivalents of dimethyl fumarate and 30 mg 
of anhydrous zinc oxide powder. 
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TABLE 1. Yields and diastereomer ratios 

Diastereomer ratios 
Sulfone Cycloadduct Elimination 

Sulfone yieldsa yieldsb yields 4 9 or 10 

"Yields are after chromatography. 
bIncludes 5-20% of the trans-1,2-adduct. Crude yields in brackets. 

4a and 4h were likewise reacted with maleic anhydride in 
benzene to give 10a and 10h. 

The zinc oxide markedly improves the yield of cycloadducts, 
presumably by preventing acid-catalysed hydrolysis of 5 due to 
adventitious water. The two optically active sulfones 4 i  and 4 j  
were reacted with methyl acrylate by heating in toluene with an 
excess of methyl acrylate, in the presence of zinc oxide, at 
150°C in a large sealed pressure flask. The adducts were isolated 
by filtering, evaporation, and recrystallization from hexane. 

4; lli ( l l R ,  lS,2S) 

4i llj ( l lS,  lR, 2R) 

Nuclear magnetic resonance spectra of the crude and recrys- 
tallized adducts l l i  and llj indicated that the crystalline 
material was the major 1,2-cis adduct, making up ca. 40% of the 
crude mixture (nrnr). The enantiomeric relationship between 
l l i  and llj was confirmed by their opposite rotations ( l l i ,  
[ a ] g  -50.0"; l l i ,  [ a ] E  +48.0°; c 0.50, CHC13), and their 
mirror image cd (circular dichroism) spectra. 

The structures of the cycloadducts 9a-h were confirmed by 
elimination (refluxing toluene, toluenesulfonic acid) to form the 
known dihydrophthalenes 12 and 13 (1 3). 

The optically pure adduct 11 i was reduced and hydrolysed to the 
acid 15. 

lli 14 S(-) 

The observed rotation of the acid 15 produced from l l i  was 
-49.0°, which, when compared to the known configuration and 
rotation (R(+), [a]L255 S o )  (1 7), establishes the configuration 
of l l i  as lfR,1S,2S and that of llj as lrS,2R,3R as shown. 

The crude cycloaddition products 9a-h although primarily 
diastereomeric mixtures of the cis- 1,2 adducts as determined by 
nmr (13), also contained 5-30% of the trans-1,2 adducts. 
Despite the complexity of the nmr spectra, it was possible to 
assign chemical shifts and coupling constants for some of the 
individual cis- 1,2 diastereomers (see Experimental). In particu- 
lar, the diastereomers of the phenyl substituted adduct 9h were 
both analyzable and the spectra confirmed the cis- 1,2-trans-3,4 
stereochemistry. This in turn confirmed the cis relationship of 
the phenyl and alkoxy groups in 4h since only the cis-sulfone 
could open via a pericyclic reaction to the E,E o-QDM 5 and 
give the observed adduct stereochemistry (13). The yields of the 
alkoxy sulfones, the cycloadducts, and the diastereomer ratios 
of each are given in Table 1. The greatest diastereoselectivity 
was found for the auxiliary 1-phenylethyl, both in the formation 
of the alkoxysulfones and in the formation of the cycloadducts. 
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CHARLTON 723 

Since the cycloadducts were prepared from the mixture of 
alkoxysulfone diastereomers, it is tempting to conclude that the 
diastereoselectivity in adduct formation is actually a chiral 
memory from the corresponding sulfone. This cannot be the 
case, however, since the chirality at the benzylic carbon of the 
sulfone is lost when it thermalizes to the o-QDM 5. To  confirm 
this, the diastereomeric sulfones 4h-I and 4h-I1 were each 
thermalized with fumarate and it was found that the two 
diastereomeric sulfones gave the identical mixture of 
cycloadducts. 

Mechanism of asymmetric induction 
The simplest mechanism that would explain the diastereosel- 

ectivity - asymmetric induction in the formation of cycload- 
ducts from the chiral o-QDMs, 5, is one in which the chiral 
group preferentially blocks one face of the o-QDM. In work on 
the Diels-Alder reactions of dienes, Trost has suggested that 
chiral auxiliaries containing a phenyl group might block one 
face of the diene (1 1). By the use of models we determined that 
n-stacking in the o-QDM should be sterically difficult for a 
1-phenylethyl group although this group gave the largest 
diastereoselectivity. In addition, if one considers the two 
T-stacked conformations 2A and 2B (having an R-l- 
phenylethyl substituent), it can be seen that 2B should be 
preferred due to fewer nonbonded interactions relative to 2A. 
However, endo addition of acrylate to 2B would have ultimately 
yielded the R(+) acid 15, which was the opposite to that 
observed. For these reasons we do not think thaiv-stacking is 
the mechanism by which the 1-phenylethyl auxiliary directs 
addition of dienophiles to o-QDMs. It should be noted that Ito et 
al. inexplicably came to the opposite conclusion in considering 
a similar example (4). 

In alkyl phenyl esters it has been shown that the most stable 
conformation is one in which the alkyl group lies in the plane of 
the aromatic ring allowing p-v overlap (18). Rotational 
barriers of up to 6 kcal/mol have been observed. Based on this 
analogy we suggest that the preferred conformation of the 
a-(R-1-phenylethyl) o-QDM is given by 16. The relative steric 

16 a,b,c R = Ph, cyclohexyl, tert-butyl 

bulk of the phenyl and methyl groups serves to block the lower 
face of the o-QDM and cycloaddition of methyl acrylate to the 
upper face would give the l1R ,  1S,2S cycloadduct, as was 
observed experimentally. This hypothesis is supported by the 
observation that the o-QDM 16c, which has a tert-butyl 
substituent in place of the phenyl of 16a,  also induces 
asymmetry in the cycloadducts. The effect was smaller and may 
be because the phenyl group actually has a larger effective size 
due to specific and stronger solvation. The chiral auxilaries c,  d ,  
and e are less conformationally rigid and as such are not as 
effective in specifically blocking one face of the 
orthoquinodimethane. 

Although we have not determined the absolute configuration 
ofthe fumarate and maleic anhydride adducts, we anticipate that 
this reaction will exhibit the same face selectivity as was 
observed with methyl acrylate. 

Experimental 
The nmr spectra were recorded on a Bruker AM-300 spectrome- 

ter using tetramethylsilane as an internal standard. The ir spectra 
were recorded on a Unicam 1000 spectrometer. Merck Kieselgel 60 
was used for all column chromatography. Elemental analyses were 
performed by Guelph Chemical Laboratories Ltd., Guelph, Ontario, 
Canada. The structures of substituted sulfones 4a-j and the cyclo- 
adducts 9a- h and 11 i J are based on the conversion of the cycloadducts 
to known compounds (9a-h to 12 or 13 and l l i  to 14 and 15). 
Elemental analyses are not included for these compounds. 

I-Hydroxy-1,3-dihydrobenzo[c]thiophene-2,2-dioxide, 8a 
This compound was prepared from o-methylbenzaldehyde (9.4 g) 

using the method previously described (13, 14) to yield 6.4g (34%). 
Traces of o-toluic acid were removed by trituration with a small volume 
of carbon tetrachloride at 30°C. 

I-Hydroxy-4 phenyl-1,3-dihydrobenzo[c]thiophene-2,2-dioxide, 8b 
The sulfone was prepared as described previbusly (13, 14) from 

o-benzylbenzaldehyde (9.3 g) to yield 8.0 g (65%). 

I-Alkoxy-1,3-dihydrobenzo[c]thiophene-2,2-dioxides and I-alkoxy- 
3-phenyl-l,3-dihydrobenzo[c]thiophene-2,2-dioxide, 4 

The alkoxysulfones 4a-j were prepared by refluxing, for 5 h, a 
methylene chloride solution of 1.1 - 1.5 rnmol of the corresponding 
hydroxy sulfone 8 a  or 8b, 5 mg of toluenesulfonic acid, and 1.0 mmol 
of the alcohols rac-1-phenylethanol, rac-2-phenylethanol, rac-3- 
phenylbutanol, rac- 1 -phenyl-2-propanol, rac-3,3 -dimethyl-2-butanol, 
or rac-1-cyclohexylethanol. Compounds 4i  and 4 j  were prepared from 
the pure enantiomers R-(+)-phenylethanol and S-(-)-phenylethanol. 
The alkoxy sulfones were isolated by washing the methylene chloride 
solution with 5% aqueous bicarbonate, drying, and evaporating, or 
more simply by filtering the mixture through a short silica gel column 
(5 cm x 1.5 cm) with methylene chloride, and evaporating. Crude 
yields were typically 90-100%. In most cases the mixture of 
diastereomeric sulfones was further purified by chromatography on 
silica gel using 20% ethyl acetate - hexane as eluant. In one case (4h), 
the two constituent diastereomers were separated using the same 
solvent system. The following spectral data were obtained from the 
mixed diastereomers 4a-h and the separated diastereomers 4h-I and 
4h-11. 

4a: Major isomer I: 'H nmr (CDC13) 6: 1.612 (d, J  = 6.46, CH3), 
4.192 (d, J  = 15.74, H-3A), 4.449 (d, J  = 15.74, H-3B), 5.120 (s, 
H- 1), 5.232 (q, J  = 6.46, H- 1 '), 7.2-7.5 (m, aromatics). 

4a: Minor isomer 11: 'H nmr (CDC13) 6: 1.691 (d, J  = 6.44, CH3), 
4.187(d, J =  15.6,H-3A),4.371 (d, J =  15.6,H-3B),5.176(q, J =  
6.44, H-1'), 5.531 (s, H-1), 7.2-7.5 (m, aromatics). 

4b: Major isomer I: 'H nmr (CDC13) 6: 1.461 (d, J  = 6.22, CH3), 
2.905 (dd, J  = 5.39, 13.75, H-IA'), 2.992 (dd, J  = 7.76, 13.75, 
H-1B1),4.145 (d, J =  15.59, H-3A),4.312 (d, J  = 15.59, H-3B), 4.4 
(m, H-27, 5.191 (s, H-1), 7.2-7.5 (m, aromatics). 

4b: Minor isomer 11: 'H nmr (CDC13) 6: 1.289 (d, J  = 6.08, CH3), 
2.771 (dd, J  = 8.69, 13.23, H-lA'), 3.280 (dd, J  = 4.67, 13.23, 
H-1B1),4.221 (d, j = 15.60, H-3A), 4.394 (d, J  = 15.60, H-3B), 4.4 
(m, H-27, 5.498 (s, H-1), 7.2-7.5 (m, aromatics). 

4c: Mixture of two diastereomers: 'H nmr (CDC13) 6: 1.398 (d, J  = 
6.08) and 1.458 (d, J  = 6.25) H-1', 1.90(m( and 2.06(m) H-3', 
2.7-2.9(m( H-4', 4.15 1(m) and 4.25(m) H-2', 5.492(s) and 5.470(s) 
H-1,4.383(d, J =  15.7),4.383(d, J =  15.6),and4.373(d, J =  15.7) 
H-3, 7.1-7.5 (m, aromatics). 

4d: Mixture of two diastereomers: 'H nrnr (CDC13) 6: 1.323 (d, J  = 
6.85 and 1.366 (d, J  = 6.98)H-3', 3.164 (octet, J  = 7.17) H-2', 3.882 
(dd, J  = 7.45, 9.39) H-IA', 3.918 (dd, J  = 7.72,9.50) and4.33(m) 
H-1', 4.171 (d, J  = 15.8), 4.185 (d, J  = 15.8), 4.329 (d, J  = 15.8), 
and4.334(d, J  = 15.8)H-3,5.192(s)and5.332(s)H-l,7.026(d, J  = 
5.35) H-4, 7.2-7.45 (m, aromatics). 

4e: Mixture of two diastereomers: 'H nmr (CDC13) 6: 1.15(m) and 
1.75(m) cyclohexyl, 1.337(d, J  = 6.17) and 1.354(d, J  = 6.42) H-1', 
3.919(d of quart, J  = 6.39,5.42) and 3.988(quintet, J  = 6.1 1) H-2', 
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4.21(br d, J = 15.9) and 4.37(br d, J = 15.9) H-3, 5.506(s) H-1, 
7.726(m) H-4, 7.743 (m, aromatics). 

4f Major isomer I: 'H nmr (CDCI,) 6: 0.984 (s, tert-butyl), 1.309 
(d, J = 6.22, CH,), 3.945 (q, J = 6.22, H-1'), 4.207 (d, J = 15.6, 
H-3A), 4.347 (d, J = 15.6, H-3B), 5.546 (s, H-1), 7.2-7.6 
(aromatics). 

4f Minor isomer 11: 'H nmr (CDCI,) 6: 1.024 (s, tert-butyl), 1.410 
(d, J = 6.41, CH,), 3.733 (q, J = 6.41, H-1'), 4.217 (d, J = 15.6, 
H-3A), 4.355 (d, J = 15.6, H-3B), 5.546 (s, H-1), 7.2-7.6 
(aromatics). 

4g: Isomer I: 'H nmr (CDC13) 6: 0.926 (s, tert-butyl), 1.328 (d, J = 
6.22,CH3),3.901(q, J=6.22,H-11),5.278(s,H-1),5.676(s,H-3), 
7.0-7.7 (aromatics). 

4h-I: 'H nmr (CDCl,) 6: 1.733 (d, J = 6.44, H-27, 5.213 (q, J = 
6.44, H-1'), 5.270 (s, H-l), 5.708 (s, H-3), 7.07 (m, H-4), 7.2-7.6 
(m, aromatics). 

4h-II: 'H nmr (CDC13) 6: 1.563 (d, J = 6.45, H-2'),5.190 (q, J = 

6.44, H-1 '), 5.270 (s, H-1), 5.708 (s, H-3), 7.07 (m, H-4), 7.2-7.6 
(m, aromatics). 

trans-] ,2-trans-2,3-I -Alkoxy-2,3-dicarbomethoxy-l,2,3,4-tetra- 
hydronaphthalene, 9a-f, and trans-1,2-trans-2.3-trans-3,4-I- 
alkoxy-2,3-dicarbomethoxy4-phenyl-l,2,3,4-tetrahydro- 
naphthalene, 9g and 9h 

The cycloadducts were prepared by refluxing a solution (10 mL) of 
each of 4a-g, 4h-I, or 4h-I1 (100-200 mg), four equivalents of 
dimethyl fumarate, and 30 mg of anhydorus zinc oxide powder for 5 h. 
The following solvents were used: 40-4f toluene, 4g benzene, 4h 
cyclohexane. The solution was filtered through a 5 cm x 1.5 cm silica 
gel column with methylene chloride, evaporated to dryness, and then 
heated at 100°C at high vacuum to remove excess fumarate. The 
mixtureof diastereomerers was then analysed by nmr. The structures of 
the cycloadducts were confirmed by elimination of the alcohol as 
described below. 

9a: Major isomer I: 'H nmr (CDC13) 6: 1.400 (d, 6.40, H- 1 '), 2.800 
(dd , J=  10.85, 16.8,H-4a),3.137(dd, J = 3 . 1 9 ,  11.35,H-2),3.259 
(dd,J = 6.6, 17.0, H-4e), 3.622 (dt, J = 6.75, 11.15, H-3), 3.747 (s, 
OCH,), 4.501 (q, J = 6.40, H-2'),6.686 (d, J = 7.2, H-5), 6.95-7.40 
(m, aromatics). 

9a: MinorisomerII: 'H nmr(CDC1,) 6: 1.197 (d, 6.45, H-1'), 2.881 
(dd, J = 9.45, 16.85, H-4a), 3.002 (dd, J = 2.285, 11.07, H-2), 
3.392 (dd, J = 7.63, 16.8, H-4e), 3.74 (ddd, J = 7.6, 7.5, 11.1, 
H-3), 3.661 (s, OCH,), 3.736 (s, OCH,), 4.363 (q, J = 6.39, H-2'), 
6.95-7.4 (m, aromatics). 

96: Mixture of two diastereomers: 'H nmr (CDC13) 6: 0.845 (d, J = 
6.11, CH3). 1.106 (d, J = 6.04, CH,), 2.4-3.8 (series of mult), 3.717 
(s, 0CH3). 3.74 (s, OCH,), 4.847 (d, J = 3.06, H- 1), 4.93 1 (d, J = 
2.98, H- I), 6.87 (m, H-5), 7.0-7.3 (m, aromatics). 

9c: Mixture of (mainly) two diastereomers: 'H nmr (CDC13) 6: 0.885 
(d, J = 6.14, CH,), 1.1 14 (d, J = 6.02, CH,), 1.45-1.95 (m, H-37, 
2.1-3.65 (series of mult), 3.694 (s, OCH,), 3.723 (s, OCH,), 3.737 
(s, OCH,), 3.739 (s, 0CH3), 4.45 (d, J = 3.10, H- 1), 4.876 (d, J = 
2.98, H-1), 6.76 (d, H-5), 7.0-7.4 (m, aromatics). 

9d: Mixture of two diastereomers: 'H nmr (CDC1,) 6: 1.136 (d, J = 
7.01, CH3), 1.193 (d, J = 6.88, CH,), 2.75-3.8 (series of mult, H-2, 
H-3, H-4), 3.534 (s, OCH3), 3.709 (s, OCH,), 3.728 (s, 0CH3), 3.740 
(s, 0CH3), 4.706 (d, J = 3.30, H-1), 4.724 (d, J = 3.28, H-1), 
7.1-7.3 (m, aromatics). 

9e: Mixture of two diastereomers: 'H nmr (CDC1,) 6: 0.694 (d, J = 
6.33, CH3), 1.053 (d, J = 6.19, CH,), 1 . l(br m, cyclohexyl), 1.6 (br 
m, cyclohexyl), 2.8-3.5 (series of mult, H-2-H-4), 3.743 (s, OCH,), 
3.738 (s, 0CH3), 3.728 (s, 0CH3), 4.11 1 (d, J = 3.1 1, H-1), 4.849 (d, 
J = 2.91, H-1), 7.1-7.3 (m, aromatics). 

9f Major isomer: 'H nmr (CDC13) 6: 0.590 (s, tert-butyl), 1.031 (d, 
J = 6.18, CH3), 2.8-3.4 (series of mult, 4H), 3.295 (q, J = 6.18, 
H-l'), 3.73 (s, OCH,), 4.805 (d, J = 2.97, H-1). 

9f Minor isomer: 'H nmr (CDC13) 6: 0.806 (s, tert-butyl), 0.490 (d, 
J = 6.3, CH,), 2.8-3.4 (series of mult ,4H), 3.200 (d, J = 6.3, H- 1 '), 
3.73 (s, 0CH3), 4.839 (d, J = 2.79, H-1). 

9g: Major isomer: 'H nmr (CDCI,) 6: 0.723 (s, tert-butyl), 1.10 (d, 
J = 6.15, CH3), 3.2-3.8 (series of mult, 5H), 3.455 (s, OCH,), 3.707 
(s, 0CH3),4.088 (d, J = 11.3, H-4),4.904(d, J = 2.97, H-1), 6.81 
(m, lH), 7.1-7.4 (aromatics). 

9g: Minor isomer: 'H nrnr (CDCI,) 6: 0.855 (s, tert-butyl), 0.703 (d, 
J = 6.24, CH,), 3.2-3.8 (series of mult, 5H), 3.505 (s, OCH,), 3.707 
(s, OCH,), 4.088 (d, J = 11.3, H-4), 4.923 (d, J = 2.47, H-1), 6.81 
(m, lH), 7.1-7.4 (aromatics). 

9h: Major isomer I: 'H nmr (CDC13) 6: 1.447 (d, J = 6.38, CH,), 
3.300 (dd, J = 1 1.97,2.77, H-2), 3.498 (s, OCH,), 3.792 (s, 0CH3), 
3.733(brt,J= 11.44),4.054(d,J= 10.99,H-1),4.645(q, J=6 .35 ,  
H-1'), 5.022 (d, J = 2.72, H-1), 6.78 (m, H-5), 6.95-7.40 (m, 
aromatics). 

9h: Minor isomer 11: 'H nmr (CDC1,) 6: 1.3 10 (d, J = 6.44, CH,), 
3.179 (dd, 2.50, 12.12, H-2), 3.542 (s, OCH,), 3.628 (s, OCH,), 
3.878 (dd, 10.58, 12.10, H-3), 4.119 (d, J = 10.59, H-4),4.575 (q, J 
= 6.44, H-1 '), 4.669 (d, J = 2.62, H- 1), 6.78 (m, H-5), 6.95-7.40 
(m, aromatics). 

Maleic anhydride adducts 1Oa and 1Oh 
The cycloadducts 10a and 10h were prepared by refluxing a benzene 

solution (10 mL) of 4a or 4h, (200-400 mg), four equivalents of maleic 
anhydride, and 30mg of powdered zinc oxide for 20 h. The solution 
was filtered to remove zinc oxide, evaporated, and then heated to 100°C 
under high vacuum to remove maleic anhydride. The mixture of 
diastereomers was then analysed by nmr. Compound 10a recrystallized 
from benzene-hexane to give the major diastereomer as colourless 
crystals, mp 152-154°C; ir(CH2C12): 1790(s) and 1875(w) cm-'; nmr 
(CDCl,) 6: 1.192 (d, J = 6.47, C3), 3.088 (dd, J = 8.9, 15.0, H-4), 
3.232 (dd, J = 8.6, 15.0, H-4A), 3.317 (dd, J = 3.7, 10.5, H-4A), 
3.463 (dt, J = 8.6, 10.5, H-3), 4.056 (q, J = 6.47, H-1'), 4.969 (d, J 
= 3.7, H-1), 6.9-7.4 (aromatics). Minor diastereomer, nmr (CDC13) 
6: 1.403 (d, J = 6.39, 3.0-3.5 (m, 4H), 4.410 (q, J = 6.39, H-1'), 
4.990 (d, J = 3.82, H-1), 6.9-7.4 (aromatics). Anal. calcd. for 
C20H1804: C 74.52, H 5.63; found: C 74.96, H 5.96. 

Compound 10h recrystallized from benzene-hexane gave a mixture 
of diastereomers as colourless crystals; ir(CHzC12): 1790(s) and 1865(s) 
cm-'; major isomer, nmr (CDC1,) 6: 1.597 (d, J = 6.35, CH3), 3.83 
(m, H-2 and H-3), 4.243 (d, J = 5.5, H-4), 4.772 (d, J = 5.8, H- 1), 
4.915 (q, J = 6.35, H-1'), 6.9-7.5 (aromatics). Minor isomer, nmr 
(CDCL3) 6: 1.366 (d, J = 6.4 1, CH3), 3.83 (m, H-2), 3.364 (dd, J 
= 10.1,4.9,H-3),4.480(q, J = 6.41 ,H- l f ) ,4 .64(d ,  J =  10.1, 
H-4), 4.656 (d, J = 4.9, H-1), 6.9-7.5 (aromatics). Anal. calcd. for 
C26H2204: C 78.37, H 5.57; found: C 78.49, H 5.82. 

(IS ,2S)-I -(R-I -Phenylethoxy)-2-carbomethoxy- ,2,3,4- 
tetrahydronaphthalene, 11 i 

The alkoxysulfone 4g (479 mg) was heated with methyl acrylate 
(1 mL), toluene (10 mL), and anhydrous powdered zinc oxide (30 mg) 
at 150°C under nitrogen in a sealed pressure flask (200 mL) for 2 hours 
with stirring. The solution was filtered through a 5 x 1.5 cm silica gel 
column with methylene chloride, evaporated, and recrystallized from 
hexane to give 96.1 mg (1 9%), mp 89-9 1°C, nmr of the crude reaction 
mixture indicted that the isolated adduct was the major adduct and 
made up ca. 40% of the crude reaction mixture. 

l l i  ir(CHzC12): 1738 cm-'; 'H nmr (CDC1,) 6: 1.419 (d, 6.44, 
CH3), 2.064 (m, H-3e), 2.423 (m, H-3a), 2.724 (m, H-4a), 2.794 (m, 
H-2), 2.987 (m, H-4e), 3.820 (s, OCH,), 4.590 (q, J = 6.40, H- 1 '), 
4.857 (d, H-1), 6.71 (br d, J = 8.1, H-5), 6.9-7.45 (m, aromatics). 
The following coupling constants were determined by spectrum 
simulation and iterative fitting: J I v 2  = 3.26, J2,,e = 3.36, J2.3a = 
12.01, J3e,4e = 2.991, J3e,4a = 6.68, J3a,4e = 6.30, J3a,4a = 11.12, 
J3e,3a = -13.66, J4e,4a = - 17.32; [a]gO-50.0' (c 0.5, CHCI3). 

(I R,2R)-(S-I -Phenylethoxy)-2-carbomethoxy-I ,2,3,4-tetra- 
hydronaphthalene, l l j  

Compound 1lj was prepared from 493 mg of 4h in a manner 
identical to that descnbed for l l i  to yield 125 mg of crystals (24%); ir 
and nmr spectra were identical to those of l l i ;  [a]$+48.0° (c 0.5, 
CHC13). 
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CHARLTON 725 

Racemic 11 ( l l i + l l j )  3. W. OPPOLZER. Heterocycles, 14, 1614 (1980). 
The racemic acrylate adduct was prepared from 4a in a manner 4. Y. ITO, Y. AMINO, M. NAKATSUKA, and T. SAEGUSA. J. Am. 

identical to that described above for l l i  and 1lj and was recrystallized Chem. Soc. 105, 1586 (1983). 
from hexane, mp 65-67OC; ir and nmr identical to l l i .  Anal. calcd. for 5. P. G. SAMMES. Tetrahedron, 32, 405 (1976). 
C20H2203: C 77.39, H 7.14; found: C 77.66, H 7.23. 6. T. KAMETANI and K. FUKUMOTO. ACC. Chem. Res. 9, 319 

2,3-Dicarbomethoxy-3,4-dihydronaphthalen 12,  and trans-1 - 
phenyl-2,3-dicarbomethoxy-l,2-dihydronaphthalene, 13 

Elimination of the alcohol from the adducts 9a-h was accomplished 
by refluxing a toluene solution of each adduct (mixture of diastereo- 
mers) (50-150mg) and toluene sulfonic acid (5 mg) in toluene 
(5-10 mL) for 5 h, filtering through a 5 cm X 1.5 cm silica gel column 
with methylene chloride and evaporating. The residue was chromato- 
graphed on silica gel (20% ethyl acetate - hexane) to give 12 (or 13) in 
the yields given in Table 1. Compounds 12 and 13 were identified by 
comparison of their properties to those previously reported (13). 

S-(-)-2-Carboxyethyl-l,2,3,4-tetrahydronaphthalene, 1 4  
The adduct l l i  (1 13 mg) was hydrogenated at 1 atm (1 atm = 

101.3 kPa) and 20°C over 5% Pd/C (50mg) in 10% acetic acid - 
methanol (10 mL). After 15 h the solution was filtered and evaporated 
to leave 75 mg of an oil, identified as the ester 14 by comparison to the 
literature (19); [a] -45" (c  1.34, CHC13). 

S-(-)-2-Carboxy-1,2,3,4-tetrahydronaphthalene, 15 
The ester 14 (75 mg) was refluxed with K2C03 (200 mg) in 17% 

water-ethanol (20 mL) for 4 h. 'The solution was partially evaporated, 
diluted with water, acidified, and extracted with methylene chloride to 
yield 57.8mg of 15 (83%); [a1;~-49.0~ (c 0.5, CHCI,), cf. [a];' 
+55.S0 (c  1.4, CHC13), for the R ( + )  isomer (17). 
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Alkylation of camphor imines of glycinates. Diastereoselectivity as a function 
of electronic factors in the alkylating agent1 
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JOHN M. MCINTOSH and PRATIBHA MISHRA. Can. J. Chem. 64, 726 (1986). 
Alkylation of the (R)-camphor imine of tert-butyl glycinate with a variety of alkylating agents gave diastereoselectivities 

ranging from 0-100%. Simple alkyl halides larger than methyl give de's (diastereomeric excesses) of ca. 50% whereas those 
derived from allylic type systems afford de's of 75- 100%. The results are best explained by invoking a transition state interaction 
between the 7~ system of the alkylating agent and the imine which, for steric reasons, requires alkylation to occur from the 
pro-R face. 

JOHN M. MCINTOSH et PRATIBHA MISHRA. Can. J. Chem. 64, 726 (1986). 
Les diastCrCosClectivitCs des rkactions d'alkylation de l'imine formCe par la (R)-camphre et le glycinate de tert-butyle par 

divers agents alkylants varient de 0 h 100%. Les sClectivitCs des reactions affectuCes avec des halogCnures simples plus 
volumineux que le mCthyle sont de l'ordre de 50% alors que celles effectuCes avec des systhmes de types allyliques vont de 75 h 
100%. La meilleure explication de ces rksultats implique une interaction dans 1'Ctat de transition entre le systeme 7~ de I'agent 
alkylant et l'imine qui, pour des raisons stCriques, nCcessite que l'alkylation se fasse par le face pro-R. 

[Traduit par la revue] 

Introduction 
Some time ago, several reports on the alkylation of chiral 

imines of glycinates appeared. In particular, the use of men- 
thone (1) and hydroxynopinone (1) (2) gave modest to fair 
stereoselectivities with the latter being the better chiral deriva- 
tizing agent (CDA). The enhanced selectivity using 1 as CDA 
was attributed to the presence of the extra chelating center, 
which forced the enolate system into an arrangement in which 
the steric influence of the syn-methyl group could impede the 
attack of the electrophile from the top face of the molecule. 
While more recent developments (3) have displaced this 
methodology, the rationale given implied that camphor (2a) 
might be more effective due to the closer proximity of the C-8 
methyl group to the carbanionic center. In addition, the rigid 

structure of 2 which would facilitate stereochemical reasoning, 
its ready availability in both enantiomeric forms, and the ease 
with which substituents can be introduced at many positions in 
stereospecific ways suggested that an investigationof its use as a 
CDA in glycinate alkylations would prove in~tructive.~ 

Because of the hindered nature of the carbonyl in 2a ,  its 
condensation with amines is known ( 5 )  to be a difficult reaction 

\ ,  

requiring vigorous reaction conditions. However, prior conver- 
sion into the thione 26 (6) markedly increases the facility of 
"carbonyl" additions (7). For derivatization with glycine esters, 
the use of 26 appears to be mandatory, as we hatebeen unable 
to effect such condensations with 2 a  under a number of 
conditions. 

'Presented in part at the annual conference of the Chemical Institute 
of Canada, Kingston, Ontario; June 1985. 

'Holder NSERC predoctoral fellowship, 1981-present. 
3 ~ a m p h o r  has been used as a CDA in many other reactions. For 

Condensation of 26 with the hydrochlorides of methyl 
or ethyl glycinates in the presence of DABCO (1,4-diazabi- 
cyclo[2.2.2]octane) as a base required a large excess of 
amino ester and gave 3a  or 3b  severely contaminated with 
polyglycine. However, the corresponding t-Bu glycinate (free 
base) smoothly condensed with 2b to give 3 c  in high yield. 

Two diastereomers of 3 are possible. However, both the 
75-MHz 13C nmr and the 300-MHz 'H nmr were consistent only 
with the presence of one diastereomer. Models show that the Z 
isomer is severely destabilized by a steric interaction with the 
C-10 methyl group and, for this reason, 3a ,  b, care assigned the 
E configuration as shown in Scheme 1 (5 6). 

Preliminary experiments on the alkylation of 3 a  gave the 
following results. Alkylation with Me1 (6a) or BzBr (7) gave 

LDNTHF 

3a 7zcGiT' 

3c HMPNRX ' 
10 12 13 

5 a-m (see Table 1). 

some recent examples, see ref. 4. 
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McINTOSH AND MISHRA 

TABLE 1. Products, yields, and stereochemical compositions of alkylation products 5 

Temp. Time Diastereomeric 
Run R X (compound no.) ("C) (h) Product Yield (%)" ~ a t i o ~  excess 

Me 
Me 
PhCH2 
Me02CCH2 
Et02CCH2 
t-Bu02CCH2 
Bu 
i-Bu 
Ally1 
Methallyl 
PhSCH2 
PhSCH2 
4-Buteny 1 

2-Phenethyl 

I (6a)  
OTs (6 b) 
Br (7) 

Br (8) 
Br (9) 
Cl (10) 
I(11) 
Br (12) 
Br (13) 
Cl(14) 
Cl(15) 
I (15a) 
Br (16) 

Br (17) 

"Isolated yields. Yields in parentheses are those based on u~ecovered  starting material. 
bBased on the integration of the methine hydrogens at 300 MHz, unless otherwise noted. 
'Based on the peak heights of the camphor methyl groups in the ' H  nmr spectrum. 

diastereomeric mixtures of products 4a  and 4b  in ratios of 3:2 
and 3: 1, respectively. In hindsight, this former result was most 
useful, as the 'H nmr of 4b  showed a large difference (A6 = 
0.5) in the chemical shift of the C-8 methyl groups for the two 
diastereomers. Smaller differences were observed for the same 
signals in 4a. In addition, two doublets of doublets were evident 
for the methine proton in 4b. No dialkylated products were 
obtained. The presence of one equivalent of HMPA (hexa- 
methylphosphoramide) in the reaction mixture was essential for 
good chemical yields. In its absence the yield of 4b  fell to 
40%, while the use of two equivalents gave a 2:l mixture of 
diastereomers. When 4b was treated with LDA (lithium 
diisopropylamide) under the same conditions used for the 
alkylation of 3c,  and the reaction was quenched with a 100-fold 
excess of either D 2 0  or CF3COOD, ca. 50% of the recovered 4b  
was monodeuterated. (Previous workers (2a) have assumed that 
the absence of dialkylated material ensured that the product was 
a result of a kinetic process. Our deuteration result calls this 
into question.) As a result of steric factors, the imine bond 
in 5 is remarkably inert to many conditions. While this is 
advantageous in terms of the alkylation reactions, it causes 

ensures that the observed stereochemistry is a result of a 
kinetically controlled process. These results also clearly pre- 
clude attempts at further alkylation. 

These results are most easily attributed to the differing steric 
requirements of the alkylating agent. The working model of the 
reacting system4 involved an internally chelated enolate anion 
that is coplanar with the camphor moiety. Although models 
indicate that the C-8 methyl is somewhat removed from the path 
required for exo-attack (on the pro-S face), increasing the steric 
bulk of the alkylating agent might be expected to enhance the 
selectivity. To explore the stereoselectivity further, the alkyla- 
tion of 3c with a range of alkylating agents that differ in 
reactivity (10) and steric requirements was examined. The 
results are shown in Table 1. The stereochemical composition of 
the product from each reaction was determined by integration of 
the nmr absorptions of the methine proton of the imine in the 
300-MHz 'H nmr spectrum (each diastereomer gave a doublet 
of doublets) and by comparison of the relative intensities of the 
two signals for C-8. It was also usually possible to estimate the 
diastereomeric ratio from the intensities of the camphor C-8 
absorptions in the 60-MHz spectra. In the case of 5b, hydrolysis 

some problems in the generation of the free amino ester, to the amino ester was performed and the optical purity 
To date, the best method we have found for achieving this determined by comparison of the specific rotation with the 
transformation is transamination using hydroxylamine (2a, b). reported value. In all other cases, the absolute stereochemistry 
Hydrolysis with citric acid (2a,  b) was ineffective. of the product present in the larger diastereomeric excess (de) 

When the alkylation and deuteration experiments were was assumed to be R. Supporting this assumption is the fact that 
repeated on imine 3c a high chemical yield of 5 a  was obtained, in all cases in which diastereomeric mixtures were obtained, the 
which consisted of a ca. 1:l mixture of diastereomers. How- 
ever, the 5b  obtained was shown to be stereochemically 
homogeneous by hydrolysis to (R)-phenylalanine tert-butyl 
ester and by 300-MHznmr. An AMX set of signals (JAM = 
13 Hz, JAX = 10 HZ, JMX = 4 HZ) was exhibited by the benzyl 
and methine protons. No sign of a second set of signals for the 
other possible diastereomer was evident. In addition, the methyl 
region was clean, whereas multiple signals were observed in 
all cases where two diastereomers were formed. Attempted 
deuteration of 5a  and 5b  failed completely. No deuterium 
incorporation could be detected by mass spectrometry. Thus it 
appears that the presence of the bulky ester group effectively 

methine proton of the R,R isomer appeared at lower field than 
that of the R,S isomer. The same order was observed for the 
stereoisomeric mixtures of 4 a  and 4b. 

While the tabulated chemical yields of products appear to 
correlate well with established concepts of reactivity, the 
stereochemical results do not. The more reactive halides 

41t is well documented that simple lithio enolates are not monomeric 
(8) and also that coordinating solvents (HMPA, etc.) at least partially 
deaggregate the clusters (9). Thus, although the models proposed 
herein are undoubtedly a simplified version of the actual structure, 
they are useful in a predictive sense. 
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TABLE 2. I3C nuclear magnetic resonance 

Compound 
no. R c -  1 c - 2  c - 3  C-4 C-5 C-6 C-7 c - 8  

H 
Me 

Bz 
CH2COOMe 

Bu 

i-Bu 

Ally1 

Methallyl 

PhSCH2 

3-Butenyl 

PhCH2CH2 

"A1 75 MHz in CDCI,. 
b ~ a l u e s  in brackels [ ] for the minor diastereomel 

(allylic, benzylic) should involve more reactant-like transition 
states and this should lead to lower stereoselectivities. A recent 
comprehensive review (1 1) is replete with such examples in 
which methyl iodide affords higher de's than benzyl bromide. 
Alkylation of glycine derivatized with 1 also shows this 
behaviour. Examination of Table 1 shows that our results with 
the camphor-derivatized glycinates are in complete conflict with 
this concept, that the reaction temperature has only a minor 
effect (compare runs 7 and 8, 9 and lo), and that the steric bulk 
of the alkylating agent does not correlate with the observed de's 
(compare runs 8 and 10). 

The common feature of the alkylating agents which give de's 
of 75% or greater is the presence of a carbon IT system 
immediately adjacent to the reacting center. Using the model 
previously mentioned, the sterically preferred transition state 
geometry for alkylation is undoubtedly that in which the 
R-group of RCH2X is oriented away from the congested 
lithiated amine (A = H, B = R, Scheme 2). However, models 

suggest that a much larger preference for attack on the pro-R face 
would result from a conformation in which the R group of the 
alkylating agent lies in an "eclipsed" arrangement with the 
lithiated imine (A = R, B = H, Scheme 2). The positive charge 
induced in the IT system by the partial breaking of the 
carbon-halogen bond could favor A. This would account for the 
apparent abnormality of the a-haloesters, since such an inter- 
action would be unfavorable. This thesis is also supported by 
comparison of the results obtained using 17 with 15 and 13 with 
16. In each case, when a favorable resonance interaction of the 

IT system with a developing charge on the carbon undergoing 
substitution would cause an electron deficiency in the IT system, 
increased diastereoselectivity is observed. 

Catalytic hydrogenation of 5i gave 5g ,  the same product 
obtained using 12 as the alkylating agent but with a significant 
increase in selectivity. Catalytic reduction of 5g gave the propyl 
compound without loss of stereochemical integrity. Also it 
should be noted that the use of a-haloalkyl phenyl sulfides 
(e.g., 15) as synthons for simple alkyl halides to achieve higher 
stereoselectivities may be generally useful in this system. 

It is noteworthy that the imine (18a) of fenchone and t-Bu 

glycinate can be prepared in an analogous manner, albeit with 
much more difficulty. In this case the stereochemistry of the 
imine is homogeneous and must be syn to the bridgehead methyl 
group (E stereochemistry). Alkylation of 18a with 7 affords the 
alkylated imine 186 as a 3:  1 mixture of diastereomers. This is 
unexpected, as models indicate that little steric difference exists 
between the two diastereofaces of the lithiated imine. 

The previously noted stability of the imine bond is illustrated 
by the observation that attempted deprotonation of 5 b  with BuLi 
led to the formation of two new products, which have been 
tentatively identified (mass spectroscopy) as 19 and 20, the 

1 9 X = Y = O  21a R = i-BU 
20 X = OH, Y = BU b R = B z  
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McINTOSH AND MISHRA 

data for alkylation products Savb 

products of addition to the t-Bu ester. No addition to the imine of methanol and stirred at 45-50°C for 20 h. The solution was 
bond was detectable. Further, LAH (lithium aluminum hydride) concentrated, diluted with ether, filtered, and the creamy solid washed 

reduction of S g  did not occur until refluxing ether was with ether. The ether solution was concentrated and chromatographed 

employed. Under these conditions, 21a was obtained from 5g '0 give 13.75 g (76%) of imine 3a,  bp 93-95"~ (0.8  TO^; 1 ~ o r r  = 

and 21b from 5 b  with little loss of stereochemical integrity 133.3 Pa); ir: 2970, 1745, 1675, 1195, 1175 cm-I; 'H nmr (60 MHz): 
4.03 (s, 2H), 3.67 (s, 3H), 2.60-0.90 (m, 7H), 0.98 (s, 3H), 0.92 1 observed (de = 48% and >98% respectively). (s, 3H), 0.77 (s, 3H); I3C nmr (22.64 MHz): 187.1, 170.7,54.1,53.7, ' From the foregoing results, it seems clear that the use of 5 1.6,47.2,43.8, 35.5,3 1 .g, 27.2, 19.3, 1 8 .g, 1 1.1. 

camphor in place of menthone or 1 subtly alters the transitions 
states for alkylation. Further investigations into the use of modi- Imine 3b 
fied camphor derivatives and other alkylating agents is required A mixture of ethyl glycinate hydrochloride (4 mmol), l b  (3 mmol), 
before more definitive conclusions regarding the transition state and DABCO (3 mmol) in 80 mL of xylene was stirred and heated at 

structure can be reached. such work is currently in progress. 145°C. Additional portions of ester and DABCO were added several 
times during the reaction. A tarry material (assumed to be polyglycine) 

Experimental formedduring the reaction. The solution was cooled, decantedfrom the 

Unless otherwise noted, infrared spectra were run as neat liquids on residue, concentrated, and chromatographed (3:2 hexane-ether) to 

either a Perkin-Elmer Model 180 instrument or on a Nicolet 5-DX ive 0.38 g (54%) of imine 3b; ir: 2970,1740,1675,1370,1180 cm-'; 

instrument in the FT mode. The five strongest peaks are reported. The 'H nmr (60 MHz): 4.14 (q, 2H, J = 7 Hz), 4.05 (s, 2H). 2.63-0.90 

nmr spectra were run on a Nicolet QE-300 instrument ('H nmr at (m, 7H), 1.23 (t, 3H, J = 7 Hz), 0.98 (s, 3H), 0.92 (s, 3H), 0.78 

300 MHz and I3c nmr at 75 MHz) or at 60 MHz ( 'H nmr) or (~,3H);'~Cnmr(22.64MHz): 187.2, 170.1, 60.5, 54.2, 53.8,47.2, 

22.64 MHz (I3c nmr) in CDC13 solution, and are referenced to internal 43.9, 35.6, 31.9, 27.4, 19.4, 18.8, 14.0, 11.1. 

TMS. The data are presented in the format: (multiplicity, number of 
hydrogens, coupling constant) and are at 300 (proton) or 75 (carbon) 
MHz unless otherwise specified. Values in brackets ( [  I) are for the 
minor diastereomer. Optical rotations were measured on a Perkin- 
Elmer model 241 polarimeter in 95% ethanol solution with c = 10 
unless noted to the contrary. Gas chromatographic analyses were 
performed using a 1.5 ft X 118 in. column packed with 5% OV-101 on 
Chromosorb W. Mass spectra were run on a Varian MAT CH-5 DF 
instrument in the field ionization (fi) mode. Solvents were removed at 
reduced pressure and the drying agent was anhydrous MgS04. Column 
chromatography utilized silica gel 60 (Merck) and 20% ether in 
petroleum ether as eluant unless otherwise specified. Satisfactory 
analyses (C, H, N) were obtained for all compounds (see Table 3). 
Microanalyses were performed by Canadian Microanalytical Services, 
Vancouver or Guelph Chemical Laboratories, Guelph, Ontario. 

Imine 3a 
Camphorthione ( l b )  (6) (13.7 g, 81 mmol), [a?; -30.4", 1.4- 

diazabicyclo[2.2.2]octane (DABCO) (10.1 g, 90 mmol), and methyl 
glycinate hydrochloride (40.2 g, 320 mmol) were dissolved in 500 mL 

Imine 3c 
tert-Butyl glycinate (12) (5.7 g, 44 mmol) and l b  (7 g, 42 mmol) 

were combined in 70 mL of toluene and refluxed for 24 h. The solution 
was cooled, concentrated, and the crude product chromatographed to 
give 9.7 g, (88%) of irnine 3c; [a?2 - 12.5'; ir: 2990, 1740, 1680, 
1365, 1145 cm-I; 'H nmr: 3.97 (ABq, 2H, J = 16Hz), 2.34-2.22 
(m, lH), 1.95-1.34 (m, SH), 1.46 (s, 9H), 1.25-1.16 (m, IH), 0.99 
(s, 3H), 0.91 (s, 3H), 0.79 (s, 3H); 13C nmr: (see Table 2). 

Imine 18a 
tert-Butyl glycinate (1.3 g ,  10 mmol) and fenchone thione (13) 

(1.7 g, 10 mmol) were combined in 70 rnL of toluene and refluxed for 4 
days. The solution was cooled, concentrated, and the crude product 
chromatographed to give 1.9 g (70%) of imine 18a; 'H nmr: 4.26 
(ABq, 2H, J = 18 Hz), 1.85- 1.35 (m, 7H), 1.47 (s, 9H), 1.23 (s, 3H), 
1.22(s, 3H), 1.18 (s, 3H); '3Cnmr: 188.0, 170.2, 80.8, 53.6, 53.1, 
50.1, 44.5, 42.3, 33.8, 28.2, 25.3, 24.6, 23.9, 17.6. 

General alkylation procedure 
LDA (8.3 mmol) was prepared at O°C in 15 mL of dry THF and then 
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TABLE 3. Elemental analyses 

Calculated (%) Found (%) 

Compound C H N C H N 

3a 69.92 9.48 6.27 69.53 9.73 6.15 
36 70.85 9.77 5.90 67.79 9.39 5.81 
3c 72.41 10.25 5.28 72.42 10.34 5.07 
4a 70.85 9.77 5.90 70.34 9.94 5.64 
46 76.64 8.68 4.47 76.39 8.75 4.96 
5a 73.07 10.46 5.01 72.94 9.89 5.49 
56 77.70 9.36 3.94 77.52 9.05 3.92 
5c 67.62 9.26 4.15 67.74 9.26 4.15 
5d 68.34 9.46 3.98 68.29 9.35 3.84 
5e 69.62 9.83 3.69 69.15 9.49 3.57 
5 f  74.72 10.97 4.36 74.89 11.10 4.45 
5g 74.72 10.97 4.36 74.11 11.10 4.28 
5h 74.71 10.23 4.59 74.79 10.33 4.45 
5 i 75.19 10.41 4.38 74.45 10.58 4.13 
5~ 71.29 8.59 3.61 70.84 8.35 3.83 
5k 75.19 10.41 4.38 75.02 10.68 4.45 
5m 77.26 9.87 3.92 76.86 9.27 3.68 

21a 76.44 11.63 5.57 76.73 11.62 5.52 

cooled to -78OC. Imine 3c (2.0 g, 7.5 mmol) in 10 mL of THF was 
added. An orange solution resulted. HMPA (8.3 mmol) was added and 
the solution was stirred at -78OC for 10-15 min and then the alkylating 
agent (8 mmol) was added. The solution was stirred at -78' to -40°C 
(see Table 1) for 1-4 h, by which time the color of the solution usually 
became yellow. The reaction was quenched with 10 mL of water and 
allowed to warm to ambient temperature. Water (10 mL) was added, 
the layers were separated, and the aqueous phase was extracted with 
ether (2 X 50 mL). The organic layers were combined, washed with 
water (3 x 20 mL), dried, concentrated, and chromatographed to give 
the products listed in Table 1. No attempt was made to separate the 
diastereomers. When the de ratio of the products was greater than ca. 
75%, the material frequently solidified. The 13C nmr data for 5 are 
given in Table 2 and the 'H nmr, infrared, and polarimetric data are 
given below. 

5a: [ a g  -27.8'; ir: 2970, 1735, 1680, 1365, 1150 cm-' ; 'H nmr: 
3.90(q, IH, J=7Hz)[3 .89(q ,  lH, J=7Hz)],2.43-2.22(m, lH), 
1.95-1.60 (m, 5H), 1.40 (s, 9H) [1.43 (s, 9H)], 1.34 (d, 3H, J = 
7 Hz) [1.33 (d, 3H, J = 7 Hz)], 0.97 (s, 3H), 0.91 (s, 3H), 0.78 
(s, 3H) [0.70 (s, 3H)l. 

56: mp 69-72°C; [ a g  +86.S0; u: 2980, 1730, 1680, 1370, 
1145 cm-'; 'H nmr: 7.5-7.15 (m, 5H), 4.00 (dd, lH, J = 4, 10 Hz), 
3.25 (dd, lH, J = 4, 13 Hz), 3.02 (dd, lH, J = 10, 13 Hz), 2.25-2.15 
(m, 2H), 1.73- 1.41 (m, 3H), 1.42 (s, 9H), 1.10-0.90 (m, 2H), 0.96 
(s, 3H), 0.84 (s, 3H), 0.72 (s, 3H). 

5c: [a?, +67S0; ir: 2970, 1735, 1680, 1365, 1145 cm-' ; 'H nmr: 
4.34(dd, lH, J=6,8Hz),3.62(~,3H)[3.60(~,3H)],2.99(dd, lH, 
J = 6, 16Hz), 2.69 (dd, lH, J = 8, 16Hz), 2.59-2.38 (m, lH), 
2.07-1.58 (m, 4H), 1.39 (s, 9H) [1.40 (s, 9H)], 1.28- 1.16 (m, 2H), 
0.92 (s, 3H), 0.91 (s, 3H), 0.82 (s, 3H) [0.73 (s, 3H)l. 

5d: mp 52-58°C; ir: 2975, 1735, 1680, 1365, 1140 cm-'; 'H nmr 
(60MHz): 4.47-4.20 (m, lH), 4.08 (q, 2H, J = 7 Hz), 3.23-1.08 
(m, 9H), 1.42 (s, 9H), 1.22 (t, 3H, J = 7 Hz), 0.93 (s, 6H), 0.82 
(s, 3H) [0.73 (s, 3H)]. 

5e: u 2975, 1730, 1680, 1365, 1140 cm-'; 'H nmr (60 MHz): 
4.47-4.13 (m, lH), 2.60-1.00 (m, 9H), 1.42 (s, 18H), 0.95 (s, 3H), 
0.92 (s, 3H), 0.83 (s, 3H) [0.75 (s, 3H)l. 

Sf: [ a g  +59.2O(c = 6); ir: 2980, 1735, 1680, 1365, 1150cm-'; 
'Hnmr:3.78(dd, lH, J =  5 ,9Hz)  [3.73(dd, lH, J =  5,9Hz)] ,  
2.43-2.25 (m, lH), 1.95-1.58 (m, 6H), 1.40 (s, 9H), 1.46-1.09 
(m, 6H), 0.97 (s, 3H), 0.91 (s, 3H), 0.88 (t, 3H, J = 7 Hz), 0.79 
(s, 3H) [0.73 (s, 3H)l. 

5g: [ a g  +52.4" (c = 8); ir: 2980, 1735, 1680, 1365, 1150 cm-'; 
'H nmr: 3.89 (dd, 1 H, J = 9,  5 Hz) [3.85 (dd, lH, J = 10, 4 Hz)], 
2.47-2.37 (m, 1 H), 1.97- 1.15 (m, 9H), 1.42 (s, 9H) [1.43 (s, 9H)], 
0.99 (s, 3H) [0.98 (s, 3H)], 0.93 (s, 3H) [0.95 (s, 3H)], 0.81 (s, 3H) 
[0.75 (s, 3H)], 0.85 (d, 6H, J = 7 Hz) [0.93 (d, 6H, J = 7 Hz)]. 

5h: [ a g  +81.2"; ir: 2970, 1735, 1680, 1365, 1150cm-'; ' ~ n m r :  
5.80-5.65(m, lH),5.11-4.92(m,2H),3.85(dd, lH,  J = 4 , 8 H z ) ,  
2.71-2.25 (m, 3H), 1.95-1.59 (m, 4H), 1.40 (s, 9H) [1.41 (s, 9H)], 
1.46-1.13 (m, 2H), 0.97 (s, 3H), 0.91 (s, 3H), 0.79 (s, 3H) [0.73 
(s, 3H)I. 

5i: [a]? +75.6"; ir: 2970, 1735, 1680, 1365, 1145 cm-'; 'H nmr: 
4.78-4.68 (m, 2H), 3.99 (dd, lH, J = 6, 4 Hz), 2.69-2.37 (m, 3H), 
2.00-1.58 (m, 7H), 1.45 (s, 9H) [1.46 (s, 9H)], 1.40-1.12 (m, 3H), 
1.00 (s, 3H), 0.94 (s, 3H), 0.82 (s, 3H) [0.73 (s, 3H)l. 

5j: (from 15a) [ a %  +71.4"; ir: 2975, 1730, 1680, 1365, 
1145 cm-' ; ' H nmr: 7.42-7.14 (m, 5H), 4.04 (dd, lH, J = 9 , 5  Hz), 
3.58 (dd, lH, J = 5, 14Hz), 3.28 (dd, lH, J = 9, 14Hz) [3.32 (dd, 
lH, J = 9, 14Hz)l, 2.37-2.19 (m, lH), 1.94-1.58 (m, 4H), 1.46 
(s, 9H) [1.47 (s, 9 ~ j ] ,  1.43-1.09 (m, 2H), 0.98 (s, 3H), 0.94(s, 3H), 
0.79 (s. 3HI. 

5k:'[al2,6 +22.7"; ir: 2970, 1735, 1680, 1365, 1150cm-'; ' H  nmr: 
5.87-5.69(m, lH),5.05-4.89(m,2H),3.79(dd, lH,  J = 9 ,  14Hz), 
2.43-2.22 (m, lH), 2.13-1.58 (m, 8H), 1.40 (s, 9H) 11.43 (s, 9H)], 
1.46-1.09 (m, 2H), 0.97 (s, 3H), 0.91 (s, 3H), 0.79 (s, 3H) [0.74 
(s, 3H)I. 

5m: [a];' + 15O";r: 2970, 1735, 1680, 1365. 1145 cm-'; 'H nmr: 
7.42-7.20 (m, 5H), 3.80 (dd, lH,  J = 5, 9Hz), 2.80-2.67 (m, lH), 
2.64-2.49 (m, lH), 2.37-2.13 (m, 4H), 2.01-1.58 (m, 4H), 1.46 
(s, 9H) [1.49 (s, 9H)], 1.31-1.16 (m, lH), 1.02 (s, 3H), 0.97 (s, 3H) 
[0.99 (s, 3H)], 0.85 (s, 3H) [0.79 (s, 3H)l. 

tert-Butyl phenylalaninate 
To a cold solution of NaOH (0.19 g, 4.6 mmol) in 50 mL of methanol 

was added hydroxylamine hydrochloride (0.32 g, 4.6 mmol) and acetic 
acid (0.28 g, 4.6 mmol). A solution of imine 56 in 20 mL of methanol 
was added and the mixture was stirred at ambient temperature for 20 h. 
The solution was concentrated, diluted with 10% hydrochloric acid, 
extracted with ether (3 X 50 mL), and the extracts were dried and 
concentrated to give 0.70 g (100%) of camphor oxime. The aqueous 
layer was basified and extracted with ether, the extracts dried and 
concentrated to give 0.416 g (45%) of tert-butyl phenylalaninate 
[a];4 - 22.4" (c = 10, EtOH) (lit. (14) [a],, - 24.8" (neat). 

When 5a, 56, or 5g was treated with LDA in the same manner used 
for the alkylation, and the reaction was quenched at -78OC with a large 
excess of either CF3COOD or D20, the isolated product showed no 
incorporation of deuterium (mass spectrum). 

Alkylation of imine 18a 
In the same manner as described above, the alkylation of irnine 18a 

was effected using 415 mg (1.6 mmol) of 18a and 0.3 g (1.7 mmol) of 
benzyl bromide. Chromatography afforded 0.49 g (84%) of imine 186; 
'Hnmr:7.25(m,SH),4.41(dd, lH,J=4,9Hz)[4,43(dd,  lH, J = 4 ,  
~ H z ) ] ,  3.27 (dd, lH, J = 4, 13 Hz) [3.24 (dd, lH, J = 4, 13 Hz)], 
3.04(dd, lH, J =  9, 13Hz)[3.03(dd, lH, J = 9 ,  13Hz)], 1.67 
(m,2H), 1.55-1.20(m, SH), 1.48 (s, 9H) [1.51 (s,9H)], 1.24(s, 3H), 
1.12 (s, 3H) L1.09 (s, 3H)], 0.58 (s, 3H) [0.61 (s, 3H)l; I3cnmr: 
171.4, 139.0 [138.9], 130.1 [130.0], 127.9 [128.0], 126.3 [126.4], 
80.7 [80.7], 65.1 [65.0], 53.0, 50.3 [49.9], 46.3 [46.2], 44.5 [44.3], 
42.3,40.5 [40.3], 33.7, 33.4, 28.1, 25.3 [25.3], 24.6 [24.3], 17.9. 

Hydride reduction of 5b and Sf 
To a solution of 56 (750 mg, 2.1 mmol) in 15 mL of dry THF was 

added 80 mg (100% excess) of LiAlH4. The suspension was stirred at 
reflux for 18 h, cooled and 25 mL of water was added cautiously. The 
aqueous layer was extracted with ether and the combined organic 
phases were dried and concentrated to give 582 mg (97%) of a gummy 
solid (216) that crystallized on standing. In the same way, but using 
ether as solvent, Sf was converted into 21a. 

21a: m 74 96°C; ir (CHCI,): 3340, 2975, 1675, 1385, 1365, P. - 1020cm- , ' ~ n m r :  3.61-3.52 (m, 2H), 3.49-3.38 (m, lH), 2.52- 
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2.18 (m, 2H), 2.07-1.11 (m, 9H), 1.00 (s, 3H), 0.97 (s, 3H), 0.91 
(d, 6H, J = 7 Hz) [O .89 (d, 6H, J = 7 Hz)], 0.79 (s ,3H) [O. 80 (s ,3H)]; 
I3C nmr: 183.6, 66.4, 60.5 [60.2], 53.9, 46.7 [46.5], 43.9, 41.3 
[41.2], 36.0 [36.2], 32.9 [32.3], 27.4 [27.5], 24.8 [24.7], 23.3 [23.2], 
22.5 [22.7], 19.5 [19.6], 18.9 [18.9], 11.6. The de ratio was the same 
as the starting ester, indicating no racernization had taken place during 
the reduction. 

21b: ir (CHC13): 3450, 2970, 1675, 1450, 1090, 1015 cm-'; 
'H nmr: 7.42-7.16 (m, 5H), 3.71 (dd, lH, J = 11, 21 Hz), 3.69 
(dd, lH, J = 11, 18 Hz), 3.61-3.49 (m, lH), 2.88 (dd, lH, J = 4, 
13 h~.>,2.72(dd,  lH, J =  9, 13Hz),2.43-2.00(m,2H), 1.82-1.40 
(m, 4H), 1.34-0.80 (m, 4H), 0.97 (s, 3H), 0.82 (s, 3H), 0.72 (s, 3H); 
I3Cnmr: 139.6, 129.9, 128.2, 126.1, 66.6, 64.3, 54.0, 46.6, 43.6, 
38.7, 36.0, 32.2, 27.1, 19.6, 18.9, 11.7. The de ratio was 100%, 
which corresponds to complete retention of optical purity. 

Catalytic reduction of 5i  
Hydrogenation of 5i  over 10% Pd/C in ethanol solution led to the 

absorption of 1.0 equiv. of hydrogen. Filtration through Celite and 
evaporation afforded a quantitative yield of 5g (mp 52-58"C), whose ir 
and nmr spectra were identical in form to those obtained from the 
alkylation of 3c. The diastereomeric excess was determined to be 76% 
from the 'H nmr, which corresponds to complete retention of optical 
purity, and the optical rotation was [afz +82.0°. 
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Synthesis and conformational analysis of 2-arylseleno-1,3-dithianes. 
Crystal and molecular structure of 2-(4-methoxyphenylse1eno)- and 

2-(4-trifluoromethylphenylseleno)-l,3-dithiane 
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B. MARIO PINTO, JESUS SANDOVAL-RAMIREZ, R. DEV SHARMA, ANTHONY C. WILLIS, and FREDERICK W. B. EINSTEIN. 
Can. J. Chem. 64, 732 (1986). 

The synthesis of 2-(4-methoxyphenylse1eno)-l,3-dithiane 3 and 2-(4-trifluoromethylphenylse1eno)-l,3-dithiane 5 from 
2-chloro-l,3-dithiane 1 and the corresponding sodium arylselenolates is described. Nuclear magnetic resonance spectroscopic 
investigation of the products indicates that the compounds exist predominantly in a conformation in which the arylseleno 
moiety adopts an axial orientation. X-ray crystallographic investigation indicates that the 1,3-dithiane ring exists in the chair 
conformation with the arylseleno moiety in the axial orientation. Compound 3 is orthorhombic, space group P212121 with 
a = 5.449(2) A, b = 9.217(2) A, c = 24.860(3) A, V = 1248.5 A3, Z = 4. The structure was refined to R = 0.038 for 689 
reflections with I > 2.3u(I). Compound 5 is monoclinic, space group C2/c, with a = 28.628(7) A, b = 5.246(2)& c = 
21.342(5) A, P = 121.12(1)", V = 2743.8 A3, Z = 8. Its structure refined to R = 0.064 for 966 reflections with I > 2.3u(I). 

B. MARIO PINTO, JESUS SANDOVAL-RAMIREZ, R. DEV SHARMA, ANTHONY C. WILLIS et FREDERICK W. B. EINSTEIN. 
Can. J. Chem. 64, 732 (1986). 

On dCcrit la synthkse du (mCthoxy-4 phCnylsC1Cno)-2 dithiane- l ,3  (3) et du (trifluoromtthyl-4 phtnylsC1Cno)-2 dithiane- l ,3  (5) 
P partir du chloro-2 dithiane-1,3 (1) et des arylsCltnolates de sodium correspondants. Une Ctude des produits par spectroscopie 
rmn indique que les composCs existent principalement dans une conformation dans laquelle la portion arylsClCno se trouve dans 
une orientation axiale. Des ttudes par diffraction des rayons-X indiquent que le cycle dithiane-1,3 existe dans une conformation 
chaise et que les groupements arylsClCno se trouvent dans une conformation axiale. Le composC 3 est orthorhombique, groupe 
d'espace P212121, avec a = 5,449(2), b = 9,217(2)et c = 24,860(3) A, V = 1248,5 A 3 e t z  = 4. Onaaffint la structurejusqu'a 
une valeur de R = 0,038 pour 689 rkflexions avec I > 2,3u(I). Le composC 5 est monoclinique, groupe d'espace C2/ c ,  avec a = 
28,628(7) A, b = 5,246(2) et c = 21,342(5) A, P = 121,12(1)0, V = 2743,8 A3 et Z = 8. On a affint la structure jusqu'i une 
valeur de R = 0,064 pour 966 rCflexions avec I > 2,3u(I). 

[Traduit par la revue] 

Introduction 
As part of a program designed to investigate the nature 

and origin of conformational effects, we have been studying 
the interaction of X and Y atoms in X-C-Y fragments. 
Our approach is experimental in nature and focusses on the 
svstematic evaluation of substituent effects on conformational 
equilibria. Although there have been many experimental (1) 
and theoretical (2) investigations of such X-C-Y anomeric 
interactions (3), these studies have generally dealt with inter- 
actions involving first- and second-row elements. For instance, 
the most recent reports by Juaristi et al. (4) and Mikolajczyk 
et al. ( 5 )  describe the nature of the interaction between the two > ,  

second-row elements, sulfur and phosphorus. A noteworthy 
exception is the investigation by Drew and Kitching (6) of the 
interaction in S-C-Y fragments, in which Y is one of the 
Group IVa elements, Si,  Ge,  Sn ,  o r  Pb. Our principal interest 
was in the conformational behaviour of compounds containing 
the more electropositive elements in Group VIa, namely, the 
third- and fourth-row elements, selenium and tellurium. To the 
best of our knowledge, there have been only two reports of 
relevance to the work undertaken here: a brief mention of 
the conformational preference in 2-methylseleno-l,3-oxathiane 
(7), and a detailed study of the conformational analysis of 
2-phenylseleno cyclohexanone (8). We now report the synthesis 
of two 2-arylseleno-l,3-dithianes, and their conformational 
properties in solution and in the solid state. 

Experimental 
Melting points were determined with a Fisher-Johns melting-point 

apparatus and are uncorrected. The ' ~ m r  (400.13 MHz) and 13Cmr 

'Authors to whom correspondence may be addressed 

(100.6 MHz) spectra were recorded on a Bruker WM400 spectrometer. 
Spectra were measured in chloroform-d. Chemical shifts are given in 
ppm downfield from TMS. Chemical shifts and coupling constants 
were obtained from first-order analyses of the nmr spectra. Assign- 
ments were confirmed by means of double irradiation experiments. 

Analytical thin-layer chromatography (tlc) was performed on pre- 
coated glass plates with Merck silica gel 60F-254 as the adsorbent 
(layer thickness 0.25 mm). The developed plates were air-dried and 
exposed to uv light. Column chromatography was performed on silica 
gel (Kieselgel 60, 230-400 mesh) at a pressure of 300-500 kPa 
according to a published procedure (9). 

Solvents were distilled before use and were dried, as necessary, 
by literature procedures. Solvents were evaporated under reduced 
pressure without heating. Reactions were performed under oxygen-free 
nitrogen in deoxygenated solvents. Transfers under nitrogen were 
effected by means of standard Schlenck tube techniques. 

2-(4-Methoxyphenylse1eno)-1,3-dithiane (3) 
Sodium borohydride (0.155 g, 4.1 rnmol) was added to a solution of 

4,4'-dimethoxydiphenyl diselenide (10) (0.763 g, 2.05 mmol) in a mix- 
ture of ether (10 mL) and ethanol (10 mL) at ambient temperature. The 
orange solution became colourless. When evolution of gas had ceased 
( 4 5  h), the solvent was removed under high vacuum to give a white 
solid. Anhydrous THF (15 mL) was added and the mixture was cooled 
to 0°C. 

A solution of 1,3-dithiane (0.56 g, 4.16 mmol) in dry benzene 
(10 mL) at 0°C was treated with N-chlorosuccinimide (0.61 g, 
4.58 mmol). The mixture was stirred at O°C for 0.5 h, then at ambient 
temperature for 15 min. The solution of 2-chloro- l,3-dithiane (1) thus 
obtained was filtered under nitrogen directly into the solution of sodium 
4-methoxyphenylselenolate, prepared as described above. The reac- 
tion mixture was stirred vigorously at O°C for 0.5 h, then at ambient 
temperature for 0.5 h. Saturated ammonium chloride solution was 
added and the mixture was extracted with dichloromethane. The 
organic phase was washed successively with saturated sodium chloride 
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solution and water, was dried over anhydrous sodium sulfate, and the 
solvent removed under reduced pressure without heating. The crude 
product (1.26 g) contained only a trace of the starting diary1 diselenide, 
as indicated by tlc. Rapid chromatography (9) on silica gel using 
hexane - ethyl acetate (955) as eluant afforded the title compound 3 as 
a white solid (0.875 g, 70%). Recrystallization from ether yielded 3 as 
white prisms; mp 74°C. Anal. calcd. for CllHI40S2Se: C 43.27, 
H 4.62; found: C 43.23, H 4.62. 

2-(4-Trijluoromethylphenylseleno)-1,3-dithiane (5) 
The title compound was prepared from 2-chloro-1,3-dithiane 1 and 

4,4'-bistrifluoromethyldiphenyl diselenide (1 l ) ,  as described for the 
preparation of 3. Compound 5 was obtained as white prisms from 
hexane; yield: 79%, mp 66°C. Anal. calcd. for CllHllF3S2Se: 
C 38.49, H 3.23; found: C 38.55, H 3.19. 

r-2-(4-Methoxyphenylseleno)-trans4-trans-6-dimethyl-I ,3-dithiane 6 
and r-2-(4-methoxyphenylseleno-cis4-cis-6-dimethyl-1,3- 
dithiane 7 

Sodium 4-methoxyphenylselenolate (0.95 mmol) was treated with 
2-chloro-cis-4,6-dimethyl-1,3-dithiane 9 (0.95 mmol) (prepared from 
cis-4,6-dimethyl-l,3-dithiane 8 (12) in analogous fashion to that 
described for the synthesis of I ) ,  as described for the preparation of 3. 
The crude product (0.31 g) was chromatographed on silica gel using 
hexane - ethyl acetate (98:2) as eluant. Compound 6 was obtained as 
white prisms from hexane (0.178 g); mp 80°C. Compound 7 was 
obtained as a syrup (0.058 g); overall yield: 74%. Anal. calcd. for 
CI3Hl8OS2Se: C 46.84, H 5.44; found: C 47.01, H 5.60. 

X-ray crystallographic analysis 
Crystals of 3 and 5 were selected [0.22 X 0.05 X 0.16 mm for 3 ;  

0.18 X 0.26 X 0.24 rnm for 51' sealed in thin-walled glass capillaries 
and mounted on an Enraf-Nonius CAD4F diffractometer employing 
graphite-crystal monochromated MoKa radiation (X(al) = 0.70930 A; 
X(a2) = 0.71359 A). Accurate cell dimensions and the orientation 
matrix were obtained by least-squares analysis of the setting angles of 
[25;23] reflections [20° < 20 < 27"; 20" < 20 < 32'1, widely 
separated in reciprocal space, which were accurately centered on the 
detector. 
Crystal data of 3 
C I I H I ~ O S ~ S ~  fw = 305.32 
Orthorhombic, P21212,,  a = 5.449(2), b = 9.217(2), c = 24.860(3)A, 
V = 1248.5 A3, Z = 4, Dc = 1.624 g cm3, p,(MoKa) = 32.69 cm-I. 

Crystal data of 5 
CllHllF3S2Se fw = 343.30 

Monoclinic, C2/c, a = 28.628(7), b = 5.246(2), c = 21.342(5) A, 
p = 121.12(1)", V = 2743.8 A3, Z = 8, Dc = 1.662 g ~ m - ~ ,  
p,(MoKa) = 30.10 cm-I. 

The intensities of unique data sets [hkl; hkl and hkl] were collected 
for 20 < 45" using o-20 scans with scan widths of ([0.71; 1.001 + 
0.35 tan 0)" in o and scan rates [3.29-0.66; 5.48-0.821' min-I in o .  
Background counts were determined by extending the scans by 25% on 
each side. A total of [987; 17981 reflections were measured of which 
[689;966] with I > 2.3u(I) were regarded as observed and used in 
structure solution and refinement. Two standards were measured at 
intervals of [90;60] min of X-ray exposure time. For 3 the standards 
varied from their mean < +2% and showed no systematic trends, so 
no scaling was applied, but in 5 the standards showed a systematic 
decrease in intensity of about 18% over the duration of the data 
collection, so a five-point smoothed curve was fitted to the standards 
and all reflection intensities were scaled by this curve. An analytic 
absorption correction (13) was applied to the data of 3 (T = 0.64-0.84) 
and an empirical absorption correction (14) based on q-scans was 
applied to 5 (range 1.00-0.92). 

Both structures were solved by conventional heavy-atom methods. 
Successive refinement and difference electron density maps led to the 
location of all non-H atoms, wh~ch were refined initially with 
individual isotropic temperature factors and then anisotropically. 

2Within this section, the values within square brackets are for 3 and 
5, respectively. 

Non-methyl H atoms were positioned geometrically and assigned 
isotropic temperature factors derived from those of the C atoms to 
which they were attached; they were included in structure factor 
calculations but their parameters were not refined. 

As its space group is polar, refinement of 3 was also performed with 
its atomic coordinates transformed by (1 - x ,  1 - y, 1 - z). The R value 
decreased from 0.058 to 0.049, establishing the latter as the correct 
hand of the molecule in this particular crystal, and so the transformed 
coordinates were used for allsubsequent refinement. A difference map 
revealed two of the methyl H atoms and the other was calculated 
geometrically. These atoms were added to the model with fixed 
parameters. The least-squares refinement was continued until all 
shiftlerror ratios were <0.01. All features in a final difference map 
were of magnitude <0.41(3) e Ap3. Final R = 0.038, R, = 0.034 for 
136 variables. 

The structure of 5 was less well behaved. A difference map showed 
large peaks between the F atoms, suggesting that the CF3 group was 
rotationally disordered about the C(8)-C(11) bond. A model was set 
up with three F atoms of occupancy ga t  the original positions and three 
of occupancy (1 - g )  between them; g was initially set at 0.55. In view 
of the instability of the refinement of these atoms, the "soft" constraints 
C(8)-F = 1.33(1) 8, and F ... F = 2.17(1) A within each group of 
three F atoms were applied within the least-squares refinement (15) 
and only one isotropic thermal parameter was assigned to all F atoms. 
Occupancy g refined to ca. 0.80, so F(1)-F(3) were next refined with 
individual isotropic temperature factors and, finally, individual aniso- 
tropic temperature factors. In addition, the H atom coordinates were 
recalculated and linked to ride on their respective C atoms. Refinement 
was continued until shiftlerror ratios were <0.4 for F atoms, <0.03 
for non-F. A difference map showed no outstanding features (all peaks 
c0.51 e k 3 ) .  Final R = 0.064, R, = 0.058 for 165 parameters. 

Refinement of both structures was by full-matrix least squares 
minimizing the function 1 w(1 F,I -  IF,))^. The wei hts were initially 
unity but in the later cycles w = [(U(F,))~ + p(Fo)B]-l where u(Fo) 
was derived from the counting statistics and p = 0.0003 for 3 and 
0.0004 for 5. Neutral-atom scattering factors with anomalous disper- 
sion corrections were used (16). Computer programs (17-19) were run 
on a VAX 11-750 computer. 

Final atomic coordinates for non-H atoms are listed in Table 1 and 
selected bond lengths and angles in Table 2. Figures 1 and 2 show the 
molecular structure of 3 and 5, respectively, with the atom labelling 
scheme. H atoms coordinates, anisotropic temperature factors, addi- 
tional interatomic distances and angles, selected least-squares planes, 
torsion angles, and structure factor listings are dep~s i ted .~  

Results and discussion 
Synthesis 

Initially, we envisaged the synthesis of the desired 2-aryl- 
seleno-l,3-dithianes by reaction of the anion of 1,3-dithiane 
(generated from 1,3-dithiane and butyl lithium, in THF) with 
the diselenides or their corresponding selenenyl halides. How- 
ever, under these conditions the desired compounds were 
formed in low yield, large amounts of the diselenides being 
recovered after processing. This was in spite of the fact that 
initial discoloration of the solution of the selenium reagent 
was observed, indicating consumption of the reagent. This 
behaviour likely results from attack of the generated selenolate 
or halide ion at selenium in the 2-arylseleno-1,3-dithianes to 
regenerate the dithiane anion and the selenium reagent. We 
turned, therefore, to the reaction of the selenolate anions 
with 2-chloro-l,3-dithiane (1). Thus, reaction of 2-chloro-1,3- 
dithiane 1 (generated by N-chlorosuccinimide oxidation of 
1,3-dithiane (20)) with sodium 4-methoxyphenyl selenolate 2 
(obtained by sodium borohydride reductionof 4i4'-dimethoxy- 

3~ complete set of data may be purchased from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA OS2. 
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TABLE I .  Fractional atomic coordinates and Be," of the non-hydrogen 
atoms 

2-(4-Methoxypheny1seleno)- 1,3-dithiane, 3 
Atom x Y z Be, 

TABLE 2. Selected interatomic distances and angles for 
2-(4-methoxyphenylseleno)- 1,3-dithiane, 3, and 2-(4-tri- 

fluoromethy1phenylseleno)-1,3-dithiane, 5 

Distance (A) 

- - - - - -  

2-(4-Trifluoromethylphenylseleno)- 1,3-dithiane, 5 
Atom x Y z Be, 

- 

"Be, = 8.rr2(U1 + U2 + U3)/3, where U. (in A2) are the principal axes of 
the thermal ellipsoid. 

bOn account of the constrained refinement of C(11) and the F atoms, the 
esd's of these atoms are probably underestimated. 

'Occupancy 0.68. The esd in the occupancy parameter is 0.03. 
dOccupancy 0.32. 
'Isotropic. One parameter was used for F(4), F(5), and F(6): B = 9.6(10). 

diphenyl diselenide (10)) in a mixture of benzene and tetra- 
hydrofuran at O°C proceeded smoothly to give 2-(4-methoxy- 
phenylse1eno)-l,3-dithiane 3 in 70% yield (see Scheme 1). It 
was imperative that 3 be obtained in a pure state fairly rapidly to 
avoid significant decomposition. This was effected by means 

Bond 3 5 

Angle ("C) 

Bonds 

- - 

Conformational analysis 
The conformational equilibrium of interest is shown in Fig. 3. 

The conformational analysis of these systems was effected by 
means of nmr spectroscopy. Thus, the 'Hmr spectra (400 MHz) 
of the conformationally-averaged systems in deuteriochloro- 
form at ambient temperature were carefully analyzed. The H-2, 

of rapidcolumn chromatography on silica gel (9) followed by 
crystallization of the homogeneous product. Similar treatment ~ ~ 7 :  N O S ~ ~ R  C~H~/THF,O 'C  c;fse*R of sodium 4-trifluoromethylphenyl selenolate 4 (obtained by 
sodium borohydride reduction of 4,4'-bistrifluoromethyldi- 

1 2 R z O M e  3 : R - O M e ,  70% 
phenyl diselenide (1 1)) with 2-chloro-1,3-dithiane 1 afforded, 

4 :  R=CF3 5 .R=CF3  , 79% after processing as described above, 2-(4-trifluoromethylphenyl- 
se1eno)-1,3-dithiane 5 in 79% yield (see Scheme 1). SCHEME 1 
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PINTO 

FIG. 1. SNOOPI diagram of 2-(4-methoxyphenylse1eno)- 1,3 -di- 
thiane, 3. Thermal ellipsoids enclose 50% probabilities and hydrogen 
atoms have been deleted. 

FIG. 2. SNOOPI diagram of 2-(4-trifluoromethylphenylseleno)- 
1,3-dithiane, 5. Hydrogen atoms and the minor orientation of the 
disordered CF3 group have been deleted. 50% probability ellipsoids are 
shown. 

3 R =  OMe 

FIG. 3. Conformational equilibrium in 2-arylseleno- l,3-dithianes. 

H-4,6 axial, and H-4,6 equatorial signals appeared as distinct 
multiplets in the spectra of 3 and 5 ,  whereas partially overlapped 
multiplets were observed for the H-5 axial and H-5 equatorial 
signals (see, for example, Fig. 4); these were readily assigned 
on the basis of their vicinal coupling constants and the 
assignments were confirmed by means of spin-decoupling 
experiments. Analysis of the spectra yielded the chemical shifts 
and coupling constants listed in Table 3. The salient features of 
the spectra are (1) the chemical-shift differences observed for 
H-4,6 axial and equatorial proton signals, AS(ax/eq) (0.54 ppm 
and 0.56ppm in the spectra of 3 and 5,  respectively); (2) the 
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appearance of the H-2 signals as broad singlets; and (3) the 
presence of significant long-range 4 ~ 2 , 4 e  and 5 ~ 2 , 5 e  couplings 
(see Table 3). The deshielding effect of an axial substituent at 
C-2 of 1,3-dithianes and 1,3,5-trithianes on H-4,6ax relative to 
H-4,6eq is well documented (4, 5,  2 1). Larger values of 
A6(ax/eq) (H-4,6) have been noted for 2-diphenylphosphoryl- 
1,3-dithiane (1.2 ppm) (4)), 2-dimethoxyphosphoryl- 1,3,5- 
trithiane (1.63 ppm (5) ), and 2-phenylthio- l,3,5-trithiane 
(1.07 ppm (21)), which have been shown to exist predominantly 
in the conformation in which the 2-substituent adopts the axial 
orientation. Nonetheless, it would appear that the axial con- 
former is present to a significant extent in the equilibrium 
mixture of both 3 and 5,  since A6(ax/eq) (H-4,6) in 2-tert- 
butyl- 1,3-dithiane is reported to be only 0.09 ppm (4). 

The appearance of the H-2 signals in the spectra of 3 and 5 as 
broad singlets (WIl2 = 2.8 Hz) can be attributed principally to 
long-range four- and five-bond couplings to H-4e and H-5e, 
respectively. Thus, irradiation of the H-2 resonances resulted in 
loss of 4J2,4, (0.8 HZ in 3 and 1 .O Hz in 5)  and 5 ~ 2 , 5 e  (0.8 HZ in 3 
and 1.0 Hz in 5 )  in the signals corresponding to H-4e and H-5e, 
respectively. These results auger well for the predominantly 
axial orientation of the arylseleno moiety in the preferred 
conformations of 3 and 5,  since this orientation would permit 
significant long-range coupling between H-2e and H-4e and 
between H-2e and H-5e. The corresponding couplings to H-2a 
are known to be much smaller (6, 12, 22, 23). 

The conformational preference was confirmed, for the p- 
methoxy derivative 3, by synthesis of the corresponding anan- 
comeric derivatives 6 and 7 (prepared from cis-4,6-dimethyl- 
1,3-dithiane 8 (12) in analogous fashion to that described for the 
synthesis of 3 and 5) and by comparison of their spectroscopic 
properties with those of 3. Thus, for example, the H-4a,6a 
resonance in the 'Hrnr spectrum of the axial isomer 6 resonates 
at lower field than that in the corresponding spectrum of 
the equatorial isomer 7, in accord with the aforementioned 
deshielding effect of axial C-2 substituents. The chemical shift 
difference for H-4a,6a in 6 and 7 (0.53ppm) compares 

favourably with that observed for A6(ax/eq) (H-4,6) in 3 and 5. 
That H-2a resonates at higher field than H-2e (A6 = 0.41 ppm) 
is also in accord with previous results (21) in 2-phenylthio 
thianes and 1,3,5-trithianes but not with the data on the 
unsubstituted compounds (12, 24). Interestingly, the H-2e 
resonance in the spectrum of 6 appears as a broad singlet (W1 f 2  

= 2.5 Hz), whereas H-2a in the spectrum of 7 appears as a sharp 
singlet (Wl f 2  = 0.9 HZ) showing selenium satellites (1~77Se,H-2a 
= 12.3 Hz). Furthermore, the H-5e signal in the former 
spectrum displays long-range coupling to H-2e (confirmed by 
decoupling), whereas the corresponding signal in the latter 
spectrum shows little or no such coupling (see Fig. 5). The 
assignment of axial and equatorial orientations of the arylseleno 
substituent was further corroborated by the 13crnr data for 6 and 
7 (see Table 4). Thus, C-4 and C-6 in the axial isomer 6 exhibit a 
shielding of 7.2ppm relative to those in the equatorial isomer, 
owing to the y-gauche effect (25). 

It is clear, then, that the 2-arylseleno- l,3-dithianes 3 and 5 in 
solution exist predominantly in the conformation in which the 
arylseleno moiety adopts an axial orientation. 
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FIG. 4. Partial 'Hmr spectrum of 2-(4-methoxyphenylseleno)-l,3-dithiane 3 recorded in deuteriochloroforrn at 400 MHz; top trace: with 
irradiation at v(H-2). 

TABLE 3. 'H magnetic resonance spectroscopic data for 2-arylseleno- l,3-dithianes 

Chemical shift (6)' 
Coupling 

Compound H-2 H-4a,6a H-4e,6e H-5a H-5e Ph 0CH3 CH3 constant ( H Z ) ~  

"Chemical shifts in ppm downfield from TMS in chloroform-d. 
bCoupling constants represent measured spacings and are not calculated values 

X-ray crystallographic studies oriented to produce a staggered conformation of atoms about the 
In both structures, the 1,3-dithiane ring is in a chair Se-C(l) bond with S(1)-C(1)-Se-C(5) torsion angles of 

conformation with the arylseleno moiety in the axial orienta- -176" for 3 and -175" for 5. Steric effects derived from 
tion. Atoms S(l), C(2), C(4), and S(2) form a plane at an angle this orientation lead to the angles Se-C(1)-S(2) being greater 
of 58" to the plane C(l), S(1), S(2) and 55" to the plane C(2), than Se-C(1)-S(l) in both compounds (1 16.0(5)" cf. 107.9(4)" 
C(3), C(4) in 3; in 5 these values are both 56". The aryl group is for 3; 1 16.0(6)" cf. 107.5(6)" for 5). 
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FIG. 5. Partial 'Hmr spectra of r-2-(4-methoxyphenylseleno)-trans-4-trans-6-dimethyl-1,3-dithiane 6 and r-2-(4-methoxyphenylse1eno)-cis- 
4-cis-6-dimethyl-l,3-dithiane 7 recorded in deuteriochlorofonn at 400 HMz. 

TABLE 4. I3c magnetic resonance chemical-shift data" for 2-arylseleno-l,3-dithianes 

Carbon 

Compound C-2 C-4,6 C-5 Ph 0CH3 CH3 CF3 

"In ppm downfield from TMS in chloroform-d. 

The axial disposition of the arylseleno group is consistent 
with expectations based on the anomeric effect (1-3). The 
expression of this effect would also be expected to influence 
structural features within the molecules. Within the framework 
of Perturbational Molecular Orbital (PMO) theory, increasing 
electronegativity of a substituent atom leads to a lowering of the 
energies of molecular orbitals associated with that atom (see for 
example ref. 26). Thus, the uikCPse orbital will be of lower 

energy in the p-trifluoromethyl derivative 5 than in the p- 
methoxy derivative 3 and it follows (27) that the ns-u*c-se 
orbital interaction would be more important in the former 
compound. These arguments predict a smaller value for the 
angle C(1)-Se-C(5), a shorter Se-C(l) bond, and longer 
C(1)-S(1) and C(1)-S(2) bonds in 3 than in 5. Unfortunate- 
ly, these structure determinations are not sufficiently precise to 
confirm these predictions. 
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Conclusions consequences. ACS Symp. Ser. No. 87, American Chemical 
Society, Washington, D.C. 1979; A. J .  KIRBY. The Anomeric The axial conformational preference of the arylseleno moiety effect and related stereoelectronic effects at oxygen. Springer 

in the 2-arylseleno-1,3-dithianes 3 and 5 both in solution and Verlag, Berlin. 1983. 
in the solid state constitute support for the anomeric effect 4. E. JUARISTI, L. VALLE, C. MORA-UZETA, B. A. VALENZUELA, 
operating in S-C-Se fragments. The  quantitation of this P. JOSEPH-NATHAN, and M. F. FREDRICH. J. Org. Chem. 47, 
conformational effect in these and related compounds by means 5038 (1982): E. JUARISTI, B. A. VALENZUELA, L. VALLE, and A. 
of low temperature nmr spectroscopy is in progress -and the 
results will be  reported elsewhere (for a preliminary account, 
see ref. 28). 
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F. BRISSE, D. THORAVAL, and T. H. CHAN. Can. J. Chem. 64, 739 (1986). 
The crystal structure of the en01 silyl ether compound, C28H33N03Si, 1, has been established by direct methods and refined to a 

final R value of 0.053 for 1825 observed reflections. The crystals belong to the monoclinic system, a = 8.683(5), b = 12.689(5), 
c = 24.585(11)A, P = 105.33(4)", and the space group is P2, /c .  The C(sp2)-c(sp2) bond distance is normal but the 
Si(1)-O(1)-C(1) angle with a value of 132.5(4)" is larger than usual. This is attributed to an interaction between Si(1) andO(2) 
of the N-acetate group, d(Si .. .O) = 3.320(4) A. There is a distortion of the tetrahedral coordination around the silicon atom 
since the bond angles involving Si vary from 102.8(4) to 1 12.6(5)'. All three phenyl rings and the N-acetate group are planar. The 
two phenyls at C(3) are inclined by 4, = 66.5, 42 = 58.7" with respect to the ethylenic group constituted of the two C(sp2) atoms 
and their four substituents. The molecules are held in the crystal by van der Waals forces only. 

F. BRISSE, D. THORAVAL et T. H. CHAN. Can. J.  Chem. 64,739 (1986). 
La structure cristalline de I'tther enolique silylC, C28H33N03Si, 1, a etC dCterminCe par des mCthodes directes et affinCe 

jusqu'i la valeur R finale de 0,053 pour 1825 rkflexions observtes. La maille monoclinique a pour dimension, a = 8,683(5), 
b = 12,689(5), c = 24,585(11) A, P = 105,33(4)" et le groupe spatial est P2,/c. La longueur de la liaison ~ ( s p ~ ) - ~ ( s p ~ )  est 
normale, par contre I'angle Si(1)-O(1)-C(1) avec une valeur de 132,5(4)" est plus ouvert que d'habitude. Ceci est attribut i 
une interaction entre Si(1) et O(2) du groupe N-acCtate, d(Si . . . 0 )  = 3,320(4) A. Les angles de valence autour de I'atome Si 
varient de 102,8(4) i 112,6(5)" reflCtant ainsi la distortion de la coordination tCtraCdrique de cet atome. Les atomes de chacun des 
trois groupes phtnyles ainsi que du groupe N-acCtate sont coplanaires. Les deux phtnyles fixes en C(3) sont inclinks de = 66,5 
et 42 = 58,7O par rapport au plan CthylCnique constituC des deux atomes c(sp2) et de leurs quatre substituants. La cohtsion 
moltculaire n'est assurCe que par des forces de van der Waals. 

Introduction 
The chemistry of  en01 silyl ethers has undergone dramatic 

development since their first introduction into organic synthesis 
(1-4). En01 silyl ethers now rival enolate anions in importance. 
Reactions equivalent to aldol (3, Michael (6), Claisen (7), 
and Stobbe (8) can all be performed with en01 silyl ethers. 
Compared to enolate anions, en01 silyl ethers have several 
characteristic features which render them particularly useful. 
Whereas enolates are ionic compounds, en01 silyl ethers are 
covalent molecules. For this reason, en01 silyl ethers are in 
general less "reactive" than the corresponding enolates. In terms 
of experimental convenience, enolates are usually generated 
and used in situ, whereas en01 silyl ethers can often be  purified 
and stored for a finite period. Another important difference is 
that. whereas enolate anions are basic in character. en01 silvl 
ethers are neutral molecules. Reactions of en01 silyi ethers can 
be conducted under either neutral o r  acidic conditions, thus 
complementing the basic nature of enolate anion chemistry (8). 
Finally, it is possible to prepare bis- (10) or ms-en01 silyl 
ethers' whereas generation of the corresponding enolate di- o r  
trianions would be difficult. By using en01 silyl ethers, one can 
extend the polyanion chemistry without many of the inherent 
difficulties. 

In spite of the many reactions unravelled for en01 silyl ethers 
and their growing popularity in organic synthesis, there is 
essentially no structural information regarding en01 silyl ethers 
and few mechanistic studies o n  their reactions (1 1). As part 
of our overall interest in en01 silyl ether chemistry, we have 
undertaken the first X-ray crystal structure study of an en01 
silyl ether. The compound under investigation is the t-butyl- 

IT. H. Chan and D. Stossel. Private communication. 

dimethylsilyl ether (1) of the en01 derived from a carbamate. 
Compound 1 was prepared according to the following reaction: 

1 

Methyl N- t-butyldimethylsilyl-N-phenylcarbamate (2) was first 
prepared from the silylation of the anion derived from methyl 
N-phenylcarbamate. Reaction of 2 with diphenylketene gave 
the en01 silyl ether 1. The reaction of  N-silylamides with ketenes 
is the subject of a general study by us and will be  reported 
~ e p a r a t e l y . ~  

Experimental 
Methyl N-phenyl-N-t-butyldimethylsilylcarbamate (2) 

To a suspension of sodium hydride (50% in mineral oil, washed with 
dry hexane) in tetrahydrofuran at O°C, methyl N-phenylcarbamate 
(10 mmol) was added. After hydrogen evolution had ceased, the 

2T. H. Chan and D. Thoraval. Private communication. 
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TABLE 1. Crystal data and summary of data collection and structure refinement 

Crystal 
C28H33N03Si mw = 459.666 
Crystal system: monoclinic Space group: P2, / c  
a = 8.683(5), b = 12.689(5), c = 24.585(11) A, p = 105.33(4)", 
V=2612.5A3,  dc=1.168gcm-3 ,  Z = 4 ,  F(000)=984,  
A(MoK&) = 0.71069 A, p,(MoKa) = 1.12 cm-', T = 22°C 
Crystal size: 0.12 x 0.20 X 0.36 mm 

Data collection 
0-20 scan, scan width Aw = (1.0 + 0.35 tan 0)" 
Collection limits: 20 S 45", 0 S h s 9, 0 s k s 13, -26 s 1 == 26 
Fluctuations of the three standard reflections: 2.2, 2.3, 1.5% 
Number of reflections measured = 3410 
Number of reflections accepted = 1825 
Acceptance threshold, I 2  1.96 u( I )  

Structure rejnement 
R = C I I F 0 ( -  (FcII /CIFoI=O.053,  wR = [ C W A F ~ / C W F ; ] ~ / ~  = 0.051 
S = [CwAF2/(m - n ) ~ ' ~ ~  = 0.73 
Average A/u  = 0.20, maximum A/u  = 0.72 
Residual electron density -0.25, 0.17 e A-3 

mixture was cooled to -78°C and treated with a THF solution of 
t-butyldimethylchlorosilane. The mixture was then warmed slowly 
to room temperature and stirred overnight. The solvent was then 
evaporated in vacuo and the residue treated with hexane. The mixture 
was filtered under N2 and the filtrate was evaporated to dryness. The 
residual oil was purified by distillation to give 2 in 86% yield, bp 
94-96°C (1.0 mmHg (1 mmHg = 133.3 Pa)); ir(neat)v: 1700, 
1590, 1485, 1435, 1310, 1250, 1085, 960, 930, 885 cm-'; 'H  nmr 
(CDC13)S: 0.05 (s, 6H), 1 .O1 (s, 9H), 3.6 (s, 3H), 6.9-7.3 (m, 5H); 
29Si nmr (CDC13)S: 5.53 ppm. 

Methyl N-phenyl-N-(2,2-diphenyl-l-t-butyldimethylsiloxy)-vinyl- 
carbamate (1) 

To a stirred solution of 2 (200 mg) in ether (10 mL) at 0°C was added 
diphenylketene (1 equiv.) dropwise. The reaction can be followed by 
the disappearance of the orange colour of diphenylketene. At the end of 
the reaction (-20 h), the solvent was evaporated in vacuo and the 
residue was purified by flash chromatography (5% ether in hexane) to 
give 1 as a colorless oil in 85% yield. The pure 1 could be crystallized 
from hexane slowly to give crystals for X-ray analysis; ir(neat)v: 
1725, 1640, 1600, 1495, 1440, 1320, 1245, 1095, 835 cm-'; 'H nmr 
(CDC13)S: 0.1 (s, 6H), 0.86 (s, 9H), 3.8 (s, 3H), 7.1-7.4 (m, 15H); 
ms mle: 459 (M'). 

X-ray analysis of 1 
The unit-cell dimensions were obtained, from a single crystal 

mounted on a Nonius CAD4 diffractometer, by least-squares fit to the 
angular settings of 25 centered reflections in the range 13 S 20 S 28". 
The systematic absences of the type OkO, k f 2n and h01, 1 f 2n 
uniquely determine the P2, / c  space group. The crystal data of interest 
are presented in Table 1. Intensity data for both hkl and hkl octants 
were collected up to 20,, = 45" using MoK& radiation and a graphite 
monochromator. The data were corrected for Lorentz and polarization 
factors and reduced to structure factors in the usual manner.3 The 
absorption coefficient for the MoKa radiation being small, no 
absorption correction was applied to the intensity data. The structure 
was solved by direct methods using the MULTAN set of programs. 
Most non-hydrogen atoms were revealed on the first E-map except for 
the tert-butyl group which was only found after a few refinement cycles 

3 ~ h e  programs used here are modified versions of NRC-2, data 
reduction, NRC-10, bond distances and angles, and NRC-22, mean 
planes (12), FORDAP, Fourier and Patterson maps (A. Zalkin), 
MULTAN, multisolution program (1 3), NUCLS, least-squares refine- 
ment (14), and ORTEP, stereodrawings (15). 

followed by a difference Fourier synthesis. In the block-diagonal 
least-squares refinement, all non-hydrogen atoms were treated aniso- 
tropically. Then, another difference Fourier synthesis revealed all hydro- 
gen atoms except those on the methyl groups. They appeared following 
a few more refinement cycles. The H atoms were refined with isotropic 
temperature factors. The function minimized was CwllF,( - lFCll2. 
The scattering factors were taken from Cromer and Mann (16) for Si, 
0 ,  N, and C and from Stewart et al. (17) for H atoms. The real and 
imaginary parts of the anomalous dispersion of Si were taken from 
Cromer and Liberrnan (1 8). 

Results and discussion 
The final atomic coordinates4 for 1 (C28H33N03Si) are given 

in Table 2. A schematic of the atomic numbering adopted here is 
shown in Fig. 1. A stereopair showing the molecular conforma- 
tion is shown in Fig. 2 while the bond distances, the bond 
angles, and the torsion angles are listed in Tables 3 and 4, 
respectively. 

The en01 silyl ether double bond 
The C(1)-C(3) double bond, 1.346(8) A long, is not 

significantly longer than that reported for unsubstitutec ethyl- 
ene. Values of 1.337(3), 1.339(2), and 1.333(2) A were 
obtained by infrared spectroscopy (19), Raman spectroscopy 
(20), and electron diffraction in the gas phase (21), respectively. 
A more recent study (22) of the structure of C2H4 byQ)(-ray 
diffraction at 85 K gives a C=C distance of 1.314(6) A. The 
value measured here is, however, very close to that reported for 
a symmetrically substituted ethylene. In 1,l -bi?(p-ethoxy- 
pheny1)ethylene (23) the C=C bond is 1.342(3) A long. The 
sum of the angles around C(1) and C(3) are 359.7 and 360.0" 
respectively, as expected for the sp2 hybridization of these 
atoms. Both the C(21)-C(3)-C(31) and O(1)-C(1)-N(1) 
angles have values significantly lower than 120". This is also 
observed in ethylene (19-22) where the H-C-H angle is 
found between 1 15.5(6) and 1 17.6(5)". 

4Tables of mean planes, anisotropic temperature factors, hydrogen 
atom coordinates, and lists of observed and calculated structure factors 
have been deposited and may be purchased from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA 0S2. 
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BRISSE ET AL. 741 

TABLE 2. Final atomic coordinates and their esd ( X  lo4) and U,, 
( A ~ ,  x 104) 

Atom X Y Z ue, 

nil41 

FIG. 1. Atomic numbering. 

FIG. 2. Stereopair showing the molecular conformation of C28H33N03Si. 

FIG. 3. Projection of the molecule along C(1)-C(3). 

In the spectroscopic and electron diffraction studies, the 
C2H4 molecule was assumed to be planar and highly symmetri- 
cal. One finds here that there is a slight twist around the 
ethylenic bond. It is measured by the angle between the planes 
C(1), C(3), N(1), O(1) and C(l) ,  C(3), C(21), C(31) and has a 
value of 4.2". This distortion is also confirmed by a mean plane 
calculation. The atoms of the ethylenic bond and its four 
substituents are displaced by 5-20u from their least-squares 
plane. This is not unusual for substituted ethylenes. It also 
suggests that the siloxy substituent does not confer unusual 
structural features on the double bond. 

The phenyl groups 
The atoms of each of the three phenyl groups are coplanar. 

However, the atoms C(3) and N(l) to which they are bonded 
significantly deviate from their corresponding phenyl planes. A 
view of the molecule, projected along the C(l)=C(3) bond 
(Fig. 3) reveals clearly the relative orientations of the three 
phenyl rings. The phenyl rings 1 and 2 are twisted around the 
C(11)-N(l) and the C(21)-C(3) bonds respectively in such a 
way that they are almost parallel to one another. At the same 
time, they are displayed laterally so that there is no overlap. The 
atoms constituting the phenyl rings 2 and 3, both attached at 
C(3), are in planes nearly perpendicular to one another. The 
relative orientation of the phenyl ring is described in a more 
quantitative manner using the conformational angles defined by 
Shields et al. (24). The dihedral angle between a phenyl plane 
and the group of atoms formed by C(l) ,  C(3), C(21), C(3 1) is +, 
while the dihedral angle between the two phenyls on C(3) is 6. 
Here +, is 66.5" and +2 is 58.7" for the two phenyl groups at 
C(3) and 61 = 80.8". These values compare well with = 
51.4,+2 = 54.5,and6 = 81 .6"0r+~  = 7 8 . 7 , ~ $ ~  = 45.4,and 
6 = 80.2" for the two molecules of 1,l-dichloro-2,2-bis(p- 
chloropheny1)ethylene (24). These conformational angles take 
the values of + I  = +2 = 47.8 and 6 = 82.9" for 1, l-dichloro- 
2,2-bis(p-methoxypheny1)ethylene (23). 
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TABLE 3. Bond distances ( A )  and angles (") and their esd 

Bond Distance Bond Distance Bond Distance 

Bonds 

Si(1)-O(1)-C(1) 
O(1)-C(1)-C(3) 
O(1)-C(1)-N(1) 
N(1)-C(1)-C(3) 
C(1)-C(3)-C(21) 
C(1)-C(3)-C(3 1) 
C(21)-C(3)-C(3 1) 

Angle 

132.5(4) 
121.6(5) 
114.8(4) 
123.2(5) 
118.2(5) 
123.6(5) 
118.2(5) 

Bonds Angle Bonds Angle 

TABLE 4. Torsion angles (") of interest. The estimated errors are of the order of 0.8-1 .OO 

Angles Value Angles Value 

The N-acetate group of atoms (N(l), 0(2), 0(3), C(2), 
C(10)) is nearly coplanar. Its orientation and that of the phenyl 
group at N(1) are described by the dihedral angles +3 and +4 

they make with the plane constituted of 0(2), N(l), C(1), C(2), 
C(11). In this case one finds +3 = 11.4, +4 = 43.4" while E2, 
the angle between the N-acetate and the phenyl plane is 54.0". 

The t-butyl silyl group 
The bond distances and angles in this group of atoms 

compare well with their homologs in a penam (4-thia-1-azabi- 

cyclo[3.2.0]haptan-7-one) derivative; 3. In particular the bond 
angles show the same deformation of the tetrahedral coordina- 
tion around Si. The smallest bond angle, O(1)-Si(1)-C(6) = 
102.8(4)" and the largest, C(4)-Si(1)-C(5) = 1 12.6(5)" are 
found to be also the extreme values for the corresponding 
angles, 103.6(5)" and 1 12.6(6)", respectively, in 3. One has to 
note the particularly wide angle at 0(1), C(1)-O(1)-Si(1) = 

5 ~ .  Bedeschi, F. BClanger-GariCpy, S. Hanessian, and F. Brisse. 
Acta Cryst. Submitted. 
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3 
PNB = para-nitrobenzoate 

132.4(4)". The corresponding value in 3 is only 127.6(6)". This 
is attributed to repulsions between O(2) and Si and its two 
methyl groups. The distances O(2) ... Si, O(2) ... C(4), and 
O(2) . . . C(5) are among the shortest6 in the molecule with 
values of 3.320(4), 3.197(8), and 3.38 l(8) A ,  respectively. 
There are no short contacts between either C(4) or C(5) and any 
atom of the phenyl group 3. 

Another interesting observation is the torsion angle for 
C(3)-C(1)-O(1)-Si(1) of 101.4(8)". This places the O(1)- 
Si(1) bond in an orientation nearly parallel to t hep  orbitals of the 
C(1)-C(3) .rr bond suggesting the possibility of u + T 
overlap. 

ADDENDUM: Since the submission of our manuscript, a paper by 
Seebach et al. describing the structure of a number of lithium 
ester enolates (4-6) by X-ray diffraction has appeared (26). 

0-t-Bu 0-t-Bu t-Bu '+ H /+OM' 

OLi . TMEDA OLi . TMEDA OLi . THF 

Because of the complementary nature of the reactivities of 
enolates and en01 silyl ethers, it is of interest to contrast the 
structures of these compounds. The first obvious difference is 
that in all lithium enolates, the crystalline compounds are either 
dimeric or tetrameric even with solvent of coordination. In the 
case of en01 silyl ether 1, the compound is monomeric. In spite 
of this difference, the C=C double bond length in 4-6 falls in 
between 1.350 and 1.341 A ,  a value remarkably close to the 
double bond length in 1 (1.346 A). The C-0 bond length of the 
siloxy oxygen in 1 (1.372 A) is in between the C-0 bond 
length of the en01 ether oxygen (1.379-1.419A) and of the 
enolate (1.304-1.3 14 A). The siloxy C-0 bond is, thus, more 
similar to the en01 ether C-0 bond. In their paper, Seebach et 
al. further argued that there is a correlation between bond length 
differences b - d and bond angle difference cd - bc (scheme 1) 

Nu 

SCHEME 1 
and this can be used to map the breakdown of the ester enolate 
into ketene and an alcoholate: Whether such an approach is valid 
and can be applied to map the breakdown of 1 to the precursor 

6 ~ h e n  compared to the sum of van der Waals radii (25). 

ketene and the silylated carbamate is of obvious mechanistic 
significance. Its answer will require X-ray structure determina- 
tions of several more en01 silyl ethers of compounds analogous 
to 1. 
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JOHN S. HAYNES, JOHN R. SAMS, and ROBERT C. THOMPSON. Can. J. Chem. 64, 744 (1986). 
Magnetic susceptibilities from 130 to 4.2 K are reported for a series of Fe(RS03)2 compounds, where R is F, CF3, CH3, and 

p-CH3C6H4. The P form of Fe(CH3S03)2 exhibits a maximum in susceptibility at approximately 22.5 K and a sharp drop in 
susceptibility below the maximum indicating a transition to a magnetically ordered state. None of the other compounds exhibit 
magnetic ordering although abnormally low magnetic moments down to 2.0 K are observed for ~ t - F e ( c H ~ S 0 ~ ) ~ .  Variable- 
temperature Mossbauer studies on Fe(CF3S03)2 and P- and ~ t - F e ( c H ~ S 0 ~ ) ~  are reported and the magnitude of axial field 
splitting is estimated for these compounds. The first two have trigonally elongated Fe06 chromophores, whereas the thud is 
trigonally compressed. The nature of the distortion in ~ t - F e ( c H ~ S 0 ~ ) ~  is confirmed by magnetic perturbation Mossbauer studies. 
Spectra in applied fields of 4.50 and 5.63 T show a doublet-triplet pattern, with the triplet at higher energy, indicating a negative 
V,, and an orbital singlet ground state. 

JOHN S. HAYNES, JOHN R. SAMS et ROBERT C. THOMPSON. Can. J. Chem. 64,744 (1986). 
On a mesurk, de 130 a 4,2 K, les susceptibilitCs magdtiques d'une strie de composts Fe(RS03)2 dans lesquels R = F, CF3, 

CH3 et p-CH3C6H4. Dans les cas de la forme P du Fe(CH3S03)2, on observe un maximum de susceptibilitC a environ 22,5 K 
et une diminution marquee lorsqu'on diminue ensuite la temperature; ce rtsultat indique la prksence d'une transition vers un 
Ctat qui est magnetiquement ordonnC. Aucun autre composC ne prtsente ce phCnomkne, mCme si des moments magnttiques 
anormalement faibles sont observts i 2,O K avec l ' ~ t - F e ( c H ~ S 0 ~ ) ~ .  On rapporte les rCsultats d'Ctudes de I'effet Mossbauer a 
diverses tempCrature sur le Fe(CF3S03)2 et sur les formes P et a du Fe(CH3S03)2 et l'on a CvaluC l'amplitude du dCdoublement 
du champ axial dans ces composCs. Les deux premiers posstdent des chromophores Fe06 qui sont allongCs trigonalement; par 
ailleurs, le troisikme est trigonalement comprimC. La nature de la distorsion dans l ' ~ F e ( c H ~ S 0 ~ ) ~  est confirmte par des Ctudes 
de perturbations magnCtiques de Mossbauer. Les spectres obtenus lorsque des champs de 4,50 et 5.63 T sont appliquCs mettent en 
Cvidence la prksence d'un arrangement de doublet-triplet avec le triplet au niveau d'tnergie le plus Cleve. Ce rksultat indique que 
le V,, est ntgatif et qu'il existe une orbitale singulet dans 1'Ctat fondamental. 

[Traduit par la revue] 

Introduction 
Previously w e  reported the preparation and study of a series 

of iron(I1) sulfonate compounds, Fe(RS03)2,  where R is F ,  
CF3, CH3, and p-CH3C6H4 (1, 2). It  was proposed that these 
compounds adopt a polymeric layered structure like that of 
Ca(CH3S03)2 (3), in which each RS03- group acts as a 
tridentate bridging ligand to three different metal centres. This 
results in each metal being in an approximately octahedral 
environment of oxygen atoms, each oxygen atom being from a 
different sulfonate group (see Fig. 1, ref. 4). The methane- 
sulfonate, unlike the others, was found in the earlier work to be  
obtainable in two isomeric forms (5) and the P form of this 
material was shown by Mossbauer spectroscopy to undergo a 
magnetic phase transition to  an antiferromagnetically ordered 
state at approximately 23 K. None of the other sulfonates gave 
Mossbauer evidence for magnetic ordering, although magnetic 
susceptibility measurements from 80 to 300 K suggested the 
presence of weak antiferromagnetic exchange in C L - F ~ ( C H ~ S O ~ ) ~  
(2). Our earlier studies on  magnetic exchange effects in these 
materials were limited by the lack of suitable equipment for 
obtaining magnetic susceptibility data at cryogenic tempera- 
tures; this laboratory now has facilities which permit such 
studies down to 2.0 K and these are reported here. 

Attempts to correlate magnetic properties with structure in 
these systems are hampered somewhat by the difficulty in 
obtaining precise structural information; unfortunately, the 
iron(I1) sulfonates have not been obtainable in crystalline form 
suitable for single-crystal X-ray diffraction work. Nevertheless, 
considerable structural information was obtained previously for 
two of the sulfonates being considered here, namely Fe(FS03)2 
(6) and F ~ ( P - C H ~ C ~ H ~ S O ~ ) ~  (4), from Mossbauer spectro- 

'~u thors  to whom correspondence may be addressed. 

scopy, particularly from the temperature dependence of  the 
quadrupole splitting and from magnetic perturbation Moss- 
bauer. Variable-temperature Mossbauer studies have now been 
completed on  Fe(CF3S03)> and on  a -  and P-Fe(CH3S03)2. 
In addition, magnetic perturbation Mossbauer spectra of a- 
Fe(CH3S03)2 are reported here and fits of  the data to the 
phenomenological model of Varret (7) are discussed. 

Experimental 
The iron(I1) sulfonates2 were prepared as described previously 

(1,2). Their purity was checked by microanalysis and by infrared and 
Mossbauer spectroscopy. 

Magnetic susceptibility measurements (4.2- 130 K) were made 
using a vibrating sample magnetometer as previously described (9). 
For c ~ - F ~ ( C H ~ S O ~ ) ~ ,  additional data were collected to 2 K, tempera- 
tures below 4.2 K being achieved by reducing the vapor pressure of the 
helium in the sample zone of the magnetometer. The data reported here 
are in good agreement in the region of temperature overlap with the 
results reported earlier using the Gouy equipment (2, 6). The molar 
magnetic susceptibilities were corrected for the diamagnetism of all 
atoms: ~ e ~ +  = 13, FS03- = 40, CF3S03- = 46, CH3S03- = 35, and 
p-CH3C6H4so3- = 89 (all lo6 cm3 mol-'). 

Samples for Mossbauer studies were contained in Nylon holders 
and sealed with epoxy resin to avoid hydrolysis and decomposition 
problems. The sample holder was attached to a copper ring before 
being mounted in the cryostat, to ensure good thermal contact. 

' ~ e c e n t l ~ ,  Sharma et al. (8) reported the preparation of Fe(CH3S03)? 
by direct reaction of anhydrous iron(I1) chloride with methanesulfonic 
acid, followed by washing with diethylether. Earlier (2) we had 
shown that this same reaction yields an acid solvate of composition 
Fe(CH)3S03)2.CH3S03H when the product is washed with CH3SO3H 
followed by drying in vacuum at 150°C. The data reported by the other 
workers (8) for their sample of Fe(CH3S03)2 do not correspond well 
with those reported by us for either the a or P forms. 
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HAYNES ET AL 

TABLE 1. Magnetic dataa for Fe(RS03)2 compounds 

T Xm Peff T Xm Peff T Xrn Peff 

"Temperatures (T) are in K; molar susceptibilities (x,) are in 10' cm-I mol-'; magnetic moments 
perf are in BM. 
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0.0 I I I I I I I I 

0 40 80 120 
TEMPERATURE / K 

FIG. 1. Magnetic moment versus temperature for Fe(RS03)2 com- 
pounds. 

Zero-field Mossbauer spectra were recorded with the absorber in a 
Janis model DT-6 variable-temperature cryostat. Mossbauer spectra, 
at 4.3 K and below, and all applied field measurements were made 
with both source and absorber at the same temperature in a Janis 
model 11-MDT cryostat containing a Westinghouse superconducting 
solenoid. All spectra were recorded in transmission geometry and the 
Doppler velocity scale was calibrated with an enriched 57Fe foil 
absorber; all isomer shifts are quoted relative to the centre of the iron 
foil spectrum. The Mossbauer spectrometers have been described 
previously (10, 1 1). 

Results and discussion 
Magnetic susceptibility data from 130 to 4.2 K for all 

Fe(RS03)2 compounds (additional data to 1.97 K for ci- 

Fe(CH3S03)2) are given in Table 1 and magnetic moments are 
plotted as afunction of temperature in Fig. 1. For all compounds 
the moment is in excess of 5.0 BM (Bohr magneton) above 
120 K and decreases with decreasing temperature, as expected 
for high-spin iron(I1) in an octahedral ligand environment. With 
the exception of P-Fe(CH3S03)2, the moments decrease mono- 
tonically to a value in the range 2.4-4.3 BM at 4.2 K. The 
moment decreases more rapidly for P-Fe(CH3S03)2, reaching 
1.04 BM at 4.2 K; moreover, the keff versus T plot for this 
material shows an abrupt change in slope around 23 K. This 
phenomenon is more dramatically illustrated by the magnetic 
susceptibility versus temperature plot (Fig. 2), which shows a 
maximum in susceptibility at approximately 22.5 K, indicative 
of an antifenomagnetically coupled system, and a sharp drop in 
susceptibility at temperatures below the maximum, indicative 
of a phase transition to a magnetically ordered state. These 
findings coincide very well with the observations made earlier 
on variable-temperature Mossbauer studies, in which spectra 
were seen to change from a simple quadrupole doublet to a 
complex hyperfine pattern over a small temperature range 
around 23 K (5), a phenomenon ascribed then, and now 
confirmed, as due to magnetic ordering. The small increase in 
magnetic susceptibility below approximately 5.5 K may be due 
to a small amount of paramagnetic impurity, possibly a trace of 
the a form. This is quite plausible since the P form is prepared 
by conversion from ( Y - F ~ ( C H ~ S O ~ ) ~ .  

The magnetic exchange exhibited by P-Fe(CH3S03)2 is 

L 

2 201 I I I I I I I 

r 0 40 80 120 
TEMPERATURE / K  

FIG. 2. Magnetic susceptibility versus temperature for P-Fe(CH3S03)2. 

likely propagated by a superexchange mechanism involving the 
0-S-0 bridging system. This is not the first example of 
exchange via such a system; in fact, the first definite observation 
of a susceptibility maximum corresponding to an antiferro- 
magnetic transition was made on FeS04 (12, 13), where 
bridging sulfate anions form an extended three-dimensional 
lattice (14). Linear chain systems with either single or double 
0-S-0 bridges arising from sulfate anions have also been 
found to have magnetic properties characteristic of low-dimen- 
sional magnetic exchange (1 5), and in some cases Mossbauer 
spectroscopy has revealed long-range magnetic ordering (16- 
18). For these linear chain systems, the magnetic properties 
have been analyzed using either the Ising or Heisenberg linear 
chain models. For two-dimensional layer systems, Lines (19) 
has proposed a quadratic layer Heisenberg antiferromagnetic 
model and this has been applied successfully in a number of 
cases (20-22). We find we can fit our experimental data for 
P-Fe(CH3S03)2 above the ordering temperature to the Lines 
model; however, we feel this is of questionable significance 
since the lattice which we propose for the sulfonate and that 
assumed in the Lines model are not compatible. The latter has 
each metal site interacting with four nearest-neighbour metal 
ions in a square or rectangular array, while the former has each 
iron interacting with six nearest neighbours. 

The low-temperature magnetic moment data for the R = F, 
CF3, and p-CH3C6H4 compounds show a similar temperature 
dependence (Fig. 1) and the magnetic susceptibilities follow 
Curie-Weiss behaviour, no maximum being observed. The 
higher temperature (80-300 K) magnetic data for these com- 
pounds were previously fitted to a crystal field model (23) in 
which magnetic moments are determined by the values of A,  the 
spin-orbit coupling constant; v ,  the axial field splitting para- 
meter; and k, the orbital reduction parameter (2, 6). We have 
extended the theoretical curves, calculated employing the 
parameters determined by fits to the high temperature data, 
into the low temperature region and find generally that the 
agreement with experiment is poor. This is illustrated for 
Fe(p-CH3C6H4S03)2 in Fig. 3. In particular, at temperatures 
below approximately 50 K the observed magnetic moments are 
significantly less than the values predicted by the model. As 
noted earlier (2, 4, 6), several criticisms have been laid against 
this model and it appears that, for these compounds, either 
the model is not valid over the entire temperature region of 
4.2-300 K or weak antiferromagnetic exchange interactions 
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0 40 80 120 
TEMPERATURE / K 

FIG. 3. Magnetic moment versus temperature for Fe@-CH3C6H4S03)2. 
Line calculated from crystal field model with A = -90 cm-I, v = 3, 
and k = 0.75. 

TABLE 2. Mossbauer effect dataa for iron(I1) sulfonates 

Temperature (K) 6 A E~ r I r2 

Fe(CF3S03 )2 

6.5 1.46 2.01 0.49 0.52 
17.7 1.46 1.98 0.52 0.54 
38.8 1.45 1.95 0.55 0.55 
64.4 1.45 1.91 0.5 1 0.49 
78.8 1.39 1.82 0.28 0.31 
80.0 1.45 1.84 0.47 0.44 

104 1.46 1.88 0.50 0.50 
115 1.43 1.81 0.33 0.33 
131 1.42 1.78 0.55 0.54 
183 1.40 1.68 0.41 0.39 
233 1.37 1.59 0.46 0.44 
27 2 1.35 1.51 0.45 0.41 
293 1.32 1.44 0.28 0.26 

~ x - F e ( c H ~ S 0 ~ ) ~  

4.2 1.35 3.31 0.52 0.54 
10.5 1.21 3.39 0.40 0.40 
35.2 1.44 3.34 0.55 0.51 
60.0 1.42 3.35 0.56 0.54 
84.7 1.45 3.37 0.41 0.37 

110 1.44 3.36 0.41 0.38 
140 1.42 3.30 0.47 0.44 
170 1.41 3.29 0.39 0.36 
200 1.40 3.24 0.40 0.38 
235 1.37 3.19 0.40 0.37 
264 1.36 3.12 0.44 0.41 
293 1.34 2.95 0.41 0.39 

P-Fe(cH3S03)~ 

25.3 1.37 1.54 0.41 0.39 
30.0 1.49 1.55 0.39 0.37 
80.0 1.48 1.41 0.45 0.44 

109 1.46 1.38 0.35 0.34 
139 1.46 1.33 0.35 0.33 
169 1.43 1.28 0.34 0.33 
209 1.43 1.20 0.33 0.33 
239 1.41 1.14 0.34 0.32 
260 1.40 1.10 0.33 0.32 
293 1.31 0.94 0.28 0.33 

"Units of 6, AEQ, and r are all given in mm s-'. 

may be present. In general, however, it must be concluded 
that the low temperature magnetic susceptibility measurements 
show that any magnetic concentration present in these com- 
pounds must be very weak, a result consistent with the earlier 
Mossbauer studies on Fe(FS03)2 (6) and F ~ ( P - C H ~ C ~ H ~ S O ~ ) ~  
(4), which show symmetric quadrupole doublets at 4.2 K with 
no evidence for magnetic hyperfine interactions. The spectrum 
of Fe(CF3S03)2 at 4.2K is a quadrupole doublet that shows 
some assymmetry due to a slow spin-relaxation rate (see 
below). 

In our earlier work on O L - F ~ ( C H ~ S O ~ ) ~  (5) the Mossbauer 
spectrum at 4.2 K was reported as a symmetric quadrupole 
doublet and the compound was described as acting as a 
fast-relaxing paramagnetic. Nevertheless, it was noted that 
the compound exhibits magnetic moment values significantly 
below those of other sulfonates (except for the P isomer) over 
the 80-300 K region, suggesting that this may be caused by 
weak antiferromagnetic coupling effects (2). In order to confirm 
this we were particularly interested in the low temperature 
magnetic behaviour and for this compound we extended the 
measurements below 4.2 K. As the data in Fig. 1 and Table 1 
show, although the abnormally low moments continue to the 
lowest temperature studied, no maximum in magnetic suscepti- 
bility is observed even down to 1.97 K; hence there is no proof 
for magnetic exchange in this compound. It now seems more 
likely that the abnormally low moments observed for a- 
Fe(CH3S03)2 are a consequence of the fact that the compound 
has a well-isolated spin-orbit singlet ground state arising 
because, unlike the other sulfonates studied, it has a trigonally 
compressed Fe06 chromophore (see below). 

The present study has shown that the presence of significant 
magnetic exchange in a Fe(RS03)2 compound is not simply 
related to electronic or steric effects associated with the sub- 
stituent R. While magnetic ordering is seen in P-Fe(CH3S03)2, 
no ordering is seen in other systems whether R is more electro- 
negative (F or CF3) or the same or similar in electronegativity 
(a-CH3 or p-CH3C6H4). It seems likely that the different 
magnetic properties observed for these compounds arise more 
from differences in their detailed molecular geometries. The 
need for more structural information, particularly on the R = 
CF3 compound and both forms of the R = CH3 compound, 
prompted variable-temperature Mossbauer studies on these 
materials. 

The Mossbauer spectra of Fe(CF3S03)2 and both a- and 
P-Fe(CH3S03)2 have been recorded at various temperatures 
from 4.2 to 300 K and the relevant parameters are given in Table 
2. Agreement with values reported previously at 293 and 80 K 
(2) is good. As discussed in the earlier work, the isomer shift 
values, 6, are all relatively high, consistent with significant 
ionic character in the metal-ligand bonds. All three compounds 
exhibit a symmetric quadrupole doublet at room temperature 
and, for Q ~ - F ~ ( C H ~ S O ~ ) ~ ,  a symmetric doublet is retained down 
to 4.2 K. As described previously (4), P-Fe(CH3S03)2 shows 
the onset of complex hyperfine splitting below approximately 
23K. Fe(CF3S03)2 remains a symmetric quadrupole split 
doublet down to 8 K, below which it shows some assymmetry 
that may be caused by a slow spin-relaxation rate as observed in 
hexakis(pyridine-N-oxide) iron(I1) perchlorate (24). 

Values of the quadrupole splitting parameter, AEQ, are 
plotted as a function of temperature in Fig. 4, where, for 
comparison, the data previously reported for Fe(FS03)2 (6) and 
F ~ ( P - C H ~ C ~ H ~ S O ~ ) ~  (4) are included. The magnitude and 
temperature dependence of AEQ for Fe(CF3S03)2 follow very 
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3.s.-/ + a-Fe (CH3SOJ2 

FIG. 4. Quadrupole splitting versus temperature for Fe(RS03)2 
compounds. Lines generated using parameters listed in Table 3. 

TABLE 3. Crystal field splitting parameters derived from quadrupole 
splitting data 

Compound 3Ds (cm-' ) A (cm- ' ) Do (cm- ) 

OData from ref. 4. 

closely what was observed previously for Fe(FS03)2 and 
Fe(p-CH3C6H,S03)2 and support the conclusion reached ear- 
lier (2) that the CF3 compound, like the other two, has an Fe06 
chromophore that is distorted by a trigonal elongation along the 
C3 axis. The AEQ values observed for P-Fe(CH3S03)2 are 
significantly lower than those observed for the other com- 
pounds, suggesting that while this material in all probability 
also has a trigonally elongated Fe06 chromophore, the magni- 
tude of distortion from regular stereochemistry is significantly 
less. The very large AEQ values observed for O I - F ~ ( C H ~ S O ~ ) ~  
are consistent only with an orbital singlet ground state and, as 
earlier magnetic perturbation ~os sbaue r  studies showed (5), 
this arises from a trigonal compression of the Fe06 chromo- 
phore along the C3 axis. 

As described previously (4, 6), the quadrupole splitting data 
may be analyzed in terms of a crystal field model to provide 
estimates of the magnitude of axial distortions. The solid lines in 
Fig. 4 are calculated using the crystal field parameter values 
given in Table 3 where, for comparison, the values previously 
reported for the R = F and p-CH3C6H4 compounds are also 
listed. The values of the spin-orbit coupling constant are, as 
expected, of the order of: or less than, the free ion value 

VOL. 64, 1986 

TABLE 4. Parameters obtained from the Varret model for U - F ~ ( C H ~ S O ~ ) ~ ~  

HAPP r A EQ HIX HIY HIZ 
(T) (mms-') (rnms-') q (T) (T) (T) 

"Temperature 4.2 K. 

( -  103 cm-') and the values of the fine-structure term, Du, are 
of the same magnitude as those reported previously (4,6). The 
magnitude of the axial field, as measured by 3Ds (magnitude of 
splitting of 'T~, state), is highest at 5 10 cm-' for the one com- 
pound, a-Fe(CH3S03)2, that has a trigonally compressed FeO6 
chromophore. The values of 3Ds for the others are all approxi- 
mately -300 cm- ' with the exception of that for P-Fe(CH3S03)2, 
which is only half that value. This represents the only clear 
correlation we have been able to find between the magnitude of 
magnetic exchange and structure in these iron(I1) sulfonates. 
The compound which clearly exhibits magnetic ordering, P- 
Fe(CH3S03)2, is the one having the least distorted FeO6 
chromophore. Greater distortion, whether involving trigonal 
compression or elongation, seems to result in a damping of the 
magnetic exchange. Similar correlations between magnetic 
exchange effects and the geometry of the metal-ligand chromo- 
phore have been found for some copper(I1) and manganese(I1) 
phosphinate polymers (9, 25). 

The presence of trigonally elongated Fe06 chromophores 
and orbital doublet ground states in Fe(FS03)2 and Fe(p- 
CH3C6H4S03)2 was confirmed earlier by magnetic perturbation 
Mossbauer studies (4, 6). In a preliminary report (5) we 
indicated that similar studies on a-Fe(CH3S03)2 confirm the 
presence of a unique (for iron(I1) sulfonates) trigonally com- 
pressed Fe06 chromophore and an orbital singlet ground state; 
however, few details were given. Moreover, at that time we 
reported that attempts to fit the applied field spectrum of 
C ~ - F ~ ( C H , S O ~ ) ~  assuming isotropic magnetic interaction were 
unsuccessful but that a treatment using a phenomenological 
model such as that suggested by Varret (7),  which enables the 
anisotropy of the hyperfine field to be parameterized in the case 
of weak magnetization, should be more successful. We report 
here the details of our magnetic perturbation studies on 
a-Fe(CH3S03)2, including analysis using the Varret model. 

Mossbauer spectra of C Y - F ~ ( C H ~ S O ~ ) ~  have been recorded 
in longitudinal applied magnetic fields of up to 5.6 T at a 
temperature of 4.2 K. A field of 1.1 T serves only to broaden the 
spectral lines. However, in applied fields of 4.50 and 5.63 T a 
doublet-triplet pattern is produced (Fig. 5). The triplet is at 
higher energy relative to the doublet, indicating that V,,, the 
principal component of the electric field gradient tensor, is 
negative (5, 10). This sign for V,, is, as discussed previously 
( 3 ,  consistent with an orbital singlet ground state and a 
distortion from octahedral symmetry corresponding to a com- 
pression along the trigonal axis. Spectra computed employing 
the Varret model and the parameters given in Table 4 are shown 
as solid lines in Fig. 5. Reasonable fits of experimental and 
computed spectra may be obtained by assuming a zero value for 
the asymmetry parameter, q, and identical values of HIX and 
HIY, the internal magnetic fields in the X and Y directions. 
However, better agreement is obtained using the finite value of 
q = 0.3 and HIX + HIY. This suggests a small rhombic 
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I I I I I I 1 1 

-4.0 -2.0 0 .0  +2.0 +4.0 
VELOCITY (nun s- '  ) 

FIG. 5 .  Mossbauer spectra of a-Fe(CH3S0& at 4.2 K in applied magnetic fields of 4.50 and 5.63 T. Computed spectra generated by the 
parameters given in Table 4. 
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Titanocene derivatives of purine and adenine. Synthesis and characterization of reaction 
products with ( q 5 - ~ 5 ~ 5 ) 2 ~ i ( ~ 0 ) 2 ,  ( q 5 - ~ 5 ~ 5 ) 2 ~ i ~ 1 ,  and ( q S - ~ 5 ~ 5 ) 2 ~ i ~ 1 2 1  
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Received July 2, 1985 

DANIEL COZAK, ABDELHAKIM MARDHY, and ANDRB MORNEAU. Can. J. Chem. 64, 751 (1986). 
The reaction of c ~ T i ( C 0 ) ~  (I), Cp2TiC1 (2), and Cp2TiC12 (3) (Cp = $-C5H5) with purine (PuH) and adenine (AdH) in 

organic solvents is described. The compound 1 reacts with both molecules in an oxidative fashion giving Cp2Ti(C5H3N4)(C5H4N4) 
(4) and ( C P ~ T ~ ) ~ ( C ~ H ~ N ~ )  (5) with concomitant liberation of molecular carbon monoxide and hydrogen (4:l) following a first 
order rate law in metal complex. The compound 2 forms an adduct compound Cp2TiC1(C5H4N4) (6) with PuH. Monosubstituted 
derivatives Cp2TiC1(C5H3N4) (7) and Cp2TiC1(C5H4N5) (8) are formed from the reaction of the deprotonated bases with 3.  In 
addition to the usual elemental analysis, the characteristic ir, 'H nmr, epr, and ms results are given for the new compounds. 

DANIEL COZAK, ABDELHAKIM MARDHY et ANDRB MORNEAU. Can. J. Chem. 64,751 (1986). 
On dCcrit les riactions, en milieux organiques, des complexes C ~ T i ( c 0 ) ~  (I), Cp2TiC1 (2) et Cp2TiClz (3) (Cp = $ - C ~ H ~ )  

avec la purine (PuH) et l'adCnine (AdH). On a isole et caractCrisC les dCrivCs mCtallocCniques obtenus de ces rbactions. 
Le composC 1 rCagit avec ces ligands, par le biais d'une rkaction oxydative, pour donner naissance aux produits 
Cp2Ti(C5H3N4)(C5H4N4) (4) et ( C P ~ T ~ ) ~ ( C ~ H ~ N ~ )  (5) avec un degagement concomitant de monoxyde de carbone et 
d'hydrogkne molCculaire (4:l) et en suivant une Cquation de vitesse du premier ordre par rapport au complexe mCtallique. La 
rCaction de 2 avec la PuH donne le composC Cp2TiC1(C5H4N4) (6). La rkaction de 3 avec les bases dCprotonCes conduit aux 
produits monosubstituCs Cp2TiCI(C5H3N4) (7) et Cp2TiC1(C5H4N5) (8). En plus des analyses ClCmentaires usuelles, on prCsente 
aussi les caractCristiques spectroscopiques ir, rmn 'H, rpe et sm des nouveaux produits. 

[Traduit par la revue] 

Introduction 
The titanocene dichloride complex, 3, belongs to a group of 

metallocene compounds which have recently been found to be 
efficient antitumor agents (1-3). Biological tests and spectro- 
scopic data indicate that the titanium complex has a similar 
biological and chemical action on tumor cells as the well known 
2-dichlorodiaminoplatinum(II) class of antitumor complexes 
(4-6). However, 3 is an organometallic compound of the so 
called early groups of the transition metal series, by opposition 
to the platinum complex which belongs to the late groups. 
Hence, the physicochemical properties of these organometallic 
compounds are quite different. In the present case, this is 
particularly evident for the molecular and electronic structures 
of these complexes. Nevertheless, both are Lewis acids with 
16 electrons in their metal valence shell (7). 

In view of these facts we decided to examine the reactivity of 
1 ,2 ,  and 3 with the free bases purine (PuH) and adenine (AdH), 
two molecular building blocks of DNA. The metallocene 
complexes chosen for study are tetragonal molecules with three 
oxidatively different titanium metals for which are known 
several cases of simple and oxidative substitution or addition 
reactions with nitrogen containing ligands or heterocyclic 
molecules related to the bases studied. 

' ~ a k e n  in part from the M.Sc. thesis of A.M., Universitt Laval, 
1984; presented in part at the XXIII International Conference on 
Coordination Chemistry, Boulder, CL, June 1984. 

2 ~ o  whom all correspondence should be addressed. 

The molecular structures for the studied metallocenes are 
depicted above with the molecular orbital expected to contain 
the metal nonbonding electrons. These structures have been 
successfully interpreted from spectroscopic data by Petersen 
and Dahl (8) and by molecular calculations by Lauher and 
Hoffmann (9). 

The low valent oxidation state of the titanium metal in 1 and 
the d2 lone pair, which is exposed to the sides of the tilted 
rings, are largely responsible for the observed physicochemical 
properties of this complex. For example, the metal-carbonyl 
bond is unusually labile, as evidenced by the strong ir solvent 
dependent shifts observed for the CO stretching vibration 
and the facile CO substitution reaction known (10, 11). The 
carbonyl ligands are easily displaced by phosphine and phos- 
phite derivatives (PR3) to give the analogues C P ~ T ~ ( P R ~ ) ~  tita- 
nium(I1) subsitution complex (12, 13). Carbonyl substitution by 
alkene, alkyne, ketone, aldehyde, acyl halide, carboxylic acid, 
and haloalkyl molecules has been amply studied and show 
that the nucleophilic attack by 1 follows an SN2 mechanism 
(14-18). Noteworthy is a recent report by Stucky et al. for the 
reaction of 1 with thymine resulting in the metal oxidation to 
titanium(II1) and liberation of molecular carbon monoxide and 
hydrogen (19). These authors also report the same type of 
oxidative substitution for titanium with several other analogous 
nitrogen containing aromatic heterocyclic molecules. 

Monomeric 2 has only 15 electrons in its valence shell and 
will readily increase this number by addition of a lone pair of 
electrons from donating ligands such as amines or phosphines 
(20). In certain adduct complexes the neutral bidentate nitrogen 
containing ligand (L) is capable of displacing the chloride ion 
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from the metal coordination sphere to form cationic [Cp2TiL]' 
complexes. Oxidative addition to the metal or substitution 
involving the chloride ligands are the other two reaction paths 
commonly encountered for 2 (21). Closer to our interests, 
anionic uracil and different deprotonated imidazole, pyrimi- 
dine, benzimidazole, and pyrazole ring analogues are reported 
to give the substituted titanium(II1) metallocenes when reacted 
with 2 (22, 23). 

The reaction of 3 with the monoanions of chelating heterocy- 
clic rings (XL), such as salicylaldimine and mercaptoquinazole, 
are reported to give mono or disubstitution compounds of the 
type C ~ ~ T ~ ' ~ C I ~ ( X L ) ~ - ~ ,  where ir spectroscopic data seem to 
indicate that an additional dative bond from the bidentate ligand 
is also involved in the metal bonding in these complexes 
(24, 25). Exchange of a chloride by an amino group occurs in 
liquid ammonia in the presence of excess amine (NH2R) to give 
the Cp2TiCl(NHR)-NH2R metallocene and the corresponding 
hydrochloric ammonium salt (26). Deprotonation of naphthole 
by an alkyl amine has also been used to obtain the naphtholate 
complexes of mono and dichloride substituted 3 (27). Also, 
several substitution products can be obtained by metal exchange 
with the alkali salts of aromatic heterocyclic ligands (28,29). In 
an earlier communication, we have reported the crystal structure 
of Cp2TiC1(Pu) synthesized from 3 and PuH in the presence of 
an amine base (30). 

The complexes described hereafter all contain Cp2Ti moiety 
and were obtained by reacting the ligand, or its deprotonated 
anion, with 1, 2, or 3 in aprotic organic solvents. 

Experimental 
Reactions and manipulation of the compounds were done under a 

blanket of purified nitrogen using Schlenk type vessels. Oxygen and 
water impurities from nitrogen were controlled by passing the gas first 
over supported copper catalyst (BASF-R3-11) heated at 2W°C, 
purchased from Badische Anilin and Soda-Fabrik AG, W. Germany, 
and followed by 4A molecular sieve beds. The solvents used were 
refluxed for 1 h in a nitrogen atmosphere and over a drying agent before 
being distilled and stored. Sodium metal was used for drying aromatic 
solvents 1,2-dimethoxyethane (DME) and diglyme; sodium-benzo- 
phenone mixture for tetrahydrofuran (THF); 4A molecular sieve for 
pentane; and a magnesium - magnesium alkoxide mixture for drying 
methanol. 

Melting and decomposition points were measured in nitrogen 
atmosphere sealed glass capillaries on a Thomas Hoover oil immersion 
type apparatus and are reported uncorrected. Mass spectra (ms) of the 
studied complexes were recorded on a Hewlett Packard 5995A mass 
spectrometer. The spectra were obtained by raising the temperature of 
the solid samples at a rate of 64"C/min to 200°C-with Torr (1 Torr 
= 133.3 $a) pressure in the apparatus. Background subtracted spectra 
were regularly recorded for 15 min. Infrared (ir) spectra of air sensitive 
products were recorded on a Beckman IR-4250 spectrometer from 
KBr pellets of the samples prepared in a controlled atmosphere dry 
box ( 0 2  and H20 < 5 ppm) equipped with a Teledyne Analytical 
Instrument oxygen analyzer model 317X. The spectra were calibrated 
( k 3  cm-') using the 2850.7, 1583.1, 1181.4, and 906.7 cm-' bands 
of polystyrene film. A Varian EM 360A and a Bruker HX90 CW 
instrument were used to record the protonic nuclear magnetic reso- 
nance (nrnr) spectra. Chemical shifts were measured relative to internal 
TMS or DSS in deuterated chloroform or dimethylsulfoxide (DMSO- 
d6) and are reported in 6 units from TMS. Electron paramagnetic 
resonance (epr) spectra were recorded on a JEOL JES-ME (9.3 GHz) 
spectrometer from polycrystalline solids or dilute M) benzene 
solutions at ambient temperature. Diphenylpicrylhydrazyl (DPPH, g = 
2.0036) was used as reference in epr spectra. Air sensitive samples 
were introduced in 3 mm od quartz tubing (5 mm od thin wall Pyrex 
glass tubing for nrnr spectroscopy) mounted with a glass ground joint 

and stopper (5/20ST) to prevent their oxidation. Elemental C, H, and 
N analyses were performed in duplicate in our laboratory on a Hewlett 
Packard model 185 CHN analyzer using the appropriate anaerobic 
methods. X-ray intensity and cell parameter data for the structure 
determination were obtained with an Enraf-Nonius CAD4 diffracto- 
meter. Detailed structure data and methodology are described else- 
where (30). 

Titanium trichloride, TiCI3 98%, was purchased from Ventron- 
Thiokol-Alfa; di(cyclopentadienyl)dichlorotitanium(IV), Cp2TiClz (3), 
and the thallium sulfate, T12(S04), from Aldrich Chemical Co.; 
purine, C5H4N4, and adenine, CSHSNS, from Sigma Chemicals Co. 
Di(cyclopentadienyl)monochlorotitanium(III), Cp2TiCl (2), was pre- 
pared either by reduction of the dichloride 3 over aluminium metal 
(yield 85%) or by substitution from TiC13 and TI(CsHS) (yield 90%) as 
described in the literature (31, 32). Di(cyc1opentadienyl)dicarbonyl- 
titanium(II), C P ~ T ~ ( C O ) ~  (I),  was prepared by reduction of the 
dichloride complex 3 over aluminium in the presence of a CO 
atmosphere (33): yield 78%; ir (KBr) v(C0): 1966 and 1871 cm-'; 
I3C nmr (C6D6) 6: 260.8 (s, CO) and 92.3 (s, Cp) ppm; 'H nmr 6: 
3.88(s) ppm; ms, m / z  234 (M', 5). We noticed while preparing this 
complex that special care must be taken to insure that the product is free 
of Cp2TiCl and Cp2TiCl2AICI2 impurities. These partial reduction 
products are reaction intermediates resulting from the disproportion 
equilibrium between the unreacted starting complex 3 and the 
dicarbonyl product 1 ,  or the addition of AlC13 formed during the 
reduction reaction (34). The other reactants and the new titanocene 
derivatives described in this paper were prepared as described 
hereafter. 

Kinetic measurements. Reaction of I with PuH and AdH 
The experimental conditions described are those used for the kinetic 

curves given in the discussion (Fig. 1). Purine 0.302 g (2.52 mmol), or 
0.590 g (4.37 mmol) AdH, was introduced in a nitrogen filled reaction 
cell thermostated at 85OC together with 10 mL diglyme. When the 
system reached thermal equilibrium the reaction was started by adding 
10 mL of 1 ,  80.0 mM (80.4 mM for the AdH experiment) in diglyme, 
from a dropping funnel. The reaction was followed by measuring the 
gas evolution with a mercury filled gas burette. Details of the 
experimental set-up and methodology are described elsewhere (35). 

The gaseous reaction products were analyzed by gc on a Hewlett- 
Packard 7620A instrument equipped with a 13 m long column filled 
with molecular 13X sieves heated at 50°C and with a 21-620A mass 
spectrometer manufactured by Electro Dynamics Co. Kinetic experi- 
ments were carried out in a 1.3 L apparatus. Temperature of the 
reaction all-glass jacket-cell (300 mL) was regulated between 70 and 
85°C (k0.05"C) using a Haake model F3-Q circulator bath. 

Preparation of PuK 
In a 100 mL flask, 1.93 g (16.1 mmol) purine was magnetically 

stirred together with 0.74 g (1 3.2 mmol) potassium hydroxide in 40 mL 
freshly distilled methanol for 1 h. 'The reaction mixture was then 
filtered to remove the excess purine and the filtrate was evaporated to 
dryness under reduced pressure on a rotary evaporator. The white solid 
was quantitatively recovered and used without any further purification; 
ir, see Table 1; 'H nmr (DMSO-d6) 6: 8.66 (s), 8.50 (s), 7.96 (s) ppm 
(lit. (H20) 9.2 (s, H6), 9.1 (s, H2), 8.9 (s, H8) ppm (36)). 

Preparation of AaWa 
In a 100 mL flask, 2.44 g (18.1 mmol) adenine was mixed together 

with 0.72 g (18.0 mmol) sodium hyroxide and 40 mL methanol. The 
reaction mixture was magnetically stirred for 1 h at room temperature 
and then filtered to remove the excess insoluble adenine. The methanol 
solvent was then vacuum evaporated on a rotary evaporator. Analyti- 
cally pure adeninate was quantitatively recovered; ir, see Table 1; 
'H nmr (DMSO-d6) 6: 7.90 (s), 7.66 (s), 6.30 (s) ppm (lit. 8.06 
(s, H2), 7.96 (s, H8), and 6.85 (s, NH2) ppm in 3 N aqueous NaOH; 
(DMSO-d6) 7.83 (s, H2), 7.52 (s, H8) for AdK (37, 38)). 

Reaction of I with purine. Synthesis of CprTi(C5H3N4)(C5HY,) (4 )  
In a 100 mL Schlenk flask, 1.69 g (7.22 mmol) dicarbonyl complex 

1 was dissolved with 50 mL distilled THF. To this solution 1.74 g 
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(14.5 mmol) purine was added and the mixture heated on a paraffin bath 
at 55°C. The red solution turned violet within 15 min. Infrared 
spectroscopy showed that the reaction was over after 5 h (v(-): 
1967 and 1889 cm-' in THF). The cooled reaction mixture was then 
filtered over a fritted glass disk to remove a gray precipitate and the 
filtrate was evaporated to dryness under reduced pressure. The violet 
colored solid residue was then taken-up with a minimum quantity of 
THF and filtered. The filtrate was then reduced to half its volume and 
pentane was added to the solution till precipitation of the complex 
occurred. The compound was recovered by filtration and dried for 2 h 
at ambient temperature and Torr. This yielded 1.83 g (61%) of 
a violet colored solid compound having the following analytical and 
spectroscopic properties. Mp 175°C; ir, see Table I; epr (benzene) g = 
1.981; ms, m / z  (relative intensity >7%): 178 (7), 177 (9), 167 ( l l ) ,  
120 (lo), 93 (16), 66 (29), 65 (12), 52 (12). Anal. calcd. for 
C20H17NsTi: C 57.56, H 4.11, N 26.85, Ti 11.48%; found: C 56.80, 
H 4.30, N 27.33, Ti 11.37%. 

Reaction of I with adenine. Synthesis of (Cp2Ti)2(C5H3N5) (5)  
Following the same procedure given above for the purine reaction, 

2.28 g (9.74 mmol) of 1 was reacted with 2.65 g (19.6 mmol) adenine 
in 50 mL THF at 55°C. The solution turned from red to blue in 15 min 
and the ir solution spectrum indicated that the reaction was over in 1 h. 
A greyish reaction precipitate was removed from the solution and the 
cornpiex recrystallized from THF following the same work-up pro- 
cedure given above for the reaction with PuH. After drying, a blue solid 
was recovered from the reaction in quantitative yield. The isolated 
compound has the following analytical and spectroscopic properties. 
Dec. point 230°C; ir, see Table 1; epr (benzene) g,  = 1.981, g2 = 
1.975; ms, m / e  (relative intensities >5%): 379 (15), 312 (7), 247 (5), 
178 (loo), 135 (7), 113 (30), 66 (19), 65 (25). Anal. calcd. for 
C25H23N5Ti2: C 61.37, H 4.74, N 14.31, Ti 19.57%; found: C61.30, 
H 5.37, N 14.22, Ti 18.73%. 

Reaction of 2 with purine. Synthesis of Cp2TiCl(C5H&) (6) 
In a 100 mL Schlenk flask, 0.700 g (3.29 mmol) complex 2 was 

dissolved in 50 mL toluene. Then, 0.400 g (3.33 mmol) purine was 
added under a positive nitrogen pressure to the magnetically stirred 
solution. The purine slowly dissolved in a few minutes while the 
solution gradually changed color from green to violet and subsequently 
back to green. The reaction mixture was stirred for 48 h at ambient 
temperature. The product precipitated during this time and was 
recovered by filtration on a glass frit. After washing the solid with two 
50 mL portions of cooled pentane, the compound was transferred to a 
Schlenk flask and thoroughly dried for 2 h at ambient temperature and 
lop3 Torr. The analytically pure product was obtained by recrystalliza- 
tion from THF/pentane. This yielded 0.900 g (90%) of an air sensitive 
green complex. The compound gave the following analytical and 
spectroscopic data. Mp 120- 1 30°C; ir, see Table 1 ; epr (solid) g,  = 
1.991, g2 = 1.980, g3 = 1.966; ms, m / e  (relative intensities > 8%): 
213 (16), 178 (8), 148 (30), 120 (loo), 93 (14), 83 (12), 66 (30), 
65 (24). Anal. calcd. for C15H14N4C1Ti: C 54.00, H 4.23, N 16.79%; 
found: C 52.37, H 4.85, N 16.26%. 

Similarly, the same reaction product was obtained using THF or 
DME instead of toluene as solvent. The total reaction time was 24 h. In 
these solvents 6 is soluble and was recovered by evaporating the solvent 
under reduced pressure after filtration to remove any unreacted solid 
purine. 

Reaction of 3 with purine and potassium purinate. Synthesis of 
C P ~ T ~ C ~ ( C ~ H ~ N ~ )  (7) 

With PuH. 
Complex 3, 1 .SO g (6.05 mmol) and purine 1.45 g (12.1 mmol) were 

placed together with 40 mL THF in a 100 mL Schlenk flask. To this 
solution, 1.68 mL (12 mmol) distilled triethylamine, N(C2H&, was 
added and the mixture heated under positive nitrogen pressure. During 
the first few hours of reflux the solution darkened. The reaction was 
followed by nmr in deuterochloroform prepared from aliquots syringed 
regularly from the reaction mixture. After 18 h, no trace of the starting 
compound was found in the spectrum ( 'H nrnr (CDC13) 6: 6.60 (s) ppm 

for 3 and 6.70 (s) ppm for 7) and the reaction mixture was then cooled 
to room temperature before being filtered to remove a white precipitate. 
The resulting filtrate was evaporated to dryness under reduced pressure 
and the red-brown residue taken up with a minimum amount of warm 
THF. The reaction product started to precipitate as the solution was 
left standing at ambient temperature. The resulting red crystals were 
recovered by filtration, washed with two 50 mL portions of cooled 
pentane and dried for 2 h at ambient temperature and Torr. This 
yielded 1.65 g (82%) red crystalline product having the following 
analytical and spectroscopic data. Mp 155°C; ir, see Table 1; 'H nrnr 
(DMSO-d6) 6: 9.00 (s, purine) and 9.23 (s, purine), 8.70 (s, purine), 
6.73 (s, Cp); ms, m / e  (relative intensities >5%) 332 (M', 5), 269 
(19), 267 (46), 213 (19), 185 (33), 183 (43), 150 (31), 149 (17), 148 
(81), 147 (12), 122 (18), 121 (15), 120 (loo), 93(18), 85 (17), 83 (29), 
66 (36), 65 (34), 52 (16). Anal. calcd. for Cl5HI3N4C1Ti: C 54.16, 
H 3.94, N 16.84%; found: C 54.68, H 3.53, N 16.93%. 

With PuK. 
A mixture of 1.20 g (4.84 mmol) 3 and 0.76 g (4.8 mmol) potassium 

purinate in 40 mL THF was refluxed for 18 h. The work-up procedure 
followed was identical to that given above for the reaction with PuH. 
This reaction yielded 1.09 g (68%) of product. The analytical and 
spectroscopic properties for this complex are identical with those given 
above for the PuH reaction. 

Reaction of 3 with sodium adeninate. Synthesis of Cp2TiC1(C5HJJ5) 
(8)  

In a 100 mL Schlenk flask, 1.50 g (6.05 mmol) complex 3 and 2.84 g 
(18.1 mmol) sodium adeninate were reacted in 25 mL THF at ambient 
temperature and constant magnetic stirring. After 30 rnin, the original 
red color of the solution turned to pale orange. Progress of the reaction 
was followed by nmr. Aliquots were periodically taken from the 
reaction mixture and the THF replaced by deuterochloroform before 
checking for the presence of 3 ('H nmr (CDC13) 6: 6.60 (s) ppm for 3 
and 6.33 (s) for 8).  After 3.5 h, 3 had all reacted and the reaction 
mixture was filtered on a glass frit to remove a white precipitate. This 
solid product was washed, while on the frit, with 25 mL THF and the 
resulting filtrate was evaporated under reduced pressure. This gave 
0.40 g (19%) of orange solid product which has the following analytical 
and spectroscopic properties. Dec. point 208°C; ir, see Table 1; 'H nmr 
(DMSO-d6) 6: 8.23 (s, adenine cycle), 8.20 (s, adenine cycle), 7.15 
(s, NH2), 6.46 (s, Cp); ms, m / z  (relative intensities >5%): 381 (5), 
380 (5), 379 (15), 377 (17), 376 (5), 374 (15), 312 (6), 215 (12), 214 
(6), 213 (31), 211 (6), 185 (5), 183 (6), 180 (6), 179 (20), 178 (loo), 
177 (14), 176 (13), 152 (6), 150 (18), 148 (42), 129 (6), 122 (6), 
113 (30), 83 (8), 66 (lo), 65 (25). Anal. calcd. for CI5Hl4N5ClTi: 
C 51.82, H 4.02, N 20.14, Ti 13.78%; found: C 51.21, H 3.59, 
N 20.85, Ti 14.03%. 

Results and discussion 
The newly synthesized complexes 4, 5, and 6 are extremely 

air sensitive in solution and gave the expected epr spectra for 
titanium + 3  complexes. Moreover, 7 and 8 gave normal 
diamagnetic proton nrnr signals and did not show any signs of 
decomposition when exposed to air for short periods of time. 
Nevertheless, all compounds were prepared and kept under a 
purified nitrogen atmosphere as described in the experimental 
Part. 

The compounds isolated in this work were characterized by 
elemental analysis, ir, epr, ms, and 'H  nrnr spectroscopy. The 
crystal structure of 7 has been determined by single crystal 
X-ray diffraction analysis and is reported in detail elsewhere 
(30). 

Though both bases studied here are structurally quite similar, 
marked differences for their reactivity with the diferent titano- 
cene complexes were observed. For instance, the oxidation 
product for the dicarbonyl complex 1 with PuH is monometallic 
(4) whereas, under similar conditions, the AdH derivative is 
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TABLE 1. Characteristic ir vibration frequencies recorded between 4000-250 crn-' for the studied ~ o r n ~ o u n d s " . ~  

Free ligand Anion ligand Complex 

PuH AdH PuK AdNa Assignmentsc 4 5 6 7 8 

3110 sh,s 

3100 m 
3070 rn 
3029 m 
3010 sh, rn 
2950 m 

2870 w 
2790 br, m 
2730 m 
2687 rn 
2618 w 

1618 vs 
1588 w 
1570 s 
1560 sh, s 
1490 vw 
1460 s 

1427 s 
1402 vs 

1350 vw 

1330 s 

1310 vw 

1273 vs 

1213 s 
1197 sh, m 
1140 vw 
1096 rn 

- - 

3350 vw 
3290 rn 
3270 sh, w 
3111 rn 

2960 w 

2790 w 

1670 vs 
1602 vs 

1450 w 

1420 rn 

1365 m 

1335 s 
1310 vs 

1252 rn 
1230 sh, w 

1155 w 
1125 rn 

3070 rn 
3040 m 
3010 rn 

1595 vs 

1543 s 

1480 sh, rn 
1470 sh, rn 
1453 s 

1438 s 
1390 vs 
1383 sh, s 
1360 sh, m 

1332 rn 

1298 s 

1283 s 
1228 rn 

1192 vs 
1182 sh 
1093 m 

3550 sh, w 
3440 sh, rn 
3350 m 
3200 vw 
3152 s 

1640 br, vs 
1617 vs 

1540 s 

1480 m 
1463 sh, rn 
1455 s 

1390 vs 

1365 m 
1328 w 
1338 rn 
1318 s 

1255 rn 
1235 sh,rn 
1208 sh,rn 
1195 s 
1132 rn 

1020 rn 

v(NH2) 

v(NH2) 
v(C-H) Irn cycle 3120 br,rn 
v(C-H) Py cycle 3080 rn 
v(C-H) Py cycle 3035 w 

v(N-H) Irn cycle 
v(N-H) Irn cycle 
v(N-H) Irn cycle 

W H 2 )  
Py 

Py 

Irn 
Irn, PY 
Py 
CP 
Irn 
Py 

Py 

Irn 
v(C-NH2) 

S(N-H) Irn cycle, S(C-H) 
S(C-H) 
S(C-H) 
S(C-H) 
1% PY 
Irn, PY 

2725 w 

2615 s 

1610 sh,s 
1590 s 

1570 vs 
1550 sh, s 

1480 sh,rn 
1470 s 
1440 rn 
1415 s 
1400 vs 

1330 vs 

1305 w 

1270 sh, rn 
1230 rn 
1222 m 
1195 sh, m 
1137 w 
1105 rn 

3450 sh, rn 
3320 br, rn 
3170sh,rn 

3100 br,rn 

2960 m 

1740 w 
1650 br, s 
1600 s 

1560 sh, s 

1475 sh 
1440 s 
1413 rn 
1395 rn 

1360 rn 
1355 sh, w 
1325 rn 
1310 rn 

1262 s 

1180 vw 

1100 s 
1070 sh, rn 

1020 vs 

3100 br,rn 

2960 w 

2860 w 
2790 br, rn 
2680 w 
2560 w 

1620 sh, s 
1610 s 

1590 rn 
1570 w 

1470 w 
1440 w 
1412 sh, s 
1400 vs 

1328 s 

1305 w 
1270 sh, w 
1260 rn 
1230 rn 
1220sh, rn 
1190 w 

1105 s 

1058 w 

1015 s 

3115 sh,rn 
3090 m 
3070 sh, s 

2950 w 
2920 sh, w 
2850 vw 
2800 vw 

1608 rn 

1595 vs 

1485 vw 
1462 rn 
1448 sh, m 
1440s 

1400 s 
1390 s 
1365 sh, rn 

1330 s 

1298 rn 
1290 rn 
1270 s 
1230 rn 
1220 sh, rn 
1185 rn 
1165 vs 
1102 rn 
1070 sh, rn 
1065 m 
1032 sh, rn 
1022 sh, rn 
1018 rn 

3300 br, rn 

3130 br,rn 
3100 s 

2960 w 

2783 w 
2680 w 

1665 vs 
1600 vs 

1440 w 

1415 rn 

1365 rn 

1330 rn 
1305 vs 

1247 s 

1150 br, rn 
1121 w 

1020 rn 
1010 rn 
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TABLE 1. (concluded) 

Free ligand Anion ligand Complex 

F'UH AdH F'UK AdNa Assignmentsc 4 5 6 7 8 

965 s 
923 w 
909 s 
860 br, m 

800 m 
790 w 

600 s 

560 w 

445 w 

370 w 
350 w 

940 s 

912 s 
870 br, m 
848 m 

798 rn 

722 m 
650 br, s 

628 m 

570 w 

538 rn 
465 w 

380 vw 
370 w 

332 s 

960 vw 
920 s 
912 s 

880 w 

808 s 
795 m 

705 w 
653 br, s 
648 sh, m 
625 w 

465 rn 

375 w 
355 vw 

970 w 
915 w 
900 w 

805 s 

730 w 
695 m 

650 sh, m 
615 w 

532 w 

570 w 

385 w 
375 w 
355 vw 

Im, PY 
v(C-H) 
y(C-HI, Im, 4r 
y(N-H) Im cycle 
Im, PY 
y (N-H) Im cycle 
y(C-H), Im, PY, Cp 
r (C-H) 

Irn, PY 
v (Ti-Cp) 
v(Ti-C1) 
v(Ti-Cp) 

967 m 
925 rn 
910 s 

840 sh, m 
820 s 
808 s 
800 s 
792 sh, m 

640 rn 
600 S. 

570 sh, m 
560 w 

445 w 
417 sh, w 

385 rn 
377 sh, w 
355 sh, w 

940 m 

915 w 

850 sh, m 

800 br, m 

720 sh, m 

660 m 
640 sh, w 

578 m 

550 sh, w 
525 sh, w 

395 m 

385 w 
375 w 
355 w 

955 w 

910 br, w 
845 w 
815 vs 
798 vs 

725 s 

640 m 
595 m 
595 sh, m 
575 sh, m 
565 m 

395 m 
382 w 
372 w 
352 w 

920 m 936 s 
910 sh, rn 
905 m 910 w 

865 w 
860 rn 840 w 
830 s 827 w 
812 s 808 vs 
800 vs 800 s 
720 s 750 w 

720 vs 
665 w 
640 sh, w 632 br, s 
600 br,m 580 w 
570 sh,w 590 w 

"Main frequencies observed for 1: 1968 VS, 1885 vs, 1260 m, 1070 m, 1018 s ,  802 VS, 395 w, 355 vw cm-'; 2: 3088 w, 2960 w, 1445 m, 1439 m, 1271 m, 1065 w, 1023 sh, w, 
895 m, 845 m, 813 vs, 799 vs, 782 sh,m, 390 m, 375 sh,w, 350 w cm-'; 3: 3100 s ,  1435 s, 1025 sh,m, 1014 s, 860 m, 818 vs, 408 sh, w, 392 m, 349 w cm-'. 

blegend: s = strong, m = medium, w = weak, v = very, sh = shoulder, br = broad; Py = pyrimidine ring modes, Im = imidazole ring modes. 
'The assignments are those of the neutral and anion ligands taken from refs. 41-47 and the metallocene moiety from refs. 48 and 49. 
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bimetallic (5). Repeated attempts to react the neutral AdH 
ligand or its alkali (Li, Na, K) salts with the monochloride 
complex 2 resulted in the displacement of the cyclopentadienyl 
rings to give insoluble titanium containing products. This 
result is not completely unexpected since cyclopentadienyl has 
been reported to be displaced in 1 by strong bases such as 
o-phenantroline, and adducts of 2 are not isolable for bulky 
secondary or tertiary amines, or alkyls and aryl substituted 
phosphites (20, 32). Conversely, with PuH this reaction readily 
gives, in good yields, the adduct product 6 described hereafter. 
Finally, with 3 the chloride substitution product 8 was isolated 
only for the reaction with the adeninate salt AdNa, whereas 
PuH in the presence of NEt3 or PuK gave in good yield the 
monosubstituted purine derivative 7.  

Carbon monoxide and hydrogen gas evolution was observed 
for the reaction of 1 with PuH and AdH. A 3.8-3.9: 1 CO/H2 
molar ratio in the gas mixture over the reaction solution was 
determined by ms. This is very close to the expected 4: 1 ratio for 
the overall oxidative addition reaction of 1 to these bases, as 
given in eqs. [I] and [2] below, corresponding to the formation 
of 4 and 5. Moreover, reaction yields of 80-82% were found 
based on the evolved experimental-theoretical volume ratio and 
the unreacted base recovered after the reaction. Both reactions 
follow first order kinetics in the metal complex as evidenced by 
the linear In (V, - V,) vs. time curves shown in Fig. 1. Using 
these plots, rate constants were calculated for a few ligand/ 
complex ratios between 70 and 85°C to verify this first order 
dependence. The following results and observations were 
made. 

The reaction rate constants measured at 85°C for PuH in 
xylene and diglyme solvents using a 3:l ligand/complex 
molecular ratio are 0.97(+0.06) X s-I and 2.0(+0.1) X 

10-4s-' (shaded circles in Fig. l) ,  respectively. The rate 
constants discussed here are for the reactions in diglyme at 
different temperatures. For the molecular ratios AdH/1 = 1.5:2 
and 11:2, the observed rate was the same, 0.49(+0.01) x 
10-~s - '  (85"C, shaded squares in Fig. 1) and decreased to 
0.325(+0.003) X lop4 when the reactant ratio was increased 
to 20:2. When the PuH/1 ratio was increased from 3:l to 
40: 1, an increased of the observed reaction rate constant from 
1.39(+0.03) x lop4 to 2.9(+0.l) x s-' resulted (80°C). 
In all cases, the activation enthalpies calculated from the 
Arrhenius plots give AH* = 98 and 108 (+8) kJ mol-' (AS* = 
-50 and -34 J mol-' K-'), respectively for reactions [1] and 
[2]. More experimental results for different ligand concentra- 
tions are needed to verify the exact nature of these pseudo 
first-order laws. The decrease in reaction rates, above a given 
reactant ratio, observed for AdH/1 indicates a more compli- 
cated rate law for this reaction. Moreover, the crude activation 
energy and entropy values (negative) calculated from the 
Arrhenius plots for these reactions agree well with the complex- 
ligand associative mechanism usually proposed as a limiting 
step in several oxidative SN2 reactions of 1 and for other 
transition metal compounds in general (15, 16, 39, 40). 

[21 2Cp2Ti(CO)2 + AdH + ( C P ~ T ~ ) ~ ( C ~ H ~ N ~ )  + 4C0 + Hz 
1 5 

Formation of an insoluble amine salt, [HNEt3]+, during the 
reaction of 3 with PuH in the presence of NEt, was confirmed by 
'H nmr spectroscopy, 6(CDzC12): 3.08 (q, CH2) and 1.36 

I I 

1 2 3 4 5 

TIME (h) 

FIG. 1. Curves of In [V, - V,] for the reaction of PuH (circles) and 
AdH (squares) with 1 in diglyme. The unshaded circles are for T = 
75°C and shaded circles for 85°C using a PuH/l = 3: 1 reactant ratio. 
The unshaded squares are for T = 75°C (AdH/l = 1.5:2) and the 
shaded squares for T = 85°C (AdH/l = 11:2). At 7S°C, k = 
0.76(+0.01) X 1 0 - ~ s - ' f o r ~ u ~ a n d  k = 0.172(%0.003) X 10-4s-L 
for AdH. See text for details. 

(t, CH3) ppm. Hence, our results point to the formation of the 
substitution product 7 given by eq. [3]. Attempts to prepare the 
disubstituted derivative by using an excess of ligand (PuH/com- 
plex ratio, 7:l) were to no avail. However, the 'H nmr spectra 
of the crude reaction product with PuK showed the presence of a 
secondary titanocene product at 6(CDC13) 6.35 (s, Cp) ppm 
believe to be disubstituted. We were unable to properly isolate 
this product because of poor yields. 

[3] Cp2TiC12 + PuH + NEt3 + Cp,Ti(Pu)CI + [HNEt3]C1 

3 7 

Infrared spectra 
The observed infrared spectrum in the 4000-250 cm-' range 

for the studied compounds are given in Table I .  The band 
assignment for the free ligands are those given in the literature 
(41-47). The frequencies for complexes 4-8 were tentatively 
correlated as much as possible with those of the ligands. 

Hence, all the titanium complexes exhibit strong T-bonded 
cyclopentadienyl ligand around 1440, 10 15, and 800 cm-' 
expected for the titanocene unit (48, 49). The presence of 
the purine and adenine ligands in 4-8 is confirmed by the 
characteristic Py and Im ring skeleton vibrations which are 
given in the table. These skeleton modes can be divided into 
two groups. Those located around 1600, 1570, 1470, and 
1400 cm-' are due to the Py ring vibrations and those near 1460, 
1415, and 1330 cm-' to the Im ring. Also, the absorptions at 
1440 cm-' present for all the complexes is attributed to the Cp 
ring. However, several bands in the 800 cm-I region renders 
difficult the unambiguous attribution of the characteristic 
frequencies in this region for the Cp or the purine ring modes. 

A comparative look at the ir spectra of 4, 6, and 7 does not 
reveal major discrepancies for the observed frequencies. How- 
ever, like PuH, the spectra of 4 and 6 have vibrations in the 
2800-2400cm-' region superimposed to a broad base line 
deformation (not mentioned in Table 1) owing to the Im N-H 
stretching vibrations, whereas 7 has none. The only absorption 
seen at 2800 cm-' for 7 is believed to be owing to a combination 
band. These observations are in agreement with spectroscopic 
and analytical results which indicate that 6 and 7 are, respective- 
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COZAK ET AL. 

ly, titanium(II1) addition and titanium(1V) substitution products 
with similar chemical compositions (i.e., Cp2TiC1(PuH,), x = 
1 and 0). 

Another interesting feature is the presence of a medium 
intensity band at 395 cm-' for 6 and 7 assigned to the Ti-C1 
stretching. The weak band observed at 385 cm-' for 4  must, in 
this case, be assigned to the other possibility, that is, the 
symmetric or asymmetric Ti-Cp metal-ring stretching of the 
metallocenic moiety (49). This vibration mode is also present in 
the spectrum of the nonchloride-containing complex 1 at 
395 cm-' (see footnote in Table 1). The bands near 570 cm-' 
were assigned in each case to the Ti-N stretching frequen- 
cies. There was no evidence in the ir data whether N1, N3, 
N9, or N7 coordination to titanium is preferred in 4  or 6, 
by way of comparison with 7, or if the labile N7-H proton 
migrates to other nitrogen atoms in these complexes. This 
type of ligand rearrangement has been reported for several 
transition metal complexes of neutral or protonated purine, e.g., 
[ C U ( H ~ O ) ~ ( P ~ H ) ] S O ~  (50), ZnC13(PuH2) (5 I), and Cu2C16(PuH3) 
(52). In general this type of structural nuance is difficult to 
detect by routine ir alone. 

For the adenine derivatives 5  and 8, the spectra are very 
similar to those of free AdNa and AdH, respectively. The 
vibrations for which these similitudes are most evident are in the 
3400-2400 cm-' and 1700-1600 cm-' regions. More pre- 
cisely, the AdNa and 5 spectra have both a very broad band near 
1640 cm- ' attributed to the NH2 deformation vibration which is 
slightly at higher frequencies and much sharper for AdH and 8. 
Hence, in the latter spectra the NH2 deformation band is well 
resolved from the sharp Py ring vibration near 1600cm-', 
contrary to the former. Overlapping and very broad absorptions 
in the 3400-2800 cm-' region have been assigned to the NH2 
stretching mode and a broad band in the 2800-2400 region to 
the Im N-H stretching, by LautiC and Novak (42). The two 
main absorption bands present at 3320 and 3100 cm-' in the 
spectra of 5 can be assigned to a secondary rather than a primary 
amine if the low field band is assumed to be cause by a C-H 
stretching mode. Also, the 2800-2400 cm-' region is void of 
the Im N-H stretching absorption for this complex. Further- 
more, the important NH2 wagging present at 650cmP' in the 
spectrum of AdH was not observed for 8 although a stretching 
mode is present as indicated by the absorptions at 3300 and 
3130 cm-'. The amino wagging mode should be manifest for 
the titanium derivative based on the spectra of the sodium metal 
salt, which contains a huge deformation of the base line ranging 
from 800 to 400cm-' owing to this mode (not mentioned in 
Table 1). Hence, based on its ir data, there is no evidence for the 
ring deprotonation in 8, and the amino group should be involved 
in some type of bonding interaction. Data for 5  suggest that 
the amino group environment is significantly changed in this 
complex and clearly shows that the Im ring is deprotonated. 

Several molecular and polymeric structures of purine base 
complexes with transition metals have been precisely deter- 
mined by X-ray diffraction (53-55). In view of the great 
flexibility of the chelate-metal interactions in these solids, 
definitive structures based on ir data alone are difficult. 

Electron paramagnetic resonance spectra 
Solid and benzene solution spectra were recorded at room 

temperature for the paramagnetic 2 ,4 ,5 ,  and 6 compounds. The 
observed g values are typical of titanium + 3 oxidation state. 

The characteristic features of the solid state epr are as 
follows. The spectrum for polycrystalline 4, see Fig. 2, has the 

FIG. 2. Room temperature epr spectra of polycrystalline 4 (A) and 
in solution M in benzene (B); of 5 in solution M in benzene 
(C); and of polycrystalline 6 (D). 

general shape of an axially symmetric resonance with aniso- 
tropic tensors gll = 1.994 and g, = 1.975. The powder 
spectrum of 6 is typical of a rhombic g tensor, giving rise to 
three g values: gl = 1.991, g2  = 1.980, and g3 = 1.966. The 
spectrum is also shown in Fig. 2. This type of spectrum has been 
observed for similar Cp2Ti1"XL addition complexes (56, 57). 
Contrasting with these special features, the powder spectrum for 
5  gives an extremely broad single derivative shape resonance 
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centered at g = 2.001 having approximately 82 G peak-to-peak, 
double the width observed in the spectra of the monochloride 
complex 2 which has a g value of 1.980. 

Dilute solution spectra in benzene for the paramagnetic 
complexes show a n&ow single resonance derivative signal. In 
addition to this, 5 has an unresolved resonance at high field of 
the main epr derivative resonance giving rise to two g values for 
this complex: gl = 1.981 and g2 = 1.975. All the solution 
spectra showed hyperfine metal-spin coupling with 47Ti ( I  = 
512, natural abundance 7.5%) and 4 9 ~ i  ( I  = 7/2, natural 
abundance 5.5%) as shown in Fig. 2 for 4 (g = 1.981). The 
interline spacings measured are; for 2, 15 G; for 5, 10 G; for 4 
and 6, 13 G .  The scale drawn for spectrum B of Fig. 2 depicts 
a sextet superimposed to an octet splitting centeredaround the 
more intense singlet resonance due to 4 6 ~ i ,  4 8 ~ i ,  and 5 0 ~ i  
(natural abundance 87.0%) metal atoms, I = 0 nuclei. The 
observed hyperfine resonance intensities coincide with those 
calculated from the natural isotopic abundance of titanium, 
1:2.6:2.6:2.6:115:2.6:2.6:2.6: 1 (58). Furthermore, the aver- 
aged interline splitting observed here is somewhat stronger than 
the 8- 11 G range reported for bipyridine, imidazole, biimida- 
zole, benzimidazole, and carboxylic acid complexes (59, 60). 

Closer examination of the hyperfine structure in the solution 
spectra of 5 indicated the presence of a second less intense 
unresolved hyperfine splitting, with ca. 4 G interline spacing 
with the former. Similar splitting has been reported for 
dinuclear titanocene complexes of dicarboxylic acids (59, 61). 
Intramolecular magnetic exchange between neighboring tita- 
nium atoms [i.e., J % A(Ti)] has been shown to be the cause of 
this splitting. Hence, this feature is consistent with the dinuclear 
composition found by elemental microanalysis for 5. 

Mass spectra 
The pertinent electron impact mass spectral data are given in 

the experimental part. The spectra of the studied compounds 
did not show any molecular ion fragments except 7 where a 
fragment at mlz  332 (5) corresponding to the molecular ion 
[CI5Hl3N4C1Ti]+ was present. For all the complexes, the 
[CloHloTi]+ and [C5H5Ti]+ fragments typical for titanocene 
derivatives were more or less abundant at mlz 178 and 113 
(percent relative intensity, 2-31%). For 6, 7, and 8 the mass 
peak at m/z 213 corresponding to the [CloHloCITi]+ ion can be 
explained by the loss of the neutral base ligand from the parent 
molecular ion. The base peak for the purine complexes were 
present at mlz  120 (100) due to the ionized pure ligand. The 
ms of the adenine complexes, on the other hand, gave a 
base peak corresponding to the titanocene unit at m/ z 178 (100). 
Also, in the spectra of 8 several metal-adenine containing 
fragments were detected. The more intense fragments are at mlz 
381 (5), 379 (15), 314 (4), and 312 (6), and coincide with the 
formulation of ions with two adenine rings [(C5H5)(C5HxN5)2Ti] + 

with x = 4 and 3, or one adenine ring [(C5H5)2(C5H,N5)Ti]+ 
with y = 6 and 5 species, respectively. Primary elimination of 
neutral cyclopentadienyl fragments from the parent ion has been 
reported for several titanocene complexes with strong 0,  N, or S 
bonded chelating ligands (19, 23). 

site of the free ligand and is probably due to the different Lewis 
acid properties of H+ and the Cp2Ti+ cations. The titanium- 
ligand bond lengths and angles fall within previously reported 
values for titanium(1V) metallocenes. 

The expected structures for complexes 4-6 and 8 are shown 
below. Analytical and spectroscopic results indicate the pre- 
sence of T-cyclopentadienyl ligands in all four complexes. 
Moreover, titanium metallocenes generally adopt a tetragonally 
arranged clino-structure for its ligands. Also, the proposed 
structures are consistent with the 17 or 16 valence electron 
configuration usually encountered for titanium + 3  and $4 
oxidation state, respectively. 

Kinetic, analytic, and spectroscopic results indicate that one 
of the two purine ligands in 4 is deprotonated and 5 must be a 
bimetallic complex with one doubly protonated adenine ligand. 
In 4 the deprotonated purine ligand is possibly coordinated 
through its N9 nitrogen as in 7. Moreover, in these compounds 
and in 6 the titanium has a $3 oxidation state. Hence, structures 
4 and 6 can reasonably be proposed and represent PuH addition 
compounds. The structure for 5 is more difficult to predict. If the 
assumption that the N9 and N6 nitrogens are the more probable 
deprotonation sites for adenine, then one (r15-C5H5)2Ti unit can 
be expected to bond to the N9 nitrogen of the adenine ring, plus 
a dative bond from N3 is possible. The second titanium unit can 
then bond to the amino N6 nitrogen with an additional dative 
bond from either the N7 or the N1 atom of the ring. These two 
distinct structures are depicted in structure 5 by circles A and A' 
respectively. For these two structures, it can be argued that 
formation of a five-member metallocycle (A) is expected to be 
favored over the smaller four-membered ring (A'). However, 
the greater basicity of Nl  over N7 is an equally important 
property of the free adenine molecule in favor of the latter 
structure (Ar).  

Finally, for titanium compounds no information was avail- 
able, as of yet, on the coordination properties of adenine. There 
are strong indications here, from ir and ms results for 8, that the 
amino group is involved in inter- or intra-molecular chelation in 
the solid state, possibly with titanium. Seemingly, saturated 
penta-coordinated titanium(1V) complexes are rare but have 

Structures been previously reported (24, 25). - 
~ - 

Crystallographic measurements for 7 show that the molecule 
contains a bent-cycle metallocene unit to which the deproto- Acknowledgments 
nated purine ligand is bonded through the N9 nitrogen (30). Financial support from the "Fonds FCAC" Quebec govern- 
The ligands are tetragonally disposed around the metal with the ment, Natural Sciences and Engineering Research Council of 
purine ring pointing away as shown in the structure given Canada, and the Moroccan Ministry of Education is gratefully 
below. This feature contrasts with the preferred N7 protonation acknowledged. 
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NICK HENRY WERSTIUK, DOUGLAS NEVE BUTLER, and SUSHIL DATTA. Can. J .  Chem. 64, 760 (1986). 
The ultraviolet photoelectron spectra of 2,7-diazatetracyclo[3.3.3.0~~90.g~"]undecane (1) and its N,N-dimethyl- and 

methylene-bridged analogues 2 and 3 are documented. The spectrum of 2, which exhibits a nitrogen lone-pair splitting of 
0.95 k 0.1 eV, is interpreted on the basis of an interaction of "inside" lone pairs of the 1,2-diamine. Apparently this is the first 
report of a study of such an interaction. The spectrum of 1 is consistent with our view that 1 is an intramolecularly hydrogen 
bonded species in which the lone pairs are "inside-outside". 

NICK HENRY WERSTIUK, DOUGLAS NEVE BUTLER et SUSHIL DATTA. Can. J .  Chem. 64,760 (1986). . . 
On a mesurC les spectres photdlectroniques ultraviolets du diaza-2,7 tCtra~~cl0[3.3.0?~~0.~~"]undCcane (1) et de ses 

analogues N,N-dimCthylC (2) ou portant un pont mCthylCnique (3). Le spectre du compost 2 prtsente un couplage de la paire 
d'Clectrons libres de I'azote de 0,95 k 0,l  eV que l'on interprkte sur la base d'une interaction des paires d'Clectrons "internes" de 
la diamine-l,2. Le spectre du composC 1 est en accord avec notre hypothese selon laquelle ce composC est une espkce qui posskde 
des liaisons hydrogenes intrarnolCculaires dans lesquelles les paires libres sont du type "inttrieur-extCrieurV. 

[Traduit par la revue] 

Introduction 
Over the past fifteen years, studies of nitrogen, oxygen, and 

sulfur compounds by ultraviolet photoelectron spectroscopy 
have yielded a wealth of information on the factors that 
determine the magnitudes of through-space and through-bond 
interactions of lone pairs. Studies of diamines have been 
especially fruitful (1). In a significant paper in 1970, Heil- 
bronner and Muszkat (2) confirmed early EH and MIND012 
calculations that predicted significant interaction between the 
nitrogen lone pairs of 1,4-diazabicyclo[2.2.2]octane. They 
established that the lone-pair splitting was 2.13 eV, that n+ was 
higher in energy than n-, and thereby that interaction of the 
lone pairs occurred predominately through the ethano bridges. 
Subsequently, Nelsen and Buschek (3) studied 1,5-diazabi- 
cyclo[3.2.2]nonane, 1,5-diazabicyclo[3.2. ] ]octane (7), 1 3 -  
diazabicyclo[3.3.1 Inonane (8) , and several piperazines and 
hexahydropyrimidines to evaluate through-space and through- 
bond interactions. They conclude that the magnitudes of the 
splittings of 1 , l -  and 1,2-diamines depend on the spatial 
orientation of the lone pairs, as shown in Fig. 1. More recently, 
Alder et al. (4), in a significant paper, described the effects 
of ring strain and three-electron u-bonding on the ionization 
energies of bicyclic diamines. 

In this paper we document and discuss the photoelectron 
spectra of 2,7-diazatetracyclo[3.3.3.0.4~90.8~1 l]undecane (1) 
and its N,N-dimethyl- and methylene-bridged analogues 2 and 
3, the syntheses of which will be reported in a following 
publication. Diamine 2 provides an unique opportunity to 
investigate previously unknown (1) through-space interactions 
between the "inside" lone pairs of an alicyclic 1,2-diamine and 3 
(essentially the "outside" analog of 2). Diamine 1 ,  which is 
a stronger proton sponge2 than 1,8-diaminonaphthalenes (I) ,  
provides an opportunity to study a rigid intramolecularly 
hydrogen-bonded 1,2-diamine. 

'~uthor  to whom correspondence may be addressed. 
'D. N. Butler, unpublished results. 

FIG. 1. Magnitudes of lone-pair splittings of 1, l-  and 1,2-diamines 
as a function of spatial orientation. 

Results 
The photoelectron spectra of 1 ,  2, and 3 are given in Figs. 

2(A), (B), and (C), respectively. The maxima of the lone pair 
IPS (ionization potentials) are taken as the vertical IPS, and 
splittings are listed in Table 1. Substantial splittings are 
observed for the diamines, and the lone-pair IPS of 2 are 
unusually low. 

Aspects of the structures of diamines 1 and 2 
Although the lone pairs of 3 are fixed, three limiting con- 

figurations are possible for 1 and 2: 1-i,i and 2-i,i (i = in, o = 
out); 1-i,o and 2-i,o: 1-o,o and 2-o,o. 
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TABLE 1. Ionization potentials and splittings of diamines 

Diarnine IP1,, (ev) IP2,, (ev) AIP (eV) 

1 8.20 * 0.05 (n-) 8.80 * 0.05 (n') 0.6 & 0.1" 
2 7.29 ? 0.05 (n-) 8.24 0.05 (n') 0.95 * 0.1 
3 8.05 * 0.05 (n-) 9.00 + 0.05 (n') 0.95 * 0.1 

"Estimated from the sum of two Gaussian peaks. 

Although amine-to-amine hydrogen bonding is weak, it is 
expected that 1 is intramolecularly hydrogen bonded and the 
1-i,o is the most stable configuration. That partially alkylated 
1,8-diaminonaphthalene 4 adopts a conformation with aN-H:N 

hydrogen bond (1), but 1,8-bis(dimethy1amino)naphthalene is 
forced to adopt a structure with some lone-pair interaction, 
supports this expectation (6). While hydrogen bonding would 
provide a stabilization of approximately 10-15 kJ mol-', a 
further stabilization would result from a decrease of the 
lone-pair repulsion because the lone pairs would be directed 
away from each other. Our view that 1 is intramolecularly 
hydrogen bonded is further supported by the work of Vogel 
and Giinther et al. (7). They established conclusively that 
syn- l,6:8,13- 13-diimino[l4]annulene (5) is intramolecularly 
hydrogen bonded and the AH* and AS* for inversion at 
nitrogen (5a $ 5 b )  are 26.1 kJ mol- ' and -76.5 J mol- ' K-', 
respectively. This was corroborated recently by a determination 
of the crystal and molecular structures of 5 (8). 

From models it is clear that 2-o,o, with the nitrogens 
pyramidal, would be impossibly strained due to the steric 
interaction of the methyl groups. Similarly, in the case of 2-i,o, 
if both nitrogens are sp3-like, models show that there is severe 
crowding of the inside lone pair and the hydrogens of the methyl 
group. Furthermore, the stereoisomer in which the nitrogens are 
constrained to the triangular planar (sp2 hybridized) would also 
be a high energy species due to angle strain and repulsion of 
the lone pairs that would be directed towards each other. 
Consequently, we expect that 2-i,i with the nitrogens pyramidal 
is the most stable stereoisomer of the N,N-dimethyldiamine. In 
keeping with this expectation, the 13crnr of 2 exhibits only six 

FIG. 2. (A) Photoelectron spectrum of diamine 1; (B) photoelectron 
spectrum of diamine 2; (C) photoelectron spectrum of diamine 3. 2-i,i 
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resonances: 67.9 ppm (C-1 ,C-8), 55.3 (C-3,C-6), 45.4 (CH3), 
42.9 (C-9,C-ll), 41.3 (C-4,C-5), and 28.1 (C-10). Further- 
more, the 13Crnr spectrum obtained at -70°C showed no 
significant change relative to that obtained at ambient tempera- 
ture. One aspect of the spectrum of 2 deserves comment. Unlike 
C-2- and C-3-endo-substituted bicyclo [2.2.l]  heptanes that 
exhibit C-7 resonances at 35-40 ppm ( 9 ,  C- 10 of 2 appears at 
28.1. In this connection, it is interesting to note that C-7 of 
quadricyclene appears at 32 ppm (5). Apparently the upfield 
shift is associated with bridging between C-2, C-6 and C-3, C-5. 
Although 13crnr results are consistent with our proposal that 
2-i,i is the stable isomer, 2-i,o presumably would also exhibit 
six signals if inversion involving a "windshield-wiper" motion 
was rapid on the nmr time scale. Our expectation that 2-i,i is the 
stable configuration of the N,N-dimethyl analogue of 1 is also 
supported by the work of Simonetta and co-workers (8). They 
established by X-ray diffraction that the N,N-dimethyl analogue 
of 5 has both N-methyl groups pointing outward. 

Discussion and conclusions 
The low values of the IPS for the lone pairs of 2 (7.29 and 

8.24 eV; AIP = 0.95 eV) are in keeping with our proposal that 
2-i,i is the most stable configuration of the N,N-dimethyl- 
diamine. In fact, the onset of the low IP band is at 6.9 eV. By 
comparison, the IP of the "lone-pair" band in the PE spectrum of 
N-methylpyrrolidine is 8.41 eV (9). In the case of 2-i,i, n- 
should be higher in energy than n+ and the IPS should be low 
because of the proximity of the lone pairs. The shift to lower 
binding energies in the case of 2 is similar to, but not as dramatic 
as, the shift observed for the "inside" lone pairs of 1,6-diaza- 
bicyclo[4.4.4]tetradecane (6) studied by Alder et al. (4). The 
authors (4) estimated the N . . .N distance in 6-i,i (IPS 6.64 and 

7.77 eV; AIP = 1.13 eV), the most stable isomer of the 
diamine, to be 2.61 A by a force field calculation. 

In the case of 2-i,i, models show that the N . . . N distance is 
slightly greater than the N...N distance of 6-i,i but, more 
importantly, that the lone pair orbitals are not directed towards 
each other. Assuming that the N atoms are sp3 hybridized, the 
angle between the lone pairs is approximately 70" (Fig. 3). 
These factors would account for the fact that the shift to lower 
binding energies is not as large as it is in the case of 6-i ,i and also 
that the splitting referred to is smaller as well. 

In the case of 3, the binding energies (8.05 and 9.00 eV) are 
essentially normal for a tertiary amine (vide supra). This fact 
provides additional support for our view that 2 has the i,i 
configuration. For 3 we propose that n- > n+,  in keeping with 
Nelsen and Buschek's assignment for 7 (3). It is interesting to 
note that the splitting of 0.95 eV is somewhat larger than the 
splitting (0.75 eV) observed for 7 by Nelsen and Buschek. It 
may be that the back-lobes of the lone pair orbitals of 3 are 
slightly better aligned than they are in 7. In the case of 8, where 
the orbitals are exactly directed towards each other, the splitting 
is 1.03 eV. 

For the parent diamine, if 1-i,i is the most stable configura- 
tion, the ordering should be n- > n+ and the splitting, based on 

FIG. 3. Proposed structure of diamine 2-i,i. 

2-i,i, should be in the range of 0.95 eV. If, as expected, the 
diamine is intramolecularly hydrogen bonded, then n- should 
be stabilized and n+ destabilized or remain unaffected because 
the lone-pair interaction is decreased (Fig. 4). Since hydrogen 
bonding to nitrogen increases the lone-pair ionization energy, as 
established by Brown (10, 1 l ) ,  it is conceivable that hydrogen 
bonding to n- also leads to a stabilization of n-. Consequently, 

the splitting for 1-i,o should be smaller than the splitting for 
2-i,i. In fact, this is observed experimentally-we estimate that 
the splitting for 1 is approximately 0.6 eV. 

FIG. 4. Proposed structure of diamine 1-i,o. 

Experimental 
The He(1) photoelectron spectra were obtained with a noncommer- 

cial instrument constructed from the design of Frost et al. (12) and 
based on a 10-cm diameter aluminum hemispherical electrostatic 
energy analyser. The photoelectrons are retarded and focussed onto a 
rectangular entrance slit (0.5 x 2 mm) by a suitable lens. He(1) photons 
were generated by an air-cooled DC discharge lamp operated at 1.3 kV. 
With this lamp the typical count rate on Ar 2 ~ 3 , 2  is 100 000 HZ with 
a 40-meV fwhm. The spectra represent averages of 15-20 scans 
collected using an APPLE II+/ISAAC system that controls the 
spectrometer operations and data collection. 

Diarnines 1 ,  2, and 3, whose syntheses will be reported in a 
following publication, exhibited ' ~ m r ,  I3crnr, and mass spectrometric 
spectral data consistent with the proposed structures, including, of 
course, the photoelectron spectra. 
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Is the collision induced loss of ethene from the (M - H+)-  ion 
of butyrophenone a y-hydrogen rearrangement? 
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MICHAEL B. STRINGER, DENNIS J. UNDERWOOD, JOHN H. BOWIE, JOHN L. HOLMES, ALEXANDER A. MOMMERS, and JAN E. 
SZULWKO. Can. J. Chem. 64, 764 (1986). 

The (M - H+)- ion of butyrophenone undergoes the following reactions on collisional activation: losses of CH3', CH,, (C,HSe), 
C2H4, C3H7', (CO + CH4), together with formation of C6H5- and C4HSO-. Labelling studies (13C and 'H) show that the losses 
of CH<, C3H7' and the formation of C6H5- and C4HSO- are specific and occur without hydrogen scrambling. All other reactions 
involve prior or accompanying hydrogen rearrangement. In particular, the loss of CzH4 is very complex: it involves loss of ethyl 
carbon atoms, but all hydrogen atoms are involved via specific rearrangement reactions. The phenyl-alkyl H rearrangements 
which are noted for this process occur after collisional activation of the (M - H+)- ion. 

MICHAEL B. STRINGER, DENNIS J. UNDERWOOD, JOHN H. BOWIE, JOHN L. HOLMES, ALEXANDER A. MOMMERS et JAN E. 
SZULEJKO. Can. J. Chem. 64,764 (1986). 

Sous l'influence d'une activation par collision, I'ion (M - H+)- de la butyrophknone subit les rkactions suivantes: pertes de 
CH3', de CH4, de (C,H5'), de C2H4, C3H7', de (CO + CH,) avec formation de C6H5- et de C4HsO-. Des etudes de marquage 
(13c et .LH) ont dCmontr6 que les pertes de CH3' et de C3H7' ainsi que les formations de C6H5- et de C4H50- sont sp6cifiques et 
qu'elles se produisent sans redistribution des hydrogknes. Toutes les autres reactions impliquent des transpositions d'hydrogknes 
qui se produisent avant ou d'une faqon concornitante avec les reactions. En particulier, la perte de C2H4 est trks complexe: elle 
implique la perte des atomes de carbone de l'ethyle, mais tous les atomes d'hydrogkne sont impliquks par le biais de rkactions de 
transpositions sp6cifiques. Les transpositions des H des phknyle-alkyle qui sont notees pour ce processus se produisent aprks 
I'activation par collision de l'ion (M - HC)-. 

[Traduit par la revue] 

Introduction 
In the past decade there have been significant advances in the 

analytical applications of negative ion mass spectrometry, for 
example in the areas of electron capture, negative ion chemical 
ionization, secondary ion mass spectrometry, and fast atom 
bombardment (1). These "soft ionization" techniques often give 
molecular weight information, but in many cases fragment 
negative ions that in principle could yield structural information 
are absent in the spectra. Collision induced dissociations of 
negative ions can give structural information (1,2); in addition, 
fundamental information concerning ion behaviour may be 
obtained by such studies (1, 3 ) .  

Hunt et al. have studied the collisional activation mass 
spectra of a variety of (M - H+)- ions derived from ketones 
(4, 5). They have suggested (4) that the rearrangement peaks 
observed for dialkyl ketones may be explained by the y- 
hydrogen rearrangements and olefin eliminations shown in 
Scheme 1. Deprotonation may occur at two positions in such 
systems and it is thus difficult to be certain which is the 
decomposing carbanion. In this paper we report the decomposi- 
tions of the collisionally activated (M - H+)- ion of butyro- 
phenone. We chose this system for three reasons: (i) it should 
only deprotonate from one position to yield one initial carban- 
ion; (ii) butyrophenone is relatively easy to label with 2~ and 
I3C; and (iii) it is unable to undergo the type of y-hydrogen 
rearrangement proposed by Hunt et al. (4) (see Scheme 1). 

Results and discussion 
All collisional activation (CA) mass spectra (6) were measured 

'~uthors to whom correspondence may be addressed. 

with a VG ZAB 2F mass spectrometer (7) operating at 70 eV 
in the negative chemical ionization mode. Water was used to 
produce HO- reactant ions (8), and helium was used as the 
collision gas. 

Details are provided in the experimental section. 
The CA mass spectrum of the (M - H+)- ion of butyro- 

phenone is shown in Fig. 1. In order to determine the atoms 
involved in the fragmentations shown in Fig. 1, the correspond- 
ing spectra of the labelled compounds 2-9 were studied. Certain 
of the fragmentations are straightforward, others occur with 
or after extensive hydrogen scrambling. Let us deal first with 
some of the simpler fragmentations. The phenyl negative ion 
(m/z 77) is formed by simple cleavage, and this may be 
rationalized as shown in sequence [I] .  The second spec$c 
reaction is that which produces C4H50- (m/z 69). This ion is 
formed by loss of C6H6 (reaction [2]). The peak at m/z 69 

Prinled in Canada i Imprime au Canada 
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FIG. 1. The CA mass spectrum of the (M - H+)- ion of butyrophenone. For full details see experimental section. 

(Fig. 1) has a width at half height of 40 V, a value that 
corresponds to a small kinetic energy release, 0.050 V. 

The losses of CH3', CH4, and C,H5' (see Fig. 1) are complex 
and the appropriate relative peak abundances for ions derived 
from compounds 2-9 are listed in Table 1. From these figures 

C6H5\ 
[21 

/ H  

/c=C\E, 
--t -0-C+C-Et + C6H6 

-0 

we may make the following observations. The loss of CH3' 
occurs exclusively from the terminal methyl group; neither 
carbon nor hydrogen scrambling precedes or accompanies this 
reaction (sequence [3]). Elimination of CH4 involves the 
terminal methyl group together with a hydrogen atom from the 
phenyl ring. The CA mass spectrum of the (M - H+)- ion of the 
ring d3 derivative (5) shows that partial ring hydrogen scram- 
bling precedes or accompanies the loss of the fourth hydrogen; 
further H/D mixing must be responsible for loss of 16 amu from 
6 .  This reaction is best rationalized by the first step of sequence 
[4]. The loss of the fifth hydrogen occurs primarily from the 

TABLE 1. The losses of CH3', CH4, and C,H5' (and labelled analogues) 

Loss 

Compound -15 -16 -17 -18 -19 -20 

position shown in the second stage of sequence [4]. The 
structures shown in sequence [4] are speculative: they are used 
solely to illustrate the two processes. 

The peaks at m/z 103 and 104 in Fig. 1 are produced by the 
respective losses (CH4 + CO) and C3H7'. The relative peak 
abundances in this region are summarized in Table 2 for ions 
derived from compounds 1-9. The loss of (CH4 + CO) follows 
precisely the first step of sequence 141, with additional loss of 
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TABLE 2. The losses of (CH4 + CO) and (C3H7') and labelled analogues 

Compound 

Loss 1 2 3 4 5 6 7 8 9  

the original carbonyl group (of butyrophenone). The elimina- 
tion of C3H7' involves C3H6 from the side chain together with 
one phenyl hydrogen. The CA mass spectrum of the ring d3 
derivative (5) shows almost exclusive loss of C3H6DS; only 
a 3% peak corresponding to loss of C3H7' is observed. We 
proposed an almost specific elimination of an ortho-hydrogen 
as shown in sequence [5]. 

Our major interest in the CA mass spectrum shown in Fig. 1 
concerns the loss of C2H4. IS this elimination a four-centre 
process [6], a six-centre reaction [7], or some more complex 
rearrangement? 

The first task was to determine whether the product ion of 
the reaction corresponds to a (sequence [6]) or b (sequence 
[7]). Thus we compared both the CA mass spectra and the 
charge inversion spectra (9) of m/z 119 and the (M - Ht)- 
ion of acetophenone (see Table 3). Each pair of spectra are 
identical. In particular, the charge inversion mass spectrum 
coniains an ion corresponding to the process m/z 119 - CH2, 
indicating the presence of a methylene group in the precursor 
negative ion. Thus we believe the product ion m/z 1 19 in Fig. 1 
corresponds to the keto negative ion a .  Whether it is formed 
directly (sequence [6]) or indirectly through b (sequence [7]) is 
not clear at this stage. 

The collision-induced elimination of C2H4 from the butyro- 
phenone (M - H+)- ion produces a peak that shows no fine 
structure, is steep sided with a rounded top, and is unusually 
wide. The width of the peak of half height is 94 V (cf. the 
Gaussian type peak 40 V wide for reaction [2]), corresponding 
to a kinetic energy release of 0.44 eV. This is in keeping with a 
reaction having a reverse energy barrier. 

The relative abundances of peaks arising from losses of 
etheneanddeuteriatedethene from the (M - H+)- (or(M - D+)- 
where appropriate) negative ions from compounds 5-9 are 
summarized in Table 4. The corresponding spectra of the 13C 
labelled compounds 3 and 4 show that the carbon atoms 

TABLE 3. Collisional activation (CA) mass spectrum and charge 
exchange mass spectrum of ion C6H5COCH2- from acetophenone 

CA fragment anions (m/z (%) composition): 
118(100) C8H60-', 101 (2) C8HS-* 89(2) C7Hs-, 77(40) C6H5-, 
64(2) C5H4-', 41 (40) C2HOP, and 25(1) C2H- 

Charge exchange fragment cations (mlz  (%) composition): 
105(23) C7H50+, 103(28) C7H30+ or C8H7+, 102(25) C7HzO+ or 
C8H6+, 91 (49) C7H7+, 89(28) C7H5+, 77(100) CrjHs+, 75(12) C6H3+, 
65(26) C5H5+, 63(18) CsH3+, 51(31) C4H3+, 50(31) C4H2+', 41(7) 
C3HS+ or C2HO+ and 39(13) C3H3+ 

TABLE 4 .  Summary of ethene loss 

Compound Relative abundances 
- - - -- 

D--$coYH& (5)  C Z H ~ ( ~ O ) : C I H ~ D ( ~ O )  

Ca5COCH Et (6) C2H4(65) :C2H3D (35) 
PhCOCD Et (7) C2H4(73) :C2H3D (27) 
PhCOCHCD2Me (8)  C2H4(3) : C2H3D (26): C2H2D2 (7 1) 
PhCOCHCH2CD3 (9)  C2H3D(3) : C2H2D2 (59) : C2HD3 (38) 

eliminated are exclusively those of the terminal ethyl group. 
No carbon scrambling accompanies the elimination of C2H4. 
In marked contrast, a number of specijic hydrogen rearrange- 
ments precede or  accompany the loss of C2H4. 

0.35 H lost 0 .3  H lost - 
ej - -  

0 . 3  H 0.35 H 
retained retained 

The data in Table 4 can be simplified as shown above in 
representation (10). Within experimental error, 0.65 of a 
hydrogen atom is transferred out of the ethyl substituent and is 
retained in the product ion while 0.65 of a hydrogen atom 
is transferred into the ethyl group and lost when ethene is 
eliminated. We propose the mechanisms in Scheme 2 in order to 
rationalize the experimental observations. The observation that 
the ion from 7 eliminates 27% of C2H3D (see Table 4) demands 
that there be a transfer of the remaining deuterium into the 
terminal ethyl substituent. We propose equilibrium c 8 e to 
account for this transfer. A comparison of the decomposition of 
the ions from 5 and 6 (Table 4)shows that ring hydrogens are 
involved in part and that statistical ring hydrogen scrambling is 
co-occurring with aryl H transfer. Either of the equilibria c 8 g 
or d $ h together with h 8 i could account for the involvement 
of aryl hydrogen. Finally, a comparison of the losses of 
variously labelled ethenes from the (M - H+)- ions from 8 and 
9 shows that partial scrambling of the ethyl hydrogens also 
occurs. This could occur through either e or f :  we prefer the 
equilibrium f i because it involves the allylic species i. The 
mechanisms shown in Scheme 2 are speculative but they fit the 
experimental observations in a qualitative sense. 

We believe that of the two possible decomposing inter- 
mediates, e and f ,  e is the more likely and that it decomposes 
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to a directly. It was explained above that the product ion 
corresponds to a ;  however, the possibility that some of b is 
formed from f and that b then tautomerizes to the more 
thermodynamically stable species a cannot be excluded. 

There are few examples of hydrogen rearrangements in the 
unimolecular reactions of negative ions (1); e.g., aryl H 
scrambling is the exception (10) rather than the rule (1). The 
complex aryl-alkyl H rearrangements that occur in the CA mass 
spectrum of the butyrophenone (M - H+)- ion have no prior 
analogy. Therefore it is of interest to determine whether these 
rearrangements occur in the negative ion before or after the 

, collisional activation process. We cannot determine this for the 
aryl H scrambling, but the following experiment answers the 
question for aryl-alkyl H rearrangements. The charge inversion 
spectrum of the (M - H+)- ion of 2,4,6-'H3-butyrophenone (5) 
shows two major peaks. These correspond to C6H2D3-C~O+ 
(m/z 108) and C6H2D3+ (m/z 80). There is no evidence in the 
spectrum for the formation of ions C6H3D2-C=O+ (m/z 107) 
or C6H3D2+ (m/z 79). Thus, even though the two experiments 
may not sample identical populations of ions, the results show 
that the aryl-alkyl H rearrangements observed for the CA mass 
spectrum are processes that occur after collisional activation of 
the (M - H+ )- ion. 

Conclusions 
The collision-induced fragmentations of the (M - H+)- ion 

of butyrophenone provide interesting examples of differing 
decomposition time scales. Simple cleavages are fast (e.g., 
reactions 111 and [3]) and occur without any rearrangement of 
the side chain. Some rearrangement reactions are also fast: 
for example the loss of C6H6 (reaction [6]) occurs without 
hydrogen rearrangement in the side chain; elimination of C3H7' 
(reaction [ 5 ] )  is also fast since virtually no phenyl H scrambling 
is observed. All reactions involving loss of CH4 co-occur with 
partial phenyl hydrogen scrambling. The loss of C2H4 is the 
slowest rearrangement; complete phenyl hydrogen randomiza- 
tion precedes or accompanies this reaction. 

Experimental 
Collisional activation mass spectra (?) and charge inversion spectra 

of negative ions (11) were recorded with a MM VG ZAB 2F 
spectrometer operating under the following conditions: negative ion 
chemical ionization mode, reactant ion HO- formed from water (for 

full details see ref. 1 l),  electron energy 70 eV, measured pressure of 
collision gas (He) in second field-free region collision cell 1.5 x 
lo-' Torr (1 Torr = 133.3 Pa). The ion acceleration voltage was 
8000 V. 

The I3C labelled I-phenyl-I-butanones 2-4 
l-(13~)-l-phenyl-l-butanone (2), 3-(13~)-1-pheny1- 1-butanone (3), 

and 4-('3C)-l-phenyl-l-butanone (4) were prepared in 60, 63, and 
65% yield respectively by the following method. The labelled precur- 
sors 1-(I3C)-1 -phenyl- 1-ethanone (91.8% 13C), 1-(13C)-iodoethane 
(91.1% 13C), and 2-(13c)-iodoethane (90.6% 13C) were commercial 
products. 

Acetophenone was converted (in quantitative yield) to acetophenone 
dimethylhydrazone by a standard method (12). The hydrazone was 
allowed to react with lithium diisopropylamide (from butyllithium and 
diisopropylarnine in tetrahydrofuran) by the method of Corey and 
Enders (13) to produce a-lithiated acetophenone dimethylhydrazone, 
which in turn was treated with iodoethane to produce 1- henyl-l- 
butanone dimethylhydrazone (14). Treatment with copperg' acetate 
(14) gave 1-phenyl-1-butanone, which was purified by preparative hplc 
(Spectra Physics Chromatronix 3500 instrument using a Lichrosorb 
S 160 column of 10-p particle size and dimensions 250 mm X 10 mm). 
Overall yield from acetophenone was in the range 60-65%. 

The 'H labelled I-phenyl-I-butanones 5-9 
1-(2,4,6-2H3-phenyl)-l-butanone (5) and l-(2H5-phenyl)-l-buta- 

none (6) were prepared in 40 and 49% yield respectively by the 
following method. The labelled precursors used were 2 ,4 ,6 -2~3-  
bromobenzene (from 2,4,6-2H3-aniline (15) ( 2 ~ 3  > 98%) by a 
standard method (16)), and 2H5-bromobenzene (2H5 > 99%), which 
was a commercial product. 

Bromobenzene was allowed to react with lithium (in diethyl ether) to 
form a solution of phenyllithium. Butyllithium was added to butanoic 
acid (in diethylether) to give the lithium salt as a suspension. The two 
lithium derivatives were allowed to react by the method of Levine et al.  
(17) to produce 1-phenyl-1-butanone, which was purified by thick- 
layer chromatography on silica gel, followed by distillation. The 
overall yield (from bromobenzene) was in the range 40-50%. 

3-(2H2)-l -phenyl-1 -butanone (8) and 4 - ( 2 ~ 3 ) -  1-phenyl-1-butanone 
(9) were prepared (both in 74% yield) by the general method described 
above for the 13C labelled compounds 2-4, expect that l-phenyl-l- 
butanone dimethylhydrazone was hydrolysed using a mixture of 
diethyl ether and 2 M hydrochloric acid for 34 h at 25OC. The 
1-phenyl-1-butanone was purified by thick-layer chromatography on 
silica gel, followed by distillation. The labelled precursors, I - ( ~ H ~ ) -  
iodoethane (>99% 2H2) and 2-(2~3)-iodoethane (>99% 2H2) were 
commercial products. 

2-(2~2)-l-phenyl-l-butanone (7, 2 ~ 3  > 98%) was prepared by 
exchanging 1-phenyl-1-butanone twice in refluxing 2 M sodium 
hydroxide for 16 h. 
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DONALD R. ARNOLD, A. MARTIN DE P. NICHOLAS, and KENT M. YOUNG. Can. J. Chem. 6 4 , 7 6 9  (1986). 

The linear relationship between the electron spin resonance hyperfine coupling constants (hfc) of the a -  and P-hydrogens of 
para-substituted a-phenethyl radicals provides experimental evidence that the magnitude of both the a -  and P-hfc is determined 
largely by the extent of spin delocalization in these benzylic systems. The a, scale, developed using substituted benzyl radicals, 
is shown to apply to phenethyl radicals as well. 

DONALD R. ARNOLD, A. MARTIN DE P. NICHOLAS et KENT M. YOUNG. Can. J. Chem. 6 4 , 7 6 9  (1986). 

La relation IinCaire qui existe entre les constantes de couplages hyperfins (chf) de la rpe des hydrogbnes a et P radicaux 
a-phCnCthyles substituCs en para fournit une preuve expCrimentale du fait que, dans ces systbmes benzyliques, I'amplitude des 
couplages hyperfins a ainsi que f3 est principalement dCterminCe par le degrC de dClocalisation du spin. On dkmontre que 1'Cchelle 
a:, qui a CtC dtveloppCe pour les radicaux benzyles substituCs, s'applique aussi aux radicaux phCnCthyles. 

[Traduit par la revue] 

Introduction 
Theory predicts that both the a -  and P-hydrogen hyperfine 

coupling constants (hfc) in the electron spin resonance (esr) 
spectra of a radical are proportional to the spin density (2). This 
applies in spite of the fact that the mechanism of coupling is 
different for the two positions, the main cause of coupling being 
due to spin polarization for hydrogens in the a position and 
hyperconjugation in the case of P-hydrogens. Experimental 
proof of this conclusion is scarce because other factors, such as 
deviation from planarity at the radical center, differences in 
conformation of the hydrogens at the P-carbon relative to the 

I half-filled orbital, and direct interaction (i.e. bridging) of 
I 
I groups in this P position with the radical center, can also 

influence the hfc. It is difficult to vary the spin density at the 
radical center and yet keep these other factors constant. 

A series of para-substituted a-phenethyl radicals is ideally 
suited to test this theory. In this case the nature of the radical 
center should remain constant, all these radicals should be 
essentially planar, there should be free rotation of the adjacent 
methyl group that bears the P-hydrogens, and there can be no 
direct interaction of the substituent with the radical center other 
than that which is transmitted through the phenyl ring. There- 
fore, if spin density is the dominant factor influencing both a -  
and P-hfc, the two values should correlate throughout the series. 

We have proposed that the magnitude of the a-hfc of 
substituted benzyl radicals is a measure of spin delocalization in 
benzylic radicals (3). We believe the substituent effect on spin 
density, expressed as a& values (eq. [I])  will be generally 

useful in Hamrnett-type linear free energy relationships for 
radical reactions. If the a- and P-hfc of substituted a-phenethyl 
radicals correlate, indicating that both are affected primarily 
by spin density, and if they both correlate with the effect of 
substituents on the a-hfc of the benzylic radicals, the conclusion 
that a& reflects the variation in spin density caused by the 
substituent will be confirmed. 

 h his is Part 6 of the series, "Substituent effects on benzyl radical 
hydrogen hyperfine coupling constants" (Part 5 ,  see ref. 1). 

'~uthor to whom correspondence should be addressed. 

TABLE 1. Electron spin resonance hyperfine coupling constants for 
para-substituted a-phenethyl 

x a, a, a, ax 

"All values in G. Unless indicated otherwise uncertainty is ?0.03 G. 
bSubscript indicates position; o = ortho, m = meta, and X = substituent. 
'Hydrogens of methyl. 
dA value of 16.90 G has been reported (5). 
'Nitrogen of CN. 
funcertainty of 0.10 G. 
8A value of 17.25 G has been reported (5). 
hUncertainty of 0.06 G. 
'a-Hydrogen of ethyl. 
'A value of 17.70 G has been reported (5). 
k l9F 

Results 
The a-phenethyl radicals were generated photochemically 

in the microwave cavity of the esr spectrometer by hydrogen 
abstraction from the appropriately substituted ethylbenzene. 
The hydrogen was abstracted by tert-butoxy radicals formed 
from di-tert-butylperoxide. The procedure has been described 
previously (1, 3). Hyperfine coupling constants were measured 
directly from the spectra and then refined by iterative computer 
simulation (4). These results are summarized in Table 1. 

The observed spectrum of the para-methoxyphenethyl radi- 
cal was complicated by the competitive hydrogen abstraction 
from the methoxy methyl group. The experimental spectrum 
was simulated by a one-to-one mixture of the a-phenethyl 
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FIG. 1. A plot of the P-hfc versus the a-hfc of the a-phenethyl 
radicals. Points are numbered according to Table 1. 

0 - h f c  ( G )  

FIG. 2. A plot of the P-hfc of the a-phenethyl radicals versus the 
a-hfc of benzyl radicals. Points are numbered according to Table 1. 

radical and aryloxymethyl radical with a(CH2) = 17.65 + 
0.1 G. 

Discussion 
The relationship between a -  and P-hfc of para-substituted 

a-phenethyl radicals is illustrated in Fig. 1. A good ( r  = 0.993) 
linear correlation (P-hfc = (0.89 + 0.09)a-hfc + (3.3 + 1.4)) 
is observed. This result indicates that both a-hfc and P-hfc are 
linearly related to the spin density at the benzylic position. 

The relationship between the P-hfc of the a-phenethyl 
radicals and the a-hfc of the benzyl radicals is illustrated in 
Fig. 2. A good ( r  = 0.995) linear correlation (P-hfc(phen.) = 
(1.09 + 0.09)~~-hfc(benzy1) - (0.0 -f 1.5)) is observed. Of 
course, a similar correlation is observed between the a-hfc of 
these systems (Table 2). These results show that the a& scale 

FIG. 3. Charge effects on spin delocalization in benzylic radicals. 

should be directly applicable to reactions involving radicals of 
the a-phenethyl type. 

A study comparing the effects of substituents on cumyl and 
benzyl radicals revealed charge effects acting on the P-hfc (3c). 
These effects were explained by proposing that dipolar valence 
bond structures, such as (c) and (d) in Fig. 3, contribute to 
provide additional spin delocalization in the cumyl radical series 
when the para-substituent is electron withdrawing. The correla- 
tion of P-hfc of the cumyl radicals and the a-hfc of the 
benzyl radicals was significantly improved by inclusion of the 
polar substituent parameter (vp) to account for the additional 
delocalization due to these charge-separated structures. 

Notice that the correlation of a-hfc of the ~henethvl radicals 
and the a-hfc of the benzyl radicals is not signkcantl;improved 
by including the polar substituent parameter. Charge effects, if 
Dresent. must be similar in these series. This. of course. is 
expected since the cumyl cation is significantly more stable than 
the benzyl cation, the a-phenethyl cation being intermediate in 
stability. 

Conclusions 
The correlation of a -  and P-hfc in the a-phenethyl radical 

series indicates that both coupling mechanisms are proportional 
to s ~ i n  densitv. 

f h e  differinces that are observed between the a-hfc of 
substituted benzyl radicals and the P-hfc of the analogous cumyl 
radical are attributed to variation in the contribution of charge- 
separated valence bond structures, which influence spin dens&. 
The benzyl and a-phenethyl radicals are similar enough so that 
differences resulting from charge separation can be ignored. 

Radical reactivity that depends upon variation in spin density 
should correlate directly with a& so long as the radicals are as 
similar as benzyl and a-phenethyl. When the radicals are as 
different as benzyl and cumyl, polar factors that take into 
account the variation in spin delocalization due to the contri- 
bution of charge-separated valence bond structures must be 
included. 

Experimental 
General information 

The esr spectra were recorded on a Varian Associates E-109 B 
electron paramagnetic resonance spectrometer, equipped with a liquid 
nitrogen variable temperature accessory, at 0.5 mW microwave power 
and 0.5-0.8 G modulation amplitude. All spectra were recorded with 
the aid of a Nicolet 1170 signal averager. Typically, 12, 100-G wide, 
scans were accumulated (0.5 rninlscan). Coupling constants were 
measured directly from the oscilloscope and refined by computer 
simulation using an IBM-PC. Details of the procedure have been 
reported previously (1, 3). 

The 'H nrnr spectra were recorded on a Varian CFT-20 spectrometer 
and are reported in parts per million downfield from TMS. Infrared 
spectra were recorded on either a Pye Unicam SP1000, or a Perkin- 
Elmer 283B or 1320 infrared spectrometer and are reported in wave 
numbers (relative to the 1601.8 cm-' absorption ofpolystyrene). Mass 
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ARNOLD ET AL. 

TABLE 2. A linear regression analysis of the relationship between the benzylic a -  and 
P-hfc of benzylic radicalsa. 

Regression equation' r d  

P-hfc(phen) = (0.8920.09)a-hfc(phen) + (3.32 1.4) 0.993 
P-hfc(phen) = (0.87k0.13)a-hfc(phen) + (0.0520. 15)up - (0.022.1) 0.992 
P-hfc(phen) = (1.0920.09)a-hfc(benzy1) - (0.Ok 1.5) 0.995 
P-hfc(phen) = (1.1450.12)a-hfc(benzy1) + (0.1020. 17)up - (0.9k2.0) 0.995 
P-hfc(phen) = (0.8420.19)P-hfc(cumy1) + (4.1 53.1) 0.963 
P-hfc(phen) = (1.0850.21)P-hfc(cumy1) + ( 0 . 5 2 k 0 . 3 1 ) ~ ~  + (0.123.3) 0.986 
a-hfc(phen) = (1.2020.21)a-hfc(benzy1) - (3.423.3) 0.979 
a-hfc(phen) = (1.27t0.3l)a-hfc(benzy1) + (0.13?0.42)uP - (4.525.0) 0.978 

"Hypefine coupling constants for the phenethyl, benzyl, and cumyl radicals are taken from Table 1, 
and refs. 3a and 3c, respectively. The up values are from ref. 6. 

bNumber of data points is nine. Phenethyl has been abbreviated as phen. 
'Uncertainty indicated is the standard error at the 95% confidence interval. 
dCorrelation coefficient corrected for degrees of freedom. 

spectra were obtained on a modified Du Pont CEC Model 21-104 mass 
spectrometer. Statistical calculations were done using the MINITAB 
statistical package, release 81.1, from Penn State University (Univer- 
sity Park, Penn.). 

The ethylbenzenes were purified by gas chromatography. A 5 ft. X 

518 in. column packed with 5% SE-30 on Chromosorb-W (60180) 
incorporating helium as the carrier gas was used. 

Materials 
Di-tert-butyl peroxide (DTBP) was obtained from Pfaltz and Bauer 

Inc. and was used without further purification. Ethylbenzene and 
para-diethylbenzene were obtained from Aldrich Chemical Co. and 
were purified by gas chromatography as described above. All solvents 
were distilled prior to use. 

Synthesis 
4-Ethylacetophenone 
4-Ethylacetophenone (7) was prepared by the reaction of ethylben- 

zene and acetyl chloride in the presence of aluminum chloride, using 
carbon disulphide as the solvent (8). The reaction mixture was purified 
by vacuum distillation; 4-ethylacetophenone (bp 128- 129"C/25 Torr; 
1 Torr = 133.3 Pa) was obtained as a colourless oil in 54% yield; 
ir PE 1320 (neat): 1680, 1610, 1270, 835 cm-'; 'H nmr (80 MHz, 
CDC13) 6: 7.85 (d, 2H), 7.23 (d, 2H), 2.66 (q, 2H), 2.53 (s, 3H), 
1.22 (t, 3H). 

4-Ethylbenzophenone 
4-Ethylbenzophenone (9) was prepared by a procedure similar to that 

used for the acetophenone except using benzoyl chloride. Vacuum 
distillation afforded 4-ethylbenzophenone as a colourless oil in 43% 
yield; ir PE 1320 (neat): 1660,1610,850,705 cm-' ; ' H  nmr(80 MHz, 
CDC13) 6: 7.20-7.82 (m, 9H), 2.68 (q, 2HO), 1.23 (t, 3H). 

Methyl 4-ethylbenzoate (ref. 10) 
In a 250-mL 3-necked flask equipped with a magnetic stirrer, reflux 

condenser, and a constant pressure dropping funnel, was placed 12.2 g 
(91 mmol) of aluminum chloride. To the aluminum chloride was added 
8.0 g (83 mmol) of ethylbenzene dissolved in 175 mL of carbon 
disulphide. The flask was cooled in an ice bath; to the cooled mixture 
was added a solution of 11.6 g (91 mmol) of oxalyl chloride in 25 mL 
of carbon disulphide. After the evolution of gases (caution: carbon 
monoxide) had ceased, the mixture was allowed to warm to room 
temperature. The mixture was then refluxed for 2.0 h and the cooled 
mixture was poured into 200 mL of methanol. The carbon disulphide 
was removed by distillation and the residue was poured into water and 
extracted with ether. The combined organic layers were washed with 
5% sodium hydroxide, saturated salt solution, dried with magnesium 
sulphate, and evaporated. The yield of a pale yellow liquid was 8.2 g 
(60%). The product was distilled under vacuum to yield a colourless 
oil (bp 55-58"C/0.01 Torr); ir PE 1320 (neat): 1725, 1610, 1280, 

11 10 cm-' ; 'H nmr (80 MHz, CDC13) 6: 7.94 (d, 2H), 7.20 (d, 2H), 
3.85 (s, 3H), 2.65 (q, 2H), 1.21 (t, 3H). 

4-Ethylphenyl acetate 
4-Ethylphenyl acetate (8, 11) was prepared by the reaction between 

4-ethylphenol and acetic anhydride in 3 M aqueous sodium hydroxide. 
The product was purified by vacuum distillation to give 2.7 g (82% 
yield) of a colourless oil (bp 82-85"C/1 Torr); ir PE 1320 (neat): 1770, 
1515,1375,1220,1025,920,855 cm-'; 'Hnmr(80MHz, CDCI3) 6: 
6.88-7.19 (m, 4H), 2.58 (q, 2H), 2.16 (s, 3H), 1.17 (t, 3H). 

4-Cyanoethylbenzene 
4-Cyanoethylbenzene (8, 12) was prepared by a Sandmeyer reaction 

using the diazonium salt formed from 4-ethylaniline and cuprous 
cyanide. The product was purified by chromatography over silica gel 
eluting with a hexane - methylene chloride gradient; the product was 
obtained in 62% yield as a colourless oil; ir SP 1000: 2240, 1610, 
840 cm- ' . 

4-Methoxyethylbenzene 
4-Methoxyethylbenzene (13) was prepared by the reaction of 

4-ethylphenol with dimethyl sulphate in 5% aqueous potassium 
hydroxide. The product was purified by vacuum distillation to give a 
45% yield; ir PE 1320 (neat): 1615, 1590, 1515, 1250, 1180, 1040, 
915, 830, 735 cm-'; 'H nmr (80 MHz, CDC13) 6: 7.10 (d, 2H), 6.79 
(d, 2H), 3.74 (s, 3H), 2.57 (q, 2H), 1.19 (t, 3H). 

4-Fluoroethylbenzene 
4-Fluoroethylbenzene (8) was prepared by the thermal decomposi- 

tion of the diazonium fluoroborate salt formed from 4-ethylaniline with 
fluoroboric acid. The product was purified by distillation to give a 35% 
yield of colourless oil, bp 140-144"C/760 Torr; ir PE 283B (neat): 
1505, 1155, 830 cm-I; 'H  nmr (80 MHz, CDC13) 6: 7.03 (m, 4H), 
2.60 (q, 2H), 1.20 (t, 3H). 
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A multinuclear nuclear magnetic resonance study of methylammonium nitrate 
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RODERICK E. WASYLISHEN. Can. J.  Chem. 64, 773 (1986). 
Deuterium nmr line shapes in the solid I1 phase of methylammonium nitrate (MAN) indicate that motion of the cation is 

restricted to internal rotations of the ND3 group about the C-N axis. In the high temperature plastic phase, solid I, of MAN, 
2 ~ ,  1 4 ~ ,  and 1 7 0  nmr results demonstrate that both the cation and anion undergo rapid overall rotations that result in complete 
averaging of all nuclear quadrupolar interactions. Spin-lattice relaxation results imply that rotations of the cation and anion are 
anisotropic and that the overall rotations are strongly coupled in both the solid I and liquid phases. At the melting point, overall 
rotations of the cation are only slightly faster in the liquid phase than in the solid I phase. In the solid I phase, in-plane rotations of 
the nitrate ion are about twice as rapid as end-over-end rotations of the C3 axis. In the neat liquid, rotations of the NO3- ion are 
more isotropic, with overall rotations being slightly faster than rotations about the symmetry axis. 

RODERICK E. WASYLISHEN. Can. J.  Chem. 64, 773 (1986). 
Sur la base des formes des raies en rmn du 2~ de la phase solide I1 du nitrate de mCthylarnmonium (NMA), on peut dCduire 

que les mouvements du cation sont restreints aux rotations internes du groupement ND3 autour de l'axe C-N. Dans la phase 
plastique qui existe i des tempkratures plus Clevtes pour le solide I du NMA, les rtsultats de la rmn du 2 ~ ,  du 1 4 ~  et du 1 7 0  

dkmontrent que le cation ainsi que l'anion subissent des rotations globales rapides qui font que l'on n'observe qu'une moyenne de 
toutes les interactions quadrupolaires nucltaires. Les rtsultats de la relaxation spin-rCseau impliquent que les rotations du cation 
ainsi que celles de l'anion sont anisotropes et que les rotations globales sont fortement coupltes tant dans la phase solide I que 
dans le liquide. Au point de fusion, les rotations globales ne sont que ltgkrement plus rapides dans la phase liquide que dans la 
phase solide I. Dans la phase solide I ,  les rotations dans le plan de I'ion nitrate sont environ deux fois plus rapides que les rotations 
d'un bout A l'autre de l'axe C3. Dans le liquide pur, les rotations de l'ion NO3- sont plus isotropes et les rotations globales sont 
1Cgkrement plus rapides que les rotations autour de l'axe de symCtrie. 

[Traduit par la revue] 

Introduction 
Molecular motion involving the methylammonium ion has 

been the subject of numerous 'H nmr studies (1-9). At 
I atmospheric pressure many methylammonium salts are capable 
1 of existing in two or more solid phases depending upon 

temperature (1-10). For example, both methylammonium 
chloride (1) and methylammonium bromide (6, 7) exist in at 
least three different solid phases. Nuclear magnetic resonance 
studies indicate that although the CH3 and N H 3  groups undergo 
rapid reorientation(s) about the C-N axis in many of these 
phases, the C-N axis itself does not reorientate (1-9). 

Recent 'H nmr studies of methylammonium nitrate, MAN, 
indicate an unusual phase transition at 352 K, approximately 32 
degrees below the reported melting point (8). Although it was 
possible to conclude that the frequency of rotation of the cation 
exceeded 1 0 ' ' ~ ~  in this solid phase, no information on the 
rotations of the anion is available from the 'H nmr study (8). 
Here we report the results of 14N nmr relaxation measurements 
on both the methylammonium cation and the nitrate anion. 
These measurements permit us to calculate rotational correla- 
tion times for both the CH3NH3+ and NO3- ions in the high 
temperature solid phase (solid 1) and the liquid phase. Also, 
natural abundance 170 nmr relaxation measurements yield 

I information on the anisotropy of nitrate ion rotations. Finally, 
deuterium nmr results are reported for both the solid I1 phase 

I (T < 352 K) and solid I phase (352 K < T < 391 K) of 
CH3ND3+NOsP. 

Experimental 
Methylammonium nitrate was prepared by neutralizing an aqueous 

solution of methylamine with nitric acid and subsequent drying under 
vacuum. Deuteration of the amino group was achieved by dissolving 
CH3NH3N03 in excess deuterium oxide. The resulting sample was 
dried on a vacuum rack at 343 K for several days before sealing in an 
nrnr tube. All nmr measurements were performed on the deuterated 
sample, CH3ND3N03. 

2~ nrnr 295 K 

I ' ' ' I ' ' ' I ' ' ' I ' " I ' ' s I ' ' ~ I " ' I ~ ' ' I  
80.0 60.0 40.0 20.0 0.0 -20.0 -40.0 -60.0 -80.0 

k Hz 
FIG. 1. The 2H nmr powder pattern for C H 3 ~ D 3 + N 0 3 -  at 295 K 

(solid 11) obtained at 30.72 MHz. 

Spin-lattice relaxation measurements were performed on a Nicolet 
360 NB (Bo = 8.48 T) using the inversion recovery pulse sequence, 
which uses compensating pulses (1 1). The 7r/2 pulse widths were 
40-55 ps .  TI values were calculated from peak heights obtained at 12 
or more different T values using a nonlinear, three-parameter least- 
squares fitting procedure available on the Nicolet software (12). 

Deuterium nmr spectra of MAN in the solid I1 phase were recorded 
on a Bruker MSL-200 (Bo = 4.7 T) .  

Results and discussion 
(b) Solid II phase 

The deuterium nmr spectrum of C H ~ N D ~ +  N o 3 -  at 295 K is 
shown in Fig. I .  The observed quadrupolar splitting of 37 + 
2 kHz is approximately one-third the anticipated static value and 
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is indicative of rapid reorientation of the N-D bond about the 
CN axis, I. 

In general, the quadrupolar splittings between the spectral 
discontinuities of a 'H nmr powder pattern are given by eq. [ l ]  
(13, 14), 

where x = eZqQ/h is the 'H quadrupolar coupling constant, 
175 + 10 kHz (15), q is the asymmetry parameter, less 
than 0.1 in the case of C H ~ N D ~ + ,  and R is a reduction factor, 
1(3 cos2 p - 1)/2 1, which results because of rapid rotation (or 
jumps) about some axis. p is defined as the angle between the 
largest principal component of the electric field gradient (the 
N-D bond) and the axis of rotation. For rotations of the ND3 
group about the C-N axis, 1, P = 109.5" and eq. [ l ]  predicts 
Avl = AvZ = 43.7 * 2.5 kHz. The smaller observed splitting 
may result from p values slightly larger than the tetrahedral 
angle and (or) averaging resulting from librations of the C-N 
axis. 

We were unable to observe the nitrogen-14 nmr spectrum for 
the solid I1 phase of MAN. This was not unexpected since 
1 4 ~  nmr studies indicate x = 745 kHz for the nitrate ion in 
sodium nitrate (16) and 14N nqr studies show x = 913 2 2kHz 
(q = 0.109) for the methylammonium cation in methylammo- 
nium chloride (17). A somewhat larger value for X, 1 106.7 + 
1.5 kHz, has been reported from a liquid crystal study of the 
methylammonium ion (1 8). 

(b) Solid I and liquid phases 
At temperatures above the solid I1 e= solid I phase transition, 

352K (8), the 'H nmr powder pattern (Fig. 1) collapsed into 
a sharp single peak (v,,, < 40 Hz); the 14H nmr spectrum 
consisted of two chemically shifted peaks (Fig. 2). Also, above 
352K, a relatively sharp natural abundance I7O nmr spectrum 
was observed for MAN. These results indicate that both the 
methylammonium cation and the nitrate anion are undergoing 
rapid overall rotations and (or) jumps that completely average 
all quadrupolar splittings ('H, 14H, and 170) to zero. 

In order to gain further information about the time scale of 
these rotations, we have measured the temperature dependence 
of 'H, 1 4 ~ ,  and 1 7 0  spin-lattice relaxation time (Tables 1 and 2, 
Fig. 3). Our sample of MAN was solid at 388 K and melting 
occurred at 39 1 * 2 K, approximately 7 K above the previously 
reported value (8); this is probably a deuterium isotope effect on 
the melting point. We summarize below the results obtained 
from each nmr active isotope investigated in this study. 

(i) ' 4 ~  nuclear magnetic resonance 
The 14N resonances of the NO3- and CH3ND3+ ions in the 

solid I phase of MAN are at 357.4 and -0.1 ppm, respectively, 
with respect to the ' 4 ~  resonance of the ammonium ion in a 5 M 
aqueous solution of NH4+N03-. These nitrogen chemical shifts 
are in excellent agreement with those observed for the same ions 
in solution (19). 

The temperature dependence of the experimental nitrogen 

i 
I 

, , , , , , , , , , , 2 
I 

400 300 200 100 0 -100 PPM 

FIG. 2. I4N nuclear magnetic resonance of CH3ND3+N03- at 
352 K (solid I) obtained at 26.08 MHz. 

Temperature, K TI (I4~o3), ms TI ( 1 4 ~ ~ 3 ) ,  ms 

393 
36 1 
367 
373 
38 1 
387 

393 (melt) 

"Estimated experimental error less than 2 7 % .  

TABLE 2. Oxygen-17 and deuterium spin-lattice relaxation times for 
CH3ND3+N03- 

Temperature, K TI ( 170)," ms Temperature, K TI ( 2 ~ ) , b  s 

355 
361 
368 
369.5 
378 
383 
385 
383 (melt) 

355 
359 
363 
37 1 
373 
38 1 
385 
393 (melt) 

"Estimated experimental error less than 2 10%. 
bEstimated experimental error less than 27%; slope of Arrhenius plot is 

11 .922kTmol - ' .  

relaxation times for the nitrate and methylammonium ions in 
Fig. 3 can be described by 

and 

[3] 1nTl(CH3ND3+)= -1.716-0.969 

The slopes of these two linear equations correspond to activation 
energies of 10.5 + 1.6 kJ mol-' and 8.1 2 1.2 kJ mol-' for 
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WASYLISHEN 

TABLE 3. Representative rotational correlation times and diffusion constants for the solid I and 
liquid phases of MAN 

C H ~ ~ ~ N D ~ '  NO3- NO3- 

T, K 71(I4N), PS 71(14N), PS 7 , ~ ( ~ ' 0 ) ,  PS DL D~~ DII/DI 

355 4.71 3.88 2.93 4 . 3 ~  1O1O 8 . 0 ~  1O1O 1.9 
385 3.80 2.94 2.13 5 . 7 ~  1Ol0 1 1 . 2 ~  10" 2.0 
393 (melt) 3.28 2.45 3.34 6 . 8 ~ 1 0 ' ~  5 . 5 ~  10l0 0.8 

FIG. 3. Plots of In TI (14N) and In TI (170) vs. 1 0 ~ 1 ~  for MAN 
(solid I). 

the nitrate and methylammonium ions, respectively. The slopes 
are the same within the estimated experimental error (k 15%). 
Nitrogen relaxation of both these ions is governed by the 
quadrupolar mechanism, eq. 4 (20), with I = 1. 

1 3,rr2 21 + 3 
[4] - = - 

TI 10 12(21 - 1) x2?eff 

Since the largest principal component of the electric field 
gradient for the nitrate ion is the C3 symmetry axis, T ~ ~ ~ ( ~ ~ N ~ ~ )  
is the correlation time describing rotations of the symmetry axis 
(i.e. end-over-end rotations). Similarly, the effective correla- 
tion time from 14N measurements of the CH3ND3+ resonance 
describes rotations of the C-N axis. 

Substitution of experimental 1 4 ~  relaxation times at 355 K, 
x ( 1 4 ~ 0 3 - )  = 745 kHz (16) and x(CH3ND3+) = 1106.7 kHz 
(18), into eq. [4] leads to overall rotational correlation times of 
4.7 ps for the methylammonium ion and 3.9 ps for the nitrate 
ion. Calculated correlation times at 385 K and 393 K (liquid) are 

given in Table 3. Similar values of ?,ff for overall rotation of 
the nitrate and methylammonium ion suggest that the rotations 
of these ions are highly correlated or coupled. Because of 
the nonspherical shapes of these ions one might expect their 
rotational correlation times to be identical. Also, overall 
rotations of these two ions in the melt (liquid) are only slightly 
faster than those observed in the solid I phase. The consistently 
longer correlation times for the methylammonium ion (approxi- 
mately 25%) compared to those of the nitrate ion may result 
from the substitution of inappropriate x values into eq. [4]. 
(Note, any uncertainty in x is squared in the calculation of T , ~ ~ ) .  
Also, it is important to point out that there may be mechanisms 
for anion and cation rotations that permit different correlation 
times for the two ions. 

The time scale for nitrate anion rotations in the solid I and 
liquid phases of MAN is slightly longer than what we have 
measured in dilute aqueous solutions of sodium nitrate ( T , ~ ~  = 
1.1 ps) at 295 K (20b) but is significantly shorter than that 
observed in the solid I phase of ammonium nitrate at 413 K (7,ff 
= 8.3 ps) (21). 

(ii) "0 nuclear magnetic resonance 
At 373 K the 170 nrnr chemical shift of the nitrate ion of 

MAN is 419.2 ppm to high frequency of H20. The 170 line 
width at half height was 120 ? 15 Hz at this temperature. 
Because of the low natural abundance of 170 (0.037%), the 
error in the 1 7 0  T1 values is estimated to be + 10%. The best 
straight line describing the " 0  relaxation data is given by eq. 
[5], with a slope corresponding to 12.7 ? 2.5 kJ mol-', 

Oxygen-17 has a spin I = 512 and nuclear relaxation is 
governed by the q u a d ~ p o l a r  mechanism, eq. [4]. For the nitrate 
ion, nqr studies (22) and a b  initio molecular orbital calculations 
(20b, 22) indicate that the largest principal component of the 
1 7 0  electric field gradient (EFG) tensor lies along the N-0 
bond (x-axis), while the smallest component is along the C3 
symmetry axis (z-axis). The other principal component of the 
EFG tensor lies in the molecular plane of the ion, and is only 
slightly smaller than the x-component. Effective relaxation data 
will reflect rotations both parallel and perpendicular to the C j  
symmetry axis. Oxygen-17 T~~~ values calculated using x = 
12.57 MHz (22) and eq. [4] (1 = 512) are summarized in Table 
3. The shorter T~~~ values derived for the nitrate ion from the 170 

data compared to those derived from the 14N data in the solid I 
phase imply that in-plane rotations are faster than overall 
rotations of the nitrate ion. In the liquid phase, in-plane rotations 
are slower than they are in the solid I phase. 

By assuming that rotations of the nitrate ion can be described 
by a rotational diffusion model, one can relate ~ ~ ~ ~ ( ' ~ 0 )  for the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



776 CAN. J. CHEM. VOL. 64, 1986 

nitrate ion to the rotational diffusion constants D, and Dl (11), 

I1 

using eq. [6] (20). 

where 

and n, = (q, - qzz)/q, = -0.747 for the 1 7 0  of the nitrate 
ion (20b, 22). The calculations indicate that the ratio, DII/D, = 
2 in the solid I phase and approximately 0.8 in the neat liquid. 
Although it is important to recognize the possible limitations of 
a diffusion model, we feel that the qualitative results regarding 
the anisotropy of the nitrate ion rotations are significant; i.e., 
in-plane rotations or jumps of the nitrate ion are faster in the 
solid I phase than rotations of the C3 symmetry axis. In the 
liquid phase rotations are more isotropic. 

: Similar calculations utilizing 2~ and relaxation data for 
I the methylammonium ion yield, DII/D, ratios of 7.6 + 2 and 

I 4.3 k 1, respectively, in the solid I and liquid phases. In this 
calculation we have assumed the CNH angle is tetrahedral. The 

I qualitative result is that rotations of the CH3NH3+ ion about the 
symmetry axis are faster than rotations of the symmetry axis. 

1 Again, rotations in the liquid phase are found to be more 
I 

isotropic, as expected. 
Conclusion 

In this study we have demonstrated how one can combine 2H,  
14N, and 1 7 0  nmr relaxation data to characterize the tempera- 
ture dependent rotations of the methylammonium cation and 
nitrate anion in CH3ND3+N03- in both the solid and liquid 
state. In the solid I phase both ions are undergoing very rapid 
anisotropic rotations, which are strongly coupled. On melting, 
the rotations of each ion are more isotropic and the rate of 
overall rotations increases slightly. The high temperature 
orientationally disordered "plastic" phase is almost certainly 
cubic and similar to that of ammonium nitrate. Diffraction and 
calorimetry studies of this intriguing solid will lead to a better 
understanding of the structure and nature of the phase transition 
in methylammonium nitrate. 
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Cation transport in gaseous nitrogen: density and temperature effects 
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TOSHINORI WADA, NORMAN GEE, and GORDON R. FREEMAN. Can. J. Chem. 64,777 (1986). 
The density-normalized mobility of n k  of cations in nitrogen gas at densities up to n, = 6.7 x molecules/m3 increases 

with temperature. At n 5 5.7 X molecules/m3 and T > 250 K, the dominating ion is N4+. At lower temperatures and higher 
densities, relatively loosely bound clusters N4+ (N2), N4+ (N2)2t . . . . form. Momentum transfer cross sections for N4+-N2 are 
governed at low energies by the polarization potential, and at high energies by the hard body potential. The cross section for 
N2+-N2 at high energies is larger than that for N4+-N2. 

TOSHINORI WADA, NORMAN GEE et GORDON R. FREEMAN. Can. J .  Chem. 64, 777 (1986). 
La mobilitC normalisCe pour la densitC, n k ,  de cations dans I'azote gazeux, a des densitCs allant jusqu'a n, = 6,7 X 

moltcules/m3, augmente avec la tempkrature. Pour n 5 5,7 x lo2' molCcules/m3 et T > 250 K, l'ion dominant est N4+. 
A des temfiratures plus basses et a des densitCs plus ClevCes, il se forme des agrCgats relativement faiblement liCs de N4+ (N2), 
N4+ (N2)2r . . . . . A basse Cnergie, les sections droites les transferts de moments, pour N4+-N2, sont influenckes par le potentiel de 
polarisation; par ailleurs, des Cnergies plus ClevCes, elles sont gouvemCes par les potentiels des corps durs. A des Cnergies 
ClevCes, la section droite pour N2+-N2 est plus grande que celle pour N4+-N2. 

[Traduit par la revue] 

Introduction 
The mechanism of cation transport in simple molecular fluids 

undergoes a gradual transition from normal gas-phase-type to 
liquid-phase-type over a wide density range, 0.5 5 nln, 5 1.9, 
where n, is the number density of the vapor-liquid critical fluid 
(1). The transport mechanism does not change abruptly at the 
critical point. The mobility p of ions in the low density gas is 
limited by binary collisions. In the normal liquid (n/n, 2 2.0) it 
is limited by multibody, viscous interactions. 

Inthedensegas, at n/n, ZO.5, thedensity-normalizedmobility 
n p  increases (1). This implies that the attractive ion-molecule 
scattering interactions interfere destructively when the ion 
interacts with several molecules at a time. The high density at 
which the increase of n p  takes place indicates that the scattering 
interaction has a relatively short range. 

The present paper examines, in more detail, the temperature 
and density effects on cation transport in nitrogen gas. 

Experimental 
Ultra high purity nitrogen (99.9995%), obtained from Matheson, 

was further purified in a grease free vacuum line by: 1) passage through 
two cold traps at 1 13 K, 2) passage at 773 K through a 60-cm column of 
copper grains previously treated with hydrogen to remove oxide, 3) 
bubbling through a sodium-potassium alloy at 294 5 1 K, and 4) 
contact as a gas with a series of potassium mirrors (2). 

The conductance cell could contain -6 MPa (3). The drift distance 
was 3.20 mm, measured with a small-hole caliper and micrometer. 
Prior to filling with sample, the cell was degassed by heating to 523 K 
while evacuating to Pa. 

The cations were generated with 100 ns pulses of 1.7 MeV X-rays 
(dose .= 9 X lo-'J/g). The mobility was measured by time of flight 
(4). Ion drift signals were averaged for eight pulses at each voltage to 
obtain the drift time. The mobility was independent of field strength, 
E/n, over the range 0.01-1 Td (Td = V m2/molecule). Each 
mobility reported herein is the average of about 15 values measured 
over the 100-fold range. The precision is 5 2 % .  

The temperature was measured at the top, electrode level, and 
bottomof the cell with copper-constantan (Thermoelectric Canada Ltd. 
type t special) thermocouples connected to a Fluke 2100A digital 
thermometer. The temperature difference between the top and bottom 
of the cell was <I  K, except near T, where it was 0.2 K (2). Constant 
temperature was maintained within 5 0 . 2  K. 

The amount of material put into the 15.0-cm3 cell was measured by 

FIG. 1. Density-normalized mobilit n k  of cations as a function of 
16 temperature at several densities. n(10 molecules/m3): @, 0.57; V, 

2.30; 0 , 7 . 8 ;  0, 17.4; A, 32.0; 0 , 6 7 . 1  = n, . The lines are guides for 
the eye. 

the gas pressure in the cell at 77 K for the smaller amounts, and by 
the volume of liquid transferred from a burette at 77 K to the cell at 
solid nitrogen temperature (63 K) for larger amounts. 

The critical temperature, pressure, and density of nitrogen are Tc = 
126.2 K, PC = 3.3 MPa, and n, = 6.7 X molecules/m3 (5). 

Results and discussion 
A .  Effect of temperature a t  different densities 

The mobility increases with increasing temperature over the 
range 77-297 K (Fig. 1). To compare the results at different 
densities, the density-normalized mobility n p  is plotted against 
T. At T > 150 K the values of n p  are independent of n, within 
the experimental uncertainty of 5 2 % .  At T < 150 K the n p  
curves fan out, the value of n p  decreasing as n is increased from 
0.57 X loz6 to 32 X loz6 molecules/m3 (Fig. 1). However, at 
the density of the vapor-liquid critical fluid n, = 67 x loz6 
molecules/m3, the values of n p  are higher, indicating a change 
of behavior. 

The change of behavior is illustrated by plotting n p  against n 
at fixed T (Fig. 2). The value of n p  decreases gently with 
increasing n up to -32 X loz6 molecules/m3, then increases at 
higher densities. The increase of n p  with n signals destructive 
interference of the attractive ion-molecule scattering interac- 
tions as the ion interacts with several molecules at a time. This 
is the beginning of the transition region of densities, through 
which transport mechanism changes from gas-type to liquid- 
type (1). 
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FIG. 2. Density-normalized mobility n p  of cations as a function of 
density at several temperatures. A,  0.95Tc = 119.9 K; 0, Tc = 
126.2K; V, 1.05Tc = 132.5 K; 0, l.lOTc = 138.8 K. ---, saturated 
vapor (1). 

FIG. 3. Temperature dependence of the density-normalized mobil- 
ity n p  in low density nitrogen gas. The gas density (10~~mole- 
cules/m3) is the number following the point symbol. Unidentified 
N2,+: 0, 57, present work; 0, -0.3-0.8 (8). N4+: A ,  50.5 (7); 
H, 0.01-0.03 (6). N3+: 0 ,  0.001-0.03 (6). N2+: V, 50.5 (7); +, 0.001-0.03 (6). -and- .- .-, calculated from eq. [6] using the 
corresponding (a,, E) values from Fig. 4. --- is empirical. The 
different sets of N4+ and N2,+ data were normalized at 300 K to 
provide a more accurate shape of the temperature dependence: 0 and 
1, l.00np; 0, np/1 .lo; A ,  1.07np. The stated uncertainties of n p  
were ?4% in ref. 6 and ? 10% in ref. 7. 

The main question in the present work is why the curves in 
Fig. 1 fan out at T < 150 K and not at higher temperatures. 
The answer probably lies in the thermodynamics of the ion- 
molecule clustering reactions. At higher temperatures the ions 
are probably mainly N4+, and at low temperatures they are 
probably larger clusters. 

The mobilities of mass-identified N2+, N3+, and N4+ have 
beeri measured at densities lo2-lo3 times smaller than the 
lowest used in the present work (6,7). The np. of N2+ decreases 
with increasing temperature (Fig. 3); that of N4+ is independent 
of temperature between 50 and -200 K, then increases gently at 
higher temperatures (Fig. 3). There is a crossover of np. for N2+ 
and N4+ at 220 + 20 K (7). The mobility of N3+ has only been 
measured at 300 K ,  where it is essentially the same as that of 
N4+ (6). 

At 300 K the value of np. of our mass-unidentified ions, 
designated N2,+, is essentially the same as that of N4+ (6, 7). 
At low temperatures np. of N2,+ is smaller than that of N4+ 
(Fig. 3). 

Early results of Tyndall and Pearce (8) in highly purified 
nitrogen, showed nearly the same temperature dependence as 
ours, even though we used a 100-fold larger density (Fig. 3). 
The np. values calculated from the data of Tyndall and Pearce 
were approximately 10% greater than ours. Their value at 292 K 
is 10% higher than that of N4+ at 300 K at the same and lower 

densities; we attributed the difference to a 10% systematic error 
and divided their values by 1.10, to plot in Fig. 3. 

The reaction 

has  AH!,^ = -95 kJ/mol and = -84 J/mol K,  with 
standard state 1 atm (1 atm = 101 kPa) (9, 10). The equilibrium 
constant 

therefore has the value 3 X 1012 atm-' at 298 K, which is 
equivalent to 1 x 10-l3 m3/molecule. Thus equilibrium [ l ]  is 
essentially completely on the side of N4+ when n > lOI4 mole- 
cules/m3. Our system had n 2 57 X molecules/m3, so the 
concentration of N2+ was negligible. 

The values of np. indicate that at T > 250 K the main ions in 
our system were N ~ +  (Fig. 3). The lower values of np. at T < 
250 K are attributed to the formation of larger clusters. 

The results indicate that the equilibrium constant K4,6 becomes 
> 1 at T < 250 K ,  or AG& = 0 at 250K. The value of 
is probably similar to that of = -84 J/mol K. Hence, 
A ~ i . 6  = -84 X 250 = -21 000 J/mol = -21 kJ/mol. 

The value  AH!,^ = -95 kJ/mol indicates that N2+-N2 is 
held together by a one-electron bond, whereas A~40.6 = 
-21 kJ/mol indicates that N4+-N2 is a relatively loosely bound 
cluster. 

The fanning out of np. values with increasing density at T < 
150 K (Fig. 1) is attributed to an increase of the cluster size as in 
the following reactions: 

and so on. Assuming AS0 - -80 J/mol K and AGO = 0 at - 140 K for each of reactions [4] and [5], one obtains AH0 - 
-80 x 140 = - 11 kJ/mol for each step. 

The increase of reduced mass of the colliding pair is not 
enough to explain all the decrease of np. in this region. The 
increasing hard core radius of the ion must also make a 
contribution. 

B .  Momentum transfer cross sections 
The ions in Tyndall and Pearce's system (8) at T > 250 K 

would have been unclustered N4+ with a trace of N3+. The ratio 
of concentration [N3+ ]/[N4+ ] would equal the ratio [N+]/[N2+ ] 
initially formed, which would be smaller in Tyndall's system 
than the 0.04 in a 70 V mass spectrum (1 1). The N3+ was 
therefore negligible in ref. 8 and in the present work. 

To obtain a self-consistent view of the temperature coefficient 
of np.(N4+) over the range 50 5 T/K 5 587, the np. values in 
refs. 7 and 8 were normalized at 290-300 K to those in ref. 6 and 
the present work. Thus, np. values from ref. 8 were divided by 
1.10, and those for N4+ from ref. 7 were multiplied by 1.07 
(Fig. 3). The N4+-N2 momentum transfer cross section as a 
function of collision energy E was extracted from the (np. ,  T )  
values by numerically fitting them to eq. [6] (12). 

where e is the charge on the ion, kB is Boltzmann's constant, 
and M, is the reduced mass of the collision pair. The ions are in 
thermal equilibrium with the gas. 
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WADA ET AL. 779 

FIG. 4 .  Momentum transfer cross sections of Nz for the cations N4+ 
(-) and N2+ (-.---), obtained by fitting the data in Fig. 3 to 
eq. [ 6 ] .  ---, u,,l using a,; .. ., uPl using & (see text). 

The cross sections are shown in Fig. 4. At E < 0.08 eV the 
value of a, for N4+-N2 collisions is equal to that expected from 
the polarization potential (13) 

where €0 is the permittivity of vacuum and a is the polarizability 
of N2. The value of a in eq. [7] is in SI units, C m2/V (dipole 
moment (C m)/field strength (V m-I); the non SI unit m3 
corresponds to a / 4 r e o  = 8.99 X 109u). If the values of the 
constants are inserted in eq. [7], and a is expressed in 

C m2/v and E in eV, one obtains 

At low energies the slowly moving molecule and ion interact 
for a sufficiently long time (> 1 ps) during a collision that the 
nitrogen molecule tends to become oriented, such that its axis of 
maximum polarizability is directed towards the ion (1). Under 
these circumstances the maximum component a, = 2.65 X 

~ o - ~ O C  m2/v (14) of the nitrogen polarizability matrix is used 
in eq. [8]. This gives the experimental values of a, for N ~ + - N ~  
at E < 0.08 eV and the dashed line at E > 0.08 eV (Fig. 4). 

At the higher energies the ion-molecule interaction time 
during a collision is too brief (5 1 ps) to allow the long 
polarization axis of the molecule to become oriented in the field 
of the ion. Under these circumstances the average value c i  = 
1.96 X 10-40C m2/V (14) is used in eq. [8]. This gives the 
dotted line in Fig. 4. 

The N4+-N2 momentum transfer cross sections are therefore 
similar to those expected from the polarization interaction. The 
apparently low values in a broad region around E = 0.15 eV 
might be an artifact due to an imprecise normalization of the 
different sets of np, values (ref. 7 values still too low). However, 

the constant a, at E > 0.14 eV is a hard body value similar to 
that for two nitrogen molecules, 4 X 10-l9 m2 (1 5). 

Cross sections extracted from the np, values of N2+ in Fig. 3 
are also displayed in Fig. 4. The negative d(np,)/dT indicates a 
relatively small dependence of a, on energy. The scattering 
potential for N2+-N2 has a shorter range than that for N4+-N2. 
The power p in the distance dependence of the interaction 
potential 

is -6-10 for Nz+-N2, and -3-4 for N4+-N2 at E = 
0.01-0.13 eV (ref. 13, pp. 78-79). 

The value of a, for N2+-N2 at E < 3 meV in Fig. 4 has been 
arbitrarily drawn to join a,, at -2 meV, although the np, data 
at T < 80 K do not actually require such a large value of a,. 
At E > 0.06 eV, a, is constant with a value four times larger 
than the hard-body cross section for N4+-N2 (Fig. 4) or the 
neutral N2-N2 (15). The larger cross section for N2+-N2 can be 
attributed to resonant charge transfer (1 6). 
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Electrostatic and nonelectrostatic, conventional and unitary thermodynamic 
quantities of reaction. I. Metal-ligand reactions in aqueous solvent 
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ROBERTO ARUGA. Can. J. Chem. 64,780 (1986). 
A calculation method of the electrostatic and nonelectrostatic parts of thermodynamic quantities of reaction, previously 

proposed and applied to complex-formation reactions of aminic and carboxylic ligands, is applied, in the present work, to 
association reactions of several other ligands. In particular, to check its reliability, this method is applied to AGO, AH', and AS0 
data of literature for the formation of metal-anion pairs and for associations of metals with ligands containing pyridine nitrogen, 
ethereal oxygen, or thioethereal sulfur. Experimental data referring only to aqueous solutions are considered. The results 
obtained by this method are in agreement, in most cases, with those expected for the reactions examined. Therefore, it seems 
reliable and useful for a more significant interpretation of conventional thermodynamic parameters. 

ROBERTO ARUGA. Can. J. Chem. 64, 780 (1986). 
Dans le present travail, on applique a des reactions d'association de plusieurs autres ligands la methode de calcul des 

composantes tlectrostatiques et non-Clectrostatiques de quantitts thermodynamiques de rtactions, qui avait ett  proposee et 
appliquee anttrieurement a des reactions de formation de complexes de ligands amines et acides carboxyliques. Dans le but 
d'evaluer la fiabilite de cette mtthode, on l'a appliquee en particulier a des donnees de AGO, AH' et AS' relatives a la formation 
de paires de metal-anion et a des associations de mitaux avec des ligands contenant l'azote d'une pyridine, l'oxygene d'un tther 
et le soufre d'un thiotther. On a considere des donnies experimentales se referant uniquement a des solutions aqueuses. Dans la 
plupart des cas, les resultats obtenus avec cette mtthode sont en accord avec ceux que I'on pourrait esptrer pour les reactions 
examinees. La methode semble donc fiable et utile pour une interpretation significative des parametres thermodynamiques 
conventionnels. 

[Traduit par la revue] 

Introduction 
Two successive phases seem to have, in general, been 

characterized in the study of stabilities of metal-ligand com- 
plexes in solution. The former phase was characterized by the 
determination of stability constant data, the latter by the 
determination of Gibbs function together with its enthalpy and 
entropy contributions. 

The determination of enthalpy and entropy data leads to a 
better comprehension of the causes which determine different 
complex stabilities in solution. Interpretation of entropy data is, 
in general, fairly simple, as this quantity is often determined 
by the so-called environmental factors, which consist of inter- 
actions of the solute with the surrounding solvent particles (1). 
The enthalpy value appears more complex, as it is affected 
by both environmental and internal factors, the latter being 
determined by the strength and nature of solute-solute and 
solute-solvent direct bonds. As a consequence of this fact, the 
need has been felt to divide the thermodynamic quantities, es- 
pecially enthalpy, into two contributions which allow an evalua- 
tion of the relative importance of external and internal factors in 
the association process. 

A method of calculation of electrostatic (or external) and 
nonelectrostatic (or internal) contributions of thermodynamic 
parameters was first proposed by Gurney (2) for the investiga- 
tion of acid-base equilibria. Only later (3-6) the possibility was 
suggested to extend its application to metal-ligand reactions. 
Actual application of the Gurney method to experimental 
thermodynamic data for metal-ligand complexes is the subject 
of a limited number of papers (7-9). Moreover, the method was 
only used in the case of aminic and carboxylic ligands. 

Taking into account these observations it was thought of 
interest, in the present study, to extend the experimental 
verification of Gurney's method to the case of ligands not yet 
investigated in previous works. This treatment, in particular, is 
applied here to several calorimetric data of literature for the 

formation, in aqueous solution, of the less stable ion pairs, and 
for ligands containing less investigated coordinating sites, such 
as pyridine nitrogen, ethereal oxygen, or thioethereal sulfur. 
Verifications of the above theory may also be useful in view 
of an extension of this treatment to association reactions in 
different solvents, which will be the subject of the next paper of 
this series (this issue, Can. J .  Chem.). 

Treatment of the experimental data 
Refening to previous papers for fuller details (2, 9-12), it 

may be observed that the equilibrium constant for a general 
complex formation reaction 

[ l ]  M + n L e  ML, 

can be expressed in terms of the mole fraction of the species 
(K") instead of the moles per liter. This is the same as assuming 
pure substance (i.e., unitary mole fraction) as the standard state 
for both the solute and the solvent. It can be demonstrated that 
K" for equilibrium [ l ]  is related to the conventional constant K 
in the following manner: 

where M, is the concentration of the solvent and n is the number 
of moles of the reagents minus the moles of the products. 
Therefore the conventional constant, as well as Gibbs function, 
consist of two parts: K x ,  the unitary part, and M,-", the cratic 
Part. 

The following observations can be made on the cratic term. 
(a) The existence of this term is due to different standard states 
for the solute and the solvent, as it disappears when K" is used 
instead of K. (b) The cratic term is constant only for reactions 
of the same stoichiometric type and in the same solvent. On 
this basis several authors consider only the unitary part as a 
characteristic and specific quantity for every single reaction 
(2, 10). In general, the use of K" is recommended when 
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ARUGA: I 78 1 

TABLE 1. Electrostatic (el), nonelectrostatic (non), unitary 
(x), and cratic (c) contributions of the conventional therrno- 

dynamic parameters AX' (X = G, H, S) 

A G O  nRTln M, + RCa RCeTle 
AHO RCa RC(1 - T/8)e~/0 
As0 -nRln  M ,  -eTl0(RC/8) 
v- / 

AXc AXx 

quantities for reactions in different solvents or with different 
stoichiometry are compared, as different cratic parts are present 
in these cases. To eliminate any extraneous influence by the 
term M,-", in the present study, it was also thought necessary to 
take the unitary term into consideration when the electrostatic 
and the covalent contribution of a certain thermodynamic 
quantity are compared with each other. 

Unitary AGO may be divided into the electrostatic part 
(AGil) and the nonelectrostatic part (AG,",,) (2, 4, 8, 9). 
AGtl represents long-range electrostatic interactions, which 
are affected by the dielectric nature of the solvent and by 
the temperature. Therefore, it is determined by solute-solute 
electrostatic bonds and by long-range solute-solvent interac- 
tions. AG;,, is determined by all short-range factors, indepen- 
dent of the dielectric constant and of the temperature. They 
consist mainly of solute-solute covalent bonds and of solute- 
solvent contact interactions (i.e., solvation interactions) (8). An 
evaluation of the above contributions can be made taking into 
account the following considerations. First of all, it may be 
shown that for an association reaction AG; = a /D ,  where a is 
constant and D is the dielectric constant of the medium (2,7,9). 
The variation of D with temperature is expressed empirically 
by: D = where Do is a constant and 8 is a temperature 
characteristic of the solvent. From the values of D at various T, 
a value for 8 of about 212 is obtained for water (13). From the 
above expressions, taking also into account that AGx = Actl 
+ AG;,,, the following relation is obtained: 

where C = a/RDo and a = AG;,, Dola. From eq. [3], using 
parameters C and a ,  the following expressions may be derived 
for the conventional thermodynamic quantities (9): 

The electrostatic and nonelectrostatic contributions of conven- 
tional and unitary thermodynamic functions may be obtained 
from the preceding discussion. The corresponding expressions 
are summarized in Table 1. C and a are determined knowing the 
experimental values of AGO and AH' (or AGO and AS') and 
using eqs. [4] and [5] (or eqs. [5] and [6]). 

It follows from the data in Table 1 that the cratic part of AH' 
is zero, i.e., AH' = AHx. Therefore, comparisons between 
conventional quantities are valid, in the case of enthalpy, also 
for equilibria in different solvents. Moreover, it follows from 
Table 1 that AXeI = A x l  and AH,,, = AG;,,. 

Results and discussion 
Thermodynamic quantities of the literature for associations in 

aqueous media at 25OC are collected in Table 2. According to 
the above statements, electrostatic and nonelectrostatic quanti- 
ties are also listed in Table 2. Only the enthalpy values obtained 
by direct calorimetry are reported. Furthermore, values referred 
to the same ionic strength were compared when possible. 

Evaluation of the reciprocal importance of electrostatic and 
nonelectrostatic factors for various types of equilibria (i.e., 
AGEl vs. AG;,,, AHeI vs. AH,,,) is an important point in the 
discussion of the present results. For metal-thiosulfate associa- 
tions (14) negative values of AGZl are obtained, while values 
of AG;,, are not distant from zero. This indicates prevailing 
electrostatic phenomena in the formation of the pairs, in accord 
with what is generally admitted for this kind of associations 
(1, 14). The only AG,",, value considerably different from the 
others is that of cadmium (AG,",, = -7.4 kJ mol-I). This 
value is in accord with a covalent character of the Cd-thiosul- 
fate bond (14). It must be noted, in particular, that thiosulfate 
contains the -S- group as bonding site and also that cadmium 
shows the greatest "soft" character among the metals listed in 
Table 2 for this anion. 

The mean value of AGE1 for the metal-thiosulfate associa- 
tions (about - 13 kJ mol-I) is approximately determined by 
5 kJ mol-' of AHe1 and by - 18 kJ mol-' of -TASeI. Taking 
into account that (a) ASeI is not affected by the association 
process (i.e., by the decrease from two to one solute particle) as 
the latter concerns the cratic part of A$' (see Table 1); (b) the 
endothermic values of AHe1 show that they are not greatly 
affected by the formation of solute-solute bonds, the conclu- 
sion can be drawn that the above values of AHeI and TASeI are 
mainly determined by external (i.e., solvent-destructuring) 
processes. It is also clear that the pair formation is a conse- 
quence of these processes, and that they favour the association 
through the entropy factors more than they oppose it through 
enthalpy. Similar considerations are also valid for the metal- 
sulfate associations (ref. 15, see Table 2). The only difference 
(which appears easily explainable) with respect to thiosulfate 
regards cadmium. In fact AGil and AGtOn of this metal with 
sulfate are similar to those of the other metals. Finally, a direct 
comparison of the thermodynamic quantities for sulfate and 
thiosulfate shows that the electrostatic parts of A p  and A$' for 
the former are more positive than for the latter, as though greater 
solvent-destructuring processes were present in the association 
of sulfate. This fact is in accord with a higher ionic strength ( I  = 
0.5 mol L-I) used for thiosulfate (and, consequently, with a 
more ordered structure of water in this case), while the results 
for sulfate refer to I = 0. It is also interesting to observe that 
differences in ionic strength do not remarkably affect the 
covalent part of the thermodynamic functions. 

Comparisons of the electrostatic and nonelectrostatic part of 
Gibbs function may be interesting also for associations without 
charge neutralization. The results previously obtained in this 
laboratory for metal associations of 1-methylimidazole may be 
taken as an example (16). The second step of formation of 
certain mixed complexes where two electrically neutral par- 
ticles take part in the association (17) is an even more typical 
example (see Table 2). Opposite results than for sulfate and 
thiosulfate are obtained in these cases. AG;,, and AH,,, are 
now clearly negative, while AG,XI and AHeI are not distant from 
zero. 

Previous experimental data for associations of pyridine- 
2-carboxylate with two groups of metals (the group from 
magnesium to barium and the nickel-zinc-copper group) are 
reported in Table 2 ( 18, 19). Different bonds may be formed by 
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TABLE 2. Molar thermodynamic quantities of literature for association equilibria: M"' + LP- $ ML"-P, 
in aqueous solution at 25'C * 

L2- = thiosulfate (14) 
1.67 16.3 7.3 -10.5 
2.68 22.2 7.8 -11.8 
2.09 19.6 7.4 -11.2 
2.09 21.8 7.3 -11.7 
1.84 20.9 7.1 -11.5 
9.20 52.3 11.8 -18.2 

-0.17 49.8 2.5 -17.6 

L ~ -  = sulfate (15) 
5.31 61.5 6.9 -20.1 
6.28 65.3 7.7 -20.9 
6.36 65.7 7.9 -21.0 
7.20 69.4 8.3 -21.8 
5.69 63.6 7.3 -20.5 
9.00 74.5 9.7 -22.8 

L = 1-methylirnidazole (16) 
-16.9 -10.9 -8.9 -4.8 
-22.7 -18.0 -14.1 -3.3 
-28.7 -14.0 -20.4 -4.1 
-20.7 -17.8 -12.1 -3.3 

M = CuLf$; L = 2,2'-dipyridyl (17) 
-49.8 13.8 -43.9 -10.0 
-47.3 18.0 -41.8 -10.9 
-49.4 -9.2 -42.7 -5.0 
-49.8 -6.3 -41.8 -5.9 
-48.5 -2.9 -41.0 -6.3 
-54.0 -22.6 -44.8 -2.1 
-48.9 -1.3 -41.8 -6.7 
-43.9 18.4 -38.5 -10.9 

L- = pyridine-2-carboxylate (18, 19) 
1.46 45.2 4.7 -16.6 

-4.14 18.8 1.3 -11.0 
- 1.59 25.5 3.3 -12.5 
-0.29 28.4 4.3 -13.1 

-25.40 40.2 -21.8 -15.6 
-26.94 56.9 -24.8 -19.1 
- 16.78 41.0 -13.3 -15.7 

L2- = pyridine-2,6-dicarboxylate (18, 19) 
16.11 95.0 14.9 -27.2 

- 12.26 38.5 -8.5 -15.2 
-8.12 43.1 -4.7 -16.2 
-8.08 35.1 -4.0 -14.5 
- 12.30 84.9 -12.5 -25.1 
-15.82 115 -18.7 -31.3 
-8.95 84.9 -9.2 -25.1 
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ARUGA: 1 

TABLE 2. (concluded) 

L3- = m0n0hydr0gen-2,2'-oxybis(ethyliminodiacetate); BATA (T = 20°C) (23) 
-46.7 14.7 209 4.7 -51.4 -5.1 19.7 243 
-56.1 -28.7 94 -29.2 -26.9 -38.9 10.3 127 
-77.2 -24.7 179 -32.2 -45.0 -42.0 17.2 212 
-85.6 -26.6 202 -35.9 -49.8 -45.6 19.1 235 
-84.6 -19.8 22 1 -30.7 -53.8 -40.5 20.6 254 
-101.5 -41.1 206 -50.8 -50.7 -60.6 19.5 240 
-85.8 -25.1 207 -34.8 -51.0 -44.6 19.5 241 
-90.9 -39.4 176 -46.6 -44.3 -56.4 17.0 209 
-84.3 -55.0 100 -56.1 -28.2 -65.9 10.8 133 
-129.5 -85.8 149 -90.8 -38.7 -101 14.8 183 

L3- = monohydrogen-2,2'-thiobis(ethy1iminodiacetate); B S T A  (T = 20°C) (23) 
-25.9 17.3 147 12.4 -38.2 2.6 14.6 180 
-34.8 -10.5 83 -10.2 -24.7 - 19.9 9.5 117 
-56.5 -6.4 171 -13.3 -43.2 -23.0 16.6 204 
-78.5 -19.4 202 -28.7 -50.0 -38.5 19.1 235 
- 103 -32.2 242 -44.8 -58.3 -54.6 22.3 275 
-93.0 -38.2 187 -46.3 -46.6 -56.1 17.9 220 
-75.4 -15.5 204 -25.1 -50.3 -34.8 19.3 238 
-80.7 -34.3 158 -40.1 -40.5 -49.9 15.6 192 
-77.7 -54.4 80 -53.7 -24.0 -63.5 9.2 113 
- 134 -95.4 132 -99.1 -35.0 -109 13.4 165 

*Gibbs function and enthalpy are expressed in kl mol-I; entropy in J K-' mol-'. For the meaning of indexes and 
corresponding quantities see "Treatment of the experimental data" and Table I. 
tAS,,,, for the reactions listed in the table is constant: AS,,, = -R In 55.35 = -33.4 J K-' mol-'. 
$L': (a) cyclopropane-1 ,I-dicarboxylate, (b) cyclobutane-l ,I-dicarboxylate, (c) cyclopentane-1 ,I-dicarboxylate, 

(d) cyclohexane-1,l-dicarboxylate, (e) malonate, (0 succinate, (g) maleate, (h) phthalate. 

this ligand: prevailingly, an electrostatic bond through the 
carboxylate group (8), and a covalent one through the pyridine 
nitrogen. The latter, in particular, is able to form n-bonds with 
the d electrons of the metal ion (20). The values of AHeI and 
AH,,, seem in accord with these possibilities. In fact, similar 
AHeI values are obtained for all the above mentioned metals, in 
agreement with similar electrostatic phenomena (i.e., same 
charge-neutralization processes). On the other hand, very 
different values of AH,,, are obtained: weakly exothermic 
values for group IIA metals (between -5 and -9 kJ mol-' ) and 
markedly exothermic values for Ni, Cu, Zn (between -23 and 
-35 kT mol-'). These results agree with a lower ability of the 
former metals to give covalent bonds. It must be noted, in 
particular, that they have no d electron. Similar observations 
can be made for the association of the above metals with 
pyridine-2,6-dicarboxylate (see Table 2). 

Inversion of the stability order between magnesium and 
calcium with these two ligands is a fairly interesting point. In the 
case of pyridine-2-carboxylate the magnesium complex is more 
stable than that of calcium; for pyridine-2,6-dicarboxylate the 
order is reversed. This fact was previously justified considering 
the small dimensions of magnesium ( l ) ,  which might have 
difficulty in forming stable bonds with the tridentate ligand. 
Such an explanation is related to short-range, steric factors, 
which should affect the nonelectrostatic part of enthalpy (8). 
The enthalpy data of Table 2 are in accord with this hypothesis. 
In fact, for both magnesium and calcium, the positive value of 
AHe1 increases from the bidentate to the tridentate ligand, as 
a consequence of increasing charge-neutralization processes. 
AH,,, , on the contrary, becomes more exothermic in the case of 
calcium, while it passes from -5.3 to i-5.0 kT mol-' for 

magnesium. Therefore, AH,,, seems to be the determining 
factor of the inversion of stabilities. 

The presence of differently membered chelate rings is another 
example of a typical internal factor (8), which, in general, 
should affect the nonelectrostatic part of enthalpy. The above 
examined data for Ni, Cu, and Zn with pyridine-2-carboxylate 
(five-membered chelate ring), compared with the data of the 
same metals with pyridine-2-acetate (six-membered ring) (21) 
support this hypothesis. In fact (see Table 2), the higher stability 
of the pyridine-2-carboxylate complexes in comparison with 
those of pyridine-2-acetate is determined by AH,,, , while AH,, 
values, for the three metal ions, show an opposite trend. 

As regards the metal complexes of ethereal-oxygen or thio- 
ethereal-sulfur containing ligands (see Introduction), accurate 
calorimetric values are available in literature for "crown" 
ligands (22) and for polyaminopolycarboxylic ligands (23). 
Five oxygen atoms are present in the molecule of the first cyclic 
ether listed in Table 2, while one oxygen atom is replaced by one 
sulfur atom in the molecule of the second one. The following 
observations can be made on the thermodynamic quantities of 
reaction of these ligands with Ag, Tl(I), Pb. (a) The oxygen + 

sulfur replacement in the ligand molecule makes the covalent 
part of A G x  more negative. The decrease of AG,",, is fairly 
limited for Pb and Tl(I), while it is greater for Ag. More 
precisely, the values of AAG,",, are -5.3 kT mol-' for Pb, 
- 10.3 kT mol-I for Tl(I), and -24.9 kJ mol- ' for Ag. (b) The 
same sequence indicated at point (a) for AAG,",, is obtained 
when these metals are ordered following the increasing "soft" 
character: Pb < Tl(1) < Ag (24). (c) AAGEl for the oxygen + 

sulfur replacement does not follow the above indicated sequence. 
The observations at points (a), (b), and (c) appear in accord 
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FIG. 1. Relationship between the nonelectrostatic contribution of 
enthalpy, AHnon, and the softness and hardness of metal ions, EE 
(24), for the complex formation reaction with BATA (above) and with 
BSTA (below) in aqueous solution. 

with the nature and strength of the bonds which are probably 
foqned between these metals and the sulfur atom. Similar 
considerations can be made also for AHeI and AH,,,. 

The AHeI and AH,,, values for the bivalent metals listed in 
Table 2 with 2,2'-oxybis(ethy1iminodiacetate) (BATA) and 
2,2'-thiobis(ethy1iminodiacetate) (BSTA) (23) suggest the fol- 
lowing remarks. AHe1 is almost constant; small endothermic 
deviations are only observed for smaller cations (Mg, Ni) and 
exothermic deviations for those with greater dimensions (Ca, 
Pb, Hg), in accord with different solvent-destructuring pro- 
cesses during the association. AH,,,, on the other hand, 
becomes more negative with increasing softness of the metal 
ion, both in the case of BATA and of BSTA. An inversion is 
observed between AH,,, for BATA (less negative) and for 
BSTA (more negative) in the case of Hg(II), which has the 
greatest soft character among the metal ions listed in Table 2. 
For a more significant examination of the AH,,, dependence on 
softness of metal ions, the quantity E: should be considered. 

It was first introduced by Klopman (24) as a measure of hardness 
and softness of a metal ion in aqueous solution. A soft metal is 
characterized by a large negative value in E: and vice versa. 
Plots of AH,,, vs. E: are reported in Fig. 1 for the association 
of BATA and BSTA with the bivalent metals of Table 2. Two 
straight lines are obtained by the least square method, with a 
slope of 10 and 13 for BATA and BSTA, respectively. A 
straight line with a slope of 10 (the same as for BATA) had been 
obtained previously for bivalent metals with EDTA (9). Taking 
into account that in metal complexes of BATA and BSTA both 
ethereal oxygen and thioethereal sulfur seem to form bonds with 
the cation (25), the conclusion can be drawn that the presence of 
an ethereal oxygen bound to the metal (as in the case of BATA) 
does not change (in comparison with EDTA) the trend of the 
AH,,, values, while a considerable variation is caused by the 
sulfur atom of BSTA. If the electrostatic nature of an oxygen- 
metal bond and the covalent nature of a sulfur - soft metal bond 
are taken into account, the above conclusion is in agreement 
with the definition given for AH,,,. 

In conclusion, the present discussion shows that the calcula- 
tion method of electrostatic and nonelectrostatic parts of 
thermodynamic quantities gives results which seem in satisfac- 
tory agreement with the nature and the course of the reactions 
examined. In particular, this method seems useful in clarifying 
phenomena which are implicit in conventional thermodynamic 
quantities but not immediately deducible from them. 
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Electrostatic and nonelectrostatic, conventional and unitary thermodynamic 
quantities of reaction. 11. Proton-ligand and metal-ligand reactions in mked solvents 
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ROBERTO ARUGA. Can. J. Chem. 64, 785 (1986). 
A calculation method of the electrostatic and the nonelectrostatic parts of thermodynamic quantities of reaction, previously 

proposed and applied to association reactions in aqueous medium, is applied, in the present work, to reactions in mixed solvents. 
The aim of the present treatment is to clarify the importance of the various factors (dependent and independent of the dielectric 
constant) through which the solvent affects complex stability. The method is applied to AGO, A p ,  and A 9  data of literature 
for proton-ligand and metal-ligand reactions in several water-methanol, water-ethanol, and water-dioxane mixtures. 'The 
conclusions of the present study seem to confirm a leading role of solvation equilibria in determining different stabilities of complex 
in different solvents, while a minor role is assigned to the dielectric properties of the solvent. 

ROBERTO ARUGA. Can. J. Chem. 64, 785 (1986). 
Dans ce travail, on applique a des rtactions dans des solvants mixtes, une mtthode de calcul des portions tlectrostatiques et 

non-tlectrostatiques des quantitts thermodynarniques de rtactions, qui avait ttt proposte anttrieurement et qui avait Ctt 
appliqute 21 des rtactions d'association dans des milieux aqueux. Le but du prtsent travail est de clarifier l'importance de divers 
facteurs (qui dtpendent et qui sont indtpendants de la constante ditlectrique) par le biais desquels les effets de solvants affectent 
la stabilitt des complexes. On applique la mtthode aux donntes de AGO, AH' et AS0 trouvtes dans la litttrature pour des 
rkactions proton-ligand et mttal-ligand dans plusieurs mtlanges de mtthanol-eau, ethanol-eau et eau-dioxanne. Les 
conclusions de nos ttudes semblent confirmer le r61e prtpondtrant de I'tquilibre de solvatation dans la dttermination des 
difftrents stabilittes des complexes dans divers solvants alors que les proprittes ditlectriques du solvant ne joueraient qu'un 
rBle mineur . 

[Traduit par la revue] 

Introduction 
The study of proton-ligand and metal-ligand equilibria, 

similarly to what took place in the study of aqueous media, 
passed through two successive phases also in the case of mixed 
and nonaqueous solvents (1). The former phase was, in general, 
characterized by the determination of stability data, while the 
latter saw the evaluation of the enthalpy and entropy contribu- 
tions of AGO. 

Two principal facts take place passing from water to mixed 
or nonaqueous solvents. Firstly, a decrease is observed in the 
dielectric constant, at least for the most common organic 
solvents. Secondly, a general increase is observed in the 
stability of the reaction products, mainly in the case of 
associations between electrically charged particles (i .e., hetero- 
electric associations). From the above observations the conclu- 
sion was drawn that, for a metal-ligand or a proton-ligand 
system in different solvents (being equal the other experi- 
mental conditions), the dielectric constant of the medium has a 
determining influence on complex stability. 

Afterwards, when sufficient amounts of enthalpy and entropy 
data were available for reactions in solvents other than water, 
this conclusion was remarkably modified. It was observed, for 
example, that the apparently simple and regular trend of AGO 
for various values of the dielectric constant was a consequence 
of more complex and not easily explainable variations in AH' 
and A s 0  (2). Other papers (3, 4) pointed out that not only the 
dielectric constant but solute-solvent direct interactions too. 
may have an important role in determining complex stability. 
In other words, the solvent may exert its influence in two 
ways, both through electrostatic (or environmental) factors and 
through short-range factors, the importance of which varies and 
is not always well understood. 

To clarify this problem it may be of interest to extend, to 
equilibria in solvents other than water, the Gurney method of 
calculation of the electrostatic (or external) and nonelectrostatic 

(or internal) contributions of thermodynamic quantities of 
reaction. This method was previously used for reactions in 
aqueous medium (see ref. 1 and the relative bibliography). 

Although enthalpy and entropy data of literature for complex- 
formation reactions in solvents other than water are not yet 
numerous ( 5 ) ,  some accurate works are available at present on 
the subject. They treat proton-ligand as well as metal-ligand 
equilibria in aqueous-organic mixed solvents with variable 
water-cosolvent ratios (see Table 1). 

Treatment of the experimental data 
The concept of the electrostatic and nonelectrostatic parts of 

thermodynamic quantities of reaction, as well as the concept of 
the cratic and unitary contributions, were first introduced by 
Gurney (6). The electrostatic part represents long-range inter- 
actions, which are affected by the nature of the solvent and by 
the temperature. Therefore, it is determined by solute-solute 
electrostatic bonds and by long-range solute-solvent interac- 
tions (i.e., solvent-structuring and destructuring processes). 
The nonelectrostatic part is determined by all short-range 
factors, independent of the dielectric constant and temperature. 
They consist mainly of solute-solute covalent bonds and of 
solute-solvent contact interactions (i.e., solvation interactions) 
(7). Some notes about the use of this method in solvents other 
than water are reported below. Fuller details, together with 
general expressions for the calculation of the above partial 
quantities, are reported in the preceding paper of this series (1). 

As concerns the present calculation method for equilibria in 
mixed solvents, the following observations must be taken into 
account. (a) For a correct comparison of thermodynamic 
parameters in different solvents the use of the unitary part of 
these quantities is recommended by some authors. The same 
applies when the electrostatic part of a quantity is compared 
with the corresponding nonelectrostatic part (1). Comparisons 
between conventional quantities are valid in the case of 

Prin~ed In Canada i Imprimi' au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



786 CAN. J. CHEM. VOL. 64, 1986 

TABLE 1. Molar thermodynamic quantities of literature for proton-ligand and metal-ligand equilibria in aqueous-organic mixed 
solvents at 25°C: A"' + LP- S AL"-P (A"' = proton or metal ion; LP- = ligand)a.b 

Organic 
cosolvent ASx &I AH,," 

A (wt%) A G O  AHO ASO AGX (= ASe,) AGnon (= AG5) (= AGion) AHe, 

L = a-alaninate, react. site: -COO-; org. cosolvent: dioxane (10) 
-13.39 -2.72 35.8 -23.35 69 1.2 -14.6 
-15.10 -3.3 38 -24.64 7 1 -1.2 -13.8 
-16.48 -3.8 42 -25.65 73 -3.0 -13.4 
-18.54 -4.2 46 -27.28 77 -4.9 -13.6 
-20.79 -5.0 54 -29.00 80 -6.7 -14.1 

L = a-alaninate, react. site: -COO-; org. cosolvent: methanol (10) 
-13.39 -2.72 35.6 -23.35 69 1.2 -14.6 
-14.94 -4.2 3 8 -24.52 68 -1.2 -13.7 
-16.61 -5.8 38 -25.82 67 -4.0 -12.6 
-18.54 -6.2 42 -27.36 7 1 -6.0 -12.5 
-20.79 -6.2 50 -29.29 77 -7.7 -13.1 

L- = a-alaninate, react. site: -NH2; org. cosolvent: dioxane (10) 
-55.3 -47.3 26.8 -65.2 60 -42.5 -12.8 
-55.8 -47.7 27 -65.3 59 -44.3 -1  1.5 
-55.8 -47.3 28 -64.9 59 -44.9 -10.8 
-56.5 -47.7 30 -65.2 59 -46.1 -10.4 
-57.7 -46.4 3 8 -65.9 65 -46.2 -11.4 

= a-alaninate, react. site: -NH2; org. cosolvent: methanol (10) 
-47.3 26.8 -65.2 60 -42.5 -12.8 
-47.7 25 -64.6 57 -43.6 -1 1.4 
-47.3 24 -63.7 55 -44.1 -10.3 
-46.0 27 -62.9 56 -44.1 - 10.0 
-44.8 32 -62.8 6 1 -44.1 - 10.2 

L- = acetate; org. cosolvent: methanol (1 1) 
0.42 93 -37.32 126 -0.7 -26.7 

-1.05 90 -37.70 123 -2.1 -25.9 
-1.46 92 -38.49 124 -3.9 -25.0 
-2.51 92 -39.41 124 -5.6 -24.4 
- 1.67 99 -40.33 130 -6.7 -24.4 
-0.63 107 -41.51 137 -7.8 -24.7 
-0.42 112 -42.63 141 -8.7 -25.1 

0.84 123 -44.39 152 -10.0 -25.8 
1.26 132 -46.48 160 -11.0 -27.1 

L- = phenate; org. cosolvent: methanol (12) 
-22.97 116 -67.24 149 -26.3 -31.2 
-22.55 126 -69.45 157 -29.0 -31.0 
-20.63 140 -71.50 171 -31.8 -30.7 
-19.46 152 -73.30 181 -34.0 -30.7 
-18.12 172 -77.40 199 -36.2 -33.0 
-35.56 156 -89.83 182 -48.7 -33.1 

L- = a-alaninate; org. cosolvent: dioxane (10) 
-20.5 86 -56.0 119 -20.8 -25.2 
-29.3 30 -48.3 64 -24.8 -13.5 
-23.0 84 -57.7 116 -25.6 -22.6 
-31.4 26 -48.8 58 -27.9 -11.3 
-27.6 74 -59.0 105 -30.5 -19.3 
-33.0 25 -49.8 56 -30.4 -10.3 
-31.4 72 -61.6 101 -35.0 -17.9 
-36.0 22 -51.2 56 -33.5 -9.0 
-35.1 66 -63.2 94 -38.5 -16.5 
-37.7 21 -52.0 48 -35.4 -8.4 

L- = a-alaninate; org. cosolvent: methanol (10) 
-20.5 86 -56.0 119 -20.8 -25.2 
-29.3 30 -48.3 64 -24.8 -13.5 
-25.1 76 -57.4 108 -26.0 -21.8 
-31.0 29 -49.2 61 -27.3 -12.3 
-30.5 65 -59.2 96 -31.9 -18.1 

Cu 0 
CuL 0 
Cu 20 
CuL 20 
Cu 35 
CuL 35 
Cu 50 
CuL 50 
Cu 65 
CuL 65 

Cu 0 
CuL 0 
Cu 20 
CuL 20 
Cu 40 
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ARUGA: 2 787 

TABLE 1. (concluded) 

Organic 
cosolvent ASx A Gel AH,,, 

A (wt%) A GO AHO AS0 A Gx (= AS,I) AGnon (= AGi) (= AGX,on) AHel 

CUL 40 -41.0 -32.6 28 -50.2 59 -29.9 -11.1 -38.9 6.3 
CU 60 -52.3 -34.7 59 -61.1 89 -36.6 -15.7 -45.6 10.9 
CUL 60 -42.6 -35.1 25 -51.4 54 -32.9 -9.6 -41.8 6.7 
CU 75 -54.0 -37.2 56 -62.5 85 -39.6 -14.4 -48.1 10.9 
CUL 75 -43.7 -37.7 20 -52.2 49 -35.4 -8.3 -43.9 6.3 

L- = a-alaninate; org. cosolvent: dioxane (10) 
Ni 0 -30.5 -16.7 46 -40.5 79 -13.6 -16.9 -23.4 6.7 
NiL 0 -25.3 -19.2 20 -35.3 54 -13.9 -11.4 -23.8 4.6 
Ni 20 -32.5 -17.6 50 -42.1 82 -16.6 -15.9 -25.9 8.4 
N L  20 -27.4 -20.9 22 -36.9 54 -16.9 -10.4 -26.4 5.4 
Ni 35 -34.3 -17.6 56 -43.4 87 -18.4 -15.9 -27.6 10.0 
NIL 35 -28.8 -20.9 26 -37.9 57 -18.3 -10.5 -27.6 6.7 
Ni 50 -36.9 -20.5 54 -45.6 85 -22.1 -14.8 -31.0 10.5 
NIL 50 -31.4 -23.4 27 -40.1 56 -21.5 -9.8 -30.1 6.7 
Ni 65 -39.1 -21.8 58 -47.3 86 -24.1 -15.0 -32.2 10.5 
NIL 65 -33.4 -25.1 28 -41.6 55 -23.7 -9.7 -31.8 6.7 

L- = a-alaninate; org. cosolvent: methanol (10) 
Ni 0 -30.5 -16.7 46 -40.5 79 -13.6 -16.9 -23.4 6.7 
NIL 0 -25.3 -19.2 20 -35.3 54 -13.9 -11.4 -23.8 4.6 
Ni 20 -32.0 -17.1 50 -41.6 82 -15.5 -16.5 -25.1 7.9 
NiL 20 -26.7 -19.2 25 -36.3 57 -15.2 -11.5 -24.7 5.4 
Ni 40 -33.8 -17.1 56 -43.0 87 -17.4 -16.3 -26.8 9.6 
NIL 40 -28.2 -20.1 27 -37.4 58 -17.3 -11.0 -26.4 6.3 
Ni 60 -35.8 -18.4 5 8 -44.6 88 -20.2 -15.6 -28.9 10.5 
NIL 60 -30.0 -20.1 33 -38.8 63 -18.9 -11.1 -27.6 7.5 
Ni 75 -37.3 -17.6 66 -45.8 95 -21.2 -16.1 -29.7 12.1 
NIL 75 -31.5 -20.5 37 -40.0 65 -20.4 -11.1 -28.9 8.4 

L- = chloride ion; org. cosolvent: methanol (13) 
CU 0 0.33 9.3 29 -9.62 63 13.8 -13.4 3.8 5.4 

4.0 0.04 12.1 42 -9.83 75 15.6 -15.6 5.7 6.4 
16.5 -0.33 13.4 46 - 10.0 79 15.6 -16.0 6.0 7.4 
34.6 -3.01 11.7 50 - 12.3 79 12.5 -15.6 3.2 8.4 
54.3 -5.86 14.8 7 1 - 14.8 100 12.0 -17.8 3.0 11.8 
70.4 -8.16 11.1 64 -16.8 92 7.7 -15.9 -0.9 12.0 

L- = chloride ion; org. cosolvent: ethanol (13) 
CU 4.0 -0.04 12.0 42 -9.92 75 15.3 -15.4 5.5 6.5 

16.5 -0.92 13.8 50 - 10.5 79 15.5 -16.4 5.9 7.9 
34.6 -3.56 11.1 50 -12.7 79 11.5 -15.1 2.4 8.7 
54.3 -5.77 13.6 65 - 14.4 92 11.3 -17.1 2.7 10.9 
64.9 - 10.21 9.4 67 - 18.5 92 5.8 -16.0 -2.5 11.9 

"For a-alaninate with Cu and NI the second step of assoc~ation is also considered. Therefore, An+ indicates the 1:l complex species too In these 
cases (see the table, first column). 

bG~bbs function and enthalpy are expressed In kJ mol-'; entropy in J K- '  mol-'. For the meanlng of indexes and correspond~ng quantit~es 
see ref. 1 

enthalpy, as its cratic part is zero ( A p  = A H x ) .  (b) 0 (see 
Table 1 of ref. 1) is a temperature characteristic of each solvent 
or solvent mixture. It is calculated by means of the empirical 
expression D = ~ ~ e - ~ ' ~  (where D is the dielectric constant of 
the solvent and Do is a constant), knowing the values of D over 
a sufficiently wide range of temperatures. For the water- 
methanol, water-ethanol, and water-dioxane mixtures investi- 
gated in the present work the values of 0 have been obtained 
From dielecthc constant data published in previous papers 
(8, 9). 

Results and discussion 
The data of the literature for proton-ligand and metal-ligand 

equilibria in mixed solvents examined in the present work are 
listed in Table 1. 

Besides the conventional thermodynamic parameters, the 
corresponding electrostatic, nonelectrostatic, and unitary parts 
have also been collected in the table. It must be pointed out that 
enthalpy values determined only by direct calorimetry were 
considered. Moreover, data for reactions in mixed solvents have 
been preferred to those in pure nonaqueous solvents and only the 
papers which report results for numerous water-cosolvent 
ratios have been considered. In fact the trend of thermodynamic 
quantities as a function of solvent composition is often complex, 
so that a sufficiently high number of mixtures is necessary for an 
accurate investigation. 

The experimental data of Table 1 for proton, copper, and 
nickel associations with a-alaninate in water-dioxane and in 
water-methanol mixtures are those of the extensive work of 
Gergely and Kiss (10). The data in Table 1 suggest the following 
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observations on the protonation reaction of a-alaninate. In the 
first place, AGx for the protonation of the amino group is about 
constant for increasing quantities of dioxane in the mixture, 
while it becomes a little less negative for increasing quantities 
of methanol. For the protonation of the carboxylate group, on 
the other hand, AGx becomes much more favourable with 
increasing quantities of both the organic cosolvents. The 
different trends of Gibbs function for -COO- and -NH2 
were justified in the usual way (lo), taking into account the 
decrease in the dielectric constant for increasing quantities of 
the organic cosolvent, and concluding that the protonation of 
-NH2 should be less affected by this fact compared to the 
protonation of -COO-, the former (at least partially) being 
isoelectric, the latter hetereoelectric. In reality, the values of 
AGEl for carboxylate indicate that factors depending on the 
dielectric constant have no determinant influence on the trend of 
AGx of protonation. AGEl in fact shows an opposite trend with 
respect to AGx over a wide range of solvent compositions, while 
the determinant sequence is that of AG;,,. 

In the second place, AG,",, of protonation of the carboxylate 
group is very different than for the amino group (i.e., it is more 
favourable for -NH2 than for -COO-), while AGEl is about 
equal for these two groups. The conclusion should be drawn 
from these data that it is incorrect to consider protonation of 
-NH2 as isoelectric, since in this case AGEl for -NH2 should 
be of much smaller magnitude than for -COO-. This con- 
clusion is in complete agreement with a previous hypothesis 
(10) according to which an intramolecular hydrogen bond may 
develop in a-alaninate, via a water molecule between the 
carboxylate and amino groups. Because of the resulting elec- 
tron shift, the protonation of the amino group should not be 
isoelectric. 

As already mentioned above, an opposite trend of AGEl with 
respect to AGx is observed for water-prevailing solvent compo- 
sitions, while in the range of organic cosolvent prevalence 
(although data are less numerous in this case) AGEI shows the 
same trend as AGx. More precisely, a minimum in stability is 
observed for AGE, at approximately 40-60 wt% of water. This 
fact is observed in several cases, as results from successive 
data of Table 1. 

Other data of the table concern proton-acetate (1 1) and 
proton-phenate (12) associations, over a wide range of water- 
methanol mixtures. The results for these equilibria confirm the 
preceding observations for the protonation of the -COO- 
group of a-alanine. In this case, too, AGE1 shows minimum 
stability at 40-60 wt% of water. It must also be noted that AH' 
and AS' for the protonation of phenate show maxima (i.e., 
minimal exothermicity for AH') at about 10% water. This does 
not appear from AGO because of the compensation of the 
enthalpy and entropy maxima. The present results show that the 
cause of such behavior of AH' and AS' is in the corresponding 
electrostatic part. 

The data of copper and nickel with a-alaninate (Table 1) 
show the usual increase in complex stability with increasing 
amounts of organic cosolvent, both in the case of dioxane and of 
methanol. In this case too, calculation of the electrostatic and 
the nonelectrostatic contributions of AGx indicates the latter 
as the determining factor of different stabilities in different 
solvents, for both the first and second step of association. 

To investigate ion-pairing equilibria the data of a previous 
paper may be examined (13), concerning copper-chloride 
associations in several water-methanol and water-ethanol 
mixtures. AGO (and AGx), as usual, becomes more negative 

with increasing concentrations of the organic cosolvent, for 
both methanol and ethanol mixtures (Table 1). Nevertheless, 
two new facts seem present in this case. Firstly, AG,",, does not 
seem to be determinant on the AGx sequence in different 
solvents, both in the case of methanol and of ethanol. Secondly, 
the magnitude of each AGx value is determined by AGEl, while 
AG,",, is in general not distant from zero and endothermic. 

Within the limits of validity of the present theory, the 
following general conclusions can be drawn. 

(a) The present results demonstrate that, in most cases, the 
trend of AGx in different solvents is determined by nonelectro- 
static, short-range factors (AG,",,), while factors depending 
on the dielectric constant of the solvent (AGEl) show different 
trends, and do not appear to be determinant on stabilities. This 
conclusion is in accord with the results of recent works (3, 4). 

(6) Taking the two main short-range factors into considera- 
tion (see "Treatment of the experimental data" and ref. 7), it 
may be observed that with a change of solvent, solute-solute 
covalent interactions are the same, while solute-solvent direct 
interactions (i.e., solvation interactions) are different. Conse- 
quently, the influence of the solvent on complex stability should 
be determined by the latter factor. This confirms the concept that 
a complex-formation equilibrium in a solvent, must be consi- 
dered as a competition (with a consequent exchange reaction) 
between the ligand in a strict sense and the solvent-ligand 
(3 ,4 ,  14). 

(c) As concerns the role of the solvent in metal-ligand 
equilibria, outer-sphere associations should be considered as a 
particular case. It is interesting to consider again, in this 
connection, the data of copper with chloride, which appeared 
unusual with respect to the other data of Table 1. A prevailing 
outer-sphere character was suggested for these pairs (13). 
This fact should limit covalent solute-solute interactions and 
desolvation processes, i.e., internal processes taken as a whole. 
The small magnitude of AG,",, may be justified in this way, as 
well as the fact that AG,",, in this case is not determinant on the 
order of AGx for different solvents. 

(d) Taking into account that (i) the solvent seems to affect 
complex stability mainly through its own solvating ability (see 
point b above), (ii) the concept of donor number (DN, which is 
defined (14) as -AH0 of association in an inert medium 
between he '  solvent molecule and SbCIS reference acceptor) 
was shown to be useful as a measure of solvating abilities of 
donor solvents; the conclusion can be drawn that, among all the 
properties proposed previously to justify the solvent influence 
on complex stability (i.e., polarity, dielectric constant, donor 
number, autoprotolysis constant, hydrogen-bond forming abil- 
ity), donor number is probably the most important. At the same 
time AG;,, (which was demonstrated to be determinant on the 
AGx sequence, see point a above) is equal to AH,,,, being zero 
the corresponding entropy contribution (1). Therefore, it results 
from the present discussion that the influence of the solvent on 
complex stability is due to solute-solvent enthalpy factors. 
Taking into account the above definition of donor number, the 
equivalence of the two concepts becomes evident. 

( e )  Donor number does not always seem sufficient to justify 
experimental data of stability. Inadequacy of DN can be 
summarized in the following points. (i) Steric properties of 
solvents are not taken into account by DN, as it refers to the 
reaction of only one molecule of solvent with one molecule of 
SbCIS (14). In reality, when solute particles are surrounded 
by the solvent, bulk properties of the latter are important in 
determining the number and strength of solute-solvent bonds 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ARUG 

and, consequently, the actual solvating properties of the 
solvent. (ii) For reasons similar to the preceding ones, DN does 
not consider the highly ordered structure of certain solvents. 
Water is a typical example of this fact. Taking into account that 
a DN of 18.0 is usually assigned to water and of 19.0 to organic 
solvents such as methanol and dioxane (15), the conclusion 
should be drawn that the latter have a slightly higher capacity 
than water for opposing metal-ligand complex formation. But 

I for the most part the experimental data are in contrast with this 
conclusion (see, as an example, the AGx values of Table 1). To 
eliminate this inconsistency, a DN value referring to the bulk 

I donation properties of water is used by some authors (16), the 
magnitude of which is far greater than 18.0. (iii) Inert media in 
which the reaction enthalpy of the solvent with SbC15 may be 
measured correctly appear difficult to find. Dichloroethylene, 
which is the usual medium, shows unusual solvating properties 
which can affect experimental enthalpies. SbC15 too was 
shown, in some cases, to be a poor reference acid for the 
quantitative determination of donor strength (17). (iv) Since DN 
is a conventional AH", it may be affected, in addition to 
short-range factors, by external electrostatic factors too. The 
latter have no relationship with solvation bonds (7), so they 
could have an undue influence on DN. 

The problem of evaluation of solvating properties could be 
treated in a more correct way by using the nonelectrostatic part 
of enthalpy instead of conventional AH". Let us for instance 
consider an association reaction M + L ML in the solvent S 
and in another solvent S2 taken as reference. In accord with the 
present discussion and previous considerations (7), AH,,, for 

I this reaction may be considered as determined by two main 
1 factors: covalent interactions between M and L [AH(M-L)] 

and solvating bonds [AH(solv.)]. The former are equal in 
both solvents, while the latter are different. Consequently the 
difference of AH,,, for this reaction in the two solvents may be 
indicated as follows: 

The quantity at the left-hand side of eq. [ l ]  has the same 
enthalpy nature as usual DN but, unlike DN, is not affected by 
external electrostatic factors. Moreover, as it refers to the real 
case of a solute surrounded by solvent molecules, it seems to 
eliminate the above mentioned disadvantages of usual DN. 
Therefore the concept of AH,,,, at least in principle, could 

give an improved means, other than the usual DN, to measure 
solvating abilities of solvents. 

(f) AH,, and AS,, of Table 1 are generally positive. This 
fact is usually due to the prevalence of solvent-destructuring 
processes over other processes, such as the formation of 
solute-solute bonds (which should give exothermic values of 
enthalpy). It may also be observed that AHe1 and AS,,, few cases 
excepted, become more positive (i.e., solvent-destructuring 
processes increase) with increasing amounts of organic cosol- 
vent. This fact may be justified, at least for heteroelectric 
associations, considering that the solvent, before the association 
reaction, is ordered by the electric field of ions. While the polar 
structure of water remains ordered after the association too, 
other solvents such as dioxane and alcohols become less ordered 
(4). Therefore, a greater increase of disorder is expected in the 
association as the quantity of the organic cosolvent increases. 
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Measurement of some primary nuclear interferences in neutron activation analysis 
with a SLOWPOKE reactor 
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G. KENNEDY, J.-L. GALINIER, and L. ZIKOVSKY. Can. J. Chem. 64, 790 (1986). 
The interference factors were measured for 21 cases where the (n, p) and (n, a )  reactions induced by fast neutrons produce 

the same radioisotopes as those used in the determination of F, Na, Mg, Al, S, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Ga, and As. 
The measured factors are compared with those calculated from data found in the literature. 

G. KENNEDY, J.-L. GALINIER et L. ZIKOVSKY. Can. J. Chem. 64, 790 (1986). 
On a mesurC les facteurs d'interfkrence dans 21 cas pour lesquels les reactions (n, p) et (n, a )  induites par des neutrons 

rapides produisent les m&mes radioisotopes que ceux utilisCs lors de la determination des ClCments suivants: F, Na, Mg, Al, S, 
Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Ga et As. On a compare les facteurs mesurCs avec ceux calculCs sur la base des donnCes que 
l'on peut retrouver dans la 1ittCrature. 

[Traduit par la revue] 

Introduction 
In neutron activation analysis using reactors as  a neutron 

source, it is usually assumed that each radioisotope detected is 
produced by the (n, y )  reaction o n  a stable isotope of the same 
element; however, in most irradiation sites, there is a significant 
component of fast neutrons which may produce the radioisotope 
of interest by (n, p)  and (n, a )  reactions o n  heavier elements. 
The analyst must be  aware of which elements may be  affected 
by these nuclear interferences and h e  may be  able to  correct 
them using an "interference factor" if the interfering element is 
also analysed. 

In the case of the Canadian SLOWPOKE I1 reactor where the 
inner irradiation sites are located in the beryllium reflector, the 
fast neutron spectrum includes a component due to  the (y ,  n) 
reaction on beryllium as well as  the fission neutrons. Using 
several (n, p) and (n, a )  reactions of well-known cross section, 
this fast neutron flux has been determined (1) to  be  0.21 X 10" 
neutrons cm-' s-I when the thermal neutron flux in these sites is 
1.0 x 1012 neutrons cmP2 s-I. With this significant fast neutron 
flux, it is estimated that the interferences from (n, p)  and (n, a )  
reactions may be  important for about 15 low- and medium-Z 
elements which are often analysed. The aim of this paper is 
to measure the "interference factors" for these elements with 
sufficient accuracy that they may be  used to correct the 
interferences. 

Several researchers have reported interference factors mea- 
sured for interferences which occur with the analysis of sodium 
(2), aluminum (3, 4), sulfur ( 3 ,  scandium (2), chromium (6 ) ,  
manganese ( 2 , 5 , 7 ) ,  cobalt (2 ,  3 , 7 ) ,  and nickel (7). When the 
same factors were measured in several laboratories, the values 
measured varied by as  much as several orders of magnitude, 
because of the widely varying ratios of fast to thermal neutron 
fluxes in  the different reactors and irradiation sites used. 

As a first approximation, the interference factors may be  
calculated using thermal neutron and fission neutron cross 
sections found in the literature as outlined by D e  Soete et al. 
(8). However, in a SLOWPOKE reactor the interference factors 
may be significantly different because of the influence of the 
beryllium reflector and other reactor components on the fast 
neutron spectrum. All the SLOWPOKE reactors currently in 
operation are of identical construction (including fuel, moder- 

'~evision received November 28, 1985. 

ator, and reflector) and should, therefore, have identical neutron 
spectra. Any slight differences in the neutron spectra among 
these reactors would first be  noticed as differences in the ratio 
of fast neutron flux to slow neutron flux. In the three reactors 
surveyed (1,9) '  this ratio has been measured as 0.21,0.22,  and 
0.19, respectively, using various reactions for fast and thermal 
neutrons. These ratios appear to agree if one considers the 
uncertainties involved in their measurement. In addition, at 
the Montreal SLOWPOKE reactor this ratio was found to be  
constant, within the experimental error of  5 % ,  over a period 
of seven years despite aging of the fuel and additions to  the 
beryllium reflector. Thus,  it is felt that a set of interference 
factors measured accurately with one SLOWPOKE I1 reactor 
will provide the data necessary for the accurate and reliable 
corrections of these interferences by analysts using any of the 
SLOWPOKE I1 reactors. 

Experimental 
In the analysis of an element with a given Z, the interference factor F 

for the (n, p) reaction is the weight, in micrograms, of element (Z + 1) 
which produces the same activity of the radioisotope used for analysis 
as 1 pg of element Z via the (n, y )  reaction. For the (n, a) reaction, F is 
the weight of element (Z + 2) which produces the same activity as 1 pg 
of element Z. Thus, the smaller the interference factor, the more severe 
is the interference. 

The first step in determining the interference factors was to measure 
the activity produced by the (n, y )  reaction for each element under 
study. Known amounts of each element were sealed in 1.4 mL 

vials and irradiated in an inner irradiation site and each 
was counted with a Ge(Li) detector in order to measure the area of the ~, 

y-ray peak per microgram of element. Elements (Z + 1) or (Z + 2) 
were irradiated in a similar manner to produce the same radioisotope by 
the (n, p) or (n, a) reaction. The peak area per microgram of interfering 
element was thus determined and the comparison with the peak area per 
microgram measured for element Z gives the interference factor. 

The main difficulty in these measurements is that very small amounts 
ofelement Z in the standards of elements (Z + 1) and (Z +2) produce a 
significant amount of the radioisotope under study since the (n, y )  cross 
sections are generally much larger than the (n, p) or (n, a )  cross 
sections. In order to reduce this effect, only the purest compounds 
available were used for the standards of elements (Z + 1) or (Z + 2). In 
addition, all irradiations of elements (Z + 1) or (Z + 2) were performed 
with cadmium covers as well as in the normal manner. The presence of 

2R. G. V. Hancock. Toronto SLOWPOKE Reactor. Private com- 
munication. 
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KENNEDY ET AL 

TABLE 1. The interference factors for some (n, p) and (n, a) reactions 

Interference factor 

X a  Ib Interfering reaction Measured Calculated Notes 

F Na 2 3 ~ a ( n ,  a ) 2 0 ~  89*9 80k18 
Na Mg 2 4 ~ g ( n ,  p)24Na 23302 120 22802 150 
Na A1 2 7 ~ l ( n ,  a)24Na 37702400 4200?260 
Mg Al 2 7 ~ l ( n ,  p ) 2 7 ~ g  5.8k0.3 5.7k0.6 
Mg Si 30~i(n ,  ~t)~'Mg 4070k 360 4980?640 
Al Si 28~i(n ,  p)28A1 2075 14 202?25 
A1 P "P(n, a)28~1 690240 6902220 
S C1 3 7 ~ ~ ( n ,  p)37S 3.0k0.2 1.620.8 c , d  

S Ar 4 0 ~ r ( n ,  a)37S 2.020. 1 1.5k0.8 d  

Sc Ti 46Ti(n, p)46S~ 1 3 8 ~ 1 0 ~ 2 8 ~ 1 0 ~  1 3 4 ~  lo3? lox lo3 
Ti V "V(n, p ) " ~ i  84k 10 58k7 C 

Ti Cr 54Cr(n, a)"Ti > 12000 66x 103k33x lo3 
V Cr "Cr(n, 3 0 ~  103?2x lo3 2 7 ~  103?2x lo3 C 

Cr Fe 54Fe(n, a15'cr 4 7 ~  1 0 ~ 5 8 ~  lo3 1 0 2 ~  103*34x lo3 C 

Mn Fe 56Fe(n, p ) 5 6 ~ n  68x 103k4x lo3 7 0 ~ 1 0 ~ 2 5 ~ 1 0 ~  
Mn Co 59~o(n ,  ~t) '~Mn 282X lo3 463X 103k27x lo3 C 

Co Ni 6 0 ~ i ( n ,  p ) 6 0 ~ o  321 x 10~291 x 103 3 2 8 ~  103275x lo3 
Ni Cu '%u(n, p ) 6 5 ~ i  550k60 6432321 
Cu Zn 66 Zn(n, 13.1 x lo3? 1 . 7 ~  103 2 0 . 2 ~  103k3.6x lo3 P 

Ga Ge 72Ge(n, p)72Ga 2280X lo3 2 1 4 3 ~  1O3258Ox lo3 
As Se 76Se(n, p ) 7 6 ~ s  2 5 2 ~  lo3? 1 4 ~  lo3 7 1 4 ~  103k357x lo3 e 

'X = element of interest. 
*I = interfering element. 
'Based on only one measured value of u(n, p) or u(n, a). 
dIsotopic abundance is low and varies from compound to compound (13). 
'Reactions (n, d) and (n, 'H) may take place which would reduce the measured interference factor. 

element Z in these standards was indicated by a higher peak area from 
the sample irradiated without cadmium cover. 

I 

Results and discussion 
The measured interference factors are presented in Table 1. 

For 54Cr(n, c ~ ) ~ l T i ,  no 5 1 ~ i  activity was observed even with the 
irradiation under cadmium cover because of the more intense 
51Cr activity produced by the (n, y )  reaction on chromium. 
Thus, for this case, only a lower limit for the interference factor 
is given. For 59Co(n, a ) 5 6 ~ n  and 7 2 ~ e ( n ,  p ) 7 2 ~ a ,  the 5 6 ~ n  
and 72Ga activities were measurable only with the irradiation 
performed under cadmium cover. Thus, in these two cases, a 
part of the measured activity may be due to 5 5 ~ n ( n ,  y ) 5 6 ~ n  and 
7 1 ~ a ( n ,  y ) 7 2 ~ a ,  respectively. For this reason, no experimental 
uncertainty is given with these interference factors, and the true 
interference factors may be higher than the values given in Table 
1 for these two cases. For the other 18 cases, the uncertainty 
given includes the measurement error in the activities produced 
by both the (n, y)  and the (n, p) or (n, a )  reactions. 

Also shown in Table 1 are the interference factors calculated 
(8) using published cross sections. For the (n, p) interferences 
they were calculated with the formula 

where 0 is the isotopic abundance, u, the thermal-neutron (n, y )  
cross section, R, the resonance integral including the l / u  
contribution (8), M the atomic mass, and u p  the (n, p) cross 
section for fission neutrons. For (n, a )  interferences. u p  is of 
course replaced by ma, the (n, a )  cross section, and M z  + , and 
OZ + , by M z  + and B Z  + 2 .  The term 0.06R, is included because 
the neutron flux has been measured to have a 6% component of 

epithermal neutrons. The factor 0.21 accounts for the pre- 
viously mentioned 21 % component of fast neutrons. The values 
of 0 ,  M, u,, and R, were taken from the Chart of the nuclides 
(10) and the recommended values of u p  and u, from the 
Handbook on nuclear activation cross sections (11). For 
4 0 ~ r ( n ,  a ) 3 7 ~ ,  5 4 ~ r ( n ,  a)5 Ti, and 7 6 ~ e ( n ,  p ) 7 6 ~ s  no measured 
cross sections were available. In these three cases, values 
extrapolated by Calamand (1 1) from cross-section systematics 
were used. The uncertainties listed with the calculated inter- 
ference factors are those of the u p  or u, cross sections since 
all the other factors in eq. [ l ]  are known with much greater 
accuracy than these cross sections. All these data are shown in 
Table 2. 

For 12 of the interferences listed in Table 1, the interference 
factors have been calculated (12) for the Halifax SLOWPOKE 
reactor whose construction is identical to the one used here. In 
general, their calculated values agree well with the values 
calculated in this work, which is to be expected since the two 
reactors have similar fast-to-thermal neutron-flux ratios (1, 9). 

As can be seen from Table 1, there is generally very good 
agreement between the interference factors measured here and 
those calculated from measured cross sections found in the 
literature. This would lead us to believe that the component of 
the neutron spectrum due to the (y, n) reaction on the beryllium 
of the reflector does not alter significantly the relative reaction 
rates for the (n, p) and (n, a )  reactions on the elements studied 
in this work. But in the cases 3 7 ~ l ( n ,  p)37S, 5 1 ~ ( n ,  P ) ~ ' T ~ ,  
54Fe(n, 6 6 ~ n ( n ,  P ) ~ ~ C U ,  and 76~e(n ,  P ) ~ ~ A s ,  the differ- 
ences between the measured and calculated interference factors 
are significant. There are several possible reasons for these 
differences. In the first four cases it is possible that the (n, p) and 
(n, a )  cross sections used in calculating the interference factors 
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TABLE 2. Nuclear data used in calculations of interferences factors 

are erroneous since they are based on a single measurement 
which is not corroborated by other data. If the 6 7 ~ n ( n ,  df6cu 
and 77Se(n, d ) 7 6 ~ s  cross sections are high enough, this mode of 
production may be the reason why the measured interference 
factors are lower than those calculated from the (n, p) cross 
sections. Thus, in the five cases where a significant disagree- 
ment exists between the measured and the calculated inter- 
ference factors, we prefer the present measurements because 
they are based on several individual determinations. 

We recommend that the measured interference factors in 
Table 1 be used in the following manner. The sample is analysed 
for the element of interest and the interfering element, and 
the concentration of the interfering element is divided by the 
interference factor to yield the amount to be subtracted from the 
measured concentration of the element of interest. The accuracy 
of the corrected result thus depends on the accuracy of the 
determination of the interfering element and the uncertainty in 
the interference factor listed in Table 1. For 5 4 ~ r ( n ,  C X ) ~ ' T ~ ,  
5 9 ~ o ( n ,  a)56Mn, and 72Ge(n, p ) 7 2 ~ a ,  for which only lower 
limits of the interference factors have been determined, the 
interferences will usually be negligible; their magnitude may be 
estimated from the calculated interference factors. 

Conclusions 
It is important to take into account interferences from (n, p) 

and (n, a )  reactions in neutron activation analysis with reactors 
where the neutron flux has a significant fraction of fast neutrons. 
The interference factors measured in the present work make 
possible the accurate correction of these interferences. For any 
SLOWPOKE reactor, a verification of the ratio of fast-to- 

thermal neutron fluxes with one or two fast neutron reactions 
should be sufficient to permit the accurate correction of these 21 
interferences with the factors measured here. 
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E ,  E- and E ,  2-a-phenyl-a'-acetoxyorthoquinodimethane: 
steric and electronic control of cycloaddition reactions 
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JAMES L. CHARLTON, MIAN M. ALAUDDIN, and GLENN H. PENNER. Can. J .  Chem. 64,793 (1986). 
E, E- and E,Z-a-phenyl-a'-acetoxyorthoquinodimethanes have been prepared from the corresponding cis- and trans-l- 

acetoxy-3-phenyl-1,3-dihydrobenzo[c]thiophene-2,2-dioxides. The regio- and diastereoselectivity of the addition reactions 
with dimethyl fumarate, dimethyl maleate, maleic anhydride, and methyl crotonate have been determined. Ab initio calculations 
have been carried out on orthoquinodimethane and its a-phenyl and a-oxy derivatives. A correlation has been made between 
the steric and electronic properties of the orthoquinodimethanes and the regio- and diastereoselectivity of their Diels-Alder 
reactions. 

JAMES L. CHARLTON, MIAN M. ALAUDDIN et GLENN H. PENNER. Can. J. Chem. 64,793 (1986). 
On a prCparC les a-phCnyl a'-acCtoxy o-quinodimethanes-E,E et -E,Z i partir des acttoxy-1 phCnyl-3 dihydro-1,3 

benzo[c]thiophenedioxydes-2,2-cis et -trans. On adCterminC les rCgio- et diastCrCosClectivitts de leurs rCactions d'addition avec 
le fumarate de dimCthyle, le maleate de dimCthyle, l'anhydride malCique et le crotonate de mCthyle. On a effectuC des calculs 
ab initio sur 1'0-quinodimkthane et sur ses dtrivCs a-phtnyle et a-oxy. On a Ctabli une corrClation entre les propriCtCs stCriques 
et Clectroniques des o-quinodimethanes et les rCgio- et diastCrCosClectivitCs de leurs riactions de Diels-Alder. 

[Traduit par la revue] 

Introduction 
Recently there has been an interest in the use of orthoquinodi- 

methanes as intermediates in lignan synthesis (1-5). This work 
has been stimulated by a growing interest in podophyllotoxin 
1 and its derivatives, which show promise as cancer chemo- 
therapeutic agents (6) .' 

Our recent discovery of a simple route to a-oxy-a'-phenyl 
orthoquinodimethanes 2 (7, 8) has prompted us to investigate 
the reactions of these intermediates with dienophiles, to establish 
routes to the various diastereomers of the 1-aryl-4-oxy tetralin 

system. Previous work on the addition of oxy and phenyl 
substituted orthoquinodirnethanes (0-QDMs) to alkenes (1, 2, 
4, 7-9) indicated that the regio- and stereochemical course of 
the addition followed that expected for the Diels-Alder reaction 
of substituted dienes with alkenes. A cis-1.2 substituted Dat- 
tern seemed to predominate, as shown by the following two 

I examples (1, 9). 

' ~ u t h o r  to whom correspondence may be addressed. 
'See also references cited in ref. 3. 

While the cis-1,2 substitution pattern is in accord with frontier 
molecular orbital predictions ( lo),  there have been more recent 
claims of exceptions to the general pattern, which are in contrast 
to the previously observed directing effect of an aryl group as 
shown below (9, 1 1). 

To elucidate further the steric and electronic factors involved 
in these cycloadditions, we have carried out a study of the 
Diels-Alder reactions of both E, E- and E,Z-o-QDMs 6 and 16 
(see Schemes 1 and 2) with the dienophiles dimethyl fumarate, 
dimethyl maleate, maleic anhydride, and methyl crotonate. 
Correlations have been drawn between the addition stereo- 
selectivities and the steric and electronic properties of the 
0-QDMs. 

Results 
The acetoxyphenyl o-QDMs 6 and 16 were prepared by 

thermolysis of the cis- and trans-acetoxy sulfones 5 and 15 (5 ) .  
We assume that 5 yields the E, E-o-QDM 6, as it is much less 
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10 
SCHEME 1 

sterically hindered than the Z,Z configuration, which could The thermolysis conditions are given in Table 1. The product 
have also formed by pericyclic extrusion of SO2 from 5. We also structures and yields are given in Schemes 1 and 2. The product 
assume that 15 yields the o-QDM 16 with the E-acetoxy and structures were determined primarily on the basis of 300-MHz 
2-phenyl configuration, on the basis of arguments put forward 'H nrnr spectra (see Table 2). The structures were further 
by Sammes, who has noted a reluctance for oxy substituents to confirmed by elimination of acetic acid to form the l-phenyl- 
occupy the 2-position in o-QDMs (12). 2,3-dicarbomethoxy-1,2-dihydronaphthalenes. 

TABLE 1. Reaction conditions for cycloadditions a 02Me + q O 2 M e  

Reactant Dienea Solvent Temperature ("C) Time (h) 
C02Me C02Me 

5 DMF T 140 5 Ph Ph 
5 DMM T 
5 MA T 
5 MC T 

trans 20 
cis 21 

5 - T 140 15 Thus adducts 7,  8, 17, and 18 were converted to the known 
16 DMF T 180 5 
16 

trans-alkene 20 and adduct 9 was converted to the cis-alkene 
DMM T 180 18 

16 MA T 180 
21. The structure of the maleic anhydride adduct 11 was 

16 - X 140 
l 1  determined by treatment with methanol and diazomethane, 23 

which converted it to adduct 9. The benzocyclobutenyl acetate 
"Key: DMF = dimethylfumarate; DMM = dimethylmaleate; MA = maleic 10, which is formed as a minor product from 6 and dimethyl 

anhydride; MC = methyl crotonate; T = toluene; X = xylene. maleate, and as a major product in the absence of dienophile, 
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CHARLTON ET AL 

TABLE 2. Chemical shifts and coupling constants 

H(1) 4.02 5.04 4.39 4.45 
H(2) 3.82 3.76 3.68 3.98 
H(3) 3.56 2.72 3.38 4.14 

i H(4) 6.69 6.93 6.63 6.14 
0CH3 3.22 3.13 3.43 - 
0CH3 3.78 3.21 3.77 - 

OAc 1.60 1.67 2.04 2.27 
CH3 - - - - 
Arom 6.8-7.2b 6.8-7.2' 7.12-7.55 7.1-7.6 
H(8) 6.71 - 7.13 - 
J1.2 11.26 7.24 5.32 5.59 
52.3 12.26 4.49 4.1 9.99 
J3.4 3.16 4.99 4.26 7.45 
Jx. CH - - - - 
sol c&6 c&6 CDCI3 CDC13 

"For spectrum in CDCI3, see ref. 8. 
*Also 7.47 (d, 1H). 
'Also 7.31 (d, IH), 7.45 (d, IH). 

~ A C  OAc 
I 

OAc 

16 + cCozMe - ,.C02Me 
+ 8 23% + 9 6.4% 

COzMe '-C02Me 
Ph 

18 41% 

16 + I 0 + mixture of products (see text) 6 0 

16 + anthracene 19 
SCHEME 2 

was identified by its 'Hnmr and ir spectra. It could also be 
converted to the adduct 7 by heating with dimethyl fumarate, 
which further confirmed its structure. 

The adducts 12, 13, and 14 were not individually isolated. 
Their structures were deduced solely from 'H nmr of the 
mixture using decoupling techniques to decipher the spectrum 
(see Table 2). Although the E,Z-o-QDM 16 plus maleic 

anhydride gave a mixture of products, the mixture could be 
converted to primarily the trans-alkene 20 by successive 
treatment with methanol (reflux) and diazomethane. This would 
indicate that the initial adduct of 16 and maleic anhydride was 
the endo adduct. 

Discussion 
The most notable feature of these cycloaddition reactions is 

the contrast between the stereoselectivity for addition of 
fumarate and maleate versus maleic anhydride. For fumarate 
and maleate the major products always have the phenyl and 
neighboring carbomethoxy group trans, irrespective of other 
factors. On the other hand, maleic anhydride added to both 6 
and 16 to give predominantly the cis-1,2 stereochemistry via an 
endo transition state (assuming the acetoxy group is in the E 
configuration in both 6 and 16). 

It should be noted that the formation of 16 requires a higher 
temperature than does 6. Thus 5 could be converted to 10 at 
110°C whereas 15 was unaffected at this temperature. At 140°C, 
both were converted to anthracene in high yield. At the higher 
temperature, 10 is in equilibrium with 6 but must also be 
able to form the Z,Z isomer, which intramolecularly closes 
to eventually form anthracene. We were unable to find a 
temperature at which the E,Z-o-QDM 16 formed the cis- 
acetoxyphenylbenzocyclobutene as a stable product. 

The difficulty that others have encountered in preparing a 
substituted benzocyclobutenol similar to 10 has not gone 
unnoticed (3). We are currently attempting to extend the scope 
of the reaction 5 + 10. 

The formation of 8 and 9 from the attempted reaction of 15 
plus dimethyl maleate is probably due to the isomerization of 15 
to 5. Although zinc oxide, added to the reaction mixture as 
an acid scavenger, is relatively neutral, it may catalyse the 
conversion of 15 to 5 at high temperature. We have observed 
that this interconversion is readily catalysed by K3PO4 in 
tert-butanol or triethylamine in benzene. 
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Frontier orbital, secondary orbital, and dipole effects 
Frontier orbital theory has often been used to predict regio- 

selectivity of Diels-Alder reactions (10, 13- 15). Generally, 
regioselectivity can be predicted on the basis of the most 
favourable overlap of the HOMO (highest occupied molecular 
orbital) of the diene with the LUMO (lowest unoccupied 
molecular orbital) of the dienophile (10). The predicted product 
has the larger HOMO coefficient of carbons 1 or 4 of the diene 
interacting with the larger LUMO coefficient of the dieno- 
phile. Thus, dienes with electron-releasing substituents add 
head-to-head with dienophiles bearing electron-withdrawing 
substituents. 

? D 

HOMO LUMO 

Favourable secondary orbital overlap of the electron acceptor 
group of the dienophile with carbon 2 of the diene can lead to 
predominantly endo products (14- 16). 

In cases where the primary orbital effects (carbons 1 and 4 of 
the diene) are approximately equal, the secondary orbital effect 
may also affect the regioselectivity (14). In the absence of any 
strong orbital effects, dipolar interactions may come into play to 
direct regioselectivity. 

In Appendix A we describe ab initio calculations that have 
been used to find the optimum geometry, charge distribution, 
and molecular orbital coefficients for o-QDM, a-phenyl-, 
a-hydroxy-, and a-phenyl-at-hydroxy-o-QDM. The calcula- 
tions indicate that an E-a-phenyl substituent is rotated out of 
the plane of the o-QDM and has little effect on the orbital 
coefficients relative to the unsubstituted o-QDM. The fact that 
previously studied a-phenyl-o-QDMs add head-to-head with 
monoactivated dienophiles (1, 8, 11) may thus be related to 
dipolar effects rather than orbital effects since the phenyl group 
in E-a-phenyl-o-QDM does decrease the electron density on the 
carbon bearing the phenyl group (see Appendix A). It may also 
be due to the fact that a-phenyl-o-QDMs exist in the Z 
configuration, where orbital factors may be larger and direct the 
regiochemistry of addition. In the case of a-oxy-o-QDMs there 
are both a polar effect and secondary and primary orbital effects, 
which all favour head-to-head addition. The secondary orbital 
interaction should be large (large coefficient on C2) and should 
favour a cis-1,2 adduct stereochemistry when fumarate is 
added. The a-oxy-o-QDMs do indeed give endo head-to-head 
addition (8, 9) as predicted. An analogous case dealing speci- 
fically with fumarate addition to 1-substituted dienes has been 
provided by Kakushima (15). However, for a-phenyl- and 
a-phenyl-at-oxy-o-QDMs, only maleic anhydride gives the 
endo addition while fumarate and maleate always give the 
trans-phenyl carbomethoxy stereochemistry. In view of the 
out-of-plane rotation of the a-phenyl group in E-a-phenyl-o- 

QDM, it is likely that the preference for exo addition of 
dienophiles other than maleic anhydride is rooted in steric 
factors. 

It should be noted that Mann and Piper have reported a case 
(see 3 -t 4) in which maleate undergoes endo addition to an 
a-aryl-o-QDM (2). This could be rationalized on the basis of 
increased secondary orbital effects, since the methoxy substi- 
tuents on the o-QDM will raise the energy of the HOMO and 
increase orbital interaction with the dienophile LUMO. 

Finally, we note that addition of crotonate to 6 gave a mixture 
of head-to-head and head-to-tail adducts indicating that, in this 
case at least, the directive effects of the phenyl and acetoxy 
group on the regiochemistry of addition are about equal. 

Experimental 
Proton magnetic resonance spectra were recorded on a Bruker 

AM-300 using tetramethylsilane as internal standard. Infrared (ir) 
spectra were recorded on a Unicam 1000 spectrometer. Mass spectra 
were recorded on a Finnegan 1015 mass spectrometer and only the 
major peaks are reported. Merck Kieselgel 60 was used for all 
chromatography. Elemental analyses were performed by Guelph 
Chemical Laboratories Ltd., Guelph, Ontario, Canada. 

1 -Acetony-3-phenyl-l,3-dihydrobetzzo[c]thiophene-2,2-dioxide 
The cis and trans acetates 5 and 15 were prepared as described 

previously (8). They were separated by a combination of crystallization 
and chromatography using 2% ethyl acetate in benzene as eluant. 

Cycloaddition reactions 
A procedure different from that previously used (8) was employed in 

this work. A toluene solution of the acetoxy phenyl sulfone 5 or 15 
(100-200mg), 30 mg of anhydrous, powdered zinc oxide, and four 
equivalents of the dienophile were sealed in a pressure flask (200 mL) 
and heated as described in Table 1. The solution was then filtered 
through a short column of silica gel with methylene chloride (through 
only filter paper for the maleic anhydride adducts), evaporated, and 
then heated at 100°C under high vacuum to remove excess dienophile. 

The cycloadducts were then purified by recrystallization, sometimes 
after chromatography, as described below. 

7: Recrystallized from hexane - ethyl acetate, mp 109-1 10°C; for 
spectra properties see ref. 8. 

8: Chromatography, 20% ethyl acetate - hexane; recrystallized from 
hexane-CH2C12; for properties see ref. 8. 

9: Chromatography, 20% ethyl acetate - hexane; recrystallized 
from hexane-CH2C12, mp 150- 153°C; ir (CH2C12): 1747 cm-I ; mass 
spectrum m/e (rel. %): 382 (lo), 339 (33), 322 (40), 307 (40), 
262 (43), 22 1 (43), 203 (47), 188 (100). Anal. calcd. for C22H2206: 
C 69.10, H 5.80; found: C 68.92, H 6.09. 

11: Recrystallized from hexane - ethyl acetate, mp 168-170°C; 
ir (CH2C12): 1750, 1760, 1795 cm-I ; mass spectrum m/e (rel. %): 
336 (12), 293 (12), 276 (21), 248 (38), 204 (35), 195 (44), 178 (100). 
Anal. calcd. for C20H1605: C 7 1.42, H 4.79; found: C 7 1.55, H 5.09. 

12, 13, and 14: Chromatography, 10% ethyl acetate - hexane. 
Separation of the three isomers was not possible by chromatography. 
The identity of the three isomers is based solely on the 300-MHz nmr 
spectrum of the mixture, which was analysed using decoupling and 
COZY techniques. The nmr data are given in Table 2. 

17: Recrystallized from hexane-CH2C12, mp 135- 137°C ; ir (CH2C12): 
1742 cm-I ; mass spectrum m/e (rel. %): 322 (7), 262 (36), 176 (44), 
131 (65), 117 (76), 91 (100). Anal. calcd. for C22H2Z06: C 69.10, 
H 5.80; found: C 68.82, H 6.02. 

18: Chromatography 10% ethyl acetate - hexane; recrystallized 
from hexane-CHzC12, mp 128- 132°C; ir (CH2CII): 1745 cm-' ; mass 
spectrum m/e (rel. %): 382 (I), 351 (I),  339 ( 1 3 , 3 2 2  (31), 294 (28), 
231 (20), 204 (25), 43 (100). Anal. calcd. for C22H2206: C 69.10, 
H 5.80; found: C 68.98, H 6.00. 

The cycloaddition product from 15 and maleic anhydride appeared to 
be a mixture by ' H  nmr. The crude reaction mixture was refluxed in 
methanol for 1 h, evaporated to dryness, and then treated with excess 
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diazomethane in ether. The 'H nmr analysis showed the resulting 
product to be a mixture of 20 (major), 18 (minor), and 21 (minor). 

trans -1-Acetoxy-2-phenylbenzocyclobutene 10 
This compound was first isolated as a minor product from the 

reaction of the cis-sulfone 5 with dimethyl maleate by chromatography 
using 20% ethyl acetate - hexane (20%). Refluxing 5 (101.5 mg) in 
toluene with ZnO (33 mg) gave, after chromatography (20% ethyl 
acetate - hexane), 42 mg of 10 and 32.5 mg of 5 for a corrected yield 
of 76%. Recrystallized from hexane, mp 50-53°C; ir (CH2C12): 
1740 cm-'; 'H nmr (CDC13): 2.15 (s, 3H), 4.67 (d, lH, JI2 = 1.63), 
5.67 (d, lH), 7.2-7.5 (m, aromatics); mass spectrum m/e (rel. %): 
196 (27), 195 (47), 178 (100), 167 (67). Anal. calcd. for C16H1402: 
C 80.65, H 5.92; found: C 80.40, H 6.19. Refluxing 5 with ZnO in 
xylene (138°C) gave only anthracene. 
Treatment of 11 with methanol and diazomethane 

Compound 11 (10 mg) was refluxed for 1.5 h in methanol, 
evaporated, and then treated with diazomethane in ether; 'H nmr 
showed the product of the reaction to be mainly 9. 

Elimination reactions to form 20 and 21 
The cycloadducts 7 , 8 ,  17, and 18 could all be converted to 20 by 

refluxing (20 mg) in toluene (10 mL) with p-toluene sulfonic acid 
(5 mg) for 2 h. The product mixture was filtered through a short silica 
gel column with CH2C12 and evaporated to give a nearly quantitative 
yield of the alkene in each case. For properties see ref. 8. The all-cis 
tetralin, 9, treated in the same way, gave the cis-alkene 21 as an oil; 
ir(CH2C12): 1720, 1735cm-'; 'Hnmr (CDC13): 3.34 (s, 3H), 3.79 
(s, 3H), 4.02 (d, lH, = 8.15), 4.61 (d, lH), 7.01 (m, lH), 
7.18-7.38 (rn, aromatics), 7.73 (s, IH); mass spectrum mle (rel. %): 
322 (28), 290 (SO), 262 (57), 204 (99 ,  203 (98), 202 (93), 178 (64), 
105 (100). When 21 was dissolved in 0.1 M NaOMe and left at room 
temperature for 15 h, it was converted quantitatively to the alkene 20. 
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Appendix A 
Ab initio molecular orbital calculations at the STO-3G level 

have been carried out on o-QDM 22, a-hydroxy-o-QDM 23, 
a-phenyl-o-QDM 24, and a-hydroxy-a'-phenyl-o-QDM 25. 
All bond lengths and bond angles were optimized with the 
constraint that the atoms of the o-QDM moiety remain planar. 
For the a-phenyl derivatives the benzene ring was held planar 
and the ring carbons were constrained to a hexagonal geometry. 

TABLE 3. HOMO and LUMO molecular orbital coefficients and net atom charges 

Centre 
b g f e d c a k h 

H +0.232 -0.255 +0.345 +0.324 -0.311 -0.344 $0.435 - -0.437 
24 L -0.253 -0.260 -0.377 +0.346 +0.340 -0.377 +0.491 - +0.504 

CD +0.005 -0.002 -0.062 -0.006 -0.066 -0.060 -0.132 - -0.058 

H +0.320 -0.222 +0.312 +0.267 -0.329 -0.304 +0.409 -0.314 -0.455 
25 L -0.224 -0.266 -0.370 +0.353 +0.322 -0.376 +0.514 -0.201 +0.488 

CD -0.030 +0.005 -0.066 -0.064 -0.074 -0.056 +0.058 -0.273 -0.072 

H, HOMO (highest occupied molecular orbital). 
L, LUMO (lowest unoccupied molecular orbital). 
CD, net charge density. 
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Calculations were performed on an Amdahl 470/V8 system 
using program MONSTERGAUSS (17). 

Calculations on 25 were made for several different angles of 
the plane of the phenyl substituent relative to the plane of the 
o-QDM. The optimum angle appeared to be 60" with a small 
banier (2.58 kJ/mol) at 90" and a prohibitive barrier at 0". For 
comparison purposes, data given for 24 and 25 below are for 
calculations in which the phenyl group was held at 90". Table 3 
gives the HOMO and LUMO molecular orbital coefficients and 
the net atom charges for the four molecules studied. 
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Open chain nitrogen compounds. Part x.' Thermolysis of a-diazoacetanilides in methanol: 
a convenient synthesis of a-methoxyacetanilides from ethyl N-(ary1azo)glycinate 

KUMUDINI U. K. GAMAGE NICHOLAS AND KEITH VAUGHAN' 
Department of Chemistry, Saint Mary's University, Hal*, N.S., Canada B3H 3C3 

Received June 26, 1985 

KUMUDINI U. K. GAMAGE NICHOLAS and KEITH VAUGHAN. Can. J. Chem. 64 ,799  (1986). 
a-Diazoacetanilides (4), which are readily available from the open-chain triazenes (2), undergo thermolysis in methanol 

solution to afford the a-methoxyacetanilides (5), an apparently rare type of ether/amide derivative. The methanolic thermolysis 
is inhibited by the presence of a tertiary amine in the solvent, suggesting that a carbocation, rather than a carbene, intermediate is 
involved in the conversion of the diazo-amide to the methyl ether. This hypothesis is supported by the retardation of the reaction 
in the presence of an electron-withdrawing group in the para  position of the anilide. The conversion 4 +  5 was also observed, on 
a small scale, under photolytic conditions. It is suggested that the a-diazoacetanilide represents a useful synthetic equivalent for 
the synthon ArNHCOCH2+. 

KUMUDINI U. K. GAMAGE NICHOLAS et KEITH VAUGHAN. Can. J. Chem. 64 ,799  (1986). 
Les triazknes (2) aliphatiques conduisent facilement aux a-diazoacttanilides (4) qui, en solution dans le mtthanol, subissent 

une thermolyse conduisant aux a-mtthoxyacttanilides (5), un type apparemment rare de derivt tther/amide. Les thermolyses en 
solution mtthanolique sont inhibtes par la presence d'amines tertiaires dans le solvant; ceci suggkre que I'intermtdiaire dans la 
conversion du diazo-amide en ether mtthylique est un carbocation plutbt qu'un carbkne. Cette hypothkse est en accord avec le fait 
que la rtaction est retardte par la presence de groupes tlectro-atrtracteurs en position para  de I'anilide. Operant sur une faible 
tchelle et dans des conditions photolytiques, on a pu aussi observt la conversion de 4 + 5.  On croit que I'a-diazoacttanilide 
reprtsente un equivalent de synthkse utile pour le synthon A~NHCOCH~' .  

[Traduit par la revue] 

In a previous report ( I ) ,  we described the base-catalysed 
I cyclization of the ethyl N-(ary1azo)glycinates (2), which affords 
1 the 5-hydroxytriazoles (3). The triazoles undergo rearrange- 

ment with Lewis acid catalysis to afford the a-diazoacetanilides 
I 1 (4). The triazenes (2) are readily obtained by diazotization of the 

arylamine (1) and diazonium coupling with ethyl glycinate. The 
diazoacetanilides (4) offer an interesting range of possible 
synthetic opportunities, since loss of nitrogen under thermal or 

I photolytic conditions ..might afford the reactive intermediate 
: carbene, Ar.NH.CO.CH. This paper describes a study of the 

thermolysis and photolysis of these diazo compounds (4) in ' methanol and other alcohols, which afford moderate yields of 
the ethers (5 and 6), formally the carbene O-H insertion 
product. 

While a great number of studies have been carried out on the 
thermo- and photo-chemistry of diazo compounds, only a little 
of this work has been devoted to the study of a-diazoamides 

0 
I I 

()N-C-c=N') and most of these studies involve photo- 
I 

lysis. For Lxample, photolysis of the a-diazoacetamides 
(CH3NH.C0.CN2.CO2Et) in tert-butanol generates the appro- 
priate carbene, which undergoes O-H insertion to give the 
corresponding ether CH3NH.C0.CH(Ot-Bu)C02Et (2). Simi- 
larly, photolysis of N,N-diethyl-a-diazoacetamide (Et2N.- 
C0.CHN2) in methanol gives the O-H insertion product 
(Et2N.C0.CH20CH3), together with rearrangement and the 

(i) HN02,  0 ° C  
k N H 2  ArN=N-NHCH2C02Et 

(ii) NH2CH2C02Et .HCI 
(iii) NaOAc 2 

I (i) KOH 
(ii) AcOH 

Ar - 
a p-chlorophenyl 
b p-bromophenyl 
c p-cyanophenyl 
d p-nitrophenyl 

6 

 o or Part IX, see ref. 13. 
' ~ u t h o r  to whom correspondence may be addressed. 
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TABLE 1. Preparation and physical characteristics of the a-alkoxyacetanilides 

0 

Compound Reaction Yield Melting Infrared Nuclear magnetic 
no. X R X,,(nm)" time (h) (%) point (°C)b Crystals (cm-I) resonance (6) (CDCl3) 

5a C1 Me 27 3 7 47 76-76.5 White 3360 3.5 (3H, s, 0-CH3) 
needles 3250 4.0 (2H, s, CH2) 

1655 7.28-7.55 (4H, AA'BB') 
1575 8.26 (lH, br s, NH) 

5b Br Me 272 51 50 82.5' White 3400 3.5 (3H, s, 0-CH3) 
needles 3300 4.0 (2H, s, CH2) 

1670 7.43-7.50 (4H, s,  arom.) 
1590 8.26 (lH, s NH) 

5c CN Me 288 46 46 83-85 Pale yellow 3250 3.5 (3H, s, -OCH3) 
plates 3180 4.0 (2H, s, CH2) 

2230 7.62-7.73 (4H, AA'BB') 
1680 8.45 (br s, lH, NH) 
1595 

6 Br Et 272 > 48 79 65-67 Off-white 3400 1.2 (3H, t, J 7 Hz, C H ~ ) ~  
plates 3310 3.55 (2H, q, J 7 Hz, CH,) 

1710(w) 4.03 (2H, S, CH2) 
1660 7.4-7.7 (4H, arom.) 
1590 9.85 (lH, br s, NH, exch D20) 

"Absorption maximum in the uv spectrum of the starting dlazo-amide. 
bAll ethers recrystallized from water. 
Ziterature (9) mp 85.3"C. 
%uclear magnetlc resonance in DMSO-d6. 

intramolecular C-H insertion products (3). Graziano, Scar- 
pati, and co-workers (4) have extensively studied the photo- 
chemistry of diazoamide acetals (R-NHC(OMe)2-C=N2), 

I 
which have also been studied under thermolysis (5) dnd were 
found to be surprisingly stable up to 160°C. 

The a-diazoacetanilides (4a, c, and d)  were prepared 
according to the published method (1). Diazotization of 
p-bromoaniline (16) and coupling of the diazonium salt with 
ethyl glycinate gave a high yield of the triazene (Zb), which has 
not been reported previously. Structural identification of 2b  was 
based on comparison of spectroscopic features with other 
triazenes in the series. Cyclization of 2b in alcoholic KOH 
proceeded as expected to give the hydroxytriazole (3b), which 
in turn underwent rearrangement over alumina in chloroform to 
give the a-diazoacetanilide (4b). 

Thermolysis of the diazoacetanilides was carried out in 
refluxing methanol. The progress of reaction was followed both 
by thin-layer chromatography, and by observing the disappear- 
ance of the uv absorption maximum of the reactant diazo 
compound. (The A,, for each substrate is given in Table 1 .) 
The time of reaction required for complete conversion of 
reactant to products, shown in Table 1, varied significantly with 
the substituent in the aryl group of 4; electron-withdrawing 
groups retard the reaction significantly. Indeed the p-nitro-a- 
diazoacetanilide (4d) was recovered unchanged after 120 h in 
refluxing methanol, whereas reaction of the p-bromo analogue 
(4b) was complete after 5.5 h in refluxing methanol. 

Structural identification of the methyl esters (5 a ,  b, and c) 
obtained from these reactions is based on spectroscopic (Table 
1) and elemental analyses. The ir spectra show absorption from 

NH and amide-carbonyl groups, and the 'H nmr spectra exhibit 
characteristic 0-Me resonance at 3.5 ppm, a methylene signal 
at 4.0ppm, and NH resonance at ca. 8.2-8.4ppm. The 13C 
spectra (Table 2) were obtained for the p-bromo- and p-chloro- 
a-methyoxyacetanilides (5a and 5b) to corroborate the struc- 
tural assignment. The structures of 5a and 5b  were also 
confirmed by elemental analysis. Refluxing 4b  in ethanol 
afforded the analogous ethyl ether (6), which was identified by 
ir and nmr spectroscopy; the reaction of 4b  in ethanol required 
longer time than in methanol, which is consistent with a polar 
mechanism and with the lower dielectric constant of ethanol 
(24.3) compared to methanol (32.6). 

A simple, but attractive, mechanism for the conversion 4- 5 
is that shown in Scheme 1, path (b), in which loss of N2 from the 
free diazo compound generates the carbene (7), followed by 
0-H insertion during reaction with the solvent. Such 0-H 
insertion of diarylcarbene Ar2C:, generated thermally in metha- 
nol from diaryldiazomethanes Ar2CN2, has been observed to 
give the ethers Ar2CH.0Me; the mechanism proposed for this 
reaction involves the intermediate formation of an ylide, 

- R 
~r-C-6' , rather than a carbenium ion intermediate (6). 

'H 
However, the alternative route for 4- 5 shown in the scheme, 
path (a), should also be considered. Protonation of the amide 
carbonyl group by the protic solvent gives intermediate 8, which 
would undergo prototropic shift to the diazonium ion (9) 
followed by loss of N2 to give the carbenium ion (10). 
Nucleophilic attack by the solvent at the carbocation centre of 
10, and loss of H+,  affords the observed product (5). 

In order to distinguish which of these mechanisms might be 
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TABLE 2. 13C nuclear magnetic resonance chemical shifts of a- 
methoxyacetanilides 

Compound 
no. X CH3 CH2 C=O Arom. 

"Partially obscured by 6 128.9 signal. 

occumng, we investigated the effect of tertiary amines on the 
rate and course of the methanolysis of 4. Accordingly, the 
p-bromo-a-diazoacetanilide (4b) was refluxed in methanol 
containing 2% triethylamine. While the total time for the 
disappearance of the diazo compound was increased signifi- 
cantly, compared to the reaction in methanol alone, product 
analysis indicated the formation of a complex mixture not 
containing the expected ether (5b). However, reaction of 4b  in 
methanol containing 2% pyridine did afford the expected 
product (5b) but the reaction time required for complete 
disappearance of the diazo compound was observed to be 2-3 
times that in methanol alone. These observations support the 
suggestion that the methanolysis is acid catalysed and that path 
(a), Scheme 1, is the more likely route for the conversion 4+  5. 
Further support for the carbocation (9) pathway is the sub- 

,H 

H II + - (a) II + - 
Ar-N-C-CH=N=N Ar-NH-C-CH=N=N 

MeOH 

H II 
A~N-C-CH 

7 I MeOH 

0 0 
11 +/Me MeOH 11 + 

ArNH-C-CH2-0 - Ar-NH-C-CH2 ' H 

stituent effect described previously; electron-withdrawing sub- 
stituents in Ar decrease the basicity of the amide group, thus 
shifting the equilibrium 4 8 away from the protonated form 
(8). (The effect of electron-withdrawing substituents on the rate 
of carbene generation by nitrogen loss from diazoalkanes is 
usually to accelerate the reaction (lo).) Consequently, the lower 
concentration of 8 in the reaction mixture could be responsible 
for the lowering of the rate of reaction. 

These arguments raise the question of the source and nature of 
the protic acid needed in part (a), Scheme 1. Normally the 
-OH group in an alcohol is not sufficiently acidic to react with 
a diazo-alkane (11); however, it has been observed that the 
reactivity of alcohols towards diphenylmethylene, generated by 
photolysis of diphenyldiazomethane, increases with increasing 
acidity of the hydroxy group (6b). Thus it is possible that the 
methanol functions as a weak acid, affording a low concentra- 
tion of the highly reactive protonated species (8). 

We also considered the possible intervention of a '.'Wolff' 
type rearrangement of the potential intermediate carbene (7). By 
analogy with the Wolff rearrangement of diazoacetyl esters 
(12), an expected product of the methanolysis of 4 would be the 
methyl a-anilinoacetate, ArNH.CH2C02Me. However, spec- 
troscopic analysis of the product mixtures from methanolysis of 
the diazo-amides (4) indicated the complete absence of any 
methyl esters. 

It was also of interest to us to examine the behaviour of an 
a-diazoacetanilide when subjected to photolysis. Accordingly 
the p-bromo-a-diazoacetanilide (4b) was photolyzed in metha- 
nol on a small scale using a low-power 254-nm uv lamp as the 
light source. The methyl ether (5b) was observed to crystallize 
out of the solution during photolysis; the structures of this 
product was clearly evident from the nrnr spectrum, which was 
identical with that of the thermolysis product from 4b in 
methanol. However, we have not pursued this reaction further 
to establish its preparative value. 

I 
A literature search of the substructure, -N-CO.CH~OR, 

revealed surprisingly few examples of this apparently simple 
type of molecule. Recent literature (7, 8) reports the investiga- 
tion of the fungicidal and microbiocidal uses of N,N-disub- 
stituted methoxyacetamides; the monosubstituted methoxy- 
acetamides (ArNHC0.CH20Me) appear to have been ignored 
in this context. An earlier report (9) lists the p-bromo-a- 
methoxyacetanilide 5 b  as one of several anilides used in a study 
of their optical crystallography; the method of synthesis was 
acylation of the aniline by methoxyacetyl chloride, but no yield 
was reported. The method of synthesis reported here via the 
triazene 2 has an advantage over the aniline-acylation route for 
anilines with electron-withdrawing groups in the aryl moiety, 
which would have low reactivity as nucleophiles towards the 
acyl chloride. An electron-withdrawing group in Ar is a distinct 
advantage in the synthesis of the triazene 2, which can only be 
obtained in good yield when Ar has an electron-withdrawing 
group attached. Accordingly, it appears that the synthesis of 
a-methyoxyacetanilides reported here is a new route to a 
seemingly rare group of simple amides. 

In conclusion, it appears that a-diazoacetanilides of type 4 
undergo thermal solvolysis in methanol by a carbenium ion, 
rather than by a carbene mechanism, and that the diazo 
compound ArNH.C0.CHN2 is a convenient synthetic equiva- 
lent for the carbenium synthon (Ar.NH.C0.CH2+), which 
might be useful for other synthetic applications, presently being 
investigated in this laboratory. 
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Experimental tlc of the final product mixtures showed only one major comvonent. 

Melting points were measured with a Kofler hot-stage apparatus and 
are uncorrected. Infrared spectra were recorded in Nujol mulls with 
Perkin Elmer 1300 or 299 grating spectrometers, and uv spectra were 
obtained with a Unicam SP8-400 spectrophotometer. The nmr spectra 
were recorded with Varian EM360 (60MHz) or Nicolet (360 MHz) 
spectrometers. Microanalyses were conducted by the Canadian Micro- 
analytical Laboratory, Vancouver, B.C. Since the compounds were all 
r p a r e d  by the same sequence of reactions, and since the 'Hmr and 
,Cmr spectra are so simple and consistent for the series, only 

representative compounds were analyzed. 

Ethyl N-(p-bromopheny1azo)giycinate (2b) 
Diazotization of p-bromoaniline and coupling the diazonium salt 

with ethyl glycinate according to the published procedure (1) afforded 
the triazene (2b), 90% yield, mp 69-70°C (hexanes); ir: 3395, 1734, 
1580, and 840cm-I; nmr 6 (CDC13): 1.35 (3H, t, Me), 4.25 (2H, q, 
CH2), 4.36 (2H, s, CH2), 7.16-7.5 (4H, AA'BB', arom.), 8.4 ( lH,  
br, s, NM). 

1-(p-Bromopheny1)-5-hydroxy-l,2,3-triazole (3b) 
The triazene (2b) was treated with alcoholic potassium hydroxide 

according to the published method (1) and the resulting potassium 
triazolate dissolved in water and neutralized with acetic acid to give the 
triazole (3b), 63% yield, mp 119-119.5"C (hexane); ir: 3150 and 
1590cm-'; 6 (DMSO-d6); 7.06 ( lH,  s) and 7.75 (4H, s). 

a-Diazoacetanilides 4 
The a-diazoacetanilides (4a, c, and d)  were prepared as described 

previously (1) and had physical properties in agreement with those 
reported. p-Bromo-a-diazoacetanilide (4b) was prepared from the 
triazole (3b) by the same method. Yield of 4b 70%, mp 130-135°C 
(yellow needles from benzene-nitromethane); A,,, (EtOH): 273 nm; 
ir: 2120, 1730, and 1630cm-I; nmr 6 (CDCI,): 5.5 (lH, s, CHN2), 
7.1 (4H, s, arom.), and 9.8 ( lH,  br s, NH; exchangeable with D20). 

a-Methoxyacetanilides (5). General procedure 
The a-diazoacetanilide (4) was dissolved in absolute methanol to a 

concentration 0.01 M (e.g. in the case of the p-bromo derivative 4b, 
60mg of the diazoamide was dissolved in methanol (25 mL)). The 
methanolic solution was flushed with dry Nz gas and then refluxed. 
Reaction was taken to completion by following the decrease of uv 
absorption of the diazo compound and by thin-layer chromatography; 

The methanolicsolution was evaporated to d jness  under vacuum and 
the residue recrystallized from an appropriate solvent (usually water) to 
afford the ether (5). Reaction times required for completion, product 
yields, and physical and spectroscopic characteristics are given in 
Tables 1 and 2. 

p-Bromo-a-methoxyacetanilide (5b) 
Anal. calcd. for C9HIONO2Br: C 44.29, H 4.13, N 5.74, Br 

32.74%; found: C 44.24, H 4.12, N 5.84, Br 32.48. 
p-Chloro-a-methoxyacetanilide (5a) 
Anal. calcd. for C9Hl0NO2C1: C 54.15, H 5.05, N 7.02, C1 

17.75%; found: C 53.94, H 5.05, N 7.09, C1 17.61%. 
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Cyclic hydroboration of geraniol derivatives: a synthesis of the left-hand portion of X-14547A 

Department of Chemistry, Queen's University, Kingston, Ont., Canada K7L 3N6 
Received June 26, 1985 

RALPH ALLEN WHITNEY. Can. J.  Chem. 64, 803 (1986). 
The stereochemical consequences of the cyclic hydroboration-oxidation of geraniol derivatives have been examined; 

moderately high selectivity (85-88%) for the formation of one major diastereomer has been observed, presumably as a 
consequence of remote asymmetric induction in the cyclic hydroboration of these 1,5-dienes. An approach to the synthesis 
of the left-hand portion of the ionophore antibiotic X-14547A is described. 

RALPH ALLEN WHITNEY. Can. J. Chem. 64, 803 (1986). 
On a CvaluC les consCquences stCrCochimiques de I'hydroboration-oxydation cyclique de dCrivCs du gkraniol. On a observe 

des sClCctivitCs relativement ClevCes (85-88%) pour la formation du diastCrCoisom~re prCpondCrant; ce rCsultat est probablement 
la consCquence d'une induction asymktrique a distance qui se fait sentir lors de l'hydroboration cyclique de ces dienes-1,5. 
On dCcrit une approche ?i la synthese de la portion de gauche de I'antibiotique ionophore X-14547A. 

[Traduit par la revue] 

One of the major objectives in the synthesis of complex 
natural products is to transform stereochemically simple com- 
pounds into topologically complex structures in the most 
efficient manner possible. In this regard, reactions that allow the 
formation and relative control of a number of asymmetric centres 
in one synthetic step are extremely important; intramolecular 
cycloaddition reactions have been particularly useful in achiev- 
ing this objective, with the Diels-Alder reaction (for recent 
reviews, see ref. 1) having received notable attention. Other 
recent examples of specific reactions that generate multiple 

1 asymmetric centres are the permanganate oxidation of dienes 
1 ( 2 ) ,  arene-olefin cycloadditions (3), and diene cyclic hydro- 

boration-oxidation (4). In this last case, the hydroboration of 
1,4- and 1,5-dienes was examined and moderate to high levels 

I of stereochemical control were obtained in the formation of 
1 acyclic 1,4- and 1,5-diols containing two remote asymmetric 
I centres. 
: X-14547A, 1, is an ionophore antibiotic possessing interest- 

ing and unusual structural features (5); the left-hand portion of 
I the molecule, 2, contains a trisubstituted tetrahydropyran ring 

with trans substituents across the ring oxygen, while the 
right-hand portion, 3, contains a trans-fused tetrahydroindan 
with an appended ketopyrrole unit, an unusual structural feature 

2o,R=H,X = E t  
b, R=Me,X =OH 
c, R=Me,X= OMe 

for this type of antibiotic. Several synthetic approaches to the 
left-hand (6) and right-hand (7) portions of X-14547A have been 
reported, as well as three total syntheses (8) of the compound. 
Interestingly, the intramolecular Diels-Alder route to the 
right-hand portion has allowed a high degree of relative 
stereochemical control in establishing four additional centres of 
asymmetry from one pre-existing asymmetric centre in the 
triene substrate. In considering the possibility of establishing 
four centres of relative asymmetry in one step from an achiral 
precursor through cyclic hydroboration, it was decided that the 
left-hand portion 2 of X-14547A was a suitable synthetic target 
upon which to test this notion. 

Results and discussion 
Geraniol tetrahydropyranyl ether 14a was the first diene 

examined; hydroboration was performed with borane-tetrahy- 
drofuran complex at low temperature to suppress elimination in 
the P-alkoxyalkyborane intermediate (13). Subsequent oxida- 
tion followed by alcoholysis of the tetrahydropyranyl group 
provided 3,7-dimethyl-l,2,6-octanetriol(9) as a mixture of the 
diastereomers 5 and 6 in a 73% yield. Examination of the proton 
decoupled 13C nmr spectrum indicated the presence of the two 
diastereomers in approximately an 85: 15 ratio, by integration, 
but gave no indication as to the stereochemistry of the major 
isomer. Elucidation of the stereochemistry of the major diaste- 
reomer was accomplished using a precedented sequence (6a, b; 
8d) in which the configuration at C-2 of 5 and 6 was inverted 
during the formation of the tetrahydropyran ring in 7 a  and 8a .  
The trio1 was selectively sulfonated at the primary hydroxyl 
group with p-toluenesulfonyl chloride to give a P-hydroxy- 
tosylate that, on treatment with base, afforded an epoxide. 
Intramolecular alcoholysis of the epoxide under acidic condi- 
tions proceeded to give a mixture of tetrahydropyranyl alcohols 
7 a  and 8 a  with precedented inversion of configuration at C-2 
(6a,b; 8d). Proton nmr data on the corresponding acetate 
indicated the presence of predominantly one stereoisomer, 7b  or 
8b,  but did not unambiguously indicate which one of the two 
was the predominant isomer; mass spectral data showed 
fragment ions arising from a-cleavage of the C-2 and C-6 
substituents as is characteristic of tetrahydropyrans (14). The 
13c nmr data on the alcohols were, however, very informative; 
7 a  and 8 a  differ only in the axial versus equatorial disposition of 
the hydroxymethyl group at C-2 and the equatorial versus axial 
disposition of the methyl group at C-3. In general, axial sub- 
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- Me 
OH 

OMe 
OMe 

lOa,R=Bn 

stituents in tetrahydropyranyl rings show a large upfield chemi- 
cal shift compared to equatorial substituents (10); the nmr 
spectrum of the mixture of 7 a  and 8a showed the major isomer 
having chemical shifts of 64.7 and 12.1 ppm, respectively, for 
the C-2 hydroxymethyl and C-3 methyl groups, while the minor 
isomer had chemical shifts of 57.7 and 16.2 ppm, respectively. 
On this basis, 8a was the major diastereomer obtained and 
hence triol 6 was the major stereoisomer obtained from the 
cyclic hydroboration-oxidation of geraniol tetrahydropyranyl 
ether. Subsequent experiments showed that direct hydroboration 
of geraniol 4b with 2.5 molar equivalents of borane-tetra- 
hydrofuran complex also gave triol 6 as the major diastereomer, 
obviating the need for an alcohol-protecting group during the 
hydroboration. 

The use of thexylborane (13) as the reagent for hydroboration 
of 4a substantially altered the stereochemical outcome in that 
the mixture of triols obtained, on subsequent oxidation then 
alcoholysis of the tetrahydropyranyl group, showed a small 
predominance (60:40) of the diastereomer 5 over 6 ,  as evi- 

denced by the proton decoupled I3C nmr spectrum of the triol 
mixture. Conversion of this triol mixture to the mixture of 
tetrahydropyranylalcohols 7 a  and 8a showed the major isomer 
having chemical shifts of 57.7 and 16.2ppm, respectively, for 
the C-2 hydroxymethyl and C-3 methyl groups, as expected for 
7 a .  

Attention was next turned to diene 9, prepared by selenium 
dioxide oxidation of 0-benzylgeraniol (Sharpless catalytic 
procedure (11)) and subsequent methylation. The use of 
borane-tetrahydrofuran complex at low temperature as the 
cyclic hydroborating reagent led, on oxidation, to a mixture of 
nearly equal amounts of diols 10a and l l a ,  as determined by the 
proton decoupled 13C nmr spectrum of the diol mixture. The use 
of thexylborane resulted in a substantial increase in diastereo- 
selectivity (88:12 ratio of isomers) when the reaction was 
performed at 5 - 10°C; however, a competing p-elimination 
rehydroboration reaction led to the formation of a substantial 
amount of the diol 12 as well; we were unable to suppress the 
p-elimination without suppressing cyclic hydroboration. AS a 
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consequence, the mixture of diastereomers 10a and l l a  was 
obtained in only 3 1 % yield upon chromatographic purification. 

The mixture of diols was hydrogenolysed over palladium to 
give a mixture of triols l o b  and l l b ,  which was converted to a 
mixture of the tetrahydropyranylalcohols 13 and 14 as de- 
scribed previously. The proton nmr spectrum did not readily 
identify the major diastereomer, while mass spectral data again 
showed typical fragment ions arising from a-cleavage of a 
tetrahydropyran. The 13c nmr spectrum of the mixture of 13 and 
14  showed the major diastereorner having a chemical shift of 
57.4 ppm for the carbon of the hydroxymethyl group at C-2 and 
16.3 ppm for the C-3 methyl group, clearly indicating (vide 
supra) 13 to be the major stereoisomer. The minor isomer 14 
showed a hydroxymethyl group at 64.5 ppm and a C-3 methyl 
group at 12.1 ppm. That the stereochemistry of the major 
product was identical to that of the left-hand portion 2 of 
X-14547A was confirmed by oxidation of 13 to 2 b  with 
ruthenium tetroxide (Sharpless catalytic procedure (12)); treat- 
ment with ethereal diazomethane afforded the diester 2c. Both 
2b  and 3 c  have recently been reported (8b) as degradation 
products of X-14547A; comparison of the proton nmr spectra of 
our synthetic samples with spectra for samples obtained by 
degradation confirmed the structural assignment. 

The difference in the stereoselectivities observed in the 
hydroboration-oxidation of dienes 4alb and 9 can be rational- 
ized as arising from opposite chemoselectivity in the initial site 
of hydroboration, followed subsequently by either an endo- 
cyclic or exocyclic intramolecular hydroboration step in which 

1 nonbonded interactions control the stereochemistry observed in 
i the oxidation products. In the case of 4alb it is well known that 
, electrophilic reagents (e.g. ozone (15) and N-bromosuccini- 

mide (16)) preferentially added to the C-6 double bond of 
1 geraniol; furthermore, recent studies by Nelson and Brown (17) 

have shown that an electronegative allylic heteroatom (chlorine) 
reduces the relative rate of reactivity of the alkene towards 
hydroboration. This strongly suggests that the first hydrobora- 
tion of 4alb is at the C-6 double bond, giving 17, which 
undergoes an endocyclic hydroboration in a subsequent step that 
controls the stereochemical outcome. In the diene 9, however, 
both double bonds are trisubstituted and have an allylic 
heteroatom substituent; again, the results of Nelson and Brown 
on allylic halogen substituent effects indicate that the relative 
rate of addition of boron to an alkene is slower when the site of 
boron addition is y rather than P to the allylic heteroatom. This 
suggests that the initial site of hydroboration is reversed for 
diene 9; that is, intermediate 18 is formed followed by an 
exocyclic ring-forming reaction. This latter case was verified 
experimentally by reacting diene 9 with 9-BBN (9-borobicy- 

clo13.3. I Inonane); the major hydroboration-oxidation product 
obtained was the alcohol 15 arising from hydroboration, P- 
elimination, then rehydroboration, prior to oxidation. 

In summary, the cyclic hydroboration-oxidation of geraniol 
and certain of its derivatives has been shown to proceed to give 
moderately high levels of remote asymmetric induction in the 
formation of acyclic diols with the generation of up to four 
centres of relative asymmetry; the apparent importance of 
endocyclic versus exocyclic reaction pathways has been noted, 
as has the effect of electronegative allylic heteroatoms on 
relatives rates of alkene reactivity. 

Experimental 
General 

Unless otherwise stated, sodium sulfate was used as the drying agent 
for organic solutions; organic solutions were concentrated by rotary 
evaporation at water aspirator pressure and temperatures below 40°C. 
All aqueous-organic partitioning was followed by a wash of the 
separated aqueous layer with an additional portion of the same organic 
solvent. Dry organic solvents were prepared by distillation from the 
following desiccants: magnesium (methanol), calcium hydride (pyri- 
dine, tetrahydrofuran). Column chromatography was performed with 
Merck silica gel 60 (70-230 mesh), while high performance liquid 
chromatography was performed on Merck Lobar columns. Melting 
points were determined on a Fisher-Johns or a Thomas Hoover 
melting point apparatus and are uncorrected. Infrared spectra were 
recorded on a Perkin-Elmer 528 instrument. Proton and carbon 
magnetic resonance spectra were recorded on Varian EM360, Bruker 
WH60, Bruker HX60, Bruker CXP200, or Bruker AM400 spectro- 
meters; chemical shifts are recorded in 6 values relative to tetramethyl- 
silane, while coupling constants are generally reported to values of 
k0.5 Hz. Mass spectra were recorded on an AEI MS12 at Trent 
University, Peterborough, Ontario, or on a V.G. 7070F at McMaster 
University, Hamilton, Ontario. 

(2 RS ,3RS,6RS)-3,7-Dimethyloctane-I ,2,6-trio1 6 and its diastereo- 
mer 5 

A solution of borane in tetrahydrofuran (1 M, 16 mL, 16 mmol) 
under a nitrogen atmosphere was cooled in a Dry Ice - isopropanol bath 
to -65"C, then geraniol tetrahydropyranyl ether (3 g, 12.6 mmol) was 
added neat by syringe. The resulting reaction mixture was allowed to 
warm to 0°C over 2 h, then aqueous sodium hydroxide (3 M, 16 mL), 
followed by 30% hydrogen peroxide (1 6 mL), was added. After stirring 
several hours the solution was extracted with methylene chloride (3 
times) and the combined organic solutions were dried, filtered, then 
concentrated under reduced pressure. The residue obtained was 
dissolved in methanol (100 mL), a few crystals of p-toluenesulfonic 
acid were added, then the solution was stirred 24 h; addition of solid 
sodium carbonate, dilution with methylene chloride, filtration, and 
concentration under reduced pressure afforded an oil that was purified 
by kugelrohr distillation to give the triols 5 and 6 (bp 1 3O0C/0. 1 Torr; 1 
Torr = 133.3Pa) (lit. bp (9) 142"CIO.l Ton) (1.73g, 9.2mmol,73%); 
'H nmr (CDC13/D20): 3.8-3.3 (4H, m), 1.75-1.15 (6H, m), 0.91 
(6H, d, J = 7 Hz); "C nmr (CDC13): 76.3, 76.1, 64.7, 35.3, 33.8, 
30.3, 28.4, 18.8, 17.8, 15.5 (major isomer). 

(2SR,3RS,6RS)-2 -Hydroxymethyl-3-methyl-6-methylethyltetrahydro- 
pyran 8a and acetate 8b, and their diastereomers 7a and 7b 

The mixture of triols (1.73 g, 9.2 mmol) was dissolved in 
methylene chloride (20 mL) and pyridine (8 mL) in a round-bottomed 
flask protected by a calcium chloride guard tube, then cooled in an 
ice-salt bath. p-Toluenesulfonyl chloride (2.0 g, 10.5 mmol) was 
added, and the reaction mixture was allowed to warm to room 
temperature and stirred overnight at room temperature. The reaction 
mixture was then partitioned between methylene chloride and dilute 
hydrochloric acid, with the organic layer being separated, dried, 
filtered, then concentrated under reduced pressure followed by high 
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vacuum to give the monotosylate: IH nmr (CDCl,): 7.82 (2H, d, J  = 9 
Hz)7.36(2H,d,J=9Hz),4.16(1H,dofd,J=10.5and3Hz),3.98 
( lH,dofd ,  J  = 10.5and7Hz), 3.63 ( lH,  m),3.32(1H, m), 2.45 (3H, 
s), 1.9- 1.2 (8H, m including OH), 0.88 (6H, d, J = 7 Hz), 0.84 (3H, d, 
J  = 7 Hz); ',c nmr (CDCI,): 145.0, 133.3, 130.0, 128.0,77.2,73.5, 
72.8, 35.6, 33.8, 30.9, 28.4, 21.6, 18.8, 17.4, 15.4 (major isomer). 

The tosylate was dissolved in methanol, then freshly prepared 
sodium methoxide in methanol was added dropwise until the reaction 
mixture was basic. After stirring for an additional 15 min, the solution 
was concentrated under reduced pressure. The crude epoxide was 
dissolved in glacial acetic acid (8 mL), then stirred 2 days at room 
temperature. The reaction mixture was partitioned between ether and 
aqueous sodium carbonate, and the organic layer was separated, dried, 
filtered, then concentrated under reduced pressure. Purification by 
kugelrohr distillation (100"C/0.07 Torr) afforded a mixture of alcohols 
7a  and 8a (0.767 g, 4.5 mmol, 49%); 'H nmr (CDCI,): 3.75-3.4 (3H, 
m), 3.03 (lH, m), 1.99 (IH, br s), 1.81-1.31 (6H, m), 0.95 (3H, d, J  = 
7 Hz), 0.89 (6H, d, J  = 7.5 Hz); 13C nmr (CDCI,): 83.4, 80.7, 64.7, 
33.2, 31.3, 28.9, 22.9, 18.5, 18.3, 12.2 (major isomer); 76.7, 74.6, 
57.7, 32.4, 31.7, 27.7, 27.7, 18.7, 18.5, 16.2 (minor isomer). 

Treatment with acetyl chloride in pyridine gave the acetate 86  (bp 
125"C115 Torr); 'H nmr(CDCI3):4.12 ( lH,  ABX, J  = 12and 8.7Hz), 
4.03(1H, ABX, J  = 12and4.5Hz), 3 .68(1H,dofdofd ,  J =  8.7, 
4.5, and 2 Hz, H-2), 3.06 ( lH,  m, H-6), 2.12 (3H, s), 1.9-1.3 (6H, 
m), 1.0 (6H, d, J  = 7 Hz), 0.95 (3H, d, J  = 7 Hz); ms mle: 215 (M+ 
+1)(23%),214(Mf) (12%), 213 (Mf -1)(31%), 171 (73), 154(91), 
141 (52), 123(67), 111 (72),93(60), 82(98),55(100). Signalsat2.12 
(s) and 4.58 (d of d) in the proton nrnr spectrum were assigned to the 
acetate methyl group and one of the two diastereotopic hydrogens on 
the exocyclic methylene group, respectively, of the minor diastereomer 
7b. 

(2E,6E)-1 -Benzyloxy-8-methoxy-3,7-dimethylocta-2,6-diene 9 
Following the procedure of Umbreit and Sharpless (1 l ) ,  a solution of 

tert-butyl hydroperoxide (from 42 mL of 70% aqueous), salicylic acid 
(1.2 g, 8.7 mmol), and seleniumdioxide (0.22 g, 2 mmol) in methylene 
chloride (54 mL) was prepared. To this solution was added slowly 
0-benzylgeraniol (18 g, 73.8 mmol), then the reaction mixture was 
stirred 2 days at room temperature after which time it was diluted with 
ether (200 mL), washed with aqueous sodium hydroxide (3 M, 30 mL, 
3 times), dilute aqueous sodium bisulfite (twice), dried, filtered, then 
concentrated under reduced pressure. The crude product was dissolved 
in 95% ethanol (200 mL), then sodium borohydride (2 g) was added 
and the reaction mixture stirred overnight. After concentration under 
reduced pressure, the reaction mixture was partitioned between ether 
(350 mL) and water (100 mL). The ether layer was separated, dried, 
filtered, then concentrated under reduced pressure to give, after drying 
under high vacuum, an oil (16.3 g). The oil was dissolved in dry ether 
(l00mL) and then added to a stirred suspension of sodium hydride (7.5 
g, 50% dispersion in oil, hexane washed, 156 mmol) in dry ether (150 
mL):Methyl iodide (8 mL, 128 mmol) was added, then the reaction 
mixture was refluxed overnight under a calcium chloride guard tube. 
The organic solution was then washed with water, dried, filtered, and 
concentrated under reduced pressure. The crude product was purified 
by vacuum distillation to give the diether (bp 120-125"CIO.Ol Torr, 
8.3 g, 30.3 mmol, 41%); ir (neat): 2910, 2840, 1490, 1450, 1370, 
1190, 1090 cm-'; 'H nmr (CDC13): 7.35 (5H, m), 5.45 (2H, m), 4.5 
(2H, s), 4.05 (2H, d, J  = 6 Hz), 3.8 (2H, s), 3.3 (3H, s), 
2.4-1.4 (lOH, m). 

(2SR ,3SR ,6RS, 7SR)-1 -Benzyloxy-8-methoxy-S,7-dimethyloctane- 
2,6-diol lOa and its diastereomer I l a  

The diether 9 (1.8 g, 6.57 mmol) was dissolved in dry tetrahydro- 
furan (10 mL) under a nitrogen atmosphere, then cooled in an ice-salt 
bath to - 10 to - 15°C. A solution of thexylborane (13) (1 M, 10 mL) 
was then added dropwise via a double-tipped cannula; the resulting 
reaction mixture was stirred for 2 h at - 10°C. Aqueous NaOH (3 M, 20 
mL) was added, followed by 50% aqueous hydrogen peroxide (10 mL); 
the resulting solution was stirred overnight, then partitioned between 
ether (100 mL) and water. The organic layer was separated, washed 
with aqueous sodium metabisulfite, dried, filtered, and concentrated 

under reduced pressure. Thin-layer chromatography (silica, ether) 
showed two major components, Rf 0.4 and 0.3. Chromatographic 
purification (Lobar, ether) gave a mixture of diols IOU and l l a  (0.63 g, 
31%) as the higher Rfcomponent; ir (CHCI,): 3600-3200,2860,1450, 
1200, 1100 cm-'; 'H nmr (CDCl,): 7.35 (5H, s), 4.58 (2H, s), 
3.72-3.16 (9H, m including s at 3.36), 2.62 ( lH,  br s), 1.95-1.14 
(7H, m), 0.90 (6H, d, J  = 7 Hz); I3c nmr (CDCI,): 138.31, 128.41, 
127.67, 77.22, 76.39, 74.31, 73.49, 72.82, 58.95, 38.35, 36.35, 
32.35, 28.31, 15.62, 14.04 (major diastereomer). 

The lower Rf component was the diol 12 (0.58 g, 44%) as an equal 
mixture of a pair of diastereomers, as evidenced by proton decoupled 
13c nmr; ir (CHCl,): 3610, 3600-3100, 2920, 1450, 1090 cm-'; 'H 
nmr (CDCl,): 3.75-2.85 (lOH, m, including s at 3.34 and br -OH), 
1.88-2.05 (8H, m) 0.98-0.82 (6H, m); I3C nmr (CDC13): 77.51 
77.45, 76.24175.7 1, 60.63160.58, 59.00, 39.99139.64, 38.25138.21, 
32.54132.07, 32.03131.79, 29.78129.17, 19.88119.64, 13.93113.85 
(carbon chemical shifts have not been unambiguously assigned for each 
of the diastereomers). 

(2SR ,3SR ,6RS, 7SR)-8-Methoxy-3,7-dimethyloctane-l,2,6-triol 
lob  and its diastereomer 11 b 

The mixture of diols (0.490 g, 1.58 mmol) was dissolved in 
methanol (20 mL) containing glacial acetic acid (2 drops) and 5% 
palladium on charcoal (100 mg), then hydrogenolysed at atmospheric 
pressure until thin-layer chromatography (silica, ethyl acetate) showed 
no remaining starting material. The solution was then filtered through 
Celite, concentrated under reduced pressure, and dried under high 
vacuum to give the trio1 as a mixture of stereoisomers (0.338 g, 1.55 
mmol, 98%); ir (CHCI,): 3600-3100, 3000, 2930, 1450, 1190, 1090 
cm-'; 'H nmr (CDCl,): 3.82-3.30 (9H, m including s at 3.37), 
3.3-1.9 (3H, br), 1.9-1.28 (6H, m), 0.9-0.8 (6H, pair ofoverlapping 
doublets); ms mle: 201 (Mf -H30) (7%), 187(17), 171(25), 139(48), 
129(72), 103(95), 71(100). Exact Mass calcd. for C1 1H2404 - CH50: 
187.1334; found: 187.1343. 

(ZRS,SSR,6RS,l 'SR)-6-(2-Methoxy-1 -methylethyl)-2-hydroxymethyl- 
3-methyltetrahydropyran 13 and its diastereomer 1 4  

The mixture of triols (0.339 g, 1.55 mrnol) was dissolved in dry 
pyridine (10 mL) under a nitrogen atmosphere, then cooled in an 
ice-salt bath to - 10°C. p-Toluenesulfonyl chloride (0.325 g, 1.70 
mmol) was added, then the reaction mixture was stirred 2 h at - 1O0C, 
followed by 2 h at room temperature. The solvent was then removed 
under high vacuum and the residue partitioned between methylene 
chloride (50 mL) and water (25 mL). The organic layer was separated, 
washed with dilute aqueous HCl, dried, filtered, and concentrated 
under reduced pressure to give the monotosylate; ir (CHCl,): 
3600-3300, 2960, 1450, 1350, 1160, 1085, 890 cm-I; I H  nmr 
(CDCI,): 7.82 (2H, d, J = 6 HZ), 7.36 (2H, d, J  = 6 Hz), 4.17-3.92 
(2H, m, AB portion of ABX), 3.70-3.30 (7H, m including s at 3.36), 
2.46 (3H, s), 2.4-2.00 (2H, br s), 1.86- 1.20 (6H, m), 0.88 (3H, d, J  
= 7 Hz), 0.87 (2H, d, J  = 7 Hz). 

The tosylate was dissolved in dry methanol (25 mL), then freshly 
prepared sodium methoxide in methanol was added dropwise until 
thin-layer chromatography (silica, ether) showed complete consump- 
tion of the starting material. The reaction mixture was concentrated 
under reduced pressure, then partitioned between methylene chloride 
(50 mL) and water (25 mL). The organic layer was separated, dried, 
filtered, and concentrated under reduced pressure to give the epoxide, 
which was used without purification. The 'H nmr spectrum showed 
multiplets centred at 2.73 and 2.48 6 in a 2:l ratio, indicative of an 
epoxide structure. 

The epoxide was dissolved in glacial acetic acid (4 mL), then stirred 
3 days at room temperature, after which time the reaction mixture was 
partitioned between methylene chloride (50 mL) and aqueous NaOH (3 
M, 25 mL). The organic layer was dried, filtered, then concentrated 
under reduced pressure to give the crude product. Purification by Lobar 
chromatography (ether-hexanes, 1 : 1 ; ether) gave a mixture of dia- 
stereomeric tetrahydropyrans with 13 as the major component and 14 
as the minor component (0.13 g, 49%); ir (CHCI,): 3650-3 150,2900, 
1450, 1220, 1085, 1065, 1050,900 cm-I; 'H nmr (CDCI,): 4.0-3.84 
(2H, m), 3.72(1H, dd, J  = 9and5 Hz), 3.51-3.26(5H, mincludings 
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at3.34),3.22(1H,dd,J=9,3Hz),3.15(1H,brOH),2.06-1.18(6H, 
m), 0.95 (3H, d, J = 7 Hz), 0.82 (3H, d, J = 7 Hz); doublets at 0.94 
and 0.91 were attributed to the minor diastereomer; I3C nmr (CDC13): 
76.67, 75.24, 70.24, 58.93, 57.37, 38.13, 31.83, 28.54, 27.88, 
16.27, 14.22 (major diastereomer); 80.88, 79.88, 75.16, 64.46, 
58.78, 38.89, 3 1.32, 28.88, 22.92, 13.19, 12.09 (minor diasterwmer); 
ms rnle: 203 (M' + 1) (13%), 184 (1 l ) ,  171(57), 139(53), 129(55), 
11 1(53), 99(71), 93(60), 81(86), 69(97), 55(100). Exact Mass calcd. 
for CllH2203 - CH20H: 171.1385; found: 171.1385. 

Methyl (2RS,5SR,6RS, aRS)-6-Carboxy-a,5-dimethyltetrahydro- 
pyran-2-acetate 2b and dimethyl ester 2c 

Following the procedure of Sharpless and co-workers (12), to a 
solution of the alcohols 13 and 14 (30 mg, 0.15 mmol) in carbon 
tetrachloride (2 mL) and acetonitrile (2 mL) were added water (3 mL), 
ruthenium trichloride trihydrate (10 mg), and sodium periodate (360 
mg, 1.68 mmol). The resulting reaction mixture was stirred 18 h at 
room temperature, then partitioned between methylene chloride (25 
mL) and water (10 mL). The aqueous layer was separated, dried, 
filtered, and concentrated under reduced pressure to give the half-ester 
26 (20 mg, 58%) on purification by Lobar chromatography (ether): ir 
(CHC13): 3700-3000,2920, 1715 (br), 1450, 1430, 1310,1200,1170, 
1080 cm-I; 'H nmr (CDC13): 8.25 ( lH,  br s, C02H), 4.35 (lH, d, J = 
5Hz,H-C6), 3.89 ( lH,  ddd, J = l l ,9and2 .5  Hz, H-C2),3.75 (3H, s, 
methyl ester), 2.65 ( lH,  d of q, J = 9 and 7 Hz, H-Ca), 2.18-0.9 
(1 lH, m including doublets at 1.16 and 1.15 with J = 7 Hz); 13c nmr 
(CDCI,): 175.26, 172.16,76.28,75.07, 51.86,43.95, 32.35, 27.02, 
26.20, 16.09, 13.27; ms rnle: 231 (M' + 1) (lo%), 212 (21), 199(21), 
185(45), 170(36), 153(54), 143(49), 125(72), 1 15(68), 97(75), 
88(67), 69(78), 55(100). Exact Mass calcd. for CllH1805 - C02H: 
185.1176; found: 185.1169. 

Treatment of the half-ester 2b with ethereal diazomethane afforded 
the diester 2c; ir (CHC13): 2940, 1725, 1450, 1435, 1170, 1085 cm-I; 
'H nmr (CDC13): 4.33 ( lH,  d, J = 5.6 Hz), 4.27 ( lH,  ddd, J = 2.9, 
8.5, 10.8 Hz), 3.71 (3H, s), 3.68 (3H, s), 2.57 ( lH,  dq, J = 7.1, 8.2 
Hz),2.2-1.2(5H,m),l.ll(3H,d,J=7Hz),0.92(3H,d,J=7Hz). 

Reaction of 9 with 9-borabicyclo[3.3.1]nonane 
The diene 9 (0.36 g, 1.3 mmol) was dissolved in dry tetrahydrofuran 

(2 mL) under a dry nitrogen atmosphere in a round-bottomed flask. The 
flask was placed in a room-temperature bath, then 9-BBN (0.5 M in 
tetrahydrofuran, 5 mL) was added to the flask by syringe. After stirring 
the reaction mixture overnight, aqueous sodium hydroxide (3 M, 5 mL) 
was added, followed by hydrogen peroxide (30%, 5 mL). The resulting 
mixture was stirred several hours, then partitioned between methylene 
chloride and water. The organic layer was separated, dried, filtered, 
then concentrated under reduced pressure to give an oil that was 
chromatographed (Lobar; ether-hexanes, 1: 1) to give recovered diene 
(0.19 g) and the alcohol 15 (0.054 g); ir (CHC13): 3610, 3600-3100, 
2990,2910, 1445,1370, 1200, 1085 cm-'; 'H nmr (C~C1~) :  5.42 (lH, 
t, J=7Hz)3.81(2H,s),3.68(2H,m),3.28(3H,s),2.55-1.13(11H, 
m including s at 1.66), 0.92 (3H, d, J = 7 Hz); I3C nmr (CDC13): 
131.83, 128.63, 78.75, 60.88, 57.29, 39.84, 36.83, 29.24, 25.13, 
19.52, 13.75. The alcohol 16 was detected by proton nmr as a minor 
and unquantifiable component in another fraction (5 mg). 
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ANDRB RODRIGUE, JOHN W. BOVENKAMP, BENOIT V. LACROIX, ROBERT A. B. BANNARD, and GERALD W. BUCHANAN. 
Can. J. Chem. 64, 808 (1986). 

This paper describes the synthesis, in ethereal solvents, of the complexes of 18-crown-6, the cis-syn-cis and the cis-anti-cis 
isomers of dicyclohexano-18-crown-6, and dibenzo-18-crown-6 with the potassium and sodium salts of phenoxide and 
thiocyanate (as well as some potassium oximate salts). In general, the macrocycles break down the aggregates of the potassium 
salts so that the complexes of the contact ion pairs are isolated. The complex of the cis-anti-cis isomer of dicyclohexano- 
18-crown-6, however, which has a low stability constant, complexes the dimer of potassium phenoxide to give a complex with a 
1:2 host:guest ratio. This appears to be the first example of a 1:2 host:guest ratio of a potassium salt with an 18-crown-6 
macrocycle. There is a greater tendency for the complexes of sodium salts to have host:guest ratios less than 1:l. Thus, 
18-crown-6 gives complexes with sodium phenoxide and sodium thiocyanate which have 1:3 and 1:2 host:guest ratios, 
respectively. Host:guest ratios of 1 :2 are also obtained for the two above-mentioned isomers of dicyclohexano-18-crown-6 and 
for dibenzo-18-crown-6 with sodium phenoxide. Sodium thiocyanate gives complexes with either 1: 1 or 1:2 host:guest ratios 
depending on the macrocycle. With dibenzo-18-crown-6, sodium thiocyanate gives a 1: 1 complex in which one molecule of the 
solvent used is incorporated into the complex. The infrared and ultraviolet spectra of the complexes are discussed. 

ANDRB RODRIGUE, JOHN W. BOVENKAMP, BENOIT V .  LACROIX, ROBERTA. B. BANNARD~~GERALDW. BUCHANAN. Call. J .  
Chem. 64, 808 (1986). 

Dans cette communication, on dtcrit la synthkse, dans des solvants CthCrCs, des complexes de la 18-couronne-6, des isomkres 
cis-syn-cis et cis-anti-cis de la dicyclohexano- 18-couronne-6 et de la dibenzo- 18-couronne-6 avec les phenolates et 
thiocyanates de potassium et de sodium (ainsi qu'avec quelques oximates de potassium). D'une f a ~ o n  gknirale, les macrocycles 
brisent les agrCgats des sels de potassium et l'on peut donc isoler les complexes des paires d'ions de contact. Toutefois, la 
constante de stabilitk du complexe de l'isombre cis-anti-cis de la dicyclohexano- 18-couronne-6 est faible et il se complexe donc 
avec le dimbre du phCnolate de potassium pour donner un complexe dans le rapport 1 :2. I1 semble que ce soit le premier exemple 
d'un complexe dans le rapport 1:2 d'un sel de potassium avec un macrocycle 18-couronne-6. Dans le cas des complexes du 
sodium, il existe une grande tendance A avoir des complexes dans des rapports plus petits que 1: 1. La 18-couronne-6 donne donc 
des complexes avec le phknolate de sodium et le thiocyanate de sodium dans des rapports respectifs de 1:3 et 1:2. On a aussi 
obtenu des rapports 1 :2 lors de la formation de complexes entre le phenolate de sodium et les isomkres mentionnCs plus haute de la 
dicyclohexano-18-couronne-6 ainsi qu'avec la dibenzo-18-couronne-6. Dans le cas du thiocyanate de sodium, on obtient, 
suivant la nature des macrocycles, des complexes avec des rapports 1 : 1 ou 1 :2. Avec la dibenzo-18-couronne-6, le thiocyanate de 
sodium donne un complexe 1: 1 dans lequel une molCcule du solvant utilisi est incorporee dans le complexe. On discute des 
spectres infrarouges et ultraviolets des complexes. 

[Traduit par la revue] 

Introduction 
Since the pioneering paper by Pedersen (1) on the synthesis of 

cyclic polyethers and their complexes, there has been a great 
deal of interest in this area. Macrocyclic ether complexes have 
been shown to have 1:l host:guest stoichiometry when the 
radius of the metal ion of the salt and the size of the cavity 
formed by the macrocycle are compatible (e.g. potassium salts 
with 18-crown-6 macrocycles (2)) but have 2: 1 host:guest ratios 
when the metal ion radius is too large to fit into the cavity (e.g. 
(benzo- 15-cro~n-5)~.KNCS (3)). Alternatively, when the cavi- 
ty of the cyclic polyether is large enough, two metal ions can be 
accommodated. Examples in this category are the 1:2 host:guest 
ratios exhibited by 18-crown-6.2LiNCS.2Hfl (4) and DB- 
24-crown-8.2KNCS (5). 

Recently, we have carried out low temperature 13C nmr 
stereochemical studies of the cis-syn-cis and cis-anti-cis 
isomers (isomers A and B, respectively) of dicyclohexano- 
18-crown-6 (6, 7). During our work with these compounds, it 

'Author to whom correspondence should be addressed. 

was found that on the addition of the commercial mixture of the 
two isomers to a 1 ,Z-dimethoxyethane solution of potassium 
phenoxide, a solid precipitated. This solid had a narrow-range 
melting point and was shown by proton nmr to have a 1:2 
host:guest ratio. Upon repeating the reaction with isomer B by 
itself, the same complex (8 in Table 1) was obtained. It was 
apparent that an aggregate of potassium phenoxide, presumably 
a dimer, was being complexed by isomer B of DC- 18-crown-6 
instead of the contact ion pair that would have been expected. 

The above result led to the present study in which the 
complexes of a series of sodium and potassium salts (mainly 
phenoxide and thiocyanate) were isolated from the ethereal 
solvents 1 ,Zdimethoxyethane (DME), tetrahydrofuran (THF), 
and diethyl ether. Whenever possible, a standxd method was 
used, which involved reacting the macrocycle with an excess 
quantity of the sodium or potassium salt solubilized in anhy- 
drous solvent (see experimental section). The complex that 
precipitated was then collected by filtration, washed with 
diethyl ether, and subjected to high vacuum. It was not possible 
to use this standard method with all of the complexes in Table 1 
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TABLE 1. The complexes and their host:guest ratios 

Number Macrocycle" Salt Host:guest ratio 

Section A. Potassium complexes 
18-C-6 K + O P ~ -  
18-C-6 Kf (CH(COCH3)2)- 

N-0- 

18-C-6 
I I 

Kf (CH3COCCH3) 
N-0- 

18-C-6 
I I 

Kf (PhCCH3) 
18-C-6 K+NCS- 
DC- 18-C-6 (A) K+ OPh- 
DC- 18-C-6 (A) Kf NCS- 
DC- 18-C-6 (B) Kf OPh- 

N-0- 
I I 

DC- 18-C-6 (B) Kf (CH3COCCH3) 
DC- 18-C-6 (B) Kf NCS- 
DB- 18-C-6 K + O P ~ -  
DB- 18-C-6 K+NCS- 
Cryptand [2.2.2] Kf OPh- 

Section B. Sodium complexes 
18-C-6 Naf OPh- 
18-C-6 
DC- 18-C-6 (A) 
DC- 18-C-6 (A) 
DC- 18-C-6 (B) 
DC- 18-C-6 (B) 
DB- 18-C-6 
DB- 18-C-6 

DB- 18-C-6 

DB- 18-C-6 

Naf NCS- 
NafOPh- 
N~+NCS- 
Naf OPh- 
Na+NCSP 
Naf OPh- 
Naf NCS- 

(in dimethoxyethane) 
Naf NCS- 

(in tetrahydrofuran) 
Naf NCS- 

(in 1,3-dioxolane) 

"DC-18-C-6 (A) designates the cis-syn-cis isomer and DC-18-C-6 (B) the 
cis-anti-cis isomer of this macrocycle. 

molecule of solvent adheres very strongly to the complex of DB-18-C-6 
and NaSCN. Thus, 20,21, and 22 are 1:l:l complexes containing one molecule 
of the solvents indicated (see text). 

since in some cases the potassium salts were not soluble in the 
solvents used and in other cases the complex was too soluble to 
precipitate from the solvent in which it was formed. Dry 
solvents were used and the complexations were carried out in an 
argon atmosphere. 

Results and discussion 
In ethereal solvents like DME, THF, and EtzO, many alkali 

metal salts form aggregates, (RPM+),. Jackman and Szeverenyi 
(8) have shown that lithioisobutyrophenone forms tetramers and 
dimers in this type of solvent. The authors (8) state that there did 
not appear to be any compelling reason to postulate free ions or 
monomeric ion pairs in the exchange process between the 
tetramer and the dimer in DME. 

The degree of association of ion pairs depends on the solvent 
and on the size, charge density, and hardness of both the cation 
and the anion (9, 10). Reichle (1 1) has found that the degree of 
aggregation of 0.08 M potassium phenoxide in THF at 37°C is 
3.2. Sodium and potassium alkoxides have been shown to form 
associated ion pairs even in more polar solvents than those used 
in this study (10, 12). Ion pairs of t-BuOLi were found to be 
more associated than those of t-BuOK (12). In Jackman and 

TABLE 2. Stability constants for sodium and potassium salt complexes 
in water and methanol (ref. 16) 

Sodium salts Potassium salts 

Log K Log K Log K Log K 
Macrocycle (Water) (Methanol) (Water) (Methanol) 

Cryptand[2.2.2] 3.90 7.98" 5.40 10.41" 
18-Crown-6 0.8 4.36 2.03 6.05 
DC- 18-Crown-6 

Isomer A 1.21 4.08 2.02 6.01 
Isomer B 0.69 3.68 1.63 5.38 

DB- 18-Crown-6 1.16 4.5 1.67 5.1 

"All values are taken from ref. 160 except those for cryptand [2.2.2] in 
methanol, which are from ref. 166. 

Lange's review (9), solvents are separated into four classes with 
respect to the occurrence of free ions, ion pairs, and aggregates 
of ion pairs. Weakly polar solvents like the ethereal solvents 
used in this study were called class B solvents. Evidence is 
presented that indicates that in this class of solvent "the 
'tightness' of ion pairing (either as monomers or aggregates) 
will be greatest for Li+, the smallest alkali metal cation, and will 
decrease monotonically with increasing ion radius of the cation" 
(9). 

It has been generally accepted that when 18-crown-6 macro- 
cycles are added to solutions of sodium or potassium salts in 
ethereal solvents, the aggregates are broken up and 1:l 
complexes with either the contact ion pair or the separated ion 
pair are formed (13, 14). In fact, Thomassen et al. (14) present 
kinetic evidence in support of this behaviour in the reaction of 
potassium phenoxide with butyl bromide in the presence of 
DC-18-crown-6. The study of Cornelis et al. (15) using 
sodium-23 nrnr, however, has shown that the sodium salt of 
ethyl acetoacetate exists in THF as an equilibrium of monomeric 
anddimeric ion pairs, both of which interact with 18-crown-6 or 
15-crown-5. 

This work shows that, in some cases, complexes of 18- 
crown-6 macrocyclic ethers with potassium and sodium salts 
can be obtained from ethereal solvents with host:guest ratios 
smaller than 1 : 1. As shown in Table 2 ,  the macrocyclic ethers 
used in this study had varying complexing abilities. "Hard  
anions, such as phenoxide and oximates, as well as the "soft" 
thiocyanate anion were utilized. Sodium, as well as potassium, 
salts were used, since sodium salts would tend to form stronger 
aggregates (vide supra) and at the same time the stability 
constants of 18-crown-6 macrocycles are significantly smaller 
with sodium salts than with potassium salts (see Table 2). 

Table 3 gives the melting points and elemental analyses of the 
isolated complexes while Table 4 gives the solvents used and the 
yields of the complexes obtained. 

As the host:guest ratios for the-potassium salts in Table 1 
show, the 18-crown-6 macrocycles, with a single exception, 
give isolated complexes which have 1: 1 host:guest ratios. As 
expected, cryptand [2.2.2], the strongest complexer in the 
table, also gives a 1: 1 complex (13) with potassium phenoxide. 
The complex of DB- 18-crown-6 with KNCS (12) gave the same 
1:l ratio when precipitated from DME as that obtained by 
Pedersen (3) from methanol. Also, the complex of 18-crown-6 
with KNCS (5) gave the same 1 : 1 ratio as obtained by Dale and 
Kristiansen (17) and Seiler et al. (18) from methylene dichlo- 
ride under non-anhydrous conditions. The B isomer of DC- 
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TABLE 3. Melting points and elemental analyses of the complexes 

Calculated Found 
Complex Melting 
number point ("C) C H N K Na C H N K Na 

1 187.5-190 54.52 7.37 54.23 7.39 
2 147-148 50.72 7.76 50.40 8.09 
3 142-144 47.62 7.49 3.47 48.00 7.82 3.60 
4 140-142.5 54.89 7.37 3.20 54.45 7.77 3.36 
5" 190-192 
6 144-146 61.87 8.18 7.74 61.52 8.29 7.46 
7b 123-125 53.69 7.72 2.98 8.32 53.65 7.60 3.13 8.26 
8 188.5-191.5 60.35 7.28 12.28 60.30 6.77 12.53 
9 126-127.5 56.33 8.27 2.73 7.64 55.75 8.50 2.83 7.87 

lob 122-124 53.69 7.72 2.98 8.32 53.60 7.75 3.16 8.71 
11 202-204 63.38 5.93 7.93 63.15 5.94 8.06 
12' 243-245 
13d 109-112 56.67 8.12 5.51 7.69 54.77 8.67 5.18 7.81 
14 190.5-192.5 58.81 5.59 11.26 58.56 5.44 10.91 
15' 137+ 39.44 5.67 6.56 10.78 39.29 5.51 6.61 10.94 
16 173-174.5 63.55 7.66 7.60 63.48 8.01 7.63 
17 144.5-147 55.60 7.99 3.08 5.07 55.44 7.89 3.57 5.12 
18 200.5-202.5 63.55 7.66 7.60 63.59 7.90 7.69 
19' 178' 49.42 6.78 5.23 8.60 49.10 6.86 5.31 8.84 
20 262-263.5 64.85 5.78 7.76 65.17 5.84 7.85 
21 226.5-228 56.48 6.44 2.63 4.32 56.43 6.33 2.77 4.49 
22 224.5-228 58.46 6.27 2.72 4.47 57.70 6.25 2.67 4.76 
23 227-228 55.90 5.86 2.71 4.46 56.29 6.59 2.95 4.63 

"Literature (1 7) mp 190°C. 
bPedersen (I) has reported the synthesis of the potassium thiocyanate complex of the mixture of A and B isomers of DC-I 8-crown-6 

(mp ( I )  of the mixture was 72-122°C). 
Ziterature (3) mp 245-246°C. 
dComplex 13 is especially sensitive to the atmosphere and to light (see the experimental section). Even so, it was possible to obtain a 

reasonable elemental analysis (except for the value for carbon, which was 1.9% low). 
eAt 137'C for 15 and 178°C for 19, the solid turns into a mixture of liquid and solid. The solid in the mixture does not melt even up to 

250°C. It is apparent that the 1 :2 complex is decomposed at 137'C for 15 and 178°C for 19, possibly to the 1: I complex and NaNCS. 

18-crown-6, however, gives a complex with a hostguest ratio 
of 1:2 (8). The crystal structure of this complex has been 
determined by X-ray diffraction techniques (19). Essentially, it 
is a dimer of potassium phenoxide that is being complexed. The 
potassium ions are related by symmetry and each is located 
approximately halfway between the crown ether and two 
phenoxide anions. Each individual crown molecule complexes 
one of the potassium ions of two dimers, one above the 
approximate plane of the macrocyclic ring and one below. 
Thus, it appears that the complexing ability of isomer B, 
DC-18-crown-6, a weak complexer (see Table 2), is not 
sufficient to break up the dimer to the contact ion pair stage. 

Other examples of the potassium cation being out of the plane 
of the macrocycle ring have been reported. For example, in the 
1: 1 complex of 18-crown-6.potassium ethyl acetoacetate eno- 
late, the K+ is displaced by 0.9 A out of the mean plane of the 
crown towards the strongly chelating anion of ethyl acetoacetate 
(20). With the NCS- anion, the K+  is situated exactly in the 
mean plane of the crown (18). The explanation must involve the 
competition between the crown and the anion for the K+ . If the 
anion is "hard", then it is closely associated with the K+ and the 
crown cannot take the K+ all the way into the "pocket" because 
of the repulsion between the crown oxygens and the negatively 
charged anion. 

From Table 1, it is evident that the sodium salts have a much 
greater tendency to form complexes with multiple host:guest 
ratios than the potassium salts. A number of interesting 
comparisons can be made between the hostguest ratios obtained 

with sodium and potassium thiocyanates. Sodium thiocyanate 
gives a complex with 18-crown-6 which has a 1:2 hostguest 
ratio (15). This ratio can be compared with the 1:l complex 
(18-crown-6.NaNCS.H20) formed by allowing a methylene 
dichloride solution of 18-crown-6 and NaNCS to evaporate in 
an open beaker to near dryness (17, 21, 22). The complex of 
NaNCS with DC-18-crown-6 (A) (17), however, has a 1:l 
host:guest ratio, even though its complexing ability is not 
appreciably different from that of 18-crown-6 (see Table 2). It is 
thought that the cyclohexane rings, which are on the same side 
in DC-18-crown-6 (A), play a role in the explanation for this 
behaviour. That is, 18-crown-6 and also DC-18-crown-6 (B) 
would find it easier to complex two "out-of-pocket" cations than 
DC- 18-crown-6 (A). In contrast to isomer A, DC- 18-crown-6 
(B) gives a NaNCS complex with a 1:2 host:guest ratio (19). 
The complex of DB-18-crown-6 with NaNCS has a 1:l 
host:guest ratio (21, 22 and 23) but it is interesting to note that 
the complex isolated is a 1:l : l  host:guest:solvent complex. 
Thus, solvent adheres very strongly to this complex and, even 
after 17 h in a drying pistol at 56OC under high vacuum, only a 
fraction of the solvent is removed from the 1 : 1 : 1 complexes that 
are formed in DME, THF, and 1,3-dioxolane. Complexes of 
DB- 18-crown-6 with 1: 1 : 1 ratios have been reported previous- 
ly. For example, Hilgenfeld and Saenger (23) report the 1: 1: 1 
complex of DB-18-crown-6 with potassium iodide and thiourea 
and Pedersen (24) reports 1: 1 : 1 complexes of DB- 18-crown-6 
with sodium or potassium thiocyanate and thiourea. In the 
crystal structure of DB-18-crown-6 with potassium iodide and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
6.

24
4.

86
.1

63
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



RODRIGUE ET AL. 

TABLE 4. Solvents used and yields obtained for the complexes 

Complex Volume of solvent Yield of complex 
number Solvent used" (‘70) 

1 DME 15 65 
2 DME 20 5 1 
3 DME 20 74 
4 DME 20 73 
5 THF 10 82 
6 Et20 30 68 
7 DME 10 55 
8 DME 20 72 
9 DME 30 63 

10 DME 10 47 
11 DME 15 74 
12 DME 30 90 
13 DME 14 5 1 
14 THF + EtzO 10 + 10 97 
15 DME + EtzO 10 + 5 64 
16 THF + Et20 5 + 5 79 
17 DME + EtzO 10 + 5 83 
18 DME 10 93 
19 DME + EtzO 10 + 5 81 
20 THF 40 90 
21 DME 30 89 
22 THF 30 77 
23 1,3-Dioxolane 30 97 

aThe solvent or solvent mlxture In wh~ch the complex was formed Et20, 
DME, and THF are used to designate d~ethyl ether, 1,2-dlmethoxyethane, and 
tetrahydrofuran, respectively. See Expenmental for lsolatlon and punficatlon 
procedures. 

thiourea, the thiourea hydrogen bonds to the anion (23). This is 
not possible in 20, 21, and 22 and very likely the solvent 
molecule interacts with the Na+. Solvent does not adhere as 
strongly to the I: 1 complex of DB-18-crown-6 with KNCS (12). 
This is in agreement with the work of Wong, Konizer, and Smid 
(25), who showed that THF is more strongly bonded to Na+ than 
to K+ in their system involving dimethyldibenzo-18-crown-6 
and fluorenyl alkali salts. 

Sodium phenoxide exhibits a greater propensity to form 
complexes with lower host:guest ratios than does KOPh (see 
Table 1). The reasons for this appear to be that Na+ is not as 
strongly complexed by the crowns (see Table 2) and also that 
Na' is expected to form stronger associated ion pairs. Also, 
sodium phenoxide forms complexes with lower host:guest 
ratios than NaNCS. The proposed reason for this behaviour is 
that the "hard" phenoxide anion forms associated ion pairs more 
readily than the "soft" thiocyanate anion. Some support is 
obtained for this from the published crystal structure of 1:l 
thiocyanate salt complexes. In the crystal structure of 18- 
crown-6.KNCS (18), the thiocyanate anions are disordered and 
interact only weakly with the K+. Also, in 18-crown- 
6.NaNCS.H20, it is the water molecule that interacts with the 
Na+ while the thiocyanate anion is hydrogen bonded to the 
water molecule (22). 

18-Crown-6 forms a complex (14) with NaOPh that has a 
host:guest ratio of 1:3, the lowest ratio found in this study. It 
was readily precipitated using our standard method from a 
solution containing a 4:l excess of salt to crown and has a 
melting point of 190.5- 192.5"C. The reason why 18-crown-6 
forms a complex with NaOPh with a 1:3 host:guest ratio, 
whereas the three substituted 18-crown-6 macrocycles give 
complexes with NaOPh with 1:2 ratios (16, 18, and 20), is not 

270 290 31 0 330 

WAVELENGTH (nm) 

FIG. 1. The ultraviolet spectrum of DB-18-crown-6.2NaOPh in 
dimethoxyethane. 

readily apparent. Attempts to grow suitable crystals of 14 for an 
X-ray diffraction structure determination have not yet been 
successful. 

DC-18-crown-6 (A) forms a complex (16) with a 1:2 
host:guest ratio with NaOPh as compared with the 1: 1 ratio of its 
potassium analogue (6). The crystal structure of 16 has been 
determined (19) and differs considerably from that of DC- 
18-crown-6 (B).2KOPh (8). The structure of 16 in the crystal 
form consists of a tetramer of NaOPh in which two macrocyclic 
ether molecules each complex two sodium ions. One sodium is 
coordinated to the six hexaether oxygens and to one of the 
phenoxide oxygens, while the other sodium is coordinated to 
only one of the crown oxygens and to three of the phenoxide 
oxygens. The crown adopts a highly irregular conformation. A 
full description of the structure of this interesting complex is 
given in ref. 19. The DC- 18-crown-6 (B) complex with NaOPh 
(18) has the same host:guest ratio of 1:2 as its KOPh counterpart 
(8). However, DB-18-crown-6 gives a complex with NaOPh 
(20) with a host:guest ratio of 1:2, in contrast with its KOPh 
counterpart ( l l ) ,  which has a 1:l ratio. 
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TABLE 5. A,,, from the ultraviolet spectra of the phenoxide anion in the complexes dissolved in 
dimethoxyethane 

Potassium phenoxide complexes Sodium phenoxide complexes 

Complex Host:guest A,,, Complex Host:guest A,,, 
Macrocycle no. ratio (nm) no. ratio (nm) 

18-C-6 1 1:l 317 14 1:3 299 
DC- 18-C-6 (A) 6 1 : 1 3 18 16 1:2 300 
DC- 18-C-6 (B) 8 1 :2 31 1 18 1:2 300 
DB- 18-C-6 11 1:l 316 20 1:2 300 
Cryptand [2.2.2] 13 1:l 322 
Potassium phenoxide - 309 
Sodium phenoxide - 300 

TABLE 6. ucN and ucs infrared frequencies (cm-') for the free anion, the 
contact ion pair, and the dimer of sodium and potassium thiocyanate in 

solution (28, 29) 

Sodium Potassium 
thiocyanatea thiocyanatea 

u~~ vc s u~~ Vcs 

Dimer 2042 769 2044 75 8 
Contact ion pair 2056 760 2050 752 
Free ion 2052 738 2052 738 

T h e  solvent used was tetrahydrofuran except for the dimer of KNCS where 
dioxolane was used. 

ultraviolet spectra of the complexes 
The ultraviolet spectrum of DB-18-crown-6.2NaOPh (20) in 

DME is shown in Fig. 1. Three peaks are present at A,,, 277, 
28 1, and 300 nm. Only a single peak with a A,,, of 276 nm is 
present for DB-18-crown-6 in dimethoxyethane. The peak at 
A,,, 300 nm is that of the phenoxide anion. The appearance of a 
small peak like that at A,,, 28 1 nm has been shown by Pedersen 
(1) to be indicative of complex formation of DB-18-crown-6 
with salts like KNCS, KI, and NaBr. 

It is interesting to compare the A,,, values for the phenoxide 
anion for the applicable complexes. These are shown in Table 5 
for DME solutions. The A,,, for potassium phenoxide itself, 
which is expected to exist as dimers and (or) higher aggregates 
of ipn pairs, is 309 nm. The A,,, for phenoxide ion in the 1: 1 
complexes 1 ,  6,  and 11 are shifted to 317, 318, and 316nm, 
respectively. The phenoxide anion in these cases is expected to 
exist as a contact ion pair with the potassium ion. This ion pair is 
complexed by the crown ether. The A,,, for the phenoxide 
anion in the cryptand [2.2.2] complex (13) is shifted even 
further to 322 nm. In this case, the potassium ion is expected to 
be encased in the cryptand [2.2.2] molecule and contact 
between the cation and the phenoxide anion is expected to be 
greatly diminished (26). The A,,, value of the phenoxide ion in 
the complex formed by DC-18-crown-6 (B) with two KOPh salt 
molecules (8) is shifted to only 3 11 nm from the value of 309 nm 
for potassium phenoxide itself. Compound 8 in the crystalline 
state is essentially a complexed dimer of potassium phenoxide 
with the potassium ions above and below the plane formed by 
the ether rings (19) (vide supra). The small shift, compared to 
the larger ones for the 1: 1 complexes in which contact ions pairs 
are expected, is evidence that this structure is maintained in 
solution. 

In contrast, the A,,, values for the phenoxide anion in 14,16, 
18, and 20, which all have either 1:2 or 1:3 hostguest ratios, are 
essentially identical with that found for sodium phenoxide 
itself. This is a good indication that the Na+ ions are not being 
complexed strongly and that the NaOPh salt molecules are 
associated more strongly with each other than with the macro- 
cycles. 

Ismail and El-Bayoumi (27) report that the A,,, of potassium 
p-methylphenoxide in THF increased from 3 17 to 326 nm when 
18-crown-6 was added to the solution. This is similar to the 
magnitude of the shift difference found for potassium phenoxide 
and 1 (see Table 5). Thus, a 1 : 1 complex is probably formed in 
solution. On the other hand, for potassium p-methoxyphen- 
oxide the A,,, of 334nm did not change on the addition of 
18-crown-6 (27). Also the A,,, of sodium p-methoxyphenoxide 
was found to be 323 nm by itself and 322 nm in the presence of 
18-crown-6. These results would appear to indicate that 
18-crown-6 complexes the dimer or higher aggregates of 
potassium and sodium p-methoxyphenoxide in THF. The 
sodium and potassium p-formyl phenoxide salts have A,,, 
shifts (27) in THF from 334 to 340 nm and from 347 to 357 nm, 
respectively, on the addition of 18-crown-6, indicative of 1:l 
ion pair complexation. 

Thus, single ion pairs are complexed more readily with 
substituted phenoxide in which the least charge is expected on 
the phenoxide oxygen (e.g. p-formyl) and associated ion pairs 
are complexed when the greatest amount of charge is expected 
on the phenoxide oxygen (e.g. p-methoxy). That is, the 
"harder" the anion, the stronger the associated ion pair 
aggregates and the more difficult it is for the crown to complex 
single ion pairs. 

Infrared spectra of the complexes 
Infrared spectra were obtained using the Nujol mull of the 

complexes. As noted by Pedersen (1) and others, for complexes 
that they studied, the infrared spectra of the complexes in Table 
1 differ significantly from those of the macrocyclic ethers 
themselves, especially in the 700-1100 cm-' region, which 
contains bands attributable to the wag, twist, and rock modes of 
vibration of the methylene groups of the macrocycle. Perhaps 
the most interesting aspect of the infrared spectra is the position 
and number of the VCN and vcs bands of the thiocyanate 
complexes. 

Table 6 shows the position of these bands in the free anion, 
the contact ion pair, and the dimer, as determined by Chabanel 
and co-workers (28,29) in tetrahydrofuran (dioxolane was used 
for (KNCS)2). Table 7 shows the vcN and vcs frequencies 
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RODRIGUE ET AL 

TABLE 7. VCN and vcs infrared frequencies (cm-') for the thiocyanate complexes' 

Sodium thiocyanate Potassium thiocyanate 

Host:guest Host:guest 
Macrocycle "CN VCS ratio VCN VCS ratio 

DC-18-C-6 (A) 2072 756 1:l (17) 2057 749 1:l (7) 
DC-18-C-6 (B) 2050 767 1:2 (19) 2045 746 1:l (10) 
18-C-6 2067 756 1:2 (15) 2053 734 1:l (5) 

2043 760 

'Obtained from the Nujol mull of the solid complexes. 

obtained from the Nujol mulls of the solid complexes of Table 1. 
The thiocyanate complexes of DB- 18-crown-6 are not included 
in Table 7 because the vcs peaks are masked by the peaks due to 
the aromatic carbon-hydrogen out-of-plane bending mode of 
vibration. 

Although one must exercise caution in comparing the data in 
Table 6 for solutions of the thiocyanate salts with those in Table 
7 for the Nujol mulls of the complexes, some speculation 
appears in order. The vcs frequency (734 cm-') found for the 
potassium thiocyanate complex of 18-crown-6 (5), is closest to 
that found for the free thiocyanate ion (738 cm-', see Table 6). 
The reason for this behaviour can be found in the published 
crystal structure of this compound (1 8), in which it was shown 
that the thiocyanate anion was disordered and interacted only 
weakly with the cation. The vcs frequencies of the 1:l 
potassium thiocyanate complexes 7 and 10 (vcs = 749 and 
746 cm-' , respectively) are closest to that found for the contact 
ion pair of potassium thiocyanate in solution (752 cm-', see 
Table 6). 

If it is assumed that the vcs and VCN frequencies of the 1:l 
sodium thiocyanate complex of DC-18-crown-6 (A) (17) (see 
Table 7) are those for the contact ion pair (a not unreasonable as- 
sumption when these values are compared with those of Table 6), 
then some interesting comparisons can be made with 19 and 15. 
For 19, the vcs frequency increases by 11 cm-' and the vcN 
frequency decreases by 22 cm- ' compared to the corresponding 
frequencies found for 17 (see Table 7). From Table 6, it can be 
seen that the vcs frequency of the dimer is higher by 9 cm- ' than 
that of the contact ion pair and the VCN frequency is lower by 
14cm-'. Thus, it would be reasonable to expect that, in 19, a 
dimer of sodium thiocyanate is being complexed. This would be 
a similar situation to that found in the crystal structure of 8, in 
which the same macrocycle complexes a dimer of KOPh (19). 

The vcs and VCN peaks for the 1:2 complex of 18-crown-6 
with sodium thiocyanate (15) exist as doublets. Note that one set 
of vCN and vcs frequencies (2067 and 756 cm- ' , respectively) is 
close to that found for 17, in which a contact ion pair was 
assumed, while the other set (vCN = 2043 and vcs = 760 cm- ') 
has frequency values that are each 7 cm-' less than those for 19 
in which a dimer was postulated. Attempts are being made to 
prepare suitable crystals of 15 for an X-ray diffraction structure 
determination. 

Ex~erimental 

Isomers A and B of DC-18-crown-6 were separated from the 
commercial mixture by the method of Izatt et al. (30); mp 81 .5-82.S°C 
(lit (30) mp 83-84°C) and 60.2-61.2"C (lit. (30) mp 61-62"C), 
respectively. DB-18-crown-6 was recrystallized from toluene; mp 
161.5-163°C (lit. (3) mp 164°C and (31) mp 162.5-163.S°C). 
Commercial 18-crown-6 was precipitated as the acetonitrile complex 
(32) and the acetonitrile was removed under vacuum; mp 40.5-41 .O°C 
(lit. (1) mp 39-40°C). 

Preparation of the potassium salts of phenol, acetylacetone, E- 
acetophenone oxime (33), and 2,3-butanedione monoxime 

These salts were obtained by reacting the starting material with 
powdered potassium in a nitrogen atmosphere. The safe handling 
procedures of Johnson and Schneider (34) were followed with 
potassium. Except in the case of the larger potassium salt preparations, 
where the initial filtration was canied out in the open air, the work-up of 
the reaction mixtures was conducted in a Dri-Lab (Vacuum Atmo- 
spheres) under an argon atmosphere. Purities of the potassium salts 
were checked by proton nmr and by potassium microanalyses. The pro- 
cedure given below for potassium phenoxide is typical. 

Potassium phenoxide 
Potassium (9.21 g, 0.236 mol), freed of oxide crust, was added to a 

three-necked flask equipped with a reflux condenser, drying tube, 
stirring bar, and nitrogen gas inlet. Dry toluene (150mL) was 
introduced and the potassium was powdered by heating the mixture to 
the boiling point while stirring vigorously. The mixture was allowed to 
cool and dry ether was added (150 mL). Phenol (25.00 g, 0.266 mol, 
sublimed under vacuum) dissolved in dry ether (150 mL) was added by 
dropping funnel. After being refluxed for 2 h, the mixture was filtered 
and the colourless solid was washed twice with dry ether. The salt was 
placed in a drying pistol under high vacuum (<0.001 Torr) at 56'C for 
24 h. Yield, 28.2 g (91%); mp 285-289°C. Anal. calcd. for C6H50K: 
K 29.57; found: K 29.17. Kornblum and Lurie (35) synthesized this 
salt by reacting phenol with potassium hydroxide in aqueous methanol. 

Potassium acetylacetonate 
A 9-day reflux period with powdered potassium was used; mp 

210-215°C (dec.). Anal. calcd. for C5H702K: K 28.33; found: K, 
28.30. Carty et al.  (36) report a potassium analysis for this salt which is 
3.3% low. 

Potassium 2,3-butanedione monoximate 
The crude potassium salt obtained after a 1-week reflux period did 

not give a satisfactory potassium analysis. The solid was dissolved in 
warm ethanol, the solution was filtered while warm to remove 
undissolved material, and the salt was precipitated with dry ether; mp 
224-226°C. Anal. calcd. for C4H6NO2K: K 28.09; found: K 28.42. 

E-Potassium acetophenone oximate 
The crude potassium salt obtained after a 2-day reflux period was 

Commercial anhydrous diethyl ether and toluene were dried over dispersed in amixture of acetonitrile and dimethylsulfoxide(5: 1 ratio). 

sodium wire. Reagent grade DME and THF were distilled from lithium The mixture was heated to 70°C and filtered while hot. The solid that 

aluminum hydride using a Stedman column and a variable take-off still precipitated upon cooling had a mp of 267-270°C. Anal. calcd. for 

head. Potassium and sodium thiocyanate were obtained commercially C8H8NOK: K 22.57; found: K 22.23. 

and were used after being subjecied to high vacuum (<0.001 TO=; Sodium phenoxide 
1 Torr = 133.3Pa) at 56°C for 18h; mp 176-176.8 and >290°C, Phenol and chunks of sodium metal in dry ether were refluxed under 
respectively (lit. (3) mp 173 and 287"C, respectively). nitrogen for 3 days in a similar fashion to that described for the potassium 
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salt. The white salt was recrystallized from acetone. Anal. calcd. for 
C&ONa: Na 19.80; found: Na 19.74. Kornblum and Lurie (35) 
synthesized this salt using NaOH in methanol. 

Synthesis of the macrocyclic ether complexes 
It was possible to use a standard method for the synthesis of most of 

the complexes (see below). In this procedure, one equivalent of the 
macrocycle was added to a solution containing three equivalents of the 
salt. The complex was then allowed to precipitate from solution. The 
methods of synthesis of complexes for which the standard method was 
not used are given separately. Table 4 gives the solvent used, its 
volume, and the % yield (based on the macrocycle) for the complexes. 
All complexation reactions were carried out in a Dri-Lab (Vacuum 
Atmospheres) under an argon atmosphere. Table 3 gives the elemental 
analysis obtained for each complex. 

Standard synthetic method used for 1,  5 ,  8, 10-12, 16-23 
The sodium or potassium salt (5.1 mmol) was solubilized in 

anhydrous solvent. The crown was added (1.7 mmol) and the mixture 
was stirred for 1 h at room temperature. The precipitated complex was 
obtained by filtration, washed with diethyl ether, and subjected to high 
vacuum (<0.001 Tom) in a drying pistol (at 56OC) for approximately 
17 h. 

Solvents adhere very strongly to the complex between DB-18- 
crown-6 and NaNCS. One molecule of either dimethoxyethane, 
tetrahydrofuran, and 1,3-dioxolane is incorporated into the complex, 
when these are used as the complexing solvent (21, 22, and 23, 
respectively). Since only a fraction of this solvent was removed during 
the 17-h high vacuum treatment mentioned above, these complexes 
were only subjected to a 2-h period of high vacuum treatment. 
According to proton nrnr and the elemental analyses, one molecule of 
solvent remained in the complexes in each case. 

Synthesis of 14 and 15 
The standard method was used except that 6.8 mmol of sodium 

phenoxide or sodium thiocyanate was used with 1.7 mmol of 18- 
crown-6. 

Synthesis of 7 and 10 
The complexes of isomers A and B of DC-18-crown-6 with 

potassium thiocyanate (7 and 10, respectively) were soluble in both 
dimethoxyethane and tetrahydrofuran and did not precipitate during the 
1-h stirring period used in the standard method. Thus, the solvent was 
removed and methylene chloride (7 mL) was added. The insoluble 
solid was filtered off and washed with additional methylene chloride 
(3 mL). Diethyl ether (50 mL) was added to the combined methylene 
chloride filtrates to precipitate the complex. 

Synthesis of 6 
Isomer A of DC-18-crown-6 (1.7 mmol) was dissolved in diethyl 

ether (30 mL). Solid potassium phenoxide (1.7 mmol) was added. In 
about 4 min, only a trace of solid remained undissolved and this was 
filtered off. After several minutes, the complex began to precipitate 
from the filtrate and the mixture was filtered after being stirred for 
30 min. After being washed with diethyl ether, the solid was subjected 
to high vacuum (<0.001 Torr) at 56OC for 17 h. The standard method 
could not be used to form this complex because the KOPh and the 
complex have similar solubilities in the solvents used. Both are very 
soluble in DME and the complex could not be precipitated without also 
precipitating the KOPh. 

Synthesis of 2 and 9 
The crown ether (1.7 mmol) and the potassium salt (5.1 mmol) were 

stirred in DME for 3 h. The excess potassium salt was filtered off. The 
solvent was removed from the filtiate and the residual complex was 
stirred for 30 min in diethyl ether. After being collected by filtration, 
the light-yellow salt was washed with diethyl ether and subjected to 
high vacuum (<0.001 Tom) at 56"C for 17 h. 

Synthesis of 3 and 4 
The potassium oximate (1.7 mmol) was dispersed in dimethoxy- 

ethane. Upon addition of the 18-crown-6 (1.8 mmol), the potassium 

salt dissolved and the complex soon precipitated. After the mixture was 
stirred for 1 h, the light-yellow solid was filtered off, washed with 
diethyl ether, and subjected to high vacuum (<0.001 Tom) at 56°C for 
17 h. 

Synthesis of 13 
To potassium phenoxide (2.68 mmol) dissolved in DME (8 mL) was 

added cryptand [2.2.2] (2.66 mmol) in DME (6 mL). A clear light- 
yellow solution resulted. The beige precipitate that formed during the 
18-h stirring period was collected by filtration and dried under high 
vacuum (<0.001 Torr) at 56OC for 9 h (0.687 g, 5 1%). Stirring the 
complex with fresh DME did not improve the elemental analysis (see 
Table 3), which was outside of the normally acceptable levels for 
carbon and hydrogen. In these experiments, flasks and sample bottles 
were covered with aluminum foil since cryptand [2.2.2] was stated to 
be light sensitive. Indeed, the complex (as a solid or in solution) turned 
purple when exposed to the atmosphere and to light. 

Ultraviolet spectra of the phenoxide salt complexes 
The complexes were dissolved in DME and a sample was inserted 

into the ultraviolet cells (0.1 cm) under an argon atmosphere. The 
ultraviolet spectra were obtained with a Varian Cary 2390 spectropho- 
tometer. One of two methods was used to dissolve the complex in DME 
depending on its solubility. Method A (6, 13, 14, 16, NaOPh, and 
KOPh): The complex (1 mmol) was weighed into a volumetric flask 
(50 mL) and anhydrous DME was added to the mark. A portion (5 mL) 
of this solution was diluted to 50 mL. The reference cell was filled with 
DME. Method B (1, 8,  11, 18, 20, and DB-18-crown-6): These 
materials were not soluble enough in DME to use Method A; however, 
about 0.05-0.1 rnrnol of each did dissolve in 50 mL of DME and this 
solubility was sufficient to give good ultraviolet spectra. 

Intrared spectra of the thiocyanate salt complexes 
A Perkin-Elmer infrared spectrophotometer (model 283) was used. 

Spectra were obtained on the Nujol mulls of the complexes using ZnSe 
optically flat windows (25 mm diameter X 2 mm thick). 

Nuclear magnetic resonance studies of the complexes 
'H and 13c studies of the complexes reported in this paper have been 

carried out. Some of this work has been published in refs. 6 and 7. 
Additional work will be reported in due course. 
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The crystal structures of the 1:2 host:guest complexes of dicyclohexano-18-crown-6 
(isomers A and B) with sodium and potassium phenoxide 
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MARIE E. FRASER, SUZANNE FORTIER, ANDRB RODRIGUE, and JOHN W. BOVENKAMP. Can. J. Chem. 64, 816 (1986). 
The crystal structures of the 1 :2 host:guest complexes of dicyclohexano-18-crown-6 (isomer B) with potassium phenoxide and 

dicyclohexano-18-crown-6 (isomer A) with sodium phenoxide have been determined. The potassium phenoxide complex 
crystallizes in space group PI with a = 10.023(2), b = 11.238(2), c = 7.546(2) A, cx = 95.73(2), P = 103.04(2), y = 
92.03(2)", and Z = 1. The sodiumphenoxide complex crystallizes in space group P2, /n with a = 19.185(12), b = 13.266(5), c 
= 13.038(5) A, P = 96.55(4)", and Z = 4. Both structures were solved by direct methods and refined by full matrix least-squares 
calculations to a residual, R ,  of 0.035. The host conformation as well as the metal cation coordination differ considerably in the 
two structures. In the potassium phenoxide complex, the two cations are related by symmetry and have, consequently, the same 
chemical environment. Each potassium is located approximately halfway between the plane formed by the crown ether oxygens 
and the phenoxide anions and is coordinated to four of the crown oxygens and to two phenoxide oxygens. The oxygens of the 
crown are found to outline an elliptical cavity and to lie approximately in a plane. In the sodium phenoxide complex, the two 
sodiums have different crystallographic and chemical environments. One sodium is coordinated to the six hexaether oxygens, 
withdistances ranging from 2.36 to 2.84 A, and to one of the phenoxide oxygens. The other sodium is coordinated to only one of 
the crown oxygens and to three of the phenoxide oxygens. The hexaether adopts a highly irregular conformation. 

MARIE E. FRASER, SUZANNE FORTIER, ANDRB RODRIGUE et JOHN W. BOVENKAMP. Can. J. Chem. 64, 8 16 (1986) 
On a dCterminC les structures cristallines des complexes 1:2 de la dicyclohexano-18 courome-6 (isomkre B) avec le phtnolate de 

potassium et de la dicyclohexano-18 couronne-6 (isomere A) avec le phCnolate de sodium. Le complexe du phtnolate de potas- 
sium cristallise dans le groupe d'espace P1, avec a = 10,023(2), b = 11,238(2), c = 7,546(2) A, a = 95,73(2), P = 103,04(2), 
y = 92,03(2)" et Z = 1. Le complexe du phtnolate de sodium cristallise dans le groupe d'espace P2, / n ,  avec a = 19,185(12), 
b = 13,266(5), c = 13,038(5) A, P = 96,55(4)" and Z = 4. On a rtsolu les deux structures par des mtthodes directes et on les a 
affinCes par la mtthode des moindres carrts (matrice entiere) jusqu'a des valeurs rCsiduelles de R de 0,035. La conformation de la 
molCcule hate ainsi que la coordination du cation mitallique different considtrablement dans les deux structures. Dans le 
complexe du phknolate de potassium, les deux cations sont relits par de la symttrie et ont donc des environnements chimiques 
semblables. Chaque potassium est situt approximativement a mi-chemin entre le plan form6 par les oxygknes de la couronne et 
celui des anions phtnolates et chacun est coordonnk a quatre oxygknes de la couronne et a deux oxygknes des phenolates. On a 
trouvC que les oxygknes de la couronne foment le contour d'une cavitt ellipsoidale et qu'ils se retrouvent approximativement 
dans un plan. Dans le complexe du phCnolate de sodium, les deux cations de sodium se trouvent dans des environnements 
cristallographiques ainsi que chimiques qui sont difftrents. Un des cations de sodium est coordonnC aux six oxygknes de l'tther, 
avec des distances variant de 2,36 a 2,84 A, et a l'un des oxygknes des phenolates. L'autre sodium est coordonnt a un seul des 
oxygknes de la couronne et a trois oxygtnes des phCnolates. La conformation de la couronne est hautement irrtguliere. 

[Traduit par la revue] 

Introduction 
.Of the crown ethers, 18-crown-6 is probably the most exten- 

sively characterized. Nuclear magnetic resonance (nrnr), infrared 
(ir), X-ray diffraction studies, as well as thermodynamics and 
molecular mechanics, have provided a basis for the understand- 
ing of the complexation of 18-crown-6 and its analogues, di- 
cyclohexano- 18-crown-6 and dibenzo- 18-crown-6, with various 
guests (1 -4). 

Several factors contribute to the structural characteristics of 
host-guest complexes. It is well known that both ligand and salt 
(both cation and anion) parameters play a role in the structural 
features of the host-guest complex. This is seen in the results of 
the several crystallographic studies of alkali-metal complexes 
with 18-crown-6. The crystal structure analyses of the alkali 
thiocyanate complexes with 18-crown-6, for example, clearly 
show how the structures of the complexes are affected by the 
size of the cation relative to the size of the crown ether cavity 
(5-10). The "hole-size" criterion is not, however, the only one 
to be considered, as shown by the crystallographic study of the 

18-crown-6 complex with potassium ethyl acetoacetate (1 I), 
where the counterion is seen to have a marked effect on the 
resultant structure: in spite of the fact that the size of the 
potassium ion is ideally suited to that of the 18-crown-6 cavity, a 
"hard" anion such as ethyl acetoacetate can pull the cation out of 
its ideal nesting position. 

During a study of the cis-syn-cis and cis-anti-cis isomers 
(isomers A and B, respectively) of dicyclohexano-18-crown-6 
(12), it was found that on the addition of the commercial mixture 
of the two isomers to a 1,2-dimethoxyethane solution of 
potassium phenoxide, a solid precipitated. The solid had a 
narrow-range melting point and was shown by proton nrnr to 
have a 1:2 host:guest ratio. Upon repeating the reaction with 
isomer B by itself, the same complex was obtained. It was 
apparent that an aggregate of potassium phenoxide, presumably 
a dimer, was being complexed by isomer B of DC-18-crown-6 
instead of the contact ion pair that would have been expected. 
The 1:2 hostpes t  ratio was surprising in view of the compatibility 
between the cation and the hexaether cavity size. In fact, this 
appears to be the first example of a 1:2 host:guest ratio complex 

' ~ u t h o r  to whom all correspondence may be addressed. of a potassium salt with an 18-crown-6 macrocycle. Also, a 1:2 
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TABLE 1. Crystal data" 

Parameter Crystal data 

Molecular formula K~OsC32H46 Na208C32H46 
Molecular weight 636.92 604.70 
Space group; Z P1; 1 P2[/n;  4 
a, A 10.023(2) 19.185(12) 
b,  A 11.238(3) 13.266(5) 
c ,  A 7.546(2) 13.038(5) 
a ,  deg 95.73(2) 90 
I% deg 103.04(2) 96.55(4) 
r, dep 92.03(2) 90 
v, A 822.6 3297 
Number of reflections used for the determination of 

unit cell parameters; 20 range, deg 25; 16.3-20.9 25; 18.4-22.3 
Density (calcd.), g 1.286 1.218 
Number of measured reflections 2885 3078 
Number of observed reflections, I > 3u(I) 2326 2472 
20 range scanned, deg 1-50 1-40 
IJ. (MoKa), cm-I 3.304 1.017 
Crystal dimensions, mm 0.67 x 0.58 x 0.35 0.95 x 0.87 x 0.30 
Isotropic secondary extinction correction, g 0.777 x 0.323 x 
Final R; R, 0.035; 0.061 0.035; 0.050 
Largest shiftlerror in final least-squares cycle, A/u 0.01 0.03 
Maximum and minimum residual electron density in 

final difference Fourier map, e A-3 0.33; -0.16 0.21; -0.27 
Standard deviation of an observation of unit weight, u 1.830 1.608 

"Estimated standard deviations are shown in parentheses. 

I host:guest complex of sodium phenoxide with DC-18-crown-6 
(isomer A) was obtained from ethereal solvents (12). It was 
clear that, in both cases, the nature of the solvent used and the 

1 nature of the counterion played a role in the unusual host:guest 
i ratios. This crystallographic study was undertaken to determine 

how the DC-18-crown-6 ligands were complexing the two salt 
1 molecules in these unusual complexes. 
i 
I 
I Experimental 
I The synthetic method used for the preparation of the two complexes 

has been described in a previous publication (12). Suitable crystals of 
DC-18-crown-6 (isomer A).2NaOPh were obtained by dissolving the 
complex in dry tetrahydrofuran in a Dri-Lab (Vacuum Atmospheres) 
under an argon atmosphere and allowing the solvent to evaporate 
completely at room temperature. Crystals of DC-18-crown-6 (isomer 
B).2KOPh were similarly obtained, except that the complex was 
initially dissolved in warm, dry 1,3-dioxolane. Pertinent data about the 
crystals used and the measurement of diffraction intensities are 
summarized in Table 1. The crystals used in the diffraction experiments 
were mounted inside a glass capillary in an oxygen-free atmosphere. 
The intensity data were collected on an Enraf-Nonius CAD-4 
diffractometer using graphite monochromated MoKa (A = 0.71073 A) 
radiation. Ineach case, intensities were collected by the o/20 scanning 
procedure and three reflections were measured after every 7200 s of 
exposure time to check on the stability of the crystals; in neither case 
was any evidence of crystal decay detected. The data were corrected for 
Lorentz and polarization effects; absorption corrections were not 
considered necessary. The structures were solved by direct methods 
using the program MULTAN 80 (13). For the K+ complex, the 
positions of all the hydrogen atoms were found in the difference Fourier 
map. For the Na+ complex, 44 out of 46 hydrogens were located in the 
maps; the remaining two were calculated. The structures were refined 
by full matrix least-squares using all reflections with I > 3u(4.  
Anisotropic temperature factors were used for the non-hydrogen atoms 
and isotropic temperature factors for the hydrogen atoms. All the 
hydrogen atoms were included in the calculations and refined except for 
the two calculated hydrogen atoms in the Na+ complex, which were 

held fixed. The function minimized was CwllFol - 1Fcll2, where 
w = 1 /u2(~F0~).  A correction for isotropic secondary extinction effect 
was included in each refinement. The scattering factors were taken 
from Cromer and Waber (14). All the calculations were done on a PDP 
11 123 computer using the Enraf-Nonius SDP program package (15). 

Results and discussion 
The 1:2 host:guest complex of DC-18-crown-6 (isomer B )  with 

potasium phenoxide 
ORTEP (16) drawings of the ligand and of the complex itself 

showing the atom numbering scheme are given in Figs. 1 and 2, 
respectively. The fractional coordinates and equivalent isotropic 
temperature factors of the non-hydrogen atoms are presented in 
Table 2. Oxygen-potassium bond lengths and angles appear in 
Table 4, average and range in the bond lengths and angles of the 
host and of the phenoxide are given in Table 5, and macrocyclic 
ring torsion angles appear in Table 6.2 

Host geometry and conformation 
In the present crystal structure, the cis-anti-cis isomer of 

DC- 18-crown-6 has a crystallographic centre of symmetry. The 
cavity outlined by the oxygens of the hexaether is elliptical, a 
feature also observed in the uncomplexed ligand (17) although 
more pronounced there than in the present case. In 1:l 
host:guest complexes of 18-crown-6 macrocycles in which the 
guest cation size is equal to or larger than the size of the host 
cavity, the cavity is generally found to be circular, with the 
oxygens outlining a nearly regular hexagon. This was also found 
to be the case in the 1: 1: 1 complex of DC- 18-crown-6 (isomer 
B) with potassium phenoxide and phenol, in which the 

2~omplete  tables of positional parameters, temperature factors, and 
observed and calculated structure factors may be purchased from the 
Depository of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0S2. 
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TABLE 2. Final fractional coordinates and equivalent isotropic temperature factors 
for K208C32H46 with estimated standard deviations in parentheses 

Atom x Y z Beq (A2)' 

FIG. 1. ORTEP diagram and atom-numbering scheme for the 
isomer B of dicyclohexano-18-crown-6 in the potassium phenoxide 
complex. 

potassium ion is found in the ideal nesting p~s i t i on ,~  and other 
1: 1 complexes of DC-18-crown-6 as well (1 8, 19). Thus the 
elliptical shape of the cavity is not a result of substituent effects 

3 ~ .  E. Fraser, S. Fortier, A. Rodrigue, and J. W. Bovenkamp. 
Manuscript in preparation. 

0 c u 
FIG. 2. ORTEP diagram and atom-numbering scheme for 

potassium phenoxide complex. 
the 

but rather of host-west interactions. In fact. it can be seen in 
Fig. 2 that with thevdonor atoms of the hexaet'her arranged in an 
elliptical shape, optimal K+ . . .. 0 distances can be achieved 
while keeping sufficient K+ . . . . K+ separation. Figure 3 shows 
the cavity geometry of the uncomplexed form (1 7), of the 1 : 1 : 1 
complex containing potassium phenoxide and phenol,2 and of 
the 1:2 host:guest complex of DC-18-crown-6 (isomer B) with 
potassium phenoxide. In the two cases where an elliptical shape 
is found, elongations are along the lines joining opposite 
oxygens, located on either side of the cyclohexyls. In contrast to 
the uncomplexed form, in the 1 :2 complex the oxygens all point 
towards the centre of the cavity. They form an approximate 
plane and are found alternately ~ 0 . 1 5  A above and below their 
mean plane. 
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FRASER ET AL 

TABLE 3. Final fractional coordinates and equivalent isotropic temperature factors 
for Na208C32H46 with estimated standard deviations in parentheses 

Atom x Y z Be, (A2)" 

In the regular hexaether conformation, all torsion angles 
about C-C bonds are synclinal and those about C-0 bonds 
are antiplanar. As can be seen from Table 6, these values are 
found in the present structure with the exception of the torsion 
angle about the C-O,,,a,,~a, bond. This distortion is respon- 
sible for the elliptical shape of the host cavity and thus allows for 
optimal host-guest interactions. In other cases, it was also found 
that the deformation strain was preferentially accommodated in 
torsion angles about the C-0 bonds, without affecting the 
gauche arrangement of the 0CH2CH20 units (20). In the 
hexaether, the C-C bond lengths show the characteristic 
shortening with an average value of 1.498 A. As has been 
previously observed, the C-C distances in the cyclohexyl 
substituent, on the other $and, are in the normal range with an 
average value of 1.520 6.  The C-0 bond lengths have an 
average value of 1.426 A and the 0-C-C and C-0-C 
angles, in the hexaether, have average values of 109.0" and 

112.9", respectively. The cyclohexyl ring is found in the chair 
conformation with an average absolute torsion angle value of 
55.9". All of these values conform with those obtained in 
previous studies (20). 

Host-guest interactions 
The potassium ions are related by a centre of symmetry and 

each is located approximately halfway between the crown ether 
and two phenoxide anions, as depicted in Fig. 2. The distance 
between the K+ ion and the approximate plane defined by the 
crown oxygens is 1.678 A, while a distance of 1.467 A is found 
between the K+ apd the plane of the phenoxides. The K+ . . . K+ 
distance is 3.87 A. This value is very close to the K+ ... K+ 
distance of 3.8 A found in the dibenzo-24-crown-8.2KNCS 
complex, where the cavity formed by the eight oxygens is 
larger and both potassium ions are approximately in the cavity 
(21). Addition of translational symmetry to Fig. 2 would show 
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TABLE 4. Oxygen - alkali metal bond lengths and angles for (a) K208C32H46 and (b) 
with estimated standard deviations in parenthesesa 

(a) 

Bond Length (A) Bonds Angle (deg) 

K-O(2) 2.754(1) O(2)-K-O(5) 59.5(1) 
K-O(5) 2.982(2) O(2)-K-O(5') 109.2(1) 
K-O(5') 2.89 l(2) O(2)-K-O(8) 59.4(1) 
K-O(8) 2.839(1) O(2)-K-O(14) 106.1(1) 
K-O(14) 2.591(1) O(2)-K-O(14') 110.5(1) 
K-O(14') 2.61 l(2) O(5)-K-O(5') 97.5(1) 

O(5)-K-O(8) 97.8(1) 
O(5)-K-O(14) 82.2(1) 
O(5)-K-O(14') 159.6(1) 
O(5')-K-O(8) 59.9(1) 
O(5')-K-O(14) 138.6(1) 
O(5')-K-O(14') 102.8(1) 
O(8)-K-O(14) 161.5(1) 
O(8)-K-O(14') 90.4(1) 
O(14)-K-O(14') 84.2(1) 

Bond Length (A) 

Na(1)-O(6) 2.425(2) 
Na(1)-O(27) 2.213(2) 
Na(1)-O(34) 2.259(2) 
Na(1)-O(34') 2.224(2) 
Na(2)-O(3) 2.842(2) 
Na(2)-O(6) 2.599(2) 
Na(2)-O(9) 2.358(2) 
Na(2)-O(12) 2.525(2) 
Na(2)-O(15) 2.534(2) 
Na(2)-0( 18) 2.463(2) 
Na(2)-O(27) 2.323(2) 

Bonds Angle (deg) 

"The primed atoms are related to the unprimed atoms by the following symmetry operation: - x ,  - y ,  - z .  

that each of the phenoxide oxygens is shared by two potassium 
ions and thus dimers of potassium phenoxide are formed. Each 
individual crown molecule complexes one of the potassium ions 
of two dimers, one above the approximate plane of the 
macrocyclic ring and one below. Each of the potassium ions is 
coordinated to four crown oxygens. The potassium-oxygen 
distance is somewhat closer for the oxygens attached to the 
cyclohexane rings (K+ . . . O(2) = 2.75 8, and K+ . . . O(8) = 
2.84 8,) than for the oxygens in the middle of the macr9cyclic 
ring (K+ . . . . O(5) = 2.98 A and K+ . . . O(5') = 2.89 A). The 
average of these K+ . . . 0 distances of 2.87 8, is only slightly 

larger than the value of 2.81 A in the KNCS complex of 
18-crown-6 (8), in which the K+ is found in the ideal nesting 
position. Shorter distances are found between the K+ ions and 
the oxygens of the two phenoxide goups, with an average value 
of 2.608,. This distance indicates that the potassium ions are 
strongly associated with the phenolate oxygens. 

The 1 :2 host:guest complex of DC-18-crown-6 (isomer A) with 
sodium phenoxide 

ORTEP (16) drawings of the ligand and of the complete com- 
plex showing the atom numbering scheme are given in Figs. 4 
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FRASER ET AL. 

TABLE 5. Average and range in the bond lengths (A) and angles (deg) for the macrocyclic rings, cyclohexyl 
rings, and phenoxides of K208C32H46 and Na208C32H46 with estimated standard deviations in parentheses 

K208C32H4-5 
Macrocyclic ring 

Average C-C 1.498 Average C-0 1.426 
Range of C-C 1.487-1.519(3) Range of C-0 1.407- 1.440(2) 
Average C-0-C 112.9 Average C-C-0 109.9 
Range of C-0-C 109.7-115.8(1) Range of C-C-0 108.9-1 12.4(1) 

Cyclohexyl ring 

Average C-C 1.520 Average C-C-C 11 1.2 
Range of C-C 1.513-1.534(3) Range of C-C-C 109.0-1 12.6(2) 

Phenoxide 

O(14)-C(15) 1.300(3) O(14)-C(15)-C(16) 120.9(2) 
O(14)-C(15)-C(20) 123.9(2) 

Average C-C 1.386 Average C-C-C 120.0 
Range of C-C 1.350-1.431(4) Range of C-C-C 115.1-122.3(3) 

Na208C32H4-5 
Macrocyclic ring 

Average C-C 1.475 Average C-0 1.420 
Range of C-C 1.389-1.51 l(5) Range of C-0 1.381-1.433(4) 
Average C-0-C 115.1 Average C-C-0 110.0 
Range of C-0-C 113.8-117.1(3) Range of C-C-0 106.2-1 14.9(3) 

Cyclohexyl rings 

Average C-C 
Range of C-C 

1.513 Average C-C-C 110.7 
1.496- 1.529(6) Range of C-C-C 106.2-122.6(4) 

Phenoxides 

O(27)-C(28) 1 .296(3) O(34)-C(35) 1.295(3) 
O(27)-C(28)-C(29) 122.6(2) O(34)-C(35)-C(36) 122.2(3) 
O(27)-C(28)-C(33) 122.4(2) O(34)-C(35)-C(40) 122.8(3) 
Average C-C 1.380 Average C-C-C 120.0 
Range of C-C 1.346- 1.410(5) Range of C-C-C 115.1-122.6(4) 

TABLE 6. Macrocyclic ring torsion angles 

K208C32H46 Na208C32H4-5 

Bonds Angle (deg) Bonds Angle (deg) 
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Uncomplexed I:I:I host:guest complex 1:2 host:guest complex 

FIG. 3. Comparison of the cavity shape in uncomplexed and 1 : 1 : 1 
and 1:2 host:guest complexes of dicyclohexano-18-crown-6 (isomer B). 

FIG. 4. ORTEP diagram and atom-numbering scheme for the 
isomer A of dicyclohexano-18-crown-6 in the sodium phenoxide 
complex. 

and 5, respectively. The fractional coordinates and equivalent 
isotropic temperature factors of the non-hydrogen atoms are 
presented in Table 3. Oxygen-sodium bond lengths and angles 
appear in Table 4, average and range in the bond lengths and 
angles of the host and of the phenoxides are given in Table 5,  
and macrocyclic ring torsion angles appear in Table 6.* 

Host geometry and conformation 
As can be seen from Fig. 4 and Table 6,  the host conformation 

is highly irregular. The irregular part of the hexaether consists of 
seven atoms, from C(17) to C(5). The remaining atoms are 
found in the regular crown conformation. As in the case of the 
NaNCS complex of 18-crown-6 (7), the irregular fragment of 
the hexaether is folded out of the mean plane of the ring to 
partially envelop the cation guest. Thus, while four of the 
oxygens are found to lie in an approximate plane, the remaining 
two, O(3) and 0(18), are at distances of 1.903 and 2.655 A from 
that plane. The distortion observed in the present structure is 
more pronounced than that observed in the NaNCS complex of 
18-crown-6, where the irregular fragment consisted of five 
atoms and where five of the oxygen atoms were found to lie in an 
approximate plane (7). 

The average C-C bond length in the hexaether is 1.475 P\, 
while a value of 1.513 A is found in the cyclohexyls. In the 
hexaether, the average 0-C-C and C-0-C angles are 
110.0 and 115. lo ,  respectively, and the average C-0 distance 
is 1.420 A. The cyclohexyl rings are in the chair conformation 
with average absolute torsion angle values of 54.5 and 56.0". 

Host-guest interactions 
Figure 5 shows four sodium ions complexed by two crown 

ethers so that the 1:2 DC-18-crown-6 (A) sodium phenoxide 
complex has essentially a tetramer of sodium phenoxides. The 
two sodium ions are in different chemical environments. Na(1) 
is coordinated to only one of the hexaether oxygens, 0(6) ,  at a 
distance of 2.425 A and to three of the phenoxide oxygens at an 
average distance of 2.23 A. Na(2) lies in the plane defined by the 
four oxygens of the regular crown fragment. It is coordinated to 
all six ox gens of the hexaether at distances ranging from 2.358 
to 2.842 A with an average value of 2.55 A. In addition, Na(2) is 
coordinated to one phenoxide oxygen, 0(27), located at a 
distance of 2.323 A. It is worth noting that the distances 
between the Na+ and the phenolate oxygens are all significantly 
shorter than those between the Na+ and the crown oxygens. 
Thus, stronger interactions exist between the Na ions and the 
phenolate oxygens of the tetramer than between the Na ions and 
the crown oxygens. The Na(1)-Na(l), Na(2)-Na(2), and 
Na( 1)-Na(2) distances are 3.147,6.107, and 3.392 A, respec- 
tively. By comparison, the Na+ . . . Na+ distance in the complex 
of dibenzo-24-crown-8 with two sodium o-nitrophenolate salt 
molecules is 3.383 A (22). With this larger macrocycle, the 
polyether ring folds around a pair of sodium ions. The two 
halves of the complex are related by a two-fold symmetry axis 
which passes through a pair of aliphatic C-C bonds on 

@ Na 

0 

oc G LJ 
FIG. 5. ORTEP diagram and atom-numbering scheme for the 

sodium phenoxide complex. 
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FRASER ET AL. 823 

opposite sides of the crown ring. The two phenolate oxygens, 6. J. D. DUNITZ and P. SEILER. Acta Crystallogr. Sect. B, 30,2739 
one on  each side of the macrocyclic ring, bridge the pair of (1 974). 
cations. 7. M. DOBLER, J. D. DUNITZ, and P. SEILER. Acta Crystallogr. 

Sect. B, 30, 2741 (1974). 
Conclusions 8. P. SEILER, M. DOBLER, and J. D. DUNITZ. Acta Crystallogr. 

Sect. B, 30, 2744 (1974). 
In this paper9 the structures of of DC- 9. M. DOBLER and R. P. PHIZACKERLEY. Acta Crystallogr. Sect. B, 

18-crown-6 with unusual host:guest ratios were presented. Both 30, 2746 (1974). 
complexes were obtained from nonpolar ethereal 10. M. DOBLER and R. P. PHIZACKERLEY. Acta Crystallogr. Sect. B, 
solvents and in both cases, the " h a r d  phenoxide is the 30, 2748 (1974). 
counterion. In the case of the K+ complex, a dimer, and in the 11. C. RICHE, C. PASCARD-BILLY, B. CAMBILLAU, and G. BRAM. J. 
case of the Na+ complex, a tetramer is being complexed instead 
of the contact ion pair that would have been expected for these 
18-crown-6 macrocycles. 

Further work on  the structures of other unique complexes 
involving 18-crown-6 macrocycles is in progress and will be 
reported in due course. 
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Substitution regioselective d'arenesulfonylhydrazones a,p-insaturees via la reaction de Shapiro 
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JEAN CLAUDE CAILLE, MICHEL FARNIER ET ROGER GUILARD. Can. J .  Chem. 64, 824 (1986). 
Les arknesulfonylhydrazones de cyclopentanones a,p-insaturtes de type isopropylidene et cyclopentylidene cyclopen- 

tanones, ont CtC soumises i l'action successive d'organolithiens a -78°C et de divers agents tlectrophiles. La rCactivitt des 
hydrazones depend Ctroitement de la nature de 1'Clectrophile dont le choix permet d'orienter rCgiosClectivement la substitution. 
La structure des produits est Ctablie par analyse des spectres rmn 'H et I3C. Les hydrazones conservent leur configuration au cours 
de la rkaction. Un mtcanisme rCactionne1 faisant intervenir un intermkdiaire a ((six centres D esr proposC. Par ailleurs, la 
rCactivitC de ces hydrazones est mise i profit pour Claborer une nouvelle stratCgie de synthbse dlaldChydes monoterpCniques. 

JEAN CLAUDE CAILLE, MICHEL FARNIER, and ROGER GUILARD. Can. J .  Chem. 64, 824 (1986). 
Arenesulfonylhydrazones of a$-unsaturated cyclopentanones such as isopropylidene and cyclopentylidene cyclopentanones 

have been treated with alkyllithium reagents at -78OC followed by trapping with a variety of electrophiles. The reactivity of these 
hydrazones depends on the nature of electrophile that controls the regioselectivity of the reaction. The structure of all the products 
is established by 'H and I3c nmr. The reaction occurs with no inversion of configuration of the hydrazones. The formation of a 
"six centers" intermediate is discussed. Moreover, such a reactivity is used to prepare monoterpenic aldehydes. 

Introduction 
OpposCs aux dtrivCs organolithiens, les tosylhydrazones 

prksentent une rCactivitC singuliere (1) mise a profit dans un 
grand nombre de synthbes (2). Les travaux de Lipton et Shapiro 
(3) dkmontrent de plus que l'action des alkyllithiens s'accom- 
pagne de la formation d'un syn-dianion rtagissant tres aistment 
avec de nombreux agents tlectrophiles pour conduire a une 
hydrazone substitute en a (voie A, fig. 1). Par ailleurs, la 
dCcomposition du dianion conduit i~ un lithien vinylique 
pouvant Cgalement rCagir avec un Clectrophile (voie B, fig. 1). 
En outre la dCcomposition du dianion est plus aiste dans le cas 
d'hydrazones encombrtes telles les trisylhydrazones (4), sans 
que la rCactivit6 a l'tgard des tlectrophiles soit altCrCe. 

Cependant, peu de travaux ont t t t  consacrts aux arknesul- 
fonylhydrazones a,p-insaturkes, depuis les Ctudes de Shapiro, 
Dauben et coll. (5). Dauben et al. ont toutefois montrC le r6le 
dtterminant de la sttrCochimie de l'hydrazone et de la nature du 
solvant (6). Or nous avons rapport6 dans une note prtliminaire 
(7) qu'il Ctait possible d'alkyler rCgiostlectivement la tosyl- 
hydrazone de la cyclopentylidene cyclopentanone. Dans ce 
travail nous nous sommes proposts de montrer l'influence de 
1'Clectrophile sur la rCgiospCcificit6 de la rCaction et d'ttudier 
l'tvolution de la stCrtochimie des hydrazones. Dans ce but, nos 
travaux rCalisCs initialement au dCpart de la cyclopentylidene 
cyclopentanone ont CtC ttendus i l'isopropylidene cyclopenta- 
none, modele plus proche de celui utilist par Dauben et al. (6). 
De plus, nous avons tent6 d'tlaborer une voie d'acces a des 
aldthydes monoterpCniques, applicable a la synthkse d'analo- 
gues naturels. 

Resultats 
Rkactivitk d'hydrazones a ,  p-insaturkes vis-a-vis d'klectro- 

philes 
Les hydrazones 1 ont Ctt soumises a l'action du butyllithium, 

puis de divers agents Clectrophiles, selon la voie A schCmatiste 
sur la figure 1. Les proportions des produits 2 et 3 obtenus (fig. 2) 
dtpendent Ctroitement de la nature de 17Clectrophile, et l'ensem- 
ble de nos rCsultats est regroup6 en tableau 1. 

'Auteur i qui adresser toute correspondance. 
2RCvision repe  le 8 novembre 1985. 

Au dtpart de l'hydrazone l b  de l'isopropylidkne cyclopenta- 
none, et apres transformation en dianion correspondant, l'action 
de l'ioduie de mtthyle et du propionald~hyde conduit unique- 
ment et respectivement aux produits 2c  et 2d, resultant de 
l'attaque de 1'Clectrophile sur l'atome de carbone porteur du 
reste isoproptnyle. Dans le cas du sulfure de dimtthyle, 2 c6tt 
de l'hydrazone 2b  issue du m&me type d'attaque, il est possible 
d'isoler dans une faible proportion (5%) un mClange des 
isomkres 3 d  correspondant a une attaque sur les sommets y et yr 
du reste isopropylidkne. 

Dans la strie des hydrazones de la cyclopentylidkne cyclo- 
pentanone, l'action du sulfure de dimtthyle est alors rtgio- 
spCcifique et ne conduit qu ' i  l'hydrazone 2f. Cette m&me 
rCgiosp6cificitC est observte par action de l'iodure de mCthoxy-2 
Cthyle: seules les hydrazones 2e  et 2g  sont isolCes, ceci 
ind~~endarnrnent de la nature du reste aryle, tosyl (-SO2 
p-tolyle) ou trisyl (--SO;: triisopropyl-2,4,6 phenyle), port6 par 
l'hydrazone de dtpart. A l'oppost et, curieusement, lorsque 
l'on met en oeuvre le sulfure de diphtnyle, l'attaque ne porte 
jamais sur le carbone 2 de l'hydrazone de dtpart mais toujours 
sur les sommets y et yr du reste alkylidkne, quelle que soit la 
nature du reste alkylidkne et celle du groupe aryle-port6 par 
l'hydrazone : dans tous les cas, seuls les mtlanges d'hydrazones 
3a ,  3 c  et 3f sont obtenus. De plus, nous avons vtrifit que 
l'introduction d'un groupe alkylesur le sommet 5 de 17hydrazo- 
ne 1 de dCpart ne modifie pas cette sptcificitt : a partir de 
l'hydrazone l c ,  seul se forme le mClange 3e. Toutefois, la 
rCgiosClectivitt n'est pas toujours aussi marquCe puisque dans 
un cas, en utilisant le chloroformiate de mCthyle, nous isolons 
conjointement les hydrazones 2 a  et 3b  dans des proportions de 
68 et 32%. 

Ainsi la rCactivit6 des hydrazones a,p-insaturkes ne parait 
dipendre ni de la nature du groupe alkylidkne, ni de la nature du 
reste aryle port6 par l'hydrazone. Par contre, le choix de I'agent 
Clectrophile est un facteur dtterminant de la spCcificitC de la 
reaction. 

Synthese d'aldkhydes monoterpkniques 
Selon le schema rtactionnel reprCsentt en figure 1 (voie B), 

les hydrazones l b  et l c  sont traittes par le sec-butyllithium en 
exces dans le tttrahydrofuranne a -78°C. Le retour du milieu 
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CAILLE ET AL.: 1 

,NH- tosyl 
voie A N 

TABLEAU 1. Rtactivite d'hydrazones 1 vis-A-vis d'agents Clectrophiles 

ComposC 
de dtpart A 

Hydrazones 2 Hydrazones 3 
(proportions (proportions Rendement 

Ar R I  R relatives, %) relatives, %) (%I 

Isopropylidkne 
Isopropylidkne 
Isopropylidkne 
Isopropy lidkne 
Isopropylidkne 
Isopropylidkne 
Isopropylidkne 
Cyclopenty lidkne 
Cyclopenty lidkne 
Cyclopentylidkne 
Cyclopentylidkne 

p-Tolyle 
p-Tolyle 
TriisopropylphCnyle 
TriisopropylphCnyle 
Triisopropylphtnyle 
TriisopropylphCnyle 
TriisopropylphCny le 
p-Tolyle 
TriisopropylphCny le 
TriisopropylphCnyle 
TriisopropylphCnyle 

t r isyl  
I 

HN\ 
N ,  CH 0 

R (1)  sec- Buli, THF, -78'C r R  1 DMF! H ~ O *  R& 

rkactionnel a 0°C permet d'acctder aux lithiens vinyliques 
rksultant de la dCprotonation du sommet 1' (fig. 3). La 
condensation du dimCthylformamide (8) livre les aldehydes 
correspondants 4b et 4c  avec des rendements de l'ordre de 35%. 
Or, l'isomtre 5 de I'aldChyde 4 c  ainsi synthCtisC est le 
prkcurseur du chrysomClidia1 (9). 

C H O  CHO CHO 

Nous avons tent6 de proposer une voie d'accts plus simple a ce 
prkcurseur en utilisant les deux types de rCactivitC des artnesul- 

fonylhydrazones. En effet, l'introduction d'un groupement a 
priori facilement Climinable devait permettre la formation de la 
double liaison dans la position recherchte. Nos resultats sont 
schematises en figure 4. 

Comme nous l'avons dCj2 dCcrit, l'hydrazone 1 b traitCe par le 
sec-butyllithium puis le sulfure de dimCthyle conduit rCgio- 
~Clectivement au dCrivC 26. L'alkylation de ce dernier par 
l'iodure de mCthyle fournit l'hydrazone 6 avec un rendement de 
40%. 11 est a noter que l'obtention de cette hydrazone a CtC 
Cgalement envisagee en traitant directement l'hydrazone l c  par 
le sulfure de dimtthyle, mais cette voie ne permet d'isoler le 
compose 6 qu'avec un trts faible rendement (de l'ordre de 
10%). L'hydrazone 6 ,  traitCe comme dCcrit precedemment pour 
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CAILLE ET AL.: I 827 

I3C (tcho de spin)3 de 3 d :  des signaux distincts apparaissent 
pour les divers atomes de carbone des deux isomkres. Nous 
avons de plus v6rifit qu'aprks coupure de la fonction hydrazone 
(12) en cttone, ces dtdoublements obsew6s sur les spectres rmn 
13c persistent, ceci pour exclure l'existence tventuelle d'un 
mtlange des deux configurations syn et anti d'hydrazones. 
D'autres arguments en faveur de la prtsence d'une seule 
configuration pour ces hydrazones sont discutts dans le para- 
graphe suivant. 

Les spectres rmn 'H de toutes les hydrazones 2 mettent en 
tvidence des protons Cthyl6niques sous la forme de deux 
singulets entre 4,O et 5,2 ppm pour un reste isoproptnyle, et 
d'un multiplet entre 5, l  et 5,7ppm pour un reste cyclo- 
penttnyle. De plus, la prtsence d'un carbone quaternaire en 
position 2 est confinnee dans un cas particulier par le relevt du 
spectre rmn 13C (tcho de spin) pour l'hydrazone 2c. 

Enfin, il convient de souligner que l'hydrazone 6 correspond 
ii un mtlange de diasttrtoisomkres, ce qui se traduit sur le 
spectre rmn 'H par la presence de deux doublets pour le groupe 
mtthyle en position 5. 

Ste're'ochimie des hydrazones 
En optrant ii tempirature ambiante, il est classique (6) de 

n'obtenir que des hydrazones l a  (E) ii partir des cttones 
correspondantes. Les caracttristiques rmn reportees au tableau 
2 et dans la partie exp6rimentale pour les hydrazones 1, 
correspondent toujours ii la forme E, sauf dans le cas de 
l'hydrazone l a  oh nous avons de plus prtpart l'isomkre Z aux 
fins de comparaison des donntes rmn 'H. L'examen de ces 
donn6es pour les hydrazones l a  ( E )  et l a  (Z) montre que les 
glissements chimiques des divers protons de la forme E sont 
toujours suptrieurs ii ceux de la forme Z. Les donntes rmn des 
autres hydrazones 1 synthttistes confirment la configuration E 
du produit obtenu sauf pour l'hydrazone l c .  Dans ce cas, nous 
obtenons en fait un m6lange des configurations E et Z dans des 
proportions relatives de 80 et 20% : en effet, sur le spectre rmn 
'H, ii c6t6 des signaux relatifs aux groupes mtthyle en 1 ' et 3' de 
la forme E respectivement ii 1,89 et 1,74ppm, apparaissent 
deux autres singulets ii 1,61 et 1,54ppm correspondant aux 
mCmes protons de la forme Z. 

Nous avons voulu pr6ciser si la configuration de l'hydrazone 
ttait ~ 0 n ~ e ~ 6 e  ou non au cours de la rtaction conduisant aux 
hydrazones 2 et 3. La st6rtochimie des hydrazones d'alktnylcy- 
clopentanones 2 est dtmontrte sur un cas particulier: par 
coupure de l'hydrazone 2e, on isole la cttone 8 ii partir de 
laquelle l'hydrazone E est r6gCntrte ii temptrature ambiante 
(2g) (fig. 5). Les caracttristiques physicochimiques et rmn 'H 
du produit ainsi obtenu s'avkrent identiques ii celles de 
l'hydrazone 2e mise en jeu qui doit donc Ctre de configuration 
E. 

La comparaison des glissements chimiques obsewts pour les 
protons des groupes mtthyle en 1' et 3' des deux isomkres l a  
( E )  et l a  (Z) et de ceux des mCmes groupes mtthyle du mtlange 
des hydrazones 3a issu de la(E) montre encore que la configura- 
tion de la fonction hydrazone est consewte lors de la transfor- 
mation envisagte. L'examen des donntes rmn 'H des autres 
hydrazones 3 permet de gtntraliser ce rtsultat. Un dernier 
argument confirme la sttrtochimie E des hydrazones 2 et 3 : la 
protonation ii -78°C du dianion issu de 1 b de configuration E ne 
modifie pas la sttrtochimie de cette hydrazone. 

Le fait que la configuration E de l'hydrazone reste toujours 

3~icroprogramme d'tcho de spin, << JMODXH.AU ,,, Briiker. 

inchangte lors de la prtparation des composts 2 et 3 nous a 
conduit ii proposer un mtcanisme r6actionnel prtcisant la nature 
du dianion intermtdiaire. 

Me'canisme re'actionnel 
Lipton et Shapiro (3), puis Chamberlin et Bond (13), ont 

montrt que l'alkylation d'hydrazones E en a prockde par 
l'intermtdiaire d'un syn-dianion (voie A, fig. 1). Le mCme 
mtcanisme appliqut aux hydrazones a,p-insaturtes 1 que nous 
avons ttudites, aurait dii conduire aux produits de substitution 
en position 5. Or, nous n'avons jamais pu isoler de tels 
compods, mais uniquement les hydrazones de type 2 et 3. De 
plus, nous avons prtcist dans le paragraphe prtctdent que la 
rtaction s'effectue sans isom6risation de la fonction hydrazone 
E. I1 n'est donc pas possible d'envisager un intermediaire 
syn-dianion dans notre cas. L'hypothkse la plus plausible pour 
expliquer ces rtsultats parait Ctre l'intewention d'un inter- 
'm6diaire ii << six centres >> qui se forme par dtprotonation 
rtgiosptcifique du sornrnet 1'. Le mtcanisme rtactionnel 
propost est reprtsent6 en figure 6 : l'intermtdiaire ii six centres 
(A) conduit au dianion allylique (B), prtcurseur des hydrazones 
2 et 3. 

I1 est ii noter qu'un intermtdiaire ii six centres avait kt6 tvoqut 
par Bunnell et Fuchs (14) pour des hydrazones de P-ctto ester. 
Une interpritation possible du changement de rtgiosptcificit6 
obsewt lors de l'emploi du sulfure de diphtnyle comme agent 
tlectrophile serait la suivante: ?i partir du dianion (B), il y 
aurait formation initiale d'une sulfimine conduisant ulttrieure- 
ment aux hydrazones 3a, 3c, 3e et 3f selon 

SOpAr 

Conclusion 
L'ttude de la rtactivitt d'hydrazones a,p-insaturtes vis-2- 

vis d'agents 6lectrophiles montre que la dtprotonation rtsultant 
de l'action de l'alkyllithien est rtgiosptcifique et conduit ii un 
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828 CAN. I. CHEM. 

intermediaire a six centres. La configuration E des hydrazones 
est consemee au cours de la reaction. La formation d'un dianion 
allylique permet d'expliquer la formation concomitante ou non 
d'hydrazones d'alkenyle et d'alkylidkne cyclopentanones, la 
rt5giosClectivite de  la reaction etant sous la dkpendance essen- 
tielle de la nature de  l'electrophile mis en jeu. 

Cette reactivite particulikre a i t 6  appliquee a la synthkse 
d'aldehydes monoterpeniques et sera Cgalement mise en oeuvre 
dans l'article suivant pour proposer de  nouvelles voies d'accks 
a des 6-lactones cyclopenteniques. 

Partie experimentale 
Le dkroulement des rCactions est suivi par ccrn (chromatographie sur 

couche mince) sur gel de silice (Kieselgel60F254, Merck 5535). Les 
points de fusion mesurCs sur banc Kofler ne sont pas corrigCs. Les 
spectres infrarouges (ir) sont obtenus sur spectrophotom&tre Perkin 
Elmer 580 B. Les spectres de rksonance magnCtique nuclCaire (rmn) 
sont enregistrks a 400MHz sur appareil Briiker WM 400. Les 
dCplacements chimiques sont exprimCs en ppm, le TMS Ctant pris 
c o m e  rCfCrence interne (s, singulet; d, doublet; t, triplet; q, 
quintuplet; h, heptuplet; m, multiplet; M, massif). Les analyses sont 
effectuCes par le Service central de microanalyses du Centre national de 
la recherche scientifique. 

Le tktrahydrofuranne est distill6 sur LiAIH4, l'hexane et le tCtra- 
mCthylCthylbnediamine sur Call2. Les solutions d'alkyllithien sont 
commerciales. La lithiation des hydrazones est rCalisCe sous atmos- 
phkre d'argon. 

Les produits de dkpart suivants sont prCparCs par les mCthodes 
citCes en reference : isopropylidkne-2 cyclopentanone- 1 (15); isopropy- 
lidbne-2 mtthyl-5 cyclopentanone-1 (16); tosylhydrazone de la cyclo- 
pentylidbne-2 cyclopentanone-1 , Id  (17). 

Tosylhydrazones de l'isopropylid&neZ cyclopentanone-1 l a  (E) et l a  
(Z) 

(a) Tosylhydrazone 1 a (E) 
On dissout au bain-marie 11,2 g (60 mmol) de tosylhydrazide dans 

20mL d'Cthano1 ?I reflux en prCsence d'une goutte d'acide chlor- 
hydrique concentre, puis on ajoute, a temperature ambiante, I'iso- 
propylidbne-2 cyclopentanone-1 ( 7 3  g, 60 mmol). Aprbs 12 h au 
rCfrigCrateur, puis filtration, on obtient 14g (80%) d'un solide 
recristallisC dans 1'Cthanol; pf 216°C; Rr 0,27 (Cther Cthylique - 
hexane, 1 : 1); v,,(KBr) : 3250 (NH), 1650 (C=C), 1600 aromati- 
que, 1330 et 1150 (S02N) cm-'. Anal. calc. pour C15H20N202S :C 
61,63, H6.90, N9,58,O 10,95, S 10.95; trouvC: C61,79, H7,01, N 
9,70, 0 11,00, S 11,19. 

(b) Tosylhydrazone 1 a (Z) 
A une suspension de tosylhydrazide (5,O g, 26,9 mmol) dans 

1'Cthanol (50 mL), on ajoute I'isopropylid&ne-2 cyclopentanone-1 
(3,33 g, 26,9 mmol) et 0,4 mL d'acide chlorhydrique concentrk. Le 
mClange est portC a reflux pendant 3 h, puis CvaporC sous pression 
rCduite; I'huile brune obtenue est purifiCe par chromatographie sur gel 
de silice (Cluant : Cther Cthylique - hexane, 4 :  1). On recueille 4,7 g 
(60%) d'un solide recristallisC dans 1'Cthanol; pf 196°C; Rf 0,10 (Cther 
Cthylique - hexane, 1 : 1); vma,(KBr) : 3200 (NH), 1640 (C=C), 
1600 (aromatique), 1365 et 1160 (S02N) cm-'. Anal. calc. pour 
C15H2$IJ202S : C 61,63, H 6 ,90 ,0  10,95; trouvC : C 61,36, H 6,72,O 
11,27. 

Trisylhydrazones 1 b, 1 c et l e  
Le rn&me mode opiratoire est utilisC pour prkparer ces trois 

hydrazones : i une suspension de triisopropyl-2,4,6 benzknesulfonyl- 
hydrazide (29,8 g, 100 mmol) dans le methanol (100 mL), on ajoute 
I'alkylidbne cyclopentanone fraichement distillCe (100 mmol) et 1 mL 
d'acide chlorhydrique concentrk. On agite vigoureusement jusqu'a 
formation d'un prCcipitC abondant. Le mClange est ensuite dCposC au 
rCfrigCrateur pendant la nuit. Le prCcipitC obtenu est filtrk, lavC au 
mCthanol froid (3 X 50 mL), sCchC, puis recristallisC dans 1'Cthanol. 

(a) Trisylhydrazone de l'isopropylid&ne-2 cyclopentanone-1 1 b 
Rendement : 80%; pf 196°C; Rr 0,62 (Cther Cthylique - hexane, 

VOL. 64, 1986 

1 : 1); v,,(KBr) : 3250 (NH), 1655 (C=C), 1 6 h  (arornatique), 1330 
(S02N), 1160 et 1150 (S02N) crn-'. Anal. calc. pour C23H36N202S : C 
68,29, H 8,97, N 6,92; trouvC: C 68,21, H 8,98, N 6,81. 

(b) Trisylhydrazone de l'isopropylid&ne-2 me'thyl-5 cyclopentanone- 
I l c  

Rendernent : 40%; pf 158°C; Rf 0,69 (Cther Cthylique - hexane, 
1 : 1); v,,(KBr) : 3240 (NH), 1650 (C=C), 1600 (arornatique), 1330 
(SOIN), 1160 et 1150 (S02N) cm-'. Anal. calc. pour C24H38N202S : C 
68,87, H 9,15, N 6,69, S 7,64; trouvC: C 68,52, H 8,91, N 6,69, S 
733. 

(c) Trisylhydrazone de la cyclopentylid&ne-2 cyclopentanone-1 l e  
Rendernent: 80%; pf 206°C; Rr 0,59 (Cther Cthylique - hexane, 

1 : 1); v,,(KBr) : 3240 (NH), 1665 (C=C), 1600 (aromatique), 1330 
(S02N), 1160 et 1150 (S02N) cm-' . Anal. calc. pour C25H38N202S : C 
69,74, H 8,90, N 6,51, 0 7,43, S 7,43; trouvC: C 69,68, H 9,01, N 
6 ,40 ,0  7,47, S 7,61. 
Re'activite' des tosylhydrazones l a  (E) et Id  vis-a-vis d'agents 

e'lectrophiles 
Le mode opiratoire gCnCral est le suivant : une solution de 

tosylhydrazone l a  ou Id  (6,84mmol) dans le tktrahydrofuranne 
(30mL) est ajoutCe, 2 -78°C et goutte ?I goutte, une solution de 
n-butyllithium dans I'hexane (17,l mmol). L'agitation est poursuivie 
pendant 20 min avant d'introduire goutte a goutte l'agent Clectrophile 
(10,26 mmol) en solution dans 5 mL de tktrahydrofuranne. A la fin de 
l'addition le milieu rkactionnel est agitC pendant 15 min a -78"C, puis 
30 min a tempirature ambiante. Apr&s hydrolyse par NH4C1 (50 mL), 
extraction par 1'Cther Cthylique, lavage a l'eau et par une solution 
saturCe en NaCl, puis evaporation du solvant, on obtient une huile CluCe 
sur colonne de gel de silice par le mClange Cther Cthylique - hexane 
(1 : 1). 

(a) Action du suljiure de diphe'nyle sur l a  (E) 
Aprbs recristallisation dans l'kthanol, on isole 0,87 g de tosylhydra- 

zone de (phtnylthio- 1 '(3') isopropy1idkne)-2 cyclopentanone- 1 3a;  pf 
188-189°C; Rr 0,44 (Cther Cthylique - hexane, 1 : 1); vmaX(KBr) : 3200 
(NH), 1650 (C=C), 1600 (aromatique), 1340 et 1 170 (S02N) cm-'. 
Anal. calc. pour C21H24N202S2 : C 62,98, H 6,04, 6,99, 0 7,99, S 
15,98; trouvC: C 63,27, H 5,89, N 6,85, 0 8,53, S 15,69. 

(b) Action du chloroformiate de me'thyle sur l a  (E) 
Aprbs recristallisation dans l'kthanol, on obtient successivement : 

0,50g de la tosylhydrazone de I'isopropCnyl-2 mCthoxycarbony1-2 
cyclopentanone-1 2a;  pf 124°C; Rr 0,52 (Cther Cthylique - hexane, 
3 : 2); v,,(KBr) : 3200 (NH), 1725 (C02CH3), 1640 (C=C), 1600 
(arornatique), 1340 et 1170 (S02N) cm-'; rmn (CDC13) 6 : 7,82 et 7,29 
(2d, 4H, -Ca4-), 4,93 et 4,64 (2s, 2H, -C=CH2), 3,63 (s, 3H, 
-C02CH3), 2,41 (s, 3H, -C6H4-CH3), 2,31 (ddd, lH, = 

12.98, J3a4a = 6,24 et J3a4b = 9,83 Hz, H3a), 2,22 (dd, 2H, J4a5 = 
6,11 etJ4b5 = 8,81 HZ, (CH2)-5), 2,04(ddd, lH, J3a3b = 12,98, J3Ma 
= 6,08, J3Mb = 4,24 HZ, H3b), 1,8O (m, 1 H, J4as = 6,11, J4a4b = 
12,15, J3a4a = 6,24 et J3Ma = 6,08Hz, H4a), 1,73 (s, 3H, 
H3C-C=C), 1,69 (Ill, 1H, J4b5 = 8,81, J4a4b = 12,15, J3a4b = 9,83 
et J3b4b = 4,24 Hz, H4b). Anal. calc. pour C17H22N204S : C 58,28, H 
6,33, N 7,99,O 18,26, S 9,13; trouvC: C58,13, H6,24, N 8,24, 0 
18,11, S 9,02; et 0,24g de la tosylhydrazone de (mCthoxycarbonyl- 
l'(3') isopropy1idbne)-2 cyclopentanone-l3b; pf (dec.) 90°C; Rf 0,36 
(Cther Cthylique - hexane, 3 : 2); vmaX(KBr) : 3200 (NH), 1722 
(C02CH3), 1655 (C=C), 1600 (aromatique), 1340 et 1 170 (SOIN) 
cm-'.Anal. calc. pour C17H22N204S : C 58,28, H 6,33, N 7,99, 0 
18,26, S 9,13; trouvC: C 58,46, H 6,28, N 7,96, 0 17,92, S 9,05. 

(c) Action de l'iodo-1 me'thoxy-2 &thane sur Id 
Aprbs recristallisation dans le cyclohexane, on recueille 1,03 g de la 

tosylhydrazone de la cyclopentCny1-2 (mCthoxy-2 Cthy1)-2 cyclo- 
pentanone-1 2e;  pf 127°C; Rf 0,23 (Cther Cthylique - hexane, 2 :  1); 
v,,(KBr) : 31 80 (NH), 1662 (C=C), 1600 (aromatique), 1360 et 
1160 (S02N), 1120 (OCH3) crn-'; rmn (CDCI,) 6 : 7,86 et 7,25 
(2d, 4H, -Ca4-), 5,10 (rn, lH, -C=CH-), 3,30 (m, 2H, 
-CH20CH3), 3,23 (s, 3H, -OCH3), 2,41 (s, 3H, -C6H4-CH3), 
2,00-1,60 (M, 14H, mCthyl6nes cycliques et -CH2CH20CH3). 
Anal. calc. pour C20H28N203S : C 63,80, H 7,45, N 7,45, S 830;  
trouvC:C64,17, H7,52, N7,38, S8,33. 
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CAILLE ET AL.: I 829 

Re'activite' des trisylhydrazones Ib ,  I c  et l e  vis-a-vis d'agents 
aectrophiles 

Le mode op5ratoire gCnCral est le suivant: i une solution de 
trisylhydrazone (4,65 mmol) dans le titrahydrofuranne (20mL) i 
-78°C est ajoutte, goutte i goutte, une solution de sec-butyllithium 
dans le cyclohexane (1 1,62 mmol). Aprks agitation i -78°C pendant 
1,5 h on ajoute lentement, et i cette mCme tempkrature, l'agent 
Clectrophile (7 mmol) en solution dans le tktrahydrofuranne (5 mL). On 
maintient le milieu rCactionnel sous agitation pendant 7 h i -78°C. On 
rCalise l'hydrolyse i l'aide d'une solution saturte de NH4C1, l'extrac- 
tion par 1'Cther Cthylique, puis on lave 2 l'eau et i l'aide d'une solution 
saturCe de NaCl et l'on Cvapore les solvants organiques. 

(a) Action du sulfure de diphe'nyle sur I b  
L'huile obtenue est CluCe sur gel de silice, sous pression moyenne, 

par le melange Cther Cthylique - hexane (1 : 2,5). Aprks recristallisation 
dans l'Cthano1, on obtient 1,45 g de trisylhydrazone de (phknylthio- 
l'(3') isopropy1idkne)-2 cyclopentanone-13c; pf 120°C; Rf0,55 (Cther 
Cthylique - hexane, 1 : 1); v,,(KBr) : 3250 (NH), 1650 (C=C), 1600 
et 1565 (aromatique), 1330 (S02N), 1165 et 1155 (S02N) cm-I. Anal. 
calc. pourC29H40N202S2 : C 67,90, H 7,86, N 5,46,O 6,24, S 12,48; 
trouvC: C67,89, H 7,86, N 5,34, O6,17,  S 12,39. 

(b) Action du sulfure de dime'thyle sur I b  
Aprks chromatographie sur gel de silice (Cluant : Cther Cthylique - 

hexane, 1 : 2,5), on recueille, aprks recristallisation dans l'Cthano1, 
1,15g de trisylhydrazone de l'isoprop5nyl-2 mCthylthio-2 cyclo- 
pentanone-1 2b; pf 140-141°C; Rf 0,63 (Cther Cthylique - hexane, 
1 : 1); v,,(KBr) : 3240 (NH), 1640 (C=C), 1600 et 1560 (aromati- 
que), 1330 (S02N), 1 165 et 1 150 (S02N) cm-'; rmn (CDC13) 6 : 7,13 
(s, 2H, aromatiques), 5,14 et 4,86 (2s, 2H, -C=CH2), 4,19 (h, 2H, J 
= 6,80Hz, o-CH(CH,),), 2,88 (h, lH, J = 6,80 HZ, p-CH(CH3),), 
2,47 et 2,33 (2m, 4H, (CH2)-3 et (CH2)-5), 1,77 (m, 2H, (CH2)-4), 
1,60 (s, 3H, H3C-C=C), 1,37 (s, 3H, -SCH3), 1,30 (d Clargi, 
18H, J = 6,80Hz, -HC(CH3)2). Anal. calc. pour C24H38N202S2 : C 
63,97, H 8 3 0 ,  N 6,22,O 7,10, S 14,20; trouvC : C 63,90, H 8,69, N 
6,09, 0 7,27, S 14,20; et 0,062 g de trisylhydrazone de (mkthylthio- 
l'(3') isopropy1idkne)-2 cyclopentanone-134 pf 160°C; Rf0,59 (Cther 
Cthylique - hexane, 1 : 1); v,,,(KBr) : 3250 (NH), 1650 (C=C), 1600 
et 1565 (aromatique), 1335 (S02N), 1165 et 1150 (S02N) cm-I; rmn 
I3C (CDC13) 6 :  160,3 et 160,2 (C-1), 153,9 et 153,8 puis 151,9 et 
15 1,8 (2C, quaternaires aromatiques), 135,2 et 134,7 (C quaternaires 
aromatiques), 133,l et 133,Opuis 131,9et 131,8 (C-2etC-2'), 41,2et 
35,6 (-CH2SCH3) ppm. Anal. calc. pour C24H38N202S7 : C 63,97, H 
8,50, 0 7,10, S 14,20; trouvC: C 63,90, H 8,69, 0 7,27, S 14,20. 

(c) Action de l'iodure de mtthyle sur I b  
L'huile obtenue traitCe par le pentane abandonne 1,13 g de tri- 

sylhydrazone de 1'isopropCnyl-2 mCthyl-2 cyclopentanone-l2c recris- 
tallisCe dans 1'Cthanol; pf 137°C; Rf 0,65 (Cther Cthylique - hexane, 
1 : 1); v,,(KBr) : 3240 (NH), 1635 (C=C), 1600 et 1560 (aromati- 
que), 1330 (S02N), 1170 et 1155 (S02N) cm-I; rmn (CDC13) 6 : 7,12 
(s, 2H, aromatiques), 4,55 et 4,31 (2s, 2H, -CH=CH2), 4,19 (h, 
2H, J = 6,80 HZ, 0-CH(CH3)2), 2,88 (h, lH,  J = 6,80 Hz, 
P-CH(CH~)~), 2,20-1,60 (M, 6H, mCthylknes cyclopentaniques), 
1,45 (s, 3H, H3C-C=C), 1,30 (d Clargi, 18H, J = 6,80Hz, 
-CH(CH3)2), 1,12 (s, 3H, C-CH3); rmn I3C (CDC13) 6 : 162,9 
(C-l), 153,9, 15 1,9 et 147,6 (3C, quaternaires aromatiques), 131,l 
(C-27, 124,3 (CH aromatique), 1 12,2 (C- 1 '), 52,8 (C-2 quaternaire), 
38.2 (C-5), 34,9 (C-3'), 27,7 et 21,5 (C-3 et C-4) ppm. Anal. calc. 
pourC24H38N202S : C 68,87, H 9,15, N 6,69,O 7,64, S 7,64; trouvC : 
C 69,12, H 9,34, N 6,46, 0 7,65, S 7,94. 

(d) Action du propionalde'hyde sur I b  
Aprks Clution sur gel de silice, sous pression moyenne, par le 

mClange Cther Cthylique - hexane (1 : 1) et recristallisation dans 
l'Cthano1, on isole 1,03 g de trisylhydrazone de ll(hydroxy-1 propy1)- 
2 isopropCny1-2 cyclopentanone-1 2 4  pf 150°C; Rf 0,33 (Cther 
Cthylique - hexane, 1 : 1); vmax(KBr) : 3460 (OH), 3260 (NH), 1630 
(C=C), 1600 et 1565 (aromatique), 1340 (S02N), 1170 et 1155 
(S02N), 1110 (CHOH) cm-I; rmn (CDC13) 6 : 7,17 (s, 2H, aromati- 
ques), 4,90 et 4,60 (2s, 2H, -C=CH2), 4,15 (h, 2H, J = 6,80 Hz, 
o-CH(CH3),), 3,73 (dd, lH,  J = 8,54 et 4,92 Hz, -CHOH-), 3,47 

(d, lH, J = 4,92Hz, -CHOH-), 2,89 (h, lH, J = 6,80Hz, 
P-CH(CH~)~), 2,40 et 2,31 (2m, 4H, (CH2)-3 et (CH2)-5), 2,20- 1,70 
(M, 4H, (CH2)-4 et (-CHOHCH2CH3)), 1,60 (s, 3H, H3C-C=C), 
1,30 (d Clargi, 18H, J = 6,80Hz, -CH(CH3),), 0,83 (t, 3H, J = 
7,32 Hz, -CH2CH3). Anal. calc. pour C26H42N203S : C 67,50, H 
9,15, N6,05, 0 10,37, S 6,92; trouvC: C 67,59, H 9,22, N 6,00, 0 
10,51, S 7,20. 

(e) Action du sulfure de diphe'nyle sur I c  
Aprks chromatographie sur gel de silice sous pression moyenne 

(Cluant: Cther Cthylique - hexane, 1 :5) et recristallisation dans 
l'kthanol, on recueille 1,27 g de trisylhydrazone de mCthyl-5 (phinyl- 
thio-l'(3') isopropy1idkne)-2 cyclopentanone-1 3e; pf (dec.) 50°C; Rf 
0,61 (Cther Cthylique - hexane, 1 : 1); vmax(KBr) : 3200 (NH), 1650 
(C=C), 1600 et 1570 (aromatique), 1330 (S02N), 1160 et 1150 
(S02N) cm-'. Anal. calc. pour C30H42N202S2 : C 68,42, H 8,04, S 
12,15; trouvC: C 68,26, H 7,94, S 12,47. 

(f) Action du sulfure de diphe'nyle sur l e  
Aprks Clution sur gel de silice, sous pression moyenne, par le 

mClange Cther Cthylique - hexane (1 :5) et recristallisation dans 
llCthanol, on recueille 1,78 g de trisylhydrazone de (phCnylthio-l'(3') 
cyclopenty1idkne)-2 cyclopentanone-1 38 pf 140°C; Rf 03.5 (Cther 
Cthylique - hexane, 1 : 1); v,,(KBr) : 3240 (NH), 1650 (C=C), 1600 
et 1570 (aromatique), 1330 (S02N), 1 165 et 1150 (S02N) cm-I. Anal. 
calc. pow C31H42N202S2 : C 69,12, H 7,86,O 5,94, S 11,88; trouvC : C 
69,01, H 7,94, 0 5,75, S 1 2 , l l .  

(g) Action du sulfure de dime'thyle sur l e  
L'huile obtenue abandonne dans le pentane 1,20 g de trisylhydrazone 

de la cyclopentCny1-2 mCthylthio-2 cyclopentanone-1 2f, recristallisCe 
dans 1'Cthanol; pf 163°C; Rf 0,65 (Cther Cthylique - hexane, 1 : 1); 
v,,(KBr) : 3240 (NH), 1640 (C=C), 1600 et 1570 (aromatique), 
1330 (S02N), 1170et 1150 (S02N) cm-I; rmn (CDC13) 6 : 7,13 (s, 2H, 
aromatiques), 5,62 (m, 1 H, -CH=C-), 4,20 (h, 2H, J = 6,80 Hz, 
o-CH(CH3)2), 2,88 (h, lH,  J = 6,80Hz, p-CH(CH3)2), 2,40-130 
(M, 12H, mtthylknes cycliques), 1,37 (s, 3H, -SCH3), 1,30 
(d Clargi, 18H, J = 6,80Hz, -HC(CH3)2). Anal. calc. pour 
C 2 6 H ~ 2 0 2 S 2  : C 65,52, H 8,46, N 5,88, S 13,43; W O U V ~  : C 65,44, H 
832 ,  N 5,87, S 13,07. 

(h) Action de l'iodo-1 me'thoxy-2 e'thane sur l e  
L'huile obtenue traitte par le pentane abandonne 1,50 g de trisylhy- 

drazone de la cyclopentCny1-2 (mCthoxy-2 Cthy1)-2 cyclopentanone-1 
2g, recristallisCe dans 1'Cthanol; pf 144°C; Rf 0,48 (Cther Cthylique - 
hexane, 1 : 1); v,,(KBr) : 3240 (NH), 1650 (C=C), 1600 et 1570 
(aromatique), 1330 (S02N), 1165 et 1155 (S02N), 11 14 (OCH3) 
cm-I; rmn (CDC13) 6 : 7,13 (s, 2H, aromatiques), 5,11 (m, lH, 
-C=CH-), 4,18 (h, 2H, J = 6,80 Hz, o-CH(CH3)2), 3,16 (m, 2H, 
-CH20CH3), 3,14 (s, 3H, -OCH3), 2,88 (h, lH,  J = 6,80 
Hz, p-CH(CH3)2), 2,30-1,50 (M, 14H, mCthylknes cycliques et 
--CH2CH20CH3), 1,30 (d Clargi, 18H, J = 6,80 Hz, -CH(CH3)2). 
Anal. calc. pour C28H44N203S : C 68,82, H 9,07, N 5,73, 0 9,82, S 
6,55; trouvC: C 68,81, H 9,32, N 5,73, 0 9,97, S 6,69. 

Trisylhydrazone de l'isoprope'nyl-2 me'thyl-5 me'thylthio-2 cyclopen- 
tanone-1 6 

Selon le mode opCratoire dCcrit pour prCparer 2c, on obtient, i partir 
de 2,l  g (4,65 mmol) de 2b  et 1,Og dliodure de mCthyle, une huile 
CluCe sur gel de silice, sous pression moyenne, par le mClange Cther 
Cthylique - hexane (1 : 5). Aprks recristallisation dans l'Cthano1, on 
obtient 0,86 g (40%) d'un solide jaune pile; pf 145°C; Rf 0,66 (Cther 
Cthylique - hexane, 1 : 1); v,,(KBr) : 3172 (NH), 1635 (C=C), 1600 
et 1560 (aromatique), 1380 (S02N), 1160 et 1154 (S02N) cm-'; rmn 
(CDCl3 6 : 7,13 (s, 2H, aromatiques), 5,07 et 4,83 (2s, -C=CH2), 
4,15 (h, 2H, J = 6,80Hz, o-CH(CH3)2), 2,88 (h, lH,  J = 6,80Hz, 
p-CH(CH3)2), 2,20- 1,60 (M, 5H, protons cyclopentaniques), 1,66 (s, 
3H, H3C-C=C), 1,34 (s, 3H, -SCH3), 1,30 (d Clargi, 18H, J = 
6,80 Hz, -CH(CH3)2, 1,29 et 1,14 (2d, JS-CH, = 8,00 HZ, -CHCH3). 
Anal. calc. pour C25H40N202S2 : C 64,63, H 8,68, N 6,03, 0 6,88, 
S 13,77; trouvC: C 64,42, H 8,41, N 5,93, 0 6,99, S 13,49. 
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Me'thode ge'ne'rale de synthkse des alde'hydes 4b ,  4c et 7 
A une solution de trisylhydrazone (10 mmol) dans le tktrahydro- 

furanne (20 mL) est ajoutte, A -7S°C et goutte h,g?utte, une solution de 
sec-butyllithium dans le cyclohexane (35 mmol). A la fin de l'addition, 
le milieu rCactionne1 est agitC pendant 1 h A -7S°C, puis 1 h A 0°C. On 
ajoute alors le dimCthylfomamide (3,l mL, 40 mmol) en solution dans 
le t6trahydrofurame (5 mL). La solution obtenue est agitte 0°C 
durant 1 h, hydrolyste par une solution saturCe de NH4Cl, puis extraite 
par 1'Cther tthylique. Les phases organiques sont lavCes A l'eau et par 
une solution saturCe en NaCl, puis CvaporCes. Apres Clution du rtsidu 
sur gel de silice (solvant : Cther tthylique - hexane, 1 :5), l'aldthyde 
est is016 sous forme d'une huile jaune p2le. 

(a) lsoprope'nyl-2 cyclopentknecarbalde'hyde-1 4 b 
A partir de l b ,  on obtient 0,48g (35%) de 4b; Rf 0,57 (Cther 

tthylique - hexane, 1 : 4); v,,(film) : 1661 (CHO), 1607 (C=C) 
cm-'; rrnn (CDC13) 6 : 9,92 (s, 1 H, -CHO), 5,20 et 5,08 (2s, 2H, 
-C=CH2), 2,72 (tt, 2H, J340u54 = 7,60 et J3, = 2,00Hz, (CH2)-3 
ou -5),2,63 (tt, 2H, J540u34 = 7,60 et J3, = 2.00 HZ, (CH2)-5 ou -3), 
1,96 (s, 3H, CH3-C=C), 1,90 (q, 2H, J43 et J4, = 7,60Hz, 
(CH2)-4). Anal. cdc.  pour C9HI20: C 79,37, H 8,88, 0 11,75; 
trouvt : C 79,03, H 9.05, 0 11,90. 

(b) Isoprope'nyl-2 me'thyl-5 cyclopentPnecarbalde'hyde-1 4c 
A partir de l c ,  on obtient 0,55 g (37%) de 1'aldChyde 4c; Rf 0,60 

(Cther tthylique - hexane, 1 :4); v,,,(film) : 1662 (CHO), 1605 
(C=C) cm-'; rrnn (CDC13) 6 : 9 3 8  (s, lH,  -CHO), 5,20et 5,05 (2s, 
2H, -C=CH2), 3,14 (m, lH, H-5), 2,75,2,66,2,09 et 1,5 1 (4m, 4H 
(CH2)-3 et (CH2)-4), 1,94 (s, 3H, H3C-C=C), 1,13 (d, 3H, J = 
6,89Hz, -C-CH3). Anal. calc. pourCloHI40 : C 79,95, H 9,39,O 
10,65; trouvC: C 80,20, H 9,01, 0 11,12. 

(c) Isoprope'nyl-3 me'thyl-1 me'thylthio-3 cyclopentPnecarba1de'- 
hyde-2 7 

A partir de 6, on obtient 0,74g (38%) de I'aldChyde 7; Rf 0,33 
(Cther Cthyli ue hexane, 1 :7); v,,(film) : 1678 (CHO), 1615 
(C=C) cm'; (CDC13) 6 :  9.76 (s, IH, -CHO), 4,99 
(m, 2H, -C=CH2), 2,5 1-2,44 (M, 2H, (CH2)-5), 2,23 (t, 3H, 
JS-CH3 = 1,lO Hz, H3C-C=C-CHO), 2,20 (m, 2H, (CH2)-4), 

- 1,96 (s, 3H, -SCH3), 1,83 (dd, Jlc,.cH3 = 1,28 et Jl'b-CH, - 
0,55 Hz, H3C-C=C). Anal. calc. p 0 u r C ~ ~ H ~ ~ 0 S  : C67,32, H 8,22, 
0 8,15, S 16,31; trouvC: C 67,29, H 8,15, 0 8,40, S 16,Ol. 

Cyclopente'nyl-2 (me'thoxy-2 Pthy1)-2 cyclopentanone-1 8 
A une solution d'hydrazone 2e  (0,38 g, 1 mmol) dans le mClange 

acttone-eau (10: 1, 11 mL) est ajoutt 1'CthCrate de trifluorure de bore 
(0,63 mL, 5 mmol) (12). Le milieu rkactionnel est agitC pendant 48 A 
72 h A temp6rature ambiante. Le solvant est tvaport puis le rtsidu 
repris par le pentane (3 x 20 mL). Les phases organiques sont rtunies 

puis tvaportes pour donner 0,13 g (61 %) de cCtone 8; p t  135"C/3 Ton  
(1 Torr = 133,3 Pa); Rf 0,78 (Cther Cthylique - hexane, 1 : 1); 
v,,(film) : 1735 (CO), 1638 (C=C), 11 14 (OCH3) cm-I; m n  
(CDC13) 6 : 5,50 (m, lH, -CH=C-), 3,33 (m, 2H, -CH20CH3), 
3,27 (s, 3H, -OCH3), 2,30-1,83 (M, 14H, mCthyBnes cycliques et 
-CH2CH20CH3). Anal. calc. pour C13H2002 : C 74,96, H 9,68, 0 
15,36; trouvC: C 74,89, H 9,76, 0 15,37. 
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Sur une nouvelle methode de synthese de 6-lactones cyclopenteniques 
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JEAN CLAUDE CAILLE, MICHEL FARNIER, ROGER GUILARD, ANDRB AUBRY et CLAUDE LECOMTE. Can. J. Chem. 64, 831 
(1986). 

La synthese de deux &lactones cyclopenteniques, l'hexahydro-1,3,4,4a,5,6 cyclopenta[c]pyrannone-1 et son analogue 
substituC en position 4a par un cyclopenttnyle, est decrite au dtpart de la cyclopentanone et de la cyclopentylidkne-2 
cyclopentanone. La rCactivitC singulikre des tosylhydrazones permet la transformation de ces cyclopentanones en cyclopentknes 
fonctionnalisCs en vue de leur cyclisation ultkrieure en 6-lactone. Les conditions de cyclisation dependent de la nature de la 
cyclopentanone. La structure des deux 6-lactones synthetisees est etablie par analyse des spectres rmn 'H, 13C et de masse, et 
dans un cas, par analyse radiocristallographique. 

JEAN CLAUDE CAILLE, MICHEL FARNIER, ROGER GUILARD, ANDRB AUBRY, and CLAUDE LECOMTE. Can. J. Chem. 64,831 
(1 986). 

Synthesis of two cyclopentenic 6-lactones, 1,3,4,4a,5,6-hexahydrocyclopenta[c]pyran-1-one and its analogue possessing a 
cyclopentenyl group bonded to the carbon atom 4a is described, starting from the cyclopentanone or cyclopentylidene 
cyclopentanone. The remarkable reactivity of the tosylhydrazones allows transformation of these compounds into substituted 
cyclopentenes, which lead to 6-lactones by cyclization. The conditions of cyclization depend on the nature of the 
cyclopentanone. The structure of the two 6-lactones is established by 'H and I3C nIIx data, mass spectrometry, and, in one case, 
by X-ray analysis. 

Introduction 
Dans le mtmoire prectdent ( I ) ,  nous avons montrt que la 

rkaction de Shapiro (2) appliqute a des arknesulfonylhydra- 
zones de cyclopentanones a,p-insaturtes permet d'introduire 
rCgiosptcifiquement un groupe alkyle sur l'atome de carbone 
substitut par un reste insaturt et situt en a de la fonction 
hydrazone. Le produit d'alkylation soumis a l'action d'un 
alkyllithien conduit A un dianion qui se dCcompose a tempCra- 
ture ambiante en un anion vinylique trks rCactif vis-A-vis 
d'tlectrophiles. En utilisant cette rCactivitt particulikre et au 
dtpart d'hydrazones non cycliques, Adlington et Barrett (3) ont 
rkcemment mis au point une synthkse d'a-mtthylkne y- 
butyrolactones. Nous nous sommes proposCs d'utiliser des 
hydrazones de cyclopentanones pour acctder a des 6-lactones 
cyclopentCniques. En effet, ce motif 6-lactonique est frtquem- 
ment retrouvC dans un grand nombre de substances naturelles 
tels les monoterpknes bicycliques (4). Nous dtcrivons dans ce 
mCmoire la synthkse de deux 6-lactones cyclopentCniques 1 et 
2, une partie de ce travail ayant dtja fait l'objet d'une note 
prtliminaire (5). 

n o 

Resultats et discussion 
Les premikres ttapes de la synthkse des 6-lactones cyclopen- 

tCniques 1 et 2, communes aces deux dtrivts, sont schtmatistes 
en figure 1. 

1. Auteur i qui adresser toute correspondance. 
2. Revision r e p  le 8 novembre 1985. 

Les tosylhydrazones 3 et 4, prCparCes selon des modalitCs 
classiques A partir des cyclopentanones correspondantes, sont 
alkylCes aprks traitement par le n-butyllithium dans le mClange 
THF (tttrahydrofuranne) - hexane a -78"C, par l'iodo-1 
mCthoxy-2 tthane. Les dtrivts alkylts 5 et 6 sont obtenus avec 
des rendements respectifs de 64 et 45%. 

Les hydrazones 5 et 6 sont A nouveau traittes -78°C par une 
solution de n-butyllithium dans le mtlange TMEDA (tttra- 
mCthylCthylknediamine) - hexane. Les anions vinyliques gtntks  
aprks retour du milieu rkactionnel temperature ambiante sont 
soumis A un courant de COz; les acides obtenus aprks hydrolyse 
acide sont directement transformCs en chlorures 7 et 8 corres- 
pondants par traitement au chlorure d'oxalyle (rendements de 
l'ordre de 50%). 

Les divers essais de lactonisation des chlorures 7 et 8 sont 
respectivement reprCsentCs sur les figures 2 et 3. A partir du 
chlorure d'acide 7, les esters mtthylique 9a,  Cthylique 9b  et 
tertiobutylique 9c sont prCparCs classiquement avec des rende- 
ments de l'ordre de 90%. Le trichlorure et le tribromure de bore 
ont deja CtC utilisCs avec succks (6,7) pour lactoniser des esters 
porteurs d'un groupe mCthoxy. Aussi, nous avons tout d'abord 
tentt une lactonisation directe de l'ester 9a en le traitant par le 
tribromure de bore, mais dans notre cas, la proportion de lactone 
1 recherchte n'a jamais atteint 5%. Par ailleurs, une tentative de 
cyclisation de l'acide 10 obtenu par saponification de l'ester 9b  
s'est Cgalement soldte par un tchec. Nous avons alors chercht a 
utiliser avec profit les rCactifs prtconids par Olah et al. (8, 9) 
pour rCgCnCrer des fonctions acide et alcool A partir d'ester ou 
d'tther. Au dCpart de l'ester Cthylique 96 et par action 2 
tempCrature ambiante de l'iodure de dichloromtthylsilyle, 
l'alcool 11 uniquement est formt. Par contre, l'utilisation de 
l'ester tertiobutylique 9c  permet d'obtenir la lactone 1 selon 
deux voies : en optrant au reflux de l'adtonitrile en prksence 
d'iodure de dichloromtthylsilyle, la lactonisation s'effectue 
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tosyl tosyl 
I I 

N, 
N 

N\ 
N (1)n-BuLi, T M E D A ,  -789: COCl 

(1) n-BuLi, THF, -78'C kocH3 12) 208C 

( 2 ) I C H 2 C H 2 0 C H 3  (3) C02  , H3O ' 

(4 )  ( ~ 0 ~ 1 ) ~  , CgHs 
3 R =  < H  5 R ' = H  7 R ' = H  

H  

KOH, OMSO 

n 
I 

C6H6 t APTS 

n 

directement mais seulement avec un rendement de 44%; il est 
prCfCrable d'employer l'iodure de trimtthylsilyle, car celui-ci 
permet, via l'iodo-acide 12, d'isoler la m&me lactone avec un 
rendement de 63%. 

La m&me stratCgie pouvait B priori Ctre ttendue B la synthese 
de la lactone 2. Lors de l'estkrification du chlomre d'acide 8 par 
l'Cthano1, outre l'ester 13 attendu, il y a formation de chloro- 
ester 14 dans une proportion d'environ 17% (fig. 3). Tous nos 

essais de lactonisation de l'ester 13 par l'iodure de dichloro- 
mCthylsilyle se sont soldCs par un Cchec. Pour accCder a la 
lactone 2 recherchte, nous avons utilisC le chloro-ester 14 qui 
peut par ailleurs &tre obtenu avec un rendement de 96% en 
chauffant le chlomre d'acide 8 au reflux du benzkne. Le derive 
14 trait6 par la potasse dans le DMSO (dirnCthy1-sulfoxyde) 
conduit B l'hydroxy-acide 15 avec un rendernent de 80%. La 
cyclisation de ce dtrivt est aistrnent rCalisCe par chauffage au 
reflux du benzkne en prtsence d'acide p-toldnesulfonique et la 
lactone 2 est isolCe avec un rendement de 80%. 

Le chloro-ester 14 peut Ctre Cgalement utilisC pour accCder au 
6-lactame 17 correspondant (fig. 4), en le transformant en 
phtalimide 16 cyclist en prtsence d'hydrate d'hydrazine. 

~tablissement des structures 
La structure des divers produits synthCtists est Ctablie par 

analyse des spectres de rmn (rCsonance magnCtique nuclCaire) 
protonique dont les donnCes figurent dans la partie expCrimen- 
tale. Dans le cas des lactones 1 et 2, des informations 
stmcturales complkmentaires sont apportCes par la spectro- 
metric de masse et par la rmn I3C et, pour l'une des deux 
lactones, 2, une analyse radiocristallographique a CtC effectute. 
Cette Ctude radiocristallographique montre la presence d'un 
cycle 6-lactonique accolC B un cyclopentkne et porteur en 4a 
d'un reste cyclopentCnyle, comme represent6 en figure 5. . . 

L'angle form6 par les -plans moyens des cycles lactonique 
(C(4a)-C(7a jC(1)-O(2)-C(3)-C(4)) et cyclopentCnyle 
(C(4a)-C(5)-C(6)-C(7)-C(7a)) est Cgal B 17,9O et 
l'angle form6 par le plan moyen du reste cyclopentCnyle avec le 
plan rnoyen du bicycle lactonique est de 9 1,2". Les valeurs des 
longueurs et angles de liaisons (tableau 1) confirment la 
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CAILLE ET AL.: 2 

=OZ"e Phtalimide d e  K C%Me 0 $N-NH2,  H 2 0  

D M F ,  Nal, A MeOH, 20°C 

0 

FIG. 5. Vue ORTEP de la structure cristalline de 2. 

TABLEAU 1. Longueurs (A) et angles de liaisons (") 

Liaison Longueur Liaison Longueur 

Liaisons Angle Liaisons Angle 

pr6ence de deux liaisons doubles C(7)-C(7a) et C(1')- 
C(2'). Enfin l'examen des distances intennolCculaires montre 
que la cohCsion du cristal est assurCe par des forces de type van 
der Waals. 

Les donnCes spectrales sont en accord avec cet arrangement 
structural : le spectre rmn 13C du composC 2 montre effective- 
ment la prCsence d'un carbone quaternaire C(4a) ?I 51 ppm; en 
rmn protonique, pour cette lactone, seuls les protons CthylC- 
niques et ceux du mCthylkne en position 3 peuvent Ctre 
individualisb. Par contre, en rmn protonique 400 MHz et 
l'aide d'expCriences de corrklation homonuclCaire (COSY), 
l'attribution de tous les signaux des protons est possible pour la 
lactone 1 et ses prCcurseurs. 

Enfin, la configuration des hydrazones 5 et 6 est diffkrente : 
en effet, de f a ~ o n  classique (2b), l'hydrazone 5 est Z, alors que 
nous avons montrC dans l'article prCcCdent (1) que la configura- 
tion E de l'hydrazone 4 est conservCe lors de sa transformation 
en 6. 

Conclusion 
L'application de la rCaction de Shapiro des hydrazones de 

cyclopentanones constitue une voie d'accks aisCe ?i des cyclo- 
pentknes fonctionnalisCs. La lactonisation ultCrieure des cyclo- 
pentknes dCpend Ctroitement de la nature des fonctions portCes 
par le cycle. Les rCactifs silylCs de Olah ont permis une lactoni- 
sation uniquement lorsque la 6-lactone cyclopentCnique recher- 
chCe n'est pas substituCe par un reste cyclopentCnyle. Dans ce 
cas, la lactonisation a CtC rCalisCe via la cyclisation classique 
d'un acide alcool. 

Les deux nouvelles 6-lactones que nous avons synthCtisCes 
renferment le motif de base de divers produits naturels de la 
famille des monoterpknes bicycliques. La fonctionnalisation 
ultCrieure des 6-lactones obtenues devrait pennettre la prkpara- 
tion d'analogues structuraux d'iridoi'des. 

Partie experimentale 
Le dkroulement des reactions est suivi par ccm (chromatographie sur 
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couche mince) sur gel de silice (Kieselgel60F254, Merck 5535). Les 
points de fusion mesurCs sur banc Kofler ne sont pas corrigCs. Les 
spectres infrarouges (ir) sont enregistrks sur spectrophotomktre Perkin 
Elmer 580 B. Les spectres de masse sont obtenus par impact Clectroni- 
que (30-70eV) sur appareil Finnigan 3300. Les spectres m n  sont 
enregistrks 100 MHz sur spectromktre JEOL FX 100 et i 400 MHz sur 
appareil Briiker WM 400. Les dkplacements chimiques sont exprimes 
en parties par million et le tCtramCthylsilane est pris c o m e  rCfCrence 
interne (s, singulet; d, doublet; t, triplet; q, quadruplet; m, multiplet; 
M, massif). Les analyses sont effectuCes par le Service central de 
microanalyses du Centre national de la recherche scientifique. 

Le tCtrahydrofuranne est distill6 sur LiAlH4, l'hexane et le tetra- 
mCthylCthylknediamine sur CaH2. Les solutions d'alkyllithien sont 
commerciales. La lithiation des hydrazones est rCalisCe sous atmos- 
phkre d'argon. 

Matidres premidres 
Les produits de dCpart suivants sont prCparCs par les mCthodes citCes - - 

en rCfCrence : tosylhydrazone de la cyclopentanone, 3 (2); tosylhydra- 
zone de la cyclopentylidkne-2 cyclopentanone-1, 4 (10). La synthkse 
de la tosylhydra~one-6 est d~cri te  dans le mimoire prCcCdent i 1). 

Toylhydrazone de la (me'thoxy-2 e'thy1)-2 cyclopentanone-1 5 
A une solution de tosylhydrazone 3 (2,52 g, 10 mmol) dans le THF 

(60mL) est ajoutCe, goutte goutte et a -78"C, une solution de 
n-butyllithium dans I'hexane (20mmol). L'addition terminCe, on 
ajoute, goutte a goutte et a -78"C, de 1'iodo;l mCthoxy-2 Cthane 
(2,05 g, 11 mmol) (1 1) dans le THF (10 mL). A la fin de I'addition 
l'agitation est maintenue 15 min, puis on laisse le milieu rkactionnel 
revenir a temperature ambiante et maintient 30 min I'agitation. Aprks 
hydrolyse par une solution saturCe de NH4CI (40 mL), on extrait par 
1'Cther Cthylique (3 x 20mL). La phase organique lavCe a l'eau 
(30 mL), puis sCchCe et CvaporCe, abandonne 2 g (64%) d'hydrazone 5 
sous fome d'une solide blanc recristallisC dans 1'Cther isopropylique; 
pf 115°C; Rf 0,14 (Cther Cthylique - hexane, 2 :  1); v,,,(KBr): 3140 
(NH), 1645 (C=N), 1 170 (S02N), 1120 (OCH3) cm-'; rmn 100 MHz 
(CDCI,) 6 :  7,85 et 7,30 (2d, 4H, -C6H4-), 3,39 (t, 2H, J = 
6,59Hz, -CH20CH3), 3,28 (s, 3H, 0CH3), 2,42 (s, 3H, 
-C6H4CH3), 2,20-1,20 (M, 9H, protons cyclopentaniques et 
-CH2CH20CH3). Anal. calc. pour C15H22N203S : C 58,06, H 7,09, 
N 9,03, S 10,32; trouvC: C 58,13, H 7,07, N 9,30, S 10,39. 

Pre'paration des chlorures d'acide 7 et 8 
A une suspension de tosylhydrazone 5 ou 6 (30mmol) dans le 

mClange TMEDA - hexane (1 : 1; 100 mL) est ajoutCe a -78°C une 
solution de n-butyllithium dans l'hexane (105 mmol). La solution 
obtenue est agitCe pendant 15 min a -78"C, puis 8 h a temptrature 
ambiante. Aprks avoir nouveau refroidi a -78"C, la solution est 
traitCe par un rapide courant de C02 .  Aprks retour a tempkrature 
ambiante, la solution est hydrolyste par I'eau (300 mL) puis extraite 
par 1'Cther Cthylique (3 x 50 mL). La phase aqueuese est acidifiCe par 
l'acide chlorhydrique concentrC jusqu'a pH 1 et extraite par l'tther 
Cthylique (3 X 100 mL). Cette dernikre phase CthCrCe lavte a I'eau (5 x 
40 +), puis sCchCe, fournit par Cvaporation I'acide correspondant. 

A une solution de cet acide dans le benzkne anhydre (100 mL) est 
ajoutC goutte a goutte, sous courant d'azote et a temperature ambiante, 
le chlorure d'oxalyle (15 mL, 171 mmol). Aprks 3 h d'agitation a cette 
tempCrature, puis Cvaporation du solvant et de l'excks de reactif, on 
recueille le chlorure d'acide 7 ou 8 sous fome d'une huile (rendement 
= 50%) utilisCe sans autre purification pour les synthkses ultCrieures. 

Pre'paration des esters 9a, 9b et 9c 
(a) (Me'thoxy-2 e'thy1)-3 cyclopentdnecarboxylate-2 de me'thyle 9a 
Une solution de 2,65 g (14 mmol) du chlorure d'acide 7 dans 200 mL 

de mCthanol est portCe a reflux pendant 1 h. Le solvant est CvaporC et le 
rCsidu est purifiC par chromatographie sur gel de silice dans le solvant 
Cther Cthylique - hexane (1 : 4). On obtient 2,32 g (89%) d'une huile 
jaune; pk 125"C/3 Torr (1 Torr = 133,3 Pa); Rf0,39 (Cther Cthylique - 
hexane, 1 : 4); v,,,(film) : 1715 (C02Me), 1625 (C=C), 1 120 (OCH,) 
cm-I; m n  400MHz (CDCl,) 6 :  6,78 (m, lH, H-1), 3,73 (s, 3H, 

-C02CH3), 3,43 (dd, 2H, J = 6,40 et 7,38 Hz, -CH20CH3), 3,32 
(s, 3H, -OCH,), 3,O 1 (M, 1 H, H-3), 2,49 et 2,4 1 (2m, 2H, (CH2)-5), 
2,10 (m, 2H, H-4a et H-l'a), 1,75 (m, lH, H-4b), 1,51 (m, 1H, 
H-l'b). Anal. calc. pour C10H1603 : C 65,20, H 8,75,026,05; trouvC : 
C 64,87, H 8,82, 0 26,40. 

(b) (Me'thoxy-2 e'thy1)-3 cyclopent6necarboxylate-2 d'e'thyle 9b 
Le mode opkratoire est identique a celui decrit pour 9a,  et on isole 

l'ester 9b avec un rendement de 94%; pC 13OoC/3 Torr; Rf 0,42 (Cther 
Cthylique - hexane, 1 : 4); v,,,(film) : 1715 (C02Et), 1625 (C=C), 
1120 (OCH3) cm-I; m n  400 MHz (CDCI,) 6 : 6,77 (m, lH, H-1), 4,19 
(m, 2H, -C02CH2CH3), 3,43 (dd, 2H, J = 6,89 Hz et 7,38 HZ, 
-CH20CH,), 3,32 (s, 3H, OCH,), 3,00 (M, lH, H-3), 2,48 et 2,40 
(2m, 2H, (CH2)-5), 2,10 (m, 2H, H-4a et H-1 'a), 1,74 (m, lH, H-4b), 
1,51 (m, lH, H-l'b), 1,30 (t, 3H, J = 7,39 Hz, -C02CH2CH3). 
Anal. calc. pour CllHl8O3: C 66,64, H 9,15, 0 24,21; trouvC: C 
66,37, H 8,86, 0 24,41. 

(c) (Mkthoxy-2 e'thy1)-3 cyclopentdnecarboxylate-2 de tertiobutyle 
9c 

Cet ester a CtC prCparC selon la mCthode dCcrite par M. Yamaguchi et 
col!. (12). 

A une solution de 2,65 g de chlorure d'acide 7 dans le benzkne 
anhydre (50 mL) sont ajoutCs, sous courant d'azote, le cyanure 
d'argent (3,75 g, 30mmol) et I'alcool tertiobutylique (15mL). Le 
mClange est port6 a reflux pendant 1 h, puis filtrC. Aprks Cvaporation 
du filtrat et Clution sur gel de silice dans le melange Cther Cthylique - 
hexane (1 : 4), on recueille 2,91 g (92%) d'ester 9c sous fome d'une 
huile jaune; pC 14OoC/3 Torr; Rf 0,45 (Cther Cthylique - hexane, 1 : 4); 
v,,(film) : 1710 (C02tBu), 1625 (C=C), 1120 (OCH3) cm-'; m n  
400 MHz (CDCI,) 6 : 6,67 (m, lH, H-1), 3,42 (dd, 2H, J = 6,90 et 
7,38Hz, -CH20CH3), 3,33 (s, 3H, -OCH3), 2,94 (M, lH, H-3), 
2,49et2,41 (2m, 2H, (CH2)-5), 2,08 (m, 2H, H-4aetH-l'a), 1,71 (m, 
lH, H-4b), 1,54 (m, lH, H-l'b), 1,49 (s, 9H, -C(CH3),). Anal. 
calc, pour Cl3HZ2o3 : C 68,99, H 9,80, 0 21,21; trouvC : C 68,62, H 
9,50, 0 21,44. 

(Hydroxy-2 e'thy1)-3 cyclopentdnecarboxylate-2 d'e'thyle 11 
A une suspension d'iodure de sodium (5,25 g, 35 mmol) dans 

I'acCtonitrile (60 mL) sont ajoutks, sous courant d'azote, le trichloro- 
mCthylsilane (5,23 g, 35 mmol) et l'ester 9b (6g, 30 mmol). Le 
mClange est agitC a tempkrature ambiante pendant 8 h, puis hydrolysC 
par I'eau (60 mL). Aprks extraction par 1'Cther Cthylique (3 x 50 mL), 
la phase organique est lavCe par une solution saturCe de thiosulfate de 
sodium (30 mL) puis par I'eau (30mL), sCchCe et Cvaporte. Aprks 
Clution sur gel de silice par le mClange Cther Cthylique - hexane (4 : l ) ,  
on obtient 4 g (72%) d'ester alcool 11 sous forme d'une huile incolore; 
pC 143"C/1 Torr; Rf 0,23 (Cther Cthylique - hexane, 1 : 1); v,,,(film) : 
3420 (OH), 17 15 (C02Et), 1620 (C=C) cm-'; rmn 400 MHz (CDCl,) 
6 : 6,81 (m, lH, H- 1), 4,20 (q, 2H, J = 6,90 Hz, -C02CH2CH3), 
3,64 (m, 2H, -CH20H), 3,08 (M, lH, H-3), 2,50 (m, 2H, (CH2)-5), 
2,17 (m, 2H, H-4a et H-l'a), 1,84 (m, lH, H-4b), 1,65 (m, lH, 
H- 1 'b), 1,30 (t, 3H, J = 6,90 Hz, -C02CH2CH3). Anal. calc. pour 
C10H1603 : C 65,21, H 8,70, 0 26,08; trouvk : C 65,43, H 8,73, 0 
25,84. 

Acge (iodo-2 e'thy1)-3 cyclopentdnecarboxylique-2 12 
A une suspension d'iodure de sodium (1,35 g, 9mmol) dans 

I'acCtonitrile (15 mL) sont ajoutts, sous courant d'azote, I'ester 9c 
(0,60 g, 3 mmol) puis le trimCthylchlorosilane (0.98 g, 9 mrnol). Le 
mClange est port6 a reflux pendant 16 h, puis hydrolysC par 15 mL 
d'eau. Aprks extraction par 1'Cther Cthylique (3 x 10 mL), la phase 
organique est lavCe par une solution saturCe de thiosulfate de sodium 
(10 mL) puis par I'eau (10 mL), stchte et CvaporCe. On recueille 0,56 g 
(70%) de l'iodo-acide 12 recristallisC dans le cyclohexane; pf 104°C; Rf 
0,30 (Cther Cthylique - hexane, 1 : 1); v,,,(KBr) : 3240 (OH), 1670 
(C02H), 1625 (C=C); rmn 400 MHz (CDCI,) 6 : 6,97 (m, lH, H- l),  
3,25 (td, lH, J = 4,75 et 9,63 Hz, H-2'a), 3,12 (td, lH, J = 7,52 et 
9,63 Hz, H-2'b), 3,00 (M, lH, H-3), 2,5 1 (m, 2H, (CH2)-5), 2,43 (m, 
lH, H-4a), 2,17 (m, lH, H-l'a), 1,80 (m, lH, H-4b), 1,70 (m, lH, 
H-l'b). Anal. calc. pour CsHIL021: C 36,00, H 4,13, I47,74; trouvC : 
C 36,47, H 4,18, I47,68. 
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CAILLE ET AL.: 2 835 

Actde (me'thoxy-2 e'thy1)-3 cyclopentbnecarboxylique-2 10 
A une solution d'ester 96 (1,21 g, 6 , l  mmol) dans le DMSO (50 mL) 

est ajoutCe une solution de potasse 2 N (20 mL). On chauffe pendant 4 h 
100°C. La solution est ensuite hydrolysCe par l'eau (50 mL), puis 

extraite par 1'Cther Cthylique (3 X 15 mL). La phase aqueuse est alors 
acidifiCe par HCl concentre, puis i nouveau extraite par 1'Cther 
Cthylique (3 x 20 mL). Cette dernibre phase organique lavCe jusqu'a 
neutralit&, sCchCe, puis CvaporCe, abandonne 0,83 g (80%) de l'acide 
10 sous forme d'un liquide incolore; vmax(film): 3240 (OH), 1685 
(C02H), 1620 (C=C), 11 14 (OCH3) cm-I; rmn 400 MHz (CDC13) 6 : 
6,92 (m, lH, H-1), 3,44 (dd, 2H, J = 6,40 et 7,38 Hz, - CH20CH3), 
3,33 (s, 3H, -OCH3), 3,02 (M, lH, H-3), 2,50 (m, 2H, (CH2)-5), 
2,13 (m, 2H, H-4a et H-l'a), 1,75 (m, lH,  H-4b), 1,53 (m, lH, 
H-l'b). Anal. calc. pour CgHI4o3 : C 63,51, H 8,29,O 28,20; trouvC : 
C 63,39, H 8,40, 0 28,28. 
Hexahydro-I ,3,4,4a,5,6 cyclopenta[c]pyrannone-I 1 

Cette lactone a CtC isolCe soit a partir de l'ester 9c, soit i partir de 
l'acide 12. 

(a) Synthbse d partir de l'ester 9c 
A une suspension d'iodure de sodium (12,l g, 81 mmol) dans 

I'acCtonitrile (60 mL) sont ajoutks, sous courant d'azote, le trichloro- 
mCthylsilane (12,l g, 81 mmol) et l'ester 9c (7 g, 31 mmol). Le 
mClange est portC a reflux pendant 24 h. On ajoute 50 mL d'eau puis on 
extrait par 1'Cther Cthylique (3 X 50 mL). La phase organique est lavCe 
par une solution saturCe de thiosulfate de sodium (30 mL) puis par l'eau 
(30 mL), sCchCe et CvaporCe. L'huile obtenue est purifiCe par chro- 
matographie sous pression moyenne sur gel de silice avec le mClange 
Cther Cthylique - hexane (1 : 1). On isole ainsi 1,9 g (44%) de lactone 1. 
sous forme d'une huile; pC 130°C/0,1 Torr; Rf 0,30 (Cther Cthylique - 
hexane, 1 : 1); vmax(film) : 1721 (C02-), 1630 (C=C) cm-I; rmn 
400 MHz (CDC13) 6 : 6,99 (m, lH, H-7), 4,46 et 4,31 (2m, 2H, 
= 4,65, = 2,05, = 2,76, = 12,37 et = 

11,47 Hz, (CH2)-3), 2,98 (M, lH, H-4a), 2,46 (m, 2H, (CH2)-6), 2,37 
(m, lH,  H - 5 4 ,  2,11 (m, lH,  H - 4 4 ,  1,66 (m, 2H, H-5P et H-4P); 
spectre de masse : M+' 138 (69%), 108 (34), 94 (40), 80 (100). Anal. 
calc. pour C8HI0o2: C 69,56, H 7,25, 0 23,19; trouvk: C 69,30, H 
7,38, 0 23,32. 

(b) Synthbse a partir de l'acide 12 
A une solution de I'acide 12 (0,2 g, 0,75 mmol) dans I'acCtonitrile 

(IOmL) on ajoute, sous courant d'azote, le perchlorate d'argent 
monohydrati. (0,31 g, 1,5 mmol). On agite durant 48 h a tempkrature 
ambiante; le prCcipitC obtenu est filtrC et la phase organique est lavCe a 
l'eau (3 X 20 mL) puis par une solution saturCe en NaCl, sCchCe et 
CvaporCe. On recueille ainsi 93 mg (90%) de lactone 1. 

Pre'paration des esters 13 et 14 
(a) Action de l'e'thanol sur le chlorure d'acide 8 
Une solution de 3,58 g de chlorure d'acide 8 dans 200 mL d'Cthano1 

est portCe a reflux pendant 1 h. Aprbs Cvaporation de l'Cthano1, le rCsidu 
est Clue sur gel de silice par le melange Cther Cthylique - hexane (1 :4) 
et on recueille dans I'ordre : 0,64g (15%) de (chloro-2 Cthy1)-3 
(cyclopentCny1-1')-3 cyclopentbnecarboxylate-2 de mCthyle, 14; 
p5 13OoC/0,05 Torr; Rf 0,58 (Cther Cthylique - hexane, 1 : 4); v,,(filrn) : 
1718 (C02Me), 1620 (C=C), 655 (C-Cl) cm-'; rmn lOOMHz 
(CDC13) 6 :  6,87 (m, lH, H-1), 5,37 (m, lH, H-2'), 3,69 (s, 
3H, -C02CH3), 3,43 (m, 2H, -CH2Cl), 2,65-1,60 (M, 12H, 
mCthylknes cyclopentCniques et -CH2CH2Cl). Anal. calc. pour 
CI4Hl9O2C1 : C 66,14, H 7,48,O 1239; trouvC : C 66,41, H 7,60, 0 
12,86; et 2,77 g (75%) de (cyclopentCny1-1')-3 (mCthoxy-2 ethyl)-3 
cyclopentknecarboxylate-2 dlCthyle, 13; pC 135"C/0,05 Tom; Rf 0,37 
(Cther Cthylique - hexane, 1 :4); vmax(film) : 1718 (C02Et), 1625 
(C=C), 11 14 (OCH3) cm-I; rmn 100 MHz (CDC13) 6 : 6,84 (m, lH, 
H-1), 5,35 (m, lH, H-2'),4,11 (q, 2H, J = 7,20 Hz, -C02CH2CH3), 
3,34 (m, 2H, -CH20CH3), 3,27 (s, 2H, -OCH3), 2,43- 1,60 (M, 
12H, mkthylbnes cyclopentCniques et -CH2CH20CH3), 1,25 (t, 3H, 
J = 7,20 Hz, --C02CH2CH3). Anal. calc. pour C16H2403 : C 72,69, 
H 9,15, 0 18,16; trouvC: C 72,98, H 9,03, 0 18,26. 

(b) Chauffage du chlorure d'acide 8 au reflux du benzbne 
Une solution de 3,58 g de chlorure d'acide 8 dans le benzbne 

(100 mL) est portke reflux pendant 12 h. Aprks Cvaporation du solvant 
et purification sur gel de silice dans le melange Cther Cthylique - hexane 
(1 :4), on obtient 3,43 g (96%) du chloro-ester 14. 

Acide (cyclopente'nyl-1')-3 (hydroxy-2 e'thy1)-3 cyclopentbnecarboxy- 
lique-2 15 

A une solution du composC 14 (0,3 g, 1,18 mmol) dans le DMSO 
(20 mL) est ajoutCe une solution de potasse 2 N (5 mL). On porte i 
100°C durant 4 h ,  puis on hydrolyse par l'eau (40mL). La phase 
aqueuse est extraite par I'Cther Cthylique (3 X lOmL), puis acidifiCe 
par l'acide chlorhydrique concentre et extraite a nouveau par 1'Cther 
Cthylique (3 X 20 mL). Cette dernibre phase organique est lavCe l'eau 
(4 X 15 mL), sCchCe et CvaporCe. On recueille 0,21 g (80%) d'acide 
alcool 15, recristallisC dans le benzbne; pf 130°C; v,,,(KBr): 3400 
(OH), 1688 (C02H), 1618 (C=C) cm-'; rmn 100 MHz (CDC13) 6 : 
7,00(m, lH,H-1),5,40(m, 1H,H-2'),4,49(M, 1H,-OH),3,66(m, 
2H, -CH20H), 2,53-1,75 (M, 12H, mCthylbnes cyclopentCniques et 
-CH2CH20H). Anal. calc. pour CI3Hl8o3 : C 70,24, H 8,16, 0 
21,59; trouvC: C 69,89, H 8,29, 0 21,82. 

(Cyclopenttnyl-11)-4a hexahydro-1,3,4,4a,5,6 cyclopenta[c]pyran- 
none-1 2 

On porte reflux pendant 3 h dans un appareil Dean-Stark 
l'hydroxy-acide 15 (2,6 g, 11,7 mmol) dissous dans le benzbne 
anhydre (100 mL) en prCsence d'acide p-tolubnesulfonique (0,05 g). 
Le mClange rkactionnel est versC sur de l'eau glacCe et extrait par 1'Cther 
Cthylique (3 X 50 mL). La phase organique est lavCe a l'eau, sCchCe et 
CvaporCe. Le rCsidu Clue sur gel de silice par le melange Cther Cthyli- 
que - hexane (1 : 1) fournit, aprbs recristallisation dans l'hexane, 1,90 g 
(80%) de lactone 2; pf 74°C; Rf 0,41 (Cther Cthylique - hexane, 1 : 1); 
v,,(KBr) : 1709 (C02-), 1630 (C=C) cm-'; rmn400 MHz (CDC13) 
6:7,00(m, 1H,H-1),5,38(m, lH,H-2'),4,29et4,16(2m,2H, 
= 4,89, = 1,60, = 2 3 4 ,  = 13,06 et = 
11,36Hz, (CH2)-3), 2,41-1,62 (M, 12H, methylknes cyclopentCni- 
ques et-CH2CH20-); spectre de masse : M+' 204 (loo%), 176 (43), 
148 (40). Anal. calc. pour Cl3Hl6O2: C 76,47, H 7,84, 0 15,69; 
trouvC : C 76,89, H 7,68, 0 15,54. 

(Cyclopente'nyl-1')-3 (phtalimido-2 e'thy1)-3 cyclopentbnecarboxy- 
late-2 de me'thyle 16 

A une solution du composC 14 (0,5 g, 1,97 mmol) dans le DMF 
(dimCthylformarnide) anhydre (IOmL) sont ajoutCs, sous courant 
d'argon, le phtalimide de potassium (0,46 g, 2,5 mmol) et l'iodure de 
sodium (0,45 g, 3 mmol). On chauffe a 100°C durant 24 h. On 
hydrolyse par l'eau (30 mL) et extrait la phase aqueuse par 1'Cther 
Cthylique (3 X 15 mL). La phase organique est lavCe i l'eau, sCchCe et 
CvaporCe. Aprks Clution sur gel de silice par le mClange Cther Cthylique 
- hexane (1 : l ) ,  on obtient 0,3 g (42%) du phtalimide 16 recristallisC 
dans 1'Cthanol; pf 118°C; Rf 0,42 (Cther Cthylique - hexane, 1 : 1); 
vmaX(KBr) : 1771 (imide), 171 1 (C02Me), 1614 (C=C), 1608 
(aromatique); rmn lOOMHz (CDC13) 6 :  7,82 et 7,69 (2m, 4H, 
aromatiques), 6,88 (m, lH,  H-1), 5,45 (m, lH,  H-27, 3,65 (s, 
3H, -C02CH3), 3,64 (m, 2H, -CH2N-), 2,58-1,63 (M, 12H, 
mCthylknes cyclopentCniques et -CH2CH2N-). Anal. calc. pour 
C22H23N04: C 72,33, H 6,30, N 3,83, 0 17,53; trouvC : C 72,25, H 
6,39, N 3,75, 0 17,77. 

(Cyclopente'nyl-11)-4a hexahydro-1,3,4,4a,5,6 2H-cyclopenta[c]- 
pyridinone-1 17 

A une solution du composC 16 (1,5 g, 4 , l  mmol) dans le mCthanol 
(20mL) est ajoutCe une solution aqueuse d'hydrate d'hydrazine 
(13,7 mmol). On agite pendant 3 h a tempkrature ambiante, puis on 
ajoute une solution de 6,9 mL d'acide acCtique dans 30 mL de 
mkthanol. On agite pendant 5 min 20°C et filtre le prCcipitC forme. 
Aprks Cvaporation du filtrat, on ajoute 40 mL de CH2C12. La phase 
organique est lavCe par une solution saturCe de NaHC03 puis par l'eau, 
sCchCe et CvaporCe. L'huile obtenue est purifiCe par chromatographie 
sous pression moyenne sur gel de silice h I'aide du melange Cther 
Cthylique - hexane (1 : 1). On isole, aprbs recristallisation dans le 
benzbne, 0,2 g (24%) de lactame 17; pf 200°C; Rf 0,17 (Cther Cthylique 
- hexane, 4 :  1); v,,(KBr): 3200 (NH), 1656 et 1639 (CONH-) 
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TABLEAU 2. CoordonnCes fractionnaires des atomes de carbone et 
d'oxygkne 

Atome x/a  Y I ~  z/c Be, (A2) 

cm-';rmn400MHz(acCtone-d6, D20) 6 : 6,55 (m, lH, H-l), 5,26 (m, 
IH, H-27, 3,24 (m, lH,  J3u3P = 12,70, J3a4a = 5,30 et J3a4P = 
1,90Hz, H-3a), 3,12 (m, lH, J3a3P = 12,70, J3P4a = 12,70et J 3 P 4 P  
= 3,69 Hz, H-3P), 2,33-1,64 (M, 12H, mCthylknes cyclopentCniques 
et-CH2CH2NH-). Anal. calc. pourC13H17N0 : C 76,81, H 8,43, N 
6,89, O7,87; trouvC: C76,80, H 8,53, N6,77, O7,71. 

Analyse radiocristallographique du compose' 2 
C13H1602 M = 204 
Monoclinique 12/c(h + k + 1 = 2n; h01, l= 2n); a = 17,144(7), b = 
6,274(3), c = 20,977(7) A; P = 98,66(3)"; V = 2231 A3; Z = 8; pc = 
1,21 g/cm3; F (0, 0, 0) = 880; p (MoKa) = 0,45 cm-I. 

Les cristaux du composC 2 ont CtC obtenus par recristallisation dans 
l'hexane. Aprks de multiples essais, un cristal de taille 0,2 x 0,4 x 
0 , l  mrn a CtC utilisC pour enregistrer, sur un diffractomktre automatique 
CAD4 Enraf-Nonius, 2310 rkflexions avec le rayonnement K& du 
molybdkne monochromatisC au graphite (1 < 28 < 60°, largeur de 
balayage (0,90 + 0,35 tan 8)"). Seules 935 reflexions ont CtC 
conservtes pour affiner la structure rCpondant au critkre statistique I > 
3,3u(I). Les intensitks ont CtC corrigCes des phCnomknes de Lorentz et 
de polarisation, l'absorption a CtC nCgligCe. L'ensemble des rCflexions 
a CtC renormalis6 par suite de la dCcomposition du cristal (AI,/Ic = 
0,25 B la fin de l'enregistrement) en ajustant une droite au sens des 
moindres carrCs A l'intensitt de deux rCflexions de contrBle (312, 112). 
La structure a CtC rksolue dans le groupe 12/c (x, y , z; f ,  j ,  i; x, j ,  1 /2  
+ z; f ,  y, 112 - z; + 112, 1/2,1/2) pour conserver un angle P proche 
de 90". Les coordonnCes fractionnaires des atomes de carbone et 
d'oxygkne ont CtC dCterminCes A l'aide du programme MULTAN (13). 
Au cours de l'affinement (SHELX 76 (14)), chaque atome non- 
hydrogkne a CtC affect6 d'un coefficient d'agitation thermique ani- 

sotrope. L'ensemble des atomes d'hydrogkne a CtC trouvC dans les 
sections de la difference de la densite Clectronique et affinC avec un 
facteur d'agitation thermique isotrope. L'affinement a convergt 
jusqu'aux indices suivants : R(F) = 0,057; R,(F) = 0,051;3 R(F') = 
0,058; S = 1,47;3 N, = 198; N, = 935; w = l,7/[u2(F) + 0,0016 F2]; 
max A/u  = 0,23 pour z de C(11); p risiduelle maximum = 0,2 E / A ~ .  

Les coordonnCes fractionnaires des atomes autres que les atomes 
d'hydrogkne sont rassemblkes dans le tableau 2. La numkrotation des 
atomes est visualisCe en figure 5. Les coordonnCes fractionnaires des 
atomes d'hydrogkne, les facteurs d'agitation thermique et une liste des 
facteurs de structure ont CtC dCposCs sous forme de matkriel supplC- 
mentaire .4 

1. J. C. CAILLE, M. FARNIER et R. GUILARD. Can. J. Chem. 64,824 
(1986). 

2. (a) R. H. SHAPIRO. Org. React. 23,405 (1976); (b) M. F. LIPTON 
et R. H. SHAPIRO. J. Org. Chem. 43, 1409 (1978). 

3. R. M. ADLINGTON et A. G. M. BARRETT. J.  Chem. Soc. Chem. 
Commun. 1071 (1978). 

4. A. F. THOMAS. Duns The total synthesis of natural products. Vol. 
2. Editeur : J. ApSimon. Wiley - Interscience, New York. 1973. 
p. 62 et rCfCrences citCes. 

5. J. C. CAILLE et R. GUILARD. Tetrahedron Lett. 2771 (1984). 
6. K. MORI, T. TAKIGAWA et M. MATSUI. Tetrahedron Lett. 3953 

(1976). 
7. P. A. GRIECO, M. NISHIZAWA, T. OGURI, S. D. BURKE et N. 

MARINOVIC. J. Am. Chem. Soc. 99, 5773 (1977). 
8. G. A. OLAH, S. C. NARANG, B. G. BALARAM GUPTA et R. 

MALHOTRA. J. Org. Chem. 44, 1247 (1979). 
9. G. A. OLAH, A. HUSAIN, B. G .  BALARAM GUPTA et S. C. 

NARANG. Angew. Chem. Int. Ed. Engl. 20, 690 (1981); G. A. 
OLAH, A. HUSAIN, B. P. SINGH et A. K. MEHROTRA. J .  Org. 
Chem. 48, 3667 (1983). 

10. J. T. SHARP, R. H. FINDLAY et P. B. THOROGOOD. J. Chem. Soc. 
Perkin Trans. 1, 102 (1975). 

11. K. KUROSAWA, H. OBARA et H. UDA. Bull. Chem. Soc. Jpn. 39, 
530 (1966). 

12. S. TAKIMOTO, J. INANAGA, T. KATSUKI et M. YAMAGUCHI. Bull. 
Chem. Soc. Jpn. 49, 2335 (1976). 

13. P. MAIN, M. M. WOOLFSON, L. LESSINGER, G. GERMAIN et J .  P. 
DECLERCQ. MULTAN. A system of computer programs for the 
automatic solution of crystal structures from X-ray diffraction 
data. York University, Angleterre et UniversitC de Louvain, 
Belgique. 1974. 

14. G. M. SHELDRICK. Programs for crystal structure determination. 
Cambridge University, Angleterre. 1976. 

3. R,(F) = CH - Fc)I/CH W'~~F,; S = [C w(F, - F,)' + 
(m - n)]li2. 

4. On peut acheter ces donnCes en s'adressant au DCpBt des donnCes 
non publiCes, ICIST, Conseil national de recherches du Canada, 
Ottawa (Ontario), Canada KIA 0S2. 
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The structures of huperzine A and B,' two new alkaloids exhibiting marked anticholinesterase activity 
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JIA-SEN LIU, YUAN-LONG ZHU, CHAO-MEI Yu, YOU-ZUO ZHOU, YAN-YI HAN, FENG-WU WU, and BAO-FENG QI. Can. J. 
Chem. 64, 837 (1986). 

Huperzine A and B, two new Lycopodium alkaloids isolated from Huperzia serrata (Thunb.) Trev., are shown to possess 
structures 1 and 3, respectively, on the basis of chemical and spectroscopic data. 

JIA-SEN LIU, YUAN-LONG ZHU, CHAO-MEI Yu, YOU-ZUO ZHOU, YAN-YI HAN, FENG-WU WU et BAO-FENG QI. Can. J. 
Chem. 64, 837 (1986). 

En se basant sur des donnCes chimiques et spectroscopiques, on dkmontre que les deux nouveaux alkaloi'des du Lycopodium, 
les huperzines A et B, qui ont CtC isolCs du Huperzia serrata (Thunb.) Trev., poss2dent respectivement les structures 1 et 3. 

[Traduit par la revue] 

Huperzine A (1) and B (3), two new Lycopodium alkaloids, 
were isolated from Huperzia serrata (Thunb.) Trev. = Lycopo- 
dium serratum Thunb., a Chinese folk medicine. They exhibit 
strong anticholinesterase activity in pharmacological studies (1) 
and markedly increase efficiency for learning and memory in 
 animal^.^ Presently, the use of huperzine A in the treatment of 
myasthenia gravis (2), Alzheimer's dementia, and for the 
improvement of senile memory loss are under clinical investiga- 
tion. In this paper we report chemical studies on the structures of 
huperzine A and B. 

Hu erzine A (I) ,  C15H18N20 (M+ 242.1426), mp 230°C, 
[ a ] ~ . '  - 150.4" (c  0.498, MeOH), shows the characteristics 
of an a-pyridone in its uv spectrum (A,,, (EtOH) nm (log E): 

231 (4.01), 313 (3.89)), ir spectrum (3180, 1650, 1615, 1550 
cm-'), and 'H nmr spectrum (see Table 1). Dehydrogenation 
of huperzine A over Pd/C at 300°C affords 6-methyl-2(1H)- 
pyridone, further attesting to the presence of an a-pyridone ring 
in the molecule. The presence of an endocyclic double bond and 
an exocyclic double bond as revealed in the 'H and 13C nmr 
spectra of huperzine A (Tables 1, 2), as well as the similarity of 
its mass spectrum with that of selagine (3), indicate that the 
structure of huperzine A (1) closely resembles that of the known 
alkaloid selag&e (2) (4). The specific rotation (-99" in MeOH) 
of selagine (4) is much less than that of huperzine A. The 
olefinic proton of the endocyclic double bond in the 'H nmr of 
1 1,12-dihydroselagine appears as a singlet (4), while in the 'H 
nrnr of huperzine A (1) or in the 'H nmr of 1 1,12-dihydrohuper- 
zine A the olefinic proton appears as a doublet. This clearly 
accounts for the structural differences between 2 and 1 and 

'presented in part at the International Symposium on Organic 
Chemistry of Medicinal Natural Products (IUPAC), Shanghai, China, 
November 1985. After submission of the manuscript to the symposium, 
we found that an analogous alkaloid named isoselagine had been 
reported (9). From the published data, we conclude that huperzine A 
is not identical with isoselagine and that the latter may be the Z isomer 
of huperzine A. 

'Author to whom correspondence should be addressed 
3X-C. Tang. Personal communication. 

1 R 1 = R 2 = R 3 = H  2 
l a  R1 = Me, R2 = R3 = H 
l b  R' = R2 = Me, R3 = H 
l c  R' = R2 = R3 = M e  
Id  ~1 = Ac, = R' = R3 = H 

indicates the presence of a vicinal methine coupled to the 
olefinic proton in compound 1 .  This partial structure can be 
accommodated in the molecule if the endocyclic double bond is 
located at C-8,C-15 with the olefinic proton at C-8. Corrobora- 
tive evidence for the proposed structure is available from 
'H-{'H} decoupling experiments and nOe (nuclear Overhauser 
effect) measurements. Irradiation at H-7 leads to simultaneous 
decoupling of H-8 and H-6, while irradiation at H-14 produces a 
12.2% nOe enhancement at H-3. 

Methylation of huperzine A with methyl iodide, formic acid/ 
formaldehyde, and dimethyl sulfate provides N-monomethyl- 
huperzine A (la) ,  mp 235-236°C; N,N-dimethylhuperzine A 
( lb) ,  mp 243-245°C; and N,N,N-trimethylhuperzine A ( lc) ,  
viscous oil, respectively. Acetylation of 1 in Ac20/Py furnishes 
N-acetylhuperzine A ( I d ) ,  mp 276-277°C. Catalytic hydro- 
genation of 1 with Pt/EtOH gives 11,12-dihydrohuperzine A, 
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TABLE 1. 'H nuclear magnetic resonance data* of huperzine A (1) and B (3) 

1 (l00MHz) 3 (400 MHz) 

H-2 6.38, d, J2,3 = 9 
H-3 7.84, d, J2,3 = 9 
H-6 2.76, 2H, AB part of ABX, 

J 6 ~ z . 6 ~  = 16, J6~z,7 = 3, J6P.7 0 
H-7 3.56, m 
H-8 5.38, d, 57,8 = 5 

H-16 1.46, 3H, s 
NH 13.20, bs 
(in pyridone) 

H-2 6.43, d, J2,3 = 9.3 
H-3 7.68, d, J2,3 = 9.3 
H-6a 2.85, dd, J6a,6P = 17.8, J6a,7 = 5.4 
H-6P 2.43, d, J 6 ~ , 6 p  = 17.8, J6p,7 a 0 
H-7 2.34, ddd, J7,12 = 3.6, J7,8 = 4.7, J6a.7 = 5.4 
H-8 5.43, bd, J7,8 = 4.7 
H-9a 2 . 2 9 , d d d , J 9 , , 9 p = 1 3 . 5 , J 9 a , l o p = 1 2 . 5 , J 9 a , ~ ~ a = 1 . 7  
H-9P 2.74, ddd, J9a,9p = 13.5, J9u,10P = 3.3, J ~ P , I o ~  = 1.7 
H-lOa 1.54t 

H-12' 1.67, ddd, JI1 , ,12  = 12.5, J l l p , 1 2  = J7,12 = 3.6 
H-14,,, 1.83, d, JI4,14 = 16.5 
H-14,, 2.02, d, J14.14 = 16.5 
H-16 1.59, 3H, s 
NH 13.20, bs 
(in pyridone) 

*In CDCI,; chemical shifts, 6, in ppm relative to internal TMS; coupling constants, J, in Hz. The assignments are based on 'H-{'H} selective 
decoupling experiments. 

?Overlapping signals. 

TABLE 2. Carbon-13 chemical shifts* of huperzine A (1) and B (3) observed. Selagine (2) (5) has a Zconfiguration of the exocyclic 
double bond. 

6 (multiplicity) Huperzine B ( 3 ,  C16H20N20 (M+ 256.1558), mp 270-27 1°C 
[ a ] g  -54.2" ( c  0.203, MeOH), also possesses an a-pyridone 

Carbon 1 (22.63 MHz) (25.18 MHz) and a C-8,C-15 endocyclic double bond. It is characterized by 

165.52 (s) 
116.97 (d) 
140.25 (d) 
122.95 (s) 
142.59 (s) 
35.24 (t) 
32.95 (d) 

124.36 (d) 

12.31 (q) 
111.23 (d) 
143.30 (s) 
54.35 (s) 
49.25 (t) 

134.09 (s) 
22.57 (q) 

165.39 (s) 
117.90 (d) 
140.37 (d) 
117.90 (s) 
143.27 (s) 
29.45 (t) 
34.59 (d) 

126.12 (d) 
48.03 (t) 
25.34t (t) 
28.13t (t) 
40.70 (d) 
53.22 (s) 
41.67 (t) 

132.23 (s) 
22.68 (q) 

*In CDCI,, relative to internal TMS 
?May be interchanged. 

mp 269-270°C, while use of Pt/AcOH gives tetrahydrohuper- 
zine A, mp 264-265°C. 

Examination of the 'H nmr of huperzine A and its derivatives 
shows a remarkable upfield shift of the signals for H-3 and H- 1 1 
of 0.30 and 0.1 1 ppm in N-monomethylhuperzine A ( l a )  and of 
0.44 and 0.14 ppm in N-acetylhuperzine A (ld).  The remaining 
protons do not show any significant shift relative to the 
corresponding protons of huperzine A. This information reveals 
a close spatial relationship between H-3, H- 1 1 and the N-methyl 
or the N-acetyl group, i.e., the exocyclic double bond of 
huperzine A has an E configuration. This assignment was 
confirmed by nOe experiments. Enhancements at H-7 of 1 1.7% 
upon irradiation of H- 10 and 8.3% upon irradiation of H-6 were 

its uv spectrum (A,,; (MeOH) nm (log E): 231 (3.93, 312 
(3.85)), ir spectrum (3 100, 1670, 1620, 1610, 1560 cm-I), and 
'H and 13C nmr spectra (see Tables 1,2). The notable difference 
between 1 and 3 is the absence of signals corresponding to an 
exocyclic double bond in the 'H and l3C nmr spectra of 3. 
Methylation of 3 with formic acid/formaldehyde provides 
N-methylhuperzine B, mp 272-273°C a compound the spectral 
characteristics of which closely resemble those of the known alka- 
loid P-obscurine 4 (6). Dehydrogenation of huperzine B with 
Pd/C at 300°C furnishes 7-methylquinoline and 6-methyl-2(1H)- 
pyridone, providing further evidence that huperzine B possesses 
structure 3. 

An attempt to transform N-methylhuperzine B to P-obscurine 
by hydrogenation was unsuccessful. Hydrogenation of an acetic 
acid solution of N-methylhuperzine B in the presence of Pt gave 
a single product in nearly quantitative yield. The product was 
identified as 15-epi-P-obscurine, mp 28 1-283"C, characterized 
by the high-field chemical shift (6 0.60) of the C- 15 methyl in its 
'H nmr (7). This result suggests that, in N-methylhuperzine B, 
H-12 is P since in this configuration hydrogen addition to the 
C-8,C-15 double bond should proceed to produce 15-epi-P- 
obscurine. The stereochemistry at C-12 is verified by nOe 
experiments. Irradiation at H-12, H-lop, and H-1 l a  causes a 
7 .9 ,7 .4 ,  and 10.6% enhancement at H-14,,,, H-12, and H-6a, 
respectively, indicating the close spatial relationship between 
H-12, H-14,,, and H-lop, and between H-1 l a  and H-6a. The 
'H nmr line-broadening effect (8) in chloroform-d containing a 
trace of acid, which causes signals of H- 12, H- 14,,,, and H- 1OP 
to broaden and to shift downfield 0.2 1, 0.27, and 0.19 pprn 
respectively, also leads to the conclusion about the configura- 
tion of the three protons spatially close to the nitrogen lone-pair 
electrons, i.e., that H-12 is P configuration. 
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COMMUNICATION 839 

The assignment of absolute configuration for the bridgehead 
carbons C-13 and C-7 rests on the comparison of cd (circular 
dichroism) curves of 15-epi-P-obscurine derived from huper- 
zine B 3 with that of P-obscurine 4, a compound of known 
configuration (6). The cd curve of 15-epi-P-obscurine closely 
resembles that of P-obscurine except in the amplitude of the first 
Cotton effect at 310 nm. This phenomenon is also observed 
when the cd of huperzine B and 1 1,12-dihydrohuperzine A are 
compared, demonstrating that the configurations of the bridge- 
head carbons in P-obscurine, huperzine B, and huperzine A are 
similar. Thus, the 7R, 13R,11E configuration may be assigned 
to huperzine A, and 7S, 13R, 12R to huperzine B. 
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The reduction of (1-(4-cyanophenyl)-3-hydroxy3-buten-l-one-N)pentaamminecobalt(III) 
by chromium(I1) 

I ROBERT J. BALAHURA' AND A. JOHNSTON 
Guelph-Waterloo Centre for Graduate Work in Chemistry, Department of Chemistry and Biochemistry, Universiv of Guelph, 

Guelph, Ont., Canada N l  G 2Wl 
: Received June 3, 1 9 ~ 5 ~  

ROBERT J. BALAHURA and A. JOHNSTON. Can. J. Chem. 64,841 (1986). 
The reduction of the title compound, 

I 1 
by chromium(II) is first order in Cr(II) and obeys the rate law kobsd = klKa'/(Kaf + [H+]) at 25.0°C and I = 1.0molL-' 

I (LiC104) with kl = (2.9 + 0.1) X lo4 L mol-' s-I and K,' = 0.86 + 0.03 mol L-'. In the rate law, kl refers to reduction of the 
3 + ion above and the K,' is the acid dissociation constant for the protonated form of 1. The reduction occurs by a remote attack 
inner-sphere mechanism with complete transfer of the organic ligand to chromium. 

ROBERT J. BALAHURA et A. JOHNSTON. Can. J. Chem. 64, 841 (1986). 
Le composC 1 mentionnC dans le titre 

est rCduit par le chrome(JI); la riaction est du premier ordre en Cr(I1) et, a 25,0°C, elle obCit a la loi de vitesse kobs = kl Kal/(Ka' , + [Ht]) alors que I = 1,O mol L-' (LiC104), kl = (2,9 * 0 , l )  x 1 0 4 ~  mol-' s-' et K,' = 0,86 + 0,03 mol L-'. Dans 
1'Cquation de vitesse, kl se rapporte a la rkduction de l'ion 3+ mentionnk plus haut alors que K,' reprksente la constante de 
dissociation de la forme protonte du composk 1. La rkduction se produit par un mCcanisme d'attaque distance de la couche 
interne avec un transfert complet du ligand organique vers le chrome. 

[Traduit par la revue] 
I 

Introduction where a COCH3 fragment has been lost. In this paper we wish to 
Electron transfer via "remote" substituents has been shown to repod on the preparation, characterization, and chromium(11) 

I occur in a wide variety of systems (1-5). For reduction of 
(NH3)5CoNC--C6H4-R complexes by chromium(II), inner- 
sphere remote attack by the reductant takes place for R = CN 
(6), C(0)CH3 (7), CHO (6), C02- (a), and 0- (9). In all of 
these cases, the second-order rate constant determined is a 
composite of kc, (intramolecular electron transfer) and K, 
(formation of precursor complex), which, in general, cannot be 
separated. However, for reduction of (NH3)5CoNCacac2+, 
where NCacac = 3-cyano-2,4-pentanedionate, by chromium- 
(11), saturation behaviour was observed with respect to the 
reductant concentration and individual values of k,, and K, were 
obtained (10). This behaviour was attributed to three features of 
the remote P-diketonate group: ( I )  the large affinity of C?+ for 
hard oxygen donors, (2) the formation of a "stable" chelate with 

I the reductant, and (3) a reduction of electrostatic repulsion by 
1 the presence of the delocalized negative charge. 

In extending these studies, we attempted the synthesis of an 
' analogous complex, ( N H ~ ) ~ c o N C ~ ~ H ~ ~ ( O & ~ C ~ C ~ + .  

This preparation resulted in the isolation of 1 

1 

'Author to whom correspondence may be addressed. 
2~evision received December 13, 1985. 

Experimental 
All reagent solutions were prepared in water that was deionized and 

distilled from alkaline permanganate in an all-glass apparatus. All 
metal salts, solvents, and organic starting materials were of reagent 
grade and used without further purification. Chromium(II) solutions 
were prepared as previously described (1 1). All kinetic measurements 
were performed on a Dionex model D-100 stopped-flow spectro- 
photometer interfaced with a digital storage unit. Reactions were 
carried out under pseudo-first-order conditions with the ratio Cr(II)/ 
Co(III) > 15 at 314 and 360 nm. Observed rate constants were obtained 
directly from the exponential decay traces by curie matching with a 
calibrated decay generator. 

The pK, of [(NH~)~c~Nc-c~H~-c(o)cH=c(oH)-cH~]~+ 
was determined by potentiometric titration with 0.01 mol L-' KOH 
(12). 

Reaction mixtures from kinetic runs were subjected to ion exchange 
chromatography using SP-Sephadex cation exchange resin and Dowex 
50W 50x8-200 cation exchange resin and eluted with gradually 
increasing concentrations of NaC104/HC104 solutions. Chromium 
concentrations were determined by oxidation to Cr04-2 and measure- 
ment of the absorbance at 372 nm (e = 4815 L mol-' cm-') (13). 

Proton magnetic resonance spectra were obtained using Varian A60 
or Bruker WP60lT spectrometers. Ultraviolet-visible spectra were 
recorded on a Beckman Acta CIII spectrophotometer, and infrared 
spectra were recorded using KBr pellets on a Beckman IR12 infrared 
spectrophotometer. Measurements of pH were made using a Radiometer 
model PHM26 pH meter. 
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Syntheses 
Preparation of 3-(4-cyanobenzoy1)-2,4-pentanedione 
To a stirred solution of 5.0 g 4-cyanobenzoyl chloride in benzene 

was added 10.0 g thallium(1) 2,4-pentanedionate, and the reaction 
mixture was heated at 50°C for 30 min. The precipitate of thallous 
chloride was filtered off and the benzene solution reduced in volume 
under vacuum to yield a viscous oil. This oil was taken up in ethanol 
and a small amount of water added. Refrigeration of this solution 
yielded crystals of 3-(4-cyanobenzoy1)-2,4-pentanedione, which was 
washed with water and air-dried. The nitrile stretching frequency was 
observed at 2235 cm-'; 'H nmr spectrum (DMSO-d6) 6: 8.20 (C6H4, 
4H), 2.20 (CH3, 6H), 17.2 (0-H, 1H). Anal. calcd. for C13HllN03: 
C68.1,H4.84,N6.11;found:C68.0,H4.70,N6.10.  

Preparation of (I-(4-cyanopheny1)-3-hydroxy-2-buten-1-one-N)- 
pentaamminecobalt(I1I) perchlorate, [(NH3)5CoNC-C&4- 
0 OH 
II I 
C-CH=C-CH3](C104)3 

To a solution of 5.0 g [(NH3)5Co(CF3S03)](CF3S03)2 (14) in 25 mL 
sulfolane was added 2.2 g 3-(4-cyanobenzoy1)-2,4-pentanedione. The 
red solution was stirred for 1 day at 40°C, and the resultant orange 
solution was poured into 500 mL diethyl ether. The orange semisolid 
was washed with several portions of ether, dried, and dissolved in 
500mL water. The filtered aqueous solution was charged onto a 
CM-Sephadex column and eluted with 0.1-0.5 mol L-' NaCl solu- 
tion. The required complex moved down the column as a yellow band, 
with the characteristics of a 3+ ion. The band was physically removed 
and the complex removed from the resin by addition of 5 mol L-' 
NaCl. Addition of sodium perchlorate resulted in precipitation of a 
light yellow powder, which was filtered, washed with water, ethanol, 
and finally ether, and then air-dried. 

The electronic spectrum of the complex in water exhibited peak 
maxima at 466 (E = 105 L mol-' cm-'), 320 (1.31 X lo4), and 255 
(2.2 X lo4) nm. The nitrile stretching frequency was observed at 
2295 cm-'; 'H nmr spectrum in DMSO-d6 6: 8.20 (Cs%, 4H), 2.23 
(CH3, 3H), 6.65 (CH, lH), 4.20 (cis-NH3, 12H), 3.80 (trans-NH3, 
3H). And. cdcd. for C O C ~ ~ N ~ ~ ~ ~ H ~ ~ C ~ ~ :  C 21.0, H 3.84, N 13.3; 
found: C 21.4, H 4.40, N 13.4. 

Results and discussion 
Attempts to form the complex 2 by reaction of free ligand 

with [(NH3)5Co(CF3S03)](CF3S03)2 in a noncoordinating 
solvent, sulfolane, resulted in isolation of a major species 
characteristic of a nitrile-bonded pentaarnminecobalt(II1) com- 
plex (v(C=N) = 2295 cm-') but which exhibited an nmr 
spectrum inconsistent with 2. The ratio of phenyl protons to 

3+ 

methyl protons in the nmr spectrum was 4:3 rather than 4:6 as 
expected. This fact, combined with elemental analysis and 
reactions of the free ligand (vide supra), indicated that the major 
product has structure 1, which results from loss of a COCH3 
fragment. The mechanism of this transformation was believed 
to involve reaction of the free ligand with traces of trifluoro- 
methanesulfonic acid in the [(NH3)5Co(CF3S03)](CF3S03)2- 

sulfolane solution. The nmr spectra of the free ligand in 
DMSO-d6 showed a decrease in the methyl peaks with time 
upon addition of a drop of trifluoroacetic acid. 

The pKa for deprotonation of complex 1 was determined by 
potentiometric titration to be 6.92 + 0.05. This value, as 
compared to that for the NCacac complex (10) (pKa = 1.30) can 
be explained as being due to the change in position of the 
electronegative (NH3)5CoNC- group from the 3-position, 
which is directly adjacent to the P-diketone, to a more remote 
location in 1, where the inductive effect is not nearly as great. 
Furthermore, small changes in the uv-vis spectrum of the 
complex 1 were observed in the acid range 0.10- 1.0 mol L-', 
indicating a second equilibrium with pKa value between 1 and 0. 
The changes were too small to allow a more accurate estimation 
of this equilibrium constant, which likely pertains to deprotona- 

OH OH 
II I 

tion of [(NH3)5CoNC-C6H4-C-CH=C-CH3]4+. Solu- 
tions of the complex in pure water were unstable and decompo- 
sition was evident after approximately 1 h. 

Addition of C?+ to a solution of [(NH3)5C~NC-C6H4- 
0 OH 
II I 
C-CH=C-CH313+ resulted in a rapid decrease in absor- 
bance at wavelengths corresponding to the maxima of the 
Co(III) complex. The stoichiometry of the reaction was deter- 
mined to be 1:l by reaction of the complex with excess C?+ 
followed by titrimetric determination of C?+ after the reac- 
tiom3 Kinetic studies were limited to a rather narrow range of 
chromium(II) concentrations since runs at concentrations higher 
than 0.0122 mol L-' resulted in rates too fast to be determined 
accurately by the stopped-flow method. Several runs were 
carried out at wavelengths corresponding to formation of 
product and in the ultraviolet region, and in all cases only one 
reaction was observed. At a constant acid concentration the rate 
of reduction was directly proportional to the chromium(I1) 
concentration (Table 1). The variation of the observed rate 
constant with hydrogen ion concentration shows that the rate 
approaches a limiting value at low acid concentrations (Table 
1). The data are consistent with a rate law of the general form [ I  ] 
given below: 

a 
[ll  kobsd = 

b + [H+] 

As predicted by eq. [I], a plot of kobsd-' VS. [H+] gives a 
straight line with intercept (bla) = (3.5 + 0.1) x M s and 
slope(l/a) = (4.0 + 0.1) X s, yielding a = (2.5 + 0.1) X 
104s-' and b = 0.86 + 0.03 mol L-'. A mechanismconsistent 
with all the experimental results is given in Scheme 1. This 
mechanism leads to the rate law [2]: 

[21 kobsd = 
k1KL 

KaKL [H+] + K; + - 
[H+l 

If KaKL/[H+] << ([H+] + K;), eq. [2] simplifies to eq. [3]: 

which has the same form as eq. [:I.]. The analysis gives kl = (2.9 

3~xcess standard ~ e ~ +  was added to the reaction mixtures and the 
excess Fe3+ determined by titration of liberated I2 with standard 
sodium thiosulfate. 
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BALAHURA AND JOHNSTON 

TABLE 1. Kinetic data for the reduction of (1-(4-cyanopheny1)-3-hydrox 2 buten-1-one)- 
pentaarnminecobalt(II1) perchlorate by chromium(II)"* 2.- - 

[H+l, LC?+] x lo3, k x 10-I,= kobsd x lo-4, k:f,'dd x I O - ~ , ~  
mol L- ' mol L-' s- L mo1-' s-' L mo1-' s-' 

Temperature = 25.0°C, 1 = 1 .OO mol L-' (LiClO,). 
b [ ~ ~ ~ ~  = 2.5 x 10-5 m o l ~ - l .  
Wavelength = 314nm; rate constants are averages of at least six runs. Replicate runs agreed within 

10% of each other. The fits of the individual runs were good to five half-times. 
dCalculated on the basis of eq. [I] with a = 2.5 X 10,s-I and b = 0.86molL-'. 

TABLE 2. Spectral parameters of P-diketone Cr(IU) complexesa 

Complex Aman ( E ~ ~ ) ,  nm (L mol-' cm-') Reference 

( 0 ~ 2 ) ~ ~ r ( a c a c ) ~ +  533(27), 392(209) 15 
( 0 ~ 2 ) ~ ~ r ( 3 - f o r m ~ l a c a c ) ~ +  557(30), 315(4640) 15 
( O H ~ ) ~ C ~ ( ~ - C N ~ C ~ C ) ~ +  552(38), 357(242) 10 
(OH2)4Cr(2-acetylbtdn)2+ 547(35), 309(5 100) 15 
(0~2)4~r(l-(4-c~ano~hen~l)btdn)~+ 546(28), 356(12,000) This work 

"Aqueous solution, 25OC; btdn = butane-1,3-dionate. 

* 0.1) x lo4 L mol-' s-' and KA = 0.86 + 0.03 mol L-'. The ium(II1) complex as the major product. This species eluted as a 
large value of KA is consistent with deprotonation of the 4+ 2+ complex and the electronic spectral parameters are consis- 
species given in Scheme 1. The plot of kobsdP' VS. [H+] did not tent with the assignment of the product as the chelate 4 (Table 2 
show any signs of downward curvature at low [H+], thus and Scheme I). Quantitative experiments at a Co(III):Cr(II) 
eliminating 3 as a reactant (1 6). ratio of 1: 1 showed that this product accounted for -90% of the 

Cation exchange separation of reaction mixtures at various Cr(I1) initially added. Experiments at 1 .O mol L-' H+ gave 
acidities (0.05-0.20mol L-' H+) indicated only one chrom- increased amounts of c ~ ( o H , ) ~ ~ +  but repeated analyses were 
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TABLE 3. Kinetic data for reduction of pentaarnminecobalt(1II)L 
complexes by chromium(II) 

k2SoC, 

L L mol-' s-' Mechanism Reference 

4-Acetylbenzonitrile 6 x lo3 Inner sphere 7 
4-Formylbenzonitrile 2.5 x lo5 Inner sphere 6 
4-Benzoylpyridine 4.7 X lo4 Inner sphere 18 
4-Acetoxybenzonitrile 0.021 Outer sphere 6 
Benzonitrile 0.043 Outer sphere 9 

inconsistent. It is likely that 4 hydrolyzes on the cation exchange 
column at the higher acidities. 

Scheme 1 indicates that the reductant attacks the remote 
carbonyl oxygen adjacent to the benzene ring. Following 
electron transfer, rapid ring closure and deprotonation give the 
observed product 4. The value of kl ,2 .9  X lo4 L mol- ' s- ', is 
similar to rate constants obtained for reduction by c?+ of other 
(NH3)&03+ complexes with ligands containing remote car- 
bony1 groups (Table 3). For these complexes, C?+ has been 
shown to attack at the remote carbonyl oxygen. The product 
analyses show that ligand transfer is essentially quantitative. In 
this sytem, the protonated form of the complex, 3, would be 
expected to react via an outer-sphere pathway. This is a less 
facile process for nitrile complexes where rate constants in the 
range 0.02-0.06 L mol- ' s- ' are observed for outer-sphere 
processes (6, 8) (Table 3). The value of the acid dissociation 
constant of 0.86 molL-' obtained from the kinetic data is not 
unreasonable for protonation of a carbonyl oxygen. Similar 
values have been obtained for the acetato- and propionato- 
pentaamminecobalt(1II) complexes (0.35 and 0.24 mol L- ' , 
respectively) at high ionic strength (18). The proposed mecha- 
nism also provides a rationale for the fact that 5 does not react 
with C?+ even though the delocalized P-diketonate chelate has 
been shown to be an excellent lead-in group (10). In both 5 and 1 
the carbonyl oxygen adjacent to the benzene group is available 
as a lead-in group for c?+, but 1 is the predominant species in 
the acidity range studied. Even though 5 contains a chelate 

function it is unlikely that this is sufficient to make 5 much more 
reactive than 1. 
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Electron donor-acceptor complexes between naphthylamines and methyl viologen in aqueous 
sodium dodecyl sulphate solution 
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S. G. BERTOLOTTI, J. J.  COSA, H. E. GSPONER, M. HAMITY, and C. M. PREVITALI. Can. J. Chem. 64, 845 (1986). 
The electron donor-acceptor (EDA) interaction between methyl viologen (Mv2+) and 1-naphthylamine (lNA), 2-naph- 

thylamine (2NA), and N,N-dimethyl-1-naphthylamine (DMA) was studied in water and in aqueous sodium dodecyl sulphate 
(SDS). The experimental values of the association constants in water were 8.9, 9.8, and 2.8 M-' for INA, 2NA, and DMA, 
respectively. In the presence of SDS the observed values were very much higher and strongly dependent upon the detergent 
concentration. 'The enhancement in the interaction is due to an increase in the local concentration of the partners in the micellar 
pseudophase. Mv2+ itself was shown to strongly interact with the micelles. A new absorption is present at the red tail of the 
spectrum of Mv2+ in the presence of SDS micelles. An association constant of 1700 M-' was obtained from this absorption. 

S. G. BERTOLOTTI, J.  J. COSA, H. E. GSPONER, M. HAMITY et C. M. PREVITALI. Can. J. Chem. 64, 845 (1986). 
ONrant dans l'eau et dans des solutions aqueuses de dodCcylsulfate de sodium (DSS), on a CtudiC l'interaction de 

domeur-accepteur d'Clectrons (DAE) entre le viologene de mCthyle (vM2+) et la naphtylamine-1 (NAl), la naphtylamine-2 
(NA2) et la N,N dimCthyl naphtylamine-1 (DMA). Dans l'eau, les valeurs experimentales pour les constantes d'association sont 
respectivement 8,9, 9,8 et 2,8 M-' pour NA1, NA2 et DMA. En prCsence de DSS, les valeurs observkes sont beaucoup plus 
ClevCes et elles dCpendent beaucoup de la concentration du dktergent. L'augmentation de I'interaction est due h une augmentation 
de la concentration locale des partenaires dans la pseudophase micellaire. On a dCmontrC que le vM2+ lui-m&me interagit 
beaucoup avec les micelles. En prksence de micelles de DSS, on a observe une nouvelle absorption h la fin de la rCgion rouge du 
spectre du VM2+. On a CvaluC h 1700 M-' la constante d'association de cette absorption. 

[Traduit par la revue] 

Introduction and 2 x M. In all cases the results were analyzed by a 
One of the key features responsible for the numerous current Bemi-Hildebrand (B-H) treatment or by a nonlinear regression 

studies of micellar phenomena is the ability of charged micelles analysis of the absorbance-concentration plots. Results in good 
agreement were obtained by both methods. to solubilize and concentrate a wide variety of reagents, ranging 

from oppositely charged ions to hydrocarbons. Thus the 
formation of electron donor-acceptor (EDA) complexes be- 
tween a hydrophobic donor solubilized within an anionic 

1 rnicelle and a cationic acceptor may proceed very efficiently 
(1, 2). It is known that methyl viologen cations (MV2+) form 
EDA complexes with aromatic amines (3). In the present work 
we wish to report the effect of sodium dodecyl sulphate (SDS) 
concentration on the EDA equilibrium and charge transfer band 
between MV2+ and 1-naphthylamine (INA), 2-naphthylamine 
(2NA), and N,N-dimethyl- 1 -naphthylan~ine (DMA). 

Experimental 
1NA and 2NA (Fluka, pure) were recrystallized at least three times 

fromethanol-water and subsequently vacuum sublimed. DMA (Fluka, 
pure) was purified by chromatography on an alumina column under 
nitrogen. Methyl viologen dichloride was obtained from a commercial 
solution and was recrystallized from methanol. Triply-distilled water 
was employed. 

The uv-vis absorption measurements were recorded with a Cary 17 
spectrophotometer. 

The association of Mv2+ with SDS was studied by means of the uv 
. difference spectra between solutions containing MV2+ plus SDS 

versus MV2+. In all cases the absorption measurements were corrected 
by the small absorption of SDS at the working wavelength. The 
concentration of Mv2+ was held constant at 5 X lop4 M and the SDS 

Results and discussion 
Association of MV'+ with SDS micelles 

The absorption spectra of MVC12 (loF4 M) in water, in the 
absence and in the presence of SDS 0.05 M, are shown in Fig. 1. 
The observed red shift of the absorption is typical of the EDA 
interaction of MV2+ with several anions (4, 5). The difference 
spectrum is shown in the inset in Fig. 1. 

A B-H analysis of the difference band at 288 nm as a function 
of surfactant concentration yields a straight line. A value of 
1700 M-' is obtained for the apparent association constant ( K , )  
of MV2+ with SDS micelles, defined by eq. [I] 

where [MV2+], and [MV'+], stand for the concentration of 
bound and free MV2+, respectively, and [Dl, is the micellized 
detergent concentration (D,,,,, - cmc). 

This result shows that MV" may be considered almost 
quantitatively bound to SDS under our working conditions. The 
same conclusion can be drawn from the earlier results of 
Schmehl and Whitten (6) ,  who used an ionic exchange approach 
to study the binding of Mv2+ to SDS micelles. 

concentration was changed between 8 x and 2 x lop2 M. 
Association of Mv2+ and naphthylamines in SDS solutions was Intemction of naphthylamines with SDS micelles 

studied by absorption measurement on the charge transfer band. The When 1NA, 2NA, and DMA are dissolved in aqueous SDS a 
reference cell always contained the same amount of M V ~ +  as that of the red shift is observed in the absorption spectra relative to water. 
measuring cell in order to subtract the absorbance of the Mv2+-SDS The apparent association constants between the different naph- 
complex. The concentration of Mv2+ was changed between 2 x thylamines and micelles can be obtained by employing an 

approach similar to that of Bunton et al. (7). The equilibrium 
'Author to whom correspondence may be addressed. constants (K2) defined in the same way as eq. [I] were 
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FIG. 1. Methyl viologen absorption spectrum. - lop4 M 
aqueous solution. ---- M in aqueous SDS 0.05 M. Inset: differ- 
ence spectrum. 

TABLE 1. Association constants 
of naphthylamines and methyl 

viologen with SDS micelles 

Mv2+ 
1NA 
2NA 
DMA 

"25°C. Estimated error *5%. 

determined using the equation: 

where A is the observed absorbance, and A, and Am are the 
absorbances in the water and of the fully micellar-bound 
naphthylamine at a given wavelength. Equation [2] applies, 
provided that the concentration of bound amine is small 
compared with Dm,,. From a plot of (A - A,)/[D], vs. A, K2 
can be obtained. The values of the association constants are 
collected in Table 1. 

Association of M V ~ +  with naphthylamines in the presence of 
SDS micelles 

It is well known that Mv2+ forms ground-state complexes of 
the EDA type with a variety of electron donors. These com- 
plexes are characterized by a broad charge transfer band, 
generally in the 400-500 nm region. These bands are red shifted 
and enhanced in intensity by the presence of anionic micelles 
(2). In Fig. 2 is shown the effect of SDS on the charge transfer 
band of the M V ~ + - ~ N A  system. Similar behaviour was found 
for the other naphthylamines. 

From a B-H plot, the apparent equilibrium constant (KBH) 
and the extinction coefficient for the EDA complex can be 
obtained. No deviation from linearity was observed in the plots 

- \ 
- 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

450 550 nrn 

FIG. 2. Charge transfer absorption band of naphthylamine - methyl 
viologen complex. (A) 1NA 5 X and Mv2+ 0.1 M in aqueous 
solution. (B) 1NA 5 X and Mv2+ 0.1 M in SDS 0.1 M. 

in the presence of micelles. The results are collected in Table 2. 
It can be seen that while the extinction coefficients are not much 
affected by the presence of the micelles, KBH increases by two 
orders of magnitude with respect to pure water. From this it can 
be concluded that the enhancement is due to an increase in the 
local concentrations and not to a change in the electronic 
character of the transitions. Moreover, the red shift in the 
absorption maximum is indicative of the effect of a less polar 
medium on the charge transfer band (6). The absorption 
maximum in methanol for the system Mv2+- 1NA was reported 
as 525 nm (3). This suggests that in our case the polarity of the 
region in which the transition takes place should be similar to 
that of methanol. 

It is interesting to note that when cetyltrimethylarnmonium 
bromide (CTAB) was used as surfactant, the charge transfer 
band was suppressed. 

Dependence of the association constant on su$actant concen- 
tration 

According to the value of K1, MV" can be considered 
almost quantitatively bound to SDS under our working condi- 
tions. Therefore the association of Mv2+ and naphthylamines is 
taking place mainly in the micellar pseudophase and it is 
expected that changing the volume of the pseudophase would 
affect the equilibrium constants through a change in the local 
concentration of the reactants. The effect of detergent concenta- 
tion on KBH can be seen in Fig. 3 for the system Mv2+-1NA. 

The behaviour of KBH is similar to that observed for micelle 
catalyzed bimolecular reactions (7), where the observed rate 
constant generally goes through a maximum with increasing 
surfactant concentration. The sharp increase in KBH with the 
SDS concentration before the critical micellar concentration 
may be due to several factors. The addition of Mv2+ may 
induce change in the cmc and, in addition, it seems likely that 
some association is occurring in pre-micellar aggregates. The 
decrease in KBH beyond the cmc can be fitted in all cases to a 
lienar plot of KBHP1 versus micelle concentration, as shown in 
Fig. 4. From the association constants for the binding of 
reactants to micelle (Table I), the fraction of reactants bound to 
the micelles can be calculated by eq. [3] 

where K is the observed binding constant. 
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BERTOLOTTI ET AL. 

TABLE 2. Parameters of EDA complexes for naphthylamines and methyl viologen in water and 
in 0.02 M SDS 

System Solvent KBH (M-'la A,, (nm) . E (M-' cm-l) 
- 

~ N A - M V ~ +  Hz0 8.9 470 380 
~ N A - M V ~ +  SDS (0.02 M) 530 510 36 1 
~NA-MV2+ Hz0 9.8 460 410 
2NA-MV2+ SDS (0.02 M) 750 505 397 
DMA-MV~+ Hz0 2.8 420 345 
DMA-MV~+ SDS (0.02 M) 570 450 194 

"At 25°C. Estimated error +5%. 

FIG. 3. Benesi-Hildebrand association constant (KBH) of 1NA- 
MV2+ at different SDS concentrations. 

For the detergent concentration range in Fig. 4, f is near unity 
I for MV2+, while for the naphthylamine, values between 0.75 
I 

and 0.97 are obtained. In these conditions the only equilibria to 
be considered are 

K3 
[5] (A), + (MV~+), = (AMV~+), 

where A stands for any of the naphthylamines, M is the micelle, 
and (AMv2+), is the EDA complex in the micellar pseudo- 
phase. 

Equation [5] describes a reaction that occurs within the 
micelle and not an intermicellar reaction. From eq. [5], with the 
assumption that MV2+ is in excess over the amine, 

where [AIT is the total analytical concentration of the amine and 
f~ is the corresponding fraction incorporated with the micelles, 
eq. [3]. Rearranging, and assuming that Beer's law holds for the 
complex in the micellar phase, we obtain: 

FIG. 4. Plots of the inverse of Benesi-Hildebrand constants versus 
micellized detergent. 0 , 2 N A  1 X M; 0, 2NA 5 X lop4 M; a, 
2NA 1 X M; A, DMA 5 X M; a, 1NA 5 X M. 

TABLE 3. Association constants in the 
micellar pseudophase 

System K3 (M-'1 

where V is the molar volume of the micellized detergent. So, 
from the experimental B-H plots of [AIT/OD vs. [MV2+Io, the 
slope over intercept ratio gives 

[AIT - 1 1 1 
3 

[7] ---+-. 
OD E ~ A  ~ A E  K3 [MV2+l, 

which predicts a linear relationship between and [Dl,, 
as found in Fig. 4. From the slopes of these plots K3 can be 

where OD is the absorbance of the complex over 1 cm and E the obtained, assuming a certain value for V .  Different opinions are 
extinction coefficient. Now, the concentration of MV2+ in the sustained by several authors as to the correct value of V .  If it is 
micellar phase should be related to the analytical concentration assumed that the equilibrium takes place in the Stem region, a 
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848 CAN. J .  CHEM. VOL. 64, 1986 

value of 0.14L-' (7) can be taken for P. The equilibrium 
constants in the micellar phase calculated in this, way are shown 
in Table 3. It can be seen that they are lower than in water but 
very similar to that found for MV'+ in methanol (3) when MV2+ 
is in excess of INA. 

In summary, we have shown that the methyl viologen is 
strongly bound to SDS micelles. A charge transfer band appears 
in the difference spectrum, from which the association constant 
can be calculated. Naphthylamines are also incorporated with 
the micelles and the absorption of the EDA complex between 
the aromatic amines and MV2+ is enhanced by the presence of 
the surfactant. This can be explained as due to an increase in the 
local concentrations of the partners. 
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Preparation and X-ray crystal structures of the arsenic pentafluoride adducts of 
benzo-2,1,3-thiadiazole and benzo-1,2,3-thiadiazole 

ALLEN APBLETT, TRISTRAM CHIVERS,' AND JOHN F. RICHARDSON 
Department of Chemistry, University of Calgary, Calgary, Alberta, Canada IZN IN4 

Received October 23, 1985 

ALLEN APBLETT, TRISTRAM CHIVERS, and JOHN F. RICHARDSON. Can. J. Chem. 64, 849 (1986). 
The reaction of arsenic pentafluoride with benzo-2,1,3-thiadiazole, 1, or benzo-l,2,3-thiadiazole, 2, in liquid SO2 gave 1:l 

adducts that were characterized spectroscopically (infrared and 13c nmr) and by X-ray crystallography. Crystal data: for 1.AsF5, 
monoclinic, space group P2'/n, a = 6.932(1), b = 9.113(1), c = 15.136(2) A, P = 98.035(7)", V = 946.8(2)A3, Z = 4; for 
2.AsF5, monoclinic, space group P2,/a, a = 7.573(2), b = 13.101(2), c = 9.514(3) A, P = 90.95(2)", V = 943.9(4) A3, Z = 
4. The coordination of AsF5 to one of the nitrogen atoms in 1 introduces asymmetry in the heterocyclic ring, with the longer bond 
lengths being associated with the coordinated nitrogen atom, d(S-N) = 1.633(5) and 1.577(6) A, d(C-N) = 1.364(7) and 
1.339(8) A. The quinonoid character of the benzene ring is still apparent in the adduct. In 2.AsF5, the AsF5 molecule is 
coordinated to the nitrogen atom that is bonded to carbon. 

ALLEN APBLETT, TRISTRAM CHIVERS et JOHN F. RICHARDSON. Can. J. Chem. 64, 849 (1986). 
La rkaction du pentafluomre d'arsenic avec le benzothiadiazole-l,2,3 (1) ou avec le benzothiadiazole-l,2,3 (2) dans le SO2 

liquide conduit hdes adduits 1:l que l'on a caractCris6 par spectroscopie (infrarouge et rmn du I3c) et par cristallographie des 
rayons-X. Les donnkes cristallographiques sont les suivantes: le composk 1.AsF5 est monoclinique, groupe d'espace P2, /n avec 
a = 6,932(1), b = 9,113(1) et c = 15,136(2) A, P = 98,035(7)", V = 946,8(2) A3 et Z = 4 alors que le composk 2.AsF est 
monoclinique, groupe d'espace PZ, /a avec a = 7,573(2), b = 13,101(2) et c = 9,s 14(3) A, P = 90,95(2)", v = 943.9(4) A 3  et 
Z = 4. La coordination du AsF5 ?I l'un des atomes d'azote du composk 1 introduit une asymktrie dans I'hCtCrocycle et les 
longueurs de liaison les plus longues sont associkes avec l'atome d'azote coordomk, d(S-N) = 1,633(5) et 1,577(6) A, 
d(C-N) = 1,364(7) et 1,339(8) A. Le caractkre quinonoi'de du cycle benzenique est encore apparent dans l'adduit. Dans le 
composC 2.AsF5, la molicule de AsF5 est coordonnke h l'atome d'azote qui est lik au carbone. 

[Traduit par la revue] 

Introduction Experimental 
X-ray structural investigations of 2,1,3-benzothiadiazole 1 

(1) and of numerous related 2,1,3-thiadiazoles (2) have indi- 
cated extensive n-delocalization in the heterocyclic ring and 
quinonoid character for the benzene ring, suggesting contribu- 
tions from both resonance structures l a  and l b  to the overall 
structure of 1. These conclusions are supported by 'H nmr (3), 
microwave (4), and photoelectron spectra ( 3 ,  and ab initio MO 
calculations (5) for 1. The reactions of the parent 2,1,3- 
thiadiazole ring suggest that ionic forms such as l c  are also 
important contributors to the resonance hybrid (6). 

It has been demonstrated by nmr spectroscopy that 1 may 
coordinate to metals such as Pt(I1) (7), Cr(O), Mo(O), and 
W(0) (8, 9), via one nitrogen, and N,N1  dicoordinated 
binuclear adducts of Cr(O), Mo(O), and W(0) have been 
prepared very recently (10). Complexes of Hg(II), Ag(II), 
Cu(II), Cd(I1) (1 l) ,  (Co(II), Ni(II), and Fe(LI1) (12) have also 
been reported, but the mode of bonding of the ligand to the metal 
was not discussed. No X-ray structural data are available for any 
of these complexes. 

In order to determine the effect of coordination on the 
structure of 1 we have prepared the AsF5 adduct and determined 
its structure by X-ray crystallography. A similar investigation 
was also carried out for the AsF5 adduct of benzo-1,2,3- 
thiadiazole, 2, in order to establish the site of coordination of 
this unsymmetrical isomer of 1 with Lewis acids. 

'~uthor  to whom correspondence may be addressed. 

Reagents and general procedures 
Benzo-2,1,3-thiadiazole (Eastman), benzo-1,2,3-thiadiazole (Huka), 

and arsenic pentafluoride (Ozark-Mahoning) were obtained commer- 
cially and used without further purification. Liquid sulphur dioxide 
(Matheson) and CFC13 (Aldrich) were dried over P2O5 and transferred 
under vacuum into the reaction vessel, which consisted of two Pyrex 
bulbs separated by a medium porosity sintered glass frit and equipped 
with Kontes and J. Young Teflon-stemmed valves. Solid products were 
handled under a dry nitrogen atmosphere in a Vacuum Atmospheres 
dry box. 

Instrumentation 
Infrared spectra (4000-250 cm-') were recorded as Nujol mulls 

(CsI windows) on a Nicolet 5DX lT u spectrometer. Mass spectra 
(EI/70 eV) were obtained on a Kratos MS80 RFA instrument. The nmr 
spectra were run on a Varian XL-200 spectrometer. Chemical shifts are 
reported in uum downfield from MeaSi. 

Preparation of benzo-1 ,2,3-thiadiazole.AsF5 
Arsenic pentafluoride (1 .O1 g, 5.94 mmol) was condensed onto SO2 

(6.20 g) at -78°C in one bulb of the reaction vessel. The mixture was 
allowed to warm to room temperature and was then poured through the 
frit into the opposite bulb, which contained benzo-1,2,3-thiadiazole 
(0.80 g, 5.88 mmol) dissolved in SO2 (4.10 g). Immediate reaction 
occurred to give a light tan solution and a white precipitate. After 18 h 
the solution was filtered through the frit into the empty bulb. The SO2 
was then slowly condensed into the opposite bulb by cooling it to 18°C 
in a thermostatted bath. This procedure produced colourless, rectangu- 
lar crystals, which were used for the X-ray analysis after removal of 
solvent under vacuum. Infrared spectra indicated that the precipitate 
and the crystals were the same compound. The total yield of 
benzo-1 ,2,3-thiadiazole.AsF5 was 1.79 g (5.85 mmol), mp 121°C 
(dec.). Infrared (major bands): 1533 (vs), 1482 (s), 1336 (s), 1280 (vs), 
1247 (m), 1158 (s), 1 135 (s), 949 (s), 906 (vs), 840 (s), 767 (vs), 754 
(vs), 713 (vs), 661 (s), 647 (s), 592 (m), 541 (m), 533 (m), 422 (s), 388 
(vs) cm- ' . The nmr data are given in Table 1. 
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TABLE 1. 13c nuclear magnetic resonance data for benzo-2,1,3-thiadiazole, 1,  benzo-l,2,3-thiadiazole, 2, and 
their AsF5 adductsa 

Compound C-1 C-2 C-3 C-6 C-4 C-5 

5,6-Me2derivativeoflb 154.7 154.7 120.1 120.1 140.0 140.0 
lc,d 150.6 150.6 119.8 119.8 136.9 136.9 
~ . A s F ~ ~ ~  148.1 155.3 124.5 119.4 139.2 133.4 
2dJ 138.8 156.2 121.7 117.3 127.2 124.9 
2.AsFse** 150.8 122.3 133.8 

146.8 122.3 132.8 

"Chemical shifts in ppm downfield from Me&. The numbering schemes for 1 and 2 and their AsF5 adducts are indicated 
in Figs. 1 and 2, respectively. 

bData taken from ref. 19. 
@The assignments of 13C chemical shifts are based on those reported for 5,6-dimethyl-2,1,3-benzothiadiazole (19). 
%I CDC13. 
%I CD3N02. 
fThe assignments for the inequivalent pairs of carbon atoms (C-1 and C-2, C-3 and C-6, C-4 and C-5) are made on the 

assumption that the carbon atom closest to AsF, in l.AsF5 or to N(2) in 2 will have the higher downfield chemical shift in 
each pair. 

T h e  accidental degeneracy for C-3 and C-6 and the closeness of the chemical shifts for C-l/C-2 and C-4/C-5 preclude an 
unambiguous assignment for these chemically inequivalent pairs of carbon atoms. 

TABLE 2. Crystal data and experimental conditions 

Parameter 1.AsF5 2-AsF5 

Formula 
Formula wt, amu 
Space group 
a ,  A 
b, A 
c. A 

L 

Dc, g ~ m - ~  
p, cm-' 
F(000) 
Radiation 
Temp, "C 
Scan range, deg 
Scan speed, deg min-' 
max 0, deg 
Data collected 
No. unique data collected 
No. observed data (I > 3u(I)) 
No. variables in final cycle 
Extinction correction 
GOF 
R ,  R,* 
W 

Ca4AsF5N2S Ca4AsF5N2S 
306.09 306.09 
P21 I n  P21 l a  
6.932(1) 7.573(2) 
9.113(1) 13.101(2) 
15.136(2) 9.514(3) 
98.035(7) 90.95(2) 
946.8(2) 943.9(4) 
4 4 
2.15 2.15 
40.49 40.62 
592 592 

M O K ~  (A = 0.7107 A) 
21 2 1 
1.5 (0.80 + 0.347 tan 0) 1.5 (0.66 + 0.347 tang) 
3.4 to 0.7 3.4 to 0.6 
25 27.5 
+h  - k  +I  +h + k  +I  
1664 2154 
1263 1636 
136 149 
- 1.13(7) X 

1.17 0.97 
0.045,0.041 0.048,0.046 

[u2(~ , )  + 0.00002(~2)]- '  

Preparation of benzo-2,l ,3-thiadiazole.AsF5 
The reaction of arsenic pentafluoride (1.00 g, 5.87 mmol) in SO2 

(5.02 g) with benzo-2,1,3-thiadiazole (0.78 g, 5.69 mmol) in SO2 
(7.23 g) was carried out using the procedure described above to 
give benzo-2,1,3-thiadiazole.AsF5 (1.74 g, 5.68 mmol), mp 191°C. 
Yellow, cubic crystals suitable for X-ray analysis were obtained by 
slow removal of solvent from a solution of the adduct in SO2 containing 
a trace of CFC13 into a bulb thermostatted at 17°C. Infrared (major 
bands): 1556 (s), 1350 (m), 1297 (m), 1271 (s), 1243 (m), 970 (s), 835 
(m), 769 (s), 717 (vs), 707 (vs), 646 (s), 590 (m), 549 (m), 433 (m), 
382 (vs) cm-'. The nmr data are given in Table 1. 

X-ray crystallography 
The crystals used for data collection were fragments of approximate 

dimensions of 0.3 x 0.3 X 0.5 mm for 1.AsF5 and 0.3 x 0.5 X 0.5 for 
2.AsF5, cut from larger samples. They were mounted in a glass 
capillary under an inert atmosphere. Intensity data were collected on an 
E~af-Nonius CAD4F automated diffractometer using graphite mono- 
chromated MoKa radiation. Details concerning space group deterrni- 
nation and data collection procedures were as described previously (13) 
while crystal data and experimental conditions are summarized in 
Table 2. The intensities of 3 standard reflections showed deviations of 
less than 3% in each case, indicative of crystal stability. Data were 
corrected for Lorentz, polarization, and absorption effects (empirical 
method using the program DIFABS (14)). 

With each structure the coordinates of the As atom were determined 
by Patterson techniques and the remaining atoms located by difference 
Fourier techniques. Full-matrix least-squares cycles were based on F 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



APBLElT ET AL. 85 1 

TABLE 3. Positional pararheters (X lo4) for the non-H 
atoms of l.AsF5 

Atom x Y z 

minimizing the function Z W ( I F ~ ~  -  IF^^)', where w is defined in Table 
2. H atoms were located on a difference Fourier map and included in 
idealized positions but not refined for 1.AsF5, and were included in 
positions located with positional parameters refined for 2.AsF5. In each 
case thermal parameters were set to 1.1 x Be, of the C atom to which 
they are bonded, but not refined. In the final cycles of 1-AsF5, all non-H 
atoms were refined with anisotropic thermal parameters and the 
maximum shiftlerror was 0.05. An isotropic extinction parameter 
could not be refined. The highest peak in the final difference Fourier 
synthesis is 0.80 e A-3 and is associated with the As atom. In the final 
cycles for 2.AsF5, all positional and non-H anisotropic thermal param- 
eters were refined. The maximum shift/error was 0.14, the highest 
peak in the final difference Fourier synthesis is 0.94eA-3 and is 
associated with the As atom. All computations were done using the 
XRAY-76 system of programs (15) implemented on the Honeywell 
computer at the University of Calgary. Atomic scattering factors used 
for non-H atoms were those of Cromer and Mann (16) and were 
corrected for real and anomalous dispersion (17). Scattering factors for 
H atoms were from ref. 18. The final fractional atomic coordinates for 
1.AsF5 and 2.AsF5 are given in Tables 3 and 4, respectively.' 

Results and discussion 
Preparation and spectroscopic characterization of arsenic 

penfafluoride adducts of benzo-2,1,3-thiadiazole, 1,  and 
benzo-l,2,3-thiadiazole, 2 

The AsFS adducts of 1 and 2 were prepared in essentially 
quantitative yields as moisture-sensitive, colourless (l.AsFS) or 
pale yellow (2.AsFS) crystals by the reaction of the appropriate 
thiadiazole with the stoichiometric amount of AsFS in liquid 
sulphur dioxide. The adducts were characterized spectroscopi- 
cally (mass, infrared, and 13C nmr spectra) and by X-ray 
crystallography. 

The base peak in the mass spectrum of l.AsFS at m / e  136 
corresponds to the ion of the parent ligand, I f .  The ion 2+ ( m l e  
136, 70%) is also observed as a strong peak in the mass 
spectrum of 2.AsFS, but the base peak is at m / e  108 (C6H4Sf). 

The "C nrnr chemical shifts for the adducts 1.AsF5 and 
2.AsFS are compared with those of the parent ligands in Table 1. 
The symmetrically equivalent pairs of carbon atoms in 1 exhibit 

'~nisotro~ic thermal parameters, H atom parameters, and observed 
and calculated structure amplitudes may be purchased from the 
Depository of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0S2. 

TABLE 4. Positional parameters (X lo4) for the non-H 
atoms of 2.AsF5 

Atom x Y z 

As 3261.4(8) 5687.3(4) 7545.3(6) 
S 2036(2) 3108(1) 4888(2) 
F(1) 1200(4) 5994(2) 69 14(4) 
F(2) 4105(5) 6068(2) 597,6(4) 
F(3) 3552(5) 6865(2) 8236(4) 
F(4) 2378(5) 52 19(3) 9043(4) 
F(5) 5314(5) 5303(2) 8 102(4) 
N(1) 2266(6) 4277(3) 5449(5) 
N(2) 2922(6) 4307(3) 67 19(5) 
c(1) 2842(7) 2567(4) 639 l(5) 
c(2) 3318(7) 3364(4) 7340(5) 
c(3) 4029(8) 3 156(4) 8674(6) 
c(4) 4258(8) 2153(4) 90 12(6) 
c(5) 3799(8) 1350(4) 8 102(7) 
c(6) 3101(8) 1534(4) 6781(7) 

FIG. 1. An ORTEP drawing (50% probability ellipsoids) of 1.AsF5 
showing the atomic numbering scheme. Hydrogen atoms are included 
as spheres of radius 0.1 A. 

chemical shift differences of 5-7 ppm in l.AsFS, indicating that 
coordination is via a nitrogen rather than the sulphur atom. In 2 
all the carbon atoms are inequivalent and chemical shift 
differences are observed for those pairs of carbon atoms which 
are equivalent in the symmetrical isomer, 1 ,  the effect being 
most pronounced for the carbons bonded to the heteroatom. In 
the adduct 2.AsFS, however, these chemical shift differences 
are much smaller. 

Crystal and molecular structure of the AsF5 adduct of benzo- 
2,1,3-thiadiazole 

An ORTEP drawing of l.AsFS is depicted in Fig. 1. The bond 
lengths and bond angles are compared with those of the parent 
ligand 1 and 2.AsFS in Table 5. The coordination site for the 
Lewis acid is, as expected, one of the nitrogen atoms. The X-ray 
structure of the parent ligand, 1 ,  was determined in 195 1 (I), but 
the data are unreliable (the final R factor was 0.215). There is, 
however, a substantial bank of structural data for related 
thiadiazole ring systems (2), which can be used for comparison 
with the corresponding data for l.AsFS. In summary the S-N 
and C-N bond lengths in 2,1,3-thiadiazoles are ca. 1.62 and 
1.34 A, respectively, and the angles at S and N are ca. 100 and 
106", respectively. 

The coordination of AsFS to 1 does not distort the overall 
planarity of the heterocycle; the largest deviations are 0.02 A for 
C(l) and S, which are on opposite sides of the molecular plane. 
As might be expected, however, adduct formation introduces 
asymmetry into the molecule so that bonds that were equivalent 
in 1 are no longer equal in the adduct. This effect is most 
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TABLE 5.  Bond lengths (A) and angles (deg) for 1,' 1.AsF5, and 
2.AsF5 

Distance 

Bond 1 1.AsF5 

FIG. 2. An ORTEP drawing (50% probability ellipsoids) of 2.AsF5 
showing the atomic numbering scheme. Hydrogen atoms are included 
as spheres of radius 0.1 A. 

Angle 

Atoms 1 1.AsF5 2.AsF5 

"Data taken from ref. 1 .  

pronounced for the S-N bonds, which now have lengths of 
1.633(5) A for the nitrogen bonded to AsF5 and 1.577(6) A for 
the uncoordinated nitrogen atom. The difference in the C-N 
bond lengths, 1.364(7) and 1.339(8), respectively, is on the 
borderline of the 3u criterion of significance, but the longer 
bond also involves the coordinated nitrogen atom. The effect of 
coordination on the bond angles in the heterocyclic ring is small. 
The angle at sulphur is reduced to 98.1(3)", whereas the average 
angle at nitrogen is increased to ca. 109" and there is no 
significant difference between the angles at the coordinated and 
uncoordinated nitrogen atoms. The most pronounced effect is 
for the carbon bonded to the coordinated nitrogen; the C(1)- 
C(2)-N(2) angle is reduced to 109.9(5)" from ca. 114" in 1 (1). 
In summary, the changes in the structural parameters of the 
heterocyclic ring in 1,  upon coordination, are small and indicate 
an increased contribution of the ionic resonance form l c  to the 
overall structure, consistent with removal of electron density 
from sulphur to nitrogen induced by the acceptor AsF5 
molecule. 

Adduct formation also introduces some asymmetry in the 
C-C bond lengths of the aromatic ring. Nevertheless the 
quinonoid character is retained, albeit somewhat attenuated. 
Thus the average of the C(3)-C(4) and C(5)-C(6) distances 
is 1.345(10)A, wherecs the average of the other four C-C 
distances is 1.401(10) A. The bond angles at C(3) and C(6) are 
116.1(6) and 117.1(7)", respectively, compared to 123.3(6) and 
122.3(6)" for C(4) and C(5), respectiveAy. 

The As-N bond length of 1.958(5) A i! slightly longer and 
the mean As-F bond length of 1.685(5) A is shorter than the 
corresponding distances in S4N4.AsF50 (20) (d(As-N) = 
1.910(5) and d(As-F) = 1.716(4)A, cf. d(As-N) = 
1.985(16) and d(As-F) = 1.695(10) A in N-methyl-S,S- 
difluorosulphoximine~AsF5 (2 1)). 

Crystal and molecular structure of the AsF5 adduct of benzo- 
1,2,3-thiadiazole 

An ORTEP drawing of 2.AsF5 is shown in Fig. 2. Although 
the X-ray structure of 2 has not been determined, the following 
geometrical parameters were constructed on the basis of 
available structural data for related heterocycles and used for ab 
initio MO calculations (22): d(C-C) = 1.40, d(C-N) = 
1.366, d(N-N) = 1.290, d(S-N) = 1.668, and d(C-S) = 
1.724 A. If these values can be taken as a reasonable guide to the 
structure of the parent ligand, it can be concluded that the effect 
of coordination on the bond lengths of the heterocyclic ring in 2 
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is small. The C-N bond (1.400(6) A) is slightly longer and the 
S-N bond (1.631(4) A) is shorter in the adduct, whereas the 
N-N distance 1.300(6) A is not changed significantly. The 
heterocyclic ligand in 2.AsF5 is planar within experimental 
error. 

The trends in bond lengths and angles in the benzene ring of 
2.AsF5 parallel closely those found for 1.AsF5, but the 
quinonoid character is less well developed (Table 5). The mean 
of the C(3)-C(4) and C(5)-C(6) distances is 1.370(9)A 
compared to a mean value of 1.410(8) A for the other four C-C 
bonds. 

The As-N distance 1.986(4) A is significantly longer than 
that in l.AsF5, suggesting a slightly weaker interaction, but the 
mean As-F distance of 1.704(4) A is longer. 
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J. H. HUTCHINSON, T. MONEY, and S. E. PIPER. Can. J. Chem. 64,854 (1986). 
Base-promoted ring cleavage of 9,lO- and 8,lO-dibromocamphor provides chiral intermediates for natural product synthesis. 

J. H. HUTCHINSON, T. MONEY et S. E. PIPER. Can. J. Chem. 64,854 (1986). 
Sous l'action de bases, il se produit une rupture de cycle des dibromo-9,10 (ou -8,lO) camphres qui fournit des intermaiaires 

chiraux utiles dans la synthkse de produits naturels. 
[Traduit par la revue] 

The use of camphor as a chiral starting material in natural 
product synthesis (1) is dependent on the availability of methods 
for the regiospecific and stereoretentive functionalization of 

I (+)-camphor (1) or (-)-camphor at the C(8) (2), C(9) (3), and 
C(10) (4) positions. Methods are also available for the synthesis 
of 8,lO- and 9,lO-disubstituted camphor derivatives (5). In 
addition, ring cleavage of the C(1)-C(2) (6) or C(2)-C(3) (7) 

, bonds in camphor and its derivatives can be achieved, with 
variable efficiency, by a variety of methods. 

I 

During our early investigations on the potential use of 
disubstituted camphor derivatives in steroid synthesis we 
attempted to synthesize 9,lO-dicyanocamphor ethylene acetal 
(3) by treating (+)-9,lO-dibromocamphor ethylene acetal 
(2) (Scheme 1) with sodium cyanide in dimethylsulphoxide 
(DMSO). The product of this reaction was a mixture of the 
required dinitrile (3) and, surprisingly, a monocyclic hydroxy- 
ethyl ester (4) whose structure was deduced from spectroscopic 
data (ir, nmr, and ms). It seemed reasonable to assume that the 
latter compound was produced by DMSO-promoted Grob-type 
cleavage (cf. Scheme 2) of the C(1)-C(2) bond in 2 and this 
was supported by the subsequent observation that treatment of 2 
with DMSO alone resulted in a similar ring cleavage reaction to 
provide bromo-ester 5. The extension of these investigations 
revealed that simple treatment of (+)-9,lO-dibromocamphor 
(6) with KOH/THF/H20 or NaOMe/MeOH for -4 h at room 
temperature resulted in efficient ring cleavage and formation of 
bromo-acid 7 or the corresponding methyl ester (8) in 90-95% 
yield (8) (Scheme 3). Spectroscopic (nmr, ir) evidence indi- 
cated that the double bond in 7 and 8 was in the less stable (9), 
but synthetically useful, exocyclic position and this was 
confirmed by ozonolytic degradation to the corresponding 
cyclopentanone derivatives. Subsequent studies demonstrated 
that treatment of (+)-9,lO-dibromocamphor (6) with KOH/ 
DMSO-H20 (5: 1) for 12 h at 65°C provided hydroxy-acid 9 in 
-90% yield (8 b). The latter compound (9) can also be prepared 
by hydrolysis of the lactone 10 (8a) derived by cyclization of 
bromo-acid 7, and tlc evidence indicated that lactone 10 is 
an intermediate in the "direct" conversion of 9,lO-dibromo- 
camphor (6) to hydroxy-acid 9. 

goes ring cleavage when treated with NaOMe/MeOH to 
provide bromo-ester 12 (Scheme 4). However, in contrast, 
treatment with KOH/DMSO/H20 provided a mixture (1:l) of 
lactone 13 and bicyclic acid 15. The latter compound is 
presumably formed by initial formation of 10-bromo-3,8- 
cyclocamphor (14), followed by P-bromoketone cleavage in the 
usual way. Consistent with this explanation is our observation 
that (+ )-8-bromocamphor (1, 2)2 provides (+ )-3,8-cyclo- 
camphor (1, 10) under the reaction conditions. Lactone 13 is 
obviously formed by spontaneous lactonization of the cis 
hydroxy-acid (Scheme 4) derived by ring cleavage of (+)-8,lO- 
dibromocamphor (11) in the predicted fashion (cf. 6 += 7). 

The facile, efficient cleavage of the C(1)-C(2) bond in 
(+)-9,lO-dibromocamphor (6) and (+)-8,lO-dibromocamphor 
(11) are examples of a reaction that is characteristic of 
a,a-disubstituted P-bromoketones (1 1-22). Of particular rele- 
vance are reports in the early literature, by Forster (12) and 
Burgess (13), respectively, which claim that treatment of 
"P-bromocamphor" (16) (1 2) and "a, P-dibromocamphor" (17) 
(13) with refluxing KOH/EtOH for 5-8 h produces (+)-a- 
campholenic acid (18) (12) or the corresponding bromo-acid 
(19) (13). At that time (1900- 1924) "P-bromocamphor" and 
"a,P-dibromocamphor" were assigned structures that, in 
modem nomenclature, would be named 6-bromocamphor (16) 
and 3,6-dibromocamphor (17), respectively, and their ring 
cleavage to (+)-a-campholenic acid (18) and its bromo deriva- 
tive (19) were consistent with these structural assignments. 
However, the results of later investigations (24-26) indicated 
that "P-bromocamphor" (mp 78"C), derived from 1 -hydroxy- 
camphene (20) (12), was identical to 10-bromocamphor (21), 
mp 78"C, prepared by thermolysis of 10-camphorsulfonyl 
bromide (22) (23) or camphor-10-mercurichloride (23) (26), 
and this structure assignment is now commonly accepted. It is 
interesting to realize, however, that a footnote in the paper by 
Burgess (13) refutes the suggestion by Lipp and Lausberg (25) 
that "a,P-dibromocamphor" has the 3,lO-dibromocarnphor 
structure (24), since this is inconsistent with its cleavage to 
bromo-a-campholenic acid (19). Despite these reservations it is 
now generally accepted that the early literature describes 
the conversion of 10-bromocamphor (21) and 3,lO-dibromo- 
camphor (24) to (+)-a-campholenic acid (18) and its bromo 
derivative (19), respectively. These results, however, are 
inconsistent with our observations that ring cleavage of 9,lO- 
dibromocamphor (6) provides unsaturated monocyclic com- 
pounds (7-9) in which the double bond is exclusively in the 

~i expected, (+)-8,i0-dibrom~cam~hor (11) (5) also under- 
'we have been unable to repeat the yield quoted in ref. 2a and now 

'~uthor to whom correspondence may be addressed. find the overall yield of 8-bromocamphor to be 30-40%. 
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5 

i, NaCN/DMSO/heat; ii, DMSO/heat 

SCHEME 1 

i, NaCN /DMS0/80°C or DMS0/80°C 
SCHEME 2 

exocyclic p~s i t i on .~  As a result of these inconsistencies we 
treated 10-bromocamphor (21) under various conditions (cf. 
Scheme 2) used to cleave 9,lO-dibromocamphor and found that 
the only major product formed was the exocyclic isomer (25) of 
(+)-a-campholenic acid (18). Since isomerization of these 
compounds does not seem to occur under basic conditions, the 
observed transformation of "P-bromocamphor" (i.e. 10-bromo- 
camphor), to a-campholenic acid by the early workers is 
difficult to explain except in terms of their assumption (12, 13) 
that "a-bromocamphor" was 6-bromocamphor (16). As indi- 
cated above, however, this assumption is invalid. 

As a footnote to the early literature it is interesting to note that 
treatment of authentic (-)-endo-6-bromocamphor (30)4 with 
KOHIDMSO-H20 (5: 1) at 65°C for 36 h does indeed produce 
(+)-a-campholenic acid (32) as well as (+)-5,6-dehydro- 
camphor (34). In addition, more recent studies (27) indicate that 
treatment of (30) with KOBut/ButOH followed by hydrolysis 
provides (-)-a-campholenic acid (32) as the major product in 
-55% yield. Similarly, (-)-endo-6,9-dibromocamphor (31) 

310-~romofenchone (26) also cleaves with base to provide an 
unsaturated monocyclic acid (27) with the double bond in the exocyclic 
position (14) (see Scheme 6). 
4(-)-endo-6-~romocamphor (30) and (-)-endo-6,9-dibromocam- 

phor (31) are readily prepared by acid-catalyzed arrangement of 
(+)-endo-3-bromocamphor (28) and (+)-endo-3,9-dibromocamphor 
(29), respectively. The mechanism of these fascinating rearrange- 
ments, in which the camphor configuration is inverted, will be 
described in a future report from our laboratory (cf. ref. 27). 

I iii 

HOzC 

9 10 

i, KOH/THF/H20; ii, NaOMe/MeOH; 
iii, KOH/DMSO-H20(99: I); iv, KOH/H20; 
v, KOHIDMSO-H20 (7: 1)/6S°C/24 h 

SCHEME 3 

13 15 
i, NaOMe/MeOH; ii, KOH/DMSO-H20 (10:l) 

SCHEME 4 
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18; X = H 
iii / 19; X = Br 

23; X = HgCl 25 

i, HBr; ii, m-xylenelheat or Br2/KBr/HzO; iii, KOH/EtOH/heat; 
iv, KOH/DMSO-Hz0 (7: 1)/65"C/l h 

SCHEME 5 

i, C1S03H/55"C/1 h; ii, KOH/DMSO-Hz0 (7: 1)/65"C/36 h or KOBu1/HOBu' 
SCHEME 6 
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can be converted to hydroxy-a-campholenic acid (33) and 
(+)-5,6-dehydro-9-bromocamphor (35). 

Aside from these mechanistic considerations, the ease and 
efficiency with which the bromo-acid 7, hydroxy-acid 9, and 
lactone 10 can be obtained from (+)-9,lO-dibromocamphor (6) 
and bromo-ester 12' from (+)-8,lO-dibromocamphor (11) has 
prompted us to assess the potential of these compounds as chiral 
synthons in terpenoid and steroid synthesis and the results of 
our initial investigations have been described in recent reports 
(1, 8)6 from this laboratory. 

Experimental 
Melting points (mp) were determined on a Kofler micro heating stage 

and are uncorrected. Infrared spectra were recorded on a Perkin-Elmer 
137 spectrophotometer and o tical rotations were made on a Perkin- P Elmer 141 polarimeter. The H nmr spectra were recorded on Bruker 
WH-400, Bruker WP-80, or Nicolet-Oxford H-270 instruments. 
Signal positions are given in delta (6) with tetramethylsilane (TMS) as 
internal reference. The integrated areas and signal multiplicities are 
indicated in parentheses. Low resolution mass spectra were determined 
on a MAT CH-4 spectrometer and high resolution spectra were 
recorded on a Kratos MS-50 spectrometer. Gas-liquid chromatogra- 
phy was performed on a Hewlett-Packard model 5830A gas chromato- 
graph with a 6 ft X Q in. column (3% OV-17) or a Hewlett-Packard 
model 5880A gas chromatograph using 50 or 12 m X 0.2 mm columns 
(Carbowax 10M). Column chromatography was done using Merck 
silica gel 60 (230-400 mesh) and thin-layer chromatography (tlc) 
utilizing silica gel 1B2-F (Baker-flex) sheets. Microanalyses were 
performed by Mr. P. Borda, Microanalytical Laboratory, University of 
British Columbia. 

(+)-9,lO-Dibromocamphor (6) (5j7 
To (+)-endo-3-bromocamphor (28) (Aldrich Chemical Co.) (100 g, 

0.433 mmol) in an ice bath was added chlorosulphonic acid (80 mL) 
and bromine (35 mL, 0.683 mmol). The ice bath was then removed and 
the reaction stirred for 1 h before being added to icelsodium bisulphite 
(solid). Extraction with ether (3 X 450 mL), followed by treatment of 
the ether layer with sodium bicarbonate, water (x3), and removal of 
the dried solvent provided (+)-3,9-dibromocamphor (29) as a white 
crystalline solid (133 g, 84% pure by glc; OV-17, 190°C). This 
material was used without further purification. 

To the crude endo-3,9-dibromocamphor (133 g) at 0°C was added 
chlorosulphonic acid (160 mL) and bromine (40 mL, 0.78 mmol). The 
ice bath was removed, the flask covered with aluminum foil, and the 
reaction stirred for 6 days. Further portions of chlorosulphonic acid and 
bromine (20 mL and 15 mL and 15 mL, respectively) were added after 
the second and thud days. The mixture was worked up as before to 
yield crude (+)-endo-3,9,10-tribromocamphor as a viscous dark 
orange oil (132 g). This was immediately dissolved in ether (250 mL) 
and glacial acetic acid (100mL) and treated with zinc (35 g, 
0.54mmol) at O°C (care!) over 20min. The reaction was stirred 
vigorously for 45 min and then poured into water, extracted with ether 
(X3), and the excess acetic acid removed with sodium bicarbonate. 
Work-up in the usual way provided a viscous oil (72 g), which was a 
mixture of (+)-9,lO-dibromocamphor (6) (55%) 9-bromocamphor 
(30%), and (-)-anti-7,9-dibromofenchone (8%) as determined by glc 
(OV-17, 190°C). (+)-9,lO-Dibromocamphor (6) (30 g, 22% overall) 
was crystallized from the crude oil with methanol/petroleum ether. 

5 ~ h e  enantiomers of 7,9,10,12, and 13 are of course available from 
(-)-9,lO-dibromocamphor and (-)-8,lO-dibromocamphor, which 
can be prepared (5) from commercially available (-)-camphor or 
(-)-borneol. 

'some of these results were described at the C.I.C. Conference, 
Montreal, June 3-6, 1984, and at the International Symposium on the 
Chemistry of Natural Products, Edmonton, June 23-26, 1985. 

7This is a modification of the method used by Dadson et al. (5b). 

In a separate experiment, the by-products were isolated and 
identified. Column chromatography (silica gel; petroleum etherlether 
24:l) provided (-)-anti-7,9-dibromofenchone as a white crystalline 
solid, mp 70.5-72°C; [a], -225.3" (c 1.13, MeOH); v,, (CHC1)3: 
1740cm-'; 6 (CDC13, 270 MHz): 1.1 1 (3H, s), 1.23 (3H, s), 1.44 
(lH, m), 1.87 (2H, m), 2.30 (1H m), 2.53 (lH, d, J = 3.5Hz), 3.36 
( l H , d , J =  10.5Hz),3.48(1H,d, J =  10.5Hz),4.19(lH,br,s);m/e 
(relative intensity): 312/310/308 (M', 0.7/1.5/0.7), 2311229 
(8/8), 2031201 (14/14), 121 (28), 107 (13), 93 (17), 81 (loo), 
79 (19). Mol. Wt. calcd. for Cl0Hl40Br2: 311.9371/309.9391/ 
307.941 1; found (high resolution mass spectrometry: 31 1.93621 
309.93941307.9367. Anal. calcd. for C10H140Br2: C 38.74, H 4.55, 
Br51.55;found:C 38.81, H4.50,Br51.36. Thestructureandabsolute 
configuration of this compound was confirmed by X-ray analysis.' 
Further elution provided 9-bromocamphor as a white crystalline solid. 

(+)-9,lO-Dibromocamphor ethylene ketal(2) 
(+)-9,lO-Dibromocamphor (6) (5.0 g, 16.1 mmol), ethylene glycol 

(15mL), para-toluenesulphonic acid ( lmmg) ,  and dry benzene 
(60 mL) were refluxed in a Dean-Stark trap containing 4A molecular 
sieves for 1 week. The sieves were replaced every 24 h. The solution 
was poured into brine and extracted with ether (3 times). The combined 
organic layers were washed twice with water, dried (MgS04), and 
filtered through a silica gel pad. Removal of the solvent provided a 
crude oil (5.40g). Column chromatography (silica gel, petroleum 
etherlether 50: 1) gave starting material (1.0 g) and (+)-9,lO-dibromo- 
camphor ethylene ketal(2) (3.66 g; 64% yield; 76% based on recovered 
starting material) as a white crystalline solid, mp 38-42°C; 6 (CDC13, 
400MHz): 1.27 (3H, d, J = 1 Hz), 1.37 (lH, m), 1.50 (lH, d, J = 
14Hz), 1.80(1H,m), 1.89(1H, m), 2.02(1H,m), 2.18(2H,m), 3.43 
(lH,d, J = lOHz), 3.51 (d)and3.53 (d)(2H,ABquartet, J =  12Hz), 
3.69 (lH, dd, J = lOHz, 1 Hz), 3.72-3.99 (4H, m, ketal protons); 
mle (relative intensity): 2751273 (M' - Br, 98/100), 193 (47), 149 
(18), 131 (24), 121 (26), 107 (79), 105 (26). Anal. calcd. for 
C12H1802Br2: C 40.71, H 5.12, Br 45.13; found: C 40.96, H 5.17, Br 
45.00. 

9,lO-Dicyanocamphor ethylene ketal(3) and cyanoester (4) 
(+)-9,lO-Dibromocamphor ethylene ketal (2) (2.1 g, 5.9 mmol), 

sodium cyanide (0.87 g, 17.8 mmol), and potassium iodide (50 mg) 
were stirred in dry dirnethylsulphoxide (25 mL) at 1 10°C under argon 
for 6 days. The mixture was poured into brine, extracted three times 
with ether, and the combined organic layers washed twice with brine, 
dried, and the solvent removed. The residue (1.1 g) was shown by glc 
(OV-17, 210°C) to be a mixture (4:3) of cyanoester (4) and 9,lO- 
dicyanocamphor ethylene ketal (3). A portion of this material was 
subjected to column chromatography (silica gel; petroleum ether /ether 
1:l) to provide a sample of 9,lO-dicyanocamphor ethylene ketal (3), 
which was recrystallized from etherlpetroleum ether to yield colour- 
less needles, mp 73.5-74.5"C; v,, (CHC13): 2250 cm-'; 6 (CDC13, 
400MHz): 1.33 (3H, s), 1.49 (lH, m), 1.45 (lH, d, J = 13.5 Hz; C(3) 
endo proton), 1.68 (lH, m), 1.81 (lH, m), 2.06 ( lH, ddd, J = 
13.5 Hz, 5 Hz and 3 Hz; C(3) exo proton), 2.18 (lH, dd, J = 4.5 Hz, 
4.5 Hz; C(4) proton), 2.32 (IH, ddd, J = 13 Hz, 9 Hz, 4Hz), 2.38 (d) 
and 2.46 (d) (2H, AB quartet, J = 18 Hz), 2.38 (d) and 2.54 (d) (2H, 
AB quartet, J = 18 Hz), 3.75-4.0 (4H, m, ketal protons); mle 
(relative intensity): 246 (M', 0.9), 231 (1 .I), 206 (100), 120 (56), 87 
(96). Mol. Wt. calcd. for Cl4Hl8O2N2: 246.1368; found (high 
resolution mass spectrometry): 246.1376. 

Further elution using pure ether provided the cyanoester (4) as a 
colourless oil; v,, (CHCI3): 2375, 1730, 1660 and 900cm-'; 6 
(CDC13, 400 MHz): 1.06 (3H, s), 1.42 (lH, m), 2.00 (2H, m, one 
proton exchangeable with D20), 2.29 (lH, dd, J = 16 Hz, 8 Hz), 
2.35-2.50 (3H, m), 2.50 (2H, s, CH2CN), 2.55 (lH, dd, J = 16 HZ, 
4Hz), 3.84 (2H, br s; sharpens to a multiplet on addition of D20; 
CH20H), 4.24 (2H, m; CH2CH20H), 4.94 (lH, t, J = 2 HZ), 5.03 
(lH, t, J = 2Hz); mle (relative intensity): 237 (M', 4.5), 176 (4% 

'S. J. Rettig and J .  Trotter, U.B .C., unpublished results 
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175 (25), 134 (%), 133 (29) 108 (loo), 93 (46). Mol. Wt. calcd. for potassium hydroxide (1.35 g, 24 mmol), dimethylsulphoxide (5 1 mL), 
Cl3HI9O3N: 237.1365; found (high resolution mass spectrometry): and water (9mL) was stirred at room temperature for 1.5 h, then at 
237.1366. 65°C for 20 h. This was poured into ice-cold water and worked UD as 

Bromohydroxy-ester (5) 
(+)-9,lO-Dibromocamphor ethylene ketal (2) (180mg) was dis- 

solved in dry dirnethylsulphoxide (10 mL) and heated to 1 10°C for 4 h. 
The solution was cooled, acidified with 1 N hydrochloric acid, and 
extracted three times with ether. The ethereal layers were washed with 
water (3 times), dried, and evaporated to yield a colourless oil (94 mg). 
Purification by column chromatography (silica gel; petroleum ether/ 
ether 2: 1) gave starting material (34 mg) and the bromohydroxy-ester 
(5) (36.4mg); v,, (film): 3420 (br), 1740, 1660, 890cm-'; 6 
(CDCI3, 400 MHz): 1.08 (3H, s), 1.35 (lH, m), 1.90 (lH, br s, 
exchangeablewithD20), 1.97 (lH, m), 2.22(1H, m), 2.30-2.47 (2H, 
m), 2.53-2.64 (2H, m), 3.37 (lH, d, J  = lOHz), 3.46 (lH, d, J  = 
lOHz), 3.85 (2H, m), 4.24 (2H, m), 4.85 (lH, t, J  = 2.5Hz), 5.00 
(lH, t, J  = 2.0 Hz); mle (relative intensity): 2921290 (M+, 0.110. I), 
2751273 (1.4/1.3), 197 (43 ,  107 (100). 

Methyl (1'R,2'R)-2-(2'-bromoethyl-2'-methyl-3'-methylenecyclo- 
penty1)ethunoate (8); bromo-ester (8) 

Sodium metal (0.41 g, 17.8mmol) was added to dry methanol 
(50mL) under argon at 0°C. When all the sodium had reacted. 
9,10-dibromocamihor (6) (3.68 g, 11.9 mmol) was added, and aft& 
6 h the reaction was terminated by acidifying with 1 N hydrochloric 
acid and then extracting three times with ether. The organic phase was 
washed with brine, dried (MgS04), and the solvent removed to yield 
the bromo-ester (8) (3.08g, 99%), v,, (CHC13): 1730, 1660, 
900cm-'; 6 (CDCI3, 270MHz): 1.05 (3H, s), 1.35 (lH, m), 1.93 
(lH, m), 2.10 (lH, dd, J  = 13.5 Hz, 11.5 Hz), 2.25-2.41 (2H, m), 
2.46-2.59 (2H, m), 3.36 (d) and 3.45 (d) (2H, AB quartet, J  = 12Hz), 
3.67(3H, s;OCH3), 4.84(1H, t, J  = 2.5Hz), 4.98 (lH, t, J  = 2Hz); 
mle (relative intensity): 2621260 (M+, 0.1 10. l),  231 1229 (1 /I),  167 
(57), 121 (15), 107 (100), 93 (22), 91 (24). Mol. Wt. calcd. for 
CllH1702Br - 0CH3: 231.0208/229.0228; found (high resolution 
mass spectrometry): 23 1.02 11 1229.0216. 

1 (1'R,2'R)-2-(2'-Bromomethyl-2'-methyl-3'-methylenecyclopenty1) 
ethunoic acid (7); (-)-bromo-acid (7) 

I Method A 
I To a solution of (+)-9,lO-dibromocamphor (6) (1.5 g, 4.8 mmol) in 

dimethylsulphoxide (51 mL) was added potassium hydroxide (1.35 g, 
24 mmol) in water (10 mL). After 1 h, the yellow solution was poured 
into water and extracted once with ether. The ether layer was washed 
once with water and the combined aqueous layers were then carefully 
acidified with 6 N hydrochloric acid. This was extracted three times 
with ether and the combined ethereal layers washed with brine (twice), 
dried (MgS04), and evaporated to yield the bromo-acid (7) (1.17 g, 
98%) as a white crystalline solid, one spot on tlc. Recrystallization of a 
small amount of this material from petroleum ether afforded pure 
bromo-acid (7), mp 62-64°C; [a], -45.8" (c 0.4, MeOH); v,, 
(CHC13): 2950 (br), 1705,1640,890 cm- '; 6 (CDC13, 400 MHz): 1.08 
(3H, s; angular methyl group), 1.39 (lH, m), 2.01 (lH, m), 2.18 (lH, 
dd, J  = 16Hz, lOHz), 2.32-2.48 (2H, m; allylic protons), 2.55 (lH, 
m; methine proton), 263 (lH, dd, J = 16 Hz, 4 Hz), 3.39 (d) and 3.47 
(2H, AB quartet, J  = 10 Hz), 4.86 (lH, t, J = 2 Hz), 5.00 (lH, t, J = 
2 Hz); mle (relative intensity): 2481246 (M+ , 0.4/0.4), 1881186 
(4/4), 167 (7), 166 (17), 153 (loo), 111 (32), 107 (98). Anal. calcd. 
for C1fi1502Br: C 48.58, H 6.12, Br 32.35; found: C 48.47, H 6.16, 
Br 32.20. 

Method B 
(+)-9,lO-Dibromocamphor (6), (1 .O g, 3.2 mmol), 0.5 N potassium 

hydroxide (80 mL, 40 mmol), and tetrahydrofuran (80 mL) were stirred 
at room temperature for 4.5 h. Work-up as described above gave the 
bromoacid (7) (0.75 g, 94%) as a white solid. 

(l'R,2'R)-2-(2'-Hydroxymethyl-2'-methyl-3'-methylene~clo- 
penty1)ethanoic acid (9); (-)-hydroxy-acid (9) 

Method A: From (+)-9,lO-dibromocamphor (6) 
A solution of (+)-9,lO-dibromocamphor (6) (1.5 g, 4.8 mmol), 

before to yield the hydroxy-acid (9) (0.807 g, 91%) as a wiite 
crystalline solid. A pure sample of 9 was obtained by recrystallization 
of a portion from ethyl acetate/petroleum ether, mp 118-1 19°C; [a], 
-21.4" (c 0.35, MeOH); v,, (CHC13): 2850 (br), 1705,890 cm-l; 6 
(CDC13, 400 MHz): 0.88 (3H, s), 1.39 (lH, m), 1.99 (lH, m), 2.22 
(lH,dd, J =  14Hz,9Hz),2.34(1H,m),2.40-2.56(3H,m),3.42(d) 
and 3.53 (d) (2H, AB quartet, J  = 11 Hz), 4.82 (lH, t, J  = 2.5 HZ), 
5.02 (lH, t, J  = 2.0Hz); mle (relative intensity): 184 (M', 2), 166 
(8), 154 (32), 153 (34), 107 (97), 95 (85), 94 (loo), 93 (65), 79 (52). 
Mol. Wt. calcd. for C1fi1603: 184.1100; found (high resolution mass 
spectrometry): 184.1096. Anal. calcd. for C1fi1603: C 65.19, H 8.75; 
found: C 64.97, H 8.61. 

Method B: From (lR,6R)-1 -methyl-9-methylene-3-oxa-4- 
oxobicyclo[4.3.0]no~ne (10); ((-)-lactone (10)) 

(-)-Lactone (10) (49 mg, 0.3 mmol) was dissolved in tetrahydro- 
furan (5 mL) and treated with 0.5 N potassium hydroxide solution 
(5 mL, 2.5 mmol) for 30min. The solution was partitioned between 
ether and 1 N hydrochloric acid. After the usual work-up, the 
hydroxy-acid 9 was obtained as a white crystalline solid (54mg, 
100%'). 

(1R ,6R)-1 -Methyl-9-methylene-3-oxa-4-oxobicyclo[4.3.0]nonane 
(10); (-)-lactone (10) 

A solution of the bromo-acid (7) (1.67 g, 6.8rnmol), potassium 
hydroxide in dimethylsulphoxide/water 9:l (0.277 M, 24.55mL, 
6.8 mmol), silver(1) oxide (0.35 g, 1.5 mmol), and dimethylsulphoxide 
( I l l  mL) was stirred at room temperature for 1 h and then at 70°C 
for 1 h. 

The solution was poured into brine, extracted with ether (x3),  and 
the ether extracts washed with brine and dried. Removal of the solvent 
provided a yellow solid (1.23 g), which on trituration with cold 
petroleum ether gave the lactone (10) (1.04 g, 92%; 96% pure by glc; 
3% OV-17, 160°C) as a crystalline solid. Subsequent recrystallization 
from petroleum ether provided pure lactone (lo), mp 96.5-98.5"C; 
[a], -27.3" (c0.42, ~ ~ 2 ~ 1 2 ) ;  v,, (CHC13): 1740,1650,89Ocm-~; 6 
(CDCI3, 400MHz): 1.05 (3H, s; angular methyl group), 1.45 (lH, 
9-line multiplet), 1.87 (1H, m), 2.01 (lH, 7-line multiplet; methine 
proton), 2.43 (lH, dd, J  = 18Hz, 13.5Hz; HA), 2.43 (lH, m), 2.62 
(lH, m), 2.78 (lH, dd, J  = 18 Hz, 5.5 Hz; HB), 4.23 (d) and 4.37 (d) 
(2H,ABquartet, J =  lOHz),4.63(1H, t, J  = 2.5Hz),4.83(1H, t, 
J  = 2 Hz); m/e (relative intensity): 166 (M+ , 15), 107 (23), 95 (1 8), 94 
(100), 93 (24), 79 (70). Mol. Wt. calcd. for Cl0Hl4O2: 166.0994; 
found (high resolution mass spectrometry): 166.0994. Anal. calcd. for 
C1fiI4o2: C 72.26, H 8.49, 0 19.25; found: C 72.12, H 8.68, 0 
19.13. 

Cleavage of (+)-10-bromocamphor (21); (+)-isocampholenic acid 
(25) 

(+)-10-~romocam~hor (21) (28), (234 mg, 1.0 mmol) and potas- 
sium hydroxide (284mg, 5.0mmol) were stirred in dimethylsulph- 
oxide (1 1 mL) and water (1.5 mL) at 65°C for 1 h. The solution was 
cooled, poured into brine, and extracted with ether. The aqueous phase 
was then acidified with 6 N hydrochloric acid and further extracted with 
ethyl acetate (X3). After two washings with brine, the organic extracts 
were dried (MgS04) and evaporated to yield a yellow oil (180mg). 
Column chromatography (silica gel; petroleum etherlether 1:I) gave 
isocampholenic acid (25) as a colourless oil (130.2mg, 77%); [a]? 
+ 1.6" (C 0.5, CH2C12); v,, (film): 3000 (br), 17 10, 1660,885 cm- , 
6 (CDCI3, 400 MHz): 0.85 (3H, s), 1.09 (3H, s), 1.38 (lH, m), 1.98 
(2H, m), 2.15 (lH, dd, J  = 15Hz, lOHz), 2.36 (lH, m), 2.46 
(lH,m),2.46(lH,dd, J =  15Hz,3.5Hz),4.78(1H,t, J=2 .5Hz) ,  
4.80(1H, t, J  = 2Hz); mle (relativeintensity): 168 (M', 2), 153 (261, 
I08 (100), 93 (97), 91 (37), 79 (33). Mol. Wt. calcd. for C10H1602: 
168.1150; found (high resolutionmass spectrometry): 168.1152. Anal. 
cdcd. for C1fil6O2: C 71.39, H 9.59; found: C 71.13, H 9.59. 

Cleavage of (-)-endo-6-bromocamphor (30) 
(-)-endo-6-Bromocamphor (30) (27) (6.5 g, 0.028 mol), potassium 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



860 CAN. J .  CHEM. VOL. 64, 1986 

ECK, and T. MONEY. J. Chem. Soc. Perkin Trans. 1,359 (1976); 
(c) W. M. DADSON and T. MONEY. J. Chem. Soc. Chem. 
Commun. 112 (1982); ( d )  W. L. MEYER, C. E. CAPSHEW, J. H. 
JOHNSON, A. R. KLUSENER, A. P. LOBO, andR. N. MCCARTY. J. 
Org. Chem. 42, 527 (1977). 

3. ( a )  F. S. KIPPING and W. J. POPE. J. Chem. Soc. 63,548 (1893); 
(b )  G. B. KAUFEMAN. J. Prakt. Chem. 33, 295 (1966), and 
references cited; ( c )  W. L. MEYER, A. P. LOBO, and R. N. 

I MCCARTY. J. Org. Chem. 32, 1754 (1967); ( d )  H. NISHIMITZU, 

I M. NISHIKAWA, and H. HAGIWARA. Proc. Jpn. Acad. 27, 285 
(1951); ( e )  E .  J. COREY, S. W. CHOW, and R. A. SCHEMER. J. 

I Am. Chem. Soc. 79,  5773 (1957). 

I 
4. (a)  A. REYCHLER. Bull. Soc. Chirn. Paris, 19, 120 (1898); ( b )  P. 

D. BARTLETT and L. H. KNOX. Org. Synth. 45, 12 (1965), and 
references therein; ( c )  F. DALLACKER, K. ULRICHS, and M. LIPP. 
Liebigs. Ann. Chem. 667, 50 (1963), and references cited. 

5. (a)  M. NISHIKAWA and H. HAGIWARA. J. Pharm. Soc. Jpn. 74,  
76,81(1954); ( b )  W. M. DADSON, M. LAM, T.  MONEY, and S. E. 
PIPER. Can. J. Chem. 61, 343 (1983). 

6. ( a )  A. R. BATTERSBY, D. G. LAING, and R. RAMAGE. J. Chem. 
Soc . Perkin Trans 1,2743 (1 972), and references cited; (b )  G . E. 
GREAM, D. WEGE, and M. MULAR. Aust. J. Chem. 27, 567 
(1974); ( c )  G. R. KROW. Tetrahedron, 37, 2697 (1981), and 
references cited; ( d )  R. R. SAUERS. J. Am. Chem. Soc. 81, 923 
(1959), and references cited; ( e )  R. R. SAUERS and G. P. 
AHEARN. J. Am. Chem. Soc. 83,2759 (1961); ( f )  H. J .  LIU and 
W. H. CHAN. Can. J. Chem. 57,708 (1979); 60,1081 (1982); (g )  
R. V. STEVENS, F. C. A. GAETA, and D. S. LAWRENCE. J. Am. 
Chem. Soc. 105, 7713 (1983), and references cited; (h) J. D. 
CONNOLLY and K. H. OVERTON. J. Chem. Soc. 3366 (1961); (i) 
R. V. STEVENS and D. S. LAWRENCE. Tetrahedron, 41, 93 

I (1985); 0') P. T. LANSBURY, D. J. MAZUR, and J. S. SPRINGER. 

I 
J. Org. Chem. 50, 1632 (1985). 

7 .  (a)  J. BREDT. Chem. Ber. 26,3047 (1893); (b )  I. KITAGAWA, H. 
SHIBUYA, H. FUJIOKA, A. KAJIWARA, Y. YAMAMOTO, S. TSUJI, 
A. TAKAGI, and M. HORI. Chem. Pharm. Bull. 29,2540 (1981); 
(c )  R. B. WOODWARD. Pure Appl. Chem. 17,519 (1968); 25,283 

I 
(1971); 33, 145 (1973); ( d )  C. H. HASSEL. Org. React. 9 ,  93 

1 (1957); ( e )  D. MILJKOVIC, J. PETROVIC, M. STAGIC, and 
M. MILJKOVIC. J. Org. Chem. 38, 3585 (1973); ( f )  F. S. 
KIPPING. J. Chem. Soc. 69, 913 (1896); (g )  F. S. KIPPING and 
W. J. POPE. J. Chem. Soc. 71,962 (1897); 71 ,  989 (1897). 

8. ( a )  J. H. HUTCHINSON, T. MONEY, and S. E. PIPER. J. Chem. 
Soc. Chem. Commun. 455 (1984); (b)  J. H. HUTCHINSON and 
T. MONEY. Tetrahedron Lett. 26, 1819 (1985); (c )  J .  H .  
HUTCHINSON andT. MONEY. Can. J. Chem. 63,3182 (1985); ( d )  
J. H .  HUTCHINSON, T. MONEY, and S. E. PIPER. J. Chem. Soc. 
Chem. Commun. 288 (1986); (e )  J. H. HUTCHINSON and T. 
MONEY. Can. J. Chem. In press; Cf) J. H. HUTCHINSON, T. 
MONEY, and S. E. PIPER. Can. J. Chem. In press. 

9. (a )  R. B. TURNER and R. H. GARNER. J.  Am. Chem. Soc. 79,253 
(1957); (b )  R. FLECK. J. Org. Chem. 22, 439 (1957). 

10. E.  J. COREY, M. OHNO, S. W. CHOW, andR. A. SCHERRER. J. 
Am. Chem. Soc. 81, 6305 (1959). 

11. K. B. BECKER and C. A. GROB. In The chemistry of double- 
bonded functional groups. Part 2,  Suppl. Edited by A. S. Patai. 
Interscience, New York. 1977. pp. 653-723. 

12. M. 0 .  FORSTER. J. Chem. Soc. 81,264 (1902). 
13. H. BURGESS. J. Chem. Soc. 125, 2375 (1924). 
14. D. S. TARBELL and F. C. LOVELESS. J. Am. Chem. Soc. 80, 1963 

(1958). 
15. S. A. ACHMAD and G. W. K. CAVILL. Aust. J. Chem. 16, 858 

(1963); 18, 1979 (1965). 
16. (a)  J .  WOLINSKY and D. CHAN. J. Org. Chem. 30,41 (1965); (b )  

J. WOLINSKY and R. 0. HUTCHINS. J. Org. Chem. 37, 3294 
(1972). 

17. J. N. MARX and L. R. NORMAN. J. Org. Chem. 40, 1602 (1975). 
18. P. YATES, M .  J. JORGENSEN, and P. SINGH. J. Am. Chem. Soc. 

91,4793 (1969). 
19. H. RUPE and K. SCHAFER. Helv. Chim. Acta, 11,463 (1928). 
20. T. HUDLICKY and R. P. SHORT. J. Org. Chem. 47, 1522 (1982). 
21. J. L. BELLETIRE and D. R. WALLEY. Tetrahedron Lett. 24, 1475 

(1983). 
22. E.  WENKERT, P. BAKUZIS, R. J. BAUMGARTEN, C. L. LEICHT, 

and H. P. SCHENK. J. Am. Chem. Soc. 93, 3028 (1971), and 
references cited. 

23. H. E. ARMSTRONG and T. M. LOWRY. J. Chem. Soc. 1441 (1902); 
1462 (1902). 

24. E.  WEDEKIND, D. SCHENK, andR. STUSSER. Chem. Ber. 56,633 
(1923). 

25. P. LIPP and F. LAUSBERG. Justus Liebigs Ann. Chem. 436, 274 
(1924). 

26. J. D. LOUDON. J. Chem. Soc. 823 (1933). 
27. J. H. HUTCHINSON. Ph.D. Thesis, University of British Colum- 

bia, Vancouver. 1985. 
28. F. DALLACKER, K. ULRICHS, and M. LIPP. Justus Liebigs AM. 

Chem. 667,550 (1963). 
29. E.  J .  COREY, M. OHNO, S. W. CHOW, andR. A. SCHERRER. J. 

Am. Chem. Soc. 81, 6305 (1959). 
30. (a)  D. E. BAYS, R. C. COOKSON, and S. MACKENZIE. J. Chem. 

Soc. (B), 215 (1967); ( b )  D. E.  BAYS and R. C. COOKSON. J. 
Chem. Soc. (B), 226 (1967). 

31. Y. ASAHINA, M. ISHIDATE, andT. TUKAMOTO. Chem. Ber. 69B, 
349 (1936); 69B, 355 (1936). 

32. P. J. MALKONEN and J. PAASIVIRTA. Suom. Kemistil. B, 43,457 
(1970). 

33. H .  J. LIU and W. H. CHAN. Can. J. Chem. 60, 108 1 (1982). 
34. M. NISHIKAWA. J. Pharm. Soc. Jpn. 72,  634 (1952). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The dilemma of estimating forms of sulfur in low-sulfur low rank coals 
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S. K. CHAKRABARTTY and A. IACCHELLI. Can. J. Chem. 64, 861 (1986). 
The analytical methods for estimating forms of sulfur in coals are reviewed on the basis of sulfur analyses of Western 

Canadian low sulfur subbituminous coals. The reasons for the variance in analyses are examined, and a novel method of 
analysis is recommended for evaluation 

S. K. CHAKRABARTTY et A. IACCHELLI. Can. J. Chem. 64, 861 (1986). 
On prksente une revue des mkthodes analytiques permettant qu'kvaluer diverses formes de soufre dans des charbons; cette 

revue est baske sur des analyses de soufre dans des charbons subbitumineux de I'ouest canadien contenant de faibles 
niveaux de soufre. On examine les raisons qui expliquent pourquoi les analyses conduisent 1 des rksultats variables et on 
recornmande une nouvelle mkthode d'analyse pour 1'Cvaluation. 

[Traduit par la revue] 

Introduction 

The importance of coal as boiler fuel in power plants, 
particularly in North America, and the development of new coal 
resources have resulted in a renewed interest in coal analytical 
techniques. Having experienced the effect of acid rains, it is 

I imperative that the forms of sulfur in coal should be determine 
precisely before it is combusted in a large utility boiler. 

I Sulfur in coal is recognized as existing in three forms: (1) 1 inorganic sulfate (S,), as ferrous sulfate and gypsum; (2) 
inorganic sulfides (S,), generally as pyrites, although sulfides of 
zinc and lead may occur in some coals; and (3) as organic sulfur 
compounds (So) (1, 2). Elemental sulfur is occasionally detected 
and may be formed by weathering of exposed deposits (1). Most 
of the inorganic sulfur can be extracted by sequential treatment 
with hydrochloric and nitric acids. ASTM methods prescribe 
meticulous extraction of ground coal with dilute hydrochloric 
acid to remove soluble iron compounds including FeS04 and 
other sulfates. The HC1-washed coal is then treated with nitric 
acid, which dissolves pyrites (FeS2), and iron is determined in 
the extracts (3). In the absence of standard methods for 
determining organic sulfur, So, the differences So = ST - 
( S ,  + S,) is denoted as sulfur present in the organic matrix as 
organo-sulfur compounds. The cumulative errors in determining 
ST, S,, and S, are reflected in the values of So. 

Simultaneous determination of iron and sulfur in various 
forms using suitable methods is more reliable than relying on 
either iron or sulfur analyses alone, but multifarious problems 
are encountered. Pyrites in coal occur as ultrafine particles 
frequently coated with, or encapsulated in, organic matter or 
minerals such as kaoline. Complete extraction of pyritic iron 
thus becomes difficult. Though it is claimed that nitric acid 
extractions isolate pyritic iron quantitatively, some of the 
non-pyritic iron may also be extracted along with pyrites and 
would be counted as pyritic iron. On the other hand, a loss of 

1 sulfur by oxidation during nitric acid extraction is a distinct 
possibility, and non-stoichiometry of iron-to-sulfur ratios poses 
a problem in assigning the analyses as pyrites, S,. Young and 
Zawadzki (4) provided a convenient method for S, determina- 
tion, using the iron content of hydrochloric acid-washed coal as 
a measure of pyrite when extracted from 750°C ash, but a fair 
amount of sulfur is lost during ashing and could not be directly 
measured by this method. It has been suggested that a low 
temperature ashing method (5) could be used for simultaneous 

estimation of iron and sulfur, but the presence of alkali and 
alkaline-earth metals in coal minerals and in the organic matrix 
(as cations corresponding to carboxylate anions) would allow 
organic sulfur to be captured in low temperature ash and to 
interfere in the apparent pyrite stoichiometry. 

The magnitude of errors is intensified when the total sulfur is 
low and a microanalytical technique is employed for analysis of 
forms of sulfur. For example, the sulfur content of Canadian 
Cretaceous coals used in power plant boilers is less than 1%. To 
meet emission standards and other regulations, a sound know- 
ledge of the forms of sulfur and the associated chemistry should 
be at hand to provide a reliable guide to anticipated technologi- 
cal and environmental problems. The purpose of this paper is to 
review various modifications of the ASTM methods to analyse 
forms of sulfur in low-sulfur low rank coals. This review 
illustrated the dilemma of estimating the forms of sulfur in coal, 
and suggests the problem be resolved through the development 
of a procedure for the direct determination of organic sulfur or, 
alternatively, a method that permits the accurate determination 
of the iron-to-sulfur stoichiometry in the pyrite present in coal. 

Analytical methods: experimental 
Coal samples 

Representative specimens of coals from eight deposits in central 
Alberta were used for this study. The specimens belong to three 
geological formations, and the ASTM ranking of samples was 
subbituminous A, B, and C (6). 

Total sulfur determination 
Total combustible sulfur in coal specimens was determined accord- 

ing to ASTM D4239 using the Leco SC-32 model sulfur determinator 
wherein 250-mg samples of - 200 mesh air-dried coal are combusted in 
a stream of oxygen at 1350°C. The combustion products are freed from 
entrained particles and moisture by passage through a magnesium 
perchlorate trap, and an equilibrium mixture of SO2 and SO3 in the gas 
stream is determined by infrared absorption. 

Total iron determination 
Similar coal samples (2.0 g) were combusted to 750°C in a Fisher 

programmable furnace according to the ASTM D3174-82 procedure. 
Freshly ignited ash (200 mg) was placed in a 125 ml Teflon bottle 
containing3 mL aqua regia and 5 rnL hydrofluoric acid, and heated in a 
steam bath for 2 h. The excess HF was neutralized with 50 mL saturated 
boric acid solution. The volume of the solution was then made up to 100 
mL with deionized water and the iron content was determined using an 
ICP spectrometer, ARL-34000 model, at wavelength 259.94 nrn. 
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TABLE 1. Sulfur and iron content of the coal specimens (g1100 g dry coal) 

Atomic 
Geological ratio 

Specimen "formations" Total S Total Fe SIFe 

Smoky Tower 
Obed Marsh 
Highvale 
Alix (Sisson's) 
Antelope Coulee 
Vesta 
Tofield 
Blackfoot 

Obed Marsh 
Obed Marsh 
Scollard 
Scollard 
Scollard 
Horseshoe Canyon 
Horseshoe Canyon 
Horseshoe Canyon 

Forms of sulfur 
Different procedures used for this purpose are described below. 

1. Standard procedure: ASTM D2492, Method 1 
Sequential extractions of a 3-g coal sample, air-dried and pulverized 

to -200 mesh, were undertaken first with 50 mL 2.3 N HCl and then 
with 50 mL 1.7 N HN03 under reflux conditions. The extracts were 
diluted to 200 mL and analysed for iron and sulfur content using an ICP 
spectrometer, ARL-34000. 

2. Modijiedprocedure: Janke et al.  (7), Young and Zawadzki (4), 
Method 2 

Coal samples were first extracted with HCl according to ASTM 
D2492. The HC1-treated sample was then combusted in a furnace at 
750°C. The resulting ash was then extracted with 2.3 N HC1 under 
reflux conditions. The iron and sulfur content in the HC1 extracts was 
measured separately using an ICP spectrometer, ARL-34000. 

I 3. Low temperature ashing (LTA) procedure: Method 3 
I Coal samples were first extracted with HCl according to ASTM 
I D2492. The HC1-treated coal was dried at llO°C for 1 h, transferred 

onto a 10 cm id Pyrex petri dish, and placed on a four-chamber oxygen 
plasma asher (manufactured by International Plasma Corporation) for 
low temperature combustion. When the inorganic matter was totally 
oxidized (25 h), the residual ash was sequentially extracted with HCl 

I and HN03 according to ASTM D2492. The iron and sulfur content in 
the extracts was measured separately using an ICP spectrometer. 

4. Alternate LTA of coal: Method 4 
Oven-dried -200 mesh coal samples were oxidized in the oxygen 

plasma as in 3. No attempt was made at complete combustion of 
carbon, so that oxidation of pyrites could be avoided (8). Following 
sequential extraction with HCl and HN03 of the so-called LTA residue, 
determinations of the iron and sulfur content in the extracts were 
undertaken as in 3. 

5 .  Second alternate LTA of coal: Method 5 
The procedure for LTA described under 4 was modified to include 

more efficient ashing with combined oxygen-fluorine plasma (9). 
Fluorine plasma was generated in situ by using a Teflon petri dish 
instead of a Pyrex glass dish. All other steps for the estimation of the 
forms of sulfur were the same as in 4. 

Results and discussion 
The following results are described to demonstrate the 

dilemma coal analysts face when reporting the results of 
analysis according to some standard procedures. The results in 
Table 1, describing the coal samples, their geology, and analysis 
with respect to total iron and total sulfur content are precise and 
pose no problem. The error ranges within k 1 .O% between 
replicate analyses. The atomic ratio, SIFe, however, varies 
randomly according to sample origin. 

In Table 2 these single-step analyses are compared with 
multiple-step iron analyses according to Methods 2 and 3, 
respectively. The results of multiple-step analyses are 4-25% 
lower than the single-step procedure. The error may be due to 
incomplete extractions, but both high and low temperature 
ashing procedures gave comparable results. Alternately, lower 
values may be assigned to handling losses during transfer, 
filtration, etc., or there may be forms of iron in the coal that are 
HCUHN03 insoluble (after ashing), but soluble in HF. 

Similar comparisons could not be made between single and 
multiple-step analyses of sulfur. Table 3 summarizes the results 
of total sulfur determination by "Leco" and by the multiple steps 
of Methods 1-5. The recovery of sulfur varies widely between 
different procedures. Between 15 and 57% sulfur is recovered 
by the standard ASTM D2492 (Method 1) procedure; this 
portion should be assigned as a combination of sulfate and 
pyritic sulfur. Using high temperature ashing, Method 2, 
recovery was extremely poor. Not only the organic sulfur was 
lost, but the pyrites probably decomposed-to Fe203 and SO2. 
Low temperature ashing (Method 4), on the other hand, gave 
more than 85% recovery in 7 out of 8 cases. The high recovery 
in the LTA procedure may have been due to the fixation of 
organic sulfur in the inorganic matrix without loss of pyritic 
sulfur. This possibility was suspected from the fact that the 
recovery of sulfur using Method 3 procedures, where low 
temperature ashing was done after HC1 leaching of coals, was 
not as high as 85%. HCl leaching would remove alkali and 
alkaline-earth ions, which are responsible for fixing sulfur 
during low temperature ashing. 

TABLE 2. Comparison of iron (gI100 g dry coal) analyses by different procedures 

Multiple steps, total Fe 

Coal sample 

Smoky Tower 
Obed Marsh 

Highvale 
Alix 
coulee 

Vesta 
Totfield 
Blackfoot 

Single step, 
total Fe 

0.443 
0.255 

0.350 
0.479 
1.470 

0.685 
0.916 
0.654 

High T % Recovery Low T % Recovey 

(Method 2) (Method 3) 
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CHAKRABARTIY AND IACCHELLI 

TABLE 3. Total sulfur (g1100 g dry coal) determined by various methods; single vs. multiple steps 

Method Method Method Method Method 
Coal sample Leco 1 2 3 4 5 

Smoky Tower 0.45 1 0.114 0.044 0.325 0.433 0.410 
Obed Marsh 0.367 0.054 0.056 0.238 0.327 0.301 

Highvale 0.131 0.075 0.038 0.172 0.233 0.290 
Alix 0.345 0.128 0.044 0.236 0.362 0.385 
Coulee 0.665 0.285 0.113 0.433 0.658 0.639 

Vesta 0.940 0.165 0.020 0.231 0.918 0.780 
Tofield 1.108 0.572 0.061 0.535 1.015 1.035 
Blackfoot 0.580 0.159 0.032 0.242 0.542 0.499 

TABLE 4. Iron (g1100 g dry coal) in various forms in coal 

Fens 
Diffa Fe* 

Coal sample Fetotal F ~ H C I  (Fep) (Fes) Diff, % Fetotal 

Smoky Tower 0.443 0.226 0.217 0.036 0.190 42.8 
Obed Marsh 0.255 0.133 0.122 0.016 0.117 45.9 

Highvale 0.350 0.266 0.084 0.035 0.231 66.0 
Alix 0.479 0.315 0.164 0.044 0.271 56.6 
Coulee 1.470 0.885 0.585 0.131 0.754 51.3 

Vesta 0.685 0.467 0.218 0.022 0.445 65.0 
Tofield 0.916 0.536 0.380 0.070 0.466 50.9 
Blackfoot 0.654 0.532 0.122 0.031 0.501 76.6 

Diff, = FetOM - FeHc.. 
Fe* = Fe calculated from sulfate determination (Fe,), assuming all sulfate occurs as Fe2(S04)3. 
Diffb = FeHcl - Fe*. 

TABLE 5. Sulfur (g1100 g dry coal) in various forms in coals 

% dry % daf 
Cod sample Stotal Ssulfate S*pyrite coal coal % 'omtotal 

Smoky Tower 
Obed Marsh 

Highvale 
Alix 
Coulee 

Vesta 
Tofield 
Blackfoot 

S* = calculated sulfur as pyrite from Fe, in Table 4. 
So = organic sulfur, parenthetical number is dry ash-free basis. 

This discussion leads one to conclude that neither sulfur 
I nor iron analysis according to the standard procedure can be 

applied in a straightforward way to estimate the distribution of 
sulfur in various forms. The data are difficult to interpret on the 
basis of a mass balance of sulfur and iron in single- and 
multiple-step analyses. 

The ASTM procedures calculate pyritic sulfur from the nitric 
acid-extracted portion of iron analysis, the precision of which 
depends on completion of extraction without contamination 
from other iron minerals. An alternate procedure for calculating 

the distribution of sulfur in different forms may be carried out as 
shown in Tables 4 and 5. Here the pyritic iron is calculated from 
the differences between total iron and iron extracted with HCl. 
Iron in the HC1 extract is assumed to be present as ferric sulfate 
and other soluble but non-sulfate iron compounds. Estimation 
of other sulfates, particularly gypsum, should be camed out to 
validate this interpretation of the iron distribution. 

Between 43 and 76% of total iron in these coals is presumed 
to be present in a non-sulfide (or sulfate) form, according to the 
results in Table 4. If the iron distribution figures are correct, one 
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TABLE 6. So, organic sulfur (% StOtd) estimated by different methods 

ASTM 
Coal sample D2492 Method 1 * Method 3* Table 5 

Smoky Tower 83.1 74.7 
Obed Marsh 59.1 85.3 

Highvale 49.6 42.7 
Alix 76.2 62.9 
Coulee 57.6 57.1 

Vesta 94.4 82.4 
Tofield 67.0 48.4 
Blackfoot 87.6 72.6 

*Computed on the basis of sulfur analyses. 

obtains the sulfur distribution results in Table 5. Here total and 
sulfate sulfur are analytical values and pyritic sulfur is calcu- 
lated. These analyses suggest that the sulfur content of the 
organic matrix changes with the geology of the deposit; within 
the same formation a variation exists between deposits with 
respect to pyrite contents. This conclusion is based on the 
assumed distribution of the three types of sulfur compounds, 
and assumed association of sulfur with iron in coal (1, 3). 
Application of ASTM methods (3), however, gives contradic- 
tory results (Table 6) due to uncertainty regarding the validity of 
the assumptions and the estimation of pyrites. 

I 
The dilemma of correctly estimating organic sulfur depends 

on measuring pyritic sulfur accurately: Hyman and Rowe (10) 
have suggested a novel thermo-magneto-gravimetric analytical 
(TMGA) method that is based on the combined effects of 
temperature and a strong magnetic field on the apparent weight 
of a ferromagnetic material. TMGA results for 30 U.S. coals of 
various ranks were found highly reproducible with 0.09% 
standard deviation for pyrite measurement (1 1) and TMGA was 

recommended for routine application. The present discussion 
on the merit of standard procedures for estimating forms of 
sulfur in low-sulfur coals suggests that the TMGA approach 
may be more suitable for low-sulfur coals than these standard 
procedures. 
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Relative complexing tendencies of 0 - 0 ,  0-N, and 0-S donor (secondary) ligands in some 
lanthanide-EDTA mixed-ligand complexes 
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S. N. LIMAYE and M. C. SAXENA. Can. J. Chem. 64, 865 (1986). 
Meta-ligand association constants of 1: 1 binary (ML) and 1: 1: 1 ternary (MAL) complexes of the type M + A = MA; 

MA + L = MAL (where M = ~ a ~ + ,  ce3+,   PI^+, ~ d ~ + ,  or Sm3+; A = primary ligand = EDTA; L = secondary ligand = 0-0, 
0-N, 0-S donor aliphatic or aromatic ligand) have been determined potentiometrically by the Irving-Rossotti titration 
technique at ionic strength 0.2 (mol dmp3 NaC104) and 25°C. Differences between log KML and log KMAL are negative; this 
may be chiefly due to electrostatic repulsion between the primary binary complex and the incoming secondary ligand during the 
formation of the mixed-ligand complexes. The relative complexing tendencies of various secondary ligands have been found to 
follow the sequence 0-0 donor (aromatic) > 0-N donor > 0-0 donor (aliphatic) r 0-S donor. 

S. N. LIMAYE et M. C. SAXENA. Can. J. Chem. 64, 865 (1986). 
Utilisant la mCthode de titration potentiomCtrique de Irving-Rossotti et opCrant i 25°C et i une force ionique de 0,2 mol dme3 

NaC104, on a dCterminC les constantes d'association mCtal-ligand des complexes binaires 1 : 1 (ML) et ternaires 1: 1: 1 (MAL) du 
type M + A = MA ou MA + L MAL (oh M = ~ a ~ ' ,  Ce3+, Pr3+, ~ d ~ +  ou Sm3+; A = ligand primaire = EDTA; L = ligand 
secondaire = ligand donneur aliphatique ou aromatique 0-0,0-N ou 0-S). Les diffkrences entre log KML et log KMAL sont 
nCgatives; ce rCsultat est principalment dCi i une rCpulsion Clectrostatique entre le complexe binaire primaire et le ligand 
secondaire qui approche au cours de la formation des complexes avec ligands mixtes. On a observk que les tendances relatives i la 
complexation de divers ligands secondaires sont dans I'ordre suivant: donneur 0-0 aromatique > donneur 0-N > donneur 
0-0 aliphatique r donneur 0-S. 

[Traduit par la revue] 

1 
Introduction strength, I, was maintained constant at 0.2 (mol dm-3, NaC104). 

These sets were equilibrated and titrated potentiometrically at 25OC The lanthanide mefal ions are little with 0.2 mol dm-3 (carbonate free) NaOH using an Elico digihl 
to form with n-bOnding ligands as their 4f-0rbita1s (model LI-120) pH meter. Reproducible pH readings were used for 

not seem to be for They exhibit calculations. In the cases of salicyclic, phthalic, and anthranilic acids a 
class "a" (or hard acid) character as acceptor metal ions. Although uartial aoueous medium (40% v /v ethanol-water) was used and the 
earlier literature reveals that their coordination chemistry is &perim&ta pH-meter rkadings' were corrected by using the Van- 
limited mainly to complexes with oxygen, or oxygen-nitrogen Uitert technique (15). The Irving-Rossotti approach (16) and its 

I donors (4,5) some investigations have been carried out recently extension as applicable to ternary systems (17) were used for 
I 

on their complexes with oxygen-sulphur (6, 7) and nitrogen computing the proton-ligand and metal-ligand association constants. 
I 

donors (8,9). Some S-diketone chelates have also been studied 
(10, 11). 

The present work is intended to report the relative complexing 
tendencies of 0-O, O-N, and 0-S donor (secondary) ligands 
in the formation of 1 : 1 : 1 mixed-ligand complexes of the type 
LN-EDTA-L (charges omitted), where LN = ~ a ~ + ,  Ce3+, 
P?+, Nd3+, or Sm3+; EDTA = primary ligand; and L = 0-0, 
0-N, or 0-S donor secondary ligand. Aspects dealing with 
the effect of ring size of the secondary ligand on the stability of 
the mixed-ligand complex (12a), and occurrence of the intra- 
molecular hydrophobic interaction (12b), have been communi- 
cated elsewhere. 

Experimental 
The lanthanides were supplied by Indian Rare Earths Ltd. (99.99% 

1 purity). Other chemicals were of standard purity (BDH Analar; E. 
Merck G. R.; Fluka). Solutions of La3+, ce3+,  and Sm3+ were 
prepared by dissolving the requisite quantities of the nitrate salts in 
double distilled water, and those of Pr3+ and Nd3+ by dissolving the 
oxides in the minimum quantity of perchloric acid and removing the 
excess by evaporation. The solutions were standardized by means of 
complexometric titrations (13). EDTA was used as the disodium 
dihydrate; the remaining two protons were neutralized before use. The 
secondary ligands were used as purchased. 

Usual titration sets (14) were prepared for each system by using the 
final metal and ligand concentrations as 1 X mol dm-3. The ionic 

'~evision received December 16, 1985. 

Results 
A representative set of pH titration curves for the system 

La(II1) - EDTA - malic acid is shown in Fig. 1. The primary 
complex, MA (i.e., metal ion - EDTA chelate), is formed at a 
lower pH (below pH - 4.2) and remains stable over a fairly long 
range of pH (up to about 6.5-7.0). The secondary ligand, L, 
combines with MA in the pH region 4.0-5.0. The formation of 
the 1 : 1 : 1 ternary complex, MAL, in the present work may be 
represented as (charges omitted), 

and 

[2] MA + L *  MAL 

Similarly the formation of the binary complex may be written 
as, 

and the association of protons with the secondary ligand as, 

[4] H + L = H L ; H  + HL=H,L; etc. 

In eqs. [I]-[4] A represents deprotonated primary ligand and L 
deprotonated secondary ligand. The equilibrium constants corre- 
sponding to these equilibria are the metal-ligand association 
constants, KEA, K E L ,  KGL (eqs. [I]-[3], respectively), and 
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866 CAN. J .  CHEM. VOL. 64, 1986 

I Alkal i  added (mL) 

FIG. 1. Representative pH-titration plots for 1:l binary (ML) and 
1: 1: 1 ternary (MAL) La-EDTA-malic acid system. 

I proton-ligand association constants KgL, K=2LL, etc. (or, fl, 
e7 etc.) (eq. [41). ~ The quantity A log K used to quantify the stability of the 
ternary complex MAL (formed from MA) relative to that of the 
binary complex ML is defined as, 

[5] A log K = log K E h  - log KEL 

The formation functions of the protonated ligand, iiH, and of 
the metal complex, ii, and the free-ligand exponent, pL, have 
been calculated from the titration curves in the usual manner 
(17). 

The proton-ligand association constants have been calculated 
from the expression 

where B is the pH-meter reading. For a partially aqueous 
medium B was corrected (15) by means of the relationship 

where, f = activity coefficient of hydrogen ion in solution; 
U p  = correction at zero ionic strength. 

In the case of amino acids it has been observed (see Fig. 2, 
for example) that the experimental curve MA diverges from 
curve A, indicating the formation of hydroxo species of the type 
[MA(OH),]; the secondary ligand L combines with MA in this 
higher pH region. The hydrolysis corrected values have been 
determined (18) in these cases and shown within square brackets 
in Table 3. 

The values of log KEL, log K E i L ,  and A log K have been 
reported in Tables 1-4. The quantities within parentheses are 
the standard deviations. The possibility of formation of species 
of the type MA2 (including any disproportionation of MAL into 

Alkal i  added (mL) 
FIG. 2. Representative pH-titration plots for 1:l binary (ML) and 

1: 1: 1 ternary (MAL) La-EDTA-glycine system. 

MA2 and ML2) has been ignored in view of the hexadentate 
nature of EDTA. The use of sufficiently dilute solutions of metal 
ions and ligands (1 x lop3 mol dm-3) and smooth curves (not 
shown) between ii/[L] vs. [L] have been regarded as indicative 
of the absence of polynuclear species in the ternary systems. 

A representative figure (Fig. 3) has been incorporated to show 
the distribution of various species as a function of pH for the 
ternary system La(1LI)-EDTA-glycine. It may be seen that in 
this case the binary complex MA is formed (up to 90%) at pH 
6.0 and the ternary complex MAL up to about 80% in the pH 
region 7.5 and above. 

Discussion 
A perusal of the data in Tables 1-4 reveals clearly that the as- 

sociation constants log K g L  and log ~g~ follow the sequence 
La3+ < Ce3+ < p+ < ~ d ~ +  < Sm3+ for all the 0-0,O-N, 
and 0-S donor ligands. This sequence is also of the order of 
increasing occupancy of the 4f orbitals of the lanthanides, and is 
accompanied by a regular decrease in ionic radii and hence a 
gradual increase in ionic potentials. Plots (not shown) of these 
metal-ligand association constants vs. r-I ( r  = ionic radius of 
LN'+ ion), however, show some departure from linearity at 
~ d ~ +  and Sm3+ (electronic configuration: 4f3 and 4f5) which 
may well be due to a possible tetrad effect (19). 

For related secondary ligands the association constants vary 
with ligand characteristics also. Thus, for the aliphatic hydroxy 
acids and the unsaturated carboxylic acids studied the wends are 
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LIMAYE AND SAXENA 867 

TABLE 1. Association constants of 1:l binary (log KEL) and 1:l:l ternary (log KE&) lanthanide-EDTA complexes with 
0-0 donor aliphatic ligands, and A log K  values with I = 0.2 (mol dm-3, NaC104) and a temperature of 25°C 

Ligand Property ~ a ~ +  Ce3+ Pr3+ ~ d ~ +  Sm3+ 

Malic acid 

CH~COOH 

Lactic acid 

COOH 

Glycolic acid 

CHzCOOH 
I 

(OH) 
Gluconic acid 

COOH 

Malonic acid 

COOH 
I 
C H ~  
I 
COOH 

Succinic acid 

CH2COOH 
I 
CH2COOH 

Glutaric acid 

COOH 
I 

(CH213 
I 

COOH 

Maleic acid 

HCCOOH 
II 

HCCOOH 

Citraconic acid 

CH3CCOOH 
I1 

HCCOOH 

Itaconic acid 

CHzCOOH 

Crotonic acid 

HCCH3 
II 

HCCOOH 

log KEL 

log KPAL 

-A log K  

log KEL 

1% KPAL 

-A log K  

log KEL 

log K { k  

-A log K  

1% KEL 

log K E ~ L  

-A log K  

1% KEL 

1% KE2L 

-A log K  

1% KEL 

1% KEiL 

-A log K  

log KEL 

log K t &  

-A log K  

log KEL 

log K { k  

-A log K  

1% KEL 

log K!& 

-A log K  

log KEL 

log K!& 

-Alog K  

log KEL 

log KE& 

-A log K  
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TABLE 2. Association constants of 1:l binary (log KEL) and 1:l:l ternary (lo KEiL)  lanthanide-EDTA complexes with 9 0-0 donor aromatic ligands and A log K values with I = 0.2 (mol dm- , NaC104) and a temperature of 25°C 

Ligand property ~a~ + c e 3  + Pr3 + Nd3' Sm3+ 

Salicylic acid* 

Phthalic acid* 

Catechol 

Resorcinol 

Phloroglucinol 

OH 

Protocatechuic acid 

P-Resorcyclic acid 

log KEL 
log KE& 
-Alog K 

log K& 

1% K%L 

-A log K 

log KEL 

log KG& 

-A log K 

log EL 

-A log K 

log KEL 

log KE& 
-A log K 

1% KEL 

log KG& 

-A log K 

log KK 
log KE& 
-A log K 

*Indicates values in 40% (v/v) ethanol-water medium. 

malic acid > lactic acid > glycolic acid > gluconic acid (20) 
and citraconic acid > maleic acid > itaconic acid > crotonic 
acid, which are also the orders of ligand basicities. A similar 
sequence has been reported (21) for the ternary systems 
(LN-EDTA-L) where, LN = ~ a ~ + ,  P?+, Nd3+; L = malic acid, 
lactic acid, glycolic acid. For the saturated aliphatic dicarboxylic 
acids (12a) the order is malonic acid > succinic acid > glutaric 
acid, which may be due to a gradual increase in the size of the 
chelate ring formed by these ligands. In the case of 0-N 
donors the sequence with respect to ligands has been found to be 
a-alanine < glycine < aspartic acid < leucine 5 p-alanine < 
valine using the hydrolysis corrected values. For 0-S donors 
thiomalic acid > thioglycolic acid is again the order of ligand 
basicities. A similar sequence has been observed for some 3d 
elements (22). 

The A log K values are consistently negative for all the 
0  1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  mixed-ligand complexes studied. This may be chiefly due to an 

PH electrostatic repulsion between the negatively charged primary 
FIG. 3. Distribution of various species (%) as a function of pH in complex and the incoming secondary ligand (also negatively 

the La-EDTA-glycine ternary system. charged) during the formation of mixed-ligand complexes. 
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TABLE 3. Association constants of 1: 1 binary (log KEL) and 1: 1: 1 ternary (log KEk)  lanthanide-EDTA complexes with 
0-0 donor ligands, and A log K values with I = 0.2 (mol dm-3, NaC104) and a temperature of 25°C 

Ligand Property ~a~ + Ce3 + Pr3+ ~ d ~ +  Sm3 + 

Glycine 1% KEL 5.32 5.38 5.55 5.68 5.84 
(k0.01) (k0.02) (k0.007) (k0.02) (20.01) 

CH2NH2COOH log K E ~  4.09 4.32 4.63 4.89 4.97 
(20.01) (kO.01) (20.02) (k0.03) (20.02) 

[4.08] [4.16] [4.27] [4.50] [4.60] 
-Alog K 1.23 1.06 0.92 0.79 0.87 

a-Alanine 1% KEL 5.82 6.03 6.36 6.52 6.68 
(20.005) (kO.01) (20.01) (k0.02) (k0.01) 

CH3CHNH2COOH log KE& 4.28 4.40 4.99 5.17 5.37 
(k0.03) (k0.01) (20.04) (kO.02) (ko.01) 

[4.00] [4.39] [4.41] [4.96] [--I 
-Alog K 1.54 1.63 1.37 1.35 1.3 1 

P-Alanine 1% KEL 5.20 5.90 6.08 6.24 6.40 
(kO.01) (k0.05) (20.02) (k0.02) (20.01) 

CH2NH2CH2COOH log K& 4.33 4.37 4.49 4.72 4.99 
(20.10) (k0.  10) (kO.10) (20.  10) (k0.  10) 

[4.20] [4.30] [4.41] [4.67] [4.86] 
-Alog K 0.87 1.53 1.59 1.52 1.41 

Valine log KL 5.94 6.05 6.28 6.52 6.68 
(ko.04) (k0.03) (ko.04) (20.01) (k0.02) 

(CH3)2CHCHNH2COOH log K E ~  5.10 5.33 5.45 5.86 6.05 
(k0. 10) (k0.08) (k0. 10) (k0.06) (kO.02) 

[-I [-I 1-1 [-I [-I 
-A log K 0.84 0.72 0.83 0.66 0.63 

Leucine log KEL 5.61 5.84 5.99 6.03 6.18 
(k0.03) (k0.015) (k0.02) (20.02) (k0.03) 

(CH3)2CHCH2CHNH2COOH log K E ~  4.31 4.59 4.72 4.92 5.09 
(k0.03) (20.03) (20.015) (20.07) (k0.03) 

[4.21] [4.35] [4.40] [4.82] [5.0(3] 
-Alog K 1.30 1.25 1.27 1.11 1.09 

Aspartic acid 1% KEL 5.61 5.77 5.90 6.04 6.16 
(k0.03) (k0.015) (k0.02) (k0.02) (k0.03) 

HOOCCH2CHNH2COOH log K E ~ L  4.55 4.71 4.91 4.98 5.37 
(20.02) (k0.03) (k0.02) (k0.02) (20.02) 

[4.13] [-I [-I [-I [-I 
-Alog K 1.06 1.06 0.99 1.06 0.79 

Anthranilic acid* 1% KEL 2.05 2.45 2.90 3.05 3.36 
(k0. 10) (kO.10) (k0. 10) (k0.09) (k0.05) 

log K& 1.96 2.25 2.40 2.95 3.21 

G : : H  
(20.01) (kO.10) (k0.09) (k0.09) (20.03) 

-Alog K 0.09 0.20 0.50 0.10 0.15 

*Indicates values in 40% (v/v) ethanol-water medium. Wherever necessary, the hydrolysis corrected values of log K#;, have been shown 
above in square brackets. 

TABLE 4. Association constants of 1: 1 binary (log KEL) and 1:l:l ternary (log KEiL) lanthanide-EDTA complexes with 
0-0 donor ligands and A log K values with I = 0.2 (mol dmp3, NaC104) and a temperature of 25°C 

Ligand Property ~ a ~ +  Ce3 + pr3 + ~ d ~ +  Sm3 + 

Thiomalic acid 

CH~COOH 

Thioglycolic acid 

CH2(SH) 
I 
COOH 

1% KEL 4.29 
(kO.01) 

log K E ~  4.04 
(kO.01) 

-A log K 0.25 

log KEL 3.40 
(kO.01) 

log GEL 3.32 
(k0.03) 

-A log K 0.08 
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[8] LN3+ + EDTA4- [LN-EDTAI- 

[LN-EDTAI- + Ln- + [LN-EDTA-L]-("+') 

The -A log K values have been found to vary numerically from 
0.04 to as much as 3.73; a general sequence in the -A log K 
values has been observed to be 

O-O(mrnatlc) > 0-N > O-O(,lpha,lc) > 0-S 

for the different donor types, showing probably a discrimination 
of MA towards L. It is interesting to note that in the present case 
the highest -A log K values have been obtained for catechol, 
resorcinol, and protocatechuic acid, which may be due to a 
greater electronic repulsion caused by a higher electron density 
associated with the welectron cloud over the aromatic ring. 

Sigel(23,24) has observed a certain dependence of -A log K 
I on the proton-ligand association constants of the secondary 

ligands in complexes of the type M.Dipy.L. In the present 
work, a general parallel has also been noticed between the 
magnitudes of -A log K and the proton-ligand association 
constants of the secondary ligands. A higher value of log K: 
would imply that a relatively larger concentration of Ln- species 
exists in the ternary system, resulting in greater electronic 
repulsion during the formation of mixed-ligand complexes and a 
consequent enhancement in the magnitude of -A log K. 

A significant conclusion that may be drawn from the experi- 
mental values of the association constants is that the log KEL 

I values lie in the sequence, 

I O-O(arornat~c) > O-N > O-O(allphat~c) 0-S 

i with respect to the donor atoms of the secondary ligands. This 
I trend is justified in view of the fact that the lanthanides are hard 

1 
acids in terms of the "hard and soft" acid-base theory. The 
hard-hard interactions, being more facile, would result in more 

I 
stable complexes with hard bases. It is also significant that the 
primary complex (LN-EDTA)- possesses enough hardness to 
show a preference towards 0-0 and 0-N donors in the 
formation of the mixed-ligand complexes. The greater stability 
of the mixed-ligand complexes with 0-0 aromatic donors 
may result from the enhanced stabilizing capability of the 
aromatic ring due to resonance effects. 

authors (M.C.S.) is thankful to the M.P. Council of Science and 
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Kinetics and mechanism of dehydrochlorination of 
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AHMAD S. SHAWALI and HASSAN A. ALBAR. Can. J. Chem. 64, 871 (1986). 

The kinetics of triethylamine (TEA) catalyzed deydrochlorination of a series of N-aryl-C-ethoxycarbonylfonnohydrazidoyl 
chlorides la-m have been studied under pseudo-first-order conditions in 4:l (v/v) dioxane-water solution at 30°C. For all 
compounds studied, the kinetics followed the rate law: kobs = k2 (TEA). The values of the overall second-order rate constants for 
the studied compounds were correlated by the equation: log k2 = 0.533 u - - 0.21 8. The results are compatible with a mechanism 
involving a fast reversible deprotonation step leading to the anion of 1, followed by rate-determining step involving the loss of the 
chloride ion from the anion. The reaction constants of these two steps were estimated to be 0.845 and - 0.312, respectively. 

AHMAD S. SHAWALI et HASSAN A. ALBAR. Can. J. Chem. 64, 87 1 (1 986). 
OpCrant h 30°C et dans des solutions 4: 1 (v/v) de dioxanne/eau, on a CtudiC les cinttiques du pseudo-premier ordre des 

rCactions de dCshydrochloruration catalystes par la trikthylamine (TEA) d'une sCrie (la-m) de chlorures de N-aryl 
C-Cthoxycarbonyl fonnohydrazidoyles. Dans tous les cas CtudiCs, 1'Cquation de vitesse de la cinCtique est la suivante: kobs = k2 
(TEA). Pour tous les composCs Ctudits, on a Ctabli une corrklation entre les constantes de vitesse globales du deuxikme ordre qui 
est dCfinie par 1'6quation suivante: log k2 = 0 , 5 3 3 ~  - - 0,2 18. Les rksultats sont compatibles avec un mCcanisme impliquant une 
Ctape de dCprotonation rkversible rapide conduisant ?I l'anion de 1 qui serait suivie par une &ape dktenninante impliquant une 
perte de l'ion chlorure par l'anion. On a CvaluC les constantes de vitesses pour ces deux Ctapes ii 0,845 et -0,3 12 respectivement. 

[Traduit par la revue] 

Introduction they exhibit a triplet signal at 8 1.3-1.4 (3H, J = 7Hz, 
The chemistry of N-aryl-C-ethoxycarbonylformohydrazidoyl 

chlorides 1 has been thoroughly investigated during the last 
decade (1 -3). Due to their ease of preparation, such compounds 
have been extensively used in 1,3-dipolar cycloaddition reac- 
tions, where the intermediate nitrilimine 2, formed in situ by 
the action of a base catalyst, reacts with a dipolarophile A=B, 
producing a cycloadduct 3, eq. [I] (43). 

7' Base 
N 

I [ l ]  C2HSOCOC - -HCl I C ~ H , O C O $ ~  'N-Ar~ 
! 'N-NH Ar 
I 

N 
A=B f l \  

C2H50COC N-Ar 
I I 

A-B 

3 

However, no attention has yet been given to the mechanism of 
formation of 2 from 1. We wish to report here the results of our 
kinetic study of the triethylamine catalyzed dehydrochlorination 
of a series of substituted N-phenyl-C-ethoxycarbonylformo- 
hydrazidoyl chlorides la-m in 4:l (v/v) dioxane-water 
mixture at 30°C in an attempt to shed some light on the mechan- 
ism of this elimination reaction. 

Results and discussion 
The sequence followed in the preparation of la-m is outlined 

in Scheme 1. Some of these hydrazidoyl chlorides were reported 
and others, namely 16 and le-h, are new. The structures of 
these chlorides were evidenced by their elemental and spectral 
analyses. For example, the infrared spectra of all compounds 
reveal the presence of characteristic bands near 3280-3220 
(hydrazone NH), 1725- 1695 (ester, CO), 1665- 1600 (C=N), 
and 1080-1060 (ester C-0-C) cm-'. In their 'Hmr spectra, 

'Author to whom correspondence may be addressed. 
Pnnted ~n Canada / lrnpnrne au Canada 

CH~CH~O),  a at 64.4-4.3 (2H, J = 7 Hz, CH3CH20), 
and a singlet near 9.5-8.32 (lH, NH), in addition to the 
aromatic proton multiplet signal in the region 7.0-8.0 ppm. 

On standing for 3 days at 25°C in 80% (v/v) dioxane-water 
mixture, these hydrazidoyl chlorides were recovered unchang- 
ed. However, addition of triethylamine (TEA) to the solution of 
1 in this same solvent mixture liberated the chloride ion. 
Accordingly, the dehydrochlorination kinetics were followed at 
30°C in 80% (v/v) dioxane-water mixture in the presence of a 
large excess, at least 10-fold, of TEA by determining the 
chloride ion concentration with an ion selective electrode (see 
Experimental). In all kinetic runs, the ionic strength in the 
reaction mixture was maintained at 0.10 by the addition of the 
appropriate volume of 5 M sodium nitrate solution in the same 
solvent system (80:20 dioxane-water, v/v). 

The pseudo-first-order rate constant of the dehydrochlorina- 
tion of 1 was estimated from the plot of log (C, and C, are the 
concentrations of chloride ion liberated at infinite time and at 
time t, respectively. The values of kobs determined for the series 
of compounds studied are listed in Table 1. The value of kOb, 
was, in each case, a linear function of the triethylamine concen- 
tration as shown in Fig. 1, where kobs is plotted vs. amine 
concentration. The fact that such plots have zero intercepts 
indicates that the water-assisted (i.e. the uncatalyzed) reaction 
is negligible. 
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TABLE 1. Rate constants for dehydrochlorination of N-aryl- 
C-ethoxycarbonylformohydrazidoyl chlorides (0.002 M) 
(C2HSOOCCC1:NNHC6H4X) in 80% dioxane at 30°C and p 
= 0.1; Et3N = 0.02 M 

1% kobs, 
X S.-' log kZa 

- 
mx 

FIG. 1. Plot of the observed pseudo-first-order rate constants against 
triethylamine concentration for the dehydrochlorination of N-phenyl- 
C-ethoxycarbonylhydrazidoyl chloride in 4: 1 dioxane-water at 30°C 
and p = 0.1. 

The plot of the log k2 (where k2 = kobs / [(C2H&N]) VS. the 
substituent constant ux-, is linear (Fig. 2). The equation of the 
regression line is 

[log k2 = 0.533 ux- - 0.2181 

with correlation coefficient t = 0.997 and standard deviation s 
= k0.016. 

I The most compatible mechanism that can account for the 
foregoing results is outlined in Scheme 2. 

According to this sequence, it could be shown that, 

That is, the observed p value is the algebraic sum of the p values 
describing the separate stages. 

I For the reaction under study, it is expected that opposing 
effects will be operative in the 1,3-dipolar ion formation. That 

FIG. 2. Hamrnett plot of log k2 versus a- constant for dehydro- 
chlorination of the hydrazidoyl chlorides, XC6H4NHN:C(C1)COOC2- 
HS, in 4:l dioxane-water at 30°C and p = 0.1. 

is, pl and pa constants will have opposite signs, p, being 
negative whereas the value of pa is positive. The positive sign of 
the p value obtained implies that pa < pl. To confirm this it was 
necessary to determine the acid dissociation constants Ka of the 
reaction series studied. However, the very high reactivity 
shown by these hydrazidoyl chlorides in basic solution made 
direct measurement of Ka difficult. Therefore, the rate of 
chloride ion loss from the hydrazidoyl chloride anion (k2 in 
Scheme 2) could not be separated from the acidity constant Ka. 

To overcome this difficulty, it was thought possible to 
estimate the value of pa by determining the pKa of the hydrazone 
series 4a-h in 80% (v/v) dioxane-water mixture at 30°C and 
ionic strength 0.1. The choice of 4 was based on the close 
similarity of the inductive effects of the CN and C1 groups. For 
example, the Taft u constants of these two groups ire uZN = 
1.30 and uZ1 = 1.05 (6). also, the values of ul of the CN and C1 
groups were reported to be 0.60 and 0.47, respectively (6). 

The compounds 4a-h required for such study were prepared 
by coupling ethyl cyanoacetate with diazotized arylamines in 
ethanol in the presence of sodium acetate. The structures of 
4a-n were confirmed by their infrared and 'Hrnr spectra. Thus, 
the infrared spectra of all compounds reveal the presence of 

I - kl + - 
CZHSOCOC=NNA~ - C2HsOCOC=NNAr + C1- 

(slow) s- 
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TABLE 2. Acid dissociation constants, pKa, of ethyl cyanoglyoxalate 1.0 

' arylhydrazones (XC6H4NHN=C(CN)COOC2H5) in 80% dioxane- NO p~ 
I water at 30°C and p = 0.1 

1 6.00 
0.8 2 6.85 

acid alkaline 3 7.50 

X 
4 7.75 

Am, nm Amax nm pKa 
- 

mx 
w 

5 7.90 
6 0.6 6 8.00 
5 7 8.20 

m-CH3 364 389 8.85 -0.07 8 8.30 

H 362 388 8.75 0 .00 5 9 8.45 
10 8.60 

p-C1 352 392 8.52 0.23 11 9.10 0.4 
m-C1 354 396 8.47 0.37 12 10.21 

m-Br 356 395 8.37 0 .39 
m-NO2 340 387 8.09 0.71 0.2 

p-CH3C0 366 428 8.02 0 .84 
P-NOZ 376 472 7.63 1.28 

I 
0.0 

characteristic bands near 3220 (hydrazone NH), 2220 (CN), 
1710-1690 (ester CO), 1615 (C=N), and 1250 (ester C- 
0-C) cm- '. In their ' ~ m r  spectra, they exhibit a triplet signal 
at6 1.3-1.4(3H, J = 7Hz, CH3CH20), aquartet at64.4(2H, 
J = 7 Hz, CH3CH20), and a singlet near 9.6 (lH, NH), in 
addition to the aromatic proton multiplet in the region 7 .O-8.2 
PPm. 

At pH < 8 each of the compounds 4a-h shows an intense 
r - r *  absorption band near 360nm. In alkaline medium, the 
corresponding anion shows r - r *  band in the region 380- 
470 nm (Table 2). Spectra recorded at different pH values show 
an isobestic point near 380 nm. Typical spectra of an example of 
the series studied are reproduced in Fig. 3 and the values of A,, 
of 4a-h in acid (pH < 3) and alkaline (pH > 11) media are 
summarized in Table 2. The absorbance of a freshly prepared 
solution measured at the wavelength of the absorption maxi- 
mum of the anion plotted against pH shows a dependence in the 
shape of a dissociation curve of a monobasic acid. From the 
pH-absorbance data, the pKa values of 4a-h were calculated. 
The results are summarized in Table 2. 

A plot of pK, vs. the substituent constant u- was linear (Fig. 
4). The equation corresponding to this regression line is 

[log Ka = 0.845 u, - 0.8731 

with correction coefficient r = 0.946 and standard deviation s = 
I k0.120. As shown, the value of the slope (pa) as expected is 

positive and has a value of 0.845. Since p = pl - pa it follows 
I that p, = -0.312. This p, value is negative, as expected for a 
I reaction involving the generation of positive charge in the 

transition state. 
These conclusions seem to be in agreement with literature 

data (7-9). 'Thus, for the thermolysis of 2,5-diaryltetrazoles 5 

N 
heat 

N 

Y C 8 4 Y  \N-C6H,X I -+ - NZ YC6H4f \N-C6H4X 

300 350 400 450 500 

WAVELENGTH, nrn 

FIG. 3. Absorption spectra of ethyl a-cyanoglyoxalate arylhydra- 
zones, XC6H4NHN:C(CN)COOC2H5, in 4:l  dioxane-water at 30°C 
and p = 0.1 at different pH values. 

FIG. 4. Hammett plot of acid dissociation constant versus cr- con- 
stant for ethyl a-cyanoglyoxalate aryl hydrazones, XC6H4NHN:C- 
(CN)COOC2H5, in 4:l dioxane-water at 30°C and p = 0.1.  

the values of p, and p, were found to be 1.16 and -0.23, 
respectively (7). Furthermore, a Hamrnett p value of -0.63 was 
reported for the formation of the azocarbonium ion 8 from the 
hydrazidoyl bromides 7 (8,9). 

The small value of p (-0.312) observed for series 1 
undoubtedly results from the compensation of the trivalent 
anionic nitrogen centre for the positive charge buildup, such that 
the effect of substitution was reduced. 
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TABLE 3. N-Aryl-C-ethoxycarbonylformohydrazidoyl chlorides, XC6H4NHN=C(C1)COOC2H5 

Anal. calcd. (found), % 
Melting point "C Yield, Molecular 

X (lit.) mp, "C % formula C H N 

4-CH3 96-97 80 CI lH13ClN202 
96-98(10) 

3-CH3 75 69 CI  lH13ClN202 54.88 5.55 11.64 
(54.90) (5.43) (1 1.49) 

H 80 70 CloHl 1C1N202 
77-79(10) 

p-C1 146 83 C 10H10C12N202 45.98 3.86 10.72 
146(10) (46.09) (3.72) (10.68) 

m-C1 95 70 C10HIOC12N202 45.98 3.86 10.72 
(46.09) (3.72) (10.68) 

p-COOC2H5 149 71 C I 3H I 5CIN204 52.27 5.06 9.38 
(52.18) (4.97) (9.37) 

m-No2 157 80 CloHloC1N304 44.21 3.71 15.47 
(43.93) (3.65) (15.60) 

p-COCH3 157 75 C I Z H I ~ C ~ N ~ ~ ~  53.63 4.88 10.42 
(53.44) (4.83) (10.39) 

P-NO2 192 85 C I O H I O C ~ N ~ O ~  44.21 3.71 15.47 
191-193(10) (44.07) (3.68) (15.59) 

Experimental 
All melting points were measured on Bockmonoscop, Karlkolb 

Scientific Technical Supplies, West Germany, and are uncorrected. 
The infrared spectra were recorded in potassium bromide on a Zeiss 
infrared spectrophotometer model IMT16. The electronic absorption 
spectra were measured on a Pye-Unicam SP8000 spectrophotometer. 
The proton magnetic resonance spectra were obtained in deuterated 
chloroform with a Varian EM-390 90-MHz spectrometer. Micro- 
analyses were performed on Perkin Elmer elemental analyzer model 
240-B at the microanalytical laboratory of King Abdulaziz University. 
Ethyl 2-chloroacetoacetate was prepared by chlorination of ethyl 
acetoacetate with sulfuryl chloride in anhydrous ether as previously 
described (10). 

Preparation of N-aryl-C-ethonycarbonylformohydrazidoyl chlorides 
la-i 

A solution of ethyl 2-chloroacetoacetate (1.64g, 0.01 mol) in 
ethanol (100 mL) was stirred for 15 min with 1.3 g sodium acetate 
trihydrate. The mixture was then chilled in an ice bath to 0.5"C. While 
the ester solution was cooling, the desired diazonium salt solution was 
prepared by diazotizing the appropriate arylamine (0.01 mol) in 6 M 
hydrochloric acid (6 mL) with cold 1 M sodium nitrite solution (10 mL) 
in the usual way. The diazonium salt solution was added to the cold 
ester solution over a period of 20 min while stirring and keeping the 
temperature below 5°C. The reaction mixture was then left in a 
refrigerator for 3 h. The precipitated solid was collected, washed with 
water, dried, and finally crystallized from ethanol. The compounds 
prepared, together with their physical constants, are listed in Table 3. 

Preparation of ethyl cyanoglyoxalate arylhydrazones 4a-h 
These were prepared by coupling ethyl cyanoacetate with diazotized 

anilines following the same procedure described for la- i .  The crude 
product, usually colored, was filtered, washed with water, and dried. 
Crystallization from acetic acid gave the corresponding ethyl cyano- 
glyoxalate arylhydrazone 4 in 70-85% yield. The compounds prepared 
are listed, together with their physical constants, in Table 4. 

Kinetic studies 
The kinetics of dehydrochlorination of the hydrazidoyl chlorides 

l a - i  were studied in dioxane-water (4: 1, v/v) at 30°C(?0. 1°C) and 
ionic strength p = 0.1 (NaN03). The rates of dehydrochlorination 
were followed by recording the increase in the chloride ion concentra- 
tion with time. 

An Orion research microprocessor ion analyzer model 901 (Orion 
Research Incorporated, Mass., U.S.A.) with double junction reference 
electrode (90-02) and chloride ion electrode (94-17B) was used to 
record the chloride ion liberated during the dehydrochlorination of 1. 

Stock solutions of hydrazidoyl chlorides la-i,  usually about lo-' 
M, were prepared in 20% aqueous dioxane. A stock solution of 
triethylamine (1 M) was also prepared in the same solvent system. 
Appropriate concentrations of the amine and the hydrazidoyl chloride 
were prepared by dilution of the stock solutions and thermostated at 
30°C in a constant temperature water bath. 

Reactions were followed to 80% completion, with at least 15 
readings taken. All kinetic runs were carried out in a double-wall cell, 
through which water at 30°C was circulated by means of a constant 
temperature MgW Louda circulating water pump. 

In a typical kinetic run, the hydrazidoyl chloride solution (usually 
2X M) was transferred to the cell. Then the appropriate volume of 
sodium nitrate stock solution (1.0 M) was added so that the ionic 
strength in the test solution was 0.1. The mixture was stirred with a 
magnetic stirrer. Then the chloride ion and the reference electrodes 
were introduced. The run was started by injecting the amine solution by 
means of a syringe and the stop watch was started at the moment of 
injection. the concentration of the chloride ion liberated was recorded 
at given intervals. In all kinetic runs, at least a tenfold excess of arnine 
over the hydrazidoyl chloride was used in order to maintain pseudo- 
first-order kinetics. Duplicate or triplicate runs were performed for 
each concentration. 

Good first-order plots of log (Cm - C,) against time were obtained. 
The observed pseudo-first-order rate constants were calculated from 
the slopes of the straight lines obtained by the method of least squares 
(Table 1). The average deviation from the mean value of the rate 
constant in duplicate or triplicate experiments was ?5% or less. 

Product analysis 
A mixture of N-p-nitrophenyl-C-ethoxycarbonylformohydrazidoyl 

chloride l i  (0.71 g., 0.005 mol), triethylamine (0.71 mL, 0.005 mol), 
and sodium nitrate solution (5 M, 2 mL) in 100 mL 80% dioxane-water 
mixture was kept at the kinetic temperature 30°C until the chloride l i  
disappeared, as evidenced by tlc (thin-layer chromatographic) analy- 
sis. The solvent in the mixture was distilled under reduced pressure and 
the residue was washed with water, dried, and subjected to preparative 
tlc separation using silica gel as adsorbent and the solvent system : 
toluene - ethyl acetate - acetic acid (12:4:0.5 by volume) as eluent. 
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TABLE 4. Ethyl cyanoglyoxalate arylhydrazones, XC6H4NHN=C(CN)COOC2H5 

Anal. calcd. (found), % 
Melting point "C Yield, Molecular 

I X (lit.) mp, "C % formula C H N 

H 104 75 C11HllN302 60.08 5.10 19.34 
106(14) (59.87) (4.97) (18.97) 

m-CH3 92 80 C 12H I 3N302 62.33 5.66 18.16 
(62.21) (5.51) (17.87) 

m-C1 145-146 69 CI lH10C1N302 52.49 4.00 16.69 
(5 1.99) (3.84) (16.63) 

p-C1 151-152 78 CI lH1oC1N302 52.49 4.00 16.69 
(52.19) (3.92) (16.49) 

m-Br 155-156 68 C ~ I H I O B ~ ~ ~ ~ ~  44.61 3.40 14.18 
I (44.38) (3.39) (14.07) 

p-CH3C0 159 75 C13H13N303 60.22 5.05 16.20 
(60.04) (4.83) (16.07) 

m-NO2 135 85 C I I H I O N ~ O ~  50.38 3.84 21.36 
(49.98) (3.76) (20.98) 

p-NO2 193-194 83 CllH10N404 50.38 3.84 21.36 
(50.58) (3.74) (21.17) 

Two products were separated and identified as 1,4-bis-p-nitrophenyl- 
3,6-diethoxycarbonyl-1,4-dihydotetrazine 8 and ethyl oxalate mono- 
p-nitrophenylhydrazide 9, by comparison with authentic samples 
prepared by literature methods (1 1). 

The tetrazine derivative 8 was obtained in 35% yield, mp 237°C 
1 (AcOH) (Lit. (1 1) mp236-237S°C); it- (KBr) C: 1746 (esterCO), 1580 

(C=N), 1520, 1330 (NO2), 1290 (C-N), 1 175 (C-0-C) cm-'; 
I 'Hmr(CDC13) 6: 1.2 (t, 6H, J = 7 Hz, 2CH3-CH2), 4.3 (q, 4H, J = 

7 HZ, 2CH3-CH20), 7.3 (d, 2H J = 9 HZ, 2 p-NO2-ArH), 8.3 (d, 
2H J = 9 Hz, 2 p-NO2-ArH) ppm. 

The hydrazidi9 was obtainedin 60% yield, mp 170°C (ethanol); ir 
(KBr) C: 3320 (NH), 1738 (ester CO), 1690 (anilide CO), 1505, 1320 
(NO2) cm-I ' ~ m r  (CDC13) 6:  1.43 (t, 3H, J = 7 Hz, CH3-CH20), 
4.52 (q, 2H, J = ~ H z ,  CH3-CH20), 7.06 (d, 2H, J = ~ H z ,  
p-NO2-ArH), 8.26 (d, 2H, J = 9 HZ, p-NO2-ArH), 8.7 (s, lH, 
CONH), 10.90 (s, lH,  HNC6H4-NO2-p) ppm. Anal. calcd. for 
ClOHllN3O5: C 47.43, H 4.38, N 16.59; found: C 47.10, H 4.13, N 
16.30%. 

I Determination of acid dissociation constants of la-h 
The acid dissociation constants of the compounds 4a-h were 

determined spectrophotometrically in 80% dioxane-water at 30 k 
O.l°C and an ionic strength of 0.1. 

A Taccussel digital pH meter PHN 78 fitted with a glass electrode 
type C-285-725 and a reference electrode type TB/HS 286-506 was 
employed for the determination of pH. The instrument was accurate to 
k0.01 pH unit. It was calibrated using two standard Beckrnan buffer 

' 

solutions of pH 4.01 and 7.00. The pH meter readings (B) recorded in 
dioxane-water solutions were converted to hydrogen ion concentration 

, [H'] by means of the widely used relation of van Uitert and Hass (12), 
namely: 

- log [H'] = B + log UH 
1 
I where log UH is the correction factor for the solvent composition and 

ionic strength used, for which B is read. For this purpose, readings 
were made on a series of solutions containing known amounts of 
hydrochloric acid and sodium chloride, such that the ionic strength was 
equal to 0.1 in 80% dioxane-water at 30.0 + 0. 1°C. The value of log 
UH was found to be -0.55. 

The experimental procedure in the determination of pKa constants 
and their calculations from the absorbance-pH data were as described 
earlier (13). The pKa values obtained were reproducible to within 
k0.01 pKa unit. The results are summarized in Table 2. 
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The crystal and molecular structure of N-(3,4,5-trimethoxycinnamoyl)-A3-piperidine-2- 
one, an amide alkaloid (piperlongumine), C17H19N05 

TAPATI BANERJEE AND SIDDHARTHA CHAUDHURI 
Crystallography and Molecular Biology Division, Saha Institute of Nuclear Physics, Sector I, Block AF, Bidhannagar, 

Calcutta-700 064, India 
Received March 15. 1985 

TAPATI BANERJEE and SIDDHARTHA CHAUDHURI. Can. J. Chem. 64, 876 (1986). 
Thecrystalsof C17H19N0 belong to the monoclinic space group P 2 , l n  with a = 15.793(3), b = 4.089(4), c = 24.649(5) A, 

p = 97.56(3)' V = 1578(2) d 3 ,  and Z = 4. The structure was solved by MULTAN78 and refined by full-matrix least-squares to a 
final R of 0.053 for 1863 observed reflections. X-ray crystallography has revealed that the molecule is the A3 isomer and not the 
A5 isomer suggested originally from nmr spectroscopy. The piperidyl nitrogen is sp2 hybridized with its electron lone pair 
involved in conjugation with the carbonyl groups. The piperidone ring adopts a distorted boat conformation. An interesting 
feature of the structure is the formation of two C(ethy1enic)-H.. .O(keto) intramolecular hydrogen bonds which stabilize the 
molecular conformation. 

TAPATI BANERJEE et SIDDHARTHA CHAUDHURI. Can. J. Chem. 64, 876 (1986). 
Les cristaux du C17H19N05 a partiennent au groupe d'espace P21 /n avec a = 15,793(3), b = 4,089(4), et c = 24,649(5) A, 

p = 97,56(3)", V = 1578(2) A{ et Z = 4. On a rCsolu la structure par la mCthode MULTAN 78 et on l'a affinCe par la mCthode 
des moindres carrCs (matrice entikre) jusqu'i une valeur finale de R de 0,053 pour 1863 reflexions observCes. La cristallographie 
pardiffraction des rayons X a permis de montrer qu'il s'agit de l'isomkre A3 et non pas de I'isomkre A5 qui avait CtC suggCrC sur la 
base de la rrnn. L'azote de la pip6ridine est hybridCe sp2 et sa paire d'tlectrons libres est impliquie dans une conjugation avec les 
groupements carbonyles. Le cycle pip6ridone adopte une conformation bateau dtformt. Une caractCristique intkressante de la 
structure est la formation de deux liaisons hydrogknes intramolCculaires. C(Cthy1Cnique)-H.. .O(cCtone) qui stabilisent la 
conformation molCculaire. 

[Traduit par la revue] 

Introduction 
The amide alkaloid piperlongumine, 1, isolated from the 

roots of the climbing plant Piper Longum L. ,  is an effective 
drug in the treatment of asthma and chronic bronchitis (1). 
Earlier crystallographic (2-4) and spectroscopic (5) studies 
have shown that several alkaloids separated from Piper species, 
e .g . ,  West African black or Ashanti pepper (3,4), contain the 
piperidine moiety; the arnide alkaloids separated from the roots 
of Piper Longum L. are the exceptions (1). The present 

structural study has revealed certain interesting features of the 
piperlongumine molecule which are discussed here. 

Experimental 
Crystal data: 

Monoclini~,P2~/n, systematic absences: h01, h+l odd, OM), k odd; a 
= 15.793(3), b = 4.089(4), c = 24.649(5) A, P = 97.56(3)", V = 
1578(2) A3, z = 4, p, = 1.35 (by flotation in KI solution), p, = 1.33 g 
cm-', A(CuK,J = 1.5418 A, p(CuK,) = 8.3 cm-'. 

The compound was recrystallized from ethanol. Initial symmetry 
information and unit cell dimensions were derived from oscillation and 
Weissenberg photographs. The intensity data were collected at 22OC on 
an Enraf-Nonius CAD4 diffractometer, using graphite monochromat- 
ized radiation, with a crystal of dimensions 0.40 X 0.18 X 0.10 mm. 
The data were collected in the needle option in which the intensities 
were recorded in the minimum absorption position of the crystal. 
Accurate cell parameters were obtained from the least-squares fit of the 

setting angles of 25 well-centred reflections with 20 values ranging 
from 32.8 to 55.8". The o /20  technique was used for datacollectionup 
to a limit of 20 = 120". The peaks were scanned at the take-off angle of 
4" with a scan width of (0.60 + 0.15 tan 0)" and a variable scan time 
extending up to a maximum of 60s.  Three orientation control 
reflections and three intensity control reflections were monitored every 
50 reflections and every hour of X-ray exposure, respectively, to ensure 
the stability of the crystal position and the crystal quality. 

Out of 2350 unique reflections measured, 1863 were considered to 

TABLE 1. Fractional coordinates, with esd in parentheses, and equi- 
valent isotropic temperature factors for the non-hydrogen atoms 

Atom x Y z Be, (A2) 

Printed in Canada / Imprime au Canada 
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BANERJEE AND CHAUDHURI 

TABLE 2. Bond distances (A) and bond angles ("), with esd in parentheses 

Bond Distance Bond Distance 

Bonds Angle Bonds Angle 

221, I 1  1, 113, 020, and 220, were removed from the least-squares 
refinement and marked as unobserved as their accuracy was doubtful 
because of the large differences between the intensity counts in the 
forward and reverse scans on the diffractometer. The hydrogen atoms, 
located from two successive difference electron density syntheses, 
were included in the refinement with isotropic thermal parameters. The 
maximum shift/error was less than 0.03 and peak heights ranging 
from -0.20 to 0.26 e A-3 were found in a final difference synthesis 
computed at the end of the refinement. 

The scattering factors for the non-hydrogen atoms were taken from 
Cromer and Waber (8) and those for the hydrogen atoms from Stewart, 
Davidson, and Simpson (9). The non-hydrogen scattering factors were 
corrected only for the real parts of the anomalous dispersion (Af' = 
0.047, 0.029, and 0.017, for 0 ,  N, and C, respectively) from the 
International Tables for X-ray Crystallography (10). 'The geometrical 

FIG. 1. A perspective view of the molecule down the b axis showing parameters ~f the molecule were computed with the program PARST 
the C-H.. .O contacts. (1 1). 

be observed (I 2 3 u (I)). The intensities were corrected for Lorentz 
and polarization factors but not for absorption. Corrections were also Discussion 
applied for the small variation (<2%) in the intensities of the control Figure 1 shows a perspective view of the piperlongumine 
reflections. molecule together with the atom labelling scheme. The coordi- 

I The structure was determined by MULTAN (6) and refined by the nates for the non-hydrogen atoms together with their equivalent 
full-matrix least-squares Program OWLS (7) to a final R of 0.053 isotropic thermal parameters (12) are listed in Table 1. The 
(0.072 including unobserved reflections) and R, of 0.066 (W = l / u 2  interatomic bond distances and angles are given in Table 2, 
 IF,,^)):' nine of the strongest reflections, namely 212, 112,011,012, while Table lists some selected tors.on angles. 

'Structure factor tables and the anisotropic thermal parameters may It is observed that the double bond in the piperidone ring is 

be purchased from the Depository of Unpublished Data, CISTI, betweenC(3) andC(4); the is therefore the isomer 
National Research Council of Canada, Ottawa, Ont., Canada KIA rather than the isomer proposed from and nmr 
OS2. spectroscopic studies (1). The N(1)-C(6) bond distance is in 
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878 CAN. J. CHEM. VOL. 64, 1986 

TABLE 3. Some selected torsion angles (") with esd tion of the piperidyl nitrogen atom is sp2 as shown by the sum 
in parentheses (357.9(6)") of the angles around it and the small deviation 

(-0.071(2) A) of the atom from the plane of N(l), C(2), C(6), 
Bonds Angle and C(8). The 0(9)-C(8)-N(l)-C(6) torsion angle of 

good agreement with the values found in piperidine derivatives 
where C(6) is sp3 hybridized (2-4,13- 15). 

As in other similarly substituted piperidine structures 
(2,3,13- 16), the lone pair of electrons on the piperidyl nitrogen 
atom, N(l), is involved in conjugation with the carbonyl 
groups. This is indicated by the slight lengthenin of the two 
C=O double bonds (1.216(3) and 1.218(3) 1 ) and the 
concomitant shortening of the two N-C(sp2) single bonds 
(1.401(3) and 1.398(3) A). Accordingly, the state of hybridiza- 

9.4(4)" is consistent with the partial double bond characteLof the 
N(1)-C(8) bond (17). 

The bond distances and angles in the cinnamoyl moiety agree 
with those in other cinnamoyl derivatives (18,19). The progres- 
sive decrease in the C-C-C and C-C-N angles along the 
chain from the phenyl ring to the piperidone ring has also been 
observed in other cinnamoyl derivatives (2,3,16,18,19). This 
has been attributed to the steric repulsion between the hydrogen 
atoms of the chain (16). 

The relative magnitudes of the C(pheny1)-O(methoxy) 
bond lengths C(14)-0(18), C(15)-0(20), and C(16)- 
O(22) (1.370(3), 1.381 (3), and 1.365(4) A) suggest consider- 
able conjugation between the phenyl ring and the two methoxy 
groups substituted at C(14) and C(16). This conjugation appears 
to be favoured by the near coplanarity of these groups with the 
ring as indicated by the torsion angles C(13)- 
C(14)-O(18)-C(19) and C(17)-C(16)-O(22)-C(23) 
(Table 3). The extent of conjugation of the methoxy group at 
C(15) with the phenyl ring is comparatively smaller, possibly 
due to the accumulation of a considerable negative charge 
density at this carbon atom by the +R effects of the two adjacent 
methoxy groups. The noncoplanarity of the methoxy group at 
C(15) with the phenyl ring, indicated by the torsion angle 
C(16)-C(15)-O(20)-C(21), is obviously a result of the 
steric repulsion of the methoxy groups on either side of it. 

The dissymmetry in the exocyclic angles at C(14) and C(16) 
may be attributed to the steric repulsive interaction between the 

TABLE 4.  Puckering parameters for different rings 

Ring 9 2  9 3  Q 0 4~ 

Piperidone 0.36(2) -0.20(1) 0.41(1) 119(3) -8.4(7) 
(N(l), C(2), C(31, 
C(4), C(5), C(6)) 

Phenyl 0.024(1) -0.005(3) 0.025(3) 102(7) -171(7) 
(C(12), C(13), C(14), 
C(15), C(16), C(17)) 

Hydrogen bonded 
six-membered ring 0.54(1) 0.19(1) 0.57(2) 109.8(8) -32(1) 
(N(l), C(2), 0(7) 
H(10), C(10), C(8)) 

Hydrogen bonded 
five-membered ring 0.14(1) - 122(6) 
(C(81, 0(9), H(l l) ,  
C(11), C(10)) 

TABLE 5. Geometries of C-H.. .O(keto) contacts 

Structure Contact C-H(A) c -o (A)  H.. .o(A) C-H ... o(") 

Piperlongurnine C(10)-H(10). . .0(7) 0.92(3) 2.761(4) 2.24(3) 115(2) 
C(1 1)-H(1 1). . .0(9) 0.91(3) 2.808(3) 2.41(2) 106(2) 

Piperx(2) C(3)-H(3). . .0(4) 0.87(1) 2.451(9) 1.72(1) 138.8(4) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BANERJEE AND CHAUDHURI 

FIG. 2. A stereo view of the crystal structure. 

1 corresponding methyl groups and the phenyl ring atoms.' A 
i similar dissymmetry in th exocyclic angles has been observed in 
* the structure of ethyl 3,4,5-dimethoxy-2-(3-methyl-2,2- 

pyridylsulpharnoyl) phenyl propionate (20). 
The torsion angles about the N(1)-C(8), C(8)-C(10), 

C(10)-C(1 I), and C(l1)-C(12) bonds show that the mole- 
cule is nearly in the extended form. The acrylyl chain, 

: O(9)-C(8)-C(l0)-C(11)-C(12), makes dihedral angles 
i of 18.7(2) and 24.3(1)" with the mean planes of the phenyl and 
: piperidone rings, respectively. 
: The puckering parameters (21) for the different rings in the 

structure have been listed in Table 4.  The piperidone ring is seen 
to have a distorted boat conformation. The piperidine ring, 
common in several amide alkaloids separated from Piper 

, . species (2-4) and in compounds containing piperidyl carbonyl , . . . . . . . .. . 
: . . . /  . .  . . . . ' , . . . .  groups (l7), is found to be in the chair conformation. 

The benzene ring is significantly nonplanar (1 1); the pucker- 
. . . . .  - . . ing parameters indicate a somewhat flattened distorted boat 
.: . conformation for the ring (21). 

The C-H groups that are near the electron withdrawing 
groups are capable of forming hydrogen bonds with a wide 
variety of acceptor atoms (22). The geometries of the intramo- 
lecular contacts C(10)-H(10). . .0(7) and C(11)- 
H(11). . .0(9), listed in Table 5, reveal that the ethylenic C-H 

. . . . .  . . . . . .  
groups in the present structure are indeed involved in such 

. .  .. I. . .  : 
. . . . . .  . . . . hydrogen bonds, leading to the formation of two hydrogen .. . . -. 7 .. . .  , . . . .. . . . . . . , , bonded rings. The six-membered ring, C(10)- 

: H(10)-O(7)-C(2)-N(1)-C(8), is found to have a twist 
i boat conformation while the five-membered ring, C(11)- 
: H(11)-O(9)-C(8)-C(10), is in the twist form (Table 4) 
! (21). In the course of the present study it has been found that a 

similar C-H.. .O  bond, leading to the formation of a five- 
membered ring in the twist form, also exists in the structure of 

 he C(13)-C(19), C(19)-H(13), C(17)-C(23), and C(23)- 
H(17) distances are 2.794(5), 2.5 1(3), 2.805(4), and 2.58(4) a, 
respectively. 

Piperx, N-piperidyl-5-(2-methoxy-4,5-methylenedioxy- 
pheny1)-trans-2-cis-4-pentadienamide (2). Figure 2 shows a 
perspective view3 of the crystal structure. The molecules are 
separated by unit cell translations along the b direction with 
translation related atoms superimposed. The unit vector along 
the b axis, 4.089(4) A, is seen to be the sum of the van der 
Waals radii of the superimposing methyl groups. 
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Transferts d'Clectrons assist& par les mCtaux de transition : influence de la nature du cation 
, mCtallique sur la rCduction de composCs carbonylCs en milieu aprotique 

FRANCOISE FOURNIER 
Laboratoire de chimie organique structurale, Centre national de la recherche scientifique, Unite' associe'e 455, 

Universite' Pierre et Marie Curie, 4 Place Jussieu, 75230 Paris ce'dex 05,  France 
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Requ le 18 mars 19852 

F. FOURNIER et M. FOURNIER. Can. J. Chem. 64, 881 (1986). 
L'Clectropinacolisation de cCtones est favorisCe en prksence de cations des mktaux de transition. C'est un phCnomkne gCnCral 

qui se produit avec Cr2+, Mn2+, ~ e ~ + ,  Co2+, zn2+, mais pas avec Ni2+. La rCduction conduit aux a-glycols, avec un bon 
rksultat, sans rCsinification et un potentiel moins nkgatif que celui de la cCtone de depart. La rkpartition des composCs isolCs 
depend du caractere acide, au sens de Lewis, et du pouvoir complexant du cation mCtallique. Ainsi, la plus grande spCcificitk, 
en dimkre gCnCralement, est obsemke avec Fez+, sauf pour la chalcone, oh Zn2+ conduit h la meilleure stkrCosklectivitC. 
Aucun complexe prkexistant, entre le dCrivC carbony16 et I'ion mCtallique, n'a pu Ctre mis en Cvidence. 

F. FOURNIER and M. FOURNIER. Can. J. Chem. 64, 88 1 (1986). 
The pinacolisation of ketones is enhanced when a bivalent transition metal cation is present. This phenomenon is general 

and occurs with Cr2+, ~ n ~ + ,  Fez+, Co2+, zn2+ but not with Ni2+. The cathodic reduction leads to a-glycols with a good 
yield, without any resin production, and at a less negative potential than that of the ketone itself. The distribution of all isolated 
compounds is dependent on the Lewis character-acidity and complexing power of the metallic cation. Thus, for the dimerization, 

I the greatest specificity is generally observed when ~ e ~ +  is present. For the chalcone, the better stereoselectivity is obtained with 
I zn2+. No evidence of initial carbonyl complex of the metal ion was shown. 

Les rkactions catalysCes par transferts d'Clectrons et plus les cCtones a-P CthylCniques, les hydrodimbres formts peuvent 
particulibrement celles assistees par les complexes de mCtaux de avoir des structures diverses, le radical anion crCC existant sous 
transition, font l'objet d'Ctudes intensives (1). plusieurs formes tautombres. Ainsi selon les liaison formCes : 

Le cas des composts carbonylb, spkcialement celui des 
cCtones aromatiques, suscite depuis ces dernibres anntes 
quelques controverses (2). En effet, le problbme essentiel qui se C=C-C=O 4-4' 
posz dans I'interprCtation du mCcanisme de la rCduction et 3-2, b cCtol 

Clectrochimique duplicative de la fonction carbonyle est celui de 4' 3' 2' 1' 2-2' + diol bisCthylCnique 
1'Ctape de couplage. Ainsi aprbs formation initiale de l'anion C=C+=O 
radical A', Cventuellement suivie de sa protonation, trois uranne 

types de couplage peuvent &tre envisagCs : ( I )  radical-radical ; 
(2) radical-substrat ; (3) ion-substrat. Ce qui peut &tre rCsumC 
par le SchCma suivant : 

~ t a ~ e  initiale A + e e A> et AT + H+ , --' AH' 

MCcanisme 1 2 AT e D ~ - ,  AT + AH' e DH-, 2 AH' e DH2 

D = dimere 
DH- = dimere anion proton6 
DH2 = dimkre 

MCcanisme 2 A + A'. * DT, A + AH' e DH' 
. . .  . .  . . . . . . .  - I . . . . .  . . . . .: Puis Cventuellement D' + e * D ~ - ,  DH' + e = DH- 

. - : . : . . I  . . . . . .  . . ~. . !  Mtcanisme 3 A~ + e e A ~ - ,  A2- + H+ e AH- 

(fixation d'un 2kme ;) A ~ -  + A = D ~ - ,  AH- + A = DH- 
et Cventuellement A ~ -  + 2H+ e AH2 

! ce qui se traduit sur le plan priparatif, par l'obtention de  
I diffkrents produits, monombres ou dimbres. 

Par exemple, avec les cCtones aromatiques, on obtient 
uniquement des alcools (monoalcool ou diol). Par contre, avec 

, 1. Auteur a qui adresser toute correspondance. 
2. RCvision requ le 16 dCcembre 1985. 

De plus, si le milieu est aprotique, DMF par exemple, 
1'ClectrorCduction des cCtones aromatiques conduit souvent i un 
fort pourcentage d'alcools par rapport i celui des glycols-cx (3). 
Elle s'accompagne malheureusement d'une intense rksinifica- 
tion. Le rapport monombre-dimbre dCpend de nombreux 
parambtres (4), et en particulier de la concentration d'eventuels 
donneurs de protons introduits en cours de rkduction (2b, 2c). 
La rksinification est souvent moins importante pour les cCtones 
insaturCes, les composCs obtenus correspondant rarement i 
I'hydromCrisation, mais A I'oligomCrisation du rCactif (dimC- 
risation, trimCrisation .. .) (5, 6). 

Des Ctudes polarographiques et voltampCromCtriques ont 
Cgalement montrC que lors de 1'ClectrorCduction de  quelques 
cCtones aromatiques en prksence de cations alcalins ou alcalino- 
terreux (2e, 7) (Na', L i f ,  K f ,  Ba2+), il se forme des paires 
d'ions souvent instables qui disparaissent par dimkrisation ou 
dismutation. Le schCma rkactionnel couramment proposC est 
alors le suivant : 
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De notre cBtC, nous avions pu montrer qu'en prksence d'un 
cation mktallique de transition tel que Cr(III) ou Mn(II), la 
riduction Clectrochimique des cCtones aromatiques (8, 9) ou 
a-P insaturkes (5) conduisait prtfkrentiellement aux hydro- 
dimkres avec inhibition totale des polymCrisations, et ce, au 
potentiel mCme de rtduction du mttal(II) lorsque ce dernier a un 
potentiel de demi-vague plus positif que celui de la cttone. 

Cet effet entraine un gain d'cc Cnergie B pouvant atteindre 
500 mV. L'interprttation de ce processus d'ClectrorCduction 
assistke est complexe bien que certains auteurs pensent en avoir 
ClucidC le mCcanisme (10, 11). De plus, leurs ttudes sont resties 
limitCes au seul cas du chrome, alors que nous avons montrC que 
le mangankse prtsente une action Cgalement btnCfique (9). 

I1 nous a paru indispensable d'Ctablir la gCnCralitC du 
phCnomkne en variant la nature du cation mktallique. 

Notre choix, affect6 par la solubilitt dans le DMF du chlorure 
correspondant, a privilCgiC les ClCments de la premi5re ssCrie de 
transition (Cr, Mn, Fe, Co, Ni, Zn) pour ttudier l'influence de la 
configuration Clectronique sur l'orientation du processus de 
rkduction. Puisque nous avions suggCrC antirieurement que le 
caractkre acido-basique du cation mCtallique pouvait influer sur 
le mkcanisme de l'hydrodimtrisation ( 3 ,  il nous a paru 
judicieux de pratiquer parallklement 1'Ctude Clectrochimique et 
les Clectrolyses prkparatives en prCsence de Li', dont le 
caractkre acide est bien connu dans ce milieu. 

1 

I Pour tviter toute ambigu'itC quant B la structure des composts 
formCs et pour faciliter l'Ctabl&sement des bilans r~actionnels, 
notre Ctude s'est volontairement limitCe B quelques cCtones 
aromatiques, cycliquement ou 1inCairement encombrkes, dont 
le potentiel de rkduction diffkre de, ou avoisine, celui du cation 
mktallique, et B une cCtone a-p CthylCnique. Ces composCs sont 
prCsentCs dans la figure 1. 

A. Analyse polarographique (tabl. 1 )  et voltamme'trique (tabl. 2 )  
I .  Ions des me'taux de transition 
Les polarogramrnes et voltammogrammes des espkces Cr(II1) 

et Mn(II) dans le dimCthylformamide (DMF) ont CtC prCcCdem- 
ment dCcrits (8, 9). En ce qui concerne les autres cations, leur 
polarogramme, pour des solutions de concentration M 
dans le DMF, prksente, soit une seule vague de rCduction 
biClectronique (cas de FeC12-4H20 ou de NiC12.6H20), soit 
deux vagues de rCduction monoClectroniques de hauteurs 
sensiblement Cgales (cas de CoC12.6H20). 

L'analyse par voltamttrie cyclique de ces diffkrents systkmes 
montre que les pics correspondants aux processus 

sont de nature irrtversible. 

I Sur tlectrode stationnaire, sans renouvellement de la goutte 
de mercure, les voltamrnogrammes se modifient B chaque cycle 
jusqu'i disparition complkte du phtnomkne de reduction. Si 
l'on renouvelle la goutte aprks chaque balayage, et aprks 
agitation de la solution par barbottage d'argon, une variation 
linCaire du potentiel du premier pic de reduction Epc, avec le 
logarithme de la vitesse de balayage ( v )  est observte. Ces 
risultats sont rassemblCs dans le tableau 2. 

La solution de ZnC12 anhydre ne prCsente pas de vague de 
rkduction dans le domaine d'Clectroactivitt accessible dans ces 
conditions . 

Cette absence de rCductibilitC, surprenante au premier exa- 

tetralone 1 indonone 2 chromanone 3 

P h C H O  P h C O C H 3  
oldkhyde benzoique 4 oc6tophinone 5 

P h C O  Ph 
benzophknone 6 

xonthone 8 f~uorknone 9 

P h C O C H = C H P h  
chalcone 10 

FIG. 1 

men, miritait d'Ctre confirmke. Des essais rCpCtCs en solvant 
anhydre nous ont permis d'Ctablir ce resultat sans ambigui't6. 
Toutefois, l'addition de traces d'eau (1% en volume) ou 
l'utilisation de DMF insuffisamrnent dtshydratt permet de 
rCvCler, vers -2 V, une vague de hauteur sensiblement tgale B 
celle de Mn2+ lorsau'on l'enregistre dans les mCmes conditions. - 
Cette vague est trks sensible B la presence d'eau et peut mCme se 
diplacer jusqu'i - 1,8 V si le zinc est complktement hydratk. 

Ce phCnomkne n'est pas affect6 par la nature de I'anion du sel 
de fond puisque les rksultats sont inchangCs en prCsence de TBA 
C104. Le cation Zn2+, solvat6 par le DMF, est donc non 
rauctible dans ce domaine d'tlectroactivitC (-0,4 V ; -3  V). 
Ce resultat fera l'objet d'une publication pr~chaine .~  

II. Ce'tones 
Elles prksentent toutes une premikre vague de rkduction 

polarographique qui correspond B 1'Cchange d'un Clectron. En 
effet, leur hauteur est tgale B moins de 10% prks B celle de la 
vague de rkduction du benzaldthyde enregistrCe dans les mCmes 
conditions et dont il est ttabli (12) qu'elle traduit un tchange 
monoClectronique rkversible . 

Cette premikre vague est rtversible, pour toute vitesse de 
balayage, dans le cas des cttones aromatiques (composts 1-9). 
Par contre pour la chalcone 10, si le balayage est infkrieur B 0,5 
V s-', la rtduction devient irrkversible. 

Dans tous les cas, la seconde vague de rCduction est, 
lorsqu'elle n'est pas masquCe par la dCcharge de 1'Clectrolyte 
support, irrCversible et sensiblement monoClectronique. 

III. Me'langes ce'tone - cation me'tallique 
Dans un souci de simplicit6 Cvidente, nous n'avons considCrC 

3. Un des rapporteurs s'est ttonnt de la non rtductibilitt de znZ+ 
dans ce milieu et suggtre une intervention des anions halogCnures in- 
troduits simultantment aux cations puisque les sels de depart sont des 
chlorures et le sel de fond un bromure. I1 nous parait, que la prtsence 
d'eau, m2me h 1'Ctat de traces, est le facteur essentiel, ce qui expli- 
querait nos divergences avec les rksultats publiCs anttrieurement. 
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FOURNER ET FOURNIER 883 

TABLEAU 1. Potentiels de demi-vague polarographique d'un mClange Cquimolaire M de cation mktallique et de cCtone dans du DMF 
contenant TBABr 0,l M (ECS) 

- E'/~(v) cCtone 
DMF - TBABr 0,l  M Li + Cr2+ ~ n ~ +  ~ e ~ +  co2+ Ni2+ zn2+ 

- - 

- E"~(v)  cation mttallique 

- E " ~ ( V )  cation mCtallique 
+ cCtone 1 

2 

8 1,63 1 3 4  194  1,505 1,42 134  A 1,58 

9 1,24 1,17 1,15 1,15 1,15 1,16 A 1,19 
1 

10 1,39 1,19 1,26 1,33 1,21 1,34 A 1,34 

I 
/ "A: Additivitk de tous les systltmes prksents. 

TABLEAU 2. Variation du premier pic de reduction en fonction de log v 

~ i +  cr2+ ~ n ~ +  ~ e ~ +  co2+ Ni2+ zn2 + 

Chalcone 10 32 22 38 100," 40 65 ," 400 0 32 

"Changement de pente pour v = 50 mV s-'. 
*Gas oh il y a additivitk des systltmes prtsents, le premier pic de rkduction ktant alors celui du cation mktallique. 
'Electrolyte support DMF - TBABr 0,1 M, v variant de 5 i 500 mV s-' (ECS). 

que l'influence du cation mttallique sur la premibe vague de 
kduction du composC carbonylC. 

(a) Cations non rkductibles : Li+,  Zn2+ 
Quelle que soit la cetone, leur action est un simple abaissement 

du potentiel de reduction dans un effet rappelant celui des 
I protons. En voltamCtrie cyclique, le pic correspondant devient 
I alors irriversible pour toute vitesse de balayage. 

Ceci rappelle l'effet bien connu des ions alcalins ou alcalino- 
terreux, habituellement interprCtC par la formation de paires 
d'ions entre le radical anion et le cation. Toutefois, cette 
interaction est souvent plus importante sur l'espkce A2- que sur 
le radical anion AS, ce qui se traduit, sur les polarogrammes, 
par un rapprochement des deux ttapes monoClectroniques, 
pouvant mCme conduire h leur confusion. Ceci est particulibre- 
ment bien rnis en evidence dans le cas des quinones (7c). Dans 
notre cas, seule la premikre vague est trks notablement affectte 
et le zinc prCsente un effet moindre que celui du lithium. 

(b) Cation beaucoup plus rkductible que la cktone : Ni2+ 
On observe alors (polarographie et voltarnrnCtrie cyclique) la 

simple additivitt des systkmes en presence, sans intkraction. 
(c) Cationsdepotentielder6ductionvoisindeceluiducompose' 

carbony16 : C?+ , Mn2+, Fez+ 
Dans le cas oii le potentiel de rkduction du cation metallique 

est plus nCgatif que celui de la premikre vague de rCduction de la 
cCtone (fluorinone 9, chalcone lo), la vague de reduction du 
systkme M(II)/M(O) disparait et la premibre vague de rkduction 
de la cCtone se trouve avancke vers des potentiels plus positifs 
(de 50 h 100mV selon les cas), rappelant ainsi l'action des 
cations non rkductibles. I1 en est de m2me avec le cation zinc 
aquo, Z ~ . ( H ~ O ) ~ ~ +  lorsque sa vague de rCduction peut Ctre 
observie. 

Si le potentiel de rCduction du cation mCtallique est moins 
negatif que celui de la cCtone (cCtones aromatiques 1 4 ,  la 
vaque de reduction de cette dernikre disparait complktement 
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FIG. 2. Spectres d'absorption Clectronique des mClanges sel de cobalt - chalcone. 

pour des quantitCs Cquimolaires de cttone et de sel mCtallique. 
La vague de rkduction du mCtal M(II) + M(0) est trbs peu 
affectte et se dCplace 1Cgbrement vers les potentiels positifs (de 
l'ordre de 10 mV) . 

La voltamrnCtrie cyclique montre, pour toute vitesse de 
balayage supCrieure h 5 mV s-', la simple additivitC de systbmes 
en prksence pour quasiment toutes les cCtones aromatiques. 

Par contre, pour la chalcone 10, l'addition de quantitts 
croissantes de cation mttallique entraine l'apparition d'un 
nouveau pic, irrkversible, qui remplace progressivement le 
premier pic de reduction de la chalcone. Sa hauteur croit et le 
potentiel de pic EPcl se dCplace ltgbrement vers des potentiels 
moins nCgatifs. A 19CquimolaritC, ce nouveau pic, traduit une 
rkaction monoClectronique. L'addition d'un excbs de cation 
mttallique n'affecte pas le potentiel de pic, mais augmente 
Itgbrement sa hauteur. Les pics de rCduction propres au cation 
mktallique ne rCapparaissent jamais. 

Le comportement des systkmes 6d, 7 c  et 8b est inter- 
mtdiaire ; il dCpend fortement de la vitesse de balayage, et nous 
verrons plus loin que dans ces cas le monoalcool est obtenu seul 
et quantitativement. 

(d) Cas du cobalt Co2+ 
Les vagues polarographiques sont ma1 dCfinies en raison de la 

complexit6 du systbme Co2+/Co(0). Toutefois, quelques effets 
marquCs peuvent &tre observb. Pour les cCtones dont la 
prernibre vague de rkduction est situCe entre les deux vagues de 
rCduction Co2+ + CO', CO' -+ CO(') du cation rnttallique 
(cCtone aromatiques 1-8) la deuxikme vague de rkduction du 
cation mCtallique (Co' -+ coo) disparait sans que la vague 
correspondant au systkme Co2+ + CO' soit affectCe. La vague 
de rtduction de la cCtone est alors 1Cgerement dCplacCe vers des 
potentiels moins ntgatifs. Le phknombne est proche de celui 
observC dans le cas du chrome(III) et dCcrit antkrieurement (5, 
10, 11). 

Pour les cttones dont la reduction se fait avant celle du 
systbme mCtallique (florCnone 9 et chalcone lo), les vagues du 
systbme Co2+/Co disparaissent c o m e  dans le cas prtcCdent 
(III(c)) et la premikre vague de rCduction de la cCtone se dtplace 
vers des potentiels moins nCgatifs. 

En voltammttrie cyclique, le phCnombne est analogue h celui 
dCcrit en III(c) . 

IV. Discussion 
Dans tous les cas de cCtones aromatiques, il apparait que 

l'interaction composC carbony16 - espbce mttallique est cintti- 
quement lente, puisqu'elle n'affecte les voltammograrnrnes que 
pour des vitesses de balayage infkrieures B 5 mV s-', domaine 
oh les processus de diffusion deviennent prCpondtrants. Aux 
vitesses supkrieures, les systkmes cation mCtalliquelmCta1 - 
cttone/radical anion se comportent indkpendamment, y compris 
en terme de rCversibilitC de la premibe Ctape du dCrivC 
carbonylC. Les modifications observtes aux faibles vitesses ne 
peuvent donc provenir que d'une rCaction lente impliquant 
l'espbce mCtallique. Par contre, dans le cas d'insaturation 
(chalcone 10) ou dans les cas 8b,  6d et 7 c ,  l'interaction est soit 
trbs rapide, soit d'une autre nature ; puisque la disparition du pic 
de rkduction du mCtal est observte m&me pour des vitesses 
supCrieures B 5 mV s-' et jusqu'h des vitesses Cgales h 500 
mV s-' , limite suptrieure accessible avec notre appareillage. La 
variation du potentiel du premier pic de rtduction du systbme 
cCtone - cation mCtallique en fonction de log v4 (6Epc,/6 log v) 
est fortement dependante du cation mCtallique present comme le 

4. Un des rapporteurs suggkre de discuter plut6t de la dipendance de 
Ep, avec la concentration CR du substrat, en considkrant les valeurs 
des pentes 6Ep,/6 log CR. Cette remarque fondCe nkcessite toutefois de 
pouvoir explorer un domaine de concentration suffisamment Ctendu, ce 
qui nous Ctait difficile compte tenu de la faible solubilitC des halogC- 
nures utilisCs. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FOURNIER ET FOURNIER 

montre le tableau 2, et ceci que cette premiere Ctape soit variable selon le composC carbony16 et telle que 
attribuke 2 la rCduction du cation ou i lan5duction du-dCrivC 
carbonvlt. 

~ e c ;  suggbre donc que 17Cchange Clectronique a lieu sur 
chaque espbce indkpendamment, bien que suivi d'une interac- 
tion forte entre les espbces formtes, interaction dont la cinttique 
peut Ctre lente ou trbs rapide selon le cas. 

B . Etude spectrophotome'trique 
Dans le but de mettre en Cvidence un Cventuel complexe 

cCtone - ion mCtallique prkexistant dans la solution avant 
Clectrolyse et de dCterminer l'influence des ions halogknures 
(chlorures et bromures) presents en concentration importante, 
nous avons choisi dYCtudier l'influence du dCrivC carbonylt sur 
le spectre d'absorption du cation mttallique. Cette Ctude a CtC 
me&e avec le cobalt, dont le spectre d'absorption Clectronique 
est caractkristique (fig. 2), dans les conditions de concentration 
des Clectrolyses prkparatives . 

Dans le DMF, pour l'ion cobalteux, si le contre ion n'est pas 
complexant (nitrate par exemple), le spectre est voisin de celui 
de l'ion hexa aquo (A,, 520 nm, E = 22,s). Par contre, a la 
meme concentration, le chlorure cobalteux hexahydratC fournit 
un spectre caractCristique du complexe tCtraCdrique ~ o C l ~ ~ -  en 
prCsence de la quantitk Cquivalente du complexe aquo. Si le sel 
est dissout en presence de TBABr 0,l  M, alors la proportion de 

, cobalt cationique dCcroit au profit du mtlange des complexes 
I halogtnCs. 
j L'addition de benzophCnone 6 B la solution dans le DMF du 
I composC cationique aquo C O ' ( H ~ O ) ~ ~ +  ne modifie pas le 
,' spectre du complexe cationique. I1 en est de mCme dans le cas du 
I 

complexe anionique. Aucune modification dans la rkpartition ' des deux espbces n'est perceptible. Ainsi, peut-on considCrer 
qu'il n'y a pas d'interaction preexistante significative dans ce 

' cas. 
La mCme Ctude a CtC menCe avec la chalcone 10. LA encore, 

aucune interaction ne se manifeste sur le spectre de lYC1Cment 
mttallique. I1 en est de mCme du spectre de la chalcone 10, qui 

, n'est pas influencC par la prCsence du cobalt. La mCme 
observation peut &tre faite pour une solution de chalcone dans 
LiCl0,l M. 

C. ~ lec t ro l~ses  a potentiel contrdle' 
Les bilans rtactionnels globaux, en produits effectivement 

isolts, pour chaque composC et chaque systbme mCtallique sont 
rassemblts dans le tableau 3. Les rksultats des Clectrolyses 
prtparatives confirment la diffCrence de comportement des 
cCtones aromatiques et d'un composC a-P insaturk, c o m e  la 
chalcone, telle qu'elle est suggCrk par la voltammCtrie cyclique. 

I. Coulome'tries 
(a) Chalcone 10 

, RCalisCes dans les conditions d7Cquimolaritt cCtone - cation 
i mCtallique, au palier de la nouvelle vague de rkduction de 10, 
1 les coulomCtries confirment, pour tout metal, un Cchange 

monotlectronique (1-1,2 F/mol selon les cas). 

(b) Ce'tones aromatiques 1-9 
La proportion respective R de cation mCtallique et de cCtone a 

CtC dCterminCe empiriquement par variation continue de telle 
sorte que ces conditions expkrimentales permettent la conver- 
sion totale du compost carbony16 de d$art. 

Dans le cas oii le cation metallique n'est pas rkductible (Li', 
Zn2), l1CquimolaritC (R = 1) des composants suffit pour 
transformer la totalit6 de la cCtone par rCduction au palier de sa 
premibre vague et aprbs passage d'une quantitC d'ClectricitC Q 

2 F S Q s 3 F pour Zn2+ 

Lorsque le cation mitallique est lui-mCme rCductible (C$+, 
~ n ~ + ,  Fe2+, Co2+), mais de potentiel de rkduction voisin de 
celui de la cCtone, la reduction a CtC menCe au potentiel du palier 
de la vague de riduction du cation mCtallique (systkme M"/MO) 
dans le cas des com~osCs 1-8. Dans le cas du com~osC 9. c'est 
la premibre vague de rCduction de la fluorenone qui est touchee 
et nous considCrerons ce compost A part. 

Pour un compost donne, les proportions respectives des 
constituants dtpendent fortement du metal. Si ~ 'k~uimolar i t~  
(R = 1) suffit pour C$+ et Mn2+, il faut doubler la quantitC du 
cation (R = 2) dans le cas ou M = Fe ou Co. Ainsi, pour la 
tktralone 1 en prCsence de Fe2+, 1'Clectrolyse ne conduit aprbs 
sCparation qu'a un taux de conversion de 78% (60% de diol d,l 
et 18% de diol me'so) si R = 1. 

Ceci s'explique si l'on prend en compte les quantitCs 
respectives anionlcation dans ces deux cas prCcis (fig. 2) oh 
1'Ctude spectrophotomttrique indique une ~~ui~art i t ionkntre les 
complexes cationiques et anioniques, et si l'on admet que c'est 
l'espbce cationique qui intervient dans le phtnombne d'Clectro- . - 

caGlyse. I1 en est vraisemblablement d e m ~ m e  dans le cas du 
fer(II). Les quantitCs d'tlectricitC sont telles que les taux de 
conversion de 100% ne sont obtenus que pour 

Si l'on considbre (8) que le systbme C$+ + C$+ consomme 1 F 
sans intervenir dans le processus, ce qui est confirm6 par 
l'utilisation de chrome(II), alors chrome et manganese sont 
Cquivalents du simple point de vue de la coulomCtrie (3 F). Par 
contre, apres prise en compte de l'excbs d'espbce mCtallique, 
fer et cobalt induisent un Cchange tel que 1 F S Q S 3 F selon le 
cas; c'est-a-dire un comportement intermkdiaire entre Li+ et 
C?+ ( ~ n ~ + ) .  Si le cation mCtallique est beaucoup plus 
rCductible que la cttone ( ~ i ~ + ) ,  le taux de conversion T est 
touiours nu1 quel que soit R. 

~a fluorhone 9se  distingue des autres cCtones aromatiques. 
Le taux de conversion est nu1 (T = 0) avec Li+, Mn2+ et Ni2+ 
quel que soit R. I1 est maximum (T = 100%) avec c$+(R = 1, 
Q =  4F);Co2+(R = 2, Q = 1,7F);(R = 2, Q = 1,2F). 

Dans ce cas encore, si le rapport ferlfluorCnone est R = 1, le 
taux de conversion est T = 80% et aprbs traitement le mtlange 
wmprend 80% de diol et 20% de fluorenone non transformCe. 

11. Re'sultats et discussion 
L'influence de Ni2+ est nulle et les rtsultats des Clectrolyses 

prCparatives confirment les prtvisions qui pouvaient Ctre faites 
de l'examen des polarograrnmes et des voltammograrnmes. 

Par contre, comme le montre le tableau 3, la nature et la 
rkpartition des produits obtenus dependent plus ou moins du 
cation prisent selon la cCtone ttudite. 

(a) Ce'tone a-p insature'e 10 
La structure des hydrodimbres obtenus par ClectrorCduction 

de la chalcone 10 a Ctt rksolue dans une publication anterieure 
(5). La prise en compte des facteurs orbitalaires et des donnCes 
Clectrochimiques a permis de proposer, pour chaque hydro- 
dimbre, un mCcanisme de formation. Dans ce mCmoire (5), 
nous avions montrC qu'en I'absence de cation mCtallique, la 
reduction Clectrochimique (DMF, TBABr 0,l  M) conduit, par 
une rCaction d'oligomCrisation radicalaire, a un trimbre cCtoni- 
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TABLEAU 3. RCsultats des Clectrolyses prkparatives 

Li + cr3+ ~ n ~ +  ~ e ~ +  co2+ ~ i ~ +  Zn2+ 
CCtones a b c d e f g 

Diol88% 
miso 4 

Diol70% 
me'so 4 

Diol64% 
miso 4 

Diol80% 
miso 9 

Diol85% 
miso 3 

Diol 84% 

Diol 70% [ :i:: 20 

Diol93% 
miso 5 

Diol 100% 
[:k:: 39 

Diol 92% 

Diol84% 

Diol73% [ lt?:: 17 

Diol83% 
me'so 3 

Diol 78% [ :i:: 25 

Diol84% 

RCsinification Diol81% 
[:e!:17 

RCsinification Diol68% Diol63% 

Diol 78% [ :e?: 16 

Diol70% [ :e:: 28 

RCsinification Diol93% [ :e: 29 

AldChyde benzoique Diol65% 
45 me's020 9 

z 
7 

AcCtophCnone Diol64% 0 
[:el:21 8 

Alcool23% 3 
C 
0 
r 

Alcool25% 
DCsoxy benzoyne 

$ - 
Diol 172°C 44% w 00 m 

Diol49% [ 13 

Alcool4% 
AcCtophCnone 49% 

Alcool 1 1 % 
Diol 212°C 47% 
Diol 172°C 17% 

Alcool 10% 
AcCtophCnone 39% 

Alcool 6% 
Diol 21 2°C 37% 
Diol 172°C 27% 

Alcool 2% 

Diol 172°C 76% 

Benzhydrol96% 

Xanthone 26% 

Diol56% 

Alcool 18% 
Diol212"C 2% 
Diol 172°C 70% 

Diol63% 

Benzhydrol25% 

Xanthone 72% 

Diol 26% 

Diol48% 

Alcool97% 

Diol 85% 

Benzhydrol4% 

Diol 97% 

BenzophCnone Benzhydrol 100% 

Benzhydrol 18% 

Xanthone Xanthol 100% Xanthol 90% Xanthone 

Diol 21 % 
FluorCnone 

Fluortnol60% 

Chalcone 49% 
DicCtone 5% j3-CCtol trans 97% 
p-CCtols 18% 

(cis + trans), resines 

Diol 38% 

FluorCnone FluorCnone Diol 91 % 
FluorCnol48% 

CCtone saturCe 1 1 % 
DicCtone 27% 
p-CCtols 44% 

(cis + trans) 

CCtone saturCe 4% 
DicCtone 20% 
p-CCtols 59% 

(cis + trans) 

CCtone saturCe 8% 
Furannes 20% 
P-CCtols 60% 

(cis + trans) 

CCtone saturCe 7% 
DicCtone 22% 
p-CCtols 58% 

(cis + trans) 

p-CCtols 92% 
(cis + trans) 
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que cyclique avec un rendement de 60%, B c6tC de resines non 
~Cparables. Nous avions montrC Cgalement qu'en presence d'un 
cation mCtallique, tel que C?, le taux de conversion et le 
rendement chimique sont toujours de loo%, le produit majori- 
taire Ctant toujours un p-cttol. 

Qu'en est-il, en prCsence d'ions mCtalliques de polarisabilitC 
diffkrente, mais qui, dans ce cas, se rkduisent toujours aprks le 
composC carbonylC, et dont les vo l tamogrames  suggkrent 
une interaction cCtone-cation forte et rapide qui pourrait Ctre de 
type paire d'ions? 

(i) Cations non r&ductibles 
En prCsence de Li', le p-cCtol est obtenu de f a ~ o n  stlective, 

avec un rendement trbs ClevC, sous ses deux formes cis (46%) et 
trans (46%). 

En prCsence de Zn2+ anhydre, le meme cCtol est obtenu avec 
un rendement de 97%, mais uniquement sous sa forme trans. 
Dans ces deux cas, un seul produit est form6 et la variation du 
potentiel de pic de riduction de la cCtone avec la vitesse de 
balayage est une droite de pente -32 mV. La pente thCorique 
pour un mkcanisme de couplage radical anion - substrat est de 
30 mV (13). Ceci suggkre que le mCcanisme de formation du 
p-cCtol dCbute par l'attaque d'un radical anion sur une molCcule 
neutre. Un tel couplage a d'ailleurs CtC proposCpar SavCant dans 
le cas de milieux aprotiques trks secs (14). Le radical anion 
serait stabilisC par formation d'une paire d'ions avec le cation 
mktallique, ce qui est consCquent avec la variation du ptoentiel 
de demi-vague du composC carbony16 vers les potentiels 
~ositifs. De telles interactions sont fondamentales dans les 
processus biochimiques oh l'ion Zn2+ est particulikrement 
efficace dans l'hydrolyse des chaines peptidiques. De la mCme 
fa~on,  l'influence de l'ion Mg2+ a dCji CtC signalee lors de la 
ruuction de composCs carbonylks (15). 

(ii) Cations rkductibles : C?', F$+, co2+, Mn2+ 
Les composCs obtenus sont les mCmes pour tous ces cations : 

&tone, dicktone, BcCtols, mais leur rkpartition dipend sensible- 
ment du cation mCtallique antagoniste. La diffkrence de 
comportement est maximum avec Co2+. Avec ~ n " ,  on note la 
prCsence d'un composC nouveau hydroxy-4 furannique en place 
de la dicCtone. Ce nouveau compost est prCsent sous forme d'au 
moins trois diastCrCoisombres. 

L'ensemble de ces observations peut se relier au caractkre 
acide de Lewis de ces cations si l'on se rCfkre B 1'Cchelle de 
durett au sens de Jorgensen (16): 

UA reprisentant la douceur, ,!? le potentiel standard du couple 
Mz+/MO, z la charge de l'ion, et l'on suppose que les cations sont 
solvatCs d'une manikre Cquivalente. 

Dans ces conditions, les ions se classent c o m e  ci-dessous : 

1.48 1,65 1,79 1,87 2,03 2,11 douceur 

I1 apparait bien que le caractkre acide de Mn, Fe, Cr, est de 
mCme nature, l'ion Co2+ Ctant un peu moins dur d'oh une 
moindre proportion de cCtol si l'on admet que c'est bien une 
interaction de nature acide qui favorise ce composC (5). 

Le mCcanisme primaire est complexe puisque la nature des 
produits obtenus est variee et l'examen des pentes 6Epc/6 log v 
est d'un faible secours puisque la compttition entre plusieurs 
micanismes est probable. Le cas de C$+ est peut Ctre le plus 

simple puisque le systbme mCtallique seul n'interfbre pas (pente 
nulle pour l'ion isolt). 

Dans ce cas, une pente de 22 mV est obtenue en presence de 
chalcone, ce qui peut Ctre interpret6 comme une dim~risation 
primaire du radical anion conduisant i la dicCtone, ce processus 
imposant sa vitesse. Le caractkre Clectrophile du substrat 
d~pendant de la force de l'interaction avec le mCtal de transition, 
un acide dur orientera prCfCrentiellement la duplication vers une 
rCaction de type radical anion - substrat; un acide mou 
dkfavorisera cette interaction d'autant plus qu'il est mou et la 
reaction radical anion - radical anion ne s'en exprimera que 
mieux. 

(b) Ce'tones aromatiques 1-9 
La plupart des cations se rkduisent avant le composC 

carbonylt et c'est sur cette vague que nous conduisons 
17Clectrolyse. Dans les quelques cas oh le cation mCtallique se 
rkduit aprks le composC carbonylt (Li', Zn2+), on conduit 
1'Clectrolyse au potentiel de rCduction de la cCtone, valeur 
dCplacCe vers les potentiels moins nCgatifs, vraisemblablement 
par un effet de type paires d'ions comme en la rCf. 7. Les 
rCsultats des Clectrolytes prkparatives sont plus complexes i 
analyser, quel que soit le cation mktallique. 

Toutefois, dans le DMF, en prCsence de cation mitallique, 
nous dCgageons quelques points importants : 

Les rksinifications sont totalement supprimCes. 
Les cCtones aromatiques encombrCes sont rCduites au poten- 

tie1 de rkduction du cation mCtallique, ce qui reprCsente souvent 
un gain supkrieur i 400 mV (1, 2, 3, 5, 7) par rapport au 
potentiel de rCduction de la cCtone seule. 

La rkpartition des produits obtenus, diols ou alcools, dCpend 
beaucoup du mCtal. Les diffirences les plus marquCes sont 
obtenues dans le cas des composCs 5, 6, 7, 8 et 9. 

De tous les cations Fez+ est le plus sClectif puisque dans 
presque tous les cas le diol est obtenu comme produit unique, 
sous forme mkso ou dl, avec un rendement supCrieur B 85%. 

Le rendement faradique (exprim6 comme le rapport entre la 
coulomCtrie thkorique de rtduction de la cCtone (1 Flmol) et la 
coulomCtrie rCelle) est toujours infkrieur h 1. 11 est mCme 
quelque fois trbs faible (0,2) contrairement au cas de la chalcone 
10 oh le rendement faradique est toujours voisin de 1. 

Dans tous les cas oh le monoalcool est obtenu seul (cas 8b 
avec C s + ,  7c avec Mn2+, 6d avec Fez+), on n'observe, en 
voltammetrie cyclique, que le pic de rkduction du composk 
carbony16 et ceci quelles que soient les vitesses de balayage. Le 
pic du cation mktallique n'apparait jamais. Au contraire, dans le 
cas oh le diol est formi, la voltammCtrie cyclique montre une 
simple additiviti des systbmes ; il est logique de supposer que le 
systkme mttallique est le premier touchC. 

Les taux de conversion ne sont en gCnCral pas proportionnels 
i la quantitC d'ClectricitC CchangCe. Ainsi lorsque le diol est le 
seul produit formC, on attend un rendement de 0,33 F puisque 2 
F sont consommCs dans la rkaction M" -+ M0 en sus d'une 
Cventuelle rkduction du composC carbonylt. C'est en particulier 
le cas de C s +  et Mn2+. Un test simple permet de confirme cette 
observation. Dans le cas de la tetralone 1,  si l'blectrolyse en 
presence de Mn2+ est arretke aprbs 2,2 F, seulement 63% de diol 
se sont formCs et 20% de 1 n'ont pas Ctt transformks ; 0,8 F sont 
donc nCcessaire i la transformation des 20% restants. Le mCme 
test men6 avec C s + ,  conduit aprks passage de 1,5 F i un 
mClange de 60% de produit de dtpart 1 et 29% de diol. I1 faut 
donc 1,5 F pour transformer les 60% restants. 

La prCsence simultanCe du cation mCtallique et du composk 
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S = so lvan t  MOE Hg metal  adsorb,& MO- Hg ama Lgame 

(MO)n : p a r t i c u l e s  m e t a l l i q u e s  agregees 

Ar=Ph ou CH2Ph i n t e r m e d i a i r e  t r e s  r e a c t i f  

7 MO-H~ ou (MO)n - r e d u c t i o n  chimique 

R-C- Ph Ph-C- R 
I I 
O----MT[---O - - 

P 

so lvan t  
Th qh 

@ R - C - P ~  P ~ - C - R  ----- R-c -c -R  + Ms:+ 

A r ~ c - ~ - - -  M ~ +  Ar, ,C-0'- + M S ~ ~ +  
Ph' Ph 

+ so lvan t  

@ 21 I mole cetone dans Le car  de L 1 6 q u i r n o l ~ c u l a r i t ~  

@ il / mole cetone (ou 2F) par  Le b i a i s  du t r a n i f e r t  i n t e r n e  

FIG. 3. SchCma rCactiomel possible pour 1'ClectrorCduction catalysCe de cCtones aromatiques. 

carbony16 est indispensable au processus d'6lectrorCduction. 
Ainsi, un test de prCClectrolyse du cation jusqu'h 1'Ctat 
mktallique (2 F) suivi de l'introduction de la cCtone 1 dans le 
compartiment cathodique en maintenant le potentiel du mercure 
au potentiel de reduction du mttal ne conduit h aucune 
duplication (on rkcupbre integralement la cCtone de depart si le 
cation est Mn2+ ; la rtsinification est totale avec Fe2+). 

Le rendement final dCpend fortement de la quantitC de cation 
prksente. Ainsi si la prCClectrolyse du cation n'est menCe que 
jusqu'h 1,5 F (cas de MnC12) puis poursuivie normalement, 
aprbs ajout de la cCtone I, jusqu'h son terme (3 F), on rCcupbre 
aprks sCparation 50% de diol et 35% de rksines. 25% de la 
quantitk initiale de cation ont permis 50% de duplication. 

D. Interprttation 
L'ensemble de ces observations, bien que ne permettant pas 

d'elucider compl2tement et dkfinitivement les mCcanismes mis 
en jeu, suggbre cependant quelques voies d'approche. 

Dans les cas les plus simples (chalcone 10, cations peu ou non 
rkductibles), le compose carbony16 est le premier rCduit et le 

radical anion form6 interagit plus ou moins fortement avec le 
cation mCtallique dans une interaction de type paire d'ions 
R7 . . . M+ ou R7 . . . M2+ . . . R-. Ceci est assez classique. Le 
radical ainsi stabilise peut alors rCagir sur une molCcule neutre 
ou sur lui-mCme. Dans tous les cas, si le cation Ctait rkductible 
son potentiel de demi-vague devient plus nCgatif dans cette 
interaction et peut se trouver repoussC lors de la zone d'tlectro- 
activitk. 

L'interprCtation des autres systbmes est plus dClicate. La 
premikre Ctape de rkduction doit Ctre nicessairement le passage 
du cation 11 1'Ctat mCtallique, le carbonyle n'Ctant pas touch6 ; 
une interaction de type paire d'ions entre le radical et l'ion 
mktallique est impossible. 

Comrne 1'Ctude spectrale, dans la zone des transferts Clectro- 
niques du mCtal de transition, n'a mis en Cvidence aucune 
interaction priexistante importante, la presence ntcessaire de la 
cCtone en dCbut d'blectrolyse ne peut s'expliquer que par 
interaction entre des centres mktalliques rCduits ?I la surface du 
mercure et le systbme aromatique du composC carbonyl6, avant 
que le mCtal ne puisse diffuser dans 1'Clectrode (amalgame) ou 
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s'agrCger en particules inertes (fig. 3). Cette participation du 
mktal de la cathode (mercure) est suggkrke par l'observation de 
la passivation d'une Clectrode a goutte de mercure deposke sur 
tlectrode d'or et polariske au potentiel de rkduction du cation 
mktallique. Aprbs un tel traitement l'klectrode reste inactivk 
vis-a-vis du composk carbonylk mCme aprbs lavage. 

L'amalgame ou le mktal divisk peut Ctre reducteur et conduire 
&la formation de rksines, cornme dans une rkduction classique.' 
La rkpartition des produits de rkaction depend donc des 
cinktiques de toutes ces interactions. Le comportement de tous 
ces composks carbonyles peut, peut-Ctre, s'expliquer par le 
passage progressif d'une interaction forte de type complexe a 
l'interaction faible de type <( acide-base >> selon la variation 
des facteurs orbitalaires, les deux types d'interaction pouvant se 
manifester conjointement. La force de l'interaction forte dkpen- 
drait essentiellement de I'aptitude de l'klkment mktallique a 
former des complexes intermkdiaires de type IT, donc du 
nombre d'klectrons c< d>> du mktal. Ainsi dans le cas du 
chrome (d6) et lorsque le noyau benzknique (3 doublets IT) n'est 
pas fortement conjuguC avec le carbonyle (composks 1,2,3,4,  
S), les composks -type << sandwich >> a 18 Clectrons sont 
sfirement favorisks. Dans le cas du mangantse, du fer et du 
cobalt, les complexes ainsi crtks seraient a 19, 20 et 21 
Clectrons, ce quiles rendrait particulibrement aptes au transfert 
Clectronique interne suivi de la dimkrisation des radicaux anions 
formCs et de la libkration du mktal dans son ktat d'oxydation 
2+.  Dans tous ces cas, ce modtle rend compte de la non 
rMuctibilitk du ligand organique aprbs interaction avec le metal. 

Dans le cas oh la conjugaison croit (6, 7,s) l'ensemble du 
systtme n, dkfavorisant le complexe ((type sandwich >> (20 E 
pour Cr, puis 21, 22, 23 E pour Mn, Fe, Co) au profit de 
l'interaction de type acidobasique au niveau du carbonyle, un 
Cchange biklectronique conduisant au monoalcool devient alors 
possible. 

Toutefois trop de parambtres ne sont pas encore maitrids, 
rendant alkatoire une conclusion formelle. La rk~artition des 
produits obtenus dkpend fortement du cation mktallique pour un 
compost donnL6 Retenons que, cornme nous l'avions suspect6 
en considkrant l'influence des ions Mn2+ (9), le phCnombne de 
rkduction duplicative observk en prksence de C s +  n'est pas 
spkcifique de ce cation mktallique. Le phknomtne est gknCral 
pour toute la premitre sCrie des elkments de transition et son 
mCcanisme, malgrC des indices nouveaux, reste encore a 
dkmontrer sans arnbiguitk. 

Partie experimenale 
Les points de fusion ont CtC dCterrninCs au banc de Kofler. Les 

spectres iront CtC obtenus avec un spectromktre Pye-Unicam SP 3-200, 
ceux de rmn 13c avec un appareil Briiker WP 80 et 'H avec un appareil 
Briiker SY 250. Les spectres uv ont CtC enregistrCs sur Perkin-Elmer 
555. Les spectres de masse ont CtC effectuCs sur un appareil AEI type 
MS 30. Les analyse ClCmentaires ont CtC effectutes au laboratoire de 
rnicroanalyse de 1'UniversitC de Paris VI que nous tenons i remercier 
vivement. Les chromatographies sur couche mince ont CtC rCalistes sur 
gel de silice fluorescente Merck PF-254 (plaque 20 X 20, e = 0,l cm). 

En Clectrochimie, tous les potentiels ont CtC mesurCs par rapport i 

5. Un des rapporteurs rappelle que la plupart des mCtaux CtudiCs sont 
peu solubles dans le mercure et qu'une adsorption du compod organi- 
que sur les cristallites mCtalliques est possible, modifiant le processus 
d'ClectrorCduction. Ce phCnom2ne est difficilement discernable d'une 
vraie complexation au sens organomCtallique comrne nous le proposons. 

6. Undes rapporteurs rappelle aussi I'influence des mCtaux de transi- 
tion dans I'kolution de la rCaction des rCactifs organomagnCsiens avec 
les fonctions carbonyles (24). 

,T FOURNIER 889 

une Clectrode de rtfCrence au calomel - KC1 saturC (ECS) munie d'une 
jonction remplie avec une solution de TBA Br 0,l M dans le DMF 
(Clectrode Tacussel RDJIC 10). Les polarogrammes ont Ctt enregistrts 
sur une table tra~ante XY Iffelec IF 3802 couplCe i un polarographe 
PAR 174 A. Les voltammogrammes ont CtC rCalisCs grlce i un 
potentiostat PAR 173 gouvernk par un gtnkrateur de signaux PAR 175, 
sur goutte de mercure fournie par une Clectrode de KCmula 21 piston 
micromCtrique (Tacussel). 

Les Clectrolyses ont CtC rCalisCes en atmosphkre d'argon, 2I temp6 
rature ambiante, avec un potentiostat PAR 173 muni d'un coulomktre 
PAR 179, sur une cathode de mercure de 26 cm2 environ de surface et 
agitte avec un barreau aimante. Les compartiments anodique et 
cathodique sont sCparCs par une pastille de verre frittt de porositt 4 et 
de 2,5 cm de diamktre. L'anode est un disque de platine de 2 cm de 
dimstre. 

Le DMF utilisC est d'origine Merck; il est prCalablement distill6 sur 
P205. I1 contient du bromure de tCtrabutylammonium 0, l  M et un peu 
d'eau 2 X M environ (dosage de Karl-Fischer). Ainsi pour les 
analyses voltammCtriques avec des concentrations en CrC13.6H20 ou 
MnCI2.4H20 de M, la concentration d'eau est de I'ordre de 2-3 X 
lo-' M; pour les Clectrolyses oh la concentration de sel mCtallique est 
en gCnCral de 7 X M (5 X moles dans 70 cm3 de solvant), la 
concentration d'eau est de 0,45 M environ. 

En fin de rCaction (dtterminCe par analyse polarographique), le 
mClange obtenu est versC dans un grand volume d'eau (700 cm3 au 
moins), extrait 2I 1'Cther et sCchC sur sulfate de sodium. Le solvant est 
chassC sous vide, le rCsidu sCparC par chromatographie sur couche 
mince de silice. 

Les produits rtsultants des Clectrolyses ont dCji CtC dCcrits (5, 
17-20) et nous les avons identifiCs par leurs caractCristiques physiques 
et spectroscopiques, par comparaison avec celles d'khantillons authen- 
tiques. Les particularitis observks et les spectres de rrnn des produits 
obtenus sont donnCs dans les rCfs. 5 et 21. Le pourcentage respectif des 
forrnes me's0 et dl, pour les diols de I'acCtophCnone 5 et du 
benzaldChyde 4, a CtC CvaluC par spectroscopie rrnn (22,23). Dans tous 
les autres cas, les deux isomkres m b o  et dl ont pu 2tre sCparCs. 

Les haloginures mCtalliques hydratCs sont des produits Prolabo, les 
composCs anhydres Ctant fournis par Ventron. Dans le cas du chrome 
les m2mes rCsultats sont obtenus i partir de la solution de chlorure 
chromique Clectrolyste i 1'Ctat de chlorure chromeux ou i partir de 
chlorure chromeux anhydre. 
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R. M. RODR~GUEZ, E. BRILLAS, J.  A. GARRIDO, and J. DOM~NECH. Can. J. Chem. 64, 891 (1986). 
The electrochemical behaviour of the Zn(I1)-Zn(Hg) system in aqueous ethylene glycol (EG) solutions containing 5.0 x 

M LiC104 has been studied by polarography and cyclic voltammetry. The reversible half-wave potentials, the diffusion 
coefficients and the Walden products for Zn(L[) have been polarographically determined. The standard free energies of transfer of 
1 mol of Zn(II) ions from water to EG-water mixtures, A G ~ ,  obtained from the reversible half-wave potentials vs. the ferrocene 
electrode scale, are always negative, indicating a greater stability of Zn(II) in EG-water mixtures than in pure water. The 
splitting of the AGyvalues into electrostatic and chemical contributions shows that the mixtures are more basic than water. The 
analysis of the variation of the Walden product with solvent composition indicates an enhancement of the solvent structure in the 
water-rich region. The diffusion coefficient for Zn in mercury, the transfer coefficients for Zn(II) electroreduction, and the 
apparent standard rate constants of the Zn(II)-Zn(Hg) system have been determined by cyclic voltammetry. The change in the 
kinetics with solvent composition is discussed in terms of existing models. 

R. M. RODR~GUEZ, E. BRILLAS, J. A. GARRIDO et J. DOM~NECH. Can. J.  Chem. 64, 891 (1986). 
Faisant appel a la polarographie et a la voltammCtrie cyclique, on a CtudiC le comportement Clectrochimique du systkme 

Zn(I1)-Zn(Hg) dans des solutions aqueuses d'kthylkne glycol (EG) contenant 5,O X M de LiC104. A l'aide de la 
polarographie, on a dCterminC les potentiels rCversibles de demi-vague, les coefficients de diffusion et les produits de Walden 
pour le Zn(II). On a dCtermin6 que les Cnergies libres standards pour le transfert d'une mole d'ions Zn(I1) de l'eau 21 des mtlanges 
d'eau-EG, A G ~ ,  qui ont Ctt obtenues a partir des potentiels rkversibles de demi-vague vs. l'tchelle de 1'Clectrode du ferrockne 
sont toujours nCgatives; ce resultat indique que le Zn(II) est plus stable dans des mClanges d'eau-EG que dans de I'eau pure. Le 
dCdoublement des valeurs de AGyen contributions Clectrostatiques et chimiques permet d'ktablir que les mClanges sont plus 
basiques que l'eau. L'analyse de la variation du produit de Walden avec la composition du solvant indique qu'il se produit une 
augmentation de la structure du solvant dans la region riche en eau. Utilisant la voltammCtrie cyclique, on a dCtermine le 
coefficient de diffusion du Zn c'ans le mercure, les coefficients de transferts pour 1'ClectrorCduction du Zn(I1) et les constantes de 
vitesses apparentes standards du sytkme Zn(II)-Zn(Hg). On discute du changement dans les cinCtiques avec la composition du 
solvant en fonction de modkles existants. 

[Traduit par la revue] 

Introduction 
The electrochemical behaviour of the Zn(I1)-Zn(Hg) system 

has been studied in several organic solvent-water mixtures 
(1-5). The authors have shown that the kinetics of this system 
depend basically on the solvation energy which represents the 
main contribution to the activation energy, and on the adsorp- 
tion of the organic solvent which modifies the structure of the 
double layer at the electrode surface. Two different changes in 
the rate constant with solvent composition have been found, 
depending on the organic solvent used. Thus, in mixtures of 
water with less basic organic solvents, the rate constants of the 
Zn(I1)-Zn(Hg) system exhibit minima in the intermediate 
composition range (1-4). To explain this behaviour, Behr et al. 
(2) propose to determine the rate constant, k ,  in a given aqueous 
mixture by means of the expression 

[ I 1  k = k w P  

where kw is the rate constant in the pure aqueous solution and P 
a correction term which describes the surface concentration, c, 
of the reactant ion. This term can be regarded as the distribution 
coefficient of the reactant between the bulk (a) and surface (a) 
phases and it has the following form: 

[2]  P = cu/c" = exp (-"AuG,/Rn 

"AuG, being the change in the free energy of transfer of 1 mol of 
ions between both phases. These two phases differ in solvent 

composition due to adsorption of the organic solvent on the 
electrode. 

On the other hand, in mixtures of water with more basic 
organic solvents, the rate constants of the Zn(II)-Zn(Hg) 
system change monotonically when the concentration of the 
organic component increases (4, 5). This behaviour has been 
explained using the model of Broda and Galus (6) who propose 
to calculate the value of k in a given aqueous mixture by the 
equation 

[31 k = kw(1  - 0sod + kso,0so, 

where kw and ksol denote the rate constants in pure water and in 
pure organic solvent respectively, 0,,, is the surface coverage of 
the electrode by organic solvent molecules. This model con- 
siders that two parallel reactions take place due to reactant ions 
approaching the surface layer and reacting either with the 
surface organic solvent molecules or with the surface water 
molecules. 

Ethylene glycol (EG) is a common solvent in electrochemis- 
try. Some studies on the electroreduction of several cations with 
amalgam formation in this solvent and its aqueous mixtures 
have been reported in the literature dealing with the determina- 
tion of the reversible half-wave potential and the diffusive 
properties of the species in solution (7-9). In this way, we have 
previously investigated (10) the polarographic reduction of 
Cd(I1) in EG-water mixtures with LiC104 as supporting 
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electrolyte. Under these conditions, we have found that solvent 
structure is enhanced in the water-rich region, whereas the ion 
always has a greater stability in EG-water mixtures than in pure 
water, suggesting that the mixtures are more basic than pure 
water. 

The purpose of this paper is to study the electrochemical 
behaviour of the Zn(I1)-Zn(Hg) system in EG-water mixtures 
containing a concentration of 5.0 X M of LiC104, to 
clarify the acid-base and structural properties of these mixtures, 
and to check the application of the existing models stated above 
to explain the changes in the kinetics under the influence of the 
organic solvent. 

Experimental 
Ethylene glycol (Fluka, A.R. grade) was dried over 3 A molecular 

sieves; its water content determined by the Karl Fisher method was 
lower than 0.05%. Lithium perchlorate (Fluka, A.R. grade) was dried 
at 130°C under reduced pressure and kept dry afterwards. Zinc 
sulphate (Merck, A.R. grade) was used without further purification. 
All solutions were prepared by weight with water obtained using a 
Millipore Milli Q system. 

The polarographic measurements were performed with an Amel 
model 471 multipolarograph. The cyclic voltamrnetric measurements 
were carried out with a P.A.R. model 175 universal programmer, 
connected to an Arne1 model 551 potentiostat. The cyclic voltammo- 
grams were done at scan rate v; values lower than 0.200 V s-' were 
directly displayed on a Philips model 8043 X-Y recorder, whereas the 
measurements made at higher scan rates were previously recorded on a 
Nicolet model 3091 digital storage oscilloscope. The ohmic drop 
compensation of all voltammetric measurements was achieved with a 
positive feedback network of the same instruments. 

All voltamrnetric experiments were conducted in a three-electrode 
cell under nitrogen presaturated with the solution to be investigated. 
The temperature was kept at 25.0°C. A satured calomel electrode 
(SCE), with aqueous solution of NaC1, was used as reference electrode 
and a Pt wire as counter electrode. The flow rate, m, of the dropping 
mercury electrode employed in polarography was 0.628 mg s-' in 
0.1 M KC1 solution on open circuit at a mercury height of 50 cm. In 
cyclic voltammetry the working electrode was a hanging mercury drop 
electrode with an area, A ,  of 0.0222 cm2. 

Solutions of Zn(I1) (5.0 X M) in both water and EG-water 
mixtures of 0.10-0.70 EG mole fraction, containing a concentration of 
5.0 X lop2 M of LiC104 as background electrolyte, were studied. The 
polarograms of each solution were recorded using a mercury height of 
50 cm and drop times, I ,  0.5, 1 .O, 2.0, and 3.0 s. Drop times were 
regulated with a Tacussel GCMS hammer. The cyclic voltammograms 
of each solution were recorded in a scan raterange between 0.020 and 
20 v s-'. 

Results and discussion 
Polarographic behaviour 

The Zn(lI) displayed a single, well defined, polarographic 
reduction wave in all solutions studied. The wave is always 
diffusion controlled since a good linear correlation between the 
logarithm of the limiting current, I,, and the logarithm oft,  with 
slopes close to 0.19, was obtained in all solutions. In each 
solution the half-wave potential, EIl2, was found to be indepen- 
dent of the drop time. Moreover, as can be seen in Fig. 1, the 
plots of E (applied potential) vs. log ((Il - I ) / ! )  were always 
linear, with slopes of about 30 mV. These results indicate that, 
in all solutions, Zn(I1) electroreduction is a two-electron 
reversible process (1 1). 

Table 1 summarizes polarographic results obtained for Zn(I1) 
under the experimental conditions tested. It can be observed that 
when the EG mole fraction increases, ElI2 is shifted to more 

FIG. 1. Dependence of log (1/(11 - I)) on the applied potential for the 
polarographic reduction of Zn(I1) in different aqueous EG solutions 
containing 5.0 X M LiC104. EG mole fraction: (1) 0.00, (2) 0.10, 
(3) 0.30, (4) 0.50, (5) 0.70. Drop time 3.0 s and temperature 25.0°C. 

positive values, whereas the value of the diffusion-current 
constant, Id, gradually decreases. The diffusion coefficient of 
Zn(II), Do,, also reported in Table 1, was calculated in each 
solution by substitution of the corresponding Id value in the 
IlkoviC equation using a number of transferred electrons per 
reactant ion ( n  value) of 2. 

To analyse the variation of E112 with solvent composition, the 
liquid junction potential between the SCE (aqueous solution of 
NaCl) and each solution must be determined. In this way we 
have previously reported (10) that, in the EG-water media 
used, the liquid junction potentials can be estimated adopting 
the half-wave potentials of the ferrocene oxidation as internal 
reference. The half-wave potentials of Zn(I1) expressed with 
respect to the half-wave potentials of ferrocene, E112,Foc, are 
listed in Table 1. As can be seen, the EI12,Foc values for Zn(I1) 
become more negative as long as the EG mole fraction 
increases. 

Taking into account these E112.Foc values, the standard free 
energies of transfer of one mole of Zn(lI) ions from water to 
mixed solvents, AG:, were calculated according to the follow- 
ing expression (2, 5, 6): 

"Ax@ being the difference between the standard potentials, 9, 
of the Zn(lI)-Zn(Hg) system in mixed solvent, x, and aqueous 
solution, w. Assuming that the diffusion coefficient of Zn in the 
amalgam formed by reduction of Zn(I1) does not vary with 
solvent composition, as it has been confirmed from the cyclic 
voltammetric results which will be presented below, the 
differences "Ax@ were determined by means of the equation 
(12, 13): 

where yo, and Do, are the activity coefficient and the diffusion 
coefficient, respectively, of Zn(I1) in each solution. Then, to 
calculate "Ax@ a value of 0.570 was employed as activity 
coefficient (yo,), in the aqueous solution (14), whereas the 
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RODRIGUEZ ET AL. 

TABLE 1. Polamgraphic results for 5.0 X M Zn(II) in water and EG-water mixtures 
containing 5.0 X 10-'M LiC104, at 25°C 

E1lza E I / z , F ~ ~  b I~~ D,, x lo7 A G Y ~  
XEG (V) (V) ( p ~  d- 1 mg-2/3 s 112 ) (cm2 S-I) yOXP (kJm01-') 

0.00 -1.002 -1.143 3.26 72.3 0.570 0 
0.10 -0.989 -1.149 2.33 36.8 0.514 -2.02 
0.20 -0.979 -1.163 1.87 23.7 0.480 -5.44 
0.30 -0.973 -1.179 1.49 15.1 0.442 -9.26 
0.40 -0.960 -1.186 1.23 10.2 0.400 -11.38 

I 

0.50 -0.954 -1.201 1.07 7.7 0.365 -14.82 
0.60 -0.946 -1.214 0.96 6.2 0.332 -17.83 
0.70 -0.940 -1.224 0.88 5.2 0.302 -20.28 

"Half-wave potential vs. SCE (aqueous solution of NaCI). 
*Half-wave potential vs. ferrocene electrode scale 
qiffusion-current constant calculated as I,/c m213 r1l6 where I, = l~miting current, c = Zn(I1) 

concentration, m = flow rate, and r = drop time. 
'Diffusion coefficient for Zn(I1) calculated as (Id/607n) where n is the number of transferred electrons 

per reactant ion (see text). 
I 'Activity coefficient for Zn(I1) estimated from refs. 14-16 (see text). 

/Standard free energy of transfer of 1 mol of Zn(I1) ions from water to mixed solvent. 

values used as activity coefficients (yo,), in mixed solvents (see 
Table 1) were estimated by means of the expression (15): 

[61 log (yo,), = ( ~ w / ~ x ) ~ ' ~  log (yo,), 

where E, and E, denote the dielectric constants of water and the 
j mixed solvent, respectively. These latter values were deter- 

mined from the dielectric constants provided for several 
' EG-water mixtures in ref. 16. 

The AG': values obtained following the procedure stated 
above are given in the last column of Table 1. As can be seen, 
these values are more negative as long as the EG content in the 
solvent increases. This fact indicates that the transfer of Zn(I1) 
from water to mixed solvents is thermodynamically favoured 

, and also, that this process becomes more spontaneous when 
! more EG is added to the mixed solvent. A similar behaviour has 

been previously reported for the transfer of Cd(I1) from water to 
EG-water mixtures (10). This same effect has been described 
for the transfer of several ions, as Cd(II), Zn(II), and Pb(II), 
from water to dimethylsulfoxide-water mixtures (5), being 
ascribed to a higher solvating power of the dimethylsulfoxide, 
probably due to its greater basicity. 

To gain a better understanding of this behaviour in EG-water 
mixtures, the AG': values for Zn(I1) were split into two 
contributions: (i) an electrostatic one, AG?,,~, which arises 
from the change in the dielectric constant of the solvent and (ii) a 
chemical one, AG?, ,~ ,  which depends on the solvation and 
other specific ion-solvent interactions. The electrostatic contri- 
bution to the standard free energy of transfer was estimated by 
means of the Born equation (1 7), 

where r is the crystallographic radius of Zn(I1) (= 0.74 A (18)). 
So, the chemical contribution to the standard free energy of 
transfer was determined by subtracting the AG':,,, found in each 
EG-water mixture from the corresponding AG?. The depen- 
dence of the resulting AG?,,, on EG mole fraction is shown in 
Fig. 2. It can be obsemed that the AG?, ,~  values are more 
negative with increasing the EG content in the solvent. A similar 
behaviour has also been reported by Kundu et al. (19) for alkali 

FIG. 2. Plot of the AG&+, for Zn(II) vs. EG mole fraction. 
Temperature 25 .O°C. 

cations in EG-water mixtures. According to these authors, the 
trend in the variation of AG':,,~ for Zn(I1) with solvent 
composition could be explained considering the existence of 
specific acid-base interactions between the ion and solvent 
molecules. In this way these results indicate that the mixtures 
are more basic than water, increasing its basicity when EG is 
added to the solvent and hence, producing stronger ion-solvent 
interactions. In addition, the linear correlation found between 
A@,ch and XEG (see Fig. 2) suggests a gradual increase in the 
Zn(I1) solvation proportional to the EG mole fraction. 

On the other hand, it should be noted that the gradual decrease 
in diffusion coefficient of Zn(I1) when the EG content in the 
solvent increases (see Table 1) is mainly due to the progressive 
increase in viscosity, q, of the solution. The viscosities of the 
EG-water mixtures tested, containing 5.0 x M LiC104, 
have been previously measured (10) and they are shown in Fig. 
3 b. Then, the change in the structure of the EG-water mixtures 
at different compositions can be analysed from the variation of 
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FIG. 3. (a) The surface coverage of the electrode by EG molecules in 
different EG-water mixtures at E = - 1.0 V vs. SCE (aqueous solution 
of NaCl). Data estimated from refs. 25 and 26. (b )  Viscosity of 
EG-water mixtures vs. EG mole fraction (10). Temperature 25.0°C. 

0 0 2 0 4 0.6 0 8 

X EG 

FIG. 4. Variation of the Walden product for Zn(II) with EG mole 
fraction. Temperature 25 .O°C. 

the Walden product, Doxq,  with solvent composition to avoid 
the effect of the bulk viscosity. 

The dependence of Doxq for Zn(II) on EG mole fraction is 
shown in Fig. 4. As it can be seen, a maximum value of the 
Walden product is reached in the water-rich region, close to XEG 
= 0.2. A similar behaviour for the Walden product of Cd(I1) has 
also been previously described (10). This could be explained 
considering that in the water-rich region the solvent becomes 
more structured because small amounts of EG added to pure 
water promote the three-dimensional network building of the 
last solvent, as we have recently reported from viscosity 
measurements of several alkali cations.' Consequently, in the 
water-rich region, the Zn(I1) ion, as well as the Cd(I1) ion, 
become more structure breaking. This decreases local viscosity 
around the ion, leading to an increase in its mobility. At XEG > 

'J. Domknech, E. Brillas, J .  A. Ganido, and R. M.  Rodriguez. 
Private communication. 

0.2, addition of EG to mixed solvent causes a decrease in 
solvent structure and hence, a loss in mobility of the Zn(I1) ion, 
which partially causes the observed decrease in its Walden 
product. In addition, according to the Stokes-Einstein relation, 
the product Doxq is inversely proportional to the solvated radius 
of diffusive species. Thus, the gradual decrease in DOxq of 
Zn(II) at XEG > 0.2 is also explained by an increase in the 
solvated radius of this ion due to the substitution of the more 
voluminous EG molecules by water ones. This fact is consistent 
with the progressive increase in the Zn(I1) solvation, as stated 
above. 

Cyclic voltammetric behaviour 
The Zn(II)-Zn(Hg) system exhibits a redox couple under all 

the experimental conditions studied, which shows a different 
voltammetric behaviour depending on the EG content in the 
mixture and the scan rate. To determine the cyclic voltammetric 
parameters corresponding to this system in each tested solution, 
the cyclic voltammograms were carried out starting from 
-0.700 V and reversing the scan at - 1.200 V. 

Values of cathodic peak potential, E;, cathodic half-peak 
potential, ECp12, anodic peak potential, q, and cathodic peak 
current, I;, obtained at a scan rate of 0.020V s-' are 
summarized in Table 2. It can be observed that E",, ECp12, and 

are gradually shifted with increasing EG content in the 
mixture to less negative values. On the other hand, 1; 
progressively decreases as long as the EG mole fraction rises, in 
accordance with the gradual increase in viscosity of the reaction 
medium (see Fig. 3b). From the 1; values, the cathodic 
peak-current functions, +;, were calculated employing an n 
value of 2 and the diffusion coefficients for Zn(I1) previously 
determined by polarography (see Table 1). The +; values thus 
obtained are also listed in Table 2. As can be seen, +",s 
independent of the EG content in the mixture with a value of 
0.46 2 0.01, as is expected for a two-electron reversible 
reduction process (1 1, 20). 

For a given solution and at scan rates lower than 0.150 V s-', 
the ratio of anodic to cathodic peak currents, I,"/Ii, is found to 
be higher than unity, its value dependent on the applied reversal 
potential, Ek. This is due to the concentration effect of the Zn 
amalgam formed in the hanging mercury drop electrode because 
of the spherical diffusion and the limited volume of the 
electrode. Recently, Tokuda et al. (20) have studied theoretical- 
ly, by cyclic voltammetry, this kind of process for a simple 
reversible system, such as 

They established the following equations to calculate the 
diffusion coefficient, D,,, for metal M in mercury and the 
reversible half-wave potential, EiI2 ,  corresponding to the M"+ 
electroreduction: 

ro being the electrode radius. 
Because the Zn(II) electroreduction is reversible in all 

solutions at 0.020 Vs-', as was pointed out above, it seems 
plausible to consider that the Zn(I1)-Zn(Hg) system behaves as 
a simple reversible one at low v values and hence, Dmd for Zn in 
mercury and Gl2 for the Zn(I1) electroreduction can be 
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RODRIGUEZ ET AL. 

TABLE 2. Cyclic voltammetric results of the Zn(II)-Zn(Hg) system in water and EG-water 
mixtures containing 5 .0  x lo-' M LiC104, at a scan rate of 0.020 V s-'  and at 25.0°C 

E i  a E ~ I Z  E i  C I; DXd X loS Ef12 
XEG (V) (V) (V) (FA) g e  (cm2s-I) (V) 

"Cathodic peak potential vs. SCE (aqueous solution of NaCl). 
bCathodic half-peak potential vs. SCE (aqueous solution of NaCl). 
'Anodic peak potential vs. SCE (aqueous solution of NaCl). 
dCathodic peak current. 
'Cathodic peak-current function calculated as I~/~FAC(D, ,~FV/RT)'~~.  
Qiffusion coefficient for Zn in mercury. 
gReversible half-wave potential for Zn(I1) vs. SCE (aqueous solution of NaCI) 

determined by means of eqs. [9] and [lo], respectively. To 
corroborate all these suppositions, several cyclic voltarnrno- 
grams were recorded for each studied solution at 0.020 and 
0.050 V s-', with different values of (EE - Ex) between 0.080 
and 0.200V. The I;/Ig ratio for each redox couple was 
determined following the method described in ref. 11. The 
mean value of D,, obtained for each solution by using eq. [9] is 
given in Table 2. It can be observed that the diffusion coefficient 
for Zn in mercury remains practically constant in all experimen- 
tal conditions, taking a value of (1.40 + 0.09) X lop5 cm2 s-' 
which agrees with those reported in the literature from other 
reaction media (5, 21). This indicates that the Zn(I1)-Zn(Hg) 
system is always reversible at low scanrates. On the other hand, 
the GI2 values calculated from the eq. [lo] are listed in the last 
column of Table 2. It should be noted that these values are 
in accordance with those determined by polarography (see 
Table l) ,  with a maximum deviation of k2mV. From an 
inspection of Table 2 it can be seen that there is a difference 
between EfI2 and E", of 17 -+ 1 mV in all solutions, i.e., a value 
slightly higher than the 14mV expected for a two-electron 
reversible process (11). Then, the fact that the values of 
(q - ECp) and (Eg12 - ECp) for the Zn(I1)-Zn(Hg) system 
under reversible conditions (see Table 2) slightly differ from 
the 28mV established for a two-electron reversible system 
(l l ) ,  can be attributed to the amalgam formation process. 

For each studied solution and at scan rates higher than 
0.150 V s-', the I;/I: ratio remains close to unity, although it 
slightly decreases as the scan rate rises. With increasing v ,  there 
is always a progressive decrease in +:, whereas, simultaneous- 
ly, ECp is shifted to more negative values and l$ to less negative 
ones; hence, a gradual increase in (I$ - ECp), as well as in 

- ECp), is also observed. All these results are indicative of 
a quasi-reversible behaviour of the Zn(I1)-Zn(Hg) system under 
these conditions. Experimental efforts were then concentrated 
on the determination of the kinetic parameters of this system in 
each solution. 

The apparent standard rate constant, k,, of a simple quasi- 
reversible system can be calculated by means of the expression 
(22) 

where + is a function of (l$ - Eg)n and of the transfer 

TABLE 3. Kinetic parameters of the Zn(II)-Zn(Hg) 
system in water and EG-water mixtures contain- 

ing 5 . 0  x lo-' M LiC104, at 25.0°C 

k, x lo3  a k: x lo3  
XEG (cm s-') ab (cm s-I) 

"Apparent standard rate constant of the Zn(I1)-Zn(Hg) 
system. 

qransfer coefficient for Zn(I1) electroreduction. 
'Apparent standard rate constant of the Zn(I1)-Zn(Hg) 

system at yo, = 1 .  

coefficient, a ,  for the reduction process. According to Matsuda 
and Ayabe (23), this transfer coefficient can be determined 
when the process is quasi-reversible from a given v, value, 
because in such conditions, a linear correlation between ECp and 
-log v, with a slope of (0.0296lan) V at 25 .O°C, is expected. 
Thus, eq. [I I] can only be used to obtain k, at scan rates lower 
than v,. 

For the cathodic peak of the Zn(I1)-Zn(Hg) system under 
quasi-reversible conditions, good linear correlations between 
ECp and -log v were always obtained at v values higher than 
3 V s-'. Assuming that the slope of these plots was (0.02961 
an) V per decade and n = 2, the transfer coefficient for the 
Zn(II) electroreduction is always found to be close to 0.3, as can 
be seen in Table 3. Similar a values have also been reported for 
this reduction process in other reaction media (5, 24). 

In the scan rate range between 0.2 and 2 V s-' the differ- 
ence (I$ - ECp) gradually increases with rising v from 0.045 
to 0.1 10 V, approximately. Under these conditions, the $ 
parameter for each redox couple was determined from the 4 vs. 
(q - EE)n plot established by Nicholson (22) and then, the 
corresponding k, of the Zn(II)-Zn(Hg) system was calculated 
by using eq. [ l l ] .  For each solution, at least seven cyclic 
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FIG. 5. Dependence of experimental values of k: for the Zn(I1)- 
. . .  . .  

Zn(Hg) system on EG mole fraction. The solid line corresponds to the 
. .  . .  

. . .  . . . .. . . .  . . 
theoretical curve calculated from the model of Broda and Galus (6). 

. . 

voltarnmograms with different scan rates were recorded to 
obtain a mean value of k,. The resulting k, values, with an 

I accuracy of + 8%, are given in Table 3. A progressive decrease 
in k, with increasing EG mole fraction can be observed. 

A better insight into the variation of the apparent standard rate ~ constant with the reaction medium can be gained taking into 
account that k, depends on the activity coefficient, yo,, of 

I Zn(II), according to the expression (23): 

k: being the apparent standard rate constant at yo, = 1. The k: 
I values were calculated using the yo, values reported in Table 1 

and they are listed in the last column of Table 3. It was then tried 
to interpret the change in the kinetics of the Zn(I1)-Zn(Hg) 
system with solvent composition in terms of existing models 
stated in the Introduction. 

The monotonic decrease in k: as the EG mole fraction 
increases can only be explained by the model of Broda and 
Galus (6), which describes the change in kinetics by eq. [3]. 
This model seems plausible to use because the EG-water 
mixtures are more basic than water as was pointed out above. 

To corroborate if eq. [3] can describe the change of k:, the 
theoretical k! value for each solution was calculated. For this. 
the k:,, value was taken from Table 3, whereas the k:,EG value 
was obtained by extrapolation at XEG = 1. On the other hand, the 
surface coverage of the electrode by EG molecules, OEG, at 
- 1.000 V, i.e., at the potential of Zn(I1) electroreduction, in the 
different EG-water mixtures studied was estimated from data 
reported in refs. 25 and 26. The variation of OEG with E G  mole 
fraction is presented in Fig. 3a .  

Figure 5 shows the dependence of the experimental k: values 
on EG mole fraction, as well as the corresponding theoretical 
curve (solid line) calculated by using eq. [3]. A very good 

agreement between the experimental and the calculated values 
is found, indicating that the model of Broda and Galus [6] 
explains the change of k: for the Zn(I1)-Zn(Hg) system in 
EG-water mixtures. 

Finally, according to the above-mentioned authors, a linear 
dependence of the activation energy on the surface coverage 
must be expected. This fact is difficult to interpret if the 
solvation energy (AG3 is the main contribution to the 
activation energy, as it is usually considered, because A d :  
gradually increases with rising EG mole fraction (see Table I), 
whereas most of the increase in activation enrgy should take 
place up to XEG = 0.4, as can be deduced fromFig 3a.  Then, the 
increase in activation energy could be ascribed to the activation 
energy needed for the reorganization of the solvation shell of the 
reactant ion entering the surface layer, as Jaenicke and 
Schweitzer (1) have suggested. 
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BRIAN R. JAMES, ROBERT H. MORRIS, and PAL KVINTOVICS. Can. J. Chem. 64, 897 (1986). 
Synthetic routes to hydridoiridium(II1) dimethylsulfoxide complexes via oxidative addition of HCl or Hz to precursor in situ 

iridium(1) species are described. The complexes, tran~,mer-IrHCl~(DMSO)~ ( la)  and ci~,rner-IrH~Cl(DMSO)~ (2), have 
been characterized by 'H nrnr and ir, and contain only S-bonded sulphoxide, DMSO. Comparison is made with data for other 
isomers reported in the literature, and some discrepancies are discussed. The decomposition of l a  and 2 in chloroform leads to 
isomers of IIC~~(DMSO)~, while (2) with HCl generates C~~,C~~-I~HC~~(DMSO)~(DMSO) with the 0-bonded sulfoxide trans 
to hydride. The reaction of l a  in dichloromethane with dioxygen occurs with a 1 : 1 stoichiometry and generates two complexes 
tentatively formulated as Ir(OH)CIZ(DMS0)2H20 (3) and IrC12(02)(DMS0)2~DMS0 (4); a hydroperoxide intermediate 
(Ir-OOH) initially formed from l a  is considered to react with further l a  in the rate-determining step. Oxidation of 
coordinated DMSO to the sulphone is not observed, implying that such a catalyzed 02-oxidation reported earlier in aqueous 
2-propanol proceeds via reaction of IrOOH with free DMSO, or else via free hydrogen peroxide. 

BRIAN R. JAMES, ROBERT H. MORRIS, et PAL KVINTOVICS. Can. J.  hem. 64, 897 (1986). 
On dtcrit des voies de syntheses de complexes de l'hydroiridium(III) et du dimtthylsulfoxyde qui impliquent l'addition de 

HCl ou de Hz a des prtcurseurs d'iridium(1) prtpar6s in situ. On a caracttrist les complexes, soit le IrHC12(DMS0)3-trans,mer 
( la)  et le IrHC12(DMS0)3-cis,mer (2), en faisant appel a la rmn du 'H et a la spectroscopic ir et ils ne contiennent que des 
sulfoxydes lits par le soufre, DMSO. On fait une comparaison avec les donntes publites anttrieurement pour d'autres 
complexes et on discute des divergences. La dtcomposition des composes l a  et 2 dans le chloroforme conduit ?ides isomtres du 
IrC13(DMS0)3 alors que la rtaction du compost 2 avec du HCl conduit a la formation de IrHC12(DMS0)2(DMS0)-cis,cis dans 
lequel le sulfoxyde est lit par I'oxygkne en position trans par rapport a l'hydrure. Dans le dichloromtthane, le compos6 l a  
rtagit avec le dioxygkne avec une sto'ichiomttrie 1:l et conduit 21 deux complexes auxquels on a attribut, ?i titre d'essai, les 
formules Ir(OH)C12(DMS0)2H20 (3) et IrC12(02)(DMS0)2.DMS0 (4); on a considere qu'un intermtdiaire hydroperoxyde 
(Ir-OOH) qui se forme initialement ?i partir de l a  reagirait 21 nouveau avec le compost l a  dans I'ttape dtterminante. On n'a 
pas observt d'oxydation du DMSO coordonnt en sulfone; ce rtsultat implique qu'une telle reaction catalyste d'oxydation par 
02 ,  dont on a anttrieurement suggtrt I'existence pour des rtactions dans le propanol-2 aqueux, se produirait soit par une 
rtaction du W O H  avec du DMSO libre soit via du peroxyde d'hydrogkne libre. 

[Traduit par la revue] 

Introduction 
We have become increasingly interested in transition-metal 

catalyzed oxygenations using O2 in the presence of a co- 
reductant, for example (1-4), 

H+ 
[l] O2 + substrate + H- - substrate(0) + H20 

In the particular case of a selective oxygenation of cyclooctene 
(X) to cyclooctanone using 02-H2 mixtures in the presence of 
an iridium catalyst (2), the suggested basic mechanism is 
outlined in eq. [2], a key feature being the formation of the 
iridium-hydroperoxide intermediate (Ir-OOH) by a net inser- 
tion of O2 into the metal-hydride bond. 

Evidence was obtained for an Ir-OOH species and oxygen 
transfer to coordinated cyclooctene was considered to occur via 

'Present address: Department of Chemistry and Scarborough Cam- 
pus, University of Toronto, Toronto, Ont., Canada M5S 1Al. 

'On leave at the University of British Columbia. 1981-1982. 

a peroxometallocyclic intermediate. Other groups have reported 
on formation of Rh-OOH (5,6) and R-OOH complexes (7) 
via reactivity of the platinum metal monohydride with 02. 

There is very intense interest generally in selective oxygena- 
tions utilizing 0 2 ,  (1, 3 ,  8- 10). Those exemplified by eq. [ I  ] 
resemble in stoichiometry those of cytochrome-P450, and here 
also, Fe(1II)-00H intermediates have been invoked but 
formed, in this case, via protonation of an Fe(1II)peroxide (1,2,  
10, 11). 

In addition, it is also known that "trace" O2 can have marked 
effects on both stoichiometric and catalytic reactions of plati- 
num metal complexes (12, 13). The catalytic reactions include 
hydrogenation of olefins and aromatics (1 3), and species formed 
from metal-hydrides with 0, may play a role, although this was 
never suggested directly. Hydrogenolysis of 0 2  to H 2 0  or H202 
has been little studied using homogeneous catalysts (14, 15), 
but as the rate-determining step sometimes involves formation 
of a hydride from complex and H2 (14), a subsequent step 
almost certainly involves metal-hydride plus 02. 

All of the above findings have encouraged us to pursue 
metal-hydride - O2 chemistry. Previously, we had used the 
complex, trans-dichloro-mer-tris(dimethylsulfoxide)hydri- 
doiridium(III), la ,  as a hydrogen transfer catalyst (16). This 
complex seemed a good candidate for a reactivity study 
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toward 02, particularly since Trocha-Grimshaw and Henbest 
(17) had used such a hydride (and one of Rh) in aqueous 
2-propanol solutions for the air oxidation of DMSO to the 
sulphone, and we had discovered a similar rhodium-catalyzed 
oxygenation using 02-Hz mixture and had suggested a 
Rh-OOH intermediate (2, 18). 

The communication describing the hydrogen transfer work 
(16) had noted differences with literature data (19) on various 
isomers of I ~ H c ~ ~ ( D M s o ) ~ . ~  A further interest in the hydrides 
themselves stems from their potential as catalysts (with chiral 
sulfoxides) for asymmetric hydrogenation of prochiral sub- 
strates. The present paper gives the details on the syntheses and 
full spectroscopic characterization of la ,  and other mono- and 
dihydrides of Ir(III), together with data on reactivity of l a  
toward 02. 

Experimental 
The iridium was obtained from Johnson, Matthey Ltd. as Ir- 

C13.3H20 containing 51.76% of the metal, or as E l 4  from Platinum 
Chemicals; the cyclooctene precursor [E1(CsH14)2]2 was prepared by 
a literature procedure (20). The sources of all the other materials used, 
the synthetic procedures, the procedure used for following gas (02) 
uptake at constant pressure, and the instrumentation for the spectro- 
scopic methods and gc separations, can be traced largely through earlier 
papers (2, 21). The DMSO was dried with KOH and then vacuum 
distilled; CH2C12 was distilled from CaH2. A Varian E-3 was used to 
record esr spectra, and the magnetic susceptibility was measured on a 
Faraday balance (22). Microanalyses were performed by Mr. P. Borda 
of this department. 

Acid of cis-tetrachlorobis(DMSO)iridate(III), [H(DMS0)21[IrCb- 
(DMS Oh1 

To a red solution, formedby heating K l3 .3H20  (0.3 g, 0.87 mmol) 
in aqueous HCI (1.1 mL, 2.4 M) at 80°C for 30 min, was added DMSO 
(0.52 mL, 7.5 mmol); heating was continued for 38 h in air in a closed, 
glass-stoppered Schlenk tube. When the tube was opened, the strong 
smell of Me2S emanated from the orange solution; the solution was 
reduced to an oil by pumping, and the residue dissolved in 1 mL H20 
and extracted with CH2C12 (3 X 10 mL). Evaporation of the aqueous 
layer gave a syrup, to which addition of 2-propanol(5 mL) and DMSO 
(0.5 mL) yielded the acid as yellow needles (yield, 40%). Spectral data 
agree with those published (19). For example, nmr (D20): 6 3.52 (s, 
12H, DMSO), 2.71 (s, 12H, free DMSO). The CH2C12 extracts 
yielded 20 mg of IrC13(DMSO)2(DMS0) (19). 

Acid of trans-tetrachlorobis(~~~~)iridate(lll), [H(DMS0)2][lrC14- 
(DMS 0)21 

After IrC14 (0.45 g, 1.3 mmol) had reacted with conc. HCl(0.3 mL, 
4 mmol) in 5 mL 2-propanol for 4 h at 5S°C, the resulting green-red 
solution was cooled to room temperature, and DMSO (2.5 mL, 
35 mmol) added. The orange needles that crystallized overnight were 
filtered in air, washed with 2-propanol and ether, and dried in vacuo 
(yield, 52%, mp 152-154°C); ir (cm-I): v(S0) 1127(s), p,(CH3) 
1027(s), 980(s); v(OH0) 1700-1100(m), 900-600(s), v(Ir-C1) 
335(m), 326(s). nmr (D20): 6 3.50 (s, 12H, DMSO), 2.71 (s, 12H, 
free DMSO) . 

trans -Dichloro-mer -tris(DMSO)hydridoiridiurn(III), IrHC12- 
(DMSO)3 (la) 

(a) The precursor (0.1 g, 0.11 mrnol) was dissolved 
indry DMSO (0.4 mL, 5.6 mmol) and CH2C12 (3 mL) at 10°C under Ar 
to give a yellow solution. A few large crystals of DMA.HCI (27 mg, 

'~bbreviations used: DMA = N,N'-dimethylacetamide; DMSO = 
dimethylsulfoxide (DMSO and DMSO imply S- and 0-bonded, 
respectively); within structures, S = DMSO, and 0 = DMSO. 

0.22mmol) were rapidly weighed and added,4 and the resulting 
colourless solution reduced in volume to -0.5 mL in vacuo; dry ether 
was added slowly until a turbidity appeared, the solution was then 
warmed until clear and left at 0°C to deposit white crystals. The product 
was filtered under Ar, washed with a little ether, and dried in vacuo 
(yield, 70%); the crystals, isolated as a mono-DMSO solvate (see nmr), 
were very hygroscopic (giving a yellow oil) and were also sometimes 
contaminated with a small amount of cyclooctene as evidenced by nmr 
(6 5.5,2.0,1.4 ppm). Carboncontent was typically high. For example, 
Anal. d c d .  for C&11y03S3C12~-C2H60S: C 16.66, H 4.37; found: C 
18.1, H 4.1. Infrared (cm-I): v(Ir-H) 2180(s), v(S0) 1134(s), 
11 10(s), p,(CH3)+v(SO) of solvate 1027(s), v(Ir-C1) 302(w); nmr 
(CDC13): 6 3.73 (s, 6H, DMSO), 3.57 (s, 12H, DMSO), 2.62 (s, 6H, 
free DMSO), -18.86 (s, lH,  IrH). 

(b) The solvate-free complex may be obtained by adding DMA.HC1 
(68 mg, 0.56 mmol) to a degassed suspension of [hc1(CsH14)2]2 
(0.25 g, 0.28 mmol) in 5 mL 2-propanol and 1 .O mL DMSO; the 
suspended compound turns from orange to white in 10 min at room 
temperature. The product was filtered, washed with ether, and 
recrystallized following dissolution in 1 mL DMSO and addition of 
5 mL2-propanol-ether, (1:2 v/v) (yield, 60%). The spectral datawere 
essentially the same as above, but there were no free DMSO peaks; 
trace, free cyclooctene was always detected and resulted in high carbon 
content. Anal. calcd. for C&11y03S3C121r: C 14.46, H 3.81; found: C 
15.5, H 4.2. 

Several attempts starting with either the cis or trans acid complexes 
[H(DMS0)2][IrC14(DMS0)2] (see above) failed to reproduce the 
published syntheses (19) of IrHC12@MS0)3, trm-C12-me~fDMSO)~, 
or ~is-Cl~-mer(DMSO)~. A few milligrams of a yellow product could 
be realized, but this was a mixture of hydrides and other neutral 
complexes. Infrared (cm- I): v(Ir-H) 2 180-2 150(w), v(S0) 
1130-1 100(s); nmr (CDC13): 6 3.51 (main DMSO peak), 3.73, 3.63, 
3.57,3.21 (minor DMSO peaks), 2.91 (minor DMSO peak), - 18.85 
(small amount of hydride l a ) ,  - 19.45 (main hydride). 

Reaction of l a  with CDC13 
On heating l a  at 40°C in CDC13 under Ar, the solution turned from 

colourless to yellow and contained IICI~(DMSO)~(DMSO) with equal 
intensity nmr peaks at 6 3.63,3.52,2.88 (19), and rner-I1Cl~(DMS0)~ 
with peaks at 6 3.56 and 3.46 (ratio 1.2) (19), as well as CHDCl2 (6 
5.2). 

Reaction of l a  with 0 2  in CH2C12 
Complex l a  (0.1 g, 0.20 mmol) was dissolved in CH2Cl2 (10 mL) 

and the solution stirred under 0 2 .  After about 1 h, a white solid was 
filtered off, washed with CH2C12 and dried in vacuo at room tempera- 
ture (yield 35 mg; -38% based on an "Ir(OH)Cl2(DMS0)2H20 
formulation). Infrared (see text). Nmr (d6-DMSO): 6 3.35, 3.2- 
(DMSO); see text. Anal. calcd. for C4Hl5O4S2CI2Ir: C 10.57, H 3.30, 
0 14.09, S 14.09, C1 15.61;found: C 11.3, H 3.5,O 13.4, S 13.2, C1 
16.4. 

Evaporation of the CH2C12 filtrate at room temperature yielded a 
yellow material. Addition of CHC13 (5 mL) dissolved all but a trace of 
material that was filtered off; addition of ether (-2 mL) to the filtrate 
led to slow deposition of a yellow compound (yield 60mg; -57% 
based on an "lrC12(02)(DMS0)~ formulation). Infrared (see text), 
pen = 1.28 BM; nmr (CDCI'); 6 3.6-3.2(DMSO), 3.0-2.8(DMSO), 
2.6(free DMSO); Anal. calcd. for C6H1805S3C121r: C 13.61, H 3.40, 
015 .12 ,S18 .15 ,C113.4; found:C12.8 ,H3.4 ,014 .0 ,S17 .5 ,C1 
13.9. 

4 ~ e  have found DMA.HC1 a useful reagent for quantitative HCI 
additions; a crystal structure determination done here in 1976 (R. Ball, 
R. S. McMillan, B. R. James, and J. Trotter, unpublished) revealed 
protonation at the oxygen and essential planarity at the carbonyl carbon 

+ /  
[-C(OP)=N, 1; the findings agree with those of a structural paper 

that has come to our attention recently (23). 
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JAMES ET AL. 

Chloro-cis-dihydrido-mer-tris(DMSO)iridiu(III), IrH2Cl(DMSO)3 (2) 
The precursor [IrC1(CsH14)2]2 (0.1 g, 0.11 mmol) was dissolved in 

dry DMSO (0.4 mL, 5.6 mmol) and CHzClz (3 mL) under Ar. Upon 
introduction of 1 atm Hz (1 atm = 101.3 kPa), the solution turned 
colourless; after 5 min, it was concentrated to -0.5 mL under vacuum, 
when 1 mL of 2-propanol and sufficient ether were added to give a 
white, air-stable precipitate. The suspension was cooled for a few hours 
at - 10°C, and then filtered. The product was washed with ether and 
dried in vacuo (yield 70%). Infrared (cm-I): v(Ir-H) 2177(s), 
2087(s), v(S0) 1128(s), 1120(sh), 1090(m), p,(CH3) 1035(s), 978(w), 
v(Ir-C1) too weak; nmr (CDC13): S 3.57 (s, 6H, DMSO), 3.53 
(s, 6H, DMSO), 3.39 (s, 6H, DMSO), -16.3 (d, J = 6Hz, lH,  
IrH), - 19.5 (d, J = 6Hz, lH,  IrH); Anal .  calcd. for C6H2003S3ClIr: C 
15.53, H 4.34; found: C 15.6, H 4.2. 

Reaction of the dihydride with CDC13 and with DMAeHCl 
On leaving the dihydride in CDC13 at room temperature for 20 h, 

small amounts of at least two decomposition products were observed: 
theonly monohydridewas la(S3.73,3.57, -18.85);apeakatS3.45 
may be due to n~er-IrCl~(DMS0)~ (see above, l a  + CDC13) although 
the requisite second peak at S 3.56 was hidden; CHDClz was observed 
at S 5.2. 

A stoichiometric amount of DMA.HCI reacts rapidly with the 
dihydride in CDCI3 to give the nrnr spectrum shown in Fig. 1. 'The 
iridium product is considered to be IrHC12(DMSO)z(DMSO) with 
cis-chlorides, and DMSO trans to the hydride; nmr: S 3.56 (s, 6H, 
DMSO), 3.51, (s, 6H, DMSO), 2.68 (s, 6H, DMSO), -20.60 (s, lH,  
IrH); other in situ peaks are seen at: S 2.63 (s, lH,  free DMSO), 3.01 
(2, 6H, N-CH3), 2.16 (s, 3H, C-CH3). The equivalence of the 

, N-CH3 groups of DMA must result from proton exchange with 
unreacted DMA.HC1 (the spectrum of DMA.HC1 in CDC13 also shows 

1 a single peak for the N-methyl groups). 

Results and discussion 
Synthesis and characterization of the iridium(III) hydrides 

It should be noted first that 'H nmr and ir spectroscopy have 
been widely used to distinguish between 0- and S-bonded 
sulfoxide ligands (21, 24), and we have extensively used such 
procedures in the present work. 

The published routes (19) to IrHC12(DMS0)3 isomers (1) via 
2-propanol reduction of the acid complexes [H(DMS0)2][Ir- 
C14(DMSO)2] were first investigated. The precursor cis and 
trans acids were readily synthesized from the available starting 
materials w13.3H20 or E l 4  by slightly modifying the 
methods of Haddad et al. (19). It is not clear whether these 
workers recognized the nature of the [Me2S0.. H.. . 0SMe2]+ 
cation; the ir spectra show the typical broad v,(OHO) absorption 
(1700-600 cm-') of a symmetrically hydrogen-bonded system 
(25), with a region of decreased intensity at 1100-900 cm- ' and 
loss of v(S0) of the cation, a phenomenon that we first 
encountered in the corresponding tr~ns-[H(DMS0)~] [RhC14- 
(DMSO)2] complex (26). 

The spectroscopic data for the yellow cis and orange trans 
, isomers of the Ir acids that we synthesized correspond closely to 
, those given in the literature (19); the formulation of the yellow 

isomer as the cis acid seems reasonable based on its greater 
stability in polar solvents, and on the relative nmr shifts of the 
methyl protons (19). The Me2S formed in our preparation of the 

1 cis acid may result from an acid-catalyzed decomposition of 
free or coordinated DMSO; formation and decomposition of 
hydridoiridium species is not a likely source of sulfide (as 
demonstrated for a corresponding Rh(II1) system (18)), since no 
reducing agent was present. The only difference between our 
data and those in the literature (19) for the iridium acids is the 
melting point and colour of the trans isomer (mp 152-154"C, 

FIG. 1. 'H nmr spectrum of a CDCl, solution containing in situ 
products from reaction of IrH2CI(DMS0)3 (2) with HCl (added as 
DMA adduct) at room temperature and 100 MHz. 

orange vs. 171.5-172"C, pink (19)), indicating different 
crystalline modifications. Our trans complex on warming at 
65°C for 15 rnin in D20 yielded the aquated species trans- 
[IrC14(DMSO)(D20)]-, as evidenced by methyl peaks that 
grow in the 'H nmr at 6 3.58. This reaction parallels that of the 
corresponding trans Rh acid (21), and supports the stereochem- 
ical assignment in view of the high kinetic trans effect of 
S-bonded sulfoxides (24, 27). Only minor amounts of the D20 
product from the cis acid were observed under corresponding 
conditions. 

We were unable to generate significant amounts of Ir- 
HC12(DMS0)3 isomers by the reported 2-propanol reduction of 
the cis or trans acids (19), and thus resorted to oxidative 
addition of HCl (added as the DMA adduct) to solutions 
containing Ir(1); see eq. [3] (written for a monomeric precursor). 

S 
DMSO S\ I /C1 

[3] h'c1(C8H14)z + HC1 - -2CsH14 \H 
S 

S S 
CDCl 3 s\ I ,c1 + S I C1 

\ ~r' 
-CHDCB C I / ~ ~ \ C I  S c l /  0 I \ c l  

Excess DMSO is required to prevent formation of a mixed 
C8H14-DMSO complex that was obtained when a DMS0:Ir 
ratio of 3 was used; in situ 'H nmr (CDC13) showed broad peaks 
of coordinated olefin (6 4.7,2.5, 1.5) along with a DMSO peak 
at 6 3.46. Use of excess HC1 led to production of trans- 
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[H(DMSO)Z:I[K14(DMS0)z], presumably by protonation of a 
coordinated hydride with loss of HZ. 

The stereochemistry shown in l a ,  with trans chlorides and 
mer-DMSO ligands, is the only one consistent with the nmr 
data; other isomers should give three methyl peaks because the 
two methyl groups in some of the DMSO ligands become 
magnetically inequivalent. The isolated hydride ( l a ,  7 28.86, 
2180 cm-'; v(Ir--C1) 302 cm-') was white, in contrast to two 
yellow isomers reported by Haddad et al. (19); one of these 
isomers was considered to be l a  by preliminary X-ray data5, but 
the spectral data (7 35.29, 2190 cm-'; 334(s), 300(w) cm-') 
were quite different to those of our l a  complex. The methyl 'H 
nmr resonances of the yellow l a  were said to be in the required 
2:l intensity ratio, but unfortunately the 6 values were not 
reported. It is thus difficult to rationalize the differences; 
indeed, the brief mention of the X-ray work5 does not speci- 
fically state that the DMSO ligands are all S-bonded. The yellow 
l a  had been made from ~~~~S-[H(DMSO)~][I~C~~(DMSO)~] 
(19); our efforts with this procedure (see Experimental) gave an 
in situ main hydride resonance at 7 29.45 and a minor one at 7 

28.85, with no evidence for a hydride at 7 35.29. 
To add to the confusion, the other yellow isomer reported by 

Haddad et al. (19), made by reduction of the cis-precursor acid, 
showed three equally intense methyl resonances in the 'H nmr 
(again, 6 values were not given), consistent with a cis-dichloro 
geometry; however, the spectral hydride data (7 28.84, 2180 
cm-') are identical to those for our white l a ,  although the 
v(Ir-C1) region (335(s), 312(m), 282(m)) is different! Structure 
l b  was preferred over l c  for the cis-dichloro isomer, largely 

without rearrangement of other ligands (but see below); this has 
been suggested based on data from corresponding tertiary 
phosphine systems (29). 

Like both the yellow hydrides (19), our white hydride reacts 
with chalcone (PhCH=CHCOPh) to give the chelated alkyl 

I I 
Ir[CH(Ph)CH2C(Ph)O]C12(DMSO)z, that has been fully char- 
acterized crystallographically (28) and spectroscopically (30). 
The methyl groups are all inequivalent in the nmr (6 3.92,3.50, 
3.38, 2.04), and it is worth noting the previously unmentioned 
large upfield shift of an S-bonded DMSO (6 2.04), that must 
result from a ring current of a proximal phenyl group (28). The 
white hydride decomposes in CDC13 and generates the products 
shown in eq. 131; the nmr data noted for the products in this and 
previous work (19) allow for a fairly confident assignment of the 
stereochemistries shown. The expected (31) generation of the 
mer-I~Cl~(DMso)~ compound provides further indirect evi- 
dence for the l a  geometry for our white hydride. 

A white, cis-dihydride IrH2C1(DMS0)3, 2, was prepared in 
good yield by the oxidative addition of Hz to the cyclooctene 
dimer in DMSO (see eq. [I]). The nmr data are consistent only 
with the stereochemistry shown (see eq. [4] below); the 
mutually trans DMSO ligands contain magnetically inequival- 
ent methyl groups. Haddad et al. (19) synthesized a further 
white isomer of 2 by treating their yellow l a  monohydride with 
aqueous 2-propanol. Their dihydride corresponds to structure 2 
but with the DMSO trans to hydride being 0-bonded; this is 
reflected in the nmr (6 2.78 vs. S 3.39 observed for 2) and ir 
(vIrH 2250,2170 cm- ' vs. 2177,2087 for 2), while the nmr data 
for the DMSO ligands and metal hydride (6 and J values) are 

H H essentially identical to those for our dihydride. The presence of 
S 1 CI 

\ ~ r  / 
S\ 1 / c l  the 0-bonded DMSO in the dihydride of Haddad et al. is of 

s-' 1 's /Ir\ S I C1 interest, considering that full evidence for having all S-bonded 

C1 S DMSO in the precursor yellow l a  is not available for 

l b  
evaluation. 

l c  The major products of the decomposition of dihydride 2 in 
because reaction with HCI gave rner-I~Cl~(DMSo)~, this CDCl,, eq. [4], are consistent with the assigned stereochemis- 
assuming that reactions of Ir(II1) hydrides with HC1 proceed tries, cf. eq. [3], (31). 

The reaction of 2 with DMA.HC1 results in the quantitative Reaction of IrHClz(DMSO)3 (la) with O2 
formation of a new monohydride Id that contains 0-bonded The reaction of l a  with O2 was initially monitored in DMA or 
DMSO, eq. [41; the observed stereochemistry is not consistent CH2C12 solution using the constant pressure gas uptake appara- 
with that predicted by the iridium@) hydride plus HC1 "rule" tus. The stoichiometry (and rates) were followed conveniently 
referred to above. at 30°C under 1 atm total pressure (Fig. 2); the uptake curves 

reveal autocatalytic behaviour, and limited preliminary data in 
'Unpublished work noted in ref. 28. DMA for the maximum rates (Table 1) suggest a second-order 
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FIG. 2. Uptake of O2 by DMA solution of IrHC12(DMS0)3 ( la)  at 
30°C, 1 atm 02 ;  [IT] = 7.3 X lop3 M. 

TABLE 1. Maximum rates for reac- 
tion of IrHC12(DMS0)3 ( la)  with 1 
atm O2 in DMA at 30°C (cf. Fig. 2) 

FIG. 3. Infrared spectrum (KBr) of complex 3. (a) Sample dried in 
vacuo; (b)  same sample, redissolved in DMSO and reprecipitated by 
addition of CH2CI2. 

dependence on metal. The net stoichiometry was invariably 
0.95+0.02mol 02/mol Ir, which seemed a good harbinger for 
possible formation of an IrOOH species (cf. eq. [2]). During the 

I reaction in CH2C12 the initially colourless solution turned 
yellow and, towards completion of the O2 uptake, a white 

I precipitate appeared. Samples of the solution or filtrate taken 
after - 1 h, and analyzed by Karl-Fischer titration, showed the 
absence of water. Analysis for free DMSO by glc revealed 
-0.8 mol/mol Ir; no sulphone (DMS02), readily identified by 
ir and mp, and an expected oxidation product (see Introduction), 
was ever detected. 

The white solid is considered to be Ir(OH)C12(DMS0)2H20, 
3, (see Experimental). The ir (Fig. 3) reveals v(0H) at 3500 
cm-' and coordinated or lattice water (3600-3100, -1600 

cm-'); bands at 560, 510 cm-I, not present in the hydride 
precursor, could be water librational modes (32). We had 
difficulty in obtaining completely satisfactory elemental analy- 
ses for 3 because of variable water content. Redissolving a 

sample in DMSO and reprecipitating by adding CH2C12 gave 
changes in the ir (Fig. 3) that indicate loss of some water 
(changes in the 3600-3100, 1600 cm-' regions; the loss of the 
800 cm-' band could result from loss of rocking-wagging 
modes of coordinated water (32)). The strong peak at 310 cm-' 
is attributed to v(Ir-Cl). 

The metal-hydride bond of l a  (v, 21 80 cm-I) has clearly 
undergone reaction, while the v(S0) region of 3 is very similar 
to that of l a  and shows DMSO ligands. The 'H nmr also reveals 
the S-bonded sulfoxides (6 3.35, 3.22); the relative intensities, 
although comparable, were difficult to estimate because of a 
variable broad resonance around 6 3.3-2.8 that resulted from 
the variable water content. In total, the data are most consistent 
with the geometry shown; the broad ir absorption in the 
1700-600 cm- ' region is again typical of v,(OHO) (see above), 
and an intra- or intermolecular H-bonded network within 3 is 
easy to visualize. A noted solubility of 3 in hot DMSO only is in 
accord with a polymeric type structure. 

The other major iridium product formed in the reaction of l a  
with O2 was isolated from the yellow CH2C12 filtrate following 
removal of 3. The elemental analysis is reasonable for the 
formulation IrC12(02)(DMS0)3, 4. Of major importance, treat- 
ment of 4 with aqueous HCl yielded 6.8 + 0.1 mol% of 
H202 estimated by iodometric titration (7); The 02 ,  bound as 
peroxide (within a formally Ir(1V) complex), would generate a 
theoretical 6.43% of H202. Comparison of the ir of 4 with that 
of the residue following HCl treatment shows loss of a band at 
795 cm-' (Fig. 4), consistent with loss of coordinated, side-on, 
-q2 peroxide (33). A Faraday measurement at room temperature 
gave peff=1.28 BM, which is low for a single unpaired 
electron, but is not unreasonable (34) for a low-spin, pseudo- 
octahedral d' Ir(1V) system (with O2 occupying 2 sites as 
peroxide, and one DMSO being a solvate, see below). Further- 
more, at room temperature, solid state esr measurement yielded 
a signal with a sharp component at g=2.11 and a broad 
component centred at g-4.5; low-spin d5 complexes in 
@seudo)octahedral fields typically give esr signals with g2-2.00 
and gll <2.00 that are detectable more readily at low temperatures 
(35). The low peff value could result from a high spin-orbit 
coupling constant, which is characteristic of the heaviest ions, 
and (or) antiferromagnetic interactions. More detailed studies, 
including temperature dependence data, are needed in order to 
explain the magnetic properties of 4. The ir (Fig. 4) reveals 
S-bonded DMSO (1 130 cm- '); the 1015 cm- ' band could be 
0-bonded DMSO and (or) methyl rocking modes. In CH2C12 
the ir reveals an extra band at 1055 cm-', attributed to free 
DMSO, implying perhaps 0-bonded DMSO or DMSO solvate 
in the solid state. The 'H nmr spectrum (Experimental) gives 
paramagnetically broadened signals and is not very satisfactory, 
but is consistent with the ir data. A broad ir band at -330 cm-' 
is assigned to v(Ir-Cl). Some broad absorption in the 3600- 
3300 cm-' region (KBr) was considerably reduced in CH2C12 
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FIG. 4. Infrared spectrum (KBr) of complex 4 (a) before and (b) 
after treatment with HCl. 

suggesting perhaps some H-bonding interactions in the solid 
state. 

Thus, the favoured formulation of the yellow iridium 
oxidation product 4 is IIC~~(O~)(DMSO)~.DMSO; its novelty, 
however, compels us to present this as a very tentative 
formulation. The possibility of a more realistic, diamagnetic 
Ir(1II)-hydroperoxide formulation, K12(00H)(DMS0)2. 
DMSO was considered, and such a species would similarly 
generate an equivalent of H202 (5), but the magnetic properties 
rule this out. An iridium(II1) superoxide species would generate 
only 0.5 equivalents of peroxide, and would in any case be 
readily identified by esr (36). 

Problems in distinguishing between peroxide and hydroper- 
oxide have arisen before (5, 6, 37, 38), and key criteria of 
-0OH are certain ir bands: 3600-3500(w), v(O0-H); 
1260(w), 6(00-H); 820(s), v(0-OH). Sampling by ir the 
reacting CH2C12 solutions of II-HC~~(DMSO)~ under O2 gave no 
firm evidence for such bands. It is worth noting that the ir 
changes in Fig. 3 (a + b) reveal a loss of accompanying bands 
at 1260 and 800 cm-'; we have attributed the loss of the 800 
cm-' band to removal of water, but presumably removal of 
some Ir-00H species by the DMSO treatment could equally 
well explain the ir changes (including those in the 3500 cm-' 
region). 

It seems established that the final iridium products (3 and 4) 
are not hydroperoxides. Indeed, the overall reaction stoichiom- 
etry shown in eq. [5] is quite nicely established on consideration 
of all the data (no sulphone, no free H20, < 1 free DMSO per Ir, 
-38% of 3, -57% of 4). 

The autocatalytic nature of the 02-uptake plot can be 
explained qualitatively by slow formation of an Ir(III)(OOH) 
intermediate that reacts subsequently with precursor l a .  The 
second-order dependence on Ir in the maximum rate region also 
accommodates such a suggestion, and resembles behaviour of 

l a  3 
2 IrC12(02)(DMS0)2.DMS0 + DMSO 

Co(I1) systems that generate bridged-peroxo species via a 
corresponding Co(II)02 + Co(I1) pathway (39). In the present 
system, successive transfers of hydrogen from l a  to Ir(00H) 
could formally result in 3 with concomitant generation of Ir(LI), 
that subsequently binds 0 2  to give the peroxide 4. It is difficult 
not to invoke an Ir(0OH) intermediate for the reaction, and 
implies that the coordinated -0OH prefers to attack a 
metal-hydride rather than transfer an oxygen atom to coordinat- 
ed DMSO. The observed catalyzed 02-oxidation of DMSO to 
the sulphone via Ir(II1) and Rh(III) hydrido(DMS0) complexes 
(17) thus almost certainly involves either oxygen transfer from 
M-OOH to free sulphoxide, or generation of free H202 (via 
protonation of M-OOH) that is known to effect the oxidation. 
The reported DMSO oxidation using the yellow l a  was effected 
using air in "hot" aqueous 2-propanol solutions containing 
excess DMSO. 

An Ir-OOH moiety is considered to transfer an oxygen atom 
to a coordinated alkene via a peroxometallocyclic intermediate 
to give a ketone product (2); based on recent findings for some 
related Pt(II) systems (40), prior ionization of the moiety to 
Ir(II1) and OOH-, and external nucleophilic attack of the anion 
at the alkene would probably yield epoxide product. A 
coordinated alkene is more electrophilic than DMSO, and thus 
not surprisingly the nature of the substrate, and whether it is 
coordinated or not, will govern its susceptibility to, and mode 
of, oxidation via M-OOH species. 

Concluding remarks 
In summary, we have discovered efficient synthetic routes to 

hydridoiridium(III) species containing sulfoxide ligands via 
oxidative addition of a protonic acid to a labile, precursor 
iridium(1) complex in the presence of excess sulfoxide. Corre- 
sponding oxidative addition of H2 yields dihydridoiridium(II1) 
species. Some of the solution chemistry of the hydrides (decom- 
position in CHC13, and protonation) is briefly documented, 
while reactivity of an IKHC~~(DMSO)~ complex toward 0 2  in 
solution has been studied in some detail. There is no oxidation 
of the coordinated sulfoxide, which has implications in catalysis 
utilizing metal-hydroperoxide species. The two iridium oxida- 
tion products are tentatively formulated as an aquo(hydroxy)ir- 
idium(1II) species and a peroxoiridium(1V) species. 
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The chemistry of the blue stain fungi. 
Part 1. Some metabolites of Ceratocystis species associated with 

mountain pine beetle infected lodgepole 
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Metabolites formed in still culture by Ceratocystis clavigera, C .  ips, and C .  huntii, three of the four Ceratocystis species 
associated with the blue stain disease of pine, have been identified. In addition to the ubiquitous fungal metabolites ergosterol, 
ergosterol peroxide, and fatty acids we have isolated succinic acid, P-phenethyl alcohol (I), tryptophol (2), prolylleucyl 
anhydride (3), tyrosol (4), 3-phenylpropane-1,2-diol (S), 6,8-dihydroxy-3-methylisocoumarin (8), 6,8-dihydroxy-3- 
hydroxymethylisocoumarin (9), p-hydroxybenzaldehyde (lo), phenylacetic acid ( l l ) ,  p-hydroxyphenylacetic acid (12), 
phenyllactic acid (13), p-hydroxyphenyllactic acid (14), and 2,3-dihydroxybenzoic acid (15). The complex formed by chelation 
of iron with 2,3-dihydroxybenzoic acid may be responsible, at least in part, forthe blue staining of the sapwood of diseased pine. 

WILLIAM A. AYER, LOIS M. BROWNE, MEOW-CHEN FENG, HELENA ORSZANSKA, et HOSSEIN SAEEDI-GHOMI. Can. J .  Chem. 
64, 904 (1986). 

On a identifik les mktabolites qui se foment par culture ?i I'aide de Ceratocystis clavigera, C .  ips et C .  huntii, trois des quatre 
espkces de Ceratocystis associkes avec la maladie des taches bleues des pins. En plus des mktabolites de charnpignons que I'on 
retrouve partout, cornme I'ergostkrol, le peroxyde d'ergostkrol et des acides gras, on a aussi isolk de I'acide succinique, de 
I'alcool P-phknylCthyliq'ue (I), du tryptophol (2), de I'anhydride de prolylleucyle (3), du tyrosol (4), du phknyl-3 
propanediol-1,2 (S), de la dihydroxy-6,8 mkthyl-3 isocoumarine (8), de la dihydroxy-6,8 hydroxymkthyl-3 isocoumarine (9), 
du p-hydroxybenzaldkhyde (lo), de l'acide phknylacktique ( l l ) ,  de I'acide p-hydroxyphknylacttique (12), de I'acide 
phknyllacttique (13), de l'acidep-hydroxyphknyllacktique (14) et de l'acide dihydroxy-2,3 benzoYque (15). Le complexe qui se 
forme par chklation entre le fer et I'acide dihydroxy-2,3 benzo'ique pourrait &tre responsable, au moins en partie, pour la couleur 
bleue qui se dCveloppe sur les pins malades. 

[Traduit par la revue] 

Fungi belonging to the genus Ceratocystis are important 
pathogens of forest trees, causing such problems as blue stain of 
conifers (I), oak wilt (2), and Dutch elm disease (3). In western 
Canada blue stain disease of conifers, so called because the 
sapwood of the diseased trees is stained a pronounced blue, 
currently causes death of about 40 million mature pines yearly 
(4). The disease is spread by the mountain pine beetle 
(Dendroctonus ponderosae Hopk.) (5), which lives symbioti- 
cally with a variety of microorganisms (6). The microflora 
associated with the mountain pine beetle has been the subject of 
several investigations (7a-6) and is reported to consist of yeasts 
and mycelial fungi including several species of blue stain fungi 
belonging to the genus Ceratocystis. Death of trees affected by 
blue stain disease results from the combined action of the bark 
beetle and its blue stain fungi. These organisms live in close 
mutualistic association. The bark beetle is the vector by which 
the disease spreads and the means by which the fungi gain 
access to the phloem and sapwood. The fungi kill the living host 
tissue, thus preventing resinosis (the production of copious 
amounts of resin and callus tissue), and this in turn facilitates 
beetle brood development (8). When the sapwood becomes 
girdled by blue stain fungi, the region above the infected area 
becomes water stressed; vital functions decline throughout the 
tree and it rapidly dies (8,9a-6). The relationship, if any, of the 
characteristic blue stain in the sapwood to the etiology of the 
blue stain disease is a controversial question (10). Recently 
there have been several reports that, concurrent with the 
development of blue stain in the sapwood, the transpiration 

'Presented at the 24th Annual Meeting of the Phytochemical Society 
of North America. Boston, MA, July 9-13, 1984. 

stream of bark beetle infected trees becomes restricted to the 
inner portions of sapwood and eventually transpiration fails 
completely (9, 1 1). 

Currently we are engaged in a study of the metabolites 
produced by the various blue stain fungi thought to be involved 
in this disease in an attempt to determine the role that these 
metabolites may play in tree mortality and symptom expression. 
Since it has been inferred that water stress and the development 
of blue stain occur in the same time period (1 I), we have been 
especially interested in metabolites that may be responsible for 
the staining effect. Concurrently others have been reexamining 
the microflora associated with mountain pine beetle infested 
lodgepole pine (Pinus contorta Dougl. var latifolia Engelm.) at 
various stages of disease d e ~ e l o ~ m e n t . ~  Four species of blue 
stain fungi have consistently been isolated: Ceratocystis clavi- 
gera (Robins. -Jeff et Davison) Upadhyay , Ceratocystis huntii 
Robins. -Jeff., Ceratocystis ips (Rumb) Moreau, and Cerato- 
cystis minor (Hedgc.) Hunt (12). As well, 15 other fungi 
(Hormonema dematioides Lagerb. and Melin, Phialemonium 
dimorphosporum Gams and Cooke, and Rhinocladiella atrovir- 
ens Nannf. have been positively identified) and ambrosial-like 
yeasts are frequently observed. In this paper we describe the 
metabolites produced on artificial medium by one strain of C. 
clavigera, two strains of C. huntii, and two strains of C. ips. C. 
minor was not included because its metabolites had been 
investigated previously. 

Ceratocystis clavigera was grown in still culture for eight 

*we thank Y. Hiratsuka and A. Tsuneda, Northern Forest Research 
Centre, Canadian Forestry Service, Edmonton, and L. Sigler, Curator, 
The University of Alberta Microfungus Collection, for their interest 
and active cooperation in this regard. 
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weeks. A production study using various media including 
potato dextrose broth (2. I%), yeast-malt broth (malt extract 
broth (Difco) 2.5%, glucose 1.3%, yeast extract 0.4%, peptone 
0.07%), and V-8 broth (clarified V-8 juice 10% and glucose 
1%) was undertaken for this and for each species of Ceratocys- 
tis. For each species the thin-layer chromatography (tlc) of the 3 
broth extracts and 3 mycelial extracts showed the same 
metabolite production. The media chosen for routine metabolite 
production were based upon the best yield of extract obtained. 
In the case of C. clavigera a medium consisting of dextrose, 
malt extract, peptone, and yeast extract gave the best yield of 
metabolites. The mycelium was separated from the broth and 
the broth was concentrated at reduced pressure to approximately 
5% of its original volume and extracted with ethyl acetate. The 
mycelium was extracted with methanol and the ethyl acetate 
soluble portion of the methanol extract was subjected to 
chromatographic separation. It was found that the mycelial 
extract contained squalene, linoleic acid, lignoceric acid, 
palmitic acid, linoleic acid triglyceride, ergosterol, and ergo- 
sterol peroxide. Each of these compounds was identified using 
mass spectrometry (ms), nuclear magnetic resonance (nmr), 
and infrared (ir) spectroscopy. Identity was confirmed by 
comparison with authentic samples. 

The concentrated broth extract was shown by tlc to be a 
complex mixture of compounds and was separated by chroma- 
tography over silica gel. Squalene and linoleic acid triglyceride 
were identified as the least polar components of the mixture. 
The next metabolite isolated, with molecular formula C8Hlo0, 
was shown to be P-phenethyl alcohol (I), by its spectroscopic 
characteristics and by comparison with an authentic sample. 
The mixture also contained a crystalline nitrogen-containing 
compound with the molecular formula of CloHllNO. The 
melting point (mp) and spectral data for this compound 
suggested that it was tryptophol (2). Its primary hydroxyl 
function was readily acetylated at room temperature with acetic 
anhydride in pyridine. The identity of 2 was firmly established 
by comparison with an authentic sample prepared by LiAlH4 
reduction of the methyl ester of indole-3-acetic acid. Tryptophol 
has been reported as a metabolite of several fungi (13) including 
C. fagacearum, one of the blue stain fungi responsible for oak 
wilt (2). A second nitrogen-containing compound was present 
in the broth extract in small amounts. High resolution ms 

indicated the molecular formula C 8N2O2. The base peak in 
the ms corresponds to the loss of a butene molecule. The 13C 
nmr spectrum shows amide carbonyls at 6 170.0 and 166.2 as 
well as peaks at 6 59.0, 53.6, and 45.6, indicating three sp3 
carbons directly bonded to nitrogen atoms. The 'H nmr 
spectrum has a singlet at 6 5.94 for the proton of a secondary 
amide function, an apparent triplet at 6 4.16 for a proton a to 
both a nitrogen and a carbonyl group, and a double doublet at 6 
4.05 for another proton in a similar situation. The spectrum also 
indicates the presence of three consecutive methylene groups 
and an isobutyl group. The ir spectrum shows N-H stretching 
at 3260 cm-' and amide carbonyl absorptions at 1670 and 1635 
cm-'. The mp, ir spectrum, and optical rotation are identical 
with those reported for prolylleucyl anhydride (3) (14a,b). 
Compound 3 which has been identified as a bitter testing 
component of sake (15a), has also been isolated from cultures of 
Nocardia restricta (15b) and reported as one of several 
phytotoxins produced by Guignardia laricina, the fungus 
responsible for larch shoot blight (15c). The major component 
of the broth extract has the molecular formula C8HI0o2. 
Inspection of its mp and spectral characteristics suggested that it 
is tyrosol (4). Its phenolic and primary hydroxyl functions were 
readily acetylated. Tyrosol was prepared from p- 
hydroxyphenylacetic acid by esterification with diazomethane 
followed by reduction with LiAlH4. Comparison of the synthet- 
ic material with the natural product confirmed its identity. 
Tyrosol has been reported to possess phytotoxic activity against 
rice and germination inhibitory activity against lettuce seeds 
(16). The most polar metabolite isolated from the broth extract 
has the molecular formula C9H1202. Its ir spectrum shows a 
strong hydroxyl absorption at 3370 cm- '. The 'H nmr spectrum 
shows a complex multiplet for 5 aromatic protons centered at 6 
7.27. It also displays a multiplet at 6 3.97 and a pair of double 
doublets at 6 3.72 and 3.54, suggesting the presence of a 1,2-diol 
group. Benzylic protons appear as doublets at 6 2.82 and 2.79. 
The spectral evidence suggests that the compound is 3-phenyl- 
1,2-propanediol (5). The diacetyl derivative 5a was prepared 
and shows spectral properties consistent with the assigned struc- 
ture. Confirmation of the structure was obtained by synthesis. 
Cinnamic acid was esterified with diazomethane and the 
resulting methyl cinnamate was transformed to the epoxide 6 by 
treatment with m-chloroperbenzoic acid. Reduction of 6 with 
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LiA1H4, provided 3-phenyl-l,2-propanediol (5) as well as a 
small amount of 3-phenyl-l,3-propanediol (7). To the best of 
our knowledge, 3-phenyl-1 ,2-propanediol has not previously 
been reported as a fungal metabolite. 

The metabolites of two strains of C. ips were investigated. 
The differences observed between isolates are detailed in the 
Experimental. C. ips was grown in still culture in potato 
dextrose broth for eight weeks. The mycelium was separated 
from the broth and each was extracted as previously described. 
The mycelial extract was fractionated by chromatography over 
silica gel. It was found to contain a mixture of fatty acids and 
ergosterol peroxide. The fatty acid mixture was esterified with 
ethereal diazomethane and subjected to gas chromatography - 
mass spectral analyses. Eight peaks were observed in the gas 
chromatogram and the methyl esters of the following acids were 
identified: lauric palmitic, oleic, pentadecanoic, stearic, lino- 
leic, linolenic, and heptadecanoic acids. 

The broth was separated into neutral and acidic fractions and 
each fraction was subjected to chromatography over silica gel. 
The acidic fraction consisted mainly of one crystalline com- 
pound, which was identified a succinic acid. The neutral 
fraction was found to contain tyrosol (4) and about eight other 
compounds. The least polar components, A (CI0H804, mp 
240-242°C) and B (Cl0H8O5, mp 223-226°C) showed similar 
fragmentation patterns in their ms. The ir spectrum of each 

I compound showed the presence of hydroxyl and a,P- 
1 
I unsaturated carbonyl functionality. The 'H nmr spectra of A and 

B are very similar and reveal that a vinylic methyl group in the 
I spectrum of A is replaced by a vinylic hydroxymethyl group in 
I B. The molecular formulas, melting points, and spectral 
I characteristics of A and B indicated that they are the isocoumar- 

ins 8 and 9, respectively, metabolites that have previously been 
isolated from C. minor, the blue stain fungus associated with the 

I southern pine beetle (17). The more polar fractions consisted of 
I several simple aromatic compounds. One component was 
I identified as p-hydroxybenzaldehyde (10) by comparison with 

an authentic sample. Two other components, C (C8H8O2, mp 
75-77°C) and D (C8H8O3, mp 148°C) show similar fragmenta- 
tion p'atterns in their ms. The ir spectra of C and D show 
absorption bands characteristic fo a carboxylic acid. The 'H nmr 
spectra indicated that C was phenylacetic acid (11) and D was 
p-hydroxyphenylacetic acid (12). These structural assignments 
were confirmed by comparison with authentic samples. Very 
small quantities (1 mg of each) of two very polar aromatic 
compounds, Cl lH1205 and Cl2Hl4O5, and a phenolic acid, 
C10H1005, were isolated but were not identified. 

We employed a rapid qualitative test to measure stem water 
conductivity in lodgepole pine seedlings. The stems of lodge- 
pole pine seedlings were cut under water and the cuttings were 
placed in vials containing either test solution or control solvent. 
When metabolites produced by the blue stain fungi were 
isolated in sufficient quantity, their effect on stem water 
conductivity was measured. Several sets of replicate tests using 
three different concentrations of test solution were carried out 
for each of the following: C. clavigera broth and mycelial 
extracts, C. ips broth and mycelial extracts, C. huntii broth and 
mycelial extracts, ergosterol. ergosterol peroxide, tryptophol 
(2), tyrosol (4), p-hydroxybenzaldehyde (lo), and 4- 
hydroxyphenyllactic acid (13). None of the metabolites tested 
(except 10, which gave a weakly positive test) caused any 
pronounced effect in the bioassay, although the crude broth 
extracts and the crude mycelial extracts showed weak to 
moderate inhibition of water uptake. The differences between 

the individual metabolites and crude extracts in the bioassay 
may be due to synergistic effects of the metabolites or to 
difficulties in resolubilizing the crude extracts. 

At this stage in the chemical investigations we sought further 
leads from biological studies as to where to focus our attention. 
Because of the complex nature of the disease it has not yet been 
possible to determine which, if any, of the Ceratocystis species 
is principally responsible for the death of the trees. Aware that 
the correlation between blue stain and failing transpiration may 
be faulty, we decided to study further the fungi which most 
rapidly caused the blue staining of pine chip medium and of pine 
bolts (1 8) inoculated with the individual fungi. It was found that 
C. minor caused staining most rapidly, followed by C. huntii. 
C. clavigera causes staining only slowly, and C. ips not at all. 
Since the metabolites of C. minor had been reported previously 
(17), we turned our attention to C. huntii. 

Two stains of C. huntii were examined. C. huntii was grown 
in still culture in potato dextrose broth for eight weeks and 
extracted as before. The mycelial extract was fractionated by 
chromatography over silica gel. It was found to contain sterols, 
mainly ergosterol peroxide, fatty acids, and small amounts of 
tyrosol (4). Concentration of the broth extract yielded a white 
crystalline precipitate and a gummy residue. The crystalline 
precipitate, recrystallized from chloroform, was identified as 
succinic acid. The gummy residue was separated into neutral 
and acidic fractions by acid-base extraction and each fraction 
was subjected to chromatography over silica gel. The neutral 
fraction contained mainly one component, which was purified 
by crystallization from benzene, and identified as p- 
hydroxybenzaldehyde (10). The acidic fraction yielded further 
succinic acid and a residue, which was subjected to flash 
chromatography over silica gel. Only partial separation was 
achieved since succinic acid co-elutes with the small quantities 
of the other acids present in the extract. Other chromatographic 
techniques were investigated but simplification of the mixture 
by chromatography was not achieved. Further separation was 
accomplished by fractional crystallization from benzene - 
Skellysolve B to give three acids, A, B, and C. Compounds A, 
C9H1004, and B, C9Hl0O3, are closely related compounds, as 
indicated by their ms. The ir spectra of both compounds show 
the presence of a carboxylic acid group. Their 'H nmr spectra 
reveal that A is a p-substituted aromatic acid whereas B is its 
unsubstituted analog. On this basis and by comparison with 
authentic samples A was identified as (+)4- 
hydroxyphenyllactic acid (13) and B was identified as (+)- 
phenylactic acid (14). Both 13 and 14 are known oxidative 
enzyme inhibitors (19). Compound C, C7H6O3, was identified 
(ms, ir, nmr) as 2,3-dihydroxybenzoic acid (15). Identity was 
confirmed by comparison with an authentic sample. 

2,3-Dihydroxybenzoic acid (15) is a known iron-chelating 
agent (20) and it gives a bright blue color in the presence of 
fenic chloride. 2,3-Dihydroxybenzoic acid derivatives are 
common metabolites of microbes that have developed iron 
transport systems involving iron chelating agents, and which are 
called siderophores (21). We feel that the blue stain of the 
sapwood of infected lodgepole pine may be due, at least in part, 
to the siderophore 16 formed by chelation of iron with 
compound 15. We are able to artificially induce blue staining on 
lodgepole pine by treating shavings of sapwood with a methanol 
solution of 15 and then adjusting the pH to near neutrality. 
Compound 15 also forms a greenish-brown complex with cobalt 
ions in weakly acid or basic medium; thus other metal 
complexes may be involved in the color formation. 
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In this paper we have described the metabolites produced by 
three of the four species of Ceratocystis responsible for blue 
staining of sapwood in blue stain diseased pine. 2,3- 
~ ih~drox~benzoic  acid (15) is probably the compound respon- 
sible for the staining effect of C .  huntii since 15 readily forms a 
blue-colored siderophore in the presence of iron. None of the 
metabolites previoisly reported from C .  minor (17) possesses 
the structural features for siderophore formation. Compounds 8 
and 9, which we also isolated from C .  ips, do not show any 
apparent staining in the presence of iron. We, therefore, decided 
to reexamine the metabolites produced by C .  minor and these 
results will form the topic of a separate communication. In the 
accompanying paper we report the results of a study undertaken 
to test the hypothesis that chelating metabolites produced by 
Ceratocystis species affect the essential metal balance, espec- 
ialy that of iron, in diseased lodgepole pine. 

Experimental 
High resolution mass spectra were recorded on an A.E.I. MS-50 

mass spectrometer coupled to a DS 50 computer. Unless diagnostically 
significant, only peaks greater than 20% of the base peak are reported. 
Infrared spectra were recorded on a Nicolet 7199 IT spectrometer. 
High field 'H nmr spectra were recorded on a Bruker WH-200 or 
WH-400 spectrometers with an Aspect 2000 computer system. Optical 
rotations were obtained on a Perkin Elmer 141 polarimeter. Melting 
points were determined on a Fisher-Johns melting point apparatus and 
are uncorrected. E. Merck silica gel 60 (230-400 mesh) was used for 
flash column chromatography. Analytical thin-layer chromatography 
(tlc) was canied out on BDH precoated plates of silica gel 60 PF 254, 
with visualization by ultraviolet light or 5% phosphomolybdic acid in 
5% sulfuric acid, followed by careful chaning on a hot plate. All 
solvents were distilled prior to use. Skellysolve B refers to Skelly Oil 
Company light petroleum, bp 62-70°C. 

Fungal strains 
The blue stain fungi used in this study were obtained from Y. 

Hiratsuka, Northern Forest Research Center, Edmonton, and deposited 
with L. Sigler, Curator, The University of Alberta Microfungus Col- 
lection (UAMH). 
C. clavigera: strain C837 (UAMH 4818) isolated by A. Tsuneda from 
P.  contorta growing in southern Alberta in June 1983. 
C. ips, formerly C. montia: strain C450 (UAMH 4910) isolated by R. 
C. Jeffrey from P. contorta growing in B.C. in August 1962 and strain 
C852 (UAMH 4838) isolated by A. Tsuneda from P .  contorta growing 
in southern Alberta in June 1983. 
C. huntii: strain C451 (UAMH 4997) isolated by R. C. Jeffrey from P. 
contorta growing in Alberta in August 1962, deposited at the 
Mycological Herbarium, Biosytematics Research Institute, Depart- 
ment of Agriculture, Ottawa, Canada (DAOM 90235) and C840 
(UAMH 4825) isolated by A. Tsuneda from P.  contorta growing in 
southern Alberta in June 1983. 

Fungal strains were maintained at 4°C in slant tubes containing Difco 
potato dextrose agar. An aqueous suspension of mycelium was used to 
inoculate two potato dextrose agar plates. After 7-10 days at 17OC the 
culture was blended in a Waring blender with approximately 200 mL of 
sterile media and 20-mL aliquots were used to inoculate 10 X 1 L sterile 
media in 1-L Fernbach flasks. After inoculation the still cultures were 
kept at room temperature for 8 weeks. The culture broth was decanted 
from the mycelium, concentrated in vacuo to about 1 L, and continu- 
ously extracted with ethyl acetate for 24 h. The ethyl acetate extract was 
dried and concentrated to give crude broth extract. The mycelium was 
air-dried, pulverized, and subjected to Soxhlet extraction with ethyl 
acetate. The ethyl acetate extract was dried and concentrated to give 
crude mycelial extract. 

Isolation of metabolites 
The broth extract (1.8 g) was redissolved in ethyl acetate (150 mL) 

and extracted with saturated sodium bicarbonate (2 X 15 mL). The 

bicarbonate extract was washed with chloroform (2 X 10 mL), then 
cooled with ice and acidified to pH 3 with 6 N hydrochloric acid and 
extracted with chloroform (4 X 50 mL). The chloroform extract was 
dried (sodium sulfate) and evaporated to form a viscous oil (0.225 g). 
The ethyl acetate extract left after bicarbonate extraction was washed 
with water, brine, dried, and concentrated to give neutral material 
(0.480 g). The neutral material (0.470 g) was chromatographed using 
gradient elution (0-10% methanol in chloroform) to give, in order of 
increasing polarity, compounds 1-5. 

Phenethyl alcohol (I): Impure phenethyl alcohol obtained from the 
column was further purified by flash chromatography (eluent benzene - 
ethyl acetate 4: 1) to give pure phenethyl alcohol (10 mg) as a colorless 
oil;  film): 3340, 1600, 1487, 1447, 1040 cm-'; 'H nmr (CDC13); 
identical with published spectrum (24); ms m/z: 122(M+, 34), 92(62), 
91(100). 

Tryptophol (2): Flash chromatography of the impure tryptophol 
(eluant benzene - ethyl acetate 21 )  provided a crystalline sample of 2, 
which was recrystallized from ether - Skellysolve B to give pure 2 
(9 mg) as yellow needles, mp 57-58°C;  film): 3400, 3300, 1620, 
1482, 1453, 1420, 1350, 1335 cm-'; 'H nmr (CDC13): identical with 
published spectrum (24); ms m/z: 161(M+, 27), 131(1 I), 130(100) 

Prolylleucyl anhydride (3): Crude anhydride 3 obtained from the 
original column was further purified by flash chromatography (eluent 
benzene - ethyl acetate, 1:l) to provide pure lactam 3 (5 mg) as white 
crystals, mp 147-150°C; [a];' - 102, (c 0.25, CHC13); ir (film): 3260, 
1683, 1670, 1635, 1470, 1435, 1367, 1328, 1300 cm-'; 'H nmr 
(CDC13) 6: 5.94 (s, lH), 4.16 (t, J = 8 HZ, lH), 4.05 (dd, J = 4, 
lOHz, lH), 3.60 (m, 2H), 2.38 (m, lH), 2.10 (m, 3H), 1.96 (m, lH), 
1.78 (m, lH), 1.56 (m, lH), 1.04 (d, J = 7Hz, CH3), 0.99 (d, J = 
7Hz, CH3); '3Cnmr(CDC13) 6: 170.0, 166.2,59.1,53.5,45.6,38.8, 
28.2, 24.8, 23.3, 22.8, 21.8; ms m/z: 210 (M+, 0.1), 154(100), 
86(24), 70(64). 

Tyros01 (4): Tyrosol (4), mp 91-92"C, was identified by the following 
spectral properties,  film): 3380, 3140, 1590, 1505, 1440, 1350, 
1335, 1225, 1097, 1043, 1006 cm-'; 'H nmr(CDC13) 6: 7.12 (d, J = 
8Hz, 2H), 6.80 (d, J = 8Hz, 2H), 6.80 (br, s, lH), 3.84 (t, J = 
8 Hz, 2H), 2.81 (t, J = 6 Hz, 2H); ms m/z: 1 3 8 ( ~ + ,  24), 107(100). 

3-Phenyl-I,2-propanediol (5): Impure 5 was subjected to flash 
chromatography (eluent benzene - ethyl acetate, 1:2) to provide pure 
3-phenyl-l,2-propanediol(4.5 mg) as a colorless oil; [a];' 0; ir (film): 
3370,1603,1498,1455,1090,1068 and 1032 cm-'; 'H nmr (CDC13) 
6:7.27(5H),3.97(m, lH),3.72(dd, J =  3.5, l l H z ,  lH),3.54(dd, J 
= 7 ,  l l H z ,  lH),2.82(d, J =  1.5Hz, 1H),2.79(d, J = 3 H z , l H ) ,  
2.05 (lH), 1.64 (1H); ms m/z: 152 (M+, 4), 121, 103(19), 192(100), 
91(44). 

Acetylation of5: Acetic anhydride (0.25 mL) was added to a solution 
of diol 5 (3.5 mg) in pyridine (0.5 mL). The reaction mixture was 
stirred at room temperature overnight. Toluene (5 mL) was added and 
the solvents were evaporated under reduced pressure. Flash chromatog- 
raphy of the residue (eluent ether - benzene 1 :9) provided the diacetate 
5a as a colorless oil (4 mg); ir (film): 1742, 1498, 1452, 1370, 1225, 
1120, 1040 cm-'; 'H nmr (CDC13) 6: 7.27 (5H), 5.27 (m, lH), 4.25 
(dd,J=3.5,12Hz,1H),4.02(dd,J=6,12Hz,1H),2.10(s,3H), 
2.06 (s, 3H); ms mlz: 177 (M+, 7), 176(58), 134(100), 133(67), 
1 16(49), 105(24), 92(37), 91(52). 

Preparation of diol 5: Cinnarnic acid (0.6 g, 4.05 mmol) was 
dissolved in a 9:l mixture of ether-ethanol (20 mL). Ethereal diazo- 
methane was added until the yellow color of diazomethane persisted. 
The solvents were removed at reduced pressure to provide methyl 
cinnamate (0.65g) as a colorless oil, which was dissolved in 
dichloromethane (50 mL). The solution was cooled in an ice bath and 
m-chloroperbenzoic acid (0.84 g) was added. The mixture was stirred 
at room temperature for 4 days. The reaction mixture was diluted with 
ether (200mL) and the solution was successively washd with 
saturated sodium bicarbonate, water, brine, and then dried (sodium 
sulfate) and concentrated. The oily residue was purified by flash 
chromatography (eluent ether - Skellysolve B 1:4) to provide epoxide 
6 (0.456 g) and unreacted methyl cinnamate (0.120 g). Epoxide 6 
(0.180 g) was dissolved in dry ether and LiAlH4 (0.100 g) was added. 
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After stirring at room temperature, excess LiAlH4 was destroyed by 
addition of ethyl acetate. Water (20 mL) was added and the aqueous 
phase was adjusted to pH 4 by adding 6 N HCl. The mixture was diluted 
with ethyl acetate and the organic phase was separated, washed with 
water, brine, dried (sodium sulfate), and concentrated. The residue was 
purified by flash chromatography (eluant ethyl acetate - benzene, 3: 1) 
to give 3-phenyl-l,2-propanediol5 (0.135 g, 88%). 'The spectra data 
obtained for synthetic 5 were identical with that obtained for natural 5.  

Two strains of C. ips were investigated. The metabolites isolated 
were present in both strains (tlc) but quantities of metabolites varied 
between strains. 

A portion of the mycelial extract (1.3 g) was chromatographed over 
silica gel (180 g). Gradient elution with ethyl acetate - methanol gave 
two major fractions. The less polar fraction (0.09 g) was purified by 
rechromatography over silica gel (3 g) and elution with ethylacetate. It 
contained one component, which was identified as ergosterol peroxide, 
mp 163-16S°C, by comparison with an authentic sample. A portion of 
the more polar fraction (0.16 g) was chromatographed over silica gel 
(20 g) by elution with Skellysolve B - acetone - acetic acid, 150: 1: 1. A 
white crystalline component B with a wide mp range (50-80°C) was 
obtained. The tlc of B showed a single spot in several solvent systems 
(Rf 0.7, toluene-acetone - acetic acid 75:25:1; 0.5, ethyl acetate - 
Skellysolve B - acetic acid 300: 1: 1; 6.2, chloroform-methanol 1: 10). 
Recrystallization of B did not improve the mp range. The ir and ms of 
the crystalline component suggested that it was a mixture of fatty acids. 
Thus a portion of the component (0.008 g) was treated with ethereal 
diazomethane. After evaporation of the ether, the residue was analyzed 
by gas chromatography (column: 118 in x 6 ft., Apiezon on Chroma- 
sorb W; carrier gas: N2, 40 mL/min; column temperature; 200°C; 
injection port: 250°C; detector: 250°C). Eight peaks were exhibited in 
the gas chromatogram. This mixture was subjected to gc-ms analysis 
and the following methyl esters were identified on the basis of their 
known mass spectral fragmentation patterns: methyl laurate, methyl 
palmitate, methyl oleate, methyl pentadecanoate, methyl stearate, 
methyl linoleate, methyl linolenate, and methyl heptadecanoate. 

The broth extract (0.130 g) was redissolved in ethyl acetate and 
separated into acidic (0.149 g) and neutral (0.370g) fractions by 
extraction with sodium bicarbonate solution as described before. The 
acidic fraction was treated with ethyl acetate - chloroform (1: 1) and a 
crystalline compound, mp 187-188"C, identified as succinic acid by 
comparison with an authentic sample, was removed by filtration. The 
tlc of the mother liquors showed components present in the neutral 
extract, thus this fraction was not separated further. The neutral 
fraction was subjected to chromatography over silica gel. Tyrosol (4), 
identified by comparison with an authentic sample, and eight other 
components, listed in order of increasing polarity, were separated and 
identified. 
6,8-Dihydroxy-3-methylisocoumarin (8): Rf 0.4 (chloroform - 

Skellysolve B - methanol, 25:25:1); mp 242-244°C (lit. (17) m P 240-242°C); ir (methanol cast): 3250, 1679, 1629, 1570, 1253 cm- , 
' H n m r ( ~ M s 0 - d s )  6: 2.20 (s, 3H), 6.29 (d, J = 2 Hz, lH), 6.34 (d, J 
= 2Hz, IH), 6.48 (s, lH), 10.90 (s, 1H); ms mlz: 192 (M', 100), 
177(50), 163(10), 121(37). 

p-Hydroxybenzaldehyde (10): Rf 0.3 (chloroform - Skellysolve B - 
methanol, 25:25:1) was identified by comparison with an authentic 
sample. 
6,8-Dihydroxy-3-hydroxymethylisocoumarin (9): Rf 0.5 (chloro- 

form-methanol - acetic acid, 100:3:3); mp 223-226°C (lit. (17) mp 
220-225°C); ir (methanol cast): 3200,1682,1636,1500cm-'; 'H nInr 
(acetone-d6) 6: 6.6 (s, 1H) 6.5 (dd, 2H), 4.6 (s, lH,  D 2 0  exchange), 
11.1 (s, 1H D 2 0  exchange); ms mlz: 208 (M', 99), 177(100), 
121(62). 

~ 'he i~ lace t ic  acid (11): mp 75-77"C, was identified by comparison 
with an authentic sample. 

p-Hydroxyphenylacetic acid (12): mp 148"C, was identified by 
comparison with an authentic sample. 

CompoundC11H1205: Rf 0.5 (ethyl acetate - Skellysolve B - acetic 
acid, 100: 100: 1); mp 82-85°C. 

C o m p o ~ n d C ~ ~ H ~ 4 0 ~ :  Rf 0.42 (ethyl acetate - Skellysolve B -acetic 
acid, 100:100:1); mp 112-1 17°C. 

CompoundC10H1005: Rf 0.23 (chloroform - methanol - acetic acid, 
100:3:4), mp 138-141°C. 

The major metabolites in C. ips (UAMH 4910) were compounds 4, 
6, 7, 8, 11, 12, and the unidentified metabolites, whereas C. ips 
(UAMH 4838) contained 4, 6, 9, and 10 as its major metabolites. 

C. huntii 
Two strains of C. huntii were examined. 
The mycelial extract (0.2 g) was separated by silica gel chromatog- 

raphy utilizing gradient elution with chloroform-methanol. Elution with 
chloroform gave a crystalline compound (0.039 g, mp 178-17g°C), 
which was identified as ergosterol peroxide by comparison with an 
authentic sample. Elution with chloroform-methanol (99:l) gave a 
component (0.045 g) whose spectral properties suggested it was a 
carboxylic acid. The component was esterified with diazomethane, 
then purified by chromatography over silica gel (eluent: benzene- 
ether (955)). The methyl ester (0.018g) was identified as methyl 
linoleate by comparison with an authentic sample. Finally, elution with 
CHC13-methanol (96:4) gave a crystalline compound (2 mg) that was 
identified as tyrosol (4). 

The broth extract, which contained large quantities of water soluble 
compounds, was redissolved in ethyl acetate (50 mL) and set aside in 
the refrigerator for 24 h. A solid precipitate (1.8 g) separated from the 
mother liquors. A portion of the white precipitate was recrystallized 
from chloroform-methanol to give white crystals (mp 188-192°C) 
identified as succinic acid by comparison with an authentic sample. The 
mother liquors from the crystallization were concentrated and the 
residue (6.68 g) was suspended in ethyl acetate (500 mL). The ethyl 
acetate extract was washed with saturated aqueous sodium bicarbonate 
(5 x 100 mL). The organic fraction was dried (anhydrous magnesium 
sulfate) and concentrated to yield neutral and phenolic compounds 
(0.3368). The aqueous, alkaline extracts were acidified with 5% 
hydrochloric acid, then extracted with ethyl acetate (5 x lOOmL), 
dried (anhydrous magnesium sulfate), and concentrated to yield crude 
acids (1.20 g). The neutral extract (0.191 g), which was shown by tlc to 
be a complex mixture, was subjected to flash chromatography over 
silica gel. Elution with CHC13 - ethyl acetate - acetic acid (97:2:1) 
gave a fraction that contained mainly one compound. This material 
could not be further purified by chromatography but yielded p- 
hydroxybenzaldehyde 10 (0.052 g) after recrystallization, first from 
benzene - Skellysolve B, then from benzene. Attempts to isolate 
additional components from this extract were unsuccessful. 

The crude acidic extract (1.20 g) was dissolved in CHC13 - ethyl 
acetate (1:l) and allowed to stand in the cold for 24 h. A crystalline 
precipitate (0.105g) was removed by filtration and identified as 
succinic acid. The mother liquors were concentrated and subjected to 
flash chromatography over silica gel eluting with CHC13 - ethyl acetate 
- acetic acid (97:2:1). The chromatography resulted in a partial 
separation; the fractions from the chromatography contained 3 com- 
pounds in addition to succinic acid, which co-eluted with the others. No 
further chromatographic separation could be effected. Fractions 10-20 
were combined (0.5 g). Crystallization from benzene - Skellysolve B 
gave a crystalline compound (13) (5 mg). Further crystallization of the 
mother liquors from benzene - Skellysolve B gave a second crystalline 
compound (14) (3 mn). A final crvstallization from benzene - 
~ k e l i ~ s o l v e  B iiel'ded cbmpound 15 (5 mg). The mother liquors from 
the crystallizations contained further quantities of the 3 compounds and 
succinic acid but these could not be further separated. ~ t t e m ~ t e d  
purification by reverse phase chromatography was unsuccessful. 

p-Hydroxybenzaldehyde (10): mp 117-1 18°C (lit. (22) mp 116"C), 
was identified by its spectral properties and by comparison with an 
authentic sample; ir (CHC13 cast): 3180, 2880, 1678, 1612 cm-': 'H 
nmr (CDC13) 6: 9.87 (s, CHO, lH), 7.82 (d, J = 9 HZ, 2H), 6.98 (d, J 
= 9Hz, 2H), 6.50 (s, O H  1H); ms mlz: 122(90), 121(100), 93(42), 
65(41). 

(+)4-Hydroxyphenyllactic acid (13): mp 173°C (lit. (23) mp 
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168°C) gave a positive ferric chloride test and showed [aID +8.8" (c 0.5, 
methanol) (lit. (23) [a] +20° (c 2.5, ethanol); ir(KBr): 3470, 3240, 
3190,1740,1610,1600,1510cm-'; 'H nmr (CD30D) 6: 7.40 (d, J = 
9Hz,2H),7.02(d, J=gHz,2H),4.46(dd,  J=4 .5 ,9Hz , lH) ,3 .14  
(dd, J = 4.5, 14Hz, lH), 2.93 (dd, J = 9, 14Hz, 1H); ms m/z: 
182(1 l),  107(100). 

Phenyllactic acid (14): mp 1 16"C, [a] + 19°C (c 0.3, methanol), 
was identified by its spectral properties and comparison with an 
authentic sample; ir(CHC13 cast): 3450,2896,2956, 1734, 1610, 1590 
cm-'; 'H nmr (CDC13) 6: 5.74 (br, s, 2H), 4.78 (s, lH), 3.38 (dd, J = 
4,8Hz, IH), 3.15 (dd, J = 8, 16Hz, 1H); ms m/z: 166(6), 148(19), 
91(100). 

2,3-~ih~drox~benzoic acid (15): mp 207-21O0C, was identified by 
its spectral properties and by comparison with an authentic sample; ir 
(methanol cast): 3375, 3040,2929, 1677, 1657, 1600 cm-'; 'H nmr 
(CD30D)6:7.46(dd, J = 2 , 8 H z ,  1H),7.00(dd, J = 2 , 8 H z ,  lH), 
6.74 (t, J = 8Hz, 1H); ms m/z: 137(9), 108(27), 80(23). 

Water uptake bioassay 
In this bioassay, the rate of water uptake depends upon the rate of 

transpiration and is meaningful when the rate of water uptake is 
relatively large. The seedling is washed free of soil, the root is removed 
by cutting under water, and the cutting is then immersed in the test 
solution. After a given time period (which varies according to seedling 
age), the test solution is replacedwith acid fuschin dye for an equal time 
period. The degree of dye uptake in shoot cuttings that have been 
treated is measured (cm) and reflects the degree of inhibition of the tested 
compound on water conduction. Test solutions and control solvent 
were tested as described above and the measured water uptake is 
reported as a ratio, length of dye movement for test solution 
(cm)/length of shoot cutting (cm). In this assay three replicates per 
solution were tested on 1 and 2 year old lodgepole pine seedlings. The 
concentration of compound is expressed as fungal concentration, i.e., 
that isolated from 1 L of culture; 1 /2 fungal concentration; and 10 times 
fungal concentration. In this assay the dye uptake for control solvent 
gave a ratio of 1. The ratio of dye uptake for metabolite treated 
seedlings (fungal concentration) divided by dye uptake for solvent 
treated seedlings: C. clavigera broth extract 1 .O, mycelial extract 0.6; 
C. ips broth extract 0.5, mycelial extract 0.2; C. huntii broth extract 
0.5, mycelial extract 0.5; ergosterol peroxide 0.98; succinic acid 1; 
tryptophol (2) 1; tyrosol (4) 1; p-hydroxybenzaldehyde (10) 0.7; 
4-hydroxyphenyllactic acid 1; 2,3-dihydroxybenzoic acid (15) 1. 
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ANNA SZENTHE. Can. J. Chem. 64,910 (1986). 

The concentrations of 13 trace elements were determined in the needles and wood of a closely grouped stand of lodgepole 
pine infected with blue stain disease. Over 100 samples each of needles and wood from both healthy and diseased trees were 
analyzed to assess possible correlation between metal levels and degree of infection. Statistical analysis showed no difference 
in the concentrations of essential trace elements in the wood at the 95% confidence level. Differences were observed at 
this confidence level in the needles, however, for calcium, iron, zinc, and chromium, calcium being lower and the other three 
elements higher in the diseased trees. Levels of aluminum, iron, manganese, and calcium in the needles increase 20-30% per 
year in both diseased and healthy trees. 

WILLIAM A. AYER, BYRON KRATOCHVIL, ERIC ALLEN, LOIS M. BROWNE, CLAUDE DUFRESNE, DANIEL FIGUEROA, 
et ANNA SZENTHE. Can. J. Chem. 64,910 (1986). 

On a determink les concentrations de 13 Cltments presents h 1'Ctat de trace dans les aiguilles et dans le bois de pins bien 
regroup& infectCs par le maladie des taches bleues. Dans le but d'essayer dlCtablir une corrClation possible entre les niveaux des 
mCtaux et le degr6 d'infectio?, on a effectuC des analyses surplus de 100 Cchantillons tant d'aiguilles que de bois provenant tant 
d'arbres malades que sains. A un niveau de confiance de 95%, on n'a pas pu noter de diffkrence entre les concentrations des 
ClCments essentiels h I'Ctat de traces. Toutefois, 5 ce niveau de confiance, on a pu observk des differences dans les aiguilles pour le 
calcium, le fer, le zinc et le chrome; dans les arbres malades, le niveau de calcium est plus bas alors que les niveaux des trois 
autres ClCments sont plus ClevCs que dans les arbres sains. Dans les aiguilles, tant des arbres sains que malades, les niveaux 
d'aluminium, de fer, de mangankse et de calcium augmentent 20-30% par annCe. 

[Traduit par la revue] 

Introduction 
The disease of pine known as the blue stain disease currently 

causes the death of about 40 million trees each year in Western 
Canada (1). The disease is caused by a complex of fungi (2) that 
are spread by the mountain pine beetle (3). The fungi belong to 
the genus Ceratocystis and the name of the disease derives from 
the fact that the wood of the diseased trees is stained a 
pronounced blue color. As part of a collaborative research 
project with scientists at the Canadian Forestry Service, we have 
investigated the metabolites produced by these Ceratocystis 
species and this forms the topic of the accompanying paper. The 
blue coloration appears to be due to the iron chelate of 
2,3-dihydroxybenzoic acid (4) and another siderophore isolated 
from C. minor (Hedgcock) Hunt, the structure of which forms 
the topic of a separate communication. 

To test the hypothesis that the blue staining effect and 
subsequent blue stain disease symptoms (5) are related to metal 
ion levels, especially iron, we undertook a comparative study of 
micronutrient element levels of diseased and healthy lodgepole 
pine (Pinus contorta Loudon var latifolia Engelm) from one 
forest stand in southern Alberta. Our method of analyses 
allowed for the simultaneous determination of multiple element 
concentrations; thus the measurement of several physiologically 
important micronutrient metal concentrations, as well as those 
other elements accessible by the analytical method employed, 
was undertaken. Xylem sapwood and foliage samples were used 
in this analysis. Clement and Janin (6) have shown that metal 
concentrations vary significantly within different areas of the 
trunk in normal trees, with higher levels occumng in the central 
ring, then dropping rapidly across the heartwood to the 
sapwood. Within the sapwood, metal concentrations tend to 
remain constant. Since the staining of a diseased tree by the blue 

stain fungi occurs in the sapwood, our sampling of wood tissue 
was from this area. It is well documented that element 
concentrations on pine foliage vary with age and position along 
the crown (7a-c). For a single growing season nutrient levels 
are maximum during the summer months, stabilizing in the 
autumn. Yearly fluctuations arise from variations in moisture 
conditions and other environmental variables. Our sampling of 
pine tissue occurred during the summer and took into account 
tissue age and crown position. There have been few reported 
studies that compare trace element levels between healthy and 
diseased pine. On the other hand, several studies (8a-6) have 
tried to establish a relationship between environmental pollution 
and trace element levels observed in healthy and diseased trees. 
In most cases, however, fewer than three trees have been used 
for analysis. Because of the inherent tree-to-tree variability and 
the within-tree variability of element concentrations (7b), we 
chose to study a group of 20 trees, all located within a single 
stand a short distance from one another. 

Experimental 
Sample collection 

Lodgepole pine (P. contorta Loudon var latifolia Engelm) located in 
an area of natural mountain pine beetle infestation near Blairmore, 
Alberta, were used for this study. The collection day was hot and sunny 
(25°C) with light winds blowing from the southeast. Samples from 
closely-grouped diseased (10 trees: tree number(base radius (cm)); 
1(10), 2(10), 3(11), 4(11), 5(11), 6(10), 7(10), 8(8), 9(11), 10(9)) and 
healthy (10 trees: tree number(base radius (cm)); 11(8), 12(9), 13(9), 
14(11), 15(11), 16(11), 17(10), 18(9.5), 19(6), 20(11)) trees were 
obtained. 

Each tree was cut at its base. Four 5-cm cross-sections of wood were 
obtained: one section at the base of the trunk (for diseased trees the blue 
stain had often spread into the roots), two section about 3 m and 7 m 
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above the base (in diseased trees this is the area of bark beetle attack), 
and one section near the base of the crown (for diseased trees this 
section was just above the upper limit of the stained sapwood). The 
wood sections were labelled, placed in polyethylene bags, and taken to 
the laboratory, where three wedge-shaped sections of the sapwood, of 
about 5 g each, were collected at 120-degree intervals on the circumfer- 
ence of the sections. A total of 125 samples from healthy and 119 
samples from diseased trees were obtained. 

For each tree, needle samples were obtained from three positions in 
the crown (low, middle, and apex branches), and insofar as feasible 
from three ages of tissue (needles produced in 1984,1983, and 1982 or 
older). A total of 89 samples from healthy and 53 samples from 
diseased trees were collected. The diseased trees did not have foliage 
from 1984, indicating that tree death occurred in the fall of 1983. The 
needle samples were placed in polyethylene bags, closed with twist 
ties, and labelled as to tree, position on the tree, and age of needles. 

Sample preparation 
The wood samples were placed on edge so that both faces of 

sapwood were exposed to the air for 7 days. Each sample was cut into 
small pieces (0.3 X 0.3 cm) using a stainless steel blade. The ends of 
each piece that had been in contact with the chain saw were removed 
and discarded. The wood pieces were ground to a coarse powder (20 
mesh) in a tungsten carbide disk mill (Spex Shatterbox). The wood 
powder was dried at 85OC for 6 h, then allowed to cool to room 
temperature in a desiccator over anhydrous calcium sulfate. A sample 
(1.0g) was accurately weighed, immediately placed in a dry Erlen- 
meyer flask (125 mL), and treated with concentrated FINO3 (15 mL). 
The mixture was heated to boiling (glass boiling chips) and held at this 
temperature until it had concentrated to about 1 /2 volume. Concentra- 
ted HN03 (10 mL) was added and the sample was digested and concen- 
trated to a sample volume of 3.5-5 mL. The flask and contents were 
cooled to room temperature, 70% HC104 (5.5 mL) was added, and the 
mixture was heated in a stainless steel fume hood designed for per- 
chloric acid use until dense, white fumes of HC104 evolved and the 
solution became colorless (maximum 10 min). The solution was cooled, 
diluted with doubly distilled water (10 mL), then transferred quantita- 
tively to a volumetric flask (25 mL) and diluted to volume with water. 
A few clear particles, apparently mineral matter, could be seen in many 
of the flasks; therefore the solutions were filtered through low porosity, 
low ash filter paper (Whatman No. 42) into a polyethylene (50 mL) 
bottle. 

The needle samples were dried in open plastic bags on the laboratory 
bench for 7 davs. The dried needles were eround in a tungsten carbide 
disk mill to a coarse powder (20 mesh), thin dried at 850e for 2 h, and 
digested as described for the wood above. The digested needle samples 
contained an insoluble white precipitate of silica (1-3 mg), which was 
also removed by filtration. 

To determine if the knives or grinding mill introduce metal 
contamination, two wood samples were frozen in liquid nitrogen, 
ground with a mortar and pestle, and the results compared with those 
obtained using stainless steel knives and the tungsten carbide disk mill. 
The only detectable differences observed were with Al, which was 
about I pg/g higher, and with Ni, which was about 0.1 pg/g higher 
when the knife and disk mill were used. It was concluded that the extent 
of contatnination was sufficiently low that the knife-disk mill method 
could be used for all the samples. 

Analysis 
Samples were analyzed by inductively coupled plasma atomic 

emission spectroscopy (ICP-AE) on a direct reader instrument (Ap- 
plied Research Laboratories, Model 16000). Plasma operating condi- 
tions and flow rates were as follows: frequency 27.12 MHz, forward 
power 1.25 kW, reflected power 0.05 kW, viewing zone 15 mm above 
load coil, coolant gas flow rate 10 L/min, auxilliary gas flow rate 
0.65L/min, nebulizer gas flow rate 0.5 L/min. All samples were 
introduced as aerosols using a standard concentric gas nebulizer. 
Measurements were made for all the elements listed below; several 
elements were at or below the detection limits; however, these are not 

included in the results section. Standard stock solutions (1 000 ppm) of 
metal salts were prepared by the method of Ward (9) employing the 
following salts: A1 in 6 M HCl, BaC12 in H20,  H3BO2 in H20, CaC03 
in 0.5 M HN03, Cr in 4 M HCl, CuO in 4 M HN03, Fe in 4 M HCI, 
MgC12.6H20 in H20,  Mn in 4 M HN03, NiC12.6H20 in H20, NaCl in 
H20, and Zn in 4 M HN03. The following standard solutions prepared 
from the above stocks were employed: standard 1, water; standard 2, 
Al, B, Cu, Fe, Mn, Mo, Ni, Zn, 3 pprn each; standard 3, Al, B, Cu, Fe, 
Mn, Mo, Ni, Zn, 30 pprn each; standard 4,  Ba 1 ppm, Ca, Mg 10 pprn 
each; standard 5, Ba 10 ppm, Ca, Mg, 100ppm each; standard 6,  Na 
3 ppm; standard 7,  Na 30ppm; standard 8, Cr 1 ppm; standard 9,  Cr 
l0ppm; standard 10, NBS pine needles standard reference material 
1575, wet digested in the manner described above. Standard solutions 
of all the elements listed above were aspirated into the plasma at the 
beginning of data acquisition. These solutions were used to determine 
the concentration of the elements in the digested wood samples and the 
elements in the digested needle samples. Integration times were 10 s, 
and three replicate measurements were performed on each sample and 
standard solution. 

Results and discussion 
Results of the analyses are summarized in Table 1 for the 

needles and Table 2 for the wood. The values in general are 
similar to those reported by other workers on similar vegetation 
(7,8). Because variations in the distribution of the elements also 
may provide useful information, the factors of needle age and 
needle and wood location were assessed using a MIDAS 
statistical package on the University of Alberta Amdahl 5860 
computer. The conclusions can be summarized as follows. 

No overall differences in the wood samples were observed 
between diseased and healthy trees by analysis of variance 
(ANOVA) at the 95% confidence level for any of the elements. 
Comparison of elements in the individual four wood sections of 
healthy vs. sick trees by the two sample t-test, however, showed 
calcium levels to be significantly higher in health sections A, B, 
and C (0.95 probability) but about the same in healthy and sick 
trees for section D. No significant trend was found for the other 
elements tested: B, Mg, Cu, Fe, Zn, Mn, and Ba. On the other 
hand, differences in the needles were found by ANOVA 
between diseased and healthy trees at the 95% confidence level 
for iron, zinc, magnesium, calcium, and chromium. The 
needles of diseased trees contained 12% less calcium, 15-20% 
greater levels of iron, zinc, and magnesium, and a four-fold 
increase in chromium. The magnitude of the differences does 
not indicate, however, that the blue stain fungi are causing a 
major perturbation in the levels of essential trace elements 
except perhaps for chromium. 

The levels of aluminum, iron, manganese, and calcium in the 
needles increase at a rate of 20-30% a year as needle age 
increases. This trend is seen in both healthy and diseased trees. 
The accumulation of these trace elements in older foliage tissue 
has been observed by others (7b).  The other eight elements 
studied did not show this trend. 

The levels of aluminum and zinc in the needles increase from 
the base toward the crown of the tree (the overall increase 
amounting to about 50%), while the levels of calcium and 
possibly manganese decrease (calcium some 20-30% overall 
and manganese 15-20% for healthy, and variably for diseased, 
trees). The other elements showed no statistical change. 

For the wood analyses, no trends in elemental composition 
with vertical location on the trunk were observed for any of the 
elements measured except magnesium, which shows an in- 
crease of 30-40% with height of the section from the ground in 
both healthy and diseased trees. 
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In addition to the above observations, an attempt was made to 
further reduce the effect of variability from highly localized 

1 parameters such as soil composition or drainage, by pairing 
diseased and healthy trees located near each other and perform- 
ing statistical analysis on the pairs. Precision was not measura- 
bly improved, and so additional information could not be 
obtained by this approach. In fact, we found that trace element 
levels tended to differ significantly between adjoining healthy 
(or diseased) trees. It has been observed previously that 
tree-to-tree variability and within-tree variability of foliage are 
the main causes of deviation among foliar analyses for major 
and trace elements (8b,c). Statistically significant differences in 
trace element levels between healthy and diseased trees are thus 
difficult to detect, especially since reported trace element levels 
normally encompass a fairly wide range. 

In conclusion, the magnitude of the natural variability of trace 
elemental composition of lodgepole pine is sufficiently great ' that within-tree differences in element levels that may be 
induced by fungal infection cannot be detected with a high 
degree of confidence. Previously we reported (4) that several 
species of blue stain fungi implicated in the blue stain disease of 
pine produce siderophores. Studies over the last several decades 
on the effects of chelating agents in plant nutrition have shown 
that the use of excess chelating agent can be toxic to plants 
(10a-c). Absorption of the chelator by the plant facilitates the 
movement of metals through the plant (1 I).-slight excesses of 
iron chelators produce increased iron uptake by plants as a result 

I of an iron stress response (12). These studies are consistent with 
, our findings: iron chelating agents are metabolites of blue stain ' fungi, and the foliage of blue stain diseased lodgepole pine 

shows increased levels of iron with respect to foliage of healthy 
lodgepole pine. It is interesting to note that other wilt diseases 
caused by microbes (1 3), e. g. Fusarium, produce wilt toxins 
that seem to chelate micronutritients and induce deficiencies and 
metal imbalances. Tree pathologists have observed that elms 
compartmentalize wood infected by the blue stain fungus that 
causes Dutch elm disease (14). In fact metal imbalances may 

I 
serve as the "trigger" through which wilt diseases induce the tree 

j to wall off and isolate (compartmentalize) wood infected by 
such fungi. 

I 
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BEVERLEY G. EATOCK, WILLIAM L. WALTZ, and PAUL G. MEZEY. Can. J. Chem. 64,914 (1986). 
Ab initio calculations have been carried out on the relative stabilities of various possible products of the reaction between 

cytosine and the OH radical. These products are of importance in modelling radiation damage to living tissues. The preferred 
theoretical gas-phase addition site is the C6 ring atom according to these calculations. The analysis of a series of possible 
contributions to solvent effects strongly suggests the predominance of intermolecular H bonds in stabilizing the experimentally 
observed C5 adduct. 

BEVERLEY G. EAToCK, WILLIAM L. WALTZ, et PAUL G. MEZEY. Can. J. Chem. 64,914 (1986). 
On a effectut de calculs ab initio sur les stabilitks relatives de divers produits possibles pour la rkaction de la cytosine avec le 

radical OH. Ces produits sont importants dans l'klaboration d'un modkle pour les dommages dfis B la radiation dans les tissus 
vivants. D'apr2s ces calculs thtoriques, le site prkftrt pour l'addition en phase gazeuse est l'atome de carbone C6. L'analyse 
d'une skrie de contributions possibles aux effets de solvant sugg2re fortement la prkdominance de liaisons hydrogknes 
intermoltculaires dans la stabilisation de l'adduit en C5 qui est observk expkrimentalement. 

[Traduit par la revue] 

Introduction 
Radiation damage to nitrogen heterocycles has attracted 

interest due to the relevance of such effects for biologically 
important systems. As an extension of studies on the reactions 
of OH radicals with N heterocyclic systems (pyridine, imidaz- 
ole) (1, 2), we have investigated the attack of OH on the 
pyrimidine base cytosine. Experimental results on the reaction 
of OH with cytosine agree that ring addition occurs (3,4), but 
information on site preference for addition is obtained only by 
indirect methods (esr, pulse radiolysis) leaving results open to 
some controversy. Ab initio calculations, however, provide a 
direct aid to identification of favored product isomers, and have 
been shown to be useful in past studies, supplementing experi- 
mental results (1,2,5,6). 

Radiation damage to cytosine is of interest because of its 
status as a component of DNA. Consideration of the N bases of 
DNA as subjects for ab initio studies favors the pyrimidines, 
both because of their greater susceptibility to OH attack (7) and 
the simpler problem that the electronic structure of the pyrimi- 
dines represents, as compared to the purine bases. Although 
more information exists regarding reactions of OH with thymine 
and uracil, the greater experimental controversy for site 
preference of OH addition to cytosine lent impetus to the choice 
of cytosine as a subject for these calculations. A recent paper (8) 
suggested that site selection of OH attack of cytosine is more 
discriminating than for the analogous reactions with thymine 
and uracil and that the major product, in opposition to expecta- 
tions from the results of our previous studies on OH reactions 
with N heterocycles (1,2), was the species favored on account of 
electrophilic interactions rather than being the most electroni- 
cally delocalized product. These factors contributed to the 
selection of cytosine as the subject for study. In particular, the 
following two types of processes are of interest: 

[I] OH + 23 - H abstraction radicals + H20 

O H 

[2] OH + 33 + OH adducts 

O H 

Hydroxyl radicals are generally thought to add to the ring; 
however, some evidence also exists for the occurrence of H 
abstraction (3,4,9) either at the amino group or at N1 (10). 
Electron spin resonance spectra of the products arising from the 
reaction of OH with cytosine have yielded ambiguous results as 
line broadening occurs, obscuring finer splittings. However, all 
esr studies reported addition of OH at the C5-C6 bond 
(4,7,11-15). The conclusion by some authors that the C5 
adduct is formed is not necessarily reliable as this is based on 
analogy with the reaction of OH with uracil (7,11,13-15). Both 
Joshi et al. (11) and Planinic (13) found evidence of the 
formation of two adducts. Planinic concluded that the preferred 
C5 adduct was kinetically favored by a ratio of 3:2 (13). 
Published pulse radiolysis work also supports the theory that 
two adducts are formed (9,16-18). Hissung and Von Sonntag 
used pulse radiolysis with both optical and conductimetric 
detection techniques to conclude that 55% of OH addition 
occurs at the C5 position (9). This preference for attack at the C5 
site is supported by Hazra and Steenken who used pulse 
radiolysis and the oxidative-reductive characteristics of the 
nascent radicals (8). These authors however found a ratio of 
preference for the C.5 adduct to the C6 adduct of 9: 1. 

In this paper, we present the results of ab initio calculations 
performed on the reaction of OH with cytosine. Both addition to 
the cytosine ring and H abstraction were considered as potential 
reactions. The products resulting from such reactions are 
depicted in Fig. 1; total energies and energy changes for the 
reactions [ l ]  and [2] have been determined. Calculations were 
also performed on different tautometers as well as on various 
internally H-bonded forms of the adducts, and kinetic aspects of 
the reaction were investiated via the calculation of assumed 
reaction paths. 

Computational methods 
The total energies of reactants and possible products shown in 

Fig. 1 were calculated by ab initio SCF MO techniques using a 
version of the GAUSSIAN 76 program (19,20). Only the 
STO-3G minimal basis set was employed in the restricted 
Hartree-Fock (RHF) and unrestricted Hartree-Fock (UHF) 
calculations due to the prohibitively large number of functions 
required for extended basis set calculations. Due to the 
limitations on the basis set and the lack of the inclusion of 
correlation energy terms only large calculated energy differ- 
ences can serve as basis for chemical conclusions. However, the 
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H\../H H,.. H,-/H 

I I 
H H 

FIG. 1. Species studied and their designations. 

high level of correlation between calculated 3G and 4-3 1G basis 
results of earlier model studies (2) on various imidazole + OH 
adducts suggests that an extension of the basis set would not 
overturn our conclusions. The geometry optimization for the 
most important species has been canied out to a uniform level of 
accuracy, higher than that routinely enforced in ab initio studies 
(vide infra) 

Initial geometries for both cytosine and species 2-7 were 
obtained from X-ray diffraction data (21) with the local 
geometry of the OH addition site assumed to be tetrahedral 
(1,2,5,6). Initial geometries of species 9 and 10 were taken from 
modified optimized geometries of the analogous keto forms of 
the adducts. Geometry optimization was performed using the 
energy gradient method and continued until the average internal 
coordinate energy derivatives were less than or equal to 0.01 au. 
Optimization was not canied out as rigorously for species 3 ,4 ,  
9, and 10 on the basis of the energetic unfavorability for 
formation of these species. Further refinement is not expected to 
change the relative energies of the products. The optimized 
geometries for all species calculated are reported in the 
appendix in Cartesian coordinate form. The energy of the OH 
radical was obtained from the study of OH with pyridines (1). 

Quantitative aspects of the kinetics of the various reactions 
were obtained by calculating energy along assumed reaction 
paths. Points for each of the reaction path calculations were 
obtained by taking the mininum calculated energy of a choice of 
two different ring geometries: a geometry identical to that of the 
optimized adduct and a geometry intermediate between that of 
the optimized adduct and the starting reagent were used for the 
ring geometry with the C-OH bond length varied. There is 

some degree of arbitrariness in the choice of assumed reaction 
path. Note, however, that our purpose is to establish upper 
bounds for activation energies with the given basis set. Any 
optimization of the reaction path can lead only to an energy 
lowering, hence these assumed reaction paths provide upper 
bounds for the theoretical activation energies. 

Results and discussion 
Calculations were performed on potential products arising 

from the abstraction of H at N 1 and at the amino group and from 
the addition of OH to the N3-C4 and C5-C6 double bonds. 

Initially energies were calculated for the keto tautomeric 
forms of cytosine and the OH adducts. It is not within the scope 
of this paper to review the many articles published on the 
tautomerism of cytosine; here we refer only to some theoretical 
studies on the subject (22-29) including the first ab initio work 
(22), and a review by Kwiatkowski and Pullman (30) that gives 
an excellent perspective on this topic. The keto form of cytosine 
(species 1) has been shown to be the form present in DNA and in 
solid crystals (30,3 1). Recent theoretical calculations (MIND0 
calculations and other calculations taking some components of 
solvation into account) (23-25,29) concur with the results from 
the wide range of experimental techniques (30) supporting the 
general acceptance of the keto form as the predominant 
tautomer in aqueous solution despite the considerable contro- 
versy in earlier stages of research. 

Tautomerism of the product of the OH reaction with cytosine 
(Cy) is an area where no direct experimental information exists. 
Hazra and Steenken (8) report that substitution at the N1 or N3 
positions has little effect on site preference, thus implying a keto 
tautomeric form as shown in species 4-7 (Fig. 1). 

Total and relative energies of the keto tautomers of potential 
products are presented in Table 1. Hydrogen abstraction at the 
N1 position and at the amino group and addition of OH at N3 are 
calculated to be unfavorable. The more extensively electron 
delocalized C6 adduct is calculated to be more stable relative to 
the C4 adduct and the experimentally found C5 adduct. In 
earlier theoretical studies (2,22,26-28), an arbitrary value of 40 
kJ/mol was set as the limit of significant energy difference; 
thus, the small energy difference between the C4 and C5 
adducts (5 kJ/mol) suggests similar stabilities, and no conclu- 
sive ordering in their relative stabilities can be made. 

Hazra and Steenken's interpretation of their results (8) relies 
heavily on the assumption that the C4 and C6 adducts are 
oxidizing radicals while the C5 adduct has reducing properties. 
As a check on the veracity of these assumptions, ab initio 
calculations were performed on the optimized geometries of the 
adducts in question (species 5,6, and 7) with an electron added 
to each species. Energies (see Table 2) calculated for the 
addition of an electron to the adducts confirm that the C4 and C6 
adducts are better oxidizing agents than the C5 adduct. 

Because of the systematic disparity between the aqueous 
phase experimental results and the ab initio calculations 
involving heterocyclic compounds (2,22,23,29,30) it was 
decided to investigate the en01 tautomers of the experimentally 
found C5 adduct and the theoretically preferred C6 adduct. This 
tautomeric form was chosen on the basis of the favorable 
relative energy of the en01 tautomer of cytosine as suggested by 
various theoretical calculations (26-29). The results for these 
calculations, presented in Table 3, show that the en01 tautomers 
are less stable than the corresponding keto forms for the adducts 
and that C6 is still the preferred addition site. 

Energy was calculated for various geometry modifications to 
test the effect of internal H bonding. Figure 2 depicts the 
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TABLE 1. Calculated total energies for keto tautomeric forms and 
relative energiesa 

speciesb Molecule or radical E(tot) (au) AE(kJlmo1) 

OH 
Hz0 

1 Cy (keto form) 
2 H abstracted from N1 
3 H abstracted fromNH2 
4 N3-OH-Cy 
5 C4-OH-Cy 
6 C5-OH-Cy 
7 C6-OH-Cy 

"Reaction energetics (AE) pertain to process for eq. [l] in text for species 2 
and 3 and to process for eq. [2] in text for species 4-7. 

bSee Fig. 1 for formula of species. 
The  geometries for species 2 and 4 were not optimized to as high a degree as 

for other species (see text). 

TABLE 2. Calculated total and relative energies for the addition of one 
electron to hydroxyl adducts 

Species Radical E(tot) (au) AE (kJ lmol)" 

"Relative energy taken with respect to the energy for the appropriate adduct. BOND LENGTH OF C-OH, prn 

FIG. 3. Energy variation along approximate reaction paths calculated 
TABLE 3. Calculated total and relative energies for en01 tautomeric for addition of OH at the C4, C5, and C6 positions of cytosine. The 

formsa reactions proceed from right to left. (---) C4-OH-Cy, (---I 
C5-OH-Cy, (- ) C6-OH-Cy, (a) cytosine + OH at in- 

speciesb Molecule or radical E(tot) (au) AE (kJ/molY finite separation. 

8 Cy (enol form) -387.544Ib 
9 C5-OH-Cy - 46 1.9097' -1.1 

10 C6-OH-Cy - 46 1.9420' -88.9 

TABLE 4. Calculated upper bonds for activation energies 

Speciesa Radical E, (kJ Imol) 

"Reaction energetics are for eq. [2] in text using the energy of species 8 as the 
starting reactant. 

%e energy for species 8 is taken from ref. 22. 
T h e  geometries for species 9 and 10 were not optimized to as high a degree as 

for other species (see text). 

FIG. 2. Modified geometries for the C5 adduct to test for internal 
hydrogen bonding. 

modifications in geometry of the keto and en01 forms of the C5 
adduct used for the calculations. To increase the proximity 
between the hydroxyl protons and the lone electron pair of the N 
atom, both rotation of the amino group (species 12) and 
displacement of the hydroxyl proton back into the plane of the 
ring (species 11 and 13) were attempted in order to promote 
more internal H bonding with the N atoms. Results from these 
calculations show that these geometries destabilize the adducts 

"See Fig. 1 for formula of species. 
bSee text. 

TABLE 5. Calculated spins for radicals 

Speciesb Radical Sa 

2 
4 
5 
6 
7 
9 

10 
Activated complexes of 

5 
6 
7 

OH 
H abstracted from NH2 
N3-OH-Cy (keto form) 
C4-OH-Cy (keto form) 
C5-OH-Cy (keto form) 
C6-OH-Cy (keto form) 
C5-OH-Cy (enol form) 
C6-OH-Cy (enol form) 

C4-OH-Cy (keto form) 
C5-OH-Cy (keto form) 
C6-OH-Cy (keto form) 

T h e  expected S-value for doublet is 0.500. 
bSee Fig. 1 for formula of species. 
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EATOCK ET AL. 

TABLE 6. Energies corrected for electrostatic solute-water interaction 

Corrected 
Dip. Molec. Solute-HzO Relative relative 

Molecule or mom. polar. interaction energy" energy 
Speciesb radical D (A3) (kJ/mol) (kJ/mol) (kJ/mol) 

2 H abs. NHz 3.4 10.6 -13.1b 183.8 170.7 
5 C4-OH-Cy 2.4 12.2 -7.0 -121.0 -128.0 
6 C5-OH-Cy 3.8 11.6 -17.8 -116.0 -133.8 
7 C6-OH-Cy 3.9 11.6 -18.4 -200.1 -218.5 
9 C5-OH-Cy 3.6 11.5 -15.8 - 1.1 - 16.9 

10 C6-OH-Cy 4.2 11.5 -21.4 -88.9 - 110.3 

"Energy is taken relative to eq. [ I ]  for species 2 and eq. [2] for all other species. For species 9 and 10, the en01 fonn of cytosine 
(species 8) was taken to be the starting reactant. 

bBecause species 2 is not an isomer of the other products, additional factors such as cavitation and van der Waal's forces are 
expected to contribute to a different extent to the solvation energy and hence should not be compared to the solvation energies of 
the other products. 

(species 6 and 9) by at least 50 kJ/mol, and hence the energy 
ordering of the OH adducts is unchanged. 

To gain some insight into the kinetic aspects of the addition 
reactions, calculations were performed on assumed reaction 
paths for addition at the C4, C5, and C6 sites. Such assumed 
(not optimized) reaction paths, as shown in Fig. 3, are sufficient 
to give theoretical upper bounds for activation energies. As 
expected from the near diffusion-controlled rates of reaction 
(32), the upper bounds for the activation energies for OH 
addition, given in Table 4, are all small values. From these 
calculations, it can be seen that attack at the C6 position appears 
to lead to the kinetically as well as the thermodynamically 
favored product. No conclusions can be drawn regarding the 
relative kinetic preference for addition at the C4 vs. C5 positions 
due to the small difference in calculated approximate activation 
energies. 

In Table 5, we have tabulated calculated spin eigenvalues for 
each of the radical species 2-10. Comparing these values, S ,  to 
the expected value of 0.5 for doublets, it is evident that 
considerable spin contamination has occurred, as is common in 
UHF calculations. This likely results in lowered calculated 
energy values for the adducts while calculated energies for 
cytosine and OH are for the appropriate singlet and doublet 
states. Thus comparison of energies of the products to the 
energies of the starting reactants results in exaggerated low 
theoretical relative energies. The increase of calculated spins 
along the assumed reaction paths (shown in Table 5) suggests 
that the greatest degree of mixing of spin states occurs for the 
assumed reaction path of the C6 adduct, and thus this can 
possibly explain the apparent lack of an energy barrier for the 
addition of OH at C6. 

An important aspect for consideration when comparing 
theoretical results of studies using isolated molecules with 
experimental results in solution is solvation. Hydrogen-bonding 
and electrostatic interactions between solute and solvent mole- 
cules are the main solvation features expected to modify the 
relative stabilities of the isomeric products (33, 34). Whereas in 
aqueous solution, H bonding is often the dominant effect, a 
direct, quantitative test of this effect with an ab initio model is 
prohibitively expensive. On the other hand, it is relatively 
simple to account for some electrostatic effects. In an attempt to 

an estimate of electrostatic interaction. Despite the exclusion of 
consideration of H-bonding interactions, they were successful 
in showing the change in relative stabilities of tautomers in 
vapor phase as opposed to tautomers in solution. 

Estimates of the water-adduct electrostatic interaction energy 
have been calculated using the reaction field continuum model 
(35) and are presented in Table 6. (Calculations are also 
presented for the product arising from H abstraction at the amino 
group, despite the nonisomeric nature of this product. Cavita- 
tion and van der Wads forces cannot be assumed to have the 
same effect as for the adduct products.) Molecular polarizabili- 
ties have been calculated using the method of Miller and 
Savchik (36) and the dipole moments have been obtained by ab 
initio STO-3G calculations. The dielectric constant of water 
was taken to be 78.54 and the radius of the spherical cavity 
assumed to be the same as for cytosine, 3.3 A (23). 

Although the small energy difference involved permits no 
definitive conclusions as to preference for attack between the C4 
and C5 sites, the energies for electrostatic interaction with water 
show some reordering of relative stabilities of the adducts with 
the experimentally found C5 adduct now determined to be 
slightly more preferred than the C4 adduct. However, the small 
energy difference involved permits no conclusions as to 
preference of attack between C4 an C5. 

Conclusions 
Ab initio calculations have indicated that the preferred 

reaction of OH with cytosine is addition of OH to the C6 
position, whereas the experimental results in aqueous solution 
indicate the preference for the formation of the C5 adduct. 
Interestingly, this experimental-theoretical discrepancy ap- 
pears to be systematic for a number of N heterocyles (2,22,30). 
Various factors were considered as the basis for the disparity 
between experimental and theoretical results including tauto- 
merism of the adducts, kinetic effects, mixing of higher order 
spin states in calculations of wave functions for doublet adducts, 
internal H bonding, and solvation aspects. Several plausible 
explanations have been excluded and using essentially a process 
of elimination, the results suggest that intermolecular hydrogen 
bonding is the major factor leading to the formation of the C5 
adduct in solution as the predominant product. 

explain the discrepancy between experimental results a n d  
calculated relative stabilities of tautomers of cytosine, Scanlan- Acknowledgments 
and Hillier (23) corrected their calculated energies by including We wish to express our appreciation to the Natural Sciences 
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Appendix 
The information given below is that for the optimized geometry for 

each species studied in terms of the cartesian coordinates with the units 
being in angstroms. The numbering of the atoms is that shown for 
cytosine (Cy) in eq. [I]. 

TABLE A1 . Species 1 ,  Cy 

Atom X Y Z 

N1 0.0000 0.0000 1.3102 
C2 1.2509 0.0000 0.5891 
N3 1.1653 0.0000 0.8518 
C4 -0.0239 0.0000 - 1.3957 
C5 - 1.2988 0.0000 -0.6537 
C6 -1.2341 0.0000 0.6724 
0 2.3099 0.0000 1.1982 
NNH, -0.0892 0.0000 -2.7854 
H 1 0.0440 0.0000 2.3289 
HNH, 0.7682 0.0000 -3.3270 
H'NH~ -0.9812 0.0000 -3.2676 
H5 -2.2396 0.0000 -1.1784 
H6 -2.1107 0.0000 1.3171 

TABLE A2. Species 3, H abstracted from NH2 

Atom X Y Z 

TABLE A3. Species 4, N3-OH-Cy 

Atom X Y Z 

N1 0.0000 0.0000 1.3950 
C2 1.1865 0.0000 0.6850 
N3 1.2476 0.0000 -0.7349 
c4 0.1212 0.0000 - 1.5402 
C5 - 1.1508 0.0000 -0.8672 
C6 - 1.3695 0.0000 0.4450 
0 2.2145 0.0000 1.3854 
NNH, 0.1960 0.0000 -2.9583 
H 1 0.0648 0.0032 2.4119 
H N H ~  1.0974 0.0000 - 3.4222 
H'NH, -0.6616 0.0000 - 3.4974 
H5 -2.0564 -0.0033 - 1.4557 
H6 -2.3408 0.0071 0.9240 
0 2.595 1 0.0000 - 1.3373 
H 2.8372 0.0000 -0.3728 
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Table A4. Species 5, C4-OH-Cy 

Atom X Y Z 

TABLE A7. Species 9, C5-OH-Cy (enol form) 

Atom X Y Z 

TABLE A5. Species 6, C5-OH-Cy 

Atom X Y Z 

TABLE AS. Species 10, C6-OH-Cy (enol form) 

Atom X Y Z 

TABLE A6. Species 7, C6-OH-Cy 

Atom X Y Z 

N 1 0.0000 0.0000 1.3400 
C2 1.2221 0.0000 0.5929 
N3 1.2312 -0.2636 -0.7920 
C4 -0.0472 -0.3807 -1.3728 
C5 - 1.2396 -0.0275 -0.7393 
C6 - 1.2236 0.5061 0.6901 
0 2.3637 0.1624 1.2196 
NNH~ -0.0242 -0.8178 -2.7116 
H1 0.1070 0.2890 2.3143 

0.8544 - 1.0685 -3.1469 
-0.8785 -0.8878 -3.2487 

H5 -2.1816 -0.0852 - 1.2652 
H6 -2.0973 0.1284 1.2484 
0 - 1.2041 1.9500 0.7526 
H - 1.9854 2.2316 0.21 16 
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crown ether and cryptand complexing agents 
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B. G. Cox, E. BUNCEL, H. S. SHIN, R. A. B. BANNARD, and J.  G. PURDON. Can. J. Chem. 64,920 (1986). 
A study has been performed on the extraction of alkaline-earth metal ortho- and para-nitrophenoxides, from aqueous medium 

into methylene chloride, in the presence of crown ether and cryptand complexing agents. The results are analyzed in terms of the 
various constituent complexation and extraction equilibria involved. Comparison is drawn with our previously reported study on 
extraction of potassium p-nitrophenoxide. The different anion stoichiometries in the two systems result in relatively more 
favorable extraction of M+ systems at low anion concentrations. Furthermore, while extraction of MX (X = o- or 
p-nitrophenoxide) can be carried out in the presence of excess MOH, this is not possible in the case of MX2 due to the limited 
solubility of M(OH)2. The addition of excess MOH leads to more efficient extraction of M+-phenoxides and prevents hydrolysis 
to free phenols. A noteworthy point in both MX and MX2 systems is that at high concentrations of complexing agent a saturation 
effect occurs, which limits the overall extent of extraction achievable. Under these conditions the extraction is governed by the 
equilibrium constant, Kdcs, representing the partitioning of the complexed salt between the aqueous and organic phases, and is 
independent of the amount of ligand present. 

B. G. Cox, E. BUNCEL, H. S. SHIN, R. A. B. BANNARD et J.  G. PURDON. Can. J. Chem. 64, 920 (1986). 
On a rCalisC une Ctude sur l'extraction des ortho- et para-nitrophCnolates de mCtaux alcalino-terreux de milieux aqueux vers le 

c h l o ~ r e  de mCthylbne, en prCsence d'Cthers couronnes et d'agents complexants cryptants. On analyse les rCsultats en fonctions 
des divers Cqulibres impliquCs pour la complexation et l'extraction des constituants. On Ctablit une comparaison avec 1'Ctude que 
nous avons publike anttrieurement sur l'extraction du p-nitrophenolate de potassium. Les stoichiomCtries anioniques 
differentes impliquCes dans les deux systkmes font que les systtmes d'extraction de M+ sont relativement plus favorables 2 des 
concentrations faibles d'anions. De plus, alors que l'extraction de MX (X = o- ou p-nitrophCnolate) peut se faire en presence 
d'un excks de MOH, ceci n'est pas possible dans le cas de MX2, h cause de la solubilitt limitte du M(OH)2. L'addition d'un 
excks de MOH conduit h une extraction plus efficace des phCnolates de M+ et Climine l'hydrolyse en phenols libres. On doit noter 
que, h des concentrations Clevtes d'agent complexant, tant de le systkme MX que MX2, il se produit un effet de saturation qui 
lirnite les possibilitCs d'extraction. Dans ces conditions, I'extraction est gouvemCe par la constante d'Cquilibre, Kdcs, qui 
reprksente la rbpartition du sel complex6 entre les phases aqueuses et organiques, et elle est indkpendante de la quantitC de ligand 
qui est prksente. 

[Traduit par la revue] 

Introduction 
Efficient extraction of alkali-metal salts from aqueous media 

into organic solvents is often observed in the presence of 
macrocyclic complexing agents. This is especially true when 
the charge on the accompanying anion is highly delocalized as, 
for example, in the picrate anion (1-6). 

Studies of extraction equilibria have considerable practical 
importance in relation to phase-transfer catalysis (7, 8) and 
analytical applications (9), and are also frequently used for 
comparative purposes in estimating the complexing capabilities 
of newly synthesized ligands (3,10, 11). At a more fundamental 
level, a detailed analysis of the various equilibria involved in the 
overall extraction process is of some intrinsic interest, and is 
directly relevant to a better understanding of carrier-mediated 
ion transport in biological and synthetic membranes. 

As part of a continuing investigation of the effect of 
macrocyclic complexing agents of cations on reaction rates and 
equilibria (12-14), we recently reported results of a compara- 
tive study on the extraction of potassium phenoxide, p-nitro- 

'~uthors  to whom correspondence may be addressed. 

phenoxide, and picrate from aqueous medium into methylene 
chloride in the presence of crown ether and cryptand complex- 
ing agents (5). In a parallel systematic study, the extraction of 
potassium phenoxide with macrocyclic ligands from aqueous 
medium into diverse organic solvents was investigated (6). In 
the present study we report the results of an investigation on the 
extraction of alkaline-earth ortho- and para-nitrophenoxides 
from aqueous medium into methylene chloride. The divalent 
cations could possibly serve in binding to two ligand sites in 
certain molecules of biological interest, which could be perti- 
nent to studies concerning catalysis by metal cations and the 
effect of crown ethers and cryptands on such processes (14). 

Experimental 
Materials 

The macrocyclic ligands (C) were purchased from BDH, Aldrich, 
Merck, or Parish Chemical Co., and used as received. Methylene 
chloride was dried and distilled. o-Nitrophenol and p-nitrophenol 
(Fisher, Reagent) were recrystallized from 2% v/v aqueous hydro- 
chloric acid. The alkaline-earth salts of the o- and p-nitrophenols were 
prepared using the method of Poonia et al. (15, 16), from the 
alkaline-earth metal hydroxides ( M ~ ~ + ,  BDH; ca2+,  Anachemia; 

Rinted in Canada 1 Imprime au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COX ET AL. 

TABLE 1. Initial concentrations of complexing agent (C) and alkaline earth nitro- 
phenoxides (MX2) in the extraction experiments 

Complexing agenta ~ O ~ [ M X ~ ]  102[C] % 
Salt (MX2) (c)  M M Extraction 

Magnesium 18-C-6 2.83 4.7 3.83 
p-nitrophenoxide B15-C-5 2.83 2.24 - 

(2,2,2) 2.83 4.15 8.55 
( 2 2 1 )  2.83 3.14 10.8 

Magnesium 18-C-6 2.46 2.19 - 
o-nitrophenoxide (2,221 2.46 2.78 8.64 

(2,2,1) 2.46 3.14 13.2 
Calcium 18-C-6 3.86 4.7 6.28 

p-nitrophenoxide B15-C-5 3.86 3.24 - 
(2,221 3.86 2.33 7.69 
(2,2,1) 3.70 3.14 5.71 

Calcium 18-C-6 4.60 4.7 < 1 
o-nitrophenoxide B15-C-5 4.60 3.24 - 

(2,221 4.60 4.15 5.00 
(2,2,1) 4.60 3.14 2.32 

Barium 18-C-6 5.10 4.70 2.91 
p-nitrophenoxide 15-C-5 5.10 7.59 - 

B 15-C-5 5.10 3.24 - 
DC24-C-8 5.10 3.46 2.89 

DB30-C- 10 5.10 3.22 - 
(2,221 5.10 3.34 4.29 
(2,2,1) 5.10 3.14 6.58 

Barium 18-C-6 4.20 2.19 2.68 
o-nitrophenoxide 15-C-5 4.20 5.64 - 

DC24-C-8 4.20 3.46 7.33 
(2,221 4.20 2.67 5.36 

"Complexing agents: 18-C-6, 18-crown-6 polyether; B15-C-5, benzo-15-crown-5 polyether; 
DB30-(2-10, dibenzo-30-crown-10 polyether; DC24-C-8, dicyclohexano-24-crown-8 polyether; 
(2,2,1), cryptand [2,2,11; (2,2,2), cryptand [2,2,21. 

~ a ' + ,  Aldrich) and the o- and p-nitrophenols in the presence of 
ammonium hydroxide. As an example of the method, to a solution of 
p-nitrophenol (1.0 g, Fisher) in 95% ethanol (50 mL) was added 
concentrated ammonia (2 mL) followed by calcium hydroxide (0.27 g) 
in small portions. The reaction mixture was stirred for 3 h, filtered, and 
the filtrate was concentrated over a steam bath for 3 h to allow the 
ammonia to evaporate. The solution was further concentrated until 
crystallization started and was then allowed to cool. The yellow-orange 
needle-like crystals of calcium p-nitrophenoxide were filtered and 
dried in vacuo (0.10 g) . 
Extraction procedure 

In the previous studies (5, 6) the potassium phenoxide salts were 
prepared in situ and used in the presence of excess hydroxide. The poor 
solubility of M(OH)2 prevented this approach in the present series and 
this meant that, except where the basic cryptand ligands were involved, 
small amounts of the nitrophenoxides were extracted into the organic 
phase in the form of the free nitrophenol. All solutions (aqueous and 
organic), however, were analysed by uv, and any AIOH present was 
readily distinguished from AIO- by virtue of its different absorption 
maxima. In other respects the extraction procedure was as previously 
described (5, 6). Control experiments showed that none of the 
nitrophenoxide salts were extracted in the absence of ligand. The initial 
concentrations of the complexing agent and the alkaline-earth nitro- 
phenoxides used in the extraction experiments are listed in Table 1. The 
results are based on duplicate or triplicate determinations which usually 
agreed to +2%. 

Results 
The equilibria involved in the extraction of the alkaline-earth 

nitrophenoxides MX2 are represented in Scheme 1.  The 

aq K - - - - - - - - - - - - - -  K - - - - - - -  I I  dc ~ ~ S I T  org 

extraction of MX2 in the absence of C is negligible under the 
present conditions and has not been included in Scheme 1 .  The 
three equilibrium constants involved, representing partitioning 
of the ligand (Kdc) and complexed salt (Kdcs), and complex 
formation in the aqueous phase (K,), are defined in eqs. [I]-[3]. 

The equilibrium constant for extraction (by C) of salt MX2 is 
defined by eq. [4]. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 64, 1986 

TABLE 2. Distribution constants (Kdc) between aqueous phase and methylene chloride for macrocylic ligands, 
and stability constants of alkaline-earth complexes (K,) in water 

15-C-5 18-C-6 DCl8-C-6 DB18-C-6 (2,2,2) (2,2,1) 

"Reference 5. 
'Assumed the same as (2,2,2), see ref. 25 
CReference 17. 
%eference 18. 

TABLE 3. Equilibrium constants for extraction of alkaline-earth nitrophenoxides between water and 
methylene chloridea 

kk' Ke Kdcs 
Salt Complexing agent M~ M3 M~ 

Magnesium 18-C-6 4.16 X lo4 7.30 x lo4 
p-nitrophenoxide (2,221 1.23 X lo5 ca. 1.9 X lo5 

(2,2,1) 2.22 x lo5 - 
Magnesium (2,221 1.54 X lo5 ca. 2.1 X lo5 

o-nitrophenoxide (2,2,1) 2.38 X lo5 - 

Calcium 18-C-6 3.83 X lo4 ca. 4.5 x lo4 
p-nitrophenoxide (2,221 1.00 x lo5 1.73 X lo7 

(%%I) 6.05 x lo4 3.35 x lo9 
Calcium 18-C-6 <4.01 x lo3 - 

o-nitrophenoxide (2,2,2) 2.32 X lo4 7.20 X lo6 
(2,2,1) 1.32 X lo4 7.39 X lo8 

Barium 18-C-6 1.03 X lo4 7.25 X lo5 
p-nitrophenoxide DC24-C-8 1.39 X lo4 ca. 1.6 x lo4 

( 2 2 2 )  2.56 X lo4 7.45 x 1 0 ' ~  
(2,2,1) 3.93 x lo4 4.86 X lo8 

Barium 18-C-6 2.47 X lo4 8.39 X lo5 
o-nitrophenoxide DC24-C-8 4.93 X lo4 ca. 5.5 x lo4 

( 2 2 2 )  4.39 x lo4 1.14 x 1Ol2 

"Equilibrium constants referred to zero ionic strength, see Appendix. 

Calculation of Kdcs (eq. [2]) and K, (eq. [4]) requries knowledge 
of the stability constant for complexation in the aqueous phase 
(K,), and the extent of partitioning of the free ligand between the 
aqueous and organic phases (Kdc). However, in cases where the 
free ligand is confined essentially to the organic phase and only 
weak complexes are formed between M2+ and C, we have 
[M2+Iaq = [M~+]:~, where [M2+1Lq = [M2+Iaq + [MC2+Iaq, 
and [C], = [C]', where [C]' is the total concentration of C 
exclusive of [MCX2],,,. Then we may consider an approximate 
equilibrium constant KL given by eq. [5]. 

Calculation of the fraction of M2+ (or X-) extracted into the 
organic phase via eqs. [4] and [5] is considered in the 
discussion. 

The data in Table 1 yield directly [M2+]Lq and [C]'. Thus 
calculation of KL values is quite straightforward and does not 
require knowledge of either the partition coefficient of the 
ligand or the stability constant of MC2+. The concentrations 
required for calculation of K, (eq. [4]) and Kdcs (eq. [2]) may be 
obtained by appropriate manipulations of the terms contained in 
the definitions of [M~+]:~, [C]', Kdc, and K,, as described in 
the Appendix. The ligand partition coefficients, Kdc (5, 6), and 

relevant complex stability constants, K, (17, 18), used in the 
calculations are listed in Table 2. The equilibrium constants 
KL, Ke, and Kdcs, corrected to infinite dilution (see Appendix), 
are listed in Table 3. 

Individual comments on calculation of the equilibrium 
constants for the various systems in Table 3 are as follows. 

Calcium p-nitrophenoxide 
An upper limit only is available for the stability constant of 

the 18-C-6 complex (log K, 5 0.5) (17). However, even 
assuming the maximum value, at the concentrations used (Table 
1) the extent of formation of MC2+ is negligible. 

Barium o- and p-nitrophenoxide 
Values of Kdc and K, are not available for DC-24-C-8, but K, 

should be lower than that for 18-C-6 (17,19) (log K, = 3.9) and 
Kdc should be similar to that of DC- 18-C-6 (log Kdc = 3.3). For 
any reasonable choice of K, and Kdc it may be shown that the 
fraction of C and MC2+ in the aqueous phase is negligible, and 
hence Ke = KL. 

Magnesium o- and p-nitrophenoxide 
Stability constants are not available for Mg2+ complexes but 

size considerations suggest that they will be significantly lower 
than the corresponding values for ca2+ complexes (17-19). 
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Thus for (2,2,2) and 18-C-6, complex formation in the aqueous TABLE 4. Extraction of Ba(p-NO2PhO)z (0.1 M) and K(P-NO,-PhO) 
phase has been neglected in calculating Ke. The stability (0.01 M) from water to methylene chloride by 18-C-6 and (2,2,2) 

constant of ~ ~ ( 2 , 2 , 1 ) ~ +  may, however, be large, and cal- 
culated Ke values are very sensitive to K, ~ ~ ( 2 , 2 ,  1)2+ for K, 2 % BaX2 extracted % KX extracted 

lo2 M-'. Thus it is not possible to calculate Ke for extraction of 
~ g ~ +  salts by cryptand (2,2,1) with any certainty. [Ligandl/Ma (2,2,2) 18-C-6 (2,2,2) 18-C-6 

Discussion 
In considering the extraction of M ~ +  salts, compared with the 

corresponding M+ salts investigated previously (5, 6), two 
important differences may be noted. The first is that for a given 
cation size the solvation energy of M ~ +  is considerably larger 
than that of M+. This leads to the practical result that in the 
present systems no extraction of M2+ salts was observed in the 
absence of added complexing ligand. This in turn simplifies the 
calculation somewhat and obviates the need of an iteration 
procedure in analyzing the data. 

More importantly, there is also a difference in the stoichiome- 
try of the extraction reaction. This means that the relative 
efficiencies of extraction of M+ and M2+ systems will depend 
not only upon the differences in solvation energies of the cations 
and the extent to which these are modified or overcome by 
complexation with the ligands, but also on the total salt 
concentration range investigated. Thus extraction of MX2 will 
be much more sensitive to the concentration and nature of the 
anion X- than in the corresponding MX system. This is 
discussed quantitatively below, but it is clear that at low [X-] 
extraction of MX will be favoured relative to MX2, and that the 
extraction of MX2 becomes increasingly favoured with increas- 
ing [X-1, as the latter has a second-order dependence on [X-1. 
Thus any simple comparison of extraction percentages of M ~ +  
and M+ salts will be valid only for the concentrations at which 
the measurements were carried out. 

A feature common to both M+ and M2+ systems is that the 
extent of complex formation in the aqueous phase has a very 
strong influence on the overall extraction behaviour, especially 
for ligands with a significant tendency to partition into the 
aqueous phase. This is because in such cases a considerable 
proportion of M'+ (or M+) may remain in the aqueous phase as 
MC2+ (or MC'). Thus in the limit of high ligand concentra- 
tions, although eq. [4] (correctly) predicts that [M2+laq will 
approach zero, the extent of extraction of M2+ (as MCX2) into 
the organic phase will not increase indefinitely, but rather will 
be governed by eq. [2], i.e., the extent to which the complexed 
ion partitions between the two layers. For purely practical 
purposes the percentage of extraction of a salt into the organic 
phase may be required, and it follows from the above that Ke 
values are often not of direct use in this respect. This is 
illustrated and amplified below in some detail for the extraction 
of M ~ +  salts as investigated in this work, but corresponding 
equations for M+ may be written down by inspection. 

The ratio of M ~ +  in the organic and aqueous phases, 
[MCX2],/[M2+]Aq, and hence the percentage extraction is 
given by eq . [6]. 

Equation [6] follows directly from eq. [4] and the definition of 
[M2+]' (= [M~+],, + [ M C ~ ' ] ~ ~ ,  i.e. the total concentration 
of  in the aqueous phase), together with eqs. [I] and [2]. 
There are two limiting cases corresponding to eq. [6]. 

(i) [C],KS/Kdc << 1. This will occur at sufficiently low 
[CI,,, when the stability constant for complex formation is very 

"Equilibrium excess ligand concentration. 

small, or when the ligand partitions almost exclusively into the 
organic phase. Equation [6] then reduces to eq. [7]. 

and the concentration ratio of M2+ in the two phases depends 
directly upon [C],,,. 

(ii) [C],,KS/Kdc >> 1. This corresponds to limiting high 
concentrations of [C],,, very stable MC2+, or strong partition- 
ing of C into the aqueous hase. Under these conditions, 
quantitative conversion of MPI in the aqueous layer to MC2+ 
occurs and the concentration ratio is given by eq. [8]. 

It is clear from the above that the relative efficiencies of two 
different ligands as extracting agents will depend upon the 
concentration range employed. This is illustrated by the results 
in Table 4, in which the extraction of B ~ ( J J - N O ~ P ~ O ) ~  with a 
ligand of very strong complexing ability (2,2,2) is compared 
with one of moderate complexing ability (18-C-6). It may be 
seen that even at very low (excess) levels M) of (2,2,2) the 
maximum extent of extraction is obtained. For 18-C-6, signifi- 
cantly higher levels are required to achieve maximum extrac- 
tion, but the limiting value is only slightly lower than that for 
(2,2,2). This latter observation, which follows from the similar 
Kdcs values (Table 3), contrasts sharply with the behaviour of 
the corresponding K+ salt (5, 6), results for which are also 
included in Table 4. In this case, although similar trends with 
ligand concentration are observed, the limiting extraction 
percentage is very much lower for 18-C-6 than for (2,2,2). 

The difference in behaviour of (2,2,2) and 18-C-6 with 
respect to extraction of the two cations K+ and Ba2+ (which 
have similar ionic radii) may result from structural differences 
of the two ligands. For the essentially planar 18-C-6 ligand, 
cation coordination sites perpendicular to the ligand plane 
remain free, whereas the spherical cavity of the cryptand ligand 
totally encapsulates the ions. This would tend to make extrac- 
tion of the 18-C-6 complexes more difficult, as in aqueous 
solution the remaining coordination sites would be occupied by 
water molecules, confemng extra stability on the complex. 
However, for the ~ a ~ +  crown complex in methylene chloride 
the two associated anions can presumably satisfy both remain- 
ing coordination sites so that there is little difference between 
the extraction of ~ a ~ +  as the (2,2,2) or 18-C-6 complexes. In the 
case of the K+ crown complex there is only one anion available 
for coordination to K+ in the organic phase. 

It is of course difficult to compare the absolute extents of 
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extraction of M+ and M2+ cations in any meaningful thermo- 
dynamic way, as the ratio of cation concentration in the organic 
and aqueous phases varies with [X-] in the former case and 
[X-l2 in the latter case. This means that for low salt concentra- 
tions extraction of KX will be favoured relative to BaX2 and 
vice versa. It may readily be shown from the Kdcs values for the 
18-C-6 extraction of barium p-nitrophenoxide (Table 3) and 
potassium p-nitrophenoxide (3.60 M- ') (5, 6) that at limiting 
high ligand concentrations the two salts are extracted to an equal 
extent when the salt concentrations are 3 X M; the 
corresponding figure for extraction by (2,2,2) is 1.25 M. 

Comparing the present overall results with those reported 
previously (5, 6), in practice the efficiency of extraction of 
p-nitrophenoxide achieved for the K+ salt by the macrocyclic 
ligands was much higher than the values reported here. This is 
because it was possible to cany out the extractions in the 
presence of excess potassium hydroxide, which has the effect of 
driving the equilibrium position towards more favourable anion 
extraction percentages. This is not possible for M2+ systems 
because the limited solubility of M(OHl2 necessitated the use of 
the prepared phenoxide salts. This represents a practical 
limitation in the extraction of phenoxides as their alkaline earth 
salts and also means that the hydrolysis of phenoxide to generate 
small quantities of (readily extractable) phenol could not be 
suppressed by the addition of excess hydroxide. 

While the present results refer to the extraction of nitrophen- 
oxide salts of the alkaline-earth cations, it is known from earlier 
work on K+ salts (5, 6) that the extent of extraction is very 
sensitive to the nature of the accompanying anion. Thus for 

~ several crown ether and cryptand complexing ligands in a 
variety of solvents the order of extraction of K+ salts was always 
phenoxide << p-nitrophenoxide << picrate, and in a number 
of cases extraction of picrate salts was observed even in the 
absence of added ligand. The extraction of salts of simple, 

I highly solvated ions such as C1-, OH-, etc. should be even 
more difficult than that of the phenoxide salts (20). These 
general trends relating to the nature of the anion should also be 
observed for M2+ salts, but are expected to be considerably 
amplified because of the involvement of two anions in the 
extraction process. 

The results for extraction of Ca2+ and ~ a ~ +  salts by cryptand 
ligands show that the complexed Ca2+ salts (Kdcs values) are 
extracted slightly more readily than the corresponding com- 
plexed ~ a ~ +  salts. This is a good illustration of the extent to 
which the bicyclic cryptand ligands are able to shield the 
enclosed cations from the surrounding solvent. It has been 
shown, for example, that the extent of extraction of simple 
uncomplexed uni-univalent electrolytes such as alkali metal 
halides from water to organic solvents such as nitrobenzene 
and 1,2-dichloroethane decreases dramatically with decreasing 
cation (or anion) size (21, 22); e.g., for transfer between water 
and nitrobenzene, Kds(NaBr)/Kds(KBr) = 2 X lop3. This is in 
line with the increased hydration energies of the small ions, and 
even larger differences would be expected for uncomplexed 
Ca2+ and Ba2+ salts, because of the much higher hydration 
energies involved (AGhyd(Ca2+) - AGhyd(~a2+) = 274 kT 
mol-'; cf. AGhyd(Na+) - AGhyd(K+) = 73.5 kT mol-') (ref. 
23). 
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Appendix 
The total concentrations of M2+ and C exclusive of 

(MCX2)org, [M2+](, and [C];, respectively, are defined by 
eqs. [All and [A2], 

where [M2+], and [C], are the total concentrations of M2+ and C 
in the system. 

By combining eqs. [All and [A21 with eq. [ l ]  (Kdc) and eq. 
[3] (K,) it is possible to calculate all of the concentrations 
required to evaluate K, (eq. [4]) and Kdcs (eq. [2]) as follows. 
Substituting eq. [I] into [A21 gives eq. [A3], 

which, upon substitution into eq. [3], leads to eq. [A41: 

Substitution of eq. [A41 into eq. [All gives eq. [A5]: 
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where 

and 

This value of [M~+],, may then be substituted into eq. [All to 
give [MC'+],,, which with eq. [A31 gives [C],,, and hence, 
fromeq. [I], [CIO,. 

Calculations carried out in this manner give equilibrium 
constants referred to the ionic strengths at which the measure- 
ments were carried out. Ke (and hence KL) and Kdcs values may 

COX ET AL. 925 

be corrected to infinite dilution via eqs. [A61 and [A7], in which 
y is the activity coefficient. 

[A61 Ke = 
[MCXZI org 

2 
[M2+laq[X-12[Clorg YM~+Yx-  

The required activity coefficients were calculated using the 
Davies equation (eq. [A8]) (ref. 24), 

in which A = 0.5 is the Debye-Hiickel parameter and I is the 
ionic strength. The ionic strengths involved were quite low 
(0.007-0.015 M )  but the overall activity coefficient correction, 
YM2+Y$-, is not negligible, varying between 0.697 and 0.61 1. 
It is assumed also that Y M C ~ +  = Y M C ~ +  (see eqs. [A6], [A7]). 
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Apparent molar heat capacities and volumes of aqueous solutions of several 1:l electrolytes 
at elevated temperatures1 
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PREET P. S. SALUJA, JACQUES C. LEBLANC, and HAROLD B. HUME. Can. J. Chem. 64,926 (1986). 
The results of heat capacity (C,) and density (d) measurements at 0.6 MPa and in the temperature range 298.15-373.15 K are 

presented for several 1:l electrolytes in water. The flow microcalorimeter and densimeter used for these measurements were 
modificatons of the room-temperature designs. Data were obtained over concentrations ranging from 0.02 to 1 .O mol kg-' (or to 
the solubility limit, whichever was lower). The heat capacity of a solution relative to that of water was measured with a precision 
of kO.l mJ K-' g-' at all temperatures. The density of a solution relative to that of water was measured with a precision of 
?5 pg ~ m - ~ .  These C, and dresults were used to calculate the apparent molar heat capacities, +c,, and volumes, +v, at 298.15, 
323.15,348.15, and 373.15 K, at a constant pressure of 0.6 MPa. These results are in good agreement with available literature 
data. 

PREET P. S. SALUJA, JACQUES C. LEBLANC et HAROLD B. HUME. Can. J. Chem. 64,926 (1986). 
Operant 9 0,6 MPa et a des temp6ratures allant de 298,15 373,15 K, on a mesure les capacites calorifiques (C,) et les densites 

(d) de plusieurs melanges 1:l d'Clectrolytes dans I'eau. Les densimktres et microcalorimktres Ccoulement utilises pour ces 
etudes Ctaient des appareils 2 temp6rature ambiante qui avaient Cte modifies. On a obtenu des donnees h des concentrations allant 
de 0,02 B 1,O mol kg-' (ou, si elle etait plus basse, jusqu'a la lirnite de solubilite). A toutes les temperatures, on a pu mesurer la 
capacite calorifique d'une solution relative a celle de I'eau avec une rtcision de k0, l  mJ K-' g-'. On a mesurC la densite des 
solutions relative a celle de l'eau avec une precision de 2 5  pg cm-'. On a utilise ces resultats de C, et de d pour calculer les 
capacites calorifiques, +c,, et les volumes, +v, molaires apparents a des temperatures de 298,15, de 323,15, de 348,15 et de 
373,15 K et une pression constante de 0,6 MPa. Ces resultats sont en bon accord avec ceux disponibles dans la litterature. 

[Traduit par la revue] 

Introduction 
Thermodynamic data for aqueous species at elevated temper- 

atures are requried to understand, and model, various chemical 
processes in the vicinity of an underground nuclear fuel, waste 
disposal vault (1,2),  specifically the interactions of aqueous I-, 
103-, Cs+, andTc04- with major constituents of groundwaters 
and mineral surfaces. Experimental heat capacities, C,, are 
needed to determine partial molar heat capacities, c,2(T), and 
thereby standard Gibbs energies, G~(T),  for aqueous species as 
a function of temperature. Gibbs energies can then be used to 
calculate solubilities and chemical speciation in aqueous en- 
vironments (2, 3). 

The G$(T) can be calculated at any temperature, T, using the 
following thermodynamic relation: 

Standard Gibbs energy, G2(TR), and entropy, $(TR), at 
room temperature (TR) are usually available in the literature, in 
regularly updated compilations (4). To calculate Gibbs energies 
at elevated temperatures, we only need to determine GVz(T) as 
a function of temperature. The latter is identical to the apparent 
molar heat capacity, +C,(T, m) , extrapolated to infinite dilution 
(m = 0, m being the molality of solution in mol kg-') using a 
suitable ion-interaction approach for modelling ionic solutions 
(3,5,6). The +c,(T, m) can be calculated directly from the heat 
capacity measurements, C,(T, m), over a wide range of 
concentrations and temperatures. 

While Cp(T, m), +c,(T, m), and q,2(T) values for a few 

'Issued as AECL-893 1. 
'Co-op student at the University of Victoria, Victoria, B.C., 

Canada. 

aqueous 1: 1 species are available at room temperature (7- lo), 
very few values (4, 11,12) are available at higher temperatures. 
This is because both heat capacity and density measurements at 
elevated temperatures have been difficult. Consequently, the 
available data for aqueous species are often inconsistent. For 
example, the two c,, values for CsI in the literature agree only 
in the 300-323 K range. Data from adiabatic calorimetry (12) 
show a maximum, at about 353 K, in the c32 vs. temperature 
plot, whereas the data of Mitchell and Cobble (1 1) show no 
maximum in the 273-373 K range. 

Recent advances in flow calorimeters (1 ,5 ,  14, 15) and flow 
densimeters (1, 16, 17) allow determination of C,(T, m) and 
d(T, m) data with improved precision, and make measurements 
in aqueous solutions at elevated temperatures easier. Thus, we 
have undertaken to measure heat capacities and densities of 
several 1: 1 electrolytes, including fission product electrolytes 
(Cs, I). In this paper, we give measured heat capacities, 
calculated +c,(T, m) values, measured densities, and calcu- 
lated apparent molal volumes, +v(T, m), for nine 1 : 1 elctrolytes 
up to 373.15 K at a constant pressure of 0.6MPa. In ref. 6,  we 
apply Pitzer's ion-interaction model (1, 5) to our data to obtain 
G,2(T) and q(T) functions and to calculate thermodynamic 
properties of aqueous electrolytes at higher temperatures. 

Experimental 
(a) General approach 

As discussed above, the c,2(T) and mT) functions, two 
y t i t i e s  of interest, are, respectively, identical to infinite-dilution 
C$T) and +p(T) values, over a wide temperature range. Since 

+C,(T, m) and +v(T, m) values can beexperimentally determined only 
in finite concentration ranges, a theoretical ion-interaction approach 
(1, 5) is required to extrapolate these values to infinite dilution. TO 
apply this model, a large number of C,(T, m) and d(T, m) 
measurements are required, with a high degree of precision, for the 
parametric fit of the data to Pitzer's equations, to evaluate reliably the 
cV2(T) and R T )  functions and the temperature-dependent ion- 
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SALUlA ET AL. 927 

TABLE 1. Apparent molar heat capacities ( b e p )  of selected alkali halides and iodates in aqueous solutions as a function of temperature, at 0.6 MPa* 

I Molality be, Molality @CP Molality 4 c ~  Molality 
(mol kg-') (J K-' mol-') (mol kg-') (J K-' mol-') 

'+CP 
(mol kgp') (J K-' mol-') (mol kg-') (J K-' mol-') 

Nal, 323.15 K Csl, 

Water(O.0) 
0.09843 
0.1964 
0.4153 
0.6115 
0.7%9 
0.9907 

Nal, 348.15 K 0.1114 - 101.2 NalO,, 298.15 K 0.20525 +41.4 

Water(O.0) (75 SO) 
0.05266 -34.0 
0.09847 -31.3 
0.20365 -29.1 
0.51703 -22.6 
1.02118 -14.5 

Nal, 373.15 K 

Water(0 .O) (75.92) 
0.0485 -47.4 
0.1051 -46.8 
0.2136 -41.3 
0.5267 -34.1 
1.0030 -26.0 

CsF, 298.15 K 

Water(O.0) (75.26) 
0.03185 - 132 
0.09585 -128.5 
0.20930 - 122.1 
0.65802 - 109.75 
1.06028 -92.82 

CsF, 323.15 K 

Water(O.0) (75.28) 
0.03185 -97.1 
0.09585 -92.4 
0.20930 -87.4 
0.65802 -79.15 
1.06028 -65.49 

CsF, 348.15 K 

Water(0 .O) (75 SO) 
0.03185 -85.8 
0.09585 -82.1 
0.20930 -77.7 
0.65802 -68.46 
1.06028 -55.22 

CsF, 373.15 K 

Water(O.0) (75.92) 
0.03185 -91.8 
0.09585 -86.0 
0.20930 -80.1 
0.65802 -68.78 
1.06028 -55.42 

CsCl, 298.15 K 

Water(0 .O) (75.26) 
0.04024 - 142.3 

*Values in parentheses are heat capacities (c,,) for pure solvent (water) taken from compilations of Kell (18) and Raznjevic (19). 
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TABLE 3. (concluded) 
-- 

Molality + v Molality + v Molality + V  Molality + v 
(mol kg-') (cm3 mol-I) (mol kg-') (cm3 mol- I )  (mol kg-') (cm3 mol-') (mol kg-') (cm3 mol- ') 

*Values in parentheses are volumes (q for pure water, calculated from equations of Fine and Millero (20). 

0.05156 17.49 
0.10267 FIG. 1. Apparent molar heat capacities, +C,, as a function of 17"' molality, m, for aqueous solutions of cesium halides; a comparison 

HCI, 371.97 K with 298.15 K data of Fortier et al. (7) and Desnoyers et al. (8). Present 

Water(O.0) (18.78) work, a; data for refs. 7 and 8, A. 

TABLE 4. Apparent molar volumes (+v) of KC1O4 and HCl in aqueous 
solutions as a function of temperature, at 0.6 MPa* - loo- 

Molality + v Molality + V  
(mol kg-') (cm3 mol- ') (mol kg-') (cm3 mol- ') 

-120 

KC104, 297.19 K KC104, 371.82 K 
-I 

Water(O.0) (18.06) Water(O.0) (18.77) 
0.00897 52.92 0.00897 57.90 - -100 
0.00897 53.03 0.04669 60.75 - 
0.04669 53.36 0.04669 60.77 I _  

*Values in parentheses are volumes (m for pure water, calculated from 
equations of Fine and Millero (20). 

I I I I I I 1 I 

CSF 2 9 8 K ,  O.6MPo - 

-I;// CsC1 2 9 8 K , 0 . 6  MPo 

- 

considering the uncertainties estimated in such measurements. 
This was expected, because the literature data were obtained 
recently with a room-temperature version of our flow microcal- 
orimeter and flow densimeter system (1, 3). 

For KI03, CsI03, and KC104, no room-temperature litera- 
ture data are available for comparison. In the case of NaI and 
HCl, heat capacity and density measurements were not carried 
out at room temperature. 

High-temperature values 
Figure 2 shows a comparison of our data for CsCl, at 323.15 

0.07681 53.47 0.0768 1 61.34 ; -110- 
0.09582 53.64 0.07681 61.34 - 
0.09582 53.67 0.11945 61.43 I Y  -120- - 

7 
0.11945 53.73 0.11945 61.46 - 

- 
HCI, 322 .I3 K a 

-130- 
U a KC1O4, 321.9 K Water(O.0) (18.22) - 

Water(0 .O) (18.22) 0.01007 17.57 I I I I I I I 

0.00897 56.73 0.02532 17.84 - 90 - C s l 2 9 8 K , 0 . 6 M P a  - 
0.04669 57.25 0.05088 18.18 

0.04669 57.36 0.10133 18.36 

0.09582 57.47 0.15204 18.65 

0.09582 57.42 0.20630 18.66 

0.11945 57.52 
-130 

HCl. 347.03 K 

and 373.15 K, with existing data as a function of concentration 
(12). The literature data were obtained from adiabatic calorime- 
try measurements, and are based on only three, relatively high 
concentration (0.498, 1.084, and 1.606mol kg-') of aqueous 
CsCl (12). The agreement is reasonable, but our e P ( T ,  m) 
values are about 5 J K-' mol-' less negative than the +c,(T, m) 
values of Riiterjans et al. (12). We believe the reason for the 
discrepancy at higher temperatures is that the adiabatic calori- 
metric measurements (12) require vaporization corrections, 
because both liquid and vapour phases of the sample coexist 
during the course of C ,  measurement (12, 21). The large 
vaporization corrections at higher temperatures decrease the 
precision of the measured heat capacities and, consequently, of 
the +c,(T, m) values (12). The present flow calorimetric 
method does not require such vaporization corrections (1, 13). 

Our +c,(T, m) values for CsI are about 13 J K-' mol-' less 
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-1081 I I I I I I I I 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
rn (rnol kg-' ) 

- 6 0  

-64 

FIG. 2. Apparent molar heat capacities, @c,, as a function of 
molality, m, for aqueous CsCl solutions; a comparison with data of 
Riiterjans et al. (12) at 323.15 and 373.15 K .  Data for 323.15 K: *, 
ref. 12; @, present work. Data for 373.15 K: A, ref. 12; 0, present 
work. 

1 I I I I I 1 I 
- - 

CsCI - H2 0 System 
- - 

negative at 323.15 K and about 18 J K-' mol-' less negative at 
373.15 K than the @c,(T, m) values of Riiterjans et al. (12) .  W e  
attribute the discrepancies between the two sets of data to 
uncertainties in the literature data associated with the vaponza- 
tion corrections, as discussed above. 

In the case of NaI, CsF, NaI03, KIO3, CsI03, and KC104, no 
literature data at higher temperatures are available for com- 
parison. 

Conclusions 
We have obtained the heat capacities ( C ,  and @C,),  densities 

(d) and volumes (@v) of several 1:l electrolytes in water, as a 
function of temperature and concentration. Our data are in good 
agreement with the sparse data available in the literature and 
determined by similar, or different, techniques. The present 
data are used in ref. 6 to determine reliable G,*(T) functions, 
which can then be used to calculate the thermodynamic 
properties of ions in water over an extended temperature range. 
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The chemistry of some methoxychlor derivatives 
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WILLIAM H. BAARSCHERS and JAMES P. VUKMANICH. Can. J. Chem. 64, 932 (1986). 
The preparation of 1-chloro-2,2-bis@-methoxypheny1)ethylene (3a) and of 1-chloro-2,2-bis(p-hydroxypheny1)ethylene (3b), 

required for a study of the microbial degradation of methoxychlor ( l a )  was reinvestigated. 'The methoxy compound (3a) was 
readily obtained by alkaline dehydrohalogenation of 1,l-dichloro-2,2-bis(p-methoxypheny1)ethane (2a), but similar treatment 
of 1,l-dichloro-2,2-his@-hydroxypheny1)ethane (2b) gave a chlorine-free compound, characterized as the diethyl acetal of 
2,2-bis(p-hydroxyphenylacetaldehyde (5a) on the basis of spectroscopic evidence and comparison with a model compound. 
Also, 2,2-bis(p-methoxypheny1)acet.i~ acid (4a) and 2,2-bis(p-hydroxypheny1)acetic acid (46) were prepared and the solubility 
and p-values (ethyl acetatelwater) of these acids were determined. 

WILLIAM H. BAARSCHERS et JAMES P. VUKMANICH. Can. J. Chem. 64, 932 (1986). 
On a rCCtudiC la prtparation du chloro-1 his@-mCthoxyphCny1)-2,2 Cthylbne (3a) et du chloro-1 bis(p-hydroxyphCny1)-2,2 

Cthylbne (3b) qui nous Ctaient nkcessaires pour une Ctude de la dCgradation microbienne du mCthoxychlor ( la) .  On obtient 
facilement le compost mCthoxylC (3a) par une dChydrohalogCnation alcaline du dichloro-1,l bis(p-mCthoxyphCny1)-2,2 Cthane 
(2a); toutefois, si l'on traite le dichloro-1 ,1 bis(p-hydroxyphtny1)-2,2 Cthane (2b) de la m&me manikre, onobtient un composC ne 
contenant pas de chlore. Sur la base de donnCes spectroscopiques et par comparaison avec un composC modble, on a Ctabli qu'il 
s'agissait du ditthyl acCtal du his@-hydroxyphCny1)-2,2 acCtaldChyde (5a). De plus, on a prCpar6 l'acide bis(p-mkthoxy- 
phCny1)-2,2 acCtique (4a) et l'acide bis(p-hydroxyphCny1)-2,2 acttique (4b) et l'on a dtterrnink leurs solubilitCs ainsi que leurs 
valeurs p (acetate d'kthyleleau). 

[Traduit par la revue] 

Introduction 

I It was shown (1) that methoxychlor ( la)  and its hydroxy 
analogue (lb) are reductively dechlorinated by Klebsiella 
pneumoniae. The resulting dichloro compounds (2) appeared to 
be further degraded, possibly (2) via the monochloro-olefins (3) 
to the substituted phenylacetic acids (4). Better evaluation of 

I these preliminary results (1) required the preparation of the 
monochloro-olefins (3) and the acids (4) and measurement of 

1 
I the water solubility and extractability of the latter. 

Most of the required compounds could be synthesized by 
I methods published in earlier literature (3-5) and need no further 

discussion. However, attempts to prepare the dihydroxymono- 
chloro-olefin (3b) by alkaline dehydrohalogenation led to an 
unusual substitution product. The elucidation of structure 5a  for 
this product on the basis of its spectroscopic properties and a 
comparison with the model compound 5 b constitute a major part 
of this report. 

Results and discussion 
The dehydrohalogenation of substituted 2,2-diarylchloro- 

ethanes, including methoxychlor ( la) ,  has been studied by 
Cristol et al. (6). These authors found the rate of this E2 reaction 
to be primarily dependent on the acidity of the benzylic hydro- 
gen, which in turn is determined by the electronic effects of the 
p-substituents on the aromatic rings and the degree of chlorine 
substitution on the a-carbon. Thus, the dehydrohalogenation 
of methoxychloro ( la) ,  hydrochlor (1 b), and the dimethoxydi- 
chloro compound (2a) was found to proceed smoothly in 
ethanolic potassium hydroxide. In the case of hydroxychlor 
(lb), the decrease in acidity of the benzylic hydrogen caused by 
the formation of the dianion (in alkaline medium) is sufficiently 
offset by the presence of the trichloromethyl group to allow 
elimination to proceed. 

For the dihydroxydichloro compound (2b) it appears that the 

'Author to whom correspondence may be addressed. 
'~evision received Dec. 20, 1985. 

decrease in chlorine substitution, as compared to hydroxychlor 
(lb), has attenuated the acidity of the benzylic hydrogen to a 
point where alkaline dehydrohalogenation is no longer possible. 
Thus, treatment of the dichloro compound (2b) with ethanolic 
potassium hydroxide gave a crystalline. chlorine-free product, 
C18H22O4, in nearly quantitative yield. The elucidation of 
structure 5a (Scheme 1) for this new compound is relevant to the 
understanding of the chemistry of the 2,2-diarylchloroethanes. 

The proton nuclear magnetic resonance ('H nmr) spectrum of 
this unexpected reaction product contained multiple signals 
centered at 6 = 9.04 and 3.20ppm, characteristic of two 
equivalent ethoxy groups. A single 2-proton signal at 6 = 
4.21 ppm was initially assigned to the methylene group in a 
benzoin type structure (7), which could mechanistically be 
rationalized in terms of a modified Fritsch-Buttenburg-Wie- 
chell rearrangement (7). However, a symmetrical 4-line pattern 
(8H), centered at 6 = 6.94ppm in this spectrum, indicated the 
equivalence of the two aromatic rings, which is inconsistent 
with structure 7. 

Treatment of the ethoxy compound with p-toluenesulfonic 
acid in dry acetone (8) gave a crude mixture in which the 
aldehyde (6a) was the major component. Although attempts to 
purify this aldehyde failed due to slow and continuing decom- 
position during handling, the impure aldehyde (v,, = 1719 
cm-') gave a 'H nmr spectrum in which the benzylic proton 
(Ha, 6) gave a signal at 6 = 4.69ppm coupled (J = 1.5 Hz.) 
with the aldehydic proton (Hb) at 6 = 9.75 ppm. The instability 
of the aldehyde (6a) must be attributed to the p-hydroxy groups, 
since the commercially available diphenyl acetaldehyde (6b) is 
a stable compound. 

The anomalous chemical shift of the protons Ha and Ht, of the 
acetal 5a must also be attributed to the presence of the 
p-hydroxy groups. Hexadeuteroacetone, routinely used in this 
study for solubility reasons, could form hydrogen bonds with 
these hydroxy groups, causing the benzylic proton Ha and the 
a-proton Hb to have the same chemical shift, so that only the 
single two-proton signal at 6 = 4.21 is observed. Attempts to 
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BAARSCHERS AND VUKMANICH 

RO-4-C-+-OR RO-4-CH-+-OR 
I I 
CHCl 

I 
COOH 

3a R = CH3 4a R = CH3 
3 b R = H  4 b R = H  

HO-+-CH-+-OH R-+-CH,-4-R R-4-CH,-4-R 
I + I + 

CHC12 CHb(OEt)2 
I 

CHbO 

26 5a R = O H  6 a  R = OH + 5 b R = H  k 6 b R = H  
\ 
\ 
\ 
\ - - -  

OEt --b 
HI H4 

I 
HO-+--C-CH2-+-OH 

I I 
Hz-C-C-0- 

I 
OEt 

I I 
H3 Hs 

7 8 
SCHEME 1 

OEt I 
5a R = OH; M+ = 302 a R = OH; M+ - 46 (mlz 256) b R = OH; m l z  228 c R = OH; mlz 227 
56 R = H; M+ = 270 a' R = H; M+ - 46 (mlz 224) b' R = H; mlz 196 c' R = H; mlz 195 

+ 
R-+-CH-+-R 

d R = OH; mlz 199 
d' R = H; mlz 167 f M+ - (mlz 256) g mlz 151 

I -C2H4 
(m* = 100.2) 

h mlz 123 e R = OH; mlz 93 
e' R = H; mlz 77 

SCHEME 2 

confirm this explanation by recording the 'H nmr spectrum at 
400 MHz were not successful. 

Incidentally, the 400-MHz spectrum of the acetal (5a) did 
provide the necessary resolution to show the considerable 
rigidity of this molecule in terms of the nonequivalence of the 
methylene protons of the ethoxy groups. A computer simulation 
of the observed 16-line signal was camed out using the ITRCAL 
program (9). Assignment of 6 = 3.16 and 6 = 3.27 ppm to 

protons H4 and H5 (S), respectively, and setting J4,5 = 9.5 Hz 
and J1,'$ = 7.27 Hz gave a simulated spectrum identical to the 
observed pattern. 

Final confirmation for the structure of the acetal (5a) was 
obtained by comparison of its mass spectrum with that of the 
diethyl acetal (5b) prepared from diphenyl acetaldehyde (6b). 
The ions a,a' + e', which result from fragmentations (see 
Scheme 2) that do not involve the p-hydroxy groups (of 5a), are 
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TABLE 1. Water solubility and p-values of the diarylacetic 
acids (4) 

Solubility p-Value 
(Hz09 P P ~ )  (EtOAc /H20) 

Methoxy acid (4a) 199 0.79 
Hydroxy acid (4b) 17 656 0.82 

common to both spectra, and the ions g, h, and e are only found 
in the spectrum of 5a .  

It may be noted that formation of acetals by direct substitution 
on a dichloromethyl group is not uncommon and, together with 
the analogous formation of aldehydes, is one of the standard 
routes for the preparation of these functional groups (10) .  
However, such reactions usually involve substrates in which 
elimination is not a viable alternative. That this reaction has not 
been observed before with 2,2-diarylchloroethanes is probably 
because systematic studies of this group of compounds (5, 6 ,  
1 1 )  have usually excluded compounds containing phenolic 
hydroxy groups. 

For the preparation of the acids 4a  and 46 by condensation of 
glyoxylic acid with anisole or phenol it was found that the use of 
glacial acetic acid with concentrated sulfuric acid substantially 
improved the yield of the methoxy acid (4a)  from 16% (12) to 
80%, but this modification did not affect the yield of the 
hydroxy acid (46) .  The water solubilities of these acids were 
determined by gas chromatography and titration of carefully 
prepared, saturated solutions, and the p-values for the water/ 
ethyl acetate system were determined-according to Beroza et 
al. (13). The results of these measurements are presented in 
Table 1 .  It follows that, notwithstanding the relatively high 
water solubility of the hydroxy acid (4b) ,  the p-values of both 
acids are such that they may be expected to be recovered under 
conditions previously used for the extraction of K. pneumoniae 
cultures (1). 

Experimental 
General 

Melting points are uncorrected. Infrared (ir) spectra were recorded 
on a Beckrnann IR-12 spectrophotometer. Proton magnetic resonance 
('H nrnr) spectra were recorded on a Bruker W - 8 0  and (or) a Bruker 
W 4 0 0  spectrometer for hexadeuteroacetone solutions with tetrameth- 
ylsilane as internal standard. Mass spectra (ms) were recorded on a 
Hitachi-Perkin-Elmer RMU-7 double focussing mass spectrometer. 
Combustion analyses were carried out with a Perkin Elmer Model 240 
elemental analyser. A Perkin Elmer Model 3920 B gas chromatograph 
equipped with a flame ionization detector was used with silicone gum 
SE-30 (5%) on Gaschrom Q in a 1.8 X 6.4 rnm column at 230-250°C. 
Nitrogen was the carrier gas at 25 mL/min. 

1 , 1 , I-Trichloro-2,2-bis(p-hydroxypheny1)ethane ("Hydroxychlor", 
lb), 1,l-dichloro-2,2-bis(p-methoxypheny1)ethane ( 2 4 ,  and 1, l-  
dichloro-2,2-bis(p-hydroxypheny1)ethane (26) had been prepared 
earlier (I), according to Kapoor et al. (3). I -Chloro-2,2-his@- 
methoxypheny1)ethylene (3a) was prepared according to Mendel et al. 
(4), and 1-chloro-2,2-bis-(p-hydroxypheny1)ethylene (3b) according 
to Davison et al. (5). All of these compounds had the required mp's, 
gave satisfactory elemental analysis results, and had spectral properties 
('H nmr and ms) in accordance with their structures. 

2,2-Bis(p-hydroxypheny1)acetaldehyde diethyl acetal(5a) 
1,l-Dichloro-2,2-bis(p-hydroxypheny1)ethane (2b, 0.402g) was 

added to a solution of potassium hydroxide (0.4 g) in ethanol (96%, 
40 mL) and the mixture was refluxed for 1 h. The solvent was removed 
in vacuo, the residue dissolved in icewater (50 mL), and the resulting 
aqueous solution was acidified and extracted with ether (3 x 50 mL). 

The combined extract, after drying and removal of the solvent in 
vacuo, gave a crude product that, on recrystallization (chloroform- 
benzene - ethyl acetate), gave the pure acetal(5a, 0.399 g, 93%); mp 
190-192°C; 'H nmr 6:0.94 (t, 6H, J = 7 HZ), 3.21 (m, 4H), 4.21 (s, 
2H), 6.94 (q, 8H, arom.); ms: 302 (M' , 1.5),256 (30), 228 (1 I), 227 
(14), 199 (40), 15 1 (loo), 123 (go), 93 (22), 77 (18). Anal. calcd. for 
Cl8Hz2O4: C 71.50, H 7.33; found: C 71.44, H 7.27. 

2,2-Bis(p-hydroxypheny 1)acetaldehyde (6a) 
To the diethylacetal ( 5 4  0.902 g), in dry acetone (35 mL), was 

added p-toluenesulfonic acid (0.106 g) and the mixture was stirred at 
room temperature for 2 h. After removal of the solvent in vacuo, the 
residue was dissolved in water (80 mL) and sodium bicarbonate was 
added until pH = 7. Extraction with ether and removal of the solvent 
gave the crude aldehyde (6a, 0.624gl. Thin-layer chromatography 
indicated the absence of starting material and the presence of minor 
impurities; 'H nmr 6: 4.69 (d, lH,  J = 1.5 Hz), 6.90 (q, 8H, arom.), 
9.75 (d, lH, J = 1.5 Hz). 

Attempts to purify the aldehyde (6a), by recrystallization or by 
column or preparative thin-layer chromatography, led to increasingly 
impure products. 

2,2-Diphenylacetaldehyde diethyl acetal(5b) 
To a solution of diphenylacetaldehyde (6b, 2.73g) in ethanol 

(25 mL), was added concentrated sulfuric acid (0.5 mL), the mixture 
refluxed for 3 h, concentrated to small volume, and poured into 
icewater (50 mL) containing sodium carbonate (1 g). Extraction with 
ether gave a crude product (2.71 g) of which a small portion was 
purified by chromatography on silica gel. Elution with CHC13 gave the 
pure acetal (56) as a colourless oil; 'H nmr 6:  0.99 (t, 6H, J = 7 Hz), 
3.53 (m, 4H), 4.25 (d, lH, J = 8 Hz), 5.20 (d, lH,  J = 8 Hz), 7.33 (m, 
10H, arom.); ms: 270 (M', not observed), 224 (loo), 196 (57), 195 
(29), 167 (85), 77 (62). 

2,2-Bis(p-methoxypheny1)acetic acid (4a) and 2.2-bis(p -hydroxy- 
pheny1)acetic acid (4b) 

The acids were prepared by condensation of glyoxylic acid with 
anisole and phenol, respectively. The method of Hubacher (10) was 
modified by using glacial acetic acid as the solvent and concentrated 
sulfuric acid as the catalyst. The acid ( 4 4  was obtained in 80% yield 
and the yield of 4b was 42%. Both compounds were characterized by 
satisfactory combustion analysis results and had spectroscopic ('H 
nmr, ms) properties in agreement with their structures. 

Solubility measurements 
(i) Methoxy acid 4a (25 mg) was added to water (50 mL) and the 

mixture stirred at room temperature for 48 h and filtered through a plug 
of glass wool. The first 20 mL of filtrate were discarded and, from the 
next 20 mL, triplicate 1-mL aliquots were transferred to 1-mL serum 
vials. After removal of the water with a stream of dry nitrogen, each 
sample was silylated (Tri-sil, 0.2mL) and diluted with an internal 
standard solution (0.8 mL, DDT in benzene). Gas chromatographic 
analysis of these samples and of a series of similarly prepared standard 
solutions indicated the concentration of the acid 4a in water to be 
199 ppm 

(ii) Hydroxy acid 4b (2.0 g) was added to water (50 mL) and the 
mixture stirred and filtered as above. Triplicate 5.00-mL aliquots were 
titrated with sodium hydroxide solution to pH = 7.4. The average titer 
of 11.94 mL indicated the solubility of the acid to be 17 656 ppm. 

p-Values 
Stock solutions were prepared by dissolving the methoxy acid 

(45.51 mg) and the hydroxy acid (24.81 mg) in ethyl acetate (100mL 
each). Aliquots (5.0mL) of these stock solutions were transferred to 
10-mL screw cap vials, containing distilled water (5.0 mL), previously 
equilibrated with ethyl acetate. The vials were shaken by hand, the 
layers allowed to separate, and 2-mL aliquots of the organic phase were 
withdrawn, placed in separate vials, and the solvent removed with a 
stream of dry nitrogen. Each dry residue was treated with Tri-sil 
reagent (Pierce, 0.2 mL) and made up to 1 mL with a DDT-containing 
internal standard solution. Gas chromatographic analysis of these 
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BAARSCHERS AND VUKMANICH 935 

samples, as compared to a series of similarly prepared standard 
solutions, gave p-values (i.e., the ratio of the material in the organic 
phase to that originally present in the stock solution) as 0.79 for the 
methoxy acid (4a) and 0.82 for the hydroxy acid (4b). 
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FLORIAN PRUCHNIK, BRIAN R. JAMES, and PAL KVINTOVICS. Can. J. Chem. 64, 936 (1986). 
The syntheses and characterization of some dimeric rhodium(I1) complexes containing bridging mandelato ligands and a 

metal-metal bond are described. The compounds isolated are Rh2(02CR)4(H20)2, previously described by Shchelokov and 
coworkers, and derivatives of the type Rh2(02CR)2(N-N)2X2.nH20 (R = (R)-CH(OH)Ph, N-N = o-phenanthroline or 
2,2'-dipyridyl, X = C1, Br, I ,  and n is 4, 2, or 1). A mixture of species containing both bridged acetate and mandelate was 
isolated also. Infrared and electronic spectral data are reported. The chloride ligands of the dimers are displaced readily by 
alcohols, phosphines, phosphites, and amines; the metal centre also may be reduced by alcohols, P(OEt)3, and "Bu2NH. 
Preliminary studies point to the conditions necessary for the rhodium@) mandelate and derivatives (phosphine or (N-N) 
substituted) to activate H2 for catalytic hydrogenation of olefins and ketones, including prochiral substrates. 

FLORIAN PRUCHNIK, BRIAN R. JAMES, et PAL KVINTOVICS. Can. J. Chem. 64, 936 (1986). 
On dCcrit la synthkse et la caractCrisation de quelques complexes ddmkres du rhodium(I1) qui contiennent des ligands 

mandClato qui foment des ponts ainsi qu'une liaison mCtal-mCtal. Les composCs isolts comportent le Rh2(02CR)4(H20)2, qui 
a CtC dCcrit antirieurement par Shchelokov et ses collaborateurs, et des dCrivCs du type Rh2(02CR)2(N-N)2X2.nH20 dans 
lesquels R = (R)-CH(OH)Ph, N-N = o-phknanthroline ou bipyridyle-2,2', X = C1, Br, ou I, et n = 4 ,2 ,  ou 1. On a aussi 
is016 des mClanges d'eseces contenant i la fois des ponts acetate et mandklate. On rapporte les domkes relatives aux spectres 
infrarouges et Clectroniques. Les ligands chlorures des dimkres sont facilement dCplacCs par des alcools, des phosphines, des 
phosphites et des amines; le mCtal central peut aussi &tre rkduit par les alcools, le P(OEt)3, et "Bu2NH. On a effectuC des Ctudes 
prtliminaires dans le but d'Ctablir les conditions nCcessaires pour que le mandClate de rhodium(I1) et ses derives (substituCs par 
des phosphines ou des N-N) puises activer le H2 afin de rCaliser une hydrogenation catalytique des olefines et des cCtones, y 
compris des substrates prochiraux. 

[Traduit par la revue] 

I 
I Introduction 

Rhodium(II) carboxylato complexes such as  Rh2(02CR)4 
I 
I and bis-ligated adducts, Rh2(02CR)2(N-N)2X2 and 

FUI~(O~CR)~(L-L)~ ,  where N-N = 2,2'-dipy, o-phen, X = 
halide, L-L = acac, dmgH, etF. ,3 have aroused considerable 
interest because of their interesting structures, catalytic proper- 
ties, and anti-tumour activity (1,2). Our interests were based on  
the r e h r t e d  effectiveness of Rh2(02CR)4 (R = CH3, C3H7) or  
Rh2(02CR)2(dipy)2C12 species for  catalytic hydrogenation of 
olefins (3) and ketones (4), and cyclopropanation of substituted 
ethylenes (5,6). B y  using chiral carboxylates, w e  hope to 
develop catalytic systems for asymmetric hydrogenation of 
prochiral olefins and ketones, as  well as  for asymmetric 
cyclopropanation. Naturally occurring, inexpensive chiral lig- 
ands are especially attractive for use in  asymmetric synthesis, 
and this paper describes the syntheses and characterization of 
some rhodium(II) complexes of the type 
F U I ~ ( O ~ C R ) ~ ( N - N ) ~ X ~  containing R- or  S-mandelic acid. Re- 
ports on  the synthesis and characterization of the S-mandelate 
complex F U I ~ ( O ~ C R ) ~ ( H ~ O ) ~ ,  R = (S)-CH(OH)Ph, and a 
range of adducts formed with neutral ligands, have been 
published by Shchelokov et al. (7). 

'On leave at the University of British Columbia, 1983. 
20n leave from the University of Chemical Engineering, Veszprem, 

Hungary, 1981-1982. 
3~ igand  abbreviations used: 2,2'-dipy = 2,2'-dipyridyl, o-phen = 

1 ,lo-phenanthroline, Hacac = acetylacetone, dmgH2 = dimethylgly- 
oxime, py = pyridine, P ( 2 - p ~ ) ~  = his(2-pyridy1)phosphine. 

Experimental 
Rhodium(1II) trichloride hihydrate (41.37% Rh) was supplied 

by Johnson, Matthey Ltd. The precursor rhodium complexes 
Rh2(02CCH3)4(MeOH)2 (8). Na4Rh2(C03)4.2.5H20 (9). and the 
2-methylallyl complex [RhCl2(C4H7)I2 (lo), were prepared by the 
literature methods. R- and S-Mandelic acid were used as supplied by 
Aldrich Chemical Co. Infrared spectra (KBr pellets) were measured on 
Perkin Elmer 283 and 598 instruments, uv-vis on Cary 15 and 17 
instruments, and 'H nmr on a Bruker WP-80 machine. Elemental 
analyses were carried out by Mr. P. Borda of the Chemistry Department 
at U.B.C. and at the Institute of Chemistry, University of Wroclaw. 
The procedures used to study the catalytic hydrogenation of the olefinic 
substrates have been described previously (1 1). 

Diaquo-p-tetrakism- or S-mandelato)dirhodium(lI), 
Rhz(OzCR)4(HzO)z~ l4 

The method used was similar to that given in the literature (7). The 
carbonate complex Na4Rh2(C03)4.2.5H20 (0.31 g, 5.3 X mol) 
and (R)- or (S)-mandelic acid (0.685 g, 4.5 X mol) in water (30 
mL) were refluxed for 1 h. The blue colour of the carbonate faded and 1 
precipitated as a green solid; the volume was reduced to 15 mL, and 1 
was filtered off, washed with water, and recrystallized from CH30H- 
H20 (1:l v/v), yield 0.36g (85%). Anal. calcd. for CI6H1607Rh: C 
45.41, H 3.81; found: C 45.9, H 4.1%. This method provides the 
simplest route to the tetrakis(mande1ato) dimer; prior to the literature 
report of this synthesis (7), we had developed a rocedure starting from 
RhC13.3H20. Mandelic acid (0.46 g, 3 x 10-Pmol) was dissolved in 
EtOH (25 mL); freshly prepared ethoxide (3 x mol Na/ 10 mL 
absolute EtOH) was then added under Ar, followed by RhC13.3H20 
(0.26 g, 1 X rnol), and the mixture refluxed for 1 h. Filtering 

4R = (R) or (8-CH(0H)Ph throughout this paper, unless stated 
otherwise. 
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yielded a green solution, which was concentrated to about 5 mL prior to 
addition of diethylether (10 mL) that precipitated out a green solid. This 
was dissolved in EtOH and loaded onto a silica-gel column; elution of 
the blue-green fraction with ethyl acetate gave Rh2(02CR)4, 0.20 g 
(50%). Anal. calcd. for Cl6HI4o6Rh: C 47.41, H 3.46; found: C 47.4, 
H 3.5. The ir data have been reported previously (7), but not the nmr 
data: 'H nmr (DMSO-d6), 6: PhCH(0H)- (4.88d, JHH = 6 HZ, 1H); 
PhCH(0H)- (5.5d, JHH = 6Hz, 1H); C6H5 (7.1-7.3m, 5H); 
13C-{'H) nmr(DMS0-d6), 6: -C02 (193.3), C1-CH(OH)CO;? 
(140.8), Ph(C2-C6) (133-123), -CH(OH) (73.74). 

Attempts to prepare pure mixed acetate-mandelate complexes were 
unsuccessful. Thus, for example, Rh2(02CCH3)4(MeOH)2 (5 X 
mol) and (S)-mandelic acid (2 X mol) were heated at 120°C for 
4 h  in 2-ethoxyethanol (7mL); every hour -1 mL of solvent was 
evaporated under vacuum to remove acetic acid. The remaining 
volume (-2 mL) was then filtered into diethylether (150 mL), and the 
mixture then refiltered. The filtrate was reduced in volume to 3-4 mL, 
when addition of toluene (5 mL) led to precipitation of a green solid. 
The precipitate was washed with toluene, dried, twice dissolved in dry 
diethylether and reprecipitated by adding hexane. A mixture of 
mixed-carboxylato ligand complexes containing both acetate and 
mandelate was obtained: 'H nmr (CD3COCD3), 6: CH3C02 1.57 s, 
1.62s, 1.65 S, 1.709, 1.79s; H20 + CH30H 2.89s; CH30H 3.60s; 
PhCH(0H)- 4.34 m; PhCH(OH)- 4.79 d, 4.87 m, 4.92 m; C6H5 
7.1-7.3 m. 

In (CD3)2C0 containing D20, the multiplets in the 6 4.79-4.92 
region collapse to five singlets (loss of coupling to the mandelate-OH), 
the intensity ratios being the same as for the five acetate-CH3 singlets. 
A mixture of Rh2[02CCH(OH)Ph]n(02CMe)4., species, presumably 
with the possibility of cis and trans isomers for n = 2, is indicated, and 
an elemental analysis corresponded to Rh2[02CCH(OH)Ph]2.s- 
(02CMe)1,5.1 .5H20.0.5CH30H. Anal. calcd: C 39.46, H 3.80; found: 
C 39.5, H 4.0. Reactionof the rhodium acetate with mandelate in water 
gave mainly insoluble 1; work up of the aqueous filtrate yielded 
water-soluble species with n being variable between 1 and 3. 

Dichlorobis(phenanthro1ine)- y -bis(S -mandelato)dirhodium(II)- 
tetrahydrate, Rh2(02CR)2(phen)2C12.4H20, 2 

(a) Equimolar amounts (5 X mol) of [RhCl2(C4H7)I2,phen, 
and (9-mandelic acid, in 95% EtOH (15 ml) were refluxed for 5 h. A 
yellow-brown precipitate that formed was filtered off, and the 
red-brown filtrate left overnight under N2 to yield red-brown crystals 
and a yellow powder that were separated by decantation. The 
red-brown compound was then recrystallized from 95% EtOH; yield 
0.11 g (43%). Anal. calcd. for C20H190sN2C1Rh: C 47.50, H 3.79, 0 
15.82, N 5.54, C17.01; found: C47.2, H 3.8, 0 15.6, N 5.6. 

(b) A solution of RhC13.3H20 rnol), (S)-mandelic acid (5 X 
mol) and NaOH (4 X mol) in 95% EtOH (10mL) were 

refluxed for 10 h. Some NaCl and Rh metal were filtered off to give a 
green solution thought to contain [Rh2(02CR)4CIn]n-. Addition of 
lop3 rnol phen was followed by refluxing under N2 for 4 h; a small 
quantity of a brownish-green precipitate was filtered off, and the filtrate 
left overnight to yield a red-brown precipitate that was recrystallized 
from 95% EtOH; yield 0.19 g (40%). Anal. found: C 47.8, H 4.0, N 
5.4, C17.1. 

(c) A solution containing 1 (0.085 g, rnol), phen (0.040 g, 2 X 
rnol), and NaCl(0.013 g, 2.2 x mol) in 75% EtOH (12 mL) 

was refluxed under N2 for 2 h. The resulting dark green solution, on 
filtering hot in air to remove trace amounts of solid, became reddish- 
brown and yielded crystals of 2 on cooling; yield 70 mg (70%). Anal. 
found: C 47.5, H 3.5, N 5.7, C17.4. 

The bromo (3) and iodo (4) analogues of 2 .  
The bromo and iodo complexes were isolated in 70-80% yields as 

the tetra- and monohydrates, respectively, by the procedure described 
above in (c) but using NaBr or NaI. Anal. calcd. for C20H1905N2BrRh: 
C43.66, H3.48, N5.09, Br 14.52;found: C43.3, H3.2,  N4.8,Br 
14.6. Anal. calcd. for C40H32N412Rh2: C 42.13, H 2.83, N 4.91, I 
22.26; found: C 41.7, H 2.5, N 4.6, 122.5. 

Dihalobis(dipyridine)- y -bis(S -mandelato)dirhodium(II) dihydrate, 
Rh2(02CR)2(dipy)2X2-2H20; X = C1(5), Br (6), 1 (7) 

The procedure used was identical to that described in (c) but using 
dipy in place of phen, and the appropriate sodium halide; yields were 
60%. Anal. calcd. for C18H1704N2C1Rh: C 46.62, H 3.70, N 6.04, C1 
7.65; found: C 46.4, H 3.4, N 6.2, Cl 7.9. Anal. calcd. for 
CI8Hl7O4N2BrRh: C 42.55, H 3.37, N 5.51, Br 15.72; found: C 42.1, 
H 3.1, N 5.3, Br 15.4. Anal. calcd. for CI8Hl7O4N2IRh: C 38.94, H 
3.09, N 5.05,122.86; found: C 38.8, H 3.1, N 4.7, 122.6. 

Results and discussion 
Although the metal-metal bonded p-tetrakis(carboxy1ato)- 

dirhodium(L1) species readily form adducts in which the axial 
sites are occupied by donor solvents or ligands (e.g., the man- 
delate species Rh2(02CR)4 readily and reversibly binds axial 
water ligands, and the nmr spectrum measured in DMSO-d6 is 
certainly that of the bis(su1foxide) adduct), the p-carboxylates 
are thermally and substitutionally stable (1,2). The findings here 
confirm that substitution of the carboxylate ligands by 'other 
carboxylates, or chelating agents such as 2,2'-dipyridine or 
o-phenanthroline, is rather slow. Nevertheless, the best route 
that we found for the Rh2(02CR)2(N-N)2X2 complexes was 
via the precursor tetrakis-(mandelato) complex, rather than via 
Rh2C14(C4H7)2 or RhC13.3H20 which gave more side products. 

The extensive ir data in the literature for rhodium(I1) 
carboxylates (1,2,12,13) allow for a fairly confident assignment 
of the bands listed in Table 1; vasym(RhO) almost certainly 
occurs at higher wavenumbers than vsym(RhO) (1). The 
relatively low v(RhX) values indicate weakly held halide 
ligands as in the corresponding formate and acetate analogues 
(12,13), and ethanol solutions of the chloro and bromo com- 
plexes gave conductivities in the 140 ohm-' cm2 mol-' range, 
while the iodo species gave about half this value; all the halide 
compounds show incomplete dissociation (see below). The 
tetrakis(mande1ato) complex 1 has bands at 1380 and 1410 cm-' 
in the vsy,(C02) region, and a 1595 cm-' band in the 
vasym(C02) region; the values are in the range given by 
Shchelokov et al. (7) for various tetrakis(mande1ato) complex- 
es, and are consistent with the familiar dimeric "lantern" 
structure with bridging carboxylates and a metal-metal bond. 
The free -OH group of the mandelate is seen at 3510 cm-'. 
For complexes 2-7, vsym(C02) and vasym(C02) are found 
in the ranges 1402-1410 and 1572-1577 cm-' , respectively; 
the ir data, and electronic spectral data (see below), resemble 
very closely those of the formate and acetate Rh2(02CR)2- 
(N-N)2X2 analogues, and the type of structure, based on that 
determined for the formato-phenanthroline-chloro complex 
(12), is shown diagrammatically in Fig. 1. 

The electronic spectra (Table 2) are typical of those of 
binuclear rhodium(II) complexes, and the lowest energy band 
(I) results from an allowed nghpRh + transition 
(1,7,12,14,15). The energy of this transition is higher for 2-7 
than for 1, and this we attribute to stabilization of the T&-R~ 

state by interaction with the T* orbitals of the unsaturated amine 
(12). The energy of band I has been shown previously to increase 
with increasing field strength of ligands coordinated along the 
Rh-Rh axis (I), and some limited data given in Tables 2 and 3 
support further this claim. The aquo ligands of 1, and the 
halide ligands of 2-7, are readily displaced in ethanol solution 
and the data show an increase in energy within the series: 
L = ROH < RNH2 - R2NH - R3N < PR3 - P(OR)3. A 
recent paper (16) has described formation of Rh2(02CCH3)2- 
(Ph2P(C6H4))2(CH3C02H)2 from Rh2(02CCH3)4(MeOH)2 via 
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TABLE 1. Some infrared data of dimeric rhodium(II) man- 
delate complexes 

Complexa v(RhO), cm-' v(RhX), cm- 

TABLE 2. Electronic absorption spectral data of the dimeric 
rhodium(II) mandelate complexes (1-7) 

Complexa Bands, p,m-' (EX lop2, M-' cm-') 

1 332s,364w,398m - 
2 330m, 390m 118s 
3 336m, 395m 133s 
4 335m, 397m 104s 
5 330m, 375m, 390m 195s 
6 303s, 347m 126s, 132s 
7 327m, 388s 109s 

"1, Rh2(02CR),(H20)2; 2, (X = Cl), 3 (X = Br) within Rh2(02CR)2- 
(phen)2X24H20; 4, RhZ(OZCR)2(phen)212~H20; 5 (X = Cl), 6 (X = 
Br), 7 (X = I) within Rh2(02CR)2(dipy)2X2~2H20. 

FIG. 1. Diagrammatic representation of the R ~ I ~ ( O ~ C R ) ~ ( N - N ) ~ X ~  
complexes. 

a refluxing procedure using PPh3 in acetic acid, in which ortho- 
metallation has occurred at one phenyl ring on each phosphine; 
however, at the ambient conditions used in our work, simple lig- 
and displacement to give Rh2(02CR)4(EtOH)2-, (phosphine), 
from 1, and [Rh2(02CR)4(N-N)2C12-n(phosphine),]n+ from 
2 and 5 (comparable to Rh2(02CCH3)2(dmg)2(PPh3)2 (17)), is 
considered to be occurring. 

The electronic spectra of the bromo and iodo complexes 
(Table 2) show extra bands in 3.1-3.3 or 2.5-2.8 p,m-' 
regions, respectively, compared to the corresponding chloro 
complexes. The high extinction coefficients and relative posi- 
tions of the peaks, based on differences between optical 
electronegativities of the metal and bromine and iodine (18), 
suggest they are halogen + Rh charge transfer bands; the halides 
probably remain partly coordinated in alcohol solutions. Assign- 
ment of the C1 -, Rh bands, expected in the 3.6-4.0 p,m-' 
region, is difficult because of the presence of bands of the N-N 
ligands and phenyl groups. 

The absorption occurring in the 2.2-2.35 p,m-' region 
(band 11) (Tables 2, 3) arises from an allowed T & , - ~  -, 
u&,-~ transition, with a weaker, forbidden tiRhpRh -, 
u & , - ~  component (1,7,14,15); without interference from 
charge transfer, the extinction coefficient of band 1I is less than 
that of band I. In the spectra of the phenanthroline and dipyridyl 
systems, band 11 is seen as a shoulder with much higher E values 
because of charge transfer bands in the region (metal+ligand, 
or intraligand). 

The Rh2(02CR)2(N-N)2X2 species on treatment with cer- 
tain ligands in solution slowly undergo reduction. Thus, an 
ethanolic solution of 2 on treatment with a 100-fold excess of 
P(OEt)3 under Ar at room temperature initially gives an 
electronic spectrum almost identical to that of the PPh3 adduct 

1, EtOH 

~ i x t u r e ~  

2, EtOH 

3, MeOH 

4, MeOH 

5, EtOH 

6, MeOH 

7,  MeOH 

"See footnote a in Table 1 .  
bBand I. 
"Band 11. 
dRh2[02CCH(OH)Ph]2.5(02CMe), , product (see Experimental). 
'Charge transfer, halide + Rh. 

(Table 3); on standing, the solution turns dark green (tl12 - 0.5 h) 
with new, highly intense bands appearing at 1.49 and 1.66 p,m- ' 
(670 and 602 nrn), but on exposure to trace 02 ,  rapid reconver- 
sion to the Rh(I1) species is observed. The intense, low energy 
bands are strongly indicative of Rh-Rh interactions within 
polynuclear [Rh(I)I, or [Rh(I)Rh(IT)], species (19); the bands 
result from metal to ligand charge transfer transitions (d,2 + 
r*),  the energies decreasing on increasing the number of 
interacting metal atoms. At refluxing temperatures, the ethanol 
solvent (or 2-propanol) can act as reductant, and air-sensitive 
green solutions again result. Green solutions formed by using 
"Bu2NH as reductant (Table 3) are somewhat more air-stable. 
Recent studies from one of our groups have revealed that 
reduction of Rh(III) to Rh(1) using alkyl amines occurs via a net 
dehydrogenation of the amine to give an enamine fragment (20); 
a similar redox process could be envisioned at two Rh(II) centres. 

Preliminary studies show that complex 1 (or the unligated 
Rh2[O2CCH(OH)PhI4 species) in EtOH or dimethylacetamide 
solution will catalyze the H2 hydrogenation of prochiral olefinic 
acids such as a-methylcinnamic or a-acetamidocinnamic under 
mild conditions (40°C, 1 atm H2). A pretreatment of the 
complex with H2 in the absence of substrate (30min) is 
necessary for effective catalysis, during which time a color 
change from green to brown is observed: initial turnovers (mol 
H2/mol Rh) for the catalysis at [Rh] = 2.5 x lop3 M, 
[substrate] = 0.1 M, are about 1.0 min- ', and final conversions 
are close to 100%. However, optical yields are close to zero, 
and the homogeneity of the systems is not established. Of 
interest, earlier work reporting on the ability of Rh2(02CCH3)4 
to catalyze the H2 hydrogenation of terminal olefins in a range of 
solvents notes that the acetate dimer was unreactive toward HZ, 
although the hydride HRh2(02CCH3)3 was postulated as a 
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TABLE 3. Electronic absorption spectral data for complexes 1 ,2 ,  
and 5, in the presence of added ligands (L)' 

Complex + L Bands, pm-' (EX M-' cm-') 

"Dimeric complex + ligand (Rh2:L = 1:2) in EtOH. 1 is considered to 
generate Rh2(02CR)4(EtOH)2-nLn species; 2 and 5 are considered to 
generate [ R ~ ~ ( O ~ C R ) ~ ( N - N ) ~ C ~ ~ ~ , , L , , ] " +  species. 

bBand I. 
'Charge transfer, phosphorus + Rh. 
dBand 11. 
'Solution heated under AI to give reduced, green species (see text). 

catalytic intermediate (3). During the 30 min reaction of H2 with 
1, -0.65mol gas/mol Rh2 were taken up in solution, but 
reaction was still occurring slowly; no evidence for formation of 
a Rh hydride was obtained, and so presumably the H2 reaction 
involves reduction to lower valent species. Addition of PPh3 to 
solutions of 1 (PPh3/Rh = 1) yields a catalyst system with 
R-mandelate effective for hydrogenation of E-a-methylcinnamic 
acid without the H2 pretreatment; there is no darkening of colour, 
turnovers are now about 0.1 min-', and an enantiomeric excess 
of -15% (S) was determined by rotation measurements on the 
PhCH2CH(CH3)C02H product (2 1). 

Complex 1 in the presence of phenanthroline or dipyridyl 
(N-N/Rh = 1) or complexes 2 and 5, in basic alcoholic 
solutions, also catalyze the H2 hydrogenation (at 30"C, 1 atm) of 
olefins. In the presence of excess of the chelating amines (5: I),  2 
and 5 effect similar catalytic hydrogenation of ketones. Further 
studies are in progress on these systems, particularly with regard 
to use of prochiral substrates, and the relationship of the systems 
to other hydrogenations catalyzed by rhodium systems contain- 
ing only the N-N ligands (22) or only carboxylate (3, 23), the 

latter sometimes utilizing hydrogen transfer from 2-propanol. 
Our preliminary findings on the catalytic hydrogenations 
suggest that T-acceptors (PPh3, N-N) are necessary as 
ancillary ligands with the chiral carboxylates in order to effect 
any measurable asymmetric induction, and presumably this 
relates to stabilization of lower valent, most probably univalent, 
rhodium species. W e  have found recently that a trialkylphos- 
phite is a required ancillary ligand for hydrogen transfer 
asymmetric hydrogenation of acetophenone using some iridium 
- chiral mandelate catalyst systems (24). 
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M. H. BENN and VINOD K. SINGH. Can. J. Chem. 64, 940 (1986). 
The reaction of S-methylthiolanium fluorosulphate with thiocyanate ion gives predominantly 4-(methy1thio)butyl thiocyanate, 

a result which is in accord with a hypothesis for the biogenesis of this compound, and which has implications for the natural 
occurrence of analogous thiocyanates. 

M. H. BENN et VINOD K. SINGH. Can. J. Chem. 64, 940 (1986). 
La rkaction du fluorosulfate du S-mt5thylthiolanium avec l'ion thiocyanate conduit principalement au thiocyanate de (mt5thyl- 

thio)-4 butyle; ce rt5sultat est en accord avec une hypothbse relative h la biogknbse de ce compost5 et il a des implications 
relativement h l'existence h 1'Ctat nature1 de thiocyanates analogues. 

[Traduit par la revue] 

Introduction 
Glucosinolates are naturally occurring anions, characterized 

by the general structure 1.  They are commonly, but not 
exclusively, encountered within plants of families that consti- 
tute the Capparales and their decomposition is a matter of 
considerable current interest, because the products are known to 
be important factors in determining the palatability and toxicity 
of these plants to man and other animals (see ref. 1, and 
references therein). 

Of the nearly 100 glucosinolates that have been isolated, or 
inferred to exist, all can be catabolized to isothiocyanates or 
nitriles. These products are known to arise from the-aglucones 
that are released from 1 by myrosinase (thioglucoside glucohy- 
drolase EC 3:2:3:1) (Scheme 1) (1). In contrast with this 
generality, only three, the allyl (2), benzyl (2, 3), and 
4-(methylthio)butyl(4) compounds are known to be capable of 
yielding the corresponding thiocyanates, and they do so under 
conditions that indicate that these conversions involve other, 
plant-specific, enzymes. 

To account for this striking restriction it has been postulated 
(5) that the thiocyanates are formed from aglucones by a 
fragmentation process in which departure of sulphate, instead of 
being concerted with the [1,2]-shift of the substituent R that 
yields the isothiocyanates, results in fragmentation to thiocya- 
nate anion and a cation corresponding to R. Recombination of 
this ion pair would then be expected to preferentially form the 
thiocyanate as a consequence of the high nucleophilicity of the 
S-terminus of the ambident thiocyanate anion. Also plausible is 
the possibility that the fragmentation process is a consequence 
of a Z-, E isomerization that destroys the geometry required for 
the concerted isothiocyanate-forming reaction (Scheme 2) (5). 
(The aglucone intermediates are shown in Schemes 1 and 2 in 
their free, protonated, forms. It may well be that they are bound, 
through bivalent sulphur, to a metal ion: this would inhibit 
tautomerism and interconversion of E and Z isomeric forms.) 

Fragmentation should be favoured for substrates that yield 
relatively stable cations. The allyl and benzyl systems are 
textbook examples of such ions, and we visualized 4-(methyl- 
thio)butyl glucosinolate (2) (n = 4) as yielding the even more 
stable S-methylthiolanium cation. In this latter case there is then 
a requirement that attack by thiocyanate ion on the cation should 
favour ring opening over demethylation (path (b) of Scheme 3 
rather than (a)), as well as preferential formation of thiocyanate. 
We reasoned that the first of these requirements would be met as 

a consequence of the release of torsional strain, as well as 
entropy, and statistical factors. Examination of the literature 
reveals excellent precedent for this in the report of Eliel e t  al. (6) 
that the reaction of azide and thiolate anions with 3a gave pre- 
dominantly the products of ring opening, 4 and 5, respectively, 
but we decided to submit the matter to direct test. 

The reaction of thiolane (6, n = 4) with methyl fluorosulphate 
in dichloromethane gave the S-methylthiolanium salt (3b). 
When this salt was treated with potassium thiocyanate in 
ethanol, or DMF, and the reaction monitored by gc, a single 
major product was observed (ca. 80%), together with two minor 
products (each ca. 10%). The latter two substances cochroma- 
tographed with authentic thiolane and methyl thiocyanate. The 
identity of the major product as 4-(methy1thio)butyl thiocyanate 
(7) was first indicated by the results of a gc-ms analysis, and 
then confirmed by its isolation. The distilled material had 
physical properties (ir and 'H nmr spectra) in excellent 
agreement with those reported for 7, and the 13C nmr spectrum 
was also in complete accord with this structure. 

In order to assess the extent of isothiocyanate formation, we 
utilized the reaction of 3b with azide ion to make 4, reduced this 
to the amine (8), and prepared from that an authentic specimen 
of 9. We then established capillary gc conditions under which it 
was possible to obtain a base-line resolution of the isomeric 
thiocyanate-isothiocyanate pair. When the crude reaction 
products from 3b and potassium thiocyanate were reanalysed 
under these conditions, a trace (ca. 2-3%) of material chroma- 
tographically indistinguishable from the isothiocyanate (9) was 
detected. Similarly an analysis of the 200-MHz 'H nmr spec- 
trum of these crude reaction products, based on the relative 
integrals of the a-methylene groups of 7 and 9, indicated the 
presence of the same amount of isothiocyanate. 

Thus the biogenetically patterned synthesis of 4-(methyl- 
thio)butyl thiocyanate worked well, and provided a simple route 
to this compound, which previously had only been synthesized 
from 4-chloro-1-butanol, in several steps, in less than 10% yield 
(4). 

It may also be noted that while good evidence has accumulated 
from the existence of a series of a-(methylthio)alkylgl~cosi~~- 
lates (2) (n = 3-8) (7), only the 4-(methy1thio)butyl compound 
has been found to yield a thiocyanate. Were the higher 
homologues to fragment to form S-methyl-[1 ,n]-epithionium 
ions (IOU), our expectation would be that these would lack the 
torsional strain present in the thiolanium ion, and that the pre- 
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SCHEME 1. Catabolism of glucosinolates to isothiocyanates and nitriles 

SCHEME 2. Hypothetical catabolism of glucosinolates to thiocyanates and nitriles 

CH3 

(1) z- 5 ; ; E i  

(') + CH3X 
(CH2)n 

FSO: 

6 +S[(CH2)3SlXH3 
(CH2)n 

3 a  n = 4 , Z = I  z- CH3S(CH2)nX 

c 13 

36 n = 4, Z = FS03 4 n = 4 , X = N 3  
10a n = 5-8, Z = SCN 5 n = 4,  X = CH3S 
106 n = 5 , Z = I  7 n = 4 , X = S C N  
10c n = 5, Z = FC03 8 n = 4 , X = N H 2  
12a n = 3, Z = SCN 9 n = 4 , X = N C S  
126 n = 3, Z = FS03 l l a  n = 5-8, X = SCN 

14 n = 3 , X = S C N  

SCHEME 3. The reaction of S-methyl- 1 ,n-epithionium ions with nucleophiles 

1 ferred reaction with thiocyanate anion would be demethylation 
I 

rather than ring opening; i.e., we predict that the glucosinolates 
2 (n = 5-8) may be catabolized via cyclic S-methyl sulphonium 
salts to yield cyclic sulphides, but little, if any, of the 
thiocyanates l l a .  On the other hand, 2 (n = 3) might give the 
highly strained and reactive sulphonium ion 12a, which we 
would expect to undergo ring-opening reaction with thiocyanate 
ion; i.e. 12a might give the lower homologue 14 of 7. 

In line with the first of these predictions, Eliel et al. have 
shown that azide ion attack on the S-methylthianium iodide 
(lob) gives thiane and methyl azide (6). We found that thio- 
cyanate ion behaved similarly: reaction of 10c with potassium 
thiocyanate gives thiane and only ca. 3% of l l a .  At the other 
extreme, we could not control the methylation of thietane with 
methyl fluorosulphate on account of the very reactive nature of 

I 12b: oligomerization of the theitane, to form 13, competed with 
1 S-methylation. However, the reaction of potassium thiocyanate 

with the crude S-methylation products did give 3-(methyl- 
thio)propyl thiocyanate (14), albeit in low yield and accompanied 
by compounds arising from the oligomeric methylation products 
(see Experimental). Despite this, we think that rather than form 

' 12a, 3-(methy1thio)propyl glucosinolate is most likely to ' fragment to nitrile and elemental sulphur; i.e., since 12a is so 
highly energetic, 2 (n = 3) is most likely to avoid its formation 
and, instead, to behave as a glucosinolate incapable of yielding 
an efficiently charge-delocalized cation and follow path (a) of 
Scheme 2. Consistent with this idea are observations of the rates 

of solvolysis of o-haloalkyl sulphides: little, if any, anchimeric 
assistance (via intramolecular cyclization to sulphonium ions) 
was seen when a 4-membered ring would result, in sharp con- 
trast to the accelerated rates observed when 3-, 5-, or 6- 
membered rings would be formed (8, and references therein). 

Thus the reactions of thiocyanate anion with S-methyl-(1 ,n)- 
epithionium ions are in accord with the fragmentation ion-pair 
recombination model for the biogenesis of 4-(methylthio)bbtyl 
thiocyanate, and suggest why homologues of this compound 
have not been observed in nature. 

Experimental 
Instrumental and analyticalmethods were as described before (9), 

augmented by gc and gc-ms. Packed-column gc analyses were 
performed with a Shimadzu 9A chromatograph (with fid) and C-R24X 
data processor using 3% OV-17 in 2 m X 4 mm glass columns, with a 
N2 flow rate of 20 mL/min, and a temperature programme of 60 
(1 min) - 250°C at 20°C/min. Capillary gc was done on a Carlo Erba 
instrument, using a 30 m X 0.32 mm, 0.25-pm, DB-1 column, a He 
flow rate of 1 mL/min, 60-200°C at 10°C/min. The gc-ms analyses 
were performed either with a HP 5992A instrument using similar 
conditions to those employed for the packed column gc work (but He as 
carrier gas), or a Kratos MS-80 spectrometer - data system interfaced 
with the Carlo Erba chromatograph. 

Preparation of S-rnethylthiolaniurn jluorosulphate (3b) 
Typically, to a stirred solution of thiolane (250 mg, 2.84 mmol) in 

dry CHzC12 (3 mL) was added a solution of methyl fluorosulphate 
(325 mg, 2.85 mmol) in CH2C12 (5 mL). A mildly exothermic reaction 
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ensued and the flask was cooled (water bath) so as to maintain an 
internal temperature of 20-25°C. The turbid reaction mixture was 
stirred for 1 h at room temperature and then evaporated to dryness under 
reducedpressure, finally under high vacuum. The residual free-flowing 
white solid (545 mg, 95%) was hygroscopic and was normally used 
directly. It could be recrystallized from EtOH-Et20 (dry-box) to give 
the salt 3b, mp 188°C (sealed capillary); 'H nmr (DMSO-d6) 6: 2.30 
(4H, m), 2.90 (3H, s), 3.46 (2H, m), 3.63 (2H, m); 13C nmr 
(DMSO-d6) 6: 24.9 q, 27.6 t, 44.3 t. 

Preparation of 4-(methylthioJbuty1 isothiocyanate (9) 
Treatment of the salt 3b with sodium azide, essentially as described 

by Eliel(6) but using dry DMF as solvent and conducting the reaction at 
40°C for 20 h, gave 4 isolated as a colourless oil, bp 80-85"C/ca. 10 
Torr (1 Torr = 133.3 Pa) (68%); ir (film): 2097; 'H nmr (CDC13) 6: 1.7 
(4H, m), 2.10 (3H, s), 2.53 (2H, m), 3.31 (2H, m); 13C n m r ( C ~ C 1 ~ )  6: 
15.3q, 26.0t,27.8 t, 33.6t, 51.0t;ms: 117(M-N2,6), 89(16), 74 
(20), 61 (78), 43 (100) (lit. (6) bp 86-87"C/15 Torr; 'H nmr (CDC13) 
6: 1.67 (4H, m), 2.08 (3H, s), 2.50 (2H, distorted t), 3.28 (2H, 
distorted t)) . 

The azide 4 was reduced with LAH according to a literature 
procedure (10) to give the amine 8, which was obtained after 
distillation as a colourless oil, bp 80-82"C/12 Torr (54%) (lit. (I 1) bp 
78-78.S°C/12 Torr); ir (film): 3480, 3287; 'H nmr (CDC13) 6: 1.19 
(2H, s, disappears after adding D20), 1.45-1.72 (4H, m), 2.1 (3H, s), 
2.51(2H,t,J=7Hz),2.71 (2H,t, J =  7Hz); '3Cnmr(C~C13)6: 15.5 
q, 26.5 t, 32.9 t, 34.1 t, 41.9 t; ms: 121 (6), 120 (20), 119 (loo), 104 
(37), 87 (18), 72 (24), 61 (33). 

Following a general procedure (12), 8 (1.5 g, 12 mmol) was added 
to a mixture of CS2 (2.0 g, 26.3 mmol) and H20 (1 mL), followed by a 
solution of NaOH (800 mg, 40 mmol). This mixture was boiled under 
reflux for lomin, then cooled to 25°C. Ethyl chloroformate (13 g, 
119 mmol) was added and the mixture stirred for 15. h, after which 
more NaOH (800 mg) in H20 (1 mL) was added and stirring continued 
for a further 1.5 h. The supernatant was decanted from a residue of salts 
that were washed with Et20 (3 X 10 mL). 

The combined supernatant and Et20 extracts were then washed 
successively with 10% aqueous NaOH, H20,  and brine. Removal of 
solvent from the dried (Na2S04) Et20 phase left a residual oil (2.46 g) 
that was shown by gc analysis to consist of two major components, one 
of which was recovered ethyl chloroformate. Column chromatography 
of the oil over silica gel (45 g) gave an oil (1.6g) eluted with 
EtOAc-hexanes (595 v/v), a portion of which was further purified by 
distillation to give 9 as a light yellow oil, bp 90-92'10.6 Torr (lit. (13) 
bp 136"C/12Torr);ir(film): 2185,21lO(brvs); ' ~ n m r ( C ~ C 1 ~ ) 6 :  1.8 
(4H,m),2.11(3H,s),2.54(2H,t, J = 7 H z ) , 3 . 5 6 ( 2 H , t ,  J = 7 H z ) ;  
13Cnmr(CDC13)6: 15.4,25.9, 29.0, 33.3,44.8, 130.3. 

The reaction of potassium thiocyanate with sulphonium salts 
(a) With S-methylthiolaniumjluorosulphate 
A solution of potassium thiocyanate (1.0 g, 10.3 mmol) in dry DMF 

(15 mL) was added to a stirred solution of 3 b  (prepared from 500 mg 
(5.7 mmol) thiolane) in dry DMF (10 mL), followed by a solution of 
KSCN (1.0 g, 10.3 mmol) in the same solvent (15 mL). The reaction 
mixture was stirred vigorously, and kept at 70°C (bath) for 7 h. It was 
then cooled to room temperature, diluted with H20 (50 mL), and 
extracted with Et20 (3 x 15 mL). The Et20 extracts were combined, 
washed with H20 (3 X 15 mL) and brine (15 mL), and then dried 
(Na2S04). Packed column gc and gc-ms analyses revealed a single 
major product (ca. 80%) corresponding to 7,  together with small 
amounts (ca. 8% each) of thiolane and methyl thiocyanate. The oil 
remaining after careful removal of solvent from the Et20 extract was 
distilled to yield 7 as a near colourless oil, bp 105-1 10°C/0.5 Torr 
(410mg, 45%)ir(film): 2155; 'H nmr(CDC13) 6: 1.75 (2H, m), 1.96 
(2H, m), 2.1 (3H, s), 2.53 (2H, t, J = 7 Hz), 2.97 (2H, t, J = 7 Hz); 
'3Cnmr(CDC13)6:15.3q,27.0t,28.6t,33.1t,33.5t,and112.0s; 
ms: 163 (2), 162 (2), 161 (100) (lit. (4) ir (CHC13): 2165; 'H nmr 

(60 MHz, CDC13) 6: 1.5-2.0 (4H, m), 2.1 (3H, s), 2.3-2.7 (2H, m), 
2.75-3.1 (2H, m)). 

Capillary gc-ms revealed our distilled product to be ca. 98% pure, 
accompanied by ca. 2% of the isothiocyanate 9. A similar conclusion 
was reached upon reexamining the 'H nmr spectrum of the distilled 7: 
traces of 9 were detectable as an absorption at 6 3.56, with an integrated 
intensity corresponding to the presence of 2-3% of this compound. 

(bJ With S-methylthianiumjluorosulphate (1Oc) 
Thiane (250 mg, 2.45 -01) was converted to the sulphonium salt 

10c by treatment with methyl fluorosulphate (285 mg, 2.50mmol) in 
CH2C12. This salt was then dissolved in dry DMF (10 mL) containing 
KSCN (485 mg, 4.5 mmol) and the mixture heated at 80°C for 5 h. 
Work-up as described for the equivalent reaction of 3b yielded an Et20 
extract that was shown by gc-ms analyses to contain thane and methyl 
thiocyanate as major components and only a small amount (ca. 4%) of a 
substance with the expected retention time and ms (176 (6), 119 (3), 
117 (63), 101 (23), 61 (100)) of 11 (n = 5). 

(cJ With S-methylthianium jluorosulphate (12bJ 
To a stirred solution of methyl fluorosulphate (155 mg, 1.36 mmol) 

in CH2C12 (2 mL), at -5"C, was slowly added a solution of thietane 
(100 mg, 1.35 mmol) in CH2C12 (2 mL), the internal temperature of the 
reaction mixture being held at room temperature by external cooling. A 
gummy solid separated from the reaction mixture. After removal of 
solvent under reduced pressure and drying under high vacuum a sticky 
white solid was obtained. This material was dissolved in dry DMF 
(5 mL) containing KSCN (200 mg) and heated at 60°C for 1.5 h, with 
continuous stirring. After the usual work-up the solution of reaction 
products in Et20 was analysed by gc-ms: a multitude of components 
were detected, among which the major were CH3SCN (RT 1.2 min, ca. 
20%), 14 (RT 7.5 min, ca. 25%) (149 (6), 148 (4), 147 (54), 120 (53), 
61 (loo)), and CH3S(CH2)4S(CH2)4SCN (RT 12.5 min, ca. 18%) (221 
(32), 206 (2), 121 (loo), 73 (29), 61 (20)). Also present was 
(CH3SCH2CH2)2, (RT5.5 min,ca. 7%) (136(100), 121 (18), 61 (43)). 
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Fastigiatine, a lycopodium alkaloid with a new ring system 
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ROBERT V. GERARD, DAVID B. MACLEAN, ROMOLO FAGIANNI, and COLIN J. LOCK. Can. J. Chem. 64,943 (1986). 
Fastigiatine, C19H28N20, is a minor component of the alkaloids of Lycopodium fastigiatum R. Br. collected in New Zealand. 

Its structure and relative configuration have been resolved by an X-ray analysis of the free base. The pentacyclic ring system of 
fastigiatine has not been previously observed in the Lycopodium family of alkaloids or elsewhere. A proposal is presented for its 
derivation from the tetracyclic flabellidane ring system that is widely distributed among Lycopodium species. The mass spectrum 
and the 13c and 'H nrnr spectra of fastigiatine are discussed. 

ROBERT V. GERARD, DAVID B. MACLEAN, ROMOLO FAGIANN~, et COLIN J. LOCK. Can. J. Chem. 64, 943 (1986). 
La fastigiatine, C19H28N20, est un constituant mineur des alcalo'ides du Lycopodium fastigiatine R. Br. rtcoltt en Nouvelle 

Zlande. On a rtsolu sa structure et sa configuration relative par I'analyse aux rayons-X de la base libre. On n'avait pas encore 
observt le systtme pentacyclique de la fastigiatine dans la farnille des alcalo~des du Lycopodium ou ailleurs. On propose une 
mtthode de prtpariition de la fastigiatine h partir du systkme tttracyclique de la flabellidane que I'on retrouve souvent dans les 
espkes du Lycopodium. On discute du spectre de masse et des spectres rmn du I3c et du 'H de la fastigiatine. 

[Traduit par la revue] 

Introduction 1 l6 

The Lycopodium family of alkaloids comprises about 100 
members of established structure distributed among some 20 
diffe~ent skeletal types (1). This surprisingly large number of 
alkaloids and ring systems has been derived from an estimated - 
(2) 10% of the extant Lycopodium species. Recently, a number 12 - 

of species native to New Zealand have been investigated in this R-N 
laboratory (3) and from one of them, Lycopodium fastigiatum 
R. Br., two new alkaloids, fastigiatine 1 (Cl9HZ8N20) and 10 

9 
des-N-methylfastigiatine 2 (CI8Hz6N20), have been isolated. 1 2 
We report here on the structure and on the nmr and mass spectra fastigiatine, R = CH3 des-N-methylfastigiatine, R = H 
of 1. 

Fastigiatine and its lower homologue were initially detected 
in an extract of L. fastigiatum through examination by gas 
chromatography - mass spectrometry (gc-ms) (3). The alka- 
loids were then isolated from the extract by conventional liquid 
chromatographic procedures on alumina and silica columns. A 
detailed account of the isolation procedure is described else- 
where (3). 

The initial examination of 1 by spectroscopic methods 
established its composition and the number and nature of its 
functional groups. An N-methyl, an N-acetyl group, a CHCH3 
group, and a trisubstituted double bond were evident from the 
nmr spectrum. The uv spectrum indicated that the double bond 
and the N-acetyl group were probably present in an enamide 
structure. However, the nmr spectrum and the mass spectrum of 
1 did not lend themselves to simple interpretation and, because 
of the limited amount of compound available, an X-ray analysis 
was canied out. The structure derived from the X-ray study is 
shown in the accompanying formulas. The numbering system 
conforms with that commonly employed in this family of 
alkaloids (4). 

The structure of fastigiatine is closely related to that of 
flabellidine 3 (1, 4) and one can envisage its formation from a 
derivative of N-methylflabellidine 4 through the iminium 
compound 5 by the route outlined in Scheme 1. It is noteworthy 
that lycopodane alkaloids functionalized at C- 10 have recently 
been reported (5, 6), although flabellidanes similarly function- 
alized have not been found. The pentacyclic fastigiatine has a 
structural relationship to alkaloids of the tetracyclic flabellidane 

group that is analogous to that between the pentacyclic 
alopecurane group of alkaloid (1, 4, 7), e.g., dehydrolyco- 
pecurine 6 (1,4,8), and the lycopodane group, e. g., lycopodine 
7 (1, 4). In each series the pentacyclic ring system may be 
formally derived from the corresponding tetracyclic ring system 
through formation of a bond between C-4 and C-10. 

Since fastigiatine represents a new skeleton among the 
Lycopodium alkaloids, its mass spectrum was investigated in 
detail in the expectation that the information gained might be 
useful to others who may encounter this ring system in the 
future. Besides the molecular ion peak at m / z  300 and the peaks 
at m / z  176 and 124, there are prominent peaks at m / z  285 
(M- 15) and m / z  257 (M-43) in the mass spectrum of 1. The 
composition of the ions corresponding to these peaks is recorded 
in Table 1. A B / E  linked scan (9 )  carried out on the molecular 
ion at m / z  300 revealed that the ions, m / z  285,257, and 124, 
are formed directly from the molecular ion, but the ion of m / z  176 
was not observed in the B / E  spectrum. However, its absence 
from the B / E  spectrum does not preclude its formation from the 
molecular ion so long as the fragmentation leading to it occurs 
only in the ion source. 

'~uthors  to whom correspondence may be addressed. 
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The ions at mlz 124 and 176 appear to arise from the 
fragmentation of fastigiatine into two parts, each of which can 
carry the charge. In the case of the spectrum of des- 
N-methylfastigiatine (3), the ion occurring at mlz 124 in 1 is 
shifted by 14 mass units (CH2) to mlz  1 10. Thus these ions arise 
from the portion of the molecule bearing the N-H group in the 
case of des-N-methylfastigiatine and bearing the N-CH3 
group in the case of fastigiatine. It is apparent from the 
structures of 1 and 2 that the ions of mlz 124 and 176 cannot 
form in a simple manner. A fragmentation scheme for fastigia- 
tine is proposed in Scheme 2, which accounts for the formation 
of the two ions, and in which the fragmentation is considered to 
be initiated in a retro Diels-Alder reaction resulting in fission of 
the bond between C-12 and C-7 and the bond between C- 13 and 
C-4. Subsequent to the retro Diels-Alder process, the rupture of 
the bonds between C-9 and C-10 and between C-8 and C-15 is 
postulated and is predicted to be followed by the formation of 
bonds between C-9 and C- 15 and between C-8 and C- 10. At this 
stage there may be two ions, on one of which the charge is 
localized on N, and on the other on Np. The ion with the charge 
localized on N, is postulated to fragment in the source leading to 
the ion of mlz 176, for which a metastable transition was not 
observed. The second ion with the charge localized on Np is 
postulated to fragment more slowly, and for this fragmentation a 
metastable transition was observed. The charge is more delocal- 
ized on the ion of mlz 176, which may account for its more 
rapid formation. A reviewe? has suggested that the ion of mlz 
176 may form by an entirely different and faster process from 
that of mlz 124. While this is an attractive proposal to account 
for the metastable transition in one case and its absence in the 
other, it is very difficult to envisage a simple and rapid process 
leading to mlz 176. 

The loss of a methyl group can arise from various locations on 
the molecular ion. The loss of CH3C0 is a well-recognized loss 
from the N-COCH3 group and the loss of C3H7 could arise in 
the same way as the loss of the corresponding fragment from the 
bridge atoms in a lycopodane system (10). 

An analysis of the 13C nmr spectrum of 1 has been carried out 
through application of two-dimensional (2D) heteronuclear and 
homonuclear nmr methods (1 1) (See Figs. 1 and 2, respective- 
ly). Many of the chemical shifts of the protons in the 'H nmr 
spectrum were also revealed in this way. Through off-resonance 
and spin-sorted experiments, the 19 signals in the 13C spectrum 
could be separated into four groups, carbon atoms devoid of 
hydrogen (four), methine carbon atoms (five), methylene 

~ ~ 

carbon atoms (seven), and methyl groups (three). These data are 
recorded in Table 2. 

The assignment of the 13C signals (Fig. 1) to the nonprotonat- 
ed carbon atoms was relatively simple. On the basis of their 
chemical shifts, peak 1 (170.0 6) was assigned to the carbonyl 
carbon (C-17), and peak 2 (139.2 6) to the vinylic quaternary 
carbon (C-5). The two tetrahedral quaternary signals, peaks 4 
(65.4 6) and 6 (55.0 S), have been assigned to C-4 and C-13, 

'we thank the reviewer for this comment and for others which led us 
to reconsider our original discussion on the fragmentation of 1. 

TABLE 1. Masses of selected ions of fastigiatine 

Mass 

Calculated 

300.2202 
285.1967 
257.1654 
257.2018 
176.1075 
124.1126 

Observed 

300.2198 
285.1960 
257.1625 
257.2017 
176.1076 
124.1125 

TABLE 2. Assignment of the signals in the 13C spectrum of fastigiatine 

Carbon atom of 
Peak number 6 Carbon typea fastigiatine 

"C, CH, CH,, and CH, represent quaternary, tertiary, secondary, and primary 
aliphatic carbon atoms, respectively. 

respectively, on the basis of their chemical shifts; however, 
these assignments are not secure and may be reversed. 

Except in a few obvious cases the assignment of the 13C 
signals of the protonated carbon atoms was not as straightfor- 
ward, and resort to more refined techniques had to be taken. 
Accordingly, ' H / ' ~ C  heteronuclear and 'H/'H homonuclear 
correlated spectra of fastigiatine were recorded and analysed as 
discussed below. 

The doublet at 0.92 6 (3H, J = 6.5 Hz) in the proton spectrum 
of fastigiatine (Fig. 1 or 2) can be assigned to the protons on 
C-16 on the basis of its chemical shift, integrated area, and 
multiplicity. Accordingly, by making use of the 2D ' H / ' ~ C  
spectrum (Fig. l) ,  peak 17 (22.3 6) can be assigned to C- 16 of 
fastigiatine. The protons on C-16 are coupled to the proton on 
C-15 to form a multiplet near 1.9 6 as seen in the 'H/'H 
spectrum. With the chemical shift of the C-15 proton estab- 
lished, and referring now to the 'H / ' ~C  spectrum, peak 15 
(22.2 6) of the 13C spectrum can be assigned to C-15 of 
fastigiatine. From the proton spectrum the singlet at 2.34 6 was 
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_+ 

9 
rnlz 300 

Break C-9-C-10 
C-8-C-15 

Form C-9-C-15 
C-8-C-10 

I / fission \ COCH3 I 

C-10-C-l l 

mlz 124 

assigned to the NCH3 group and the singlet at 2.15 6 to the 
NCOCH3 group. The 'H / '~c  spectrum was then used to assign 
the NCH3 group to peak 12 (35.0 6) and the methyl of the 
NCOCH3 group to peak 1 8 (2 1 .5 6). 

Peak 3 (123.1 6) in the 13C spectrum may be assigned to the 
vinylic carbon C-6 on the basis of its chemical shift and 
multiplicity. The proton on C-6 is coupled to the proton on C-7 
and shows a long range coupling, presumably to the proton on 
C-12 (W coupling), to form a doublet of doublets, 5.2 6 (dd, 
lH, J = 1.1 and 5.5 Hz). From the lH/'H spectrum (Fig. 2), 
couplings between the protons on C-6 and C-7 and between 
those on C-6 and C-12 are observed that enable a chemical shift 
to be assigned to the protons on each of these carbon atoms. By 
reference to the 'H/13C spectrum, peak 9 (40.2) in the 13c 

spectrum may now be assigned to C-7, and peak 10 (38.3) to 
n 1- 
L-IL. 

The protons on C- 1 and C-9 should resonate downfield since 
they are adjacent to a nitrogen atom, and therefore the multiplets 
centred near 3.7, 3.3, and 2.3 6 in the 'H spectrum can be 
attributed to them. The protons on C-9 in fastigiatine should 

+ 
mlz 176 

couple to each other and to the proton on C-10, a tertiary carbon 
atom. By examining the 'H/'H spectrum it may be observed 
that the multiplet at 3.3 6 couples to the multiplets at 2.3 8 and at 
1.9 6, the latter being assigned to C-10. With the determination 
of the chemical shifts of both C-9 protons and the proton at 
C-10, it was now possible, by examining the 'H/13C spectrum, 
to assign peak 5 (59.6 6) to C-9, and peak 9 (45.5 6) to C- 10. 
The other set of protons adjacent to nitrogen at C-1 in 
fastigiatine should couple to the protons of C-2. By examining 
the 'H/'H spectrum, it can be observed that the multiplets at 3.7 
and 3.3 6 couple to each other and to the multiplets at 1.5 and 
1.7 6. With the 'H chemical shifts known it was possible, using 
Fig. l,toassignpeak8(45.36)toC-1 andpeak19(21.1 S)to 
C-2. Turning now to C-3, it is evident that the protons on C-2 
will couple to the protons on C-3 and, from an examination of 
the 'H/'H spectrum and the 'H / '~c  spectrum, peak 16 (23.0 6) 
was assigned to C-3. 

The proton at C-7 couples to the protons at C-8, as seen from 
the 'H/'H spectrum, and the chemical shift of each C-8 proton 
could then be determined. Thus, by examining the 'H/13C 
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TABLE 3. Selected interatomic distances and angles 

Bond Distance (A) Bond Distance (A) Bond Distance (A) 

N(l)-C(l) 1.47(1) C(l)-c(2) 1.52(1) c(2)-c(3) 1.53(1) 
C(3)-C(4) 1.53(1) C(4)-C(5) 1.52(1) C(S)--N(l) 1.44(1) 
c(S)-c(6) 1.31(1) c(6)-c(7) 1.50(1) C(7)-C(12) 1.54(1) 
C(12)-C(13) 1.55(1) C(13)-C(4) 1.58(1) C(12)-C(11) 1.56(1) 
C(11)-C(1O) 1.54(1) C(1O)-C(4) 1.55(1) C(7)--C(8) 1.57(1) 
C(8)-C(15) 1.51(1) C(15)-C(14) 1.55(1) C(14)-C(13) 1.53(1) 
C(13)-N(2) 1.49(1) N(2)--C(9) 1.50(1) C(9)-C(10) 1.49(1) 
N(1)-C(17) 1.35(1) C(17)-0 1.22(1) C(17)-C(18) 1.49(1) , C(15-C(16) 1.52(1) N(2)-C(19) 1.43(1) 

I 
I 
I Bonds Angle (deg) Bonds Angle (deg) Bonds Angle (deg) 
I 

I C(5)-N(1)-C(1) 116.6(7) C(5)-N(1)-C(17) 125.8(8) C(l7)-N(1)-C(1) 117.6(8) 
N(1)-C(1)-C(2) 109.1(7) C(1)-C(2)-C(3) 111.1(8) C(2)-C(3)-C(4) 108.6(7) 
C(3)-C(4)-C(5) 111.3(7) C(3)-C(4)-C(13) 114.4(7) C(3)-C(4)-C(10) 114.2(7) 
C(5)-C(4)-C(10) 1 1 1.9(6) C(5)-C(4)-C(13) 112.2(6) C(10)-C(4)-C(13) 91.5(6) 
C(4)-C(5)-N(l) 114.0(8) C(4)-C(5)-C(6) 124.1(8) N(1)-C(5)-C(6) 122.3(3) 

i C(5)-C(6)-C(7) 120.4(8) C(6)-C(7)-C(8) 109.8(7) C(6)-C(7)-C(12) 110.4(7) 
C(8)-C(7)-C(12) 109.3(7) C(7)-C(12)-C(13) 107.8(7) C(7)-C(l2)-C(l1) 11 1.2(7) , C(l1)-C(l2)-C(l3) 101.0(7) C(12)-C(13)-C(4) 99.8(6) C(12)-C(13)-C(14) 114.4(7) 

1 C(12)-C(13)-N(2) 112.2(8) C(4)-C(13)-N(2) 100.2(7) C(4)-C(13)-C(14) 119.0(7) 
N(2)-C(13)-C(14) 110.2(8) C(7)-C(8)-C(15) 110.9(7) C(8)-C(15)-C(14) 112.7(7) 
C(8)-C(15)-C(16) 111.6(8) C(14)-C(15)-C(16) 110.4(8) C(15)-C(14)-C(13) 115.1(7) 

1 C(l2)-C(l1)-C(l0) 103.9(7) C(l1)-C(l0)-C(4) 101.8(7) C(l1)-C(l0)-C(9) 109.3(7) 
C(9)-C(10)-C(4) 103.1(7) C(13)-N(2)-C(9) 107.0(6) C(13)-N(2)-C(19) 117.7(7) 1 C(9)-N(2)-C(19) 107.0(6) N(2)-C(9)-C(10) 101 3 7 )  N(1)-C(l7)-C(l8) 119.8(9) 
N(1)-C(17)-0 120.0(1) 0-C(17)-C(18) 119.9(9) 

TABLE 4. Crystal and refinement data 

Compound 
Formula weight 
Crystal shape, size (mrn) 
Systematic absence 
Space group 
Unit cell parameters (A) 
v (A3) 
z 
P C ~ C ,  pobs (g ~ m - ~ )  
Temperature ("C) 
Linear absorb. coeff. (cm-') 
Reflections collected, max 28 
Standard reflections (esd) 
No. of reflections collected 
No. of independent reflections 
Rmerg 
No. of reflections with I > 0, used 
Secondary extinction, x 
Final Rl ,a RZa 
Final shiftlerror max, ave. 
Final difference map, max, min (e A-3) 
Weighting scheme 
Error in an observation of unit weight 

C19H28N20 
300.44 
plate, 0.17 X 0.30 x 0.37 
hOO, h = 2n+l ,  OM), k = 2n+l ,  001,l= 2n+l 
P212121 (*19) 
a = 8.949(2), b = 22.302(5), c = 8.371(1) A 
1670.7(4) 
4 
1.19, 1.17(1) 
22 
0.79 
h,k,? 1,50° 
1 3  1, 0.018, 102,0.012 
3257 
25 16 
0.020 
1163 
0.00429 
0.0664, 0.0744 
0.082, 0.019 
0.34, -0.39 
W = (a; + 0.000958 F:)-' 
1.331 

spectrum, peak 11 (37.4 6 )  can be assigned to C-8. The C-15, and by examining a slice of the 'H/'H spectrum along 1.9 
assignment of the two remaining resonances was resolved in the 6  the chemical shifts of the protons on C-14 were determined. In 
following manner. The proton on C-10 is coupled to the two this way peak 13 (34.6 6 )  in the 13C spectrum was assigned to 
protons on C-11 and, by analysing the 'H/'H spectrum and the C-14. All assignments and 13C chemical shifts are recorded in 
'H/13C spectrum, C-11 can be assigned to peak 14 (33.9 6) .  In Table 2. 
like manner the protons on C-14 should couple to the proton on The molecular structure of fastigiatine is shown in Fig. 3. 
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FIG. 2. Homonuclear ('H,'H) correlated spectrum of fastigiatine. 
N.B.: the numbers assigned to peaks in the 'H spectrum refer to the 
position of the protons in the molecule. 

Bond lengths and angles (Table 3) within the structure are 
normal when compared to similar structures. The N-acetyl 
features are like those in (-)-aspidospermine-N(b)-methiodide 
(12). Angles within the five-membered rings are considerably 
less than the tetrahedral angle and the averages are 99.6 and 
100.5 for the respective rings C(lO)C(4)C(13)C(12)C(ll) and 
N(2)C(13)C(4)C(lO)C(9). With the exception of 
C(10)-C(4)-C(13), 91.5(6)", the range is similar to those 
observed in a keto lactam acid from lycoctonine (13) and the 
averages are only about 2" smaller. All rings are cis-joined, the 
two five-membered rings comprising an 2-aza-norbornane 
system. The six-membered rings have varying conformations, 
the N(l)C(l)C(2)C(3)C(4)C(5) ring being a twist boat, the 
C(4)C(5)C(6)C(7)C(12)C(13) ring being half-chair, and the 
third ring, C(7)C(8)C(15)C(14)C(13)C(12), a chair. Interac- 
tions between molecules in the cells are van der Waals and all 

TABLE 5. Atomic positional parameters (X lo4) and temperature 
factors (A2) (X lo3) 

Atom x Y z u< 

intermolecular distances are equal to, or greater than, the van 
der Waals distances. 

Experimental 
Apparatus, methods, and materials 

The 'H/'H and 'H/ '~c 2D spectra were recorded on a Briiker 
WH400 spectrometer at the Southwestern Ontario NMR Centre, 
University of Guelph, Guelph, Ontario. 

Electron impact (EI) mass spectra were recorded on a VG Micromass 
7070F mass spectrometer at 70 eV. The high resolution spectra and the 
linked scan experiments were carried out on a Kratos MS50 instrument 
at the University of California, San Francisco, at the Bio-organic, 
Biomedical Mass Spectrometry Resource (A. L. Burlingame, Direc- 
tor) supported by NIH Division of Research Resources Grant 
RR01614. 

Lycopodium fastigiatum R.Br. was obtained in 1967 through the 
Department of Scientific and Industrial Research, Botany Division, 
Christchurch, New Zealand, and carefully stored in a dry cupboard. It 
was collected at Mt. Robert, Nelson Lakes National Park, South 
Island, New Zealand. Fastigiatine, mp 143-46"C, was isolated as 
described elsewhere (3). The specimen used in this investigation was 
prepared by recrystallization from ether. 

Measurement of the X-ray data 
A platelike colourless crystal was mounted along the longest axis and 

used for X-ray studies. Precession photographs revealed the ortho- 
rhombic symmetry, and unit cell parameters were obtained from 
least-squares fit of X, +, and 20 for 15 reflections in the range 18.3" < 
20 < 23.8" recorded on a Syntex P2' diffractometer with use of 
graphite-monochromatized MoKa, radiation (A = 0.70926 A). Crystal 
data and other numbers related to data collected are given in Table 4. 
The density was measured by flotation in aqueous KBr. Intensities were 
also measured with the Syntex P2, diffractometer with use of a coupled 
B(crysta1) - 20(counter) scan. The methods of selection of scan rates 
and initial data treatment have been described (14, 15). Corrections 
were made for Lorentz polarization effects but not for absorption. This 
will give a maximum error in F ,  of < 1.0%. 

The phases were determined by direct methods with use of 242 
reflections with IEl > 1.54 and 12 sets of starting phases. Fourteen of 
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GERARD ET AL. 

FIG. 3. The molecular structure of fastigiatine. 

the non-hydrogen atoms were located on the E map and all atoms were 
located after refinement and subsequent difference syntheses. All 
non-hydrogen atoms were made anisotropic at this stage. In further 
refinement, which minimized Cw(lF,I - 1 F,I)', hydrogen atoms were 
included but not refined. Corrections were made for secondary 
extinction (x(SHELX = 0.00429).3 Scattering curves were taken from 
ref. 16. No attempt was made to determine the absolute configuration 
of the molecule. The configuration given here, to which all the data 
apply, is based on that commonly observed among the Lycopodium 
alkaloids (1). The atom parameters are listed in Table 5.4 
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NICK BURLINSON, STEVEN J. RETTIG, JAMES TROTTER, and BRUCE MCKAGUE. Can. J. Chem. 64,950 (1986). 
A by-product formed in the preparation of tetrachloroguaiacol is shown to be a trimeric quinone. Derivatization of the quinone 

to a crystalline tetramethoxy derivative allowed X-ray determination of its crystal structure as 3,6- 
dichloro-4,5-dimethoxy-l,2-bis(2'-methoxy-3',4',5',6'-tetrachlorophenoxy)benzene, 4. Rarely observed long range JCH 
coupling between ring carbons and methoxyl hydrogens as well as conformational isomerism were observed in 'H and 13C nrnr 
studies of 4. Crystals of 4 are triclicic, a = 12.562 (I),  b = 12.708(1), c = 9.223(1) A, a = 96.93(1), P = 97.478(7), y = 
101.285(8)", Z = 2, space group P1. The structure was solved by direct methods and was refined by full-matrix least-squares 
procedures to R = 0.056 and R, = 0.056 for 2946 reflections with I 2 1.5u(I). The molecule contains a central six-membered 
dichloro-tetraoxo substituted aromatic ring, linked via oxygen bridges to two identical tetrachloro-dioxo substituted rings; intra- 
molecular steric overcrowding causes significant deviations from a symmetrical conformation. Bond lengths, angles, and inter- 
molecular distances are generally close to expected values. 

NICK BURLINSON, STEVEN J. RETTIG, JAMES TROTTER, et BRUCE MCKAGUE. Can. J. Chem. 64,950 (1986). 
Un sous produit obtenu lors de la prtparation du tttrachloroguaiacol est en fait une quinone trimtre. On a transom6 cette 

quinone en un dtrivt tttramtthoxylt dont l'analyse par cristallographie des rayons-X rCvtle que sa structure cristalline 
correspond h celle du dichloro-3,6 dimtthoxy-4,5 bis(mtthoxy,2' tCtrachloro-3',4',5',6' ph6noxy)-1,2 benztne 4. Des ttudes 
par rmn du 'H et du 13c ont permis d'observer des constantes de couplage i longue distance. JCH, assez rares entre les carbones 
du cycleet les hydrogtnes des goupements mtthoxyles, ainsi que de I'isomCrie conformationnelle. Les cristaux appartiennent au 
groupe d'espace triclinique P1 avec a = 12,562(1), b = 12,708(1), c = 9,223(1) A, a = 96,93(1), P = 97,478(7), y = 
101,285(8)", et Z = 2. On a rCsolu la structure par des mtthodes directes et on l'a affinCe par la mCthode des moindres carrts 
(matrice compl&te) jusqu'h des valeurs de R = 0,056 et de R, = 0,056 pour 2946 rCflexions avec I r 1,5u(I). La moltcule 
contient un cycle aromatique central h 6 chainons portant un substituant dichloro-tCtraoxo qui est liC par I'intermCdiaire de deux 
ponts oxyg&ne, h deux cycles identiques portant un substituant tktrachloro-dioxo. Un encombrement sttrique intramolCculaire 
provoque des dCviations importantes par rapport h une conformation symCtrique. Les longueurs de liaison, les angles et les 
distances intermolCculaires sont gCnCralement trts prts des valeurs attendues. 

[Traduit par la revue] 

Introduction 
Tetrachloroguaiacol, 1, a compound formed during the 

bleaching of pulp and paper (1, 2), is readily prepared by the 
chlorination of guaiacol, 2, in acetic acid (3). 

0 C H 3  C H 3 0  

C1 

C1 

In the preparation of 1, we frequently observed the formation 
of a bright orange, highly insoluble by-product, 3, which could 
be separated from 1 during crystallization. 

This paper reports the structural determination of the by- 
product, 3, as a trimeric quinone as evidenced by the crystallo- 
graphic structure determination of its tetramethoxy derivative, 
4. Additionally, the 'H and 13C nrnr spectra of 4 are presented to 
suggest conformational isomerism in solutions of 4 due to steric 
crowding. 

Experimental 
Melting points were taken n a Kofler Micro Hot Stage and are 

uncorrected. Infrared (ir) spectra were recorded on a Unicam 

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

SPll00 spectrophotometer; ultraviolet (uv) spectra on a Beckman 
DB-GT spectrophotometer. A Kratos MS50 mass spectrometer was 
used to obtain mass spectra. Liquid chromatography (lc) was performed 
on a Hewlett Packard Model 1084B high performance liquid chromate 
graph equipped with a variable wavelength detector set at 254 nm. 
Reverse phase partition chromatography was done on a 4.6 mm x 
20 cm RP-8 column, 5-pm particle size, using isocratic elution with 
acetonitrile-water, 90:lO and a flow of 1 mL/min. 

13c and 'H magnetic resonance (nmr) spectra were obtained on a 
Varian XL-300 FT spectrometer operating at 75.429 MHz for carbon 
and 299.943 MHz for hydrogen. A 5-mm broadband probe was used. 
Solutions of 100 mg of each compound in 0.5 mL of d-chloroform, to 
which a small amount of tetramethylsilane (TMS) was added, were 
prepared. For the 'H spectra, narrow spectral widths (200-500 Hz) and 
resolution enhancement processing of the FID were employed to obtain 
good peak resolution. Using aquisition times of 4 or 5 s and repetition 
rates of 5 s allowed digitization of 8-10 points/Hz. 
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ISON ET AL. 95 1 

Isolation of the by-product 
Tetrachloroguaiacol was prepared by the chlorination of guaiacol in 

acetic acid as described in the literature (3). The crude product was 
dissolved in hexane and the orange, insoluble by-product isolated by 
filtration. Two grams by-product was obtained from the chlorination of 
guaiacol on a 50-g scale.-The orange compound, which was insoluble 
in common organic solvents, including dimethyl sulfoxide, had mp 
250-255°C; ir (KBr): 1685, 1560cm-I; ms m/e (% relativeintensity): 
702 (25.6), 700 (42.8), 698 (51.4), 696 (38.2), 694 (13.6), 692 (5.8) 
M+, 661 (42.9 M+-HCI), 247 (100). Anal. d c d .  f 0 r C ~ ~ H ~ C 1 ~ ~ 0 ~ :  C 
34.47, H 0.87; found: C 34.33, H 0.88. 

Preparation of the tetramethoxy derivative 
Sodium borohydride was added in small portions to a stirred 

suspension of the by-product (800 mg) in methanol (10 mL) until a 
clear solution formed (approximately 5 min). The product was poured 
into ice-water, acidified with sulphuric acid, and extracted thrice with 
ether. After washing the combined extracts with water, and drying with 
anhydrous magnesium sulfate, a few mL of the extract was evaporated 
with a stream of nitrogen to give a clear oil, ir (film): 3350 cm-', which 
rapidly turned orange in air. The remainder of the extract was 
methylated with diazomethane and evaporated to give a colourless 
white solid (700 mg). Extraction with hexane and concentration of the 
extract gave the product as a colourless solid (480mg), mp 161.5- 
163°C. Three crystallizations from hexane gave the tetramethoxy 
derivative as colourless prisms (400 mg); mp 163- 164°C; uv (ethanol), 
A,,: 295 nm (E 3900); 'H nmr in CDCI3, 6: 3.62 and 3.64 (singlets, 
total 3H), 3.93 (singlet, 3H); "C nmr in CDC13, 6: 61.46 and 61.74 
(OCH,), 119-128 (CCI), 140-150 (COR); ms m/e (% relative 
intensity): 730 (48.4), 728 (85.8), 726 (100), 724 (69.9), 722 
( 2 1 . 7 ) ~ + .  Anal. calcd. for C22H12C11006: C 36.35, H 1.66; found: C 
36.22, H 1.72. 

X-ray crystallographic analysis of 3.6-dichloro4,5-dimethoxy- 
1,2-bis(2' -methoxy9' ,4' ,5' ,6'-tetrachlorophenoxy) benzene, 4 

A crystal bounded by the 5 faces (followed by their distances in mm 
fiom a common origin): (1 i O}, 0.104, (00 - l), 0.175, (1 1 O), 0.213, 
(- 1 - 1 l),  0.069 was mounted in a general orientation. Unit-cell 
parameters were refined by least squares on 2 sin 0/A values for 25 
reflections (20 = 26-35") measured on a diffractometer with Mo-Kci 
radiation (A(Kcil,) = 0.70930, A(Kciz) = 0.71359 A). Crystal data at 
22°C are: 

Triclinic, a = 12.562(1), b = 12.708(1), c = 9.223(1) A, a = 
36.93(1), P = 97.478(7), y = 101.285(8)", V = 1415.4(2) A', Z = 2, 

= 1.705 Mgm-', F(000) = 724, p,(Mo-Kci) = 10.28 cm-l. Absent 
'ections: none. Space group P1 (Cf, No. 2, conventional reduced 
\ from structure analysis. 
'ensities were measured with graphite-monochromated Mo-Kci 
ion on an Emaf-Nonius CAD4-F diffractometer. An 0-20 scan 
5-10.06" min-I over a range of (0.80 + 0.35 tan 0) degrees in o 

(extended by 25% on both sides for background measurement) was 
employed. Data were measured to 20 = 55". The intensities of 3 check 
reflections, measured every 3600 s throughout the data collections, 
remained constant to within 4%. After data reduction,' an absorption 
correction was applied using the analytical method (43) .  

Transmission factors ranged from 0.697 to 0.822. Of the 6480 
independent reflections measured, 2946 (45.5%) had intensities greater 
than or equal to 1.5u(1) above background where u2(1) = S + 2B + 
(0.04(S - B))' with S = scan count and B = normalized background 
count. 

The structure solution was initiated in the centrosymmetric space 
group P1 on the basis of the E-statistics. The structure was solved by 
direct methods, the coordinates of 36 of the 38 non-hydrogen atoms 
being determined from an E-map. The remaining atoms, including 
hydrogen, were positioned from subsequent difference maps. In the 
final stages of refinement the non-hydrogen atoms were refined with 
anisotropic thermal parameters and the hydrogen atoms were included 
as fixed contributors in idealized positions (based on observed peaks, 
C-H = 0.98 A, UH = 1.25 Uc A'). The scattering factors of ref. 6 
were used for non-hydrogen atoms and those of ref. 7 for hydrogen 
atoms. Anomalous scattering factors from ref. 8 were used for the C1 
atoms. The weighting scheme w = 1 /u2(F), where u2(F) is derived 
from the previously defined u2(1), gave uniform average values of 
w(lF0l - lFc1)' over ranges of both IFoI and sin 0/A and was employed 
in the final stages of full-matrix refinement of 343 variables. Reflec- 
tions with I < 1.5u(1) were not included in the refinement. 
Convergence was reached at R = 0.056 and R, = 0.056 for 2946 
reflections with I >  1.5u(1). For all 6480 reflections R = 0.156. The 
function minimized was Bw(lF0l - IF~I ) ' ,  R = B lIF0I - IFcII /BIF,I 
and R, = ( 2  ~(~F~I-IF~~)'/~~~F~I')~''. 

On the final cycle of refinement the mean and maximum parameter 
shifts correspond to 0.002 and 0.03u, respectively. The mean error in 
an observation of unit weight was 1.908. A final difference map showed 
maximum fluctuations of - 1.5 1 to +0.55 e AP3 (near Cl(1O) and 
C(14), respectively) and was essentially featureless elsewhere. 'The 
final positional and thermal parameters appear in Table 1. Bond lengths 
and angles appear in Tables 2 and 3, respectively. Calculated hydrogen 
coordinates and thermal parameters (Table 4), a complete listing of 
torsion angles (Table 5), and a listing of nonbonded distances (Table 6) 
are included as deposited material. Measured and calculated structure 
factors have been placed in the Depository of Unpublished ~ a t a . ~  

Results and discussion 
The amorphous by-product, which normally comprised only 

a few percent of the product, had a melting point of 250-255°C 
and was insoluble in common organic solvents, including 
dimethyl sulfoxide. The material had infrared absorption at 
1685 and 1560 cm-' (KBr), suggesting the presence of a 
quinone group. No absorption was present in the hydroxyl 
region. Mass spectrometry indicated the compound was highly 
chlorinated and had a probable molecular weight of 692. 

Addition of NaBH4 to a methanol suspension of the by- 
product resulted in the immediate discharge of the orange colour 
and formation of a clear solution. The crude product had a large 
hydroxyl peak in the infrared spectrum (film) but no carbonyl 
absorption. Since it underwent air oxidation back to the starting 

'The computer programs used include locally written programs for 
data processing and locally modified versions of the following: 
MULTAN 80, multisolution program by P. Main, S. J. Fiske, S. E. 
Hull, L. Lessinger, G. Germain, J. P. Declercq, and M. M. Woolfson; 
ORFLS , full-matrix least-squares, and ORFFE, function and errors, by 
W. R. Busing, K. 0. Martin, andH. A. Levy;FORDAP, Pattersonand 
Fourier syntheses, by A. Zalkin; ORTEP II, illustrations, by C. K. 
Johnson. 

'The structure factor table, Table 7 (anisotropic thermal parameters) 
and other material mentioned in the text may be purchased from the 
Depository of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont,. Canada KIA 0S2. 
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TABLE 1. Final positional (fractional X lo4, C1 X lo5) and isotropic 
thermal parameters (U x lo3 A') with estimated standard deviations 

in parentheses 

Atom x Y z 4 

material rapidly, as evidenced by the formation of an orange 
wlour on standing a few minutes, the methyl ether derivative 
was prepared by reaction with diazomethane in ether. After 
three recrystallizations from hexane, a colourless crystalline 
material with a melting point of 163-164°C was obtained in 
50% overall yield. 

Liquid chromatography indicated the methylated reduction 
product had a purity of 94%. The molecular weight from mass 
spectrometry was 722, consistent with the introduction of two 
methyl groups, and the intensities of the molecular ion isotope 
peaks were in agreement with a molecular formula of 
C22HL206C110. The by-product was evidently a trimeric qui- 
none 3, which yielded the tetramethoxyderivative 4 on reduc- 
tion and methylation. 

The proton decoupled 13c nmr spectrum of 4 revealed three 
groups of lines: one group has two resonances at 6 61.46 and 
61.74, of integrated area 1 :3, respectively, which are assigned 
to the four-methoxyl carbons; another group of resonances 
between 6 119 and 128 had 10 lines, consistent with 10 carbons 
each attached to chlorine; the third group of resonances had 6 
lines in the region of 6 140-150, consistent with aromatic 

TABLE 2. Bond lengths (A) with estimated standard deviations in 
parentheses 

Bond Length (A) Bond Length (A) 

carbons attached to -OR groups. The 10 resonance lines in the 
C-C1 region would normally suggest an unsymmetrical 
structure for 4; however, in light of the crystal structure, vida 
infra, the multiplicity of lines must be due to the presence of 
hindered rotations between rings as well as preferred methoxyl 
group orientations. The ring chlorines cause severe intramolec- 
ular steric crowding, and space filling models also suggest this. 

A "coupled nOe" (nuclear Overhauser enhancement) 13C nmr 
experiment resulted in collapse to quartets of the two resonances 
furthest downfield at 6 147.17 and 6 146.30 with 4.1 and 4.0 Hz 
coupling, respectively. This is indicative of long range 3 ~ C H  

coupling between the ring carbons and the methoxyl hydrogens. 
This long range C-H coupling has been observed previously in 
anisole (9) but only as a broadening effect. To our knowledge 
these coupling values have not been reported. These 3 ~ o  = 
4 Hz are consistent with other 3 ~ C H  values, which in general are 
of the same order as 3JHH couplings of this geometry. 
Consequently, the resonance at 6 147.17 is assigned to three 
degenerate ring carbons containing a methoxyl group and the 
resonance at 6 146.30 to a fourth carbon with a methoxyl 
bonded. This assignment is also consistent with the above noted 
methyl carbon resonances, which gave two peaks but with 
integrated areas of 3: 1. 

The 'H nmr spectrum of 4 has only three peaks (slightly 
broadened) all in the methoxy region at 6 3.62, 3.64, and 3.93. 
Scanning at a narrower sweep width to give 8 points/Hz 
digitization and using mathematical enhancement of the FID to 
improve resolution gave at least three resolved peaks of varying 
intensity for the broadened peak at 6 3.93 and two resolved 
peaks each for the lines at 6 3.64 and 3.62. This suggests the 
existence of more than one conformational isomer for each of 
the methoxyl groups in 4 and is in agreement with 'H nmr work 
by T. Schaefer and R. Laatikainen (10) on 1,2-dimethoxy 
benzene, in which they suggest a predominance of a plan: 
conformation in solution. 

A similar multiplicity of chemical shifts for the 'H resonanct 
in tetrachloroveratrole (1,2-dimethoxytetrachlorobenzene) w 
also observed by us. The single peak at 6 3.91 upon enhanc~ 
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BURLINSON ET AL. 

TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses 
-- 

Bonds Angle (deg) Bonds Angle (deg) 

FIG. 1 .  Stereo view of 4. 50% probability thermal ellipsoids are shown for the atoms. 

resolution procedures split into two lines of area 2: 1 with Av = 
1.2 Hz, suggesting a cis: trans arrangement of methoxyl groups. 
The same long range 3 ~ C H  coupling referred to above was also 
2bserved for this model compound in a similar 13C -"coupled 
cOe" experiment. 
:r,Formation of the trimer likely occurs during the final stage in 
e chlorination of guaiacol. The reaction progresses rapidly to 

~~hloroguaiacol 5 under mild conditions, but introduction of 
,i: final chlorine is somewhat slower. Under forcing condi- 
,am, intermolecular reactions and oxidation may occur, 

possibly as shown, with the formation of condensation products 
such as the trimer 3. 

Discussion of crystal structure of 4 , 

The molecule (Fig. 1) contains a central six-membered 
dichloro-tetraoxo substituted aromatic ring, linked via oxygen 
bridges to two identical tetrachloro-dioxo substituted rings. 
Although a structural formula has apparent C2,, symmetry, 
intramolecular steric interactions prevent the attainment of this 
symmetrical conformation. The observed molecular StrUCtUre 
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has very rough C2 symmetry, but with large deviations from 
exact symmetry; e.g. the outer-ring planes make angles of 91.5 
and 68.3(5)" with the plane of the central ring (Fig. 1). Each 
six-membered ring is close to planar, with maximum displace- 
ments from the mean planes of 0.029(5) A in the central ring, 
and 0.009(6) and 0.019(6) A in the outer rings. The substituents 
are, however, more significantly displaced from the ring planes, 

I 

presumabl as a result of the steric overcrowding, by 0.005- 
0.137(2) for Cl and 0.005-0.092(4) A for 0 atoms; the 
methoxy groups are oriented with the outer methyl~arbon atoms 
displaced from the ring planes by 0.99-1.21(1) A. 

Some of the 0-CH3 bond distances seem anomalously 
short, particularly O(6)-C(22) at 1.202(6) A, and to a lesser 
extent O(5)-C(21) at 1.344(7) A. However, some of the 
thermal parameters of the atoms involved, particularly 0(6), are 
quite large, although not physically unrealistic, and suggest 
possible librational or disorder errors in the positions of these 
outer atoms. Otherwise, the bond lengths in the molecule (Table 
2) are generally close to expected values. Mean lengths (with 
standard deviations derived from rms deviations in parentheses) 
are C-C1 = 1.721(2), C-C = 1.382(3), c(sP2)-0 = 
1.380(4), c(sp3)-0 = 1.415(13) A. Bond angles (Table 3) are 
also close to normal values, relief of any steric strain apparently 
being accomplished by rotations and deviations from planarity, 
rather than bond angle distortions. Intermolecular distances are 
generally close to normal van der Waals separations; the 

shortest intermolecular Cl.. .C1 contacts of 3.481,3.526,3.604, 
3.616(3) A represent fairly strong interactions. Two C-H.. .C1 
groupings (one intramoleclar, H...CI = 2.89 A, and one 
intermolecular, H...Cl = ?.80 A) and one intramolecular 
C-H.. .O (H.. .O = 2.37 A) may represent weak hydrogen- 
bond type interactions. 

1 .  I.. H.  ROGERS and L. H. KEITH. Environ. Can. Fish. Marine 
Service Tech. Rep. No. 465 (1974). 
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Kinetics of the interactions between dyes and micelles 

VINCENT C. REINSBOROUGH AND JOSEF F. HOLZWARTH 
Fritz-Haber-lnstitut der Max-Planck-Gesellschaft, Faradayweg 4-6,D-1000 Berlin 33, West Germany 

Received July 31, 1985' 

VINCENT C. REINSBOROUGH and JOSEF F. HOLZWARTH. Can. J. Chem. 64, 955 (1986). 
The rates of association of three azo dyes, methyl red (MR), methyl orange (MO), and pyridine-2-azo-p-dimethylaniline 

(PADA), with sodium dodecylsulfate (SDS) and cetyltrimethylammonium bromide (CTAB) micelles in water were measured at 
25°C over a wide pH range by the continuous flow method of integrating observation (CFMIO). The association was considered 
in 3 steps: bulk solution encounter, pH jump, and electrostatic and hydrophobic interactions. Either the first or third step is rate 
limiting depending on the charge of the dye. The rate constant of association of neutral PADA, MR, and MO with SDS micelles is 
approximately 2 X 10' dm3 mol-' s-' while charging the dyes positively increases k to lo9 dm3 mol-' s-'. Increasing the 
hydrophobicity of dye or micelle increases k for the interaction with the neutral dye species. Changes in k with pH for the 
dye-CTAB association were less pronounced. 

VINCENT C. REINSBOROUGH et JOSEF F. HOLZWARTH. Can. J. Chem. 64, 955 (1986). 
OpCrant h 25"C, dans des solutions aqueuses h des pH trks varies et faisant appel i une mCthode d'Ccoulement continue 

d'intkgration des observations, on a mesurC les vitesses d'association de trois colorants azo, le rouge de mCthyle (RM), I'orange 
de mCthyle (OM) et la pyridine-2-azo-p-dimkthylaniline (PADA), avec des micelles de dodCcylsulfate de sodium (DSS) ou du 
bromure de ~CtyltrimCthylammonium (BCTA). On a considCrC I'association en trois Ctapes : la rencontre globale des solutions, le 
changement rapide du pH et les interactions Clectrostatiques et hydrophobes. Suivant la charge du colorant, la premikre ou la 
troisihme Ctape peuvent limiter la vitesse de la riaction. Les constantes d'association des entitCs neutres PADA, RM et OM avec 
les micelles de DSS sont de I'ordre de 2 5 lo6 dm3 mol-' s-I alors que, si I'on charge les colorants positivement, la valeur de 
k augmente jusqu'h lo9 dm3 mol-' s-I. A cause de I'interaction avec les eseces  colorantes neutres, une augmentation de 
I'hydrophobicitC du colorant ou des micelles provoque une augmentation de k. Les variations de k avec le pH, pour l'association 
des colorants avec le BCTA, sont beaucoup moins pronondes. 

[Traduit par la revue] 

Introduction 
Neutral molecules usually associate with ionic micelles in 

aqueous solution close to the diffusion-controlled limit, i.e., 
with a rate constant of 108-1010 dm3 mol-' s-' (1-5). When 
the molecule and micelle are oppositely charged this should 
even more be the case, but when both have the same charge, it is 
not clear what effect the electrostatic repulsion has upon the 
solubilization process which, in this case, must proceed mainly 
through hydrophobic forces. 

These three situations were examined in anionic micellar 
sodium dodecylsulfate (SDS) and cationic micellar cetyltri- 
methylammonium bromide (CTAB) solutions with azo dyes 
whose charges could be altered by altering the pH. The dye most 
extensively examined was methyl red (MR) which is positively 
charged, neutral (zwitterionic), or negatively charged depend- 
ing upon the pH. Methyl orange (MO) came in for scrutiny also 
to confirm the trends noted with MR. The third dye, pyridine- 
2-azo-p-dimethylaniline (PADA), resembles the other two in 
structure but at ordinary pH values can only be neutral or 
positively charged. It was studied because it is widely used as an 
indicator reaction in its complexation with metal ions in micellar 
rate enhancement studies. It is usually assumed in these kinetics 
that the association step of PADA to the micelle is not rate 
limiting but it has neve; been measured. 

Experimental 
The continuous flow method of integrating observation (CFMIO) 

was used to obtain the rates of association of dye with micelle (6, 7). 
Solution A contained dye and surfactant at a concentration less than the 
critical micelle concentration (crnc) and solution B contained surfactant 
slightly higher than twice the cmc. As a result, the surfactant 

concentration after mixing was 25-50% higher than the cmc. No 
change in kOb, was noted within error when the final surfactant 
concentration did not greatly exceed twice the cmc, which took 
different values as the pH changed. Under these mixing conditions, 
both solutions contained surfactant monomer so that any dye-mono- 
mer interaction effects (8) in the mixing would be minimized. Micelle 
concentrations were calculated by subtracting the cmc from the final 
total surfactant concentration and dividing by the aggregation number. 
Values for the cmc and aggregation numbers as affected by ionic 
strength were taken from the literature (9, 10). 

Pseudo-first-order conditions usually pertained with the micelles 
(10-~-10-~ mol dm-3) in at least 10-fold excess over the dye 

mol dmp3). For CFMIO to be effective, spectral differences 
on mixing must be at least 10-15%. This was not always possible 
when dye and micelle bore similar charges. 

Three methods were used to calculate the rate constant of association 
of the dye with the micelles in the continuous flow method with 
integrating observation. If there are no interfering slower reactions, 
then the "constant speed" method is the most accurate. Most of the 
data could be collected by this technique. Solution absorbances of the 
reaction mixture at constant flow (E), the products (Em), and the two 
reactant solutions (averaged as Eo) are measured and combined in the 
ratio M defined as (E  - Em)/(Eo - Em). The relationship between M 
and the rate constant takes different forms depending upon the order of 
the reaction (6). The error in k values determined by the constant speed 
method is usually 25-408. 

When more than one reaction occurs in the time it takes to register Em 
(-0.1 s), then either one of two variants in approach can be used to 
eliminate Em from the calculations. In the first, which could be called 
the "two speed" method, solution absorbances of the reaction mixture 
are obtained at two different mixing speeds (El ,  E2) along with the 
absorbances of the reactants ( E o )  The ratio M then takes the form 
(El - E2)/(Eo - E2) where El is associated with the faster flow rate 
(1 1). Then, for example, for a pseudo-first-order reaction 

'On sabbatical leave from Mount Allison University, Sackville, [I] M = 
vl [ l  - exp (-R/VI )I - VZ [ l  - exp (-R/V2)1 

N.B., Canada. R - Vz[l - exp (-R/V2)] 

'~ivis ion received January 14, 1986. where R = kcol in which k is the second order rate constant, co is the 
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concentration of the reactant in excess, and 1 is the length of the 
observation tube. V, and V2 are the two flow rates with Vl > V2. 

The other variant in technique is the "three speed" method which 
eliminates Eo and involves only the three solution absorbances (E l ,  E2,  
and E3) of the reaction mixture at three different speeds (12). The ratio 
M is (El - E3)/(E2 - E3) which for a pseudo-first-order reaction 
becomes 

Vz[l - exp(-R/V1)l - V3[1 - exp (-R/V3)] 
121 M = 

Vz[l - exp (-R/V2)I - V3[1 - exp (-R/V3)] 

with Vl, V2, and V3 being the three flow rates and R having the same 
form as previously (12). 

The difficulty with both these variants is that the absorbances E l ,  E2, 
and E3 may not differ appreciably over the range of flow rates that are 
practical for the instrumentation. Errors in k thus usually lie in the 
50-100% range. These two methods are often useful as a check only 
when one process is being viewed by the constant speed technique. 

The surfactants and methyl red were obtained from Merck, methyl 
orange from Serva, PADA from ICN Pharmaceuticals, and 2-(5-bromo- 
2-pyridy1azo)-5-diethylaminophenol (bromo-PADAP) from Janssen. 
Solutions were made from triply distilled water and used within an hour 
or two of preparation. The appropriate pH was obtained by adding 
NaOH or HC1 solution to both reactant solutions. 

Results 
Methyl red interactions with SDS and CATB micelles 

The spectra for MR in nonmicellized and micellized SDS 
solutions reveal sufficient spectral differences for kinetic 
exploitation by CFMIO as long as the pH is less than 8 (Fig. 1). 
The second order rate constant for the association of MR with 
SDS micelles obtained by CFMIO is shown in Fig. 2 for 
the pH range 1-8. The rate constant rises sharply from 2 X 

lo6 dm3 mol-I s-I at pH 8 to a value 2 X lo9 dm3 mol-' s-' or 
greater at pH 4. From pH 3 to 4, k is too large to be measured by 
CFMIO (k 2 2 X 109dm3mol-1s-'). From H 2.5 to 1, k 
drops rapidly being only 4 X lo6 dm3 mol-' s-' at pH 1.2. 

With CTAB micelles, the applicable pH range for CFMIO is 
wider extending from pH 11 to 2.5 but the k values do not 
show the same dramatic changes as with SDS micelles (Fig. 2). 
Although it is tempting to draw a curve through the data points 
to yield a maximum in k around pH 5-6, it is not justified in 
view of the experimental error associated with each point (see 
error bars in Fig. 2). The best that can be said is that the rate 
of interaction of MR with CTAB micelles rises slowly but 
perceptibly over the pH range 2.5- 1 1. 

Salt additions were made at pH 4.5 and 8 in the MR-SDS 
system to see whether the changes in k were consistent with the 
different MR species postulated at each pH. At pH 4.5, the rate 
of interaction between dye and micelle was noticeably lowered, 
in regular fashion, with NaCl additions (Fig. 3) but at pH 8 a 
slight increase from (2.0 ? 0.5) X lo6 to (4.1 + 1 .O) X 
106dm3mol-1s-1 was detectable with the salt addition being 
0.20 mol dm-3 NaC1. The uncertainties from the measurements 
justify saying only that k remains constant with salt additions at 
pH 8. 

Methyl orange interactions with SDS micelles 
Methyl orange differs from MR in structural detail only in 

having a para-SO3- group instead of an ortho-COO- group 
as a substituent on one of the benzene rings (Figs. 4, 5). The 
spectra in rnicellar and nonrnicellar SDS solutions are similar 
except that pH 4.2 catches the titration transition zone for 
MO (pH 3.5-4.5) and the acid region for MR (transition zone 

Wavelength / nm 
FIG. 1. Spectra for methyl red (MR) at pH 8.5 (left) and pH 

4.2 (right) in micellar SDS (solid lines) and without any micelles 
(dotted lines) (MR 5 X lop6 dm3 mol-I and SDS micelles 1 X 

dm3 mol-'). 

FIG. 2. Dependence on pH of the rate constant of association of 
methyl red with SDS micelles (0) and CTAB (@) with error bars 
drawn for representative points. 
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REINSBOROUGH AND HOLZWARTH 

FIG. 3. Effect of NaCl concentration (in mol dmp3) on the rate 
constant of association of SDS micelles with PADA at pH 5.0 (a) and 
with MR at pH 4.5 (0). 

FIG. 5. Mechanism of protonation of methyl orange (MO). 

Wavelengt h/nm 
FIG. 6. Spectra for methyl orange in micellar (solid lines) and 

nonrnicellar (dotted lines) SDS at pH 8.6 (I),  pH 4.2 (2), and pH 1.0 
(3). The two spectra at pH 8.6 are identical (5 X dm3 mol-' MO 
and 1 x lop4 dm3 molp' SDS micelles). 

FIG. 4. Mechanism of protonation of methyl red (MR). 

pH 5-6). For MO-SDS solutions above pH 6, there is no 
spectral difference from MO solutions without SDS (Fig. 6). 

The k values for the MO-SDS system were measured by the 
less precise two speed CFMIO variant (see Experimental) 
because of an interfering secondary reaction. As with MR, the 
rate constant for the interaction between MO and SDS micelles 
rose from 2 X lo6 to at least 5 X lo8 dm3 mol- ' s-' (Fig. 7) on 
decreasing pH in the acid region. Again, there was a short range 
at low pH (1.5-2.0 in pH) over which, the rate was too rapid to 
detect (k 2 5 X lo8 dm3 mol- ' s-I). Below pH 1.5, k fell 

rapidly so that at pH 1.0 it was 2 X lo7 dm3 mol-' s-' (Fig. 7). 
The identity of the interfering reaction was not pursued further 
since its effect could easily be eliminated by the two speed 
method. 

Interactions of PADA with SDS and CTAB micelles 
The pH dependence of the rate constant of interaction of 

PADA with micellar SDS solutions is shown in Fig. 8. Below 
pH 5.5, the reaction rate was too rapid to be observed without 
salt additions (Fig. 3) but dropped rapidly with increasing 
alkalinity to a constant value of (2.0 + 0.5) x lo6 dm3 mol- ' s-' 
over the range pH 7- 10.5. It should be noted that, unlike MO 
and MR associated with SDS micelles, with this diazo dye 
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FIG. 7. Dependence on pH of rate constant of association of methyl 
orange (MO) with SDS micelles. 

P" 

FIG. 8. Dependence on pH of rate constant of association of PADA 
with SDS micelles. 

I I I I I 

350 400 450 500 550 600 
h /nm 

FIG. 9. Absorption spectra for PADA in water and in micellar 
CTAB solution at pH 9. 

%d.~i bulk phase 
micelle diffusion 

core P H 

h e d g r o d  
area Interaction steps 

1) Diffusion in the bulk phase pHbulk 

2) Proton interaction at surface ApHSurface 

interaction rnicelle-dye 
and charge 

FIG. 10. Model of dye-micelle interactions. 

sufficient spectral difference from the counterpart soapless 
solutions was maintained in the alkaline region (Fig. 9). 

Discussion 
The association of a dye molecule with a micelle may be 

divided into three stages corresponding to the three sites of 
interaction: the bulk solution, the micelle surface region, and 
the micelle interior (Fig. 10). In the first stage, the rate of 
interaction will be the bulk solution encounter rate which 
must be close to the diffusion-controlled limit of about 3 x 
lo9 dm3 mol-' s-' (13) especially when micelle and dye are 
oppositely charged. Dye protonation or deprotonation may 
occur in the second stage since the surface region pH will differ 
by approximately 2 pH units from the bulk solution value 
(14, 15). However, the rate of proton transfer in micellar media 
is also in the lo9 dm3 mol-' s-I range (16) so that this step 
should not ordinarily be rate-determining. The final stage of 
incorporation must be a complex interaction between electro- 
static and hydrophobic forces as the dye settles into its binding 
site in the micelle core or surface or some intermediate position. 

Methyl red and MO undergo protonation as depicted in Figs. 
4 and 5. A more complete analysis would include quinoid forms 
(17, 18) but, for our purposes, a simplified scheme is sufficient. 
The ortho position of the COO- group in MR as opposed to the 
para position of the SO3- substituent in MO affords stability 
to azo nitrogen protonation through the formation of a six- 
membered ring for MR. The pK, values for MR in water are 4.9 
and 2.4 while MO changes colour in the pH 3.1-4.1 range. The 
apparent pK, for the dissociation of the neutral form of MR to 
the negative form is shifted to 6.7 in micellar SDS and to 3.55 
in micellar decyltrimethylammonium bromide (15). Pyridine- 
2-azo-p-dimethylaniline is neutral in alkaline solution but 
positively charged in acid solution with its pK, of 4.5 shifted to 
6.7 in micellar SDS solutions (14). 

Of the three dyes, only PADA gives rise to a spectral 
difference in alkaline SDS solutions. Only PADA is neutral 
above pH 7; MO and MR are negatively charged as are the SDS 
micelles. In acid solution, no spectral change results when 
positively charged PADA interacts with positively charged 
CTAB micelles. Apparently, when dye and micelle are simi- 
larly charged spectral differences are not found rendering 
CFMIO powerless to detect spectrophotomeuically the kinetics 
of interaction between such species. 

Thus, at pH 8 in the MR-SDS system (Fig. 2) where 
the observed rate of interaction is relatively slow at 2 X 
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lo6 dm3 mol-' s-', CFMIO senses only the association of the 
neutral MR species with negatively charged SDS micelles, even 
though negatively charged MR is the dominant species at this 
pH. Supporting evidence for this comes from salt additions to 
this system at pH 8. Even with 0.20 mol dm-3 NaC1, the rate 
constant remained unchanged. If the negative species were 
affecting the CFMIO-determined rate constants, they should 
have been dramatically affected by ionic strength changes of 
this order of magnitude. 

As the pH is lowered from 8 to 4, negatively charged MR 
disappears, neutral MR waxes in concentration and then wanes 
as positively charged MR makes its appearance. The observed 
rate in this pH range is a blend of neutral MR and positively 
charged MR interactions with SDS micelles and rises sharply as 
a result. The increasing proportion of positively charged MR 
to neutral MR brings the rate close to the limit imposed by 
diffusion presumably due to the dominance of the electrostatic 
attractive forces as the hydrophobicity of the dye changes in 
character and strength with the charging of the dye. Salt 
additions at pH 4.5 depress k markedly (Fig. 3) as would be 
expected with Na+ ions competing with positively charged MR 
for micelle surface sites. This same effect on k was noted in 
electron transfer reactions when salt was added (4). 

In effect, this depression of k with salt addition explains why, 
at pH values lower than 4, the rate constant decreases markedly. 
The added H+ ions act as added Na+ ions in excluding positively 
charged MR from the micellar surface region. In fact, pH 2 and 
lo-' mol ~ a + / d m ~  are roughly equivalent in depressive power. 
'The overall interpretation of the kinetic results for the MO-SDS 
system is similar. 

For alkaline solutions in the PADA-SDS system where 
PADA is neutral, the rate constant of association is 2 X 

lo6 dm3 mol-' s-' for pH 7.5-10.5 (Fig. 8). Below pH 7, 
protonated PADA is formed and, as with MR, the sharp rise in k 
to the diffusion-controlled limit and the depressive effect upon k 
of salt additions reflect the strength of the electrostatic attractive 
forces. 

Because cationic micelles shift the pK, of dyes to lower pH, 
many of the protonation changes of these dyes are not available 
for study with CTAB micelles. Thus, in the MR-CTAB 
system, despite the wide pH range monitored, we see only the 
effect of the protonation of the negative species to the neutral 
form and it appears to have minimal effect on the rate constant 
of interaction. The hydrophobic force operative at interme- 
diate pH values is relatively strong to yield a k value of 
1 X lo8 dm3 mol-' s-'. At pH 11, k rises only to 2 x 
lo8 dm3 mol- ' s-' with the electrostatic attractive contribution 
to the interaction but this contribution does not play the same 
dominant role as it did in the MR-SDS system. 

This increase in the hydrophobic force of attraction with 
CTAB micelles is especially noticeable with PADA where the 
rate of interaction of neutral PADA with the micelles is so rapid 
as to be near or at the diffusion imposed limit. The longer carbon 
chain of CTAB as compared with SDS confers greater hydro- 
phobicity to CTAB which is reflected also in its lower cmc. To 
test this further, the interaction rate constant was measured at 
pH 9 for neutral PADA associating with sodium tetradecyl- 
sulfate and sodium decylsulfate micelles. The k values thus 
determined were 2.4 X lo8 and 1.6 X 10' dm3 mol-' s-', 
respectively, as compared with 2.0 x lo6 dm3 mol-' s-' for 
SDS. These data indicate that a two carbon increase in the chain 
length increases k by at least an order of magnitude in the 

C10-C 14 range as the hydrophobic forces within the micelle are 
increased. 

In summary, when the neutral dye species of MR, MO, and 
PADA interact with SDS and CTAB micelles the rate constants 
are lo6 dm3 mol-' s-' but when dye and micelle are oppositely 
charged k increases to lo9 dm3 mol-' s-', the diffusion- 
controlled limit. Since even neutral molecules and micelles are 
thought to associate at this limit in solution (1-3), the slowness 
of the observed rate must be a consequence of the final stage of 
incorporation of the dye into the micelle when hydrophobic 
forces must chiefly be operative. The charging of the dye 
oppositely from the micelle must consequently affect the 
hydrophobicity of the dye and so the electrostatic forces now 
brought to bear upon the final interaction step are dominant. 
Increasing the hydrophobicity of the micelle by lengthening the 
carbon chain of the monomer serves to increase the rate of 
interaction. Increasing the hydrophobicity of the dye serves the 
same purpose. This was tested by investigating the association 
of the very hydrophobic dye, bromo-PADAP, in both SDS and 
CTAB and, even for neutral bromo-PADAP, k values were 
always too fast to be measured accurately by CFMIO despite 
sufficient spectral changes. With MR, MO, and PADA inter- 
acting with SDS and CTAB micelles, the hydrophobic forces 
responsible for the association are relatively weak causing the 
third stage of incorporation to be slow and rate-determining but 
this is not the case for bromo-PADAP associating with these 
same micelles. 
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H. A. TAJMIR-RIAHI, M. J. BERTRAND, and T. THEOPHANIDES. Can. J. Chem. 64, 960 (1986). 
Several complexes of adenosine-5-triphosphate disodium salt (Na2H2ATP) with the metal ions, Na', M ~ ' + ,  Ca2+, Mn2+, 

Co2+, Ni2+, Cu2+, and cis- and t r a n ~ - P t ( N H ~ ) ~ C l ~  and K2PtC14 at pH = 3.5 and 7.2 have been isolated, identified, and 
studied. Marked spectral similarities have been observed for the structurally known metal-phosphate bonded compounds, 
[Cu(H2ATP)(phen)12.7H20 and [Zn(H2ATP)(bipy)12.4H20 and all the metal-ATP complexes studied here, except the 
Pt-ATP complexes. The metal binding is through the a, P, and y phosphate oxygen atoms when the N1-position of adenine is 
protonated. Spectral changes have also been observed for the Pt-ATP complexes in which there is a Pt-N7 and -N1 
coordination. The sugar pucker in the Na2H2ATP3H20 crystal dimers is C3'-endo-anti (in one) and C2'-endo-anti (in the 
other) with a characteristic infrared band at 818 cm-'. In the corresponding cu2+ and Zn2+ complexes the sugar has 
C3'-endo-anti conformation with the marker band at about 814 cm-'. The C2'-endo-anti conformation is observed for all the 
metal-ATP complexes prepared here with a marker band at 825-822 cm-'. 

H. A. TAJMIR-RIAHI, M. J. BERTRAND et T. THEOPHANIDES. Can. J. Chem. 64,960 (1986). 
Ogrant i d e s  pH de 3,5 et de 7,2, on a isolC, CtudiC et identifiC plusieurs complexes du sel double de sodium du triphosphate-5 

d'adCnosine (Na2H2ATP) avec les ions mCtalliques Na+, Mg2+, Ca2+, Mn2+, Co2+, ~ i ~ + ,  Cu2+ et avec les Pt(NH3)2C12-cis et 
-trans ainsi que le K2PtCI4. On a remarque des similaritks spectrales marquCes pour tous les composCs structuraux connus 
comportant un phosphate lit5 i un mCtal, comme le [Cu(H2ATP)(phen)12.7H20, le [Zn(H2ATP)(bipy)12.4H20 et tous les 
complexes mCtal-ATP CtudiCs ici, except6 les complexes Pt-ATP. Lorsque la position N1 de I'adCnine est protonCe, la liaison 
du metal se fait par les atomes d'oxygkne a, P et y du phosphate. On a not6 des changements spectraux dans les cas des 
complexes A-ATP dans lesquels il y a une cordination Pt-N7 et -N 1. La conformation du sucre dans les cristaux dimkres du 
Na2H2ATP-3H20 est C3'-endo-anti (dans I'un) et C2'-endo-anti (dans I'autre) et elle prCsente une bande infrarouge 
caractkristique i 818 cm-'. Dans les complexes correspondants avec le Cu2+ et 1e zn2+, le sucre adopte une conformation 
C3'-endo-anti et il posskde une bande caractt5ristique h 814 cm-'. On observe une conformation C2'-endo-anti pour tous les 
complexes de mCtaux-ATP qui ont CtC prCparCs ici et ils sont tous caractCrist5s par une bande i 825-822 cm-'. 

[Traduit par la revue] 

Introduction 
Of all metal-mononucleotide complexes those involving 

ATP have been the subject of  extensive investigations (1, 2). 
This is mainly due to the important role of ATP as a mediator in 
maintaining the energy balance in  living cells by  hydrolysis 
of its phosphoryl groups and by transfer to  various acceptors. 
Since most of the reactions responsible for phosphoryl group 
transfer are catalyzed by metal ions the study of metal-ATP 
interactions is biologically significant. Although various spec- 
troscopic techniques have been used (3-6) to  characterize the 
nature of metal-ATP interactions, until recently the metal ion 
binding to the various potential coordination sites of  the ATP 
molecule was the subject of speculation. A recent X-ray structural 
analysis of ternary complexes [Cu(H2ATP)(phen)l2.7H2O (7) 
and [Zn(H2ATP)(bipy)12.4H20 (8) and several other com- 
plexes of Mg2+, Ca2+, ~ n ~ + ,  and Co2+ with ATP and 
dipyridylamine (9, 10) showed that the metal-ATP binding is 
through the a, P, and y, phosphate oxygen atoms and that there 
is no interaction between the metal ion and the base adenine. 

In the present work, several binary complexes of ATP with 
Na2+, Mg2+, Ca2+, ~ n ~ + ,  Co2+, Ni2+, Cu2+, zn2+,  and Pt2+ 
have been isolated and studied by  means of microanalysis, 
proton-nmr and Fourier transform infrared (FTir) spectroscopy. 
The spectroscopic results have been compared with those 
of the structurally known [Cu(H2ATP) (phen) 12. 7H20 and 
[Zn(H2ATP)(bipy)12.4H20 (8) complexes in  order to  detect 
the characteristic features of each structural type of complexes 
synthesized here and to establish a correlation between the 

'TO whom correspondence should be addressed. 

spectral changes and the coordination sites involved. Further- 
more, the marker bands of  the sugar conformations C2'-endo- 
anti and C3'-endo-anti have been identified and tentative 
infrared assignments of the ATP absorption frequencies are 
reported. The molecular structure of  the ATP anion (H,ATP~-) 
with the numbering of the atoms is shown below. 

Experimental 
Materials 

Na2H2ATP was purchased from Raylo Chemicals Limited. K2PtC14 
was from Johnson Matthey Chemicals and was converted to cis- and 
trans-Pt(NH3),C12 as previously reported (I I). These were purified 
according to a known procedure (12). D20  (99.8%) was from 
Cambridge Isotope Laboratories. All the metal ion salts were reagent 
grade and were used as supplied. 

Preparation of metal-ATP complexes 
An aqueous solution of the metal ion salt (1 mmol) was added to a 

solution of Na2H2ATP (I  mmol) in H20 (20 mL) and the pH was 
adjusted to 3.5 at room temperature. The solution was kept for 24 h and 
an ethanolic solution was added to precipitate the complex which was 
washed with ethanol several times and dried over CaC12. The analytical 
results agreed with the formula M(H2ATP). nH20, where M = Mg2+, 
Ca2+, Mn2+, Co2+, ~ i ~ + ,  Cu2+, and zn2+ and n = 4-6. The platinum 
complexes were synthesized by addition of stoichiometric amounts of 
cis- or t r a n ~ - P t ( N H ~ ) ~ C l ~  and K2PtC14 to a solution of Na2H2ATP in 
H20 (25 mL) in a similar fashion as stated for the other metal-ATP 
complexes. The complexes were isolated at pH = 3.5 and were 
analysed to give the composition of [Pt(Na2H2ATP),]C12.xH20 and 
cis- and ~~~~s-[P~(NH~)~(N~~H~ATP)~]C~~.~H~O, where n = 1-4 
and x = 2-6. The M ~ ~ + -  and P~~+-ATP complexes were also 
prepared and isolated at pH = 7.2. The analytical data are given in 
Table 1. 
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TABLE 1. Analytical data for ATP-metal complexes 

Anal. Calcd. (found), % 

Compounds C H N M PH 

'Structurally known. 

/ Physical measurements 
;I The solution pH values were measured on a Fisher Accumet Model 

630 H meter using 0.1 N NaOH or HCl solutions to control the pH. P The H-nmr spectra were recorded on a Varian EM 360-60 MHz. The 
1 solutions were in D20 containing DSS as reference (6 = 0.00 ppm). 

1 The air spectra were recorded on a Digilab FTS-15C/D Fourier 
transform infrared interferometer equipped with a HgCdTe detector 
(Infrared Associates, New Brunswick, NJ), a KBr beam splitter, and 

, a Globar source. The spectra were taken using KC1 pellets and the 
resolution was 2-4 cm-'. Previous procedures of data collecting and 

I 
calculating the spectra were used (13). The compounds were analyzed 

, for C, H, and N by Schwarzkopf Microanalytical Laboratory (U.S .A.) 

I and the metal ions were determined complexometrically. 
J 
I Results and discussion 

Nuclear magnetic resonance spectra 
The 'H-nrnr chemical shifts for Na2H2ATP and some of its ' metal adducts in D20 solution are given in Table 2. Whereas the 

chemical shifts observed for H2 and H8 of ATP4- are 8.03 
and 8.43 ppm, those in Na2H2ATP are observed at 8.43 and 
8.53 ppm, the downfield shifts of H2 and H8 protons are due to 
the protonation of the N1 position of the adenine ring, which is 
in agreement with the X-ray structural data for the Na2H2ATP 

, compound (14). Complexation with the metal ions, ~ g ' + ,  
1 Ca2+, and Zn2+ does not alter the chemical shifts of H2 and H8 

TABLE 2. The 'H-nmr chemical shifts of 5'-ATP and its metal adducts 
in D20 solution 

Complexes H8 H2 H1' 

considerably, while in Pt-ATP complexes drastic changes have 
been observed. It should be noted that the large downfield shifts 
of H8 in all the Pt-ATP complexes synthesized at pH = 3.5 
and 7.2 are due to the direct Pt-N7 bonding (Table 2). 
The downfield shifts of H2 in all platinum-ATP compounds 
prepared at pH = 3.5 is attributed to the effect of Pt-N7 
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WAVENUMBERS ( cm-' ) WAVENUMBERS (cm-l) 

FIG. 1. The FTir spectra of Na2H2ATP.3H20 and metal-adducts in the region of 1800-500 cm-' for (a) Na2H2ATP.3H20, (b) NQATP, ( c )  
[CuW~ATP)@hen)l~.7H20, (4 Mg@bATP).SH20, (el COWZATP).~HZO, (f R(N~~HzATP)zC~Z.~HZ~, (g), C~S-[R(NH~)Z(N~ZHZATP)ZIC~Z~~HZ~, 
and (h) ~~~~S-[R(NH~)~(N~~H~ATP)~]C~~.~H~O. 

(b) Phosphate vibrational modes. The triphosphate chain in 
ATP is a potentially multidentate ligand, binding through the a, 
p, and y phosphate oxygen atoms (7, 8). The phosphate group 
in H ~ A T P ~ -  shows fundamental infrared vibrations in the 
region 1200-900 cm-' which are assigned as follows: the two 
strong and broad absorption bands at 1252 and 1105 cm-' are 
assigned to the PO2- antisymmetric and symmetric stretching 
vibrations, a strong band at 965cm-' is assigned to the 
P-0-H stretching, and the band at 903 cm-' is assigned 
to the 0-P-0 stretching vibration (3). Upon dissociation 
of the H2ATP2- to ATp4- at pH 7.2 the band at 965 cm-' 
disappeared and two other strong absorption bands at 1120 and 
1092 cm-' were observed, which are assigned to the antisym- 
metric and symmetric stretching vibrations of the ~ 0 ~ ~ -  (3) 
(Fig. 1). Upon phosphate coordination to the metals cu2+ and 
Zn2+ in the ternary compounds [C~(H~ATP)(phen))~l:.7H~0 
and [Zn(H2ATP)(bipy)12.4H20, the band at 1252 cm-' shifted 
towards lower frequencies and the other phosphate band at 
1105 cm- ' also showed shifting and splitting (Fig. 1). The band 
at 903cm-', assigned to the 0-P-0 stretching, shifted 
towards higher frequencies. These spectral changes are due to 
the coordination of the a, p, and y phosphate oxygen atoms to 
the metal cations which is in agreement with the X-ray structural 

analysis (7, 8). Similar spectral changes were observed in the 
spectra of all the binary complexes synthesized here with the 
exception of the Pt-ATP compounds. This is indicative of a 
phosphate coordination mode in this series of metal-ATP 
complexes. The coordination of the a, P, and y phosphate 
oxygen atoms in M ~ ~ +  and ca2+ in several other ternary 
metal-ATP complexes is known from X-ray crystallography 
(9, 10). In the spectra of the Pt-ATP complexes prepared here, 
the vibrations related to the phosphate group exhibited no major 
changes upon metal complexation (Fig. 1). This indicates that 
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TABLE 4. Sugar pucker in Na2H2ATP and in its metal adducts 

Sugar 
diagnostic 

band Sugar 
Compounds (cm-') conformation 

Na2H2ATP 3H20 (dimer) C3'-endo-anti 
C2'-endo-anti 
C3'-endo-anti 
C3'-endo-anti 
C2'-endo-anti 
C2'-endo-anti 
C2'-endo-anti 
C2'- endo- anti 
C2'- endo-anti 
C2'-endo-anti 
C2'-endo-anti 
C2'-endo-anti 
C2'-endo-anti 
C2'-endo-anti 
C2'-endo-anti 
C2'-endo-anti 
C2'- endo-anti 
C2'-endo-anti 

FIG. 2. The FTir spectra of Na2H2ATP.3H20 and metal- 
adducts in the region of 1000-500 cm-' for (a) Na2H2ATP. 
3H20, ( b )  [Cu(H2ATP)(phen)12.7H20, (c) Mg(H2ATP). 
5H20, (d) cis-[Pt(NH3) 2(Na2H2ATP)2]C12. 4H20, and (e) trans- 
[Pt(NH3)2(Na2H2ATP)2]C12 .4H20. 

there is no direct Pt-phosphate interaction in the platinum-ATP 
complexes. However an indirect Pt-phosphate interaction via 
hydrogens of NH3 or H20 molecules can not be excluded. 

(c) Characteristic sugar pucker bands. The OH stretching 
frequencies of the sugar are observed in the region 3500- 
3200cm-' and overlap with the base NH2 and the water 
molecules bonded to the metal. The other absorption bands in 
the region 1400-600 cm-' are masked by the strong and broad 
absorption bands of the phosphate group and the base (Fig. 1). A 
shoulder at 1 120 cm- ' in the spectrum of Na2H2ATP is assigned 
to the sugar C-0 stretching vibration which shows no changes 
upon nucleobase metalation (Table 3). However, a strong band 
at 818 cm-' in the ligand spectra exhibited major changes 
upon sugar conformational transitions. The sugar pucker in 
(Na2H2ATP.3H20)2 showed both C2'-endo-anti and C3'- 
endo-anti conformations (14) with a characteristic band at 
818 cm-'. This infrared band appeared at 8 14 cm-' in the spectra 
of [Cu(H2ATP)(phen)I2.7H20 and [Zn(H2ATP)(bipy:1I2.4H20 
compounds which are known to contain only the C3'-endo-anti 
conformation (7, 8) (Fig. 3 and Table 4). In the spectra of the 
binary complexes of Mg2+, ca2+,  zn2+, ~ n ~ + ,  Co2+, Ni2+, 
Cu2+, and Pt-ATP studied here, the sugar band appeared as 
a strong band at about 822cm-', which corresponds to the 
C2'-endo-anti conformation (Fig. 2 and Table 4). A recent 
structural analysis of Mg2+ and Ca2+ complexes of ATP and 
dipyridineamine also exhibited the C2'-endo-anti sugar con- 
formation in these metal complexes (10). It is interesting to note 
that in the ternary compounds of ATP with Cu2+ and zn2+, the 
sugar has C3'-endo-anti conformation (7, 8), whereas in the 
corresponding binary complexes the sugar showed the C2'- 
endo-anti conformation (Table 4). This could be due to the 
effect of the bulky ligands, 1,lO-orthophenanthroline and 
2,2'-bipyridyl on the sugar pucker. 

Conclusions 
Several new metal-ATP complexes have been prepared and 

comparison of the FTir spectra and X-ray structural information 
of the known compounds [Cu(H2ATP)(phen)12-7H20 and 
[Zn(H2ATP)(bipy)12.4H20 with that of the unknown binary 
M-ATP compounds (where M = M2+, Ca2+, Zn2+, Mn2+, 
Co2+, ~ i ~ + ,  Cu2+, and Pt2+) leads to the following remarks: 
(1) All the binary metal-ATP complexes (except the Pt-ATP 
adducts) are bonded to the phosphate oxygen atoms with no 
direct metal-base interaction. (2) The Pt-ATP adducts synthe- 
sized in acidic media are N7-bonded, while the Pt-ATP complexes 
isolated here at pH = 7.2 are dirners [Pt(Na4ATP)3C14]-6H20 
having metal binding through the N1 and N7 atoms of the 
pyrimidine and imidazol rings. (3) The N1 atom of the 
pyrimidine ring is protoned in the acidic media and prevents 
metal-N1 coordination. (4) The phosphate spectral changes 
suggest that the metal coordination is via a, P, and y phosphate 
oxygen atoms. (5) The sugar is not involved in metal complex 
formation and its conformation in Na2H2ATP.3H20 is both 
C2'-endo-anti and C3'-endo-anti. This changes to the C3'- 
endo-anti conformation in the ternary cu2+- and z n 2 + - ~ T P  
complexes. In all the other binary metal-ATP compounds 
studied here the sugar shows C2'-endo-anti conformation. The 
characteristic infrared band for C2'-endo-anti sugar pucker in 
ATP is at 822 cm-' and the shift of this band to 814 cm-' is a 
diagnostic of the transition to the C3'-endo-anti conformation. 
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The thermolysis and photolysis of malonic acid in the gas phase1 
J.-R. C A O ~  AND R. A. BACK 

Division of Chemistry, National Research Council of Canada, 100 Sussex Drive, Ottawa, Ont., Canada KIA OR6 
Received November 12, 1985 

J.-R. CAO and R. A. BACK. Can. J. Chem. 64,967 (1986). 
The thermolysis of malonic acid has been studied briefly in the gas phase at temperatures from 92 to 151°C at pressures around 

0.1 Torr. Major products were C 0 2  and acetic acid, while smaller amounts (< 5% of the C02) of CO, acetone, C2H6, and CH4 
were formed. Anhenius parameters of E = 30.9 kcal/mol and log A (s-') = 13.27 were obtained, based on first-order rate 
constants for the formation of C02.  It is suggested that the major products are formed by an internal hydrogen-atom transfer 
through a 4-centre transition state. The gas-phase photolysis was examined briefly using light of 228.8 nm, and gave products 
very similar to those of the thermolysis. 

J.-R. CAO et R. A. BACK. Can. J. Chem. 64,967 (1986). 
Opkrant i d e s  temp6ratures allant de 92 i 15 1°C et i d e s  pressions d'environ 0.1 Torr, on a brikvement CtudiC la thermolyse de 

l'acide malonique en phase gazeuse. Les produits majoritaires sont le C 0 2  et I'acide acCtique qui se foment aux c6tCs de faibles 
quantitCs (< 5% par rapport aux quantitks de C02) de CO, d'acetone, de CzH6 et de CH4. En faisant I'hypothkse que les 
constantes de vitesse sont du premier ordre pour la formation du COz, on a dCterminC les pararnktres d'Anhknius qui sont E = 
30,9 kcal/mol et log A (s-') = 13,27. On suggkre qu'un transfert interne d'hydrogkne, par I'intermCdiaire d'un Ctat de transition 

I i 4 centres, est responsable de la formation des produits majoritaires. On a examint bribvement la photolyse en phase gazeuse, en 
utilisant une lumibre de 228,8 nrn; les produits obenus sont trks semblables i ceux obtenus lors de la thermolyse. 

[Traduit par la revue] 

Introduction TABLE 1. First-order rate 
Recent work in this laboratory has been concerned with the constants for decomposition 

, gas-phase photolysis and thermal decomposition of several of malonic acid vapor 

carboxylic acids with adjacent carbonyl groups, including 
I 

oxalic (1), pyruvic (2), and glyoxylic acids (3). Malonic acid, a T (K) k (s-I) 

P-dicarbonyl compound, is interesting for comparison. Its 
, decomposition in the molten liquid and solid phase and in 365.2 5.66 X 

372.2 1.32 X lop5 
I solution is well known, yielding C02 and acetic acid, but the 379.2 2.61 X 

gas-phase decomposition has not been reported. The present 389.2 7.63 x 
paper describes a brief study of the thermolysis and photolysis 424.2 2.09 x 
of malonic acid in the gas phase. 

Experimental 
Apparatus and methods were similar to those used before with 

other slightly volatile acids (1-3). The same reaction vessel, a quartz 
cylinder 10 cm long and 5 cm in diameter, was used for both pyrolysis 

I and photolysis and was contained in an air thermostat. A Philips Cd 
spectral lamp was used for the photolysis. Malonic acid (obtained from 
Aldrich) is marginally volatile enough to work with as a vapor, as a 
useful vapor pressure is barely attained before thermal decomposition 
becomes prohibitive. After prolonged degassing at lower temperatures, 
solid malonic acid was sublimed at 92°C until the desired presure was 
reached in the reaction vessel, which was then isolated and the ex- 
periment begun. To minimize the amounts of products from the de- 
composition of the solid during vaporization, which took some time, 
small samples were used (5-10mg) and renewed before each ex- 
periment. Substantial amounts of products were still present in the 
reaction cell at the beginning of an experiment, and corrections had to 
be made for these. 

Products were analysed by fractionation at -196, -78, and O°C, 
collected, and measured with a Toepler pump and gas buret, and by gas 

I chromatography. 

Results and discussion 
The thermal decomposition 

Major products were C02 and acetic acid, in roughly equal 
; amounts, as found previously from liquid-phase decomposition 
, (4). Minor products were CO (5%), acetone (3%), C2H6 

(0.4%), and CH4 (0.2%), with their yields relative to C02 at 

92°C shown in parentheses. Formation of C02  followed 
approximate first-order kinetics over a range of conversions (up 
to 50%) and pressures between about 0.7 and 0.12 Torr (1 Torr 
= 133.3 Pa). First-order rate constants based on C02  formation 
are shown in Table 1, and in an Arrhenius plot in Fig. 1 together 
with the data of Clark (4) obtained in molten malonic acid. Each 
rate constant in Table 1 is based on 5 or 6 experiments at 
different reaction times, and is derived from the slope of a plot 
of C02 product (corrected for depletion of malonic acid, 
assuming first-order kinetics) against reaction time. From Fig. 
1, Arrhenius parameters of E = 30.9 kcal/mol and log A (s-') 
= 13.27 were obtained, closer to those found for oxalic acid 
than to those for glyoxylic and pyruvic acids, which showed 
unusually low frequency factors (2). Realistic confidence limits 
of *2 kcal/mol for E and k0.2 for log A can be rather 
arbitrarily estimated. Although surface dependence was not 
tested, the Arrhenius parameters suggest that the present data 
probably correspond to a gas-phase reaction, which is also 
probably partly in its pressure-dependent region so that the 
high-pressure Arrhenius parameters may be somewhat higher 
than the measured values. The similarity of E and A to those for 
oxalic acid suggests a similar mechanism, i.e., a hydrogen- 
atom transfer through a 4-membered transition state: 

H 0 
'NRCC Publication number 2543 1. 
2~~~~ Research Associate, 1984- 1985. Present address: Chemis- 

try Department, Peking University, Peking, China. 
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acetic acid), is perhaps also a possibility for the gas-phase 
reaction, although it seems doubtful that the en01 form would be 
energetically accessible in the gas phase in the absence of 
solvent stabilization. 

3 

I The of the rate constants for decom~osition in the 1 .  S. YAMAMOTO R. A. BACK. J .  Phys Chem. 89, 622 (1985). 
molten acid and in the gas phase indicates perhaps a similar 2. S. YAMAMOTO and R. A. BACK. Can. J. Chem. 63,549 (1985). 
mechanism in the former, althoughClarksuggested a biOmolec- 3. R. A. BACK and S. YAMAMOTO. Can. J. Chem. 63, 542 (1985). 
ular interaction (4) while Loudon et al. (5) preferred a 4. L. W. CLARK. J. phys. Chem. 67, 138 (1963). 

I 
unimolecular decomposition via a 6-centre transition state. The 5. A. G. LOUDON, A. MACCOLL, and D. SMITH. J .  Chem. Soc. 

I latter, yielding C02 and 1,l-ethylenediol (the en01 form of Faraday Trans. 1,69, 894 (1973). 

- - 
V) 
L 

2 - 
(3 

9 
+ 
U) 

I 

1000 K /T  product formation in both systems is also curious. The nature of 
the products indicates formation of CH3 and CH3C0 radicals, 

FIG. 1 .  Arrhenius plot for the thermal decomposition of malonic and while the energy in the photolysis is high enough I 

I acid in the gas phase, based on first-order rate constants for the to generate such free radicals, their source in the thermal 
formation of COz. 0 = present data; A = data for molten malonic 

I acid (4). 
reaction at 92OC is not clear. 

- %'\ 

O\ 

O\ 
- 

"\ 
0 

I I I I I I 

2.3 2.5 2.7 

The photolysis 
Attempts to obtain an absorption spectrum of the vapor were 

unsuccessful, as no absorption significantly different from that 
of acetic acid was observed, and acetic acid was always present 
as a decomposition product. No structure was evident and no 
measurable absorption above about 250 nm. Under these 
circumstances, the radiation effective in the photolysis was 
almost entirely the 228.8-nm resonance line of the Cd lamp. 

Major products at 92OC were again COz and acetic acid in 
roughly equal yields, and minor products were also those found 
in the thermal reaction, with about the same product ratios. 
Sizeable corrections were made for the thermal decomposition 
in these experiments, but the rate of product formation was 
about 2.5 times larger with the light on than with the light off, 
and there is no doubt that a true gas-phase photolysis was taking 
place. It is interesting that the photolysis is so similar to the 
thermolysis despite the much higher energy of excitation (125 
kcal/mol) available in the former. The mechanism of minor 
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Oxidation of the mercurous ion by peroxidase 

DONALD C. WIGFIELD AND SEASON TSE 
The Ottawa-Carleton Institute for Research and Graduate Studies in Chemistry, Carleton Universiv Campus, 

Ottawa, Ont., Canada KIS 5B6 

Received July 2, 1985 ' 
DONALD C. WIGEIELD and SEASON TSE. Can. J. Chem. 64,969 (1986). 
The kinetics of oxidation of the mercurous ion by peroxidase have been measured by following the disappearance of mercurous 

ion using cold-vapour atomic absorption spectroscopy. Pseudo-first-order kinetics are observed with respect to mercurous ion, 
and the pseudo-first-order rate constants are linearly related to peroxidase concentration, showing first-order dependence 

1 on peroxidase. This behaviour is identical to oxidation of elemental mercury, and the second-order rate constant, 1.44 x 
I lo4 M-' s-' at 23"C, is also, within experimental error, the same as that for elemental mercury oxidation. The data are interpreted 

in terms of peroxidase-induced disproportionation of the mercurous dimer, followed by two-electron oxidation of zero-valent 
mercury. 

DONALD C. WIGHELD et SEASON TSE. Can. J. Chem. 64,969 (1986). 
Faisant appel a la spectroscopie d'absorption atomique h vapeurs froides pour determiner la disparition de I'ion mercureux, 

I on a mesure la cinttique de I'oxydation de I'ion mercureux par la peroxydase. Par rapport h I'ion mercureux, la reaction est 
d'un pseudo-premier ordre et on peut ktablir une correlation linCaire entre les constantes de vitesse de pseudo-premier ordre 
et la concentration de peroxydase; ce resultat dCmontre que la reaction est aussi du premier ordre par rapport a la peroxydase. 
Ce comportement est identique a celui observe pour I'oxydation du mercure ClCmentaire et la constante de vitesse du deuxikme 

, ordre, 1,44 x lo4 M-' s-' a 23"C, est aussi, h I'inttrieur des limites expCrimentales, la mCme que celle observke pour 
I I'oxydation du mercure Cltmentaire. On interprkte ces donnCes en fonction d'une disproportionation du dimkre mercureux qui 

est induite par la peroxydase et qui est suivie par une oxydation h deux electrons du mercure zero-valent. 
[Traduit par la revue] 

I ' Recently, in connection with the mechanism of toxicological 
I action of elemental mercury, we have reported the kinetics of 

oxidation of elemental mercury by peroxidase, and proposed a 
mechanism for this transformation (1, 2). This, in combination 
with the powerful cold-vapour atomic absorption spectroscopy 
technique, which now allows analysis not only of total mercury 
(3) and zero-valent mercury (4), but also of the mercurous ion 
(5-7), leads to the possibility of studying the oxidation of the 
mercurous ion by peroxidase. We have completed this study and 
herein present the results. 

I 

Results 
In our previous study on the oxidation of elemental mercury 

by peroxidase (I), in which pseudo-first-order behaviour with 
respect to elemental mercury was found, it was only possible 

I to establish this first-order behaviour over a very limited 
concentration range. This resulted from the fact that the upper 
limit (solubility) and the lower limit (detection) differed only 
by one order of magnitude. A study of oxidation of a suitably 
soluble mercurous salt, such as nitrate, offered the possibility 
of a greater concentration range. In addition, it was of acute 
interest to investigate the oxidation of the mercurous ion, partly 
for its own sake, to compare its oxidation with that of elemental 
mercury, and partly because of the unknown role that the 
mercurous ion might play in the toxicological oxidation of 

' elemental mercury. 
Both elemental mercury and the mercurous ion give signals in 

cold-vapour atomic absorption analysis, whereas the mercuric 
ion does not, unless the analysis is carried out in the presence of 
a reducing agent (5). Thus the disappearance of the absorption 
signal represents a measure of formation of the mercuric ion, 
i.e. the oxidation of mercurous ion. We have previously 
investigated the size of the absorption signal from mercurous 
ion and found that, although the signal size can vary depending 
on experimental conditions, it does bear direct relationship to 

'~evision received January 27, 1986. 

mercurous ion concentration under a particular set of reaction 
conditions and is therefore useful for following the reaction. 
Total mercury can also be determined (analysis in presence of 
a reducing agent) to ensure that one is indeed witnessing an 
interchange of mercury species, and not an absolute disappear- 
ance of mercury as a whole, e.g. by surface adsorption. 

Figure 1 shows the disappearance of absorption signal when 
mercurous ion is in contact with horseradish peroxidase and its 
cofactor hydrogen peroxide, with various concentrations of the 
latter reagent. Two features are evident from this figure. The 
control show that over the kinetic run more than 90% of 
the mercury is retained, showing that the potentially serious 
problem of mercury adsorption or evaporation at these trace 
ievels is under control. secondly, the change of hydrogen 
peroxide over several orders of magnitude makes no impact on 
the rate of mercurous ion oxidation. This was also observed in 
the oxidation of elemental mercurv (1) and is consistent with , \ ,  

the rapid and essentially irreversible formation of peroxidase 
Compound I (HRP-I) followed by slower oxidation of either 
form of mercury by HRP-I. 

HRP + HzOz * HRP-I + H20 
slow 

HRP-I + mercury -----t oxidized mercury + HRP 

Under these circumstances, the rate of mercury oxidation is not 
dependent on hydrogen peroxide concentration. 

In view of the finding that oxidation of elemental mercury by 
HRP-I obeyed normal chemical kinetics rather than Michaelis- 
Menten kinetics, over several half-lives of reaction(s), 

i.e. Rate = ~ [ H ~ ] ~ [ H R P - T ]  
where a = b = 1 

we investigated the possibility that oxidation of the mercurous 
ion might show similar behaviour. Kinetic runs were therefore 
performed in which the rate of oxidation of the mercurous ion 
(disappearance of atomic absorption signal) was followed at 
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e-• [HRP]:[H~o~] = I  
A-A = 10 

0-0 [HRP-I] = 3.1 XIO-8 M 
• -@ 6.2~10-8 M 
A-A = 1.12 x 10-7 M 
0-0 
0-0 

'3.1 x 10-7 M 
a6.2~ 10-7 M 

FIG. 1. Disappearance of mercurous ion in the presence of HRP and 
variable concentrations of H202. 

various HRP-I concentrations. The logarithmic first-order test 
of these data is shown in Fig. 2, clearly establishing that, in 
common with oxidation of elemental mercury (I), oxidation of 
the mercurous ion is first order in mercury. In our previous paper 
(1) we have shown that the linearity of these plots, where the 
reaction is taken substantially to completion, requires that the 
enzyme is being constantly regenerated in the reaction, by 
re-oxidation to HRP-I with excess hydrogen peroxide; this in 
turn requires that, at least insofar as the enzyme is concerned, a 
two-electron oxidation is i n~o lved .~  

Unlike the oxidation of elemental mercury, it is possible to 
study oxidation of the mercurous ion over a reasonable range 
of concentration. The pseudo-first-order rate constants sum- 
marized in Table 1 show that, consistent with the first-order 
process, these rate constant values are indeed independent of 
mercurous ion concentration. The rate constants are, however, 
heavily dependent on HRP-I concentration and a plot of these 
values as a function of each other is shown in Fig. 3, 
demonstrating that the reaction is first order with respect to 
HRP-I. The second-order rate constant that follows from these 
datais 1.44 X lo4 M-' s-' at 23OC, and the overall rate equation 
is represented by: 

Rate = k [ ~ g ~ + ~ ]  [HRP-I] 

'A one-electron process would cause formation of the species 
HRP-11, which cannot easily recycle either to HRP or HRP-I (1). 

FIG. 2. First-order plot of the logarithm of remaining mercurous ion 
as a function of time ([Hg(I)] = 50 ppb initial). 

TABLE 1. Pseudo-first-order rate constants for the oxidation of Hg(1) 
as a function of Hg(1) and HRP-I concentrations 

[HRP-I] Correlation 
x 10' (M) [Hg(I)] (ppb) k' x lo3 (min-l) coefficient 

10-8 CHRP-I] (MI 

FIG. 3. Plot of pseudo-first-order rate constants of mercurous ion 
oxidation as a function of peroxidase Compound I concentration 
([Hg(I)] = 50 ppb initial). 
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WIGFIELD AND TSE 97 1 

Discussion 
The striking feature about the results presented above is the 

extraordinary similarity to oxidation of elemental mercury. 
Indeed they are indistinguishable. Both involve a second-order 
rate process, first order both in mercury (either HgO or ~ g ~ + ~ )  
and in enzyme. Both involve a two-electron oxidation process 
and, within experimental error, the rate constants are the same 
(1.43 X lo4 M-'s-' vs. 1.44 X lo4 M-' s-'). Conceptually 
the simplest mechanism that would accommodate the data 
would be one in which HRP-I somehow would accept an 
electron from each half of the mercurous dimer, giving two 
mercuric ions. 

HRP-I + H ~ ~ + ~  -+ HRP + 2Hg2+ + 0'- 

This mechanism is, however, highly unsatisfactory on several 
grounds. The bulky mercurous dimer would have to approach 
the heme centre of the enzyme; it would have to do so in a 
fashion to enable both mercury atoms to give up an electron, and 
presumably only one of the mercuric ions produced would end 
up bound to the oxide ion of which HRP-I must divest itself in 
the process. Furthermore, to give an identical rate constant, 
this process would have to occur with precisely equal ease to 
the incomparably simpler oxidation of a mercury atom. This 
mechanism can probably be rejected. 

The identity of rate constants suggests very strongly that 
disproportionation of the mercurous dimer is involved in the 
process, followed by two-electron oxidation of the mercury 
atom produced, i .e. 

rate 
HgO + HRP-I - Hg2+ + HRP 

determining 
k 

In this way the rate-determining step in the reaction is the same 
two-electron oxidation involved in the oxidation of elemental 
mercury, which will clearly proceed at a rate independent of the 
source of HgO. 

This simple process is, however, not consistent with the 
kinetic data because of the pre-equilibrium involved. In the 
absence of externally added Hg2+, the concentrations of HgO 
and Hg2+ are the same; thus 

[HgO] = K 'I2 [Hg2+,] 'I2 

In this case, since the rate equation is: 

Rate = k[HgO] [HRP-I] , 

the reaction should have an initial half-order dependence on the 
concentration of mercurous ion.3 

'The disproportionation of the mercurous ion, however, is 
one that is dramatically dependent on experimental conditions. 
Although, in the absence of other ions, the equilibrium is far to 
the side favouring mercurous ion (K = 5.5 X lo-') (8), it is an 
equilibrium that may be moved completely to the other side by 
ions that complex with the mercuric ion. Thus several potential 
salts of the mercurous species, such as cyanide and sulfide, 
simply do not exist (9). It is noteworthy that sulfide from 
cysteine is also a component of peroxidase (10). If the 
disproportionation mechanism is thus disturbed, the half-order 
dependence on mercurous ion disappears and is replaced by 

3~ referee has pointed out that after the initial period HgO + Hg2+ 
and thus the half order will gradually change. 

simple first-order kinetics, as is experimentally observed. The 
peroxidase thus apparently acts not only as the precursor of 
HRP-I, but also as the agent for the displacement of the 
disproportionation reaction, then to be followed by the two- 
electron oxidation of HgO. This process would not only have the 
kinetic properties experimentally observed, but would also 
demand a rate constant identical to that for elemental mercury 
oxidation. This overall mechanism is shown below. 

peroxidase 
H ~ ~ + ~  - HgO + Hg2+ - peroxidase 

HRP + H202 -+ HRP-I + H20 

rate 
HRP-I + HgO - HRP + Hg2+ 

determining 

We have already commented on the detailed mechanism of the 
rate-controlling oxidation of HgO (1). 

From the data obtained it appears likely that the mechanism 
of oxidation of mercurous ion by the peroxidase system is best 
represented by the three steps outlined above.4 It is noteworthy 
that complexation of Hg2+ by peroxidase evidently does not 
significantly affect the reaction rate, thus reinforcing the idea 
that only the heme portion of the peroxidase is important in the 
reaction and that this is basically a chemical reaction between 
two species (HRP-I and HgO). This is in contrast to the usual 
situation involving enzyme catalysis in which substrate binding 
and Michaelis-Menten kinetics are involved. 

Experimental 
Reagents and solutions 

Horseradish peroxidase (E.C.1 .11.1.7, Type X )  
Horseradish peroxidase was obtained as a (NH4)2S04 suspension 

(Sigma Chemical Co., St. Louis, Mo., C-100). Solutions were freshly 
prepared by dissolving the desired amount of the enzyme in phosphate 
buffer (pH = 7.00, 0.05 M ) .  The subsequent enzyme concentration 
was determined by the absorbance at 403 nm and the corresponding 
extinction coefficient (E = 1.02 X lo4 M-' cm- he R.Z. value, an 
indicator of purity, was determined as the ratio of the absorbances at 
403 and 280 nm. 

Mercurous solutions 
Stock mercurous solutions were prepared monthly by dissolving 

1.0000 g of mercurous nitrate (Fisher Scientific, Toronto, Canada, 
M-168) in 1 L of 0.1% V/V nitric acid (Canlab, McGraw Ltd.). Serial 
dilutions from this solution were freshly made for each experiment. 
The concentrations were determined by cold vapour atomic absorption, 
under reducing conditions (5). 

Hydrogen peroxide 
Hydrogen peroxide solutions were prepared daily from 30% stock 

solution (Anachemiz Ltd., Montreal, Canada). 
Water 
All glassware used for solution preparation were cleaned by soaking 

in 35% nitric acid solution for at least a period of 48 h, and were 
thoroughly rinsed with distilled deionized water prior to use. All 
solutions were prepared using distilled deionized water (Millipore 
Corporation, Bedford, Mass.). 
Mercury analysis 

Mercury analysis by cold vapour atomic absorption, with separate 
determinations for elemental mercury and mercuric ion, has been fully 
described previously (4). Analysis of mercurous ion using the same 
apparatus is also fully documented (5). 
Kinetic experiments 

To 10 mL of mercury solution were added peroxidase and H202 

4The analytical method cannot distinguish between HgO and $ Hg2+2; 
thus there is no inconsistency between the original use of mercurous 
ion and its ultimate analysis. 
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972 CAN. J. CHEM. VOL. 64, 1986 

or previously prepared HRP-I. Mixing was done by means of the 
sampling syringe, for 15 s. The flask was stoppered with a glass 
stopper, and sampling done by momentary removal of the stopper. 
Preparation of HRP-I 

Compound I was prepared by mixing (Vortex) 0.9 mL of phosphate 
buffer and the desired amount of HRP, and various equivalents of 
H202, in a 1.5-mL disposable micro test tube. Its presence was 
confirmed by obtaining the spectra prior to addition to mercury 
solutions (1). 
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A rate and equilibrium study of the addition of acetone enolate ion 
to the 2-methyl-5-nitroisoquinolinium cation in aqueous solution 

! Department of Chemistry, University of Toronto, Toronto, Ont., Canada M5S IAl 

Received December 3, 1985 

JOHN W. BUNTING and JAMES W. TAM. Can. J. Chem. 64,973 (1986). 
1 Rate and equilibrium constants for the reaction between acetone and the 2-methyl-5-nitroisoquinolinium cation to give 

l-acetonyl-l,2-dihydro-2-methyl-5-nitroisoquinoline (2) have been evaluated over the pH range 10.0-1 1.3 in aqueous solutions 
at 25°C. This reaction is shown to occur under much milder conditions (temperature, pH) and in much shorter reaction times than 

1 
I previously used for the synthesis of this adduct. Analogous data for the reaction of hexadeuteroacetone with this heterocyclic 

1 cation are also presented. The formation of 2 is shown to be first order in each of acetone, isoquinolinium cation, and hydroxide 
ion, and is not catalyzed by carbonate buffer species. These data are consistent with the rate-determining attack of the acetone 
enolate anion upon the isoquinolinium cation. The microscopic reverse of this reaction is the uncatalyzed decomposition of 2, 
which is consistent with the observed pH independence of the first-order rate constant for this process. Quantitative comparisons 
of rates and equilibria for the addition of hydroxide ion and acetone enolate ion to this isoquinolinium cation and to substituted 
benzaldehydes are now available. 

JOHN W. BUNTING et JAMES W. TAM. Can. J. Chem. 64,973 (1986) 
OpCrant en solutions aqueuses, a 25°C et dans un lntervalle de pH allant de 10,O 11,3, on a CvaluC les constantes de vitesse et 

les constantes d'kquilibre pour la rkaction entre lYacCtone et le catlon mkthyl-2 nitro-5 isoquinolkinium qui conduit a l'acktonyl- 1 , 
dihydro-l,2 mkthyl-2 nitro-5 isoquinolCine (2). On a dCmontrC que cette rCaction s'effectue dans des condit~ons beaucoup 
plus douces (tempkrature, pH) et utilisant des temps de rkaction beaucoup plus courts que ceux utilisCs antkrieurement dans 
la synthtse de cet adduit. On a Cgalement CvaluC les m&mes constantes pour la rkaction de 1'hexadeutCroacCtone avec ce cation 

I 
hCtCrocyclique. On a dCmontrC que la reaction de formation du composC 2 est d'ordre un tant pour l'acetone que pour le catlon 
isoquinolCinium et l'ion hydroxyde: toutefois, cette rkaction n'est pas catalysCe par des solutions tampon de carbonate. Ces 

I donnkes s'accordent avec un mCcanisme impliquant une Ctape dkterminante dans laquelle l'anion Cnolate de I'acCtone attaque 
le cation isoquinolCinium. La reaction microscopiquement inverse est la dCcomposition non catalysCe du compost5 2, ce q u ~  
s'accorde parfaitement avec les falts observks, a savoir que la constante de vitesse d'ordre un de cette reaction ne dCpend pas 
du pH. Des comparaisons quantitatives de vitesses et des Cquilibres, dans le cas de l'addihon de l'ion hydroxyde et ion Cnolate de 
I'acCtone sur cet cation isoquinolCinium et sur des benzaldkhydes substituks, sont maintenant disponibles. 

[Tradult par la revue] 

Carbanion addition to heteroaromatic cations is a common isoquinolinium cation (eq. [I]), a reaction which has been 
route for the functionalization of heterocyclic rings (1-7).2 found to be of synthetic use (5). In conjunction with literature 
These adducts can be reoxidized to the heteroaromatic system information, this study also provides data that allow a quantita- 

, or, alternatively, can be employed as synthons for the further tive comparison of nucleophilic addition to a heterocyclic cation 
elaboration of the substitution pattern and (or) the extension and to the aldehyde carbonyl group. 
of the ring system. Such adducts are particularly useful in 
isoquinoline chemistry, since the C-1 adducts derived from YO2 
isoquinolinium cations are 1,2-dihydroisoquinolines that have 

, enamine character. Such enamines have been shown to be 
useful intermediates for the introduction of sidechains by 
electrophilic attack at C-4 (3, 5, 10-13). 

Despite the synthetic usefulness of such carbanion addition 
reactions, there do not appear to have been any quantitative 
studies of such processes. Quantitative information on the 
dependence of the rates and equilibria of such reactions upon the 
reactivity of the carbanion and the heterocyclic cation, and also 
upon other variables such as solution basicity, solvent, etc. 
would allow the straightforward prediction of the optimum 
conditions for the formation of such adducts. In an initial study 

' in this area, we now report the rates and equilibria for the 
addition of the enolate ion of acetone to the 2-methyl-5-nitro- 

' ~ e c i ~ i e n t  of a 1985 NSERC Summer Bursary for Undergraduate 
Research. 

'TO the best of our knowledge, there is no general review in thls 
area. References given are to examples that come readily to mind, and 
are certainly not meant to be a complete survey of this area. The 
extensive studies (8, 9) based upon Reissert compound chemistry 
(cyanide adducts of heteroaromati; cations) also fall into this categoj.  
Analogous carbanion additions to electron-deficient neutral aromatic 
systems have recently been reviewed (23, 24). 

Experimental 
2-Methyl-5-~troisoquinolinium iodide was prepared by refluxing 

5-nitroisoquinoline with methyl iodide in ethanol. After addition of a 
drop of concentrated HI, the salt precipitated upon cooling, and was 
recrystallized from a mixture of methanol and ethanol containing a few 
drops of concentrated HI. The presence of the acid is required to shift 
the equilibrium from the alkoxide adducts towards the cation. This salt 
was pure by Vollhard titration of the iodide ion and ' ~ m r  spectral 
analysis. 
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W a v e l e n g t h  , n m  

FIG. 1. Absorption spectra of solutions of the 2-methyl-5-nitroisoquinolinium cation (0.1 mM) equilibrated with various concentrations of 
acetone at pH 10.1 (25OC, ionic strength 0.1, 1-cmcell path length). Curve, [acetone]: 1, 0 M; 2,0.226 M; 3,0.452 M; 4,0.678 M; 5,0.904M, 
6, 1.356 M. 

All kinetic studies employed spectral grade acetone or hexadeutero- 
acetone (99.9% D from MSD Isotopes, Montreal), and ACS Reagent 
grade KCl, KOH, HCl, and Na2C03. Buffer solutions were prepared 
by the careful neutralization of a standard sodium carbonate solution 
with standard HCl solution to the appropriate pH, or by preparation of 
standard KOH solutions. All solutions for kinetic studies were adjusted 
to a final ionic strength of 0.1 by addition of the appropriate amount 
of KCl. 

All kinetic data were obtained at 25OC by recording the time 
dependence of the increase in absorbance at 500nm on a Unicam 
SP-1800 spectrophotometer equipped with an AR-125 linear recorder. 
Concentrations of the heterocyclic cation were in the range 0.05- 
0.2 mM (usually 0.1 mM), while acetone concentrations were in the 
range 7-500 mM depending upon the pH under study. The absorbance 
vs. time curves were digitized to give 15-20 data points covering 
approximately the first 90% of the reaction. These data points were 
fitted to the three-parameter first-order kinetic equation, A = AE + 
(Ao - AE) exp (- kobst), where A is the absorbance at time t, A. and AE 
are the initial and equilibrium absorbances respectively, and kobs is the 
observed pseudo-first-order rate constant, by a computerized curve- 
fitting iteration procedure based upon the Marquardt algorithm. 
Replotting these data as In (AE - A) VS. t, gave plots that were strictly 
linear over at least the first 90% of the reaction, and slopes that were 
identical with the rate constants evaluated by the iterative fit. 

The electronic absorption spectrum of the adduct 2 was observed to 
be unstable over extended periods of time, with the peak at 500 nm 
slowly disappearing in favour of a more intense absorption maximum 
in the vicinity of 435 nm. We have not investigated this very slow 
process (having a half-time of many hours), which did not interfere 
with the study of the much faster equilibration of the heterocyclic cation 
and its acetone adduct (half-time between 1 and 10 rnin under our 
experimental conditions). 

A sample of the adduct for ' ~ m r  spectral analysis was prepared by 
adjusting a solution containing 2-methyl-5-nitroisoquinolinium iodide 
(1 g) and acetone (1 mL) in water (10 mL) to pH 11 .O (pH meter) by the 
dropwise addition of 0.5 M NaOH. The dark red solution was extracted 

with several aliquots of chloroform and, after drying (MgS04), these 
extracts were evaporated to give a dark red oil, which was characterized 
by ' ~ r n r  spectroscopy. 

Results 
The electronic absorption spectrum of the 2-methyl-5-nitro- 

isoquinolinium cation (1) after standing for 10 min at 25°C 
in aqueous solution at pH 10.1 in the presence of various 
concentrations of acetone is shown in Fig. 1. The appearance of 
a broad absorption maximum in the vicinity of 450-500 nm 
is characteristic of 1,2-dihydro-5-nitroisoquinoline derivatives 
(14, 15). Confirmation of the structure of the product of this 
reaction was obtained upon the isolation of a red oil from 
solutions containing higher concentrations of this cation. The 
'Hmr spectrum of this oil was identical to that previously 
reported by Somei et al. (5) for 1-acetonyl-l,2-dihydro-2- 
methyl-5-nitroisoquinoline (2). 

The increase in absorbance at 500 nrn proved to be cleanly 
kinetically first order in the 2-methyl-5-nitroisoquinolinium 
cation under all reaction conditions examined. However, the 
final absorbance at this wavelength displayed a pH dependence 
and also a dependence upon acetone concentration. This final 
absorbance increased with acetone concentration at constant pH 
(Fig. l),  and also increased with increasing pH at constant 
acetone concentration. These observations suggest a pH-depen- 
dent equilibrium between the 2-methyl-5-nitroisoquinolinium 
cation and the adduct 2. 

Since this isoquinolinium cation undergoes hydroxide ion 
addition to form the pseudobase 3 with pKR+ 11.7 (14), 
pseudobase formation competes with the formation of 2 in more 
basic aqueous solutions. Cation-pseudobase equilibration is 
essentially instantaneous (15), and is much faster than the 
reaction of the 2-methyl-5-nitroisoquinolinium cation with 
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BUNTING AND TAM 

FIG. 2. Dependence of kobs upon acetone concentration for the equilibration of 1 and 2 in solutions of various pH (as indicated on the figure). 

acetone; however, spectral observations of the formation of 2 in 
more basic solutions are complicated by the similarity in the 
absorption spectra of 2 and 3. We have therefore limited our 
quantitative study of the formation of 2 to the range pH 
10.0-1 1.3. The lower limit to this range is determined by the 
low equilibrium concentrations of 2 that are present in solutions 
of lower pH, at acetone concentrations that are sufficiently small 
that they do not induce significant solvent effects (see below). 

Pseudo-first-order rate constants (kobs) for the equilibration 
of the 2-methyl-5-nitroisoquinolinium cation with the adduct 2 
were evaluated as a function of acetone concentration and pH. 
At constant pH, kobs is linear in acetone concentration up to 
0.5 M (Fig. 2). At higher acetone concentrations, the observed 
rate constants show increasingly positive deviations from these 
linear relationships. We attribute this phenomenon to solvent 
effects upon the reaction rates at higher acetone concentrations. 
This interpretation is supported by our observation that such 
deviations can also be induced at lower acetone concentrations 
by the addition of acetonitrile to these predominantly aqueous 
reaction solutions. We have therefore restricted our studies 
to a maximum acetone concentration of 0.5 M (i.e. 3.5% v/v 
acetone in water) to avoid such solvent effects. 

Values of kobs proved to be independent of carbonate buffer 
concentration at constant acetone concentration, pH, and ionic 
strength (Table 1). Thus catalysis by buffer species is not 
involved in these reactions. This is confirmed by the data in 

TABLE 1 .  Pseudo-first-order rate constants for the equilibration of 
the 2-methyl-5-nitroisoquinolinium cation and acetonea 

PH [Carbonate] (M) kobs (s-') 

10.60 0.0390 3.77(+0.05) X 
10.60 0.0312 3.82(*0.04) X lop3 
10.60 0.0234 3.75(+0.05) X 
10.60 0.0156 3.60(*0.04) X 

10.60 0.0078 3.65(+0.03) X 
10.60 0.0039 3.79(*0.05) X lop3 

Mean = 3.73(+0.08) X 

"All data at [acetone] = 0.136 M, ionic strength 0.1 (KC1 + NaHC03 + 
Na2C03). Carbonate concentrations in the table refer to total concentrations 
of carbonate and bicarbonate buffer species. 

Table 2 for studies at approximately constant pH (10.59 and 
10.64) but quite different carbonate buffer concentrations. 

The dependence of kobs upon acetone concentration is 
consistent with: 

Values of kf and kd were evaluated by least-squares analysis 
according to eq. [2] at each pH, and are collected in Table 2. 
While kd appears to be pH independent within experimental 
error, kf increases with pH in a way that is consistent with an 
approximate first-order dependence upon [-OH]. The ratio 
kf/kd, which represents the apparent equilibrium constant 
(K,,,) for the addition of acetone to the isoquinolinium cation 
at constant pH, is included in Table 2 and is also almost 
proportional to [-OH]. It is shown below that these minor 
deviations from strict linearity in [-OH] arise from the presence 
of small amounts of the pseudobase 3 in the most basic 
solutions. 

Values of K,,, could also be evaluated from the dependence 
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TABLE 2. Rate and equilibrium constants for the reaction of the 2-methyl-5-nitroiso- 
quinolinium cation with acetonea 

PH k d ( w 3  s - ~ )  k f ( l ~ - 2 ~ - 1 s - ' )  K,,(M-')~ K ~ ~ ~ ( M - ~ ) ~  

10.10 1.8k0.1 0.46k0.05 2.6k0.4 2.3k0.2 
10.5gd 1.920.1 1.320.1 7 k  1 7.3k0.5 
10.64 1.8k0.1 1.5k0.1 8* 1 8.6k0.5 
10.93 1.91k0.03 2.77k0.04 14.520.4 1722 
11.29 2.020.1 5.820.3 2923 37k4 

Mean = 1.9k0.1 

"At 25"C, in ionic strength 0.1 carbonate buffer unless indicated otherwise. 
bFrom Kapp = k, / kd . 
'From eq. [3]. 

carbonate buffer of ionic strength 0.05 + 0.05 M KCl. 

FIG. 3. Dependence of Ilkob, on AE according to eq. [5]. Data 
shown for pH 10.10 (a), pH 10.64 (0) (carbonate buffer I = 0. l ) ,  and 
pH 10.59 (0) (carbonate buffer I = 0.05 + 0.05 M KCl). 

of the absorbance of equilibrated solutions upon acetone 
concentration. For an equilibrium of the form, 

the apparent equilibrium constant at constant pH is given by 
Kapp = [RC]E/[R+]E[CH] when [CY] (acetone) is in large 
excess over [R+] (isoquinolinium cation), as is the case in 
the current study. Since neither R+ nor CH has significant 
absorbance at 500 nm, the observed absorbance at this wave- 
length is directly proportional to the concentration of the adduct 
(RC). If AE is the equilibrium absorbance, then it follows that 

where [R+], is the initial concentration of R+. At pH 10.93 and 

TABLE 3. Rate and equilibrium constants for the reaction of the 
2-methyl-5-nitroisoquinolinium cation with hexadeuteroacetonea 

10.16 1.28k0.06 0.8420.05 0.66 
10.67 1.25k0.08 2.6kO. 1 2.1 
11.00 1.3620.09 5.220.2 3.8 

Mean = 1.3k0.1 

"At 25"C, in ionic strength 0.1 carbonate buffer. 
bFrom K.,, = k f / k d .  

11.29, where there is a slight initial absorbance (A,) at 500 nm 
because of the presence of small amounts of the hydroxide 
adduct of R+,  the left-hand side of eq. [4] must be modified to 
(AE - A,)/[CH]. Plots of this function were linear in AE, and 
allowed the evaluation of Kapp at each pH (Table 2), and the ex- 
tinction coefficient of the adduct ERC = 3900 ? 200 M- ' cm-' , 
which is pH independent. 

Equations [2] and [4] may also be combined in the form: 

which predicts a linear dependence of l/kobs upon AE (Fig. 3). 
The common line observed at the different pH and buffer 
concentrations in Fig. 3 further stresses the fact that kd is 
independent of thesevariables. The data for pH 10.93 and 11.29 
show small deviations from this line, but in a way that is 
consistent with the presence of minor amounts of hydroxide 
adduct in these more basic solutions. 

The reaction of hexadeuteroacetone with the 2-methyl-5- 
nitroisoquinolinium cation was also investigated. This reaction 
was significantly slower than for acetone itself, but displayed 
the same dependence upon ketone concentration and pH as 
described above. Parameters for the hexadeuteroacetone addi- 
tion reaction are summarized in Table 3. 

For eq. [3], we define a pH-independent equilibrium constant 
K = [H+ 1 [RC] / [R+ ] [CHI that is related to the pH-dependent 
Kapp of Tables 2 and 3 by: 

[6I K =  Kapp[H+I(l + KR+/[H+I) 

Using pKR+ = 1 1.7 for the 2-methyl-5-nitroisoquinolinium 
cation (14), eq. [6] may be used to convert each value for Kapp in 
Tables 2 and 3 into values for K. Values for K calculated in this 
way are listed in Table 4, and are clearly pH independent within 
experimental error. 

The pseudo-first-order rate constants kobs are defined in terms 
of the equilibrium mixture of the isoquinolinium cation and its 
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BUNTING AND TAM 

[ -OH] ,  mM 
FIG. 4 .  Dependence of kf(l  + K R + / [ H + ] )  upon hydroxide ion concentration for acetone and hexadeuteroacetone addition to 1. 

TABLE 4.  Values of K for the reaction of acetone and hexadeutero- 
acetone with the 2-methyl-5-nitroisoquinolinium cationa 

Reagent PH K x 10'' K ~ / K ~  

CH3COCH3 10.10 2.0 
10.59 2.0 
10.64 2.1 
10.93 2.1 
11.29 2.4 

Mean K = 2.1(+0.2) X lo-'' 
4.5 

CD3COCD3 10.16 0.47 
10.67 0.49 
11.00 0.46 

Mean K = 4.7(+0.2) x lo-" 

"Defined by eq. [6] ,  at 25"C, ionic strength 0.1. 

pseudobase at each pH. Whereas kd is pH independent, kf is 
pH dependent and should be corrected for the small amount of 
pseudobase present at each pH in the form kf (1 + KR+/ [H+]). 
This latter function is strictly proportional to [-OH] for both 
acetone and hexadeuteroacetone (Fig. 4). The slopes of these 
lines define pseudo-third-order rate constants (k3) of 38 -+ 
2 M - ~  s-' for acetone and 6.1 2 0.1 M-2 s-' for hexadeutero- 
acetone. Thus k3H/k3D = 6.2. 

Discussion 
Somei et al. (5) report the preparation of 1-acetonyl-1,2- 

dihydro-2-methyl-5-nitroisoquinoline (2) by refluxing the 2- 
, methyl-5-nitroisoquinolinium cation (1) with acetone in 0.2 M 

aqueous sodium hydroxide for 4 h. In the current work we have 
I 

shown that the equilibrium of eq. 111 is established rapidly at 
room temperature in solutions that are much less basic than 

0.2 M NaOH. For instance, at pH 11 in the presence of 0.5 M 
acetone, this equilibrium favours the adduct 2 over the cation 1 
by a 10:l ratio, with equilibrium being established with a 
half-time of less than 1 min at 25OC. The use of higher acetone 
concentrations would further displace the equilibrium in favour 
of the adduct, and so allow the use of even less basic solutions if 
desired. Thus the synthesis of 2 can be efficiently performed 
under much milder conditions than previously reported: lower 
temperatures, shorter reaction times, and less basic reaction 
medium. 

The yield and rate of formation of the adduct are expected to 
decrease above pH 1 1.7 as the cation is preferentially converted 
into its pseudobase 3. In 0.2 M NaOH (pH 13.3), the pseudo- 
base predominates over this cation by a 40: 1 ratio. Although in 
this pH region the concentration of the acetone enolate ion 
nucleophile is proportional to [-OH], the concentration of the 
isoquinolinium cation is inversely proportional to [-OH] and 
so there is no net increase in rate of adduct formation with 
increasing pH. In these more basic solutions the yield of adduct 
also suffers because its formation must compete with the 
disproportionation of the pseudobase to 2-methyl-5-nitro-l- 
isoquinolinone and 1,2-dihydro-2-methyl-5-nitroisoquinoline 
(16). Since this disproportionation is an irreversible process, 
whereas adduct formation from the cation is reversible, extended 
reaction periods (especially at high temperatures) will result in 
reduced yields of adduct and increased amounts of dispropor- 
tionation products. 

Similar considerations also apply to other carbanion additions 
to heteroaromatic cations, and suggest that in all such reactions 
yields will be optimized by the use of shorter reaction times in 
pH regions just below the pKR+ for pseudobase formation. Such 
low basicity reaction media also minimize side reactions in 
which the carbanion species may be involved (aldd condensa- 
tions, etc.). 
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TABLE 5. Comparison of the addition o f  hydroxide ion and acetone enolate anion to 2-methyl-5-nitroisoquinolinium cation 
and to Cnitrobenzaldehyde 

2-Methyl-5-nitroisoquinolinium cation 4-Nitrobenzaldehyde 

Parameter H20a MecOMeb MeCOMe/H20 HzOc MeCOMed MeCOMe/H20 

"Data from ref. 15. 
bFrom current work. 
'Data from McClelland and Coe (20). 
dData from Guthrie et al. (21). 
'Using pK. = 14.0 for alkoxide ion formation from the neutral aldol, as estimated from a linear free energy relationship for alcohol 

ionization (22). 

Kinetics 181 kobs = k2Ka[-OHIICHl/Kw + k-2 
Adduct formation from acetone and the 2-methyl-5-nitro- 

isoquinolinium cation is found to be kinetically thud order; 
i.e. first order in each of acetone, isoquinolinium cation, and 
hydroxide ion. Such a process is kinetically equivalent in this 
pH range to the reaction of the acetone enolate anion (C-) with 
the isoquinolinium cation with second-order rate constant k2 = 
k3Kw/Ka, where Kw is the ionic product of water, and Ka is the 
acid dissociation constant of acetone in aqueous solution: 

k3[-OHl[CH.:I[R+l = (k3Kw/Ka)[C-:I[R+I 
= k2[C-][R+] 

Thus k2 = 5.5 X lo6 M-' s-' can be evaluated for the attack of 
the acetone enolate ion on the 2-methyl-5-nitroisoquinolinium 
cation in aqueous solution at 25"C, by making use of k3 as 
evaluated above, pKw = 14.00, and pKa = 19.16 for acetone, 
as recently reported by Kresge and co-workers (1 7). 

The first-order dependence upon isoquinolinium cation con- 
centration indicates that enolate ion formation from acetone is 
not the rate-determining step for adduct formation in the kinetic 
scheme described in eq. [7], where k, and k- are respectively 
the pseudo-first-order rate constants for deprotonation of ace- 
tone and protonation of the enolate ion for the experimental 
conditions under consideration: 

This is confirmed by the fact that the rates of these reactions 
are not dependent upon the concentration of carbonate buffer 
species (Table 1). 

We may therefore treat the enolate anion (C-) as a steady- 
state intermediate according to the kinetic scheme of eq. [7]. We 
may readily evaluate kl and kkl in eq. [7] for aqueous potassium 
hydroxide solutions using the reported second-order rate con- 
stant of 0.22 M- ' s- ' for deprotonation of acetone by hydroxide 
ion and pKa = 19.16 for this process at 25°C (17). Thus at 
pH 11, kl = 2.2 X lop4 s-' and kPl = 3.2 X lo4 s-'. This 
value of k-l is much larger than the maximum value of k2[Rf 1 
= 5.5 X lo6 X 1 X = 550 s-' for a reaction in which the 
initial concentration of isoquinolinium cation is 0.1 mM. This 
condition (k-l >> k2[R+] holds over the entire pH region 
investigated in this work. Thus analysis of eq. [7], treating C- 
as a steady-state intermediate, and with [CY] >> [R+] and 
k-l >> k2[R+], predicts the observed pseudo-first-order rate 
constant to be: 

Equation [8] has the same form as the empirically deduced eq. 
[2], with kf being proportional to [-OH] as is experimentally 
observed, and kd = k-2 being pH independent. 

The values of k2 and k-2 deduced in the current work may 
be combined with the extensive data available upon the rates 
of acetone - enolate ion equilibration (18, 19) to provide a 
complete description of the kinetics of eq. [7] for essentially any 
pH in any buffer solution at ionic strength 0.1 and 25°C. 

The data in Tables 2 and 3 clearly indicate that there are 
significant kinetic and equilibrium isotope effects when the 
addition of the enolate ions of acetone and its hexadeutero 
derivative are com ared. However, the interpretation of K ~ / K ~  
= 4.5 and k3~/k! = 6.2 is complicated by the fact that they 
contain contributions from the pKa values of both acetone and 
hexadeuteroacetone. While the former value has been accur- 
ately measured as 19.16 (1 7), the latter value is not available, 
and strictly speaking is not simply definable for the reversible 
ionization of hexadeuteroacetone in H20. This latter point also 
applies to eq. [3], which for hexadeuteroacetone becomes: 

The reported K~ for eq . [9] can, strictly, only be considered as a 
pseudo-equilibrium constant in H20, since true equilibrium will 
only be achieved when essentially all deuterium in acetone 
molecules is exchanged for hydrogen, one atom at a time, via 
the eauilibration of the adduct RC with R+ and ketone. 

The observed ratio k-2H/k-2D = 1.5 simply represents the 
relative first-order rate constants for the loss of the enolate 
ion and the pentadeutero-enolate ion of acetone from their 
respective adducts. This process should be influenced by only 
secondary isotope effects from replacement of two hydrogen 
atoms by two deuterium atoms on the methylene carbon atom of 
the adduct 2. This secondary isotope effect will mainly reflect 
the change in hybridization of this carbon atom from sp3 in the 
adduct to essentially sp2 in the enolate anion. The observed 
isotope effect of 1.5 (for two deuterium atoms) is appropriate 
for a transition state in which enolate ion formation is well 
advanced. Such a product-like transition state is expected for 
an elementary reaction that generates the thermodynamically 
unstable enolate ion. 

Comparison with related reactions 
Analogous equilibria to eq. [I.] can be written for essentially 

any nucleophilic addition to this heterocyclic cation. Such 
reactions can be summarized by eq. [lo], I l l ] ,  and I121. 
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Ka [lo] HNu H+ + Nu- 3. T.-K. CHEN and C. K. BRADSHER. Tetrahedron, 29,2951 (1973). 
4. H. TAKAYAMA and T. OKAMOTO. Chem. Pharm. Bull. 26, 2435 

k ~ u  (1978). 
[ l l ]  R+ + NU- ----' RNu KNU = k~ulk-NU 5. M. SOMEI, F. YAMADA, and C. KANEKO. Chemistry Lett. 123 'k-Nu (1979). 

KHNU 6. M. P. SAMMES, C. W. F. LEUNG, and A. R. KATRITZKY. J. 
[12] R+ + HNu ' RNu + H+ KmU = KNu Ka Chem. Soc. Perkin Trans. 1 ,  2835 (1981). 

To the best of our knowledge, the only analogous addition 
1 that has previously been quantitatively analyzed is the addition ' of hydroxide ion to give the pseudobase 3. Rate and equilibrium 

constants for the addition of hydroxide ion and acetone enolate 
ion to the 2-methyl-5-nitroisoquinolinium cation are sumrnar- 
ized in Table 5. This table also contains data from the literature 
for analogous addition reactions to the carbonyl group of 
4-nitrobenzaldehyde, which was chosen since it is the most 
reactive substituted benzaldehyde for which quantitative data 
are available for both hydration (20) and acetone addition 
(mixed aldol condensation) (21). It can be readily seen that the 
relative rate and equilibrium constants for acetone and water 
addition to these two substrates are qualitatively similar. 
Quantitative agreement in such comparisons is unlikely since, 
in the case of the aldehyde, eqs. [ 1 11 and [12] represent addition 
to a neutral electrophile to give an anionic adduct rather than 

I addition to a cationic electrophile to give a neutral adduct, 
as is the case for the heterocyclic cation. It should be noted 

I that enolate addition to the carbonyl group is found to be 
, the rate-determining step in the base-catalyzed addition of 

acetone to benzaldehydes (21). This is exactly analogous to the 

1 rate-determining addition of enolate ion to the isoquinolinium ' cation that is found in the current work. 
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C. H. W. JONES, R. D. SHARMA, and S. P. TANEJA. Can. J. Chem. 64, 980 (1986). 
The ' 2 5 ~ e  ~os sbaue r  and nmr spectra of the compounds (R3X)2Te (R = Me, X = C, Si, Ge, and Sn; R = Ph, X = Ge and Sn), 

R3MTePh (R = Me, X = Si, Ge, and Sn; R = Ph, X = Ge, Sn, Pb), R2Sn(TePh)2 (R = Me and t-Bu), and thecyclic compounds 
(Me2SnTe)3, (Me2Sn)3Te2, and ( t - B ~ ~ s n T e ) ~  have been measured. The trends in the Mossbauer and nmr data are discussed. The 
Mossbauer quadrupole splittings increase as the nmr chemical shifts become more positive, corresponding to a decrease in the 
shielding at the tellurium nucleus. The '19Sn Mossbauer and nmrparameters of the compounds (R3Sn)2E and R3SnEPh (R = Me 
and Ph), (Me2SnE)3, (Me2Sn)2E2, ( ~ - B U ~ S ~ E ) ~ ,  and Me2Sn(EPh)2 (E = S,  Se, and Te) are discussed. The l19sn Mossbauer 
quadrupole splittings are again observed to increase as the nmr chemical shifts become more positive. The I2 '~e and '19sn nmr 
and Mossbauer data provide evidence that there is little transmission of bonding effects through the tin-tellurium bond as the 
chemical environment about the tin or tellurium is changed. 

C. H .  W. JONES, R. D. SHARMA et S. P. TANEJA. Can. J. Chem. 64, 980 (1986). 
On a mesurC les spectres de Mossbauer et de rmn du 1 2 5 ~ e  des composts suivants: (R3X)2Te dans lesquels R = Me et X = C, 

Si, Ge et Sn ou R = Ph et X = Ge et Sn; R3MTePh dans lesquels R = Me et X = Se, Ge et Sn ou R = Ph et X = Ge, Sn et Pb; 
R2Sn(TePh)2 dans lesquels R = Me et t-Bu ainsi que les composts cycliques (Me2SnTe)3, (Me2Sn),Te2 et ( t - B ~ ~ s n T e ) ~ .  
On discute des tendances qui se manifestent dans les donnCes relatives aux spectres de rmn et de Mossbauer. Les couplages 
quadrupolaires de Mossbauer augmentent lorsque les deplacements chimiques de la rmn deviennent plus positifs; ceci correspond 
?i une diminution du blindage au niveau du noyau du tellure. On discute des param5tres de la rmn et des spectres de Mossbauer des 
composCs (R3Sn)2E et R3SnEPh dans lesquels R = Me et Ph ainsi que dans les composCs (Me2SnE)3, (Me2Sn)2E2, (t-Bu2SnE), 
et Me2Sn(EPh)2 dans lesquels E = S, Se et Te. Encore une fois dans ces cas, on observe que les couplages quadrupolaires dans les 
spectres de Mossbauer du '19sn augmentent lorsque les dkplacements chimiques de la rmn deviennent plus positifs. Les donnts 
de la spectroscopie de Mossbauer et de la rmn du 1 2 5 ~ e  et dh 'l9sn mettent en tvidence que les effets de liaison ne sont que 
faiblement ou peu transmis ?i travers la liaison Ctain-tellure lorsque change I'enviromement chimique autour de 1'Ctain ou du 
tellure. 

[Traduit par la revue] 

I Introduction 

As part of an on-going study of the lZ5Te Mossbauer 
spectroscopy of organotellurium compounds (1-3) it was of 
interest to study the organotellurides of the group IV elements. 
In earlier studies the alkyl and aryl tellurides have been 
extensively investigated (1, 2) and the present experiments 
extend this work to include compounds of silicon, germanium, 
tin, and lead. In many of the compounds investigated the group 
IV organo ligand is of the form R3X- where X = Si, Ge, Sn, 
and Pb. For this reason, it was of interest to synthesize and 
characterize di-tert-butyl telluride, (Me3C)2Te, for comparison 
with its group IV analogues and this work has been described in 
another paper (4). As another off-shoot of this work, the crystal 
structure of (Ph3Sn)2Te was determined and this structure is 
compared with that of the sulphur and selenium compounds in 
ref. 5. 

For some of the compounds under investigation, 1 2 5 ~ e  nmr 
spectra have been reported in the literature (6, 10) and were 
initially used to aid in characterizing and identifying the 
compounds studied. However, the l Z 5 ~ e  nmr parameters are of 
some interest in their own right and a correlation has been 
observed between the lZ5Te Mossbauer quadrupole splittings in 
the solid state and the solution nmr chemical shifts for the 
organotellurides. 

The '19Sn Mossbauer spectra of the organotin tellurides have 
been measured to complement the 1 2 5 ~ e  data. The '19Sn nmr 
spectra were recorded- where these had not previously been 
measured. These experiments were extended to include the 
organotin selenides and sulphides so that comparisons could 
be made with regard to the trends observed in the Mossbauer " 
and nmr parameters on variation of the chalcogen within the 

organotin chalcogenides. An empirical correlation was again 
observed between the ' 19Sn Mossbauer quadrupole splitting in 
the solid state and the solution nmr chemical shifts. 

Discussion 
' 2 5 ~ e  Mossbauer and nmr data 

The Mossbauer quadrupole splittings, A, of both tellurium 
and tin are generally assumed to derive from an imbalance in the 
5p-orbital populations, the 5d orbitals not being considered to 
contribute significantly. The Mossbauer isomer shifts, 6 ,  reflect 
the relative s-electron densities at the nucleus and these in turn 
are dependent on the population of the 5 s and 5p orbitals of the 
tellurium and tin atoms (1 1, 12). 

In the series (R3X)2Te (R = Me, X = C, Si, Ge, and Sn; 
R = Ph, X = C, Ge, Sn) the lZ5Te quadrupole splittings range 
from 6.3 mm s-' for (Me3Sn)2Te to 10.5 mm s-' for t-Bu2Te, 
while the lZ5Te isomer shifts are all very similar and are small 
and positive with respect to the reference standard (lZ5I in 
copper). A sample spectrum is shown in Fig. 1. 

The large quadrupole splitting observed for t-Bu2Te reflects 
the considerable imbalance in the 5p-orbital populations on 
tellurium resulting from the different hybrid characters and 
electron populations of the bonding and nonbonding orbitals. It 
would be expected that, as the electronegativity of the ligand 
bonded to tellurium decreases, the p-orbital imbalance, and 
hence the quadrupole splitting, should decrease and this is 
indeed so (Table 1). The similarity in the A values for 
(Me3Si),Te, (Me3Ge)2Te, and (Me3Sn)2Te reflects the similar 
group electronegativities of the trimethylsilyl, germyl, and 
stannyl ligands. 

The quadrupole splittings of the compounds Ph2Te (1 1.0 mm 
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JONES ET AL : 1 

TABLE 1.  Tellurium-125 data 

l Z 5 ~ e  Mossbauer * l Z 5 ~ e  nmr 

6 A 
+0.08 kO.10 S t  

(nuns-') (nuns-') Tav. (ppm) (Hz) Ref. 5 
I - - -  

PhzTe +0.15 11.00 5.62 k688 C 
t-BuzTe +0.19 10.51 5.68 +993 C 

+979 7 
t-BuzTez +0.32 11.00 5.40 $487.2 C 

+477 6 
(Me3Si)zTe +0.29 6.40 5.38 - 842 C 

- 43 8 
Me3SiTePh +0.23 9.52 6.24 +11.6 C 
(Me3Ge)2Te $0.23 6.67 5.54 -794.5 C 
(Ph3Ge)2Te +0.13 7.23 5.64 -832 C 
Me3GeTePh $0.06 9.75 6.21 +40.2 C 
Ph3GeTePh +0.13 9.30 5.93 -11.0 C 
(Me3Sn)zTe +0.05 6.27 5.40 -1225.9 2753 C 

-1214 9 
(Ph3Sn)zTe +0.28 6.60 5.45 -1310 3225 C 
Me3SnTePh +0.32 9.46 6.56 - 186.9 2614 C 
Ph3SnTePh +0.24 9.05 5.68 -205.8 3245 C 
MezSn(TePh)z +0.33 9.22 5.52 -30.8 C 
(Me2SnTe)3 +0.28 6.44 5.64 - 860 3100 C 
(MezSn13Tez +0.13 6.23 5.70 -1082 (a)2630 C 

(b)3170 
(t-Bu~SnTe)~ +0.27 6.62 5.75 -1099 C 
t-B~~sn(TePh)~ +0.29 9.59 6.08 - 144.8 3158 C 
Ph3PbTePh +0.34 9.57 5.58 -50.7 4058.7** C 

*ti Iz5Te Mossbauer isomer shifts with respect to I/Cu, source and absorber at 4.2 K.  r av. is the average 
linewidth. 

7'8 ' = ~ e  nmr chemical shifts measured in CDC13 solution with respect to neat Me,Te. 
$Except where noted these are 'J('25Te-'1gSn) values. For Me,Sn(TePh), and (t-Bu,SnTe), the signal-to- 

noise ratio at the tin side bands was poor. Values of 'J("9Sn-'2sTe) were obtained from the '19Sn spectra 
and are given in Table 3. 

8C denotes this work and the measurements were made in CDCI, solution. Other referenced work is as 
shown. 

II ,sny 
'p 'p 

s-I), Ph3SnTePh (9.0rnms-I), and (Ph3Sn),Te (6.6mms-') 
show a similar trend with the changing electronegativity of the 
ligand, as do the compounds Me3GeTePh (9.75 mms-') and 
(Me3Ge)2Te (6.7 mm s- ' ) . 

With regard to the 125Te Mossbauer isomer shifts the large 
errors in 6, coupled with the small magnitude of the shifts, make 
it difficult to discern any systematic trends in 6 as the ligand is 
changed. 

The l Z 5 ~ e  Mossbauer quadrupole splitting for tellurium 
1 in a given moiety remains relatively constant within a given 

series of compounds. Thus, the Sn-125~e-~h group in 
Me3SnTePh, Me2Sn(TePh)2, and t - B ~ ~ s n ( T e P h ) ~  has a very 
similar A value. Similarly, the Sn-lZ5~e-Sn groups in 

I (Ph3Sn),Te, (Me2Sn)2Te, and in the cyclic species (Me2SnTe)3, 
(Me2Sn)3Te2, and (t-Bu2SnTe)2 also have similar values. 
For these latter compounds (Me2SnTe)3 is a six-membered 
ring (13), (Me2Sn)3Te2 a five-membered ring containing the 

I v 
, > ~ n - ~ e - ~ n - ~ e - ~ n <  macrocycle and ( t - B ~ ~ s n T e ) ~  is 
1 a four-membered ring. The crystal structures of the latter 
I two have not been reported but those for ( t - B ~ ~ S n s e ) ~  and 

(t-Bu2SnS);! have and show Sn-E-Sn bond angles of 
82.5-87.6' (14). 

The constancy of the lZ5Te Mijssbauer quadrupole splittings 
for the Sn-Te-Sn group in these different compounds 
indicates that this parameter is relatively insensitive to changes 
in the number or the nature of the organic groups bonded to the 
tin ligands or of inserting the tellurium into a six-, five-, or 
four-membered ring. This point will be returned to later. 

The 1 2 5 ~ e  nmr chemical shifts listed in Table 1 can be seen to 
span a very wide range from + 993 to - 13 10 ppm with respect 
to Me2Te. While the present data for t-Bu2Te, t-Bu2Te, and 
(Me3Sn)2Te are in good agreement with the literature values, 
the value for (Me3Si)Te does not agree with that reported earlier 
by du Mont and Kroth (8). The present result was confirmed on 
samples of (Me3Si)2Te prepared by two independent routes 
and characterized by 29Si and proton nmr as well as by mass 
spectrometry. 

The nrnr chemical shifts appear to fall into three groups, those 
that are large and positive (Ph2Te, t-Bu2Te, t-Bu2Te2), those 
that are small and positive or negative (R3XTePh where X = Si, 
Ge, Sn, R = Me; and X = Ge, Sn, R = Ph), and finally, those 
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y h  8 

-92.5 -15.0 -7.5 0.0 +i.s +'is.o 

VELOCITY (mm s-'1 

FIG. 1. The tellurium-125 Mijssbauer spectrum of Me3SiTePh. 

TABLE 2. Relativistically corrected reduced coupling constants 

IKRC* 

Pb-Te Sn-Te Sn-Se 'K:Se/ 'K:se 

Ph3PbTePh 11.53 
Ph3SnTePh 11.17 1.338 
Ph3SnSePh 8.35 
(Ph3Sn),Te 11.111 1.274 
(Ph3Sn)zTe 8.720 
Me3SnTePh 8.998 1.306 
Me3SnSePh 6.85 
M ~ s n ( T e P h ) ~  10.833 1.243 
MqSn(SePh)z 8.713 
(Me2SnTe)3 10.67 1.222 
(Me~snSe)~  8.73 
(MezSn)3Tez 8.96(a) 1.269(a) 

10.87(b) 1.211(b) 
(MezSn)3Sez 7.06(a) 

8.98(b) 
( t - B ~ ~ s n T e ) ~  7.287 1.120 
( t - B ~ ~ S n s e ) ~  6.508 

*'KRC values are in N A-' m-3 when J is in Hz and are to be multiplied 
by 102'. 

that are large and negative ((R3X)2Te, where X = Si, Ge, Sn, R 
= Me; X = Ge, Sn, R = Ph). The nmr shifts in heavy atoms are 
generally taken to be dominated by the Ramsey paramagnetic 
shielding term (1 5- 17) and the above trend then corresponds to 
the smallest shielding at tellurium when two carbon atoms are 
bonded to tellurium and the largest shielding when two Si, Ge, 
or Sn atoms are bonded to tellurium. 

We note that this trend also follows the trend in the 
Mossbauer quadrupole splittings since Ph2Te and t-Bu2Te have 
A values of 1 1 .O and 10.5 mm s- ', the R3XTePh compounds A 
values of 9.05-9.75 mm s-' and (R3X)2Te splittings of 6.27- 
7.23mms-'. Thus there appears to be a rough correlation 
between these two parameters for tellurium-125. The existence 
of such a correlation between nmr chemical shifts and nuclear 
quadrupole coupling constants has been commented on pre- 

viously for terminal halogen ligands (17-22). The origin of 
this correlation in l Z 5 ~ e  organotellurides in particular will be 
discussed elsewhere. 

The only previous correlation observed between tellurium 
Mossbauer and nmr data is that of Chadha and Miller (23) who 
reported a linear relationship between 13C chemical shifts and 
l Z 5 ~ e  isomer shifts for diaryltellurides and diaryltellurium 
dihalides. 

Other features of the I z 5 ~ e  nmr data that should be com- 
mented on include the couplings to Sn and Pb. The tellurium- 
tin coupling constants obtained from l Z 5 ~ e  spectra are reported 
in Table 1 and the complementary data obtained from '19sn 
spectra are given in Table 2. Where coupling constants were 
obtained from both lZ5Te and li9Sn nmr spectra on the 
same compound the agreement was good, e.g., Ph3SnTePh 
' J ( ~ ~ ~ T ~ - " ~ S ~ )  = 3245 Hz, ' J ( ' ' ~ S ~ - ' ~ ~ T ~ )  = 3242 Hz. In 
some cases the coupling constants were abstracted only from the 
tellurium spectra (Me3SnTePh and (Me3Sd2Te) or from the tin 
spectra (Me2Sn(TePh);! and ( t - B ~ ~ s n T e ) ~ ) .  Sample spectra are 
shown in Fig. 2. 

The ' J ( ' ~ ~ T ~ - " ~ S ~ )  values are generally in the range 
of 3100-3250Hz although smaller values are observed for 
(Me3Sn)2Te, 2753 Hz; for Me3SnTePh, 2614 Hz; and for 
( t - B ~ ~ s n T e ) ~ ,  2117 Hz. The coupling constants are more 
consistent in magnitude with those reported by Mathiasch (24) 
than with that of McFarlane (25). The tellurium-tin bond 
appears to have relatively constant s character, as moni- 
tored by the coupling constants, in (Ph3W2Te, Ph3SnTePh, 
Me2Sn(TePh)2 , (Me2SnTe), , (Me2Sn)3Te2, and t-B~~Sn(Teph)~. 
For ( t - B ~ ~ s n T e ) ~  the Te-Sn coupling constant is a minimum, 
and this may reflect the peculiar stereochemical requirements of 
the four-membered ring. 

The ' J ( ' ~ ~ T ~ - ~ ~ ' P ~ )  value in Ph3PbTePh was found to be 
4058.7 Hz (Table 1) and this appears to be the only compound 
in which the Pb-Te coupling has been observed. In order to 
facilitate a comparison of this coupling constant with that of 
' J ( ' ? ~ T ~ - " ~ S ~ )  in Ph3SnTePh it is necessary to correct for the 
different magnetogyric ratios for the two pairs of nuclei, Pb-Te 
and Sn-Te, and also for the relativistic effects which are 
extremely important in spin-spin coupling constants of heavy- 
metal elements, The application of these corrections has been 
described in detail by Bums et al. (26). Thus, the reduced 
coupling constant nKAB, corrected for the magnetogyric ratios 
y, and yB , is related to nJAB by: 

The relativistic correction factors taken from ref. 27 lead to the 
relativistically corrected coupling constants ( n ~ g g ) :  

The values for the relativistically corrected coupling constants 
are given in Table 2, together with a number of values for 
Sn-Te and Sn-Se which will be discussed later. 

The point of note is that the relativistically corrected reduced 
coupling constants for Ph3SnTePh and Ph3PbTePh indicate very 
similar s-electron densities in the Pb-Te and Sn-Te bonds 
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in these compounds, although this, of course, was not immedi- 
ately obvious from the 'JAB values. This again bears out the 
similarity in the bonding to tellurium reflected in the similar 
' 2 5 ~ e  nmr chemical shifts and the similar 1 2 5 ~ e  Mossbauer 
parameters. In particular, the ' 2 5 ~ e  Mossbauer isomer shifts 
which monitor the s-electron densities at the tellurium nucleus 
are very similar in both cases. 

l19sn Mossbauer and nmr data 
There is already a substantial body of '19Sn nmr data in 

the literature for the compounds investigated and these data, 
together with those measured in the present work, are given in 
Table 2. The '19Sn Mossbauer data in Table 3 were primarily 
obtained in the present investigation. 

The Mossbauer parameters of the compounds (Ph3Sn)2E, 
Ph3SnEPh, and (Me3Sn)2E, where E = S, Se, or Te, show 
a simple trend with the changing electronegativity of the 
chalcogen. An increase in the electronegativity of E results in an 
increased removal of tin electron density along the Sn-E bond 
in those tetrahedral molecules (5), an increase in the p-orbital 
imbalance about the tin, and hence in A, and a small net 
decrease in s-electron density at the nucleus. 

The " '~n nmr chemical shifts within each series become 
more positive with decreasing size and increasing electronega- 
tivity of the chalcogen, corresponding to a decreased shielding 
of the tin nucleus. As can be seen from Table 3 there again 
appears to be a rough correlation between the '19Sn nmr and 
Mossbauer parameters, the nmr shift becoming more positive as 
the quadrupole splitting increases in magnitude. For example, 
in the series (Me3Sn)2E, E = S, Se, Te, the '19sn quadrupole 
splittings decrease from 1.68 to 1.49 (k0.03) mm s-' while the 
nmr chemical shifts decrease from 94 to -63 ppm and a similar 
trend holds for the series (Ph3Sn)2E and Ph3SnEPh. However, 
in (Me3Sn)2E or Me3SnEPh the Mossbauer quadrupole split- 
tings of the Me3SnEPh compounds are significantly greater than 
would have been expected on the basis of their solution nmr 
chemical shifts. It would appear that the coordination about tin 
is not tetrahedral in Me3SnEPh in the solid state and that this 
results in much larger quadropole splittings than those observed 
for Ph3SnEPh. 

In the five-membered rings (Me2Sn)3E2 only one tin site 
is observed in the Mossbauer spectra while two are clearly 
resolved in the nmr spectra. This reflects the different inherent 
resolutions of the two techniques. 

For the two- and six-membered ring cyclic compounds, 
the tin quadrupole splittings are comparable to those of the 
Me2Sn(EPh)2 analogues. The ' J ( ' ~ ~ T ~ - ' ' ~ S ~ )  values are also 
comparable for the tellurium compounds ranging from 3095 
((Me2SnTe)3) to 3164 Hz ( t -B~~sn (TePh)~) .  In the four- 
membered rings ( t - B ~ ~ s n E ) ~ ,  the ' 19Sn quadrupole splittings 
are greater than those observed in the five- and six-membered 
rings, while the ' J( ' l9sn-lZ5~e) coupling constant in (t- 
B U ~ S ~ T ~ ) ~  is significantly smaller (2117 Hz) than that in 
(Me2SnTe)3 or (Me2Sn)3Te2, as noted above. Similar trends 
are also observed in the corresponding selenides. 

As noted above, it is also possible to compare coupling 
constants between different nuclei in similar or differing 
structural types if relativistically corrected reduced coupling 
constants are calculated. In Table 2 the ' KRC values for Sn-Te 
and Sn-Se bonds in pairs of isostructural selenium and 
tellurium compounds are given. It can be seen that there are only 
small differences in the Sn-Te and Sn-Se bond s characters 
in these different compounds and that these differences remain 
reasonably constant from one compound to another, although 

FIG. 2. Sample nrnr spectra illustrating the couplings observed in 
the ' " ~ e  spectra of (a) (Me2SnTe)3 and (b) Ph3PbTePh, and in the 
" '~n spectrum of (c) ( t - B ~ ~ s n T e ) ~ .  In the latter the proton-coupled 
and -decoupled spectra are shown. The relative chemical shifts are not 
illustrated in this figure. 

the Sn-Te s character is somewhat less in the four-, five-, and 
six-membered rings in comparison with Ph3SnTePh. 

The ' KE,"se value is always somewhat smaller than the ' Ks","Te 
value in a pair of isostructural compourids corresponding to 
somewhat less s character in the Sn-Se bonds than in the 
Sn-Te bonds. It is interesting that in all cases the '19Sn 
Mossbauer isomer shift in the selenide is somewhat smaller than 
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TABLE 3. Tin-1 19 data 

lI9Sn Mossbauer* l19Sn nmr 

6 A 
20.03 20.03 6 t J 3 

(rnrn s-') (nuns-') rav .  ( P P ~ )  (Hz) Ref. § 

+93.9 
+86.5 (CH2C12) 
+84.9 (neat) 
+50.7 
+44.5 (neat) 
-62.7 
-66.8 (CH2C12) 
-62.8 (CDC13) 

-48.7 (neat) 
-75.5 

- 125.0 
+91.3 (CH2C12) 
+90.5 (neat) 
+65.0 

-29.6 
+ 129 CHzClz 
+ 128 benzene 
+I31 
+42 benzene 

+44 (a) 
+I76 (b) 
+21 (a) 
+82 (b) 

in the corresponding telluride indicating a smaller s electron at 
the tin nucleus in the selenide than in the telluride. 

For compounds 1 and 2 the lI9sn Mijssbauer quadrupole 
splittings show a small but significant difference, and the 
'19sn nmr chemical shifts an appreciable difference, when the 
Me3Sn- group is replaced by the Ph3Sn- group. On the other 
hand, the 12'Te quadrupole splittings and nmr chemical shifts 
show very little change at all. The change in the electronic 
environment about the tin is not transmitted through the tin- 
tellurium bond to any great extent. 

Compounds 3 and 4 show similar trends although, as noted 
above, the environment about tin does not appear to be 
tetrahedral in the solid state. 

In compounds 2 and 4 it can be seen that changing one 
Ph3Sn-- ligand on the tellurium for a phenyl ligand has a 
dramatic effect on the ' 2 5 ~ e  quadrupole splitting and nmr 
chemical shift. However, it does not have a very significant 
effect on the '19sn parameters of the second Ph3Sn- ligand, 
nor does it greatly affect the ' J ( ' ~ ~ S ~ - ' ~ ~ T ~ )  coupling con- 
stant. Thus, changes in the electronic environment about the 
tellurium are not reflected at the tin. It is also apparent that the 
' J ( " ~ s ~ - ' ~ ~ T ~ )  coupling constants appear to be dominated by 
the coordination about the tin rather than about tellurium. 

A comparison of the tellurium and tin data in the tellurides 
Finally it is of interest to bring together some of the above 

points and to compare and contrast trends in the '19sn and 12'Te 
data within a related series of compounds. 

(nuns-') 
1 2 5 ~  

(nuns-') 
1196 nmr 

( P P ~ )  
lZ56 nmr 

( P P ~ )  - 

' ~ ( ~ e - s n )  
(Hz) 
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TABLE 3. (concluded) 

l19Sn Mijssbauer* 19sn nmr 

6 A 
k0.03 k0.03 6 t JS 

(mms-I) (mm s-') r a v .  ( P P ~ )  (Hz) Ref. § 

-38 (a )  
-164 (b) 

-121.0 
+ 123.5 
+ 125.6 (CH2C12) 
+ 122.5 (neat) 

+53.2 

*6 Mossbauer isomer shift relative to BaSn03, source and absorber at 77 K, r av. is the average linewidth. 
t 6  nmr chemical shift relative to Me,Sn. 
$Except where noted these are '~("~sn- '~ 'Te) values. For Me3SnTePh and (Me3Sn),Te the signal-to-noise ratio at the 

tellurium side bands was poor and values for 'J('25Te-1'9Sn) are quoted in Table 1. Similarly a value for ' ~ ( ' ~ ' T e - ~ ~ s e )  
for (Me3Sn),Se was not obtained. 

IC denotes this work and the measurements were made in CDCI, solution. Other referenced work is as shown. 

**1J(1'9Sn-'25~e) and 1'9Sn-1'9Sn couplings were assigned noting that the 1J('25Te-119Se) value obtained from the 
12'Te spectrum was 2630 Hz. 

For the cyclic compounds, on going from 5 to 7 it can be seen 
that 

19A becomes larger, the ' 19S nmr chemical shifts become more 
positive, and the coupling constants markedly decrease. 

However, neither the 12'~e quadrupole splittings nor the 12'S 
values show as significant a change. The constraints imposed 
within the four-membered ring in compound 7 appear to be 
greater for the four-coordinate tin than the two-coordinate 
tellurium. 

Experimental 
The syntheses were carried out under dry oxygen-free nitrogen and 

solvents were freshly distilled and flushed with nitrogen. The desired 
compounds were purified by either vacuum distillation or recrystal- 
lization. The preparations generally followed those reported in the 
literature. 

Bis-tert-butyl telluride was prepared by reacting TeCI4 with t- 
BuMgCl in THF and the ditelluride, t-Bu2Te2 was obtained by treating 
t-BuMgC1 with tellurium metal in the presence of hexamethylphos- 
phorustriamide (HMPTA) (4). The compounds (Me3X)2E, where X = 
Si, Ge, E = Te; and X = Sn, E = S, Se, and Te, were synthesized 
by the reaction of Li2E with Me3XCI in THF (28), while as an 
adaptation of this method, LiTePh in THF was reacted with Me3SnC1, 
Me2SnC12, and t-Bu2SnC12 to give Me3SnTePh, Me2Se(TePh)2, and 
t-B~zSn(TePh)~, respectively. 

The compounds Ph3XTePh (X = Ge, Sn, and Pb) were prepared by 

5 6 7 

1 1 9 ~  

(mm s-') 1.64 1.72 1.87 
1 2 5 ~  

(mrn s-') 1.64 6.23 1.87 
'''8 nmr 

( P P ~ )  -197.3 -38.4(a) - 121 .O 
1256 nmr 

( P P ~ )  -860 - 1082 - 1099 
'J(Sn-~e) 

(Hz) 3 100 2630(a) 21 17 
3 170(b) 
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TABLE 4. 2 ~ 1 1 9 ~ n - ' ~  coupling constants for 
methyltin chalcogenides 

2 ~ 1 1 9 ~ n - ' ~  (Hz) 

the addition of Ph3XCl to NaTePh in an ethanol benzene solution (29). 
The selenide and telluride (Ph3Sn)2Se and (Ph3Sn)2Te were obtained 
by reacting NaHSe NaHTe with Ph3SnC1 in the presence of NaOH (5). 

The reaction of Me2SnC12 with Na2S, NaHSe, and NaHTe produced 
(Me2SnS)3, (Me2SnSe)3, and (Me2SnTe)3 respectively, whereas ether 
solutions of Me2SnH2 containing small amounts of DMF reacted with S 
and Te to form (Me2Sn)3S2 and (Me2Sn)3Te2, respectively (30). The 
reaction of Li2E, E = S,  Se, or Te, with t-Bu2SnC12 gave the dimers 
(t-Bu2SnE)2 (14). 

Mossbauer spectra (256 channels) were recorded at 4.2 (tellurium) 
and 77 K (tin) using a standard constant acceleration drive and using the 
general methods previously described (1-3). For l Z 5 ~ e  a 5 mCi 
lZ5Sb/Cu (1 Ci = 37 GBq) source was used and for '19sn, a 1 mCi 
~ a " ~ m  sno3  source, these being provided by New England Nuclear. 
The spectra were computer fitted to independent Lorentzians and the 
l Z 5 ~ e  spectra gave linewidths (full width at half maximum, FWHM) of 
5.2-6.5 mm s-' and the l19sn spectra0.9-1.1 mm s-'. The$-squared 
values divided by the number of degrees of freedom lay in the range of 
0.95-1.10. 

The nmr spectra were measured on a Bruker WM 400 nmr spectro- 
meter at 126.24 ( l Z 5 ~ e )  and 149.1 MHz ('19sn) at ambient tempera- 
ture, the general methods used having been previously described (4). 
The l Z 5 ~ e  chemical shifts are referenced with respect to neat Me2Te 
and the l19Sn chemical shifts to Me4Sn. Positive chemical shifts are 
downfield from the reference standard. The linewidths (FWHM) were 
of the order of 5-10 ( l Z 5 ~ e )  and 1-2 Hz ('19sn). 
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C. H. W. JONES, R. D. SHARMA, and D. NAUMANN. Can. J. Chem. 64,987 (1986). 
The ' " ~ e  Mossbauer spectra for (CF3)2Te and (C6FS)2Te have been recorded and exhibit significantly larger quadrupole 

splittings (14.02 and 13.40 mm s-' respectively) than those of Me2Te (10.5 mm s-') and Ph2Te (1 1 .O mm s-I). The di- 
halides (CF3)2TeX2 and (C6$s)2TeX2 (X = F, C1,Br) have consistently smaller quadrupole splittings than the dihalides Me2Tex2 
and Ph2TeX2. These observations are consistent with the greater electronegativity of the CF3 and C6F5 ligands. The l Z 5 ~ e  nmr 
chemical shifts of (C6F5)Te and its dihalides show a consistent trend to more positive values (increased deshielding) as the 
electronegativity of the ligands attached to tellurium increases ((C&)Te, 297.6 ppm; (C6FS)2TeF2, 1060 ppm). However, for 
(CF3)2Te and its dihalides a more complex pattern is observed which may be explained by changes in the mean electronic 
excitation term in the Ramsey paramagnetic shielding term. 

C. H. W. JONES, R. D. SHARMA et D. NAUMANN. Can. J. Chem. 64, 987 (1986). 
On a enregistrk les spectres Mossbauer du ' " ~ e  des composCs (CF3)2Te et (C&)2Te. Ces spectres comportent des couplages 

quadrupolaires nettement plus klevCs (respectivement de 14,Ol et de 13,40 mm s-') que ceux observCs pour le Me2Te et le PhzTe 
(10,s et 11 , O m  s-' respectivement). Les couplages quadrupolaires des dihalogknures (CF3)2TeX2 et (C66F5)2TeX2 dans 
lesquels X = F, C1 ou Br) sont toujours plus faibles que ceux des dihalogtnures Me2TeX2 et Ph2TeX2. Ces observations reflktent 
la plus grande ClectronCgativitC des ligands CF3 et C6F5. Les dCplacements chimiques, en rmn 1 2 5 ~ e ,  du (C&)Te et de son 
dihalogknure klkvent une tendance marquCe vers des valeurs plus positives (augmentation du dkblindage) lorsque 1'Clectro- 
nCgativit6 des ligands attach& au tellure augmente ((C6FS)2Te 297,6 ppm, (C6FS)2TeF2 1060 ppm)). Cependant, dans la cas du 
(CF3)2Te et de son dihalogknure, on observe un spectre plus complexe qui peut Ctre expliquC par des changements dans le terme 
d'excitation Clectronique moyen du terme de blindage parmagnttique de Ramsey . 

[Traduit par la revue] 

Introduction 
In earlier papers (1-4), we have reported the '25Te Moss- 

bauer parameters of a wide range of organotellurium compounds. 
Of particular interest for the present discussion were the diallcyl- 
and diaryl-tellurides, R2Te, and their dihalide derivatives, 
R2TeX2. 

It was found that, for the tellurides R2Te, varying the alkyl 
ligand from Me to tert-Bu, for example, or the aryl ligand from 
phenyl to p-MeOPh or p-EtOPh, did not have any very 
significant effect on the 125Te Mossbauer parameters, the 
quadrupole splittings, A, lying in the range 10.5-11.0 
k0. l  mm s- ' , and the isomer shifts, 6, in the range 0.10-0.30 
k0.08 mm s-'. Similarly, incorporation of the tellerium into a 
heterocyclic ring, as in dibenzotellurophene, also had little 
effect on the observed A and 6 values. 

The dihalides R2TeX2 showed a systematic trend in the 
quadrupole splittings with a change in the halogen, the 
difluorides having the largest A values and the diiodides the 
smallest, while the isomer shifts showed very little dependence 
on the halogen. On changing the organic ligand R for different 
substituted phenyl groups, relatively little effect was observed 
on the quadrupole splittings for a given dihalide, except for the 
bis(2,2'-bipheny1)tellurides where there was some evidence for 
steric crowding about the tellurium. 

In light of the above, it was of some interest to measure the 
Mossbauer parameters for dialkyl- and diaryl-tellurides, and 
their dihalides for compounds containing a significantly more 
electronegative organic ligand. We report here the '25Te 

'Author to whom correspondence should be addressed. 

Mossbauer data for the bis(trifluoromethy1)- and bis(penta- 
fluorophenyl-tellurides and their difluorides, dichlorides, and 
dibromides. The bis(trifluoromethy1) compounds have been 
synthesized previously (5,6). However, the syntheses of the 
dihalides of bis(pentafluorophenyl)telluride are reported here 
for the first time. 

The ' 2 5 ~ e  nmr chemical shifts of the (CF3)2Te and 
(CF3)2TeX2 (X F, C1, or Br) have been reported by Gombler 
(7). We have measured the ' 2 5 ~ e  nmr spectra of (C6F5)2Te and 
(C#=J2TeX2 (X = F, C1, or Br) and the data for the two series 
are compared. 

Results and discussion 
Mossbauer data 

The '25Te Mossbauer parameters are shown in Table 1 and a 
sample spectrum in Fig. 1. It is immediately apparent that 
(CF3)2Te and (C6F5)2Te have significantly larger quadrupole 
splittings than those of Me2Te (10.5mm s-') and Ph2Te 
(11 .O mm s-I). ' he large quadrupole splittings arise from a 
considerable p-orbital imbalance on the tellurium, reflecting the 
difference between the Te-C bonds on the one hand and the 
two tellerium lone pairs on the other. The very electronegative 
CF3 and C a 5  ligands result in a substantial increase in the 
p-orbital imbalance at tellerium in comparison with that in 
Me2Te or Ph2Te. 

The Mossbauer isomer shifts for (CF3)2Te and (C6F5)2Te, 
with respect to the I/Cu as a reference standard, are similar to 
those of Me2Te (0.06 mm s-') and Ph2Te (0.12 mm s-'). The 
range of isomer shifts for '25Te is known to be relatively small 
and the similarity in the 6 values is not unexpected. Moreover, 
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TABLE 1. Tellurium-125 Mossbauer data 

A? rt 
(mm s-1) (mm s-I) (mms-') 

*Relative to I/Cu, source and absorbers at 4.2 K. 
tErrors f 0.08 mm s-I. 

0 0 J2. 5 lk .0  7l.5 0.0 I A -7.5 -15.0 -22.5 

V E L O C I T Y  (mm s-I) 

FIG. 1. Tellurium-125 Mossbauer spectrum of (CF3)2Te at 4.2 K. 

the Te-C bonds will have significant s-p hybrid character. 
The removal of p-electron density from tellurium in bonding 
will lead to an increase in the nuclear s-electron density, 
1+~(0)1~, through deshielding and hence to a more positive 
isomer shift, while the removal of s-electron density will 
decrease 1+,(0)12 and will make 6 more negative. These 
off-setting factors appear to result in the similarity in the 6 
values observed. 

The dihalides of (CF3)2Te and (C6F5)2Te exhibit quadrupole 
splittings which are systematically smaller than those generally 
observed for dialkyl- and diaryl-tellurium dihalides. Thus, 
(C#5)2TeF2 has a A value of only 8.8 mm s- ' , in comparison 
with 10.4mm s-' for Ph2TeF2; data for Me2TeF2 are not 
available. Similarly, (C#5)2TeC12 6 9 mm s ) and 
(CF3)2TeC12 (6.9 mm s-') have significantly smaller splittings 
than those of Ph2TeC12 (9.2mm s-') and Me2TeC12 (9.4mm 
s-') while (C6F5)2TeBr2 (5.4mm S-') and (CF3)2TeBr2 
(5.6mm s-I) have smaller splittings than Ph2TeBr2 (7.9 mm 
s-') and Me2TeBr2 (8.5 mm s- '), respectively. Within each 
series of dihalides the quadrupole splittings follow a simple 
trend: F>Cl>Br. 

The isomer shifts of the dihalides are all very similar and are 
more positive than those of the parent tellurides. 

These trends in the Mossbauer parameters can be readily 
understood in terms of a simple valence-bond model for these 
compounds. The diphenyltellurium dihalides have crystal struc- 
tures which show the tellurium to be in +-tbp environment, with 
the halogens occupying trans-axial positions and with the 
organic ligands and the presumed lone pair in the equatorial 
plane (8,9). The quadrupole splittings then reflect the p-orbital 
imbalance between the X-Te-X axial linkage and the Te-C 
bonds, and the lone pair in the equatorial plane. As the 
electronegativity of the organic ligand increases, this p-orbital 
imbalance might be expected to decrease, in agreement with the 
trend observed. Thus, (C#5)2TeF2 has a significantly smaller 
quadrupole splitting than Ph2TeF2, consistent with a greater 
removal of electron density from the tellurium in the equatorial 
plane by the C6F5 ligand. A similar argument would apply to the 
chlorides and bromides. It is also of interest that consistent with 
this simple model, the difference in A between pairs of 
compounds in the CF3 and Me series are all somewhat larger 
than those in the and Ph series. Thus, the difference in A 
between (CF3)2Te and Me2Te is roughly reflected in the large 
difference in A between (CF3)2TeBr2 and Me2TeBr2, while the 
smaller difference in A between (C#5)2Te and Ph2Te leads to a 
smaller difference in quadrupole splitting between 
(C#5)2TeBr2 and Ph2TeBr2. 

The isomer shifts for the dihalides reported in Table 1 are all 
more positive than those of the parent tellurides. This is 
consistent with the previous general observations on the 
R2TeX2 compounds. 'The bonding in the X-Te-X linkage 
appears to remove predominantly p-electron density from the 
tellurium, leading to a deshielding of the 5s electrons from the 
nucleus, an increase in 1+,(0)12, and a more positive isomer 
shift. The fact that isomer shifts are all similar again reflects the 
relative insensitivity of ' 2 5 ~ e  isomer shifts to changes in the s- 
and p-orbital populations. 

Nuclear magnetic resonance data 
The ' 2 5 ~ e  nmr chemical shifts are reported in Table 2 and the 

values for (CF3)2Te and (CF3)2TeX2 (X = C1, Br) are in 
reasonable agreement with the literature values (7). To assist in 
an intercomparison of the data, we recorded the spectrum of 
(CF3)2Te as a neat liquid and in solution in CDC13 and in 
CH3CN. The 1 2 5 ~ e  chemical shifts for (C6F5)2Te and 
(C#5)2TeX2 (X = F, C1, or Br) have not previously been 
measured. 

The data for (CF3),Te and (C#5)2Te and their dihalides are 
compared with those of Me2Te and Ph2Te and their dihalides in 
Fig. 2. It can be seen that (CF3)2Te has a much more positive 
(downfield) shift than Me2Te. The nmr chemical shifts for 
tellurium are generally assumed to be dominated by the 
paramagnetic shielding term. The increase in shift for (CF3)2Te, 
relative to Me2Te, is consistent with a marked decrease in the 
shielding at the tellurium nucleus as a result of the greater 
electronegativity of the -CF3 ligand. However, (C#5)2Te has 
a less positive chemical shift than Ph2Te, indicating that 
electronegativity is not the only factor involved. 

It is of interest that in the dialkyltellurides and ditellurides, 
substitution of a-carbon protons by methyl groups leads to a 
more positive (downfield) shift, P-carbon proton substitution 
leads to a smaller negative (upfield) change in 6, and y-substi- 
tution to a very small positive change in 6 (4,10,11). An 
analogous situation is found in the phenyltellurides. As shown in 
Table 3, as the number of protons on the carbon atom bonded to 
tellurium decreases (a) 6 becomes more positive; on o-substitution 
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TABLE 2. Tellurium-125 nmr chemical shifts 
I 
I 

I 6* 
( P P ~ )  Solvent Ref. ~ 

(CF3)zTe 1363.4 CDC13 
1355.2 CH3CN 
1362.1 neat 
1368 neat 7 

(CF3)zTeFz 1187 CH3CN 7 
(CF3)zTeClz 11 18 CH3CN 

11 14 CH3CN 7 
I (CF3)zTeBrz 1186 CH3CN 

1180 CH3CN 7 
I (C#s)zTe 297.6 CDC13 
I 278.9 CH3CN 

(C#5)2TeF2 1060.3 CDC13 
(C#5)zTeClz 656.5 CDC13 

i (C#5)2TeBr2 
629.1 CDC13 

I 
I *Chemical shifts wlth respect to Me2Te (neat) at ambient 

temperature. The shifts from ref. 7 are with respect to 
M%Te/C&. 

I 

FIG. 2. A plot of I z 5 ~ e  chemical shifts for (A) R = Me (ref. 13); 
(@) R = Ph (ref. 16), the value for Ph2TeF2 is this work; (0) R = CF3, 
this work; (0) R = C a 5 ,  this work. 

I 

TABLE 3. Tellurium-125 nmr chemical shifts 

6 
( P P ~ )  A(6)* Ref. 

(a) MeTeMe 0 
1 PhTeMe 330 
1 PhTePh 

330 12 
688 358 13-t 

(b) PhTePh 688 
o-MeOPhTePh 579 

- 109 -t 
o-MeOPhTePhOMe- o 

I 
445 

-134 -t 
(c) PhTeMe 330 + 11 12 

m-MeOPhTeMe 341 -t 
(d) PhTePh 688 

I p-MeOPhTePh 668 -20 14 

I *A@) is the difference in successive Iz5Te nmr chemical shifts. 
I tD.  H. O'Brien. Private communication. 

(b) there is a smaller negative change in 6; on m-substitution (c) 
the effect on 6 is small and positive; and finally, on p-substitu- 
tion (6) a small, negative change in 6 is observed. 

On the basis of the above, (CF3)2Te would be expected to 
have a much more positive 6 than Me2Te since there are no a 
protons in (CF3)2Te. 

In (C&J2Te, all the above effects will be superimposed. 
However, the full o-substitution for four fluorine ligands should 
have the dominant effect and a substantial negative change in 6, 
with respect to Ph2Te, would be expected and is indeed 
observed. 

The chemical shifts for the C6F5, Ph, and Me series appear to 
roughly parallel one another (Fig. 2), although data for 
Me2TeF2 is not available. The halides all exhibit more positive 
chemical shifts than the parent tellurides, consistent with less 
shielding at the tellurium nucleus in the presence of the 
electronegative halogens. The chemical shifts for these dihal- 
ides lie in the order F>Cl>Br. 

The trend for the CF3 series is more complex and, not only 
does (CF3)2Te have a very large positive shift, but the values for 
the dihalides do not follow the trend referred to above. Rather, 
they exhibit a minimum value at (CF3)2TeC12. This may be 
rationalized in terms of the Ramsey paramagnetic shielding in 
the expression for nmr chemical shifts. 

where AE is the mean electronic excitation, Pu and Du are the 
"unbalance" in the valence p and d orbital populations, and 
(r%) and (r-$) are the expectation values of the radii of the p 
and d valence orbitals. 

Nuclear quadrupole coupling constants are also dependent on 
the valence p and d orbital populations and hence we might 
anticipate some correlation between the nmr chemical shifts and 
the Mijssbauer quadrupole splittings for molecules of similar 
coordination. For (C$5)2Te and (CF3)2Te the quadrupole 
splittings are similar, suggesting similar valence orbital popula- 
tions on the tellurium in these two molecules. However, the nmr 
chemical shifts are significantly different. This can be explained 
by a much smaller value for AE in (CF3)2Te than in (C6F5)2Te. 

It is interesting that the difluorides all have very similar 
chemical shifts despite the differences in the shifts of the parent 
tellurides themselves (Fig. 2). In the difluorides, the shielding at 
the tellurium nucleus appears to be primarily determined by the 
fluorine ligands rather than the organic ligands. 

Experimental 
Bis(trifluoromethy1)telluride and the dihalides (CF3)2TeX2 (X = F, 

C1, or Br) were prepared and characterized as previously described 
(5,6). 

Bis(pentafluoropheny1)telluride was prepared by heating an equimo- 
lar mixture of (C#5)2Hg and tellurium in a sealed, evacuated tube at 
225°C for 24 h (16). The corresponding dichlorides and dibromides 
were prepared by reaction of (C#.J2Te with the elemental halogen in 
CC4. The difluoride was synthesized by reacting an excess of NaF with 
(C#5)2TeC12 in acetonitrile. In a second preparation, (C#5)2Te was 
heated with a mixture of HN03 and 40% HF in a Teflon beaker for 12 h. 
The solution was then heated to dryness and (C85)2TeF2 was isolated 
by CHC13 extraction of the solid. Attempts to prepare the diiodide, 
either by halogenation of (C&)2Te or by reaction of KI with 
(C#5)2TeC12, were unsuccessful. Diphenyltellurium difluoride, 
whose l Z 5 ~ e  nmr chemical shift had not previously been reported, was 
prepared by the method of Sadekov (17). 

The compounds were characterized by carbon analyis and by mass 
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spectrometry on a Hewlett-Packard 598B mass spectrometer: Anal. 
calcd. for C12FloTe: 31.16; found: C 31.17; m/e (139e) 464; Anal. 
calcd. for C12F12Te: 28.80; found: C 28.63; m/e 502; Anal. calcd. for 
C12FloC12Te: 27.01, found: C 27.29; m/e 534; Anal. calcd. for 
ClzFloBrzTe: 23.15, found: C 23.19; m/e 543, corresponding to 

I (C6FS)2TeBr'. 
I Mossbauer spectra were recorded using a Hanvell Instruments 

constant acceleration drive, based on a Harwell200 series wave-form 
generator and amplifier. A 2 mCi lZ5~b/Cu source (New England 
Nuclear) was used. The source and absorbers were immersed in liquid 
helium in a Hanvell Instruments dewar. The 35.5 keV Mossbauer y-ray 
was monitored through the 6 keV escape beak in a Xe/C02 
proportional counter. The spectra were accumulated in a Nuclear Data 
66 analyzer as 256-channel spectra and were subsequently computer- 
fitted to Lorentzians using the Nuclear Data 66 as a computer terminal 
for transmitting data to, and for computation on, the University IBM 
4341 main-frame computer. The spectrometer was routinely calibrated 
using a 5 7 ~ o / ~ h  source and an iron foil absorber. The l Z 9 e  isomer 
shifts were reported with respect to lZ51/cu as a reference standard and 
this entailed adding 0.15mm sC1 to the shifts measured against 
lZ5Sb/Cu as the source. 

The l Z 5 ~ e  nmr spectra were obtained on a Briiker WM 400 
spectrometer at 126.24 MHz, operating at ambient temperature. The 
resonances were found by utilizing 166kHz sweep widths, 10 ps 
(25°C) pulse widths, and a 0.01 s delay between acquisitions. Final 
spectra were obtained at the appropriate frequency, generally using a 
5 kHz sweep width and 90" pulse widths with no delay. No broadband 
decoupling was employed. Data acquisition consisted of 16 000 data 
points, which were zero filled to 32000 data oints for the Fourier P transform. The linewidths were 6- 12 Hz. The lZ Te chemical shifts are 
reported with reference to neat MezTe. 
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The synthesis and seven-coordinate structure of 
(CH3)2AsC(CF3=C(CF3)As(CH3)2W(CO)Br2[P(OCH3)3]2 
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LYNN MIHICHUK, MONICA RZZEY, BEVERLY ROBERTSON, and RICHARD BARTON. Can. J. Chem. 64,991 (1986). 
(L-L)W(C0)4 (L-L = (CH3AsC(CF3)=C(CF3)As(CH3)2) is oxidized by Br2 to yield the seven-coordinate complex 

(L-L)W(C0)3Br2, which reacts with monodentate phosphines or phosphites to form (L-L)W(CO)Br2P2 (P = phosphine or 
phosphite). Crystals of (L-L)W(CO)Br2[P(OCH3)3]2 are monoclinic, space group P2, /c, a = 19.1 10(5), b = 9.208(3), c = 
17.845(6) A, P = 108.93(2)" at 21 "C with Z = 4. The structure was solved from a Patterson map and refined by least squares to a 
conventional R value of 0.092 using 2330 independent reflections. The crystal structure indicated the tungsten atom to be 
seven-coordinate with the geometry most closely approximated by a capped trigonal prismatic environment, the capping group 
being a bromine atom (W-Br, 2.686(5) A). The capped face consists of the remaining bromine atom (W-Br, 2.695(5) A), a 
phosphorus atom (W-P, 2.465(9) A), and the two arsenic atoms from the bidentate ligand (W-As, 2.619(3) and 2.526(4) A). 
The W-As bond trans to a phosphite is significantly longer (by 0.093 A) than the W-As bond trans to a bromine. The 'H nmr 
data indicate that the complex is stereochemically rigid at 25°C and nonrigid at higher temperatures; however, the data at 25°C 
are not consistent with the configuration found in the crystal. 

LYNN MIHICHUK, MONICA PIZZEY, BEVERLY ROBERTSON et RICHARD BARTON. Can. J. Chem. 64,991 (1986). 
L'oxydation du (L-L)W(CO), (L-L = (CH3AsC(CF3)=C(CF3)As(CH3)2) par le Br2 dome le complexe heptacoordonnk 

(L-L)W(C0)2Br2 qui rkagit avec les phosphines ou les phosphites monodentates pour domer le (L-L)W(CO)Br2P2 (P = 
phosphine ou phosphite). Les cristaux de (L-L)W CO)Br2[P(OCH3)3]2 appartiennent au groupe d'espace monoclinique P2' / c  
avec a = 19,110(5), b = 9,208(3), c = 17,845(6) A , P = 108,93(2)"h21°C et Z = 4.Onarksolula structurehpartird'unecarte 
de Patterson et on l'a affinke par la mkthode des moindres carrCs jusqu'a une valeur de R = 0,092 pour 2330 rkflexions 
indkpendantes. La structure cristalline indique que l'atome de tungstkne est heptacoordomk avec une gComktrie approximative 
tri?s voisine d'un enviromement prismatique trigonal ca pC par un atome de brome (W-Br, 2,686(5) A. La face capp6e 
comprend l'atome de brome rksiduel (W-Br, 2,695(5) 1 ), un atome de phosphore (W-P, 2,465(9) A) et les deux atomes 
d'arsenic du ligand bidentate (W-As, 2,619(3) et 2,526(4) A). La liaison W-As qui est en position trans par rapport au 
phosphite est nettement plus longue (0,093 A de plus) que la liaison W-As en position trans par rapport au brome. Les domCs 
de l a m  du 'H indiquent que, h 25"C, le complexe est stCrCochimiquement rigide, mais que ce n'est pas le cas h des temp6ratures 
plus klevkes. Cependant, les domees obtenues h 25°C ne concordent pas avec la configuration trouvCe dans le cristal. 

[Traduit par la revue] 

Introduction 
Studies of seven-coordinate complexes of metal carbonyls 

have shown that they can be described by either a capped 
octahedral geometry (1, 2) or a capped trigonal prismatic 
geometry (3, 4). The actual structures seldom match ideal 
polyhedral arrangements and, if the deviations are large, the 
choice of the most appropriate description may not be obvious. 
Various ,methods have been proposed to aid in the assignment of 
the best reference polyhedron (5-7). 

This paper reports on the assignment of the polyhedron for the 
seven-coordinate complex (L-L)W(CO)Br2[P(OCH3)3]2 where 
L-L is the fluorocarbon-bridged ligand (CH3)2AsC(CF3=C- 
(CF~)AS(CH~)~.  Variable temperature 'H nmr studies have 
shown the complex to be stereochemically nonrigid, a common 
phenomenon observed in seven coordination (8). In an attempt 
to elucidate the mechanism of the motion of the ligands, which 
is generally poorly understood in seven coordination, we have 
undertaken to determine the solid-state geometry of the tungsten 
monocarbonyl complex. 

Experimental 
C 1 S H ~ O A S Z B ~ Z F ~ ~ ~ P ~ W  M0l. wt. = 991.88 

Monoclinic, space group P21 /c, a = 19.110(5), b = 9.208(3), c = 
17.845(6) A, P = 108.93(2)", T = 21°C, V = 2970 A3, Z = 4, D, = 
2.22g cmP3, Dm = 2.20(5) g ~ m - ~ ,  ~(MoKcx) = 95.Ccm-', F(000) 
= 1880. 

Initially, attempts were made to prepare the molybdenum analog of 

'Author to whom correspondence may be addressed. 

the compound reported here. Crystals were obtained but they proved to 
be extremely unstable in the X-ray beam. 'Their deterioration in the 
beam was not significantly attenuated by lowering their temperatures. 
Furthermore, a complex phase transformation occurs slightly below 
room temperature in the Mo compound. 

The tungsten compound was prepared according to a method similar 
to that previously reported by Cullen and Mihichuk (9). The synthesis 
of the ligand cis-2,3-bis(dimethylarsino)-l , 1,1,4,4,4-hexafluorobut- 
2-ene (L-L), and the (L-L)W(C0)4 complex has been previously 
reported (10, 11). 

Slow addition of bromine (0.070 g, 0.45 mmol) in dichloromethane 
to a rigorously degassed dichloromethane solution of an equimolar 
amount of (L-L)W(C0)4 afforded orange-coloured crystals of (L-L)- 
W(CO)3Br2 (0.25 g, 69%). 

(L-L)W(C0)3Br2 (0.25 g, 0.31 mmol) and trimethyl phosphite 
(0.091 g, 0.73 mmol) were refluxed under argon in degassed benzene 
(25 mL) for 48 h, after which time the ir spectrum of the solution 
indicated complete reaction of the tricarbonyl complex. The benzene 
was removed under reduced pressure and recrystallization of the 
residue from a degassed dichloromethane-hexane mixture at -5°C 
afforded yellow plates of (L-L)W(CO)Br2[P(OCH3)3]2 (0.15 g, 48%). 
Their density was determined by flotation in a chloroform-bromoform 
mixture. 

Preliminary investigation of the tungsten compound also showed 
evidence of crystal deterioration in the X-ray beam. The deterioration 
was not significantly influenced by lowering the temperature of the 
crystal, by coating it with collodion, or by isolating it in a capillary. It 
was decided that all diffraction data should be collected as quickly as 
was reasonably possible. A crystal in the form of a yellow plate of 
dimensions 0.2 x 0.2 X 0.3 mm was chosen for study. Laue symmetry 
and systematic absences (I = 2n + 1 for hO I, k = 2n + 1 for OM)) 
indicated the monoclinic space group P2'/c. 
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Intensity data were collected on a modified Picker FACS-1 diffrac- 
tometer with graphite-monochromated MoKa radiation (X = 0.7 1069 a), using the NRCC diffractometer control system (12). Diffraction 
intensities were measured first in the range 3" 5 20 5 40" and then in 
the range 40" < 20 5 45", using a scan speed of 2 deg min-' and a scan 
width of (0.9 + 0.692 tan 0)". Data were collected in the octants with 
hkl and hkl. 

Three standard reflections were measured after every 47 reflections. 
Over the total period of the data collection their intensities decreased 
15%, 25%, and SO%, respectively. It was decided that the data 
collected last was not reliable and only that collected between 3 and 40" 
was used in the structure determination. The standard deviations of the 
intensities (u(I)) were calculated from the counting statistics of the 
individual reflections with a term added based on the extent to which 
the scatter in the intensities of the standard reflections exceeded that 
predicted from their own counting statistics. The inclusion of the third 
standard (12,0,0) with its high decay rate in this calculation led to 
unrealistically large standard deviations for strong reflections. The rate 
of fall-off of intensity did not appear to be anisotropic and the behaviour 
of the 12,0,0 reflection was anomalous. It was decided to exclude that 
reflection from all calculations. The intensities of the 2776 individual 
reflections in the range 3" 5 20 5 40" were corrected for the fall-off in 
the intensities of two remaining standard reflections. The decrease in 
the intensity of each reflection, relative to its initial value, was 
calculated from a five-point interpolation of the curve of the sum of the 
intensities of the two remaining standards (0,6,0 and 0,0,12) and 
adjusted to the initial value of the sums of these standards. The 
maximumcorrection was 17%. Of these, 2330 showed I > 2 . 0 ~  (I) and 
were treated as observed. 

At the end of the data collection, attempts were made to measure the 
centered position of strong reflections with 20 > 30". However, the 
crystal had deteriorated to an extent that this was not possible. The 
remaining material was recrystallized but the crystals that were 
obtained were not the same as that for which data had been collected. 
New crystals were synthesized from the starting materials. They 
showed the same space group and approximate lattice constants as the 
original. Cell dimensions were calculated from all of the centered 
settings of 31 reflections using one of the new crystals with 30" 5 20 
540". 

The intensity data from the original crystal was corrected for the 
effects of absorption using the Gaussian method and the XTAL system 
of programs (13). Scattering factors were those assigned by XTAL. 
Dispersion co~~ections taken from ref. 14 were applied. 

The structure was solved by applying the patterson method to the 
heavy atoms, with subsequent use of electron density and difference 
Fourier maps. It was refined by full-matrix least squares applied to the 
structure amplitudes using anisotropic temperature factors for tung- 
sten, arsenic, bromine, and phosphorus atoms and isotropic tempera- 
ture factors for the carbon, oxygen, and fluorine atoms. When 
anisotropic refinement was extended to other atoms, unrealistic values 
were obtained for the anisotropic temperature factors and the variation 
in similar bond lengths increased. The hydrogen atoms were not 
located. The final values of R and wR were 0.092 and 0.118, using 
weights. The standard deviation of an observation of unit weight was 
1.50, and the maximum value of A/u was 2.4 x The only 
significant residual electron density consisted of several peaks in the 
neighbourhood of the W atom, with an electron density of approxi- 
mately 2.5 e A-3. The atomic coordinates and isotropic or equivalent 
thermal parameters are given in Table 1. The important bond lengths 
and angles are given in Table 2.2   he atomic labelling is given in Fig. 1 
and a stereoscopic view of the molecule with thermal ellipsoids 
represented at 50% probability is shown in Fig. 2. Torsional angles in 
the five-membered ring of the chelate ligand and their estimated 
standard deviations are shown in Fig. 3. 

?ables of observed and calculated structure factor amplitudes, 
anisotropic temperature factors, and additional bond lengths and angles 
may be purchased from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada KIA 
os2. 

TABLE 1. Atomic and thermal parameters with estimated standard 
deviations 

Atom f Y z Ueq/ uisob 

W 0.2165 (1) 0.4010 (2) 0.2128 (1) 3.95 (9) 
Br(1) 0.2768 (2) 0.1541 (5) 0.1816 (2) 6.0 (2) 
Br(2) 0.1676 (2) 0.2369 (5) 0.3106 (2) 6.0 (2) 
As(1) 0.3511(2) 0.4249(5) 0.3127(2) 4.8 (2) 
As(2) 0.2922 (2) 0.4877 (5) 0.1289 (2) 5.0 (2) 
p(l) 0.103 (1) 0.299 (1) 0.118 (1) 5.9 (6) 
p(2) 0.200 (1) 0.570 (1) 0.306 (1) 6.1 (7) 
F(1) 0.531 (1) 0.262 (3) 0.271 (1) 9.9 (8) 
F(2) 0.547 (1) 0.484 (3) 0.306 (1) 9.8 (8) 
F(3) 0.513 (1) 0.345 (3) 0.374 (2) 10.9 (9) 
F(4) 0.421 (1) 0.513 (3) 0.062 (1) 8.5 (7) 
F(5) 0.515 (1) 0.452 (3) 0.156 (1) 10.1 (8) 
F(6) 0.438 (1) 0.297 (3) 0.088 (1) 11.1 (9) 
O(1) 0.136 (1) 0.667 (3) 0.118 (1) 5.4 (6) 
o(2) 0.067 (1) 0.144 (3) 0.125 (1) 7.2 (8) 
O(3) 0.113 (1) 0.298 (3) 0.033 (1) 6.1 (7) 
O(4) 0.033 (1) 0.392 (3) 0.109 (1) 5.8 (7) 
O(5) 0.232 (1) 0.723 (3) 0.293 (1) 6.2 (7) 
O(6) 0.120 (1) 0.613 (3) 0.317 (1) 7.3 (8) 
O(7) 0.246 (1) 0.539 (3) 0.399 (1) 5.9 (7) 
C(1) 0.167 (2) 0.562 (3) 0.158 (2) 3 (1) 
C(2) 0.104 (2) 0.008 (5) 0.138 (2) 9 (1) 
C(3) 0.055 (2) 0.233 (5) -0.038 (2) 7 (1) 
C(4) -0.045 (2) 0.352 (4) 0.078 (2) 7 (1) 
C(5) 0.237 (3) 0.852 (5) 0.354 (3) 9 (1) 
C(6) 0.054 (2) 0.612 (5) 0.254 (3) 9 (1) 
C(7) 0.216 (2) 0.511 (5) 0.463 (2) 7 (1) 
C(8) 0.423 (2) 0.426 (4) 0.253 (2) 5 (1) 
C(9) 0.400 (2) 0.435 (3) 0.177 (2) 3 (1) 
C(l0) 0.506 (2) 0.387 (5) 0.300 (3) 8 (1) 
C(l1) 0.444 (2) 0.433 (5) 0.121 (2) 7 (1) 
C(l2) 0.394 (2) 0.591 (4) 0.377 (2) 6 (1) 
C(l3) 0.373 (2) 0.281 (5) 0.393 (2) 7 (1) 
C(l4) 0.264 (2) 0.399 (4) 0.020 (2) 5 (1) 
C(l5) 0.302 (2) 0.703 (5) 0.115 (2) 8 (1) 

"The numbers in parentheses refer to the estimated standard deviation in the 
last significant figure quoted. 

aermal  parameters are of the form exp[-2a2(Ullh2a*2+~22Pb*2 
+ U331%*2 + 2UI2hka*b* + 2U13hla*c* + 2U2,klb*c)] and 

3 

U,, = 113 S [Uijai*aj*(ai.aj)]. 
i= l 
j= 1 

Variable temperature 'H nmr data were obtained using a Perkin- 
Elmer R12-B nmr spectrometer equipped with a variable-temperature 
probe. The variable-temperature controller was calibrated against 
standards and showed a maximum deviation of + 3 K in the temperature 
range investigated (233-373 K). Low temperature studies were done 
using CDC13 as solvent and high temperature studies using C6H6. 

Discussion 
The tungsten atom is seven-coordinate. Its coordination 

sphere includes the two arsenic atoms of the L-L ligand, two 
bromine atoms, two phosphorus atoms, and the carbon atom of 
the carbonyl group. The relevant seven-vertex polytopal poly- 
hedra are the monocapped octahedron (C3,,), the quadrilaterally 
monocapped trigonal prism (C2,,) and the pentagonal prism 
(CSh). Based on bond repulsion calculations, Kepert has shown 
that for identical ligands the capped trigonal prism is a transition 
state between two capped octahedral arrangements, reminiscent 
of the Berry rearrangement for five coordination (15). However, 
the barrier height in the seven-coordinate case is negligible, 
suggesting that facile rearrangement of the ligands is possible. 
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TABLE 2. Bond distances and angles with esti- 
mated standard deviations 

(a) Bond Distance (a) 
I 

W-Br(1) 2.687 (5) 
W-Br(2) 2.695 (5) 

I W-As(1) 2.619 (3) 
W-As(2) 2.526 (4) 
W-P(l) 2.465 (9) 
W-P(2) 2.38 (1) 
W-C(1) 1.86 (3) 
As(1)-C(8) 2.00 (4) 

1 As(1)-C(12) 1.93 (4) 
I As(1)-C(13) 1.89 (4) 

As(2)-C(9) 2.01 (3) 

1 As(2)-C(14) 2.01 (3) 

I 
As(2)-C(15) 2.01 (5) 
O(l)-c(l) 1.24 (4) 
C(8)-C(9) 1.28 (4) 
C(8)-C(l0) 1.56 (5) 

1 
C(9)-C(l1) 1.50 (6) 

(b) Bond Angle (") 

I Br(l)-w-Br(2) 85.5 (1) 
I Br(1)-W-As(1) 79.7 (1) 
I Br(1)-W-As(2) 77.2 (1) 
I Br(1)-W-P( 1) 82.8 (3) 

Br(1)-W-P(2) 149.7 (3) 
Br(1)-W-C(1) 138 (1) 
Br(2)-W-As(1) 94.4 (1) 
Br(2)-W-As(2) 161.3 (1) 
Br(2)-W-P(l) 79.5 (3) 
Br(2)-W-P(2) 76.0 (3) 
Br(2)-W-C(l) 124 (1) 
As(1)-W-As(2) 75.7 (1) 
As(1)-W-P(l) 161.8 (3) 
As(1)-W-P(2) 78.2 (2) 
As(1)-W-C(l) 120.7 (9) 
As(2)-W-P(l) 105.0 (2) 

I As(2)-W-P(2) 116.3 (3) 
As(2)-W-C(l) 74 (1) 
P(1)-W-P(2) 116.2 (3) 

I P(1)-W-C(1) 76.1 (9) 
P(2)-W-C(l) 71 (1) 
W-As(1)-C(8) 109.5 (9) 

I W-As(1)-C(12) 127 (1) 
W-As(1)-C(13) 112 (1) 
C(8)-As(1)-C(12) 94 (2) 
C(8)-As(1)-C(13) 112 (2) 
C(12)-As(1)-C(13) 99 (2) 
W-As(2)-C(9) 112 (1) 
W-As(2)-C(14) 115 (1) 
W-As(2)-C(15) 119 (1) 

1 C(9)-As(2)-C(14) 103 (1) 
C(9)-As(2)-C(15) 99 (1) 

1 C(14)-As(2)-C(15) 107 (2) 
As(l)-C(8)-C(9) 120 (3) 

I As(1)-C(8)-C(10) 117 (3) 
I C(9)-C(8)-C(10) 122 (4) 

As(2)-C(9)-C(8) 115 (3) 
1 As(2)-C(9)-C(l1) 116 (2) 

C(8)-C(9)-C(l1) 128 (3) 
W-C(1)-O(1) 176 (3) 

FIG. 1. Atomic labelling for (CH3)2AsC(CF3)=C(CF3)As(CH3)2- 
W(CO)Brz[P(OCH3)3Iz 

FIG. 2. Stereoscopic view of the molecule. 

FIG. 3. Schematic diagram showing the torsional angles in the five- 
membered ring of the chelate ligand. 

In order to describe the geometry of the observed polyhedron 
found here, we used the dihedral angles between the normals of 
adjacent faces of the polyhedron (S angles) as suggested by 
Porai-Koshits and Aslanov (16). The S angles for seven- 
coordinate polyhedra have been calculated by Muetterties and 
Guggenberger (5). It is convenient to focus attention on a subset 
of the 6 angles for analysis of polyhedra. In this case the S angles 
for three edges of the face, which is capped in the octahedral 
arrangement, are the relevant subset. In the capped octahedron 
their value is 24.2". In the capped trigonal prism, two become 
zero as two quadrilateral faces are formed, and the third edge, 
which is also an edge at the base of the capped quadrilateral face 
of the trigonal prism, becomes 4 1.5" (5). 

It has been suggested by Kouba and Wreford (17) that a 
preferable measure of polyhedral type is obtained if the 
polyhedron created by moving the vertices of the original 
polyhedron along their radii to the surface of a unit sphere is 
examined instead of the original polyhedron. One of us (1 8) has 
used this procedure for larger polyhedra and found that the use 
of the unit sphere provides superior discrimination among 
candidate ideal polyhedra. 

The important S parameters for (L-L)W(CO)Br2[P(OCH3)3]2, 
based on the unit sphere procedure, are 4", 8", and 30°, which 
are nearer those for the monocapped trigonal prism (0°, 0°, 
41.5") than the monocapped octahedron (24.2", 24.2", 24.2"). 
The capping atom is Br(1). The configuration is nevertheless on 
a plausible reaction path between a capped trigonal prism and a 
capped octahedron. If the polyhedron is described as an octa- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



994 CAN. J. CHEM. VOL. 64. 1986 

hedron, the capping atom is the carbon atom of the carbonyl 
group. 

The structure of the closely related seven-coordinate com- 
pound (L-L)W(C0)312 has been reported by Mercer and Trotter 
(2). The configuration is similar but with 6 angles (l4", 19", 12") 
that are closer to those of the capped octahedron. Based on an 
analysis of the edge lengths of the unit spheres, the small 
difference in configuration appears to be a direct consequence of 
the different spatial requirements of the two ligands that are 
carbonyl groups in the previously reported structure and 
phosphite groups in that reported here. The difference between 
the bonding radii of iodine and bromine seems less important in 
determining the small difference in configuration. 

The bidentate ligand in both structures has a bite on the unit 
sphere ("normalized bite" in the terminology of Kepert (15)) of 
1.23. According to the analysis by Kepert (15) of seven- 
coordinate polyhedra with one bidentate ligand and five 
unidentate ligands, all with equal metal-ligand bond lengths, 
such polyhedra may adopt, among others, a particular stereo- 
chemistry he labels as "D". In stereochemistry D in the capped 
trigonal prism, the bidentate ligand bridges an edge of the 
capped quadrilateral face that joins the trilateral faces of the 
prism. In the associated capped octahedron, the bidentate ligand 
joins the capped trilateral face to the trilateral face formed by the 
remaining three ligands. Keperts survey of seven-coordinate 
polyhedra suggests that for seven-coordinate polyhedra with a 
bidentate ligand having a normalized bite greater than 1.2, the D 
configuration is predominant. 

The polyhedron in the compound reported here adopts 
stereochemistry D. Given the large variation in metal-ligand 
bond lengths in (L-L)W(CO)Br2[P(OCH3)3]2, we must con- 
clude that the presence of the predicted stereochemistry D is 
either due to factors other than those considered by Kepert, or 
that the bond lengths are much less important than the normal- 
ized bite of the bidentate ligand in establishing stereochemistry. 

The bidentate ligand forms a five-membered ring with the 
tungsten atom. The torsional angles for the ring are given in Fig. 
3. The nature of the ring puckering was analyzed according to 
the method of Cremer and Pople (19). The relevant parameters 
are q = 0.43, 4 = -13.2", indicating a highly puckered ring 
closer to the twist conformation than the envelope conforma- 
tion. The W atom is above the plane of As(l), As(2), and C(9), 
and C(8) is below the plane. However, because of short bond 
lengths to C(8), the appearance of the ring in Fig. 1 is that of an 
envelope folded across the As-As line. 

The parameters describing the ring in (L-L)W(C0)312 are 
essentially the same as in the present study. The fold about the 
As-As line is caused by the contact between the arsenic methyl 
groups and the carbonyl and the phosphite ligand containing 
P(2). The tetrahedral coordination of the arsenic atom is further 
distorted by these contacts. The reason that C(8) is also 
puckered out of the plane of the envelope is not clear. The fold 
may serve to optimize the bite of the ligand or it may be related 
by the packing requirements of the methyl and CF3 groups. 

Significant shortening of the W-As bonds from a predicted 
value of 2.73 A (1) to the experimental values of 2.619(3) and 
2.526(4) A is thought to be due to some double-bond character 
in the W-As bonds caused by d?r-d?r back donation from the 
tungsten atom. The two W-As bonds are also significantly 
different from each other, which can be explained by a 
consideration of their respective trans ligands. The Br(2) atom 
trans to As(2) is not as strong a d?r acceptor as P(l) trans to 
As(l), which should result in a greater back donation to As(2). 

This causes a shortening of the W-As(2) bond compared to the 
W-As(1) bond, the difference being 0.093 A. Considerable 
back donation from W to the carbonyl group is evident from a 
comparison of the W-C(1) bond length of 1.86(3) A to other 
carbonyl tungsten complexes. This in turn results in a longer 
C-0 bond length (1, 2, 20). The two W-P bonds are 
significantly different from each other, which again can be 
explained on the basis of their respective trans ligands. Thus the 
W-P(2) bond, (P(2) trans to Br(1)) is shorter than the 
W-P(l) bond (P(1) trans to As(1)). 

The geometry found in the solid state is not consistent with 
the structure in solution as deduced from 'H nmr data. Two 
arsenic methyl resonances are observed at room temperature, 
which remained fairly sharp even at 233 K. However, as the 
temperature is increased the two resonances broaden, collapse, 
and coalesce into a single resonance line (coalescence tempera- 
ture 343 K). The coalesced peak sharpened further in the range 
343-373 K. The room temperature spectrum suggests a more 
symmetrical structure than observed in the solid state. The 
change in the 'H nmr spectrum at higher temperature is 
indicative of stereochemical no~g id i ty .  The mechanism pre- 
viously proposed for the related molybdenum complex (9), 
involving the migration of a capping CO group over faces of a 
more symmetrically capped octahedral polyhedron, is not 
consistent for the tungsten species in view of the geometry 
found in the solid state. A similar mechanism, as stated above, 
would explain the high temperature 'H nmr results assuming the 
tungsten complex undergoes a rearrangement process to give a 
more symmetrical ligand arrangement, as stated for the Mo 
complex (9). Thus the 'H nmr results suggest that there are two 
exchange processes occuning; a lower energy process which 
averages two sets of As-CH3 groups (the spectrum recorded at 
233 K is probably not the limiting spectrum) and a higher energy 
process which averages all four As-CH3 groups. 

If the reaction pathway between the octahedron capped by the 
carbonyl group and the trigonal prism capped by Br(1) is 
extended, another octahedron, capped by P(2), is obtained. 
None of these polyhedra show higher symmetry consistent with 
the room temperature nmr data, for which a pentagonal prism is 
required. 

The 6 angle for the edge P(1)-As(2) is smaller in both 
observed polyhedra than in the ideal polyhedron. This is 
consistent with a small distortion toward the geometry of the 
pentagonal bipyrarnid, unfortunately not a pentagonal bipyra- 
mid with higher symmetry required by the nmr results. A 
combination of concerted rearrangements of the ligands follow- 
ing pathways such as those discussed by King (21) would be 
required to generate a polyhedron (or time-averaged combina- 
tion of polyhedra) with the required higher symmetry. 
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JEAN-PIERRE MOREL, CLAUDE LHERMET, and NICOLE MOREL-DESROSIERS. Can. J. Chem. 64, 996 (1986). 
The thermodynamic parameters characterizing the interaction between Ca2+ and the suitably positioned sequences of 

hydroxyls of some sugar isomers have been determined. This was done by comparing the properties of D-ribose which bears such 
sequences of hydroxyls with the properties of D-arabinose chosen as an inactive reference. The enthalpies of solution and of 
dilution, the apparent molal heat capacities, and the apparent molal volumes of the two pentoses have been first measured in water 
at 25°C. The measurement of these properties for the transfer of the sugars from water to CaC12 solutions (and, conversely, for the 
transfer of CaC12 from water to the sugar solutions) directly gives access to the Ca2+-hydroxyls pair interaction parameters. The 
thermodynamic pro erties of this reaction of association may then be estimated: AH0 = -24 kJ mol-I ; AS0 = -83 J K-' mol-' ; P. AVO = 5 cm3 mol- , ACp@ = 40 J K-' mol-'. The analysis of these data shows that the weak association constant results from a 
large compensation between the favourable enthalpy and the unfavourable entropy of reaction. 

JEAN-PIERRE MOREL, CLAUDE LHERMET et NICOLE MOREL-DESROSIERS. Can. J. Chem. 64, 996 (1986). 
Les paramktres thermodynamiques caractCristiques de l'interaction entre l'ion ca2+ et les sequences d'hydroxyles en position 

favorable qui existent dans certains isomtres des sucres sont dCterminCs. Pour ceci, on compare les propriCtCs du D-ribose qui 
comporte de telles s6quences et celles du D-arabinose choisi comme rCfCrence non active. Les enthalpies de dissolution et de 
dilution, les capacitks calorifiques molaires apparentes et les volumes molaires apparents sont d'abord dCterminCs dans I'eau B 
25°C. La mesure des m&mes grandeurs relatives au transfert des sucres de l'eau pure aux solutions de CaC12 (et, inversement, 
de CaC12 de l'eau aux solutions de sucre) permet d'acckder aux paramktres correspondants relatifs B l'interaction par paire 
Ca2+-hydroxyles. On peut alors Cvaluer les grandeurs thermodynamiques de cette rkaction d'association: AH@ = -24kJ mol-' , 
AS@ = -83 J K-' mol-', AV@ = 5 cm3 mol-', ACpO = 40 J K-' mol-'. Celles-ci sont discutks; on observe en particulier 
que la constante d'association faible est due i une large compensation entre l'enthalpie favorable et l'entropie dCfavorable du 
processus. 

Introduction 
The study of the thermodynamics of hydration of sugars and 

sugar derivatives has raised, for a long time, a great deal of 
interest (1, 2). Amongst the most recent work based on precise 
thermodynamic determinations, some are concerned with the 
properties at infinite dilution (3-3, whereas others are inter- 
ested in the excess properties which reflect the solute-solute 
interactions (6-8). The interactions between sugars and metal 
cations in aqueous solution are of great importance in bio- 
chemistry and have been closely looked at since Angyal's 
pioneering studies (9). The primary aim of Angyal's work was 
to compare the complexing ability of various cations with some 
sugars through the determination of the stability constants, a 
subject which was analysed in our previous paper (10). 

The study of the interactions bkfween D-arabinose or D-ribose 
and calcium ion by a very sensitive potentiometric method, 
which can be applied to solutions dilute in the metal ion, has led 
us to analyse the characteristics of the free energy of interaction. 
More precisely, the comparison of these two pentoses gives 
access to a pair interaction parameter gRca which is character- 
istic of the couple ca2- - axial-equatorial-axial sequence of 
oxygen atoms of the ribose isomers present at equilibrium. The 
presence in solution of many sugar anomers is one of the great 
difficulties of the thermodynamic, hence global, approach to the 
problem. Yet, it is essential to get this thermodynamic picture of 
the phenomena since it completes the interpretation which can 
be elaborated from, for instance, the nmr data. Indeed, the nmr 
methods (1 1, 12) allow one to "isolate" the interactions between 
the cation and the various isomers of the sugar but they can be 
used only on solutions with high salt concentrations, hence the 
following drawbacks: importance of the anion effects and of the 

'To whom all correspondence should be addressed. 

activity coefficients. The thermodynamic methods we use are, 
on the contrary, based on extrapolation to infinite dilution and 
reflect the interaction between the sugar and the metal ion in 
this particular condition. The parameter gRca, which is charac- 
teristic of the free energy of interaction between calcium and 
ribose, can be directly related to the association constant PI (10) 
if one prefers to speak in terms of chemical equilibria to describe 
these weak interactions. 

It is interesting now to determine other thermodynamic 
parameters which will help us to better characterize this 
interaction. Studies of this kind have already been performed on 
various solutes involving either nonelectrolyte-nonelectrolyte 
or electrolyte-nonelectrolyte pairs. Our previous work regard- 
ing the interactions between electrolytes and alcohols (13) in 
aqueous solutions will serve as a basis for the method and 
the formalism used in the present paper. We shall determine 
enthalpies of solution, volumes, and heat capacities which give 
access to the corresponding sugar-electrolyte (SE) pair inter- 
action parameters hsE , U S E ,  C S E .  

Theoretical relations 
It is well known that the excess thermodynamic functions 

can be expressed as virial expansions in concentration. These 
expansions, which are based on McMillan-Mayer theory, 
relate the nonideal component of any total thermodynamic 
function to a series of pair, triplet, and higher order interaction 
parameters. It is possible to evaluate these parameters through 
the determination of transfer functions. We shall only give here 
the relations which are necessary to the understanding of the 
present work; the details of the theoretical analysis have been 
given in a previous paper (13) and in the references cited 
therein. In these expressions, we shall designate the compo- 
nents of the ternary system water-nonelectrolyte-electrolyte 
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MOREL ET AL. 997 

by the following letters: W for water, S for sugar (A: arabinose, 
R: ribose), and E for electrolyte. 

The transfer function X of a nonelectrolyte S at molality ms 
from pure water to a solution of electrolyte E at molality mE is 
given by 

where v is the number of ions into which E dissociates and XSE, 
XSEE, XSSE are the pair and triplet interaction parameters. In the 
same way, the transfer function of the electrolyte at molality m~ 
from water to the solution of nonelectrolyte at molality ms is 
given by 

For a standard function (ms -t 0 in the first case and mE -t 0 in 
the second one) the higher order terms in ms or mE on the 
right-hand side of eqs. [ I ]  and [2] vanish. It immediately 
follows that 

The pair interaction parameter is then readily measurable for 
any thermodynamic function from each of the studied transfers. 
Let us note that for an electrolyte with v ions, XSE characterizes 
all the pair interactions between the nonelectrolyte S and the 
various ions of E. Here, for instance, E=CaC12 and it follows 
that 

X ~ ~ a 2 +  + ~ X S C I -  
141 XSE = 3 

We have recently studied the case where X = G (10) and 
have shown that the measurement of the emf of a cell using 
electrodes which are reversible to Ca2' and C1- gives access to 
the standard free energy of transfer AtGEe and, accordingly, 
to ~ S E .  We shall examine here other functions, namely the 
enthalpy, the heat capacity, and the volume. 

The measurement of the enthalpy of solution of the pure 
solid sugar AsolHs in water and in the electrolyte solution at 
sufficiently low final concentration (ms < 0.1 mol kg-') gives 
directly access to the transfer function at infinite dilution. 
In fact, we observe that the enthalpies of solution do not, 
considering the wcertainty of the measurements, vary signifi- 
cantly with ms; they may, thus, be assumed to be standard 
values. The standard enthalpy of transfer of the sugar from 
water to the electrolyte solution may be written 

There is another method which gives access to the standard 
enthalpy and we shall use it for the transfer of the electrolyte E 
from water to the solution of sugar. This method is very useful 
when it is difficult to handle the pure solute (gas, hygroscopic 
product) (14). It involves the dilution of a concentrated aqueous 
solution of electrolyte E in water and in the sugar solutions. In 
the case studied here, the final concentrations in electrolyte are 
relatively low and, provided they are identical in water and in 
the sugar solution we may write 

Through the measurement of the density of the solutions we 
get the apparent molal volume of the solute. Hence, the apparent 

molal volume of the sugar in water +VS is given by 

where Ms is the molecular weight of the sugar and p and po the 
densities (g ~ m - ~ )  of the solution of molality ms and of pure 
water, respectively. One may also define the apparent molal 
volume of the sugar S in a solution of electrolyte of molality mE 
by using the densities p(ms, m ~ )  and p(mE) (15). At low ms 
concentrations, the transfer function +vs(ms, mi)  - +vs(ms) 
may be assumed to be a standard value (infinite dilution) and we 
may write 

Similarly, by considering the transfer of the electrolyte from 
water to the sugar solutions we get 

The apparent molal heat capacities at constant pressure are 
obtained by measuring the specific heats (J K-' g-') of the 
solutions, c, and of the solvent, co, respectively, 

The study of the ternary systems gives access, as outlined 
above, to the transfer function +cs(ms, mE) - +cs(ms) which 
is assumed to be the standard mold heat capacity of transfer if 
ms is small enough. Equations similar to [8] and [9] may then be 
written 

Experimental 
The two studied pentoses, D-arabinose and D-ribose, (Fluka puriss.) 

were dried under vacuum (no significant weight loss was observed), 
stored in a desiccator and used as such. The solutions of CaC12 (Merck 
pro analysis) were titrated by EDTA. All solutions were prepared by 
weight from triply distilled water degassed prior to use. 

The enthalpies of solution and of dilution were measured with 
an LKB 8700 calorimeter by using the classical ampoule breaking 
technique. The densities were measured with a Sodev flow densimeter 
with a precision of about +5 x g cmP3 (16). The heat capacities 
were measured with a Picker flow microcalorimeter (Setaram) with, in 
the present case, an uncertainty on Ac = c - co of the order of 0.5% 
(17). 

All the measurements were camed out at 25.00 + O.Ol°C. 

Results 
Properties of the aqueous solutions of ribose and arabinose 

The enthalpies of solution of both sugars have been measured 
in water, the final concentration varying from 0.01 to 0.1 mol kg-'. 
The measurements were repeated six times and shown to be, 
considering the experimental uncertainty, concentration inde- 
pendent. The mean values may thus be assumed to be the 
standard values at infinite dilution. It follows that, for ribose, 

and, for arabinose, 
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998 CAN. I. CHEM. I 

TABLE 1 .  Apparent molal heat capacities and apparent molal volumes 
of arabinose and ribose in water at 2S°C 

rn +c m + v 
(molkggl) (JK-'mol-') (molkg-') ( ~ m ~ m o l - ~ )  

Arabinose 
0.05001 282.3 0.01001 93.14 
0.05009 282.7 0.02001 93.21 
0.07493 282.5 0.04002 93.32 
0.09999 283.9 0.06007 93.32 
0.2503 283.6 0.07007 93.14 
0.4976 285.0 0.08026 93.27 
0.6525 285.4 0.09019 93.33 
0.8022 286.2 0.10002 93.28 

0.5002 93.47 
0.5003 93.55 
0.9996 93.81 
1.0018 93.80 

Ribose 
0.02500 284.2 0.04004 94.87 
0.05010 285.2 0.08006 95.10 
0.07515 284.8 0.10006 95.22 
0.1001 284.6 0.4968 95.36 
0.2511 284.9 0.5022 95.38 
0.5005 285.2 0.9965 95.57 
0.6497 286.2 1.0035 95.52 
0.8008 286.2 

The agreement with the values given in the literature (13.04 and 
13.24 kJ mol- ', respectively) (5) is not excellent. 

We have reported in Table 1 the apparent molal volumes and 
heat capacities at various molalities. The variation with concen- 
tration is almost linear and the following relations may be 
proposed for ribose 

and, for arabinose 

The standard values at infinite dilution can be compared with 
those given in the literature: our + VR0 is in good agreement with 
the value of 95.3 cm3 -' given by Franks (18), but is slightly 
less than the value of 95.56 cm3 mol-' given by Jasra (3, the 
precision of the latter value being, however, overestimated. For 
~ v A ' ,  Jasra gives a value of 94.00 cm3 mol-' which is rather 
different from ours; as indicated above, we have also observed a 
large discrepancy between the enthalpy of solution of arabinose 
given by this author and our value. As regards the +CR' and 
+CA' values, we find two sets of data in the literature: on the one 
hand, 294 and 3 18 J K- ' mol- ' (5) and, on the other hand 27 1 
and 278 J K-' mol-' (3) respectively. Jasra's data were deter- 
mined from enthalpies of solution measured at 25 and 35°C and, 
obviously, their precision cannot be compared with that of heat 
capacities directly measured with the Picker flow microcalori- 
meter (17). The +c values given, at 30°C, by Kawaizumi (3) 
look more scattered as a function of m than ours but his values 
at infinite dilution, in particular that for arabinose, are in good 
agreement with those proposed here. Considering the precision 
of the methods used here and the low scattering of the results 
shown in Table 1, we believe that the +c and + V  values we 
propose may be taken as reference values. 

FIG. 1 .  Standard enthalpies of transfer of ribose (R) or arabinose 
(A) from water to aqueous solutions of CaC12 (E) and of transfer of 
CaC12 from water to aqueous solutions of ribose or arabinose. 0,  
AtHRe versus m E ;  W, AtHAe versus m E ;  0, A t H ~ e  versus m,; 0, 
AtHEO versus m A .  

TABLE 2. Parameters characterizing the pair interaction between 
CaC12 and ribose or arabinose in water at 25OC 

Parameters Ribose Arabinose 

2vgsEa (J mol-' kg) -2  200 - 100 
2v hsE (J mol-' kg) - 16 500 -4000 
2vssE (J K - I  ~ o I - '  kg) -52 - 10 
2vcsE (J K-I mol-' kg) 350 80 
2v usE (cm3 mol-' kg) 5.0 2.5 

"In ref. 10, the g s ~  values are given in a molality scale which is 
relative to the aqueous sugar solution; here, the molality scale is relative 
to water. The difference between g, and g , ~  is the same, i .e . ,  -2100. 

Transfer functions 
Enthalpies 
The dilution of a concentrated solution of CaClz in water 

(0.6948m) is carried out into ribose and arabinose solutions of 
molality varying up to 0.2 mol kg-' ; the final CaC12 concentra- 
tion is of the order of 0.0185m. The enthalpies of dilution 
of transfer given by eq. [6] are reported in Fig. 1. Similarly, 
the dilution of concentrated solutions of ribose and arabinose 
(0.6384m) into CaC12 solutions of concentration varying up to 
0.2m leads (by interchanging E for S in eq. [6]) to the transfer 
functions shown in Fig. 1. The extrapolation at m = 0 of the 
plots A , H ' / ~  versus m gives (eqs. [5] and [6]) the parameters 
2vhsE shown in Table 2. The slope of the straight lines of Fig. 1 
corresponds to 2vhRE for ribose and 2vhAE for arabinose; we 
see that relation [3] is verified. 

Some transfer functions have been obtained by the solution 
method (relation [5]); these values are, although slightly less 
precise, in good agreement with those obtained by the dilution 
method. 

Volumes 
The apparent mold volumes of CaC12 have been measured at 

0.1018m salt concentration in ribose and arabinose solutions of 
molality varying up to 0.8 mol kg-'. Similarly, the apparent 
mold volumes of the sugars at 0.1000m have been measured 
in CaC12 solutions of molality varying up to 0.8 mol kg-'. The 
transfer functions calculated from eqs. [8] and [9] are plotted in 
Fig. 2. Since the precision of the volumes of transfer is less than 
that of the enthalpies of transfer, it is necessary to work at higher 
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Molol~ly (mol kg-') 

FIG. 2. Standard volumes of transfer of ribose (R) or arabinose (A) 
from water to aqueous solutions of CaClz (E) and of transfer of CaC12 
from water to aqueous solutions of ribose or arabinose. 0,  At+VR 
versus mE; W, versus m ~ ;  0, At+VE versus mR; 0, At+VE 
versus m ~ .  

Mololily (mol kg-') 

FIG. 3. Standard heat capacities of transfer of ribose (R) or arabi- 
nose (A) from water to aqueous solutions of CaClz (E) and of transfer 
of CaCI2 from water to aqueous solutions of ribose or arabinose. 0,  

versus m ~ ;  W ,  At+CA versus m ~ ;  0, At+CE versus m ~ ;  0, 
At+CE versus m ~ .  

concentrations to be able to use a treatment similar to the one 
described above so as to get, after extrapolation at m = 0, the 
parameters 2v vsE given in Table 2. These parameters of ribose 
and arabinose are represented by the straight lines of Fig. 2. 

Hear capacities 
The apparent molal heat capacities have been measured at 

the same concentrations as the volumes above. The transfer 
functions given by relations [ l  11 and [12] are shown in Fig. 3. 
They give access to the pair parameters 2vcsE which are 
reported in Table 2. Relation [3], again, is verified: the initial 
slopes are the same even if, in the case of ribose, both curves 
diverge rapidly. It thus looks as if the contribution of the triplet 
terms (relations [ l l ]  and [12]) is more important for ribose. 

Discussion 
In Table 2 are reported all the parameters which characterize 

the pair interactions between CaC12 and the two studied sugars, 
ribose and arabinose. These are mean values relative to both 
SCa2+ and SCl- pairs, as shown by relation [4]. In our previous 
work (lo), we have assumed that the difference observed 

between the interactions with each of the two isomeric pentoses 
was essentially due to some specific interaction between Ca2+ 
ion and the axial-equatorial-axial sequence of hydroxyls of 
ribose. This is analogous to say that the nonspecific interactions 
between Ca2+, or C1-, and each of the two sugars are identical. 
We may then write (10) 

as well as similar relations for the parameters corresponding 
to the other thermodynamic functions. It is then possible to 
evaluate by a simple subtraction all the parameters charac- 
teristic of the specific interaction between Ca2+ and ribose: 
2 g ~ ~ ~  = -2100 J m ~ l - ~  kg; 2 h ~ ~ ,  = -12 500 J m ~ l - ~  kg; 
2sRCa = -42 J K-' m ~ l - ~  kg; 2cRCa = 270 J K-' mol-' kg; 
2vRCa = 2.5 cm3 m01-~ kg. What do these parameters represent 
in a more familiar language? The chemical model which 
involves the following reaction of association (no R2Ca2+ 
complex has been observed (10)) allows us to define the 

OH OH 
I I 

corresponding thermodynamic functions. We have shown in 
our previous work (10) that there is a coherence between the 
two languages by which we can express and estimate weak 
interactions. For instance, the association constant relative to 
reaction [ 141 

is directly related to the parameter gRca by the following good 
approximation 

It follows that P = 0.85. The pair interaction parameters XSE 

defined by relations [I]-[3] correspond to the derivatives of the 
thermodynamic functions of transfer with respect to the concen- 
tration. It can readily be seen that the classical thermodynamic 
relations which exist between the various functions are also 
found between the xsE parameters. Hence, we may write 

and, also, 

[17] s = (h - g)/T 

with which we have calculated the SSE parameters of Table 2. 
By integrating relation [17] we get the values of the gRca 
parameter at some characteristic temperatures and, as a result, 
the p values. We get, for instance, 

[18] P(0°C)=1.44; P(25OC)=0.85; P(37"C)=O.63 

Each of the parameters characteristic of the pair interactions 
between Ca2+ and the suitably positioned hydroxyls is related in 
a simple way to each of the standard thermodynamic functions 
corresponding to the reaction of association (eq. [14]). Hence, 
the standard enthalpy of association can be calculated from the 
p constant by 

aln p 
,191 AH0= RT2(dT) 

P 
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whence, from eq. [16], 

The meaning of this expression is obvious if we recall that the 
term 2hRcamca corresponds to the enthalpy of transfer of ribose 
from water to an aqueous solution of Ca2+ of molality mca; 
hence, if a which is the extent of association of the sugar is 
weak, as it is the case in the present conditions, we may write 

Similarly, we may show that the relations corresponding to the 
entropy and the volume are given by 

The interpretation of the heat capacity is, however, more 
complicated. We have shown (19) that the apparent molal 
heat capacity of transfer of a species which is involved in an 
association reaction (such as eq. [14]) contains a term equal to 
(aa/aT)A@ which corresponds to the equilibrium shift result- 
ing from the temperature rise inherent in the heat capacity 
measurement. The apparent molal heat capacity of transfer is 
thus given by 

The case for which we have studied these problems into detail 
(19) is totally comparable to the present one except for the 
stability constants which were much higher. Relation [24] may 
thus be written 

The equilibrium shift term is always positive; here, it is equal to 
293 J K-' a d  constitutes the major part of the kRCa term. The 
AC: term is then obtained by subtraction. From eqs. [20], [22], 
[23], and [25] we get 

One must not forget that reaction [14] involves only the 
ribose isomers which bear a sequence of hydroxyls suitable for 
association: the P-pyranose 1C4 (-35%), the two a-pyranose 
conformers (-2 1 %), and the a-furanose (-6%); percentages 
are given by Angyal at 31°C (9). The mean values given in 
eq. [26] characterize only the active isomers indicated above 
which represent about 60% of ribose. Hence, if we make the 
very crude approximation that all the isomers involved in an 
association process are characterized by identical themodyna- 
mic functions of reaction, we may then propose the following 
v a l u e s : A ~ ~ =  -24kJm0l-~;AS~= -83JK-' mol-';Ave = 
5 cm3 mol-'; ACpO = 40 J K-' mol-'. But this is only, let 
us repeat it, a very crude estimation of the thermodynamic 
functions characterizing reaction [14]. As far as we know, these 
are the first values deduced from calorimetric measurements 

for the complex formation between a cation and a sugar. It is 
interesting to note that the AH' and AS0 values proposed here 
are in good agreement with those determined by Lenkinski and 
Reuben (11) (-7 kcal mol-' and -20 eu, respectively) for 
a-D-ribopyranose from nmr measurements at two temperatures. 
Even if our values are "mean" values, it is worthwhile under- 
lining the fact that totally different methods lead to results in 
good agreement. 

We thus notice that the enthalpic contribution to the cation- 
sugar association is favourable, and the weak value of the 
stability constant results from the very large unfavourable 
entropic term. Hence, as regards the energetic balance, the 
replacement of some water molecules in the hydration shell of 
Ca2+ by three hydroxyls of the ribose molecule results in a 
decrease of the enthalpy. Since the enthalpy of hydration of 
Ca2+ is large and the molecule of sugar has a hydrophilic 
character, the negative energetic balance for the association 
process indicates that the cation-sugar complex is itself 
strongly hydrated through the cation, which is probably largely 
accessible to the water molecules, and through the three lone 
pairs of the oxygen atoms of the hydroxyls involved in the 
complex formation with the cation. This complexation leads to a 
loss of degrees of freedom which gives a negative contribution 
to AS0, and to a partial dehydration of Ca2+ which gives a 
positive entropic contribution; the results given here show that 
the former is largely predominant. The three hydroxyls involved 
in the complex-formation process totally lose their rotational 
freedom: the lone pairs of the oxygen atoms cannot anymore 
be involved in the hydrogen bonds of the various hydration 
structures of the free sugar. 

The positive value for the volume of reaction (-5 cm3 mol-') 
may be logically explained through the classical "electrostric- 
tion" phenomena. The ion-solvent interaction gives a negative 
contribution to the partial mold volume of the cation and the 
replacement of part of the hydration shell of this cation by the 
sugar results in a positive AVO value. 

The interpretation of the AcP0 of reaction is much more 
delicate, in particular because the values of the ionic heat 
capacities are unknown (19). We have shown that, as regards 
ASe, the negative contribution due to the loss by the sugar of 
internal and external degrees of freedom was predominant over 
the positive contribution due to the dehydration of the cation. 
Since the loss of internal degrees of freedom leads to a negative 
contribution to ACp (19), it is obviously the balance of compli- 
cated hydration phenomena which is responsible for the positive 
ACpO value observed here. 

Conclusion 
We have presented here the thermodynamic methods, in 

particular the calorimetric ones, which give access to the 
thermodynamic functions characterizing the reaction of weak 
association between an ion and a ligand through the detemina- 
tion of the pair interaction parameters. 

The AH0, ASe, Ave, and ACpO values have thus been 
estimated for the association between the complexing sequence 
of hydroxyls of the D-ribose molecule and the cation Ca2+ in 
aqueous solution. We have shown that the association constant 
is weak because of the large compensation between the favour- 
able enthalpic term (--25 kJ mol-') and the unfavourable 
entropic term (- - 80 J K- ' mol- '). 

1. F. FRANKS and D. S. REID. In Water a comprehensive treatise. 
Vol. 2. Edited by F. Franks. Plenum, New York. 1973. Chapt. 5 .  
p. 323. 
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Synthesis of (&)-albicanyl acetate and (+)-isodrimenin by the electrophilic cyclization of 
olefinic allylsilanes 
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ROSEMARY J. ARMSTRONG, FRANCIS L. HARRIS, and LARRY WEILER. Can. J. Chem. 64, 1002 (1986). 
The allylsilane 3 was synthesized and cyclized with Lewis acids or mercuric trifluoroacetate to give 5 or 6, which were 

converted into albicanyl acetate (7) and isodrimenin (12). 

/" 7 

/" 
COOMe 

5 E = H  
6 E = HgCl 

ROSEMARY J. ARMSTRONG, FRANCIS L. HARRIS, et LARRY WEILER. Can. J. Chem. 64, 1002 (1986). 
On a synth6tis6 l'allylsilane 3 et sa cyclisation, h l'aide d'acides de Lewis ou de trifluoroacktate mercurique, conduit aux 

compos6s 5 ou 6 que l'on a transform6 en acetate d'abicanyle (7) ou en isodrimknine (12). 

/" ' 7 

COOMe 

5 E = H  
6 E = HgCl \ 

[Traduit par la revue] 

'permanent address: Department of Chemistry, California State University, Northridge, CA 91330, U.S.A. 
'~uthor  to whom correspondence may be addressed. 
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In 1976, Fleming et al. reported the first use of an allylsilane 
in an electrophilic cyclization (1). These results have been 
extended by Fleming and co-workers (2) and exploited by 
several other groups (3), including our own (4). In particular, 
we were able to show that the methyltrimethylsilyl group 
activated and controlled the regioselective alkene formation in 
the electrophilic cyclization of allylsilanes of a,P-unsaturated 
esters. This led to a method for the facile and efficient 
cyclization of epoxy alkenes (4b, 4 4 .  Our initial efforts 
to cyclize olefinic allylsilanes involved a detailed study of the 
cyclization of the diene 1 to the exocyclic methylenecyclohex- 
ane shown below (4c). In this paper we report the details of the 
extension of this chemistry to the cyclization of trienes and the 
application of this cyclization in the synthesis of two drimane 
sesquiterpenes .3 

TMS 

GcOoMe P C O O M e  

1 

Synthesis of the (E,Z)-triene 3 is shown in eq. [I]. The 
P-keto ester 2 (5) was converted into the corresponding Z-en01 
phosphate (6) and coupled with trimethylsilymethylmagnesium 
chloride in the presence of nickel(I1) bisacetylacetonate (7). The 
best yields of 3 were obtained by vigorous stirring of the 
reaction mixture, and by addition of fresh catalyst during the 
coupling reaction. The stereoselectivity in the formation of the 
conjugated alkene of 3 in this coupling reaction was greater than 
95% as estimated from the 'H nmr of the crude product. 

3 

We carried out a study of the cyclization of triene 3 with a 
range of Lewis acids (4c) and determined the products by a 
combination of 'H nmr spectroscopy and gas chr~matography.~ 
If titanium tetrachloride was used as the Lewis acid catalyst, the 
endocyclic compounds 4 were obtained in good yield. The ratio 
of the la: 1 p isomers was 1: 1 and it was independent of the 
geometry of the terminal alkene in 3.' It is interesting to note 
that the conjugated A'.' alkene was not observed in any of our 
cyclization reactions. A number of Lewis acids, including 
boron trifluoride etherate, aluminum chloride, and stannic 

3~ preliminary account of some of these results has been reported in 
ref. 4a. 

4For details of this study see ref. 8 .  
 he E isomer of 3 was prepared from the E-en01 phosphate of 2; see 

ref. 15. 

chloride, gave the exocyclic esters 5. These reactions were quite 
solvent and temperature dependent. The optimum cyclization 
conditions for production of the exocyclic alkenes involved 
treating 3 with stannic chloride at -56OC in methylene chloride 
saturated with water. Under these conditions the esters 5 were 
obtained in 95% yield and the ratio of the l a :  l p  isomers was 
1:4. Under more vigorous conditions the exocyclic alkenes 5 
isomerized to the more stable endocyclic compounds 4. We 
were unable to separate the two epimers of 5 on preparative 
scale at this stage, nor were we able to epimerize either 
compound. 

COOMe COOMe 

5 E = H  
6 E = HgCl 

It was somewhat surprising to find that the cyclization of the 
allylsilane 3 gave an epimeric mixture of the products 5. In 
accordance with the Stork-Eschenmoser hypothesis (9), cycli- 
zation of the triene 3 via the chair-chair conformation would be 
expected to yield the l p  isomer. The la epimer presumably 
arises via the chair-boat conformation. It seems that small 
steric interactions in the transition stage may play an important 
role in determining the product distribution (4d, 10). 

Mercuric ion initiated cyclization (1 1) of the triene 3 was also 
investigated. Treatment of 3 with mercuric trifluoroacetate 
followed by a brine work-up gave the bicyclic products 6 ,  which 
were isolated, after chromatography, in 55-6596 yield along 
with ca. 10% of a monocyclic product. We were unable to 
determine the number and structure of the stereoisomers of 6 
present in the product. However, this problem was resolved in 
the subsequent reactions of 6 .  The bicyclic product 6 was 
reduced with lithium aluminum hydride and acetylated to give 
the C-1 epimeric compounds 7 and 8 in good yield. The ratio of 
7:s was 3: 1, which indicated that the energy difference between 
the chair-chair transition state and the chair-boat transition 
state for the Lewis acid cyclization and the mercuric trifluoro- 
acetate cyclization must be very similar. Again, the crucial role 
of the trimethylsilyl group in controlling the high regioselec- 
tivity in the introduction of the exocyclic alkene cannot be 
underestimated (1-4). In a recent study of the mercuric cycliza- 
tion of a range of trienes 9, the A2,3-endocyclic compound was 
invariably the major product obtained (eq. [2]) (12). 
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Recently the alcohol 10, albicanol, and the corresponding 
acetate 7 have been isolated from a nudibranch (13). Albicanol 
(10) is also found in terrestrial sources (14). Albicanyl acetate 
(7) appears to have potent fish antifeedant activity and may well 
be of ecological importance in the marine environment. In the 
above sequence, we illustrated the conversion of the organo- 
mercurial compound 6 into albicanol(10) and its acetate 7. This 

confirmed the expected trans ring fusion in the cyclized 
products from the triene 3. In a similar fashion, the epimeric 
esters 5 were reduced to give albicanol(10) and epi-albicanol in 
high yield. These alcohols could be separated by column 
chromatography and albicanol(10) was obtained in 75% yield. 
Acetylation gave racernic albicanyl acetate (7) which had 
identical spectroscopic data to that of the natural p r ~ d u c t . ~  The 
racemic compound 7 from this synthesis was found to have 
antifeedant activity comparable to that of natural albicanol 
acetate, which is optically active.' 

Warburganal (11) is another member of the drimane class of 
natural products that has attracted a great deal of interest 
recently. Much of this interest stems from the fact that 
warbuganal possesses potent insect antifeedant activity against 
the African army worms, Spodoptera littoralis and S. exempta 
(16). Difficulties are often encountered in the synthesis of the 
drimanic sesquiterpenes, including warbuganal, due to the 
variations in functionality at the C-1 and C-2  position^.^ A 
similar problem has been encountered in some the syntheses of 
isodrimenin (12), which is an intermediate in one of the 

syntheses of warburganal (17). Several of the reported synthe- 
ses of isodrimenin have been characterized by a lack of 
regioselectivity in the introduction of the C-1 and C-2 substitu- 
ents, by double bond isomerization to the A 2 p 3  isomer, or by low 
yields A regioselective synthesis of isodrimenin (12) 
from the epimeric mixture of esters 5 is shown below. The 
exocyclic olefin in 5 was epoxidized using m- 
chloroperoxybenzoic acid (MCPBA) to give a mixture of all 
four isomers of 13 in 92% yield. The major isomer is thought to 
be the product obtained via a attack of MCPBA on the l p  
isomer of 5, since attack from the p direction would be hindered 
by the bridgehead methyl group. The epoxy esters 13 were then 

6We are grateful to Professor R. J. Andersen and J. Hellou for this 
data and for an authentic sample of albicanyl acetate. 

7 ~ .  J. Anderson, S. W. Ayer, and M. E. LeBlanc. Unpublished 
observations, 1982. 

&The numbering convention used in this paper is shown on structures 
5 and 11. This is not the usual convention for the drimane skeleton. 

 or two recent syntheses of isodrimenin (12) that avoid these 
problems see ref. 19. 

treated with 5 equivalents of lithium diisopropylamide in THF at 
-7g°C, and allowed to stir at room temperature for 3 h. 
Isodrimenin (12) was isolated in 60% overall yield from 5; the 
spectral data were in good agreement with that of an authentic 
sample. lo 

COOMe 

MCPBA LDA - 12 

~xperimental" 
Methyl (2Z ,192)-7,11 -dimethyl-3-[(trimethylsilyl)methyl]-2,6,10- 

dodecatrienoate (3) 
The Grignard reagent was prepared from 1.05 g (0.080 mol) of 

magnesium turnings and 12.2 mL (0.088 mol) of trimethylsilylmethyl 
chloride in ether. To this solution was added 0.25-0.508 (1.0- 
2.0mmol) portions of anhydrous nickel(I1) acetylacetonate 15.5 g 
(0.040 mol) of crude en01 phosphate from 2 (6). 'The reaction mixture 
was heated at reflux for 4 h and further portions of 0.25-0.508 
(1 .O-2.0 mmol) of catalyst were added after 0.5 and 1.5 h. Work-up of 
the reaction mixture gave 14.2 g of compound 3 as an orange oil. The 
crude product was purified by flash chromatography using petroleum 
ether - ethyl acetate (40: 1) as eluant to yield 9.3 g (72%) of ester 3. 
Preparative tlc of a small amount of this material using petroleum ether 
- ethyl acetate (20:l) gave 3 as a colourless li hid; bp (Kugelrohr 
distillation) lWC/0.2 Torr (1 Torr = 133.3 PJ; ir (CHC13): 1700, 
1620, 1435, 1245, 1160, and 855 cm-'; 'H nr& (CDC13) 6: 0.05 (s, 
9H), 1.60 (s, 6H), 1.70 (s, ?H), 1.97-2.25 (m, gH), 2.41 (s, 2H), 3.65 
(s, 3H), 5.00-5.22 (m, 2H), and 5.55 (s, 1H); mass spectrum, mlz: 
3 2 2 ( ~ + ,  IS), 307(19), 253(18), 186(14), 150(12), 149(87), 121(19), 
119(11), 117(36), 115(10), 95(12), 93(21), 89(25), 82(46) 81(25), 
79(17), 75(10), 74(10), 73(100), 69(59), 59(19), 55(14), and 53(19). 
Anal. calcd. for C19H3402Si: C 70.75, H 10.62; found: C 70.90, 
H 10.60. 

Methyl trans -decahydroj,5,8ap -trimethyl-2 -methylene-15- 
naphthalenecarboxylate (5) 

To a solution of 1.60 g (5.0 mmol) of the ester 3 in 120 mLof CH2C12 
saturated with water at -56OC was slowly added to a solution of 
1.46 mL (12.5 mmol) of SnC14 in 20 mL of CH2C12 saturated with 
water. The reaction mixture was stirred for 3 h at -56OC, then 
quenched with aqueous KF solution, and diluted with ether. The 
organic phase was washed four times with aqueous KF, twice with 
saturated NaHC03, once with saturated NaCI, and dried. The solvent 
was removed to give 1.40 g of crude bicyclic esters 5. Purification of 5 
by flash chromatography using petroleum ether - ethyl acetate (40: 1) 
gave 0.76 g (61%) of a mixture of a and P isomers of 5 as a colourless 
liquid (1a:lp = 17233, as determined by gc (T = 160°C)); bp 
Kugelrohr distillation) 108"C/0. 1 Torr; ir (CHC13): 1730, 1645, and 
1165 cm-'; 'H nmr (CDC13) 6: 0.80 (s, 3H), 0.85 (s, 2.5H), 0.88 (s, 
0.55H),0.92(~,0.5H), 1.05(s,2.5H), 1.10-2.55(m7 llH),2.78(bs, 
lH), 3.65 (s, 3H), 4.63 (bs, lH), and 4.81 (bs, 1H); mass spectrum, 
mlz: 2 5 0 ( ~ + ,  66), 235(25), 191(12), 175(24), 137(100), 136(17), 
125(16), 124(23), 123(48), 121(24), 114(45), 109(30), 107(25), 
105(19), 95(36), 93(20), 91(20), 82(22), 81(43), 79(22), 77(17), 
69(49), 67(19), and 55(36). Anal. calcd. for CI6H2602: C 76.75, H 
10.47; found: C 76.58, H 10.41. 

trans -DecahydroJ,5,8ap -trimethyl-2-methylene-l P -naphthalene- 
methanol (albicanol) (10) 

This compound was prepared using 0.190 g (5.0 mrnol) of LiAIH4 
and 1.40 g of a mixture of esters 5 in ether. Work-up of the reaction 

' w e  are grateful to Professor J.  D. White for this data. 
 or an outline of general procedures see ref. 4c. 
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mixture gave 1.11 g of compound 10 and the a isomer as a yellow oil 
(la: l p  = 17:83, as determined by gc (T = 170°C)). The crude product 
was purified by flash chromatography using petroleum ether - ether 
(2.5: 1) as eluant. After six successive chromatographic separations of 
the mixture of isomers, 0.90 g of crude product gave 0.15 g (17%) of 
the a isomer and 0.67 g (75% from trimethylsilyl ester 3) of alcohol 10. 
The major alcohol 10 had spectral data identical to that of a sample of 
albicanol provided by Professor R. Andersen. 

Methyl trans-decahydro-6-chloromercurial-5,5,8a~-trimethyl-2- 
methylene-16-naphthalenecarboxylate (6) 

A sample of 0.363 g (1.13 mmol) of triene 3 was dissolved in 4 mL of 
dry nitromethane and cooled under N2 to -20°C. A solution of 0.530 g 
(1.24 mmol) of mercuric trifluoroacetate in 1 mL of dry nitromethane 
was added dropwise to the above solution. The reaction mixture was 
stirred at -20°C for 1 h, then quenched with an aqueous solution of 
NaHC03 an NaCl. The mixture was extracted thoroughly with 
CH2C12. The combined organic extracts were washed, dried, and the 
solvent removed to yield 0.51 g of crude 6. The crude product was 
purified by flash chromatography using petroleum ether - ether acetate 
(8: 1) to give 0.33 g (60%) of 6 as a white solid that was characterized by 
its 'H nmr spectrum and subsequent conversion to a mixture of 7 and 8. 

Conversion of 6 to albicanol(10) 
Lithium aluminum hydride (33 mg, 0.87 mmol) was suspended in 

3 mL of anhydrous ether. The above crude mercurial compound 6 
(0.33 mg) was dissolved in 3 mL of anhydrous toluene and added to the 
hydride suspension. A second portion of 33 mg of LiAlH4 was added 
and the mixture was refluxed for 3/4 h. Work-up of the reaction gave 
0.14 g of crude product, which was purified by flash chromatography 
using petroleum ether - ether (3: 1) to yield 95 mg of albicanol identical 
to that obtained above. 

trans -Decahydro-5,5,8ap-trimethyl-2-methylem-I P -naphthalene- 
methyl acetate (albicanyl acetate) (7) 

A mixture of 0.16mL (1.6mmol) of acetic anhydride, 0.13mL 
(1.6 mmol) of pyridine, and a catalytic amount of 4-dimethylamino- 
pyridine was stirred in dry ether at room temperature. A solution of 
0.33 g (1.5 mmol) of alcohol 10 in dry ether was added to the mixture, 
and the reaction was stirred for 2 h at room temperature. The reaction 
mixture was diluted with ether, washed three times with saturated 
NaHC03, three times with 1 M HCl, twice with saturated NaCl, dried, 
and concentrated to give 0.38 g (95%) of acetate 7. Preparative tlc of 
this material using petroleum ether - ethyl acetate (10:l) gave 7 as a 
colourless liquid whose spectral data is in good agreement with that of 
an authentic sample of albicanyl acetate provided by Professor R. 
Andersen. 

Methyl trans-decahydro-5,5,8a~-trimethyl-2-methylene-I~- 
naphthalenecarboxylate epoxide (13) 

To a solution of 0.678 g (2.7 mmol) of alkenes 5 in dry CH2C12 at 
0°C was slowly added a solution of 0.56 g (3.4mmol) of MCPBA in 
CH2C12. The reaction mixture was stirred for 2 h while allowing it to 
warm to room temperature, and was then diluted with ether. The 
organic layer was washed three times with saturated NaHC03, once 
with saturated NaCI, and dried. The solvent was removed to give 
0.658 g of a mixture of crude epoxides, which was used without further 
purification in the preparation of isodrimenin. Preparative tlc of a small 
amount of this material using petroleum ether - ethyl acetate (20: 1) 
gave a mixture of the four isomers of 13 as a colourless liquid; bp 
(Kugelrohr distillation) 100"C/0. 1 Torr; ir (CHCI3): 1730 and 1 175 
cm-'; 'H nmr (CDC13) 6: 0.90 (s, =2.4H), 0.95 (s, --2.4H), 1 .OO (s, 
=0.6H), 1.05 (s, =0.6H), 1.10 (s, =0.6H), 1.15 (s, ==2.4H), 
1.00-2.lO(m, 1 lH), 2.43-2.72 (m, 2H), 3.30-3.50(bs, lH), 3.61 (s, 
~ 2 .  lH), 3.63 (s, =0.35H), 3.67 (s, =0.35H), and 3.68 (s, =0.2H); 
mass spectrum, m/z: 2 6 6 ( ~ + ,  4), 251(12), 248(39), 236(37), 
235(3 l),  143(28), 141(100), 137(50), 130(76), 129(43), 128(33), 
123(40), 121(26), 1 12(25), 109(51), 107(26), 95(56), 93(30), 91(28), 
82(34), 8 l(6 l), 79(33), 69(74), 67(38), 59(26), and 55(76). Exact 
Mass calcd. for Cl6HZ6o3: 266.1882; found (ms): 266.1881. 

(4 ,5 ,aa ,6 ,7 ,8 ,9 ,9ap) -Ocrahydro6 ,6 ,9a- t r imthyl -~ ,2-c] -  
furan-l(3H)-one (isodrimenin) (12) 

To a solution of 0.70 rnL (5.0 mmol) of diisopropylamine in dry THF 
at 0°C was added 2.94mL (5.0mmol) of a 1.70 M solution of 
n-butyllithium in hexane. The 'pale yellow solution was stirred for 
15 rnin at O°C, cooled to -7S°C, and a solution of 0.266 g (1 .O mmol) 
of epoxy esters 13 was added. The reaction was allowed to warm to 
room temperature over a period of 1 h, stirred at room temperature for 
3 h, then quenched with 1 M HCl and diluted with ether. The organic 
phase was washed once with 1 M HCl, twice with saturated NaCI, 
dried, and concentrated to give 0.266 g of crude product. Purification 
by flash chromatography using petroleum ether - ethyl acetate (5:l) as 
eluant gave 0.141 g (60% from esters 5) of 12 as a white solid. 
Preparative tlc of a small amount of this material using petroleum ether 
- ethyl acetate (6:l) gave 12 as a crystalline solid whose spectral data 
('H nmr, ir, ms) are in good agreement with those of the literature (19); 
mp 88.5-90.0°C (lit. (19) mp 89-90°C). 
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Interdiffusion of acids and bases. HCl and NaOH in aqueous solution 
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DEREK G .  LEAIST and BETTY WIENS. Can. J. Chem. 64, 1007 (1986). 
Stokes magnetically stirred diaphragm cells have been used to measure interdiffusion of hydrochloric acid and sodium 

hydroxide in aqueous solution at 25OC. Expressions are developed to estimate ternary diffusion coefficients for these mixtures. 
The analysis reveals sharp discontinuities between the diffusion properties of HC1-rich and NaOH-rich mixtures. Although the 
diffusion coefficients are sensitive to concentration, accurate analytic approximations for rates of interdiffusion can be obtained 
by averaging coefficients along the diffusion path. When HCI and NaOH interdiffuse, proton-coupled and hydroxide-coupled 
diffusion operating simultaneously on opposite sides of the diffusion boundary lead to rapid diffusion of inert Na' and C1- 
species. 

DEREK G. LEAIST and BETTY WIENS. Can. J. Chem. 64, 1007 (1986). 
On a utilisk des cellules i diaphragme de Stokes agitkes d'une faqon magnktique pour mesurer l'interdiffusion de l'acide 

chlorhydrique et de l'hydroxyde de sodium dans des solutions aqueuses i 25°C. On a dkveloppt des expressions mathematiques 
pour Cvaluer les coefficients de diffusion ternaire pour ces melanges. L'analyse rkv&le I'existence de discontinuites marquees 
entre les propriktks de diffusion de melanges riches soit en HCl ou en NaOH. MCme si les coefficients de diffusion sont sensibles i 
la concentration, on peut obtenir des approximations analytiques assez precises pour les vitesses d'interdiffusion si l'on fait des 
moyennes des coefficients le long du chemin de diffusion. Lorsqu'il se produit de l'interdiffusion du HCl et du NaOH, des 
diffusions likes soit au proton ou h l'hydroxyde qui op&rent simultanCment de chaque c6t6 de la frontihe de diffusion provoquent 
la diffusion rapide d'espbces Na+ et C1- inertes. 

[Traduit par la revue] 

1. Introduction 
Interdiffusion of acids and bases occurs in many important 

absorption, extraction, and leaching operations. Transport in 
these and other reactive electrolyte mixtures is usually described 
by solving the Nernst-Planck equations (1, 2). 

for the concentrations ci of each diffusing species. Reaction 
rates per unit volume, ri ,  are included for species produced 
or consumed by chemical reactions. The diffusion-induced 
electric field (E) couples transport of charged species. As a 
result of these complications, Nernst-Planck equations are 
difficult to solve. Solutions are usually obtained numerically by 
finite difference approximations (3, 4). 

This research was undertaken to test a simpler treatment of 
acid-base diffusion, multicomponent Fick equations (5, 6) 

which are phrased in terms of total concentrations Ci of neutral 
electrolyte components (such as HCl and NaOH) rather than 
concentrations ci of charged species (such as H+, C1-, Na+, and 
OH-). This approach offers several advantages: 
( a )  Fewer differential equations are required. 
( b )  Because total (reacted plus unreacted) components are 

conserved, reaction rate terms r i  can be dropped. 
(c) Since the components are electrically neutral, it is not 

necessary to evaluate the electric field. (The effects of E 
are included implicitly in the values of the multicomponent 
diffusion coefficients .) 

(d )  If the diffusion coefficients are constant, or if suitable 
average coefficients can be defined, eq. [2] simplifies to 

'To whom all correspondence should be addressed. 

for which analytic solutions exist. 
To illustrate these ideas, we develop expressions to estimate 

multicomponent diffusion coefficients for aqueous hydrochloric 
acid + sodium hydroxide mixtures. Rates of diffusion for these 
mixtures predicted by multicomponent diffusion equations are 
then compared with rates measured by diaphragm cell experi- 
ments. 

2. Experimental 
Diffusion was measured by the Stokes diaphragm cell method (7). 

In these experiments solute diffuses between upper and lower magne- 
tically stirred cell compartments through the pores of a sintered glass 
disc. The rate of diffusion is determined from changes in solute 
concentration after the cells are run for a timed interval. 

Fine porosity pyrex diaphragms (3 cm diameter, 0.2 cm thick, mean 
pore diameter 5 x cm) were used in this work. Cell compartment 
volumes (25-35 cm3) of each cell were matched to within 0.5%. Each 
compartment was fitted with a greaseless teflon stopcock and a glass- 
coated iron stirrer which was rotated once per second by external 
magnets. Each cell was calibrated at frequent intervals by diffusing 
0.5 M KC1 into pure water at 25OC. Cell constants P (0.16-0.20 ~ m - ~ )  
were computed from the relation 

[41 Ac(t) = Ac(0) exp (-PD t) 

where Ac(t) is the measured difference in KC1 concentration between 
upper and lower compartments at time t. The integral diffusion 
coefficient of aqueous KC1 ( D  ) was evaluated by interpolation of the 
data reported by Stokes (8). 

At the start of each experiment the lower compartment was filled 
with a binary solution of aqueous HCI or NaOH, whicheverwas denser. 
The upper compartment was filled with a binary solution of the other 
component. The cells were placed in a thermostat at 25 + O.Ol°C and 
stirred for about 2 h to establish steady state diffusion through the 
diaphragms. The cell compartments were rinsed, refilled with fresh 
solution, then returned to the thermostat for the duration of the run 
(0.2-5 days). Initial and final solute concentrations were determined 
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by potentiometric titration against silver nitrate and standardized HCl 
or N a 0 ~ .  

Chemical reaction of HCl and NaOH produces heat. To maintain 
isothermal conditions during a run, dilute solutions with small heats of 
reaction were used. The rate of heat production in each diaphragm was 
never more than 1 mW (considerably less near the end of a run). We 
estimate the maximum increase in diaphragm temperature was only 
0.00l0C. 

3. Theory 
What is the minimum number of solute flows that must be 

specified to give a complete macroscopic description of diffu- 
sion in an isothermal electrolyte mixture containing s different 
solute species which undergo e chemical reactions? Because 
electrolytic reactions are rapid, e chemical equilibria exist 
locally. Electroneutrality provides one additional restriction. 
Therefore, on& N = s - e - 1 solute concentrations are 
independent (9). We may choose N neutral solute components 
and describe diffusion of these components by multicomponent 
Fick equation [2]. 

Multicomponent diffusion equations, though simpler than 
Nernst-Planck equations, are of little practical use unless 
values of multicomponent diffusion coefficients Dik are known. 
Fortunately, values of Dik can be estimated by taking weighted 
averages of the diffusion coefficients Di of the various solute 
species (9- 12). This well-established procedure is illustrated 
in the Appendix for aqueous hydrochloric acid + sodium 
hydroxide mixtures. 

Hydrochloric acid(1) + sodium hydroxide(2) + water (s = 4, 
e =  1 , N = 2 )  

Four different solute species (H+, C1-, Na+, OH-) are 
transported in aqueous HCl + NaOH mixtures. However, the 
conditions of chemical equilibrium (H20 H+ + OH-) and 
electroneutrality reduce the number of independent solute flows 
to only two. Therefore, a concise but complete description of 
interdiffusion of HCl and NaOH is given by ternary diffusion 
equations 

where C1 and C2 denote total concentrations of HCl(1) and 
NaOH(2) components in moles per unit volume. Molar flux 
dimities of the components are given by 

Expressions developed in the Appendix together with the 
species diffusion coefficients listed in Table 1 were used to 
calculate ternary diffusion coefficients for aqueous HC1 + 
NaOH mixtures at 25°C. The results are plotted against solute 
fraction of HCl (designated by XI) in Fig. 1. 

When HC1 and NaOH interdiffuse, proton-coupled transport 
and hydroxide-coupled transport operate simultaneously on 
opposite sides of the diffusion boundary. This leads to remark- 
able diffusion properties, such as rapidly varying diffusion 
coefficients, large cross terms, and sharp discontinuities in 
diffusion properties. As expected for a strong electrolyte 
mixture (12), values of Dik are sensitive to the ratio of solute 
concentrations, but not to total solute concentration. 

The diffusivity of HCl in aqueous NaOH solutions (Dl]) 
takes values from 2.0 X lop9 to 6.3 X lop9 m2 s-'. As the 
solute fraction of HCl approaches unity, Dl l  approaches the 

TABLE 1 .  Species diffusion coefficients 
at 25°C" 

Species Di ( lop9 m2 s-l) 

H+ 
c1- 
Na+ 
OH- 

"Estimated from published limiting ionic 
molar conductances (13) Aoi using the rela- 
tion Di = RTAoi FZ. F is the Faraday, 
96487 C mol-'. 

binary diffusivity of aqueous HCl, about 3.0 x lop9 m2 s-I. In 
pure aqueous HCl, C1- and highly mobile H+ diffuse at the 
same speed; the diffusion-induced electric field slows down H+ 
and speeds up C1-, thereby preventing charge separation. If 
NaOH is added, it reacts with HCl to form NaCl. In the resulting 
ternary mixture, H+ can diffuse more rapidly than C1-. Charge 
separation is avoided because the electric field established by 
the HCl gradient generates counterflow of Na+. This mecha- 
nism increases the diffusivity of HCl and leads to large negative 
values for DZ1, the cross coefficient that measures coupled flow 
of NaOH along the HCl gradient. Because the HCl gradient is 
unable to generate flow of NaOH in solutions free of NaOH, D21 
+OasX,+ 1. 

There are sham suikes in the diffusion coefficients near XI = x L 

0.5. For example, Dl l  reaches a maximum value of 6.3 x 
lop9 m2 s-' at solute fractions of HCl slightly above 0.5 where 
all but a trace of HCl is neutralized by NaOH. At these 
compositions, transport of HCl corresponds to tracer diffusion 
of H+ in supporting NaCl solutions. Therefore, the HCl gradient 
VCl produces flow -DH+VCl of H+ with tracer diffusivity 
DH+ = 9.3 X loF9 m2 s-'. The HC1 gradient also drives 
co-current flow -DllVCl of C1- and counter-current flow 
-DZ1VCl of Na+. Electroneutrality requires that D l l  - Dzl = 
DH+ at X1 = 0.5+. 

At solute fractions of HCl below 0.5, HCl reacts completely 
with excess NaOH. The disappearance of free H+ leads to a 
sudden drop in the diffusivity of the HCl component. In this 
region the HC1 gradient VCl produces an equal but opposite 
gradient -VCl in free OH-. At HCl solute fractions just 
below 0.5, trace amounts of OH- diffuse in supporting NaCl 
solutions. In this case the C1- flux -DllVCl and Na+ flux 
-DZ1VCl are balanced by the tracer OH- flux DOH-VCl. 
Hence Dll  - DZ1 = DOH- = 5.3 X 10-9m2 at X1 = 0.5-. In 
the limiting case of a trace of HC1 in aqueous NaOH, Dl1 
approaches the tracer diffusion coefficient of C1-, about 2.0 x 
lop9 m2 s-'. 

The diffusivity of NaOH in aqueous HC1 solutions, 022, 
ranges from 1.3 x lop9 to 4.3 x m2 s-'. At low solute 
fractions of HCl, values of DZ2 are close to the binary diffusivity 
of aqueous NaOH, about 2.0 x mP2 s-'. As more HC1 is 
added, Dz2 increases. It reaches the value 2.8 X lop9 m2 s-I 
just below XI = 0.5. At XI = 0.5-, electroneutrality requires 
that Dz2 - D12 = DOH-. 

In HC1-rich mixtures, proton-coupled transport of Na+ leads 
to Dzz values as large as 4.3 x lop9 m2 s-I. A gradient in 
concentration of NaOH in an otherwise uniform solution of 
excess HCl establishes an equal but opposite gradient in free 
H+. As H+ diffuses rapidly towards the zone of higher NaOH 
concentration, counterflow of ~ a +  is generated to prevent 
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LEAIST AND W E N S  

C, Cz = 0.050 M 

I l l 1  I I  I  

0.0 0 . 5  1 .O 0.0 0.5 1 .O 
C,/ (C, + C2) C,/(C, + C2) 

FIG. 1. Ternary diffusion coefficients at 25OC for aqueous HCl(1) + NaOH(2) plotted against HCl solute fraction X1 = C1/(C1 + C2) for 
total solute concentrations CI + C2 equal to 0.025, 0.050, and 0.075 M. Activity coefficient terms were included in the calculations. 

charge separation. At X1 = 0.5+, DZ2 - D12 = DH+ . In the 
limit X1 + 1, D22 equals the tracer diffusion coefficient of ~ a +  
in supporting HC1 solutions, about 1.3 X 1 o - ~  m2 s- '. - 

5 

4. Results and discussion - 

Figure 2 shows diaphragm cell results, for diffusion of 0.025, 
0.050, and 0.075 M HC1 into 0.075, 0.050, and 0.025 M 
NaOH, respectively. Component concentration differences 
across the cell diaphragms are plotted against P t .  

The data shown in Fig. 2 can be used to calculate the apparent 
binary diffusion coefficients. I , , , I ~ ,  

for the HCl(1) and NaOH(2) components. When 0.075 M HC1 
diffuses into 0.025 M NaOH, for example, the initial slope of 
AC1 versus p t  corresponds to an apparent diffusivity of HC1 
equal to 8 X lop9 m2 s-', an exceptionally large apparent 
diffusivity. In this case the HC1 component diffuses rapidly 
because the main flow of HC1 (-DllVC1) is reinforced by a 
large co-current coupled flow of HCl (-D12VC2) generated by 
the NaOH gradient. As further evidence for strongly coupled 
diffusion, note that the concentration difference for the HCl 
component can change sign. When this happens, the cell 
compartment that held no HC1 at the start of the experiment now 
contains more HC1 than the compartment which initially held 
all of the HCl. Thus HC1 has diffused "up" its concentration 
gradient. 

If the diffusion coefficients are constant, integration of the 
ternary diffusion equations gives simple analytic expressions (14) 

FIG. 2. Comparison of experimental and calculated concentration 
differences between upper and lower cell compartments for inter- 
diffusion of HCI(1) and NaOH(2) compartments: +, diffusion of 
0.025 M HC1 into 0.075 M NaOH; a, 0.05 M HCI into 0.05 M 
NaOH; 0, 0.075 M HCl into 0.025 M NaOH. The plotted curves 
give concentration differences calculated from eqs. [8] using integral 
diffusion coefficients listed in Table 1. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1010 CAN. 1. CHEM. VOL. 64, 1986 

TABLE 2. Integral diffusion coefficients for aqueous HCI(1) + NaOH(2)" 

"ACi(0) and bik in units of M and mZ s-', respectively. 

[8a] ACl(t)/ACI(0) = Al exp (-PD)(')t) 
+ (1 - A]) exp (-PD(')t) 

[8b] AC2(t)/AC2(0) = (1 - A2) exp (-PD(')t) 
+ A, exp (-PD(')t) 

for the concentration differences across the cell diaphragms. 
D") and D(') denote eigenvalues of the diffusion coefficients 
matrix 

Constants Ai are given by 

Unhappily, diffusion coefficients for HC1 + NaOH mixtures 
change by several hundred percent and pass through sharp 
discontinuities along the diffusion path. This rules out any hope 
of obtaining exact analytic descriptions of diffusion. However, 
it is helpful to define mean integral diffusion coefficients (15) 

' A I L  

where X 1L and jZ 1U denote mean solute - fractions in the lower 
(L) and upper (U) compartments, i.e., X 1U = [XIU(t= 0) + 
Xlu(t=w)]/2. Values of Dik calculated in this manner are 
listed in Table 2. Upon substitution of mean integral diffusion 
coefficients into eqs. [8], one obtains the calculated values for 
ACl(t) and AC2(t) given by the solid curves in Fig. 2. 
Experimental and calculated concentration differences are in 
close agreement. This comparison suggests that the calculated 
ternary diffusion coefficients correctly describe interdiffusion 
of HCl and NaOH. The calculated concentration differences 
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Appendix 
The purpose of this appendix is to derive expressions for 

estimating ternary diffusion coefficients for aqueous HC1 + 
NaOH mixtures. We will use the identity (5, 6) 

where k m  are the chemical potentials of the components. Lim 
are Onsager transport coefficients defined by flow equations for 
the components 

2 

[A21 - Ji = 2 LimVkm 
m=l 

According to the Nernst-Planck approximation, the flow of 
each species is proportional to the gradient in its electrochemical 
potential 

[A31 - j. I = l..Vb. I I  I 

where lii = ciDi/RT. R is the gas constant and T is the 
temperature. We number the solute species in aqueous HCl(1) 
+ NaOH(2) as follows: C1- = 1, Na+ = 2, H+ = 3, and OH- = 
4. 

The flux of the HC1 component equals the flux of C1-. Also, 
the flux of the NaOH component equals the flux of Na+. 

[A41 J1 (HCl) = jl (Cl-) 

[A51 J2(NaOH) = j2(Na+) 
corroborate negative experimental values for AC1. 

The gradients in chemical potential of each component equals In conclusion, multicomponent diffusion equations provide the sum of the gradients in electrochemical potential of the accurate analytic descriptions of interdiffusion of acids and 
constituent species bases, a convenient alternative to finite difference a ~ ~ r o x i m a -  

L L 

tions .to the Nernst-Planck equations. The multicomponent [A61 VkI (HC1) = Vb1 (C1-) + Vb3(H+) 
analysis also provides direct information about the diffusivity of 
each electrolyte and the importance of coupled transport of other [A71 Vk2(NaOH) = Vb2(Na+) + Vp4(OH-) 

electrolytes in the mixture. Electroneutrality and local chemical equilibrium of H+ and 
OH- provide t6e relations 
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LEAIST AND WlENS 1011 

Substitution of eqs. [A3]-[A91 into eq. [A21 gives [ ~ 1 9 ]  ( ~ ~ ) - l a p ~ / a ~ ~  = ( ~ ~ ) - l a p ~ / a ~ ~  = ( c 2  - c l ) - l  

[All] RTLlz = RTLzl = clDlczDz/A Finally, expressions for the ternary diffusion coefficients may 
be obtained by substituion of eqs. [A10]-[A121 and [A18]- 

[A121 RTLZ2 = c ~ D ~ ( c ~ D ~  + c3D3 + cqD4)/A 
I [A201 into eq. [All. If activity coefficient terms are omitted, 

where A stands for the expressions for D,k simplify considerably, 

1 The component chemical potentials are given by the expressions [A221 Dl2 = tl (D2 - D3) 

1 [A141 pl(HC1) = ~ ~ ( H c I )  + RTln [c3(Ht)c1(Cl-)y3yl] [A231 D21 = t~ (D1  - D3) 

' [A151 p2(NaOH) = p i ( N a 0 ~ )  [A241 Dzz = t2D3 + (1 - t2)D2 
I 
I 

+ RT In [ ~ z ( N ~ + ) ~ ~ ( O H - ) Y Z Y ~  Here t, refers to the transference number of ion i defined by 
1 

in which yi are ionic activity coefficients (molar concentration 
I scale). Concentrations of H+ and OH- are related by [A251 ti = / i c k z k 2 ~ x  

k= 1 

: [A161 Kw = c ~ ( H + ) c ~ ( ~ H - ) Y ~ Y ~  
Excess NaOH (C2 > CI) 

where Kw is the dissociation constant for water. We will assume When excess NaOH is present, (Cl- ) = Cl , c2(Na+) = C2 1 
that the activity coefficients are given by the Debye-Hiickel as before, but c4(0H-) = C2 - C1 and C3(H+) = Kw/(C2 - equation (16) C1)y3y4 = 0. Expressions for derivatives ap,/aCk for these 

/ [A171 In yi = -sg?I1l2/(1 + Ill2) solutions can be obtained by interchanging subscripts 1 and 2 
in eqs . [A 1 81 and [A 191. 

where I is the ionic strength and Sf = 1.17 for aqueous solutions If activity coefficient conections are dropped, we obtain 1 at 25°C. 
i 
! Excess HCl (C > C7 ) 

A, 

j   or mixtu;esZcontaining excess HC~:  cl (Cl-) = C1, c2(Na+) [A271 Dl2 = tl (D2 - 04) 
: = C Z ,  c3(H+) = CI - C2 and c4(0H-) = Kw/(CI - C2)y3y4 
j = 0. Differentiation provides [A281 Dzi = t2(D1 - 04) 

[A181 ( ~ ~ ) - l a p ~ / a C ~  = C1-l + (CI - C2)-' [A291 DZ2 = t2D4 + (1 - t2)D2 
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IAN M. WALKER and PAUL J. MCCARTHY. Can. J. Chem. 64, 1012 (1986). 
The near-infrared (nir) spectra of K2SnC14.H20 and KSnC13.H20 contain many highly polarized absorptions, due largely, if 

not completely, to combinations of vibrations of the water molecules in the crystals. The polarization of the absorptions can be 
related to the site symmetry of the water molecule. In K2SnC14.H20 combination bands based on rocking, wagging, and twisting 
librations are seen, from which it is possible to definitively identify the rocking libration. The librations are much less in evidence 
in the spectra of KSnC13.H20. Sets of normal mode anharmonicity constants have been calculated from the energies of the 
absorptions. 

IAN M. WALKER et PAUL J. MCCARTHY. Can. J. Chem. 64, 1012 (1986). 
Les spectres du K2SnC14.H20 et du KSnCb .H20 dans le proche infrarouge (pir) contiennent plusieurs absorptions hautement 

polariskes qui sont dues principalement, si non uniquement, i des combinaisons de vibrations de molCcules d'eau dans les 
cristaux. La polarisation des absorptions peut 6tre reliCe au site de symCtrie de la molkcule d'eau. Dans le K2SnC14.H20, on peut 
observer des bandes de combinaison qui sont basCes sur des librations de rotation, de balancement et de torsion; parmi celles-ci. 
on peut identifier d'une f a ~ o n  dkfinitive la libration de rotation. Les librations sont beaucoup moins Cvidentes dans le spectre de 
KSnC13.H20. En se basant sur les Cnergies des absorptions, on a calculC des ensembles de constantes d'anharmonicitk pour le 
mode normal. 

[Traduit par la revue] 

Introduction 
The near-infrared (nir) spectra of water, alcohols, arnides, 

etc., have proved most useful in the study of hydrogen bonding 
(1-3). In many cases, however, the vibrational overtone- 
combination features which appear in this region show severe 
broadening and overlap. This is a consequence of extensive 
coupling between the individual oscillators in concentrated 
media. This is especially true in ice, even at liquid nitrogen 
temperature (4). 

In a recent article (5) we have shown that water overtone- 
combination bands in M2[FeC15H20] (M = Cs, K) are quite 
sharp at cryogenic temperatures. Since these nir features are 
considerably weaker than the fundamental bands, relatively 
thick (0.5 mm), oriented, single crystal samples may be used. 
The use of polarized light in this region has also revealed that 
these overtone-combination bands are excited only when the 
electric vector of the radiation is oriented along specific crystal 
directions. So far, our observations in this region have con- 
firmed the notion that water molecules in salt hydrates are 
isolated from one another, and that they interact only modestly 
with neighboring halide ions via hydrogen bonding. 

In this report we consider two further instances of this kind of 
salt hydrate, K2SnC14.H20 and KSnC13.H20. The unusually 
high energies of the stretch fundamentals in these salts indicate 
that hydrogen bonding is considerably weaker than that encoun- 
tered in Cs2 [FeC15H20] (5). The spectrum of K2SnC14. H20 in 
particular is remarkable for the number, sharpness, and distinct 
polarization of its bands. These features have enabled us to 
show that there is a definite relationship between the site 
symmetry of the water and the polarization of the spectrum, 
and to determine, possibly for the first time, values for the 
anharmonicities involving the librational modes. 

Experimental 
Crystal preparation 

K2SnC14. H20 
Large needles of this substance appear when a solution containing 

1 mol SnC12 and 2.5 mol KC1 in 1 M HC1 is evaporated under a stream 
of nitrogen. The crystals are for the most part cloudy in appearance, and 
examination under a microscope reveals an opaque band concentrated 
near the center of the crystal running along the needle axis. To obtain 
single-crystal spectra the needles must be mounted so that light passes 
through the clearer regions near the crystal edges. 

KSnC13 H20  
Clear transparent needles of this substance are obtained when a 

solution containing 1 mol SnC12 and 0.8 mol KC1 in 1 M HCI is 
evaporated under nitrogen. 

Both substances were dried in vacuo, and were characterized by ir 
spectroscopy using the highly distinctive water stretching vibrations 
reported in the literature (6,7) as the criterion of purity. 

Spectral data 
Single crystals were mounted on the optical probe of a Displex 

cryogenic refrigerator and cooled to 10 K. Spectra were obtained on a 
Varian 2300 spectrophotometer. Polarized light, provided by Glan- 
Thompson prisms, was oriented along the extinction directions, which 
lie parallel and perpendicular to the needle axis ,in both cases. 

Results and discussion 
Structural data 

The structure of K2SnC14.H20 was solved originally in the 
space group Pbnm (D~J,'~, #62) with four formula units per 
unit cell (8). Subsequent authors (6) have transformed the data 
to the standard setting, Pnma, which we will use in our 
discussion. All atoms except hydrogen appear in the X-ray 
structure; this consists of trigonal pyramidal SnC13- units, K+ 
ions, C1- ions, and water. The water is not attached to tin, but 
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WALKER AND MCCARTHY 1013 

rather, is weakly coordinated to potassium. There is a crystallo- 
graphic plane of symmetry normal to the b axis, and the oxygen 
of water, two of the four chloride ions, and.the tin atom all lie 
in this plane. The proton positions have been located by nrnr 
studies (9, 10). One proton, H(l), is involved in a normal 
quasi-linear hydrogen bond to chloride ion, C1(3), lying in 
the symmetry plane, while the other proton, H(2), forms a 
bifurcated hydrogen bond to two chloride ions, C1(2), lying an 
equal distance above and below this symmetry plane. Thus the 
water molecule as a whole lies in the symmetry plane, the site 
symmetry being C,. Deuteration studies on the ir fundamentals 
of K2SnCb.H20 are entirely consistent with the presence of 
only one type of water in the unit cell (6). A list of all atomic 
coordinates has been reported (6). 

The growth habit of K2SnCl4-H2O is such that needle growth 
takes place preferentially along the crystal b direction. There- 
fore a spectrum with electric vector E parallel to the needle axis 
( ~ ( ( b )  excites vibrations which are normal to the plane of the 
water molecule (symmetry A"). These are the twisting (p,) and 
the wagging (p,) vibrations. The E l  b spectrum will contain 
the vibrations which take place in the plane of the water 
molecule (symmetry A'). These are the two OH stretches, the 
HOH bend, and the rocking (p,) vibration. Thus in the reduction 
from CZu (the symmetry of free water) to C,, Al and B1 become 
A', while A2 and B2 become A". 

The details of the structure of KSnC13.H20 have not been 
fully elucidated. The crystals are known to be orthorhombic, 
with diffraction symmetry mmm (7). Deuteration studies on the 
ir fundamental bands indicate that there is more than one water 
site in this lattice (7). These differences also appear in the ir 
stretch fundamentals of the fully protiated materials at low 
temperatures. From the general similarity of the nir spectra of 
the two compounds, however, we can conclude that the waters 
in KSnC13.H20 also lie in planes perpendicular to the needle 
axis. 

Infrared fundamental spectra 
The ir fundamentals for both crystals are listed in Table 1. In 

these compounds there is no distinction between the symmetric 
and antisymmetric stretches. We will, however, use these as 
convenient labels in the ensuing discussion. Three libration 
bands are found in the ir spectrum of K2SnC14-H20; in 
environments of higher symmetry the ir spectrum of water can 
show only two such bands. 

Overtone-combination spectra 
It is well known that when water is engaged in hydrogen 

bonding the OH stretches are lowered and the HOH bend is 
raised in frequency (1 1). The stronger the hydrogen bonding 
the greater the effect. The frequencies of the fundamentals in 
K2SnC14.H20 and KSnC13.H20 indicate that hydrogen bond- 
ing is weak in both, but weaker in the latter. Therefore, since 
almost all the combination bands contain at least one stretch, 
comparable bands in the spectra of the two compounds will in 
general be at higher energy in KSnCl3-H20. 

If one lists the normal vibrations of a crystal such as 
K2SnC14-H20, then calculates the energy of all combinations 
which fall in the region 3800 - 12 000 cm-', then compares this 
long list with the observed spectrum, one reaches the conclusion 
that only a small fraction of the possible bands have appreciable 
intensity. The following general guidelines are useful for 
assigning bands in the water overtone-combination region: 
(a) Binary combinations are in general considerably more 

TABLE 1. Fundamental bands in the infrared spectra 
of K2SnC&.H20 and KSnC13.H20 at 11 3 Ka 

Mode K2SnC14.H20 KSnCI3 H20c 

v1 (VS) 3436 3558, 3550 
v2 (8) 1622 1616,1612,1602 
V3  (va) 3543 3632 
v4 (L1) 530 427 
vs (L2) 458 - 

v6 ('53) 427 - 

"All data are in cm-'. Symbol L refers to libration. 
bData from ref. 6. 
'Data from ref. 7 .  

intense than ternary combinations, while quaternary combina- 
tions are rarely seen unambiguously. 
(b) The intensities of binary combinations usually fall off with 
increasing energy. This suggests that combination bands steal 
intensity from the fundamentals. The intensity-stealing mecha- 
nism appears to obey a l/AE law, where AE is the separation 
of the combination level from the stretch fundamentals around 
3500 cm- '. 
(c) The fundamentals which combine to give observable bands 
must involve some significant motion of the water molecule. 
The commonest features are built on stretches, bends, and 
librations of water. We have been unable to find evidence that 
metal-oxygen or skeletal vibrations of metal chromophores 
contribute to the nu spectra of water in complexes. Transla- 
tional motion of noncoordinated water could contribute to 
combination bands. There are, however, no instances where 
water translations have been unambiguously identified. 
(d) Factor group splittings do not appear to be a major 
consideration in crystals where the water molecules are isolated 
from one another by several bonds. Therefore, for the com- 
pounds described here, our analysis will be based on site 
symmetries alone. 
(e) The energy of a combination band will be close to, but 
usually somewhat less than, the sum of the energies of the 
fundamentals involved in it. This lowering is due to the varying 
degrees of anharmonicity in the combination bands. 
(f) Finally, the normal electric dipole selection rules apply to 
the nir bands. The symmetry of a combination state is simply the 
direct product of the symmetries of the fundamentals of which it 
is composed. 

The spectra of the two compounds in the nir region are shown 
in Figs. 1 and 2. The great range of intensities should be noted. 
The weakest features near 10000 cm-' (not shown in the 
figures) can barely be seen above the background in clear, thick 
crystals. These features are about 0.002-0.003 times as intense 
as the strongest bands near 4000 cm-'. 

For KSnC13.H20 the polarizations are labeled 1 and 2, since 
the structure of the crystal is not known. The similarity of the 
spectra with those of K2SnCl4-H2O strongly suggest, however, 
that polarizations (pol.) 1 and 2 are perpendicular and parallel, 
respectively, to a unique axis. A general difference between the 
two compounds is this: the nu bands containing one or more 
librational quanta are stronger, sharper, and more numerous 
in the spectra of K2SnC14.H20. This is related in part to the 
fact that this compound shows three librational bands in its 
ir fundamental spectrum while KSnC13.H20 shows only one 
(Table 1). Bands involving only stretches and bends have 
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FIG. 1. Near-infrared spectra of single crystals of K2SnC14.H20 at 10 K. The electric vector is oriented parallel (dotted line) and perpendicular 
(solid line) to the needle b h i s .  Rough assignments are shown beneath each band group. Band energies are listed in Table 2. 

FIG. 2. Near-infrared spectra of single crystals of KSnC13.H20 at 10 K. The electric vector is oriented parallel (dotted line, pol. 2) and 
perpendicular (solid line, pol. 1) to the needle axis. Rough assignments are shown beneath each band group. Band energies are listed in Table 2. 
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I similar intensity and sharpness in the two compounds. In Figs. in the ir spectrum. Two principal bands in pol. 1 are separated 
1 and 2 the general assignments for the various groups of by 80 cm-', the difference between the two fundamental 

I bands are indicated. These are based on considerations of the stretches. The contrast of the sharpness of the bands in these 
1 symmetry, energy, and intensity of the bands. Table 2 lists the spectra to those of K2SnC14.H20 is worth noting. 

energies of all reproducible features of the spectra of both 
1 compounds (3800-9000 cm-') together with band assignments ' and calculated energies for most bands. The band positions are 
I estimated to be accurate to f 1 cm-'. The method of energy 
1 calculation is discussed below. 
I To supplement the information contained in the figures and 
/ tables, we will make some comments on the various regions of 
j the spectra. 

1 Binary stretch-libration combinations (3800-4150 em-') 
' Since there are two OH stretches and three librations for 

K2SnC14-H20, six possible binary states around 4000 cm- ' 
may arise. Two will have symmetry A' and should appear in the 

/ E l  b spectrum. The other four will be A" and should appear in 
the ~ l l b  spectrum. Because of the high energy of the funda- 
mental stretches in K2SnC14.H20, almost all the expected 

1 features are actually seen in this region. 
The E l  b spectrum shows two v& strong bands at 3908 and 

4010 cm-'. Symmetry considerations indicate that these are the 
combinations of the two stretches with the rocking vibration. 
This analysis implies in turn that the middle of the three 
librations (458 cm-') must be the rocking vibration. 

The ~ l l b  spectrum shows a very intense band whose peak 
(3959 cm-') could not be recorded even in a very thin crystal; 
it is flanked by two much weaker bands. The central band 
probably consists of two combinations which are expected to 
have almost the same energy, namely, v, + r, and v, + p,. It is 
not clear why these combinations are so strong, while the other 
two (v, + p, and v, + p,). 

In this region the spectrum of KSnC13.H20 (pol. 1) shows 
two bands at 3823 and 3901 cm-' (separation 78 cm-'). These 
represent the combination of the OH stretches with a libration. 
The two OH stretches are separated by ca. 82cm-' in the ir 
spectrum, and the only libration observed there is at 427 cm-' 
(7). The symmetry of this single libration is uncertain. The fact 
that nir bands appear around 3900 cm-' in both polarizations 
with essentially the same energy may mean a near degeneracy of 
two librations of different symmetry. But, as in K2SnC14 H20, 
the spectrum of pol. 2 in this region is somewhat more complex 
than that of the other polarization, an observation which 
suggests similar site symmetry for water in the two complexes. 
In addition to the two principal peaks (3826 and 3904cmP'), 
pol. 2 shows other features at higher energy which cannot, at 
present, be assigned. 

Ternary stretch-libration combinations 
(4150-4700 em-') 
At about 4500 cm-' there is a series of bands in the spectra of 

K2SnC14.H20. Combination of the two stretches with pairs of 
librations can give rise to 12 states. The E l  b spectrum is quite 
rich and seven absorptions of varying intensity and sharpness 
are seen, while the other spectrum is weaker and shows only 
three broad absorptions. The spectra agree with theory in that a 
larger number of bands (eight) is expected to occur in the A' 
( E l  b) spectrum than in the A" ( ~ l l b )  spectrum (four). Specific 
assignment of the bands in this region does not seem feasible at 
present. 

The spectra of KSnC13.H20 in this region are poorer in 
detail, as is expected from the fact that only one libration is seen 

(4700-5000 cm- ') 
The polarized band at 4827 cm-' in the ~ l ( b  spectrum of 

K2SnC14.H20 is totally absent at 292 K, and is barely visible 
above the background at 220 K. The crystal seems to go through 
a slight phase change at 202K. This is seen as a sharp but 
noticeable rise in the baseline. On cooling the crystal from 160 
to 10 K this band at 4827 cm-' grows stronger with no change in 
baseline. It is not known what processes causes this absorption. 
No analogous band is found in KSnC13 .H20. 

The E l  b spectrum of K2SnC14.H20 in this region contains 
three weak features, one of which (4782 cm- ' ) is most likely the 
ternary 3v2 band. A similar very weak feature at 4716 cm-' in 
pol. 1 of KSnC13-H20 is given the same assignment. The other 
features in both polarizations of K2SnC14.H20 may be quarter- 
nary bands, several of which are calculated to appear in this 
region. They are of the type v + 3 p. 

Binary stretch-bend combinations (5000-5300 em-') 
In this region both K2SnCL,. H20 and KSnC13 - H20 show two 

intense, completely polarized bands, 5037, 5140 and 5137, 
5213 cm-', respectively. These bands are readily assigned to 
the two stretch-bend combinations. 

Since vl of KSnCl3-H20 is split into two components and v2 
into three components, the band at 5 137 cm- ' could have six 
components and the 5213 cm-' band could have three compo- 
nents. This is, however, not seen. The sharp bands at 5137 
and 5213 cm-' are singlets with A V ' , ~  = 3.3 and 4.4 cm-', 
respectively. 

In M2[FeClSH20] (M = Cs, K) only one band is seen in this 
region (5), and it occurs in only one polarization. This transition 
was assigned in both cases to v, + 6, and in neither molecule 
was there any evidence for the corresponding v, + 6 transition. 
In Cs2[FeClSH20] the water lies on a C2" site (5), while in 
K2[FeClSH20] there is evidence that a symmetry plane bisects 
the water molecule (12). Thus in these two crystals there is a 
symmetry distinction between the symmetric and antisymmetric 
stretching modes. The absence of the v, + 6 combination 
appears therefore to be a property of water in higher symmetry 
sites. In K2SnC14-H20 the two stretches belong to the same 
symmetry species, and intensity transfer from one stretch-bend 
combination to the other can take place. 

In K2SnC14.H20 the weak band at 5209 cm-' is assigned to 
the quaternary band 36 + p which appears to gain intensity from 
the nearby binary band v, + 6. The same assignment can be 
made for the double band at 5237,5246 cm-' in KSnC13 .HzO. 
The fit for the latter is poor because in the calculation ~ 2 4  was 
set equal to zero. The splitting reflects the splitting in the 
fundamental bending vibration. 

Stretch-bend-libration combinations (5300-6000 em-') 
In K2SnCI4.H2O six such bands are expected some 500 cm-' 

higher in energy than the stretched-bend combinations. They 
should show the same polarization as the binary stretch + 
libration modes. The A' spectrum of K2SnC14.H20 contains 
two strong features which correspond to the two v + 6 + L2 
combinations. Each band is actually a closely spaced doublet, 
5498 (sh) + 5504 cm-', and 5594 + 5606 cm-' (sh). This may 
mean that at 10 K there are two slightly different sites for the 
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TABLE 2. Near-infrared spectra of KzSnCL,.H20 and KSnC13.H20 at 10 K 

Obs. 

3859 
(15) 3908 

(14)(36)* 3959 
(35) 4010 
(34)* 4078 

(2255) 4104 
(2256)* 4131 

4282 
to 

4613 
(12 

bands) 

(3666)* 4791 ) 
See text 

(1456) 4854 
(1445) 4954 

(12) 503 1 
(32) 5139 

(2225) 5219 

Obs. 

Mode4 C a l ~ d . ~ ~ '  Pol. 1 Pol. 2. 

(14) 3977 3823 3826 
(34) 4059 390 1 3904 

3924 
3944(sh) 3954 

4030(sh) 
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WALKER AND McCARTHY 

TABLE 2 .  (concluded) 

K2SnC14 H20 KSnCl, H20 

Obs. 0bs.* 

Modea C a l ~ d . ~  I b ( A ' )  Ilb(A") Modea C a l ~ d . ~ ~ '  Pol. 1 Pol. 2. 

"Numbers in parentheses give the fundamentals used to calculate the energy. Fundamentals are listed in Table 1 
and non-zero anharmonicities used in calculating the energies are shown in Table 3. Starred (*) combinations are those 
expected in the A" spectrum. 

bSymmetry of overtone containing a libration assumes L2 (458 cm-') is p,. A" vibrations are p, and p,; rest are A'. 
'Site symmetry of water assumed same as in K2SnC14.H20; fundamentals used in calculations are v,  = 3550, 

v2 = 1610, v, = 3632, v4 = 427 cm-'. 
dPol. 1 and pol. 2 were recorded with the electric vector, E,  pelpendicular and parallel, respectively, to the 

needle axis. 

1 water molecules. As noted above, a small phase change occurs 
J at 202 K, and this could bring about such a situation. The 
I A" spectrum shows three principal peaks. Two of the four 
1 combinations expected here, v, + 6 + L3 and v, + 6 + L1 

should have very nearly the same energy. This provides the 1 basis for the assignments shown in Table 2. The nature of 
i the other weak features seen in this region is unknown. No 

quaternary combinations are calculated to appear between 5400 
and 5900 cm-'. 

In this region the pol. 2 spectrum of KSnC13 .H20 shows one 
certain, broad band at 5547 cm-' and possibly other bands at 
lower energy. The uncertainty arises from the fact that free 
water in the optical path of the spectrophotometer absorbs in this 
region and obscures weak absorptions that might occur here. 
The band(s) again represent v + 6 + p combination(s). 

I 

I Binary stretch and ternary strech-bend combinations (6000- 
7250 em-') 

1 In both crystals these two sets of bands (v + 26 and 2v) are 
completely polarized, as expected. In K2SnCI4-H20 the two ! sets overlap, but in KSnC13.H20 they do not (see Table 2). For 
the v + 26 set in each compound the separation is approximately 
the difference between the two fundamental stretches. In 
KSnC13.H20 the band at higher energy is a doublet of 9.5 cm-' 
separation. Since the fundamental HOH bend is split into three 
components at 113 K (7), it is not surprising that some splitting 
of this overtone is observed. Perhaps more surprising is the fact 
that splitting of the lower-energy band is not observed, since the 
symmetrical stretch is also a doublet at 113 K. 

For the 2v combinations, K2SnC14-H20 shows the expected 
three bands. They differ greatly in intensity, 2vl being very 
weak, 2v3 strong, and vl + v3 intermediate. But it is worth 

I noting that the relative intensities of the three bands vary 
I 

considerably as the face on which the light falls is changed. 
Such a change in crystal orientation can cause variation in the 
extent of mixing of the two stretches in the plane perpendicular 
to band consequent variations in band intensity. The two v + 26 
bands show a similar variation in intensity upon change of 
crystal orientation, and in the various orientations vl + 2v2 is 
weaker than v3 + 2v2. 

The spectrum of KSnCl3-H2O is considerably more complex ' in this region due to the splitting of the fundamentals. 
1 Reasonable assignments are listed in Table 2. 

Other ternary combinations (7250-10300 em-') 
No clear example of the combination 2v + p is seen, with the 

possible exception of the weak 7398cm-' (~116) band in 
K2SnC14 .H20. Two possible assignments are shown in Table 2. 

The set of bands at about 8500 cm-' is in both compounds 
completely polarized, as expected for 2v + 6. The spectra of 
K2SnC14.Hi0 contains four rather weak absorptions, three of 
them sharp and one quite diffuse. The three sharp bands, so 
alike in contour, are ascribed to the 2v + 6 absorptions. It seems 
most likely that the diffuse band is a quaternary combination, 
v + 36. Fermi interaction of the various combinations may be 
the reason the fit between calculated and observed energies for 
the 2vl + v2 band is rather poor. 

In KSnC13.H20 the lower energy band in this region is a 
doublet (16.0cm-I separation). This again seems to reflect the 
splitting of the fundamentals, vl and v2. In the spectra we see no 
evidence of the v2 + 2v3 combination. 

In the A '  spectrum of K2SnC14.H20 two very weak absorp- 
tions which may possibly be ascribed to 3v are found at 9978 
and 10 053 cm-I. It is likely that an extremely weak absorption 
ca. 10 330 cm-I in the analogous spectrum of KSnC13.H20 also 
represents this combination. 

Calculation of band energies 
For a molecule of more than three atoms without degenerate 

vibrations the combination and overtone bands will have energy 
(ref. 13, pp. 205-208) 

[I] Go(ul, ~ 2 ,  ...) = 1 moiui+ 1 2 xoikuiuk 
I i k > i  

The energy is referred to the ground state and not to the 
minimum in the potential well. In this equation ui is the 
vibrational quantum number of normal mode, i, xoik are the 
normal mode anharmonicity constants, and ooi are the zero- 
order frequencies. The ooi are related to the observed funda- 
mentals, vi,  as follows: 

Here xik = xki and, if higher powers are neglected, xOik = xik, 
Using the above equations and the observed absorptions we 
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TABLE 3. ~nharrnonicities"~~ 

K2SnC14 - H20 
1 
2 
3 

KSnC13 .H20 
1 
2 
3 

Gaseous waterc 
1 
2 
3 

"All data are in cm-'. Anharmonicities not listed were assumed equal to zero 
in calculating band energies. 

b R o ~  and column numbers refer to the fundamentals in Table 1. 
'Reference 14. 

have calculated sets of normal mode anharmonicities (Table 3) 
which reproduce most of the bands nicely, as can be seen in 
Table 2. 

The method used to calculate the anharmonicities for 
K2SnC14-H20 is as follows: from the ir overtone, 2v2, xz2 was 
calculated; from the v + 6 bands x12 and X23, from the 2v bands 
x l l , ~ 3 3 ,  andx13, fromthev + pregionxik(i = l , 3 ;  k = 4 , 5 ,  
6), and from the v + 6 + p region X 2 k  (k = 4, 5, 6) were 
determined. The set of bands in the 4300-4600 cm- ' range, due 
to v + 2p, should in theory provide the basis for the calculation 
of the interlibrational anharmonicities. The specific identity of 
most of the bands is, however, uncertain, and we have not been 
able to determine values for these constants. Accordingly, in the 
calculations they have been equated to zero. 

What precision can be attached to the anharmonicities listed 
in Table 3? Let us again consider K2SnCI4.H20. The calcu- 
lations depend on the energies of the overtone and of the 
fundamentals of which it is composed. If each is accurate to 
k 1 cm-', then there is a built-in uncertainty of &3 cm-' for xik 
determined from a binary combination and +4cm-' for one 
from a ternary combination. Since the librations are broad in 
the fundamental spectrum, a larger uncertainty is expected in 
combinations involving them. Most ternary and quaternary 
combinations involve two or more different xik and so the 
uncertainties will be cumulative. A further source of uncertainty 
is the possibility of Fermi interaction between bands of the same 
symmetry and like energy. The observed value of the overtone 
might depend strongly on such interaction and, if used in 
calculating an anharmonicity constant, could lead to a com- 
pletely misleading value. We have tried to avoid this, but have 
not had the mathematical apparatus to evaluate possible Fermi 
interactions. The consistency of the results and their comparison 
with gaseous water suggest that the xik involving only vi (i  = 1, 
2, 3) are quite acceptable. The other values listed are, we 
believe, also acceptable, but probably contain a greater uncer- 
tainty than the first set. 

In the case of KSnC13.H20 the calculated anharmonicities 
are of lower precision than those for K2SnC14.H20. The reasons 
for this are the multiplicity of two of the ir fundamentals with 
the consequent use of average energies in the calculation of the 
anharmonicities, and the lack of exact knowledge of the crystal 
structure. In addition, the appearance of only one libration 

instead of the expected three in the ir spectrum results in less 
rich overtone spectra. This, in turn, has made it impossible to 
calculate anharmonicities involving the libration. 

While the anharmonicities of KSnC13.H20 are less precise 
than those of K2SnC14.H20, the corresponding values for the 
two compounds show similar trends. These in turn are much like 
those of gaseous water. For comparison, values for the latter are 
also listed in Table 3 with, however, less precision than given in 
the original reference (14). 

Certain specific points may be noted: (I ) The anharmonicities 
involving only vi ( i  = 1,2,3)  are all negative, as is also true for 
gaseous water. (2) About half of the anharmonicities involving 
librations are positive. While this is less usual, positive values 
have been found in many small molecules, as for example, 
gaseous C02,  N20, and HCN (ref. 13, pp. 272-280). (3). In 
K2SnC14.H20, in which there is no symmetry distinction 
between the two OH stretches, the anharmonicities xll and x13 
have nearly the same value. This is not true of KSnC13.H20 nor 
of gaseous water. (4) Certain anharmonicities show distinct 
trends in going from gaseous water to water in crystals: xl l  is 
larger and xi3 is smaller in crystals than in gas; x12 and X23 are 
slightly larger in crystals; x22 and x~~ appear to be less affected. 
The variations in the stretch-stretch anharmonicity constants 
may be due to variations in the Fermi interaction on going from 
gas to crystal phase. Therefore we cannot rule out the possibility 
that there may actually be no difference between these gas and 
crystal anharmonicities once they have been corrected for this 
effect. 

Finally, we should point out that the normal mode description 
of overtone bands is no longer considered to be accurate. Its 
use in the above analysis was dictated by convenience in the 
comparison of the small differences between our crystal data 
and the data for gas phase water (14). Current theory holds 
that analysis in terms of local excitation of individual 0-H 
oscillators (local mode model) is a better description of reality 
(15). The implications of this for the overtone spectra of water in 
crystals will be explored in detail in later communications. 

Conclusions 
In both compounds of this study most bands are highly 

polarized, and the polarizations are consistent with the plane of 
the water molecules being perpendicular to the needle axis. 

We have shown that for K2SnC14.H20 it is possible to assign 
and characterize the librations of bound water .~his  could not be 
done on the basis of the fundamental ir spectrum (6). 

An extensive list of normal mode anharmonicities has been 
calculated for both molecules. Those involving librations 
appear to be the first reported for such vibrations. 

In future articles we will show how the nir spectrum can be 
used to study cooperative excitation in oriented chains of water 
molecules. 
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Isotope effects and activation parameters for the proton transfer reaction from 
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1021 (1986). 

Rate constants for the proton and deuteron transfer from 1-(4-nitropheny1)-1-nitroethane to cesium n-propoxide in 
n-propanol have been measured under pseudo-first-order conditions with an excess of base for four temperatures between 5 and 
35°C. Using literature values of the fraction of cesium n-propoxide ion pairs that are dissociated into free ions, separate 
second-order rate constants for the proton and deuteron transfer to the ion pair and to the free ion have been calculated. The 
cesium n-propoxide ion pair is about 2.8 times more reactive than the free n-propoxide ion. The primary kinetic isotope effects 
for the two reactions are the same (kH/kD = 6.1-6.3 at 25°C) within experimental error. The enthalpy of activation is smaller 
for the ion-pair reaction and the entropy of activation more negative than for the free-ion reaction. For proton transfer, 
 AH'^,, pi, = 8.3k0.2kcal mol-',  AH*^,, = 9.6k1.0 kcal mol-I, = -12.3k0.6 cal mol-' degP', Askion = 
- 10.1 +3.4 cal mol-' deg-I. The greater reactivity of the ion pair relative to the free ion is interpreted in terms of the weaker 
solvation shell of the ion pair in the initial state. 

ARNOLD JARCZEWSKI, GRZEGORZ SCHROEDER,PRZEMYSLAW PRUSZYNSKI et KENNETH T. LEFFEK. Can. J. Chem. 64,1021 
(1986). 

Opkrant dans l'alcool propylique, dans des conditions de rkactions de pseudo premier ordre, en presence d'un excbae base 
et ?i quatre tempkratures allant de 5 a 35"C, on a mesure les constantes de vitesse de reactions de transfert de protons et de 
deuterons du (nitro-4 phCny1)-1 nitro-1 Cthane vers le propylate de ctsium. Utilisant les donnks de la 1ittCrature relatives a la 
fraction des paires d'ions du propylate de ctsium qui sont dissociCes en ions libres, on a calculC des constantes stparCes de 
vitesse du deuxibme ordre pour les transferts de protons et de deuterons vers les paires d ' i~ns  et vers les ions libres. La paire 
d'ions du propylate'de cesium est environ 2,8 fois plus reactive que l'ion propylate libre. A I'intCrieur des erreurs expkrimen- 
tales, les effets isotopiques cinCtiques primaires sont les msmes pour les deux reactions (kH/kD = 6,l-6,3 i 25OC). Par 
comparaison avec les valeurs correspondantes pour la reaction de l'ion libre, l'enthalpie d'activation de la rkaction de la paire 
d'ions est plus petite alors que son entropie d'activation est plus nCgative. Pour la rkaction de transfert de proton,  AH:',,^^ d7ions 

= 8,3 + 0,2 kcal mol-',  AH'^,, = 9,6 + 1,Okcalmol-I,  AS'^^^^'^^^^ = -12,3 + 0,6calmol-' deg-', etAskiOn = -10,l + 
3,4 cal mol-' deg- I .  On interprkte la plus grande rCactivitC de la paire d'ions par rapport a l'ion libre en fonction de la couche de 
solvatation plus faible de la paire d'ions dand 1'Ctat initial. 

[Traduit par la revue] 

I Introduction 
The different reactivity of free ion and ion-pair reagents in 

I solution is well known (1, 2). Different relative reactivities for 

, the two types of reagent have been observed under different 
circumstances, but it has frequently been assumed that ion-pair 

I reactivity is negligibly small compared to that of the free ion. In 
1956. Bevan and Monk (3) showed that the differences in . , 

I second-order rate constants for the reaction of sodium, potassi- 
/ um, magnesium, calcium, and strontium thiosulfates with ' n-propyl bromide in mixed ethanol-water solvent could be ' eliminated completely if the rate constant was calculated with 
I 

respect to the free thiosulfate ion. They assumed that ion pairs 
made no contribdon to the reaction velocity and the rate 

, constants for the free thiosulfate ion were found not only to be 
independent of the cation present, but also independent of the 
ion strengths of the solution (3). Cram et al. (4) investigated the 
rates of the racemization and exchange of l-phenylmethoxy- 
ethane-1-d in dimethyl sulfoxide (DMSO) -potassium tert- 

'Author to whom correspondence may be addressed. 

butoxide. The order of the reaction with potassium tert-butoxide 
and other kinetic observations led them to conclude that potas- 
sium tert-butoxide in DMSO is largely in the form of ion pairs, 
but that only the dissociated tert-butoxide ion is chemically 
active, with the reactivity of the ion pairs vanishingly small in 
comparison. Leffek and Suszka (5) measured the second-order 
rate constants for the reaction of 4,4'-bis(dimethy1amino)tri- 
phenylmethyl ' tetrafluoroborate carbonium ion with sodium 
methoxide in methanol and sodium ethoxide in ethanol. The 
results were used to evaluate the ion-pair dissociation constants 
for the two alkoxides, assuming that the ion-pair reactivity was 
negligibly small compared to that of the free ion. The dissocia- 
tion constants based on this assumption were in good agreement 
with those determined from conductance measurements. 

A spectrophotometric study of fluorenyl alkali metal salts by 
Hogen-Esch and Smid (6, 7) provided direct evidence for the 
existence of two types of ion pair. Chan and Smid (8), in a study 
of the deprotonation of triphenylmethane by polystyryl anions, 
showed that even though the bulk of the base is in the form of ion 
pairs, the free ions are responsible for the deprotonation. 

Rinted in Canada / Imprimd au Canada 
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TABLE 1. Rate constants for the reaction of 1-(4-nitropheny1)-1-nitroethane and its 1-dl analogue with cesium 
n-propoxide in n-propanol 

(a) Nonnal substrate 

kobS (s-') 

Temp. ("C) 10~[Base](M): 3.2 6.4 9.6 12.8 16.0 kf(dm3 mol-Is-') 

- - -  - 

(b) Deuterated substrate 

kobs (s-') 

Temp. ("C) 10-~[~ase](M): 3.2 

However, in some solvents the ion pairs did show a reactivity, 
leading to the suggestion that there were two forms of ion pairs, 
tight and loose, and that the latter were active reagents. 

Proton transfer from 3,4-benzofluorene and 1,2- 
benzofluorene to various fluorenyl salts acting as bases showed 
(9) marked changes in second-order rate constant with concen- 
tration when the Li salt was used, but no such change when 
cesium or tetrabutylammonium salts were used. The latter 
reactions must be going via ion-pair reagents (1, 9) and it 
appears, therefore, that loose ion pairs in this system are much 
more reactive than tight ion pairs in the lithium salt reaction. 
Hogen-Esch and Smid (10) also found that aliphatic alcohols are 
relatively poor cation coordinators. Thus, in such a solvent a 
large ion pair would be expected to show considerable reactivity 
compared to the free ion. 

These results suggest that it would be of interest to select a 
proton transfer reaction from a carbon acid to an alkoxide base, 
which might exist as free ions and also as loose ion pairs, and 
measure the rates of the two reactions to compare the primary 
isotope effects and activation parameters for the two transition 
states. Cesium n-propoxide was selected as the base since its 
large and poorly solvated cation should give its ion pair 
increased reactivity relative to ion pairs containing small cations 
such as lithium or sodium. 

Results and discussion 
In order to determine the individual rate constants and 

activation parameters for the proton transfer reaction between a 
carbon acid and alkoxide ions (ki) and metal alkoxide ion pairs 
(kip) in the corresponding alcohol, independent and precise 

values of the ion association constants as a function of 
temperature are required. The necessary conductivity measure- 
ments for cesium n-propoxide in n-propyl alcohol were made by 
Barthel et al. (1 1, 12) at four temperatures between 5 and 35°C 
for a concentration range of 3.38 X - 32.12 X M 
propoxide, and the corresponding degrees of dissociation were 
calculated. 

The reaction of 1-(4-nitropheny1)-1-nitroethane with cesium 
n-propoxide in n-propyl alcohol solvent gives a single absorp- 
tion peak, A,, = 410nm, identified (13, 14) as the carbanion 
ion-pair product of eq. [ 1 1. 

NO2 NO2 
I 

[(I  02N-@HCH, + nPrO-Cs+ $ O~N@-CP 
I 

CH3 

The absorptivity was found to be constant over a cesium 
n-propoxide range of 9.6 x - 2.8 X lo-' M, indicating 
that the equilibrium constant for the reaction is large. 

The cesium n-propoxide exists in n-propanol as free ions and 
ion pairs in proportions that depend upon the concentration and 
temperature (1 1). For the overall reaction, with the base pesent 
in large excess, the pseudo-first-order rate constant, kobs, is 
given by eq. [2], in which [B] is the stoichiometric concentra- 
tion of cesium n-propoxide and kf and kb are the rate constants 
for the forward and backward reactions of eq. [I]. 

[21 kobs = kf[Bl + kb 

Provided that the interconversion of ions and ion pairs is fast 
compared to the reaction of both species with the carbon acid, kf 
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TABLE 2. Rate constants for the proton and deuteron transfer reactions to cesium p-propoxide ion pairs 
and to free n-propoxide ions from 1-(4-nitropheny1)-1-nitroethane in n-propanol 

Proton transfer Deuteron transfer 

FIG. 1 .  Plots of kobs/a[base] vs. 1-a /a  for (a) the proton and (b) the deuteron transfer from 1-(4-Ntropheny1)-1-nitroethane and its 
deuterated analogue to cesium n-propoxide in n-propanol. 

is given by eq. [ 3 ]  

[3] kf = a ki + (I-a) kip 

TABLE 3. The deuterium isotope effects for the reaction of cesium 
n-propoxide with 1-(4-nitropheny1)-1-nitroethane in n-propanol 

in which a is the mole fraction of free ions, ki is the first-order k ~ / k ~  

rate constant for the proton abstraction by free n-propoxide Temp. (OC) Total concentration Ion pairs Free ions 
ions, and kip the first-order rate constant for proton abstraction 
in cesium n-propoxide ion pairs. Since kb is essentially zero, 5 7 .020.3  6.04 1 .O 9 .24  1.6 
k,,, is given by eq. [ 4 ] ,  which may be rearranged to eq. [ 5 ] .  10 - - 6.740.2 1 15 6.6k0.2 6.740.9 6.1 k0.9 
[41 kobs = a k,[Bl + (1 - a)kIp[Bl 20 6.620.5 - - 

[51 kot,,la[B1 = kl + k,, ( I - a l a )  
I 

Thus, from a plot of kobs /a[B]  vs. I - a / a ,  kip is obtained as 
i the slope and k, as the intercept. 

Table 1 shows the values of kobs and the second-order rate 
constants k f ,  calculated from the slopes of the plots of kobs vs. 
base concentration, for the normal and 1-dl deuterated substrate 
at a series of temperatures between 5 and 35°C. Values of a: at 
each of the cesium n-propoxide concentrations used in Table 1 
were determined from plots of a vs. cesium n-propoxide 

concentration in n-propanol using the data of Barthel et al. (12) ,  
at the four temperatures shown in Table 2 .  Plots of kObs/a[B]  vs. 
1-a/a: are shown in Fig. 1 and ki and kip, determined by a linear 
least-squares calculation, are recorded in Table 2, together with 
their standard deviations. 
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TABLE 4. Activation parameters for the reaction of cesium n-propoxide with 1-(4-nitropheny1)-1-nitroethane in n-propanol 

Total base concentration Ion pairs Free ions 

Parameter H-transfer D-transfer H-transfer D-transfer H-transfer D-transfer 

AKf (kcd mol-') 10.1 20.4 11.020.4 8.3-0.2 8.3k0.6 9.621.0 11.6k0.2 
AS' (cal mol-' deg-') -7.321.2 -7.7k1.4 -12.320.6 -15.9k2.0 -10.123.4 -6.840.7 
AG' (kcal mol-') 12.3 13.3 12.0 13.0 12.6 13.6 

The primary kinetic isotope effects, kH/kD, for kf, ki, and kip 
are given in Table 3 together with their standard deviations. Of 
the eight isotopic rate ratios reported in Table 3 for the ion-pair 
reaction and free-ion reaction, seven are identical within the 
limits of plus or minus one standard deviation. The remaining 
isotope effect of 9.2 + 1.6 for the free-ion reaction at 5°C is just 
outside this limit but well within plus or minus two standard 
deviations. It is concluded, therefore, that there is no significant 
difference in isotope effect between the reaction going via the 
free ion and that going via the ion pair. The same conclusion is 
reached if the isotope effects on the activation parameters for 
the two reactions, shown in Table 4, are compared:  AH^* - 
 AH^')^, = 0.0 + 0.8 kcal mol-', (AH,' -  AH^*)^ = 2.0 
2 1.2 kcal mol-',   AS^' -  AS^*)^, = -3.6 + 2.6 cal 
mol-' deg-',   AS^* -  AS^')^ = 3.3 + 4.1 cal mol-' deg-'. 
These values show the differences between the two reactions 
that are just on the limit of plus or minus one standard deviation. 
Thus, values of isotope effects and activation parameters 
previously reported for proton transfers to alkoxide bases 
(15-17) based on kf values are meaningful. The magnitude of 
the isotope effects, between 6 and 7, is consistent with the 
theory for the loss of one C-H or C-D stretching vibration. 
The constancy of the isotope effects for the two reactions 
indicates that the transition states for the proton transfers must 
be very similar. 

The kf, ki, and kip values from Tables 1 and 2 yield the 
activation parameters by a linear least-squares fit to the 
transition state theory equation. These are shown in Table 4, 
with their standard deviations. These are typical values for 
reactions of carbon acids with alkoxide bases (15-17) and also 
similar to the values obtained for proton transfers from this 
substrate to nitrogen bases in aprotic solvents (13, 14, 18). The 
differences between the free ion and the ion-pair reactions are 
again very small. 

FromTable 2, it can be seen that the reactivity of the alkoxide 
ion pair is about 2.8 times greater than that of the free ion, 
although this rate difference is not large enough to give a 
detectable curvature of the plots of kobs VS. base concentration. 
The ion-pair reaction has a lower free energy of activation than 
the ion reaction by about 0.6 kcal mol-', which arises from a 
lower enthalpy of activation offset by a more negative entropy 
of activation. Since a large part of the energy barrier to reaction 
for proton transfers to alkoxide bases is considered to arise from 
the energy required to break up the initial state solvation shell 
(15, 19), it is probable that the reactivity of the cesium 
n-propoxide ion pair arises from the nature of its solvation shell. 
The large size of the cesium ion gives it a weaker solvation shell 
than a smaller ion such as sodium and this results in the cesium 
n-propoxide ion pair being less strongly solvated than the n- 
propoxide ion. This effect is sufficient to give rise to the 
observed rate constant and activation parameter differences 
found for the two reactions. 

However, it has been suggested by Cram and Gosser (20) that 
the cation within the ion pair may stabilize the transition state by 
interaction with the developing negative charge on the carbon 
atom. The larger negative entropies of activation for the ion-pair 
reactions, in our case, are consistent with the more highly 
structured transition state required by cesium interaction with 
the developing negative charge. Similar electrostatic effects 
have been observed by Kresge and co-workers for the hydrol- 
ysis of vinyl ethers and also for proton transfer reactions (21,22). 
In the present reactions, however, the lack of dependence of the 
primary isotope effect on the nature of the reagent suggests that 
the initial state desolvation effect is the major contributor to the 
difference in the rate constants and activation parameters. 

It may be concluded that in small cation alkoxide systems the 
free ions are generally more reactive than ion pairs because the 
latter are tightly bound by electrostatic forces. Only with large 
poorly solvated metal alkoxide ion pairs will the free-ion 
reaction be slower than the ion-pair reaction. However, since 
the two reactions show very similar activation parameters and 
primary isotope effects, no significant error is introduced by the 
interpretation of these parameters for the overall reaction, 
although it must be remembered that such parameters may be 
averages of two similar but separate reaction paths. 

Experimental 
1-(4-Nitropheny1)-1-nitroethane and its a-deuterated analogue were 

prepared as described by Boyle (23) and earlier workers (24, 25). 
Commercial n-propanol was fractionally distilled over potassium 
metal. The fraction boiling at 97.0°C was collected. Commercial 
cesium metal (Aldrich) was used to prepare the cesium propoxide 
solutions under an atmosphere of argon. 

The kinetic measurements were carried out under pseudo-first-order 
conditions using an acid concentration of 3.02 X lop5 and base 
concentrations ranging from 3.2 X lop4 to 16.0 X M. The stock 
solutions were always freshly prepared and protected from moisture 
and carbon dioxide under an argon atmosphere. The reaction rates were 
measured with a stopped-flow spectrophotometer using the standard 
technique previously described (15). 
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Mechanisms of elimination reactions. 40. Attempted study of stereochemistry of elimination 
from 2-(p-nitropheny1)ethyltrimethylammonium ion. Base-promoted cis-trans isomeriza- 

tion of p-nitrostyrene-P-dl 

BRENT R. DOHNER AND WILLIAM H. SAUNDERS, J R . ~  
Department of Chemistry, University of Rochester, Rochester, NY 14620, U.S.A. 
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This paper is dedicated to Professor Arthur N. Bourns 

BRENT R. DOHNER and WILLIAM H. SAUNDERS, JR. Can. J. Chem. 64, 1026 (1986). 
Stereospecifically deuterated A~CHDCHDNM~:I- and ArCHDCHDNMe20 have been prepared, where A r = C a s  and 

p-N02C6H4. When Ar=C6H5, the elimination reaction of the quaternary salt with ethoxide in ethanol goes with >98% anti 
stereochemistry, and the Cope elimination of the arnine oxide with >98% syn stereochemistry. When Ar=p-No2Ca4, 
however, both reactions lead to apparent 5050 antilsyn product. Subjection of (E)-p-nitrostyrene-P-d to the conditions of 
both the ethoxide-promoted and Cope eliminations results in complete cis-trans equilibration. No loss of deuterium from 
p-nitrostyrene-a-d occurs under either set of conditions, excluding isomerization via an a-arylvinyl carbanion. The most likely 
mechanism for isomerization is reversible addition of ethoxide under E2 conditions and ArCHDCHDNMe20 under Cope 
conditions to the P-carbon of p-nitrostyrene. The cis-trans isomerization of the p-nitrostyrene is sufficiently rapid to preclude 
determination of the stereochemistry of base-promoted eliminations leading to it. 

BRENT R. DOHNER et WILLIAM H. SAUNDERS, JR. Can. J. Chem. 64, 1026 (1986). 
On a pdpart des A~CHDCHDNM~:I- et des ArCHDCHDNMe20 sptcifiquement deuttrts, dans lesquels Ar=C6H5 et 

p-N02C,$14. Lorsque Ar=Cas,  la rtaction d'tlimination du sel quaternaire, sous l'influence de I'tthylate dans l'tthanol, se 
produit ?i >98% par une sttrtochimie anti alors que I'tlimination de Cope de l'oxyde d'amine se fait k >98% par une 
sttrtochimie syn. Toutefois, lorsque Ar=p-N02Ca4, les deux rtactions conduisent 2 un produit qui est apparemment 5050 
antilsyn. Lorsqu'on soumet le p-nitrostyrkne-P-d-( ?i des rtactions d'tlimination tant de Cope que sous l'influence de 
I'tthylate, on obtient toujours un tquilibre complet entre les isombres cis-trans. Ni I'une ni I'autre des conditions d'tlimination 
ne provoque la perte de deuttrium du p-nitrostyrkne-a-d; ce rtsultat exclut la possibilitt d'une Climination par le biais d'un 
carbanion a-arylvinyle. Le mtcanisme le plus probable pour l'isomtrisation est l'addition rtversible d'tthylate, sous les 
conditions E2, et de ArCHDCHDNMe20, sous les conditions de Cope, au carbone P du p-nitrostyrkne. L'isomtrisation 
cis-trans du p-nitrostyrbne est suffisarnment rapide pour tliminer la possibilitt de determiner la sttrtochimie des rtactions 
d'tlimination, effectutes sous l'intluence de bases, qui lui donnent naissance. 

[Traduit par la revue] 

The mechanisms of base-promoted elimination from 2- 
arylethyl derivatives have been subjected to intensive scrutiny. 
Most of these reactions have been found to proceed via the E2 
mechanism (2, 3). In the one reported stereochemical study in 
this series, 2-phenylethyl-1 ,2-d2-trimethylammonium ion was 
found to give entirely (>95%) anti elimination when treated 
with ethoxide ion in ethanol or tert-butoxide ion in tert-butyl 
alcohol (4). Only when there is a second group, alkyl or aryl, in 
the 2-position is there appreciable syn elimination (1, 5). 

Recently, evidence has been presented that 2-@- 
nitropheny1)ethyl quaternary ammonium salts eliminate by the 
ElcB mechanism (6,7). The evidence included exchange of the 
P-hydrogens with solvent protons, an inverse solvent isotope 
effect on initial rates, and markedly curved plots of rate vs. 
buffer concentration. Even under conditions where there was no 
evidence for exchange, the lack of coupling between proton 
removal and leaving-group departure suggested an ( E ~ C B ) ~  
mechanism. 

In the light of these findings, the 2-arylethyl system seemed to 
offer an excellent opportunity to compare the stereochemical 
courses of E2 and ElcB reactions of closely similar substrates. 
What is to be expected in an ElcB reaction is by no means clear. 
A long-lived carbanion, free to rotate and invert prior to loss of 
the leaving group, should result in 5050 synlanti elimination. 
It is possible, however, that stereochemical randomization of 
the carbanion would be slowed by a hyperconjugative interac- 

 or previous paper in this series, see ref. 1. 
'~uthor to whom correspondence may be addressed. 

tion of the lone pair with the bond between the a-carbon and the 
leaving group (8), by ion pairing (9), or simply by a very short 
lifetime. In such cases, considerable stereoselectivity, or even 
stereospecificity, could result. 

In order to study the stereochemistry of elimination, we 
prepared 2-phenylethyl- 1, l-d2-trimethylammonium (6) and 
2-@-nitropheny1)ethyl- 1 ,2-d2-trimethylammonium (7) 
iodides by stereospecific reactions. The synthetic sequence is 
shown in Scheme 1. The corresponding amine oxides, 8, and 
9a, were also prepared to provide checks on the stereochemical 
integrity of 6 and 7. The commercial P-bromostyrene (1) was 
not stereochemically pure. It was shown by nrnr to be 78.6% E 
and 21.4% Z. We thus needed to know whether this composition 
was preserved through the transformations leading to 6 and 7. In 
order to do this, 5 was converted to 8, which in turn was subjec- 
ted to a Cope elimination, a reaction known to proceed via a 
stereospecifically syn pathway (10, 11). The products expected 
from anti and syn elimination are shown in Scheme 2. 

By this procedure, 5 was shown to be 79.5% RS,SR. AS a 
double check, 2 was deuteroborated as in Scheme 1, but then 
treated with NH20S03H (12). The resulting primary mine  was 
converted to 5 by treatment with formaldehyde and formic acid 
(13). This sample of 5 was treated with hydrogen peroxide and 
the product subjected to Cope elimination, which showed it to 
be 79.0% RR,SS. It is clear that the synthesis of 5 is 
stereospecific, and there is no reason to believe that conversion- 
of 5 to 6 or 8 affects its stereochemistry. Neither should the 
nitration to give 9, but Cope elimination of 9a  gave unexpected 
results, which will be discussed below. 

Printed in Canada / Imprime au Canada 
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DOHNER AND SAUNDERS 

I D"',t NMe2 D , ,  NMe3+I- ' OTs HNMe2 Me1 5 &ESTD c6g5FD - c 6 Z F D  
I pyridine 

H H H 

SCHEME 1. Synthesis of stereospecifically labeled 2-arylethyl- 1 ,2-dz-trimethylammonium 
salts and -dimethylamine oxides. 

anti -+ 10 + 11 syn --+ 12 + 13 

* J H , ~  values are calculated from observed H,D splittings. Slightly 
different (and probably more accurate) values are obtained from the 
formula = JH,~/6.5 (2.7 Hz for E and 1.7 Hz for Z orientation 
of H and D) 

SCHEME 2. F'roducts expected in anti and syn elimination from ArCHDCHDX. 

The two samples of 6, which can be presumed to be 79.5% 
RS,SR and 79.0% RR,SS, respectively, permitted us to check 
the results of Bourns and Frosst (4). The high-field nrnr 
spectrometers that we used permit more precise determination 
of the composition of the mixture of 10-13 than the 60-MHz 
nrnr instrument available for the earlier work. On treatment with 
sodium ethoxide in ethanol at 80°C, the 79.5% RS,SR sample of 
6 gave 78.7% 10 and 11, while the 79.0% RR,SS sample gave 
79.0% 12 and 13. These results confirm that the elimination is 

entirely anti within experimental error. Any syn elimination 
must be less than 1-2% of the overall reaction. 

Nitration of 5 with fuming nitric acid at - 10°C (14) afforded 
a mixture that was 71% para and 29% ortho, from which the 
pure para isomer, 9, was isolated by flash chromatography 
(15). 9 was converted to 7, which was then treated with sodium 
ethoxide in ethanol at 60°C. Analysis of the mixture of 
deuterated p-nitrostyrenes gave 52.5% of 10 and 11 and 47.5% 
of 12 and 13. Conversion of 9 to 9a, followed by Cope 
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elimination, gave 49.0% of 10 and 11 and 51% of 12 and 13. 
This outcome indicates essentially complete loss of stereochem- 
istry in both the base-promoted elimination of 7 and the Cope 
elimination of 9a. A random stereochemical outcome in the 
base-promoted elimination can be readily rationalized, but a 
nonstereospecific Cope elimination is, to the best of our 
knowledge, unprecedented. Consequently, we considered the 
possibility that stereochemistry was lost at some stage other than 
during the elimination reactions. 

In principle, epimerization could occur during the nitration of 
5 to 9. The nmr spectra of 7 and 9 were too complex to give any 
information about proportions of stereoisomers, however, and 
the possibility of epimerization during nitration of 5 seemed 
farfetched in any case. A third possibility for loss of stereo- 
chemistry would be E $ Z isomerization of the deuterated 
nitrostyrenes under the conditions of the elimination reactions. 
This possibility was easiest to test experimentally, and was 
pursued first. 

In order to obtain stereospecifically deuterium-labeled p- 
nitrostyrene, (E)-P-bromo-p-nitrostyrene was prepared by the 
method of Cristol and Noms (16), and converted to p- 
nitrophenylacetylene by treatment with sodium tert-butoxide in 
tert-butyl alcohol. Treatment of p-nitrophenylacetylene with 
9-BBN (9-borabicyclo[3.3. llnonane) (1 7) in tetrahydrofuran, 
followed by acetic-0-d acid, gave (E)-p-nitrostyrene-P-d. This 
E isomer showed a single nmr signal attributable to the P-proton 
at 8 6.01. 

Treatment of the E isomer for lOmin with 0.1 M sodium 
ethoxide in ethanol led to a new vinyl proton nmr signal at 8 
5.50, attributable to the Z isomer. The ratio of the signals at 6.01 
and 5.50 was 47.752.2. Heating the E isomer at 80°C for 2.5 h 
in 80% Me2S0 - 20% H20 containing 2-phenylethyldimethyl- 
arnine oxide (Cope reaction conditions) led to a 50.0:50.0 
mixture of the E and Z isomers. It is clear that complete equili- 
bration between the E and Zisomers occurs under the conditions 
of both E2 and Cope eliminations. 

Two possible mechanisms for the isomerization are outlined 
in Scheme 3. Here RO- is EtO- (base-promoted reaction) or 
A ~ C H ~ C H ~ N + M ~ ~ O -  (Cope reaction). While path A seemed 
more likely than path B, we felt it necessary to distinguish 
between them, and chose an experiment which shed further light 
on path A as well. Reduction of p-nitroacetophenone by sodium 
borodeuteride, followed by tosylation and treatment of the 
resulting tosylate with sodium tert-butoxide in tert-butyl 
alcohol, afforded p-nitrostyrene-a-d. Neither under the E2 nor 
the Cope elimination conditions was there any observable loss 
of the a-deuterium, a fact which excludes path B. The method 
of synthesis also excludes path B for reaction with tert-butoxide 
in tert-butyl alcohol. Finally, the experiment excludes any 
significant reversible protonation of the carbanion 14, resulting 
from addition of RO- to p-nitrostyrene, for this, too, would lead 
to loss of a-deuterium. Irreversible protonation of 14 would 
give 2-(p-nitropheny1)ethyl ethyl ether in the ethoxide-promoted 
isomerization, but no lines attributable to this compound ap- 
peared in the nrnr spectrum of the isomerization product. 

That nucleophilic addition to p-nitrostyrene occurs readily is 
not surprising, and there are literature precedents. Secondary 
amines give isolable adducts (18), and N-methyl-C-phenyl- 
nitrone (a model for the amine oxide) undergoes 1,3-dipolar 
addition, the nucleophilic oxygen going to the P-carbon of the 
p-nitrostyrene (19). Even more pertinent is the report of Alunni 
and Jencks that eliminations from 2-(p-nitropheny1)ethyl qua- 
ternary ammonium salts are reversible (20), which means that 
tertiary amines as well can add to p-nitrostyrene. 

SCHEME 3. Possible mechanisms for stereoisomerization of (E)-p-  
nitrostyrene-P-d. 

The data of Alunni and Jencks provide a means of estimating 
this rate of addition. The overall equilibrium (eq. [I]) is the sum 
of the two reactions of eqs. [2] and [3]. 

The equilibrium constant K1 is not given by Alunni and Jencks, 
but there is a good linear correlation between log K1 and 
pKa(R3NH+) for the other quaternary salts, which permits 
estimation of K1 as 0.05. The equilibrium constant for eq. [3] is 
given by the ionization constant of Me3NH+ divided by the 
ionization constant of ArCH2CH2NMe3+. The former is quoted 
by Alunni and Jencks as 10-9.85, and the latter estimated by 
Keeffe and Jencks (7) as 10-15.5. With these numbers in hand, 
we can estimate K2 to be 10-4.35. In turn, K2 = bdn/kel im. and 
Keeffe and Jencks estimate kelim to be 15 s- , which makes 
kaddn 7 X lop4 M-' S- l. This compares with an overall rate of 
elimination reaction of M-' s-' at 25°C in water. 

Thus, even the back addition of trimethylamine to p- 
nitrostyrene is comparable in rate to the overall elimination, and 
the addition of the stronger hydroxide ion can be expected to be 
faster still. These conclusions apply to aqueous solution at 
25"C, of course, rather than to our conditions of ethanolic 
solution at 60°C. It is probably safe, however, to assume that the 
difference in solvent and temperature does not drastically 
change the qualitative picture. Definitive evidence would 
require determination of the rates of both elimination and 
stereoisomerization. We did not consider this practicable, 
because both reactions are complete in less than ten minutes 
under our conditions. The available evidence strongly suggests 
that it will be difficult if not impossible to determine the 
stereochemistry of elimination from 2-(p-nitropheny1)ethyltri- 
methylammonium ion without interference from stereoisomeri- 
zation of the product. 

Experimental 
Solvents 

Ether and tetrahydrofuran were refluxed over sodium, with benzo- 
phenone used as an indicator of dryness (21). They were then distilled. 
Dimethyl sulfoxide was stirred over calcium hydride for 2 days. It was 
distilled under reduced pressure and the first 10% discarded. Distilled 
water was refluxed over potassium permanganate for 2 h and distilled. 
Absolute ethanol was refluxed over magnesium turnings for 8 h and 
distilled. The first 10% of distillate was discarded. 
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DOHNER AND SAUNDERS 1029 

General sulfate and the ether removed to give 88% of the crude product; 'H nmr 
All melting and boiling points are uncorrected. Most of the nmr 6: 3.30 (s, lH), 7.85 (dd, 4H). 

spectra were iecorded on a ~ r u k e r  WH-400 or a Nicolet QE 300 nmr 
spectrometer. In a few cases a Varian EM-390 instrument was used. 
Chloroform-d and dimethyl-d6 sulfoxide were used as nmr solvents. 

(E)-Styrene-P-d was obtained from P-bromostyrene (Aldrich: 78.6% 
E, 21.4% Z) by the procedure used to prepare (E)-1-phenyl-1-(p- 
methoxypheny1)ethylene-2-d (5). The product was extracted into ether 
and kept in solution to minimize possible polymerization or 
isomerization. 

~euteroborane was generated by the addition of boron trifluoride 
etherate (0.029 mol) to a solution of sodium borodeuteride (0.022 mol) 
in 200mL of tetrahydrofuran at O°C. (E)-Styrene-P-d was then 
converted to the desired product by the procedure used to prepare 
(RR,SS)-3-methyl-2-phenyl-1-butanol-1-d (5), except that ether was 
used to extract the product and the extract washed with aqueous ferrous 
sulfate before drying over magnesium sulfate. 

(RR,SS)-2-Phenylethyl-1 ,2-dz tosylate was prepared by a standard 
procedure (22) and used without recrystallization. 

(RS,SR)-2-Phenylethyl-1,2-d2-dimethylamine was obtained from 
(RR,SS)-2-phenylethyl-1 ,2-d2 tosylate and dimethylamine by the 
procedure used to prepare (RS,SR)-3-methyl-2-phenyl-1-(butyl-1- 
d)dimethylamine (5). It was shown to be 78% RS,SR isomer by 
analysis of its Cope elimination products (see below); 'H nmr 6: 2.31 
(s, 6H), 2.52 (d, lH), 2.80 (d, lH), 7.2-7.4 (m, 5H). 

(RS,SR)-2-Phenylethyl-1 ,2-d2-trimethylammonium iodide 
Treatment of the above product with methyl iodide (5) gave material 

ofmp230-233°C; ' ~ n m r 6 :  3.02(d, lH), 3.12(s, 9H), 3.50(d, lH), 
7.35 (m, 5H). 

(RR,SS)-2-Phenylethyl-1 ,2-d2-amine 
Deuteroboration of (E)-styrene-P-d was carried out as in the 

preparation of (RS,SR)-2-phenylethanol-2,3-d2 (above), but instead of 
treating the borane with hydrogen peroxide, NH20S03H (1.1 equiv.) 
was added slowly and the reaction mixture heated to 95°C for 4 h. The 
reaction mixture was treated with concentrated hydrochloric acid, 
made basic, and the amine extracted with ether. The crude product was 
obtained in 14% yield. 

(RR,SS)-2-Phenylethyl-l,2-d2-dimethylamine was obtained by 
methylation of the above amine with formaldehyde and formic acid 
(13) and was shown to be 79% RR,SS by analysis of its Cope 
elimination products (see below). 

(RR,SS )-2-Phenylethyl-1 ,2-d2-trimethylammonium iodide was pre- 
pared by the same procedure as for the RS,SR isomer (above) and had 
mp 228-232°C. 

(RS,SR)-2-(p-Nitropheny1)ethyl-1 ,2-d2-dimethylamine was prepar- 
ed by adding (RS,SR)-2-phenylethyl-1 ,2-d2-dimethylamine dropwise 
to fuming nitric acid at -10°C (14). The reaction mixture was allowed 
to warm to O°C, made basic with sodium hydroxide, and the product 
extracted into ether. After removal of the ether, it was shown by nmr to 
be 71% para and 29% ortho. Separation was effected by flash 
chromatography (15). The solvent consisted of 120 mL of pentane, 
30 mL of trimethylamine, and 100 mL of ether. A 230-240 mesh silica 
gel 60 column was used. The ortho isomer (Rf=0.36) preceded the 
para isomer (Rf=0.23), which was obtained in 56% yield; 'H nmr 6: 
2.31 (s, 6H), 2.51 (d, lH), 2.80 (d, 2H), 7.80 (dd, 4H). 

@S ,SR)-2-(p-Nitropheny1)ethyl-1 , 2 - d 2 - t  iodide 
was obtained by treatment of the above product with methyl iodide (5) 
and had mp 207-208°C; 'H nmr 6: 3.13 (s, 9H), 3.31 (d, lH), 3.58 
(d, lH), 7.95 (dd, 4H). 
(E)-P-Bromo-p-nitrostyrene was prepared by the procedure of 

Cristol and Norris (16). It had mp 155-157°C (lit. (16) mp 156- 
157°C); 'H nmr 6: 6.69 (s, lH), 7.03 (s, lH), 7.70 (dd, 4H). 

p-Nitrophenylacetylene 
(E)-P-bromo-p-nitrostyrene (0.044 mol) was dissolved in 250 mL of 

0.1 M sodium tert-butoxide in tert-butyl alcohol and stirred at 30°C for 
35 h. The reaction mixture was poured into water and the product 
extracted with ether. The ether extract was dried over magnesium 

(E)-p-Nitrostyrene- P-d 
p-Nitrophenylacetylene (0.0034 mol) in anhydrous tetrahydrofuran 

was added to a solution of 9-BBN (17) (0.0017 mol) in tetrahydrofuran 
at 0°C. The mixture was stirred for 1 h at 0°C and 2 h at room 
temperature. Acetic-0-d acid (0.034 mol) was added and the mixture 
stirred for 2 h. The mixture was poured into water and the product 
extracted with ether. It was stored in ether solution to minimize 
possible polymerization or isomerization. 'H nmr 6: 6.01 (d, lH), 6.65 
(d, lH), 7.81 (dd, 4H). 

1 -(p-Nitropheny1)ethanol-1 -d 
To 0.0055 rnol of p-nitroacetophenone in ethanol was added 

0.0055 rnol of sodium borodeuteride and the mixture stirred for 1 h at 
room temperature. The reaction mixture was poured into water and the 
product extracted with ether. The ether solution was dried over 
magnesium sulfate and evaporated to give 58% of crude product; 'H 
nmr 6: 1.50 (s, 3H), 3.44 (s, lH), 7.80 (dd, 4H). 

1-(p-Nitropheny1)ethyl-1-d tosylate was obtained from 1-(p- 
nitropheny1)ethanol-1-d by a standard procedure (22). The crude 
product was used in the next step; 'H nmr 6: 1.49 (d, 3H), 2.49 (s, 3H), 
4.99 (q, lH), 7.60 (dd, 4H), 7.80 (dd, 4H). 

p-Nitrostyrene-a-d was obtained by heating 1-(p-nitropheny1)ethyl- 
1-d tosylate (0.0032 mol) in excess 0.1 M sodium tert-butoxide in 
tert-butyl alcohol at 60°C for 12 h. The mixture was cooled, poured 
into water, and the product extracted with ether. It was kept in ether 
solution to minimize possible polymerization; 'H nmr 6: 5.53 (t, lH), 
6.09 (t, lH), 7.81 (dd, 4H). 

Cope elimination reactions (23) of 2-arylethyldimethylamine oxides 
The amine (0.00051 mol) was dissolved in 10 mL of methanol, 

cooled at O°C, and 30% hydrogen peroxide (0.0015mol) added 
dropwise. The mixture was warmed to room temperature, stirred for 
24 h, and the excess peroxide decomposed by adding 5 mg of 10% 
platinum on carbon and stirring for 5 h. The mixture was filtered, the 
solvent removed under reduced pressure, and the residue dissolved in 
80% dimethyl sulfoxide - 20% water and heated for 2.5 h (>5 half 
lives for 2-phenylethyldimethylamine oxide (24)). The solvent was 
removed and the mixture of mono- and di-deuterated styrenes analyzed 
by 300- or 400-MHz nmr (see Discussion). 

Stereochemistry of base-promoted reactions of 2-arylethyl-1,2-dz- 
trimethylammonium iodides with sodium ethoxide in ethanol 

The substrate (ca. 20 mg) was dissolved in 5 mL of 0.1 M sodium 
ethoxide in ethanol at 80°C (unsubstituted) or 60°C (p-nitro substitut- 
ed). The reaction was followed to completion by tlc (thin-layer 
chromatography). The reaction mixture was poured into water and the 
product was extracted with petroleum ether. The petroleum ether 
solution was dried over magnesium sulfate, filtered, 2 mL of dimethyl- 
d6 sulfoxide added, and the petroleum ether removed on a rotary 
evaporator. The mixture of mono- and di-deutero styrenes was 
analyzed by 300- or 400-MHz nmr. 
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JAHANGIR, DAVID B. MACLEAN, and HERBERT L. HOLLAND. Can. J .  Chem. 64, 1031 (1986). 
Anions derived from furo[3,4-clpyridin-3(1H)-one, by treatment with lithium diisopropylamide, react with substituted, 

3,4-dihydroisoquinolines and 2-methyl-3,4-dihydroisoquinolinium salts yielding nitrogen analogues of the protoberberine and 
phthalideisoquinoline alkaloids, respectively. 

JAHANGIR, DAVID B. MACLEAN et HERBERT L. HOLLAND. Can. J. Chem. 64, 1031 (1986). 
Les anions formCs par la riaction de la furo[3,4-clpyridine-(1 H) one-3 avec le diisopropylamidure de lithium riagissent avec 

les dihydro-3,4 isoquinolCines substituees et avec les sels de mCthyl-2 dihydro-3,4 isoquinolinium pour conduire respectivement 
aux analogues azotCs des alcaloi'des de la protoberbMne et de la phtalideisoquinolCine. 

[Traduit par la revue] 

In several recent publications from this laboratory we have 
reported (1-5) the reactions of phthalide anions with imines and 
iminium salts. These reactions provided convenient routes to 
protoberberine (e.g., canadine 1) and phthalideisoquinoline 
alkaloids (e.g., cordrastine 2), respectively, and to related 
compounds in each series. The recent discovery of pyridine 
analogues of the protoberberines such as 3, 4, 5, and 6 in 
Alangium species (6, 7) prompted us to investigate their 
synthesis by a route similar to that used for the synthesis of the 
protoberberine alkaloids from phthalide precursors (1, 2). To 
this end we prepared the anion derived from furo[3,5-clpyridin- 
3(1H)-one (azaphthalide 7) and studied its reaction with 
3,4-dihydroisoquinolines 8 and also with the corresponding 
2-methyl-3,4-dihydroisoquinolinium salts 9. These reactions, 
which are reported below, provided, in the case of the reaction 
with imines, a straightforward route to the ring system of the 
Alangium alkaloids and, in the case of the reaction with iminium 
salts, a new class of compounds, which are pyridine analogues 
of the phthalideisoquinolines. 

The imines 8a-8c were prepared by cyclization of substi- 
tuted N-formylphenylethylamines with POC13 as condensing 
agent. This procedure gave better yields than the usual method 
in which mixtures of acetonitrile and POC13 were employed. 
The imines 8a-8c were converted to their methiodides 9a-9c 
by standard procedures. 

The furo[3,4-clpyridin-3(1H)-one used in this study was 
prepared by reduction of cinchomeronic acid anhydride with 
sodium borohydride as outlined in Scheme 1. This major isomer 
was separated by crystallization from the minor regioisomer 
10. This preparation, an adaptation of a method developed by 
Kayser and Morand (8) for reduction of other acid anhydrides, 
proved superior to the previously reported reductions of cincho- 
meronic acid anhydride with LAH (lithium aluminum hydride) 
(9) and of the half ester of cinchomeronic acid with LAH (10). 

Reaction of the lithium salt of the azaphthalide 7 with the 

'A part of this work was presented at the 14th IUPAC International 
Symposium on the Chemistry of Natural Products, Poznan, Poland 
(see ref. 5). 

'Authors to whom correspondence may be addressed. 

\ WMe OMe 

OMe 

3,4-dihydroisoquinolines 8a,  8b, and 8c  is outlined in Scheme 
2. The initial products of the reaction were assigned structures 
11 on the basis of spectroscopic examination of the compounds 
and of their 0-acetates 12 and in analogy with the previously 
studied products of the reaction of lithium phthalide and 3,4- 
dihydroisoquinolines (1, 2). The relative configuration at C-13 
and C- 14 could not be established with certainty by examination 
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Experimental 

of the nmr spectra of compounds 11, but their 0-acetyl 
derivatives 12 showed that H-13 and H-14 were trans to one 
another, JI3, 14 = 10.5 HZ (ref. 2, and references therein). The 
dehydration of l l a ,  l l b ,  and l l c  was effected by treat- 
ment with POC13, yielding the isocarbostyril system found in 
compounds 13. Again, these compounds showed the antici- 
pated spectroscopic behaviour. Thus, the condensation of the 
azaphthalide with the imines provided a convenient route to the 
ring system found in the Alangium alkaloids. 

Alternative routes to this ring system, which are not regio- 
specific, and which involve photochemical (1 1, 12) or thermal 
(12) cyclization of tricyclic enamides, have been described. 
Both methods have been applied successfully to the synthesis of 
the Alangium alkaloids, alarnarine 6 and alangimarine 5 (13). 

The mass spectral fragmentation of the compounds ll(a-c) 
prepared in this study is analogous to that of the corresponding 
protoberberines examined in the previous study (2). The major 
fragmentation involves a retro-Diels-Alder opening of ring C of 
the azaberberine system. Ions corresponding to the isoquinoline 
moiety plus a hydrogen are observed in the three compounds at 
m/z 192, 176, and 268, respectively, and an ion derived from 
rings C and D is present in all three compounds at m/z 135. 

We recently described the synthesis of phthalideisoquinoline 
alkaloids and related compounds by treatment of lithium 
phthalides with 2-methyl-3,4-dihydroisoquinolinium salts (3). 
Here we report that the lithium salt of furo[3,4-c]pyridin3(H)- 
one behaves in an exactly analogous fashion to lithium phthalide 
in its reaction with isoquinolinium salts, as shown in Scheme 3, 
yielding mixtures of the racemic threo 14 and erythro 15 
diastereomers. The yields reported for the two isomers refer to 
crystalline product isolated from the reaction system and should 
not be used as a measure of the threo: erythro ratio present in the 
crude reaction product, which is expected to be nearly 1: 1. 

The assignment of configuration to the threo and erythro 
isomers is based on a comparison of the properties of the 
isomeric compounds prepared in this study with those of phtha- 
lideisoquinoline alkaloids where the configurational assign- 
ments are secure (14,15). In the threo compounds examined in 
this work, the proton at C-7' is always deshielded relative to the 
corresponding proton in the erythro series. This situation is 
similar to that observed for the phthalideisoquinoline alkaloids 
themselves (16, 17), indicating that the isoquinoline-azaph- 
thalide system in compounds 14 and 15 adopts the same 
preferred conformation as the corresponding rings in the 
alkaloids. In the erythro systems, the preferred conformation 
places the hydrogen at C-7' in the shielding cone of the aromatic 
ring of the isoquinoline moiety, whereas in the preferred threo 
conformation this hydrogen is not in a position where it can be 
similarly affected. There is also consistency with respect to the 
coupling constants between the hydrogens at C-1 and C-1 '. In 
each series the threo isomer has a smaller coupling constant than 
the erythro isomer. Moreover, the erythro and threo isomers 
also exhibit a similar chromatographic behaviour in each series. 
The threo isomer is less polar than the erythro on silica columns 
and shows a higher Rf value on tlc plates. 

Apparatus, materials, and methods 
Unless otherwise stated, the 'H nmr spectra were continuous wave, 

run at 90 MHz on a Varian EM 390 spectrometer. The samples were 
dissolved in CDCb using tetramethylsilane (TMS) as the internal 
standard. Chemical shifts, quoted as 6 values, were measured in 
relation to TMS. The symbols s, singlet, d, doublet, t, triplet, q, 
quartet, and m, multiplet are used in reporting spectra. The Fourier 
transform spectra were run on either a Bruker WP80 (80 MHz) or 
WM250 (250 MHz) spectrometer. The 13c nmr spectra were run at 
62.9 MHz on a Bruker WM250 FT spectrometer or at 20.115 MHz on a 
Bruker WP80 FT spectrometer, both at ambient temperature. 

EI (electron impact) mass spectra were recorded on a V.G. 
Micromass 7070 F mass spectrometer at 70 eV and CI (chemical 
ionization) spectra on the same instrument using NH3 at ca. 1 Torr 
(1 Torr = 133.3 Pa) as reagent gas. Infrared spectra were recorded on a 
Perkin-Elmer 283 spectrometer in CHC13 solution. Melting points 
were determined using a Gallenkamp apparatus and are uncorrected. 
The microanalyses were performed by the Guelph Chemical Labora- 
tories Ltd., Guelph, Ontario. 

Thin-layer chromatography (tlc) was performed using Polygram 
Sil G/UVU4 or Polygram Aloxn/UVzw plates. Flash column chroma- 
tography (18) was employed using Kieselgel60 (230-400 mesh). 

All reactions involving lithiation steps were carried out in flame- 
dried apparatus under a blanket of argon, using septa and syringes for 
transfer of reagents. Diisopropylamine was refluxed over calcium 
hydride and dist.illed onto molecular sieves (4A). THF (tetrahydro- 
furan) was dried by distillation from Na/benzophenone under a 
nitrogen atmosphere just prior to use. The following compounds 
were obtained commercially or prepared according to literature pro- 
cedures: cinchomeronic acid, cinchomeronic acid anhydride (19, 20); 
N-formyl-3,4-methylenedioxyphenylethyl amine (2); N-formyl-3,4- 
demethoxyphenylethyl amink-(16); 6,7-methylenedioxy-2-methyl- 
3,4-dihydroisoquinolinium iodide (21); 6.7-dimethoxy-2-methyl-3.4- . .. . 

dihydrdisoquin~linium iodide (22). 

Preparation of 3,4-dihydroisoquinolines 8a-8c 
The appropriate formamides, N-fonnyl-3,4-dimethoxyphenylethyl 

amine, N-formyl-3,4-methylenedioxyphenylethyl amine, and N-formyl 
3-methoxy-4-benzyloxyphenylethyl arnine (25.0 g), were treated slowly 
and carefully at ice bath temperature with freshly distilled POC13 
(60 mL) in a flask protected with a CaC12 tube. When the vigorous 
initial reaction subsided, the mixture was warmed to room temperature 
over a period of 10-20 min, then heated to 40°C for 5 min, and finally 
kept at room temperature for 2 h. The excess POC13 was destroyed by 
addition of the reaction mixture to crushed ice and the resulting solution 
made basic with concentrated aqueous NH3. The mixture was extracted 
with CHC13, the CHC13 extract dried and evaporated, and the residue 
purified by bulb-to-bulb distillation. Compounds 8a-8c were obtained 
in 80-90% yield; their spectroscopic properties were in accord with 
those reported in the literature: 8a (2), 86 (2), and 8c (23). 

Reduction of cinchomeronic acid anhydride 
A suspension of N a B b  (1.9 g, 0.05 mol) in freshly distilled THF 

(100 mL) and dry DMF (10 mL) was heated under reflux in a Znecked, 
flame-dried, round-bottom flask under an argon atmosphere for 20 min. 
The reaction mixture was then cooled to O°C in an ice bath and finely 
powdered cinchomeronic acid anhydride (7.48 g, 0.05 mol) was added 
in one portion. The mixture, which turned faintly pink, was stirred for 
1 hat O°C, the ice bath was removed, and stimng continued for a further 
3 h. Excess NaBH4 was destroyed by careful addition of a few drops of 
concentrated aqueous HC1 at O°C. The solvent was then evaporated, the 
residue taken up in 30 mL of 10 M HC1 (aq) and the mixture heated 
under reflux for 1 h. The solution was then cooled and carefully 
neutralized to pH 8-9 with solid K2C03. The neutral solution was 
extracted with CHC13, the extract washed with brine, and then dried 
over Na2S04. The residue obtained on evaporation of the dried CHC13 
extract was a mixture of azaphthalides 7 and 10 in a 4:l ratio as 
estimated by 'H nmr. The crude yields in a number of reactions ranged 
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JAHANGIR ET AL 

Note: For compounds 8, 11, 12, and 13 in the (a) series, R' = R2 = CH3; 
in the (b)  series R' + R2 = CH2, and in the (c) series R' = CH3, R2 = C6H5CH2 

SCHEME 2 

from 40-65%. The azaphthalides 7 and 10 were purified by fractional 
sublimation and by fractional crystallization from CHC13-Et20; 
azaphthalide (7), mp 142-143°C (lit. (10) mp 130-135°C; lit. (24) 
mp 145°C); azaphthalide (lo), mp 116-118°C (lit. (23) mp 118°C). 
The spectroscopic properties of 7 and 10 were in agreement with 
literature values (10, 24). 

Reaction of imine (8a) with the lithium salt of azaphthalide (7) 
A solution of n-BuLi (2.44 mmol) in hexane 1.6 M was added 

dropwise with stirring to a solution of diisopropylamine (2.44 mmol) in 
THF at -20°C under an argon atmosphere. The LDA solution was 
stirred for an additional 5 min at the same temperature. After the 
addition was complete, the temperature of the reaction mixture was 
then lowered to -60°C and a solution of azaphthalide 7 (300mg, 
2.22 mmol) in THF (2 mL) was added dropwise to the LDA solution. 
The solution of the red anion so generated was stirred for a further 
15 min at -60°C. Imine 8a  (439 mg, 2.22 mmol) in 3 mL THF was 
then added dropwise and, when addition was complete, stirring of the 
solution was continued another 2 h. The temperature was raised to 20°C 
and the reaction mixture kept at this temperature for ca. 12 h. The 
mixture was worked up in the usual manner (1, 2) affording the 
condensation product l l a  (590mg, 81%), mp 230-235°C (dec.) 
(CHC13, acetone): Rf 0.22 (alumina, EtOAc); ir (CHC13), v,,: 
1645 cm-I; 'H nmr (90 MHz) 6: 2.8-3.0 (3H, m, C-5 H's and 
C-6 H,), 3.87 (3H, s, 0CH3), 3.90 (3H, s, 0CH3), 4.57-4.75 (2H, 
m, C-13 H and C-14 H), 4.85-5.05 (lH, m, C-6 H,), 6.75 (lH, s, 
C-4H),7.03(1H,~,C-lH),7.70(1H,d,J=5.5H~,C-12H),8.74 
(lH, d, J = 5.5 Hz, C-11 H), 9.13 ( l ~ ,  s, C - ~ H ) ; ' ~ c  n m r ( 6 2 . 9 ~ ~ ~ )  
6: 30.3 (C-5), 39.3 (C-6); 56.3,56.5, (2 X 0CH3); 61.4 (C-14), 71.3 
(C-13); 112.4, 118.5, 123.3, 123.9, 129.2, 147.9, 149.1, 149.6, 
149.7, 153.0 (aromatic carbon  atom^);^ 162.8 (C=O); ms (EI), m/z 
(%): 326 (26.5) M", 309 (4.3,  192 (100), 135 (lo), 134 (6.5), 106 
(18). Anal. calcd. for Cl8Hl8N2O4: C 66.26, H 5.52, N 8.59; found: 

3 ~ e n  signals were observed for 11 carbon atoms. 

C 66.11, H5.59, N 8.58%. ExactMass (hrms) calcd. for C18H18N204: 
326.127; found: 326.127. 

Reaction of imine (8b) with the lithium salt of azaphthalide (7) 
This reaction was carried out in exactly the same manner as that 

described above. The condensation product l l b  was separated as an oil 
but crystallized from ethyl acetate (420 mg, 61%), mp 230-231°C; 
Rf 0.46 (alumina, EtOAc); ir (CHC13), v,,: 1640 cm-'; 'H nmr 
(90 MHz), 6: 2.80-3.13 (3H, m, C-5 H's and C-6 H,), 4.53-4.73 
(2H, m, C-13 H and C-14 H), 4.83-5.03 (lH, m, C-6 H,,), 5.97 
(2H, S, 0CH20), 6.73 (lH, s, C-4H), 6.97 (lH, S, C-1 H), 7.67 (IH, 
d,J=5.5Hz,C-12H),8.77(1H,d,J=5.5Hz,C-llH),9.20(1H,s, 
C-9 H); I3Cnmr (CDC13 + DMSO-d6) 6: 30.0 (C-5), 38.9 (C-6), 
60.7 (C-14), 69.8 (C-13), 100.8 (OCH20); 108.1, 109.9, 119.0, 
122.8, 125.4, 129.5, 145.4, 146.5, 148.6, 151.2, 152.4 (11 aromatic 
carbons); 162.0 (C=O); ms (EI), m/z (%): 310 (23) M", 176 (96.5), 
135 (20.9), 106 (100). Anal. calcd. for CI7Hl4N2O4: C 65.80, 
H 4.52, N 9.03; found: C 65.70, H 4.71, N 9.23%. Exact Mass for 
CI7Hl4N2O4: 310.095; found: 310.094. 

Reaction of imine (8c) with the lithium salt of azaphthalide (7) 
The reaction was carried out in the manner described for the reaction 

between 8 a  and 7 except that 1.85 rnmol of 8c  was used and other 
quantities adjusted accordingly. The product ( l l c )  was recrystallized 
from CHC13-acetone (317 mg, 43%), mp 222-223°C; Rf 0.56 
(alumina, EtOAc); ir (CHC13), v,: 1650 cm-' ; 'H nmr (90 MHz), 6: 
2.67-3.00 (3H, m, C-5 H's and C-6 H,), 3.97 (3H, s, OCHA 
4.47-4.67 (2H, m, C-13 HandC-14H), 4.87-5.03 (lH, m, C-6H,), 
6.70 (lH, s, C-4 H), 6.95 (lH, s, C- 1 H), 7.30-7.53 (5H, m, C6H5), 
7.60(1H,d, J = 5 . 5 H z , C - l 2 H ) , 8 . 7 5 ( 1 H , d ,  J = 5 . 5 H z , C - l l H ) ,  
9.20 (lH, s, C-9 H); I3c nmr, 6: 29.8 (C-5), 39.0 (C-6), 55.9 (OMe), 
60.6 (C-14), 70.2 (C-13 or 0CH2Ar), 71.0 (C-13 or 0CH2Ar); 111.7, 
115.7, 119.0, 123.0, 124.4, 127.4, 127.5, 127.8, 128.4, 129.0, 
137.0, 146.1, 148.8, 148.9, 151.1, 152.6 (aromatic  carbon^);^ 162.5 

416 signals observed for 17 aromatic carbon atoms. 
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(C=O); ms (EI), m/z (%): 402 (24.1) M+', 268 (12.0), 177 (10.2), 
135 (100), 134 (26.2), 106 (75), 91 (68.4). Anal. calcd. for 
C&+ki22N204: C 71.64, H 5.47, N 6.97; found: 71.98, H 5.76, 
N 7.14%. 

0-Acetyl derivative of ZZa 
Compound l l a  (50 mg) was dissolved in pyridine (0.5 mL) and 

treated with an excess of acetic anhydride (1.5 mL). The mixture was 
kept in a stoppered flask for ca. 12 h, the excess reagent removed 
under vacuum, and water (5 mL) added to the residue. The aqueous 
suspension was extracted with chlorofom, and the chlorofom extract 
washed with brine, dried over Na2S04, and evaporated to dryness. The 
0-acetate (12a) crystallized from methanol (47 mg, 83%), mp 249- 
250°C (dec.) (MeOH); Rf 0.36 (alumina, EtOAc); ir (CHC13), v,,: 
1645, 1745cm-'; 'Hnmr (250MHz), 6: 2.23 (3H, s, 0COCH3), 
2.78-3.10 (3H, m, C-5 H's and C-6 H,), 3.88 (3H, s, 0CH3), 3.90 
(3H, s, 0CH3), 4.92 (lH, d, J = 10.7 Hz, C-14 H), 4.90-5.00 
(IH, m, C-6 Hq), 6.05 (lH, d, J = 10.7Hz, C-13 H), 6.72 (lH, s, 
C-4H), 6.76(1H, s,C-1 H),7.15(lH,d, J =  5.20Hz,C-12H), 8.76 
(lH, d, J = 5.2 Hz, C-11 H), 9.27 (lH, s, C-9 H); 13C nmr 
(62.9 MHz), 6: 21.0 (CH3CO), 30.0 (C-5), 39.8 (C-6); 56.0, 56.4 
(2 X 0CH3); 59.1 (C-14), 71.3 (C-13); 111.7, 111.8, 118.0, 120.8, 
122.3, 125.5, 129.5, 146.2, 150.2, 153.0 (aromatic carbon atoms);' 
160.57 (lactarn C=O), 172.9 (CH3CO); ms (EI), m/z (%): 368 (0.8) 
M", 325 (22.7), 308 (loo), 293 (38.6), 135 (19.3), 134 (65.8). Exact 
Mass (hrms) calcd. for C18H17N204 (M -C2H30): 325.119; found: 
325.121; calcd. for ClaHl&203 (M-C2H402): 308.116; found: 
308.121. 

0-Acetyl derivative of ZZb 
This compound was prepared from 50 mg of l l b  under the 

conditions used to prepare 12a. The product 12b crystallized from 
methanol (55 mg, 97%), mp 232-233°C (MeOH); Rf 0.63 (A1203, 
EtOAc); ir (CHC13), v,: 1650, 1750 cm-'; 'H nmr (250 MHz), 6: 
2.23 (3H, s, CH3CO), 2.76-3.05 (3H, m, C-5 H's and C-6 H,), 4.87 
(lH, d, J = 10.7 Hz, C-14 H), 4.90-4.96 (lH, m, C-6 H,,), 5.96 
(2H, s, 0CH20), 5.97 (IH, d, J = 10.7 HZ, C-13 H), 6.69 (lH, s, 
C-4 or C-1 H), 6.71 (lH, s, C-1 or C-4 H), 7.16 (lH, d, J = 5.2 Hz, 
C-12 H), 8.76 (lH, d, J = 5.2Hz, C-11 H), 9.26 (IH, s, C-9 H); 
ms (EI), m/z (%): 352 ( 4 . 0 % )  M+', 2.09 (7.6), 292 (57.2), 
277 (29.7), 176 (14.3), 135 (11.3), 134 (33). Anal. calcd. for 
C19H1&205: C 64.77, H 4.55, N 7.95; found: C 64.42, H 4.62, 
N 7.86. Exact Mass (hnns) calcd. for C19H13N204 (M-C2H30): 
309.088; found: 309.082. 

0-Acetyl derivative of ZZc 
This compound was prepared from 25 mg of l l c  under the conditions 

used to prepare 12a. The product 12c crystallized from chlorofom- 
ether (23 mg, 83%), mp 182-185°C; Rf 0.80 (alumina, EtOAc), 
0.52 (silica, EtOAc); ir (CHC13), v,,: 1760, 1655 cm-'; 'H nmr 
(250MHz), 6: 2.08 (3H, s, CH3CO), 2.80-3.10 (3H, m, C-6 H's and 
C-5 H,), 3.88 (3H, s, -OCH3), 4.80-5.00 (2H, m, C-14 H, C-5 
&), 5.08 (2H, s, CH2Ar), 5.95 (lH, d, Jz10.3 Hz, C-13 H), 6.72 (lH, s, 
C-1 or C-4 H), 6.80 (lH, s, C-1 or C-4 H), 7.09 (lH, d, J = 5.0 Hz, 
C-12H), 7.30-7.50(5H, m, C&), 8.72(1H, d, J = 5.0Hz, C-11 H), 
9.24 (lH, s, C-9 H); ms (EI), mlz (8): 444 (3.1) M+', 384 (44,293 
(20), 134 (20), 91 (100). Exact Mass (hrms) calcd. for C24H2f1203 
(M-C2H402)+': 384.147; found: 384.147. 

Dehydration of alcohol ZZa 
To a solution of alcohol l l a  (100 mg) in dry pyridine (5 mL) was 

added freshly distilled POC13 (1 mL) and the reaction mixture was left 
at -20°C for 3 h. The excess of the reagent was evaporated in vacuo 
and the residue dissolved in water (10 mL), made basic with concen- 
trated aqueous NH3, and thoroughly extracted into chlorofom. The 
combined chlorofom extracts were washed with brine, dried over 
anhydrous Na2S04, and evaporated in vacuo. The last traces of 
pyridine were removed by codistillation using benzene. The crude 
material on crystallization from MeOH gave product 13a (62 mg, 

'10 signals observed for 11 aromatic carbon atoms. 

65.6%), mp 185-186°C (MeOH) (lit. (1 1) mp 169-172°C; Rf 0.37 
(alumina, EtOAc); ir (CHC13), v,,: 1650 cm-' ; 'H nmr (250 MHz), 
6: 2.97 (3H, t, J = 6.1 Hz, C-5 H's), 3.96 (3H, s, 0CH3), 4.00 (3H, s, 
0CH3),4.33(2H,t, J=~.~HZ,C-~H'S),~.~~(~H,S,C-~O~C-~H), 
7.27(1H, S, C-13 H), 7.37 (lH, d, J =  5.5Hz, C-12H), 8.67 (lH, d, 
J = 5.5 Hz, C-11 H), 9.58 (lH, s, C-9 H); 13c nmr, 6: 27.7 (C-5), 
39.4 (C-6), 56.0,56.3 (2 x OMe); 99.1, 108.5, 110.6, 118.9, 120.2, 
129.5,141.7,142.9,148.6,150.4,151.1,151.2 (vinylic and aromatic 
 carbon^);^ 161.6 (C=O); ms (EI), m/z (%): 308 (100) M+', 307 (17), 
294 (13.3), 293 (67.9), 29 1 (5 .O), 277 (3.6), 265 (4.8). Exact Mass 
(hrms) calcd. for ClaH1&204: 308.117, found: 308.116. 

Dehydration of alcohol ZZb 
This reaction was carried out under the same conditions used for the 

preparation of 13a. The product 13b was obtained in 77% yield, 
mp 288-290" (dec.); Rf 0.58 (alumina, EtOAc); ir (CHC13), v,,: 
1650cm-'; '~nmr(250MHz), 6: 2.94 (2H, t, J = 6.2Hz, C-5 H's, 
4.33 (2H, t, J = 6.2 Hz, C-6 H's), 6.05 (2H, S, 0CH20), 6.75 (2H, s, 
C-1 and C-4 H's), 7.26 (lH, S, C-13 H), 7.34 (lH, d, J = 5.3Hz, 
C-12 H), 8.67 (lH, d, J = 5.3Hz, C-11 H), 9.58 (lH, s, C-9 H); 
ms (EI), m/z (%): 292 (97) M+', 291 (34.3), 277 (100), 233 (26.3), 
205 (23.6). Exact Mass (hrms) calcd. for C17H12N203: 292.085; 
found: 292.082. 

Dehydration of alcohol ZZc 
This reaction was carried out in the same manner used for the 

dehydration of l l a .  The product 13c was obtained in 95% yield, 
mp 180-182°C (EtOAc-hexane); Rf 0.68 (alumina, EtOac); ir (CHC13), 
v,,: 1655 cm-'; 'H nmr (90 MHz), 6: 3.05 (2H, t, J = 6.2 Hz, C-5 
H's), 4.05 (3H, s, 0CH3), 4.40 (2H, t, J = 6.2 Hz, C-6 H's), 5.34 
(2H, s, 0CH2Ar), 6.73 (lH, s, C-1 H or C-4 H), 6.90 (lH, s, C-4 H or 
C-1 H), 7.30-7.67(7H, m,C,&,C-12HandC-13H), 8.87(1H,d, 
J = 5.5 Hz, C-11 H), 9.58 (lH, s, C-9H); "C nmr, 6: 29.9(C-5), 41.5 
(C-6), 58.1 (OMe), 74.0 (OCH2Ar); 101.1, 113.1, 114.1, 120.7, 
123.5, 129.6, 130.2, 130.7, 132.4, 138.9, 143.9, 149.8, 152.6, 
153.6, 154.4 (vinylic and aromatic  carbon^);^ 163.1 (C=O); ms (EI), 
m/z (%): 384 (74.3) M", 383 (8.8), 293 (29.0), 265 (7.2), 91 (100). 
Exact Mass (hrrns) calcd. for CZ4H2fl2o3 : 384.147; found: 384.148. 

Reaction of iminium salt (9a) with the anion of azaphthalide (7) 
n-BuLi (2.56 rnrnol) in hexane (1.6 M) was added to a stirred 

solution of disopropylamine (2.56 mmol) in dry THF (5 mL) at -78OC 
under an argon atmosphere. The temperature of the LDA solution was 
raised to 0°C for 10-15 min and then cooled again to -78°C before 
proceeding with the dropwise addition of a solution of the azaphthalide 
7 (2.2 mmol in THF, 3 mL). Towards the end of the addition the 
initially fomed red solution became turbid but became homogeneous 
again on raising the temperature to -40°C. The temperature was kept at 
-40°C during the remainder of the addition and for an additional 
20 min. The solution was then transferred through a syringe tube 
into a flask fitted with a magnetic stirrer containing a suspension 
of 6,7-dimethoxy -2-methyl-3,4-dihydroisoquium iodide (9a) 
(740 mg, 2.2 mmol) in dry THF (3 mL). The mixture was stirred at 
-40°C for 3-4 h and then at ambient temperature overnight. The 
solvent was evaporated from the reaction mixture and the crude residue 
passed through a column of neutral alumina (activity I) using EtOAc as 
eluant. The residue obtained uDon eva~oration of the EtOAc was taken 
up in EtOH and from this soluion the irystalline threo isomer 14a was 
obtained. The mother liquors were taken to dryness and the residue, 
dissolved in EtOAc, was separated into threo (14a) and erthryo (15a) 
components by flash chromatography. 

Threo, 14a (213 mg, 25.6%); mp 198°C (from EtOH); Rf 0.48 
(Si02, EtOAc); ir (CHC13), v,,: 1762 cm-'; 'H nmr (250 MHz), 6: 
2.4-3.2 (4H, m, C-3 H's, and C-4 H's), 2.71 (3H, s, -NCH3); 3.71 
(3H, s, 0CH3), 3.80 (3H, s, 0CH3), 4.19 (IH, d, J = 3.7 Hz, C-1 H), 
5.75 (IH, d, J = 3.7Hz, C-1' H), 6.31 (lH, s, C-5 H), 6.66 (lH, s, 
C-8H),7.72(1H,d, J = 5 . l H z , C - 7 ' H ) , 8 . 6 3 ( 1 H , d ,  J = 5 . 1 H z ,  

612 signals observed for 13 carbon atoms. 
715 signals observed for the 17 carbon atoms. 
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C-6' H), 8.89 (lH, s, C-4' H); 13cm (62.9MHz), 6: 29.5 (C-4), 
45.1 (NCH3), 50.8 (C-3); 55.8, 56.1 (2 x 0CH3); 65.5 (C-1), 81.4 
(C-1'); 110.1,111.2,118.8,152.4,156.7, (5 x ArCH); 123.0, 123.5, 
128.1, 147.3, 147.5, 148.0, (6 X ArC); 169.1 (C=O); ms (CI), m / z  
(%): 341 (16) (M + I)', 207 (13.5), 206 (loo), 136 (44). Anal. calcd. 
for C19H20N204: C 67.06, H 5.88, N 8.24%; found: C 66.92, H 5.62, 
N 8.32%. Erythro, 156 (65.8 mg, 9%); mp 108-1 10°C (from EtOH); 
Rf  0.22 (Si02, EtOAc); ir (CHC13), v,,: 1768 cm-'; 'H m 
(250MHz), 6: 2.17-2.9 (4H, m, C-3 H's, C-4 H's); 2.57 (3H, s, 
NCH3), 3.80 (3H, s, 0CH3), 3.91 (3H, s, OCH,), 4.16 (lH, d, J  = 
4.5 H z ,  C-1 H), 5.66 (lH, d, J  = 4.5 Hz, C-1' H), 6.50 (lH, s, C-5 
H),6.64(1H, s,C-8H), 6.65(1H, d, J =  5.1Hz,C-7'H), 8.66 
(lH, d, J  = 5.1 Hz, C-6' H), 9.12 (lH, s, C-4' H); 13c m 
(62.9 MHz), 6: 27.0 (C-4), 45.6 (NCH,); 50.0 (C-3), 56.3 (2 X 

OCH3); 65.30 (C-1), 84.7 (C-1'); 111.1, 111.8, 118.5, 147.7, 152.6 
(5 x ArCH); 123.5, 124.1, 129.5, 147.9, 148.9, 156.3 (6 x ArC); 
168.5 (C=O); ms (CI), m / z  (%): 341 (23) (M+ I)+, 206 (100). Anal. 
calcd. for Cl9HZ&O4: C 67.06, H 5.88, N 8.24; found: C 66.83, 
H 6.20, N 7.90%. 

Reaction of iminium salts (9b) with the anion of azaphthalide (7) 
This reaction was carried out in the same manner as that described 

in the previous section except that 6,7-methylenedioxy-2-methyl-3,4- 
dihydroisoquinolinium iodide (96) was used. The reaction mixture was 
worked up similarly and the mixture of isomeric products separated by 
flash chromatography using 1% MeOH in EtOAc as eluant. 

Threo, 146 (212 mg, 30%), mp 151-153°C (dec.) (from EtOH, 
Et20); Rf 0.66 (SiOz, EtOAc); ir (CHC13), v,,; 1765 cm-' ; 'H m 
(250MHz), 6: 2.43-3.17 (4H, m, C-3 and C-4 H's), 2.62 (3H, s, 
-NCH3),4.14(1H,d,J=3.5H~,C-lH),5.70(1H,d,J=3.5H~, 
C-l'H),5.82(2H,d,J=4.9Hz,OCH20),6.34(1H,s,C-5H),6.63 
(lH,s,C-8H),7.69(1H,d, J = 5 . 1 H ~ , C - 7 ' H ) , 8 . 6 7 ( 1 H , d ,  J =  
5.1 Hz, C-6' H), 8.96 (lH, s, C-4' H); 13c m (62.9 MHz), 6: 29.6 
(C-4), 45.2 (NCH3), 51.5 (C-3); 66.0 (C-1), 82.0 (C-1'), 101.1 
(OCH20); 107.4, 108.5, 118.7, 147.6, 152.5 (5 x ArCH); 123.7, 
124.3,129.8,146.3,146.9,156.6 (6 x ArC); 168.7 (C=O); ms (CI), 
m / z  (%): 325 (5.0), (M+ I)+, 191 (28.2), 190 (100). Anal. calcd. for 
CleHl.&04: C 66.66, H 4.94, N 8.64; found: C 66.32, H 5.31, 
N 8.28%. Erythro, 156 (180 mg, 25%); mp 144-146°C (dec.) (from 
EtOH, Et20); Rf 0.38 (Si02, EtOAc); ir (CHC13), v,,: 1760cm-'; 
'H m(250MHz),  6: 2.1-2.9 (4H, m, C-3 andC-4H's), 2.54(3H, s, 
-NCH3),4.11(1H,d, J=4.8Hz,C- lH) ,5 .57(1H,d ,  J=4 .8Hz ,  
C-1 ' H), 5.98 (2H, S, -OCH20), 6.62 (lH, s, C-5 or C-8 H), 6.65 
(lH, d, J = 5.1 HZ, C-7' H), 6.66 (lH, S, C-8 or C-5 H), 8.66 (lH, d, 
J = 5.1 Hz, C-6' H), 9.13 (lH, s, C-4' H); 13cnmr (62.9MHz), 6: 
27.6 (C-4), 45.8 (NCH3), 50.1 (C-3), 65.6 (C-1), 84.8 (C-1'), 101.3 
(OCH20); 108.0, 108.8, 118.6, 147.8, 152.7 (5 x ArCH); 124.1, 
124.7,130.8,146.6,147.4, 156.1 (6 x ArC); 168.6 (C=O); ms (CI), 
m / z  (%): 325 (34.5) (M + I)+, 191 (38), 190 (100). Anal. calcd. for 
C18Hl&04: C 66.66, H 4.94, N 8.64; found: C 66.26, H 5.15, 
N 8.33%. 
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Properties of atoms and bonds in carbocations 
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R.  F. W. BADER. Can. J .  Chem. 64, 1036 (1986). 
The quantum theory of atoms in molecules defines structures for and determines the properties of the atoms and bonds in the 

series of carbocations [(CH3),CH3_,]+ with n = 0-3, and their parent hydrocarbons. In this theory, an atom in a molecule and 
its properties are defined by quantum mechanics. The quantum condition defining the atom is given in terms of a property derived 
from the charge density, as are the other concepts of the molecular structure hypothesis. In terms of the amount of electronic 
charge density accumulated between the carbon nuclei and its spatial distribution, a C-C bond of the carbocations exhibits an 
order greater than one. There is a transfer of charge from the hydrogens of methyl to the central carbon that destroys the axial 
symmetry of these C-C bonds and concentrates the charge in a plane perpendicular to the plane of substitution, in a manner 
consistent with the hyperconjugative mechanism of electron transfer. The positive charge of a carbocation is thus delocalized 
over all the atoms in the molecule, and the extent of this delocalization increases with increased methyl substitution. The electron 
population of each atom in a carbocation increases with this increase in the delocalization of positive charge and its energy is 
correspondingly decreased (the atom becomes more stable). These effects are most pronounced for the carbon atom bearing the 
methyl groups and they account for the observed increase in the relative stabilities of the carbocations with increasing methyl 
substitution. The electron populations and energies of the atoms in saturated hydrocarbons are also determined. The group 
additivity scheme for the energy in the homologous series of normal alkanes is predicted and explained in terms of the properties 
of the quantum atoms. It is the possibility of such transferability of the quantum atoms and their properties between systems that 
identifies them with the atoms of chemistry. 

R. F. W. BADER. Can. J. Chem. 64, 1036 (1986). 

La thCorie quantique des atomes dans les molCcules dCfinit les structures et dCtermine les properiCtCs des atomes et des liaisons 
dans une sCrie de carbocations [(CH~),CH~-~]+,  dans lesquels n = 0-3, ainsi que dans leurs hydrocarbures de base. Dans cette 
thCorie, la condition quantique qui dCfinit l'atome ainsi que les autres concepts de l'hypothbse relative i la structure molCculaire 
sont dCfinies en fonction d'une propriCtC dCrivCe de la densit6 de charge. En termes de la densit6 de la charge Clectronique qui est 
accumulCe entre les noyaux de carbone et de leur distribution spatiale, une liaison C-C des carbocations prksente un ordre qui 
est plus grand que un. I1 se produit un transfert de charge des hydrogbnes du mCthyle vers le carbone central et ceci dCtruit la 
symktrie axiale de ces liaisons C-C et concentre la charge dans un plan perpendiculaire au plan de la substitution, d'une manikre 
qui est en accord avec le mecanisme d'hyperconjugaison de transfert Clectronique. La charge positive d'un carbocation est donc 
dClocalisCe sur tous les atomes de la molCcule et le degd de cette dClocalisation augmente avec la substitution par des 
groupements mCthyles. La population Clectronique de chaque atome d'un carbocation augmente avec cette augmentation dans la 
dClocalisation de la charge positive et son Cnergie diminue d'une manikre correspondante (l'atome devient plus stable). Ces effets 
se font sentir le plus sur I'atome de carbone qui porte les groupements mCthyles et ils expliquent le fait que les stabilitCs relatives 
des carbocations augmentent avec une augmentation de la substitution par des groupements mCthyles. On a aussi determink les 
populations Clectroniques et les Cnergies des atomes dans des hydrocarbures saturCs. Le schCma d'additiviti des groupements 
pour dCterminer 1'Cnergie dans des sCries homologues d'alcanes normaux est prCdit et expliquC en fonction des propriCtCs des 
atomes quantiques. C'est cette possibilite de tels transferts d'atomes quantiques et des leurs propriCtCs entre atomes qui les 
identifie avec les atomes de la chimie. 

[Traduit par la revue] 

Introduction 
This paper relates the chemistry of carbocations and their 

parent hydrocarbons to the properties of their charge distribu- 
tions. The molecules considered are the cations [H3 - ,C(Me),] + , 
n = 0-3, their parent hydrocarbons, and the additional hydro- 
carbons n-butane and n- and neo-pentane. The atoms, their 
properties, and the networks of bonds in these molecules are 
defined in terms of the quantum theory of atoms in molecules 
(1, 2). Trends in the properties of the atoms are determined 
within each set and compared between the sets. The primary 
static properties considered are the net charges and the energies 
of the atoms (3). The characters of the carbon-carbon bonds are 
summarized in terms of a bond order as determined by the value 
of the charge density p, at the bond saddle point, and a bond 
ellipticity as determined by the relative magnitudes of the two 
curvatures of p perpendicular to the bond path at the saddle point 
(4). The ellipticity of a bond measures its departure from radial 
symmetry and determines the plane in which charge density is 

preferentially accumulated. The atomic charges together with 
the orders and ellipticities of the bonds enable one to distinguish 
between the inductive and hyperconjugative electron release of 
charge to the carbon atom bearing the formal positive charge in 
the carbocations. The dominant factor determining the increas- 
ing stability of the carbocations with increasing methyl substi- 
tution is the corresponding increase in their ability to disperse 
the positive charge over the hydrogens of the methyl groups by 
both mechanisms of electron release. 

The Laplacian of the charge density, the quantity V2p, 
determines the points within a molecule where electronic charge 
is locally concentrated and depleted (5 ,6) .  The susceptibility of 
the carbocations to the addition of a nucleophile is related to the 
properties of their Laplacian distributions, and the relative 
inertness of the hydrocarbons to either nucleophilic or electro- 
philic attack is accounted for in the same manner. 

Approximate single determinant state functions were ob- 
tained for all molecules using the 6-31G** basis set at 6-31G* 
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FIG. 1. Molecular graphs illustrating the structures of carbocations 
calculated from the charge distributions obtained in 6-31G** 16-31G* 
calculations. The dots indicate the positions of bond critical points. The 
existence of such a critical point in the charge distribution implies that 
the two neighbouring nuclei are linked by a line along which the charge 
density is a maximum with respect to any neighbouring line. In an 
equililibrium geometry, such a line is called a bond path. The bond 
paths between carbon nuclei are drawn in heavy line. A bond critical 
point lies in the interatomic surface denoting the common boundary 
shared by neighbouring atoms. Note that this surface is not equally 
placed between the carbon nuclei but is displaced from the midpoint in 
a direction away from the carbon bearing the methyl substituents. The 
numbers indicate the net charges on the atoms in atomic units. 

optimized geometries, calculations denoted by 6-3 1G** / 
6-31G*.' The methyl cation is predicted to be of D3h symmetry. 
The C, structure reported for the ethyl cation (Fig. 1) is predicted 
to be most stable for all basis sets below 6-31G**. Using this 
larger basis a hydrogen bridged structure is found to be mar- 
ginally more stable (7). The classical C, structure is retained 
here for the purpose of comparing the abilities of hydrogen 
atoms and methyl groups to disperse the net positive charge of 
the cationic species. The CZv structure for the 2-propyl cation is 
the most stable one for all basis sets that have been studied (7). 
The structure of the tert-butyl cation is found to be of C3h 
symmetry. The structures of the saturated hydrocarbons are 
given in Fig. 2 from 6-31G* geometries determined by Wiberg 
and Wendoloski (8). In what follows, the carbon atom bearing 
the formal positive charge in a cation is denoted by C, as is the 
most substituted carbon in the neutral branched hydrocarbons. 
The carbon atom of a methyl group is denoted by C'. The 
properties of the atoms are calculated using the program 
PROAIM (9). 

Atomic and bond properties 
The principal differences between the distribution of charge 

in a hydrocarbon and in its corresponding carbocation are 
illustrated by comparing displays of their charge densities and 

 h he total energies of all the molecules, quantities that are 
considered later, are given in Tables 2 and 3. The 6-31G* optimized 
geometries of the carbocations are as follows: CH~', R(C-H) = 

1.078 A; c a , + ,  R~C-c) = 1.431 A; R(C-H) = 1.079 A, 
R(C-H') = 1.1 17 A, R(C-H") = 1.081 A, L (CCH) = 121.37", 
L(CCH1) = 97.60°, L(CCHU) = 114.89"; C ~ H ~ + ,  R(C-C) = 1.456 
8 ,  R(C-H) = 1.080A, R(C-H') = 1.093 A, R(C-H") = 1.079A, 
L(CCH) = 116.75", L(CCHf) = 107.77", L(CCHU) = 114.23"; 
C4H9+, R(C-C) = 1.473 A, R(C-H') = 1.090 A, R(C-H") = 
1.079 A, L(CCHf) = 108.20°, L(CCHU) = 113.74". 

FIG. 2. Molecular graphs illustrating the structures of saturated 
hydrocarbons calculated from charge densities obtained in 6-31G**/ 
6-31G* wave functions. See the caption for Fig. 1 for details. 

associated gradient vector fields, as is done for the CH4/CH3+ 
system in Fig. 3. The properties of a charge distribution are 
summarized by the properties of p at its critical points, points 
where the gradient vector field vanishes, i.e., where Vp = 0. 
For the molecules of interest here, which do not possess ring or 
cage structures, only two types of critical points are found, those 
where p is a local maximum (all three curvatures of p at the 
critical point are negative) and others, called bond critical points, 
where p possesses one positive and two negative curvatures (p at 
the critical point is a minimum along one direction and a 
maximum along the other two orthogonal directions). When the 
charge density is viewed in a plane containing one of the 
negative curvatures and the single positive curvature as in Fig. 
3, a bond critical point has the appearance of a saddle. 

The gradient vector of p points in the direction of maximum 
increase in p. One can follow the path of maximum increase in 
the charge density starting from some arbitrary point by 
following the path traced out by the gradient vector of p starting 
at that point. Every such gradient path originates and terminates 
at a critical point. The elements of molecular structure as 
embodied in the topology of the charge density are made evident 
in the flow of these gradient vectors, as shown in Fig. 3. The 
nuclear-electron attractive force dominates the interactions 
present in a molecule and, as a consequence, p exhibits a local 
maximum only at the position of a nucleus (Fig. 3). Because of 
this property, all of the paths traced out by the gradient vectors 
of p in the vicinity of a given nucleus terminate at that nucleus. 
The nucleus acts as an attractor in the gradient vector field and 
the region of space traversed by all the paths that terminate at a 
given attractor is called the basin of the attractor. Thus, as a 
result of the single dominant property that p exhibits a local 
maximum only at the position of a nucleus, all of space is 
partitioned into basins and associated with each basin is a single 
attractor or nucleus. An atom is defined as the union of an 
attractor and its basin, the basin being the region of space 
dominated by that nucleus. 

Reference to Fig. 3 indicates that p exhibits a saddle point 
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CAN. 1. CHEM. VOL. 64, 1986 

FIG. 3. Displays of the total electronic charge distributions of methane, in a plane containing the carbon nucleus and two protons, and of 
methyl cation, in a plane containing the carbon nucleus and three protons. Also shown are the gradient vector fields of the charge distributions 
for the same planes. These latter functions are displayed in terms of the trajectories traced out by the gradient vectors of the charge density. 
Most trajectories terminate at the local maxima in p located at the positions of the nuclei. The region of space traversed by all the trajectories 
that terminate at a given nucleus is called the basin of the atom. In these symmetry planes, two trajectories of p terminate at each of the bond 
critical points indicated by black dots. These pairs of paths indicate the intersection of the interatomic surface with the plane of the diagram. 
Two trajectories also originate at each of the bond critical points and terminate at the maxima on the neighbouring nuclei. The resulting 
lines define the bond paths. 

between certain pairs of atoms. Such a critical point indicates 
that electronic charge is accumulated between the correspond- 
ing pairs of nuclei and for molecules in equilibrium geometries 
it is called a bond critical point. Two trajectories of Vp originate 
at such a critical point and terminate at the neighbouring nuclei. 
They define a path along which the charge density is a maximum 
with respect to any neighbouring line, a bond path (see Fig. 3). 
While p is a minimum at a bond critical point in the direction of 
the bond path, it is a maximum with respect to all perpendicular 
directions and thus it serves as a terminus for gradient paths 
which form and define an interatomic surface (see Fig. 3). The 
network of bond paths defines a molecular graph and the 
structure of a molecule. The structures shown in Figs. 1 and 2 
are representations of the molecular graphs as determined by the 
properties of the molecular charge distributions. 

The value of p at the position of the proton is less in CH3+ 
than it is in CH4, 2.79 compared to 2.90 e/A3. Its value at the 
carbon nucleus is greater in the cation than in the neutral 

molecule, 800.0 compared to 796.6 e/A3. The position of the 
bond critical point is shifted 0.09 A closer to the proton and 0.08 
A away from the carbon nucleus in the cation, the difference in 
these two values representing the small difference in bond 
length between CH4 and CH3+. These observations make 
quantitative what is qualitatively evident in Fig. 3: the removal 
of H- from CH4 to form the cation is accompanied by a general 
contraction of the charge density towards the carbon nucleus 
and by a transfer of charge from the hydrogen atoms to carbon. 
This result is typical of the systems studied here. As illustrated 
below, the positive charge of a carbocation is delocalized over 
all the hydrogens in the molecule and the extent of this 
delocalization increases with methyl substitution. 

The average electron population of each atom C? in a molecule 
is obtained by integrating p(r) over the basin of the atom, eq. [I] 
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BADER 1039 

The net charge on an atom, denoted by q(a), is obtained by 
subtracting this average number of electrons from the nuclear 
charge Za. The net charges obtained in this manner, with the use 
of charge densities obtained from the 6-3 1G** 16-3 1 G* calcula- 
tions, are indicated in Figs. 1 and 2. 

The hydrogens in saturated hydrocarbons bear net negative 
charges (3). Since H is more electronegative than C in these 
molecules, the methyl group withdraws charge from the 
methylene group. In the normal paraffins, propane, butane, and 
pentane, the methyl groups have net charges of -0.0 18 * 0.00 1 
e, the charge being withdrawn from the methylenic groups. In 
propane this charge is withdrawn from a single CH2 group, in 
butane, from two such groups, and the methylenic charges are 
+0.036 and +0.020 e, respectively. In pentane the charge is 
withdrawn only from the CH2 groups linked to the methyl 
groups (they have the same net charge as they do in butane) and 
the central methylene group in this molecule has a zero net 
charge-the charge transfer is damped by a single methylene 
group. In the branched series MenCH(4-n, starting with meth- 
ane, the magnitude of the negative charge on H increases with n 
from 0.06 e in methane to 0.10 e in isobutane. The charge on a 
methyl group is +0.06 e in methane and becomes more negative 
as nincreases, equalling0.00, -0.018, -0.029, and -0.038 in 
ethane, propane, isobutane, and neopentane, respectively. As a 
consequence of hydrogen being more electronegative than 
carbon, the relative electron-withdrawing ability of the func- 
tional groups in saturated hydrocarbons is H > CH3 > CH2 > 
CH > C. The positive charge on carbon C in the branched series 
decreases with increasing methyl substitution since Me with- 
draws fewer electrons than does H. The charge on this carbon 
atom exhibits the greatest dependence on structure. 

The variation in atomic charges in the series of cations 
[MenCH(3-n,]+ is much greater than is found in the correspond- 
ing neutral series of molecules. In CH3+ the positive charge is 
almost equally delocalized over the C and H atoms. An 
increasing amount of electronic charge is transferred to C with 
increasing methyl substitution, and in the tert-butyl cation this 
atom bears a net negative charge. While the electron population 
of carbon atom C increases with increasing n, the net positive 
charges of the H atoms and methyl groups decrease with in- 
creasing n. That is, as more methyl groups are added, the total 
amount of electronic charge transferred to C is increased but, 
because of the increasing number of atoms able to donate charge, 
the net charges on these atoms are decreased. Thus the net 
charges on the methyl groups decrease through the series ethyl, 
2-propyl, and tert-butyl. The values are respectively, + 0.535, 
+0.438, and +0.366 e. Next to carbon atom C, the greatest 
variation in charge is found for the hydrogens, both the methyl 
hydrogens and those bonded directly to carbon atom C. In sum- 
mary, increased methyl substitution at a carbon bearing a formal 
positive charge leads to an increase in the transfer of electronic 
charge to that atom and to an increase in the extent of delocali- 
zation of the positive charge over the methyl hydrogens. 

The stabilities of the carbocations in the gas phase increase in 
the order of CH3+ < CH3CH2+ < (CH3)2CH+ < (CH3)3C+. 
The energy changes underlying this ordering are discussed in a 
following section. Here we wish to note that the increase in 
stability parallels the increase in the dispersal of charge over the 
methyl hydrogens. A similar delocalization of charge over the 
methyl hydrogens has been found by Stutchbury and Cooper 
(10) to occur in protonated amines, thereby accounting for the 
observed order of increasing gas phase basicity, NH3 < 
CH3NH2 < (CH3)2NH < (CH3)3N, and in alkoxide ions, 

thereby .accounting for the observed order of increasing gas 
phase acidity, H20 < CH30H < CH3CH20H < (CH3)$2HOH 
< (CH3)&OH. In the alkoxide ions the methyl groups bear net 
negative charges (nearly all of which are located on the 
hydrogens) of -0.215, -0.191, and -0.184e, respectively, in 
ethyl, isopropyl, and tert-butyl. In the protonated amines the 
methyl groups bear net positive charges of +0.569, +0.541, 
and +0.519e, respectively, for the mono-, di-, and tri-metyl 
cations. Stutchbury and Cooper also observed that methyl 
substitution in the corresponding neutral molecules does not 
cause significant changes in the atomic populations, the 
variations in the net charges on the atoms in the saturated 
alcohols and amines being of the same order as the small 
variations reported here for the saturated hydrocarbons. The 
behaviour of the atomic charges in all three systems of 
molecules supports the following general conclusions: (a) In 
neutral, saturated molecules, replacement of hydrogen by 
methyl causes only small changes in atomic populations, the 
largest change being found for the atom at which the replace- 
ment occurs. (b) In corresponding anionic and cationic species, 
the replacement of hydrogen by a methyl group causes 
significant changes in the atomic popualtions, changes that 
correspond to a dispersal of the net charge over the methyl 
hydrogens. The variation in charge with the extent of methyl 
substitution is greatest for a system in which the site of 
substitution has an orbital vacancy. (c) The hydrogens of a 
methyl group may act effectively as either a sink or source of 
electronic charge (10). 

Within the orbital model of electronic structure one differen- 
tiates between the inductive and hyperconjugative mechanisms 
of electron release from a methyl group to an unsaturated carbon 
or to a carbon with an orbital vacancy. If the hyperconjugative 
mechanism is operative, then the C-CH3 bond should possess 
a bond order greater than one and exhibit some degree of 7~ 

character. In addition, this mechanism can lead to differing 
extents of charge release from the methyl hydrogen atoms. The 
theory of atoms in molecules enables one to test for the presence 
of these anticipated consequences of hype~onjugation. Previous 
studies of hyperconjugation in these molecules employed the 
methods of a Mulliken population analysis (1 1). 

The data in Table 1 characterize the properties of the C-C 
bonds in terms of the properties of p at the bond critical points. 
The value of p at a bond critical point, the quantity pb, can be 
used to define a C-C bond order n (n = 1 .O, 1.6, 2.0, 3.0, 
respectively, for ethane, benzene, ethylene, and acetylene) that 
provides a measure of the extent to which electronic charge is 
accumulated between the bonded nuclei (4). The C-C bonds in 
the saturated hydrocarbons are all of order 1 .O. The values of pb 
and of the bond ordr n increase slightly with methyl substitution 
and with chain length in the saturated hydrocarbons, notwith- 
standing small corresponding increases in the carbon-carbon 
bond lengths. In the carbocations, however, the C-CH3 bond 
orders are all greater than unity, being largest in the ethyl cation. 
The observation of bond orders greater than unity for the 
C-CH3 bonds in the cations correlates with the presence of 
partial double bond character. 

In a bond with cylindrical symmetry the two negative 
curvatures of p at the bond critical point are of equal magnitude. 
However, if electronic charge is preferentially accumulated in a 
given plane (as it is for a bond with 7~ character), then the rate of 
falloff in p, from its maximum value pb at the bond critical point 
in the interatomic surface is less in this plane than in the one 
perpendicular to it and the magnitude of the corresponding 
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TABLE 1. Properties of C-C bonds (6-31G**/6-31G*) 
A. In hydrocarbons 

Bond length p( rc) Order Ellipticity VZp(rc) 
Molecule Re (A) (e /A3) n E . (e/n5) (e?i5) 

CH3-CH3 1.527 1.707 1 .OO 0.000 - 16.04 7.15 
CH3-CH2CH3 1.528 1.718 1.01 0.008 -16.20 7.21 
CH3-CH(CH3)2 1.530 1.725 1.02 0.007 -16.28 7.24 
CH3-CH2CH2CH3 1.528 1.719 1.01 0.007 -16.21 7.20 
CH3CH2-CH2CH3 1.530 1.727 -1.02 0.016 - 16.29 7.28 
CH3-CH2(CH2)2CH3 1.527 1.722 1.01 0.006 - 16.26 7.21 
CH3CH2-CH2CH2CH3 1.528 1.734 1.03 0.014 -16.42 7.27 
CH3-C(CH3)3 1.533 1.725 1.02 0.000 -16.25 7.25 

B . In carbocations 

Bond length p( rc) Order Ellipticity V2p(rc) 
Molecule Re (A) (e/A3) n E (e/A5) ( e ? h  

CH~-CH~+ 1.431 2.028 1.37 0.091 -24.37 3.72 
CH~-CH(CH~)+ 1.456 1.958 1.28 0.051 -22.50 4.86 
CH~-C(CH~)~+ 1.473 1.918 1.22 0.038 -21.21 5.69 

curvature of p is smaller. If the two negative curvatures of p at a 
bond critical point are denoted by A l  and A2 with A2 being the 
curvature of smallest magnitude, the quantity E = A, /A2 - 1, the 
ellipticity of the bond, provides a measure of the extent to which 
charge is preferentially accumulated in a given plane (4). Thus, 
for example, the ellipticity of the C-C bond in ethane is zero, 
greater than zero for benzene, and greater still for ethylene (and 
equal to 0.45 in the 6-31G** basis). In the latter two molecules 
the curvature of smallest magnitude is directed perpendicular to 
the plane of the nuclei, as anticipated for bonds with n character. 
The C-C bonds in the saturated hydrocarbons are close to 
being axially symmetric and their ellipticities are in general 
close to zero. The ellipticities in the cations are significantly 
greater than zero and the trend in their values is the same as that 
found for the bond orders, being greatest in C2H5+ and smallest 
in C4H9+. In all three of these cations the major axis of the 
ellipticity is perpendicular to the plane containing the nuclei 
bonded to the C nucleus. That is, the charge density in the 
C-CH3 bonds of the carbocations is preferentially delocalized 
in a direction parallel to the axis of the vacant p n  orbital on 
carbon atom C. 

The final quantity listed in Table 1 is V2p(rc), the sum of the 
three curvatures of p at the bond critical point. The charge 
density is a maximum in an interatomic surface at the bond 
critical point. The two curvatures of p perpendicular to the bond 
path are, therefore, negative and charge is locally concentrated 
in the surface at this point. Since p(r) is a minimum at rc along 
the bond path, the third or parallel curvature of p at the bond 
critical point is positive. Charge is locally depleted at rc with 
respect to neighbouring points along the bond path. Thus the 
formation of an interatomic surface and a chemical bond is a 
result of a competition between the perpendicular contractions 
of p, leading to a concentration or compression of electronic 
charge along the bond path, and the parallel expansion of p, 
leading to a depletion of charge in the interatomic surface and to 
its separate concentration in the basins of neighbouring nuclei. 
When V2p < 0, the perpendicular curvatures dominate the 
interaction and electronic charge is concentrated along the bond 
path. The result is a sharing of electronic charge between the 

nuclei as found in covalent or polar interactions. As one would 
anticipate, VZp(rC) < 0 for all of the bonds in the hydrocarbon 
molecules. Its values for a C-C bond in the saturated 
molecules exhibits only small variations throughout the series, 
its magnitude being slightly larger in the branched systems and 
for the interior bonds linking methylene groups. To a first 
approximation, the C-C bonds in the saturated hydrocarbons 
exhibit autonomous behaviour. The small variations in the bond 
indices that are present indicate a slight increase in order and 
degree of binding as the extent of branching is increased or as 
the chain length is increased. 

The values of V2p for the C-CH3 bonds in the cations 
become less negative through the series from ethyl to tert-butyl 
and are all greater in magnitude than the value for a C-C bond 
in the neutral molecules. Thus the greater the release of charge 
from methyl to carbon C, the greater is the bond order, the 
greater is the ellipticity and the more negative is the value of 
V2p. The value of VZp(rC) becomes more negative with an 
increase in bond order n as a consequence of two effects: (i) as n 
increases, charge is increasingly concentrated along the bond 
path, as reflected in an increase in magnitude of the perpendicu- 
lar curvatures of p; (ii) the increase in the accumulation of 
charge in the internuclear region that accompanies an increase in 
n results in a decrease of A3, the (positive) curvature of p along 
the bond path. The C-CH3 bonds of the carbocations all 
possess A3 values smaller than those for the neutral molecules, 
the smallest value being found for the ethyl cation for which the 
value of VZp approaches that for a C-C double bond, 
-28.7 e/A. 

In terms of the amount of electronic charge accumulated 
between the carbon nuclei as measured by pb, its mode of 
accumulation as measured by VZp, and its spatial distribution as 
measured by E, the C-CH3 bonds of the carbocations exhibit 
characteristics intermediate between those of a single and a 
double bond. It is clear that the transfer of charge from the 
hydrogens of methyl to carbon atom C occurs via a mechanism 
that destroys the axial symmetry of the C-CH3 bond and 
concentrates the charge in a plane aligned with the direction of a 
pn orbital on atom C. This alignment of the charge transfer is 
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reflected in the differing extents of charge removal from the ' hydrogen atoms of the methyl groups. There is no large ' differentiation between the charges on the methyl hydrogens in 
I the saturated hydrocarbons. This is not the case in the 

carbocations. One notes that the net positive charge on a methyl 

, carbon is not much changed from its value in the neutral 
precursor. The methyl hydrogens, however, bear net negative 
charges in the neutral molecules and net positive charges in the 
cations. Furthermore, the magnitude of this positive charge 
depends upon the orientation of H relative to the axis perpendic- 

' ular to the plane of substitution at carbon C. In the ethyl cation 
I the hydrogens of the methyl group are aligned such that the 

combination of orbitals depicted in a will be in-phase with the 
, PIT orbital on carbon C. The loss of electronic charge is greater 

for the hydrogen labelled H' (see Fig. 1) than it is for those 
I labelled H" and this is in line with the weighting of the 
1 coefficients of the atomic orbitals in a. This difference in extent 

of charge loss is reflected in the bond lengths as well, the values 
being 2.099 and 2.044 A for the bonds to H' and H", 
respectively. In the 2-propyl and tert-butyl cations the methyl 
hydrogens are aligned such that the combination of orbitals 
depicted in b provides the overlap with the PIT orbital on carbon 

a b 

C. In both these molecules the hydrogens labelled H' (Fig. 1) 
have approximately twice the net charge and slightly longer 
bond lengths than do the hydrogens labelled H". If one accepts 
the simple orbital model of hyperconjugation, then the hydro- 
gen atom populations of methyl may be used to determine what 
fraction of the charge loss from these atoms is caused by this 
mechanism. In the tert-butyl and 2-propyl cations the atoms H" 
(see Fig. 1) cannot donate charge by the hyperconjugative 
mechanism and their net charges determine the inductive charge 
losses, which are 0.03 and 0.05 e, respectively. The 0.04 e lost 
in excess of this amount by the atoms H' in these two molecules 
thus represents the charge released by the hyperconjugative 
mechanism. According to the model, the hyperconjugative 
release from H' is twice that from H" in the ethyl cation and, if 
the inductive loss is taken as 0.05 e, then the populations indeed 
yield hyperconjugative losses of 0.08 e from H' and 0.04 e from 
H". - - 

Moments other than the monopole (the net charge) may be 
determined for an atom in a molecule. Of particular interest for 
the cations is the quadrupole moment of carbon atom C. The z2 
component of the traceless quadrupole moment tensor is (12) 

with corresponding expressions for 1 and yZ. For a spherical 
distribution all three components are zero. If the sphere is 
flattened at its poles to yield an oblate spheroid, then (taking the 
polar axis along z) Q,,(a) > 0 and Q,(l2) = Q,(lR) = 
-iQ,,(fl), reflecting the accumulation of negative charge in the 
xy-plane. The orbital model assigns a vacant 2p1~  orbital to atom 
C in CH3+ and one anticipates the charge distribution of this 
atom to exhibit the moments characteristic of an oblate 
spheroid. The magnitudes of these moments should be smaller 
for carbon C in tert-butyl cation, as some part of the charge 

transferred to this atom preferentially populates its 2 p 1 ~  orbital. 
These conjectures are borne out. Both methyl and tert-butyl 
cations possess a three-fold symmetry axis and the principal 
moments lie along the three cartesian axes. For CH3+ the value 
of QZ,(0) is + 1.22 au while for the tert-butyl cation its value is 
reduced to +0.43 au. The oblate nature of the C atom charge 
distribution is also reflected in the distribution of charge in the 
C-H bonds. These bonds exhibit significant ellipticities 
ranging from 0.054 in CH3+ to 0.050 in C3H7+ and their major 
axes are in the same plane as that in which the sphere is 
flattened. 

Reactivity 
The susceptibility of a carbocation to nucleophilic addition 

can be predicted and understood in terms of the properties of the 
Laplacian of its charge distribution. The Laplacian of p is the 
sum of the three principal curvatures of p at each point in space: 

When VZp(r) < 0 the value of the charge density at r is greater 
than the value of p(r) averaged over allthe neighbouringpoints 
in space, and when VZp(r) > 0, then p(r) is less than this 
averaged value. These statements follow directly from the 
definition of the second derivative of a scaler function such as p 
(5, 6). The Laplacian distribution recovers the shell model of 
electronic structure by exhibiting a corresponding number of 
alternating pairs of shells of charge concentration and charge 
depletion. For an isolated atom with a complete outer shell, the 
valence shell of charge concentration (VSCC) possesses a 
sphere on whose surface charge is maximally concentrated. In 
general, this sphere of maximum charge concentration persists 
for an atom in chemical combination, but the charge is not 
un i fodv  concentrated over its surface. Instead. a number of 
local maiima are present on this surface and, in terms of their 
number, relative position, and size, they yield a faithful replica 
of the Lewis model of bonded and nonbonded electron  airs. A 

A -  

carbon atom in a saturated hydrocarbon possesses four bonded 
charge concentrations (see Fig. 4). Each of these maxima is 
linked to the other three by unique pairs of trajectories of the 
gradient of the Laplacian of p, which originate at intervening 
saddle points on the surface of charge concentration. These lines 
are the analogues of the bond paths defined by corresponding 
trajectories of the gradient of the charge density. This network 
of lines, called the atomic graph, partitions the surface of charge 
concentration into four segments and the basic structure is that 
of a tetrahedron with curved faces. In the centre of each face 
there is a local minimum in the surface of the VSCC. The 
uniform spherical surface of charge concentration of a free 
(sphericalized) carbon atom is transformed in methane, for 
example, into one with four tetrahedrally arranged concentra- 
tions of charge with charge depletions in the centre of each of the 
resulting faces. The surface of maximum charge concentration 
in the molecule is no longer perfectly spherical, the maxima and 
minima lying at slightly different distances from the nucleus, 
but all within the range of 0.54-0.55 A. 

It is well documented (6, 13, 14) that centres of charge 
concentration in the VSCC serve as sites of electrophilic attack, 
while the centres of charge depletion play the corresponding 
role in nucleophilic attack. The localized charge concentrations 
in the VSCC of carbon in a saturated hydrocarbon are, of 
course, all bonded concentrations and as such are relatively 
u~eact ive towards electrophiles. Because of the relatively 
small extent of charge transfer between atoms in saturated 
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FIG. 4. Displays of the negative of the Laplacian of the charge 
distributions of (a) methane, in a plane containing the carbon and two 
hydrogen nuclei, and (b) of methyl cation in a plane containing the 
carbon nucleus and a single proton. A maximum (minimum) in - VZp 
indicates a local concentration (depletion) of electronic charge. There 
is a local maximum at the position of each nucleus, which has been 
terminated at some arbitrary value. For carbon, this maximum and its 
neighbouring region of charge depletion denote the presence of an inner 
shell. Both drawings are to the same vertical scale. Note that the 
bonded maxima in the valence shell of carbon are larger in the cation 
than in the neutral molecule, a reflection of the contraction of charge 
towards the carbon nucleus in the former molecule. Most important is 
the absence of a "lip" separating the core region of the carbon in the 
cation from its valence region of charge removal. This puncturing of 
the valence shell of charge concentration (a shell which totally en- 
velopes the carbon core in methane) is found in all of the cations and 
it gives approaching nucleophiles direct access to the region of charge 
removal in the carbon core. 

hydrocarbons, the regions of charge depletion in the VSCC of a 
carbon atom are not pronounced and these atoms are also 
relatively umeactive towards nucleophilic attack. Substitution 
of a hydrogen in methane by fluorine greatly increases the extent 
of charge depletion in the VSCC of carbon in the face opposite 
the fluorine atom, thereby increasing the susceptibility of the 
carbon to nucleophilic attack (14). 

The carbon atom in the methyl cation exemplifies the VSCC 
of a Lewis acid. The surface of maximum charge concentration 

of this atom is punctured on either side of the plane containing 
the nuclei, reducing the VSCC to an equatorial belt of charge 
concentration, the three bonded maxima being linked to form a 
ring by intervening saddle points. This behaviour is made 
evident in the relief map of the Laplacian (Fig. 4) by the absence 
of a "lip" at the corresponding positions of the core. Thus an 
incomplete valence shell of the Lewis model or a p r  orbital 
vacancy of the orbital model appears in the Laplacian distribu- 
tion as two holes in the valence shell of charge concentration. 
These holes provide direct access to the region of charge 
depletion in the core of the atom, making it very susceptible to 
nucleophilic attack. The boron atom in trivalent systems 
exhibits similar behaviour, as does the carbon bearing the 
formal positive charge in the classical structure of the norbornyl 
cation (1). The two equivalent classical structures of this ion as 
determined by their charge distributions are separated by, and 
differ little in energy from, the symmetrical bridged or 
nonclassical structure. The Laplacian of this latter structure 
exhibits holes only on the exo side of the two carbons, which are 
alternately three-bonded in the two classical structures. On 
vibrational averaging, the most pronounced holes in the valence 
shells of these two atoms are those which, when combined with 
the charge concentration of a nucleophile, yield the mirror- 
image exo-norbornyl product, as is observed. 

If purely electrostatic effects determined the reactivity of 
these systems, both the net charge and the quadrupole moment 
of carbon C would indicate that the reactivity should decrease 
through the series from methyl to tert-butyl. However, the very 
pronounced positive character of the Laplacian of the core as 
exposed by the holes in the VSCC of carbon atom C ensures the 
susceptibility of all these cations to nucleophilic attack, even 
though carbon C is essentially neutral in one, and bears a small 
negative charge in another, member of the series. Because of the 
ability of the methyl hydrogens to act as sinks as well as sources 
of electronic charge, the charge distribution of the carbon 
bearing the methyl groups is very polarizable, charge leaving 
the atom and migrating back to the methyl hydrogens with the 
approach of the negatively charged nucleophile. 

Atomic energies 
The topological atoms are quantum subsystems and, there- 

fore, all of the theorems derivable from the Heisenberg equation 
of motion for any operator A apply to an atom in a molecule (2). 
In particular, the virial theorem applies (the operator A is set 
equal to r-p) and one may define E(n), the energy of atom in a 
molecule. These energies are additive and their summation over 
a molecule in an equilibrium geometry equals E, the total 
energy of the molecule, 

141 E = C E(n) 

It is important to realize that this partitioning of the total 
energy into atomic contributions includes a nontrivial partition- 
ing of the nuclear-nuclear potential energy of repulsion.* 

The viral theorem gives the following relationships between 

 he partitioning of the nuclear-nuclear repulsive energy is obtained 
as a consequence of the potential energy being defined as the virial of 
the (Ehrenfest) forces exerted on the electrons. The virial of the forces 
that results from the electron-nuclear potential energy operator yields 
the electron-nuclear potential energy plus the virial of the Hellmann- 
Feynman forces exerted by the nuclei on the electrons. For an 
equilibrium geometry this latter contribution equals the nuclear- 
nuclear energy. 
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TABLE 2. Atomic energies in saturated hydrocarbons (6-3 1G**/6-31G*) 

AE(C)~ AE(C)~ 
E (au) and E(CH3) - A" E(CH2) - B" of CH3 of CH2 E - XnE(0) 

RH y = -V/T (kcal /mol) (kcal /mol) (kcal /mol) (kcal /mol) (kcal /mol) 

"A = -39.61912 au, the energy of CH3 group in ethane; B = -39.03775 au, the energy increment in series CH3(CH2).CH3. 
b ~ ( C )  of CH, relative to E(C) in ethane = -37.63264 au and E(C) of CH2, relative to E(C) of CH, in propane = -37.65449 au. 

TABLE 3. Atomic energies in carbocations (6-31G**/6-31G*) 

A E + ~  
E ( a 4  Atomic energies relative to C and H in C H ~ +  (kcal/mol)" (kcal /mol) 

Cation and E - XnE(0) 
R+ y = -V/T AE(C) AE(H) AE(Cr) AE(H1) AE(HV) AE(CH3) Calcd. Exp." (kcal/mol) 

"Energies of atoms in CH,+ are: E(C) = -37.6824 au; E(H) = -0.5183 au. 
bEnergy change for reaction CH,+.+ RH CH, + R+. 
'Experimental data for cations taken from ref. 18. The experimental values of AE+ are calculated from APk298) values. 

the kinetic (T(fl)), potential (V(fl)) and total (E(fl)) energies of integration may be determined3 and, when the error in eq. [4] 
an atom in a molecule that is in an equilibrium geometry: exceeds 0.5 kcal/mol, the results for the atom with the smallest 

where E(fl) = T(fl) + V(fl). The kinetic energy of an atom in a 
molecule is easily obtained by integration of a corresponding 
density over the basin of the atom and the first of the relation- 
ships given in [5] is then used to obtain the total energy of the 
atom, E(fl). The virial theorem is not exactly satisfied at the 
6-31G** level of calculation and the ratio -V/T for each 
molecule differs slightly from the correct value of two for an 
equilibrium geometry. This can be seen from the data in Tables 
2 and 3, where this ratio is given under the heading y. To correct 
for the small error in the virial, each atomic kinetic energy is 
multiplied by the factor (y - 1) to obtain a set of atomic energies 
that correctly sum to the total energy of the molecule. The nuber 
(y - 1) is in every case close to unity, the value it should equal at 
equilibrium. An atomic kinetic energy is obtained by numerical 
integration over the basin of an atom. As a test of the numerical 
methods, Tables 2 and 3 compare the sums of the atomic 
energies with the total energies (eq. [4]). The integration error is 
never greater than 2.0 kcal/mol. The relative precision of each 

precision are adjusted to yield the correct sum. 
The most interesting property of the energies of the saturated 

hydrocarbons is that they obey an additivity relation wherein 
one assigns fixed energies to the CH3, CH2, CH, and C groups 
(15). The most important property of the topological atom is that 
its properties, including its energy, are determined by its spatial 
distribution of charge, that is, by its form in real space. Thus 
when two atoms or two functional groupings of atoms "look the 
same", i.e., when they have the same spatial distribution of 
charge, they have the same properties and they contribute 
identical amounts to the total energies of the systems in which 
they occur. This possibility of transferability in real space, 
together with the additivity of the atomic energies over a given 

3 ~ s  a consequence of the quantum condition of zero flux in the 
gradient vector of p through the surface of an atom, the integration of 
the Laplacian of the charge density over an atom must vanish (1, 2). The 
smallness of the value of this intergral may thus be used to judge the 
quality of an integration. Its value is a direct measure of the difference 
in the values of the two methods of calculating the average kinetic 
energy of an atom and normally it equals 0.1 kcal/mol or less. 
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molecule as expressed in eq. [4], are both necessary to account 
for additivity schemes in homologous series of molecules. 

It is possible to fit the experimental heats of formation of the 
homologous series CH3(CH2),CH3, starting with m = 0, with 
the expression 2A + mB, where A is the contribution from the 
methyl group and B that from the methylene group. The 
generally accepted value for B at 25OC is -4.93 kcal/mol, 
while A = -10.12 kcal/mol. Wiberg has shown that the 
correlation energy correction, the zero point energies, and the 
change in Hf on going from 298 to OK are reasonably well 
represented by group equivalents (1 6") .4 This is indeed the case, 
for the calculated 6-3 1G**/6-3 lG* energies (for the vibration- 
less molecules at 0 K) may also be fitted by the relationship E = 
2A + mB, with A = -39.61912au and B = -39.03775au. 
Those constants reproduce the calculated energies with a maxi- 
mum error of 0.13 kcal/mol, which is slightly smaller than the 
experimental errors in the measurements at 25OC. This means 
that the calculated state functions, energies, and charge distri- 
butions contain the necessary information to account for the 
additivity observed in this homologous series of molecules. 

It is clear from the populations already considered that the 
methyl group in ethane is not identical to those found in the other 
members of the series and, similarly, the methylene group is 
different in the three molecules of the series considered here. 
The small differences found for these groups are to be expected, 
as their environments change by corresponding small amounts 
from molecule to molecule. In ethane, methyl is bonded to 
methyl, while in the other systems it is bonded to methylene, 
from which it withdraws charge. Table 2 lists the energies of the 
methyl groups relative to the constant A, the energy of a methyl 
group in ethane. To within the accuracy of the integrations, the 
population and energy of methyl are constant when it is bonded 
to methylene. That is, the methyl group is the same in all 
members of the homologous series past ethane. The methyl 
group in these molecules, relative to methyl in ethane, is more 
stable by an amount AE = - 10.5 2 0.5 kcal/mol and its 
electron population is greater by an amount AN = 0.018 + 
0.001 e. The charge and energy gained by the methyl groups are 
taken from the methylene groups. What is remarkable and what 
accounts for the additivity of energy in this series of molecules is 
that the energy gained by the methyl groups is equal to the 
energy lost by the methylene groups. Table 2 lists the energies 
of the methylene groups relative to the energy increment B and 
one finds that, in propane, the energy of the methylene group is 
B - 2AE and its charge is +2AN. In butane, each methylene is 
bonded to a single methyl and their energies are given by B - 
AE and their charges by +AN. The corresponding CH2 groups 
in pentane, those bonded to a methyl group, have the same 
properties, implying that the central methylene in pentane, 
which is bonded only to methylene groups, should have an 
energy equal to B and a zero net charge. This is what is found, to 
within the uncertainties of the integrated values. Thus methy- 
lene groups bonded only to other methylenes, as found in 
pentane and all succeeding members of the series, possess zero 
net charges and contribute the standard increment B to the total 
energy. Also listed in Table 2 are the energies of the carbon 
atoms in the methyl and methylene groups relative to the 
corresponding energies in ethane and propane, respectively. 
These data show that essentially all of the increase in stability of 
CH3 relative to its value in ethane, and of CH2 relative to its 
value in propane, comes from the increase in the electron 

4For an extension of this work to other systems, see ref. 16b. 

population of the carbon atom in these groups. The populations 
as well as the energies of the carbon of methyl are also 
remarkably constant after ethane, the net charge on a carbon of 
methyl in propane, butane, and pentane varying by only 
k0.002 e from the value 0.225 e. 

Thus the additivity scheme for the energy in the hydrocarbons 
is not the result of the methyl and methylene groups having the 
same energies in every molecule in spite of small changes in 
their environments. Instead, their properties do change with 
changes in environment but the effect is damped by a single 
methylene group and, most important, the change in energy for 
a change in population, the quantity AEIAN, is the same for 
both the methylene and methyl groups. It is also necessary that 
the change in correlation energy for a change in population be 
the same for both groups to within the experimental uncertainty 
of k0.2 kcal/mol. 

The branched molecules, isobutane and neopentane, are 
more stable than their normal isomers by 1.9 and 5.1 kcal /mol 
in terms of their AHf values at 25°C and by 1.6 and 3.8 kcal/mol 
in their vibrationless states at OK (17). The 6-31G**/6-31G* 
calculated energies predict increased stabilities of only 0.4 and 
0.5 kcal/mol, respectively, indicating that the change in corre- 
lation energy for a change in population for the CH and C groups 
is different from that for the CH3 and CH2 groups. As noted 
above, the relative electron-withdrawing abilities of the hydro- 
cubon groups are in the order C < CH < CH2 < CH3. Thus the 
charges on the methyl groups in the branched isomers are 
greater than those found in the normal alkanes, and they are 
correspondingly more stable. Relative to methyl in ethane, the 
hE and AN values for methyl in isobutane are 20.3 kcal/mol and 
0.029 e and in neopentane they are 28.8 kcal/mol and 0.036 e, 
respectively, and the actual energies of the CH and C groups are 
less than the values assigned to them in the additivity scheme. 
Essentially all of the increase in stability of the methyl groups in 
the branched hydrocarbons resides in the carbon of the methyl 
group (see Table 2). Thus the ratio AE/AN is greater for the 
branched isomers, where it equals 1.12 for isobutane and 
1.27 au/e for neopentane, than it is for the normal alkanes for 
which it equals 0.88 au/e. The carbon exhibiting the greatest 
increase in stability is the one at which the branching occurs. In 
isobutane this atom is 26.6kcal/mol more stable than the 
carbon atom in ethane, and in neopentane the corresponding 
increase in stability is 46.2 kcal/mol. 

Table 3 lists the atomic and group energies for the carboca- 
tions, all relative to the values in C H ~ + .  The final set of entries 
are the energy changes for the reaction of a carbocation R+ with 
methane. 

The experimental values for this energy change are also listed, 
calculated from heat of formation data at 298 K. The calculated 
values clearly reproduce the experimental increase in the 
stability of the cation with increased methyl substitution. The 
difference between the two sets of values is an almost constant 
11 kcal/mol. As noted above, increasing methyl substitution 
leads to an increase in electron population of the carbon atom at 
which substitution occurs (carbon atom C in Fig. 1). There is 
also an increase in the extent of delocalization of the positive 
charge over the methyl hydrogens. This leads to an increase in 
the electron population of every atom with increased methyl 
substitution and to a corresponding increase in their stabilities, 
as indicated by the values of the relative energies listed in Table 
3. The effect is most pronounced for carbon atom C because of 
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the transfer of charge to this atom, a transfer brought about by 
both inductive and hyperconjugative mechanisms of charge 
release. It is to be recalled that in the tert-butyl cation, the most 
stable of these cations, this carbon actually bears a net negative 
charge. While the branched neutral hydrocarbons also increase 
in stability with methyl substitution, the changes between 
members are less pronounced than between corresponding 
members of the cationic series and hence AEf < 0 and decreases 
through the series. 
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Gas-phase reactions of the hydroperoxide and peroxyformate anions 
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JOHN H. BOWIE, CHARLES H. DEPUY, SALLY A. SULLIVAN, and VERONICA M. BIERBAUM. Can. J. Chem. 64,1046 (1986). 
The flowing afterglow technique has been used to study the reactions of H02- and HC03- in the gas phase. The hydroperoxide 

ion reacts slowly with CO to form HOP, and oxidizes C02,  OCS, CS2, NO, SO2, CH3NC0, and CH3NCS in fast reactions to 
form C03-, CO2SP, COS2-, NO2-, SO3-, CH3NC02-, and CH3NCOSP, respectively. Reactions of H02- with certain amides 
and esters provide synthetic routes for a number of interesting peracyl anions. One of these, the peroxyformate ion, HC03-, 
reacts with CO and NO in slow oxidation reactions to form the formate ion HC02-. It also forms HC02- upon reaction with 
acetone and pivalaldehyde, perhaps by Baeyer-Villiger oxidation. 

JOHN H. BOWIE, CHARLES H. DEPUY, SALLY A. SULLIVAN et VERONICA M. BIERBAUM. Can. J. Chem. 64, 1046 (1986). 
Faisant appel h la technique de la phosphorescence dynamique, on a Ctudit les rCactions des ions H02- et HC03- en phase 

gazeuse. L'ion hydroperoxyde rCagit lentement avec le CO pour former du HO- et il oxyde rapidement les substances suivantes: 
C02,  OCS, CS2, NO, SO2, CH3NC0 et CH3NCS pour former respectivement les ions suivants: C03-, C02S-, COS2-, NO2-, 
SO3-, CH3NC02- et CH3NCOS-. Les rCactions du H02- avec certains amides ou esters s'avkrent des routes de synthkses 
int6ressantes pour un certain nombre d'anions peracyles. Un d'eux, l'ion peroxyformate, HC03-, oxyde lentement le CO et le 
NO pour donner l'ion formate HC02-. Il forme aussi du HC02- par rCaction avec l'acttone et le pivalaldthyde et cette rCaction 
implique peut-&tre une oxydation de Baeyer-Villiger. 

[Traduit par la revue] 

Introduction 
The gas phase ion chemistry of the hydroperoxy anion, 

H02-, has been only sparsely investigated. The ion may be 
prepared in a flowing afterglow apparatus by sequential reac- 
tions involving hydride ion transfer to oxygen, for example 
from the cyclohexadienyl anion (1) or, better, from the anion 
derived by proton abstraction. from 2,3-dimethyl- 1 -butene (eqs. 
[ll  and [21) (2). 

Certain physical parameters related to H02- have been 
determined. The electron affinity (E.A.) of the hydroperoxy 
radical (H02- + H02 + e-, AH = E.A.(HO,)) is 1.078 f 
0.017eV, and the gas-phase acidity of hydrogen peroxide 
(H202 + H+ + H02-, AH = AH',,~~ (H202)) is 376.4 f 
0.6 kcal mol- ' (2,3). In a previous paper (1) we reported briefly 
that H02- is a powerful oxidant, donating an oxygen atom to a 
number of substrates, and that it also can serve as a gas-phase 
base, reacting by proton abstraction with acidic organic mole- 
cules. In this paper we describe the chemistry of H02- in its 
reactions as both oxidant and base in more detail, including 
its reaction rates with a variety of neutral substrates. In this 
context, H02- reacts with certain amides to form peracyl 
anions. Dimethyl formarnide, for example, reacts with H02- to 
form the peroxyformate ion, HC03-, and we describe some of 
the gas-phase reactions of this interesting ion. 

Experimental 
Experiments were performed at 300 K in a flowing afterglow (FA) 

system, which has been described previously (4). The system consists 
of a lOOcm X 7.6 cm id flow reactor affixed to a quadrupole mass 
spectrometer. A fast flow (80 m skl )  and relatively high pressure 

'On leave from the Department of Organic Chemistry, University 
of Adelaide, South Australia, 5001. 

2Author to whom correspondence may be addressed. 

(0.4 Torr; 1 Torr = 133.3 Pa) of helium buffer gas is maintained in the 
flow tube by a Roots blower. The H02- ion was generated as follows. 
Abide ion was produced by electron impact on NH3 (2 x lop3 Torr) 
and 2,3-dimethyl-l-butene was added 10 cm downstream until no 
NH2- signal remained. Oxygen was then added at the same position 
until the signal corresponding to the anion of 2,3-dimethyl-l-butene 
disappeared. Care must be taken not to add too much oxygen as 
this causes the formation of 04-; subsequent reactions of this ion 
complicate the determination of branching ratios. The reaction sequence 
produces H02- and 02- (normally in a 4: 1 ratio), but the 02- has little 
or no effect on further reactions. The neutral reagent to be reacted with 
HC02- was added through the movable inlet at least 10 cm downstream 
from the initial point of HC02- generation. 

In order to observe the reactions of the peroxyformate ion, HC03-, 
dimethylformamide was introduced through a fixed inlet 10 cm 
downstream of HOz- formation. Since HC03- reacts at a much slower 
rate than H02- it is desirable that all H02- ions be removed; therefore 
excess dimethylformamide is added. Nevertheless some experiments 
(see Table 2) show products formed by trace amounts of H02-. The 
neutral reagent to be reacted with HC03- was introduced through the 
movable inlet at a distance at least 10 cm downstream from the region 
of HC03- generation. 

Flow rates were determined by monitoring the pressure increase 
with time in a calibrated volume. Rate coefficients were measured by 
following reactant ion counts as a function of reaction distance. 
Measurements were made at several neutral flow rates, and reported 
values are averages of three measurements. The experimental precision 
of each rate constant is better than f 10%; the overall accuracy of 
the rate constants is estimated to be +25%. Theoretical rates were 
calculated using the method of Su and Bowers (5). Branching ratios 
were measured as described previously (6). 

All neutral reagents were obtained from commercial sources. Gases 
were of the following purities: He (99.997%), NH3 (99.999%), 0 2  

(99.98%), N20 (99.99%), NO (99.2%), CO (99.9%), C02 (99.5%), 
OCS (97.7%), and SO2 (99.98%). Liquids were commercial reagent 
grade. 

Results and discussion 
Reactions of HOz- 

The hydroperoxy anion reacts with many substrates by 
oxygen atom transfer and (or) proton abstraction. Those 
reactions for which we have determined rate constants are listed 
in Table 1. These data demonstrate that H02- is a moderately 

Rinted in Canada / Imprime au Canada 
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BOWIE ET AL. 

TABLE 1. Reactions of H02-.  Products, branching ratios, rate constants, and efficiencies 

Neutral Branching 
reactant Products ratios kexp? kexptl k . 4 ~ 0 ~  

"In cm3 molecule-' s-'. 
*Reaction efficiency. ADO rate constant calculated by the method of Su and Bowers (5). 
'Since HS- and H02- are both m/z 33, the small buildup in HS- makes the rate measurement 

inaccurate. The rate is less than that observed for the reaction: H02- + C02 + C03- + HO. 
dSome may come from 02-.  
'Structure of the neutral product is not known. 

strong base and a powerful oxidizing agent. Its basicity is 
demonstrated by the deprotonation of acetone (AHoaCid = 
368.8 kcal mol-') (7), which occurs at almost every collision, 
and of methyl acetate (AHO,~~ = 371.0 kcal mol-') (7), which 
occurs, on average, every second collision. These results are 
consistent with our previous determination of the acidity of 
H202 (vide supra). 

The most interesting feature of the reactivity of HOz- is 
its power as an oxidizing agent. It readily oxidizes carbonyl 
compounds by donation of an oxygen atom, as exemplified by 
its reaction with COz , which we formulate as written in eq. [3]. 

trace of adduct. Both OCS and CS2 give mainly (>95%) the 
corresponding oxygen transfer products C02S- and COSZp, 
respectively, but in both cases HS- is produced in small 
amounts. Since HS- and H02- have the same mass, the 
determination of rate constants for these reactions is compli- 
cated; kinetic plots are curved because of buildup of a product 
ion of the same mass as that of the reactant whose intensity is 
being monitored. Qualitatively, however, both OCS and CS2 
react rapidly, but somewhat less so than do C02 or SOz. The 
formation of HS- must arise from proton transfer within the 
initial adduct, followed by fragmentation (eq. [4b]) .  

0 [4a] HOOP + OCS d C O 2 S -  >0.95 + HO 

t n  ns -"."- 
I4bl - HS- + C 0 3  This reaction occurs, within the experimental uncertainty, at 

every collision, and this rapid rate is consistent with other Since the electron affinity of the carbonate radical (2.69 eV) (9) 
addition reactions to C02,  which we reported in an earlier paper is higher than that of HS (2.32 eV) (9) and no C03- is seen 
(8). A small amount of the adduct, HOOC02-, is also formed. among the products, it is unlikely that C03 has the arbonate 
The exact amount formed is dependent upon the helium pressure structure. We suggest instead that the following reaction occurs 
since the reaction is termolecular. Provided that the adduct lives (e4. U1). 
long enough s) to collide with one or more helium 
atoms, the reaction exothennicity can be removed and a stable 
adduct observed. An analogous reaction occurs with HOP and 

OCS and cs*. 
COz (8). A rapid reaction also occurs between HOz- and SO2, [s]  

With SOz, SO3- is observed as the main product ion, with 1 
a smaller amount of the electron transfer product SOz- and a HS- + -oLo=C=O 
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The overall reaction would then be analogous to that which 
occurs between hydroxide ion and COS (eq. [6]) (8). 

Reactions between H02- and methylisocyanate and methyl- 
isothiocyanate offer an opportunity to compare substitution and 
oxidation reactions within the same molecule (eqs. [7] and [8]). 

For methylisocyanate only a trace (2%) of substitution, 
which generates NCO-, is observed while with methylisothio- 
cyanate NCS- is the major product (82%). This is consistent 
with the fact that NCS- is expected to be a better leaving group 
than NCO- due to its lesser basicity (8). A more surprising 
product is cyanide ion (14%) from reaction of methylisocyanate 
with H02-. A possible pathway for the formation of this ion is 
that shown in eq. [9]. 

We have shown previously (10) that CN- is formed readily 
when the formimine anion is produced in an exothermic reaction 
(eq. [lo]). 

[lo] F- + (CH3)3Si-CH2N3+= (CH3)3SiF + N2 + CH2=N- 

.1 
CN- + Hz 

The gas-phase hydroperoxy anion also oxidizes aldehydes to 
carboxylate ions, just as it does in solution. To avoid proton 
transfer reactions, which compete effectively, aldehydes with- 
out a-hydrogens must be used (eq. [11]). 

The mechanism by which water is eliminated from the adduct 
remains uncertain. The addition step should be only slightly 
exothermic, so that the adduct will not be energized sufficiently 
to promote even oxygen-oxygen bond cleavage. A seemingly 
related loss of water across a carbon-oxygen bond is observed 
upon addition of H02- to ethylene oxide (eq. [12]). 

We reported previously (1 1) the reaction of H02- with 
methyl formate, where proton abstraction resulting in the 
Riveros reaction ([13a]) gives rise to the major product ions, 
accompanied by smaller amounts of carbonyl addition ([13 b]) 
and nucleophilic substitution products ([13c]). 

With methyl acetate as the substrate, a 5050 mixture of 
products arising from proton abstraction and from carbonyl 
addition is observed. When dimethyl formamide is used, 
however, the peroxyformate ion is the exclusive ionic product 
(eq. [141). 

This reaction is somewhat slower than the others but still occurs 
at approximately one in four encounters. The chemistry of the 
peroxyformate ion will be considered briefly in a later section. 

The reactions of H02- with CO and NO are also appreciably 
slower than the encounter rates; the former produces hydroxide 
ion (eq. [15]), and the latter, NO2- (eq. [16]). 

In either case the initial adduct is of higher energy than that, for 
example, from C02, and the difficulty in its formation probably 
presents a barrier along the reaction pathway and accounts for 
the slower rates. In the case of reaction with carbon monoxide, 
for example, the initial adduct is a formyl-type anion, a 
relatively high energy species. Subsequent decomposition gives 
HOP and C02. Analogous decomposition of an adduct between 
H02- and NO would be expected to form HO and N02-, since 
NO2 has a higher electron affinity (2.275 eV) (9) than does HO 
(1.83 eV) (9). 
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B O W  ET AL. 

I1 
TABLE 2. Reactions of H-C-02-. Products, branching ratios, rate constants, and efficiencies 

Neutral Branching 
reactant Products ratios kexp? k e x p t / k ~ ~ o ~  

0 

H- C -0-0-C 
/ 

co, >0.95' 1.1 x lo-" 
II \ 
0 0- 

HC02- + C03 0.02 

NO HC02- + NOz 1 .Oe 7.0 X lo-" 0.11 

so2 SO2- + HC03 1 .O 1.4 X 1.1 

CH3COCH3 HC02- + C3H602 1 . d  3.0 X 10-lo 0.13 

(CH3)3CCH0 HC02- + CsHlo02 1 .Og 8.4 X 10-lo 0.42 

"In cm3 molecule-' s-', unless otherwise noted. 
bReaction efficiency. ADO rate constant calculated by the method of Su and Bowers (5). 
'This adduct is formed by a termolecular reaction; branching ratio is given for the pressure = 0.385 Torr. 

cm6 molecule-2 s-'. 
'A small amount of NO2- is present (10% of HCO2- peak). The intensity of the signal increases markedly 

as the distance between the NO and DMF inlets is decreased. We believe NO2- is formed from residual H02-.  
fA small amount of CH3COCH2- is present (15% of HC02- peak) but we believe this arises from 

residual H02-. 
8A small amount of (CH3)3CC02- is present (5% of HC02- peak) but we believe this arises from residual 

HOz-. We cannot exclude the possibility that some (CH3)3CC02- is produced in the HC03- reaction. 

Reactions of HC03- 
Since the peroxyformate ion3 can be formed readily from the 

reaction of HOz- with dimethylformamide, we have made a 
brief study of its chemistry and the results are summarized in 
Table 2. It is clear that the peroxyformate ion is significantly less 
reactive than the hydroperoxy anion. For example, it reacts with 
carbon monoxide at only a quarter of the rate at which HOz- 
reacts. This is consistent with HC03- being a weaker base than 
is HOz-, as is shown by the fact that it does not deprotonate 
acetone, as HOz- does. To the extent, then, that a formyl-type 
anion is involved in the oxidation of CO, the peroxyformate ion 
should react more slowly (eq. 1171). 

HC03- also oxidizes NO more slowly than does HOzP. Since 
the formoxyl radical has a greater electron affinity (3.5-4 eV) 
than does NOz, the formate ion is observed rather than NOz-. 

Since HC03- is not a strong enough base to abstract a proton 

3 ~ h e r e  are two structures for an ion of molecular formula HCO3- 
that we must consider, namely the bicarbonate ion HOC02- and the 
peroxyformate ion HC03-. We have prepared the bicarbonate ion by 
the termolecular process HOP + C02 + He + HOC02- + He (12). 
The bicarbonate ion undergoes ready exchange with (for example) D20 
or MeOD to form DOC02-. The ion formed from HOz- and dimethyl- 
formamide does not exchange with either D20 or MeOD; instead, it 
undergoes slow clustering reactions. Other reactions of the bicarbonate 
ion will be described in a subsequent publication. 

from aldehydes and ketones, we were able to examine other, 
slower reactions of these neutrals. In particular we noted that 
acetone reacts rather slowly (eff. = 0.13) with HC03- to 
produce HC02-, and other carbonyl compounds react sirni- 
larly. Obviously oxygen atom transfer has occurred to acetone, 
but the formate ion is such a weak base that it is the only 
ionic product. We suggest that when the peroxyformate ion 
reacts with aldehydes and ketones a gas-phase Baeyer-Villiger 
reaction occurs. For example, methyl acetate would be the 
neutral product from reaction with acetone as given in eq. [18]. 

Pivalaldehyde reacts somewhat more rapidly (eff. = 0.42), also 
to form the formate ion. 

Carbon dioxide reacts slowly with HC03- in a termolecular 
reaction to form an adduct; only a small amount of the oxidation 
product is observed. 
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Site of gas-phase ethyl ion attachment 
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ALEX G .  HARRISON. Can. J. Chem. 64, 1051 (1986). 
I The [C2D5]+ species forms an adduct in the gas phase with ethyl acetate, ethylbenzene, and p-ethyltoluene, which 
I subsequently unimolecularly eliminates C2H4 and C2D4 in approximately a 2: 1 ratio. These results indicate that the adduct is not 

a weakly bound ion-molecule complex but a bonded species in which the C2D5 group has become equivalent to the C2H5 group 
present in the molecule; the preference for elimination of C2H4 is due to an isotope effect. From observations of the relative loss of 
C2H4 and C2D4 from [C2~5]+  adducts with other molecules containing a C2H5 group, it is concluded that the [C2D5]+ species 
attaches to the carboxyl group in ethyl benzoate, primarily to the ring in substituted phenetoles and in ethylphenols, primarily to 
the nitrogen in ethylpyridines, and primarily to the ring for N-ethyl- and p-ethyl-aniline. 

ALEX G .  HARRISON. Can. J. Chem. 64, 1051 (1986). 
En phase gazeuse, les espkces [C2D5]+ foment des adduits avec I'acCtate d'Cthyle, 1'Cthylbenzbne et le p-Cthylbendne qui, 

par le biais d'une reaction unimolCculaire, Climinent par la suite du C2H4 et du C2D4 dans un rapport de 2: 1. Ces rksultats 
indiquent que l'adduit n'est pas uniquement un complexe ion-molCcule faiblement reliC mais plut8t une espbce comportant une 
liaison et dans laquelle le groupement C2D5 est devenu Cquivalent au groupement C2H5 qui est prCsent dans la molCcule; 
1'Climination prCfCrentielle du C2H4 serait due i un effet isotopique. Sur la base des observations concernant les pertes relatives 

I 
de C2H4 et de C2D4 il partir d'adduits du [C2D5]+ avec d'autres molCcules contenant un groupement C2H5, on en conclut que les 
espkces [C2D5]+ s'attachent soit au groupement carboxyle du benzoate d'Cthyle soit principalement au cycle aromatique des 

I phCnCtoles substituis, des CthylphCnols ou des anilines N- ou p-CthylCes. 
I [Traduit par la revue] 

There is considerable interest as to the site of protonation and 
alkylation of organic molecules in the gas phase; this interest is 
prompted not only by questions of intrinsic molecular properties 
such as proton affinities but also by the question of the effect of 
the site of attack on ionic fragmentation reactions under 
chemical ionization conditions. In considering the site of 
protonation/alkylation it is important to distinguish between 
conditions of thermodynamic control that apply when equilibrium 
proton affinities are measured and kinetic control that charac- 
terizes protonation and alkylation under chemical ionization 
conditions. 

There now is a large body of equilibrium gas-phase proton 
affinity data (for a summary of data and methods of measure- 
ment, see ref. 1) including many bifunctional molecules. 
Although the thermodynamically favoured site of protonation 
has been elucidated from an investigation of substituent effects 
(2), for most bifunctional molecules, the site of protonation has 
been determined from correlations of gas-phase proton affinities 
with core binding energies. Thus, from correlations of the 
measured proton affinities of carboxylic acids and derivatives 
with O(1s) binding energies it has been established (3-5) that 
these compounds are protonated on the carbonyl oxygen. A 

-I similar study (6) has established that in the gas phase amides are 
i protonated on the oxygen, which is in agreement with solution 

phase results (7). The correlation of proton affinity data of 
substituted pyridines with N(l s) binding energies (8) shows that 
protonation occurs on the nitrogen, while a similar correlation 

I for substituted anilines (9) reveals a more complex behaviour 
where protonation on either the ring or a nitrogen depends on the 
substituent. 

The position of proton or cation attack under the conditions of 
chemical ionization is much less clear. Much of the evidence 
has arisen from collision-induced dissociation (CID) studies 
(10) of the protonated and cationized products. Thus, Maques- 
tiau et al. (11) found that the CID mass spectra of ethylated 

pyrrole and protonated N-ethylpyrrole showed substantial 
differences and they concluded that neither ethylation nor 
protonation occurred at the nitrogen. From similar studies of the 
ethylation of pyridine and the protonation of ethylpyridines they 
concluded that ethylation and protonation both occurred at the 
nitrogen. In the case of aniline they concluded from the 
similarity of the CID spectra of protonated 2-, 3-, and 
4-ethylaniline with the CID spectrum of ethylated aniline that 
ring protonation and ethylation occurred. In contrast to these 
results, in a similar CID study Cooks and co-workers (12) 
concluded that aniline was both methylated and ethylated 
predominantly at the nitrogen, although in the ethylation 
reaction they concluded that 20% ring attack occurred. At the 
considerably higher pressures involved in radiolytic studies 
Attina and Cacace (13) observed -20% nitrogen and -80% 
ring ethylation of aniline. More recently, Burinsky and Carnpana 
(14) have studied the site of attachment of H+, [CH3]+, and 
[C2H5]+ to morpholine, thiomorpholine, and 1,4-thioxane by 
CID studies of the adducts. They concluded that the site of pro- 
tonation followed the predicted trends in proton affinities of the 
heteroatoms (N > S > 0 )  but that alkyl ion reactivities followed 
differences in electronegativity or electrophilicity (S > N > 0) .  

Cooks and co-workers (12) observed that the ethyl ion 
adducts that they studied showed a strong tendency to eliminate 
ethylene in unimolecular (metastable) fragmentation reactions. 
They suggested that this arose because the adduct fragmenting 
in this way existed as a weakly bound ion-molecule complex 
such as a proton bound dimer of the substrate and ethylene, 
which would be expected to lose ethylene readily. To investigate 
this possibility we have reacted [C2D5]+ with a number of 
substrates containing unlabelled ethyl groups. We have found 
that the adduct ion that fragments unimolecularly cannot be 
explained in terms of a weakly bound ion-molecule complex 
but rather that, in many cases, the labelled ethyl group added has 
become equivalent with the unlabelled ethyl group originally 
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present in the substrate molecule. As is indicated below, these 
studies also provide information on the site of attack when more 
than one site is possible. 

In our initial studies we examined the unimolecular fragmen- 
tation of the [C2D5]+ ethylbenzene and p-ethyltoluene adducts. 
In both cases we observed loss of both C2H4 and C2D4 in the 
ratio 2.3$1.0 (ethylbenzene) and 2. 15: 1.0 (p-ethyltoluene), 
favouring C2H4 loss. These results indicate that those adducts 
that are fragmenting unimolecularly cannot be described in 
terms of a weakly bound ion-molecule complex but rather that 
they are chemically bound species in which the C2D5 group has 
become equivalent with the C2H5 p u p  originally present in the 
substrate molecule, i .e. 

Fragmentation of protonated ethylbenzenes is known to 
involve elimination of ethylene (15). The preferred elimination 
of C2H4 compared to elimination of C2D4 undoubtedly arises 
from an isotope effect favouring H transfer over D transfer; 
isotope effects of this magnitude are observed frequently (16). 
The present experiment provides no information as to the exact 
position of attack, and attack at the para position as shown in 
reaction [I] is for illustrative purposes only. 

Reaction of [C2D5]+ with ethyl acetate leads to an adduct that 
subsequently loses C2H4 and C2D4 in the ratio 2.33:1 .O. Again 
this indicates equivalence of the two ethyl groups, with 
elimination of C2H4 favoured by an isotope effect. We cannot 
distinguish between the two alternative sites of [C2D5]+ attack 
exemplified by 1 and 2, although the thermodynamically 

favoured product is 1 (3-5). The adduct formed between 
[C2D5] + and ethyl benzoate lost C2H4 and C2D4 unirnolecularly 
in the ratio 2. 15: 1 .O. This result indicates equivalence of the two 
ethyl groups and thus formation of an adduct similar to 1 or 2 
rather than [C2D5]+ addition to the aromatic ring. 

Protonated and ethylated phenyl n-propyl ethers have been 
shown (17) to eliminate propylene, and a similar reaction would 
be expected for substituted phenetoles. Accordingly, we have 
studied the unimolecular fragmentation of the adduct of 
[C2D5]+ with three substituted phenetoles, with the results 
summarized in Table 1. In all cases the observed ratio of C2H4 
loss to C2D4 loss is greater than that expected for equivalence of 
the two ethyl groups, based on the results presented above. We 
interpret this result in terms of [C2D5]+ addition at both the 
oxygen and the aromatic ring, viz. 

TABLE 1. Fragmentation of [C2D5]+ adducts of substituted phenetoles 

Fractional loss of 

Phenetole c2H4 c2D4 -cz&/-c2& 

We can present no evidence concerning the exact position of 
attack on the ring; ortho attack is used for illustrative purposes 
only. If we assume that addition to oxygen (reaction [2]) will sub- 
sequently lead to C2H4 and C2D4 loss in the ratio 2.2: 1.0 (see 
above) and that addition at the ring (reaction [3]) leads to loss of 
C2H4 only, we calculate that the percent of ring addition is 30% 
(p-F) 53% (p-CH3), and 75% (p-Cl). The thermodynamically 
favoured site of protonation of the substituted phenetoles is not 
known, although it is known (2,5) that the thermodynamically 
favoured site of protonation of anisole is the aromatic ring. It 
should be emphasized that the above results refer only to those 
ions that undergo fragmentation in the second field-free region 
of the mass spectrometer. 

The [C2D5]+ adducts with Zethylphenol and 3-ethylphenol 
showed unimolecular loss of C2H4 and C2D4 in the ratios 
1.75(2-ethyl) and 2.01(3-ethyl). Again, the extensive loss of 
C2H4 is not consistent with a weakly bound ion-molecule 
complex between [C2D5]+ and the phenol; such a complex 
would be expected to eliminate C2D4. Nor are the results 
consistent with addition of [C2D5]+ to the hydroxyl group 
because, by analogy with the fragmentation of protonated 
phenetole (17), such a species also would eliminate C2D4. The 
results can be rationalized readily in terms of dominant addition 
to the ring, leading to equivalence of the labelled and unlabelled 
ethyl groups. Assuming that in such an intermediate C2H4 and 
C2D4 would be lost in the ratio 2.2:l .O, we estimate 79% ring 
ethylation of Zethylphenol and 92% ring ethylation of 3-ethyl- 
phenol. From CID studies, Cooks and co-workers (12) have 
concluded that phenol undergoes ring ethylation about 90% of 
the time. The ring is known (2) to be the thermodynamically 
favoured site of protonation. 

Table 2 summarizes the results obtained for the [C~DSI+ 
adducts with the isomeric ethylpyridines. The predominant loss 
of C2D4 in metastable ion fragmentation reactions clearly 
indicates that the added C2D5 has not become equivalent with 
the C2H5 p u p  present in the molecule. While this might be 
taken as indicating that only a weakly bound ion-molecule 
complex is formed, we favour the alternative interpretation that 
the [c2D5]+ species attacks the nitrogen, the thermodynamically 
favoured site of protonation (8). The fact that some loss of C2H4 
is observed indicates a minor extent of ring ethylation. An 
unusual fragmentation is loss of CH3 and CD3 from the adduct 
ions. In other studies we have noted that protonated ethylpyri- 
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TABLE 2. Fragmentation of [C2D5]+ adducts with ethylpyridines 

Fractional loss of 

Pyridine czH4 czD4 CH3 CD3 

TABLE 3. Fragmentation of [C2Ds]+ adducts of ethylanilines 

Fractional loss of 

Aniline CzH4 C2D4 C2Hs CzDs 

dines lose CH3 unirnolecularly. The loss of CH3 and CD3 from the 
adducts also implies some ring ethylation. The conclusion that 
ethylation occurs predominantly at nitrogen is in agreement 
with the conclusion reached by Maquestiau et al. (1 1). 

Table 3 summarizes the results obtained for the unimolecular 
fragmentation of the [C2D5]+ adducts with N-ethylaniline and 
p-ethylaniline. For the adduct with N-ethylaniline, metastable 
ion fragmentation involves primarily loss of C2D4 and C2D5 
with only minor loss of C2H4 and C2H5. Clearly the C2D5 group 
added has not become equivalent with the C2H5 attached to the 
nitrogen. While this might be explained in terms of formation of 
a weakly bound ion-molecule complex, we prefer the conclu- 
sion that ethylation has occurred predominantly on the ring. This 
conclusion is supported by the results for the adduct with 
p-ethylaniline where elimination of C2& exceeds elimination 
of C2D4, indicating a significant extent of ring ethylation. An 
unusual observation is that only C2D5 loss, and no C2H5 loss, is 
observed for the adduct with p-ethylaniline, while for the adduct 
with N-ethylaniline predominant loss of C2D5 is observed. 
These results suggest that C2H5 loss may be occurring from a 
weakly bound ion-molecule complex rather than from the u- 
bonded adduct that leads to subsequent ethylation loss. The overall 
reaction is, of course, a charge transfer reaction and is not sur- 
prising, since the ionization energy of C2H5 (8.38 eV (1 8)) is 
greater than that of either of the ethylanilines (7.6 eV (18)). In 
any event, the present results are in agreement with the conclu- 
sions of Maquestiau et al. (1 I), that ethylation of anilines occurs 
primarily on the ring rather than at the nitrogen, even though, 
for the ethylanilines, the nitrogen is the thermodynamically 
favoured site of protonation (9). 

In summary, ethylphenols and substituted phenetoles undergo 
ethyl ion addition primarily on the aromatic ring, the thermody- 
namically favoured site, while pyridines undergo ethyl ion 
addition primarily at the nitrogen, again the thermodynamically 
favoured site. By contrast, ethylanilines undergo attack primarily 
at the ring even though the nitrogen is the thermodynamically 
favoured site of attack. It is clear that the site of attack under 
conditions of kinetic control cannot always be predicted from 
the site of attack under thermodynamic control. 

Experimental 
The [C2DS]+ adducts were prepared in the chemical ionization 

source of a VG Analytical ZAB-2FQ mass spectrometer by using CD4 
as reagent gas. Under chemical ionization conditions the CD4 reagent 

gas gives a large yield of [C2D5]+, which, in part, reacts by adduct 
formation with a variety of molecules. Source pressures were not 
measured directly but, from the extent of conversion of the methane 
primary ions to product ions, the pressure was estimated to be greater 
than 0.3 Torr ( 1  Torr = 133.3 Pa). The M.CzD5' adduct was mass 
selected by the magnetic sector of the reverse-geometry double- 
focussing mass spectrometer and underwent unimolecular fragmenta- 
tion in the drift region between the magnetic and electric sector, with 
the ionic products of fragmentation being established from their kinetic 
energy by scanning the electric sector in the usual MIKES technique 
(19). Source temperatures were approximately 200°C with the electron 
energy 50 eV and the filament emission 500 PA. The ion accelerating 
voltage was 8 keV. Samples were admitted through a heated inlet 
system. All compounds were obtained commercially and they showed 
no detectable impurities in their mass spectra. The CD4 was obtained 
from Merck, Sharp and Dohrne, Montreal. 
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Oxidation of hydrocarbons. 17. Solvent and substituent effects on the oxidation of styrene derivatives 
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DONALD G. LEE, KEITH C. BROWN, and HASAN KARAMAN. Can. J. Chem. 64, 1054 (1986). 
When alkenes are oxidized by quaternary ammonium or phosphoniurn permanganates in polar organic solvents, such as 

acetone, the structures of the cations have little or no effect on the rates of reaction. In less polar solvents, such as methylene 
chloride or toluene, the rates of reaction are, however, dependent on' the identity of the quaternary ammonium or phosphonium 
ions. It thus appears as if the reacting species may exist as solvent-separated ion pairs in polar solvents and as intimate ion pairs 
in nonpolar solvents. The rates of reaction are also very sensitive to substituent effects, a nonlinear (concave upward) Hammett 
plot being obtained for the oxidation of substituted P-bromo and P-methoxystyrenes. The mechanism is best visualized as 
proceeding by way of a continuum of transition states that can vary from electron rich to electron poor depending on the 
capacity of the substrate structures to accommodate either negative or positive charges. 

DONALD G .  LEE, KEITH C.  BROWN et HASAN KARAMAN. Can. J. Chem. 64, 1054 (1986). 
Lorsque des alctnes sont oxydCs par des permanganates d'ammonium ou de phosphonium quaternaires, dans des solvants 

organiques polaires c o m e  l'acttone, les structures des cations n'ont pas ou peu d'effet sur les vitesses des rkactions. Dans 
des solvants moins polaires, c o m e  le chlomre de mkthylbne ou le tolubne, les vitesses dkpendent toutefois de I'identitC des ions 
quaternaires. I1 semble donc que les entitCs qui rCagissent peuvent exister sous la forme de paires d'ions solvatCsdans les solvants 
polaires et de paires d'ions intimes dans les solvants non-polaires. Les vitesses de rkaction sont aussi trbs sensibles aux effets de 
substituants: on obtient une courbe de Hammett qui n'est pas 1inCaire (concave vers le haut) lors de l'oxydation de P-bromo et de 
P-mCthoxystyri?nes substituks. La meilleure reprksentation du mkcanisme de la rCaction implique des Ctats de transition continus 
qui varient suivant leur nature riche ou pauvre en Clectrons, qui dCpend elle-mkme de la capacitk des structures des substrats 
d'accommoder soit des charges positives ou nCgatives. 

[Traduit par la revue] 

Introduction 
Recent studies have shown that a wide variety of organic 

functional groups may be oxidized by quaternary ammonium 
and phosphonium permanganates under mild, nonpolar condi- 
tions (1). For example, this reaction has been used for the 
oxidation of aliphatic hydrocarbons (2), arenes (2, 3), alcohols 
(4,5), aldehydes (5,6), ethers (7), sulfides (8), amines (9), and 
alkenes (10). 

Because these reactions appear to have considerable synthetic 
potential and because they present an interesting example of 
electron transfer processes under nonaqueous conditions, we 
have undertaken a study of the oxidation of a number of styrene 
derivatives in three solvents, methylene chloride, toluene, and 
acetone. Our purpose was to investigate the reaction mechanism 
and to achieve a better understanding of the role that solvents 
play in these reactions. 

Experimental 
Reactants and solvents 

The quaternary ammonium and phosphonium permanganates were 
prepared as previously described (1 1). The substituted methyl cinna- 
mates were prepared by methylation of the corresponding cinnarnic 
acids and purified by distillation or recrystallization (12). The physical 
properties of the esters corresponded well with those reported in the 
literature (Table 1). The substituted P-bromostyrenes were prepared, 
as described in the literature (12), by treating the corresponding 
cinnamic acids with bromine in hot chloroform, isolating the product (a 
substituted 2,3-dibromo-3-phenylpropanoic acid), and refluxing it in 
aqueous sodium bicarbonate. P-Bromostyrene was isolated by vacuum 
distillation and purified by prepartive glc using a7-ft 15% Apiezon Lon 
Chromosorb P column. The other substituted P-bromostyrenes, being 
volatile solids, were purified by vacuum sublimation. The physical 

'Author to whom correspondence may be addresed. 

properties of these compounds are summarized in Table 1. The 
substituted P-methoxystyrenes were prepared, as described in the 
literature (13), by treatment of the corresponding phenylacetylenes 
with potassium hydroxide in absolute methanol. The products were 
isolated from the reaction mixture by vacuum distillation and purified 
by radial chromatography, using a Harrison Research model 7924 
chromatotron. The physical properties of these compounds are summa- 
rized in Table 1. 

Proton magnetic spectra were recorded using a Perkin-Elmer 
60-MHz R12B spectrophotometer. 

The solvents (methylene chloride, toluene, and acetone) were . - 
purified by treatment with tetrabutylammonium permanganate for 
several hours, followed by fractional distillation from the solution. 

- 
Kinetics 

Solutions of the substrate (0.8 M) and quaternary ammonium 
permanganate (4 x M) were prepared in a particular solvent and 
thermostated for 15 min. Then an aliquot (3.0 rnL) of the oxidant 
solution was transferred to a 10-mm cuvette in the thermostated cell 
compartment of a Hewlett-Packard 8450A spectrophotometer. A 
small portion of the reductant solution was injected from a syringe, and 
the absorbance was recorded at intervals. Plots of In (A - A 3  against 
time were linear (lo), thus indicating that the reaction is first order in 
pennanganate. The pseudo-first-order rate constants, obtained from the 
slopes of these plots, were found to be directly proportional to the 
concentration of the reductant, thereby confirming that the reaction is 
also first order in reductant concentration (10). 

Stoichiometry 
The stoichiometry of the reaction was determined by adding small 

portions of a reductant solution to a standardized solution of permanga- 
nate and recording the spectrum of the product. A calculation of the 
number of moles of permanganate reduced, per mole of reductant 
added, indicated a 1:l stoichiometry. 

Products 
The brown-yellow solution remaining after all of the permanganate 

had been reduced in methylene chloride by a typical akene, l-phenyl-l- 
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TABLE 1. F'mperties of substituted styrenes 

Melting or boiling point ("C) Nuclear magnetic resonance 
Substituted styrene (lit. value) (6 ppm) 

Methyl (E)-cinnamate 3.73(s, 3H), 6.53(d, IH, J = 2.8) 
7.48(m, 5H), 7.73(d, lH, J = 2.8) 
2.34(s, 3H), 3.78(s, 3H), 
6.50(3, lH, J = 2.8), 7.40(m, 4H), 
7.75(d, lH,  J = 2.8) 
2.29(s, 3H), 3.73(s, 3H), 
6.33(d, lH, J = 2.7), 7.22(s, 4H), 
7.64(d, lH, J = 2.7) 
3.77(s, 3H), 3.86(s, 3H), 
6.43(d, lH, J = 2.8), 7.35(m, 4H), 
7.73(d, lH,  J = 2.8) 
3.71(s, 6H), 6.37(d, lH, J = 2.8), 
7.05(br, 4H), 7.63(d, lH, J = 2.8) 
3.79(s, 3H), 6.59(d, lH, J = 2.8), 
7.57(m, 4H), 7.72(d, lH, J = 2.8) 
3.83(s, 3H), 6.60(d, IH, J = 2.8), 
7.59(m, 4H), 7.72(d, IH, J = 2.8) 
1.18(d, 6H), 2.85(m, lH), 
3.71(s, 3H), 6.37(d, lH, J = 2.8), 
7.32(m, 4H), 7.69(d, lH, J = 2.8) 
3.78(s, 3H), 6.44(d, lH, J = 2.8), 
7.34(br, 4H), 7.67(d, lH, J = 2.8) 
6.90(m, 2H), 7.28(s, 5H) 

Methyl (E)-p-methyl- 
cinnamate 

Methyl (E)-m-methyl- 
cinnamate 

bp = 78-7910.2 Torr 

Methyl (E)-p-methoxy- 
cimamate 

Methyl (E)-m-methoxy- 
cimamate 

Methyl (E)-p-chloro- 
cimamate 

Methyl (E)-m-chloro- 
cinnamate 

Methyl (E)-p-isopropyl- 
cinnamate 

bp = 107-10910.36 Torr 
(162113 Torr(l5)) 

mp = 74.5-76.5(76-76.5(16)) 

bp = 109-11210.2 Torr 

Methyl (E)-m-fluoro- 
cinnamate 

(E)-P-Bromostyrene bp = 80-8315 Torr 
(108120 Torr (14)) 

mp = 46-46.5 (E)-p-Methyl-P-bromo- 
styrene 

(E)-p-Methoxy-P-bromo- 
styrene 

(E)-p-Chloro-P-bromo- 
styrene 

(Z)-P-Methoxystyrene bp = 70-7213 TOIT 
(4410.3 Torr (15)) 

(Z)-p-chloro-P-methoxy- 
styrene 

(Z)-p-Methoxy-P-methoxy- 
styrene 

bp = 57-5910.03 Torr 

bp = 5 1-5210.05 Torr 

pentene, was found by iodometric analysis (18) to contain manganese 
in the +4 oxidation state. Although no organic products could be 
detected in this solution when it was analyzed by glc, the corresponding 
diol, 1-phenyl-l,2-dihydroxypentane, could be isolated after treatment 
with base. On the other hand, when the yellow-brown methylene 
chloride solution was treated with aqueous acid, benzaldehyde was 
found to be a major product. similar results for other compounds have 
previously been reported (19). 

The oxidation state of the manganese remained at + 4  after treatment 
with aqueous base, but decreased to about + 3  after treatment with 
aqueous acid. Thus, it appears that the organic product (diol) may be 
complexed to a manganese0 compound (Mn02?) in organic solvents, 
and released only by hydrolysis. Under basic conditions no further 
redox reactions occur during hydrolysis, but under acidic conditions 
the diol is oxidatively cleaved with concurrent reduction of the 
manganese, as in eq. [I]. 

Results and discussion 
Although most salts exist as discrete ions in aqueous 

solutions, quaternary ammonium compounds when dissolved in 
organic solvents are more likely to form ion pairs (11). 
Brandstrom has shown that the probability of salts existing as 
ion pairs is inversely dependent on the distance between the 
centres of the two ions and the dielectric constants of the 
solvents (20). Using his method of calculation, we have 
previously shown that most quaternary ammonium permanga- 
nates would be expected to exist as ion pairs in all solvents 
except water (1). This can be demonstrated by examining the 'H 
nmr spectrum of tetraethylammonium permanganate in three 
solvents, D20, acetone-d6, and methylene chloride-d2 (Fig. 1). 
In water a distinct triplet and quartet is apparent, while in 
acetone and methylene chloride the resolution is dramatically 
reduced, with the spectrum becoming two broad multiplets in 
the latter solvent. Assuming that the lack of resolution in the 
organic solvents is due to close association of the quaternary 
ammonium ion with the permanganate ion (1 1), it would appear 
that Et4N+Mn04- exists as separate ions in water, as a loose ion 
pair in acetone, and as a tight ion pair in methylene chloride. 

The data sumarized in Table 2 are also in agreement with this 

CH2C12 
[ I ]  Alkene + Mn04- Manganese(1V) complex 

Diol + Mn02 cleavage 
products 

+ Mn(II1) 
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TABLE 2. Second-order rate constants for the oxidation of methyl cimarnate by Q+Mn04- in 
three solventsa 

Methylene 
Acetone chloride ~ o l u e n e ~  

Tetra- n-butylammonium 
Tetra- n-octylammonium 
Methyltri-n-octylammonium 
Methyltri-n-butylammonium 
Methyltriphenylphosphoniurn 
n-Butyltriphenylphosphonium 
Benzyltriphenylphosphonium 
18-Crown-6-K+ 

"Temperature = 22.OoC. [Q+M~o,] = 4 X M. [Methyl cinnamate] = 8 X M. Units are M-' s-I. 
bStudies in toluene were limited by the insolubility of most quaternary ammonium and phosphonium salts 

in solvents of low polarity (1 1). 

FIG. 1 .  Proton magnetic resonance spectra of tetraethylammonium 
permanganate in water-d2, acetone-d6, and methylene chloride-d2. 

interpretation; the rate constants for the oxidation of methyl 
cinnamate in acetone are not dependent on the nature of the 
quaternary ammonium ion, whereas substantial variations in 
rates are found in the less polar solvents, methylene chloride and 
toluene. It thus appears as if the ion pairing in acetone is 
sufficiently loose to not affect the relative energies of the ground 
and transition states. However, in less polar solvents, where 
theory predicts tighter ion pairs (20), the ions must be intimately 
associated in either (or both) the ground state and the transition 
state. Furthermore, close contact within the ion pair seems to 
increase the rate of reaction. For example, the rate constants for 
oxidation of methyl cinnamate by methyltri-n-octylammonium 
permanganate are greater (in toluene and methylene chloride) 

METHYLENE CHLORIDE 0.~1 . = 0 . 9 5 /  

ACETONE 
p= 1.43 

FIG. 2. Hammett plot for the oxidation of substituted methyl 
cinnamates by tetrabutylammonium permanganate in methylene chlo- 
ride and acetone. [QMn04] = 3.7 x M. [Methyl c i~amates ]  = 
7.5 X M. Temperature = 20.0 k O.l°C. For upper plot, slope = 
0.95 k 0.12, r = 0.989. For lower plot, slope = 1.43 k 0.18, r = 
0.99. 

than for tetra-n-octylammonium permanganate, presumably 
because the former allows for greater penetration of the anion 
into the structure of the cation (1 1, 21). Hence it appears as if 
quaternary ammonium permanganates may exist as solvent- 
separated ion pairs in acetone, but as intimate ion pairs in 
toluene and methylene chloride (22). 

Additional evidence in support of this conclusion is obtained 
from a consideration of the effect of substituents on the rates of 
reaction. The Hammett p value for the oxidation of substituted 
methyl cinnamates by tetrabutylammonium permanganate is 
greater in acetone (p = 1.43) than it is in methylene chloride 
(p = 0.95). See Fig. 2. Since the p values are positive in both 
solvents, it is apparent that the transition state bears a greater 
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LEE ET AL. 

TABLE 3. Activation parameters for the oxidation of methyl cinnamate by methyltri-n-octylammonium 
permanganatea 

Solvent AH* (kcaVmol) AS* (eu) AG* (kcaVm01)~ 

Acetone 8.06k0.50 -33.3k1.8 18.021.0 
Methylene chloride 5.3420.28 -39.22 1.0 17.020.6 
Toluene 3.69k0.74 -44.1 k0.3 16.820.8 

Temperature range from 0 to 30°C. 
bAt 25OC. 

electron density than the ground state. However, the lower 
sensitivity of the reaction to substituent effects in methylene 
chloride suggests that, in this solvent, some of the increased 
negative charge is shared by the quaternary ammonium ions. In 
acetone, where the ion pair is much looser, the effect of 
substituents is greater because of a greater net charge developed 
in the transition state. 

The thermodynamic parameters observed when different 
solvents are used could also be a consequence of ion pairing 
(Table 3). Since these reactions are clearly second order in all 
three solvents, the values of AH* must reflect the differences 
in potential energies between the ground and transition states, 
while the relative magnitudes of AS* must be associated with 
the different amounts of structure (or organization) in the 
ground and transition states. On this basis, the increase in 
organization on going from ground state to transition state is 
least in acetone (AS* = -33.3 + 1.8 eu) and greatest in 
toluene (AS* = -44.1 + 0.3 eu), with the value in methylene 
chloride being intermediate (AS* = -39.2 + 1.0 eu). Despite 
the fact that the reaction in toluene exhibits the least favorable 
entropy of activation, its rate of reaction is greatest because of 
the relatively low enthalpy of activation (AH* = 3.69 + 0.74 
kcdmol), the converse observation being true for the reaction 
in acetone (AH* = 8.06 + 0.50 kcdmol). It therefore appears 
as if the formation of an intimate ion pair provides relatively 
greater organization and stability to the transition state than to 
the ground state during the oxidation of methyl cinnamate. 

Current theory (23, 24) suggests that these reactions are 
initiated by formation of a T-complex between the alkene and 
manganese, as in eq. [2]. It is believed that this complex, 1, can 
rapidly transform into a metallocyclooxetane, 2, which then 
rearranges into a cyclic manganese(V) diester, 3, long known to 
be an intermediate in these reactions (25). The latter is an 
example of a well-known group of reactions in which carbon 
migrates from metal to oxygen (23). 

It is not possible to specify where, in this reaction sequence, 
the transition state is located. However, it may be noted that the 
formation of both 1 and 2 involves bond making, whereas 
conversion of 2 into 3 requires cleavage of the C-Mn bond. 
Hence it is not unreasonable, to assume, in the absence of other 
compelling evidence, that the last step in eq. [2] is likely to be 
rate limiting. 

Since the effect of substituents indicates an electron-rich 
transition state when methyl cinnamate is oxidized, it seems 
reasonable to suggest that this rate-limiting step may involve 
heterolytic cleavage of the carbon-manganese bond to give an 
enolate-like transition state, as in eq. [3]. 

In this picture of the reaction, it is assumed that the proximity 
of the quaternary ammonium ion would increase the stability of 
the transition state in nonpolar solvents, but that this effect 
would be less in more polar solvents (such as acetone) where the 
cation could be surrounded by a sheath of solvent molecules. 

Although the Hammett p value is observed to be positive for 
the oxidation of methyl cinnamates, previous work has shown 
that this observation is not universally true. For example, 
Toyoshirna et al. (26) have reported that the oxidation of vinyl 
ethers by potassium permanganate in aqueous THF exhibited a 
negative p value (lo), while Brownridge found that the p value 
for the oxidation of substituted cinnamic acids in aqueous acetic 
acid/HClO, solutions is essentially zero (27). Since some 
substituted alkenes (such as methyl cinnamates) that are capable 
of delocalizing negative charges exhibit positive p values, while 
other alkenes (such as vinyl ethers) that are able to stabilize 
positive charges exhibit negative p values, it is not surprising 
that for certain reactions, the sign of p actually changes when 
different substituents are present. The oxidation of substituted 
stilbenes, which has been studied by Henbest et al. (28), is one 
example of this phenomenon; the rate of reaction is accelerated 
by both electron-donating and electron-withdrawing substi- 
tuents (10). The oxidation of substituted P-methoxy and 
P-bromostyrenes also gives Hammett plots with a distinctive 
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FIG. 3.  Hammett plot for the oxidation of substituted P-bromo- 
styrenes and P-methoxystyrenes by tetrabutylarnmonium permanga- 
nate in methylene chloride at 20.0°C. 

upward curvature, as demonstrated in Fig. 3. Concave upward 
plots of this type are obtained only when the variation in 
substituents causes a change in mechanism (29). In other words, 
when substituents that are capable of stabilizing a positive 
charge are present, the reaction must be capable of selecting a 
pathway in which the transition state is electron deficient (eq. 
[3]), while the converse must be true when substituents that 
could stabilize a negative charge are present (eq. [4]). 

Since the mechanism chosen by the reaction can be altered 
from an electron-rich to an electron-deficient path merely by a 
change in substituents, it follows that the two transition states 
must be of similar energy and suggests that the reaction could 
best be visualized by use of a potential energy surface diagram 
(Fig. 4). According to transition state theory (30), the reaction 
would select the lowest energy pathway from 2 to 3. When the 
substrate is capable of accommodating a negative charge, the 
reaction pathway would be shifted toward the lower right hand 
side of the surface, whereas the use of substrates capable of 
bearing positive charges would shift the reaction pathway 
toward the upper left hand comer of the diagram. 

Although there is an overwhelming amount of evidence that 3 
is an intermediate in these reactions, the yellow-brown product 
solution contains manganese in the +4 not the +5 oxidation 
state. Hence, it appears as if 3 may be a very reactive compound 
that rapidly undergoes a one-electron reduction, possibly by 
abstraction of a hydrogen atom from a molecule of solvent, 
as in 151. 

FIG. 4. Potential energy surface diagram for the rearrangement of 
structure 2 into structure 3. 

The product of this reaction would be a manganese(1V) cyclic 
diester, 4, which could decompose to a diol anion, 5, and 
manganese dioxide (31). Treatment of this product with 
aqueous base would release diol plus MnOz, while addition of 
aqueous acid causes a further redox reaction in which the diol is 
oxidatively cleaved and manganese reduced to a lower oxida- 
tion state. The latter reaction is consistent with the higher 
reduction potential of manganese dioxide under acidic condi- 
tions (32). 

Summary 
1. A study of the effect of solvents on the rate of oxidation of 

methyl cinnamate by quaternary ammonium and phosphonium 
permanganates indicates that the cations are intimately asso- 
ciated with the transition state in nonpolar solvents, such as 
methylene chloride and toluene. In more polar solvents, such as 
acetone, the structure of the quaternary ammonium and phos- 
phonium ions has no observable effect on the rate of reaction, 
presumably because they form solvent-separated ion pairs in 
both the ground state and the transition state. 

2. A study of substituent effects on the rates of these reactions 
leads to the conclusion that they can proceed by way of 
continuum of transition states ranging from electron rich to 
electron poor. Although the mechanism is best visualized by use 
of a potential energy surface diagram (Fig. 4), the two extremes 
may be summarized as in Scheme 1. 

3. The initial product of this reaction, 3, is very reactive and 
rapidly undergoes a one-electron reduction to a manganese(1V) 
compound (or complex) that can be hydrolyzed under basic 
conditions to liberate a diol, or under acid conditions to produce 
cleavage products. 
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/yn/o-l " 'OQ 

OQ 1 slow 

Mn02- + )( 
0 

SCHEME 1. The reaction mechanism. 
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Solvolysis of 2-substituted-9-(ortho-substituted phenylmethy1)fluoren-9-yltrimethylammonium ions in 
various solvents. The effect of steric crowding on alkene formation 
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PETER JAMES SMITH and JYOTSNA PRADHAN. Can. J. Chem. 64, 1060 (1986). 

The solvolytic reaction of several 9-(ortho-substituted phenylmethy1)fluoren-9-yltrimethylammonium salts has been investi- 
gated in several different solvents. Substitution and elimination products were found for the reactions in all the solvents studied, 
with the exceptions that reaction in both tert-butyl alcohol and chloroform led exclusively to the alkene product. The observed 
rate constants for alkene formation and the percent alkene were measured and it was found that the di-ortho compounds reacted 
at a faster rate but produced less alkene than the reaction of the corresponding mono-ortho salts. Hydrogen-deuterium isotope 
effects were also determined for the various reactions. The results are discussed in terms of the reaction proceeding by way of 
the El  mechanism, where steric acceleration promotes the loss of the bulky ammonium leaving group to give the carbocation 
intermediate. 

PETER JAMES SMITH et JYOTSNA PRADHAN. Can. J. Chem. 64, 1060 (1986). 
Op6rant dans plusieurs solvants, on a, ktudik la &action solvolytique de plusieurs sels trimkthylammonium des (phknylmkthyles 

substituks en ortho)-9 fluorbne-9 yles. A l'exception des rkactions dans l'alcool tert-butylique ou dans le chloroforme, toutes les 
rkactions ktudikes dans les autres solvants ont conduit L la formation de produits de substitution ainsi que d'klimination. On a 
mesurk les constantes de vitesse pour la formation des alcbnes ainsi que les pourcentages d'alcbnes formks; on a trouvk que les 
composks doublement substituks en ortho dagissent plus rapidement mais qu'ils produisent moins d'alcbnes que les rkactions 
des sels correspondants qui ne portent qu'un substituant en ortho. On a dkkrmink les effets cinktiques hydrogbne-deutkrium 
pour diverses &actions. On discute des ksultats en fonction d'une reaction qui se produirait par le biais d'un mkcanisme E l  et 
dans lequel l'accklkration stkrique favoriserait le perte du nuclkofuge ammonium encombrant au profit de la formation d'un 
carbocation intermkdiaire. 

[Traduit par la revue] 

Introduction 
Studies on the base-promoted 1,2 elimination reaction of 

quaternary ammonium salts have received considerable atten- 
tion both from the experimental (1-6) and theoretical ap- 
proaches (7, 8). Such substrates generally react with alkoxide 
bases by way of the one-step concerted E2 mechanism (9, 10) 
although reaction proceeding by the ylide mechanism (a', f3) 
has been demonstrated by Cope and Mehta (1 1) for a substrate 
where approach of base to the P-hydrogen is unfavourable for 
steric reasons. 

Generally, quaternary ammonium salts do not undergo 
elimination via a carbocation intermediate under solvolytic 
conditions and, hence, amines have been classified as "poor 
leaving groups" (poor nucleofuges (2,12)). However, in a study 
on the degradation of ax-7-cholestanyltrimethylammonium 
iodide in boiling ethanol it was reported (13) that the reaction 
undoubtedly proceeded via an E l  process. Similarly, Hughes 
and Wilby (14) proposed that menthyltrimethyl- and neo- 
menthyltrimethylammonium hydroxides, 1 and 2, underwent 
reaction in water by the unimolecular E l  pathway. Since the 
neomenthyltrimethylammonium ion, where the - ~ ( c H ~ ) ~  
group is cis to the isopropyl substituent, showed a much larger 
propensity for reaction via the E l  mechanism than the menthyl 
substrate, the authors considered that carbocation formation is 
made favourable due to a relief in steric strain in the molecule. 

The effect of para substituents on the aryl ring on the 
nature of the E2 transition state was examined (2) for the 
reaction of 2-arylethyltrimethylammonium salts with ethoxide 
ion in ethanol, eq. [I]. It was found that when the para 
substituent was made more electron withdrawing the reaction 
rate increased. Also, measurements (2) and calculations (8) of 
both the primary hydrogen-deuterium and nitrogen (leaving 
group) isotope effects indicated that an increase in the electron- 
withdrawing power of the ring substituent leads to a comes ond- 
ing transition state with both decreased C-H and C-$bond 
weakening. This substituent effect on transition state geometry 
(a Hamrnond effect) was considered to be consistent with the 
theories of Thornton (15, 16), More O'Femall(17) and Jencks 
(18). 

'Author to whom correspondence may be addressed. In an investigation (19) on the E2 reaction of 9-(bsubstituted 
'present address: Department of Chemisty, University of Iowa, phenylmethy1)fluoren-9-yltrimethylammonium bromides, 3, 

Iowa City, IA 52242, U.S.A. with ethoxide in ethanol, however, it was found that the 
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variation of both the primary hydrogen-deuterium and nitrogen 
isotope effects with changes of the Csubstituent (R) on the 
phenyl ring were the opposite to those found in the earlier 
studies on the 2-arylethyl system. As well, the Harnmett p value 
of + 1.33 found for the reaction of 3 was very much less than the 
value of +3.77 found for the reaction of the 2-arylethyl salts 
with ethoxide (2), in spite of the fact that in both cases a benzylic 
hydrogen was being removed with ethoxide ion. It was 
concluded (19) that for reaction of 3 where the Csubstituent (R) 
is an electron withdrawer, which leads to an increase in the rate 
of reaction, the extent of both the P-carbon-hydrogen and the 
a-carbon-nitrogen bond rupture at the transition state is more 
ad~anced .~  This apparent variance with the conclusions reached 
in the earlier studies (2) was discussed in the light of possible 
steric effects between the ortho hydrogens on the phenyl ring 
and the 1,8 hydrogens on the fluorene nucleus in the reactant and 
in the transition state. 

The effect of the nature of the leaving group has been 
extensively studied (20-30) for several elimination reactions in 
terms of mechanism as well as in transition-state structure. In all 
cases, nucleofugality was considered essentially as being 
entirely due to "electronic factors" (basicity, polarizability, 
etc). In order to test the proposal (19) that steric interactions 
might affect leaving group ability and, hence, are responsible 
for the unexpected results obtained from the study of the 
reaction of 3 in terms of transition-state geometry, several 
9 -(ortho- substituted phenylmethy1)fluoren -9-yltrimethylam- 
monium salts have been prepared in order to investigate the 
possible effect of the ortho substituents on the phenyl ring in 
terms of mechanism and (or) transition-state structure. An 
examination of Dreiding models of the para-substituted salts, 3, 
suggests that there is a possible steric interaction between the 
ortho hydrogens on the phenyl ring and the fluorenyl 1,8 
hydrogens. Consequently, replacing the ortho hydrogens with 
bulkier groups should enhance the "steric effect". 

In the present study,4 the rate of reaction of a series 
of 2-substituted-9- (ortho- substituted phenylmethy1)fluoren- 9- 
yltrimethylammonium salts, and their P-d2 analogues, have 
been measured in a variety of protic solvents as well as in the 
aprotic solvent chloroform, and the product composition deter- 
mined. Also, the effect of externally added trimethylamine and, 
as well, the effect of the addition of the strong base, sodium 
ethoxide, on both the rate of reaction and the product ratios have 
been examined for reaction of the ortho-substituted compounds 
in ethanol. Secondary P-hydrogen-deuterium isotope effects 
on carbocation formation have been measured and, as well, an 
estimate of the primary P-hydrogen-deuterium isotope effect 
for proton loss from the carbocation has been made by 

3 ~ h i s  apparent "anti-Harnmond behavior on E2 transition state 
geometry can be accounted for by the More O'Ferrall theory (17) and 
will be discussed in a manuscript currently under preparation. 

4A preliminary account of some of the studies has been published 
(31, 32). 
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determining the'product ratios. Activation parameters for the 
reaction of several 9-(ortho-substituted) salts in both absolute 
ethanol and 2-propanol were also determined. 

Results 
The compounds investigated in the present study are shown 

below: 

The observed rate constants for alkene formation, kl, for 
reaction of the ortho-substituted salts, 4-9, and their P-di- 
deuterated analogues in absolute ethanol at 57.3"C are shown in 
Table 1. The secondary P-hydrogen-deuterium isotope effects, 
#I@, as well as the primary P-hydrogen-deuterium isotope 
effects,' @g, determined from the product ratio data, are 
also given in this table. A comparison of the observed rate 
constant for alkene formation, kl, for reaction of the bromine- 
substituted fluorenyl ring salt, 9, with that for reaction of 4 at 
68.4"C in absolute ethanol, 120 * 3.0 x lo-' (s-') and 109 +- 
0.5 X lop4 (s-I), gives a Hammett p value of -2.5 for reaction 
of the 2,6-diMe substrate in ethanol. 

The effect of externally added trimethylamine on the 
observed rate of alkene formation, kl, and, as well, on the per- 
cent alkene product, was determined for the reaction of the 2-Me, 
6, and 2,4,6-triMe, 8, salts in ethanol at approximately6 57"C, 
Table 2. The effect of the addition of a strong abstracting base, 
sodium ethoxide, on the observed rate constant for alkene forma- 
tion, kl, and on the percent alkene formed, was investigated 
for the reaction of the 2,4,6-triMe salt, 8, in ethanol at the 
same temperature as used for the trimethylamine experiments, 
Table 2. 

The effect of a change in solvent on the observed rate 
constant for alkene formation, kl, the percent alkene, the 
secondary P-deuterium isotope effect, @I@, and the primary 
P-deuterium isotope effect, @e, for the reaction of the 
2-Me, 2,6-diMe, and 2,4,6-triMe salts, 6 ,4 ,  and 8, respectively, 
were examined for reaction in a series of alcohol solvents as well 
as in two alcohol-water mixtures at 57.3"C, and the results are 
given in Table 3. The thermodynamic activation parameters 
were determined for the reaction of the 2-Me (6), 2,6-diMe 
(4), and 2,6-diCl(5) substrates in absolute ethanol and also for 
the reaction of the 2,6-diMe salt in 2-propanol. The observed 
rate constants for alkene formation, kl, together with the per- 

S ~ h e  method used for the determination of this effect will be given 
in' the discussion section. 

'?he temperature was not exactly 57.3"C as used in the previous 
experiments and, hence, the rate constants differ slightly from those 
shown in Table 1. 
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TABLE 1. Hydrogen-deuterium isotope effects for reaction of a series of 9-(ortho-substituted 
phenylmethy1)fluoren-9-yltrimethylamrnonium bromides in absolute ethanol at 57.3OC 

Substrate kl x lo5 (SKI) % alkene kpkr (kElkE)" 

k D  - (%all~ene/%ether)~ 
"Calculated from the product ratios: kE l - , assuming k? = k: 

(%alkene/%ether),, 
bStandard deviation. 
'Estimated uncertainty. 
dRatios of observed rate constants for alkene formation: deviation = ? kH~kD[(~lkH)~ + ( P I ~ D ) ~ ] " ~  where r is the 

standard deviation in k. . 

TABLE 2. First-order rate constants, k,, and the percent alkene obtained for the reaction of the 2-Me, 6, and 2,4,6-triMe, 8, salts in the presence 
and absence of both externally added trimethylamine and sodium ethoxide in absolute ethanol at 570Ca 

Substrate [Substrate] x lo4 (M) [Trimethylaminel (M) [Sodium ethoxide] (M) kl x 1O5(s-') % alkene 

"The temperature was slightly different for these experiments than that used to acquire the data shown in Table. 1 .  
bStandard deviation. 
'Estimated uncertainty. 

cent alkene values determined at three diferent temperatures for 
reaction of the three substrates, 4, 5, and 6, are given in Table 
4 alone with the values for EA, AH* (60°C), and AS* (60°C). 

The effect of an aprotic solvent, chloroform, on the observed 
rate constant for alkene formation, k,, for reaction of the 
2,6-diMe (4), 2,4,6-triMe (8), and 2-Me (6) salts and their 
P-dideuterated analogues was determined by both the uv 
(ultraviolet) spectroscopic method, used in all the preceding 
studies, and a nuclear magnetic resonance procedure (see the 
experimental section for details). The results are shown in Table 
5 along with the secondary P-hydrogen-deuterium isotope 
effects, el@. In all cases, the alkene was formed in 100 a 
5% yield. The rate constant for the bromine-substituted fluorene 
ring substituted salt, 9, of 16.6 k 0.2 x (s-') can be 
compared with that of 128 ? 3 X (s-') for reaction of 4 to 
give a p value for reaction of the 2,6-diMe salt in chloroform of 
-2.3 at 50°C. 

Discussion 
Reaction of 2-substituted-9-(ortho-substituted phenylmethy1)- 

juorene-9-yltrimethylammonium ions in absolute ethanol 
at 57.3"C 

In order to investigate the elimination reaction of the 
ortho-substituted quaternary ammonium salts 4-9 with 
ethoxide they were first dissolved in dry absolute ethanol and a 
uv spectrum was obtained for each solution. Surprisingly, it was 
found that the uv spectra of all the substrate solutions changed 
with time, indicating that reaction was taking place in the 
absence of base. It must be noted that the para-substituted 
analogues 3 (with hydrogens at the ortho positions) were 
completely stable in ethanol in the absence of ethoxide ion. 

The products of the reaction of the ortho-substituted salts 4-9 
in dry ethanol were found to be the corresponding alkene 10 as 
well as the ethyl ether, 9-ethoxy-9-(ortho-substituted phenyl- 
methyl)fluorene, 11, eq. [2]. The rate of reaction of the 
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SMITH AND PRADHAN 

TABLE 3. Hydrogen-deuterium isotope effects for reaction of the 2-Me, 2,6-diMe, and 2,4,6-triMe salts and their 
. , 

. , 
P-dideuterated analogues in various alcohol solvents at 57.3OC 

Substrate Solvent kl X 10~(s-') % alkene kylky (kFlkg)" 

2-Me (6)  MeOH 2.1850.0b 435 1 .Or 1.56k0.04~ 1.320.1' 
6- dz MeOH 1.40k0.02 37k 1.0 

6 EtOH 2.3520.09 55-Cl.O 1.22-CO.05 1.620.2 
6-dz EtOH 1.9220.04 43k1.0 

I 
6 95% EtOH 1.58k0.03 582 1 .0 1.66-CO.04 1.220.2 

! . . .  . .  . . ,  . 4 
6-dz 95% EtOH 0.9520.01 53k1.0 

' , . . . .  . .  
. . .  . 6 70% EtOH 0.9320.02 542 1 .O - - 

6 t-BuOH 0.63-CO.02 1005 1 .O 1.2420.06 - 
I 

- ! 6-d2 t-BuOH 0.51 20.02 100" 1 .O 
EtOH 
EtOH 

95% EtOH 
95% EtOH 

2-PrOH 
2-PrOH 

t-BuOH 
t-BuOH 

MeOH 
MeOh 

EtOH 297216 30k 1 .O 1.39-tO.10 4.922.0 
EtOH 214-ClO 8k2.0 

"Calculated from the product ratios assuming ky = ky. 
bStandard deviation. 

ortho-substituted salts in ethanol was determined by measuring 
the formation of the alkene product at 320nm since the uv 
spectrum of the ether does not show any absorption at this 
wavelength. The percent alkene formed in the reaction was 
calculated from the absorbance reading at infinite time (see the 
experimental section for details). 

A consideration of the data in Table 1 indicates that the 
mono-ortho-substituted substrates react in ethanol to give a 

; greater amount of alkene product, as compared with the reaction 
I 

of the di-ortho-substituted salts; i.e., reaction of the undeu- 

terated 2-Me and 2,4-diMe compounds give 55 and 57% alkene, 
respectively, while reaction of the 2,6-diMe salt gives approxi- 
mately 28% alkene. 

It can also be seen that the rate of reaction of the mono-ortho- 
substituted compounds is considerably slower than the rate of 
reaction of the di-ortho-substituted substrates. The observed 
rate constants for alkene formation, k,, for reaction of the 
undeuterated 2-Me and 2,4-diMe salts in ethanol at 57.3OC are 
2.35 and 2.85 X (s-I), respectively, while the correspond- 
ing rate constants for reaction of the 2,6-diC1, 2,6-diMe, and 
2,4,6-triMe compounds are 9.59, 294, and 297 X (s-I), 
respectively. The compounds with only one ortho substituent 
react at a slower rate but give a greater yield of alkene product. 

It is noteworthy that a 4-methyl substituent does not change 
significantly the observed rate constant for alkene formation, 
kl, or the percent alkene, as compared to the reaction of 
compounds with only ortho substituents. The observed rate 
constants for alkene formation, kl, together with the percent 
alkene for reaction of the undeuterated 2-Me and 2,4-diMe 
substrates are 2.35 x (s-') (55%) and 2.85 x (s-') 
(57%), respectively, while the corresponding values for reac- 
tion of the 2,6-diMe and 2,4,6-triMe compounds are 294 x 

(s-') (28%) and 297 X (s-') (30%), respectively. 
The only mechanism that is consistent with the above results 

for reaction of the ortho-substituted salts in ethanol in the 
absence of a strong abstracting base is the El process involving 
carbocation formation. In principle, the formation of this 
carbocation can be a reversible process, eq. [3], and conse- 

kl 
[3] ortho-Substituted salts carbocation + trirnethylamine 

k- 1 
k2' products 
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TABLE 4. First-order rate constants kl, EA, AH*, AS* values, and percent allcene formation for the reaction of the 2-Me, 2,6-diMe, and 
2,6-diC1 salts in absolute ethanol and 2-propanol at various temperatures 

Temperature ("C)" E A AH * (60"~)  As*(60°C) 
Substrate Solvent (+0.Ol0C) k, x 10' (s-') % alkene (kcal mol-') (kcal mol-') (cal K- ' mol-') 

2-Me (6) EtOH 47.2 0.458+0.025b 5721' 36.9*0.Sb 36.220.5b 29.92 1 .6b 
57.3 2.3520.09 5521 
67.3 13.120.3 53+1 

2,6-diCl(5) EtOH 47.2 1.9320.04 31+1 34.820.6 34.1 20.4 26.221.2 
57.3 9.5920.20 29+ 1 
69.1 63.7+0.8 272 1 

2,6-diMe (4) EtOH 47.2 77.2k0.3 2821 30.220.4 29.6k0.4. 19.4+ 1.2 
57.3 29424 282 1 
67.3 1200+60 26* 1 

The temperatures were determined using a platinum resistance thermometer. 
b~tandard deviation. 
cEstimated uncertainty. 

TABLE 5. Hydrogen-deuterium isotope effects for reaction of the 2-Me 
and 2,4,6-triMe salts and their P-dideuterated analogues in chloroform 

Substrate Temperature ("C) kl X lo5 (s-') krlky 

2,6-diMe (4) 50.6 128k3a-b 1.4720.04' 
4-d2 50.6 87.221.3" 

4 5od 88.9-+3.4b,e 1.88k0.12 
4-dz SOd 47.2k2.2' 

2,4,6-triMe (8) 5od 10822' 1.55k0.03 
8-d2 50d 68.6k 1.3' 

2-Me (6) 5od 0.760' 

"Determined using the uv method. 
bStandard deviation. 
cDeviation = *kHlkD +   PI^)^]'^^ where r is the standard devia- 

tion in k. 
%e approximate temperature in the probe of the nmr spectrometer. 
'Determined using the nmr method. 

quently the rate of alkene formation and the percent alkene were 
determined for reaction of both the 2-Me and 2,4,6-triMe 
substrates in absolute ethanol, both in the absence and presence 
of added trimethylamine, Table 2. 

The results in Table 2 indicate that the rate of alkene 
formation, kl, and the amount of alkene formed do not change 
for reaction of either the 2-Me or the 2,4,6-triMe compounds in 
ethanol when trimethylamine is added. Hence the formation of 
the carbocation in the system under study is irreversible, i.e. 
k2 >> kl eq. [3]. 

The proton removal step to give the alkene product, kE in eq. 
[4], was investigated for the reaction of the 2,4,6-triMe salt 

kl (slow) / 
[4] ortho-Substituted salts - carbocation 

ether 

when the strong base, sodium ethoxide, was added to the 
reaction solution, Table 2. It is seen that the observed rate 
constant for alkene formation, kl, and the percent alkene were 

essentially unaffected when the concentration of the added 
ethoxide ion was either a factor of two or ten times as great as the 
substrate concentration. The loss of the proton from the 
carbocation must, therefore, not be rate determining, i.e. 
kl << (kE + ks). Furthermore, the failure of the addition of 
ethoxide to change the alkene: ether ratio suggests that the 
solvent ethanol, and not ethoxide, is involved in the removal of 
the proton to give the alkene in the kE step, as it is unlikely that 
ethoxide ion would affect the rate of alkene and ether formation 
in an identical fashion. The failure of ethoxide to affect the 
reaction can possibly be due to electrostatic control of the 
approach of -0Et to a non-reacting site of the substrate, which 
leaves the P-proton and a-carbon open to attack by solvent. 

The rate-determining formation of the 9-fluorenyl carboca- 
tion 12 is consistent with the observation of a Harnmett p of 
-2.5, calculated from the kl values determined for the reaction 
of the 2,6-diMe salt 4 and the 2,6-diMe salt with a 2-bromo 
substituent on the 9-fluorenyl ring, 9. Several groups of workers 
have prepared the 9-substituted 9-fluorenyl carbocations by 
reaction of the corresponding alcohol in acid media for 
spectroscopic (33,34) and kinetic studies (35). As well, in spite 
of their "antiaromaticity", the 9-fluorenyl and the 9-methyl-9- 
fluorenyl carbocations have been proposed as intermediates in 
the solvolytic reaction of the 9-chloro (36) and 9-(3,5-di- 
nitrobenzoate) (37) derivatives, respectively. 

Reaction proceeding via the E l  mechanism where formation 
of the carbocation is rate determining, eq. [4], should give rise 
mainly to a secondary P-deuterium kinetic isotope effect (38) 
since rupture of the P-hydrogen bond occurs in a subsequent fast 
step. Applying the steady-state treatment to the reaction scheme 
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shown in eq. [4] leads to the expression for the rate of formation 
of the alkene product, 

where A represents the substrate concentration. 
Setting E and S as the concentration of the alkene and ether 

products, respectively, it follows that the quaternary ammo- 
nium salt concentration, A, at a time T is given by 

AT= Em-  ET+ Sm-  ST 

and since kElks = EIS then 

which becomes 

therefore 

which reduces to 

which integrates to -In (Em - ET) = kl T + constant. Since the 
alkene is the only absorbing species, then OD, = eEEl (OD is 
optical density), and the equation can be rewritten as 

-In (OD, - ODE) = klT + constant 

Consequently the observed rate constant for alkene formation 
is, in fact, kl and the secondary P-deuterium isotope effect for 
carbocation formation is given by *I@. 

The primary P-hydrogen-deuterium isotope effect for proton 
loss from the carbocation to give the alkene, @I@, can be 
determined from the product ratios. since 

E - EH 
g SH 

and 

then 

if the valid assumption is made that @ = @. 
It is seen that e l @  varies between 1.16 + 0.01 and 

1.62 + 0.03, while values for @I@ vary between 1.6 + 0.2 
and 4.9 + 2.0. In all cases the amount of alkene formed was 
decreased as a result of deuterium substitution at Cp; i.e. percent 
alkene was 55 + 1 .O and 43 + 1.0 for reaction of the 2-Me 
salt and its 2,2-d2 analogue, respectively, while reaction of the 
2,6-diMe compound and its 2,2-d2 analogue led to values of 
percent alkene of 28 + 1.0 and 11 + 2.0, respectively. It is 
apparent, therefore, that a primary hydrogen-deuterium isotope 
effect is operative in the fast proton removal step. The values 

for the secondary P-deuterium isotope effects are consistent 
with literature values (38) for reactions proceeding by way of 
a slow rate-determining step involving carbocation formation, 

- - 

while the primary effects are reasonable in terms of the pro- 
posed mechanism where proton loss occurs in a fast step. 

It appears from the data in Table 1 that the e l @  values are 
significantly lower when the substrate has only one ortho sub- 
stituent as compared to two, i.e. *I@ = 1.22 + 0.05 and 
1.62 + 0.03 found for reaction of the 2-Me and 2,6-diMe salts, 
respectively. As well, the magnitude of the primary P-hydro- 
gen-deuterium isotope effect also is lower when the reactant 
has only one orth6 substituent as compared to two, i.e. 
GI@ = 1.6 + 0.2 and 3.1 + 1 .O found for reaction of the 2-Me 
and 2,6-diMe substrates, respectively. Although a comparison 
of the primary isotope effects, which are similar within experi- 
mental error, is difficult due to the error involved in the deter- 
mination of the % alkene when elimination is a minor process, 
it may be concluded that the increase in the magnitude of the 
secondary P-deuterium effect is due to an increase in carboca- 
tion character at the transition state. 

Secondary P-deuterium isotope effects of approximately 1.3 
(for two hydrogens (deuteriums)) found in the present study are 
in accord with literature values found for other solvolytic reac- 
tions leading to carbocation formation (38-41). It is generally 
considered (38) that secondary P-deuterium isotope effects arise 
due to hyperconjugative assistance by the P-hydrogens to the 
formation of the carbocation. The magnitude of this isotope 
effect, in the absence of competing reactions, participation, ion- 
pairing, etc., depends on the ability of the P-CH(D) bond to 
overlap with the developing vacant orbital of an incipient carbo- 
cation at C,. When they are orthogonal, a kinetic isotope effect 
of unity is expected (42, 43). Consequently, for the reaction 
under study where a normal secondary P-deuterium isotope 
effect is found, it appears that rotation is sufficiently free about 
the C,--Cp bond to allow the required overlap. 

As indicated earlier in the discussion section, the salts with 
only one ortho substituent react at a slower rate in ethanol but 
give a greater yield of elimination product, as compared to the 
reaction of the ortho-disubstituted compounds. As well, it was 
noted that a para substituent had a negligible effect on the 
solvolytic process, indicating the absence of a significant polar 
effect due to the alkyl groups. It appears, therefore, that the 
reaction of the ammonium salts in ethanol in the present investi- 
gation is promoted by "steric acceleration" due to the bulky tri- 
methylammonium group (14, 4.4, leading to the favourable 
conversion of a tetrahedral carbon to a less crowded trigonal 
carbon. Dreidiig stereomodels indicate considerable interaction 
between the ortho substituents and the 1,8 hydrogens on the 
fluorene ring as well as with the onium group. This supports 
the observation, Table 1, that the 2,6-diC1 salt is less reactive 
than the 2,6-diMe compound but more reactive than the 2,4- 
diMe substrate since chlorine is "smaller" than methyl (Taft 
Es steric substituent scale). 

The accelerating effect of the relief of steric strain has been 
investigated by a series of workers for a variety of reactions 
(45-49). To our knowledge, however, the accelerating effect 
observed in the present study is only the second example (14) 
where a trialkylammonium salt (poor leaving group) undergoes 
solvolysis to give an alkene in an E l  process. . 

The observed variation of the alkene:ether ratio (% alkene) 
with the number of ortho substituents indicates that the alkene 
forming step (kE) becomes less favourable relative to the com- 
peting ether forming step (ks) for reaction of the di-ortho- 
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substituted compounds as compared to the reaction of the mono- 
ortho-substituted substrates. It is generally considered that, for 
reactions proceeding by way of a carbocation intermediate, the 
most important factor that determines the relative amount o f  
elimination and substitution products is the stability of the 
alkene. The more stable the alkene the greater the amount of 
alkene product relative to the substitution product. 

Extensive studies have been carried out on both the static and 
dynamic stereochemistry of "crowded" ethylenes (50-55) and it 
is now clear that bulky groups attached to the ethylenic carbons 
can lead to a twisting about the ethylene bond. Furthermore, it 
has been concluded (56,57) that both 1,l-diphenylethylene and 
9-diphenylmethylenefluorene 13, which is related to the alkenes 

13 

formed in the present study, have a phenyl group twisted out 
of the plane of the molecule due to steric interactions between 
the groups attached to the double bond. This is illustrated in 
14 for the alkenes formed in the present study where the ortho 
methyl group "interacts" with the 1,8 hydrogens of the fluorene 
nucleus. The addition of a second ortho group to 14 (R1 = 

CH3) will lead to a further decrease in the planarity of the 
alkene, leading to decreased stability and hence a decrease in 
the percent alkene formed as observed. 

The proposal that the interaction between the ortho methyl 
groups with the 1,8 hydrogens on the fluorene nucleus leads to a 
decrease in the stability of the alkene receives support from uv 
spectroscopic data (see the experimental section). The A,, 
values for the solutions of the ortho-substituted alkenes (ob- 
tained from compounds 4-9) are the same within experimental 
error but are significantly lower7 than those of the corresponding 
para-substituted alkenes where the ortho groups are hydrogens. 
The twisting of the aryl groups out of the plane of the double 
bond and the fluorenyl ring will lead to a decrease in the extent 
of conjugation and hence to higher energy electronic transitions. 
Such steric inhibition to effective conjugation has been observed 
in other systems (59,60), where it was found that the conjugated 
1,3 diene 15 did not have a uv maximum down to 200 nm 
whereas the structurally related conjugated diene 16 exhibited a 
more normal uv maximum at 232 nm. 

CH3 

15 16 

7 ~ .  J. Smith, D. S. K. Tsui, and G. S. Dyson. Unpublished results. 

An alternative explanation for the changes in alkene:ether 
ratios effected by ortho substitution can be considered since it 
has been proposed that reaction to give the carbocation is 
induced by significant steric interactions in the substrate. The 
solvated carbocation can be neutralized by either proton loss 
from Cp with solvent acting as the base or by direct substitution 
of solvent to give the ether. Steric access of solvent to the 
carbocationic centre and the P-hydrogen could play a role in 
determining the relative amounts of the two products. This 
possibility will be discussed in the following section where the 
effect of solvent changes on both the rate of alkene formation 
and on product ratios is considered. 

Reaction of 9-(ortho-substitutedphenylmethylfluoren -9-yltri- 
methylammonium ions in various solvents at 57.3"C 

A test for the carbocation mechanism proposed for the 
reaction of the ortho-substituted salts in ethanol, eq. [4], is 
determination of the effect of a change in the reaction medium 
on both reaction rate and product composition. Accordingly, the 
kl values for alkene formation as well as the percent alkene were 
determined for the reaction of three representative compounds, 
2-Me, 2,6-diMe, and 2,4,6-triMe salts, in avariety of solvents, 
Table 3. The hydrogen-deuterium isotope effects, @I@ and 
@I@, are also included. 

It is seen that for reaction of all three substrates the amount of 
elimination product, % alkene, varies significantly when the 
alcohol solvent is changed; i.e. the percent alkene formed for 
reaction of the 2,6-diMe salt in ethanol, 2-propanol, and 
tert-butyl alcohol was 28, 52, and 100, respectively, while 
reaction of the 2-Me compound gave 43,55, and 100% alkene 
for reaction in methanol, ethanol and tert-butyl alcohol, 
respectively. For reaction in all of the solvents studied, with the 
exception of the tert-butyl alcohol solvent where all the 
compounds gave exclusively the alkene product, the mono- 
ortho salt gave a greater percentage of alkene than the 
di-ortho-substituted compounds, in agreement with the results 
obtained for reactions in ethanol. 

The increase in the amount of alkene formed when the solvent 
is varied from methanol to ethanol, 2-propanol, and tert-butyl 
alcohol can be attributed to an increase in the rate of proton 
abstraction as compared to the direct attack of solvent at the 
carbocationic centre. As the "size" of the alcohol molecule 
increases (primary < secondary < tertiary), the transition state 
for reaction proceeding to the ether products becomes more 
sterically crowded and, hence, of higher energy. This leads to a . 
decrease in the amount of substitution relative to elimination. 

Brown and Fletcher (61) were the first to suggest that steric 
effects are mainly responsible for the increase in olefin yields in 
reactions proceeding by way of a carbocation intermediate. 
They considered that since the trigonal carbocation is less 
strained than both the tetrahedral reactant and substitution 
product, an increase in the size of the groups attached to the 
reaction centre carbon would lower the rate of the substitution 
reaction relative to the elimination process. 

With the exception of the results obtained for reaction in 
tert-butyl alcohol, the kl values for the reaction of the three 
compounds (4, 6, and 8) increased when the polarity of the 
alcohol solvent (as given by both Y and Z values) decreased. 
The k, values for reaction of the 2,6-diMe salt in 95% ethanol, 
ethanol, and 2-propanol were 2 12 x 294 x lo-', and 337 
x lo-' (s-I), respectively. Similarly, the 2,4,6-triMe com- 
pound produced the alkene with rate constants of 245 x lo-' 
and 297 x lo-' (s-') for reaction in methanol and ethanol, 
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respectively. A study of the reaction of the 2-Me salt in 70% 
ethanol, 95% ethanol, methanol, and ethanol gave rate con- 
stants of 0.93 X lo-', 1.58 X lo-', 2.18 X lo-', and 2.35 X 

lo-' (s- I), respectively. 
The observed trends in rate constants when the solvent is 

changed from methanol to the aqueous ethanol solutions, 
ethanol, and 2-propanol are predictable since the charged 
substrates, which will be solvated in the polar media, react via a 
transition state where there is charge dispersal. Consequently, 
reaction of a charged substrate proceeding via the rate- 
determining formation of a carbocation will proceed at a faster 
rate in a less polar solvent. 

It was anticipated that the reaction of both the 2-Me and 
2,6-diMe salts would proceed at the greatest rate in t-BuOH, the 
least polar solvent studied. However, the kl values were found 
to be the lowest in this solvent for reaction of both the 2-Me and 
2,6-diMe compounds, Table 3. This unexpected effect of 
tert-butyl alcohol on the rate of reaction can perhaps be 
attributed to solvation effects. It has been suggested (8) that 
direct solvation of the positive nitrogen of the trimethyl- 
ammonium group is unlikely, and that the interactions occur 
between solvent and the C-H dipoles induced by the positive 
nitogen. While t-BuOH and the other alcohol solvents can 
participate in this solvation, perhaps t-BuOH is less able to 
solvate the carbocationic intermediate for steric reasons. 

In order to gain additional information concerning the 
reaction of the ortho-substituted salts, the thermodynamic 
activation parameters were determined for the reaction of the 
2-Me, 2,6-diC1, and 2,6-diMe compounds in ethanol and also 
for the reaction of the 2,6-diMe substrate in 2-propanol. The 
appropriate rate constants and the percent alkene determined for 
reaction at three different temperatures along with values for 
EA, AH*(60°C), and AS*(60°C) are given in Table 4. The 
Arrhenius plots all gave correlation coefficients better than 
0.99. 

The data in Table 4 indicate that the magnitude of AH* 
decreases when a second ortho substituent is placed on the 
phenyl ring; AH *(60°C) = 36.2 and 29.6 kcal mol-I for re- 
action of the 2-Me and 2,6-diMe substrates, respectively. As 
well, it is seen that the reaction of the 2,6-diMe salt (a charged 
substrate) has a lower enthalpy of activation when carried out in 
a solvent of decreased polarity; AH *(60°C) = 29.6 and 27.7 
kcal mol-I for reaction in absolute ethanol and 2-propanol, 
respectively. These results are consistent with the suggestion of 
steric acceleration promoting the ionization process via a charge- 
dispersed transition state. 

The positive values for AS* found for the reactions is 
consistent with reduced solvation at the transition state as 
compared with the initial state. A trend in AS* is noted when 
the substrate is changed from 2-Me to 2,6-diC1 to the 2,6-diMe 
compound for reaction in ethanol; AS *(60°C) = 29.9, 26.2, 
and 19.4 cal K-' mol-', respectively. It may be concluded that 
reaction of the di-ortho-substituted compounds in ethanol are 
less entropically favoured due to decreased solvation of the 
ammonium ion for steric reasons. The change in the value AS* 
when the solvent for the reaction of the 2,6-diMe compound is 
changed from ethanol to 2-propanol can be rationalized simi- 
larly, since 2-propanol will solvate the onium group to a lesser 
extent (AS*(60°C) = 13.7 and 19.4 cal K-' mol-' for the 
reaction of the 2,6-diMe salt in 2-propanol and ethanol, 
respectively). 

The observed isotope effects, e l k ? ,  for reaction of the 
2-Me, 2,6-diMe, and 2,4,6-triMe salts in the various solvents 

fall in the range between 1.1 and 1.7, Table 3. These values are 
consistent with the expected values for a secondary P-deuterium 
isotope effect associated with rate-determining carbocation 
formation. There does not appear to be a trend in the magnitude 
of these isotope effects for reaction of the three salts when the 
solvent is varied. The values for @ l g  lie in the range be- 
tween 1.2 and 5.1. The error involved in the determination of 
these values does not allow a detailed discussion on the 
observed variations when the three substrates are reacted in the 
different solvents. It has been pointed out (62) that a- and 
P-deuterium effects in solvolytic reactions generally do not 
strongly depend on solvent changes. 

As noted earlier, reaction of both the 2-Me and 2,6-diMe 
compounds in tert-butyl alcohol gave the alkene product in 
100% yield. Consequently the values of Glkf (the secondary 
P-deuterium isotope effect for slow rate-determining carboca- 
tion formation) of 1.24 and 1.57, for reaction of the 2-Me and 
2,6-diMe compounds, appear to be significantly different. The 
difference between these two values indicates that the respective 
transition states for carbocation formation differ in the extent of 
positive charge developed at the 9-fluorenyl carbon and (or) that 
the extent to which the P-hydrogens can stabilize the developing 
charge by hyperconjugation is different (presumably for steric 
reasons). 

Reaction of 2-substituted-9-(ortho-substituted phenylmethy1)- 
fluoren-9-yltrimethylammonium ions in the aprotic solvent 
chloroform 

In order to further investigate the solvolytic reaction of the 
ortho-substituted compounds, it was decided to measure the 
rate of alkene formation for reaction of several substrates in the 
nonpolar aprotic solvent chlorform. It was reasoned that 
reaction in this nonpolar solvent would be favourable due to 
charge dispersal at the transition state for carbocation forma- 
tion. Furthermore, reaction cannot proceed with solvent acting 
as either the base or nucleophile, and only the counterion, 
bromide, is capable of abstracting the P-hydrogen. 

The rate of alkene formation, kl,  for reaction of the 2-Me, 
2,6-diMe, and 2,4,6-triMe compounds was determined at 50°C 
in chloroform, Table 5, as well as the secondary P-deuterium 
isotope effects, el*. In all cases the alkene was formed in 
100 + 5% yield. The present results are in contrast to earlier 
studies (63)' on the reaction of quaternary ammonium salts in 
chloroform, where substitution products were formed ex- 
clusively. 

Reaction of the three salts in chloroform appears also, as in 
the other solvents, to proceed via the El  mechanism. The 
observed p value of -2.3 and values of @I@ = 1.47-1.88, 
which are unlikely to be primary effects, are consistent with 
reaction proceeding via a carbocation intermediate. 

The variation in the kl values with changes in the ortho 
substituents follows the same trend for reactions of the salts in 
chloroform as in the other solvents. The observed rate constants 
for reaction of the di-ortho-substituted salts, 2,6-diMe and 
2,4,6-triMe, at 50°C are 88.9 x and 108 x lo-' (s-'1, 
respectively, while the rate constant for reaction of the 
mono-ortho-substituted compound, 2-Me, is 0.76 X lo-' (s-'1 . 
Presumably, reaction in chloroform, as in the other solvents, is 
promoted by steric relief. 

Reaction of the ortho-substituted salts in chloroform appears 
to be similar to that in the poorly solvating tert-butyl alcohol 

'K. C. Westaway and H. Joly. Private communication. 
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COOH C H 2 0 H  CHzBr R2q~1 0 - 0 - 0  LiAlH4 ~~9" 48% "q + ..Me2 
HBr 0 0 -  Ether 0 0 R4 

R3 R3 R3 NMe2 H Br 

Nitromethane 

MeBr - MeO- - 
MeOH 

SCHEME 1. Synthetic route to 9-(ortho-substituted phenylmethy1)fluoren-9-yltrimethylammonium bromides. 

solvent. This is reasonable since the onium group of the reactant 
and the developing carbocationic centre will be very poorly 
solvated in both solvents. Perhaps in chloroform the quaternary 
ammonium halides exist to a significant extent as ion pairs. 

Experimental 
Melting points are uncorrected. The 'H nmr spectra were determined 

on a Varian T60 spectrometer. Mass spectra were obtained on an AEI 
M-12 mass spectrometer. Elemental analyses were carried out by the 
Guelph Chemical Laboratories, Guelph, Ontario, Canada. All reagents 
and solvents were reagent grade and were dried and purified by the 
usual procedures. 

The synthetic pathways for most of the compounds in this study were 
similar and are outlined in Scheme 1. The deuterated substrates were all 
better than 95% deuterated since nmr and mass spectrometric analyses 
indicate complete deuteration. 

Benzyl alcohols which were not commercially available and the 
a,a-dideuterated analogues of the benzyl alcohols were prepared 
by reduction of the corresponding benzoic acid or the methyl ester 
(65, 66). 

2,6-Dimethylbenzyl alcohol 
A solution of 2.6-dimethylbenzoic acid (80 g, 0.53 mol) in 500 mL 

of anhydrous diethyl ether was added to a sluny of LiAlH4 (30g, 
0.79 mol) in 350 mL ether. After refluxing for 108 h the excess lithium 
aluminum hydride was destroyed using 30 mL water and 150 mL 10% 
sulphuric acid. The organic layer was separated and the aqueous layer 
washed three times with ether. The combined organic extracts were 
dried and evaporated to give 2,6-dimethylbenzyl alcohol, which was 
recrystallized from absolute ethanol; 77% yield, mp 80.5-81°C (lit. 
(67) mp 81-82°C). 

2,6-Dimethylbenzyl bromide 
2,6-Dimethylbenzyl alcohol (27.2 g, 0.2mol) was refluxed with 

48% HBr (105 g, 1.3mol) for 5 h (58). After work-up, 35.98 
(0.18 mol) of 2,6-dimethylbenzyl bromide was obtained (90% yield). 
Since the nmr mass spectra showed no impurities and because of the 
extreme lachrymatory nature of the compound, it was used without 
further purification. 

9-Fluorenyldimethylamine 
Anhydrous dimethylamine gas was passed into an ice-cold solution 

of 49.48 (0.2 moll of 9-bromofluorene dissolved in 500mL of 
anhydrous diethyl ether for 0.5 h. This mixture was stirred for a further 

2 h'and the resulting white precipitate was filtered off. The solvent was 
removed from the yellow filtrate using a rotary evaporator to give a 
solid, which on crystallization from n-hexane afforded pale yellow 
crystals (35.3 g, 0.17 mol) in 84% yield; mp 47.5-48°C; nmrand mass 
spectra confirmed the structure. 

2,6-Dimethylphenylmethyl-9-fluorenyldimethy1amm0nium bromide 
A 10-mL solution of 18.5g (0.093mol) of 2,6-dimethylbenzyl 

bromide in nitromethane was added to a solution of 21 g (0.01 mol) of 
N,N-dimethylfluoren-9-ylamine in 20 mL of nitromethane. This mix- 
ture was stirred for 15 h and 200 mL of anhydrous diethyl ether was 
added to precipitate the salt. The white precipitate was filtered and 
dried and then recrystallized from ethanol-ether to give 29.38 
(0.072 mol) of pure compound in 78% yield, mp 169-170°C. The 
melting points o? the v&us analogues of this compound are given in 
Table 6. 

N,N -Dimethyl-9-(2,6-dimethylphenylmethyl)fluoren-9-ylamine 
2,6-Dimethylphenylmethyl-9-fluorenyldimethy1arnmonium bro- 

mide, 22.6 g (0.055 rnol), was dissolved in40 mL of methanol. Freshly 
cut metallic sodium, 4.6 g (0.2 rnol), dissolved in 40 mL of methanol 
was added to the ammonium salt solution. This reaction mixture was 
stirred for 10 h at room temperature and then poured into l00mL of 
water. This was extracted four times with 50-mL portions of chloro- 
form. The combined organic extracts were dried over anhydrous 
MgS04 and rotary evaporated to give the crude amine, 17.2 g (0.053 
mol) in 96% yield, mp 105-105.5"C. Repeated crystallization from 
95% ethanol gave a pure white compound with satisfactory C, H, N 
analysis. The nmr and mass spectra confirmed the structure. The other 
ortho-substituted amines were similarly prepared by the Steven's 
rearrangement and the pertinent data is given in Table 7. 

9,(2,6-Dimethylpheny1methyl)Jluoren-9-ylimethya0nium bro- 
mide 

Pure N,N-dimethyl-9-(2,6-dimethylphenylmethyl)fluoren-9-yl- 
amine, 2 g (0.0061 rnol), was dissolved in 10 mL of sodium-dried 
benzene. This was refluxed with 20 mL of bromomethane at 0°C till 
turbidity was observed. The mixture was maintained at 5°C for a few 
days and the pure white solid was filtered off using a sintered glass 
funnel and washed three times with sodium-dried benzene (16% yield). 
Mass spectra and elemental analysis, Table 8, confirmed the structure. 

2.6-Dimethylphenyldibenzofulvene 
2,4-Dimethylbenzyltriphenylphosphonium bromide, 9.5 g (0.021 

rnol), prepared by Wittig's method (64), in 20 mL of dry benzene was 
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TABLE 6. The melting points of 2-substituted-9-fluorenyl-(ortho- 
substituted)-phenylmethyldimethylammonium bromides 

Compound Melting point ("C) 

stirred under nitrogen for 2 h with 3 g of sodium tert-butoxide. After the 
addition of 4 g (0.022 mol) of fluorenone in 50 mL of dry benzene the 
solution was stirred for another 2 h. The crude alkene obtained after 
work-up was separated on an alumina column (2 cm X 40 cm) using 
hexane as a solvent. The product was further purified by recrystalliza- 
tion from 95% ethanol, mp 165-165.5"C. The elemental analysis 
data for the above alkene and the related dibenzofulvenes are given 
in Table 9. 

Kinetic measurements 
The reactions were canied out in cuvettes with gas-tight covers inside 

a Bausch and Lamb Spectronic 7 10 instrument. The cuvette holder was 
linked to an external Haake FS circulator. The temperature of the water 
in the circulator was maintained at f 0.02"C. The temperature at which 
kinetic measurements were made was the actual temperature inside the 
cuvette, measured using a thermocouple attached to a digital ther- 
mometer. The fluctuations in the temperature in the cuvette were less 
than *O.O5"C. 

Since the absorbance of the sample under study had to be directly 
measurable, the concentrations of the quaternary ammonium salt 
solution had to be appropriately adjusted. A stock solution of the 

compound under study was made using the dry ethanol (or the other 
solvents) at room temperature. These solutions were stored in the 
refrigerator and it was found that, except for the very reactive 2,6-diMe 
and the 2,4,6-triMe substrates, the storage did not affect the initial 
absorbance readings over a period of months. 

Just before a kinetic run was initiated, the solution of the quaternary 
salt was brought to room temperature. A small amount was poured into 
a uv cell that had been rinsed with the solution. The tightly stoppered 
cuvette was fitted into the cuvette holder of the uv spectrometer and the 
timer started. A matched reference cell containing only the solvent was 
used to zero the absorbance before a reading was noted. In most cases 
the first reading was taken after at least 3 min so that the reaction 
mixture was in thermal equilibrium with the surroundings. The 
absorbance values were then taken at the appropriate time intervals. 
The reactions were generally followed up to 40-80% completion and at 
least three runs were made for each compound. Since it was not 
possible to measure more than one kinetic run at a time, the rates of 
reaction of the hydrogen and the deuterium substrates had to be 
measured consecutively within the least possible time. 

The wavelength of the uv light used was fixed at 320 nrn. It was 
determined that at this wavelength the product of the substitution 
reaction, the ether, did not have any significant absorption. Therefore, 
the change in the optical density that was monitored was due only to the 
increasing concentration of the alkene ~roducts. 

The i n k Q  readings were obtained by taking 5-mL aliquots of the 
initial salt solution in 10-mL volumetric flasks and filling to the mark. 
This was done in triplicate. These flasks were then lowered into an oil 
bath, which was maintained at the temperature of the reaction, and 
allowed to stand for at least 8-10 half-lives. These flasks were then 
withdrawn at different times and allowed to reach room temperature. If 
any solvent loss had occurred it was made up by addition of the pure 
solvent to the volumetric flask. A sample of this solution was used to 
measure the absorbance, which was the value at infinite time. This was 
repeated with the other two flasks. The infinity reading was taken as the 
average of the three readings. Using this average value of absorbance at 
infinite time, In (A, - A,) was plotted versus time to obtain good linear 
fist-order plots. At least three such plots for each compound were 
obtained. The experimentally obtained data were treated by least- 
squares analysis to determine the first-order rate constants using a HP 
200A computer. 

The ortho-substituted phenyldibenzofulvene solutions in the various 
solvents were used to determine values of the extinction coefficients at 
various wavelengths, Table 10. These extinction coefficients and the 
absorbance at infinite time were used to calculate the percent alkene 
formed in the reaction. 

TABLE 7. The melting points and elemental analysis of the 9-(ortho-substituted phenylmethy1)fluoren-9-yldimethylarnines 

Elemental analysis 

Compound Melting point ("C) 

"Experimentally observed values. 
aeoretical values. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1070 CAN. J. CHEM. VOL. 64, 1986 

TABLE 8. Elemental analysis of the 9-(ortho-substituted phenylmethy1)- 
fluoren-9-yltrimethylammonium bromides 

TABLE 10. The ultraviolet absorption data for the ortho-substituted 
phenyldibenzofulvenes in ethanol 

C, H, N analysis 

Compound number 

T h e  top row numbers refer to the experimental value. 
%ese figures refer to theoretical values. 

TABLE 9. The melting points and elemental analysis of the ortho- 
substituted phenyldibenzofulvenes 

Substituent Melting point ("C) Elemental analysis 

2-Me 110.5-111.5 C 93.84, H 5.94" 
(C 93.99, H 6.011~ 

2,4-diMe 88-88.5 C 92.51, H 6.42 
(C 93.62, H 6.38) 

2,6-diMe 165-165.5 C 93.27, H 6.39 
(C 93.62, H 6.38) 

2,6-diC1 123-125.5 C 74.55, H 3.78 
(C 74.32, H 3.74) 

2,4,6-triMe 115.5-116 C 93.53, H 6.49 
(C 93.20, H 6.80) 

"Experimentally observed values. 
qheoretical values. 

Molar extinction 
coefficient at 

Substituent A,, (nrn) A,, (X 

Molar extinction 
coefficient at 

320 nm ( X 10-3 

Kinetic measurements by nuclear magnetic resonance method 
The rates of reaction of the 2-Me, 2,6-diMe, and the 2,4,6-triMe 

substrates and the P-d2 analogues of the 2,6-diMe and the 2,4,6-triMe 
compounds in chloroform at 50°C were determined by following the 
disappearance of appropriate hydrogen signals using a nmr spec- 
trometer. 

A dilute solution of the ammonium salt in CDC13 was prepared at 
room temperature and immediately placed in the probe of a Briiker 
WP-80 spectrometer maintained at 50°C. Several peaks in the spectrum 
(usually the peaks due to the hydrogen of the -N+(CH3)3 and the ring 
methyl groups) were integrated at suitable times using chloroform as an 
internal standard. The slope of the plot of log (integral of the 
appropriate peak) against time was determined by least squares. The 
rate constants determined by monitoring the disappearance of several 
different hydrogen signals agreed to within 5% in all cases. 
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Preparation of deuterium labelled styrenes and divinylbenzenes 
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This paper is dedicated to Professor Arthur N .  Bourns 

NICK HENRY WERSTIUK and GEORGE TIMMINS. Can. J. Chem. 64, 1072 (1986). 
Specifically deuteriated styrenes (I-d, 2,2'-d2, and ring labelled), perdeuteriostyrene, and specifically deuteriated divinyl- 

benzenes (1 ,I  '-d2, 2,2,2',2'-d4, and ring labelled) have been prepared by transforming suitably labelledphenylacetic (hydride or 
deuteride reduction and dehydration by solid KOH) and phenylenediacetic acids (esterification, hydride or deuteride reduction, 
and dehydration by solid KOH), respectively. 

NICK HENRY WERSTIUK et GEORGE TIMMINS. Can. J. Chem. 64, 1072 (1986). 
On a pripark des styrhnes deuteris d'une fason spkcifique (d-1 , d2-2,2' et marqui sur le cycle), du perdeutirostyrhne et des 

divinylbenzhnes deutkrks d'une fason specifique (d2-1, 1' ,d4-2,2,2',2' et marqui sur le cycle) en transformant respectivement 
d'acides phinylacitiques (reduction par l'hydrure ou le deutkrure et dkshydratation par le KOH solide) ou phCnylhnediacktiques 
(estkrification, rkduction par l'hydrure ou le deutkrure et dkshydratation par le KOH solide) marquis d'une fason appropriie. 

[Traduit par la revue] 

Introduction 
The high temperature - dilute acid (HTDA) method has been 

used to prepare a wide range of deuteriated and tritiated organic 
compunds (1-8). In this paper we document its application to 
the preparation of deuteriated styrenes and divinylbenzenes 
(DVB's) that were required for solid-state 2~~ studies of 
cross-linked styrene polymers (9). Although initial studies 
established that styrene can be labelled directly at the 2-position 
under HTDA conditions (vide infra), it is not a viable route due 
to production of dimers and oligomers. Consequently, a general 
route to the specifically labelled styrenes was developed based 
on the H-D exchange of phenylacetic acid (PAA). To prepare 
specifically labelled divinylbenzenes (DVB's), phenylenedi- 
acetic acid (PDA) was used as a substrate. 

Results and discussion 
Attempted direct exchange of styrene and divinylbenzene 

When styrene was reacted under HTDA conditions at 165"C, 
it was found that full equilibration of the C-2 hydrogens with the 
deuterium pool could be achieved. Unfortunately, although 
small amounts of styrene-2,2-d2 ( lb)  could be isolated by 
preparative gas chromatography (gc), it appeared that most of 
the styrene was lost as dimers and oligomers, making this route 
viable only for preparing l b  in relatively small amounts. 
Treatment of DVB under HTDA conditions resulted in rapid 
production of polymer, as expected, and this direction was 
pursued no further. 

Preparation of deuteriated styrenes 
Since direct deuteriation of styrene and DVB' was ineffi- 

cient, PAA and PDA were selected as precursors. Labelled 
PAA lf (1.90 excess D per molecule) was prepared from l e  by 
refluxing it twice in 1.3 M DCUD20. Reduction of this product 
by LAH, followed by elimination of water by KOH, gave 
styrene-1-d (la) that contained 0.75 excess D atoms over 
natural abundance. The 2 ~ r n r  spectrum of l a  showed signals at 
6.6 and 2.7 ppm (<I%), the latter peak indicating that <0.5% 
of starting material was present. That l a  contined substantially 
less deuterium than expected (1.90/2), based on the deuterium 
content of the precursor PPA If, indicates that D-H exchange 
- 

 he commercially available material was a mixture of DVB, 
diethylbenzene, and the half-dehydrogenated compound. 

competes with elimination. Nevertheless, back exchange can be 
minimized by using KOD and the 0-D labelled alcohol. 

When PAA was heated at 260°C in 0.26 M HCUD20 and 
recycled in 0.26 M DC1/D20, perlabelled acid l g  was obtained. 
Back exchange at the 2-position by KOH/H20 (11) yielded 
ring-deuteriated acid lh .  LAH reduction, followed by elimina- 
tion of water, gave l c  that contained 4.75 excess D atoms per 
molecule. The 2~~ spectrum of l c  exhibited a signal at 7.2 
ppm and it was ascertained that <5% of starting alcohol was 
present. 

Reduction of perlabelled PAA l g  by LAD, followed by eli- 
mination of water from 11, yielded l d  (7.17 excess D atoms per 
molecule). It is evident from the 2 ~ r n r  spectrum of I d  (Fig. 1) 
that a substantial amount (-25%) of D-H exchange occurred 
at the 1-position, as was observed in the preparation of l a .  

Reduction of PAA by LAD, followed by elimination of 
water, gave l b  (1.99 excess D atoms per molecule). The 2Hmr 
spectrum of l b  exhibited signals at 5.1 and 5.6 ppm and no 
signals due to starting alcohol. 

Preparation of deuteriated divinylbenzenes 
Treatment of PDA 2d with KOWD20 at 160°C yielded 

PDA-1,l ,11,1'-d4 (2e), and 'Hmr analysis established that 
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8 7 6 5 4 3 

PFM 

FIG. 1. The 'Hmr (38.4 MHz) spectrum of styrene-d8 in CHC13. 

FIG. 2. The 'Hmr (38.4 MHz) spectrum of divinylbenzene- 
2,2,2', 2'-d4 in CHC13. 

exchange was >95% complete. Since direct reduction of the 
diacid proved to be unsatisfactory, the diethyl ester was 
prepared and reduced to 2k by LAH. KOH-promoted elimina- 
tion of water from 2k gave DVB- 1, l  '-d2 (2a) (1.39 excess D per 
molecule). As observed in the preparation of styrene-1-d, 2k 
contained less deuterium (1.39 D) than expected (1.90 D) on the 
basis of the labelled PDA 2e (-3.8 D). As in the case of 
2-phenylethanol, D-H exchange competes with elimination of 
water from 2k. The 2Hmr spectrum of 2a exhibited signals at 
6.6 and 2.8 ppm (6%), the latter establishing that the product 
contained 3% starting material. 

At 260°C in 0.26 M DCL/D20 2d was perlabelled. Following 
back-exchange in aqueous KOH, the acid was converted, as 
described above, to DVB 2c (3.62 excess D atoms per 
molecule). The 2 ~ m r  spectrum of 2c showed, in addition to an 
intense signal at 7.4 ppm, weak signals at 7.2 (<5%) and 2.7 
(<I%) due to starting material. A weak signal (< 1%) at 6.7 

indicated that a small amount of deuterium was located at the 
1,l  '-positions of 2c. 

DVB-2,2,2',2'-d4 (2b) (3.89 excess D atoms per molecule) 
was prepared by reducing diethyl ester 2h by LAD and 
eliminating water from 21 in the usual manner. The 'Hmr 
spectrum (Fig. 2) of 26 indicates (signal at 3.7 ppm) that the 
product contains approximately 6% of 21. The presence of 
3-6% of starting material in the DVB's is due to the fact that it 
was necessary t i  carry out the elimination reactions at reduced 
pressure to minimize polymerization. 

Conclusions 
This study establishes that phenylacetic acid and phenylenedi- 

acetic acid are convenient starting materials for the preparation 
of specifically deuteriated styrenes and p-divinylbenzenes as 
well as the perlabelled compounds, even though the yields of the 
dehydration steps are modest as a consequence of the reactivity 
of the compounds. Although styrene-1,2,2'-d3 was not pre- 
pared, its synthesis from PAA would be a simple matter. It 
should be possible to prepare a wide range of deuteriated 
substituted styrenes and the isomeric divinylbenzenes using the 
methodology documented in this paper. Furthermore, the 
corresponding tritiated compounds can be prepared using this 
approach as well. 

In conclusion, we wish to comment on the facile elimination 
of water from the alcohols by solid KOH. Although base- 
promoted dehydration of alcohols is not. discussed in general 
organic chemistry texts, it appears thatit may be a very useful 
method for dehydrating fairly high-boiling alcohols that have 
an acidic hydrogen P to the hydroxyl group. 

Experimental 
Mass spectral deuterium analyses were carried out with a VG 

Micromass 7070F spectrometer at low ionizing voltage (12-15 eV) to 
minimize fragmentation. The nmr spectra were obtained on Varian 
EM-390 and Briiker WM-250 spectrometers; gc analyses were per- 
formed on a Tracor Model 560 gas chromatograph with a Varian Model 
485 electronic integrator using a 6 ft x 4 mrn id 3% OV-1 on 100-120 
mesh Supelcoport column. For preparative gc a Varian A-700 gas 
chromatograph fitted with a 5 ft X 114 in. 15% SE-30 on 80-100 mesh 
Chromosorb W column was used. Ether for the hydride reductions was 
dried by distillation from LAH. 

H-D exchange of styrene 
Styrene (0.20 g), decalin (2 mL) , and 0.26 M DCYD20 (5 mL) were 

sealed under vacuum in a medium-walled glass tube after degassing by 
three freeze-pump-thaw cycles. The tube was sealed in a Parr high 
pressure apparatus containing water to equalize pressure, and was 
heated at 165OC for 12 h. The organic solution was decanted from the 
frozen aqueous layer and styrene collected by preparative gc (5 ft X 114 
in. 15% SE-30 on 80-100 mesh Chromosorb W). Mass spectral 
analysis indicated the incorporation of 1.94 excess D atoms per 
molecule (0.7% do, 4.3% dl ,  95.1% d2); l ~ m r  (CDC13) showed that 
the C-2 Hs had been fully exchanged (6:6.72 (m, H-1), 7.2-7.5 (m, 
aromatic Hs)). Gas chromatographic analysis indicated the presence of 
substantial amounts (-35%) of dimeric products; gc analysis of styrene 
was found to be inconsistent and unreliable, presumably due to 
reactivity of styrene on the column and injector block. 

An attempt to distill styrene from a large-scale reaction (4.2g 
styrene) resulted in the collection of no styrene. Using decalin as an 
internal standard, gc analysis indicated that only -20% of the styrene 
was left in the product with dimeric material comprising - 10% more. 

Phenylacetic acid-1 ,l -d2 (If) 
Phenylacetic acid (12.0 g) was refluxed for 142 h in 2.6 M HCYD20 

(50mL), the product was extracted with ether (50mL, 3 X 20mL), 
dried over anhydrous Na2S04, and solvent removed on a roto- 
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evaporator to yield 11.8 g of If (97%, 1.57 excess D per molecule). 
This product (1 1.8 g) was then refluxed with 1.3 M DCYD20 (50 mL) 
for 72 hand extracted as above (yield 11.6 g, 98%; 1.90 excess D atoms 
per molecule). 

Phenylethanol-2,2-d2 ( l i )  
Phenylacetic acid-2,2'-d2 (1 1.6 g) in dry ether (100 mL) was slowly 

added to a magnetically stirred slurry of LAH (3.0 g) in dry ether 
(100 mL) and refluxed for 2 h. More LAH (0.5 g) was added and reflux 
continued for 3 h. The reaction was quenched by careful addition of 
water (75 mL), then was acidified with concentrated HCl until most of 
the solid dissolved. The aqueous layer was saturated with NaCl and 
extracted with ether (4 x 40 mL) after removal of the organic layer. 
The extracts were washed with saturated aqueous NaHC03, dried over 
anhydrous Na2S04, and filtered. The ether was removed by distillation 
through a 25-cm glass helices column and the last traces were removed 
under rotatory-pump vacuum to yield 9.9 g (95%) of l i .  

Styrene-I -d ( la)  
Phenylethanol-2,2-d2 (9.9 g) was heated with KOH pellets (4.3 g) 

(10) and styrene was rapidly distilled through a 15-cm Vigreux column 
into a Dry Ice - acetone cooled flask. Styrene-1-d was separated from 
water and dried over anhydrous Na2S04 (yield 2.9g, 35%). A 
considerable amount of polymer was produced. Mass spectral analysis 

Styurene-d5 ( lc)  
Phenylethanol-ds (5.7 g) was heated with KOH (3.2 g, pellets) and 

styrene rapidly distilled through a 15-cm Vigreux column into a flask 
cooled in Dry Ice - acetone. The styrene was separated from water and 
dried over anhydrous Na2S04 to yield 3.2 g (65%) of l c .  Mass spectral 
analysis indicated the presence of 4.75 excess D atoms per molecule 
(0.6% d2, 4.0% d3, 19.4% d4, 72.1% ds, 3.8% d6, 0.1% d7); 2 ~ m r  
(CHC13) showed a resonance at 7.2 ppm; ' ~ m  (CDCI,), 85.21 (d, 
trans-H-2), 5.72 (d, cis-H-2), 6.73 (q, H-I), 7.3 (residual aromatic 
Hs). 

Phenylethanol-d9 (11) 
To a slurry of LAD (3.0 g) in dry ether (100 mL) was slowly added 

perdeuteriated phenylacetic acid (10.2 g) in dry ether (100 mL). After 
refluxing for 2 h a further portion of LAD (0.5 g) was added and reflux 
continued for 6 h. After careful quenching of the reaction with wet ether 
(25 mL) and water (50 mL) and acidification with concentrated HCl, 
the aqueous layer was saturated with NaCl and extracted with ether 
(5 x 30 mL). The combined extracts were washed with saturated 
aqueous NaHC03 (30 mL), dried over anhydrous Na2S04, decolorized 
with carbon, filtered, and solvent was removed by distillation through a 
15-cm glass helices column. Traces of ether were removed under 
vacuum to yield 8.3 g (88.5%) of 11. 

indicated incorporation bf 0.75 excess D atoms per molecule (27.5% Styrene-d8 (Id) 
do, 70.2% dl, and 2.0% d4 species) and 2 ~ m  (CHCI3) showed two Phenylethanol-d9 from the previous reaction (8.2 g) was heated with 
resonances at 6.6 and 2.7 ppm (< 1%). This analysis was confirmed by KOH (3.7 g) and the styrene was distilled through a 15-cm Vigreux 
'Hm (CDCI3), 85.21 (m, trans-H-2), 5.72 (m, cis-H-2), 6.69 (q, column into a Dry Ice cooled receiver as it was produced. After 
H-1, po.3H), 7.1-7.5 (m, aromatic Hs). separation from water, the product was dried over anhydrous Na2S04 

Phenylacetic acid-d7 ( lg)  
Phenylacetic acid (13.5 g) was heated at 260°C with 0.26 M 

HCYD20 (100 mL) for 72 h in a 600-mL Parr high pressure apparatus 
containing a glass liner. The product was extracted with ether (100 mL, 
4 x 50 mL), the extracts were washed with saturated aqueous NaCl 
(25 mL), ether was removed on a roto-evaporator, and the remaining 
solvent was removed under vacuum to yield 11.2 g (83%) of l g .  The 
partially deuterated phenylacetic acid (10.9 g) was reacted with 0.26 M 
DCYD20 (100 mL) using the same procedure (yield 9.5 g, 87%). Mass 
spectral analysis showed the presence of 6.81 excess D atoms per 
molecule (0.5% d4, 4.0% dS, 20.2% d6, 64.3% d7, 11.0% dB). The 
results indicate that not all of the carboxyl deuterons were exchanged 
during the work-up procedure. 

Phenylacetic acid-d5 ( lh)  
The deuteriated phenylacetic acid obtained above (9.2 g) was 

back-exchanged (1 1) by heating with H20  (50 mL) and KOH (4.1 g) in 
a 600-mL Parr high pressure apparatus at 160°C for 24 h. The solution 
was acidified with concentrated HCl and extracted with ether (100 mL, 
4 X 25 mL). The extracts were washed with saturated aqueous NaCl 
(25 mL), dried over anhydrous Na2S04, decolorized with carbon, h d  
the ether was stripped on a roto-evaporator and pumped off under 
vacuum to yield 9.0 g (98%) of l h .  Mass specpal analysis indicated 
that 4.9 excess D atoms per molecule remained (1.5% d3, 16.6% D4, 
72.5% dS, 7.9% d6, 1.5% d7); ' ~ m r  (CDC13) confirmed that back 
exchange was essentially complete (k3.62 (2, H-2), 7.3-7.4 (residual 
aromatic Hs), 1 1.8 (s, --O--H). 

Phenylethanol-d5 (lk) 
Phenylacetic acid-ds (8.9 g) in dry ether (150 mL) was added slowly 

to a magnetically stirred suspension of LAH (1.2g) in dry ether 
(50mL) and the mixture was refluxed for 5 h. The reaction was 
quenched by careful addition of water (75 mL), then acidified with 
concentrated HCl until the precipitates were disolved. After separation 
of the ether, the solution was further extracted with ether (5 X 20 mL), 
and the extracts were dried over anhydrous Na2S04 and decolorized 
with carbon. The ether was stripped on a roto-evaporator and the 
remainder was removed under vacuum to yield 6.5 g (81 %) of 1 k; ' H m  
(CDCI3), 8:2.80 (t, H-1), 3.60 (s, n H ) ,  3.80 (t, H-2), 7.3 
(residual aromatic Hs) . 

and distilled through a 15-cm Vigreux column at reduced pressure 
(-10 Torr; 1 Torr = 133.3 Pa) to yield 5.4 g (77%) of Id.  

Mass spectral analysis indicated the incorporation of 7.17 excess D 
atoms per molecule (0.5% d4. 6.0% ds, 12.6% d6, 37.0% d7, 44.0% 
dB); 2 ~ m  (CHC13) (Fig. I), 85 .1  (trans-D-2), 5.6 (cis-D-2) 6.6 
(D-1) 7.1-7.4 (aromatic Ds). Electronic integration established the 
following deuterium distribution; 1.88 D at C-2, 0.73 D at C-1, and 
4.56 D in the aromatic ring. 

Phenylethanol-2,3-d2 (lj) 
Phenylacetic acid (5.0 g) in dry ether (100 mL) was slowly added to a 

magnetically stirred slurry of LAD in dry ether (100 mL) and the 
mixture was refluxed for 4h .  The reaction mixture was carefully 
quenched with water, then acidified with concentrated HCI until 
precipitates were dissolved. The ether layer was separated, and the 
aqueous layer was saturated with NaCl and extracted with ether 
(4 X 15mL). The combined extracts were dried over anhydrous 
Na2S04, ether was stripped on a roto-evaporator, and the last traces 
were removed under vacuum to yield 4.2 g (95%) of l j ;  'Hmr (CC14), 
8:2.69 (s, H-1) 4.15 (s, --O-H), 7.0-7.3 (m, aromatic H5). 
Styrene-2,2-d2 ( lb)  

Phenylethanol-2,2-d2 (3.6 g) was heated with KOH (2.0g, pellets) 
and the styrene rapidly distilled through a 15-cm Vigreux column into a 
Dry Ice - acetone cooled receiver. The styrene was separated from 
water and dried over anhydrous Na2S04 to yield 2.6 g (84%) of lb .  
Mass spectral analysis indicated that 1.99 excess D atoms per molecule 
(2.5% dl, 96.0% d2. 1.5% d3) were incorporated in the styrene; 
2 ~ r n r ,  85.1 (trans-D-2), 5.6 (cis-D-2). 

Attempted H-D exchange of divinylbenzene 
Divinylbenzene (0.20g), decalin (2mL), and 0.26 M DCllD20 

(5 mL) in a medium-walled glass tube were degassed via three 
freeze-pump-thaw cycles and the tube was sealed under vacuum. 
Reaction was carried out at 160°C for 19 h in a Parr high pressure 
apparatus containing water to equalize pressure. A solid mass of 
polymer was formed and this deuteration approach was abandoned. 

Phenylenediacetic acid-2,2,2 ' ,2 '-d4 (2e) 
The potassium salt of phenylenediacetic acid (9.6 g) was prepared by 

reaction with KOH (3.0 g) in water (20 mL). Water was removed with 
heating on aroto-evaporator and the salt was reacted with D20 (50 
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and KOH (1 .O g) in a 600-ML Parr high pressure apparatus with a glass 
liner at 160°C for 28 h. The solution was acidified with concentrated 
HCI and the solid removed by filtration to yield 9.3 g (95%) of l e ;  'Hmr 
(DMSO-d6), 6:7.25 (s, aromatic Hs), 11.8 (s, &H), 3.53 (residual 
H-2). 

Phenylenediacetic acid diethyl ester-2,2,2',2'-d4 (2i) 
Phenylenediacetic acid 2e (8.9 g) was refluxed with absolute ethanol 

(38mL), benzene (63mL), and concentrated H2S04(10mL) with 
magnetic stining in a Dean-Stark apparatus. After 12h reaction, 
saturated aqueous NaCl(75 mL) was added and the mixture extracted 
with ether (50 mL, 3 X 20 mL). the combined extracts were washed 
with saturated aqueous NaHC03 (2 X 10 mL), dried over anhydrous 
Na2S04, decolorized with carbon, and the ether was removed on a 
roto-evaporator, then with heating under vacuum. Removal of all the 
ethanol was difficult, to yield 9.6 g (84%) of 2i; ' ~ m r  (CC14), 6: l .  18 
(t, CH3), 4.07 (q, ethyl CH2), 7.20 (s, aromatic Hs), 3.47 (residual 2,2' 
Hs) . 
Benzenediethanol-2,2,2' ,2'-d4 (2k) 

Phenylenediacetic acid diethyl ester (9.2 g) from the above reaction 
in dry ether (100mL) was slowly added to a magnetically stirred 
suspension of LAH (1.9 g) in dry ether (50 mL). After a 6-h reflux, the 
reaction mixture was quenched by careful addition of water (50 mL) 
and acidified with concentrated HCl to dissolve the precipitate. 
Extraction with ether (9 x 50 mL) yielded 5.1 g (83%) of 2k; ' ~ m r  
(CDCI), 6: 1.87 (s, --O-H), 2.82 (m, 1 , l '  Hs), 3.97 (s, residual 2,2' 
Hs), 7.20 (s, aromatic Hs). 

Divinylbenzene-I, 1 '-d2 (2a) 
Benzen'ediethanol 2k (4.9 g) was heated rapidly with KOH pellets 

(2.5 g) and divinylbenzene (2.3 g, 62%) was quickly distilled through a 
15-cm Vigreux column at -60 Torr. Mass spectral analysis indicated 
the presence of 1.39 excess D atoms per molecule (1 1.6% do, 41.2% 
d,, 45.0% d2, 1.4% d3, 0.9% d4); ' ~ m r  (CHC13), 6:6.6 (D-1), 2.8 
(6%) (2,2,2',2'-Ds) of 2k; 'Hmr (CCI4), 65.17 (m, trans-2,2' Hs), 
5.63 (m, cis-2,2' Hs), 6.63 (residual 1 , I '  Hs, 0.64H), 7.30 (s, 
aromatic Hs). 

Phenylenediacetic acid-d8 (2f) 
Phenylenediacetic acid (10.0 g) was reacted with 0.26 M DCVD20 

(100 mL) in a 600-mL Parr high pressure apparatus fitted with a glass 
liner at 260°C for 88 h. The solid was filtered off, washed with water 
(2 X 15 mL), and dried to yield 9.35 g (89.9%) of 2f. Mass spectral 
analysis disclosed the presence of 8.29 excess D atoms per molecule 
(0.9% d5, 4.5% d6, 16.2% d7, 34.3% dg, 31.2% d9, 12.8% dlo); 
apparently not all of the carboxyl deuterons were washed out during 
isolation. 

Phenylenediacetic acid-d4 (2g) 
Phenylenediacetic acid 2f (7.9 g) was reacted with KOH (5.0g) in 

water (50mL) to form the salt, and the water was removed on a 
roto-evaporator with heating and then with heating under vacuum. The 
salt was reacted in a glass-lined 600-mL Parr high pressure apparatus 
with KOH (1.0 g) and water (50 mL) at 160°C for 24 h. The reaction 
mixture was acidified, the precipitate filtered off, washed with water 
(4 x 15 mL), and dried by heating under vacuum to yield 7.4 g (96%) 
of 2s; 'Hmr (DMSO-d6), 6:3.56 (s, H-2,2'), 7.24 (s, residual aromatic 
Hs), 11.7 (s, -0-H). 

Phenylenediacetic acid diethyl ester-d4 (2j) 
Phenylenediacetic acid 2g (7.2g) was refluxed with magnetic 

stirring with absolute ethanol (35 mL), benzene (65 mL), and concen- 
trated H2SO4 (12mL) in a Dean-Stark apparatus for 18h. To the 
reaction mixture was added ether (50 mL) and saturated aqueous NaCl 
and the organic solution separated. The aqueous layer was further 
extracted with ether (5 x 30mL) and the combined extracts were 
washed with saturated aqueous NaHC03 (2 X 20mL) and saturated 
aqueous NaCl (20mL). After drying over anhydrous Na2S04 and 
decolorizing with carbon, ether was stripped on a roto-evaporator, then 

with heating under vacuum, to yield 8.3 g (90%) of 2j. Mass spectral 
analysis demonstrated the presence of 3.75 excess D atoms per 
molecule (3.7% d2, 23.5% ds, 66.5% d4, 5.9% d5, 0.4% d6); ' ~ m r  
(CDC13), 6: 1.20 (t, CH3), 3.60 (s, 2,2' Hs) 4.18 (q, ethyl CH2), 7.30 
(s, residual aromatic Hs). 

Benzenediethanol-d4 (2m) 
A solution of 2 j  (8.0 g) in dry ether (100 mL) was added slowly to a 

magnetically stirred suspension of LAH (1.3 g) in dry ether (50 mL) 
and the mixture refluxed overnight. The reaction was quenched by 
careful addition of water (50mL) and then acidified by addition of 
concentrated HCl to dissolve the precipitate. The organic layer was 
separated, the aqueous phase extracted with ether (10 X 30 mL), and 
the combined extracts were washed with saturated aqueous NaCl 
(20 mL), dried over anhydrous Na2S04, and decolorized with carbon. 
Ether was stripped on a roto-evaporator, then under vacuum, to yield 
5.2g(97%)of2m; '~mr(CDC1~)6:1.89(s,OHs), 2.81 (dt,2,2'Hs), 
3.82 (t, 1 , l '  Hs), 7.20 (s, residual aromatic Hs). 

Divinylbenzene-d4 (2c) 
Benzenediethanol-d4 2m (5.0 g) was heated with KOH pellets 

(2.5 g) and the divinylbenzene (I .0 g, 26%) quickly distilled through a 
15-cm Vigreux column at -60 Torr. In this reaction the divinylbenzene 
polymerized very rapidly in the reaction flask. Mass spectral analysis 
indicated 3.62 excess D atoms per molecule (0.5%, do, 0.9% d l ,  5.7% 
d2, 26.1% d3, 63.0% d4, 3.5% d5, 0.3% 4). The ' ~ m r  spectrum 
showed, in addition to an intense peak at 7.4 ppm, weak signals at 7.2 
(<5%) and 2.7 (<I%) due to starting material. A weak signal at 6.7 
(< 1 %) indicated that a small amount of the deuterium was located at the 
1,1 '-positions of 2c. ' ~ m r  (CC14), 6:s. 1 1 (d, trans-2,2' Hs), 5.59 (d, 
cis-2,2' Hs), 6.66 (q, 1 , l '  Hs), 7.30 (s, residualaromatic Hs, 0.35H). 

Benezenediethanol-1 , I  , I '  ,I1-d4 (21) 
The diester of PDA (1 1.0 g) in dry ether (150 mL) was slowly added 

to a magnetically stirred suspension of LAD (2.2g) in dry ether 
(50 mL). After refluxing for 5 h, the reaction mixture was carefully 
quenched with water (50 mL) and acidified with concentrated HCI to 
dissolve the precipitate. After separation of the organic layer, the 
aqueous solution was extracted with ether (10 X S o d ) ,  and the 
combined extracts were washed with saturated aqueous NaCl(20 mL) 
and dried over anhydrous Na2S04. Ether was stripped on a roto- 
evaporator, then the last traces were removed under vacuum to yield 
7.5 g (88%) of 21; ' ~ m r  (CDCI3), 6:1.58 (s, 0 Hs), 2.84 (s, 2,2' Hs), 
7.20 (s, aromatic Hs). 

Divinylbenzene-2,2,2' ,2'-d4 (2b) 
Benzenediethano121 (7.2 g) was heated with KOHpellets (2.6 g) and 

the divinylbenzene (2.5 g, 46%) was quickly distilled through a 15-cm 
Vigreux column at -65 Tom. Mass spectral analysis showed that the 
product contained 3.89 excess D atoms per molecule (2.9% dl, 6.6% 
d3, 89.3% d4, 1.1% d5, 0.1 % d6 species). The ' ~ m r  (CHCI3) (Fig. 2) 
showed signals at 5.10 and 5.60 ppm corresponding to the 2,2' 
deuterons and a signal at 3.7 pm that was due to starting material; ' ~ m r  
(CDCI3), 6:6.67 (br s, 1 , l '  Hs), 7.35 (s, aromatic Hs). Only a very 
small signal (< 1%) was present for the 2,2 protons. 
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Bridged polycyclic compounds. 88. Multiple intermediates in solvolysis of certain bridged bicyclic 
and tricyclic compounds1 
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STANLEY J. CRISTOL, GEORGE C. SCHLOEMER, DIETER BRAUN, and GWENDOLYN 0. MAYO. Can. J. Chem. 64,1077 (1986). 
Acetolyses of 7-chloromethyl- and 7-bromomethyldibenzobicyclo[2.2.2]octatrienes, 8-chloro- and 8-bromo-7-methylenedi- 

benzobicyclo[2.2.2]octa-2,s-dienes, 4-bromo-8-methylenedibenzobicyclo[3.2.l]octa-2,6-diene, and 2-chlorodibenzotricyclo- 
[3.2.2.02.4]nonadiene were carried out. The results observed were consistent with the involvement of two carbocations 
interconverting by a Wagner-Meerwein rearrangement, and with the absence of the 1-dibenzosemibullvalenylcarbinyl cation, 
which is the cyclopropylcarbinyl isomer of one of the cations produced. The preparations of the reactants and products are 
described. 

STANLEY J. CRISTOL, GEORGE C. SCHLOEMER, DIETER BRAUN et GWENDOLYN 0. MAYO. Can. J. Chem. 64, 1077 (1986). 

On a effectut les acttolyses des composts suivants: les chloromethyl-7 et bromomethyl-7 dibenzobicyclo[2.2.2]octatribnes, 
les chloro-8 et bromo-8 mkthylkne-7 dibenzobicyclo[2.2.2]octatribnes-2,5, le bromo-4 mtthylbne-8 dibenzobicyclo[3.2. llocta- 
dibne-2,6 et le chloro-2 dibenzotricyclo[3.2.2.02~4]nonadibne. Les ksultats observts sont en accord avec un mtcanisme 
impliquant la prksence de deux carbocations qui s'interconvertissent par une transposition de Wagner-Meerwein et l'absence du 
cation dibenzosernibullvalknylcarbinyle-1 qui est l'isombre cyclopropylcarbinyle de I'un des cations produits. On dtcrit les 
prkparations des rtactifs et des produits. 

[Traduit par la revue] 

: Introduction 
Some years ago (2), the solvolysis of 1-Br (l-bromomethyldi- 

benzosemibullvalene) and the solvolytic deamination of 1-NH2 
were described and the nature of the intermediates involved in 
the formation of the solvolytic products was discussed. The 
purpose of this paper is to describe silver-ion assisted acetolyses 
of the corresponding allylic isomers (2 and 3, X = C1, Br), the 
homoallylic bromide 4-Br, and the cyclopropyl chloride 5, all of 
which might be expected to share in the manifold of carboca- 
tions available to 1. We were particularly interested in the nature 

i of the products of these ground-state solvolyses, in order to 
compare them with those of ground-state solvolysis of 1 and 
those of photosolvolyses of similar or identical compounds. 

Silver-ion induced acetolysis (2) of 1-Br gave, in addition to a 
small amount of 3,6benzoflu0rene,~ a mixture of the acetates 2, 

'For previous paper in series, see ref. 1. 
'~u thor  to whom correspondence may be addressed. 
3~lausible reaction paths for the formation of this hydrocarbon were 

discussed earlier (2), as were results on the dearnination of 1-NH2. 

3, and 4 (X = OAc). The ratios of the acetate products 
(rationalized to 100) are given in Table 1, as are corresponding 
results for 2-Br, 3-Br, and 4-Br. The latter compounds gave 
no benzofluorene, consistent with the idea3 that the progenitor 
of this hydrocarbon is a species not reached in the carbocation 
manifold from 2-Br, 3-Br, or 4-Br. The ratios of products are, 
within experimental error, identical for the isomeric allylic 
compounds 2-Br and 3-Br. It was first assumed that the 
experiments conducted at 100°C for approximately an hour 
were kinetically controlled ones involving silver acetate. 
However, experiments on corresponding chlorides (see below) 
made clear that the experiments, which involved addition of 
silver acetate after the solution had been brought to temperature, 
allowed for substantial acetolysis and epimerization before 
solvolysis, and allowed for partial acid-catalyzed exo-endo 
transformation of the benzylic acetates 4 and for a partial 
conversion of 4-OAc to the more stable 2-OAc and 3-OAc 
isomers. 

When the acetate mixtures were allowed to stand in acetic 
acid containing 0.5 M perchloric acid for 90 h, conversion to 
3-OAc was substantially complete (95% could be isolated) (2). 

It seems possible to conclude from these experiments that the 
carbocations 6 and 7 are involved, 6 leading to exo and end04 
acetates and 7 to 2- and 3-acetates. Reproducibility of condi- 
tions is not precise enough, in our opinion, to allow confidence 
in the assumption (2) that 6 and 7 are interconvertible at a rate 
substantially slower than capture, as this assumption would 
lead to substantially different mixtures from the benzylic and the 
allylic isomers, although the slightly greater amount of 4-OAc 
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TABLE 1.  Silver-ion induced acetolysis of certain bromides 

Composition of acetate 
product, % 

Temperature, Time, Order of AgOAc 
Substrate "C min additiona 2-OAc 3-OAc 4-OAcC 

Last 
Last 

Last 

Last 
Last 
Last 
First 

Last 

Tor  those samples marked "last," the solutions of alkyl bromide were brought to ternperature and 
silver acetate was then added; for that marked "first," the alkyl halide was added to a solution of silver 
acetate already at ternperature. 

bComposition of product computed from that of a reactant mixture of 72% 4-Br, 10% 2-Br, and 
18% 3-Br. 

T h e  major portion of these product mixtures was exo; the fraction of endo epimer increased with 
increasing time and (or) severity. 

dTime of heating after RBr added. 

TABLE 2. Solvolyses of certain bicyclic and tricyclic chlorides in acetic acid at reflux 

Composition of acetate 
product, % 

Order of AgOAc 
Substrate Time addition RCl recovered 2-OAc 3-OAc 4-OAc 

None 
Last 
Last 
First 

First 
First 

Last 
Last 
Last 

32% 2-C1,28% 3-C1 
0 

19% 2-C1,18% 3-C1 
8% 3-C1 

62% 3-C1, trace 2-C1 
36% 3-C1 

66% 5-C1 
48% 5-C1 
- 

T i m e  of heating after AgOAc added. 
%me of heating after RCI added. 

from 4-Br suggests this. It is clear, however, from the absence 
of 1-OAc and benzofluorene, that interconversion with 8 
(homoallyl + cyclopropylcarbinyl isomerization) is not impor- 
tant in these experiments. 

The chlorides 2-C1, 3-C1, and 5-C1 were also subjected to 
acetolysis (Table 2). With 2-C1, in the absence of silver acetate 
(or when silver acetate was added after the solution had been 
brought to reflux and reaction was terminated by pouring into 
cold water as soon as possible after the addition), there was 
substantial conversion to the more stable allylic isomer 3-C1, 
along with solvolysis. On the other hand, solvolysis of 3-C1, 
which was significantly less reactive than 2-C1, was accompa- 
nied by, at most, trace rearrangement to 2-C1. Thus, like the 
acetates, 3-C1 is thermodynamically more stable than its allylic 
isomer 2-C1. 

In the experiments where the alkyl chlorides were added to a 
refluxing solution of silver acetate in acetic acid, and the 
reaction was terminated after a few minutes (presumably kinetic 
control) with 2-C1, 3-C1, and 3-Br, the reaction mixture was 
somewhat richer in 4-OAc (42-47%) and poorer in 2-OAc than 

those prepared under more severe conditions. These results 
make it clear that 4-OAc is converted to both 2-OAc and 3-OAc 
and, when previous work (2) on these acetates is considered, 
that, considerably less rapidly, 2-OAc is converted to 3-OAc. 
This same phenomenon can be noted in the silver-ion promoted 
acetolysis of 5-C1, which gives mixtures comparable to those 
from the other isomers at shorter times, and, at longer times, 
shows the tendency to give mixtures richer in 3-OAc, consonant 
with its stability (2). The low reactivity of 5 is obviously a 
function of its being a chlorocyclopropane (3), and the products 
are consistent with those of other bridged systems (see, for 
example, ref. 4), and with the intervention of ions 6 and 7 as the 
reactive intermediates in the process. 

Photochemical results are recorded in the accompanying 
paper ( 5 ) ,  and discussions of the differences between the 
photoreactions and ground-state reactions are also given there. 

Reagents and products 
Compound 2-Br was prepared, essentially as described by 

Shenoy (6), by treatment of 2-OH (2, 6) with phosphorus 
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tribromide in pyridine. The other allylic isomer, 3-Br, was 
prepared by a sequence in which ally1 chloride was added to 
anthracene, elimination of hydrogen chloride gave the olefin 
3-H, and bromination with N-bromosuccinimide gave largely 
3-Br. The preparation of 4-Br was carried out by heating 1-Br 
(2) in xylene; a mixture containing 18% of 3-Br, 10% of 2-Br, 
and 72% of 4-Br was produced. The lability of 4-Br made 
purification difficult, hence this mixture was used in the 
reactions. The acetates 1-OAc, 2-OAc, 3-OAc, and 4-OAc 
have already been reported (2). 2-C1 was prepared from 2-OH 
using the method of Young et al. (7), for the conversion of 
primary allylic alcohols into the corresponding chlorides, 
without allylic rearrangement. We were unable to convert 2-OH 
or 3-OH into mixtures of allylic chlorides from which pure 
samples of 3-C1 could be obtained (although it is now clear (see 
above) that thermolysis of these mixtures would have given 
3-Cl). We therefore prepared 3-C1 by treatment of 7-chloro-8- 
chloromethyldibenzobicyclo [2.2.2] octa-2,5 -diene (prepared 
from anthracene and 1,3-dichloropropene) with base, following 
the concept of Jarvis (8) regarding elimination in such systems. 
5-Cl was prepared by triplet-sensitized irradiation of 2-C1 or 
3-Cl(5). 

Experimental 
The 'H nmr spectra were determined with a Varian A-60A 60-MHz 

instrument (bromide work) and a Varian EM-390 (90-MHz) instrument 
(chloride work). Analyses were by Galbraith Laboratories, Inc., Knox- 
ville, TN. 

Preparation of 7-bromomethyldibenzobicyclo[2.2.2]octatriene (2 -Br) 
Amixtureof250mg(l.07mmol)of2-OH(2), 2.8g(10.5mmol)of 

PBr3, 1 mL of pyridine, and 25 mL of reagent-grade benzene was 
heated and stirred for 20 min at 60°C, following the procedure of 
Shenoy (6). After being cooled, the mixture was extracted several 
times with water, aqueous NaHC03, and water. The benzene solution 
was dried (MgS04); evaporation of the solvent left an oil that 
crystallized from petroleum ether (bp 40-60°C) to give 282 mg (92%) 
of 2-Br, mp 132-135°C (lit. (6) mp 142-144°C); 'H nmr (CDC13), 6: 
7.0 (dt, lH, H-8, J4,, = 6.5Hz, J8,g = 0.5Hz), 5.28 (s, lH, H-1), 
5.22 (d, IH, H-4, J4,8 = 6.5 HZ), 4.40 (d, 2H, H-9, J8,9 = 0.5 HZ). 

Preparation of 7-methylene-8-bromodibenzobicyclo[2.2.2]octadiene 
(3-Br) 

A solution of 7.73 g (35.4 mmol) of 7-methylenedibenzobicyclo- 
[2.2.2]octadiene (9), 7.9 g (35 mmol) of N-bromosuccinimide, and a 
catalytic amount of azobisisobutyronitrile in 90 mL of reagent-grade 
carbon tetrachloride was irradiated with a 100-W unfrosted tungsten 
lamp for 34 h. The heat from the lamp caused the solution to reflux 
gently. The mixture was cooled and the insoluble succinimide was 
filtered. The filtrate was evaporated in vacuo. The resulting oil was 
chromatographed on Merck 71707 alumina and eluted rapidly with 
petroleum ether, bp 40-60°C. The major fraction was collected. 
Several recrystallizations from petroleum ether (bp 40-60°C) produced 
6.2 g (60%) of 3-Br, mp 121-122°C; 'H n m r ( c ~ ~ l ~ ) ,  6: 5.40 (d, lH, 
H-9, JsSg = 1.5 Hz), 5.23 (d, lH, H-9, JsVg = 2.0 Hz), 5.90 (m, lH, 
H-8, J4,.3 = 3.0, J8,9 = 2.0, 1 .5H~) ,  4.72 (S, lH, H-I), 4.54(d, lH, 
H-4, 54,s = 3.OHz). 

Anal. calcd. for C17H13Br: C 68.70, H 4.41; found: C 68.75, H 
4.57. 

Thermal isomerization of 1-bromometh~ldibenzotric~clo[3.3.O.d~~] 
octadiene (1 -Br) 

A solution of 70 mg (0.24 mmol) of 1-Br in 50 mL of m-xylene was 
heated at reflux for 15 h. The m-xylene was removed in vacuo to give a 
yellow oily residue; 'H nmr analysis showed 46% of exo-4-Br, 26% of 
endo-4-Br, 18% of 3-Br, and 10% of 2-Br. The mixture was analysed 
from the area of the following absorptions in the 'H nmr spectrum: H-4, 
d, 6 5.90 of endo-4-Br; H-4, d, 6 5.65 of exo-4-Br; H-9, d, 6 4.40 of 

2-Br; H-1, s, 6 4.72 and H-4, d, 6 4.54 of 3-Br. This mixture resisted 
attempts at separation and purification by either chromatography or 
crystallization due to the lability of the compounds. The yield of 
rearranged products was quantitative. The 'H nmr spectra of exo- and 
endo-4-Br reported are those provided by analysis of the spectrum of 
themixture: exo-4-Br: 'Hnmr(CDC13), 6: 5.65 (d, lH, H-4, J4,5 = 2.2 
Hz), 5.07, 5.03 (2s, 2H, H-9), 4.40 (s, lH, H-1); endo-4-Br: 'H nmr 
(CDC13), 6: 5.90 (d, lH, H-4, 54.5 = 5.5 HZ), 4.98, 4.92 (2s, 2H, 
H-9), 4.40 (s, IH, H-1), 4.05 (d, lH, H-5, J4,5 = 5.5 HZ). 

Silver-assisted solvolysis of 7-bromomethyldibenzobicyclo[2.2.2]octa- 
triene (2 -Br) 

To a solution of 500 mg (1.68 mmol) of 2-Br in 15 mL of acetic acid 
at 100°C was added, with stirring, 300 mg (1.8 mmol) of solid silver 
acetate. The reaction mixture was stirred for 45 min, cooled, and 
filtered. Dilution of the filtrate with 150 mL of cold water produced a 
cloudy precipitate, which was extracted with several 50-mL portions of 
ether. The combined ether layers were washed with water and saturated 
sodium bicarbonate solution until neutral, then dried (MgS04). 
Evaporation of the solvent in vacuo produced 460 mg (98%) of an oil 
whose 'H nmr spectrum4 indicated it contained 35% of 2-OAc, 37% of 
3-OAc, 22% of endo-4-OAc, and 6% of exo-4-OAc. This analysis was 
confirmed, as was that of all other solvolyses of the bromides, by 
reduction with LiAIH4 to the corresponding alcohols and analysis of the 
'H nmr spectra of that mixture. 

Silver-assisted solvolysis of 4-bromo-8-methylenedibenzobicyclo- 
[3.2 .l]octadiene (4-Br) 

To a solution of 70 mg (0.24 mmol) of the mixture of bromides from 
the thermolysis of 1-Br described above, in 30 mL of acetic acid heated 
at 90°C, was added 100 mg (0.6 mmol) of silver acetate. The reaction 
was stirred at 90°C for 45 rnin, cooled, and'filtered. The clear filtrate 
was diluted with 150 mL of water and extracted with several portions of 
ether. The combined ether layers were washed with water and saturated 
sodium bicarbonate solution until neutral, and dried (MgS04). Evapo- 
ration of the solvent gave 66 mg of an oil (100%) whose 'H nmr 
spectrum4 indicated a composition of 56% 4-OAc, 23% of 3-OAc, and 
21% of 2-OAc. 

Silver-assisted solvolysis of 7-methylene-8-bromodibenzobicyclo 
[2.2.2]octadiene (3-Br) 

A suspension of 1.24 g (4.18 mmol) of 3-Br in 33 mL of acetic acid 
was heated to 100"C, after which silver acetate (0.70 g, 4.18 mmol) 
was added. The reaction mixture was heated at 100°C for 45 min, 
cooled, and filtered. Dilution of the filtrate with 150 mL of cold water 
resulted in a white precipitate, which was extracted with several 50-mL 
portions of ether. The combined ether portions were washed with water 
and saturated sodium bicarbonate solution. The ether was then dried 
(MgS04) and evaporated in vacuo to yield 1.65 g (97%) of an oil. The 
'H nmr spectrum of the mixture indicated the formation of 24% of 
exo-4-OAc, 5% of endo-4-OAc, 32% of 3-OAc, and 39% of 2-OAc. 

Preparation of 8-chloro-7-methylenedibenzobicyclo[2.2.2]octadiene 
(3 -Cl) 

To a solution of 4.0 g (14 rnrnol) of 7-chloro-8-chloromethyldibe~l~~- 
bicyclo[2.2.2]octadiene (10) in 100 mL of dry dimethyl sulfoxide was 
added 2.3 g (21 mmol) of potassium tert-butoxide. The reaction 
mixture was stirred for 12 h at room temperature, and was then quenched 
by additon of 500 mL of water. The resulting suspension was extracted 
with several portions of ether. The combined ether layers were washed 
with 1 M hydrochloric acid and with water, then dried (MgS04). 
Evaporation of the solvent produced a yellow solid. Recrystallization 
from water-acetone yielded 2.5 g (71 %) of crystalline 3-Cl, mp 132 - 
133°C; 'H nmr (CDCI3), 6: 5.35 (d, lH, H-9, J8,g = 2.0 Hz), 5.17 (d, 
lH, H-9, JsSg = 1.8 Hz), 4.71 (s, lH, H-1), 4.70 (m, lH, H-8,54,8 = 
3.0, J8,9 = 2.0, 1 .8H~) ,  4.48 (d, IH, H-4, 54.8 = 3 .0H~) .  Anal. cdcd. 
forC17H13C1: C 80.79, H 5.19; found: C 80.91, H 5.01. 

4 ~ h e  properties of the acetate products and of the corresponding 
alcohols as well have already been reported (2). 
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Preparationof 7-chloromethyldibenzobicyclo[2.2.2]octatriene 
(2 -CI) 

To a solution of 3.5 g (15 mmol) of 7-hydroxymethyldibenzo- 
bicyclo[2.2.2]octatriene 2-OH (2) and 1.5 g (19 mmol) of pyridine 
in 200 mL of anhydrous ethyl ether was added (dropwise) a solution of 
2.0 g (17 mmol) of thionyl chloride dissolved in 50 mL of anhydrous 
ether. After stirring overnight, the reaction mixture was poured into 
350 mL of cold water. The ether layer was separated, and the water 
layer extracted twice with ether. The combined ether extracts were 
washed twice with sodium bicarbonate solution and twice with water. 
After the solution was dried (MgS04), removal of the solvent by 
distillation left a solid residue (3.8 g, 100%). Recrystallization from 
petroleum ether (bp 40-60°C) produced more than 90% of 2-C1, mp 
147-148°C; 'H nmr, 6: 7.41-6.91 (m, 8H, aromatic H), 6.80 (dt, lH, 
H-8, J4,3= ~ H z ,  J g , g =  1 HZ), 5 . 1 0 ( ~ ,  lH,H-1),5.03(d, lH,H-4, 
54.3 = 6 HZ), 4.22 (d, 2H, H-9, JsTg = 1 Hz). Anal. calcd. for 
CI7Hl3C1: C 80.79, H 5.19; found: C 80.70, H 5.35. 

Preparation of 2-chlorodibenzotricyclo[3.2 .2.d*4]nonadiene ( 5 )  
A solution of 1.9 g (7.5 mmol) of 2-C1 and 12 mL of acetophenone in 

65 mL of acetonitrile in a Pyrex tube was deoxygenated by nitrogen 
bubbling for 20 min. It was then irradiated at 300 nm for 4 days with an 
Hanovia 500-W lamp (pyrex filter). The solvent was distilled off and 
the residual oil was chromatographed on 600 mL of a 60-200 mesh 
silica gel column. Elution with 10% benzene in petroleum ether (bp 
40-60°C) gave 5, contaminated with acetophenone. Steam distillation 
removed most of the acetophenone. The residue (1.2 g, 63%) contained 
80% product and 20% acetophenone. Recrystallization from hexane 
gave pure 5, mp 121-122°C; 'H nmr (CDC13), 6: 7.40-7.00 (m, 8H, 
aromatic protons), 4.51 (s, lH, H-1), 4.37 (d, lH, H-5, J4,5 = 5 HZ), 
1.80 (dt, lH, H-4, J4,5 = 5 HZ, J30nli,4 = 9 HZ, J3syn,4 = 5 HZ), 1.17 
(dd, 1H, H-3anti, J3anri.4 = 9 HZ, J3anti,3syn = 7 HZ), 0.55 (dd, 1H, 
H-3,, J30n,i,3vn = 7, J3syn,4 = 5 HZ). Anal. calcd. for CI7Hl3C1: C 
80.79, H 5.19; found: C 80.59, H 5.13. 

Thennal rearrangement of 2-Cl to 3-Cl 
A solution of 66 mg (0.26 mmol) of 2-C1 and 31 mg of anhydrous 

ferric chloride in 10 mL of carbon tetrachloride was heated at reflux for 
2 h. After dilution with more carbon tetrachloride, the solution was 
washed with water, then chromatographed on a cold short silica-gel 
column to remove traces of fenic chloride. Elution with hexane gave a 
solution that, upon removal of the solvent by distillation, left a residue 
whose 'H nmr spectrum was essentially that of 3-C1. 

Acetolysis of 2-Cl in acetic acid 
A solution of 18 mg (0.07 mmol) of 2-C1 in 10 mL of acetic acid was 

heated at reflux for 2 h. After work-up similar to that described above 
for the bromides, 'H nmr analysis indicated 32% of 2-C1 remaining, 
28% had been isomerized to 3-C1, while acetolysis was also seen (17% 
of 3-OAc, 11 % of 2-OAc, and 12% of 4-OAc). 

Silver-assisted solvolyses of 2-Cl, 3-Cl,  and 5-Cl 
These experiments were generally conducted with about 0.01-0.04 

M alkyl chloride in glacial acetic acid, and with 1.5-10 times the 
equivalent amount of silver acetate. Recoveries were close to quantita- 
tive. Conditions and results are tabulated in Table 2. When silver 
acetate is described as added "last," the akyl chloride solution was 
heated to reflux before addition of silver acetate. In the "first" cases, a 
solution or suspension of silver acetate in acetic acid was brought to 
reflw before addition of solid alkyl chloride. 
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Photochemical transformations. 42.l Photoreactions of certain bridged bicyclic and tricyclic chlorides 
and bromides containing aromatic chromophores 
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STANLEY J. CRISTOL, DIETER BRAUN, GEORGE C. SCHLOEMER, and BART J. VANDEN PLAS. Can. J. Chem. 64,1081 (1986). 
Irradiations of a number of bicyclic and tricyclic bromides and chlorides containing aromatic rings have been carried out. 

With the allylic chlorides 2-C1 and 3-C1, triplet-sensitized photoreactions in acetone (or in acetonitrile with acetophenone sensi- 
tizer) lead to allylic scrambling and allyl-to-cyclopropyl isomerization to 5-C1, while the corresponding bromides, under similar 
conditions, give allylic scrambling, photo-Wagner-Meenvein rearrangement, and photosolvolysis, but no allyl-to-cyclopropyl 
isomerization. The differences in reaction types are ascribed to the requirement for intramolecular electron transfer for the "ionic" 
reactions, which may be exothermic in the triplet states of the bromides, but not in those of the chlorides. In direct irradiations 
in acetic acid with 254-nm light, the singlet state of the chloride 2-C1 is photoactive in the "ionic" sense, giving a mixture of 
acetates, benzofluorenes, and 1-methylfluoranthene. The latter hydrocarbon is the major product in the direct irradiation of 5-C1 
in acetic acid, along with a mixture of acetates. The photochemical results are contrasted with ground-state solvolyses of 
these compounds. 

STANLEY J. CRISTOL, DIETER BRAUN, GEORGE C. SCHLOEMER et BART J. VANDEN PLAS. Can. J. Chem. 64, 108 1 (1986). 
On a effectuC des irradiations sur un certain nombre de bromures et de chlorures bicycliques et tricycliques contenant des 

noyaux aromatiques. Dans les cas des chlorures allyliques 2-C1 et 3-C1, les photorkactions sensibilisks par un triplet et effectuCes 
dans I'acCtone (ou dans I'acCtonitrile en utilisant I'acCtophCnone comme sensibilisateur) conduisent i des transpositions 
allyliques alCatoires et i une isomkrisation de l'allyle en cyclopropyle au niveau du 5-C1. Par ailleurs, lorsqu'on soumet les 
bromures correspondants i des conditions semblables, il se produit des transpositions allyliques alCatoires, une photo- 
transposition de Wagner-Meenvein ainsi que de la photolyse; toutefois, il ne se produit pas d'isomCrisation de l'allyle en 
cyclopropyle. On attribue les diffkrences dans les types de rCactions aux conditions requises pour que les riactions "ioniques" 
puissent proceder par un transfert Clectronique intramoltculaire qui peut &re exothermique dans le cas des Ctats triplets des 
bromures, mais pas dans le cas des chlorures. Lors d'irradiations directes par de la lumibre i 254 nm dans de I'acide acCtique, 
1'Ctat singulet des chlorures 2-C1 est photoreactif au sens "ionique" et il conduit i des mClange d'acetates, de benzfluorknes et de 
mCthyl-1 fluoranthbne. Lors des irradiations directes du 5-C1 dans de I'acide acitique, ce dernier hydrocarbure est le produit 
principal aux catis d'un mClange d'acitates. Les rCsultats photochimiques sont en opposition avec ceux observts lors des 
solvolyses de ces composCs dans leur ttat fondamental. 

[Traduit par la revue] 

In connection with our continuing interest in photosolvolyses 
and photo-Wagner-Meenvein rearrangements (2), as well as in 
the photoreactions of allylic halides (3), we undertook a study of 
the photoreactions of certain chlorides and bromides of struc- 
tures 1-5, whose ground-state acetolyses have been reported in 
the accompanying paper (4), both upon direct irradiation and 
upon photosensitization. 

'For preceding paper in series see ref. 1. 
'Author to whom correspondence may be addressed. 

Triplet-sensitized reactions 
Our initial interest in these compounds arose in connection 

with studies of allylic systems (3), and focussed on the allylic 
chlorides 2 and 3 ,  under triplet-sensitized conditions. When 
2-C1 was irradiated in acetone-d6 in a Pyrex tube with a 450-W 
Hanovia lamp (Corex filter sleeve) or in an acetonitrile solution 
with acetophenone as sensitizer, it was rapidly converted to a 
roughly 1:6 mixture of 2-C1 and 3-C1. Somewhat more slowly, 
this mixture was converted to 5-C1. A similar result occurred 
with 3-C1 in acetonitrile, with either acetophenone or acetone as 
sensitizer. No evidence for photo-Wagner-Meerwein iso- 
merization to 4-C1, for rearrangement to 1-C1, or for photosol- 
volysis was noted, although recovered chemical yields, when 
isomerization to 5-C1 was carried out to completion, were only 
about 50%. Thus the results were comparable to those of other 
allylic chlorides (3), that is, allylic isomerization, with ultimate 
allyl-to-cyclopropyl rearrangement. 

Irradiation of the corresponding allylic bromides gave rise to 
distinctly different results. While irradiation, in acetone, of ally1 
bromide itself gives cyclopropyl bromide (3a), no 5-Br was 
produced when either 2-Br or 3-Br was irradiated through Pyrex 
in acetone-d6. Instead, a steady-state ratio of 2-Br to 3-Br of 
1.1:l.O was set up, and the reaction mixture contained, in 
addition, significant amounts of the Wagner-Meerwein rear- 
ranged, less thermodynamically stable (4), bromide 4-Br 
(largely the endo isomer) and the rearranged alcohol 4-OH. The 
presence of 2-OH and 3-OH was not certain, as 'H nrnr data 
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were indistinct, but, when an experiment was conducted in a 1:3 
mixture of acetone and methanol, evidence for 2, 3, and 4 
methyl ethers was adduced. Whether the alcohol comes, in part 
at least, directly from the allylic bromides or via the benzylic 
bromides 4-Br was not ascertained, but we did find that 
exo-4-Br was substantially more photoactive (solvolysis in 
acetone to 4-OH) than its endo epirner. Wagner-Meerwein 
products were also formed in acetonitrile with acetophenone 
sensitizer, and 5-Br was again absent. 

These results are quite different from those (5) with the 
1-halomethylnaphthalenes, which undergo, in addition to sol- 
volysis under direct irradiation, sensitized photosolvolysis from 
triplet states when the halogen is either chlorine or bromine. The 
authors (5) believe that the triplet reactions occur via exciplex 
formation, while results on benzyl and substituted benzyl 
chlorides (6), which also undergo sensitized photosolvolysis, 
are well interpreted by the involvement of an upper triplet state. 

While the disparity between the chloride and bromide results 
was at first puzzling, recent ideas (7) regarding photosolvolyses 
of P-arylethyl derivatives rationalize the results well. For some 
time (8) it has been proposed that there is a key requirement for 
these "ionic" reactions resulting in photo-Wagner-Meerwein 
rearrangements of P-arylethyl derivatives and (or) photosol- 
volysis. The requirement is that electron transfer of the 
photoexcited T* electron to the o* orbital of the carbon- 
nucleofuge bond occurs to give a zwitterionic species. Thus, for 
example, 3 would give the zwitterionic biradical6. A variety of 
modes of fragmentation of 6 was proposed, all involving 
cleavage of the carbon-X bond. If that cleavage occurred 
prior to ring migration the biradical cation 7 (paired with X-) 
would be produced, which could lead, by reverse electron 
transfer, to 8 or, by rearrangement followed by decay, to 9. On 
the other hand, rearrangement concerted with cleavage would 
give a biradical cation excited-state precursor of 9, which could 
decay to 9 and consequently to its equilibration (4) with 8. 

We have noted (7) that electron transfer from the T,T* 

excited state to give a zwitterionic biradical may only be 
important when it is fast (and thus only when it is exothermic) 
and that the exothermicity may be judged from the Weller 
equation (9). A consequence of this requirement is that excited 
triplet states are less apt to be reactive than corresponding 
singlet states, as they are generally lower lying in energy (7c). 
In general, electron transfer from an excited benzene ring in its 
triplet state to a P carbon-chlorine bond is apt to be endothermic 
(7c). Thus, lacking the capability for ready electron transfer, the 
triplet of 3-C1 (and that of its allylic isomer) undergoes the 
alternative allylic and allyl-to-cyclopropyl rearrangements. 

Carbon-bromine bonds may be estimated to be at least 0.5 V 
more readily reducible than corresponding carbon-chlorine 
bonds (10). This energy difference is reflected in an equivalent 
lowering in energy requirement for electron transfer in 3-Br vs. 
3-C1 (or to the allylic bromide system (1 1)) and thus, with the 
bromides, the "ionic" process is favored. In the dipolar aprotic 
solvent acetone, it is reasonable that tight ion pairs would be 
formed and that ion-pair return would be an important phenome- 
non. This, in fact, is the case, as allylic isomerization and 
rearrangement return to 4-Br occur more rapidly than solvoly- 
sis. The latter undoubtedly involves capture of cation 9 by 
acetone (6), followed by hydrolysis of the resulting oxonium 
ion, en01 ether, or hemiacetal by adventitious water or during 
work-up. 

Direct irradiations 
As the singlet energy of the aromatic ring is about 16 kcaYmol 

greater than its triplet energy (7c, 12) it might be anticipated (7, 
9) that 2-C1 and (or) 3-C1 might be photoactive in the "ionic" 
sense upon direct irradiation. Accordingly, a solution of 2-C1 in 
acetic acid was subjected to 254-nm irradiation. It disappeared 
rapidly, giving rise to a melange of hydrocarbon and acetate 
products including about 65% of a mixture of 3-OAc, exo- 
4-OAc, and 10-OAc, 15% of 3,4-benzofluorene ( l l ) ,  10% of 
1-methylfluoranthene (12), and small amounts of 1-OAc and of 

. / F A  

what is tentatively identified as 2,3-benzofluorene. (When the 
irradiation was interrupted before complete disappearance of 
alkyl chloride, 3-C1 was also present.) In a separate experiment, 
it was shown that direct (254-nm) irradiation of 2-OAc in acetic 
acid or in benzene led to a 4: 1 mixture of 10-OAc and 1-OAc (so 
that 2-OAc is undoubtedly the source of the 10-OAc and the 
1-OAc), that 3-OAc is photochemically inert, and that 4-OAc is 
slightly active (with no identifiable products seen). 

As discussed below, irradiation of 5-C1 leads to 12, so that the 
primary products of direct irradiation of 2-C1 in acetic acid are 
undoubtedly 2-OAc, 3-OAc, 4-OAc, 3-C1, 5-C1, and the 
benzofluorenes. Of these, one might speculate that 5-C1 arises 
via intersystem crossing to the triplet of 2-C1 and (or) 3-C1 and 
that the others are the result of excited singlet reactions. 

As the composition of the acetate mixture changed with 
irradiation time, an experiment was conducted in which the 
extent of acetate production from 2-C1 was less than 15%. This 
led to a mixture of acetates containing approximately 50% of 
4-OAc, 28% of 3-OAc, 13% of 2-OAc, and 8% of 10-OAc. The 
absorbance for 1-OAc was too small to integrate. These ratios 
are not substantially different from those produced in the 
ground-state silver acetate induced acetolysis of 2, 3, and 4 
chlorides (4). It therefore seems reasonable to assume that the 
acetates are formed by capture of the mixture of cations 8 and 9, 
as in the ground-state system. It is generally true (1) that 
photosolvolysis products in systems such as these arise from 
thermally relaxed, that is, normal, cations, and this seems to be 
true here as well. As described above, it has been proposed (7, 
8) that, following photoexcitation, P-arylethyl halides suffer 
electron transfer to give zwitterionic biradicals that may fragment 
to biradical cations and halide ion, and it is not unreasonable to 
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propose a similar initial course for 2-C1 and 3-C1 photoreac- 
tions. Where the branching to give benzofluorenes occurs is 
completely obscure. 

It is of interest that benzofluorenes are not produced in 
observable amounts in the ground-state solvolysis of 2, 3, or 4 
bromides or chlorides (4), but that 11 is produced (13) in small 
amounts by silver acetate promoted solvolysis of 1-Br or by 
deamination of 1-NH2. No 2,3-benzofluorene was reported by 
these workers. As the process for the formation of 11 from 1-Br 
is not clear, and as labelling experiments have not been done in 
either the ground-state work or the photoreactions, it seems 
wise to defer speculation at this time. 

While 5-C1 is stable under sensitization conditions (it, of 
course, is the product of triplet sensitization of 2-C1 and 3-Cl), 
irradiation with 254-nm light led to the formation of l-methyl- 
fluoranthene (12) in about 50% yield, along with about 25% of a 
mixture of acetates. 12 was identified by its mass spectrum, its 
'Hand 13C nmr spectra, its ultraviolet spectrum, and its melting 
point (14). 12 is not observed in silver ion promoted acetolysis 
of 5-Cl(4). 

The acetate mixture produced in the irradiation of 5-C1 was 
substantially identical with those produced by kinetic control in 
the ground-state reactions (4) or 2-C1,3-C1, and 5-C1, compris- 
ing 43% of 4-OAC, 36% of 3-OAc, 1 1% of 2-OAc, 8.5% of 
10-OAc, and 1.5% of 1-OAc, if it is assumed that the latter two 
compounds are derived by photoreaction of 2-OAc. It seems 
reasonable to assume that 4-OAc, 3-OAc, and 2-OAc are 
derived by electron transfer from the T,T* state to give the 
zwitterionic biradical 13, or an isomeric species in which 
electron transfer has occurred from the other ring, which loses 
chloride ion to give the biradical cation 14. Reverse electron 
transfer from 14 followed by, or concomitant with, ring opening 
would give the allylic cation 8 whose equilibration with 9 is 
discussed above. 

We are considering a number of possibilities for this 
remarkable rearrangement of 5-C1 to 12. It is known that 
irradiation of dibenzonorbornadienes (15), triptycenes (1 6), and 
dibenzohomobarrelenes, e. g., 5-H (1 7), leads to products 
whose formation can be rationalized by an initial T,T bridging 
between two aromatic rings, followed by extrusion of a carbene 
from the frustrated di-T-methane biradical intermediate. It is 
possible to devise mechanisms for the reaction involving 
carbene intermediates. It is also possible to conceive of reaction 
paths involving an early electron-transfer process (1, 7, 8), 
consistent with the accompanying formation of acetolysis 
products. We are presently continuing work on this reaction and 
hope that experiments in progress or in prospect will allow us to 
choose among the various possibilities. 

Experimental 

pounds have been described (4). Solvents used were spectrograde 
quality. Irradiations in acetone with the Hanovia lamps were carried out 
in Pyrex tubes and the lamp had a Corex filter. Irradiations in acetic acid 
were carried out in a Srinivasan-Griffin Rayonet reactor with 254-nm 
lamps in quartz vessels. 

Irradiation of 7-chloromethyl-2,3;5,6-dibenzobicyclo[2.2.2]0~ta- 
2,5,7-triene (2 -C1) in acetone 

A solution of 100 mg (0.40 mmol) of 2-C1 in 0.8 mL of acetone-d6 in 
a Pyrex nmr tube was deoxygenated by bubbling nitrogen through the 
solution for 1 h while it was being cooled. Irradiation was conducted 
with a 450-W Hanovia lamp for 24 h, at which time the tube had 
become frosted with polymer. The 'H nmr analysis showed a 
composition of approximately 65% of 5-C1, 30% of 3-C1, and 5% of 
2-C1. The product ratios were obtained by integration of the following 
absorptions: H-8 (exo), lH, dd, 6 1.30 (J = 7.0, 8.8Hz) and H-8 
(endo), lH, dd, 6 0.55 (J = 7.0,4.9 Hz) of 5 4 ;  H-9,2H, d, 6 4.45 (J 
= 1.2 Hz) of 2-C1; H-9, lH, d, 6 5.25 ( J  = 1.8 HZ) and H-9, lH, d, 6 
5.35 (J = 2Hz) of 3-C1. Evaporation of the solvent under reduced 
pressure and chromatography of the residue on alumina (Merck 7 1707) 
gave 5-C1 as the first fraction when eluted with petroleum ether - 10% 
benzene. The isolated yield of 5-C1 was 41% (41 mg, 0.16 mmol), mp 
116- 117°C (lit. (4) mp 121-122°C). The reaction on a preparative 
scale in acetonitrile sensitized by acetophenone is described in the 
accompanying paper (4). 

Irradiation of 8-chloro-7-methylene-2,3;5,6-dibenzobicyclo[2.2.2]- 
octa-2,5-diene (3-C1) in acetone-acetonitrile 

A solution of 100 mg (0.40 mmol) of 3-C1 in 0.6 mL of acetoni- 
trile-d3 and 0.3 mL of acetone-d6 in a Pyrex nmr tube was de- 
oxygenated as above. The sample was then irradiated with a 450-W 
Hanovia lamp for 72 h, at which time 'H nmr analysis indicated a 
composition of approximately 48% each of 5-C1 and 3-C1 and 4% of 
2-c1. 

Acetophenone-sensitized irradiation of 3 -C1 
A solution of 150 mg (0.59 mmol) of 3-C1 and 0.2 mL (205 mg, 

1.67 mmol) of acetophenone dissolved in 0.7 mL of acetonitrile-d3 in a 
Pyrex nrnr tube was deoxygenated as above and was irradiated with a 
450-W Hanovia lamp for three days, after which time the 'H spectrum 
indicated a ratio of 5-C1 to 3-C1 of about 20:l. The contents were 
subjected to chromatography on silica gel and eluted with 10% benzene 
in petroleum ether (bp 40-60°C). The first fraction was collected. This 
contained 70 mg (47%) of 5-C1. 

When biphenyl was attempted as sensitizer, no reaction ensued. 

 the'^ nmr analysis of product mixtures of bromides 
The areas of the following absorptions were used to calculate the 

ratios given in the following irradiation experiments (acetone-d6): 
4-endo-bromo-8-methylene-2,3;5,6-dibenzobicyclo[3.2. lloctadiene 
(edo-4-Br), H4 ,  lH, d, 6 5.80, J = 5.5 Hz; 4-exo-bromo-8-methylene- 
2,3;5,6dibenzobicyclo[3.2.l]octadiene (exoQBr), H4,  lH, d, 6 5.52, 
J = 1.8Hz; 8-bromo-7-methylene-2,3;5,6-dibenzobicyclo[2.2.2]octa- 
diene (3-Br), H-9, 2H, d, 6 4.20, J = 1.2 Hz; 8-methylene-2,3;5,6- 
dibenzobicyclo[3.2.1]octadiene-4-ol(4-OH), H-4, lH, d, 6 3.8-3.9, 
J = 2 Hz (exo-OH) and J = 5 Hz (endo-OH). 

The experiments were conducted substantially as described above 
for the chlorides (through Pyrex). Compound 2-Br gave a product 
mixture of approximately 17% of 4-OH, 7% of 4-Br, 40% of 2-Br, and 
37% of 3-Br, and 3-Br gave one of 14% of 4-OH, 4% of 4-Br, 43% of 
2-Br, and 38% of 3-Br upon irradiation until the solutions turned 
brown. The ratio of solvolysis to isomerization was not affected by 
addition of small amounts of water. No peaks attributable to 5-Br were 
noted. 

Irradiation of 1 -bromomethyl-3,4;6,7-dibenzotricyclo[3.3.0. o ~ - ~ ] -  
octa-3,6-diene (1 -Br) in acetone 

General A solution of 80 ig (0.27 mmol) of 1-Br in 0.6 mLof acetone-d6 ina 
The 'H nmr spectra were determined with Varian A-60-A (60 MHz) Pyrex nmr tube was deoxygenated as above for 1 h, and irradiated with 

(bromides), and EM-390 (90 MHz) and Briiker WM-250 (250 MHz) a 250-W Hanovia lamp for 5 d; 'H nmr analysis showed that no 
(chlorides) instruments. The preparation and properties of all com- significant reaction had occurred. 
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Irradiation of 4-bromo-8-methylene-(2,3;6,7)dibenzobicyclo[3.2 . I ] -  
octa-2,6-diene (4-Br) 

In a Pyrex nmr tube was placed a mixture of 80 mg (0.27 mmol) of 
52% of exo-4-Br, 30% of endo-4-Br, 6% of 2-Br, 9% of 3-Br, and 3% 
of 1-Br dissolved in 0.6 mL of acetone-d6. The solution was degassed 
as above and the sample was irradiated with a 450-W Hanovia lamp. 
After 17 h of irradiation, 'H nmr analysis showed a ratio of 31 of 
endo-4-Brll5 of exo-4-Brl12 of 3-Brl13 of 2-Brl10 of 1-Brl20 of 
4-OH. 

Direct irradiation of 2 -C1 in acetic acid 
In a typical experiment, a solution of 108 mg (0.43 mmol) of 2-C1 in 

30 mL of HOAc in a quartz tube, after 20 min of nitrogen bubbling, was 
irradiated in a Rayonet reactor at 254 nm for 20 h. The solution was 
poured into a mixture of water and ether. The water layer was extracted 
with ether and the combined ethereal solutions were neutralized with 
aquwus sodium bicarbonate, washed three times with water, and dried 
(Na2S04). Evaporation of the solvent left 130 mg of a dark oil, which 
was separated into polar acetate fractions and nonpolar hydrocarbon 
fractions by thick-layer chromatography on silica gel. The hydrocarbon 
fractions moved with hexane and the acetates were extracted with 
ether. Analysis was by 250-MHz 'H nmr spectroscopy, using peaks (4) 
at65.51,5.30,5.00,4.77, and4.60for3-OAc, at65.95,5.05,4.93, 
4.32, and3.88 for exo-4-OAc, at 6 4.44 and 3.10 for 1-OAc, at 6 4.87 
for 10-OAc, at 6 8.79,8.42, and 4.02 for 3,4-benzofluorene (11) (18), 
at 6 8.21 and 4.09 for 2,3-benzofluorene (IS), and at 6 2.90 for 
1-methylfluoranthene (14c, d). The results averaged for several experi- 
ments are given in the discussion section. 

In an experiment designed to measure initial products, a solution of 
117 mg (0.46 mmol) of 2-C1 in 65 mL of HOAc was irradiated for 
30 min. Chromatographic separation gave 92 mg of less polar material 
containin largely 3-C1 (major) and 2-C1 (minor) and 16 mg of polar K material; H nmr analysis (250 MHz) with "cut-and-weigh" determina- 
tion of the carbinyl proton(s) gave 51% of 4-OAc, 28% of 3-OAc, 13% 
of 2-OAc, and 8% of 10-OAc. 1-OAc could not be measured 
accurately. 

Direct irradiation of 7-acetoqmethyl-2,3;5,6-dibenzobicyclo[2.2.2]- 
octa-2,5,7-triene (2 -0Ac) in acetic acid 

A solution of 10 mg of 2-OAc in 1 mL of acetic acid-d4 was 
dwxygenated and irradiated with 254-nm light for 17 h. The 'H nmr 
analysis indicated that the mixture contained 80% of 10-OAc and 20% 
of 1-OAc. A larger scale reaction, carried out in ben~ene ,~  gave similar 
results: 10-OAC, bp 90°C (1 Torr); 'H nmr (CDC13), 6: 6.74 (s, 2H, 
H-7, H-8), 4.87 (d, 2H, CH2, JCH,,4 = 1 Hz), 1.94 (acetate CH3). 
Anal. cdcd. for Cl9Hl6O2: C 82.58, H 5.84; found: C 82.71, H 5.99. 

Direct irradiation of 2-chloro-6,7;8,9-dibenzotricyclo[3.2.2 .O2s41- 
nona-6,7-diene (5-Cl) in acetic acid 

A solution of 168 mg (0.66 mmol) in 60 mLof HOAc in a quartz tube 
was dwxygenated (N2 bubbling) for 25 min. After 3.4 h irradiation at 
254 nm, the solvent was rotovapped off; 'H nmr analysis of the residual 
oil indicated about 40% reaction using integration of H-1 and H-5 
proton absorbances for 5-C1, that of the methyl group of l-methyl- 
fluoranthene at 6 2.79, and the acetate methyl peaks (6 1.9-2.3). 
Column chromatography and silica gel with methylene chloride - 
hexanes gave three fractions. The first fraction was 5-Cl(72 mg, 43% 
of recovery). 

The second fraction was 1-methylfluoranthene. It was identified by 
melting point, 67-72°C (lit. (14a,b) mp 72-73°C); its uv spectrum 
(A,,: 275, 282, 285, 310, 325, 347, 362 nm); its mass spectrum 
(parentpeak, 216); its 'H nmrspectrum (14c,d), 6: 8.00-7.27 (m, 9H, 
aromaticH), 2.80 (s, 3H, CH3). A 13c nmr spectrum showed 16 carbon 
atoms in the range 6 140.0-1 19.8 (aromatic) and one at 20.1 (CH3). 

3This reaction was carried out by Dr. G. 0 .  Mayo. 

IOL. 64, 1986 

This fraction weighed 41 mg (50% yield based upon u~ecovered 
5-C1). 

The third fraction was a mixture of five acetates and weighed 37 mg 
(26% yield based upon umecovered 5-Cl). The composition of this 
mixture was determined by 'H m analysis (250-MHz m as 
described above for the irradiation of 2 4 ,  but using a cut-and-weigh 
procedure). It contained 43% of 4-OAc, 36% of 3-OAc, 11% of 
2-OAC, 8.5% of 10-OAC, and 1.5% of 1-OAC. 
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Steric activation in prototropic reactions of pyrazine derivatives. I. Polar and conformational effects 
I 
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This paper is dedicated to Professor Arthur N Bourns 

T. W. S. LEE and Ross STEWART. Can. J. Chem. 64, 1085 (1986). 
The rates of proton loss from methyl groups in a number of pyrazine derivatives have been measured in D20 by monitoring 

the replacement of protium by deuterium at the acidic sites of the substrates; they include the reaction of four methylpyrazines 
I with NaOD/D20 and nine alkylpyrazinium ions with D20/DCl. The reactive site, which is a methyl group conjugated to the aza 
1 

I or azonium group of the substrate, is in all cases activated by an adjacent alkyl group, with the greatest effect, a factor of about 
30, occurring when a proton on nitrogen is replaced by a methyl group. The phenomenon is analysed in terms of polar effects, 
ring strain and inter-alkyl interactions (including gear effects), and hybridization changes at nitrogen. 

T. W. S. LEE et ROSS STEWART. Can. J. Chem. 64, 1085 (1986). 
Op6rant dans le D20 et observant le taux de remplacement des protons par des deutkrium au niveau des sites acides des substrats, 

on a mesurC les vitesses de perte de protons des groupements mkthyles d'un certain nombre de dCrivCs de la pyrazine; les systkmes 
Ctudits comportent les reactions de quatre methylpyrazines avec le NaOD/D20 et de neuf ions alkylpyrazinium avec le D20/DCl. 
Dans tous les cas, le site rCactif, qui est le groupement mCthyle qui est conjuguC avec le groupement azo ou azonium du substrat, 
doit sa rtactivC ?i un groupement akyle voisin et I'effet est maximal, par un facteur de 30, est obtenu lorsqu'on remplace un 

I proton de l'azote par un groupement mCthyle. On analyse le phknomkne en fonction d'effets polaires, de tensions de cycles, 

~ d'interactions inter-alkyles et de changements d'hybridation au niveau de l'azote. 
I [Traduit par la revue] 
I 

1 
i Introduction 

, We have previously shown that alkyl groups adjacent to an 
acidic methyl group in a number of heterocyclic systems 

I activate the methyl group with respect to proton loss. These 
systems include lumazines and 5-deazalumazines (1 -3), 2-pyri- 
midones (4, 5), iminopyrimidines (4), and pyrimidonium salts 
(6).' We now report the results of a study of alkyl substituted 

' 
pyrazines and their protonated or quatemized salts (eqs. [ I  ] and 
[2]), where again activation by adjacent alkyl groups and 

- 

( 1  j CH3fi>3R + DO- - ' + DOH 
R R R R 

I 

deactivation by more distant alkyl groups is observed. In the 
accompanying paper we have scrutinized the bases used to 
remove the proton from the reactive methyl group of one of the 
cationic substrates (eq. [2]). Using the Bronsted relationship we 
find that steric acceleration is present there also, but only with 

I carboxylate bases; sterically hindered amines react more slowly 
1 than would be expected on the basis of their equilibrium base 
I strengths. 

Results and discussion 
I 
, Pyrazines 

The effect of methyl substitution on the reaction between 
pyrazines and hydroxide ion (eq. 111) can be seen from the 

: results in Table 1. The reaction of 1, 2,3-dimethylpyrazine, 
with hydroxide ion is first order in substrate (highly linear 

first-order plots were obtained in all cases) and is also first order 
in hydroxide ion, as can be seen from the results in the table. 
Whereas the 2,3-dimethyl compound reacts faster than the 
2-methyl compound, the 2,5- and 2,6-dimethyl compounds 
react more slowly. (Since all the methyl groups in the 
compounds in Table 1 are reactive, the comparisons are made 
on a per methyl basis.) The direction of this effect is consonant 
with those observed earlier. Though the magnitude is smaller 
than that observed in some of the earlier reactions, the 
deactivating effect of remote methyl is nonetheless quite 
substantial. A Hammett plot for compounds 2,3,  and 4, using 2 
as the parent and the a values for m-methyl and p-methyl for 3 
and 4, gives a slope of +6.2. The magnitude of the latter shows 
that there is a strong electronic effect operating in this reaction 
and that it is in the conventional direction. That is, nonadjacent 
alkyl groups are substantially deactivating. 

The electronic effect of an ortho group in aromatic systems is 
believed to be greater than that of the same group in the meta and 
para positions, though this may not always apply to alkyl 
groups (8- 10). 

Work with other heterocyclic systems had shown that a 
methyl group in a position "meta" to a reactive methyl centre is 
strongly deactivating, with effects that are generally con- 
siderably greater than that observed in this instance. It was 
suspected that the effects should be even greater for methyl at a 
"para" position and from the present results that appears to be 
so. (Such an arrangement could be achieved in only a few 
instances in the systems studied previously and then only when 
the "para" methyl was attached to nitrogen rather than to carbon. 
Since the geometrical changes that accompany those prototropic 
reactions are much greater at nitrogen than at carbon, vide infra, 
the significance of the observed effects was less clear than in the 
present case.) Similar effects of alkyl groups on the acidities of 
substituted benzenes have been observed previously (1 1, 12). 

'Author to whom correspondence may be addressed. Pyrazinium ions 
'A case of steric acceleration involving enolization of a hindered aryl In order to compare the effect of hydrogen with alkyl at the 

alkyl ketone has recently been reported (7). cationic nitrogen centre, experiments were conducted in two 
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TABLE 1 .  Rate data for reaction of alkylpyrazines with NaOD/D20 at 30°C 

NaOD 
Compound molarity 1 o7 kobs, S- lo7 k2, M-'s-' 

1.95 
1.98 
1.93 
1.89 
1.77 
1.90 ave. 

TABLE 2. Rate constants for exchange of hydrogens of the 2-methyl group of pyrazinium iodides in 
acid solution at 30°C 

Cation 

"Estimated value after statistical correction, see text; actual kobs = 6.8 X lo-'. 
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different acidic media, 2.13 M DCl in D20 and 2.0 M 
CF3C02D in D20, where the neutral bases 1,2, and 4 are highly 
protonated (13). It can be seen from the results in Table 2 that 
similar trends are observed when the rate constants of the 
protonated and alkylated species are compared in the two 
media. The observed rates are slightly higher in the CF3C02D/ 
D20 solution than in the DCYD20 solution, presumably 
because the trifluoroacetate ion makes a contribution to the 
proton abstraction process. 

In the cases of 8, 10, and 11, slow exchange was also 
observed at the C-3 methyl groups (- 1125th of the rate at the 
C-2 methyl) but we cannot be certain that this is not due to the 
presence of low concentrations of the protonated form of the 
quaternary salts. The pK2 values of methylpyrazines, which 
would correspond to pK1 of the quaternary salts, are in the 
region of -4.0 (13) but the higher prototropic reactivity 
expected for the dications might well compensate in part for 
their low concentrations and allow observation of exchange at 
the C-3 methyl groups. 

In comparing the protonated and alkylated species one should 
note first that the difference in rate between the fast and slow 
isomers, those having a 1,2 and a 1,4 dimethyl arrangement, is 
much more striking in both of these cationic forms than in the 
neutral compounds 1 and 4. The rate ratio for the latter reacting 
with hydroxide ion is 14 (Table I), with the 1,2 compound being 
the more reactive. In the case of the protonated isomers 6 and 7 
reacting with water the ratio is 78 and in the case of the pairs of 
alkylated isomers 8 and 12 and 10 and 13 the values are 109 and 
120, again with the adjacent arrangement of methyl groups 
being the more reactive one. 

The rate constant shown in Table 2 for methylpyrazinium ion, 
5, has been statistically corrected in an attempt to put it on the 
same basis as the other ions. In the other cases the exchanging 

' methyl group is flanked at all times by cationic nitrogen, 
whereas 5 is in equilibrium with the other protonated form in 
which the methyl group and the cationic nitrogen are out of 
conjugation. Since 5 is expected to be present in larger amount 
than its isomer the correction factor should be less than two, 
leading to the estimated value given in the table. 

Alkylation site 
We recently examined the effect of ne ighbou~g  methyl on 

the prototropic reactivity of lumazines and deazalumazines and 
showed that the effect was greater when the neighbouring group 
was on nitrogen than when it was on carbon (1). The effect was 
as large as two orders of magnitude in one case, although for 
various reasons the precision of the measurements was less than 
in the present work. 

In the present work the effect of replacing a proton on a 
neighbouring nitrogen atom with a methyl group can be seen by 
comparing the rate constants for 6 and 8, the rate ratios being 29 
in DCYD20 and 26 in D20/CF3C02D. A similar result is seen 
when the values in DCYD20 of 7 and 12 are compared; here the 
rate ratio is 21. 

How does the size of the alkyl group affect the degree of 
activation? It can be seen by comparing the rate constants for 8, 
10, and 11 that going from methyl to ethyl to isopropyl causes 
the effect to subside. The rate ratio for hydrogen, methyl, ethyl, 
and isopropyl is 1:29:26:20 in the DCYD20 medium, with the 
drop-off being somewhat greater in D20/CF3C02D. A similar 
effect is observed in the series 8 and 9 and in the series 7,12, and 
13, where the ratio of rate constants for hydrogen, methyl, and 

ethyl is 1:21: 17. As with the earlier system, the effect of alkyl at 
a neighbouring carbon is less, the rate ratio for 5 and 6 being 1 :6. 

It is clear that alkylation at nitrogen has a large effect on the 
adjacent reactive group; the size of the alkyl group is not critical, 
the effect being largest for methyl. (In 2-iminopyrimidinium 
ions, where the flanking alkyl groups are attached to carbon, the 
size of the alkyl group is again not critical, though in this case 
the isopropyl group has the largest effect (4) .) 

The large effect of N-alkylation is probably a result of relief 
of methyl-alkyl strain that accompanies conversion of the 
cation to the neutral intermediate 15 in eq. [3]. 

Each atom in the pyrazinium ring has sp2 bonding and the 
ring can be assumed to be planar (14) or as close to planarity as 
the steric effect of the neighbouring substituents will allow; the 
intermediate 15, however, has an sp3 arrangement at nitrogen 
and it can adopt nonplanar conformations such as those shown 
in 16 and 17. (See refs. 15a and b (p.75) for a description of the 
conformations of the analogous 1,3-cyclohexadiene and di- 
hydropyrimidine systems. ) 

Molecular models of 15 show that the N-alkyl group R' can 
swing well away from the adjacent methylene group if it adopts 
the pseudoaxial conformation shown in 16. As we have seen, 
the size of the alkyl group is not critical here though the effect is 
biggest in the present instance with methyl, the smallest alkyl 
group. Presumably the conventional steric effects that would be 
expected to be present in the transition state of any bimolecular 
reaction are present here and come into play with the larger 
groups. 

When the ne ighbou~g  alkyl group is attached to carbon 
rather than to nitrogen the effect is smaller since here no 
hybridization change accompanies proton loss from the reac- 
tive site. Nonetheless, the bonds that join R2 and methylene to 
the ring in the intermediate 16/17 make a significant dihedral 
angle, whereas in the starting materials the aromaticity of the 
ring ensures that these angles will be close to zero, at least in the 
absence of major strain. Accordingly, whatever strain accom- 
panies the positioning of, say, two methyl groups at adjacent 
sites on an aromatic ring should be relieved to some extent by 
conversion to a nonaromatic system. 

Can this explanation be applied to the. heterocyclic systems 
studied previously, which all show activation by neighbouring 
methyl groups? Their structures are shown below, with the 
active site marked by an asterisk and the activating methyl 
groups marked by a dagger. 

In the cases of 18-20 the alkylated nitrogen is formally sp3 
but in each case there is conjugation with a powerful electron 
sink, which will tend to make the ring planar. Indeed, in the case 
of 18 the geometry of the ring containing the exchanging groups 
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may closely resemble the quaternary pyrazine salts described 
herein. In the cases of 21 and 22 the rings will also tend toward a 
planar arrangement and will also form nonplanar intermediates 
when proton loss occurs. The creatinium salts, 23, are an 
enigma. Here, methyl groups are slighly activating when 
present on endocyclic nitrogen and slightly deactivating when 
present on exocyclic nitrogen. The deprotonated intermediate in 
this case is mesoionic and it is difficult to assess the geometrical 
changes that accompany the loss of a proton from the activated 
methylene group in the ring. 

Gear effects 
It is known that o-xylene prefers the gear-clashed conforma- 

tion 24 rather than the other gear-clashed form 25, or the 
gear-meshed form 26 (16, 17). 

Roussel and co-workers (17, 18) have recently examined the 
interplay between alkyl groups attached to aromatic rings and 
have rationalized reactivity differences in a number of systems 
on the basis that adjacent methyl and similar alkyl groups prefer 
to avoid the interactions shown in 25 and 26. Moreover, Schug 
and Viers (19) have calculated the energies of the rotational 
conformers of 2,3-lutidine and found that the gear-clashed 
rotamer 27 is more stable than the two gear-meshed rotamers 28 
and 29 by 0.36 and 0.59 kcal mol-', respectively; it is more 
stable than the gear-clashed rotamer 30, which has a frontal 
interaction of hydrogens, by 1 .OO kcal mol-'. 

In an attempt to determine the extent of ring strain on rates 
of prototropic reactivity we have previously determined the 
geometry of a number of pyrimidonium salts, 22, by means of 
X-ray crystallography. Although adjacent alkyl groups caused 
the ring to depart significantly from planarity in most cases, this 
did not always produce the higher reactivity that might have 
been expected. In addition to the matter of ring strain, bond 
deformations and inter-methyl conformational effects such as 
gearing may have significance. We showed that the inter-methyl 
distances were short in a number of the pyrimidonium ions but, 
as with ring strain, there was not a particularly good correspon- 
dence with high reactivity. The situation can be illustrated with 

the three ions 31-33, where the methyl group that undergoes 
proton loss is marked with an asterisk (Table 3). 

The lower reactivity of 33 compared to 32 can be partly 
explained by the polar effect of the additional methyl group but 
it would be surprising if this alone were sufficiently large to 
overwhelm the effects of higher ring strain and lower inter- 
methyl distances. 

In all three ions the adjacent methyl groups at positions 1 and 
6 adopt the gear-clashed conformation shown in 24 and 27. In 
32 the methyl groups at positions 5 and 6 are close to being 
gear-meshed, as shown in 34. In 33 the stable arrangement (at 
least in the crystal lattice) is that shown in 35, where only 
gear-clashed arrangements are present (two favourable, one 
unfavourable) . 

It is not certain what would be the favoured geometry of 
adjacent methyl and methylene groups in the intermediate 
species formed as a consequence of proton loss from the C-5 
methyl group. However, it is clear that the unfavourable 
inter-hydrogen interaction between the central methyl groups in 
35 (at C-5 and C-6) will be retained to a considerable extent in 
the intermediate since the methyl pair at C-4 and C-5 will 
presumably maintain their gear-clashed arrangement. The 
intermediate formed from 34, on the other hand, will be free to 
adopt whatever conformation is most satisfactory, since there is 
now no buttressing methyl group present at C-4. 

The energy difference calculated by Schug and Viers for the 
two gear-clashed rotamers of 2,3-lutidine is 1.0 kcal mol-'. In 
the case of the isomeric pyrimidonium ions 31 and 32 the rate 
difference corresponds to an energy of some 1.8 kcal mol-', 
indicating that gear effects are large enough to be significant 
contributors to the rate effects we have observed. 

In summary, the phenomenon of adjacent alkyl groups 
activating and remote methyl groups deactivating prototropic 
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LEE AND STEWART 

I TABLE 3. Prototropic reactivities and geometries of three pyrimidonium ionsa 

Relative reactivityb 1 20 2 

Deviation of 
I ring from planarity 1.6" 

Internethyl 
distances 

2.30,2.36 A ( i )  >2.40 A (i)2.23,2.39A 
(ii) 2.17A (ii) 1.99 A 

(iii) >2.40 A 

"Data from ref. 6. 
?or exchange of deuterium for protium at the C-5 methyl group (marked by an asterisk). 

I 
methyl sites in nitrogen heterocyclic systems has been ra- 3. R. STEWART, R. SRINIVASAN, and S. J. GUMBLEY. Can. J. Chem. 
tionalized on the basis of combinations of the following effects: 59,2755 (1981). 
(a)  the polar effect of alkyl (deactivating), (b) ring strain in the 4. R. STEWART and T. W. S. LEE. J. Org. Chem. 47,2075 (1982). 

Starting (activating), (,-) hybridization changes at 5. R. SRINIVASAN, S. J. GUMBLEY, and R. STEWART. ~etrahedron, 
I 

nitrogen, which lead to less hindrance in the intermediate 35, 1257 (1979). 

species than in the starting materials (activating), and (d) gear 6. T. W. S. LEE, S. J. RETTIG, R. STEWART, and J. TROTTER. Can. 
J. Chem. 62, 1194 (1984). , effects, which influence the energies of species containing alkyl 7. A. G. PINcus and G. GOPALAN. J. Am. Chem. Sot. 106, 2630 

I groups (activating or deactivating). (1984'1. 

Experimental 
Compounds 1-4 are commercially available; the preparation of the 

iodide salts of 8, 10, 11, and 13 has been described elsewhere (13). 
The iodide salt of 12 was prepared by akylation of 2,s-dimethyl- 

pyrazine with methyl iodide, essentially as previously described (13). 
Upon recrystallization from ethanol - ethyl acetate, yellow needles 
were obtained, mp 239-240°C. Anal. calcd. for C7H11N21: C 33.62, 
H,4.43,N11.20,150.75;found:C33.51,H4.56,N11.15,150.60. 

The iodide salt of 9 was prepared by alkylating 2-methyl-3-ethyl- 
pyrazine with methyl iodide. Analysis of the reaction mixture by nmr 
showed it to be a 3:l mixture of 9 and the 2-ethyl isomer. Repeated 
recrystallization from ethanol - ethyl acetategave 9, as iodide, mp 
186-188°C. Anal. calcd. for C8HI3N2I: C 36.24, H 5.34, N 10.56; 
found: C 36.51, H 5.20, N 10.60. 

The rate measurements were made by following the exchange of 
deuterium for protium by nmr as previously described (4). In virtually 
all cases the reproducibility of the rate constants was *5%. 
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Steric activation in prototropic reactions of pyrazine derivatives. 11. The Bransted relation 
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This paper is dedicated to Professor Arthur N. Bourns 

K. NAGARAJAN, T. W. S .  LEE, R. R. PERKINS, and Ross STEWART. Can. J. Chem. 64, 1090 (1986). 
The rate of deprotonation of the 2-methyl group in 1,2,3-trimethylpyrazinium ion by carboxylate, aniline, and pyridine bases 

has been measured in D20.  Carboxylate ions containing bulky groups near the reaction centre, e.g. ortho benzoates, react faster 
than predicted by the Bransted equation that correlates the reactions of unhindered carboxylates. Anilines and pyridines, on the 
other hand, show conventional steric effects. A tentative explanation for the activation engendered by groups adjacent to the 
carboxylate centre is based on the known effect that high concentrations of organic electrolytes have on the strengths of 
carboxylic acids but not of amines. Since ortho carboxylate ions have their relative basicities increased by an alkyl-rich 
environment, it is argued that the reactive methyl groups of the substrate might provide such an interaction in the transition state. 

K. NAGARAJAN, T. W. S. LEE, R. R. PERKINS et ROSS STEWART. Can. J .  Chem. 64, 1090 (1986). 

Op6rant dans le D20,  on a mesurk la vitesse de dkprotonation du groupement mkthyle de l'ion trimkthyl-1,2,3 pyrazinium par 
les bases carboxylate, aniline et pyridine. Les vitesses de reaction des ions carboxylates qui comportent des groupements 
encombrants prts du centre rkactionnel, comme les ortho benzoates, sont plus rapide que celles prkvues par l'kquation de 
BrGnsted qui ttablit une corrklation pour les rkactions des carboxylates qui ne sont pas encombrks. Par ailleurs, on observe les 
effets stkriques conventionnels avec les anilines et les pyridines. Comrne explication prkliminaire de l'activation engendrke par 
les groupements encombrants adjacents au centre rkactionnel du carboxylate, on peut faire appel i l'effet connu des 
concentrations klevtes d'tlectrolytes organiques sur les forces des acides carboxyliques qui n'influence pas les amines. Puisque 
les basicitks relatives des ions ortho carboxylates sont augmenttes par une environnement riche en groupements alkyles, on 
suggtre que les groupements mkthyles rkactifs des substrats doivent fournir une telle interaction dans l'ktat de transition. 

[Traduit par la revue] 

Introduction 
The role of steric effects in proton transfer reactions has been 

the subject of numerous publications from this laboratory (1-5). 
In particular, the accompanying paper deals with the increases 
in rate of proton removal from the activated methyl group of 
pyrazinium ions (eq. [ I  I) that are brought about by the presence 
of adjacent alkyl groups (1). 

CH3 p 3  

We turn our attention here to the matter of steric effects in the 
other component of the reaction, that is, the base. We report 
herein the results of a study of the reaction of carboxylate ions, 
anilines, and pyridines with 1,2,3-trimethylpyrazinium ion (1). 

Results 
Carboxylate ions 

Reported in Table 1 are the rate constants for deprotonation of 1 
by 35 different carboxylate bases. The latter can be subdivided 
into three categories: aliphatic, meta- and para-substituted 
benzoates, and ortho-substituted benzoates. The only one of 
these groups that gives a good Bronsted relation is that com- 
prising the meta- and para-substituted benzoates, for which a 
coefficient of 0.447, (corr. coeff. 0.9913) is obtained. Consider- 

ing bulky substituents, e.g. diphenylacetate or 2,6-dimethoxy- 
benzoate. The overall effect of bulk in the base can be seen in 
Fig. 1, where data for all the carboxylate ions appear. The 
straight line has been drawn for those carboxylates that have 
only monosubstitution at the a-carbon atom (included here are 
formate and acetate). The Bronsted coefficient for these points 
is 0.639, corr. coeff. 0.9987. All the other bases show positive 
deviations from this line, that is, they are more effective in 
abstracting a proton from 1 than would be expected on the basis 
of their equilibrium base strengths. It should be noted that over 
the years there have been isolated reports of other positive devia- 
tions from the Bronsted relation involving carboxylate ions, for 
example, in the anion catalyzed halogenation of certain ketones 
and esters (6) and the ionization of creatininium salts (7).2 

Anilines and pyridines 
Reported in Table 2 are the rate constants for the reaction of 1 

with a series of anilines and a series of pyridines. The Bronsted 
plots for these two series are shown in Fig. 2. It can be seen that 
substitution at the 2-position gives rise to a conventional steric 
effect, that is, the bases are less effective kinetically than would 
be suggested by their equilibrium base strengths. Although the 
effect is small in the case of the anilines it is quite substantial in 
the case of the pyridines. There are many examples of this sort 
of behaviour in the literature (see, for examples, refs. 8-10). 
The Bronsted slope for the anilines is 0.707, corr. coeff. 
0.9875, and for the pyridines is 0.566, corr. coeff. 0.9972, 
excluding in each case the Zsubstituted compounds. 

able scatter is found in Bronsted plots of the other two groups, we have been by Dr. Brian Cox that analogous effects have 
with the deviations being most apparent for those bases contain- recently been observed in his laboratorv in the protonation of cryptands 

'Author to whom correspondence may be addressed. 
by ortho-substituted benzoic acids (B. G. ~ b x  and N. van ~ A o n g ,  
personal communication). 
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TABLE 1. Rate of isotopic exchange of the 2-methyl protons of 1 in 
aqueous (D20) carboxylate buffers, 30°C 

Buffer acid 106k2, M-' S-I  PKDA~ 

2,6-Dinitrobenzoic 
2,6-Dichlorobenzoic 
2-Nitrobenzoic 
2-Iodobenzoic 
2-Bromobenzoic 
2-Chlorobenzoic 
2-Fluorobenzoic 
2,6-Dimethylbenzoic 
2,4,6-Trimethylbenzoic 
2,6-Dimethoxybenzoic 
2-tert-Butylbenzoic 
2-Isopropylbenzoic 
2-Ethylbenzoic 
2-Methylbenzoic 
2-Methoxy benzoic 
2-Ethoxybenzoic 
2-Isopropoxybenzoic 
3,5-Dinitrobenzoic 
4-Nitrobenzoic 
3-Nitrobenzoic 
3-Chlorobenzoic 
4-Chlorobenzoic 
Benzoic 
4-Methylbenzoic 
Diphenylacetic 
Isobutyric 
Pivalic 
Chloroacetic 
Bromoacetic 
Iodoacetic 
Methoxyacetic 
Formic 
Phenylacetic 
Acetic 
Propionic 

- -- 

"Values from refs. 16, 17, and ref. 12, Chapt. 2, corrected as described in 
ref. 7. 

Discussion 
It is clear from the results shown in Figs. 1 and 2 that steric 

hindrance in the base can have auite different effects on the rate 
of proton abstraction from 1. ' ~ a rbox~ la t e  ions that contain 
groups near the basic centre are more reactive than predicted by 
the Brcinsted equation that correlates the reactivities of their 
unhindered analogues. A quite different situation is found in the 
case of anilines and pyridines, particularly the latter, where 
conventional steric effects appear to be operating. 

In the accompanying paper we examined the effect of alkyl 
groups adjacent to the reactive site of the substrate; such groups 
invariably increase the rate of proton transfer, the effects being 
quite large when account is taken of the deactivating polar effect 
that more distant alkyl has on the acidic site. 

Since arnine bases are shown here to have conventional 
(deactivating) steric effects, we are not obliged to seek a 
universal explanation for what otherwise would have appeared 
to be a general (and surprising) phenomenon, viz. that groups 
adjacent to the reactive sites in both the acidic and basic 
components of the reaction accelerate the rate of proton transfer. 
Accordingly, we shall focus our attention on the carboxylate 
group in attempting to rationalize the present results. 

\i ET AL. 1091 

FIG. 1. Brensted plot for the reaction of eq. [l] using carboxylate 
bases; numbers correspond to the carboxylic acids of Table 1; aliphatic 
acids (circles), m- and p-benzoic acids (triangles), o-benzoic acids 
(squares). The solid circles, which were used to determine the line, are 
the acids 28-35 in the table; Brensted coefficient 0.639. 

TABLE 2. Rate of isotopic exchange of the 2-methyl 
protons of 1 in aqueous (D20) mine  buffers, 30°C 

Buffer base 105k2, M-' S-I PKBD+~ 

Pyridines 

Unsubstituted 
2-Methyl 
2-Ethyl 
2-Isopropyl 
2-tert-Butyl 
2,6-Dimethyl 
3-Methyl 
3-Fluoro 
3-Bromo 
3-Cyan0 
4-Methyl 

Anilines 

Unsubstituted 
2-Methyl 
2-Ethyl 
2-Isopropyl 
2,4-Dimethyl 
2,6-Dimethyl 
3-Methyl 
3,5-Dimethyl 
3-Chloro 
4-Methyl 
4-Methoxy 
4-Chloro 

"Values from ref. 18 corrected to 30°C and D20 according 
to ref. 7. 

Although all the deviating points in Fig. 1 are on the positive 
side of the line, it must be pointed out that in most cases these do 
not correspond to absolute rate increases. For example, an ortho 
halo benzoate ion is less reactive than benzoate or, indeed, than 
the corresponding meta or para ions. The positive deviation 
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FIG. 2. Bronsted plots for the reaction of eq. [I] using aniline and 
pyridine bases (Table 2). The open circles represent compounds con- 
taining a substituent in the 2-position. The Bronsted coefficients are 
0.707 (anilines) and 0.566 (pyridines). 

arises to a great extent from the unusually low basicity of the 
ortho ions. Thus, as in all case of deviations from Bransted 
relationships, it is necessary to examine the factors that affect 
both variables, that is, the &action rate and the degree of the 
equilibrium ionization. The generally accepted explanation for 
ortho benzoates being weaker bases than their para counter- 
parts is that there i s  hindrance to conjugation between the 
carboxyl group and the ring in the neutral acid, thus raising the 
energy of the latter and shifting the equilibrium toward the 
carboxylate ion. The moderately large Bransted coefficient 
(0.639) and the fact that the proton transfer reaction is 
endergonic (uphill) suggests that the transition state should have 
a considerable amount of the character of the carboxylic acid 
(1 1,12). It might be argued that the proton in the transition state 
is associated with both oxygen atoms, neither one of which 
would have significant carbonyl character, and in this case the 
deviation of the ortho compounds could be said to arise simply 
from anomalies in pKHA rather than anomalies in rate. Since we 
have no grounds for believing that this situation obtains, and 
since it would not apply to the three aliphatic cases (25-27), we 
seek an explanation in other terms. 

It was shown some time ago by Steigman and Sussman (13) 
that a high concentration of organic electrolyte, e.g. tetra-n- 
butylarnmonium bromide, has a profound effect on the pK of 
carboxylic acids. They become weaker acids and this change 
was found to be particularly marked in the case of ortho- 
substituted benzoic acids, which, in 7.75 mold ( ~ - B u ) ~ N +  Br-, 
become essentially equal in strength to their para isomers. 
Inorganic salts d o  not have this effect, and its was argued that 
the high concentration of alkyl units induces a high degree of 
structure in the water and that this has a greater effect on the 
ortho compounds than on their meta o rpa ra  isomers. (There are 
indications that the effect is also present in aliphatic systems.) 

Regardless of the precise origins of the pK changes, it is 
apparent that ortho carboxylate ions become relatively better 
proton acceptors (compared to their meta or para  counterparts) 
in an environment that is alkvl rich. The transition state of the 
reactions under consideration here must have some of this 
character since the proton source is, in fact, an alkyl group and, 
indeed, adjacent alkyl groups in the substrate may also 
contribute to this sort of interaction when carboxylate bases are 
used. Accordingly, we tentatively ascribe the positive devia- 
tions from the Bransted line for hindered carboxylates to an 

increase in effective basicity of the carboxylate group caused by 
the propinquity in the transition state of the carboxylate ion and 
the alkyl group(s) of the substrate. In the case of amine bases it is 
known that there is no increase in base strength in the presence 
of high concentrations of organic electrolyte and, indeed, in 
some cases, the base strength decreases. Conventional steric 
effects would thus be expected for m i n e  bases, which is found 
to be the case. 

Since polarizability effects can be important in acid-base 
reactions (see, for example, refs. 14 and 15) we consider briefly 
here the four ortho halo benzoates. If a high degree of 
polarizability in the nearby substituent helps stabilize the 
transition state, the deviations from the Bransted (or Hammett) 
line should be in the order I > Br > C1 > F. This is, indeed, 
what is found, although it should be remembered that this is also 
the order of group size and, since tert-butyl has a larger 
deviation than the other ortho alkyl groups, the halogen order 
may simply reflect size rather than polarizability, although, of 
course, the two parameters are not unrelated. The use of thio 
substituents should clarify this point. 

Experimental 
The carboxylic acids, anilines, and pyridines were either obtained 

from commercial sources or were prepared by standard synthetic 
procedures. 

The measurements of the rate of exchange for 1,2,3-trimethylpyra- 
zinium iodide in D20 were made using nmr spectroscopy, essentially 
as previously described (1,4). For each compound two to four kinetic 
runs were performed at a given pH; in most cases the reproducibility of 
the derived second-order rate constants was -+ 10%. 
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1,4-dimethyl-4-nitrocyclohexa-2,5-dien-1-01 
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ALFRED FISCHER, GEORGE N. HENDERSON, and TREVOR A. SMYTH. Can. J. Chem. 64, 1093 (1986). 
Solvolysis of 1,4-dimethyl-4-nitrocyclohexa-2,5-dien-1-01 in mixed aqueous organic solvents gives the diastereomers of 1,4- 

dimethylcyclohexa-2,5-diene-1,4-diol, 1,4-dimethylcyclohexa-3,5-diene-1,2-diol, 2-nitro-p-xylene, 2,4-dimethylphenol (all 
derived from the title cation, itself formed by ionization of the nitro group as nitrite), and 2,5-dimethylphenol. In aqueous 
methanol the diastereomers of 4-methoxy-l,4-dimethylcyclohexa-2,5-dienol are also obtained. Significant yields of 2,5-di- 
methylphenol are only obtained on the acid-catalysed further reaction of the dienediol (or the methoxydienol) and involve the 
intermediate formation of 1,4-dimethylcyclohexa-3,5-diene-1,2-diol. In the absence of added base the acid released in the 
solvolysis catalyses this reaction and leads to the aromatization of the dienes. 

ALFRED FISCHER, GEORGE N. HENDERSON et TREVOR A. SMYTH. Can. J. Chem. 64,1093 (1986). 
La solvolyse du dimkthyl-1,4 nitro-4 cyclohexadibne-2,5 01-1 dans des mklanges de solvants organiques aqueux conduit aux 

diastkrkoisombres du dimkthyl-1,4 cyclohexadibne-2,5 diol-1,4 et du dimkthyl-1,4 cyclohexadibne-3,5 diol-1,2 ainsi qu'au 
nitro-2 p-xylbne et au dimkthyl-2,4 phknol (tous dkrivks du cation mentiom6 dans le titre qui est lui-m6me form6 par ionisation 
du groupement nitro sous forme de nitrite) et au dimkthyl-2,5 phknol. Dans le mkthanol aqueux, on obtient aussi les diastB 
rCoisombres du mCthoxy-4 dimkthyl-1,4 cyclohexadi&ne-2,5 01-1. On n'obtient des rendements importants de dimkthyl-2,5 
phknol que lors d'une rkaction subskquente, catalyske par les acides, du dibnediol (ou du mkthoxydibnol) et celle-ci implique 
la formation du dimkthyl-1,4 cyclohexadibne-3,5 diol-1,2. Lorsqu'on n'ajoute pas de base, I'acide qui est formke lors de la 
solvolyse catalyse cette rkaction qui conduit ti I'aromatisation des dibnes. 

[Traduit par la revue] 

Introduction 
The adducts obtained on nitration of arenes in acetic 

anhydride, typically derivatives of 4-methyl-4-nitrocyclohexa- 
2,5-dienyl acetate, are labile and readily undergo rearomatiza- 
tion reactions in solution (1-6). A variety of rearomatization 
products have been obtained but the pathways to many of these 
appear to have one or other of two competitive initial steps, each 
of which involves the formation of a cyclohexadienyl cation (6, 
7). For these routes rearomatization is initiated by unimolecular 
ionization of the nitro group as nitrite, forming a l-acetoxy-4- 
methylcyclohexadieny1 cation, or by acid-catalysed loss of the 
acetate function as acetic acid (AA1l), forming a 4-methyl-4-nitro- 
cyclohexadienyl cation. Formation of various substituted 4- 
methyl-4-nitrocyclohexadienyl cations and, more generally, 
substituted 4-alkyl-4-nitrocyclohexadienyl cations has been 
demonstrated by trapping experiments, e. g . both diastereomers 
of 4-ethyl-1-methyl-4-nitrocyclohexa-2,5-dienol were obtained 
when (2)4ethyl- 1 -methyl-4-nitrocyclohexa-2,5-dieny acetate 
was hydrolysed in acidified aqueous acetone (2). In the present 
paper we are concerned with the fate of the cyclohexadienyl 
cation obtained on solvolysis of the nitro group. We have 
investigated the solvolysis of 1,4-dimethyl-4-nitrocyclohexa- 
dienyl acetate (la),  the corresponding dienol l b ,  and the methyl 
ether l c ,  and thus the formation and reactions of the l-acetoxy- 
1,4-dimethylcyclohexadienyl cation (2a) and its 1-hydroxy and 
1-methoxy analogues 2b and 2c, respectively. Stu'dies of the 
1,4-dimethyl-4-nitrocyclohexa-2,5-dienyl acetate system have 
been reported by Moodie, Schofield, et al. (6), by Myhre and 
co-workers (7), and by Fischer and Ramsay (8). The 1 -hydroxy- 
1,4-dimethylcyclohexadienyl cation and its 2-hydroxy isomer 
are simultaneously-formed intermediates in the acid-catalysed 
ring opening of 1,4-dimethylbenzene oxide (9, 10). In the 

'In this paper enumeration of the cyclohexadienyl cations follows 
that of the parent cyclohexadienes. 

present work the individual chemistries of the two cations can be 
distinguished since they are not formed simultaneously, and the 
1-hydroxy cation can be studied in the absence of its isomer. 

Results and discussion 
Configurations of l,4-substituted cyclohexadienes 

The configuration of ( 0 -  l,4-dimethyl-4-nitrocyclohexa-2,5- 
dienol has been established by X-ray crystallography and those 
of the corresponding nitrodienyl acetates and methyl ethers by 
stereospecific interconversion reactions (1 1). Addition of 
methyllithium to 4-methyl-4-nitrocyclohexa-2,5-dienone gives 
preferentially the (2)-dienol(l2). Applying a similar argument, 
the major product isomer of the dienediol 3bn obtained 
on addition of methyllithium to 4-hydroxy-4-methylcyclohexa- 
2,5-dienone has been assigned the (2) configuration (13). As 
would be expected, the (0-dienediol has the higher melting 
point. The assignment is also supported by our shift reagent 
studies. There is only a small difference in the gradients of the 
shifts of the 4-CH3 protons of the diastereomers produced on the 
addition of tris-(1,1,1,2,2,3,3-heptafluoro-7,7-[2H6]dimethyl- 
4,6[2H~]octanedionato)europium(~~~) (E~([~H~]fod),).  How- 
ever, in accord with expectation, the ( E )  isomer, with the 4-CH3 
cis to the europium complexed at 1-OH, has the larger slope, 
0.34 versus 0.31. 

In the methylation reactions the stereochemistry at the 
asymmetric centres is not disturbed. Thus the configurations of 
the methoxydienols and the dimethoxydienes follow from the 
partial methylation of (2)-3bn to a mixture of (2)-3bo and 
(2)-3c0, the methylation of (2)-3bo to (2)-3c0, the partial 
methylation of (E)-3bn to (E)-3b0, and the methylation of 
(0-3b0 to (E)-3co. 

Solvolysis reactions 
Strongly ionizing solvents and low acidity are the conditions 

that favour the ionization of the nitro group over the competing 
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TABLE 1. Solvolysis of (E)-l,4-dimethyl-4-nitrocyr,!ohexa-1 ,4-dien-1-01 ((E)-lb) in 50% (v/v) methanol-watef 

Expt . T t [Base] 
no. ("c) (h) Base [(E)-lbl 3bo 3bn 6~ 7b+6n Other 

Urea 
- 

- 
D P E ~  
DPE 
DPE 
DPE 
DPE 
NBA' 
NBA 
NBA 
26LUm 
26LU 
KOAc 
KOAc 

Tmcedures as described in the experimental section. Analysis by 'H nmr in CDC13 in which (E)-3bn is only partially soluble. Yields were reproducible to 2 5  mol%. 
b2,6-Lutidine (1.1 mol proportion) added immediately prior to work-up. 
'(E)-lb (34%) unreacted. 
dDiisopropylethylamine (1.1 mol proportion) added immediately prior to work-up. 
'Anisoles present and included in the phenol fraction. 
/ ( ~ ) - l  b (6%) unreacted. 
BDimethoxycyclohexadienes (3co) present and included in the 3bn fraction. 
h3co (9%). 
'Unidentified aromatic component (20%). 
'Essentially complete rearomatization occurred. No attempt was made to identify the aromatic products, presumably dimethylphenols and dimethylanisoles. 
biisopropyethylamine. 
'N-Butylamine. 
"2.6-Lutidine. 

loss of the hydroxyl, acetate, or methoxyl group in the 
solvolysis of the nitrocyclohexadienols, their acetates, or 
methyl ethers (2, 5, 6). Accordingly, we studied initially the 
solvolysis of E-lb in 50% aqueous methanol (Tables 1 and 2). 
Experiments 101-106, 201, 202, and 206 were carried out 
either in the absence of base or in the presence of the very weak 
base urea. For reaction times of up to ten solvolysis half-lives 
(i. e. up to 1 h at 40°C), dienes , including the methox ydienol3 bo 
and the diol3bn, were obtained, as well as aromatic products, 
which were mainly phenols (expts. 102, 103, 201, 202, 206). 
However, after a longer reaction time (expt. 104) the diene 
components decreased and the aromatic components increased, 
and at very long reaction times only aromatic products were 
obtained as the initially formed dienes were aromatized (expts. 
105 and 106). Except in the case of the shortest reaction time 
(expt. 101) the dienes obtained also included the dimethoxy 
compound 3co and the aromatic component also included 
dimethylanisoles, suggesting that these are secondary reaction 
products. In these reactions in the absence of base only minor 
amounts of 2-nitro-p-xylene (6p) were formed and the amount 
did not increase with extended reaction times, which otherwise 
resulted in an increase in the total amount of aromatic product. 
Solvolysis in acidified aqueous methanol (pH 3.2) gave 3co 
(12%) and a complex mixture of aromatic products (88%) that 
included dimethylanisole(s). 

When the solvolysis of ( a - l b  was carried out in the presence 
of base, formation of the dimethoxydienes and anisoles was 
suppressed and the methoxydienol3bo and dienediol3bn were 
either not subject to rearomatization or the rate of rearomatiza- 
tion was greatly reduced (compare expts . 104- 106 with 107 and 

108). The product distribution then was 3bo (44%), 3bn (22%), 
6p (20%), 2,4-dimethylphenol (7b, 1 1 %), and 2,5-dimethyl- 
phenol (6n, 2%) (expts. 209-21 1, 214, 215), both diastereo- 
mers of 3bo and 3bn being formed from the single diastereomer 
of the substrate. In the presence of potassium nitrite (in addition 
to potassium acetate) the yield of 2-nitro-p-xylene was greatly 
enhanced and that of the diene and phenol components 
correspondingly reduced (compare expts . 2 16 and 2 17). Sol- 
volysis in methanol containing N,N-diisopropylethylamine 
gave 3bo (47%), 6p (36%), and 7b  and 6n (17%). Solvolysis in 
the presence of base in aqueous acetone, aqueous tetrahydro- 
furan, and in ether-water mixtures gave both diastereomers of 
dienol 3bn, 2-nitro-p-xylene, and the 2,4- and 2,5-dimethyl- 
phenols (Table 3). Solvolysis in aqueous dioxan at pH 3.2 gave 
a complex mixture of aromatic products including nitrodi- 
methylphenol(s) . 

Solvolysis of ( a - l c  in aqueous methanol containing N,N- 
diisopropylethylarnine gave 3co (21%), 3cn (= 3bo,34%), 6p 
(4%), and dimethylanisoles plus dimethylphenols (41%). 

Solvolysis of (E)-la in aqueous methanol gave 2,5-di- 
methylphenyl acetate (8a) as the sole product. In the presence of 
base, 8a was the very dominant (initial) product but partial 
solvolysis of 8a  to 8b  ensued. Solvolysis of 4-methyl-4- 
nitrocyclohexa-2,5-dien-1-01 in the presence of base gave 
p-cresol(90%) and unidentified diene (10%). 

Reaction of (E)-3bn with trifluoroacetic acid gave 7b 
(98%) and 6n (2%). In aqueous methanol at pH 3.2 7b (68%) 
and 6n (32%) were obtained, although in a reaction carried out 
at a lower temperature, and which was therefore incomplete, 
some methoxydienes (12%) and dimethylanisoles (10%) were 
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FISCHER ET AL. 

TABLE 2. Solvolysis of (E)-l,4-dimethyl-4-nitrocyclohexa-1 ,4-dien-1-01 ((E)-lb) in 50% methanol-water 
at 4OoCa 

Expt. 
no. ~ a s e ~  3bo 3bn 6P 7b 6n Other 

DPE 
26Luk 
KOAc 
- 

HPO',' 
DPE 
Tris" 
Tris 
NaHC03 
NaHC03 

KOAc 
KOAc 
KOAcq 

- 

Pprocedures as described in the experimental section. For experiments 201-205, substrate concentration = 0.075 mol 
dm-3, reaction time = 1 h, precision ?5 mol%. For experiments 206-217, substrate concentration = 0.3 mol dm-', 
reaction time = 20 min, and precision +3 mol%. 

b[Base] = 0.33 mol dm-3. 
Pimethoxydienes 3co (16%), dimethylanisoles (lo%), unidentified aromatic compound (I 1%). 
d[Urea] = 0.66 mol dm-3. 
eIncludes dimethoxydiene 3co. 
j7b + 6n; hplc analysis was prevented by an interfering peak. 
s7b:6n ratio not determined and the amount tabulated for 7b includes that of 6n. 
hDimethylanisoles (19%). 
?,6-Lutidine, removed after work-up by extensive pumping at reduced presure before 'H nrm analysis. 
i)imethylanisoles (2%). 
9iethoxydiene 3co (7%), dimethylanisoles (7%), unidentified aromatic compound (5%). 
'Na,HPO,, only partially soluble. 
"Diene 3co (IS%), dimethylanisoles (16%). The presence of the anisoles prevented the determination of the ratio 

of 7b:6n by nmr. 
"Tris(hydroxymethy 1)aminomethane. 
"Diene (E)-lb (1 1%); reaction incomplete because the use of a thick-walled reaction vessel reduced the period for 

which the reaction was at 40°C. 
PDiethylanisoles (3%). 
%NO2 (3 mol dm-') also added. 

TABLE 3. Solvolysis of (E)-l,4-dimethyl-4-nitrocyclohexa-1,4-dien-l-ol ((E)-lb) in aqueous mixturesa 

Expt . T t 
no. solventb ("c) (h) Basec 3bn 6P 7b + 6n Other 

50% acetone 
33% acetone 
9% acetone 
9% acetone 

50% THF~ 
33% THF 
50% ether 
50% ether 

KOAc 
DPE 
DPE 
KOAc 
Tris' 
DPE 
Tris 
Tris 

"Analyses by 'H nmr. The conjugated dienol5bn was probably present in all of the reactions. 
bOrganic component and its percentage specified; the other component was water. The diethyl ether mixtures were 

heterogeneous. 
T h e  mole ratio of base to (E)-lb was 1. l except for expts. 301 (2.2) and 304 (1.3). 
d ( ~ ) - l b  (14%). 
'5bn (8%). 
S b n  (6%), unidentified components with 'H nmr peaks at 1.95 ppm (6%) and 2.25 ppm (4%). 
T h e  1.95-ppm (15%) and 2.25-ppm (9%) components. 
hTetrahydrofuran. 
'Tris(hydroxymethy1)aminomethane. 
'(E)-lb (72%). 
* ( ~ ) - l b  (59%). 
'(E)-lb (51%). 
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+HX-H+ 

+H+-HX +HA-H+ 
(i) Me X (ii) Me X 

A 

a OAc 
b OH 
c OMe 

Me NO2 

X 
m OAc 
n OH 
o OMe 
P NO2 

Me Me Me 

+HX-H+ L pE +H+-HA 0" - @ 3 
7 

+H+ -HX / - (ii) ._I (iii) / 

( i) 
Me Me Me 

-A - 
(i) (ii) 

Me Me 

-H+ +H+-HA - (4 "'9" - (ii) 0 ..1 @ 6 I 
CH2 +CH2 CH2X 

present in addition to the xylenols. In aqueous dioxan at pH 3.2 
7b and 6n were obtained in the 2:l ratio. Reaction of (Z)-3co 
with trifluoroacetic acid gave 7c. 

We account for the solvolysis reaction products in terms of 
the formation and further reactions of a 1 -A- 1 ,4-dimethylcyclo- 
hexadienyl cation (2), as illustrated in Scheme 1, an elaboration 
of earlier schemes (2, 6, 7). Reactions 2(i) and 3(i) represent 
additions of a nucleophile to the electrophilic centre that is in a 
1,4 or 1,2 relationship to the tetrahedral centre of the cation, 
respectively. As shown, these reactions may be followed by 
further reactions of the new cyclohexadienes. Reactions 4 and 5 
in their initial steps (i) involve competing 1,2 migrations of the 
methyl and substituent A groups at the tetrahedral centre of the 
cation. Reaction 6 involves deprotonation of the cation to a 
triene followed by SN1' substitution to form a benzylic 
derivative. 

Unimolecular ionization of the nitro group in (E)-lb leads to 
the hydroxycyclohexadienyl cation 2b (Scheme 1, reaction 1, A 
= OH). The methoxydienol 3bo and the dienediol 3bn are 
formed by solvent methanol or water, respectively, trapping 2b 
(reaction 2(i), A = OH and HX = HOMe or HOH). Reaction 

2(i) is the dominant reaction of 2b since some 65% of the 
product consisted of 3bn and 3bo. The fact that both diastereo- 
mers of 3bo and 3bn are formed from a single diastereomer of 
l b  confirms the SN1 substitution mechanism. 2-Nitro-p-xylene 
(6p) was obtained in 19% yield. Addition of the nitrite ion, 
released in the ionization step, to the ortho position of 2b would 
give the nitrodiene 5bp, which, on elimination of water, would 
give the nitroarene. The addition-elimination would more 
likely follow the base-catalysed sequence depicted in Scheme 2 
than the acid-catalysed sequence of reaction 3, Scheme 1. This 
is shown by the fact that only small amounts of 6p were formed 
in the reactions carried out in the absence of base, when the 
liberated nitrite would be present as the less nucleophilic nitrous 
acid. Our previous study of the methanolysis of 1-ethyl-4-methyl- 
4-nitrocyclohexadienol, which gave 4-ethyl-3-nitrotoluene in 
addition to 2-ethyl-4-methylphenol and the diastereomers of 
1 -ethyl-4-methoxy-4-methylcyclohexadien- 1-01, confirms that 
the nitro group is added at the position meta to its original 
position (2). The nitrite anion might also be expected to add to 
the para position of 2b. This reaction (2(i), X = NO2) is just the 
reverse of the ionization reaction (reaction 1) and Myhre and 
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FISCHER ET AL 

co-workers have argued that such return from the ion-pair is 
facile (7). The fact that in the presence of external nitrite the 
yield of 2-nitro-p-xylene from E- lb  increased to over 50% 
indicates that nitrite is a very effective competitor for cation 2b 
and establishes the intermolecular pathway of the formation of 
6p. A 36% yield of 6p  was obtained when the solvolysis 
reaction was carried out in methanol (containing diisopropyleth- 
ylarnine). This increased yield is presumably attributable to the 
effect of the lower dielectric constant solvent increasing the rate 
of the reaction between carbonium ion and nitrite anion, 
involving charge annihilation, relative to the rates of the other 
reactions of the carbonium ion, in which charge is preserved. 

The 2,4-dimethylphenol (7b), formed in 13% yield in the 
aqueous methanol solvolysis, arises via reaction 4. Since 
2,5-dimethylphenol was formed in much lower yield (3%), it is 
evident that in cation 2b the methyl is much more prone to 
migrate (reaction 4(i)) than the hydroxyl (reaction 5(i)). This 
preference is even more marked than it appears since 2,5-di- 
methylphenol is also formed (and likely only formed) via 
reaction 3. The reaction of diol 3bn with trifluoroacetic acid, 
which gave 98% of 2,4-dimethylphenol, indicates that the 
relative migratory aptitude of methyl to hydroxyl in 2b is at least 
50: 1. The preference for methyl migration over migration of 
hydroxyl (or methoxyl) in cyclohexadienyl cations is well 
established in dienone-phenol rearrangement studies (14- 16). 
Reaction of solvent at the position adjacent to the tetrahedral 
centre of 2b (reaction 3(i): SNlr )  is slower than reaction at the 
para position (reaction 2(i): SN1). On separation of the product 
of a large-scale reaction we obtained a small amount of the 
1,2-diol (5bn). It was difficult to establish the presence of 5bn 
and (or) 5bo in the solvolysis reaction mixtures because of the 
overlap of the methyl peaks with those of (E)-1 b (at 1.77 ppm) 
and of the products 3bn and 3bo (at 1.29 ppm). However, in a 
few reactions carried out in aqueous acetone and in aqueous 
tetrahydrofuran it was possible to establish from the absence of 
the quartet cen,tred at 6.0 ppm that all of the reactant was 
consumed. The peak at 1.77 ppm could then be attributed to 
5bn. In these reactions 5 bn was present to the extent of 20% of 
the amount of 3bn, about 7% of the total reaction product. A 
further indication of the formation of 5bn was provided by the 
observation that in weakly acid solution (pH 3.2) the dienediol 
3bn gave ca. 33% of 6n, presumably by the sequence 3bn + 2b 
+ 5bn+ +6n. We conclude that the conjugated dienediol5bn 
is a necessary intermediate between 2b and 6n. In dilute acid 
conditions the conversion of 5bn to 6n must be relatively 
efficient, since the extent of formation of 6n is half that of 7b 
although 5bn is only 20% of 3bn. 

The formation of dienediol and (or) methoxydienol as inter- 
mediates in the solvolysis of the nitrocyclohexadienol has been 
inferred from kinetics studies (7). Our study of the products of 
solvolysis of 1-ethyl-4-methyl-4-nitrocyclohexa-2,5-dienol(2) 
and the present investigation provide the first reports of the 
positive identification of the dienediols and the methoxydienols 
as nitrocyclohexadienol solvolysis products and, in the case of 
the 1,2-diol, the first direct evidence of its formation in any 

reaction. The intermediate formation of 3bn in the second of 
two acid-catalysed mechanisms of ring opening of 1 ,4-dimethyl- 
benzene oxide and its aromatization to 7b and 6n has been 
conclusively demonstrated by Bruice, Jerina, and co-workers 
(9). They proposed alternative pathways for the conversion of 
the diol to 7b and 6n, one being that depicted in Scheme 1 (3bn 
+ 2b+ 5bn++ 6nand3bn- 2b++  7b), andthe other, 
re-formation of the protonated oxide and its direct conversion to 
7b and 6n. They preferred the second path. Our results, which 
demonstrate the intermediate formation of the 1 ,2-diol5bn and 
the fact that 6n is not formed when 2b cannot be trapped by 
water (e.g. in trifluoroacetic acid), are in accord with the first. 
Our results also show that reversible formation of protonated 
oxide from cation 2b cannot occur since this would lead to a 
ratio 7b:6n from the nitrodienol solvolysis reaction in the acid 
region (2: l), and from the reaction of the dienediol with acid, 
identical to that observed in reaction of the oxide with acid. 
However, the oxide reaction gives more 6n than 7b at pH 3.5 
and 6n is even more favoured in stronger acid (9, 17). 

No benzylic compounds were obtained in the solvolysis of 
(E)-lb and thus the deprotonation of 2b (reaction 6(i)) must be 
slower than reactions 2(i), 3(i), or 4(i). Examples of reaction 
type 6 are known for nitrocyclohexadienyl cations, e.g. the 
nitrodimethylcyclohexadienyl cation formed by protonation of 
1 at A and loss of HA (7, 8). However, there have been no 
reports of benzylic products being formed via cations such as 
2a, 2b, or 2c. 

The solvolysis reaction generates nitrous acid. In the absence 
of added base the solution becomes acidic and the initially 
formed dienes 3bo and 3bn can reform the cation 2b by 
acid-catalysed loss of methoxy or hydroxyl, respectively 
(reverse of reaction 2(i)), as discussed above. However, 3bo 
can also undergo acid-catalysed loss of hydroxyl (reaction 2) to 
generate the methoxycyclohexadienyl cation 40. This, on 
reaction with methanol, would generate the dimethoxydiene 
3co. Prolonged exposure to the acid conditions would lead to 
complete formation of aromatic products (phenols and anisoles) 
via reactions 3 and 4, and this was demonstrated by the results of 
solvolysis reactions carried out at pH 3.2 in which (i) little or no 
diene was obtained; (ii) in the case of the reaction in aqueous 
methanol, the small amount of diene obtained was largely 3c0, 
reflecting the (acid-catalysed) exchange of the original hydroxyl 
group, and the aromatic compounds included anisoles, also 
indicative of this exchange; (iii) the phenols were nitrated under 
the acid conditions. We can thus understand why, in the 
aqueous methanol solvolyses of (E)-1 b, anisoles were signifi- 
cant components of the aromatic products and dimethoxydienes 
were formed only in the absence of added base and why these 
products were not obtained, even in the absence of added base, 
when the reaction time was very short. 

Solvolysis of (E)-lc in aqueous methanol follows analogous 
pathways to those described for (E)-lb and does not require 
additional comment. Reaction of (E)-lc with 50% trifluoro- 
acetic acid in methanol gave 6p, 7c, and 60. At such acidity this 
reaction presumably involves, at least in part, the nitrocyclohexa- 
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+H+-MeOH 

+ MeOH -H+ 
Me OMe Me 

dienyl cation as shown in Scheme 3. However, the formation of 
7c under these conditions must involve the methoxycyclohexa- 
dienyl cation 2c. Thus in this solvent mixture ionization of nitrite 
and the acid-catalysed loss of methanol are competitive. The 
reaction of (2)-3co with trifluoroacetic acid, which gave 7c, 
demonstrates the preferential migration of methyl rather than 
methoxyl in cation 2c. 

Solvolysis of (E)-la differed from solvolysis of (E)-lb and 
(E)-lc in that essentially a single product (8a) was obtained. 
The 1,2 shift of the acetate group in ion 2a should be facilitated 
by the formation of a bond to the carbonyl oxygen so that 
rearrangement (reaction 5) can occur via a cyclic transition 
state. We investigated the possibility that rearrangement of the 
acetate was concerted with the ionization of the nitro group by 
measuring the rates of solvolysis of (E)-la and (E)-lb. 
Although (E)-la reacts faster than (E)-lb, the rate ratio was 
only 2:l. The enhancement seems too small to require a 
concerted transition state, although it should be noted that 
formation of 2a should be slower than 2b since the acetoxy 
group is more electron withdrawing than the hydroxy group. 
Thus the true rate enhancement must be greater than is apparent. 
In any event, since cation 2a  was not effectively trapped by 
nucleophiles, in contrast to 2b and 2c, the rearrangement of the 
acetate must occur very soon after 2a is formed if it is not 
synchronous with the ionization step. 

Experimental 
Infrared spectra were obtained on a Perkin-Elmer 283 spectrometer. 

The 'H nmr spectra, at 90 MHz, were determined using a Perkin- 
Elmer R32 spectrometer. The I3C nmr spectra, at 15.1 MHz, were 
obtained with a Nicolet TT-14 spectrometer. Mass spectra were 
determined on a Hitachi Perkin-Elmer RMU7 spectrometer. High 
pressure liquid chromatography (hplc) was carried out with a Waters 
system 500 (preparative) and on a Varian model 5000 (analytical) 
chromatograph. The gas-liquid chromatograph used was a Varian 
Aerograph model 2400. 

2,4-Dimethylphenol, 2,4-dimethylanisole, 2,s-dimethylanisole, 
N,N-diisopropylethylarnine, chlorotrimethylsilane, iodotrimethyl- 
silane, bis(trimethylsilyl)acetamide, and 2,6-lutidine were from 
Aldrich. 2,5-Dimethylphenol, from Eastman, was recrystallized twice 
from n-heptane. Methyl iodide was from Mallinckrodt, trifluoroacetic 
acid was from Matheson, Coleman and Bell, and the ~ u ( [ ~ ~ ~ ] f o d ) ~  
shift reagent was from Merck, Sharp and Dohme. 2,s-Dimethylphenyl 
acetate was prepared by acetylation of the phenol with acetic anhydride 
(18). 

1,4-Disubstituted cyclohexa-2,5-dienes 
(E)-l,4-~imethyl-4-~troc~clohexa-2,5-dien~l' acetate ((E)-la) 

was obtained by nitration of p-xylene (8, 11). Reaction of (E)-la with 
aluminum hydride gave (E)-l,4-dimethyl-4-nitrocyclohexa-2,s- 
dienol (E))-lb) (11). Methylation of (E)-lb gave (E)-lc (11). 
Reduction of 4-methyl-4-nitrocyclohexa-2,s-dienone with sodium 
borohydride gave 4-methyl-4-nitrocyclohexa-2,5-dien-l-ol(12). Both 
diastereomers of 1,4-diethylcyclohexa-2,s-diene-1,4-diol (3bn) 
were obtained by addition of methyllithium to p-benzoquinone (13). 
Addition of methyllithium to 4-methoxy-4-methylcyclohexa-2,s- 
dienone (itself prepared from the chlorodienone by reaction with silver 
nitrate in methanol, cf. ref. 19) gave both isomers of 4-methoxy-l,4-di- 
methylcyclohexa-2,s-dienol (360) in a 1:3 ratio. The isomers were 
separated by hplc. The minor isomer (E)-360 had mp 95-96°C (lit. (9) 
mp 94-95°C); ir (Nujol): 3415 (OH), 2820 (OCHJ, 1120, 1065 
(C-O) ,  800cm-'; 'Hnmr(CDC13) 6: 1.30(s, 3), 1.33 (s, 3), 1.80(s, 
l ,OH), 3.02(s, 3,0CH3), 5.57(d, 2, J =  10Hz,3-Hands-H), 6.02 
(d, 2, J = 10 Hz, 2-H and 6-H) ppm; 13c nmr (CDC13) Sc: 27.9 
(1-CH3and4-CH3), 51.5 (Om3) ,  65.4(C-l), 71.O(C-4), 130.4 (C-3 
and C-5), 136.4 (C-2 and C-6) ppm. The major isomer (2)-360 was 
obtained as oil; ir (film): 3410 (OH), 2830 (OCH,), 1135, 1085 
(C-O),780cm-'; 'Hnmr(CDC13)S: 1.22(s, 3), 1.28 (s, 3),2.35 (s, 
1, OH), 3.10(s, 3, 0CH3), 5.59 (d, 2, J = lOHz, 3-Hands-H), 5.95 
(d, 2, J = 10 Hz, 2-H and 6-H) ppm; 13c nmr Sc: 28.0 and 29.0 
(1-CH3 and 4-CH3), 51.9 (Om3) ,  65.4 (C-I), 71.0 (C-4), 130.3 
(C-3 and C-5), 135.7 (C-2 and C-6) ppm. 
(E)-3,6-Dimethoxy-3,6-dimethylcyclohexa-1,4-diene ((E)-3co) 

was obtained by methylation of the methoxydienol (E)-3bo. A mixture 
of freshly precipitated silver oxide (1.2 g), methyl iodide (4.5 cm3), 
potassium hydroxide (0.03 g), and (E)-360 (0.30 g) was stirred at 
ambient temperature. The disappearance of the dienol (E)-360 was 
monitored by 'H nmr and after 18 h, when none remained, the reaction 
mixture was filtered and the residue washed with ether (3 x 10 cm3). 
The combined filtrate and washings were dried (MgS04) and the 
solvent evaporated at 30°C; 'H nmr indicated that the solid residue 
(0.22 g) was essentially pure (E)-3co. Crystals were obtained from 
pentane and a sample was sublimed at 40-60°C and had ir (KBr): 2820 
(OCH3), 1080(C--0), 780cm-'; 'H nmr(CDC13) 6: 1.29 (s, 6, 3-CHS 
and 6-CH3), 3.03 (s, 6, 3-0CH3 and 6-0CH3), 5.75 (s, 4, 1-H, 2-H, 
4-H, 5-H) ppm; 13C nmr(CDC13, -10°C) Sc: 27.6 (3-CH3 and 6 m 3 ) ,  
51.6 (3-Om3 and 6-Om3) ,  71.0 (C-3 and C-6), 134.1 (C-1, C-2, 
C-4, C-5) ppm; ms (70 eV) mle (relative intensity): 168 (0.5, M), 
153.085 (100, M, '2~91~13 'Q2:  153.092, M - CH3), 137 (94), 122 
(62), 121 (13), 105 (19), 91 (46), 79 (22), 78 (12), 77 (39), 65 (16),53 
(13), 51 (20), 43 (38). Anal. calcd. for Cl0HI602: C 71.39, H 9.59; 
found: C 71.20, H 9.61. 

Similar methylation of the dienol(2)-360 for 34 h gave (2)-3,6-di- 
methoxy-3,6-dimethylcyclohexa-l,4-diene ((2)-3co) in essentially 
quantitative yield. The dirnethoxydiene was also prepared by methyla- 
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tion of the dienediol (2)-3bn (0.8 g) by stirring with a mixture of 
methyl iodide (27 cm3), potassium hydroxide (0.165 g), and silver 
oxide (14 g added in 1-3 g portions over the reaction period) for 8 days. 
After work-up, 'H nmr showed that the residue consisted of (2)-3co 
(92%) and (2)-360 (8%). Sublimation at 60-70°C gave colourless 
plates of (2)-3c0, mp 56°C (with sublimation); ir (KBr): 2820 (OCH3), 
1090 (C-a ) ,  800 cm-'; 'H nmr (CDCI3) 6: 1.23 (s, 6, 3-CH3 and 
6-CH3), 3.15 (s, 6, 3-0CH3 and 6-0CH3), 5.82 (s, 4, 1-H, 2-H, 4-H, 
5-H) ppm; 13C nmr (CDC13, - 10°C) Sc: 28.4 (3-CH3 and 6-CH3), 
52.3 (%Om3 and 6-Om3), 70.9 (C-3 and C-6), 134.0 (C-1, C-2, 
C-4 and C-5) ppm; ms (70 eV) mle (relative intensity): 168 (0.3), 
153.091 (100, M, '2C91~131602: 153.092, M - CH3), 138 (31), 137 
(97), 123 (13), 122 (51), 121 (13), 107 (lo), 106 (16), 105 (17), 91 
(411, 79 (26), 78 (14), 77 (43), 65 (19), 53 (19), 52 (13), 51 (25), 43 
(631, 41 (25). Anal. calcd. for C10ki1602: C 71.39, H 9.59; found: C 
70.93, H 9.47. 

Shiji reagent studies on the diastereomers of 4-methoxy-1,4-dimethyl- 
cyclohexa-2,5-dienol(3bo) 

A solution of Eu(['~~]fod)3 (150 mg) in  chloroform (450 mm3) 
was prepared and measured volumes were added, at O°C, to solutions of 
the methoxydienols (E)-360 and (2)-360 (30 mg) in ['H]chloroform 
(300 mm3) containing tetramethylsilane (20 mm3). The 'H nmr of each 
solution was measured at 0°C after addition of the shift reagent. Plots of 
the chemical shifts of the other protons against that of the 1-CH3 protons 
gave relative shift gradients (gradient 1-CH3 = 1.00) as follows: 
(E)-360: 0.34 (4-CH3), 0.35 (4-0CH3), 0.45 (3-H and 5-H), 1.06 
(2-H and 6-H); (2)-360: 0.31 (4-CH3), 0.35 (4-0CH3), 0.43 (3-H and 
5-H), 1.02 (2-H and 6-H). 
Solvolysis of (E)-l,4-dimethyl-4-nitrocyclohexadienol ((E)-lb) in 

aqueous methanol 
Initial experiments (101-118) were carried out using (E)-lb (100 

mg, 0.6 mmol) in aqueous methanol (1:l v/v, 8 cm3), in both the 
presence and absence of a weak base, and at both ambient temperature 
and 40°C. These reactions were not stirred, as the nitrodieno1 appeared 
to dissolve completely. The products were worked up by first saturating 
the reaction mixture with sodium chloride, extracting with ether (3 X 
20 cm3), and washing the combined ether layers with saturated brine (3 
X 10 cm3). The ethereal solution was dried (MgS04) and the ether 
evaporated; 'H nmr analysis (CDC13; 0°C) gave the results listed in 
Table 1. 

Generally, integration of characteristic methyl peaks was the 
preferred means of determining the product ratios. The methyl peaks of 
2-nitro-p-xylene were clearly separated from those of the dimethyl- 
phenols and the product dienes 3bn and 360. The C-CH3 peaks of 3bn 
and 360 overlapped but the total integral could be subdivided using the 
0-CH3 peak to measure the amount of 360. In some cases, e.g. when 
N,N-diisopropylethylarnine was used, the methyl region was partially 
obscured and the ratio of (3bn + 360):6p:(7b + 6n) was determined 
from the integral of the vinyl and aromatic regions of the 'H nrnr 
spectrum. In subsequent experiments (below) the ratio of 76 to 6n was 
determined by analytical hplc. Careful examination of the aromatic 
phenol region of the 'H nmr of mixtures of known phenol composition 
showed that it was possible to determine the ratio of 76:6n by 'H nmr 
using solutions of known composition for standardization. The (E) 
isomer of the dienediol3bn was not completely soluble in CDC13 and 
in later experiments ['~~]dimeth~lsulfoxide was the preferred solvent 
for 'H nmr. 

In the second set of experiments (201-205) a solution of (E)-1 b (1 .O 
g, 5.9 mmol) in aqueous methanol (1: 1 vlv, 80 cm3) was stirred at 40°C 
for 1 h. In most reactions a weak base was added. Each reaction mixture 
was worked up by cooling to O°C, saturating the solution with sodium 
chloride, and extracting with cold ether (3 X 100 cm3). The combined 
ethereal extracts were washed with brine (3 X 50 cm3) and dried 
(MgS04). The ether was evaporated at 30°C and final traces of ether 
were removed under reduced pressure. Analysis was carried out by 'H 
nmr using (CD3)'C0, (CD3)'S0, or CDC13 as solvent. The ratio of 
2,4- to 2,5-dimethylphenol was determined by hplc. The peaks of the 
phenols overlapped and the amounts of each were determined by 
cutting and weighing the peaks, having first calibrated the system using 

solutions of known phenol ratios prepared from pure phenols. Results 
are listed in Table 2 (expts. 201-205). 

In the third set of experiments (206-217) a solution of (E)-lb (100 
mg, 0.6 mmol) in aqueous methanol (1 : 1 vlv, 2 cm3), also containing 
added reagent, was maintained at 40°C in an ultrasonic bath for 20 rnin. 
Ether (50 cm3) was added and the solution dried, first over sodium 
sulfate and then over magnesium sulfate. The drying agents were 
washed with ether and the combined ether solution evaporated at 30°C. 
Analysis was carried out by 'H nmr. The ratio of 2,4- to 2,5-dimethyl- 
phenol was determined by analytical hplc, or by nmr using the nmr of 
reaction mixtures in which the phenol ratio had previously been 
determined by analytical hplc as standards. Results are given in Table 
2. Experiments 206-216 were carried out under the most carefully 
controlled conditions and using refined methods of product analysis. Of 
the reactions carried out in the presence of base, expts. 209-21 1,214, 
and 215 were without complication and the results may be regarded as 
particularly reliable. Experiments 208, 212, and 216 are of less, but 
acceptable, reliability. Reaction 207 was complicated by the in- 
solubility of the base disodium hydrogen phosphate and reaction 213 
did not go to completion. The mean product distribution from the 
particularly reliable set of experiments is 360 (44%), 3bn (22%), 6p 
(20%), 76 (1 I%), and 6n (2%) and from the particularly reliable plus 
reliable sets is 360 (43%), 3bn (21%), 6p (18%), 76 (15%), and 6n 
(3%).' 

A solvolysis reaction was also carried out under acid conditions. 
(E)-lb (0.07 g, 0.4 mmol) was added to aqueous methanol (1: 1 vlv, 10 
cm3) containing potassium chloride (7.5 mg, 1 mmol) after the pH of 
the solution had been adjusted to 3.2 by the addition of hydrochloric 
acid. The solution was stirred at ambient temperature for 22 h. The 
product, obtained after work-up as described above for expts. 
101-118, contained ('H nmr) dimethoxydienes (12%) and a mixture 
of aromatic compounds (88%) including dimethylanisoles, dimethyl- 
phenols, and, tentatively, dimethylnitrophenol(s). 

In a larger-scale reaction (E)-lb (3 g, 0.018 mol) was dissolved in 
aqueous methanol (1:l v/v, 240 cm3) and potassium acetate (1.9 g, 
0.02 mol) was added. The solution was stirred at 40°C and then chilled. 
A sample (8 cm3) was worked up to c o n h  completion of the 
solvolysis. The main reaction mixture was then saturated with salt, 
stirred for 5 min, and extracted with ether (3 X 200 cm3). The 
combined ether layers were washed with brine (3 X 100 cm3) and 
dried, first over sodium sulfate and then over magnesium sulfate. 
Evaporation of the ether at 30°C and removal of the final traces under 
reduced pressure gave an oil (2.4 g) that contained (by nmr) the 
methoxydienols 360 (60%), dienediols 3bn (1 2%), dimethylphenols 
plus dimethylanisoles (1 6%), and 2-nitro-p-xylene (1 2%). Preparative 
hplc on silica and elution with ether gave four fractions, the first 
containing the aromatic compounds, the second was methoxydienol 
(E)-360, the third its isomer (2)-3bo containing some (E)-360 (7%), 
and the fourth a mixture of (2)-3bo and the dienediols 3bn. Recrystalli- 
zation of the second fraction from ether-pentane gave colourless 
crystals, mp 95-97°C (lit. (9) mp 94-95°C) with 'H nmr identical to 
that of an authentic sample of (E)-360. The 'H nmr of the'major 
component of the third fraction was identical to that of an authentic 
sample of (2)-360. Some crystals separated from the fourth fraction on 
standing. They were washed free of the oil with ether, dissolved in 
 dim lace tone, and then had 'H nmr identical to that of authentic 
(E)-3bn. 

Solvolysis of (E)-lb in methanol 
A solution of (E)-lb (70 mg, 0.41 mmol) and N,N-diisopropyl- 

ethylamine (82 mm3, 0.45 mmol) in CD30D (0.6 cm3) was observed 
by nmr. Little or no reaction occurred over 1 h at 40°C. After 6 min at 

'We have ignored the fact that the product distribution may be a 
function of the particular base used. The product distributions for reac- 
tions in which the same base was used are more closely similar than 
the product distributions for experiments involving different bases. 
However, such differences are small compared to those between re- 
actions carried out with and without base. We have also ignored the 
likely presence of a small amount of 5bn and (or) 560. 
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60"C, formation of the two diastereomers of the methoxydienol 3bo 
was apparent. The reaction half-life at 60°C was 75 min and after 5.3 h 
the reaction mixture was worked up to give ('H nmr) a mixture of 360 
(47%), dimethylphenols (17%), and 2-nitro-p-xylene (36%). A small 
amount of the dimethoxydiene 3co or dienediol3bn was observed in 
the reaction mixture prior to work-up. 

Solvolysis of (E)-Zb in aqueous tetrahydrofuran, aqueous ether, 
aqueous acetone, and aqueous dioxan 

The nitrodienol (100 mg, 0.59 mmol) was dissolved in the organic 
solvent, the requisite amount of water and the base were then added, 
and the solution stirred at the chosen temperature for the specified time. 
Work-up and 'H nmr analysis gave the results summarized in Table 3. 

Solvolysis was also carried out under acidic conditions in aqueous 
dioxan. The pH of the dioxan solution (1:l vlv) containing potassium 
chloride was adjusted to 3.2 by the addition of hydrochloric acid. 
(E)-lb was added and the mixture was stirred for 22 h at ambient 
temperature. After work-up, 'H nmr indicated that aromatization was 
essentially complete and H nmr and gc-ms indicated that the two 
major products were 2-nitro-p-xylene and dimethylnitrophenol. 

In a larger-scale reaction a solution of (E)-lb (10 g, 0.059 mol) in 
acetone (200 cm3) and water (400 cm3) containing N,N-diisopropyl- 
ethylamine (11.7 cm3, 0.065 mol) was stirred at 40°C for 1 h. The 
reaction mixture was saturated with salt, extracted with ether, and the 
combined ethereal extracts washed with brine, dried (MgS04), and the 
ether evaporated. The 'H nmr analysis indicated that the mixture 
consisted of dienediol 3bn (35%), dimethylphenols (56%), and 
2-nitro-p-xylene (10%). Addition of carbon tetrachloride gave colour- 
less crystals of (E)-3bn (0.7 g), which after recrystallization from 
acetone had mp 158-159°C; ir (KBr): 3370, 3330, 1125, and 1070 
(OH), 1410 (C--CH3), 780 (cis vinyl) cm-I; 'H nmr ((CD3)2C0, 0°C) 
6: 1.18(s, 6, 1-CH3and4-CH3), 3.02(s, 2, 1-OHand4-OH), 5.67 (s, 
4,2-H, 3-H, 5-H, and 6-H) ppm; I3C nmr (CD3)2CO) tic: 29.3 (1-CH3 
and 4-CH3), 65.4 (C-1 and C-4), 133.9 (C-2, C-3, C-5, and C-6) ppm; 
rns (70 eV) mle (relative intensity): 140 (I), 126 (17), 125.059 (100, 
M, ' 2~71~9 '602:  125.060, M - CH3), 124 (8), 122 (7), 11 1 (8), 110 
(30), 108 (6), 107 (20), 106 (13), 105 (7), 97 (12), 91 (20), 79 (14), 77 
(15). Anal. calcd. for C8Hl2O2: C 68.55, H 8.63; found: C 68.62, H 
8.61. 

The carbon tetrachloride soluble extract contained 21% of dienes. 
After evaporation of the solvent a sample (5.5 g) of the residue was 
subjected to hplc on silica using ether eluant. The initial fraction (4.9 g) 
was a mixture of 2-nitro-p-xylene and dimethylphenols. The next 
fraction (0.19 g) was (2)-3bn containing a small amount of its (E) 
isomer and the final fraction (0.35 g) was a mixture containing 5bn. 
Purification by short-path distillation below 50°C at 50 Pa in a 
sublimator gave 5bn as an oil; 'H nmr (CDC13, 270 MHz) 6: 1.29 (s, 3, 
1-CH3), 1.77 (t, 3,4-CH3), 2.81 (b, OH), 3.85 (bd, 1,2-H), 5.61 (bd, 
1,3-H), 5.70 (dd, 1, J = 2,10 HZ, 5-H), 5.75 (d, 1, J = 10 Hz, 6-H) 
ppm. In the 90-MHz spectrum, irradiation at 1.77 pprn collapsed the 
peaks at 3.85 and 5.61 to the doublets of an AB quartet ( J  = 4 Hz); 
irradiation at 3.85 collapsed the peak at 1.77 pprn to a doublet (J  = 1.8 
Hz) and sharpened the peak at 5.6 1 to an incompletely resolved quartet; 
irradiation at 5.61 collapsed the peak at 1.77 to an uneven doublet (J  = 
1.6 Hz) and sharpened the peak at 3.85 pprn to an incompletely 
resolved quartet. 

Solvolysis of (E)-3-methoxy-3,6-dimethyl-6-nitrocyclohexa-l,4-diene 
ffE)-lcl 

Solvolysis of (E)-lc (100 mg, 0.55 mmol) was carried out for 5 hat 
56°C in aqueous methanol (1:l vlv, 8 cm3) containing diisopropyl- 
ethylamine (108 mm3, 0.61 mmol). The substrate was not completely 
soluble. After work-up as described for expts. 101- 118, the products 
obtained were (E)- and (2)-3co (21%), (E)- and (2)-3cn (34%), 
dimethylanisoles and dimethylphenols (41%), and 2-nitro-p-xylene 
(4%). The reaction was repeated at 40°C and at 25°C in the absence of 
added base. The reaction did not go to completion but a similar product 
distribution was obtained. 

Reaction of (E)-Zc with methanol - trijuoroacetic acid 
Diene (E)-lc (100 mg, 0.55 mmol) was dissolved in a mixture of 

methanol (250 mm3) and trifluoroacetic acid (250 mm3) at 0°C. After 
16 h at 35°C aromatization was complete ('H nmr). The solvent was 
evaporated and the residue was dissolved in ether (20 cm3) and washed 
with aqueous sodium bicarbonate (3 x 10 cm3) and water (10 cm3). 
After drying (MgS04) the ether was evaporated to give an oil (55 mg) 
containing 2,4dimethylanisole (16961, 2,5-dimethylanisole (34%), and 
2-nitro-p-xylene (50%). Analysis by glc (10% FFAP) confirmed the 
presence of dimethylanisoles (single peak) and the 2-nitro-p-xylene. 
Similar results were obtained when the reaction was repeated at am- 
bient temperature for 100 h. 

Solvolysis of (E)-I,4-dimethyl4-nitrocyclohexa-2,5-dienyl acetate 
(@-la) 

Acetate (E)-la (100 mg, 0.47 mmol) was dissolved in aqueous 
methanol (1:l vlv, 8 cm3) and the mixture stirred at ambient 
temperature for 2 h. Thereaction was worked up as described for expts. 
101-118. 2,5-Dimethylphenyl acetate (47 mg) was the sole product 
('H nmr). The same result was obtained when the reaction was carried 
out for 1 h at 40°C. The reaction was also canied out in the presence of 
added base (diisopropylethylamine, potassium acetate) when partial 
solvolysis of the 2,5-dimethylphenyl acetate to 2,5-dimethylphenol 
occurred. A control experiment showed that 2,5-dimethylphenyl 
acetate was solvolysed to the phenol under these conditions. Any 
acetoxydienol formation could not have exceeded 3% of the product. 

Solvolysis of 4-methyl4-nitrocyclohexa-2,5-dien-1-01 
The nitrodienol (100 mg, 0.65 mmol) was weighed into a chilled 

flask and aqueous methanol (1: 1 vlv, 2 cm3), at - 10°C, and sodium 
bicarbonate (57 mg, 0.68 mmol) were added. The mixture was heated 
in an ultrasonic bath at 40°C for 20 min. Ether (50 cm3) was added, the 
solution dried over Na2S04 and then over MgS04, and the solvent 
evaporated to give an oil (51 mg) consisting of p-cresol (90%) and 
unidentified dienes (6: 1.57 and 5.95 ppm, 10%). Solvolysis was also 
carried out on a 0.16-mmol scale in D20-CD30D (1:l) containing 
C5D5N (0.18 mmol) and the reaction monitored by 'H nmr. Again 
p-cresol (90%) and unidentified dienes (10%) were obtained. The 
half-life of 10 was 50 min at -lO°C and 10 min at 0°C. When the 
solvolysis was carried out in acetone-water (1:2 vlv) containing 
sodium bicarbonate, p-cresol(90%) and unidentified diene (10%) were 
formed. 

Rates of solvolysis of (E)-Ia and (El-Zb 
The diene (0.3 mmol) was dissolved in CD30D (1 cm3) at O°C, and 

cold D20 (1 cm3) and C5D5N (27 mm3, 0.33 mmol) were added. A 
sample of the solution was quickly transferred to a nmr tube and the FT 
'H nmr spectrum observed (50 scans per spectrum) at the desired 
temperature. The time taken for the integral of the aliphatic methyl 
region to decrease to half of the original intensity was determined from 
a first-order plot. For (E)-la, tl12 = 2.5 min at 40°C and 75 min at 
27°C. For (E)-lb, t112 = 5.5 min at 40°C and 210 min at 27OC. 

Reaction of (E)-I ,4-dimethylcyclohexa-2,5-diene-1 ,4-diol ((E)-3bn) 
with trijuoroacetic acid 

The dienediol (E)-3bn (40 mg) was dissolved in trifluoroacetic acid 
(0.5 cm3) atO°C in annmr tube. After 15 minatO°C and 10 min at 38"C, 
'H nmr indicated that aromatization was complete and that the product 
was largely 2,4-dimethylphenol. The same result was obtained when 
the experiment was repeated using (E)-3bn (50 mg) in trifluoroacetic 
acid (1 cm3) and allowing the solution to stand at ambient temperature 
for 1.5 h. The product phenol was isolated by neutralization of the 
trifluoroacetic acid with sodium bicarbonate solution and extraction 
with ether. The 'H nmr of the isolated products from the two reactions 
confirmed that 2,4-dimethylphenol was the predominant product. Each 
reaction product was treated with bistrimethylsilylacetamide and the 
resulting mixtures of trimethylsilyloxydimethylbenzenes analysed by 
glc: the product from each reaction was determined to be trimethyl- 
silyloxy-2,4-dimethylbenzene (98%) and trimethylsilyloxy-2,5-di- 
methylbenzene (2%). 

Reaction of (E)3bn with dilute acid 
(E)-3bn was solvolysed at 50°C for 5 h and at ambient temperature 

for 72 h, in aqueous methanol at pH 3.2, as described for (E)-lb. After 
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work-up and 'H nmr measurement, the ratio of dimethylphenols was 
determined by addition of bistrirnethylsilylacetarnide and analysis by 
glc: 2,4- (68%) and 2,5-dimethylphenol(32%) were the only products. 
In a second experiment, in which the mixture was heated for 21 h at 
40°C, aromatization was not complete; 'H nmr and glc-ms confirmed 
the presence of (E)-3co (4%), (Z)-3co (4%), (E)-  and (Z)-3bo (4%), 
7b (55%), 6n (22.5%), and 60plus70 (10.5%). Solvolysis of (E)-3bn, 
at ambient temperature for 26 h, was also carried out in aqueous 
dioxane at pH 3.2. Silylation and glc analysis gave the product 
distributions 7b (68.5%), 6n (31.5%) and 76 (64.4%), 6n (35.6%) in 
duplicate experiments. 
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Mechanism of azo coupling reactions. Part 34.l Reactivity of five-membered ring heteroaromatic 
diazonium ions 
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HEINZ DIENER and HEINRICH ZOLLINGER. Can. J. Chem. 64, 1102 (1986). 
The azo coupling reactions of six five-membered ring heteroaromatic diazonium ions with 2-naphthol-3,6-disulfonic acid are 

investigated kinetically at various pH values. The dependence of the measured rate constants on the acidity of the aqueous 
reaction system is evaluated. It can be shown that the 2-naphtholate-3,6-disulfonate trianion reacts4 x 10' - 8 x 10' times faster 
than the 2-naphthol-3,6-disulfonate dianion. The rate constants of the six diazonium ions vary by more than four orders of 
magnitude. The logarithms of the rate constants of all comparable diazonium ions correlate linearly with 'H nmr chemical shifts 
of the respective unsubstituted heteroaromatic parent compounds. An analogous correlation was found for azo couplings with 
substituted benzenediazonium ions. Diazotization of heteroaromatic amines does not go to completion, rather to an equilibrium. 
It is shown therefore that in acidic coupling systems the azo compound is only the kinetically controlled product. The 
thermodynamic products are l-nitroso-2-naphthol-3,6-disulfonic acid and the heteroaromatic amine. 

HEINZ DIENER et HEINRICH ZOLLINGER. Can. J. Chem. 64, 1102 (1986). 
Operant i divers pH, on a ttudit la cinttique de rtactions de couplage azo entre six ions diazonium d'htttrocycles aromatiques 

i cinq chainons et l'acide naphtol-2 disulfonique-3,6. On a tvalut la dtpendance des constantes de vitesses mesurtes sur I'aciditt 
du systkme aqueux de lartaction. On peut dtmontrer que le trianionnaphtolate-2 disulfonate-3,6 rtagit de 4 x 108i  8 X 10' plus 
rapidement que le dianion naphtol-2 disulfonate-3,6. Les constantes de vitesse pour les six ions diazonium varient par plus de 
quake ordres de grandeurs. I1 existe une corrtlation linkaire entre les constantes de vitesse de tous les ions diazonium 
comparables et les dtplacements chimiques en rmn du 'H des composts htttroaromatiques debase qui ne sont pas substitues. On 
a pu ttablir une corrtlation analogue pour les couplages azo avec des ions benzknediazonium substituts. La rtaction de diazota- 
tion des amines htttroaromatiques n'est pas complkte; il s'agit plutBt d'un tquilibre. On dtmontre alors que, dans les systkmes de 
couplages acides, les composts azo ne sont que les produits de contrBle cinttique. Les produits de contrtile thermodynamique 
sont l'acide nitroso-1 naphtol-2 disulfonique-3,6 et I'amine htttroaromatique. 

[Traduit par la revue] 

Introduction 
In contrast to the large number of investigations of the 

reactivity of carboaromatic diazonium ions in general and of the 
mechanism of their azo coupling reactions, very few comparable 
investigations have been made with heteroaromatic diazonium 
ions. Goerdeler and Haubrich (2) have made a semiquantitative 
comparison of the reactivity of 3-phenyl-1,2,4-thiadiazole-5- 
diazonium ion with 2-naphthol and the respective reaction with 
2,4-dinitrobenzenediazonium ion. Sawaguchi et al. (3) have 
measu~ed the rate of azo coupling of various heteroaromatic 
diazonium ions with 2-naphthol-3,6-disulfonic acid. There 
exists an extensive patent literature on azo dyes synthesized 
with heteroaromatic diazonium ions since Dickey and Towne 
realized in the early 1950s that industrially interesting disperse 
dyes can be obtained on this basis. Weaver and Shuttleworth (4) 
have reviewed that subject, but give no information on 
reactivities and yields. 

Relations between the structure of heteroaromatic parent 
compounds and the reactivity of the respective diazonium ions 
have not been investigated in the past. The goal of this 
investigation is the measurement of the rates of azo coupling 
reactions of a series of five-membered ring heteroaromatic 
diazonium ions with the tri- and, if possible, the di-basic anion 
of 2-naphthol-3,6-disulfonic acid, and the correlation of the 
kinetic results with the chemical shift in 'H nmr of the 
heteroaromatic compound that contains a hydrogen atom 
instead of the d iazo~o group. In addition, 1-Ntroso-Znaphthol- 
3,6-disulfonic acid was identified as a by-product, as it is known 

'part 33: Kaminski et al.  (1). 

that the yields of azo coupling reactions with heteroaromatic 
diazonium ions are in most cases significantly lower than those 
with carboaromatic diazonium ions. 

The diazonium ions of the following amines were included in 
this investigation: thiazole-2-, -4-, and -5-diazonium ions (1, 2 
and 3), 1,2,4-thiadiazole-5-diazo~um ion (4), 1,3,4-thiadiazole- 
2-diazonium ion (5), and 1,3,4-triazole-2-diazonium ion (6). 

Experimental and kinetic results 
The diazonium ions 1-6 were obtained by diazotization of the 

respective amines. For 2-aminothiazole the synthesis of Traumann 
(5) was used. 

4-Arnimthiazole was synthesized from chloroacetonitrile and sodium 
thiocyanate, which form cyanomethylthiocyanate (NC<H24-  
CN). This compound was cyclized to 2-bromo-4-aminothiazole hydro- 
bromide with HBr following a procedure described by Johnson and 
Nasutavicus (6). For the debromination of 2-bromo-4-aminothiazole 
the amino group has to be protected by acylation. Johnson and 
Nasutavicus used acetic anhydride for this purpose. We obtained 
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DIENER AND ZOLLINGER 

insufficient yields by using their procedure. Therefore we acylated with 
trifluoroacetanhydride: 28.6 g (0.1 1 mol) 2-bromo-4-aminothiazole 
hydrobromide was added in four batches to 75 g (0.36 mol) trifluoroacet- 
anhydride. After 1 h at room temperature the solution was evaporated 
in vacuo. Yield: 34,75 g (81%) of the 1:l addition product of 
2-bromo-4-trifluoroacetamidothiazole with trifluoroacetic acid. Of 
this, 31.0 g were dissolved in 125 mL EtOH and purified on 80 g 
Arnberlite IRC-50 (pretreated with 2 M NaOH and washed with 2 L 
water and afterwards with 200mL ethanol). Afterwards, the EtOH 
solution was extracted with 150 mL hexane and treated at the boiling 
temperature with 0.5 g charcoal. After filtration and cooling, colorless 
needles precipitated, 16.78 g (76.6%) 2-bromo-4-trifluoroacetamido- 
thiazole, mp 58°C; 16.78 g (61 mmol) of this product was debrominated 
with H2 at normal pressure in a solution of 7.30 g (89 mmol) NaOAc in 
500 mL absolute EtOH in the presence of 3 g Pd on coal (10%). After 
6 h the filtrate was evaporated. The residue was extracted with wann 
CH2C12 and recrystallized from EtOH, 8.11 g (67.8%) 4-trifluoro- 
acetamidothiazole, mp 139°C. Anal. calcd. for C5H3N20SF3 (196.15): 
C 30.62, H 1.54, N 14.28%; found: C 30.57, H 1.65, N 14.31%. Then 
392 mg (2 mmol) 4-trifluoroacetamidothiazole was dissolved in 3 mL 
water and 0.25 mL 50% NaOH. After 6 h at 35°C under Ar the solution 
was cooled in an ice bath and glacial acetic acid was added to pH 8. 
Water was evaporated under rotation at 40°C in an Ar atmosphere. The 
residue was distilled at 0.01 Torr/8S°C (1 Torr = 133.3 Pa). We 
obtained a colorless oil that crystallized out at deep-freezer tempera- 
tures, 42 mg (21%). The melting point was not determined because the 
product rapidly became black. Anal. calcd. for C3H4N2S (100.14): C 
35.98, H 4.03, N 27.97%; found: c 35.69, H 4.01, N 27.74%. 

5-Aminothiazole was synthesized from aminoacetonitrile. Reaction 
with formic acid ethyl ester gave N-cyanomethylacetamide, as described 
by Sekiya and Osaki (7). As we were not successful in following the 
procedure of these authors for the next step, namely the addition of H2S 
at the cyano group in order to form 2-formamido-thioacetamide, we 
used the method described by Sen et al. (8), in which gaseous H2S was 
introduced into a pyridine solution of the substrate. As we did not 
obtain the desired product, rather again the substrate after evaporation 
at normal pressure, we evaporated the solvent in vacuo and did not 
punfy the residue, but made the cyclocondensation to 5-arninothiazole 
directly with the help of POCl3 as described by Masui and Tamura (9): 
18.79 g raw 2-formamidothioacetamide gave 1.32 g 5-aminothiazole, 
which was chromatographed (CHC13 /CH30H 9: 1, Kieselgel) and 
recrystallized from isopropanol under Ar, 0.537 g (3.5%) colorless 
crystals, mp81°C(dec.). Anal. calcd. forC3H4N2S (100.14): C 35.98, 
H 4.03, N 27.97%; found: C 35.80, H 4.13, N 27.74%. 

5-Amino-1,2,4- and 2-amino-1,3,4-thiadiazole were synthesized by 
the methods of Goerdeler (10) and Stolle and Fehrenbach ( l l ) ,  
respectively. 

2-Amino-1,3,4-triazole: Fluka product, puriss; mp 154- 155°C. 
Anal. calcd. for C2H4N4 (84.08): C 28.57, H 4.80, N 66.63%; found: 
C 28.62, H 4.82, N 66.48%. 
Methods of diazotization and azo coupling 

After comparative studies of various methods, we used the following 
two procedures, which gave the best results with our amines 1-6. 

Method A: 1.0 mmol amine was dissolved in 5 mL 72% H2SO4 and 
diazotized by addition of 1.0 mmol powdered NaN02 at - 10°C. After 
1 h the solution was diluted to 50 mL with 72% H2S04. For preparative 
azo coupling reactions 1 mmol of 2-naphthol-3,6-disulfonic acid 
(disodium salt, purified, containing 9% crystal water) was added. After 
1 h the solution was carefully neutralized with Na2C03. The precipitate 
consisted of a mixture of the azo compound, Na2S04, and the products 
of decomposition, which were separated by preparative paper chroma- 
tography (n-butanol/ethanol/water 4:3:3). The colored zone on the 
paper was cut out and the azo compond extracted with water. Yields 
were low (1 to 5% pure azo compound). For kinetic measurements a 
5-pL droplet of the diazo solution was put on the Teflon stopper of an uv 
cell that contained 3.0 mL buffer solution and 50 pL 0.21 1 M solution 
of 2-naphthol-3,6-disulfonic acid. The reaction was started by the 
shaking of the cell. Initial concentrations: 2-naphthol-3,6-disulfonic 
acid, 3.52 X M; diazonium salt, 3.33 x lop5 M (or lower). 

TABLE 1. AZO couplings of thiazole-2-diazonium iona 

- 1 .72b 0.6320.03 - 1.79X lo-' 
0.51 1.15+0.03 1.15 
1.10 2.7520.07 1.56 
1.55 7.1820.11 1.44 
2.00 18.50k0.38 1.32 

Mean 
value (p) 1.3720.18' 

"Diazotization method A in 72% H2SO4; hmax of azo compound: 486 nm. 
b30% H2SO4 (HO = - 1.72). 
'95% confidence limits: 1.19 X 10' < p < 1.55 X 10'. 

Method B: 1.0 mmol amine was dissolved in 1.0 mL 50% or 90% 
H2SO4 and diazotized at - 10°C with 1.0 mL 1 M nitrosyl sulfuric acid 
(50% or 90% H2SO4). This solution was used directly for reactions on a 
preparative scale as described for method A. For kinetic measurements 
a 50-mL volumetric flask was filled with buffer and 100 pL of a 0.25 M 
solution of 2-naphthol-3,6-disulfonic acid and thermostatted. The 
diazo solution (5-20 pL) was dropped on the stopper. The volumetric 
flask was sealed with the stopper and the reaction was started by 
shaking. Afterwards a sample of the reacting solution was transferred 
into a quartz cell for spectrophotometric analysis. Initial concentra- 
tions: 2-naphthol-3,6-disulfonic acid, 5.00 X lop4 M; diazo solution, 
1.25-5.00 X M. 

Method C: Due to the very low stability of 4-aminothiazole, the 
following procedure was used for diazotization: 0.196 g (1 mmol) 
4-trifluoroacetamidothiazole was dissolved in 1.5 mL water by adding 
0.125 mL 50% NaOH. The solution was stirred under Ar at room 
temperature for 24 h. After cooling to -10°C we added dropwise 
2.5 mL (4.59) 96% H2SO4. This yielded a solution of 4-aminothiazole 
in 72% H2SO4. It was diazotized by adding 1.0 mL of 1 M nitrosylsul- 
furic acid (72% H2SO4) at - 10°C. 

Kinetic measurements were made in thermostatted 1 .O-cm cells at 
20.0 * O.l°C. Based on eq. [I], pseudo-first-order rate constants (%,) 
were obtained by linear regression from plots of -In (A, - A3 against 
time (A,, A, = optical density at the visible absorption maximum A,, 
of the azo compound formed at times t = 03, i.e. at least,lO half-life 
times, and t). All rate constants are mean values of the rate constants 
determined in three independent runs. Buffer solutions were made on 
the basis of the CRC Handbook (1 2). 

[l] -In (A, - A3 =%,t + C 

Equation [I] has the advantage that %, can be determined without 
knowing the molar extinction coefficient of the azo compound at A,,. 
The second-order rate constant is calculated as usual (13). Due to the 
high reactivity of the diazonium ions used and the relatively low pH 
values of the reacting solution (pH 1.72-5.97, see Results), the 
reaction rate consists of the sum of two independent reactions, namely 
that of the 2-naphtholate-3,6-disulfonate trianion RO- (kl) and that of 
the 2-naphthol-3,6-disulfonate dianion ROH (k2). Equation [2] shows 
that by plotting log %, against pH, a straight line with a slope of 
1.0 + 0.1 is obtained if the reaction with RO- is dominant. If k2[ROH] 
>> k,[RO-] the overall rate is independent of pH. 

where D = diazonium ion. [RO-] and [ROH] were calculated as usual 
with the help of the acidity constant of the OH group of the coupling 
component: pK3 = 9.76. This constant was calculated from data of 
Hashida et al. (14) for the ionic strength (I = 0.08-0.10) used in our 
experiments except for azo couplings of thiazole-2-diazonium (Table l), 
which were run at I = 0.20-0.25. We determined pK3 = 9.40 at this 
ionic strength. Results are given in Tables 1-6. 
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TABLE 2. AZO couplings of thiazole-4-diazonium iona TABLE 6. AZO couplings of 1,3,4-thiazole-2-diazonium iona 

hsl 10-~k' 
pH (s- (L mo1- ' s-') 

P 1.7620.33b 

"Diazotization method B in 50% H2S04; A,, of azo compound: 
495 nm. 

b95% confidence limits: 1.39 X 10' < p < 2.13 X 10'. 

"Diazotization method C in 72% H2S04; A,, of azo compound: 485 nm 
blO% H2S04. 
'95% confidence limits: 6.62 X lo6 < p < 8.06 x lo6. 

TABLE 3. AZO couplings of thiazole-5-diazonium iona 

"Diazotization method B in 90% H2S04; A,, of azo compound: 
473 nm. 

b95% confidence limits: 3.40 X 10' < p < 5.06 X 10'. 

TABLE 4. AZO couplings of 1,2,4-thiazole-5-diazonium iona 

"Diazotization method B in 90% H2S04; A,, of azo compound: 
541 nm. 

bk2 = kS,/[ROH]; kl[RO-] < k2[ROH]. ~t trba  and co-workers 
(19) and we (this paper) found ratios of reactivities of 2-naphtho- 
late-3,6-disulfonate dianion k,/k2 = 5.69 X lo8 - 7.94 X lo8. 
Therefore we can calculate approximately k, for the azo coupling 
reaction of 1,2,4-thiadiazole-5-diazonium ion, based on k2 in 30% 
H2S04: k, = 5.4 x 10' L mol-' s-'. 

TABLE 5. AZO couplings of 1,3,4-thiazole-2-diazonium iona 

"Diazotization method B in 50% Amax of azo compound: 
544 nm. 

bCalculated on the basis of initial rates. 
'See footnote b of Table 4, k, = 2.7 X 10' L mol-' s-'. 

In the azo coupling of the 1,3,4-thiadiazole-2-diazonium ion in 50% 
H2SO4one observes that the absorption at A,, = 544 nm goes through 
a maximum at approximately 1 h and decreases asymptotically thereafter 
(Fig. 1). Simultaneously, the optical density at 380 nm increases. This 
secondary band corresponds to the absortion maximum of l-nitroso-2- 
naphthol-3,6-disulfonic acid. Pure 1-(11,3',4'-thiazolyl-2'-diazo)-2- 
naphthol-3,6-disulfonic acid in 50% H2SO4 solution shows the same 

FIG. 1. Absorption of a mixture of the 1,3,4-thiadiazole-5-diazonium 
ion and 2-naphthol-3,6-disulfonic acid in 50% H2SO4 at 544 nm as a 
function of time. 

decrease and increase, respectively, atthe 544-nm and 380-nm bands, 
respectively. From such an experiment the rate of the retro-azo 
coupling reaction, i.e. the substitution of the heteroaryldiazo group by 
a proton, can be calculated: k = (1.03 2 0.10) X s-' (mean value 
of 3 measurements), 95% confidence limits; 0.92 X < p < 1.14 
x 10-4 S-l. 

Discussion 
The pseudo-first-order rate constants (b,)  of the azo coupling 

reactions of the diazonium ions of six five-membered ring 
heteroaromatic arnines with 2-naphthol-3,6-disulfonic acid 
show the typical dependence on the acidity of the aqueous solvent 
system that is known from respective investigations of carbo- 
aromatic diazonium ions with naphthols. The classical case is 
shown in Fig. 2 for the azo coupling of the thiazole-5-diazonium 
ion for the pH range 4-6: the measured values for log k,, 
increase proportionally to pH, i.e. the rate is linearly dependent 
on the concentration of hydroxyl ions and therefore also linearly 
dependent on the concentration of the naphtholate ion (RO-). It 
is the naphtholate ion that reacts with the diazonium ion (see 
ref. 13 and reviews (15, 16)). 

Figure 3 demonstrates that the pH dependence of the azo 
coupling reaction of the thiazole-2-diazonium ion is in part 
different from that of the 5-isomer: the logarithm of the rate 
constant bs shows a linear dependence on pH with a slope of 1 
only above pH 1. At lower pH values the curve gradually 
becomes horizontal. A similar figure results if our results with 
the 4-isomer are plotted. This is consistent with a dominant re- 
action of the naphthol relative to that of the naphtholate in the 
pH range below 0.5 (k2[ROH] > kl[RO-1, because [ROH] B 
[RO-I): in eq. [2] the first term can be neglected due to the ex- 
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DIENER AND ZOLLINGER 1105 

FIG. 2. Rate of azo coupling of the thiazole-5-diazonium ion with 
2-naphthol-3,6-disulfonic acid as a function of acidity. 

FIG. 3 .  Rate of azo coupling of a mixture of the thiazole-5-diazonium 
ion and 2-naphthol-3,6-disulfonic acid as a function of acidity. 

7 8 9 PPm 

FIG. 4. Correlation between azo coupling rates of heteroaromatic 
diazonium ions with 2-naphtholate-3,6-disulfonate trianion and the 
chemical shifts of protons at the position of the diazonio group in 'H 
n m  spectra of the respective heteroaromatic parent compound (nmr 
data from refs. 20 and 21). 

FIG. 5. Correlation between azo coupling rates of substituted 
benzenediazonium ions with the 2-naphtholate-3,6-disulfonate hianion 
(from ref. 15, p. 241) and the chemical shifts of protons at the position 
of the diazonio group in 'H nmr spectra of the respective mono- 
substituted benzenes (nmr data from ref. 20). 

tremely low numerical value of [RO-I. For example, at pH 0, 
the equilibrium concentration of the naphtholate is 109.76 times 
lower than that of the naphthol. An analogous pH dependence is 
expected for the thiazole-Zdiazonium ion at lower pH values. 
Rates at pH < -2 are, however, too small to be measured 
accurately. 

Semiquantitative work canied out in the fifties (17) suggests 
that undissociated naphthols and phenols do react with carboaro- 
matic diazonium ions, but at rates that are several orders of 
magnitude lower than those of the respective naphtholates and 
phenolates. Qu!ntitative evaluations of kinetic measurements 
canied out by Stgrba and co-workers (1 8, 19) in the seventies 
demonstrate that the naphtholates are 10'-lo9 times more 
reactive than the naphthols. 

The evaluation of the rate constants k,, of the azo couplings of 
thiazole-2- and -4-diazonium ions with eq. [2] gives k, and k2, 
i.e. the rate constants for reaction with the naphtholate and the 
naphthol, respectively (Tables 1 and 2). The ratios kl /k2 are 
7.65 X 10' and 5.69 X lo8. Very good agreement exists with 
the ratio k, /k2 of the reaction of the 3-nitrobenzenediazonium 
ion with 2-naphthol-3,6-disulfonic acid reported by Stgrba and 
co-workers (19): k, /k2 = 7.94 X 10'. This indicates strongly 
that, in this respect, azo coupling reactions of the heteroaromat- 
ic diazonium ion are mechanistically similar to those of 
carboaromatic analogs. 

An interesting problem is the influence of the structure of the 
heteroaromatic ring on the reactivity of the respective diazoniurn 
ions. The results in Tables 1-6 show that the reactivities of the 
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six diazonium ions with the naphtholate ion (kl) cover a range of 
more than 4 orders of magnitude (1.76 X 10' - 5.4 X 10' L 
mol-' s-I). 

Is there a rationale behind the sequence of reactivities that we 
found? One may consider checking the results from MO 
calculations made with heteroaromatic compounds of the types 
used for this study. Literature data which we found could, 
however, not be compared because they were either not 
obtained with the same type of MO treatment or obtained with 
outdated methods. We preferred, therefore, a comparison with 
an experimental probe for the reactivity of heteroaromatic 
compounds, namely the 'H nmr chemical shifts of the heteroaro- 
matic compounds on which our six diazonium ions are based. 
In Fig. 4 we plotted the logarithms of our azo coupling rate 
constants kl against the chemical shift of that proton in 
the respective heteroaromatic parent compound which is substi- 
tuted by the diazonio group in our diazonium ions. We found a 
surprisingly good linear relationship for all but one rate. This 
results should, in fact, not be astonishing: a change of the 
chemical shifts to lower field indicates lower nucleophilicity 
(i. e. higher electrophilicity ) of a heteroaromatic compound, 
which is reflected in the higher electrophilicity of the diazonio 
group. More astonishing, in our opinion, is the fact that, to our 
knowledge, such a correlation between chemical shifts and a 
series of comparable electrophilic aromatic substitutions has not 
yet been reported in the literature. 

It was therefore imperative to check if the same type of 
correlation also exists for azo coupling reactions of substituted 
benzenediazonium ions with 2-naphthol-3,6-disulfonic acid. 
This is indeed the case, as shown in Fig. 5. 

The only heteroaromatic diazonium ion whose rate of azo 
coupling does not follow the linear relationship with the 'H nrnr 
data in Fig. 4 is the 1,3,4-triazole-2-diazonium ion. This 
apparent discrepancy is most likely based on the fact that the ion 
is easily deprotonated at the heterocyclic nitrogen atom in the 
1-position. Under our azo coupling conditions (pH 4.01 -5.97) 
the equilibrium is almost completely on the side of the 
zwitterion 7 in eq. [3]. The mesomeric structure 7b demonstrates 

N-N N-N N=N 
[31 C N ) L & = ~  .&E;&&=N tr 4 &N=N 

N N 
I 

that the reactivity of 7 is expected to be lower than that of 6 and 
the diazonium ions 1-5 used in this study. In Fig. 4 the chemical 
shift of 1,3,4-triazole is plotted (8.3 1 ppm). For the correspond- 
ing anion of 1,3,4-triazole a chemical shift of 8.10 ppm is 
reported (21). This value hardly improves the position of this 
diazo compound relative to the five others. 

A comparison of Figs. 4 and 5 also offers an explanation for 
the deviation of the 1,3,4-triazole-2-diazonium zwitterion (7) in 
Fig. 4. The straight lines have different slopes. This is obviously 
due to the fact that the aromatic ring current is influenced by the 
type of aromatic systems involved, namely benzene (Fig. 5) and 
various heteroaromatic five-membered ring compounds (Fig. 4). 
It seems that the number and type of heteroatoms in these rings 
is of minor importance except for a (formally) anionic nitrogen 
as present in 7. 

'A referee suggested that 1,3,4-triazole is the only compound in 
which the proton in question resides between two nitrogen atoms. This 
may be the cause for the deviation. 

An additional factor for a decreased reactivity may be the 
addition (equilibrium [4]) of water to the diazo compound 7 to 

form the diazohydroxide 8, which is probably not electrophilic 
at all. This possibility was, however, not investigated in more 
detail because of the low stability of solutions of this diazo 
compound. 

We explain the spectral change in kinetic runs of the azo 
coupling of the 1,3,4-thiadiazole-2-diazonium ion with time 
(Fig. 1) by the mechanism [5]. The diazonium ion 5 is present in 

N-N N-N 
[S]  NOHS04 + C S ) I ~ ~ 2  $S)I~;-+ HSOT + H3O' 

fJyH + H+ 
-03S SO; 

10 -03S SO; 

9 
equilibrium with the nitrosating reagent4 and forms the azo 
compound 9 as a kinetically controlled reaction product, 
whereas I -nitroso-2-naphthol-3,6-disulfonic acid (10) is the 
thermodynamically controlled product. The back reaction of the 
azo coupling reaction 9 + 5 has been described in various cases 
involving carboaromatic diazonium ions.' Our results confirm 
that heteroaromatic diazonium ions also show the same behavior 
in this respect. 

We will report on the mechanism of diazotization of 
heteroaromatic mines later (see ref. 22). In contrast to the 
diazotization of carboaromatic mines, which give quantitative 
yields of diazonium ions under the usual conditions, heteroaro- 
matic amines are in equilibrium with the respective diazonium 
ions in the presence of nitrosating reagents. The formation of 
I-nitroso-2-naphthol-3,6-disulfonic acid in reaction [5] is a 
consequence of that equilibrium. 

1 .  R. KAMLNSKI, U. LAUK, P. SKRABAL, and H. ZOLLINGER. Helv. 
Chim. Acta, 66, 2002 (1983). 

2. J. GOERDELER and H. HAUBRICH. Chem. Ber. 93, 397 (1960). 

3 ~ o t e  added Dec. 19, 1985: We only now became aware of the 
recent paper of MachACek etal. (23), who investigated the azo coupling 
mechanism of 5-methyl- and 5-phenyl-1,2,4-triazole-3-diazoni~m 
ions with phenols. In the context of diazo acid-base equilibria, they 
discuss structures analogous to 8 as potential intermediates. 

4The formulation of the nitrosating reagent does not imply that it is 
not an ionic species. 

'See summary, ref. 15, p. 241 . 
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The photo-Wallach rearrangement. Heavy-atom kinetic isotope effects and mechanism 

HENRY J. SHINE, WITOLD SUBOTKOWSKI,' AND EWA GRUSZECKA~ 
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Received September 27, 1985 

This paper is dedicated to Professor Arthur N .  Bourns 

HENRY J. SHINE, WITOLD SUBOTKOWSKI, and EWA GRUSZECKA. Can. J. Chem. 64, 1108 (1986). 
The photo-rearrangement of mixtures of azoxybenzene 4 and, successively, [15~,15N']4, [180]4, and [2-14C]4 were carried 

out. Kinetic isotope effects (KIE) were calculated from measurements of isotopic ratios in both recovered 4 and the product, 
2-hydroxyazobenzene (6). Analogous rearrangement of mixtures of 2,2'-azoxynaphthalene (8) with [ 1 5 ~ , 1 5 ~ ' ] 8  and 
[ l  ,I  '-'3C2]8 were carried out and KIE were calculated from isotope ratios in the product. The results (particularly the lack of 
nitrogen KIE) collectively indicate that if an oxadiazole-like intermediate is involved in these rearrangements, an activation 
barrier exists in its formation rather than its decomposition. 

HENRY J. SHINE, WITOLD SUBOTKOWSKI et EWA GRUSZECKA. Can. J. Chem. 64, 1108 (1986). 
On a rCalisC des photo-transpositions sur des mtlanges d'azoxybenzkne (4) et successivement de composCs 4 marquts au 

[ 1 5 ~ , ' 5 ~ ' ] ,  au [180] ou au [2-14C]. On a calculC les effets isotopiques cinCtiques (EIC) 21 partir de mesures des rapports 
isotopiques, tant dans le produit 4 qui Ctait rkcuptrt que dans le produit de la rkaction, l'hydroxy-2 azobenzkne (6). On a aussi 
rCalisC des transpositions analogues sur des mClanges d'azoxynaphtal&ne-2,2' (8) et de dCrivCs marquCs au [ '5~,15N'] ou au 
[13Cz-l,lr] et l'on a calculC les EIC en se basant sur les rapports isotopiques dans le produit. L'ensemble des resultats (et 
particulikrement le fait qu'il n'y a pas d'EIC de l'azote) indique que, si un intermkdiaire ressemblant a un oxadiazole est impliquC 
dans ces transpositions, la barrihe ?I l'activation existe plutdt dans sa formation que dans sa dtomposition. 

[Traduit par la revue] 

Introduction 
In recent years sporadic attempts have been made to detect 

intermediates in photochemical reactions in solution by measur- 
ing heavy-atom (other than hydrogen isotopes) kinetic isotope 
effects (KIE). The basis for this approach was expressed by 
Schutte and Havinga in 1967, who used the photo-Fries 
rearrangement to try to answer "the question that has been raised 
whether photochemical reactions after electron excitation pass 
through a transition state of appreciable energy of activation" 
(1). Schutte and Havinga used 4-metho~~phenyl-['~~]acetate 
for measuring the carbon KIE in the photorearrangement of the 
ester into 2-acetyl-4-methoxyphenol, and found that within 
experimental error the rearrangement did not exhibit an isotope 
effect. They concluded, therefore, that rearrangement began in 
the electronically excited state (singlet) and proceeded very 
rapidly through vibrationally excited states in a process that 
required no thermal energy of activation. 

The quest was later pursued by Kwart and co-workers (2), 
who sought evidence for a vibrationally excited ground state 
intermediate in the photochemical rearrangement of the ylide 1 
into the diazepine 3. In this case an inverse carbon KIE was 
found with the use of specifically labeled [13c]1, and the result 
was attributed to the formation of the intermediate 2 in the 
pathway from excited 1 to product (3) (reaction [I]).  To our 
knowledge this is the first time in which a heavy-atom KIE has 
been found in a photochemical rearrangement. 

'On leave from the Institute of Organic and Physical Chemistry, 
Technical University, Wrociaw, Poland. 

'present address: Institute of Organic and Physical Chemistry, 
Technical University, Wrociaw, Poland. 

We have been attracted to the idea of using heavy-atom KIE 
measurements in seeking evidence for activation barriers in 
photochemical rearrangements in solution. Such a barrier can 
exist in the electronically excited state (3). If we accept 
Ullman's view (4) and Kwart's conclusion, an activation barrier 
may also exist in a vibrationally excited ground state, reached 
by internal conversion from an electronically excited state. 
Internal conversion of this kind is known from photophysics 
studies to occur in the gas phase (3), but there is considerable 
doubt, because of rapid collisional deactivation, that a vibra- 
tionally excited ground state intermediate could exist long 
enough for detection in reactions in solution (5, 6). 

Nevertheless, we have thought it worthwhile to continue the 
search for heavy-atom KIE in photochemical reactions, and 
have chosen the photo-Wallach rearrangement for study. 

The photo-Wallach rearrangement is the intramolecular 
converison of an azoxyarene into a hydroxyazoarene (7). It is a 
singlet-state reaction (8), and does not involve radical pairs. 
Hence, in the use of 13C labeling, it is not subject to the 
magnetic isotope effects associated with radical-pair reactions 
(9). 

The photo-Wallach rearrangement is exemplified by the 
conversion of azoxybenzene (4) into 2-hydroxyazobenzene (6). 
The hydroxy group is known, from studies of substituent effects 
and nitrogen and carbon labeling, to migrate to the distant ring 
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SHINE ET AL. 

(7). It is now generally accepted that an intermediate is formed 
in the rearrangement, represented as 5 (eq. [2]) and attributed 
usually, but erroneously, to Badger and Buttery, in their finding 
and studies of the rearrangement's intramolecularity 

Circumstantial evidence for the probable validity of 5 as an 
intermediate has been presented by Gegiou (13). That is, 
irradiation of 2,2'-azoxytoluene in solution at -70°C led to an 
absorption spectrum having a new band at approximately 
436 nm. This was attributed to the dimethyl analog of 5 since it 
was thought to be the region in which an intermediate, similar to 
5, would absorb. This species was converted into the rearrange- 
ment product either by irradiation at 436 nm at -70°C or by 
warming the solution to room temperature without further 
irradiation. Although the corresponding band (i.e., for 5) in the 
irradiation of 4 could not be detected, it was possible to irradiate 
4 at temperatures in the range of -70 to -60°C and measure the 
rate of formation of 6 after irradiation was stopped. In this way 
an activation barrier for the formation of 6 of 12 kcal/mol was 
obtained and this was assigned to the decomposition of 5. The 
several pieces of data when fitted together, then, showed that a 
ground-state intermediate is formed, consistent with the expec- 
tations for 5, and that there is an activation barrier for its 
conversion into 6. Noteworthy, also, is an additional report by 
the same authors that the formation of the ground-state 
intermediate appeared also to be temperature dependent; defini- 
tive supporting data for this report were not given, however 
(13). 

The reports in the literature concerning rearrangement of 4 
which we have briefly summarized suggested to us that we 
might be able to find heavy-atom KIE consistent with the 
formation and decay of an intermediate such as 5. Our plan was 
to label 4 at its nitrogen, oxygen, and 2-carbon atoms and to 
measure the effects of labeling on the rate of rearrangement, 
seeking evidence thereby for bond-forming or bond-breaking 
steps in the conversion of 4 into 6. Furthermore, because labeled 
precursors were available from earlier but unrelated work, we 
included the rearrangement of 2,2'-azoxynaphthalene (8) into 
1-hydroxy-2,2'-azonaphthalene (10) in our plans, seeking 
evidence for the participation of the corresponding intermediate 
(9). The rearrangement of 8 into 10 had already been reported by 
Badger and Buttery (10). 

3 ~ t  is curious that Badger and Buttery did not, in fact, claim that an 
intermediate with structure 5 was formed. Instead they concluded, 
from their studies with unsymmetrical azoxyarenes, that "an intra- 
molecular mechanism is probably involved" and they represented this 
clearly as what we would now call a concerted process, as shown in 
reaction [3] 

Structure 7 is described by -Badger and Buttery as "the quinonoid 
transition state," but whether they really meant transition state in its 
modem sense rather than (as is more likely) an intermediate is not now 
known. Lewis and Reiss (1 I), as has been reported by Buncel (12), 
proposed in 1966 that 5 is the intermediate in the rearrangement. 
Spence, Taylor, and Buchardt (7) although reproducing the scheme of 
Lewis and Reiss, represent 5 as an intermediate in what they describe as 
a reformation of the mechanism of Badger and Buttery. It may be, in 
this way, that the mechanism first set out by Lewis and Reiss is now 
attributed to Badger and Buttery, in whose work, however, no 
suggestion of an oxadiazole-like intermediate is made at all. 

Results and discussion 
Preparation of labeled substrates 

The labeled isomers of 4 which were prepared are designated 
as [ 1 5 ~ , 1 5 ~ ' ] 4 ,  [180]4, and [2-14C]4. Each of these was pre- 
pared by the reduction of the appropriately labeled nitrobenzene 
by heating with sodium hydroxide in methanol (14). 

Labeled isomers of 4 have been prepared earlier in tracing the 
orientation and intramolecularity of the photorearrangement. 
The syntheses have been summarized by Dolenko and Buncel 
(15). These syntheses include singly labeled [15N]4 and [I-14C]4. 
In our case we chose to use doubly labeled [ 1 5 ~ , 1 5 ~ ' ] 4  and also 
[14C]4 which was a mixture of [2-14C]4 and [2'-14C]4. The 
choice was made for convenience in preparation and also to 
avoid the raising of any question of ambiguity in our measure- 
ments from the possibility of isomerization of the azoxy group 
via an oxadiaziridine (16), prior to the photo-Wallach rearrange- 
ment. Such a possibility would appear to be ruled out by studies 
of orientation in the photo-Wallach rearrangement (10, 17), but 
isomerization of 4'- into 4-methoxyazoxybenzene has been 
reported, implicating the participation of an oxadiaziridine 
intermediate (17, 18), while the possible formation of diphenyl- 
oxadiaziridine as an initial side reaction in the photorearrange- 
ment of 4 has been proposed (19). Furthermore, Oae and 
co-workers found that a small amount of scrambling did, in fact, 
occur in the photo-rearrangement of [l-14C]4. In that case the 
cause of the scrambling was attributed, however, to direct 
migrations to each o-position of 4 rather than to the initial 
involvement of a symmetrical oxadiaziridine ring (20). 

[15N,15~r]4 has been prepared earlier in our laboratory by the 
oxidation of [ '5~,15~']azobenzene (21). In the present work it 
was more convenient to reduce [15W]nitrobenzene containing 99 
atom% of 15N. In this way [15N, l5N']4 was obtained containing 
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approximately 98% of doubly labeled 4. This was diluted with 
ordinary 4 to give 10mol% of [ 1 s ~ , 1 s ~ ' ] 4  for rearrangement. 

In the case of 14C-labeling we began with [2-14c]nitro- 
benzene which had been prepared earlier from 2-nitro-[1- 
14C]aniline (22). This necessarily gave us a mixture of [2-14c]4 
and [2'-14c]4, which for convenience we designate here as 
solely [2-14c]4. The final product had a radioactivity of 
approximately 16 mCi/mol. 

In preparing [180]4, we found that the condensation of 
[180]phenylhydroxylamine with nitrosobenzene (23, 24), was 
inconvenient because of difficulties in preparing the labeled 
phenylhydroxylamine in reasonable yield and the loss of almost 
half of the initial ''0 content by this method. The method of 
choice, therefore, was by the reduction of [180]nitrobenzene 
(23) prepared by the nitration of benzene with [ 1 s ~ ] H 2 0 /  
N02BF4 (25). After starting with [180]H20 containing approxi- 
mately 20 atom% of ''0 the 4 obtained had approximately 
7 mol% of ['80]4. 

The compounds [15N,1s~1]8 and [ l ,  11-13~2]8 were prepared 
from the corresponding 2,2'-azonaphthalene (26), by oxidation 
with m-chloroperbenzoic acid. Each labeled starting material 
contained approximately 10 mol% of the doubly labeled isomer. 

Rearrangements and KIE measurements 
Rearrangements were carried out by broad-band irradiation 

with 350-nm lamps in a Rayonet reactor. Solutions of 4 in 95% 
ethanol and, because of solubility problems, of 8 in dimeth- 
oxyethane (DME), contained in a cyclindrical quartz flask were 
irradiated for pre-determined times so as to bring about either 
partial (5-20%) or complete conversion into product. Times for 
these conversions were obtained by monitoring the rearrange- 
ment of unenriched azoxy compound, at 410nm for 4 and 
505nm for 8. However, the extents of conversion used in 
calculating KIE were measured also by separation and isolation 
of unrearranged azoxy compound and product. The two 
measures of conversion (uv and isolation) were in good agree- 
ment in the work with 4. We found that the planned complete 
conversion of 4 was never quite complete. Small amounts of 4 
remained and were isolated. The data on conversions are given 
in Tables 1 and 2. The data in Table 1 concern calculations of 
KIE from isotopic abundances in isolated product (6). Table 2 
concerns calculations of KIE from isotopic abundances in the 
starting material (substrate). In that table, therefore, only data 
for high conversions are given, which, in the calculations, are 
related to the isotopic abundances in the starting substrate. 

The separations of unconverted substrate from product by 
column chromatography in the rearrangements of 8 were not as 
sharp as those in the rearrangements of 4. Eluted fractions 
containing small amounts of both 8 and 10 were always 
obtained. Therefore, the amount of product isolated at low 
conversions was always 1-2% less than anticipated from 
absorption spectroscopy. Because of this, the extent of low 
conversion (i.e., F) used in calculating KIE is the spectroscopic 
conversion. We have used the spectroscopic measure also for 
100% conversion of 8. In this case, also, the amount of product 
after chromatography and crystallization was only about 75-80% 
of the expected yield. Lengthy irradiation of 10 itself caused the 

formation of a small amount of another, unidentified substance. 
Therefore, the low, isolated yield of 10 is attributable, not only 
to losses on separation and crystallization but also to a small 
amount of photochemical loss. 

We measured isotopic abundances in the product (6) for 
rearrangements of ['80]4 and [ 1 s ~ , 1 5 ~ ' ] 4 ,  and in the substrate 
(4) for rearrangements of [2-14C]4 and [1sN,15~']4. In the 
rearrangements of 8 isotopic abundances only in the product 10 
were measured. 

Calculations of the oxygen and nitrogen KZE from isotopic 
abundances in the product (6) were made in two ways, A and B. 
It is important in calculating KIE from isotope ratios in products 
to know that complete conversion is indeed complete. If the 
isotope ratio is measured in a product at less than complete 
conversion but with the impression that conversion was com- 
plete (F  = 1 .O) the KIE calculated (eq. [5]) (27) will be smaller 
than the true KIE. This is to say, KIE both greater than or smaller 
than 1.000 will appear deceptively to be closer to 1.000. In 
that case eq. [6] is used for calculating KIE. In these equations 
Ro, R,, and R', are the ratios of normalized abundances (M + 
2)lM in the product at molarconversions 1 .O, F ,  and F', while 
k2/kl is the KIE (kH/kL) for the reaction. The method of 
calculating KIE from low and almost 100% conversions with 
the use of eq. [6] and an iteration procedure has been described 
earlier (27). The columns A and B in Table 1 list KIE (kl/k2) 
calculated (A) on the assumption that complete conversion 
reached 100% and (B) with the use of real conversions based on 
isolations of unused 4. The results of the two methods do not 
differ greatly, but are important particularly insofar as the ''0 
KIE is concerned. The ''0 KIE is seen to be, within 
experimental error, an inverse one. On the other hand, there 
does not appear to be a nitrogen KIE. These data (Table 1) are 
averaged and listed in Table 3. 

In Table 2 are listed 14c and "N KIE (kl/k2) obtained with 
recovered substrate in the rearrangement of 4. It was necessary 
for these determinations to hydrogenolyze the substrate to 
aniline first, and to prepare the trifluoroacetyl derivative for 14C 
and "N analyses. In the case of 14c, both 4 and 6 are themselves 
unsuitable for scintillation counting because, being colored, 
each causes quenching. Hydrogenolysis of 4 goes quantitatively 
to aniline, and the colorless trifluoroacetyl derivative, also 
obtained quantitatively, can be purified by repeated sublima- 
tion. In the case of "N, the substrate itself is unsuitable for 
whole-molecule mass spectrometry. The abundance of the 
parent ion is low and the fragmentation pattern is unsuitable for 
use. Therefore, hydrogenolysis and trifluoroacetylation are 
again most useful. The mass spectrum of the trifluoroacetyl 
derivative is highly suitable for whole-molecule mass spectrom- 
etry. The results are summarized in Table 2 and averaged in 
Table 3. They show, again, that there is no nitrogen KIE and 
that there is a small I4C KIE, averaging 1.0145. 

Kinetic isotope effects (kl /k2) for the rearrangement of 8 are 
listed in Table 4. These were calculated on the assumption that 
100% conversion was reached, as indicated spectroscopically. 
In the event that, like the rearrangement of 4, the final 
conversion was a few percent short of 100% the results in Table 
4 are minima. Our conclusion is that the rearrangement of 8, like 
that of 4, does not exhibit a nitrogen KIE. On the other hand 
there is a small, positive carbon KIE, averaging 1.07%. 
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SHINE ET AL. 

TABLE 1. KE based on analyses of product in the photorearrangement of azoxybenzene (4) 
in ethanol 

Conversion (%) KIE 
Time of 

Run Isotopea irradiation uvb 1~01.' Ad Be u 

""N means ["N,'5~']4. 
bBased on change in absorption at 410 nm. Long irradiation (20-40 h) was assumed to have gone to 

100% conversion. [410 was 1 x 1(r3 M in each run. 
'Based on recovered 4. 
dAssuming 100% conversion and calculated with eq. [5]. 
'Calculated with eq. [6], using % conversion based on recovered 4. 

TABLE 2. KE based on analyses of substrate in the photorearrangement of azoxybenzene 
(4) in ethanol 

Time of Conversion (%) 
irradiation 

Run Isotopea (h) uvb  1~01.~  KIEc u 

- - - 

0i5N means ["N,"N']~. 
bBased on change in absorption at 410nm. [410 was 2.0 X l(r3 M for I4C and 1.5 X M for 

15N runs. 
'Based on recovered 4. 

TABLE 3. Summary of KIE in the photorearrange- 6 and 10 suggest the surprising property of the rearrangement 
ment of azoxybenzene (4) that it is in the formation of the intermediate that an activation 

barrier exists. The small size of the carbon KIE in the 
Isotope Basis KIEa rearrangements of 4 and 8 is not inconsistent with the change in 

180 Product 0.9921k0.0016 
15N Product 1.0019k0.0006 
15N Substrate 0.9991 k0.0038 
14C Substrate 1.014510.0060 

"Average of data in Tables 1 and 2. 

The meaning of the KIE 
The absence of a nitrogen KIE in the rearrangements of both 4 

and 8 indicates that if there is a step in the photo-Wallach 
rearrangement having a significant activation barrier, breaking 
of the N-0 bond is not part of that step. The results are, then, 
not consistent with the barrier-less formation of an intermediate 
like 5 (and 9) followed by its conversion over an activation 
barrier into product. The inverse oxygen KIE in the rearrange- 
ment of 4 and the positive, small carbon KIE in the formation of 

bonding which occurs at the aromatic position in a bond- 
forming reaction (27). 

Bunce and co-workers (17) found that when an electron- 
donating group (CH3) is placed in the ring which receives the 
migrating atom the quantum yield of rearrangement is greater 
than that when an electron-attracting group (CF3) occupies the 
same position. For this reason it was proposed that the attack of 
the oxygen atom on the distant ring is an electrophilic rather 
than, as thought earlier, a nucleophilic reaction. This, in itself, 
suggests that the bonding of the oxygen atom with the ring is a 
ground-state reaction. Electrophilic attack was represented by 
Bunce and co-workers as in eq. [7]. This interesting proposal 
invites further analysis. Bunce noted that the photorearrange- 
ment involves an n , ~ *  singlet excitation, and proposed that 
excitation occurs from an n orbital on oxygen to an antibonding 
N-N oribital. If this is correct the oxygen atom has radical 
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TABLE 4. KIEa in the photo-rearrangement of 2,2'-azoxynaphthalene 
(8) in dimethoxyethane 

Conversion 
Run Isotopeb (%Ic ~ 1 ~ d . g  u 

"Based on analyses of product. 
b15N,'5N' and 1,l'-"C, labeling. 
'Based on the amount of product isolated at low conversions. 
dCalculated with eq. [5], using the low conversions shown in the table and 

assuming that 100% conversion (by uv) was indeed 100%. 
'Measured at Texas Tech University. 
*Measured at Rutgers University. 
8Average for [15N,15N'] 8, 1.0010; average for [l,lf-"C2] 8, 1.0107. 

character rather than positive-charge character in the excited 
state, and only after electronic reorganization can the intermedi- 
ate 11, with its electron-deficient oxygen atom, be f ~ r m e d . ~  
Again, this likelihood suggests that the formation of 5 is a 
ground state rather than an electronically excited state reaction, 
the intermediate 11 being formed by demotion from the 
electronically excited state to a ground excited state. Our KIE 
results are in harmony with this description. An inverse (here, 
for oxygen) or a small positive (here, for carbon) KIE is 
consistent with the forming of a new bond in the transition state 
(29). The result is, by coincidence, similar to that found by 
Kwart and co-workers in the photo-rearrangement of 1 (reaction 
[ll) (2). 

The photo-Wallach rearrangement then, appears to involve 
the formation, after excitation, of a ground-state intermediate in 
a step having an activation barrier. Collectively, the known 

4An analogy can be drawn here with the electron distribution in an 
n,a*-excited carbonyl group. This has been represented by Zirnmer- 
man (28) as having in one of its two resonance structures a positively 
charged, electrophilic oxygen atom in which two single electrons 
remain in separate orbitals. n,a*-Excitation of the N-oxide group 
could be viewed similarly, that is as having positive charge character on 
the oxygen atom in the electronically excited state. But, we take 
structure 11 to represent a new, ground state, formed in Zimmerman's 
terminology, by electron demotion after excitation. 

information now indicates that this step is between ground-state 
intermediates. 

Among Bunce's results on the effect of substituents on 
quantum yields it is seen that the greatest relative increases in 
quantum yield occur not when the methyl groups are in the 
acceptor ring but when the CF3 groups are in the ring nearer to 
the N-0 bond (17). For example, the quantum yields for 
rearrangement of 4'-CH3-4 and 4'-CF3-4 were, respectively, 
0.37 and 1.70; the values for 3',5'-(CH3)2-4 and 3',5'-(CF3)2-4 
were, respectively, 0.80 and 2.5. These results show that 
electron-attracting CF3 groups in the nearby ring enhance 
rearrangement, and suggest that the n,n* excitation may, in 
fact, be surprisingly from a nonbonding orbital on oxygen to a 
IT* orbital of the nearby ring. Thereafter electron reorganization 
to an intermediate such as 11 would follow. 

If these representations are incorrect, we are left with the 
alternative possibility that bonding to form an intermediate such 
as 5 may occur in the electronically excited state between the 
electrophilic oxygen radical and the electron-rich distant ring. 
In other words, the closure is a radical reaction, albeit with 
electrophilic character in the transition state. The transition 
state, in that case, might have the character of 13. 

We might now ask about the fate of 5. Our results indicate 
that the conversion of 5 into 6 does not have an activation barrier 
large enough to show up in the KIE measurements. We would 
anticipate that, in spite of changes which occur in bond orders 
(e.g., a single bond is broken and a double one is formed at 
nitrogen), we should have found significant positive KIE for 
nitrogen and oxygen if opening of the heterocyclic ring in 5 was 
the rate-determining process in the sequence of ground-state 
reactions. If then, 5 is to proceed on toward the final product (6) 
without isotopic fractionation, the reverting of 5 to 4 must no 

longer be possible. That is, return of 5 to 4 must be an 
unfavorable process as compared with going on completely to 6, 
and the low quantum yield (13) for forming 6 from 4 is decided 
in one of the paths toward forming 5. The way in which 
formation of 6 from 5 occurs is not known, but some 
possibilities are open to conjecture. One of them is, simply, ring 
opening accompanying deprotonation by basic solvents, in the 
present cases of ethanol or DME (reaction [8]), such as was 
proposed in the early work of Lewis and Reiss (1 I). 

6 

Another possibility arises as follows. Bunce has shown that 
diazonium ions are formed (and trapped by added 2-naphthol) 
during irradiations of 4 and other azoxyarenes in benzene 
solution. Diazonium ion formation was suppressed to very low 
amounts by the use of moderately basic solvents such as ethanol 
and diethyl ether (30). The origin of the diazonium ion was 
attributed by Bunce to an intermediate (14), obtained from 5 by 
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an intramolecular 1,2-hydrogen-atom shift, and undergoing 
either scission to give the diazonium ion or prototropy to form 6. 
This proposal in itself could also account for the conversion of 5 
into 6 in basic solvents. In connection with the intramolecularity 
of the H-migration, Bunce noted that m-cresol, obtained as the 
side product of irradiation of 2,2'-azoxytoluene in ethanol-0-d, 
contained no deuterium. We pose another possibility for 
intramolecular H-migration which may lead both to 6 and 
diazonium-ion formation, and this is a [1,5]-sigmatropic rnigra- 
tion of hydrogen across the face of the heterocyclic ring, 
brought about by continuous broad-band irradiation. Suprafa- 
cial, solvent-dependent migration of the LUMO of the H atom 
across the HOMO of the excited eight-electron ring system 
could bring the H atom either to the 0-terminus (15) or 
C-terminus (14), the former leading to 6 and the latter either to 6 
by prototropy or diazonium ion by scission (Scheme 1). Perhaps 
these speculations may be related to the observations by Gegiou 
et al. that an intermediate was formed from 2,2'-azoxytoluene 
which, by continued irradiation (436 nm) at -70°C, went on to 
the rearrangement product (1 3). 

Experimental 
Preparation of labeled azoxybenzene (4)  

Each labeled 4 was prepared from the reduction of the appropriately 
labeled nitrobenzene by heating with sodium hydroxide in methanol 
(14). Commercial (Merck, Sharpe and Dohrne) ["Nlnitrobenzene, 99 
atom% "N, was used for making [ 1 5 ~ , 1 5 ~ ' ] 4 .  [2-14C]Nitrobenzene, 
previously repared from 2-nitr0-[l-'~C]aniline (22), was used for 
making [2-k]4. The product had an activity of approximately 
16mCi/mol. For making [180]4 it was necessary first to prepare 
[180]nitrobenzene by the method of H0g (25) using ~~~~0 containing 
20.3 atom% 1 8 0  (Prochem BOC, Ltd.). The 4 finally obtained was 
found by mass spectrometry to contain approximately 7 mol% of 
[180]4. An example of the preparation of labeled 4 follows. 

 nitrobenz benzene (2.0 g , 16.3 mmol) was added during 50 min to a 
well-stirred solution of 3 g of sodium hydroxide in 8 mL of methanol at 
75-80°C. The mixture was stirred at that temperature for 2.5 hand then 
diluted with crushed ice. After standing 12 h the yellow product was 
filtered, washed with water, and dried in air. The crude product was 
purified on a column of neutral alumina with benzene elution. Removal 
of the benzene left a liquid product (1.6 g, 8.0mrno1, 98%) which 
crystallized on standing overnight; mp 34.5"C. The solid was mixed 
with ordinary 4 and the mixture was crystallized from benzene, giving 
4 containing 10 mol% of [ 1 5 ~ , 1 5 ~ ' ] 4 .  

Photo-rearrangements 
Rearrangements were carried out in a Rayonet reactor with eight 

350-nm U-tube lamps. Solutions to be irradiated were placed in a 
cylindrical quartz vessel and stirred gently during irradiation with a 
current of nitrogen. In order to specify particular extents of conversion, 
the disappearance of azoxy compound and the formation of product 
were first monitored spectroscopically with irradiations of unlabeled 
substrate. The formation of 2-hydroxyazobenzene (6) was monitored at 
410nn-1, while the formation of 1-hydroxy-2,2'-azonaphthalene (10) 
was monitored at 505 nm. Solvents for photo-rearrangement were 95% 
ethanol for 4 and 1,2-dimethoxyethane (DME) for 8. Specific examples 
of rearrangement and workup follow. 

Rearrangement of 4 
(A) For product KZE measurement 
A solution of 198 mg (1 .O mmol) of [180]4 in 1 .OL of 95% ethanol 

was irradiated for 20 min. The solution was then divided into two parts. 
The larger part (750mL) was evaporated at reduced pressure. The 
residue was dissolved in 20 mL of benzene and placed on a column of 
neutral alumina (Matheson, Coleman, Bell, AX0612-3,80-200 mesh). 
Unrearranged 4 (130.2 mg 87.7%), mp 34.0-34.5"C, was eluted with 
benzene, while product, [180]6, was eluted with methanol. The crude 
product was dissolved in 80 mL of 10% aqueous sodium hydroxide, 
i d  the solution was acidified, after filtration, with hydrochloric acid. 
The product was then extracted with 3 x 50 mL of ether, giving 
14.6mg (9.6%) of [180]6. This was sublimed at low pressure to give 
[180]6, mp 81-82"C, for mass spectrometry. 

The smaller part (250 mL) of the ethanol solution was irradiated 
again for 20 h to effect complete conversion of 4. Workup as above then 
gave 3.2 mg (6.5%) of 4 and, for mass spectrometry, 41.4 mg (83.8%) 
of 6. For the purpose of calculating KIE the extents of conversion of 4 
were based on recovered 4, namely 12% and 93.5% conversions. 

Rearrangements of [ 1 5 ~ , 1 5 v ' ] 4  designed for mass spectrometry of 
the product were carried out identically. 

Results for all runs are listed in Table 1. 

(B) For substrate KIE measurement 
A solution of 297 mg (1.5 mmol) of [ 1 5 ~ , 1 5 ~ ' ] 4  in 1 L of ethanol 

was irradiated for 12.2 h, the time calculated for 81 % conversion. The 
solution was worked up as described above and gave 55.6 mg (18.7%) 
of recovered [15N,15~']4 and 226 mg (76.1%) of product. A portion 
(38.8 mg, 0.196mmol) of recovered [ 1 5 ~ , 1 5 ~ ' ] 4  was dissolved in 
5 mL of absolute ethanol and was hydrogenolyzed over 5% Pd/char- 
coal at atmospheric pressure for 3 h. The ethanol solution was filtered 
and evaporated at 25"C, and the residue was dissolved in 15 mL of 
benzene. To this solution was added 2 mL of trifluoroacetic anhydride 
and the mixture was heated under reflux for 15 min. Evaporation gave 
crude product which was sublimed at low pressure to give 51.7 mg 
(0.27 mmol, 70%) of N-triflu~roacetyl['~~]aniline, mp 87.5-88°C 
(lit. (31) mp 88.5-90°C). This was sublimed twice again for mass 
spectrometry. 

A sample of unirradiated [ 1 5 ~ , 1 5 ~ ' ] 4  was hydrogenolyzed and 
worked up in the same way to produce N-triflu~roacetyl['~~]aniline for 
mass specrometry "at zero conversion". 

Results are listed in Table 2. 

(C)  For scintillation counting and substrate KZE measurement 
A solution of 400mg (2.02 mmol) of [2-14C]4 in l . 0 L  of ethanol 

was irradiated for 12 h, a time calculated for 70% conversion. 
Unrearranged substrate and product were separated on alumina as 
usual. The benzene eluate was evaporated at reduced pressure to give 
crystalline, unrearranged [2-I4C]4. This was again chromatographed 
on neutral alumina, crystallized, and hydrogenolyzed as described 
above, to give ~-trifluoroacet~l-[2-~~~]aniline which was sublimed 
successively six times for scintillation counting. The final product had 
mp 87.6"C. 

Preparation of labeled 2.2'-azoxynaphthalene (8) 
Labeled 8 was prepared from [15~,15N']-  and [1,1'-13C2]-2,2'- 

azonaphthalene which had been synthesized earlier (26). Each of the 
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azonaphthalenes contained approximately' 10mol% of the doubly 
labeled isomer. 

A solution of 1.06 g (3.76 mmol) of labeled 2,2'-azonaphthalene in 
190 mL of benzene was kept at 27°C in a thermostated bath. To this 
solution was added a freshly prepared solution of 3.24 g (18.8 mmol) of 
m-chloroperbenzoic acid in 55 mL of benzene. The mixture was kept at 
27°C for 17 h, during which time the reaction was monitored 
periodically by TLC. After oxidation was complete the solution was 
washed with dilute sodium bicarbonate solution and water, and then 
was dried and evaporated. The residue was chromatographed on a 
column of silica gel, eluting with cyclohexane, and the product..was 
crsytallized from ethanol giving 1 .O1 g (3.38 mmol, 90%) of labeled 8, 
mp 167-168°C (lit. (10) mp 166°C). 

Rearrangement of 8 for product KIE measurements 
A solution of 149 mg (0.50 mmol) of 8 containing approximately 

10 mol% of labeled 8 in 1 .O L of DME was irradiated for 40 min, a time 
calculated to result in approximately 8% conversion. The solvent was 
removed in a rotary evaporator and the residue was separated by flash 
chromatography on silica gel (E. T. Baker) into recovered 8 and 
product 10. The eluent was a mixture of cyclohexane, benzene, and 
pipendine (9154  by volume). The recovered 8 was crystallized from 
ethanol 121 kg (81%). The crude 10 was dissolved in a small 
amount of chloroform and streaked on preparative-scale TLC plates 
(EM silica gel). Development with a mixture of cyclohexane, benzene, 
and piperidine (80: 155) separated 10 from a small amount of another, 
unidentified, substance. After removal from the plate material, 10 was 
crystallized from ethanol giving 10.5 mg (7%) of labeled 10 for mass 
spectrometry. 

For complete conversion of 8 a solution of 75.5 mg (0.25 mmol) of 
labeled 8 in 50mL of DME was irradiated for 32h. Workup as 
described gave 54 mg (72.5%) of 10 for mass spectrometry and 3 mg 
(4.0%) of recovered 8. 

These experiments were repeated three times for each of the 
[15N,15~']8 and [ I ,  1'-13C2]8, with similar results. It is seen that the 
total recovery 'of material from the low-conversion irradiation was 
88%. Losses occurred in the flash chromatography in which some 
fractions containing both 8 and 10 were discarded. The amount of 10 
recovered (7%) was pleasingly close to that anticipated. The total 
recovery of material from 100% conversion (76.5%) was rather low, 
particularly 10 itself. Irradiation of 10 (14.9 mg in 100 mL of DME) for 
10 h showed, by TLC, that a very small amount of a new compound 
having lower Rf was formed. Possibly, therefore, the lengthy irradia- 
tions needed for complete conversion of 8 may have also caused loss of 
some of the product 10. The lengthy irradiations are taken as having 
achieved 100% conversion. Results are listed in Table 4. 

KIE measurements 
(A) Whole-molecule - ion mass ratios were measured with 

Hewlett-Packard mass spectrometers, Model 5985B (Rutgers Univer- 
s i t y ~ ~  and 5995 (Texas Tech University). In the latter case multiple 
scanning was carried out in the selected-ion-monitoring (SIM) mode 
and the data were analyzed in blocks (27) with the aid of a program 
kindly supplied by Professor San Filippo. The number of scans made 
with the Model 5995 instrument was in the order of 5000 per run. The 
handling of samples was as described earlier (27). 

Ions monitored, at 50 ms/ion dwell times, were M and (M + 2) in 
the products (6 and 10) of rearrangement of [ 1 5 ~ , 1 5 ~ ' ] 4 ,  [ 1 8 ~ ] 4 ,  
[ 1 5 ~ , ' 5 ~ ' ] 8 ,  and [1,1'-13C2]8. Ions monitored when substrate was 
recovered and hydrogenolyzed in the rearrangement of [15~,15v']4 
were the M and (M + 1) of N-trifluoroacetylaniline. 

(B) Scintillation counting was carried out with a Beckman Model LS 
7000 liquid scintillation counter. The sample (approximately 5 mg) 
was dissolved in 10 mL of cocktail (Parkard, SQINT-0, No. 6103183) 
and counted ten times. Three separately weighed samples were counted 
for each conversion. Samples were weighed precisely (?0.001 mg) on 

'We thank Dr. J. San Filippo, Jr. and Mrs. Marilyn Brownawell for 
these measurements, Table 4. Information on the way of making 
measurements has been given (27). 

a Cahn balance. Finally, the average of ten counts was expressed in 
counts per 1.000 mg and the results for the three samples were averaged 
for KIE calculations. 

In making these calculations, it was assumed that equal amounts of 
[2-14c]4 and [2'- '4~]4 were available for rearrangement. Therefore, in 
the labeled molecules, rearrangements to one labeled and three 
unlabeled o-position were possible, among which an intramolecular. 
KIE existed and was assumed to have the same magnitude as the 
sought-after intermolecular KIE. 

All KIE calculations were made as described earlier (27). 
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Acid-catalyzed hydrolysis of 2-methylene-l,3-dithiolane. 2.l Remarkable effects of P substitution 
on reversibility of the carbon protonation 
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TADASHI OKUYAMA, MASAYOSHI TOYODA, and TAKAYUKI FUENO. Can. J. Chem. 64, 11 16 (1986). 
Hydrolyses of Zethylidene- ( l b ) ,  2-isopropylidene- ( l c ) ,  and 2-benzylidene-l,3-dithiolane ( I d )  were kinetically investigated 

in aqueous solution. All the individual rate constants involved in this three-step reaction were evaluated. Initial carbon 
protonation is only partially reversible (k2/k-1 = 1.33,0.68, and 1.02 for l b ,  l c ,  and Id ,  respectively) at higher pH, while the 
protonation becomes completely reversible below pH 2 where the thud step is rate determining. Complete H-D isotopeexchange 
at the P-carbon of l b  and Id was observed in deuterium media before appreciable hydrolysis took place. It was demonstrated that 
reversion from the tetrahedral intermediate 3 to 1 occurs extensively during the reaction in the latter acidity range. Relative 
stabilities and reactivities of the olefinic substrates 1 are discussed. 

TADASHI OKUYAMA, MASAYOSHI TOYODA et TAKAYUKI FUENO. Can. J. Chem. 64, 1 1 16 (1986). 
OpCrant en solutions aqueuses, on a examint la cinktique des rtactions d'hydrolyse des Cthylidtne-2 ( l b ) ,  isopropylidtne-2 

( l c )  et b,enzylidtne-2 dithiolanes-1,3 ( I d ) .  On a Cvalut toutes les constantes de vitesse individuelles de cette rtaction en trois 
Ctapes. A des pH ClevCs, la rCaction de protonation initiale du carbone n'est que partiellement reversible (k2/k-' = 1,33,0,68 et 
1,02 respectivement pour les composts l b ,  l c  et 16) alors que, h des pH inftrieurs ?i 2, la protonation devient complttement 
rkversible et que la troisitme ttape devient l'ttape dCterminante. Dans des milieux deutkrts, on observe un tchange complet des 
isotopes HID  au niveau du carbone p des composts l b  et Id avant qu'une hydrolyse apprkciable ne se produise. On a dtmonte 
que, au cours de la rCaction, la transformation de l'intenntdiaire tCtraidrique 3 en 1 ne se produit que dans le dernier intervalle de 
pH. On discute des stabilitCs et des rtactivitts relatives des substrats olCfiniques 1. 

[Traduit par la revue] 

Introduction 
We recently accomplished complete kinetic analysis of a 

three-stage reaction process of the acid-catalyzed hydrolysis of 
2-methylene-l,3-dithiolane, l a  (1). Main features of this 
reaction are: ( I )  Both steps 1 and 2 are partially rate determining 
above pH2.5 (k2/k-, = 7.2) while step 3 becomes the slow step 
at higher acidities. (2) The equilibrium concentration of the 
tetrahedral intermediate (3a) is greater than that of l a  ( 3 a l l a  = 
27.5), and 3a  builds up at the higher acidities. 

In our continuing interest in this reaction, hydrolyses of the 
P-methyl and phenyl derivatives, Zethylidene- (1 b), 2-isopro- 
pylidene- (1 c), and 2-benzylidene- 1,3-dithiolanes (1 d),  have 
been examined in detail. The reactions follow essentially the 
same mechanism as that of the parent substrate l a  (eq. [I]). 
However, apparent kinetic behavior is much different from that 
of l a .  Buildup of the intermediate 3 was not observed because 
the equilibrium concentration of 1 (as compared with 3) is 
greatly increased by the P substituent. A very rapid H-D 
isotope exchange at the f3-carbon was found to precede the 
hydrolysis of l b  and I d  in deuterium media. The complete 

, . 
kinetic analysis enables us to make interesting comparisons of 

. . .  . .. . .  . ~ .  .. . . . 

.... .. . . . .  . . -! 

stabilities of olefinic substrates 1 ,  carbocations 2, and tetra- 
hedral intermediates 3. 

Results 
Acid-catalyzed hydrolysis of f3-substituted 2-methylene- 1,3- 

dithiolane ( lb,  l c ,  and I d )  proceeds stepwise in the same way 
as that of other ketene dithioacetals (eq. [I]) (1-5). At high 
acidities was observed rapid formation of the absorption (A,, 
330 nm) of the carbocation intermediate 2, which disappears 
slowly to give the thiolester product 4. In less acidic solutions, 
however, the decay of 1 seems to occur with simultaneous 
formation of 4. In the intermediate pH region 0-3, the decrease 
in the absorption of 1 was accompanied by a short induction 
period. 

Reaction of the isolated salts of 2 was also examined 
independently. The spectral changes observed by the conven- 
tional uv spectroscopy were essentially the same as those 
observedby starting with 1 in the whole acidityrange examined. 
Only the decay of 2 could be observed at higher acidities, while 
the reaction of 1 was observed at low acidities even when the 
reaction was started with 2. That is, the initial rapid breakdown 

a, R1 = R2 = H 6, R1 = H, R2 = CH3 
c, R1 = R2 = CH3 d ,  R' = H, R2 = C6H5 

'For Part 1, see ref. 1. 
'~u thor  to whom correspondence may be addressed. 
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TABLE 1. Summary of the sigmoid correlations of the absorbances with the Hc and HR acidity functions" 

Substrate No. of Limiting absorbances at high 
(conc. lo4 M) Absorbance data P K R ~  and low aciditiesb 

O A O  and Am are correlated with the Hc and HR acidity functions, respectively. 
bStandard deviations are given in parentheses. 
'Absorbance of l b  in H20 was 0.846 at 235nm. 
dAbsorbance of l c  in H 2 0  was 0.848 at 230nm. 
'Absorbance of Id in H20 was 1.034 at 304 nm. 

of 2 largely results in the formation of 1 in less acidic solutions. 
This behavior of the carbocation is in contrast to that observed 
with the parent substrate 2a (1) and other dithio carbocations 
(3), which break down mainly to form 3 without any appreciable 
uv absorption, and slower formation of 4 follows. 

The uv absorbance in acid solution was quantitatively 
examined on a ,conventional spectrophotometer. The "initial" 
absorbances A&O at 330 nm (A,, of 2)3 as well as those at A,, 
of 1 ( l b ,  235; l c ,  230; Id ,  304nm) were determined by rapidly 
introducing an aliquot of the stock solution of 1 into various acid 
solutions &d extrapolating the absorbances to the time of 
mixing. The former absorbances increase and the latter decrease 
with increasing acidity. The decay of 2 was not complete in 
strong acid, leaving an equilibrium amount of 2.  The ultimate 
absorbances A730 at 330nm were also recorded. Results are 
given in Table S1 (supplementary ~naterial).~ The initial 
absorbances are correlated with the Hc acidity function (6), 
which was obtained from protonation of the unsaturated carbon 
to give carbocations. The reason for the choice of the acidity 
function is given under Discussion. The correlations seem to be 
better than those with the HR acidity function (7, 8). The initial 
absorbances at 330 nm and at A,, of 1 respectively follow the 
sigmoid curves of the same midpoint (pKR) as summarized in 
Table 1. The ultimate absorbances A730 are correlated with HR 
to give sigmoid curves with more negative pKR (defined as pKT 
in Table 5). Similar examinations were also carried out with the 
cation 2b ind the results are the same as those obtained with l b  
(Tables S1 and I). The constant pKT corresponds to the 
equilibrium between 2 and 4 (1, 9). 

Pseudo-first-order rate constants ko were measured at 25°C by 
monitoring the decrease in the absorption of 1 in HC1 solutions 
(<I M) and that of 2 (330 nm) in HC104 solutions of higher 
acidities. The ko values determined at these two wavelengths 
coincide with each other as measured in some moderately strong 
acids. Rate constants obtained by starting with 2b were close to 
those obtained from the reaction of l b .  For some runs in the 

intermediate pH region where an induction period was ob- 
served, ko were determined from the later part of the first-order 
plots. Observed rate constants ko are summarized in Table S24 
and plotted logarithmically against pH or the Ho function (7) in 
Fig. 1. All the acidity-rate profiles are complicated with a 
maximum at pH 2-3 and a minimum around pH 1. That is, two 
acid-catalyzed regions were observed. In the case of l b  another 
maximum was observed at Ho = -0.5. 

Reactions of 1 were also examined in deuterium solutions at 
both high and low DC1 concentrations corresponding to the two 
different acid-catalyzed regions. The results are summarized in 
Table 2. Observed behavior is much different in the two acidity 
regions. First-order plots for l b  and Id curved downward at the 
lower acidities while the plots were linear at the high acidities. 
In the former case, approximate initial and ultimate rate 
constants were determined from the slopes of the initial and later 
parts of the plots, respectively. Both of the rate constants are 
smaller than those obtained in the HC1 solutions; the kinetic 
isotope effects are normal. By contrast, the rate constants 
obtained in DC1 for the high acidity region are essentially 
identical with those found in HCI. The curvature of the 
first-order plots was not found with l c  but the kinetic isotope 
effects observed are similar to those found with l b  and Id:  
normal at the low acidity and none at the high acidity. 

Products from reactions of l b  and Id in deuterium media 
were found to be deuterated extensively at the P position. Isotope 
exchange of Id was kinetically examined in 80 vol% CH3CN- 
D20 at [DCl] = 0.1 and 0.002 M. Hydrolysis rates under these 
conditions were very small as measured spectrophotometrically 
(Table 3). Deuterium solvent isotope effects on the hydrolysis 
rate of l b  were negligibly small at 0.1 M but were normal at 
0.002 M. The nmr analysis of the residues from the ether extract 
of the reaction mixture showed loss of the P-hydrogen of the 
substrates 1 b and Id.  The intensity of the P-hydrogen relative to 
that of the phenyl group of Id was calculated from the 
integration curves of the nmr spectra, and the rate constant kex 

3 ~ h e  absorbances at 340 nm were measured for 2d rather than at 
for the isotope exchange was evaluated by the first-order plots as 

330 nm (A,,) because absorption due to Id is still large at 330 nm. shown in Fig..2. Values of kex are given in Table 3. The rate of 
"Tables S1, S2, and S3 have been deposited as supplementary the exchange is greater than that of the hydrolysis by factors of 

material and may be purchased from the Depository of Unpublished lo3 and 60 at 0.1 and 0.002 M DC1, respectively. 
Data, CISTI, National Research Council of Canada, Ottawa, Ont., Curved buffer dependences were observed in the hydrolyses 
Canada KIA OS2. of 1 in carboxylate buffers in the low acidity region as before 
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FIG. 1. Acidity-rate profiles for the hydrolysis of I b (8), 2b (a), 
l c  (a), and Id (0). 

(1-5). The rate increase Ak (= kobsd - h )  induced by the buffer 
([B],) follows the saturation curve according to eq. [21. 
Parameters, K,,, and Ak,,, were calculated by the least- 

squares treatments of 1 /Ak vs. 1 /[B],, where ko (kH+[H+]) was 
calculated from the results obtained in HCl solutions, and are 
given in Table 4. 

Discussion 
Low acidity region 

The reaction concerned here involves three consecutive steps 
(eq. [I]) as was the case with the parent substrate l a  (1). In the 
high pHregion (pH > 3 for l b  and l c  and pH > 2 for I d )  where 
the reaction is catalyzed by acid, the third step must be rapid and 
the first and second steps are both rate determining (eq. [3]). The 
rate constants ko observed in HC1 solutions are given by 
eq. [41 (1). 

ki tH+l 
k; [BH+] k2 rapid 

[3] 1 2 - 4  
k-1 
kLl[Bl 

Kinetic behavior is very similar to that of l a  in this pH region 
(1). Reactivity of l a  (kH+) is, however, greatly reduced by the P 
substitution as summarized in Table 5. 

Curved buffer dependence observed in this pH region must 
arise from the fact that the buffer accelerates the first step but not 
the second step. The limiting rate constant k,, is described by 
eq. [51 (1). 

From the values of k,, and k,, , the rate constant kl and the ratio 
k2/k-1 (= Akmax/ko) can be evaluated (1). The results given in 
Table 4 show that the P substituent reduces this ratio. In other 
words, the substitution increases the reversibility of the carbon 
protonation in a kinetic sense. 

The curvature of the pseudo-first-order plot forthe reaction of 
l b  and Id in deuterium media at higher pH must come from the 
isotope exchange occumng during the reaction (eq. [6]). The 

deuterated substrate is more reactive owing to the secondary 
kinetic isotope effects and for some other reasons (2). The 
disubstituted substrate l c ,  which has no hydrogen capable of 
exchange, showed linear first-order behavior. Normal kinetic 
isotope effects observed are consistent with the carbon protona- 
tion involved in the rate-determining steps. The isotope effects 
kbO/kDZO decrease in the order l b  > l c  > Id,  in agreement 
with the diminishing contribution from the first step to the rate 
(i.e., decreasing k2/k-l). 

High acidity region 
As the pH is lowered, the rate of the reverse of the second step 

(kz[H+]) increases and the third step becomes rate determining. 
This occurs because the third step (k3) is catalyzed by both acid 
and base and the acid-catalyzed reversion (kJ is faster than the 
acid-catalyzed decay of 3 .  This situation will be seen below in 
Fig. 4 and is the same as that for the parent substrate l a .  
However, the apparent kinetic behavior observed with the 
derivatives is much different from that found with l a .  In the 
latter case, the rate of decay of l a  increases with acidity beyond 
the pH at which k-2[H+] exceeds k3, but appearance of the 
product 4a becomes slower with increasing acidity. The 
intermediate 3a accumulates. By contrast, in the cases of the 
P-substituted derivatives, the rate of decay of 1 decreases and 
the decay seems to occur with simultaneous formation of 4 .  The 
rate increases again with acidity beyond the minimum near pH 1. 
These differences found between l a  and its derivatives in this 
acidity region can be explained by the same mechanism but 
different equilibrium behavior involving the first and second 
steps. At equilibrium, 3a is favored over l a  (I), while the 
P-substituted derivatives of l a  are much favored over the 
corresponding 3.  Another decrease in the rate of reaction of 1 b 
in strong acid will also be rationalized by this mechanism. 

Equilibrium involving cation 2 
The equilibrium involving the first and second steps was 

examined by the conventional uv method in the higher acidity 
range where the third step is slow enough. The "initial" 
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TABLE 2. Solvent isotope effects on the rates of hydrolysis of la 

[HCll, M 1O4kobsd, S-' [DCll, M 1o4k0bsd, S-' k ~ 2 0  / k ~ 2 ~  

"Measured at 25°C and the ionic strength of 0.50M. 
bObtained as averages of 2-4 measurements, and estimated errors are less than ?5% except for 

those for the initial slopes. 
'Pseudo-first-order plots were curved, and approximate rate constants obtained both from the initial 

slopes and from the ultimate slopes are given, with the latter in parentheses. 

TABLE 3. Rate constants for the hydrolysis and isotope exchange of 
l b  and Id in 80 vol% aqueous acetonitrilea at 2S°C 

ko, s-I 
Acid conc . , 

Substrate M Hz0 D20 k,,, S-I 

"No salt was added 

time, h 
n 50 100 150 

20 40 
time, min 

FIG. 2. Loss of the P-hydrogen of Id in 80 vol% CH3CN-D20 at 
25°C. [DCl] = 0.002 M (0) against the upper abscissa and 0.10 M (8) 
against the lower abscissa. 

absorbances due to 2 and 1 changed sigrnoidally with acidity. 
Choice of the acidity functions is a problem here. If the 
equilibrium reflected mainly the second step, as was found with 
l a  (I), the HR acidity function defined by dehydration of 
alcohols (7) would be appropriate. On the other hand, if the first 
step is a main contributor, the Hc acidity function, which was 
defined by protonation of the unsaturated carbon bases (6), may 
be more suited for the correlation. The latter was found to be the 
case for all the P-substituted derivatives as analyzed below. 
Thus, the initial absorbances were correlated with Hc to give 
pKR as listed in Table 1. The pKR values obtained from the 
different wavelengths agree well and appropriate values are 
given in Table 5. 

The equilibrium constant KR is a composite of the two 
constants K1 and K2 for the first and second steps (eq. [7]). 

Relative concentrations [1]/[3] in equilibrium would be found 
at the lower acidity limit where the contribution from 2 becomes 
negligibly small. Since 3 may absorb little light at wavelengths 
longer than 230 nm, the limiting absorbance at the absorption 
maximum of 1 at lower acidity must result from the absorption 
of 1. The limiting absorbances for l b ,  l c ,  and I d  are 86.9 
( 2  1.0), 99.2 (+ 1.0), and 106.5 (?2.5)% oftheabsorbance of 1 
for the same concentration in unbuffered water (no reactions), 
respectively . 5  Since the reactions of 1 are rapid enough and the 
equilibrium should be attained within a second in the acidity 
range examined, as evaluated from the rate constants obtained, 

' ~ u e n c h i n ~  of the isolated salt of 2d in weakly acidic solutions 
revealed that ( I )  the initial absorbances at 304 nm in 1.2-2.4 M HC104 
correspond to 100% formation of Id,  and (2) the absorbance in HCI 
solutions decreases with decreasing concentration of acid below 1 M, 
limiting absorbance showing about 65% formation of Id. The limiting 
value should reflect the partitioning ratio k-l/k2 but the value was 
somewhat too high as compared with that calculated from the rate 
constants. Insufficient mixing may in part be responsible for this dis- 
crepancy. 
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TABLE 4. Buffer effects in the reaction of 1 at 25°C 

Buffer pHa Kapp, Mb lo4kmax, S K I  kz/k-lc 

Chloroacetate 
Methoxyacetate 
Methoxyacetate 
Formate 

Methoxy acetate 
Formate 

Chloroacetate 
Methoxyacetate 

1.25 
1.34 
1.27 
1.44 

Average 1.33 

0.661 
0.689 

Average 0.675 

1.03 
1.01 

Average 1.02 

"Constant within f 0.01. 
*Standard deviations are given in parentheses 
'k2/k-2 = Ak,,,ax/kH-[H+]. 

TABLE 5. Kinetic parameters for the reaction of 1  at 25°C 

Parameter 1  an l b  l c  Id Origin of the values 

k H + / ~ - '  S-I 130 3.93 
b/k-I 7.24 1.33 
PKR 0.25 -0.60 
PKT~ -4.6 -3.52 
kl/M-' S K I  148 6.90 
k-l Is-' 2.9 24 
k2/s-' 21 32 
k - 2 / ~ - 1  s-' 39' 62d 
k3/s-' k, 0.28 0.18 

10-"kb 1.4 1.8 
K~/M- '  51 0.29 
K2/M 0.54 0.52 
1 / ~ l ~ z f  0.036 6.63 
AGl /kcal mol-'g 2.0 -1.1 

Taken from ref. 1. 
%or the equilibrium between 2 and 4. 
"Determined from the biphasic kinetics. 
*Calculated from k2 and K2. 

text for the estimation. 
/Ratio of the equilibrium concentrations, [1]/[3]. 
#Free energy change on going from 3 to 1. 

kobsd at high pH 
Buffer dependence 
Initial absorbance 
Ultimate absorbance 
Footnotes c, d ,  e 
K1 or k2/k-1 
k ~ / k - ~  or K2 
Eq. [4] and k2/k-1 

Eqs. [9] and [lo] 

the limiting absorbances no doubt correspond to the equilibrium 
concentrations of 1. The results indicate that 1 is much more 
stable than 3 .  The first step mainly contributes to the observed 
equilibrium. This must be responsible for the more negative 
pKR values obtained as compared with that of l a ,  which comes 
mainly from the second step ( 1 ) .  

We have to mention here that the conventional uv analyses of 
the initial absorbances successfully gave the equilibrium values 
in the present cases although the same analysis of the parent 
substrate l a  was unsuccessful, probably owing to some mixing 
problems (1). The present equilibrium reflects the first step and 
the very rapid equilibration may adjust the initial failure by 
insufficient mixing, if any, before any measurable decay of 3 
takes place. By contrast, the second step is mostly responsible 
for the equilibrium l a  2a 3a and the ensuing reaction of 
3a may occur appreciably before initial mixing errors are 

corrected. This would have resulted in the poor reproducibility 
of the experiments with l a .  

The relative concentrations [ 1 ] / [ 3 ]  in equilibrium should be 
equal to 1 /K1K2.  In the case of l b ,  K1 = 0.29 and K2 = 0.52 
can be calculated from the observed values, 1/K1K2 = 
86.9113.1 = 6.63 and KR = 3.98. Since we also know values 
of kl and k2/k4, all rate constants for the first two steps can be 
evaluated as listed in Table 5. For l c  and I d ,  however, KR = 
1 / K 1  and we cannot evaluate reasonably the values of K*. We 
now know k-Z values for 2a,  2b,  and unsubstituted 1,3-dithio- 
lanylium ion and the 2-tert-butyl derivative (9), and they 
correlated well with the u* substituent constants (10) as shown 
in Fig. 3 (p* = -2.0). From this correlation, k-2 for 2c and 2d 
are estimated to be 100 and 15 M-' s-I , respectively. However, 
this correlation could be fortuitous, because it may not be well 
rationalized that the effects of alkyl substitution in the carbocation- 
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FIG. 3. Correlation of log k-z with u* of the 2-alkyl substituents of 
2-hydroxy-l,3-dithiolane. Crosses indicate the estimated values. 

forming reaction conform to the a* constants, which refer 
mainly to the inductive effects. This reaction must be accelerated 
by the steric strain, which is relieved on going from the 
tetrahedral intermediate 3 to the planar cation 2. The observed 
rate may be a compromise of the steric and electronic effects, 
and the a+ constants happen to be a good measure of the 
reactivity. Rate constants for another related reaction (eq. [8]) 
were determined before (4). 

The rate constants kH+ (in M-' s - I )  obtained at 30°C are: R = 
CH3, 6.0 X lop3; C2H5, 1.8 x lop2; (CH3)2CH, 0.14; 
C6H5CH2, 2.1 X With these limited number of data, the 
linear free-energy relationship between kH+ and k2 gives 140 
and 25 M-' s-' for k-2 of 2c and 2d, respectively. From these 
estimations, k-2 values for 2c and 2d of 120 and 20 M-' s-' are 
used for the evaluation of other rate and equilibrium constants, 
as summarized in Table 5. 

Decay of tetrahedral intermediate 
Having K1 and K2 values at hand, we can calculate the 

fraction of tetrahedral intermediate 3 and the rate constant k3 for 
its decay by eq. [91. 

The k3 values calculated in this way are logarithmically plotted 
against pH or the Hs acidity function6 in Fig. 4. The profiles 
show that the k3 process is catalyzed by both acid and base 
(eq. [loll. 

Probable values of k, and kb are given in Table 5. 

FIG. 4. Acidity - log k3 correlations for the decay of the tetrahedral 
intermediates 3b (a), 3c (a), and 3d (0). Solid curves are calculated 
with the rate constants given in Table 5. Straight lines indicate rates of 
the reversion from 3 to 2 (k2[H+]). 

The acid-catalyzed reaction conforms to the Hs  acidity 
function defined for sulfur protonation. This may be rational- 
ized by a mechanism presented in eq. [ l  11. The rate-dete-g 
step would be opening of the ring. Kinetic solvent isotope 
effects were found to be very small at 0.1-1.0 M HC1 (DCI), 
where the reactions involved are the pre-equilibrium formation 
of 3 and the acid-catalyzed decay of 3. The observed isotope 
effects are not inconsistent with this mechanism (1). 

?he Hs acidity function is defined by Hs = 1 .3Ho + 0.3 (log [H+]) 
for sulfur protonation (1, 9). 
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The values of kb obtained here may be those when the 
deprotonation of 3 is a rapid equilibrium, although the proton 
transfer step was found to be involved in the rate-determining 
step of the base-catalyzed decay of 3 at higher pH when R = 
tert-butyl (9). We could not examine the present reaction at 
higher pH. The rate constants k, and kb are not much influenced 
by the substituent. This is understandable because the reaction 
center is remote from the substituent. 

Isotope exchange 
The nmr spectra of the extracted mixtures from the reaction of 

l b  and I d  in acidic acetonitrile-DzO solutions showed that 
extensive loss of the P-hydrogen occurred before the hydrolysis 
proceeded. The loss is due to the isotope exchange with solvent 
deuterium. The doublet for the methyl group of 1 b changed to a 
poorly separated triplet (coupled with the deuterium) as the 
quartet for the P-hydrogen disappeared. Quantitative evaluation 
of the rate constant k,, for the isotope exchange of 1 din 80 vol% 
CH3CN-D20 showed that the exchange is much faster than the 
hydrolysis (lo3- and 60-fold at 0.1 and 0.002M of DC1, 
respectively), as seen from the data of Table 3. This is consistent 
with the mechanism involving the pre-equilibrium steps and the 
conclusion that the pre-equilibrium is more complete at higher 
acidities. With the acyclic analogue PhCH=C(SMe),, the 
exchange was only 3-fold as rapid as the hydrolysis under 
similar conditions, although the kinetic reversibility of the 
protonation in terms of k2/kPl (0.36) was greater in mostly 
aqueous solutions (2). The isotope exchange of I d  occurs 
largely through revergon from the tetrahedral intermediate 3, 
while that of the acyclic analogue takes place from the 
carbocation intermediate (eqs . [ 121 and [ 131). 

D20 phCHDf] + products ,121 H(D) ph~:]e DO S 

Df SMe 

SMe 

Stability and reactivity 
The equilibrium constants K1 for protonation of the double 

bond refer to carbon basicity. Similar determinations of which 
we are aware are those with 1,l-diarylethylenes (6, 11) and 
enarnines of propiophenone (12). The most basic is the enarnine 
(log K1 = 10) (12). The dithioolefins (log K1 = 1.7 to -2.9 for 
la-16) are more basic than diaxylethylenes (log K1 = -4.4 for 
@-CH30C6H4)2C=CH2 and - 9.4 for (C6H5)2C=CH2) (6). 

The equilibrium constants K2 for hydration of the 2-alkyl- 1,3- 
dithiolanylium ions 2 are only slightly influenced by the change 
in alkyl structure. The stability of 2 (relative to 3) increases in 
the order R = C6H5CH2 < CH3 -- C2H5 < (CH3)&H < 
(CH3)3C (9). This order is opposite to the electron-donating 
ability of the alkyl group to the cationic center as deduced from, 
e.g., the a; substituent constants. The steric strain in the 
tetrahedral form 3 is larger than that in the planar form 2 and this 
may contribute to the apparent stability of 2. If we examine the 
rate constants k2 and kP2, the alkyl structure greatly influences 
k-2 but k2 only slightly. The transition state for the second step 
may be closer to the state of the cationic intermediate 2. A 
similar trend is also seen for the first step by comparing the 
magnitudes of kl and k-l; the transition state for this step may 
also be close to the state of 2. 

Stability of the olefinic substrate 1 relative to the tetrahedral 

intermediate 3 is given by 1 /KlKz as listed in Table 5. These 
values can be transformed to free energy differences AGl 
between 1 and 3 (Table 5). The unsubstituted l a  is less stable 
than 3a by 2 kcal/mol but the P-substituted derivatives 1 are a 
few kcal/mol more stable than the corresponding 3. The P 
substitution would not affect appreciably the total energy of 
saturated compounds 3 but stabilizes the olefinic linkage of 1. 
That is, the methyl, dimethyl, and phenyl groups stabilized the 
double bond by 3.1,5.7, and 5.0 kcal/mol, respectively. These 
amounts of stabilization (in free energy) are close to those found 
in allcene stabilization (in enthalpy terms) (1 3, 14). 

Effects of monomethyl and phenyl substitutions on the 
reactivity of l a  in protonation (kl) are similar to those observed 
with the acyclic analogue CH2=C(SCH3)2 (2-4), vinyl ethers 
(15- 18), and vinyl sulfides (1 9). A second methyl group of l c  
reduces the reactivity of 1 b by nearly the same factor as the first 
( la l lb) ,  as shown below. 

=(I +:I H:I 
1 : 1/21 : 11400 

By contrast, a large reduction in the reactivity of the acyclic 
derivative was previously observed by dimethyl substitution (4). 
This was ascribed to a steric factor (4), but we suspected that a 
change in rate-determining step had been overlooked. Reexami- 
nation revealed, however, that the rates of hydrolysis of 
dimethylketene dimethyldithioacetal in 1 M and 0.1 M HC1 
nearly coincide with the extrapolation of those obtained in 
strong acid, and deuterium kinetic solvent isotope effects are 
normal (kH20/kD20 = 2.7-3.0). That is, the largely reduced 
reactivity of the dimethyl derivative in protonation is real, and 
some steric factor that cannot operate in the dithiolane system 
should be the cause for this reduction in the acyclic system. 

Summary 
The carbon protonation of the P-substituted 2-methylene-1,3- 

dithiolanes was found to be completely reversible at higher 
acidities but only partially reversible at lower acidities during 
the hydrolysis. This is rationalized by the change in the 
rate-determining step and the stability of the olefinic substrates. 

Experimental 
Materials 

2-Ethylidene- (lb), 2-isopropylidene- (lc), and 2-benzylidene-1,3- 
dithiolane (Id) were obtained by deprotonation of the corresponding 
dithiolanylium perchlorates 2, which were prepared from the reaction 
of the acyl chlorides with 1,2-ethanedithiol in the presence of 
perchloric acid as described elsewhere (20). 

Equilibrium measurements 
Initial (A? and equilibrium absorbances (Am) of the substrates in 

acid were measured on a Shimadzu UV-200 spectrophotometer at 25.0 
* O.l°C. A sample of 30 pL of a stock solution of the substrate in 
acetonitrile was introduced from a microsyringe into 3.0 mL of acid 
solution, which was thermally equilibrated in a quartz cuvette, and 
time-dependent absorbance change was recorded. The absorbance was 
extrapolated to the time of mixing by a pseudo-first-order plot to obtain 
A', and Am was read after 6 half-lives. The absorbances were plotted 
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against the Hc or HR acidity function i6,8) and pKR was calculated by 
linear least-squares treatment according to the literature (21). 

Kinetic measurements 
Kinetic measurements were ma& in the same way as before (1). 

Reactions were carried out in aqueous solutions containing 0.5-1.0 
vol% of CH3CN at 25.0 * O.l°C and the ionic strength of the solutions 
of low acidity was maintained at 0.50 M by adding KCI. Reactions 
were followed spectrophotometrically on a Shimadu UV-200 or 
UV-140 spectrophotometer. The values of pH were determined with a 
Hitachi-Horiba F-7 pH meter. 

Product analysis 
In a 0.1 M HCl solution in 80 vol% CH3CN-H20 (20-30 mL) was 

dissolved 50 mg of the substrate 1 and the solution was kept at 25OC for 
about 5 half-lives. The products were taken up in ether after quenching 
with 10% NaHC03, washed with saturated NaCl, and dried over 
MgS04. The ether was removed under reduced pressure and the 
residues were subjected to nmr analysis by a JNM-C-60HL spectrometer. 
The spectra were consistent with the thiolester structure 4; nrnr (CC14) 
k 4b, 1.17 (t, 3H), 1.47 (t, lH), 2.2-3.2 (m, 6H including q at 
2.54 ppm); 4d, 1.42 (t, IH), 2.3-3.4 (m, 4H), 3.70 (s, 2H), 7.2 (br s, 
5H). 

Isotope exchange 
Reactions were carried out in 80 vol% CH3CN-D20 containing 

DC1. The DCI solutions were prepared by bringing 20 parts by volume 
of an appropriate DCl solution in D20 (Merck, 99.75%) to 100 parts 
with dry acetonitrile in a volumetric flask. In a typical reaction, about 
150mg of l b  or I d  was dissolved in 100 mL of the DCI solution 
equilibrated thermally at 25OC. The mixture was shaken and left 
standing at 25OC. After appropriate reaction time, a 25-mL aliquot of 
the mixture was taken by a syringe, quenched with 10% NaHC03, 
extracted with ether, washed with saturated NaCl, and dried over 
MgS04. The ether was removed under vacuum and the residues 
dissolved in CC4 were subjected to nmr analysis. During the reaction 
of l b  in 0.1 M DCl, the quartet due to the P-hydrogen (5.4 ppm) was 
mostly (ca. 80%) lost in 10 min and the doublet due to the methyl group 
(1.7 ppm) changed to a broad singlet (or a poorly separated triplet). A 
similar change was also observed at 0.002 M of DC1. In the case of Id,  
the intensity of the singlet at 6.5 ppm (P-hydrogen) was quantitatively 
evaluated in reference to that of the phenyl group. The rate of isotope 
exchange was calculated from the first-order plots of the intensity (Fig. 
3). Kinetic analysis of the hydrolysis in this medium as well as in the 
corresponding HCl solution was also undertaken by uv spectrophotom- 
etry in the same way as above. 
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ADEL M. A. ABU-NAMOUS, JOHN H. RIDD, and JOHN P. B. SANDALL. Can. J. Chem. 64, 1124 (1986). 
The acid-catalysed rearrangements of 2,6-dichloro-N-nitroaniline and 2,6-dibromo-N-nitroaniline to give the corresponding 

4-nitro derivatives have been followed by 'H and ' 5 ~  nrnr spectroscopy in deuteriochloroform at 30°C. When '5~02-labelled 
nitramines are used, the 1 5 ~  nmr signals for both the substrate and product show enhanced absorption during reaction. When one 
labelled nitramine and one unlabelled nitramine are rearranged together, isotopic exchange occurs and I5N nmr signals are seen 
for both substrates and both products. For the initially unlabelled nitramine and its product, these signals are in emission. The 
change in the enhancement of the signals during reaction shows that the nuclear polarization arises from the rearrangement, not 
from a preliminary equilibrium. 

ADEL M. A. ABU-NAMOUS, JOHN H. RIDD et JOHN P. B. SANDALL. Can. J. Chem. 64, 1124 (1986). 
Ogrant  B 30°C, dans des solutions de deutCrochloroforme et faisant appel B la rmn du 'H et du 15N, on a pu suivre I'kolution 

des transpositions acido-catalysCes des dichloro-2,6 et dibromo-2,6 N-nitroanilines en d6rivCs nitro-4 correspondants. 
Lorsqu'on utilise des nitramines marquees avec des 15N02 et que I'on suit I'Cvolution de la kaction par nnn du 1 5 ~ ,  on observe 
une augmentation de ]'absorption tant pour le substrat que pour le produit. Quand on effectue une transposition entre une 
nitramine marquCe et une autre qui ne l'est pas, il se produit des Cchanges isotopiques et les signaux de la nnn du I5N sont 
observks tant dans les substrats que dans les produits. Pour la nitramine qui n'Ctait initialement pas marquke, ces signaux 
correspondent B des &missions. Les changements qui se manifestent par une augmentation des signaux au cours de la rkaction 
indiquent que la polarisation nuclCaire provient de la transposition et non pas d'un Cquilibre priliminaire. 

[Traduit par la revue] 

Introduction 
Although a number of mechanisms have been put forward for 

the nitramine rearrangement (I), that most generally accepted, 
at least for nitramines from the more basic amines, is the radical 
pair interpretation first put forward by W. N. White et al. 
(2). On this interpretation the protonated nitramine undergoes 
ilomolysis to form the cation radical of the amine and nitrogen 
dioxide. One weakness of this mechanism is the lack of direct 
evidence for the intermediate radicals (3) and a related problem 
is the ill-defined borderline between the radical mechanism and 
the heterolytic processes expected for the rearrangement of 
nitramines containing strongly electron-withdrawing groups 
(1). . . 

In our preliminary communication on this work (4), we 
showed that the rearrangement of '5~02-labelled 2,6-dibromo- 
N-nitroaniline gave strongly enhanced I5N nmr signals during 
reaction for both the substrate and the 4-nitro product. This 
evidence for nuclear polarization shows that a radical pair is 
involved in some way in the reaction. However, since strong 
nuclear polarization was present in both the substrate and the 
product, it was recognised that this work did not provide 
unambiguous evidence for the radical pair interpretation of 
the rearrangement. The nuclear polarization could have been 
generated by a preliminary equilibrium involving the nitramine 
and then carried over into the product by a non-radical process. 
This complication has been rendered less likely by the recent 
work of Shine et al. ( 9 ,  for these authors have used heavy 
element isotope effects to show that the rearrangement is not a 

' ~u tho r  to whom correspondence may be addressed. 

concerted process. The present work was carried out to provide 
more direct evidence for the involvement of radical pairs in the 
rearrangement reaction. 
2,6-Dibromo-N-nitroaniline and 2,6-dichloro-N-nitroaniline 

were chosen as the substrates partly because of the ease with 
which these compounds can be prepared from nitric acid (the 
source of the isotopic label) and partly because of the relative 
cleanliness of the corresponding rearrangements. The early 
work of Orton and Pearson (6) has, however, shown that the 
rearrangement of the bromo compound is accompanied by the 
formation of some 2,4-dibromo-6-nitroaniline. 

Results 
For this work, it was necessary to obtain conditions in which a 

relatively high concentration of the nitrarnine would rearrange 
smoothly in solution with a half-life of ca. 10 min. The 
conditions chosen involved reaction in deuteriochloroform at 
30°C with trifluoroacetic acid as the catalyst. The reaction 
was studied first by 'H nmr spectroscopy with nitromesitylene 
present as an inert standard. 

The spectrum of 2,6-dibromo-N-nitroaniline in deuterio- 
chloroform is as expected (6: 7.19(t, 4-H, J = 8.14), 7.65(d, 3, 
5-H), 9.62(s, N-H)). As reaction proceeds, the signal for the 
product appears at 6 8.34. The progress of the reaction was 
followed from the height of this peak and from the larger of the 
two peaks for the reactant at 6 7.65, both measured relative to 
the height of the peak for nitromesitylene (6 6.92). A similar 
procedure was used for following the rearrangement of 2,6- 
dichloro-N-nitroaniline. In this compound, the aromatic pro- 
tons give rise to a multiplet (6: 7.44(m, 3, 4, 5-H), 9.44(s, 
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P 

FIG. 1 .  The 'H and ' 5 ~  nrnr spectra for the rearrangement of 2,6-dichloro-N-nitroaniline at tlmin = 0,  5, and infinity. Conditions: 'H spectra 
from run 2, Table 1; 15N spectra from the run with R = C1 in Table 2. Lettering: n, nitramine; s ,  standard; p, 4-nitro product. The main unlabelled 
signal in the last 'H nrnr spectrum comes from the protons in the solvent. 

TABLE 1.  First-order rate coefficients (kN , kp)' 
for the acid-catalysed rearrangement of the nitra- 
mines 2,6-R2C6H3NHN02 (R = Br, C1) in deuterie 
chloroform at 30°C. [Nitramine] = 0.05 mol kg-'; 
[CF3C02D] = 0.79 mol kg-'; [CF3C02H] = 

0.85 mol kg-' 

R 104kN (s-') 1o4kP (s-') 

C1 8.9b 1 0 . 3 ~  
C1 9.1' 14.2' 
C1 6.1 bsd 7.4b3d 
C1 7.0'9~ 8 . 1 ' ~ ~  
Br 5.1' 6.4' 
Br 3.6b,d 4.4b.d 
Br 3 . 4 ' ~ ~  5.2C,d 

"Calculated from the 'H nmr peaks for the nitramine 
(N) or the product (P). 

*Using CF3COzD. 
'Using CF3COzH. 
dFrom a kinetic run involving the simultaneous rear- 

rangement of both nitrarnines. 

N-H), and the product signal is at 6 8.15. The dichloro 
compound gave reasonable first-order kinetics when followed 
from either the disappearance of the starting material or the 
appearance of the products: the conditions of the reactions and 
the rate coefficients obtained are shown in Table 1. The spectra 
for the rearrangement of the dichloro compound in the first 
series of Fig. 1 show the separation of the peaks and the 
cleanliness of the overall reaction. Some very small additional 
peaks can be seen in the final spectrum coming from the 
by-products formed. The results with the dibromo compound 
were less reproducible (see Discussion). 

The runs with the "NO;?-nitramines were carried out in a 
similar way and were followed by "N nmr spectroscopy using 
15N-nitrobenzene as an internal standard. For the dibromo 
compounds, the nitramine signal was 24.7 ppm to high field of 
the standard and the product signal was 5.1 ppm to high field of 
the standard. For the dichloro compounds, the corresponding 
values are 24.2 and 4.7. These slight differences in the positions 
of absorption of the dibromo and dichloro compounds made 
possible the observation of crossover experiments. 

The changes in the heights of these nmr signals for the 
separate rearrangement of the two nitramines are shown in 
Table 2. It is immediately obvious that the intensity of the 
signals depends more on the nuclear polarization present than on 
the concentrations of the species concerned. Thus, the intensity 
of the peak for the nitramines rises over the first five minutes of 
reaction and remains above the initial intensity over almost all of 
the period studied (several half-lives). The intensity of the peak 
for the product also rises rapidly over the first five minutes 
and then decreases more slowly. The form of these spectra is 
illustrated for the dichloro compound in the second series of 
Fig. 1. - 

Studies have also been carried out on the simultaneous 
rearrangement of the two nitramines in the same solution, but 
with only one of the nitramines labelled with "N. The dichloro 
and dibromo nitramines used here are very suitable for this kind 
of experiment since they rearrange at similar rates (Table 1). If 
no isotopic exchange occurs then, when the reaction mixture is 
studied by 15N nmr spectroscopy, only the rearrangement of the 
labelled nitramine should be seen. However, in these experi- 
ments, peaks were seen for both nitramines and both products. 
The peaks could be clearly distinguished since those for the 
initially unlabelled nitramine and the corresponding product 
were in emission. The heights of the peaks relative to the 
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TABLE 2. Relative peak heightsa for the nitramines 
(n, n') and the products (p, p') in the 15N nmr 
spectra during the rearrangement of the nitramines 
~ , ~ R ~ C & W ' ~ N O ~  (R = Br, C1) (0.05 mol kg-') 
i n ~ ~ ~ l ~ i n t h e ~ r e s e n c e o f  CF~CO~D (0.9 mol kgp1). 
Temperature = 30°C. The solutions also contained 

Ph15N02 (0.05 mol kg-') 

Time (min) n' P' n P 

"Obtained by dividing the peak heights by the peak 
height of the standard and adjusting the scale to bring the 
value for the substrate at the start of the reaction to unity. 

TABLE 3. Relative 15N nmr peak heightsa for nitramines 
(n, n') and products (p, p') during the concurrent 
rearrangement of 2,6-dibromo-N-nitroaniline and 2,6- 
dichloro-N-nitroaniline with only one of the substrates 
initially labelled with 15N in the nitro group. The concen- 
trations and conditions are as set out in Table 2. Negative 

values indicate an emission signal 

Bromo Chloro 
compound compound 

Time (min) n' P ' n P 

("N-Label in bromo compound) 

0 1 0 0 0 
2.5 2.9 4.8 -0.5 -2.5 
6.5 4.6 8.2 -1.2 -5.3 

10.5 4.2 7.5 -0.4 -4.1 
14.5 3.8 6.1 -0.3 -3.4 
18.5 3.5 5.5 -0.9 -3.1 
22.5 2.7 4.4 -0.5 -2.7 
26.5 3.1 4.4 -0.2 
30.0 1.2 4.0 -0.2 
34.5 1.5 2.9 -0.1 
38.5 1.7 2.8 

("N-Label in chloro compound) 

0 0 0 1 
2.5 -0.5 -2.3 2.7 
6.5 -1.9 -3.8 4.7 

10.5 -1.2 -3.3 4.2 
14.5 -0.8 -2.9 3.5 
18.5 -1.1 -2.5 3.1 
22.5 -0.5 -2.1 2.7 
26.5 -0.7 -1.7 2.3 
30.5 -0.5 -1.7 2.4 
34.5 -0.3 -1.5 2.1 
38.5 -0.3 -1.0 1.3 

FIG. 2. The 15N nmr spectra (t  = 6.5 min) during the simultaneous 
rearrangement of 2,6-dichloro- N-nitroaniline and 2,6-dibromo- N- 
nitroaniline under the conditions defined in Table 3: (a) with the label in 
the dichloro compound; (b) with the label in the dibromo compound. 
The lettering follows that in Fig. 1 with the dashed symbols (n', p') 
indicating the nitramine and product from the dibromo series. 

standard are listed in Table 3 and the form of the spectra is 
shown in Figure 2. 

Discussion 
The rearrangement will be discussed in terms of the radical 

pair mechanism originally proposed by White et al. (2) and 
shown in Scheme 1. The reverse reaction of the radical pair 
(1) to reform the nitramine has been added to the original 
mechanism to explain the polarization of the substrate observed 
in the present work. 

Side products 4-Nitro product 

SCHEME 1 

The present results provide support for this mechanism in 
several ways. First, the presence of nuclear polarization in the 
product of rearrangement is clear evidence for the involvement 
of radical pairs at some stage on the reaction path. If the radical 
pair is considered to be formed from the cation radical of the 
amine and nitrogen dioxide (as implied by the scheme), then 
Kaptein's rules (7) permit the phase of the polarization to be 
calculated from the sign of the difference between the g-values 
of the amine cation radicals (g > 2.00249) (8) and nitrogen 
dioxide (g = 2.0000) (9).2 The application of Kaptein's rules 
also requires the sign of the hyperfine coupling constant ( a d  for 
the nitrogen atom in nitrogen dioxide; this should be negative 
because of the negative magnetogyric ratio of the 1 5 ~  nucleus 
(10).The negative magnetogyric ratio also has the consequence 

'several values exist for this quantity; the reasons for selecting g = 
2.0000 are given in ref. 10. "See footnote a, Table 2. 
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Time / min 
FIG. 3. The variation in the enhancement of the 15N nmr &als 

during the rearrangement of 2,6-dichloro-N-nitroaniline: dots, nitra- 
mine; open circles, 4-nitro product. 

that an additional negative sign should be added to the normal 
equation expressing Kaptein's rule for net polarization (11). 
The rule then takes the form of eq. [I], where the sign of r is 
positive for absorption and negative for emission. The sign. of 
p is positive when the radical pair is formed by the diffusion 
together of the radicals and negative when the radicals are 
formed from a singlet precursor (e.g., by homolysis of the 
protonated nitramine). The sign of E is positive for cage 
products and negative for products formed from radicals that 
have escaped from the cage. 

When the signs appropriate for the present reaction are 
inserted in this equation, it is clear that the recombination 
of the radical pair within the cage either to reform the nitramine 
or to form the rearranged product should lead to enhanced 
absorption, as observed (Fig. 1). Most of the radicals that 
separate should eventually diffuse together to form the same 
products but some of the polarization of the free nitrogen 
dioxide radicals should be lost through nuclear relaxation; the 
overall polarization should therefore be that for the recombina- 
tion reaction within the cage. 

This picture of the reaction also accords with the polarization 
observed when one labelled nitramine and one unlabelled 
nitramine are rearranged together, for the signals for the initially 
unlabelled nitramine and the corresponding rearranged product 
appear in emission (Fig. 2 and Table 3). These signals derive 
from species that have undergone isotopic exchange and it is 
reasonable, therefore, that they should reflect the polarization 

, of the nitrogen dioxide molecules that have escaped from the 
original cage. This is of opposite phase to that of the cage 
products because the CIDNP (chemically induced dynamic 
nuclear polarization) effects derive from a degree of partition- 
ing of the nitrogen dioxide molecules according to the "N 
nuclear spin. 

The enhanced absorption signals observed in the rearrange- 

ment of a labelled substrate and the emission signals seen during 
the crossover experiments could also be explained by a reaction 
scheme in which the protonated nitramine dissociates reversibly 
to form the radical pair (1) but undergoes the nitramine 
rearrangement by a separate non-radical process. To eliminate 
this possibility, it is necessary to consider the relative polariza- 
tion of the nitramine and the rearranged product. From the 
magnitude of the 15N signals in Table 2 and the concentrations 
of the nitrarnine and rearranged product calculated from the rate 
coefficients in Table 1, it is possible to calculate the changes in 
the enhancement factor (F) of the 15N signals during reaction 
(see experimental section). Such enhancement factors are 
plotted for the rearrangement of the 2,6-dichloronitramine in 
Fig. 3; the results for the rearrangement of the 2,6-dibromoni- 
trarnine are very similar. The results show that, at the start of 
reaction, the enhancement factor for the product is much greater 
than that for the reactant; the greater part of the polarization of 
the product must therefore be generated in the rearrangement 
stage. 

There are several possible complications in the above 
argument that require consideration. One is the possibility that 
the 'H nrnr measurements are distorted by nuclear polarization 
and so do not provide a true measure of the extent of reaction. 
When Kaptein's rules (7) are applied to the 'H nmr spectra, the 
predicted result at the 3,5-position is emission, since calcula- 
tions3 suggest that the sign of the hyperfine coupling constant is 
positive at this position in the cation radical of dichloroaniline. 
A contribution from such nuclear polarization would therefore 
give an apparent increase in the rate of disappearance of the 
nitrarnine and a decrease in the rate of appearance of the 
rearranged product. The rate coefficients calculated from the 
heights of the peaks for the substrate and product are not 
identical (Table l) ,  but the discrepancy is in the opposite 
direction to that expected. However, in a number of runs, a 
curious variation exceeding the expected experimental error 
was observed in the height of the peaks for the dibromonitra- 
mine at the start of reaction; the above argument concerning 
the enhancement factors is therefore based on the results for 
dichloro compound (Fig. 3). 

The discrepancy in the values of kN and kp (Table 1 j could 
arise from the side reactions present. A concurrent first-order 
process would not interfere with the calculation of kp but the 
presence of any subsequent reaction would decrease the height 
of the signal for the product at the end of reaction and thus cause 
the extent of reaction at earlier times to be overestimated. In this 
connection, it is interesting that some deamination does appear 
to occur in the reaction (see experimental section). Fortunately, 
the difference between the enhancement factors for the nitra- 
mine and product (Fig. 3) is far too great for the conclusions to 
be affected by such small uncertainties in the rate coefficients. 

The relative enhancement factors for the nitramine and the 
rearranged product are also affected by the relaxation times of 
the 1 5 ~  nucleus in these compounds. The relaxation time of this 
nucleus in the N-"No~ position of the dichloronitramine has 
therefore been measured (152 s). The result is slightly less than 
that found for an aromatic c-15~02 group (170 s in nitroben- 
zene (12), 182 s for the 2-nitro group of 2,4-dinitrophenol(13)). 
This difference is insufficient to require any change in the above 
argument concerning the generation of the polarization in the 
rearrangement stage. 

3 ~ .  Courtneidge, personal communication of results of MNDO 
calculation. 
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Because of this similarity in the relaxation times, the greater 
polarization found for the product in the exchange experiments 
(Fig. 2) implies that the radical pairs (I), at least when formed 
by diffusion, react mainly at the 4-position rather than at the 
nitrogen atom. What happens when the radical pair is formed by 
the homolysis of the protonated nitramine is less clear because 
the extent of nuclear polarization depends on the lifetime of the 
radical pair. If the initial orientation of the radical pair favours 
rapid recombination at the nitrogen atom, the contribution of 
this to the nuclear polarization could be slight because of the 
short lifetime involved. For a more complete discussion of this, 
it would be necessary to distinguish between different types of 
radical pairs, including solvent-separated pairs (14). 

The extent of isotopic exchange during the concurrent 
rearrangements (Table 3) can be estimated from the relative 
heights of the 15N peaks for the two rearranged products at the 
end of reaction. The results are not very accurate because, in the 
absence of nuclear polarization, the signal-to-noise ratio is low. 
However, the extent of exchange is clearly very considerable, 
for the peak height of the product formed by exchange is 70% of 
that formed from the initially labelled substrate when the initial 
label is in the dichloronitrarnine. The corresponding figure is 
60% when the initial label is in the dibromo compound. These 
results accord with the extensive exchange observed by White 
and Golden (15) in the concurrent rearrangement of N-nitro- 
N-methylaniline and 4-fluoro-N-nitro(15N)-~-methylaniline. 
Thus, the complete set of results are in full agreement with the 
mechanism proposed by White (2) (with the addition of some 
return of the radical pairs to the nitramine). The generation 
of nuclear polarization in the rearrangement stage provides 
unequivocal evidence for the involvement of radical pairs in the 
rearrangement. 

Experimental 
Materials 

The nitramines were prepared by a modification of the method used 
by Orton and Smith (16) for the preparation of 2,6-dibromo-N-nitro- 
aniline. The modifications were to facilitate the preparation of the 
labelled compounds. Nitric acid (2.8 mL, 40%) was added to a solution 
of the amine (0.014 mol) in glacial acetic acid (31 mL) followed, after 
cooling to 12"C, by the addition of acetic anhydride (2.1 mL). The 
reaction mixture was maintained below 20°C for 9 min and then poured 
into ice-water (51 g). After extraction with CHC13 (100 mL) and 
washing with water (3 X 100mL), the chloroform solution was 
extracted with sodium carbonate (2 x 50 mL, 4%) and the extract was 
cautiously neutralized with hydrochloric acid. The precipitated nitra- 
mines were washed with water and dried under vacuum. 2,6-Dibromo- 
N-nitroaniline was formed in a yield of 7 1 % and had mp 107°C (lit. (16) 
mp 108°C). Anal. for C&fi202Br2: C 24.4, H 1.4, N 9.5; found: 
C 24.2, H 1.4, N 9.5. 2,6-Dichloro-N-nitroaniline was formed in a 
yield of 80% and had mp 94-95°C (lit. (17) mp 102-103"C(dec.)). 
Anal. f 0 r C ~ H f i ~ O ~ C 1 ~ :  C 34.8, H2.0, N 13.5;found: C 34.5, H 1.9, 
N 13.7. The 15N-labelled nitramines were prepared in the same way 
using nitric acid (95-99% 1 5 ~ ,  40%) from B.O.C. Prochem. The 
trifluoroacetic acid was prepared by the addition of D20 or HzO to 
trifluoroacetic anhydride and standardized by titration with sodium 
hydroxide. The CDC13 used in the kinetic studies was from Aldrich 
(Gold Label). 

Products 
The 'H nmr spectrum of the products of rearrangement of 2,6- 

dichloro-N-nitroaniline includes a number of small peaks with a total 
height of ca. 10% of the peak for the 4-nitro product (Fig. 1). The 
rearrangement of this nitramine (0.2828 g) followed by separation of 
the products by hplc gives 2,6-dichloro-4-nitroaniline (0.2135 g) 
together with other fractions (0.0336 g). The yield of the main product 

is therefore 86% of the isolated material or 75.5% overall. The other 
products have not been investigated in detail but an analysis by glc-ms 
indicated a complex mixture including some meta-dichlorobenzene 
and 3,s-dichloronitrobenzene. The results with the 2,6-dibromonitra- 
mine were very similar. Separation by hplc showed that the 4-nitro 
product was 89% of the isolated material. 

Kinetics 
The kinetic studies followed by 'H and "N nmr spectroscopy were 

carried out on a Varian XL-200 FT spectrometer; the measurement of 
the relaxation time was made on a Jeol FX 90Q FT spectrometer using 
the fast inversion recovery method (18). 

The nitramine or mixture of nitramines (usually 0.15 mmol) and 
an equivalent amount of the standard (nitromesitylene or I5~-nitro- 
benzene) were dissolved in CDC13 (usually 1 or 2 mL) and brought to 
the required temperature (usually 30°C). The nmr spectrum was 
measured and the reaction was started by the addition of CF3C02D or 
CF3C02H (usually 0.1 mL); nmr spectra were then taken every 2 or 
3 min for ca. 2 half-lives using 50 pulses, delay time 2 or 3 s. More acid 
was then added (0.1 mL) and the final spectrum was taken after ca. 10 
half-lives. 

For the runs followed by 'H nmr spectroscopy, the rate coefficients 
obtained from the concentration of the nitramine were calculated from a 
plot of In (h,/h,) against time, where h, and h, are the heights of the 
peaks for the aromatic protons in the nitramine and in nitromesitylene 
respectively (for the dibromo compound, the larger of the two peaks for 
the 3,s-protons was used). As expected, the height of the peak for 
nitromesitylene was almost constant throughout the run. 

The rate coefficients for the runs followed from the concentration of 
the rearranged product were calculated from a plot of In ((h,/h,),, , - 
(hp/hs),) against time, where h, is the height of the peak for the 
3,s-protons in the product. Ten points were usually taken over about 2 
half-lives but, in some runs, the first one or two points were neglected 
since these seemed subject to greater error. Regression coefficients 
were 0.99 + 0.01. 

The enhancement factors (F) for the nitramine plotted in Fig. 3 were 
calculated from eq. [2] and those for the product were calculated from 
eq. [31. 

In these equations, the heights (h,, h,, h,) refer to the peaks in the 
15N nmr spectra for the nitramine, product, and standard. The initial 
concentration of the nitramine is a and the concentration of the product 
(x) is calculated from the mean rate coefficient (k  = 9.6 X s-I) 
for the appropriate kineticrun. 
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WILLIAM J. LEIGH. Can. J. Chem. 64, 1130 (1986). 
The rates of triplet decay of a series of P-aryl-(4-alkoxypropiophenone)~ in the smectic, nematic, and isotropic phases of 

4'-butyl- and 4'-ethylbicyclohexyl-4-carbonitrile (BCCN and ECCN, respectively) have been measured over the 30-95°C 
temperature range by nanosecond laser flash photolysis. The rates of triplet decay for these probe molecules in fluid solution are 
governed by the rates of Ca-CP bond rotation, which allows intramolecular quenching of the carbonyl triplet state by the 
P-aryl ring. The ketones are substituted with alkyl groups of varying length, shape, and flexibility in the para positions of 
the P-phenyl (H, n-hexyl, cyclohexyl) and benzoyl (meth-, n-pent-, and n-octoxy) rings. With the exception of P-phenyl- 
(4-methoxypropiophenone), for each ketone the Arrhenius parameters for triplet decay in the smectic phase of BCCN are similar 
to those in the nematic phase of the same solvent, and in all cases, the Arrhenius plots exhibit perfect continuity at the S-N 
transition temperature. A solvation model is tentatively advanced to explain these results. In the nematic phase of BCCN, the 
Arrhenius activation energy and entropy are significantly more positive than those in isotropic ECCN for all the ketones studied, 
but variations in the energetics of triplet decay in the nematic phase as a function of solute structure are parallelled in the isotropic 
solvent. Thus, the inhibiting effect of the nematic solvent on the bond rotations leading to intramolecular triplet quenching in 
these probes is attributed to the predominant influence of microviscosity (viscous drag) effects; the presence of solvent 
orientational order appears to have little or no effect on the intramolecular mobility of these ketones. The results and conclusions 
of earlier studies of unirnolecular reactions in nematic solvents are discussed in light of these results. 

WILLIAM J. LEIGH. Can. J. Chem. 64, 1130 (1986). 
Faisant appel h la photolyse flash au laser dans le domaine des nanosecondes et op6ant a des tempkatures allant de 30 95"C, 

on a mesurk les taux de dkgknkrescence des triplets d'une skrie de P-aryl alkoxy-4 propiophknones dans des phases smectiques, 
nkmatiques et isotropes des butyl-4' et kthyl-4' bicyclohexylcarbonihiles-4 (BCCN et ECCN). Les taux de dkgknkrescence de 
ces molkcules sondes dans des solutions fluides sont gouvernkes par les vitesses de la rotation autour de la liaison Ca-CP qui 
permet un pikgeage intramolkculaire de l'ktat triplet du carbonyle par le cycle P-arylique. Les positions para des groupements 
phknyle (H, n-hexyle, cyclohexyle) ou benzoyle (mkthoxy, n-pentoxy ou n-octoxy) des cktones sont substituks par les 
groupements alkyles indiquCs qui ont diverses longueurs, formes et flexibilitks. A I'exception de la P-phknyl mkthoxy-4 
propiophknone, les paramttres d'ArrhCnius de chacune des cktones, pour la dCgknkrescence de l'ktat triplet dans la phase 
smectique du BCCN, sont les mEmes que ceux mesurks dans la phase nkmatique du m&me solvant; de plus, dans tous les cas, les 
courbes d'Arrhknius prksentent toutes une continuitk parfaite a la tempkrature de transition S-N. Sur une base prkliminaire, on 
suggtre un modtle de solvatation pour expliquer ces ksultats. Pour toutes les cktones ktudiks dans la phase nkmatique du 
BCCN, les knergies et les entropies d'activation d'Arrhknius sont toutes beaucoup plus positives que celles mesurkes dans la 
phase isotrope du ECCN; toutefois, les variations dans les facteurs knergktiques de la dkgknkrescence de l'ktat triplet dans la 
phase nkmatique, en fonction de la structure solutC, sont parralltlles a celles observkes dans le solvant isotrope. Ainsi, l'effet 
inhibiteur du solvant nkmatique sur les rotations des liaisons, qui conduit ?i un piCgeage intramolkculaire du triplet dans ces 
sondes, est attribuk l'effet prkdominant des effets de microviscositk (attraction visqueuse); l'influence de l'ordre orientationnel 
du solvant semble n'avoir que peu ou pas d'effet sur la mobilitk intramolkculaire de ces cktones. A la lumitre de ces rksultats, on 
discute des rksultats et des conclusions d'ktudes antkrieures sur des dactions unirnolkculaires dans des solvants nkmatiques. 

[Traduit par la revue] 

Introduction 
The effects of liquid crystalline order on the dynamics of uni- 

and bimolecular reactions of dissolved solutes is an area of 
increasing interest. Several investigations have examined the 
possible effects of these media on cyclization reactions, both 
thermally (2) and photochemically (3) induced. The premise 
behind these investigations is that the conformational mobility 
of a reactive molecule dissolved in an orientationally ordered 
solvent might be restricted in favour of those conformations 
which "fit" the best into the surrounding solvent framework. 
Nematic and smectic liquid crystals are formed by compounds 
whose molecular shape is rod-like,2 and the dominant feature of 
the ordering in these materials is that the long molecular axes of 

'~a tura l  Sciences and Engineering Research Council (Canada) 
University Research Fellow, 1983- 1986. 

2 ~ o r  comprehensive descriptions of the nature and properties of 
liquid crystals and leading references, see ref. 4. 

the constituent molecules are oriented parallel to one another, 
on the average. Thus, cyclization of a similarly oriented, 
rod-like solute molecule is expected to be inhibited in a liquid 
crystal, to the extent that extended or rod-like conformations are 
favoured over those which are more globular (or less rod-like) 
in shape, and that formation of the globular conformer and 
subsequent transition state for cyclization involves some local 
disruption of liquid crystalline order. 

With a couple of exceptions (2e, 3e, f) ,  the investigations 
reported to date have established only small or negligible effects 
of liquid crystalline solvents on the energetics of cyclization 
reactions. Several factors may be contributing to these results. 
The first (and most obvious) relates to the degree and rigidity of 
the orientational ordering in the various types of liquid crystals 
employed in these studies. Most have examined the effects of 
nematic or cholesteric liquid crystals on solute cyclization 
(2a-d, 3a-d). These are the most fluid types of liquid crystal- 
line phase, and their relatively low degree of orientational 
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ordering and rigidity is apparently insufficient to significantly 
inhibit the conformational mobility of solutes. On the other 
hand, the smectic types are more crystalline in character (4), 
with the result that substantial effects on cyclization energetics 
can be observed in these types of mesophase (2e, f ,  3e, f ). 

The second factor which presumably contributes to the ability 
of liquid crystals to affect solute cyclization is the structure 
of the solute itself (5). Bulky, globular solutes have a more 
disruptive effect on macroscopic liquid crystalline order (as 
measured by mesophase transition temperatures) than do rod- 
like solutes (2e, 3d, 5, 6), an effect which is presumably the 
result of microscopic (in the vicinity of the solute) disruption of 
solvent order (3e, 5). This local isotropization of the solute's 
environment effectively truncates the potential effects of the 
ordered solvent on the solute's conformational (3e) or configur- 
ational (5) mobility. Recent results from our laboratory suggest 
that for smectic phases, the molecular length of the solute in 
relation to the smectic layer thickness may be an important 
factor in determining the extent to which solvent order inhibits 
the conformational mobility of the solute (7). In general, it 
appears that liquid crystalline effects on solute intramolecular 
motions are greatest for solutes whose sizes and shapes are 
similar to that of the solvent molecules (3 c- f , 7). 

While it is clear that solute mobility can be affected to some 
extent in nematic and cholesteric liquid crystals, it is difficult to 
ascertain the nature of the effect. Considering the rather high 
bulk viscosities of these mesophases (8), the magnitude of the 
effect which is generally observed (<3 kcal/mol in E,; <5 eu 
in AS*) might just as reasonably be attributed to microviscosity 
(viscous drag) effects as to the presence of solvent order. In 
principle, a distinction between the two effects should be 
possible by comparing the conformational mobilities of a series 
of probes of varying molecular lengths in isotropic and liquid 
crystalline solvents. For a suitable series of probes, micro- 
viscosity effects should be revealed by parallel behaviour of the 
probes in the two solvents, while solvent order effects should 
be revealed by varying changes in probe dynamics in the two 
solvents depending on the structures of the probes. 

A number of techniques have been used to investigate solute ' 

molecular mobility in liquid crystals, including nmr (9), esr 
(lo), fluorescence decay (3c-e, 1 l ) ,  and nanosecond laser 
flash photolysis (3 f ,  7) methods. In particular, the latter two 
techniques are the most useful for investigating intramolecular 
solute motions, since such motions can be monitored directly by 
examining the dynamics of intramolecular excited state quench- 
ing processes, such as intramolecular excimer or exciplex 
formation (3c-e) or triplet quenching (7). These experiments 
involve measuring the competition between normal, unimole- 
cular decay of the initially excited end of a probe molecule and 
its quenching by a moiety at the other end. As long as the 
quenching step occurs irreversibly, and at a rate which exceeds 
both those of collapse of the quenching geometry prior to 
quenching and the competing unimolecular decay process, then 
the observed rate of excited state decay reflects the rate(s) 
of the conformational changes which are required in order for 
quenching to occur. 

The time scale over which a particular probe system is useful 
depends primarily on the excited state lifetime of the isolated 
chromophore in the absence of quencher. For fluorescence 
decay methods, this limits the usable time range to 1-250 ns. 
While this appears to be adequate for nematic and cholesteric 
phases, difficulties arise in smectic solvents, where bond 
rotations occur on a time scale which is apparently of the 

same order of magnitude (or perhaps longer) than the isolated 
lumophoric lifetime (3e). Nanosecond laser flash photolysis 
techniques allow the investigation of intrinsically longer-lived 
species, such as aromatic ketone triplet states, which affords 
more flexibility for monitoring the much slower rates of 
intramolecular quenching which may obtain in smectic phases. 

Recently, we reported preliminary results of a nanosecond 
laser flash photolysis study of the effects of nematic and smectic 
solvent order on the triplet lifetime of P-phenyl-(4-methoxy- 
propiophenone) ( la)  (7). P-Phenyl ketones such as l a  owe their 
photoinertness (12, 13) and unusually short triplet lifetimes 
(13, 14) to intramolecular quenching of the carbonyl triplet state 
via exciplex interactions between the P-phenyl ring and the 
carbonyl group (reaction [I]) (1 3- 15). 

Attainment of the quenching geometry, which requires rotation 
about the Ca-CP bond (13-17), is severely inhibited in the 
smectic phase of trans,trans-4'-butylbicyclohe~yl-4-carboni- 
trile (BCCN); the activation energy and entropy for triplet decay 
of l a  are 12 kcal/mol higher and 35 eu more positive, respec- 
tively, relative to their values in a model isotropic solvent 
(trans,trans-4'-ethylbicyclohexyl-4-carbe, ECCN). In the 
nematic phase of BCCN, E ,  and AS* were found to be 
1.5 kcal/mol and 4 eu more positive, respectively, than their 
values in isotropic ECCN. 

BCCN 

ECCN 

The similarity between the molecular shapes of l a  (in its 
trans-conformation) and BCCN-type analogues, and the ease 
with which solute structural features can be altered via appropri- 
ate substitution, make this system a seemingly ideal probe with 
which to examine how the conformational mobility of solutes in 
liquid crystals depends on solute length and substituent shape 
and flexibility. To this end, we have synthesized a series of 
P-aryl-(4-alkoxypropiophenone)~ (1-3) and measured their 
triplet lifetimes as a function of temperature in the smectic, 
nematic, and isotropic phases of BCCN and ECCN by nano- 
second laser flash photolysis. The results of this study are 
reported below. 

Results 
The substituted P-phenylpropiophenones (1-3) were pre- 

pared by condensation of 4-hydroxy- or 4-methoxyacetophe- 
none with the appropriate para-substituted benzaldehyde (18), 
hydrogenation of the resulting a$-unsaturated ketones over 
Raney nickel, and alkylation of the P-aryl-(4-hydroxypropio- 
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phenone) with the appropriate alkyl bromide or dialkyl sulfate. 
The ultraviolet absorption and phosphorescence emission spec- 
tra of each of these compounds are similar to those of the parent 
compound l a .  

Transition temperatures for BCCN, ECCN, and mixtures ca. 
0.04 molal (1 mol%) in each of the ketones studied were 
measured by thermal microscopy and are listed in Table 1. 

The ultraviolet absorption spectra of la  in methylcyclo- 
hexane, acetonitrile, and isotropic BCCN are shown in Fig. 1. 
The spectra of this compound as non-oriented solutions in the 
nematic and smectic phases of BCCN (prepared by simple 
cooling of the isotropic melt) were indistinguishable from that in 
the isokovic vhase.- 

Laser ia~h '~hoto1~s is  experiments were carried out using the 
pulses (337.1 nm, <10 mJ, -8 ns) from a nitrogen laser for 
excitation, and monitoring transient absorptions using a system 
with nanosecond time response (19). Samples for these experi- 
ments were - 1.0 mol% solutions of the ketones in BCCN and 
ECCN, and were contained in Pyrex cells of 0.7 mrn pathlength. 
Optical densities of the isotropic solutions were in the range 
of 0.15-0.20 at the excitation wavelength. Liquid crystalline 
samples were prepared by normal cooling from the isotropic 
melts. ~mectic  samples prepared in this-way were typically 
somewhat opaque and caused considerable scattering of the 
monitoring light, which necessitated more extensive signal 
averaging (compared to nematic and isotropic samples) in order 
to obtain reproducible decay traces. Annealing these samples at 
40°C for 2-7 days results in homeotropically aligned samples, 
which are much more suitable for transient absorution measure- 
ments within a limited temperature range (40 1 6°C). Above 
and below this temperature range, the glassy samples develop 
imperfections and turn opaque. Triplet lifetimes from annealed 
samples were identical to those obtained from unannealed ones, 
within experimental error. The former yield pseudoisotropic 
nematic phases upon warming; the characteristic turbid appear- 
ance of the nematic phase could be obtained by simple agitation 
of the sample cell. 

Transient absorption spectra, recorded for l b  and 3a  in the 
nematic phase of BCCN (-60°C), are shown in Fig. 2. These 

TABLE 1. Transition temperatures for pure BCCN and ECCN and 
mixtures doped with 1 mol% 1-3 and MAPa 

BCCN ECCN 

Ketone Sm-N N-I Sm-N N-I 

None 
1 a 
l b  
1 c 
2 
3a 
36 
3c 

MAP 

aMeasured by thermal microscopy. Temperatures are in "C and are corrected. 

FIG. 1. Ultraviolet absorption spectra of l a  in methylcyclohexane 
(---), acetonitrile (. . .), and the isotropic phase of BCCN (-). 

spectra, as well as those of the other ketones studied ( l a ,  c, 2, 
and 3b, c) agree well with that previously reported for the triplet 
state of l a  (17a, 20). 

The triplet states of 1-3, monitored at 390 nm, decayed with 
clean first-order kinetics in every case. Representative decay 
traces, recorded for l b  and 3a in nematic BCCN (60°C), are 
included as inserts in Fig. 2. Generally, the transient absorp- 
tions decayed completely to baseline, although residual absorp- 
tion did occur occasionally in the smectic phases. These 
absorptions were irreproducible and resulted in slightly larger 
errors in the calculated decay rates. 

For each ketone, the triplet decay was monitored at several 
temperatures between 30 and 95°C in both BCCN and ECCN. 
Arrhenius plots of -log TT versus 1/T in the two solvents are 
shown in Figs. 3 and 4 for l c  and 3a,  respectively. With the 
exception of l a  in BCCN (7), and possibly 3c in the same 
solvent, the data appear to fit to a single line in each case. 
Arrhenius parameters for triplet decay in the nematic and 
smectic phases of BCCN and the isotropic phase of ECCN, 
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LEIGH 1133 

FIG. 2. Triplet-triplet absorption spectra of (a) l b  and (b) 3a in 
nematic BCCN, recorded at 58OC. Inserts: Representative decay traces, 
monitored at 390 nm for (a) l b  at 57OC and (b) 3a at 61°C. 

FIG. 3. Arrhenius plot (-log TT VS. 1/T) for triplet decay of l c ,  
monitored at 390 nm, in the nematic and smectic phases of BCCN ( 0 )  
and the isotropic and smectic phases of ECCN (W). Open symbols 
denote smectic phase, half-symbols denote nematic phase, and closed 
symbols denote isotropic phase results. Transition temperatures for the 
mixtures are indicated. 

obtained from least squares analysis of the data for each ketone, 
are summarized in Table 2. Entropies of activation, AS*, were 
obtained from standard Eyring plots of the same data. The errors 
listed in Table 2 for E,, log A, and AS* are listed as +2u 
(i.e. 95% confidence limits), as obtained from the least squares 
analyses. Table 2 also includes triplet lifetimes for each ketone 

FIG. 4. Arrhenius plot (-log TT VS. 1/T) for triplet decay of 3a, 
monitored at 390 nm, in the nematic and smectic phases of BCCN ( 0 )  
and the isotropic and smectic phases of ECCN (W). Open symbols 
denote smectic phase, half-symbols denote nematic phase, and closed 
symbols denote isotropic phase results. Transition temperatures for the 
mixtures are indicated. 

in nematic and smectic BCCN and isotropic ECCN at 30 and 
50°C, calculated from the corresponding Arrhenius parameters. 

Owing to the limited temperature range over which we are 
able to obtain data in the isotropic phase of BCCN, we have 
employed ECCN as the model isotropic solvent with which to 
compare the behaviour of 1-3 in nematic and smectic BCCN. 
While ECCN is isotropic only above 48"C, the isotropic phase 
Arrhenius parameters reported in Table 2 were obtained from 
analysis of the ECCN data over the full temperature range 
studied (30-90°C). This treatment is justified on the basis that 
separate analysis of the smectic and isotropic phase data for this 
solvent yields identical Arrhenius parameters for each of the 
ketones studied. Similarly, the limited number of data points 
obtained in isotropic BCCN are indistinguishable from the 
nematic phase data in each case, and thus the two sets were 
combined and analysed as one to obtain the nematic phase 
Arrhenius parameters. For BCCN, separate calculations were 
performed for nematic and smectic phase data, even though in 
most cases ( lb,  c ,  2, and 3a, b) triplet behaviour appears to be 
phase independent. This apparent phase independence may be 
the result of the somewhat greater scatter in the smectic phase 
data, caused by the usual semi-opaque nature of these samples. 

Triplet lifetimes were also measured for 4-methoxyaceto- 
phenone (MAP) in the smectic, nematic, and isotropic phases of 
BCCN and ECCN by laser flash photolysis, and the results are 
plotted in Fig. 5. The factor of ca. 10 shorter lifetime of MAP 
in the isotropic and nematic phases of these solvents compared 
to those in smectic BCCN is presumably the result of more 
efficient impurity quenching in the former phases, reflecting 
their considerably lower viscosities relative to those of smectic 
BCCN (8). 

Discussion 
The triplet lifetime of P-phenylpropiophenone in fluid solu- 

tion at room temperature is exceedingly short (ca. 1 ns (14)), 
and it is now reasonably well established that this is the result 
of efficient intramolecular deactivation via exciplex interactions 
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TABLE 2. Activation parameters and extrapolated triplet lifetimes for the triplet decaya of 1-3 in the 
nematicb and smectic phases of BCCN and the isotropic phase of ECCN' 

Ketone Phase rTW (ns) rT300 (ns) E, (kcal/mol) log A (s- ' ) AS* (euld 

1 a Isot 34 74 5.2k0.3 10.920.2 
Nem 41 113 6.7r0.3 11.8k0.2 
Sm 28 346 16.7* 1.3 18.5k1.1 

l b  Isot 46 100 5.3k0.3 10.820.2 
Nem 53 138 6.4k0.6 11.5k0.3 
Sm 54 120 5.3-C 1.4 10.8a1.0 

1 c Isot 47 106 5.510.2 10.9kO. 1 
Nem 52 133 6.220.3 11.4k0.2 
Sm 54 118 5.2k 1.3 10.7k0.9 

2 Isot 14 34 5.8-CO.5 11.7k0.4 
Nem 19 58 7.4k0.9 12.6k0.6 
Sm 19 54 7.1 k2.5 12.4k1.8 

3a Isot 16 44 6.6k0.4 12.1k0.3 
Nem 22 77 8.3k0.7 13.1k0.4 
.Sm 19 85 9.9k3.1 14.212.1 

3b Isot 23 6 1 6.6k0.4 12.050.4 
Nem 30 108 8.650.6 13.2k0.4 
Sm 27 106 9.111.7 13.5k1.1 

3c Isot 22 58 6.420.6 11.810.5 
Nem 3 1 104 8.0k0.6 12.7k0.4 
Sm 28 123 9.8k0.9 14.010.8 

"Measured by laser flash photolysis. Errors are quoted as k2o. 
bAnalyses performed using the data for both isotropic and nematic phases of this solvent. 
'Analyses performed using the combined data for all phases of this solvent. 
dCalculated from standard Eyring plots. 

between the carbonyl group and the P-phenyl ring (14- 16) (see 
reaction [:I.]). The activation energy for triplet decay of this 
molecule in fluid solution (2.3 kcal/mol(14)) is approximately 
that for rotation about the Ca-CP bond (14, 21); that these 
bond rotations are necessary for intramolecular quenching to 
occur is demonstrated by the fact that when the molecule is 
incorporated in zeolites (of such dimensions that the solute 
can reside in the channels only when it assumes the trans- 
conformation), the triplet lifetime is extended to ca. 2 ms at 
room temperature and phosphorescence is observed (16). 

Ketones such as 1-3 have lowest T,T* triplet states (17a, 
20), and the somewhat longer triplet lifetime and higher 
activation energy for triplet decay of l a  relative to that observed 
for P-phenylpropiophenone in fluid solution has lead to the 
conclusion that like the Norrish Type I and Type II reactions 
(22), P-phenyl quenching requires the proximity of the n,T* 
state (17a). This introduces an extra energy requirement for 
the process in addition to that of the bond rotations involved 
in assuming the correct quenching geometry, viz., thermal 
population of the n,T* triplet state. Accordingly, the activation 
energy for triplet decay of l a  in fluid solution (4.4 kcal/mol in 
toluene) and that of P-phenylpropiophenone in the same solvent 
(2.3 kcal/mol) corresponds roughly to the energy difference 
between the T,n* and n,T* triplet states of l a  (17a). 

The triplet lifetime of 4-methoxyacetophenone (MAP) in 
BCCN and ECCN is 50-80 times greater than that of l a  under 
the same conditions of temperature and solvent phase, as 
comparison of the lifetime data in Table 2 and Fig. 5 shows. 
Furthermore, the fact that samples of l a  have been subjected to 
prolonged irradiation in these solvents with no apparent change 
in the appearance of the triplet decay profile or lifetime attests 
to the expected (14, 17b) photoinertness of these compounds. 

These results indicate that the observed triplet decay rates for 
1-3 in liquid crystalline as well as isotropic solution are 
dominated by unimolecular decay processes, and that bimole- 
cular quenching by adventitious impurities or hydrogen abstrac- 
tion from the solvent is unimportant. As well, these results 
demonstrate that the observed Arrhenius parameters for triplet 
decay of 1-3 in the various phases of BCCN and ECCN reflect 
the energetics of those molecular motions which must occur in 
order for the correct geometry for P-phenyl quenching to 
be attained. These motions are, presumably, Ca-CP bond 
rotation (interconverting trans- and gauche-conformers) and 
CP-Cphenyl bond rotation (which brings the P-phenyl group 
into a position such that its T-system overlaps with the carbonyl 
n-orbital). 

Solvent properties 
The dominant feature of the molecular ordering in liquid 

crystals is that the long molecular axes of the constituent 
molecules are oriented parallel to one another, on the aver- 
age.293 In nematic phases, this is the only type of ordering 
present, and hence these are the most fluid type of liquid 
crystalline phase. While molecular tumbling is on the whole 
anisotropic in these phases, the constituent molecules undergo 
nearly free rotation about their long molecular axes (24). In 
smectic phases, the constituent molecules are further arranged 
in layers in which the orientational vector is at some angle, or 
perpendicular, to the plane of the layer. Several types of smectic 
phases are known, and these are characterized according to the 

3For the sake of brevity, we confine our discussion to smectic, 
nematic, and cholesteric phases of rod-like mesogens. The molecular 
ordering in discotic liquid crystals is quite different. For a review of 
this type of liquid crystal, see ref. 23. 
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FIG. 5. Arrhenius plot (-log TT VS. 1 IT)  for triplet decay of MAP, 
monitored at 390 nrn, in the nematic and smectic phases of BCCN (0 )  
and the isotropic and smectic phases of ECCN (W). Open symbols 
denote smectic phase, half-symbols denote nematic phase, and closed 
symbols denote isotropic phase results. Transition temperatures for the 
mixtures are indicated. 

nature of the molecular packing within the layers (25). In 
smectic A phases for example, the packing within the layers is 
nematic-like; thus, this type of smectic phase might be expected 
to resemble a nematic phase with respect to its effects on the 
motions and unimolecular reactivity of dissolved solutes. The 
smectic B phase is more crystalline in nature; within the layers, 
the constituent molecules are hexagonally close-packed (25). 

BCCN forms a single smectic phase between 29-54°C and 
a nematic phase between 54-79"C, while ECCN is smectic 
between 28-U°C, nematic between 44-48"C, and is an 
isotropic liquid at temperatures above 48°C (26). The smectic 
phases of these two compounds have not yet been conclusively 
assigned with respect to mesomorphic type. X-ray diffraction 
studies have been carried out with the homologous trans, trans- 
4'-propylbicyclohexyl-4-carbonitrile (PCCN) , a polymorphic 
smectic (26), from which it has been established that the high 
temperature smectic modification of this compound is SmB 
(27). Thermal microscopy (28,29) and DSC investigations with 
mixtures of BCCNIPCCN and BCCNIECCN indicate that 
BCCN forms a smectic phase of similar but higher order than 
the SrnB phase of PCCN, and that the smectic phase of ECCN 
is of even higher order than that of BCCN (28). 

Incorporation of a solute in a liquid crystal results in some 
degree of disruption of solvent order in the vicinity of the solute 
(2e, 3d, 5 ,6) ,  the extent of which depends on the structure of 
the solute in relation to that of the mesogen (6), and is reflected 
in the transition temperatures of the liquid crystalline mixture 
(6, 30). Rigid, rod-like solutes tend to be oriented in a liquid 
crystal with their long axes parallel to those of the solvent (3 1). 
Flexible molecules cause more disruption of local order, and 
may be oriented to a lesser extent than rigid solutes (9g). 
Nevertheless, while such solutes retain a high degree of 
conformational mobility in liquid crystals, the conformational 
distribution is altered relative to that in isotropic solvents in 
favour of those conformers which are most compatible with 
solvent ordering (9g). 

The transition temperatures listed in Table 1 for the ketone- 
doped samples of BCCN and ECCN indicate that incorporation 

of 1 mol% of each of the ketones studied has pronounced effects 
on both the Sm + N and N + I transition temperatures of 
the two mesogens. n-Alkyl substituents at either end of l a  
(compare l a  with l b ,  c and 2) apparently result in somewhat 
greater disruption of local solvent order than a cyclohexyl 
substituent (cf. l a  and 3a) does. This is to be expected (6) 
considering the conformational motions available to the flexible 
alkyl chains compared to the relatively rigid cyclohexyl group, 
and the fact that the size and shape of the P-(4-cyclohexyl- 
phenyl) group in 3a-c is very similar to that of the solvent 
molecules. 

The ultraviolet absorption spectra of l a  shown in Fig. 1 
reveal that chromophore solvation in BCCN and ECCN is more 
like that in acetonitrile than in methylcyclohexane. Presumably, 
the fact that the position of the .rr,.rr* absorption is shifted to 
longer wavelengths in acetonitrile from its position in methyl- 
cyclohexane while the n,.rr* band is unaffected suggests that 
solvation in the nitrile solvents is such that there are strong 
interactions between the CN-group of the solvent and the 
benzoyl .rr-system. 

The behaviour of 1-3 in nematic BCCN 
Variation in the length and flexibility of the alkoxy substi- 

tuent (la-c) has no effect on the Arrhenius parameters for 
triplet decay in either the nematic phase of BCCN or in isotropic 
ECCN, although the activation energy for decay in the nematic 
solvent (Eanem) is consistently higher than that in the isotropic 
solvent (E?). The same trend is observed in the nematic and 
isotropic phase data for the homologous series 3a-c. This 
indicates that increasing the length of the alkoxy group with 
flexible substituents has no effect on the ability (albeit slight) 
of the nematic solvent to impede the bond rotations leading to 
P-phenyl quenching. Averaging the differences between Eanem 
and E,'"~ and between AS* values in the nematic and isotropic 
solvents over all the ketones studied yields AE, = 1.4 * 
0.5kcal/mol and A(AS*) = 3.9 * 1 eu. 

On the other hand, increasing the size of the P-aryl group 
within the series of 4-methoxy ketones l a ,  2, and 3a results in 
continuous increases in both E,"em and E,'""', and similar trends 
are observed in AS* (to more positive values). Along with 
the trends in the Arrhenius parameters observed for la-c and 
3a-c, this suggests that solvation of the probes in these two 
solvents is such that solvent-solute interactions are strongest at 
the benzoyl end. This conclusion is supported by comparison of 
the uv absorption spectra of l a  in BCCN, acetonitrile, and 
methylcyclohexane. Thus, the benzoyl end of the ketone is 
apparently "anchored", and the P-aryl group constitutes the 
more mobile portion of the molecule. As the size of the mobile 
portion increases, the activation energy and entropy for intra- 
molecular quenching tend to more positive values. This appears 
to be the case in both isotropic and nematic phases. 

An explanation for the substituent effect on the energetics of 
P-phenyl quenching observed for l a ,  2, and 3a which is based 
on a substituent effect on the quenching step (i.e. that which 
occurs after the correct geometry has been attained) can be 
discounted. Substitution on the P-phenyl ring by electron- 
donating substituents might be expected to increase the rate of 
intramolecular quenching of the electron-deficient n , ~ *  triplet 
state. While the somewhat shorter triplet lifetimes of 2 and 3 
compared to that of 1 in the isotropic solvent appear to be 
consistent with this, examination of the trends in Ea and AS* 
show that this cannot be the origin of the observed substituent 
effect on TI-. It is known that an increase in the activation energy 
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for an endothermic quenching process is accompanied by a 
decrease in the entropy of activation (a higher enthalpic 
requirement for quenching demands a tighter activated com- 
plex) (32). The trend to more positive AS* values as E,'SO' 
increases which is observed for l a ,  2, and 3a  is clearly 
consistent with Ca-CP and CP-Cphenyl bond rotations being 
rate determining, since both will tend to more positive values 
as the viscous drag of the solvent on intramolecular motion 
increases. This provides further support for the explanation of 
the lack of a clear trend in the TI- values for a series of 
P-arylpropiophenones with lowest n , ~ *  triplet states (17a), 
from which it was concluded that bond rotations, and not the 
actual quenching process, form the rate determining step for 
P-phenyl quenching. 

The effect of an ordered environment such as that found in 
liquid crystals on the intramolecular and diffusive mobility of 
solutes can be the result of microviscosity (viscous drag) effects 
or orientational ordering effects, or some combination of the 
two. Ultimately, the effects of high microviscosity and solvent 
orientational order on the Arrhenius parameters for solute 
motions are the same; Ea will increase and AS* will become 
more positive as molecular motions become more difficult and 
require greater displacement of the surrounding solvent matrix, 
whether it is ordered or not. Solvent microviscosity will 
heighten the barrier to conformational interconversions only as 
a result of effects on the transition state energy; it should have 
little or no effect on the relative energies of the ground state 
conformers. On the other hand, solvent orientational order will 
affect the energies of both the ground state conformers (9g) and 
the transition state for their interconversion (2e, 3 c- e, 5, 6). In 
the present case, the presence of solvent order should stabilize 
the rod-like trans-conformer and destabilize the transition state 
for formation of the quenching (gauche-like) geometry. 

It is important to note that the Arrhenius parameters for triplet 
decay of 1-3 obtained by the present method represent average 
values over all conformations present in solution. If micro- 
viscosity alone is responsible for the observed effects on the 
triplet decay of 1-3 in nematic BCCN, then parallel changes in, 
activation parameters in the nematic and isotropic solvents 
with changes in solute structure should be observed. On the 
other hand, if solvent order plays the dominant role, then the 
difference between the activation parameters for triplet decay 
in nematic and isotropic phases should vary depending on 
solute structure, if the difference in conformational distribution 
between nematic and isotropic phases varies with solute 
structure. Clearly, the results obtained for 1-3 in nematic 
BCCN and isotropic ECCN indicate that microviscosity effects 
are almost entirely responsible for the slightly higher Ea and 
more positive AS* for solute bond rotations in the nematic 
phase. Either solute conformational energies are not altered 
enough in the nematic relative to isotropic phase to significantly 
contribute to the increase in activation parameters, or the 
changes do not vary appreciably throughout the series 1-3. 

The behaviour of 1-3 in smectic BCCN 
The ability of the smectic phase of BCCN to inhibit P-phenyl 

quenching is strongly dependent on the structure of the probe 
(7). Inhibition is strong for probes which are shorter than (i.e. 
l a )  (7) or of a similar length to BCCN (28). For probes such as 
l b  and l c ,  which are longer than BCCN, triplet decay is phase- 
independent (or almost so); this demands that the nature of the 
solvation of such probes in this smectic phase is much different 
than that experienced by l a .  The results imply that the 

environment experienced by l b  and l c  in smectic BCCN is 
essentially isotropic (or perhaps nematic; vide infra) with 
respect to its effects on the conformational mobility of the 
solute, although bulk smectic order is preserved in the samples. 

Other workers have observed analogous variations in solute 
behaviour in smectic solvents as a function of solute structure. 
The product distribution from the Norrish Type 11 reaction of 
phenylalkyl ketones in smectic n-butyl stearate varies quite 
dramatically with reactant length; the effect of smectic solvent 
order in this case is greatest when the reactive solute is similar in 
length to the mesogen, and falls off as the solute increases or 
decreases from this optimal length (3 f).  Electron spin reso- 
nance investigations of nitroxide spin probes in smectic phases 
have led to the suggestion that, depending on solute/solvent 
structural relationships, solutes can reside in either the relatively 
rigid, core portion of the layers or the more fluid, hydrocarbon 
interlayer region (lOc, f) ,  or be partitioned between the two 
(lob). Solute mobility is very different in these two regions. For 
small solutes, mobility can apparently be greater in Sm B phases 
than in the lower order SmA types (lob). This has been 
attributed to the solute residing in cavities in the hydrocarbon 
interlayer region, which become better-defined and afford less 
restriction to solute motion as the region increases in its overall 
rigidity. 

BCCN is not a typical smectogen, in that the relatively short 
n-butyl end-chain does not allow for as much fluidity in the 
interlayer region as is usually the case in smectic phases (4). The 
SmB phase of PCCN is regarded as being more crystalline in 
character than typical SmB phases (27). This is the result of 
intercalation of the short n-propyl end-chains of one layer with 
nitrile groups in the next. For smectic BCCN, it thus seems 
unlikely that a solute which is unable to be incorporated 
unobtrusively within a smectic layer might reside instead in the 
interlayer region; there is simply just not enough room. 

The perfect continuity in the Arrhenius plots for triplet decay 
of 1-3 at the S-N transition temperature may offer a clue as to 
the nature of the solvation of these probes in the smectic phases 
of both BCCN and ECCN, and allow a tentative explanation for 
the behaviour of 1-3 in these solvents. Normally, properties 
affected by diffusive mobility or viscosity are substantially 
altered at the S-N transition (4, 8b). The drastic change in the 
triplet lifetime of MAP at this transition (Fig. 5) is a perfect 
example of this behaviour; since the lifetime in this case is 
determined by impurity (e.g., oxygen) quenching, the large 
difference in the viscosities of the nematic and smectic phases 
(8) results in substantial differences in triplet lifetime in the 
two phases. The similar lifetimes above and below the bulk 
S-N transition temperature observed for 1-3 indicate that 
the microviscosity of the probes' local environment does not 
change detectably at the phase transition. 

For all the probes studied except l a ,  the results suggest that 
in the smectic phases of BCCN and ECCN, the local probe 
environment retains the order that was present in the nematic 
phase. Thus, the solvation shell for lb-3c in these smectic 
phases might be viewed as a small, isotropized nematic "pool" 
surrounded by the bulk smectic phase. In each case, the 
effective microviscosity in the solvation shell depends on probe 
structural features. Probes with long, flexible substituents create 
more disorder and a less compact solvation shell, with micro- 
viscosity similar to that in the bulk nematic phase. Elongated 
probes with inflexible, solvent-like substituents (3) experience a 
slightly greater microviscosity since the overall shape change in 
proceeding to the quenching geometry is more pronounced. 
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In the smectic phase of ECCN, these solvation pools may be 
intrinsically larger or better-defined than in BCCN, because 
the more crystalline-like interlayer packing renders the bulk 
smectic phase less miscible with the disordered regions sur- 
rounding the solute molecules. We note that the disordered 
microenvironment in a probe molecule's vicinity can only 
involve a few solvent molecules (certainly less than about ten) 
in order to maintain bulk smectic order at the high probe 
concentrations employed. The above description is essentially 
that of a mixed phase system, consisting of a ketone-rich 
nematic phase in coexistence with the smectic phase of the pure 
solvent. 

In the case of l a  in BCCN, there is clearly a microscopic 
change in solvent phase which accompanies the bulk N + S 
phase transition, but the difference in local microviscosity just 
below the transition is apparently negligible. This is surprising, 
considering the very much higher degree of order and rigidity 
present in the smectic phase of pure BCCN relative to the 
nematic (27, 28). Further experiments are clearly necessary in 
order to conclusively define the nature of the solvation of 1 in 
this phase.4 

Summary and conclusions 
The Arrhenius parameters for triplet decay of a series of 

P-aryl-(4-a1koxypropiophenone)s reflect those of the simple 
conformational motions which allow intramolecular quenching 
of the carbonyl triplet state, and are significantly affected in the 
smectic and nematic phases of BCCN relative to their values in 
the isotropic phase of ECCN. The probes vary in the size and 
flexibility of substituents, and in their completely extended 
conformations, vary over a factor of two in length. Smectic 
solvent order results in large increases in E, and AS* for small, 
relatively compact probes, small increases for probes bearing a 
large inflexible substituent, and has no effect on the Arrhenius 
parameters for triplet decay of probes with flexible, long-chain 
alkyl substituents. The perfect continuity in the Arrhenius plots 
at the S-N transition temperature of BCCN suggests that for 
probes longer than the smectic layer thickness, their micro- 
environment in the smectic phase is similar to that in the nematic 
phase. 

In the nematic phase, E, and AS* are consistently ca. 
1.5 kcal/mol and 4 eu higher, respectively, than the corres- 
ponding values in the isotropic solvent. Variation of the alkoxy 
substituent has no effect on the Arrhenius parameters, while 
variation of the P-aryl substituent results in systematic increases 
with substituent size and rigidity. Parallel effects are observed 
in the isotropic phase, which leads to the conclusion that higher 
microviscosity, and not an orientational ordering effect, is 
responsible for the slight inhibition to solute conformational 
motion in the nematic phase relative to that in isotropic solvents. 

From the present results, and previous studies of unimole- 
cular reactions in nematic and cholesteric phases (2, 3), several 
conclusions can be derived with respect to the ability of these 
types of liquid crystals to inhibit intramolecular motion. It 
appears that the most one can expect in the way of an effect on 
the activation energy for such a process is about 3 kcal/mol, and 

4 N ~ ~ ~  ADDED 1N PROOF: The 4-ethoxy and 4-propoxy derivatives of 
1 also show 'phase dependent behaviour in BCCN. However, the break 
in the Arrhenius plot does not occur at the bulk N + S transition tem- 
perature; rather it moves to progressively lower temperatures with 
increasing alkoxy chain length. The behaviour of the 4-"butoxy 
derivative is phase independent (27). 

it is likely that this is almost solely the result of microviscosity 
effects. Furthermore, an effect can only be expected when 
substantial changes in the overall shape of the molecule occur 
on the way to the transition state for reaction. The result that 
nematic solvents have no effect on the energetics of the Claisen 
rearrangement of cinnamyl phenyl ether (2c), for example, can 
be readily explained in this context; examination of molecular 
models shows that the bond rotations which interconvert the 
fully extended conformation of this molecule and that in the 
transition state for cyclization do not in fact alter the overall 
rod-like shape of the molecule appreciably. This same explana- 
tion can rationalize the small effects of cholesteric and com- 
pensated nematic solvents on the Norrish Type I1 reaction of 
ct-diketones (3a). 

Further investigation of the balance between solute/solvent 
structural features and the ability of smectic phases to inhibit the 
intramolecular mobility of solutes is in progress and will be 
reported in the near future. 

Experimental 
Melting points and transition temperatures were measured on a 

Reichert &ro-hot stage rnicroscopeAwith polarizing lenses and are 
corrected. 'H nmr suectra were recorded in deuterochloroform solution 
on a Varian ~ ~ 3 9 6  nmr spectrometer, and are reported in parts per 
million downfield from TMS. Infrared spectra were recorded on a 
Perkin-Elmer Model 283 infrared spectrometer, and are reported in 
wavenumbers, calibrated against the 1601.8 cm-' polystyrene absorp- 
tion. Mass spectra were recorded on a VG Micromass 70-70F mass 
spectrometer, and exact masses have been calculated using an atomic 
mass of 12.00000 for carbon. Ultraviolet absorption spectra were 
recorded on a Hewlett Packard HP-8451 spectrometer. 

Laser flash photolysis experiments employed the computerized 
facility which has been described in detail elsewhere (19), and the 
pulses (337.1 nm, -8 ns, <10 mJ) of a nitrogen laser for excitation. 
Sample temperatures were recorded using a calibrated platinum 
thermometer, and are considered accurate to '-OS°C. Samples of 1-3 
as -1.0 mol% solutions in BCCN and ECCN were contained in 
0.7 mm X 7 mm rectangular Pyrex (Vitro Dynamics) sample cells. 
They were prepared by adding an aliquot of a standard solution of the 
ketone in dichloromethane to a cell by microlitre syringe, evaporating 
off the solvent with a stream of nitrogen, and then weighing the 
required amount of the mesogen into the cell. The samples were then 
either sealed with rubber septa and deoxygenated by bubbling dry 
nitrogen through the isotropic melts or subjected to three freeze- 
pump-thaw degassing cycles followed by sealing on a high vacuum 
line (lop3 Torr). Decay of laser-generated transients was monitored by 
uv absorption. The optical densities of the isotropic solutions were in 
the range 0.15-0.20 at 337 nm. While the isotropic solutions were 
optically clear at the transient monitoring wavelength (390-395 nm), 
and the nematic solutions almost so, the smectic samples generally had 
opticaldensities in the range 0.6-1.3 as a result of light scattering. For 
the smectic samples, decaitraces represent the average of 40-60 shots, 
each corrected for background scattering from the excitation oulse. 
Annealing the smecticYsamples at 40°k for 2-7 days resilts in 
homeotropically aligned (i.e. glassy) samples, which have consider- 
ably better light transmission characteristics. The triplet lifetimes 
obtained using these samples do not differ significantly from the 
lifetimes obtained from the samples used immediately after cooling 
from the isotropic melts. 

Methylcyclohexane (BDH Omnisolv) , acetonitrile (Caledon HPLC) , 
and dichloromethane (Caledon HPLC) were used as received. 4'- 
Butylbicyclohexyl-4-carbonitrile (BCCN; EM Licristal ZLI1538) and 
4'-ethylbicyclohexyl-4-carbonitrile (ECCN; EM Licristal ZL11537) 
were used as received from E. Merck, Co. 4-Methoxyacetophenone 
(Aldrich) used for laser flash photolysis experiments was recrystallized 
twice from methanol. 

4-(n-Hexy1)benzaldehyde (bp 118-1 lg°C, 3 mrn Hg) and 4-cycle- 
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hexylbenzaldehyde were prepared by formylation of 1-phenylhexane 
and cyclohexylbenzene (Aldrich), respectively, with hexarnethylene- 
tetramine in trifluoroacetic acid (33). The 4-cyclohexylbenzaldehyde 
that was obtained as a yellow oil after column chromatography of the 
crude reaction mixture on silica gel exhibited 'H nmr, infrared, and 
mass spectra that were consistent with its structure. It was used without 
further purification or characterization. 

The P-phenyl ketones l a  and 3a were prepared by condensing 
4-methoxyacetophenone with benzaldehyde and 4-cyclohexylbenzal- 
dehyde, respectively (18a), and hydrogenation of the resulting chal- 
cone derivative over Raney nickel in ethyl acetate. Ketones lb ,  c, 
2, and 3b, c were prepared by condensing 4-hydroxyacetophenone 
with the appropriate 4-alkylbenzaldehyde (18b), hydrogenation of 
the resulting chalcone over Raney nickel in 10% sodium hydroxide, 
and finally alkylation of the P-aryl-4'-hydroxypropiophenone with 
1-bromopentane, 1-bromooctane, or dimethyl sulfate and potassium 
carbonate in refluxing acetone (34). 3-(4-Methoxypheny1)-1-phenyl- 
propen-3-one (Sa) had mp 105-106°C (lit. 101-103°C (I), 3-(4-hydroxy- 
pheny1)-1-phenylpropen-3-one (4a) had mp 171-172°C (lit. 177.5"C 
(18b), 1-(4-methoxypheny1)-3-phenylpropan-1-one (la)  had mp 96- 
97°C (lit. 96-97°C (18b)), and 1-(4-hydroxypheny1)-3-phenylpropan- 
1-one (6a) had mp 104-105°C (lit. 104°C (18b)). Spectral data for the 
other ketones which were synthesized as precursors to 1-3 are as 
follows: 
3-(4-Hydroxyphenyl)-I-(4-"hexylphenyl)propen-3-one (4b) (from 

4-hydroxyacetophenone and 4-"hexylbenzaldehyde) was recrystallized 
once from aqueous ethanol to afford light yellow needles, mp 108- 
112°C. ' H nmr: 6 0.88(t, 3H), 1.32(m, 6H), 1.61 (m, 2H), 2.65(t, 2H), 
6.89(br s, lH), 7.00(d, 2H), 7.34(d, 2H), 7.53(d, lH), 7.59(d, W),  
7.87(d, lH), 8.04(d, 2H). Ir (CCl,): 3608(w), 3415(m, br), 2960(w), 
2925(m), 2855(w), 1667(m), 1653(m), 1598(s, sh), 1530(s, br), 
1329(m), 1209(m), 1161(m), 980(m), 705(s, br). Mass: calcd. for 
C21H2402, 308.1776; found, 308.1754. 
l-(4-Cyclohexylphenyl)-3-(4-hydroxypheny1)propenn3-one (4c) (from 

4-hydroxyacetophenone and 4-cyclohexylbenzaldehyde) was recrys- 
tallized once from 95% ethanol to afford light yellow plates, mp 
190-192°C. 'Hnmr: 6 1.40(m, 5H), 1.83(m, 5H), 2.46(m, lH), 
6.41(br s, lH), 6.95(d, 2H), 7.27(d, 2H), 7.48(d, lH), 7.58(d, 2H), 
7.84(d, lH), 8.03(d, 2H). Ir (KBr): 3100(br, s), 2918(m), 2840(m), 
1646(m), 1595(s), 1552(s, sh), 1405(m), 1328(s), 1296(m), 1218(s), 
1161(s), 1022(m), 980(m), 810(m), 579(w), 538(w). Mass: calcd. for 
C21H2202, 306.1620; found, 306.1630. 
l-(4-Cyclohexylphenyl)-3-(4-methoxyphenyl)propenn3-one (5c) (from 

4-methoxyacetophenone and 4-cyclohexylbenzaldehyde) was chro- 
matographed on silica gel (hexane/dichloromethane mixtures), and 
recrystallized once from 95% ethanol to afford light yellow plates, 
mp 95-96°C. 'H nmr: 6 1.40(m, 5H), 1.83(m, 5H), 2.52(m, lH), 
3.89(s, 3H), 6.98(d, 2H), 7.37(d, 2H), 7.50(d, lH), 7.59(d, 2H), 
7.83(d, lH), 8.07(d, 2H). Ir (CCI,): 3006(w), 2927(s), 2847(m), 
1666(s), 1604(s, br), 1418(w), 1329(m), 1252(m), 1167(s), 1022(m). 
Mass: calcd. for C22H2402. 320.1776; found, 320.1792. 
3-(4-"he~yl~hen~)-~-(4-h~droxy~hen~l)~ro~an-l-one (db) (from 

4bl was rec~stallized from aaueous ethanol to vield a colourless solid, 
m i  94-95'6. 'H nmr: 6 0.i7(t, 3H), 1.30(&, 6H), 1.56(m, 2 ~ ) ;  
2.57(t, 2H), 3.13(m, 4H), 6.33(brs, lH), 6.90(d, 2H), 7.15(s, 4H), 
7.94(d, 2H). Ir (CC14): 3603(m), 3366(m, br), 3016(w), 2949(m), 
2928(s), 2850(m), 1687(s), 1663(s), 1602(s, br), 1435(m), 1362(m), 
1286(m), 1266(m), 1166(s). Mass: calcd. for C21H2602, 310.1933; 
found, 310.1930. 
3-(4-Cyclohexylphenyl)-l-(4-hydroxypheny1)propannI -one (6c) (from 

4c) was recrystallized from aqueous ethanol to yield a colourless solid, 
mp 147-150°C. ' ~ n m r :  6 1.37(m, 5H), 1.81(m, 5H), 2.42(m, lH), 
3.11(m, 4H), 6.31(s, lH), 6.90(d, 2H), 7.16(s, 4H), 7.95(d, 2H). 
Ir(CC1,): 3608(m), 3372(m, br), 3010(w), 2928(s), 2850(m), 1688(s), 
1667(m, sh), 1602(s, br), 1458(m), 1262(m), 1166(s). Mass: calcd. for 
C21H2402, 308.1776; found, 308.1759. 

Substituted P-phenylpropiophenones 1-3 
I-(4-Pentoxypheny1)-3-phenylpropan-I-one (lb) (from 6a and 1- 

bromopentane) was recrystallized twice from methanol to yield 

colourless plates, mp 63-64°C. 'H nmr: 6 0.91(t, 3H), 1.42(m, 4H), 
1.80(m, 2H), 3.15(m, 4H), 4.020, 2H), 6.94(d, 2H), 7.31(s, 5H), 
7.99(d, 2H). Ir (CC14): 3024(w), 2948(m), 2928(m), 2867(w), 
1683(s),1595(s, sh), 15326, br), 1303(m), 1338(m, br), 1306(w, sh), 
1168(s), 978(m, br), 709(s, br). Mass: calcd. for C20H2402, 296.1776; 
found, 296.1759. 

I-(4-Octoxypheny1)-3-phenylpropan-I-one (lc) (from 6a and 1- 
bromooctane) was recrystallized twice from methanol to yield colour- 
less plates, mp 48-49°C. 'H nmr: 6 0.87(t, 3H), 1.31(m, lOH), 
1.78(m, 2H), 3.13(m, 4H), 4.00(t, 2H), 6.90(d, 2H), 7.28(s, 5H), 
7.94(d, 2H). Their spectrum was similar to that of l b  except for minor 
differences in the C-H stretching region. Mass: calcd. for C23H3002, 
338.2246; found, 338.2289. 

3-(4-"hexylpheny1)-I -(4-rnethoxypheny1)propan-I -one (2) (from 6b 
and dimethylsulfate) was recrystallized twice from ethanol to yield 
colourless plates, mp 56-57°C. ' H nmr: 6 0.87(t, 3H), 1.31(m, 6H), 
1.53(m, 2H), 2.58(t, 2H), 3.12(m, 4H), 3.85(s, 3H), 6.92(d, 2H), 
7.15(s, 4H), 7.97(d, 2H). Ir (CC,): 3003(w), 2948(m), 2920(s), 
2846(m), 1685(s), 1594(s, sh), 1535(s, br), 1462(w), 1416(w), 
1357(w), 1302(m), 1244(s), 1165(s), 1030(m), 966(w), 706(s, br). 
Mass: calcd. for C22H2s02, 324.2090; found, 324.2067. 
3-(4-Cyclohexylphenyl)-I-(4-methoxyphenyl)propan-I-one (3a) (from 

catalytic hydrogenation of Sc) was recrystallized twice from ethanol to 
yield colourless needles, mp 89-90°C. 'H nmr: 6 1.40(m, 5H), 
1.84(m, 5H), 2.43(m, lH), 3.12(m, 4H), 3.84(s, 3H), 6.91(d, 2H), 
7.17(s, 4H), 7.96(d, 2H). Ir (CC4): 3080(w), 2925(s), 2851(s), 
1683(s), 1594(m, sh), 1530(s, br), 1241(s), 1201(w), 1165(s), 
1300(m), 966(w), 709(s, br). Mass: calcd. for C22H2602, 322.1933; 
found, 322.1918. 
3-(4-Cyclohexylpheny1)-I -(4-pentoxypheny1)propan-lo (3b) (from 

6c and 1-bromopentane) was recrystallized twice from ethanol to yield 
colourless plates, mp 70-71°C. ' H nmr: 6 0.92(t, 3H), 1.38(m, 9H), 
1.81(m, 7H), 2.43(m, lH), 3.13(m, 4H), 4.01(t, 2H), 6.92(d, 2H), 
7.17(s, 4H), 7.94(d, 2H). The ir spectrum was similar to that of 3a 
except for minor differences in the 2800-3100 and 950-1050cm-' 
regions. Mass: calcd. for C26H3402, 378.2558; found, 378.2560. 

3-(4-Cyclohexylpheny1)-I -(4-octoxypheny1)propan-one (3c) (from 
6c and 1-bromooctane) was recrystallized twice from ethanol to yield 
colourless plates, mp 63-64°C. ' H nmr: 6 0.90(t, 3H), 1.32(m, 15H), 
1.84(m, 7H), 2.47(m, lH), 3.13(m, 4H), 4.02(t, 2H), 6.92(d, 2H), 
7.18(s, 4H), 7.94(d, 2H). Their spectrum was similar to those of 3a, b 
except for minor differences in the 2800-3100 and 950-1050 cm-' 
regions. Mass: calcd. for C29H4002, 420.3028; found, 420.3037. 

Acknowledgements 
I wish to express my gratitude to Dr. J. C. Scaiano and the 

National Research Council of Canada for the use of the laser 
flash photolysis facility, Mr. H. Ladendorff, BDH Canada, for 
generous gifts of BCCN and ECCN, Dr. J. J. McCullough for 
the use of the thermal microscope, and Mr. J. Chan for technical 
assistance. Financial support of this work by the Natural 
Sciences and Engineering Research Council of Canada and the 
Research Corporation is gratefully acknowledged. 

1. Aldrich catalog handbook of fine chemicals. Aldrich Chemical 
Co. Milwaukee. 1985. p. 702. 

2. (a) W. E. BACON and G. H. BROWN. Mol. Cryst. Liq. Cryst. 12, 
229 (1971); (b) W. E. BARNETT and W. H. SOHN. J. Chem. Soc. 
Chem. Comrnun. 1002 (1971); (c) M. J. S. DEWAR and B. D. 
NAHLOVSKY. J. Am. Chem. Soc. 96, 460 (1974); (d) F. D. 
SAEVA, P. E. SHARPE, and G. R. OLIN. J. Am. Chem. Soc. 97, 
204 (1975); (e) J. P. OTRUBA III and R. G. WEISS. Mol. Cryst. 
Liq. Cryst. 80, 165 (1982); (f)  S. MELONE, V. MOSINI, R. 
NICOLETTI, B. SAMORI, and G. TORQUATI. Mol. Cryst. Liq. 
Cryst. 98, 399 (1983). 

3. (a) J. M. NERBONNE and R. G. WEISS. Isr. J. Chem. 18, 266 
(1979); (b) E. G. CASSIS, JR. and R. G. WEISS. Photochem. 
Photobiol. 35, 439 (1982); (c) V. C. ANDERSON, B. B. CRAIG, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEIGH 1139 

and R. G. WEISS. J. Phys. Chem. 86, 4642 (1982); ( d )  V. C. 
ANDERSON, B. B. CRAIG, and R. G. WEISS. Mol. Cryst. Liq. 
Cryst. 97,351 (1983); ( e )  V. C. ANDERSON and R. G. WEISS. J. 
Am. Chem. Soc. 106,6628 (1984); ( f )  D. A. HROVAT, J. H. LIU, 
N. J. TURRO, and R. G. WEISS. J. Am. Chem. Soc. 106, 7033 
(1984). 

4. ( a )  F. D. SAEVA (Editor). Liquid crystals. The fourth state of 
matter. Marcel Dekker Inc., New York. 1979; ( b )  H. KELKER 
and R. HATZ. Handbook of liquid crystals. Verlag Chemie, 
Weinheim, Deerfield. 1980. 

5.  W. J. LEIGH, D. T. FRENDO, and P. J. KLAWUNN. Can. J. Chem. 
63, 2131 (1985). 

6.  (a)  J. M. SCHNUR and D. E. MARTIRE. Mol. Cryst. Liq. Cryst. 
26, 213 (1974); ( b )  G. A. OWEIMREEN, G. C. LIN, and D. E. 
MARTIRE. J. Phys Chem. 83, 2111 (1979); ( c )  D. E. MARTIRE. 
In The molecular physics of liquid crystals. Edited by G. R. 
Luckhurst and G. W. Gray. Academic Press, New York. 1979. 
Chapt. 1 1 ;  ( d )  G. A. OWEIMREEN and D. E. MARTIRE. J. Chem. 
Phys. 72, 2500 (1980); ( e )  P. J. PORCARO and P. SHUBIAK. 
J. Chromatogr. Sci. 9 ,  690 (1971). 

7 .  W. J. LEIGH. J. Am. Chem. Soc. 107, 6114 (1985). 
8. ( a )  R. S. PORTER, C. GRIFFIN, and J. F. JOHNSON. Mol. Cryst. 

Liq. Cryst. 25. 131 (1974); ( b )  A. E. WHITE, P. E. CLADIS, and 
S. TORZA. Mol. Cryst. Liq. Cryst. 43, 13 (1977). 

9 .  ( a )  Z. LUZ. In Nuclear magnetic resonance of liquid crystals. 
NATO AS1 Series, Ser. C. Vol. 141. Edited by J. W. Emsley. D. 
Reidel Publishing Co., Dordrecht. 1985. Chapt. 13; ( b )  N. A. P. 
VAZ and J. W. DOANE. J. Chem. Phys. 79,2470 (1983); ( c )  A. G. 
AVENT, J. W. EMSLEY, S. NG, and S. M. VENABLES. J. Chem. 
Soc. Perkin Trans. 11,1855 (1984); ( d )  B. M. FUNJ, R. V. SIGH, 
and M. M. ALCOCK. J. Am. Chem. Soc. 106, 7301 (1984); 
(e )  R. R. VOLD and R. L. VOLD. In Liquid crystals and ordered 
fluids. Vol. 4.  Edited by A. C. Giffin and J. F. Johnson. Plenum 
Publishing Corp. 1984. p. 561; ( f )  R. BLINC, B. MARIN, J. PIRs, 
and J. W. DOANE. Phys. Rev. Lett. 54, 438 (1985); ( g )  E. T. 
SAMULSKI. Polymer, 26, 177 (1985). 

10. (a)  K. V. S. RAo, C. F. POLNASZEK, and J. H. FREED. J. Phys. 
Chem. 81, 449 (1977); ( b )  W. LIN and J. H. FREED. J. Phys. 
Chem. 83,379 (1979); ( c )  E. MEIROVITCH, D. IGNER, E. IGNER, 
G. MORO, and J. H. FREED. J. Chem. Phys. 77,3915 (1982); ( d )  
M. S. BROIDO, I. BELSKY, and E. MEIROVITCH. J. Phys. Chem. 
86,4197 (1982); ( e )  E. MEIROVITCH and M. S. BROIDO. J. Phys. 
Chem. 88, 4316 (1984); ( f )  E. MEIROVITCH and J. H. FREED. 
J. Phys. Chem. 88, 4995 (1984). 

1 1 .  V. C. ANDERSON, B. B. CRAIG, and R. G. WEISS. J. Am. Chem. 
SOC. 103,7169 (1981); 104,2972 (1982). 

12. ( a )  F. BERGMANN and Y. HIRSHBERG. J. Am. Chem. Soc. 65, 
1429 (1943); ( b )  F. R. STERMITZ, D. E. NICODEM, V. P. 
MURALIDHARAN, and C. M. O'DONNELL. Mol. Photochem. 2,  
87 (1970). 

13. (a)  D. G. WHITTEN and W. E. PUNCH. Mol. Photochem. 2,77 
(1970); ( b )  P. J. WAGNER, P. A. KELSO, A. E. KEMPPAINEN, A. 
HAUG, and D. R. GRABER. Mol. Photochem. 2 ,  81 (1970); ( c )  

G. L. B. CARLSON, F. H. QUINA, B. M. ZARNEGAR, and D. G. 
WHITTEN. J. Am. Chem. Soc. 97,347 (1975). 

14. J. C. SCAIANO, M. J. PERKINS, J. W. SHEPPARD, M. S. PLATZ, 
and R. L. BARCUS. J. Photochem. 21, 137 (1983). 

15. T. WILSON and A. M. HALPERN. J. Am. Chem. Soc. 103,2412 
(1981). 

16. (a)  H. L. CASAL and J. C. SCAIANO. Can. J. Chem. 62, 628 
(1984); ( b )  J. C. SCAIANO, H. L. CASAL, and J. C. NETTO- 
FERREIRA. In Organic phototransformations in nonhomogeneous 
media. Edited by M. A. Fox. Am. Chem. Soc. Symp. Ser. No. 
278. 1985. Chapt. 13. 

17. ( a )  J. C. NETTO-FERREIRA, W. J. LEIGH, and J. C. SCAIANO. 
J. Am. Chem. Soc. 107, 2617 (1985); ( b )  W. J. LEIGH, J. C. 
SCAIANO, C. I. PARASKEVOPOULOS, G. M. CHARETTE, and S. E. 
SUGAMORI. Macromolecules, 18, 2148 (1985). 

18. ( a )  Org. Synth. Coll. Vol. I, 78; ( b )  Y. A. ZASASOV, E. I. 
MITEL'KOVA, and S. N. MILANOVA. Zh. Obs. Khim. 26, 2499 
(1957); Chem. Abstr. 51, 4994d (1957). 

19. J. C. SCAIANO. J. Am. Chem. Soc. 102, 7747 (1980). 
20. T. WISMONTSKI-KNITTEL and T. KILP. J. Phys. Chem. 88, 110 

(1984). 
21. J. E. PIERCEY and M. G. RAo. J. Chem. Phys. 46,3951 (1967). 
22. ( a )M.  V. ENCINA, E. A. LISSI, E. LEMP, A. ZANOCCO, and J. C. 

SCAIANO. J. Am. Chem. Soc. 105, 1856 (1983). ( b )  P. J. 
WAGNER, A. E. KEMPPAINEN, andH. N. SCHOTT. J. Am. Chem. 
SOC. 95,5604 (1973); 92,5280 (1970). 

23. J. BILLARD. In Liquid crystals of one and two dimensional order. 
Edited by W. Helfrich and G. Heppke. Springer Verlag, Berlin. 
1980. p. 383. 

24. A. DE VRIES. J. Phys. Paris, 36, C1-1 (1975). 
25. ( a )  A. DE VRIES. In Liquid crystals. The fourth state of matter. 

Edited by F. D. Saeva. Marcel Dekker Inc., New York. 1979. 
Chapt. 1 ;  ( b )  H. SACKMANN and D. DEMUS. Mol. Cryst. Liq. 
Cryst. 21, 239 (1973). 

26. Licristal liquid crystals. EM Chemicals. Hawthorne, New York. 
1984. 

27. G. J. BROWNSEY and A. J. LEADBETTER. J. Phys. (Paris), 42, 
L135 (1981). 

28. D. S. MITCHELL and W. J. LEIGH. TO be published. 
29. (a )  D. COATES and G. W. GRAY. Microscope, 24, 117 (1976); 

(b) D. DEMUS and L. RICHTER. Textures of liquid crystals. Verlag 
Chemie, Weinheim. 1978. 

30. J. M. NERBONNE and R. G. WEISS. J. Am. Chem. Soc. 101,402 
(1979). 

31. ( a )  E. SACKMANN, P. KREBS, H. U. REGA, J. VOSS, and H. 
MOHWALD. Mol. Cryst. Liq. Cryst. 24, 283 (1973); ( b )  F. D. 
SAEVA. Pure Appl. Chem. 38,25 (1974). 

32. J. SALTIEL, G. R. MARCHAND, E. KIRKOR-KAMINSKA, W. K.  
SMOTHERS, W. B. MUELLER, and J. L. CHARLTON. J. Am. 
Chem. Soc. 106, 3144 (1984). 

33. W. E. SMITH. J. Org. Chem. 37, 3972 (1972). 
34. C. F. H. ALLEN and J. H. GATES, JR. Org. Synth. Coll. Vol. 3. 

p. 418. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Alkoxyphosphonium ions. 5. Kinetics of the Michaelis-Arbuzov intermediate 
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Department of Chemistry, Rice University, P.O. Box 1892, Houston, Ti 77251, U.S.A. 
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This paper is dedicated to Professor Arthur N .  Bourns 

EDWARD S. LEWIS and BRIDGET A. MCCORTNEY. Can. J. Chem. 64, 1 156 (1986). 
Rates of formation and destruction of the alkoxyphosphonium ion, the intermediate in the Michaelis-Arbuzov reactions of 

some methyl esters of trivalent phosphorus acids with methyl iodide, are followed by a conductivity method in the solvent 
propylene carbonate. Specific conductances of the unstable intermediates are well estimated through stable model salts. Rate 
constants for both the alkylationof the reagent and the dealkylation of the intermediate are obtained. The conductivity time curves 
are simulated by adjusting rate constants for two sequential second order reactions, assuming no ion pairing at the concentrations 
used. In these measurements of the intermediate only, there is no rate-determining step; for the overall reaction the first step is in 
most cases rate-determining. 

EDWARD S. LEWIS et BIUDGET A. MCCORTNEY. Can. J. Chem. 64, 1156 (1986). 
Optrant dans le carbonate de propylkne comme solvant et faisant appel i une mtthode de conductivitk, on a dttermint les 

vitesses de formation et de destruction de I'ion alkylphosphonium, I'intemtdiaire dans les rtactions de Michaelis-Arbuzov de 
quelques esters mtthyliques d'acides phosphoreux trivalents avec I'iodure de mtthyle. En se basant sur des sels modbles stables, 
on a pu bien Cvalut les conductivitts sptcifiques des intermtdiaires instables. On a pu dkterminer les constantes de vitesse tant 
de I'alkylation du rtactif que de la dtalkylation de I'intermtdiaire. Faisant I'hypothkse qu'il n'y a pas de couplage d'ions 

ux concentrations utilistes, on a simult les courbes de conductivitk vs. temps en ajustant les constantes de vitesse pour 
deux rtactions du deuxi&me ordre qui se suivent. Dans ces mesures qui n'impliquent que I'intermtdiaire, il n'y a pas d'ttape 
dtterminante; pour I'ensemble de la rkaction, la premibre ttape est gtnkralement I'ktape qui dttermine la vitesse. 

Introduction 
Up to now, kinetic studies of the Arbuzov reaction have 

not provided the precision needed to uncover the possible 
mechanistic complexities, and to allow studies of structure- 
reactivity relations. This interesting reaction has been neglected 
quantitatively, in part because many potential analyses such as 
absorption or titration for the reagents or products are inappli- 
cable or undeveloped. 

The first reasonably successful method, by Aksnes and 
Aksnes (I), used an infrared analysis based upon the formation 
of the characteristic P=O bond in the product, leading to the 
still accepted conclusion that in that case the first alkylation 
step was rate-detemining. This analysis is cumbersome, slow, 
and of limited precision; we have not found it attractive for 
our studies. Our attempts to substitute a gas chromatographic 
analysis did not overcome these problems, but a nmr method 
showed promise as a highly compound-specific method. This 
was in fact successful at the level of seeing compounds at 
fairly high concentrations and it allowed the observation of the 
intermediate alkoxyphosphonium salt and rough rate studies 
using both proton and phosphorus nmr (2). Studies of struc- 
ture reactivity relations were unconvincing. Nevertheless, the 
mechanisms were clearly delineated as a combination of 
reactions [ l ]  and [2], with in some cases a contribution of 
reaction [3]. Reaction [3] was not identified as an important 
contributor in the case of the iodide counter ion; it was observed 
only with less nucleophilic anions. 

A kl A+ 
[I ] BPOMe + Me1 - BPOMe + I- 

Me 

'~a t iona l  Science Foundation Predoctoral Fellow. 

[Traduit par la revue] 

A+ k2 A 
[2] BPOMe + I- - BPO + Me1 

Me Me 

Earlier studies (3, 4), in which the intermediate salt is 
detected quantitatively by its electrical conductivity tempted us 
to revive this method. Although these earlier studies succeeded 
in detecting the intermediate and observing its concentration 
rise and fall, they failed to establish the relation between 
conductivity and concentration and were led into some incorrect 
assumptions and hence unjustifiable mechanistic conclusions. 
The further conclusion that in acetonitrile there is extensive ion 
pairing is now suspect. 

Results 
The alkoxyphosphonium iodides are unstable; it is thus not 

possible to measure directly the conductivities of solutions of 
known concentration. Alkoxyphosphonium trifluoromethane- 
sulfonates are stable, as are ordinary phosphonium iodides. The 
strategy was therefore to substitute for the methoxy groups of 
the unstable salts ethyl groups which have a similar size. The 
results of these measurements are shown in Table 1. The 
conductivity data are presented as the slopes of the conductivity- 
concentration plots corrected for the cell constant. Conductivi- 
ties of triflate salts with ethyl groups substituted for the methoxy 
groups showed that indeed this substitution had only a minor 
effect on the conductivity, as shown by the last two entries in 
Table 1. It was then assumed that the concentration of the 
methoxyphosphonium iodide was the same as that of the corres- 
ponding ethylphosphonium iodide of the same conductivity. 

The same measurements showed that, for the stable salts, 
the conductivity was with good precision proportional to the 
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LEWIS AND McCORTNEY 

TABLE 1. Concentration dependence of the conductivity of salts ABCP+Me X- at 25OC in 
propylene carbonate 

Specific conductance 
A B C X (rnho c m - ' ) / ~ "  ' Melting point ("C) 

0CH3 0CH3 0CH3 OTf 0.0229 * 0.0009 49-50' 
CH3CH2 CH3CH2 CH3CH2 OTf 0.0238 + 0.0001 87-90 
CH3CH2 CH3CH2 CH3CH2 I 0.0296 + 0.0002 307-311 ( lkd  300-302) 
CH3CH2 CH3CH2 Ph I 0.0248 + 0.0003 110-112 (lit.' 110) 
CH3CH2 Ph Ph I 0.0256 + 0.0003 188-190 (lit.f 183) 
CH3CH2 Ph Ph OTf 0.0237 + 0.0005 -22 
0CH3 Ph Ph OTf 0.0244 + 0.0005 34-36 (lit.8 34-37) 

"Values reported are the slope & s.d. of the specific conductivity vs. concentration plot. 
bData on this compound were much more scattered than with the other compounds. The salt is very sensitive 

and possible water contamination may be the source of error. 
'This melting point was taken in a capillary sealed under N2. The earlier reported value (28-32"C), ref. 7 ,  did 

not take this precaution. 
dReference 1 1. 
eReference 12. 
fReference 13. 
8Reference 7 .  

concentration. This gave assurance that there was no significant 
/, 

ion pairing or covalent phosphorane formation, at least in the q 
concentration range (up to about 0.01 M). The data for I" 
concentration vs. conductivity were subject to a linear least- 
square fit, and in every case the calculated intercept at zero 
concentration was so small that assuming it to be zero + 

nm : introduced no significant error, as long as concentrations in the 
m kinetic runs did not exceed those in these calibrations. Paren- I 

thetically, we may note that very little error in concentrations t, 

would have resulted if we had assumed that the slopes of all % 
these plots had been the same. ci 

The experiments on reacting systems showed usually an 6 
initial rise followed by a slow fall in conductivity. These data, . 
converted to concentration time dependencies using Table 1, 
were then compared to the computed values of the salt concen- Time (1n3 S )  

tration from the numerical integration of eqs. [4], [5], and [6], FIG. 1. Plot of methyltrimethoxyphosphonium iodide concentra- 
with plausibly guessed values of kl and k2. tion vs. time with initial concentrations for this run of 0.7 119 molar in 

trimethyl phosphite and 2.068 molar in methyl iodide. The circles 
[4] -d(ABPOMe)/dt = kl (ABPOMe)(MeI) represent experimental data points; the solid curve is that calculated 

[5] d(MeABPO)/dt = k2(MeABPOMe+)(I-) from numerical integration of the rate law. 

[6] d(MeABPOMe+)/d t = kl (ABPOMe)(MeI) P 
- k2(MeABPOMe+)(I-) 5 

I m 

Then the two rate constants were adjusted for a good fit to 
"m 

the experimental data. Figure 1 shows this plot for trimethyl ,I 
phosphite, the only case where the rise in conductivity was too 2 , 
fast to follow by our manual conductivity bridge. For methyl u 

9 diethylphosphinite, the curve could not be even remotely well t 

fitted by adjustment of only two rate constants. The inclusion of > * 
N 

reaction [3] resulted in the fit shown in Fig. 2.2 There is a wide z 
m variation in the maximum concentration of the salt, with the two I 

extremes shown in Figs. 1 and 2, about 0.2% of the starting ester 
concentration in the first case and about 60% in the second. u 

'ADDED IN PROOF: Later direct measurement of k3 has shown that 
thevalue given here inTable 2 is more than an order of magnitude too A a ' la " l4 lB la 

large. The fit in Fig. 2 is at least as good with only kl and k2, having the Time (1n3 s )  

values 1.75 X lo-' and 4.7 x lo-', respectively. The discrepancy FIG. 2. Plot of diethylmethoxymethylphosphonium iodide concen- 
arises from loss of some of the reagent by oxidation prior to tration vs. time with initial concentrations for this run of 1.28 x lo-' 
conductivity measurements, which makes the apparent extent of molar in methyl diethylphosphinite and 2.165 x lo-' molar in methyl 
conversion of the reagent to the intermediate salt far too small. In fact, iodide. The circles represent experimental datapoints; every third point 
in this case the conversion is almost quantitative before much decay up to 12 000 s and every point thereafter is shown. The solid curve is 
has occurred. that calculated from numerical integration of the rate law. 
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TABLE 2. Rate constants for reactions [I], [2], and [3] of ABPOCH3 at 25OC in propylene carbonate 

A B kl, M-' S-la k2, M-I S-la k3, M-1 s - la .b  

"Values reported are the mean & s.d. for three independent runs of the same reaction. The effect of ionic 
strength variations is neglected. 

bNot required for fit except in last compound. The value is presumed small enough in the other cases that its 
contribution is unimportant. However, see footnote 2 for more details. 

c31Pnmrkineticresult: 1.18 & 0.04 X M-' s-I at 26.4"C. A few other less satisfactory nmrruns scattered 
badly, but agreed within their own rather large error limits. 

The rate constants determined are presented in Table 2. A rate 
constant measured by observing the loss of trimethyl phosphite 
as shown by its 3 1 ~ n m r  signal at an estimated temperature 
of 26.4"C is also included to show that within that rather 
substantial experimental error, especially of the nmr rate, the 
rate constant kl calculated by fitting procedure is indeed the rate 
of the first and rate determining step (Table 3). It is note-worthy 
that the intermediate treated quantitatively by the conductivity 
studies in this case is completely invisible in the nmr. 

Discussion 
In a case such as this in which neither the reagents nor the 

products of a reaction are observed, it is absolutely necessary to 
show that the reaction being followed is in fact the correct one. 
The fact that the reagents are those well known to undergo the 
Arbuzov reaction is useful. The identification of the reaction 
products by nmr as the only detected phosphorus containing 
material adds further evidence. The accepted mechanism 
requires the intermediacy of an electrolyte, which is detected. 
Finally, the similarity of the rate constants postulated to account 
forthe conductivity and that measured by an nmrmethod, which 
observes the reagent and the product, but not the intermediate, 
makes the identification of the two processes very convincing. 

The identification of the conducting species as the alkoxy- 
phosphonium iodide rests not only on the mechanism, but also 
on the isolation of such salts in related reactions where the 
lower reactivity is understood; examples are phenyl esters (5), 
neopentyl esters (6), many of these alkoxyphosphonium salts as 
theirtriflates (7) and fluoborates (8), and even one quite unstable 
iodide salt of a methyl ester (7, 9). The concentrations of the 
salts are determined plausibly by the relation to the stable salts 
described above. These concentration determinations probably 
do not have errors exceeding a few percent, but also. are not 
much more precise than that either. The assumption of linearity 
of the concentration-conductivity plots cannot be correct (lo), 
but concentration errors of this sort are very small, as are 
random errors in the conductivity measurements, because the 
conductivity-time curves are very smooth. 

This method still does not answer the question of a highly 
precise method for following the Arbuzov kinetics. Almost 
certainly, this is due to the fact that only the small difference 
between the rates of the two important steps is measured, the 
actual rate constants are subject to an amplification of errors 
more or less related to the concentration ratio of the major 
species to the measured intermediate, a factor between 2 and 

500. It appears to provide data of an extremely exacting nature 
that, when the good analysis becomes available, will have to be 
fitted. 

We can check on the plausibility of the results by looking 
at the substituent effects on the rate. If log k, is plotted in a 
Taft plot against Xul, a rather poor line results ( pl = -4.1, 
r = 0.97), a line which includes a rate for the methylation of 
triphenylphosphine, measured independently in this solvent by 
cond~ctivity.~ The sign is reasonable; the less than perfect fit is 
expected for a reaction so close to the substituents. 

The same plot for k2 is much better (pl = +6.4, r = 0.99), 
again with the expected sign of pl. The greater distance from the 
site of substitution is probably the reason for the better fit; there 
is noreason to expect one rate constant to be better than another. 

In the previous nmr study no intermediate was observed even 
with methyl dialkylphosphinite, although here it builds up to as 
high as 60% of the starting material concentration, which should 
be conspicuous by nmr. The discrepancy is probably a solvent 
effect; the salt should be formed less rapidly and be decomposed 
more rapidly in chloroform than in propylene carbonate. 

These results differ greatly from those of Buck and Yoke (3) 
and of Cachaza, Casado, and Varela (4). The major difference is 
that they all assumed that the intermediate was formed quanti- 
tatively; thus the rise in concentration was interpreted as a 
measured kl and the subsequent fall as a measure only of k2. 

In fact, the two rate constants are combined in both the rise 
and the fall; the fall does nearly follow a first order course, as 
observed by Buck and Yoke, but the apparent rate constant is 
closer to kl than to k2! A manifestation of this aspect is that 
the fastest rise to the maximum was observed with trimethyl 
phosphite, which has the smallest value of k l .  Both the 
conductivities and the rate measurements show that in this 
solvent ion-pairs are insignificant. 

In conclusion, the kinetics of the Arbuzov reaction are 
followed in a consistent way by measuring the conductivity of 
the alkoxyphosphonium iodide intermediate. The fallacies of 
earlier measurements by this method are now understood. 
Rather precise determination of the time dependence of the 
concentration of the intermediate provides new kinetic data of 
good precision, but translates into much less precise rates for 
the overall reaction. Nevertheless, significant new structure 
reactivity data on the formation and destruction of the inter- 
mediate are presented, and the previously confusing conduc- 

3B. A. McCortney. Unpublished result. 
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TABLE 3. 3 1 ~  Chemical shiftsf 

Compound ( P P ~ )  

MeOPEtz 
MeOP(Ph)2 
(MeO)zP(Ph) 
(Me013P 
(Ph)zP+EtMe 
(Ph)2P+ (0Me)Me 
(Ph)P+ Et2Me 
Et3P+Me 
(Me0)3P+Me 
Et2P' (0Me)Me 
EtzP(0)Me 
(Ph)zP(O)Me 
(Ph) (MeO)P(O)Me 
(MeO)z P (0) Me 

142" (lit.d 139.4) 
1 17" (lit.' 115) 
160" (lit.' 159) 
13gb (lit.' 141) 
26" 
75" (lit.d 78.5) 
33" 
37" (lit.' 37) 
53b (lit.d 53.1) 

101 (lit.d 99.0) 
46b (lit.e 37) 
27b (lit.e 31) 
41b (lit.e 45) 
33b (lit.' 32.6) 

oscillator operated at 1000 Hz with an applied voltage of 0.50 V across 
the bridge with the bridge imbalance detected with an oscilloscope. The 
cell was immersed in a 25.0°C thermostat; all conductivity measure- 
ments were taken at this temperature. Propylene carbonate was chosen 
as a solvent only because it is the solvent we found with minimal 
reaction with methyl iodide, a reaction which turned out to be a 
consequence of using too high a voltage and too low a frequency on a 
different bridge, and not a property of the solvent. Thus, there is no 
reason to believe that several other aprotic solvents rejected earlier 
would not have worked well with the proper bridge. The electrodes also 
were platinized during this preliminary bridge problem; there is no 
reason to believe that it is necessary. To obtain the concentration 
dependence of the conductivity for the phosphonium iodides and 
triflates, an approximately 0.01 M solution of each salt in propylene 
carbonate was prepared; this was diluted to obtain solutions of 
approximately 0.001, 0.003, 0.005,0.007, and 0.009 molar concen- 
tration. The conductivities of the solutions were measured and plotted 
as a function of the concentration. 

"Solvent is CDCI,, reference is 85% H3P04/H20. 
bSolvent is propylene carbonate, reference is (Me0),P(O) 

in d6 acetone. The chemical shift of (MeO),P(O) relative 
to 85% H3P04/H20 is +1.9 ppm. This was used 
because 85% D3P04/D20 did not provide a suitable lock 
for the nmr. 

'Reference 14. 
dReference 7. 
'Reference 15. 
fPositive chemical shifts refer to peaks downfield from 

85% H3P04/H20. 

Kinetic experiments 
The reaction mixtures were prepared at room temperature by mixing 

the two reagents (either as stock solutions in propylene carbonate or by 
addition of the neat compounds) in propylene carbonate in a 25 mL 
volumetric flask. After mixing, approximately 15 mL of the solution 
were transferred to the conductivity cell. All transfers were performed 
under nitrogen, and the cell was kept under nitrogen and away from 
light during the course of the experiments. Measurements were made at 
frequent intervals. The possibility of a reaction occurring at the cell 
electrodes was ruled out by adding a few millilitres of the starting 
reaction solution to the conductivity cell after the reaction was nearly 
complete. In all cases, the conductivity changed by a negligible 

tivity measurements are explained. A precise measurement of amount. Each reaction solution was allowed to remain in the cell until 

overall rates of this reaction is not yet available. The substituent the conductivity no longer changed (in each case the final conductivity 

dependence of the autocatalytic rate constant is small, as was less than 10% of the maximum conductivity for that run, except in 
the case of trimethyl phosphite which had a very low conductivity), and 

observed before (2), but there is no evidence even on the sign of at that point a XP nmr was taken. In each case, only one phosphorus- 
p1 for this reaction. containing compound was detected. It had an appropriate chemical 

Experimental section 
Materials 

Methyl diethylphosphinite, methyl diphenylphosphinite, and di- 
methyl phenylphosphonite were obtained commercially (Strem Chemi- 
cal) and used without further purification. The identity and purity 
of each was checked by 3 L ~ n m r  before use. Trimethyl phosphite 
(Aldrich) was treated with sodium followed by distillation under 
nitrogen: bp 112°C. Propylene carbonate (99% from Aldrich Chemical 
Co.) was twice vacuum distilled at 8-10 Torr and stored under nitrogen 
until used. This procedure was sufficient to give propylene carbonate 
with undetectable conductivity on the system described below. Methyl 
iodide was distilled under nitrogen from P2O5. The methoxyphospho- 
niurn trifluoromethanesulfonate (triflate) salts were prepared following 
the procedure of Lewis and Colle (7). The four triflate salts prepare.d 
were oils which, after removal of the solvent under vacuum, solidified 
upon storage at O°C. The phosphonium iodides (triethylmethyl, 
diethylmethylphenyl, diphenylethylmethyl) were prepared by methyl- 
ation of the commercial phosphines with methyl iodide in the same 
manner as the triflates. These salts were obtained as fine white 
precipitates which were recrystallized from EtOH/Ether (diphenyl- 
ethylrnethylphosphoniurn iodide, diethylmethylphenylphosphonium 
iodide) or isopropanol (methyltriethylphosphonium iodide). The purity 
of the phosphonium salts was determined by their melting points and 
3 1 ~  nmr spectra. The 3 1 ~  chemical shifts of the reagents, intermediates, 
and products of the reactions studied are reported in Table 3. 

- -  - 
shift for the product. 

Two programs were used to integrate the concentration as a function 
of time data for chosen rate constants, one that was used by Lewis and 
Hamp (2), and one kindly provided by Professor David Stanbury of 
Rice University (used only for trimethyl phosphite, except on a few 
other runs to show that the results are the same). The iteration to find 
the best rate constant to fit the experimental data was done by hand 
(manually adjusting the guessed rate constants and evaluating the 
resulting fit); the least-squares method described by Lewis and Hamp 
was time consuming and did not always converge. The error of the rate 
constants is mostly derived from agreement between different runs; the 
sensitivity of the fit to the chosen rate constants was usually somewhat 
better than the reproducibility. 

3' P nmr kinetics 
All 3 1 ~  FI. nrnr spectra were obtained on a Jeolco FX-90Q 

instrument. The reaction solution was prepared at room temperature 
under nitrogen by addition of trimethyl phosphite and methyl iodide to 
propylene carbonate in a 10 mL volumetric flask. The solution was 
transferred under nitrogen to a 10 mm nmr tube containing a concentric 
capillary tube containkg (CH30)3P(0) (as an external reference and 
standard for concentration determination) in d-6 acetone (as an external 
deuterium lock). A total of 15 spectra were obtained at intervals of 
2000 s between the first six and 2500 s between the remaining nine. 
Each spectra contains 15 pulses (interpulse delay of 5 s). The reaction 
was followed by observing the increase in the dimethyl methyl 

Conductivity measurements phosphonate(lII)peak with -%me. The second order rate constant for 
Conductivities were measured using a Fisher brand enclosed reaction [l]  of trimethyl phosphite was obtained by dividing the slope 

conductivi cell with platinized electrodes (cell constant 0.250 + of the plot of In [(m), - (III),] vs. time by the methyl iodide -?' 0.003 cm ), a General Radio conductivity bridge (Model 1603-A), an concentration which remains essentially constant. 
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Kinetics and mechanism of nucleophilic displacements with heterocycles as leaving groups. 
Part 23. Studies at the borderlines between reactions proceeding (i) via free carbocations, 
(ii) via rate-determining formation of ion-molecule pairs, and (iii) via rate-determining 

nucleophilic attack on ion-molecule pairs 

ALAN R. KATRITZKY~ AND BOGUMIL BRYCKI 
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This paper is dedicated to Professor Arthur N .  Bourns 

ALAN R.  KATRITZKY and BOGUMIL BRYCKI. Can. J. Chem. 64, 1161 (1986). 
Evidence is presented to demonstrate that at the borderline between first-order reaction via nucleophilic trapping of intimate 

ion-molecule pairs and first-order reaction via the formation of free carbocations, both mechanisms proceed independently, 
without merging. Similarly at the borderline between first-order (rate-determining formation) and second-order (rate- 
determining nucleophilic attack) reactions of intimate ion-molecule pairs, both reactions again proceed independently. 

ALAN R. KATRITZKY et BOGUMIL BRYCKI. Can. J. Chem. 64, 1161 (1986). 
On prisente des domies qui dimontrent que, ?i la limite entre la rkaction du premier ordre se produisant par le piigeage 

nuclCophile de paires intimes ion-molkcule et la riaction du premier ordre se produisant par le biais de la formation de 
carbocations libres, les deux micanismes se produisent d'une f a ~ o n  indkpendante, sans se confondre. De la m2me manikre, ?i la 
limite entre les riactions du premier ordre (la formation est l'itape diterminante) et du deuxikme ordre (I'attaque nucliophile 
est l'itape diterminante) des paires intimes ion-moltcule, chacune des riactions se produit encore une fois d'une f a ~ o n  
indkpendante. 

[Traduit par la revue] 

Introduction 
Nucleophilic displacements of the N-substituents in pyridi- 

nium cations have been shown to proceed by each of the five 
mechanisms of Scheme 1 (1). In solvents of low nucleophilicity 
solvolyses of N-(primary alky1)pyridiniums occur via ion-pair 
intermediates formed without anchimeric assistance by syn- 
chronous rate-enhancing Hf or Rf migration (2). Nucleophilic 
displacement of N-(secondary alky1)pyridiniums can occur by 
the classical SN2 reaction, by rate-determining ion-pair forma- 
tion, or by rate-determining ion-pair dissociation, depending on 
the conditions (3). In particular, no evidence was found in these 
systems for any "merging" of SN l-SN2 reaction type or for the 
"SN2 intermediate" mechanism which has been advocated by 
Bentley and Schleyer (4). We have recently confirmed that the 
nature of the gegen ion, or the presence of small quantities of 
water, have no significant effect on the rate.3 

Studies of tertiary alkyl halides and sulfonates have usually 
been interpreted to demonstrate that nucleophilic displacement 
occurs exclusively by unimolecular SN 1 type mechanism: with 
(5) or without (6) the intermediacy of ion-pairs. Although 
Bentley and co-workers have recently advocated nucleophilic 
solvent assistance in the solvolysis reactions of such t-alkyl 
substrates (7, 8) our own detailed studies of N-(t-alky1)pyri- 
dinium salts4 have shown solvolysis rates almost independent of 
solvent, and with less variation with the substrate structure than 
found for analogs with anionic leaving groups: specifically, no 
evidence was found for nucleophilic assistance by solvent. 

The use of positively charged substrates and neutral leaving 
groups has several advantages for the study of nucleophilic 
substitution mechanisms (1). Unimolecular reactions of a 

'part 22. A. R. Katritzky and B. Brycki. To be published. 
'TO whom all correspondence should be addressed. 
3A. R. Katritzky, H. Schultz, M. L. Lopez-Rodriguez, G. Musumma, 

and G. Cirma. To be published. 
4 ~ .  R. Katritzky and B. Brycki. To be published. 

neutral substrate involve charge creation: such reactions require 
media of high dielectric constant, where the role of the medium 
as solvent and as nucleophile is not easily disentangled. 
Substrates with neutral leaving groups can undergo unimolecu- 
lar reactions in media of low dielectric constant. Furthermore, 
the reaction scheme is less complex in that the distinction 
(caused by strong electrostatic attraction) between a solvent- 
separated ion pair and a free carbocation disappears: for 
positively charged substrates we simply have intimate ion- 
molecular pairs and free carbocations. 

To better understand the detailed mechanism of nucleophilic 
substitution at sp3-hybridised carbon atoms, we wished to 
investigate four mechanistic borderlines utilizing pyridines as 
leaving groups (Scheme 1). These borderlines comprise: (1) 
that between first-order reactions involving ion-molecule pairs 
and first-order reactions proceeding via dissociation into free 
carbocations; (2) that between first-order and second-order 
reactions of nucleophiles with ion-molecule pairs; ( 3 )  that 
between second-order attack on ion-molecule pairs and second- 
order mechanism proceeding by direct displacement; (4) that 
between classical second-order displacements and second-order 
displacements involving previous electron transfer. 

The present paper describes the results of investigations 
aimed at the further clarification of borderlines ( I )  and (2). In 
particular, we wished to investigate whether it was possible 
to explain the results at the borderlines by the simultaneous 
operation of the two appropriate independent reaction mecha- 
nisms, or whether "merging" occurred between them so that a 
reaction occurred by a single mechanism of intermediate type. 
In other words, do the two mechanisms remain distinct and 
competitive with dominance passing gradually from one to the 
other or does a single mechanism always operate with gradual 
change over? 

50pposing views on this general and fundamental question compli- 
cate the teaching of this subject, see ref. 19. 

\ 
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Mechanism Borderline 
radical pair 

u - .-NU+ 2nd order 
Ar N Ar 

(a )  

I 

fi classical kz[iu] .-NU+ fiAr 2nd order 
Ar Ar SN2 displacement Ar kinetics ( b )  

I 
R 

kz'[i;] 2nd order 
kinetics ( c )  

displacement ---------- 
1st order 2 

on intimate 
' + 

molecu~e-ion pair Ar kinetics (4 

h k;[i;] ' " -Nu + 1st order 
A b A r  kinetics (el 

SCHEME 1. Nucleophilic substitutions with pyridine-leaving group 

Borderline ( I )  between classical SN 1 and SN 1 by 
nucleophilic capture of an ion-molecule pair 

In the region of this borderline, competition between two 
alternative first-order reactions occurs: (i) mechanism d; 
capture by solvent or nucleophile at the ion-molecule pair stage 
(i.e. rate-determining formation of the ion-molecule pair) and 
(ii) mechanism e; dissociation of the ion-molecule pair to give 
a free carbocation followed by further reactions with solvent 
or nucleophile (here the rate-determining step could be either 
formation of a ion-molecule pair or its dissociation to a 
carbocation). 

Some results for solvolyses of secondary alkyl substrates 
indicating that reaction can occur either via free carbocations or 
via solvent capture of an ion-molecule pair (the first borderline 
region) have already been reported (3). The present experiments 
were based on the expectation that secondary substrates in non- 
or very weakly nucleophilic solvents with small amounts of 
strong nucleophiles (piperidine or morpholine) should give 
first-order kinetics (no dependence of nucleophile concentra- 
tion) but undergo reaction via ion-molecule pairs, i.e. without 
any rearrangement of the secondary substrates. By contrast, 
weak nucleophiles such as 1,1,1,3,3,3-hexafluoropropan-2-01 
or trifluoroacetic acid should give classical unimolecular reac- 
tion via free carbocations, and carbocation rearrangements 
should occur. 

~olvolyses~  of 1 -(2-penty1)-5,6-dihydro-2,4-diphenylben- 
zo[h]quinolinium trifluoromethanesulphonate (2c) and 1-(3- 
penty1)-5,6-dihydro-2,4-diphenylbenzo [ h] quinolinium tetra- 
fluoroborate (2e) in chlorobenzene occur at convenient rates at 
65.0°C. The kinetics of these solvolyses were followed spec- 
trophotometrically at 345 nm. In pure, unbuffered solvent an 
initial decrease in absorption followed by an increase is due to 
acid-base equilibria (cf. footnote 4). These equilibria were 
suppressed either by carrying out the reaction in the presence of 
triethylamine, or by diluting the kinetic solutions with chloro- 
benzene containing trifluoroacetic acid prior to measurement 
of the absorbance. With this precaution, all reactions showed 
good pseudo-first-order behaviour. Reactions carried out in the 
presence of a nucleophile (piperidine, morpholine, pyridine, 
lutidine, anisole, p-chlorophenol, acetic acid, or trifluoroacetic 
acid) were measured under pseudo-first-order conditions: good 
straight lines were obtained to at least 70% completion. The 
observed rate constants (kobs) (Tables 1 and 2) plotted against 

6 ~ e r e  and elsewhere the word ''solvolysis" is used to denote a 
reaction which is induced by the fact that a substrate is dissolved in 
a solvent. In a solvolysis, a solvent molecule need not be involved in 
the rate-determining stage. Solvolyses of some of the present and other 
similar substrates, in the absence of added nucleophiles has been shown 
to give various products of carbocation attack on solvent or product 
molecules (unpublished work) when elimination is not possible. 
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KATRITZKY AND BRYCKI 

TABLE 1. Pseudo-first-order rate constants for the reactions of 1 -(2-penty1)-5,6-dihydro-2,4-diphenyl- 
benzo[h]quinolinium trifluoromethanesulphonate 2c with nucleophiles in chlorobenzene at 65 .O°Ca 

Entry No. Nucleophile (mol L-') los kobs (s- l )  E m  (%) r React. (%) 

None 

Piperidine 
0.0005~ 
0.001Ob 
O.O1OOb 
0.100Ob 
1.000~ 

Morpholine 
0.005 
0.010 
0.050 
0.100 
0.200 
0.400 
0.600 

Pyridine 
0.005 
0.010 
0.050 
0.100 
0.200 
0.400 

2,6-Lutidine 
0.001 
0.010 
0.050 
0.100 
0.400 

Isopropy larnine 
0.005 
0.010 
0.050 
0.100 
0.400 
1.000 

p-Chlorophenol 
O.0OlC 
0.050' 
O.O1OC 
o.1Ooc 
1 .omc 
Anisole 
O.OOld 
0.01Od 
0. lood 
1 .00Od 

Acetic acid 
0.1 
1 .oe 
TriJuoroacetic acid 
O.le 
1 .oe 

- 

"Concentration of pyridinium salt 2.8 X lo-' (mol L-'); measured at 345 nm. 
bConcentration of pyridinium salt 1 X (mol L-I); measured at 345 nm. 
'Kinetic solutions of the pyridiiium salt (2.8 X lo-' mol L-I) were diluted to uv concentration (1.4 X 

lo-' mol L-I) using 8% (v/v) solution of hifluoroacetic acid in chlorobenzene; measured at 360 nm. 
dSolvent contained hiethylamine, 2.8 x (mol L-I). 
'Kinetic solutions of the pyridiiium salt (1.4 X mol L-') were diluted to uv concentration (2.8 X 

lo-' mol L-') using 5% (v/v) solution of hiethylamine in chlorobenzene; measured at 345 nm. 
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TABLE 2. Pseudo-first-order rate constants for the reactions of 1-(3-penty1)-5,6-dihydro-24-diphenyl- 
benzo[h]quinolinium tetrafluoroborate 2e with nucleophiles in chlorobenzene at 65.0°Ca 

Entry No. Nucleophile (mol L-' ) 10' kobs (s-') Error (%) r React. (%) 

1 None 15.93 + 0.09 0.61 0.9999 86.1 

Morpholine 
2 0.001 16.03 + 0.15 0.95 0.9999 79.6 
3 0.010 16.49 r 0.15 0.91 0.9999 80.6 
4 0.100 17.63 + 0.31 1.76 0.9994 81.7 
5 1.000 29.02 r 0.58 2.00 0.9995 82.7 

Pyridine 
6 0.001 16.26 + 0.06 0.38 0.99997 76.9 
7 0.010 16.31 ? 0.09 0.55 0.99995 77.0 
8 0.100 16.38 * 0.03 0.16 0.99999 77.1 
9 0.500 16.51 k 0.05 0.29 0.99999 77.4 

2,6-Lutidine 
10 0.001 15.59 + 0.11 0.74 0.9999 81.5 
11 0.010 15.75 * 0.13 0.83 0.9999 81.9 
12 0.100 16.31 + 0.11 0.69 0.9999 81.0 
13 1 .000 16.82 k 0.09 0.55 0.9999 80.1 

Anisole 
14 0.001 18.72 + 0.08 0.43 0.9999 79.1 
15 O.OIOb 18.51 k 0.11 0.62 0.9999 78.9 
16 O.lWb 19.54 + 0.14 0.71 0.9999 80.5 
17 l.OWb 20.93 k 0.12 0.57 0.9999 80.4 

Acetic acid 
18 0. lc 16.52 + 0.82 4.98 0.9988 61.9 
19 1 .Oc 16.68 k 1.09 6.51 0.9979 62.7 

Trijluoroacetic acid 
20 O.lc 17.67 k 0.87 4.91 0.9988 65.3 
2 1 1 .OC 16.86 k 1.47 8.72 0.9962 62.5 

'Concentration of pyridinium salt 2.8 X (mol L-'); measured at 345 nm. 
bSolvent contained triethylamine, 2.8 X (mol L-'). 
'Kinetic solutions of pyridinium salt (1.4 X mol L-I) were diluted to uv concentration (2.8 X 

mol L-') using 5% (v/v) solution of triethylamine in chlorobenzene; measured at 345 nm. 

concentration of nucleophile gave straight lines (Figs. 1 and 2). 
The derived first order rate constants (intercepts) are given in 
Table 3. Weak nucleophiles such as p-chlorophenol, anisole, or 
acetic acid have negligible effects on the rate: strong nucleo- 
philes (piperidine, morpholine) show only small rate accelera- 
tions, i.e. first-order predominates over second-order reaction. 
Similar results were previously obtained (36) for the solvolyses 
of a series of 1-(s-alky1)pyridinium cations in CHC13, CH3CN, 
TFE, and (CF3)2CHOH as solvents, and with pyridine, piperi- 
dine, or morpholine as added nucleophiles . 

Product analyses were carried out by gc/ms. The solvolysis 
of 2-pentyl derivative 2c, in chlorobenzene at 65OC containing 
morpholine (0.1 M) (i.e. under conditions where over 91 % 
of the reaction is kinetically of first-order) gave: pentene 
(14%) and N-2-pentylmorpholine (86%) (Table 7).7 The mass 
spectrum of pentene shows three peaks at m/z 70 (M+), 55 
(C4H7+, the base peak), and 42 (C3H6+), the two latter cor- 
respond to M+ - CH3 and to M+ - CH2=CH2, 
respectively (9), and clearly show the pent-2-ene structure (10). 
N-2-Pentylmorpholine shows three major peaks at m/z 157, 
142, and 1 14 which correspond to molecular ion, to M+ - CH3, 

7Tables 7 to 9 have been deposited. Complete set of material may 
be obtained, at a nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, Ottawa, Ont., 
Canada KIA 0S2. 

and to M+ - C3H7, respectively (Table 7). In tertiary amines, 
loss of the largest branch from the a-C atom is preferred. Since 
the peak at m/z 114 is the base peak, the fragmentation 
pattern corresponds to the N-(2-penty1)morpholine structure. 
Thus, the solvolysis of 2c in chlorobenzene in the presence of 
morpholine gave mixtures of pent-2-ene (14.4 t 2.0%; elimi- 
nation product) and N-2-pentylmorpholine (85.6 2 2.0% ; non- 
rearrangement product): specifically no N-3-pentylmorpholine 
could be detected. Similarly, solvolysis of 2c in the presence of 
acetic acid (1 M) gave only 2-pentyl acetate, the fragmentation 
pattern of which exhibited a characteristic fragment ion at m/z 
87 corresponding to M+ - 43. No peak at m/z 101 for 3-pentyl 
acetate (rearranged product) was found. 

Gas chromatography/mass spectral analysis of the products 
from solvolyses of the 2-pentyl derivative 2c in chlorobenzene 
in the presence of p-chlorophenol gave pent-2-ene (72.7%) 
and p-chlorophenyl-2-pentyl ether (27.3%) which showed five 
significant peaks (Table 9). The structure of the ether is 
supported by the base peak at m/z 128 and the peak at m/z 11 1 
corresponding respectively to cleavage P and a to the ring, 
with hydrogen migration. P-Cleavage of aromatic ethers is 
dominant; therefore the peak at m/z 128 is the base peak. The 
peaks at m/z 155 (M+ - 43) and m/z 43 ( c ~ H ~ + )  prove 
the 2-pentyl structure. Solvolysis of 2-pentyl derivative 2c in 
chlorobenzene in the presence of anisole gave only pent-2-ene. 

The fact that the rate constants, and specifically the inter- 
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KATRITZKY AND BRYCKI 

FIG. 1 .  Plots of observed rate constants for the solvolyses of 1-(2-pentyl)-5,6-dihydro-2,4-diphenylbenzo[h]quinolinium trifluoromethane- 
sulphonate 2c  in chlorobenzene at 65.0°C vs. nucleophilic concentration; a, morpholine; b, isopropylarnine; c, piperidine; d, pyridine; e, 
2,6-lutidine; f ,  p-chlorophenol; g, anisole; h, acetic acid; i ,  trifluoroacetic acid. 

FIG. 2. Plots of observed rate constants for the solvolyses of 1-(3-pentyl)-5,6-dihydro-2,4-diphenylbenzo[h]quinolinium tetrafluoroborate 2e 
in chlorobenzene at 65.0°C vs. nucleophilic concentration; a, 2,6-lutidine; b, morpholine; c, pyridine; d, acetic acid; e, trifluoroacetic acid; 
f ,  anisole. 

cepts, for the reaction of the 2-pentyl derivative 2c in chloro- 
benzene containing morpholine, p-chlorophenol, and anisole 
are so similar, whereas the proportion of elimination varies from 
14- loo%, confirms that the rate-determining step occurs before 
elimination. 

Solvolysis of 3-pentyl derivative 2e in chlorobenzene con- 
taining morpholine (0.1 M) gave 2-pentene (88%) (identified as 
above) and N-3-pentylmorpholine (12%) (Table 8) for which 
the only two peaks above m l z  100 at m l z  157 (1.67%) and m l z  
128 (100%) correspond to M+ and to M+ - C2H5, respectively, 
and prove the structure. No N-2-pentylmorpholine was detec- 
ted. Likewise solvolysis of 3a in chlorobenzene containing 
acetic acid gave only the 3-pentyl acetate which showed a 

fragment ion at m l z  101 which corresponds to M+ - 29, and no 
peak at m l z  87 (for rearranged 2-pentyl acetate) was detected. 

The kinetic results discussed above show that there is no 
large rate acceleration in the reactions of 2c and 2e when 
0.1 M morpholine or 1 M acetic acid is added to chlorobenzene. 
However, morpholine or acetic acid is able to intercept the 
incipient 2- or 3-pentyl carbocations before rearrangement to 
give only the 2-pentyl or only the 3-pentyl products, respec- 
tively, which strongly suggests that the solvolyses of 2c and 2e 
occur through intimate ion-molecule pairs. This supports the 
conclusions drawn from our earlier work with 1,1,1,3,3,3-hexa- 
fluoropropan-2-01 (3): solvolyses of 2c and 2e in this solvent 
gave identical mixtures of rearranged and non-rearranged ether 
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TABLE 3. First-order (kl) and second-order (k2) rate constants for the reactions of 1-substituted pyridinium salts (2c, 2e) with nucleophiles 
in chlorobenzene 

Slope Intercept lo3 klf 

Compound Nucleophile Na R~ lo3 kZcsd % Error lo5 kldve % Error k2 + 10kl 

Piperidine 
Morpholine 
Pyridine 
Lutidine 
Isopropylamine 
p-Chlorophenol 
Anisole 
Acetic acid 
Trifluoroacetic acid 
Morpholine 
Pyridine 
Lutidine 
Anisole 
Acetic acid 
Trifluoroacetic acid 

"Numbers of runs. 
bCorrelation coefficient. 
'L mol-' s-'. 
d90% confidence limit. 
e - 1  S .  

fpercentage reaction by unimolecular route at [nucleophile] lo-'  mol L-'. 

TABLE 4. Pseudo-first-order rate constants for the reactions of 1-benzyl-5,6,8,9-tetra- 
hydro-7-phenyldibenzo[c, hlacridinium trifluoromethanesulphonate 3b with nucleophiles 

in chlorobenzenea 

Entry Temperature Nucleophile Error React. 
No. ( " 0  (mol L- ' ) lo5 kobs (s-') r (%) 

1 60 None 3.98 + 0.09 2.26 0.9996 70.1 

Morpholine 
2 65 0.00005 8.75 * 0.10 1.16 0.9998 69.7 
3 65 0.00010 11.25 + 0.10 0.92 0.9999 80.5 
4 65 0.00050 26.37 * 0.30 1.15 0.9999 88.3 
5 65 0.00100 50.25 * 0.79 1.57 0.9999 89.7 
6 65 0.00500 221.75 a 2.46 1.11 0.9999 93.0 

Py ridine 
7 65 0.0001 7.44 + 0.04 0.60 0.9999 73.9 
8 65 0.0010 7.69 * 0.05 0.69 0.9999 75.2 
9 65 0.0100 11.47 5 0.05 0.46 0.9999 74.8 

10 65 0.0500 28.80k0.23 0.80 0.9999 79.1 
11 65 0.1000 49.74 -C 0.48 0.97 0.9999 83.4 

Py ridine 
12 60 0.0001 4.15 * 0.03 0.70 0.9999 77.5 
13 60 0.0010 4.28 + 0.05 1.19 0.9999 75.2 
14 60 0.0050 5.20 + 0.08 1.51 0.9998 81.7 
15 60 0.0100 6.85 * 0.20 2.88 0.9998 81.0 
16 60 0.0500 17.83 + 0.05 0.29 1.0000 61.8 

2,6-Lutidine 
17 60 0.0001 4.03 + 0.04 1.01 0.9999 76.9 
18 60 o.oo10 4.02 a 0.03 0.70 0.9999 66.4 
19 60 0.0050 4.07 * 0.02 0.52 0.9999 66.6 
20 60 0.0100 4.11 * 0.02 0.60 . 0.9999 64.6 
21 60 0.0500 4.41 + 0.04 0.99 0.9998 69.9 

Isopropylamine 
22 60 0.0001 3.99 + 0.04 1.09 0.9998 88.7 
23 60 0.0050 15.01-CO.12 0.78 0.9999 88.6 
24 60 0.0500 120.84 -t 3.02 2.50 0.9998 88.6 

"Concentration of pyridinium salt 2 .0  X (mol L-I); measured at 399 nm. 
bSolvent contained triethylamine, 2.0 X (mol L-I); measured at 399 nm. 
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TABLE 5. Pseudo-first-order rate constants for the reactions of 1-(p- 
methoxybenzy1)-2,4,6-triphenylpyridinium tetrafluoroborate l b  with 

anisole in chlorobenzene at 65 .O°Ca 

Entry Anisole Error React. 
No. (mol L-') lo5 kobs (s-') (%) r 

1 0.000~ 96.49 ? 0.53 0.55 0.99999 90.1 
2 0.100~ 97.10 4 0.60 0.62 0.99998 87.7 
3 0.500~ 99.46 + 0.58 0.58 0.99997 87.5 
4 l.OOOb 101.71 * 0.55 0.55 0.99998 88.1 

"Concentration of pyridinium salt 9 X lop5 (mol L-'), measured at 312 nm. 
bSolvent contained triethylamine, 1 x (mol L-'). 

products, evidently by a carbocation mechanism; however, 
solvolysis of 2c and 2e in 1,1,1,3,3,3-hexafluoropropan-2-01 
in the presence of morpholine as nucleophile, gave the non- 
rearranged N-(2-penty1)- and N-(3-penty1)-morpholine pro- 
ducts, respectively, just as we have now observed (3b). 

We showed previously (3b) that both the 2-pentyl and the 
3-pentyl substrates underwent solvolysis in trifluoroacetic acid 
to give the same mixture of 2-pentyl and 3-pentyl trifluoroace- 
tates. We have now carried out solvolysis of 2c and 2e in 
chlorobenzene in the presence of trifluoroacetic acid (1 M): in 
further confirmation of our previous work, in each case a 
mixture of both the 2-pentyl and 3-pentyl trifluoroacetates was 
obtained. Although the trifluoroacetates were not separable 
under gc condition used,8 the fragmentation pattern of the 
isomeric mixture obtained from the solvolysis of the 2-pentyl 
derivative 2c on gc/ms analysis exhibited characteristic frag- 
ment ions for both m/z 155 and 141, which correspond to 
the rearranged product (3-pentyl trifluoroacetate m/z 155, i.e. 
M+ - 29) and the non-rearranged product (2-pentyl trifluoro- 
acetate m/z 141, i.e. M+ - 43, respectively). The same 
fragmentation pattern was obtained on analysis of the mixture 
obtained from the 3-pentyl derivative. 

Borderline (2): reactions by rate-determining formation of 
an ion-molecule pair and by rate-determining attack by 

nucleophile 
In this region, reactions proceed by capture of an ion- 

molecule pair by the solvent or added nucleophile, and 
competition occurs between two different mechanisms: ( i )  
mechanism d or e; rate-determining formation of the ion- 
molecule pair, o r  of the free carbocation, i.e. unimolecular 
reaction mode and (ii) mechanism b or c; rate-determining 
nucleophilic attack, i.e: bimolecular reaction mode. Here, we 
have studied the behaviour of the N-benzylpentacyclic pyridi- 
nium cation in chlorobenzene containing small amounts of 
nucleophiles, i.e. under conditions where both mechanisms 
should be of comparable importance. 

Solvolyses of 1 -benzyl-5,6,8,9 - tetrahydro-7 -phenyldiben- 
zo[c,h]acridinium trifluoromethanesulphonate (3b) and 1-(p- 
methoxybenzyl)-2,4,6-triphenylpyridinium tetrafluoroborate 1 b 
in chlorobenzene occur at convenient rates at 65.0°C and 
were followed spectrophotometrically at 399 and 312 nm, 
respectively. In pure solvent an initial decrease in absorption 
is followed by an increase due to acid-base equilibria; this 
was avoided by the addition of small amounts of NEt3 (see 
experimental section). Reactions carried out in the presence of 
morpholine, pyridine, lutidiie, isopropylamine, and anisole, 
measured under pseudo-first-order conditions, gave good straight 

'conditions: 3% SP 2100 on 100/120 Supelcoport, flow rate 
30 mL/min, helium carrier gas, 40-200 deg at 10 deg/min. 

FIG. 3. Plots of observed rate constants for the solvolyses of 
l-benzyl-5,6,8,8-tetrahydr0-7-phenyldibenzo[c, h]acridiniumtrifluoro- 
methanesulphonate 3b in chlorobenzene vs. nucleophilic concentra- 
tion; a, 2,6-lutidine (60°C); b,  pyridine (60°C); c ,  pyridine (65.0°C); 
d, isopropylamine (60°C); e ,  morpholine. 

lines to at least 62% completion. The observed rate constants 
(kobs) (Tables 4 and 5) for these reactions plotted against 
concentration of nucleophile gave straight lines (Fig. 3). The 
first order rate constants (intercepts) are given in Table 6. 

The N-benzylpentacyclic derivative 3b reacts with morpho- 
line almost exclusively via a bimolecular route (Table 6). 
Dramatically different is the reaction of 36 with lutidine; for this 
much less powerful nucleophile the second-order component 
is insignificant and the substrate undergoes solvolysis almost 
entirely via a unimolecular route. For solvolysis in the presence 
of pyridine, the percentage reaction by the unimolecular route is 
found to be 15% at 65.O"C and 13% at 60.O"C for 0.1 M 
nucleophile. It has been demonstrated that N-benzylpentacyclic 
derivative 3b reacts with piperidine predominantly through the 
second-order reaction of the intimate ion-molecule pair with 
the nucleophile at normal and fairly low pressures, but that at 
higher pressures reaction by the classical SN2 process takes over 
(1 1). We therefore believe that at normal pressures the dominant 
second-order reaction of 3b with morpholine is also via the 
intimate ion-molecule pair. The first-order rates at 65°C for the 
N-benzylpentacyclic derivative 3b do not change appreciably 
on changing the nucleophile: morpholine 6.38 x 10-'s-', 
pyridine 7.33 X s-'. Similarly, first-order rates for 3b at 
60°C are likewise constant: pyridine 4.01 x s-', lutidine 
4.03 x s-', isopropylamine 3.53 x s-'. The 
solvolysis rate of 3b in the absence of nucleophile is (3.98 + 
0.09) X s-' at 60.0°C. We interpret this invariance as 
evidence that there is no merging of the unimolecular (SN 1 type) 
and bimolecular (SN2 type) mechanisms; rather two mecha- 
nisms can and do proceed independently. If the bimolecular 
mode is the reaction of nucleophile with the ion-molecular 
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TABLE 6. First-order (k,) and second-order (k2) rate constants for the reactions of 1-substituted pyridinium salts with nucleophiles in chlorobenzene 

Temperature 
Compound Nucleophile ("c) Na 

l b  Anisole 65 3 
3b Pyridine 65 5 
3b Pyridine 60 5 
3b Lutidine 60 5 
3b i-PrNH2 60 3 
36 Morpholine 65 5 

Slope 

lo3 k2c2d % Error 

0.05 + 0.01 20.0 
4.25 + 0.06 1.3 
2.76 + 0.10 3.6 

0.077 + 0.07 9.3 
23.40 * 0.06 0.3 

430.77 + 7.84 1.8 

Intercept 

lo5 kid.' % Error 

96.70 + 0.99 1 .O 
7.33 + 0.29 3.9 
4.01 + 0.22 5.7 
4.03 + 0.02 0.5 
3.53 + 0.01 0.3 
6.3821.80 28.1 

"Number of runs. 
bCorrelation coefficient. 
'L mol-' s-I. 
d90% confidence limit. 
e -1 S .  
*Percentage reaction by SN1 route at [nucleophile] lo-' rnol L-I. 

FIG. 4. Plot of observed rate constants for the solvolyses of 1-(p-methoxybenzy1)-2,4,6-triphenylpyridinium tetrafluoroborate l b  
in chlorobenzene at 65.0°C vs. anisole concentration. 

pair (mechanism c), then the unimolecular modes must in this 
case be the dissociation of the ion-molecular pair to the free 
carbocation (mechanism e). 

Solvolysis of 1-(p-methoxybenzy1)-2,4,6-triphenylpyridinium 
tetrafluoroborate l b  was carried out at 65.0°C in chlorobenzene 
with anisole as nucleophile. As can be seen from Table 6 
nucleophilic displacement in this case occurs almost exclusively 
by an unimolecular SN1 type mechanism. There is no large 
rate acceleration when some anisole is added to chlorobenzene 
solvent. The calculated first-order component (kl) is the same as 
that observed for the reaction without the nucleophile. 

Conclusions 
From Scheme 1, rates for mechanisms (c) and (d) are 

proportional to kt2 [Nu] kd/ (kf2 [Nu] + k,) . For mechanism (c) , 
k, % kt2 [Nu] and thus the rate is proportional to ktz [Nu] k,/ kd . 
For mechanism (d), kf2[Nu] % k, and thus the rate is propor- 
tional to kd. For mechanism (e), Kt2 is fast and the rate is 
proportional to kdktd/ (k, + ktd). The results presented in 
this paper are entirely consistent with this scheme and with 
the operation of two distinct mechanisms at the appropriate 
borderlines. 

Experimental 
Ultraviolet spectra of reactants and products were measured on Pye 

Unicam PU 8800 and Pye Unicam SP6-550 uv-visible spectrophoto- 
meters. 'H nmr spectra were obtained with a VarianModel EM 3604 
spectrometer (Me4Si as internal standard). Infrared spectra were 
recorded with a Perkin-Elmer Model 283 B spectrophotometer. 
Melting points (mp) were determined with a Reichart hot stage 
microscope. 

Gas chromatography/mass spectra analysis utilized an AEI MS-30 
mass spectrometer (using a Kratos DS-55 data system) interfaced to a 
Pye 104 gas chromatograph. The column packings employed were 3% 
SP2100 on 100/120 Supelcoport, 10% Carbowax - 20M/2%KOH 
(5 or 6 ft X 4 mm) in glass columns, 30 mL/min helium as the carrier 
gas at flow rates arid temperatures specified (Tables 7, 8, 9). 

Preparation of compounds 
The following were prepared by the literature method quoted: 2,4,6- 

triphenylpyrylium tetrafluoroborate l a ,  mp 257°C (lit. (12): 251- 
257°C); 5,6-dihydro-2,4-diphenylnaphtho[l,2-blpyrylium trifluoro- 
methanesulphonate 2a, mp 276°C (lit. (13): 276°C); 5,6-dihydro-2,4- 
diphenylnaphtho[l,2- blpyrylium tetrafluoroborate 2b, mp 268-27 1°C 
(lit. (14): 270°C); 5,6,8,9-tetrahydro-7-phenyldibenzo[c, h]xanthylium 
trifluoromethanesulphonate 3a,  mp 304 (lit. (15): 304°C). 

General procedure for preparation of pyridinium salts (Scheme 2) 
Equimolar quantities of the pyrylium salt, the amine and uiethyl- 

amine were stirred in dichloromethane (5 mL/g of pyrylium salt) for 
2 h. Glacial acetic acid (double molar quantity) was added and the 
mixture stirred for 24 h. After washing the solution with water, 
precipitation with ethyl ether gave the products: 1-(p-methoxy- 
benzyl) -2,4,6-triphenylpyridinium tetrafluoroborate 1 b, mp 138- 
139°C; 1-(2-pentyl)-5,6-dihydro-2,4-diphenylbenzo[h]quinolinim tri- 
fluoromethanesulphonate 2c, mp 141-144°C; 1-(3-pentyl)-5,6-dihydro- 
2,4-diphenylbenzo[h]quinoliniurn tetrafluoroborate 2e, mp 153- 154°C 
(lit. (3a): 147- 150°C); 1-benzyl-5,6,8,9-tetrahydro-7-phenyldiben- 
zo[c,h]acridinium trifluoromethanesulphonate 3b, mp 170-171°C 
(lit. (16): 170-171°C). 

Kinetic measurements 
Kinetics were followed by uv spectrophotometry by monitoring the 

decrease or the increase of absorbance of the pyridinium salts at fixed 
wavelengths using the procedure already described (17). Ultraviolet 
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KATRITZKY AND BRYCKI 1169 

2 3 

la:  Z = O+, (BF4-) 
lb:  Z = N+-CH2C6H40CH3-p, (BF4-) 
2a: Z = O+, (CF3S03-) 
2b: Z = O+, (BF4-) 
2c: Z = N+-2-pentyl, (CF3S03-) 
2e: Z = N+-3-pentyl, (BF4-) 
3a: Z = O+, (CF3S03-) 
3b: Z = N+-CH2C6H~, (CF3S03-) 

SCHEME 2. Pyrylium and pyridinium salts 

cells and sealed glass tubes of 28 cm x 14 mm diameter were used as 
reaction vessels. Ultraviolet cells were controlled to ?O.S°C in a cell 
basket inside the uv spectrophotometer by the Pye Unicam Cell 
Temperature Controller. Glass tubes were controlled to ?l0C in hot 
blocks (Statim Model 252). For kinetic runs in which the solvent did 
not contain a basic nucleophile, either small amounts of Et3N (1 x 
lod3 mol L-') were added, or the kinetic solutions of the yridinium P compounds were diluted to uv concentration (1.4 x 10- mol L-') 
using an 8% solution of trifluoroacetic acid in chlorobenzene before 
uv measurement. For solvolyses in the presence of acetic acid and 
trifluoroacetic acid as nucleophiles, the kinetic solutions of the 
pyridiniums (1.4 X mol L-') were diluted to uv concentration 
(2.8 x lo-' m L-') using 5% (v/v) solution of triethylamine in 
chlorobenzene before uv measurement. These procedures converted 
acid-base equilibrium mixtures into free base or protonated pyridine, 
respectively (see footnotes to Tables). Pseudo-first-order rate con- 
stants were calculated from the slopes of conventional plots of In (E - 
E ~ ) / ( E  - e2) VS. time (18). Such plots were linear to at least 70% 
completion, and kOb, values were reproducible to ca. 2%. 

Solvolysis procedure for gc/ms study 
The pyridinium salt in 1.0 rnL of solvent was heated with the 

nucleophile in a sealed glass tube at 6S°C for 24 h. The tube was opened 
immediately before the gc/ms study. 
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The hydrolysis of ( ~ F - C ~ H ~ ) C ~ ( ~ - C ~ F ~ C ~ ~ C ~ H ~ ) :  an unexpected decarboxylation 

MICHAEL J. MCGLINCHEY AND HAO NGUYEN 
Department of Chemistry, McMaster University, Hamilton, Ont., Canada L8S 4MI 
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MICHAEL J. MCGLINCHEY and HAO NGUYEN. Can. J. Chem. 64, 1170 (1986). 
The attempted basic hydrolysis of the ester sandwich compound (C6H6)Cr(C6F5CO2Et) did not yield the expected carboxylic 

acid but instead produced (C6H6)Cr(C6F5H) in good yield together with traces of (C6H6)Cr(C6HF40Me). Attempts to trap a 
benzyne intermediate were unsuccessful and the mechanism of decarboxylation is discussed in terms of internal chelation at the 
chromium centre. 

MICHAEL J. MCGLINCHEY et HAO NGUYEN. Can. J. Chem. 64, 1170 (1986). 
On a tent6 une hydrolysk en milieu basique de compos6 ester sandwinch (C6H6)Cr(C#5C02Et); toutefois, au lieu d'obtenir 

I'acide carboxylique attendu, il y a eu formation du (C6H6)Cr(C#5H), avec un bon rendement, ainsi que des traces du 
(C6H6)Cr(C6HF40Me). On a tent6 sans succks de pieger I'intermediaire benzynique et on discute du mecanisme de 
d6carboxylation en fonction d'une chklation interne au niveau du chrome central. 

[Traduit par la revue] 

Introduction 
While the ferrocenyl moiety has now become a standard 

organic functional group (1) and the (CSHS)Fe fragment has 
been exploited for synthetic purposes (2,3), the chemistry of the 
analogous bis(arene)chromium complexes (chromarenes) (4) is 
much less understood. Initially, the problems were synthetic 
in that the Friedel-Crafts route (5) to (C6H6)2Cr - viz., 
C I - C ~ ~ / C ~ H ~ / A ~ C ~ ~ / A ~  - would not tolerate functional groups 
on the arene. Thus, arenes such as chlorobenzene or anisole, 
which possess non-bonding electron pairs, react with the Lewis 
acid catalyst (AlCl,) and undergo side reactions which do not 
yield the desired sandwich compounds (6). This problem has 
been largely circumvented by the metal atom vapour technique 
(7-10) whereby the gaseous metal and the ligand vapour are 
cocondensed onto a cold (77 K) surface and direct combination 
occurs to give the required products. By this means, a wide 
variety of organic functional groups can be incorporated into the 
chromarene system (1 1). 

A further development was the discovery that in the mixed 
sandwich compound 1,2,3,4,5-pentafluorochromarene, 1, the 
unique hydrogen was readily removable using an alkyl lithium 
(12) and the corresponding anion 2 reacted with a variety of 
electrophiles (4). In particular, one can produce the ester 3 
in high yields (13). It therefore seemed not unreasonable that 
one could hydrolyze the ester to the corresponding carboxylic 
acid 4; subsequent measurement of the pKa of 4 and also of 
C6F5C02H should allow a direct evaluation of the electronic 
effect of the (C6H6)Cr moiety on another arene ring. 

1: X = H  
2: X = Li 
3: X COOC2H5 
4: X = COOH 

Results and discussion 
The electronic effect of an organometallic fragment on an 

organic molecule was probably first studied by Nicholls and 
Whiting (14) who noted that the pKa of (C6H5C02H)Cr(CO)3 

was similar to that of para-nitrobenzoic acid. He proposed 
that the tricarbonylchromium moiety was strongly electron- 
withdrawing and should hence facilitate nucleophilic attack on 
aromatic rings. This perceptive prediction has since been amply 
verified and much elegant chemistry has resulted (15). Owing 
to the non-availability of chromarenyl carboxylic acids, such 
an approach has not been possible and so more indirect 
probes have been used. Typically, a comparison of the vco 
values for C6FsM(CO), and the corresponding chromarenes 
(C~H~)C~(C~FSM(CO),) indicated that the (C6H6)Cr moiety 
was a net donor of electron density to the fluorinated ring (4). 

For these reasons, we attempted a standard basic hydrolysis 
of 3 using methanolic KOH. To our surprise, the product 
after neutralization and extraction was not the anticipated acid 
but rather pentafluorochromarene, 1, with traces of a methoxy- 
tetrafluorochromarene, 5, which was identified mass spectro- 
scopically. 

Our initial thoughts focussed on the possibility of a benzyne 
intermediate, 6, produced via decarboxylation and elimination 
of fluoride ion. Subsequent attack by methanol should then 
yield the ortho isomer 5a, as in Scheme 1. Indeed, it is 
well established that pentafluorophenyl lithium is an excellent 
precursor for tetrafluorobenzyne (16) which undergoes Diels- 
Alder reactions with thiophene and benzene (17,18). However, 
in our hands, repeated attempts to trap 6 as its furan adduct 7 
were unsuccessful and we are not of the opinion that a benzyne 
intermediate is formed. We note that other attempts to detect 
n-complexed arynes have not been successful (19-21) except 
where the aryne binds to a metal triangle as in 8 (22). In these 
latter molecules the ligand functions as a cycloalkyne rather 
than as an aryne. Recently, however, it has been shown that a 
benzyne-zirconocene adduct has a transient existence (23) and 
can be used in synthesis (24). 

Eventually, after numerous reactions, the available quantities 
of 5 were such as to allow the measurement of its 1 9 ~  nmr 
spectrum which showed only two fluorine environments. We 
thus assign 5 as the para isomer since the other possibilities 
would exhibit four fluorine resonances. As we have noted pre- 
viously (25-27), the fluorine chemical shifts of n-complexed 
fluoroarenes are very markedly shielded relative to those of the 
free arenes themselves. It seems most likely that 5 arises via 
a nucleophilic attack on the complexed fluoroarene and is 
probably unrelated to the mechanism of decarboxylation. As 
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McGLINCHEY AND NGUYEN 

CH30H 
F a  OCH, 

F T F 90 -C02 F ' F  F ' F  
C; ' -FO ' 5' 5' 

with their non-complexed analogues (28), nucleophilic attack to 
displace fluoride from pentafluorochromarenes occurs predomi- 
nantly at the para position (29). 

Finally, one might speculate as to the reason'for the unexpec- 
tedly facile decarboxylation during ester hydrolysis. Clearly, 
since this process is not observed with the free arene, the metal 
must be implicated either directly or indirectly in the elimination 
of carbon dioxide. We note that decarboxylation processes are 
sometimes catalyzed by the presence of transition metal ions, 
such as Cu+ or ~ n ' + ,  and chelate formation is almost invariably 
invoked (30). In fluorochromarene sandwiches, such as those 
discussed here, the chromium is generally considered to be 
rather more positive than its formal zero oxidation state would 
indicate. Thus, the relative difficulty of oxidizing the chromium 
(31), the decreased infrared frequency of the ring-breathing 

mode of the fluorinated ring (32), as well as ESCA data 
(unpublished data from this laboratory), all indicate that there is 
a net transfer of electron density into the fluorinated ring and 
that the chromium atom bears a partial positive charge. It is then 
reasonable to visualize chelation by the carboxylate oxygen, 
thus placing a formal negative charge on the fluorinated ring as 
in 9. Subsequent protonation and elimination of C02 from the 
cyclohexadienyl complex 10 would lead directly to the observed 
product. A tentative mechanism is presented in Scheme 2. 

To conclude, complexation of Ca5C02Et to a T - ( C ~ H ~ ) C ~  
moiety reduces its susceptibility towards nucleophilic displace- 
ment of fluoride. However, upon hydrolysis to the correspond- 
ing carboxylate, loss of C02  is greatly facilitated. There is no 
evidence in favour of a T-complexed benzyne intermediate. 

Experimental section 
All reactions were carried out under an atomosphere of nitrogen. 

Mass spectra were obtained using a VG-7070F mass spectrometer fitted 
with a VG 2035 data system. "F nmr spectra were obtained on a 
Bruker WH90 spectrometer operating at 84.66 MHz using CFC13 as an 
external reference. 

Using the metal atom vapour apparatus previously described (25), 
pentafluorobenzene, benzene and chromium vapour were cocondensed 
at -196°C to yield 1 which was purified by repeated sublimations. 
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As described elsewhere (4), treatment of 1 with tert-butyl lithium at 
-78°C and subsequently with an excess of ethyl chlorofomate yielded 
ethyl pentafluorochromarenoate, 3. Attempted hydrolysis of 3 (500 mg, 
1.35 rnmol) with a six-fold excess of KOH in methanol gave a slightly 
greenish coloured solution. After neutralisation with HC1, filtration and 
ether extraction, the products were chromatographed on alumina and 
eluted with benzene to give 1 (221 mg, 0.76 mmol; 55%), identical in 
all respects with an authentic sample, and traces of a yellow compound 
5 showing mass spectral peaks at m / z  310, C13HloF40CrC; 279, 
C ~ ~ H ~ F ~ C I  +; 261, CI2HsF3CrC ; 242, C12H8F2Cr+; 180, C7H4F40+; 
149, C6HF4+; 131, C 6 ~ 2 F 3 + ;  130, C&~CI+;  78, C a 6 + ;  52, Cr+. 
The accumulated samples of 5 from six experiments gave multiplets 
in the 19F nmr spectrum at - 173 and - 178 ppm (i.e., to high field 
of CFCI3). 

When the hydrolysis was repeated in a ten-fold excess of furan, the 
same products were obtained and no evidence for the production of 7 
could be obtained. 
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Bo ANHEDE, NILS-AKE BERGMAN, and A. JERRY KRESGE. Can. J. Chem. 64, 1173 (1986). 
Proton exchange between P-fluorinated ethanols and ethoxide ions has been studied using the MNDO SCF-MO method. 

Calculations were performed on reactions of ethoxide ion with ethanols substituted in the P-position with 0, 1, 2, and 3 fluorine 
atoms as well as on reactions where both the ethanol and the ethoxide ion were substituted with the same number (1, 2, 3) of 
fluorine atoms in the P-position. The energies obtained for the ion-molecule reactant complexes and the transition states from 
these reactions have been analyzed using the Marcus equation. Through the calculated force-constant matrices of reactants and 
transition states we also calculated the kinetic isotope effects for the proton-transfer reactions. The semiclassical isotopic rate 
constant ratios ( k ~ l k ~ ) ~  were found to be of rather normal magnitude and showed a variation with the energy of reaction. The 
calculated ratios of tunnel correction factors, QM/ QID, proved to be unrealistically high. These factors were also calculated with 
the frequencies scaled down by 10% and this was found to reduce the QtH/QtD ratios to more realistic values. 

Bo ANHEDE, NILS-AKE BERGMAN et A. JERRY KRESGE. Can. J. Chem. 64, 1173 (1986). 
Utilisant la mtthode MNDO d'orbitales molCculaires en champ auto-cohCrent, on a CtudiC 1'Cchange protonique entre des 

Cthanols P-fluorts et des ions Cthylates. On a effectut des calculs sur les rkactions de l'ion tthylate avec des Cthanols substituCs 
par 0, 1, 2 et 3 atomes de fluor en position p ainsi que sur les rCactions dans lesquelles tant 1'Cthanol que 1'Cthylate Ctaient 
substituCs par le mCme nombre (1,2 ou 3) d'atomes de fluor en positions P. Faisant appel a 1'Cquation de Marcus, on a,analy s t  les 
Cnergies obtenues pour les complexes ion-molCcule qui rCagit ainsi que pour les Ctats de transition de ces rkactions. A l'aide des 
matrices des constantes de force calculCes pour les rCactifs et pour les Ctats de transition, on a aussi calculC les effets isotopiques 
cinktiques pour les rkactions de transfert de protons. On a trouvt que les rapports (kH/kD) des constantes de vitesse isotopiques 
semi-classiques sont d'une amplitude assez normale et on a trouvC qu'elles varient avec I'tnergie de la rkaction. I1 appert que les 
rapports calculCs pour les facteurs de correction pour l'effet tunnel, QtH/Q,D, sont trop tlevCs et non rtalistes. On a aussi calculC 
ces facteurs en se basant sur les frtquences rCduites par 10% et on a ainsi trouvC que les valeurs des rapports QtH/QtD sont 
beaucoup plus rkalistes. 

[Traduit par la revue] 

Proton-transfer reactions have been extensively studied from 
an experimental point of view (1). In such investigations isotope 
effects and linear free-energy relationships have often been 
employed. These methods have generated parameters that the 
investigators have interpreted in terms of the transition-state 
theory. This approach has proved successful in gaining know- 
ledge usable in predicting the behaviour of many reactions. 
However, in order to use the transition-state theory one has 
to make assumptions regarding the reaction step studied, not 
always easily done in an unambiguous way. 

Modem quantum-mechanical methods and powerful compu- 
ters have made it possible to calculate the stationary pointson 
the potential-energy surface for simple reactions, and thus cal- 
culated quantities, e.g., isotope effects, can be compared with 
experimental data. Even though other assumptions are intro- 
duced by the quantum-mechanical methods the two approaches 
may complement each other. A successful application of this to 
proton-transfer reactions would contribute to our understanding 
of such reactions. 

In an earlier study we investigated the proton transfers 
between some carbon acids (CH3CN and HCCH) and bases 
(OH-, CH3OP, and CH2CN-), utilizing MNDO computations 
(2). We have now extended our tests of this method and have 
investigated a series of proton-transfer systems where the 
immediate vicinity of the reaction centre is unchanged while a 
perturbation is introduced at some distance from the proton to be 

'Author to whom correspondence may be addressed. 
, 
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transferred. Our choice of system fell on ethanols fluorinated 
in the f3 position with 0, 1,  2, and 3 fluorine atoms. This 
series shows an increasing gas-phase acidity, according to ion 
cyclotron resonance spectroscopy (3). We employed ethoxide 
as the base in our simulation of proton abstraction from these 
substances. In order to have the symmetrical reaction para- 
meters available we also made calculations on the proton 
transfers with P-fluorinated ethoxides as bases. 

Method 
The calculations were performed according to the semiempirical 

scheme devised by Dewar and Thiel(4). During the present investiga- 
tion different versions of the MNDO computer program have been 
used. In the first preliminary computations we used the MNDO 
program by Thiel (5 ) ,  installed on an IBM 3030 N computer at the 
Gothenburg University Computing Centre. This program was later 
transferred and adapted to the VAX 111730 computer at the Depart- 
ment of Organic Chemistry, University of Gothenburg and Chalmers 
University of Technology. Later the VAX version of the program 
package, MOPAC (6), was acquired and used for most of the 
calculations. 

Computational aspects 
The energy of each stable species was computed separately with 

optimization of all geometric parameters (bond lengths, bond angles, 
and dihedral angles). The species considered as reactants and products 
on our energy profiles were the stable ion-molecule complexes found 
by complete optimization of an alcohol molecule and alkoxide ion. See 
for example, Fig. 1 . 

The transition states were located as described earlier (2). The 
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FIG. 1. Optimized reaction complex between 2-fluoroethanol and 
ethoxide ion. 

FIG. 2. Optimized geometry for 2-fluoroethanol when the calcula- 
tion was started from a gauche-type geometry. 

FIG. 3. Optimized geometry for 2-fluoroethanol when the calcula- 
tion was started from a trans geometry with 0-H pointing away from 
C-C. 

semiclassical isotopic rate constant ratios were calculated according 
to ref. 7a using frequencies taken from a FORCE calculation within 
MOPAC. The tunnel correction factors were calculated from the Bell 
formula (7b). The summation was carried out until Q, changed by less 
than lop6 when adding a new term. 

Conformational aspects 
A number of investigations (microwave, ir, and ab initio calcula- 

tions) (8) have revealed the most stable conformers of the 2-fluoro- 
alcohols to be the gauche (G'g), with an intramolecular hydrogen bond 
between the alcohol hydrogen and a fluorine atom (Fig. 2). 

If we started our calculations with a gauche-type geometry, the 
MNDO optimization facility ended up with a minimum-energy 
geometry for a gauche conformer. However, if the starting geometry 
was given as a conformer close to one with the 0-H bond pointing 

/ 
away from the atoms on carbon 2, the optimization resulted in a 
geometry that retained this feature (Fig. 3). This latter conformer 

FIG. 4. Energy profiles for some proton-transfer reactions calcu- 
lated by the MNDO method. Energies in kcal/mol. 

showed a little higher energy (ca. 0.6 kcal/mol) than the one obtained 
in the preceding procedure. 

These findings show that actual proton transfers from fluoroalcohols 
certainly are more complex than the model we utilize in our 
computations. However, our reasoning concems the pure proton- 
transfer steps of the reactions, and the stable complexes could be 
considered as the starting species for these steps. All the systems gave 
such complexes with the 0-H pointing more or less away from the 
C-C bond (see Fig. 1). 

Our aim has been to investigate a relatively simple system where a 
perturbation some distance away from the reaction centre could be 
introduced stepwise. This was done in such a manner that the overall 
equilibrium of the reaction could be varied from balanced to more and 
more unbalanced. 

Energy relationships 
The computations refer to the gas phase since no solvent 

molecules are included. A simplified picture of the energy 
profiles for all the systems calculated in this investigation is 
given in Figs. 4 and 5. 

The supply of experimental data pertinent to the present 
systems is not overwhelming. However, some gas phase 
measurements have been made on ethanol and P-fluoro-substi- 
tuted ethanols (3). From these measurements the AH' values 
for the two last reactions in Fig. 4 can be calculated to be 
-9.1 kcal/mol and - 11.7 kcal/mol, respectively. The corres- 
ponding AE values (- 19.9 kcal/mol and -32.7 kcal/mol) 
obtained in the present investigation are thus too large in both 
cases. In order to see whether this is a result of computational 
difficulties connected with the anions, the experimental and the 
calculated heats of formation (Table 1) for the molecules treated 
in the present investigation have to be compared. 
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ANHEDE ET AL. 1175 

FIG. 5. Energy profiles for some thermoneutral proton transfers 
calculated by MNDO. Energy in kcal/mol. 

TABLE 1. Experimental and calculated heats of formation of ethanol 
and P-fluoro-substituted ethanols and the corresponding anions 

AHf (ROH) (kcal/mol) AHf (RO-) (kcal/mol) 

R in ROH Experimentala MNDO Experimentalb MNDO 

CH3CH2- -56.2 -63.0 -47.5 -45.3 
CFH2CH2- - -108.3 - -100.5 
CF2HCH2- -148.3' -156.9 -148.5 -159.1 
CF3CH2- -207.0' -208.4 -209.8 -223.4 

"Cited in ref. 3. 
bDerived values according to ref. 3. 
'Estimated values, see ref. 3. 

As can be seen in Table 1, the calculated value for ethoxide 
ion is in better agreement with the experimental value than is the 
value for ethanol. The reverse seems to be true for the alcohols 
substituted with fluorine atoms in the @-position. However, a 
general trend is not easily discernible. 

The energies of the ion-molecule complexes could be 
compared with experimental data in one case. In a recent paper 
(9) dealing with anion-alcohol hydrogen bond strengths in the 
gas phase, the stability of EtO--HOEt compared to EtO- + 
HOEt is determined to be -20.6 kcal/mol. The ion-molecule 
complex is thus far more stable than indicated by the present 
calculation. Comparable data for the P-fluoro-substituted reac- 
tions are not accessible. 

From Fig. 4 it can be seen, in a qualitative way, that the 
activation barrier decreases as the reaction becomes more 
exoenergetic and, from the other direction of reaction, the 
barrier grows higher the more endoenergetic the calculated 
reaction becomes. To test if this qualitatively recognisable 
pattern could be tied to a quantitative relationship, we plotted 
the calculated barrier heights (calculated from ion-molecule 
complexes) against the energies of reaction (Fig. 6). 

A number of equations of different mathematical form have 
been considered in the examination of a possible relationship 
between the activation energy AE* and the energy of reaction 
AE (10). Among those, the Marcus equation is the one most 
used (see ref. 10 for references). 

According to that: 

AE* = AE$ + AE/2 + [ A ~ ~ / 1 6 A ~ f o ]  

FIG. 6. Plot of AE* versus AE for the MNDO calculated proton 
transfers in forward and reverse direction of reaction. The solid curve is 
a nonlinear least-squares fit of the points to the Marcus equation with 
AE6 = 15.96 kcal/mol. 

where AEfo is the intrinsic barrier, i.e., the formal barrier when 
AE = 0. The fulldrawn curve in Fig. 6 represents the Marcus 
expression with AE$ = 15.96 kcal/mol as determined from 
a nonlinear least-squares fit of AE and AE* to the Marcus 
equation, treating AE$ as an adjustable parameter. 

The Marcus relation could be used to find predictions for the 
barrier heights of the unsymmetrical reactions in an indirect way 
by using the additivity assumption: 

where AEzA and AEZc are the activation energies for the 
identity reactions (10, 1 1). The activation energies so calculated 
are included in Table 2 under the heading AEfMarcus) and 
are seen to deviate only slightly from the directly computed 
values under the heading AE*. The significance of the found 
conformity with the Marcus equation should not be overesti- 
mated. However, it is gratifying to find that the MNDO method, 
as well as other SCF (self-consistent field) methods (1 l), give 
results which could be interpreted using this formalism. 

The barriers for our symmetric reactions all fall in the region 
of 15-19 kcal/mol (Table 3). The term in the Marcus formula 
responsible for nonlinearity, i.e. A E ~ /  16AE$, will thus be 
small compared to the terms corresponding to the kinetic 
(AEfo) and thermodynamic (AE/2) contributions to AE*. 
The very slight curvature in Fig. 6 is an indication of this. 

Isotope effects 
The calculated primary kinetic deuterium isotope effects are 

listed in Tables 3 and 4. 
In Table 3 the symmetric reactions are given and the semi- 

classical isotopic rate constant ratios for these systems are 
all between 8.04 and 8.44, i.e., of rather normal magnitude. 

The tunneling factors are calculated from the absolute values 
of the imaginary frequencies and the barrier heights above the 
most energetic complex. For the symmetric systems the hydro- 
gen tunneling factors QtH are all very high, due to the high 
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TABLE 2. Calculated reaction and activation energies for some proton transfer reactions 

AE* a 
(kcal/mol) 

"MNDO values. 
bCalculated according to the Marcus equation, see text. 

TABLE 3. Calculated activation energies, isotope effects (25°C) and reaction coordinate frequencies for some symmetric 
proton-transfer reactions 

AE* 08 06 
Reactant (kcal/mol) ( k ~ / k ~ ) s  (cm-'1 (cm-') Q ~ H  QID Q~H/Qw k ~ / k ~  

[CH3CH20H-0CH2CH3] - 15.6 8.32 1431i 1046i 107.9 4.35 24.8 207 
[CH2FCH20H-0CH2CH2F] - 18.9 8.44 1441i 1055i 215.1 4.53 47.5 403 
[CHF2CH20H-0CH2CHF2] - 17.7 8.06 1447i 1060i 166.4 4.64 35.9 289 
[CF3CH20H-0CH2CF3] - 16.4 8.04 1409i 1035i 94.2 4.16 22.7 182 

TABLE 4. Calculated isotope effects (25°C) and reaction coordinate frequencies for some proton-transfer reactions 

Oft ~6 
Reactant (kH/kD)s (cm-') (cm-'1 Q ~ H  Q ~ D  QIHIQW k ~ / k ~  

imaginary frequencies (1409i- 1447i cm- '). The deuterium 
tunneling factors QtD are more reasonable (imaginary frequen- 
cies in the range 1035i-1060icm-I). However, the ratios of 
tunneling factors Q t ~ /  QtH give an unrealistically large contri- 
bution to the overall isotope effects for all of the symmetric 
systems. The reason for this will be discussed below. 

Table 4 lists the unsymmetrical reactions. For these the tunnel 
correction factor for the direction of highest activation is taken 
from the direction of least activation, since no tunneling can 
occur from a lower level than the most energetic one of the 
reactants and products (7c). 

Also here the semiclassical effects come out as expected 
and the tunnel effect ratios are of a more realistic magnitude, 
possibly with the exception of the two first entries due to high 
imaginary frequencies for the hydrogen cases. 

As the reaction becomes more exoenergetic the barrier in the 
forward direction decreases and the decomposition frequency 
drops, signifying a broader barrier. The reason for this is not 
easily visualized in a complicated case like the present one. 
However, it could be illustrated in a qualitative way using a 
simple truncated parabola model for the activation barrier (12). 

These facts should lead to a weaker semiclassical isotope 
effect as well as a smaller tunnel correction factor (7c). The 
trend in a series of progressively more perturbed reactions 
(0, 1, 2, 3 fluorine atoms) seems to come out as expected for 
increasingly unsymmetric reactions. The same trend was found 

in ref. 2 even though the proton transfers investigated there were 
more disparate than the present ones. 

The calculated isotopic rate constant ratios may also be 
subjected to an analysis according to an expression derived from 
the Marcus relation (13). A nonlinear least-squares fit of 

In ( k ~ / k ~ )  = In (kH/kD)rnax[l - (AE/4AE$)'I 

to the semiclassical isotopic rate constant ratios and reaction 
energies for all the unsymmetric reactions in forward and 
reverse direction of reaction was carried out. With (kH/k~)max 
and AE$ treated as adjustable parameters, an acceptable fit 
was reached when (kH/kD)max = 8.8 and AE$ = 10.7. The 
same procedure without the two points for the trifluorinated 
species yielded (kH/ kD)max = 8.3 and AE$ = 15.9. As can be 
seen from Fig. 7 this latter procedure gives a better fit to the 
remaining four points. The values are also in better agreement 
with the ones in Table 3. The reaction involving the trifluorinated 
species represents a relatively larger perturbation than the other 
reactions and this may cause the relation to break down. 

The reason for the unrealistic outcome of the ratio of tunnel- 
ing factors probably stems from MNDO's known weakness 
to overestimate frequencies (14, 2) (a weakness shared with 
simple ab initio calculations also, ref. 15). Another contribution 
to the large tunneling factors may be too high AE* values 
calculated by the MNDO method (16). The tunnel factors for 
the hydrogen species of the symmetric reactions are especially 
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TABLE 5. Tunnel correction factors calculated for downscaled imaginary frequencies 

0.9uh 0 . 9 ~ 6  
Reactant ( c ~ - ' )  (cm-') Q ~ H  QID QIH/Q~D 

FIG. 7. Plot of In (kH/kD) versus A E  for the calculated semiclassi- 
cal isotopic rate constant ratios. Included are two curves representing 
nonlinear least-squares fits of all six points and of the four points 
excluding the trifluorinated species. 

large. When frequencies higher than ca. lOOOi cm-' are 
involved and the barrier heights are of reasonable magnitude 
(<25 kcal/mol), the tunnel correction factor starts to increase 
rather rapidly so that an overestimated frequency leads to a still 
more overestimated tunnel factor. This tendency is amplified 
the higher the frequency for a given barrier height. 

For ab initio calculations it has been found that an empirical 
scaling factor for force constants should be introduced in order 
to obtain agreement with experiment (17). As a test on the 
effect of scaling of the frequencies in the present case, we have 
calculated tunnel correction factors with the absolute values 
of the imaginary frequencies scaled down by 10% (a rough 
estimation of the mean value of the deviation for all types of 
vibrations from experimentally determined values according to 
ref. 14), see Table 5. The scaling is seen to have most effect on 
reactions with high imaginary frequencies. In the first row 
QtH/QtD is 7.70 compared to 24.8 without scaling (Table 3), 
and in the last row the corresponding value is 1.06 compared to 
1.07 (Table 4). 

Scaling of the frequencies might also influence the semi- 
classical isotope effect. As an example we calculated the 
semiclassical isotope effect for the proton transfer from tri- 
fluoroethanol to trifluoroethoxide with all the frequencies (both 

FIG. 8. The shape of the tunnel correction factor function for two 
banier heights. 

in the reactant complex and transition state) reduced by 10%. 
The effect turned out to be a reduction of the calculated 
(kH/kD)s from 8.04 to 6.68, which is a very slight change. 

Conclusions 
In some aspects the calculation of proton transfer reactions by 

the MNDO method turns out to give results that qualitatively 
agree well with notions commonly used by physical organic 
chemists. We now have confirmed that a quantitative analysis 
(according to the Marcus equation) of some MNDO calculated 
proton transfers turns out in a reasonable way. 

The results of our isotope effect calculations, however, are 
rather unexpected, at least if the tunnel corrections are included. 
The reason for this stems from MNDO's known overestimation 
of frequencies and from the overestimation of OE*. 
The tunnel correction function turns out to be especially 
sensitive to changes in the frequencies in the region of interest 
in this investigation. 

In order to make the MNDO method usable for quantitative 
isotope effect calculations, either the program should be 
modified to give frequencies very close to experimental ones, 
or a separate function for correction of frequencies should be 
determined and applied to the MNDO-calculated frequencies. 
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Micellar effects upon reactions of the 2,2',4,4',4"-pentamethoxytrityl cation 
with nucleophiles 
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CLIFFORD A. BUNTON and ANGELA CUENCA. Can. J.  Chem. 64, 1179 (1986). 
Cationic micelles of cetyltrimethylammonium chloride and bromide (CTACl and CTABr) speed attack of water upon the 

2,2',4,4',4'-pentamethoxytrityl cation by a factor of ca. 5. The first-order rate constant in water is 5.51 s-' at 25.0°C. Anionic 
micelles of sodium dodecyl sulfate (SDS) have little effect on this reaction, but they strongly inhibit attack of OH-. In water, 
second-order rate constants for attack of OH-, CN-, and N3- are, respectively, 235,177, and 2.8 x lo5 M-' s-'. Rate constants 
of reaction in CTACl go through maxima with increasing [surfactant] and analysis of the data shows that second-order rate 
constants at the micellar surface are similar to those in water. 

CLIFFORD A. BUNTON et ANGELA CUENCA. Can. J. Chem. 64, 1179 (1986). 
L'addition de micelles cationiques des chlorure ou bromure de ~Ctyltrimkthylammonium (CICTA et BrCTA) augmente la 

vitesse d'attaque de l'eau sur le cation pentamCthoxy-2,2',4,4',4" trityle par un facteur d'environ 5. Dans l'eau, B 25,0°C, la 
constante de vitesse du premier ordre est Cgale 2 5,51 s-'. Les micelles anioniques du dodtcylsulfate de sodium (DSS) n'ont 
que peu d'effet sur cette reaction; toutefois, elles inhibent fortement I'attaque par OH-. Dans l'eau, les constantes de vitesse 
pour les attaques par OH-, CN- et N3- sont respectivement 235, 177 et 2,8 X lo5 M-' s-'. Les constantes de vitesse pour 
les rCactions du ClCTA passent par un maximum lorsqu'on augmente la quantitk d'agent de surface et I'analyse des donntes 
dtmontre que les constantes du deuxikme ordre B la surface micellaire sont semblables i celles dans l'eau. 

[Traduit par la revue] 

Introduction 
Aqueous ionic micelles speed bimolecular reactions of 

counterions by bringing substrate and ionic reagent together in 
the small volume of the micelles (1-6). The dependence of 
rate on [surfactant] can be treated quantitatively assuming that 
reactants are distributed between aqueous and micellar pseudo- 
phases, which are treated as distinct reaction media. Second- 
order rate constants can be calculated for reaction in the micellar 
pseudophases, and for many bimolecular ionic reactions these 
second-order rate constants are similar to those in water. Thus 
the micellar rate enhancements are due largely to concentration 
of reactants in the micellar pseudophase. 

Reactions of dinitrohaloarenes with azide ion are major 
exceptions to this generalization, and second-order rate con- 
stants in cationic micelles are greater than those in water by 
factors of lo2-lo3 (7). We found similar large micellar effects 
for reactions of azide ion with hydrophobic N-alkyl-2-bromo- 
pyridinium ions. However, rate constants of deacylation and 
SN2 displacements by azide ion are similar in micellar and 
aqueous pseudophases (7), so that these unusual rate effects are 
not simply characteristic of azide ion as a nucleophile. 

Azide ion is very reactive towards carbocations, either 
preformed (8, 9) or generated in SN1 solvolyses (10, 11). The 
present investigation had the aim of comparing second-order 
rate constants for reaction of azide ion with a carbocation in 
water and micelles. Micellar effects upon nucleophilic addition 
to triarylmethyl dye cations have been well studied (12, 13), but 
we could not use such cations as Malachite Green or Crystal 
Violet because of the unfavorable equilibria with azide ion (14). 
The tri-p-anisylmethyl cation is also unsatisfactory, because it 
binds weakly to cationic micelles (13) and even in water the 
reaction is so fast that it can only be followed in very dilute azide 

'On leave from the Department of Chemistry, Simon Bolivar 
University, Caracas, Venezuela. This paper is abstracted in part from 
the thesis submitted as partial requirements of the Ph.D. degree of the 
University of California, Santa Barbara. 
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ion (9). However, the 2,2',4,4',4"-pentamethoxytrityl cation, 
1, reacts at a convenient rate with azide ion and other 
nucleophiles (Scheme 1). 

The surfactants were cetyltrimethylammonium chloride and 
bromide (CTACl and CTABr). The chloride was generally used 
because of the relatively low solubility of CTABr. Reactions 
of water and OH- were also followed in solutions of sodium 
dodecyl sulfate (SDS). 

Results 
Rate constants for reactions of 1 in the absence of surfactants 

are given in Table 1. Reaction with N3- does not go to 
completion in water because the alkyl azide dissociates, c.f. 
ref. 14. Reaction goes to completion in aqueous MeCN, and 
second-order rate constants are k2 = 2.6, 2.4, 2.1, and 
1.7 M-' s-' in 90, 80,70, and 60 wt% H20, respectively, and 
the reaction is first order in [N3-1. Linear extrapolation of k2 
against mole fraction of H20 or log k2 against Y (15) gave k2 = 
2.8 X lo5 M-' s-'. 

The decrease of k2 with decrease of water content was 
unexpected for a reaction between oppositely charged anions 
(10, 16), but reactions of 1 with OH- and CN- are also slowed 
by addition of MeCN to H20. 

Micellar effects upon the spontaneous reactions are shown in 
Tables 2 and 3, and for reactions of anions are shown in Fig. 1. 

Discussion 
Micellar effects upon spontaneous reactions can be analyzed 

using eq. [ l ]  as applied to the reactions of Scheme 2 (1-7, 17), 
where water is the nucleophile, Nu. 

Scheme 2 gives: 

k& + k&Ks ([Dl - cmc) 
['I k'= 1 + Ks([D] - cmc) 

where k& and k& are first-order rate constants in aqueous and 
micellar pseudophases respectively, Ks is the substrate binding 
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OMe OMe 

b ~ e  OMe 

TABLE 1. Rate constants in water [CTACI], M 

0 0 . 0 5  0.1 
Nucleophile kw, M-' s-' 

6 0 0  - 
Hz0  5.52"~~ 
H z 0  5.51a,' 
OH- 235 
CN- 177 
N3- 2.8 X 

- 
7 

- 4 0  

"First-order rate constants, s-'; mean 
of two values; the other values are for 
second-order rate constants; in water, 
pKR+ = 2.02. 4 0 0  - 

bExcess of NaOAc. 
'Neutralization with NaOH. 
dBy extrapolation. - - 

I I 
U) U) - 

TABLE 2. Effects of cationic micelles upon reaction with watera +s + 
x x 

Condition 
- 2 0  

[Dl, M C T A C ~ ~  CTACl + NaCla CTABr 2 0 0  

0.005 10.0 5.96 
0.007 6.11 
0.01 6.02 (6.05) 11.2 6.88 1 0  
0.03 8.09 (8.30) 8.94 
0.05 10.5 (10.5) 11.1 
0.07 12.3 (12.2) 12.3 
0.10 14.7 (14.2) 18.3 16.3 
0.15 19.6 
0.20 18.7 (18.0) 0 0.1 0 .2  0 . 3  
0.30 20.5 (20.2) 25.0 

[CTACI], M 

aValues of kg, s-' at 25.0°C; in the absence of surfactant, kJ, = 5.15 s-'; FIG. 1. Reactions of 2,2',4,4',4"-pentamethoxy trityl cation with 
solutions in 0.01 M HC1 and 0.01 M NaOH were mixed. 

bValues in parentheses are calculated using eq. [I]. nucleophilic anions in CTACl. 0, 0.01 M NaOH; A, 0.01 M NaCN; 
'0.5 M total C1-. 0, M NaN3. The curves are predicted from the parameters in 

Table 4 and eqs. [I]-[5]. 

TABLE 3. Effects of SDS on reaction with H 2 0  and OH- " 

lo4 [SDS] , M kg, s-' 104 [SDS], M kg, s-' 

OAt 25.0°C with lo-' M 1; 0.21 M NaOH was mixed with 0.01 M HC1. 
In absence of SDS kg = 29 s-'. Values in parentheses are for the water reaction 

I using NaOAc. 

constant, written in terms of micellized surfactant, [Dl - cmc, 
where D is total surfactant and cmc is the critical micelle 
concentration. 

The value of K, is assumed to be independent of [surfactantl 
and [salt]. This assumption is reasonably satisfactory for dilute 
surfactant and salt, but K, is expected to increase with 
increasing [salt] (13, 18). 

Values of k& and K, (eq. [I]) can be calculated by simula- 
tion or by rearranging eq. [ l ]  into a reciprocal form. We 
calculated values of K, and k& of 7 M-' and 27 s-l, respec- 
tively, for reaction in CTACl using the reciprocal form (17) and 
the fit is illustrated in Table 2. 
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Ks 
S, + D, . SD, - Products d 

The kinetic data were not fitted for reaction in CTABr, 
because of the limited concentration range. However, reaction 
is slightly faster in CTABr than in CTACl (Table 2) probably 
because ion pairing slightly increases substrate binding, and 
Br- should be more effective than C1- in this regard (13, 18). 
Consistently, addition of 0.5 M NaCl to CTACl also modestly 
speeds reaction (Table 2). 

Rates of bimolecular attack by water are generally unaffected 
or slightly reduced by ionic micelles, and micelles of SDS have 
no effect on rates of water addition to 1 (Table 3) or to other 
carbocations (13). Consistently, bimolecular water additions 
to nonionic substrates are faster in cationic than in anionic 
micelles, although generally both give overall inhibition (19- 
21). 

It has been pointed out elsewhere that spontaneous hydro- 
lyses in which bond making predominates are faster in cationic 
than in anionic molecules, whereas the opposite is true when 
bond breaking predominates (1 9). For example, in spontaneous 
hydrolyses of 4-nitrophenyl chloroformate and 3,5-dinitroben- 
zoyl chloride, where bond making predominates, reaction in 
cationic micelles is faster than in water, whereas reaction is 
slower in anionic micelles (19, 20). In these reactions there 
is a partial compensation between bond making and breaking, 
whereas only bond making at the reaction center is involved in 
water addition to 1, and the rate enhancement by micellized 
CTACl is larger than those with the acid chlorides (19, 20). 
Thus, the results for water addition to 1 (Table 2 and 3) support 
the generalization that the water addition step is assisted by 
cationic micelles. 

Reaction occurs in the water-rich region at the micellar 
surface (1-7,22) and involves a transfer of positive charge from 
the reaction center, in the micelle, to water molecules adjacent 
to its surface. This transfer should be more favorable in a 
cationic than in an anionic micelle. The overall effect of the 
micelle will depend upon this "charge effect" and also upon 
effects due to a lowered polarity at the ~nicellar surface to that of 
water.2 Micelles may lower the activity of bound water, but the 
effects are small at most, and there is no evidence for lowered 
nucleophilicity (20). These "solvent" and "polarity" effects 
of the micelle are probably not large and, in the absence of 
surfactant organic solvents (e.g. MeCN), inhibit water addition 
to cation 1. 

Quantitative analysis of micellar rate enhancements for reac- 
tions of ionic nucleophiles, Nu-, involves modification of eq. 
[I]. The first-order rate constants are written as: 

NUM k,' 

[3] k& = k ~ m k ,  = kM [NUMI /([Dl - cmc) 

NU, kM' 

where mk, is the mole ratio of micellar-bound nucleophile to 

'Mukerjee and co-workers have observed a dependence of micellar 
polarity, or effective dielectric constant, upon micellar charge (23). 

3 ~ h i s  solvent effect is opposite to that upon water addition to 
tri-p-anisylmethyl cation (16). 

micellized surfactant (1, 3). Reaction with water is sufficiently 
slow to be neglected. 

These equations give: 

kw[NuGl + k~Ks[NuGl 
[41 k$ = 1 + K.([D] - cmc) 

The competition between Nu- and the inert counterion, X-, 
is written as (1, 3, 6): 

Values of K g  are known or can be estimated (1, 3-7, 24, 
25) and, provided that the micellar fractional charge, a, is 
independent of [surfactant] and the nature or concentration of 
the ions, values of kM (eq. [4]) can be calculated by computer 
simulation of the data. The procedure and assumptions in the 
treatment have been discussed (1,3,6,25). We write binding of 
the carbocation, neglecting its charge-charge interaction with 
the micelle and the effect of added salts on this interaction, and 
to this extent we probably underestimate the extent of micellar 
binding. However, this approximation has not caused serious 
problems in micellar reactions of other ionic substrates in the 
presence of dilute salt ('13, 25). 

Values of kM and K, are given in Table 4. There is uncertainty 
in kM , because reasonably good fits can be obtained with a range 
of values of kM, K,, and a. This problem has been discussed 
(1, 3), but the uncertainties in kM do not affect our overall 
conclusions. In addition, kJ, for reaction with N3- is close to the 
limit of the stopped-flow spectrophotometer. 

The rate constants, kw and kM, cannot be compared directly 
because of the difference in dimensions, but kM can be 
converted into @, M-' s- ', using eq. [6] (3, 13): 

where 0.14 is the assumed molar volume (L) of the region at the 
micellar surface in which reaction takes place. Other estimates 
of the molar volume range up to ca. 0.37 L, which would give an 
approximately two-fold increase of @ (2, 4-6). 

Values of E l k w  are given in Table 4. Despite the uncer- 
tainties in @, the micellar rate enhancements are clearly due 
largely to increased reactant concentrations in the micelles. 
There seems to be a slight dependence of K, upon the 
nucleophilic ion, which may be due to ion pairing assisting 
substrate binding. Second-order rate constants for reactions of 
OH- and N3- are lower in micelles than in water, but that for 
reaction of CN- appears to be higher. This behavior is not 
observed in other reactions of CN- (25) and our tentative 
explanation is that it interacts preferentially by ion pairing with 
cation 1 in the micelle. 

There is no unusual micellar effect upon reaction of azide ion 
(Table 4). Very large second-order rate constants in the micelles 
have been observed only for reactions of 2,4-dinitrochloro- 
benzene and naphthalene (7) and of N-alkyl-2-bromopyridi- 
nium ions. We have no simple explanation for this behavior, 
although second-order rate constants for several aromatic 
nucleophilic substitutions are slightly higher in micelles than in 
water, whereas for deacylations and dephosphorylations rate 
constants are often slightly lower in micelles than in water 
(1-7). 

Aromatic substitution by azide ion is faster in cationic 
micelles than in water, but this result may be due to this reaction 
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TABLE 4. Rate constants for reactions in cationic micellesa 

Nucleophile K,, M K:, @ M-I s-' @/kw 

Hz0 7 27 5b 
OH- 7 3.5 33 0.15 
CN - 7 0.5 ca. 600 3 
N3- 10 1.3 4 x 1 0 4  0.15 

"In CTACI; calculated with a = 0.2 and cmc = M. 
bRate constants for reactions in H,O are in Table 1. 

being unusually slow in water, rather than fast in micelles. 
Ritchie and Sawada (26) have compared nucleophilicities for 
several reactions in terms of the N+ scale, which was initially 
based on rates of addition to preformed carbocations. They 
found that the scale applied reasonably well to aromatic 
nucleophilic substitution, except that azide ion was much less 
reactive than predicted from its N+ value. Thus, unusual 
micellar effects in aromatic nucleophilic substitution may be 
due to azide ion being abnormally unreactive in the absence of 
rnicelles. 

Anionic micelles suppress attack of OH- upon 1. The 
inhibition is observed with [SDS] much lower than its cmc of 
ca. 8 X M (Table 3), suggesting that the cation induces 
formation of anionic aggregates that exclude OH- (27). The 
value of k+ becomes constant at high [SDS] and is slightly lower 
than that for reaction with water. The differences are probably 
due to differences in [electrolyte] in the two reaction systems. 

Ritchie et al. (28) found that 2,2',2",4,4',411-hexamethoxy- 
trityl cation was unusually reactive towards H20,  relative to 
such anions as OH-, and that CN- was more reactive than OH-. 
These rate differences are unusual, and we observe qualitatively 
similar behavior in reactions of 1 in water (Table 1). The 
introduction of o-methoxy groups seems to be affecting relative 
reactivities towards nucleophiles and an effect of o-methoxy 
groups on the local structure of water has been suggested (28). 
The ortho groups could also affect reactivity of a carbocation by 
increasing the out-of-plane twisting of the aryl groups, which 
will reduce their electron-donating ability. There will then be 
steric effects upon attack of the nucleophile and hybridization at 
the reaction center will change from sp2 towards sp3. There 
is thus considerable interplay between steric and electronic 
effects, and p-methoxy groups very sharply retard attack of H 2 0  
upon trityl cations. o-Methoxy groups have much less effect, 
although they have a larger effect upon the stability of the 
carbocation relative to that of the alcohol (9, 16, 28, 29). For 
example, the first-order rate constants for reactions of H 2 0  with 
the 4-methoxy trityl, tri-p-anisylmethyl, 2,2',4,4',4"-penta- 
methoxy trityl, and 2,2',2",4,4',4"-hexamethoxy trityl cations 
are ca. lo3, 12, 5.5 1, and 2.00 s- I, respectively. But values of 
pKR+ are -3.4, +0.82, +2.02, and +3.804 (refs. 9 ,  16, 28, 
29), respectively, and this sequence is consistent with electron 
release by both ortho and para  methoxy groups stabilizing 
the cation, relative to the alcohol. Carbocation stability is not 
closely related to its reactivity towards water, which appears to 
be governed largely by electron release from the para  methoxy 
groups. 

Experimental 
Materials 

The preparation or purification of the surfactants has been described 
(13) and the cmc values agreed with those in the literature (30). 

4A value of pKR+ = 3.28 is quoted in ref. 29. 

2,2',4,4',4"-Pentamethoxytriphenyl methanol was from Aldrich. All 
solutions were made up using redistilled, deionized water. 

Kinetics 
Reactions were followed spectrophotometrically at 474 nm and 

25.0°C using a Durmm stopped-flow spectrophotometer. The carbo- 
cation, in dilute HCl (0.05-0.01 M) was in one drive syringe and the 
nucleophile in the other. For the water reaction, HCI was neutralized 
with an equivalent amount of NaOH, or with excess NaOAc, which 
does not affect reaction, cf. refs. 13 and 16. An equivalent amount of 
NaOH was used for reaction of N3-, but excess NaCN was used for 
reaction of CN-. 

Reaction of N3- could not be followed to completion in water 
because of its reversibility, and the rate constant was obtained by 
extrapolation from data in aqueous MeCN; however, reaction goes to 
completion in aqueous surfactant. Reactions of OH- and CN- in water 
were second order: the concentration ranges were up to 0.1 and 0.15 M 
for OH- and CN-, respectively. 

The first-order rate constants, k+, are in reciprocal seconds (s-I). 

Acknowledgements 
Support of this work by the National Science Foundation 

(Chemical Dynamics) and the Consejo Nacional de Investi- 
gaciones Cientificas y Tecnologicas, Caracas, Venezuela, is 
gratefully acknowledged. 

1. L. S. ROMSTED. In Micellization, solubilization and micro- 
emulsions. Vol. 2. Edited by K. L. Mittal. Plenum Press, New 
York. 1977. p. 509; L. S. ROMSTED. In Surfactants in solution. 
Vol. 2. Edited by K. L. Mittal and B. Lindman. Plenum Press, 
New York. 1985. p. 1015. 

2. K. MARTINEK, A. K. YATSIMIRSKI, A. V. LEVASHOV, and I. V. 
BEREZIN. In Micellization, solubilization and microemulsions. 
Vol. 2. Edited by K. L. Mittal. Plenum Press, New York. 1977. 
p. 489. 

3. C. A. BUNTON. Catal. Rev.-Sci. Eng. 20, 1 (1979). 
4. E. J. R. SUDHOLTER, G .  B. VAN DER LANGKRUIS, and J. B. F. N. 

ENGBERTS. Recl. Trav. Chim. Pays-Bas, 99, 73 (1980). 
5. I. M. CUCCOVIA, E. M. SCHROTER, P. M. MONTEIRO, and H. 

CHAIMOVICH. J. Org. Chem. 43, 2248 (1978). 
6. F. H. QUINA and H. CHAIMOVICH. J. Phys. Chem. 83, 1844 

(1979); H. CHAIMOVICH, J. B. S. BONILHA, M. J. POLITI, and 
F. H. QUINA. J. Phys. Chem. 83, 1851 (1979). 

7. C. A. BUNTON, J. R. MOFFATT, and E. RODENAS. J.  Am. Chem. 
SOC. 104, 2653 (1982). 

8. C. D. RITCHIE. J. Am. Chem. Soc. 97, 1170 (1975). 
9. C. A. BUNTON and S. K. HUANG. J. Am. Chem. Soc. 94,3536 

(1972). 
10. C. K. INGOLD. Structure and mechanism in organic chemistry. 

2nd ed. Cornell University Press, Ithaca, NY. 1969. Chapt. 7. 
11. R. TA-SHMA and Z. RAPPOPORT. J. Am. Chem. Soc. 105, 6082 

(1983). 
12. G. S. HARTLEY. Trans. Faraday Soc. 30, 444 (1934); G .  S. 

HARTLEY and J.  W. ROE. Trans. Faraday Soc. 36, 101 (1940); A. 
J. ALBRIZZIO, A. ARCHILA, T. RODULFO, and E. H. CORDES. 
J. Org. Chem. 37, 871 (1972). 

13. C. A. BUNTON and S. K.  HUANG. J. Org. Chem. 37,1790 (1972); 
C. A. BUNTON, N. CARRASCO, S. K. HUANG, C. H. PAIK, and 
L. S. ROMSTED. J. Am. Chem. Soc. 100,5420 (1978). 

14. C. D. RITCHIE, G .  A. SKINNER, and G. BADDING. J. Am. Chem. 
SOC. 89, 2063 (1967). 

15. C. A. BUNTON, M. M. MHALA, and J. R. MOFFATT. J. Org. 
Chem. 49,3637 (1984). 

16. E. A. HILL and W. J. MUELLER. Tetrahedron Lett. 2565 (1968); 
H. NICHOLSON and P. A. H. WYATT. J. Chem. Soc. (B), 198 
(1968); J .  M. RIDE and P. A. H. WYATT. J. Chem. Soc. Perkin 
Trans. 2, 1188 (1974). 

17. F. M. MENGER and C. E. PORTNOY. J. Am. Chem. Soc. 89,4698 
(1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



18. S. MALAVIYA and S. S. KATIYAR. Z. Phys Chem. (Leipzig), 
. . . . .  : , I  265,26(1984). . . .  . 

1 19. H. AL-LOHEDAN, C. A. BUNTON, and M. M. MHALA. J. Am. 
Chem. Soc. 104, 6654 (1982); C. A. BUNTON and S. LJUNG- 
GREN. J.  Chem. Soc. Perkin Trans. 2, 355 (1984). 

20. C. A. BUNTON, M. M. MHALA, and J. R. MOFFATT. In 

~ Surfactants in solution. Edited by K. L. Mittal. Plenum Press, 
New York. 1985. In press. 

1 21. N. FADNAVIS and J.  B. F. N. ENGBERTS. J.  Org. Chem. 47,415 
(1982). 

i 22. F. M. MENGER. ACC. Chem. Res. 12, 111 (1979). 
: . . . 23. C. RAMACHANDRAN, R. A. PYTER, and P. MUKERJEE. J. Phys. 

.. ...I . . , - .  . . . .  Chem. 86, 3198 (1982). 
i 24. N. FUNASAKI and A. MURATA. Chem. Pharm. Bull. 28, 805 
i (1980); D. BARTET, G. GAMBOA, and L. SEPULVEDA. J. phys. 

Chem. 84, 272 (1980); C. GAMBOA, L. SEPULVEDA, and R. 
SOTO. J.  Phys. Chem. 85, 1429 (1981). 

25. C. A. BUNTON, L. S. ROMSTED, and C. THAMAVIT. J. Am. 
Chem. Soc. 102, 3900 (1980). 

26. C. D. RITCHIE and M. SAWADA. J. Am. Chem. Soc. 99, 3754 
(1977). 

27. J. H. BAXENDALE and M. A. J. RODGERS. J. Phys. Chem. 86, 
4906 (1982). 

28. C. D. RITCHIE, A. A. KAMEGO, P. 0 .  I. VIRTANEN, and C. 
KUBISTY. J. Org. Chem. 46, 1957 (1981). 

29. R. A. DIFFENBACH, K. SANO, and R. W. TAFT. J. Am. Chem. 
SOC. 88, 4747 (1966). 

30. P. MUKERJEE and K. J.  MYSELS. Critical micelle concentrations 
of aqueous surfactant systems. Natl. Bur. Standards, U.S. Govt. 
Printing Office, Washington, DC. 1970. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Importance of repulsion of lone electron pairs in the enhanced reactivity of 1,s-naphthyridine and 
the large a-effect of hydrazine in the aminolyses of p-toluenesulfonyl chloride1 
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SHIGERU OAE and YOSHIHITO KADOMA. Can. J. Chem. 64, 1184 (1986). 
The rates of aminolyses of p-toluenesulfonyl chloride with primary and tertiary amines have been determined both in 

acetonitrile and in ethanol. The Bronsted plots of log k,, again pKac values of amines (except hydrazine and 1,8-naphthyridine in 
acetonitrile) gave a good correlation when the aminolyses were carried out in acetonitrile. In ethanol, however, although 
Bronsted plots with all tertiary amines show a good correlation, less basic hydrazine shows a higher reactivity than n-butylamine. 
The abnormal rate enhancement found with hydrazine is undoubtedly due to the a-effect, while that with 1,8-naphthyridine in 
acetonitrile is considered to be due to the repulsion of two lone electron pairs on the two nitrogen atoms in 1,8-naphthyridine. 

SHIGERU OAE et YOSHIHITO KADOMA: Can. J. Chem. 64, 1184 (1986). 
On a dtterminC les vitesses d'aminolyse du chlorure de p-tolutnesulfonyle par des amines primaires ainsi que tertiaires, tant 

dans I'acCtonitrile que dans 1'Cthanol. Lorsque les aminolyses sont effectuCes dans l'acttonitrile, il existe une borne corrClation 
pour les courbes de Bronsted du log vs. les valeurs de pKal des amines (except6 dans les cas de l'hydrazine et de la 
naphtyridine-1,8 dans I'acCtonitrile). Dans l'tthanol, les courbes de Bronsted des amines tertiaires prisentent toutes une bonne 
corrklation; toutefois, l'hydrazine qui est moins basique prCsente une rCactivitC qui est sup6rieure 5 celle de la n-butylamine. La 
vitesse de rtaction anormalement ClevCe qui a CtC observte avec I'hydrazine est sans doute due h un effet a ,  alors que l'on 
considtre celle de la naphtyridine dans l'acitonitrile comme Ctant due a une rCpulsion des deux paires libres d'Clectrons des deux 
azotes de la naphtyridine-1,8. 

[Traduit par la revue] 

The enhanced reactivity of nucleophiles containing one or 
more lone electron pairs adjacent to the reacting center has been 
known as the a-effect (2-4). Among the following three major 
factors responsible for the a-effect, namely, (I) destabilization 
of the ground state of the a-nucleophile by repulsion between 
the adjacent lone electron pairs (5), (2) stabilization of the 
transition state by the extra pair of electrons, and (3) reduced 
solvation of the a-nucleophile by the adjacent lone electron 
pair, the last two factors have been fairly well substantiated by 
both theoretical (6-9) and experimental studies (10-13). 
Stabilization of the transition state by the a-nucleophile, namely 
the second factor, has recently been considered quite important 
and possibly the major factor for the enhanced reactivity in the 
nucleophilic attack of the a-nucleophile on the electropositive 
reacting center, especially in solution. Evidence supporting the 
third factor has become especially convincing now, since no 
a-effect was observed in the reaction of HOOP with methyl 
formate in the gas phase (13), where HOOP shows a strong 
a-effect in solution. 

Not much significance has been given to the first factor, i.e., 
destabilization of the ground state of the a-nucleophile by 
repulsion between the lone pairs on adjacent atoms, and 
practically no convincing evidence has yet been shown, 
although repulsion between lone electron pairs on adjacent 
heteroatoms is considered to be quite substantial in view of the 
well-known "rabbit ear effect" (14) of lone electron pairs on 
nonadjacent atoms. 

A nonbonding unshared electron pair, namely, a lone 

' ~ a k e n  in part from ref. 1. 
2Author to whom correspondence may be addressed. 
'Present address: Nippon Oil &Fats Co., 1-56 Ohama-cho, kmaga- 

saki, Hyogo-ken 660, Japan. 

electron pair, is large and takes up more space than a bonding 
pair (15). Therefore, if there is no electron pair other than a lone 
electron pair, the unshared pair of electrons would occupy a "s" 
type spherical orbital, spreading widely on the surface of the 
particular heteroatom (16). Even when the central heteroatom is 
bound to other atoms, the lone electron pair on the heteroatom 
tends to spread out, as exemplified by the decrease in the bond 
angle in the following three representative compounds: CH4, 
which has no lone electron pair on the central atom, has a bond 

/H 
angle, < C; = 109.5"; NH3, in which there is one lone 

H ,H 
electron pair on the central atom, has < N~ = 107.3"; while 

\ H 
H20, which has two lone electron pairs, is more angular, i.e., 

H 

< 0: = 104.7". When bonding pairs are replaced succes- 
H 

sively by a lone electron pair, the bond angle between the 
bonding pairs decreases, since the lone electron pair takes up 
more space than the bonding electron pair. Since the lone 
electron pair engenders an electronic dipole, two lone electron 
pairs placed in proximity or in parallel must create a consider- 
able electrostatic, and also even some steric, repulsion. The 
"rabbit ear effect" is caused by such a repulsion between two 
vicinal lone electron pairs on heteroatoms placed at the 
P-position to disfavor the conformations in which lone electron 
pairs on nonadjacent atoms are placed at parallel or at the 
syn-axial position (14), as shown below. 

Printed in Canada / Imprim6 au Canada 
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In 1,8-naphthyridine two lone electon pairs on the two 
nitrogen atoms of the heterocyclic compound are placed in 
parallel, as shown below. 

00 

@) 
Therefore, due to the repulsion, this compound should have a 
considerable internal strain. However, if one of the nonbonding 
lone electron pairs is used for bonding, such a repulsion would 
be released, since one of repulsive dipoles would disappear and 
the steric requirement of a bonding electron pair is less than that 
of a nonbonding electron pair. Hence, if 1,8-naphthyridine is 
used as a nucleophile in the nucleophilic reaction and the 
conventional Bronsted plot of logarithm of rate constant against 
pKaps of attacking nucleophiles, 1,8-naphthyridine would show 
a positive deviation from the plotted line, since the release of 
repulsion between the two lone electron pairs would occur in the 
transition state by forming a new a-bond between the nucleo- 
phile and the substrate, thus lowering the energy of activation. 
One earlier report (5b) suggested, based on others' work, that 
1,8-naphthyridine would show fourfold rate acceleration in the 
reaction with methyl iodide. One might propose, however, that 
protonation of one of the two lone electron pairs would result in 
the release of this unfavorable repulsion, which in turn would 
result in the increase of the pKaf value of 1,8-naphthyridine. 
These two opposing effects, i.e., lowering of the activation 
energy and increasing pKal value, should cancel out much of the 
anticipated positive deviation from the Bronsted slope. How- 
ever, this consideration has been suggested to be not very 
significant in nucleophilic displacements (17), since the lone 
electron pairs are more fully removed in the transition state than 
when perturbed by protonation. The result of our SCF MO 
calculation also supports this argument (6). 

Therefore, if one finds a substantial positive deviation from 
the Bronsted slope for 1,8-naphthyridine, similar to that for 
some a-nucleophiles, e.g., hydrazine, it may serve as support- 
ing evidence that repulsion between lone electron pairs is at least 
partially responsible for the rate enhancement in the nucleo- 
philic reactions. An observation by Zoltewicz and Deady (5b) 
seems to show the possibility of the above argument. However, 
in order to substantiate the argument, further data such as the 
solvent effect on the a-nucleophile and 1,8-naphthyridine, as 
well as quantitative measurements of deviations of both 
nucleophiles from the slope, should be necessary. Meanwhile, 
since 1,8-naphthyridine has a low pKat value, it does not react 
readily with ordinary esters and hence a more reactive p: 
toluenesulfonyl chloride was used as substrate for the nucleo- 
philic reaction. Thus, we have carried out a kinetic study on the 
reaction of p-toluenesulfonyl chloride with 1,8-naphthyridine, 
its isomer, 1,5-naphthyridine, hydrazine, and other amines in 
both ethanol and acetonitrile, observing substantial rate en- 
hancements with both 1,8-naphthyridine and hydrazine in 
acetonitrile. 

Results and discussion 
In the reaction of p-toluenesulfonyl chloride with amines, the 

following two reaction paths, i.e., (a) and (b), are conceivable. 
However, the product analysis indicates the absence of p- 
toluenesulfinate ion and only the presence of the sulfonate ion in 
the reaction mixture. Thus, path (b) has been ruled out and the 
reaction is purely a nucleophilic substitution on the sulfonyl S 
atom. 

Earlier, Kice and Legan (18) observed a marked a-effect in 
the nucleophilic substitution on the sulfonyl sulfur atom with 
hydroperoxide ion, and hence a substantial rate enhancement 
has been expected in the nucleophilic substitution of arenesul- 
fonyl chloride with the a-nucleophile. Thus, we have carried 
out a kinetic study on the nucleophilic substitution of p- 
toluenesulfonyl chloride with various amines. 

Although p-toluenesulfonyl chloride is quite reactive as 
compared to ordinary esters, the amines used for this study have 
a wide range of basicity from low basic 1,5-naphthyridine to - - 

highly basic piperidhe, the rate of the reaction was found to 
vary widely in the range of lo7.'. Therefore, two different 
analytical procedures were necessary for kinetic measurements 
in order tocompare all the rates. t or-the reaction with amines of 
low basicities, such as naphthyridines, quinolines, and pyri- 
dine, the reactions were carried out so that the amine concentra- 
tion was maintained usually 100 times higher than that of the 
substrate in the reaction cell, and pseudo-first-order rate 
constants thus obtained were divided by the amine concentra- 
tion to obtain birnolecular rate constants. h this case. the rate 
measurement was followed by monitoring the amount of 
chloride ion liberated in the reaction by conductometry. In the 
reactions with amines of high basicities from pyridine to 
piperidine, the conventional uv measurement of the absorption 
of p-toluenesulfonyl chloride was quite applicable, and concen- 
trations of both the arnine and the substrate can be kept nearly 
equal in this procedure. In both procedures, pyridine was used 
as the reference base and practically identical rate constants 
were obtained. 

Since the repulsion between the vicinally situated lone 
electron pairs is expected to change considerably, both sterical- 
ly and in dipole interaction, due to the possible change of 
solvation, the reaction was carried out in both protic and polar 
aprotic solvents, i.e., ethanol and acetonitrile. p-~oluene- 
sulfonyl chloride is stable in both solvents at these kinetic 
temperatures and kinetic concentrations for over 10 days, while 
the concentrations of amines were not affected bv these 
solvents. Thus, the rate constants obtained in acetonitrile are 
listed in Table 1. 

In Fig. 1, the values of log in Table 1 were plotted against 
the pKa, values of amines used. Apparently, there is a good 
correlation and the p-value, 0.89, obtained from the Bronsted 
slope seems to suggest that the reaction is highly dependent on 
basicity, while there is a high degree of bond formation in the 
transition state. 

The rate constants obtained with 1,8- and 1,5-naphthyridines 
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TABLE 1. Second-order rate constants for the reaction of p-toluene- 
sulfonyl chloride with amines in acetonitrile at 20°C 

Amine k2 log kc1  pKara 

Piperidineb 101 + 3 7.69 18.92 
n-~utylamine~ 64.4 + 0.5 7.49 18.26 
Monoethanolamineb 20.4 + 0.3 6.99 17.53 
Hydrazineb 74.0 + 0.5' 7.55 16.61 
Ammoniab (8.73 + 0.1) X lo-' 5.62 16.46 
Isoquinolined 4.3-2.0 X 2.0-2.35 12.50' 
F'yridinebpd (2.34 + 0.06) X lop4 1.20 11.98" 
1,8-Naphythyridined (2.08-7.04) X 2.5-3.0 10.44" 
1,5-Naphythyridined ( 2 . 0 8 + 0 . 3 ) x 1 0 - ~  0.0 9.92" 

"pKa, values are taken from Coetzee and Padmanabhan (19). 
%ate constant was obtained by conductometry. 
'Obtained rate constant was divided by 2 because these amines have two 

nucleophilic centers. 
"Rate constant was obtained by uv spectrophotometry. 
eEstimated value from a linear plot of pKa, in water vs. pKa, in acetonitrile. 

& ' I  I I I I I I I I J 
11 12 13 1'1 15 16 17 18 19 

FIG. 1. Bronsted plot for the reaction of p-toluenesulfonyl chloride 
with amines in acetonitrile. 

are divided by 2, since these amines have two nucleophilic 
centers (20). The plot for 1,5-naphthyridine lies well on the 
slope; however, hydrazine and 1,8-naphthyridine exhibit con- 
siderable deviations from the slope. The deviation of the plot 
with hydrazine is undoubtedly due to the a-effect, while that 
with 1,8-naphthyridine cannot be assigned to the a-effect but is 
obviously due to the repulsion of the two lone electron pairs, 
very likely in the ground state, since vicinally situated lone 
electron pairs, particularly in parallel positions, would result in 
a considerable repulsion. In this connecton, it is interesting to 
see the first pKa, values of substituted diaminonaphthalenes 
(21); namely, 4.61 for l,8-diaminonaphthalene, 5.6 for 1 3 -  
bis(monomethylamino)naphthalene, 6.43 for l-dimethylamino- 
8-monomethylaminonaphthalene, and 12.34 for 1,8-bis(di- 
methy1amino)naphthalene. The first pKar value for 1,8-bis(di- 
methy1amino)naphthalene is thus higher than those of normal 
aliphatic amines. This compound is apparently a highly strained 
molecule in which the conjugative resonance between the amino 
group and the naphthalene ring is considerably inhibited and, 
despite the high van der Waals repulsion, both dipolar repulsion 
and the strain would be effectively relieved by protonation. 
Since the unfavorable strain produced by repulsion is expected 
to be relieved more by forming a a-bond at the transition state of 

TABLE 2. Second-order rate constants for the reaction of p-toluene- 
sulfonyl chloride with tertiary amines in absolute ethanol at 21°C, by 

conductometry 

k2 PKaja 
Amine (L mol-' s-') log &I in water 

F'yridine (4.88 + 0.04) X 2.58 5.25 
Isoquinoline (1.14 + 0.04) X lo-' 2.95 5.42 
Quinoline (5.84 f 0.06) X 1.64 4.90 
1,8-Naphthyridineb (7.83 a 0.07) X lop5 0.79 3.36 
1,5-Naphthyridineb (1.27 f 0.15) X 0.00 2.84 

"pKa, values are taken from Perrin (23). 
bObtained rate constants were divided by 2 because these amines have two 

nucleophilic centers. 

TABLE 3. Second-order rate constants for the reaction of p-toluene- 
sulfonyl chloride with primary amines in absolute ethanol at 21°C, by 

ultraviolet spectrophotometry 

k2 pKala 
Amine (L mol-' s-') log k,~ in water 

~ydrazine~ 1.63 + 0.05 1.89 7.96 
n-Butylamine 0.860 + 0.03 1.61 10.59 
Monoethanolamine 0.605 -C 0.03 1.46 9.50 

"pKa, values are taken from Perrin (23). 
bObtained rate constant was divided by 2 because these mines  have two 

nucleophilic centers. 

nucleophilic substitution than when perturbed by protonation, 
1,8-bis(dimethy1amino)naphthalene is considered to be more 
reactive than anticipated from its basicity. However, because of 
the sterically crowded center of the amino groups, it is not a 
good nucleophile for substitution. 

As for 1 ,8-naphthyridine, the repulsion of lone electron pairs 
is considered to be effectively reduced at the transition state; 
thus the compound is 100-fold more reactive than anticipated 
from its basicity. The rate enhancement observed with 1,8- 
naphthyridine seems to indicate that the a-bond formation is 
nearly complete at the transition state. This is also a favorable 
condition for hydrazine to exhibit its a-effect, as observed by 
the markedly positive deviation from the Bronsted slope, the 
rate enhancement being 40-fold (see Fig. 1). 

Our earlier data (22)4 revealed that the a-effect was not 
observed in the aminolyses of alkyl, allyl, and benzyl iodides, 
nor in the hydrolyses of benzylic bromides with hydroperoxide 
ion, although the aminolyses of allyl and benzyl iodides give 
nearly identical Bronsted values (0.60 and 0.55, respectively) to 
that (0.54) obtained with p-nitrophenyl acetate. This lack of 
a-effect in the arninolyses on the sp3 carbon atom and also in the 
SN2 reaction of benzylic bromides with hydroperoxide ion may 
be explained on the basis of the inability to form tight a-bonds at 
the transition state of these SN2 processes. The tight a-bond 
formation, as observed in the formation of a tight tetrahedral 
intermediate in the ester hydrolysis, seems to be quite essential 
in releasing repulsion between lone electron pairs, thus en- 
hancing the rate and exhibiting a marked a-effect. 

Since large rate enhancements can be observed in the 
aminolyses of p-toluenesulfonyl chloride with 1,8-naphthyri- 
dine and hydrazine in such an aprotic solvent as acetonitrile, it is 
interesting to see how the change of solvent from acetonitrile to 

4Also, S. Oae and Y. Kadoma, unpublished results. 
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FIG. 2. Bronsted plot for the reaction of tertiary amines to 
p-toluenesulfonyl chloride in ethanol. 

5 

FIG. 3. Kinetic plots of the rates of aminolysis of p-toluenesulfonyl 
chloride with pyridine in ethanol. The log ao(& - x) values are 
obtained by the plot of [Cl-] vs. conductivity of the reaction cell; 0 by 
uv spectrophotometry; h by conductivity. 

a protic solvent such as ethanol would affect the rate of the 
reaction. Thus, a kinetic study on the aminolyses of p- 
toluenesulfonyl chloride with tertiary as well as primary and 
secondary amines has been carried out and the results are 
summarized in Tables 2 and 3, respectively. The Bronsted plot 
for aminolysis with tertiary amines is also illustrated in Fig. 2. 
Since it has been known that the relative basicities are little 
affected by the change of solvent from water to alcohol (24), the 
rate constants are plotted against pKal values of amines used in 
water. 

In the aminolyses of p-toluenesulfonyl chloride with tertiary 
amines in ethanol (see Table 2 and Fig. 2), there is also a good 
correlation between the rate constants and pKat values of amines 
used, and the Bronsted p-value of -1 indicates that the bond 
formation between the nucleophile and the substrate is nearly 
complete at the transition state, very likely expanding the 
valence shell of the central sulfur atom. However, in the 
aminolyses in ethanol, 1,8-naphthyridine does not show any 
positive deviation from the Bronsted slope, due mainly to 
solvation, since the lone electron pairs on two nitrogen atoms in 
the heterocycle are substantially solvated in ethanol by strong 
hydrogen bonding. Because of this solvation, orbitals of the 
lone electron pairs would be so contracted that the size of lone 
electron pairs would be reduced, thus reducing the unfavorable 

steric interaction, while the unfavorable dipolar repulsion 
would also be reduced substantially. These repulsive interac- 
tions are considered to be removed by formation of a a-bond 
between the sulfur atom and the nucleophile. However, the 
reacting center of 1,8-naphthyridine has vicinally situated lone 
electron pairs on the two nitrogen atoms, which would be 
solvated by ethanol molecules, far more in number than in the. 
aminolyses with other tertiary mines. Hence this sterically 
unfavorable condition created by the strong hydrogen bonding 
would cancel out any positive deviation from the slope. 

In general, the a-effect seems to be somewhat larger in protic 
solvents than in aprotic media, while it is also considered to be 
affected markedly by the change of solvent (20). However, 
there are not many data to substantiate the argument. Therefore, 
aminolyses of p-toluenesulfonyl chloride with primary amines 
have been carried out, just to see if the a-effect would depend on 
the solvent change as was observed with 1,8-naphthyridine. The 
results are shown in Table 3. 

One finds in Table 3 that hydrazine reacts faster than other 
more basic primary amines, due obviously to the a-effect. In the 
reaction in ethanol the transition state would be well solvated by 
the solvent ethanol, and further solvation by the vicinally 
situated lone electron pair will not increase the stability, 
whereas the presence of the vicinial lone electron pair would 
rather decrease the solvation at the transition state by repelling 
some ethanol molecules. Thus in ethanol the ground state 
destabilization would be cancelled out by the transition state 
destabilization; the net result is no rate enhancement. The 
a-effect is solvent independent, while the lone pair - lone pair 
repulsion is solvent dependent. These observations suggest that 
while the lone pair - lone pair repulsion is an important factor, it 
is not the solecause of the a-effect. 

Experimental 
Preparation of materials 

1,8-Naphthyridine was prepared by the Skraup reaction (25). Five 
repeated sublimations at 80°C (0.2Torr; 1 Torr = 133.3Pa) gave 
glassy colorless needles, mp 99.5"C (lit. (25) mp 98-99°C). 1,5- 
Naphthyridine was prepared similarly (26); mp 75°C (lit. (26) mp 
75°C). Other amines were prepared by distillation (19), or by 
recrystallization. 

Product analysis 
One gram of a given amine (pyridine or 1,8-naphthyridine) was 

added into the solution containing 1 g of p-toluenesulfonyl chloride in 
20 g of acetonihile. After keeping the solution for 5-30 min at room 
temperature, the reaction mixture was poured onto ice-water, acidified 
with HCl, and extracted with ether. In the ether solution, there was no 
p-toluenesulfinic acid present and only a trace of the umeacted sulfonyl 
chloride was detected. p-Toluenesulfonic acid in the remaining water 
layer was identified by adding a solution of S-benzylthiouronium 
chloride to obtain the crystalline S-benzylthiouronium salt of p- 
toluenesulfonic acid. After recrystallization from ethanol, the salt gave 
mp 178°C (lit. (27) mp 178°C). 

Product analyses for the reaction of p-toluenesulfonyl chloride with 
primary and secondary amines in ethanol were also carried out using 
the same method as described above. In the case of a primary amine, 
the corresponding sulfonamide was isolated quantitatively, while the 
reaction pr~duct with a tertiary amine was the p-toluenesulfonic acid 
ester, which was also obtained quantitatively. The lack of the sulfonic 
acid ester among the products in the reaction with primary arnines in 
ethanol suggests that at the rate-determining step the unfavorable 
influence of ethoxide anion can be neglected. 

Kinetic measurements 
Since a wide variety of amines were used, the rate constant changed 

widely over the range of lo7.'. Therefore, two kinetic procedures have 
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been applied. For the aminolyses with reactive primary and secondary 
amines, the reactions have been followed by uv spectrophotometry 
using the absorption of p-toluenesulfonyl chloride at 245 nrn, while for 
the tertiary amines, the rates of the reactions have been followed by 
conductometry, by monitoring the conductivity change in the reaction 
cell that is caused by the change of chloride ion, liberated during the 
aminolysis. In the latter method, the concentration of the amine was 
usually maintained 100 times higher than that of the sulfonyl chloride. 
Thus, the pseudo-first-order rate constants obtained were divided by 
the concentration of the m i n e  used, to estimate the second-order rate 
constant of the aminolysis. For all the kinetic measurements both in 
ethanol and in acetonitrile, the concentration range of the m i n e  for 
conductometry was in the range of 1-0.5 mol/L, while p-toluene- 
sulfonyl chloride was kept between 0.01 mol/L and 0.005 mol/L; also 
for the uv spectrophotometry the concentration of amine was between 
0.5 mol/L and 5 x mol/L, while the concentraton of p-toluene- 
sulfonyl chloride was between 0.2 mol/L and 1 X m o l / ~ .  A 
typical run is shown in Fig. 3. The apparatus used for the conductivity 
is the same as that used previously (28). Meanwhile, the rate of the 
reaction with pyridine was measured by both uv spectrophotometry and 
conductometry and there was a good agreement in both. 

In the aminolysis of sulfonyl chloride with pyridine in ethanol, AZ? 
and A p  values are calculated to be 14.7 kcal/mol (61.61 kJ) and 
- 15.9 eu, respectively, while AZ? and A p  for the reaction with 
1,8-naphthyridine are 17.2 kcal/mol (72.2 kJ) and - 15.6 eu, respec- 
tively. 
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Metal catalysis in oxidation by peroxides. 24.' Extraction of aqueous peroxomolybdenum species 
into organic media and their reactivity 
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OLGA BORTOLINI, LETANZ~O BRAGANTE, FULV~O Dl FURIA, and G i o ~ ~ i o  MODENA. Can. J. Chem. 64, 1189 (1986). 
The effect of the lipophilicity and coordinating ability of neutral ligands, belonging to the classes of phosphoric amides and 

pyridine oxides, on the extraction of the neutral oxidants molybdenum(V1)-peroxo complexes from an aqueous acidic phase to 
an organic one, has been studied. The nature of the Mo(V1)-peroxo species present both in aqueous and organic phase has also 
been investigated. Sizable amounts of mineral acid, added to adjust pH, may be extracted into the organic phase. The various 
factors affecting this process such as the nature of the acid added, the organic solvent and the neutral ligand, as well as the effect of 
this feature on the partition of the oxidant between the two phases are briefly discussed. 

OLGA BORTOLINI, LETANZ~O BRAGANTE, FULV~O Dl FURIA et G i o ~ ~ i o  MODENA. Can. J. Chem. 64, 1 189 (1986). 
On a ttudit les effects, sur l'extraction d'oxydants neutres comme les complexes peroxo-molybdkne(VI), du caractkre 

lipophile et de l'habilitk k coordonner des ligands neutres que possbdent les phosphoramides et les oxydes de pyridine. On a aussi 
examint la nature des espbces peroxo-molybdkne(V1) tant dans la phase aqueuse que dans la phase organique. De grandes 
quantitks d'acides minkraux, qui sont ajoutts pour ajuster le pH, peuvent &tre extraites dans la phase organique. On discute 
brikvement des divers facteurs qui affectent ce processus, tel que la nature de l'acide qui est ajoutk, la nature du solvant organique 
et du ligand neutre ainsi que l'effet de cette caracttristique sur la rkpartition de I'oxydant entre les deux phases. 

[Traduit par la revue] 

Introduction 
Selective oxidations by dilute hydrogen peroxide, catalyzed 

by transition metal derivatives, present several attractive fea- 
tures (1). In fact, aqueous hydrogen peroxide is a readily 
available and safe oxidant which has the additional advantage of 
producing no other by-products than water. Moreover, novel 
procedures recently proposed, based on biphasic systems (2,3), 
allow to overcome the main drawback encountered in the 
homogeneous catalytic reactions, that is the need of using polar 
solvents such as water, alcohols, or ethers where the oxidation 
rates by peroxometal complexes are usually much slower than 
those in non-polar media (1). 

Two main approaches to the development of biphasic systems 
have been used (2,3), both based on the acid-base properties of 

I some peroxometal species, namely peroxomolybde~um and 
peroxotungsten complexes, formed by addition of hydrogen 
peroxide to Mo(V1) or W(V1) derivatives in protic solvents. In 
fact, both Mo(V1) and W(V1) peroxo complexes are fairly acidic 
(4). Thus, it is possible to transfer, by means of a lipophilic 
quaternary ammonium cation or similar cationic phase-transfer 
agents, the peroxo anions from the aqueous to the organic phase 

, (2) where the oxidation of the substrate takes place.2 Altema- 
i tively, we have proposed (3) the transfer of neutral peroxo 

complexes to the organic phase, generally a chlorinated 
hydrocarbon, by employing neutral lipophilic ligands such as I phosphoric amides or pyridine oxides. ' Our system has been tested in two model reactions (3), the 
oxidation of organic sulfides and the epoxidation of olefins. This 

1 system exhibits fairly good rates and selectivities under the 
I 

appropriate experimental conditions, particularly with a Mo(V1) 
1 catalyst. Clearly, the efficiency of the oxidation was found to 
I 

' ~ a r t 2 3 . 0 .  Bortolini, F. Di Furia, G. Modena, and A. Schionato. J. 
I Mol. Catal. In press. 

'Addition of phosphoric or arsenic acids in the aqueous phase is 
I essential in this procedure (2) thus suggesting the formation and 
i subsequent extraction of peroxo-heteropolyanions. 

depend on several factors, a very important one of which is the 
nature of the ligand employed. 

We have therefore deemed worthwhile to extend our study by 
examining in greater detail the chemistry of the peroxo-species 
formed and transferred. We limited ourselves to Mo(V1) 
derivatives, and the interactions of such species with the 
extracting ligands. It may be anticipated that the results reported 
in the present paper confirm more quantitatively the relevance of 
both the lipophilicity and the coordinating ability of a ligand in 
determining the success of the oxidation procedures. Moreover, 
this study provided evidence of a less known process, i.e. the 
extraction of the mineral acid in the organic phase by the ligand, 
which affects both the partition of the peroxo complexes and the 
reactivity of the system. . 

Results and discussion 
Peroxomolybdenum(VZ) species in acid aqueous solutions 

Early results reviewed by Connor and Ebsworth in 1964 (5) 
provided evidence that in acid aqueous solutions containing 
alkali metal molybdates and an excess of hydrogen peroxide, 
peroxomolybdenum compounds containing two peroxo groups 
per molybdenum atom are formed. However, no detailed 
information on the structure and the chemistry of such species 
was available at that time. Since then, a variety of well 
characterized peroxomolybdenum complexes has been pre- 
pared (6). Among these, we selected, for the purposes of this 
investigation, the 0x0-diperoxo-phosphoro-arnido-aquo com- 
plex MoO(O~)~.HMPT.H~O, 1 (4c): 

- 
0,ll ,o 
l,Mo I 
0 1  i '0 

HMPT I 
H20 

In protic solvents, the organic ligand HMPT may be 
displaced by the solvent itself (4c, 7). The displacement 
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FIG. 1. Electronic spectra of Mo05HMFT.H20 (2 X lo-' M) in 
H20 at different acidities (H2SO4): pH 2.06 (a), 1.66 (b), 1.24 c, 1.17 
(4, 1.00 (4. 

equilibrium is easily monitored by 'H nmr spectroscopy 
because of the different chemical shifts of the CH3 group in 
coordinated and free HMPT, respectively (7). Moreover, the 
equilibrium is sufficiently slow at room temperature to give two 
separate signals. 

We first determined that in Di0 ,  2 X M solutions of 1 
only gave signals (doublet) corresponding to free HMPT. In 
other words, the ligand was completely displaced. We then 
measured the electronic spectra of a 2 X M aqueous 
solution of 1 at different acidities (H2S04). The pertinent 
spectra are shown in Fig. 1. 

The absorption at ca. 3 10-320 nm is typical of oxodiperoxo- 
molybdenum complexes (8). Similm features are observed in a 
series of solvents ranging from protic to hydrocarbon ones (see 
the following for an example). Moreover, no absorption due to 
HMPT is observed in this region of the spectrum, as expected. 
Inspection of the spectra of Fig. 1 indicates that an increase in 
the acidity of the aqueous solution causes a shift of the peroxide 
absorption at lower energies, showing acid-base equilibria 
above pH -1.2. At higher acidity, on the other hand, no 
appreciable variation of the band is observed. 

It is also observed that in the presence of H202, at pH values 
below 1.2, aqueous solutions of H2Mo04 or Moo3 exhibit an 
absomtion svectra which are identical to those shown in 
Fig. 1, within experimental error. A,, = 324nm, E,, = 
1060cm-' M-'. 

~ r o m  these data we conclude that the same peroxomolyb- 

FIG. 2. Potentiometric titration of Mo05HMPT.H20 (1 X M) 
with NaOH (1 X 10-'M) in H20 at 25"C, under argon. 

0.04 1 I I I I 
0 1 2 

c o v o  

FIG. 3. Conductometric titration of Mo05HMPT.H20 (1.25 x 
M) with NaOH (1 X lo-' M) in H20 at 25°C under argon. 

denum species occur in solutions, whatever the precursor, 
provided that the pH values are sufficiently low. The species is 
most likely an aquo-0x0-diperoxo complex M00(0~)~(H20),.  

Again using Mo05HMPT.H20 as a precursor, we then 
examined the acid-base behavior of such peroxo complex in 
aqueous solutions. Figures 2 and 3 show the results of the 
potentiometric and conductometric titrations of 1, 1 X lop4 M, 
with NaOH in aqueous solution. The concentration of 1 in these 
experiments was such that no HMPT bound to the metal was 
observed. In both titrations two equivalent points, at [NaOY.l/ 
[Mo] ratios of 1 and 2, respectively, are found, in agreement 
with previous results obtained in very similar systems (4c). 

The acidic character of Mo(V1)-peroxo species in other 
protic solvents such as alcohols has been also observed (4a, b). 
For comparative purposes, Fig. 4 shows the potentiometric 
titration of a 1 x M solution in i-PrOH (no HMPT bound to 
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BORTOLINI ET AL. 

the metal) with i-PrONa. Interestingly, in alcoholic solution 
only one, fairly acidic, titratable proton is found. 300 

Therefore, the acidity of the peroxo-molybdenum species 
should not be related to the opening up of the peroxo bridges 
yielding peracid-like derivatives since such a process should be 200 
equally possible in water and in alcoholic solvents. 

On the other hand, the titration curve in Fig. 2 clearly shows 
that the presence of dianionic molybdenum(V1) species in water 100 
is confined to basic solution where complicated equilibria > 

E 
involving dimerization and dissociation of hydrogen peroxide 
are likely to occur (4c, 5). Therefore, in aqueous acid solution, w 

0 
where our experiments have been carried out, the only acid- 
base equilibrium which needs to be considered is that occumng 
between the neutral peroxomolybdenum species and the mono- 
anionic one. This might be envisaged as: - 100 

Extraction of neutral peroxomolybdenum(V1) species from 
water to DCE by neutral lipophilic ligands 

The experiments reported here were carried out under the 
following experimental conditions: 2.5 rnL of an aqueous 
solution containing respectively the molybdenum precursor, 
typically Na2Mo04, in the presence of an excess of H202, at a 
fixed pH value (obtained by addition of a strong acid) and an 
equal volume of an organic phase, containing the neutral 
lipophilic ligand, were mixed together under controlled stirring 
for 3 min. After this time the stirring was suspended, the two 
phases were separated, and the peroxomolybdenum complex 
remaining in the aqueous solution was determined by uv 
spectroscopy (absorption at ca. 3 10-320 nm depending on the 
pH, see preceding ~aragraph).~ Control experiments confirmed 
that, in the absence of the ligand in the organic phase, no 
appreciable decrease of the concentration of Mo(V1)-peroxo 
complex in the aqueous phase, after the experiments run under 
otherwise identical conditions, was observed. 

First we examined the yields of extraction as a function 
of the pH of the aqueous phase, taking two representative 
neutral ligands, hexaethylphosphoric triarnide, HEPT, and 
phenylpropylpyridine N-oxide, RPyNO. (RPy = 4-(C6H5- 
(CH2)3-C51&N). The pertinent results, concerning aqueous 
solution of H2SO4 and HC104, are shown in Figs. 5 and 6. A 
2-fold excess of the ligand over the peroxomolybdenum 
complex, under the condition of a 40-fold excess of H202 over 
molybdenum, has been used. The curves of Figs. 5 and 6, 
referring to the extraction from H2S04 aqueous solutions, are in 
very good agreement with the results reported in the previous 
paragraph. In fact, the maximum extraction is obtained at a pH 
value ca. 1.5-1 .O, roughly corresponding to the invariance of 
the absorption at 324 nm, see Fig. 1, which has been attributed 
to the complete neutralization of the anionic peroxomolyb- 
denum species. We observe also that the yields of extraction are 
larger for RPyNO than for HEPT. This point will be discussed in 

3 ~ t  has been confirmed directly that the peroxomolybdenum species 
in the aqueous phase plus that extracted into the organic one, also 
determined by uv spectroscopy, as discussed in the next paragraph, 
correspond to the stoichiometric concentration of molybdenum initially 
added. Furthermore, under identical conditions, but in the absence of 
metal derivatives, only negligible amounts of hydrogen peroxide, as 
determined by iodometric titre, are extracted into the organic phase. 

FIG. 4. Potentiometric titration of Mo05HMPT.H20 (1 x lop4 M) 
with N ~ O W  (1 x lo-' M) in WOH at 25"C, under argon. 

01 ' I I I I 
2.5 2.0 1.5 1.0 0.5 

pH 
FIG. 5. Extraction (%) of Mo(V1)-peroxo compound in organic 

phase as a function of pH and the type of acid used: H2S04 ( a )  or 
HClO, (B). [Mo],, = 2 x 10-'M, [HzOz] = 0.8 M, [HEPT] = 4 x 
lo-' M DCE/H20 2.512.5 mL at 25°C. 

FIG. 6. Extraction (%) of Mo(V1)-peroxo compound in the organic 
phase as a function of pH and the type of acid used: H2S04 ( a )  or 
HC104 (B). [Mo],, = 2 X lo-' M, [H20z] = 0.8 M, [RqrO] = 4 x 
lo-' M DCE/H,O 2.512.5 mL at 25°C. 
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TABLE 1. Percentage of mineral acid extracted from the aqueous into the organic phase (DCE) 
[H2S0410 = 7.9 X lo-' mmol, [HC104]0 = 0.158 mmol in 2.5 mL of H20 (pH - 1.2)" 

Ligand 

HEPT 
RPy NO 
HEPT 
RPyNO 
HEPT 
RPyNO 
HEPT 
RPyNO 

Solvent 

DCE 
DCE 
CHC13 
CHC13 
CH2C12 
CHzClz 
Chlorobenzene 
Chlorobenzene 

% HC104 in the organic phase % H2SO4 in the organic phase 

No ligand added Ligand added No ligand added 

-0.1 
-0.1 
-0.1 
-0.1 
-0.1 
-0.1 
-0.1 
-0.1 

Ligand added 

The experiments were camed out under standard conditions (see text) at a fixed (4 X l(TZ M) concentration of 
lieand in DCE. Theconcentration of the mineral acid in the oreanic ~hase  was determined bv titration (NaOH) after - - .  
pouring the DCE solution in water. 

more detail later on. The shape of the curves of Figs. 4 and 5 
concerning extractions from HC104 solutions is, at first glance, 
rather puzzling. Also in this case, an increase of the extraction 
yields is observed upon neutralization of the anionic peroxo- 
molybdenum species. However, at higher acidity of the 
medium, the yields of extraction sharply decrease. The data 
reported in Table 1 clearly indicate that in the presence of both 
ligands HEFT and RPyNO, the concentration of HC104 in the 
organic phase is 30- to 40-fold that of H2S04, whereas, in the 
absence of the ligand, the acid concentration in the organic 
phase is similar for the two acids and much lower in value. 
Therefore, it appears that the basic ligands are also able to 
extract the mineral acids in the organic phase, likely via 
hydrogen bonding or true protonation equilibria (9). Moreover, 
HC104 is much more easily extracted than H2SO4, possibly 
because of the known higher solubility of the anion C104- in 
organic media. The presence of acid in the organic phase clearly 
reduces the extracting ability of the ligand toward the peroxo- 
molybdenum species. 

For comparative purposes, in Table 1 are reported data 
refemng to other chlorinated solvents. Although the qualitative 
behavior is the same as that observed for DCE, it may be 
interesting to note that chloroform appears to be the solvent 
where less acid is extracted. This feature might be relevant as far 
as the search for a more efficient oxidizing system is concerned 
(3). However, we have directly confirmed that, in general, the 
yields of extraction of Mo(V1)-peroxo complexes are much 
lower in chloroform compared to other chlorinated hydro- 
carbons. 

Under the best conditions of acidity in the aqueous phase 
determined by the above experiments, i .e .  pH 1.2, H2SO4, we 
have studied the increase of extraction yields as a function of the 
neutral ligand concentration. The pertinent results are shown in 
Fig. 7 where four different ligands are considered. Beside the 
two ligands previously employed, HEFT and RPyNO, we have 
also examined hexabutylphosphoric triamide, HBPT, and 
tridodecylphosphoric triamide, TDFT. The comparison of the 
behavior of HEFT and HBPT may give an estimate of the 
relevance of the lipophilicity of the ligands on their extracting 
ability. Thus, the similarity of the two curves in Fig. 7 indicates 
that the efficiency of the two species is largely dominated by the 
coordinating ability of the oxygen of the P=O group provided 
that the ligands are sufficiently lipophilic. In fact, control 
ex~eriments indicate that the water-soluble HMFT is much less 

FIG. 7. Effect of increasing concentration of added ligands HBPT 
(B), HEPT (a), RPyO (O), TDPT (A) on the % extraction of the 
Mo(V1)-peroxo compound in the organic phase. [Mo],, = 2 X 

lo-' M, [HzOz] = 0.8 M, pH = 1.2 (H2S04), DCE/H20 2.512.5 mL 
at 25°C. 

As observed previously, the N-oxide derivative is a better 
extracting agent than either HEFT or HBPT. Interestingly, 
TDPT gives the best results under the adopted conditions. 

In an attempt to correlate the extraction behavior observed 
with the coordinating ability of the various classes of ligands 
we have synthesized two novel model peroxo complexes, 
Mo05(PyNO).H20 (PyNO = 4-CH3-C5H4N + 0 )  and 
Mo05TEPT. H20 (TEPT = (CH3CH2NH)3P=O), character- 
ized by a fairly good solubility in alcoholic solvents. We have 
then studied the displacement equilibria of the ligands for the 
two complexes, and for Mo05HMPT.H20, in the solvent 
CD30D, determining the values of KDIss at 25°C by 'H nmr 
technique and standard calculation methods. It should be 
mentioned that, at variance with Mo05HMPT.H20 complex for 
which, as previously mentioned, two separate signals of the 
CH3-group of the coordinated and free HMPT are observed (71, 
the rates of ligands exchange of the other two complexes are, 
at 25OC, relatively fast so that a single average signal is 
observed for the CH3-group both in Mo05(PyNO).H20 and 
Mo05TERP.H20. 

effective. Mo05L.CD30D + CD30D S MOO~(CD~OD)~ + L KDISS 
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,IN1 ET AL. 

FIG. 8. Electronic spectra of: (a) Mo(V1) peroxocompound in 
DCE extracted from the aqueous phase under standard conditions: 
[Mo],, = 2 X lo-' M, [H202] = 0.8 M pH = 1.2 (H2S04); (b) 
Mo05HMPT.H20 1.5 x lo-' M in DCE; (c) Mo05HMPT.H20 1.5 
X lo-' M in DCE in the presence of acid (H2SO4). 

The KDIss values thus obtained, Mo05(PyNO).H20 (1 X 

lop4), Mo05HMPT.H20 (2.4 X lop4), and Mo05TEPT.H20 
(3.7 x lop4) follow an order which does not parallel the order of 
extraction efficiency of the liphophilic ligands containing the 
same coordinating group. Indeed, the trialkylphosphoric amide 
ligand TEPT is more easily displaced than PyNO, whereas 
lipophilic N-oxides appear to be less effective as extracting 
agents than trialkylphosphoric amides. These findings underline 
the complexity of the biphasic systems where equilibrium 
processes, other than the partition of the ligands and their 
coordination to the metal, need to be considered. Among these, 
an important role is likely played by the interaction between 
the ligands and the acid in both the organic phase and aqueous 
phase (9). 

Peroxomolybdenum(VI) species extracted into the organic 
phase 

In this part of our investigation we looked for direct evidence 
that the peroxomolybdenum(VI) complex extracted into the 
organic phase, independent of the molybdenum precursor 
present in the aqueous solution, belongs to the well-known 
family of compounds of the general formula M O O ( O ~ ) ~ L ~ L ~  
which were isolated and characterized by Mimoun et al. (4c). 
We proceeded by doing spectroscopic and kinetic experiments. 
We first measured the uv spectrum of the DCE solution after the 
extraction, using the .same conditions as described in the 
preceding paragraph, from an acidic (pH 1.2) solution of 
Na2Mo04 containing an excess (40-fold) of hydrogen peroxide, 
employing HEPT as the extracting agent. We then registered the 
uv spectrum of a DCE solution of Mo05HEPT.H20. As shown 
in Fig. 8, the two spectra are very similar, except for a small 
red-shift in the extracted peroxo complex. Control experiments 
have shown that this shift is attributable to a kind of solvent 
effect caused by the presence of acid in the DCE solution of the 
extracted peroxo complex. 

0 60 120 180 240 300 360 
tlrne, rnin 

FIG. 9. Rate of disappearance of active oxygen in the oxidation of 
cyclohexene (0.2 M) by Mo(V1)-peroxo compound extracted from the 
aqueous phase (A), duplicated reaction (A), or by Mo05HMPT.H20 
(a), duplicated reaction (0), in DCE in the presence of HEPT 5.76 X 
lo-' M, at 25°C. 

Finally, we have tested the oxidizing ability of a solution of 
the extracted peroxomolybdenum complex by comparing it with 
that of Mo05HEPT.H20 in a model reaction, i .e.  the epoxida- 
tion of cyclohexene. We used identical experimental condi- 
tions, particularly the excess of the free ligand over the oxidant 
since it is known that added ligand reduces the oxidation rates. 
The results are shown in Fig. 9. Within experimental error, the 
oxidizing ability of the two systems appears identical thus 
confirming that the same oxidant is present in solution. 

Conclusions 
We have shown that the efficiency of the two-phase oxidizing 

system comprising dilute hydrogen peroxide, Mo(V1) deriva- 
tives, and neutral phase-transfer agent depends on several, 
sometime conflicting, factors. Our results indicate that an 
increase of the acidity of the aqueous solution is beneficial as far 
as the neutralization of the anionic peroxo complexes is 
concerned. On the other hand, the mineral acid, particularly 
HC104, may also be transferred into the organic phase. This 
results in a decrease in the extracting capability of the ligand. 
Moreover, the presence of an acid in DCE may lower the yields 
of acid-sensitive products such as some of the epoxides obtained 
by oxidation of the olefin (3). Although the lipophilicity of the 
neutral ligands plays a role in the sense that its insolubility in 
water is a necessary requisite, our studies indicate that the nature 
of the coordinating group in the ligand itself is more important. 
On the other hand, the fact that the extraction ability increases in 
the order hexaalkylphosphoric triamides < N-oxides < trialkyl- 
phosphoric triamides which is also the order of increasing 
oxidizing ability of the two-phase systems (3), but is not the 
order of increasing coordinating ability of the ligands, suggests 
that other factors, such as the interaction with the acid extracted 
in the organic phase, may play a relevant role. 

Experimental section 
Reagents and solvents 

Reagent grade Moo3, Na2Mo04, H2O2 (36% w/v) were used 
without further purification. Aqueous solution of peroxo-Mo(V1) 
complex were prepared by dissolving Moos (10 g, 0.069 mol) in Hz02 
(100 rnL) in the dark at 20°C. Complete dissolution is usually achieved 
in 4-5 days. DCE, CH2C12, CHC13,,and chlorobenzene were purified 
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by standard procedures from highly pure commercial samples. All reported by Mimoun et al.  (4c). Na2Mo04 (8.5 g, 35 mmol) was 
other chemicals were used as received. dissolved in a minimum volume of water and the pH of the solution 

Preparation of the ligands 
Hexabu~lphosphoric triarnide (HBPT). An ethereal solution of 

PC13 (55 g, 0.4 mol) was dropwise added, over a 2-h period, to a 
solution of dibutyl amine (350g, 2.71 mol) in 500mL of anhydrous 
diethyl ether under vigorous stirring (10). After this time the mixture 
was allowed to return to room temperature and then refluxed for 6 h. 
The precipitated m i n e  hydrochloride was filtered off, and carefully 
washed with ether. From the combined ethereal solutions the solvent 
was removed in a rotating evaporator. The crude product was dissolved 
in 200mL of acetone and oxidized with an excess (ca. 20%) of 
hydrogen peroxide (36% w/v) slowly added to the reaction mixture 
maintained at O°C. The resulting solution was then stirred for 3 h at 
40-50°C, cooled, poured into an equal volume of water, and extracted 
with diethyl ether.-The ethereal solition was washed with water, dried 
over MgS04, and the solvent removed in vacuo. The product was 
purified by low pressure (4-5 atm) liquid chromatography (1 1) (silica 
gel (>0.063 mm), petroleum ether - acetone 90-10) and by subse- 
quent distillation, bp 153°C 0.06 mm Hg, yield 40%. 'H nmr 6 0.93 (t, 
18H), 1.28(m, 12H), 1.49(m, 12H),2.90(m, 12H);31Pnmr823.98 
(s) H3PO4 30% in D20 as external reference, broad-band proton- 
decoupled spectra. Anal. calcd. for C24H54N30P: C 66.77, H 12.61, N 
9.73; found: C 66.15, H 12.43, N 9.51. 

Hexaethylphosphoric triamide (HEPT). It was obtained in a similar 
manner from the di-n-ethyl amine (10). The product was purified by 
low pressure liquid chromatography (1 1) (silica gel > 0.063 mm, 
petroleum ether - acetone 70-30) followed by distillation bp 107°C 
0.3mmHg;yield30%. 'Hnmr6 l . l 0 ( t ,  18H)3.05(qd, J =  7.2Hz, 
JP-H = lO.OHz, 12H); 3 ' ~  nmr 6 23.90 (s) &Po4 30% in D20 as 
external reference, broad-band proton-decoupled spectra. Anal. calcd. 
for C12H30N30P: C 54.70, H 11 .SO, N 15.90; found: C 54.25, H 
11.25, N 15.23. 

Triethylphosphoric triamide (TEPT). Precooled CH3CH2NH2 
(150mL, 2.29mol) was rapidly transferred, under stirring, into a 
round-bottomed flask containing 300mL of t-butyl methyl ether, 
equipped with a cold-finger condenser and maintained at -10°C. 
POC13 (43 mL, 0.17 mol) dissolved in 50 mL of ether was added slowly 
and the flask allowed to warm at room temperature (12). 'The reaction 
was then refluxed for 4 h  under stirring. When cooled at room 
temperature two phases separated spont&eously. The lower layer 
containing the product was separated and diluted with a 25-30-fold 
volume of ethylic ether. The amine hydrochloride precipitated and was 
filtered off. The ethereal solution was concentrated under reduced 
pressure and the crude product purified by liquid chromatography 
(silica gel CH2C12-CH30H 97-3), mp 28-29"C, yield 30%. 'H nmr 6 
1.15 (t, 9H), 3.05 (m, 6H) 2.35 (s, broad, 3H); 3 ' ~  nmr 6 19.60 (s) 
H3W4 30% D20  reference, proton decoupled. Anal. calcd. for 
C6H18N30P: C 40.22, H 10.12, N 23.45; found: C 39.69, H 10.19, N 
I? 9 1  

adjusted with H2SO4 (30% W/W) to ca: 2. Then 25 mL of H202 
(0.3 mol) were added at 0°C. To this solution, under stining, 6.08 mL 
(35mmol) of HMPT were added and a yellow precipitate was 
immediately formed. The product was recrystallized from methanol. If 
needed, water molecule may be removed by keeping the complex over 
P2O5 under vacuum for one night. The properties of the complex are in 
agreement with the previously reported data. 

Mo05.HEPT.H20. HEFT (0.58 g, 2.2 mmol) was slowly added, 
under stirring at O°C, to an aqueous solution of Moo3 dissolved in 
H202 (see preceding paragraph). A yellow precipitate was formed 
immediately, and was stirred for an additional 30 min, then filtered off. 
The filtrate was washed several times with water and ethylic ether (80% 
yield). The complex may be deh~drated as previously described; ir 

Anal. calcd. for CI2H3$\T3O6MoP: C 32.80, H 6.90, N 9.60; found: C 
32.93, H 7.07, N 9.59. 

Mo05.p-MePy0.H20. A solution of para-methyl pyridine N-oxide 
(10.9 g, 0.1 mol) in 5 mL of water was added to a solution of Moo3 
(15 g, 0.1 mol) dissolved in H202, in an ice-cold bath. A bright 
yellow precipitate was formed. It was filtered off and washed well with 

/O water and ether (70% yield); ir (KBr) v(Mo=O) 965, v(Mo I ) 540, 
'0 

583 cm-'. Anal. calcd. for C6H9NO7Mo: C 23.78, H 2.99, N 4.62; 
found: C 23.56, H 2.99, N 4.63. 

Mo05.TEPT.H20. To a solution of Moo3 dissolved in H202 
1 equiv. of TEFT was added in a minimum volume of water at 0°C. A 
pale yellow precipitate was immediately formed. It was filtered off and 
washed with ether (40% yield). Iodometric titration of active oxygen 
indicated a purity of 95% based on a molecular weight of 372.99 
corresponding to C6H2$\T3O7MoP. Contrary to previously reported 
compounds this complex decomposes rapidly. 

It may be stored at -23OC for 3-4 days. 
CAUTION: Dehydration of Mo05.TEPT.H20 under vacuum has 

resulted in a violent decomposition. Such procedure should be avoided. 
Concentration of the organic phase containing the peroxometal 
complexes during work-up may also be dangerous. 

Apparatus and standard procedures 
'H nmr spectra were recorded on a Bruker WP 200 ST, TMS as 

internal reference; 3 1 ~  nmr spectra were obtained on a Bruker WP60, 
H3PO4 30% in D20  as external reference. Ultraviolet-visible spectra 
were recorded using a Varian Cary 219 or a Perkin-Elmer Lambda 5 
spectrophotometer. Infrared spectra were recorded on a Perkin- 
Elmer PE 580 B in KBr pellets. 

The pH values of the solutions were controlled and the potentio- 
metric measurements were carried out on a Metrohrn 632, using a 

LJ.Jl. 
standard glass electrode. Conductometric measurements were obtained 

Tridodecylphosphoric triamide (TDPT). POC13 ( 1 1 .8 g, 0.078 moll on RADIOMETER CDM 3. potentiometric and conductometric 
in 60mL t-but~l  ether was slowly added, under acid-base titrations were by stepwise addition of freshly 

stirring, to a solution of dodecylamine (93.3 g, 0.05 mol) in 250 mL of 0.01 M solutions of NaOH (Normex) or Na0pt ,  under argon. ether at O°C (1 2). Acid-base titrations were carried out using phenolphthalein as indi- 
The temperature was raised to 25°C and the reaction refluxed cator. Melting and boiling points are ~h~ extraction 

overnight. The white precipitate formed contained both the amine experiments were out as follows: 2.5 mL ofan aqueous solution 
hydrochloride and the product. The solid was dissolved in hot water containing Na2Mo04 ( 0 . 0 ~  M) and ~~0~ (0.8 M) at a fixed p~ value, 
and the product separated as an insoluble layer, which was recovered. obtained by the addition of a strong acid and 2.5 mL of organic phase 
Recrystallization from ethanol gave a white solid; mp 71-72OC9 yield ,,,tilining the lipophilic ligand, usually 0.04 M, were stirred together 
42%. ' ~ n m r 6  0.95 (t, 9H), 1.35 (s, 54H), 1.55 (m, 6H), 2.27 (m, 3H) for 3 min. After this time the stirring was suspended and the two phases 
3.05 (m, 6 ~ ) ;  3 ' ~  nmr 8 18.01 (s) H3P04 30% D20 reference, Proton separated. The amount of peroxomolybdenum remaining in 
decou~led. ~ n a l .  cdcd. for C36H78N30P: C 72.10, H 13.10, N 7.03; the aqueous solution was determined by uv spectroscopy using the found: C 72.37, H 13.43, N 7.16 appropriate A,,, depending on the pH. 

CAUTION: HMPT has been proved to be carcinogenic; therefore 
caution has to be used in handling this and other phosphoric amides. Acknowledgment 
Preparation of the Mo(V1)-peroxo complexes We thank the Ministry of Public Education, Italy, for 

Mo05.HMPT.H20. The procedure adopted is essentially that financial support. 
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Kinetics of the equilibration of 3-hydroxyphthalide and o-formylbenzoic acid. 
Hemiacetal breakdown with a carboxylic acid leaving group 
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ROBERT A. MCCLELLAND and POUL E. S~RENSEN. Can. J. Chem. 64, 1196 (1986). 
A temperature-jump relaxation study is reported for the equilibration: 3-hydroxyphthalide (SH) i2 o-formylbenzoate (R-) i2 

o-formylbenzoic acid (RH). A kinetic analysis is carried out in which SH and R- interconvert with catalysis in the ring opening 
direction by water and by added general bases. Excellent Brlnsted plots based upon a series of oxyacid buffer catalysts are 
obtained. These have slopes P for the base-catalyzed ring opening of 0.81 and a for the reverse acid-catalyzed ring closing of 
0.19. A mechanism where S-, the conjugate base of SH, is a discrete intermediate can be ruled out on the basis of the Brlnsted 
values and the magnitudes of the rate constants. The lifetime of S- is estimated to lie in the range 10-11-10-15 s. Two 
mechanisms can be proposed. A fully concerted mechanism "enforced" by lifetimes less than 10-l3 s involves direct 
interconversion of SH and R- with no intermediate. A preassociated mechanism "enforced by lifetimes in the 10-"-10-'~ s 
range requires, in the ring closing direction, that an acid catalyst be hydrogen bonded to the carbonyl in R-. 

ROBERT A. MCCLELLAND et POUL E. S~RENSEN. Can. J. Chem. 64, 1 196 (1986). 
On rapporte une ktude sur la relaxation par saut de tempkrature de l'kquilibre hydroxy-3 phtalide (SH) * o-formylbenzoate 

(R-) a acide o-formylbenzoi'que (RH). On a effectui une analyse cinktique dans laquelle SH et R- se transforment l'un dans 
l'autre sous l'influence d'une catalyse par l'eau et les bases gknkrales qui favorise l'ouverture du cycle. On a obtenu d'excellentes 
com6lations de Brlnsted qui sont baskes sur une skrie de catalyseurs de tampons d'oxyacides. Les pentes, P pour l'ouverture du 
cycle qui est catalyske par les bases et a pour la rkaction inverse de fermeture du cycle sous l'influence des acides, sont 
respectivement 0,81 et 0,19. En se basant sur les valeurs de Brlnsted et sur les amplitudes des constantes de vitesse, on peut 
klirniner le mkcanisme impliquant S-, la base conjuguke de SH, cornrne intermkdiaire identifiable. On estime que le temps de vie 
de S- se situe entre lo-'' et 10-l5 s. On propose deux mkcanismes. Un mkcanisme complttement concerti et maintenu par des 
temps de vie de moins de 10-l3 s implique une interconversion directe de SH et R-, sans intermkdiaire. Un mkcanisme 
prk-associi maintenu par des temps de vie de lo-'' a lo-" s nkcessite, 101s de la fermeture du cycle, qu'un catalyseur acide 
forme une liaison hydrogkne avec le groupement carbonyle de R-. 

[Traduit par la revue] 

Structure-reactivity correlations have provided recent evi- 
dence (1-4) that the general acid-catalyzed breakdown of 
hemiacetals follows the class "e" mechanism (5 )  of eq. [ l ]  while 
the general base-catalyzed breakdown follows the class "n" 
mechanism of eq. [2]. The overall reaction involves three 

bonding changes, C-0. bond breaking and two proton trans- 
fers, and in each of the two reactions one of the proton transfers 
is usually written coupled with the heavy atom reorganization. 
A simple explanation as to why the two reactions follow their 
particular courses is that in so doing they avoid a less stable 
intermediate, a protonated aldehyde in the case of the acid 
reaction and an alkoxide ion in the case of the base reaction. 

W e  recently analyzed the base catalysis of the equilibration of 
the cyclic hemiacetal B (Ar = 4-methoxyphenyl) with its 
cis-chalcone isomer C (6). This system has a phenol leaving 

group and thus represents the situation where the anion derived 
from the leaving group is more stable. Indeed the evidence 
supported a different mechanism, one in which all three bonding 
changes were uncoupled and both the hemiacetal anion B- and 
the phenolate anion C- were formed as intermediates. Also of 
interest were the enormous rates associated with the intercon- 
version of the two anions, ring opening of B - to C- for example 
having a rate constant of lo9 s-I. The lifetime of the hemiacetal 
anion is therefore extremely short, and one can imagine a 
situation with even more stable leaving anions where the 
lifetime might become so  short that the hemiacetal anion could 
not exist. In this case the reaction would become two steps 
again, but now as a class "e" mechanism (eq. [4]). 

In this paper we present kinetic results pertaining to the buffer 

Rinted in Canada I lmprimt au Canada 
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catalysis of the reversible ring opening of the hemiacylal 
3-hydroxyphthalide, a system with a carboxylate leaving group. 
Although the equilibration in question is very rapid, it can be 
studied by the temperature-jump relaxation method (7). A 
previous study (7) has demonstrated buffer catalysis, but only 
two buffers, the substrate itself and HF, were investigated. In 
order to more fully establish mechanistic details we have now 
looked at a series of carboxylic acid and other oxyacid catalysts. 

Experimental 
o-Formylbenzoic acid (Aldrich) was recrystallized from water- 

benzene. Other materials were of Analar grade and were used without 
further purification. Phosphonic acids were the gifts of A. J. Kresge (8). 

The equilibration was studied by use of the temperature-jump 
method, on a Messanlagen-Studiengesellschaft spectrophotometer. 
Solutions of the substrate ((1-6) X lop4 M) were prepared in the 
appropriate buffer, the pH recorded, and the solution placed in the 
T-jump cell. The spectrophotometer was thermostatted at 21 S°C and a 
3S°C temperature jump applied. The relaxation was observed at 255 
nm. The photomultiplier output was digitized (380 points per run), and 
the digital data transferred to an IBM 3033 computer (NEUCC, 
Copenhagen), where relaxation constants (7-') were evaluated by 
least-squares fitting. Four to six kinetic runs were carried out for each 
solution. 

0 0 II FIG. 1. Relaxation constants as a function of total buffer concentra- 
tion in acetate buffers. (U), pH = 4.94, [S] = total substrate 

[51 
- - =o concentration = 0.155 mM; (0), pH = 4.50, [S] = 0.31 mM; (a), pH 

COO- COOH = 4.50, [S] = 0.155 mM, (B), pH = 4.22, [S] = 0.31 mM. 

Results and discussion 

0 
kHA(H4 S H R R H 

time scale of the observed relaxation, so that 
whose equilibrium relationships are known (7). 

I I I I 

[SH1 - KO = 14.8 [61 -- 
[ M I  

2 4 6 8 
The system in question consists of three species (eq. [5]), 

(HA)+(A], ( m ~ )  

[R-1 [Hi]= Km = 10-3.36 
[71 [RH] 

[81 - -- ko ~ A K H A  [R-l iHil - Km - 10-4.55 M - 
_=_ 

[SHI KO k ~ +   HA 
Equilibration kinetics were investigated by the T-jump 

method (7), monitoring changes in absorbance at 255 nm due to 
the o-formylbenzoate ion. Relaxations were observed in a 
variety of oxyacid buffers; conditions and relaxation constants 
T-I are given as supplementary material (see Appendix, Table 
Al). Data for acetate buffers are plotted in Fig. 1. 

Analysis is carried out through the mechanism of eq. [5], 
where ring opening of SH occurs with general base catalysis to 
give directly R- (7). Bases involved are the solvent and the base 
component of the buffer. R- itself can also function as a base, 
and its catalytic coefficient was determined in the previous study 
with unbuffered solutions (7). At the concentrations employed 
here, however, its contribution is small. A similar argument 
applies to hydroxide ion, another possible base catalyst. The 
assumption is made that simple proton transfers are fast on the 

where x = concentration at equilibrium after the T-jump, ax = 
displacement from equilibrium at any time, and KHA = 
dissociation constant of buffer. Noting that the following 
conditions apply: aHA + aA = 0, aSH + + 8, = 0, and 
8, + aA = aH, expressions can then be derived relating all 
displacements to aSH. The forward and reverse rate constants 
are also related (eq. [8]). The appropriate equation is then 
written for dSsH/dt, and after some algebra, the following is 
obtained, 

where X = (KHA + [H+])/(KHA + [H+] + [A-1). We define 
the second term in brackets as C, and plot T-'/C versus [A-I 
(Fig. 2). The validity of this analysis is established by the 
observation of a common line for the various sets of relaxations 
obtained in acetate buffers. In addition, a common intercept (ko) 
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TABLE 1. Catalytic constants for the general base-catalyzed ring opening of 3-hydroxy- 
phthalide, general acid-catalyzed ring closing of 2-formylbenzoate 

Catalyst 
(acid form) P K ~  kA, M-I s-' kHA,a M-' S - I  

O ~ H A  = ~ A K H A K O I K R H .  
bko/55.5. 
' ~ H ~ O '  = k O K 0 I K ~ ~ .  
"From ref. 7. 

FIG. 2. Corrected relaxation constants ( 7 - ' / C )  as a function of the 
concentration of the base component of the buffer. A: acetate, 0, pH 
4.94, [S] = 0.155 mM; 0, pH = 4.50, [S] = 0.31 mM; X, pH = 4.50, 
[S] = 0.155 mM; V, pH = 4.22, [S] = 0.31 mM. B: trichloromethyl- 
phosphonate, pH = 4.45, [S] = 0.31 mM. D: methoxyacetate, pH = 
4.04, [S] = 0.62 mM. E: chloroacetate, pH = 3.60, [S] = 0.62 mM. 

is found for the data in the different buffers. The slopes of the 
various lines provide the catalytic coefficients kA. These and 
values of kHA calculated using the relationship noted in eq. [8] 
are listed in Table 1. 

BrGnsted plots based on the catalytic coefficients are shown 
in Fig. 3. The cacodylic acid points deviate somewhat, as do the 
rates obtained previously (7) for HF/F- and the substrate itself. 
Otherwise excellent linearity is observed, with the points for 
RPo~H- / ~ 0 3 - ~ ,  RCOOH/RC02-, and H30+/H20 falling 
on a common line. The Brdnsted P value for the base plot is 
0.8 1 (correlation coefficient (cc) = 0.9996), ignoring the three 
deviating points, and shows an insignificant change (0.82, cc = 
0.998) if the H20 point is omitted. Considering all the data, P = 

FIG. 3. Breinsted plots for the general base-catalyzed ring opening 
and microscopic reverse general acid-catalyzed ring closing of the 
equilibration 3-hydroxyphthalide o-formylbenzoate. For catalysts 
see Table 1. Lines drawn are based on linear regression, excluding 
points 3, 4, and 10. 

0.83 (cc = 0.994). The Brdnsted a value is, as expected, I - P 
or 0.19 (ignoring the three points). There is no apparent 
curvature in these plots. The base rates are becoming extremely 
fast with the stronger bases, and must soon plateau at the 
diffusion limit of =10l0 M-' s-' . Hydroxide presumably 
would react with a rate constant near this limit, but its catalytic 
coefficient cannot be measured since at the acidity where the 
equilibration can be studied (pH 3.5-5) it cannot compete even 
with the solvent. (With = lo3 s-', the value of koH would 
have to be 1012 M-' s-' or greater for the hydroxide reaction to 
be important at pH 5.) 

In terms of a detailed mechanism we can note first that the 
class "n" mechanism of eq. [2] is highly improbable, since there 
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AND S0RENSEN 1199 

is no need to protonate the carboxylate leaving group. A second 
possibility is a step-wise mechanism with a discrete hemiacylal 
anion S- as an intermediate and, in order to account for the 
general acid-base catalysis, the proton transfer step rate 
limiting. This situation will arise if the ring opening of S- (k3) 
occurs faster than its reprotonation, as has now been observed in 
two cases (6, 9) including that described by eq. [3]. This 
mechanism can also be rejected. It requires that the observed 
rate constants ko and k~ be equal to kl and k2 of eq. [12], 

respectively. This, however, predicts a Bronsted P value of 1, 
since kl and k2 represent proton transfers in the thermodynami- 
cally unfavorable direction. The observed P is significantly less 
than this. Moreover, the observed ko, kA values predict an 
acidity constant for SH $ S- + H+ of 7-8 (as pKsH) using the 
relationship KSH = kl/kPl = k2KHA/k-2, with kPl, kP2 
having values near 10" M-' s- '. As discussed in the next 
paragraph, pKsH is likely considerably greater. 

Some idea of the magnitude of pKsH is important for future 
considerations. A value of 12.3 has been obtained for the 
hemiacetal AH (10). Ortho carbonyl groups are acid strengthen- 
ing towards a neighbouring carboxylic acid group, decreasing 
the dissociation constant by about one pK unit, as for example in 
phthalic acid or RH. Since p values for Ar-CRR' (OH) are close 
to unity ( l l ) ,  the effect on an alcohol dissociation should be 
similar, and thus an initial estimate for pKsH is 11.3. For two 
reasons this may underestimate the effect. Firstly, in SH there is 
additional inductive transmission through the ring oxygen (12). 
The magnitude of this effect is difficult to determine; current 
thinking is that inductive effects are relatively unimportant (12). 
A second and perhaps more significant effect is a polar one 
arising from the placement of a partial positive charge on the 
ring oxygen through its conjugation with the carbonyl. This 
effect is also difficult to estimate but it should also result in acid 
strengthening. Considering these uncertainties, we predict that 
pKsH lies in the range 10.5-1 1 .O. 

A further important consideration is the rate constant expect- 
ed for ring opening of the herniacylal anion S- (k3 of eq. [12]). 
A rate constant (kop of eq. [13]) of 6 X lo5 s-' can be calculated 

for the hemiacetal anion A- . This is based upon an observed rate 
constant of 1.4 x lo7 M-' s-' for hydroxide ion catalyzed 
opening of AH and the pKa value of 12.3 (lo), since koH = 
kopKa/Kw. For hydroxide ion catalyzed breakdown of formal- 
dehyde hemiacetals (1) and acetaldehyde hemiacetals (14), PI, 
values are -1.1 and -0.9, respectively. These contain a 
contribution from deprotonation of about -0.2 (I), so that PI, 
values for hemiacetal anion breakdown are -0.9 and -0.7. 
Such values will obviously depend on the "push" due to the 
developing carbonyl, more stable carbonyls resulting in an 
earlier transition state and less negative PI,. For example, for 
the tetrahedral intermediate CH3C(O-)(SAr)(OAr) PI, for 

aryloxide expulsion is only - 0.3 (1 3). Acetaldehyde provides a 
better model for the carbonyl group in question here, although it 
can be noted that geometrical constraints are such that in the ring 
opening of S- the developing carbonyl and benzene are not 
conjugated in the transition state so that the actual "push" may 
be more like that in a formaldehyde system. The pKa of the 
carboxylic acid leaving group in S- is 11 log units smaller than 
that of the benzyl alcohol in A-. The two hemiacetal values then 
predict ring opening rate constants of 5 X 1015 s-' (-0.9) and 3 
x 1013 s-' (-0.7). Both numbers are such that S- could not 
exist (14). Considering that there is some uncertainty in PI, and, 
perhaps more importantly, a rather lengthy extrapolation is 
involved, the actual number could be smaller. It is, however, 
difficult to see how it could be much less than 10'' s-'. 

With these considerations two mechanisms can be proposed. 
One is fully concerted with proton transfer and CO bond 
makinglbreaking occurring at the same time, and with no 
intermediate between SH and R-. For such a mechanism the 
position of the transition state with respect to proton transfer is 
defined by the Bronsted values. In the ring opening direction, 
proton transfer to the catalyzing base is 8/10 complete. A 
concerted mechanism would be "enforced" (14) by rate con- 
stants for S- breakdown greater than 1013 s-'. 

The second possibility is a preassociation mechanism (14, 
15). Viewed in the direction of the ring closure, the catalyzing 
acid is present in the rate-limiting C-0 bond-forming step 
hydrogen bonded to the carbonyl oxygen, and is therefore 
available to convert the hemiacylal anion into neutral hemiacyl- 
a1 as soon as the anion is formed. This mechanism would also be 
"enforced", this time by rate constants for S- breakdown in the 
range 10"-10'~ s-' , such that ring opening occurs before 
diffusional separation. Such a mechanism does fit with the 
Bronsted data. Previous examples have had a values near 0.15 
(13), attributable to a small stabilization of the transition state 
with increased acidity because of the hydrogen bonding to the 
developing negative charge. 

It is also instructive to consider what the last mechanism 
requires to explain the observed rate constants. The equilibrium 
constant [Sp1/[R-I is equal to KSHKOKRH, and a value of 
10-6-10-7 is calculated with the known KO and KRH and the 
KSH estimate noted previously. The equilibrium in eq. [I51 
involves hydrogen bonded anions ([S- . . . HA] /[R- . . . HA]) 
and will be more favorable towards the stronger base S-. It 
seems unlikely, however, that the equilibrium constant can be 
greater than The rate constant kP4 cannot be greater than 
1012 s- ', or otherwise S- . . . HA would not exist. Coupling this 
with the equilibrium constant, k4 must be less than lo7. For this 
mechanism the observed kHA is equal to Kask4, and thus even for 
the weakest acid, cacodylic acid (kHA = 1 x lo6 M-' S-I 7 Kas 
must be greater than 0.1 M-I. Hydrogen bonding association 
constants for aldehydes are unknown, but since they are weakly 
basic, it seems unlikely that the value can be much larger than 
this. The more basic formate ion associates with its conjugate 
acid (HCOOH.00CH)-, and even here Kas is only 0.25 M-' 

\ 
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Appendix 

(16). A value of 1155.5 or 0.02 would pertain to a situation with 
random encounter. 

n 

In summary, both the S-  life-time estimate and the require- 
ments for k4, K,, in the preassociation mechanism provide some 
support for a fully concerted mechanism. However, the uncer- 
tainties in the various analyses are such that preassociation 
cannot b e  rigorously excluded. The  lifetime of S-, however, 
must be  extremely short, and whichever is the mechanism, it is 
different from those previously observed. Finally, it can be  
noted that an anion like S- is the tetrahedral intermediate of a 
nucleophilic substitution of a phthalic anhydride. (If X- = H-, 
the intermediate is S-.) If this anion has a lifetime such that it 
cannot exist, it is not an intermediate but has been transformed 
into a transition state for a concerted reaction. 
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TABLE A l .  Relaxation constants 7-' (s-I), 25"C, ionic strength = 0.2 

Buffer basea Buffer acidb Total substratec p ~ d  10-~7-' 

Acetic acid 
5.00 2.50 0.155 4.95 11.8 + 0.5" 

3-Chloropropionic acid 
3.80 0.310 4.26 11.1 k 0.7 

Methoxyacetic acid 
6.4 0.620 4.03 16.3 k 0.5 

Chloroacetic acid 
16.80 2.70 0.620 3.56 11.6 k 0.5 
14.50 2.20 0.620 3.57 10.6 L 0.7 
12.10 1.80 0.620 3.59 9.3k 0.3 
9.46 1.24 0.620 3.64 8.5 k 0.3 
6.61 0.88 0.620 3.64 7.5 L 0.7 
3.77 0.51 0.620 3.63 7.5 k 0.1 

Cacodylic acid 
1 .OO 22.0 0.310 4.77 77.9 k 0.7 
0.40 8.0 0.310 4.76 39.3 k 4.0 
0.30 6.6 0.310 4.76 26.6 k 5.0 
0.20 4.4 0.310 4.75 21.4 k 3.6 
0.10 2.2 0.310 4.75 10.2 k 1.1 

3.32 4.31 0.620 4.43 10.1 L 0.4 
2.78 3.51 0.620 4.44 9.1 L 0.3 
2.03 2.46 0.620 4.46 8.0 k 0.2 
1.44 1.68 0.620 4.48 5.9 k 0.2 
0.87 0.924 0.620 4.52 5.1 k 0.5 

"Millimolar concentration of base component of buffer. 
bMillimolar concentration of acid component of buffer. 
'Millimolar concentration of total substrate (R- + RH + SH). 
%easured pH. 
'Standard deviation of 4-5 determinations. 
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This paper is dedicated to Professor Arthur N.  Bourns 

D. J. MCLENNAN, A. R. STEIN, and B. DOBSON. Can. J. Chem. 64, 1201 (1986). 
Kinetic chlorine isotope effects attending the solvolysis of several ring-substituted 1-phenylethyl chlorides in alcohol-water 

solvent mixtures are reported. The k35/k37 values are insensitive to the identity of ring substituents and to solvent composition. 
Results are interpreted in terms of an SN1 heterolytic process incorporating a significant amount of internal return. Theoretical 
calculations suggest that the incipient chloride ion in the transition state may be strongly hydrogen-bonded. 

D. J. MCLENNAN, A. R. STEIN et B. DOBSON. Can. J. Chem. 64, 1201 (1986). 
On a mesurt les effets isotopiques cinttiques du chlore qui accompagnent les solvolyses de plusieurs chlorures de phtnyl-1 

Cthyle substituts sur le cycle. Les valeurs de k35/k37 sont insensibles h la nature des substituants sur le cycle ainsi qu'h la 
composition du solvant. On interprbte les rtsultats en fonction d'un processus htttrolytique SN1 incorporant une part importante 
de retour interne. Des calcultes thkoriques suggbrent que I'ion chlorure qui attaque dans l'ttat de transition pourrait Ctre fortement 
lit  par des liaisons hydrogbnes. 

[Traduit par la revue] 

Introduction 
Much insight into the nature of SN1 S O ~ V O ~ ~ S ~ S  has come from 

studies on 1-phenylethyl halides. Kinetic (I), stereochemical 
(2), secondary a- and P-deuterium isotope effect (3, 4), and 
carbon isotope effect (5-8) studies have been reported. Recent 
work has focussed on the generation and the fate of substituted 
1-phenylethyl cations in solution as a function of their lifetimes 
(9-11). 

Leaving group kinetic isotope effects have not been as widely 
exploited in solvolysis reactions as in other systems. Chlorine 
isotope effects in the solvolysis of tert-butyl chloride (12) and 
substituted benzyl chlorides (13), and sulfur isotope effects in 
the solvolysis of the tert-butyldimethylsulfonium (14) and 
benzyldimethylsulfonium (15) cations appear to be the only 
available examples. In view of our interests in the reactions of 
1-phenylethyl derivatives (1 6- 18), in chlorine isotope effects 
(19, 20), and in isotope effects in general solvolytic processes 
(21, 22), we decided to measure chlorine isotope effects in the 
solvolysis of ring-substituted 1-phenylethyl chlorides. 

Results 
The reactions exemplified by reaction [I] were investigated. 

[ l ]  Ar-CH--CI + SOH + A r - C H - O S  + H+ + C1- 
I I 

Ar = 3,4-Me2C6H3 S = H, Et, CF3CH2 
4-MeC& 

c6H5 
4-Be6H4 

Previous investigations have shown that styrene formation is 
never greater than 3% (3, 5, 18); hence it was neglected. 
Chloride ion released after partial and complete reaction was 
quantitatively converted to methyl chloride, and the 35C1/37C1 
ratio was assessed in the usual way using an isotope ratio mass 
spectrometer. Results obtained are shown in Table 1 (for 
EtOH-H,O solvents) and Table 2 (for 97% TFE - H20 

'On leave from the Department of Chemistry, Memorial University 
of Newfoundland, St. John's, Nfld, Canada A1B 3x7. 

solvent). Comment on the accuracy and reproducibility of the 
isotope effects is in order. The sample 52/50 mass ratios, R,  
and those for the standard methyl chloride, Ro, are commonly 
expressed as S values via eq. [2]. As calculated by repetitive 

sample/reference comparisons on a single gas sample, 6 values 
were as constant as those previously reported from our 
laboratory, and varied by no more than 0.5% (19, 20). 
However, day-to-day variations in S for the same sample of 
methyl chloride were of the order of +2-3%, when compared 
with the same reference gas. Variations of this nature are not 
unusual (15) and, so as far as was possible, partial reaction 
samples and infinity samples were analysed on the same day. 
Furthermore, samples of methyl chloride independently pre- 
pared from the same original sample of AgCl and analysed on 
different days exhibited variations in S of up to +5%, whereas 
in our previous studies (1 9,20), these variations were no greater 
than k 1%. Limited access to the mass spectrometer precluded a 
systematic and detailed examination of reasons for this loss of 
reproducibility under conditions of apparently equal precision. 

Constraints of access prevented our analysing all partial 
reaction and infinity samples of methyl chloride on the same 
day. Since all infinities were generated from the same sample of 
1-arylethyl chloride, it seemed in order to use a mean value 
obtained from measurements on different days, since 6, values 
showed no temporal trend. To illustrate the effect of this we 
recalculated the results for 1 -phenylethyl chloride itself, using 
the individual S values from Table 1 and mean of the six 6, 
values, which themselves were calculated from 17 separate 
6-fold cycles (see Experimental). In Table 3 we show that the 
ultimate effect on k35/k37 is almost inconsequential. We 
theref&e estimate that the k35/k37 values in Tables 1 and 2 are 
uncertain to the extent of around k0.0005, which is some ten 
times the uncertainty established in our earlier work. For this 
reason we were unable to detect any real variation in k35/k37 as 
(i) ring substituents, (ii) solvent compositions in EtOH-H20, 
and (iii) temperatures, were varied. Within 95% confidence 
limits, there is no substrate or solvent variation of k3Jk37. The 
same applies to reactions in TFE-H20 (Table 2) but, when 

Printed in Canada 1 Imprime au Canada 
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TABLE 1. Chlorine isotope effects in the solvolysis of ArCH(CH3)CI compounds in ethanol-water solvent mixtures 

Vol % 
Ar EtOH T ("C) 6" 6," f b  k35 / k37 

3 ,4-Me2C6H3 95 25 -17.6620.05 -10.62-CO.51 0.226 1.0082 
3 ,4-Me2C6H3 90 0 - 17.32-CO.24 - 10.6420.39 0.141 1.0073 
3,4-Me2C6H3 80 0 -17.5520.01 - 10.6220.51 0.169 1.0078 
3 ,4-Me2C6H3 70 0 - 17.5420.24 -10.62k0.51 0.132 1.0076 

4-MeCa4 95 25 - 17.8320.35 -1 1.71k0.32 0.359 1.0078 
4-MeC6H4 90 25 - 18.99-CO.33 -12.41-CO.13 0.329 1.0082 
4-MeC6H4 80 25 -17.8820.03 - 12.41 20. 13 0.416 1.0074 
4-MeC6& 70 25 - 18.0520.01 -12.41-CO.13 0.424 1.0077 
4-MeCa4 70 0 - 19.58k0.26 -12.41 ?O. 13 0.231 1.0084 
4-MeC6H4 50 0 - 18.2320.49 -11.7120.32 0.223 1.0076 

c6H5 95 50 -13.38k0.13 -8.91-CO.28 0.675 1.0084 
C6H5 90 50 - 15.47k0.40 -9.31 20.22 0.368 1.0079 
C6Hs 80 50 - 15.1920.63 -9.26-CO.04 0.422 1.0080 
c6H5 80 25 - 15.36-CO.49 -9.20'-0.02 0.41 1 1.0083 
c6H5 70 25 -15.9020.30 -9.27-CO.17 0.356 1.0085 
C6H5 50 25 -15.81-CO.35 -9.7520.01 0.318 1.0076 

4-Be6H4 95 50 - 12.73-CO. 10 -5.8420.46 0.314 1.0085 
4-BrC6H4 90 50 -11.52k0.35 -5.8420.46 0.475 1.0081 
4-Bed34 80 50 -11.8320.21 -5.8420.46 0.367 1.0077 
4-BrC6H4 70 50 -9.4920.08 -5.4320.01 0.672 1.0075 
4-BK6H4 50 50 -1 1.3020.06 -5.68-CO.16 0.406 1.0075 

"See text for explanation of uncertainties. 
bFraction of reaction at which 6 value was measured. 

TABLE 2. Chlorine isotope effects in the solvolysis of ArCH(CH3)CI compounds in 97% (w/w) 
trifluoroethanol-water solventn 

Ar T ("C) 6 6%" f k35/k37 

3 ,4-Me2C6H3 - 23 - 13.66-CO.28 -10.7120.02 0.686 1.0056 
4-MeC6H4 - 23 - 16.31 20.27 -12.41k0.13 0.514 1.0058 

25 - 12.70k0.02 - 10.39k0.03 0.690 1.0045 
C6Hsa 25 - 14.5320.17 -10.39k0.03 0.422 1.0056 
4-BrC6H4 25 -10.72-CO.05 -5.4320.01 0.277 1.0063 

"These represent completely independent solvolyses. A common 6, only was used to calculate k3, /k3 , .  

standard deviations are taken into account, k35/k37 is signi- 
ficantly larger for the EtOH-H20 solvent system than for 
reactions conducted in TFE-H20. 

Discussion 
Transition state variation 

If all solvolyses are kc processes, represented by reaction [3] 
6, 6- + 

[3] A r X H X I  -, ArCH.. . . .CI -, ArCHCI- 
I I I 

as the rate-limiting step, then the results suggest that neither ring 
substituents nor solvent composition (in EtOH-HzO) affect the 
degree of bond-breaking and charge development in the 
transition state (TS). Both p+ (3) and Grunwald-Winstein m 
values (23) are numerically large for the 1-phenylethyl halide 
solvolysis system, suggesting that bond rupture and charge 
transfer are well advanced at the TS. Theory decrees that if 
simple carbon-chlorine stretching comprises the reaction co- 
ordinate the TS should become more reactant-like as electron- 
donating groups stabilize the carbocationic portion of the ion 

pair (24, 25) and if such a variation is significant the chlorine 
isotope effect should become smaller (20,26,27). It does not .' 

Similarly, if C-C1 heterolysis is nucleophilically solvent- 
assisted (SN2-like ion pair formation) the same should apply 
(24, 28). We are therefore left with the alternatives that either 
the theory is wrong, or that the mechanism is more complex than 
has been supposed. 

Two earlier reports concur. Hill and Fry (1 3) find that k35/k37 
for solvolyses in the ArCH2Cl system is substituent-insensitive. 
Friedburger and Thornton find the same pattern for sulfur 
isotope effects in the hydrolysis of ArCH2SMe2+ ions. The latter 
authors have made a detailed enquiry into mechanistic alterna- 
tives, and have somewhat tentatively suggested that SN2 water 
attack, with TS insensitivity in the tight-loose dimension to 
substituent changes, may cause constant leaving-group isotope 
effects. They dismiss the possibility of rate-limiting water 

2 ~ h e  relationship between chlorine isotope effects and transition 
state structure in bimolecular SN2 reactions has recently been examined 
in detail. See ref. 46. It is not yet certain that all their conclusions can 
be extrapolated to solvolytic SN1 reactions, and some of the present 
results suggest that there may be some differences. 
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McLENNAN ET AL. 

TABLE 3. Chlorine isotope effects in the solvolysis of C6H5CH(CH3)C1 compounds in ethanol-water 
solvent mixtures, based on a mean 6," 

Vol % EtOH T ( " 0  6 6," f k3s/k37 

i "See footnotes to Table 1. 

j attack on a preformed ion-molecule pair (29). This may indeed 
be the case for a primary benzylic system, but we will show later 
that an SN2 explanation is untenable for our secondary sub- 
strates. We recognise that the primary vs. secondary comparison 
is not in itself sufficient reason to reject nucleophilic solvent 
assistance to ion pair formation in our system (30). 

The suggestion that TS structure (whatever it may be) is 
insensitive both to substituent and to solvent polarity (EtOH and 
H20 have similar nucleophilicities (31)) has a parallel in 

( findings on solvolysis of benzhydryl p-nitrobenzoates (32). 
I However, the latter results were eventually interpreted in terms 
1 of a multistep mechanism, to which we will later return. In the 
; meantime we recall the rejection by Jencks and Richard (32) of a 

1 significant degree of nucleophilic solvent assistance in the 
I solvolysis of mildly activated 1-arylethyl chlorides. 

It is of interest to note that the chlorine isotope effect is 
significantly lower when TFE-H20 is the solvent (compare 
Tables 1 and 2). Trifluoroethanol is more electrophilic than 
EtOH and H20 (33) and so will hydrogen bond more strongly to 
an incipient chloride ion in the TS than will the latter. If the 
degree of negative change development on chlorine is about the 
same in both solvent systems (and this does not necessarily 
mean that the solvolysis mechanisms need be identical) one 
would expect that k35/k37 would be diminished by increasingly 
strong solvent coordination (26, 27). An alternative viewpoint 
is that the TS is earlier in the "faster" TFE-H20 solvent, but 
there is no independent evidence for this. Calculations in the 
following section and others already reported (26) show that 
solvent coordination is necessary to obtain reasonable theoretical 
k35/k37 values in the first place, and so an explanation based on 
relative electrophilicities would appear to be more reasonable. 

Model calculations of chlorine isotope effects 
Model calculations based on assumed TS structures and force 

constants for an ionization (kc) model have been performed in 
an effort to understand the pattern of chlorine isotope effects. The 
basic model was as described for isopropyl chloride solvolysis 
(22) except that a point mass of 27 amu replaced a methyl group, 
and effectively simulated a phenyl group. The possibility that 
the positive charge on C, in the TS is not fully delocalized by the 
phenyl group was simulated by assuming that the charge, equal 
to 1 - nl in the i-PrC1 case (22) where nl is the C,.. . .Cl TS 
bond order, could be replaced by F(l  - nl), where F is the 
fraction of charge not delocalized by the phenyl. The phenyl- 
C, bond order then becomes 1 + (1 - F)(1 - nl), which simu- 
lates partial double bond character for F + 1 .O. Nucleophilic 
participation by .sr electrons in 1-phenylethyl halide solvolysis 
was first proposed by Bourns and Stothers (5) to explain an 

anomalously low carbon isotope effect, and the idea has 
re-emerged in more recent isotope effect calculations (34). 

In order to obtain chlorine isotope effects of reasonable 
magnitude, it was necessary to simulate solvation of the incipent 
chloride ion in the TS, and this was done following the format 
established for tert-butyl chloride isotope effects (27). Three 
tetrahedrally-disposed HO groups were placed in proximity to 
the chlorine. The Cl.. . .HO bond was assigned bond orders in 
the range 0.05(1 - nl) to 0.3(1 - nl), which are somewhat 
larger than those orginally specified (27, 35). 

The reaction coordinate motion for the simple kc model was 
visualized as chloride transfer from C, to the solvent hydrogens: 

f l l  f22 
C,. . . . . . . . Cl.. . . . . . . (H0)3 

by appropriate formulation of an off-diagonal force constant f12 

based on the diagonal constants f i l  and f22 (36). A solvent- 
assistance model was also used, similar to that employed for 
i-PrCl(22). Here the nucleophilic H20 was viewed either as an 
entering nucleophile so that 0 . .  . .C, shortening accompanied 
C,. . . .Cl stretching in the TS, or as a solvating spectator. Similar 
results were obtained for both cases and, since only weak solvent 
assistance was simulated (no, < 0.2), the inclusion of assis- 
tance had little effect on the calculated values of k35/k37. Values 
of (Y-kH/kD, P-kcH3/ kCD3, and kI2/kl3 for the central carbon 
were calculated as well. Details and results will be presented in a 
forthcoming publication. 

It is ntcessary only to contrast two extreme cases for k35/k37. 
The first line of Table 4 shows the dependence of k35/k37 on nl as 
the TS structure is changed from reactant-like to product-like in 
a case where (i) the choice of parameters for formulation of f12 

keeps v?, the reaction coordinate frequencies, at low absolute 
values and (ii) only weak hydrogen bonding of the chlorine is 
similated. The k35/k37 values are seen to increase as the TS 
C ,.... Cl bond is made weaker, as expected (20, 22, 26, 27). 
The second line refers to a case where (i) higher absolute values 
of vz, correspnding to higher banier curvature, are generated 
and (ii) stronger hydrogen bonding of the chlorine is simulated. 
The k35/k37 values now pass through a flat maximum. Between 
nl values of 0.7 and 0.1 k35/k37 is almost constant. 

This is then the chlorine analogue of the Westheimer-Melander 
maximum for proton transfer (37). This is the first theoretical 
report of such a phenomenon for a leaving group isotope effect; 
maximal carbon isotope effects in SN2 alkyl transfers have 
already been experimentally (38) and theoretically (39) de- 
scribed. It provides a rationale of our results within the 
framework of substituent-induced TS variation according to the 
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TABLE 4. Calculated chlorine isotope effects at 25.0°C for two TS models for the unassisted 
solvolysis of 1-phenylethyl chloride 

k35/k37 for nl = 

Model la  1.00519 1.00870 1.01111 1.01300 1.01494 - 
Model 2b 1.0084 1 1.00968 1.00985 1.00982 1.00981 1.00889 

"F = 1.00, average vL* 200i cm-', CI.. . .HO bond order 0.1 (1 - n,).  
bF = 1.00, average vL* 3651 cm-', CI .... HO bond order 0.3 (1 - n , ) .  Note that k3, /k3 ,  is 

relatively insensitive to the value chosen for F over the range I .00-0.4. 

rules (24, 25, 28). The effect of strengthening the hydrogen 
bonds to chlorine is to lower k35/k37 overall; this provides a 
rationale for the lower isotope effects observed for solvolysis in 
the more electrophilic TFE-H20 solvent (Tables 1 and 2). The 
model also yields values of a - k H / k D  and P-kCH3/kCD3 in 
reasonable agreement with experiment (3). Yet it may well be 
wrong, for two reasons. 

~ i r s t l ~ ,  the degree of hydrogen bonding needed to generate a 
maximum without resorting to reaction coordinate formulations 
which generate unrealistically high absolute values of v z  is 
unreasonably high. It is in fact higher than the amount of 
hydrogen bonding (in bond order terms) estimated for a 
fully-developed, solvated chloride ion (26, 35). 

Secondly, the model fails to reproduce the low carbon isotope 
effect reported by Bourns and stothers (5) and the anomalous 
temperature dependence of this isotope effect reported by Bron 
and Stothers (7, 8), even when small values of F are employed. 

Admittedly, the experimental work pertains to 1 -phenylethyl 
bromide solvolysis, but model calculations on the bromide also 
yielded larger carbon isotope effects having a normal temperature 
dependence. We must therefore reject the simple kc and solvent- 
assistance models despite the attraction of their reproducing the 
observed patterns of k35/k37 behaviour. 

We also note that while theory predicts the possibility of 
obtaining a maximum in k35/k37 as TS symmetry is varied, the 
impractical parameters needed to force this result mean that 
experimental demonstration of this effect is unlikely. 

Isotope effects in multistep mechanisms 
Apparent lack of reactivity-selectivity behaviour in the 

benzhydryl-p-nitrobenzoate reaction series was explained in 
terms of a multistep mechanism in which opposing effects 
cancelled (40). We adopt the same approach here in following a 
treatment proposed by Murr and Donnelly (41). Assume that a 
stepwise mechanism of minimal complexity can be represented 
by reaction [4]. If intimate ion pair 2 partitions between internal 

kl k2 
[4] RCI 6 R'CI- R+ 11 C1- 

k3 

SOH 'ROS k-1 k-2 

1 2 3 
return to 1 and irreversible dissociation to loose ion pair 3, such 
that k3 >> k-2, then the observed chlorine isotope effect is 
given by eqs. [5] and [6] (41). In these, G 5 / k : 7  is the 

ionization isotope effect to which the models in the previous 
section pertained, and F Z 5 / ~ Z 7  is the partitioning isotope 

effect for partitioning of 2. Thus two transition states need to be 
considered: TS(l+ 2) for ionization and TS(2+ 3) for ion pair 
interchange. The carbon-chlorine bond should become pro- 
gressively looser as one proceeds from 1 to 3. 

The introduction of electron-donating substituents into the 
ring should cause k:5/k:7 to decrease as TS( l+  2) becomes 
more reactant-like if theory is correct, and if the more normal of 
the two models of Table 3 applies. On the other hand, k;'/k;' 
(which should be greater than unity (41)) may well increase in 
compensation, and the following reason can be advanced. 
Electron donation will stabilize the carbocationic portion of ion 
pair 2, which should increase its selectivity. A stereochemical 
study suggests that k2 /k -1  is less than unity for the unsubstituted 
ion pair (2d) so kZ5/k?: could decrease further as electron 
donation renders the ion pair more selective (40). If then the 
second term in the numerator of eq. [6] is relatively insensitive 
to ion pair stability, being the quotient of isotope effects for the 
k2 and k-I steps, it is easily shown that F ; ~ / F ; ~  increases as e5/k?_: decreases. Thus the compensating effect sought in 
eq. [5] can be realised. It is therefore possible that k3,5bs/k',L is 
insensitive to substituents even though chlorine isotope effects 
on the individual k , ,  k-, , and k2 steps are sensitive because of 
substituent-induced changes in the character of TS(l+ 2) and 
TS(2 + 3). 

This argument, insofar as it relates only to k 3 , ~ , / k 3 , ~ , ,  is 
speculative. However, similar considerations based on the same 
partitioning mechanism allow quantitative rationalization of 
a - k H / k D ,  P-kCH,/kCD3,  and both k 1 2 /  k13  and its abnormal 
temperature dependence, as a forthcoming publication will 
reveal. A necessary condition is that K : ~ / K : ~  ( K 1  = k l / k L ) ,  
the equilibrium carbon isotope effect for 1 2, is less than 
unity, and this can be achieved either by using values of F less 
than unity (nucleophilic donation of 7~ electrons to C,  of the 
carbocation as originally proposed by Bourns and Stothers (6)), 
or by nucleophilically solvating the carbocation (the SN2 (int) 
mechanism (31)), or both. Thus the present results support the 
mechanistic arguments advanced by Shiner and co-workers on 
isotope effect (3) and stereochemical (2d) grounds in emphasiz- 
ing the necessity for an element of internal return in 1-phenylethyl 
halide solvolysis. We note that competitive internal return is not 
incompatible with weak nucleophilic solvent assistance (42), 
nor alternatively with the presence of a pre-associating solvent 
molecule as a spectator (32). 

It must also be mentioned that isotope effect anomalies 
frequently arise in multistep reactions where no single step is 
clearly rate-limiting. The present case thus complements a 
recently reported example from the elimination field, where 
internal return in a hydrogen-bonded carbanion gives rise to 
unusual chlorine isotope effects (20). On the other hand, 
stereochemical results for 1-arylethyl tosylate solvolysis in a 
variety of solvents have been interpreted in terms of an ion pair 
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mechanism where one step is clearly rate-limiting in a given 
solvent (43). It would be interesting to see if the primary carbon 
isotope effect in this system behaved normally 

Experimental 
Substrates and solvents 

The 1-phenylethyl chlorides were prepared by standard methods (3) 
from the corresponding alcohols, which were in turn afforded by 
reduction of substituted acetophenones. Solvolysis for 10 or more 
half-lives afforded yields of C1- in the 99- 101% range, as assessed by 
precipitation with AgN03 and weighing. Ethanol was purified by a 
standard method and TFE as described by Sinnott and Jencks (44). 

Isotope effect studies 
Chloride ion released after partial and complete reaction was 

precipitated as AgCl and converted quantitatively to CH3C1. The iso- 
tope ratio was measured using a Varian-MAT CH7 mass spectrometer 
operating in the isotope ratio mode. Details are as earlier described in 
accounts from these (19, 20) and other (12, 13, 45) laboratories. 
One-point "rate coefficients" could be calculated from the weights of 
AgCl collected after partial and complete reaction. Where comparison 
was possible, these were in good agreement with published values of 
accurate rate constants (3, 23). 

In each mass spectrometer measurement, a sample of gas was 
admitted to the sample inlet reservoir. Gas from a cylinder of methyl 
chloride was admitted to the reference reservoir and the pressures were 
equalized. A cycle: sample/purge/reference: (1 min each) was run at 
least six times and 6 values were calculated using eq. [2]. These were 
concordant to within 0.5%, and a mean was taken. Both sample and 
reference reservoirs were then evacuated and fresh portions of gas were 
admitted toeach side. The 6-fold cycle was repeated. In most cases two 
further repeats of the same gas sample were run. Where possible the 
same sequence was run, on the same day, for the infinity sample from 
the same reaction. 

The uncertainties in 6 and 6, shown in Tables 1 and 2 are the mean 
deviations based on the two or four complete cycles run for the same 
methyl chloride sample. They are larger than the uncertainties 
calculated from individual 6 values in a single cycle, and day-to-day 
variations in 6 based on methyl chloride generated independently from 
the same AgCl sample varied more, up to ?5% from the mean. On the 
basis of the uncertainties in 6 and 6, in Tables 1 and 2, and an estimated 
1% uncertainty in values of f, we calculate that the maximum 
experimental error in the derived k35 / k37 values is 20.0005, or 0.05%. 
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Isotope effects in nucleophilic substitution reactions. V. The mechanism of the decomposition of 
1-phenylethyldimethylphenylammonium halides in chloroform 
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HELEN ALMA JOLY and KENNETH CHARLES WESTAWAY. Can. J. Chem. 64, 1206 (1986). 
Secondary a and P hydrogen-deuterium kinetic isotope effects have been used together to show that the SN reaction between 

1-phenylethyldimethylphenylammonium ion and bromide or iodide ion in chloroform occurs by way of an SN2 mechanism 
within a triple ion in spite of the fact that it reacts faster than the primary substrate, benzyldimethylphenylamrnonium bromide. 
The very loose transition state and steric effects in the ground state appear to be responsible for the unusually fast SN2 reactions 
between 1-phenylethyldimethylphenylammonium ion and halide ions in chloroform. 

HELEN ALMA JOLY et KENNETH CHARLES WESTAWAY. Can. J. Chem. 64, 1206 (1986). 
On a fait appel h une combinaison des effets isotopiques cinCtiques secondaires des hydrogknes et (ou) deutCriums en a ainsi 

qu'en p pour montrer que le mCcanisme de la rkaction SN qui se produit dans le chloroforme entre l'ion dimCthyl phCnyl-1 
kthyl phCnylammonium et les ions bromure ou iodure est SN2, dans un ion triple, et ce en dCpit du fait que cette r6action soit 
plus rapide que celle du substrat primaire, le bromure de benzyl dimkthyl phCnylammonium. 11 semble que 1'Ctat de transition 
trks lsche et que les effets sttriques dans 1'6tat fondamental soient responsables pour la kaction SN2 exceptionnellement rapide 
des halogknures de dimCthyl phtnyl-1 Cthyl phCnylammonium dans le chloroforme. 

[Traduit par la revue] 

Introduction 
Leffek and co-workers have extensively studied the decomposition of aralkyldimethylphenylammonium halides to aralkyl halides 

and dimethylaniline (the reverse of the Menschutkin reaction) in chloroform (1-5), eq. [I]. 

These workers concluded that the rate-determining step of the decomposition was the conversion of a quaternary ammonium ion 
into a carbocation and dimethylaniline inside a positively charged triple ion consisting of the two quaternary ammonium ions and one 
halide ion, eq. [2] (1-6). 

+ slow + 
[ ( A I C H ~ N ( C H ~ ) ~ C ~ H S ) ~  X-I+ - [ A I C H ~ N ( C H ~ ) ~ C ~ H ~  X- + Ar-CH2+ + (CH3)2NC6H5]+ 

fast + A I C H ~ N ( C H ~ ) ~ C ~ H ~  + kCH2-X + (CH3)2NC6H5 

This mechanism was suggested for two reasons, i.e., because (i) very large secondary a-deuterium kinetic isotope effects of 1.25 
(1.12 per a-D) and 1.20 (1.10 per a-D) were found for the decomposition of benzyldimethylphenylammonium bromide in 
chloroform and acetone, respectively (3) (the maximum value expected for a secondary a-deuterium kinetic isotope effect in an $42 
reaction at this time was 1.04 per a-D or 1.08 per CDz group (7)), and (ii) because the reactivity of these salts was that observed for 
carbocation ion SN reactions, i.e., the secondary substrate, 1-phenylethyldimethylphenylammonium bromide, reacted 22.5 times 
faster than the primary substrate, benzyldimethylphenylammonium bromide in chloroform. 

More recent work, however, has shown that the benzyldimethylphenylammonium salts decompose by an SN2 mechanism in 
dipolar aprotic solvents (8) and that unusually large secondary a-deuterium kinetic isotope effects are observed in the SN2 reactions 
of benzyldimethylphenylarnrnonium ions. In fact, Westaway et al. (9, 10) observed a secondary a-deuterium isotope effect of 1.18 
(1.09 per a-D) in the SN2 reaction with thiophenoxide ion in the dipolar aprotic solvent, DMF, eq. [3]. 

+ 0°C 
[3] C6H5S- + C6H5CH2N(CH3)2C6H5 C6H5SCH2C6H5 + (CH3)2NC6H5 

DMF 

Thus, the isotope effects for the SN reactions of benzyldimethylphenylammonium ion in DMF, chloroform, and acetone are very 
similar, i.e., they vary from 1.09 to 1.12 per a-D and suggest that all three SN reactions occur by the same mechanism, i.e., an SN2 
mechanism. 

Theoretical calculations by Hartshorn and Shiner (1 1) support this conclusion. Their calculations predict that the maximum 
secondary a-deuterium kinetic isotope effect for the ionization of the methylammonium ion to a methyl carbocation and ammonia 
should be 1.19 per a-D (1.42 per CDz group). This means the minimum isotope effect for the formation of the methyl carbocation 
would be (1. 19)0.75 = 1.14 per a-D or 1.30 per CDz group (10, 12). In the light of these facts, Westaway and Ali concluded that the 
substitution reaction in the decomposition of the benzyldimethylphenylammonium bromide in chloroform occurs by a simple SN2 

'Author to whom correspondence may be addressed. 
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JOLY AND WESTAWAY 

reaction within the triple ion (lo), eq. [4]. 

Finally, Islam and Leffek in a later publication (5) indicated that they believe the benzyl substrate reacts by the mechanism shown in 
eq. 141. 

If the substitution reaction in the decomposition of benzyldimethylphenylammonium halides in chloroform occurs by an SN2 
mechanism within the triple ion, the observation that the secondary substrate, 1-phenylethyldimethylphenylarnmonium bromide 
reacts 22.5 times faster than the primary compound, benzyldimethylphenylammonium bromide, is surprising. This study was 
undertaken in an effort to determine the mechanism of the faster reaction and to learn why the rate of reaction is greater for the more 
highly substituted quaternary ammonium salt. 

Results and discussion 
Four different mechanisms, all occumng within the triple ion, 

could account for the surprisingly fast rate of decomposition 
found for the 1 -phenylethyldimethylphenylarnrnonium bromide 
in chloroform, Scheme 1. The first possibility is that this 
reaction occurs by the same SN2 mechanism as the benzyldi- 
methylphenylammonium bromide but that there is some factor 
that makes it faster than expected. The second possibility is that 
the substitution reaction in the decomposition of the 1 -phenyl- 
ethyldimethylphenylamrnonium bromide occurs via the car- 
bocation SN mechanism originally suggested by Leffek and 
co-workers. If this were the case, the carbocation SN reaction 
would simply occur faster than the SN2 reaction of the 
benzyldimethylphenylammonium bromide. 

The rate constant could also be larger for the 1-phenylethyl 
compound if the only products of the reaction, l-phenylethyl- 
bromide and dimethylaniline, were produced in a two-step 
elimination-addition reaction. In the first step, the bromide ion 
would act as the base and abstract a P-hydrogen from the 
substrate in an E2 elimination reaction to give styrene, 
hydrobromic acid, and N,N-dimethylaniline in the triple ion 
complex. In the second step, the hydrobromic acid would add 
across the a bond of the styrene in a Markovnikov addition to 
give the observed product, 1 -phenylethyl bromide. If the 
reaction occurred via the elimination-addition mechanism, the 
first (elimination) step of the reaction would have to be rate 
determining for several reasons. First, no elimination product 
(styrene) could be found either during or after the reaction. This a 

means that any hydrobromic acid that formed during the reaction 
must add quantitatively to the styrene. Since the acid could also 
react with the other elimination product, dimethylaniline, to 
form dimethylanilinium bromide in a fast acid-base reaction, 
the hydrobromic acid would have to react instantaneously with 
the styrene. Although this might seem unlikely, a simple 
experiment showed that hydrobromic acid does add instan- 
taneously to styrene in chloroform at room temperature.2 The 
addition reaction would be expected to be especially fast in the 
elimination-addition mechanism because the hydrobromic acid 
is formed immediately beside the a bond of the styrene and, in 
fact, the proton of hydrobromic acid is removed from the carbon 
that accepts the proton in the addition step. Finally, the reaction 
between hydrobromic acid and dimethylaniline might not occur 
because the hydrobromic acid is released on the opposite side of 

. . - . ... 

2 ~ .  C. Westaway. Unpublished results. 

the a bond from the dimethylaniline in a trans, coplanar E2 
elimination reaction. 

The last possibility is that the observed rate of decomposition 
is the sum of the rate constants for the elimination-addition and 
the substitution reaction. If this was the case, the rate constant 
for the SN reaction of the 1 -phenylethyldimethylphenylarnmo- 
nium bromide might even be smaller than that found for the SN2 
reaction of the benzyl substrate. 

Normally, a kinetic study would distinguish between most of 
the mechanistic alternatives for this reaction. However, because 
the reaction occurs within the triple ion, the same kinetic 
expression would be obtained for all of the mechanisms. As a 
result, the problem had to be resolved with other mechanistic 
criteria. 

The initial attempt to distinguish between these four mecha- 
nisms involved determining the P-deuterium kinetic isotope 
effect for the reaction. If the substitution reaction occurred via 
an SN2 mechanism within the triple ion, a small secondary 
P-deuterium kinetic isotope effect of between 1.02 and 1.10 
would be e~pec t ed ,~  Table 1. If the substitution reaction in- 
volved the formation of a carbocation triple ion intermediate, a 
large, hyperconjugative secondary (3-deuterium isotope effect of 
between 1.15 and 2.5 should be observed. If the elimination- 
addition mechanism is followed, the P-hydrogen (deuterium) is 
removed in the rate-determining step of the overall reaction and 
a large primary hydrogen-deuterium kinetic isotope effect of 
between three and ten would be expected (1 3). Finally, even if a 
small percentage of the reaction were to proceed via the 

'elimination-addition pathway with a very small primary deu- 
terium kinetic isotope effect of 3.0, a significant P-deuterium 
kinetic isotope effect would be observed. 

The observed (3-deuterium kinetic isotope effect for the 
reaction of the 1-phenylethyldimethylphenylammonium bro- 
mide in chloroform at 25OC was 1.144 + 0.0097 per CD3 
(1.0461P-D), Table 2. This small isotope effect clearly elimi- 
nates any appreciable contribution from the elimination-addi- 
tion mechanism, which would have a primary isotope effect of 
at least 3.0, Table 1. If one assumes the average secondary 
P-deuterium kinetic isotope effect found for an SN2 reaction 
(1 .06/CD3 group) and an average primary isotope effect of 5.0 
for the E2 elimination reaction, the isotope effect would be 1.14 
when 9% of the reaction occurred via this route. Even if one uses 
the minimum secondary P-deuterium isotope effect of 1.021CD3 
group for the SN2 reaction and a minimum primary isotope 

3See ref. 12, pp. 122-126. 
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TABLE 1 .  The P-deuterium kinetic isotope effects expected for the 
different decomposition mechanisms of 1 -phenylethyldimethylphenyl- 

ammonium bromide in chloroform at 25OC. 

Decomposition mechanism 
within the triple ion 

Expected 
( ~ H I ~ D ) / @ - D ~  

S N ~  1.02-1.11 
Carbocation SN 

with k2 rate determining 1.34-1.52 
with kl, k3, or k4 rate determining 1.16-1.34 

Elimination-addition 3.0-10 
Elimination-addition-substitution witha 

(kH/kD)pS= 1.02"d(kH/kD)pE= 3.0 
and PHE = 16% 1 . 1 4 ~  

(kH/kD)pS = 1.06 and (kH/kD)pE = 5 .0  
and PHE = 9% 1 . 1 4 ~  

OPHE is the percent elimination-addition mechanism for the undeuterated 
substrate, (kH/kD)pS and (kHlkD)pE are the P-deuterium kinetic isotope effects 
for the substitution and elimination reactions, respectively. 

m e  observed isotope effect is calculated from 
k ~ l k ~  = ~ O O [ ( k ~ l k ~ ) p ~ ( k ~ l k ~ ) p ~ ] I [ ( k ~ ~ k ~ ) p s  

x PHE + ( k ~ l k ~ ) p ~  x (100 - Pm)I 

effect of 3.0 for the E2 elimination reaction. the observed 
isotope effect is 1.14 when 16% of the reaction occurs via the 
elimination-addition pathway. Thus, the P-deuterium isotope 
effect indicates that less than 16% of the reaction occurs via the 
elimination-addition pathway and suggests that less than 9% of 
the reaction occurs via this route if the SN reaction occurs via an 
$42  mechanism within the triple ion. If the SN reaction occurs 
via a carbocation - triple ion intermediate, on the other hand, 
none of the product forms in an elimination-addition reaction 

because the secondary P-deuterium isotope effects for car- 
bocation SN reactions range from 1.05-1.151P-D (1.16- 
1.52/CD3 g r ~ u p ) , ~  i.e., are larger than the isotope effect 
observed in this reaction. Thus, the P-deuterium isotope effect 
demonstrates that the decomposition must occur via one of the 
SN mechanisms. 

The maximum kinetic isotope effect for a particular leaving 
group is observed in normal (not occurring in a triple ion) 
carbocation SN reactions when the slow step is the formation 
of the solvent-separated ion pair or the free carbonium ion and 
hyperconjugation is a maximum (ref. 10 and footnote 3). 
Smaller isotope effects are found when formation of the intimate 
ion pair or the destruction of a carbocation intermediate is rate 
detirmining. The smaller isotope effect is presumably found in 
these reactions because the positive charge has not been 
developed fully or has been partially destroyed in the transition 
state of the rate-determining step of the reaction and hypercon- 
jugation is not a ma~imurn .~  

Although a carbocation intermediate in a triple ion cannot 
exist as a solvent-separated ion pair, the carbocation could react 
either as an intimate ion-molecule pair or as a free carbocation. 
Thus, a carbocation SN reaction occurring within the triple ion, 
Scheme 2, could have any of the kl , the k2, the k3, or the k4 steps 
rate-determining . 

In fact, the secondary P-deuterium kinetic isotope effect 
found when the k,, the k3, or the k4 step of a carbocation 
reaction is rate determining is only about 1.05lP-D (1.161CD3 
group) or 60% of the isotope effect found when the k2 step is rate 
dete~mining.~ Since the observed isotope effect of 1.144 is 
within experimental error of the minimum value expected for a 
carbocation SN reaction, one cannot eliminate a carbocation 
mechanism where the rate-determining step is the formation of 
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TABLE 2. The a- and P-deuterium kinetic isotope effects for the decomposition of l-phenylethyl- 
dimethylphenylammonium bromide in chloroform at 25OC 

kH x lo4, S-' kDg X lo4, S-' (kH/kD)IP-D3 kDa x lo4, s-' (kH/kD)Ia-D 

The error limits are the standard deviation. 
%e error limits were calculated using the equation 

Error = l / kD[ (hkH)2  + ( k H ~ k D ) ~ ( h k D ) ~ ] ~ ~  
where AkH and AkD are the standard deviations for the rate constants of the undeuterated and deuterated substrate, 
respectively. 

the intimate ion-molecule pair or the destruction of a carboca- 
tion intermediate. 

The secondary P-deuterium isotope effects for SN2 reactions 
normally range from 1 .O1 to 1.03lP-D (1.03-1 .09/CD3 group). 
However, much larger secondary P-deuterium isotope effects 
have been found in some SN2 reactons. For example, an isotope 
effect of 1. 13/CD3 group was reported for the ethanolysis of 
isopropyl brosylate3 and an isotope effect of 1. 16/CD3 group 
was found in the acetolysis of ethyl triflate at 25OC (14). 
Although the observed isotope effect of 1.14 is larger than those 
found in most normal SN2 reactions, it is smaller than the largest 
isotope effects that have been foond and one cannot rule out the 
SN2 mechanism for the reaction within the triple ion. Thus, the 
P-deuterium kinetic isotope effect eliminates the elimination- 
addition mechanism as a significant pathway for the reaction 
and reduces the problem to distinguishing between an SN2 
mechanism and a carbocation SN mechanism with the k, (an 
SNlllm mechanism), or the k3 or k4 step (SN2C+ mechanisms), 
rate determining. 

The second criterion of mechanism that was used to distin- 
guish between the carbocation and the SN2 mechanisms for the 
SN reaction between 1-phenylethyldimethylphenylarnrnonium 
ion and bromide ion in the triple ion was the secondary 
a-deuterium kinetic isotope effect. The large isotope effect of 
1.178 + 0.0061~~-D found for this reaction, Table 2, is 
significantly larger than the isotope effect of 1.12 found for the 
SN2 reaction of the benzyl derivative in chloroform. In spite of 
this, the SN2 mechanism cannot be ruled out for several reasons. 
Adding a methyl group to the a-carbon of primary substrates 
that react via SN2 mechanisms increases the secondary a-deu- 
terium kinetic isotope effect by 1.036 k 0.003 (15). Adding a 
methyl group to the a-carbon of the benzyldimethylphenylam- 
monium ion should, therefore, raise the isotope effect for an 

SN2 reaction of the 1-phenylethyldimethylphenylammonium 
bromide from 1.12 to 1.16. Since one would expect the increase 
in isotope effect to be greater when the substrate is more 
sterically crowded, i.e., adding a methyl group to the a-carbon 
of a more crowded substrate would increase the frequency of the 
out-of-plane C,-H(D) ground state bending vibrations and the 
zero-point energy difference more than adding a methyl group 
to a less crowded substrate, one would expect an even larger 
isotope effect than 1.16 for the 1-phenylethyl compound. Thus, 
the expected (kHlkD > 1.16) and the observed isotope effect 
(kHlkD = 1.178) are close enough so that one cannot rule out the 
SN2 mechanism. This conclusion is supported by the large 
secondary a-deuterium isotope effects found in SN2 reactions 
by Craze et al. (16) and by Knier and Jencks (17). Craze et al. 
reported secondary a-deuterium kinetic isotope effects as large 
as 1.161~~-D in the SN2 reactions of I-methoxymethoxy-2,4- 
dinitrobenzene and Knier and Jencks found isotope effects as 
large as 1.18/a-D in the SN2 reactions of the quaternary am- 
monium ion, methoxymethyldimethyl-m-nitroanilinium ion. 

Large secondary a-deuterium kinetic isotope effects at or 
near the maximum are found in carbocation SN reactions where 
the formation of the solvent-separated or the free carbonium ion 
is rate determining, whereas smaller isotope effects, approxi- 
mately 75% of the maximum, are found in carbonium ion SN 
reactions where the k, step is rate-determining (12). The 
maximum and minimum isotope effect for a carbonium ion 
mechanism of a primary ammonium salt is 1.191~~-D (1 1) and 
1. 19°.75 = 1.141~~-D. The maximum and minimum isotope 
effects for a secondary substrate would be approximately 1.04 
times greater, i.e., 1.24 and 1.17la-D, respectively. Thus, 
although the isotope effect of 1.178 is too small to be indicative 
of a carbocation mechanism where the formation of the free 
carbocation within the triple ion is rate determining, it is 
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TABLE 3. The rate constants and Hammett p value for a series of para-substituted 
phenyl-I-phenylethyldimethylammonium bromides in chloroform at 34.88"C 

para-Substituent in 
the leaving group k x lo5, S-' p (leaving group) 

CH30 7.681 &0.0004" 
CH3 17.36&0.007 
H 41.49k0.15 
C1 103.4&0.1 2.20*0.07" Corr. coeff. = 0.989 

"The error limits are the standard deviation. 

consistent with a carbocation mechanism where the k l ,  the k3,  

or the k4 step is rate determining. Unfortunately, both the 
secondarj a- and P-deuterium kinetic isotope effects are at the 
borderline between the values expected for an SN2 and a 
carbocation SN reaction, with the formation of the intimate 
ion-molecule pair or the destruction of a carbocation inter- 
mediate rate determining. Thus, while measuring these isotope 
effects limited the mechanistic options to three SN mecha- 
nisms, they did not distinguish between a simple SN2, an 
SNllim, and an SN2C+ mechanism for the triple ion substitution 
reaction. 

The next criterion that was used to determine the mechanism 
of the triple ion SN reaction between l-phenylethyldimethyl- 
phenylamrnonium ion and bromide ion was the Hammett p 
value found by changing the para substituent on the benzene 
ring of the leaving group. If the reaction occurs via an SN2 or a 
carbocation mechanism with the kl step rate determining, the 
C-N bond breaks in the slow step of the reaction and a small 
Hammett p value would be observed. If the reaction occurs via a 
carbocation mechanism with the kl step reversible and the k3 or 
the k4 step rate determining, the C-N bond is broken in a fast, 
reversible step and a large, equilibrium p value would be 
observed. The Harnmett p value of +2.20, Table 3, is 
significantly smaller than the p values found for the complete 
destruction of a positive charge on a nitrogen atom. In fact, the p 
values found for the equilibrium dissociation of para-substituted 
N,N-dimethylanilinium ions to dimethylanilines and a proton, 
i.e., for the complete destruction of a positive charge on 
nitrogen, range from + 3.43 to +4.19 in various solvents (8). 
Thus, one would expect a p value of at least 3.4 if the positive 
charge had been completely destroyed in the transition-state of 
the rate-determining step of the SN reaction between l-phenyl- 
ethyldimethylphenylammonium ion and bromide ion. The much 
smaller p value of +2.20 indicates that the C,-N+ bond is 
breaking in the rate-determining step of the reaction and rules 
out a carbocation mechanism where the k3 or the k4 step is rate 
determining. Thus, the SN reaction between the l-phenylethyl- 
dimethylphenylammonium ion and bromide ion in the triple ion 
must proceed by way of an SN2 mechanism or a SNllim 
mechanism with the k ,  step rate determining. 

The mechanism for the-reaction was finally determined by 
comparing the secondary a- and secondary P-deuterium kinetic 
isotope effects for the bromide ion reaction with those found 
when the nucleophile was iodide ion. If the SN reaction within the 

secondary a- and secondary P-deuterium kinetic isotope effects 
would be different in the two reactions. A comparison of the 
secondary a- and P-deuterium kinetic isotope effects for the 
bromide ion (Table 2) and iodide ion reactions, Table 4, show 
that the isotope effects do change when the nucleophile is 
changed. In fact, a Wilcoxin test and the Student's t test (18, 
19) show that the secondary a-deuterium kinetic isotope effects 
of 1.178 k 0.006 for the bromide ion reaction and 1.184 t- 
0.0077 for the iodide ion reaction, respectively, are signifi- 
cantly different at the 92% confidence level if one uses the 
average isotope effects obtained by combining each kH value 
with each kD value, and are significantly different at the 
53-81% confidence level if one uses the worst and best 
combinations of the three isotope effects, respectively, in the 
statistical analysis. While the a-deuterium kinetic isotope 
effects are not significantly different at a high confidence level, 
the same two statistical tests indicate that the secondary 
P-deuterium kinetic isotope effects of 1.144 * 0.0097 for the 
bromide ion reaction and 1.172 * 0.0072 for the iodide ion 
reaction are significantly different at the 99.9% confidence 
level. The different isotope effects for these two reactions 
clearly demonstrate that the nucleophile is in the transition state 
of the rate-determining step of these reactions and it has been 
concluded that the decomposition of the l-phenyldimethyl- 
phenylammonium halides in chloroform occurs via an SN2 
mechanism within a triple ion. 

Once it had been established that the SN reaction of both the 
benzyl- and the 1-phenylethyldimethylphenylamrnonium bro- 
mides in chloroform occurred by an SN2 mechanism within a 
triple ion, attention was turned to determining the relative 
structures of the transition states for these two reactions. The 
transition states for these two reactions were estimated in two 
ways. First, the relative lengths of the a-carbon-leaving group 
transition state bonds were determined by comparing the 
Harnmett p values found by changing the substituent in the 
leaving group. The results in Tables 3 and 5 show that the 
Hammett p values for these two reactions are very different. In 
fact, the p value for the 1-phenylethyl reaction is more than 
twice that found for the reaction of the benzyl substrate. This 
clearly indicates that there is a greater change in electron density 
on the nitrogen atom in going from the reactant to the transition 
state of the 1-phenylethyldimethylphenylammonium ion reac- 
tion and that the a-carbon-nitrogen bond is significantly longer 
in the 1-phenylethyldimethylphenylammonium bromide transi- 

triple ion occurred via the rate-determining formation of the tion state. 
intimate ion-molecule pair, the transition state would be Next, the relative lengths of the nucleophile-a-carbon bonds 
independent of the nucleophile and one would find the same a -  in the two transition states were estimated by determining the 
and P-deuterium isotope effects in both reactions. If the reaction selectivity of the reactions to a change in nucleophile. Both we 
proceeded via an SN2 mechanism on the other hand, the (20) and Hanis et al. (21) have used the selectivity of a reaction 
nucleophiles are a part of the transition states, the transition to a change in nucleophile to estimate the lengths of nucleophile- 
states would be different, and the magnitude of both the a-carbon bonds in SN reactions. In fact, it is believed that the 
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JOLY AND WESTAWAY 

TABLE 4s The secondary a- and P-deuterium kinetic isotope effects for the decomposition of 
1-phenylethyldimethylphenylammonium iodide in chloroform at 25°C 

"The error limits are the standard deviation. 
%e error limits were calculated using the equation 

Error = 11 kD[(A kH)' + (kHl kD)'(A kD)2]1'2 
where AkH and AkD are the standard deviations for the rate constants of the undeuterated and deuterated substrate, 
respectively. 

TABLE 5. The rate constants and Hammett p value for a series of para-substituted 
phenylbenzyldimethylarnmonium bromides in chloroform at 34.88"C 

para-Substituent in 
the leaving group k x lo5, s-' p (leaving group) 

CH30 1.958+0.006" 
CH3 2.16620.048 
H 2.870k0.011 
C1 5.57620.021 0.918+0.04aCorr. coeff. = 0.982 

"The error limits are the standard deviation 

TABLE 6. The rate constants and selectivity for the decomposition of benzyl and l-phenyl- 
ethyldirnethylphenylamrnonium bromides and iodides in chloroform 

Substrate 

Parameter c & s c H ~ ~ ( c H ~ ) ~ c ~ H ~ ~  C S H S C H ~ ( C H ~ ) ~ C ~ H ~  

kBr x lo5, s-i 6.1 at 40°C 11.61 at 25°C 
12.3 at 45°C 

kd k ~ ,  7.8 at 40°C 2.4 at 25°C 
7.6 at 45°C 

'The rate constants are from ref. 5. 

selectivity does not indicate the total structure of the transition 
state but is related to the length of the bond nearest to the point of 
structural change. The rate constants for the S . 2  reactions of the 
benzyl and 1-phenylethyl substrates with bromide ion and 
iodide ion, Table 6, give the selectivity of each reaction to a 
change in nucleophile. Although the rate constants for the two 
reactions were measured at different temperatures, the tkmpera- 
ture effect on the selectivity (kIlkBr) for the benzyldimethyl-. 
phenylammonium ion reaction is small and it is clear that the 
1-phenylethyldimethylphenylammonium ion reaction is much 
less sensitive to change in nucleophile than the benzyldimethyl- 
phenylammonium ion reaction. A greater selectivity is indica- 
tive of a shorter nucleophile-a-carbon transition state bond 
because the difference in energy of the two transition states (the 
rate constants) will be greater when the nucleophile-a-carbon 
bonds are more complete in fie transition state. Thus, the 
selectivities indicate that the nucelophile-a-carbon transition 
state bond is significantly longer in the l-phenylethyldimethyl- 
phenylammonium ion transition state than in the benzyldi- 
methylphenylammonium ion transition state. 

The selectivities and the Hammett p values indicate that the 
1-phenylethyldimethylphenylarnmonium ion reaction has a 
much looser transition state with longer nucleophile-a-carbon 
and acarbon-leaving group bonds than the corresponding 
benzyl salt. In fact, Schowen and co-workers (22) had indicated 
that adding a methyl group to the a-carbon of the substrate in an 
SN2 reaction would lead to a looser transition state and this is 
what has been found. However, this study has gone further by 
demonstrating that both of the reacting bonds in the S N ~  
transition state become longer when a methyl group is added to 
the a-carbon. 

Finally, it is interesting to speculate on the reason the 
1-phenylethyldimethylphenylammonium ion reacts faster than 
the corresponding primary benzyl substrate. This is unusual 
because secondary compounds normally react from 25 to 150 
times slower than primary compounds in SN2 reactions (23) 
because the SN2 transition state for a secondary substrate is 
more sterically crowded. It would appear that the l-phenylethyl- 
dimethylphenylammonium ion reacts faster than the benzyl sub- 
strate for two reasons. One contributing factor is undoubtedly 
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that the transition state is very loose. In fact, both the secondary 
a -  and P-deuterium kinetic isotope effects are unusually large 
for an SN2 reaction, i .e. ,  they are almost in the range expected 
for a carbocation SN reaction and confirm that the transition state 
for this reaction is very loose. Thus, the steric crowding that is 
present in the SN2 transition states of most secondary substrates 
is not present in the 1-phenylethyldimethylphenylarnmonium 
ion SN2 transition state; the transition state will be lower in f ~ e e  ' 

energy and the reaction will be faster than expected. Another 
factor contributing to the faster rate of reaction is steric 
crowding in the initial state. Westaway and Ali attributed the 
very large secondary a-deuterium kinetic isotope effects in the 
SN2 reactions of benzyldimethylphenylammonium ions to steric 
hindrance of the C,-H(D) out-of-plane bending vibrations in 
the initial state (10). Obviously, the steric crowding would be 
greater in the initial state of the 1-phenyl substrate. This would 
increase the ground state energy of the l-phenylethyldimethyl- 
phenylammonium ion, further reducing the free energy of 
activation. Thus, the reaction is probably faster than expected 
for two reasons, steric acceleration due to steric crowding in the 
initial state and a looser (less sterically crowded) SN2 transition 
state within the triple ion. 

Experimental 
Preparation of reagents 

Preparation of 1 -phenylethyldimethylphenylammonium bromide 
Anhydrous hydrogen bromide gas (Matheson) was bubbled with 

occasional cooling into 56.80 g (0.546 mol) of styrene for approxi- 
mately 3 h at room temperature. The product, 1-phenylethyl bromide, 
was washed several times with distilled water, dried over magnesium 
sulfate, and distilled, bp 55.5-56.0°C at 3.5 Torr (1 Torr = 133.3 Pa) 
(lit. (24) bp, 202-203°C). The yield was 91.2 g (90%). 

Twenty-five grams (0.135 mol) of 1-phenylethyl bromide was added 
to 18.2 g (0.150 mol) of freshly distilled N,N-dimethylaniline and left 
under dry nitrogen in the dark for four days. Then the solid product was 
filtered and washed with anhydrous ether. The crude product (35.4 g 
(86%)) was recrystallized to a constant melting point of 119.5- 
120.5"C (lit. (4) mp 125-126°C) by dissolving it in a minimum of 
acetonitrile at room temperature and precipitating the salt with ether. 
The discrepancy between the reported and experimental melting point 
arose because a change in the heating rate of the melting point 
apparatus altered the melting point markedly. For example, a sample 
melting between 119.5 and 120.5"C melted at 129-130°C when the 
heating rate was higher. As a result all of the melting points were 
determined on the same melting point apparatus at the same heating 
rate. Finally, all of the quaternary ammonium salts used in this study 
were stored in a desiccator in the dark until they were used in a kinetic 
run. 

Preparation of 1-phenylethyl-2,2,2-d3-dimethylphenylammonium 
bromide 

This compound was synthesized by adding a mixture of 12.5 g 
(0.0862 mol) of iodomethane-d3 (Merck, Sharp and Dohme) in 20 mL 
of sodium-dried ether, dropwise, to 2.72 g (0.01 12 mol) of clean 
magnesium and lOmL of sodium-dried ether in a dry, 250-mL 
three-necked round-bottom flask fitted with a condenser and a dropping 
funnel. When the addition was complete, the mixture was refluxed for 
30 min, cooled to below -5°C with an ice-salt bath, and a solution of 
8.748 (0.0824mol) of "purified" benzaldehyde (25) in 25 mL of 
sodium-dried ether was added so that the temperature did not exceed 
-5°C. When the addition was complete, the reaction mixture was 
stirred for 30 min and then decanted onto 38 g of crushed ice. After 
acidification with 10% sulfuric acid, the ether layer was separated. The 
aqueous layer was extracted with three 20-mL portions of anhydrous 
ether. Then, the combined ether extracts were washed three times with 

10% sodium hydroxide, once with distilled water, and dried with 
anhydrous magnesium sulfate. A distillation gave 5.38 g (52%) of 
1-phenylethyl-2,2,2-d3 alcohol, bp 62°C at 3Torr (lit. (26) bp 
71-72°C at 2 Torr). The nrnr spectrum was identical to that reported for 
the product (27). 

After anhydrous hydrogen bromide (Matheso had been bubbled 
through a solution of 5.38 g (0.0423 mol) of 1-p "i enylethyl-2,2,2-d3 
alcohol in 10 mL of benzene for 90 rnin, the benzene-1-phenylethyl- 
2,2,2-d3 bromide solution was washed several times with water and 
dried with anhydrous magnesium sulfate. After the benzene had been 
removed on the rotary evaporator, a distillation gave 3.70 g (69%) 
1-phenylethyl-2,2,2-d3 bromide, bp 50.5"C at 3 Tom (lit. (24) bp 
202-203°C at 760Torr). An analysis of the nrnr spectrum indicated 
that the product was 99% deuterated at the 2 position. 

In the third step, 2.93 g (0.0155 mol) of 1-phenylethyl-2,2,2-d3 
bromide was added to 1.65 g (0.0136 mol) of freshly distilled N.N- 
dimethylaniline and left for several days in a dry, nitrogen atmosphere. 
The ~roduct  was filtered. washed with several D O ~ O ~ S  of anhvdrous , - - -  

ethk, and crystallized from a mixture of acetonithle - anhydrous ether, 
vide supra. This gave 2.59 g (63%) of 1-phenylethyl-2,2,2-d3-di- 
methylphenylammonium bromide, mp 119.5-120.5"C. 

Preparation of 1 -phenylethyl-1 -dI-dimethylphenylammonium 
bromide 

A solution containing 15.07 g (0.126 mol) of acetophenone and 
150 mL of sodium-dried ether was added dropwise to a mixture of 3 g 
(0.07 mol) of lithium aluminium deuteride in 200 mL of sodium-dried 
ether. After refluxing overnight, the reaction mixture was slowly 
poured onto crushed ice. The solution was made basic by adding 
sodium hydroxide pellets and the ether layer separated. The aqueous 
phase was extracted twice with 50-mL portions of ether.Then the ether 
layers were combined and dried over anhydrous magnesium sulfate. 
After the ether had been removed on a rotary evaporator, distillation 
gave 13.31 g (0.1081 mol) of pure 1-phenylethyl-1-dl alcohol, bp 66°C 
at 2Torr (lit. (26) bp 71-72°C at 2Torr). 

Anhydrous hydrogen bromide was bubbled through 13.3 1 g (0.108 1 
mol) of 1-phenylethyl-1-dl alcohol for 3 h. The two phases were 
separated and the organic layer was washed several times with distilled 
water, dried with anhydrous magnesium sulfate, and then distilled to 
give 18.5 g (92%) of 1-phenylethyl-1-dl bromide, bp 60°C at 2 Torr. 
An analysis of the C,-H absorption at 4.56 ppm in the nmr spectrum 
suggested that the 1-phenylethyl-1-dl bromide was 99.4% deuterated. 

Finally, 18.03 g (0.0969 mol) of 1-phenylethyl-1-dl bromide and 
13.29 g (0.109 mol) of freshly distilled N,N-dimethylaniline were 
mixed in a dry nitrogen atmosphere and left at room temperature for 
1 week. The solid product was filtered, then washed several times with 
anhydrous ether. The 25.43 g (85.4%) of crude 1-phenylethyl-1-dl- 
dimethylphenylamrnonium bromide was recrystallized from aceto- 
nitrrile - anhydrous ether to a constant melting point of 120-120.5"C. 

Preparation of the a-deuterated, P-deuterated, and undeuterated 
1-phenylethyldimethylphenylammonium iodides 

The a-deuterated, P-deuterated, and undeuterated quaternary ammo- 
nium iodides were obtained by converting the appropriate quaternary 
ammonium bromides into the quaternary ammonium hydroxides with 
silver oxide and then titrating the hydroxides with hydriodic acid. 

Preparation of 1 -phenyIethyldimethylphenylammonium iodide 
A 99% excess (3.255g, 0.01403 mol) of nitrate-free silver oxide 

(28) was stirred with a solution of 2.15g (7.03 x l ~ - ~ m o l )  of 
1-phenylethyldimethylphenylamrnonium bromide in 60 mL of distilled 
water for 3.5 h. After the solution was filtered through a 934 AH Reeve 
Angel glass fiber filter, the filtrate was taken to a pH of 3.9 by adding 
hydriodic acid and left overnight in the dark. After the solution was 
filtered through another 934 AH Reeve Angel glass fiber filter, the 
filtrate was taken to dryness on the rotary evaporator. The crude 
product (I 8 g, 74%) was dried in an evacuated desiccator overnight and 
then recrystallized from an acetonitrile-ether mixture, mp 101- 102°C. 
All of the quaternary ammonium iodides were stored in the dark (28) in 
a vacuum desiccator until they were used for kinetics. 
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JOLY AND WESTAWAY 1213 

Preparation of 1-phenylethyl-2,2,2, -ds-dimethylphenylammonium 101- 102°C. The chemical shifts and the integration of the peaks in the 
iodide nmr spectrum were consistent with the structure 4-methylphenyl-l- 

1-Phenylethyl-2,2,2-d3-dimethylphenylammonium bromide, 2.352 phenylethyldimethylphenylammonium bromide. 
g (7.61 ~ l 0 - ~ m o l )  was dissolved & approximately 50 mL of distilled 
water and stirred with 3.53 g (0.0152 mol) of nitrate-free silver oxide 
for 6 h. Then the solution was filtered through a 934 AH Reeve Angel 
glass fiber filter and the filtrate acidified to a pH of 3.04 with hydriodic 
acid. The next day, the solution was filtered through a 934 AH glass 
fiber filter and the filtrate taken to dryness on the rotary evaporator. The 
crude product (18 g, 65%) was dried in a vacuum desiccator and 
recrystallized from acetonitrile-ether, mp 10 1 - 102°C. 

Preparation of I -phenylethyl-1 -dl-dimethylphenylammonium 
iodide 

1-Phenylethyl-1 -dl-ammonium bromide, 6.02 g (0.0196 mol), was 
stirred with 120 mL of distilled water and 9.08 g (0.0391 mol) of silver 
oxide for 3.5 h, filtered through a 934 AH Reeve Angel glass fiber 
filter, and the filtrate taken to a pH of 5.40 with hydriodic acid. After 
the solution had been stored overnight, it was filtered through a 934 AH 
Reeve Angel glass filter and the water removed on the rotary 
evaporator. The resulting solid (6.0 g, (86%)) was dried overnight in an 
evacuated desiccator and recrystallized from acetonitrile-ether, mp 
101.5-103°C. 

Preparation of a series of 4-substituted phenyl-l-phenylethyldi- 
methylammonium bromides 

The 4-methoxy-, the 4-chloro-, and the 4-methylphenyl- 1 -phenyl- 
ethyldimethylammonium bromides were prepared by reacting l-phenyl- 
ethyl bromide with an excess of 4-methoxy-, 4-chloro-, and 4-methyl- 
N,N-dimethylanilines, respectively. The N,N-dimethyl-4-methyl- 
aniline (Aldrich) was purified by distillation under reduced pressure. 
The synthesis of the N,N-dimethyl-4-methoxy- and N,N-dimethyl- 
4-chloroanilines are described elsewhere (8). 

Preparation of 4-methoxyphenyl-I-phenylethyldimethylphenyl- 
ammonium bromide 

N,N-dimethyl-4-methoxyaniline (4.24 g, 0.280 mol) and 5.31 g 
(0.0287 mol) of 1-phenylethyl bromide were sealed in an Erlenmeyer 
flask that had been flushed with dry nitrogen, and stirred overnight. The 
solid product was filtered, washed several times with anhydrous ether, 
and dried in an evacuated desiccator. The 9.3 g (99%) of crude 
4-methoxyphenyl-l-phenylethyldimethylphenylammonium bromide 
was recrystallized by dissolving it in a minimum of acetonitrile, placing 
4-mL portions into 25 mm x 150 mm test tubes, filling the tubes with 
anhydrous ether, and allowing the salt to precipitate overnight 
(recrystallization on a larger scale yielded a sticky oil). Repeated 
recrystallizations gave a product with a melting point of 107-109°C. 
The nmr spectrum was consistent with that expected for 4-methoxy- 
phenyl-1-phenylethyldimethylphenylamrnonium bromide. 

Preparation of 4-chlorophenyl-I-phenylethyldimethylphenyl- 
ammonium bromide 

N,N-dimethyl-4-chloroaniline (4.25 g, 0.0273 mol) and 5:04 g 
(0.0272 mol) of 1-phenylethyl bromide were mixed and left sealed in a 
dry nitrogen atmosphere overnight. Then the product was filtered, 
washed with anhydrous ether, and dried in an evacuated desiccator. 
The 8.88 g (96%) of crude 4-chlorophenyl-1-phenylethyldimethyl- 
ammonium bromide was recrystallized with acetonitrile - anhydrous 
ether to a constant melting point of 112.5-1 13.5"C. The nmr spectrum 
of the solid was consistent with that expected for the product. 

Preparation of 4-methylphenyl-I-phenylethyldimethylphenyl- 
ammonium bromide 

The reactants, 5.06g (0.0273 mol) of 1-phenylethyl bromide and 
4.74 g (0.035 mol) of freshly distilled N,N-dimethyl-4-methylaniline 
were mixed together in a nitrogen atmosphere. The solid that formed in 
one day was filtered, washed with anhydrous ether, and dried in an 
evacuated desiccator. Finally, the 6.3 g (72%) of 4-methylphenyl- 
1-phenylethyldimethylphenylammo~urn bromide was recrystallized 
using the method described for the 4-methoxyphenyl-1-phenylethyl- 
dimethylphenylammonium bromide. The mp of the pure product was 

Kinetic measurrements 
The electrolytic conductivity apparatus used to measure the rate 

constants for the decomposition of the quaternary ammonium salts 
consisted of three units, a 1-kHz/s sine wave oscillator (Heath Kit 
IG-72), a conductivity bridge capable of measuring resistances ranging 
from 0.1 to 110 000 ohms, and a detector consisting of a 1-lcHz low 
noise, transistorized amplifier and an X-Y oscilloscope. The decade 
resistance of the measuring arm, which was in parallel with variable 
capacitors to obtain a sharp balance point, measured the resistance to 
within 0.1%. The conductivity dip cell (cell constant of 0.1) that was 
used as the unknown arm of the conductivity bridge was equipped with 
a thermometer adapter and a bushing adapter so that the cell could be 
sealed completely into the 25 mm X 150 rnrn ground glass topped test 
tube that was used as the reaction vessel. These precautions were taken 
to minimize evaporation of the solvent because the reactions were 
followed for several hours. 

In a typical reaction, approximately 15 mL of distilled chloroform 
was placed in the reaction vessel. The reaction vessel was sealed with the 
conductivity dip cell and temperature equilibrated for 30min at 
25.00 ? 0.02"C. Then, a weighed amount (between 0.22 and0.25 g) of 
quaternary ammonium salt was dissolved in the temperature equili- 
brated chloroform. After waiting at least 10 min for the quaternary 
ammonium salt - chloroform solution to equilibrate, the bridge was 
balanced and the timer started. Resistance measurements were made 
every "x" minutes according to the Guggenheim method (6, 29). The 
first-order rate constants were determined from the linear least-squares 
slope of the Guggenheim plot (6). Care was taken to collect the resis- 
tance measurements for each bromide salt over the same range of 
resistances (concentrations), i.e., from 2747 k 6 ohms to 445 18 * 
198 1 ohms, to eliminate any ionic strength effects on the rate constants. 

The procedure used to measure the rate constants that were required 
for determining the Hammett p value for the Csubstituted phenyl-l- 
phenylethyldimethylphenylammonium bromides was slightly dif- 
ferent. The changes were (i) that 20 mL of distilled chloroform was 
placed in the reaction vessel, (ii) that the temperature was 34.88 -t 
0.02"C, (iii) that between 0.31 and 0.39 g for the 4-substituted 
phenyl-l-phenylethyldimethylphenylammonium bromides was used in 
these runs, and (iv) that the time and resistance readings were begun 
when the quatekary ammonium salt was added to the ~Thloroform &d 
continued every "x" minutes until the capacity of the bridge (1 10 000 
ohms) was exceeded or until the concentration of the substrate was less 
than 0.0246 mol/L. The rate constants for these reactions were obtained 
by applying the Guggenheim method to the resistances found over the 
concentrations ranges 0.0508-0.0379 mol/L and from 0.0329-0.0246 
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Amino-acid zwitterion equilibria: vibrational and nuclear magnetic resonance studies of 
I methyl-substituted thiazolidine-4-carboxylic acids 
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H. E. HOWARD-LOCK, C. J. L. LOCK, M. L. MARTINS, P. S. SMALLEY, and R. A. BELL. Can. J. Chem. 64, 1215 (1986). 

1 Infrared and Raman spectra (4000-100 cm-') of solid samples of six different methyl substituted thiazolidine products of 
i D-penicillamine and L-cysteine hydrochloride have been observed and assigned. Infrared spectra in D 2 0  solutions have been 

obtained for comparison in order to study the amino-acid zwitterion equilibria. Proton and I3C nmr spectra for the compounds 
have also been measured. 

H. E. HOWARD-LOCK, C. J. L. LOCK, M. L. MARTINS, P. S. SMALLEY et R. A. BELL. Can. J. Chem. 64, 1215 (1986). 
On a dCterrninC et interpret6 les spectres infrarouges et Raman (4000-100 cm-I) d'Cchantillons solides de six produits 

diffkrents de la D-pCnicillamine et du chlorhydrate de la L-cystCine avec des thiazolidines substituCes par des groupements 
mCthyles. Dans le but d'examiner 1'Cquilibre acide amint zwitterion, on a mesurC les spectres infrarouges dans le D20. On a aussi 
mesure les spectres rmn du 'H et du 13C de ces composCs. 

[Traduit par le revue] 

Introduction 
The modes of therapeutic action and adverse side effects of 

j the drug D-penicillamine depend on several biochemical reac- 
I tions, an important one being the ability to form thiazolidine 
1 rings with aldehydes and ketones. Thiazolidine-4-carboxylic 
i acid has also been found to act on the cell membrane of tumour 
I : cells, possibly causing a reverse transformation to normal cells 

through restoration of contact inhibition (l).Therefore, we have I been investigating thiazolidine-4-carboxylic acids, and in par- 
: ticular measuring their physical, chemical, and spectroscopic 
' properties, as part of our overall program of studying reactions 

having biological significance or potential medical applications. 
The essential amino acids normally exist in the zwitterion 

i form both in the solid state and in aqueous solutions. Recently, 
1 we have shown by vibrational spectroscopy and single crystal 
j X-ray diffraction that (S)-2,233-tetramethylthiazolidine-4- 

1 carboxylic acid exists in the amino acid form in the solid state 
I and to a minor extent in aqueous solution (2). The unsubstituted 

. . . . .  . . . . . . . .  . . . thiazolidine-4-carboxylic acid, however, exists in the zwit- 
.. . .  . . . . .  . . . . . . . . . .  . terion form (2-4). In this work, we attempt to establish by 

. . .  . ., . . vibrational spectroscopic studies whether methyl substitution at 

. .  . . . the C2 and C5 positions of the thiazolidine ring affects the 
amino-acid zwitterion equilibrium. In addition, we have charac- 

. , terized the various species by 'H and 13c nmr spectroscopy. 

! Materials and methods 
The D-(-)-penicillamine (free base) and L-(+)-cysteine hydro- 

: chloride were of reagent grade, as supplied by Sigma Chemical Co., St. 
; Louis, MS. Formaldehyde, 37%, reagent grade was supplied by 

. . .  .. . .. . Sargent Welch Scientific Co., Skokie, IL. Acetaldehyde was distilled 
.... ::.; from paraldehyde, reagent grade, supplied by BDH; acetone, reagent . . .  . . . . . . . . 

I grade, was supplied by BDH Chemicals, Toronto, Ont. The prepara- 
: tion of the several thiazolidine-4-carboxylic acids was carried out as 

indicated schematically in Table 1 and outlined in detail as follows: 

Thiazolidine-4-carboxylic acid, Z 
The method of Ratner and Clarke (5) was followed with modifica- 

tion. L-Cysteine hydrochloride hydrate, A, 0.5 g (0.003 mol) was 
dissolved in 2 mL H 2 0  to which 0.4 ml (0.4 g or 0.003 mol) of 37% 
(w/w) formaldehyde was added; the mixture was left to react for 15 hat  
room temperature. Then 0.5 mL pyridine was added. In 30 min, a white 
solid started separating slowly. Ethanol, 1 mL, was added and the 
mixture was placed in the refrigerator. Prismatic crystals were 

separated from the pyridine ethanol mixture by filtration. The com- 
pound was recrystallized from -1OmL hot H 2 0  to give 0.3g 
(0.002mo1, 70%) of a white, crystalline product, mp 185-187°C 
(dec.), lit. 184-185°C (dec.) (5). 

2-Methylthiazolidine4-carboxylic acid, 11 
The method of Riemschneider and Hoyle (6) was followed with 

modification. To 1.4 mL H 2 0  was added 2.0 g A (0.01 mol) 1 mL, 
glacial acetic acid, followed by 20 rnL EtOH. The solution was placed 
on ice and after 30 min the solid hydroacetate precipitated. This was 
filtered out, dissolved in water, and the solution placed on ice. Freshly 
prepared acetaldehyde, 0.5 g (0.013 mol), was added. The clear 
mixture was allowed to stand in the refrigerator 48 h; then 0.5 mL 
pyridine was added. A few days later a thick white precipitate was 
filtered out and air-dried. Weight 1 .O g (yield 60%); mp 153- 155°C 
(dec.), lit. 161-163°C (6). 

2,2-Dimethylthiazolidine4-carboxylic acid, 111 
The method of Sheehan and Yang (7) was followed with modifica- 

tion. A, 0.7 g (0.0057 mol), was added to 180 mL freshly distilled 
acetone in a 250 mL round bottom flask. The mixture was refluxed for 
7 h and then allowed to cool. The undissolved material (0.5 g unreacted 
cysteine) was removed by filtration. Acetone was removed by 
distillation and the remaining 10 mL solution was allowed to stand in 
the refrigerator. Within a few days a cluster of long thin crystals formed 
in the acetone solution. These were recrystallized from hot acetone to 
give 0.1 g product, (62% based on the 0.2 g L-cysteine which reacted, 
11% based on the initial 0.7 g); mp 163-165"C, lit. 163-165°C (7). 

5,5-Dimethylthiazolidine-4-carboxylic acid, ZV 
The method of Nagasawa et al. (8) was followed with modification 

for IV and V. D-Penicillamine, B, 0.50 mg (0.0034 mol), was mixed 
with lOmL EtOH and 2.5 mL H20,  resulting in a white suspension. 
Formaldehyde, (37% w/w), 0.5 mL (0.004 mol), was added with 
stining and within 30min the mixture was clear. In 1 h the mixture 
turned into a white jelly-like solid suspension. This was left at room 
temperature for approximately 15 h, and then a few drops of pyridine 
were added. There was no apparent change in the reaction mixture. The 
white suspension was filtered off and dried in a desiccator for several 
days. Yield 0.285 g product (0.0018 mol, 53%); mp 194-196"C, lit. 
196- 197°C (dec .) (8). 

2,5,5-Trimethylthiazolidine4-carboxylic acid, V 
B, 1.55 g (0.01 rnol), was dissolved in 15 mL H 2 0  and the mixture 

was filtered to remove a small amount of undissolved material. The 
solution was cooled in an ice bath and 1.2 mL (0.02 mol) acetaldehyde 
was added with stirring; the flask was then sealed with parafilm. In 
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TABLE 1. Nomenclature and preparation scheme for the thiazolidine-4-carboxylic acidsa 

Reactants Formaldehyde Acetaldehyde Acetone 

A, L-cysteine I, thiazolidine-4-COOH 11, 2-monomethyl- III, 2-dimethyl- 
B, ~-penicillamine IV, 5,5-dimethyl- V, 2,5,5-himethyl- VI, 2,2,5,5-tetramethyl- 

Nomenclature: The products are secondary amino acids which are 5-membered heterocyclic rings con- 
taining sulfur at atom position 1, nitrogen at position 3, carbons at 2, 4, and 5, and the COOH group 
attached to the carbon at 4. 

"Reflux overnight at room temperature or gentle heat (- 

-If h a white precipitate started to form and the cold bath was 
removed. After 3 h stirring at room temperature the mixture became 
clear. The solvent was evaporated in a Buchi rotoevaporator and the 
white residue was recrystallized from hot ethyl acetate to give 0.721 g 
of product (0.004mol,40%); mp 161-162"C, lit. 165.5-1673°C (8). 

2,2,5,5-Tetramethylthiazolidine-4-carboxylic acid, VZ 
The method of Howard-Lock et al. (2) was followed: B, 3.0g 

(0.02 mol), was dissolved in 20 mL H20 and excess acetone (40 mL) 
was added. The mixture was stirred for 15 h at room temperature. The 
solvent was evaporated under N2 to near dryness, and the resulting 
solid was filtered off and recrystallized from hot acetone. Yield: 2.70 g 
product (0.014 mol, 70%). 

Spectral measurements 
Infrared spectra were recorded on both Nicolet 7199 FT-IR and 

Perkin-Elmer Model 283 spectrophotometers. The samples were 
ground with KBr at a concentration of approximately 1% by weight and 
then pressed into pellets. To confirm that certain peaks were real, and 
not manifestations of the pelleting procedure, the spectra of certain 
samples were also run in Nujol and again in hexachlorobutadiene. D20 
solution spectra were run with AgCl windows. Spectra were calibrated 
with polystyrene. Raman spectra were excited by means of the A5 145 A 
radiation from a Spectra-Physics Model 164-02 argon ion laser and 
recorded on a Spex 14018 double monochromator. Solid samples were 
contained in glass melting point tubes, and solutions in nmr tubes. The 
spectrometer was calibrated regularly against an indene standard and 
had previously been calibrated with a neon lamp; the wavelength 
readout scale was found not to change (k 1-2 cm-I). 

Solutions for nmr studies were prepared in D20 and concentrations 
were about 100 mg (solid) mL-I of solvent. Internal TSP (trimethyl- 
silylpropionic acid) was used as the reference. Proton nmr spectra were 
recorded on a Varian T60 spectrometer, and 13C nmr spectra were 
recorded on a Bruker WP-80 spectrometer operating at 20.115 MHz. 

The pK's of the various thiazolidine-4-carboxylic acids were 
obtained by titration of an aqueous solution with 0.01 N NaOH and 
0.01 N HCl. The pH's were measured with a Coming Model 130pH 
meter which was standardized with Scientific Products potassium 
hydrogen phthalate pH 4.00 buffer, BDH pH 7.00 buffer, and 
Scientific Products boric acidlpotassium hydroxide pH 10.00 buffer. 
The pH measurements are reliable to k0.03. 

Results and discussion 
The vibrational spectra 

The thiazolidine-4-carboxylic acids are secondary &-amino 
acids which are five-membered heterocyclic molecules having 
no symmetry elements. There is very little published work 
relating to the vibrational spectra of thiazolidine-4-carboxylic 
acids. Some isolated C-S bond frequencies are listed by 
Freeman (9) for various cyclic sulfides. A study of the 
vibrational spectra of thiazolidine and ND thiazolidine has been 
reported, followed by a similar study of three monomethyl 
thiazolidines (substituted at the C(2), C(4), and C(5) positions 
(10). These studies did not include work on the 4-carboxylic 
acids. The infrared spectra of some chelates of thiazolidine 
acids, including the spectra of free ligands 2-methyl-, 2,2- 

dimethyl-, 2,2,5,5-tetramethyl- and 2-benzylthiazolidine-4- 
carboxylic acids have been reported, for the range 4000- 
400cm-' (11). Our spectra of these ligands cover a greater 
cm-' range, and they differ in many details. Detailed spectro- 
scopic studies of D-(-)-penicillamine and its deuterated deriva- 
tives, in solid solution, both acid and zwitterion forms (12) and 
of (S)-2,2,5,5-tetramethylthiazolidine-4-carboxylic acid and 
several deuterated species (2) have been reported recently by us. 

The spectra of the thiazolidines show many similarities to 
those of D-penicillamine and its deuterated derivatives, both ref. 
12 and this work, and to those for L-cysteine, the main 
differences being (i) the absence of vS-H and SS-H bands; 
(ii) the replacement of bands of the NH3+ group by those of the 
NH group; and (iii) the presence of the three unique ring 
deformations SCSC, SCNC, and SNCS, which are not present 
in D-penicillamine or L-cysteine. ' 

We discuss here only those features of the spectra which 
pertain to the COz- (or COOH) and NH2+ (or NH) groups; that 
is, the features relevant to the amino-acid zwitterion equilibria 
(see Table 2). Strong, broad bands in the infrared spectrum at 
about 2500 and 1950 cm-' , compounds IV, V and VI, (slightly 
higher for compounds I ,  11, 111) are typical of fairly strong 
0-H...N bonding. These bands appear only in the infrared, 
and not in the Raman spectra for compounds IV-VI. They are 
present in all samples, whether prepared as KBr discs or Nujol 
or hexachlorobutadiene mulls (and thus are not spurious bands 
from moisture in KBr). These bands are less consistent in the 
L-cysteine based compounds, with compounds I and I1 showing 
a single broad band at 2330 and 2630cm-' and I11 showing 
bands at 2528 cm-' (ir, Raman) and 2075 cm-' (ir alone). 

Bands attributed to the COOH group: The strong infrared 
bands at 1744-1715, 1330, and 1 190-1215 cm-' are assigned 
as vC=O, 60H, and vC-0, respectively, in 111, V, and VI, 
having mainly the amino-acid form. These assignments are 
consistent with the findings of the X-ray work for (S)-2,2,5,5- 
tetramethylthiazolidine-4-carboxylic acid, a compound which 
exists in the solid in the strongly hydrogen-bonded acid form 
(2). Bands attributable to the C02- and NH2+ groups help 
identify compounds in the zwitterion form, I and IV. The 
specific assignments are in the regions 1620- 1555 and 1425- 
1393cm-' for v,C02- and v,COz-, and 1550-1585 cm-' for 
6NH2+. The spectra of I1 show bands for both forms. 

Nuclear magnetic resonance spectra 
The 'H nmr spectra and assignments of the methyl-substi- 

tuted thiazolidine-4-carboxylic acids are given in Table 3. The 

'Tables containing the complete listing of infrared and Raman 
frequencies and the approximate mode descriptions and assignments 
for compounds A, B, I-VI (6 pages) may be purchased from the 
Depository of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA OS7. 
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HOWARD-LOCK ET AL. 

TABLE 2. Selected vibrational bandsa 

I~ n m IV v VI 
zd AA and Z AA Z AA, A* AA, Z* 
Re RR, SR R S RS, SS S Assignmentc 

2330, ir 2630, ir 2528, ir 2435, ir 2450, ir 2470, ir 0-H...N 
2320, R 2075, ir 
- 1732, ir 1745, irl - 1732, irl 1728, ir v C=O 

1740, RJ 1730, RJ 
1628, i4 1610, ir - 1634, ir* 
1630, RJ 1598, irl 1612, ir* v, co< 
1552, ir 1536, ir 1598, irJ 6 NH2 
1380, irl 1388, ir - 1385, ir 1400, R* - V, C02- 
1388, RJ 
1340, ir - 1335, ir - 1322, ir 1329, ir 6 OH 
- 1218, ir 1200, ir - 1227, ir 1216, ir v C - 0  

"Infrared and Rarnan bands, cm-', relevant to the amino acid and zwitterion equilibria. 
bCompounds I-VI as defined in Table 1 .  
'v = stretch frequency, a = antisymmetric, s = symmetric, 6 = deformation. 
'Forms present in the solid state: Z, zwitterion; AA, amino acid; Z*, zwitterion detected by ir bands in D20 solution. 
eEnantiorners and diastereomers present. 

TABLE 3. 'H nrnr spectra of methyl-substituted thiazolidine-4-carboxylic acidsaeb 

Compound H(C-2) H(C-4) H(C-5) CH3(C-2) CH3(C-5) 

Thiazolidine 4.35,s, 10 4.40,dt,5 3.32,m, 10 - - 

2-Methyl- . 4.60, q, 6 5.05, t, 6 3.50,m, 12 1.73,d, 18 - 
1.76, d 

2,2-Dimethyl- - 4.77, t, 3 3.45, d, 8 1.70, s, 18 
3.50, d 

$5-Dimethyl- 4.45, s 12 3.95, s, 7 - - 1.42, s, 21 
4.50, s 1.68, s, 21 

2,5,5-Trimethyl- 4.90, q, 5 3.94, s, 5 - 1.58, d, 14 1.37, s, 28 
4.02, s 1.63, s 

2,2,5,5-Tetramethyl- - 4.2, s, 44 - 1.76, s, 16 1.43, s, 18 
1.94, s, 18 1.68, s, 17 

"Solutions in DzO, TSP used as internal standard. 
bThe chemical shift in ppm is followed by peak multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 

m = multiplet) and by the integrated peak area. 

non-methylated compound has the simplest spectrum with the 
C2 hydrogens giving rise to a singlet which indicated both 
protons have the same average chemical environment. The 
downfield signal is the hydrogen at C4, which is next to an 
electron-withdrawing carboxyl group having a deshielding 
effect; the signal is split into a triplet by the two neighbouring 
protons on C5. The signal of the C5 protons is upfield; these 
protons have slightly different chemical environments because 
of their proximity to the carboxyl group; each proton gives rise 
to a doublet as a result of splitting by the vicinal proton on C4. 

2-Methylthiazolidine-4-carboxylic acid, 11, is a mixture of 
two stereoisomers: C4 is a fixed chiral center, derived from 
L-cysteine in this case and with the same R  conformation, but 
there is a new chiral carbon, C2, which can be R  or S .  The 
lowest field triplet is the C4 hydrogen. C2-H is split into a 
quartet by the methyl group attached to the same carbon. The C5 
proton signal, of chemical shift 3.5 ppm, is a multiplet because 
it results from two overlapping doublets of doublets. The 
doublet of doublets of each proton arises from it being split by 
the C4 proton and by the geminal proton. The methyl group on 
C2 gives a doublet and there are two such signals because the 
methyl group can be on the same side of the ring as the carboxyl 
group or on the opposite side, because both R  and S  isomers are 
present. 

The two methyl groups of the 2,2-dimethyl compound, 111, 
give only one singlet in the spectrum, and therefore, they have 
equivalent chemical environments. They are situated far enough 
away not to be affected by the carboxyl group, but the two C5 
protons, both doublets of doublets, give rise to two distinct 
signals, split by the C4 proton and in turn by each of the C5 
protons, resulting in a quartet of peaks of equal intensity. For the 
C4 proton, a triplet is observed. 

For the 5,5-dimethyl- compound, I V ,  it is somewhat surpris- 
ing that there are two different C2 proton signals in the 
spectrum. The two methyl groups appear as two singlets, because 
there is no plane of symmetry in the molecule. 
2,5,5-Trimethylthiazolidine-4-carboxylic acid, compound V ,  

also has two chiral centers, and can exist as two diastereomers 
( S , R  or R , R )  in any proportion. Two sets of resonance signals 
for each type of proton in the molecule are expected; only one 
signal was observed for the C2 proton and another'one for the 
methyl group, but the presence of the two diastereomers is 
shown by the signals for C4. 
2,2,5,5-Tetramethylthiazolidine-4-carboxylic acid, compound 

V I ,  exhibits the expected nmr spectrum. It consists of five 
singlets, one for each methyl group and one for the single proton 
bonded to C4. The methyls on C2 are the downfield singlets 
because they are more deshielded by S and N, both of which are 
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TABLE 4. Carbon-13 chemical shifts of methyl-substituted thiazolidine-4-carboxylic acidsa 

Compound C-2 C-4 C-5 C(O0H) CH3(C-2) CH3(C-5) 

Thiazolidine 50.00 
2-Methyl- 62.04 

62.57 
2,2-Dimethyl- 63.52 

'Solutions in D20. 

TABLE 5. pK values of L-cysteine, D-penicillarnine and related thiazolidine-4-carboxylic 
acids 

Compound pKla p ~ z ~  AGO Isoelectric pointc 

L-Cysteine 1.96d 8.18~ 
D-Pencillamine 1.8 7.9 
Thiazolidine-4-carboxylic acid 1.51d 6.21d 
2-Methyl-4-carboxylic acid 2.8 6.0 
2,2-Dimethyl-4-carboxylic acid 2.7 5.7 
53-Dimethyl-4-carboxylic acid 2.7 5.8 
2,5,5-Trimethyl-4-carboxylic acid 2.6 5.6 
2,2,5,5-Tetramethyl-4-carboxylic acid 2.8 5.5 

"pK, is pK of COOH group. 
bpK2 is pK of amino group. 
'(1 12) (PKI + P G ) .  
dRatner and Clarke, ref. 5. 
'Calculated in kcal mol- I ,  from AG = - RT ln (K2/KI)112. 

electron withdrawing. This assignment was confirmed previously 
by deuteration of the C2 methyl groups (2). 

All the C5 methyl groups in Table 2 have very consistent 
chemical shifts, generally to high field of the C2 methyl groups. 

NOE ex~ximents have been carried out with derivatives of 
penicillin to study thiazolidine ring conformation (13), and have 
shown that the signals of pro-R methyl hydrogens are always at 
higher field than the hydrogens of pro-S methyl groups. By 
analogy, the 1.68 ppm peak in the spectrum of the 2,2,5,5- 
tetramethyl compound VI, spectrum is assigned to the pro-R 
methyl protons of C5 and the 1.43 singlet to the pro-S methyl 
protons. A study of eryrhro and threo sterochemistry of 
five-membered rings by proton nrnr lists also the spectra of 
tetramethylthiazolidine-4-carboxylic acid, and the assignments 
agree with those above (14). 

Table 4 lists the carbon-13 shifts observed. 
Thecarboxyl carbon is highly deshielded by the two oxygens, 

and its signal is well downfield, always 170-174ppm. C4 is 
expected to be the next most deshielded carbon. As previously 
discussed with respect to the 'H nmr spectra, the proton on C4 is 
also the most deshielded because of the proximity to the 
carboxyl group. C5 is more deshielded than C2 as illustrated by 
compound I ,  with C2 assigned a chemical shift of 50, and C5, 
34.29. This trend continues down the table, although peaks are 
quite close. 

'The carbon- 13 chemical shifts of compounds I1 and I are very 
similar. C4 and C5 are deshielded to nearly the same extent. The 
greatest change was observed with C2, with the CH3 group on 
C2 causing increased chemical shift, as expected. 

In compound 111, the value of C2 increased only slightly, 
compared to the same carbon in the 2-methyl compound. C4 has 
decreased, which cannot be easily explained because the two 
methyl groups on C2 appear to be too far away from C4 to cause 
an alteration in the chemical shift unless the conformation of the 
ring was changed. The carboxyl carbon has its chemical shift 
lowered by > I  ppm. The methyl carbon on C2 was shifted 
downfield considerably compared with 2-methylthiazolidine. 

For compound IV, an increase in the chemical shift of C5 was 
observed, compared to the values for compounds 1-111 derived 
from L-cysteine. There is also a large increase in the value for 
C4; it appears that these methyl groups are close enough to C4 to 
have an effect similar to that observed for the C5 carbon to 
which the methyls are directly bound. The chemical shift of C2 
has reverted to nearly the same value as in the non-methylated 
thiazolidine compounds. The C5 methyl groups always occur to 
slightly higher field than the C2 methyl groups, presumably 
because of the y-shielding of the COOH group. This is a general 
trend which becomes more apparent as more methyl groups are 
introduced into the molecule. 

With compound V, C2 again showed an increase in chemical 
shift relative to compound IV. This molecule, V, like the 
2-methyl compound, 11, contains two chiral centers, the one at 
C4 being always S, and it can occur in R,S and S,S 
configurations. The compounds are probably about 50:50 
mixtures of the two diastereomers, judging from the heights of 
the duplicated proton nmr signals. The increased chemical shift 
of C2 relative to that for the compound IV reflects the presence 
of a new methyl group on that carbon. C4 also increased 
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slightly, which is consistent with the trend previously noted of 
increasing chemical shifts with every new methyl group added 
to the thiazolidine ring. The chemical shift of C5 has increased 
by almost 8 ppm; the presence of one more methyl group on 
another carbon in the molecule is not a sufficient reason to 
explain such a large effect, unless the stereochemistry of the 
ring has changed in such a way as to bring the new methyl 
spatially close the C5 atom so that the nuclear shielding is 
altered. 

In the compound VI, C2 again has a higher value than in the 
previous compound which only had one C2 methyl group. It 
should be noted that since there is peak overlap in this 
compound, either of 61.62 or 76.46 could be assigned to C2 and 
it is arguable which of the assignments is correct. The chemical 
shift of C2 is more likely to be 73.46 since it is expected to be 
higher than that of C5, because of the higher deshielding effects 
of the N and S atoms around C2 in the ring. For this compound, 
the methyl group chemical shifts have been assigned previously 
to C2 and C5 methyl carbons by deuteration of the C2 methyls 
(2). The 61.62ppm peak assigned to C5 is of higher chemical 
shift than expected from the values in ppm assigned to C5 of the 
other thiazolidine molecules listed in Table 3. Previosly 
published spectra of N-formyl-2,2,5,5-tetramethylthiazolidine 
compounds (15) helped in the assignment of peaks, as well as 
the recording of "spin-sort" spectra in which the peaks arising 
from carbons with an odd number of protons show up below the 
baseline while carbons with an even number of protons give rise 
to peaks above the baseline. The methyl group carbons deserve 
a reference. In thiazolidines that have both C2 and C5 methyl 
substituents, the methyls on C2 have higher chemical shifts than 
the C5 methyls, probably because of the proximity of the 
electronegative N and S. In substituted penicillins the relative 
shifts were C2 > C5, pro S CH3(C5) > pro R (16). If 
2,2,5,5-tetramethylthiazolidine-4-carboxylic acid can be con- 
sidered analogous, the assignments have the same order. 

The amino-acid zwitterion equilibria 
The pK values represent the extent of protonation of ionizable 

groups, and are presented in Table 5. There is a downward shift 
of amino group pK with increasing CH3 substitution, especially 
C2. Increase of COOH group pK with methyl substitution is 
partly caused by inductive effects of the methyl group. Also the 
anion cannot be solvated so effectively, so that the equilibrium 
AH A- + H+ is shifted to the left hand side. 

From the usual relationship of the Gibbs standard free energy 
to the equilibrium constant associated with a given reaction in 
solution, we have calculated the free energy of conversion from 
the amino acid to the zwitterion form. The values of AGO, also 
shown in Table 5, vary between -4.2 and - 1.8 kcal mol-' for 
L-cysteine and tetramethylthiazolidine-4-carboxylic acid. If the 
compounds were tabulated in order of AGO, the 2,2-dimethyl- 
compound, 111, would be placed below the 5,5-dimethyl 
compound, IV . 

Compounds which exist in the amino-acid form in the solid 
include 2,5,5-trimethyl- and 2,2,5,5-tetramethylthiazolidine-4- 
carboxylic acid, V and VI, both derived from D-penicillamine, 
and the 2,2-dimethyl species, 111, derived from L-cysteine. 
When V is crystallized from D20, howver, it occurs as the 
zwitterion in the solid state. In D20 solutions, zwitterion forms 

are present for all three compounds, although compound VI still 
has a significant concentration of the acid form, as shown by the 
infrared spectra. 

We have shown that methyl substitution at the C2 and C5 
positions of the thiazolidine ring does indeed affect the 
amino-acid zwitterion equilibrium. It was originally assumed 
that the acidity mght be proportional to the number cf CH3 
groups. The shift in equilibrium did not follow this simple 
relationship, however, since from the infrared spectra the 
55dimethyl compound, IV, showed no amino acid form in the 
solid, while the 2-methyl and 2,2-methyl compounds, I1 and 
111, showed evidence for both amino acid and zwitterion forms 
in the solid. It seems likely that both the number and position of 
the methyl groups affect the ring conformation and the hydrogen 
bonding patterns in ways which result in stabilization of either 
the amino acid or the zwitterion. 

The 2-methyl and 2,5,5-trimethyl compounds, I1 and V, do 
have one other feature in common; namely, they can exist as two 
diastereomers, RR, SR and RS, SS respectively. The vibrational 
spectra of these two compounds show many extra bands, a fact 
which is consistent with both diastereomers being present. 
There is, however, no evidence that this factor alone is sufficient 
to explain the change in the amino acid zwitterion equilibria, 
although it would mean different entropy values. 
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Photoisomerization of the A1EtCl2 complex of endo-tricyclo[5.2.1.0216]deca-4,8-dien-3-one 
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RONALD F. CHILDS, BARRY M. DUFFEY, and MAILVAGANAM MAHENDRAN. Can. J. Chem. 64, 1220 (1986). 
Irradiation of the AIEtC12 complex of endo-tricyclo[5.2.1.02~6]deca-4,8-dien-3-one (1AL) yielded the A1EtCl2 complex of 

exo-tricyclo[5.3.0.02~6]deca-4,8-dien-3-one (3AL). The structure of 3, which was obtained on treatment of the irradiated 
solution with water, was established by its reduction to give the known exo-tricyclo[5.3.0.02~6]decan-3-one. The 
photoisomerization of 1AL could not be driven to completion as 3AL underwent a photoisomerization to regenerate 1AL. 
Control experiments showed that the interconversions of 1AL and 3AL were photochemically and not thermally induced. 
Irradiation of AlEtC12 complex of trideutero derivative 6 did not lead to any deuterium scrambling in the starting material, 
indicating that no hidden skeletal isomerization such as a 2-carbon plus 3-carbon cycloaddition is taking place during this 
isomerization. The mechanisms of the photoisomerizations are discussed. 

RONALD F. CHILDS, BARRY M. DUFFEY et MAILVAGANAM MAHENDRAN. Can. J. Chem. 64, 1220 (1986). 
L'irradiation d'un complexe form6 de AlEtC12 et de la tricyclo[5.2.1 .OZv6] dCcadPne-4,8 one-3-endo (1AL) conduit a un 

complexe du AIEtClz avec de la tricycl0[5.3.0.0~,~] dCcadikne-4,8 one-3-exo (3AL). Le composC 3 est obtenu par traitement de 
solution irradiCe avec de I'eau et sa structure a CtC dCterminCe ?i la suite de sa rkduction en tricyclo[5 .3 .0 .0~.~]  dCcanone-3-exo qui 
Ctait dCji connue. Le composC 3AL subissant une photo-isomerisation qui regCnkre le composC lAL, la photo-isomCrisation du 
composC 1AL ne peut donc jarnais &tre complkte. Des exp6riences de contr6le ont permis de montrer que les interconversions 
entre les composCs 1AL et 3AL sont induites photochimiquement et non pas thermiquement. L'irradiation du complexe forme 
par le AlEtC12 et le dCrivC trideut6rC 6 conduit pas i une rkpartition au hasard des deutkrium prCsents dans le produit de dtpart; ce 
resultat suggkre que cette isomCrisation n'est pas accompagnCe d'isomCrisations cachCes du squelette, cornrne des cycloadditions 
de 2 carbones avec 3 carbones. On discute des mtcanismes des photo-lsomCrisations. 

[Traduit par le revue] 

In a continuation of our studies on the photochemistry of 
oxygen protonated or complexed enones (1) we have examined 
the effect of Lewis acids on the photochemistry of 1. Irradiation 
of 1 under conventional conditions leads to an intramolecular [2 
+ 21 cycloadditibn and the formation of 2 in high chemical and 
photochemical yield (2). Complexation of the carbonyl oxygen 
of 1 with a Lewis acid will cause the lowest excited states to be 
of T,T* character and we were interested in seeing if the 
cycloaddition reaction would still occur under these conditions. 
In addition there is the possibility that a further [2 + 21 
cyloaddition could occur with bonding from C3 and C5 of the 
complexed cyclopentenone with the double bond. Such a 
reaction would correspond to the photoaddition of an ally1 
cation to a double bond and would extend the range of known 
photochemical cycloadditions. 

Results and discussion 
The reaction of 1 with several Lewis acids was examined in 

CDC13 solution using 'H nmr spectroscopy. The changes 
observed in the nmr spectra of 1 at room temperature in the 
presence of [AlEtCl2I2 were consistent with the formation of an 
oxygen bound complex, Table 1. Spectra obtained at low 
temperature indicated that the seemingly simple room tempera- 
ture spectrum was due to a rapid exchange between several 
closely related complexes resulting from the disproportionation 

of the aluminum species (3). The uv spectrum of this mixture of 
complexes showed a strong absorption at 258 nm. The A1EtCl2 
complex of 1 was thermally stable at room temperature and 1 
could be recovered unchanged on neutralization of the Lewis 
acid. 

Other Lewis acid complexes of 1 were not so suitable for 
photochemical studies. The SnC14 complexes were found to be 
very insoluble and unsuitable for photochemical work. The 
SbC15 complexes were soluble but their uv spectra were 
complicated by the presence of a strong absorption band due to 
the Lewis acid (4). In view of the well behaved nature of the 
A1EtCl2 complexes, it was decided to use these for the 
photochemical studies. 

Irradiation of a CHC13 solution of complex 1AL at -50°C led 
to the formation of a new product. The course of the photo- 
reaction was monitored by 'H nmr spectroscopy directly on the 
irradiated solution and by glc after the Lewis acid had been 
removed. Neutralization of the reaction mixture and separation 
of the product yielded a new compound, 3, which was isomeric 
with the starting material. 

The carbon skeleton of 3 and position of the carbonyl group 
were established by its reduction to 4 which was shown to be 
identical to authentic material prepared by an independent route 
(5). The presence of one double bond conjugated to the carbonyl 
group in 3 was clearly shown by the characteristic chemical 
shifts of the two vinyl protons (6 7.71 and 6.29) and their 
downfield shift when 3 was complexed with AlEtC12 (6 8.75 and 
7.00). The position of the second double bond was shown by 
examination of high field 'H nmr spectra of 3 and shift reagent 
experiments. At 5OOMHz it was possible to resolve all the 
proton resonances of 3 and with the use of a homonuclear 2D 'H 
nmr spectrum completely assign all the signals, Table 2. It was 
thus shown that the two methylene protons at 6 2.33 and 2.59 
were coupled to H(l)  (6 3.04) and not to H(7) (6 2.36). The 
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CHILDS ET AL 

TABLE 1. 'H nmf and uvb data for ketones 

Chemical ~ h i f t ~ . ~ ,  ppm 

H5 viny H Other h,, (nm) E 

7.38dd 5.88111 3.40m, 3.14m,2.96m, 2.75m, 1.67111 225 6.6 X 10 
8.30dd 5.91m 3.80m, 3.51m, 3.19m, 1.94m 258 9.0 x lo3 

2.98m, 2.40bt, 2.02m, 1.61111 
2.4-3.4m, 1.8m 

7.71dd 5.82111 3.18m,3.12m,2.4-2.7m 229 8.4 X lo3 
8.75dd 5.92m 3.55m, 3.43111, 2.4-2.9111 26 1 1.2 x lo4 

Trideuterio 
Compounds 

6 7.39s 5.89111 3.15bs, 2.90bs, 1.63m 
6AL 8.26s 5.92m 3.50111, 3.16111, 1.90m 
7 7.69s 5.80111 2.5-2.7m, 3.10m 
7AL 8.71s 5.92111 2.6-2.8m, 3.43m 

"In CDCI,, 35°C. 
CHCl,, 25OC. 

'In ppm from CH2C12 (5.336, 35°C) or CHC1, (7.249, 35°C). 
dd = doublet, m = multiplet, bt = broad triplet, s = singlet, bs = broad singlet. 
e1.1-1.2mol. equiv. [AlEtC12]2 was used. This gave rise to (an additional) two signals of lesser intensity for H4, indicating the 

occurrence of disproportionation. 

addition of shift reagent (Eu(TFC)~) to a solution of 3 caused the 
resonances of the two methylene protons to be shifted downfield 
whereas those of the two vinyl protons of the second double 
bond remained essentially unaffected. The results of both the 
high field 'H nrnr study and the shift reagent experiment show 
that the second double bond is between C8 and C9. 

The photoisomerization of 1AL could not be driven to 
completion with extended periods of irradiation and it appeared 
that a photostationary state was being established. This was 
confirmed by irradiation of a solution of 3AL when it was found 
to be converted back to 1AL. The limiting amount of 3AL 
present at the photostationary state was ca. 36% using either 
254 nm or 300 nm light sources. 

The same interconversion of 1AL and 3AL occurred on 
irradiation at room temperature, however, more material was 
lost as an insoluble polymer under these conditions. At the 
lower temperatures typically >85% of the starting ketone could 
be accounted for in terms of volatile products. 

Several control experiments were run. Complexes 1AL and 
3AL were stable at room temperature and did not interconvert 
showing that the interconversions of the complexes 1AL and 
3AL were photochemical and not thermally initiated. It was 
further shown that the AlEtCI2 complex of 2, a potential 

photoproduct in the reaction, was also photochemically and 
thermally stable under the conditions used for the photochemi- 
cal reactions of the complexes 1AL and 3AL. The cage 
compound 2 in the absence of the Lewis acid was shown to be 
inert when irradiated at 254 nm under the conditions used here. 
It is clear that 2 is not produced under the photochemical 
conditions used in this work. The irradiation of 1 in the absence 
of the Lewis acid at 254 nm led only to the formation of 2. 

From the results given above it is clear that the interconver- 
sion of 1AL and 3AL is a photochemical reaction involving the 
complexed ketones and that the A1EtC12 complex of 2 is not an 
intermediate in these reactions. The isomerizations observed are 
quite different from those of the neutral ketones when irradiated 
under the same conditions in the absence of A1EtCl2. The 
chromophore absorbing the photon in the cases presented here is 
a complexed cyclopentenone and the lowest energy excited 
states will be of  IT* character (6). A further possible 
difference between the photoisomerizations 1 and 1AL is the 
multiplicity of the excited states involved. The conversion of 1 
to 2 is known to involve a triplet state (2). 

The question arises as to whether a 3-carbon plus 2-carbon 
(3C + 2C) closure is occurring in 1AL. The product of such a 
reaction would be 5 which could reopen to yield 1AL. Owing to 
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the symmetrical nature of 5, there are two possible ways it can 
reopen to yield IAL. 

To test for the occurrence of this 3C + 2C cycloaddition and 
subsequent ring opening to give lAL,  the trideutero derivative 6 
was prepared by reacting 1 with NaOD/D20 in dioxane. It was 
shown that three deuteriums were incorporated into 6 by mass 
spectrometric analysis. The 'H nmr spectrum of this compound 
showed that the resonances attributable to H(2), H(4), and H(6) 
in 1 were absent. 

Irradiation of the ALEtC12 complex of 6 under the same 
conditions used previously led to the formation of the AIEtClz 
complex of 7. Ketones 6 and 7 were recovered and separated 
after neutralization of the irradiated solution and examined by 
'H nmr spectroscopy. No scrambling or loss of deuterium was 
found for 6. In the case of 7, deuterium was shown to be at C2, 
C4, and C6 by the absence of signals corresponding to the proton 
resonances of the corresponding protio material, Table 2. These 
results show that there is no reversible formation of the 
intermediate 5 by a 3C + 2C cycloaddition occumng in these 
reactions. 

The interconversion of 1AL and 3AL can formally be 
regarded as a suprafacial l,3-sigmatropic shift as shown in 
reaction [I]. It is not clear whether this reaction is concerted or 
whether it involves an intermediate such as 8. It has been 
suggested that twisting about the C2,C3 bond of the excited state 
of the protonated enone leads to a build up of a positive charge at 
C3 (7). Cyclopentenone is a fairly rigid system, so that only a 
partial rotation about the C2,C3 bond is possible. Such partial 
rotation could lead to charge localization at C3, and a subse- 
quent P-cleavage reaction. The intermediate 8, which can also 
be formed by a comparable sequence of events from 3AL, 
would be able to revert to 1AL or close to 3AL. Comparable 
thermal interconversions of other substituted derivatives of ring 
systems corresponding to 1 and 3 have been described (8). The 
alternative cleavage of the C1 ,C2 bond in a 1,3-sigmatropic shift 
does not lead to the formation of 3AL. 

Overall these results show that the presence of a Lewis acid in 
solution on irradiation of 1 produces a remarkable change in the 
course of the photoreaction. It remains to be seen how general 
this type of Lewis acid catalyzed photorearrangement will be 
with other cyclic enones. 

Experimental 
General 
'H nmr spectra were obtained on Varian EM-390 or Bruker WM-250 

and AM-500 instruments. Gas chromatographic analyses were per- 
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formed on a Hewlett-Packard 5790A gas chromatograph, using 10% Pressure and the residue distilled (12O0C7 1 mmHg) to yield a 
Hourad FC 431 on Chromosorb W-HP 80/100 mesh, packed in a (1 m clear liquid (8 mg), which was subsequently shown to be tri- 
x 3 m )  stainless steel column. Ultraviolet spectra were measured on c~clo[5.3.0.0~.~ldecan-3-one by comparison with an authentic sample 
Pye Unicarn instruments. prepared by a standard procedure (5). 

Ketone 1 was prepared in 45% yield from dicyclopentadiene Preparation of6 
according to the method of Woodward and Katz (9). Ethylaluminurn- D20 (12mL) was slowly added to sodium wire (0.6 g) in dioxane dichloride (Ethyl Corporation) was distilled before use and stored (35mL) under nitrogen atmosphere. A solution of (250mg) in 
under nitrogen in sealed glass ampules. All manipulations were dioxme (2 d )  was added the rnivture refluxed for 5 days. The carried out in a nitrogen glove box, using an SMI digital micropipette mixture was neutrdized to pH = with 25% D2S04 in D20. The which was calibrated by weight. Chloroform was used as the solvent, resultant mxture was extracted three times with ether (25 and the and was dried by storing in a sealed container over activated Linde 4 A organic layers dried over anhydrous MISO,. The solvent 
molecular sieves. Irradiations were carried out in quartz at 

was removed under reduced pressure and the residue distilled (120"C, 
- 5 0 " ~  using a ~ayonet  photoreactor (Southern New England 1 m H ~ ) ,  to yield 6 (150 rng) as liquid which slowly turned into pany) equipped with a magnetic stirrer, and RPR 2540 or 3000A white waxy solid upon standing. 
lamps. 

Preparation of 3 
The ketone 1 (1.3 g) was added to a solution of AIEtCI2 (1.2 g, 1 mol 
equiv.) in CHC13 (50 mL). The solution was cooled to -50°C, and 
irradiated until a photostationary state was reached (typically 24 h). 
(The course of the reaction was monitored at regular intervals by gc 
analysis of quenched aliquots). The solution was then poured into water 
(5 mL), the organic layer was separated, and the aqueous layer further 
extracted with CHCI3. The combined organic layers were dried 
(anhydrous MgS04), the solvent was removed under reduced pressure, 
and the resulting residue distilled (120°C, 1 mm Hg) to yield a mixture 
(1.1 g) containing 64% 1, and 36% 3. The latter was separated from the 
mixture by column chromatography using a 10 cm x 2 cm column 
packed with tlc grade silica with a petroleum etherlether mixture as 
eluent. The product 3 eluted before 1. The solvent was removed and the 
product distilled (120°C, 1 rnrn Hg) to yield 3 (300 mg). Mol. wt. 
calcd. for CloHloO: 146.0732; found (high resolution ms): 146.0732 
(Ir (film) v,, 2930, 2850, 1701, 1580, 1350, 1170, 790, 720, and 
700 cm-'. 

Hydrogenation of 3 
The ketone 3 (10 mg) was dissolved in methanol (3 mL) containing 

palladium, 5% on BaS04 (Koch Light Laboratories) (5 mg). The 
suspension was stirred under Hz, until 2mol. equiv. of Hz was 
consumed. The suspension was filtered and the catalyst rinsed with 
methanol. The combined solvents were removed under reduced 
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J. R. KEEFFE, A. J. KRESGE, and J. TOULLEC. Can. J. Chem. 64, 1224 (1986). 
Rates of acid-catalyzed enolization of acetophenone in dilute aqueous solution, measured under conditions where the solvated 

proton is the only acidic species present, give a hydrogen ion catalytic coefficient, k k +  = (1.21 & 0.01) X M-' s-', 
that is 35% smaller than the value obtained by X acidity function extrapolation of measurements made in moderately concen- 
trated sulfuric acid solutions. The difference may be attributed to catalysis by bisulfate ion in the sulfuric acid solutions; this is 
supported by direct measurement of the bisulfate ion catalytic coefficient in dilute sulfuric acid. This revised value of @+ leads 
to new, but only slightly different, values of the keto-en01 equilibrium constant for acetopheno-ne in aqueous solution, pKE = 
7.96 ? 0.04, the acidity constant for acetophenone ionizing as a carbon acid, p ~ F  = 18.31 2 0.05, and the encounter- 
controlled rate constant for the reaction of acetophenone en01 with molecular bromine, k = (3.2 & 0.4) X 10' M-' s-'. 

J. R. KEEFFE, A. J. KRESGE et J. TOULLEC. Can. J. Chem. 64, 1224 (1986). 
Les vitesses pour les reactions d'tnolisations acido-catalystes de I'acttophenone, mesurtes en solution aqueuses dilutes dans 

des conditions sous lesquelles le proton solvatt est la seule esptce acide prtsente, conduisent 2 une coefficient catalytique de 
l'ion hydroghe, %+ = (1,21 + 0.01) X M-I s-' qui est environ 35% plus faible que la valeur obtenue ?i l'aide de 
I'extrapolation de mesures de la fonction d'aciditt X qui ont t t t  faites dans des solutions d'acide sulfurique modtrtment concen- 
trees. On peut attribuer cette difference ?i la catalyse de I'ion bisulfate qui est prtsent dans les solutions d'acide sulfurique; cette 
conclusion est supportte par des mesures directes du coefficient catalytique de I'ion bisulfate dans des solutions dilutes d'acide 
sulfurique. Cette valeur reviste de I&+ conduit 2 de nouvelles, mais que ltgtrement difftrentes, valeurs pour: (a) la constante 
ctto-tnolique de l'acttophtnone en solution aqueuse, pKE = 7,96 2 0.04; (b) la constante d'aciditt de l'acttophtnone qui 
s'ionise sous forme d'acide du carbone, p ~ :  = 18,31 + 0,05 et (c) la constante de vitesse contrblee par les rencontres pour 
la rtaction de I'tnol de I'acttophenone avec le brome moltculaire, k = (3,2 2 0,4) X 10' M-' s-'. 

[Traduit par la revue] 

The equilibrium constant for the enolization of acetophen- 
one, eq. [I], was determined recently for dilute aqueous 

solution by taking the ratio of rate constants for this reaction in 
the forward (enolization) and reverse (ketonization) directions: 
KE = kElkK (1). One set of rate constants used for this purpose 
referred to measurements made in acid solution. The ketoniza- 
tion rate constant was a value determined directy in dilute 
hydrochloric acid solutions; it was therefore a true hydrogen ion 
catalytic coefficient, k i +  . The enolization rate constant, on the 
other hand, was based upon measurements made in moderately 
concentrated sulfuric acid; these data were then extrapolated 
down to dilute solution by using the X acidity function (2). 
Sulfuric acid of the concentrations used for the rate measure- 
ments, however, contains appreciable quantities of bisulfate ion 
(3), and bisulfate ion in such solutions is known to be a 
kinetically active proton transfer agent in general acid catalyzed 
processes such as the enolization of acetophenone (4). The 
possibility existed, therefore, that the extrapolated rate constant 
did not represent reaction through Hf alone, but that it was a 

'~merican Chemical Society - Petroleum Research Fund Summer 
Research Fellow; permanent address: Department of Chemistry, San 
Francisco State University, 1600 Holloway Avenue, San Francisco, 
CA 94132, U.S.A. 

'~uthor to whom correspondence may be addressed. 

combination of Hf and HS04- catalytic coefficients, and that 
the keto-en01 equilibrium constant based upon it was in error. 

To investigate this matter, we have measured the rate of 
enolization of acetophenone directly in dilute solution under 
conditions where Hf is the only acidic species present. The 
value of kE+ SO obtained is indeed significantly less than the 
rate constant produced by extrapolating the concentrated sul- 
furic acid data. We have also measured the rate of enolization 
of acetophenone in dilute sulfuric acid solutions and from 
these data have evaluated the HS04- catalytic coefficient for 
this reaction. 

Experimental 
Materials 

Acetophenone (Fisher, certified reagent) was dried over molecular 
sieves and then fractionally distilled at reduced pressure through an 
efficient column. All other substances were best available commercial 
grades and were used as received. Solutions were made with deionized 
water that had been purified further by distillation. 

Kinetics 
Rates of enolization were measured by bromine scavenging in the 

presence of bromide ion using the absorbance of Br3- at 320 nm to 
monitor the reaction. Runs were performed under zero-order condi- 
tions with acetophenone concentrations of ca. lo-' M and stoichiomet- 
ric bromine concentrations of ca. M. Bromide ion was 0.10 M ;  it 
was supplied either as HBr, to provide a variable acidity, or as NaBr, to 
keep ionic strength constant at 0.10 M. Absorbance measurements 
were made using a Cary Model 118C spectrometer with cell compart- 
ment thermostatted at 25.0 & 0.02"C. 

In a typical experiment, 3.0 mL of acid solution contained in a 
cuvette was brought to temperature equilibrium with the spectrometer 
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cell compartment. Acetophenone (3.5-4.0 p,L) was then added, the 
mixture was shaken thoroughly to effect solution, and the absorbance at 
320 nm was recorded (for the purpose of determining the acetophenone 
concentration). Saturated bromine water (15-20 p,L) was then added to 
start the reaction. The disappearance of Br3- was accurately zero order 
for ca. 70% of the total absorbance change; this corresponds to 0.8- 
1 .O% consumption of acetophenone on the basis of 1: 1 stoichiometry. 
The rate of change of absorbance was converted to A[Br3-]/At using a 
value of EB~,- determined here, and thence to A[Br2],JAt through the 
factor (1 + K ~ [ B ~ - J - ' )  where K,,, = 16.7 M-' is the equilibrium 
constant for Br2 + Br-I = Br3-.3 Zero-order rates of disappearance of 
bromine were then converted to first-order enolization rate constants by 
dividing by the acetophenone concentration. 

Results and discussion 
The acid-catalyzed bromination of a ketone such as aceto- 

phenone in aqueous solution is known to occur in two stages: 
formation of the enol, eq. [2], followed by reaction of this 
intermediate with bromine, eq. [3] (6a, 7). Formation of the 

I k2 11 
[3] PhC=CH2 + Br2 - PhCCHzBr + H+ + Br- 

en01 will be the rate-determining stage, and the rate of bromine 
consumption will consequently measure the rate of the enoliza- 
tion reaction, when the en01 reacts with bromine sufficiently 
more rapidly (say by a factor of 10') than it undergoes 
acid-catalyzed reversion to ketone. This was easily the case in 
the present study. There is good evidence that the reaction of 
acetophenone en01 with bromine, eq. [3], is an encounter- 
controlled process (8) whose rate constant is 3 X 10' M-' s-' 
(I), and that the rate constant for the corresponding reaction 
with Br3- as the brominating agent is only a factor of two 
smaller (8). These values lead to 2 X lo5 s-' as the first-order 
.specific rate of bromination of acetophenone en01 at the 
stoichiometric bromine concentration used here, M. The 
rate constant for the reketonization of acetophenone enol, k-,, is 
also known for the case of catalysis by H': kH+ = 1.25 X lo3 
M-' s-' (I), and that value coupled with the highest acidity 
used in the present study, [H'] = 0.1 M, leads to 1 X 10' s- ' as 
the maximum first-order specific rate of reversion of the en01 to 
ketone. Bromination of the en01 thus occurs at least 2 X lo3 
times faster than reketonization under the conditions used here. 

Although the base-catalyzed halogenation of carbonyl com- 
pounds commonly gives polyhalogenated products, only mono- 
substituted products are generally found in the acid-catalyzed 
reaction (6a). There is direct evidence that this was the case in 
the present study and that the stoichiometry of the reaction was 
indeed 1: 1 as indicated in eq. [3]. In an early investigation of the 
acid-catalyzed bromination of acetophenone, phenacyl bromide 
was the only product isolated (9), and a more recent examina- 
tion of the reaction product by proton nmr failed to reveal any 
dibrominated material under circumstances where 4% could 
have been detected (2, 10). This nrnr analysis was carried out on 
product formed from reaction of roughly equimolar amounts of 
acetophenone and bromine. Since in the present study aceto- 

3~his  value of K,,, refers to 25OC and ionic strength p, = 0.10 M; 
it was obtained by extrapolating determinations reported for 16.5 and 
21.5"C (5). Because K,,, entered into our data analysis as the factor 
(1 + K;: [Br-I-'), exact knowledge of its value was not critical. 

TABLE 1. Rate data for the enolization of acetophenone 
in aqueous hydrobromic acid solutions at 25"C, ionic 

strength = 0.100 Ma 

[ H B ~ ] / ~ o - ~  M %bs/1~-7 S-I 

1.97 2.62, 2.72 
3.93 5.14,5.17,5.18,5.34 
4.72 5.98, 6.11 
5.90 7.28 
6.68 8.35, 8.37 
7.86 9.78, 9.90 
8.65 10.7, 11.1 
9.83 12.3 

k,,, = (3.51 + 0.86) x lo-' + (1.21 * 0.01) X [HBr] 
- -  - 

lon ic  strength maintained constant with NaBr. 

FIG. 1. Relationship between hydrogen ion concentration and 
observed first-order rate constants for the enolization of acetophenone 
in aqueous hydrobromic acid solutions at 2S°C. 

phenone was always supplied in 100-fold excess over stoichio- 
metric bromine, it seems safe to conclude that under our 
conditions only one equivalent of bromine was consumed per 
equivalent of en01 formed, and that rates of bromine consump- 
tion can therefore be taken to be exactly equal to rates of 
enolization. 

First-order rates of enolization determined in this way were 
measured in hydrobromic acid solutions over the concentration 
range [HBr] = 0.02-0.10 M. The data are summarized in Table 
1 and are displayed in Fig. 1. It may be seen that these rate 
constants are accurately proportional to acid concentration; 
least-squares analysis gives the relationship kobs = (3.51 -C 

0.86) X + (1.21 -+ 0.01) x [HBr]. Since hydro- 
bromic acid is completely ionized in dilute aqueous solution 
(6b), the only acidic species present in these solutions is the 
solvated proton; the bimolecular rate constant determined here 
is therefore a true hydrogen ion catalytic coefficient. 
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TABLE 2. Rate data for the enolization of acetophenone in aqueous bisulfate solutions at 250Ca 

[H2S04]S~10-2 M [ ~ B r l ~ d l O - ~  M [ N ~ ~ S O ~ ] ~  M [ N a ~ r ] ~ ~ / l O - ~  M [ ~ + ] / 1 0 - ~  M [ ~ ~ 0 ~ - ] / 1 0 - ~  M w/10-2 M~ kobs/10-7 S-I 

0.92 - - 8.50 1.52 0.32 10.6 2.26 
1.84 - - 7.01 2.77 0.91 10.6 4.40 
2.76 - - 5.51 3.92 1.60 10.6 6.26 
4.60 - - 2.52 6.04 3.16 10.0 11.26 
0.92 - 2.73 0.86 0.92 0.92 9.98 2.68 
0.92 0.46 1.84 2.89 1.38 0.92 9.56 2.63 
0.92 0.92 1.39 3.64 1.84 0.93 9.18 2.60 
0.92 1.38 1.10 3.74 2.30 0.93 8.66 3.89 
0.92 1.82 0.91 3.58 2.74 0.95 8.20 4.46 

kobsls-' = -(0.57 k 2.54) X lo-' + (1.07 + 0.20) X [H'] + (1.49 k 0.40) X [HSO4-] 

"Stoichiometric concentrations are denoted by the subscript "St"; others are actual (calculated) concentrations. The latter were obtained from the thermodynamic 
dissociation constant for HS0,-, K, = 1.05 x lo-' M (20), using activity coefficients determined by the Debye-Huckel equation with ion-s~ze parameters of Bates 
(21); forHS04- this quantity (4.0 A) was estimated as the average of values for similarily sized and charged ions. This procedure produced the following concentration 
quotients for HS04- at our experimental ionic strengths: Q, = 2.62 x lo-' M ( p  = 0.082 M), 2.74 x M ( p  = 0.100 M), and 2.85 X M 
( p  = 0.106 M); this spread in Q, had little effect on the calculated concentrations. 

bp = ionic strength. 

This result, kE+ = 1.21 X loW5 M-' s-I, is 35% less than 
the rate constant obtained by extrapolation of measurements 
made in moderately concentrated sulfuric acid solutions, k = 
(1.63 + 0.03) X M-' s-' (2). This suggests that additional 
catalysis of the enolization reaction by bisulfate ion was indeed 
taking place in these sulfuric acid solutions, and that extrapola- 
tion of the data down the X function did not remove this extra 
catalysis. Additional evidence in support of this hypothesis may 
be obtained from some measurements of the enolization of 
acetophenone made in moderately concentrated perchloric acid 
solutions (1 1). This acid is monobasic and fully ionized at the 
concentrations used, and therefore only catalysis by H+ is 
possible. It is thus significant that extrapolation of these data 
down the Xo function (12) gives a dilute solution rate constant 
whose value, k\+ = (1.21 f 0.01) X M-' S-I, is identical 
with the result obtained here by direct measurement in dilute 
solution. 

When this revised value of k\+ is used to determine the 
keto-en01 equilibrium constant for acetophenone in aqueous 
solution. theresultobtained. KF = (9.71 + 0.21) X is still 
in reasonable agreement kith an' independently determined 
value based upon a set of hydroxide ion catalytic coefficients for 
the enolization and ketonization reactions, KE = (1.20 f 0.07) 
X lo-' (1). The current best value of this constant is then the 
average of these two results, KE = (1.08 + 0.1 1) x pKE 
= 7.96 20.04; this differs only marginally from our previous 
best estimate, pKE = 7.90 + 0.02 (1). This change also requires 
revision of our previous estimate of the equilibrium constant for 
the ionization of acetophenone as a carbon acid, eq. [4], which 

is the product of KE and the known (13) equilibrium constant for 
ionization of acetophenone en01 as an oxygen acid, Kt: K: = 
KEKF. The new value, KF = (4.96 + 0.59) X 10-l9 M, p ~ !  
= 15.31 + 0.05,4 is again only marginally different from the 
old: p ~ f  = 18.24 + 0.03 (1). Another quantity which can be 
derived from KE is the rate constant for the encounter-controlled 
reaction of acetophenone en01 with molecular bromine; the new 

'?his equilibrium constant is a concentration quotient which refers 
specifically to an ionic strength of 0.10 M. 

value of this constant, based upon our revised KE, is k = (3.2 + 
0.4) x lo9 M-' s-' , up from the k = (2.8 + 0.02) X lo9 M-' 
s-' we had estimated before (1). 

In addition to these determinations of the rate of enolization 
of acetophenone in hydrobromic acid solutions, we also made 
some measurements of the rate of this reaction in dilute sulfuric 
acid, at various stoichiometric acid concentrations and with 
various additions of HBr and Na2S04, to get further variation in 
the concentrations of solution species. The data are summarized 
in Table 2. The only acids present in these solutions were H+ 
and HS04- (3), and we therefore fitted the data to the rate law 
shown in eq. [5]. The concentrations of H+ and HS04- required 
for this purpose were obtained by calculation, using K, = 1.05 
X M for the acidity constant of HS04- (14) and activity 
coefficients determined by the Debye-Hiickel equation with 
ion-size parameters of 9 A for H+ , and 4 a for HS04- and ~ 0 ~ ~ -  
(15). 

We sought to keep ionic strength constant in these sulfuric 
acid solutions, but this goal was unfortunately incompletely 
realized: ionic strength varied from p = 0.082-0.106 M. To 
determine whether this spread would have a significant effect on 
the rate of enolization, we performed another series of rate 
measurements varying ionic strength from p = 0.06-0.14 M at 
a fixed acid concentration, [HBr] = 0.059 M. These data, 
summarized in Table 3, show no systematic dependence of 
observed rate constant upon ionic strength: linear least-squares 
analysis gives a relationship, kobs = (7.61 + 0.11) X lop7 - 
(0.04 + 1.08) x p, with zero slope and a predicted value 
for p = 0.10 M, k = (7.61 + 0.03) x M-' s-', which is 
consistent with the rate constant, k = (7.49 4 0.03) x 
M-' s-' predicted for [H+] = 0.059 M from the correlation of 
rate measurements made at variable [HBr] and p = 0.10 M. 

This result indicates that the variation in ionic strength of our 
sulfuric acid solutions will have no significant effect on the rate 
measurements performed in these media. We therefore fit the 
data to the rate law of eq. [5] with no further adjustment. The 
result, kobs = -(0.57 + 2.54) x + (1.07 f 0.20) X 

[H'] + (1.49 + 0.40) x [HS04-1, gives a hydrogen ion 
.catalytic coefficient in good agreement with the value deter- 
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TABLE 3. Rate data for the enolization of acetophenone in advanced that bisulfate ion might be unusually effective in these 
aqueous hydrobromic acid solution at 25OC at variable ionic reactions because the configuration of the solvent molecules in 

strengtha its initial state solvation shell is similar to that required in the 
transition state, and the need for solvent reorganization during 

Ionic strength/l~-~ M  kObsl s-' the proton transfer process is thereby minimized. 

a[HBr] = 5.9 X lo-' M ;  ionic strength varied with NaCIO,. 

mined more precisely in HBr solutions: kg+ = (1.21 + 0.01) 
x M-' s-'. It also gives a bisulfate ion catalytic coefficient 
that is very similar in magnitude to @+; this shows that 
appreciable catalysis of the enolization reaction by bisulfate ion 
can be expected to occur in moderately concentrated sulfuric 
acid solutions where the concentrations of this ion are large (3). 

Such similarity of bisulfate and hydrogen ion catalytic 
coefficients is unexpected because of the considerable differ- 
ence in acid strength of these two catalytic species. As the basis 
for a molecular explanation we can consider two reaction 
mechanisms. The conventional scheme for acid catalyzed 
enolization consists of two steps: equilibrium protonation of the 
carbonyl group followed by rate controlling deprotonation at 
carbon (6c, 7, 16). The other mechanism, alternative or 
concurrent, is a termolecular reaction in which protonation at 
oxygen is concerted with deprotonation at carbon (17). The 
acid-base pair responsible for bisulfate catalysis by this 
termolecular mechanism could be either H + / S O ~ ~ -  or 
H S 0 4 - / ~ 2 0 .  

In the two-step mechanism we can account for the surprising 
catalytic effectiveness of bisulfate by postulating an electro- 
static effect (18). The rate controlling transition state is formed 
from an oxonium ion and a base. For hydrogen ion catalysis the 
base is water, but for bisulfate ion catalysis the transition state 
brings together positive oxonium ion and doubly negative 
sulfate ion. Electrostatic effects on the rates of deprotonation at 
carbon have been documented (1 8). 

In the termolecular mechanism the transition state for 
bisulfate catalysis is composed of ketone, hydrogen ion, and 
sulfate ion, or of ketone, bisulfate, and water. For the former 
case we note the electrostatic analogy with the transition state of 
the two-step mechanism. For the latter case the comparison to 
be made is between the protonation of ketone by hydrogen ion 
and the protonation of ketone by bisulfate, in both cases with 
concurrent deprotonation at carbon by water. An unusually high 
kinetic acidity of bisulfate in proton transfer reactions has been 
observed before, notably in the acid cleavage of allylmercuric 
iodide (19) and isobutenylmercuric bromide (20), in the 
detritiation of 1,3,5-trimethoxybenzene (21), and in the hydro- 
lysis of ethyl vinyl ether (22). The speculation has been 

5 ~ h e  first of these pairs consists of the stronger acid and the stronger 
base; it should therefore be the more effective. In that case the bisulfate- 
ion catalytic coefficient would be equivalent to a third-order rate 
constant having the value (5.6 + 1.5) x M - ~  s-' . 
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STEPHEN J. BROWN, JACK M. MILLER, ROGER THEBERGE, and JAMES H. CLARK. Can. J. Chem. 64, 1277 (1986). 
Fast Atom Bombardment mass spectrometry is shown to be a useful tool in the investigation of strongly hydrogen bonded 

complexes of imidazole with various electron donors. 

STEPHEN J. BROWN, JACK M. MILLER, ROGER THEBERGE et JAMES H. CLARK. Can. J. Chem. 64, 1277 (1986). 
On dCmontre que la spectromCtrie de masse par bombardement avec des atomes rapides est un outil utile pour Ctudier les 

complexes, contenant de fortes liaisons hydrogknes, de l'imidazole avec divers donneurs Clectroniques. 
I [Traduit par la revue] 

Introduction 
The hydrogen-bonding properties of imidazole and its deriva- 

tives are of considerable importance in biochemistry (1). Of 
particular interest is the ability of imidazole to form strong, ' easily polarizable hydrogen bonds that may play an important 
role in many biochemical functions (1, 2). 

I Both nonspectroscopic and spectroscopic techniques have 
been used for the detection of hydrogen bonds (3). Since the 
emphasis in recent years has shifted to the use of spectroscopic 
techniques, a remarkable variety of such methods including 

I infrared, nuclear magnetic resonance, visible, and photoelec- 
tron spectroscopy have been successfully applied to the study of 
hydrogen bonding. 

The use of mass spectrometry as a technique for the study of 
hydrogen bonding has received little attention. The traditional 
method of electron impact mass spectrometry (EIMS) requires 
thermal volatilization of the sample and then subjects it to 
bombardment with electrons, the combination of which effec- 
tively precludes the use of EIMS for the study of hydrogen 
bonding. On the other hand, fast atom bombardment mass 
spectrometry (FABMS) is a "soft ionization" technique that 
does not require sample heating (4). In the case of the FABMS 
experiment the sample is dissolved in a matrix liquid that is 
relatively involatile under the high vacuum conditions present 
in the source of the mass spectrometer. The sample is then 
subjected to bombardment with energetic (6-8 keV) "fast 
atoms" and by this means both ionization and volatilization of 
the sample is achieved. Many different matrix liquids may be 
used in the FABMS experiment and a matrix of the "correct 
chemistry" is often needed to obtain useful spectra, which 
in turn can require considerable experimentation. The most 
commonly used FABMS matrix liquid is glycerol. 

Those familiar with the FABMS technique have long known 
that ions corresponding to protonated dimers and trimers of the 
matrix liquid are often seen, particularly when using glycerol as 
the matrix liquid. These ions, containing clusters of molecules, 
are presumably held together by hydrogen bonding. Despite 
these observations, FABMS has never been used to systemati- 
cally study hydrogen bonding per se. 

Recently, the FABMS of the strongly hydrogen-bonded 

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

complex formed between imidazole and trimethylphosphate 
was reported (5) and an ion corresponding to the hydrogen- 
bonded complex was observed for this system. We have carried 
out a further study of hydrogen bonding to irnidazole using 
FABMS with a range of electron donors of varying strength. 
With the FABMS method, we have studied the effect of the 
matrix liquid, concentration, and water content on the hydrogen 
bonding to imidazole. With FABMS the question of how 
representative of solution behavior the spectrum is must always 
be considered. Our experiments lead us to conclude that 
FABMS does indeed give an accurate picture of the hydrogen 
bonding between the various substrates in the matrix liquid and 
that FABMS may become a routine method for the analysis of 
some hydrogen bonded systems. 

Experimental 
FAB spectra were obtained using an AEI MS-30 (Kratos Ltd., 

Manchester U.K.) retrofitted with a saddle-field FAB gun (Ion tech, 
Teddington, U.K.) and a Kratos FAB source in beam 1. Xenon was 
used as the bombarding atom, the energy of the beam being 6-8 keV 
and a stainless steel probe tip being used. All the spectra were peak 
averaged from a minimum of 8 scans using a DS-55 data system. Mass 
conversion was done off-line based on a tris-perfluoroheptyl-s-triazine 
calibration. Infrared spectra were recorded as hexachlorobutadiene 
mulls using an Andect FX 6260 FT-IR at 4 wavenumber resolution. 
The 'H nmr spectra were recorded on a Briiker WP-80 in CDC13 
solution. 

meta-Nitrobenzyl alcohol (NBA), imidazole, triphenylphosphine 
oxide, diphenyl sulphoxide, acetophenone, diphenyl ether, and tri- 
phenyl methanol were obtained from BDH and Aldrich (reagent 
grade), and were used unpurified. Dry meta-nitrobenzyl alcohol was 
obtained by storing NBA over type 4 angstrom molecular sieves 
activated at 400°C. The hydrogen-bonded complexes were prepared by 
dissolving 1 g (14.7 mmol) of imidazole in 200 cm3 of diethyl ether 
followed by the addition of an equimolar amount of the electron donor. 
The bulk of the diethyl ether was removed by rotary evaporation to 
leave an oil. The oil was then pumped dry under vacuum (0.1 Torr; 
I Torr = 133.3 Pa) to leave the solid complex. 

Deuteroimidazole was prepared by warming imidazole in D20 
followed by the removal of the water under vacuum. The deutero- 
imidazole - diphenyl sulphoxide complex was prepared as above, the 
'H nmr showing in excess of 90% deuterium incorporation. 

Complexes containing a 2: 1 electron donor-to-imidazole ratio were 
prepared as follows. Imidazole (1 g, 14.7 mmol) was dissolved in 
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acetonitrile. Concentrated hydrobromic acid (14.7 mmol) was added, 
generating the protonated imidazole species. Two equivalents of the 
electron donor were next added, and the acetonitrile was then removed 
to leave a white crystalline solid in every case. 

Results and discussion 
Imidazole - electron donor complexes are ideal candidates 

for the study of hydrogen bonding by FABMS since the 
complex can be protonated (at N3) without breaking the 
hydrogen bond. Thus the complex may be easily protonated, 
generating the quasi-molecular ion observed in the FABMS 
spectrum. In comparison, we have been unable to observe 
the H-bonded dimer of benzoic acid by FABMS, presumably 
because there is no site at which protonation of this species may 
occur without breakdown of the dimer itself. 

We have been able to observe hydrogen-bonded complexes 
formed between trialkylamrnonium ions, pyridinium ion, and 
substituted pyridinium ions with a range of electron donors. 
These hydrogen-bonded ions, which show 1: 1 complex forma- 
tion, are clearly distinct from clustering caused by electrostatic 
interaction, which gives rise to ions of the general formula 
[cation(~ation/anion)~]+ where n = 1, 2, 3 . . . .' 

The choice of the matrix liquid is obviously going to 
be critical in a hydrogen-bonding FABMS study. Weakly 
hydrogen-bonded species would not be expected to be observed 
in a strong H-bonding matrix such as glycerol. The water 
content of the matrix may also play a critical role in the 
observation of many H-bonded species by FABMS. Trace 
amounts of water may be necessary for the generation of 
protonated species, yet too high a water content may result in 
breakdown of the complex. 

We have found through considerable experimentation that 
meta-nitrobenzyl alcohol (NBA) is the best matrix for the study 
of hydrogen bonding to imidazole (IM). We were able to obtain 
spectra over a period of 15 min with no loss in ion current. 
Cross-scan reports of the spectra showed the very stable nature 
of the ion current arising from the H-bonded complexes (see 
Fig. 1). 

Preliminary work using glycerol as the matrix liquid showed 
that only the strongest hydrogen bonds to imidazole were able to 
survive in this medium, such as those formed with trimethyl- 
phosphate and triphenylphosphine oxide. Ions corresponding to 
glycerol and imidazole or glycerol and electron donor com- 
plexes were also observed.' 

Nitrophenyl octyl ether (NPOE) is another commonly used 
matrix liquid, but the complexes were found to have low 
solubility in this matrix. ~ecause  of the low solubility only 
the stronger hydrogen-bonded complex between imidazole and 
triphenylphosphine oxide was observed. With other electron 
donors the low concentration of the species present in the matrix 
resulted in dissociation of the complex, as could be expected. 
The use of a polyphenyl ether as the matrix liquid was also 
limited by poor solubility of the complexes. 

Sulpholane also proved to be a useful matrix for higher 
concentrations of the com~lexes. At low concentration the 
sulpholane proved to be to6 volatile in the mass spectrometer 
and we were only able to obtain spectra over a period of a 
few minutes (2-3 scans). Because of the transient nature of 
sulpholane we were unable to obtain quantitative data using this 
matrix even though peaks due to the H-bonded complexes were 
in general more intense using sulpholane rather thanNBA as the 
matrix liquid. 

TOTAL ION 

m/z 347 (IMP~,PO)H+ 

SCAN 

FIG. 1. Cross-scan report of imidazole - triphenylphosphine oxide 
complex in NBA. 

FIG. 2. FABMS of irnidazole - triphenylphosphine oxide complex 
in NBA. 

The FABMS of imidazole in NBA at a concentration of 
approximately 1.3 M showed a base peak at mlz 69 correspond- 
ing to the quasi-molecular ion (IM + H)+ for irnidazole. Other 
significant peaks in the spectra included the imidazole dimer 
(mlz 137, 13% of base) and a peak at mlz 222 (2% of base) 
corresponding to the imidazole-NBA complex. At this concen- 
tration the spectrum due to NBA was relatively weak; the NBA 
M + 1 ion at mlz 154 amounted to only 11% of the base peak. 
The FABMS spectra of the complexes typically showed peaks at 
masses corresponding to the H-bonded complex, free imidazole 
(as an M + 1 peak), and the free electron donor (as M + 1 peak), 
except in the case of triphenyl methanol where the base peak 
corresponds to the Ph3C+ ion at m / z  243. In every case H-bond 
formation was confirmed by ir spectroscopy and the 1: 1 ratio of 
imidazole to electron donor by 'H nrnr. A typical FABMS 
spectrum is shown in Fig. 2. 

Since observation of the imidazole H-bonded complexes by 
FABMS involves protonation of the imidazole, likely at the N3 
position, generating two equivalent H-bonding sites, we have 
also studied the complexes formed between protonated imida- 
zole and two equivalents of the electron donors Uiphenyl- 
phosphine oxide and diphenyl sulphoxide. In these systems, in 
addition to the 1: 1 complexes in the NBA matrix, we were able 
to observe the 2: 1 donor-to-imidazole H-bonded complexes at 

2 ~ o r k  in progress. low intensity. 
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TABLE 1. The effect of concentration on the intensity of the H-bonded 
complex peak relative to that of free imidazole 

Complex Concentration* Complex/free IMi 

Ph3P=O/IM 0.08 M 0.17 
Ph3P=O/IM 0.42 M 0.20 
Ph3P=O/IM 0.84 M 0.26 
Ph3P=O/IM 1.26 M 0.28 
Ph2S=O/IM 1.26 M 0.15 
Ph2S=O/IM 2.14 M . 0.17 

*In NBA matrix. 
?Ratio in terms of absolute intensity of peaks. 

TABLE 2. H-bond strength of imidazole complexes by FABMS* 

Complex Concentration Complex/free IM 

0.28 
0.15 
0.02 
trace 
0.00 

*Ratios in terms of absolute intensities of peaks. 
tPh3COH/IM limited by lower solubility, but H-bonded complex was 

observed. 

The effect of concentration on the intensity of the H-bonded 
complex peak relative to that of the free imidazole was studied 
for the triphenylphosphine oxide - imidazole complex and for 
the diphenyl sulphoxide - imidazole complex, the results of 
which are shown in Table 1. As expected, we observed a 
decrease in the intensity of the complex peak relative to that of 
free imidazole, with decreasing concentration of the complex 
for both the triphenylphosphine oxide - imidazole and the 
diphenyl sulphoxide - imidazole complexes. The imidazole 
peak at m / z  69 was used for the ratio calculation even though 
the base peak in each case was the quasi-molecular ion from the 
electron donor, as the ionization efficiency for imidazole was 
assumed to be closer to that of the complex. The ionization of 
imidazole and the complex involves protonation at N3 whereas, 
in the case of the electron donor, ionization involves protonation 
of a P=O, S=O, or other functional group. 

Comparison of the intensity of the H-bonded complex peak 
relative to that of free imidazole (in terms of absolute intensity) 
for the range of complexes prepared (at the same concentration) 
yielded the expected order of H-bond strength (see Table 2), i.e. 

Preparation of a deut'erated imidazole - dimethyl sulphoxide 
complex showed rapid exchange of the deuterium atom involved 
in the hydrogen bond. This exchange was rapid in both dried and 
undried NBA. The 'H nrnr of the deuterated complex showed 
greater than 90% deuteration at the N 1 position of imidazole 
(dissolved in CDC13). However, FABMS showed approxi- 
mately 9% deuterium in the complex, using both dried and 
undried NBA. The M + 2 peak of NBA was also larger than 
the calculated I3C contribution, demonstrating deuterium incor- 
poration in the matrix. Removal of the water from the matrix 
also resulted in a 23% decrease in the total ion current of the 
imidazole - diphenyl sulphoxide complex, showing that water 
plays some part in the generation of the quasi-molecular ions 
observed by FABMS in these systems. 

In conclusion, we believe that FABMS is a promising new 
technique for the study of hydrogen bonding although the range 
of complexes that can be studied is clearly limited. Thestudy 
of hydrogen bonding to preformed anions or cations, which are 
especially susceptible to FABMS study, should be straight- 
forward. However, the neutral complexes would seem to need 
to be resistant to protonation if confusion between bonding to 
the neutral or protonated species is to be avoided. Our studies 
indicate that semiquantitative information on hydrogen-deuter- 
ium exchange and the relative strengths of hydrogen bonds can 
also be obtained. 
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Solvolytic rearrangement studies with 14c or 13C labeled (E)- and (2)-1,2-diphenyl-2-tolylvinyl 
bromides1 
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CHOI CHUCK LEE and DAVE WANIGASEKERA. Can. J. Chem. 64, 1228 (1986). 
The reaction of (E) - ,  (Z)-, or a 2:3 mixture of (E)- and (a-1,2-diphenyl-2-tolyl[2-%]vinyl bromide ((E)-, (Z)-, or 

( E , Z ) - ~ - B ~ - ~ - ' ~ C )  in HOAc-AgOAc gave a 1: 1 mixture of the structurally urnearranged but isotopically scrambled (E) -  and 
(Z)-l,2-diphenyl-2-tolyl[1,2-14C]vinyl acetates ((E,Z)-3-OAc-1 ,2-14c), with an average of 18.3% scrambling of the I4C label 
from C-2 to C-1 arising from 1,2-tolyl shifts in the 1,2-diphenyl-2-tolylvinyl cation (3). No detectable amount of the structurally 
rearranged 2,2-diphenyl-1-tolylvinyl acetate (4-OAc) was formed. Solvolysis of (E,Z)-3-Br-2-I4c in TFE-2,6-lutidine gave as 
products 62% 4-OTFE-1 ,2-I4C and 38% of a 1: 1 mixture of (E)- and (2)-3-OTFE-1 ,2I4C. Only (Z)-3-OTFE-1 ,2-14c could be 
isolated as a pure product and it showed an average of 44.7% scrambling of the label from C-2 to C-1. Similar 
trifluoroethanolyses of ( E , Q - ~ - B ~ - ~ - ' ~ C  coupled with gas chromatographic - mass spectral analyses of the di henyl andphenyl B tolyl ketones from ozonolysis of the product mixture showed 44.6% scrambling in the (E,Z)-~-OTFE-~,~- '  C, confirming the 
14c results for the (Z) isomer. Nondegenerate rearrangements from 1,2-phenyl shifts before and after the degenerate 1,2-tolyl 
shifts to give ~ - o T F E - ~ - ' ~ c  and 4-OTFE-~-'~C were also observed, demonstrating the occurrence of successive 1,2-aryl shifts 
in these triarylvinyl cations. 

CHOI CHUCK LEE et DAVE WANIGASEKERA. Can. J. Chem. 64, 1228 (1986). 
La &action du bromure de diphenyl-1,2 tolyl-2 vinyle [14C-21-(E), -(Z) ou sous la forme d'un melange 2:3 de -(E) et -(Z) (3-Br 

14C-2-(E), -(Z) ou -(E,Z)) avec du AgOAc en solution dans de l'acide acCtique conduit a un melange 1:l des acktates de 
diphCnyl-1,2 tolyl-2 vinyle [14C-1,2]-(E) et -(Z) qui ne sont pas transposes du point de vue de la structure, mais dont le taux 
moyen de rkpartition au hasard du marqueur 14C, provenant de glissements-1,2 du groupement tolyle dans le cation diphenyl-1,2 
tolyl-2 vinyle (3), est de 18.3%. I1 ne se forme pas de quantitCs dttectables d'acktate de diphCnyl-2,2 tolyl-1 vinyle (4-OAc) qui 
serait structuralement transpose. La solvolyse du 3-Br 14c-2-(~,Z), dans un mClange de TFE-lutidine-2,6, conduit h 62% de 
4-OTFE 14C-1 ,2 et h 38% d'un mClange 1:l des isombres (E) et (Z) du 3-OTFE 14c-1 ,2. Seul le 3-OTFE I4c-1 ,2-(2) a pu &re 
is016 h 1'Ctat pur et, en moyenne, il comportait 44,7% de rkpartition au hasard du marqueur dans les positions C-2 et C-1. Des 
trifluoroCthanolyses analogues du composC 3-Br 13c-2-(E,Z), couplees a des analyses par spectre de masse/chromatographie en 
phase gaseuse de la diphCnylcCtone et de la phCnyl-tolylcttone qui rCsultent de I 'ozonolyse du mClange, mettent en evidence qu'il 
s'est produit 44,6% de rkpartition au hasard du marqueur dans le compose 3-OTFE 13c-1 ,2-(E,Z); ces rksultats confirment les 
rksultats de 14c obenus avec I'isombre (Z). On a Cgalement observC des transpositions non dCgtnCrees provenant de 
glissements-1,2 de grou ments phCnyles avant et aprbs les glissements-1,2 dCgCnCres des groupements tolyles qui conduisent 1T aux composCs 4-OTFE C- 1 et 4-OTFE 13c-2; ces resultats dCmontrent I'existence de deplacements-1,2 de groupements aryles 
dans ces cations triarylvinyles. 

[Traduit par la revue] 

Introduction 
Rearrangements arising from 1,2-aryl shifts across the double 

bond in triarylvinyl cations have been studied with various 
combinations of phenyl (Ph), p-tolyl (Tol), and p-anisyl (An) 
groups as the three aryl substituents (2-4). Only one of these 
triarylvinyl cationic systems that have been investigated so far, 
namely, the 2-anisyl- l,2-diphenylvinyl cation (I), was capable 
of giving rise to both nondegenerate and degenerate rearrange- 
ments (5, 6). Thus, for example, the reaction of (E)- or 
(Z)-2-anisyl-l,2-diphenylvinyl bromide ((E)- or (a-1-Br) in 
2,2,2-trifluoroethanol (TFE) - 2,6-lutidine gave, as major 
product, the structurally rearranged 1-anisyl-2,2-diphenylvinyl 
2,2,2-trifluoroethyl ether (2-OTFE), arising from nondegener- 
ate 1,2-phenyl shifts in cation 1 to the more stable 1-anisyl-2,2- 
diphenylvinyl cation (2), and a 1 : 1 mixture of the structurally 
unrearranged (E)- and (a-2-anisyl-l,2-diphenylvinyl 2,2,2- 
trifluoroethyl ethers ((E)- and (a-1-OTFE) as minor products 
(5). Using the pentadeuteriophenyl group as label and analysis 
by 'H nrnr and mass spectrometry, the trifluoroethanolysis of 
(E)-2-anisyl-l-phenyl-2-(2H5)phenylvinyl bromide ((E)-1-Br- 
2-Ph-d5) was found to give essentially complete scrambling of 

'~earran~ement studies with I4C. L; for part XLIX, see ref. 1. 

the label between C-2 and C-1 in the minor products, (E)- and 
(Z)-1-OTFE-1 ,2-Ph-d5, arising from degenerate 1 ,2-anisyl 
shifts in the labeled cation 1 ,  the various rearrangement 
processes being summarized in Scheme 1. 

It may be noted from Scheme 1 that if the nondegenerate 
1,2-phenyl shift in cation 1- 1-Ph-d5, obtained after the degener- 
ate rearrangement, were to take place, cation 2-2-Ph-d5 would 
also be formed. Thus with Ph-d5 as label, this process could not 
be demonstrated and was not considered (6). It is also of interest 
to note that in the reaction of (E)-1-Br-2-Ph-d5 with HOAc- 
AgOAc, only degenerate rearrangement to give (E,Z)-1-OAc- 
1 ,2-Ph-d5 was observed, with no product derived from the more 
stable cation 2-2-Ph-d5 (6). In the present work, we have 
studied another triarylvinyl cationic system that is capable of 
giving rise to both nondegenerate and degenerate rearrange- 
ments, i.e. the various rearrangement and isotopic scrambling 
processes in the 1,2-diphenyl-2-tolylvinyl cation (3) derived 
from solvolyses of (E)- and (Z)-1,2-diphenyl-2-tolyl[2-14c]- 
vinyl or (E)- and (a-1,2-diphenyl-2-tolyl[2-'3Clvinyl bro- 
mides ((E)- and (a-3-Br-2-14C or (E)- and ( ~ ) - 3 - ~ r - 2 - ' ~ C )  in 
TFE-2,6-lutidine or in HOAc-AgOAc. The results are com- 
pared with those obtained from analogous studies with (E)-1- 
Br-2-Ph-d5 and other triarylvinyl cationic systems to show the 
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LEE AND WANIGASEKERA 

2,6-lutidine 

+ Ph* - ITm + An - + 
AnC=C(Ph*)Ph - Ph*(An)C=CPh Ph*C=C(An)Ph 

possibility of successive 1,2-aryl shifts (1,2-tolyl shift followed 
by 1,Zphenyl shift in cation 3) and to give information on 
migratory aptitudes. Moreover, a method of analysis using a 
gc-ms technique in studies with (E)- and (Z)-3-Br-2-I3C has 
also been developed in the present work. 

3 (E) -  and (2)-3-Br-2-14c 
or (E)-  and (2)-3-Br-2-I3c 

Results and discussion 
Synthesis of (E,z)-3-Br-2-14c and (E,z)-3-Br-2-13c 

The synthesis of (E)- and (Z)-3-Br-2-14C was carried out via a 
series of reactions analogous to those utilized in previous 
preparations of (E,Z)-1,2-diani~yl-2-phen~:1[2-~~C]vin~l (7), 
(E,Z)-2-phenyl-1,2-ditolyl[2-13C]vinyl (8), and (E,Z)-1,2- 
dianisyl-2-tolyl[2-14C]vinyl (9) bromides. Starting with [I4C]- 
BaC03, 1,2-dipheny'l[l- 14C]ethanone (carbonyl labeled des- 
oxybenzoin) was prepared as previously described (10). Treat- 
ment of this ketone with TolMgBr gave 1,2-diphenyl-1- 
tolyl.[ l-14C]ethanol which, upon reaction with Br2 in HOAc, 
gave a 2:3 mixture of (E)-  and (Z)-1,2-diphenyl-2-t01y:l[2-'~C]- 
vinyl bromides (to be designated ( E , Z ) - ~ - B ~ - ~ - ' ~ C ) .  The pure 
(E)  and (Z) isomers were then obtained by fractional crystalliza- 
tion from acetone-methanol. In the same way, starting from 
1,2-diphenyl[l-'3C]ethanone (lo), (E,Z)-3-Br-2-13C was also 
prepared. 

Reactions in HOAc-AgOAc 
In preliminary work using unlabeled material, reaction of 

(E)- or (Z)-3-Br in HOAc containing a small amount of AczO to 
eliminate any moisture, and with the presence of 1.1 molar 
equivalents of AgOAc under reflux for 24 h, gave an essentially 
1: 1 mixture of (E)-  and (Z)-1,2-diphenyl-2-tolylvinyl acetates 
((E,Z)-3-OAc). No 2,2-diphenyl-1-tolylvinyl acetate (4-OAc) 
was formed, in agreement with the finding that no 2-OAc-2- 
Ph-d5 was obtained in the reaction of (E)-1-Br-2-Ph-d5 with 
HOAc-AgOAc (6). 

In similar reactions of (E)-3-Br-2-14C, (Z)-3-Br-2-14C, or 
( E , Q - ~ - B ~ - ~ - ' ~ C  in HOAc-AgOAc, the (E,Z)-3-OAc-1 ,2-14C 
product was degraded by ozonolysis to give phenyl tolyl [14C]- 
ketone (5-14C), and the difference between the specific activi- 
ties of the (E,Z)-3-0~c-l ,2- '~C and the corresponding 5-14C 

gave the extent of scrambling of the label from C-2 to C- 1. The 
results are summarized in Table 1, showing a mean scrambling 
value of 18.3%. The formation of the same 1 : 1 mixture of (E)- 
and (a-3-OAC-1 ,2-14C with essentially the same extent of 
scrambling in the reaction of (E)- ,  (Z)-, or ( E , Z ) - ~ - B ~ - ~ - ' ~ C  in 
HOAc-AgOAc would support the dissociated, linear 1,2- 
diphenyl-2-tolylvinyl cation (3) as intermediate in these reac- 
tions, with the isotopic scrambling arising from degenerate 
1,2-tolyl shifts across the double bond in cation 3 (Scheme 2). 
Moreover, it is seen from Table 1 that extending the reaction 
time from 1 day to 2 days for the reaction in HOAc-AgOAc did 
not affect the extent of scrambling, indicating that the product, 
(E,Z)-3-OAc- 1 ,2-14C, was stable in the reaction medium. 

For the processes depicted in Scheme 2, eq. [I] holds ( l l ) ,  
and for a mean scrambling value of 18.3%, from eq. [I], 
ksoH/pl  = 3.5. 

In the analogous reaction of (E)-1-Br-2-Ph-d5 in HOAc- 
AgOAc, 90.0-94.6% P-anisyl rearrangement (45.0-47.3% 
scrambling) was reported (6). Using a mean scrambling value of 
46.2% and applying eq. [ l ]  to this system, k k o H / p  = 0.16. 
Assuming that ksoH and kkoH are about the same for the 
product-forming capture of the 1,2-diphenyl-2-tolylvinyl cation 
(3) and the 2-anisyl-l,2-diphenylvinyl cation (I),  then the 
migratory aptitude of An:Tol can be calculated: 

This P I P '  value of 22 may be compared with a similar 
migratory ratio for An:Tol of 33 obtained from a comparison of 
data derived from reactions of labeled 1,2-dianisyl-2-tolylvinyl 
and trianisylvinyl bromides in HOAc-AgOAc (9). While these 
values differ by 50%, considering the errors that may be 
involved, the agreement obtained from the two sets of experi- 
ments may be considered to be reasonably good. For systems 
showing very large extents of scrambling, such as the reaction 
of (E)-1-Br-2-Ph-d5 with HOAc-AgOAc, small changes in the 
extent of scrambling will lead to relatively large variations in 
ksoH/k. For example, if the higher observed value of 47.3% 
scrambling as reported by Rappoport et al. (6) instead of the 
mean value of 46.2% scrambling were employed in the 
calculations, kkoH/lcp" would be 0.11 (instead of 0.16), and 
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1230 CAN. J. CHEM. VOL. 64, 1986 

TABLE 1. Isotopic scrambling data in solvolyses of (E)-, (Z)-, or (E,Z)-3-Br-2-I4C in HOAc-AgOAc or TFE-2,6-lutidine 

Specific activity, low5 dpm/mmol 
Scrambling from 

Reaction productc Degradation productd C-2 to C- 1, %' 

Substratea Reaction mediumb Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 

(E)-3-Br-2-I4c HOAc- AgOAc 26.8 19.7 21.9 16.0 18.2 18.7 
(2)-3-Br-2-14c H(IAc-AgOAc 7.46 5.00 6.11 4.10 18.1 18.0 
(E,Z)-3-Br-2-I4c HOAc- AgOAc 5.10 11.6 4.10 9.48 18.1 18.3 
(E,Z)-3-Br-2-I4c HOAC-A~OA$ 9.96 6.96 8.15 5.64 18.1 18.9 
(E,Z)-3-Br-2-I4c TFE-2,6-lutidine 7.10 1.36 3.89 0.75 44.5 44.9 

T h e  substrate was pure (E)- ,  pure ( a - ,  or a 2:3 mixture of (E)- and (Z)-1,2-diphenyl-2-tolyl[2-L4C]vinyl bromides. 
%e acetolyses were carried out with 0.15 molar concentration of substrate in HOAc.containing about 5% Ac,O and 1.1 equivalents of AgOAc at 

reflux temperature for 1 day; the trifluoroethanolyses were carried out with 0.15 molar concentration of substrate in TFE containing 1.1 equivalents of 
2,6-lutidine in sealed ampoules at 150 i 2°C for 10 days. 

"The products analyzed were the 1: I mixture of (E)- and (a-acetates, (E,Z)-3-OAc-I ,2-I4C, for the acetolyses, and the pure 2-trifluoroethyl ether, 
(Z)-3-OTFE-1,2-'4C, for the trifluoroethanolyses. 

%e degradation product was phenyl tolyl [14C]ketone. 
The  mean scrambling value is 18.3% for the reactions in HOAc-AgOAc, and 44.7% for the reactions in TFE-2,dlutidine. 
fThe reaction time was extended to 2 days. 

HOAc + kp' + 
(E)-,(Z)-, or (E ,Z) -~ -B~-~- '~C  - Ph(Tol)C*=CPh PhC*=C(Tol)Ph 

AgOAc 
3-2-14C kp' 3-1-I4C 

PI&?" would be 3.510.11 = 32, in almost exact agreement 
with the previous value of 33 (9). 

In another comparison, the 18.3% scrambling arising from 
1,2-tolyl shifts in the reaction of E,Z-3-Br-2-I4C in HOAc- 
AgOAc may be considered in conjunction with the 6-7% 
scrambling observed for the reaction of triphenyl[2-'4C]vinyl 
bromide (6-Br-214C) with HOAc-AgOAc (12). Taking into 
account the statistical factor of 2 for the 1 ,Zphenyl shift in the 
triphenylvinyl cationic system, eq. [2] applies for the reaction of 
6-Br-2-14C in HOAc-AgOAc (11). 

For a mean value of 6.5% scrambling, kkoH/gh = 26. Again 
assuming that ksoH = kkOH, pl/k;Ph = 2613.5 or about 7, in 
fairly good agreement with the previously reported value of 
about 5 (1 1). 

Reactions in TFE-2,6-lutidine 
The trifluoroethanolysis of (E,Z)-3-Br-2-14C in the presence 

of 1.1 equivalents of 2,6-lutidine was camed out in sealed 
ampoules at 150 * 2°C for 10 days. In preliminary work with 
nonlabeled material, such a reaction gave 3 products as 
identified by 'H nmr. The major product was 2,2-diphenyl-1- 
tolylvinyl 2,2,2-trifluoroethyl ether (4-OTFE, 62%) and the 
minor component was a 1: 1 mixture of the (E) and (Z) isomers 
of 1,2-diphenyl-2-tolylvinyl2,2,2-trifluoroethyl ethers ((E)-3- 
OTFE,, 38%). The major product, 4-OTFE, was derived from a 
nondegenerate 1,Zphenyl shift in cation 3, while in the 

structurally unrearranged (E)-3-OTFE, a degenerate 1,2-tolyl 
shift may occur and this would be detectable from studies with a 
labeled substrate. 

When the mixture of products, 4-OTFE and the 1 : 1 mixture 
of (E,Z)-3-OTFE, was subjected to fractional crystallization, 
only the pure (Z)-3-OTFE could be isolated. Thus in the 
trifluoroethanolysis of ( E , Z ) - ~ - B ~ - ~ - ' ~ C ,  the only isolable pure 
product, (Z)-3-OTFE-1 ,2-14C, was degraded by ozonolysis to 
give phenyl tolyl [14C]ketone (5-14C) and, from the specific 
activities of this (Z) isomer and its degradation product, the 
extent of scrambling of the label from C-2 to C-1 was obtained. 
The results, as summarized in Table 1, show an average of 
44.7% scrambling arising from 1,2-tolyl shifts across the 
double bond in the 1,2-diphenyl-2-tolylvinyl cation (3). 

Since only one of three products obtained in the trifluoro- 
ethanolysis of ( E , Z ) - ~ - B ~ - ~ - ' ~ C  was analyzed for isotopic 
scrambling, the experiments were repeated using (E,Z)-3- 
Br-2-13C as substrate with the object of analyzing the extents of 
possible isotopic scramblings in both the major nondegenerate 
rearrangement product, 4-OTFE- 1 ,2-I3c, and in the minor 
products (E,Z)-3-OTFE-1 ,2-13c. This mixture of products was 
degraded by ozonolysis to give a mixture of labeled and un- 
labeled diphenyl and phenyl tolyl ketones which were analyzed 
by gas chrornotography - mass spectrometry (gc-ms), with the 
mass spectra of the separated ketones obtained by the electron 
impact method. The extents of scrambling were then evaluated 
by comparing the relative intensities of the base peaks and the 
molecular ions of the respective labeled and unlabeled ketones, 
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LEE AND WANIGASEKERA 

Ph2C0 

M+,mlz 182 
Base 
peak mlz 105 

TABLE 2. Data from the mass spectra of PhCOTol and P ~ ' ~ C T O ~  

Corrected for Corrected for 90% 
Observed intensity (M + I)+ I3c enrichment % ~is t r ibu t ion~  

m/f Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 

195 A 2.01 2.03 
196 32.35 30.97 32.09 30.71 25.76 24.55 45.2 44.3 
197 35.39 34.87 31.22 30.91 31.22 30.91 54.8 55.7 
198 4.57 4.46 
118 - 0.02 
119 93.58 93.02 93.58 93.02 74.93 74.42 44.6 44.4 
1 20 100.00 100.00 92.93 93.01 92.93 93.01 55.4 55.6 
121 7.41 7.51 

"Molecular ions for [TolCOPh]+ and [To~'~COP~]+ at m/z 196 and 197, respectively; the base peak is [ToI'~CO]+ at m/z 
120. 

bPercentages for m/z 196 ([TolCOPh]+) and for m/z 119 ([TolCO]+) correspond to % scrambling from C-2 to C-1 in the 
(E,z)-3-OTFE-1 ,2-13C (see Scheme 3); mean value = (45.2 + 44.3 + 44.6 + 44.4)/4 = 44.6 ? 0.3%. 

1 the relative intensities being correted for (M + 1)+ absorption 
I and for the fact that the 13c enrichment was 90%. The processes 
I involved in the trifluoroethanolysis of ( E , Z ) - ~ - B ~ - ~ - ' ~ C  are 

. : :  summarized in Scheme 3. The results from the mass spectral 
. .. . 

. .  . , analyses of the degradation products, diphenyl and phenyl tolyl . . . . . . . 

1 ketones, are given in Tables 2 and 3. 
, 1 As an illustration of the calculations, consider, for example, 

j the relative intensities of the peaks in the molecular ion region of 
1 run 1 for the phenyl tolyl ketones (Table 2). Since the intensity 
( of m/z 198 is 12.9% of the intensity of m/z 197, the (M + 1)+ 
I correction should be 12.9% of the intensity of the M+ ion. Thus 
I correcting for (M + I)+, the intensities of m / z  196 and 197 
; should be (32.35 - 0.129 x 2.01) = 32.09 and (35.39 - 0.129 

X 32.35) = 31.22, respectively. 
Since the reaction was camed out using materials with 90% . , 

13C enrichment, 10% ofthe total reaction would only give rise 

to TolCOPh (m/z 196) and 90% would give ~ o l ' ~ C 0 P h  (m/z 
197) and TolCOPh (m/z 196). Therefore, 10% of the total 
intensity should be subtracted from the m/z 196 peak to give the 
actual intensity of m/z 196 derived from the 90% enriched 
reactant. Thus, correcting for the 90% enrichment, the m/z 196 
intensity should be 32.09 - [O. l(32.09 + 3 1.22) = 25.76. 

Since TolCOPh (m/z 196) was derived from the rearranged 
(E,Z)-3-OTFE- 1 -13c, the percentage scrambling of the label 
from C-2 to C-1, as given in Table 2, would be (100 x 
25.76)/(25.76 + 31.22) = 45.2%. 

It is of interest to note that the mean value of 44.6% 
scrambling of the 13c label from C-2 to C-1 arising from 
degenerate 1,2-tolyl shifts (Table 2) is in very good agreement 
with the mean value of 44.7% scrambling (Table 1) obtained 
from the use of 14c labelling. The formation of unrearranged 
and rearranged products given in Scheme 3 is summarized again 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. I. CHEM. VOL. 64, 1986 

TABLE 3. Data from the mass spectra of PhCOPh and PhI3COph 

Corrected for Corrected for 90% 
Observed intensity (M + 1)' I3C enrichment % Distributionb 

m / f  Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 
- 

181 5.64 5.06 
182 31.24 29.33 30.57 28.74 25.49 23.96 55.7 55.7 
183 23.96 22.51 20.27 19.08 20.27 19.08 44.3 44.3 
184 2.82 2.63 
104 0.06 0.02 
1 05 85.80 81.25 85.80 8 1.25 71.28 67.49 54.6 54.5 
106 64.87 61.43 59.38 56.33 59.38 56.33 45.4 45.5 
107 4.15 3.86 

"Molecular ions for [PhCOPh]+ and [Ph'3COPh]+ at m / z  182 and 183, respectively; the base peak is Ph+ at m / z  77, 
although for the unlabeled pure sample of PhCOPh, the base peak was [PhCO]+ at m / z  105. Presumably, in the labeled 
system, the benzoyl ions appear as 2 peaks at m / z  105 and 106, each of which showed a relative intensity of less than that at 
m / z  77. 

bPercentages for m / z  183 ([Ph13COPh]+) and for m / z  106 ([Ph13CO]+) correspond to % of the isotopically rearranged 
product, ~ O T F E - ~ - ' ~ C  (see Scheme 3); mean value = (44.3 + 44.3 + 45.4 + 45.5)/4 = 44.9 r 0.5%. 

Distribution: 34% 21% 17% 28 % 

in Scheme 4, with the extents of scrambling of the isotopic label cation 4-2-I3C, or 55.4144.6 = 1.2 and 55.1144.9 = 1.2 are 
in (E,Z)-3-OTFE-1,2-13C and 4-OTFE-1,2-13C shown in the same. . . 
parentheses. It was indicated earlier that from 'H nrnr, the major 
product (62%) was ~ - o T F E - ~ , ~ - ' ~ c  and the minor product 
(38%) was (E,Z)-3-OTFE-1,2-13C. Using this 62:38 product 
ratio and the observed extents of scrambling, a percentage dis- 
tribution of the products can be calculated. Thus, of the product 
mixture, the distribution for the unrearranged 4-OTFE-1-13C 
and the rearranged 4-OTFE-2-13C would be 0.551 X 62 = 34% 
and0.449 X 62 = 28%, respectively. Similarly, thedistribution 
for (E,Z)-3-OTFE-2- 13C and (E,Z)-3-OTFE- 1 -13C would be 
0.554 X 38 = 21% and 0.446 x 38 = 17%. These values are 
also shown in Scheme 4. Interestingly, the ratios of 4-OTFE-1- 
13C/ (E,Z)-3-OTFE-2-13C and ~-OTFE-~-'~C/(E,Z)-~-OTFE- 
1-13c, or 34/21 = 1.6 and 28/ 17 = 1.6, are the same, indicating 
the same extent of rearrangement from the 1,2-diphenyl-2-tolyl- 
vinyl cation (3) to the more stable 2,2-diphenyl-1-tolylvinyl 
cation (4) before or after the degenerate 1,2-tolyl shift in 
3-2-13c and 3-1-13c. 

From a steady state treatment or with the use of the method of 
Bonner and Collins (13), it can be shown that eq. [3] applies to 
the processes given in Scheme 4. The observed results are in 
agreement with this prediction since the 44.6% scrambling to 
cation 3-1-13C is essentially equal to the 44.9% scrambling to 

The formation of 4-0TFX-2-13C, as indicated in Schemes 3 
or 4, clearly demonstrated the occurrence of 1,2-phenyl shifts 
after 1 ,2-tolyl shifts have taken place. Such successive 1,2-aryl 
shifts in triarylvinyl cationic systems have recently been shown 
to occur by the use of doubly labeled triarylvinyl substrates (14, 
15). In the present work, the occurrence of both degenerate and 
nondegenerate rearrangements also provides another route in 
demonstrating such successive 1,2-shifts. 

It has already been noted that in the reaction of (E,Z)- 
3-Br-2-13C with HOAc-AgOAc, only degenerate rearrange- 
ments to give (E,z)-~-oAC-~- '~C and (E,z)-3-OAC-1-14c were 
observed, with no detectable amount of nondegenerate 1,2- 
phenyl shifts to give 4-OAc-1 ,2-14c. For a possible explanation 
of these results, let us consider the transition states involved in 
these 1,2-aryl shifts. For the degenerate rearrangement, the 
tolyl bridged transition state 7 may be more stable than the 
phenyl bridged transition state 8 for the nondegenerate rear- 
rangement. Apparently, in a medium of low nucleophilic 
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character such as TFE (16), the lifetime of the cations is 
sufficiently long for the nondegenerate rearrangement of 3- 
2-13C +- 4-1-13C and 3-1-13C +- 4-2-13c to proceed, over- 
coming the higher energy barrier via transition state 8. In 
HOAc-AgOAc, the lifetime of the cations is shorter and only 
degenerate rearrangements through the lower energy barrier of 7 
could take place. 

Experimental 
1,2-Diphenyl-1 -tolyl[l -'4~]ethanol 

To a Grignard solution prepared from 8.0 g (47 mmol) of p-bromo- 
toluene and 2.0 g (82 mmol) of Mg in 250 mL of dry tetrahydrofuran 
(THF), and cooled in an ice bath, was added dropwise and with stirring 
over a period of 1 h a solution of 4.5 g (23 mmol) of 1,2-diphenyl- 
[l-'4C]ethanone (10) in 100 mL of dry THF. The resulting solution was 
stirred at room temperature for 1 h, refluxed for 2 h, and then poured 
into 200 mL of HzO containing 25 g of NH4Cl and 5 mL of NH40H. 
Theorganic layer was washed with H20 (3 X 25 mL) and, after drying 
over MgS04, the solvent was evaporated to give 4.1 g (66%) of 
1,2-diphenyl-l-tolyl[l-14C]ethanol, which was recrystallized from 
acetone-methanol. The unlabeled alcohol was prepared in the same 
way using ordinary desoxybenzoin, mp 87-88°C; 'H nmr (CDC13) 6: 
2.25 (4H, S, CH3 + OH), 2.29 (sh, OH), 3.57 (2H, S, CH2), 
6.78-7.53 (14H, m, Ar). Anal. calcd. for C21HZ00: C 87.46, H 6.99; 
found: C 87.17, H 7.04. 

(E)- and (z)-1 ,2-diphenyl-2-tolyl[2-'4~]vinyl bromides 
To a solution of 5.00 g (17.4 mmol) of 1 ,2-diphenyl-l-tolyl[1-'4C]- 

ethanol in 50mL of HOAc was added dropwise with stirring 3.0 g 
(19 mmol) of bromine in 20 mL of HOAc over a period of 0.5 h. During 
this period the temperature of the reaction mixture was maintained 
below 50°C and any HBr that was produced was flushed out with Nz. 
The resulting mixture was stirred overnight and the bright yellow solid 
that was formed was filtered, and washed with 10% NazSz03 solution 
and with HzO. The yield of the dried product was 4.8g (79%), 
consisting of an approximately 2:3 mixture of (E)-:(a-l,2-diphenyl- 
2-t0ly1[2-'~C]vinyl bromides ((E,Z)-3-Br-2-I4C). Degradation of a 
sample of this ( E , Z ) - ~ - B ~ - ~ - ' ~ C  by ozonolysis gave phenyl tolyl [14c]- 
ketone with the same specific activity, indicating that all the "C label 
was located at the C-2 position. 

In the same way, (E,Z)-3-Br or ( E , Z ) - ~ - B ~ - ~ - ' ~ C  was synthesized 
from ordinary desoxybenzoin or from 1 ,2-diphenyl[l-'3C]ethanone 
prepared from 90% enriched [ ' 3 ~ ] ~ a ~ 0 3 .  These (E,Z) isomers could 
be separated by fractional crystallization from 10% acetone - 90% 
methanol at room temperature and their (E) and (Z) structures were 
assigned based on preliminary crystallographic studies by Professor 
B. E. Robertson of the University of Regina. The (Z) isomer 
crystallized out first as fluffy colorless crystals, followed by the (E) 
isomer as bright yellow octagons. After further purification by 
recrystallization from acetone-methanol, the pure (E) isomer melted at 
131-133°C; 'H nmr (CDC13) 6: 2.39 (3H, s, CH,), 7.03-7.51 (14H, 
m, Ar). Anal. calcd. for CZ1HI7Br: C 72.21, H 4.91, Br 22.88; found: 
C 72.04, H 4.92, Br 22.83. The pure (Z) isomer melted at 141-143OC; 
'H nmr (CDCI3) 6: 2.20 (3H, s, CH3), 6.87-7.37 (14H, m, Ar). Anal. 
calcd. for C2]H17Br: C 72.21, H 4.91, Br 22.88; found: C 72.02, H 
4.89, Br 23.38. 

Reaction of (E)-, (Z)-, or (E , z ) -~ -B~-~- '~c  in HOAc-AgOAc 
In a typical experiment, 733 mg (2.10 mmol) of (E,Z)-3-Br-2-I4C 

and 386 mg (2.30 mmol) of AgOAc in 14mL of HOAc containing 
about 5% AczO was heated under reflux for 24 h. The excess solvent 

was then evaporated off under reduced pressure in a rotary evaporator. 
The residue was disolved in l00mL of CHzClz and washed succes- 
sively with water (2 X 20 mL), 3% NaHC03 (2 X 20 mL), and again 
with water (1 x 10 mL). After drying over MgS04, the solvent was 
removed, giving an oil that was purified through an alumina column 
with elution by 20:80 CH2C12 - petroleum ether (bp 40-60°C). The 
first fraction eluted contained some u~eac t ed  bromide and the second 
fraction contained the acetate product. Removal of the solvent gave a 
white solid, the 'H nmr spectrum of which showed that it was a 1:l 
mixture of (E)- and (Z)-3-OAc-1 ,2-I4C on the basis of the tolyl-CH3 
absorptions at 2.27 and 2.35 ppm. Degradation of this product mixture 
by ozonolysis (17) gave phenyl tolyl [I4C]ketone for the determination 
of the extent of scrambling. 

The mixture of (E)- and (Z)-3-OAc could be separated by fractional 
crystallization from methanol. The first to crystallize and presumably 
the (Z) isomer melted at 91-93°C; 'H nmr (CDC13) 6: 2.00 (3H, s, 
OAc), 2.35 (3H, s, CH3), 7.18-7.31 (14H, m, Ar). Anal. calcd. for 
C23HZ002: C 84.12, H 6.14; found: C 84.30, H 6.11. The other and 
presumably (E) isomer melted at 165-167°C; 'H nmr (CDC13) 6: 1.95 
(3H, s, OAc), 2.27 (3H, s, CH3), 7.01-7.33 (14H, m, Ar). Anal. 
calcd. for C23H2002: C 84.12, H 6.14; found: C 84.08, H 6.18. 

Reaction of (E,z)-3-Br-2-I4Cor ( E , z ) - ~ - B ~ - ~ - ' ~ c  in TFE-2,6-lutidine 
In a typical experiment, 800 mg (2.29 mmol) of (E,Z)-3-Br-2-14C in 

15 mL of TFE containing 290mg (2.52 mmol) of 2,6-lutidine in a 
sealed glass ampoule was heated in an oil bath at 150 * 2°C for 10 
days. After cooling, the dark brown solution was transferred into a 
round-bottom flask and the excess solvent was distilled off under 
reduced pressure. The residue was dissolved in 100 mL of ether and the 
solution was washed successively with HzO, 1 M HCl, and water, and 
then dried over MgS04. The excess solvent was removed, giving a 
brown oil that was passed through an alumina column and eluted with a 
20:80 mixture of CH2C12 - petroleum ether (bp 40-60°C). Removal of 
the solvent from the eluate under reduced pressure gave 548 mg (65%) 
of products as a yellow oil. The distribution of products in this oil was 
estimated from the relative intensities of the tolyl-CH3 peaks in its 'H 
nmr spectrum. The two smaller peaks of similar intens~ty at 2.20 and 
2.33 ppm were assigned to the (E)- and (Z)-1,2-diphenyl-2-tolyl[1,2- 
I4C]vinyl 2,2,2-trifluoroethyl ethers ((E,Z)-3-0~FE-l,2-'~C) as 
minor products. The more intense peak at 2.25 ppm was assigned to the 
structurally rearranged 2,2-diphenyl-1-tolyl[1,2-%]vinyl 2,2,2-tri- 
fluoroethyl ether (4-0~FE-l ,2- '~C),  the ratio of 4-OTFE-1 ,2-I4C to 
(E,Z)-3-OTFE-1 ,2-14C being about 62 to 38. 

From a similar solvolysis with unlabeled (E,Z)-3-Br in TFE- 
2,6-lutidine, the mixture of products as a yellow oil was crystallized 
from a dilute solution in 95% ethanol. Bright yellow and colorless 
crystals were formed and these were physically separated. The yellow 
crystals were recrystallized from 95% ethanol to give pale yellow 
hexagons, mp 90-91°C; 'H nmr (CDC13) 6: 2.33 (3H, s, CH3), 
3.73-4.17 (2H, q, CH,), 7.10-7.37 (14H, m, Ar). Anal. calcd. for 
CZ3Hl90F3: C 74.99, H 5.20; found: C 74.57, H 5.37. This product 
was assigned the (Z) structure based on preliminary crystallographic 
work by Prof. B. E. Robertson. The major portion of the white 
crystalline product from the original crystallization was repeatedly 
recrystallized from 95% ethanol, and the product obtained was 4-OTFE 
contaminated by about 10% (E)-3-OTFE. This mixture melted at 
72-74"C, 'H nmr (CDC13) 6: 2.20 (trace, CH3, (E) isomer), 2.25 (3H, 
s, CH3), 3.62-4.06 (2H, q, CH2), 6.79-7,33 (14H, m, Ar). Anal. 
calcd. for CZ3Hl90F3: C 74.99, H 5.20; found: C 74.51, H 5.26. 

In similar reactions of (E,Z)-3-Br-2-I3C with TFE-2,6-lutidine, the 
mixture of products containing (E ,Z) -~ -OTFE-~ ,~ - '~C  and 4-OTFE- 
1 ,2-13c, as an oil, was subjected to ozonolysis (17) to give a mixture of 
unlabeled and labeled diphenyl and phenyl tolyl ketones, which were 
analyzed by a Model 4000 Finnigan gc-ms system. 
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HENIUQUE E. TOMA and ANTONIO CARLOS C. SILVA. Can. J. Chem. 64, 1280 (1986). 
The properties and reactivity of the bis(imidazo1e)bis-(dimethylglyoximato)irn(II) complex have been studied based on 

spectroelectrochemistry, cyclic voltammetry, and stopped-flow kinetics in aqueous solution. The autoxidation reaction was 
found to be inhibited by the imidazole ligand in excess but susceptible to copper(I1) catalysis. In this case a mechanism has been 
proposed, consisting of a rapid electron transfer followed by the reoxidation of the resulting Cu(1) species by 02. 

HENRIQUE E. TOMA et ANTONIO CARLOS C. SILVA. Can. J.  Chem. 64, 1280 (1986). 
OpCrant en solution aqueuse et faisant appel i la spectroClectrochirnie, i la voltarnktrie cyclique et i la cinCtique par flux 

stoppC, on a CtudiC les propriCtCs et la rCactivitC du complexe bis(imidazo1e) bis(dimCthyg1yoximato) fer(I1). On a trouvC que la 
rCaction d'auto-oxydation est inhibCe par le ligand irnidazole qui est 1jrCsent en excks, alors qu'elle est susceptible i la catalyse 
par le cuivre(I1). Dans ce cas, on propose un mCcanisme d'aprks lequel il se produit une transfert rapide d'Clectron qui est suivi 
d'une rkoxydation, par le 0 2 ,  de l'espkce Cu(1) qui rCsulte. 

[Traduit par la revue] 

. Introduction 
Dioxime complexes of iron(II) are interesting examples of 

coordination compounds which mimic hemoglobin and mio- 
globin in their ability t o  reversibly bind carbon monoxide (1-4). 
Among the several dioxime complexes, the bis(dimethylg1y- 
oximato)bis(irnidazole)iron(II) complex [Fe(Hdmg)2(Him)J, 
because of its well known molecular structure (5) which 
resembles the porphyrin species with biologically important 
ligands, has attracted our attention. O n  the other hand, in  
contrast with the pyridine analogues, the imidazole complex 
is soluble enough in water for comparative studies with the 
biological hemes. 

In this work we have studied the properties and reactivity of 
the [Fe(Hdmg)2(Him)2] complex, with particular emphasis o n  
the electrochemistry and redox kinetics in  aqueous solution. We 
have also investigated the autoxidation mechanisms, including 
the copper-catalyzed reaction, because of their possible rele- 
vance to the understanding of the biological oxidation processes 
(6-8). 

Experimental 
The complex [Fe(Hdmg)2(Him)2] was synthesized from iron(I1) 

acetate and the corresponding ligands (Aldrich) by the method of Pang 
and Stynes (3). Anal. calcd. for C 39.75, N 26.48, H 5.20; found: 
C 38.9, N 26.4, H 5.0. [ C ~ ( p h e n ) ~ ] ( C l O ~ ) ~  dihydrate (phen = 
o-phenanthroline) was prepared according to the procedure of Schilt 
and Taylor (9). Anal. calcd. for C 46.41, N 9.0, H 3 .O; found: C 46.4, 
N 8.8, H 2.7. Imidazole, o-phenantroline, CuS04.5H20 and other 
reagent grade chemicals were used as supplied. 

The electronic spectra of the complexes in the visible and uv region 
were recorded on a Cary 17 or a Hewlett-Packard 8451 diode-may 
spectrophotometer fittedwith thermostatted cell compartments. Cyclic 
voltammetry measurements were carried out with a Princeton Applied 
Research instrument, consisting of a 173 potentiostat and a 175 
universal programmer. A platinum electrode was employed for the 
measurements, using the conventional Luggin capillary with the 
Ag/AgC1(1 M KCl) reference electrode in a non-isothermic mange- 
ment. A platinum wire was used as the auxiliary electrode. 

Spectroelectrochemica1 measurements were carried out using the 
diode-may spectrophotometer and the 173 potentiostat, with a 
transparent electrochemical cell of 0.03 cm internal optical pathlength. 
A gold minigrid was employed as the working electrode, in the 
presence of a small Ag/AgCl (1 M KCI) reference electrode, and 

'TO whom all correspondence should be addressed. 

of a platinum auxiliary electrode. The experiments were carried out 
at 25"C, under semi-infinite diffusion conditions, as described by 
Kuwana and Winograd (10). 

The kinetics of the substitution and electron transfer reactions were 
investigated with the diode-may spectrophotometer, using a flow cell 
attached to a rapid mixing system, or with a Durrum D-110 stopped 
flow apparatus, equipped with a Kel-F flow system. 

The [Fe(Hdmg)2(Him)z] solutions were freshly prepared under 
argon atmosphere, by dissolving the solid complex in water, in the 
presence of an excess of imidazole. 

The reactions were followed spectrophotometrically, by monitoring 
the decay of the absorption band of the [Fe(Hdmg)2(Him)z] complex at 
530 nrn. Pseudo first order rate constants were evaluated from the linear 
logarithmic plots of absorbance versus time. The reversible reaction 
between [Fe(Hdmg)2(Him)2] or A, and [ ~ u ( ~ i m ) ~ ] ~ +  or B, was 
analysed according to the following scheme: 

where 

The kinetic constant kf was evaluated from the plots of eq. [3] 
versus time (1 1), for an initial concentration [BIo > [A],,, and [C], = 
[Dlo = 0. 

([A], - [Alm){[Al + [A], + (AK + 2[Alo)/(K - 1)) 
X In 

([A] - [Alm){[A10 + [A], + (AK + 2[AIo)/(K - 1)) 

1 
[A], = - 

2(K - 1) 
{[(AK + 2[A1ol2 + 4[A1o2(K - 1 ) 1 " ~  

- (AK + 2[AIo)I 

In the case of the copper-catalysed autoxidation reaction, the kinetics 
were analyzed based on a second order rate law of the type: 

where [Fen'] = [Fe], - [ ~ e " ] .  
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FIG. 1. Absorption spectra of the [Fe(Hdmg)2(Him)2] complex 
(1 X lop4 M) obtained with a spectroelectrochemical cell at several 
applied potentials versus NHE, [Him] = 0.200 M, I = 0.100 M KCl, 
25°C. 

The observed rate constant was obtained from the linear plots of eq. 
[5] versus time. 

Calculations of kinetic constants and of Marcus theory were carried 
out using a Microdigital computer. 

Results and discussion 
The electronic spectrum of the [Fe(Hdmg)z(Him)2] complex 

is characterized by a strong absorption band in the visible 
(A,, = 530 nm, E,, = 7.6 X lo3 M-' cm-') which has been 
assigned to the Fe-to-Hdmg charge-transfer (CT) transition 
(12). The spectroelectrochemistry was typically reversible, as 
shown in Fig. 1. By increasing the applied potential, we 
observed a systematic decay of the CT band at 530 nm, forming 
a product which absorbed at 400 nm with an isosbestic point at 
445 nm. The measurements led to a Nemst plot with a slope 
(60mV) characteristic of a monoelectronic process, and a 
formal potential of 0.265 V versus NHE (25"C, I = 0.10 M 
KCl) . 

Cyclic voltamrnograms of the imidazole complex are shown 
in Fig. 2. The voltammograms of the starting solutions around 
pH 7 were consistent with the reversibility criteria (13) for a 
monoelectronic process, with ElIz  = 0.268 V versus NHE and 
D = 4 X 10-~cm~s- ' ,  at 25°C and I = 0.10M KC1. Above 
pH 9, however, a systematic cathodic shift was observed in the 
cyclic voltarnmograms, with two successive breakpoints in the 
linear plots of E versus pH, as illustrated in Fig. 2. The 
observed slopes of 0.058 and 0.1 10 V/pH were consistent with 
two successive acid-base equilibria, with pKa of 9.30 and 
10.50, respectively. The assignment of the equilibria involved 
in the complex was not simple, in view of the following possible 
reactions: 

I 

0 . 6  0 .5  0 . 4  0 .3  0.2 0 .1  0 - 0 . 1  

E ,  V x NHE 

FIG. 2. Cyclic voltamrnograms of the [Fe(Hdmg)2(Him)2] complex 
(1.8 x M) in the presenceof Him(0.20 M), 25"C, I = 0.100 M 
KCl, at pH (a) 12.08, (b) 1 1.68, ( c )  1 1 .O, (d) 9.65, (e) 7.96, and (f) 
5.94. The dependence of EI l2  versus pH is shown in the inset. 

It is known that the pKa of imidazole decreases from 14.2 in 
the free ligand to 11.0 and 8.9 in the [ F ~ ( c N ) ~ ( H ~ ~ ) ] ~ -  and 
[(NH3)5R~(Him)]3+ complexes, respectively (14, 15). On the 
other hand, pKa values in the range of 11 to 13 have been 
reported for the ionization of the hydrogen bonded proton in the 
0-He . -0 unit of several bis(dimethylglyoximato)cobalt(III) 
complexes (16, 17). 

Based on these examples, the pKa of 9.30 would be better 
ascribed to the deprotonation of the coordinated imidazole 
ligand in the iron(II1)-dioxime complex. However, parallel 
measurements carried out in this laboratory (18) for the 
N-methyl imidazole (NMIm) complex led to a single depen- 
dence of ElI2 versus pH, with a slope of 0.055 V/pH and a 
pKa = 9.20 (E = 0.266 V). Since the N-methyl imidazole 
complexes do not undergo deprotonation reactions below 
pH 11 (15), we concluded that the observed pK, in the 
[Fe(Hdrr~g)~)(Him)~]+ and [Fe(~drng)~(NMim)~]+ complex 
should be ascribed to the ionization of the hydrogen bonded 
proton of the oxyme groups, as in eq. [ 161. Analogously, we 
assigned the pKa of 10.5 to the deprotonation of the coordinated 
irnidazole ligand in the [Fe(Hdmg)(dmg)(Him)2] complex, in 
agreement with the pKa of 10.3 and 10.45 previously reported 
for imidazole complexed to Fe(II1) porphyrin systems (19,20). 

Below pH 6, a second wave appeared at 0.45 V with a 
corresponding decrease of the characteristic peaks of the 
[Fe(Hdn~g)~(Him)~]+ complex at 0.3 V, as shown in Fig. 2. 
The intensity of this new wave decreased with the concentration 
of the imidazole ligand, and was consistent with the presence of 
[Fe(Hdmg)2(Him)(H20)] species produced in the dissociation 
equilibrium: 

From the relative peak heights we estimated the equilibrium 
constant K as 3 + 1 x lo4. 
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FIG. 3. Plots of the observed rate constants for the electron transfer 
reaction between [Fe(Hdmg)2(Him)2] and [ C ~ ( p h e n ) ~ ] ~ +  at several 
temperatures, versus the concentation of the cobalt(III) complex (I = 
0.100 M KC1, [Him] = 0.20 M). 

Electron transfer kinetics 
The reaction between [Fe(Hdmg)2(Him)2] and [ C ~ ( p h e n ) ~ ] ~ +  

followed a first order kinetics, in the presence of an excess of the 
cobalt complex. The observed rate constants were proportional 
to the concentration of the reactants, as shown in Fig. 3. 

The second order rate constant k12 measured at 25OC and 
I = 0.10 M KC1 was 4.4 X lo5 M-I s-' . The activation 
parameters for the electron transfer reaction were AH* = 
40 W mol-' and AS* = -0.4 J mol-I K-'. 

To evaluate the self-exchange rate constants of the imidazole 
complex we have performed Marcus theory calculations based 
on eq. [14] with a pre-exponential factor of 6 X 10" M-I s-', 
and using the Wherland-Gray formalism (21) for the work terms 
w, . 

[14] k, = ~ , ~ r , V v ,  exp - (W,/RT) exp - (AG:,*/RT) 

In eq. [14] the product of the electronic and nuclear tunneling 
factors K,'v, is close to unity, V = 4 m ~ r ~ / 3 0 0 0 ;  v, is the 
nuclear vibration frequency, and Vv, = kTh. 

The self exchange rate constant kZ2 for the [ C ~ ( p h e n ) ~ ] ~ +  
complex was measured by Baker et al. (22) as 5.5 M- ' s- ' , 
at O°C, and I = 0.10 M KN03. The calculated value at 25OC 
was 45 M-I s-'. The reorganization free energies AGTT are 
given by eq. [15]: 

[15] AGTT = 2AGT3 - AGZZ - AG:(~ + a12) 

where 

and 

The input and output parameters are given in Table 1. The 
calculated self-exchange rate constant for the [Fe(Hd~ng)~(Him)~] 
complex (kll = 5.9 X lo7 M-' s-') is similar to those recently 
reported for several dicyanoiron po hyrins (lo7 M- ' s- ') and 7) - [F~(TPP) (RI~)~]+ '~  (lo7-10' M- s ', TPP = tetraphenyl 
porphyrin). This self exchange rate constant is related to a free 
energy barrier of 28 W mol-', which is made up of two parts, 
the inner-sphere and the outer-sphere reorganization energy: 

Calculations of the outer-sphere reorganization energy can be 
made based on eq. [17]: 

where e is the electronic charge, r is the radius of the complex, 
Do, is the optical dielectric constant, and D, is the static 
dielectric constant. Using an average radius of 0.51 nm for the 
imidazole complex, we obtained AG$$ = 19 kJ mol-'. The 
inner sphere reorganization energy was estimated from eq. 
[16] as 9 kJ mol-'. This value reflects a small change in the 
equilibrium bond distances, Aro = r2 - r l ,  as expressed by 
eq. [la], where f and f 2  are the force constants for the metal- 
ligand breathing vibrations: 

The estimated value of Aro was 0.007 nm, using an average 
force constant of 2.0 X lo5 dyn cm-' taken from the literature 
(23) for a series of first row transition metal glyoximato 
complexes. 

The reorganization entropy associated with the self-exchange 
reaction can be calculated from eq. [19], 

[19] ASTT = 2AsT3 
A m 1  + 2a12) 

(1 - 4a1z2) - - (1 - 4a122) 

where 

and 

The activation entropy AS& for the [ C ~ ( p h e n ) ~ ] ~ + ' ~ +  system 
has been reported (22) as 14 J mol-' K-' at I = 0.002 M. 
Derivation of the work terms dW/dT was carried out as pre- 
viously described in the literature (24-27). The entropy of 
the [Fe(Hdmg)2(~im)2]+'0 redox couple was obtained as 
71 J mol-I K- from careful measurements of El I2  at several 
temperatures. The corresponding value for the [~u@hen)31~+'~+ 
complex was 92 J mol-I K-', at I = 0.10 M KC1 (28). From 
these data we calculated the activation parameters shown in 
Table 1. 

These results may involve an appreciable error, due to the 
uncertainty in the evaluation of the entropy terms and of 
dW/dT (24). Nevertheless, it is interesting to note that the 
reorganization entropy for the [Fe(Hdmg)2(Him)2] complex, 
ASTT = -50 J mol-' K-', is similar to those reported for 
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TOMA AND SILVA 

TABLE 1. Self-exchange rate constants and activation parameters for the [Fe(Hdmg)2(Him)z]- 
[ C ~ ( ~ h e n ) ~ ~ + ]  electron transfer reactiona 

Parameter Fe(U)/Co(m) co(m)/co(n) Fe(m)/Fe(U) 

TABLE 2. Kinetic constants for the autoxidation of [Fe(Hdmg)2(Him)z] at 25OC, and 
I = 0.10 MKCla 

Exp. lo4[02] [Cu(U)] lo5 [ ~ e ]  k f 
no. [Him] (M) (M) (MI (M) kobs (s-I) (M-' S-') 

"Selected data, for comparison purposes. Additional data are available under request. 

typical transition metal complexes (27,29). The contribution of 
AH?? = 14 kJ mol-' to the free reorganization energy is [20] [Fe(Hdmg)2(Him)2] + H20 & [Fe(Hdmg)2(Him)(H20)1 

k~ 
comparable to that of the AS?? term. Based on the calculations 

- 
+ Him 

shown in Table 1, we concluded that the null activation entropy 
for the cross reaction, ASf2, arises from the compensation of Because of the presence of a labile water ligand in the 
the reorganization entropies of the two complexes. axial position, the [Fe(Hdmg)2(Him)(H20)] intermediate was 

expected to have pronounced reactivity toward substitution and 
Autoxidation kinetics oxidation by dioxygen. As a matter of fact, the dissociation 

The [Fe(Hdmg)2(Him)2] complex is autoxidized in air very 
rapidly, in the absence of an excess of the imidazole ligand. 
The rates were proportional to the concentration of 0 2 ,  but 
inversely proportional to the concentration of irnidazole, as 
shown in Table 2 (exps. 1-5). 

This inhibiting effect associated with the imidazole ligand 
was indicative of a dissociative equilibrium, as expressed by 
reaction [20]. 

reaction can be reversed by reacting the product 
with an excess of the imidazole ligand, under argon atmosphere. 

In order to evaluate kL, we have investigated the kinetics 
of the reverse step, using the stopped-flow technique. The 
observed rate constants in this case were proportional to the 
concentration of the imidazole ligand, in the range of 0.02 
to 0.20 M. From these experiments we obtained kL = 1.7 + 
0.1 X 10' M-' s-' (25"C, I = 0.10 M). 
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The [Fe(Hdmg)2(Him)(H20)] complex produced in the dis- 
sociation equilibrium can react with dioxygen via inner-sphere 
or outer-sphere mechanisms, yielding [Fe(Hdmg)2(Him)(02)] 
or [Fe(Hd~ng)~(Him)(H~O)]+ and 02- species. 

kox 
[21] [Fe(Hdmg)2(Hip)(H20)] + O2 - oxidation products 

the superoxide species would then react with the bis-imidazole 
complex, forming [Fe(Hdmg)2(Him)21+ and H202. 

The derived rate law for the mechanism described by reac- 
tions [20]-[21], assuming a steady-state approximation for 
[Fe(Hdmg)2(Him)(H20)], is given by eq. 1221, 

where 

In agreement with eq. [22], the plots of kobsP1 versus [Him] 
were linear, leading to the following parameters, calculated 
from the slope and intercept, respectively. 

By substituting kL = 170 M-' s-' and [02] = 5.0 X lo4 M 
into eqs. [23] and [24], we obtained k-L = 0.36 s-' and 
kox = 20 M-' s-I. 

The plots of kobs-' versus [02]-' were also linear, with an 
intercept of 3 + 2 s, and a slope of 0.093 + 0.005 M s. The 
calculated values were 3 s and 0.097 M s, respectively, in 
excellent agreement with the experimental results. 

From the values of k-L and kL we have evaluated the dis- 
sociation constant K = k-L/kL = 2.1 X lop3 M. 

The fact that kox is one order of magnitude smaller than 
kL implies that the electron transfer reaction can be preceded by 
substitution, as in a typical inner sphere mechanism. Although 
we can not exclude an outer-sphere mechanism, it seems much 
less probable to occur in the present case. According to the 
cyclic voltammograms of Fig. 2, the bis-substituted complex 
would be more easily oxidized than the dissociated product, 
which has a high EO value. Consequently, electron transfer 
would be faster in the presence of an excess of the imidazole 
ligand, in contrast to the results observed in this work. 

The autoxidation of the [Fe(Hdmg)2(Him)2] complex is 
accelerated in the presence of copper(II) ions, with a complex 
kinetic behavior as a function of the concentration of the 
reactants. At low concentrations of imidazole and of copper(I1) 
ions, the autoxidation reaction proceeds according to a first 
order kinetics. The observed rate constants increase with the 
concentration of Him and Cu(II), as shown in   able 2 (exps. 
6-1 1). The mechanism, however, is complicated by the disso- 
ciative equilibrium in the [Fe(Hdmg)2(Him)2] system, and by 
the presence of several copper(II) species, e .g., Cu2+ (aq), 
~ u ( H i m ) ~ + ,  c ~ ( H i m ) ~ ~ + ,  and c~(Him)~'+.  

At a high imidazole concentration, e.g. 0.20 M, the only 
relevant species are the [Fe(Hdmg)2(Him)2] and [ ~ u ( ~ i m ) ~ ] ~ +  
complexes. In this case, two successive reactions have been 
observed, as shown in Fig. 4. The first reaction occurs within 
a millisecond time scale, producing only a partial decay of 
the [Fe(Hdmg)2(Him)2] complex. The second reaction is a 
thousand times slower and leads the oxidation reaction to 
completion. 

FIG. 4. OsciUOscope traces for the reversible electron transfer reaction 
(A) and thecopper(II) catalyzed autoxidationof the [Fe(Hdmg)2(Him)2] 
complex (B). The plots refer to the analysis described in the Experi- 
mental section ([Fe(II)] = 2.4 x lo-' M, [Him] = 0.20 M, [02] = 
5.0 X M, [Cu(II)] = 7.3 x lo-' M, 25"C, I = 0.100 M KCl). 

The first rapid reaction was also observed under argon 
atmosphere, and was assigned to the reversible electron transfer 
process: 

Based on the initial (FeT, CU,) and equilibrium concentrations 
(x) measured after 40 ms (Fig. 4), we evaluated K1 = kf/k, as 

In order to calculate the kinetic constant kf , we performed a 
rigorous analysis of the reversible scheme, as described in the 
Experimental section. The results are shown in Table 2 (exps. 
12-18). Based on the calculated second order rate constant 
kf = 1.2 f 0.1 X lo6 M-' s-' , and on the calculated work 
terms, WI1 = 1.93, WZ1 = 0.79, WI2 = W22 = 0 kJ mol-' 
(Rc, = 0.42 nm, I = 0.10 M, 25"C), we estimated the self 
exchange rate constant for the [C~(Him)~l'+ complex as kl = 
4.8 x lo4 M-' s-'. 

Preliminary analysis of the second order reaction results in 
systematic deviations from the first order kinetics. In contrast, 
the observed pattern was typical of a second order process. 
Starting from the reversible electron transfer reaction [25], we 
considered as the next step of the mechanism, the reaction 
of the Cu(1) species with O2 leading to superoxide species, 
as previously described in the literature (30-32). Under the 
conditions of this work, the [ ~ u ( H i m ) ~ ] +  ion dissociates rapidly, 
producing the catalytically active [C~(Him)~ l+  complex (30) .2 

K2 
[27] [Cu(Hi~n)~]+ F= [Cu(Him)2]+ + 2 Him 

.- 

Electron transfer between [ C ~ ( H i m ) ~ ( o ~ ) ] +  and 
[Fe(Hd~ng)~(Him)~] leads the autoxidation reaction to com- 
pletion, producing H202 and regenerating the catalyst. 

 eversible cyclic voltammograms were obtained for the [~u(I-Iim)41~+ 
complex in the presence of [Him] = 0.1-2.0 M. The half wave 
potentials varied according to the equation EIl2 = 0.065 - 0.120 X 

log [Him]. The Nernst slope is consistent with the dissociation of two 
imidazole ligands from the Cu(1) complex, as expressed by reaction 
WI. 
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It should be noted that the reaction of hydrogen peroxide 
with Cu(1) and Fe(I1) species is slower than the corresponding 
reaction of dioxygen and does not contribute to the derived rate 
law: 

where 

The analysis based on eq. [30] was described in the Experi- 
mental section, and is illustrated in Fig. 4. The observed rate 
constants were obtained from the slopes of the second order 
plots, and incorporate the concentration of the Cu(II), O2 and 
Him species used in large excess over the Fe(I1) complex. As a 
matter of fact, the observed rate constants increased linearly 
with the concentration of the Cu(II) ions and 02, as shown in 
Table 2, in agreement with the proposed m e ~ h a n i s m . ~  

Another possible reaction to be considered is the oxidation 
of the [ C ~ ( H i m ) ~ l +  complex by the superoxide species, as in 
reaction [3 11. 

This reaction provides an additional pathway for the regener- 
ation of the Cu(II) species, and has been postulated in the 
autoxidation of a number of Cu(1) complexes. In the present 
case, however, it would lead to a quadratic dependence of kobs 
with respect to the concentration of the Cu(I1) ion. Therefore, 
according to the experimental rate law, reaction [29] should 
predominate over reaction [3 11. 

It is interesting to compare the mechanism proposed here for 
the copper catalyzed autoxidation of the [Fe(Hdmg)2(Him)2] 
complex with those previously reported for metalloproteins 
such as the cytochrome-c (6-8). In the case of the metallo- 
proteins, the rate-determining step is the one electron oxidation 
of the biomolecule by the copper(I1) species. This step is 
followed by the rapid reoxidation of the resulting Cu(1) products 
by molecular oxygen. The redox potential of the reacting 

3 ~ n  alternative outer-sphere mechanism would lead to the following 
rate law, assuming a steady state approximation for the concentration 
of 0'-: 

In order to explain the first order dependence of kobs on the concentra- 
tion of the [Cu(~im)4'+] com lex the product k 6 ~ 2 [ ~ ~ ( H i m ) 4 2 + ]  B I should be smaller than k7[Fe ([Him]'. However, in this case, the 
second order dependence on the concentration of the Fe(I1) complex 
would be reduced to a first order dependence. Therefore, the outer- 
sphere mechanism is not consistent with the rate law (eq. [30]) 
observed in this work. 

species becomes the dominant factor in determining the relative 
rates of the electron transfer reactions (8). In the case of the 
heme model compounds, the absence of the protein chain 
facilitates the necessary approach for electron transfer. The 
reactions are typically adiabatic, with a unity probability factor. 
For this reason, in contrast with the biological molecules, 
the electron transfer reaction proceeds very rapidly, and the 
reoxidation of the resulting Cu(1) species by 0 2  becomes the 
rate-determining step. 
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Solvolyses of some 13c- or 14c-labeled triarylvinyl bromides in aqueous acetic acid1 
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CHOI CHUCK LEE, DAVE WANIGASEKERA, and CHARLES Y. FIAKPUI. Can. J. Chem. 64, 1235 (1986). 
The presence of different amounts of added LiC104 in the solvolysis of triphenyl[2-14C]viny1 bromide (1-Br-2-14c) or tri- 

anisy 1[2-14C]vinyl bromide (2-Br-2-14C) in 70% HOAc did not materially affect the extent of scrambling of the label arising from 
1,2-aryl shifts in the triarylvinyl cation or k, the rate constant for the 1,2-aryl shift. Solvolysis of a 2:3 mixture of (E)- and 
(Z)-1,2-diphenyl-2-tolylvinyl bromide ((E,Z)-3-Br) in 70% HOAc gave an 85:15 mixture of 1,2-diphenyl-2-tolylethanone (5) 
and 2,2-diphenyl-1 -tolylethanone (6), the latter product, 6, being derived from a 1,2-phenyl shift in the 1,2-diphenyl-2-tolylvinyl 
cation to the more stable 2,2-diphenyl-1-tolylvinyl cation. With (E,Z)-3-Br-2-13C as substrate and analysis by gc-ms, about 
26-27% scrambling of the 13C label was found in both products, 5-1,2-13c and 6-1,2-13c. Solvolyses of (E,z)-3-Br-2-13C 
in 50% and 70% HOAc showed that the extent of scrambling in the major products, 5-1 ,2-13c, was lower in 50% HOAc than 
in 70% HOAc, similar to a trend previously observed for solvolyses of 1-Br-2-14C. In contrast, solvolyses of 2-Br-2-14C in 
50, 70, or 90% HOAc gave essentially the same extent of scrambling. Mechanistic implications of these results are discussed. 

CHOI CHUCK LEE, DAVE WANIGASEKERA et CHARLES Y. F~AKPUI. Can. J. Chem. 64,1235 (1986). 
L'addition de diverses quantitCs de LiC104 lors de la solvolyse du bromure de triphknylvinyle [14c-21 (1-Br-14C-2) ou du 

bromure de trianysylvinyle [14C-21 (2-Br-14C-2) dans de I'acide acCtique 51 70% n'affecte pas matCriellement le taux de rCparti- 
tion au hasard du marqueur provenant de glissements-1,2 des groupements aryles dans le cation triarylvinyle ou la constante de 
vitesse, k, des glissements-1,2 des groupements aryles. La solvolyse d'un mClange 2:3 des bromures (E) et (Z) de diphCnyl-1,2 
tolyl-2 vinyle (3-Br-(E,Z)), dans de l'acide acCtique B 70%, conduit 51 un mClange 85:15 de diphCnyl-1,2 tolyl-2 Cthanone (5) 
et de diphCny1-2,2 tolyl-1 ethanone (6). Ce dernier composC (6) provient d'un glissement-1,2 du groupement phCnyle dans le 
cation diphCnyl-1,2 vinyle pour domer le cation diphCny1-2,2 tolyl-1 vinyle qui est plus stable. Dans le cas du 3-Br-13C-2- 
(E,Z), et sur la base d'une analyse par sdcpg,  on note la prCsence d'un mClange correspondant 51 environ 26-27% de reparti- 
tion au hasard du marqueur 13C dans les 2 produits 5-13C-1 ,2 et 6-13C-1 ,2. Le taux de rkpartition au hasard du marqueur dans les 
produits majoritaires, 5-13C-1 ,2, qui est obtenu lors de la solvolyse du compost5 3-Br-13c-2-(E,z) dans de l'acide acktique 6 50% 
est infkrieur B celui observe lors de la mcme reaction dans de I'acide acCtique B 70%; cette tendance est analogue 51 celle 
observke antkrieurement lors des solvolyses du 1-Br-14C-2. Par ailleurs, les solvolyses du 2-Br-14C-2 dans de I'acide acCtique 
51 50, 70 ou 90% donnent essentiellement le mcme taux de repartition au hasard du marqueur. On discute des implications 
mkcanistiques de ces rCsultats. 

[Traduit par la revue] 

a-Arylvinyl cations derived from solvolytic reactions have 
been extensively discussed (2). Because the solvolysis of 
triphenylvinyl bromide (1-Br) in glacial HOAc without the 
presence of AgOAc was found to be too slow, isotopic 
scrambling studies with triphenyl[2-'4C]vinyl bromide (1-Br- 
2-14C) have been carried out in aqueous acetic acid containing 
different proportions of HOAc and H20 as solvent (3). 
Subsequently, a mixture of 70% HOAc - 30% H20 (by volume) 
(to be designated as 70% HOAc) was arbitrarily chosen as 
solvent in other solvolytic studies on systems such as 1-Br or 
1-Br-2-I4C and trianisylvinyl bromide (2-Br) or trianisyl[ 
2-14C]vinyl bromide (2-Br-2-14C) (4, 5). In the present paper, 
further observations on isotopic scramblings are reported for 
solvolyses in aqueous HOAc of 14C- or 13C-labeled triphenyl- 
vinyl, trianisylvinyl, and (E,Z)-l,2-diphenyl-2-tolylvinyl 
bromides. 

In a previous study (5), the solvolysis of 1-Br or 2-Br in 70% 
HOAc in the presence of LiC104 was found to give a normal salt 
effect (6), with the specific rate constant increasing linearly with 
increasing concentrations of the added salt. In the initial part of 
the present work, the effect of added LiC104 on the extent of 
isotopic scrambling arising from 1 ,2-aryl shifts in a triarylvinyl 
cation was investigated. When 1-Br-2-14C or 2-Br-2-14C was 
solvolyzed in 70% HOAc in the presence of different concentra- 
tions of added LiC104, the product, 1,2,2-triphenyl[l ,2-14c]- 
ethanone or 1,2,2-trianisyl[l ,2-14~]ethanone, degraded to give 

'~earran~ement studies with 14c, LI; for part L, see ref. 1. 

the extent of isotopic scrambling (3,4), showed that the added 
LiC104 did not significantly affect the extent of scrambling of 
the 14c-label from C-2 to C-1 (Table 1). 

For the scrambling processes as depicted in Scheme 1, it has 
been shown that eq. [I] holds (7). When Ar and Ar' are the 
same, e.g., with 1-Br-2-14C or 2-Br-2-14C, a statistical factor of 
2 applies and eq. [ l ]  is modified to eq. [2] (8). While LiC104 
could affect the rate-determining ionization step and gave rise to 
a normal salt effect, the finding that it did not influence the 
extent of scrambling indicated that ksoHlk, did not change 
significantly in the presence of added LiC104. Since the medium 
in all of these experiments is 70% HOAc, ksoH is not expected 
to vary. A model of the transition state for the 1,Zaryl shift 
process is an aryl-bridged vinyl cation with dispersal of the 
positive charge, and hence k, might be expected to show a 
decrease with increasing polarity of the medium (9). However, 
this effect is apparently very small since ksoHlk, remained 
essentially constant in the presence of different concentrations 
of LiC104. 

In the preceding paper of this series (I), we studied the 
solvolysis of a 2:3 mixture of C-2 labeled (E)- and (2)-1,2- 
diphenyl-2-tolylvinyl bromides (to be designated as (E,Z)- 
3-Br) in HOAc-AgOAc and in 2,2,2-trifluoroethad (TFE)- 
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TABLE 1. Isotopic scrambling data from solvolyses of triphenyl[2-'4~]viny1 bromide (1-Br-1-14c) or 
aiani~~l[2- '~~]vinyl bromide (2-Br-1-I4C) in 70% HOAc in the presence of added LiC104 

Scrambling from C-2 to C-1 (%) 
[=I [LiC104] 

RX (rnmolar) (mmolar) Run 1 Run 2 kso~l kp 

"Calculated from eq. [2] using the average scrambling values for the duplicate runs. 
bSolvolyses of 1-Br-1-14C were carried out at 150 2 2'C for 10 days, giving essentially complete reaction. 
'Previously reported (3) mean scrambling value for similar reactions was 15.3%. 
dSolvolyses of 2-Br-2-14C were carried out at 120 -f- 2'C for 3 days, giving essentially complete reaction. 
'A previously reported (4) mean scrambling value for similar reactions was somewhat lower at 27.7%. 

2,6-lutidine. In the present work, the solvolysis of (E,Z)- 
3 - ~ r - 2 - ' ~ ~  in aqueous HOAc was investigated. In preliminary 
work with nonlabeled (E,Z)-3-Br, solvolysis in 70% HOAc was 
found to give, according to 'H nrnr, a mixture of 85% 
1,2-diphenyl- 1-tolylethanone (5) and 15% 2,2-diphenyl- 1 - 
tolylethanone (6), the latter product, 6, being derived from a 
1 ,2-phenyl shift in the 1,2-diphenyl-2-tolylvinyl cation (3) to 
the more stable 2,2-diphenyl-1-tolylvinyl cation (4). An analo- 
gous reaction of ( E , Z ) - ~ - B ~ - ~ - ' ~ C  in 70% HOAc gave a mixture 
of isotopically scrambled products, 5- 1 ,2-13C and 6- 1 ,2-13c. 
Oxidation of this product mixture to give nonlabeled and labeled 
diphenyl and phenyl tolyl ketones, followed by gc-ms analyses 
as described previously for the solvolysis of (E,z)-3-Br-2-13c 
in TFE-2,6-lutidine (I), gave the extents of scrambling of the 
13c-label between C-1 and C-2 in 5-1 ,2-I3c arising from 
degenerate 1,2-tolyl shifts in the 1,2-diphenyl-2-tolylvinyl 
cation (3), and in 6-1,2-13c arising from nondegenerate 
1,Zphenyl shifts in cation 3 before and after the degenerate 
1 ,2-tolyl shifts. The processes involved are depicted in Scheme 
2. 

The extents of scrambling were calculated from the intensi- 
ties of the ms absorptions in the molecular ion region and in the 
base peak region. The observed data are summarized in Tables 2 
and 3, and the method of calculation has been described 
previously (1). A steady-state treatment of the scrambling 
processes in Scheme 2 gives eq. [3], an equation analogous to 
that used previously for the reaction of ( E , z ) - ~ - B ~ - ~ - ' ~ c  with 
TFE-2,6-lutidine (1). 

From Tables 2 and 3, it is seen that the mean scramblings in 
5-1,2-13C and 6-1,2-13c are 26.3 + 0.9% and 27.5 & 0.5%, 
respectively, and these values are identical within experimental 
errors, in agreement with eq. [3]. Again, analogous to the 
treatment of data from trifluoroethanolysis (I), the distribution 
of unrearranged and rearranged products 5-2-13c, 5-1-I3c, 
6-1-13c, and 6-2-13c (Scheme 2) can be calculated. Since the 
ratio of 5 to 6 was 85: 15, and since the mean scrambling values 
were 26.3% from 5-2-13c to 5- 1-13c and 27.5% from 6- 1-I3C to 
6-2-13c, in the product mixture, there would be 85 X 0.263 = 
22% 5-1-13c, 85 X 0.737 = 63% 5-2-13c, 15 x 0.275 = 4% 
6-2-13c, and 15 X 0.725 = 11% 6-1-13c. As depicted in 
Scheme 2, nondegenerate 1,2-phenyl shifts gave 4-1-13C 
from 3-2-13C and 4-2-13C from 3-1-13c, respectively, before 
and after the degenerate 1,2-tolyl shifts in cation 3. since the 
ratios of [6-1-13~]/[S-2-13~] = 11/63 = 0.17 and [6-2-l3c1l 
[5-1-13c] = 4/22 = 0.18 are essentially the same, the product 
distribution observed thus indicated that in cation 3, the same 
extent of nondegenerate 1 ,2-phenyl shifts occurred before or 
after the degenerate 1,2-tolyl shifts, a conclusion that was also 
reached in the previous study on the trifluoroethanolyis of 
(E , z ) -~ -B~-~- '~c  (1). 

It is of interest to note that from the present work, reaction of 
(E,Z)-3-Br in 70% HOAc gave, as major product, ketone 5 
derived from the less stable cation 3, while the minor product, 
ketone 6, was derived from the more stable cation4. In contrast, 
for the trifluoroethanolysis of (E,Z)-3-Br (1), the major product 
was derived from the more stable cation 4 while the minor 
product was derived from the less stable cation 3. Moreover, in 
the reaction of (E,Z)-3-Br with HOAc-AgOAc, the only 
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Ph2C0 
M+,mlz 182 
Base 
Peak mlz 105 

product was derived from cation 3, with no detectable amount of 
product derived from the more stable cation 4. As was suggested 
(I), the nucleophilic character of the reaction medium and the 
lifetime of the vinyl cations may play a role in determining these 
variations. In TFE with its low nucleophilic character and long 
cationic lifetime, the nondegenerate 1,2-phenyl shifts from 3 to 
4 could be extensive, while in HOAc-AgOAc, the cationic 
lifetime was short and there was no detectable amount of 
rearrangement from 3 to 4. In 70% HOAc, the cationic lifetime 
would be intermediate between HOAc-AgOAc and TFE and 
only a small extent of rearrangement from 3 to 4 could take 
place, resulting in the formation of a minor amount of product 
derived from 4. 

Another method, involving analysis by 13C nmr, may also be 
utilized to determine the extent of scrambling arising from 
degenerate 1,2-tolyl shifts in the solvolysis of (E,z)-3-Br-2-13C. 
Experiments were carried out in 70% and in 50% aqueous 
HOAc. The major product, 5- 1 ,2-13c, was recovered after 
separation by thin-layer chromatography and then reduced with 
LiA1H4 to give a mixture of erythro- and threo-1,2-diphenyl- 
2-tolyl[l ,2-13C]ethanol (7-1 ,2-13c). The 13c enrichments at 
C-2 and C-1, and hence the extent of scrambling, were 
determined from the 13c nmr spectrum of 7-1,2-13c by the 
intensity ratio method as previously described (10, 11). From 
duplicate solvolyses of (E,z)-3-Br-2-13c in 70% HOAc, the 
scrarnblings from C-2 to C-1 in 5-1 ,2-13C, as measured by 13C 
nmr, were 26.1 and 27.0%, in good agreement with the data 
obtained from gc-ms analyses given in Tables 2 and 3. In 
similar solvolyses in 50% HOAc, 22.3 and 23.2% scramblings 
from C-2 to C-1 were observed for duplicate runs. It is seen that 
a higher proportion of H20 in the HOAc-H20 solvent mixture 
gave rise to a lower extent of scrambling (mean scrambling 
values of 26.6% and 22.8%, respectively, in 70% and 50% 
HOAc). This trend was also observed in the earlier study on the 
solvolysis of triphenyl[2-14c]viny1 bromide (1-Br-2-14c) in 
different mixtures of HOAc and H20 (3). For comparison, some 
of the data from the earlier work with 1-Br-2-14C (3) and the 
present results from reactions of (E,Z)-3-Br-2-13C in 50% and 
70% HOAc are summarized in Table 4. 

In Table 1, it is shown that solvolysis of triani~y1[2-'~C]vin~l 
bromide (2-Br-2-14C) in 70% HOAc gave a product with 29.5 
and 30.5% scrambling in duplicate runs. It is of interest to note 
that similar reactions of 2-Br-2-14C in 50% or 90% HOAc also 
gave essentially the same extent of about 30% scrambling, the 
results being included in Table 4. These results for 2-Br-2-14c, 
therefore, do not follow the same trend of decreasing amounts of 
scrambling with increasing proportions of H20 in the HOAc- 
H20 solvent mixture that was observed with 1-Br-2-14C or 
(E,Z)-3-Br-2-13C. Recently, isotopic scramblings from reac- 
tions of C-2 labeled (E,Z)-l,2-dianisyl-2-tolylvinyl bromides 
((E,Z)-8-Br) with HOAc-AgOAc or with TFE-2,6-lutidine 
have been reported (12). It may also be of interest to note that 
preliminary work on the solvolysis of (E,z)-8-Br-2-13C in 
aqueous HOAc also indicates no significant changes in the extent 
of scrambling for different proportions of HOAc and H20. 

To account for the difference in behavior for the solvolysis of 
1-Br-2-14c, (E,z)-3-Br-2-13c, and 2-Br-2-14c in aqueous 
HOAc containing different amounts of H20, the nature of the 
triarylvinyl cations involved may be considered. As given in 
Table 4, a lower extent of scrambling corresponds to a higher 
value for ksoHlk, For the a-phenyl substituted triarylvinyl 
cations generated from 1-Br-2-14C or (E,z)-3-Br-2-13C, a 
higher H20 content in the solvent would increase the nucleo- 
philic character of the reaction medium and would give a higher 
value for ksOH AS well, a higher H20 content would also 
increase the polar character of the solvent and may give rise to a 
lower k,, although this effect may be small since it was shown 
earlier that the presence of LiC104 in 70% HOAc did not 
materially influence ksoHlkp Thus for solvolyses of 1-Br-2-14c 
or (E,Z)-3-Br-2-13C in HOAc-H20, a higher proportion of 
H20 in the solvent would increase ksoHlk, and hence decrease 
the extent of scrambling as observed. For the reaction of 
2-Br-2-14c, however, the a-anisyl substituted triarylvinyl 
cation that is generated is more stable than an a-phenyl 
substituted triarylvinyl cation and would have a longer lifetime 
and a lower value for ksoH. Apparently, changes in H20 content 
in the HOAc-H20 solvent did not greatly affect the relatively 
low value of ksoH and since the effect of k, would also be small, 
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TABLE 2. Data from the mass spectra of PhCOTol and P ~ ' ~ C O T O ~  

Corrected for 90% 
Observed intensity Corrected for (M + 1)' I3C enrichment % Distributionb 

mlz" Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 

"Molecular ions for [TOICOP~]+ and [TO~ '~COP~]+  at rnlz 196 and 197, respectively; the base peak is [TO~'~CO]+ at rnlz 120. 
'Percentages for mlr 196 [TO~COP~]+ and for mlz 119 ([TOICO]+ correspond to % scrambling from C-2 to C-1 in 4-1,2-I3C (see Scheme 2); mean 

value = (27.0 + 25.9 + 27.0 + 25.2)/4 = 26.3 f 0.9%. 

TABLE 3. Data from the mass spectra of PhCOPh and phI3COPh 

Corrected for 90% 
Observed intensity Corrected for (M + 1)+ I3c enrichment % Distribution 

mlz" Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 

aMolecular ions from [ P ~ c o P ~ ] +  and [ P ~ ' ~ c o P ~ ] +  at rnlz 182 and 183, respectively; the base peak is [P~co]' at rnlz 105. 
bPercentages for mlz 183 ( [ P ~ ' ~ c o P ~ ] + )  and ( [P~ '~co]+)  correspond to % of the isotopically rearranged product, 6-2-I3C (see Scheme 2); mean 

value =(27.2 + 27.4 +27.2 + 28.2)14= 27.5 f0 .5%.  

TABLE 4. Isotopic scrambling data from solvolyses in HOAc-H20 

Reaction with 1-Br-2-I4cb Reaction with ( E , z ) - ~ - B ~ - ~ - ' ~ C '  Reaction with 2-Br-2-I4Cd 

Solvent Scrambling Scrambling Scrambling 
(% HOAc)" from C-2 to C- 1 (%)e kso~lk,/ from C-2 to C-1 (%)g kso~lk,/ from C-2 toC-1 (%lh ksodk,/ 

"Proportion of HOAc by volume in mixtures of HOAc and H20. 
bReaction of t1iphenyl[2-'~C]vinyl bromide (1-Br-2-I4C) in HOAc-H,O at 150 f 2'C. 
Teaction of (E,Z)-1,2-diphenyl-2-t0lyl[2-~~C]vinyl bromides ((E,Z)-~-B~-~-"C) in HOAc-H20 at 150 ? 2°C. 
Qeaction of triani~y1[2-'~C]vinyl bromide (2-Br-1-I4C) in HOAc-H,O at 120 2 2°C. 
'Mean scrambling values from ref. 3. 
fCalculated from eq. [I] or eq. [2] using the mean scrambling values. For (E,Z)-3-Br-2-I3C, steady-state treatment of Scheme 2 gave 

kswlk, = [RY]/[RIY] - 1 - kPhlkTal, but eq. [ l]  is used since kPdkTol may be quite small. 
SScramblings for duplicate runs in the major product, 1,2-diphenyl-2-tolyl[l ,2-13C]ethanone (5-1 ,2-I3C). 
hScrambliigs for duplicate runs in the product, trianisyl[l ,2-14C]ethanone. 

the net result is arelatively constant ksoHlk, giving rise to about data from l - ~ r - 2 - ' ~ C  and ( E , Z ) - ~ - B ~ - ~ - ' ~ C  in Table 4 would 
the same extent of scrambling for solvolyses in HOAc-H20 of give a measure of the To1:Ph migratory aptitude. The kso~lk ,  
a-anisyl substituted triarylvinyl systems such as the trianisyl- values in Table 4 may be more specifically designated as 
vinyl and (E,Z)-1,2-dianisyl-2-tolylvinyl bromides. ksoHlKh and kkOHlP1, respectively, for the triphenylvinyl 

Since the degenerate rearrangement processes in the tri- and 1,2-diphenyl-2-tolylvinyl systems. If   SOH and &OH for 
phenylvinyl and 1,2-diphenyl-2-tolylvinyl cations differ only the capture of the two ions in a given solvent system were 
in the migrating phenyl and tolyl groups, a comparison of the assumed to be about the same, then ( k s o H / ~ h ) / ( k ~ ~ ~ / ~ l )  = 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEE ET AL. 1239 

I;f"'/ch would be 17.012.4 or about 7 and 8.811.8 or about 5, 
respectively, for solvolyses in 50% and 70% HOAc. These 
values of about 5-7 are of the same magnitude as previously 
reported To1:Ph migratory ratios of 4-5 from compzirisons of 
scrambling data for the tritolyvinyl and 2-phenyl-1,2-di- 
tolylvinyl cations (8), and a I;f""ch ratio of about 7 from 
comparisons of the scramblings observed in reactions of 
l - ~ r - l - ' ~ C  and ( ~ , ~ ) - 3 - B r - 2 - l ~ C  with HOAc-AgOAc (1). 

Experimental 
Solvolyses with triphenyl[2-14~]vinyl bromide (1 - ~ r - 2 - ' ~ ~ )  

Solutions of 1-Br-2-14C (15 m o l a r )  in 70% HOAc containing 
different amounts of LiC104 (Table 1) were heated in sealed tubes at 
150 +- 2°C for 10 da s. Each reaction mixture was worked up to give 
1 ,2,2-triPhenY1 [1,2- 'C]ethanone (a+-diphenylacetophenone), which 
was in turn degraded to diphenyl [14C]ketone, using procedures 
previously described (3). The difference in specific activities between 
each sample of 1,2,2-triphenyljl ,2-14C]ethanone and the correspond- 
ing diphenyl [14C]ketone gave the extents of scrambling of the 14C 
label from C-2 to C- 1. 

Solvolyses with t r i a n i ~ ~ l [ 2 - ~ ~ ~ ] v i n y l  bromide (2-Br-2-I4c) 
Solutions of 2-Br-2-14C (6.0 m o l a r )  in 50,70, or 90% HOAc or in 

70% HOAc containing different amounts of LiC104 (Table 1) were 
heated in sealed tubes at 120 i 2°C for 3 da s. Each reaction mixture 
was worked up to give 1,2,2-triani~~l[l,2-'~C]ethanone, which was 
subsequently degraded to give dianisyl [14C]ketone using procedures 
reported previously (4). The difference in specific activities between 
each sample of 1,2,2-trianisyl[l ,2-14C]ethanone and its degradation 
roduct, dianisyl [14c]ketone, gave the extents of scrambling of the 

P4C label from C-I to C-1 . 
Solvolyses with (E,~)-l,2-di~hen~l-2-tol~l[2-~~~]vin~l bromide 

( ( E , z ) - 3 - ~ r - 2 - " ~ )  
The substrate, (E,Z)-3-Br or (E,z)-3-Br-2-13c, consisting of an 

approximately 2:3 mixture of the (E) and (Z) isomers, was prepared as 
described in the preceding paper (1). 

A solution of 1.00 g (2.86 m o l )  of (E,Z)-3-Br in 100 mL of 70% 
HOAc in a sealed tube was heated in an oil bath at 150 i 2°C for 10 
days. After cooling, the tube was opened and the contents extracted 3 
times with ether. The extract was washed with H20 and dried over 
MgS04. Removal of the ether under reduced pressure gave about 700 
mg of a mixture of 1,2-diphenyl-2-tolylethanone (5) and 2,2-diphenyl- 
1-tolylethanone (6) as an oil. Its 'H nmr spectrum indicated that the 
ratio of 5:6 was about 85: 15 based on the relative area of the tolyl-CH3 
peaks at 8 2.24 and 2.33 ppm and the CH peaks at 8 6.06 and6.40ppm, 
respectively, for 5 and 6. The major product, 5, was purified by 
preparative thin-layer chromatography using silica gel G/UV254 
(Brinkmann Insements (Canada) Ltd.) as the stationary phase and 
80% CHC13 - 20% petroleum ether (bp 40-60°C) as the moving phase. 
The major band was scraped off, thoroughly washed with 300 mL of 
CHC13, and filtered. After removal of the CHC13 from the filtrate, the 
colorless residue was recrystallized from methanol to give 320 mg 
(overall yield of 46% based on a product ratio of 85: 15 for 5 6 )  of 5, mp 
94-95°C; 'H nmr (CDC13) 8: 2.24 (s, 3H, CH3), 6.06 (s, lH, CH), 
7.2-8.1 (m, 14H, Ar). Anal. calcd. for C21H180: C 88.07, H 6.34; 
found: C 88.58, H 6.58. Oxidation of a sample of this product gave 
phenyl tolyl ketone, confirming its structure as 5. If the product were 6, 
its oxidation would give rise to diphenyl ketone. 

In analogous solvolyses in 70% HOAc of (E,z)-3-Br-2-13C, 
prepared from 90% enriched [13C]BaC03, the mixture of products, 

5-1 ,2-13c and 6-1 ,2-13C, was oxidized without prior separation to give 
a mixture of phenyl tolyl ketone, phenyl tolyl [13C]ketone, diphenyl 
ketone, and diphenyl [13C]ketone for analysis using a Model 4000 
Finnigan gc-ms system. In contrast to the degradation of 1,2,2-tri- 
pheny 1[1 ,2-14C]ethanone and 1,2,2-trianisyl[l,2- 14~]ethanone, which 
involved reduction with LiAlH4 to the corresponding ethanol followed 
by oxidation with alkaline KMn04 (3, 4), the mixtures of 5-1,2-13c 
and 6-1,2-13C were oxidized directly by KMn04 in the presence of 
H2SO4 to give the unlabeled and labeled phenyl tolyl and diphenyl 
ketones for gc-ms analyses. 

In another set of experiments, ( E , z ) - ~ - B ~ - ~ - ' ~ C ,  with 45% 13c 

enrichment, was solvolyzed in 50,70, or 90% HOAc at 150 +- 2°C for 
10 days. From each run, the major product, 5-1,2-I3c, was recovered 
after separation by thin-layer chromatography and then reduced with 
LiAlH4 (3, 4) to give a mixture of erythro- and threo-1,Zdiphenyl- 
2-tolyl[l ,2-13C]ethanol (7-1 ,2-13C), which, after crystallization from 
95% ethanol, melted at 87-88°C; 'H nmr (CDC13) 8: 2.17, 2.28 
(4H, two S, CH3 + OH), 2.21 (shr, OH), 4.10,4.25 (lH, two d, C-2 
CH), 5.23, 5.38 (lH, two d, C-1 CH), 6.97-7.35 (14H, m, Ar). 
Anal. calcd, for CZ1Hz00: C 87.46, H 5.99; found: C 87.17, H 7.04. 
Determinations of the 13c enrichments at C-2 and C-1 of 7-1 ,2-13C, 
and hence the extents of scrambling from C-2 to C-1 as recorded in 
Table 4, were carried out using the I3c nmr spectrum of 7-1 ,2-13C by 
the intensity ratio method as previously described (10, 11). Although 
the 'H nmr of 7-1 ,2-13C gave separate peaks for the erythro and threo 
diastereomers, the p a k s  of interest in the 'H-decoupled I3C nmr 
spectrum of 7-1,2- 3 ~ ,  in a 60-MHz instrument, appear as nearly 
overlapping doublets at 21 .O, 60.6, and 76.9 ppm, respectively, for 
tolyl-CH3, C-2, and C- 1. Ratios of the integrated intensities for C-2 or 
C-1 relative to the integrated intensity of tolyl-CH3 containing 13C in its 
natural abundance as internal reference standard are utilized in the 
calculations (10, 11). 
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Dipole interactions in models of the dense part of the electrical double layer 
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PANAGHIOTIS NIKITAS. Can. J.  Chem. 64, 1286 (1986). 
Since Monte-Carlo studies on freely oriented dipoles suggest that at zero external field the dipoles are oriented preferentially 

in-plane in ordered configurations, an attempt is made here to incorporate dipole in-plane interactions in the multi-state model of 
the inner layer. It is found that the predictions of the model become unsatisfactory as ordered structures are taken into 
consideration. Polarization catastrophe and concentration dependent adsorption maxima are the main problems. Analysis of the 
polarization behaviour of the inner layer at the adsorption maximum of an adsorbate suggests that in aqueous interfaces and 
possibly in other real interfaces the dipole in-plane interactions should be quite weak. This is attributed to rotational barriers 
leading to an almost random distribution of the dipoles in the monolayer. 

PANAGHIOTIS NIKITAS. Can. J. Chem. 64, 1286 (1986). 
Des ktudes effectukes par la mkthode de Monte Carlo sur des dip6les d'orientation libre suggbre que, B un champ externe qui est 

nul, les dip6les s'orientent d'une f a ~ o n  prtfkrentielle dans des configurations ordonnkes; on a donc fait un essai dans le but 
d'incorporer le dip6le dans les interactions planes d'un modtle B plusieurs ktats de la couche interne. On a trouvt que les 
prkdictions du modtle deviennent insatisfaisantes lorsqu'on prend des structures ordonnees en consideration. Les principaux 
problbmes sont la catastrophe de la polarisation et les maxima d'absorption qui dtpendent de la concentration. Une analyse du 
comportement de la substance adsorke, sous polarisation de la couche interne et B un degrk maximal d'adsorption, suggbre que, 
dans les interfaces aqueux et possiblement dans d'autres interfaces rkelles, le dip6le dans les interactions planes doit Etre trts 
faible. On attribue cette propriktk B des barritres B la rotation qui font que les dip6les de la mononcouche sont pratiquement 
distributs au hasard. 

[Traduit par la revue] 

I 
I I. Introduction 

The conventional methodology followed for the microscopic 
I modelling of the electrical double layer is characterized by the 

formal division of the double layer into a dense part and a diffuse 
layer. The former is modelled as a two-dimensional monolayer 
of dipoles which can take up only a finite number of orienta- 
tions. In the first molecular treatments the solvent dipoles may 
have two positions normal to the adsorbing surface (1-5). The 

I multi-state models are reasonable developments of this ap- 
proach (6-8). 

In all these models the dipole-dipole interactions, which 
predominately determine the properties of the inner layer, are 
considered as limiting only perpendicular to the electrode 
surface. Non-nearest-neighbour interactions as well as effects 
of imaging are incorporated indirectly by introducing an 
effective coordination number. Dipole interactions parallel to 
the electrode surface are neglected in all cases. This interpreta- 
tion overlooks the dipole interaction energy arising from the 
parallel component of the dipoles and it can be considered a 
reasonable approximation only if the dipole components in- 
plane are randomly oriented. However, Monte-Carlo studies (9) 
clearly indicate that freely oriented dipoles are oriented prefer- 
entially parallel to the plane, showing a definite structure when 
the external field is zero. Therefore, for freely oriented dipoles 
the in-plane interaction energy cannot be considered negligible. 
This interaction energy, its incorporation in molecular models 
for the inner part of the electrical double layer, the problems 
arising, and their origin are the object of the present paper. 

II. Dipole interactions 
The dipole-dipole interactions have been made the subject of 

a number of publications (4, 10-14). However, many problems 

"This work was carried out at the Electrochemistry Research 
Laboratories, Department of Physical Chemistry, University of 
Newcastle-upon-Tyne, Newcastle-upon-Tyne, NEl 7RU, England. 

are still unsolved. There is no work on the effect of imaging on 
in-plane interactions and, as we show below, the contribution 
from imaging in interactions normal to the electrode surface is 
taken erroneously. Here, for reasons of simplicity and continu- 
ity with the inner layer models, we consider only point dipoles. 
The dipoles are arranged on a planar regular lattice with 
coordination number c and lattice constant d. 

The field strength E caused by an ideal dipole P at r is given 
by (15). 

Since the dipole moment P can be split in a perpendicular and a 
planar component, relatively to the plane of the dipoles, we 
examine these two cases separately. 

(a) Interactions normal to the plane 
The electric field E caused by an hexagonal array of infinite 

extent of ideal dipoles at any position ( x ,  y, z) along an outward 
perpendicular to the surface can be calculated from the work of 
MacDonald and Barlow (1 1). Alternatively one may use eq. [ l ]  
which results in 

[2] E = cep/d3 

where 

for an hexagonal array of dipoles and 

in a square plane. 5 = z/d. n and m take all negative, zero, and 
positive integer values except the values m = n = 5 = 0. 

Rinted in Canada / Imprime au Canada 
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Here we should note that the work of MacDonald and Barlow 
concerns the electrostatic properties of an hexagonal array with 
a single vacancy. The electric field and the electrostatic 
potential are calculated along a perpendicular axis to the surface 
taken through the position of a missing array element. There- 
fore, to calculate the field strength at any position outside the 
plane we have to add the contribution arising from the missing 
element. This detail, unfortunately, has been overlooked by 
Levine et al. ( 4 ,  16) in their calculation of the effective 
coordination number, z,. In the LBS theory (4 )  the dipole- 
dipole interactions between non-nearest neighbouring pairs as 
well as interactions arising from dipole images are incorporated 
indirectly into the model by increasing the coordination number 
of the lattice, c ,  to an effective value z,. For the calculation of z, 
Levine et al. ( 4 ,  16) take into account all the interactions arising 
from the surrounding dipoles and their images on both sides of 
the interface, but they ignore the contribution from the images 
of the test dipole. Thus, a number of papers appeared in the 
literature (4 ,6 -8 ,  17-26) make use of an incorrect value of z,. 

Table 1 shows the obtained values of c,. To calculate c, with 
eqs. [2] and [3] the first n = m = 500 nearest-neighbours are 
summed in an IBM 370-168 computer and the remainder of the 
sum replaced by an integral. It is seen that the field strength falls 
rapidly out of the plane and dipoles outwards the monolayer, 
only adjacent to it, can feel very weak repulsive interactions. 

The effective coordination number for lateral dipole-dipole 
interactions due to dipole imaging at an interface formed by a 
conductor and an electrolyte solution can now be calculated 
from 

[5] z e = 1 1 . 0 3 4 - 0 . 2 2 6 ( 1 + f )  

for an hexagonal lattice and 

[6] ze = 9.034 - 0.326(1 + f )  

for a square one. f = ( E  - I ) / ( €  + I ) ,  E being the dielectric 
constant of the bulk electrolyte solution. For aqueous electrolyte 
solutions we have E = 78.3 (at 25OC) and eqs. [ 5 ] ,  [6] give ze = 
10.6 and 8.4 for an hexagonal and a square lattice, respectively. 
We see that the effective coordination number is smaller than 
the Topping's values of 1 1.03 and 9.03 in the two lattice, as first 
noticed by Guidelli (5) .  However, he used different arguments. 

(b) Interactions in plane 
The interpretation of the dipole in plane interactions is the 

most difficult task, since we can hardly accept that the parallel 
component takes up few orientations. Here we make use of the 
Monte-Carlo results (9) .  It has been found that for freely 
oriented dipoles and in the configuration with minimum energy 
the dipoles line up head-to-tail in rows of opposite orientation. 
Configurations of rows of dipoles with the same orientation 
should be considered possible, since such configurations present 
minimum energy as well (12, 13). For these configurations the 
field strength parallel to the dipoles at the position ( x ,  y, z )  can 
be calculated from eq. [2] with 

' x (n2 + m2 + e2 - nm)-312 

in an hexagonal lattice, whereas in a square one we.have 

TABLE 1. Values of c, calculated from eqs . [3] and [4] 

5 Ce(c=4) ce(c=6) c , ( c = ~ ) *  

*Calculated from the work of Macdonald-Barlow (1 1). 

Equations [7] and [8] hold for "anti-parallel" configurations, 
i.e. when the rows of the oriented dipoles have opposite 
orientations. For "parallel" configurations the term (-l)lml 
should be omitted. 

The values of c, obtained from eqs. [7] and [8]  are 
summarized in Table 2.  The minus sign indicates that the field E 
parallel to a row of oriented dipoles is in an opposite direction 
to that of the dipoles leading to attractive interactions. To 
calculate the sums we used the same method as previously 
except for the parallel configurations where the long distance 
effect is small and estimated by a least-squares procedure. It is 
seen that the field drops rapidly out of the dipole layer and 
practically becomes zero after one molecular diameter. There- 
fore, dipole imaging effects should have a small contribution. 
This becomes apparent if we calculate the effective coordination 
number. For aqueous electrolyte solutions in the hexagonal 
lattice with parallel orientation we have 

[9] zp = -5.516 - 0.114(1 + f )  = -5.74 

and with anti-parallel 

[ l o ]  zJi = -4.095 - 0.179(1 + f )  = -4.45 

In a square lattice we have, correspondingly 

[ l l ]  zp = -4.158 - 0.163(1 + f )  = -4.84 

[12] zJi = -5.099 - 0.127(1 + f )  = -5.35 

Therefore, a value of ze = -5 for well oriented in-plane 
configurations seems appropriate. However, in real interfaces 
the thermal motion and rotational barriers should increase its 
value. 

An alternative approach to treat in-plane dipole interactions is 
to evaluate the average dipole-dipole interaction energy from 

2lT I w12 exp (-w12/kndeldcp2 
[I31 ( ~ 1 2 )  = 

0 
2lT I exp (- w12/kndcpldcp2 
0 

where 
Pl p2 [14] ~ 1 2  = - - 

d 3  
(2  cos c p l  cos cp2 - sin c p l  sin cp2)  

c p l  , cp2 being the angles of the dipoles in the plane containing the 
line joining them. 

If IwI21 4 kT then eq. [13] results in a two-dimensional 
Keesom equation (27, 28) 

However, for an aqueous solution interface we have d = 3 x 
10-lorn, PI  = P2 = 6.12 X 10-30Cm and therefore ( ~ 1 2 )  = 
-11.5kT. In this case the numerical evaluation of the 
integrals in eq. [13] gives 
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TABLE 2. Values of ce calculated from eqs. [7] and [8] In site-disparity models (say due to absorbate molecules with 
r # 1) eq. [18] is easily generalized to 

5 Parallel Anti-parallel Parallel Anti-parallel 

0 -4.518 -5.099 -5.516 -4.095 
1 +0.163 +0.127 +O. 114 +O. 179 
2 -7 x 10-4 +I x 10-4 +0.001 $2 x 10-4 
3 -0.001 -1  x 10-4 +o.ool -1 x 10-4 

which, for an hexagonal lattice without imaging effects, results 
in an effective coordination number equal to ze -- -9.7. This 
value should be considered high enough, probably because this 
approach emphasizes the interactions of the central dipole with 
its neighbours while it ignores the interactions of the neighbour- 
ing dipoles with each other. 

111. Application to inner layer models 
The above results can be easily incorporated in the multistate 

models of the inner layer (7, 26). Here we consider site-parity 
for the solvent molecules, i.e. we restrict our treatment in 
unassociated solvents. Fawcett (6,8) claims that such behaviour 
is evident in certain solvents like alcohols, formic acid, and 
dimethylformarnide, whereas water and N-methylformamide 
should be described in terms of clusters. However, in one of our 
previous publications (26) we have shown that the lattice 
models and possibly every model of the inner layer is not 
compatible with the existence of clusters, since their presence as 
definite units leads to models which predict a concentration- 
dependent adsorption maximum, in disagreement with most 
experimental data. For this reason we modelled the inner part of 
the electrical double layer as a planar monolayer of solvent 
dipoles, each of them occupying one lattice site. The dipole 
vector may take a finite number of orientations. If P, is the 
absolute value of the solvent dipole moment, then we have 

[17] Pjn=P,coscpj and , Pjp=P,sincpj 

where the subscripts n and p denote the normal and the parallel 
component of P,. This notation will be used throughout this 
paper. cpj is the angle formed between the dipole vector and a 
vector normal to the electrode surface. Adsorbate molecules 
with dipole moment PA may be present in the lattice occupying 
r sites. 
, In a site-parity model the in-plane dipole-dipole interaction 

energy, under mean field approximation, may be calculated 
from 

where Ym is the electric field parallel to the adsorbing surface in 
a site occupied by a monomer dipole, Ni the number of dipoles 
of type i, N the total number of dipoles equal to the number of 
the lattice sites, and P:p the total (permanent plus induced) 
in-plane dipole moment of the ith dipole. Note that eq. [18] may 
include adsorbate molecules with r = 1 and dipole moment 
PAP. If ai is the polarizability of the ith type dipoles we have 

where 

ni is the number of sites occupied by one dipole of ith type and 
qi is defined so that the product qic is the number of first 
neighbour sites surrounding each ith dipole. 

Equation [20] results in 

where 

Also, by differentiating eq. [20] with respect to N1 we can 
obtain the contributions of in-plane interactions to the chemical 
potentials of the absorbed molecules. We have 

The contribution to the chemical potentials from all the other 
sources, i.e. dipole interactions normal to the adsorbing 
surface, short-range interactions, interactions with the boun- 
daries of the interface and entropy effects have been calculated 
in an earlier paper (26). The result, for the ith type solvent 
dipoles, is 

r-1 

[26] pis/kT = In ai - 6 / r  - ( l l r )  (llb:) In (1 - bi6) 
r=O 

For the adsorbate molecules we have 

1 
- -aAn(4noM)2 - Ax;(& + aAnq2/?)}b  

2 2 Zen 
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Here, 6 ; ,  6 are the surface coverages of the solvent ith state and 
the adsorbate, respectively; bf are lattice constants de nd 
ing on the geometrical characteristics of the adsorbate; ARis a 
constant related to the short-range interactions; f l  is the 
electrode charge density; and X, is the electric field normal to 
the adsorbing surface at every solvent site. It is given by 

N 

C (Pin - a i n 4 ~ f l ) q z a i l n :  

Finally, Uis and U A  are residual energies of the solvent in the ith 
state and the adsorbate, respectively, at the interface. 

Equations [26] and [27] enable us to calculate the equilibrium 
properties of the model. First we examine the case where there 
are no adsorbate molecules in the lattice (6 = 0 ) .  The 
equilibrium relationships may be written as 

+ (Pkp - Plp)ym 
From these equations we can obtain 

POI 61 = ( 1  I ~ o )  exp {- ( U I  + P ~ n e  + PlpYm)/kTI 
where 

[3'1.] e=4 . r r#+Xm 
N 

[32] go = 1 exp {- (U i  + Pine + PipY,)/kT} 
i= 1 

Equation [30] ,  in combination with eqs. [23] and [28] ,  gives 

[331 qoYm(as + d3/zep)  
N 

= Pip exp {- ( Ui + Pine + PipY,) /kT} 
i= 1 

N 

C Pin exp {- (Ui + Pine + Pipym)/kT} 
+ i = 1  

qo(as + d3/zen) 
where a mean polarizability, a,, for all solvent states, is 
assumed. At every f l  value eqs. [33 ] ,  [34] can be solved 
numerically for E and Y,. Then the surface composition can be 
calculated by means of eq. [30] .  

The inner layer differential capacity may be calculated from 
(6 ,  8 )  

2d ax, 
[35] c;'=4.rr a+-.- ( zena a# ) 
where we have accepted that the inner layer thickness, a, is 
different from the lattice constant, d .  Equation [35] after some 
algebra results in 

where 

[371 @ = a ,  + p;f i /kT - ( P z f l 2 / k q 2 / ( d 3 / z e p  
+ as - Pzf2Ikn  

2 N  

13% f2 = (il 6; sin 9;) - i= 1 I 3; sin2 9, 

N N 

[ ~ O I  f , l =  (& 6; cos 9;)( 1 ,sin 9;) - C 6; cos cpi sin 
1= 1 i= 1 i= 1 

When adsorbate molecules are present at the interface the 
equilibrium equations [29] are still valid. The adsorption 
isotherm may be calculated from eqs. [25]-[27] and it is given 
by 

r- 1 

[41] ln (6/65 ) + In ( 1  - b : 6 )  + AnX, + B,X& 
i=O 

[47] In v1 = - 4 . r r f l { P ~ ,  - rP t - 4.rruM(a~ - ra,) / 2 } / k ~  

Here c, ( j  = A, S) is the bulk concentration of the jth 
component, ( f ) denotes the solvent state with dipole vector 
pointing to the solution, and p:,l represents chemical potentials 
of the j component in their standard states (26) .  

Numerical examples were performed for the three-state 
model (6 )  only. Here we used for zen the corrected value 10.6. 
However, as is also expected from the work of Borkowska and 
Stafiej (29) ,  this value causes polarization catastrophe prob- 
lems. The polarization catastrophe can be avoided, at least for 
values of z ,  close to zero; if we-assume that the thickness of the 
inner layer is greater than the lattice constant. This is a 
reasonable assumption, since the plate separation should be 
equal to one solvent diameter plus one radius of the electrolyte 
ion and possibly one atomic radius of the metal electrode (30).  
For an aqueous electrolyte interface the thickness of the inner 
layer should range from 4 X lo-'' to 4.5 X 10-lo m. Figures 
1-4 show some of the obtained results. It is seen that the 
inclusion of in-plane dipole interactions results in the consider- 
able increase of the parallel state, around the pzc, even at no 
highly ordered structures. For intermediate z e p  values this 
configuration breaks at relatively high fields and causes polari- 
zation catastrophe problems. 

Problems appear also when adsorbate molecules are present 
at the inner layer. At the adsorption maximum the total dipole 
moment, P ,  normal to the adsorbing surface, should be 
independent of the adsorbate surface concentration (26) .  Since 
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FIG. 2. Plots of the inner-layer capacity Ci against electrode charge 
density fl accordin to the three-state model. Parameters as in Fig. 1 Q excepta=4x lo-' mandU1 - U,=3kT.Valuesofzep:(1)0;(2) 
-0.5; (3) -2; (4) -5. 

where 

[50] gi = a i / ( l  - 6 )  

the condition 

results in 

+ aS(47r# + X,) = 0 

[531 (agi/a6) = o 
1541 (ax,/aa) = o 

FIG. 3. Plots of the surface coverage of the parallel (+) state against 
electrode charge density. Parameters as in Fig. 1 .  Values of z,,: (I) 0; 
(2) -0.5; (3) -1; (4) -5. 

However, eqs. [53] and [54] are compatible with the equili- 
brium equations [29] only when 

FIG. 1.  Plots of the inner-layer capacity Ci against electrode charge 
density fl according to the three-state model. The parameters used 
wereT=298,Ps=6.l2X 10-30Cm,a,= 1.5 X 1 0 - ~ O m ~ , a = 4 . 2  
x 10-lo m, d = 3 x lo-" m, U = U 1 = U,. Values of z,,: (1) 0; 
(2) -0.5; (3) -1; (4) -2; (5) -J. 

Equations [29], [52]-[55] and the obvious one 

constitute a system of N, + 3 equations, N, being the number of 
solvent states. However, there are only N, + 2 unknowns, 
namely a l ,  e 2 ,  ..., aN,, 6, em. Therefore, in general, it is 
impossible to find a solution which would give e, indepen- 
dent of 6. Figure 5 shows that the dependence of e, on 6 is 
strong even for values of zep close to zero. Moreover as zep 
decreases phase transitions appear in all cases (Fig. 5). 

IV. Discussion and conclusions 
The above results show that the agreement between the 

predictions of the model and experimental behaviour is unsatis- 
factory when ordered in-plane configurations are taken into 
consideration. This disagreement could be attributed to the 
following two points of the present treatment: 

( I )  The increase of solvent states with dipoles normal to the 
adsorbing surface (at intermediate and high fields) as well as 
adsorbate molecules with small or zero parallel dipole compo- 
nent is expected to unfavour ordered in-plane configurations. 
Therefore zep should be a function of both 6 and uM. However, 
it can hardly be accepted that the use of a variable zep would 
improve the results. In this case it is expected that a more 
pronounced dependence of the parallel state population on $*I , 

results in polarization catastrophe problems. In the case of 
e,, a more rapid convocation of e, to its value 
corresponding to zep = 0 as 6 + 1 would be expected. But at 
low 6 values of, would be close to the values of the present 
treatment. Therefore, a strong dependence of e,, on 6 would 
also be expected. 

(2) From a strict theoretical point of view the treatment 
presented here lacks self-consistency. If we accept a random 
distribution for the dipoles normal to the electrode it is 
reasonable to accept the same random distribution for the 
parallel dipoles as well. However, such an approach is in 
disagreement with the Monte-Carlo results (9). Therefore, the 
present results seem to point out the failure of the mean field 
approximation and the need to find more realistic models. 
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FIG. 4. Dependence of adsorption maximum, u k ,  on 6. Parameters used: T = 298; r = 3; bb = 0; b: = 0.333; b$ = 0.5; = 0; 
p ,=6 .12  x 1 0 - ~ ~ ~ m ; a , =  1.5 x 1 0 - ~ ~ m ~ ; a ~ =  5 X 1 0 - ~ O m ~ ; d =  3 X 10-'0rn;cu=4 X 10-'Ornandfor(a) P A p = 5  X 10-~OCrn; PAn=O; 
U 1 - U = U 1 - U, = 3kT; for (b) PAP = 0; PA,, = 3 X Cm; U t = U 1 ; U 1 - U, = 3kT. The broken line corresponds to 
a = 4 . 2  X 10-'Om, PAp=O,  PA,,= 3 X 10-~OCrn, U t  = U J  = U,. 

FIG. 5. Dependence of the surface coverage 6 on the relative 
concentration at $V' = -2  cm-2 calculated from eq. [41] for 
different values of zep indicated by the lines. Other parameters as in 
Fig. 4 (a). 

Let us now concentrate our attention on two points; the 
dependence of a%, on Q and the Monte Carlo results. We 
have proved that the model predicts a concentration-dependent e, even for z,, values close to zero. We can easily extend the 
above results for every model of the inner layer which assumes 
ordered in-plane configurations. At the adsorption maximum 
the total dipole moment normal to the adsorbing surface should 
be independent of Q. That is, the order parameters g, for the 
solvent states with perpendicular dipole component should be 
constant at e,. Now, if we assume a Y field parallel to the 
electrode, having a detectable effect on the population of the 
various solvent states in the inner layer, then the constancy of 
g, should lead to the constancy of Y. However, this is 
impossible in general. For example, if the dipole moment vector 
of the adsorbate is oriented normal to the electrode then Y + 0 as 
Q + 1. Perhaps the dependence of c#, on Q would not be as 
strong as in the model examined, but it should be experimentally 
detectable. Therefore, at least for the Hg/aq. solution interface, 
where we have the most accurate data, the constancy of a:, 
from Q should indicate very weak Y interactions. 

The Monte-Carlo treatment of Schmickler (9) deals with 
freely oriented dipoles. It has been found that at zero external 
field the dipoles are oriented preferentially in-plane. This means 
that, at the pzc or around it, the differential capacity of a 

monolayer of freely oriented dipoles should present a minimum. 
However, this behaviour does not characterize the Hg/water 
interface and it further supports the view that at this interface 
there are no freely oriented dipoles, probably because of the 
presence of hydrogen bonds. A shallow minimum in the 
capacity vs. charge curves is the principal feature of alcohols, 
formic acid, ammonia, and dimethylformamide (6). However, 
this does not in itself prove the existence of freely oriented 
dipoles or strong Y fields at the interfaces. Theoretically a 
minimum in the capacity curves can be predicted even by using 
the mean field approximation without assuming ordered in- 
plane structures (6-8). Moreover, adsorption studies at the 
mercury-methanol interface carried out in our laboratory show 
a concentration independent adsorption maximum (31-35). 
Consequently, at this interface Y dipole interactions should not 
predominate. However, more precise data are needed to clarify 
the behaviour of non-aqueous solvents at charged interfaces. 

The final problem arising from the above discussion is 
whether the existence of rotational barriers can lead to a random 
(or an almost random) distribution of the dipoles. It is easily 
seen from the results of the dipole interactions in section I1 that a 
monolayer of dipoles, oriented or not, does not interact or 
interacts very weakly with a dipole outside the layer. Therefore, 
a dipole, even near a dipole layer, does not feel strong 
directional interactions. Now if we take into account that the 
inner layer of real interfaces is not an isolate system but in 
continuous competition with the solvent dipoles in the bulk of 
the electrolyte solution, then it is very likely for the dipoles to 
enter almost in random the inner layer and the existence of 
barriers to stabilize such random configurations. 
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Proton transfer from imidazole, benzimidazole, and their 1-alkyl derivatives. 
FMO analysis of the effect of methyl and benzo substitution1 
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ERWIN BUNCEL, HELEN A. JOLY, and JOHN R. JONES. Can. J. Chem. 64, 1240 (1986). 
The rate-pH profile for detritiation from the C-2 position of 1-methylimidazole has been determined in aqueous solution at 

85°C. The profile is consistent with a mechanism involving attack by hydroxide ion on the conjugate acid of the substrate to give 
an ylid intermediate in the rate-determining step. At higher pH, hydroxide-catalyzed exchange of the neutral species becomes 
increasingly important. Comparison of the second-order rate constants derived from the rate-pH profiles of imidazole, 
1-methylimidazole, benzimidazole, and 1-methylbenzimidazole showed that methyl substitution caused the rate to increase by 2- 
to 3-fold while benzo annelation increased the rate by 10- to 20-fold. Frontier molecular orbital (FMO) analysis of the reaction 
scheme for proton transfer from imidazole, benzimidazole, and their 1-alkyl derivatives has been used to explain the 
rate-accelerating effect of methyl substitution and benzo annelation in these processes. 

ERWIN BUNCEL, HELEN A. JOLY et JOHN R. JONES. Can. J. Chem. 64, 1240 (1986). 
Opkrant a 85°C et dans une solution aqueuse, on a determink un profil de la vitesse/pH pour la rkaction de dCtritiation de la 

position C-2 du mkthyl-1 imidazole. Le profil est en accord avec un mecanisme impliquant une ttape dkterminante dans laquelle 
un ion hydroxyde attaque l'acide conjuguk du substrat pour conduire a un ylide intermediaire. A des pH plus ClevCs, 1'6change 
catalysC par des bases des espkces neutres devient de plus en plus important. Une cornparaison des constantes de vitesse du 
deuxikme ordre, obtenues ?I partir des profils de vitesse/pH, des imidazole, mkthyl-1 imidazole, benzimidazole et mCthyl-1 
benzimidazole a perrnis de montrer que la substitution par des groupements mkthyles multiplie la vitesse par 2 h 3 alors que 
l'annelation par un noyau benzknique multiplie les vitesses par 10 a 20. Dans le but d'expliquer I'acckltration de la vitesse lors de 
substitutions par des groupements mtthyles et lors de l'annelation par des cycles benzkniques, on a utilisk une analyse, par les 
orbitales molkculaires frontihres, du schkma rkactionnel des transferts protoniques de l'imidazole, du benzimidazole et de leurs 
derives substitues par un groupement rnethyle en position 1. 

[Traduit par la revue] 

The rate of hydrogen isotope exchange from the C-2 position 
of the imidazole ring is of interest, in part because of its presence 
in biologically important systems such as adenine and guanine, 
fundamental components of nucleic acids, and in drugs such as 
purornycin. Imidazole is also the primary component of 
histidine which is present at the active site of many enzymes. 
The importance of the imidazole ring can be coupled with the 
use of deuterium and tritium labels as probes in the investigation 
of chemical and biochemical processes. For instance, the rate of 
hydrogen isotope exchange from the C-2 position of the 
imidazole nucleus present in the histidine residues of the 
enzymes p-lactamase I1 and superoxide dismutase has been 
used to identify the specific histidine residues which act as 
ligands towards metal ions (1, 2). It is useful therefore to have 
some knowledge of the factors which can influence the rates of 
deuterium or tritium loss from the imidazole moiety in different 
structural environments. 

Past studies (3) of proton abstraction from compounds 
containing the imidazole nucleus suggest that reaction occurs 
via rate-determining hydroxide attack on either the protonated 
or the neutral forms of the substrate to form an ylid intermediate. 
On the basis of such a mechanism one would expect the rate of 
isotopic hydrogen exchange to be dramatically increased on 
introduction of a positive charge at sites adjacent to the 
exchanging hydrogen. 

'Hydrogen exchange studies, Part 15; for Part 14, see ref. 23. 

Isotopic exchange involving 1-methylimidazole has pre- 
viously been studied by two groups of workers but the results 
obtained are at variance. Harris and Randall (4) reported that the 
rate-pH profile for deuteration of the C-2 position of l-methyl- 
irnidazole at 26°C in the pH region 0- 14 was sigmoid. Between 
pH values 0-4 the rate was undetectable but increased sharply 
between pH 4-8, beyond which the rate leveled off. This study 
was qualitative in the sense that the overall rate was not 
dissected into constituent second order rate constants. Wong 
and Keck (5) also determined a rate-pH profile for C-2 
hydrogen/deuterium exchange between pH 0-14 at 81°C. This 
study showed some discrepancy with the findings of the 
previous workers in that the rate increased from pH 2 until pH 8. 

The rate-pH profiles obtained for detritiation of 9-alkyl- 
purines (6), 1-methylguanosine (7), and 1 -methylinosine (7), 
which are structurally similar to 1-methylimidazole in that 
they possess the imidazole nucleus and the pyrrole nitrogen 
adjacent to C-2 is substituted by an alkyl group, show some 
deviation in highly basic media from the profile reported for 
1-methylimidazole (4, 5), since the rates of proton exchange 
for the former compounds increase with pH in this region. A 
re-investigation of the 1-rnethylimidazole system using a more 
sensitive means of obtaining rate data was desirable and the 
results of the detritiation study are reported herein. The resulting 
reactivity relationships involving irnidazole (1, R = H), 
1-methylimidazole (1, R = Me) and the corresponding benzirni- 
dazole derivatives (2, R = H or Me) which have come to light in 
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BUNCEL ET AL. 1241 

this work are unusual in terms of qualitative electronic consider- 
ations, but can be explained using frontier molecular orbital 
theory. 

-. 

R = HorMe 
1 2 

Experimental 
Preparation of [ 2 - 3 ~ ] - 1  -methylimidazole 

Tritiated water (5 pL,  50Ci/mL) was added to freshly distilled 
1-methylimidazole (100 pL) in a small glass ampoule. After sealing, 
the ampoule was submerged in an oil bath at 85°C for 72 h. The 
ampoule was then opened, 1 mL of methanol was added to exchange 
labile tritium and the solvent was removed by lyophilization. Addition 
of 1 mL portions of methanol was continued until the activity of the 
lyo hilized methanol was found to be insignificant. The purity of the P [2- HI-1-methylimidazole as well as the specificity of labelling of the 
tritium in the C2 position was checked by 'H and 3H nrnr. 

Kinetics 
The rates of detritiation of [2-3~]-1-methylimidazole in a series of 

aqueous buffer solutions of known pH - temperature dependence (8) 
were determined by measuring the increase in the radioactivity of the 
reaction medium with time in a fashion similar to that used for 
imidazole (9) and benzimidazole (10). [2-3~]-1-methylimidazole 
(10pL) was dissolved in 20mL of an aqueous buffer solution 
previously thermostatted at 85.0 k 0.2"C. Ten 0.5 mL aliquots of the 
reaction mixture were withdrawn individually at specific time inter- 
vals, placed into small round bottom flasks and cooled in liquid 
nitrogen. Lyophilization of the quenched samples enabled separation 
of the water from the substrate. A 0.1 mL aliquot of the water collected 
was placed in 6 mL of Unisolve E liquid scintillator and assayed for 
tritium (C,) on a Beckrnan 100 liquid scintillation counter. The 
exchange reaction was generally followed for at least two half-lives. 
The infinity reading (C,), i.e., the activity of the water after complete 
exchange, was obtained by counting the activity of 0.1 mL o i  the 
original reaction mixture. All samples were counted for 2 min to ensure 
statistical accuracy. The pseudo first order rate constant, kobs, was 
obtained from the slope (-2.303kob,) of the plot of log (C, - C,) as a 
function of time t .  The rate constant data in Table 1 are average values 
of two or more determinations which generally agreed to within 2-3%. 
For very slow reactions an initial rate method was employed wherein 
the tritium content of the water (CJ was measured for only the first 

' 3-5% of the reaction. A linear plot of C, vs. t is obtained with slope 
equal to the zero-order rate constant ( b ) .  The first order rate constant 
kob, for the slow reactions was obtained by dividing k,, by the total 
radioactivity of the substrate (C,) obtained as before. 

Potassium hydrogen phthalate and sodium borate buffers were used 
for kinetic measurements carried out at low and intermediate pH 
ranges, respectively, while sodium hydroxide solutions were used for 

, measurements at higher pH values. 

I 
I Results and discussion 

Kinetic analysis and reaction mechanism 
The results obtained for detritiation of [2-3H]-l-methyl- 

imidazole in aqueous buffers at 85°C are listed in Table 1 and 
shown graphically in Fig. 1 in the form of a rate-pH profile for 
the pH range 2.5-1 1.5. Exchange rates in more basic media 
(pH > 11.5) were too fast to be reliably determined by the 
kinetic technique used. 

The rate profile for 1-methylimidazole is similar to that 
obtained (10) for 1-methylbenzimidazole (Fig. 1) as well as for 

TABLE 1. Rates of detritiation of [2-3H]-1-methylimidazole 
as function of pH at 85.0 + 0.2"C 

PH kobs x 104 PH kobs x 104 
at 85 .O°C (s-l) at 85.0°C (s-l) 

FIG. 1. Rate-pH rofiles for the detritiation of [2-3~]-l-methyl- P imidazole 0 and [2- HI-1-methylbenzimidazole 0.  The solid lines 
represent the theoretical profiles calculated from eq. [9] using the 
values from the text and the dashed line is the theoretical behaviour 
expected on the basis of eq. [5]. 

1-methylguanosine, 1 -methylinosine (7), and 9-alkylpurines. 
Initially the rate increases with increasing pH until a pH- 
independent region is obtained, extending between pH 7 and 10. 
Such behaviour is consistent with a mechanism in which the 
conjugate acid of the substrate is being attacked by hydroxide 
ion in the rate determining step. At pH > 11 the rate increases 
again with increasing pH. This has been attributed to rate- 
determining attack by hydroxide ion on the neutral form of the 
substrate (Scheme I). Though the rate of tritium exchange in 
more highly basic media (pH > 11.5) could not be determined, 
one would expect 1-methylimidazole to behave in a manner 
similar to that of the 9-alkylpurines (6), namely that the rate 
would increase with increasing pH. The expected behaviour is 
indicated by a dashed line in Fig. 1. 

The rate expression for the isotopic exchange reaction over 
the entire pH region is given by eq. [I] from which eq. [2] 
follows, 

[I] Rate = k[ImH+:I[OH-I + kf[Im:IIOH-] = kob,[Im]T 

[21 kobs = (k[ImH+] + kf[Im])[OH-]/[Im]T 
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OH- - 
k 

+ HTO 

OH- \ 

where [ I d ' ]  and [Im] represent the concentration of the 
pmtonated and neutral forms of 1-methylimidazole, respective- 
ly, k and kt are the corresponding second order rate constants, 
and kobs is the pseudo-first order rate constant for the detritiation 
of [2-3H]-l-methylimidazole. The [ I d ' ]  and [Im] terms can 
be expressed by means of experimentally measurable quanti- 
ties, i.e. 

[31 [ I d ' ]  = [ Iml~ / ( l  + KaI[H+I) 

[41 [Iml = [Im]T/(l + [H'IIKa) 

Now [ImIT = [ I d ' ]  + [Im], where [ImIT is the total 
concentration of 1-methylimidazole in solution. Also, the acid 
association constant of protonated 1-methylimidazole is given 
by Ka = [Im][H+] /[ImHf]. Substitution of eqs. [3] and [4] into 
[l] gives 

k[Hf ] [OH-] + klKa[OH-] 
[51 kobs = 

Ka + [Hf] Ka + [H'] 

At low pH, [Hf] >> Ka and eq. [5] reduces to 

Since Ka is small, and at low pH, [OH] is small while [Hf] is 
large, the second term can be neglected and eq. [7] follows. 

In accord with eq. [7], plotting kobs versus [OH-] for the first 
three data points in Table 1 (pH 2.56-4.94) gave an excellent 
linear plot which yielded k = 1.0 1 X 1 O4 L mol- ' s- ' as the rate 
constant for deprotonation of the conjugate acid (Scheme 1). 
The rate constant kt corresponding to deprotonation of the 
neutral substrate is usually derived by plotting data in the high 
pH region (see eq. [5]) but this could not be evaluated in the 
present study as noted above. 

At the intermediate pH values, corresponding to the plateau 
region in Fig. 1, Ka >> [Hf] and eq. [5] reduces to eq. [8], 
neglecting the second term. 

Using the values of k (1 .O1 x lo4 L mol-' s-'), kobs for the 
I 

pH-independent region (2.95 X 10-3s-') and Kw at 85OC 

(3.16 X 10-13) (1 l ) ,  enables Ka for 1-methylimidazole to be 
estimated as 1.08 X mol L-' , i.e. pKa = 5.96 at 85°C. The 
experimentally (12) determined pKa value is ca. 7.2 at 25°C. 
Typical temperature coefficients (13) for nitrogen acids of 
similar acidities are -0.022 pKa units per "C rise, and hence the 
experimental pKa at 85°C should be 5.88. Extrapolation of pKa 
versus temperature data (12) collected for 1-methylimidazole 
between 10 and 45°C suggests that the pKa at 85°C for 
1-methylimidazole is 6.09. These values are in good agreement 
with the calculated value from the rate data as given above. 

The solid curve drawn for the 1-methylimidazole rate data in 
Fig. 1 is the result of calculating, for various [H'] values, 
theoretical kobs values by means of eq. [9], using k = 1.01 X 

104~mol- ' s - ' ,  Kw = 3.16 x 10-13, and Ka = 1.08 x 
mol L- ' . 

Equation [9] is obtained from [5] assuming that the contribution 
from the hydroxide-catalyzed exchange of the neutral species is 
small and that the second term can hence be neglected. The 
agreement with the experimental data is satisfactory. 

Reactivity relationships 
One can compare the second order rate constant correspond- 

ing to the rate-determining attack of hydroxide ion on the 
conjugate acid of 1-methylimidazole with the corresponding 
rate constants previously reported for imidazole (9), benzimi- 
dazole (9, lo), and 1-methylbenzimidazole (9), Table 2. Thus 
inclusion of the results for 1-methylimidazole allows for a more 
complete discussion of the effect of methyl substitution and 
benzo annelation on proton transfer from heterocycles contain- 
ing an imidazole nucleus. Substitution of N-1 of imidazole and 
benzimidazole with a methyl group causes the rate of proton 
transfer to increase by a factor of 2 and 3 respectively, while 
annelation of a benzo group to the imidazole and l-methyl- 
imidazole nucleus results in a 10- or 20-fold rate increase, 
respectively (Table 2). 

It is also noteworthy that substitution by a methyl group at the 
N-1 position of imidazole and benzimidazole has no effect on 
the magnitude of the pKa for N3-protonation, i.e. a pKa value of 
6.0 was found for both imidazole and 1-methylimidazole, while 
a pKa value of 4.6 was found for both benzimidazole and 
1-methylbenzimidazole. On the other hand, benzo annelation 
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TABLE 2. Comparison of pK, and rate constants derived from rate-pH profiles for imidazole 
(Im); benzimidazole (4Im) and their 1-methyl derivatives 

Compound 

Imidazole (1, H) 5.9 6.0 X lo3 10 (X = H) 
L 

1-Methylimidazole (1, Me) 6 .0  1 .0  x lo4 20 (X = Me) 

Benzimidazole (2, H) 4.6 6 .2  X lo4 
3 

1 -Methylbenzimidazole (2, Me) 4.6 2.0 x lo5 

does have a substantial effect on the pKa, which decreases by 
1.3 pK units for both imidazole and 1-methylimidazole. 

An interesting point in these systems is that they lack a 
saturation effect, that is, the effect of methyl substitution on the 
rate of C(2)-H exchange, is not diminished by benzo annelation 
(kMeIm/kh = 2 and kMeQIm /k,+Im = 3). Conversely the effect of 
benzo annelation on the rate of C(2)-H exchange is not reduced 
by methyl substitution (k,+Im/kIm = 10 and kMeQh/kMeh = 20). 

Conventional arguments, such as those based on the induc- 
tive effect of the methyl substituent, do not suffice to explain 
reactivity diferences in these systems. For example, a methyl 
group acting as an inductively electron-releasing substituent 
would be expected to destabilize the ylid intermediate and 
thereby lead to a rate decrease, whereas the opposite is found to 
be the case. However, Jones and co-workers (3a, 1 1) showed 
that there is a linear correlation between log k, the second order 
rate constant for C-2 proton exchange in azoles, and pKa for 
N3-protonation, which is adhered to by imidazole and benzimi- 
dazole. We have found that f~ontier molecular orbital (FMO) 
theory provides an explanation of reactivity in the series 
imidazole, benzimidazole and their 1-methylated analogs, as 
described below. 

FMO analysis of reactivities 
The effect of benzo annelation and methyl substitution on the 

rate of proton transfer from these imidazole derivatives can be 
rationalized by means of the FMO approach (14, 15). We 
consider the rate-determining step of the reaction and apply 
FMO theory to obtain the relative energies of the reacting 
species and of the intermediates involved, as a result of the 
structural change which is effected. 

Thus'considering the exchange process as involving abstrac- 
tion of the C(2)-hydrogen from the reactant species (R), i.e., the 
protonated substrate, to form the ylid intermediate (I), one can 
dissect the reactant and intermediate into fragments whose 
FMOs are known and estimate the relative intramolecular 
stabilization energies resulting from interaction of the LUMO of 
one fragment with the HOMO of the other. The magnitude of 
the stabilization energy (SE) is dependent on the difference in 
energy between the HOMO and LUMO of the respective 
fragments; the smaller the energy gap, the greater the orbital 
overlap and the greater the stabilization energy. In this system, 
the degree of stabilization increases significantly in going from 
the reactant to the intermediate, because of the much smaller 
energy gap and the consequent enhanced LUMO/HOMO 
interaction present in the latter. If a structural change results in 
greater stabilization of the intermediates as compared to the 
reactants, then an increase in rate is expected since the transition 
state should also be stabilized on effecting the structural change. 

k 

2 =Ethylene I 

0 a 1:: 
Z=Benzene \ I  

L U M O  :: 
I 1 , , 
I I 
I, 

2 = Benzene :: 
I I 

LUMO :: 
I I 1 ,  

HOMO 

'+ 

INTERMEDIATE (I) 

REACTANT ( R )  

FIG. 2. FMO analysis of the effect of benzo annelation on proton 
transfer from imidazole showing the interaction between the HOMO of 
the ally1 fragment and the LUMO of ethylene or benzene fragments for 
the reactant (R) and intermediate (I). 

I .  Effect of benzo annelation 
The FMO analysis of the reaction scheme for benzimidazole 

and imidazole is shown in Fig. 2. The relative energies of the 
FMOs of the two reactant species and their corresponding 
intermediate structures can be estimated by fragmenting the 
molecules into two moieties whose FMOs are known. Thus 
benzimidazole is dissected into a benzene and a pseudo allyl 
fragment; 

I I 

H-N 

H-N 

while imidazole is fragmented into an ethylene and the pseudo 
allyl fragment: 
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H H 

X - 
, j, 

LUMO 7 !' 
1: 

z - 
\! 

LUMO " :: , 

X- a 
HOMO 

INTERMEDIATE ( I )  

HOMO 
REACTANT (R) 

FIG. 3. FMO analysis of the effect of I-methylation on proton transfer from imidazole. 

I 
H-N 

H-N 
I 

intermediate structures, SSE1 = SE$ - SEL, is thus greater 
than for the reactant species, i.e. 6SE1 > SSER. 

It follows from the above that the transition state for reaction 
of the benzo annelated reactant will be of lower energy 
compared to the parent imidazole, thus accounting for the 
increased reaction rate. A similar analysis can be performed for 
1-methylimidazole vs. 1-methylbenzimidazole, which would 

The same procedure is followed for the intermediate structures. account for the reactivity difference between these two sub- 
This is shown in Fig. 2 with Z corresponding to benzene or strates in an analogous fashion. 
ethylene. 

The LUMOs of benzene and of ethylene are allowed to 
interact with the HOMO of the allyl fragment, resulting in 
molecular orbitals for the benzimidazole and imidazole reacting 
species, and similarly for the intermediate structures. The 
relative energfes of the LUMOs of ethylene and of benzene can 
be estimated from the respective electron affinities (ELUMO = 
-EA), which have the values - 1.78 and - 1.15 eV as 
determined from electron transmission spectroscopy (16, 17). It 
follows that greater orbital interaction results between the 
LUMO of benzene and the HOMO of the allyl fragment, as 
compared with the corresponding interaction between the 
ethylene (LUMO) and allyl (HOMO) fragments. The differen- 
tial stabilization energy for the two reactant species is SSER = 
SE? - SEE, where SE? and SEE are the stabilization 
energies for the benzene and ethylene cases. 

Considering the intermediate structures, the energies of the 
HOMOs can be taken as corresponding to the ionization 
potentials (15), i.e. EHoMo = -1P. One would expect the 
energy required to remove an electron from a molecule RH to be 
much greater than that from the deprotonated species R- . For 
example, the first ionization potentials of CH4 and CH3:- are 
12.99 and 1.08 eV, respectively (18, 19). This would imply that 
the HOMO of the deprotonated fragment must be significantly 
higher in energy than that of the parent allyl fragment. The 
consequent smaller energy gap between the HOMO of the 
deprotonated allyl fragment and the LUMO of ethylene, or the 
LUMO of benzene, leads to greater orbital interaction and thus 
enhanced stabilization in the intermediate structures relative to 
the reactants. The differential stabilization energy for the two 

2. Effect of methyl substitution 
To account for the effect of methylation at N-1 of imidazole 

and benzimidazole on the rate of C(2)-H exchange, we examine 
the effect of methyl substitution on the energy of the HOMO of 
the allyl and the deprotonated allyl fragment. The relative 
energies of the HOMOs of the allyl and 1-methylallyl fragments 
is afforded through comparison of the ionization potentials (20) 
of methylamine (8.97 eV) and dimethylamine (8.24 eV) , as 
well as of methyl (9.95 eV) and ethyl (8.78 eV) radicals (21, 
22). Thus the introduction of a methyl group is associated with a 
decrease in ionization potential, which indicates that the energy 
of the HOMO for the 1-methylallyl fragment in our system is 
higher than that for the unsubstituted allyl fragment, in both the 
reactant and the intermediate. 

The FMO analysis for methyl substitution in irnidazole is 
shown in Fig. 3.  For the reactants, the orbital interaction is 
between the ethylene (LUMO) and the allyl (HOMO) fragment 
for imidazole, as compared with the corresponding interaction 
between the ethylene (LUMO) and the 1-methylallyl (HOMO) 
fragments for 1-methylimidazole. The energy of the HOMO for 
X = Me is greater than for X = H, which results in a greater 
stabilization energy for the methyl case. The differential 
stabilization energy for the two reactants is given by S S E ~  = 
SEZ, - SER,. 

In the intermediate structures, the orbital interactions are now 
between an ethylene (LUMO) fragment and the deprotonated 
allyl (HOMO) fragment for imidazole, and between ethylene 
and deprotonated 1-methylally1 for 1-methylimidazole. The 
HOMO energies in the intermediates will be significantly higher 
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than in the reactants, following the argument as applied in Fig. 
2. The differential stabilization energy for the intermediates, 
SSE1 = SEL, - S E ~ ,  is hence greater than in the reactants, i.e. 
SSE' > SSER. The change in structure from X = H to X = Me 
will hence lead to an intermediate of lower energy. The 
transition state for the process should thus be stabilized, 
accounting for the increase in rate on methyl substitution. A 
similar argument would apply to  the case of benzimidazole 
versus 1-methylbenzimidazole. 

Thus FMO analysis provides a satisfactory explanation of 
relative reactivities in these series of substrates. T o  our knowl- 
edge, this is the first application of FMO theory to reactivity 
differences in such processes. 
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PAUL DE MAYO and N. RAMNATH. Can. J. Chem. 64, 1293 (1986). 
The photolysis of a-methoxy acetophenones l a - l e  adsorbed on silica gel show a significant deviation from the course of 

reaction in methanol. The results are discussed in terms of conformational control and restricted movement of the radical through 
adsorption on silica gel. Factors affecting theefficiency of modification of photochemical reactivity on silica gel surface have 
been examined. 

PAUL DE MAYO et N. RAMNATH. Can. J. Chem. 64, 1293 (1986). 
On a effectuk la photolyse des a-methoxy acktophknones l a - l e  adsorks  sur du gel de silice; les resultats obtenus different 

grandement de ceux obtenus lorsque la meme rkaction a kt6 rkaliske dans du mkthanol. On discute des rksultats en fonction du 
contr6le conformatiomel et de la restriction du mouvement des radicaux par adsorbtion sur le gel de silice. On discute des 
facteurs affectant l'efficacitk de la modification de la rkactivitk photochimique sur une surface de gel de silice. , 

[Traduit par la revue] 

Introduction 
Specificity in organic reactions is of considerable interest to 

the synthetic chemist and any general technique by which the 
course of a reaction may be modified is worthy of attention. We 
have examined, with this purpose in mind, the way the fact of 
adsorption of a molecule on a silica gel surface may alter its 

, photochemistry (1-5). 
The silica gel surface is composed of siloxane and silanol 

functional groups. The silanol groups, which may be isolated, 
vicinal or geminal, are not uniformly distributed. These groups 
constitute the principal sites for the adsorption of organic 
molecules on the silica gel surface (6, 7). Electrostatic interac- 
tions (8), dispersion forces (1 l) ,  and hydrogen bonding (8-10) 
which result in heats of adsorption of 8-40 kJ/mol are assumed 
to be the forces responsible for the adsorption. In general, the 
degree of adsorption is a function of the polarity of the organic 
molecule as well as the activity of the silica gel (12). 

It has been shown earlier that adsorption on silica gel imposes 
constraints on the movement of both closed-shell molecules 
(1,13) and radical pairs (14-18). That such constraints lead to a 
significant deviation of the course of benzoin methyl ether, Id ,  
when adsorbed on a silica gel surface has also been demon- 
strated (3). In this paper we describe the Nomsh type I and 11 
photochemical reactions of variously substituted a-methoxy 
acetophenones la- le .  The choice of the substrates was moti- 
vated by the desire to study the generality and degree of 
conformational control and restricted movement that can be 
brought about through the use of silica gel. 

Results 
Silica gel irradiations were carried out by tumbling degassed 

samples in Pyrex tubes before a 450-W medium pressure 
mercury lamp. The results from silica gel irradiations were 
compared with the photochemical behaviour of the correspond- 
ing ketones in a hydroxylated solvent, viz. methanol, chosen 
because its polarity approaches that of silica gel (19,20). The 
product distributions are shown in Table 1. 

Scheme 1 outlines the possible reaction pathways and 
products thereof. The ketones react by way of a triplet excited 
n.rr* state which leads to a triplet radical pair (Nomsh type I) 
to give type I products 4-8 and/or a 1,4-biradical intermediate 

'Publication No. 360 from the Photochemistry Unit, University of 
Western Ontario. 

by virtue of a y-hydrogen abstraction (Nomsh type 11) to give 
products 9 and 10. 

Compounds l a  and l b  react exclusively via the type 11 
pathway in solution and give the corresponding products 9 and 
10. Irradiation on silica gel does not lead to any significant 
change in the nature of products other than a marginal decrease 
in percentage cyclization. On the other hand a-disubstituted 
ketones lc- le  react primarily via the type I pathway. Irradia- 
tion in methanol leads almost exclusively to type I products with 
a very small percentage of type 11 products (< 4%) which 
decreases even further at lower temperatures. Photolysis on 
silica gel leads to a pronounced change in the course of the 
reaction. 

Irradiation of l c  in methanol yields type I products, benzal- 
dehyde and benzil. Other products with very low retention 
times, presumably derived from the 2-methoxy propyl radical, 
were also observed. Type 11 products isobutyrophenone and the 
oxetanol are fonned to the extent of - 1%. On silica gel, type 11 
products rise nearly ten-fold at 25°C and to nearly 17% at 
-50°C. 

Irradiation of I d  and l e  in methanol leads to a number of 
a-cleavage products with a small percentage of products 
contributed to by the type 11 process. The major product in either 
case is the corresponding pinacol ether (dl and meso) derived 
from geminate pair escape and combination. Benzaldehyde 
and benzyl methyl ethers are formed in varying amounts. 
Rearrangement of the radical pair gives 8, Id, and l e  although 
the amount formed in solution is very small for the latter. 
Photolysis on silica gel leads to a significant difference. The 
amount of type 11 reaction increases to approximately 10% and 
the rearranged radical pair combination products 8d  and Be, 
respectively, are formed more efficiently, especially in the latter 
case. 

The mass balance in all the above cases is not entirely 
satisfactory. Reasons for this have been described in the 
Experimental section. 

Discussion 
The results obtained bring out the generality of conforma- 

tional reactions and constraints imposed on adsorbates/radical 
intermediates upon adsorption on silica gel, albeit in a limited 
way. 

Based on earlier studies (3) this work was aimed at testing 
the generality of two main features of the consequences of 
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TABLE 1. Product distribution of photolysis of la-le in MeOH and on silica gel (mol% of product 
based on starting material consumed)" 

TYF I Type I1 

System T "C 4 6 7d 8 9 10 Other products 

la: MeOH 25 60 25b 
Silica gel 25 55 18 

lb: MeOH 25 3 2 16 53 
Silica gel 25 3 3 16 23 

lc: MeOH 25 21 6 0.5 0.5 Low glc retention 
-50 20 8 0.3 0.4 time products 

Silica gel 25 33 8 6.0 2.5 -25% 
-50 21.2 5 14.2 3.0 

Id: MeOH 25' 1 15 40 4' 1.0 2.0' 5d: trace amounts 
- 50 20 38 3.6 0.4 0.7 

Silica gel 25 3 35 7.0 9.0 3.0 
-50 7.2 25.7 38.3 9.8 8.9 

le: MeOH 25 20 4.0 25 0.2 0.2 5e: -25% 
Silica gel 25 25 6.0 20 15.0 6.0 

"Estimated by gc with internal standards. 
bSee ref. 22 for nmr chemical shifts. 
'Interpolated from values obtained at 56'C and 4OC; see ref. 3 .  
d ~ o d u c t s  identical to those reported in ref. 26. 
'Synthesized by Akira Nakamura. 

RifoMe Rz OMe + xoMe 
R1 

R1 H 

adsorption on silica gel. (i) Restriction of translational move- 
ment in radical pairs to permit other forms of recombination. 
(ii) Modification of photochemical reactivity by bringing about 
a change in conformation through hydrogen bonding forces. 

Restriction in translational movement of radical pairs is 
evident in the reaction of Id and l e  with the increased formation 
of the rearranged product 8d and 8e,  respectively, and a 
decrease in the formation of the pinacol ethers. In Id, at lower 

temperatures, the pinacol ethers become minor products while 
8d is the major rearranged product (3). This has been interpreted 
as an indication of the suppression of translational motion in the 
radical pair 2d, but not of their rotational motion. 

The ketones l a - l e  were chosen by virtue of their ability to 
exist as, at least, two possible conformers. Owing to non- 
bonded interactions of the electron pairs on the oxygen atoms, 
the ketones may undergo anomerization (21) in solution so as to 
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+ + 
Type I -+ A* - B* +Type I + Type I1 

exist in the transoid form A rather than the cisoid form B 
(Scheme 2). 

Lewis and co-workers (22) have examined aspects of 
conformational control on the photochemical behaviour of 
a,a-dimethylvalerophenone, a-methyl cyclopentyl- and cyclo- 
hexylphenyl ketone. They found that photochemical reactions 
of cyclohexyl phenyl ketone are more rapid than ring inversion 
and as a consequence, product compositions are determined by 

I ground state conformational populations (Case I). On the other 
hand, bond rotations in acyclic ketones are more rapid than 
photochemical reactions, in which case product compositions 
are determined by relative rates of the competitive photopro- 

I 

cesses rather than conformational populations (Case II). In the 
present investigation, adsorption of ketones la-le on silica gel 
could shift the equilibrium in favor of B (Scheme 2) owing to 
hydrogen bonding to the oxygen atoms and the phenyl groups. 
In such a case an increase in type 11 products would be expected. 
The extent of deviation of the course of reaction may depend on 
whether Case I or Case 11 operates on the adsorbed ketones. 

Results show an encouraging increase in type 11 products on 
silica gel in the case of compounds lc-le. However, type I 
a-cleavage reactions continue to be more efficient than the type 
11 reactions for these compounds. This indicates that, confor- 
mational changes notwithstanding, product compositions are 
still determined by relative rates of the competitive a-cleavage 
and y-hydrogen abstraction processes (Case 11) as in solution. 
Compounds la and lb react almost exclusively via the type I1 
pathway whereas lc-le undergo efficient a-cleavage. The rate 
of a-cleavage is related to the stability of the radicals produced. 
For different molecules of similar structure, the more stable the 
radical pair produced by a-cleavage, the faster is the absolute 
rate constant for reaction (23). Since stability of radicals 
increases with substitution, the rates for a-cleavage increase 
with increasing a-substituents. Thus, in solution, the rate 
constants for a-cleavage should increase from la-le with a net 
decrease in type 11 reaction. Rate constants for type 11 reactions 
of la and lb are in the order of lo9 s-' (24). Exclusive type 11 
reaction in these cases has been attributed to the absence of 
a-methylphenyl eclipsing interactions which permits a favor- 
able conformation for y-hydrogen abstraction (25). Similarly, it 
has been observed in the case of exo-2-benzoyl-2-norbomane 
and exo-2-benzoyl-2-methylnorbomane that the former under- 
goes y-hydrogen abstraction to undergo photoelimination while 
the latter undergoes efficient a-cleavage (26). This has also 
been attributed to the presence of eclipsing 1,2-methylphenyl 
interactions that retard y-hydrogen abstraction. Thus radical 
stability as well as 1,2-eclipsing interactions may influence 
competitive a-cleavage and y-hydrogen abstractions in solution. 
Id and le undergo very efficient a-cleavage. Lewis et al. 

(24) have found that a-cleavage of Id is a rapid process with a , 

rate constant - 10" s-I. Type 11 reactions for these ketones 
have not been observed in solution before and were not expected 
to compete with the a-cleavage of benzoin ethers (24). 
However, we have observed type 11 products in solution to the 
extent of -4% thus suggesting that rates of type 11 reaction must 
be smaller than that of la (- lo9 s-I). The increase in type 11 
products of lc-le on silica gel indicates the influence exerted 
on the competitive a-cleavage and y-hydrogen abstraction as a 
consequence of adsorption on silica gel. 

Reasons for this change could be partly attributable to a 
change in the conformation of the ketone to one more favorable 
for y-hydrogen abstraction and/or greater stabilization of the 
1,4-biradical on silica gel as compared to conditions in solution. 
The increase in type II products could thus be due to an increase 
in the efficiency of type 11 product formation. Conversely, 
increased formation of type 11 products may occur because of a 
decrease in the efficiency of a-cleavage product formation. This 
decrease could arise because of the restrictions imposed on the 
translational motion of radicals on silica gel leading to more 
efficient cage recombination of the radicals resulting from 
a-cleavage. This increase in cage recombination is shown by 
the increasing amounts of the rearranged product 8. This 
process will not affect the efficiency of a-cleavage or the rate of 
a-cleavage but merely decreases the efficiency of formation of 
geminate pair escape products, thus increasing the probability 
for type 11 reaction. In the absence of any kinetic parameters and 
quantum yields of these processes on silica gel (because of the 
experimental problems involved in devising methods for such 
measurements under the conditions involved), it is not possible 
to distinguish clearly between the factors that affect the 
reactivity of these ketones. For these reasons, this phenomena 
remains far from predictable. Turro et al. (27) have recently 
described the elegant use of diffuse reflectance laser flash 
photolysis to measure the lifetimes of some aryl alkyl ketones 
adsorbed on silica gel. These measurements reveal an increase 
in the lifetimes of these ketone triplets and has been attributed to 
restrictions in the accessibility of the conformations required for 
intramolecular hydrogen abstraction as a result of binding to the 
silica gel surface. Such measurements for the ketones described 
in this paper may shed valuable information on the phenomena 
described here. 

Experimental 
Silica gel (Merck 60, 35-70 mesh) was used for all experiments. 

Baker analyzed spectrograde solvents were used. Infrared spectra were 
recorded on a Beckman IR 4250 and proton nmr spectra were recorded 
on a Varian XL-200 (MHz) spectrophotometer. Gas chromatography 
was carried out on Varian 3700 (2 m x 2 mm glass column packed with 
3% OV-101 on 80/100 mesh Chromosorb W-HP) fitted with flame 
ionization detectors and using a Hewlett-Packard 5890 A integrator. 
hadiations were carried out with a 450-W medium pressure mercury 
lamp housed in a Pyrex sleeve. 

Preparation of ketones 
Compound l a  was obtained commercially (Aldrich, 95%) and 

purified to -99% purity by fractional distillation. Compounds 1 b (28) 
and l c  (29) were prepared by the reaction of 2-methoxypropionitrile 
(28) and 2-methoxyisobutyronitrile (30), respectively, with phenyl- 
magnesium bromide. Compounds Id and l e  were prepared by the 
method of Fisher (31) and Heine (32), respectively. All ketones were 
purified by column chromatography on silica gel and (or) vacuum 
distillation prior to use. Id was purified by recrystallization from 
benzene-ether. All the synthesized compounds had ir, nmr, and uv 
spectra consistent with the assigned structures. 
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Irradiations 
Photolysis in solution: 0.05 M methanolic solutions of the ketones 

were purged with nitrogen and irradiated to 20-35% conversion of the 
starting material. Larger conversions did not affect the product ratios 
significantly. The products of the reaction were estimated by gas 
chromatography using the appropriate internal standards (Cll-CI6 
n-alkanes). 

Photolysis of silica gel samples: Silica gel samples containing, 
typically, 20mg per g of silica gel (5-10% coverage) and were 
prepared as described in earlier reports (1, 4) in Pyrex cylinders. The 
cylinders were rotated horizonally on their long axis during irradia- 
tions. Conversions were held at 20-35%. After completion of irradia- 
tion the products were extracted with 5% methanol in chloroform and 
estimated by gas chromatography as before. 

Identijication of products 
The identity of all compounds other than 10a-10e was confirmed by 

coinjection with authentic samples that were either obtained commer- 
cially (4,6,5d, and 9a-9c) or synthesized(Se, 8d, 9d, 9e, and10d) or 
isolatedfromthereaction mixture (7d, 7e, 8e, and 10a). The oxetanols 
were formed in very small yields and were tentatively identified by 
comparing the glc retention time patterns with those of the isolated 10a 
and synthesized 10d, respectively. Although this may lead to a degree 
of error, it is not likely to affect the conclusions darwn by virtue of their 
low yields. 

Material balance 
As mentioned earlier, the mass balances are not entirely satis- 

factory. Undetected low molecular weight compounds resulting from 
a-cleavage and subsequent radical termination reactions, combination 
or cleavage reactions to form low boiling ethers, alkanes, and alkenes 
could be a major reason. Although formation of other compounds could 
be detected by low temperature glc, their estimation and identification 
proved to be inconsistent and cumbersome and were therefore not 
attempted. 
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J. P. DAVEY, J. R. JONES, and E. BUNCEL. Can. J. Chem. 64, 1246 (1986). 
To investigate proton transfer processes in non-aqueous media, two procedures have been developed of general applicability 

for the measurement of detritiation rates of carbon acids. One method is a variation of an existing solvent extraction procedure 
but with inclusion of a trace of trifluoroacetic acid, while the other involves the simple modification of a gas chromatograph so as 
to function as a radio-gas chromatograph. They have been established by studying the detritiation of [2-3~l]diethyl malonate in 
six different solvents (dimethylformamide, dimethyl sulfoxide, sulfolane, hexamethylphosphortriamide, tetrahydrofuran, 
ethanol) as catalyzed by various heterocyclic bases (substituted pyridines, imidazoles, benzimidazoles, pyrrole, pyrazole, 
purine, adenosine). The results are discussed in terms of solvation effects and catalyst structure. An approximate Bransted 
correlation is found to exist between log k$ for detritiation determined in DMSO and the pKa of the conjugate base 
measured in water at 25OC. 

J. P. DAVEY, J. R. JONES et E. BUNCEL. Can. J. Chem. 64, 1246 (1986). 
Dans le but d'Ctudier les processus de transferts protoniques dans des milieux non-aqueux, on a dkvelopper deux mkthodes 

d'application gknkrale pour mesurer les vitesses de dttritiation d'acides carboniques. Une des mkthodes est une variation d'une 
proctdure existante d'extraction par les solvants impliquant I'inclusion d'une trace d'acide trifluoroacetique; par ailleurs, l'autre 
implique une modification simple d'un chromatographe en phase gazeuse de f a ~ o n  h le faire fonctiomer cornme une chromato- 
graphe en phase gazeuse radio. On a Ctabli la validit6 de ces mCthodes en Ctudiant la reaction de dktritiation du malonate de 
ditthyle [ 3 ~ 1 - 2 ]  qui a CtC effectuCe dans six solvants diffkrents (dimethylformamide, dimkthylsulfoxyde, sulfolane, hexarnCthy1- 
phosphoretriamide, tktrahydrofurame et ethanol) et catalysCe par diverses bases hCtCrocycliques (pyridines substitukes, 
imidazoles, benzimidazoles, pyrrole, pyrazole, purine, adenosine). On discute des rksultats en fonction d'effets de solvatation 
et de structure du catalyseur. On a trouvk qu'il existe un corrklation approximative de Br~insted entre le log k$ pour 
la rkaction de detritiation effectuee dans le DMSO et le pKa de la base conjugCe, mesure dans l'eau, h 25°C. 

[Traduit par la revue] 

Proton transfer from one atom to another is a fundamental 
process in chemistry, present in the elementary steps of many 
reactions (1). In acid, base and enzyme catalyzed reactions, 
proton transfer between catalyst and substrate is often a key step 
in the mechanism (2,3). In many organic reactions in particular, 
proton transfer from carbon plays a central role and has led to an 
appreciation of the factors governing the kinetic and thermody- 
namic properties of carbon acids (4, 5 ) .  However, despite an 
awareness of the importance of the solvent in proton transfer 
reactions (6) this is a relatively unexplored area. This may be 
due in part to the fact that the most widely used method of 
measuring the rates of such reactions, namely halogenation, 
cannot be readily adapted to non-aqueous conditions. 

Hydrogen isotope exchange is particularly suited for studying 
proton transfer from carbon acids under a variety of conditions, 
for example as catalyzed by acids, bases and metal ions (7-12), 
but in the past such investigations have also been largely limited 
to aqueous media. In this paper we report on the development of 
two procedures which have general applicability for measure- 
ment of detritiation rates of carbon acids in non-aqueous media. 

The first method is a variation of an existing extraction 
procedure with the difference that the exchange is carried out in 

The second procedure takes advantage of the fact that 
commercial gas chromatographs usually havetwo flame ionisa- 
tion detectors, a variable post-column splitter and dual pen 
recorder, and by attaching a second electrometer capable of 
measuring currents down to 10-12-10-14 A, it is possible to use 
the second ionisation chamber as a radiation detector (13). Such 
a simple modification converts the instrument to a radio-gas 
chromatograph with good sample throughput, ideal for measur- 
ing the decrease in the tritium radioactivity of a labelled carbon 
acid. This method is particularly useful when no satisfactory 
solvent extraction procedure is available. 

Both procedures have been established through investigating 
the detritiation of [2-3Hl]diethyl malonate, which was previous- 
ly studied only in aqueous media. In the present study, six 
different solvents have been employed, namely dimethylfor- 
mamide (DMF), dimethyl sulfoxide (DMSO) , sulfolane, hexa- 
methylphosphortriamide (HMPT) , tetrahydrofuran (THF), and 
ethanol. The catalysts used are heterocyclic nitrogen bases, 
namely substituted ~yridines, imidazoles, benzimidazoles, 
pyrrole, pyrazole, purines, and adenosine. Because a solvent 
extraction procedure could be established for all the different 
solvent systems, the large majority of the experimental results 

the presence of a trace amount (0.01% v/v) of trifluoroacetic were obtained using thefirst procedure. 
acid. This addend serves as a source of exchangeable protium in 
the system (vide infra), but does not alter the properties of the Experimental 
solvent to a measurable degree. Materials 

Stringent precautions were employed to ensure high solvent purity 
'Hydrogen exchange studies, Part 16: for Part 15, see ref. 12. and the elimination of water from the experimental systems. Sulfolane 
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was purified by heating the solvent (2 L) to 210°C in the presence of 
polyethylene sulfone (20 g) and anhydrous potassium fluoride (10 g); 
the mixture was then stirred for 24 h under a constant stream of dry 
nitrogen so as to remove any volatile impurities prior to distillation 
under reduced pressure. Dimethyl sulfoxide was partially frozen, the 
remaining liquid decanted off, and the solvent distilled under reduced 
pressure before storing over Linde type 4A molecular sieve. Dimethyl- 
formamide was stored in a similar manner prior to distillation under 
reduced pressure. Tetrahydrofuran was refluxed over lithium alumi- 
num hydride prior to distillation and storing over calcium hydride. 
Ethanol was refluxed in the presence of magnesium turnings and iodine 
for 3 h before the fraction that distilled at 78.4"C/760mm was 
collected. 

All the organic bases used, with the exception of 6-arninobenzimi- 
dazole, were obtained commercially and their purity checked prior to 
use; this compound was prepared by the catalytic hydrogenation of 
6-nitrobenzimidazole using a 5% PdJC catalyst in methanol. 

Tritiation procedure 
Diethyl malonate was tritiated by adding freshly distilled material 

(I mL) to a small ampoule containing sodium carbonate (0.3 g) and 
dioxane (0.5 mL); after adding tritiated water (5 pL, 50 Ci mL-') the 
ampoule was sealed and left at room temperature for 72 h. The tritiated 
substrate was isolated by extraction into chloroform (lOmL), which 
was washed with water (10mL) and dried over anhydrous Na2S04. 
After removing the solvent by carefully passing N2, the tritiated 
product was taken up in a small volume (100 pL) of CDCI3, a trace of 
internal standard (TMS) was added and the sample subjected to both 'H 
and 3~ nmr analysis. 

Kinetic measurements 

TABLE 1. Rates of detritiation of [2-3~l]diethyl malonate in dimethyl 
sulfoxide at 50°C by heterocyclic bases 

Base 

1. Irnidazole 
2. 1-Me imidazole 
3. 2-Me imidazole 
4. 1 ,2-diMe imidazole 
5. 2-Et, 4-Me imidazole 
6.1-Benzyl, 2-Me imidazole 
7.2,4,5-Triphenyl imidazole 
8. imidazole 
9. Benzimidazole 

10. 2-Me benzimidazole 
11.2-Phenyl benzimidazole 
12. 2-NH2 benzimidazole 
13. 6-NH2 benzimidazole 
14. 6-NO2 benzimidazole 
15. Pyridine 
16. 2-Me pyridine 
17. 3-Me pyridine 
18.4-Me pyridine 
19. 4-Benzyl pyridine 
20. 2-Acetyl pyridine 
21. Adenine 
22. Adenosine 
23. Pyrazole 
24. *mole 
25. Purine 

Method 1 
To a known volume (usuallv 50 mL) of the base solution thermo- "Refers to the structu 

statted in a constant temperathe bath at 50.0°C was added 5 pL of 
trifluoroacetic acid followed by 10 pL of a stock solution of the labelled 
diethyl malonate. At given time intervals, aliquots (2mL) of the 
solution were withdrawn and injected into tubes containing 10 mL of 
0.1 M hydrochloric acid and 10mL of liquid scintillator (3.4 gL-' of 
2,5-diphenyl oxazole in toluene). After shaking, most of the toluene 
layer was extracted and dried over anhydrous Na2S04 before counting 
5 mL samples on a Beckman LS 100 scintillation counter. Normally the 
reaction was followed to more than 90% completion. The rate constants 
kTobtained from the plots of loglo (radioactivity) against time (slope = 
-2.303kT) agreed to within + 2-3%; dividing kT by the base 
concentration (usually in the range 10-'-10-~ M) gave the second- 
order rate constant (k;). 

In the case of hexamethylphosphorhiamide at 50°C there was 
evidence of catalysis by the solvent. For this reason the results reported 
for this solvent are limited to 25 .O°C. 

Method 2 
For the radio-gas chromatography procedure (13) the main differ- 

ences were that the radioactivity of the diethyl malonate was some 
10- 100 times higher and that the volume of reaction mixture was some 
ten times smaller than in the solvent extraction method. As mentioned 
previously the advantage of the method is that it is no longer dependent 
on our ability of achieving a satisfactory extraction procedure; it is only 
required to quench the reaction (using 0.1 M HCl), inject a sample into 
the radio-gas chromatograph, and integrate the diethyl malonate 
radioactivity signal. In the present investigation a 10% 0V17 on 
chromosorb 80-100 mesh column at an oven temperature of 145°C was 
employed. 

In both methods 1 and 2 the base concentration was varied at least 
ten-fold. In the case of imidazole catalysis where both methods were 
used the k; values were 0.0224 k 0.0005 for the solvent extraction 
procedure and 0.0220 + 0.001 for the radio-gas chromatographic 
method. 

Results and discussion 
Investigation of proton transfer processes in non-aqueous 

media, while offering insight on solvation effects, also brings 

Ref. 

20 

2 1 

21 

22 

23 
24 
24 
24 

25 
25 
26 

224 
119 

1680 
1140 
4390 
495 

0.36 
No detritiation 

22.3 
130 

3.7 
1470 
158 

0.37 
2.14 
6.80 
3.54 
7.48 
3.74 

No detritiation 
13.8 
2.88 
0.037 

No detritiation 
2.60 27 No detritiation 

rally similar 2,4-dimethylimidazole. 

into focus the nature of the base to be used for proton 
abstraction. There is clearly less emphasis on the use of the lyate 
ion of the solvent compared with hydroxylic media, although 
work by Bordwell(14, 15), Ritchie (16), and Streitwieser (17, 
18) in particular, has shown that the use of the methylsulfinyl 
anion and the cyclohexylamide anion in dimethyl sulfoxide and 
cyclohexylamine, respectively, has given forth a wealth of 
information on kinetic and thermodynamic acidities of carbon 
acids. However, it appears much less probable that comparable 
investigations would be undertaken in solvents such as DMF, 
HMPT, or THF with their lyate ion counterparts. One is hence 
led to investigate the efficacy of all types of bases when studying 
proton transfer in non-aqueous media. The goals of such studies 
will be to determine kinetic and thermodynamic acidities of 
carbon acids in different media, and to obtain information on 
inherent properties of the bases, unmasked by solvent effects, 
thus to improve the understanding of solvent effects on proton 
transfer processes. 

In this first study, we have chosen to investigate the catalytic 
properties of a range of heterocyclic nitrogen bases, in various 
solvents, for the abstraction of the acidic proton from diethyl 
malonate. 

The heterocyclic bases were chosen partly as a result of a 
parallel interest in the kinetic acidities of the C-2(H) proton in 
compounds such as the imidazoles and benzimidazoles (12,19) 
and the equivalent C-8(H) position in purines, and partly 
because of the opportunity they afforded of investigating 
structural factors not frequently made available in this kind of 
study. Thus imidazole, benzimidazole, purine, and pyrrole are 
all examples of T-excessive N-heteroatoms where the nitrogen 
is in an electron releasing environment (=CH-NH--€Hz). 
In pyrrole, however, the nitrogen atom contributes its lone pair 
of electrons to the T-system, completing an aromatic sextet, and 
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thus rendering the substance only very weakly basic. The 
pyridines, on the other hand, are examples of =-deficient 
heterocycles; here nitrogen has dual character, attracting T-elec- 
tron density from the ring while making available an unshared 
electron pair towards a proton. 

The results on the detritiation of [2-3Hl]diethyl malonate in 
DMSO are given in Table 1. Analysis of these results reveals the 
following trend in kinetic basicities: imidazole > benzimi- 
dazole > pyridine > pyrazole > pyrrole, purine. However, 
within each group there are considerable rate variations. Thus in 
imidazole itself methyl substitution can lead to both rate 
retardation and rate acceleration, an observation that can be 
accounted for in the following way. In dimethyl sulfoxide the 
protonated base formed will be highly solvated and the insertion 
of electron donating groups X and Y at C-2 and C-4 will stabilise 
the charge to some degree via the resonance contributions l b  
and lc: 

H H H 

Y I I I 
Y N  1)-x - "f'+x - T;+x 

I I I 

This would lower the transition state energy for proton 
abstraction, leading to an increase in reaction rate. On the other 
hand, bases containing an -N-H group will be highly 
coordinated to the sulfoxide oxygen, so that N-alkylation will 
remove this mode of stabilisation, leading to a rate reduction 
even though the substituent may be electron donating. This 
would explain why the rate for 1-methylimidazole is lower than 
that for the parent compound, opposite to what is expected on 
the basis of pKa data in water. It would also explain the less than 
expected rate enhancement for 1,2-dimethylimidazole as well 
as for 1-benzyl-2-methylirnidazole compared with 2-methylimi- 
dazole. Steric hindrance in approach of the base (F-strain) is 
probably the main factor causing the slow rate for 2,4,5-tri- 
phenylimidazole. 

Introduction of an amino group in both benzimidazole and 
purine has an accelerating effect, possibly because the amino 
group is itself able to act as the base in proton abstraction. An 
alternative possibility2 is that of a guanidine-like structure 
whose high basicity is the result of a stabilized conjugate acid, 
i.e., 

H 

No detritiation of the substrate was observed with the 
=-excessive bases pyrrole and purine, and to this list can be 
added indole, thymidine, and uridine. 

It is interesting that an approximate Brensted correlation 
exists between log k; and pKa (H20, 25°C) for the twelve 
bases for which pK, data are available, despite the fact that k; 
refers to DMSO and Ka to the aqueous state. The graph (Fig. 1) 
covers some 5 pKa units and only the points for adenine and 
adenosine deviate significantly. This suggests that any solvation 

 he authors thank a referee for this suggestion. 

FIG. 1. Brginsted plot for detritiation of [2-3Hl]diethyl malonate by 
heterocyclic bases: k; values in DMSO at 50°C, K ,  values in H 2 0  at 
25°C (Table 1). 

type arguments will hold for both media. More importantly, the 
observation of a Brensted correlation is in accordance with the 
proposal that proton transfer is the rate-determining step. 

Results on the variation of solvent in detritiation of diethyl 
malonate using the four imidazole-type bases are given in Table 
2. It is seen that the rates vary within relatively narrow limits on 
solvent change, though the highest rate is generally observed in 
DMSO. Also noticeable is the regular trend observed for each 
catalyst, with the possible exception of 1-methylimidazole in 
tetrahydrofuran, the solvent with the lowest dielectric constant. 
In this case the possibility of some kind of association causing 
the unusually low rate cannot be ruled out. 

The detritiation of diethyl malonate by the heterocyclic bases 
represents a reaction between two neutral molecules and hence 
differential effects of solvents would be expected to be at a 
minimum, as is borne out in the present investigation. Neverthe- 
less it is somewhat surprising that the vastly different properties 
of some of the solvents, such as dimethyl sulfoxide, tetrahydro- 
furan, and ethanol, is not reflected in a wider range of rates. 

The reaction mechanism followed in this hydrogen isotope 
exchange must differ from what operates in hydroxylic media 
leading to regeneration of base and unlabelled carbon acid, 
since solvents such as THF contain no exchangeable hydrogen. 
Radio-gas chromatographic analysis of a reaction mixture 
showed that the only radioactive peak present not arising 
from the diethyl malonate originated from the trifluoroacetic 
acid. Consequently we favour the following scheme in which 
the trifluoroacetic acid acts as the proton donor towards the 
carbanion formed on triton abstraction, generating unlabelled 
carbon acid and the neutral base via the equilibria in reactions 
[2] and [3]: 
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I DAVEY ET AL. 1249 

TABLE 2. Rate data for detritiation of [2-3~L]diethyl malonate with imidazole-type catalysts in various 
solvents at 50.0°Ca 

Solvent 

Base DMSO DMF Sulfolane HMPT~ THF EtOH 
- - 

Imidazole (224)" (132)" (89.8)" (48.1)" (108)" (145)" 
1 .oo 1.00 1.00 1 .oo 1 .oo 1 .oo 

1-Me imidazole 0.53 0.40 0.18 0.20 .057 0.46 
2-Me imidazole 7.5 6.68 7.10 8.11 7.43 4.50 
2-Et, 4-Me irnidazole 19.6 15.0 13.4 15.8 8.44 8.14 

'The data given in parentheses are the actual 104kz values (M-' s-') for imidazole catalysis at 50°C 
(25°C for HMPT). The remaining data are the relative rate constants with respect to imidazole as the reference standard. 

bAt 25.0°C, the extrapolated rate constant for imidazole catalysis at 50°C being 164 X M-' s-'. 

It is emphasized that the addition of only a trace quantity of 
trifluoroacetic acid (0.01% v/v) is  required, since the substrate 
is present in extremely small concentration and the properties of 
the solvent medium are thereby unchanged. 'The kinetic data 
thus provide a valid measure of the solvent effect o n  the proton 
transfer (10, 13). 
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E. LEE-RUFF, H. KAZARIANS-MOGHADDAM, and M. KATZ. Can. J. Chem. 64, 1297 (1986). 
The four diones derived from benzo[a]pyrene oxidation have been characterized by high-field nuclear magnetic resonance 

techniques including 2-D COSY and selective nuclear Overhauser enhancement. All the proton chemical shifts for these four 
quinones have been uneqivocally assigned. The direct photoxidation of benzo[a]pyrene gives a product distribution very similar 
to the TPP photosensitized oxygenation, suggesting singlet oxygen is involved in the former. A major product, which was 
characterized as the 6-seco derivative 6 and not previously reported, was detected in the singlet oxygen reaction. The presence 
of this product suggests a possible mechanism for quinone formation in the singlet oxygen reaction. One-electron oxidations of 
benzo[a]pyrene were carried out using tris(p-bromopheny1)arninium hexachloroantimonate and quenching of the radical cation 
with superoxide or water. The product distribution in this case was quite different from that obtained in the direct photooxidation. 

E. LEE-RUFF, H. KAZARIANS-MOGHADDAM et M. KATZ. Can. J. Chem. 64, 1297 (1986). 
Utilisant des techniques de ksonance magnktique nuclkaire i haut champ, y compris des techniques de COSY en 2D et d'effet 

Overhauser nuclkaire sklectif, on a caractkrisk les quatre diones qui sont obtenues par oxydation du benzo[a]pyrkne. On a pu 
attribuer sans kquivoque les dkplacements chirniques de tous les protons de ces quatre quinones. La photo-oxydation directe 
du benzo[a]pyrtne conduit h une distribution de produits qui est trks semblable i celle qui est obtenue par oxygknation 
photo-sensibiliske par le TPP; ceci suggkre qu'un oxygtne singulet est impliquk dans le premier cas. Lors de la rkaction effectuCe 
sous l'influence de l'oxygtne singulet, un produit majeur est le dCrivk skco-6 6 qui n'avait pas kt6 rapport6 antkrieurement. 
La pksence de ce produit suggtre un mkcanisme possible pour la formation de la quinone lors de la kaction effectuke sous 
l'influence de l'oxygtne singulet. On a effectuk des oxydations mono-Clectroniques du benzo[a]pyr&ne en faisant appel ?I 
l'aminiumhexchloroantimonate de tris(p-bromophknyle) et en pikgeant le radical cation par du superoxyde ou de I'eau. La 
distribution des produits qui rksultent de cette rkaction est trks diffkrente de celle qui est obtenue par photo-oxydation duecte. 

[Traduit par la revue] 

Introduction 
The presence of environmental polynuclear aromatic hydro- 

carbons (PAH) has been of great concern due to the toxicities 
as carcinogenic initiators exhibited by a number of these 
derivatives (1). Various oxidized species have been implicated 
as being responsible in the molecular binding with vital 
biopolymers such as DNA, proteins, and polysaccharides (2). 
Benzo[a]pyrene (BaP) (1) is a classical example of such PAHs. 
It has been well established that epoxides and diol epoxides, 
metabolites of this derivative, bind with DNA to form stable 
adducts and are responsible for the mutagenic activity. Certain 
peroxidase systems are also known to catalyze the oxygenation 
of BaP to a mixture of quinones. Whereas most of the metabolic 
studies on BaP have focussed on the 7,8-epoxide and 7,8-diol- 
9,lO-epoxide, interest in the oxidation to the 1,6- 3,6- and 
6,12-quinones has recently picked up (3) as the result of the 
observation that these quinones themselves exhibit moderate 
mutagenic activity (4). The 3,6- and 6,12-benzo[a]pyrene 
quinones are as active as the classical mutagen 3-methyl- 
cholanthrene and a little less active than the parent BaP. 
Recently, Tso and co-workers (5) have shown that all three 
quinones caused degradation of DNA and that this process is 
oxygen dependent. Electron spin resonance (esr) studies have 
shown that the semiquinones of these derivatives covalently 
bind to DNA and polyglutamic acid (6). Katz and co-workers 
have shown that the three benzo[a]pyrene quinones are also 
produced by oxidation of BaP adsorbed on cellulose acetate 
plates and on glass under simulated environmental conditions 
(7, 8) involving a high-intensity visible light source. In these 
studies, the half-life of BaP was found to be 5 h, significantly 
more inert than benzo[a]anthracene. 

Introduction of ozone to the system led to a marked rate 

'Author to whom correspondence may be addressed. 
'~evision received January 20, 1986. 

enhancement of BaP decomposition, leading to the same 
mixture of quinones. Recently, Eisenberg et al. (9) have 
obtained evidence that certain PAHs sensitize production of 
singlet oxygen under environmental conditions and that the 
oxidation of these PAHs, including BaP, involves the self- 
sensitized singlet oxygenation of these compounds (10). How- 
ever, to our knowledge, no systematic study of the singlet 
oxygen reaction of BAP has been reported. We undertook a 
study of the oxidation of benzo[a]pyrene, under photosensitized 
singlet oxygen production as well as the use of one-electron 
oxidations, to establish whether singlet oxygen is responsible 
for the phdtooxidation process. Furthermore, we report that the 
photooxidation and photosensitized singlet oxygenation of BaP 
produces a major product that has not been previously reported, 
and which suggests a possible mechanism for quinone produc- 
tion by singlet oxygen reaction. Heretofore, the structures of 
three isomeric 1,6-, 3,6-, and 6,12-benzo[a]pyrene diones 2-4 
were all assigned by comparison of uv and mass spectra with 
"authentic" material obtained from chromium trioxide oxida- 
tion of BaP based on an early literature report (1 1) that predates 
nmr spectroscopy. Neither uv nor mass spectrometry represent 
absolute molecular structure characterization methods and, in 
order to confirm the original structural assignments, we carried 
out a detailed structural analysis of the above-mentioned three 
quinones, as well as 4,5 BaP quinone, based on 'H 2-D COSY 
and selective nOe (nuclear Overhauser enhancement) nrnr 
studies. 

Results 
Confirmation of benzo[a]pyrene quinone structures by high- 

field nuclear magnetic resonance studies 
The mixture of 6,12-, 1,6-, and 3,6-benzo[alpyrene diones 

(2-4) was prepared according to an early literature procedure 
(1 1). The mixture was separated on a dry column of flash-grade 
silica gel. The order of elution according to previous reports is 
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2, followed by 3 and 4. All three compounds were obtained as 
crystalline materials with identical melting points, as reported. 
Of the three quinones, only the 6,lZdione 2 had been prepared 
by independent synthesis (12). We have repeated this synthesis 
and the product obtained was identical in all respects with the 
faster eluting component in the dione mixture. Benzo[a]pyrene- 
4,5-dione 5 was also prepared by literature methods (13,14) for 
comparison with products obtained in the oxidation studies of 
BaP. The confirmation of structures of all four benzo[a]pyrene 
diones 2-5 was established by the mapping of all vicinally 
coupled and proximal protons by a combination of the 2-D 
COSY and selective nOe difference spectroscopy methods (15) 
and checking for self-consistency. In this manner, all of the 
proton nmr chemical shifts for each of the isomers 2-5 have 
been uneauivocallv established and listed in Table 1 and the 
original sthctural issignments have now been confirmed. One 
feature of note is that bay-region hydrogen signals (H-11, 
H-lo), which appear at lowest field in benzo[a]pyrene 1, are 
shifted to higher fields by about 0.5-0.7ppm in the four 
quinones. This can be rationalized in terms of decreasing ring 
current effects brought about by the decrease in welectron 
density in the quinones. The lowest-field signals in the nmr 
spectra appear to be for those protons at the peri position relative 
to the carbonyl groups. The sensitivity of the high-field nmr 
method now permits analysis of trace photooxidation products 
of PAHs by an absolute method. (The sensitivity of the 
uv-visible spectrometric analysis still exceeds the nrnr method 
by at least two orders of magnitude; however, the latter is 
limited by the reliance of authentic material for comparison 
purposes .) 

Oxidation studies of benzo[a]pyrene 
It has been suggested that the environmental oxidation of 

PAHs proceeds via self-sensitized singlet oxygen reaction (16). 
Evidence for gas-phase singlet oxygen formation using hetero- 
geneous gas-phase photosensitization involving PAHs has been 
obtained from trapping experiments with known singlet oxygen 
scavengers such as 9,lO-diphenylanthracene (9). To establish 
that singlet oxygen is involved in the direct photooxidation 
reaction and to elucidate the mechanism of quinone formation, 
we analyzed and compared the product distribution of the direct 
photooxidation with those derived from photosensitized singlet 
oxygen reaction using the common sensitizers, tetraphenyl- 
porphyrin (TPP) and methylene blue. Furthermore, it has 
been suggested that certain reactions involving singlet oxygen 
proceed via electron transfer processes involving superoxide 
0-2. To establish whether such a mechanism operates in the photo- 
oxidation of b^enzo[a]pyrene, we prepared the benzo[a]pyrene 
radical cation by reaction of BaP with tris(4-bromopheny1)ami- 
nium hexachloroantimonate and subjected the radical cation to 
reaction with potassium superoxide. The product distribution 
was compared with those-of the direct photooxidation and 
photo-sensitized singlet oxygen reaction. 

The direct photooxidations of BaP were carried out in one of 
two ways: aerated benzene solutions of 1 M) were 

irradiated with an uv source (450-W medium-pressure Hg lamp) 
using a Pyrex filter (>300 nrn). Alternatively, aerated solutions 
of 1 M) in CHC13 were irradiated using a visible light 
source (500 W) with a Pyrex filter. The only products in the uv 
irradiations are the diones 2-4 with a small amount of product 
having the identical hplc (high performance liquid chroma- 
tography) retention time as the 4,5-dione (5). Infrared and 
nmr spectral comparisons of this minor product with authentic 
4,5-dione 5 showed that the two were not identical. The uv data 
of this minor product were also not compatible with those of an 
11,12-benzo[a]pyrene dione (17) and no further attempts at 
identifying this compound were made. The product mixture 
obtained from irradiation with visible light consisted of the three 
quinones 2-4 and a major product that constituted 48% 
of this mixture. This product was identified as the 6-seco- 
benzo[a]pyrene derivative 6 and has not been previously 

reported in benzo[a]pyrene photooxidations. This assignment 
was based on high-field nmr 2-D COSY correlations, which 
indicate a vicinal proton coupling system very similar to 
benzo[a]pyrene; however, a low-field proton at 9.7 ppm 
assigned to the aldehydic C-6 proton was found to be long-range 
coupled to the C-7 proton. Furthermore, the unusually shielded 
C-5 proton at 6.5 ppm is characteristic of the a-proton (next 
to carbonyl) in phenalenones (18). The uv spectrum of this 
compound was similar to that of phenalenone. Further confir- 
mation of this assignment was obtained from comparison of 
spectral data with those reported for the same compound 
obtained in 0.03% yield from the oxidative y-radiolysis of 
benzo[a]pyrene (19). 

In addition, the hplc chromatogram showed the presence of 
nonpolar components (20%) that could not be resolved. This 
nonpolar fraction was analyzed by mass spectrometry and 
showed parent ions corresponding to dimethylbenzo[a]pyrenes. 
Evidence for this suggestion was obtained from experiments in 
which the photooxidation was performed in CHzC12 in place of 
CHC13 and noticing the absence of this nonpolar fraction. The 
use of chloroform as a photolysis medium could result in 
methylation of PAHs by free-radical or cationic pathways. Up 
to 65% quenching of the oxidation occurred in the presence of 
1 equiv. of DABCO (1,4-diazabicyclo[2.2.2]octane), implying 
presence of lo2 as the reactive species. The photosensitized 
oxidation was carried out using either TPP or methylene blue. A 
filter had to be used for selective excitation of the sensitizer. The 
filter chosen was a chemical filter solution (21) consisting of 
CuS04 and NaN03 in ammonium hydroxide with a transparent 
window between 405 and 520 mm. Benzo[a]pyrene 1 showed a 
weak tail-end absorption in this region. Using a 2-cm path width 
of filter solution, the direct photooxidation of 1 proceeds at 1/20 
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TABLE 1. 'H chemical shift assignments of BaP oxidation products 

Compound H-1 H-2 H-3 H-4 H-5 H-6 H-7 H-8 H-9 H-10 H-11 H-12 

BaP* (1) 8.26 8.00 8.11 7.94 8.01 8.54 8.31 7.79 7.84 9.06 9.07 8.35 
4,5-Dione (5) 8.26 7.76 8.55 - - 8.88 8.10 7.71 7.86 8.69 8.67 8.07 
6,12-Dione (2) 8.63 7.85 8.22 8.17 8.47 - 8.46 7.68 7.77 8.19 7.58 - 
3,6-Dione (4) 7.73 6.71 - 8.82 8.72 - 8.45 7.59 7.77 8.28 8.37 7.80 
1,6-Dione (3) - 6.76 7.74 7.91 8.68 - 8.47 7.79 7.63 8.35 8.57 8.67 
seco BaP (6) 7.25 7.70 7.86 7.77 6.51 9.72 8.00 7.57 7.70 8.13 8.26 7.55 

TABLE 2. Relative yields* of the major BaP oxidation products 

Overall 
'Qpe of oxidation 6,lZDione 2 6,l-Dione 3 3,6-Dione 4 Seco BaP 6 conversion 

Ultraviolet radiation 
(benzene) 43.3 26.7 30.0 - 60 

Visible light radiation 
(CHC13) 22.0 18.8 11 .O 48.1 64 

Visible light radiation 
(CH2C12) 25.9 26.4 25.5 22.2 27 

Photosensitized oxygenation 
(TPP sensitizer) 13.8 10.3 11.9 54 20 

Photosensitized oxygenation 
(methylene blue) 13.0 27.3 23.9 36 17 

BaP radical cation quenched 
with 0-2 3.4 54.3 42.3 - 57t 

BaP radical cation quenched 
with H20 13.1 37.6 49.3 - 13t 

*The yields are reproducible to within 10% of their absolute values. 
?Balance consisted of only unreacted BaP. 

of the rate in the absence of the filter. This was used as the 
control for the photosensitized oxygenation experiments. TPP 
exhibits strong absorption at 416mm so that, using the filter 
assembly, the sensitizer (TPP) absorbs greater than 95% of 
the light. Methylene blue, on the other hand, has a maximum 
absorption at 610 mrn; however, this band extends into the filter 
window. In both instances the photosensitized oxygenation rate 
was at least twice as fast as that in the absence of photosensi- 
tizer. The product mixture consisted of the nonpolar fraction 
obtained in the direct photooxidation, a mixture of the diones 
2-4, and the seco product 6. The relative yields of the products 
are listed in Table 2. 

The one-electron oxidation of benzo[a]pyrene was carried 
out using the oxidant tris(4-bromopheny1)arninium hexachloro- 
antimonate 7. When a chloroform solution of benzo[a]pyrene 
1 was added to a solution of 7, an instant rose-coloured mixture 

Discussion 
The possibility that PAHs can sensitize singlet oxygen 

formation has been aptly demonstrated by Eisenberg et al. (9). 
On energetic grounds (see Fig. 1) both the first excited singlet as 
well as the triplet states of benzo[a]pyrene 1 can result in singlet 
oxygen formation by energy transfer by mechanisms shown in 
Scheme 1. The lifetimes of both excited states of 1 permit 
bimolecular collisions with oxygen to take place for energy 
transfer and it has been shown for other PAHs that fluorescence 
and phosphorescence can be quenched by oxygen. 

In other readily reducing aromatic derivatives, it has been 
suggested that singlet oxygen reactions occur by way of single 
electron transfer processes involving PAH radical cation forma- 
tion (22). Electron transfer from BaP to either singlet (Ag) or 
ground state oxygen would be endoergonic and not likely to 

was developed. This species was attributed to the radical cation 
of 1. The uv-visible spectrum exhibited peaks at 450 and 
560 mm. The radical cation of 1 was reported to show a peak at 
450mm (20). In air, the coloured solution faded after a few 
minutes. The coloured species was instantly quenched with 
water. It was also quenched by addition of powdered potassium 
superoxide. In each case, the reaction mixture consisted.of the 
three quinones, with no detectable trace of the seco product 6. 
The product distributions of the quinone mixture obtained in all 
of the oxidations are listed in Table 2. 

hv 
BaP - BaP' 

B ~ P '  + 302 - B ~ P ~  + ' 0 2  

B ~ P '  + B ~ P ~  

B ~ P ~  + 3 ~ 2  - lo2 + B ~ P '  

BaP + lo2 - reaction products 

SCHEME 1 
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FIG. 1. Excited states of BaP and O2 (29, 30; see also ref. 26); numbers are in kcal/mol. 

occur on the basis of the high ionization potential of BaP 
(162 kcal/mol) (23). Similar consideration even for the excited 
states of BaP would preclude electron transfer to oxygen. To test 
this, we have shown that the BaP radical cation, generated 
independently, reacts with superoxide or water to give a 
signijcantly diferent product distribution (see Table 2). The 
6,12-dione in this case is formed only as a minor product. 
These relative yields are very similar to ones reported for 
the electrochemical oxidation of BaP (24). Greenstock and 
Ruddock have reported that neutral BaP reacts with superoxide 
generated by pulse radiolysis (25). In our hands, mixtures of 
BaP with KO2 were found to be stable indefinitely. It is likely 
that under conditions of pulse radiolysis, ionization of 1 to the 
radical cation takes place and that the decomposition of BaP 
with O2 takes place by way of this radical cation. The direct 
photooxidation of BaP 1 produces a mixture that is similar to 
one obtained from the TPP sensitized oxidations in which the 
6,12-dione 2 and seco product 6 predominate. Evidence that 
the direct photooxidation proceeds via singlet oxygen was 
shown from DABCO quenching and the trapping of diphenyl- 
anthracene-9,lO-peroxide when diphenylanthracene, a known 
singlet oxygen quencher, was added to the photomixture. 

The different product distributions observed in the one- 
electron and photooxidations of BaP suggest that two funda- 
mentally different mechanisms operate in quinone formation in 
the two reactions. Adams has suggested (24) that quinone for- 
mation by way of electrochemical oxidation proceeds through 
the intermediacy of the radical cation 8, which, in aqueous 
solution, is trapped by water leading to 6-hydroxy BaP 9. 

Further oxidation by way of the corresponding oxyradical leads 
to the mixture of quinones (Scheme 2). Formation of the 
quinones from reaction of the radical cation with superoxide 
could proceed by nucleophilic trapping at position 6 and 
formation of dihydroperoxides. These dihydroperoxides, under 
basic conditions, could conceivably rearrange to the diones. 

It is interesting that the enzymatic oxidation of 6-hydroxy- 
benzo[a]pyrene using rat liver homogenates has been reported 
to produce a mixture of diones 2-4 with a distribution almost 
identical to one we obtained from the one-electron oxidation of 
1 and subsequent quenching with water (28). 

The formation of diones from singlet reaction of arenes- 
is believed to proceed via the intermediacy of meso-endo- 
peroxides, which represent Diels-Alder adducts of singlet 
oxygen (26). This is illustrated by the example of anthracene, 
which undergoes cycloaddition with singlet oxygen to produce 
the meso-peroxide 10. Formation of 9,lO-anthraquinone from 
the peroxide could involve homolytic 0-0 bond cleavage and 
subsequent rearrangement to the half-oxidized hydroquinone 
11. Further oxidation to the dione could be initiated either by 
ground state or singlet oxygen. The formation of diones 2-4 
from benzo[a]pyrene is unlikely to involve a mechanism as 
described above. It would be unlikely for a peroxo bridge to 
span the 6,12, 1,6, and 3,6 centers. The formation of the seco 
derivative 6 as the major product in the singlet oxygen reaction 
of benzo[a]pyrene suggests that a dioxetan 12 or perepoxide 13 
is involved in the formation of this product. Such an inter- 
mediate may also be responsible for quinone formation. It is 
conceivable that these intermediates could lead to the zwitterion 
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0 of environmental benzolalpyrene would have to include ana- 
lysis of diones 2-4 as w i l i a i  aldehyde 6. 

Experimental 

13. Subsequent trapping of this species by water and further 
oxidation could lead to the observed quinones. It is interesting 
that the relative amount of seco derivative 6 and the quinones is 
dependent on the rigour to which the solvent has been subjected 
in drying. 

Conclusion 
Structures of the three major isomeric diones 2-4 formed 

from benzo[a]pyrene 1 oxidation have been confirmed by 2-D 
COSY and selective nOe nmr techniques. The relative distri- 
bution of diones is markedly dependent on the nature of the 
oxidation. One-electron oxidation of benzo[a]pyrene using 
tris(4-bromopheny1)aminium hexachloroantimonate as a one- 
electron oxidant produces exclusively a mixture of diones 2-4 
with 3 predominating and 2 present as a minor component. 
On the other hand, direct photooxidation or photosensitized 
oxgenation of 1 produces a mixture of diones with dione 2 as 
the major product. Another major product identified as the seco 
derivative 6 was isolated in these reactions. The presence of 6 
suggests a mechanism involving a dioxetan or perepoxide as the 
probable precursor to diones 2-4 under conditions of singlet 
oxygen reaction. It is interesting to note that biochemical 
systems in which singlet oxygen has been implicated catalyze 
the oxidation of BaP to give a similar mixture of diones as 
reported by us for the direct or photosensitized oxidations. 
Marnett et al. (27) have reported that 1 is oxidized by sheep 
seminal vesicals arichodonate-dependent system to a mixture of 
diones 2-4 with a relative distribution of 45:25:35. On the other 
hand, oxidation of 1 by rat-liver homogenate (28) (cytochrome 
dependent) produces a dione mixture 2-4 with relative yields 
5:41:44, which is similar to our observed product distribution 
from the one-electron oxidation. Oxidized cytochromes contain 
complexed ferric ions that would initiate one-electron oxidation 
processes with aromatic derivatives with sufficiently low oxi- 
dation potentials. 

The environmental analysis of benzo[a]pyrene is compli- 
cated by its oxidation to the diones 2-4 during sampling. In our 
study we find that a new major product 6 is also present in 
simulated environmental oxidations. Thus a complete analysis 

Benzo[a]pyrene and tris(4-bromopheny1)aminium hexachloroanti- 
monate were obtained from Aldrich. 

Dry column chromatography was performed with silica gel, Merck 
Kieselgel 60, 230-400 mesh ASTM, deactivated with water (15% 
w/w). High performance liquid chromatography (hplc) was carried 
out with a Waters Associate chromatography equipped with a Model 
6000A pump, a model U6K injector, and a model 440 absorbance 
detector set at 254nm. A Waters straight-phase p-Porasil column 
(3.9 mm x 30 cm/lO pm) was used with a mixture of hexane aid 
chloroform as the mobile phase. 

The diones 2-4 were prepared according to the literature and their 
separation was carried out using dry column chromatography .with 
chloroform as the eluant. The 6,12-dione 2 was first to elute, followed 
by the 1,6 and 3,6 isomers 3 and 4, respectively. The purity of the 
individual fractions was tested by hplc and their retention times 
are: 6,12-dione 2, 8.78 min; 1,6-dione 3, 13.43 min; 3,6-dione 4, 
15.21 min.3 
Benzo[a]pyrene-4,5-dione (5) was synthesized according to litera- 

ture methods (13, 14). The uv and mass spectra data of 2-5 were in 
good agreement with those reported in the literature. 

The nmr acquisitions were performed on a Briiker AM-300 
spectrometer. 

Selective nOe and 2 - 0  COSY acquisitions 
The Briiker pulse sequence 90PHI-tl-9@H2-F1D(t2) was used for 

the 2-D COSY experiment with a 1K X 1K array of data points. The 
sweepwidth was restricted to the aromatic region 900 Hz. The 2-D plot 
allows the correlation of vicinally coupled protons. The selective nOe 
experiments were carried out using a decoupler power of 45-50 L and a 
decoupler pulse approximately equal to the longest proton T I  (7 s) 
to ensure maximum saturation and polarization transfer. The nOe 
enhancements ranged from 3- 15% with bay-region protons exhibiting 
the largest effects. In all cases a marker proton was established (H-1 1 in 
2, H-2 in 3, H-2 in 4, and H-6 in 5) and bay-region as well as peri 
relationships of protons determined by this method. 
Photooxidation reactions 

General: All photooxidations were performed in glass-distilled 
solvents in Pyrex tubes equipped with a gas purger. 

For the uv radiations, the tube was strapped around a quartz cooling 
well and the assembly was placed in an ice-water bath. A Pyrex inner 
filter was used and a Hanovia 450-W medium-pressure lamp served as 
the light source. Dry oxygen was bubbled through the solution during 
the ~hotolvsis. , ~ 

For the visible light irradiation, the sample tube was placed in the 
inner well of the cooling vessel. A GE 500-W quartzline lamp was used 
as the light source and placed exterior to the photolysis assembly. 
Irradiations with a chemical filter solution were run using a concentric 
tube laced in the interior of the cooling well, which was filled with a +P Cu ammonia complex solution (21). 

Ultraviolet irradiation of benzo[a]pyrene ( I )  
A solution of 30 mg (0.12 mmol) of 1 in 120 mL AnalaR benzene 

was irradiated for 16 h with the uv assembly. The solvent was removed 
under reduced pressure and umeacted 1 was separated using a silica gel 
column, emplgying a 5050 mixture of hexane:benzene as the eluant. 
The reaction was 60% complete based on the recovery of umeacted 
benzo[a]pyrene. The photo&xture was eluted off the column (18 mg) 
and reapplied on another silica gel column. The quinone mixture of 2-4 
(16 mg) was separated and characterized by uv, mass spectroscopy, 
and IH nmr, which were identical with authentic samples. The hplc 
analysis of the product mixture gave the following distribution: 34.6% 
6,12-dione 2,8% of yellow crystalline material, 21.4% of 6,l-dione 3, 
and 24.0% of 3,Qdione 4. The remaining 11.4% consisted of thirteen 

3 ~ h e  response of all four diones was identical to within 2% when 
standard solutions were analysed. 
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minor components. The unidentified crystalline material, which had 
the same retention time as the 4,5-dione 5, exhibited different 'H nmr 
and mass spectra. No further attempt was made to characterize this 
compound. 

Visible light irradiation of I 
A solution of 10 mg of 1 (0.039 rnmol) in 80 mL of chloroform was 

photolyzed using a visible light source for 48 h. The solvent was 
removed and the residue applied to a dry column of silica gel. The 
unreacted 1 (3.5 mg) was eluted with 50:50 hexane:benzene mixture 
and the photomixture was eluted with chloroform (6.4 mg). The 
hplc analysis (90:lO n-hexane:chloroform; 1.3 mL/min) indicated the 
following distribution: 25% of nonpolar unidentified material (ms, 
M+ + 2CHz), 11% of 2, 9.4% of 3,  5.5% of 4, and 24.0% of 
secobenzo[a]pyrene derivative 6. The remaining 23.7% consisted of 
fourteen minor components. The isomeric quinones 2-4 and seco 
derivative 6 were separated by dry column chromatography, further 
~urified by hplc, and subjected to spectral analysis. The ir, uv, and 
H nrnr data for 6 were identical to those reported by Gibson and Smith 

(19). The quinones exhibited identical spectral data with those of the 
authentic samples. 

When the photolysis was carried out in CH2C12 under identical 
conditions as above, the nonpolar fraction was absent as evident by 
hplc. Thereactionmixtureconsistedof 15.8%of 2, 16.1%of3,15.5% 
of 4, and 13.5% of 6. The remaining 39.1% consisted of at least ten 
minor components. 

Triethylene diamine (DABCO) quenching studies 
A solution of 10 mg of 1 in 80 mL of CHC13 containing 10 mg of 

DABCO was irradiated with the visible light source for 48 h. The usual 
work-up yielded 2.7 mg of photooxidized products and hplc analysis 
showed a reduction of 50% of each of the quinones 2-4 and 60% of the 
seco product 6. 

9,lO-Diphenylanthracene trapping experiment 
A solution of 20 mg of diphenylanthracene and 5 mg of 1 in 80 mL of 

CHC13 was irradiated for 24 h using the visible light source and the 
inorganic filter solution. In addition to quinone 2-4 formation, a new 
product identified as the 9,lO-diphenylanthracene peroxide was iso- 
lated and its structure c o n k e d  by comparison of its ir spectrum 
with that of an authentic sample. A control experiment without 
benzo[a]pyrene present was carried out under identical conditions and, 
in this case, no detectable amount of the peroxide was obtained. The 
photomixture consisted only of umeacted starting material, by tlc 
analysis. 

Photosensitized oxidation of benzo[a]pyrene ( I )  
A solution of 10 mg of 1 and 5 mg of methylene blue in 80 mL of 

CHC13 was irradiated with the visible light source for 48 h using 
the inorganic filter solution. After separating unreacted 1 from the 
photomixture, continued elution with CHC13 on a silica gel column 
gave a mixture which was analyzed by hplc (60:40 hexane:CHC13; 
1 mL/rnin). The following distribution of products was observed: 
11.6% (4.45 min) unidentified, 9.5% (4.64 min) unidentified, 7.2% 
6,12-dione 2 (8.78 min), 15.1% 1,6-dione 3 (12.97 min), 13.2% 
3,6-dione 4 (14.34 min), and 19.8% 9-(2-formylphenyl)phenalenone 6 
(1 8.78 min). The remaining 23.6% consisted of ten minor components. 

In a control experiment, in the absence of methylene blue, no seco 
derivative 6 was detected. Only trace amounts of 2-4 were detected, 
along with the two less polar components. 

The above experiment was repeated with tetraphenylporphyrin as 
the photosensitizer under identical conditions. A 20% conversion to 
photooxygenated products was observed by hplc analysis, with the 
following distribution: 40% nonpolar diiethylated material, 7.5% 
6,12-dione 2,5.6% 1,6-dione 3,6.5% of 3,6-dione 4, and 35% of seco 
derivative 6. 

Oxidation of benzo[a]pyrene ( I )  with tris(4-bromopheny1)aminium 
hexachloroantimonate and quenching with 0; 

To a solution of 20 mg of benzo[a]pyrene in 50 mL of dry CH2C12 
was added slowly a solution of 65.2 mg of tris(4bromophenyl)aminium 
hexachloroantimonate in 50 mL of dry CH2C12. The solution turned to 
arose-purple colour. To this solution was added a suspension of KO2 in 

dry CH2C12, at which point the colour changed to a yellow solution. 
The solution was stirred for 3 rnin and poured over crushed ice. The 
organic layer was separated and washed with 3 x 30 mL of 10% HC1, 
followed by 3 X 30 mL of water, and dried over magnesium sulphate. 
The solvent was removed under reduced pressure and the residue was 
applied to a dry silica gel column. The umeacted benzo[a]pyrene 
(5 mg) was eluted with 50:50 hexane:benzene mixture. Following 
elution with CHC13 the quinone fraction 2-4 (15 mg) was obtained; 
hplc analysis showed the following distribution: 3.4% of 6,lZdione 2, 
54.3% of 1,6-dione 3, and42.3% and 3,6-dione 4. No other peaks were 
observed by hplc. 

In a control experiment, no reaction was observed between KO2 and 
benzo[a]pyrene in the absence of tris(4-bromopheny1)aminium hexa- 
chloroantimonate. 

Repetition of the above experiment, using water instead of KO2 as 
the quenching agent, led to 2.85 mg (12.6%) conversion to quinones 
2-4. The balance of the mixture was umeacted 1. The hplc of the 
oxidation mixture showed the following distribution of products: 
13.1% of 6,lZdione 2,37.6% of 1,6-dione 3,  and 49.3% of 3,6-dione 
4. 
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j The chlorination of acetone: a complete kinetic analysis 
! 
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J. PETER GUTHRIE and JOHN COSSAR. Can. J. Chem. 64, 1250 (1986). 
Rate constants are reported for all of the major steps followed in the chlorination of acetone, including the chlorination of 

mono- and 1 , 1-dichloroacetone, the chlorination of hydroxyacetone, the chlorination and hydroxide-catalyzed rearrangement of 
1,l-dihydroxyacetone, and the haloform cleavage of trichloroacetone. pK, values are reported for hydroxyacetone and 
monochloroacetone. Rate constants for the hydrolyses of chloroacetone and 1,l-dichloroacetone are reported; these reactions are 
probably not SN2 displacements but proceed by addition of hydroxide and intramolecular displacement. 

I J. PETER GUTHRIE et JOHN COSSAR. Can. J. Chem. 64, 1250 (1 986). 
On a dttermint les constantes de vitesses pour chacune des Ctapes principales de la chloration de I'acttone, y compris la 

chloration des mono- et dichloro- 1 , l  acttones, la chloration de I'hydroxyacttone, la chloration et la transposition catalyste par 
les bases de la dihydroxy-1 , l  acetone ainsi que le clivage haloformique de la trichloroacttone. On rapporte aussi les valeurs de 
pK, de I'hydroxyacCtone et de la monochloroacttone. On rapporte aussi les constantes de vitesse pour l'hydrolyse de la 
chloroacttone et de la dichloro-1 , l  acCtone. Ces rtactions ne sont probablement des substitutions SN2 et elles se produisent 
probablement par une addition d'hydroxyde qui est suivie d'une substitution intramoltculaire. 

[Traduit par le revue] 

3 Introduction 

The haloform reaction has long been used both as an 
analytical procedure (1-3) and as a synthetic method (3-8). 

I. Despite this long history of its use we were surprised to discover 
that the major product from the room temperature reaction of 

I 
acetone with hypochlorite was lactate and not acetate (9). 
Clearly this familiar reaction was imperfectly understood. We 

I have now carried out a detailed study of the course of the 
reactions which occur when acetone reacts with alkaline 
hypochlorite solutions. It has become clear that at several points 
the course of the reaction depends on a delicate balance between 
competing paths, so that minor changes in structure can alter the 
qualitative outcome of the reaction. 

Results 
The reactions which we have found to be significant in the 

chlorination of acetone are shown in Scheme 1. We will now 
describe experiments leading to rate or equilibrium constants for 
almost every step in the scheme. In the case of acetone itself the 
results of earlier work (9, 10) are summarized. 

Chlorination of acetone 
The rate constant2 for hydroxide-catalyzed enolization of 

acetone is k12 = 0.173 M-' s-' (10). The equilibrium constant 
for the reaction of hydroxide with acetone to give the enolate 
may be calculated from the pK, of acetone, 19.37 +- 0.5 1 (9). 
This allows calculation of the rate constants for the reaction of 
water with the enolate as k2, = 4.1 X lo4 s-' . The rate constant 
for the reaction of the enolate with OC1- is kz3- = 2.0 X 

lo4 M-' s-' and that for reaction with HOCl is k230 = 1.7 X 
10' M-' s-' , i.e. diffusion controlled (9). 

Hydrolysis of monochloroacetone and 1 , I  -dichloroacetone 
The hydrolysis reactions of haloacetones could be studied by 

the pH stat technique, measuring the consumption of hydroxide 
ion. The experimental data are given in Tables 1 and 2.3 From 

'Author to whom correspondence should be addressed. 
'~11 rate constants are defined in Scheme 1. 
3~ables 1-8, containing the experimental rate constants, may be 

I purchased from the Depository of Unpublished Data, CISTI, National 
F Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 

these results we obtain the second order rate constants for 
reaction with hydroxide ion given in Tables 1 and 2. 'The 
kinetics were studied over a range of one pH unit; the range was 
restricted by the need for a reasonably slow reaction in order to 
be able to monitor it conveniently, and for a reasonably fast 
reaction in order to avoid confusion with the continual drift from 
uptake of atmospheric C02.  Over the range studied the rates of 
these reactions were linearly dependent on hydroxide ion 
concentration. We anticipate that there could be a second order 
dependence on hydroxide at some higher hydroxide concentra- 
tion, but saw no evidence for it in these experiments. 

Chlorination of monochloroacetone 
The chlorination of monochloroacetone was inevitably ac- 

companied by hydrolysis leading to the more slowly reacting 
hydroxyacetone. This led to biphasic kinetics (Table 3) with the 
faster phase reflecting hydrolysis plus halogenation, and the 
slower phase reflecting halogenation of hydroxyacetone. For 
the faster phase, graphical analysis suggested that there were the 
following terms in the rate law: zero order in hypochlorite and 
first order in hydroxide (corresponding to hydrolysis); and first 
order in hypochlorite, zero or first order in hydroxide (corre- 
sponding to halogenation). Since the concentrations of both 
hydroxide and hypochlorite were low, it was difficult to make 
up solutions with fixed values of one concentration while the 
other was varied; this meant that both variables changed from 
experiment to experiment. The hydroxide concentration was 
determined by titration for each run. The hypochlorite concen- 
tration was determined from the initial absorbance; comparison 
with direct titration showed that this is a reliable measure. To 
perform a graphical analysis it was necessary to use data where 
the hydroxide or hypochlorite concentration, although nominal- 
ly fixed, actually varied considerably. This meant that the 
simple graphical analysis could only provide rough approxima- 
tion to the desired rate constants. To extract rate constants we 
used a non-linear least-squares treatment with two independent 
variables and one dependent variable (1 I), fitting to the three 
parameter equation [I]. 

[ l ]  k,,, = (a + b[OH-])[OCl-] + c[OH-I 

In addition to the data for chlorination in hydroxide/hypo- 
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chlorite solutions we used the data for chlorination in pH 10.3 
buffers and for hydrolysis of rnonochloroacetone. With the full 
data set of 31 points the rate constant for the term first order in 
both hydroxide and hypochlorite was not well defined; the error 
limits calculated by the least-squares program were larger than 
the value: 

where 

If points deviating by more than 20% were deleted from the data 
set, one could end up with a set of 22 points for which all three 
parameters were well defined, and agreed with the parameters 
defined by the full set within the uncertainty limits calculated by 
the least-squares program: 

Alternatively we could try fitting the data to a two-parameter 
equation, [2], with the same interpretations for the parameters: 

Using the full data set we obtained: 

Using the reduced data set which allowed the three parameters 
of eq. [l] to be determined we obtained: 

a =  10.3+- 1.12 
b = 1.65 + 0.62 

Although the parameters are well defined in both cases, the fits 
are inferior to those obtained with eq. [I]. For the full data set, 
fitting with eq. [2], there were 10 points deviating by more than 
20%; for the reduced data set there were three points deviating 
by more than 20%. The corresponding values for fits to eq. [I] 
were eight points deviating by more than 20% for the full data 
set, and none deviating by more than 20% for the reduced set. 
The quality of the fit is shown in Fig. 1 .4 

Since other compounds have normally shown hydroxide- 
dependent as well as hydroxide-independent chlorination we 
conclude that the corresponding term in the rate law is probably 
real. Although the data set obtained by discarding deviant points 
does define the rate constant we have no independent basis for 
discarding these points, and it seems ill advised to do so. 
Accordingly we conclude that although the term is real it is ill 
defined by our data, and we will use the value suggested by the 
full data set. 

I Experiments involving the chlorination of monochloro- 
acetone at pH 10.33- 10.55 led to rate constants which were first 

4 ~ o r  the cases where we have fitted kobs simultaneously as a function 
of [OH-] and [OCl-1, we present three dimensional graphs, with a grid 
showing the calculated surface and a perpendicular line from the center 
of each point to the surface, to make clear which points deviate 
significantly. 

FIG. 1. Rate constants for the combined chlorination and hydrolysis 
of rnonochloroacetone, fitted to k = ((10.1 * 1.76) + (261 * , 

524)[OH-]}[OCl-] + (1.14 2 0.94)[OH-1. (m) points falling within 
20% of the calculated surface; (A) points falling more than 20% off the 
calculated surface. 

order in hypochlorite; the corresponding second order rate 
constant was 9.80 2 0.89 which is indistinguishable from the 
value obtained above from the full data set. These ex~eriments 
were unbuffered to avoid possible complications from interac- 
tions of buffer and hypochlorite, but as a consequence the pH 
changed during a set of runs as successive portions of ketone 
were added. The hydroxide concentration was calculated by 
internlation between the initial and final values. 

Experiments involving the bromination of monochloroacet- 
one in carbonate buffers at pH 8.82 led to rate constants which 
were zero order in hypobromite and first order in hydroxide and 
in carbonate. The corresponding second order rate constants 
were 0.25 M-' s-' for carbonate and k34 = 136 M-I s-' for 
hydroxide. These were taken as the rate constants for enoliza- 
tion. From experiments in buffered solutions at lower pH Bell 
had reported a value of 9.3 M- ' s- ' (12). We were surprised at 
the discrepancy, but note that Bell's value is based on 
experiments in buffer solutions of pH less than 7. 

From the rate constant for hydroxide-independent chlorina- 
tion we can calculate the pKa of monochloroa~etone (subject to 
the assumption that the halogenation of the enolate of mono- 
chloroacetone by hypochlorous acid is diffusion controlled (9)) 
as 15.76 + 0.51. We then calculate the rate constant for 
protonation of the enolate by water, from the rate constant for 
hydroxide-catalyzed enolate formation and the pKa, as k43 = 
7.8 X 103s-'. Finally we estimate k45-, the rate constant for 
the reaction of the enolate with hypochlorite ion, from the value 
of the rate constant for hydroxide dependent chlorination, as ca. 
2 x lo4 M-I s-'. 

Chlorination of hydroxyacetone 
The halogenation of hydroxyacetone was, as reported pre- 

viously (9), faster than the halogenation of acetone. We have 
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AND COSSAR 1253 

extended the range of the kinetics over that previously reported 
in an attempt to evaluate the rate constant for the term in the rate 
law first order in hypochlorite and zero order in hydroxide with 
sufficient accuracy to calculate the pKa. These additional rate 
constants are found in Table 4. 

The data, including the rate constants reported previously, 
were subjected to a graphical analysis based on the use of 
Eadie-Hofstee (13, 14) type plots to analyze the [OCl-] 
dependence of kobs at "fixed" [OH-]. The approach is based on 
the assumed mechanism shown in Scheme 1, whichleads to the 
following expression for the observed rate constant: 

Then k + kB/[OCI-] = A,  k = A - B{k/[OCI-I), and aplot of 
kobs VS. k2 = kobs/[OC1-] will give A and A/B as the y- and 
x-intercepts. 

When the analysis was carried out, the data showed consider- 
able scatter, but were in rough accord with the mechanism of 
Scheme 1. 

The data could also be analyzed directly by least squares, 
determining all three parameters at once by fitting to the 
equation: 

with 

with 

and at fixed [OH-] this can be simplified to: 

With the full set of 28 points we found that the parameter "e" 
was not well defined. If seven points deviating from the curve by 
more than 20% were deleted from the set, all three parameters 
were better defined, but the "e" parameter still had errors larger 
than its value. The values for the parameters obtained by least 
squares are: 

Full set Truncated set 
e = 0.210 + 0.274 0.176 + 0.191 

f = 19.9 + 6.70 20.8 + 3.67 
g = 0.0480 + 0.0258 0.0473 + 0.0117 

We conclude that although the data almost define the 
"intercept" parameter, this parameter is really not yet properly 
defined and little confidence can be placed in it. It is at best a 
limit, since it might be smaller, but would be readily determined 
if it were larger. 

Since the three-parameter equation was not well defined by 

the data, attempts were made to fit the data using a simpler 
equation, corresponding to negligible reaction of the enolate 
with hypochlorous acid-. 

A reasonable fit was obtained with the full data set and a better 
fit was obtained if eight points deviating by more than 20% from 
the curve were deleted: 

Full set Truncated set 
f = 22.5 + 9.19 22.4 + 4.06 
g = 0.0467 + 0.035 0.0462 + 0.01371 

The three parameter equation gives a better fit, and there is 
adequate justification for using it based on the results obtained 
with other ketones, even though one parameter is not well 
defined. 

We can calculate the pKa on the assumption that the intercept 
has been determined. As has been previously shown (9): 

k0 might be smaller, in which case pKa would be higher; we can 
only put a lower limit on it. It seems certain that hydroxyacetone 
will be more acidic than acetone because of the electron- 
withdrawing effect of the hydroxyl group. This puts an upper 
limit on pKa, namely, that of acetone. 

Since kBC = 0.0473 & 0.0117 M - ~ s - ' ,  we may calculate 
from the pKa of the ketone that kCB a 190 S-', and that kcD- 2 
8.55 x lo4 M-' s-'. 

The values for the rate constants for the second phase of the 
kinetics measured starting with monochloroacetone are also in 
qualitative agreement with values calculated from eq. [3]. The 
second phase rate constants were of low precision because they 
are based on a small absorbance change and may be accom- 
panied by other side reactions, including the slow decomposi- 
tion of hypochlorite. In some cases the reactions were not 
followed long enough to determine the rate constant very well. 
Accordingly rate constants from these experiments were not 
included in the least-squares fit. Figure 2 shows a three- 
dimensional representation of the dependence of kobs on [OH-] 
and [OCl-1. 

Chlorination of dichloroacetone 
The halogenation of 1 , 1 -dichloroacetone was also studied. It 

was possible to determine the stoichiometry of the reaction and 
show that it was often close to unity. From the absorbance 
change accompanying reaction we could determine the amount 
of OC1- consumed by a known amount of dichloroacetone. The 
data in Table 5 show that for low concentrations of hydroxide 
the stoichiometry was very close to one OC1- consumed per 
mole of ketone, consistent with almost complete conversion to 
acetate by way of trichloroacetone. 

At pH 10 reaction with hypobromite was very fast. The 
amount of bromine consumed (Table 5) was 1.12 moles per 
mole of ketone, based on the change in absorbance. Except for a 
small absorbance change with a rate constant of around 3 x 

s-', attributed to impurities, the consumption of bromine 
- was complete within the time of mixing. This implies a 

pseudo-first order rate constant greater than 0.1 s-I, and a 
second order rate constant for hydroxide catalyzed enolization 
greater than 1000 M-' s-' . 

Enolization rates were determined by measuring the rate of 
bromination in phosphate and acetate buffers as well as lop3 M 
HCI; these data are also found in Table 5. The reactions were 
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FIG. 2. Rate constants for the chlorination of monohydroxyacetone, 
fitted to k = ((0.210 + 0.274) + (19.9 + 6.70)[OH-]}/{l/[OCl-] + 
(0.210 ? 0.274)/(0.0480 + 0.0258)[0H1] + (19.9 + 6.70)/(0.0480 
+ 0.0258)}. (M) points falling within 20% of the calculated surface; 
(A) points falling more than 20% off the calculated surface. 

initially zero order in bromine, but at long times became first 
order in bromine. The initial slopes were used as a measure of 
the enolization rate, and were first order in buffer. Extrapolation 
to zero buffer gave rate constants which contained only the 
water and hydroxide rates, from which we determined by 
weighted least squares 

The phosphate catalyzed enolizations at pH 5.33 were anoma- 
lous, in that both slope and intercept were out of line with the 
results of phosphate-catalyzed reactions at higher pH. Since we 
had only three runs at pH 5.33 and these happened to fall very 
close to a straight line, the weights based on least-squares fitting 
were very high. Results at pH 5.33 were not used for further 
calculations. Figure 3 shows the corresponding pH rate profile. 

Our value for the rate constant for uncatalyzed reaction (the 
water rate) is (1.1 + 0.2) x s-' where Bell reported 7.3 X 
10-7s-' (12). Our value for the rate constant for acetate- 
catalyzed enolization is (5.3 + 0.2) X lop4 M- ' s- ' where Bell 
reported 5.7 X lop4 M-' s-' (12). Our value for the phosphate 
dianion rate constant is 0.018 + 0.005 M-'s-'; a value of 
0.0122 M-' s-' can be estimated from the Bell's (12) Bronsted 
equation using a pKa of 6.42 for phosphate. For all of these rate 
constants the agreement is reasonable considering that it was 
necessary to use initial slopes, and that lines were fitted to 
limited numbers of points. For the hydroxide-catalyzed reac- 

FIG. 3. pH rate profile for the enolization of dichloroacetone; all rate 
constants extrapolated to zero buffer concentration. The calculated line 
is based on k = 1.11 t- 0.20 x + (3010 ? 514)[OH-1. 

tion, our value for the rate constant is 3010 M-' s-' where Bell 
reported 450 M-' s-'; here the disagreement is more serious, 
and again we have no satisfactory explanation for the anomaly. 

Product ratios were determined by 'H-nrnr analysis of 
product solutions. The results of these experiments are summa- 
rized in Table 6. The only products seen were acetate and 
lactate. 

Graphical analysis showed that the product ratio, r = 
[acetate] /[lactate], was roughly linear in [OCl-] (lines passing 
through the origin) for fixed [OH-], and 1 / r  was linear in 
[OH-] (lines passing through the origin) for fixed [OCl-I. 
When r was plotted as a function of [OCl-]/[OH-], a line 
passing through the origin with slope 156 was obtained. The 
only serious deviation was for the point at [OH-] = 0.049 and 
[OCl-] = 0.0071, which is also the point with the largest value 
of r, based on the most dissimilar peak areas. 

The rate of the combined halogenation/hydrolysis could be 
followed by monitoring the uv absorption of hypochlorite. The 
rate constants so obtained are listed in Table 5. These rate 
constants could be fitted to: 

where, in terms of Scheme 1, 

a = kED 

b = ~QDKEQ 
c = k57- / K ~ E  = k67-k%/k6&5~ 

with 
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GUTHRIE AND COSSAR 

Figure 4 shows the quality of the fit. The terms a and b are 
identified with hydrolysis of dichloroacetone. At the hydroxide 
concentrations used the ketone is entirely converted to the 
anionic hydroxide adduct, so that the "a" term corresponds to 
the hydroxide-catalyzed hydrolysis observed at low pH while 
the "b" term corresponds to hydrolysis via the dianion. In order 
to fit the entire pH rate profile for hydrolysis we calculated the 
contribution for hydrolysis alone for each of the observed rate 
constants by subtracting c[OCl-1. We then fitted all the data to: 

- -- 
[OH-] 1 + f [OH-] 

where in terms of Scheme 1, 

with 

The quality of this fit is shown in Fig. 5. 
The corresponding values from these two equations are: 

a = d/f and b = elf 
a = 0.00445 + 0.0054 

d/f = 0.0048 + 0.0034 
b = 0.0333 + 0.0134 

e/f = 0.0255 + 0.01 14 

The agreement is satisfactory. Although we have not been 
able to determine precise values for the parameters, we have a 
consistent picture fitting the data in hand. From the parameters 
we can calculate the microscopic rate and equilibrium con- 
stants. From f = 992, we calculate K5E = 3.8 X lo3 M-'. The 
value which we had estimated is 670 M-', which differs by 
0.8 pK units. The difference is larger than one would wish but 
not outside the range to be expected for estimation procedures. 
Since d/f = kED, the latter is taken as 0.0048 + 0.0034 s-'. 
From elf = kQDKEQ = 0.0255 + 0.01 14, we can calculate k Q ~  
by using an estimated KEQ, which we obtained using Pauling's 
rule (15) to estimate the second pK, of 1,l-dichloro-2,2- 
dihydroxypropane. The value so obtained is kQD = 2.6 s-'. 

The product ratio, r = [acetate] /[lactate], could be calcu- 
lated from the absorbance change, AA, assuming that the 
absorbance change represented reaction of part of the dichloro- 
acetone with one equivalent of hypochlorite to give acetate, 
while the rest underwent hydrolysis followed by rearrangement 
to give lactate. 

The product ratios, r, calculated from the values of AA 
determined by least squares are not in good agreement with 
those determined by nrnr for experiments at low [OH-]. If r 
values are calculated from the total absorbance change calcu- 
lated from the infinity value and the absorbance before addition 
of ketone (corrected for dilution) then the agreement is much 
better. This suggests that an important amount of reaction 

FIG. 4. Rate constants for the combined chlorination and hydrolysis 
of 1 ,1-dichloroacetone, fitted to k = (0.00445 + 0.00536) + (0.0333 
? 0.0134)[OH-] + (3.33 2 1.74)[OCl-1. (m) points falling within 
20% of the calculated surface; (A) points falling more than 20% off the 
calculated surface. 

-2.0 
-50 -4.0 -3.0 -2.0 -1.0 0.0 

log [OH1 

FIG. 5. Rate constants for the hydrolysis of 1,l-dichloroacetone. 
Values at low [OH-] by direct measurement, values at higher [OH-] 
calculated from rate constants for combined hydrolysis and chlorina- 
tion by subtracting the contribution from chlorination. The data were 
fitted to kob,/[OH-] = i(4.77 2 0.60) + (25.3 2 15.8)[OH-])/{I + 
(992 ? 216)[OH-I). 
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FIG. 6. Rate constants for the combined chlorination and rearrange- 
ment of 1 ,1-dihydroxyacetone, fitted to k = (0.00034 * 0.00027) + 
(0.673 * O.lSl)[OCl-] + (0.122 * 0.0155)[OH-1. (w) points 
included in the least squares fit; (A) points which were not included in 
the least squares fit, and which fall off the calculated surface. 

occurs before measurements begin. This could be the result of 
the reaction of the keto form of dichloroacetone with hypo- 
chlorite before there was time for keto-hydrate anion equilib- 
rium to be established. The phenomenon, a total absorbance 
change corresponding to the expected stoichiometry, while the 
measurable kinetic process corresponds to a smaller amount of 
reaction, has been seen repeatedly in these experiments. 

One explanation which must be considered immediately is 
that the fast reaction, completed before the recording of 
absorbance time data begins, is the actual reaction of dichloro- 
acetone, while the measurable process is some subsequent 
reaction. We reject this explanation because the reaction 
subsequent to chlorination of dichloroacetone, namely halo- 
form cleavage, is rapid and is not expected to lead to any 
absorbance change, and the reaction subsequent to hydrolysis, 
namely the chlorination/rearrangement of dihydroxyacetone, 
shows quite different kinetics and very small consumption of 
hypochlorite. 

There is clearly something complicated going on which will 
reveal further details of the reaction upon suitable investigation. 
For the purpose of defining the behaviour of fully equilibrated 
dichloroacetone the kinetic parameters are adequate. For the 
immediate purpose of defining the behavior of dichloroacetone 
generated in situ in the course of the chlorination of acetone, the 
rate ratio implied by the nmr studies, and the total absorbance 
changes, is a better guide to the partitioning of this intermediate. 

The clear implication of this work is that the major form of 
dichloroacetone in solution in dilute hydroxide is the hydrate 
monoanion, and that halogenation will occur at a rate inversely 
proportional to [OH-]. 

Chlorination and rearrangement of 1 , l  -dihydroxyacetone 
2-Oxopropanal (pyruvaldehyde, methylglyoxal) is shown by 

'H-nmr to be a mixture of two species in aqueous solution. The 
major species has a signal at 2.30 attributed to the methyl of 
1,l-dihydroxyacetone, and the minor species has a signal at 
1.37 attributed to 1,1,2,2-tetrahydroxypropane. Form the areas 
of the peaks we calculate that the dimensionless equilibrium 
constant for hydration of 1,l-dihydroxyacetone is 0.61. The 
chlorination of 1,l-dihydroxyacetone was studied in order to 
determine the rates of its reaction, the stoichiometry, and the 
rate of the rearrangement to lactate. These kinetics results are 
found in Table 7. This latter reaction was difficult to study 
directly because the absorbance change accompanying re- 
arrangement is small, making it difficult to perform studies at 
low concentrations. Unfortunately kinetics at higher values of 
[OH-], greater than 0.2 M, with or without hypochlorite 
present, gave fast and irreproducible kinetics, with kOb, > 
0.04s-'. These kinetics did not fit the general pattern seen at 
lower hydroxide concentrations, and were subject to a scatter of 
25-30%. The data for [OH-] < 0.2 M were fitted to: 

where, in terms of Scheme 1, 

This gave a very good fit; the parameters determined by least 
squares were: 

It should be noted that eq . [4] assumes that the major substrate 
species in solution is the anionic form of methylglyoxal hydrate, 
either rearranging with or without hydroxide catalysis or else 
reacting with C10-. Under most conditions relevant to the 
present study, halogenation is a minor side reaction. The quality 
of the fit is shown in Fig. 6. 

Haloform cleavage of trichloroacetone 
The kinetics of this reaction were followed by the pH-stat 

technique. The data are found in Table 8. These values led to a 
second order rate constant for hydroxide-catalyzed breakdown 
of 48.2 M-'s-'. 

Summary of rate constants 
All of the rate and equilibrium constants for processes shown 

in Scheme 1 which are currently known or estimated are given in 
Table 9. 

Discussion 
Hydrolysis of chloroacetone 

The hydrolysis of chloroacetone is a rapid reaction. Although 
substitution reactions of powerful nucleophiles with a-halo 
ketones are normally considered to occur by the SN2 mechanism 
(16, 17) with some special accelerating effects attributed to the 
carbonyl group (18-21), it seemed worthwhile to test whether 
the present reaction was occumng at a rate which was plausible 
for the classical mechanism. To do this we endeavored to 
estimate the rate of the substitution from rates of reaction of 
other nucleophiles which must react by direct displacement. 

The closest available data to the rate constants we wish to 
estimate are for reactions of nucleophiles with a-halo ketones in 
aqueous dimethyoxyethane at 54.8OC (16). No temperature 
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GUTHRIE AND COSSAR 

TABLE 9. Rate and equilibrim constants for individual steps in Scheme 1 

k12 = 0.173 M-' s-' kcDO = 1.7 X lo9 M-' s-' 
kzl = 4.1 x 104s-' kcD- 3 8.6 X 104 M-' s-' 
k230 = 1.7 X lo9 M - I  s-I kSD = 4.27 M - I  S - I  

k2,- = 2.0 X lo4 M-' sC1 KsL =2.86 
k34 = 1 3 6 ~ - I S - '  KSE = 670 M-' (estimated) 
b3 = 7.8 X lo3 s-I = 3.8 X lo3 M-' (determined from our kinetics) 
bS0 = 1.7 X lo9 M-' S - I  KEQ = 0.002 M- I (estimated) 
k45- = 2 X lo4 M-' S-' kED =0.0048~-'  
kS6 = 3010 M-' S - I  k Q D  = 2.6 S-' 

kS7- = 1.3 X lo4 M - ~  S - I  kDJ = 0.15 M-' s-' 
k 6 ~  = unknown kDJ2- = 54 M - ~  S-'  

k670 = ~nkn0wn KDH = 708 M-' 
k67- = unknown KDN = 0.61 
k79 = 48.2 M - I  S - I  KDo = 17 M-' 
K78 = 1.0 X 10' M-I KNO = 28 M-l 
K7M = 50. KHI =0.007M-' 
K~~ = 2.0 x lo3 M-' kIJ = 17 s-' 
kg9 = 0.023s-I kHJ =0.00034s-I 
Ksp = 0.02 M-I kHG = 0.67 M - I  S - I  

kP9 = unknown, but < 4.5 x 10's-'; kIG = unknown 
estimated value 3000 s- ' ko, = unknown; estimated value 0.02 M-' s-' 

k 3 ~  = l . l g M - ' ~ - '  km = unknown 
K3K = 0.11 kFG = unknown 
K3* = 1.7 M - I  kFJ = unknown 
kAB = 0.78 S-' KKA = 16. 
kBc = 0.047 M-'s- '  KLE = 234. 
kcB 3 190 S-' 

dependence studies were done for chloroacetone itself; the- 
closest model is the reaction of AcO- with 1-bromo-2-butanone 
for which the AS+ is -5. We will assume that AS+ is the same 
for the reactions of simple ionic nucleophiles with chloroace- 
tone. The rate constant for the reaction of acetate with 
chloroacetone is 1.14 X M- ' s- ' (1 6). For bromoacetone, 
rate constants for acetate (1.46 X lop3 M-' s-') and azide 
(94.8 X M- ' s- ') were reported (16). We will assume that 
the rate ratio is the same, and so estimate a rate constant for the 
reaction of chloroacetone and azide as 7.4 x M-' s- I .  We 
then correct to 25OC and get rate constants for acetate (3.78 X 

M-' s-') and azide (3.74 X M-' s-'). Then using 
Swain-Scott n values (acetate, 2.72; azide, 4.00; hydroxide, 
4.20; all from Wiberg (22) we get k = 0.0077 M- ' s-' for 
hydroxide. This is clearly slower than the observed value 
(1.19 M-' s-I). Unfortunately there are a number of weak 
points in the estimation procedure which we had to use, and so 
we cannot have high confidence that the mechanism is not SN2, 
although there is a basis for very strong doubt. 

The observed rate constant for the reaction of hydroxide with 
chloroacetone to give hydroxyacetone presumably represents 
the reaction of the hydroxide adduct, so it is the product of a rate 
and an equilibrium constant. The equilibrium constant can be 
estimated as 1.7 M - I .  The equilibrium constants for hydration 
of mono- and dichloroacetone have been reported (23); the 
pKa's for the hydrates can be calculated using Hine's equation 
(pKa = 14.19 - 1.32C.u*) (24); the equilibrium constants 
for addition of hydroxide then come from a simple cycle; see 
Table 10. 

The rate constant for the intramolecular reaction can now be 
calculated to be 0.78 s-'. This is somewhat faster than what 
might have naively been ex ected. For -0-CH2-CH2-C1, P the rate constant is 0.022 s- (25). One can, however, anticipate 
that the cyclization should be favored by the additional 

TABLE 10. Equilibrium constants for addition of  water 
and hydroxide to mono-, di-, and trichloroacetonea 

Ketone ~ h y . 3 ~  K," K~~ 

'In water at 25°C. 
bValues from ref. 23; value for trichloroacetone estimated 

after ref. 23. 
'pK, = 14.19 - 1.32Cu* (24). 

substituents present in -0-C(OH)(CH3)-CH2-Cl (26), so 
that a rate constant greater than 0.022 s-' is to be expected, 
although it is not clear how much greater. Base-catalyzed 
cyclization of HOC(CH3)2-CH2-Cl is 252 times faster than 
that of HO-CH2-CH2-C1 (26, 27). Once again the argu- 
ments are suggestive but not compelling. 

Thus for chloroacetone a plausible case can be made for 
reaction by an addition-intramolecular displacement mecha- 
nism, rather than direct SN2 attack, but the case cannot be 
considered proven. 

Other, closely related, reactions have been attributed to the 
addition-intramolecular displacement mechanism. Addition of 
alkoxide and formation of an alkoxy-oxirane (or products 
derived from it) is a well-known side reaction in the Favorskii 
rearrangement (28-3 1). For secondary a-halo ketones (but not 
primary) an alternative mechanistic path is available for 
hydrolysis, namely, solvolysis of the a'-en01 (32). Fortunately 
this additional path is unlikely (32) for the present system, 
which is already sufficiently complicated. 

We may estimate rate constants for the addition of hydroxide 
to the carbonyl groups of mono- and dichloroacetone from the 
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TABLE 11. Rate constants for addition of hydroxide to mono-, di-, 
and trichloroacetonea 

K~ k 0 D C  koff 

Compound (M- '1 (M-I s-') (s-l) 

"In water at 25°C. 
*Equilibrium constant for the addition of hydroxide to ketone, producing an 

anionic adduct; values from Table 10. 
'k0, is the rate constant for the addition of hydroxide to carbonyl; koff is the 

rate constant for the expulsion of hydroxide from the anionic adduct. Values 
were calculated using the appropriate Marcus equation (33), for which b = 6. 
b is the "intrinsic barrier" expressed in units of log k .  

equilibrium constants calculated above and the Marcus correla- 
tion for rate and equilibrium constants for addition of hydroxide 
to carbonyl compounds (33) (see Table 1 1): 

log k = 10 - b(l - log K/4b)2 

Note that these rates make the addition reaction the fastest 
reaction channel available. The peculiar behavior observed in 
the kinetics of halogenation/hydrolysis of dichloroacetone 
suggest that for dichloroacetone there may be steric hindrance to 
the addition of hydroxide, leading to slower reaction than 
predicted in Table 1 1. 

Hydrolysis of dichloroacetone 
Although we could not find any informztion allowing an 

estimation of the rate constant to be expected for simple SN2 
attack of hydroxide on 1 , 1-dichloroacetone, we can state that 
this reaction would be expected to be considerably slower than 
the SN2 attack of hydroxide on rnonochloroacetone. Streit- 
wieser (34) gives relative rate data for the reactions of 
methoxide ion in methanol at 50°C with dibromomethane and 
bromoethane; the rates are in the ratio 0.0078: 1. This compari- 
son is for the effect of the second halogen atom with steric 
effects roughly compensated; since methyl bromide reacts 23 
times faster than ethyl bromide with ethoxide in ethanol the rate 
ratio for dibromomethane and monobromomethane would be 
more like 0.0003: 1. Although these data represent an imperfect 
model for the case of 1,l-dichloroacetone vs. monochloro- 
acetone, it is clear that for the SN2 mechanism the former 
must be much slower. In fact, as was shown above, 1, l -  
dichloroacetone is somewhat more reactive; this demands the 
conclusion that it does not react by the SN2 pathway. If, as we 
suggested was likely, rnonochloroacetone does not react by the 
SN2 pathway either, this conclusion becomes even stronger. 

From the fit of the experimental rate constants to the 
appropriate portions of the mechanism in Scheme 1, we 
obtained kED = 0.0048 s-I. It should be noted that this is almost 
1000 times slower than the analogous rate constant for mono- 
chloroacetone. As shown above, one expects approximately 
this ratio based on the analogy with mono- and dibromometh- 
ane. Thus the proposal that both reactions proceed by the 
addition-intramolecular displacement mechanism is consistent 
with the facts. 

Chlorination of chloroacetone 
From the total change in absorbance due to hypochlorite ion 

accompanying reaction of rnonochloroacetone it is possible to 
calculate the stoichiometry. These measurements are compli- 
cated by the slow second phase of the reaction representing 

halogenation of the hydroxyacetone produced as a byproduct in 
the fast phase of halogenation. Furthermore there is a very slow 
pseudo-zero order decrease in absorbance, probably due to 
decomposition of the hypochlorite ion. For experiments where 
reaction was relatively rapid the stoichiometry was in the range 
of 1.5-2.0 moles of OC1- per mole of rnonochloroacetone. This 
is consistent with competing chlorination and hydrolysis, since 
hydrolysis to hydroxyacetone is followed by consumption of a 
single mole of OC1- and then rearrangement to lactate. 

The stoichiometry for the initial rapid phase can be estimated 
from the absorbance change for this phase alone. Values so 
calculated show considerable scatter, but a plot of n (moles 
of OC1- consumed per mole of ketone reacting) vs. 
[OCl-]/[OH-] is in approximate accord with a line calculated 
from the rate law for the reactions of monochloroacetone, 
making the simplifying assumption that all dichloroacetone 
formed consumes another mole of OC1-. 

The equilibrium constant estimated for the addition of OH- 
to rnonochloroacetone implies that for [OH-] less than 1 M, the 
anionic adduct is not present as a significant fraction of the total 
ketone. 

Although no products attributable to Favorskii rearrangement 
were observed, it seems worthwhile to examine the question of 
why this common reaction of a-haloketones is not a competing 
side reaction accompanyirig the halogenation in alkaline solu- 
tion. 

We will first estimate rates of enolization at the a and at 
carbons. The pKa for chloroacetone at the carbon bearing a 
chlorine has been calculated above as 15.8 (subject to the 
assumption that the enolate of chloroacetone reacts with 
hypochlorous acid at a diffusion-controlled rate). To estimate 
the pKa at the other at carbon we need an estimate for the effect 
of a chlorine on the other side. The only available data are rate 
constants for enolization of 1,3-dichloroacetone from Bell's 
study (12), which led (35) to a pKa of 11.04 + 0.20, based on 
four carboxylic acids. The same pKa estimation procedure 
applied to Bell's data for rnonochloroacetone led to a pKa of 
14.1 (33 ,  which is quite different from the value calculated in 
this work. One possible explanation is that there is a different 
intrinsic barrier associated with deprotonation of a chloromethyl 
ketone than for a methyl ketone. If one determines a b value 
(intrinsic barrier in log k units) from the rate constants for 
carboxylate-catalyzed enolization of chloroacetone using the 
pKa derived from the present work, one obtains a value of 7.4 
(as opposed to the value of 9.9 for simple alkyl ketones (35)). If 
this new b value is used for the data for 1,3-dichloroacetone, 
one estimates a pKa of 12.7. This means that there is a 3.1 pKa 
unit effect of a chlorine on the opposite side of the carbonyl. The 
effect of a chlorine at the a carbon is 3.3 units (pKa acetone = 
19.1 (9)). We now estimate the pKa at the at-carbon of 
rnonochloroacetone to be 16.0. 

The rate constant for reaction at the a-carbon has been 
determined in this work as 367 M-' s-'. For the at-carbon, 
using the Marcus relation from ref. 35, with b = 9.9 (since there 
is no chlorine on the carbon bearing the enolizable hydrogen) 
andapKaforH200f 15.74, weget kc,, = 0.89 M-'s-', which 
leds to kobs = 2.7 M-' s-', and a rate constant for reprotonation 
of 270 s-' . 

For use with Bordwell's results (29, 36), we will do the 
same for 1-chloro-3-phenylacetone. For phenylacetone the pKa 
values are a-, 15.91; a '- ,  18.27 (35). Then for the chloro 
compound, C-1, pKa = 18.27 - 3.3 = 15.0; C-3, pKa = 15.91 
- 3.1 = 12.8. When rate constants for hydroxide-catalyzed 
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enolization are estimated using the appropriate b values in each 
case, we estimate them as C-1, koH = 1200 M-' s-; C-3, koH 
= 45 M-' s-. These are necessarily quite approximate esti- 
mates, but in fact the exchange results say that they are in the 
correct order because there is more exchange next to the 
chlorine, although the two exchange rates are close. The reverse 
rate constants can be estimated as C- 1, kw = 1.2 x lo4 s-' ; C-3, 
kw = 2 . 8 ~ ~ ' .  

In order to estimate rate constants for the Favorskii rearrange- 
ment, we start with the studies of Bordwell et al. (29), (36). 
Bordwell gives rate constants for the rearrangement of l-chloro- 
3-phenylacetone in water-methanol mixtures with up to 50% 
water present (29). The rate-determining step is changing as the 
solvent changes because the fraction of exchange is varying. 
We will correct for this solvent effect by using a log k vs. Y 
correlation to extrapolate to water; the data employed are given 
in Table 12. We then use the fraction of exchange to determine 
the partitioning ratio between reprotonation and rearrangement, 
and assume that this rate ratio follows Y as well, to extrapolate to 
water. Then in water, using our estimated rate constant for 
reprotonation, we calculate a rate constant for the Favorskii step 
in water. We then consider the probable magnitude of the effect 
of the phenyl substituent on the rate constant for the ionization 
step, in order to calculate a rate constant for the reaction of 
chloroacetone from the rate constant for l-chloro-3-phenyl-2- 
propanone. 

A plot of log k for the rearrangement vs. Y gives log 
k = -0.775 + 0.648Y7 r = 0.995, which leads to k = 
31.7 M-' s-' in water at 0°C. In pure methanol the temperature 
effect is such that the rate at 25°C is 34 times the rate at 0°C. This 
rate ratio leads to a value of the apparent rate constant for the 
Favorskii rearrangement of 1-chloro-3-phenylacetone in water 
at 25°C of 1080 M-' s-'. It is subject to the assumption that the 
rate-determining step is the same in methanol as in water, and 
that the partitioning of the intermediate is not a function of 
temperature. Both assumptions are questionable. The value 
estimated is the overall rate constant = kdeProt/[l + (keP,, 
/kion)]. As we will see kePmt/kion is likely to be less than 1 in 
water so that the overall rate constant should be essentially the 
rate of deprotonation, for which the temperature coefficient 
k2S/ko is likely to be small; a value of k2S/k0 = 7.67 is reported 
for acetone in water (10). Using this value as an estimate of the 
effect of temperature on the overall rate of the Favorskii 
rearrangement in water would lead to kobserved = 243 M-' S-l; 
we had estimated above that kdeprot would be 45 s-'. 

We next consider the partitioning of the intermediate. We 
assume that a' deuterium exchange represents reprotonation of 
the enolate, which partitions between reprotonation and solvo- 
lysis, and that reprotonation in deuterated medium leads to 
deuterated product. Then from the observed percent exchange 
(29) we can calculate the rate ratio, r = keprot/kFav, and 
extrapolate to water assuming log (r) is linear in Y, as shown in 
Table 13; since only two exchange experiments were done the 
assumption cannot be tested. 

We can estimate the rate constant for the Favorskii step, 
based on the partitioning ratio, which is for the moment 
assumed to be temperature independent. If the rate constant for 
the reprotonation step is 2.8 s-' in water (vide supra) and the 
rate ratio is 0.102, then the microscopic rate constant for the 
Favorskii ionization is 27 s-' . 

One must now consider the effect of the phenyl group in 
1 -chloro-3-phenylpropanone on the rate of the Favorskii ioniza- 
tion. Streitwieser (37) gives rates for phenylallyl chloride 
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TABLE 12. Extrapolation of the rate constant for the 
Favorskii rearrangement of 1-chloro-3-phenylpropanone 

to aqueous solutiona 

Volume 
% H20 Yb k (M-'s-') log k 

"Data from ref. 29; kinetics at O°C. 
bEstimated Y values for Bordwell's solvent mixtures. He 

reported vol.% which we will assume follows the Winstein 
convention and means x% of A and 100 - x% of B .  Then the 
mole fraction, N, can be calculated directly. Fainberg and 
Winstein (49) report values of Y for various solvent water 
mixtures, and give polynomials relating Y to N. We used the 
polynomial to calculate Y for Bordwell's mixtures. 

'Estimated by linear extrapolation of a plot of log k vs. Y.  

TABLE 13. Solvent effect on the partitioning of the a'-enolate from 
1 -chloro-3-phenylpropanonea 

%MeOH %exchange r log r Y 

DData from ref. 29; kinetics at 0°C. 
bExtrapolated assuming a linear relation between log r and Y .  

TABLE 14. Solvent effect on the rate ratio for ionization 
of phenylallyl chloride relative to ally 1 chloridea 

Vol. % EtOH Y Ratio log ratio 

"Relative rates from ref. 37. 
bExtrapolated assuming a linear relation between log ratio 

and Y. 

relative to allyl chloride. The rate ratio is solvent dependent, 
being 139: 1 at 100% EtOH at 44.6"C and 7700: 1 in 50% EtOH 
at 44.6"C. Once again we must do an extrapolation making the 
untested assumption that the rate ratio is linear in Y; see Table 
14. The extrapolated value for water is 58000: 1. 

If we use this rate ratio, and assume that it is insensitive to 
temperature, we predict that the rate of the Favorskii ionization 
for the enolate of chloroacetone would be 27/58 000 = 5 X 

s-'. An argument in favor of this rate ratio is that p for 
1-aryl-3-chloroacetones is -5. Nevertheless it is very possible 
that the rate ratio overestimates the effect of the phenyl 
substituent, because an oxyallyl cation should be sufficiently 
much more stable than an allyl cation to make less demand upon 
the substituents for stabilization. It is known that solvolysis of 
the en01 of 3-chloro-1-phenyl-%-butanone readily leads to 
methoxyketone products, while analogous products are not seen 
in the reactions of 1-chloro-3-phenyl-2-propanone (32); clearly 
stabilization of the "carbocation" is still very important at least 
in the enol. Since 1-chloro-3-phenyl-2-propanone undergoes 
Favorskii rearrangement, ionization of the enolate is facile in 
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this system. Thus we can only estimate upper and lower limits 
on the rate of Favorskii ionization for the a'-enolate of 
monochloroacetone, and the pattern is: 

with an overall rate constant, klk2/(k-I + k2), of 0.27[OH-] 
s-' estimated if the effect of the phenyl substituent in l-chloro- 
3-phenyl-2-propanone is negligible, and 5 x 1 0 - ~ [ 0 ~ - ]  s-' 
using the large effect of the phenyl substituent estimated using 
the ally1 system as a model. Both of these estimates are smaller 
than the observed rate constant for hydrolysis, namely, 1.19 
[OH-] s-' . 

The facts of the matter are clearly that the Favorskii 
rearrangement does not happen, because the nmr shows no sign 
of propionate, which would be clearly detectable if it were 10% 
of the total, and probably so even if it were less. The competing 
reactions are trapping of the a-enolate by halogen and intramo- 
lecular displacement by the hydroxide adduct, with the latter 
often being the dominant reaction. This suggests that the 
estimation procedure which we used for the upper limit on the 
rate of the Favorskii rearrangement has led to too high a value. 
Unfortunately there does not seem to be information available 
which would permit a better estimate of the value to be expected 
for our system. 

Chlorination of hydroxyacetone 
The stoichiometry of the hydroxyacetone reaction appears to 

be a function of [OH-]; at 0.486 M [OH-] it is 1.25 while at 
0.0129M [OH-] it is 1.85 (9). This suggested that there is 
a competition between rearrangement, which is hydroxide- 
dependent and leads to a stoichiometry of 1, and a hydroxide- 
independent second halogenation which leads to a stoichiome- 
try of 2. One must be cautious because the lower hydroxide 
concentrations lead to slower reactions which may also have 
more drift, giving spuriously high stoichiometries. Product 
studies (9) revealed only lactate as a detectable product in the 
nmr, but the intensity of the peaks was less than expected. There 
was no acetate. 

A plot of nap, vs. [OCI-]/[OH-], using data from Table 4, 
showed a possible tendency to increase with increasing 
[OCl-]/[OH-] masked by very considerable scatter. A line 
calculated on the basis of the observed rate law for the reaction 
of 1,l-dihydroxyacetone was consistently too low. 

One possible explanation would be competing reaction at the 
methyl group. The proportions of reaction of the methyl and 
methylene of hydroxyacetone will depend upon the hypo- 
chlorite concentration, because at high concentration only the 
relative rates of ionization matter, and at low concentration only 
the rates of trapping of the enolate by hypochlorite matter. 
Using the rate constant for hydroxyacetone enolization evalu- 
ated above, i.e. 0.048 M-'s-' as the value for the methylene 
group, and taking the value for acetone (corrected for the 
number of hydrogens) as an estimate for the methyl group, i .e. 
0.087 M-' s-', we calculate that at high hypochlorite, reaction 
would be 64% at the methyl and 36% at the methylene. 
However, these values are of purely theoretical interest because 

from the values of the microscopic rate constants for acetone in 
Table 9 we can calculate that "high hypochlorite" for reaction at 
the methyl group would be in excess of 20 M. At low 
hypochlorite concentration, and high enough [OH-] that the 
reaction of hypochlorite ion dominates, the rate constant for 
halogenation involving the enolate derived from the hydroxy- 
methylene is 19.2 M- I s- I (9), and half the rate constant for 
acetone, taken as an estimate for the value for reaction involving 
the enolate derived from the methyl of hydroxyacetone, is 
0.044 M-Is-'. Thus at low hypochlorite less than 0.5% of the 
reaction is by way of the methyl group. 

Chlorination of dichloroacetone 
We found that the rate law for the chlorination/hydrolysis 

kinetics required terms for intramolecular nucleophilic attack by 
both the mono- and dianionic hydrates of dichloroacetone. The 
results described above led to a rate constant for the intrarnolecu- 
lar reaction of the monoanion of 0.0048 s-I, while the intra- 
molecular reaction of the dianion had a rate constant of 2.6 s-I. 
The rate ratio is 53 1, although it should be borne in mind that the 
ratio is dependent upon a quite uncertain estimate for the second 
pK, of 1 , 1-dichloroacetone hydrate. For the, admittedly quite 
different, rearrangement of phenylglyoxal to mandelate, the 
rate ratio can be estimated as 2000 (vide infra). 

We did not detect a term in the rate law corresponding to 
reaction of the enolate of dichloroacetone with hypochlorous 
acid. Consequently we cannot make any estimate of the pK, of 
the ketone. In any case such an estimate would be of doubtful 
validity, because it is by no means certain that the reaction 
would be diffusion-controlled (9). The equilibrium constant 
estimated for the halogenation reaction is distinctly smaller than 
for the earlier halogenations (9), even though it is still 
Thus even if we had a rate constant permitting an estimation of 
the pKa, the value so estimated would only be an upper limit. 

The rate constants for hydroxide catalyzed enolization 
of acetone, monochloroacetone, and dichloroacetone are 
0.173 M-' s-' (lo), 136 M-Is-', and 3800 M-' s-', respec- 
tively. These should be corrected for the number of reactive 
hydrogens in order to compare reactivity; the corrected values 
are 0.0288 M-' s-', 68 M-' s-I , and 3800 M-I s-', respec- 
tivley, for relative rates of 1:2.4 x 103:1.3 x lo5. For 
comparison Cox and Warkentin (38) report rate constants for 
acetate-catalyzed enolization of acetone, monobromoacetone, 
and dibromoacetone at 30°C in aqueous solution as 7.38 x 

3.27 X lop4, and 5.05 X respectively (all M-' s-I , 
and corrected for the number of reactive hydrogens). The 
relative rates are 1:4.4 X 103:6.8 X lo4. The relative rates are 
similar to those we found for the chloro ketones. In contrast Bell 
and Lidwell reported rate constants for acetone, monochloroac- 
etone, and dichloroacetone of 0.042,4.7, and 450, respectively 
(all converted to M-'s-' and corrected for the number of 
reactive hydrogens). The corresponding relative rates are 1 : 1 .1 
X 102:1. 1 X lo4. These relative rates suggest a distinctly 
smaller effect for replacement of hydrogen by halogen than 
what we found or what Cox and Warkentin found for bromine. 

For dichloroacetone, the rate constant for phosphate dianion 
catalyzed enolization which we determined is very close to the 
value predicted by Bell's Bronsted correlation (12): observed, 
0.018 M-' s-' ; predicted 0.0122 M-' s-' . For monochloro- 
acetone, the rate constant for carbonate anion catalyzed enoliza- 
tion which we determined is actually somewhat slower than the 
value predicted by Bell's Bronsted correlation (12) (although 
this represents a much longer extrapolation than for phosphate 
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and dichloroacetone): observed, 0.25 M-' s-'; predicted 1.5 
M-1 s-l 

Rearrangement of 1 , I  -dihydroxyacetone 
We may estimate pKa values for dihydroxyacetone and 

tetrahydroxypropane using the Hine equation (24): 

For dihydroxyacetone we use a*Meco = 1.81 and U*H = 0.49. 
For tetrahydroxypropane we use u * ~ ~ ~ ( ~ ~ ) ~  = 2 X U * ~ H ~ O H  = 
2 x 0.62 = 1.24. With these a *  values, and the experimental 
value for hydration of neutral dihydroxyacetone, we estimate 
the equilibrium constants for the reaction cycle: 

We also tried estimating the equilibrium constants for hydration 
of methylglyoxal and dihydroxyacetone, using the Greenzaid 
equation (23), log Khydration = 1.70Zu* + 2.03A - 2.81. For 
methylglyoxal this leads to Khydration = 1350. For dihydroxy- 
acetone the equation leads to Khydration = 0.198; this is 
somewhat smaller than the observed value of 0.61 but is not 
bad, especially considering that the a *  value had to be 
estimated. 

The empirical rate law, expressed in terms of Scheme 1, gives 
kIJKHl = 0.122 M-' S-' and kH, = 0.00034. The pK, value of 
11.15 estimated above leads to KDH = 708 M-' . We may make 
a crude estimate of the second pKa using Pauling's rules (15) as 
16.2, and hence calculate KHI = 0.007, and kIJ = 17 s-'. At 
low pH, the apparent rate constants will be kDJ = kHJKDH/(l + 
KD,) = 0.15 M-' S-' and kDJ- = kIJKHIKDH/(l + KDN) = 
54 M - ~ .  S- ' . 

For 1,l  -dihydroxyacetone rate constants at 37.5OC are 
available from the work of Ariyama (39). His values are given in 
Table 15. For 25°C we estimate that the rate constant will be 0.7 
k 0.4; this estimate was obtained using a factor of 2 in rate for a 
12.5"C decrease in temperature, while giving error limits large 
enough to allow for the possiblity that the temperature effect is 
small; see below for phenyl glyoxal. 

For phenyl glyoxal, a careful study at 35OC by Hine and Koser 
(40) is available. The apparent rate constant depends on the 
fraction of substrate which has ionized (K1 (expressed as Kb) = 
247 k 17 M-') and is the sum of contributions for reaction of 
the monoanion and the dianion. The acid dissociation constant 
for the monoanion to give the dianion could not be determined. 
For conditions where the monoanion is the major species, 

At pH 12, these values lead to a fraction of monoanion = 0.71, 
and an overall pseudo-first order rate constant = 8.61 X 

10-4 S-l. 
A study of substituent effects at pH 12 was reported by 

Vanderjagt et al. (41). It should be noted that at pH 12 both 
monanion and dianion pathways are important, and that the 
proportions of these paths may depend on the substituent. For 
phenyl glyoxal itself a rate constant at pH 12, 25OC, of 7.6 x 
I O - ~ S - '  was reported. This is only slightly smaller than the 
value calculated from data (40) at 35OC, suggesting that the 
temperature dependence for this reaction may be small. 

Our results lead to a predicted second order rate constant at 
low pH of 0.24~-' s-'. This is somewhat smaller than the 
value estimated from the results of Ariyama, but depends on an 
estimated pKa. For our rate constant from experiments at [OH-] 
> 0.01 M to be consistent with the value calculated from 
Ariyama's data, i.e. 0.7 M-'sP1 the pKa of dihydroxyacetone 
would have to be 10.3 and not 11.15. The difference is 
disturbing, but not impossible, especially when the acid 
strengthening substituent is a directly bonded carbonyl group 
which might exert a direct inductive effect as well as the field 
effect allowed for by a a *  treatment. 

There is a serious interpretational problem for the kinetics, 
because an alternative mechanism for the rearrangement of 
1,l-dihydroxyacetone to lactate is enolization followed by 
reprotonation. The question is then whether this is competitive 
with intramolecular hydride transfer. If this were the mecha- 
nism, then the hydroxide-independent rate of rearrangement 
observed in dilute hydroxide solutions would represent enoliza- 
tion and not hydride transfer in the monoanion. The enolization 
would have to be a hydroxide-catalyzed reaction of the 
unionized substrate, with 

kobs = keno~ization[OH- I /KDH[OH-I 
kenolizatio, = 0.00034 x 708 = 0.21 (using pKa = 11.15) 

= 0.00034 X 5000 = 1.5 (using pKa = 10.3) 

In either case the rate constant for enolization seems far too large 
compared to the trend observed for acetone and hydroxyacetone 
(kenolization = 0.0288 M-' s-' and 0.0235 M-I s- ' , respective- 
ly, on a per hydrogen basis). One would expect a rate constant of 
about 0.02 M- ' s- ' for dihydroxyacetone as well. Since the pK, 
value is likely to be less than 11.15 rather than greater, it 
seems improbable that the enolization mechanism is of major 
importance. 

This has immediate consequences for the halogenation path; 
it clearly cannot involve enolization because in that case the 
observed halogen dependence of the rate constant would imply 
preequilibrium proton transfer. If the enolate formed, it would 
rapidly and irreversibly be converted to lactate (which is known 
to be inert under our conditions .) The hypochlorite-dependent 
reacton must then represent some other process; one could 
imagine either fragmentation of a hypochlorite adduct: 

or hydride transfer from the monoanion to hypochlorite or from 
the dianion to hypochlorous acid: 

A product study by nmr showed only lactate; acetate would be 
inert and should have persisted, but pyruvate would be expected 
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TABLE 15. Rate constants for rearrangement of 
methyl. glyoxala 

PH k (min- I)  k2 (M-I S-I) 

8.5 2.4 X lop4 1.27 
9.5 3.22 X 1.70 

10.5 1.77 X 0.93 
Av. 1.3 + 0.4 

'%ate constants from ref. 39; kinetics in water at 
37.592. 

to react further by halogenation on the methyl. Thus a hydride 
transfer mechanism looks more likely at this time. 

Cleavage of trichloroacetone 
The observed rate constant for the cleavage of trichloro- 

acetone can be expressed in terms of the mechanism shown in 
Scheme 1 as: 

At low hydroxide concentrations, where the anionic adduct is 
present in small amounts, and the dianionic adduct is not 
kinetically important, this can be simplified to 

Using the equilibium constants from Table 10, we can calculate 
that kSg = 0.023 s-l. This value may be somewhat low because 
it implies that some signs of levelling off should have been 
observable in the measured portion of the pH rate profile for the 
reaction, while in fact there was no levelling off seen. The pKa 
estimation may be imperfect because of steric effects of the 
bulky trichloromethyl group. 

It seems distinctly possible that cleavage reactions involving 
the dianion will be significant in dilute hydroxide solutions, but 
we have not yet devised a way to follow the cleavage reaction 
under such conditions. 

For chloral the reaction is distinctly slower (42); this probably 
reflects the smaller driving force for generating a formate rather 
than an acetate anion. For the monoanion k = 1.29 X s-' . 
The pK, of the hydrate is 9.76; estimating the second pKa of the 
hydrate as 14.8 (using Pauling's rule of 5 pKa units for 

successive pKa's (15)) we estimate that for the dianion k = 
18 s-', which is 1.4 X lo5 faster than for the monoanion. 

The monoanion reaction of trichloroacetone hydrate has ks9 
= 0.023 s-' which is 178 times faster than the corresponding 
rate constant for chloral hydrate. If the same ratio holds for the 
rate constant for the dianions, we would expect that for 
trichloroacetone the dianion would react with a rate constant of 
kpg = 3000 s-I . All we can say on the basis of our results is that 
this rate constant is less than 4.2 X 10' s-', assuming that a 20% 
increase would have been visible. 

Stoichiometry of the reactions 
The overall stoichiometry , naCetone, i.e., the number of moles 

of OC1- consumed per mole of acetone reacting, can be 
expressed in terms of partitioning fractions as: 

where 

fl  = partitioning fraction for monochloroacetone 
= halogenation/(hydrolysis + halogenation) 

f2 = partitioning ratio for dichloroacetone 
= halogenation/(hydrolysis + halogenation) 

f3 = partitioning ratio for dihydroxyacetone 
= halogenation/(hydrolysis + halogenation) 

A similar expression can be derived for n,,,,, the stoichiom- 
etry number for reaction of monochloroacetone, with the 
complicating factor that the reaction occurs in two phases; rapid 
reaction involving halogenation of monochloroacetone, and 
slower reaction of the hydroxyacetone formed by hydrolysis. 

The same complication applies to ndi, the stoichiometry 
number for reaction of dichloroacetone. 

The stoichiometry numbers for hydroxyacetone, nhydroxy, 
and dihydroxyacetone, nglyox, are quite simple. 

The three partitioning fractions may be expressed in terms of 
the mechanism in Scheme 1 as: 
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GUTHRIE AND COSSAR 

i The product ratios, [acetate]/[lactate], may be expressed in terms of the same partitioning fractions as: 

Figures 7-9 show the dependence of the stoichiometry numbers upon the concentrations of hydroxide and hypochlorite calculated 1 using the rate and equilibrium constants in Table 9. The major uncertainty in these stoichiometry numbers is probably our uncertain 
1 knowledge of f3, since the kinetics of the dihydroxyacetone reaction were less thoroughly explored. However, for most conditions 
! this reaction is almost entirely rearrangement. There is also an uncertainty inf2 at low [OH-] because we were not able to determine 
I 

the rate constant for the term in the rate law corresponding to reaction of hypochlorous acid with the enolate of dichloroacetone. ' When the ketone is in excess, one of the competitions which governs the stoichiometry is the competition for halogenating agent 1 among the unhalogenated ketone, less reactive but at higher concentration, and the halogenated intermediates, more reactive, but 
I present at low concentrations. This question may be addressed in terms of the steady-state concentrations of the halogenated ketone 
I intermediates, because if the ratio of concentrations of two ketones becomes less than the reciprocal of the ratio of their reactivities 

under the same conditions, then the less abundant though more reactive ketone will lose out, and will undergo reactions other than 
halogenation, or simply accumulate if there is no facile reaction path other than halogenation. The steady-state concentrations of 

1 monochloroacetone and dichloroacetone may be expressed as: 

I 
I {(k230Kw/~aH0C'[OH-]) + k23-)[OC1-] + k21 
i 

[mono],, = 
k34[~~-]{(k450~w/~aH0C1[~~-]) + k45-)[OC1-] 

1 { ( k 4 5 0 ~ w / ~ a H 0 C 1 [ ~ ~ - ] )  + k45-)[OC1-] + k43 
+ k ~ ~ K 3 ~ i o H - l  

i Now we derive expressions for the relative rates of halogenation 
~ k12[O~-]{(k230~w/~aH0C1[~~-]) + k23-)[OC1-] 
1 

{ ( k 2 3 0 ~ w / ~ a H 0 C 1 [ ~ ~ - ]  + k23-)[OC1-] + k2i 
kacetone Ikmono = k34[O~-]{(k450Kw/~aH0C1[~~-]) + k45-)[OCl-] 

{ ( k 4 5 0 ~ w / ~ , H 0 C 1 [ ~ ~ - ]  + k45-)[OC1-] + k43 

Examination of these expressions shows that the problem was Conclusions 
incorrectly phrased; the steady-state concentration is that Although some of the component reactions are not yet 
concentration at which the intermediate does compete effective- completely understood, and some terms in the rate law have not 
ly for the halogenating agent, unless other reactions provide the yet been detected, we have now a far more detailed picture of the 
major channel for consumption of the intermediate. Thus in overall kinetics of the alkaline chlorination of acetone. The most 
assessing the partitioning of the intermediate with ketone in striking conclusion is that for this "well-known" reaction there 
excess only the partitioning fractions matter. are numerous competing paths with closely similar activation 
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log [OH -1 IOQCOH-I 

FIG. 7. Stoichiometry for chlorination of acetone in aqueous alkali. FIG. 9. Stoichiometry for chlorination of 1,l-dichloroacetone in 
Number of moles of hypochlorite consumed per mole of acetone aqueous alkali. Number of moles of hypochlorite consumed per mole 
reacting, as a function of hydroxide and hypochlorite concentrations. of 1,l-dichloroacetone reacting, as a function of hydroxide and 

hypochlorite concentrations. 

energies, so that small changes in conditions can lead to new and 
unexpected products. 

Experimental 
Materials 

I-Chloro-2-propanone (Eastman practical grade) was shown by 
proton nrnr to be 93 mol% monochloroacetone, 5 mol% 1,l-dichloro- 
acetone, and 1-211101% acetone. As these were not separable by 
fractional distillation, the impure compound was used for the initial 
kinetics. A 0.10 M stock solution was made up in 1 M KC1 containing 
0.00001 M HCI and stored in a refrigerator; fresh stock solutions were 
made up every 2-3 weeks. For each run, 2.0mL of the stock solution 
was made up to 50 mL with 1 M KC1 to make 0.004 M chloroacetone. 

C 0 - 
w Chloroacetone dimethyl ketal. 1-Chloro-2-propanone (Eastman 
0 

e practical grade), 30.3 g (0.3 mol), trimethyl orthoformate, 35 mL 
- 
s (34.1 g, 0.3 mol), methanesulphonic acid, 0.5 rnL, and methanol, 

e 1 mL, were refluxed for $ h. Distillation yielded 20 mL of methyl 
E formate, bp 32-34°C and 20 mL of a mixture, bp 102- 112"C, found by 
5 3.00 'H-nrnr analysis to contain chloroacetone, chloroacetone dimethyl 
w - 
o 

'a ketal, and methanol as well as other unidentified impurities. This 
E mixture was stirred overnight with 20% aqueous Na2C03, 40 mL, and 
L 
w 
a 2.00 extracted withether, 3 x 10 mL. Theextracts were dried, Na2C03, and - .- L. distilled at atmospheric pressure, yielding 3 mL of material with bp 
0 - 
= 0 

132-134"C, and 3 mL with bp 134-136°C; higher boiling residues 
o began to decompose before distilling and were discarded. 'H-nmr 
E 1.00 
c analysis of these distillates showed that the fraction boiling at 
"- 

Y) 

132-134°C was about 90% ketal, with about 3% chloroacetone, and 
- the fraction boiling at 134-136 was about 80% ketal with about 1-2% 
g a00 chloroacetone. The ketal fraction boiling at 132-134°C was purified by 

-6.0 -5.0 -4.0 -30 -2.0 -1.0 0 . i 6 *  preparative gas chromatography using a 20' by ?' od column of 20% 
log[OH-] SE-30 on chromosorb A and a helium flow rate of 135 ml/min. A total 

of six injections, 200-300 KL each, yielded about 1 mL of product. 
FIG. 8. Stoichiometry for chlorination of monochloroacetone in '~-nrnr analysis showed that the peaks assigned to the ketal accounted 

aqueous alkali. Number of moles of hypochlorite consumed per mole for 95% of the total protons. This material was redistilled, bp 
of monochloroacetone reacting, as a function of hydroxide and 50°C/15 Tom, yielding about 0.75 g of colorless product. Literautre 
hypochlorite concentrations. bp: 132- 134°C (43). 
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GUTHRIE AN1 3 COSSAR 1265 

Stock solutions of monochloroacetone preparedfrom the ketal. For 
all of the later kinetics of chlorination of monochloroacetone, chloro- 
acetone dimethyl ketal was used as the source of chloroacetone. Stock 
solutions prepared from the ketal were made 0.002 M in HCI and were 
allowed to stand for 24 h at room temperature to hydrolyze. 'H-nmr 
showed that hydrolysis was complete after this period. The stock 
solutions were then neutralized (1 M NaOH) to pH 5. The 'H-nmr 
spectra subsequently remained unchanged afte; 3 days at room 
temperature. The stock solutions were stored in a refrigerator. - 

Bromoacetone stock solutions were made in a similar manner from 
the dimethyl ketal (Aldrich 97% 1 -bromo-2,2-dimethyoxypropane). 

1.1-Dichloroacetone (Aldrich 98%) was used without purification. 
The proton nmr in chloroform was clean except for a small (less than 
3%) extra signal at 2.6 ppm, 0.2 ppm downfield from the methyl signal 
at 2.4 ppm. The stock solution (0.116 M in 1 M KCl) had a pH of 3.2 
immediately after preparation. The stock solution was stored in a 
refrigerator when not in use. For each run, 1.0 mL of stock was diluted 
to 50 mL with 1 M KCI, making 0.0023 M ketone. 

I ,  I ,  I -Trichloroacetone was prepared according to the method of 
Winston et al. (44) in 10% yield from sodium trichloroacetate and 
acetic anhydride; and purifiedby column chromatography on silica gel 
with 20:80 ether/~etroleum ether as eluant. followed bv distillation at 
60"C/40Torr. ~ i e  proton spectrum in water showed two signals 
assigned to methyl groups, a larger one at 1.9 ppm for the hydrate, and 
a much smaller one at 2.6 ppm for the ketone. The stock solution 
(0.345 M in water) was made 0.0005 M in HCl as a protection against 
premature hydrolysis. For each titration, 0.50mL of the stock was 
diluted to 50 mL with 1 M KCI, making 0.00345 M ketone. 

All the stock solutions in water appeared to be stable for up to two 
months at room temperature, as their proton nmr spectra did not 
change. 

Methods 
pH-state kinetics with mono-, di-, and trichloroacetone. The 

reactions were followed for 50 mL portions of substrate solution in 1 M 
aqueous KC1 made from freshly degassed water. The reaction vessel 
was a water-jacketed beaker kept at 25.0°C by a circulating water bath. 
Standardized 0.102,0.5 12, or 1.027 M NaOH was used as titrant. The 
apparatus used consisted of a Radiometer pH meter 25, titrator 11, and 
glass electrode GK2301C, standardized with Fisher buffers at pH 4 , 7 ,  
and 10 ('0.02) Points were taken manually and then typed into a 
computer file which was fitted by least squares to a single exponential 
with a linear term to accommodate C 0 2  uptake. The pH was 
maintained constant to within 0.03 pH units during a run. Runs were 
followed to at least 10 half-lives, often 20 or more, except for one of the 
trichloroacetone runs, which was stopped because of leakage in the 
system; for this run a calculated infinity parameter was used. 

Chloroacetone and dichloroacetone kinetics with OC1- and OBr- . 
All hypochlorite and hypobromite solutions were made using water 
redistilled from permanganate, reagent grade NaOH and chlorine or 
bromine, and were made up to 1 M ionic strength with KC1 and KBr, 
respectively. All values of hydroxide concentrations were obtained by 
titration against aqueous HCl standardized with vacuum-dried TRIS. 
Hypochlorite concentrations were determined by absorbance measure- 
ments at the uv maximum, 292 nm, using an extinction coefficient of 
352 (45). Some OCI- concentrations were determined by titration 
using thiosulfate solution standardized against KI03. For 22 solutions 
where comparisons of titration values with absorbance values were 
made (concentrations 0.0005 M - 0.005 M), the discrepancy was 
always less than 2%, with an average of 0.7%. Hypobromite 
concentration were determined by absorbance at 331 nm using the 
published (46) extinction coefficient of 326. 

Buffers. Carbonate buffers (ionic strength 1 M) were prepared from 
KHC03 (Fisher A.C.S. Reagent), KBr (Baker reagent), NaOH (Baker 
reagent), and redistilled water. Phosphate buffers (ionic strength 1 M) 
were prepared from KH2P04 (Baker analytical reagent), KBr (Baker 
reagent), NaOH (Baker reagent), and redistilled water. Acetate buffers 
(ionic strength 1 M) were prepared from glacial acetic acid (Baker 
reagent), NaOAc (Fisher certified reagent), and KBr (Baker reagent). 

Less concentrated buffers in a buffer-dilution series were made by 
diluting the more concentrated buffer with 1 M KBr and making fine 
adjustments with 1 M NaOH and 1 M HCI (pH meter) if necessary to 
keep the pH constant. Such adjustments were not usually necessary. 

Bromination of mono- and 1.1-dichloroacetone. A solution of KBr 
in redistilled water was made approximately 0.025 M in bromine 
(Merck ultra-pure). For runs involving the most dilute carbonate 
buffers (0.001 M C032-), the 0.025 M bromine was adjusted to the pH 
of the buffer being used by adding 0.05 M NaOH. This was done so that 
the bromine addition would not alter the buffer ratio. Measured 
volumes of buffer in 1- or 2-cm uv cells were brought to temperature 
equilibrium in the thermostatted cell holder of a Cary-2 10 spectropho- 
tometer and the balance control brought to zero absorbance at 267 nrn. 
A small volume (less than 1.5% of total volume) of 0.025 M bromine 
was added and the absorbance at 267 nm recorded. Reactions were 
initiated by injecting a portion (less than 1% of the total volume) of an 
aqueous stock solution of ketone and shaking the cell for 2-3 s before 
returning it to the cell compartment. The absorbance was followed at 
267 nm. Bromine was present in 5- to 10-fold excess over ketone. 

The apparent extinction coefficient of bromine in 1 M KBr or in 1 M 
KBr buffered at pH 8.82 (0.015 M C O ~ ~ - )  was determined using 
solutions of ca. 1 x lop4 M bromine which had been allowed to stand 
for several days and then titrated against freshly standardized 0.01 N 
thiosulphate solution. For pH 8.82 buffer the concentration of the 
solution was 1.57 X M, the absorbance was 2.999 at 267 nm and 
the extinction coefficient was 19 000 M-' cm- '. For 1 M KBr the total 
bromine concentration was 6.16 x lop5 M, the absorbance was 2.396 
at 267 nm and the extinction coefficient was 38 900 M-' cm-'. In the 
same way apparent extinction coefficients were determined for phos- 
phate buffers at each pH and for acetate buffers at pH 5.53 at least at the 
highest and lowest buffer concentrations; the main factor influencing 
the apparent extinction coefficient is presumed to be the bromide ion 
concentration. The values found are given in the footnotes to Table 5. 

Dihydroxyacetone kinetics. Stock solutions for kinetics were pre- 
pared from pyruvic aldehyde dimethyl acetal (Aldrich 99%). A 
60 MHz proton spectrum of the acetal in chloroform showed only three 
singlets: 6 4.6 (lH), 3.6 (6H) and 2.3 (3H). The acetal (0.900g, 
0.0076 mol) was dissolved in 1 M HCI, 250 mL, and heated on a steam 
bath for 3 h. 1 M NaOH was then added, with efficient stirring, until the 
pH reached 6.8. The resulting solution, made up to 500mL, was 
0.0152 M in product and did not decolorize bromine water. A 'H-nrnr 
spectrum showed three singlets: 6 3.49 (6H), MeOH; 2.67 and 1.75 
(3H for the two together), MeCO- and MeC(OH)2- in a ratio of 1.63: 1. 
UV (water) A,,, = 282.5, E = 15; Lit A,,, = 282.5 E = 27.5 (47). All 
hydroxide concentrations were determined by titration. Cells were 
filled with the hydroxide solution, a base line recorded on the Cary, 
adjusted to zero absorbance and then injected with concentrated 
NaOCI. The volume of added hypochlorite was small compared to the 
cell volume (maximum 1.3% volume change). The hypochlorite 
concentration was taken as absorbance at 292 just before the reaction 
divided by the extinction coefficient, 352. Reactions were initiated by 
injecting ketone stock solutions: 40- 100 p,L with a 100 p,L syringe into 
3 mL of base-hypochlorite solution or 400 p,L with a 500 p,L syringe 
into 25 mL. Concentrations of OH- and OC1- were corrected for the 
volume change accompanying injections. 

Product studies on dihydroxyacetone. (i) Stock dihydroxyacetone, 
1 mL, was added to 0.294 M NaOH, 34 mL, stirred for 200 s and then 
neutralized to pH 7 with HCl containing a small proportion of 
phos hate Initial concentrations: [OH-] 0.285; [ketone] 4.34 x 
1OpPM. (i) Stock dihydroxyacetone, 1 mL, was added to a solution 
0.294 M in NaOH and 0.0018 M in NaOCI, 34 mL, stirred for 300 s, 
then hypochlorite was destroyed by adding sodium bisulphite, 7 mg, 
and the solution neutralized as before. Initial concentrations: [OH-], 
0.285 M, [OCl-1, 0.0017 M; [ketone], 4.34 x lop4 M. The second 
procedure was repeated using lithium lactate, 1.45 mg, instead of 
diiydroxyacetone. Initial concentration: [lactate] 4.32 x M. 
When the solutions were evaporated to dryness, the salts could not be 
dissolved by adding less than 2 m L  of water. The resulting product 
concentration, less than 0.01 M, could not be seen by 'H nmr at 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1266 CAN. J. CHEM. 

TABLE 16. Product studies with dihydroxyacetone 

[OH-] [OCl-] [Substrate] %lactate 
(M) (M) (lo4 M> found 

0.285 0.0 4.34" 87 
0.285 0.0018 4.34" 78 
0.285 0.0018 4.32b . 85 

"Dihydroxyacetone as substrate. 
bLactate as substrate. 

60 MHz. The product solutions were made up to 2.0 mL and subjected 
to lactate enzyme assays using the Sigma diagnostic kit (9, 48). The 
results obtained are found in Table 16. 
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Pyrrolyl complexes of the early transition metals. 3. Preparation and crystal structure 
of ( q 5 - ~ 5 ~ 5 ) 2 ~ r  (q '-Nc4H2Me2)2 and z r  (q '-Nc4H2Me2)4 

R. VANN BYNUM, H.-M. ZHANG, WILLIAM E. HUNTER, AND JERRY L. ATWOOD' 
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R. VANN BYNUM, H.-M. ZHANG, WILLIAM E. HUNTER, and JERRY L. ATWOOD. Can. J. Chem. 64, 1304 (1986). 
The title compounds were synthesized by the reactions of NaNC4H2Me2 with the appropriate complex metal chloride in THF. 

The crystal structures have been determined from X-ray data measured by counter methods. ( q 5 - ~ 5 ~ 5 ) 2 ~ r ( q 1 - ~ ~ ~ 2 ~ e 2 ) 2  

crystallizes in the orthorhombic space group Pbca with cell dimensions a = 15.797(6), b = 14.327(5), c = 16.417(6) A, and 
pcalcd = 1.46 g cm-3 for Z = 8. Full-matrix least-squares refinement led to a final R factor of 0.041 based on 536 observed 
reflections. Z ~ ( - ~ ' - N C ~ H ~ M ~ ~ ) ~  belongs to the monoclinic space group P2'/n with a = 14.065(5), b = 10.717(4), c = 
15.733(6) A, P = 90.61(4)', and pcdcd = 1.31 g cm-3 for Z = 4. A final R value of 0.029 resulted from the refinement on the 
basis of 2649 observed reflections. The dicyclopentadienyl derivative exhibits two features of importance. TheZr-N-centroid 
angles are 159 and 168', and the Zr-N bond lengths are 2.24(2) A. In the homoleptic complex the corresponding values are 
164-169" and 2.069(3)-2.090(3) A. In both cases the bonding parameters are indicative of a substantial amount of a overlap 
between the zirconium atom and the pyrrolyl nitrogen atom. 

R. VANN BYNUM, H.-M. ZHANG, WILLIAM E. HUNTER et JERRY L. ATWOOD. Can. J. Chem. 64, 1304 (1986). 
On a synthktid les composks mentionnks dans le titre par rkaction, dans du THF, du NaNC4H2Me2 avec le complexe du 

chlorure metallique approprik. On a dktermink les structures cristallines a partir de doni~kes de diffraction de rayons x obtenues 
par les methodes des compteurs. Le ( q 5 - ~ 5 ~ 5 ) 2 Z r ( q  ' - N c ~ H ~ M ~ ~ ) ~  cristallise dans le groupe d'espace orthorhombique Pbca 
avec a = 15,797(6), b = 14,327(5) et c = 16,417(6) A et pcdcd = 1,46 g cmP3 pour Z = 8. On a affink la structure par 
la mkthode des moindres carrks (matrice entikre) jusqu'i une valeur finale de R de 0,041 pour 536 rkflexions observees. Le 
Z ~ ( ~ ' - N C ~ H ~ M ~ ~ ) ~  cristallise dans le groupe d'espace monoclinique P2,/n avec a = 14,065(5), b = 10,717(4), c = 
15,733(6) A, P = 90,61(4)" et pcdcd = 1,31 g cm-3 pour Z = 4. On a affinC la structure jusqu'i une valeur finale de R kgale a 
0,029 pour 2649 rkflexions observkes. Le dkrivk dicyclopentaniknyle prksente deux caractkristiques importantes. Les angles 
2r-N-centroides sont Cgaux i 159 et 168' alors que les longueurs des liaisons Zr-N sont 15 ales i 2,24(2) A.  Dans le 
complexe homoleptique, les valeurs correspondantes sont de 164-169" et 2,069(3)-2,090(3) 1 . Dans les deux cas, les 
paramktres de liaison sont une indication d'une quantitk importante de recouvrement a entre l'atome de zirconium et l'azote du 
cycle pyrrolyle. 

[Traduit la revue] 

Introduction 
The pyrrolyl anion can interact with a metal ion in three 

different ways, 1-3. Compared to the isoelectronic cyclopenta- 

dienyl ion, the a bonding modes are expected to be preferred. 
However, under an appropriate combination of steric and elec- 
tronic environments the T-attachment should be accessible to 
early transition metals. We have previously characterized several 
Group IVb pyrrolyl complexes: (q5-C5H5)2~(q '-NC4H4)2 
(M = Ti (I), a ( l ) ,  and Hf (2)), [Na(Tm612[a(q1-NC4H4)6], 
and ~~i@~)3l[(P-C~)(P-O)~(q5-C5Me5)Zr(~'-NCqH4)(C1)}21 
(3). In each case the a interaction, 1, was found. Since the 
existence of four cyclopentadienyl-like ligands about Zr or Hf 
clearly presents a delicate balance of steric and electronic 
 effect^,^ we have undertaken a study of several hindered 
pyrrolyl anions. Specifically, substitution of bulky groups for 
the hydrogen atoms in the 2- and 5-positions on the parent 
molecule should make a T-bonding mode more attractive. 
Herein we present work with the 2,5-dimethylpyrrolyl anion, 

'TO whom all correspondence should be addressed. 
'Revision received February 3, 1986. 
3The tetracyclopentadienyls of Zr and Hf possess different structures 

even though the two metals differ by only ca. 0.01 A in atomic or ionic 
radius: ( q 5 - ~ 5 ~ 5 ) 3 ~ r ( q ' - ~ 5 ~ s ) ,  see ref. 4a; ( q 5 - ~ s ~ s ) 2 ~ f ( q ' -  
Ca5)',  see ref. 4 b. 

FIG. 1. Molecular structure and atom numbering scheme for (q5- 
C S H S ) ~ Z ~ ( T ' - N C ~ H ~ M ~ ~ ) ~ .  

and show that under the conditions employed bond type 1 is 
again dominant. 

Results and discussion 
Dicyclopentadienylbis(2,5-dimethylpyrrolyl)zirconium(IV) 

was prepared by the straightforward addition of NaNC4H2Me2 
to ( q 5 - C 5 ~ 5 ) 2 ~ ~ 1 2  in THF. The deep red complex was 
obtained by extraction with and recrystallization from benzene. 
The structure presented in Fig. 1 illustrates the a bonding mode 
of the pyrrolyl ligand. 1 rather than 2 is designated by the 

Rinted in Canada 1 Imprime au Canada 
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d ET AL. 

TABLE 1. Bond lengths (A) and angles (deg) 
( A )  (q5-C5H5)2Zr(q1-NC4H2Me2)2 

Atoms Distance Atoms Distance 

Zr---N(1) 2.22(2) Zr---N(2) 2.25(2) 
Zr---C(13) 2.49(2) Zr---C(14) 2.54(2) 
Zr---C(15) 2.56(2) Zr---C(16) 2.59(2) 
Zr---C(17) 2.55(3) Zr---C(18) 2.56(2) 
Zr---C(19) 2.56(2) Zr---C(20) 2.58(2) 
Zr---C(21) 2.55(2) Zr---C(22) 2.50(2) 
Zr---Cnt(3) 2.249 Zr---Cnt(4) 2.251 
Zr---Ave(1) 2.55(3) Zr---Ave(2) 2.55(3) 

Atoms Angle Atoms Angle 

( 1 - - - - 2  106.4(6) N(1)---Zr---Cnt(3) 110.9 
N(2)---Zr---Cnt(3) 99.9 N(2)---Zr---Cnt(4) 111.7 
N(1)---Zr---Cnt(4) 99.6 Cnt(3)---Zr---Cnt(4) 127.0 
Z r - - - ( 1 - - - ( 1  168.2 Zr---N(2)---Cnt(2) 159.2 

( B )  Zr(q1-NC4H2Me2)4 

Atoms Distance Atoms Distance 

Zr---N(1) 2.090(3) Zr---N(2) 2.069(3) 
Zs---N(3) 2.080(3) Zr---N(4) 2.076(3) 
N(1)---C(1) 1.404(4) N(1)---C(4) 1.409(4) 
N(2)---C(7) 1.408(5) N(2)---C(10) 1.404(5) 
N(3)---C(13) 1.401(4) N(3)---C(16) 1.417(4) 
N(4)---C(19) 1.410(4) N(4)---C(22) 1.396(4) 
C(1)---C(2) 1.347(5) C(1)---C(5) 1.492(5) 
C(2)---C(3) 1.415(5) C(3)---C(4) 1.348(5) 
C(4)---C(6) 1.493(5) C(7)---C(8) 1.344(5) 
C(7)---C(l1) 1.490(6) C(8)---C(9) 1.395(6) 
C(9)---C(10) 1.338(6) C(10)---C(12) 1.478(6) 
C(13)---C(14) 1.353(5) C(13)---C(17) 1.494(5) 
C(14)---C(15) 1.409(6) C(15)---C(16) 1.344(5) 
C(16)---C(18) 1.492(5) C(19)---C(20) 1.330(5) 
C(19)---C(23) 1.487(5) C(20)---C(21) 1.412(6) 
C(20)---C(22) 1.335(6) C(22)---C(24) 1.490(6) 

Atoms Angle Atoms Angle 

( 1 - - - Z r - - 2  104.3(1) N(1)---Zr---N(3) 110.4(1) 
( 2 - - - - 3  113.4(1) N(1)---Zr---N(4) 114.6(1) 
( 2 - - - Z r - - 4  11 1.1(1) N(3)---Zr---N(4) 103.4(1) 
Z r - - 1 - - - ( 1  164.1 Zr---N(3)---Cnt(3) 165.9 
Zr---N(2)---Cnt(2) 1667. Zr---N(4)---Cnt(4) 169.4 

Zr-N-centroid angles of 159 and 168". The average is 
virtually identical to that found for (q5-~5H5)2~r(q1-NC4~4)2, 
164" (1). The presence of the methyl substituents on the ligand 
apparently serve to weaken the Zr-N bond. The Jength is 
2.169(3) A in the dipyrrolyl complex, but 2.24(2) A in (q5- 
C5H5)2Zr(q1-NC4H2Me2)2. Other bond lengths and angles are 
given in Table 1. 

Encouraged by the evidence of a weaker Zr-N u bond 
in (q5-C5H5)2Zr(q ' - N C ~ H ~ M ~ ~ ) ~ ,  we sought tetrakis(2,5-di- 
methylpyrrolyl)zirconium(IV). Perhaps here the need for coor- 
dinative saturation would force one or more IT-bonded pyrrolyl 
groups on the metal. The complex was prepared by the reaction 
of THF-free NaNC4H2Me2 with ZrC4 in benzene. The struc- 
ture of the red-orange air-sensitive compound is shown in Fig. 
2. The ligand obviously has the bulk to prevent the formation 
of an anion such as that found for NC4H4- itself, Zr(ql- 

FIG. 2. Molecular structure of Zr(q ' - ~ ~ 4 ~ 2 M e 2 ) 4 .  

NC4H4)62-, but the nitrogen atom is still available for the 
formation of Zr-N u bonds. Indeed, the Zr-N lengths of 
2.069(3) + 2.090(3) A are among the shortest yet r e p ~ r t e d . ~  

Before a comparison is made between the Zr-N distances in 
(q5-C5H5)2Zr(q'-NC4H2Me2)2 and z r ( - ~ l ' - N c ~ H ~ M e ~ ) ~ ,  a few 
general comments on metal-ligand u bond lengths are in order. 
Over the past several years our group has studied a large number 
of compounds which contain M-C(u) bonds. Of the many 
factors governing bond lengths one seems dominant: the 
electronic environment at the metal as simply evidenced by the 
electron count. For example, Mo-C(u) bond lengths range 
from 2.291(5)A in ( q 6 - ~ 6 ~ 5 ~ e ) ~ o ~ e 2 ( ~ ~ h ~ e i ) 2  (6) to 
2.397(19) A in ( q 5 - C 5 ~ 5 ) ~ o ~ t ( ~ 0 ) 3  (7) for 18-electron situa- 
tions. However, typical 12-electron cases reveal much shorter 
bond distances: 2.1 lO(16) A in M~(cH,s iMe~)~(PMe~)(c l )  (8) 
and 2.131 A in M ~ ~ ( c H ~ s i M e ~ ) ~  (9). There exists a large body 
of data to support this view, and the examples given above are 
simply representative. One should expect a shorter Zn-N 
length in the formally 8-electron situation, Zr(q ' -NC4H2Me2)4, 
relative to the 16-electron (q5-C5~5)2Zr(q'-N(24H2Me2)2. One 
finds average values of 2.079(8) and 2:24(2) A, respectively. 

The Zr-N distance of 2.079(8) A (or even the one at 
2.24(2) A is indicative of a substantial d,-p, interaction. The 
value is one of the shortest reported for a Zr4+ complex ( 3 ,  and 
is significantly shorter than the Zr-C(carbony1) distance of 
2.187(4) A in (q5-C5H5)2~r(C0)2 (10). Further evidence for IT 

overlap is found in the Zr-N-centroid angles which range 
from 164 to 169" and average 167". Table 1 contains additional 
bond lengths and angles. 

Present work centers on the 2,5-di-t-butylpyrrolyl ligand, 
and the elusive q5-attachment may soon be available. 

Experimental 
All reactions were carried out by Schlenk techniques under argon 

or in a Vacuum Atmospheres drybox. Solvents were distilled from 
LiAIH4 (tetrahydrofuran, THF) or sodium and degassed before use. 
(q5 -~5H5)2~r~12  and purchased from Alfa Inorganics and used 
without further purification. 2,5-Dimethylpyrrolyl was purchased from 
Aldrich and distilled prior to use. 

Synthesis of 2,5-dimethylpyrrolylsodium 
Excess sodium hydride and THF (ca. 500 mL) were placed in a 

Schlenk flask fitted with an overhead stirrer and a dropping funnel. 

4 ~ h e  literature contains a Zr-N length of 2.081(4) A in the Zr2" 
compound [ ( q 5 - C 5 ~ e 5 ) 2 ~ r ~ 2 ] 2 ~ 2  (5a). We have recently character- 
ized (q5 -C5~5)2~r (~1)  (N=CHPh) in which the Zr=N distance, 
2.013(5) A, implies the existence of a Zr=N linkage (5b). 
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Freshly redistilled 2,5-dimethylpyrrole (95 g, 1 mol) as a 50% solution 
in THF was then added dropwise over several hours. Gas evolution was 
noted, and heat was given off. After the mixture was stirred overnight, 
the excess sodium hydride was removed by filtration and the solution 
diluted to 1.0 L with THF. Aliquots were hydrolyzed and titrated with 
standardized HCl to confirm a 1.0 M solution. 

Synthesis of diqclopentadienylbis(2,5-dimethylpyrrolyl)zirconium(IV) 
(q5-C5H5)2ZrC12 (1.46 g, 5 mmol) was dissolved in ca. 100rnL of 

THF. 2,5-Dimethylpyrrolylsodium (1.17 g, 10 mmol) was added via 
syringe. The solution immediately changed from colorless to red- 
orange. After 24 h, the solvent was removed under vacuum and 
the residue extracted with benzene. The solution thus obtained was 
filtered and on cooling produced deep red, mildly air-sensitive crystals 
(1.25 g, 61%). 

Synthesis of tetrakis(2.5-dimethylpyrrolyl)zirconiurn(IV) 
2,5-Dimethylpyrrolylsodium (2.34 g, 20 mmol) was syringed into a 

Schlenk flask and the THF removed under vacuum. The flask was then 
warmed under vacuum overnight to ensure complete removal of the 
THF. Benzene (ca. 100 mL) and ZICL (1.16 g, 5 mrnol) were added 
and the solution brought to reflux. After 24 h, the resulting orange 
solution was filtered and cooled, and the red-orange air-sensitive 
crystals were collected (1.14 g, 49%). 

X-ray data collection, structure determination, and refinementfor ($- 
CsH5 )2zr ( v I - N c ~ H ~ M ~ ~  )2 

Single crystals of the compound were sealed under N2 in thin-walled 
glass capillaries. A well-formed crystal of dimensions 0.10 X 0.10 x 
0.20 mm was selected. Final lattice parameters were determined from 
a least-squares refinement of (sin @ / A ) ~  values for 15 reflections (8 > 
15") accurately centered on the diffractometer. 

Data were collected on an Emaf-Nonius C A D 4  diffractometer by 
the 8-28 scan technique. The method has been previously described 
(1 1). Three check reflections were measured after every 297 reflections 
and they showed only random fluctuations. A total of 1504 reflections 
were measured of which 536 were deemed observed (I/u(I) 2 3.0). 
The intensities were corrected for Lorentz and polarization effects, but 
not for absorption. 

Calculations were carried out with the SHELX system of computer 
programs (12). Neutral atom scattering factors for Zr, N, and C were 
taken from Cromer and Waber (1 3). Scattering factors for H were from 
ref. 14. 

The structure was solved by the application of the direct methods 
program MULTAN (15). Least-squares refinement with isotropic 
thermal parameters led to R = Z I l Fo l - I Fc I I /X IF, I = 0.092. 
Hydrogen atoms on the cyclopentadienyl rings were placed in calcu- 
lated positions and not refined. At this point it should be noted that 
only very small crystals could be grown. The data were therefore 
quite limited: only 36% of the measured reflections were considered 
observed, and virtually no data could be obtained beyond 28 = 36". 
While the small data set was good (as evidenced by the R factors), it 
would support only a limited refinement, and high standard deviations 
for the derived parameters were obtained. Only the Zr and N atoms 
were refined with anisotropic thermal parameters. The value of R was 
0.041 and R,  = {Z( IF, I - I Fc 1 ) 2 / Z ~ ( F o ) 2 ) " 2 ,  0.049. A final 
difference Fourier map showed no significant feature. Unit weights 
were used at all stages of refinement. The positional parameters are 
given in Table 2.' 

Crystal data 
CzzHz6Nzzr M = 409.7 
Orthorhombic, space group Pbca, a = 15.797(6), b = 14.327(5), 
c = 16.471(6)A, U = 3727.8A3, Z = 8, Dc = 1 . 4 6 ~ c m - ~ ,  MoK, 
radiation, A = 0.7 1069 A, p(MoK,) = 5.89 cm-', F(000) = 1696. 

  he tables of structure factors, anisotropic thermal parameters, 
hydrogen atom coordinates, and complete bond lengths and angles 
for both compounds are available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont., Canada KIA 0S2. 

TABLE 2. ~ i n a l  fractional coodnates for ( q 5 - ~ ~ 5 ) 2 ~ ( q ' - ~ ~ 4 ~ ~ ~ e 2 ) 2  

Atom x/a Y I ~  z/c Uesv 

TABLE 3. Final fractional coordinates for Zr(q '-NC4H2Me2)4 

Atom x/a Y I ~  z/ c uqv. 
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BYNUM ET AL. 1307 

X-ray data collection, structure determination, and rejnement for 
z ~ ( ~ ' - N C ~ H ~ M ~ ~ ) ~  

The compound was manipulated and data collected in the same 
manner as for ( q S - ~ S ~ S ) 2 ~ r ( q 1 - ~ ~ & 2 ~ e 2 ) 2 .  However, an excellent 
crystal gave rise to a superb data set, and faith can be placed in the 
derived parameters. The crystal of dimension 0.20 X 0.30 x 0.40 mm 
gave 2649 observed reflections out of a total of 3 100 measured to 28 
cut-off of 46". Three check reflections were measured after 297 
reflections and only random fluctuations were noted. All hydrogen 
atoms were located with the aid of a difference Fourier map, but the 
coordinates were not refined. The nonhydrogen atoms were refined 
with anisotropic thermal parameters. The final reliability factors were 
R = 0.029 and R ,  = 0.031. A final difference Fourier showed no 
feature greater than 0.3 e - / A 3 .  Unit weights were used at all stages of 
refinement. The atomic coordinates are given in Table 3.3 

Crystal data 
C Z & ~ Z N ~ Z ~  M = 467.8 
Monoclinic, space group P2,/n,  a = 14.065(5), b = 10.717(4), 
c = 15.773(6)A, P = 90.61(4)", U = 2377.4A3, Z = 4 9 D c = 
1.31 ~ m - ~ ,  MoK, radiation, A = 0.71069 A, p,(MoK,) = 4.74 cm-', 
F(000) = 976. 
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The structure of fusarochrornanone: 
new mycotoxin from Fusarium roseum, "Grarninearum" 
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SADANAND V. PATHRE, WILLIAM B. GLEASON, YIN-WAN LEE, and CHESTER J. MIROCHA. Can. J. Chem. 64, 1308 (1986). 
An isolate of Fusarium roseum "Grarninearum" obtained from overwintered oats in Alaska produced toxic cultures when 

grown on rice. The toxic principle called fusarochromanone isolated from these cultures reproduced the signs of tibial 
dyschondroplasia in poultry and also reduced hatchability of fertile eggs. Spectroscopic data (nmr, ir, and ms) indicated the 
mycotoxin to be a chromanone derivative. The chromanone ring structure was also confirmed by single crystal X-ray. 

SADANAND V. PATHRE, WILLIAM B. GLEASON, YIN-WAN LEE et CHESTER J. MIROCHA. Can.-J. Chem. 64, 1308 (1986). 
Un produit, isole du Fusarium roseum "Grarninearum" et qui a CtC obtenu i partir d'avoine de 1'Alaska gardCe pour l'hiver, 

a donnC lieu i des cultures toxiques lorsqu'on l'a fait croitre sur du riz. Le principe toxique, qui se nornrne fusarochromanone et 
qui a CtC isole de ces cultures, pennet de reproduire la dyschondroplasie tibiale chez les poules et a aussi rCduit la possibilitC 
d'Cclosion des oeufs fertiles. Les donnCes spectroscopiques (rmn, ir et sm) indiquent que la mycotoxine est un dCrivC de la 
chromanone. La structure du cycle chromanone a aussi Ct6 confirm6e par diffraction des rayons X par un cristal unique. 

[Traduit par la revue] 

Introduction 
Species of Fusarium are worldwide in distribution and are 

capable of causing plant disease such as wilt, scab, and rot in the 
field (1). They also produce a wide variety of mycotoxins such 
as zearalenone (2), an estrogen, and the trichothecenes. The 
latter cause complications to farm animals when ingested in 
animal feeds and have been also found in "Yellow rain" (3). 

Since Fusarium fungi infect important agricultural plants 
and products, they have been associated with human and 
animal intoxications (4). Notable among these reports are 
bone malformation (tibial dyschondroplasia) in poultry and the 
incidence of low hatchability of fertile eggs when birds were fed 
diets containing Fusarium infected feed (5,6). Tibia1 dyschon- 
droplasia (TDP) is characterized by the presence of a cone of 
cartilage which extends distally from the proximal tibiotarsal 
physis (7, 8). Similar lesions occur in swine, horses, bulls, and 
dogs (9). 

Recently we isolated a mycotoxin (herein called fusaro- 
chromanone) from rice cultures of Fusarium grown in the 
laboratory. Purified fusarochromanone reproduced the signs of 
TDP in chicks and also reduced hatchability of fertile eggs (10). 
'This report describes the elucidation of the structure of this 
mycotoxin. 

Results and discussion 
Several isolates of Fusarium roseum "Graminearum" were 

collected from the overwintered oats in Fairbanks, Alaska, 
during 1978. All these isolates were screened for the toxicity by 
growing them on rice. Rice cultures of one of the isolates were 
found to be toxic to chickens and elaborated lesions of TDP. 
Several kilograms of rice cultures were extracted with chloro- 
form-methanol - ammonium hydroxide (90: 10: 1, vol/vol/vol). 
The extract was subsequently chromatographed to give pure 
toxin as shown in Scheme 1. 

Mass spectral analyses of fusarochromanone (1) yielded an 

'Revision received February 7, 1986. 

Culture (500 g) 

Extract with CHCI3-MeOH-NH40H 
(90: 10: 1, vlvlv) 
Filter 

Extract Residue 

Concentrate to dryness 
Dissolve in H20 (50 mL) 

r 

Wash with H20 (1000 mL) 
Elute with 90% aq. MeOH (1000 mL) 
Concentrate to dryness 
Dissolve in CHC13 (50 mL) 
MeOH (9: 1, vlv) 

Florisil 

Elute with CHC13-MeOH-NH40H 
(90: 10: 1, 2 L) 

Collect fractions containing 
fusarochromanone (monitored by tlc) 

Crystallization in CH2C12-hexane 

SCHEME 1. Isolation and purification of fusarochrornanone. 

ion at nominal mass of 292 (measured at 292.1421 to fit 
C15H20N204 within 1 ppm). Fast atom bombardment (FAB) 
mass spectrometry indicated a protonated species at m / z  293, 
which was peak matched to 293.1524 to fit a composition of 
C15H21N204 within 7.8 ppm. The FAB also showed an ion at 
m / z  558.2960, which fitted to within 6.3 ppm for a composition 
of C30H41N408, presumably due to a dimer. 
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PATHRE ET AL. 

TABLE 1 .  'H nuclear magnetic resonance assignment for fusarochromanone and its derivatives 

Chemical shifts (ppm) Coupling constants (Hz) 

1 2 3 4 Multiplicity 1 2 3 4 

OAc 

NHAc 

2.7 2.7 
7.85 7.87 d 8 8 8 8 
6.09 6.06 d 8 8 8 8 
3.04 3.01 ddd 15,7.5,4 6,6,16 16,4,6 dd,16,8 
3.26 - 2.92 
4.50 3.93 m quint, 6 
4.18 4.16 m d, 6 11,6,6 t, 6 
4.33 3.62 
1.46 1.46 
9.47 9.46 

The 'H nmr spectrum of 1 (Table 1) shows two aromatic 
ortho protons ( J  = 8 Hz), a gem-dimethyl, an isolated 
methylene, and five exchangeable protons, three of which were 
readily exchanged with D20 in CDC13. The remaining two are 
those observed near 9 pprn as broad singlets. In addition, the 
spectrum displayed several multiplets between 2.8 and 3.8 pprn 
representing five protons. This five-proton multiplicity pattern 

TABLE 2. 13C nuclear magnetic resonance assignment 
for fusarochromanone 

Chemical shift 
Carbon ( P P ~ )  Multiplicity 

3' 49.71 
4' 65.82 

11 and 12 26.28 

was assigned to a three-carbon unit A consisting of a methine 
, flanked by t,wo methylenes. 

This assignment was deduced by acetylation of 1 with N-acetyl- 
irnidazole, which afforded two major products identified as 
mono (2) and di (3) acetates of 1 by 'nrnr (Table 1). 

The 13C nmr spectrum of fusarochromanone (Table 2) 
exhibits 14 carbon signals including a single resonance for gem- 
dimethyl carbons, three methylenes, one aliphatic methine, 
two aromatic methines, and seven quaternaries. The two- 
dimensional carbon-proton correlation (HETCOR) spectrum of 
the toxin established the attachment of protons at 3.5 (isolated 
methylene singlet), 6.08, and 7.86 pprn to the carbons at 
48.96, 104.10, and 140.16 ppm, respectively. The methylene 
(42.44 ppm) and methine (49.71 ppm) carbons were correlated 
to the proton multiplets near 3.0 and 3.5 ppm, respectively. 
Among the quaternaries, two of them were carbonyls. Chemical 
shifts and ir data indicate these carbonyls are conjugated. One of 
the carbonyls (193.70 ppm) gave a 3-Hz triplet in the proton- 
coupled carbon spectrum; this triplet was collapsed to a singlet 
when the isolated methylene proton singlet was selectively 

decoupled. Since no other changes in the carbonyl triplet were 
observed during coherent low-power irradiation of other pro- 
tons, this carbonyl should be adjacent to the isolated methylene 
carbon and well removed from the other protonated carbons. 
Single frequency low-power irradiation also permitted assign- 
ment of most of the quaternary carbons by virtue of their long 
range coupling with protons. For instance, the resonance at 
165.99 pprn was observed as a doublet of doublets ( J  = 10 
and 2.5 Hz) in the undecoupled spectrum. Irradiation of the 
6.08-ppm proton resulted in the collapse of the smaller 
couplings to give a 10-Hz doublet, whereas the 7.86-ppm 
proton irradiation caused the 10-Hz doublet to collapse to yield 
a broad singlet. The magnitude of coupling constants indicates 
that the aromatic protons at 6.08 and 7.86 pprn must be situated 
ortho and meta, respectively, to this quaternary carbon. The 
aliphatic quaternary carbon at 79.32 pprn exhibited a complex 
multiplet, which reduced to a 2.5-Hz triplet upon irradiation of 
the gem-dimethyl proton singlet. This observation, together 
with the fact that the decoupling of the dimethyl resonance also 
caused removal of the long range couplings observed for the 
isolated methylene carbon, provided a contiguous arrangement 
of the isopropyl carbon, isolated methylene, and the 193.70- 
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FIG. 1. Labelled drawing of 4 (50% probability). 

ppm carbonyl.   he chemical shift of the isopropyl quaternary 
carbon indicated it to be an ether carbon. The other end of this 
ether substituent was readily deduced to be the 165.99-ppm 
quaternary carbon since there was only one oxygen left to be 
accounted for (vide infra); the arrangement also provided a 
clue to the chromanone (3 ,4-dihydro-4H- 1 -benzopyra-4-one) 
system. Bookkeeping of all hetero atoms considered so  far 
showed that -NH2 should be one of the substituents, which 
was assigned to the 154.71-ppm quaternary carbon. The 
remaining quaternary. carbons at 1 1 1.7 1 and 104.16 ppm were 
identified with the 198.80-ppm carbonyl bearing the three- 
carbon unit A and the y-pyrone carbonyl, respectively, as 
substituents. 

The substitution pattern in fusarochromanone is unique. A 
naturally occumng chromanone with an amino substituent at 
C6 has not been reported in the literature. The placement of the 
side chain at C7 is also unique. Although the nmr data is quite 
convincing in proving the structure of fusarochromanone, it 
was desirable to obtain a single crystal X-ray analysis of 
fusarochromanone. 

Many solvents were used in an attempt to grow crystals of 
1 suitable for the analysis, without any success. Finally, an 
acetone solution of 1 yielded pale yellow needle-shaped 
crystals. Unfortunately, these crystals were very thin and the 
best crystal that could be obtained was 0.18 X 0.26 X 0.05 rnm. 
Data of sufficient quality to solve the structure could not 
be obtained except at low temperature. Further, the 'H nmr 
spectrum of these crystals in CDC13 indicated incorporation 
of acetone; however, there was no evidence of modification 
of the ring structure. Since our objective was to confirm the 
chromanone ring system, no further attempts were made to 
produce a more accurate structure. 

Crystal data 
C1 8Hzd204 fw = 332.39 
Orthorhombic, P21212 (#18), a = 11.282(4), b = 23.265(6), 
c = 6.246(4) A3, Z = 4, V = 1639.4 A3, p. = 0.89~cm-l, p = 
1.35 g cm-' (-100°C, MoK,, X = 0.71073 A, graphite 
monochromator). A labeled drawing of the molecule is given in 
Fig. 1. Atomic coordinates for non-hydrogen atoms are given in 
Table A, bond lengths and angles are summarized in Table B,  
and bond angles in Table C.2 

Experimental 
Infrared spectra were recorded on a Perkin Elmer 283 spectrophoto- 

meter. Proton nmr spectra were obtained on Varian XL-100 and 

2A complete set of structure factor listings, thermal parameters, 
atomic coordinates including hydrogen atom positions, bond distances, 
bond angles, and torsional angles may be purchased from the Depository 
of Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada K1A 0S2. 

XL-200 nmr spectrometers operating at 100 MHz and 200 MHz, 
respectively, using chloroform-d solutions. Carbon-13 nmr spectra 
were recorded on the Varian XL-200 spectrometer operating at 
50.306 MHz using standard acquisition parameters. To obtain un- 
decoupled carbon spectra the decoupler was kept on during a delay of 
1 s and was gated off during acquisition to maintain maximum nOe 
(nuclear Overhauser enhancement). The 2D-nmr experiment was run 
using the pulse sequence HETCOR resident in the spectrometer 
system. Ultraviolet spectra were recorded on a Perkin Elmer 554 
spectrophotometer in MeOH solutions. Mass spectra were obtained on 
a Kratos MS-50 high resolution mass spectrometer operating at 10 000 
resolution. The standard Kratos FAB source were used. Thin-layer 
chromatographic analyses were carried out on precoated silica gel-254 
(EM Reagents) and KCls (Whatman) glass plates; components were 
visualized under uv light (either 254 or 356 nm). 

For single crystal X-ray analysis, a crystal (obtained by slow 
evaporation of solvent from an acetone solution) was mounted on an 
Enraf-Nonius CAD4 diffractometer. Intensity data were collected at 
low temperature ( - 100°C) using an o-20 scan. Data were collected in 
the + h, k, I octant to a maximum 20 value of 48.0". Three standard 
reflections measured every two hours during data collection showed a 
total loss of intensity of 10.3%. A linear decay correction was applied. 
Lorentz and polarization corrections were applied to the data. Since the 
linear absorption coefficient is small, an absorption correction was not 
made. 

A total of 1662 reflections were collected (1608 unique and not 
systematically absent) and the space group of the crystal was deter- 
mined to be P2'2'2 (#18 International Tables) from the systematic 
absences h00: h = 2n, and OM): k = 2n and subsequent least-squares 
refinement. The structure (4) was solved by direct methods (1 1). A total 
of 19 atoms were located from an E-map and the remaining atoms 
located in succeeding difference Fourier syntheses. Because of a 
paucity of data, isotropic temperature factors were used for C, 0 ,  and 
N. It was not possible to locate a hydrogen on N2 in difference maps 
although N1 had two peaks of reasonable intensity (0.4e/A3) and 
distances (0.6, 1.2 A). Therefore, hydrogen atoms were included at 
calculated positions (C-H bond length = 0.95A and N-H = 
0.90 A) but their positions were not refined. Hydrogen atoms were 
assigned fixed isotropic B values approximately equal to the B value of 
the atom to which they were attached. The structure was refined using 
full-matrix least-squares techniques where the function minimized 
was: 

and the weight, w, is defined as: 

All calculations were carried out on Digital Equipment Corporation 
PDP 8A and 11/34 computers using the Enraf-Nonius CAD4-SDP 
programs (12). The values of the atomic scattering factors were taken 
from the International Tables and effects of anomalous scattering 
were included (13). The model converged for 912 reflections F: > 
~ . O U ( F ~ )  and 97 variables with agreement factor: 

In the final cycle, the maximum shift/error was 0.01, the oodness of 
fit 2.45. and the largest peak in the difference map 0.5 c / i3 .  

Isolation and pur$cation of fusarochrornanone (1 ) 
Five hundred grams of crude cultures (10) was extracted 5 times with 

the solvent system described in the scheme. The extracts were pooled 
and concentrated in vacuo at 40°C to give an oily residue, which was 
dissolved in 50 mL methanol in 200 mL of distilled water. This mixture 
was further concentrated to approximately 150mL of solution and 
applied to an XAD-2 column (3.5 x 60 cm), rinsed with 1 L of distilled 
water, and eluted with 1 L of 90% methanol. The methanol fraction 
was concentrated in vacuo at 40°C, and reconstituted in 50 rnL 
CHC13-MeOH (9:1, v/v). This solution was mixed with 50 g of 
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PATHRE ET AL. 1311 

anhydrous sodium sulfate and the mixture was dried at room tempera- 
ture. The dry yellow powder was then packed on the top of a column 
(3.5 X 60 cm) containing 150 g of Florisil, and eluted with 2 L of 
CHC1,-MeOH (9: 1, v/v) followed by 2 L of CHC1,-MeOH-NH40H 
(90: 10: 1, v/v/v). Fusarochromanone was detected by irradiating the 
column with long-wave uv (365 nm) light since the toxin produces an 
intense blue fluorescence under the uv light. The fractions containing 
fusarochromanone were concentrated (40°C) and subsequently purified 
by tlc using CHCb-MeOH-NH40H (80:20:2, v/v/v). 

Fusarochromanone (1): mp 132-134°C; uv A,, (MeOH) (nm): 248 
(E 21 800), 277 (E 8800), 383 (E 11 700); ir A,,, (KBr) (cm-I): 
3373, 3267, 3160 (NH2, OH), 1655 (CO), 1562 (CO, -H bonded); 
nrnr (CDCI3) (see Tables 1 and 2); ms (M+ 292.1421 calcd. for 
C1d%oN204). 

Acetylation of I 
Fifty milligrams of 1-acetylimidazole was added to a solution of 1 

(50 mg) in CHC13 (2 mL). The reaction mixture was kept at room 
temperature for 2 h. The mixture was then chromatographed on 
preparative tlc (CHC1,-MeOH; 9:l). Two major bands corresponding 
to Rf of 0.7 and 0.4 were scraped and eluted with CHCI3; removal of 
solvent gave gummy solids. 

Monoacetate (2): ir A,, (KBr) (cm-I): 3380, 3280 (NH, OH), 
1660 (CO), 1560 (amide 11); nmr (CDC13) (see Table 1); ms (M+ 334, 
M - AcO 275). 

Diacetate (3): ir A,, (KBr) (cm-I): 3382,3322,3275 (NH2, NH), 
1728 (CO ester), 1650 (CO), 1590,1572,1545 (CO -H bonded, amide 
11, Ar); nmr (CDC13) (see Table 1); ms (M+ 376, M - AcO 317). 

(4): A solution of 1 (50 mg) in acetone (15 mL) was kept at room 
temperature in a test tube and acetone was allowed to evaporate slowly 
to give needle-shaped crystals of 4, mp 118- 119°C; ir A,,, (KBr) 

(cm-I): 3413,3300,3275 (NH2, OH), 1650 (CO); nmr (CDCI,) (see 
Table 1); ms (M + 1 333). 
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Methylene chloride extracts of the bryozoan Flustra foliaceae show strong antimicrobial activity. Chemical investigation of 

the metabolites has led to the identification of a series of new bromoalkaloids belonging to the physostigmine class, which are 
responsible for this activity. 

MAURICE V. LAYCOCK, JEFFREY L. C. WRIGHT, JOHN A. FINDLAY et ASHOK D. PATIL. Can. J. Chem. 64, 1312 (1986). 
L'extraction du bryozoaire Flustra foliaceae par du chlorure de mkthylbne fournit des produits qui prksentent une activit6 

antimicrobienne trks forte. Une Ctude chimique des mktabolites a conduit i l'identification d'une sCrie de nouveaux bromo- 
alcalo'ides de la classe de la physostigmine, qui sont responsables de cette activitt. 

[Traduit par la revue! 

. Introduction 
A few of the marine invertebrates belonging to the phylum 

Bryozoa have been the subject of chemical investigations (1) 
and these studies have revealed several unusual compounds, 
most of which display interesting biological activity. A chemi- 
cal study of the bryozoan Flustra foliacea L. from Scandinavian 
waters revealed the presence of a remarkable variety of 
bromine-containing metabolites representing the physostigmine 
(2), tryptamine (3), and quinoline (4) alkaloid types. The 
bryozoan F .  foliacea also grows abundantly in several areas of 
the Bay of Fundy and the methylene chloride extract of this 
organism showed strong antibacterial activity against an indi- 
cator bacterium, Bacillus subtilis. Assay-guided fractionation 
of this crude extract has led to a series of bromoalkaloids 
and we now wish to report in detail the isolation and structure 
elucidation of these compounds, two of which occur as 
N-oxides. 

Results and discussion 
The methylene chloride fraction of the aqueous methanol 

extract of fresh or frozen Flustra foliacea showed significant 
antibacterial activity against the indicator bacterium Bacillus 
subtilis in a disc diffusion assay (0.5 mgldisc). Large-scale 
reversed-phase separation (Waters Prep Pak) of the partially 
purified extract yielded several early fractions displaying anti- 
bacterial activity and containing uv-active compounds. Further 
adsorption chromatography of these active fractions, followed 
by a final reversed-phase hplc step, yielded the following series 
of related physostigmine bromoallcaloids. 

Dihydrojlustramine C, I 
Details of the structure analysis of dihydroflustramine C have 

already been published (5) but the nrnr data are reproduced here 
for comparison (Tables 1 and 2). This metabolite was the major 
bromoalkaloid and consistently accounted for at least 60% of 
the alkaloid mixture. It is very closely related to flustramine C, 
6, obtained as a minor component from the Scandinavian strain, 
but remarkably we have not identified this latter compound in 
any of the Fundy samples. 

'NRCC No. 25516. 
'Author to whom correspondence should be addressed 

Flustramine D ,  3 
This metabolite was the next most abundant component 

(ca. 40%) of the alkaloid mixture. The general shape of the uv 
spectrum ( A  231, 292 nm) was similar to that of dihydro- 
Austramine C. The mass spectrum of flustramine D showed 
parent ions at m l z  390 and 388 (C21H29N2Br). The base peaks 
at mlz  321 and 319 arise by a loss of 69 mass units from the 
parent ions and correspond to the loss of an isoprene unit. This is 
followed by a further loss of 68 mass units from the base peaks 
corresponding to cleavage of a second isoprene unit. The peaks 
at m l z  347 and m l z  345 arise by the loss of 43 mass units from 
the corresponding parent ions. A similar loss was observed in 
the mass spectrum of dihydroflustramine C and is accounted 
for by ejection of a CH3-N=CH2 fragment following partial 
cleavage of the pyrrole ring. 

The 'H nrnr data for flustramine D are presented in Table 1. 
By comparison with dihydroflustramine C, 1, and other related 
alkaloids (2) the 1H singlet at SH 4.39 ppm and the 3H singlet at 
SH 2.38 ppm were assigned to H-8a and the N-methyl group 
respectively. Irradiation of the N-methyl group resulted in 
nuclear Overhauser enhancement (nOe) of H-8a. The resonance 
for H-2 appeared as a 2H multiplet at EH 2.56 and the two H-3 
protons resonated at SH 2.28 and 1.81 ppm. These latter 
assignments were confirmed by decoupling experiments. After 
irradiation of the H-2 protons the resonance for each H-3 proton 
appeared as a doublet due to geminal coupling ( 2 ~  = 12 HZ). 
Irradiation of either H-3 proton caused the H-2 multiplet to 
collapse to an ill-defined doublet. The spectrum of this second 
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LAYCOCK ET AL. 1313 

alkaloid also displayed the characteristic resonances for a 
"reversed" y,y-dimethylallyl group (2, 6): two 3H singlets at 
aH 0.98 and 1.02 pprn and the easily recognised ABM pattern at 
aH 4.99, 5.06, and 5.95 ppm. Methyl singlets at aH  1.70 and 
1.73ppm together with a methylene doublet at aH 3.31 (J  = 
7.1 Hz) and an olefinic methine at aH 5.22 (5 = 7.1 Hz) revealed 
the presence of a second "regular" isoprene unit. The aromatic 
region contained only two proton resonances and both appeared 
as singlets, aH 6.74 and 6.93ppm. 

All twenty-one carbons of flustramine D, 3, could be 
accounted for in the 13C nmr spectrum (Table 2). In many 
respects the 13C spectrum was very similar to that of 1 except 
for the five additional resonances (8, 17.97, 25.72, 34.26, 
122.63, and 132.80ppm) due to the second isoprene unit. The 
signals for C-2, C-3, and C-14 could be assigned by comparison 
of the chemical shift data with model and related compounds. 
The characteristically large coupling constant ('Jo = 152.7 Hz) 
defined the resonance for the methine carbon C-8a. The 
quaternary carbon C-3a resonates at 6,64.12 pprn and must be 
substituted with a "reversed" y,y-dimethylallyl group; the 
resonance for C-3a is more shielded (ca. 56 ppm) when 
substituted with a regular y ,y-dimethylallyl group. The position 
of this isoprene unit was further established upon irradiation of 
the methyl resonances H-10 and H- 1 1, which resulted in nOe of 
H-8a, confirming cis fusion of the two heterocyclic rings. 

, The same experiment also resulted in nOe of the H-3 proton 
resonating at aH 2.28 ppm; hence this proton is located on the 
same side of the pyrrole ring as H-8a and the "reversed" 
isoprene unit. 

The second isoprene unit could be located by consideration of 
the 'H and 13c nmr data, and by a series of long-range hetero- 
nuclear decoupling experiments that unequivocally assigned the 
aromatic resonances. The 'H chemical shift (aH 3.31 ppm) of 
the allylic methylene group H-15 precludes attachment of the 
C-5 unit at N-1. Because C-3a is already substituted and C-2, 
C-3, and C-8a all carry the requisite number of hydrogens, the 
second isoprene unit must be attached to the aromatic ring. 
Since there is no evidence in the 'H spectrum of coupling 
between the aromatic protons, the isoprene unit was placed at 
C-5. This was consistent with the undecoupled 13c nmr spec- 
trum. The aromatic methine at C-7 (8, 112.62) appeared as a 
clean doublet ( J  = 164.07 Hz), whereas the resonance for C-4 
(6, 126.34) appeared as a doublet of triplets ('J = 157 Hz; 
3~ = 4.8 Hz) through long-range coupling with the methylene 
protons at C-15. This was confirmed by single frequency 
irradiation of H-15, which removed the long-range coupling to 
C-4. The same decoupling experiment removed the two-bond 
coupling to C-5, which now appeared as a narrow doublet ( 3 ~  = 
4.OHz) due to coupling with H-7. Conversely, irradiation of 

H-7 reduced the resonance for C-5 to a triplet ('5 = 5.0 HZ) 
due to coupling with H-15. The same decoupling experiments 

indicated long-range coupling to C-6 but this was harder to 
interpret due to overlap with the resonance for C-16. 

Dihydrojustramine C N-oxide, 2 
This minor and somewhat unstable component was isolated 

from the more polar bromoalkaloid fractions. Both it and the 
other N-oxide, 4, were present in the initial MeOH extract. The 
'H spectrum of 2 was very similar in overall appearance to that 
of 1 except for certain chemical shift differences (Table 1). Thus 
the spectrum displayed two aromatic resonances that integrated 
for three protons, as well as all the resonances associated with 
the inverted y ,y-dimethylallyl group. However, the resonance 
assigned to H-8a in dihydroflustramine C, 1, was now consider- 
ably deshielded (A 0.86 ppm) in this minor component, as was 
the resonance for the N-methyl group (A 0.1 ppm). Further- 
more, one H-2 proton was deshielded (A 0.17 ppm) and the 
second one was shielded (A 0.18 pprn), whereas both H-3 
proton resonances were deshielded by smaller amounts. These 
assignments were confirmed by a series of decoupling experi- 
ments. Irradiation of the 1H multiplet at aH 2.0 pprn assigned 
to H-3 removed a small vicinal coupling to the low-field H-2 
resonance at aH 2.70 ppm, which now appeared as a clean 
doublet of doublets due to residual geminal ('5 = 11 HZ) and 
vicinal (3J = 6.4 Hz) coupling. Similarly, irradiation at aH 
2.70 pprn reduced the broadened multiplet at aH 2.00 pprn to a 
doublet of doublets ('5 = 13.1 HZ; 3~ = 4 HZ). Finally, 
irradiation of the 2H multiplet at tiH 2.35 pprn collapsed the two 
resonances at aH 2.00 and 2.70ppm to broad singlets. 

In the 13C nmr spectrum the chemical shifts of most 
resonances of the minor component were essentially the same as 
those for 1 except for marked shifts of certain resonances 
associated with the second pyrrole ring (Table 2). In particular, 
the resonances for C-3, C-8a, and C-14 were considerably 
deshielded (ca. 1 1.5,8, and 9.5 pprn respectively), whereas the 
signal for C-3a was shielded (A ca. 13 ppm). 

The mass spectrum showed parent ions at m l z  336 and 338, 
16 mass units higher than the corresponding peaks for dihydro- 
flustramine C, 1. The hrms data established a molecular formula 
with an extra oxygen, and the fragmentation pathway was 
characterized by a strong M - 16 ion, a feature of amine oxides 
(7). This characteristic loss of 16 mass units from the parent ion 
was confirmed in a series of daughter-ion experiments. Thus 
the accumulated evidence suggests this new compound is an 
N-oxide of dihydroflustramine C but does not unequivocally 
discriminate between an N-1 oxide or an N-8 hydroxy function. 
The evidence favours N-1 substitution since H-8a, H-3, and the 
N-methyl protons are deshielded and there is little or no 
perturbation of the aromatic resonances in the 'H and 13C 
spectra. Placement of the oxide grouping at N- 1 was confirmed 
by reinspection of the daughter-ion experiments, which showed 
that in addition to the characteristic loss of 16 mass units from 
the molecular ions, there is also a loss of 59 mass units from the 
molecular ions, giving rise to ions at m l z  277 and 279. 
This corresponds to elimination of a [CH3-N+(O-)=CH21 
fragment arising by a fragmentation pathway analogous to the 
expulsion of [CH3-N=CH2] in dihydroflustramine C, 1, and 
flustramine D, 3. This fact also precludes an alternate structure 
for this minor component based on the structure of geneserine, 
9, a plant alkaloid isolated from Physostigma venenosum (8). 
Long believed to be the N-8 oxide of physostigmine, the 
structure of geneserine was revised to 9 following the observa- 
tion that the mass spectrum of the alkaloid did not display a 
characteristic M - 16 loss. Instead, one of the major frag- 
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TABLE 1 .  'H nuclear magnetic resonance data 

Compounds H-2 H-3 H-4 H-5 H-7 H-8a 10-CH3 11-CH3 

1 2.53 1.77 6.94 6.76 6.66 4.37 1.02 0.96 
3 ~ = 8 . 0 H z  3 ~ = 8 . 0 H ~  4 ~ = 1 . 8 H ~  

4 ~ =  1.8Hz 

2 2.35 2.0 6.88 6.88 6.75 5.23 0.97 0.93 
2.70 2.35 

3 2.56 1.81 6.93 - 6.74 4.39 1.02 0.98 
2.28 

4 2.33 2.0  6.84 - 6.80 5.23 0.95 0.98 
2.69 2.69 

5 2.56 1.81 6 .9  d 6.83 d - 4.44 1.04 0.98 
2.28 3~ = 8.4 Hz 3~ = 8.4 Hz 

*Chemical shifa in ppm relative to TMS as inlernal standard. Solvent CDCI,. Shifts and coupling constants for coupled protons were, where possible, 

TABLE 2 .  13C nuclear magnetic resonance 

*Chemical shifts in ppm relative to TMS as intern 

mentations is a loss of 45 mass units corresponding to ejection 
of [CH3-N=O]. No such loss is observed for the bryozoan 
alkaloid. Final structural proof was obtained by oxidation of 
1 with m-chloroperoxybenzoic acid to yield a product with 
identical chromatographic (tlc and hplc) and spectroscopic 
properties (uv and 'H nmr) to the naturally occurring N-oxide. 

Flustramine D N-oxide, 4 
This unstable compound was isolated as a very minor consti- 

tuent of the alkaloid mixture. Except for a few resonances, the 
'H nmr spectrum of this material was very similar to that of 
flustramine D, 3 (Table 1). In particular, the resonance for H-2 
now appeared as two 1H doublets (aH 2.33 and 2.69) and the 
signals for H-3 were deshielded (aH 2.0 and 2.69 ppm), as was 
C-8a (aH 5.23 ppm) and the N-methyl group (aH 2.46 ppm). 
Since these chemical differences between 3 and 4 were the 
same as those observed between 1 and 2 it appeared that this 
minor component was the N-oxide of flustramine D. This 
was substantiated by the mass spectral data, which displayed 
molecular ions at m/z 406 and m/z 404, 16 mass units higher 
than those for flustramine D. More significantly, the mass 

9 

spectrum of this minor component displayed the characteristic 
losses of 16 mass units and 59 mass units from the molecular 
ions confirmed in a series of daughter-ion experiments and 
previously observed in the mass spectrum of dihydroflustramine 
C N-oxide, 2. 

This N-oxide could be prepared by oxidation of flustramine D 

al standard. Solvent CDCI, 

with m-chloroperoxybenzoic acid. The synthetic material was 
identical by chromatographic (tlc and hplc) and spectroscopic 
(uv and 'H nmr) comparisons. 

lsojlustramine D, 5 
One fraction was obtained that was an inseparable mixture of 

flustramine D, 3, and another minor related component. The 
'H nmr spectrum of the mixture was almost identical with that 
of 3, except for several additional resonances that suggested that 
the second minor component possessed the same basic skeleton 
as 3, but that the C5 isoprene unit was repositioned on the 
benzene ring. This followed from the observation that the two 
aromatic resonances of the minor component now appeared as 
an AB quartet due to ortho coupling ( J  = 8.4 Hz), the allylic 
methylene protons H-15 were somewhat deshielded (aH 3.40; 
J = 6.7 Hz), and the olefinic methyl protons were shifted to SH 
1.72 and 1.81 ppm. In addition, the N-methyl, H-8a, and the 
methyl resonance H-10 were slightly shifted (see Table 1) but 
the remaining proton resonances for both isoprene units and 
the multiplets for H-2 and H-3 were unchanged. Based on this 
evidence and the similarity of the mass spectral data between 
flustramine D and the mixture, which was obtained over a wide 
temperature range, the structure of this minor component is 
tentatively proposed as 5, a positional isomer of 3. 

Flustrabromine A, 7, and B, 8, were reported as the two main 
physostigmine alkaloids from F. foliacea collected from the 
North Sea (2). In our studies with F. foliacea collected from 
around the Bay of Fundy we did not detect these physostigmine 
derivatives. Instead our investigations serve to underscore the 
ability of F. foliacea to produce a variety of brominated 
alkaloids. It is not uncommon to find bromoalkaloids from 
marine invertebrates, though they appear to occur more frequently 
among sponges and tunicates (I), two of the most widely 
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LAYCOCK ET AL. 

. :  of bromoalkaloids from Flustra foliacea* 

H-12 H-13 cis H-13 trans N-CH3 H-15 H-16 18,19-CH3 

derived by first-order analysis of the sub-spectra. 

data of bromoakaloids from Flustra foliacea* 

studied phyla. Studies with bryozoans are less common, mainly 
due to the difficulty in collecting enough material for analysis. 
However, of the marine bryozoans that have been investigated, 
a member of the genus Zoobotryon, which belongs to the family 
Flustridae, contains the brominated gramine derivative 10 as 
well as the N-oxide 11 (9). Thus, the discovery of 2 and 4 from 
F. foliacea is, to our knowledge, only the second time N-oxides 
have been isolated from marine sources. It will be interesting to 
learn if other members of the family Flustridae contain further 
variants of these unusual bromoalkaloids. 

The alkaloids from our local F. foliacea also display a 
wide antibacterial spectrum. The alkaloid fraction containing 
mainly 1 and 3 showed activity against Enterobacter cloacea, 
Escherichia coli, Klebsiella pneumoniae, Proteus vulgaris, 
Pseudomonas aeruginosa, Salmonella typhimurium, Serratia 
marcescens, Staphylococcus aureus and Staphylococcus epi- 
dermidis in disc diffusion assays (0.5 mg/disc) using proce- 
dures already described (10). 

Experimental 
Optical rotations were measured with a Perkin-Elmer polarirneter. 

Ultraviolet and infrared spectra were recorded with a GCA-MacPherson 
Series 700 and a Perkin-Elmer 283B spectrophotometer. 'H and 13C 

nuclear magnetic resonance spectra were all recorded in CDC13 with 
TMS as internal standard on the Nicolet 360 NB spectrometer of 
the Atlantic Region Magnetic Resonance Centre. Mass spectra were 
obtained with a Dupont model 21-1 10B double-focussing spectrometer 
used in the electrical detection mode (8 kV accelerating voltage, 70 eV 
ionizing energy). Accurate mass measurements were made by peak 
matching against a perfluorokerosene reference. Large scale hplc was 
performed with a Waters Associates Prep System 500 and serni- 
preparative hplc was camed out using Waters Associates model 6000 
pumps, U6K injector, and a model 450 variable wavelength detector. 
Rotating-disc chromatography was performed using a Chromatotron 
model 7924. 

The bryozoan Flustra foliacea was collected in the Bay of Fundy off 
the New Brunswick and Nova Scotian shores. A voucher specimen is 
on deposit at the Department of Biology, Acadia University, Wolfville, 
N.S. 
Isolation ofjlustramine alkaloids 

The bryozoan (3 kg), either fresh or frozen material, was extracted 
with methanol at room temperature for 3 days. The methanolic extract 
(18 L) was concentrated under reduced pressure until most of the 
methanol was removed and the residue was shaken against methylene 
chloride. The methylene chloride soluble fraction (12.8 g) was divided 
into 4 equal portions and each one was chromatographed on a pad 
( la  in. X 33 in, diam.) of silica gel (Merck, Kieselgel GFZs4, Type 60) 
and eluted with a solvent gradient system from hexane through ether, 
methylene chloride, ethyl acetate, and methanol. Several fractions 
(2.8 g) displaying antibacterial activity were combined and subjected 
to large-scale reversed-phase liquid chromatography. The bioactive 
fractions, eluted with 15% aqueous methanol, all contained uv-active 
(254nm) spots and these were further separated by rotating-disc 
adsorption chromatography on silica gel using solvent mixtures of 
methylene chloride, methanol, and acetone. The uv-active bands were 
collected as they were eluted from the disc and from these fractions the 
individual bromoakaloids were obtained in a final hplc purification 
step using Spherisorb ODSII (SF; Regis, 10 mm x 25 cm) with 10% 
aqueous methanol containing 0.1 % triethylamine. 
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Dihydroflush-amine C, 1 mlz (rel. int.): 3881389 (M+, 39%), 3191321 (loo%), 2761278 (5%), 
Crystallized from ether - petroleum ether mixtures, mp 82-84'C; 2631265 (22%), 2511253 (2%), 241 (9%). 

[a]? -110' (C = 1.5, C H ~ C ~ ~ ) ;  Amax (MeOH): 213 ( ~ 2  X lo4), 
250 (E 5.6 x lo3), 309 (E 3.4 x lo3) nm; v, (KBr): 3200, 1600, 
1590, 1475, 1350, 1150, 1050 cm-I; 'H (360 MHz) and I3C 
(98.2 MHz) nmr data in Tables 1 and 2; mlz (rel. int.): 3201322 (M+, 
SO%), 3051307 (8%), .227/229 (IS%), 2511253 (loo%), 2081210 
(66%), 172 (90%), 129 (40%). Accurate mass measurement M+ at 
m/z 322.0875 (calcd. for c ~ ~ H ~ ~ N ~ ~ ~ B ~ :  322.0869). 

Dihydroflustramine C N-oxide, 2 
Obtained as an oil; [a]:' -67. l o  (c  = 0.38, CH2C12); A,, (MeOH): 

226 (E 3.8 X lo3), 283 (E 2 X lo3) nm; v,, (thin film): 3400-3200 br, 
1610, 1460, 1270, 1120, 1010 cm-'; 'H and 13C nmr data in Tables 1 
and 2; mlz (rel. int.): 3361338 (M+, 17%), 3201322 (34%), 2771279 
(44%), 2681270 (17%), 2511253 (loo%), 209121 1 (76%). Accurate 
mass measurement M+ at mlz 336.0843 (calcd. for c ~ ~ H ~ ~ N ~ ~ ~ ~ B ~ :  
336.083). 

Flustramine D, 3 
Obtained as an oil; [a12 -86.5" (c = 1.03, CH2C12); A,, (MeOH): 

231 (E 7.1 X lo3), 292 (E 3.1 X lo3) nrn; v,,(thinfilm): 3180,1610, 
1475, 1355, 1240, 1140, 1010 cm-I;  and I3C nmr data in Tables 1 
and 2; mlz (rel. int.): 3881390 (M+, 26%), 3731375 (2%), 3451347 
(4%), 3191321 (100%), 2761278 (7%), 25 11253 (14%). Accurate 
mass measurement M+ at m/z 390.1498 (calcd. for ~ 2 1 ~ ~ 9 ~ 2 ~ ' B r :  
390.1494). 

Flustramine D N-oxide, 4 
Obtained as an oil; A,, (MeOH): 224 (E 7.1 X lo3) and 285 

(E 3.1 X lo3) nm; v,, (thin film): 3400, 1610, 1485, 1467, 1383, 
1285, 1127, 1075 cm-'; 'H nmr data listed in Table 1. The 13C nmr 
data in Table 2 were obtained on the synthetic material; mlz (rel. int.): 
4041406 (M+, 2%), 3881390 (26%), 3731375 (2%), 3451347 (lo%), 
3191321 (loo%), 2771279 (15%). Accurate mass measurement M+ at 
mlz 404.1286 (calcd. for C z l ~ 2 9 ~ z 0 7 9 ~ r :  404.12873). 

Isoflustramine D, 5 
Obtained as a 65:35 mixture with 3; [a]i5 -14.6' (c  = 0.07, 

CH2C12); A,, (MeOH): 230 and 290 nm; v,,, (thin film): 3400, 1610, 
1490, 1450, 1380, 1255, 1160, 1010 cm-'; 'H nmrdata in Table 1; 

Preparation of N-oxides 
Dihydroflustrarnine C (32 mg; 0.01 mmol) or flustramine D (39 mg; 

0.01 rnrnol) in CHzClz (5 mL) was stirred and cooled on ice for several 
minutes preceding addition of an equimolar amount of m-chloro- 
peroxybenzoic acid in CH2C12 (2.5 mL). Stirring was continued until 
oxidation was complete (1-2 h). The reaction mixture was partially 
purified by flash chromatography followed by further purification by 
reversed phase hplc using Spherisorb ODs I1 (5p; Regis; 10 rnm x 
25 cm) and elution with 10% aqueous MeOH containing 0.1% 
triethylamine. 
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Rates and equilibrium constants for the covalent hydration of 5-bromo-2(m-pyrimidinone in 
aqueous solution 

OSWALD S. TEE, ' JANA PIKA, M. JUDITH KORNBLATT, AND MICHAEL TRANI 
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Received December 24, 1985 
Thispaper is dedicated to Professor Arthur N .  Bourns 

OSWALD S. TEE, JANA PIKA, M. JUDITH KORNBLATT, and MICHAEL TRANI. Can. J. Chem. 64, 1267 (1986). 
The kinetics of bromination of the title compound (1) have been measured in aqueous solutions of pH 0-6. The 

change in the order of reaction which occurs around pH 2.5 is explained by 1 reacting via its covalent hydrate, 3. 
Furthermore, there is sufficient 3 present at equilibrium that the kinetics of its equilibration with 1 were also 
measured. From these two studies the extent of covalent hydration of 1 is estimated to be 5%. 

Kinetic studies of the brornination of the dimethyl cation 5 and of its equilibration with the pseudobase 6 were also 
carried out for the purposes of comparison. 

The present results for 1 , 3 ,  5, and 6 are compared to earlier results for 2-pyrimidinone and analogous derivatives. 

OSWALD S. TEE, JANA PIKA, M. JUDITH KORNBLATT et MICHAEL TRANI. Can. J. Chem. 64, 1267 (1986). 
OpCrant en solutions aqueuses et B des pH allant de 0 B 6,  on a mesure les cinttiques de bromation du compost (1) 

mentionnC dans le titre. A un pH de 2,5, il se produit un changement dans I'ordre de la rkaction qui est' expliquC par le 
fait que le compost 1 rCagit alors par le biais de son hydrate covalent, 3. De plus, la concentration B l'huilibre du 
compost 3 est telle que I'on peut aussi mesurer la cinttique de son Cquilibre. Sur la base des rtsultats obtenus au 
cours de ces deux Ctudes, on peut tvaluer B 5% le taux d'hydratation covalente du compose 1. 

Pour fins de comparaison, on a aussi effectut des Ctudes cinttiques de la bromation du cation dimCthylC 5 et de son 
tquilibre avec la pseudobase 6. 

On compare les rksultats obtenus avec les composCs 1 ,  3 ,  5 et 6 avec ceux obtenus antkrieurement avec la 
pyrimidinone-2 et ses dCrivCs analogues. 

[Traduit par la revue] 

Previous studies from this laboratory have shown that 
covalent hydrates are involved in the aqueous bromination of 
2-pyrimidinone (1 ,2), Cpyrimidinone (3), and 4-quinazolinone 
(4). In contrast, evidence against their involvement was 
adduced for the bromination of the closely related pyrimidines: 
uracil (5) and cytosine (6). 

From kinetic and equilibrium measurements on the parents 
and on their N-methyl derivatives it was estimated that the 
extent of hydration of 2-pyrimidinone is -0.05% (2) and that of 
4-pyrimidinone is -0.0003% (3). The hydrates are involved in 
the bromination because they are enamines and as such they are 
very reactive towards bromine (k2 - 109M-'s-') (2, 3, 7). 

Since these covalent hydrates are only present at very low 
levels, they are not observable by normal spectroscopic means 
(8). However, from the earlier work on 5-bromo-2-pyrimidi- 
none (1) and its N-methyl derivatives (1) it is possible to 
estimate2 that its covalent hydrate (3) is present to the level of a 
few percent and so it might be observable. 

The previous study of the bromination of 1 (Scheme 1) was 
carried out in strong aqueous acid in which the reaction is slow 
enough to be followed by conventional spectrophotometry (1). 
In such media 1 is almost solely present as its conjugate acid, 2, 
and it shows a reactivity towards bromine which is very similar 
to that of the related N,N1-dimethyl cation, 5. Since the 
quaternary ion 5 reacts via its pseudobase 6, it was concluded 
that 1 reacts as its covalent hydrate 3 (1). 

'TO whom correspondence should be addressed. 
'FO; the reaction of the pseudobase 6 with bromine the previous 

work in strong acid at 30°C gave k2 - 4 x lo6 M-' s-' (1). I f  one 
assumes that the same value applies to reaction of the covalent hydrate 
3 then the equilibrium constant K2 (defined later) = 0.012 M. 
However, the literature value of the acid dissociation constant (20°C) of 
1 is K1 = 0.36 M. Therefore, the hydration ratio Kh = [3]/[1] = 
K2/Kl - 0.03. 

Subsequently much stronger evidence for this type of 
mechanism was obtained for 2- and Cpyrimidinones by 
carrying out stopped-flow kinetic studies in the pH region (2,3). 
In particular, it was found that the order of the reaction changes 
with pH (2, 3, 7). At low pH bromine attack on the hydrate is 
rate-limiting and so the reaction is first order in substrate and in 
bromine. However, at intermediate pH the formation of the 
hydrate is the slow step and consequently the reaction is zero 
order in bromine (2, 3). 

The present paper reports a similar study of the bromination 
of 1 carried out in the pH region which corroborates the earlier 
conclusions derived from the study in strong acid (1). More- 
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over, we have been able to observe the small percentage of the TABLE 1. Rate constants for the reaction of bromine 
covalent hydrate 3 and to measure its equilibration with 1 .  For with 1 and 5 (bromide salt) at low pHa 
comparison we have also studied the equilibration of the 
dimethyl cation 5 with its pseudobase 6 .  These studies became klobs k 2 0 b 9  

necessary because of work in this laboratow in which it has been S PH (s- I) (M-I s-l) 

found that 1 and 3 are inhibitors of thk enzyme, cytosine 
deaminase (9). In particular, we needed to know the equilibrium 
constant between 1 and 3 and the rate constants for their 
interconversion as a function of pH. 

Results 
For the most part the approach taken was as in our earlier 

studies on 2-pyrimidinones (2 ,7)  and similar ~esults  have been 
obtained. Accordingly, the present study will not be described 
in the same detail, except where necessary. The covalent 
hydrate 3 was detected using uv spectrophotometry and so  its 
equilibration with 1 was studied. Attempts to observe 3 using 
nrnr spectroscopy were thwarted by the low solubility of 1 in 
water and even in 50% aqueous DMSO. 

Bromination studies 
The rates of bromination of 1 and of its dimethyl cation 5 were 

measured by stopped-flow methods (2, 3, 5-7). The results 
resemble those obtained for Zpyrimidinone (2) in that there is a 
change of kinetic order with pH. For 1 they can be explained by 
Scheme 1 and using a rate expression based on the constants in 
eq. [I]. Assuming that the covalent hydrate 3 is present in steady 

state amounts3 leads to eq. [2] for the rate of disappearance of 
bromine: 

[2] Rate = klk2rBr21 * [lIt[H+1 

(kH[H+] + k2[Br21) (K1 + [H+I) 

where [lit = [I] + [2] and K1 = [ll[H+]/[2]. Obviously, the 
observed kinetic order and the variation of rate with pH will 
depend on the dominant terms in each of the two bracketed parts 
of the denominator of eq. 121. 

In the pH range 0-2 the brornination of 1 and its dimethyl 
cation 5 both exhibit second-order kinetics. For 5 the values of 
k20bs (Table 1) increase regularly4 with pH whereas for 1 they 
give a curved rate profile (see Fig. 1). As previously (I), the 
results for 5 are attributed to rate-limiting attack of bromine on 
its pseudobase 6: 

"At 25OC, I = [HCl] + 0.1 M (KBr), [SIo = 0.5 mM, 
[Brzlo = 0.05 mM. 

b[S]o = 0.2mM, [Br,], = 0.01 mM. 
'[Sl0 = 0.422mM. 

For this reaction scheme k20bs = k 2 ~ 2 / [ ~ + ]  and from the data FIG. 1 .  Second-order rate constants for the bromination of: (a)  1; 
5 (as bromide ion salt). Conditions are given in Table 1. 

3 ~ h i s  is not strictly true in that 3 is not always present at very low 
levels. However, at low pH as 3 is consumed by bromine more 1 
(present in large excess) is converted to 3 and so its level remains 
relatively constant. At higher pH values, the initial amount of 3 is 
consumed rapidly (see later, Fig. 2a) and then its formation becomes 
rate-limiting, as described later. Furthermore, most of the experiments 
at higher pH values were carried out in such a way that no 3 was present 
initially. In view of the foregoing, we retain eqs. [I] and [2] for the 
convenience of their use, rather than using a more rigorous (and more 
abstruse) treatment which takes account of the fact that 3 is present to 
the level of a few percent at equilibrium. 

?he pH-rate profile deviates from ideality (slope = 1) as the pH 
decreases to 0. This is due to the increase in ionic strength which 
accrues from the higher concentrations of HCI. 

we estimate5 that k2K2 = 9400 s-l. From equilibrium measure- 
ments we have pKa = 3.47 and so  k2 = 2.8 x lo7 M-'s-'. 

The curved rate profile for 1 is expected since the literature 
value of pKa = 0.44 (10). The data can be explained by eq. [2] 
with the condition that kH[H+] >> kz[Brz]. In this case eq. [2] 
simplifies to a second-order rate expression (at fixed pH) and the 
form of the rate constant is: 

'The value of k2K2 is estimated from the four higher pH values 
where the ionic strength is reasonably constant (see footnote 4). 
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FIG. 2. Sketches of typical absorbance-time traces obtained for the 
reaction of bromine with 1 in the pH range 3.5-6.0. (a) When 1 ,  at 
equilibrium in acidic buffer, is mixed with bromine in the same buffer. 
(b) When 1 is generated in situ by mixing the anion 1- with acidic 
buffer containing bromine. Conditions are given in Table 2. 

where K2 = kl /kH = [3:I[H+]/[2] is the equilibrium constant 
relating the cation 2 and the hydrate 3. From the plateau in the 
rate profile k2K2/K1 = 1.4 X 10' M-l S-l. Taking a value of 
pK1 = 0 . 7 0 ~  leads to k2K2 = 28 000s-I. 

Above pH 2 the rate of bromination of 5 is too fast to follow 
by the stopped-flow method. This arises because the increase in 
the amount of 6 does not level off until after pH 3.5 (= pK2). In 
the pH range 2-3 the bromination of 1 shows mixed-order 
kinetics, as was found earlier for the parent, Zpyrimidinone (2). 
Above pH 3.5 the kinetics are more straightforward and, for an 
excess of the substrate 1,  the disappearance of bromine follows 
zero-order kinetics but with an illuminating complication. 

When a solution of bromine is mixed with a ten-fold excess of 
1 two distinct kinetic phases are seen in the absorbance decay 
curve (Fig. 2a). There is an initial rapid phase during which 
about 30% of the starting absorbance disappears followed by a 
slower phase which is cl&ly zero-order. This behaviour we take 
as direct evidence for the presence of the covalent hydrate 3 and 
that it is present to a level of approximately7 3% (since [I.] is 
10x that of Br2). We argue that when the solution of 1 is mixed 

?he literature value of pK1 = 0.44 is for 20°C at low ionic 
strength (10). A value of 0.70 is more appropriate for the present 
work at 25OC and I = 0.1 M. It is derived from the pH at which 
the observed rate is half of the plateau rate. 

 h he estimate is only approximate since the apparent extinction 
coefficients for the two phases of the reaction are not the same. The 
initial fast decrease in absorbance is due to the consumption of 3 and 
bromine whereas the second is due to the disappearance of 1 and 
bromine. Furthermore, because of the speed of the first phase it 
is difficult to accurately measure the absorbance value at time 
zero. 

TABLE 2. Rate constants for the reaction of 
bromine with 1 at intermediate pH valuesa 

q b 5  x lo5 klobs x lo2 
PH (M s-') (s-') 

"At 25"C, I = 0.11 M (KBr + buffer), [lIo = 
0.5 mM, [Br2Io = 0.05 mM. Solutions of 1- at 
pH 9- 10 were mixed with acidic buffers contain- 
ing bromine (see text). 

bSee footnote 8. 

with a bromine solution there is a fast initial phase during which 
the equilibrium amount of the hydrate 3 is consumed. There- 
after, the rate of reaction is determined by the rate of formation 
of more 3 from 1 and so zero-order behaviour (with respect to 
bromine) is observed. 

Confirmation of this interpretation was obtained by carrying 
out experiments in which no hydrate was present initially and so 
the initial fast phase was absent. Substrate solutions were 
prepared at pH 9-10 so that 1 was present as its anion I-, the 
deprotonation pK, of 1 being 7.36 (10). Such solutions were 
then mixed with acidic buffers (pH 3.5-6.5) containing 
bromine. Upon mixing, the anion 1- is rapidly protonated 
(within the dead-time of the instrument) to give 1 in the absence 
of any of its hydrate 3. Consequently, no initial fast phase is 
seen and one simply observes the zero-order disappearance of 
bromine (Fig. 2b) corresponding to rate-limiting formation of 
the covalent hydrate 3: 

H+ Br2 
+ ) I +  3 +  
fast slow fast 

Analysis of the absorbance traces obtained at various pHs 
yielded the zero-order rate constants given in Table 2.8 

The kinetic behaviour described above and the pH depen- 
dence of the rate constants are accommodated by eq. [2] with the 
conditions that k2 [Br2] >> kH[H+] and Kl >> [H+] (pH > 
pK1), both of which are reasonable. With these conditions 
imposed eq. [2] simplifies to an expression which is zero-order 
in bromine when the substrate 1 is in large excess and constant: 

[6] Rate = koob" kl[l.],[H'] /K1 

Accordingly, the expected form of the pH dependence of the 
first-order rate constant (with respect to 1) is given by: 

As shown by Fig. 3a (data from Table 2) the observed values of 
klobS vary with pH in the manner prescribed by eq. [7]. The 
decrease in rate with increasing pH arises because the rate- 
limiting step of the formation of the hydrate 3 involves the attack 
of water (kl) on the protonated form of the substrate (see 2- 3, 

 round pH 6 the absorbance changes again start to show mixed- 
order behaviour. This is most probably due to the onset of reaction of 
bromine with the anion I- .  The absorbance-time data can be analyzed 
in terms of a combination of pseudo-zero- and pseudo-first-order 
processes in the manner described by Paventi (19). He found similar 
behaviour in the bromination of 2- and 4-pyrimidinone, both of which 
react via their anions at pH > 5. 
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TABLE 3. Rate constants for the equilibration of 
the cation 5 with its pseudobase 6" 

"At 25"C, I = 0.11 M (NaCl + buffer). Values of 
kf and k, were calculated from kobs and K2 as 
described in the text. 

Scheme 1). Analysis of the data in Table 2 in terms of eq. [7] 
gives kl/K1 = 1500 M-'s-', from which kl = 300s-' for 
pK1 = 0 .70 .~  

Overall, the kinetic behaviour displayed by the bromination 
of the 5-bromo compound 1 is very similar to that observed 
previously for its parent, 2-pyrimidinone (2): (a) at low pH 
bromine attack on the covalent hydrate 3, in equilibrium with 1, 
is rate-limiting; (b) at higher pH, where dehydration of 3 is slow 
relative to bromine attack, the formation of 3 from 1 is 
rate-limiting. However, in the present case of 1 there is 
sufficient of the hydrate 3 present at equilibrium that its rapid 
consumption by bromine can be observed (Fig. 2a) prior to the 
zero-order disappearance of bromine due to (b). 

Equilibration studies 
The equilibration of the cation 5 with its pseudobase 6 was 

studied using established procedures (7, 11). The reaction is 
quite fast and the observed first-order rate constants (kobs, Table 
3) are only just within the range accessible by the stopped-flow 
method. Between pH 4.5 and 7.0 values of kobs are invariant 
with pH but at lower and higher pHs they rise beyond the limits 
of the apparatus. 

For such an equilibration (1 1) the observed rate constant 
is the sum of the forward and backward rate constants (12), 
kobs = kf + kd: 

Using the measured equilibrium constant K2 = 3.4 X M 
(pK2 = 3.47) these cor~tributions are accessible through the 
expressions derived by Bunting (1 1): kf = kobsK2/(K2 + [H'I) 
and kd = kobs[H+]/(K2 + [H+]). Table 3 lists values of kf and 
kd obtained in this way for the pH range 3-9. As expected from 
previous studies of pseudobase formation (3, 7, 1 l) ,  they have 
pH-dependent and pH-independent components which may be 
described by the following equations: 

FIG. 3. First-order rate constants for: (a) rate-limiting formation of 3 
from 1. Obtained from zero-order bromination studies (see Table 2); 
(b) equilibration of 1 with 3. The substrate 1 was generated in situ in the 
absence of 3 by mixing solutions of the anion 1- with acidic buffers. 
Conditions as in Table 2 except that no bromine was present in the 
acidic buffer. 

In these equations the rate constants on the right-hand side refer 
to the processes depicted below: 

 OH 
[12] 5 + OH- e 6 

ko 
Appropriate values9 of these rate constants obtained by fitting 
eqs. [9] and [lo] to the observed values of kf and kd are 
presented later. 

From the bromination studies described above it appeared 
that sufficient of the covalent hydrate 3 is present at equlibrium 
that a study of its equilibration with 1 might be possible and, 
fortunately, such was the case. The pseudobase 6 has a uv 
absorption maximum at 252nm (E = 7 600) (13) and so the 
covalent hydrate was anticipated to have a similar absorption in 
the same region. In contrast, the parent 1 has its long 
wavelength maximum at 322 nm (E = 3 470) (10, 13) and a 
minimum at 259 nm (E - 370). Thus, it appeared quite feasible 
to observe the formation of 3 in the region of 250 nm. 

Solutions of I-,  the anion of 1, at pH 9-10 were mixed with 
strong buffers of pH < 7.5. Immediately after mixing, the uv 
spectrum obtained closely resembles that of 1 at equilibrium, as 
one expects for the rapid protonation of the anion (14). 
However, with time there is a modest increase in absorbance at 
250nm and a concomitant small decrease in the 322nm 
maximum of 1. These spectral changes are consistent with the 
relatively slow formation of a small percentage of the covalent 
hydrate 3 following the rapid protonation of I-. 

'These constants are, of course, interdependent since kl = k ~ K 2  
and  OH = koK2/Kw (11). 
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Figure 3b shows the pH dependence1' of the pseudo-first- TABLE 4. Summary of rate and equilibrium constants for 2-pyrimidi- 
order rate constants (kobs) obtained by monitoring the increase at none (71, 5-brom0-2-P~rimidinone (11, and their respective N,N'- 

250 nm. Note well that these rate constants are not simply due to dimethyl cations (8 and 5)" 

the slow formation of 3 from 1,  being substantially faster than 
the values measured for this process in the brornination studies Constant 1 5 7b 8 

(Fig. 3a). Rather, they are for the equilibration of 1 and 3: 
k~ (s-') 300 77 10 1.3 

H+ kl kH (M-I S-') 3 x lo4 2.3 x lo5 5 x lo6 2 x lo7 
[13] 1 2 -- 3 

K1 k~[H+l k.7 (s-l) 7 x lo-4 0.31 
bH (M-l S-I) 2.4 x lo7 2.1 x lo6 

and so kobs is the sum of the forward and backward rate k2K2 (s-'1 28000 9400 1900 135 
constants (12). For the situation depicted above this means that: k2Kh (M-' s-l) 1.4 X lo5 n.a. 5.2 X lo5 n.a. 

k2 (M-I S-I) 2.8 x lo7 2.8 x lo7 lo9 2 x 109 
[I41 kobs = ~I [H+I IKI  + k ~ [ H + l  PKI 0.70' n.a. 2.44' n.a. 

(since K1 >> [H'], pK1 = 0.70). Of the two contributing terms PK2 2.00 3.47d 5.70 7 .16~  
Kh 0.05 n.a. 0.0005 n.a. in this equation, the second one due to the back reaction of 3 to 2 

is dominant, as will be made apparent below. T h e  value for 1 and 5 are from the present work, at 25°C. I = 0.1 M. Those 
Obviously, the two terms in eq. [14] are not immediately for 7 and 8 are from earlier work at 30°C (2,7). 

separable since they have the same dependence on acidity. bSome of the constants in this column are based on an assumed value of 

However, the constants kl and kH are related through the k2 (2). 
'Obtained from the kinetics. Literature values measured at 20°C and at 

constant K2 (= k l l k ~ ) .  TO aid subsequent discussion we define ,,ae, ionic ,eengths are lower (2, 10). 
the covalent hydratelparent ratio as Kh = [3]/['L] = K2/K1 = 'Measured spectrophotometrically . 
kl/kHKl. With this definition eq. [14] can be rewritten as: 

[I51 kobs = kH(Kh + l)[H+I 
The actual rate of bromine attack (k2) is about 100 times 

slower for 1 and 5 where this attack (on 3 and 6) is occumng 
Again, as with eq. [14], it is the second term which is dominant ipso to the 5-bromo group (Scheme 1). Nevertheless, the 
since Kh << 1 as [3] << [I], at equilibrium. apparent reactivity of 1 towards bromine is about the same as 

Fitting eq. [14] to the equilibration data gives (kl /KI + k ~ )  that for 7 since the former is 100 times more hydrated. Further- 
= 31 000 M-' s-'. From the zero-order bromination results more, this apparent reactivity of 1 (k2Kh - lo5 M-' s-'), which 
we have a value of kl lK1, whence k~ = 29 500 M-I s-' and is perfectly reasonable for reaction via its covalent hydrate 3, is 
so Kh = 0.051. This value means that at equilibrium in water not explicable by a conventional mechanism involving direct 
4.9% of 1 is present as its covalent hydrate 3. bromine attack. Such attack on 1 should be slower than that for 

5-bromo-2-pyridinone, for which k2 = 380 M-I s-' (15). 
Discussion The effect of N-methylation on the protonated forms of 1 and 

The present studies of the bromination of 1 and 5 extend into 7 is much the same. In both cases it reduces the rate of water 
the pH region the behaviour previously observed in strong acid attack (b) and increases the rate of proton-catalyzed loss of 
(1). Moreover, the change to a different kinetic order which hydroxyl (kH) (Table 4). As a result, the pK2 values are higher 
occurs around pH 2.5 is consistent with earlierproposals (1,13) for the dimethyl cations 5 and 8. These effects are probably as 
that 1 reacts via its covalent hydrate 3. The direct observation of much steric as electronic in origin (2). 
3 and the study of its equilibration with 1 further consolidates The present work shows that the rates of bromine attack (k2) 
this mechanism. Combining results from the bromination and on the hydrate 3 and the pseudobase 6 are the same (Table 4). In 
equilibration studies provides a fairly reliable estimate of the other words, the effect of N-methylation on the reactivity of 3 is 
proportion of 3 present at equilibrium in aqueous solution. negligible. This is reasonable since N-methylation likewise has 

Taken as a whole, the behaviours exhibited by 1 and its very little effect on the rates of bromination of pyridinones (15, 
dimethyl cation 5 are qualitatively similar to those observed for 16), uracils ( 3 ,  cytosines (6), and their 5-bromo derivatives. 
2-pyrimidinone (7) and its dimethyl cation (8) (2, 7). This is Moreover, the fact that k2 comes out to be the same for the 

covalent hydrate 3 as for the pseudobase 6 is excellent evidence cxo H rp Me 
that 1 reacts via 3. 

N 0 
In the case of 2-pyrimidinone (7), k2 was not directly 

available since Kh was not measurable as here. Accordingly, a 
7 8 value half that for the pseudobase 8 was assumed which allowed 

us to estimate Kh == 0.0005 for 7. If, as in the present work, k2 is 
most clearly seen by reference to Table 4 in which are collected the same for the hydrate of 7 and the pseudobase of 8, then this 
various constants for the two systems. Table 4 also serves to estimate of K~ Should be reduced by a factor of 2. 
show the quantitative differences between them. The results summarized in Table 4 are perfectly reasonable, 

Firstly, it is noted that the 5-bromo substituent of 1 results in a then, for both the effects of 5-bromo substitution and N- 
loo-fold increase in the extent of covalent hydration. In a Sense methylation. More importantly, the overall consistency which 
this arises from destabilization in the cation 2 (Scheme 1). This is there means that the bromination of 2-pyrimidinones via 
cation is more difficult to form (ApKi = 1.74) but is much more covalent hydrates is now firmly established. As required also, 
easily attacked by water (ApK2 = 3-70). Com~arablebehaviour the present study provided valuable information for our study of 
is displayed by the dimethyl cations for which ApK2 = 3.69. 1 and 3 as inhibitors of the enzyme, cytosine deaminase (20). 

'O~eyond pH 6.1 we have not studied the kinetics of equilibration of Experimental 
1 and 3 in detail because of the complications due to the deproto- The substrates 1 and 5 (bromide ion salt) were synthesized as 
nation of 1 (pK, = 7.36). At pH 7.5, kobs = 1.9 x s-I. previously (13). Buffer solutions and bromine solutions were made up 

\ 
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according to standard practice in this laboratory (5-7). For the 
bromination studies all of the aqueous solutions contained a fixed 
concentration of KBr for reasons given earlier (5). In the equilibration 
studies ionic strength was maintained with NaCI. 

Kinetics were followed using the stopped-flow apparatus (7) and 
data acquisition system (17) described elsewhere. The observation cell 
was thermostatted at 25.0 ? O.l°C. Bromination reactions were 
monitored at 267 nm (Br3- maximum) and analysis of the absor- 
banceltime data was as in previous studies (5-7). The values of kZobs 
given in the text are corrected for the formation of tribromide ion (5). 
The equilibration of 5 with 6 was monitored as decreases in the long 
wavelength bands of 5 or of 6,  depending on the pH. The equilibration 
of 1 with its hydrate 3 was measured as an increase at 250 nm, in the 
region where 3 should have a maximum (see text). Solutions of 1 ,  
present as its anion, at pH 9-10 were mixed in the stopped-flow 
apparatus with acidic buffers. For the measurement of zero-order 
kinetics similar solutions were mixed with acidic buffers containing 
bromine (see text). Note that this technique would not work if the anion 
of 1 was more reactive towards bromine. That it does not interfere over 
most of the pH range studied8 is evidenced by the order of the reaction 
and the pH dependence of the rate constants. 

The determination of pK2 for 5 was carried out by making 
spectrophotometric measurements in 9 buffers spanning pH 2.5-4.5. 
Analysis of the data obtained at 250 nm (pseudobase maximum) and 
345 nm (cation maximum) by standard means (18) gave pK2 = 3.47 k 
0.10 in both cases. 
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Structure et conformation du complexe du N-acetyl-aspartate avec un cation lanthanide. ~ t u d e  par 
resonance magnetique nucleaire du 'H et du 13c 
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Laboratoire de spectrochimie infrarouge et Raman, Centre national de la recherche scient$que, 2 ,  rue Henri Dunant, 

94320 Thiais, France' et Universite' Pierre et Marie Curie, 4 ,  place Jussieu, 75230 Paris 05, France 

R e ~ u  le 5 novembre 1985 

D. BARON et N. LUMBROSO-BADER. Can. J. Chem. 64, 1317 (1986). 
Les dCplacements induits dans les complexes 1:l de NAcAsp (0,14 M) avec Lu3+, yb3+, ~ m ~ + ,  ES+,  Ho3+ et ~ y ~ +  sont 

determinks dans du D20 un pH 5 pour 10 sites 'H et "C. La constante de complexation moyenne (pour une concentration en 
chlorure d'environ 0,05 M) est 72 M-'. La dktermination du facteur gComCtrique du terme de pseudo-contact de chaque site 
(approximation d'une symCtrie axiale) ntcessite de tenir compte d'un terme de contact et d'Ccarter les donnCes concernant ~ m ~ + .  

Six sttuctures du dsidu Asp correspondant a une chClation par les deux carboxylates sont compatibles avec les donnks obtenues 
pour ce rCsidu; la distance Op- . . . C,' semble &tre critique tandis que l'orientation du COO,- est secondaire. L'analyse utilisant 
tous les sites CtudiCs permet de ~Clectionner les trois structures du rCsidu pour lesquelles l'azote est CloignC au maximum de 
l'interaction et, parmi les rotamkres autour de la liaison C,-N, ceux qui favorisent les conformations les plus Ctendues. La 
chClation implique trois oxygknes dont deux appartiennent au COOp-. L'existence d'un Cquilibre avec un autre complexe 
minoritaire ne peut cependant pas &tre totalement exclue. 

D. BARON and N. LUMBROSO-BADER. Can. J. Chem. 64, 1317 (1986). 
Lanthanide induced shifts by Lu3+, yb3+, Tm3+, ES', H O ~ + ,  and D~~~ in NAcAsp (0.14 M in DzO, pH 5) are observed 

for ten magnetic sites ('H and I3C). The averaged binding constant for 1:l complexes is 72 M-' (for chloride solutions of ca. 
0.05 M). Determination of the pseudo-contact geometrical factors (under axial symmetry approximation) requires taking into 
account a contact term and discarding the ~ m ' +  results. Data from the Asp residue are in agreement with 6 structures of this 
residue such that chelation occurs through the two carboxylates. Op- . . . C,' length seems to be the main factor while COO,- 
orientation is a minor one. The entire set of results is consistent with only three structures where the nitrogen atom is far from 
the carboxylates, and the C,-N rotamers have extended conformations. Three oxygen atoms (two from the COOp- group) 
appear to be involved in the chelation. However, the data do not exclude another minor conformational species. 

Introduction deux carbonyles adjacents B la chaine latCrale. Le prtsent travail 
La determination des conformations adoptCes preferentielle- a pour objet l'ttude d'une chtlation par deux groupements 

ment par les rCsidus aspartate ou glutamate en interaction avec carboxylates proches. Le choix du compost dtrivt N-acttyl- 
un cation est une ttape nCcessaire pour analyser la structure aspartate est justifiC par le fait que l'amino-acide non bloquC 
locale du peptide ou de la protCine complexCe par ces ions, qu'il aurait prCsentC les inconvenients d'avoir un groupe NH3+ trop 
s'agisse d'expliquer les structures obtenues par radiocristallo- proche du COO; et de ne pas possCder de liaison peptidique. En 
graphie ou, Cventuellement, de faciliter I'interprCtation des outre, NAcAsp semble jouer un rdle dans le mCtabolisme du 
cartes de densite tlectronique. Dans le cas des polypeptides cerveau (6, 7). 
naturels, les cations Ctant gCnCralement complexCs par des chC- La mCthode utiliste est baste sur llinterprCtation des dtplace- 
lations impliquant plusieurs groupements carboxylates et des ments chimiques induits sur les sites 'H et 13C dans les 
ligandes non chargCs (I), il parait a priori difficile d'analyser ce complexes formts par des ions lanthanides paramagnktiques en 
type d'interaction B partir des contributions individuelles de solution aqueuse. L'Ctude prCcCdente sur des dCrivCs monocar- 
chaque rCsidu. I1 faut cependant rappeler que les calculs confor- boxylates (5) avait montrC que les donntes 'H et 13C obtenues 
mationnels peuvent conduire 2 des rCsultats trbs intkressants (2). avec l'ytterbium (yb3+), corrigtes des termes diamagnttiques 
Par exemple, dans le cas de l'inhibiteur trypsique BPTI, petite dCteminCs 2 l'aide du lutCtium (Lu3+), permettaient l'analyse 
protkine frCquemment Ctudik dans le domaine de la physico- structurale du rCsidu complex6 en se basant sur un modble de 
chimie biologique, les rCsultats obtenus par Levitt, 2 partir d'un pseudo-contact. En effet, bien que des contributions de contact 
modble relativement simplifiC (3), ont pu Ctre raffines en prenant aient CtC systtmatiquement dCceltes pour les deux carbones 
en compte de f a~on  plus prCcise des propriCtCs des chaines proches de Yb3+ (COOp- et Cp), l'utilisation, ou non, de leurs 
latkrales, notamment la possibilitC de formation des ponts diplacements induits ne modifiait pas les rCsultats concernant la 
disulfures, ce qui a rCcemment conduit B des structures trbs conformation moyenne du rtsidu dans le complexe ni la 

I proches de celle du cristal (4). distance oxygbne-lanthanide; elle influait par contre sur la 
Le but de ce travail est donc d'obtenir des donnCes expCri- 

dCtermination de et la qualitC du param& mentales fiables, utilisables, le cas CchCant, dans des calculs 
trage. 

"b 
thkoriques, sur la rCpercussion d'une interaction carboxylate- 

Dans le prCsent travail, l'analyse structurale devait s'avkrer cation, tant au niveau de la chaine latCrale du rCsidu, Asp ou 
plus dClicate en raison de deux nouveaux Cltments : (a) l'axe '1'7 qu" ''1" du squele'e ~e~ t id ique .  Dan' une ~remibre 
magnetique principal du complexe ne peut plus etre assimile a Ctude (5), certaines caractCristiques de la monocomplexation du 

carboxylate de la chaine latirale avaient CtC dCgagCes, notam- une direction Yb3+ . . . COO- puisque deux groupements 
carboxylates sont impliquCs dans le chClate; (b) un Cquilibre est ment la structure Ctendue du rCsidu et l'absence de chtlation 
possible entre le chelate et un complexe monodentate ne mettant avec le squelette peptidique, du moins en ce qui concerne les 
en jeu qu'un seul COO-. En consCquence, il Ctait indispensable 

1. Adresse pour la correspondance. que les donnCes de tous les sites 'H et 13c du rCsidu puissent Ctre 
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TABLEAU 1. Dkplacements chimiques : systkmes avec Lu3+, Yb3+, ~ m ~ + ,  Er3+ a 

c o o p  coo, 

"GIDSS ou AGlsolution sans ~ n ~ + ;  en ppm; positif pour un dkplacement A champ faible. 
b [ ~ ]  = [NAcAsp] en mM. 
'p = [Ln]/[P]. 
'Par rapport A la moyenne HBl, Hpz 
'Signal trop large. 

utilisks sans rCserves dans une analyse structurale bade sur un 
modele de pseudo-contact. La determination des dkplacements 
induits par plusieurs lanthanides permet, en appliquant les 
mCthodes proposCes par Reilley et al. (8, 9), de calculer les 
termes de contact affectant chaque site. Outre les effets dus a 
Yb3+ et du Lu3+, ceux du thullium ( ~ m ~ + ) ,  de l'erbium (E$+), 
de l'holmium (Ho3+) et du dysprosium (Dy3+) ont donc CtC 
dtterminks. 

RCcemment, Shelling et al. (10) ont publiCs les dCplacements 
induits des protons dans les complexes de NAcAsp avec ces 
mCmes ions lanthanides, mais d'une part ces donnCes Ctaient en 
nombre insuffisant (4 sites) pour tenter une analyse structurale et 
d'autre part nos rksultats expkrimentaux different sensiblement 
en ce qui concerne Ha. 

Solutions 
NAcAsp : = 0,14 M; DSS (rkfkrence rmn : dimkthyl4,4-silapentane 

4-sulfonatedesodium): 2:0,02M;pH:ajustCh5,0(t0,1),hl'aidede 
NaOD, valeur brute non comgke de l'effet isotopique (11); Ln3+ : 
concentration variable jusqu'h p = [ L n 3 + ] / [ ~ ~ c ~ s p ]  = 0,5 (cf. 
tableau 1); pour les systhmes tamponnks par Lu3+, P,~ ,  = p, + ppXa = 
0,35 avec pp, d 0,15 (cf. tableau 2). 

A&sonunce mgn6tique nucl&uire 
Spectromktre Briiker WH 90 ('H : 90 MHz; "C : 22,63 MHz); 

temp6rature 303 K; rkfkrence DSS, les variations A champ faible sont 
comptkes positives; rksultats : tableaux 1 et 2. 

Attribution des spectres 'H  
Deux problkmes principaux ont kt6 rencontrks : 
(a) Hp Impossibilitk d'attribuer de faqon univoque les sites Hpl et 

Hp2 aux protons HP et Hps (ou rkciproquement); cependant, ce 
problkme n'a d'incidence que dans les modkles d'analyse structurale 
basks sur plusieurs complexes 1:l. Par ailleurs, on observe une 
coalescence des signaux de ces deux sites dans le cas de Lu3+ et dans 
ceux des ions pararnagnktiques H O ~ +  et D ~ ~ + ,  coalescence partielle- 
ment due, pour ces derniers, h l'klargissement des signaux. 

(b) H,. Disparition du signal (largeur trop importante) avec ~ r n ~ +  (a 
partir de p = 0,38) et avec E$+ (h partir de 0,30); malgrk ce problkme, 
nous attribuons sans ambiguitk Ha Bun signal se dkplaqant h champ fort 
avec ces deux ions, contrairement h d'autres auteurs (1 0). 

Partie experimentale 
Systkmes 

Produits 
Qrigine cornrnerciale : NAcAsp (Sigma); LnC13, x H20 (Johnson et 

Mathey); D20  deutkrik a 99,8% (CEA, France). 

Teneur des chlorures de lanthanide en LnC13,6H20 
Dosage par NaOH des aciditks fortes libkrkes par EDTAH,'- (en 

exchs) lors de la complexation avec Ln3+ (Ln3+ + EDTAH,'- -+ 
LnEDTA- + 2 H+); teneurs obtenues : Lu3+ (93,5%), Yb3+ (93,2%), 
Tm3+ (95,3%), E$+ (97,4%), H O ~ +  (97,6%), D ~ ~ +  (97,4%). 

Attribution des 13C00 (faible diffkrence de dkplacements chimiques 
dans la solution sans lanthanide : 0,15 ppm) 
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BARON ET LUMBROSO-BADER 1319 

TABLEAU 2. Dkplacements chimiques : systkmes Er3+-Lu3+, H O ~ + - L U ~ + ,  D ~ ~ + - L u ~ +  a 

[PIb pparaC  to: CMe C~ Ca CONH Coop COO, HMe %I H@2 Ha 

( ~ r ~ + )  

145 0,049 0,340 0,09 -3,21 -2,63 -0,27 0,53 -0,64 0,087 d d -0,171 
145 0,072 0,341 0,121 -0,89 -1,Ol -0,284 
145 0,098 0,342 0,14 -6,52 -4,232 -0,62 -0,71 -1,96 0,165 -1,22 -1,39 -0,394 
144 0,121 0,342 0,194 -1,52 -1,73 -0,510 
144 0,148 0,344 0,20 -9,79 -6,97 -0,92 -1,95 -3,31 0,235 e e -0,658 

(Dy3+) 
141 0,035 0,361 0,27 1,79 1,84 0,65 14,32 9,24 0,067 3,305 3,Ol 
141 0,062 0,363 0,114 5,805 5,29 
142 0,089 0,364 0,74 4,56 5,92 1,88 34,33 22,58 0,158 8,388 7,72 
157 0,106 0,370 0,171 10,105 9,03 
144 0,146 0,367 1,07 7,19 9,88 3,02 55,11 36,67 0,250 13,068 12,44 

"AGlsolution sans ~ n ~ + ;  en ppm; positif pour un diplacement 1 champ faible. 
b[P] = [NAcAsp] en mM. 
'P = [LnIl[NAcAspl; P,, = P,, + PLU. 
dSignal sous HM,. 
'Signal sous CH2 du DSS. 
*Signal sous HDO. 
Tar rappat i la moyenne Hpl, Hpz 
hSignal sur le flanc du CHb 

L'attribution est d'abord baste sur les rksultats obtenus avec 
~ A c G l u ~  pour lequel les signaux COO, et COOy sont suffisamment 
distincts (A8 = 2,15 ppm) et attribuks sans ambiguitC. Avec NAcGlu, 
on observe systkmatiquement, our une m&me variations de p, !Asy I >  
IMal, sauf dans le cas de Err+. Compte tenu des rksultats obtenus 
avec les dCrivks monocarboxylates ( 9 ,  la relation prkcdente semble 
pouvoir &re valablement appliquke au problbme de NAcAsp. Dans le 
systbme NACAS~-LU~+,  les signaux des deux carboxylates se dkpla- 
cent 2 champ faible en se croisant pour p = 0,04, ce qui pennet 
d'attribuer le pic h champ fort dans la solution sans lanthanide au 
c o o p .  

Calculs 
Programmes d'analyse conGus et exploitks au laboratoire (Digital 

PDP 1 1/34). 

Analyse thermodynamique (systkmes avec Lu3+, Yb3+ ou ~ m ~ + )  
(a) Nonnalisation des variations de dkplacements chimiques, site par 

site et cation par cation, par rapport 2 la variation maximale observke 
pour p = 0,s : A6ij(nom) = A8ij(e,p)lA6ij(p=o,s). Quand A8U(p=o,s) n'a 
pas Ctk obtenu, une valeur approchke-est dkfinie h l'aide des donntes du 
carboxylate P : 

(b) Minimisation de la variance V pour l'ensemble des 10 sites et des 
3 cations, V = Xi Xj pv (A8ij(nom), - AGii(cdc))2, en fonction de la 
valeur de K, constante de complexatlon 1 : 1 ; pv est un facteur de poids, 
dkpendant de la dkiation standard up 

(c) Pondkration @,j.).umoy = X uV/n (n ktant le nombre de 
dCplacements induits calculCs); pv = 1 si uij s umOy et pij = umoy/uij 
si uv > umoy. 

(d) Elimination des donnCes si - A8ij(cdc)) > 2 uv 
(dans la limite de 10% du nombre total de donnkes). 

2. ~ t u d e  en cours. 

ViriJication de l'additivite' des effets dans les systimes comportant 
un tampon de L U ~ +  

pour E$" , h partir des donnCes pour lesquelles 0,3 < p < 0,4, calcul 
des moyennes A6=,lpEr et des gradients moyens A(A6iEr)/ApEr. ce qui 
pennet d'estirner (A6iEJpEr) pour toute valeur autour de p = 0,351; 
pourLu3+, calcul des moyennes ASiLu/pLu dans le domaine 0,25 G p s 
0,53 (les gradients ne sont pas significatifs pour cet ion); pour une 
solution mixte LU~+-E?+, avec p,,, = pLu + PEr : 

A6i(calc) = ~ ~ r * ( A W ~ ~ r ) p t o t  + PLU.(A~~LU/PLU) 

Facteur d'accord (12) 

Syme'trie non d a l e  du tenseur d'anisotropie rnagne'tique du 
complexe 

Le systbme d'kquations (10, 13) 

est rksolu par une mkthode de moindres carrks en fonction des 
pararnktres Djf, avec itkrations sur les tennes Djf supposks non nuls et 
recherche du minimum de la variance. 

Remarques : (a) tous les calculs ont Ctk effectuks avec au dkpart Dj' 
= 0 pour tous les cations; (b) les estimations de Djl (13) n'ont pas kt6 
utiliskes. 

Deplacements induits dans les complexes 
Me'thode 

L'analyse des rksultats experimentaux (variations des dC- 
placements chimiques des 10 sites magnetiques de NAcAsp en 
fonction de la concentration en lanthanide) est bask sur 1'CgalitC 
des constantes de complexation ligande - ~ n ~ +  pour les dif- 
ferent~ lanthanides utilisCs dans cette etude. Ceae approxima- 
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TABLEAU 3. DCplacements induits dans les complexes AEicij0 

P CONH COOp COO, CMC Ca H ~ e  %I H ~ 2  Hm 

*Donnkes ayant un poids 6galB 1 dans l'analyse thermodynamique. 
"En ppm; positif pour un dkplacement B champ faible. 
bPar rapport B la nioyenne Hp,, HpZ 
'Skrie de donnkes non utilisee dans l'analyse thermodynamique (Lu, Yb, Tm) 

tion (14-16) a kt6 frtquemment vtrifite et utiliste dans des 
travaux de rmn (10, 17-20); elle semble particulibrement 
justifite lorsqu'il s'agit, c o m e  ici, de chklates de lanthanides 
lourds (2 1). 

Trois systbmes pour lesquels les variations de dtplacements 
chimiques ont t t t  ttudites dans le domaine 0 < p = [Ln]/ 
[NAcAsp] S0,5 (Lu3+, Yb3+, ~ m ~ + ;  cf. tableau' 1) sont 
analysts simultantment, c'est-A-dire en recherchant la con- 
stante K1 qui minimise la variance pour l'ensemble des stries de 
donntes ASii (i : site magnttique; j : cation) pour lesquelles on 
calculera un dtplacement chimique induit dans le complexe 
AScij. Les avantages d'une analyse simultante ont dtjA ttk 
discutts (5) : prise en compte effective d'un plus grand nombre 
de donntes pour la dttermination de K1 et meilleure coherence 
des valeurs de Acii, ce qui est particulibrement important pour 
l'analyse structurale. Pour cela, il est ntcessaire de normaliser 
les rtsultats exptrimentaux et de tenir compte des diffkrences de 
prkcision entre les sines de donntes ASii en introduisant des 
facteurs de poids pij en fonction des deviations standards uij (cf. 
Partie exptrimentale, § Calculs). 

Les rtsultats sont interprttts en utilisant le modble qui s'ttait 
avtrt valable dans l'ttude des dtrivts monocarboxylates (5) : 
complexes 1:l et 2:l (peptide:lanthanide). En effet, il n'est pas 
possible, A partir de donntes obtenues A une seule concentration 
en peptide (0,14 M), de discriminer efficacement divers 
modbles de solution. Mais il faut remarquer que les donntes 'H 
et 13C proviennent des m&mes solutions et qu'en conskquence 
les valeurs de AScv, calcultes pour difftrents modbles ther- 
modynamiques vraisemblables, restent pratiquement propor- 
tionnelles pour les divers sites. Ce mode d'analyse simplifit ne 
peut donc, en principe, perturber les conditions de l'analyse 
structurale; il en est de m&me de l'utilisation des approximations 
S(P2Ln) = S(PLn), kgalitt des dtplacernents chimiques dans les 
deux types de complexes, et K1 = 4 K2 (K2, constante de 
1'6quilibre P + PLn @ P2Ln). Bien qu'inattendues dans un 
problbme d'interaction entre cations et ligandes, de telles 
relations ont dtjA t t t  observtes dans certains travaux sur la 
complexation d'ions lanthanides par des acides amints (20,22). 

Compte tenu des approximations du modkle, les valeurs de 
K1 et des AScii doivent Ctre considtrtes comme des moyennes, 
d'autant plus valables que l'on se rapproche de p -- 0,34, ceci dQ 
au fait que le processus de minimisation est bast sur la sornme 
des carrts des deviations. Or, pour les besoins de l'analyse 
structurale, les dtplacements induits par les difftrents lantha- 
nides doivent Ctre obtenus i partir de domaines d'ttude com- 
parables, ce qui n'est pas possible avec Ho3+ et Dy3+ pour 
lesquels de nombreux signaux disparaissent pour des valeurs de 

p inftrieures A 0,3. On peut alors utiliser un tampon de Lu3+ 
qui permet de ne pas restreindre l'ttude au domaine des faibles 
concentrations en lanthanide paramagnttique : ptot = p,, + 
p,,. Pour dtterminer ASCi,para, K1 et ASCi,Lu Ctant par ailleurs 
connus, il suffit de faire varier pP,, jusqu'i 0,15 par exemple 
tout en maintenant ptot A environ 0,34. L'emploi de tampon de 
lanthanides diamagnktiques est une mtthode qui a dtjA kt6 
utiliste pour maintenir la force ionique constante (23): 

Rksultats et discussion 
Les rtsultats finaux, K1 et AScij (j = L U ~ + ,  Yb3+, Tm3+) 

sont obtenus A partir de 135 donntes, certaines d'entre elles 
ayant Ctk tlimintes (voir Partie exptrimentale, $ Calculs). La 
dtviation standard moyenne, relative aux donntes normalistes 
et pondtrtes, est trbs satisfaisante (4,1%) compte tenu de la 
simplicitt du modble. En ce qui conceme la pondtation des 
rtsultats exptrimentaux, on remarque une certaine corrtlation 
entre pij et AScv (dans le tableau 3, on a signal6 les sites pour 
lesquels pi, est maximum), mais les exceptions sont trop 
nombreuses (cas de L U ~ +  notamment) pour que cette pondtra- 
tion puisse &tre like a priori aux valeurs maximales de ASv; 
d'autres facteurs interviennent, dont, en particulier, l'tlargisse- 
ment des signaux dQ A l'ion paramagnttique, ce qui justifie un 
mode de calcul de facteurs de poids bast sur la precision 
effective des paramttrages. Par ailleurs, signalons que les 
donntes relatives A CMrYb ayant dO &tre Ccarttes de l'analyse 
gtnkrale, le dtplacement induit, dans ce cas, a ttk calcult de 
f a~on  indkpendante, en utilisant la valeur de K1 prtctdemment 
dtterminte. 

Les valeurs de AScu (tableau 3) peuvent Ctre compartes, pour 
Lu3+ et Yb3+ du moins, i celles des dtrivts monocarboxylates 
de Asp (5): apparemment, la chtlation augmente d'environ 
50% les effets de yb3+ sur les sites COOp, Cp et Hp. Prtcisons 
qu'une analyse de nos.rtsultats, baste sur un modble de solution 
i un seul complexe (PLn ou P2Ln), conduirait A des valeurs de 
dtplacements induits anormalement tlevtes (par exemple, 
1ASC1 = 88 ppm pourCOOp avec Yb3+) et, on le verra, 
incompatibles avec la plupart des rtsultats de Shelling et al. 
(10). Enfin, la nette difftrence entre les effets de L U ~ +  sur les 
deux carboxylates montre que les forces d'interaction ne sont 
pas identiques et reflbtent sans doute les pK des fonctions 
(COO, = 2 et COOp = 4). 

La constante moyenne K1, dtterminte a partir des donntes 
relatives aux ions Lu3+, Yb3+ et Tm3+ est de 72 M-'; pour la 
comparer avec la valeur obtenue dans le systbme NAcAspOMe 
-yb3+, 70 M-' (5), il faudrait pouvoireffectuer des corrections 
qui concourraient toutes i augmenter le rapport K1 (NAcAsp)/ 
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BARON ET LUMBROSO-BADER 1321 

K1 (NAcAspOMe) : corrections de mCthode d'analyse (K11K2 a 
CtC fix6 2i 4 dans ce travail, alors qu'il etait de 11 pour 
NAcAspOMe), d'anion (Cl- pour ce travail, C104- prtcidem- 
ment) et de force ionique, la majeure partie des dkplacements 
chimiques du proton du systbme NAcAspOMe-Yb3' ayant CtC 
obtenue 2i la concentration de M en acide amink. 
Rtcemment d'ailleurs, pour des concentrations en lanthanide de 
10 2i 20 rnM (soit une cinquantaine de fois plus faibles que dans 
cette Ctude), Shelling et al. (10) obtenaient, pour la complexa- 
tion de NAcAsp avec des lanthanides lourds, une valeur 
moyenne de K1 d'environ 5000 M-'. Cette variation de la 
valeur du quotient de complexation devrait pouvoir Ctre 
attribuie, pour l'essentiel, 2i un effet de la force ionique sur les 
coefficients dYactivitC des ions impliquCs dans le complexe. 
Ainsi, d'aprb les rCsultats de Hurlen (24), en passant du 
dornaine moyen de concentration utilisC par Shelling et al. au 
ndtre, le coefficient d'activitC du seul ion lanthanide serait 
divisC par un facteur 30, ce qui expliquerait l'essentiel de la 
divergence des risultats thermodynamiques. L'incidence Cven- 
tuelle du domaine de concentration en lanthanide sur les valeurs 
de ASc, sera examinke aprks avoir discutC de la dktermination 
des grandeurs relatives 2i E3+ ,  Ho3+ et ~ y ~ + .  

Pour tester la validit6 de la mtthode utilisant des solutions 
tamponnCes par le lutetium, on a comparC les rCsultats exptri- 
mentaux obtenus avec l'erbium seul (domaine 0,3 < p < 0,4; 
tableau 1) et le systbme mixte L U ~ + - E ~ '  (ptot = 0,35; 
p~~ < 0,15; tableau 2); voir Partie expCrimentale, § Calculs. 
L'erbium a CtC choisi car il permettait d'obtenir (sauf cas du H, 
dCjh signale) des spectres rmn exploitables jusque vers p = 0,4. 
La comparaison entre les valeurs expCrimentales et calculCes est 
trks satisfaisante, le facteur d'accord de Wilcott (cf. Cq. [I]) 
Ctant de 3,6%. Par ailleurs, incidemment, cette Ctude a permis 
de confirmer l'attribution des variations de dCplacements 
chimiques des carboxylates par effet des ions ~ 3 '  (dans ce cas 
particulier, l'effet h champ fort est plus important sur le COO, 
que sur le COOp). PrCcisons encore qu'une ~Crification simi- 
laire de la validit6 de la mCthode a CtC effectuCe avec les 
systkmes NAcGlu-Tm3+ et L U ~ + - T ~ ~ + . ~  Finalement, le 
procCdC a Ctt applique5 h ~ 0 ~ '  et Dy3+ (tableau 2). Le calcul des 
valeurs de AScv pour les complexes de E$+, Ho3+ et Dy3' est 
effectuC en utilisant les valeurs de K1 et des ASClLu prCcCdem- 
ment obtenues (tableau 3). Aucune dCviation significative n'est 
observCe lors de ces dCterminations de diplacements induits. 

Nos valeurs de ASc, sont comparables 2i celles de Shelling et 
al. (10) pour les sites HMe, Hpl et Hp2 en dCpit de la diffkrence 
des domaines de concentrations en lanthanides (cf. supra); par 
contre le dtsaccord est t r b  important pour Ha, tant en grandeur 
qu'en signe (cas de ~ m ~ +  et de ~ 3 ' ) ;  voir Partie expCrimentale, 
5 RCsonance magnktique nuclCaire. 11 parait improbable que 
notre modkle d'analyse des donnCes soit en cause puisque pour 3 
des 4 sites 'H, l'accord entre les dCplacements induits dtter- 
minks dans les deux travaux est en moyenne de 7%. Enfin, il est 
possible de vCrifier que, dans les conditions expCrimentales 
utilides, l'influence du pH sur ces grandeurs est negligeable 
(cf. Appendice). 

Facteurs gdometriques 
Principe 

La determination des dCplacements induits dans les com- 
plexes pour une sCrie de lanthanides pararnagnktiques doit 
permettre de calculer, pour chaque site, le facteur gComCtrique 
de 1'6quation de McConnell et Robertson (25), (3 cos3 0, - 

3. ~ t u d e  en cows. 

TABLEAU 4. Cornparaison des mkthodes de dktermination des facteurs 
gkomktriques : factew d'accord Ra et incertidue moyeme'dGi b l c  

Pseudo-contact 
Contact non axial No. de - 
(Ai # 0) (Djl # 0) cations R(%) dGi(%) 

- - 5 45,3 22,6 
- - 4 38,l 28,9 
+ - 5 11,8 

- 
9 2  + 4(sans Tm) 7,3 9,4 

+ l ( ~ m ) ~  5 7,3 9,4 
+ 2(Tm, H O ) ~  5 3,4 5 s  
+ 3 cations 5 2 , 6  5,lf 

dont Tme 

'Tacteur d'accord de Wilcott (12). 
bNiveau de confiance 90%. 
'%quation: AEipJDj = F.Gi + F.Gil (DjlID,) + F~Ai((Sz),ID,); ( ( S J j :  

valeurs de Golding et Halton (27)). 
"Meillewe combinaison. 
eSix combinaisons quasi-iquivalentes en R. 
fMoyenne. 

l)lri3, €Ii et ri se rCfCrant aux coordonnCes du site i de la 
molCcule, par rapport h la position de l'ion lanthanide et h la 
direction de l'axe magnCtique principal du complexe; h partir 
d'un ensemble suffisant de valeurs de facteurs gComCtriques, on 
peut entreprendre une analyse stmcturale de ce complexe. Les 
grandeurs utilisCes dans les calculs sont les termes paramagn6 
tiques ASPij (dCp1acement.s induits comgts de l'effect diamagn6 
tique du lutktium) : 

La prise en compte d'un effet de contact Ctant indispensable 
pour disposer d'un maximum de valeurs fiables des facteurs 
gComCtriques (cf. Introduction), les termes pararnagnttiques 
sont analysts suivant (8-10, 13) : 

Gi-Dj est le terme de pseudo-contact, Ai(S,), celui de contact, Gi 
le facteur gComCtrique recherche, Ai la constante hyperfine de 
contact du site (ou sa valeur relative), Dj et (SJj des paramktres 
calculCs thioriquement (26-29) et frCquernment utilisCs dans ce 
type d'analyse (8- 10, 13, 20); enfin F est un facteur d'Cchelle 
tenant compte de la normalisation des valeurs de Dj et (S,), 2i 
DDy = 100. On rappelle que cette mCthode est basCe d'une part 
sur I'isostmcturalitC des complexes et la constance de Ai h 
1'intCrieur de la sCrie d'ions considtrCs (9) et d'autre part sur la 
symCtrie axiale du tenseur de susceptibiliti magnCtique dans le 
complexe. Lorsque cette dernibre approximation est discutable 
(13, 30), il convient d'utiliser la relation (10, 13) : 

G;' est un second facteur gComCtrique qui dtpend de 0; et de ri 
mais Cgalement de l'angle entre la direction Ln3+ - site i et l'un 
des axes secondaires du tenseur d'anisotropie magnCtique (3 1). 
Des valeurs de Djl ont CtC CvaluCes pour les ions lanthanides 
(13). 

Rksultats et discussion 
En premier lieu, il faut remarquer que les tames para- 

magnCtiques ne peuvent Ctre. expliquCs par un seul effet de 
pseudocontact axial, l'incertitude moyenne sur les facteurs 
gbmktriques Gi Ctant nettement trop importante (tableau 4). 
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TABLEAU 5. Facteurs gCom6triques0 

SymCtrie non axiale SymCtrie axiale 
No. de 
cations 5 5 5 5 2 1 

Djf VO 3' Tm-Ho Tmd ( ~ D Y )  (Wb 

CMe 1,Ol 1,04 0,56 0,03 0,85 -0 , l l  
CP 40,82 40,95 41,34 41,18 40,lO 57,M 
Ca 35,47 35,68 35,36 34,64 3433 44,15 
c% 7 3 7  7,61 . 7,09 6,43 6,90 7,74 
COO, 70,81 70,90 71,05 71,48 70,74 72,76 
HMe -0,45 -0,42 -0,86 - 1,34 -039 - 1,24 
%I 27,58 27,69 2 7 9  27,OO 27,09 27,94 
HP2 28,97 28,99 28,98 28,92 28,87 30,85 
Ha 21,37 21 ,55 19,59 17,66 20,66 18,93 
Ecart moyene 0,5!If 0,09 0,46 1,02 ()A4 3,73 

WormalisBs par rapport au COOB (%). 
bContact nBglig6. 
'Moyenne des 6 meilleures combiiaisons. 
"RBsultats Bquivalents ?I ceux de l'analyse des donnkes de 4 cations (sans Tm3+) sur la base d'un modble de 

symBme axiale. 
'Par rapport ?I la moyenne des 6 meilleures combinaisons impliquant 3 cations non axiaux. 
&art moyen interne aux 6 combiiaisons. 

TABLEAU 6. Valews relatives des constantes hyperfines de contact (Ai )  a s b  

CMC 9 ca CONH coo coo, HMe H ~ l  HI= Ha 
2,2? 0,07 - 135 -0,73 -0,06 1,27 0,03 0,41 0,36 0 9  

"Ai = 1 enbaine un effet, ?I champ faible, de 28,54 ppm avec D ~ ~ +  (2,59 ppm avec Yb3+). 
bCalculBes pour le modble symBtrie axiale, analyse avec 4 cations (sans Tm). 

Par contre, lorsque l'analyse tient compte de l'effet de contact 
(Q. [4]), la prtcision est fortement amtliorte bien qu'une 
dtviation systtmatique soit encore observte, au niveau de 
chaque site, dans le cas de l'ion Tm3+. Ces dtviations peuvent 
&tre dues B une absence de symCtrie axiale du tenseur d'aniso- 
mpie magnktique, comme cela avait dtjh t t t  suggCrC pour cet 
ion (10, 30). On a essay6 de verifier cette hypothkse en 
supposant que pour un ou plusieurs cations l'approximation de 
la symttrie axiale ne soit pas valable. Les termes paramagnB 
tiques sont alors analysts suivant l'tq. [5] (cf. Partie exptri- 
mentale pour la mtthode de calculs) en postulant que seuls 
certains cations entrainent un effet non-axial important et 
que pour les autres on a Djl .= 0. Dans chacun des groupes 
de combinaisons avec 1 , 2  ou 3 cations pour lesquels Djl + 0, 
les meilleurs rtsultats (plus faible incertitue moyenne sur les 
facteurs gtomttriques, par exemple) impliquent toujours l'ion 
Tm3+ (cf. tableau 4). 

I1 faut remarquer que lorsque Djr + 0 pour un seul cation k 
les rtsultats obtenus avec l'tq. [5] sont equivalents B ceux de 
l'analyse baste sur 1'Cq. [4] dans un systkme n'incbant pas les 
donntes du cation k; c'est en particulier le cas pour ~ m ~ +  
(tableau 4). Par ailleurs, toutes les combinaisons de 3 cations B 
symttrie non-axiale qui impliquent l'ion Tm3+ conduisent B des 
variances trks proches, ce qui semble indiquer que l'on atteint, B 
ce niveau, la lirnite des possibilitts d'une telle analyse de nos 
domtes. Pour discuter des difftrents modes d'interprttation des 
termes paramagnttiques, on a choisi de se rtfCrer B la moyenne 
des facteurs gkomttriques obtenus B partir de ces 6 combi- 
naisons avec Tm3+ et deux autres cations non-axiaux; cf. 
tableau 5. On constate le trks bon accord entre ces moyennes de 
kftrence et les valeurs obtenues avec l'tq. 141, B partir d'un 

systkme B 4 cations (sans Tm3+); ces demiers rtsultats ont donc 
kt6 utilists dans l'analyse structurale. 

11 faut Cgalement noter que les facteurs gtomttriques calcults 
B partir des seules donntes de Yb3+ et Dy3+ et du mod&le B 
symttrie axiale et effet de contact (tq. [4]) sont Cgalement trks 
cohCrents avec les rtsultats prtctdents (tableau 5). Si ce rtsultat 
peut &tre corrobort par des etudes ulttrieures, sur des dtrivts du 
glutamate n~tarnrnent,~ on disposerait d'une mtthode beaucoup 
plus rapide pour la dttermination des facteurs gtomttriques. Par 
contre, les termes paramagnttiques relatifs B Yb3+ ne sont pas 
exempts d'effets de contact et d'importantes deviations appa- 
rGssent sur les valeurs de Gi calcultes i partir de ces seules 
d o ~ t e s ,  particuli2rement au niveau des carbones adjacents aux 
carboxylates, ce que l'on peut expliquer par les valeurs relatives 
des constantes hyperfines de contact. 

Les variations de A, sont relativement cohtrentes (tableau 6), 
ce qui valide, a posteriori, le modkle : les effets sont d'autant 
plus importants que le site est proche du lanthanide et on observe 
l'altemance de signe attendue lorsque le phtnomhe de polari- 

(+I (-1 
I 

sation de spin est prtpondtrant : 0-C-b- (rtf. 9); par ail- 
I I I 
0 H(+) 

leurs, le contact est apparemment ntgligeable pour les noyaux 
du groupement N-acttyle. Enfin, deux observations importan- 
tes sont 21 souligner : les effets de contact sont plus grands du 
cbtt du carboxylate P que du COO, et, par ailleurs, la 
proportion de contact dans le terme paramagnttique est relative- 

4. ~tude en cows. 
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BARON ET LUMBROSO-BADER 1323 

FIG. 1. DBfinition des coordonnCes du lanthanide (p, o, 
rapport au carboxylate. 

ment plus importante pour les carbones P et a que pour les 
carboxylates eux-mCmes, ce qui explique que, dans une Ctude 
antkrieure basCe sur les seules donnCes de yb3+,  les dCviations 
les plus importantes provenaient justement deS Cp (5). 

Structure et conformation du complexe 
Les facteurs gComCtriques prCcCdemment dCterminCs (ta- 

bleau 5), ainsi que les constantes hyperfines relatives 2 l'effet de 
contact (tableau 6), montrent clairement que les deux carboxy- 
lates sont impliquts dans l'interaction mais que les effets sont 
plus importants au niveau du COOp que du COO,; il peut donc 
s'agir d'un chClate dissymktrique. 

La mCthode gCnCrale de calcul, ainsi que les longueurs et 
angles de liaison utilids, ont CtC dCtaillts dans un travail 
antkrieur (5). En ce qui concerne les rotambres, nous avons 
conservC Cgalement les approximations suivantes : rotations 
d'ordre 3 autour des liaisons C,4 , ,3  (positions alternCes), 
C , 4 O O -  (avec Cclipse du C=O); rotation d'ordre 6 autour 
de C,-N. La position de l'ion ~ n ~ +  (p, o, A) est dCfinie dans le 
chClate par rapport au COOp (fig,. 1) et la direction de l'axe 
magnttique principal est dCterminee en fonctjon de l'inverse du 
card des distances Ln3+ ... 0,- et ~ n ~ +  ... Op-, ce que nous 
discuterons ultkrieurement. Enfin, la variance est exprimCe sous 
la forme du facteur d'accord R (Cq. [I]). 

Rksultats 
Dans un premier temps, l'analyse a CtC limitCe aux noyaux 

proches des interactions avec le lanthanide (les 7 sites du rCsidu 
Asp) dans le but de prkciser les structures possibles parmi les 27 
conformations du rCsidu. Seules 6 structures (tableau 7) 
permettent d'obtenir des valeurs acceptables de R (entre 9,8 et 
12,7%) et de p (entre 2,45 et 3,15 A). Dans tous les autres cas R 
est supkrieur 14% (p Ctant limit6 B 3,2 A) et il parait 
statistiquement impossible que ces autres structures aient une 
quelconque importance dans le complexe. 

La distance Op- ... Cat semble le facteur essentiel de 
discrimination entre ces conformations : les arrangements cor- 
respondant aux deux carboxylates en position anti par rapport B 
la liaison C p - C ,  sont Cvidemment dCfavorisCs (fig. 2c), mais 
ceux pour lesquels le C--Op- ne pointe pas directement vers le 
carboxylate a le sont Cgalement (fig. 2a, e, f). Par contre, on 
observe peu de diffkrence pour les 3 rotambres autour de 
C, -Ct  , ce qui peut s'interpreter par une quasi-Cquivalence des 

TABLEAU 7. Conformations du rBsidu Asp dans le ch6late 

Structure 

"Angle A-BlC-D : rotation pour amener DC sur BA, comptde >O dans le 
sens des aiguilles d'une montre (vue de C vers B); (voir 16f. 33). 

bFacteur d'accord pour le modble << chklate, (analyse sur 7 sites : sans le 
groupement N-acktyle) . 

deux oxygbnes du carboxylate a ,  en relation peut-Ctre avec la 
faible basicit6 de ce groupement (pK - 2). 

L'analyse finale peut donc Ctre restreinte aux conformbres 
dCrivCs, par rotation d'ordre 6 autour de C,-N, des 6 structures 
possibles du rksidu, soit 36 conformbres sur les 162 thkoriques. 
Une exploration prialable a CtC effectuCe avec des pas de 0,2 A 
pour p (2,2 < p s 3,O A) et des pas de 10" pour les angles o et A; 
les rksultats sont alors affinCs pour chaque sous minimum 
obtenu (rksolution finale : 0,05 A et 2,5"). Le meilleur rBsultat 
est relatif B des conformbres de structure 10 ou 11 pour lesquels 
R = 11,7% (respectivement 11,6 et 11,3% lors de l'analyse a 7 
sites). Cette lCgbre augmentation du facteur d'accord R n'est pas 
surprenante : les sites du N-acCtyl ont des dCplacements induits 
faibles et les rkpercussions des incertitudes du modkle y seront 
relativement plus importantes. 

L'analyse permet de determiner le conformbre predominant, 
les 3 coordonnCes du lanthanide (p, o, A) et le facteur dlCchelle 
de 1'Cquation de McConnell et Robertson (25). Compte-tenu des 
10 sites considkrks, on peut admettre qu'il reste 5 degrks de 
libertC et que la valeur maximale admissible pour R est (32) 
R,, = R,i,i(l + 115)"~ soit 12,8%. Quatorze conformbres 
(sur 36) rkpondent ?I cette condition (tableau 8) et ne diffbrent 
que par des rotations autour de C,--Ct (tableau 7) et de C,-N 
(angle 4). 11s correspondent donc au mCme squelette 
- O - C - C p - C , - C t  et sont issus des structures 10, 11 et 12 
du rCsidu, le groupement N-acCtyle Ctant en position anti par 
rapport au COOp (fig. 2d), donc CloignC au maximum des deux 
carboxylates en interaction avec le cation, contrairement B leur 
situation dans les structures 4-6 (fig. 2b). Ainsi, l'introduction 
des donnCes du N-Ac permet une sClection parmi les prtcCden- 
tes conformations du rCsidu et montre, comrne dans les 
complexes de monocarboxylates (S), la tendance B l'extension 
des groupements de la molkule ne participant pas h l'interaction. 

L'orientation du lanthanide par rapport au carboxylate P est 
pratiquement constante dans cette sene de 14 conformbres : o = 
256" (+7"), X = -67" (44"); par contre p varie de 2,6 B 3,2 A 
avec une valeur moyenne de 2,95 A (40,19). Les meilleurs 
rksultats sont obtenus avec les structures 10 et 11 oh deux 
oxygbnes sont ?I des distances de 2,9 B 3,2 A du lanthanide (l'un 
est le 0- du COOp, l'autre appartient au COO,); un troisibme 
oxy bne, le C = O  du COOp, est B environ 3,4 A (11) ou 1 3,8 (10). Dans les structures 12, la distance moyenne du lan- 
thanide aux 3 oxygbnes les plus proches est comparable aux cas 
prCcCdents mais par contre l'interaction se fait prkfirentielle- 
ment avec le COOp (2,6 et 3,2 A) tandis que le plus proche 
oxygbne du COO, est B environ 3,7 A. Cette structure moins 
chClatCe semble Ctre dCfavorisCe puisque 3 conformbres seule- 
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H li 
I 
H 

(a) 1,2,3 (b) 4,5,6 (c) 7, 8,9 

(d l  10, 11,12 (e) 19, 20,21 ( f )  25, 26,27 
FIG. 2. Types de conformations du rtsidu Asp. 

TABLEAU 8. Conformations de NAcAsp dans le chtlatea 

Conform2re Distances Ln . . . 0 (A) 
R o A 

~ t s i d u ~  v (%) ("1 ("1 O ~ ( P )  Op=C 0, 0 , s  O===t-N 

Wont le facteur d'accord est R C 12,8%. 
bVoir tableau 7. 
'Angle C14JN4(0); voir (a), tableau 7 et r6f. 33. 

ment ont un facteur R S 12,8%. La figure 3 illustre ces 3 types 
de structures. 

Par rapport B la complexation monodentate du carboxylate 
d'un rCsidu aspartate ( 3 ,  on observe donc dans le chdlate, outre 
la structure replike du rCsidu, deux modifications significatives 
qui favorisent l'interaction avec 3 oxygknes : l'allongement de 
la distance Op- ... ~ n ~ +  et le positionnement du cation i 
proximite du plan bissecteur du COOp et nettement en dehors 
du plan du carboxylate. 

Enfin, en ce qui concerne le groupement N-acCtyle, l'oxy- 
gbne de l'amide Ctant toujours B plus de 5,7 A du lanthanide 
(tableau 8), les rotarnbres les moins Ctendus ( 4  = 90" et +30°) 

semblent 1Cgbrement moins stables, comme le suggbre les 
facteurs d'accord (tableau 8). Pour ces conformbres dC- 
favorids, le groupe CH3C0 est proche B la fois du C' et du Cp 
(fig. 4); ces rksultats, s'ils sont significatifs, sont en accord avec 
les valeurs thCoriques ou expirimentales de l'angle 4 dans les 
protkines (2). 

Discussion 
Le facteur d'acord, prbs de 12%, peut sembler relativement 

ClevC pour ce type d'analyse et rappelle les valeurs obtenues 
pour les complexes monocarboxylates-Yb3+ lorsque tous les 
sites, y compris le carboxylate et son carbone adjacent, Ctaient 
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BARON ET LUMBROSO-BADER 

FIG. 3 .  Structures du chelate (le groupement acCtyle n'est pas reprCsentk). 

FIG. 4. Conformbres d6favorisCs (rotamkres autour de C,-N). 

inclus dans l'analyse (5). Toutefois, la dktermination des 
facteurs gComCtriques du NAcAsp a CtC effectuCe en tenant 
compte, pour l'essentiel, des effets de contact et d'ailleurs les 
dkviations les plus importantes obsemCes dans l'analyse struc- 
turale concement les sites Hpl et Hp2 et non les carbones proches 
du lanthanide. Nous avons donc recherchC d'autres causes 
possibles de ces dCviations et, en particulier, examink succes- 
sivement l'influence d'une variation sensible de la direction de 
l'axe magnktique et celle d'un Cquilibre entre plusieurs types de 
complexes 1 : 1 . 

Dans les analyses prCcCdentes, la direction de l'axe magnB 
tique principal du complexe avait CtC dCterminCe par une 
pondCration en fonction de l'inverse du cari-C des distances entre 
le cation et les deux oxygbnes 0,- et Op- On pouvait penser 
qu'un paramitrage de la direction de cet axe permettrait de 
tenir compte de l'intervention des 3 oxygbnes les plus proches 
du cation. En fait, les calculs montrent que l'amklioration du 
facteur d'accord est relativement nkgligeable (R = 11%) et 
statistiquement insuffisante. I1 ne faut cependant pas en dCduire 
que la direction de l'axe magnktique ne soit pas un ClCment 
important pour l'analyse : en fixant par exemple l'axe dans la 
direction Ln3+ . . . OD-, ce qui correspondrait i un complexe 
monodentate, le facteur d'accord minimum atteindrait 27%. 

En ce qui concerne l'existence de complexes secondaires, 

plusieurs modbles ont CtC test& : deux complexes monodentates 
(cc a >> et << p >>), un Cquilibre entre un chClate et un mono- 
dentate << P >> et enfin un Cquilibre entre conformations du 
chklate. PrCcisons que lorsqu'un complexe monodentate est 
impliquC, on a fait l'hypothbse que l'ion Ln3+ Ctait sur l'axe 
C--0- (5). 11 est facile dlCliminer le modble avec deux 
complexes monodentates : la variance dCcroit rkgulibrement 
lorsque les distances p, et pp tendent vers des valeurs infkrieures 
i 2,O A; les calculs ont CtC effectuCs avec les 7 donnCes relatives 
au rCsidu Asp, pour les 81 combinaisons possibles (9 confor- 
m8res <<a D et 9 conformbres << p >>). 

Dans le cas d'un Cquilibre chilate - monodentate P, l'analyse 
priliminaire limitCe aux 7 sites du rCsidu Asp montre encore que 
seules les 6 structures du chClate prCcCdemment CvoquCes (4-6 
et 10-12) sont compatibles avec nos risultats. Les calculs 
finaux ont donc t t t  restreints aux combinatisons entre 36 
conformbres du chClate et 54 du monodentate << P B pour lequel 
on a fix6 p i 2,7 A, valeur obtenue pour les complexes de la 
chaine latkrale de Asp (5). Dans ces conditions, la meilleure 
combinaison conduit i R = 5,1%. Ce rCsultat n'est pourtant pas 
rkellement significatif Ctant donnC la reduction du degrC de 
libertC du systbme due aux diterrninations du type de confor- 
mbre pour le monodentate << P >> et du poids relatif de ce 
complexe ouvert. La valeur du test statistique F (34) n'est que 
de 4,2 alors qu'un seuil de 9,O est nCcessaire pour que ce modble 
soit probablement significatif (niveau de confiance de 90%) par 
rapport i celui n'impliquant que le chClate. D'autres arguments 
(nombre de sous-minima apparus lors de l'analyse, poids de 
chacun des complexes) concourrent Cgalement i ne pas retenir 
ce modble. 

Enfin, deux conformbres du chilate pourraient Ctre en Cqui- 
libre, mais, comme dans le cas prickdent, il est actuellement 
difficile d'effectuer une analyse quantitative significative, 
mCme en imposant, par exemple, des valeurs identiques de p et 
de w dans les deux conformbres. Pourtant, un tquilibre 
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conformatiomel de ce type permettrait d'expliquer les dCvia- 
tions observkes pour les sites Hpl et Hp2 lorsqu'on ne considbre 
qu'un seul conformbre. En effet, si les variations d'angle I$ et 
les rotations autour de la liaison C , -Cf  sont apparemment sans 
effet important sur la valeur des facteurs gComCtriques de ces 
deux protons, par contre leur ordre est inversC lorsque l'on passe 
d'une structure de type 10-12 2 une autre de type 4-6 et, 
compte tenu des signes des dCviations pour ces deux sites 
proton, un tel Cquilibre conformationnel devrait amCliorer le 
facteur d'accord. En considkrant un modble de 2 conformbres 
(4-6, 10-12) pour lesquels p et o sont supposCs identiques, il 
est possible d'abaisser R en dessous de 8%. 

Conclusion 
Un modble de solution simplifiC, n'impliquant que deux 

complexes, PLn et P2Ln, est suffisant pour interprkter les 
rksultats obtenus pour des solutions relativement concentrkes en 
NAcAsp (0,14 M) et en sel de lanthanide (0,05 M en moyenne) 
et dkterminer les dkplacements induits dans le complexe 1: 1. 
Une plus grande cohCrence des resultats est obtenue 2 l'aide 
d'une mCthode de pondCration des donnCes dans laquelle 
intervient la deviation standard de chaque sCrie de rCsultats 
expkrimentaux. Enfin, l'utilisation de solutions tamponnCes par 
les ions Lu3+ rCsoud les problbmes posCs par l'klargissement 
des signaux dans le cas de certains lanthanides. 

Pour la dktermination des facteurs gComCtriques, il est 
nkcessaire de ne pas utiliser les domCes relatives au thullium, en 
raison sans doute d'une forte dCviation par rapport au modble A 
symCtrie axiale en ce qui concerne le terme de pseudo-contact. 
Pour certains sites, l'effet de contact n'est jamais nkgligeable, 
m6me avec l'ytterbium; par contre, il semble suffisant de 
combiner les donnCes relatives a Yb3+ eta Dy3+ pour obtenir les 
facteurs gComttriques avec une bonne approximation. 

D'ap&s les donnCes du seul rksidu Asp, les deux carboxylates 
du chClate sont en conformation gauche par rapport a la liaison 
C,--Cp et Op- est dirigC vers COO,. Les rksultats relatifs 
au N-acCtyle introduisent une condition supplCmentaire, ce 
groupement devant &tre CloignC au maximum du cation et des 
carboxylates. Les conformbres finalement retenus ne diffbrent 
que par des rotations autour de C,--C1 et C,-N; la chelation 
implique toujours 3 oxygbnes (un pour le COO, 2 3,25 A du 
cation en moyenne, deux pour le COOp a environ 2,95 et 3,55 
A), le cation se rapprochant du plan bissecteur du carboxylate P 
par rapport a la situation observCe dans les complexes de 
monocarboxylates. Ces conformbres pourraient cependant ne 
correspondre qu'a l'espbce majoritaire d'un Cquilibre confor- 
mationnel; dans l'autre forme le groupement N-acCtyle serait 
alors en conformation gauche par rapport au carboxylate P. 
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Appendice 
Variation de la constante de complexation apparente et du 
dkplacement induit en fonction du pH 

On considbre un systbme constituC par 2 espbces acido- 
basiques AH- et A2- (cette dernibre Ctant prtdominante) et les 2 
complexes (AHLn)2+ et (ALn)' . 
AH- & A2- + H+ [AH-]/[A~-] = [H+]IK, = h 
AH- + Ln3+ & ( A H L ~ ) ~ '  [(AHL~)~+]/[AH-] = K1 [ ~ n ~ ' ]  

[(AHLn)2']/[A2-] = K, h [Ln3+1 
A2- + Ln3+ 71: (ALn)+ [(AL~)+]/[A~-] = K2 [ ~ n ~ + l  

DCplacements chirniques 
AH- : (6,) A2- : (82) (AHLn)2+ : (Eel) (ALn)' : (Sc2) 

pour [Ln3+] = 0 
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avec Dkplacement paramagnttique : 

K' = K2(1 + hKlIK2)I(1 + h) Aab = AE~(L" p, - Aak(~n dial 

A6L = (KlhScl + K2ac$(Klh + K2) - (ha1 + 62)l(h + 1) avec 

Remarques : @clp - a ~ ~ ~ ) / ( a ~ ~ ~  - aC2,) 6 2 (suivant les sites). Dans le pire 
(a) K' dtpend du pH meme si K1 = 0 des cas, l'incertitude introduite en assirnilant A6; ?I aCZP - aC2, 
(b)AG;dtpenddupHsi K1 # O e t ~ i ( 8 ~ , ~  - aClD) # (aCzp - aCZD) est de 4,8%. En rtalitt l'importance du chtlate dans les com- 
CasdeNAcAspdpH5:  h=0,1  (pKZz=4) plexes (ALn)' doit abaisser l'incertidue maximale aux environs 

Situation la plus dtfavorable : les 2 carboxylates complexent de 1 %. 
le cation de faqon tquivalente : K1/K2 = 0,5 et 0 S 
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Ionization of 9-cyanofluorene in Me2SO-water mixtures. 
The role of solvent reorientation in proton tranfers 

CLAUDE F. BERNASCONI AND FRANCOIS TERRIER' 
Thimann Laboratories of the University of California, Santa Cruz, CA 95064, U.S.A. 

Received October 23, 1985 

This paper is dedicated to Professor Arthur N .  Bourns 

CLAUDE F. BERNASCONI and FRANCOIS TERRIER. Can. J.  Chem. 64, 1273 (1986). 
Rate constants of the reversible deprotonation of 9-cyanofluorene by primary aliphatic arnines were measured in lo%, 50%, 

and 90% aqueous Me2S0 (v/v) by the stopped-flow method. Intrinsic rate constants defined as k,, = klBlq = k-lBH+lp at ApK 
+ log (p lq)  = 0 were obtained from Brgnsted plots. The values for log ko are 3.60 + 0.15 in lo%, 3.81 + 0.10 in 50%, and 
3.61 + 0.05 in 90% Me2S0. The constancy of ko with increasing Me2S0 content of the solvent contrasts with results obtained 
by Ritchie (C. D. Ritchie, J.  Am. Chem. Soc. 91,6749 (1969)) who found that ko for the ionization of 9-carbomethoxyfluorene 
by carboxylate ions in Me2S0 is much higher than for the ionization of the same carbon acid by methoxide ion in methanol. Our 
findings suggest that it is mainly early desolvation of the oxyanions in the hydroxylic solvent which accounts for Ritchie's results. 

CLAUDE F. BERNASCONI et FRANCOIS TERRIER. Can. J.  Chem. 64, 1273 (1986). 
Faisant appel i une mCthode par flux stoppe et operant dans des solutions aqueuses i 10, 50 et 90% (v/v) de DMSO, on a 

mesurC les constantes de vitesse pour la dCprotonation reversible du cyano-9 fluorkne par des amines primaires. En se basant sur 
des courbes de Brgnsted, on a pu Cvaluer les constantes de vitesse intrinskque qui sont dCfinies par 1'Cquation ko = klBlq = 
k-lBH+/p lorsque ApK + log (p lq)  = 0. A 10, 50 et 90% de DMSO, les valeurs de log ko sont respectivement 3,60 + 0,15, 
3,81 + 0,10 et 3,61 + 0,05. La relative Constance de ko avec une augmentation de la concentration en DMSO est en opposition 
avec les rksultats obtenus par Ritchie (C. D. Ritchie, J.  Am. Chem. Soc. 91,6749 (1969)) qui a trouvC que le ko, dans le DMSO, 
de I'ionisation du carbomCthoxy-9 fluorhe en ions carboxylates est beaucoup plus Clevt que pour I'ionisation du meme acide 
carbone sous l'influence de I'ion methylate dans le methanol. Nos observations suggerent que les rCsultats de Ritchie sont 
principalement expliquCs par une dCsolvatation precoce des oxyanions dans le solvant hydroxylique. 

[Traduit par la revue] 

The study of solvent effects on the rates of proton transfer ions and/or late solvation of product ions. For example, in 
between aromatic hydrocarbons and oxyanions has led to some reactions of oxyanions acting as bases or nucleophiles, strongly 
unorthodox notions about the role played by the solvent in these basic ions show marked negative deviations from Brgnsted 
reactions. In 1968 and 1969 Ritchie (1, 2) reported that, for a plots. These deviations, which are tantamount to a lowering of 
given ApK, the rates in Me2S0 were substantially higher than in ko, have been attributed to the strong solvation of these ions, 
methanol. If one defines k at ApK = 0 as the intrinsic rate coupled with the requirement that their desolvation is ahead of 
constant, ko,  it appeared that in Me2S0 ko was approximately bond formation in the transition state3 (1 1, 12, 16, 17). In 
lo2 fold higher than in methanol, based on the deprotonation of reactions that lead to resonance stabilized carbanions, with the 
9-carbomethoxyfluorene for which the most accurate data were 
available (2). 

Ritchie (1, 2) interpreted these results in terms of a rate 
retarding effect of solvent reorientation in methanol. The basic 
idea was that the amount of energy required to reorganize 
methanol (or hydroxylic solvents in general) around reactants 
and products, as they interconvert, is greater than in Me2S0, 
because of the presence of strong oriented hydrogen bonds. 

The notion that solvent reorganization or reorientation may 
affect intrinsic rates in the manner envisioned by Ritchie is an 
intriguing one.2 Similar ideas had been expressed earlier by 
Caldin (4) and by Ogg and Polanyi (5). In the intervening years 
since Ritchie's proposal, a number of workers have reported 
results that confirm the importance of solvent reorganization 
effects (6-17). Many of these studies have shown that at least 
part of the rate retarding effects of solvent reorientation can be 
understood as a consequence of early desolvation of reactant 

negative charge localized on oxygen as in nitronate (14, 15) and 
enolate ions (16, 17), the late development of the solvation of 
the negative charge, for which there is independent evidence 
(10, 13, 15), leads to a lowering of ko (10, 13-17).3 

The ionization of 9-substituted fluorenes provides a particu- 
larly nice system in which to demonstrate the effect on ko of 
early desolvation of the oxyanion. This is because, in contrast to 
nitronate and enolate ions, the negative charge in the carbanion 
is highly dispersed and thus is only subject to small solvation 
effects of its own. In other words, most of the observed solvent 
effect on ko should come from the early desolvation of the 
oxyanion. We have tested this idea by studying the solvent 
effect on the ionization of 9-cyanofluorene by primary aliphatic 
amines, a series of bases that are much less strongly solvated 
than oxyanions. 

Our results in lo%, 50%, and 90% aqueous Me2S0 (v/v), 
obtained by the stopped-flow method, are summarized in Table 
1. In 1 0 % ~ e ~ ~ 0 - o n l ~  two amines were amenable to study, 

'On leave from DCpartement de Chimie, Facultt des Sciences de because the rates with the other amines were too fast for the 
Rouen, 76130 Mont Saint Aignan, France. 

2 ~ h e r e  is a distinct analogy between this proposal and current 3 ~ h i s  lowering of ko is the consequence of a general principle that 
notions about how outer sphere electron transfer reactions occur (3). we have called the Principle of Imperfect Synchronization (13). 

! 
1 Rinted In Canada 1 Imprimt au Canada 
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TABLE 1. Rate constants, pK, and log b values for the ionization of from 2.27 to 2.97; similar results were obtained for acetyl- 
9-cyanofluorene in Me2SO-water mixtures at 20°C acetone. Note that in these examples there is still some increase 

in ko for the amine reactions because of the effect of late 

10% Me2S0 - 90% watera ( p ~ ; ~  = 10.71, log ko = 3.60 2 0.15) 

n-Bum2 10.98 1.07 X lo4 6.90 X lo3 
MeOCH2CH2NH2 9.73 2.75 x lo3 2.64 x lo4 

50% Me2S0 - 50% watera ( p ~ $ H  = 9.53, log ko = 3.81 0.10) 

n-Bum2 10.65 4.46 x lo4 ' 3.39 x lo3 
MeOCH2CH2NH2 9.62 9.60 x lo3 7.80 x lo3 
EtOOCCH2NH2 7.87 1.90 X lo3 8.61 X lo4 

90% Me2S0 - 10% watera (pKZH'= 8.01, log ko = 3.61 2 0.05) 

n-Bum2 10.96 4.10 X lo5 4.60 X lo2 
MeOCH2CH2NH2 10.16 1.22 x lo5 8.66 x lo2 
EtOOCCH2NH2 8.22 1.26 x lo4 7.78 X lo3 
NCCH2NH2 5.94 4.50 X lo2 5.37 X lo4 

FIG. 1. Brginsted plots for the ionization of 9-cyanofluorene by 
arnines in aqueous Me2S0 at 20°C. Open symbols: kB; filled symbols: 
kBH. Circles: 90% Me2SO; squares: 50% Me2SO; triangles: 10% 
Me2S0. log b is obtained where log ( k ~ / q )  = log (kBHlp) indicated 
by crosses. 

stopped-flow technique; the same is true for oxyanions in all 
 solvent^.^ 

Figure 1 shows the Bronsted plots from which the following 
log ko values5 were obtained: 3.60 t- 0.15 in 10% Me2S0, 
3.81 + 0.10 in 50% Me2S0, 3.61 + 0.05 in 90% Me2S0. It is 
quite apparent that, within experimental error, ko is solvent 
independent. These results contrast with Ritchie's finding of 
an approximately 100-fold increase in ko upon transferring 
the reaction of 9-carbomethoxyfluorene with- oxyanions from 
methanol to Me2S0. This difference between amine and oxy- 
anion reactions is reminiscent of recent results with 1,3- 
indandione (17) and acetylacetone (16): log ko for the deproto- 
nation of the former by carboxylate ions increases from 2.64 in 
10% aqueous Me2S0 to 4.53 in 90% Me2S0, while for the 
deprotonation by primary aliphatic amines the increase is only 

solvation of the enolate ions. 
It would appear then that the major conclusion to be drawn 

from the present study is that a large fraction, and perhaps most 
of the solvent effect observed by Ritchie, is caused by the 
requirement of early oxyanion desolvation. But closer scrutiny 
of our results suggests an additional solvent reorientation factor 
may be presenfine that is more in keeping with Ritchie's 
original formulation6 and related to what has been called 
"dynamic solvent effects" (18). The reason why this additional 
factor does not manifest itself as a modest increase in ko for the 
amine reactions in the Me2SO-rich solvents, is that it is masked 
by other effects of nonsynchronous solvation/desolvation that 
tend to depress ko in Me2S0. One such effect is the solvation of 
the developing ammonium ion that probably lags behind proton 
transfer, as has been suggested by Bell (19) and Jencks (20). 
This should lead to a lowering of ko which is expected to be 
somewhat more pronounced inthe Me2SO-rich solvents, due to 
the stronger solvation of ammonium ions by Me2S0 than by 
water (21, 22).3 

If solvation of the developing carbanion is also retarded in the 
transition state,7 this, too, would lower ko in both solvents. But 
because of the somewhat stronger solvation of fluorenyl ions in 
Me2S0 compared to water or methanol (2), this decrease in ko 
would again be somewhat more pronounced in the Me2SO-rich 
mixtures. Finally, early desolvation of the carbon acid could 
also lower ko (17). Work is in progress to develop a more 
quantitative assessment of all these factors along lines suggested 
elsewhere (13, 17). 
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High-temperature thermodynamic properties of several 1:l electrolytes1 
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PREET P. S. SALUJA, KENNETH S. PITZER, and RAMESH C. PHUTELA. Can. J .  Chem. 64, 1328 (1986). 
Comprehensive equations for the thermodynamic properties of aqueous NaI, CsF, CsC1, CsI, NaI03, KIO3, CsI03, KC104, 

and HCl are generated by combining the heat capacity and density measurements reported by the first author with literature data 
for the enthalpy and Gibbs energy, or activity, as a function of molality at 298 K. The composition dependence is represented by 
the equations of Pitzer, which combine a theoretical form and Debye-Huckel terms with empirically evaluated parameters for 
short-range ion interactions. Temperature dependencies are represented by simple empirical equations, which should be reliable 
to 413 K or a little higher. 

PREET P. S. SALUJA, KENNETH S. PITZER et RAMESH C. PHUTELA. Can. J. Chem. 64, 1328 (1986). 
Si l'on combine les donnCes de capacitt calorifique et de densite, qui sont rapportkes par le premier auteur, avec les donnCes 

rapportkes dans la 1ittCrat'ure pour l'enthalpie et 1'Cnergie de Gibbs, ou I'activitC en fonction de la molalitC a 298 K, on peut 
gCnCrer des equations Ctendues pour les propriCtCs thermodynamiques de solutions aqueuses de NaI, de CsF, de CsCl, de CsI, de 
NaI03, de KI03, de CsI03, de KC104 et de HCl. On peut reprCsenter la dkpendance sur la composition par les Cquations de Pitzer 
qui combinent une forme thCorique et des termes de Debye-Huckel avec des paramktres CvaluCs d'une faqon empirique pour les 
interactions ioniques a courte distance. On reprksente la dkpendance sur la tempCrature a l'aide d'kquations empiriques simples 
qui dewaient &tre fiables au moins jusqu'i 413 K. 

[Traduit par la revue] 

Introduction 
Thermodynamic properties of various mixed aqueous elec- 

trolytes are of great practical interest in a number of engineering 
and geological situations. It has been shown (1-4) that a good 
estimate of the properties of a mixed electrolyte can be obtained 
from knowledge for each cation-anion interaction present and 
this is given in turn from the properties of the various pure 
electrolytes. Small terms for the mixing of ions of the same sign, 
if available, should be added to obtain more accurate prediction 
of the properties of mixtures. 

preliminary analysis of the various chemical processes in the 
vicinity of a deep underground nuclear fuel waste-disposal vault 
(5) has shown the radiological importance of 129~,  13'Cs, 9 9 ~ ~ ,  
and 90Sr. Thus, our current interest lies in understanding the 
interactions of several singly charged ions, including the fission 
products I- (or 103-) and Cs+ with the major constituents of 
ground water. 

While the thermodynamic properties of aqueous electrolytes 
have been studied extensively at room temperature and low 
pressure, only recently have a few electrolytes been investigated 
at higher temperature and pressure. For the most abundant 
components of most natural waters, there are comprehensive 
and accurate data through 473 K or higher temperature for NaCl 
(6,7), KC1 (8), and Na2S04 (9). For MgC12 there are excellent 
isopiestic data (10) and further studies are now in progress. 
Measurements at Berkeley have been completed and a paper is 
(33) for MgS04. Thus, information is now, or soon will be, avail- 
able for the most abundant ions in ground water, and the present 
paper presents data for other singly charged ions important for 
radio-active waste disposal studies. Similar studies for multiple 
charged ions are in preparation. 

In addition to the practical interest in these particular ionic 
species, it is of interest to compare the thermodynamic 
properties of various ions from a theoretical viewpoint. 
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Since the Gibbs energy (and activity) and the enthalpy are 
known as a function of molality for most aqueous electrolytes at 
room temperature (298.15 K), it is an efficient procedure to 
measure the apparent molar heat capacity as a function of 
temperature, @c,(T, m). Then the apparent molar enthalpy @L is 
found by integration 

T 

[I] @L(T, m) = I [@c,(T', m) - W,(T', o)] d ~ '  
298 

where 298 is an abbreviation of 298.15 K. The total excess 
enthalpy HEX = L = n2+L with 

Here nl and n2 are numbers of moles of components 1 and 2 
(H20 and salt, respectively) with standard molar enthalpies @ 
for pure water and @ for the salt at infinite dilution. 

A second integration yields the excess Gibbs energy per mole 
of solute GEX/n2. 

T 

[3] GEX(T, m)/n2T = -1 ["(TI, rn)/(T1)'] dTf 
298 

+ GEX(298, m)/298n2 

Appropriate derivatives of GEX with respect to m yield the 
activity and osmotic coefficients. The treatment of aqueous 
Na2S04 by Rogers and Pitzer (9) is a prototype investigation of 
this type in which heat capacities were integrated twice to yield 
Gibbs energy data. 

The equations of Pitzer (2, 11) give an accurate and concise 
representation of the molality dependence, and the ion-interaction 
parameters for those equations are now available for several 
electrolytes as a function of temperature (2, 6-10). Further- 
more, these equations have proved to be quite accurate in 
predicting the properties of complex mixed electrolytes (3, 4). 
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SALUJA ET AL. 

TABLE 1.  General definitionsa and composition-dependent (Pitzer) equations for a 1:  1 electrolyteb 

Gibbs energy functions 
GEX = G - nlGY - n 2 ~ :  + 2n2RT(1 - In m) 

=2n2RT(lny+ + 1 - +) 

1 - + = ( a ~ ~ ~ l a n ~ ) ~ , p , ~ ~ l ~ ~ m  
In y ,  = (aGExlan2)~.p,,, , /2~T 
GEX/nWRT = -A+(4m/b) In ( 1  + bm1I2) + 2m2(BMx + meMx)  
BMX = P& + 2P&g(am112), CMx = C k x / 2  
g(x) = [ l  - ( 1  + x)  exp ( - x ) ] / x2  
+ - 1 = - ~ + r n " ~ / ( l  + bm1I2) + m [ ~ &  + P& exp (-am1I2:)] + m 2 a x  
In y+ = -A+[(2/b) In (1 + bm1I2) + m112/(1 + bm1I2)] 

+ m{2P& + 2 ~ & [ 1 -  (1 + am1" - a2m/2)exp  (-am112)1/a2m} + 3m2cMx 

Apparent molar enthal y ! +L = ( A H / b )  In (1 + bm1I2) - 2RT2(m&x + m cLx) 
&x = P&L + 2 ~ & ~ g ( a r n " ~ )  

PR = ( a ~ & l a ~ ) ~ ,  pi.% = ( ~ P & / ~ T ) P  
CLx = ( ~ C M X I ~ T ) P  

Apparent molar heat capacity 
+c, = c:,~ + ( A J / b )  In ( 1  + bm1I2) - 2RT2(mBhx + m2Chx) 
&x = P% + 2 ~ a g ( a r n l l ~ )  

P% = (aPE/aT)p  + ( ~ / T ) P %  
P% = ( a p % / a ~ ) ,  + ( ~ / T ) P E  
c h x  = ( a ~ L x / a ~ ) p  + (2IT)CLx 

Apparent molar volume 
' V  = e ( a ~ ~ ~ / a ~ ) ~ , ~ ~ , ~ ~ / n 2  
+V = e + (AV/b )  In (1 + bm1I2) + 2RT(m&x + m2CLx) 
BLx = Pav + 2p&vg((.um1") 

= ( a p & l a ~ ) ~ ,  P&' = ( ~ P % / ~ P ) T  
cLx  = ( ~ C M X I ~ P ) T  

Debye-Hiickel slopes 
A+ = (2mNOdl / 
AH = 4RT2(a~+/aT)p 

AJ = ( ~ A H / ~ T ) P  
AV = -4RT(aA+/ap)~ 

"Definitions of symbols: n, = No. of kg of water (n, = nl/M1), b = 1.2 kg1/' mol-"' and a = 2.0 kg'" 
rn01-~/' are parameters which are constant for all I: I electrolytes (and more generally), m is molality (which is 
equal to ionic,strength for a 1: 1 electrolyte), Pgk, PGk, CMx are fitting parameters specific to the salt MX, C:,Z 
and are the apparent or partial molar heat capacity and volume, respectively, of the solute at infinite dilution. 

bSee ref. 7 or 9 for the more general equations for other charge types. 

Hence these equations Are used for the present research. Table 1 
presents the equations in the form simplified for pure 1:l 
electrolytes. Equations for mixed electrolytes were derived by 
Pitzer and Kim (1) and are now available from several sources 
(2-4). 

Somewhat similarly, the apparent molar volume is related to 
the pressure dependence of the Gibbs energy. Thus 

In general, the apparent molar volume should be known as a func- 
tion of pressure, but at moderate pressures it is a satisfactory 
approximation to neglect the pressure dependency and to 
measure the volume or density at any convenient and moderate - 
pressure. 

Review of available data 
Heat capacity data 

The development of flow microcalorimeters has made heat 
capacity measurements easier and more accurate for aqueous 
solutions at room temperature and more recently at high 
temperature. For aqueous NaCl and Na2S04 measurements 
have been reported to 473 K or higher temperature (9, 12, 13). 
For the electrolytes discussed in this paper, measurements 
through 373 K are reported in reference 14. In addition there are 
published data, primarily near room temperature, for several of 
these systems (15-20). Table 2 gives the references for the 
literature data actually used in our calculations and the ranges of 
temperature, pressure, and concentration. 

Literature data reported for other pressures, usually 0.1 MPa, 
were converted to 0.6 MPa for the present calculations by use of 
the available volumetric data for these systems. The change in 
heat capacity is very small for this pressure change. 

Since the primary purpose of this research concerned proper- 
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TABLE 2. Literature heat capacity data for aqueous 1:l electrolytes 

Standard 
deviation 

Temperature Pressure Concentration of fit 
Electrolyte Reference range (K) (MPa) range (Molal) (J K-' mol-') 

CSF 15 298 0.1 0.02- 1.1. 
14 298-373 0.6 0.03-1.1. 1 2.4 

CsCl 15 298 0.1 
14 298-373 0.6 0.04-1 .O 1 .o 

CsI 15 298 0.1 0.02-0.7 
14 298-373 0.6 0.09-1 .O 1.8 

NaI03 14 298-373 0.6 0.05-0.52 2.1 

KIo3 14 298-373 0.6 0.02-0.4 1.8 

CSIO~ 14 298-373 0.6 0.01-0.06 1.8 

KCIO~ 14 298-373 0.6 0.01-1.12 2.1 

15 298 0.1 
HCl 14 323-373 0.6 0.03-0.20 1 2.2 

16 283-313" 0.1 0.05-0.40 

"Data for temperatures below 298 K were not used in our final calculations. 

ties at higher temperatures, we did not burden our calculations 
with the very large number of room-temperature measurements 
of varying precision which were available in some cases. One or 
two of the best sets of measurements sufficed to determine the 
properties at 298 K. 

Of the literature data for temperatures higher than 298 K, only 
those of Allred and Woolley (16) for HC1 were included in the 
final calculations. 

Other sets of measurements (17- 19) were considered care- 
fully, but it was concluded that their inclusion with more than 
negligible weight would only distort the results from the recent 
measurements (14- 16). 

After the present calculations were essentially complete, we 
became aware of the very recent measurements extending to 
413 K for HC1 by Tremaine et al. (2 1) which have subsequently 
been published. Since these authors offer an excellent treatment 
for HCl in terms of the same (Pitzer) equations used here, there 
seemed to be little reason to repeat our calculations with the 
addition of their data. As indicated below, there is good 
agreement between the two investigations. 

Volumetric data 
In comparison with heat capacity, there are even fewer 

investigations of the volumetric properties of the systems of 
present interest at high temperature. Again, we used enough of 
the best measurements at room temperature to be sure the proper- 
ties at 298 K were accurately determined without including all 
data in all cases. In addition to the measurements reported in 
ref. 14, the data of Allred and Woolley (16) for HC1 at several 
temperatures and of Fortier et al. (15) for NaI, CsCl, and HCl at 
298 K were included in the present calculations. All these data 
arise from modem instruments and have comparable precision. 

Calculations and results 
Heat capacity 

Equation [16] (see Table 1) was fitted to the measured values 
of the apparent molar heat capacity. The Debye-Hiickel 
parameters for various functions, including Aj, were calculated 

from the equation of Bradley and Pitzer (22) for the dielectric 
constant of water as a function of T and P and from the equations 
in Table 1. The other properties of water were taken from the 
equation of Haar et al. (23). 

Exploratory calculations were made of the data at a single 
temperature to assure that the composition dependence was 
accurately reproduced by eq. [16]. Indeed, it was found that, for 
the limited range of molality of measurement, the third virial 
coefficient ern was not needed. Also the precision at very low 
molality was not high enough to justify inclusion of the term in 
f3g. Thus, equation [16] was reduced in practice to 

Next, the temperature dependence of q,2 and f3K were 
considered. Three-term expressions were found to be adequate: 

The entire array of data at all temperatures was then fitted in a 
single least-squares calculation adjusting the six parameters in 
eqs. [28] and [29]. 

Initially, all data were given equal weight. With the guidance 
of the calculations at a single temperature, it was then decided 
whether certain literature data were accurate enough to be 
retained. Also, a very few individual values were sufficiently 
deviant as to suggest error, and these were assigned greatly 
reduced weights. While the precision of apparent molar 
quantities decreases at low molality, we did not generally 
reduce weight with molality because we wanted to maintain as 
high accuracy as possible for the limiting q,2. Also, we found 
that the resulting function usually agreed very well with the 
measurements at high molality, even with full weight for the 
low-molality data. The exception was CsI03, where the data at 
very low molalities showed substantial deviations. In this case 
the weight was greatly reduced for all measurements below 
0.016 mol kg-'. The resulting equation for CsI03 then fitted 
quite accurately all of the measurements above 0.0 16 mol kg-'. 
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-1901 , , , , , , { 
0 300 325 350 375 400 425 

TEMPERATURE ( K 

FIG. 1. Temperature dependence of the partial molar heat capacities, 
C;,~(T), _of cesium halides in water at 0.6MPa. 0,  A, and 13 are iso- 
thermal C ~ Z  values from present work. 

TABLE 3. Coefficients for eq. 1281 for the partial molar heat 
capacity function, c;,~(T), at 0.6 MPa 

System 

NaI-H20 
CSF-H20 
CsCl-H20 
CSI-H20 
NaI03-H20 
KI03-H20 
CsI03-H20 
KC104-H20 
HCl-H20 

Figure 1 shows the resulting curves for c.2 for the cesium 
halides as typical examples of the results. The points on Fig. 1 
are the values arising from separate fits of the data at each 
temperature. It is evident that the three terms of eq. [28] are 
adequate to express the temperature dependence of c,2. 

The resulting values for these parameters for each system are 
given in Table 3 for the e,2 function and in Table 4 for the 

function. The standard deviation of fit in each case is given 
in Table 2. 

Although there are measurements for HC1 below 298 K, these 
were not included in our calculations. The rapid change in heat 
capacity near 273 K is well-known. It did not seem worthwhile 
to complicate the present equations in order to represent exactly 
this effect below 298 K. Thus the present equations for HC1 and 
for all of the various salts apply with full accuracy only from 298 
to 373K. As indicated below, the integrated functions of 
enthalpy and Gibbs energy will be quite accurate over an 
extended range. 

Volumetric properties 
The treatment of the data for the apparent molar volume was 

similar in every respect to that for the heat capacity. The terms in 
C k  and pkV in eqs. [20] and [21] were not needed. The 

TABLE 4. Coefficients for eq. [29] for the ion-interaction parameter 
P ~ ( T )  at 0.6 MPa 

A$ x 10 ~ p c  x lo4 cpc x lo6 

System kg mol-' K-' kg mol-' K - ~  kg mol-' K - ~  

TABLE 5. Coefficients for eq. [30] for the partial molar volumes, 
%T), at 0.6 MPa 

A: x 1 p  B: X C X  10 

System cm3 K mol-' cm3 mol-' cm3 mol-' K-' 

temperature dependencies of @ and PBv were represented by 
the following three-term expressions: 

The resulting values of the parameters for each system are 
given in Table 5 for @ and in Table 6 for PBV. For the four 
cesium salts, the C[  term was not needed, while for NaI03 
and KC104 only one term was required for PBV. The standard 
deviations of fit for the apparent molar volume range from 0.06 
to 0.38 cm3 mol-'. The highest value, 0.38, is for CsF. In this 
case there is a systematic deviation at all temperatures between 
the measurements for 0.658 and those for 1.06 mol kg-'. The 
inclusion of the third virial coefficient term in Chx would 
substantially reduce this deviation, but we are reluctant to 
introduce this term for data extending only to 1.06 mol kg-' and 
for just the one salt. For most of the other salts, the standard 
deviation is 0.2 cm3 mol-' or less. 

Pressure dependence of thermodynamic properties 
From the volumetric results one has a measure of the pressure 

dependency of various thermodynamic properties through the 
relationships: 
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TABLE 6. Coefficients for eq. [31] for the interaction parameter P&"(T) at 0 .6 MPa 

A ~ V  x 10 B ~ V  x 104 cpv x lo5 

System kg K mol-' M P ~ '  kg mol-I M P ~ '  kg mol-' MP~- '  K-' 

TABLE 7. Typical pressure coefficients 
of c',q2 at 2 9 8 . 1 5 ~  

A second integration yields the excess Gibbs energy as given 
in eq. [ 3 ] .  Again, for the ion-interaction parameter, this yields 

r T 

System J K-' mol-' MPa-' 
and for the particular temperature dependency of eqs. [29] and 
[381 

[40] Pa = Ag(T12 + 2 9 8 2 / 2 ~  - 298) 

+ B;(T2/6 + 2983/3T - 298'12) 

+ c ; ( T 3 / 1 2  + 2 9 8 4 / 4 ~  - 2983/3)  

+ [A; /T + B; + C;TI(P - PO) 

+ (298 - 2982/~)P&L(298,  Po) + P a ( 2 9 8 ,  Po) 

Equation [34] may be used to obtain the effect of pressure on the 
standard-state heat capacity at infinite dilution d C , ' / d ~ .  The 
results, which are given in Table 7, are subject to considerable 
uncertainty since they arise from the second temperature 
derivative of v$ as expressed by eq. [30 ] .  It is clear that 
pressures of several MPa (or several tens of bar) will have a 
significant effect on heat capacity, but that a few tenths of MPa 
will have only a very small effect. At very high pressures, the 
pressure coefficient will decrease significantly and the present 
treatment is no longer adequate. 

Strictly, the pressure for the heat capacity equation should be the 
same as that for the integration constants paL (298, Po) and 
P m 2 9 8 ,  Po). The effect of pressure differences of a fraction of 
one MPa, however, will be negligible. Hence, values for one 
bar or another low pressure can be used without significant 
error. Again, for P& and CMx,  only the last two terms remain, 
i.e., P G ( 2 9 8 )  and (298 - 2 9 8 2 / ~ )  PGL (298),  and similarly 
for C M x .  

The integrations of c:,2 to yield the enthalpy and Gibbs 
energy as a function of temperature and pressure for the salt in 
its standard state are similar and yield Enthalpy and Gibbs energy 

The enthalpy is obtained by integration of the heat capacity, 
eq. [ I ] .  In terms of the ion-interaction parameters, one has 

+ c;] + e ( 2 9 8 ,  Po) 

where the last term is the value of the enthalpy parameter at 
298.15 K. The pressure dependency may also be introduced by 
the relations hi^ 

where Po is the pressure at which ~ g g  is known. Similar equa- 
tions apply for PaL and chx, but we have found those terms 
unnecessary for the heat capacity or the volume. If we substi- 
tute eqs. [29] and [31] and integrate, we obtain 

- A;(P - p o ) ] / T 2  + C{(P  - Po) + ~ $ ( 2 9 8 ,  Po)/298 
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TABLE 8. Values for the ion-interaction parameters and their temperature derivatives at 298.15 K 

System P& Pi% io3cMx 104p@ 1 0 4 p ~  io5chX 

NaI-H20 0.1195" 0.3439" 0.90b 9. 163' 9.96,' -5.5gd 
CSF-H20 0.1306 0.2570 -2.15 0.95 5.97 - 
CsC1-H20 0.0300 0.0558 0. l 9  7.030 2 1 . 0 ~  -4.06 
CsI-H20 0.0244 0.0262 - l .82 9.75 34.77 - 
Nd03-H20 - - 11.79 - 59.& - 

n o 3 - H 2 0  - - - 27. lo  45. 3,5 - 
KC10,-H20 - - - 4.9g 95. l9  - 

HCI-H20 0.1775 0.2945 0.40 -3.08, 1.419 3.106 

"In kg mol-' . 
kg2 mol-', note that c tx = 2CMx. 

'In kg mol-' K-' . 
kg2 mol" K-' . 

TABLE 9. Standard state volumes and heat capacities at 298.15 K 

This research Literature" This research Literatureb 
Salt (0.6 MPa) (0.1 MPa) (0.6 MPa) (0.1 MPa) 

NaI 
CsF 
CsCl 
CsI 
NaI03 
no3 
cs103 
KClO, 
HCl 

"From refs. 31 and 32. 
bFrom refs. 30 and 32. 

where again the Po of the integration constants and that of the 
heat capacity and volume measurements should be the same. 
But again the effects of small differences will be negligible. 

Table 8 gives the enthalpy and Gibbs energy parameters at 
298K, which are needed as integration constants in eqs. [36] 
and [38]. All values for Pa, P&, and CMx were obtained from 
Pitzer and Mayorga (24). The enthalpy parameters for CsF, CsI, 
and HC1 were taken from Silvester and Pitzer (25) while the 
remaining enthalpy parameters were obtained in the present 
work - NaI, CsCl, and NaI03 from the NBS tables (26); KC104 
from the NBS report (27); and KI03 from the recent work of 
Vanderzee et al. (28). Unfortunately, there appear to be no 
measurements from which the Gibbs-energy parameters can be 
calculated for NaI03, KI03, or KC104. For CsI03 neither type 
of parameter is available. Appropriate heat-of-dilution and 
activity or osmotic measurements should be made to provide 
this information. 

Except for the cases with missing values for the integration 
constants, the tables of this paper provide comprehensive 
equations for the various thermodynamic properties over the 
temperature range 298-373 K and for pressure variation in the 
low-pressure range where such effects are linear. 

Since this treatment gives the second temperature derivative 
up to 373 K, one expects the equations to extrapolate upward in 
temperature with considerable accuracy for the enthalpy and 
especially for the Gibbs energy. This accuracy of extrapolation 
was demonstrated for the activity coefficients of Na2S04 by 
comparison with the solid solubility (29). Tremaine et al. (21) 
discuss this type of extrapolation for HC1. 

Single ion and standard state properties 
Since the standard state properties at infinite dilution must be 

additive for the ions present, it is convenient to assign the value 
zero to the H+ ion and give relative values for the other ions. For 
C,J and @ at 298 K, this has been done recently by 
Desnoyers et al. (30) and by Millero (31), respectively. Roux et 
al. (32) added values for several additional ions. Table 9 
compares our results with the values calculated from these 
tables of individual ion values (30-32). 

Since the literature values are for a pressure of 0.1 MPa 
whereas ours are for 0.6 MPa, exact agreement is not expected, 
but the difference from this source is very small. The agreement 
in Table 9 is excellent for the volumes and as good as reasonably 
expected for the heat capacities. Thus the published values of 
single ion properties at 298 K are confirmed by the present 
research. 

At higher temperatures, our results can be compared with 
those of Holmes and Mesmer (8) for CsCl and those of Tremaine 
et al. (21) for HC1. For CsCl, Holmes and Mesmer (8) carried 
out a comprehensive treatment of various types of thermo- 
dynamic data, including the high-temperature heat capacity 
measurements of Riiterjans et al. (17). Their values of Cj,2 at 
298 and 373 K are - 145 and - 1 14 J K-' mol -' , respectively, 
compared to our values of - 149 and - 113. Thus, the 
agreement is essentially perfect at 373 K and quite good at 298 K 
where one also has the value - 150 from Desnoyers et al. (30). 
For HCl, Tremaine et al. (2 1) report - 1 18.7 + 3.3 from a series 
of measurements at 349.43 K and - 1 14.5 J K-' mol-' from their 
general equation fitted over their range of temperature. The 
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TABLE 10. Calculated maxima in volume and heat capacity 

Volume Heat capacity 

@ , m a  
- 0 Tm, T m  C2p,2,max 

- - 
System K cm3 mol-' K J K-' mol-' 

Nd-H20 346 37.9 340 -45 
CSF-H20 324 20.8 348 -95 
CSCI-H20 333 40.3 349 - 105 
CSI-H20 364 60.5 352 -91 
Nd03-H20 367 30.9 352 48 
KIO~-H~O 363 40.3 352 2 1 
CsI03-H20 (379) (52.8) 357 3 
KC104-H20 (393) (60.2) 34 1 20 
HCl-H20 308 17.9 334 - 114 

value from our equation at that temperature is - 1 16.3 J K-' 
mol-' , in excellent agreement. Even at 412.61 K our extrapolated 
value of - 154 agrees reasonably well with Tremaine's results 
of - 149.2 + 0.8 and - 150.4 J K-' mol-'. 

Discussion 
While the primary value of these results will lie in their use in 

various applications, it is of interest to consider briefly the 
pattern of behavior displayed. The three curves on Fig. 1 for 
q,2 for the cesium halides are typical of all of the systems 
studied in that they show maxima near 353 K. Indeed, the 
standard state volumes E also show similar curves with 
maxima. Clearly, this similarity of behavior must arise from the 
properties of ions in water without regard to the details of the 
ionic structure. It is the effect of the ionic charge on the water 
structure that yields this similarity. 

Table 10 lists the temperatures for these maxima and the 
maximum values of q.2 and for each of the solutes 
measured. The temperatures for the maxima for HC1 are 
somewhat lower than those for the various salts where there 
appears to be a slight upward trend with ion size. But there is 
considerable uncertainty in these temperatures and the differ- 
ences are rather small, hence one should be cautious in more 
detailed interpretation. The relative values of the volumes and 
heat capacities at their maxima follow essentially the same 
pattern as that for values at 298 K. The 298 K values have been 
available for some time, although we are not aware of any very 
detailed theory that yields good agreement. 'The Born theory for 
an ion in a dielectric gives the sign and magnitude of the effects 
correctly. While the aqueous standard-state volumes generally 
increase with the intrinsic ion size, the behavior of the heat 
capacities is more compex. The large decrease of about 45 J K-' 
mol-' from Na+ to Cs+ is striking as is the large negative value 
for any halide. The complex anions have internal heat capacity 
which probably accounts for the positive values for salts 
containing these ions. More detailed discussion of these aspects 
is beyond the scope of this paper. 
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ALEC M. BIALSKI, CORINNE E. LUTHE, JENNY L. FONG, and NORMAN G. LEWIS. Can. J. Chem. 64, 1336 (1986). 
Paucidisperse lignosulphonates, previously described as a distinct group of compounds called "hemilignins" (M, - 2 OOO), 

were conclusively shown to be a complex mixture of monomeric (C9) sulphonic acids. Since these compounds are rapidly 
solubilized only during the early stages of delignification from softwoods ( s30% lignin removal), it can be concluded that they 
are selectively removed from the secondary wall and not from the middle lamella. This result gives chemical support to the 
hypothesis that morphological differences in lignin structure exist. It is proposed that the generation of monolignols and their 
sulphonated derivatives may occur via an a-0-aryl bond cleavage rather than P-0-aryl cleavage as previously suggested. For 
softwoods, several other major constituents were isolated, which may be derived from sulphonation of a P-hydroxylated form of 
coniferyl alcohol. 

ALEC M. BIALSKI, CORINNE E. LUTHE, JENNY L. FONG et NORMAN G. LEWIS. Can. J .  Chem. 64, 1336 (1986). 
Les lignosulfonates, mClange de macromolCcules monodispersCes, ont CtC prkalablement dCcrit. 11s sont form& de groupes de 

composCs sCparables appelCs "h6milignines" (Mw - 2 000); on dCmontre sans ambiguitC qu'il s'agit d'un mClange complexe 
d'unitks (C9) d'acides sulphoniques monomkres. Puisque ces composts ne se solubilisent rapidement que lors des premihes 
Ctapes de la delignification du conifere (au plus 30% de la lignine est eliminCe), on en conclut qu'ils sont selectivement CliminCs 
de la paroi secondaire et non de la lamelle centrale. Ce rksultat fournit un support chimique B l'hypothkse selon laquelle des 
diffkrences morphologiques existent au sein de la structure de la lignine. Le mCchanisme suivant a CtC propod: la gCnCration des 
monolignols et de leur derivCs sulfonCs serait prkfirentielle lors de la coupure de la liaison a-0-aryl et non lors de la coupure de la 
liaison P-0-aryl comme ce fut prkalablement suggCrC. Chez les coniferes, plusieurs autres constituents ont CtC isolCs, ce qui 
pourrait provenir de la sulfonation de l'alcool coniferylique hydroxylC en P. 

Introduction 
The structure and biosynthesis of the terrestrial plant 

polymer, lignin, is not well understood because of its molecular 
complexity and intractable nature. The most widely held view 
of lignin, as it exists in nature, is that of a random, three- 
dimensional, infinite polymeric network (1-7) derived from the 
three basic monomeric building blocks, p-coumaryl alcohol 1, 
coniferyl alcohol 2, and sinapyl alcohol 3. 

This concept has been directly challenged by the reported 
finding that sulphonated lignin from softwoods is composed 
(-80%) mainly of an homologous series of lignin sulphonates 
having identical repeating units, with the remainder 
(-20%) being described as a distinct group of compounds, 
called "hemilignins," of weight-average molecular weight 
M, - 2 000 (8). 

Clearly, these two postulates, i.e., random versus regular 
structure, are incompatible. 

In our recent studies (9), we reported that during the 
sulphite-promoted delignification of the softwood, black spruce 
(Picea mariana), two broad classes of sulphonated lignins 
appeared to be formed: Type I (paucidisperse) and Type 11 
(widely polydisperse). Lignin heterogeneity has also been 
reported for the acidolysis products from poplar (Populus 
euramericana) obtained under lengthy isolation conditions 
(10). 

We now wish to extend our observations regarding Type I 

' ~ u t h o r  to whom correspondence should be addressed. New 
address: Department of Forest Products, Virginia Polytechnic Institute 
and State University, Blacksburg, VA 24061, U.S. A. 

lignosulphonates and "hemilignins" in terms of their chemical 
structures, point of formation, and anatomical origin. 

Results 
The hplc (high performance liquid chromatographic) separa- 

tion of paucidisperse lignin sulphonates for both the softwood, 
black spruce (Picea mariana), and the hardwood, poplar 
(Populus tremuloides), can be seen in Figs. 1A and 1B. These 
samples were produced by mild sulphonation of each species 
under conditions which effect -30% and 45% delignification, 
respectively. Following isolation by chromatography, it was 
established that H, I, and J (see Fig. 1A) from black spruce 
corresponded to the sulphonates 8,4, and 5, respectively. The 
structural elements of these monomers contribute to about 
4-5% of the total lignin in wood. Structural confirmation of 5 
and 8 was achieved by total synthesis from eugenol10 (Scheme 
l), via a combination and modification of previously reported 
routes (1 1, 12). For the hardwood lignin sulphonates, compo- 
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Elution Volume (mL) 
FIG. 1. Chromatograms of dissolved uv-absorbing paucidisperse lignosulphonates from (A) black spruce (Picea mariana) and (B) poplar 

(Populus tremuloides). Fig. 1C is an hplc trace of spruce polydisperse lignosulphonates produced during continuous flow experiments (see 
experimental section). Elution details: Waters 1-125 and 1-60 protein columns in series eluted with 50 mM citric acid/Na2HP04 buffer, pH 3.0. 
Flow = 1 mL,/min, Vo = void volume. (Note: retention times in Fig. 1B are slightly longer due to the use of a guard column.) 

OR OAc OAC 

l o ,  R = H  11 
IOU, R = O A c  

12 

LAH 

+ 0- NaHS031SOz 0- 
/ OCHj OCH, 

SCHEME 1. Synthesis of sulphonates 5 and 8 from eugenol 10. 

nents G', Hr,  and Jr  (Fig. 1B) were also shown to be the 
sulphonates 8,4, and 5. In addition, the corresponding sinapate 
sulphonates 6 and 9 were also isolated (same peak Kr) reflecting 
the known differences in hardwood lignin composition (13). 
Structural proof was achieved by comparison with synthetic 
material produced from E-sinapic acid 13 (Scheme 2). 

It was of interest to establish whether these monomers were 
produced continuously or only at specific stages of delignifica- 
tion. To resolve this particular point, black spruce wood was 
delignified at pH 3.0 in a "continuous-flow" reactor (14) scaled 
down for micropulping experiments (15). In this experiment, 
any soluble sulphonated lignin is removed almost immediately, 
thus reducing the possibility of further degradation/condensa- 
tion reactions. These soluble materials were then collected at 
various time intervals and analysed following separation on 
high performance liquid chromatographic columns (9), pre- 
viously calibrated with lignosulphonates of known M, (16). 

Using this approach, it could be concluded that essentially only 
Type I (paucidisperse) lignin sulphonates, with a M, S 3 300, 
were solubilized during the early stages of delignification 
(<30-40% lignin removal) (cf. Fig. 1A). Beyond this point 
only widely polydisperse (Type 11) lignin sulphonates (M, > 
3 300) of increasing M, (Fig. 1C) were removed, i.e., the 
monomeric moieties 4, 5, and 8 were produced just during the 
release of the paucidisperse lignin sulphonates. Similar findings 
were also noted at pH 2,5, and 7, the only observable difference 
being the rate at which delignification took place. These 
findings were also true for hardwoods, i.e., monomers were 
removed only during the initial stages of delignification. 

One severe drawback to the handling of paucidisperse 
lignosulphonates is that all manipulations are performed in 
aqueous media. We have therefore developed methodology for 
their derivatization into organic soluble compounds. To date, 
the most frequently used method was to prepare the correspond- 
ing acetyl lignin sulphonic acid methyl esters (17). However, 
we found this procedure to be cumbersome and consequently 
developed alternate strategies. Sulphonic acids were thus 
converted specifically to their methyl or ethyl esters using 
methyl or ethyl orthoformate, respectively (IS), or treated with 
ethereal diazomethane, thereby alkylating both phenolic and 
sulphonic acid moieties directly. Surprisingly, diazomethane 
has been reported to only incompletely methylate lignosul- 
phonates (19). However, no such difficulties were experienced 
in this study. 

Prior to methylation, paucidisperse lignosulphonates from 
either softwoods (Fig. 1A) or hardwoods (Fig. 1B) were 
exhaustively extracted with n-butanol to remove the monomeric 
sulphonic acids (12, 20). These monomers were converted to 
their free acid (H) form using Amberlite IR-120 (H) resin and 
then methylated with ethereal diazomethane. Figure 2A and 2B 
show the hplc profile of these methylated monomers from both 
softwoods and hardwoods, respectively. Monomers 16-22 
were then each isolated following separation on a semi- 
preparative hplc column and their structures determined using 
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SCHEME 2. Synthesis of sulphonates 6 and 9 from sinapic acid 13. 

A B 

by Nmr 21 
-85% 20 
-15% 18 

2 4 6 8 1 0  6  8 10 12 14 

Elution Volume ( mL I 

FIG. 2. Chromatograms of fully methylated butanol soluble lignosulphonates of SSL from a softwood (A) and hardwood (B) bisulphite cook, 
using a Waters p-Porasil column with 59% hexanes/41%CH2CI2:MeOH (99.1:0.9) as eluant, and the flow set at 1 mL/min. 
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OMe 0 Me 
23 25 

OMe OMe 
OMe OMe 

Elution Volume (mL) 24 26 

FIG. 3. Chromatogram of methylated uv-absorbing paucidisperse lignosulphonates from a softwood bisulphite cook, using a Waters p,-Porasil 
column with 5% hexanes/95%CH2C12:MeOH (99.750.25) as eluant, and the flow set at 1 mL/min. 

so + 
OCH, 

OH 0 - 

SCHEME 3. Gierer's mechanism for the formation of coniferyl a l c e  
ho12 formed during alkaline (kraft) pulping. 

standard spectroscopic techniques (see Experimental). In par- 
ticular, 13C DEPT analysis (21) of these monomers was most 
u ~ e f u l . ~  The unambiguous assignment of near or overlapping 
carbon signals containing different numbers of hydrogen atoms 
(e.g., CH2S03H vs. 0CH3, etc.) is exactly the type of precise 
information required for assigning signals in the more complex 
polydisperse lignosulphonates. 

'Preliminary findings using DEPT 13C nrnr for the analysis of 
sulphonated lignins were presented at the ACS Chemistry Meeting, 
Philadelphia, September 1984 (ref. 21 b). 

The remaining paucidisperse lignosulphonates from the spent 
softwood pulping liquors were further purified by a complexa- 
tion/decomplexation procedure using dicyclohexylamine as 
previously described (9). We then converted these substances to 
their fully methylated derivatives and separated them by hplc (as 
before). The major components in these mixtures have now 
been isolated (see Fig. 3) and their structures determined by 
spectroscopic techniques (see Experimental). It is important to 
note that all of the substances identified to date in this category 
are disulphonic acids of lignin-derived monomers (i.e., 23-26). 
The other remaining uncharacterized substances are also mono- 
meric in character, having molecular weights <450. Additional 
work is in progress to establish their structures. 

Discussion 
It is well known that the monomers (5, 6, 8, and 9) are 

produced in minute quantities during the extensive delignifica- 
tion (-95%) of wood, carried out under strongly acidic 
sulphonation conditions (12, 20, 22). 

There appears to be a striking correlation between their 
formation and the presence of minute quantities of the mono- 
lignols 2 and 3 in soluble lignin fractions obtained by treatment 
of wood at elevated temperatures with either THF/H20 
(23-25), dioxane/H20 (24), or sodium sulphide/H20 solu- 
tions (kraft) (26-30). With the exception of kraft lignin, which 
is removed under strongly alkaline treatment, these preparations 
are all produced under mildly acidic conditions. A feature 
common to all, however, is the fact that these monolignols are 
liberated during the early stages of delignification. This sug- 
gests that their genesis might be the consequence of a common 
bond-breaking process. For kraft lignin, coniferyl alcohol 2 is 
considered to be formed only via P-0-aryl cleavage as shown in 
Scheme 3 (31, 32). However, since such cleavages are less 
likely under sulphonation conditions (32), it seems more 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1340 CAN. J. CHEM. VOL. 64, 1986 

I 
I 

FIG. 4. Possible bonding pattern of coniferyl alcohol 2 to the lignin 
macromolecule. 

reasonable that, during the early stages of delignification, the 
formation of these monolignols is, instead, a consequence of 
a-0-aryl bond cleavage (Fig. 4). This interpretation would 
unify the various experimental observations, and would be 
consistent with the known lability of a-0-aryl bonds. 

It was also interesting to note that the monolignols 1-3 were 
essentially absent from the side-chain oxygenated monomeric 
products produced following lengthy acidolysis of poplar (10). 
This can simply be attributed to the instability of compounds 
1-3 under these conditions. 

It is now also clear that Forss' "hemilignins" (M, - 2 000) 
are in fact monomeric sulphonic acids of the type 22-26. The 
high M, values previously reported for these hemilignins 
(8, 16) may be due to a limitation of the ultracentrifugation 
technique used, and (or) simply nonideal chromatographic 
behaviour of these substances. 

From a wood anatomical viewpoint, it is well documented 
that earlywood tracheids from black spruce contain 72% of the 
total lignin in the secondary wall versus 28% in the compound 
middle lamella (33). (It should be noted, though, that the 
concentration of lignin is much higher in the middle lamella 
(-50-85%) than in the secondary wall (22%).) 

Of importance, however, was the observation that the rates of 
acid-sulphite promoted delignification of the secondary wall 
and middle lamella were different (34); e.g., by 30% total 
delignification of spruce wood, the total lignin content of the 
secondary wall was reduced from 72 to 45% whereas the middle 
lamella was almost the same (from 28 to 25.5%). This clearly 
suggests that softwood paucidisperse lignosulphonates, includ- 
ing the monomers, are removed from the secondary wall. A 
similar proposal has been made by Forss for hemilignins (& - 
2 000) (8). If this morphological observation is correct, then our 
results clearly show that secondary wall lignin contains more 
easily hydrolysable linkages. This further supports the conten- 
tion that lignin in black spruce is heterogeneous (8, 9). 
Additional support for this hypothesis can also be found from 
the results obtained from the alkaline (kraft) pulping of black 
spruce wood tissue fractions enriched in either secondary wall 
or middle lamella material respectively (29). In that particular 
study, it was clearly demonstrated that, following correction for 
lignin contents, 14-16 times more coniferyl alcohol 2 was 
liberated from the secondary wall tissue than from the middle 
lamella. 

These findings not only support the concept of heterogeneity 
but again appear to mitigate against coniferyl alcohol 2 
formation being simply the consequence of P-0-aryl bond 
cleavage (3 1, 32). In addition, these results with isolated tissue 

fractions are also important in addressing discussions concern- 
ing diffusion through the cell wall. For example, it has been 
argued that the differences in the rate of delignification from the 
secondary wall and middle lamella may be due to differences in 
diffusion of the pulping chemicals into, or diffusion of the lignin 
degradation products out of, the wood cell (35). Such penetra- 
tion problems are likely to be substantially reduced with isolated 
tissue fractions. 

The steps involved in lignification beyond the monolignols, 
e.g., coniferyl alcohol 2, are poorly understood (36). However, 
speculation as to the nature of the precursors that, after 
sulphonation, lead to the disulphonic acids 23-26 is important. 
This is because it may provide some insight into the biosynthetic 
conversions beyond 2. 

Hibbert originally suggested (37) that the first biosynthetic 
step beyond coniferyl alcohol 2 occurred via a free radical 
P-hydroxylation to give ketone 27 (Scheme 4). According to 
this hypothesis, the genesis of compound 23 could be envisaged 
via sulphonation, dehydration, and methylation. Hibbert's 
proposal was, however, subsequently modified (38, 39) to 
include results from the acidolysis of the lignin model com- 
pound, guaiacyl glycerol P-guaiacyl ether. In those ex- 
periments, it was demonstrated that phenyl glycerol type 
compounds could afford a series of keto and hydroxyketo 
compounds (38, 39). Presumably ketone 27 is formed as an 
acidolytic intermediate. Thus, by means of this modified route, 
the precursors of compounds 24-27 could be produced. 

There are, however, additional experiments that do not 
appear to be in agreement with this latter hypothesis: (i) the 
acidolysis pathway is not considered to be important under the 
conditions of sulphonation (31, 32) and (ii) sulphite-promoted 
delignificaton of borohydride-reduced wood meal (40, 41) 
proceeds at a considerably slower rate, suggesting the involve- 
ment of ketonic functionalities during delignification. 

It is therefore clear that these inconsist&cies require further 
examination in order to fully understand the pathway of 
sulphite-promoted delignification. 

In closing, it should also be mentioned that while the 
purported existence of an identical repeating unit in the high 
molecular weight (Type II) polydisperse material (8) is appeal- 
ing, we have to date found no evidence supporting that 
statement. This hypothesis will be investigated more deeply. 

Conclusions 
We have investigated the sulphite-promoted delignification 

of the softwood, black spruce (Picea marianu), and the 
hardwood, poplar (Populus tremuloides), and have concluded 
that: 

(i) Paucidisperse lignosulphonates (Type I), previously 
called "hemilignins," are only solubilized during the initial 
stages of delignification. These materials have been character- 
ized and have been shown to be either monomeric or disulphonic 
acids of lignin monomers. No oligomeric material with M ,  
approaching 2 000 has been isolated. 

(ii) A unified hypothesis for the hydrolytic removal of 
p-hydroxycinnamyl alcohols 1-3 during the initial stages of 
delignification can now be made. This uses simple a-0-C 
cleavage (Fig. 4) of the lignin macromolecule and removes the 
necessity to involve P-0-cleavages (Scheme 3), which are less 
likely under the conditions employed. 

(iii) The acidolysis products from poplar (10) bear certain 
similarities to our findings in the sense that the substances 
removed are mainly monomeric. One major difference noted, 
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SCHEME 4. Postulated formation of disulphonic acids from coniferyl alcohol 2. 

however, was the essential absence of the p-hydroxycinnamyl 
alcohols 1-3. These substances are significant delignification 
products and are stabilized in solution by sulphonation. 

(iv) Based upon previous studies, it can be concluded that 
these soluble paucidisperse substances are removed exclusively 
from the secondary wall and not the middle lamella. It therefore 
follows that softwood lignin is chemically heterogeneous. This 
places a substantial constraint on the random, infinite polymeric 
network theories (1-7). 

(v) To account for the formation of the disulphonic acids 
23-26, it appears that no hypothesis can be presented that is in 
agreement with all of the experimental observations accumu- 
lated to date. 

Experimental 
The hplc analyses and separations were carried out using a 

Hewlett-Packard or a Waters liquid chromatograph equipped with a 
variable wavelength detector set at 280 nm. Columns used were of the 
protein 1-125 and 1-60, as well as p-Porasil types, purchased from 
Waters Associates. Nuclear magnetic resonance spectra were obtained 
on Varian XL-200 or XL-300 instruments. Carbon-13 assignments are 
tentative unless unambiguously determined using I3C-DEFT tech- 
niques. Low and high resolution mass spectra were run on Hewlett- 
Packard 5984 and Dupont 21-492B instruments, respectively. Ultra- 
violet analyses were carried out using a Unicarn SP-800 spectropho- 
tometer. AH solvents (and dicyclohexylamine) were distilled prior to 
use. 

trans-3-(4-Acetoxy-3-methoxyphenyl)-2-propenyl acetate (12) 
Bromide 11 was prepared from 10a exactly as described (1 1) in 65% 

yield and used without further purification. A solution of crude bromide 
11 (57 g, 0.2 mol) and tetra-n-butylammonium acetate (72.2 g, 
0.24 mol) (42) in chloroform (300 mL) was stirred at reflux temperature 
for 0.5 h. The chloroform was then removed under reduced pressure 
and the residual oil extracted (magnetic stirring) with diethyl ether (3 x 
500 mL). The combined ether extracts were washed with water (3 X 

500 mL), each water wash being reextracted with ether (450 mL). The 

ether fractions were then dried over magnesium sulphate and evapor- 
ated to afford, as an oil, the desired acetate 12 (44.9 g, 85%). 

trans-3-(4-Hydroxy-3-methoxyphenyl)-2-propenol(2) 
Diacetate 12 (26.4 g, 100 mmol) was reduced with lithium alumini- 

um hydride (7.6g, 200 mmol) exactly as described (11). Immediate 
flash chromatography (43) of the crude product on silica eluted with 
EtOAc-hexane (1: 1) gave fractions containing pure coniferyl alcohol 
2. Recrystallization from diethyl ether - petroleum ether afforded pure 
alcohol 2 (1 1.7 g, 65%), mp 74-75°C (lit. (44) mp 74-76°C). 

Sodium-l-(4-hydroxy-3-methoxyphen~~l)-2-propene-l -sulphonate 8 
and sodium-trans-3-(4-hydroxy-j-methoxyphenyl)-2-propene-l- 
sulphonate 5 

The sulphonation procedure used was based upon previously 
reported work (12, 20), and the crude mixture of sulphonates 8 and 5 
recovered as described. 

Sulphonates 8 and 5 (200 mg) were dissolved in 50 mM citric 
acid/NazHP04 (4mL, pH 3.0). This solution was applied to two 
preparative liquid chromatographic columns (Waters I- 125) in series, 
and then eluted with 50 mM citric acid/Na2HP04 buffer solution (pH 
3.0) at 5OmLmin-'. Fractions containing either pure 5 or 8 were 
combined, neutralized (1.0 M NaOH), and freeze-dried. The resulting 
material (-3-4g for each isomer), was then dissolved in water 
(-52 mL) and subsequently extracted with n-butanol(6 X 30 mL). The 
n-butanol extracts for each isomer were combined and azeotroped as 
before to yield a white amorphous material. Each was then applied to 
20 X 20 cm silica plates eluted with n-butanol to afford the sulphonates 
5 (35 mg, 16.6%) and 8 (27 mg, 12.8%). 

3-(4'-Acetoxy-3' ,5'-dimethyoxypheny1)-prop- - e o c  acid (14) 
Sinapic acid 13 (5 g, 22.32 mmol) was converted to its correspond- 

ing acetate 14 as before (5.58 g, 94%), mp 202-203°C. 

Ethyl-(4'-acetoxy-3',5'-dimethoxyphenylj-prop-2-enoate (15) 
Acetate 14 (5.498 g,  20.67 rnrnol) was taken and placed in a 250-mL 

round-bottomed flask under an atmosphere of nitrogen. Dry thionyl 
chloride (-55 mL, 0.765 mol) was added and the resulting solution 
heated until reflux began. This was maintained for 1 h, following which 
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the solution was cooled (to 20°C) and the excess thionyl chloride 
removed under reduced pressure. Dry redistilled ethanol (125 mL, 
2.14mol) was added and the solution then allowed to stir at room 
temperature for 1.25 h, following which the solvent was removed. 
Recrystallization of the product from CH30H-H20 afforded the 
required ethyl ester 15 (4.31 g, 71%), mp 120-121°C (lit. (44) mp 
(120-121°C). 

trans-3-(4'-Hydroxy-3',5'-dimethoxyphenyl)-2-propenol(3) (44) 
Starting from ethyl ester 15 (8g, 27.2mmol), sinapyl alcohol 

(2.95 mg, 51.7%) was prepared exactly as described ( a ) ,  mp 66-67°C 
(lit. (44) mp 66-67°C). 

Sodium-trans-I -(3,5-dimethoxy-4-hydroxypheny1)-2-propene-I - 
sulphonate (6) and sodium-3-(3,s-dimethoxy-4-hydroxypheny1)- 
2-propene-I-sulphonate (9) 

Sinapyl alcohol 3 (144mg, 0.686mmol) was converted to the 
corresponding sulphonates 6 and 9 exactly as previously described for 
coniferyl alcohol 2. An aliquot (20 mg) of the resulting butanol soluble 
material (156 mg) was then applied to silica gel plates (20 x 20 cm) and 
eluted with n-butanol to afford 6 (3 mg); 'H nmr (D20) 6: 3.57 (2H, 
d, J - 7Hz, CH2), 3.61 (3H, s, 0CH3), 6.05-6.23 (lH, m, 
CH=CH2), 6.43 (lH, J = 21.6 Hz, CH=CH-CH2), 6.64 (2H, s, 
ArH), and9 (2 mg); 'H nmr ( ~ 2 0 )  6: 3.57 (3H, s, 0CH3), 4.51 (lH, d, 
J = 9 Hz, CHS03Na), 5.18-5.26 (2H, m, CH2), 6.05-6.23 (lH, m, 
CH=CH2), 6.64 (2H, m, ArH). 

Lignosulphonatesfrom black spruce (Picea mariana) 
Black spruce chips were delignified as described previously (9). The 

lignosulphonates so obtained were freeze-dried as described below. 

Lignosulphonates from Poplar (Populus tremuloides) 
Poplar chips (5.0 kg dry weight, Klason lignin = 22.1 g/ l00 g) were 

steam-pretreated (pressure = 138 kPa, 3 min, 3 cycles) in a 56-L batch 
digester. The wood was then exposed to a sodium-based bisulphite 
solution (27.5 L; total SO2 = 4.99%, free SO2 = 2.48; pH = 3.91). 
Pulping conditions were as follows: temperature raised from 20 to 
160°C over 120 min and then held for 45 min at 160°C with a maximum 
pressure of 627 kPa. The resulting pulp (3.85 kg, 77% yield), with a 
Klason lignin content of 16 g/100 g, was then removed by filtration to 
recover the crude lignosulphonate solution. The solution was then 
concentrated to half-volume, neutralized (1 N NaOH), and freeze- 
dried. 

General experimental procedure to remove lignin-derived butanol 
solubles 

A solution of crude freeze-dried spent sulphite liquor (50 g/225 mL 
H20) was extracted with n-butanol(5 X 200 mL). Following removal 
of the butanol by azeotroping with water, the organic extracts were 
freeze-dried. The butanol soluble lignosulphonates were further 
purified by modification of a complexation/decomplexation procedure 
with dicyclohexylamine (DCHA), previously described (9). Thus an 
aqueous solution of butanol solubles (1.5 g/20 mL H20) adjusted to 
pH 2.0 with 18 M H2S04 was extracted with CH2C12-nBuOH-DCHA 
(25: 1.3:0.5,25 mL) and the organic layer separated (Fraction 1); three 
additional fractions were obtained in an analogous manner. In order to 
effect decomplexation of the various fractions, water (20 mL) was added 
and the pH adjusted to 1 1 with 1 N NaOH; the mixture was washed with 
ether (5 X 100 mL) and the aqueous layer was then freeze-dried after 
neutralization with Amberlite IR-120 (H') resin. 

Sulphonates 8 and 5 from black spruce butanol solubles 
An aliquot (304 mg) of butanol solubles from black spruce was taken 

and dissolved in a minimum amount of 50 mM citric acid/Na2HP04 
buffer at pH = 3 .O. Separation and purification as described previously 
afforded sulphonate 8 (29 mg) and sulphonate 5 (37 mg), identical to 
synthetic material in all respects. 

Note: In all cases, extensive losses were experienced using this 
procedure. Consequently, methylation was chosen instead. 

General experimental procedure for methylating butanol-soluble 
lignosulphonates 

To a suspension of lignosulphonates - sodium sulphate (100 mg) in 
MeOH (4mL) was added Amberlite-120 (H') resin (2 g, prewashed 
with MeOH). The lignosulphonates were thus rendered MeOH soluble, 
and the solution was stirred at room temperature for 10 min. After this 
time, the resin was filtered off and washed with MeOH (2 x 1 mL); to 
the combined filtrate and washings was added freshly distilled ethereal 
diazomethane (25 mL). After 2 h, the excess diazomethane and 
solvents were removed under reduced pressure. The methylated 
adducts were redissolved in CH2C12 and filtered; solvent removal 
afforded CH2C12-soluble material in yields ranging from -50-90%. 
The major components were separated by hplc, on a Waters p-Porasil 
column (7.8 mm X 30cm) using 60% hexanes:40% (0.90% MeOH/ 
CH2C12) as eluant. 

Methylated butanol-soluble lignosulphonates from black spruce 
Characterization data for each compound is given below: 
Methyl-trans-3-(4'-methoxy-phenyl)-2-propene-l-sulphonate (19), 

uv A,,(MeOH): 267, 215nm; 'H nmr (CDC13) 6: 3.77 (3H, s, 
0CH3), 3.88 (3H, s, 0CH3), 3.94 (2H, dd, JIg2 = 7.5 Hz, 51.3 = 
1.2Hz, CH2S03CH3), 6.03 (lH, dt, J1 ,2  = 7.5 HZ, J2,3 = 15.7 HZ, 
CH=CHCH2), 6.64 (lH, bd, 52.3 = 15.7 HZ, CH=CHCH2), 
6.82-7.36 (4H, bABq, J = 8.8Hz, ArH); ms (mle): 242 (M', 13%), 
147 (M' - S03CH3, loo%), 132 (M' - S03CH3, -CH3, 6.8%), 91 
(M' - CH2=CH-CH2S03CH3, -CH3, 18.9%). Exact Mass 
calcd. for CllHI4SO4: 242.0613; found; 242.061 1. 

Methyl-l-(4'-methoxyphenyl)-2-propene-l-sulphonate (16), uv 
A,,(MeOH): 231, 207 nm; 'H nrnr (CDC13) 6: 3.70 (3H, s, 0CH3), 
3.77 (3H, s, 0CH3), 4.83 (lH, bd, J1,2 = 8.3Hz, CHS03CH3), 
5.38-5.48 (2H, m, CH=CH2), 6.12-6.35 (lH, m, CH=CH2), 
6.88-7.36 (4H, ABq, J = 8.7 Hz, ArH); ms (mle): 242 (M', 5%), 
178 (35.9%), 147 (M' - S03CH3, loo%), 91 (M' - CH2=CH- 
CH-S03CH3, -CH3, 32%). Exact Mass calcd. for CllHI4SO4: 
242.0612; found: 242.0621. 

Methyl-trans-3- (3',4'-dimethoxypheny1)-2 -propene-1 -sulphonate 
(20), uv A,,(MeOH): 269,220 nm; 'H nmr (CD2C12) 6: 3.80 (3H, s, 
0CH3), 3.82 (3H, s, 0CH3), 3.88 (3H, s, 0CH3), 3.94 (2H, dd, J1,2 = 
7.4 HZ, J1.3 = 1.2 HZ, CH2S03CH3), 6.04 (lH, dt, J1,2 = 7.5 HZ, 52.3 

= 15.8Hz, CH=CH-CH2), 6.63 (lH, dd, JIv3 = 1 . 2 H ~ ,  32.3 = 
15.7 Hz, CH=CHCH2), 6.78-6.96 (3H, m, ArH); l3Cnmr ( c D ~ c ~ ~ )  
6: 54.16 (CH2), 56.13 (2 X 0CH3), 56.94 (S03CH3), 109.42 (C-2'), 
111.62 (C-6'), 112.90 (C-Sf), 120.60 (C-2), 128.92 (C-1'), 138.86 
(C-3), 149.69 (C-3'),150.28 (C-4'); ms (m/e): 272 (M', 21.9%), 177 
(M' - S03CH3, loo%), 162 (M' - S03CH3, -CH3, 3.5%), 146 
(M' - S03CH3, -OCH3, 27.5%), 131 (M' - S03CH3, -OCH3, 
-CH3,7%), 119 (M' - S03CH3, -OCH3, -CH=CH2, 3.4%), 
115 (M' - S03CH3), -2 X 0CH3, 3.9%). Exact Mass calcd. for 
CIZH16S05: 272.0718; found: 272.0706. 
Methyl-I-(3',4'-dimethyoxyphenyl)-2-propene-l-sulphonate (17), 

uv A,,(MeOH): 278,235,213 nm; 'H nmr (CD2C12) 6: 3.72 (3H, s, 
S03CH3), 3.81 (3H, s, 0CH3), 3.82 (3H, s, 0CH3), 4.82 (lH, bd, 
JlS2 = 8.6Hz, CH-S03CH3), 5.43 (lH, ddd, J2,3,,, = 16.7Hz, 
J1,3na, mJ3.3 = 0.9Hz, H3-trans), 5.46 (lH, ddd, J2,3,i, = 10.3 HZ, 
J1,3,, - 53.3 = 0.8Hz, H3-cis), 6.25 (lH, ddd, J2,3 ,,,, = 16.7Hz, 
J2,3,, = 10.4Hz, JIy2 = 8.6Hz, CH=CH2), 6.84-7.00 (3H, m, 
ArH); 13c nmr (CD2CI2) 6: 56.13 (OCH,), 56.25 (OCH3), 58.01 
(S03CH3), 70.65 (C-1), 11 1.80 (C-2'). 112.76 (C-69, 122.25 (C-5'1, 
122.71 (CH2), 124.74 (C-2), 130.57 (C-1'), 149.71 (C-3'1, 150.31 
(C-4'); ms (mle): 272 (M', 0.52%), 177 (M' - S03CH3, 8.5%), 162 
(M' - S03CH3, -CH3, 1.8%), 146 (M' - S03CH3, -0CH3,- 
3.76%), 131 (M' - S03CH3, -OCH3, -CH3, 3.5%), 119 (M' - 
S03CH3, -OCH3, -CH=CH2, 2.9%). 1 15 (M' - S03CH3, -2 x 

Sulphonates 5, 6, 8, and 9from poplar butanol solubles OCH3, 2.4%). ~ i a c t  Mass calcd. for C12H16S05: 272.0718; found: 
An aliquot (353 mg) of butanol solubles separated as before from 272.0720. 

poplar was taken and sulphonates 5 (1 1 mg), 8 (15 mg), 6 (16 mg), and Methyl-(3,4-dimethoxy)-benzoate (22), uv A,,(MeOH): 260, 
9 (14 mg) were isolated as described above. 292nn-1; 'H nmr (CD2C12) 6: 3.85 (3H, s, 0CH3), 3.87 (3H, s, OCH3), 
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3.88 (3H, s, 0CH3), 6.89 (lH, d, J5,6 = 8.4Hz, C5H), 7.51 (lH, d, 
J 2 , 6 =  2.0Hz,C2H),7.64(1H,dd, J 5 , 6 =  8 .4Hz,J2 ,6= 2 . 0 H ~ ,  
C6H); 13C nmr (CD2C12) 6: 51.39 (C02CH3), 55.41 (2 X 0CH3), 
110.15 (C-2), 111.76 (C-5), 122.35 (C-6), 123.09 (C-1), 148.59 
(C-4), 152.97 (C-3), 166.27 (CO); ms (mle): 196 (M', loo%), 165 
(M' - 0CH3, 96%), 137 (M+ - C02CH3, 12%). Exact Mass calcd. 
for Cl0H12O4: 196.0735; found: 196.0656. 

Methylated butanol solubles from poplar 
Characterization data for compounds 16, 17, 19, 20, and 22 have 

already been given in the preceding section. 
Methyl-3-(3',4',5'-trimethoxyphenyl)-2-prope-l-sue (21), uv 

A,,(MeOH): 273, 222 nm; 'H nmr (CD2C12) 6: 3.74 (3H, s, 0CH3), 
3.82 (6H, s, 2 x 0CH3), 3.89 (3H, s, 0CH3), 3.96 (2H, dd, .Ils2 = 
7.5 HZ, J1,3 = 1.2 HZ, CH2S03CH3), 6.10 (lH, dt, .Ils2 = 7.5 HZ, 
52.3 = 15.8Hz, CH=CH-CHI), 6.62 (2H, S, ArH), 6.62 (lH, d, 
52.3 = 15.8 HZ, CH=CH-CHI); 13c nmr (CD2C12) 6: 53.99 (CH2), 
56.40 (2 x 0CH3), 57.00 (OCH3), 60.85 (S03CH3), 104.19 (C-2', 
C-6'), 114.50(CH-CH2), 131.49 (C-l'), 139.07 ( W H - C H 2 ) ,  
153.80 (3 x C-0CH3); ms (mle): 302 (M', 38%), 207 (M+ - 
S03CH3, 100%), 176 (M' - S03CH3, -OCH3, 80%), 161 (M+ - 
S03CH3, --0CH3, -CH3, 21.7%), 149 (M' - S03CH3, -OCH2, 
-CH= CH2, 10.4%). Exact Mass calcd. for C13H18S06: 302.0824; 
found: 302.0762. 

General experimental procedure to isolate paucidisperse ligno- 
sulphonates 

Freeze-dried spent sulphite liquor (20 g) from a high yield bisulphite 
cook was dissolved in H20 (100 mL) and washed with n-BuOH (5 x 
200mL, 125 rnL H20 added during extraction). The volume of the 
aqueous layer was then adjusted to 300 mL and its pH adjusted to 6.3 
with .18 M H2S04. Dicyclohexylamine (20 mL) and CH2C12-BuOH 
(5:l; 200 mL) were added, and the resultant mixture was shaken very 
gently for 5 min. After separation of the organic layer, the aqueous 
fraction was readjusted to pH 6.3 and an analogous extraction was 
performed. To the combined organic layers were added H20 (1 50 mL) 
and 1 N NaOH (-30 mL; pH of aqueous layer - 11). After vigorous 
shaking, the aqueous layer was separated, washed with diethyl ether (5 
x 100mL), neutralized with Amberlite-120 (H') resin, and freeze- 
dried. The solid thus obtained was redissolved in H20 (10 mL), washed 
with BuOH (7 X 20mL), neutralized, and freeze-dried to afford 
-2.5 g of material. 

General experimental procedure for methylating paucidisperse ligno- 
sulphonates 

This methylation procedure is analogous to that described for the 
corresponding BuOH-soluble lignosulphonates and afforded CH2C12- 
soluble material in -70% yield. The major components were 
separated by hplc, on a Waters p-Porasil column (7.8 rnm x 30 cm) 
using 5% hexanes:95% (0.35% MeOH/CH2C12) as eluant. The solvent 
polarity was adjusted slightly from the above value, depending on the 
age and activity of the silica gel. 

I ,2-Disulphonomethyl-3-(3',4'-dimetho- (23), 
uv A,,(MeOH): 290,232,212 nm; 'H nmr (CD2C12) 6: 3.86 (3H, s, 
O m 3 ) ,  3.88 (3H, s, 0CH3), 3.90 (3H, s, 0CH3), 4.00 (3H, s, 0CH3), 
4.54 (2H, s, CH2S03CH3), 6.96-7.27 (3H, m, ArH), 7.98 (lH, s, 
CH=CS03CH3); ms (mle): 366 (M', 36.9%), 271 (M' - S03CH3, 
35.8%), 175 (M' - HS03CH3, -S03CH3, -H, 100%), 161 (M' - 

2 X S03CH3, -CH3, 29.1%), 145 (M' - 2S03CH3, -OCH3, 
13.4%). Exact Mass calcd. for C13H1808S2: 366.0443; found: 
366.0382. 

1,2-Disulphonomethyl-1-(3',4'-dimetho-pane (24), uv 
A,,(MeOH): 276, 233 nm; 'H nmr (CD2C12) 6: 1.61 (3H, d, 52.3 = 
7.2 Hz, CH3), 3.79 (3H, s, 0CH3), 3.82 (3H, s, 0CH3), 3.85 (3H, s, 
O m 3 ) ,  3.86 (3H, s, 0CH3), 4.18 (lH, dt, 52.3 = 7.2Hz, J1 ,2  = 
2.1 HZ, HCS03CH3), 5.03 (lH, d, J1,2 = 2.1 HZ, HCS03CH3), 
6.89-7.11 (3H, m, ArH); ms (mle): 368 (M', 7.8%), 273 (M' - 
S03CH3, 15.1%), 178 (M' - 2S03CH3, loo%), 163 (M' - 
2S03CH3, -CH3, 8.9%), 147 (M' - 2S03CH3, -OCH3, 2.3%). 
Exact Mass cdcd. for Cl3HZ0O8S2: 368.0599; found: 368.05 18. 

trans-I ,3 -Disulphonomethyl-I -(3',4' -dimethoxyphenyl) - I  -propene 
(25), uv A,,(MeOH): 284, 230, 208 nm; 'H nmr (CD2C12) 6: 3.78 
(3H, s, 0CH3), 3.85 (3H, s, 0CH3), 3.88 (3H, s, 0CH3), 3.88 (3H, s, 
O m 3 ) ,  3.93 (2H, d, J2,3 = 7.8 Hz, CH2S03CH3), 6.94-6.96 (3H, m, 
ArH), 7.02 (lH, t, J2,3 = 7.8Hz, S03CH3C=CHCH2S03CH3); ms 
(mle): 366 (M', 68.7%), 271 (M+ - S03CH3, 8.9%), 175 (M+ - 
HS03CH3, -S03CH3, -H, loo%), 161 (M' - HS03CH3, 
-S03CH3, -CH3, 20.6%). Exact Mass calcd. for CI3Hl8O8S2: 
366.0443; found: 366.0443. 

1,2-Disulphonomethyl-1-(3',4'-dimetho-pane (26), uv 
A,,(MeOH): 280,238,210 nm; 'H nmr (CD2C12) 6: 1.88 (3H, d, 52.3 

= 7.1 Hz, CH3), 3.50 (3H, s, 0CH3), 3.62 (3H, s, 0CH3, 3.86 
(6H, s, 2 x 0CH3), 4.00 (lH, dq, J2,3 = 7.1 HZ, J1,2 = 9.4Hz, 
HC(S03CH3)CH3), 4.61 (lH, d, J i .2  = 9.4Hz, HCS03CH3), 
6.89-7.07 (3H, m, ArH); ms (mle): 368 (M', 4.8%), 273 (M+ - 
S03CH3, 21.1%), 178 (M' - 2S03CH3, loo%), 163 (M+ - 
2S03CH3, -CH3, 8.9%), 147 (M+ - 2S03CH3, -OCH3, 2.5%). 
Exact Mass calcd. for C13H2008S2; 368.0599; found: 368.0614. 

Continuous flow micropulping 
The apparatus used was based upon a previous report (14) and scaled 

down for our purposes (15). Black spruce wood (500 mg) was taken 
and allowed to sit in water under vacuum for 1 h. The resulting material 
was then packed into a cylindrical stainless-steel tube (80 X 5 rnrn). A 
solution of sodium sulphite (250 mL, 13.6 g/L Na2S03, 0.5% Na') in 
nitrogen-sparged water, previously adjusted to pH 3.0 with gaseous 
sulphur dioxide, was placed in the reservoir. The micropulping 
apparatus was then flushed with nitrogen gas and assembled. The flow 
of the pulping solution was adjusted to 1 mLmin-' after which the 
digester and coils were immersed in the heating bath oil at 155OC for 
4h. Fractions (1.5-2 mL) were collected and analysed by hplc. After 
4h,  the bomb was removed, cooled, and the resulting pulp washed, 
filtered, and freeze-dried. Weight of pulp = 222 mg, 44%. (Pulping 
experiments were also repeated at pH 2, 5, and 7 and with poplar.) 
Micro-Klason determinations were carried out according to the 
described method (45). 
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G. Bouc~oux, I. HANNA, R. HOURIET, and E. ROLLI. Can. J. Chem. 64, 1345 (1986). 
The gas phase basicity (GB) of dihydropyran 1 and dihydro-1,4-dioxin 2 is measured in equilibrium proton transfer reactions 

conducted in an ion cyclotron resonance spectrometer. GB(1) is found to be greater than GB(2) by 37 kJ mol-', this difference 
parallels the lower reactivity of 2 observed in solution under acidic condition. Conclusion as to the favoured protonation of the 
C-C double bond, giving rise for both 1 and 2 to oxycarbonium cations, is drawn from comparison with analogous compounds 
and substantiated by molecular orbital calculations (MNDO) on the protonated structures. 

G. Bouc~oux, I. HANNA, R. HOURIET et E. ROLLI. Can. J. Chem. 64, 1345 (1986). 
Les basicites gazeuses (BG) du dihydropyrane 1 et de la dihydrodioxine-1,4 2 ont CtC mesurtes a partir d'kquilibres de 

transferts de protons dans un spectromktre i resonance cyclotronique ionique. BG(1) est supCrieure a BG(2) de 37 kJ mol-', cet 
Ccart est i comparer 5 la plus faible rCactivitC de 2 en solution acide. Pour les deux composCs, le site de protonation est la double 
liaison C=C, l'ion rCsultant posskde une structure oxycarbonium. Ceci est Ctabli par comparaison avec des composCs voisins et 
par des calculs d'orbitales molCculaires (mCthode MNDO). 

Introduction 
Dihydropyran 1 and dihydro-1,4-dioxin 2 undergo acid- 

catalyzed addition of alcohols affording 2-tetrahydropyranyl 
(THP) 3 and 1,4-dioxan-2-yl4 ethers, respectively. However, 
whereas tetrahydropyranylation of alcohols readily occurs 
under very mild conditions (pyridinium p-toluenesulfonate (1) 
or iodotrimethylsilane (2)), more acidic catalysis (TsOH or 
CuBr2) (3) are necessary for the preparation of 4: 

(:I + R-OH --r (:lo/R 
In order to account for this unexpected observation, we have 

examined the intrinsic basicity of compounds 1 and 2 by the 
method of equilibrium proton-transfer reaction in an ion 
cyclotron resonance (ICR) spectrometer. 

For each molecule the favoured site of protonation was 
unambiguously determined by comparison with the basicity 
data of molecules containing closely analogous substructures 
(4). The conclusions were strengthened by molecular orbital 
calculations on the five possible protonated forms of 1 and 2, 
i.e. cations a-c and d, e, respectively. 

Results 
Experimental 

Determination of the equilibrium constant K for the proton 
transfer reaction: 

111 [MH]' + B@[BHIf + M 

was carried out for M = 1 and 2 and several reference bases B in 
the ICR cell. The latter was operated in the trapped mode under 
a total pressure of ca. 1 0 - ~ ~ o r r  and at a temperature of 313 K 
(5). The gas phase basicity of M is given by GB(M) = GB(B) - 

TABLE 1. Experimental Ae for reaction [MY]' + B @ M + [BH] ' 
and related gas phase basicities GB (kJ mol-') 

M Reference base B A@ GB(B) GB (M)" 

1 2,4-Pentanedione -0.4 837b 
Diisopropyl ether $4.2 831b 8362 1 
3,4-Dimethylfuran -3.8 839' 

2 Methyl acetate $2.1 797b 
$3.3 795d 

79921 
para-Nitrotoluene 

"Standard experimental deviation 0.8 kl mol-'. 
bFrom ref. 12. 
'From ref. 9b. 
dA revised value. ref. 15. 

RT In K where K is the equilibrium constant for reaction [I], 
with an accuracy better than 1 kJ mol-'. Experimental data are 
given in Table 1. 

The corresponding proton affinity, PA(M) is obtained after 
introduction of the appropriate entropic term: 

For the first molecule 1, A P  may be satisfactorily approxi- 
mated by the translational entropy for the isolated proton (TAP 
= 33 kJmol-' at 313 IS) if structures a or b are produced. 

Conversely T A P  should be reduced by RT In 2 for the 
symmetrical molecule 2 yielding d or e. The PA values deduced 
thls way from the experimental GB are collected in Table 2. The 
heats of formation of [MY]+ are estimated using AH~O[H]' = 
1530kJmol-' and experimental heat of formation for 1, an 
additivity method was used in order to determine  AH?(^) 
(Table 2). 

Molecular orbital calculation 
The five possible structures a-e resulting from protonation of 

dihydropyran 1 and dihydro-1,4-dioxin 2 were examined using 
the semiempirical MNDO method (8). This calculation proce- 
dure gives satisfactory estimates of relative heats of formation 
for isomeric oxygenated closed-shell cations (9). Thus it can be 
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TABLE 2. Experimental proton affinjties P A ( M )  and 
heats of formation of M and [MH]' for dihydropyran 

and dihydro- 1,4-dioxin 

M p A ( M )  AH;(M) AH;[MH]' 

1 870" - 125" 535 
2 829b -234d 467 

"TAP = 33kJmol-', see text. 
b ~ A P  = 30kJ mol-', see text. 
aeference 6. 
%eference 7. A ring correction of 17kJmol-' was 

applied. This value is estimated using the ring correction 
term associated to 1,4-dioxan (i.e. 14 kJ mol-') and taking 
into account a strain energy of 3 kJmo1-' due to the C=C 
double bond. This latter value is obtained by comparison 
with the ring correction terms of tetrahydropyran (2 kJ mol-') 
and 2.3-dihydropyran (5 kJ mol-I). 

TABLE 3. Calculated ( M N D O )  heats of 
formation of protonated dihydropyran and 

dihydro- 1 ,4-dioxin 
- 

[MH]' structure AH; AAH; 

a 699 143 
b 553 0 
c 628 75 
d 474 0 
e 528 54 

used for predicting the most favoured protonation site on 1 
and 2. 

The heats of formation presented in Table 3 were obtained 
after complete geometry optimisation of the corresponding 
species a-e (optimized geometrical parameters are available 
upon request to the authors). 

Discussion 
Protonation of dihydropyran 1 and dihydro- 1,4-dioxin 2 may 

occur either on an unsaturated carbon atom or on conjugated 
oxygen atom as illustrated by Schemes 1 and 2. 

The assignment of the protonation site under equilibrium 
proton transfer conditions can be made using the following 
arguments. 

Firstly, the gas phase basicities of 1 and 2 are greater than 
those of their saturated analogs: ' 

It is well known that the introduction of a conjugated 
carbon-carbon double bond tends to lower the basicity of an 
oxygen atom (4, 12). Since protonation of tetrahydropyrane and 
1,4-dioxane certainly occurs on one oxygen atom, the present 
results dismiss protonation on the oxygen atom both in 1 and 2. 

Thus we conclude that formation of ions c and e by 
protonation of 1 and 2 can be excluded under our experimental 
conditions. 

Secondly, the experimentally determined GB values for 
2,3-dihydrofuran and ethyl-vinyl ether (4) are exactly the same 
as GB(l), i.e. 836kJmol-' (Table 1). This observation 

'Using PA(NH3) = 205.0 kcal mol-', one obtained a revised P A  
value of 193.6 kcal mol-' for 1,4-dioxane. 

VOL. 64, 1986 

constitutes a strong support in favour of the same protonation 
site for the three afore-cited compounds which contain the same 
a,P-unsaturated ether moiety. Owing to earlier conclusions (4) 
protonation on the p carbon is thermodynamically favoured. 
This leaves little doubt that b is obtained from 1 during 
equilibrium proton transfer. 

A third indication confirms that oxygens are not involved in 
the low energy protonation process of 1 and 2. Bloch etal. (13) 
have demonstrated that the highest occupied molecular orbital 
(HOMO) in neutral molecules 1 and 2 is a T-orbital mainly 
centred on the CC double bond. Approximately 2.5 eV above, 
the second band of the photoelectron spectra is due to ejection of 
an electron from a delocalized a-orbital involving mainly the 
in-plane oxygen lone pair. 

The final arguments will be given by molecular orbital 
calculations. In agreement with the preceding indications, 
MNDO calculation predict that structures b and d are the most 
stable protonated forms of 1 and 2. 

One may note that the corresponding oxygen protonated form 
c and e are less stable by 75 and 54 kJ mol-', respectively. The 
difference between these two values constitutes an illustration 
of the withdrawing effect of the second oxygen atom destabiliz- 
ing the positive charge in d with respect to b. Experimentally, 
GB(2) is lower than GB(1) by 37kJmol-' (Table 1) in 
agreement with the lower ability of d to bear the positive charge. 
Moreover the relative proximity in energy of d and e is in 
keeping with the participation of this latter ion in the acid- 
catalyzed hydrolysis of 2 in solution (14). 

Conclusion 
The most thermodynamically favoured protonated forms of 

dihydropyran 1 and dihydro- 1,4-dioxin 2 are the oxycarbonium 
ions b and d .  This fact is established from experimental as well 
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2~ nuclear magnetic resonance studies of motions in tetramethylammonium salts: the 
question of methyl reorientation1 

CHRISTOPHER I. RATCLIFFE AND JOHN A. RIPMEESTER 
Division of Chemistry, National Research Council of Canada, Ottawa, Ont., Canada KIA OR9 
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CHRISTOPHER I. RATCLIFFE and JOHN A. RIPMEESTER. Can. J. Chem. 64, 1348 (1986). 
The 'H MU lineshapes of a number of tetramethylammonium salts have been studied as a function of temperature. It is shown 

from this and previous evidence that in certain cases the lowest temperature motions should be assigned to whole ion C$ or 
pseudo-isotropic motion, rather than to methyl group motions as has been assumed in previous 'H nmr studies. Steric potential 
calculations have been used to investigate a previously suggested model of concerted partial reorientations of methyl groups. 

CHRISTOPHER I. RATCLIFFE et JOHN A. RIPMEESTER. Can. J. Chem. 64, 1348 (1986). 
On a determine les spectres rrnndu 'H d'un certain nombre de sels de tttram6thylammoniumet on a CtudiC la forme des raies en 

fonction de la temptrature. En se basant sur ces donntes et sur des donnkes anttrieures, on tire des conclusions relativement B la 
nature des mouvements se produisant aux temperatures les plus basses; alors que des Ctudes antkrieures bastes sur la rmn du 'H 
laissaient croire que ces mouvements devraient &tre attribues B des mouvements des groupements methyles, .on doit plut6t les 
attribuer B l'ion global C; ou B un mouvement pseudo-isotrope. On a utilisC des calculs de potentiels steriques pour 6tudier un 
modkle qui avait 6tC suggtrk anterieurement et qui implique des reorientations partielles concertCes des groupements mCthyles. 

[Traduit par la revue] 

Introduction 
In a recent study of deuterated tert-butyl compounds (1) we 

demonstrated the utility of 'H nmr in discriminating between C3 
methyl group reorientation, and reorientation of the tert-butyl 
group about its principal C; axis when the methyls do not rotate 
internally. 'H spin-lattice relaxation time (TI) and second 
moments (M2) measurements cannot distinguish between the 
two and, although this was known, it had generally been 
assumed that C3 methyl motion always occurred at lower 
temperatures than C;. Using 2~ nmr we were able to show, in 
agreement with recent neutron scattering results (2), that this is 
not true in all cases. 

Numerous 'H nmr T1 and M2 studies of (CH3)4N+, tetra- 
methylammonium (TMA), salts have appeared in the past 
(3-21). In almost all of the T1 studies it has again been assumed 
that C3 methyl reorientation is always responsible for the 
relaxation at the lowest temperatures, followed by pseudo- 
isotropic motion at higher temperatures, or in some cases at 
about the same temperature as the methyl motion. (Since iso- 
tropic motion strictly implies random reorientation among all 
directions in space of any vector within the molecule, the term 
pseudo-isotropic motion is used here to imply rapid reorienta- 
tion between specific equilibrium positions about many or all of 
the threefold and twofold axes of the (CH3)4N+. ion. In either 
case the lineshape is narrowed to a single sharp line.) Through a 
number of arguments, which we discuss later, it became apparent 
to us that some of the activation energies claimed for the methyl 
C3 reorientation are much lower than should be anticipated. 
This suggested that in some cases Cjust as in some of the 
tert-butyl compounds) the lower temperature TI behaviour 
might be explained better by whole ion C;, C;, or pseudo- 
isotropic motions, occurring before any methyl C3 motion 
begins. There are similar complications in the interpretation of 
the 'H nmr results for the lowest temperature phase of neopen- 
tane (5, 22-24). Results for this material will be presented 
elsewhere. 

Another novel reorientation process has recently been pro- 
posed to account for an unusually shallow T1 minimum that has 

'NRCC No. 25524. 

been observed only in the ~ t ~ r ~ ~ - ,  TeBr62-, SnBr62-, and 
TeCI6'- salts of TMA (18, 19) at low temperatures; the model 
interprets this minimum in terms of a partial and symmetrical 
rotation of all the methyl groups around their C3 axes between 
two positions about 15" on either side of the all-staggered 
configuration of the ion. While this model (which we will refer 
to from here on as the "twisted methyls" model) is interesting 
and worthy of consideration, we felt that there may be another 
simpler explanation of the Tl results. Furthermore, one might 
question the existence of the two equilibrium positions neces- 
sary for this model. 

All these motions should give different characteristic 2~ nmr 
powder lineshapes (in the fast motion limit), so this seemed to 
be an ideal method for attempting to sort out exactly which 
motions do occur in several selected TMA salts. 

Experimental 
TMA-d12 chloride was obtained from M.S.D. isotopes. TMA-d9 

iodide was prepared by condensing (CD3)3N (MSD isotopes) into a 
tube containing an ethanol solution of methyl iodide at liquid nitrogen 
temperatures (by means of a vacuum line). The tube was sealed and 
allowed to warm up to room temperature, by which time the solids had 
melted, mixed, and reacted. The ethanol was then removed. TMA-d9 
0H.5H20 was prepared from TMA-d91 as follows: An excess of a 
freshly prepared suspension of silver oxide was stirred into a solution of 
TMA-d91. The silver iodide and excess silver oxide were filtered off. 
The resulting solution of TMA-d9 hydroxide was then concentrated and 
left in a desiccator until crystals of the pentahydrate had formed. This 
hydroxide was later neutralized with HBr solution to ive TMA-d9Br, 
which was used to prepare the S n ~ r $ -  and TeBrj-  salts. [TMA- 
d9I2SnBr6 was prepared by mixing the appropriate amounts of 
TMA-d9Br (dissolved in a minimum amount of water at 80°C) and 
SnBr4 (in a small amount of concentrated hydrobromic acid at 80°C). 
The yellow precipitate was cooled, filtered, and washed with absolute 
ethanol (19).[TMA-d9I2TeBr6 was prepared in a similar manner, 
except Te02 was substituted in the place of SnBr4 (19). [TMA- 
dl2I2ZnCl4 was prepared by mixing concentrated solutions of the 
appropriate amounts of dried TMA-d12Cl and ZnC12. The resulting 
precipitate was filtered and dried. A second sample of (CD,)4NOH.5- 
H20 was prepared at a later date from a sample of perdeuterated 
TMAOD hydrate obtained from Cambridge Isotopes Ltd. 

The 'H nmr powder lineshapes were obtained at 27.63 MHz using a 
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RATCLIFFE AND 

TABLE 1. Claimed activation energies for methyl group rotation in 
TMA from 'H TI studies (kcal/mol) 

Anion Ref. E, Anion Ref. Ea 

"Authors (18) suggest alternatively that this is overall reorientation. 
q w o  types of TMA ion in unit cell, assumed (17). 
'Assumes one methyl (E, = 1.6 kcal/mol) is unique (12). 

BNker CXP 180 spectrometer, a BNker/Oxford Instruments cryo- 
magnet, and a variable temperature N2 gas-flow probe with a BNker 
B-VT- 1000 temperature controller. Spectra at liquid nitrogen tempera- 
ture were obtained with a separate probe designed to hold liquid 
nitrogen around the coil and sample. A quadrupole echo pulse sequence 
(25) was used, with a delay time of 35 ps between X and Y pulses of 
2.5 ps, and phase alternation. The cycle repetition times varied from 
0.4-20 s depending on TI. The second sample of TMA-d12 hydroxide 
was investigated below 77 K using liquid helium coolant in an 
Andonian cryostat, with a different probe and a Briiker 1.41 Tesla 
electromagnet. Spectra were then obtained at 9.2 MHz using the CXP 
spectrometer. 

Discussion 
Previously determined methyl rotation barriers 

Table 1 lists all the claimed activation energies for methyl 
reorientation in TMA obtained from TI versus temperature 
studies. The values range widely from 1.6 to 6.8 kcal/mol, 
which itself seems rather unusual. Inelastic neutron scattering 
(INS) studies of the methyl torsional modes in the TMA halide 
salts (26) indicate threefold barriers of 7.9, 7.5, and 6.7 
kcal/mol for the chloride, bromide, and iodide respectively. 
Allowing for the zero point energies, the INS barriers corre- 
spond quite well with the activation energies (7) given in Table 
1, and help to substantiate the interpretation of those n m  
results. Methyl torsional mode assignments in the infrared and 
Raman spectra of the ptC16'-, ~ t ~ r ~ ' - ,  ~ e ~ r ~ ' - ,  and NiC13- 
salts (27) also lead to barrier values of the order of 5 kcal/mol. 
Now, there is no reason why the internal barrier to methyl 
reorientation should change drastically from one salt to another, 
though small changes in the total methyl barrier would be 
expected to arise from differences in the external barriers, as 
indicated by the halide salts. This cannot account, however, for 
the large range of claimed methyl activation energies. The 
barrier to methyl rotation in (CH3)3N in its clathrate hydrate has 
been determined from 'H n m  tunnelling lineshapes to be 
4.17 kcal/mol(28). Any external contribution to the barrier in 
this hydrate should be extremely small, and the internal barrier 
would be lower than that in (CH2LN+ since there is less steric 
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that in neopentane, (CH3)4C, for which the barrier has been 
determined by infrared, INS, and thermodynamics studies 
(summarized in ref. 29) to be no lower than 4.3 kcal/mol. The 
barrier determined from the tunnelling lineshape of neopentane 
clathrate hydrate is also 4.26 kcal/mol(28). The implication is 
that the values lower than this for TMA salts, obtained from 'H 
T1 studies, do not represent methyl reorientation. Consequently 
those values in the right hand column of Table 1 probably 
represent either pseudo-isotropic reorientation or preferred 
reorientation about specific axes (C; or C;) of internally rigid 
TMA ions. 

Second moment discrepancies 
When methyl groups have barriers of -4.5-3.5 kcal/mol, 

tunnelling processes produce lineshapes, at low temperatures, 
that are quite distinct from the rigid lattice lineshape, and for 
barriers lower than 3.5 kcal/mol the lineshapes are the same as 
for the classical rotor. Consequently the observed 'H second 
moments may never reach their anticipated rigid lattice values 
(31). This being the case, there are obvious discrepancies 
between the low activation energies claimed for methyl rotation 
from T1 results and the observation of rigid lattice lineshapes 
and second moments: this is particularly clear in the case of 
TMA CdC13 (12). In fact all the second moment values reported 
at sufficiently low temperatures are very close to the expected 
rigid lattice values (4, 6, 9, 10, 18, 19), though most of these 
studies do not go right down to liquid helium temperatures. 

For whole ion motions the moments of inertia are much 
higher than for methyl reorientation. Consequently energy level 
splittings due to barrier tunnelling are very much smaller than 
for methyl and hence have no observable effect on the 
lineshape. 

Considerations of the "twisted methyls" model 
The model involving the "twisted methyls" appears to have 

originated with Lassettre and Dean (32), who calculated 
potentials using semi-empirical bond dipole and quadmpole 
interactions. Their calculations for neopentane suggested that 
the minimum energy configuration occurs when the methyls are 
all twisted symmetrically away from the all-staggered confi- 
guration by an angle between 0 and 30". However, it has been 
suggested from the analysis of the different energy contribu- 
tions, calculated more recently by ab initio methods, that 
internal barriers are not simply due to bond dipole-quadmpole 
interactions (33); the similarity between observed barriers and 
those calculated using the bond dipole-quadmpole interactions 
may therefore be more fortuitous than realistic. 

Berg (27) revived the model to attempt to explain some 
features of his infrared and Raman spectra of the hexahalometal- 
late salts of TMA, and following this the model seemed to 
provide a plausible explanation of the corresponding 'H T1 
results (18, 19). Berg's statements (27) are misleading, 
however, in that they imply that the torsional barriers in the 
isolated TMA ion are due entirely to electrostatic repulsions 
between the protons. In fact, although H-H interactions must 
certainly play a part, they are only one contributor to the total 
torsional potential. 

We considered it worthwhile doing some simple empirical 
calculations for TMA to attempt to clarify the situation. We 
used the following potential and empirical parameters (34,351. 

. <,- 

crowding. Furthermore, since the barriers to methyl reorienta- V(r) = a exp (-br) - c/r6 
tion in (CH3)4X species increase with decreasing C-X for H-H a = 2171 b = 3.74 c = 24.39 
distance (29, 30), the barrier in TMA+ should be higher than C-H a =  8503 b = 3 . 6 7  c =  111.82 
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TABLE 2. Calculated frequency separations of the pairs of discontinuities (kHz) for various reorientations 
in the fast motion limit based on the rigid parameters given in the first row 

Rigid 252 134 118 0.0635 168.0 

c3 
C; inner doublet 1 76.89 38.44 38.44 0 51.26 

C3 outer doublet 252 126 126 0 168.0 
C$ (2-fold) 134 128.67 5.33 0.9204 89.33 
C2 (4-fold) 5.33 2.67 2.67 0 3.55 
Twisted 30" 229 118.1 110.9 0.03144 152.67 
Methyls 1 20° 241.7 123.6 118.0 0.02317 161.13 

ROTATION ANGLE ("1 
FIG. 1. Steric potential contributions for (CH3)4N+ when all CH3 R O T A T I O N  A N G L E  ("1 

groups are rotated simultaneously in the same direction with respect to FIG. 2. Steric potentid for one CH3 group of ( cH~)~N+ when the 
their C-N axes. (Angle 0" = all-staggered configuration.) three other CH3 groups have all been rotated, in the same direction with 

respect to their C-N axes, to 0, 30, or 60' from the all-staggered 

(The potential is in kcal/mol if r is in A, using these 
parameters.) We assumed C-H = 1.09 A, C-N = 1.5 A, and 
all bond angles to be tetrahedral. 

We first calculated the total steric interaction potential for 
the whole molecule as all 4 methyls are rotated by the same 
angle, Fig. 1. The H-H interactions do indeed ,produce 
potential minima at about ? 16" on each side of the all-staggered 
configuration, but note that the barrier between the two 
positions is very small. The C-H interactions, however, 
produce a symmetrical 3-fold potential with its minimum at the 
all-staggered configuration (indeed because of symmetry this 
must occur). The total potential then has only one broadened 
minimum (in a 120" rotation) at the all-staggered configuration. 
It should also be pointed out that the C-H interactions may be 
underestimated by this kind of interaction potential, because the 
internal bamer involves the electron distributions in the C-H 
and N-C bonds as well as the interatomic interactions. 

Secondly we calculated the steric potential for reorientation 
of one methyl group with the other 3 groups all rotated by angle 

configuration. 

a, for a range of values of a, Fig.2. The H-C term is again a 
constant 3-fold potential with a minimum at the all-staggered 
configuration. The H-H term is a 3-fold potential with a 
minimum at the all-staggered configuration only for a = 0 or 
60"; for 0 < a < 60 the minimum shifts first away from and then 
back to the all-staggered configuration. Note that the height of 
the barrier increases as a increases. Perhaps the most significant 
aspect of this second set of calculations is that the minimum is 
always single, and hence it appears that the double minimum 
will only appear in the total H-H potential when there are 
simultaneous symmetric twists of all 4 methyl groups. 

Obviously thesecalculations are very simplistic and depend 
both on the molecular dimensions and the potential function and 
parameter set chosen. They do indicate, however, that even if 
the parameters were chosen (and weighted in favour of the 
H-H interactions) so as to produce a double minimum in the 
total potential, then the barrier between the two would likely be 
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much smaller than the 7.7-12.8kJ/mol(1.83-3.05 kcal/mol) 
assigned to the "twisted methyls" motion in the earlier nrnr 
studies (18,19). We thus have good reason for investigating 
alternative explanations of the low temperature relaxation 
minimum for those hexahalometallate saltsconcerned. 

2~ lineshape calculations 
Values for the rigid lineshape quadrupole coupling constant 

eZqQ/h = 168 kHz and asymmetry parameter q = 0.0635 were 
used in calculating the motionally averaged lineshapes for a 
number of cases. The results are given in Table 2 and shown in 
Fig. 3. All bond angles were assumed to be tetrahedral and the 
rigid lattice q,, tensor component was assumed to be along the 
C-D bond axis. The narrowed lineshapes were calculated by 
averaging the tensor components at all the equilibrium positions 
sampled by a deuteron during the motion (see ref. 36). The 
calculations apply to the fast motion limit, i.e. when the 
reorientation rate is much faster than the reciprocal of the 
quadrupole coupling constant of the unnarrowed lineshape. 

For the "twisted methyls" model we calculated the motional 
averaging for in-plane flips between two sites for two cases, 
where the sites are separated by angles of 20 and 30" 
respectively. Translated into methyl torsional angles these 
correspond to 2 1.2 and 3 1.9". The larger angle is closer to the 
values suggested by the 'H nrnr study (l9), but we wished to see 
whether the reduced effect of the smaller angle on the lineshape 
would still be detectable if it occurred. (Other angles were 
considered but are not shown here.) It was found that q,, 
changes the most rapidly at low flip angles. The lineshape for 
most flip angles retains a non-zero asymmetry parameter but the 
overall width is reduced. 

For the C; motion, 9 of the deuterons are averaged in exactly 
the same way as the deuterons in a C3 methyl rotation would be, 
i.e. the lineshape is narrowed by a factor of about 1 /3 to give the 
inner doublet of Fig. 3(d). However, the 3 deuterons whose 
C-D axes lie parallel to the C; axis show very little 
narrowing, since q,, remains unchanged and q,, q, are 
averaged. Note that the two sets of doublets that thus make up 
the total lineshape for this motion both have q = 0. For TMA-d9 
ions (CD3)3CH3N+ the result will be exactly the same as for 
(CD3)4N+; even the intensity ratio of 3: 1 of inner:outer doublet 
is unchanged (consider the average of the four possible C; axes 
of the ion). 

The C; twofold reorientation produces an unmistakable 
averaged lineshape with a very largeq. Perhaps of more interest 
is the lineshape produced when reorientation occurs about C; 
among more than the 2-fold positions (e.g. 4-fold is plausible). 
The line in this case is almost completely narrowed, a result 
which arises because all the C-D bonds are oriented at the 

i magic angle with respect to the. C; axis. (In fact if the rigid 
lattice q were zero then the narrowing would be complete.) 

Observed 2~ lineshapes 
The experimental 2~ lineshapes at various temperatures are 

shown in Figs. 4-8. Our efforts to determine which motion 
occurs first at low temperatures are generally hampered because 
of (1) dynamic effects on the lineshape, and (2) the overlap of 
other line-narrowing processes at higher temperature, i.e. the 
pure lineshape as calculated for the fast motion limit above may 
not necessarily be seen. Fortunately the lineshape changes 
occurring are sufficiently well defined in most cases that we may 
be unambiguous in assigning the motions. 

We can briefly summarize some general observations before 
considering each case in more detail: 

TABLE 3. Observed 'H nmr lineshapes: estimated quadrupole 
coupling constants and asymmetry parameters 

TMA salt e2qe/h  (Hz) "l T (K) 

Rigid lineshape components: 

C1 169 0.0512 
I 165 0.0484 
ZnCb 167 0.0637 
0H.5H20 165 0.0687 
TeBr6 169 0.0630 
SIlBr6 170 0.0706 

C3 or C; reduced doublet components 

C1 49 0 
I 5 1 0 
ZnCb 53 0 
0H.5H20 54 0 

FIG. 3. Calculated 'H nmr lineshapes. A, rigid lattice; B,  C, "twisted 
methyls" model, rotation angle between 2 sites 20" and 30" respec- 
tively; D, C; motion; E, Ci 2-fold motion; F, Ci n-fold motion 
(n > 2). The short vertical marks indicate the positions of the rigid 
lineshape singularities. (Note: the inner singularities of the doublets 
have been truncated, since no broadening functions have been con- 
voluted with the pure lineshapes.) All lineshapes (except rigid) in the 
fast motion limit. 

1. In most of the cases studied (except for the OH- salt) we 
have largely the rigid lattice lineshape at 77 K. This is basically 
the same in all the salts, though it may be significant that for the 
C1 and I salts, where motional barriers are highest, the 
asymmetry parameters are lower. Values of e2qQ/h and q are 
given in Table 3. 
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I - '  

I I 

FIG. 4. The 'H nmr lineshapes of (TMA)CI as a function of tempera- 
ture. Note there is a phase change between the lineshapes at 180 and 
190 K. 

2. There is no evidence in any of the spectra of the C; 2-fold 
rotation lineshape. 

3. Features due to the roughly 1 /3 reduced doublet character- 
istic of C3 or C; appear in the spectra of the C1-, I-, ZnC14-, 
and OH- salts. 

4. In all cases as temperature increases we see the develop- 
ment of the pseudo-isotropic lineshape. (Note this could include 
C; 4-fold reorientation.) 

5. There is no evidence for the reduced lineshape for 20-30" 
"twisted methyls7' flipping in the ~ e B r ~ ~ -  and ~ n ~ r ~ ~ -  salts. 

TMA C1 and I 
In the 2H lineshapes of both these salts (Figs. 4 and 5) we can 

observe the appearance of the features of the reduced lineshape 
due to C3 methyl reorientation (see Table 3), over a wide 
temperature range, as the rigid lattice features become less 
well defined and eventually disappear. It is perhaps here where 
we can distinguish between C3 and C$ motion, since for C; we 
should retain a well-defined outer doublet (cf. C; motion in 
certain tert-butyl compounds and (CD3)3N (ref. 1). Of course 
for these two salts we do not question the previous studies, 
which show that C3 motion is the first to occur (7). In both salts 
the C3 fast motion limit lineshape is never attained, since the 
pseudo-isotropic lineshape begins to develop before this occurs. 
Another feature that distinguishes these halide salts is that the 
pseudo-isotropic lineshape begins to appear, and finally becomes 
the only lineshape, at much higher temperatures than in the 
other salts. 

FIG. 5. The 'H nmr lineshapes of (TMA)I as a function of temperature. 

(TMAj2 ZnC14 
All the lineshapes we are concerned with for this salt are for 

the lowest temperature phase VI, which is stable below 161 K 
(37). The lineshape is almost completely rigid at 77 K, by 90 K 
we can see features due to both pseudo-isotropic and C3 or C; 
motions, but by 120 K virtually all the intensity is in the sharp 
central pseudo-isotropic line, Fig. 6. Ignoring the central line, if 
we focus on the spectra above 100 K where the inner doublet has 
more intensity than the outer doublet, the outer doublet now 
appears to have q = 0. Whether this is simply a dynamic effect 
in the narrowing region or the expected effect due to C; motion 
(see calculations) cannot be resolved. However, since we have 
already argued that the activation energies derived from the 'H 
TI results for this salt are too low for methyl C3 reorientation, it 
is quite clear from the 2H lineshapes that the motions involved 
are C; reorientation about one axis followed very closely by 
pseudo-isotropic reorientation. 

The crystal structure of phase VI is not known so one should 
also consider the possibility of having inequivalent TMA ions. 
Some ions may reorient by C; followed by pseudo-isotropic 
motion and others might go straight to pseudo-isotropic motion. 
This would be reflected in the relative line intensities and the 
depths of the two observed T, minima (17). 

(TMA) 0He5H20 
The lineshapes shown in Fig. 7 were all obtained at 9.2 MHz. 

The one spectrum of (CD3)3CH3NOH.5H20 that was obtained 
at 77K and 27.63 MHz was virtually identical to that at 
9.2 MHz except it showed the outer singularities of the broad 
doublet more clearly. (This is on account of the higher pulse 
power attainable in the 27.63 MHz probe.) 

Even at 69 K the 2H lineshape of this material clearly shows 
evidence of a great deal of motion. Again there are features due 
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[(CD3I4Nl2 ZnClb 

110 

105 

100 kHz , 
- -- - 

FIG. 6. The 2~ nmr lineshapes of (TMA)2ZnC14, phase IV, as a 
function of temperature. 

100 k H z  - 
FIG. 7. The 2~ nmr lineshapes of (TMA)OH.5H20 at low tempera- 

tures (9.2 rnHz) . 

FIG. 8. The 'H nmr lineshapes of (TMA)2SnBr6 and (TMAhTeBr6 
below 120 K. 

to C; and pseudo-isotropic motions. The broad outer doublet 
must consist of a small contribution from the broad component 
of the C; lineshape, but it can be largely attributed to the rigid 
lattice lineshape (showing dynamic effects). Note that the C; 
lineshape is most prominent at the lowest temperature and 
together with the rigid lineshape loses intensity to the pseudo- 
isotropic line as the temperature increases. This suggests that 
although C; motion may occur first it is closely followed by 
pseudo-isotropic motion. 

In this particular case one would anticipate a C; motion 
based on X-ray structure information (38); the TMA ion is 
enclathratcd in a cage consisting of water molecules incorporat- 
ing the OH- ion and it has a unique C;  symmetry axis. Also, as 
with most clathrate hydrates (39), reorientation of the ion within 
the cage would be expected to have a very small barrier, and it is 
quite possible that there is disorder of the protons of the cage 
structure at low temperatures. This latter feature can lead to a 
distribution of cage-Potentials and reorientational correlation 
times. From 'H T I  and second moments studies (in progress in 
this laboratory) it is also clear that C g  methyl motion is not 
observed (i.e. ( 1 )  motional narrowing gives the second moment 
values expected for pseudo-isotropic motion, below 110 K; (2) 
at 4 K one obtains a rigid lattice lineshape (no methyl tunnelling 
effects); and (3) the activation energy obtained from T I  for the 
lowest temperature motion is too low for methyl reorientation). 

(TMA)2SnBr6 and TeBr6 
The 'H lineshape changes for these two salts are very similar, 

Fig. 8, and are quite distinct from the others we have considered 
so far. In both salts the rigid lattice lineshape simply seems to 
diminish in intensity while a sharp central line grows, as the 
temperature is increased. In fact there is a trace of the central 
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line even at 77 K. Note that phase transitions have been detected 
at 8 4 K  (TeBr6'- Salt) and 9 0 K  (sI~B~,'- Salt) (19), SO that 
except for the 77 K spectra all the lineshapes shown belong to 
the phase which is also stable at room temperature. There is 
obviously no evidence for C3, C;, or C; (2-fold) reorientation 
in these lineshapes. It is also clear that the broad doublet of the 
rigid lattice does not show any significant narrowing as 
temperature increases, and certainly not to the degree expected 
for the "twisted methyls" flipping motion. 

Since the only motion indicated is pseudo-isotropic (or 
perhaps C; (Cfold)), we must now find an alternative explana- 
tion for the observed T ,  minima. At room temperature all the 
(Th'fA)2MX6 salts, where M = Pt, Te, Sn and X = C1, Br, 
belong to space group Fd3c (19, 40, 41), and whenever this 
phase is stable down to low enough temperatures the shallow 'H 
T1 minimum appears ( reviousl ascribed to "twisted methyls" 
motion), i.e. in TeCl j - ,  F'tBr!-, TeBrG2-, and SnBrs2-. (In 
the TeC16'- case the phase appears to be metastable in the 
temperature range of the shallow T I  minimum, and the lower 
temperature phase does not show this minimum (18).) In 
general, the shallow minimum does not appear in the other solid 
phases. 

The detailed Fd3c structure of the T e ~ r ~ ' -  salt (41) shows 
two crystallographically inequivalent types of TMA ion in the 
ratio 3: 1. We propose that the most plausible reinterpretation of 
the T1 behaviour for these salts is that both observed minima are 
due to pseudo-isotropic reorientation, but with motion of the 
rarer type of TMA ion occumng at lower temperature and hence 
producing a separate shallow minimum. In fact the ratio of the 
two TI  minima roughly fits a 1:3 ratio. The observation that the 
deeper minimum is not very symmetrical is most probably due 
to the pseudo-isotropic nature of the motion. Pseudo-isotropic 
motion for this ion really implies a combination of C; and C; 
motions about all such axes, and some of these motions may 
have slightly different rates (though insufficiently distinct to 
separate them). 

In conclusion, we have demonstrated by way of old and new 
results that methyl group reorientation is not the lowest 
temperature motion occumng in a number of TMA salts. This 
once again shows that careful consideration must be given to all 
the known results concerning structure and motion for any case 
before a complete understanding can be attained. 
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The structure of the nucleoside 5-methoxymethyl-l-(2'-deoxy-~-~-lyxofuranosyl)uracil (MMdLU) was deduced by X-ray 
crystallographic analysis. MMdLU crystallized in space group P2' with a = 8.719(4), b = 13.188(3), c = 5.701(3) A, P = 
109.56(2)" and Z = 2; R = 0.040 for 1208 unique reflections with net I > 2u(I). The furanose ring adopts the rare C(4'fiexo 
envelope conformation (4E). The glycosyl linkage is anti (X = 243.5") and the C(5') side chain has the t conformation. The 
conformation was also determined in solution by nmr analysis. The sugar ring exists in the N-conformation (97 f 5%), the 
populations of the three rotamers about the exocyclic C(4')-C(5') bond were estimated to be g+: t:g- = 23%:59%:18% and the 
glycosidic conformation is predominantly anti. 

J. WILSON QUAIL, JRENA EKIEL, OSSAMA A. L. EL-KABBANI, GUY TOURIGNY, LOUIS T. J. DELBAERE, ALLAN L. STUART 
et SAGAR V. GUPTA. Can. J. Chem. 64, 1355 (1986). 

Faisant appel B la diffraction des rayons X, on a dCterminC la structure du nuclkoside mCthoxymCthyl-5 (dCoxy-2' P-D-lyxo- 
furannosy1)-1 uracil (MMdLU). Le MMdLU cristallise dans le groupe d'espace P2, avec a = 8,719(4), b = 13,188(3) et 
c = 5,701(3) A. P = 109,56(2)" et Z = 2; R = 0,040 pour 1208 rkflexions uniques avec I > 2u(1). Le cycle furannose adopte 
la configuration enveloppe C(4')-exo (4E) qui est rare. La liaison glycosidique est anti (X = 243,5") alors que la chaine latkrale 
C(5 ') adopte une conformation t. On a aussi dCterminC la conformation en solution en se basant sur une analyse par rmn. Le cycle 
du sucre existe dans la conformation-N (97 f 5%) et on a kvaluk que les populations des trois rotamtres autour de la liaison 
exocyclique C(4')-C(5') sont g+: t:g- = 23%:59%:18% et la conformation glycosidique est principalement anti. 

[Traduit par la revue] 

Introduction 
Our laboratory has been interested in viral chemotherapy, 

and, more specifically, the effect of nucleoside analogs on 
herpes simplex virus infections (1-8). The nucleoside, 
5-methoxymethyl-2'-deoxyuridine (MMdUrd), was synthe- 
sized (9) and its selective activity against herpes simplex virus 
was discovered in the early seventies (2). In order to understand 
the molecular basis for selective action of antiherpes drugs, 
analogs of MMdUrd were synthesized and the structural 
modifications were related to the antiviral activity (7, 10). The 
3'-epimer of MMdUrd, 5-methoxymethyl-1-(2'-deoxy-P-D- 
lyxofuranosy1)uracil (MMdLU), which has the 3'-OH group in 
the endo position (lrR,3'R,4'R-configuration), was synthe- 
sized. MMdLU was essentially devoid of activity against herpes 
simplex virus (1 1). The selective activity of MMdUrd is due to 
preferential phosphorylation by virus-induced pyrimidine de- 
oxyribose kinase (viral-K). The nucleotide, after conversion to 
its triphosphate, is a competitive inhibitor of viral DNA- 
dependent DNA polymerase (12). The substrate specificity of 
MMdUrd is most likely a reflection of the amino acids at the 
active center of the viral-K enzyme and the lack of activity of 
MMdLU is related to differences in the stereochemistry of the 

two analogs. Furthermore, since no 2'-deoxylyxonucleoside (or 
2'-deoxyxylonucleoside) has been subjected to X-ray analysis, 
the crystal structure determination of MMdLU was considered 
to be relevant. In order to compare the conformation in solution 
with that found in the solid state, the structure of MMdLU was 
also determined in D20 by nrnr spectroscopy. 

Results and discussion 
The synthesis of MMdLU was accomplished by a four-step 

reaction sequence. The 5'-OH group of MMdUrd was protected 
by tritylation (7). Treatment of the triphenylmethyl derivative 
with methanesulfonyl chloride in pyridine at 4°C gave the 
3'-mesyl ester, which upon hydrolysis in base yielded 
5'-tritylated MMdLU. Detritylation was done in 80% acetic 
acid at 50°C. The structural formula with atomic numbering for 
MMdLU is shown in Fig. 1. 

X-ray analysis. 
The bond lengths and angles determined for MMdLU are 

given in Tables 1 and 2, respectively, and a stereoscopic view of 
the molecule is shown in Fig. 2. The bond distances in MMdLU 
and most of the bond angles are very similar to those in 
MMdUrd. However, the bond angles involving C(3') differ 

'Author to whom all correspondence should be addressed. considerably due to the difference in configuration. The 
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MMdLU 
FIG. 1. Structure and atomic numbering of MMdLU. 

respective values for MMdLU and MMdUrd are C(ll)- 
C (2 ' )4 (3 ' )  104.0(3)" and 101.4(2)", C(2 ' )4(3 ' ) -0(3 ' )  
112.0(3)" and 106.8(2)", 0(3 ' )-C(3 ')-C(4 ')  108.1(3)" and 
11 1.6(2)", 0 ( 4 ' ) 4 ( 4 ' ) 4 ( 3 ' )  103.6(3)" and 106.2(2)". Se- 
lected torsion angles are shown in Table 3. The glycosidic 
torsion angle X, 0(4 ')4(11)-N(l)-C(2) ,  is 243.5" which is 
within the usual range of pyrimidine nucleosides that have the 
anti configuration (13). The x values found in MMdUrd and in 
5-hydroxymethyl-2'-deoxyuridine (HMdUrd) were 233.3" and 
236.4", respectively (14, 15). Torsion angles for the 5-methoxy- 
methyl group C(5)4(5,1)--0(5,2)4(5,3) and C(6)- 
C(5)<(5,1)-0(5,2) are 170.7" and -2.7" for MMdLU. The 
corresponding values are - 114.2" and -99.2" in MMdUrd (14). 
The change in these torsion angles reflect the relatively flexible 
nature of the 5-methoxymethyl group and differences in 
intermolecular hydrogen bonding. 

The values calculated for the two pseudorotational parameters 
(16) of the furanose ring are P = 55.8" and T, = 41.8" for the 
phase angle of pseudorotation and the amplitude of puckering, 
respectively. Each of the deoxyribose rings of MMdLU, 
MMdUrd, HMdUrd, and 2'-deoxythymidine (dThd) in the 
crystalline state exhibit differences in their envelope conforma- 
tion. The conformations and corresponding displacements from 
the mean plane through the other four ring atops are C(4')- 
exo, 0.76 A for MMdLU; C(2')-endo, 0.58 A for MMdUrd 
(14); C(lf)-exo, 0.42A for HMdUrd (15); C(3 ' t exo ,  
0.57 A for dThd (17). It is interesting to note that the C(4')-exo 
conformation observed has not been reported previously for 
pyrimidine nucleosides. 

The crystal structure is stabilized by three intermolecular 
hydrogen bonds. The first one is O(5')-H(05 ') . . . O(4) [2 - x, 
112 + y, 2 - z] with distances O(5') . . . O(4) 2.655(4) A, H(05') 
. . . O(4) 1.74(8) A, O(5')-H(05') 1.04(6) A, and angle 
O(5')-H(05') . . . O(4) of 144(7)"; the second one is O(3')- 
H(03') . . . O(5') [ l  -x, 112 - y, 1 - z] with $stances O(3') . . . 
O(5') 2.649(5) A, H(03') . . . O(5') 1.80(9) A, O(3')-H(03') 
0.93(9) A, and angle O(3')-H(03 ') . . . O(5') 150(7)"; the third 
one is N(3)-H(3 . . . O(3') 11 + x, y, z] with di:tances N(3) . . . 
O(3') 2.878(4) d ,  H(3) . . . O(3') 2.0 l(5) A, N(3)-H(3) 
0.87(5) A, and angle N(3)-H(3) . . . O(3') of 174(4)". 

Nuclear magnetic resonance analysis 
The 'H and l3c parameters are summarized in Tables 4 and 5, 

respectively. The conformation of the sugar ring was obtainted 
from the relationship between the proton-proton coupling 
constants and the pseudorotational properties of the ring using a 

TABLE 1. Bond distances (A, estimated standard deviation of the last 
digit is given in parentheses) 

Bond Distance Bond Distance 

computer program (SPACEJ) based on the method described by 
Haasnoot et al. (18). The calculated coupling constants for the 
full pseudorotational circuit (P = 0" to 360") at a puckering 
amplitude (7,) of 39" are shown in Fig. 3. Based on nmr and 
X-ray evidence (13, 16) as well as theoretical calculations (19), 
the furanose ring in nucleosides exists in solution in a dynamic 
equilibrium between two puckered conformations centered 
around P = 18" (N-conformer) and P = 162" (S-conformer). 
The observed vicinal coupling constants represent time-averaged 
coupling which are linearly related to the couplings of the two 
conformers and their relative populations by eq. [I], where XN 
is the mole fraction of the N-conformer. 

Using this model, it was calculated that in solution, MMdLU 
exists in the N-conformation (97 k 5%). Similarly, a strong 
preference for N-type puckering has been reported for 2'-deoxy- 
lyxo-furanosyladenine (20). A shift of the conformational 
equilibrium toward the C(3')-endo conformer (N-type) was 
also reported for lyxonucleosides (16, 21) and xylonucleosides 
(22-24). These results suggest that the 2'-OH group in lyxo- 
and xylonucleosides is much less important than 3'-OH in deter- 
mining the conformation of the furanose ring. The cisoidal 
relationship between the 3'-OH and 5'-CH20H groups shifts the 
equilibrium towards the N-type conformation. Since the X-ray 
crystallographic analysis showed an unusual C(4')-exo enve- 
lope conformation (P  = 55.8"), the possibility of such a 
conformation in the solution was also considered. There is a 
greater difference between observed and calculated coupling 
constants when a T, value of 39" (the average value reported for 
nucleosides (16, 25)) is used. However, if the value of T, = 
41 .go, found in the solid state, is used for these calculations the 
correlation between experimental and calculated values is 
improved for the C(4')-exo conformation. 

The population of the. three rotamers about the exocyclic 
C ( 4 ' ) 4 ( 5 ' )  bond was estimated from the J 4 ~ , 5 p  and J4,,5" 
coupling constants using the method of Haasnoot et al. (26). 
The weighted time-averaged nrnr couplings are related to the 
couplings of the individual conformers and their relative 
populations by eqs. [2] and [3] where x denotes the mole 
fraction of each conformer present. 

The relative populations for the g+,  t, and g- modes are 23%, 
59%, and 18%, respectively. Assignment of protons H(5') and 
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QUAIL ET AL. 

TABLE 2. Bond angles (degrees, estimated standard deviation of the last digit is given in 
parentheses) 

Bonds Angle Bonds Angle 

FIG. 2. Stereoscopic 

H(5") was done according to Remin and Shugar (27). The 
reverse assignment leads to values of 29%, 13%, and 58%, 
respectively. In contrast, the biologically active epimer 
MMdUrd exists predominantly in the g+ mode (14). The strong 
destabilization of the g+ mode in MMdLU is typical for 
nucleosides having the 3'-OH group cisoidal to the exocyclic 
C(5') group (27). Most likely this is due to the steric and/or 
electrostatic effects of the cisoidal configuration. 

The nmr signal for C(2) is a form of a doublet with 
J C ( 2 ) , ~ @ )  = 8.8 HZ but 3 ~ C ( 2 ) , H ( 1 1 )  not resolved. The value 
of the latter coupling constant can be estimated to be less than 2 
Hz which is consistent with an anti conformation about the 
glycosidic bond. The relationship between the 5-methoxy- 
methyluracil and furanose rings seems to be independent of 
whether the 3'-OH group is endo or exo. 

The two hydrogens of the methylene in the 5-methoxymethyl 
substituent have different chemical shifts. However, since 
both protons of the methylene group have the same coupling 
constant with H(6), the methoxy group does not seem to have 

view of MMdLU. 

any preference to be on one particular side of the pyrimidine 
ring. The anisotropic effects are stronger in MMdLU than in its 
epimer because the methoxy group is closer to the sugar moiety 
in MMdLU. 

Experimental 
5-Methoxymethyl-I 42' -deoxy-P -D-lyxofuranosyl)uracil 

Epimerization at the 3'-carbon was accomplished using the proce- 
dure described previously for thymidine (28, 29). Methanesulfonyl 
chloride (0.94 mL, 12.4 mrnol) was added to a cooled solution of 2.0 g 
(3.4 mmol) of 5-methoxymethyl-5'-triphenylmethyl-2'-dxyudine 
(7) in 20 mL of pyridine at 4°C and the solution was stirred for 16 h. 
Water (0.4 mL) was added and after stirring for 1 h, the reaction 
mixture was added dropwise to ice-water. The precipitate was 
dissolved in 70 mL of CHC13, washed successively with 0.1 M HCl, 
5% NaHC03, and dried over Na2S04. The solvent was removed in 
vacuo and the amorphous powder (2.2 g) was dissolved in a solution of 
60% ethanol-water containing 1 equiv. of NaOH. The reaction 
mixture was stirred at room temperature for 16 h to yield the 
02,3'-cyclic intermediate monitored by the disappearance of the 265 
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TABLE 3. Selected torsion angles (degrees, estimated standard deviation 
of the last digit is given in parentheses) 

Bonds Torsion angle 

- - 

*The convention (15), based on accepted chemical nomenclature, differs 
from the one frequently used where x,, was defined by 0(4'+C(l ')-N(1)- 
C(6). x = XCN + 180, vis. syn = 0 + 90' and anti = 180 ? 90". 

TABLE 4. Chemical shifts (ppm) 

Proton Chemical shift Carbon-13 Chemical shift 

nrn peak and the appearance of shoulders at 23 1 and 255 nm (29). After 
addition of 2 equiv. of NaOH, the mixture was refluxed for 5 h, cooled, 
the pH adjusted to 5 with HC1, and the solvent was evaporated in 
vacuo. The gummy residue was triturated with water and filtered. The 
amorphous power was added to 20 rnL of 80% acetic acid and 
incubated at 50°C for 2 h to remove the trityl group. After chilling, 
triphenylmethanol was removed by filtration. The solvent was eva- 
porated and crystallization from absolute ethanol gave 0.7 g of 
5-methoxy-1-(2'-deoxy-P-D-1yxofuranosyl)uracil (yield 75%); mp 
155-156°C; uv (0.1 M, phosphate buffer, pH 7.0) A,, 264 nm 
(10,300). Anal. cdcd. for CllH1606N2: C 48.52, H 5.93, N 10.29; 
found: C 49.15, H 6.10, N 10.36. 

X-ray crystallography 
Suitzble crystals were obtained from a saturated solution of MMdLU 

in methanoUethy1 acetate over a period of one month. The colorless 
crystals of MMdLU, empirical formula CllHI6O6N2 have the space 
group with a = 8.719(4), b = 13.188(3), c = 5.701(3)A, P = 
109.56(2)", V = 6.77 A3, Z = 2, p = 10.4 cm-', observed density = 
1.44 g ~ m - ~ ,  calculated density = 1.46 g cme3. Quantitative data 
collection was done on an ENRAF-NONIUS CAD4F Diffractometer 
with an o/20 scan and Ni-filtered copper radiation (A = 1.5418 A). 
Three standard reflections were checked every 5000 s for intensity 

TABLE 5. Observed and calculated (17) coupling constants (Hz) 

Jcalcd Jcalcd for 
P = 18" P = 162" Population 

Jobsd 7, = 39O 7, = 39' of N-state (%) 

51'2' 2.0 1.9 10.2 99 
J1t2" 7.8 8.1 5.6 88 
52'3' 1.1 1.4 9.3 103 
J2"3' 5.2 5.1 7.6 96 

53'4' 3.2 3.1 7.7 98 

FIG. 3. Coupling constants 3 ~ H H  (HZ) for d e ~ x y l y x ~ f i r a n ~ ~ e  as a 
function of pseudorotation phase angle P, assuming a puckering arnpli- 
tude, 7, = 39O, calculated by SPACEJ, a program based on the 
method of Haasnoot et al. (17). 

variations and every 100 reflections for orientation. The maximum 
variation of the intensity standard was 3.1%. There was no significant 
decay of the crystal over the entire data collection. The octants + h, k, 1 
were measured. Observational weights for the reflections were derived 
from 

The crystal was 0.825 x 0.375 X 0.150 mm in size and exhibited the 
forms (101), (0 lo), (OOl), (03 I), and (100). A total of 2768 reflections 
were collected out to 0 = 70"; of 1224 unique reflections, 1208 had net I 
> 241).  X-ray data were processed and the structure was solved using 
the XTAL83 system (30) using atomic scattering factors from Cromer 
and Mann (31). All four figures of merit by GENTAN were used to 
choose the best set of phases in the structure determination (RFOM = 
1.04, RFAC = 0.12, PSI0 = 0.79, NEGQ = 96, and CFOM = 0.83). 
All 19 nonhydrogen atoms in the molecule were found on the E map. 

Least-squares isotropic refinement gave an R value of 0.117. 
Anisotropic refinement was then carried out and gave an R value of 
0.068. The positions of the hydrogen atoms were located by using a 
difference Fourier map. Finally, full-matrix least-square refinement of 
anisotropic temperature factors for the non-hydrogen atoms and 
isotropic refinement for the hydrogen atoms converged to an R index of 
0.040. The quantity minimized in refinement was C. WAF'. 

R,  was 0.059 and S was 4.1. The largest and average shifuerror ratios 
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TABLE 6 .  Fractional coordinates and average thermal parameters for 
MMdLU (estimated standard deviation of the last digit is given in 

. . . . parentheses; nonhydrogen atom positions X lo4,  hydrogen atom 
positions x lo3; Ueq = ( U I 1  + UZ2 + U33)/3; Uiso or Ueq X lo3) 

Atom xla ~ l b  zlc Uiso or Ueq (AZ) 

for the parameters in the final cycle of refinement were 0.47 and 0.014, 
respectively. A final difference Fourier map showed a largest peak of 
0.23e. A stereoscopic representation of the molecule is shown in Fig. 2 
and all final coordinates are given in Table 6 .  h VAX 111780 computer 
at the University of Saskatchewan was used to cany out all crystallo- 
graphic computations .' 
Nuclear magnetic resonance spectroscopy 

The nmr experiments were carried out using a Brucker CXP300 
spectrometer. Spectra were recorded in the Fourier transform mode at 
26°C. Solutions were made to a concentration of 0.2 M in DzO. 
Chemical shifts were measured relative to internal trimethylsilyl 
propanesulfonic acid, sodium salt (TSP) for 'H and relative to 
tetrarnethylsilane (TMS) in a concentric capillary for 13c. 'H nmr 
spectra were simulated with the aid of the LAOCOON III program and 
final coupling constants have a precision of 0.1-0.2 Hz. 
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Synthkses, rCactivitC et Ctudes structurales en sCrie thiophCno[b]homotroponique 

BERNARD HANQUET ET ROGER GUILARD' 
Luboratoire de synthdse et d'e'lectrosynthdse organomktallique associk au Centre national de la recherche scientijique (Unite' associe'e 33), 

Faculte' des sciences a Gabriel w ,  6, Boulevard Gabriel, 21100 Dijon, France 
Rech le 26 avril 1985' 

B. HANQUET et R. GUILARD.'C~~. J .  Chem. 64, 1360 (1986). 
Les thiophCno[b]mono et bishomotropones sont prCparCes par action du mtthylure de dimCthylsulfoxoniurn sur les 

thiophCno[b]tropones. La position, la nature des substituants du carbocycle et le solvant rtactionnel sont les paramktres qui 
gouvement l'tvolution de la rCaction de cyclopropanation. La structure des monohomotropones obtenues est Ctablie en mettant 
en oeuvre des analogues deutCriCs et l'analyse des spectres rmn des thiophCno[b]bishomotropones permet de prtciser la 
configuration cis ou trans des composts bishomotroponiques. La rtduction, selon Clemmensen, de ces dCrivCs livre des 
cycloocta et cyclonona[b]thiophCnones dont la structure est dCterminCe par rmn a deux dimensions. 

B. HANQUET and R. GUILARD. Can. J. Chem. 64, 1360 (1986). 
Thiopheno[b]mono and bishomotropones are readily synthesized from thiopheno[b]tropones and dimethyloxosulfoniurn 

methylide. The position, the nature of the seven-membered ring substituents, and the reaction medium are the most important 
parameters of the cyclopropanation reaction. The structure of the monohomotropones is established by comparison with 
deuteriated analogues. The cis or trans configuration of the bishomotropones is determined by nmr data analysis of the 
corresponding alcohols. Clemmensen reduction leads to cycloocta or cyclonona[b]thiophenones. The structure of the latter is 
proved by 2D nrnr. 

Introduction 
Dans un memoire prCctdent (I) ,  nous avons dCcrit les 

modalitks d'accks aux thiophCno[c]mono et bishomotropones et 
examine les problkmes lids ?i la determination de leur structure. 
La prkparation de ces composCs est rCalide avec de bons 
rendernents Uusqu'h 87%) par condensation du rnkthylure de 
dimCthylsulfoxonium sur les thiophCnof cltropones. Le bilan 
rkactionnel peut ttre rCsumC selon le schCma suivant : 

Lors des recherches effectuCes dans cetie sCrie nous avons 
montrC que le nombre et la nature des thiophCno[c]homotro- 
pones obtenues dCpendaient pour l'essentiel du nombre, de la 
nature et de la position des substituants prksents sur le 
carbocycle. Nous avons voulu Ctendre les rCsultats obtenus en 
s ine  [c] ?i la sCrie des thiophCno[b]homotropones pour laquelle 
llasyrnCtrie introduite par la position de l'atome de soufre 
entraine, apriori ,  l'existence de deux thiophCno[b]rnonohomo- 

1. Auteur a qui adresser toute correspondance. 
2. Rtvision rque le 16 janvier 1986. 

tropones isombres et pour laquelle subsistent les problbmes 
stmcturaux liCs h I'isomCrie cisltrans des systkmes bishomo- 
troponiques. 

Ce memoire sera donc consacre h la synthbse, 1'Ctude de la 
rCactivitC et la dktermination structurale des thiophCno[b]homo- 
tropones. Nous montrerons que trois parabbkes ont une inci- 
dence sur 1'Cvolution de la reaction : la nature et la position des 
substituants pksents sur le carbocycle, le rapport agent de cyclo- 
propanation/substrat et le solvant rkactiomel. Nous aborderons 
enfin quelques aspects de la rCactivit6 des thiophCnohomotro- 
pones synthitides ayant trait h la prksence du groupement 
carbonyle en envisageant l'action de rCducteurs tels que 
l'hydrure double de lithium et d'aluminium et I'amalgame de 
zinc. Ces derniers rksultats complbtent ceux que nous avons 
publiCs par ailleurs (2, 3) concernant l'action des agents 
protecteurs de la fonction carbonyle. 

Synthbes 
Le nombre et la structure des composCs obtenus dCpendent de 

la structure des thiophCno[b]tropones rnises en oeuvre et des 
conditions opCratoires. Les transformations sont conduites, sauf 
indication contraire, dans le N,N-dimCthylformamide (DMF) ?i 
la ternpkrature ambiante. 

(1) Influence des substituants du carbocycle 
Au dipart de la thiophCno[b]tropone non substituCe l a  il ne 

nous a pas CtC possible d'isoler d'homotropones, quelles que 
soient les conditions de ternpkrature et de solvant. En revanche 
la thiophCno[b]tropone dimCthylCe l b  conduit h deux thio- 
phCno[b]monohomotropones isombres 2 b  et 3b .  Un analogue 
deutCriC l ' b  de l b  a CtC mis en oeuvre pour dkmontrer la 
structure des deux isombres. Lors de la rkaction de  cyclopropa- 
nation, aucun phknomkne d'Cchange isotopique n'intervient. 

G Au dCpm des thiophCno[b]tropones trimCthylCes l c  et I d  
une seule monohomotropone est obtenue. On retrouve ici un 

R3 rksultat dkjh observk en sCrie [c] : l'encombrement stkrique de 
R4 deux groupernents rnCthyle vicinaux induit la formation de la 
4"rans r n ~ n ~ h o r n ~ t r o p ~ n e  la moins encombrke. 
5 :  cis De mtme qu'en sCrie [c] la prCsence de substituants Clectro- 

attracteurs identiques sur le reste troponique ( R ~  = R3 = 
C02C2H5 ou Ph) conduit sirnultankment aux deux monohomo- 
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HANQUET ET GUILARD 

TABLEAU 1. ThiophBno[b] mono et bishomotropones synthktistes par action du methylure de dimBthylsulfoxonium sur les 
thiophCno[b] tropones 

1 a 
l b  
l ' b  
1 c 
1 d 
l e  
1' e 
If 
1 'f 
1"f 

a. 5f: compos6 cis. 

tropones isombres et 2 une bishomotropone de configuration 
trans. La cyclopropanation des analogues deutCriCs I r e ,  l'f et 
lf'fa CtC Cgalement rCalisCe. 

MSme si la tempkrature de la rkaction est abaissCe, les 
rendements en thiophCno[b]homotmpones diester restent faibles 
(-33%) alors que la transformation des dCrivCs diphCnylCs ' 
s'effectue avec des rendements comparables 2 ceux obtenus en 
sCrie [c] (-77%). Lorsque les deux thiophCno[b]monohomo- 
tropones sont obtenues, le composC 2 est souvent en quantitC 
plus inportante que son isomkre 3. La cyclopropanation de la 
double liaison situCe du c6tC de l'atome de soufre semble donc 
moins aide. Les rksultats sont en accord avec les caractkris- 
tiques m 13C du substrat de dCpart. Ainsi dans le cas de la 
thiophCno[b]tropone If le diblindage plus important de C4 
(132,5 ppm) par rapport i C8 (130,6 ppm) privilCgie l'attaque 
du rCactif sur ce sommet. Cependant la valeur faible de cette 
diffkrence des glissements chimiques explique que les propor- 
tions relatives des isombres 2 et 3 sont parfois trks v~ i s ines .~  Le 
tableau 1 indique les diffkrentes thiophtno[b]homotropones 
synthCtisCes (le tableau 5 de la partie expkrimentale prCcise leurs 
proportions relatives). 

Bien que la thiophCno[b]tropone l a  n'ait pu subir avec succbs 
l'addition d'ylure de dimCthylsulfoxonium, nous avons accCdC 
i certaines thiophCno[b]homotropones non substituks au dCpart 
des homotropones diester. Ainsi, en prksence d'un sel alcalin, le 
dCrivC 2e livre la monohomotropone non substituCe 2a. En 
revanche, et dans les memes conditions expCrimentales, 3e 
conserve un groupement ester pour donner 3g : 

CqCzH5 
Li Cl do C%czHs DMSO - do I H 

La thiophCno[b]bishomotropone 4e conduit avec un bon 
rendement (61%) au dCrivC non substituC 4a : 

(2) Injluence du rapport ylureltropone et du solvant rkactionnel 
Le tableau 2 regroupe les rksultats observCs en faisant varier 

la quantitk relative d'ylure mise en oeuvre et le solvant. Le 
substrat mis en jeu est la thiophCno[b]tropone diphCnylCe If. 

Lorsque la rCaction est effectuCe dans le DMF et sur des 
quantitCs CquimolCculaires (exp. I), la transformation n'est pas 
totale et seules les deux monohomotropones isomkres apparais- 
sent. Lorsque la proportion d'ylure augmente (exp. 2), le dCrivC 
bishomotroponique trans est obtenu simultankment avec les 
deux composCs monohomotroponiques et le rendement global 
de la rCaction est trbs voisin du prCcCdent (76%). Si le solvant 
rCactionne1 est le DMSO (exp. 3)' le mClange des monohomo- 
tropones n'apparait qu'avec un rendement de 4% et le produit 
majoritaire est la bishomotropone trans. I1 convient Cgalement 
de souligner que l'isombre cis apparait simultantment (2%). 
Enfin, si la proportion d'ylure est plus importante (exp. 4), le 
rendement global diminue car l'on observe une dkgradation 
partielle des produits de la riaction. 

Ces constatations expCrimentales suggkrent que la mono- 
homotropone ne subit que difficilement une nouvelle attaque 
d'ylure de dimCthylsulfoxonium dans le DMF meme avec un 
rapport ClevC de rCactif. Un effet cinktique important est mis en 
Cvidence en substituant le DMSO au DMF. Dans ce cas la 
transformation est,, pour des rapports de rCactif comparables, 
beaucoup plus importante. 

COFzHs C%CzHs 
Action des reducteurs 

q DMSO L i  CI - G O  ont CtC essentiellement CtudiCes au depart des composCs di- 
Les rCactions de rCduction des thiophtno[b]homotropones 

COICzH5 H phCnylts pour lesquels nous disposions du plus grand nombre de 
3 e  3 s reprksentants. Deux types de riducteurs ont CtC mis en oeuvre : 

l'hydmre double de lithium et d'alurninium et l'amalgame de 
3. Une Btude thkorique par les mkthodes de Hiickel Btendu et zinc en milieu chlorohydrique. 

CND0/4 est en cours. Les calculs portent essentiellement sur les inter- 
&aires ksultant de l'addition de l'ylure s~ les thioph&o[b]mpones (1) Hydrure double de lithium et d'aluminium 
et conduisant aux composCs 2 et 3. C o m e  en sCrie thiophCno[c]homotroponique, opposC 2 
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CAN. J. CHEM. VOL. 64, 1986 

TABLEAU 2. Influence du rapport ylure/tropone et r6le du solvant 

Rendements en produits formks 
(ou rkcupkrks) 

Solvant Rapport Tropone Monohomos Bishomo -Bishomo 
Exp. rkactionnel ylure/tropone If 2f + 3f trans 4f cis Sf 

- - - - - 

1 DMF 1:l 8 75 0 0 
2 DMF 5: 1 0 51 25 0 
3 DMSO 4: 1 0 4 71 2 
4 DMSO 5: 1 0 0 74 0 

l'hydnue double de lithium et d'aluminium, le mClange des 
thiophCno[b]monohomotropones, non skparkes, conduit au Zn ( ~ g )  

mClange d'alcools attendus. Seuls les dkrivks d'addition-1,2 HCI, / E ~ O H  

sont obtenus : z 

> 

Ph Ph Ether anhydre 

La auct ion des thiophkno[b]bishomotropones pro&de Cgale- 
ment d'une addition-1,2. Mais au dCpart du composC Sf un seul 
alcool est obtenu, alors que deux alcools isombres en propor- 
tions voisines sont isolks au dkpart de 4f. 

Nous avons dCjB signal6 dans un prCcCdent mCmoire (1) que 
l'on observait lors de la rkduction des thiophCno[c]bishomotro- 
pones une trks grande stkrCodlectivitC, un seul alcool &ant 
obtenu au dCpart de chacune des thiophCno[c]bishomotropones 
cis et trans. Cette mCme stCrkosklectivitC conduit h un seul 
alcool au dCpart du composk cis Sf alors que deux alcools 
diastCrCoisombres sont produits au dkpart de 4f. 

(2) Amalgame de zinc 
La riduction selon Clemmensen (4) de la thiophCno[b]homo- 

tropone 4f conduit aux deux composCs isombres 10 et 11 (non 
sCpa1-6~) dans les proportions relatives de 40 et 60%. Ce rksultat 
est observC pour un rapport zinclsubstrat voisin de 40: 1 mais si 
la quantitk de riducteur est augmentCe (100:l) on note Cgale- 
ment l'apparition d'une cyclonona[b]thiophCnone 12, dCrivC 
ultime de la riaction de reduction. 

Ces rCsultats font clairement apparaitre que pour la sCrie de 
composCs Ctudiks, l'hydrure double de lithium et d'aluminium ne 
conduit qu'h des dkrivCs d'addition-1,2 alors que par rduction 
selon Clernmknsen seuls les produits d'addition-1,4 sont ob- 
tenus. Enfin, pour aucun des systbmes Ctudits nous n'avons pu 
mettre en tvidence la formation de thiophknohomotropilidbnes. 

Determination des structures 
La dktermination de la structure des thiophtno[b]homotro- 

pones ou de leurs d6rivb est rendue dklicate en raison de 
l'absence de symktrie du substrat de dkpart. Ainsi pour les 
monohomotropones la position du cycle 1 trois chainons ne peut 
gCnCralement Ctre Ctablie que par comparaison du spectre du . 
composC avec celui de son analogue deutkriC. Pour les bishomo- 
tropones le recours B l'examen radiocristallographique a CtC 
nCcessaire (5). L'analyse des spectres rmn B haut champ a 
permis de lever certaines incertitudes structurales. 

(1) Thiophe'no~]monohomotropones 
Les caractkristiques mm de ces dkrivCs apparaissent dans le 

tableau 3. L'analyse des spectres de rmn protonique des deux 
thiophkno[b]monohomotropones trimCthylCes 2c et 3d (fig. 1) 
est trks aisCe : pour chaque composC les protons du motif 
cyclopropanique apparaissent sous la forme d'un systbme ABX. 
11 s'ensuit que le cycle a trois chainons a Ctt introduit au niveau 
de la double liaison la moins encombrke. Les deux spectres 
prksentent par ailleurs des caractkristiques trbs proches tant pour 
les dt5placements chirniques que pour les constantes de couplage. 
Les deux protons thiophkniques de 2c donnent un systkme AB 
classique alors que ces m2mes protons sont tquivalents dans 3d. 

L'analyse comparative des spectres de 2b et de son analogue 
deutirit 2'b (fig. 2) permet d'Ctablir sans ambiguitt la structure 
de 2b. L'absence de proton Cthylknique sur le spectre de 2'b et 
la disparition simultanke du couplage avec les protons du 
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HANQUET ET GUILARD 

7 6 5 4 1 2 1 0 PPm 

FIG. 1.  Spectre rmn 'H (100 MHz, CDC13) des thiophCno[b]monohomotropones 2c et 3d. 

2 b  : z = H  , spectre (a) 

26 : Z = D  , spectre (b) 

I 
J ' J  C - 

FIG. 2. Spectres rmn 'H (100 MHz, CDC13) de 2b et de son analogue deut6riC 2'b. 
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CAN. 1. CHEM. VOL. 64, 1986 

TABLEAU 3. CaractCristiques rmn des dihydro-4,4 3bH-cyclopropa[3,4lcyclohepta[l,2-b]thiophCnones-5,2, 

2 

Protons 

ThiophCniques Exocycliques 

H I Hz H3 de R' de R2 de R3 de R4 

Compost R' R2 R3 R4 m/i 6 m/i 6 m/i 6 m/i 6 m/i 6 m/i 6 m/i S 

groupe methyle voisin permet de fixer la position du cycle 2 trois 
chainons du c8tC opposC 2 l'atome de deutCrium. 

Dans le cas des deux thiophCno[b]monohomotropones 2e et 
3e,  l'analyse des couplages 2 longue distance permet de 
conclure. Ainsi pour l'isombre 2e on note un couplage ' J  en 
azig-zag>> entre le proton thiophknique Hg et le proton 
CthylCnique H7. Ce couplage n'apparait pas dans le cas de 3e 
pour lequel la disposition des liaisons est telle que le zig-zag est 
<< cassC D. L'analyse comparative des spectres de 2e et 2'e 
d'une part et 3e et 3'e d'autre part confirme cette attribution 
stmcturale (voir tableau 3). 

thiophCno[b]bishomotropones par suite de la dissymktrie in- 
trinsbque 2 la serie [b] . 

Le dCrivC trans 4f prksente deux systbmes AMX entre 1,O et 
3,O ppm. Dans le mCme domaine de fkiquence l'isombre cis Sf 
montre deux systbmes plus fortement couplCs de type ABX. 
Cependant l'exarnen comparatif de ces donnCes est insuffisant 
pour preciser la nature cis ou trans de ces thiophCno[b]bisho- 
motropones. Aussi, nous avons analysC les spectres rmn des 
alcools dCrivCs. Leur examen comparatif (voir fig. 3) montre 
que deux alcools isombres sont isolCs au dCpart de 4f alors qu'un 
seul alcool apparait lors de la riduction de Sf. 

(2) Thioph~no[b]bishomotropones 
L'ensemble des donnCes de rmn des thiophbno[b]bishomo- (3) Cycloocta et cyclonona[b]thiophe'nones 

tropones figure dans le tableau 4. L'examen comparatif des donnCes de rmn des composes 10, 
Si les spectres de rmn des thiophCno[c]bishomotropones (1) 11 et 12 et celles de leurs analogues deutCriCs l o ' ,  11' et 12' a 

prCsentent une grande symCtrie tant pour les composCs cis que permis de prCciser la structure de ces dCrivCs. 
pour leurs isombres trans, il n'en est plus de mCme pour les Dans le cas de la cyclonona[b]thiophCnone 12 l'existence de 
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HANQUET ET GUILARD 

et des dihydro-4,4a 3bH-cyclopropa [3,4]cyclohepta[2,1-b]thiophtnones-5, 3 

Troponiques Cyclopropaniques Constantes de couplage 

deux motifs -CH2-CH2-CHPh- inkquivalents et in- 
d$endants rend l'analyse spectrale dClicate. 

Le recours ii un spectre C o s y 4  est nkcessaire pour prkciser 
les connexions des dix protons idquivalents. Nous avons fait 
figurer de part et d'autre de la diagonale les connexions relatives 
ii chacun des deux systkmes de cinq protons (voir fig. 4). 

Le spectre calculC5 avec les valeurs mesurCes sur le spectre ii 

4:. Le spectre COSY a Ctt obtenu ?I I'aide du micro-programme 
BRUKER COSY . AU. Paramktres introduits : 5 12 expkriences; 32 
signaux collect&; 4 signaux ignoris; deuxikme dimension 2K; premikre 
dimension 1K; multiplication sinusoidale dCphaste de a 1 1 0  dans les 
deux dimensions; dtlai de recyclage 2 s; dtlai initial entre les deux 
impulsions : 3 ps; angles d'impulsion 90" et 90' (8 ps). 

5. Programme de simulation PANIC (Bibliothkque BRUKER). 
Largeur des raies : 0,5 Hz. Ce program est limit6 A 9 spins intquiva- 
lents. On peut cependant dans notre cas scinder le calcul en traitant 
successivement deux systkmes indkpendants de 5 spins non equivalents 
et en additionnant les deux sous-spectres ainsi obtenus. 

une dimension coincide parfaitement avec ce demier (voir fig. 
5). Nous avons Cgalement fait figurer le spectre de 12', analogue 
deutkrik de 12. On constate ainsi : 

(i) que les signaux des protons H4endo et H4exo sont tous 
deux concemks par la prCsence d'un atome de deuterium en 
position 4, 

(ii) qu'il est possible d'assigner les deux motifs -CH2- 
CH2-CHPh- sur la base de la comparaison des deux 
spectres. 

L'examen attentif des valeurs des constantes de couplage 
(voir partie expkrimentale) permet de prCciser la conformation 
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TABLEAU 4. Caract6ristiques m des tCtrahydro-4,4a,6,6a 

Thiophkniques Exocycliques 

ComposC Configuration R' RZ R3 R~ m/i 6 m/i 6 m/i 6 m/i 6 

4a trans H H H H d / l  7,01 2d/l 6,83 - - - - 
4e trans H Ea E H d / l  7,05 d / l  6,85 qd/l 4,32 qd/l 4,31 

qd/l 4,24 qd/l 4,23 
t/6 1,32 t/6 1,32 

4' e trans H E E D d / l  7,05 d / l  6,85 qd/l 4,32 qd/l 4,31 
qd/l 4,24 qd/l 4,23 
t 16 1,32 t/6 1,32 

4f trans H Pha Ph H d / l  7,08 d / l  6,92 MI10 -7,30 MI10 -7,30 
4'f trans H Ph Ph D d / l  7.08 d / l  6,91 MI10 -7,30 MI10 -7,30 
4"f trans D Ph Ph H d / l  7,08 d / l  6,91 MI10 -7,30 MI10 -7,30 
sf cis H Ph Ph H d / l  7,15 2d/lb 6,94 MI10 -7,OO MI10 -7,OO 

Constantes de couplage 

J 3 b  3 3 a -  J4& J4endo J6& J6a- J5a- J5& J6endo 
Compost? J3wa kndo  4exo 4endo 4exo 4exo J 5 ~ a  6endo 6exo 6endo 6exo 6exo 52-3 

>JH -H = 7,47 Hz 
loendo Yendo 

privilkgike qu'adopte cette moltcule. Pour l'un des motifs 
-CH2-CH2-CHPh-, un seul des cinq protons Cchange 
trois couplages importants et un couplage plus faible. II s'agit 
ntcessairement du proton HSendo. En effet, outre la constante 
gCminCe (13,81 Hz) Cchangte entre ce proton et HSexo, HSendo 
prksente deux couplages vicinaux importants (12,38 et 7,29 Hz) 
correspondant 5 des interactions diaxiales respectivement avec 
H6 et H4endo. Enfin la valeur peu ClevCe de la constante 
H5endo-H4exo (3,73 Hz) est attribuable a une interaction de type 
axial-Quatorial. Un raisomement identique peut Ctre tenu 5 pro- 
pos du proton HgendO et la conformation privilCgiCe qu'adopte 
cette molCcule peut alors Ctre proposCe et reprCsentCe selon le 
schema ci-dessous. 

Conclusion 
La rCactivitC des thiophCno[b]tropones vis-a-vis du mdthylure 

de dimCthylsulfoxonium ne diffire pas fondamentalement de 
celle de leurs isomkres [c]. La structure des thiophCno[blmono- 
homotropones obtenues dCcoule de l'examen comparatif des 
spectres de rmn a champ moyen des composCs et de leurs 
analogues deutCriCs. L'analyse spectrale 21 haut champ des 
produits de rkduction a contribuC a Clucider les probltmes 
structuraux liCs 2 l'isomCrie cisltrans des systkmes bishomo- 
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HANQUET ET GUILARD 

3b~,5a~-dic~clo~ro~a[3,4:6,7]c~clohe~ta[l,2-b]thiophCnones-5, 4 et 5 

Protons 

Cyclopropaniques 

H3b H4a b e n d 0  H4exo Hda H5a Hdendo Hdexo 

m/i 6 m/i 6 m/i 6 m/i 6 m/i 6 m/i 6 m/i 6 m/i 6 

troponiques. L'action de l'amalgame de zinc conduit a des 
cycloocta et cyclonona[b]thiophCnones dont la structure est 
dtterminCe par analyse des spectres de rmn a haut champ. 

Partie experimentale 
Les analyses ClCmentaires ont CtC effectuCes par le Service Central 

d' Analyse du C.N.R.S. Les spectres de rmn 'H ont CtC enregistrts A 
100 MHz sur un appareil JEOL FX 100 et A 400 MHz sur un appareil 
Briiker WM 400. Un Cchantillon de 5 mg est, sauf indication con- 
traire, dissous dans 0,2 cm3 de CDCI3. Les dCplacements chimiques 
sont donnCs en ppm par rapport A SiMe4 et les constantes de couplage 
en Hz (rCsolution digitale : 0,01 Hz). Les multiplicitCs sont indiquCes 
cornme suit: s (singulet), d (doublet), t (triplet), q (quadruplet), m 
(multiplet). 

A.  Matikres premikres 
1. Thiophe'no/b]tropones 

Les thiophtno[b]tropones mises en oeuvre ont CtC prCparCes par les 
mCthodes dCcrites dans la 1ittCrature (6) : cyclohepta[b]thiophCnone-6, 
l a ,  F = 94°C; dimethyl-5,7 cyclohepta[b]thiophCnone-6, l b ,  F = 
83°C; trimCthyl-5,7,8 cyclohepta[b]thiophCnone-6, l c ,  F = 73°C; tri- 
methyl-4,5,7 cyclohepta[b]thiophCnone-6, Id, F = 80°C; 0x0-6 cyclo- 
hepta[b]thiophCne dicarboxylate-5,7 de ditthyle, l e ,  F = 103°C; 
diphCny1-5,7 cyclohepta[b]thiophCnone-6, If, F = 140°C (rmn I3c, 
100 MHz, 6 ppm/TMS : 187,2 (CO), 132,5 (C4), 131,6 (C3), 130,6 
(C8), 128,5 (C2). 

2. Thiophe'no/b]tropones deute'rie'es 
Dime'thyl-5,7 cyclohepta/blthiophe'none-6 (0-a), Z'b 
La preparation est identique ?a celle de son analogue non deutCriC 1 b. 

Au depart de diformyl-2,3 thiophhne (CDO-3) (14 g, 100 mmol) et de 
13 g (150 mmol) de pentanone-3 on isole 16,5 g (Rdt = 87%) de l 'b; 
F = 80°C. ~ n a l :  calc. pour CIIH9DOS : C 69,08, H 4,74, D 1,05, 
0 8,37, S 16,77; trouvC : C 69,3, H 4,8, D 1,0, 0 8,6, S 16,5. 

0x0-6 cyclohepta/b]thioph&ne dicarbonylate-5,7 de die'thyle (D-8), Z'e 
FIG. 3. Spectres rmn 'H (400 MHz, (CD3)2CO) des thiophCno[b]- 

bishomotroponols; (a) 9f, (b) 8. i : impuretk du solvant deuttriC. 
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CAN. 1. CHEM. VOL. 64, 1986 

FIG. 4. Speck COSY (400 MHz, CDC13) du compos6 12 montrant les connexions des deux motifs -CH2-CH&HPh independants. 

Dans les mzmes conditions que le, au depart de difomyl-2,3 thio- 
phkne (CDO-2), 1'e est obtenu avec un rendement de 78%; F = 103°C. 
Anal. calc. pour C15H13D05S : C 58,62, H 4,26, D 0,65, 0 26,03, 
S 10,43; trouvC : C 58,6, H 4,2, D 0,6, 0 26,2, S 10,s. 
Diphdnyl-5,7 cyclohepta[b]thiophknone-6 (0-8), I f f  et diphknyl- 
5,7 cyclohepta[b]thiophdnone-6 (D-4), Z"f 

On proctde c o m e  pour lf respectivement au depart de diformyl-2,3 
thiophkne (CDO-2) ou (CDO-3) (Rdts = 79 et 68%); F = 138 et 
138°C. Anal. calc. pour C21H13DOS : C 79,97, 0 5,07, S 10,16; 
trouv6pour l'f: C 80,5,O 5,1, S 10,O; trouvepour 1"f: C 80,1,O 5,0, 
S 10,l. 

B. Cyclopropa et dicyclopropa cyclohepta[b]thiophdnones-5 
Les thiophCno[b]homotropones ont 6tC priparCes dans des condi- 

tions voisines (voir tableau 5) qui ne seront dCtaillCes que dans 
l'exemple suivant. 
Trimdthyl - 4a,6,7 dihydro - 4,4a 3bH - cyclopropa[3,4]cyclohepta- 
[2,1 -b]thiophknone-5, 3d 

A une suspension de 1,92 g (40 mmol) d'hydrure de sodium (50% 
dans l'huile minkrale), prealablement lavie par trois fois 50 cm3 
d'kther de p6trole on ajoute 8,80 g (40 mmol) d'iodure de trim6thylsul- 
foxonium (7) et 50 cm3 de N,N-dimithylformamide (DMF). Aprts 1 h 
de contact l'ylure obtenu est filtr6 et additionne i une solution de 2,04 g 

(10 mmol) de Id dans 50 cm3 de DMF. Le milieu se colore 
progressivement en brun. L'a itation est poursuivie 12 h, puis le 
m6lange est verse sur 200 cm d'eau acidifi6e (pH -2). La phase 
aqueuse est extraite i 1'6ther et les phases organiques r6unies sont 
lav6es i l'eau jusqu'i neutralite, s6chCes sur sulfate de magnesium et 
les solvants sont Cvapores. Le solide brut obtenu est chromatographi6 
sur acide silicique (eluant : Cther-hexane 1:2), puis recristallisk dans 40 
cm3 de ce m&me melange de solvants. On obtient 1 3 7  g (Rdt = 72%) 
du composC 3d; F = 119°C. 

Tmis autres thiophtno[b]homotropones ont kt6 obtenues par &car- 
boalkoxylation des homotropones correspondantes selon les protocoles 
suivants : 
Dihydro4,4a 3bH-cyclopropa[3,4]cyclohepta[l,2-blthiophdnone- 
5, 2a 

Au depart de 0,96 g (3 mmol) de 2e et 0,25 g de chlorure de lithium 
dans 60 cm3 de DMSO i reflux on isole 0,25 g (Rdt = 47%) de 2a; 
F = 57°C; rmn 6 (400 MHz) : 7,35 (d, H2, J = 4,98 Hz), 7,13 (2d, H3, 
J = 4,98 et 0,70 Hz), 6,91 (2d, H,, J = 12,57 et 0,70 Hz), 5,94 
(2d, H6, J = 12,57 et 1,70 Hz), 2,60 (3d, H3b, J = 8,41, 9,02 et 
6,98 Hz), 2,54 (44 Hda, J = 8,41, 9,19, 6,28 et 1,70 HZ), 1,93 (34  
LO, J = 9,02,9,19 et 4,60 Hz), 1,47 (3d, Hkndo, J = 6,98,6,28 et 
4,60 Hz). Anal. calc. pour Cl&I8OS : C 68,15, H 438 ,  0 9,08, 
S 18,20; trouvC : C 68,3, H 4 ,6 ,O 9,2, S 18,l.  
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HANQUET ET GUILARD 

FIG. 5. Spectres rmn 'H (400 MHz, CDC13) : (a) du compos6 12; (b) de 12', analogue deut6riC de 12; (c) spectre calcul6 de 12. 

0x0-5 dihydro-4,4a 3bH-cyclopropa[3,4]cyclohepta[2,1-blthio- 
phknecarboxylate-6 d'e'thyle, 3g 

Au d6part de 0,18 g de 3e, 0,05 g de chlonue de lithium et en op6rant 
c o m e  pr6c6demment on isole 0,09 g (Rdt = 43%) de 3g. Ce compose5 
a 6 e  uniquement caract6rid par son spectre de rmn protonique; rmn 6 
(400 MHz) : 7,72 (s, H7), 7,07 (d, Hz, J = 5,35 HZ), 7,00 (d, HI, 
. /  = 5,35 HZ), 4,29 (q, -OCH-, . /  = 7,08 HZ), 2,91 (3d, H3b, 
J =  8,99,8,51 et6,63Hz),2,75 (3d,H4a, J = 8,99,8,62et6,92Hz), 
1,97 (3d, Hkxo, J = 8,51, 8,62 et 5,38 Hz), 1,93 (3d, J = 6,63, 
6,92 et 5,38 Hz). 

trans Te'trahydro-4,4~,6,6~ 3bH,5aH-dicyclopropa[3,4:6,7]cyclo- 
hepta[l,2-blthiophinone-5. 4a 

Le composC4a, 1,83 g (6 mmol) et 0,51 g (12 mmol) de chlorure de 
lithium conduisent aprks 2 h de chauffage reflux dans 120 cm3 de 
DMSO ?I 0,70 g (Rdt = 61%) de 4a; F = 88°C. Anal. calc. pour 
CllHloOS : C 69,44, H 5,30,O 8,41, S 16,85; trouvt : C 69,8, H5,3, 
0 8,4, S 16,3. Les caract6ristiques rmn de ce compost apparaissent 
dans le tableau 3. 

C. De'rivis de reduction des cyclopropa et dicyclopropa cyclohepta[b]- 
thiophinones-5 

I. Cyclopropa et dicyclopropa[b]thiopht?ne-01s-5 
DipEnyl-4~,6 dihydro4,4a 3bH-cyclopropa[3,4]cyclohepta[l,2- 

blthiophkne-01-5, 6f et diphe'nyl-4a,6 dihydro4,4a 3bH-cyclo- 
propa[3,4]cyclohepta[2,1-blthiophkne-01-5, 7f 

A une suspension de 0,76 g (20 mmol) de LiAlH4 dans 40 cm3 
d'6ther anhydre on ajoute goutte ?i goutte aO°C une solution de 1,64 g (5 
mmol) du m6lange 2f + 3f. Aprbs 2 h de contact l'excks d'hydrure est 

d6truit par2 cm3 d'eau. Le pr6cipitC form6 est filtr6 et lav6 par trois fois 
10 cm3 d'6ther. Les phases CthCr6es sont lavkes, sCch6es et le solvant 
est 6vapor6. On obtient 1,3 g (Rdt = 80%) du m6lange 6f + 7f; rmn 6 
(400 MHz, (CD3)zCO) : 7,20-7,50 (M, 24H arom.), 4,92 (d, CHOH 
(6j3, J = 5,08 Hz), 4,88 (d, CHOH (7f), J = 5,13 Hz), 3,93 (d, 
CHOH (7f), J = 5,13 Hz), 3,92 (d, CHOH (6j3, J = 5,08 Hz), 2,93 
(2d, H3b (7f), J = 5,93 et 9,81 Hz), 2,26 (2d, H3b (6f), J = 6,09 et 
10,07 Hz), 1,75 (2d, H4endo (7f), J = 4,00 et 5 9 3  Hz), 1,71 (2d, 
&endo (6j3, J = 4,09 et 6,09 Hz), 1,06 (2d, H4exo (7f), J = 4,00 et 
9,81 Hz), 1,01 (2d, H4exo (6f), J = 4,09 et 10,07 Hz). 

trans-Diphinyl4a,5a titrahydro-4,4~,6.6~ 3bH,5aH-dicyclopro- 
pa[3,4:6,7]cyclohepta[l,2-blthiophkne-01-5, 8f 

Au d6part de 2,00 g de 4f (535 rnmol) et de 1,14 g de LiAIH4 (30 
mmol) on isole 1,52 g (Rdt = 76%) de 12f; F = 110°C; rmn 6 (400 
MHz, (CD3)2CO) : 7,l-7,6 (M, 24H arom.), 5.05 (d, CHOH, J = 
7,08 Hz), 4,96 (d, CHOH, J = 7,32 Hz), 3,52 (d, CHOH, J = 7,08 
Hz), 3,39 (d, CHOH, J = 7,32 Hz), 1,O-3,O (M, 12H aliph.). Anal. 
calc. pow CZ3HzoOS : C 80,19, H 5,85, 0 4,65, S 9,31; trouv6 : C 
80,2, H 5,9, 0 4,6, S 9,2. 

cis-Diphe'nyl-4a,5a te'trahydro-4,4a,6,6a 3bH,5aH-dicyclopropa- 
[3,4:6,7]cyclohepta[l,2-blthiophkne-01-5, 9f 

La r6duction de 0,02 g de Sf (-0,06 mmol) conduit ?i 0,005 g de 9f 
(Rdt - 25%); F = 172°C. Ce compost5 a uniquement 6th caract6risC par 
son spectre de rmn : rmn 6 (400 MHz, (CD3)&O) : 6,8-7,3 (M, 12H 
arom.), 5,16 (d, CHOH, J = 6,30Hz), 3,79 (d, CHOH, J = 6,30Hz), 
2,77 (2d, H6a, J = 5,38 et 9,16 HZ), 2,64 (2d, H3b, . /  = 5,58 et 9,50 
HZ), 1,61(2d, H6endo, . /  = 5,38 et 3,25 HZ), 1,47 (2d, Hkndo, J = 3,19 
et 5,58 Hz), 0,79 (2d, H6exo, J = 3,25 et 9,16 Hz), 0,65 ( 2 4  H4aor 
J = 3,19 et 9,50 Hz). 
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TABLEAU 5. CaractCristiques des rCactions et des dihydro-4,4a 3bH-cyclopropa[3,4]cyclohepta[l,2-b]thiophCnones-5, 2, dihydro-4,4a 3bH- 
4 et 5 

Substrat Rapport Solvant Eluant de Produit(s1 Rendement(s) Solvant(s) de 
de dCpm R' R~ R~ R~ ylure/tropone rkactionnel sCparationb obtenus(s) (%I recristallisationb 

l'b* H CH3 CH3 D 

1 c H CH3 CH3 CH3 
1 d CH3 CH3 CH3 H 
V H Ph" Ph H 

1 e H E E H 
l'e* H E E D 

l ' e  H E E D 

DMF 

DMF 

DMF 
DMF 
DMF 

DMSO 

DMF 

DMSO 

DMF 

DMF 
DMF 

DMF 

A-F (1 :3) 

A-F (1 :3) 

- 
A-B (1:2) 
B-C (1:l) 

B-C (1:l) 

B-C (1:l) 

B-C (1:l) 

A-F (2: 1) 

- 
A-F (2: 1) 

- 

B 
- 
B 
- 
B 

A-B (1:2) 

B-C (2:l) 

B-C (2:l) 
B-C (2:l) 
B-C (2:l) 
B-C (2:l) 
B-C (2:l) 
B-C (2:l) 
B-C (2:l) 
A-B (1 : 1) 
A-F (1:2) 
B-C (10: 1) 
A-B (1:l) 
A-F (1 :2) 
B-C (10: 1) 

a. E = C02C2HS, Ph = C a 5 .  
b. A : 6ther anhydre; B : hexane; C : chlomre de mtthyltne; D : tther de pttrole; F : pentane. 
c. Proportions relatives calcultes par integration des signaux rmn des protons cyclopropaniques. 
*Les rendements en composts deuttrits sont souvent plus faibles que ceux signalts pour leur analogues protonts car ces r6actions ont ttt conduites sur de faibles 

quantit6s de rtactifs. 

2. Cyclopropacycloocta et cyclopropacyclonona thiophknones-5 
Diphtnyl4a,6 hexahydro4,4~,5,6,7,8 3bH-cyclopropa[3,4]cyclo- 

octa[l,2-blthiophknone-5, 10, diphknyl4a,6 hexahydro4,4a,5, 
6,7,8 3bH-cyclopropa[3,4]cycloocta[2,1 -b]thiophoe-5, 11 

Au d6pa1t de 4,06 g (14 mmol) de chlorure mercurique, de 13,08 g 
de zinc et de 1,7 1 g (5 mmol) de 4fportCs h reflux pendant 12 h dans 100 
cm3 d'kthanol et 10 cm3 d'acide chlorhydrique (d = 1,19) on isole 1,06 
g (Rdt = 70%) du mClange 10 + 11; rmn 6 (400 MHz) (caracttristiques 
des ponts mtthyltniques) : 2,28 (2d, H4endo (1 I), J = 3,80 et 6,19 Hz), 
2,15 (2d, Hkndo (lo), J = 4,13 et 6,66 Hz), 1,32 (2d, Hkxo (111, 
J = 3,80 et 8,72 Hz), 1,21(2d, H4exo (lo), J = 4,13 et 9,17 Hz). Anal. 
calc. pour C23H200S : C 80,19, H 5,85, 0 4,64, S 9,31; trouvC : C 
80,3, H 5,8, 0 4,8, S 9, l .  

Compose's 10,  11 et diphknyl-6,8 hexahydro-5,6,7,8,9,10 4H- 
cyclonona[1,2-blthiophknone-7, 12 

En procCdant avec une quantitC relative plus importante d'amalgame 
de zinc (prCpar6 au dCpm de 2,70 g (10 mmol) de chlorure mercurique 
et de 13,08 g de zinc), 0,68 g (2 mmol) du composC 4f conduisent h 
0,17 g (Rdt = 22%) du mClange 10 + 11 pdc6demment d M t  et k 0,15 g 
(Rdt = 22%)de 12; F = 155"C;rmn6(400MHz) : 6,80-7,10(M, 12H 
arom.), 3,83 (2d, H8, J = 12,34 et4,58 Hz), 3,81 (2d, H6, J = 12,38 
et 4,27 Hz), 3,11 (3d, H4exo, J = 15,40, 3,73 et 9,28 Hz), 2,89 
(3d, Hloa0, J = 14,57,3,35 et 9,48 HZ), 2,86 (3d, H4endo, J = 15,40, 
7,29 et 3,96 Hz), 2,67 (3d, HIOendo, J = 14,57,7,47 et 3,42 Hz), 2,62 
(4d, HSendo, J = 12,38, 3.73, 7,29 et 13,81 Hz), 2,47 (4d, H9endo, 
J = 12,34. 3,35,7,47 et 13,90 Hz), 2,16 (4d, HSexo, J = 4,27, 9 3 ,  
3,96 et 13,81 Hz), 2,13 (4d, HgeX,, J = 4,58, 9,48, 3,42 et 13,90 
Hz). Anal. calc. pour C23H220S : C 79,73, H 6,40, 0 4,62, S 9,26; 
trouvC : C 79,3, H 6,3, 0 4,6, S 9,2. 

Diphknyl4a,6 hexahydro4,4a,5,6,7,83bH-cyclopropa[3.4]cyclo- 
octa[l,2-blthiophknone-5 (0-8), 10' , diphknyl-4a, 6 hexahydro- 
4,4a,5,6,7,8 3bH- cyclopropa[3,4]cycloocta[2,1 -b]thiophkne-5 
(D-3b), 11' et diphknyl-6,8 hexahydro-5,6,7,8,9,10 4H-cyclo- 
nona[l,2-b]thiopht!none-7 (D-1 O), 12 ' 

Dans les memes conditions que celles que nous venons de dCcrire, 
0,50 g (1,45 mmol) du composC 4'f, 2,03 g (7,5 mmol) de chlorure 
mercurique et 6,54 g de zinc conduisent h 0,07 g (Rdt = 14%) du 
mClange 10' + 11' et h 0,09 g (Rdt = 18%) de 12'; F = 149°C. 
ComposCs 10' + 11' : rmn 6 (400 MHz) : (caractCristiques des ponts 
mCthylCniques) 2,27 (d, Hkndo (111), J = 3,91 Hz), 2,14 (2d, H4endo 
(lo'), J = 4,00 et 6,59 Hz), 1,31 (d, Hkxo ( l l f ) ,  J = 3,91 Hz), 1,21 
(2d, Hkxo (lo1), J = 4,00 et 9,04 Hz). Anal. calc. pour Cz3H19DOS : 
C 79,96,O 4,63, S 9,28; trouvC : C 79,6,O 5,0, S 9,O. Compost 12' : 
Anal. calc. pour C23H2,DOS : C 79,49, 0 4,60, S 9,23; trouvt : C 
79,6, 0 4,4, S 9,2. 
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cyclopropa[3,4]cyclohepta[2,l-b]thioph6nones-5, 3 et des t6trahydro4,4a,6,6a 3bH,SaH-dicyclopp[3,4:6,7]cyclohepta[l,2-b]thioph~nones-5, 

Analyse centesimale 

F o u  Formule(s) 
Eb ("C) mol6culaire(s) Calc. Tr . Calc. Tr . Calc. Tr . Calc. Tr . 
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The internal rotational potential in benzyl chloride 
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TED SCHAEFER, RUDY SEBASTIAN, and GLENN H. F'ENNER. Can. J. Chem. 64, 1372 (1986). 
The 'H nmr spectra of benzyl chloride in dilute CS2 and acetone-d6 solutions are analyzed. The long-range coupling constants 

are consistent only with a low-energy conformation in which the C-C1 bond lies in a plane perpendicular to the benzene plane. 
Geometry optimized computations at the S T 0  3G level of molecular orbital theory agree with this conclusion and yield a nearly 
pure twofold barrier to internal rotation of 8.6kT/mol. In CS2 solution the long-range couplings yield 8.8 kT/mol, rising to 
11.2 kT/rnol in acetone solution. This increase in the internal barrier in a polar solvent is similar to that found for benzyl fluoride, 
but in the latter the barrier itself is very much smaller than in benzyl chloride. 

TED SCHAEFER, RUDY SEBASTIAN et GLENN H. F'ENNER. Can. J. Chem. 64, 1372 (1 986). 
On a analysk les spectres rmn du 'H du chlorure de benzyle qui ont kt6 determinks dans des solutions dilukes de CS2 et 

d'acktone-d6. Les constantes de couplage B longue distance ne sont en accord qu'avec une conformation de basse Cnergie dans 
laquelle la liaison C-Cl serait dans une plan perpendiculaire au plan du benzbne. Des calculs optimisks de la gtomktrie, 
effectuks au niveau S T 0  3G de la thkorie des orbitales moltculaires, sont en accord avec cette conclusion et conduisent B une 
bamkre binaire pratiquement pure, de 8,6 kT/mol, pour la rotation interne. Cette augmentation de la barrikre interne dans un 
solvant polaire est sernblable B celle qui a Ctk observke dans le cas du fluorure de benzyle; toutefois, dans ce dernier cas, la barrikre 
elle-meme est beaucoup plus faible que dans le cas du chlorure de benzyle. 

[Traduit par la revue] 

Introduction 
Early Raman (1) and Kerr constant (2) data implied that 1 is 

the low-energy conformer of benzyl chloride in solution, while 
an infrared and Raman spectral study apparently detected 
all three conformers (3). For the 3,5-dichloro derivative in 
benzene-d6 solution the long-range proton-proton coupling 
constants were interpreted to mean that 2 is of lowest energy and 
that the internal barrier to rotation, assumed twofold, was 8.8 + 
1.7 W/mol(4). 

1 2 3 

The electron diffraction pattern of benzyl chloride in the gas 
phase was consistent with essentially 1 as the average structure 
or with 2 and a concomitant twofold internal barrier to rotation 
of 6.3 W/mol(5). Reconsideration of the data suggested that V2 
is nearer 8.8 W /mol (6). Recent 'H nmr spectra of benzyl 
chloride dissolved in two nematic phases are consistent only 
with conformer 1, apparently to the exclusion of 2 and 3 (7). It 
was stated, however, that independent information about the 
shape of the potential function for internal motion was required 
for a more rigorous discussion. 

In this paper we report extensive geometry optimized ST0 
3G MO calculations for the internal potential of benzyl chloride. 
The 'H nrnr spectra in CS2 and acetone-d6 are analyzed in order 
to investigate solvent perturbations of the internal barrier. 

Experimental 
A 2.5 mol% solution of benzyl chloride in CS2, containing 10 mol% 

of C6D12 and 0.5 mol% of TMS, was transferred to a 5-mm od nmr 
tube. The solution was degassed by several cycles of the freeze- 
pump-thaw technique and the nmr tube was flame-sealed. The same 
treatment was given to a 2.2mol% solution of benzyl chloride in 
acetone-d6, which also contained 0.5 mol% TMS. 

The 'H nmr spectra were accumulated at a probe temperature of 
300K and at 300MHz on a Bruker AM300 spectrometer. Wide 
sweepwidths referenced the spectra with respect to TMS. Each spectral 
region was examined in detail, the sweepwidth and data region being 
adjusted to give acquisition times of about 40 s. The digital resolution 
was about 0.025 Hz. Four to sixteen scans were acquired. Zero filling 
to twice the original data region was done before transforming the FIDs 
using a small amount of gaussian multiplication. The linewidths at half 
height were approximately 0.04 Hz. ST0 3G MO (9) computations 
employed the computer program MONSTERGAUSS (10) and utilized 
an Arndahl470/V8 system. INDO and CND0/2 computations (11, 
12) were also done on this system. 

Results and discussion 
Spectral analyses 

These were done with a locally modified version of the 
computer program NUMARlT ( 13). The spectral parameters 
are collected in Table 1, where they are compared with those 
obtained (14) from a self-assigning analysis of an 'H nmr 
spectrum at lOOMHz for a 20mol% solution in acetone. 
Considering that the linewidth at half height of the peaks in the 
latter spectrum was 0,148(2) Hz, compared to the ca. 0.04 Hz at 
300 MHz, the agreement between the parameters is very good. 
However, the small long-range couplings are expected to be 
more accurately given by the present analyses because of the 
larger number of resolved splittings observable in the spectra at 
300 MHz. 

Figure 1 displays the observed and calculated spectra of the 
methylene protons in CS2 solution. 

ST0 3G MO calculations 
When all bond angles and lengths were allowed to vary, with 

the proviso that the carbon framework of the benzene moiety 
remained a regular hexagon, the relative energies of the 
conformers could be fit by eq. [I]. The angle 0 is 90" for 2 above 
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SCHAEFER ET AL. 

TABLE 1. The 'H nmr spectral parameters for benzyl chloride in CS2 and acetone solutions 

Value 

Parameter CSZa Acetone-d6 

6 ~ ( ~ , ~ ~ 2 )  
Calculated transitions 
Assigned transitions 
Peaks observed 
Largest deviation 
Root mean square deviation 

"For a 2.5 mol% solution in CS2 containing 10 mol% C6DI2 and 0.5 mol% TMS, probe temperature 
being 300K. 

'For a 2.0 mol% solution in acetone-d6 containing 0.5 mol% TMS at 300 K. 
'For a 20 mol% solution in acetone-d6. 
"To high frequency of intemal TMS at 300.135 MHz. 
"To high frequency of internal TMS at l00MHz (14). 
*Numbers in parentheses represent standard deviations in the last significant figure. 
%xause the linewidth in this spectrum was 0.15 Hz, these long-range couplings are probably 

considerably less reliable than those in the other columns, extracted from spectra with linewidths of 
about 0.04 Hz. 

and seven values were used in the fit, the errors being given at 
the 95% confidence level. The completely optimized structure 
of the low-energy conformer 2 is shown in Fig. 2. 

According to these computations the barrier is predominantly 
twofold, with a very small fourfold component. In the discus- 
sion below of the long-range couplings, the internal barrier will 
be taken as twofold. 

Long-range couplings and the internal potential 
( i)  CS2/C6D12 solution 
It has been demonstrated that 6~(H,CH2) = 6~ is directly 

proportional to sin2 4, where 4 is the angle by which the C-H 
bond of the sidechain twists out of the benzene plane (15- 17). If 
the value of 6~ is known at 4 = 90°, then the observed 6~ yields 
the expectation value, (sin2 4). The latter can be related to the 
twofold barrier by a hindered rotor model (17). A recent precise 
analysis of the 'H nmr spectrum of toluene yields 6~ as 
- 1.204(4) Hz at 4 = 90" (8). 

However, the magnitude of this number decreases in the 
presence of electronegative a-substituents. Recent detailed 
studies of benzyl fluoride (1 8) and benzyl methyl ether and some 
derivatives (19) show that 6~ is - 1.02 Hz for a CH20R group at 
900 and is -0'95 Hz for The of a linear FIG. 1. The observed and 1~ spectrr of the 
dependence of 'J on the electronegativity of the a-substituent protons of benzyl chloride, for a 2.5 mo140 Cs2 solution containing 
~ields 6~ as - 1.06 HZ for CHzCl if the chlorine substituent has 10 mol% of c ~ D ~ ~  and 0.5 mol% of TMS. The probe temperature is 
an electronegativity of 3.0 on the scale for which fluorine is 300 K the spectrometer frequency is 300.135 MHZ. The linewidth 
placed at 3.92, OR at 3.31, and H at 1.78 (20-22). at half height is between 0.03 and 0.04 Hz. The computed spectrum is 

Because 6J is -0.358(1) Hz in CS2 solution, (sin2 4) follows based on the parameter values in Table 1. 
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FIG. 2. The fully optimized structure of the stable conformer of 
benzyl chloride at the ST0 3G level of molecular orbital theory. Its 
energy is -720.475480 au. The C(1)-C(a) bond makes an angle of 
0.2" with the C(1)-C(4) axis. When the C-CI bond lies in the 
benzene plane, the C(1)CCI angle increases to 114.75' and the 
C(2)C(I)C(a) angle is computed to increase also, to 123.2O. Therefore 
steric strain is indicated as at least one contribution to the internal 
barrier of rotation about the sp2-sp3 bond. 

as0.358/1.06or0.338. Thisvaluecorrespondstoa V20f8.8 k 
0.4 kJ/mol in a table relating (sin2 0) to V2, the temperature, 
and to the reduced moment of inertia of benzyl chloride (23), if 
it is assumed that the conformation of lowest energy is 2. The 
quoted error assumes an error of 0.01 Hz in 6~ at 4 = 90". This 
barrier in CS2 solution agrees rather well with the 8.6 kJ/mol 
calculated by ST0  3G MO methods above. Furthermore, it 
coincides with the 8.8 kJ/mol deduced by Scharfenberg from 
the electron diffraction data for the vapor (6). The average 
torsional angle associated with this barrier corresponds, not to 
60" as in 1, but to 67.5" (6). Such an average is also compatible 
with a hindered rotor model (24). 

The dipole moment of benzyl chloride is 1.74 D in decalin 
(25) and is reported as 1.75-1.89 D in benzene solution (26). 
INDO MO computations for the ST0  3G MO geometries give 
2.21 D for 2 and 2.18 D for 3, whereas the ST0  3G MO values 
are 2.66 and 2.42 D, respectively. Both sets of data suggest an 
increase in the dipole moment as the C-C1 bond twists out of 
the ring plane but are clearly overestimates of the dipole 
moment magnitudes. Assuming a dipole moment of 1.7 D for 3 
and 1.9D for 2, the dielectric continuum model (27), and 
allowing for the polarizability of the solute predicts an increase 
of at most 0.3 kJ/mol in the stability of 2 relative to 3 when 
benzyl chloride is dissolved in CS2. The same model predicts a 
stabilization of 2 in acetone by about 0.5 kJ/mol, rather less 
than found below. 

VOL. 64, 1986 

(ii) Acetoned6 solution 
In this solution, 6~ is -0.337 (1) Hz and V2 becomes 1 1.2 + 

0.4 kJ/mol, an increase of 2.4 + 0.8 kJ/mol relative to the CS2 
solution. It happens that the J method (17) for internal barriers is 
most sensitive in this region of barrier magnitudes. The increase 
of 2.4 kJ/mol is reliable because its value is insensitive to the 
value taken for 6~ at 4, = 90". Furthermore, a detailed study of 
long-range 13C,19~, 'H,'~F, and 'H,'H couplings of benzyl 
fluoride in a range of solvents established that the conformer 
analogous to 2 became 2 kJ/mol more stable than that analo- 
gous to 3 when passing from CS2 to acetone solution (18). It 
may also be noted that the dipole moment of benzyl fluoride (28) 
is equal to that of benzyl chloride within experimental error. 

The notable difference between the two compounds is that the 
internal barrier in benzyl fluoride must be very small, probably 
less than 1 kJ/mol in CS2 solution (1 8). Therefore the change in 
internal barrier caused by the polar acetone solvent is apparently 
independent of the intrinsic barrier, implying that for benzyl 
chloride the low-energy conformer 2 is being stabilized by the 
polar solvent and probably leaving the high-energy form 3 
(steric barrier?) unchanged (see Fig. 2). 

(iii) I cannot be of lowest energy 
The discussion above assumes 2 as the stable conformer. 

However, suppose 1 were stable, as deduced from a classical 
approach to the 'H nmr spectra in nematic solvents (7). For this 
conformer (sin2 4) is (sin2 60" + sin2 0°)/2 or 0.375, assuming 
that the barrier is not so high that averaging of the two 6~ values 
is prevented. Then 6~ becomes - 1.06 X 0.375 or -0.398 Hz. 
Any internal motion in conformer 1 will cause this number to 
change towards -0.53 Hz because, in the limit of free internal 
rotation, (sin2 4,) equals 0.5. Because the observed 6 ~ v a l u e ~  are 
well below 0.398 Hz in magnitude, 1 cannot be the preferred 
conformer for benzyl chloride in CS2 or acetone solutions. Only 
if 6~ at 4, = 90" were less than 0.90Hz in magnitude in CS2 
solution, would 1 be stable, and then only if the barrier in 1 were 
very large indeed. 

(iv) Concerning 5 ~ ( ~ ,  CH2) and 4 J ( ~ ,  CH2) 
The orthobenzylic coupling in toluene has been written as 

(29) 

For toluene the expectation values of sin2 4 and cos2 4, are both 
0.5, so that 4J should be -0.70 Hz, precisely as found in a 
recent analysis (8). It was also shown (29) that 4J decreases 
in magnitude as the electronegativity of the a-substituent 
increases, at least for acenaphthene derivatives in which the 
substituent has a fixed orientation with respect to the IT plane of 
the aromatic system. 

If the multiplier of sin2 4 represents the u-IT or hypercon- 
jugative term in the coupling mechanism, then it may be 
reasonable to assume a reduction in its magnitude in the same 
proportion suffered by 6 ~ ,  a sole u-IT coupling. If this 
assumption is correct, then it follows from the -0.5 18 Hz for 4J 

in the CS2 solution of benzyl chloride that the term in cos2 4 
must also be reduced, by a factor of 0.92. For the acetone 
solution the calculated 4~ becomes -0.494Hz, somewhat 
different from the observed -0.483 Hz. 

Whatever the merit of the assumptions in this discussion, 
qualitatively it is clear that 4~ should be smaller in magnitude in 
acetone than in CS2 solution, simply because 4J is dominated by 
the sin2 4 term in eq. [2] and its expectation value is smaller in 
the acetone solution because 2 is stabilized. In other words, the 
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observed changes in 4~ and 6~ are both consistent with an 
increased V2 in acetone solution if 2 is the stable conformer. 

Turning to 'J, it has been postulated (8) to obey eq. [3] for 
toluene. 

The first term represents the a-7~ term and in benzyl chloride 
should also be reduced, presumably by a factor of 1.06/1.20. It 
is not known whether the a electron term, in sin2 (+/2), 
increases or decreases in the presence of an electronegative 
a-substituent. 

An electronegative ortho substituent increases the a electron 
component of 'J, for example in 2,6-difluorotoluene (30). If the 
'J of 0.287Hz for benzyl chloride in CS2 solution is to be 
reproduced by an equation like [3], then the a-chlorine 
substituent must increase the a electron term. One might write 
'J = 0.287 = 0.336(1.06/1.20)(0.338) + 0.322(0.5)R be- 
cause for a twofold barrier (sin2 (+/2)) is 0.5. The factor R 
becomes 1.16. Application of this factor to the acetone solution 
yields 0.281 Hz as compared to the observed 0.280(1) Hz. 

In other words, the observed decrease of 'J in going from the 
CS2 to the acetone solution is interpreted to arise from the 
decreased a-7~ component in the latter, the a electron term 
being a constant whatever the value of R. Qualitatively, this 
interpretation is consistent with the behaviour of 4~ and 6~ in the 

, two solvents. 
I (v) Concerning the barrier in 3,5-dichlorobenzyl chloride 

In benzene-d6 solution, 6 ~ ( ~ , ~ ~ 2 )  is -0.40(1) Hz (4). It was 
assumed (4), on the basis of arguments now known to be 
incorrect, that 6~ at + = 90' was - 1.14 + 0.02 Hz, from which 
it followed that 8.8 + 1.7kT/mol represented the internal 
barrier to rotation. The value of - 1.06(1) Hz for the extremum 
of 6~ yields an internal twofold barrier of 5.7 2 0.9 H/mol. 

In CS2 solution, V2 is 8.8 2 0.4 kJ/mol for benzyl chloride. 
The difference of 3.1 + 1.3 kcal/mol is most likely real 
because, for benzyl fluoride, a variety of coupling data show 

I that the conformer analogous to 3 is stabilized by 2 kT/mol by 
chlorine substituents at the two meta positions. In other words, 
because 2 is the most stable conformer of benzyl chloride, the 
two meta chlorine substituents lower the internal barrier. The 
stabilization of the conformer with the halogen substituent 
in-plane may well be very similar for benzyl chloride and benzyl 
fluoride if intramolecular dipole interactions are responsible; the 
dipole moments of the two compounds are so very similar. Yet, 
it is interesting that the in-plane conformer of benzenethiol is 
also stabilized by meta chlorine substituents (3 1). The barrier in 
benzenethiol is presumably dominated by conjugative inter- 
actions. 

Conclusions 
In CS2 solution the only reasonable interpretation of the 

long-range proton coupling constants in benzyl chloride is that 
the conformation of lowest energy is the one in which the C-Cl 
lies in a plane perpendicular to the benzene ring. The derived 
twofold internal barrier is in agreement with that computed by 
ST0 3G MO methods and with the latest treatment of electron 
diffraction patterns. In acetone-d6 solution the barrier increases 
by about 2kT/mol, according to the long-range couplings. 

A recent discussion of the vibrational spectra of liquid benzyl 
chloride (32) concludes that the internal barrier is sixfold with 
an upper magnitude of 16.0 kJ/mol. 
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TED SCHAEFER and JAMES D. BALEJA. Can. J. Chem. 64, 1376 (1986). 
Conformations about the C,,-S bond in thioanisole and eight of its derivatives in solution are investigated by means of 

long-range spin-spin coupling constants over six bonds between the sidechain 13C nucleus and the para ring proton or '% 
nucleus. According to geometry optimized ST0 3G MO calculations the internal barrier to rotation is predominantly twofold in 
the gas phase in thioanisole and is 6.2 kJ/mol. In benzene solution the coupling constant yields 5.5(4) kJ/mol. Para fluorine and 
methyl substituents reduce the magnitude of the internal barrier, but meta methyl or chlorine substituents cause significant 
increases. In the presence of two ortho fluorine substituents the conformation of lowest energy has the C-S bond in a plane 
perpendicular to the aromatic plane, but the barrier may now contain a fourfold component. Addition of further fluorine 
substituents in the meta or para positions causes characteristic changes in conformational preferences of the thiomethyl group. 

TED SCHAEFER et JAMES D. BALEJA. Can. J. Chem. 64, 1376 (1986). 
En se basant sue les constantes de couplage A longue distance B travers six liaisons entre les noyaux 13c de la c h d e  latCrale et le 

proton ou un noyau '%en position para du cycle, on a Ctudi8 les conformations autour de la liaison C,,-S du thioanisole et de 
huit de ses dkrivCs en solution. Dans le cas du thioanisole en phase gazeuse et d'aprbs des calculs d'OM au niveau ST0 3G 
effectuts sur des gkomCtries optimisCes, la barrikre interne B la rotation est principalement binaire et s'ilbve B 6,2 kJ/mol. En 
solution dans le benzhne, 1'8valuation faite sur la base de la constante de couplage est kgale B 5 3 4 )  kJ/mol. La pdsence de 
substituants fluor ou mkthyle en position para ~ d u i t  I'arnplitude de la barrihre interne; toutefois, la prksence de substituants 
chlore ou mkthyle en position mita provoque une augmentation importante de cette valeur. En pr6senc.e de dew substituants fluor 
en position ortho, la conformation de plus basse Cnergie comporte une liaison C-S dans un plan qui est perpendiculaire au plan 
aromatique; toutefois, dans ce cas, la barribre peut maintenant contenir une composante quaternaire. L'addition d'autres 
substituants fluor en position mita provoque des changements des changements caractkristiques dans les prCfCrences 
conformationnelles du groupement thiomkthyle. 

[Traduit par la revue] 

Introduction 
Although most experimental and theoretical methods (1-10) 

agree that the low energy conformation of thioanisole has all 
heavy atoms coplanar, the estimates of the banier to rotation 
about the Csp2-S bond vary from 1 kJ/mol(lO) to 26kJ/mol 
(2). Furthermore, no firm agreement exists as to the form of the 
potential function governing the motion about this bond, local 
minima having been suggested for various values of 0 between 0 
and 90" in 1 (3, 10). A pure twofold banier, for example, has a 

C 

x plane 

maximum at 90", as would a banier consisting of twofold and 
fourfold terms if the latter is relatively small. If it is substantial, 
then a local minimum can occur at 90'. 

In thiophenol, in which the internal barrier is determined by 
3p  ...n conjugation across the C-S bond, the potential 
hindering rotation is adequately described as twofold (1 1-13). 
In thioanisole, modification of such a simple form may be 
caused by interactions of the methyl group with, say, the ortho 
C-H bonds. 

In view of the present uncertainties concerning the shape and 
magnitude of the barrier governing motion about the C,,-S 
bond in thioanisole, it seems reasonable to apply an independent 
method to this problem. 

It is known that certain long-range spin-spin coupling 
constants between sidechain and ring nuclei have a simple 
conformational dependence (14). For example, 6 ~ ( ~ , ~ )  in 

'Present address: Department of Biochemistry, University of Alber- 
ta, Edmonton, Alberta. 

toluene is proportional to sin2 0, where 0 is the angle by which 
the C-H bond twists out of the benzene plane (15). In a benzyl 
compound, then, the expectation value of sin2 0 can be 
calculated in terms of the hindering potential and the tempera- 
ture via a hindered rotor model, or classically, if preferred. If the 
value of 6 ~ ( ~ , ~ )  is known at 0 = 90°, then the measured value 
of 6 ~ ( H , ~ )  for the compound yields the expectation value of 
sin2 0 and hence the magnitude of the potential banier, whose 
form is assumed in the model (14). 

In thioanisole the coupling constant of choice is 6 ~ ( 1 ~ , ' 3 C ) .  
It is calculated to obey a sin2 0 law. In 4-fluorothioanisole, the 
useful parameter would be 6~( '3~ , '9F) ,  again involving the 13C 
nucleus of the methyl group. Some success has been had with 
the corresponding couplings in anisole derivatives as indicators 
of conformational preferences (16). 

Accordingly, this paper reports on the use of 6 ~ ( 1 ~ , 1 3 ~ )  and 
6~(13~,19F) in the measurement of internal baniers in thioani- 
sole and a number of its derivatives. STO-3G MO computations, 
using fairly full geometry optimization procedures, are em- 
ployed to provide hints about the form of the internal potentials. 

Experimental 
Compounds 

13c enriched thioanisole and its 2,6-dichloro, 3,5:dichloro, 3,s- 
diiethyl, and sym-tetrafluoro derivatives were prepared by adding 
(17) iodomethane-13C (99 at.%, MSD Isotopes) to a mixture of the 
appropriate commercial thiophenol and anhydrous KzC03 in dry 
acetone. The products were identified by nmr and mass spectroscopies. 

Pentafluoro- and 4-methylthiophenol were methylated by addition of 
diiethyl sulfate to the aqueous sodium thiolate. - 

The 2,6-dibromo, 2,6-difluoro, 2,4,6-trifluoro, 2,6-dibromo-4- 
fluoro, and 2,6-dibromo-4-methyl derivatives of thioanisole were 
prepared from the corresponding anilines by treatment of the aqueous 
diazonium hydrosulfate salt with cuprous methylmercaptide, as devel- 
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TABLE 1. The 'H nmr spectral parameters for thioanisole and thioanisole-a-I3C at 300 K 

Parameter Value Parameter Value 

5 
525 

4 ~ ( ~ , 1 3 C )  
JCH, I3C 

6~(H,13C) 
I J(H,I3C)' 
Peaks 
Assigned 

peaks 
Transitions 

calcd. 
Transitions 

assigned 
Largest 

deviation 
Root mean 

square 
deviation 

Line widths 

"In Hz at 300.135 MHz to high frequency of internal tetramethylsilane. 
b2 mol% of thioanisole in benzene-d6. 
"1.7 mol% of thioanisole-a-"C in benzene-d6. 
*umbers in parentheses are the standard deviations in the last significant figure. 
Wot iterated on. 

oped in this laboratory (18). Product identity was confirmed by 
'H,'~c,'? nmr spectroscopies and by the mass spectra. 

gives the 'H nmr spectral parameters for thioanisole-a-13C in 
benzene-d6 solution. The 'H nmr spectrum of unenriched 
thioanisole had previously been analyzed (21) and the compari- 
son in Table 1 gives an indication of the precision obtainable. 
Figure 1 displays part of the nmr spectrum of the meta protons of 
the enriched compound. 

Figures 2 and 3 illustrate how the signs of 5 ~ ( ' ~ , ' 3 C )  and 
6 ~ ( 1 ~ ,  13C) were determined for 2,6-dichlorothioanisole. They 
are positive and negative, respectively, relatives to 'J('H,'~c) 
in the methyl group. The latter is positive (29). 

Figure 4 displays one of the four multiplets of the INEPT 
spectrum of the methyl 13c nucleus in 2,6-dibromothioanisole. 
The large spacing arises from coupling to the para proton. 

Table 2 gives the coupling parameters relevant to the 
discussion below. 

Sample preparation 
Sampes for 'H and I? nrnr measurements were prepared by weight 

to consist of ca.2 mol% solutions in acetone-d6 or benzene-d6. Each 
solution was filtered through a pipette, containing cotton wool cleaned 
with CCL, into a 5-mm od nmr tube fitted with a ground-glass joint. 
Sample tubes were then degassed by at least five freeze-pump-thaw 
cycles and were flame-sealed. 

Samples for I3C nmr studies were prepared by volume or by weight 
as solutions in acetone-d6 and were treated as above, except that 
10-mm od sample tubes were employed. 

Nuclear magnetic resonance measurements 
'H,13C, and "F free induction decays were recorded on a Bruker 

WH90-DS spectrometer at a probe temperature of 305 K and at 
trzlnsrnitter frequencies of 90.02,84.70, and 22.63 MHz, respectively. 
The B2 fields for multiple resonance experiments were calibrated with 
off-resonance techniques and could be regulated in 1-db steps (19). 
Some 'H and 13C nmr spectra were accumulated on a Bruker AM300 
spectrometer when it became available in the later stages of the work. 

In order to measure long-range couplings from protons to the I3c 
nucleus of the methyl group, the INEPT pulse sequence was used (20). 
Other measurements used methods adequately described previously 
(16, 21). For the determination of very small splittings, resolution 
enhancement was obtained by multiplication with an increasing 
exponential function combined with a negative line broadening 
parameter, or by sine multiplication. 

The extrema in 6 ~ ( 1 ~ , 1 3 ~ )  and ' J ( 1 3 c , 1 9 ~ )  

In the equation 6~ = 6~gO<sin2 0>, in which 6 ~ 9 0  is the value 
of 6~ at 0 = 90" and <sin2 0> is the expectation value of sin2 0 
for a particular barrier, it is assumed that 6~ vanishes at 0 = 0. 
This assumption is valid for 6 ~ ( ' ~ , 1 ~ )  cou lings (14). 

6 1g The assumption that 6 ~ ( ' ~ , ' 3 C )  and J( C,19F) are propor- 
tional to sin2 0 can be tested with INDO MO FPT calculations, 
which usually yield a reliable functional form of such long-range 
couplings even when the magnitudes of the couplings are not 
reproduced. For thioanisole, the calculations give 
6 ~ ( 1 ~ , 1 3 ~ ) / ~ z  = -0.05 - 0.49 sin2 0. As usual (15, 30,31), 
the angle-independent term is taken as an artifact of the 
computation. 

For 2,6-dichlorothioanisole, 6 ~ ( 1 ~ ,  13c) is measured as 
-0.5 l(1) Hz and the barrier to internal rotation is calculated as 
31.3 kJ/mol by ST0 3G MO. Such a barrier, if twofold, 
corresponds to a <sin2 0> of 0.96, suggesting a 6~~ of 
-0.53 Hz. In 2,6-dibromothioanisole, 6 ~ ( ' ~ , ' 3 C )  is -0.541(5) 
Hz. In this compound, the barrier to internal rotation must be 
larger than in the chloro derivative, so that -0.54 Hz appears as 
a reasonable approximation to 6 ~ 9 0 .  

Computations 
Ab initio molecular orbital calculations, using geometry optirniza- 

tion procedures, were performed at the STO-3G level (22) with the 
program MONSTERGAUSS (23). INDO MO FPT (24,25) computa- 
tions of spin-spin coupling constants employed the S T 0  3G optimized 
geometries. All computations were done with an Amdahl 470/V8 
system. 

Results and discussion 
These were carried out with the programs LAME (26,27) and 

NUMAFUT (28) in iterative and non-iterative modes. Table 1 
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FIG. 1. Part of the meta 'H nmr spectrum at 300 MHz and 300 K 
for a 1.7 mol% solution of thioanisole-a-13C in benzene-d6 solution. 
The smallest splittings in the observed spectrum in b are near 0.08 Hz 
and, according to the full analysis, are due to coupling over five bonds 
to the 13C nucleus with a magnitude of 0.078(1) Hz. The quintet struc- 
ture of some of the multiplets arises because the coupling over six 
bonds to the methyl protons also has a value near 0.08 Hz (see Table 1). 

FIG. 2. The 'H nmr spectrum of the ring protons of a 4 mol% solution 
of 2,6-dichlorothioanisole-a-13C in acetone-d6 at 300 K and 90 MHz 
is shown in b. In a the simulated spectrum has 'J('H, ' 3 ~ ) / 6 ~ ( ' ~ , ' 3 C )  
positive whereas in c this ratio is negative. Clearly, the couplings are of 
opposite sign. The band marked by an asterisk is shown with higher 
resolution in Fig. 3. 

FIG. 3. In a is shown the band marked with an asterisk in Fig. 2, 
arising from the meta protons in 2,6-di~hlorothioanisole-a-~~C. The 
peaks are broadened by coupling to the methyl protons. In b the methyl 
protons (those at high frequency) are being decoupled for one spin state 
of the 13C nucleus, whereas in c the low frequency methyl proton band 
is being irradiated. The experiments show that 'J('H,'~C)/'J(~H,'~C) 
> 0. 

FIG. 4. One multiplet of the INEPT spectrum of the methyl I3C 
nucleus of a 2 mol% solution of 2,6-dibromoanisole in acetone-d6 at 
300 K and 75.486 MHz. The large splitting arises from coupling to the 
para proton and is 0.541(5) Hz in magnitude. The triplets arise from 
a coupling of 0.217(5) Hz to the meta protons. 

However, in a 2,6-dibromo-4-methylthioanisole, 'J('H,'~c) 
becomes 0.606(5) Hz. If 6 ~ ( 1 ~ , ' 3 ~ )  is a pure a-T coupling, 
then one expects that 7~ = - 6 ~ .  Three possible reasons for the 
absence of this equality suggest themselves. First, it is known 
that a para methyl group decreases the 3p . .  .T conjugation in 
thiophenol and thereby decreases the twofold barrier by 
1 kJ/mol (1 1). In the present thioanisole derivative the Cmethyl 
substituent would therefore further stabilize the 8 = 90" 
conformation, leading to an increase in the magnitude of the 
hypothetical 6~ and therefore in 7J. The observed increase of 
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TABLE 2. Internal rotational barriers for thioanisole and some derivatives 

or ~ 2 '  

Substituent 6~('3C,19F) <s in20h  V2/kji (STO3G) 

"For a 1.7 mol% solution in benzene-d6. 
b50 v/v% in acetone-d6. 
2 mol% in acetone-d6. 
d4m01% in acetone-d6. 
'27 mol% in acetone-d6. 
fln Hz, standard deviations being given in parentheses. 
This is 'J('H,I3C). 
"Based on 6J(1H,'3C) = -0.56 f 0.02Hz at 8 = 90' and 6J(13C , l9 F) = 1.54 2 

0.04Hz at 8 = 90'. 
'These twofold barriers follow from tables of <sin2 8> as a function of the barrier, 

the temperature, and reduced moment of inertia (42). 
%ese barriers are based on the assumption of a twofold barrier. See text. 
'Based on geometry optimized structures. 

10% is really rather too large, however. Second, it is conceivable 
that 6~ contains a positive non a-IT component and, because 
7~ measures only the a-IT component, its magnitude is then 
larger than that of 'J. Thirdly,it is possible that for the present 
couplings the equality in magnitudes is not to be expected, it 
having been postulated and observed (32-34) originally for 
'H,'H couplings. Yet, to within experimental error (16) the 
equality holds for the corresponding anisole derivatives. 

In view of these uncertainties about the value of 6 ~ 9 0  and 
because a value of -0.54Hz holds only if the barrier in. the 
bromo derivative is infinite, it shall be assumed that 6 ~ 9 0  has a 
value of -0.56 + 0.02 Hz in the derivation of barriers below, 
and can be compared to the -0.63 + 0.01 Hz deduced for 
anisole (16). The magnitude of the latter would be expected to 
be larger because hyperconjugation would be more efficient in 
anisole, the shorter bond lengths leading to larger overlap 
integrals. 

Turning to 6 ~ ( ' 3 ~ , ' 9 ~ ) ,  its value in 2,6-dibromo-4- 
fluorothioanisole is 1.48(1) Hz, actually equal to that observed 
in the corresponding anisole derivative (16). The TNDO MO 
FPT calculations again support a sinZ 0 dependence of this 
coupling, but underestimate its magnitude, as they do for 
6 ~ ( ' 3 ~ , ' 9 ~ )  in 4-fluoroanisole (16) and for 6~('H,'9F) in 4- 
fluorotoluene (15). In the absence of more definite information, 
6 ~ 9 0  will be taken as 1.54(4) Hz to allow for the finite barrier in 
the compound above. Furthermore, any possible 6~ at 0 = 0 will 
be ignored. The same assumption for anisole derivatives led to 
reasonable conformational deduction (1 6). 

The form of the hindering potential 
When bond lengths and angles are allowed to vary, with the 

constraint that the carbon network of the benzene ring remain a 
planar hexagon, the ST0  3G MO energies can be fit by V2/H = 
(6.23 & 0.24) sinZ 0 at the 95% confidence level. The 
geometries are optimized at 15" intervals in 0, giving seven 
values in all. If a fourfold potential is assumed to'be present, one 
has V/kJ = (5.95 + 0.18) sinZ 0 + (0.43 + 0.17) sin2 20. 

Perhaps a small fourfold component, amounting to about 7% of 
the twofold, is present. However, such a magnitude of V4 will 
alter <sinz 0> by very little, less than the uncertainty 
introduced by that in 6 ~ 9 0 .  

For 3,5-difluorothioanisole, the ST0  3G MO energies are 
reproduced by V2/H mol-' = 8.84 + 0.26 sinZ 0. The increase 
in the calculated barrier relative to thioanisole is expected on the 
basis of the perturbational approach to molecular orbital theory 
(35) and parallels that observed (12) for V2 in the corresponding 
thiophenols. 

It will be assumed below that, in the absence of ortho 
substituents, the rotational barrier is adequately described as 
twofold. 

For 2,6-difluoroanisole the computed energies are fit by V/kJ 
= (9.7 + 0.6) sinZ + - (2.7 k 0.6) sinZ 2+ where + is zero when 
the methyl group lies perpendicular to the benzene plane. The 
expectation value of <sin2 0> is 0.788 for this potential and is 
0.844 if a twofold barrier with a magnitude of 9.7 kJ/mol is 
assumed. Therefore, for some of the compounds below, a 
barrier derived on the basis of a twofold potential will contain an 
error to be discussed further below. 

The derived barriers and conformations 
Table 2 contains the magnitudes of the internal barriers to 

rotation about the C,,-S bond for thioanisole and eight of its 
derivatives. 

( i )  Thioanisole 
The present ST0  3G MO results indicate a predominantly 

twofold barrier in the gas phase, only a little higher than the 
5.4(4)kJ/mol deduced for the benzene solution. The latter 
number implies that the barrier lies towards the low end of the 
range of some 25 kJ/mol in the values found in the literature. In 
some of these experiments, an angle 0 is computed. Thus, from 
dipole moment and induced birefringence data in C C 4  solution, 
0 is deduced as 23 + 5" (I), in agreement with deductions based 
on X-ray fluorescence spectra (8) at liquid nitrogen temperature. 
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FIG. 5. The ST0 3G MO geometry of the planar ground state of the 
thioanisole molecule with the carbon framework of the phenyl group as 
a regular haxagon. Note the deformation from 120" of the C2C 1 S angle, 
which becomes 120" of course for the perpendicular conformer. In the 
latter the C-S-C angle becomes 97.9" and the aromatic C-H bonds 
become 1.083 A; the C,,-S bond increases to 1.787 A and the 
Csp3-S bond length becomes 1.803 A. The electron diffraction struc- 
ture (36) has a C-C bond length of 1.391(2) A, a C,,-S bond 
length of 1.749(4) A, and a C,,-S length of 1.803(4) A. The 
C-S-C angle is 105.6(7)", the S-C-H angle is 110.2(1.7)", and 
the methyl group is apparently twisted out-of-plane by 45.3(2.8)". 

Electron diffraction patterns in the gas phase apparently fit a 0 of 
45 a 10" (36). For a V2 of 5.4(4)kJ/mol, the classical 
expectation value of 0 is 27.6 + 1 .OO at 300 K, not very different 
from the value calculated (37) quantum mechanically from a 
hindered rotor model. A value of 45" is obtained for a zero 
barrier, of course. That out-of-plane populations are significant 
is also confirmed by nrnr spectroscopy on thioanisole dissolved 
in liquid crystals (9). 

Figure 5 gives the ST0 3G MO structure for thioanisole in its 
lowest energy conformation. The figure caption compares the 
structure with that deduced from electron diffraction data and 
with the structure of the computed high energy form. 

(ii) 4-Fluoro- and 4-methylthioanisole 
Because the methylthio group is a T electron donor, the 

fluorine and methyl substituents act to decrease the 3p ...T 
conjugation. If much of the barrier arises from this conjugation, 
as expected because the low-energy form is clearly planar, then 
the barriers to internal rotation in these two compounds should 
be lower than in thioanisole. 

This decrease in V2 is observed via the coupling constants and 
is also calculated by ST0 3G MO methods (Table 2). A 
reduction of V2 of thiophenol, caused by para fluorine or methyl 
substituents, has been noted (1 1). 

The microwave barrier for 4-fluorothioanisole is 3.0 a 
1 .OkJ/mol and is based on the relative intensities of two band 
series in the low resolution spectrum in the gas phase at ambient 
temperatures (38). This value agrees with the 3.8(4) kJ/mol 
found in acetone solution in the present work. 

(iii) 3,5-Dichloro- and 3,5-dimethylthioanisole 
The increases in the internal barrier to rotation of the 

sulfhydryl group in the analogous thiophenols (relative to 

thiophenol) are the same as those found for the thioanisole in 
Table 2 (12). The change in the barrier caused by meta 
substituents has been discussed for the thiophenol derivatives in 
terms of perturbation molecular orbital theory and will not be 
repeated here. Qualitatively, the ST0 3G MO barriers in Table 
2 agree with the observed increases in barrier in solution for the 
two molecules. 

(iv) 2,6-DiJuorothioanisole 
The two ortho fluorine substituents destabilize the planar (0 

? 0) conformation. In fact, <sin2 0> becomes 0.75(2) in Table 
2. If the barrier is purely twofold, then this number implies that 
the perpendicular (0 = 90") conformation is of low energy and 
that the internal barrier is 5.9(8) kJ/mol. According to the ST0 
3G MO numbers, however, the magnitude of the fourfold 
component is about 30% of that of the twofold component. If a 
fourfold component exists, then a set of calculations of the 
classical expectation values of <sin2 0> shows that the 
experimental value of 0.75 can be accommodated by a variety of 
combinations of twofold and fourfold potentials (note that the 
value of <sin2 0> is not in question). If the restriction that 
IV4/V21 - 0.3 is applied, then 1.614.8 and -2.418.0 can be 
accommodated for V4/ V2, for example. 

In any event, it is clear that a significant barrier to internal 
rotation exists and that a given SCH3 group spends much of its 
time nearer 0 = 90" than 0 = 0 at 300K in acetone solution. 

(v) Tri-, tetra-, and pentafluoro thioanisoles 
When a para fluorine substituent is added to 2,6- 

difluorothioanisole, it is expected that the perpendicular con- 
former is further stabilized and that <sin2 0> will increase, 
the para substituent causing a decrease in 3p.. .T conjugation. 
Although the errors in <sin2 0> are rather large in Table 2, 
there is the consistency that V2 drops by about 1 kJ/mol in moving 
from thioanisole to 4-fluorothioanisole, as it should because the 
planar conformer is stable for both compounds, whereas in 
moving from 2,6-difluoro- to 2,4,6-trifluorothioanisole an 
apparent increase occurs in <sin2 0>. 

If two meta fluorine substituents are added to 2,6- 
difluorothioanisole, then by analogy to 3,5-dichlorothioanisole 
lower values of 0 are expected to be more heavily populated. 
Indeed, the value of <sin2 0> drops to 0.66(2), corresponding 
to an apparent V2 of 3.3(7) kJ/mol. 

Then, addition of one more fluorine substituent to tetrafluoro- 
thioanisole must again raise the magnitude of <sin2 0>. This 
occurs, to a value of 0.77(2), and it appears that a para fluorine 
substituent dominates the two meta substituents. Exactly the 
same phenomenon is observed for thiophenol derivatives in the 
sense that, although two meta chlorine substituents cause a 
remarkable increase in V2, the addition of a para hydroxy 
substituent to 3,5-dichlorothiophenol brings V2 back to a value 
similar to that in 4-methoxythiophenol (12). In terms of 
perturbation molecular orbital theory, it may be that the para 
substituent causes a first-order perturbation and, when it is 
present, the meta substituents are second-order perturbers. 
However, we have no more detailed interpretation of such a 
possibility. 

Because of the rather large errors in the <sin2 0> values for 
these fluorine derivatives, it is useful to have another set of 
parameters that substantiate the tentative conclusions about the 
conformational properties of these fluorine derivatives of 
thioanisole given in this section. Such a set is provided by 
5 J(cH~'~F), the long-range couplings between the methyl 

protons and the 1 9 ~  nuclei in the ortho C-F bonds. 
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The long-range 5 ~ ( ~ ~ 3 , 1 9 ~ )  = 5~ 10. T. MATSUSHITA, Y. OSAMURA, N. MISAWA, K. NISHIMOTO, and 
There is very little doubt that this coupling in anisole (16) and Y. TSUNO. Bull. Chem. Soc. Jpn. 52,2521 (1979). 

acetophenone (39) derivatives is a "~~rough-space" (40) or  11. T. SCHAEFER and T. A. WILDMAN. Chem. PhyS. Lett. 80, 280 
(1981). pximate cOu~ling' As such, its ma@itude 

12. T. ScHAEmR, J. D. BALEJA, and G. H. PENNEI. Can. J. Chem. on the distance between the coupled nuclei. For 5~ in 2- 63,2471 (1985). 
fluoroaceto~henone~ for example, a semiempirical approach 13. N. W. LARSEN and F. M. NICOLAISEN. J. MOI. ~ m c t .  22, 29 
relates the magnitude of 5~ to c0s4 9,  defined between 9 = 0 (1974). 
(methyl group cis to the C-F bond) and 8 = 90" (39). In other 14. W. J. E. PARR and T. SCHAEFER. ACC. Chem. Res. 13, 400 
words, 5J decreases rapidly as the methyl group moves out of (1980). 
the benzene plane. 15. R. WASYLISHEN and T. SCHAEFER. Can. J. Chem. 50, 1852 

It appears eminently reasonable that 5J in thioanisole deriva- (1 972). 
tives is also a proximate coupling. If so, then it is arguable that, 16. T. S C H A E ~ R ,  R. LAATLKAINEN, T. A. WILDMAN, J. PEELING, G. 

relative to its value in 2,6-difluorothioanisole, 0.746(5) Hz, its H. PENNER, J. BALEJA, and K. MARAT. Can. J. Chem. 62,1592 
(1984). ma@tude should decrease in 2,4,6-trifluorothioanisole be- 17. L. F. FIEsER and FESER. in mism. J,  

cause larger values of 9 are now preferred. Indeed, 5~ is Wiley and Sons,New York. 1967. p. 682. 
0.588(1) Hz in the latter. Again, in 2,3,5,6-tetrafluorothioani- 18. J. D. Synth. Comun. 14, 215 (1984). 
sole the two meta substituents induce lower values relative to 19. T. s~~~~~~  and^. M ~ ~ ~ .  erg. M ~ ~ ~ .  R ~ ~ ~ ~ .  15,294 (1981). 
the 2,6-difluro derivative and 5~ increases to 0.907(2) Hz. The 20. G. A. MORRIS and R. FREEMAN. J. A ~ .  Chem. sot. 101, 760 
addition of a para fluorine substituent to yield the pentafluoro (1979). 
compound should now cause 5J to drop. It does, to 0.722 Hz. 21. T. SCHAEFER and J. D. BALEJA. J. Magn. Reson. 60,131 (1984). 

Quantitatively, the 5~ values support the arguments in the 22. W. J. HEHE, R. F. STEWART, and J. A. POPLE. J. Chem. Phys. 
previous section concerning the degree of nonplanarity of the 51, 2657 (1969). 
thiomethyl group. Indeed, if the V2 values in Table 2 are used to 23. PETERSEN and R. A. MONSTERGAUSS. 

calculate classical expectation values of 9, one finds a correla- Department of Chemistry, University of Toronto, Toronto, 
Ontario. 1981. tion coefficient of 0ago3 (significant at the confidence 24. J. A. POPLE, J. W. MCIVER, JR., N. S. O s T L U ~ ~ .  J. Chem. 

level) between 5~ and cos4 9. The relationship implies a 5~ of Phys. 49,2960 2965 (1 968). 
4.5 Hz at 9 = 0 ,  a reasonable value. Of course, this correlation 25. p. DOBOSH and N, S. 0sTLuND. QCPE, 11, 281 (1975). 
does not constitute a proof of the correctness of the barriers 26. S. M. CASTELLANO and A. A. BOTHNER-BY. J. Chem. Phys. 41, 
tabulated in Table 2,  nor indeed that they are twofold. 3863 (1964). 
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fluorothioanisole based on V2 happens to agree with the con- 2 8  A. R. QUIRT and J. S. MARTIN. J. Magn. Reson. 5,318 (1971); J. 
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A study of chromium-exchanged zeolites as potential catalysts for thermolysis of water 
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K. M. MIEDZINSKA and B. R. HOLLEBONE. Can. J. Chem. 64, 1382 (1986). 
Evidence was found that the Cr(IlI)/Cr(II) redox cycle previously described to occur upon dehydration and rehydration of 

exchanged zeoli!~ 13X, does not occur reversibly. Data suggest dimerization of the metal ion at high levels of exchange. The 
bridging provide~i by the oxygen atoms of the lattice probably stabilize these dimers and lead to initial but irreversible reduction at 
very low temperatures. Evidence also indicates irreversible formation of new lattices at very high dehydration temperatures. 

K. M. MIEDZINSKA et B. R. HOLLEBONE. Can. J. Chem. 64, 1382 (1986). 
D'aprts des rapports anterieurs, les reactions de dtshydratation et de rthydratation de rtolites 13X tchangtes sont 

accompagntes d'un cycle rtdox Cr(III)/Cr(II); on a trouvt que ce cycle ne se produit pas d'une fason rkversible. Les donntes 
suggkrent que, ?ides niveaux Clevts d'tchange, il se produit une dimtrisation de l'ion mktallique. Le pontage qui est fourni par les 
atomes d'oxygtne du rkseau stabilise probablement ces dimhes et, i des temptratures tr&s basses, il conduit ?i une rtduction 
initiale qui est irrtversible. Les donnkes indiquent aussi que, ides  temptratures de dtshydratation tlevtes, il se produit aussi une 
formation irdversible de nouveaux rCseaux. 

[Traduit par la revue] 

Introduction 
Amongst the many chemical systems which have been 

identified as potential systems for energy storage, metal ion 
doped zeolites which catalyse the thermolysis of water have 
been extensively studied (1-9). Both natural and synthetic 
zeolites absorb up to 30% by weight of water. The sites 
occupied by sodium ions and water bound within these lattices 
of various stoichiometries (10) have been characterized by 
c~stallogra~hic studies (1 9 2, 41 8) and infrared SPectrOscOPY FIG. 1. Zeolite lattice and sites: ., site 1; A, site 11; 
(3,7, l l ) ,  epr (7) and nmr (12) as points of high symmetry in ., Site =; +, Site 
both the sodalite and supercages of the structure. These sites 
may be occupied by either aquated sodium ions or water but Experimental 
range in thermodynamic stability from the greatest in the Samplepreparation 
sodalite cage to the least in the supercage as an approximate Synthetic zeolites of the X lattice 13X (lot 139450 30049) and of the 
function of the availability of lattice oxygen binding sites at each Y lattice LZ-Y52 (lot 020580) (previously hewn as SK-4 )  were 

position (13-15) (Fig. 1). obtained from Union Carbide Corporation Linde Division. Both 

A large proportion of both the lattice sodium ions and water powder samples were washed free of sodium silicates before use. All 
water was doubly distilled and deionized, all chemicals were reagent 

can be exchange with a wide of grade Both zeolites were exchanged by stLring in with 
transition metal Or rare earth ions (79 16)' The degree of hivalent chromium nitrate (Cr(N03)3.9H20) solutions at concentra- 
exchange depends on the critical dimension of the exchanging tions of either 0.06 or 0.03 in 300 mL of H20 depending on the 
ion (17) and for the larger ions may involve the loss of some degree of exchange desired. The pH was maintained at 5 to 6 with 6 N 
water ligands during insertion into the lattice (1 8). This can NH,OH and samples were mixed with Teflon stirrers while protected 
result in the stabilization of unusual coordination numbers (1,7, from light. With a minimum molar ratio of Cr/NH40H of 20: 1 there 
9, 19) or oxidation states (1, 7, 20, 21) which are of potential was no evidence of the formation of c~ (oH)~+ .  After exchange, 
interest as catalytic sites. In particular, chromium(III) has been samples were filtered and air dried to constant weight. Details may be 

examined as a potential catalyst for thermolysis of water foundin 

because of its facile reduction to the divalent form (22-24). In Sample analysis 
particular, studies of water thermolysis on Cr doped zeolites All samples were digested in a mixture of HF, W 3 ,  and H ~ S O ~  in 

oxygen production under moderate temperature condi- Teflon vessels to dryness, then redissolved in 10% HF solution. 

tions (25, 26). However, the detailed behaviour of the Sodium was analysed gravimetrically as the magnesium uranyl acetate 
(27). Aluminum and chromium were determined by atomic absorption chromium ion was not clarified and the overall reversibility of a Perkin-Elmer, Model 5000, with HGA 500 graphite furnace 

the system was not established. atomic absorption spectrophotometer. Sample notation and data are 
In this work zeolites 13X and Y52 have been doped at many given in ~ ~ b l ~  2. 

levels up to saturation with trivalent chromium. The structures 
both before and after thermal treatment have been examined by Structural methods 

a variety ofprobes to determine the role played by the chromium Magnetic susceptibilities were measured by the Gouy method on a 
custom built magnetic balance incorporating a Cahn electrobalance, ion. Using the same probes the systems have been ,apuated chamber with thermal control from4 to 278 K and an 

examine reversibility and to discover whether they offer any electromagnet of variable field up to 9.2kG. The instrument was 
potential as working catalysts for thermolytic energy con- calibrated with ~ ~ h r ' ~  salt. 
version. Infrared spectra were obtained at low resolution on a Perkin Elmer 

Model 257 and at high resolution on a Perkin Elmer Model 257 
'Revision received January 31, 1986. spectrophotometer as Nujol mulls. 
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TABLE 1. Preparation chromium exchanged zeolites 13X and Y52 

Amount zeolite Amount? exchanged 
Sample 20.01 g Cr(N03)3.9H20 Footnotes 

"In g + 0.0001 or 0.00001 as appropriate. 
bpH of solution is 5.0. 
'pH of solution is 5.5. 
$H of solution is 4.0. 
'Solution stirred for 4 h. 
fsolution stirred for 3 h. 
ESolution stirred for 2 h. 
% m e  allowed for settling = 4 h. 
'Time allowed for settling = 3 h. 
'Filtered with Whatman #42. 
qiltered with Whatman #41. 

'~iltrate clear and colourless. 
'"Filtrate clear green. 
"Filtrate blue. 
"Zeolite gray /green. 
PZeolite blue. 
qpH of filtrate is 5.5. 
'pH of filtrate is 4.5. 
'Air dried for 2 days. 
'Yield 29.133 + 0.002g. 
Wield 28.737 + 0.002 g. 

TABLE 2. Molecular formulas, molecular weights and percentages exchanged 

M/Si Molecular Percentage 
Molecular formulab ratio weightc exchangedd 

13X theoretical Nag6 (A102)86 (Sioz)106 264 Hz0 
Y52 theoretical Na56 (aOz)s6 (SiOz)136 250 Hz0 
13X Na87.8(A10~)84.z(Si0~)114.z 264.5 Hz0 
Y52 N~sz.~(~OZ)S~.I(S~OZ)I~Z.~ 248.6 Hz0 
c3+(13X)'AD Cr6.9 N~~~.I(A~OZ)~~.Z(S~OZ)IO~.~ 265.8 Hz0 
c ~ + ( ~ ~ X ) ~ A D  C~IO.~N~SO.~(A~~Z)~~.~(S~OZ)IO~.~ 268.7 Hz0 
C8+(13X)'C Cr6.5 N~~O.~(A~OZ)~~.Z(S~OZ)IO~.~ 263.8 Hz0 
c ~ + ( Y ~ ~ ) ' A D  Cr8.l Nazs.6(A10~)~9.1(Si0~)13~.8 254.1 Hz0 

"Samples are labelled in the following manner N - Mn+(Z)E Z'D, where N = number of sample; M = metal ion 
exchanged onto zeolite; n = oxidation state of M; Z = zeolite; E = number of times exchanged; T = temperature at 
which dehydration occurred, if any; D = drying technique used where VD = vacuum dried, OD = oven dried, AD = 
air dried, C = centrifuged. 

bCr%0.4,Na+0.2,A102 ?0 .2 ,S i02+0 .4 ,H20+  0.4. 
=+ 1 .o. 
d% Exchange = 100 aM,/(86/eM,) where a = actual weight of ion per gram of zeolite, M, = molecular weight of 

the exchanged cation, M2 = molecular weight of the exchanged zeolite, e = oxidation state of the exchanging cation. 
Error + 0.2. 

Thermogravimetric analysis were performed on a Dupont Model 950 heated at 20°/min with a baseline slope of zero. The instrument was 
Thermogravemetric Analyser. Samples in platinum boats were heated standardized daily against glass, KN03 (127.7"), KC104 (299.s0C), 
at 10°C/rnin with a gravimettic time constant of 1 s. The instrument and Ag2S04 (412"). 
was standardized with calcium oxide under nitrogen using chrome 
alumel thermocouples. Dehydration of exchanged zeolites 

Differential thermal analysis were performed on the Dupont Model Samples in the area of 1 g were dehydrated to temperatures of 110, 
900 Differential Thermal Analyser. In HEAT mode, samples were 150,200, and 250°C. All samples were dehydrated on a vacuum line 
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Frcl. 2. Thermogravirnetric analysis of Cr zeolite 13X (- - -) and zeolite 13X (-). 

with a fore-pump and mercury diffusion pump system capable of 
pumping down to mbar. Samples were evacuated in an electrical- 
ly heated sand bath monitored by a thermometer in the sand at a depth 
equivalent to that of the sample. Samples were protected from the light 
and evacuated with heating up to as long as 60h with continual 
evacuation. Samples were then cooled to room temperature (24°C) over 
a 24 h period under vacuum but with no further pumping. They were 
then transferred under nitrogen into sealed tubes. 

Rehydration of exchanged zeolites 
Samples were weighed out under nitrogen and immersed in 20 rnL 

water for 48 h, being warmed to -50°C. They were then filtered with 
tarred Whatman #42 paper and air dried under cover. 

Results 
Exchange and structures 

In every case, all of the chromium of the first exchange was 
placed onto the lattice (as is evidenced by a colourless filtrate). 
Although the second filtrate remained green, and indicated that 
not all of the chromium made available to the lattice was 
exchanged, it was possible to place more chromium onto the 
frame in further exchanges. This was proven by analysis of the 
filrates, which showed high levels of sodium and significantly 
decreased levels of chromium. 

The results in Table 1 show exchange levels from 18 to 36%. 
The framework structure of the samples was monitored by 
X-ray powder diffraction. It is known that in powder samples 
many X-ray intensities of zeolites are lost in the background or 
are confused by overlapping diffraction lines (1 1). The results 
indicated that all the samples remaind intact after exchange. 
Previous studies have shown exchange levels of only 6 Cr per 
zeolitic unit (28), yet this study has successfully exchanged 8.1 
C?+ on Y52, 10.4 on 13X. 

Thermogravimetric analysis 
Water loss was calculated from the percentage weight loss of 

the samples. Samples were run both entirely hydrated and 
partially dehydrated (i.e. at 120°C). It was found that the total 
percentage weight losses of the partially dehydrated samples 
were equivalent to the percentage weight loss as extrapolated to 
the appropriate temperature of dehydration of fully hydrated 
sample. 

Shown in Fig. 2 is an example of a TGA spectrum, 
specifically of unexchanged 13X and a chromium exchanged 
13X. 

The-exchanged zeolites lose water more rapidly and continue 

TABLE 3. Results of TGA analysis 

TGA analysis 

H20 Sample 
loss size 

Sample (mgY (mg)b 

to lose water at higher temperatures. The endothermic shift of 
water loss at moderate temperatures also seen in DTA spectra, 
indicates that the water is more loosely bound in exchanged 
systems (Table 3). 

Differential thermal analysis 
Spectra were obtained on all samples of exchanged, unex- 

changed, dehydrated, and rehydrated zeolites. All samples were 
run against a glass reference and against the corresponding 
unexchanged zeolite where applicable. Charactefistics are 
shown in Table 4. 

Shown in Fig. 3 is an example of a DTA spectrum of 
unexchanged 13X and of chromium exchanged 13X with the 
13X background removed by the differential operation of the 
instrument. Both the X and Y zeolite samples displayed plateaus 
in the 750°C range, indicating a phase transition and probable 
structural collapse. However, none of the samples showed any 
evidence of the intense exothermic peak expected. It is 
reasonable to assume that the framework is unstable upon 
dehydration and that the exothermic process of lattice destruc- 
tion occurs between 100 and 350°C and is thus masked by the 
endothermic process of dehydration (6). This assumption was 
substantiated by X-ray crystallography of the sample at 500°C. 

The 13X sample reveals three major areas of slow endother- 
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MIEDZINSKA AND HOLLEBONE 

FIG. 3. Differential thermal analysis of Cr zeolite 13X (- - -) and zeolite 13X (-). 

TABLE 4. Differential thermal analysis characteristics 

Peaks 

Sample Reference endo ("C) ex0 ("C) 

Glass 

Glass 
Glass 
Glass 

Glass 

Glass 

Glass 

13X 

13X 

13X 

Glass 
13X 

Glass 
13X 

Glass 

13X 

Glass 
13X 
Glass 
(13X)120 

(13X)150 
Y52 

(Y52)200 

mic dehydration between 50 and 300°C (29). Upon dehydration 
to 120°C only the last region is seen and is shifted up to 225 to 
300°C, suggesting that the remaining water molecules are very 
strongly bonded. The samples dehydrated at 150 to 200°C show 
endothermic peaks at the low temperature scale. 

The Y52 on the other hand shows an exothermic peak in the 
midst of the endothermic area. As the sample is dehydrated the 
endothermic area remains relatively stable but the exothermic 
shifts up in temperature and becomes split. 

When the chromium is exchanged onto 13X only one large 
endothermic area covering the same range as the 13X is 
observed within which there is a smaller area of faster loss. 
Upon dehydration to 120°C there is a shift to lower temperature 
as for 13X. Upon removal of the 13X background, the effect of 
the chromium is resolved into three endothermic peaks within 
the range shown by the entire sample. Upon elimination of the 
background of a similarly treated (13X)120, a sharp exothermic 
peak at 75- 100°C and a large endothermic peak at 200-3 10°C, 
with the major portion at 200 to 230°C are observed. This would 
again suggest that there has been an internal phase transition (or 
perhaps another migration) and that the remaining water is very 
strongly bonded. 

The DTA spectra of rehydrated samples show a strong 
exothermic peak immediately previous to three areas of endo 
activity, which lie within the endothermic area of the original 
sample. After removal of the zeolitic sample background one 
sees two endothermic areas appear, each preceded by a strong 
exothermic peak, again indicating internal migration. There is 
also a further endothermic area at a higher temperature than 
expected. There are clearly differences between the original 
exchanged samples and the de- and re-hydrated samples (30). 
The same pattern appears with the 150 and 200°C samples and 
also holds for the Y zeolites. 

Magnetic susceptibilities 
The instrument was calibrated with Mohr's salt (ferrous 

ammonium sulphate, Fe(NH4)2(S04)26H20 MW 392.15, 
X& = 32.04 X 10-~cgs  at 22°C). Samples of Cr exchanged 
zeolites were run at three temperatures (room, helium and 
nitrogen) to determine if the magnetic susceptibilities were 
temperature independent. Thereafter all samples were run at 
room temperature. Samples were run at four field strengths, 
0.65, 0.75, 0.84, and 0.92 Tesla. The gram and molar 
susceptibilities derived after applying instrument calibration 
factors and molecular weights respectively are given in Table 5. 
Errors are assessed from the initial weight, the standard 
deviation and the errors in molecular weights in Table 1. 

The standard spin-only value for p,fdCr?+) is 3.87 BM. All 
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TABLE 5. Magnetic susceptibilities and effective moments of exchanged zeolites 

& x lo-6 C ~ S  pen Mn+(Z) (BM) ~ e f i  Mn + @MIa 
Sample ~0.0001% +0.001% +0.01% 

C?'(13X)'AD 169 698 20.02 2.90 
C?'(13X)'120 84 428 14.12 2.05 
~?'(13X)'150 85 282 14.19 2.06 
C? ' (1 3X) '200 84 861 14.16 2.05 
C?'(13X)'15OR 95 309 15.00 2.17 

C?+(13X)4AD 166 698 19.84 1.91 
C?+(13~)~120 147 178 18.65 1.79 
C?t(13X)4150 92 550 14.79 1.42 
C? + (1 3X)4200 132 331 17.68 1.70 
C?+(13X)4120R 187 717 21.06 2.02 

C?+(Y~~)'AD 3 409 2.84 0.35 
C?' (Y52)'200 82 430 13.95 1.72 

of the metal ion alone is obtained by dividing the peff of the total metal ion per mole of 
exchanged zeolite by the number of metal ioos per unit cell as obtained from Table 1 .  

FIG. 4. Infrared spectra of Cr zeolite to 1500 cm- I. 

the results in Table 4 lie well below this value, decreasing with 
increasing dehydration temperature in most cases. The sharpest 
decrease is observed for dehydration at 120°C for the singly 
exchanged 13X is coincident with the first large endothermic 
peak in differential thermal analysis (Table 3). It also accom- 
panies a distinct colour change from green to light grey. In the 
Y52 samples susceptibilities were also well below those 
expected in isolated C?+ but show an increase in samples 
dehydrated at 200°C. 

Infrared spectra 
Infrared spectra were obtained on all samples before and after 

dehydration or exchange. Typical low resolution spectra of 13X 
and C?' 13X are shown in Figs. 4 and 5. High resolution 
spectra, reported in Table 6, were obtained in the ranges 
indicated on the low resolution spectra to observe the features 
which changed with treatments more closely. 

Hydroxyl stretching bands occur in the range from 3000 to 
3800 cm-' for 0-H bonds in various environments. The weak 
sharp band at 3750 cm-' is exhibited by all zeolites and has been 
assigned to a terminal hydroxyl stretch (31). It disappears on 
dehydration and does not return during rehydration under the 
conditions of these experiments. 

Bands appearing in the 3650 to 3680cm-' have been 
assigned to bridging hydroxyl stretching modes (31) in both 
zeolite 13X and Y52. Like the terminal stretch mode, they 
disappear on dehydration and do not return with rehydration. 
These bands are also altered by the extent of c?' exchange. At 
24% exchange, the 2680 cm-' band in Y52 is lost but the 3650 
band in both lattices is retained. Since initial exchange involves 
substitution in the sodalite cage at site I the 3680 cm-' band is 
assigned to labile water in the sodalite cage bridging between 
Na+ ions and the lattice. At 36% exchange in both lattices, the 
3650 cm-' disappears from 13X and is shifted to 3630cmA' in 
Y52. At this level of exchange sites in the supercages are 
occupied suggesting that the 3650 cm-' band represents bridg- 
ing hydroxyl groups in the supercage. The supercage of 13X is 
smaller than that of Y52 and having a lower Si/Al ratio as well, 
appears to lose all bridging water at this level of exchange while 
in Y52 some labile water is retained but the bridges are weaker. 

A third band type near 3575 cm-' is observed in all lattices 
and is persistent through all heat treatments. They are assigned 
as local Cr-OH hydroxyl stretch modes (3 1) of the exchanged 
ion or possibly those of occluded silica residues in the zeolite 
lattice. 

A set of bands in the 1600 to 1700 cm-' range is assigned to 
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FIG. 5. Infrared spectra of Cr zeolite 13X (- - -) and zeolite 13X (-), 1800 to 700 crn- I .  

TABLE 6. Infrared spectral characteristics 

Sample Bands (crn-') 

13X 

Y52 

1-C9+(13X) '~~ 

l-c9+(13~)~ALI 

l-C9+(~52)'AD 

(13X)120 

(13X)120R 

(13X)(120~)' 

(13X) TGA 

water bending modes (31-33). Like the stretching modes they 
are lost on dehydration and do not reappear on rehydration. 
Their dependence on exchange is difficult to interpret. Similar 
results and difficulties are encountered with the low energy 
bands between 700 and 1100 cm-'. The absence of any 
characteristic NH: bands is evidence of the purity of the zeolite 
with respect to the NH40H buffer. 

Discussion 
The structure of Nal3X is well established by single crystal 

Nal3X X-ray diffraction (8). The sites occupied by Na+ ions are 

I and I' with the water in I' and 11' (8,34). The sites occupied by 
replacement ions are also well documented on zeolite A (cu2+, 
Cu+) (1) and zeolite A (zn2+) (2) by crystallography and many 
ions by infrared and epr spectroscopy (7, 13, 22, 23). The 
arrangements fall naturally into a progressive pattern of substi- 
tution which represent occupation of successively less stable 
sites (13). This corresponds directly with the decreasing 
availability of lattice oxygen ligands in sites I, I f ,  11' , and finally 
11 (Fig. 1). 

This theoretical sequence appears to be confirmed by the 
current experiments. The infrared spectra show the progressive 
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loss of lattice hydroxyl with increasing exchange levels in both 
X and Y lattices. At the same time, the spectra of the Y lattice 
suggest the free volume occupied by bridging hydroxyls of the 
supercage decreases. The thermal data show that there is an 
increase in the lattice water content on substitution but a 
decrease in its stability, since the endothermic peaks all shift to 
lower temnerature. 

All of these facts are consistent with the initial occupation of 
Site I by the dehydrated exchange ion (18). This site 
was formerly occupied by a four coordinate, tetrahedral 
[Na+(H20)4]+ complex ion and the waters of coordination were 
hydrogen bound to the lattice oxygen of the sodalite cage. From 
the spectroscopic evidence, the infrared bands attributed to this 
hydrated ion have disappeared and the complexed sodium ion 
appears to have been expelled by the much larger deaquated 
chromium exchange ion, binding directly to the lattice oxygen. 
When the hydrogen bonds between the lattice and the water 
bound to the sodium ion are broken and the sodalite cage 
contains no coordinated water, molecules in the supercage from 
both the exchanged ion and the displaced sodium ions are more 
weakly bound. This is shown by the endothermic shifts in 
exchanged zeolite thermal data and the long wavelength shifts in 
the infrared of bridging hydroxyl. 

While this exchange i s  occumng, it has been demonstrated 
that some hydroxyl oxygen may exchange with the lattice (33 ,  
probably because the lattice silicon remains a strong Lewis acid 
permitting splitting of the six rings (14). The processes of 
dehydration and exchange lead to symmetry reductions at the 
aluminum (12) when this exchange occurs. 

For the exchange ion, the next most stable site is I' or 11' (13) 
both of which provide three lattice oxygen and three waters of 
coordination in the supercage (36). Site LI' is probably occupied 
first if Site I is occupied because of Coulomb repulsion. Up to 
this level of exchange one would expect dilute magnetic 
behaviour. Immediately Sites I and I' (37) are occupied, 
because LI' is also occupied, exchange ions become adjacent in 
the lattice, sharing lattice oxygen bridges on alternate faces of 
the 6-ring. This provides the opportunity for shared oxidation 
states (mixed valence states in partly reduced species) and the 
formation of metal-metal bonded dimers. Such dimers do not 
form between pairs of C I ~ +  ions, but can form in mixed valence 
pairs or pairs of tetragonal d4 C 8 +  ions (38). This is in sharp 
contrast to most doped zeolites in which the electronic con- 
figurations of the transition metal ions are not conducive to 
dimerization. As observed in iron doped lattices, bridging then 
occurs through lattice oxygen atoms (39). 

The bridging provided by the lattice can stabilize these dimers 
and lead to reduction at very low temperatures. Evidence of this 
is seen in the progressively greying colour of the doped 
materials and the falling magnetic susceptibility, to be expected 
in the formation of deep red diamagnetic C 8 +  dimers. 

At the highest levels of exchange, Site LI must also be 
occupied (13). This can displace the ion in Site 11' towards that 
in Site I providing a further opportunity for dimerization. Such 
metal-metal bond formation could readily distort the super- 
cage, as is observed at the highest exchange achieved in &ese 
experiments by powder crystallography. 

There are distinct differences seen in the DTA spectra of the 
original exchanged zeolites and the rehydrated zeolites for both 
X and Y. The infrared spectra do not show the expected 
regrowth of water bending bonds, again indicating a breakdown 
of the bridging hydroxyls. This is further indication of lattices 
which have been irreversibly altered. 

In conclusion, it appears that the reduction suggested by the 
earlier thermolysis research (25) proceeds very easily once the 
characteristic dirner formation of the d4 system becomes 
possible at the higher levels of exchange. It appears to be 
completely irreversible. This is because the lattice under the 
stress of the dimer bonding collapes to a new form and is 
incapable of breaking the c~+--c?+ bond when reoxydation 
is attempted. 
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Pseudoxandrine, pseudoxandrinine, oxandrine et oxandrinine, premi&res a ou a' 
cCto-bisbenzyltCtrahydroisoquinolCines a pont biph6nylique1 
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DIEGO CORTES, REYNALD HOCQUEMILLER, ANDRB CAVB, JAIRO SAEZ et ADRIEN CAVB. Can. J. Chem. 64, 1390 (1986). 
Les alcalotdes pseudoxandrine, pseudoxandrinine, oxandrine et oxandrinine ont 6th isolCs d'une Annonacke colombienne, 

Pseudoxandra aff. lucida. Ces alcaloldes appartiennent au petit groupe des bisbenzylisoquinolCines i pont biphCnylique, 
C(l l w ( 1  1') et ils sont les premiers a ou a' mono-cCto-bisbenzyltCtrahydroisoquinolCines. Ces structures ont CtC ClucidCes 
par sm, par des exp6riences de double rksonance et nOe en rmn de 'H, et par I3C rmn. 

DIEGO CORTES, REYNALD HOCQUEMILLER, ANDRB CAVB, JAIRO SAEZ, and ADRIEN CAVB. Can. J. Chem. 64,1390 (1986). 
The alkaloids pseudoxandrine, pseudoxandrinine, oxandrine, and oxandrinine have been isolated from a Colombian 

Annonaceous, Pseudoxandra aff. lucida. These bases belong to the small group of bisbenzyisoquinolines with a C(11)- 
C(11') biphenyl bond, and are the first a or a' mono-keto-bisbenzyltetrahydroisoquinolines. These structures were elucidated 
by ms, 'H nmr (including double resonance and nOe experiments), and 13C nmr. 

Introduction 
Parmi les alcalo'ides isolks des tcorces de l'espbce colom- 

bienne Pseudoxandra aff. lucida (I), il faut remarquer la 
prksence de plusieurs bisbenzyltktrahydroisoquinoltines B pont 
biphknylique, dont l'antioquine, 1 (alcaloyde majeur (2)), qui a 
montrk une inttressante activitk ~pasmolytique;~ la stcantio- 
quine, premibre seco-bisbenzyltktrahydroisoquinolkine B pont 
biphknylique (3); et la medelline, premikre bisbenzyltktra- 
hydroisoquinolkine a pont mkthylknedioxy intramolkculaire 
(4). Quatre autre bisbenzyltktrahydroisoquinolkines mineures 
ont kt6 isolkes; elles sont caractkristes par la prksence d'une 
cttone conjuguke en position a ou a' : il s'agit de la pseudoxan- 
drine, 2, la pseudoxandrinine, 8, l'oxandrine, 9, et l'oxan- 
drinine, 13. 

TABLEAU 1. RCsonance magnCtique nuclkaire de 13C de la pseudoxan- 
drine, 2, et de l'oxandrine, 9 (CDC13, 25,2 MHz) 

6 6 

Carbone 2 9 Carbone 2 9 

C-9 
C-10 
C-11 
C-12 
C-13 
C-14 
NMe-2 
OMe-6 
OMe- 12 

C-9 
C-10' 
c-11' 
C-12' 
C-13' 
C-14' 
NMe-2 ' 
OMe-6' 
OMe- 12' 

." .- 
a,b,c,d,e,f. Valeurs interchangeable~ pour un mime produit. 

1 Zantioquine Resultats et discussion 

'partie 62 dans la sCrie cc Alcaloldes des AnnonacCes n; Partie 61 : La pseudoxandrine, 2, est obtenue sous forme de poudre 

voir rCf. 4. arnorphe, [aID $23" (c  1,13, CHC13). Le spectre ir, montre la 

'Auteur i qui adresser toute correspondance. prksence d'un groupement carbonylk de type arylcktone 
3 ~ ' a p r k s  une Cbde phmacologique prkliminaire, 17antioquine a (v(-) : 1680 cm-'); ceci est confirm6 par le spectre de "C 

montr6 sur duodtnum isolt de Rat, i la concentration de 0,1 mg/m~,, : 1 singulet 205,l ppm (voir Tableau 1). Son spectre de 
une inhibition de prks de 50% des spasmes induits par 11ac6tylcholine masse en impact tlectronique (M" 622, 100%) confirme sa 
et le chlorure de baryum. nature dimkrique. Les fragmentations principales conduisent 
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2 : R '  = R 2  = H :  pseudoxandrine 

3 . ~ 1 ~  R ~ = A ,  

par rupture de deux liaisons benzyliques (1-a et 1'-a') B un 
ensemble bisisoquinolkique se traduisant sur le spectre par des 
pics h mlz 382, 192 et 191 correspondant respectivement aux 
ions monochargk et doublement charge (5). Cette fragmentation 
est en faveur (i) d'une bisbenzyltktrahydroisoquinol6ine B deux 
ponts, l'un diaryl-kther entre les unitts isoquinolkines, l'autre 
biphknylique (6); (ii) d'une partie bisisoquinolkique dim6- 
thoxylke; (iii) de la prksence de deux groupements phtnoliques, 
l'un sur la partie bisisoquinolkique, l'autre sur la partie 
biphknylique. 

Le spectre de 'H rmn de la pseudoxandrine, 2, montre que la 
molkcule possbde deux N-mkthyles et trois mkthoxyles. Les 
signaux correspondant aux protons en 1 et 1' apparaissent l'un 
sous forme d'un doublet B 4,05 ppm, et l'autre sous forme d'un 
singulet B 4,25 ppm, laissant ainsi supposer que le groupement 
carbonyle de 2 est port6 soit par le carbone a ,  soit par le carbone 
a ' .  Des expkriences de dkcouplage sklectif ont montrk la 
prksence de deux systbmes AMX appartenant aux noyaux C et 
C' . 

Par ailleurs, 1'6tude des d6rivks diacktylt, 3, et dim6thyl6, 4, 
de lapseudoxandrine, a permis de confirmer l'existence, dans 2, 
de deux OH phknoliques et de fixer leur position en 7 et en 12 
(ou 12'). 

L'analyse structurale de la pseudoxandrine, 2, est compltt6e 
par la mesure des effets Overhauser nuclkaires (7, 8), enregis- 
tr6is B 360 MHz sous forme de spectres de diffkrences (2). 
L'irradiation successive des singulets N-Me B 2,27 et 2,39 

pprn fait apparaitre un effet de 11% sur le doublet H-1 ' B 4,05 
pprn et un effet de 12% sur le singulet H-1 B 4,25 ppm. Un effet 
plus faible de l'ordre de 2% indique la proximite5 de ce demier 
groupe N-Me avec le proton aromatique H-10. L'irradiation 
des protons H-1 et H-1' permet d'identifier les protons proches, 
10 et 14 pour le premier et 8' et 10' pour le second. La pro xi mi^ 
des protons 10 et 10' dtcoule de l'irradiation du signal de H-10 
qui dome un effet de 10% sur H-lo', permettant ainsi de relier 
les deux unitts benzylisoquinolC'iques. Le positionnement du 
mkthoxyle en 12' dkcoule d'un effet de 16% avec le proton 
aromatique 13' dkjB identifit lors des experiences de double 
irradiation. L'identification du H-5 et du m6thoxyle 6 rksulte de 
l'observation d'un effet de 14% sur le singulet B 6,42 pprn lors 
de l'irradiation sklective du mkthoxyle B 3,85 ppm. L'irradia- 
tion du signal du mkthoxyle 6' B 3,63 pprn permet de localiser le 
proton 5' B 6,66 ppm. Les deux OH phtnoliques sont placts par 
dduction en 12 et en 7. 

Un effet Overhauser nkgatif est observk sur H-13 lors de 
l'irradiation de H-1. 11 met en kvidence une disposition <<en 
ligne D (9) des protons 1, 14 et 13. Un effet comparable est 
observk sur H- 1 lors de l'irradiation de H- 10'. On peut noter les 
proximitts de NMe-2 avec H-10 et de H-1 avec H-14 qui 
traduisent un arrangement structural bien dkfini dans cette partie 
de la molkcule. Ces expkriences permettent donc de placer le 
carbonyle en position a. 

La prksence du groupe carbonyle a kt6 confirmke soit par 
rkduction au NaBH4, soit par rkduction de Clemmensen. En 
effet, la rkduction de la dimkthylpseudoxandrine 3, par NaBH4, 
conduit B la dihydrodim6thylpseudoxandrine, 5. Quant B la 
rkduction de la pseudoxandrine 2 par la mkthode de Clemmen- 
sen (ZnIHCl), elle conduit, avec un faible rendement, B deux 
produits, 6 et 7. L'examen des spectres de 'H rmn et de masse 
(sm), montre qu'il s'agit de stkrkoisombres. Le sm de ces deux 

H""pJ--c / OMe Me0 \ 

6 : IS, I'R : tiliageine 

produits pr6sente les mCmes fragmentations que celles de 
l'antioquine, 1 (2), et de la tiliageine, 6 (6). L'examen des 
courbes de dc (dichrdisme circulaire) de 2 et de 6 et 7 permet de 
proposer les sttr6ochimies. La courbe de dc de la pseudoxan- 
drine, 2, est identique B celle de l'antioquine, 1, dont la 
configuration a kt6 ttablie c o m e  ktant 1 S, 1 'R (1,2). De plus, 
la courbe de dc de l'un des dkrivks, 6, obtenu par rkduction de 
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FIG. 1. Compost5 8 : pseudoxandrinine, 'H rmn et nOe; J10-14 = 
J10'-14t = 2 HZ; J14-13 = J14'-13' = 8,5 HZ. 

Clernmensen de la pseudoxandrine, 2, est identique B celle de 
l'antioquine, 1,  permettant de conclure que ce produit corre- 
spond B la tiliageine, 6, dont la stkdochimie a CtC Ctablie par 
biosynthbse (6). Le signe et la valeur du pouvoir rotatoire du 
dtrivt 6 sont en accord avec cette hypothbe. La courbe de dc du 
deuxibme produit, 7, obtenu lors de la rtduction de Clemmen- 
sen est inverse de celle de l'antiquine, 1; ceci permet de 
supposer que par reduction au ZnlHC1 de 2 on obtient les deux 
isombres, l'un 6 ttant IS, l'R, l'autre 7 ttant de configuration 
lR, 1'R. Au vu des dsultats de cette reduction, on peut 
envisager que celle-ci se fait par l'intemkdiaire d'un Bnol, 
expliquant ainsi la non conservation de la stCrCochimie en 
position 1. 

La pseudoxandrinine 8 a une structure trbs proche de celle de 
la pseudoxandrine, 2, c o m e  le montre l'analyse de ses 
difftrents spectres. Le sm de 8 revble un pic molCculaire (M +' 

636, C38Hd2o7), et des fragmentations qui montrent que la 
pseudoxandrinine, 8, est une 0-methyl-7 pseudoxandrine. En 
effet, le spectre de 'H rmn vient a l'appui de cette hypothbse 
(voir 8, fig. 1). Une conklation avec le dtriv6 dimethylt, 4, de 
la pseudoxandrine, 2, confirme la position des diffkrents 
substituants. La configuration absolue de 8 est dtduite de sa 
courbe de dc; celle-ci, identique B celles de la pseudoxandrine, 
2, et de l'antioquine, 1, permet d'attribuer B 8 la configuration 
IS, 1'R. 

La troisibme cttoarnine isolte de P. aff. lucida, l'oxandrine, 
9, prksente un [aID ntgatif en CHC13 (- 1 lo) et ositif en MeOH S (+97  Ses spectres uv, ir ( C 4 , 1 6 8 0  cm-'), ' C rmn (s, 205,5 
ppm; voir Tableau 1) et masse (M +' 622 et mlz 381, 192,191), 
prhentent une grande similitude avec ceux de la pseudoxan- 
drine, 2. L'examen du spectre de 'H rmn de 9 (fig. 2), et de celui 
de ses dCrivts diac6tyl6, 10, et dimkthylt, 11, confirme la 
parent6 entre la pseudoxandrine, 2 et l'oxandrine, 9. La 
structure de 9, a CtC confirmke par mesure des effets Overhauser 
en 'H rmn (voir 9 nOe). Lorsque le singulet a 4,2 1 (H- 1 ou H- 1 ' , 
voisin du carbonyle en a ou a') est irradit, on note un nOe sur 
undesNMe(62,32), surunddB67,25(H-14ouH-14')etsurle 
singulet B 6 7,12 correspondant au H-8'. Par contre l'irradiation 
du doublet B 6 3,80 (H- 1 ou H- 1 ' , voisin du CH2 en a ou a'), 
provoque des effets Overhauser sur l'autre NMe (6 2,33) et sur 
les protons du mkthylbne benzylique (H-a). Ces exp6riences 
montrent que le carbonyle de l'oxandrine appartient au mono- 
mere benzylisoquinoltine porteur du proton libre en position 8'. 
ll est B noter que les effets Ovehauser observks par irradiation du 
H-1 ' sont nettement moins intenses sur le H-8' et plus prononcBs 
sur le H-14' pour l'oxandrine, 9, que pour l'antioquine, 1 (2), et 

9 : R '  = R 2  = H : oxandrine 

10: R I  = R2 = Ac 

11: R '  = R 2  = M e  

13: R '  = H ; R' = Me: oxandrinine 

R : q N M e  MeN 
"f/ H 

12 : dihydrooxandrine 

la pseudoxandrine, 2 (voir fig. 3). Comme le montre I'Ctude sur 
le modble Dreiding, ces differences peuvent s'expliquer si la 
configuration en 1' est inverse chez l'oxandrine, c'est-5-dire 
1's. Si cet argument est insuffisant B lui seul pour affirmer que 
l'oxandrine, 9, a la configuration IS, 1's (les effets nOe en 1 
sont identiques pour l'antioquine, 1 (2), et pour l'oxandrine, 9), 
il est confort6 par l'aspect de la courbe de dc de 9, qui prtsente 
des effets Cotton opposts B ceux de l'antioquine, 1. 

De plus, si la rCduction de 9 ,  par NaBH4, conduisant B 
l'alcool majoritaire, 12, ne confirme que l'existence du car- 
bonyle en a' ,4 la rtduction de 9 par ZnlHCl permet d'obtenir 

f'" 

. - - - *  

9 : oxandrine, nOe 

-- nOe + 

- - - - -  nOe - 

4 ~ a  disposition en cis des H-1 ' et H-a' est d6rnontrk d'une part par 
'H rmn (J = 4 Hz), d'autre part par dt5shydratation (POC13) et forma- 
tion de 1'Cnarnine correspondante. 
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CORTES ET AL. 

OMe 

m 7 f 7 - p  G:O*,;~: 

FIG. 2. ComposC9: oxandrine, ' ~ r m n ;  J 1 4 - 1 3  = J14'-13'  = 8,5 Hz; J l o - 1 4  = Jlo1-14, = 2Hz. ComposC 10, 'Hrmn; J14-13  = 514'-13, = 8,5 
HZ; J10-14 = J10'-14' = 2 HZ. 

antioquine, 1 pseudoxandrine, 2 

FIG. 3 

oxandrine, 9 

deux produits isombres, dont l'un est identique la (S,R)- 
antioquine, 1 (ccm, ir, dc, 'H rmn, sm). Or, il a kt6 montr6 
pour la pseudoxandrine, 2, que la rkduction de Clemmensen 
menait 2 la formation de deux 6pimbres. 11 est donc logique que 
l'un des deux produits obtenus ait acquis la configuration 1 'R et 
ait la mCme configuration que l'antioquine (IS, 1 'R). 

La configuration inverse en 1 ' de l'oxandrine, 9, par rapport ?i 

l'antioquine, 1 ,  pourrait Ctre expliquke par l'existence d'un 
intermMiaire knamine lors du processus oxydatif. 

L'oxandrinine, 13, a kt6 obtenue en trks faible quantitk 
(0,1% des A.T. (alcaloides totaux)). L'ensemble de ses donnkes 
spectrales (uv, ir; 'H rmn, masse), montrent qu'il s'agit de la 
0-mkthyl-12' oxandrine. Ceci a kt6 confirm6 par la prkparation 
de la mkthyloxandrinine identique ?i la dimkthyloxandrine, 11. 
La courbe de dc de 13 est superposable A celle de l'oxandrine, 9, 
et permet donc de lui proposer la configuration IS, 1's. 

La pseudoxandrine, 2, et l'oxandrine, 9, constituent les 
premiers exemples d'alcalo'ides a ou a' ckto-bisbenzyltktra- 
hydroisoquinoltiques rencontr6s jusqu'ici (10, 1 1). Elles peu- 
vent Ctre consid6rkes comme des intermkdiaires biogknktiques 
d'oxydation des bisbenzyltktrahydroisoquinolkines B pont bi- 
phknylique, dont la position a ou a' est rendue favorable a des 
oxydations par la presence d'un hydroxyle phknolique en 
position para. Ce stade intermaaire d'oxydation n'a jamais kt6 
dkrit. En effet les structures des ckto-bisbenzyltktrahydroiso- 
quinolkines, dkcrites auparavant, ont kt6 rkemment rkvides; 
il s'agit en r6alitk de N-formyl-bisbenzyltCtrahydroisoquino- 
1~5ines.~ Cependant, des produits d'oxydation plus pousske ont 

'Les structures des dictto-bibenzyltCtrahydroisoquinolCines, Thal- 
mgosinone ( l a )  et Thalpindione (12b), ont Ctk r6visCes (voirrkf. 12c). 

kt6 signal&, tels que les cktoimines (13) et les seco-bis- 
benzylt6trahydroisoquinolkines ( 14, 3). 

Partie experimentale 
Pouvoirs rotatoires mesur6s sur polarimktre Schmidt-Haensch, type 

Polartronic I. Spectres emegistrks sur les appareils suivants: uv, 
Unicam SP 1800; ir, Perkin Elmer 257; dc, auto-dichograph Mark V; 
sm, VG Micromass 70 et Nermag RlO-1OC; 'H rmn, Cameca 
(250 MHz) et Briiker (360 et 500 MHz); I3C rmn, Varian CFT 20 (25,2 
MHz). 

Extraction des alcaloi'des 
Les Ccorces de Pseudoxandra aff. luciah (Annonaceae) ont 

dcolt6es ti San Luis, Antioquia (Colombie). L'extraction menCe de 
fa~on habituelle fournit 1,5% dYalcaloYdes totaux non quaternaires. Les 
alcaloldes totaux ont CtC chromatographiCs sur colonne de Kieselgel 
60. L'tlution a CtC rCalisCe par des mklanges de polarit6 croissante de 
dichloromCthane et mtthanol. (1, 2). 

Pseudoxandrine, 2 
Elle a kt6 isolCe amorphe (1% des A.T. (1, 2)); C37H38N207; [aID 

+23" (c 1,13, CHC13); [aID +60° (c, 0,1, MeOH); uv, A,,, EtOH, 
nm (log r) : 208 (4,78), 282 (3,94); EtOH + NaOH : 222 (4,96), 300 
(4,24); ir, v,,, film: 3340, 1680, 1605, 1510, 1460, 1305, 1270, 
1240, 1120 cm-'; dc, MeOH (c 3,56 X Ar (nm) : 0 (295), +5  
$. (277), +35,6 (242), 0 (228), -47 (218); 'H rmn, CDC13, 360 
MHz, 6 : 2,27 (s, 3H, NMe-2'), 2,39 (s, 3H, NMe-2), 3,63 (s, 3H, 
OMe-6'), 3,85 (s, 3H, OMe-6), 3,86 (s, 3H, OMe-12'),4,05 (d, lH, 
H-l'),4,25 (s, lH, H-1), 6,42 (s, lH, H-5), 6,66 (s, lH, H-5'), 6,73 
(d, lH,H-lo), 6,85 (d, lH, H-13'), 6,95 (d, lH, H-13), 6,96 (d, lH, 
H-10t),7,14(s, lH,H-g1),7,20(dd, lH,H-14'), 7,36(dd, lH, H-14); 
J14-'3 = J14'-13' = 8.5 HZ; J10-14 = J10'-14!  = 2 HZ; 13C 
voir Tableau 1; sm, IC (NH3), mlz : 623 [M +' + 11; sm, IE, mlz (%) : 
622 (100, [M"]), 621 (go), 607 (18), 593 (14), 382 (3), 381 (8), 367 
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0,O-diacitylpseudoxandrine, 3 
PrCpar6e il partir de 2 (Ac201Pyr); [aID +47" (c, 0,53, CHC13); UV, 

A,,, EtOH, nm (log r) : 212 (4,75), 28 1 (3,92); ir, v,,, film : 1760, 
1685, 1610, 1500 cm-'; 'H rmn, CDC13, 250 MHz, 6 :  1,75 (s, 3H, 
OAc-7), 2,12 (s, 3H, OAc-12), 2,28 (s, 3H, NMe-27, 2,72 (s, 3H, 
NMe-2), 3,62 (s, 3H, OMe-6'), 3,68 et 3,83 (2s, 6H, OMe-12' et 
OMe-6), 4,29 (s, lH, H-1), 6 3 0  (s, lH, H-5), 6,71 (s, lH, H-Sf), 
6,59-7,30 (7H, Ar-H); sm, IC (NH3), mlz: 707[M+'+ 11; sm, IE, 
mlz (%) : 706 (100 [M ''I), 705 (55), 691 (13), 664 (28), 663 (34), 
622 (3), 621 (8), 423 (2), 381 (4), 368 (2), 206 (3), 204 (2), 191 (34), 
175 (4). 

0,O-dimithylpseudoxandrine, 4 
M p x &  il partir de 2 (CHiN21Et20); [aID + 6" (c 0,66, CHC13); UV, 

A,, EtOH, nm (log E) : 210 (4,70), 286 (3,95); ir, v,, film : 1680, 
1605 cm-I; 'H rmn, CDC13, 250 MHz, 6 : (signaux doubl6s. dkplace- 
ments chirniques moyens) 2,29 (3H, NMe-27, 2,39 (3H, NMe-2), 
3,52 (3H, OMe-7); 3,56 (3H, OMe-6'), 3,73,3,79 et 3,84 (9H, OMe-6, 
OMe-12 et OMe-127, 4,25 (lH, H-1), 6,02-7,26 (9H, Ar-H); sm, 
IC (NH3) rnlz : 651 [M +' + 11; sm, IE, mlz (%) : 650 (100, [M ''I), 
649 (89), 635 (61), 621 (21), 607 (lo), 395 (lo), 382 (12), 381 (17), 
368 (5), 354 (7), 325 (26), 311 (15), 206 (98), 198,s (17), 198 (67), 
192 (14), 191 (IS), 190 (27), 175 (27), 174 (21). 

Dihydrodimt?thylpseudoxandrine, 5 
Mpar& il partir de 4 (NaBH4/MeOH) selon la mtthode dkcrite pour 

12; ir, v,,, film: 1605, 1585, 1500 cm-I; sm, IC, mlz: 653 [M' 
+ I.], 652 [M'], 639,621, 395, 369, 206. 

Rt?$uction de la pseudoxandrine, 2 ,  par ZnIHCl : produits 6 et 7 
A 40 mg de 2 en solution dans 4 mL d'acide acttique sont 

additio~es 6 g de Zn pulvMsk et 12 mL de HC110 N; le melange est 
port6 il reflux pendant 68 h. Aprks extraction et purification du milieu 
kactiomel par ccm prkparative, on obtient 3 mg du dCrivC 6 et 2 mg du 
dtrivk, 7. Dkrivt? 6 : Tiliageine; [a] +192" (c, 0,12, CHC13) (lib. (6) 
[a] +132, Pyr); ir, v,, film : 1610, 1580, 1500 cm-I; dc, MeOH (c, 
3,7 X Ac (nm) : 0(320), + 1,9 (291), +3,8 (249), 0(231), -3,9 
(217); sm, IC, rnlz : 609 [M + + 11,608 [M +'I, 381,367,191. DkrivC 
7 : dc, MeOH (c 3,5 X AE (nm) : 0 (297), -4 (246), 0 (240), 
+25 (223), 0 (214); sm, IC, mlz: 609 [M" + 11, 608 [M''], 381, 
367, 191. 

Pseudoxandrinine, 8 
Amorphe (0,1% des A.T. (1, 2)); C38H&4207; +7' (C 0,7, 

CHC13); uv, A,,, EtOH, nm (log r) : 208 (4,44), 224 Cp. (4,34) 280 
(3,80); EtOH + NaOH : 220 (4,90), 2,96 (4,33); ir, A,,, film : 3340, 
1675,1600, 1500, 1270, 1230, 1120, 1070, 1020 cm-'; dc, MeOH (c 
5,l X 10-3, AE (nm) : 0 (362), -2,9 (341), 0 (313), +2,9 (296), + 19 
(249), 0 (232), -21,7 (219); 'H rmn, 360 MHz, CDC13 : voir fig. 1; 
sm, IE, rnlz (%) : 636 (100, [M "1,635 (85), 621 (28), 607 (12), 593 
(6), 411 (2), 396 (I), 395 (2), 381 (5), 367 (I), 365 (9), 198,5 (5), 198 
(19), 191 (3), 175 (6), 174 (6). 

0-mithy lpseudoxandrinine 
Prepark il partir de 8 (CH2N21Et20). Le produit mtthyl6 obtenu est 

identique il la diikthylpseudoxandrine, 4. 

Oxandrine, 9 
Amorphe (1% des A.T. (1, 2)); C37H38N207; -1 1" (C O,9, 

CHCl,); [aID +go (c 0,96, MeOH); uv, A,, EtOH, nrn (log c) : 209 
(4,73), 282 (4,02); EtOH + NaOH : 224 (4,92), 296 (4,30); ir, v,,, 
film : 3320, 1670, 1605 cm-I; dc, MeOH (c 2,57 x AE (nm) : 0 
(310), -4,6 kp. (293), -25 (250), 0 (233), +80 (221), 0 (211); 'H 
rmn, CDC13, 360 MHz : voir fig. 2 et 9, nOe; 13C rmn, voir Tableau 1; 
sm, IC (NH3), rnlz : 623 (M +' + 1); sm, IE, rnlz (%) : 622 (16 [M ''I), 
381 (3), 367 (I), 192 (loo), 191 (30), 175 (5). 

0,O-diacityloxandrine, 10 
Mpm& il partir de 9 (Ac201Pyr); [aID +88" (c 0,9, CHC13); uv 

A,,, EtOH, nm (lo c) : 224 (4,62), 282 (3,69); ir, v,,, film : 1765, 
1680, 1605 em-'; 'H rmn, CDC13, 360 MHz: voir fig. 2; sm IC 
(isobutane), rnlz : 707 [M +' + 11; sm, IE, rnlz (%) : 706 (100, [M +'I), 
664 (SO), 663 (58), 649 (19), 437 (51, 381 (S), 368 (4), 353 (9), 191 
(30). 

0,O-dim'thyloxandrine, 11 
Prepark il partir de 9 (CH2N2/Et20); sm, IE, rnlz (%) : 650 (100, 

[M"]), 396 (I), 381 (12), 198 (60), 175 (39); 'H rmn, 500 MHz, 
CDC13, 6 : 2,26 (s, 3H, NMe-27, 2,27 (s, 3H, NMe-2), 3,41 (s, 3H, 
OMe-7), 3,69 (s, 3H, OMe-6'), 3,74 et 3,76 (2s, 6H, OMe-12 et 
OMe-127, 3,83 (s, 3H, OMe-6), 3,45 (m, lH, H-1), 4,13 (s, lH, 
H-1'), 6,44 (s, lH, H-5), 6,58 (s, lH, H-St), 6,77 (d, lH, H-lo), 6,81 
et 6,85 (2d, 2H, H-13 et H-13'), 7,02 (d, lH, H-lor), 7,12 (s, lH, 
H-8'),7,26(dd, lH, H-14'), 7,28 (dd, lH, H-14);J14-13 = J14'-13' = 
8,s Hz; J10-14 = J10'-14' = 2 HZ. 

Dihydrooxandrine, 12 
Du NaBH4 (100 mg) est additionnk en petites portions il une solution 

d'oxandrine, 9 (100 mg) dans le mkthanol (10 mL) sous agitation, il 
temp6rature arnbiante, pendant 30 rnin. Aprks kvaporation, le rksidu 
est redissous par HC1 diluk, alcalinist par l'ammoniaque et extrait par 
CH2C12. L'extrait est purifik par ccm (chromatographie sur couche 
mince) preparative sur silice (CH2C12/MeOWNHiOH 100 : 10: 1). On 
obtient 30 mg de l'dcool majoritaire, 12; [aID + 140" (c 0,38, CHC13); 
uv, A,,, EtOH, nm (log E) : 210 (4,99), 285 (4,02); EtOH + NaOH : 
220 (5,00), 292 (4,09); ir, v,,, film: 3350, 1610 cm-I; 'H rmn, 
CDC13, 360 MHz, 6 : 2,08 (s, 3H, NMe-2'), 2,35 (s, 3H, NMe-2), 
3,42 (s, 3H, OMe-6'), 3,70 (s, 3H, OMe-6), 3,82 (s, 3H, OMe-12); 
systkme AB: 3,67 (d, lH, H-1'), 5,30 (d, lH, H-a'), J1l-,t = 4Hz, 
6,32(s, lH, H-5), 6,57 (s, lH, H-Sr), 6 3 8  (d, lH, H-13), 6,90-7,41 
(6H, Ar-H); sm, IE, rnlz (%) : 624 (100 [M ''I), 623 ( a ) ,  609 (34), 
381 (3), 206 (14), 191 (27). 

Riduction de l'oxandrine, 9, par ZnIHCl 
La rkduction de 9 selon la mtthode pkctdemment dtcrite pour la 

pseudoxandrine, 2, m2ne il deux produits, dont l'antioquine, 1 (ccm, 
ir, dc). 
Oxandrinine, 13 

Amorphe (0,1% des A.T. (1, 2)): C38H&4207; +a0 (C 0,5, 
CHC13); uv, A,,, EtOH, nm (log r) : 208 (4,50), 282 (3,64); EtOH + 
NaOH: 216 (4,78), 290(4,00); ir, v,,, film : 3340,1675,1600,1500; 
dc, MeOH(c4,32 x Ar(nm) :0(355), + 1 (330), 0(281), -2,s 
(252), 0 (236), +8,5 (223), 0 (210); 'H rmn, CDC13, 360 MHz, 6 : 
2,27 (s, 6H, NMe-2 et NMe-29, 3,74 (s, 3H, OMe-6'), 3,80 (s, 3H, 
OMe-6), 3,84 (s, 6H, OMe-12 et OMe-12'),4,18 (s, lH, H-1'), 6,43 
(s, 1H, H-5), 6,65 (s, lH, H-S'), 6,81-7,32 (m, 7H, Ar-H); sm, IC, 
(NH3), mlz : 637 [M+' + 11; sm, IE, mlz (%) : 636 (M +'), 635,621, 
607,417,411, 381, 368, 191, 190, 175, 174. 

0-m6thyloxandrinine 
%pa& il partir de 13 (CH2N21Et20). Le produit mtthylC obtenu est 

identique il la dimtthyloxandrine, 11. 
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The crystal structure of N,Nt-bismethoxycarbonyl-L-valyl-L-valine, a product of the rearrangement 
of the symmetrical anhydride of ~-methox~carbon~l-~-valine~~~ 

FARID R. AHMED 
Division of Biological Sciences, National Research Council of Canada, Ottawa, Ont., Canada KIA OR6 

AND 

FRANCIS M. F. CHEN AND N. LEO BENOITON 
Department of Biochemistry, University of Ottawa, Ottawa, Ont., Canada KIH 8M5 

Received September 5, 1985 

FAIUD R. AHMED, FRANCIS M. F. CHEN, and N. LEO BENOITON. Can. J. Chem. 64, 1396 (1986). 
A side product accompanying the reaction of N-methoxycarbonyl-L-valine anhydride with an amino acid anion in aqueous 

dimethylformamide has been characterized by an X-ray analysis as N,N1-bismethoxycarbonyl-L-valyl-L-valine, Cl4Hz4NZO7. 
Thecrystals are orthorhombic, space group P212121, a = 14.581(2), b = 17.110(2), c = 6.970(1) A, Z = 4. The structure was 
determined by the direct method, and Tefined by block-diagonal least squares to R = 0.046, R, = 0.053 for 1759 reflections with 
I 2  3u(l). The carboxy-terminal part of the dimer is in the gauche conformation while the other part is trans. Each molecule at 
(x, y, z) makes two hydrogen bonds 0 . .  .H-0 and N-H.. .O to the molecule at (1 - x, y - 112,112 - z) and similarly to that 
at (1 - x, 112 + y,  112 - z) to form infinite ribbons along y. 

FARID R. AHMED, FRANCIS M. F. CHEN et N. LEO BENOITON. Can. J.  Chem. 64, 1396 (1986). 
Faisant appel i la diffraction des rayons-X, on a dCtermin6 que le produit secondaire, qui accompagne la reaction de 

l'anhydride de la N-m6thoxycarbonyl L-valine avec un anion d'acide amin6 dans du dimtthylformamide aqueux, est de la 
N,N1-bism6thoxycarbonyl L-valyl-L-valine, C14H24N207. Les cristaux sont orthorhombiques, groupe d'espace P2,2'2', avec 
a = 14,581(2), b = 17,110(2) et c = 6,970(1) Aet Z = 4. On adttermink lastructureparlam6thodedirecte etonl9aaffin6epar 
la mtthode des moindres carr6s (blocs diagonaux) jusqu'g des valeurs de R = 0,046 et R, = 0,053 pour 1759 r6flexions avec 
I 3 3u(l). La portion carboxy terminale du dimkre est dans une conformation gauche alors que l'autre partie est trans. Chacune 
des moltcules dans l'environnement x, y, z forme deux liaisons hydrogknes 0 . .  .H-0 et N-H.. .O avec la moltcule qui se 

I trouve dans l'environnement (1 - x, y - 112,112 - z) et, de la m&me manikre, avec celle en (1 - x, 1 /2 + y, 112 - z) pour 
former des mbans infinis le long de l'axe y. 

[Traduit par la revue] 

Introduction a reversed phase high performance liquid chromatography 

The reaction of an ~ - ~ k ~ ~ ~ ~ ~ ~ ~ ~ ~ ] ~ ~ i ~ ~  acid anhydride 1 co~um". Further investigation of the reaction using N-methoxy- 
with the amino acid anion 2 in aqueous dimethylfomamide carbonyl-~-vdine anhydride (la) revealed that the same prod- 
gives, after acidification, the expected N-protected dipeptide uct Was generated in aqueous dimethylformamide containing 
acid 3 and the N-alkoxycarbonylamino acid 4 (1). However, it sodium hydrogen carbonate in the absence of nucleo~hile 2. 
also gives a third product which is strongly retained by Successive fractionation of an organic solvent extract of the 

acidified mixture led to the isolation of crystalline material, mp 
149-150°C. It is this third product which is the subject of the 
present study. 

N Experimental 

Preparation of N,N1-bismethoxycarbonyl-L-valyl-L-valine (6a) 
1 2 Crystalline N-methoxycarbonyl-L-valine anhydride ( l a )  (1 mmol), 

obtained from the parent acid 4a using a soluble carbodiimide followed 
0 H, R2 H 0 Y R2 by aqueous washes (2,3), was dissolved in dimethylformarnide-water 

R l o K , ~ U c 0 2 H  (3:1, 4 mL) containing NaHC03 (1.1 mmol). After 2 h at room 
R'O temperature, the mixture was acidified with 1 N HCl, and extracted 

H 0 R $ H  H with dichloromethane (20 mL X 2). The extract was dried (MgS04), 
the solvent was removed with a rotary evaporator, and the final traces of 

3 4 dimethylformamide were removed with a vacuum pump. The residue 
was fractionated by crystallization from dichloromethane - light 
petroleum. 6a  had mp 149- 150°C; [a]:: -26.4" ( c ,  1 in CHC13); ir 

H R2 (KBr pellet): 3360, 3320, 2970, 1750 (urethane), 1730 (urethane), 
1710 (acid), 1680 (amide) cm-I; 'H-nrnr (CDC13) 6 ppm vs. Me&: 

C02H 0.80,0.81,1.18,1.26(12H,4xd,J=7Hz,~~~CH),2.30(2H,m, 

0 
(CH3),CH, 3.68 (3H, s, 0C(1)H3), 3.83 (3H, s, OC(16)H3), 4.88 
(lH, d, J = 9Hz, aC(17)H), 5.48 (2H, b, aCH, NH; after DzO 
exchange, lH, d, J = 4Hz, aC(6)H), 7.35 ( lH, b, C02H); ms: mle 

5 6 332 (M* absent), 314 (M* - HzO). 
a R' = CH3, R2 = CH(CH3I2 

X-ray structure analysis of (6a) 
'NRCC No. 25574. Suitable crystals were obtained after four crystallization attempts 
'L-Valine = (2s)-2-amino-3-methyl-butanoic acid. from dichloromethane - light petroleum. The crystal selected for the 
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AHMED ET AL. 

FIG. 1. ORTEP diagram of (6a) showing the molecular structure with thermal ellipsoids drawn at 50% probability. The hydrogen bonds (dotted 
lines) have 0(4)...01(20) = 2.642(3) A, 0(4)...H-01(20) = 174(5)", N(5)...01(19) = 2.929(3) A, and N(5)-H...01(19) = 164(3)". 

TABLE 1. Positional (x  lo4) and thermal ( x  lo4) parameters 

Atom x Y z uq* (A2) 

X-ray analysis was in the shape bf a triangular prism of dimensions 
0.13 X 0.27 X 0.33 mm. The X-ray data were measured on an 
EN&-Nonius CAD4F diffractometer using Ni-filtered Cu radiation, 
A(Kal) = 1.54056 A. Crystal data at 22°C are: 

C14HaN207 fw = 332.36 
Orthorhombic, P212121, a = 14.581(2), b = 17.110(2), c = 6.970(1) 
A, V = 1738.9A3, Z = 4, Dc = 1.269gcmP3, F(000) = 712, p.(Cu 
Ka) = 8.2cm-'. 

The unit-cell parameters were derived by a least-squares fit of the 20 
values for 22 reflections with 25" < 0 < 5 1 ". Intensities were measured 
for the 2070 non-equivalent reflections within 20 = 150°, in the o-20 
scan mode with 4 w  = (0.7 + 0.14 tan 0)" plus 25% at each end for the 
background. Three standard reflections measured every hour showed 
minor variations of +2% m their intensities. Corrections were applied 

for the scale variations and for Lorentz and polarization effects, but not 
for absorption. Of the measured reflections, 1759 with I 2  3u(I) were 
considered observed and were employed in the analysis. 

The structure was determined by the direct method with the aid of 
MULTAN (4), but the atom types were identified from the bond lengths 
after partial refinement. All the H atoms were located from a difference 
map and included in the refinement with isotropic temperature factors. 
Refinement was by block-diagonal least squares minimizing Zw(lFoI - 
IF,D' with w = [ l  + (1~,(/20)']-' for the observed reflections, but 
excluding the (200) reflection which showed extinction effect. Conver- 
gence was reached at R = ZIIFo( - (FcII/Z IFo( = 0.046 for the 
observed reflections, R,  = [Cw(lFoI - ~ F ~ ~ ) ' / ~ w I ~ ~ ~ ' ~ " '  = 0.053, 
S = [xw(lFo( - IF,D'/(~ - n)]'I2 = 0.53, mean shift = 0.030 and 
maximum shift = 0.540. The final difference map showed small 
fluctuations within -0.24 and 0.16 e A-3. Scattering factor curves 
were from refs. 5 and 6, and the computations were performed with the 
NRC system of crystallographic programs (7) and ORTEP (8). 

Final atomic parameters are presented in Tables 1, 4, and 5.3 

Results and discussion 
The 'H-nrnr spectrum showed two methoxy singlets of equal 

intensity at 6 3.68 and 3.83 ppm, two non-equivalent isopropyl 
groups (four CH3CH-doublets) and one D20-exchangeable 
acidic proton, thus indicating the compound to be a dimer of 4a 
with no D20-exchangeable N-H proton. On the other hand, 
the molecular ion at m / e  314 in the mass spectrum cor- 
responded to that of a dimer of 2-methoxy-5(4H)-oxazolone 5a 
or 4a which had lost a molecule of water. The ir spectrum (KBr 
pellet) showed four sharp peaks in the 1680-1750cm-' 
carbonyl region. Our inability to arrive at a structure based on 
this information prompted an analysis by single crystal X-ray 
diffraction which characterized the compound as N,N1-bis- 
methoxycarbonyl-L-valyl-L-valine (6a). It transpires that the 
mass spectrum of 6a does not indicate the molecular ion 
but M* - 18, and that the N-H proton is only slowly 
exchangeable by deuterium, requiring 24 hours for complete 
exchange. The compound is sensitive to alkali, being complete- 
ly destroyed in 20 min in aqueous sodium hydrogen carbonate. 

3The structure factor table, Table 4 (anisotropic thermal parameters 
for non-hydrogen atoms), and Table 5 (parameters for the H atoms) 
may be purchased from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada 
KIA 0S2. 
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TABLE 2. Bond lengths (A) and valence angles (deg)* 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

*Numbers in parentheses are estimated standard deviations. 

The molecular structure depicted in Fig. 1 is shown to 
correspond to formula 6a. The corresponding bond lengths and 
valence angles are listed in Table 2.  The bond lengths occur in 
the narrow ranges 1.520(4)-1.554(4) A for C-C, 1.199(4)- 
1.223(4) A for C=O, 1.322(3)-1.340(4) for C-0 near a 
carbonyl group, otherwise 1.443(4)-1.446(3) A. However, the 
C-N show wider variations, where the shortest is C(3)-N 5) 
= 1.328(4) A and the longest is N(12)-C(17) = 1.480(4) h . 

In this dimer molecule, the conformation at C(6)-C(7) is 
gauche with H(6)-C(6)-C(7)-H(7) = - 6 1(3)", while that 
at C(17)-C(21) is close to trans with H(17)-C(17)- 
C(21)-H(21) = - 147(3)". Similarly, two different conforma- 
tions were reported (9) for the two independent molecules in the 
unit cell of L-valine. Other torsion angles describing the 
molecular conformation are presented in Table 3. 

Each molecule at ( x ,  y, z) forms two intermolecular hydrogen 
bonds O(4). . .Ht(20)-01(20) and N(5)-H(5). . .0t(19) to the 
molecule at (1 - x ,  y - 112, 1 /2 - z), and two similar bonds to 
the molecule at (1 - x ,  1 /2 + y, 112 - z) thus connecting the 
molecules into ribbons along y. The ribbons are held together in 
the structure by van der Waals interactions. The geometry of the 
hydrogen bonds is given in Fig. 1 and its legend. It should be 
noted that the observed intermolecular distances O(4). . .01(20) 
= 2.642(3) A and N(5). . .0t(19) = 2.929(3) A of the hydrogen 
bonds are shorter than the sums of the corresponding van der 
Wads radii which were derived in a recent publication (10) as 
r(0) = 1.54 A and r(N) = 1.60 A. 

The nrnr data indicate that the conformations at C(6)-C(7) 
and C(17)-C(21), which are gauche and trans respectively in 
the crystal, are similar in the molecule in solution in deutero- 

TABLE 3. Some torsion angles (deg) describing 
the molecular conformation* 

Bonds Angle 

*Numbers in parentheses are esitmated standard devi- 
ations. 

chloroform. A trans relationship with the isopropyl proton is 
indicated by the 9 Hz coupling constant for the proton on the 
a-carbon which is not linked to N-H, i.e. H(17). A cis 
relationship with the isopropyl proton is indicated by the 
coupling constant of 4 Hz, which becomes apparent after 
deuterium exchange, for the proton on the a-carbon which is 
linked to N-H, i.e. H(6). 

Urethane acylation producing 6 has been encountered as a 
side-reaction in mixed anhydride couplings of N-protected 
glycine derivatives (11-14). The present work is the first 
characterization of a diacylimide 6 with R~ + H, and the first 
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demonstration that urethane acylation occurs in aqueous sol- 
vents. It also confirms, as suggested (1 1, 14- 16), that anhy- 
dride 1 is an immediate precursor of 6. A subsequent publication 
will address in detail the chemistry implicated in the formation 
and decomposition of compound 6. 
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IAN P. STREET and STEPHEN G. WITHERS. Can. J. Chem. 64, 1400 (1986). 
3,4,6-Tri-0-benzyl-D-mannose and methyl 3,4,6-tri-0-benzyl-a-D-mannopyranoside were subjected to fluorination by 

diethylaminosulfur trifluoride and each produced two products. The former suffered fluorination at the anomeric centre to give 
the a-fluoride and, to a lesser extent, additionally at C-2 to give the 2-fluoro-2-deoxy-P-D-glucopyranosyl fluoride. The methyl 
mannoside underwent a methyl ether migration reaction to produce a 1 : 1 mixture of the a- and P-2-0-methyl glucosyl fluorides. 
A mechanism for this rearrangement is proposed and 'H and '% nmr data are presented for all products. 

IAN P. STREET et STEPHEN G. WITHERS. Can. J. Chem. 64, 1400 (1986). 
On a soumis le hi-0-benzyl-3,4,6 Dmannose et le tri-0-benzyl-3,4,6 a-D-rnannopyrannoside de mkthyle i une fluoration par 

le dikthylamino trifluorure de soufie; chacune des r6actions conduit a deux produits. L'ose est fluor6 au centre anomkrique pour 
wnduire au fluonue-a et i un de@ moindre au fluonue de fluoro-2 dkoxy-2 P-D-glucopyrannosyle, un produit qui a subi une 
fluoration supplkmentaire au niveau du carbone-2. Le mannoside de methyle subit une &action de migration de l'kther 
mkthylique qui conduit i un mklange 1 : 1 des fluorures des a -  et P-0-mkthyl-2 glucosyles. On propose un mecanisme pour cette 
transposition et on prksente des donnks de rrnn du 'H et du '% pour tous les produits. 

[Traduit par la revue] 

Introduction 
Considerable effort has been expended recently in the 

synthesis of fluorinated sugars, particularly of 2-fluoro-2- 
deoxy-D-glucose and 2-fluoro-2-deoxy-D-mannose (1-3). One 
reason for this has been the widespread use of ['8F]-labelled 
carbohydrates as probes for studying energy metabolism in the 
brain by means of positron emission tomography (4). In 
addition, fluorinated carbohydrates have been suggested to 
possess antitumour activity (5) and have also been used as 
probes of the active sites of proteins and enzymes that bind 
sugars (6). 

Several different approaches to the synthesis of 2-deoxy-2- 
fluoro carbohydrates have been adopted, which fall into the two 
general categories of addition reactions to glucals and of 
nucleophilic displacement reactions (or epoxide ring openings) 
using fluoride (7). A particularly promising approach has been 
the use of diethylaminosulfur trifluoride (DAST) to convert a 
hydroxyl group to a fluorine with inversion of stereochemistry 
(8). In connection with our project on the use of fluorodeoxy 
sugars to probe the active sites of enzymes, we embarked upon a 
study of the use of DAST to effect fluorinations of 3,4,6-tri- 
0-benzyl-D-mannopyranose (1) and methyl 3,4,6-tri-0-benzyl- 
a-D-rnannopyranoside (2) with a view to achieving a convenient 
and rapid synthesis of 2-fluoro-2-deoxy-D-glucose. Previous 
studies (9, 10) have suggested that displacement reactions at 
C-2 of mannosides proceed more efficiently with the P- than the 
a-mannosides. However, since the latter are more readily syn- 
thesized, possible routes through such intermediates would be 
considerably more convenient. This paper describes the results 
of these investigations. 

Results and discussion 
Since characterization of these compounds relies to a con- 

siderable extent upon '% nrnr data on the fluorinated products, 
it is pertinent to review some relevant information (1) on this 
topic prior to discussion of results. In general, a fluorine 
attached to the anomeric centre will resonate well downfield 
(@ = 136- 15 1 ppm) of fluorine attached elsewhere on the sugar 
rings. In addition, a-D-pyranosyl fluorides tend to resonate 
at lower field strengths than the corresponding p-anomer. 

Geminal cou 'lings to fluorine tend to be large (-50Hz) and 
vicinal 'H-'4 couplings range from 0 Hz up to -30 Hz in a 
trans-diaxial relationship. 

Reaction of DAST with 3,4,6-tri-0-benzyl- mann nose ( I )  
Treatment of 3,4,6-tri-0-benzyl-D-mannose (1) (11) with 

three equivalents of DAST for 24 h at room temperature resulted 
in the formation of two major products, which were separated 
by column chromatography. The chromatographically more 
mobile fraction was identified as 2-deoxy-2-fluoro-3,4,6-tri-0- 
benzyl-,P-D-glucopyranosyl fluoride (3) (30% isolated yield) 
while the slower product (18% isolated yield) was shown to be 
3 ,4,6-tri-0-benzyl-a-D-mannopyranosyl fluoride (4). 

Proof of structure for the former compound (3) was obtained 
from mass spectral data (mlz = 454) and from both 'H and '9 
nmr spectroscopic data since, for example, two fluorine 
resonances were observed (@ = 141.05 and 197.78) consistent 
with a 2-fluoro-2-deoxy-P-D-hexopyranosyl fluoride. Further, 
the fluorine resonance at C-2 showed only relatively small 
'H-'% and 19~- '% couplings, other than the geminal cou- 
pling. All nmr data were very similar to those published for 
3,4,6-tri-0-acetyl-2-deoxy-2-fluoro-~-~-glucopyranosyl fluo- 
ride (12). Additional proof of structure was provided by removal 
of the blockings groups via catalytic hydrogenolysis with Pd 
catalyst to yield the free sugar, since this compound was shown 
to be identical to an authentic sample of 2-deoxy-2-fluoro-P-D- 
glucosyl fluoride prepared by an alternative route (12), as 
demonstrated by tlc analysis and nmr spectroscopic data. No 
difluorinated product possessing the a-anomeric configuration 
was observed. 

.no* 

BnO BnO BnO 
F 

OMe 

1 2 3 

B~O* BnO B n O m  BnO Bnoa BnO F 

Me0 OMe 
F 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



STREET AND WITHERS 

DAST- + 
BnO BnO F En0 

H BnOm F I. AST 

BnO BnO*F F 

Only one resonance was observed ( a  = 140.98) in the '9 
nrnr spectrum of the second compound, showing it to be a 
glycosyl fluoride, probably a-linked. The 'H nmr data suggest it 
to be a mannosyl fluoride, since no large coupling was observed 
between H-2 and F-1 and between H-2 and H-3 as required for 
the glucosyl fluoride. Further, the "F nrnr chemical shift 
measured is very close to that observed previously (13) for 
the compound 2,3 ,4,6-tetra-0-acetyl-a-D-mannopyranosyl 
fluoride ( a  = 138.8) and for a-D-mannopyranosyl fluoride 
itself (a = 138.8). Thus the compound was identified as 
3 ,4,6-tri-0-benzyl-a-D-mannopyranosyl fluoride (4). 

This mixture of products suggests that the initial reaction 
involves the formation of an anomeric mixture of manno- 
pyranosyl fluorides of which only the p-anomer can then 
undergo a second, much slower, displacement reaction with 
DAST at C-2 to produce a difluorinated product (Scheme 1). 
Indeed, recent studies (14, 15) have shown that DAST is a very 
efficient reagent for the synthesis of appropriately protected 
glycosyl fluorides. It has also been noted by several authors (10, 
11) that displacement reactions at C-2 of mannopyranosyl 
derivatives, with a charged nucleophile such as azide or 
fluoride, occur much more readily on sugars possessing the 
p-anomeric configuration than those of a-configuration. This is 
exemplified by the reaction of DAST with benzyl 3,4,6-tri-0- 
benzyl-P-D-mannopyranoside (16), which gave the desired 
displacement product in 80% yield, with a reaction time of only 
5 min. Similar success has been achieved in effecting displace- 
ment of trifluoromethanesulfonate from C-2 of @-D-manno- 
pyranosides using cesium fluoride (17), tetrabutylarnmonium 
fluoride (18), and tris(dimethy1arnino)sulfonium difluorotri- 
methyl silicate (19). In contrast, an attempt to displace tri- 
fluroromethanesulfonate from C-2 of methyl a-D-manno- 
pyranoside using azide gave only a 30% yield of the desired 
2-deoxy-2-azido-a-D-glucosyl derivative (20). In this case the 
major product was the result of a competing elimination 
reaction. 

The reluctance of a-mannosides to undergo displacements at 
C-2 has been attributed to a variety of closely related factors. 
These include the high concentration of electron density in the 
required path of the incoming nucleophile due to the lone pair 
present on the a-anomeric substituent and, secondly, the 
unfavorable dipolar interactions that occur in the transition state 
between an axial anomeric substituent and the approaching 
nucleophile. Given the highly polar nature of the carbon- 
fluorine bond, it would be expected that the presence of an 
axial fluorine substituent at the anomeric centre would increase 
the magnitude of this latter effect. However, since the electron 
density associated with the fluorine would be held very close to 

the nucleus relative to the case for oxygen, it might be expected 
on this basis that such displacements would occur relatively 
more readily for a glycosyl fluoride than for an a-linked 
0-glycoside. Since all attempts to effect a displacement at C-2 
of the a-mannopyranosyl fluoride (4) by DAST were unsuccess- 
ful, as were attempts to force the reaction of 1 with DAST 
towards a greater yield of the difluorinated sugar (3) by 
extending the reaction time or by heating, it must be concluded 
that the dipolar argument is probably the more reasonable in this 
case. 

Reaction of DAST with methyl 3,4,6-tri-0-benzyl-a+ 
mannoside (2) 

In an effort to see if DAST could effect a displacement from 
C-2 of an a-mannopyranoside, methyl 3,4,6-tri-0-benzyl-a-D- 
mannopyranoside (2) was prepared as described (1 1) and treated 
with 3 equivalents of DAST in dichloromethane at reflux for 
90 min. Instead of the expected displacement products, a 46% 
yield of a 1:l anomeric mixture of 2-0-methyl-3,4,6-tri-0- 
benzyl-D-glucopyranosyl fluorides 5 and 6 was obtained. These 
were identified by a number of techniques as follows. The data 
are consistent with fluorine substitution at C-1 rather than C-2 
since the '9 nmr resonances appear well downfield in a region 
characteristic of glycosyl fluorides. A gluco rather than a manno 
configuration was assigned, since in the case of the a-fluoride 
(5) a large (25.61 Hz) coupling constant is observed between 
H-2 and F-1, a magnitude which is only observed for trans- 
diaxially related substituents, particularly at C-2. Similarly, for 
the @-anomer a large H-1 - H-2 coupling of 6.7 Hz is observed, 
which is again consistent only with a trans-diaxial arrangement 
of the two protons. Additionally, a long-range coupling 
between fluorine and the protons of the 2-0-methyl substituent 
( J  = 1.05Hz) is observed in the p-anomer (6). A similar 
fluorine-proton coupling over 5 bonds is observed in the two 
2-0-methyl-3 ,4,6-tri-0-acetyl-D-glycosyl fluorides (1 3). 

Mass spectral data are also consistent with these structures 
since the parent ion mass (m/z = 466) is identical for the two 
compounds isolated and in agreement with the proposed 
structure. Moreover a major peak (parent - 20) due to the loss 
of hydrogen fluoride is observed, consistent with the expected 
ready loss of fluoride from the anomeric centre. Further, acid 
catalysed hydrolysis of the product produces a single com ound J' that contains no fluorine, as evidenced by the lack of ' F-'H 
couplings in the 'H nmr. Such behaviour would be expected for 
a glycosyl fluoride but not for a 2-fluoro-2-deoxy sugar. 

Thus, rather than effecting a displacement reaction at C-2, a 
methyl ether migration has occurred with the concomitant, or 
subsequent, attack of fluoride at the anomeric centre. A likely 
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F 

DAST- 
BnO BnO 

BnO 

OMe 

BnO BnOaF 
mechanism for this would involve the initial formation of the 
sulfoxo derivative at the axial hydroxyl group (see Scheme 2). 
Rather than suffer displacement by free fluoride ion, this highly 
reactive leaving group is instead displaced by intramolecular 
attack of the glycosidic oxygen atom to produce a 2-0-methyl 
glycosyl oxocarbonium ion intermediate, which undergoes 
attack by fluoride at the anomeric centre, apparently with equal 
ease from either face, to produce the (1: 1) mixture of glycosyl 
fluorides. It is not, therefore, a thermodynamically controlled 
reaction. A concerted mechanism in which the sulfoxv deriva- 
tive at C-2 provides a concerted intramolecular delivery of 
fluoride to the anomeric centre would not appear to be likely in 
this case since this would result in exclusive formation of the 
P-fluoride. 

A migration of this type, to our knowledge, has not been 
reported before in fluorination attempts using DAST, although 
eliminations are common competing side reactions (1, 20). 
Indeed, in the case mentioned previously involving azide 
displacement of the highly reactive triflate from C-2 of a 
protected methyl-a-D-mannopyranoside, no evidence was ob- 
tained for a migration product, simply a product of an 
elimination reaction. However, migration has been observed in 
attempts to perform displacements of the highly reactive triflate 
leaving group (21), where a methyl ether migration from the 
anomeric centre to C-5 of a pentopyranosyl5-triflate occurred. 

Experimental 
Thin-layer chromatography (tlc) was performed on Merck Silica Gel 

60 aluminum backed plates. Chromatograms were visualized by 
chaning with 10% sulfuric acid in methanol. Flash chromatography 
was carried out on Merck Silica gel (230-400 mesh). The 'H nmr 
spectra were recorded on a Briiker WH-400 spectrometer using CDC13 
solutions and tetramethylsilane as an internal standard. Chemical shifts 
are expressed in 6 and coupling constants (J) are given in hertz (s = 
singlet, d = doublet, t = triplet, m = multiplet). The 1 9 ~  nmr spectra 
were recorded on a Briiker HXS-270 operating at 254MHz using a 
CDC13 solution and trifluoroacetic acid as an external standard. 
Chemical shifts are expressed in @, i.e. ppm upfield from CFCI3, and 
coupling constants in hertz. Diethylaminosulfur trifluoride was ob- 
tained from Aldrich Chemical Co. 

3 , 4 , 6 - T r i - O - b e n z y 1 - 2 - d e o n y - 2 - f l u o r o - ~  (3) 
and 3,4,6-tri-0-benzyl-a-D-rnannopyranosyl fluoride (4) 

The compound 3,4,6-tri-0-benzyl-D-mamopyranose, 500 mg (1.1 
mmol), was dissolved in dry dichloromethane (10 mL) and cooled to 
-20°C. Anhydrous conditions were maintained while DAST, 0.4 mL 
(3.3 mmol), was added and the reaction mixture allowed to slowly 
warm to room temperature. After a period of 24 h the reaction mixture 
was cooled to 0°C and, after cautious addition of 5 mL of methanol, 
stirred at room temperature for a further 2 h. The solvents were 
removed in vacuo and the resulting oil purified by flash chromatogra- 
phy using 95% methylene chloride/5% ethyl acetate. The chromato- 

graphically more mobile fraction was further purified on a second flash 
column using 90% n-pentanello% ethyl acetate to yield 183 mg 
(0.4 mmol36%) of the 2-deoxy-2-fluoro-P-D-glucopyranosyl fluoride 
(3); nmr data, @: 141.05 (dt, J = 52.71, 13.81 Hz, F-1), 197.78 
(m, J = 50.6, 15.06, 3.47 Hz, F-2); 'H nmr data 6: 5.33 (ddd, J = 
52.74,6.52,3.89H~, lH,H-1),4.89,4.83,4.72,4.59,4.54,4.51 (6 
benzylic protons), 4.49 (m, J = 51 Hz, 8.0, 13.0 Hz, lH, H-2), 3.79 
(dt, J = 8.2, 10.3 Hz, lH, H-3), 3.78-3.70 (m, 3H, H-4, H-6, H-67, 
3.61 (m, lH, H-5). 7.34-7.14 (m, 15 aromatic protons). Mass 
spectrum, m/z: 454. 

The second fraction (from the first column) yielded 92mg 
(0.2mmo1, 18%) of the a-D-mannopyranosyl fluoride (4). '% nmr 
data, @: 140.98 (d, J = 49.47 Hz); 'H nmr data, 6: 7.35-7.17 (m, 
15H, aromatic protons), 5.66 (dd, J = 1.7, 49.56, lH, H-1), 
4.82-4.52 (m, 6H, 6 benzylic protons), 4.08 (m, lH, H-2), 3.92 
(t, J = 8.5Hz, lH, H-4), 3.90 (m, lH, H-5), 3.86 (dd, J = 8.1, 
1.9Hz, lH, H-3), 3.77 (dd, J = 3.9, ll.OHz, lH, H-6), 3.70 
(dd, J = 1.8, ll.OHz, lH, H-6'), 2.82 (br s, removed on addition of 
DzO, C-2-OH). Mass spectrum, m/z: 452. 

3,4,6-Tri-0-benzyl-2-0-methyl-a- and 0-~glucopyranosyl fluorides 
(5 and 6) 

Methyl 3,4,6-tri-0-benzyl-a-D-mannopyranoside, 222mg (0.48 
mmol), was dissolved in 10 mL of anhydrous methylene chloride and 
cooled to -20°C under anhydrous conditions. DAST, 0.180mL 
(1.24mmol) was added and the reaction temperature maintained at 
-20°C for 30 min. After allowing the reaction mixture to warm to room 
temperature it was heated gently to reflux for 90 min. The mixture was 
then cooled to O°C and, after cautious addition of 5 mL of methanol, 
stirred for 1 h at room temperature. After removal of the solvents the 
product mixture was separated by flash chromatography using 10% 
ethyl acetate/90% n-pentane. The first compound eluted was found to 
be 3,4,6-tri-0-benzyl-2-O-methyl-~-~-glucopyranosyl fluoride (6) 
(48 mg, 0.11 mmol, 23%); 19F nrnr data, @: 138.61 (dd, J = 53.29, 
12.21Hz); 'H nmr data, 6: 7.35-7.13 (m, 15H, aromatic), 5.15 
(dd, J = 6.7,52.0 Hz, lH, H-1), 4.88-4.54 (6H, 6 benzylic protons), 
3.72, 3.67, 3.57 (5H, H-3, H-4, H-5, H-6, H-6'), 3.58 (d, J = 
1.05Hz,3H,C-2-OCH3),3.25(m,J=6.5,8.1,12.1Hz,lH,H-2). 
Mass spectrum, m/z: 466. 

Further elution with the same solvent system gave the chromato- 
graphically less mobile compound 3,4,6-tri-0-benzyl-2-0-methyl-a- 
D - g l ~ ~ ~ p y r a n ~ ~ y l  fluoride (54 mg, 0.12 mmol, 24%); 19F nmr data, @: 
149.87 (J  = 53.45,25.65 Hz); '~nmrdata ,  6: 7.36-7.13 (m, 15H, 15 
aromatic protons), 5.73 (dd, J = 2.7,54.0, lH, H-2), 4.9 1-4.50 (6H, 
6 benzylic protons), 3.95-3.66 (m, 5H, H-3, H-4, H-5, H-6, H-6'1, 
3.55 (s, 3H, C-2-0CH3), 3.55 (m, J = 2.67, 9.46, 25.61 Hz, lH, 
H-2). Mass spectrum, mlz: 466. 
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Use of camphor in pseudoguaianolide synthesis 
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JOHN H. HUTCHINSON, THOMAS MONEY, and SUSAN E. PIPER. Can. J. Chem. 64, 1404 (1 986). 
Stereoselective allcylation of a bicyclic lactone (9) derived from (+)-camphor (5) is the basis of a synthetic route to bicyclic 

enone (3) which could be used as a key intermediate in helenanolide synthesis. 
I 

JOHN H. HUTCHINSON, THOMAS MONEY et SUSAN E. PIPER. Can. J. Chem. 64, 1404 (1986). 
On utilise l'alcoylation stCrCodlective de la lactone bicyclique 9, provenant du (+)-camphe (5), pour prCparer 1'Cnone 

bicyclique 3 qui peut &tre utilisCe c o m e  intermaiaire clC dans la synthtse de l'hCl&nanolide. [Traduit par la revue] 

Pseudoguaianolides are sesquiterpenoid lactones which are 
classified as helenanolides (cf. helenalin (1)) or ambrosanolides 
(cf. ambrosin (2)) on the basis of their configuration at the C(10) 
position. The cytotoxic activity (1) and structural complexity of 
the helenanolides and ambrosanolides has stimulated consider- 
able interest in their total synthesis and several imaginative 
routes to specific sesquiterpenoids of each class have been 
reported (2-13). A recent report (13) by Lansbury and 
co-workers describing the synthesis of a pseudoguaianolide 
intermediate by ring cleavage of 9-iodocamphor oxime prompts 
us to record our synthetic studies in this area. 

As part of our general investigations on the use of camphor as 
a chiral starting material in natural product synthesis (9) (14, 15) 
we have recently been involved in the development of simple 
synthetic routes from (+)-camphor (5) to epimeric dienones, 3 
and 4, which have considerable potential as intermediates in the 

synthesis of ent-helananolides and ent-ambrosanolides, respec- 
tively.? The synthetic route to dienone (3) involves an interme- 
diate bicyclic lactone (14, 15) which is readily synthesized from 
9,lO-dibromocamphor (7) (14a)~ by the previously reported 
procedure (15) (cf. Scheme 1). Subsequent alkylation of 9 
with methyl iodide provided the expected 4 @-methyl derivative 

'TO whom all correspondence should be addressed. 
'~ienones (3) and (4) are synthons for the ent-helenanolides and 

ent-ambrosanolides, respectively. To synthesize enantiomers of (3) 
and (4) would involve C(3)-bromination (Br2/HOAc) of com- 
mercially availible (-)-camphor as the first step in the sequence. 
(-)-Camphor is relatively expensive and although this extra expense 
can be avoided to some extent by oxidizing commercially available 
(-)-borne01 with hypochlorite (16-18), the convenience of starting 
with (+)-3-bromocamphor (6) prompted us to conduct our initial 
investigations in the ent- series. 

3 0 ~ r  published (14a) yield (-60%) for the conversion of 3,9,10- 
tribromocamphor to 9,lO-dibromocamphor (7) has been increased to 
-90% by conducting the selective debromination (Zn/HOAc/ether) 
in an ice-bath for 30 min. 

10 as the only isolable product in -55% yield. The stereochem- 
istry of the methyl group in this compound was supported by 
nmr evidence, i.e. the 4a-hydrogen signal, on irradiation with 
the C(4)-methyl resonance frequency, collapsed to a doublet 
with a coupling constant (J = 12 Hz) consistent with its anti 
relationship with the 5 @-hydrogen atom.4 Methanolysis of 
lactone (10) followed by protection of the alcohol group and 
reduction of the ester provided monocyclic alcohol (11) in 
-65% overall yield from 9. Conversion of 11 to the correspond- 
ing iodide (12) followed by treatment with the carbanion 
derived from 2-methyl-1,3-dithiane (19) yielded an intermedi- 
ate which was hydrolyzed (CH31/CH3CH:H20/CaC03) (20a, 
20b,5 20c) to provide silyloxyketone (13) in 45% overall yield. 
Removal of the silyl protective group followed by oxidation 
(PDC/CH2C12) (21) and intramolecular aldol condensation [ ( i )  
(KOH/MeOH; (ii) MsC1/Et3N/DMAP/24 h:)] of the inter- 
mediate keto-aldehyde (14) provided dienone 3 in -70% 
yield. 

Dienone (3)7 is structurally similar to racemic intermediates 
(15a, b) used by other research groups in published synthetic 
routes to helenanolides and it is expected that this synthetic 
intermediate will be convertible to optically pure helenanolides 
by adaptation of previously published procedures (2, 5). 

Experimental 
Unless otherwise stated, the following are implied. Melting points 

(mp) were determined on a Kofler micro heating stage and are 
uncorrected. For gas-liquid chromatography a Hewlett-Packard gas 
chromatograph (Model 5830A) was used with 6 ft x $in. column (3% 
OV-17). Capillary glc analysis was carried out on a Hewlett-Packard 
5880A gas chromatograph employing a flame ionization detector and 
using a W.C.O.T. narrow bore (0.21 mm X 12 m) Carbowax 20M 
column. Helium was used as the carrier gas. The 'H ninr spectra were 
recorded on Bruker WH-400, Nicolet Oxford H-270 or Bruker WP-80 
instruments. Signal positions are given in delta (6)  with tetramethylsil- 
ane (TMS) as an internal reference. Signal multiplicity and integrated 
areas are indicated in parentheses. The solvent used was deuteriochlor- 
oform. Infrared spectra were recorded on a Perkin-Elmer 137 spectro- 
photometer and optical rotations were measured using a Perkin-Elmer 
141 polarirneter. Low resolution mass spectra were obtained using a 
Varian/MAT Kodel CH4B mass spectrometer and high resolution 
mass spectra using a Kratos MS50 instrument. Microanalysis were 

4Structure (10) has recently been confirmed by X-ray chrystd- 
lographidandysis; S. J. Rettig and J. Trotter, unpublished results. 

'In the absence of CaC03 the double bond was isomerized to the 
endocyclic position and the silyl protective group was removed. 

?he synthesis of dienone (3) was previously described at the C.I.C. 
Conference, Montreal, June 3-6, 1984. 

7 ~ h e  conversion of (+)-9,lO-dibromocamphor (7) to epimenc 
dienone (4), a potential intermediate in ambrosanolide synthesis, is 
currently being investigated in our laboratory. 
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15a; R = CH2Ph 
156; R = THP 

(i) Br2/ClS03W4 h, (ii) Br2/ClS03W5 days; (iii) Zn/HOAc/S°C/0.5 h; (iv) KOWH20/THF; (v) KOWDMSO:H20 
(99:1)/Agz0/65"C/12 h; (vi) LDA/THF/ -78°C; CH31; (vii) MeOWH+; (viii) Bu'MeSiCUDMAP/CH2C12; 
(ix) LiAlH4/THF; (x) MsCUEt3N; (xi) NaVHMPA; (xii) 2-methyldithiane/BuLi/THF; (xiii) CH3YCH3CN:H20/CaC03/dA; 
(xiv) Bu4NF/THF/200C; (xv) PDC/CH2C12; (mi) KOWMeOH; (xvii) MsCVEtsN/DMAP/24 h; DBU. 

SCHEME 1 

performed by Mr. P. Borda, Microanalytical Laboratory, University of 
British Columbia. 

Methyl lactone (10) 
LDA was generated at 0°C under argon by adding n-butyllithium 

(1.6 M in hexane; 2.5 mL; 4.0 mmol) dropwise to a stirred solution of 
diisopropylamine (0.56mL) in dry THF (30mL) and stirring for 
30 rnin. The mixture was cooled to -78°C and a solution of lactone (9) 
(15) (0.65 g, 3.92 mmol) in THF (26 mL) was added dropwise by 
means of a cannula. After 30 min at -7g°C, methyl iodide (0.75 mL; 

I 

12 mmol) was added and the mixure warmed to room temperature and 
stirred for 1.5 h. Addition of saturated aqueous ammonium chloride 
followed by extraction with ether, drying (MgS04) and removal of 
solvent gave a yellow solid (0.70 g) which was shown by capillary glc 
to consist of one major (-60%) component. Column chromatography 
(silica gel; petroleum-ether:ether, 4:l) of the crude product afforded 
methyl lactone (10) as white needles (0.39 g; 55% yield). v,, (CC4) 
1730, 1645,890 cm-'; 6 (CDCl,, 400 MHz) 1.08 (d, 3H, J - 1 Hz), 
1.31 (d, 3H, J = 7Hz), 4.22 (d, lH, J = lOHz), 4.34 (d, lH, J = 
10Hz),4.61(t, lH, J=2.5Hz),4.82(1H,t, J=2Hz).M.W.calcd. 
For Cl1Hl6O2: 180.1150; found (high resolution mass spectrometry): 
180.1149. Anal. calcd. for CllH1602: C 73.29, H 8.95; found: 73.22, 
H 9.01. 

Silyl ether alcohol (11) 
A solution of methyl lactone (10) (0.521 g, 2.89 mmol) in anhydrous 

methanol (15 mL) containing 1 drop of concentratedH2S04 was stirred 
at room temperature for 1.5 h. The mixture was quenched with 
saturated aqueous sodium hydrogen carbonate, poured into saturated 
brine, extracted several times with ethyl acetate, and the organic layers 
dried (MgS04) and evaporated to give the corresonding hydroxy-ester 
as a colorless oil (0.61 g, 99% yield). 6 (CDC13, 80 MHz) 0.875 (s, 
3H), 1.2 (d, 3H, J = 6 Hz), 3.2 (D) and 3.55 (D) (AB quartet, J = 
12Hz), 3.7 (s, 3H), 4.85 (t, lH, J = 2Hz), 4.97 (t, lH, J = 2Hz). 

Freshly sublimed t-butyldimethylsilyl chloride (2.89 g; 19.15 mmol) 
was added to a mixture of the above hydroxy-ester (1.35 g; 6.38 mmol) 
and dimethylarninopyridine (DMAP) (2.34 g; 19.14 mmol) in dry 
CH2C12 (50mL) at room temperature. After 48 h the mixture was 
poured into ice-cold dilute hydrochloric acid (0.5 M) and extracted 
several times with CH2C12. Washing (water) and drying (MgS04) of 
the organic layers afforded, after solvent removal, a pale yellow oil. 
Column chromatography (silica gel; petroleum ether:ether 24:l) 
provided the TBDMS etherester as a colorless mobile oil (1.93 g, 93% 
yield). 6 (CDC13, 80 MHz): 0.025 (s, 6H), 0.875 (s, 9H), 0.9 (s, 3H), 
1.15(d,3H, J =  6Hz), 3.25(d)and3.40(d)(ABquartet, J =  lOHz), 
3.7 (s, 3H), 3.78 (t, lH, J = 2Hz), 3.88 (t, lH, J = 2Hz). 

Lithium aluminum hydride (0.156 g; 4.1 mmol) was added portion- 
wise to a stirred solution of the above ester (1.35 g; 4.13 mmol) in dry 
THF (30mL) at 0°C. After 1 h at 0°C the mixture was poured into 
ice-cold brine, acidified with dilute hydrochloric acid (0.5 M), and 
extracted several times with ethyl acetate. Drying (MgS04) and 
removal of the solvent afforded a pale yellow oil (1.2 g; 98% yield). 

Column chromatography (silica gel; petroleum ether:ether 9:l) pro- 
vided pure alcohol (1 1). [(*ID -45.0 (c, 0.22, CH2C12); M/e (relative 
intensity): 241 (16) (M+ - C4H9), 149 (76), 107 (94), 89 (62), 75 
(100); 6 (CDCl,, 400MHz): 0.03 (s, 3H), 0.05 (s, 3H), 1.08 (s, 9H), 
1.1 (s, 3H), 1.16 (d, 3H, J = 7 Hz), 1.74 (s, lH, disappears on addition 
of D20), 3.64 (lH, dd, J = lOHz), 3.68 (d) and 3.77 (d) (2H, AB 
quartet, J = 10 Hz), 3.85 (lH, dd, J = 10 Hz and 5 Hz), 4.92 (br, s, 
lH), 5.07 (br s, 1H). Anal. calcd. for C17H340Si: C 68.39, H 11.48; 
found: C 68.60, H 11 .SO. 

Silyl ether iodide (12) 
Mesyl chloride (0.35 mL; 4.5 mmol) was added dropwise to a stirred 

mixture of alcohol (1 1) (1.22 g; 4.09 mmol), triethylarnine (0.63 mL; 
4.5 mmol), and DMAP (0.244g; 2 mmol) in dry CH2C12 (30 mL) at 
0°C. Stirring for 1.5 h followed by pouring into ice-cold dilute HCl 
(0.5 M), extraction with CH2C12, drying (MgS04), filtration and 
evaporation afforded the corresponding mesylate as a pale yellow oil 
(1.5 g, 97% yield), which was used without further purification. M/e 
(relative intensity): 361 (M+ - CH3), 319 (1.2), 281 (0.5), 244 (0.8), 
153 (49.3), 149 (100); 6 (CDC13, 80 MHz): 0.05 (s, 6H), 0.92 (s, 9H), 
0.98 (s, 3H), 0.98 (d, 3H, J = 7 Hz), 3.00 (s, 3H), 3.32 (d) and 3.45 
(d) (2H, AB quartet, J = lOHz), 3.85-4.38 (m, 2H), 4.75 (t, lH, 
2Hz). 4.80 (t, 1H. 2Hz). 

Sodium iodide (5.3 1 g; 35.4 mmol) was added portionwise to a 
stirred solution of the above mesylate (2.22 g; 5.9 mmol) in HMPA 
(dry; 60 mL) at 0°C under argon. The mixture was allowed to warm to 
room temperature and stirred in the dark for 25-48 h while being 
monitored at regular intervals by tlc (petroleum ether:ether, 4: 1, silica). 
The reaction was worked up by pouring into saturated brine, extracting 
several times with ether and washing the organic layer with aqueous 
sodium hydrogen sulphite and water. Removal of the solvent provided 
a pale-yellow oil which, after column chromatography (silica; petro- 
leum ether:ether, 9:l) afforded pure iodide (12) as a colorless oil 
(1.96 g; 82% yield). M/e (relative intensity): 393 (0.3, M+ - CH3), 
351 (43.8), 309 (1.25), 281 (0.6), 263 (5.07), 223 (9.03), 185 (18.28), 
149 (87.56), 107 (100); 6 (CDC13, 400MHz): 0.02 (s, 3H), 0.04 (s, 
3H), 0.9 (s, 9H), 0.94 (s, 3H), 0.98 (d, 3H, J = 7 Hz), 1.37 (m, lH), 
1.8(m,2H),2.05(m, IH),2.3l(m,2H),3.13(dd,lH,J= 10Hzand 
J = 8 Hz), 3.36 (dd, lH, J = 10 Hz and 4 Hz), 3.34 (lH, d, J = 
10Hz), 3.43 (lH, d, J = lOHz), 4.75 (t, lH, J = 2Hz), 4.88(t, lH, J 
= 2Hz). Anal. calcd. for C17H330SiI: C 49.99, H 8.14; found: C 
50.46, H 8.33. 

Silyl ether ketone (13) 
n-Butyllithium (1.6 M in hexane, 2.36 mL, 3.77 mmol) was added, 

dropwise over 10 min, to a stirred solution of 2-methyl-l,3-dithiane 
(0.5 g; 3.77 mmol) in dry THF (10 mL) at -20°C under argon. After 
3 ha solution of iodide (12) (0.52 g; 1.274 mmol) in THF (10 mL) was 
added and the mixture stirred at -20°C for 1 h and 20°C for 15 h. 
Acidification with aqueous ammonium chloride followed by extraction 
with ether and workup in the usual way afforded a yellow oil which was 
purified by column chromatography (silica; petroleum ether:ether, 
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100:l) to provide the dithiane silyl ether as a colorless oil (0.42 g; 80% 
yield);6(400MHz) 0.01 (s, 3H), 0.015 (s, 3H), 0.88 (s, 9H), 0.90(d, 
3H, J = 7 Hz), 1.04 (s, 3H), 1.46 (s, 3H), 2.36 (m, 2H), 2.84 (m, 4H), 
3.16 (lH, d, J = 10 Hz), 3.33 (lH, d, J = 10 Hz), 4.75 (br s, lH), 4.84 
(br s, 1H). 

The above dithiane derivative (0.2 g; 0.48 mmol) and anhydrous 
calcium carbonate (145 mg, 1.45 mmol) was heated in a solution 
(13 mL) of acetonitrile, water, and methyl iodide (v/v, 10:2:1) at 
-80°C for 1.5 h. Excess acetonitrile and methyl iodide were removed 
in vacuo, water added, and the mixture extracted several times with 
ethyl acetate. Removal of solvent afforded a colorless oil (0.13 g; 
82% yield) which, after column chromatography (silica, petroleum 
ether:ether, 24:1), afforded pure methyl ketone (13) (0.11 g, 71% 
yield); v,, (cm-', film): 1720, 1650, 840. [aID = -35.00, (c 0.4, 
CH2C12); M/e (relative intensity): 225 (16.7), 210 (29.5), 175 (15.7), 
159 (18.5); 6 (400MHz): 0.01 (s, 3H), 0.015 (s, 3H), 0.83 (d, 3H, J = 
6Hz), 0.88 (s, 9H), 0.97 (s, 3H), 1.59 (m, lH), 1.74 (m, lH), 1.87 
(m, lH), 2.12 (s, 3H), 2.26 (m, 3H), 2.56 (dd, lH, J = 15Hz and 
5 Hz), 3.28 (d, lH, J = lOHz), 3.39 (d, lH, J = 10 Hz), 4.74 (br s, 
IH), 4.86 (br S, 1H). Anal. d c d .  for C19H3602Si: C 70.31, H 11.18; 
found: C 70.38, H 11.20. 

Keto aldehyde (14) 
Tetrabutylamrnonium fluoride (TBAF) (1.0 M in THF; 3.21 mL, 

3.21 mrnol) was added to a flask containing ketone (13) (0.52g, 
1.6 mmol) under argon at room temperature and the mixture stirred for 
3 h. The reaction mixture was extracted with ethyl acetate, and worked 
up in the usual way to provide crude keto alcohol (400 mg) as a yellow 
oil. v, (cm-', film): 3600-3150, 1710, 1650. 6 (CDC13, 80 MHz) 
0.9(d,3H, J=7Hz) ,0 .95(s ,  3H),2.15(s,3H), 3.5(d,2H, J =  
7Hz), 4.8 (t, lH, J = 2Hz), 4.95 (t, lH, J = 2Hz). 

To a stirred solution of the crude keto alcohol (0.335 g; 1.6 mmol) in 
dry CH2C12 (15 mL) was added pyridine dichromate (PDC) (2.0 g, 
5.32mmol). The mixture was stirred at room temperature for 20h 
before filtering through a pad of celite/silica gel/MgS04. Evaporation 
of the organic solution afforded a yellow oil which, after column 
chromatography (silica; petroleum ether:ether, 4:1) provided keto- 
aldehyde (14) (0.246 g, 74% yield over two steps) as a colorless oil. 
v, (cm-', film): 1710, 1700, 1640, 890. 6 (CDC13, 80MHz): 0.95 
(d, 3H, J = 7 Hz), 1.1 (s, 3H), 2.1 (s, 3H), 4.68 (t, lH, J = 2 Hz), 5.08 
(t, lH, J = 2 Hz), 9.28 (s, lH). M/e (relative intensity): 208 (1.2 M'), 
194 (1.8), 136 (13.7), 121 (20.6), 43 (40.9). 

Bicyclic enone (3) 
A potassium hydroxide solution (lo%, 3.0mL) was added to a 

stirred solution of keto-aldehyde (14) (0.327 g; 1.572 mmol) in 
methanol (20 mL) at room temperature and the mixture stirred for 3 h. 
After this time acidification of the reaction mixture followed by 
extraction with ethyl acetate and workup in the usual way gave crude 
aldol (0.327 g) as a white crysalline solid. 

Mesyl chloride (0.27 g, 0.183 mL; 2.36 mmol) was added dropwise 
to a stirred mixture of crude aldol(0.327 g, 1.572 mmol), triethylamine 
(0.328mL; 2.36mmol) and DMAP (0.192g, 1.572mmol) in dry 
CH2C12 (10 mL) at 0°C. Stirring was continued at 0°C for 3.5 h, after 
which time DBU (0.469 mL, 3.14 mmol) was added. The mixture was 
allowed to warm to room temperature and stirred for 20 h before 
removal of solvent in vacuo. Column chromatography (silica; petro- 
leum ether:ether, 19:l) of the resultant brown oil provided enone (3) 
(0.223 g, 75% yield) as a colorless oil. v,, (cm-', film): 1670, 1640, 
[a]D = - 102.42 (C 0.33, CH2C12). 6 (CDC13, 400 MHz): 1.11 (d, 3H, 
J  = 7 Hz), 1.18 (s, 3H), 1.43 (m, lH), 1.72 (6 line multiplet, lH), 1.98 
(m, 2H), 2.28-2.4 (m, 2H), 2.49-2.58 (m, lH), 3.06 (dd, lH, J = 
12Hzand8Hz),4.92(t, lH,2Hz),4.95(t, lH,2.5Hz),5.96(dd, lH, 
J = 12Hz and 1 Hz), 6.8 (d, lH, J = 12 Hz). M/e (relativeintensity): 
190.1358 (41.9), 175.1123 (35.24), 161.0977 (17.32), 120.0939 
(54.07), 105.0704 (79.71), 91.0550 (100). Anal. cdcd. for CI3Hl80: 
C 82.06, H 9.53; found: C 82.15, H 9.50. 
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Improved syntheses of hydroxy acid precursors of macrolide pheromones 
of cucujid grain beetles ' * 
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A. C. OEHLSCHLAGER, E. CZYZEWSKA, R. AKSELA, and H. D. PIERCE, JR. Can. J. Chem. 64,1407 (1986). 
Syntheses of 11- and 12-hydroxy-(2)-3-dodecenic, 11- and 12-hydroxy-(Z,Z)-3,6-dodecadienic, and 13-hydroxy-(Z,Z)-5,8- 

tetradecadienic acids are reported. These unsaturated hydroxy acids are precursors of male-produced macrolide aggregation 
pheromones of grain beetles of the genera Cryptolestes and Oryzaephilus. The sequence of reactions for synthesis of the 
hydroxy-(Z)-3 acids was carboxylation of the dilithium salt of 10- or 11-hydroxy undecyne, deconjugation of the resulting 
carboxylic acids with NaNHz in THFIliquid ammonia to a mixture of 2,3-allenic and 3-alkynoic acids, and hydrogenation of the 
mixture with P-2 nickel catalyst. This latter reaction gave only the desired hydroxy-(Z)-3-alkenoic acids. The convergent point in 
the syntheses of the diunsaturated hydroxy-(Z,Z) acids was the coupling of the dimagnesium salt of 3-butyn-1-01 or 5-hexyn-1-01 
to the appropriate functionalized propargylic bromide. The resulting 1 ,Cdiacetylenic alcohols were oxidized with Jones reagent 
to the corresponding carboxylic acids, which were hydrogenated over P-2 nickel catalyst and deprotected. 

A. C. OEHLSCHLAGER, E. CZYZEWSKA, R. AKSELA et H. D. PIERCE, JR. Can. J. Chem. 64, 1407 (1986). 
On rapporte des synthtses des acides hydroxy-1 1 (et 12) dodtctne-3(Z) o'iques, hydroxy-11 (et 12) dodkcaditne-3(Z),6(Z) 

oyques et hydroxy-13 tktradtcaditne-5(Z),8(Z) o'ique. Ces acides hydroxylks et insaturks sont des prkcurseurs de phkrkmones 
d'ag&gation, produites par les maes de coltoptbres des classes gknhiques Cryptolestes et Oryzaephilus. La synthtse des 
acides hydroxylks portant une double liaison en position 3(Z) implique la carboxylation du sel de dilithium de l'hydroxy-10 
(OU 11) undkcyne, puis une dkconjugaison des acides carboxyliques qui en rksultent, I'aide de NaNI& dans du THF/ammoniac 
liquide, qui conduit i un mklange d'acides allbniques-2,3 et alcyne-3 oi'ques et finalement une hydrogknation du mtlange sur 
un catalyseur P-2 de nickel. Cette demitre rkaction ne conduit qu'aux hydroxy-acides alctne-3(2) o'iques dksirts. Le point de 
convergence des synthbses des hydroxy-acides di'insaturks-(Z,Z) est le couplage du sel de dimagnksium du butyne-3 01 ou de 
I'hexyne-5 01 avec le bromure propargylique fonctionnalisk d'une f a ~ o n  appropriie. On a oxydt les alcools di-acktylkniques-l,4 
qui en rksultent avec le rtactif de Jones; on a hydrogknt les acides carboxyliques correspondants sur un catalyseur P-2 de nickel et 
on les a ensuite dkprotkgt. 

[Traduit par la revue] 

Introduction 
During the past several years, we have reported (1-6) the 

discovery of seven macrolide aggregation pheromones for five 
species of grain beetles (Table 1). These well-known cucujids 
are economically-important pests during grain storage, food 
processing and distribution, and in households. The beetles 
infest a wide variety of stored-product commodities such as 
grain, cereal-based foods, nuts, chocolate, oil seeds and cake, 
raisins and other dried fruits, and spices. 

Our initial syntheses (7-9) of these macrolides were long 
and, in cases, inefficient, but furnished sufficient amounts of 
the pheromones for laboratory bioassays. In order to supply 
selected macrolides for laboratory trap tests and limited field 
trials, we have devised more efficient syntheses of the o and 
o - 1 hydroxy acid precursors of macrolides 1-4 and 6. As in 
previous approaches, we have utilized functionalized alkynes 
for carbon-carbon bond formation by coupling with appropriate 
electrophiles and for conversion into the required Z-olefinic 
bonds. In this paper, we report new syntheses for the hydroxy 
acid precursors of macrolides 1 and 6 and improved routes to 
those of macrolides 2-4. 

Results and discussion 
Hydroxy (Z)-3-alkenoic acids 8 and 14 

Alkylation of the lithium salt of 1-octyne with methyloxirane 

' Coleoptera: Cucujidae. 
*~esearch supported by the Natural Sciences and Engineering 

Research Council of Canada through Operating Grant A0851 and 
Strategic Grant G0958. 

3 ~ u t h o r  to whom correspondence may be addressed. 
4~evision received February 11, 1986. 

gave alkynol 9, which was isomerized to terminal alkyne 10 
with sodium 3-aminopropylamide in 1,3-diaminopropane (1 1). 
While carboxylation of the dilithium salt of 10 gave a good yield 
of hydroxy acid 11, deconjugation of 11 with sodium arnide 
in liquid ammonia - THF (10, 11) always gave a mixture 
containing desired 12 and conjugated allenic acid 13 with the 
former predominating (Scheme 1). Fortunately, this mixture 
was stereospecifically reduced to (Z)-3-alkenoic acid 8 with P-2 
nickel (7-9). 

The efficiency and ease of execution of the combined 
sequence of carboxylation, deconjugation, and reduction sug- 
gested its use for the synthesis of 14, the precursor of macrolide 
6. Commercially available 10-undecen- 1-ol,15, was converted 
by published methods (12) to 10-undecyn-1-01, 16, which was 
carboxylated to give 17 (Scheme 1). Deconjugation of 17 also 
gave a mixture of P,y-alkynoic and allenic acids (18 and 19) 
but the mixture was reduced cleanly with P-2 nickel to the 
(Z)-3-acid 14. 

Reduction with P-2 nickel of conjugated allenes 13 and 19 
to (2)-3 acids 8 and 14 depends upon the presence of the 
carboxyl group since reduction under similar conditions of 
disubstituted allenes bearing a carbomethoxy, hydroxymethyl- 
ene, or acetoxymethylene gave mixtures of regioisomers and 
stereoisomers of the possible alkenes (E. Czyzewska, unpub- 
lished results). Apparently, the polar carboxyl group or car- 
boxylate anion (generated from ethylene diamine in the catalytic 
system) complexes with the nickel surface so that only the least 
hindered side of the allene bond is reduced. 

Our new five-step routes to acids 8 and 14 proceed in overall 
yields of 40-50%, a 2- to 3-fold improvement upon our 
previously reported syntheses (7, 8), and avoid protection and 
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TABLE 1. Distribution of macrolide lactones in Cryptolestes and Oryzaephilus ~ p p . ~  

- 

C. ferrugineus P + P - + - + 
C .  pusillus - - P P + - - 
C .  turcicus - - - - P - P 
0 .  mercator P P - - + + + 
0. surinamensis - P - - + P P 

"P, pheromone; +, produced by males in minor or trace amounts; - , absent in sp. 

! ( I )  Br,/CH,CI, 
(2) KOH 

18-crown-6 

(1) BuLi 
(2) Co2 

HO -% (I 1 BuLi 
16 (2) C02 

deprotection of hydroxyl groups, and chromic acid oxidation for substituted alkyne. This procedure, while efficient, required for 
generation of 3-alkynoic acids from homopropargylic alcohols. 26 the selective removal of a tert-butyldimethylsilyl group in 
Use of (R)-  or (S)-methyloxirane would permit synthesis of the presence of a MEM-protected hydroxyl. This process gave 
chiral isomers of 8. only moderate yields, and we desired a route to avoid these 

steps. Recently, Nicolaou et al. reported that the dimagnesium 
Hydroxy (Z,Z)-dienic acids 26, 35, and 41 salt of 3-butyn-1-01 coupled efficiently to propargylic bromides 

The convergent point of our previous syntheses of 26 and 35 in the presence of CuCl(14). Thus we redirected our effects to 
(Schemes 2 and 3) was the coupling of 20 with the appropriately the syntheses of substituted propargylic bromides. 
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Ni-Ni- Ni-Ni 
H H 

For the synthesis of 26 (Scheme 2), commercially available 
3-heptyn- l-ol was isomerized to 6-heptyn- l-ol, which was 
protected to give the known (13) MEM derivative, 21. Chain 
extension of 2 1  with formaldehyde (10) gave propargylic 
alcohol 22, which was converted to bromide 24 via tosylate 23. 
Bromide 24 coupled with the Grignard dianion of 3-butyn-1-01 
in HMPA/THF using cuprous chloride catalysis to give the 
previously prepared (9) diyne 25 in excellent yield. It is 
noteworthy that the reaction failed to yield any coupled product 
if HMPA was omitted. Diyne 25 was oxidized to the carboxylic 
acid, which was deprotected and reduced to 26. The present 
route to 26 through intermediate 25 requires nine steps and 
proceeds in 14% overall yield, a 60% improvement over our 
previous synthesis (9). 

For the synthesis of 35, bromide 32 was prepared in 35% 
overall yield from chloroalcohol27 and was coupled with the 
dianion of 3-butyn- l-ol to give diynic alcohol 33 in 80% yield 
(Scheme 3). However, conversion of 33 to 35 by several 
different routes gave low yields. For example, deprotection of 
33 and subsequent oxidation of 34 with chromic acid to the 
intermediate keto acid, which was sequentially reduced with 
NaBH4 and P-2 nickel, gave 35 in 14% overall yield. We 
have been able to increase the yield of 35 to 24% by careful 
monitoring of the P-2 nickel reduction of 34. Chromic acid 
oxidation of 33 prior to deprotection of the C-1 1 hydroxyl led to 
a mixture of products in which no component exceeded 30%. 
Diyne to diene reduction of 34 with P-2 nickel proceeded well 
(67-74%) but subsequent Jones oxidation (inverse addition) 

(16) of the resulting dienic, 1,ll-diol to the corresponding 
dienic keto acid proceeded in only 30% yield. 

The synthesis of acid 41 commenced with conversion of 36 
(17) to bromide 37, which was coupled with the Grignard 
dianion of 5-hexyn-1-01 (Scheme 4). Oxidation of 38 with Jones 
reagent gave keto acid 39, which was sequentially reduced with 
NaBH4 and P-2 nickel to hydroxy (Z,Z)-dienic acid, 41. Our 
new synthesis of 41 proceeds with an overall yield of 46%, 
which is considerably better than the 27% obtained by our 
previous route. 

Experimental 
Hewlett-Packard 5880A and 5890A gas chromatographs fitted 

with capillary inlet systems, flame-ionization detectors, and WCOT 
columns (15 or 30m X 0.25 rnm id) of glass or fused silica were 
employed for analyses by gas-liquid chromatography (gc). Columns 
were coated with OV-101, SP-2100, or DB-1 liquid phases. Injection 
port and detector temperatures were 260 and 275"C, respectively. 
Helium was the carrier gas. 

Column chromatography was performed by the flash chromato- 
graphy method on silica gel (Kieselgel 60, 40-63 km, E. Merck, 
Dmstadt). Solvents were distilled before use. 

Low-resolution mass spectra were obtained on a Hewlett-Packard 
5985B coupled gas chromatograph - mass spectrometer using electron- 
impact ionization at 70 eV or chemical ionization (CI) with isobutane 
as the ionizing gas. High resolution mass spectra were obtained on a 
Kratos MS80 RFA mass spectrometer interfaced with a Carla Erba gas 
chromatograph equipped with a 15 m X 0.25 mm id, DB-1 fused 
silica column. The ir spectra of neat samples between NaCl plates 
were determined on a Perkin-Elmer 599B spectrophotometer. The 
'H nmr spectra were recorded in CDCI3 on Varian EM 360 or Briiker 
400 WM spectrometers. 

All reactions requiring anhydrous and (or) oxygen-free conditions 
were run in flame-dried glassware under a positive pressure of nitrogen 
or argon. Tetrahydrofuran (THF) was freshly distilled from lithium 
aluminum hydride. Dimethylformamide (DMF) and hexamethylphos- 
phoramide (HMPA) were distilled from calcium hydride under reduced 
pressure. 1,3-Diaminopropane (1,3-DAP) was distilled from barium 
oxide. Rotary evaporation at water aspirator pressure was employed to 
concentrate or remove solvent from solutions obtained by extractive 
work-up of reactions. Due to instability of the 1 ,4-diyne intermediates, 
all subsequent reactions on these intermediates were carried out 
without purification. 

Preparation of 4-undecyn-2-ol(9) 
To a solution of 1-octyne (15 g, 0.136 mol) in 120 mL of dry THF 

under argon at -40°C was added dropwise 78 mL of 2.1 M n-BuLi in 
hexane (0.164 mol). After completion of addition, the mixture was 
warmed to 0°C over 30 min, and then cooled to -20°C. Dry HMPA 
(45 mL) was added, followed by dropwise addition over 45 min of 
racemic methyloxirane (9.5 g, 0.164 mol) in HMPA (45 mL). The 
reaction was stirred at -20°C for 30 min, warmed to 20°C over 4 h, and 
stirred an additional 12 h. The mixture was poured into ice-water 
(100 mL) and extracted with ether (4 X 50 mL). The combined organic 
extracts were washed with brine, dried (MgS04), and concentrated 
with no heating. Distillation of the residue gave 9 (18) (21.5 g, 94%); 
bp 65-72°C (0.2 Torr; 1 Torr = 133.3 Pa). Mass calcd. for CllHZ0: 
168 (M'); found: 169 (M' + 1, CI, isobutane). 

Preparation of 10-undecyn-2-ol(10) 
To a suspension of NaNH2 (41.2 g , 1.1 mol, 6 equiv.) in 500 mL of 

liquid ammonia (10) wqs added 250 mL of 1,3-DAP (dried over KOH). 
Most of the ammonia was then evaporated at 50°C (water bath), and the 
last traces were removed at water pump pressure while maintaining the 
contents of the flask at 40°C for 15 min. 4-Undecyn-2-01, 9 (29.6 g, 
0.176 rnol), was added and the reaction heated at 80°C for 2 h. The 
reaction mixture was then poured into 400 mL of ice-water and 
extracted with ether (4 x 50 mL). The ether extracts were dried 
(MgS04) and concentrated to yield 10 (21.5 g, 72.5%, 98% pure 
by gc), which was used in the subsequent reaction without further 
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MEMO'"''' Q - (1) BUU/THF MEMO AAA 
21 (2)  CH,O 22 \OH 

% 

I (2)  24 /HMPA 
MEMO - Q vR 

MEMO 23 R=OTos 

24 R=Br 

MEMO 

0 

purification; ir (film): 21 35 (s, CGC) cm-'. Exact Mass calcd. for 
(C11H200 - CH3): 153.1279; found: 153.1297. 

Preparation of 11 -hydroxy-2-dodecynoic acid (11)  
To 400 mL of dry THF under argon at - 1 O°C was added 14 1 mL of 

2.1 M n-butyllithium (0.296 mol) in hexane. To this was added 19.8 g 
(0.118 mol) of 10 in 50 mL THF. The temperature was raised to O°C, 
and C02 from a cylinder was bubbled in for 30 min. The reaction was 
warmed to room temperature and quenched by the sequential addition 
of 50 mL saturated aqueous NH4Cl solution and 200 mL 5 N HCl. The 
resulting solution was extracted with ether (4 x 200 mL). The 
combined extracts were dried (MgS04) and concentrated to give a 95% 
yield of 11. An analytical sample (>go% pure by gc) of the methyl 
ester of 11 was prepared by treatment of a small portion of the product 
with diazomethane. Ester: 'H nmr (CDC1,) 6: 1.18 (d, 3H, J = 6 Hz, 
C(12) H), 1.20-1.66 (m, 13H, CH2, OH), 2.32 (t, 2H, J = 7 Hz, 
C(4) H), 3.76 (s, 3H, OCH,), 3.80(m, lH, C(11) H). Carboxylic acid: 
ir (film): 3350 (br, COOH), 2240 (s, CGC), 1720 (s, C=O) cm-'. 

mixture was esterified with diazomethane. Gas chromatographic 
analysis of the esterified mixture revealed two principle (>go%) peaks 
in a ratio of 6: 1-2: 1 (depending on the run): 'H nmr (CDC1,) 6: 1.19 
(d, J =  6Hz,C(12)H), 1.2-1.6(m, 10H,CH2,0H), 3.26(t, 1.5H, 
C(2) H), 3.57 (s, 3H, OCH,), 3.80 (m, IH, C(11) H), 5.58 (d, 0.25H, 
J = 15 Hz, C(2) H), 5.62 (q, =0.25H, J = 9.5, 15 Hz, C(4) H). Mass 
calcd. for Cl3H22O3 (both compounds): 226 (M'); found: 227 (M' + 
1, CI, isobutane, both compounds). 

Reduction of 12 and 13 to 8 
A mixture of 12 and 13 (2.8 g , 13 mmol) was reduced with P-2 nickel 

by the procedure previously reported (7). The product (2.5 g, 89%) was 
identical to 11-hydroxy-(2)-3-dodecenoic acid, 8, prepared earlier (8). 

Preparation of 10-undecyn-1-01, 16 
To a solution of 26 g (0.153 mol) of 10-undecen- 1-ol,15, in 100 mL 

of CH2C12 at 4°C was added slowly 24.5 g (0.153 mol) of bromine in 
100 mL of CH2C12 (12). Removal of solvent gave 46.7 g (92%) of 
10,ll -dibromoundecan- 1-01 as a liquid that was a single component by 

Preparation of 12and 13 from 11 gc. To a solution of crude product in 800 mL of heptane was added 
To the suspension of NaNH2 (8.4 mmol) in 50 mL liquid ammonia powdered KOH (19.9 g, 0.301 mol, 2.12 equiv.) and 18-crown-6 

was added l1 (0.3 g, mmO1) in 5 THF. After 30 min, g of (0.375 g, 1.42 mmol). The reaction was carried out and worked up 
powdered ammonium "loride was and the ammonia was according to the published procedure (12) to give 18.8 g (80%) of 
removed by heating at 50°C. The reaction was cooled to room alkynol 16; ir (film): 3360 (br, OH), 3320 (s, C-CH), 2130 
temperature, and ether (100 mL), crushed ice (20 g), and sufficient 5 N (,, C,C) cm-~.  
HCl to lower the pH to 1 were added. The solution was saturated with 
NH4Cl and extracted with ether (3 x 50 mL). The ether extracts were Preparation of 12-hydroxy-2-dodecynoic acid, 17 
combined, dried (MgS04), and concentrated to yield nearly quanti- Alkynol 16 (2.3 g, 13.7 mmol) was carboxylated in nearly 
tative amounts of 12 and 13. A small sample (0.1 g) of the product quantitative yield by the procedure described above for 10. The methyl 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



OEHLSCHLAGER ET AL. 

ester (CH2N2) of 17 (96% pure by gc) gave acceptable nmr and ir . -  - 

spectra. Exact Mass calcd. for (C12H2003 - ~ ~ 3 0 ) -  195.1385; found: 
195.1370. 

Preparation of 18 and 19 from 17 
The deconjugation of 17 (6.1 g, 19 mrnol) was conducted (Na, 

8 equiv., 50 mL liquid NH3, 80 mL THF) according to the procedure 
described for 11 to yield 5.6 g (92%) of a mixture (3:2-4:1, by gc of 
methyl esters) of 18 and 19. The mixture of methyl esters (CH2N2) of 
18 and 19 gave acceptable nmr and ir spectra. 

Reduction of 18 and 19 to 14 
Reduction of the mixture of 18 and 19 from the above preparation 

(5.6 g) with P-2 nickel yielded 5.5 g of 14, which was identical by 
gc-ms (as the methyl ester) and nmr with that prepared previously (7). 

Preparation of [(2-methoxyethoxylmethoxy]-6-heptyne, 22 
3-Heptyn-1-01 was isomerized to the terminal alkyne in 90% yield 

as described for 9, which was then protected as the (2-methoxy- 
ethoxy)methyl ether in 81% yield (15). Compound 21 gave 'H nmr and 
mass spectra identical to that prepared previously (9). To a solution of 
21 (32 g, 0.16 mol) in THF (500 mL) under argon, while maintaining 
the temperature below O°C, was added dropwise n-BuLi in hexane 
(96 mL, 2.5 M, 0.24 rnol). The resulting solution was stirred at O°C for 
30 rnin. Dry paraformaldehyde (7.7 g, 0.26 mol) was added in one 
portion. The mixture was warmed to 20°C over several hours and 
stirred at 20°C for 12 h. The reaction was worked up by pouring into 

ice-water (100 mL) and extracting with ether (4 X 50 mL). The ether 
extract was dried (MgS04) and concentrated to give 25.7 g (70%) of 22 
(75% pure by gc). Exact Mass calcd. for (C12H2204 - CH30): 
199.1334; found: 199.1333. 

Preparation of 8-[(2-methoxyethoxy)methoxy]-2-heptyn-1 p-toluene- 
sulfonate, 23 

The cmde product (38.6 g,0.17 mol) from the previous reaction 
was stirred with p-toluenesulfonyl chloride (35.2 g, 0.185 mol) and 
powdered KOH (47.1 g, 0.84 mol) in 500 mL dry ether at O°C. After 
30 min the reaction was poured into ice-water (300 mL) and the organic 
layer removed. The aqueous layer was extracted with ether (2 X 
150 mL). The combined organicextracts were washed with brine, dried 
(MgS04), and concentrated without heating. Final traces of solvent 
were removed under vacuum (0.1 Torr) for 4 h, yielding the tosylate 
23 as an oil (60.28 g, 93%). Tosylate 23 gave one spot on tlc 
(hexane:EtOAc, 3: 1) and was used without further purification. 

Preparation of 8-[(2-methoxyethoxy)methoxy]-2-heptyn-1-yl bromide, 
24 

Tosylate 23 (40 g, 0.104 mol) and LiBr (18 g, 0.21 mol) in 600 mL 
dry acetone were stirred at room temperature for 1 h. The solution was 
concentrated at room temperature, diluted with 500 mL of water, and 
extracted with ether (2 X 200 mL). The combined ether extracts were 
dried (MgS04) and concentrated to yield 3 1 g (100%) of crude product, 
which was purified by flash chromatography on silica gel (200 g; 
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n (1) TO.SCI/KOH 6 6 
A O ~  x/v& (2) LiBr 

hexane:EtOAc, 4: 1) to yield 15 g (50%) of 24 (80% pure by gc). Exact 
Mass calcd. for (C12HZ103Br - Br): 213.1490; found: 213.1468. 

Preparation of 12-[(2-rnethoxyethoxy)rnethoxy]-3,6-dodecadiyn-l-ol, 
25 

A 2.25 M solution of EtMgBr (7.1 mL, 15.95 mmol) in THF was 
added dropwise to 3-butyn-1-01 (0.58 g, 8.24 mmol) in 40 mL dry 
THF. The resulting suspension was refluxed for 2 h. Cuprous chloride 
(0.85 g, 8.64 mmol) was added to the cooled (room temperature) 
mixture, which was stirred a further 0.5 h. Bromide 24 (1.06 g, 
3.75 mmol) in 10 mL dry HMPA was added at ice-bath temperature. 
The ice bath was removed. The reaction mixture was stirred for 2.5 h, 
poured into 50 mL cold saturated NH4Cl solution, and extracted with 
ether (3 x 50 mL). The combined ether extracts were washed with 
saturated NH4CI solution (50 mL) and brine. The ether extract was 
dried (MgS04) and concentrated to yield 1.1 g (92%) of the crude 25 
(89% pure by gc). The 'H nmr, ms, and ir data of 25 were equivalent to 
those previously obtained (9). 

Preparation of 5-chloro-2-pentanol, 27 
To a stirred solution of NaBH4 (10.0 g, 0.264 mol) in 200 mL of 

95% EtOH at 0°C was added dropwise over 2 h a solution of 5-chloro-2- 
pentanone (30 g, 0;249 mol) in 50 mL of 95% EtOH. After 1 h, acetone 
(50mL) was added and most of the solvent was evaporated. Water 
(250 mL) was added to the residue, and the solution was extracted with 
ether (3 X 100mL). The ether extracts were combined, dried 
(MgS04), and evaporated. The residue was distilled to give 27.5 g 
(90%) of 27 (98% pure by gc); bp 89-90°C (25 Tom). 

Preparation of 5-chloro-2-[(rnethoxyethoxy)rnethoxy] pentane, 28 
Reaction of chloro alcohol 27 with MEM chloride by the literature 

procedure (13) gave 28 in 89% yield (93% pure by gc); bp 60-70°C 
(0.1 Torr); 'H nmr (CDC13) 6: 1.16 (d, 3H, J = 6.6 Hz, CH3), 
1.55- 1.65 (m, 2H, C(3)), 1.80- 1.91 (m, 2H, C(4)), 3.36 (s, 3H, 
0CH3), 3.50-3.58 (m, 4H, 0CH2CH20), 3.66-3.76 (m, 3H, C(2), 
C(5)), 4.68-4.76 (dd, 2H, 0CH2); ms, rnle (%, rel. int.): 105 (55%), 
89 (loo%), 73 (18%), 59 (78%). 

Preparation of 6-[(2-rnethoxyethoxy)methoxy]-1 -heptyne 29 
A stream of dry acetylene was used to saturated 180 mL of dry THF 

at ice-bath temperature. To this solution, 2.1 M n-BuLi in hexane 
(65 mL, 0.136 mol) was added dropwise while maintaining the 
temperature at 5-10°C. After stirring the mixture for 0.5 h at 
10°C, 5-chloro-2-[(2-methoxyethoxy)methoxy]-pentane, 28 (20.4 g, 
0.097 mol), in 50 mL of dry HMPA was added dropwise. The reaction 
mixture was warmed to room temperature and stirred under an 
acetylene atmosphere for 24 h. The reaction was quenched by pouring 
into ice-water (150 mL) and extracting with ether (5 x 50 mL). The 
combined ether extracts were washed with water (75 mL) and brine 
(2 X 75 mL), dried (MgS04), and concentrated. Distillation of the 
residue gave 19.5 g (94%) of 29 (93% pure by gc); bp 65-70°C 
(0.2Tom); ir (film): 3295,2118 cm-'; 'H nmr(C~C1~)  S: 1.13 (d, 3H, 
J = 6.6 Hz, CH3), 1 .SO- 1.67 (m, 4H, C(4), C(5)), 1.95 (t, lH, J = 
2.5 Hz, C(l)), 2.18 (tt, 2H, J = 7,2.5 Hz, C(3)), 3.40 (s, 3H, 0CH3), 
3.56 (m, 2H, 0CH2CH20), 3.70 (m, 2H, 0CH2CH2), 3.75 (m, lH, 
C(6)), 4.70-4.78 (dd, 2H, 0CH20). Exact Mass calcd. for (C11HZ003 
- CH30): 169.1229; found: 169.1248. 

Preparation of 7-[(2-rnethoxyethoxy)rnethoxy]-2-octyn-I -01, 30 
6-[(2-Methoxyethoxy)methoxy]-1-heptene, 29, was chain-extended 

to 30 in 62% yield by the procedure described above for 22: bp 
120-130°C (0.3 Tom); ir (film): 3360,2220 cm-' (90% pure by gc); 
' ~ n m r ( ~ D ~ 1 ~ )  6: 1.14 (d, 3H, J = 6.6 Hz, C(8)), 1.50-1.66(m, 4H, 
C(5), C(6)), 2.18 (tt, 2H, J = 7,2.5 Hz, C(4)), 2.32 (br s, lH, OH), 
3.40 (s, 3H, 0CH3), 3.56 (m, 2H, 0CH2CH20), 3.70 (m, 2H, 
0CH2CH20), 3.75 (m, lH, C(7)), 4.18 (brs, 2H, C(l)), 4.70-4.78 
(dd, 2H, 0CH20). Exact Mass calcd. for (C12H2204 - CH30): 
199.1334; found: 199.1376. 

~ r e ~ a r a t i o n  of l-brorno-7-[(2-rnethoxyethoxy)rnethoxy)-2-octyne, 32 
Bromide 32 was prepared from 30 in 69% yield by the procedure 

described for 24 and was purified by distillation; bp 120-130°C 
(0.1 Torr); ir (film): 2200 cm-'; 'H nmr (cDc~~) 6: 1.14 (d, 3H, J = 
6.6 Hz, C(8)), 1.50-1.66 (m, 4H, C(5), C(6)), 2.18 (tt, 2H, J = 7, 
2.5 HZ, C(4)), 3.40 (s, 3H, 0CH3), 3.56 (m, 2H, 0CH2CH20), 3.70 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



OEHLSCHLAGER ET AL. 1413 

(m, 2H, 0CH2CH20), 3.75 (m, lH, C(7)), 3.92 (t, 2H, J = 2.6 Hz, 
C(l)), 4.70-4.78 (dd, 2H, 0CH20); ms, m/e (%, rel. int.): 173 
(12%), 171 (12%), 159 (7%), 157 (7%), 144 (23%), 146 (23%), 107 
(35%), 79 (50%), 65 (45%), 55 (40%), 45 (100%). Exact Mass calcd. 
for (C12H2103Br - Br): 213.1491; found: 213.1504. 

Preparation of I1 -[(2-methoxyethoxy)methoxy]-3,6-dodecadiyn-l -ol, 
33 

Bromide 32 was coupled to 3-butyn- 1-01 as described above for 25 to 
give 33 (83% pure by gc) in 98% crude yield; 'H nmr (CDC13) 6: 1.13 
(d, 3H, J = 6.6Hz, C(12)), 1.50-1.66 (m, 4H, C(9), C(10)), 1.95 
(t, lH, J = 5, 3 Hz, OH), 2.17 (m, 2H, C(8)), 2.43 (m, 2H, C(2)), 
3.13 (quint., 2H, J = 2.2Hz, C(5)), 3.40 (s, 3H, 0CH3), 3.56 
(m, 2H, 0CH2CH20), 3.69-3.78 (m, 5H, 0CH2CH20, C(1), C(l I)), 
4.70-4.78 (dd, 2H, 0CH20). 

Preparation of 3,6-abdecadiyn-l , 11 -diol, 34 
The crude diyne 33 prepared above (5.44 g, 0.019 mol) was stirred 

for 18 h at 20°C in 195 mL of THF:H20:conc. HC1(8:2:1 by volume). 
The reaction was quenched by pouring into 200 mL of ice-water and 
extracted with ether (2 x 100 mL). The ether extract was washed with 
brine (2 x 100 mL), dried (MgS04), and concentrated to yield 3.7 g 
(100%) of 34, which gave 'H nmr and mass spectra identical to those 
obtained previously (9). 

Preparation of 2-methyl-2-(6-bromo-4-hexynyl)-1,3-dioxolane, 37 
Bromide 37 was prepared in 89% yield from 36 by the procedure 

used to prepare24 The crude product (82% pure by gc) was employed 
for the following reaction; ir (film): 2220 cm-'; 'H nmr (60 MHz, 
CDC13) 6: 1.53-1.82 (m, 4H, 2CH2), 2.12-2.40 (m, 2H, CH2C=C), 
3.90 (br s, 4H, 0CH2CH20), 3.95 (br s, 2H, CH2Br). Exact Mass 
calcd. for (C10H1502Br - Br): 167.1072; found: 167.1070. 

Preparation of 13-0x0-5,8-tetradecadiyn-I -01, 38 
To 5-hexyn-1-01 (0.64 g, 6.5 mmol) in 40 mL of THF was added 

5.6 mL of 2.25 M EtMgBr (12.6 mmol) in THF. The mixture was 
refluxed for 2 h and cooled to ice-bath temperature, whereupon CuCl 
(0.64 g, 6.5 mmol) was added. After 0.5 h of stirring, 37 (0.94 g, 
3.8 mrnol) in 10 mL of dry HMPA was added. The reaction was stirred 
overnight and then poured into 50 mL of saturated NH4Cl solution. The 
product was isolated by extraction with ether (3 X 25 mL). The 
combined ether extracts were worked up with saturated NH4Cl solution 
(2 x 25 mL) and brine (2 x 40 mL), dried (MgS04), and concentrated 
to give 1.1 g of the crude hydroxy ketal, which was 95% pure by gc. To 
this ketal in 40 mL of acetone was added 3 drops of 3.5 M H2S04. After 
5 h of stimng at 25OC, K2CO3 (1 g) was added. The solution was then 
filtered and concentrated to give 0.85 g of 38, which was 85% pure by 
gc analysis; ir (film): 2238 cm-'; 'H nrnr (CDC13) 6: 1.53-1.68 
(m, 4H, C(2), C(3)), 1.75 (quint., 2H, J = 7.3 Hz, C(11)), 2.15 
(s, 3H, C(14)), 2.16-2.23 (m, 4H, C(4), C(10)), 2.55 (t, 2H, J = 
7.3Hz, C(12)), 3.08 (quint., 2H, J = 2.1 Hz, C(7)), 3.65 (t, 2H, 
J = 7 Hz, C(1)). Exact Mass calcd. for C14H2002 : 220.1463; found: 
220.1455. 

Preparation of 13-0x0-5,8-tetradecadiynoic acid, 39 
Crude keto-alcohol 38 (0.8 g, -3.8 mmol) in reagent acetone 

(40 mL) was added dropwise over 1 h at ice-bath temperature to Cr03 
(1.64 g, 16.4 mmol) dissolved in 3.5 MH2S04 (16.5 mL). Theice bath 
was removed, the reaction stirred at 20°C for 4 h, poured into ice-water 
(300 mL), and extracted with ether (4 x 50 mL). The ether extract was 
washed with brine (2 X 50 mL), dried (MgS04), and concentrated to 
give 0.87 g of 39 (78% overall from 37), which was 80% pure by gc (as 
the methyl ester, CH2N2); 'H nmr (CDC13) 6: 1.75 (quint., 2H, J = 
7 Hz, C(3)), 1.83 (quint., 2H, J = 7 Hz, C(l I)), 2.16 (s, 3H, C(14)), 
2.17-2.29 (m, 4H, C(4), C(10)), 2.52 (t, 2H, J = 7 Hz, C(2)), 2.56 
(t, 2H, J = 7 Hz, C(12)), 3.08 (quint., 2H, J = 2.1 Hz, C(7)). Exact 
Mass calcd. for (C15H2003 - CH3): 233.1177; found: 233.1209. 

Preparation of 13-hydroxy-5,8-tetradecadiynoic acid, 40 
Keto-acid 39 (0.69 g, 2.9 mmol) was dissolved in 95% ethanol 

(10 mL) and cooled to -20°C, whereupon NaBH4 (0.16 g, 4.1 mmol) 
was added in one portion. The reaction was slowly warmed to O°C, 
cooled to -20°C, and acidified with 3.5 N HCl. Brine (40 mL) was 
added and the solution extracted with ether (4 X 40 mL). The ether 
extract was washed with brine (2 x 40 mL), dried (MgS04), and 
concentrated to give 0.76 g (87%) of 40, which was 80% pure by gc 
when analyzed as the methyl ester (CH2N2); ir (film): 3600-2500, 
2240, and 1710 cm-'. Exact Mass calcd. for (C15H2203 - CH3): 
235.1334; found: 235.1325. 

Preparation of 13-hydroxy-(Z, Z)-5,8-tetradecadienoic acid, 41 
Reduction of hydroxy acid 40 (0.66 g, 1.8 mmol) with P-2 nickel (7) 

gave, after work-up, 0.69 g (73%) of crude 41 whose nmr and mass 
spectra matched those previously reported (9). 
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A CIDEP study of the photooxidation of benzoquinone in trifluoroacetic acid 
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MARJORY T. CRAW, M. CATHERINE DEPEW, and JEFFREY K. S. WAN. Can. J. Chem. 64, 1414 (1986). 
The combined techniques of electron spin resonance and CIDEP have been used to probe the reactions of l,4-p-benzoquinone 

in trifluoroacetic acid. The results led to the establishment of two distinct mechanisms, a thermal and a photochemical pathway, 
for the formation of the one-electron oxidized species in this solvent. In addition it has also been found that by using time-resolved 
CIDEP the neutral 1,4-p-benzohydroquinone radical may be readily observed under various conditions. 

MARJORY T. CRAW, M. CATHERINE DEPEW et JEFFREY K. S. WAN. Can. J. Chem. 64; 1414 (1986). 
On a fait appel h une combinaison de techniques de resonance paramagnetique Clectronique et CIDEP pour Ctudier les reactions 

de la benzoquinone-1,4 dans l'acide trifluoroac6tique. Les rksultats tendent h suggerer l'existence de deux mecanismes distincts, 
une voie thermique et une autre photochimique, pour la formation des esptces oxydCes par un Clectron que l'on retrouve dans 
ce solvant. De plus, l'utilisation de la technique CIDEP rCsolue en fonction du temps permet d'observer facilement le radical 
benzohydroquinone-1,4 dans ces conditions. 

[Traduit par la revue] 

Introduction 
Thermal and photoredox reactions involving benzoquinones 

have long been the subject of considerable general interest 
(1, 2). The intermediates in many of these reactions are 
commonly referred to as "semiquinones," which include the 
neutral and charged forms. Of the charged semiquinone 
radicals, the radical anion is readily observed by both optical 
and esr (electron spin resonance) spectroscopy; the correspond- 
ing one-electron oxidized species have, however, been more 
difficult to observe and are thought to be stable only in strongly 
acidic media (3, 4). Thus, trifluoroacetic acid, TFA, generally 
acknowledged for its ability to solvate and stabilize organic 
cations due to its acidity and low nucleophilicity (5,6), has been 
used in this laboratory for the time-resolved CIDEP~ studies of 
organic radical cations (7-9). Both a theoretical investigation 
(10) and an experimental study (7, 11) have concluded that the 
major stabilization effect arises from an interaction of the 
trifluoromethyl group and the organic cation. 

The photochemical formation of polarized benzoquinone 
radical cations in TFA has been used as a model system for the 
charge transfer process involving heterocyclic sulfur-containing 
compounds (8). It was confirmed that secondary polarization 
observed in the radical cations of heterocyclic sulfur compounds 
resulted directly from the rapid charge transfer process: 

BQ+* + S + B W  + ST* 

An alternate, direct primary photochemical process such as 

%Q* + ~ + i + *  + BQ-* 

is unlikely, as the resultant BQ'* radical anion was never 
observed in these systems. It was also clear that the primary 
polarized benzoquinone radical species is the radical cation, 
since neither a neutral nor an anion radical could lead to a charge 
transfer process resulting in the formation of the sulfur radical 
cation. 

studies in TFA, we have systematically investigated the 
photooxidation of benzoquinone in TFA and related solvents by 
the combination of esr and time-resolved CIDEP methods. 

The results provide some insight into the complex mechanism 
for the formation of the benzoauinone radical cation in 
trifluoroacetic acid. It was further ;narnbiguously established 
that the trifluoroacetyl moiety served only to enhance the 
stabilization of the radical cation and was not involved in the 
formation steps. These conclusions will be of great interest to 
organic reactions in TFA in general. 

Experimental 
Benzoquinone was supplied by Aldrich and repeatedly recrystallized 

from ethanol and sublimed before use. Trifluoroacetic acid was 
obtained from Alfa Chemicals. All other chemicals were reagent grade 
and used without further purification. All samples were purged with 
oxygen-free nitrogen before experimentation. 

For the variable temperature studies, oxygen was evacuated from 
the samples by the freeze-thawing technique. The esr spectra were 
recorded on a Varian E3 spectrometer with a variable temperature 
control accessory. The samples were irradiated inside the cavity using a 
200-W super pressure mercury arc lamp. CIDEP experiments were also 
conducted on the Varian E3 spectrometer using a 1-MW Molectron N2 
laser; the CIDEP transients were directly detected without modulation 
using a Hewlett Packard wide-band preamplifier and a Princeton 
Applied Research model 162 boxcar integrator. The polarization 
spectra were then displayed and stored on a Nicolet microcomputer- 
controlled oscilloscope connected to a Hewlett Packard 7475A digital 
plotter. In some cases the microwave signal was increased to a 
significant extent by using a "homemade" amplifier that essentially 
magnified the microwave signal prior to modulation and utilized a 
Narda solid-state GaAs preamplifier narrowly tuned to the cavity 
frequency . 

Kinetic measurements were carried out using the Nicolet computer 
oscilloscope, the intensity of the esr signal being monitored before, 
during, and after irradiation. The decay rates of the radicals were 
calculated assuming pseudo-first-order kinetics. 

While the polarized benzoquinone radical cation in TFA 
provided a model system for CIDEP study of charge transfer Results and discussion 
reactions, the mechanism for the thermal and photochemical When a solution of benzoquinone (BQ) in TFA was placed in 
production of the radical cation in TFA remained unresolved. the cavity of the esr spectrometer at room temperature, a fairly 
Because of the great deal of general interest in the radical cation weak signal consisting of 5 lines was observed. Photolysis of 

this solution resulted in an increase in the signal intensity; the g 
' ~u thor  to whom correspondence may be addressed. factor and hyperfine splitting constant were the same as those 
'cIDEP: chemically induced dynamic electron polarization. observed thermally. The splitting pattern is indicative of a 
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CRAW ET AL. 1415 

1 :4:6:4: 1 quintet, consistent with the formation of a radical with 
4 equivalent protons. The proposed structure of this species is 
that shown (I), with the unpaired electron being delocalized 
over the whole T system. 

The g factor (2.0040) and splitting constant (aH = 2.22 G) 
measured for this species are very similar to those reported 
previously (12) for the radical anion, i.e. g = 2.0046 and 
aH = 2.36 G, suggesting that, as with the anion (13), the cation 
has a quininoid structure with planar geometry. The assignment 
of 1 was further supported by an INDO calculation using the 
structural parameters given by Shinagawa and Shinagawa (13). 
In addition, benzoquinone-d4 was synthesized and the radical 
cation spectrum showed a major single peak with unresolved 
hyperfines due to the d-atoms. 

It is not immediately obvious why the benzoquinone radical 
cation and the radical anion have such similar proton hyperfine 
splittings, granted that they are produced in very different 
media. This point deserves some further examination. We 
have thus listed in Table 1 all our experimental observations 
and the standard INDO molecular orbital calculations of all 
three charged forms of possible paramagnetic intermediates of 
p-benzoquinone. It is apparent that in all three cases the ring 
protons have similar hyperfine splittings, which do not seem to 
be sensitive to the charges they carry. Another example of the 
insensitivity of splittings of atoms in the ring to the charges is 
that of phenoxazine (T. S. Liu and J. Retsky, private cornrnuni- 
cation). Since in the case of benzoquinone radicals all the ring 
protons lie in the nodal plane of the unpaired T-electron, we 
thought that a more reliable test for differentiating the changes 
in hyperfine splitting with charge would be the symmetrical 
2,5-dimethyl-p-benzoquinone. The experimental observations 
of both the 2,5-dimethyl-p-benzoquinone radical cation in TFA 
and the corresponding radical anion in IPA are given in Table 1. 
Although both have the same hyperfine pattern (septet of 
triplets), it is clear that the major septet splitting due to the six 
equivalent methyl protons is substantially different. As well, we 
should also mention that many of the substituted p-benzo- 
quinones we tested do not form radical cations, although the 
corresponding radical anions are usually observable in basic 
medium. These include duroquinone and tetrachloro-p-benzo- 
quinone. 

Returning to the esr parameters of p-benzoquinone radicals, 
it is further worthwhile to point out that the radical cation and the 
radical anion have rather different relaxation times. In both cw 
(continuous wave) and time-resolved polarized esr spectra, the 
line width of the radical cation is several times greater than the 
corresponding radical anion. This phenomenon is also exhibited 
by comparing the line width of the phenoxazine radical cation 
and its neutral counterpart, as well as for the 2,5-dimethyl-p- 
benzoquinone radical cation and anion systems. 

The significant line-broadening effect in the radical cation 
spectrum observed in TFA is probably caused by the strong 
interaction of the radical cation with the trifluoromethyl moiety. 
The phenomenon thus lends further support to the importance of 
the unique stabilization effect of TFA towards radical cations. 

The cw optical spectra of p-benzoquinone in three different 
solvents, IPA, ethanol with NaOH, and TFA, have also been 
recorded. In separate esr measurements, the NaOH solution 

TABLE 1 .  Calculated and experimental proton hyperfine splittings 
(gauss) of p-benzoquinone radical ions 

INDO results Experimental observations 

a~ = 2.56 a~ = 2.33 
(in alcohol) 

a~ = 2.22 
(in TFA) 

(in H2S04) 

acH3 = 3.30 
a~ = 0.90 
(in TFA) 

a c ~ 3  = 2.30 
a~ = 1.70 
(in water) 

"Taken from ref. 19. 

showed a strong signal of the radical anion while the TFA 
solution exhibited the weaker signal of the radical cation. 
Although some different appearances in the near uv band around 
300 nm are evident in all three different spectra, little conclusion 
can be drawn in these experiments as the solvent effect in such 
systems can be dominating. 

The presence of the benzoquinone radical cation was further 
established by chemical evidence given below. When photo- 
lysis ceased, the photochemically generated signal decayed to 
an intensity similar to that detected before irradiation. The rate 
constant for this decay was calculated as 3.83 X lo3 s-', 
assuming pseudo-first-order kinetics. However, when the tem- 
perature was raised in stages from 23 to 60°C the thermal 
signal intensity increased more than sevenfold, reflecting the 
increasing radical steady-state concentration. 

When the solvent was changed from TFA to acetic acid, 
no signal was observed before photolysis. Irradiation of this 
sampie resulted in the observation of only the neutral semi- 
quinone radical (2) (14), with splitting constants as shown. 

Although the radical cation may possibly form, it may not 
persist long enough for cw observation due to a lack of solvent 
stabilization. On the other hand, if the radical species observed 
in TFA was to be assigned to the unlikely radical anion, there 
would have been no reason at all why the same radical anion 
could not be observed in acetic acid. The photochemical 
production of the neutral semiquinone radical can be accounted 
for by the triplet abstraction from the methyl group of acetic 
acid. 

In time-resolved CIDEP experiments with benzoquinone in 
TFA, the broadened polarized radical cation spectrum observed 
is given in Fig. 1. The strong, totally emissive polarization is 
characteristic of the photochemical triplet mechanism but a 
minor contribution of E/A polarization from the radical pair 
mechanism is clearly evident. Thus, the low-field lines are 
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FIG. 1 .  The polarization spectrum of the 1,4-p-benzoquinone radi- 
cal cation (BQ+) in TFA recorded 1.0 ps after the laser flash. 

relatively stronger in emission than the high field lines. The 
"thermalized" radicals produced simultaneously during the 
CIDEP experiments are not detected in the time-resolved 
observations. A simple mechanism, which can account for both 
the thermal and photochemical observations involving oxida- 
tion of benzoquinone in TFA, can be represented by the 
following: 

[3] BQ + hv - 3 ~ ~ *  (*denotes spin polarization) 

Benzoquinone, having two reactive carbonyl groups, is likely to 
undergo some degree of protonation at thermal equilibrium: 

As well, protonation can also occur at the quininoid ring. Thus, 
Davies and co-workers (16) have proposed the intermediacy of a 
carbenium ion in the photolysis of cyclopentadiene derivatives 
in TFA. Once formed, this species is thought to rapidly lose a 
hydrogen atom to form the cyclopentadienyl radical cation. 

In the thermal oxidation of benzoquinone in TFA, reaction 
[2] may involve either a hydrogen atom transfer from BQHt 
to BQ or a direct charge transfer between the two. Since the 
product radicals are the same and the thermal radicals do not 
exhibit CIDEP, we are not able to distinguish the detailed step 
involved. It is obvious that reaction [2] is endothermic but the 
activation energy barrier may not have to be substantial, since 
the reactants and the products are almost structurally degener- 
ate. Nevertheless, the thermal reaction [2] is indeed temperature 
dependent, as evidenced by the experimental results. While the 
BQ+ would be stabilized by the trifluoromethyl moiety, the 
companion neutral semiquinone radical BQH decayed rapidly 
in acidic medium (1 7). 

In the photochemical oxidation, reaction [3] involved the 
intersystem crossing to the triplet sublevels of benzoquinone, 
3 ~ Q * ,  causing the spin polarization to be in the emissive mode 

FIG. 2. The po!arization spectrum of the neutral radical of 1,4-p- 
benzoquinone (BQH) in CH3COOH/IPA recorded 1.0 ps after the 
laser flash. 

(15). Subsequent reaction of the polarized triplet in reaction [4] 
will conserve the spin polarization in the primary radicals, 
provided the reaction is faster or comparable to the triplet spin 
lattice relaxation, which is normally in the nanosecond region in 
liquid medium. Again, we are not able to Gistinguish whether 
reaction [4] is a charge transfcr or a H atom abstraction 
process. The counter radical, BQH*, was not evident in the 
"integrated" time-resolved CIDEP spectrum (Fig. I), although 
in the benzoquinone-d4 experiments a minor triplet component 
due to the dihydroxysemiquinone radical cation, 3, became 
observable. The formation of 3, 

D D 

can be accounted for in reaction [5]. 
In order to confirm the necessary protonation step in reaction 

[:I.] and the role of the trifluoroacetyl group, experiments were 
conducted with BQ in trifluoroacetic anhydride [(CF3C0)2] 
instead of TFA. In this case we could not detect any esr signal at 
all before or after irradiation, but by adding one drop of water to 
the sample the esr spectrum corresponding to the benzoquinone 
radical cation was immediately observed. This clearly shows 
that this reaction requires hydrogen ions in solution and not 
merely the presence of the trifluoroacetyl moiety. On the other 
hand, when formic acid was used as solvent, no thermal signal 
was detected. During photolysis a relatively weaker cw and 
polarized radic* cation spectrum was observed. The rate of 
decay of the BQ+ in formic acid was, measured as 1.03 x 
104s-l, some three times faster than that observed in TFA. 
Thus, formic acid is capable of protonating the quinone; 
however, the difference in the decay rate of the radical cation 
in this solvent and in TFA suggests that the cation radical is 
considerably more stable in the presence of CF3COOP. This 
agrees well with results we obtained previously where it was 
found that as one descends the series CF3COOH, CFZCOOH, 
and CFH2COOH stabilization of radical cations decreases (7). 

The photochemical observation of BQ+ in both TFA and 
formic acid and not in acetic acid may be accounted for by the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



'CRAW ET AL. 1417 

FIG. 3. The polarization spectrum of 1 ,4-p-benzoquinone in etha- 
nol recorded (a) 0.5 ps and (b) 1.5 ps after the laser flash; see text. 

somewhat lower pKa-values of the former two acids and the lack 
of stabilization of EIQ+ in acetic acid. 'The inability to observe 
polarization frqm BQH in acetic acid may result from a decrease 
in the rate of H abstraction in this solvent compared with, for 
example, isopropyl alcohol. Indeed, if the solvent used consists 
of a 1:l mixture of acetic acid/isopropyl alcohol intense 
emissive polarization (Fig. 2) corresponding to the neutral 
hydroquinone radical is observed. The slower rate of H 
abstraction in acetic acid relative to alcohol solvents may be 

I explained in terms of a switching of the lowest lying excited 
states to the IT,-* character (1, 18). The observation of such an 
intense polarization signal for the neutral hydroquinone radical 

was rather surprising since this species is not very stable and was 
difficult to observe in the conventional esr experiment. 

We have conducted further CIDEP experiments with BQ in 
ethanol solvent. The polarization spectra obtained for this 
system 0.5 p s  and 1.5 p s  after the laser pulse are shown in 
Figs. 3. As may be seen, only the neutral semiquinone radical is 
observed after 0.5 ps,  whereas increasing the delay time led to a 
spectrum that becomes the superposition of two species, the 
neutral semiquinone and BQ', suggesting that in this case the 
neutral radical is the precursor to the anion radical. 

It is rather satisfying that in the laboratory one can indeed 
control the experimental conditions to yield CIDEP spectra of 
all the three forms of the benzoquinone radicals: the neutral 
semiquinone radical, the benzoqulnone radical anion, and the 
benzoquinone radical cation. The present study of the oxidation 
of 1,4-p-benzoquinone provides a model system for which 
further investigations of structurally similar molecules, parti- 
cularly those of biological significance such as vitamin K and 
vitamin E, will be developed. 
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Electrochemical nucleation in the electroreduction of silver(1) 
from molten calcium nitrate tetrahydrate 
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SURENDER K. JAIN and KEITH E. JOHNSON. Can. J. Chem. 64, 1418 (1986). 
The electroreduction of silver(1) on a platinum electrode from its solution in molten calcium nitrate tetrahydrate has been 

studied using voltammetric, chronopotentiometric, and chronoamperomeric techniques. The early stages of metal deposition 
appear to be controlled by a nucleation step as indicated by potential overshoots in chronopotentiometric and maxima in 
chronoamperometric transients. From the rising portion of the current-time transients, the number-density of the surface nuclei 
has been estimated. Diffision coefficients calculated from the data obtained from different techniques are in good agreement. 

SURENDER K. JAIN et KEITH E. JOHNSON. Can. J. Chem. 64, 1418 (1986). 
Utilisant des techniques voltarn6triques, chronopotentiomCtriques et chronoamp6romCtriques, on a Ctudit l'tlectro-rtduction 

de I'argent(1) sur une tlectrode de platine A partir de sa solution dans du nitrate de calcium tktrahydrat6, A 1'Ctat fondu. I1 semble 
que les premihres ttapes de la dtposition du mttal sont controlks par une ttape de nucleation qui est indiqde par des exchs de 
potentiel dans la chronopotentiomttrie et par des maxima dans les esphces transitoires de la chronoamp6romCtrie. En se basant 
sur la portion qui augmente des es@ces transitoires de la courbe du courant en fonction du temps, on a pu tvaluer la densitt 
numtrique des noyaux de surface. Les coefficients de diffusion qui ont t t t  calcults t~ partir des donndes obtenues & l'aide de ces 
diverses techniques sont en bon accord. 

[Traduit par la revue] 

Introduction 
Physico-chemical studies of hydrated melts have been repor- 

ted over recent years by various workers (1- 1 1). Braunstein 
et al. (12) reported the polarographic diffusion coefficients 
of Cd2+ in aqueous nitrate melts. Moynihan and Angell (13) 
measured the diffusion coefficients of Agf, Tl+, and Cd2+ 
in molten calcium nitrate tetrahydrate by chronopotentiometry 
using a mercury pool electrode for T1+ and Cd2+ and a platinum 
foil electrode for Ag+. Lovering (14, 15) for the first time 
studied systematically the electro-reduction of a large number of 
inorganic cations in a variety of molten hydrates and reported 
their polarographic half-wave potentials and diffusion coeffi- 
cients. 

Recently, Bansal and Plambeck (16, 17), have investigated 
the electrochemical reduction of various cations in molten cal- 
cium nitrate tetrahydrate using chronopotentiometric and cyclic 
voltammetric techniques. These authors have also studied the 
reduction of Ag+, TI+, and Cd2+ by ac chronopotentiometry 
(18). It is noticeable that while the authors presented ac and dc 
chronopotentiograrns for T1+ and Cd2+, only the ac chrono- 
potentiograrn was included for the reduction of Ag+. Moynihan 
and Angell (13) did not report any abnormality in the potential- 
time transients for the reduction of Ag+ on a platinum electrode. 
These observations prompted us to investigate in detail the 
electroreduction of Ag+ from its solutions in molten calcium 
nitrate tetrahydrate. Our results concerning electroreduction 
of Ag+ on a platinum electrode using voltammetric, chrono- 
potentiometric, and chronoamperometric technique, presented 
in this paper, show that the electrodeposition of silver from 
molten calcium nitrate tetrahydrate involves the formation and 
growth of nuclei in the early stages of the reaction, i.e. before a 
uniform deposit has been formed over the electrode surface. 

(Shawinigan Reagent) were used without further purification. The 
gravimetric analysis of calcium nitrate hydrate gave the water-to-salt 
mole ratio as 4.00 + 0.005. Densities of the melt corresponding to this 
composition were obtained from the works of Ewing and Mikovsky 
(19). About 140g of the melt were used for each experiment. As the 
solubility of oxygen in this melt is negligible (13, 16), no precaution 
was taken to exclude air from the system, save for tightly capping the 
cell to avoid loss of water. 

The cell containing the melt was kept immersed in an oil bath 
thennostated to ?0.l0C. The bath stirrer was turned off to ayoid 
mechanical vibrations only during the measurements. The working 
electrode consisted of a 0.5 mm diameter bright platinum wire sealed 
into a 6 mm diameter soda-lead glass tubing so that about 9 mm length 
of wire protruded from the seal. The exact length and diameter 
were measured by optical micrometry. The auxiliary electrode was a 
platinum flag of large area and the reference electrode was a 0.8 mm 
diameter silver wire loosely coiled at one end and immersed in a silver 
nitrate (0.05 mol kg-') solution in molten calcium nitrate tetrahydrate 
held in a fritted glass tube. All electrochemical work was done using a 
PAR Electrochemical system (model 170) and x-y recorder (Houston 
Instruments-Qpe 2000). 

After each scan, the electrode was held at an anodic potential for a 
few minutes to strip off the deposited metal and the solution stirred well 
before recording the next scan. Each scan was repeated at least twice. 

Results 
Linear sweep and cyclic voltammetry 

The theoretical treatment of linear sweep voltammetry for the 
electrode processes involving the reversible deposition of a 

.soluble or insoluble product is available (20). Berzins and 
Delahay (21) treated the case where reversible charge transfer 
resulted in the deposition of an insoluble product. From their 
treatment it can be shown that the peak current (i,) for the 
reversible deposition of an insoluble metal at any temperature is 
given by the kquation 

Experimental [ l ]  i, = 6346 n 3 1 2 ~ ~ ~ 1 1 2 ~ 1 1 2 ~ 1 1 2  
Calcium nitrate tetrahydrate (BDH, AnalaR) and silver nitrate 

where i, is the ~ e a k  current in amDeres. n is the number of 
'on leave from Hindu College, University of Delhi, Delhi-110007, electro& involved in the charge tranifer A is the area of 

India. the electrode in cm2, C is the concentration (mol L-I), D is the 
'TO whom all correspondence should be addressed. diffusion coefficient (cm2 s-I), and u is the voltage scan rate 
3~evision received February 10, 1986. (V s-I). 
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JAIN AND JOHNSON 1419 

l o g  v/mVs- I 

FIG. A cyclic voltammogram for Ag+ in molten calcium FIG. 2. Plots of E, vs. log u for the voltammetric reduction of Ag+ 
nitratetetrahydrateat30.70C.Scanrate:100m~s-';CAg+=15.72~ at55~C.CA+: (1 )2 .62X10-3; (2 )15 .72X10-3; (3 )58 .17X 
lo-' mol/L. X axis values are in volts against Ag/Ag+ (0.05 mol kg-') 10-3 rnol L- 8. 
reference electrode. 

0 .10  1 
Assuming that the activity of the deposited metal remains 

constant and equal to unity, the peak (20,21) and half-peak (22) 
potentials are given by: 

where f is the activity coefficient of the solute and all other 
terms have their usual significance. 

Combining eqs. [2] and [3], one can write, 

Thus, the peak and half-peak potentials depend upon the 
concentration of the electroactive species, and would shift 
to more positive (anodic) values with an increase in solute 
concentration. The difference, E,  - E p I 2  (= AE) on the other 
hand is independent of the concentration. For a reversible 
process, E,,  EpL2,  and AE are independent of the scan rate. 

A typical cycllc voltammogram for the reduction of Ag+ from 
its solution in molten calcium nitrate tetrahydrate at 55°C is 
presented in Fig. 1. It illustrates two important features, namely 
the unusually steep rise in current as the cathodic peak potential 
is approached and the equally sharp fall in current after the 
anodic peak. This latter characteristic is consistent with the 
stripping of an insoluble deposit from the electrode surface. The 
anodic peak current exceeds that for the cathodic process, being 
simply a function of the reversal potential, but within measur- 
able limits the quantities of charge involved in cathodic and 
anodic half-cycles are always the same. However, the rising 
part of the cathodic peak is too steep and the peak potential is 
at too cathodic a value relative to the reversible potential for a 
simple diffusion-controlled process. In the multicyclic runs, 
the peak potentials for the reduction process in the subsequent 
cycles shift to more anodic values. 

The peak and half-peak potentials were estimated from the 
recorded voltammograms and presented in Table 1. The peak 
and half-peak potentials for the reduction process showed a 
cathodic shift with an increase in the scan rate while the anodic 
peak potential remained practically unaltered. However, at low 

FIG. 3. Eplz and E, shown as a function of log C for voltammetric 
reduction of Ag' at 55OC. Sweep rate 20 mV s-'. 

concentration E,  and EpI2  remained virtually constant over the 
scan rate 20-200 mV s-I. The differences E ,  - EpI2  showed a 
considerable scatter but were in the vicinity of 40 ? 20 mV as 
compared to the theoretical value of 21.8 mV calculated from 
eq. [4] for a one-electron process at 55°C. The variation of E,  
with scan rate does not obey any simple relationship. However, 
the linear dependence of E ,  on log u predicted for an irre- 
versible process is evident at higher concentrations (Fig. 2). 
Although the peak and half-peak potentials shifted to more 
anodic values with an increase in the concentration of Ag+ at 
any given scan rate, the plots of EPl2 and E ,  vs. log C resulted in 
straight lines with the theoretical slopes predicted by eqs. [2] 
and [3] only at low scan rates. Typical plots for the reduction of 
silver at a scan rate of 20 mV s-' are shown in Fig. 3. At higher 
scan rates, 'the straight line plots exhibited lesser slopes. The 
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CAN. J. CHEM. VOL. 64, 1986 

TABLE 1 .  E p ,  Ep12,  and AE as a function of sweep rate for the reduction of Ag+ in molten calcium 
nitrate tetrahydrate at 328.1 K 

*Concentrations are expressed on the molar scale. Pt-wire electrode area = 0.1379 cm2. 
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JAIN AND JOHNSON 

TABLE 2. Diffusion coefficients of Ag+ in molten calcium nitrate tetrahydrate as a function 
of concentration (at 328.1 K), obtained from different methods 

Voltammetric Chronopotentiometric Chronoarnperometric 

10"/m01 L-' lo7 DAg+ /cm2 S-I lo7 D A ~ +  /cm2 S-' lo7 D A ~ +  /cm2 S-' 

0.86 2.4 - - 
1.30 3.4 - - 
2.62 3.5 - - 
3.86 5.0 - - 
7.19 4.9 - - 
9.15 - 3.2 - 

10.46 4.7 - - 
15.72 5.0 - - 
17.08 - 4.6 - 
26.45 - 4.5 2.8 
36.03 5.5 - - 
42.08 - 4.5 3.1 
58.17 6.0 - - 

FIG. 4. Voltammetric peak current (i,) shown as a function of 
concentration at various sweep rates: ( 1 )  20; (2) 100; (3) 200, (4) 
400 mV s-'. 

peak current (i,) versus plots (not shown) for different 
Ag+ concentrations were linear only up to a scan rate of about 
200 mV s-', as is to be expected for a simple diffusion- 
controlled process. At all concentrations above this scan rate 
negative deviations were observed. 

The i, vs. concentration plots were linear (Fig. 4) in the 
low concentration region and up to a sweep rate of about 
400 mV s-'. The diffusion coefficients of Ag+ were evaluated 
from the linear part of the i, vs. u ' I 2  plots. The calculated values 
are recorded in Table 2. 

It was shown by Mamantov et al. (22) that for a reversible 
deposition of an insoluble substance at the electrode surface, the 
plot of log (i, - i) vs. E approaches linearity in the approximate 
range (0.5-0.9)ip with a slope equal to 2.2nFIRT. The present 
results show that while such a correlation is found to hold good 

TABLE 3. Diffusion coefficients of Ag+ at 
various temperatures in molten calcium 
nitrate tetrahydrate obtained from voltam- 
metric data; concentrations of Ag+ = 15.72 

x mol L-' 

303.9 1.2 
313.7 1.9 
328.1 4.9 
343.1 9.6 

ED (Arrhenius equation) = 47.7 kJ mol-' 

at low sweep rates, the range of linearity of such plots is very 
narrow at higher sweep rates. A typical set of data is presented in 
Fig. 5 to illustrate this point. 

In view of the experimental evidence presented here, it can 
be concluded that some other factor, kinetic or otherwise, is 
involved in the reduction of Agf on the platinum electrode. 

In Table 3 are presented the voltammetric diffusion coeffi- 
cients at dierent tempera-. The Anhenius equation described 
adequately the temperature dependence of the diffusion coeffi- 
cients over the temperature range 304-343 K: the activation 
energy for the diffusion process was found to be 47.7 kJ mol-'. 

Chronopotentiometry 
The reduction of Ag+ on a platinum electrode from its 

solutions in molten calcium nitrate tetrahydrate was also investi- 
gated by chronopotentiometry. A typical chronopotentiometric 
transient is shown in Fig. 6. Apart from a small maximum at the 
beginning of the transition time, the transient has a character- 
istic shape. Another feature frequently observed during the 
recording of chronopotentiometric transients was the appear- 
ance of a small, second transition at more cathodic potentials 
during the deposition of silver from its solutions in calcium 
nitrate tetrahydrate melt. 

The theoretical potential of the working electrode during 
constant current electrolysis is given by (20), 
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CAN. J. CHEM. VOL. 64. 1986 

FIG. 5. Plots of log ( i ,  - i )  vs. E constructed from voltammograms at different concentration and swee rates at 55OC. Sweep rates: I,  111, and V: P 2 0 m ~ s - ' ;  11, IV, and VI: 200mVs-'. Concentration: 111 and IV, 7.19 X I and 11, 10.46 X 10- ; V and VI, 15.72 X 10-3mol~- ' .  

T i m e ,  s 

FIG. 6. Chnopotentiogram for the reduction of ~ g +  from its solution in molten calcium nitrate tetrahydrate at S ° C .  The concentration of 
AgN03 = 17.108 x mol cmP3. 

where EO is the standard electrode potential of the metal-metal 
ion couple, n is the number of electrons involved in the electron- 
transfer step, i is the current density (A cm-'), D is the diffusion 
coefficient (cm2 s-I), c is the bulk concentration (mol ~ m - ~ )  of 
the reducible species, and R, T, F have their usual significance. 
From eq. [5], it can be seen that the potential of the micro- 
electrode would approach infinity at the time T (called the 
transition time) which is defined as 

In actual practice, the potential of the microelectrode rapidly 
increases to such a value that some other electrode process, such 
as deposition of another ion or the electrolysis of the solvent 
itself, takes over. Thus, from eq. [6], the square root of the 
transition time, at any concentration, should vary linearly with 
i-1 

In the present work, the square root of the transition time, 
evaluated using the method of Delahay and Berzins (23), for 

concentrations over the range 17.08 X - 42.08 X 
lop6 mol cm-3 varied linearly with the inverse of the current 
and the plots passed through the origin (Fig. 7). However, the 
deviations from linearity at the lowest concentration, 9.15 X 

lop6 mol ~ m - ~ ,  are apparent. The ratio of transition times for 
the reduction and oxidation processes was 1:1, which is a 
typical value for the deposition of an insoluble product. This is 
confirmed by the logarithmic plots in Fig. 8 in which, however, 
the marked deviations from linearity at the beginning of the 
transient are a reflection of the overshoot in the beginning of the 
potential-time transients. The 7 values and the related para- 
meters for the reduction of Ag+ from its solutions in molten 
calcium nitrate tetrahydrate at various concentrations and 
current densities at 55°C are included in Table 4. The average 
values of diffusion coefficients for A ~ +  compare reasonably 
well with those obtained from the voltammetric data (Table 2). 
These observations indicate that the conditions for semi-infinite 
linear diffusion were operative during the measurements. 

The present chronopotentiometric results have been analyzed 
to determine whether an adsorption process is responsible for 
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JAIN AND JOHNSON 

I 1 

FIG. 7. Plots of 7''' VS. i-' for the chronopotentiometric reduction of Ag+ from calcium nitrate tetrahydrate melts (at 55'C) at different 
concentrations. The C A ~ +  are: ( 1 )  42.08 X (2) 26.45 x lop6; (3) 17.08 X (4) 9.15 X 10-~molcm-~.  Pt-wire electrode area 
0.1379 cm2. 

TABLE 4. Chronopotentiometric data for the reduction of Ag+ in molten calcium nitrate 
tetrahydrate at 328.1 K; Pt microelectrode area = 0.1379 cm2, reference electrode: 

Ag/Ag+ (0.05 mol kg-') 

lo6 C A ~ +  lo4 io 7 lo4 io~1 '2  i o ~ 1 1 2 / c ~ g +  lo7 D A ~ +  
- 

mol cm3 AcmP2 s A cm-2 s1I2 A cm s 'I2 mol-' cm2 s- 

the observations recorded in the present study. The plots of i7 
vs. i-' and vs. 7'12 according to the AR, SR, and SAR models 
of adsorption (24) were constructed. These plots for different 
concentrations as shown in Fig. 9, are linear and pass through 
the origin, thereby indicating that an adsorption phenomenon is 
not operative in the present case. The slopes of i~ vs. i-' and 
7'12 plots yielded diffusion coefficients of Ag+ identical to those 
obtained from Sand's equation (Table 5). 

Chronoamperometry 
The electroreduction of Ag+ was also studied by the potential 

step technique. In the present work, the magnitude of the 
applied potential step (q)  was varied systematically by -5 to 
- 10 mV from the equilibrium potential (against 0.05 mol kg-' 
Ag+). The resultant current-time transients for a typical 
concentration are shown in Fig. 10. For a simple diffusion- 

controlled process, the current response to a potentiostatic pulse 
should decay with time for all values of q . In the present study, 
the I-t curves show maxima at potentials close to the potential 
of Ag+ reduction, but are of normal shape both at potentials 
less cathodic than the reduction and in the region of diffusion 
control. The position and the height of the maxima are very 
sensitive to both the applied potential and the concentration of 
Ag+. 

The current-time relationship for semi-infinite cylindrical 
diffusion is given by (20) 

where ro is the radius and A the area of cylindrical wire 
electrode, and 4 = ~ t / r , ~ .  For ordinary times, all but the first 
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FIG. 8. Plots of E vs. log {(71i2 - t'/2)/t'/2} and log (7'12 - t1I2) 
for the reduction of Ag' from calcium nitrate tetrahydrate at 55°C. 
ck+ = 17.08 X mol cmP3; i = 13.05 X A cm-'; 
7 = 0.56 s. 

FIG. 9. Plots of i07 VS. i-I and ?'I2 constructed from chrono- 
potentiometric data for the reduction of Ag' from molten calcium 
nitrate tetrahydrate. C A ~ +  = ( I ,  5) 42.08 X ( 2 , 6 )  26.45 X 
(3, 7) 17.08 x (4, 8) 9.15 x mol cmd3. 

0.5 1 . O  1.5 

two terms in the parentheses can be neglected, and the current is 
still a linear function of tPu2 as in the case of linear diffusion. 
Figure 11 shows a typical current-time-uz correlation in 
which, for 6 2 t 2 0.4, a linear relationship is observed. The 
diffusion coefficient calculated from the linear portion of the 
plot was estimated to be 3.14 X cm2 s-I. Using this 
value for the diffusion coefficient, the value of the intercept 
(= FADc/2ro) was calculated and is compared with that 

30 

TABLE 5. ChrOnopotentiometric diffusion coefficient of 
Ag' in molten calcium nitrate tetrahydrate as calculated 

using different models; temperature = 328.1 K 

10' DAg+ /cm2 s-I 

lo6 c mol cmP3 AR, SR SAR Sand's 

I ' A SAR 

- 0 A R ,  SR 
1 

I 
I I , I 

0 2 4 6 8 10 12 1 4  16 
T i m e ,  s 

FIG. 10. Current response to a potentiostatic inpulse shown as a 
function of time and the applied potential step (q). C A ~ +  = 42.08 X 
lop6 mol cm-? 

obtained by extrapolating the linear portion. The two values 
were, respectively, 3.7 pA and 7 pA. In view of the uncertainty 
involved in the extrapolation, the disagreement cannot be 
considered significant. The diffusion coefficient obtained by 
this method is also given in Table 2. The average values for the 
diffusion coefficient of Ag+ obtained in the present study at 
55°C appear to be in reasonably good agreement with the value 
of 2.15 X cm2 s-' (at 50°C) reported by Lovering (14). 
The slightly lower value of Lovering could be due to the 
combined effects of a slightly lower temperature of measure- 
ment and the possible loss of water during his measurements 
(25). The rising portion of the current-time transients followed 
the ~ - - t " ~  relationship. All I-t'I2 plots (not shown) in the 
present study passed through the origin and had slopes which 
were strongly dependent on the applied potential step. Our 
studies, however, did not show the existence of any "induction 
period" necessary before the nucleation and growth processes 
could proceed, as observed by Hills et al. (26) in their studies. 
As apparent from the work of these authors, the induction period 
decreased rapidly as the potential step became more cathodic. 
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BG. 1 1 .  I, vs. t1I2 plot constructed from the chronoamperometric 
curve at an applied potential of - 160 mV at 55OC. C A ~ +  = 42.08 X 

mol ~ m - ~ .  

We feel that the potential steps applied in the present study are 
probably such that the induction period becomes too short to be 
observed. 

Discussion 
The unusual behavior of ~ g +  upon reduction in molten 

calcium nitrate tetrahydrate as observed in the present study 
indicates that the electrode process is not a simple reversible 
one. One possible explanation could be the existence of 
adsorption phenomena, which are well known in aqueous 
electrode osition as well as in molten salts (27-31). The i~ vs. 
i -  ' and 3" plots for different concentrations, constructed from 
the chronopotentiometric data obtained in the present study 
(Fig. 9) pass through the origin, thereby speaking against the 
adsorption process influencing the mechanism of Ag+ reduction 
under the conditions of the present investigations. As the usual 
effect of nucleation is the appearance of a maximum in the 
chronoamperometric and chronopotentiometric curves, another 
convincing and probably physically more relevant explanation 
is the existence of a nucleation step at the beginning of the 
electrodeposition of the metal. Hills et al. (26) have observed 
almost identical phenomena during the reduction of Ag+ from 
molten nitrates and also during the electrodeposition of silver on 
platinum and graphite and of mercury on graphite from aqueous 
solutions (26). Mamantov and co-workers have also observed 
a nucleation step in the electrodeposition of aluminum (31), 
zirconium (31), and iron (33) on solid microelectrodes in 
chloroaluminate melts. 

The formation and growth of an electro-deposited phase is a 
complex process. Fleischmam and Thirsk (34) have reviewed 
the different possible types of growth mechanisms when the 
electrodeposited metal is the same as that of the substrate. 
According to Hills et al. (26) for a hemispherical diffusion, the 
potentiostatic time transient for instantaneous nucleation can be 
described through the equation, 

TABLE 6 .  The number-density of silver nuclei ( ~ o l c m ~ )  evaluated 
through eq. [lo] 

11 applied /mv 

Electrode area = 0.1379 cm2 
Concentration of AgN03 = 42.08 X mol cm-3 
Density of silver = 10.47 g cmp3 
DAg+ (chronoamperometricj = 3.14 X lo-' cm2 s-' 

and that for progressive nucleation through the expression, 

in which No is the number of nuclei formed, M and p are the 
molar mass and density of the electro-deposited metal, D and c 
are the diffusion coefficient and concentration of the electro- 
active species, t is the time, and k ,  is the rate constant for 
the formation of nuclei. All other terms have their usual 
significance. 

In a subsequent publication, Gunawardena, Hills, and Monte- 
negro (35) showed that a more appropriate equation representing 
the middle rising portion of the current-time transient is 

As predicted by eq. [lo],  the I vs. t1I2 linear plots pass through 
the origin in the present case, thereby indicating that the 
deposition of silver under these conditions is a process involving 
instantaneous three-dimensional nucleation followed by growth 
controlled by the hemispherical diffusion of Ag+ from the melt. 
The potential dependence of the growth current at any given 
concentration implies that the total number of available nuclea- 
tion sites is potential dependent, i.e., there is a distribution of 
nucleation sites of different energies which nucleate at different 
overpotentials. 

The number-density of the nuclei at the electrode surface, 
as calculated from the slopes of I-t1I2 plots, are presented in 
Table 6. 

In view of the observations resulting from the analysis of the 
current-time transients, it is possible to explain the abnormal 
chronopotentiometric and voltammetric behaviour relating to 
the electrodeposition of silver from molten calcium nitrate 
tetrahydrate. The small overshoot observed at the beginning 
of each chronopotentiogram can be seen as the nucleation over- 
potential, which must be attained before bulk deposition can 
proceed. Once nucleation has taken place, the charge-transfer 
process, being rapid, no longer requires this overpotential and 
as a result the potential of the working electrode falls to normal 
before the transient of the expected shape is completed. The 
frequent appearance of a small second overpotential at more 
cathodic potentials during the deposition of silver from this 
hydrate melt may be due to a secondary nucleation process. 
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Examining for such a possibility during the electrodeposition of 
silver on platinum from molten nitrates by scanning electron 
micrographs, Hills et al. (26) could actually see that, at lower 
overpotentials, the deposit grows only in patches over the 
electrode surface and that the remainder of the surface is not 
nucleated until higher overpotentials are reached. 

Although at the moment we are unable to correlate the 
cathodic shift of cathodic peak-potentials at higher sweep rates 
with the chronopotentiometric and chronoarnperometric results, 
the near constancy of the anodic peak potentials appears to be 
consistent with the existence of a nucleation step, for during 
anodic stripping no overpotential would be required. The anodic 
shift of the reduction peak potentials in subsequent cycles of 
multicyclic runs, which has been suggested as one of the criteria 
for nucleation (32), further supports the occurrence of a 
nucleation step during initial stages of ~ g +  reduction. 
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Detection of deuterium labelling by two-dimensional 'H,'~c nuclear magnetic resonance 
shift correlation with 2~ decoupling 
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PAUL B. REESE, LAIRD A. TRIMBLE, and JOHN C. VEDERAS. Can. J. Chem. 64, 1427 (1986). 
Methylene groups that are stereospecifically labelled with deuterium can be easily observed using deuterium-decoupled 

2-dimensional proton/carbon nmr shift correlation spectroscopy in either normal or CH-selective mode. Application of the 
technique to [3-'H]camphors 2, 3, and 4 shows that overlap of other I3c resonances does not interfere with the 'H detection. 
Such experiments with [3-2~]-~-benzoylphenylalanine methyl esters 6 and 7 demonstrate that identification of labelled 
diastereotopic hydrogens can be done if they are separated by 0.1 ppm in the ' H nmr spectrum. Fully deuterated carbons 
(e.g., CD3 methyl, CD2 methylene, CD methine) cannot be observed by this approach, as seen by the study of pregnenolone 
acetate (9) randomly deuterated at C-17 and C-21. The technique is ideal for cases with extensive overlap of other proton and 
carbon resonances because high chemical shift dispersion in two dimensions separates the signals of interest. This nmr method 
was used to show that hydrogenation of cholesteryl acetate (10) with deuterium gas and palladium catalyst exchanges the C-7 
a-hydrogen to give 12. The detection limit is estimated at 10% deuterium per site unless 13c-labelled compounds are used. 

PAUL B. REESE, LAIRD A. TRIMBLE et JOHN C. VEDERAS. Can. J. Chem. 64,1427 (1986). 
Utilisant la spectroscopie de corrClation des dkplacements rmn proton/carbone bidimensionnelle, dCcouplke pour le deutkrium 

et o@r& soit en mode normal ou en mode sClectif pour le CH, on peut facilement observer les groupements mtthyltnes qui sont 
marquCs d'une faqon st6rCosp6cifique avec du deutCrium. L'application de cette technique aux camphres-['H-31 2 , 3  et 4 permet 
de montrer que le recouvrement des autres rksonances 13C n'interfere pas avec la dCtection du 'H. De telles expCriences avec 
les esters mkthyliques de la ~-benzo~l~hCn~lalanine-[~~-3] 6 and 7 permet de dCmontrer que l'identification des hydrogknes 
diastkrwtopes marquCs peut &Ire faite s'ils sont skparks par 0,l ppm dans le spectre rmn du 'H. En se basant sur une ttude 
rkalisk sur de I'acCtate de pregnCnolone (9) deutCrC au hasard dans les positions C- 17 et C-2 1, on peut conclure que les carbones 
complktement deutCrCs (par exemple, mkthyles CD3, mCthyl8nes CD2 et mCthine CD) ne peuvent pas &tre observks par cette 
approche. DD au fait que les dCplacements chirniques subissent une grande dispersion lorsqu'on opkre en deux dimensions et que 
cette propriCtk permet de sCparer les signaux qui prksentent de I'intCrgt, la technique est toutefois idkale pour les cas oh il existe 
beaucoup de recouvrement avec les rksonances d'autres protons ou carbones. On a utilisC cette mCthode rmn pour dCmontrer que 
l'hydrogknation de I'acCtate de cholest6qle (10) avec du deuerium gazeux en prksence d'un catalyseur de palladium Cchange 
l'hydrogkne-a en C-7 pour conduire au composC 12. On a CvaluC que la limite de dktection est Cgale a 10% de deutkrium par site, 
2 moins que l'on utilise des composts marquCs au I3c. 

[Traduit par la revue] 

Introduction 
Labelling studies employing nmr detection of hydrogen 

isotopes are increasingly popular because they provide consi- 
derable insight into biological and chemical mechanisms (1,2). 
The most widely used isotope, deuterium, is routinely observed 
by changes induced in 'Hnmr spectra and by direct 'H nmr 
measurements (3). Alternatively, it may be detected by differ- 
ences in the 13C nmr spectra of carbons that are directly attached 
to deuterium (e.g . , a-isotope shifts) (2,4,5) or two bonds away 
(P-isotope shifts) (4,6,7).  However, determining which of two 
diastereotopic hydrogens on a methylene group is deuterium 
labelled is often difficult by any of these techniques even if 
the ' ~ n m r  assignment is known. At low levels of isotopic 
enrichment ' H  nmr differences are normally obscured by 
intense signals due to unlabelled material, whereas 2~ nmr 
spectra frequently suffer from extensive overlap of resonances 

isotope; however, the accompanying high levels of radioactivity 
have restricted its use so far (9, 10). 

Modem nmr pulse methods2 possess considerable promise 
for defining the position and extent of deuterium labelling. 
Among such techniques that have been applied to deuterated 
systems (12), two-dimensional chemical shift correlation of 
deuterium with carbon-13 (13) or correlation of deuterium 
with protons (14) could potentially provide information on the 
stereochemistry of labelling at a methylene group. Recently we 
reported in preliminary form (15) the use of two-dimensional 
proton/carbon-13 nmr shift correlation with deuterium de- 
coupling to examine stereospecifically deuterated systems. This 
approach has already proved valuable in analyzing the stereo- 
chemistry of an enzymatic reaction (16). In the present work, 
full experimental details of this method, its limitations, and 
additional applications to more complex systems are described. 

because chemical shift similarities are exacerbated by quadru- Results and discussion 
pole broadening. Although addition of lanthanide shift reagents 
can sometimes overcome the latter problem (8), the procedure In to test the utility as well as the shortcomings of the 
does involve contamination of a potentially valuable sample. deuterium-decoupled 'H, '~c nmr shift correlation method, four 

Use of normal 'H-decoupled 13C nmr spectroscopy for stereo- Systems were examined- 'IIese are (1 ) [3-2Hlcamphor, in 
chemical analysis is even more limited since 2&induced which the 'H resonances of interest are well separated in the 
isotope shifts (4) are often of similar magnitude for each of the spectrum, but another interfering carbon signal (C-4) 
diastereotopic methylene hydrogens. In principle, tritium label- appears within 0.1 Ppm of C-3 in the I3c nmr spectrum; 
ling in combination with 3~ nrnr can circumvent these difficul- (2) N-ben~oyl-[3-~~]~hen~lalanine methyl ester, in which the 
ties because of the excellent spectral characteristics of this 

2 ~ o r  reviews, see ref. 11 a; for partial INADEQUATE spectrum of 
'Author to whom correspondence should be addressed. camphor, see ref. 1 1 b. 
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l3c 

FIG. 1. Normal 'H, '~C shift correlation spectrum of unlabelled camphor (1). Corresponding sections of the 'H nmr (400 MHz) and 13C nmr 
(100.6 MHz) are shown on the vertical and horizontal axes, respectively. 

'Hnmr chemical shifts of the C-3 methylene hydrogens are 
within 0.1 ppm, but the attached carbon signal is well separated; 
(3) [17,2 1 -2~]pregnenolone acetate, in which methine and 
methyl groups are partially deuterated; and (4) [5,6,7-"Ichol- 
estanyl acetate, in which the hydrogen resonances of interest are 
buried in the 'H nmr "steroidal envelope" and the corresponding 
carbon signals are flanked by numerous other peaks. Use of a 
selective 'H,13C correlation pulse sequence (17) that gives 
signals only for carbons bearing a single hydrogen (CH plots) is 
also described. 

Camphor 
Since a number of 13C nmr assignments of camphor (1) 

in various solvents have been reported (18-20), spin echo 
Fourier transform (SElT) (2 1) and 2D INADEQUATE (1 1,22) 
techniques were employed to confirm an earlier assignment 
(19).3 A previous 'H nmr assignment (20) was verified by 
normal heteronuclear proton-carbon shift correlation (1 1, 23) 
(Fig. l), homonuclear proton-proton decoupling experiments, 
and examination of E~(fod)~-induced shifts3 in proton and 
carbon spectra. The resulting values given in Table 1 are in 
complete agreement with a very recent nmr study (24) of 
camphor The exchangeable C-3 methylene hydrogens of 
camphor (1) are well resolved in the 'H nmr spectrum (endo at 
1.84ppm, exo at 2.36 ppm). However, the C-3 and C-4 carbon 
resonances appear within 0.1 ppm of each other in 13C nmr 
spectra, and slight temperature or concentration changes can 
shift their positions sufficiently to cause complete overlap. 

Endo-, exo-, and bis-deuterated camphors 2, 3, and 4, 
respectively, were prepared by literature procedures (26). Each 
of these compounds was separately mixed with unlabelled 

3See supplementary material for 2D INADEQUATE spectra and 
Eu(fod)3 studies of camphor (1). This material may be purchased 
from the Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada KIA OS2. 

40ur results and those in ref. 24 show that a different 'H nmr 
assignment (25) is incorrect. 

TABLE 1. Chemical shifts of camphor (I)' 

Position 6 'H 6 13C 

1 - 57.6 (s) 
2 - 217.9 (s) 
3 2.36 (exo) 43.4 (t) 

1.84 (endo) 
4 2.10 43.5 (d) 
5 1.96 (exo) 27.4 (t) 

1.41 (endo) 
6 1.68 (exo) 30.2 (t) 

1.34 (endo) 
7 - 46.8 (s) 
8 0.83 19.8 (q) 
9 0.95 19.3 (q) 

10 0.91 9.3 (q) 

"For conditions see Experimental. 

camphor (1) in a 2: 1 ratio (1abelled:unlabelled). Normal 
two-dimensional 'H,13C chemical shift correlations (23) with 
broad-band deuterium decoupling were done on each of these 
samples. The portions of the spectra containing the C-3 
methylene and C-4 methine groups are shown as the CH, plots 
in the top row of Fig. 2. Application of the selective heteronu- 
clear correlation pulse sequence (1 7) with deuterium decoupling 
and the variable pulse angle 8 set to 90' produced the simpler 
CH plots in the bottom row of Fig. 2. These display only those 
carbons bearing a single proton. In each case A and B are signals 
due to correlation of the C-3 methylene carbon of unlabelled 
camphor (1) with the attached exo and endo hydrogens, 
respectively. Resonance X results from the C-4 methine group 
of 1. Comparison of the complete and the CH-only correlation 
plots of pure 1 to the corresponding plots of mixtures of 1 with 2 
or 3 shows the appearance of two additional signals: Y and 
either C or E. Signal Y results from the C-4 methine being 
shifted upfield on the horizontal 13c chemical shift axis due to 
the presence of single deuteriums at C-3 (P-isotope shift) ( 46 ) .  
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FIG. 2. Deuterium-decoupled normal (CH,) and selective (CH) proton/carbon shift correlation plots of the C-3 methylene and C-4 methine 
region of camphor. In each plot the chemical shift increases from 1.76 to 2.43 ppm for 'H on the vertical axis and from 42.76 to 43.93 ppm for 13c 
on the horizontal axis (right to left). 

The signals labelled C and E arise from C-3 carbons bearing a 
single proton in the exo or endo positions, respectively. The 
large upfield a-isotope shift caused by deuterium on directly- 
bonded carbon (2, 4) effects the substantial separation of 

, undeuterated (A, B) and deuterated (C, E) methylene signals. In 
I the bis-deuterated camphor (4), Z is the C-4 methine resonance 

that is shifted upfield by the two deuteriums on C-3. 
The spectra depicted in Fig. 2 clearly demonstrate that 

I 

stereospecific deuterium labelling can be easily determined by 
either the normal or selective correlation method even if other 
interfering carbon resonances are present. The main advantage 
of the selective correlation is simplification of the plots for 
easier visualization. However, it is generally necessary to run 
complete correlation spectra with unlabelled material present as 
internal standard to be certain of correct assignment of new 
signals arising from the deuterated compound. With either 
full or selective correlation techniques, complete broad-band 
deuterium decoupling is essential, and normally requires a 19F 
lock (Ca6).  It is also extremely important to use a relaxation 
delay (ca. 3 s) between pulse sequences to guarantee optimal 
observation of correlation signals. 

In order to estimate the lower limit of detection of singly 
deuterated methylene groups by this method, the ratio of 
unlabelled camphor (1) to labelled compounds 2 or 3 was 
varied. Correlation experiments done using the same conditions 
as before (see Experimental) on samples containing 20% 
monodeuterated camphor and 80% unlabelled 1 still gave clean 
correlation plots similar to those in Fig. 2. These results in 
combination with normal one-dimensional broad-band 'H.~H-  

resolved in the ' '~nrnr  spectrum, but the chemical shifts 
of attached diastereotopic hydrogens are very similar. To 
test the deuterium-decoupled correlation method in such cir- 
cumstances, a racemic mixture of (2S,3S)- and (2R,3R)-N- 
ben~oyl[2,3-~~~]phenylalanine methyl esters (6) was prepared 
by literature procedures (27) and mixed with the corresponding 
unlabelled compound 5 (28) in a 2:l ratio. A mixture of all 
possible stereoisomers of the C-3 monodeuterated derivative 
7 was generated by enolization of 6 and quenching with 
unlabelled acetic acid. This was mixed with unlabelled material 
5, in the same fashion, before nmr analysis. 

In the normal 'H nrnr spectrum (CDC13) the diastereotopic 
hydrogens of N-benzoylphenylalanine methyl ester (5) appear 
at 3.20 and 3.29 ppm as the A and B parts of an ABX system. 
The corresponding methylene carbon displays a well-separated 
resonance at 38.0 ppm. Two-dimensional proton/carbon shift 
correlation experiments with deuterium decoupling on 5 and its 
mixtures with 6 and 7 produced the plots shown in Fig. 3. These 
expansions of the C-3 methylene region of the full (CH,) and 
selective (CH) correlations clearly display additional signals for 
6 and 7 due to the presence of CHD groups. The correlation 
of the upfield hydrogen of 6 with an isotope-shifted carbon 
resonance shows that the downfield methylene hydrogen has 
been replaced by deuterium. Since 7 is nonstereospecifically 
labelled, the CHD group exists in both possible relative 
configurations. As a result, two isotope-shifted correlation 
signals are observed. 

The observed deuterium-induced a-isotope shift on the 
horizontal carbon axis is the essential feature that allows 

decoupled 13C nmr spectroscopy suggest that the lower detec- detection of deuterated methylenes. However, a small upfield 
tion limit may be in the range of 10% deuterium on natural shift in the position of the deuterated species can also be seen on 
abundance carbon-13 ( I .  1%) if the number of scans and the vertical proton chemical shift axis. Deuterium isotope shifts 
experiment time are considerably increased. on 'H nrnr resonance positions have been reported previously 

(4, 29), but are usually too small to be readily noticed. They 
N-Benzoylphenylalanine methyl ester seem to be a general phenomenon, which is easily observed in 

Frequently the . - resonance of a methylene carbon is well the deuterium-decoupled ' H, 13c shift correlation spectra. 
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FIG. 3. Normal (CH,) and selective (CH) proton/carbon correlations (deuterium decoupled) of the C-3 region of N-benzoylphenylalanine 
methyl esters. Compound 6 is racemic and 7 is a mixture of all stereoisomers. The corresponding 'H nmr of 5 is shown on each vertical axis 
(3.12-3.36 ppm). 

Pregnenolone acetate 
In order to examine use of this method with other types 

of deuterated systems, the hydrogens at C-17 and C-21 of 
pregnenolone (8) (Scheme 1) were partially exchanged in basic 
media containing 50% labile deuterium. Acetylation afforded 9 
as a statistical mixture of do, d l ,  d2, d3, and d4 species. 
Although deuterium substitution at C-17 produces the expected 
changes in the 'H nmr and fully decoupled ('H,'H) 13C nmr 
spectra of 9, the ' H, 13C shift correlation methods are ineffective 
at detecting the methine label because only species bearing 
hydrogen at C-17 give signals. Similarly, molecules having 
three deuteriums at the C-21 methyl cannot be seen in the 
correlation spectra of that region (Fig. 4). However, the CHD2, 
CH2D, and CH3 species are all readily visible in the full 
deuterium-decoupled proton/carbon correlation spectrum (CH,) 
because of the additive nature of the a-isotope effect of 
deuterium on carbon (4). Unfortunately, the presence of 
deuterium unfavorably alters Overhauser enhancement and 
relaxation of directly attached carbons (2, 30) such that not all 
the peak areas are a direct measure of the extent of 'H labelling. 
This is also true in the regular fully decoupled ( ' H , ~ H )  13c nmr 
spectrum. The P-isotope shift method developed by Staunton and 
co-workers (6) may be the most widely applicable approach to 

21 

H H 
\ 

HO AcO 

examine deuterium content at methines and methyl groups (7). 
The deuterium/carbon-13 shift correlation technique recently 
reported by Wesener and Giinther (13) could be advantageous 
in cases of extensive 13C resonance overlap, and should give 
signals for all deuterated methine and methyl species. 

Cholestanyl acetate 
One of the most common problems in measuring deuterium 

content at labelled methylene groups is overlap of other proton 
resonances. This overlap can make definitive identification 
of labelled sites impossible by routine one-dimensional nmr 
methods. To rigorously test the present technique in such a 
situation, cholesteryl acetate (10) was reduced to unlabelled and 
deuterated cholestanyl acetates 11 and 12, respectively (Scheme 
2). The reaction of 10 with deuterium gas and palladium on 
charcoal (5%) in ethyl acetate containing acetic acid-d4 labelled 
C-5, C-6, and C-7 of 12, in analogy to the previously reported 
(31) reduction with platinum catalyst. Carbons bearing deuter- 
ium could be, identified from a- and P-isotope shifts in the 
normal fully decoupled ('H,'H) 13c nmr spectra of a 1:2 
mixture of 11 and 12. Thus C-4, C-8, and C-10 exhibited 
smaller P-isotope shifts (4), whereas C-5, C-6, and C-7 each 
showed a larger a-isotope shift as well as the small p-shifts 
(Table 2). The 13C nmr spectral assignments are in accord with 
those previously reported by two other groups (32, 33). The 
known configuration at C-5, the preference for syn addition of 
hydrogen, and the well-precedented interaction of the steroid 
a-face with palladium (34) suggested that the deuteriums at C-6 
and C-7 were on the a-side. However, this cannot be directly 
determined by routine 'H nmr, 'H nmr, or 13C nmr analysis 
because the resonances of interest are buried in the "steroid 
envelope". 

The deuterium-decoupled proton/carbon correlation spec- 
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TABLE 2. 2~-induced isotope shifts in 13C rn of 
[5,6,7-2~]-3~-acetoxycholestane (12)" 

Position Shift typeb Magnitude (ppm)' 

FIG. 4. Deuterium-decoupled proton/carbon correlation of the C-21 
methyl region of 9 showing various labelled species. The fully 
decoupled ( ' H , 2 ~ )  13Cnmr spectrum is displayed underneath for 
comparison. The chemical shift increases from 1.40 to 2.73 ppm for 
' H on the vertical axis. 

trum of the 1:2 mixture of 11 and 12 clearly shows that the 
upfield axial (a-face) hydrogen at C-7 is deuterium labelled 
(Fig. 5). In the expansion of section A from the large plot 
(Fig. 6), signals F and G are due to correlation of the C-7 
carbon to the directly attached equatorial (downfield) and axial 
(upfield) hydrogens (35) of unlabelled cholestanyl acetate (11). 
Signals H and J result from the same correlation in molecules of 
the deuterated derivative 12, which have no deuterium at C-7 
but do bear a deuterium two bonds away at C-6 that causes an 
upfield P-isotope shift on the carbon axis. Signal K arises from 
molecules of 12 having axial deuterium at C-7 (large a-isotope 
shift), but no deuterium at C-6. The intense peak L is due to 
molecules of 12 having axial deuterium at C-7 (large a-isotope 
shift) and a single deuterium at C-6 (smaller P-isotope shift). 
Lack of any correlation between the axial hydrogen at C-7 and 
any carbon signal having an a-isotope shift demonstrates that 
deuterium labelling is completely stereospecific at that site 
(i.e., all C-7 'H is axial). 

Unfortunately the axial and equatorial hydrogens at C-6 of 
cholestanyl acetate (11) could not be resolved in the 'H nmr 
spectrum. These diastereotopic protons give rise to a single 
resonance in the proton/carbon shift correlation spectrum of 
unlabelled 11 in either chloroform-d (Fig. 5) or benzene-d6. 
Examination of the spectra of cholestan-3-one gave a similar 
result. A recent report on correlation experiments with a 
different steroid system also showed that the C-6 hydrogen 
resonances have essentially identical chemical shifts (36). The 
region of the deuterium-decoupled proton/carbon correlation 
spectrum containing the C-6 methylene is expanded in section B 
of Fig. 6. Resonance M comes from unlabelled material 11, 
whereas the other additional signals (N, P, Q) are due to carbons 

"For measurement conditions see Experimental. 
b~ refers to directly attached 'H, P refers to 'H two 

bonds away. 
'All shifts upfield. 
dShifts due to 'H at C-7 and to 'H at C-5 are same size. 

of 12 having deuterium directly attached (P, Q) and (or) two 
bonds away (N, Q). Although no stereochemical information 
about the deuterium at C-6 is available from this two-dimen- 
sional spectrum, it does remove interference from the over- 
lapping carbon resonances of C-16 and C-25. In contrast, the 
stereospecific labelling at C-7 can be clearly seen. 

Conclusions 
The deuterium-decoupled proton/carbon nmr shift correla- 

tion technique is ideal for observation of stereospecifically 
'H-labelled methylene groups in complex systems (e.g., 12). 
This method takes advantage of the high chemical shift 
dispersion available in 13c nmr to separate signals of interest, 
and avoids obscuring the methylene proton AB system through 
resonance broadening common in ' ~ n m r .  The large upfield 
deuterium-induced a-isotope shift on 13C resonance positions 
cleanly separates the correlation peaks of partially deuterated 
carbons from corresponding signals of unlabelled material. Key 
resonances due to monodeuterated methylenes can be isolated 
further through application of a selective pulse sequence (17), 
which generates correlation plots containing only CH groups. 
The technique is also excellent for detecting small *H-induced 
isotope shifts on 'Hnmr resonances. Some resolution of the 
methylene AB signals in ' H nmr is essential for stereochemical 
identification, but this separation of resonances can be much 
smaller (10.1 ppm) than with 'H nmr or correlation of deuter- 
ium with other nuclei (13, 14). Of course, as with other nrnr 
methods, determination of the absolute stereochemistry must be 
done by independent means. 

The major current limitation of this technique is instrumental; 
it is necessary to lock on ' 9 ~  while decoupling 'H and pulsing 
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RG. 5. Deuterium-decoupled proton/carbon correlation of deuterated 3P-acetoxycholestane (12). The corresponding 400-MHz 'H nrnr 
spectrum (0.59-2.05 ppm) is shown on the vertical axis and the 100.6-MHz I3C nmr spectra (10.6-47.0ppm) of unlabelled and 'H-labelled 
material are displayed on the horizontal axis. See Fig. 6 for expansions of the regions labelled A and B. 

UNLABELLED @ 

0 
P 

0 

M n 1 j& u& =16 

I . .  I . . . . . .  . I . . . . .  I , . . .  

32 PPm 32 &l 29 PPm 29 PPm 

FIG. 6. Deuterium-decoupled proton/carbon correlations of the regions containing C-7 (A' and A) and C-6 (B' and B) of unlabelled 
3P-acetoxycholestane and the 'H-labelled analog 12. The sections A and B are also shown in Fig. 5 for comparison. 
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'H and 13C frequencies. Wider distribution of cornrnercially- 
available triple resonance probes in the future will overcome 
this difficulty. This method is not applicable to fully deuterated 
carbons that bear no hydrogen (e.g., CD3), and is generally not 
ideal for quantitative determination of deuterium content. As 
with other 2D nmr spectra, another limitation is the amount of 
material available for study. A correlation experiment on a 
sample whose concentration is 0.8 M in a 5-mm tube takes about 
1 h (400 MHz for 'H). It is clear that 64 t l  points are sufficient to 
obtain the required information. The appearance of the spectra 
could certainly be improved by use of more tl  values, but only at 
the expense of valuable spectrometer time. At least 10% 'H per 
site is necessary for detection at natural abundance levels of 13C 
(1.1%). However, shorter instrument time and much greater 
sensitivity can be achieved if the compound is enriched with 13C 
at the deuterated carbons. Such double labelling of precursors is 
now routine in biochemical investigations. One application of 
this nrnr method has already been described (16), and work on 
its use in biosynthetic studies will be reported shortly. 

Experimental 
Melting points were recorded on a Thomas Hoover apparatus and 

are uncorrected. Infrared (ir) spectra were measured on chloroform 
solutions using a Nicolet 7199 FT spectrometer. Mass spectra were 
obtained on a KRATOS A.E.I. MS50 spectrometer using electron 
impact (70eV) and chemical ionization (NH3) modes. Commercial 
chemicals were of reagent grade and were purified as necessary 
according to standard procedures (37). 

Nuclear magnetic resonance spectra 
A Briiker WH400 spectrometer (400 MHz 'H, 100.6 MHz 13C) was 

used to obtain spectra on samples in CDC13 (unless otherwise noted) 
using 5-mm tubes at 25°C. All chemical shifts are reported in parts 
y r  million (6 scale) from tetramethylsilane as internal standard. All 
H-decoupled nmr spectra were done using a 19~lock on C a 6  (5-20% 

v/v added to sample). Heteronuclear proton/carbon shift correlations 
with broad-band deuterium decoupling employed previously described 
pulse sequences to obtain the complete (23) and selective (17) 
two-dimensional plots. For the latter, the variable pulse angle 8 was 
set to 90". All correlation experiments used: a relaxation delay = 3 s 
between scans; 1 K FID's for 64 values of tl ; zero filling to 512 points 
in f l  ('H) and 2 Kin f 2  (13C). Ineach case a Gaussian window function 
was applied to both f and f 2  with the line broadening set equal to the 
number of Hz/pt after zero filling, and the Gaussian broadening was 
set to zero. For camphor (2.36 M solution): f l  ('H) = 1060 Hz; 
f2 (13C) = 5000 Hz; acquisition time 0.10 s; 4 scans/tl increment. For 
N-benzoylphenylalanine methyl esters (1.29 M): f l  ('H) = 800 Hz; 
f2 (13C) = 1800 Hz; acquisition time = 0.28 s; 8 scans/tl increment. 
For regnenolone acetates (3P-acetoxypregn-5-en-20-one) (0.89 M): 
f ('H) = 1400 Hz; f2 = 1700 Hz; acquisition time = 0.31 s; 
12 scans/tl increment. For cholestan 1 acetates (3P-acetoxycholes- 
tare) (0.81 M): f l  ('H) = 585 Hz;f2 ('&) = 3600 Hz; acquisitiontime 
= 0.14 s; 16 scans/tl increment. 

Deuterated camphors 2 ,  3, and 4 
The monodeuterated compounds 2 and 3 were prepared by the 

procedures of Joshi and Warnhoff and the bis-deuterated camphor 4 
was made according to Thomas and Wilholm (26). All three were 
sublimed before use to give chromatographically pure materials with 
the expected ph sical and spectral properties. Y For [3-endo- Hlcamphor (2): 'H nmr signal at 6 1.78 reduced by 
80%. Exact Mass calcd. for C ~ ~ H ~ ~ ~ H O :  153.1265; found: 153.1274. 

For [3-e~o-~H]camphor (3): 'H nmr signal at 6 2.29 (3 exo H) 
reduced by 75%, at 1.78 (3 endo H) relative intensity unchanged. 
Exact Mass calcd. for CloH152~O: 153.1265; found: 153.1273. 

For [3,3-2H2]camphor (4): ' ~ ' n m r  signals at 6 1.78 and 2.29 
completely absent. Exact Mass calcd. for Cl&1142~20: 154.13 17; 
found: 154.1327. 

N-Benzoylphenylalanine methyl esters 5, 6, and 7 
The unlabelled compound 5 was prepared by literature procedures 

(28). The racemic mixture of (2S,3S)- and (2R,3R)-N-benzoy1[2,3- 
2~2]phenylalanine methyl esters (6) was synthesized by the method of 
Battersby and co-workers except that the intermediate azlactone was 
cleaved by methanol according to Buckles et al. (27). For the 
preparation of 7 a solution of 6 (2.0 g , 7.0 mmol) in tetrahydrofuran 
(THF) (15 mL) was added to a cold (-78°C) solution of THF (20 mL) 
and lithium diisopropylamide (1.5 M n-BuLi (14 mL, 20 mmol), 
diisopropylarnine (3.0 mL, 21 mmol)) under Ar atmosphere. Stining 
was continued for 30 min, acetic acid (5.0 mL, 80 mmol) was added, 
and the mixture was allowed to warm to 20°C. The solution was diluted 
with ether and washed with concentrated aqueous NaCl and sodium 
bicarbonate. The organic phase was dried, concentrated in vacuo, 
filtered through a short column of silica gel (70-230 mesh), and 
recrystallized from ethyl acetate-ether to give 1.95 g (97%) of 
N-benz0yl[3-~~]phen~lalanine methyl ester (7) as a mixture of all 
possible stereoisomers. This material showed the expected physical 
and spectral properties. For 7: mp 84-86°C; ' ~ n m r  signals at 6 3.20 
and 3.29 (1H total, d, J = 6 Hz, H at C-3), 5.06 (lH, brt, J = 6Hz, 
H at C-2). Exact Mass calcd. for C ~ ~ H ~ ~ ~ H N O ~ :  284.1272; found: 
284.1272. 

[I 7,21 -2 ~]-3~-~ceto~y~regn-5-en-20-one (9) 
Commercially available (Sigma) pregnenolone (8) (2.0 g, 6.3 mmol) 

in THF (20 mL) was mixed with a solution of NaOH (50 mg), H20 
(1 mL), D20 (1 mL) , methanol (2 mL) , and methanol-dl (2 mL) . This 
was heated to reflux for 48 h, the solvent was removed in vacuo, and the 
steroid was extracted with ethyl acetate. This extract was washed with 
water, dried, and concentrated in vacuo to give 2.0 g of pregnenolone 
deuterated randomly in the 17 and 21 positions. A portion of this (1.5 g, 
4.2mmol) was dissolved in pyridine (8 mL) and treated with acetic 
anhydride (2 mL, 20 mmol) at 20°C overnight. The mixture was poured 
into excess cold (4°C) aqueous hydrochloric acid, and the steroid 
was extracted with ethyl acetate. The extract was washed with water 
and sodium bicarbonate solution, dried, and concentrated in vacuo. 
Recrystallization from ethyl acetate gave 1.5 g (ca. 88%) of pregneno- 
lone acetate 9 randomly deuterated at C-17 and C-21. Comparison to 
authentic unlabelled material (38) showed the expected physical and 
spectroscopic properties: mp 147- 149.5"C (lit. (38) mp 149- 150°C); 
' ~ n m r  signals at 6 2.1 (H-21) and 2.55 (H-17) reduced. The mass 
spectrum (ms) exhibits ions (M' - HOAc) at 302.2538, 301.2486, 
300.2427, 299.2366, and 298.2301 for tetra-, tri-, di-, mono-, and 
non-deuterated compounds, respectively. Pure unlabelled compound 
gave Exact Mass calcd. for (C23H3403 - CH3COOH): 298.2298; 
found: 298.2301. 

3P-Acetoxy-5a-cholestanes 11 and 12 
Palladium (5% on carbon) (200 mg) was stirred in dry ethyl acetate 

(2.5 mL) under deuterium gas (1 atm.) for 10 min. A solution of 
3P-acetoxycholest-5-ene (10) (1.00 g, 2.33 mmol) in warm ethyl 
acetate (5 mL) was added, followed by acetic acid-dl (5 mL). The 
mixture was stirred under deuterium for48 h, filtered, and concentrated 
in vacuo. The 'H nmr showed that the reaction was 95% complete 
but purification was difficult. The mixture was therefore dissolved in 
dichloromethane (1 5 mL), cooled to 4"C, treated with m-chloroperoxy- 
benzoic acid (800 mg), and allowed to stir at 20°C for 10 h. The 
solution was washed with aqueous sodium sulfite and sodium bicarbo- 
nate, dried, concentrated in vacuo, and redissolved in acetone. A 
solution of periodic acid dihydrate (500 mg) in water (5 mL) was added 
and the mixture was heated to reflux 1 h. Sodium bicarbonate (185 mg) 
was added to the cooled solution; the mixture was then concentrated 
in vacuo and partitioned between concentrated aqueous NaCl and ethyl 
acetate. The organic phase was dried, concentrated in vacuo, and 
chromatographed on silica gel (70-230 mesh) with 10% ethyl acetate - 
light petroleum ether. The resulting 600 mg (60%) of pure [5a,6a,7a 
-2H3]-3~-acetoxycholestane (12) was recrystallized from ethyl ace- 
tate. The undeuterated compound 11 was prepared analogously, and 
showed physical and spectral properties in accordance with literature 
reports (32,33,39,40). For deuterated compound 12: mp 99-102°C; 
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'H nmr almost indistinguishable from that of unlabelled analog 11 (40); 
ms mle  (relative intensity): 433.3985 (61) ,  432.3925 ( 5 5 ) ,  431.3858 
(21) ,  430.3795 ( 6 ) .  
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K. A. R. MITCHELL, S. A. SCHLATTER, and R. N. S. SODHI. Can. J. Chem. 64, 1435 (1986). 
This paper compares bond lengths deduced from the methods of surface crystallography with predictions from the 

Pauling-Schomaker-Stevenson approach and from a new alternative approach suggested by recent work of Brown and 
Altermatt. Examples considered are specifically for X-M surface bond lengths where atoms X from groups 16 or 17 are 
adsorbed on well-defined surfaces of a metal M. The alternative approach introduced here is pararnetrised with reference to 
structural data from solid compounds of formula MX. The two predictive approaches considered, when used together, appear to 
be quite adequate for guiding choices of trial model structures to be included in surface crystallographic analyses with low-energy 
electron diffraction (LEED); also they seem reasonable for checking the general reliability (or otherwise) of surface bond length 
data. Two further features introduced by this work are (i) evidence that the Cl-Ag distance reported by LEED for C1 adsorbed 
on the Ag(100) surface is broadly consistent with the structure of solid AgCl; (ii) evidence for S adsorbed on the Fe(l10) surface 
that these analyses can guide investigations of lateral relaxations of surface metal atoms. As more reliable structural data become 
available, extensions of these analyses should help to identify the finer details in X-M bond lengths which result from the 
special coordination arrangements occumng at surfaces. 

K. A. R. MITCHELL, S. A. SCHLATTER et R. N. S. SODHI. Can. J. Chem. 64, 1435 (1986). 
Dans ce travail, on compare les longueurs des liaisons dCduites 21 I'aide de mkthodes de cristallographie de surface avec les 

prkdictions qui peuvent &tre faites A I'aide de I'approche de Pauling-Schomaker-Stevenson ainsi qu'h partir d'une nouvelle 
approche qui a CtC suggCrCe par un travail de Brown et Altermatt. Les exemples qui sont considCrCs sont reliCs sp6cifiquement 
aux longueurs des liaisons X-M de surface, dans lesquelles les atomes X provenant des groupes 16 et 17 sont adsorbis sur des 
surfaces bien dCfinies d'un mttal M. Dans I'approche alternative introduite dans ce travail, on attribue les param2tres par 
rCfCrence avec des domees de structure de composCs solides de formule MX. Lorsqu'on utilise ensemble les deux mkthodes de 
prediction, elles semblent assez adCquates pour guider dans le choix de structures modeles qui peuvent &tre introduites dans des 
analyses de surfaces cristallographiques ttablies 21 l'aide de la diffraction Clectronique basse Bnergie (LEED); elles semblent 
aussi raisonables pour verifier la fiabiliti gCnCrale (ou autre) des donnCes relatives aux longueurs de liaison de surface. Dans ce 
travail, on a aussi introduit les deux caractCristiques suivantes: ( i )  les donnees relatives au fait que ladistance CI-Ag dCtenninCe 
par LEED pour du C1 adsorb6 sur la surface (100) de l'argent est g6nCralement en accord avec la structure du AgCl solide; (ii) le 
fait que les analyses des domees relatives au S adsorb6 sur la surface (1 10) du fer peuvent sewir de guide dans des etudes de 
relaxations laterales d'atomes mCtalliques de surface. Au fur et 21 mesure que des donnks de structure deviendront disponibles, 
des extensions de ces analyses devraient aider 21 identifier les details plus fins des longueurs des liaisons X-M qui rCsultent 
d'arrangements spCciaux de coordinations se produisant sur les surfaces. 

[Traduit par la revue] 

Introduction 
Structural information now becoming available for chemi- 

sorption on well-defined metal surfaces is opening a new dimen- 
sion for structural chemistry. A recent review (1) discussed 
some approaches for assessing the general reasonableness, or 
otherwise, of structural data being produced by the methods of 
surface crystallography. This discussion emphasised the near- 
neighbour X-M interatomic distances observed when main- 
group atoms (X) are chemisorbed on crystallographically well- 
defined surfaces of metals (M). The approach of utilising bond 
order - bond length relations of the type used by Pauling, 
in combination with the Schomaker-Stevenson scheme for 
determining single-bond distances (2), often worked quite well 
for estimating surface X-M bond lengths, although a few 
instances remained of more substantial discrepancies between 
predicted and experimental values. The discrepancy for 0 
adsorbed on the (1 11) surface of aluminum was identified 
as a problem for the Pauling-Schomaker-Stevenson (PSS) 
approach, although the situation was somewhat ambiguous in 
other cases, including that for C1 adsorbed on the (100) surface 
of silver. For the latter, the structural determination with 
low-energy electron diffraction (LEED) (3) appears basically 
reliable, but in terms of Pauling-type atomic radii the reported 
C1-Ag distance seems long compared with the corresponding 
C1-Cu distance for C1 adsorbed on Cu(100) (4, 5). 

Another approach for predicting surface bond distances is 

to use bond valence - bond length relations deduced from 
computer analyses of solid state structures (6). A recent 
application to 0-M interatomic distances at surfaces with 
specific expressions so given by Brown and Altermatt (7) 
showed improvements compared with the PSS approach, 
especially for predicting nearest-neighbour and next-nearest- 
neighbour bond lengths for 0 adsorbed on long-bridge sites of 
(1 10) surfaces of face-centered cubic metals (8). Models for the 
common adsorption sites observed in surface crystallography 
are detailed in ref. 9. 

Potentially the Brown-Altermatt approach seems likely to 
provide a powerful scheme for interpreting surface structures, 
although the range of combinations of X and M for which bond 
valence - bond length expressions have been reliably estab- 
lished is still restricted. The expressions used in ref. 8 were for 
examples where the oxidation states of M were comparatively 
low (e.g. 1 or 2), however many of the other expressions 
provided by Brown and Altermatt are for M with oxidation 
states which seem too high for applications to chemisorption 
structures. Nevertheless, for future reference, it is noted that 
Brown and Altermatt also proposed an algorithm for estimating 
these expressions for wider ranges of atom combinations and 
oxidation states (7). 

The present paper explores a new procedure which contains 
the gist of the Brown-Altermatt approach, while enabling 
estimates to be made for X-M surface bond lengths for a wide 
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TABLE 1.  X-M interatomic distances from surface crystallographic techniques for 
adsorption of X atoms belonging to either group 16 or 17, and compared with values 
predicted by the PSS approach and by eq. [I]; n identifies the numbers of near-neighbours 
for atom X on the surface, and the values of ro for use in eq. [l] have been estimated 

for compounds of formula MX 

X-M distances (A) 

X Surface ro (A) n PSS Eq. [l] Surface crystallography 

*Values estimated with Brown and Altermatt's algorithm (7); see text. 

range of chemisorption systems and coordination arrangements. chemical bonding. The latter is required as a step toward 
Several reasons can be identified for needing to predict surface understanding energetics and important molecular processes on 
bond lengths. One is to indicate reasonable structural models surfaces, including catalysis. 
for testing with multiple-scattering calculations during LEED 
crystallographic analyses. A second reason involves assessing 
the general reliability of a determined surface structure. Finally, Calculations and results 
a third, but prospective, reason involves probing the finer details The Brown-Altermatt (BA) method (7) depends on the 
of determined bond distances to identify aspects of the surface expression 
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[I] r = ro - 0.85 log s 

for a particular interatomic distance of bond valence s, where ro 
is the corresponding distance for a bond of unit valence. Given 
ro, X-M bond lengths can be calculated with eq. [ l ]  on the 
assumption that the sum of bond valencies at each X equals the 
atomic valence o, which in the following is taken as the normal 
group value (e.g. 1 for F, C1, ...; 2 for 0 ,  S, ...). For the case 
that X adsorbs on a metallic surface with n equivalent 
neighbouring M atoms, all the bond valencies equal o / n .  

The present work explores ways for deducing plausible 
values of ro in situations which have not yet been assessed 
in detail by the type of procedures discussed by Brown and 
Altermatt. Specifically an attempt is made to deduce ro from the 
known coordination numbers of X and the corresponding sets of 
X-M neighbouring interatomic distances in a reference solid 
of formula MX. This particular choice is made in part because 
there is an appreciable amount of reference data available for 
this formula type, and therefore many systems can be readily 
compared on an equal footing. Other factors encouraging this 
choice are (i) the metal's oxidation state is necessarily fairly low 
(e.g . + 1 or + 2 when X is a halogen or chalcogen respectively), 
which seems appropriate for surface metal atoms, and (ii) this 
approach is broadly consistent with that which recently used 
detailed BA expressions for investigating structural data for 
oxygen chemisorption (8). 

When information is available for more than one structure 
for a particular reference compound, such as AgI (lo), a value 
of ro is determined for each and an average taken. Also, 
when structural information is unavailable (or uncertain) for a 
compound MX, the required value of ro is estimated with 
Brown and Altermatt's algorithm (7), except for metal sul- 
phides where each BA estimate is systematically reduced by 
0.08A (since otherwise the M-S surface bond lengths 
predicted by the algorithm appear to be too long when compared 
with experimental data or with predictions with the PSS 
approach). X-M bond lengths from surface crystallography 
are compared in Table 1 with predicted values for examples 
where X is either a group 16 or group 17 atom. The predicted 
values are from the PSS approach, as discussed in ref. 1, and 
from the use of eq. [I] as outlined above. For the latter, entries 
in Table 1 identify the value of ro used in each case for 
parametrising the analysis. Wherever possible values of ro were 
estimated with structural data compiled by Wyckoff (1 I), but 
where such data are unavailable the ro values were estimated 
from Brown and Altermatt's algorithm as described above (such 
values are identified with an asterisk in Table 1). 

Discussion 
For 0 adsorbed on the surfaces of Ag(1 lo), Cu(1 lo), 

Fe(100), and Ni(1 lo), for S adsorbed on Fe(100), Ni(1 lo), and 
Rh(1 lo), and for Se adsorbed on Ni(1 lo), two sets of X-M 
bond lengths are given in Table 1 ; these are to M atoms in the top 
metal layer and to those in the second metal layer. The latter are 
often predicted less well than for bonds to top layer M atoms, 
and in part this is because the calculations always assume that 
the topmost interlayer spacing in the metal equals the bulk 
value. Some distortions from bulk vertical spacings are now 
being recognised experimentally in this context, and this forms 
a topic of increasing interest; nevertheless, it probably remains 
premature to include such effects in an analysis (extensions 
from the treatment here would need to consider X-M and 
M-M bonding simultaneously). Even with the less reliable 
predictions for X-M bond distances to second metal layers, 

the average discrepancy between predicted surface bond dis- 
tances and experimental values is about 0.05 A with this use of 
eq. [I]; the average discrepancy for the PSS model as applied in 
ref. 1 is about 30% larger. 

Overall the level of correspondence found with eq. [I] is 
more than sufficient for guiding choices of trial structures 
for LEED crystallography. Further, predictions from the two 
methods together appear to provide a helpful framework for 
assessing the general reliability of a surface structural deter- 
mination. For example the problem associated with the PSS 
approach for 0 on Al(111) is avoided by using eq. [I]; 
additionally the comparison in Table 1 for this equation 
apparently supports the essential reliability of the LEED 
structural analysis for C1 on Ag(100). Thus the surface bond 
lengths for C1 adsorbed on the (100) surfaces of silver and 
copper are shown here to be generally consistent with the bulk 
structural data for AgCl and CuC1. Excluding bond distances to 
second layer metal atoms, there is just one example (S adsorbed 
on Ni(ll1)) where both approaches give predictions which 
disagree with the experimental value by 0.10 A or more. For the 
use of eq. [I] alone, larger discrepancies occur for I on Cu(l11) 
and for the adsorption of S on surfaces of rhodium. Incidentally, 
for the latter, if the solid RhI7Sl5 (54) is used to parametrise 
eq. [I], a value of ro equal to 2.01 A is suggested. Then the 
predicted S-Rh bond distances on the (loo), (1 10) (two), and 
(111) surfaces are 2.27, 2.45, 2.11, and 2.16A respectively, 
and the average discrepancy from the experimental values is 
reduced markedly compared with the values given for the use of 
eq. [I] in Table 1. For the latter the estimated value of ro has 
already been reduced by 0.08 A from that given by the BA 
algorithm. This reduction is empirical, and the evidence for 
S-Rh bonds may indicate that some further refinement could 
be advantageous; in any event the fundamental reasons for the 
need for this correction factor are not clear at present. 

The LEED crystallographic analysis for S adsorbed on 
Fe(ll0) shows that the surface metal atoms relax laterally (28), 
and accordingly our analysis allows the top layer metal atoms to 
relax so that the two pairs of neighbouring S-Fe distances 
become more similar. The calculations made here for this 
system considered metal distortion from the unrelaxed (bulk) 
structure through to the fully "jammed" structure for the 
topmost layer, which is the structure observed by LEED (28). 
The average calculated S-Fe bond distances are found to 
decrease monotonically from the unrelaxed to the jammed 
structure according to both the PSS model and the use of eq. [I]. 
The distortion induced by S in the Fe(ll0) surface layer is 
appreciable. For the unreconstructed model, eq. [ l ]  predicts 
pairs of bond lengths equal to 2.14 and 2.58 A. The latter are 
significantly different from the values 2.21 and 2.40A which 
minimise the average S-Fe bond distance (and therefore 
are assumed to approximate the circumstances for maximum 
adsorption energy). 

The values of ro used in this work for 0-M bonds are 
generally close to those taken from Brown and Altermatt's 
tables and used in the recent analysis by two of the authors (8) 
(where common systems are treated the predicted 0-M bond 
lengths in Table 1 equal those in ref. 8 to within 0.01 A on 
average). To elaborate for 0-Ni bonds, a value of ro equal to 
1.67 A (suggested by the structure of solid NiO) is used here, 
whereas 1.654 A was used previously. One addition to the 
information in Table 1 for 0 adsorbed on Ni(100) should be 
noted, and this concerns the LEED analysis by Demuth et al. 
(55) which suggests that 0 atoms may be displaced from the 
4-fold centre sites toward the bridge-bonding positions. No 
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confirmation has yet been provided for this structure, which has 
two pairs of 0-Ni interatomic distances at 1.75 A and 2.14 A 
for each 0 atom. However, the structure proposed by Demuth et 
al. corresponds to a total bond valence of 2.17 at 0 when eq. [l] 
is used with ro e ual to 1.67 A. Indeed r o  would just need to be 
reduced to 1.64 'A to give exact consistency with the conven- 
tional group valence of 2; therefore this structure is broadly 
consistent with the requirements of the BA relations. 

Concluding remarks 
This study, along with that published previously (I), should 

be seen as a preliminary investigation to interpret the structural 
data which are now emerging from the methods of surface 
crystallography. A very close overall correspondence between 
experiment and prediction cannot be  expected at this stage, in 
part because of uncertainties which necessarily occur in the 
surface structural determinations. These are difficult to estimate 
in general, but the most recent and carefully made structural 
analyses yield X-M bond lengths which are likely to be 
accurate to within 0.03 A. The choice made here of the 
reference compounds for parametrising eq. [l] is arbitrary, 
although the note made above for S adsorbed on rhodium 
suggests that refinements may be appropriate as more reliable 
structural data become available. However, for now, there is 
consistency in using a constant formula type, and, in any event, 
the bonding arrangement for X adsorbed on a well-defined 
crystallographic plane of a solid metal M is normally different 
from that occurring in any actual solid formed by X and M. 
Nevertheless, with carefully-made surface structural analyses, 
there remains the hope that extensions to the basic approach 
reported here should help to identify the finer details in X-M 
bond lengths which result from the special coordination 
arrangements required at surfaces. 

Acknowledgement 
We gratefully acknowledge the support of this research 

provided by the Natural Sciences and Engineering Research 
Council of Canada. 

1. K. A. R. MITCHELL. Surface Sci. 149, 93 (1985). 
2. L. PAULING. The nature of the chemical bond. Cornell University 

Press, Ithaca, NY. 1960. 
3. E. ZANAZZI, F. JONA, D. W. JEPSEN, and P. M. MARCUS. Phys. 

Rev. B14,432 (1976); E. ZANAZZI and F. JONA. Surface Sci. 62, 
61 (1977). 

4. P. H. CITRIN, D. R. HAMANN, L. F. MATTHEIS, and J. E. ROWE. 
Phys. Rev. Lett. 49, 1712 (1982). 

5. D. WESTPHAL, A. GOLDMANN, F. JONA, and P. M. MARCUS. 
Solid State Commun. 44, 685 (1982). 

6. I. D. BROWN. In Structwe and bonding in crystals. Vol. 2. Edited 
by M. O'Keefe and A. Navrotsky. Academic Press, New York. 
1981. p. 1. 

7. I. D. BROWN and D. ALTERMATT. Acta Crystallogr. B41, 244 
(1985). 

8. K. A. R. MITCHELL and S. A. SCHLATTER. Can. J. Chem. 
63,3631 (1985). 

9. G. A. SOMORJAI. Chemistry in two dimensions: surfaces. Cornell 
University Press, Ithaca, NY. 198 1. 

10. M. J. MOORE and J. S. USPER. J. Chem. Phys. 48,2446 (1968). 
11. R. W. G. WYCKOFF. Crystal structures. Vol. 1. Interscience, New 

York. 1960. 
12. A. PU~CHMANN and J. HAASE. Surface Sci. 144, 559 (1984). 
13. F. FORSTMANN, W. BERNDT, and P. BijTTNER. Phys. Rev. Lett. 

30, 17 (1973). 
14. P. H. CITRIN, P. EISENBERGER, and R. C. HEWTT. Phys. Rev. 

Lett. 41, 309 (1978). 

15. M. MAGLIETTA, E. ZANAZZI, U. BARDI, D. SONDERICKER, F. 
JONA, and P. M. MARCUS. Surface Sci. 123, 141 (1982). 

16. J. ST~HR,  L. I. JOHANSSON, S. BRENNAN, M. HECHT, and J. N. 
MILLER. Phys. Rev. B22, 4052 (1980). 

17. F. SORIA, V. MART~NEZ, M. C. M u ~ ~ o z ,  and J. L. SACED~N. 
Phys. Rev. B24, 6926 (1981). 

18. D. NORMAN, S. BRENNAN, R. JAEGER, and J. S T ~ H R .  Surface 
Sci. 105, L297 (1981). 

19. M. MAGLIETTA, E. ZANAZZI, U. BARDI, F. JONA, D. W. JEPSEN, 
and P. M. MARCUS. Surface Sci. 77, 101 (1978). 

20. P. H. CITRIN, P. EISENBERGER, and R. C. HEWTT. Phys. Rev. 
Lett. 45, 1948 (1980). 

21. J. G. TOBIN, L. E. KLEBANOFF, D. H. ROSENBLATT, R. F. DAVIS, 
E. UMBACH, A. G. BACA, D. A. SHIRLEY, Y. HUANG, W. M. 
KANG, and S. Y. TONG. Phys. Rev. B26, 7076 (1982). 

22. U. D~BLER,  K. BABERSCHKE, J. S T ~ H R ,  andD. A. OUTKA. Phys. 
Rev. B31, 2532 (1985). 

23. U. D~BLER,  K. BABERSCHKE, J. HAASE, and A. PUSCHMANN. 
Phys. Rev. Lett. 52, 1437 (1984). 

24. J. J. BARTON, C. C. BAHR, Z. HUSSAIN, S. W. ROBEY, J. G. 
TOBIN, L. E. KLEBANOFT, and D. A. SHIRLEY. Phys. Rev. Lett. 
51, 272 (1983). 

25. F. COMIN, P. H. CITRIN, P. EISENBERGER, and J. E. ROWE. Phys. 
Rev. B26,7060 (1982). 

26. K. 0. LEGG, F. JONA, D. W. JEPSEN, and P. M. MARCUS. Phys. 
Rev. B16, 5271 (1977). 

27. K. 0. LEGG, F. JONA, D. W. JEPSEN, and P. M. MARCUS. Surface 
Sci. 66, 25 (1977). 

28. H. D. SHIH, F. JONA, D. W. JEPSEN, and P. M. MARCUS. Phys. 
Rev. Lett. 46, 731 (1981). 

29. C.-M. CHAN, K. L. LUKE, M. A. VAN HOVE, W. H. WEINBERG, 
and S. P. WITHROW. Surface Sci. 78, 386 (1978). 

30. C.-M. CHAN and W. H. WEINBERG. J. Chem. Phys. 71, 2788 
(1 979). 

31. C.-M. CHAN and W. H. WEINBERG. J. Chem. Phys. 71, 3988 
(1 979). 

32. J. E. DEMUTH, D. W. JEPSEN, and P. M. MARCUS. Phys. Rev. 
Lett. 31,540 (1973). 

33. M. VAN HOVE and S. Y. TONG. J. Vacuum Sci. Technol. 12,230 
(1975). 

34. G. HANKE, E. LANG, K. HEINZ, and K. MOLLER. Surface Sci. 
91, 551 (1980). 

35. J. S T ~ H R ,  R. JAEGER, and T. KENDELEWCZ. Phys. Rev. Lett. 49, 
142 (1982); S. Y. TONG, W. M. KANG, D. H. ROSENBLATT, J. G. 
TOBIN, and D. A. SHIRLEY. Phys Rev. B27,4632 (1983). 

36. H. NIEHUS and G. COMSA. Surface Sci. 151, L171 (1985). 
37. P. M. MARCUS, J. E. DEMUTH, and D. W. JEPSEN. Surface Sci. 

53,501 (1975). 
38. D. H. ROSENBLATT, J. G. TOBIN, M. G. MASON, R. F. DAVIS, 

S. D. KEVAN, D. A. SHIRLEY, C. H. LI, and S. Y. TONG. Phys. 
Rev. B23, 3828 (1981). 

39. S. BRENNAN, J. S T ~ H R ,  and R. JAEGER. Phys. Rev. B24, 4871 
(1981). 

40. J. F. VAN DER VEEN, R. M. TROMP, R. G. SMEENK, and F. W. 
SARIS. Surface Sci. 82, 468 (1979). 

41. J. E. DEMUTH, D. W. JEPSEN, and P. M. MARCUS. Phys Rev. 
Lett. 32, 1182 (1974). 

42. D. H. ROSENBLATT, S. D. KEVAN, J. G. TOBIN, R. F. DAVIS, 
M. G. MASON, D. A. SHIRLEY, J. C. TANG, and S. Y. TONG. 
Phys. Rev. B26, 3181 (1982). 

43. D. H. ROSENBLATT, S. D. KEVAN, J. G. TOBIN, R. F. DAVIS, 
M. G. MASON, D. R. DENLEY, D. A. SHIRLEY, Y. HUANG, and 
S. Y. TONG. Phys. Rev. B26, 1812 (1982). 

44. W. BERNDT, R. HORA, and M. SCHEFFLER. Surface Sci. 117,188 
(1982). 

45. K. HAYEK, H. GLASSL, A. GUTMANN, H. LEONHARD, M. 
PRUTTON, S. P. TEAR, and M. R. WELTON-COOK. Surface Sci. 
15213, 419 (1985). 

46. P. C. WONG, K. C. HUI, M. Y. ZHOU, and K. A. R. MITCHELL. 
Surface Sci. 165, L21 (1986). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



MITCHELL ET AL. 1439 

47. S. HENGRASMEE, P. R. WATSON, D. C. FROST, and K. A. R. 52. K. C. HUI, R. H. MILNE, K. A. R. MITCHELL, W. T. MOORE, 
MITCHELL. Surface Sci. 87, L249 (1979). and M. Y. ZHOU. Solid State Commun. 56, 83 (1985). 

48. S. HENGRASMEE, P. R. WATSON, D. C. FROST, and K. A. R. 53. F. MAcA, M. SCHEFFLER, and W. BERNDT. Surface Sci. 160,467 
I MITCHELL. Surface Sci. 92, 71 (1980). (1985). 

49. P. C. WONG, M. Y. ZHOU, K. C. HUI, and K. A. R. MITCHELL. 54. S. GELLER. Acta Crystallogr. 15, 1198 (1962). 
Surface Sci. 163, 172 (1985). 55. J. E. DEMUTH, N. J. DINARDO, and G. S. CARGILL III. Phys. 

50. A. V. ~ T O V  and H. JAGODZINSKI. Surface Sci. 15213, 409 Rev. Lett. 50, 1373 (1983). 
(1985). 

51. M. A. VAN HOVE and S. Y. TONG. Phys. Rev. Lett. 35, 1092 
(1975). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



13c magnetic resonance studies. 124.' Preparative ring expansions of bicyclic ketones 
by homoketonization of cyclopropoxide analogs 
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VUAY PATEL, ARTHUR J. RAGAUSKAS, and J. B. STOTHERS. Can. J. Chem. 64, 1440 (1986). 
Homoketonization of some readily prepared cyclopropoxides provides a new synthetic method for ring expansion of the 

[2.2.1] and [2.2.2] ring systems. Cyclopropanation of the trimethylsilyl en01 ethers derived from a variety of polycyclic ketones 
affords the required cyclopropyl silylethers, whichmay be ketonizeddirectly or hydrolyzed to the corresponding cyclopropanols 
before ketonization. The results for fourteen examples serve to define the scope of the ring expansion process, and the silyl 
en01 ethers, cyclopropyl silyl ethers, and most of the corresponding cyclopropanols have been characterized by l3Crnr. The 
stereochemistry of the ketonization leading to ring expansion has been established by deuterium labelling experiments. 

VIJAY PATEL, ARTHUR J. RAGAUSKAS et J. B. STOTHERS. Can. J. Chem. 64, 1440 (1986). 
L'homocCtonisation de quelques Cthers cyclopropaniques facilement accessibles fournit une nouvelle mCthode de synthkse 

pour I'extension de cycle des systkmes [2.2.1] et [2.2.2]. La cyclopropanation des Cthers Cnoliques trimCthylsilylCs, obtenus i 
partir de diverses cktones bicycliques, conduit aux Bthers cyclopropyl/silyles requis qui peuvent soit &tre transformts en cCtones 
directement soit Stre hydrolysCs en cyclopropanols correspondants avant de les soumettre i la riaction de cktonisation. Les 
rtsultats obtenus avec quatorze exemples permettent de dkfinir la gCnCralit6 de ce processus d'extension de cycle; de plus, on a 
caract6risC les Cthers Cnoliques silylts, les tthers cyclopropyle/silyles et la plupart des cyclopropanols correspondants en faisant 
appel la rmn du 13C. En se basant sur les rtsultats d'expCriences rCalisCes i l'aide de produits marques au deutkrium, on a pu 
ttablir la stCrtochimie de la reaction de cttonisation qui conduit i I'extension de cycle. 

[Traduit par la revue] 

Introduction 
Efficient regiospecific homologation of unsymmetrical ketones 

has been the objective of many synthetic procedures and 
although the treatment of ketones with diazoalkanes ( l ) ,  
diazoacetic esters (2), and the Tiffeneau-Demjanov reaction (3) 
often proceeds in good yield these processes generally lead to 
mixtures of two regioisomers. Recently, in the course of an 
examination of the homoketonization of some highly sub- 
stituted polycyclic cyclopropoxides (4), we found that the 
analogous derivatives of less highly substituted bicyclic r2.2.11 
and [2.2.2] systems undergo ring expansion preferentially upon 
homoketonization ( 5 ) ,  thereby affording an attractive new 
method of regiospecific homologation since the direction of ring 
expansion is predetermined by the structure of the cyclo- 
propoxide species as outlined in Scheme 1. This sequence, 
developed by Girard and Conia (6) for a series of acyclic and 
monocyclic ketones, was utilized to generate several polycyclic 

'For Part 123, see ref. 27; for Part 122, see ref. 28; for Part 121, 
see ref. 29. 

'Present address: Research and Development Department, 3M 
Canada Inc., London, Ont., Canada. 

3Present address: Department of Chemistry, University of Alberta, 
Edmonton, Alta., Canada. 

cyclopropanol derivatives to examine their behavior upon 
cleavage via homoketonization. Treatment of a given ketone 
with lithium diisopropylamide (LDA) followed by reaction with 
trimethylsilyl chloride (TMSCI) and triethylamine afforded the 
trimethylsilyl en01 ether A; this procedure is a modification of 
that described by House et al. (7). Cyclopropanation with 
methylene iodide and a zinc-silver couple gave B (R = Me3Si) 
which may be converted to the corresponding cyclopropanol B 
(R = H) with dilute HCl in tetrahydrofuran. In each case, a 
single cyclopropyl ether was formed in the cyclopropanation 
reaction and the orientation of the three-membered ring was 
deduced from the 13c shielding data. Homoketonization via C 
can be accomplished directly from the ether B (R = Me3Si) by 
base-catalyzed cleavage or by deprotonation of the cyclopro- 
pan01 B (R = H) with dilute base. In either case, C is rapidly 
ketonized to a mixture of ketones with the ring-expanded isomer 
D as the major component for systems having one- or two- 
carbon bridges in the bicyclic skeleton. The minor product E is 
the a-methyl derivative of the initial ketone. For systems having 
one 3-carbon bridge the a-methyl ketone is the major product. 
The 13crnr spectra served to identify the ketonic products in 
each case. Protonation of the carbanion leading to D, generated 
upon ketonization of C, can occur with either retention or 
inversion of configuration and the stereochemistry of the 
process has been established by 13C studies of the product from 
the requisite deuterium labelling experiments in four systems. 
We wish to describe the results of this study in this paper. 

Results and discussion 
Originally our interest in an examination of homoketoniza- 

tion of cyclopropoxide units in polycyclic systems arose from 
our ongoing investigation of homoenolization in polycyclic 
ketones. As an initial step, the sequence outlined in Scheme 1 
was carried out with norcamphor ( l a )  as a model compound 
for the development of the required preparative procedures for 
related ketones. The conversion of l a  to its trimethylsilyl en01 
ether followed by cyclopropanation and treatment with dilute 
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acid gave tricyclo[3.2.1.02~4]octan-2-ol in 60% overall yield, 
which, upon treatment with base at room temperature, afforded 
an essentially quantitative yield of bicyclo[3.2.1]octan-2-one. 
Clearly, we had observed a simple regiospecific ring expansion 
under mild conditions. To explore the potential of this process, 
ketones 2a-10a were selected for further examination, since 
these provide a systematic series through the [2.2.1], [2.2.2], 
[3.2.1], [3.2.2], and [3.1.1] ring systems. The ketonization of 
C (Scheme 1) involves cleavage of either bond a or b, leading to 
either ring expansion to D (via a cleavage) or the a-methyl 
derivative E of the starting ketone (via b cleavage). The results 
for the series la-lOa should shed light on the balance between 
these two modes of cleavage. 

Ketones la-lOa were converted to their trimethylsilyl en01 
ethers by reaction with LDA and TMSCl in 75-98% yields upon 
isolation by short-path distillation under reduced pressure. 
These en01 ethers were characterized by their 13Cmr spectra and 
the data are collected in Table 1, which includes precise mass 
measurements for most of the products. Cyclopropanation with 
CH212 and a Zn-Ag couple afforded the expected Sirnmons- 
Smith product, in each case as a single isomer as revealed by glc 
analysis and 13cmr; the 13c data are listed in Table 2. Mild 
acid-catalyzed ether cleavage of these substituted cyclopropyl 
ethers furnished the corresponding cyclopropanols in high 
yield. For several examples, the cyclopropanol was isolated and 
examined by 13Cmr; these shielding data are included in Table 
2, from which it is evident that the trimethylsilyl group on 
oxygen in the ether has very minor effects on the skeletal carbon 
shieldings. 

The orientation of the methylene group introduced by the 
Simmons-Smith cyclopropanation reaction was evident for 
l l a ,  derived from norcamphor (la),  by the 13C shielding data 
since the cyclopropyl methylene has marked effects on the 
methano bridge carbon in polycyclic systems as shown by the 
data for 15-17. The exo- and endo-cyclopropyl rings produce 
major shielding and deshielding effects, respectively, at the 

methano bridge carbon. Exactly analogous trends have been 
observed for the saturated analogs of 15-17 (8), the tri- 
cyclo[3.1.1 .02*41-andtetracyclo[4. 1.0.0'~O~~'lhegtane(9), and 
the tricyclo[3.3.1 .02p4]- and tetracyclo[3.3. 1.02. 06*8]nonane 
(lo) systems. The observed methylene signals for l l a  at ac 9.8, 
24.7, 29.1, and 31.2, therefore, clearly show that this product 
arises by exo-cyclopropanation. In the event of endo cyclopro- 
panation, the methano carbon would appear in the range of 
45-50ppm; the absence of such absorption in the spectra of 
lla-f, 13a,b and e,f established the exo orientation of the 
cyclopropyl ring in each case. For 12c, d and g ,  h derived from 
the bicyclooctenones 5a and 5b, the endo disposition of the 
cyclopropyl ring is based on the observed olefinic shieldings in 
the range tic 129.6-132.8, which are upfield from those in 
bicyclooctene, ac 134.1 (1 l),  and the upfield shift exhibited by 
C-8 in 12c,d, ascribable to a y-gauche interaction with the 
neighboring oxygen nucleus; the data for several bicyclooctene 
derivatives (1 1) support this assignment. Cyclopropanation of 
18, derived from nopinone @a), was expected to favor 
formation of 14a since addition to the other side of the double 
bond would be hindered by the syn methyl group; strong support 
for the assigned structure is provided by the data for a series of 
6,6-dimethyltricyclo[4.1.1  octanes (12). Specifically, the 
shieldings for the 2,6,6-trimethyl derivative are remarkably 
similar to those for 14b, as expected, since the shielding effects 
of hydroxyl and methyl substituents are known to be very 
similar, apart from the a-effects. The orientation of the 
cyclopropyl ring in 13c,d, 14c, d, and e is more difficult to 
assign with certainty although an examination of molecular 
models led us to the indicated assignments. It may be noted that 
epimerization of exo-3-methylbicyclo[3.2.l]octan-2-one (9b) 
fails to produce detectable amounts of the endo-3-methyl 
isomer (13), which clearly suggests that isomers 14c, d, and 

R ' R X Y  

a TMS H H H a 

b H  H H H b 
c TMS H ~ X O - ( C H ~ ) ~  c 

d TMS H +-(CH2)3 d 
e TMS Me H H e 
f H  M e H H  f 

9 
h 

R' R 

TMS H 

H H 

TMS H 

H H 

TMS Me 

H Ne 

TMS Me 

H Me 

a 1 TMS H 

b 1  H H  

C 2 TMS H 

d 2  H H 

e 1 TllS I,le 

f 1 H Me 

n R '  R2 

a 1 TPIS Mep 

b 1 H Re2 

c 2 TMS Hz 

d 2 

e 2 TMS =-(CH2)3 
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TABLE 1. I3C shieldings," yields, and precise masses of the trimethylsilyl en01 ethers derived from ketones 1-10 

tic 
Yieldb 

Ketone (%, en01 ether) C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 C-1 1 Me3Si Me Exact Massc 

l a  76 45.9 161.5 104.9 41.4 28.2 24.9 47.3 0.0 
2a 98 45.2 46.2 (31.1) (311) 31.5 49.8 50.6 164.4 106.7 40.7 0.1 222.1440 (calcd.) 

222.1445 (obsd.) 
3a 90 47.5 44.5 (29.2) (29.0) (31.0) 47.8 50.4 161.6 103.2 52.4 0.0 222.1440 (calcd.) 

222.1444 (obsd.) 
4a 80 36.1 156.9 105.1 30.4 27.4 26.4 26.4 27.4 0.3 196.1283 (calcd.) 

196.1279 (obsd.) 
5a 95 42.9 160.1 104.9 36.4 (136.4) (133.1) 25.2 26.4 0.2 194.1127 (calcd.) 

194.1 121 (obsd.) 
6a 84 37.9 26.9 19.3 24.6 42.4 157.2 101.8 44.0 0.1 196.1283 (calcd.) 

196.1269 (obsd.) 
7 a  80 31.5 32.0 23.5 29.6 38.9 158.5 106.1 27.1 26.6 0.4 210.1440 (calcd.) 

210.1444 (obsd.) 
8a 90 48.4 159.4 95.5 31.5 41.2 38.7 28.2 0.4 21.2 210.1440 (calcd.) 

26.2 210.1441 (obsd.) 
9a 75 41.8 157.3 97.4 (35.7) 33.5 (34.9) 30.7 34.4 0.5 

10a 89 40.5 46.7 33.1 28.6 33.7 50.1. 54.2 158.0 97.3 30.3 35.0 0.6 236.1596 (calcd.) 
236.1594 (obsd.) 

l b  73 46.1 153.2 116.3 45.9 (26.5) (26.7) 45.6 0.5 10.0 
4b 67 36.5 148.4 115.2 36.2 27.4 26.6 26.6 27.4 0.6 13.7 210.1440 (calcd.) 

210.1447 (obsd.) 
5b 67 43.0 151.4 115.5 42.4 (135.7) (133.7) 25.4 26.3 0.6 18.7 208.1283 (calcd.) 

208.1273 (obsd.) 

"In ppm fmm internal TMS for C6D6 solutions, calibrated from the central line of the solvent signal (& 128.0); values in parentheses may be interchanged. 
*Isolated by Kugelrohr distillation and the purity assessed by glc (see Experimental). 
'For analytical samples obtained by glc. 
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TABLE 2. 13C shieldings,' yields, and precise masses of several polycyclic cyclopropyl trimethylsilyl ethers and corresponding cyclopropanols 
- 

6c 
Yieldb 

Compound (%) C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 C-11 Me3Si Me Exact  ass^ 

l l a  196.1289 (calcd.) 
196.1278 (obsd.) 
124.0888 (calcd.) 
124.0884 (obsd.) 
236.1596 (calcd.) 
236.1596 (obsd.) 
236.1596 (calcd.) 
236.1601 (obsd.) 
210.1440 (calcd.) 
210.1434 (obsd.) 

l l b  

l l c  

l l d  

l l e  

210.1440 (calcd.) 
210.1447 (obsd.) 

208.1283 (calcd.) 
208.1281 (obsd.) 
136.0888 (calcd.) 
136.0891 (obsd.) 
224.1596 (calcd.) 
224.1604 (obsd.) 

222.1440 (calcd.) 
222.1435 (obsd.) 

210.1440 (calcd.) 
210.1447 (obsd.) 
138.1045 (calcd.) 
138.1039 (obsd.) 
224.1596 (calcd.) 
224.1600 (obsd.) 

224.1596 (calcd.) 
224.1590 (obsd.) 

224.1596 (calcd.) 
224.1591 (obsd.) 
152.1196 (calcd.) 
152.1201 (obsd.) 
210.1440 (calcd.) 
210.1447 (obsd.) 

250.1753 (calcd.) 
250.1759 (obsd.) 

"In ppm from internal TMS for C6D6 solutions, calibrated from the central solvent peak (tjc 128.0); similar values in parentheses may be interchanged. 
bFor the cyclopropyl ethers, acid hydrolysis to the corresponding cyclopropanols proceeded in 90-95% yields. 
'See text. 
dFor analytical samples obtained by glc. 
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TABLE 3. Homoketonizations of cyclopropyl derivatives of ketones la-lOa 

Ring-expansion a-Methylation 
Initial Cyclopropyl Temperature 
ketone derivative ("c) Compound % Compound % (exo: endo) 

l a  l l a  25 9a >98 l b  Trace 
83 96 4 (1: l )  

l l b  25 >98 Trace 
83 93 7 ( 1 : l )  

2a l l c  0 10a >99 2b - 
25 >98 Trace 
83 94 6 (1 : l )  

3a l l d  0 19 68 3b 32 (exo) 
4a 12a 25 20a 70 46 30 

83 50 50 
12b 25 73 27 

83 47 53 
5a 12c 25 A6-20a 95 5b 5 

12d 0 95 5 
25 92 8 (0.5) 
83 87 13 

6a 13a 0 21 60 6b 40 
25 52 48 (1 : l )  
83 32 68 

7a 13d 25 22 -5 7 b  -95 (1 : l )  
8a 14a 25 - 8 b  >99 (5 : l )  

14b 25 >99 
9a 14 c 25 23 23 9b 77 (exo) 

14d 25 20 80 
10a 14e 25 lob  >95 (exo) C - 

"Proportions of products determined by glc (23%); exo:endo ratios estimated by "Cmr (25%). 
bEstimated by I3Cmr since insufficient resolution obtained by glc. 
'Minor component presumably a condensation product (I3Cmr). 

e are significantly more stable than their endo counterparts, 
thereby precluding formation of the latter. The lack of appropri- 
ate model data renders the assignments for 13c, d more tenuous 
and these indeed may have endo-cyclopropyl rings but, in any 
event, the cyclopropanation reaction gave a single isolable 
addition product. 

In the early stages of this project, the cyclopropanols were 
obtained from the trimethylsilyl ethers to permit direct genera- 
tion of the corresponding cyclopropoxide for examination of 
the homoketonization process. While the acid-catalyzed ether 
cleavage proceeds in essentially quantitative yield, the cyclo- 
propanols are much less stable than their corresponding tri- 
methylsilyl ethers and, consequently, do not store well. Further- 
more, these cyclopropanols tend to decompose on attempted 
analysis by glc, yielding the a-methyl derivative of the initial 
ketone. As examples, it was found that a single a-methyl ketone 
wasfoundin>80%yieldforllb+ l b ,  12d+Sb, 13b+6b, 
and 14b exo-8b. Since the a-methyl ketones are not 
epimerized on the glc columns, this shows that their stereo- 
chemistry is predetermined by the structure of the cycIopro- 
panol. Thus these transformations confirm the stereochemical 
assignments for these cyclopropanols. Treatment of the cyclo- 
propyl ethers with base, however, accomplishes cleavage and 
homoketonization of the resulting cyclopropoxide in one step 
and was shown to give the same mixture of products. For 
preparative purposes this is clearly the method of choice for 
cleavage of the cyclopropyl ring. 

The results for homoketonization of the cyclopropanated 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
3.

16
6.

14
0.

6 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PATEL ET AL. 1445 

TABLE 4 .  13C shieldingsa and precise masses o f  ring-expanded ketones from l a ,  4 a ,  b ,  Sa, b ,  7 a ,  and 9a  

6c Exact Massd 

Compound C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 Me calcd. obsd. 

20a 45.4 217.4 38.7 29.2 28.0 24.8 22.3 22.3 24.8 138.1045 138.1039 
A6-20a 49.3 209.7 39.4 30.7 31.2 136.7 127.9 24.1 25.0 136.0888 136.0883 
22b 47.0 216.2 44.3 34.2 35.5 35.2 21.6 28.5 24.4 25.2 
23 52.0 217.3 42.6 20.9 (35.9) 38.9 30.6 29.4 (36.1) 138.1045 138.1041 
4-Me-9ac 50.3 213.8 43.4 37.2 40.4 22.4 28.1 38.6 19.4 138.1045 138.1043 
20b 44.8 217.2 47.2 35.3 34.5 26.9 22.3 23.0 18.8 22.0 152.1201 152.1195 
A6-206 48.4 209.8 48.5 (37.78) (37.85) 138.3 126.5 23.9 17.9 21.9 150.1045 150.1041 

"In ppm from internaI TMS in CDC13 solutions; values in parentheses may be interchanged. 
bData obtained from a mixture with 7b. 
'Data previously reported (4) but not assigned. 
dFor analytical samples obtained by glc. 

derivatives of the ten ketones la-lOa are summarized in Table 
3; for five of these cases the trimethylsilyl cyclopropyl ethers 
and their corresponding cyclopropanols were examined to 
establish that both routes give the same product mixture within 
experimental error. In each case, the a-methyl ketones were 
readily identified by their 13C spectra, all of which had been 
reported previously: l b  (15), 2b, 3b, and lob  (1 l), 4b and 5b 
(17), 6b-9b (13). The ring-expanded ketones were shown to be 
isomeric by ms and their 13C spectra lacked methyl absorption; 
the 13C shieldings are listed in Table 4 except for 19 (16) and 21 
(18) for which these data have been published. 

From the product mixtures for the derivatives of l a  and 2a  
it is readily apparent that ring expansion is the highly favored 
mode for ketonization in these [2.2.1] systems. In fact, the 
efficacy of this new process for ring expansion in l a  led to the 
examination of 2a as a model system for a proposed synthesis of 
hirsutene, which required an analogous ring expansion of the 
A3-derivative of 2a as a key step and was subsequently found to 
work well (14). For 3a, the third member of the [2.2.l] family, 
ring expansion is clearly favored although to a lesser extent than 
the others. For both of the [2.2.2] systems, 4a and 5a,  ring 
expansion is favored, more highly so in the unsaturated case. 
With the isomeric bicyclo[3.2.1]octanones, 6a  and 9a, how- 
ever, the proportion of ring-expanded product decreases signifi- 
cantly, especially for the latter in which the initial carbonyl 
group is in the 3-carbon bridge. For the remaining examples 7a, 
8a, and 10a, their a-methyl derivatives were obtained in >95% 
yields. In the case of 7a, the ring-expanded product was clearly 
identified, although it was not obtained in a pure state because 
all separation attempts with glc failed to resolve the product 
mixture, and the proportions of 22 and 7b were estimated from 
the 13c spectrum of the mixture. For 8a,  the only product was 
8b, as a 5:l mixture of exo and endo isomers. The minor 
component (< 5%) formed from 10a appeared to be a condensa- 
tion product from its 13C spectrum, but this material was not 
fully characterized. 

The results in Table 3 show clearly that there is a delicate 
balance between the two modes of ring opening for these 
cyclopropoxides with the ratio of bond cleavage a:b (see C, 
Scheme 1) varying from - 100: 1 to - 1 : 100. It is also apparent 
that cleavage leading to ring expansion is increasingly favored 
with decreasing reaction temperature for l la-c ,  12a-d, and 
13a. Two major opposing factors governing the regioselectivity 
in a given system can be envisaged. Cleavage of bonds a and 
b will lead to incipient secondary and primary carbanions, 

respectively, and the latter may be inherently favored because of 
the greater stability of the lo  species and the fact that it should be 
less hindered for protonation. On the other hand, cleavage of 
bond a can be expected to relieve ring strain in some systems 
thereby rendering it the favored mode of reaction, i.e. a 
dependence on product stability. Presumably the importance of 
this factor will diminish as the size of the bridges in the ring 
system increase, and the proportion of ring-expanded product 
will reflect this trend. It is apparent that ring expansion is 
decreasingly favored in the saturated series in the order: [2.2. I 1, 
[2.2.2], [3.2.1], [3.2.2], and the unsaturated [2.2.2] skeleton 
gives a higher proportion of ring expansion than its saturated 
counterpart; these trends agree with expectations. It may be 
noted that ring expansion is less favored in the 3a  system than in 
the isomeric 2a system. This also fits nicely with expectations, 
since 10a formed in the latter case will be more stable than the 
isomeric 19 arising from 3a  because the favored conformation 
of the six-membered ring in each will be different. The chair 
form, readily adopted in IOU, would be destabilized by non- 
bonded interactions with the endo-3- and -5-methylenes in 19 
rendering a boat-like conformation more favorable, thereby 
destabilizing 19 relative to 10a. In any event, the homoketo- 
nization results show that the sequence in Scheme 1 is useful for 
preparative ring expansions in the [2.2. I], [2.2.2], and related 
systems. As examples we have utilized this sequence for the 
corresponding homologations of the tricyclo[3.2.1 . ~ * ~ ~ ] o c t a n -  
6-ones (10) and of tricyclo[5.2.1 .0',5]decan-8-one (24) (19). 

The opening of cyclopropoxide C to the ring-expanded 
ketone D (Scheme 1) can proceed with retention or inversion 
of configuration at the carbanionic site and the stereochemistry 
of the process can be determined by cleavage in a deuterated 
medium as illustrated by a and b, respectively, in Scheme 2 
for cyclopropoxide 25 formed from l l a  and l l b .  In general, 
ketonizations of cyclopropoxides in polycyclic systems are 
found to undergo inversion of configuration, but some strained 
systems exhibit retention (20) and it was, therefore, of interest 
to determine the stereoselectivities in the l a ,  2a,  Sa, and 6a 
systems. To distinguish between paths a and b, l l a  was 
cleaved in KODIt-BuOD at 25°C and the product treated with 
KOH/MeOH to back-exchange the a-deuterium incorporated 
after the cleavage. The 13Cmr spectrum of a 1: 1 mixture of 
9a with the 9a-dl obtained in this manner was recorded to 
observe the effects of the 4-deuterium on its neighboring carbon 
absorptions to determine its stereochemistry. The orientation 
of the deuterium is revealed by the magnitude of the vicinal 
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71 

25 0 D-B 

2H-13C coupling interactions and the 2H-induced isotope shifts 
(21). From this spectrum exo-deuterium incorporation was 
revealed; the observed isotope effects on the 13c shieldings in 
ppb and the resolved vicinal couplings are shown in 9a-X. 
A key feature is the observation of vicinal 1 3 ~ - 2 ~  coupling for 
C-6 with J = 1.1 Hz, while C-8 is only slightly broadened; this 
is indicative of deuterium antiperiplanar to C-6 and, therefore, 
in the exo orientation. To confirm this conclusion, a sample of 
[3,3-2Hl]-la was converted to [4-2Hl]-lla, which was sub- 
sequently opened with NaOH/MeOH to form 9a-dl. The I3C 
spectrum of a 1:l mixture of this material and 9a exhibited the 
2H effects shown for 9a-N (Scheme 2). In this case, the C-8 
pattern revealed a vicinal coupling of 1.4Hz while the C-6 
signal was slightly broadened by the deuterium, indicating that 
C-8 and 2 ~ - 4  are antiperiplanar, i.e. e n d 0 - ~ ~ - 4 .  These data 
establish that the cleavage of 25 proceeds with inversion. It may 
be noted that the patterns for C-3 and C-5 exhibited resolved 
geminal couplings of 0.6Hz with 2 ~ - 4 ;  thus an upper limit 
of ca. 0.3 Hz may be suggested for the C-6, 2 ~ - 4  vicinal 
interaction. The analogous experiments with l l c  ancl [10-2Hl 1- 
l l c  gave the isomeric monodeuterated ketones 10a-X and 
10a-N, respectively, exhibiting the 2 ~ - 1 3 ~  couplings and 
2H-induced shifts noted in the structural formulas. These 
constitute good evidence of the presence of exo- and endo- 
deuterium, respectively, at C-10 and, hence, for inversion of 
configuration upon homoketonization of the cyclopropoxide 
generated from 11 c . 

Treatment of 13a with KOD/t-BuOD, followed by back- 
exchange with KOH/MeOH, furnished a sample of 21-dl, 
tentatively identified as 21-X, having the 2H effects in the I3C 
spectrum indicated. A sample of [4-2H1]-13a, prepared from 
[7,7-2~2]-6a, was opened with NaOH/MeOH to form 21-dl, 
which displayed the 2H effects shown in 21-N in its 13C 
spectrum. These assignments required reversal of the shieldings 

originally ascribed (18) to C-6 and C-9, but followed from the 
fact that the methylene absorption at 6c 32.5 (C-6) exhibits 
vicinal 13C-2H coupling in both monodeuterated samples while 
that at 32.0 (C-9) has resolvable coupling in only one. For 
each of these samples, geminal couplings of 0.5 Hz were readily 
resolved for C-3 and C-5. The six-membered ring containing the 
carbonyl group in 21 will be a mixture of chair and skew-boat 
forms, thereby rendering the 2~ effects different from those 
found for the isomeric pairs of [4-2H1]-9a and [10-2~l]-10a 
described above. In either conformation, an endo-4-deuterium 
atom (21-N) will be antiperiplanar to C-9 and resolvable vicinal 
coupling would be expected. For the e x 0 - 4 - ~ ~  isomer, how- 
ever, the dihedral angles relating the deuterium atom and C-9 
will be ca. 60" and ca. 90" for the chair and skew-boat forms 
for which the vicinal coupling is expected to be small. On this 
basis, we conclude that ketonization of 13a also proceeds with 
inversion. 

The stereochemistry of cyclopropoxide cleavage was also 
examined in the unsaturated [2.2.2] system. Treatment of 
12c with KOD/t-BuOD, followed by back-exchange with 
KOH/MeOH, gave a sample of the monodeuterated ring- 
expanded ketone 26-N. Its 13c spectrum exhibited distinctive 
2H effects in four of the signals while the olefinic absorption at 
ac 136.7 was slightly broadened. In contrast, the spectrum of a 
sample of this ketone obtained by cleavage of [4-2~2]-12c with 
NaOH/MeOH revealed vicinal 1 3 ~ - 2 ~  coupling of 1.1 Hz for 
this olefinic signal whereas the C-6 signal was only broadened, 
but shifted by 32ppb; this is consistent with structure 26-X. 
Thus, homoketonization of 23c proceeds with inversion of 
configuration. 

The 2 ~ r n r  spectra of each of the monodeuterated ketones 
obtained in these homoketonization experiments were recorded 
to determine the stereoselectivity of the cleavages. In each case, 
a single 2~ signal was observed, indicating that the stereo- 
selectivities are >98% favoring inversion of configuration for 
each system. The positions of these signals in CHC13 solutions 
were (6): 1.70 (9a-X), 1.79 (9a-N), 1.67 (10~-X), 1.83 
(10a-N), 2.06 (21-X), 1.79 (21-N), 1.91 (26-N), and 1.79 
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TABLE 5. Base-catalyzed homoketonizations of l l e ,  f ,  12f, h, and 13f 

Products 

a,a-Dimethyl 
Ring-expansion derivatives 

Initial Cyclopropyl Temperature 
ketone derivative ("c) Compound % Compound % 

l b  l l e  25 4-Me-9aa 37 1 c 63 
83 20 80 

1 l f  .25 35 65 
4b 12f 25 20b Trace 4c >99 
5b 12h 25 A6-20b 22 5c 78 

83 
b 

19 8 1 
6b 13f 25 < 10 6c >90 

"Reference 4. 
bTbe proportion of ring-expanded product (?) was estimated by glc but the material was not identified. 

(26-X). Thus, in each case, the presence of product arising by 
opening with retention would give rise to a separately resolved 
2~ signal; the absence of such signals establishes the high 
stereoselectivity noted. 

After the discovery of homoenolization (22) in camphenilone 
(lc), Nickon, Lambert, and Oliver showed that P-proton 
abstraction also occurred at the a-methyl carbons (23) and 
a homoenolate anion such as 27 was suggested as a possible 
intermediate for a-methyl exchange. Subsequently, many 
examples of this exchange process under homoenolization 
conditions have been found for mono-, bi-, and tricyclic 
ketones, having gem-dimethyl substitution at the a-methylene 
positions (20). Although 27 can open in two ways, with ring 
expansion (path a) or to regenerate the initial a,&-dimethyl 

ketone (path b), ring-expanded products have not been detected 
for any of the cyclic systems examined; path a ,  however, has 
been found to be important in acyclic systems. Our original 
examination of l a  was intended to develop the preparative 
procedures for an investigation of l b  and related-ketones to 
test for the possible intermediacy of species such as 27 in 
the a-methyl exchange process. In fact, four systems were 
examined and the results are listed in Table 5, while the 13c 
shieldings for the trimethylsilyl en01 ethers and their cyclopro- 
panated derivatives are included in Tables 1 and 2. In each case 
the a,a-dimethylated ketones were readily identified by I3crnr 
( l c  (15), 4c, 5c (17), and 6c  (13)), which also served to 
characterize the new ring-expanded ketones 4-Me-9a, 20b, 
and A6-20b (Table 4); it can be noted that the generation of 
the trimethylsilyl en01 ether from 6b  proved difficult and a 
pure product was not isolated. However, the cyclopropanation 
reaction led to a mixture of components of which the major one 
could be isolated by preparative glc and was characterized as 
13e (Table 2). From the results in Table 5 it i s  apparent 
that cleavage leading to the a,a-dimethyl ketones is strongly 
favored, indicating that 27 opens preferentially via a primary 
carbanion (path b) rather than a tertiary species (path a),  which 
is consistent with the greater stability of the former. This mode 
is increasingly favored with increasing temperature, suggesting 
that 27 is a reasonable intermediate for a-methyl exchange 
under typical homoenolization temperatures of 185°C or higher. 
Since a-methyl exchange is known (20) to be very slow (k - 
lop7 s-I), small amounts of ring-expanded products, formed by 
the less-favored opening of 27, may have escaped detection; 
presumably these could readily undergo aldol condensation 
under homoenolization conditions. 

In summary, the sequence outlined in Scheme 1 provides an 
efficient method for regioselective ring expansion in 12.2.11, 
[2.2.2], and related systems and can be carried out under mild 
conditions. Furthermore, the homoketonization of the cyclo- 
propoxides proceeds with high stereoselectivity, thereby pro- 
viding a means of generating selectively deuterated ring- 
expanded products that may be useful for other studies. 

Experimental 
Boiling points are uncorrected. Gas-liquid chromatography was 

carried out on Varian 920 and 3700 instruments using columns of 6% 
FFAP or 10% SE-30 on Chromosorb W, as indicated. Tetrahydrofuran 
(THF) and ether were dried over sodium and freshly distilled before 
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use. Diisopropylamine, triethylamine, and pyridine were distilled 
from CaHz and stored over 4A molecular sieves. Norcamphor (la) 
and bicycl0[5.2.1.0~~~~decan-8-one (2a) are commercially available 
(Aldrich). All other starting ketones were prepared in earlier studies 
and additional material was generated using the same procedures: 1 b 
(15), 3a, 10a (16), 4a,b, 5a,b (17), 6a,b, 7a, 8a, 9a (13). 

Infrared spectra were recorded with a Beckman 4250 instrument and 
mass spectra were obtained on a Varian MAT-3 11 A system at 70 eV 
(direct inlet). Routine 'Hmr spectra were obtained with either Varian 
T-60 or EM-360 instruments while data for pure samples were 
collected with a Varian XL-200 instrument. The latter spectrometer 
and a Varian XL-300 were employed to record the 'H and 13Cmr 
spectra and comparison of the fully decoupled 13C spectra with those 
obtained with either the APT (24) or DEPT (25) sequences identified 
the methyl, methylene, methine, and fully-substituted carbon signals. 

Generalprocedure for the preparation of the trimethylsilyl en01 ethers 
Freshly distilled THF (20 mL) and dlsopropylamine (30 mrnol) 

were added to a flame-dried flask under nitrogen and cooled to -78°C. 
Upon the addition of n-butyllithium (25 mmol) in n-hexane via 
syringe, the mixture was stirred for 30-45 min before dropwise 
addition of a solution of the ketone (20 mmol) in THF (5 mL). While 
the stirring continued, a quenching solution of chlorotrirnethylsilane 
(30 mmol), triethylarnine (10 mmol), and THF (7 mL) was prepared in 
a flame-dried, nitrogen-purged centrifuge tube. The precipitate was 
removed by centrifugation and the clear solution added to the enolate 
solution. The reaction mixture was stirred at -78°C briefly and then 
allowed to warm to room temperature while stirring was continued for 
0.5-3 h before cooling to 0°C. A cold, saturated aqueous Na2C03 
solution (30 mL) was added with vigorous stirring; the product was 
isolated by pentane extraction and purified by Kugelrohr distillation. 
With the exception of the en01 ether from 6b, which could not be 
obtained in a pure form, the trimethylsilyl en01 ethers were character- 
ized by 13cmr and precise mass measurements, which are listed in 
Table 1 together with the isolated yields for each en01 ether; the purity 
of each product was assessed by glc analysis (FFAP) and found to be 
Z95% in each case. The product from l a ,  bp 85-90°C/10 Torr (I Torr 
= 133.3 Pa); ir (film): 1605 cm-'; from l b ,  bp 75-80°C/6 Torr; 
ir (film): 1670cm-I; from 2a, bp 92-94"C/0.4Torr; ir (film): 
1610cm-I; from 3a, bp 89-94"C/0.2Torr; ir (film): 1614 cm-I; 
from 4a, bp 62-66"C/17 Torr; ir (film): 1642cm-I; from 4b, bp 85- 
90°C/14 Torr; ir (film): 1640 cm-' ; from Sa, bp 60-64"C/17 Torr; 
ir(fi1m): 1657 cm-'; fromSb, bp45-50°C/1 Torr;  film): 1685 cm-'; 
from 6a, bp 100-115°C/15Torr; ir (film): 1622 cm-'; from 7a, bp 
110-1 15OC/4 Torr; ir (film): 1665 cm-' ; from 8a, bp 95-100°C/10 Ton; 
 film): 1646 cm-';from9a, bp90-95"C/4 ~orr;ir(film): 1660 cm-' ; 
from IOU, bp 85-90°C/0.2 Torr; ir (film): 1660 cm-'. 

Cyclopropanation of the trimethylsilyl en01 ethers 
A modification of the procedure described by Girard and Conia (6) 

was employed. To a flask fitted with a reflux condenser, nitrogen 
purge, and magnetic stirrer was added a zinc-silver couple (55 mmol). 
The apparatus was flame-dried and then cooled to room temperature 
before the addition of CHz12 (30mmol) in anhydrous EtzO (IOmL). 
The mixture was warmed until refluxing occurred without external 
heating. Upon cessation of reflux a solution of en01 ether (16 -01) in 
Et20 (35 mL) was added and this mixture was heated under reflux for 
several hours before cooling to O°C. Pyridine-ether (I: I) solution was 
added until no further precipitation occurred and the precipitate was 
removed by filtration and washed with Et20. After evaporation of the 
solvent, the residue was taken up in n-pentane and the last traces of 
precipitate were removed before drying over MgS04. After the solvent 
was evaporated, the product was isolated by Kugelrohr distillation 
and its purity assessed by glc (FFAP or SE-30). Analytical samples 
were obtained by glc and characterized by 13Cmr and precise mass 
measurements, listed in Table 2 with the isolated yields. For each ether, 
the reflux time, purity, bp, and principal ir absorption were: 

l l a :  25.5 h; >96%; bp 110-115°C/15 Torr; ir (film): 3085,2980, 
1340, 1245, 835 cm-I; l l c :  25.5 h; >95%; bp 56-58OCl0.3 Torr; 
ir (film): 3060, 2940, 1250, 833 cm-I; l l d :  14 h; >90%; isolated 

without distillation; ir (film): 3060,2950, 1250,870cm-I; l l e :  20 h; 
>95%; bp 64-68"C/2 Torr; ir (film): 3060, 2975, 1250, 845 cm-I; 
12a: 6 h; >94%; bp 75-8OoC/15 Ton; ir (film): 3078, 2945, 1250, 
1195, 840 cm-' ; 12c: Zn-Ag (40 rnmol), CHzIz (20 mmol), 24 h; 
>93%; b 75 80°C/5 Torr; ir (film): 3050,3008,2950, 1255, 1198, P -  . 840cm- ; 12e: 50h, >90%; bp 80-85"C/1 TOIT; ir (film): 3025, 
2950,1245, 1190,835 cm-' ; 12g: Zn-Ag (30 mmol), -2 (16 mmol), 
20h; >90%; b 80 85"C/2Torr; ir (film): 3050, 3000, 2950, 1250, P - 1188,840cm- ; 13a: 18 h; >93%; bp 130-135°C/15Torr;ir(film): 
3020, 2955, 1254, 879, 840 cm-'; 13c: 20 h; >90%; bp 125- 
130°C/4 Torr; ir (film): 3075, 2950, 1250, 830 cm-'; 13e: 25 h; 
>85%; bp 135-140°C/8 Torr; ir (film): 3065,2950, 1250,835 cm-I; 
14a: 2 cycles of 23 h each; >98%; bp 75-80°C/2 Torr; ir (film): 
3078, 2920, 1240, 1185, 840 cm-'; 14c: 25 h; >90%; bp 100- 
105"C/2 Torr; ir (film): 3080, 2950, 1250, 840 cm-'; 14e: 18 h; 
>90%; isolated by preparative glc without distillation; ir (film): 3000, 
2950, 1190, 850 cm-'. 

Preparation of cyclopropanols 
To a solution composed of 10% 0.1 M aqueous HCl and 90% THF 

was addedthe pure cyclopropyl silyl ether, obtained by preparative glc, 
and the reaction mixture stirred at room temperature for 0.5-3 h. After 
removal of THF under reduced pressure, the residue was taken up in 
pentane and dried over MgS04. Evaporation of the pentane yielded the 
corresponding cyclopro an01 in essentially quantitative yield, which 
was characterized by P3Cmr and, in several cases, pre=ise mass 
measurement. These data are collected in Table 2. 14b crystallized 
on standing: mp 92-95°C (from pentane-methanol); ir (CC14): 3160, 
3079,2918, 1185 cm-I. 

Homoketonization experiments 
(a) Cyclopropanols 
The cyclopropanol (20 mmol) was added to a solution of KOH/t- 

BuOH (1.26 M, 10 rnL) at the desired temperature and the solution was 
stirred for 0.5 h (83"C), 2 h (25"C), 24 h (0°C). After the addition of 
H20 (15 mL), the ketonic products were isolated by pentane extraction 
(3 X 20 mL) and the combined extracts dried over MgS04. The oily 
residue (>85% yield in each case) remaining after removal of solvent 
was analyzed by glc (FFAP) to determine the composition of the 
product mixture. In each case, the a-methylated ketones were known 
from earlier studies in these laboratories and were readily identified by 
coinjection. Pre arative glc provided samples of each component for 
examination by P3Cmr to confirm their identities. The 13c data for the 
ketones that had not been previously encountered in our earlier work 
are listed in Table 4 together with precise mass measurements. For each 
cyclopropanol, triplicate runs were done at a given temperature and the 
average compositions of these product mixtures are collected in Tables 
3 and 5; the results were reproducible within limits of %2%. 

(b) Trimethylsilyl cyclopropyl ethers 
To methanolic NaOH solution (3 M, 5 mL), maintained at the 

desired temperature, was added the silyl cyclopropyl ether (I5 rnmol, 
glc collected) and the mixture was stirred for 20-25 h (O°C, 25OC) or 2 h 
(83°C) before the addition of aqueous NaCl solution (10mL). The 
ketonic products were isolated in >85% yields and assessed as 
described above for the corresponding cyclopropanols. The composi- 
tions of the product mixtures (averaged from triplicate runs) are listed 
in Tables 3 and 5 while the I3C data for new ketones are collected in 
Table 4. 

Homoketonizations of the monodeuterated cyclopropyl ethers (11 a- 
dl, llc-dl, l2c-dl, 13a-dl) 

( i )  Preparation of 1 a-dz, 2a-dz. 5a-d2, and 6a-dz 
A modification of the procedure described by Hunter et al. (26) was 

employed. To a solution of anhydrous potassium carbonate (2.7 g) in 
40  (22.7 mL, 99.8% D, minimum isotopic purity, Merck, Sharp & 
Dohme) was added ketone l a  (5.0 g) under nitrogen and the mixture 
refluxed for 18 h. The ketone was recovered by pentane extraction 
(3 x 15 mL) and the extracts dried over MgS04 before evaporation of 
the solvent. After an additional cycle (18 h), [3,3-2H2]-la (4.3 g, 
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ET AL. 1449 

84%) was recovered and its 13c spectrum indicated nearly complete 
exchange at the a-methylene site. 

An analogous sample of [9,9-2~2]-2a (2.2 g, 55% yield) was 
obtained upon treatment of 2a (4.0 g) with K2C03 (1.2 g) in D20 
(12 mL) after four cycles with reflux times of 11,40, 158, and 83 h. 

Essentially complete exchange of the a-methylene hydrogens in 5a 
(0.5 g) was realized by refluxing with K2CO3 (0.2 g) in D20 (2.0 mL) 
for 17 h under nitrogen. Pentane extraction furnished a solid product 
that upon sublimation gave [3,3-'~2]-5a (0.46 g, 90% yield). 

The same treatment of 6a (2.0 g) with K2C03 (2.5 g) inD20 (25 mL) 
at reflux for 12 h yielded 6a-dx (2.0 g) for which the 13C spectrum 
indicated ca. 50% exchange of the a-methylene hydrogens. Hence, a 
solution of 6a-dx (2.0 g) in anhydrous dioxane (4 mL) was added to a 
1 M NaOD/D20 solution (25 mL) and refluxed under nitrogen for 16 h. 
Pentane extraction furnished [7,7-2~2]-6a (1.5 g, 75% yield) for 
which the 13C spectrum indicated essentially complete exchange of the 
a-methylene hydrogens. 

(ii) The trimethylsilyl en01 ethers of the dideuterated ketones just 
described were generated following the same procedures used for the 
parent ketones using 1.5 molar equivalents of LDA and TMSCI. 
Treatment of these en01 ethers with the Simmons-Smith reagent 
(Zn-Ag, CH21) gave the corresponding cyclopropyl silyl ethers in the 
same yields as those obtained for their unlabelled counterparts. 

(iii) Cyclopropyl ether l la-dl  (45 mg, 2.3 mmol) was added to 
methanolic NaOH solution (3 M, 7 mL) and the mixture was stirred 
overnight at room temperature. After the addition of H20 (7 mL)), the 
product was extracted with pentane (3 X 15 mL) and the combined 
extracts were washed with H20 (2 X 15 mL) before drying over 
MgS04. Removal of the solvent by evaporation gave an oil (28 mg, 
98% yield), which by glc (FFAP) was >99% pure 9a-dl; ms: 3.4% 4 ,  
97.6% dl (0.976D/molecule); which was shown to be [endo- 
4-2~l]-9a-N) by 13Cmr (see text); ' ~ m r  (CHC13) 6: 1.79. 

The same treatment of llc-dl (48 mg) gave [end~-lO-~H~]-lOa 
(32 mg, 95% yield, >99% pure); ms: 6.8% 4,93.2% dl (0.932 D/mole- 
cule); ' ~ m r  (CHC13) 8: 1.83; shown to be IOU-N by 13Cmr (see text). 

For 12c-dl and 13a-dl, the product mixture isolated by pentane 
extraction was separated by preparative glc (FFAP) to obtain the 
requisite samples of the deuterated ketones: [ e x 0 - 4 - ~ ~ ~ ] - A ~ - 2 0 a  (88% 
yield, >98% pure); ms: 8.8% do, 91.2% dl ,  (0.912 D/molecule); 
Hmr (CHC13) 6: 1.79 and shown to be 26-X by '3Cmr (see text); 

[end0-4-~~1]-21(51% yield); ms: 3.3% do, 96.7% dl (0.967 D/mole- 
cule); 'Hmr (CHC13) 6: 1.79; and found to be 21-N by 13Cmr (see text). 

Homoketonizations of 11 a, 11 c, 12c and 13a in deuterated base 
To a solution of KOD/t-BuOD (95% deuterated, 1 M, 6 mL) was 

added l l a  (0.32 g) and the mixture stirred at room temperature under 
nitrogen overnight. After the addition of H20 (4 mL), the product was 
extracted with pentane (4 X 10 rnL) and the combined extracts washed 
with 10% NaCl solution (2 X 10 mL) and H20 (10 mL) before 
drying over MgS04. Removal of the solvent gave an oil (0.20 g), 
which was treated with methanolic NaOH (3 M, 6 mL) and stirred at 
room temperature overnight. Pentane extraction, as in the first step, 
gave [ex0-4-~~1]-9a (140 mg, 70%); ms: 50.5% do, 49.5% dl 
(0.495 D/molecule); 'Hmr (CHC13) 6: 1.70; identified as 9a-X by 
13cmr (see text). 

The same sequence with l l c  (100 mg) using KOD/t-BuOD (95% 
deuterated, 1 M, 1.6 mL) followed by methanolic NaOH solution (1 M, 
1.6 mL) gave [e~o-lO-~H~l-lOa (67 mg, 96%); ms: 28.5% do, 68.7% 
dl,  2.8% d2 (0.743 D/molecule); 'Hmr (CHC13) 6: 1.67; shown to be 
10a-X by 13cmr (see text). 

Cyclopropyl ether 12c (55 mg) was stirred with NaOD/CD30D 
solution (99.8% deuterated, 1 M, 5 mL) at room temperature under 
nitrogen overnight. The product isolated by pentane extraction as 
described above was treated similarly with methanolic NaOH solution 
(3 M, 5 mL) and reisolated by pentane extraction to afford [exo- 
4-2~ll-A6-20a (33mg, 91%); ms: 4.2% 4 ,  95.1% d l ,  0.7% d2 

(0.965 D/molecule); 'Hmr (CHC13) 6: 1.91; identified as 26-N by 
13Cmr (see text). 

Exactly analogous treatment of 13a gave [ e x 0 - 4 - ~ ~ ~ ] - 2 1  in 70% 
yield; ms: 3.2% 4 ,  92.2% d l ,  4.6% d2 (1.014 D/molecule); ' ~ m r  
(CHC13) 6: 2.06; identified as 21-X by 13cmr (see text). 
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A. W. HANSON, A. W. MCCULLOCH, and A. G. MCINNES. Can. J. Chem. 64, 1450 (1986). 
Crystal structure analyses of 1,3-dioxa-2,2-diphenyl-2-sila-5,6-benzocycloheptane (I), 2,9-disila-1,3,8,10-tetraoxa-2,2,9,9- 

tetraphenyl-5,6,12,13-dibenzocyclotetradecane (2), 2,10-disila-2,2,10,1O-tetramethyl-1,3,9,11-tetra0xa-5,7,13,15-dibenz0- 
cyclohexadecane (3), 2,7-disila-2,2,7,7-tetramethyl- 1,3,6,8-tetraoxa-4,5,9,10-dibenzocyc1odecane (4), and 2,4-disila-2,2,4,4- 
tetraphenyl-l,3,5-trioxa-6,7-benzocycloheptane (11) are reported. Facile acid-catalyzed reaction of 2,7-disila-1,3,6,8-tetraoxa- 
2,2,7,7-tetraphenyl-4,5,9,10-dibenzocyclodecane (8) with water gives 1,3-di(2-hydroxyphenoxy)-1,3-disila-2-oxa-l , 1,3,3- 
tetraphenylpropane (12). The latter in turn decomposes in a base-catalyzed reaction to give a mixture of 11 and catechol. 

A. W. HANSON, A. W. MCCULLOCH et A. G. MCINNES. Can. J. Chem. 64, 1450 (1986). 
On rapporte des analyses des structures cristallines des dioxa-1,3 diphknyl-2,2 sila-2 benzo-5,6 cycloheptane (I), disila-2,9 

tttraoxa- 1,3,8,10 tktraphknyl-2,2,9,9 dibenzo-5,6,12,13 tktradkcane (2), disila-2,10 tktramkthyl-2,2,10,10 tttraoxa-1,3,9,11 
dibenzo-5,7,13,15 cyclohexadtcane (3), disila-2,7 t6tramtthyl-2,2,7,7 tktraoxa-1,3,6,8 dibenzo-4,5,9,10 cyclodtcane (4) et 
disila-2,4 tttraph6nyl-2,2,4,4 trioxa-1,3,5 benzo-6,7 cycloheptane (11). Le disila-2,7 tktraoxa-1,3,6,8 tktraphknyl-2,2,7,7 
dibenzo-4,5,9,10 cyclodtcane (8) rkagit facilement avec l'eau, sous l'influence des acides, pour donner le di(hydroxy-2 
ph6noxy)-1,3 disila-1,3 oxa-2 tktraphtnyl-1,1,3,3 propane (12). Ce dernier composk, par rkaction catalyske par les bases, se 
dtcompose pour donner un mklange de 11 et de cat6chol. 

[Traduit par la revue] 

Introduction 
The rather diverse literature on the intriguing chemistry of 

1,3-dioxa-2-silaheterocycles has been sumrnarised in a recent 
review by Cragg and Lane (1). These workers have undertaken a 
comprehensive investigation of the preparation and spectro- 
scopic properties of such compounds. As part of an ongoing 
study in this laboratory of the biological role of silicon, we have 
over the past few years conducted a study of model interactions 
of dihydroxy compounds with dichlorosilanes which in many 
respects closely parallels that of Cragg and Lane. 

1,3-Dioxa-2-silacycloalkanes are usually prepared by reac- 
tion of diols with difunctional silanes. Monomeric, dimeric, 
and polymeric products are obtained, with the stability of the 
product being dependent on ring size and substitution. Physical 
studies, such as nmr and X-ray diffraction, of such products 
have been extremely limited. In this article we therefore wish to 
describe the X-ray structure analyses of five compounds: the 
7-membered monomer 1,  14-membered dimer 2,16-membered 
dimer 3, and 10-membered dimer 4, as well as the trioxa 
derivative 11 (see Figs. 1-5). We have also studied in detail the 
chemistry of the dimeric compound 8, obtained by reaction of 
catechol with dichlorodiphenylsilane. 

Results and discussion 
Preparation of 1,3-dioxa-2-silacycloalkanes 

Birkofer and Stuhl have reported (2) that reaction of 1,2- 
benzenedimethanol with dichlorodiphenylsilane yields the ben- 
zodioxasilacycloheptane 1. Since the submission of this manu- 
script Cragg and Lane have reported details of the isolation of 1 
and its dimer 2 from a similar reaction (15). In our hands the 
predominant reaction product was the monomer 1,  mp 128- 
130°C, with 2, mp 251-253"C, being obtained as a minor 
product. 

The reactions of 1,3-benzenedimethanol with dichlorosilanes 
have not previously been investigated. Steric constraints in this 

'NRCC No. 25582. 
'presented in part at the 6th International Symposium on Organo- 

silicon Chemistry, Budapest, August 1981. 

1 R1 = R 2 = 4  
5 RI = Me; R2 = 4 
6 R, = R2 = Me 

case preclude monomer formation. We have isolated in good 
yield the crystalline dimer 3, mp 162-164"C, from reaction of 
1,3-benzenedimethanol with dichlorodimethylsilane. 

The reactions of catechol with dichlorosilanes have received 
considerable attention (I), and it has been shown that the 
monomeric 1,2-phenylenedioxysilanes (e.g. 9) undergo rever- 
sible dimerisation (e.g. to 4): dissociation to monomer is 
favoured at elevated temperatures (3). X-ray diffraction studies 
have been carried out on a number of o-phenylenedioxy 
siliconates in which the silicon atom is either pentacoordinated 
(4-7) or hexacoordinated (8). Myer and Nagorsen have also 
presented X-ray diffraction data for the tetracoordinated bis(o- 
pheny1enedioxy)silane (9), although the planar structure they 
propose has been subsequently questioned by Dunitz (10). NO 
X-ray study has been carried out on compounds of type 4 or 9. 
Hence we have also prepared and analysed 4, mp 87-90°C, 
from reaction of catechol with dichlorodimethylsilane. 
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IN ET AL. 1451 

Carbon-13 and silicon-29 nmr data for 1 and 3 are presented 
in Table 1. Compound 2 was not sufficiently soluble to permit 
high-resolution nrnr investigation. Carbon-13 nmr also con- 
firmed that the analogous reactions of 1,2-benzenedimethanol 
with dichloromethylphenylsilane and dichlorodimethylsilane 
afforded chiefly the monomeric products 5 and 6. The chemical 
shifts of the methylene carbon and the aryl carbon geminal to 
oxygen are very similar to those of the corresponding carbons of 
1 (Table 1). 

, Through comparison with the 13C spectrum of 4 we have 
likewise identified the dimeric compounds 7 and 8 as major 
products of reaction of catechol with dichloromethylphenyl- 
silane and dichlorodiphenylsilane (Table 2). When a solution of 
4 was allowed to stand at room temperature new low-intensity 
13C signals were observed for the monomer 9. In particular, 
the chemical shifts of the aryl carbons bonded to or geminal to 
oxygen resemble those of 1,3-benzodioxole, while in the more 
flexible 4 the shifts of these carbons correspond more closely to 
those of catechol itself. Creation of the five-membered ring 
results in a downfield shift of -3 ppm in the oxygen-bonded 
&bon and an upfield shift of -8 ppm in the carbon geminal to 
oxygen. Analogous small signals presumably due to 10 were 
observed at 113.90 and 148.85 ppm in freshly-prepared CDC13 
solutions of 8. 

Chemistry of dimer 8 
Cragg and Lane have reported that reaction of catechol with 

dichlorodiphenylsilane affords dimer 8, for which they report a 
r.elting point of 126- 130°C (1 1). They were unable to explain 

why the mp was significantly lower than those (157-171°C) 
previously reported by other workers (1 1). 

In our hands the reaction yielded two major solid products. 
rle first, with low solubility in acetone and mp 167-172"C, has 

all the 'H, 13C, and 29Si nmr features reported by Cragg and 
Lane for 8 (11). Using X-ray analysis we have established 
the structure of the second product, which crystallized from 
prroleum etherlethyl acetate with mp 136-138"C, as 11, a 
compound postulated by Cragg and Lane as a product of 
distillation of 8 (1 1). The 29Si shift of -32.71 ppm is very close 
*-,.that (-32.58 ppm) quoted by them for their distillate. 
' ~'hese discrepancies led us to closely examine the chemistry 
of dimer 8. As a consequence, we have further observed that 8 
reacts readily with moisture to give the dihydroxy derivative 12, 
TO 128-130°C. The closeness of this mp to that reported for 
d by Cragg and Lane suggests that during the crystallization 
process they inadvertently caused conversion to 12. 

These authors did produce 13C spectra showing the initial 
~ t n r  --.of decomposition of 8 (1 1). When a CDC13 solution of 

FIG. 1. 1,3-Dioxa-2,2-diphenyl-2-sila-5,6-benzocycloheptane, 1. 
In this and other figures carbon, oxygen, and silicon atoms are 
represented by open, solid, and open double circles, respectively. 

FIG. 2. 2,9-Disila-1,3,8,10-tetraoxa-2,2,9,9-tetraphenyl-5,6,12,13- 
dibenzocyclotetradecane, 2. 

2 1 

FIG. 3.2,10-Disila-2,2,10,10-tetramethyl-l,3,9,11-tetraoxa-5,7,13,15- 
dibenzocyclohexadecane, 3. 

our 8 was allowed to stand at room temperature and monitored 
by 13C nmr, we observed the same type of initial change. 
However, after 15 days the spectrum showed only signals for 
12. A similar conversion was obtained when an acetone or 
benzene suspension of 8 was refluxed for 2-3 h. Atmospheric 
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proton, silanol group, and the oxygen under attack as in Fig. 6) 
determines the direction of the final rupture of the Si-0 bond 

20 
to give the second phenolic group of 12, since no 11 was 
detected in the reaction products. Base-catalyzed reaction of 12 
leads directly to 11 and catechol as shown in Fig. 6. 

The isolation of 11 as a major product of reaction of catechol 
with dichlorodiphenylsilane can be explained on the basis of the 
facile base-catalyzed conversion of 8. Not unexpectedly, we 
have found that the ratio of these two products is very sensitive 

14 to the reaction conditions, since this would be controlled by 
factors such as the concentration of moisture and free pyridine 
available to catalyze conversion of 8 to 11. 

FIG. 4. 2,7-Disila-2,2,7,7-tetramethyl-1,3,6,8-tetraoxa-4,5,9,10- 
dibenzocyclodecane, 4. 

FIG. 5 .  2,4-Disila-2,2,4,4-tetraphenyl-1,3,5-trioxa-6,7-benzocyclo- 
heptane, 11. 

moisture is responsible for the slow conversion of 8 to 12 in 
organic solvents. The time required for complete conversion 
in chloroform at room temperature can be reduced to 6 h by 
addition of a few drops of water. 

The generality of the process was demonstrated by the 
analogous conversion of 4 to 13 (21 days in CHCI3 at room 
temperature), the I3C nmr of which is given in Table 2. 

The structure of 12 follows from consideration of its 'H, 
13C, and 29Si nmr spectra and from its facile breakdown to 11 
and catechol, in the presence of a small amount of pyridine. 
The same products were obtained from the pyridine-promoted 
breakdown of 8. 'H, 13C, and 2 9 ~ i  nmr spectra have been 
obtained for 8, 11, and 12. The 'H nmr data (Table 3) reveal the 
ratio of catechol ring hydrogens to Si-phenyl hydrogens, as well 
as the presence of OH groups in 12. 'The 13C spectra (Table 2) 
establish the symmetrically substituted catechol rings of 8 and 
11 and the equivalence of both such rings in 8, as well as the 
asymmetrically substituted catechol rings of 12, and their 
equivalence. As expected, the ring methine carbon geminal to 
the hydroxyl group in 12 was three-bond coupled to both the 
hydroxyl proton and the hydrogen at the meta ring carbon, thus 
appearing as a doublet of triplets. The remaining three methine 
carbons on the catechol ring each appeared as a doublet of 
doublets, showing three-bond coupling to only a single meta 
hydrogen. Finally, the ' g ~ i  nmr spectra confirmed that all three 
compounds possessed only tetra-coordinated Si atoms. 

The conversion of 8 to 12 (and of 4 to 13) presumably 
involves protonation and formation of a transient silanol the 
oxygen of which attacks the second silicon atom (Fig. 6). It 
seems likely that hydrogen-bonding (involving the phenolic 

Crystallography 
All procedures were executed at a nominal temperat~re~of 

24"C, using Ni-filtered CuKa radiation (ha, = 1.54056 A). 
The space groups were deduced from single-crystal photo- 
graphs. The unit-cell constants were derived by least-squares 
analysis of the diffractometer (Picker four-circle) angles of a 
sufficient number of automatically centred reflections in the + 

range 100" < 20 < 130". The intensities of all independent 
reflections with 20 < 130" were measured with 0-20 scans, and 
individual reflection profiles were analysed as described by 
Grant and Gabe (12). There was no evidence of decay during _ 
these measurements for any of the specimens. Absorption 
corrections (Gaussian integration) were applied for 1 ,3 ,4 ,  and 
11. Crystals of 2 were invariably found to be twinned on (i 0 1). 
For the specimen studied the volume ratio of twin elements was 
estimated to be 0.63:0.37. The intensities corresponding to the 
larger element were recorded and used in the analysis. Because 
of the twinning, absorption correction was not considered 
feasible for this specimen. The problem o_f overlapping reflec-q 
tions was treated pragmatically. For the (h 0 h) reflections the 
overlap of (equivalent) reflections was total, and the observed 
intensities could be appropriately scaled. Two instances of 
incomplete overlap (of non-equivalent reflections) were revealeK 
by anomalous profiles, and the reflections affected were 
excluded from the analysis. Complete, or nearly-complete 
overlaps could not be detected in this way, however, and the 
intensities of some reflections were undoubtedly overestimate* 
At a late stage in the refinement, therefore, all reflections with 
F, >> Fo (an additional 33, or 2% of the data set) were 
also excluded. The structure determined for this compound is 
undoubtedly correct, but the possibility of unusual systematd 
errors in the final atomic parameters should not be disregarded. 
All structures were solved uneventfully by direct methods 
(MULTAN (13)). Refinement was by block-diagonal least- 
squares, minimizing C  WAF^, where l l w  = u 2 ( ~ , )  + k E : .  
The hydrogen at:ms were either assigned reasonable positions 
(C-H = 1.08 A) or located in AF syntheses. The thermal 
motion was assumed to be isotropic for the hydrogen atoms\and 
anisotropic for the others. Refinement was terminated when'a'll- 
indicated parameter shifts were acceptably small (<O. l a ) .  The 
final AF syntheses indicated no detail inconsistent with the 
proposed structures (Figs. 1-5). The atomic coordinatexY5!;p 
given in Tables 4 to 8, and selected bond lengths, bond angles, 
and torsion angles in Tables 9 to 13. The computer programs 
and the source of atomic scattering factors are identified in ref. 
14. Cragg and Lane have suggested (1) that large SiOC,h\ojt$ 
angles may be a characteristic of all 1,3,2-dioxasilacyclo~ 
alkanes. This is certainly true for 4 (126.0" and 137.0") but 
for 1, 2, and 3 these angles range from 118.6" to 125.1" 
(mean 121.6'). In the trioxa derivative 11, the correspa;* 't-g 
values are 126. 1" and 13 1. lo ,  while the SiOSi angle is 134.9". 
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TABLE 1. I3C and 29Si nmr data (CDC13) for 1, 3,5, and 6 

Si-R 

Compound C-0 C-C-0 a r ~ l  c CH3 C-1' C-2' C-3' C-4' 

TABLE 2. I3c and 2 9 ~ i  nmr data for catechol-based compounds (CDC13) 
- 

Catechol ring Si-R 
a c  

Compound asi C-0 C-C-0 C-C-C-0 CH3 C-1' C-2' C-3' C-4' 

Catechol 144.8 115.8 120.1 
1,3-Benzodioxole 147.5 108.7 121.6 

4 -5.14 145.14 121.60 122.76 -2.05 
9 148.54 113.48 121.12 -0.85 
7 - 19.76 145.01 121.56 122.90 -3.70 134.09 134.02 128.01 130.54 
8 -37.02 144.80 121.49 122.71 131.59 135.02 127.75 130.57 

11 -32.71 144.72 122.37 123.25 131.95 134.56 127.84 130.73 
12* -37.98 141.14 115.47 120.01 131.73 134.49 128.18 131.05 

146.79 118.60 122.94 
13 141.34 115.41 120.06 -0.69 

146.94 118.50 122.67 
- - - - - - - - - - - 

*Thehigh-resolutionspectrumshowed 115.47 (dt, 159.9,7.5), 118.60(dd, 159.27,7.5). 120.01 (dd, '~notmeasurable, 8.0), 122.94(dd, 160.2.8.4). 

I TABLE 3. 'H nmr data (CDC13) 

8~ ( P P ~ )  

Compound Catechol ring Si-phenyl OH 

8 6.70 (s, 4H) 7.2-7.45 (m, 6H) 
7.45-7.75 (m, 4H) 

11 6.70-7.04 7.19-7.38 (m, 12H) 
(sym. m, 4H) 7.60-7.76 (m, 8H) 

12 6.43-6.96 (m, 8H) 7.15-7.65 (m, 20H) 5.45 (s, 2H) 

12 

FIG. 6. Conversions of 8 to 12 and of 12 to 11. 

I 
I 

H + 8 -  
Hz0 

1 7' R1 R2 
\ / 

base + 

>O + 
HO 

/ 
0-Sl 

I \ 
R1 R2 

11 

HO 

- - 

R1 R2 - - 

-+ 12 
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TABLE 4. Atomic coordinates (esd's) and equivalent isotropic B value 
(Be,, A2)* for 1 (H-atoms omitted) 

Atom x Y z Be, 

o(1) 0.40330(8) 0.24864(19) 0.24284(15) 3.6 
Si(2) 0.41 183(3) 0.35395(8) 0.11336(6) 3.3 
O(3) 0.49324(8) 0.40266(20) 0.12946(15) 3.7 
(34) 0.52924(13) 0.4855(3) 0.245 l(3) 4.3 
c(5) 0.55317(12) 0.3783(3) 0.3618(2) 3.7 
(26) 0.50598(13) 0.2970(3) 0.4219(2) 3.7 
(37) 0.42866(13) 0.3134(3) 0.3737(2) 4.1 
c(8) 0.53139(16) 0.2020(3) 0.5317(3) 4.9 
c(9) 0.60267(17) 0.1910(4) 0.5823(3) 5.8 
C(10) 0.64792(15) 0.2717(4) 0.5240(3) 5.7 
C(11) 0.62342(13) 0.3623(4) 0.4137(3) 4.9 
C(12) 0.38850(12) 0.2340(3) -0.0400(2) 3.5 
C(13) 0.43713(14) 0.1395(3) -0.0829(3) 4.4 
C(14) 0.42003(17) 0.0536(4) - 0.1992(3) 6.2 
C(15) 0.35453(20) 0.0621(4) -0.2748(3) 6.8 
C(16) 0.30643(18) 0.1540(4) -0.2365(3) 6.4 
C(17) 0.32247(14) 0.2407(4) -0.1203(3) 4.7 
C(18) 0.35620(11) 0.5336(3) 0.1029(2) 3.3 
C(19) 0.29524(12) 0.5336(3) 0.1507(2) 3.8 
C(20) 0.25256(12) 0.6645(3) 0.1389(3) 4.5 
C(21) 0.26991(15) 0.7976(3) 0.0794(3) 4.9 
C(22) 0.32960(15) 0.8028(3) 0.0309(3) 5.0 
C(23) 0.32741(13) 0.6714(3) 0.0427(3) 4.3 

*In this and following tables, B,, = 8aZ(U,, + UZZ + U 3 3 ) / 3 .  

Crystal and other numerical data3 

(1) CzoH1802Si fw = 318,4 
Monoclinic, a = 19.735(1), b = 8.4424(6), c = 10.3032(4) A, 
p = 102.08(1)" (25 reflections), V = 1678.6 A3, space group 
P2, /n  (alt. P21/c, No. 14), Z = 4, p, = 1.259 g cmP3. 
Nominal crystal dimensions 0.5 X 0.2 X 0.07 mm, p = 
12.6 cm-I, absorption corrections 1.08 to 1.32. A total of 2858 
reflections were scanned ( k h ,  +k, + l), giving 1950 with 
I > 2u(I). Final R  = 0.035 (0.064 including the unobserved), 
R,  = 0.048, k in weighting scheme, 0.0005. H atom 
parameters were refined. 

(2) C40H3604Si2 fw = 636.9 
Triclinic, a = 9.334(3), b = 12.179(3), c = 7.724(3) A, 
ci = 91.22(2), P = 103.54(2), y = 99.24(2)" (23 reflections), 
v = 841.0 A3, space group p i  (No. 2), Z = 1, p, = 
1.257 g ~ m - ~ ,  molecular symmetry, centre. Nominal crystal 
dimensions 0.4 X 0.13 X 0.07 mm, p = 12.7 cm-l, no 
absorption corrections. A total of 2853 reflections were scanned 
( 2  h, + k, &I) giving 1595 with I > 2u(I), but 35 were omitted 
from the refinement procedure. Final R  = 0.055 (0.133 for all 
reflections), R ,  = 0.075, k in weighting scheme, 0.001. 
H-atom parameters were not refined (Ui,, = 0.10 A'). 

(3) CzoHz804Siz fw = 388.6 
Monoclinic, a = 10.914(1), b = 11.646(3), c = 8.094(2) A, 
p = 95.28(2)" (36 reflections), V = 1024.4A3, space group 
P2, /c  (No. 14), Z = 2, p, = 1.259gcmP3, molecular 
symmetry, centre. Nominal crystal dimensions 0.4 x 0.27 x 
0.27 mm, p = 17.0 cm-l, absorption corrections 1.42 to 1.66. 
A total of 1749 reflections were scanned (+ h, + k, + l), giving 
1581 with I > 2u(I). Final R  = 0.032 (0.036 including the 
unobserved), R ,  = 0.052, k in weighting scheme, 0.0002. H 
atom parameters were refined. -- 

3Complete set of supplementary data may be purchased from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont., Canada KIA OS2. 
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TABLE 5. Atomic coordinates (esd's) and Be, (A2) for 2 (H-atoms 
omitted); other atoms omitted can be derived from their centro- 
symmetrically related equivalents by the operation (1 - x ,  2 - y ,  1 - Z) 

(see Fig. 2) 

Atom x Y z Be, 

TABLE 6. Atomic coordinates (esd's) and Be, (A2) for 3 (H-atoms 
omitted); other atoms omitted can be derived from their centro- 
symmetrically related equivalents by the operation (1 - x ,  1 - y ,  -z)' 

(see Fig. 3) 

Atom x Y z 4 - 

(4) C16~2004Siz fw = 332.5 
Monoclinic, a = 8.944(1), b = 7.820(1], c = 13.159(2), i; -- 
113.45(1)" (22 reflections), V = 844.4 A3, space group P21/c 
(No. 14), Z = 2, p, = 1.307 g ~ m - ~ ,  molecular symmetry, 
centre. Specimen geometry: isosceles-triangular plate, thick- 
ness = 0.17mm, base = height = 0.5mm, p = 19.8c1?-'/ 
absorption corrections 1.37 to 2.00. A total of 1440 reflections 
were scanned (+ h, + k, +I), giving 1297 with I > 2u(I). Final 
R  = 0.032 (0.037 including the unobserved), R,  = 0.045. k in 
weighting scheme, 0.00005. H-atom parameters were rehrieii. 

(11) C3oHz403Siz fw = 488,7 
Monoclinic, a = 16.587(1), b = 11.416(1), c _  14.112(1)A, 
p = 106.35(1)" (30 reflections), V = 2564.1 A ~ ,  space<: --la0 

P2,/n (alt. P2, /c ,  No. 14), Z = 4, p, = 1 . 2 6 6 ~ c r n ~ ~ .  
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HANSON ET AL 1455 

TABLE 7. Atomic coordinates (esd's) and Be, (A2) for 4 (H-atoms TABLE 9. Selected bond lengths (A), torsion angles (deg), and bond 
omitted); other atoms omitted can be derived from their centro- angles (deg) for 1; in this and subsequent tables the torsion angles 
symmetrically related equivalents by the operation (1 - x, -y, - z) are defined by the atoms comprising the inner, silicon-containing ring 

(see Fig. 4) ~ Bond Length Torsion angle 
Atom x Y P Be, 

Si(2)-O(1)- 1.641(2) 54.3 
O(1) 0.59338(15) 0.05135(16) 0.11 102(10) 3.2 Si(2)-O(3) 1.633(2) -55.7 
Si(2) 0.40814(6) 0.11 174(6) 0.09606(4) 3.1 Si(2)-C(12) 1.852(2) 
O(3) 0.29351(16) -0.06003(18) 0.05813(10) 3.8 Si(2)-C(18) 1.862(2) 
c(9) 0.7776(2) 0.1551(2) 0.0357(1) 3.0 0(1)-~(7) 1.444(3) -79.7 
C(10) 0.7198(2) 0.1579(2), 0.1197(1) 2.9 0(3)-C(4) 1.435(3) 80.4 
C(11) 0.3350(3) 0.2898(3) -0.0022(2) 4.6 c(4)-c(5) 1.500(4) -64.7 
C(12) 0.4081(3) 0.1597(3) 0.2331(2) 4.6 c(6)--c(7) 1.509(4) 66.7 
C(19) 0.9094(2) 0.2565(3) 0.0453(2) 4.0 c(S)-c(6) 1.401(3) -0.5 
C(20) 0.9827(3) 0.3614(3) 0.1363(2) 4.5 
C(21) 0.9248(3) 0.3647(3) 0.2183(2) 4.4 Bonds Angle Bonds Angle 

I C(22) 0.7948(2) 0.2633(3) 0.2103(2) 3.8 
O(1)-Si(2)-O(3) 108.7(1) Si(2)-O(1)-C(7) 118.6(2) 
0 1 - ( 2 - ( 1 2  110.4(1) Si(2)-O(3)-C(4) 120.8(2) 

TABLE 8. Atomic coordinates (esd's) and Be, (A2) for 11 (H-atoms O ( 1 ) - ( 2 - ( 1 )  109.2(1) G(3)-C(4)-C(5) 112.9(2) 
omitted) O(3)-Si(2)-C(12) 106.7(1) O(1)-C(7)-C(6) 113.7(2) 

O(3)-Si(2)-C(18) 110.9(1) C(4)-C(5)-C(6) 121.5(2) 
Atom x Y z Be, C(12)-Si(2)-C(18) 11 1.0(1) C(5)-C(6)-C(7) 122.0(2) 

' 0'46257(1 0.12138(14) 12352(12) 4.4 TABLE 10. Selected bond lengths (A), torsion angles (deg) and bond 
Si(2) 0.45607(4) 0.24153(6) 0.05731(5) 4.0 angles (deg) for 2 

: O(3) 0.44410(11) 0.35229(14) 0.12495(12) 4.4 
Si(4) 0.42223(4) 0.36683(6) 0.22979(5) 4.2 

1 015'1 0.44259111) 0.24277115) 0.29044113) 4.8 Bond Length Torsion angle 

Nominal crystal dimensions 0.21 X 0.31 x 0.37 mm, IJ, = 
14.84 cm-', absorption corrections 1.25 to 1.47. A total of 
4381 reflections were scanned (* h, + k, + 1), giving 3081 with 
I > 3u(I). Final R = 0.040 (0.062 including the unobserved), 
R, = 0.057, kin weighting scheme, 0.0005. H atom parameters 
were not refined. 

Bonds Angle Bonds Angle 

Experimental 
The 13c (20 MHz) nmr spectra were recorded in CDC13 on a 

Varian FT-80A spectrometer with internal 'H lock to the solvent 
and at a temperature of 35°C. The spectra were acquired with SW 4132, 
AT 0.99, FA 23", 'H irradiation at 80 Hz, yHz/2Ha - 4000 Hz, 
modulation bandwidth 2000 Hz (broadband decoupling). "Si nmr 
spectra with broadband 'H-decoupling were obtained at 71.73 MHz 
using a Nicolet Magnetics 360 spectrometer. Samples (CCC13 ; 10 mm 
tubes) were treated with Cr(a~ac)~ (5 mg/mL) to decrease spin-lattice 
relaxation time TI and suppress the nuclear Overhauser enhancement 
which has the potential to cause nulling of 29Si signals. Other condi- 
tions were as follows: temperature 21°C, spectral width k10 kHz, 
quadrature phase detection, acquisition time 0.41 s, 90" pulses (40 FS), 
delay between acquisitions 1 s to 10 s. 

1,3-Dioxa-2,2-diphenyl-2-sila-5,6-benzoq&heptane, I ,  and 2,9- 
disila-1,3,8,IO-te~mxa-2,2,9,9-te~aphenyl-5,6,12,13-dibenzo- 
cyclotetradecane 2 

A solution of dichlorodiphenylsilane (25.28 g, 0.10 mol) in toluene 
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TABLE 11. Selected bond lengths (A) torsion angles (deg) and bond 
angles (deg) for 3 

Bond Length Torsion angle 

Bonds 

O(1)-Si(2)-O(3) 
O(1)-Si(2)-C(l7) 
O(1)-Si(2)-C(l8) 
O(3)-Si(2)-C(17) 
O(3)-Si(2)-C(18) 
C(17)-Si(2)-C(18) 
Si(2)-O(1)-C(l6) 

Angle 

11 1.2(1) 
111.1(1) 
105.0(1) 
104.2(1) 
11 1.9(1) 
113.7(1) 
121.4(1) 

Bonds 

Si(2)-O(3)-C(4) 
O(3)-C(4)-C(5) 
O(1)-C(l6)-C(l5) 
C(4)-C(5)-C(6) 
C(14)-C(15)-C(16) 
C(5)-C(6)-C(7) 

Angle 

125.1(1) 
11 1.0(1) 
110.9(1) 
120.3(2) 
120.0(2) 
121.6(2) 

TABLE 12. Selected bond lengths (A), torsion angles (deg), and bond 
angles (deg) for 4 

Bond Length Torsion angle 

Bonds Angle Bonds Angle 

(50 mL) was added to a stirred, hot (- 100OC) mixture of 1,2-benzene- 
dimethanol (13.82g, O.10mol) and pyridine (16mL, 0.198mol) in 
toluene (200mL). After refluxing for 3 h the precipitated solid was 
filtered and the toluene evaporated. Trituration of the residue with ether 
gave colorless solid (29.68 g). Treatment of the latter with refluxing 
ethyl acetate gave 2 as insoluble solid (2.678, 8.4%). The pure 
compound was obtained as colorless prisms, mp 25 1-253°C (toluene) 
(lit. 245-250°C (1)). 

Successive concentrations of the ethyl acetate-soluble fraction gave 
1 as a colorless solid (20.57g, 64.7%): the pure compound was 
obtained as colorless prisms, mp 128-130°C (ethyl acetate) (lit. 
129-131°C (1)). 

Analogous reactions of 1,2-benzenedimethanol with dichloromethyl- 
phenylsilane and dichlorodimethylsilane afforded viscous oils. Com- 
pounds 5 and 6 were identified as the major components by 13C nmr 
(Table 1). 

2,lO-DbiIa-2,2,10,10-tetramethyl-1,3,9,11 -tetraom-5,7,13,15-dibenzo- 
cyclohexadecane, 3 

Dichlorodirnethylsilane (13.3 g, 0.103 mol) in toluene (50 mL) was 

TABLE 13. Selected bond lengths (A), torsion angles (deg), and bond 
angles (deg) for 11 

Bond Length Torsion angle 

Bonds Angle Bonds Angle 

added to a stirred, hot (100°C) solution of 1,3-benzenedimethanol 
(13.82 g, 0.10 mol) and pyridine (16 mL, 0.198 mol) in toluene 
(200 mL). Work-up after 3 h as above gave a viscous oil which 
crystallized on cooling. Trituration with ether gave 3 as an insoluble 
solid (1 1.77 g,.60.7%): the pure compound was obtained as colorless 
prisms, mp 162- 164°C (ethyl acetate). 

2,7-Disila-2,2,7,7-tetrarnethyl-1,3,6,8-ietraoxa-4,5,9,1 O-dibenzo- 
cyclodecane, 4 

A solution of dichlorodimethylsilane (26.6 g, 0.206 mol) in toluene 
(50 mL) was added to a hot (-80°C), stirred mixture of catechol 
(22.0 g, 0.20 mol) andpyridine (32 mL, 0.396 mol) in toluene (200mL). 
After refluxing for 3 h and standing overnight at room temperature the 
precipitate was filtered off. Toluene was distilled from the filtrate to 
give a semi-crystalline mass (29.08 g): compound 4 was obtained as 
colorless prisms (16.42 g, 49.5%), mp 87-90°C (petroleum ether) (lit. 
84-88°C (1 1)). 

Crystalline 7, mp 117-121°C (lit. 109-1 15°C (1 I)), was isolated 
from an analogous reaction of catechol with dichloromethylphenylsilane. 

2 , 7 - D i s i l a - 1 , 3 , 6 , 8 - t e t r a o x a - 2 , 2 , 7 , 7 - t e ~ o -  
cyclodecane, 8, and 2,4-disila-2,2,4,4-tetraphenyl-1,3,5-trioxa- 
6,7-benzocycloheptane, 11 

Analogous reaction of dichlorodiphenylsilane (25.28 g) and catechol 
(1 1 .O1 g) in the presence of pyridine (15.65 g) and toluene (250 mL) 
was carried out at 100°C for 3 h. The precipitated pyridine hydro- 
chloride was filtered off and the filtrate concentrated by evaporation 
under reduced pressure. A colorless precipitate (11.39g) was col- 
lected. This was washed with warm acetone to leave dimer 8 as a 
colorless solid (1 1.045 g, 38%), mp 167-172°C. 

Distillation of toluene from the filtrate gave a viscous oily residue 
which gradually crystallized. The trioxa derivative 11 was obtained as 
colorless prisms (7.06 g, 29%), mp 136-138°C (petroleum etherlethyl 
acetate). 

1,3-Di(2-hydroxyphenoxy)-l,3-disila-2-oxa-1 ,l,3,3-tetraphenylpro- 
pane, 12 

A solution of dimer 8 (2.00 g) in chloroform (20 mL) was allowed to 
stand at room temperature for 15 days. Evaporation of the solvent and 
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HANSON ET AL. 1457 

crystallization gave 12 as colorless prisms (1.602g, 78%), mp 
128- 130°C (petroleum etherlether acetate). 

Complete conversion to 12 was obtained after 8 (500 mg) was stirred 
for 6 h at room temperature in chloroform (10 mL) to which water 
(4 drops) had been added. Complete conversion was also obtained 
when suspensions of 8 (1 g) in 30 mL of acetone or benzene were 
refluxed for 2 or 4 h, respectively: the solid slowly dissolved as the 
reaction progressed. 

Pyridine-catalyzed decomposition of 12 
A solution of 12 (1 .OO g) in chloroform (20 mL) containing pyridine 

(1 drop) was stirred at room temperature for 30 min. The petroleum 
ether insoluble portion of the product afforded catechol as a colorless 
solid (88 mg, 48%) identified by mp (100-106"C), mixed mp (100- 
105°C) and nmr. Crystallization of the petroleum ether soluble 
component gave 11 (371 mg, 46%), mp 134-137°C (petroleum 
etherlethyl acetate). When the reaction time was increased to 1 h the 
isolated yields of catechol and 11 were 86% and 74%, respectively. 

The same breakdown products (11 and catechol) were isolated after a 
solution of 8 (1 g) in chloroform (20 mL) was treated with 1 drop of 
pyridine and allowed to stand at room temperature for 24 h. 

1,3-Di(2-hydroxyphenoxy)-l,3-disila-2-oxa-l, 1,3,3-tetramethylpro- 
pane, 13 

When a solution of 4 in CDC13 was allowed to stand at room 
temperature for 21 days, essentially quantitative conversion to 13 was 
observed. 
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The reactions of o ( ~ P )  with 2-propanone, 2-butanone, and 3-pentanone 
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JOHN M. ROSCOE. Can. J. Chem. 64, 1458 (1986). 
The reactions of 0 ( 3 ~ )  with 2-propanone, 2-butanone, and 3-pentanone have been studied kinetically as a function of 

temperature and substrate concentration. The absolute rate constants for these reactions in the gas phase, in the units M-' s-I, 
obey the following relations. 

The activation energies for these reactions are comparable to those for the reactions of 0 ( 3 ~ )  with alcohols, but the 
preexponential factors for the reactions of o ( ~ P )  with these ketones are significantly smaller than those for the analogous 
reactions with alcohols. The available data indicate that the reactivity of 0 ( 3 ~ )  toward ketones shows a variation with polar 
effects of substituents which is similar to that found for the reactions of OH with ketones. 

JOHN M. ROSCOE. Can. J. Chem. 64, 1458 (1986). 
On a Ctudie la variation de la cinCtique des rkactions du 0 ( 3 ~ )  avec la propanone-2, la butanone-2 et la pentanone-3 en 

fonction de la tempQature et de la concentration des substrats. Les constantes absolues de ces vitesses de reaction en phase 
gazeuse, exprimkes en M-' s-', obkissent aux relations suivantes: 

Les Cnergies d'activation de ces rkactions sont comparables i celles des rkactions du o ( ~ P )  avec les alcools; toutefois, les 
facteurs prCexponentiels pour les reactions du 0 ( 3 ~ )  avec ces cktones sont beaucoup plus faibles que ceux observks pour les 
rkactions analogues avec les alcools. Les donnCes disponibles indiquent que la rkactivitk du 0 ( 3 ~ )  avec les cktones varie avec 
les effets polaires des substituants d'une f a ~ o n  semblable i celle qui a Ctt observke pour les rkactions de OH avec les cCtones. 

[Traduit par la revue] 

Introduction 
We recently reported an analysis of kinetic data for the 

reactions of 0 ( 3 ~ )  with C1 to C4 alcohols (1). The results 
indicated that the inductive effect of the OH group was 
significant at CH bonds which were not a to OH. The Arrhenius 
preexponential factors for these reactions were consistently 
smaller than those for reactions of 0 ( 3 ~ )  with alkanes and were 
insensitive to the structure of the alcohol except for a statistical 
dependence on the number of a-CH bonds. The activation 
energies for the reactions of o ( ~ P )  with alcohols were some 2 to 
4 times smaller than those for the analogous alkane reactions as 
a result of the strong inductive effect of the OH group. A Taft 
linear free energy analysis showed that the reactions of 0 ( 3 ~ )  
with alcohols had a sensitivity to polar effects midway between 
the analogous reactions with alkanes and aldehydes and that the 
reactions of o ( ~ P )  consistently showed somewhat stronger 
polar effects than the corresponding reactions of OH. 

The reactions of 0 ( 3 ~ )  with ketones described here were 
investigated for several reasons. Kinetic data for these reactions 
are very scarce. The only previous study of such reactions of 
which we are aware (2) reported that, for the reaction of 0 ( 3 ~ )  
with 2-propanone, the activation energy was comparable to, or 
somewhat larger than, that for the reaction of 0 ( 3 ~ )  with 
methanol. The Arrhenius preexponential factor, however, was 
found to be some 5  to 10 times smaller than the recently reported 
values for the reaction of 0 ( 3 ~ )  with methanol (3-5). It seemed 
useful to test the generality of this result. Ketones also provide 
the opportunity to investigate the effects of substitution on both 

'Revision received February 26, 1986. 

sides of a very polar functional group. It was of interest to 
estimate the extent to which polar effects due to substitution on 
one side of the carbonyl would be felt on the other side of the 
carbonyl. Finally, the comparatively wide range of substitution 
possible in ketones provides an excellent opportunity to seek 
correlations between Arrhenius parameters and to further 
explore the sensitivity of reactions of 0(3P) to polar effects. 

Experimental 
The reactions were studied in a conventional discharge-flow system 

similar to those used in earlier work in this laboratory (6, 7). The 
cylindrical reaction vessel was coated with boric acid to inhibit 
heterogeneous recombination of o ( ~ P ) .  The substrate entered the 
reactor through a moveable inlet and the concentration of 0 ( 3 ~ )  was 
monitored at a fixed point at the downstream end of the reaction vessel. 
The pressures used in the experiments ranged from 0.9 to 1.2 Tom 
(1 Tom = 133.3 Pa) and linear flow velocities in the reaction vessel 
ranged from 600 to 1300 cm s-'. 

Oxygen atoms were formed by titrating N ( 4 ~ )  atoms with NO in 
order to avoid interference from O2 (6, 8). N(4S) was produced by 

.dissociating purified N2 with a microwave-driven discharge. The 
concentration of 0 ( 3 ~ )  produced in this way was kept small by passing 
only a small part of the total nitrogen flow through the discharge, the 
remainder of the nitrogen mixing with the products of the discharge 
upstream from the NO inlet. This arrangement made it possible to 
achieve more than a 1000-fold excess of ketone. This was essential to 
avoid secondary reactions of 0 ( 3 ~ ) ,  particularly with OH, while 
permitting a reasonably wide variation in ketone concentration as 
required in the kinetic analysis. The concentration of 0 ( 3 ~ )  was 
determined by measuring the intensity of the emission from electroni- 
cally excited NO2 produced by adding a small amount of NO in excess 
of that required to completely consume the N(~s) .  The rate constants 
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obtained in this way were independent of the amount of excess NO 
used. 

The ketones (Fisher, Certified) were purified by repeated fractional 
distillation until no impurities could be detected by gas chromato- 
graphy. Their purity was estimated on this basis to be better than 
99.995%. Gas chromatographic analysis of both starting materials and 
reaction products was done on an 8-ft column packed with Porapak Q 
using a thermal conductivity detector because of the need to measure 
water. The purity of the starting materials was also confirmed on an 
8-ft 1% Carbowax column using a flame ionization detector. Reaction 
products were trapped with liquid nitrogen, warmed to room tempera- 
ture, and then removed from the flow system for injection into the gas 
chromatograph. Because of the large concentration of ketone used in 
these experiments, the ketone could be used as an internal standard for 
determination of the reaction products. 

Experiments in which a constant amount of NO in slight excess of 
N(4S) was added through the moveable inlet at various distances along 
the reactor in the absence of ketone indicated that heterogeneous 
recombination of 0 ( 3 ~ )  was negligible over the range of reaction times 
used in the kinetic experiments. However, as in our recent work on the 
reactions of 0(3P) with the butanols (I), adsorption of the substrate and 
(or) reaction products on the walls of the reaction vessel produced a 
substantial extraneous first-order heterogeneous loss route for 0 ( 3 ~ ) .  
In an effort to keep this effect constant during a given set of kinetic 
experiments, the moveable inlet was always moved upstream during a 
run and was moved slowly enough to allow the system to stabilize 
between successive measurements of the concentration of 0 ( 3 ~ ) .  After 
a kinetic experiment, the substrate flow was turned off, the moveable 
reactant inlet was returned to the downstream end of the reaction 
vessel, and a new kinetic experiment was not started until the 0 ( 3 ~ )  
concentration had returned to its previous value in the absence of 
reactant. The pseudo-fist-order plots obtained in this way were 
reproducible, had linear correlation coefficients better than 0.98, 
and gave slopes with standard deviations less than 2%. As indicated 
in Fig. 1, the pseudo-first-order rate constants could be adequately 
represented by 

in which kR is the rate constant for the reaction of 0 ( 3 ~ )  with ketone in 
the gas phase and ko refers to the complicating first-order wall loss for 
0 ( 3 ~ ) .  Values of kR were obtained from plots such as those in Fig. 1 
covering a factor of up to 8 in ketone concentration. Values of kR 
obtained in this way were reproducible to within 20% or better. Both 
the pseudo-first-order rate constants and the Arrhenius parameters 
obtained from them were calculated by weighted least squares with 
weights y2/u2(y) where y = kR in the Arrhenius expression and y = 
o(~P)  signal in the pseudo-first-order analysis of 0 ( 3 ~ )  decay. The 
data in the pseudo-first-order analysis were within two standard 
deviations of the regression line while the data used in the Arrhenius 
expressions were at the 95% confidence level or better. 

Results and discussion 
The earlier work on the reaction of 0 ( 3 ~ )  with Zpropanone 

(2) demonstrated clearly that the initial step in the reaction is 

Subsequent reactions that must be considered are 

[3] 0 + OH + 0 2  + H 

[4] OH + CH3C:OCH3 + CH2C:OCH3 + H20 

[5] 2 CH2C:OCH3 + products 

[6] 0 + CH2C:OCH3 + products 

Reaction [3] may be suppressed relative to reaction [4] by using 
a sufficient excess of Zpropanone (or of the appropriate ketone 
in the other reactions studied, assuming they occur by the same 

, kind of mechanism). The concentration ratio of ketone to 0 ( 3 ~ )  

FIG. 1. Concentration dependence of pseudo-first-order rate con- 
stants (kobs). 0 , O  + 2-propanone, 301 K; @, O+ 2-propanone, 371 K; 
0, 0 +2-butanone, 318 K; H, 0 + 3-pentanone, 344 K. 

required to accomplish this will be indicated by [H20]/A[O] = 
1 where A[O] is the reduction in [O] due to reaction. For 
[CH3C:OCH3]/[0Io > 150 the measured yield of H 2 0  was 
equal to the consumption of 0 ( 3 ~ )  while ratios less than 100 
gave yields of H 2 0  that were clearly less than the consumption 
of o ( ~ P ) .  Similar results were obtained for the other ketones 
although the k e t ~ n e / O ( ~ P )  ratio required for quantitative 
elimination of reaction [3] varied somewhat from one ketone to 
another. The ratio of ketone to 0 ( 3 ~ )  was always kept greater 
than that required to ensure that reaction [3] was negligible. 

The effect on 0 ( 3 ~ )  decay kinetics of intervention by 
reaction [6] is less clear-cut than was the case for reaction [3]. If 
reaction [6] occurs by addition, it simply represents an extra loss 
route for 0 ( 3 ~ )  that does not lead to H20. The observation that, 
with a sufficiently large excess of ketone, the yield of H 2 0  could 
be made equal to the consumption of 0 ( 3 P )  indicates that 
addition of o ( ~ P )  to the organic radical formed in the initial 
step of the reaction is not important under the conditions used 
to determine the rate constants. It is. of course. ~oss ib le  for 
reaction [6] to proceed by hydrogen abstraction &dducing OH, 
which would then yield H 2 0  via reaction [4], setting up a chain 
for removal of 0 (3P) .  Such a mechanistic complication would 
not be detected by measuring the yield of H20.  There are, 
however, both theoretical and experimental reasons to conclude 
that this version of reaction [6] was also unimportant. The extent 
of intervention of reaction [6] will depend on the concentration 
of the organic radical (CH2C:OCH3 in the case of Zpropanone) 
and this, in turn, will depend on the initial concentration of 
0 (3P) .  The initial concentration of 0 ( 3 ~ )  was varied by 
approximately a factor of 5 for each reaction studied with 
no detectable effect on the value of the rate constant. This 
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TABLE 1 .  Summary of kinetic data 

Temperature Pressure [Ole X lo8 [Ketone] X lo6 kobs k R  X lo-6 
(K) (Torr) (MI (MI (s-'1 (M-' s-I) 
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ROSCOE 

TABLE 1. (concluded) 

Temperature Pressure [Ole x 10' [Ketone] x lo6 kobs kR x 
(K) (Torr) (MI (MI (s-') (M-I S-') 

I 
1 

437 0.916 0.737 0.516 44.2 30.4 
0.925 0.735 0.904 64.0 k0 = 32 s-' 
0.916 0.709 1.76 83.8 

457 0.960 0.421 0.892 59.5 39.0 
0.960 0.416 1.24 83.5 k0 = 29 s-' 
0.951 0.399 2.29 117. 

484 0.925 0.297 1.25 98.8 30.0 
0.934 0.289 2.32 165. k0 = 73 s-' 
0.951 0.284 3.41 164. 

0 + 3-pentanone: I 

308 0.951 0.444 2.12 55.3 6.38 
0.951 0.439 2.17 56.1 k0 = 41 s-' 
0.960 0.437 3.38 63.9 
0.951 0.430 3.70 64.0 

I 316 0.951 0.311 2.06 42.0 7.98 
0.951 0.308 2.54 46.0 k0 = 26 s-' 
0.951 0.300 3.74 55.4 

I 320 0.908 0.264 0.956 13.5 18.7 
I 0.916 0.264 1.47 38.2 k0 = 1 s-' 
I 0.908 0.256 2.42 43.6 
I 

I 
324 0.969 0.125 0.810 8.26 16.2 

0.960 0.124 1.13 22.0 h = - l s - '  
1 0.978 0.123 2.16 32.8 

330 1.01 0.360 0.852 48.6 10.6 
1 1 .OO 0.350 1.84 51.2 h =  37s-' 

1.01 0.348 2.56 67.5 
344 0.934 0.350 0.91 1 62.0 14.3 

0.925 0.342 1.51 74.3 k0 = 50 s-' 
0.925 0.330 2.86 90.8 

346 0.960 0.282 1.41 63.4 15.0 
0.960 0.281 1.64 71.2 b = 4 4 s - '  
0.960 0.272 2.90 87.2 

372 0.943 0.206 1.36 77.0 21.5 
0.943 0.203 1.95 78.3 k0 = 43 s-I 
0.951 0.198 3.26 115. 

439 0.969 0.690 0.805 99.0 36.3 
0.960 0.670 1.51 133. = 72 s-' 
0.960 0.663 1.82 133. 

443 0.891 0.832 1.03 99.6 37.2 
I 0.891 0.803 2.12 154. = 65 s-' 

0.891 0.792 2.53 158. 
I 0.899 0.794 2.78 163. 

500 0.951 0.322 1.00 119. 22.9 
0.951 0.317 1.49 145. k,, = 100 s-' 
0.951 0.312 1.92 140. 

545 0.960 0.991 0.735 123. 39.5 
0.960 0.969 1.35 158. k0 = 100 s-' 
0.978 0.974 1.73 183. 
0.969 0.956 1.97 162. 

"Values of the heterogeneous component of k,,, have been listed to indicate the approximate magn~tude of the 
extraneous loss of O('P). 

bThese data are included to indicate the effect of an inadequate excess of 2-propanone. The values of kR at 
these temperatures requue a significant stoichiometric correction. 

suggests that reaction [6] was unimportant as a loss route for would require kl/k6 to be less than 0.01. For comparable 
0 ( 3 ~ ) .  In order for reaction [6] to be important, the ratio preexponential factors, this would require reaction [6] to have 
kl[CH3C:OCH31/k6[CH2C:OCH3] would need to be less than an activation energy more than 2.5 M/mol less than that for 
about 10. This is unlikely for two reasons. The concentration of reaction [I]. Alternatively, for comparable activation energies 
the organic radical is likely to be substantially smaller than reaction [6] would require a preexponential factor more than 10 
that of 0 ( 3 ~ )  during at least the first half-life. Since the times larger than that for reaction [I]. Such large variations in 
k e t ~ n e / O ( ~ p )  ratio ranges from about 100 to over 1000 this preexponential factor or activation energy between reactions [ 11 
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TABLE 2. Summary of Arrhenius parameters 

FIG. 2. Arrhenius plots for the reactions of 0 ( 3 ~ )  with ketones. 
O+2-propanone: 0, this work; a, ref. 2, mass spectrometric results; 
W, ref. 2, esr results, experimental rate constants divided by the 
suggested stoichiometric coefficient of 3; 0 + 2-butanone: 0, this 
work; O f t ,  calculated from the linear free energy correlation of ref. 10 
using the experimental rate constant for OH + 2-butanone reported in 
ref. 11; O+ 3-pentanone: A, this work; At ,  calculated from the linear 
free energy correlation of ref. 10 using the experimental rate constant 
for OH + 3-pentanone reported in ref. 12. 

and [6] seem unreasonable in view of the similarities in the 
organic reactant in these reactions. Finally, intervention by 
reaction [6] as a hydrogen abstraction reaction would increase 
the rate constants measured experimentally above the correct 
value for the absolute rate constant by a factor equal to the chain 
length. This effect would show up as a larger than expected 
value for the preexponential factors of the reactions. In fact, the 
preexponential factors are significantly smaller than those for 
the reactions of o ( ~ P )  with either alcohols or alkanes. 

The effect of an inadequate excess of Zpropanone is 
indicated in the data for the first three temperatures in Table 1. 
The first data set spans [CH3C:OCH31/[0]o ratios of about 
8-35, the second, ratios of about 22-65, and the third, ratios of 
about 245-641. In all cases, good first-order atom decays were 
observed and within each range of [CH3C:OCH3]/[0Io ratios 
the pseudo-first-order rate constant was linearly related to the 
concentration of 2-propanone. It is clear, however, that the 
slopes of such relations, representing the homogeneous bimole- 
cular rate constant, decrease systematically with decreasing 
initial concentration of 0 ( 3 ~ )  but with Zpropanone concentra- 
tions falling in the same range for each data set. As noted earlier, 
the effect of decreasing the initial concentration of 0 ( 3 ~ )  will 
be to decrease the concentration of the CH2C:OCH3 radical 
relative to 2-propanone, thereby decreasing the importance 
of secondary reactions of o ( ~ P )  with CH2C:OCH3. This 

A x lo-' 
(M-1 -1 

Ea 
Ketone s 1 (H mol-') Reference 

2-Propanone 9. * 3 18. + 3. 2" 
2-Propanone 6.4 + 4 17. * 2. This work 
2-Butanone 5.0 + 0.9 10. + 2. This work 
3-Pentanone 2.9 a 0.9 8.6 & 3.7 This work 

"Recalculated from the mass spectrometric data of ref. 2 by the y-weighted 
least-squares method used for the data obtained in this work. 

behaviour may be compared with that observed by Lee and 
Timmons (2). They found that rate constants for the reaction of 
o (~P)  with 2-propanone, measured by following the pseudo- 
first-order loss of 0(3P) by esr spectroscopy, were about 
a factor of three larger than those obtained by using mass 
spectrometry to follow the loss of Zpropanone in the presence 
of a large excess of 0 ( 3 ~ ) .  While they do not quote an absolute 
concentration of 0 ( 3 ~ ) ,  comparison with earlier work from 
their laboratory (9) suggests that their esr experiments were 
made with [ 0 ( 3 ~ ) ]  - M (-4% dissociation of O2)  Their 
[CH3C:OCH3]/[0Io ratios would then fall about in the range 
30-100 where we also found significant stoichiometric correc- 
tions. Our initial concentrations of o ( ~ P )  are in the range 2 X 
lo-* M - 3 X lo-' M in the experiments with 2-propanone while 
our absolute concentrations of 2-propanone fall in the same 
range as those used by Lee and Timmons. A gradual variation 
in the stoichiometric correction with [CH3C:OCH3]/[0Io ratio 
would not be noticed over a modest range of values of this ratio 
because of the experimental scatter inherent in such measure- 
ments, and reasonably linear dependence of the pseudo-first- 
order rate constant on the concentration of Zpropanone might 
be expected. Good linear first-order atom decays would also be 
observed provided the stoichiometric factor is constant and the 
consumption of Zpropanone is negligible over the range of 
reaction times examined. The effects of variable stoichiometric 
corrections only become evident when the ratio of reactant 
concentration to atom concentration is varied by several orders 
of magnitude as in our work and in the comparison of the mass 
spectrometric and esr results reported by Lee and Timmons. 

In view of the above comments, it seems unlikely that 
extraneous loss routes for o ( ~ P )  had a significant effect on the 
values calculated for the rate constants of the reactions studied 
here. At least in the reaction of 0 ( 3 ~ )  with 2-propanone, 
perhaps the most convincing evidence of this is the excellent 
agreement between our results and those in the literature (2) as 
shown in Fig. 2. The data falling on that Arrhenius plot cover an 
overall range of [CH3C:OCH3]/[0Io of from 0.015 to 1500, 
suggesting that both this work and the earlier measurements 
have adequately eliminated the effects of secondary reactions. 
There are no data in the literature for the temperature depen- 
dence of the reactions of o ( ~ P )  with Zbutanone and 3-penta- 
none. However, the linear free energy correlation of Gaffney 
and Levine (10) may be combined with measurements of the 
rate constants for the reactions of OH with these ketones 
(1 1, 12) to estimate the rate constants for their reactions with 
0 ( 3 ~ )  at 298 K. The values calculated in this way are indicated 
in Fig. 2 and are in good agreement with our experimental 
values. 

The Arrhenius parameters for the reactions studied are 
summarized in Table 2. The activation energies are comparable 
to those found for the reactions of o ( ~ P )  with alcohols (1) 
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ROSCOE 

TABLE 3. Summary of data for Taft correlationsa 

k298 
Reaction (M-' s-l) u* ES Reference 

0 + 2-propanone 4.04 x lo5 0.49 1.24 2 
0 + 2-propanone 5.33 x lo5 0.49 1.24 This work 
0 + 2-butanoneb 7.7OX1O6 0.00,0.49 0.00,1.24 Thiswork 
0 + 3-pentanone 9.37 X lo6 0.00 0.00 This work 
OH + 2-butanoneb 5.66X108 0.00,0.49 0.00,1.24 11 
OH + 2-pentanone 2.85 X lo9 -0.10 -0.07 12 
OH + 2-hexanone 5.52 x lo9 -0.115 -0.36 12 
OH + 4-methyl-2-pentanone 8.73 x lo9 -0.19 -0.47 12 
OH + 3-pentanone 1.11 x lo9 0.00 0.00 12 
OH + 3-hexanone 4.19 X lo9 -0.10 -0.07 12 

"In all cases the reference compound is the one for which u* = E, = 0.00 by definition. 
bFor the series of ketones CH3C:OR, the reference compound is by convention the one for which 

R = C2HS since both sides of the carbonyl must be bound to carbon to yield a ketone. Similarly, for 
the series of ketones C2HsC:OR, the reference compound is the one for which R = C2H,. Thus, 
2-butanone 1s both the reference compound for the series CH3C:OR and the compound for which R = H 
in the series C2H5C:OR. 

and show the expected trend to smaller values with increasing rate constant for abstraction from the C2H5 group on the other 
1 accumulation of secondary a-CH bonds. The preexponential side of the carbonyl. Similarly, the rate constant for reaction of 

factors show a systematic variation approximately in proportion o ( ~ P )  with 3-pentanone can be written 
to the number of a-CH bonds. This is similar to the behaviour 
observed in the reactions of 0 ( 3 ~ )  with alcohols in which the k ~ s ~ l O ~  = k ~ 2 ~ ~  

I first step is hydrogen abstraction, mainly from the a-CH, and is On the assumption that kC2HS is approximately the same for 
I consistent with a similar initial step in the reactions of 0(3P) 2-butanone and 3-pentanone, the value of kCH3 at 300 K in 

with ketones. 2-butanone is 3 X lo6 M-' S-'. This is significantly larger than 
I The preexponential factors for the reactions of 0 ( 3 ~ )  with the value of kCH3 (2.7 x lo5 M-' s-') calculated from the rate 

ketones measured here are some 5- 10 times smaller than those constant for the reaction of 0(3P) with 2-propanone at 300 K. In ' for the reactions of o ( ~ P )  with alcohols. They are also an order fact, operation of polar effects would tend to make the value of 
I of magnitude or more smaller than the preexponential factors for kC2HS estimated from the reaction of 0 ( 3 ~ )  with 3-pentanone 

the reactions of o ( ~ P )  with alkanes. This kind of behaviour larger than the value appropriate to 2-butanone. This suggests 
I has been observed consistently in the reactions of o ( ~ P )  with that the estimate of 3 x lo6 M-' s-I for kCH, in 2-butanone 

organic compounds containing oxygen (e.g. refs. 1-7). It has might best be regarded as a lower limit. The estimate of kCH, in 
I been postulated that because of the electrophilic nature of the 2-butanone is subject to a probable uncertainty of as much as 

oxygen atom, attack tends to occur preferentially at electron- 70% since it is calculated as the difference between two rate 
rich centers such as the OH group in alcohols and the double constants of comparable magnitude. The qualitative indication 
bonds in ketones and olefins (2). The resulting complex in is, however, that extension of the alkyl group in 2-propanone 
reactions of 0 ( 3 ~ )  with olefins can yield stabilized products from CH3 to C2H5 increases the reactivity of the remaining CH3 
such as epoxides. However, such stabilized products are not group. 
possible in the reactions of 0 ( 3 ~ )  with alcohols and ketones It is instructive to use the Taft relation (13) to compare the 
and, at the pressures encountered in experiments in a discharge sensitivity to polar effects of the reactions of o (~P)  with 
flow system, these addition complexes simply dissociate again ketones. The relevant data are summarized in Table 3. The 
to starting material. Such an explanation would predict that correlations are less satisfactory than those in the recent analysis 
the preexponential factors become smaller with increasing of the reactions of o ( ~ P )  with alcohols (1) for two reasons. 
availability of electron density in functional groups such as First, there are too few data for the reactions of 0 ( 3 ~ )  with 
-OH and >C=O at which 0 ( 3 ~ )  is unable to react. This is ketones to provide a good correlation. However, comparison of 
consistent with the observed decrease in preexponential factor the limited data available provides an estimate of -2 for the 
from reactions of o ( ~ P )  with alcohols to the reactions of 0 ( 3 ~ )  value of p* for the reactions of o ( ~ P )  with CH3C:OR and -0.2 
with ketones. for the value of p* for the reactions of 0(3P) with C2H5C:OR. 

, 1 The transmission of polar effects from the alkyl group on one While there are more data for the reactions of OH with ketones, 
side of the carbonyl to the one on the other side may be estimated the Taft correlation suffers from the lack of accurate lunetic data 
by comparing the rate constants at 300 K for the reactions of for the reaction of OH with Zpropanone, restricting the analysis 
0(3P) with the three ketones studied here. In the reaction of to a rather narrow range of values of the substituent parameter. 
o ( ~ P )  with 2-butanone there are two kinds of a-CH bonds and The kinetic data for the reactions of OH with ketones of the type 
one kind of P-CH bond so that the composite rate constant for C2H5C:OR are also badly scattered, preventing estimation of an 
abstraction is accurate value of the reaction parameter, p*, for this series of 

ketones. Nevertheless, a value of -4 may be estimated for p* 
I71 k ~ ~ , ~  = ~ C H ,  + k ~ 2 ~ ,  for the reactions of OH with the series of ketones CH3C:OR and 
Here kCH, is the rate constant for abstraction of hydrogen from a value of about -0.5 may be estimated for the reactions of OH 
the CH3 group bound to the carbonyl and is the composite with the series of ketones C2H5C:OR. This indicates a close 
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parallel between the sensitivities toward polar effects exhibited 
by the reactions of ketones with OH and with o (~P) .  A similar, 
although less dramatic, dependence of p* on general reactivity 
was observed in the Taft analysis of reactions of o ( ~ P )  and OH 
with a wide range of substrates (1). The effect is also consistent 
with the observation that p* should become less negative as 
reactivity increases (14). 
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COMMUNICATION 

High-field 2 ~ m r  spectrometry of deuteriated 1,3,3-trimethylbicyclo[2.2.l]heptan-2-ones. 
Determination of geminal deuterium isotope effects on deuterium chemical shift 

NICK HENRY WERSTIUK, GEORGE TIMMINS, AND BRIAN SAYER 
Department of Chemistry, McMaster University, Hamilton, Ont., Canada L8S 4M1 
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NICK HENRY WERST~UK, GEORGE T~MM~NS, and BRIAN SAYER. Can. J. Chem. 64, 1465 (1986). 
By a high-field ' ~ m r  study of deuteriated 1,3,3-trimethylbicyclo[2.2.l]heptan-2-ones (fenchones), we have established that 

1 the geminal deuterium isotope effects on the exo-6-, endo-6-, and methyl deuterons are 1.46 5 0.06 Hz (0.019 ppm), 
1.61 + 0.06 Hz (0.021 pprn), and 1.46 + 0.06 Hz (0.019 pprn), respectively. From this study it is clear that high-field ' ~ m r  has 
the potential of providing directly all the information on the degree of deuterium substitution at carbon previously obtained 
indirectly by 13Cmr, while retaining the ability to identify chemically nonequivalent deuterons. 

I 
I 

NICK HENRY WERSTIUK, GEORGE ~ M M I N S  et BRIAN SAYER. Can. J.  Chem. 64, 1465 (1986). 
En appliquant la technique de la rmn du 'H a haut champ a des trimethyl-1,3,3 bicyclo[2.2.1]heptanones-2 (fenchones), on a . 

Babli que les effets isotopiques geminaux du deuterium des deuterons exo-6, endo-6 ainsi que ceux des groupements methyles 
sont respectivement 1,46 5 0,06 Hz (0,019 pprn), 1,61 rC- 0,06 Hz (0,021 ppm) et 1,46 + 0,06 Hz (0,019 pprn). Sur la base de 
cette Ctude, il est clair que la rmn du 'H 1 haut champ posskde le potentiel de fournir directement toutes les informations relatives 
au degrC de substitution par des deuterium (jusqu'a maintenant on ne pouvait obtenir cette information qu'indirectement en se 
basant sur la rmn du 13c) tout en gardant la possibiliti d'identifier les deuterons qui ne sont pas equivalents du point de vue 

I chimique. 
[Traduit par la revue] 

I 
1 Although many cases of deuterium isotope effects on ' H and 

13C chemical shifts have been documented (I), there is a paucity 
of examples of deuterium isotope effects on deuterium chemical 
shift, basically because the dispersion of the signals is narrow. 

, By using a high-field spectrometer and resolution enhancement, 
this problem has been obviated. In this communication, we 

I 
report on a 2Hmr study at 76.78 MHz of deuteriated 1,3,3- 
trimethylbicyclo[2.2.l]heptan-2-ones (fenchones (1)). We docu- 

I 
I I (anti) HxH (sY~) 

I 

I 1 

ment the first examples of geminal deuterium isotope effects on 
deuterium chemical shift and establish, because the effects are 
additive, that this direct method has potential of providing all 
the information on the degree of substitution at carbon pre- 
viously obtained indirectly by 13Cmr (1-3) while retaining the 
ability to identify chemically nonequivalent deuterons. This 
method should prove to be useful not only for monitoring 
' H - 2 ~  (H-D) exchange but for determining isotopic enrich- 
ment in biosynthetic studies as well. 

The fenchones used in this study were obtained by homo- 
enolization of the ketone in deuteriated medium (Table 1). The 
2Hmr spectra' of the fenchones, obtained at identical concen- 

1 trations (0.040 g/mL in CCL) at 30°C, are given in Fig. 1. 
1 Spectra A, B, D ,  and E were obtained by using resolution 

'~euterium magnetic resonance spectra were obtained at 76.78 MHz 
on a Briiker AM 500 spectrometer operating at 11.75 T with broad- 
band proton decoupling. Four hundred transients were acquired in each 
case using a 45" pulse with an acquisition time of 4.1 s. Initially, 
memory size was 16K; this was zero-filled to 64K giving a digital 
resolution of 0.06 Hz/point. Resolution enhancement was achieved 
with the "Gaussian mult'iplication" feature available with Briicker 

TABLE 1. Preparation of deuteriated fenchones 

Deuterium 
Entry Conditions incorporation 

"Fenchone (0.100 g) was reacted in a base solution prepared by dissolving 
potassium (0.100 g) in (CH,),COD (2.0 mL). 

bFenchone (0.255 g) was reacted in a base solution prepared by dissolving 
potassium (0.255 g) in (CH3),COD (5.0 mL). 

'Fenchone (0.176 g) was reacted in a base solution prepared by dissolving 
potassium (0.207 g) in (CD,),COD (4.0 mL). 

enhancement. Spectrum C is the original spectrum obtained 
under standard conditions corresponding to D. 

Signals at 8 1.491 and 1.359 of A, the spectrum of 
fenchone-dl,oo (entry I), show that, as expected (2), exo-6-H 
undergoes exchange faster than endo-6-H. The signals at lower 
frequency flanking these signals are due to fenchone with two 
deuterons at C-6 and the isotope shifts for exo-3 and endo-D are 
+0.019 pprn (1.46 ? 0.06 Hz) and +0.021 pprn (1.61 -+ 

0.06 Hz), respectively. 
Spectrum B is the resolution-enhanced spectrum of fenchone- 

(entry 2). In this case, there is 43% of species with 
two deuterons at C-6, 7% of species that have a single deuteron 
(8 0.997) in the exo-3 methyl, and -1% of species labelled 
at the bridgehead methyl (8 1.092). That the weak signal at 
8 0.978 is due to species with two deuterons in the exo methyl 
rather than the endo-3 methyl deuteriated species is established 
by the fact that the chemical shift difference is -0.019 ppm. 

1 software. This conclusion is supported by the fact that the difference in 
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FIG. 1. (A) Resolution-enhanced 'Hmr spectrum (76.78 MHz, 
CC14) of fenchone-dl,w. (B) Resolution-enhanced 'Hmr spectrum of 
f ench~ne -d , .~~ .  (C) 'Hmr spectrum of fen~hone-d~,~' .  (D) Resolution- 
enhanced ' ~ m r  spectrum of f e n c h ~ n e - d ~ , ~ ~ .  (E) Resolution-enhanced 
spectrum of f e n ~ h o n e - d ~ . ~ ~ .  

chemical shift between the exo and endo methyls is only 
0.005 ppm as established from the 500-MHz 'Hmr spectrum. In 
this case, the exo-D and endo-D shifts also are +0.019ppm 
(1.46 + 0.05Hz)and +0.021 ppm(l.61+ 0.06Hz),respectively. 

Spectrum D of f e n ~ h o n e - d ~ , ~ ~  (entry 3) shows, as established 
previously, that the 6-position is equilibrated with the deuterium 
pool, which is gradually diluted as (CH3)3COD is converted 
to isobutene (4). That is, the intensities of the peaks due to 
exo-6-D, endo-6-D, and the 6-d2 species are roughly equal. The 
intensity of the peak due to exo-6-D is slightly lower than the 
intensity of the peak due to endo-6-D and slightly lower than the 
sum of the peaks due to the 6-d2 species. This is so because 
exchange at the exo-6 position is faster than exchange at the 
endo-6 position and thereby more rapidly reflects the dilution of 

the deuterium pool. The exo-D and endo-D shifts are the same 
as the shifts in the previous two cases. The signals of S 0.997, 
0.978, and 0.959, with identical separations of 0.019 ppm, of 
relative intensity 100, 35, and 4 are due to the exo-3 methyl 
containing one, two and three deuterons, respectively. Close 
examination of the peak at S 0.997 indicates that there is a 
perceptible shoulder on its low frequency side (AS 0.01), more 
pronounced in E, that must be due to deuterium in the endo 
methyl. The signal at S 1.748 is due to deuterium at the syn-7 
position (4, 5). By comparison, spectrum C, corresponding to 
D, obtained under standard conditions clearly shows doubly 
and triply labelled species as shoulders. It is important to note 
that in each resolution-enhanced spectrum, the intensities of 
the signals due to the exo- and endo-deuterons of the C-6 
dideuteriated species are roughly within 90% of each other. This 
indicates that resolution enhancement does not seriously distort 
the intensities as the natural line widths of the deuterium 
resonances are similar. Caution should be exercised when 
applying this method to resonances of very different line 
widths. 

Spectrum E of f e n ~ h o n e - d ~ . ~ ~  (entry 4) shows conclusively 
that the ketone is essentially fully deuteriated at C-6. The exo-D 
and endo-D shifts are identical to the shifts determined in the 
first three cases. The weak signal on the low frequency side of 
the peak at S 1.092 indicates that a small amount of the fenchone 
is doubly labelled at the bridgehead methyl. The signals at 
S 0.997,0.978, and 0.959 indicate that the exo-3 methyl is 36% 
singly labelled, 48% doubly labelled, and 16% triply labelled. 
The shoulder on the peak at S 0.997 due to deuteriated end03 
methyl is more pronounced than it is in D (vide supra). The 
isotope shift of a deuteron of a methyl group by a deuteron is 
0.019 ppm and for two deuterons it is 0.038 ppm (2.92 +- 
0.06 Hz). On the other hand, from four determinations of the 
isotope shifts at C-6, it appears that the shift of exo-D (1.46 +- 
0.06 Hz) is slightly less than the shift (1.62 + 0.06 Hz) of 
endo-D . 
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'studies of larger molecules are planned. In cases where line widths 
are vastly different, computerized curve-fitting may yield useful data. 
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Structure Clectronique et rCactivitC des pyridyl-isothiocyanates. ~ t u d e  quantique et photoClectroniquel 
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C. GUIMON, G .  PFISTER-GUILLOUZO, D. ILAVSKY, M. MARCHALIN et A. MARTVON. Can. J .  Chem. 64, 1467 (1986). 
A I'aide de calculs quantiques associCs aux donnCes de la spectroscopie photoClectronique ultraviolette (spu), nous montrons 

que la r6giosClectivitC des cycloadditions du pyridyl-2 isothiocyanate et de divers dipoles 1-3 est gouvernCe par les orbitales 
frontikres. Les diffCrentes cycloadditions (4 + 2, 2 + 3, 2 + 2) dCpendent en effet du recouvrement de ces orbitales, ce qui 
met en relief l'importance des interactions secondaires, c'est-a-dire de la localisation des orbitales sur les atomes adjacents aux 
liaisons qui se foment au cours de l'addition. 

C. GUIMON, G. PFISTER-GUILLOUZO, D. ILAVSKY, M. MARCHALIN, and A. MARTVON. Can. J.  Chem. 64, 1467 (1986). 
On the basis of molecular orbital calculations made in association with ultraviolet photoelectron spectroscopy (ups), it is 

demonstrated that the regioselectivity of the cycloadditions of pyridyl-2-isothiocyanate with 1,3-dipoles is directed by frontier 
orbitals. The different cycloadditions (4 + 2,2 + 3,2 + 2) vary with the overlap of these orbitals and this shows the importance 

I of secondary interactions, namely the localization of the orbitals on the atoms adjacent to the bonds that are formed during the 
additlcn. 

1 [Traduit par la revue] 
i 
I La rCactivitC du groupement isothiocyanate vis-a-vis de 
, dipoles 1-3 ou de systbmes CthylCniques a CtC largement 
I CtudiCe. Cependant, si les riactions de cycloaddition concernant 
, des alkyl ou des aryl isothiocyanates sont relativement bien 

connues, celles de ce groupement liC 2 des hCtCrocycles n'ont 
fait l'objet que de peu de travaux. 

I Nous prksentons ici, dans le but d'interprkter les nombreuses 
riactions de cycloadditions prCsentCes par ce composC, une 
analyse de la structure Clectronique du pyridyl isothiocyanate. 

I 
Cette analyse prend comme support une technique expCri- 
mentale, la spectroscopie photoClec&onique A rayonnement 
ultraviolet (spu) (He I,  He 11) associCe aux mCthodes quan- 
tiques, MNDO (avec minimisation de 1'Cnergie par rapport aux 
parambtres gdmCtriques) et EHT (Extended Hiickel Theory). 

Nous nous sommes placCs dans l'hypothbse de rkactions 
concertees et gouvernCes par les orbitales frontibres (HOMO : 
orbitale occupCe la plus haute, LUMO : orbitale vacante la plus 
basse) . 

Partie experimentale et theorique 
Les spectres photoClectroniques (He I, He 11) ont CtC 

enregistris sur un appareil PS 18 Perkin Elmer et sur un 
spectrombtre modble 0078 des PhotoElectron Spectrometer 

. :.::::-:.:::.-I' . . .  Laboratories Ltd. La rCsolution des bandes est en moyenne de 
. . .  . . . . , . . . . 

. . . . . . . . , 25 meV pour les spectres enregistrCs avec la radiation He I 
(21,21 eV). L'Ctalonnage a it6 effectuC dans tous les cas par 
rapport aux pics 'P,,~ et 'pWz du xCnon (12,13 et 13,43 eV) et de 
l'argon (15,76 et 15,94 eV). 

Les potentiels d'ionisation ont CtC calculCs dans le cadre de 
l'approximation de Koopmans (1) 2 l'aide de la mCthode 
MNDO (2) aprbs une minimisation complkte de 1'Cnergie totale 
par rapport aux parambtres gComCtriques, ceci pour l'isothio- 

1. Part XX de <<Application of photoelectron spectroscopy to 
molecular properties n . Part XIX : r6f. 30. 

cyanate, le pyridyl-2 isothiocyanate et tous les rCactifs envisa- 
gCs. Dans le cas des pyridyl-3 et -4 isothiocyanates nous avons 
utilisC les gComCtries rninimiskes du fragment isothiocyanate 
et du cycle pyridinique (3). 

I .  Structure e'lectronique d e s  pyridyl-isothiocyanates 
La structure Clectronique des divers pyridyl-isothiocyanates 

peut Ctre facilement dCduite de la structure Clectronique dCjB 
bien connue de la pyridine et de l'isothiocyanate lui-mCme. Les 
orbitales molCculaires occupCes les plus hautes sont en effet des 
combinaisons 1inCaires des orbitales 1ocalisCes sur les deux 
fragments, combinaisons pondCrCes par le recouvrement et 
l'kart CnergCtique de ces orbitales. Nous avons schCmatisC les 
interactions entre les orbitales 1ocalisCes sur les fragments dans 
la figure 1, en se rifCrant aux valeurs expCrimentales des 
potentiels d'ionisation dCterminCes par spectroscopie photo- 
Clectronique (tableau 1). 

Les deux orbitales occupies les plus hautes de l'isothio- 
cyanate sont de symCtrie T mais orthogonales entre elles (4,5), 
l'une (T) se conjuguant avec le systbme T du cycle, l'autre (T') 
Ctant dans le plan a. 

Dans le cas du mCthylisothiocyanate, ces deux orbitales sont 
auasiment dCgCnCrCes . En effet , la bande correspondant 
I'Cjection d'un Clectron issu de l'orbitale T' apparait comrne un 
Cpaulement de la bande associie A l'orbitale T (fig. 2). Du fait de 
son faible recouvrement avec les orbitales a du cycle, cette 
orbitale reste pratiquement pure dans les diffkrents pyridyl- 
isothiocyanates (9,8, 9,6 et 9,8 eV). La localisation prononcCe 
de cette orbitale sur l'atome de soufre est traduite par une baisse 
d'intensite de la bande correspondante dans les spectres 
enregistrks avec la radiation He I1 (figures 3 et 4). Ceci est en 
accord avec toutes les observations anterieures et les calculs de 
section efficace de photoionisation qui prevoient dans les 
spectres He 11, une intensite relative plus faible pour les bandes 
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I NCS 

FIG. 1. Diagramme d'interaction entre les orbitales occupkes les plus hautes de la pyridine et du groupement isothiocyanate. 

associCes aux orbitales 1ocalisCes sur les atomes de la 3bme 
pCriode (S) par rapport A celles rksultant de l'kjection d'un 
Clectron plus localis6 sur des atomes de la 2bme pCriode (C, N, 
0 )  (6-10). 

L'orbitale IT 1ocalisCe en grande partie Cgalement sur l'atome 
de soufre mais aussi sur l'atome d'azote (fig. 6) prCsente 
un recouvrement important avec les deux orbitales  IT^^ et  IT,^ de 
la pyridine (1 1, 12). Lorsque le groupement isothiocyanate est 
placC en position ortho ou me'ta, l'interaction de ces orbitales 
dome trois combinaisons  IT^,  IT^ et  IT^ (fig. 1). DU fait de leur 
position CnergCtique, les orbitales  IT^,,  IT,^ et IT interviendmnt 
de faqon majoritaire respectivement dans les combinaisons  IT^, 

 IT^ et  IT^. Cette dernibre est d'ailleurs associCe A une bande 
dirninuant dlintensitC dans les spectres He I1 (figures 3 , 4  et 5). 
La stabilisation plus prononcCe de l'orbitale  IT^ dans le pyridyl-3 
isothiocyanate vient d'une localisation supkrieure de l'orbitale 
 IT^^ de la pyridine sur le sommet 3 (me'ta) par rapport au sommet 
2 (ortho). Nous remarquons pour ces deux compods, une 
stabilisation conskquente (0,6 eV) de l'orbitale non liante nN de 
la pyridine due selon toute vraisemblance A un effet inductif du 
groupement isothiocyanate. 

Dans le cas du pyridyl-4 isothiocyanate, l'orbitale IT interagit 
seulement avec l'orbitale  IT^^ (l'orbitale  IT,^ prksentant un noeud 
sur le sommet para) pour donner les combinaisons ITZ et  IT^. Les 
trois autres orbitales (IT', nN et  IT,^) restent donc pratiquement 
pures et se trouvent accidentellement dCgCnCrCes (figures 1 et 
5). 

Les calculs MNDO effectuCs dans le cadre de l'approxima- 
tion de Koopmans (PI - -ei) reflbtent assez bien cette analyse 
qualitative et expkrimentale, du moins au niveau des orbitales 

FIG. 2. Spectre photoClectronique (He I) du mkthylisothiocyanate. 

de type IT. En effet la sCquence de ces orbitales est bien 
respectke et les valeurs des potentiels d'ionisation sont repro- 
duites avec un dCcalage maximum de 0,s  eV, ce qui est un 
rCsultat satisfaisant pour une mCthode semi-empirique qui ne 
prend en compte ni les effets de conklation, ni la rkorganisation 
des ions. Comme pour toutes les autres mCthodes cependant, 
elle a tendance A surestimer d'environ 1 eV les potentiels 
d'ionisation associCs A la paire libre de l'azote pyridinique. Ceci 
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TABLEAU 1. Potentiels d'ionisation (eV) expkrirnentaux (verticaux) et calculks (MNDO dans le cadre de l'approximation 
de Koopmans) de divers isothiocyanates; ( J ) bandes dirninuant d'intensitk en He 11 

Isothiocyanate Potentiels d'ionisation (eV) 

Mkthylisothiocyanate exp. 9,4 ( J  1 9 , 6 ( J )  12,62 14,6 
calc. 10,03(n) 1O,47(nf) 

Pyridyl-2 isothiocyanate exp' 8,9 ( J )  9,8 ( i )  10,5 10,5 10,8 
calc. 9,38(n) 1O,45(nf) 10,77(n) 11,58(n) 1 1,05(n) 

Pyridyl-3 isothiocyanate exp' 8,85( J 9,6 ( J  10,45 10,45 11,05 
calc. 9,45(n) 1O,35(nr) 10,68(n) 11,65(n) 1 1,37 

Pyridyl-4 isothiocyanate exp' 9,o ( J  9 3  9 3  9,8 ll,O ( J >  
calc. 9,76(n) 10,24(n) 10,46(n1) 11,45(n) 11,53(n) 

FIG. 3. Spectre photoklectronique (He I ,  He 11) du pyridyl-2 isothiocyanate. 

FIG. 4. Spectre photoklectronique (He I, He 11) du pyridyl-3 isothiocyanate. 

est dii aux effets de polarisation plus importants dans le cas de 
l'ejection d'un Clectron trks localise et qui ne sont pas pris en 
compte dans l'approximation de Koopmans. 

I I .  Rkactivitt? du pyridyl-2 isothiocyanate 
Comme nous le soulignons dans l'introduction, le pyridyl-2 

isothiocyanate presente une rtactivit.5 trks interessante, que ce 
soit avec les composes dipolaires 1-3, tel que l'acide hydra- 
zofque ou le diazomtthane ou avec differentes molCcules 

comportant une liaison C=N (imines, isocyanates, isothio- 
cyanates, carbodiimides, hydrazones). Toutes ces rkactions 
conduisent h l'obtention d'heterocycles h 4, 5 ou 6 chainons 
selon le type de cycloaddition (2 + 2, 2 + 3 ou 4 + 2). 

De nombreux travaux ont mis en evidence le ri3le prCpon- 
dtrant des interactions entre les orbitales frontikres HOMO 
(orbitales occupies les plus hautes) et LUMO (orbitales 
vacantes les plus basses) des diffkrents rtactifs dans la plupart 
des cycloadditions (13-17). En effet, lors de l'approche des 
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FIG. 5.  Spectre photoClectronique (He I,  He 11) du pyridyl-4 isothiocyanate. 

deux rCactifs, les orbitales virtuelles les plus basses de chacun 
d'eux interagissent avec les orbitales occupCes les plus hautes de 
l'autre rCactif ce qui conduit 2 une stabilisation de 1'Cnergie du 
supersystbme. Cette stabilisation est proportionnelle au re- 
couvrement de ces orbitales et inversement proportionnelle 2 
leur Ccart CnergCtique. Si l'on admet que les interactions 
coulombiennes peuvent &tre nCgligCes (ce qui est gtntralement 
le cas pour des rkactions concertkes), la thtorie des perturba- 
tions du second ordre permet d'estimer cette tnergie de 
stabilisation. 

Dans la plupart des cas, la presque totalit6 de cette Cnergie 
vient de l'interaction de la plus haute orbitale occupCe de type IT 

de chaque rCactif avec la plus basse vacante IT de l'autre rCactif, 
car les autres orbitales de m&me type sont, ou beaucoup plus 
stables (pour les occupCes) ou beaucoup moins stables (poGr les 
virtuelles), ce qui augmente la valeur du dtnominateur et rend 
donc nkgligeable le terme correspondant. La rCgiosClectivitC 
des cycloadditions suit souvent l'ordre donnC par l'interaction 
principale qui correspond 2 la seule prise en considCration des 
atomes (1 et 2 de la molCcule A et 1 ' et 2' de la molCcule B) entre 
lesquels se foment les liaisons (1- 1 ' et 2-2'). 

Ainsi, 1'Cnergie d'interaction principale AE' dans 1'Ctat de 
transition est donnCe par la s o m e  des interactions HOMO (A) 
- LUMO (B) et HOMO (B) - LUMO (A) (18-21) : 

AE' = 
[(CHOMO 1 C~~~~ 1' + C H ~ M 0 2  C~~~~ 2')PI2 

EHOMO A - ELUMO B - Q 

CHOMO 1 et CLUMO I (OU CHOMO 2 et CLUMO 2 OU CHOMO 1 1  et 
CLUMo ou CHOMO 2r et CLUMo 2:) reprksentent les coefficients 
des orbitales atomiques P,  sur l'atome 1 (ou 2, ou l ' ,  ou 2') 
dans les orbitales molCculaires frontikres occupCe (HOMO) 
et virtuelle (LUMO) respectivement d'tnergie EHoMo A et 
ELMO A (OU EHOMO B et ELmo B).P qui est I'intCgrale 
d'Cchange entre les orbitales atomiques 1 et 1' ou 2 et 2' est pro- 
portionnelle 2 l'inttgrale de recouvrement de ces orbitales. 
Comme nous l'avons fait remarquer prCcCdemment, AE' est 
donc fonction de la structure de 1:Ctat de transition 2 la fois par 

0.14 -0.43 0.23 0,39 0,11 -0,54 

6 N ~ c 8 - s 9  c N e r s 9  -0.32 0.51 

-0,21 4 LUMO IN -0.24 0,03 4 HOMO IN -0.14 

0,48 -0.22 0,41 0,24 

FIG. 6. Valeurs propres et vecteurs propres associCs aux orbitales 
frontikres a du pyridyl-2 isothiocyanate calculCs par la mCthode MNDO 
(2) avec optirnisation de 1'Cnergie totale par rapport 2 la gCornttrie 
molCculaire. 

l'intermtdiaire de 1'intCgrale P et par celui du paramktre Q 
dont la valeur croft lorsque les deux rCactifs se rapprochent (21). 

Si la prise en compte de cette seule interaction principale 
suffit 2 expliquer la rCgios6lectivitC de la cycloaddition de 
molCcules simples, elle est souvent insuffisante pour rendre 
compte de la rCactivitC de composts conjuguCs. Dans ce cas, il 
faut considkrer l'interaction des orbitales frontikres dans leur 
globalit6 et donc estimer un terme analogue 2 AE', AE", 
correspondant 2 des interactions secondaires et qui tient compte 
des coefficients des orbitales atomiques sur les autres sommets. 
Ces interactions secondaires, qui jouent un r6le non nkgligeable 
dans le cas d'un recouvrement important de ces orbitales 
atomiques, sont naturellement fonction de la position respective 
des rkactifs dans 1'Ctat de transition. Le terme AE" viendra alors 
s'ajouter ou se retrancher 2 AE ' selon que le recouvrement sera 
positif (lobes en phase) ou nCgatif (lobes en opposition de 
phase). 

Les composts rCagissant avec le groupement isothiocyanate 
sont de deux types, d'une part les imines, d'autre part, les 
diNles 1-3. Nous prksentons dans les figures 6 et 7 1'Cnergie et 
la localisation des orbitales frontibres (HOMO et LUMO) de 
tous les rCactifs CtudiCs, calculCes par la mtthode MNDO aprks 
minimisation de l'tnergie totale par rapport 2 tous les para- 
mbtres gComCtriques. On peut immtdiatement remarquer qu'au 
niveau des sommets entre lesquels s'ttablissent les liaisons, la 
forme gCntrale des orbitales frontibres est pratiquement iden- 
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GUIMON ET AL 

Di-Me-imine Me-isocyanate Me-isothiocyanate Di-Me-carbodiimide 
0.72 -0,61 0,50 -0,76 0.39 \0.52 -0,75 0,33 \0,42 -0,74 0.42 

LUMO / \c-N, \N-c-o N-C-s N-C-N 
\ 

q . 5 5  0,60 <,71 0.22 -0.54 \0,51 0.03 -0.83 \0,65 -0.65 
HOMO ,C-N 

\ 
N-C-0 N - C S  N C - N  

\ 

ci(eV): -11,32 - 10,79 - 10,03 - 9 9  

N-Me di-Me-hydrazone Acide hydrazoique Diazomethane 

I 
q . 7 0  - 0 . 6 ~ ~  0.48 -0,67 0,57 0,58 -0.63 0.51 

LUMO / C N  O,O& - N N N  \c-N-N 
/ 

I 
N 

<330 0,30/0,5\j, 0.80 0,05 -0,60 \0,76 0.18 -0,63 
HOMO /C-N -N-N-N- /C-N-N 

c,(eV): -9,82 -10,19 -8,67 

1 FIG. 7 .  Valeurs propres et vecteurs propres associCs aux orbitales frontikres 7~ de diffkrents rkactifs impliquCs dans la cycloaddition du 
pyridyl-2 isothiocyanate. Ces valeurs ont CtC calculCes par la mCthode MNDO (22) avec optimisation de 1'Cnergie totale par rapport h tous 
les paramktres gComCtriques. 

, tique pour tous ces composCs. Les diffkrences de rCgiosClecti- 
I vitC relevCes dans la littkrature ne peuvent donc provenir 
, seulement des interactions principales, mais doivent Ctre likes 8 
1 l'existence de certaines interactions secondaires. Dans la 

/ discussion ci-dessous, nous allons tenter d'analyser l'impor- 
I tance relative de ces deux types d'interactions dans les diverses 

cycloadditions. Celles-ci peuvent Ctre de trois types, 4 + 2 , 2  + 
3 et 2 + 2, suivant que les sommets rkagissant sont, pour le 
pyridyl-isothiocyanate, l'atome d'azote intracyclique et l'atome ' de carbone extracyclique (4 + 2) ou deux atomes contigus du 
groupement NCS (2 + 3 et 2 + 2) et pour les autres rkactifs deux 
atomes voisins (4 + 2 et 2 + 2) ou deux atomes en position 1-3 
(2 + 3). 

N -  ~thylydene-methylamine 
R1 et R2 Ctant des groupements alkyls, la rCgiosClectivitC de 

cette rkaction doit suivre les interactions principales, les 
interactions secondaires Ctant pratiquement inexistantes. La 
cycloaddition 2 + 2 doit Ctre dCfavorisCe de part le faible 

recouvrement entre la LUMO du pyridyl-isothiocyanate et 
1'HOMO de l'imine, la premibre prksentant des lobes en 

I opposition de phase sur les sommets contigus de NCS, la 
seconde Ctant en phase sur C-N. Seule est donc envisageable 
une addition 4 + 2 (les sommets attaquCs par l'imine Ctant le 
carbone C8 et l'azote N1) qui fait intervenir des sommets 
prksentant des lobes en phase entre les LUMO et les HOMO. La 
rCgiosClectivitC dCpend du recouvrement des orbitales frontibres 
dans 1'Ctat de transition. Celui-ci sera d'autant plus important 
que les liaisons se formeront entre les sommets ayant la 
localisation de ces orbitales la plus ClevCe, c'est-&-dire, entre 
l'atome de carbone de l'irnine et l'atome d'azote de la pyridine 

d'une part et l'atome d'azote de l'imine et l'atome de carbone du 
groupement NCS d'autre part. C'est bien ce qui a CtC observC 
expkrimentalement (22). 

lsocyanates et isothiocyanates 
C o m e  dans le cas prCcCdent, quel que soit 17hCtCroatome X 

(oxygbne ou soufre), le type de la cycloaddition observk est 4 + 
2 (22). C'est Cgalement vrai lorsque Rest un noyau pyridinique, 
c'est-8-dire, lorsque la cycloaddition correspond 8 une dim& 
risation (23, 24). Cette demibre s'effectue trbs facilement pour 
donner un dimbre trbs stable thermodynamiquement. 

Si l'on ne tient compte que des interactions principales (fig. 
6), deux types de cycloadditions sont possibles, 8 savoir 4 + 2 et 
2 + 2. Dans ce demier cas, les atomes de carbone et de soufre du 
groupement fonctionnel s'accrochent respectivement aux 
atomes de soufre et de carbone de l'autre groupement. Seuls en 
effet ces atomes prksentent au niveau des orbitales frontibres des 
lobes en phase ce qui augmente le recouvrement entre les 
LUMO et les HOMO et favorise les interactions stabilisantes. I1 
apparait toutefois que la cycloaddition 4 + 2 est favorisCe par les 
interactions secondaires stabilisantes, celles-ci n'existant pas 
lors de l'approche du type 2 + 2. 

Nous avons visualis6 ces interactions dans la figure 8. Elles 
sont particulibrement importantes entre 1'HOMO du pyridyl-2 
isothiocyanate et la LUMO de R-NSX au niveau des deux 
atomes d'azote extracycliques et surtout au niveau de l'atome de 
soufre (dans 1'HOMO) et du carbone Cg du cycle pyridinique 
(dans la LUMO) du fait de la localisation importante sur ces 
atomes des orbitales correspondantes (fig. 6). 

De faqon 8 apprkcier l'importance de ces interactions, nous 
avons effectuC un calcul EHT (25) sur la supermolCcule dans 
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( b )  

FIG. 8. Interactions primaires (. . .) et secondaires (-) stabilisantes 
lors de la dimtrisation du pyridyl-2 isothiocyanate. 

son ttat de transition suppost, c'est-&dire les deux moltcules 
ttant dans des plans parallkles distants de 2,25 A l'un de l'autre 
(fig. 8). D'aprks diverses ttudes thtoriques (26), on peut en 
effet considtrer que cette structure reprtsente approximative- 
ment l'ttat de transition de l'addition dans l'hypoth&se d'une 
rtaction concertte. I1 semble probable que pour un systkme 
donnt, la distance entre les plans moltculaires est pratiquement 
constante lors les difftrentes approches. I1 s'en suit que le terme 
Q de l'tquation donnant AE' peut tgalement &tre considtrt 
c o m e  constant, ce qui rend possible des corrtlations entre la 
rtgiostlectivitt des rtactions ttudites et la valeur des recouvre- 
ments entre les orbitales des deux rtactifs. Ces recouvrements 
sont tirts d'un calcul FMO (Fragment Molecular Orbitals) (27).* 

Ainsi, le recouvrement entre I'HOMO d'une pyridyl-2 
isothiocyanate et la LUMO de l'autre dans l'approche prtsentte 
dans la figure 8 (a) est de 0,1086, tandis que le recouvrement 
LUMO-HOMO (fig. 8 (b)) est seulement de 0,0104. Cette 
approche telle qu'elle est schtmatiske dans la figure 8 semble 
prtftrentielle puisque un calcul similaire sur ce systkme oh l'on 
a fait toumer la moltcule suptrieure de 180" autour de l'axe 
C-N exocyclique donne c o m e  recouvrements 0,0898 et 
0,0074. Ces recouvrements plus faibles s'expliquent par le 

2. Afin d'estimer quantitativement les interactions entre les orbitales 
+k localisks sur les difftrents fragments qui composent une molCcule 
(ou super moltcule) donnCe, on effectue un calcul EHT sur la molCcule 
complkte, ce qui donne les orbitales moKculaires +i sur la base des 
orbitales atomiques yi (+i = X, ad %), puis un calcul identique pour 
chaque fragment (4k = Ej bkj +,). Un simple produit matriciel donne 
alors les orbitales moltculau-es +i sur la base des orbitales semi- 
localisks c$k (+i = Xk cik 4k). I1 en est de m&me de la matrice des 
recouwements entre les orbitales 1ocalisCes +k. 

dtcalage des deux cycles, ce qui minimise les interactions 
secondaires. De plus, l'interaction destabilisante HOMO- 
HOMO est dans ce cas ltgkrement suptrieure (0,0160 contre 
0,0046). 

Carbodiimide 
Ce compost de symttrie DZh peut en principe, c o m e  les 

prtctdents, donner lieu B une cycloaddition 2 + 2 ou 4 + 2. 
Dans le cas oh les groupements substituants R sont des 
groupements alkyls, les interactions secondaires sont ntgli- 
geables et seules sont B considtrer les interactions principales. 
Au vu des coefficients reportts dans les figures 6 et 7, il semble 
que doit &tre priviltgite l'addition 2 + 2 oh les atomes d'azote et 
de carbone de la diimine se lient respectivement aux atomes de 
carbone et de soufre du groupement NCS, P cause en particulier 
de la forte localisation de I'HOMO du pyridyl isothiocyanate sur 
l'atome de soufre, ce qui renforce l'interaction stabilisante 
HOMO (NCS) - LUMO (NCN). Cette conclusion est con- 
firmCe par diverses ttudes exptrimentales (22,28) : 

QNCS 

R, + N=C=N\ 
R 

Lorsque R est un groupement conjugut, il faut prendre en 
compte les interactions secondaires de la m&me manibe que 
pour l'ttude de la dimtrisation. C o m e  dans ce cas donc, 
l'addition 4 + 2 doit &tre favoriste g rke  en particulier P la 
proximitt de l'atome de soufre et de l'atome de carbone en 
position ortho du groupement aryl (fig. 8). Ce rtsultat est en 
accord avec les donntes exptrimentales dont nous disposons 
(22) : 

fi 

QNCS 

R, + N=C=N + < N A N  

\R 
I I 

R\N4C.~.C\ 
I S 

R 
Hydrazone 
Ce compost a la possibilitt de s'additionner selon le schema 4 

+ 2 mais tgalement selon le schtma 2 + 3 oh l'atome d'azote 
qrnino se lie B l'atome de carbone de NCS pour donner une 
triazole-thione aprks migration de l'atome d'hydrogkne de 
l'azote amino sur l'azote imino : 

Si l'on considkre la localisation des orbitales frontikres au 
niveau des sornmets en compttition (N, , N,, C8 de la pyridine et 
C, N, N de l'hydrazone) des deux rtactifs, il semble que les 
interactions principales soient plus stabilisantes pour la 
cycloaddition 2 + 3 que pour la 4 + 2, en particulier au niveau 
du recouvrement HOMO (NCS) - LUMO (CNN). 

Ceci est bien traduit par le calcul EHT - FMO puisque le 
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GUlMON ET AL. 1473 

recouvrement de ces deux orbitales est de 0,0094 pour l'addi- 
tion 2 + 3 et de 0,0021 pour l'addition 4 + 2.3 De mCme les 
recouvrements entre la LUMO (NCS) et I'HOMO (CNN) sont 
respectivement Cgaux & 0,0065 (addition 2 + 3) et & 0,0001 
(addition 4 + 2). Les rtsultats concernant la phCnyl hydrazone 
(24) font bien Ctat d'une addition 2 + 3 avec le pyridyl-2 
isothiocyanate. 

Acide hydrazoi'que; diazome'thane 
L'addition de ces deux dipoles 1-3 sur le groupement 

isothiocyanate donne un thiatriazole ou un thiadiazole aprts une 
migration d'un atome d'h~drogkne du dipole sur l'azote du 
groupement NCS (24,29). A priori deux types d'additions sont 

possibles si l'on regarde la forme des orbitales frontibres des 
deux rkactifs (figures 6 et 7). D'une part les atomes de carbone et 
d'azote des extrkmitts du diazomtthane (ou les deux atomes 1 et 
3 de l'acide hydrazoique peuvent se lier respectivement aux 
atomes de carbone et de soufre du groupement isothiocyanate 
(rksultat expkrimental) ou aux atomes de carbone et d'azote de 
ce groupement. (Cette dernibre rCgiosClectivite semble favo- 
risCe par rapport & celle oii les deux atomes citts du diazo- 
mkthane s'accrochent respectivement aux atomes d'azote et de 
carbone de NCS, ceci grlce & un recouvrement LUMO (NCS) - 
HOMO (CNN) bien suptrieur.) 

Ici encore la rkgiosClectivit6 de la cycloaddition est bien 
traduite par les interactions entre les orbitales frontibres des 
deux composCs. En effet un calcul EHT-FMO montre que la 
cycloaddition obsemie expCrimentalement correspond & un 
recouvrement LUMO (NCS) - HOMO (CNN) dans 1'Ctat de 
transition nettement plus important que pour l'autre approche 
(0,1164 contre 0,0760). 

Conclusion 
L'analyse de la structure tlectronique du pyridyl-2 isothio- 

cyanate nous a permis de rendre compte de manitre satisfaisante 
de la rCactivitC vis-&-vis de divers dipoles 1-3 et de composCs 
possCdant une liaison C=N. La rCgiosClectivitC des cycloaddi- 
tions semble Ctre gouvernCe par les orbitales frontitres et plus 
particulikrement par le recouvrement de celles-ci. I1 a toutefois 
CtC ntcessaire d'inclure dans nos raisonnements qualitatifs & la 
fois les interactions principales et secondaires, c'est-&-dire de 
considirer les orbitales dans leur globalitt et non, c o m e  il a 
CtC souvent proposC, de s'en tenir aux seules interactions 
principales (correspondant aux sommets entre lesquels se 
foment les liaisons). On a ainsi pu mettre en Cvidence 

3. Ces recouvrements ont des valeurs plus faibles que ceux calcults 
pour la dimtrisation car nous avons kloignk ltg2rement les plans molC- 
culaires 2 cause de la g6ne stkrique provoquke par les groupements 
mCthyles R de l'hydrazone. 

l'importance de ces interactions secondaires qui sont souvent & 
l'origine du type de cycloaddition observC (4 + 2 , 2  + 3 ou 2 + 
2). 
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Complexes of hybrid ligands. Comparative studies on two cationic Pt2+ complexes of a 
fluorinated alkoxy-thioether ligand: solid-state structures and evidence for coupled ring-thioether 

inversion in solution1 
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RENB T.  BOER^, NICHOLAS C. PAYNE, and CHRISTOPHER J. WILLIS. Can. J. Chem. 64, 1474 (1986). 
Complete structural determinations are reported for two cationic platinum(I1) complexes of the chelating, hybrid, alkoxythio- 

ether ligand CH3SCH20(CF3)20- with phosphine coligands and BF4- counterions. Complex 1, [Pt(PPh3)2{CH3SCH2C(CF3)20}]BF4, 
C42H37BC12F100P2PtS (CH2C12 solvate) is monoclinic, space group P2]/c, with a = 12.2534(9), b = 18.584(2), c = 19.612(3) 
A, p = 97.36(1)", V = 4466(1) A3, Z = 4. Complex 2, [Pt(PPh2Me)2{CH3SCH2S(CF3)20}]BF4i C31H31BF100PZPtS, is 
orthorhombic, space group Pna2,, with a = 23.093(4), b = 11.362(3), c = 12.880(2) A, V = 3379(2) A ~ ,  Z = 4. The structures 
show the five-membered chelate ring to have similar conformations in the two complexes, the CH3S and axial CF3 groups being 
in an anti conformation. 

The structural results are discussed in relation to previous nmr studies on these and related complexes. It is concluded that an 
anisotropic shielding effect on the CH3S and CF3 resonances is present in both complexes, but that it is significantly greater in 1, 
where PPh3 is the coligand, and anomalies in the 1 9 ~  nmr spectra are explained on this basis. A careful consideration of the nmr 
data, in light of the crystal structures, demonstrates the persistence of preferred chelate ring conformations in solution. Thioether 
inversion induces ring inversion in these complexes. 

RENB T. BOER& NICHOLAS C. PAYNE et CHRISTOPHER J. WILLIS. Can. J. Chem. 64, 1474 (1986). 
On rapporte les dkterrninations complktes des structures de deux complexes cationiques du P t O  avec du CH3SCH2C(CF3)20- 

(I'alcoolate d'un thiokther qui est un ligand hydrure, chtlatant), des coligands phosphines et des contre-ions BF4-. Le complexe 
1, [Pt(PPh3)2{CH3SCH2C(CF3)20}]BF4, C42H37BC12F100P2PtS (CH2CI2 solvatk), est monoclinique, groupe d'espace P2, /c 
avec a = 12,2534(9), b = 18,584(2) et c = 19,612(3) A, P = 97,36(1)", V = 4466(1) A3 et Z = 4. Le complexe 2, 
[Pt(PPh2Me)2{CH3SCH2C(CF3)20}]BF4, C31H31BFloOP2PtS, est orthorhombique, groupe d'espace Pna2', avec a = 
23,093(4), b = 11,362(3), c = 12,880(2) A, V = 3379(2) A3 et Z = 4. Les structures comprennent un cycle i cinq cha'inons qui 
est chClatC de manikre a assumer des conformations semblables dans les deux complexes; les groupements CH2S et CF3 axial sont 
dans des conformations anti. 

On discute des rksutats structuraux en relation avec des Ctudes rmn qui ont t t t  faites antkrieurement sur ces complexes et sur 
d'atures qui leur sont relits. On en conclut que I'effet de blindage anisotrope sur les rksonances des groupements CH3S et CF3 est 
prisent dans les deux complexes: toutefois, il est de beaucoup plus important dans le complexe 1, dans lequel le PPh3 est le 
coligand; on peut expliquer les anomalies du spectres rmn 1 9 ~  sur cette base. Un examen attentif des donntes de la rmn, i la 
lumikre des structures cristallines, dCmontre que les conformations privilkgiCes du cycle chelate persistent m&me en solution. 
Dans ces complexes, I'inversion du thiotther induit une inversion du cycle. 

[Traduit par la revue] 

Introduction 
We have recently reported (1) the preparation and structural 

characterization by nmr of some cationic pt2+ complexes of the 
bidentate, anionic, fluoro-alkoxy thioether ligands R-S- 
CH2-C(CF3)2-O- (R = Me or ~ h ) . ~  The energetics of 
thioether inversion in complexes 1-7 were investigated by the 
dynamic nmr method: 

" 
R = Me, L = PPh3 (1); L = PPh2Me (2); L = PPhMe, (3); 
L = PMe3 (4); R = Ph, L = PPh3 (5); L = PPh2Me (6); 

has been postulated as due to the aromatic ring anisotropy of a 
neighbouring phosphine ligand (3,4). We also noted anomalous 
effects in the "F nmr, where the CF3 groups in compound 1 
appeared equivalent at temperatures where all of the other 
complexes showed the doublet-of-quartets pattern associated 
with inequivalence. 

In order to probe the origin of these two effects, we have 
determined the solid-state structures of 1 and 2 by single-crystal 
X-ray crystallography. 

The results, reported here, show that both complexes have 
very similar geometry, and that phenyl rings from the neigh- 
bouring phosphines are indeed oriented in such a way as to 
induce the observed shifts in the 'H nmr. Consideration of data 
for the two systematic series of compounds 1-4 and 5-7 shows 
that the anomalies in the "F nmr are due to the same effect. 

L = PPhMez (7) Structure determination 
In the course of this work, we noted unusual upfield coordina- 

The synthesis of the complexes has been described previously (1). shifts for the SCH3 groups in an effect which Colourless crvstals of each compound were grown by slow evaporation 
from ethanol~dichloromethane~olutions; compound 1 crystallized as a 

'Presented in part at the 67th Annual CIC Conference, Montreal, dichloromethane solvate. 
June 1984. 

'TO whom all correspondence should be addressed. Compound 2, X-ray data collection and reduction 
3~evision received March 5, 1986. Preliminary Weis'senberg,and precession photography showed LauC 
4We abbreviate the ligands as Me-S-0- and Ph-S-0- . symmetry and systematic absences consistent with the orthorhombic 
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BOERE ET AL. 

TABLE 1. Summary of crystal and data collection parameters 

Compound 2 Compound 1 

Molecular formula 
Formula weight 
Crystal class 
LauC symmetry 
a 
b 
C 

P 
v 
z 
d(obs)" 
d(calcd) 
Systematic absences 

Space group 
Diffractometer 
Radiation 
Aperture 
Data collected 
0 range 
Scan type 
Scan speed 
Backgrounds 
Standard reflections 
Loss in intensity 
Crystal dimensions 
Crystal volume 
I.L 
Absorption correction 
Range transmission coefficient 
Crystal faces 

Reflections collected 
No. averaged /% agreement 
No. unique data in final cycle 
u; p value 
Variables, final cycle 
Final R~~ 
Final weighted R2" 

C31H31BF100P2PtS C42H37BC12F100P2PtS 
909.5 1118.6 
Orthorhombic Monoclinic 
mm2 2/m 
23.093 (4) A 12.2534(9) A 
1 1.362(3) A 18.5835(22) A 
12.880(2) A 19.61 15(25) A 
- 
3379(2) A3 4466(1) 
4 

97.356(Y 
4 

1.79(1) g cm-' 1.72(1) cm-3 
1.788 1.664 
Okl: k + 1 = 2n + 1 hOl: h = 2n + 1 
hkO; h = 2n + 1 OkO: k = 2n + 1 
P n ~ 2 ~ ,  # 33 P21/c, # 14 

Enraf/Nonius CAD 4 
Mo Ka l ,  graphite monochromatized, A = 0.70930A 

4 mm X (1.3-5.9) mm 
h S 0 , -  l S k , l S O  h 2 0 ,  k 2 0 , k l  
0 =s 20 < 60" 0 S 20 50" 
w 120 0120 
1.3-4.0 deg min-' 1.5-5.0 deg min-' 
- 25% above and below calculated scan width 
22,0,0 /0,10,0 / 0,0,12 0,10,0 / 5,0,0 / 0,0,2 
0.10 % per hour -0.04 8 per hour 
0.50 X 0.45 X 0.45 mm3 0.31 X 0.28 X 0.20mm3 
0.0631 mm3 0.0140 mm3 
41.52cm-' 35.10 cm-' 
Gaussian, ABSCOR Analytical, AGNOST 
0.185-0.302 0.446-0.539 

101, { l W ,  {01i1 {loo), {ole), ~0011 
(001) {011}, {l 1 11, {l  111, (105) 
5589 8166 
773, - 345, 0.6% 
3939 5660 
Fo >3u(F0); 0.04 Fo >3u(F0); 0.04 
220 289 
0.0364 0.0405 
0.0448 0.0382 

"By neutral buoyancy in C2H,Br2/CCL,. 
b R ~  = XllFol - IFcll/XlFOI. 
'R2 = {ZW(IF,I - I F , I ) ~ / X W F , ~ ) ~ / ~ .  

space groups Pnma (# 62) and P n ~ 2 ~  (# 33) (5). Cell constants 
suggested four formula units per unit cell, which in Pnma requires 
cations at special positions with either mirror or inversion symmetry, 
both of which are inconsistent with the assumed cation structure in an 
ordered crystal. Since there were no signs of disorder, space group 
Pna2, was chosen. A suitably sized crystal of 2 was cleaved perpendicu- 
lar to [OOl] from an elongated prism. Details of crystal parameters, 
intensity data measurements (6) and data processing (7) are summarized 
in Table 1. No appreciable crystal decomposition occurred during data 
collection. Crystal dimensions were measured on an optical micro- 
scope, face indices assigned by optical goniometry, and an absorption 
correction was applied (8). For both structures neutral atom scattering 
factors were taken from Cromer and Waber (9), with those for 
hydrogen from Stewart, Davidson, and Simpson (10). Anomalous 
dispersion contributions were included for Pt, C1, S, and P atoms (1 1). 
The function minimized was Cw(lFoI - lF,O2, where the weight w is 
defined as 4pol/u2(~,2), andp values were 0.04 for each structure (12). 

Preliminary structure solution and refinement were carried out on a 
PDP 11 /23+ computer (7). The position of the Pt atom and inner 
coordination sphere were determined by heavy-atom methods. Further 
solution was hampered by a persistent pseudo mirror-symmetry 

perpendicular to c, but all the non-hydrogen atoms were eventually 
located in a series of difference-Fourier syntheses without refinement. 
Although the CH2C12 solvent molecule was not disordered, and the 
carbon and chlorine atoms could be assigned anisotropic thermal 
parameters, there was significant disorder of the tetrafluoroborate 
anion, which was finally described by using three rigid groups of 
varying multiplicities.' 

In the final stages of the refinement phenyl rings were included as 
idealized 6-atom rigid groups (C-C = 1.392 A) with individual 
isotropic thermal parameters (13). Since P n ~ 2 ~  is an acentric space- 
group, a preliminary test was performed to determine the hand of the 
crystal. Inverting the model led to a slight increase in the R factors, and 
refinement was therefore continued on the original choice of hand. 

'Computer programs used included local modifications of the 
following for the CDC Cyber 835 at the University of Western Ontario: 
WOCLS, full-matrix least-square refinement, from J. A. Ibers' 
NUCLS; Patterson and Fourier Syntheses, FORDAP, by A. Zalkin: 
ORFFE, Functions and Errors, by W. R. Busing, K. 0. Martin, and 
H. A. Levy, and ORTEPII, crystal structure illustrations, by C. K. 
Johnson. 
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1476 CAN. 1. CHEM. VOL. 64, 1986 

Hydrogen atoms were located in a difference-Fourier synthesis with 
electron densities ranging from 0.8(3) to 0.3(3) e A-3, and included in 
subsequent refinements at idealized locations with C-H = 0.95 A and 
isotropic temperature factors 110% of that of the attached atom. A 
further two cycles of refinement with all non-group atoms assigned 
anisotropic thermal parameters gave R l  = 0.034, R2 = 0.044. The best 
model for the anion consisted of three tetrahedra of F atoms, with 
multiplicities of 50,25, and 25% and the group origins tied to the posi- 
tion of a boron atom assigned an anisotropic thermal parameter. A full 
description of the different disorder models tried has been deposited.6 
On varying the group orientation angles and individual atom isotropic 
temperature factors, agreement factors of R I  = 0.036 and R2 = 0.045, 
with electron density residuals of 0.9(2), 0.9(2), and 0.8(2) e A-3 (top 
three peaks) were obtained. A final check on the handedness of the 
crystal was performed at this stage, again showing the inverted model 
to be inferior. A statistical analysis suggested the presence of secondary 
extinction, so a correction was applied (14). Two further cycles of 
least-squares refinement, with appropriate adjustment of the H-atom 
positions, led to convergence with agreement factors of R1 = 0.036 and 
R2 = 0.045. The largest parameter shift was 0.215 of its esd, associated 
with the x-coordinate of the origin of the Ph(4) group. The error in an 
observation of unit weight was 4.2 electrons. The secondary extinction 
coefficient refined to 5.9(2) x A final difference-Fourier map 
showed a peak of 1.1(2) e A-3 associated with the carbon atoms of one 
phenyl ring. The largest residual in the vicinity of the anion was only 
0.9(2) e A-3. A statistical analysis of R2 in terms of IFoI, diffractometer 
setting angles, and A-'  sin 0 showed no unusual trends. 

Compound I, X-ray data collection and reduction 
Preliminary Weissenberg and precession photographs showed the 

space group to be P21/c. General conditions of data recording (6) and 
processing (7) were as described for compound 2 and are recorded in 
Table 1. An analytical absorption correction using the program 
AGNOST was a ~ p l i e d . ~  Preliminary structure solution and refinement 
were carried out on a PDP 11 /23+ computer. The position of the Pt 
atom was determined from an origin-removed Patterson synthesis, and 
subsequent difference-Fourier syntheses located all 60 non-hydrogen 
atoms (7). Two cycles of full-matrix least-squares refinement with the 
four heaviest atoms ass2gned anisotropic thermal parameters, and the 
phenyl rings as idealized groups (13), gave agreement factors R1 = 
0.60, R2 = 0.065. Use of absorption-corrected data and the variation of 
individual temperature factors for the group atoms during two further 
cycles of refinement gave R1 = 0.048, R2 = 0.051. At this point a 
Fourier synthesis over the anion region of the unit cell showed only mild 
disorder, with the electron-density plot dominated by five major peaks 
consistent with a BF4- anion. The anion was therefore refined as 
individual atoms assigned anisotropic thermal parameters and two 
further cycles led to R l  = 0.044 and R2 = 0.045. The hydrogen atom 
positions were located on a total-difference Fourier map, at peak 
heights ranging from 0.8(3) to 0.3(3)eA-3, and were included in 
idealized positions as in the refinement of the structure of compound 2. 
In the final cycles of refinement, employing 5660 unique data with Fo 
r 3u(F0), 289 parameters were varied to convergence with R1 = 0.041 
and R2 = 0.038. The largest parameter shift was 0.6 of its esd, that of 
the y-coordinate of F(10). A final difference-Fourier map showed 
peaks of 1.2(1) e Ap3 near the anion, 1.0(1) e Ap3 near C(24), and 
0.9(1) e Ap3 nearCl(2). This suggests that any disorder in the BF4- ion 
is adequately accounted for in the anisotropic model, although the 
geometry of the model is not that of an ideal tetrahedron. 

Final atomic positions and UqUi, of non-hydrogen atoms for 
compounds 1 and 2 are given in Tables 2 and 3, respectively, 

6~ description of the models explored in an attempt to describe the 
anion disorder, anisotropic thermal parameters, hydrogen atom param- 
eters, rigid group parameters, weighted least-square planes, and 
structure amplitudes may be purchased from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa. Ont., Canada KIA 0S2. 

7 ~ G ~ O ~ ~ ,  adsorption program by Cahen and Ibers (15a), using the 
analytical method of de Meulenaer and Tompa (156). 

TABLE 2. Atomic positional (X lo4) and thermal ( x  lo3) parameters 
for 1 

Atom x Y z u e q u i v  

anisotropic temperature factors are given in supplementary Tables S-I 
and S-11, group parameters in Table S-LII, hydrogen atom positions and 
temperature factors in Tables S-IV and S-V, and values of 10IFoJ and 
10IFc( in Tables S-VII and S-VIII. 
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TABLE 3. Atomic positional (x  lo4) and thermal ( X  lo3) parameters 
for 2 

Atom x Y z uequiv 

Structure descriptions 
A comparison of selected interatomic distances and bond 

angles for the two cations is shown in Table 4, while weighted 
least-square planes are presented in Table S-VI. 

Perspective ORTEP stereoviews of the cations in compounds 
1 and 2, with atoms drawn as 50% probability thermal ellip- 
soids, are shown as Figs. 1 and 2, respectively. 

TABLE 4. Selected bond lengths and anglesa 

Length (A) 

Bonds Compound 2 Compound 1 Averageb 

Angle (deg) 
- - 

Bonds Compound 2 Compound 1 Average 

9ond lengths in A, angles in deg. Estimated standard deviations are given in 
parentheses and refer to the least significant digit(s). 

bobserved differences applied to a normal distribution using accepted criteria 
before averaging (2), estimated standard deviations are the root-mean-square 
values. 

The common atom numbering scheme for the hybrid ligand in 
both complexes is shown in the line diagram: 

- 2 

In the PPh3 complex 1, C(l I), C(21), and C(3 1) are bonded 
to P(1), and C(41), C(51), and C(61) to P(2). In the PPh2Me 
complex 2, C(6)(Me), C(l l)(Ph) and C(21)(Ph) are bonded to 
P(l), and C(7)(Me), C(31)(Ph), and C(41)(Ph) to P(2). In both 
cases, F(7), F(8), F(9), and F(10) are bonded to boron in the 
anion. 

Both of the structures are composed of discrete cations and 
anions. In 1, the shortest intermolecular contact is 2.33A 
between one of the hydrogen atoms on C(2) and a fluorine atom 
in the anion. In 2, one intermolecular H-H contact (2.24 A) is 
less than the sum of the covalent radii, and there are also several 
short contacts between phenyl-ring hydrogens and BF4- anions. 

The basic geometry of both cations is similar. Coordination 
around the platinum atom is distorted square-planar in each, 
with adjacent angles greater than 90" [P(l)-Pt-P(2), S- 
Pt-P(2)] or less than 90" [P(l)-Pt-O, S-Pt-O]. The 
large inter-phosphorus angles (97-99') are consistent with 
general observations on complexes containing cis-coordinated 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J. CHEM. VOL. 64, 1986 

FIG. 1. ORTEP stereoviews of the cation in compound 1. 

FIG. 2. ORTEP stereoviews of the cation in compound 2. 

phenyl phosphines. The similar values for the angles between 
coordinated phosphorus and sulfur (95-97") suggest that the 
thioether methyl substituent also has considerable steric bulk, 
which in turn is likely to influence the chelate ring conforma- 
tions. The "bite" angle of the chelating ligand does not differ 
significantly between the two complexes, and the average of 
84.1(2)" is similar to other known examples in which pt2+ or 
pd2+ is incorporated into a five-membered ring with one first- 
row and one second-row donor atom (16). 

The average Pt-S bond length in the two complexes is 
2.345(3) A. This is significantly longer than the range 2.21(1)- 
2.292(6) A reported for Pt-S bonds trans to halides, amines, 
or thioethers (17). A longer bond [2.33(1) A] is found in the 
complex 8 (18) which is, to our knowledge, the only other 
structure reported in which a thioether is trans to a phosphine on 
platinum(I1) : 

The average R-0 bond length of 2.050(6) A in 1 and 2 is 
within the normal range. A survey8 of ten crystal structures 

'using the program CRYSTOR for searching the Cambridge 
crystallographic data base, through the courtesy of the Canadian 
Institute for Scientific and Technical Information, Ottawa. 

published in 1980-1983 shows a range of 1.98-2.06 A, with a 
mean of 2.02(3) A. Previously reported values for Pt-0 
bonds in fluorinated alkoxy derivatives of platinum include 
1.992(5) A in (COD)Pt[yOC(CF3)2-O-C(CF3)2-] (19) and 
2.024(21) and 2.032(9) A in C~~-(R~P)~P~[ -O-C(CF~)~- -  
0-C(CF3)2-O-], where R3P = MePPhz and PPh3, respec- 
tively (20). 

For each of the complexes 1 and 2, the bond from Pt to the 
phosphine trans to the thioether, Pt-P(l), is longer than that to 
the phosphine trans to the alkoxy group, Pt-P(2). The 
R-P(2) distance, at 2.251(3)A, is identical in 1 and 2 and is 
marginally longer than the values of 2.223(9) and 2.244(4) A 
found previously for R3P-Pt trans to a fluorinated alkoxy 
group (19). However, there is a significant difference between 
the R-P(1) bond length of 2.292(3) A found in complex 1 and 
that of 2.275(3) A in 2. This may be attributed to the greater 
degree of steric crowding, and the associated departure from 
strict square-planar geometry, that is found with the bulkier 
triphenylphosphine in 1. 

The average C-0 bond length of 1.37(1) A is significantly 
shorter $an the normal sp3-carbon to oxygen bond length of 
1.43(1) A. We have found very similar values in several other 
fluorinated alkoxides (2 1, 22). 

The geometry of the chelate ring is similar in the structures of 
1 and 2. In both, the sulfur methyl substituent is located anti to 
the more axial of the two CF3 groups, presumably to minimize 
intramolecular CH3 t, CF3 repulsion. In other complexes of 
CF3-substituted thioether complexes, the least sterically hin- 
dered arrangement is found in the solid state (23). For example, 
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BOERE ET AL. 

TABLE 5. Anisotropic shielding of CH3S and CF3 groups (pprn)" 

Complex Phosphine G(CH3S) AG(CH~S)~ G(CH3)(A) G(CH3)(B) GA(CF3)' 

Complexes of Me-S-0-: 
ld PPh3 1.96 -0.83 -76.2 -76.2 0 
2d PPh2Me 2.13 -0.66 -76.1 -76.8 +0.7 
3' PPhMe2 2.74 -0.05 -76.5 -78.1 + 1.6 
4d PMe3 2.79 - -76.0 -77.9 +1.9 

Complexes of Ph-S-0-: 
5' PPh3 -76.4 -76.8 +0.4 
6' PPh2Me -76.4 -77.0 +0 .6  
7' PPhMe2 -76.3 -77.5 +1.2 

"'H nmr at 100MHz; I9F nmr at 94.1 MHz; experimental details are given in ref. 1. 
bReferred to PMe3 complex. 
'&A = G(CF3)(A) - G(CF3)(B). 
dSolvent CD2C12. 
'Solvent CDCI,; allow -0.5 ppm shift difference between solvents. 

in 9, the CF3 group and the CH3 substituent P to it on the chelate 
backbone are mutually anti (24). Similarly in complex 10, each 
of the S-CH3 groups is anti to the adjacent CF3 group (25). 

1 As can been seen in the stereoviews, the conformations of 1 
1 and 2, though similar, do differ significantly. In both structures, 

four out of the five atoms making up the ring are close to 
coplanarity. However, in 2 it isJhe carbon atom carrying the 
CF3 groups, C(3), which is 0.51 A above the plane, yhile in 1 it 
is the methylene carbon atom, (C)2), which is 0.63 A below the 
plane. We have observed very similar situations in complexes of 
the closely-related ligand Ph2PCH2C(CF3)20- (26), and it 
seems to be a general trend for Pt and Pd complexes of these 
ligands to adopt a conformation with four coplanar atoms in a 
five-membered chelate ring. It is unclear whether these differing 
conformations are due to differing steric requirements of the 
phosphine ligands, or merely to crystal packing forces, but 
either points to a low-energy distortion coordinate between 
them. 

Discussion 
Anisotropic shielding of the SCH3 group 

We have attributed a large shielding of the methyl resonance 
in the complex PtCl(Me-S-0)(PPh3) to the ring-current 
effect of an adjacent PPh3 group (1). Similar shielding effects 
are observed in the cationic complexes 1-4, and our postulate 
that there is an interaction between the sulfur methyl groups of 
Me-S-0- and the phosphine phenyl rings is now substanti- 
ated by the structural results on complexes 1 and 2. As Figs. 1 
and 2 show, an aromatic ring makes an almost exactly 
perpendicular approach to the CH3-S substituent. In solution, 
the phosphines would be expected to undergo rapid reorienta- 
tion about the Pt-P bond, and the methyl groups would 
therefore experience an average shielding influence from the 
rotating phenyl rings. The size of the influence will depend upon 
the number of aromatic substituents on the phosphine and upon 
their relative freedom to re-orient about their P-C axes. In 

Table 5, the dependence of S(CH3S) on the coligand is 
presented. 

The shift in [Pt(Me-S-O)(PMe3)2]f was taken as the 
zero-point, from which we calculate an anisotropic shielding 
effect, AS, which increases with the number of aromatic rings 
on the adjacent phosphine. The palladium analogue of 1 has 
S(CH3-S) = 1.77 ppm, implying a large AS for this complex 
as well. Ring anisotropy effects have been postulated before to 
explain upfield shifts; for example, in a series of dimethyl- 
carboxamido platinum complexes (3) and in a ruthenium(I1) 
complex (4), but have not previously been substantiated by a 
full structural determination. 

The perpendicular approach of the phosphine rings to the CF3 
groups is also evident on the stereoviews. For the nrnr data 
(Table 5), we define AS as the difference in chemical shift 
between the two CF3 groups. In the absence of ring anisotropy 
effects, at temperatures low enough to slow inversion at sulfur, 
the CF3 groups in complexes of these ligands give doublet-of- 
quartet patterns, with J(FA, FB) of about 10 Hz. The chemical 
shift separation, AS, varies considerably in different types of 
R-S-0- complexes (1,27), making it essential to consider a 
systematic range of compounds in order to draw significant 
conclusions about specific influences on AS. We report here two 
such series, namely 1-4 and 5-7. In each, there is a systematic 
variation in AS(CF3) with change in phosphine, such that, in 
each series, AS decreases in the sequence PMe3 > PPhMe2 > 
PPh2Me > PPh3. This variation closely matches the anisotropic 
shielding of the methyl groups, and we therefore suggest that the 
CF3 groups are also affected by ring currents on adjacent 
phosphine ligands. Supporting evidence comes from the com- , 

plex PtCl(Me-S-0)(PPh3), in which chloro is adjacent to the 
CF3 groups and AS(CF3) is 1.6 ppm (1). 

In the PPh3 complex 1, AS = 0,  whereas the similar complex 
of the ligand Ph-S-0-, 5, has a small, but non-zero, 
separation. This suggests that the observation of a single 
resonance for the CF3 groups on 1 is the result of a fortuitous 
negation of inherently different chemical shifts by the ring 
current effects. The crystal structures of 1 and 2 substantiate this 
conclusion, since differences between the two structures are not 
sufficient to explain the chemical shifts on any other basis. 

Preferred conformation in solution 
A direct consequence of the observation of ring anisotropy 

effects on the CF3 groups is that the chelate rings of complexes 
1-7 maintain a preferred conformation in solution; that is, for a 
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FIG. 3. Possible chelate ring conformations. 

given enantiomer, the axial and equatorial CF3 groups do not 
exchange in the manner shown by I t, I11 in Fig. 3, or at least 
that the lifetime of I is long with respect to that of 111. 

Since the two conformations are of different energy, this is 
perhaps not surprising, but the difference is subtle and not 
immediately obvious. Configurations I,  11, and I11 are, of 
course, representations of the three static structures; we do not 
mean to imply that the differences between the solid-state 
conformations are maintained in solution. All that is required to 
explain the observed nmr behaviour is that complete ring 
inversion does not occur at low temperatures, since rapid I o 
I11 exchange would average the CF3 environments with respect 
to the adjacent phenyl rings, resulting in no net effect on their 
chemical shifts. The lower-energy species is probably I, with 
the CH3-S group anti to the more axial CF3 group, minimizing 
CH3 - CF3 interactions. This aspect of the solid-state struc- 
tures is maintained in solution, and only when thioether 
inversion becomes rapid does the complete ring inversion occur 
(shown as I o IV in Fig. 3). 

Ring conformational changes in five-membered metal-sulfur 

ring systems are usually very low energy processes, and are thus 
rapid at temperatures well below those required for thioether 
inversion (28). For this reason, and because most work has 
employed symmetrically substituted dithioethers, preferred 
conformations are rarely seen in such complexes. We have pre- 
viously reported the nrnr parameters of the platinum(I1) per- 
fluoropinacolato complex of 2,5-dithiahexane, Pt(PFP)(DTH), 
11 (29). 

The anti-isomer of 11 has inequivalent CF3 groups, which 
indicates a preferred conformation of the PFP ring, presumably 
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that which minimizes interaction with the CH3-S groups of 
DTH. 

Preferred conformations have also been reported in com- 
plexes of CF3SCH2CH(CH3)SCH3 (24), CH3SCH(CF3)SCH3 
(30), and CH3SCH2CH(CF3)SCH3 (23, 30). The presence of 
two chiral centres in the PtX2 complexes of these ligands means 
that preferred conformations can be detected through the 
abundance of specific diastereomers, and 12 exists in solution 
entirely as the syn diastereomer, where CH3 t, CF3 interactions 
are at a minimum. There is an excellent correlation between 
known solid-state structures and the most abundant stereoiso- 
mer in solution for these complexes (23-25). 

The absence of a second chiral centre in 1 and 2 makes it 
difficult to follow the chelate ring dynamics in our complexes, 
as has been done for 12. The excellent agreement between the 
activation energies for thioether inversion measured indepen- 
dently from the 'H and 1 9 ~  nmr suggests that the CH3 and CF3 
groups are rendered equivalent by the same process, which we 
believe to be the coupled ring-thioether inversion represented by 
I t, IV in Fig. 3. - 

Conclusions 
The crystal structures of 1 and 2 clearly show the origin of the 

anomalous chemical shifts observed for the SCH3 and CF3 
groups. In complexes of the thioether ligands Me-S-0- and 
Ph-S-0-, with bulky CF3 substituents, subtle steric inter- 
actions control the conformations of the chelate rings in the solid 
state and in solution; the power of the combined use of 'H and ' 
1 9 ~  nmr to monitor the latter has been demonstrated. As a 
consequence of the large substituents and the low symmetry, 
preferred conformations, correlating with solid-state structures, 
exist in solution. 
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KALMAN HIDEG, J ~ Z S E F  CSEKO, H. 0 .  HANKOVSZKY, and PAL SOHAR. Can. J. Chem. 64, 1482 (1986). 
The enhanced reactivity of nitroxide allylic bromides is used for preparation of spin-labelled analogues of biologically active 

compounds (morphine, Nalorphine, barbituric acid, choline and acetyl choline). Nitroxide a$-unsaturated aldehydes are 
reacted with phosphoranes to give nitroxide polyenes. The nitroxides are reduced to diamagnetic N-hydroxy hydrochloride salts, 
which can be converted in the presence of base to N-acetoxy derivatives. 

KALMAN HIDEG, J ~ Z S E F  CSEKO, H. 0 .  HANKOVSZKY et PAL SOHAR. Can. J. Chem. 64, 1482 (1986). 
On fait appel h la grande rCactivitC des nitroxydes des bromures allyliques pour prkparer des analogues de composCs 

biologiquement actifs (morphine, Nalorphine, acide barbiturique, choline et acCtyl choline) portant des marqueurs de spin. On a 
fait rCagir des nitroxydes d'aldChydes a,p-non saturCs avec des phosphoranes pour obtenir des nitroxydes de polytnes. On a 
rCduit les nitroxydes pour obtenir les chlorhydrates diamagnktiques de dCrivCs N-hydroxylCs qui peuvent &tre transformCs, en 
prksence de base, en dCrivCs N-acCtoxylCs. 

[Traduit par la revue] 

Introduction R 
It is essential in spin labelling of various biomolecules (drugs, 

hormones, and amino acids) to achieve minimal perturbation of 
their function (1-3). Besides this there are other important 
factors requiring optimization, such as the use of a spin label I 

0' 
I 

reagent with high but selective reactivity, and to achieve a stable 0' 

labelled molecule in which its nitroxide moiety shows relatively 1 (R = CHO) 3 (R = CHO) 
high resistance toward reduction reactions. 2 (R = CH2Br) 4 (R = CH2Br) - 

In earlier work spin-labelled analogues of drug molecules 
such as morphine, barbiturate, and acetylcholine have been re- 
ported, e.g. morphine was alkylated on its phenolic hydroxyl 
group with 1 -0xy1-2,2,5,5-tetramethyl-3-iodoacetamidopyrro- 
lidine and used for spin-label immunoassay (4). The preparation 
of diacylated morphines (5), the 6-amino[2,2,6,6-tetramethyl- 
4-piperidyl-1-oxyllmorphine, and -codeine with marginal bio- 
logical activity (6) are also known. Commercially available 
5-(2-aminoethy1)-5-isopentylbarbituric acid was acylated with 
ethyl 1-oxyl-2,2,5,5-tetramethylpyrrolidine-3-carbonyl carbo- 
nate (7). The spin-labelled acetylcholines having the 2,2,6,6- 
tetramethylpiperidine-1-oxyl moiety are also known (7-9) and 
have been used in various membrane studies (10). 

Preparation of a spin-labelled diene, 1-oxyl-4-vinyl-2,2,6,6- 
tetramethyl-1,2,5,6-tetrahydropyridine in a multistep synthesis 
started from triacetonamine, and its Diels-Alder reaction with 
maleic anhydride has been described (1 1). 

Allylic halides offer enhanced reactivity (for reviews, see 

mentioned molecules. In our laboratory the preparation of 
spin-labelled a,P-unsaturated aldehydes (I), (14), (3) (15) and 
allylic halides (2) (16), (4) (15) have been developed. 

It is an advantage of allylic compounds that they are more 
reactive in nucleophilic displacement than their saturated 
analogues, and thus substitution reactions can be carried out 
more easily under milder conditions. However, it is important to 
know whether the nucleophilic displacement has taken place 
with or without allylic rearrangement (12) (Scheme 1). If the 
compounds are diamagnetic, the structure of the products can be 
proved by nmr investigation. In the case of paramagnetic 
compounds it is necessary to convert them to diamagnetic 
derivatives, most conveniently by reduction. When compounds 
are not sensitive to hydrogenation the reduction to N-hydroxy 
derivatives could be carried out by catalytic hydrogenation (17). 
in the case of olefinic nitroxides this method cannot be applied. 

Another known convenient method for the reduction of 

ref. 12), and therefore we have used nitroxide allylic halides for 
Nu 

alkylating biomolecules. For preparation of dienes by the Wittig 
reaction we used a,P-unsaturated aldehydes, which can con- 
veniently be obtained by oxidation (e.g. by MnOz) of the 
corresponding allylic alcohol (1 3). 

0' 
Results and discussion 

The first objective of the present paper is to give further 
examples of the advantages of unsaturated aldehydes and allylic 
halides in preparation of spin-labelled analogues of the afore- 

n = 0 , 1  I 
'~uthor to whom correspondence may be addressed. 0' 

2Revision received February 21, 1986. 
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0' OH I 

OAc 

nitroxides is the reduction by aqueous ascorbic acid (1 8). Really, 
all the types of paramagnetic molecules in this paper can be 
reduced to the corresponding N-hydroxy derivatives by an 
excess of ascorbic acid. However, during isolation of the 
N-hydroxy compounds some of them are oxidized back spon- 
taneously to nitroxide so quickly that this method could not be 
used. Since the nitroxides can be converted in alcohol with strong 
acid to N-hydroxy salts (19) we prepared, in most of the cases, 
the N-hydroxy hydrochloride salts, then directly acetylated 

I them to stable N-acetoxy derivatives in the presence of base 
(triethylamine or potassium carbonate). 

In this type of substitution reaction the position of the allylic 
double bond did not change. The 'H and 13C nmr spectra of 
compounds obtained from each reaction type showed that 
reactions with 2 and 4 had taken place without allylic rearrange- 
ment (see Table 1 and Experimental). The allyl halides (2, 4) 
used for alkylation of morphines have not only the advantage of 
higher reactivity observed in alkylation of morphine, with 2, on 
the phenolic hydroxyl to 5 (16), or with 4 to 6, but in alkylating 
the normorphine molecule with 2 or 4 the N-ally1 labelled 
derivatives (7, 8) can be obtained. When normorphine was 
reacted with excess of reagents 2 and 4, the biradicals (9 and 10) 
were obtained. 

~2 

5 (R' = X, R2 = Me) 8 (R' = H, R2 = Y) 
6 (R' = Y, R2 = Me) 9 (R' = R2 = X) 
7 (R '  = H, R2 = X) 10 (R' = R2 = Y) 

It turned out that while the N-ally1 morphine (Nalorphine) is 
an antagonist of morphine according to Snyder's bioassay 
method (20), 7 and 8 are moderate agonists. The inhibition of 
electrically induced contraction of guinea pig intestine (ID50), 
morphine: 7 X mol, normorphine: 7 X mol(20); 7: 3 
X 8: 1 X mol. The sodium ion index (Nalorphine 3, 
morphine 38) (20) of 7 is 7, and of 8 is 20.3 The 3-0-labelled 
derivatives (5,6) proved less active than the N-ally1 derivatives 
(7,s). The 'H and 13c nmr spectra of the dihydrochloride salt of 
7 (1 1) were not informative enough to investigate the question 
of allylic rearrangement; therefore it was acetylated to 12, 
whose nmr spectra proved the structure (Table 1, Experimental). 

3 ~ .  Borsodi, unpublished data. 

The N-hydroxy derivative of 6 was converted into the N,O- 
diacetoxy derivative, whose nmr spectra correspond to non- 
rearranged product (13). 

Spin-labelled malonic esters (14, 15) were prepared fromthe 
corresponding malonates with 2 or 4 in a phase-transfer (PHT) 
reaction, using tetrabutylammonium hydrogen sulfate (TBAH) 
as PHT catalyst. The nmr spectra of N-hydroxy hydrochloride 
salts (16 and 17) obtained from 14 and 15 showed that no allylic 
rearrangement had taken place during the alkylation, because 
the position of the signal of the olefinic proton (or carbon) and 
the methylene protons (or carbon) remain as they are in the 
hydrochloride salts of the allylic alcohols: l-hydroxy-3- 

HO' 'H CI- 

ACO- 

13 
hydroxymethyl-2,2,5,5-tetramethyl-3-pyrroline hydrochloride 
(18) and 1 - hydroxy-4- hydroxymethyl-2,2,6,6-tetramethyl- 
1,2,5,6-tetrahydropyridine hydrochloride (19). (The nitroxide 
allylic alcohols (13, 16) were starting compounds in the 
synthesis of a,P-unsaturated aldehydes 1 and 3 and allylic 
bromides 2 and 4.) 

CH20H 

The ring closure reactions of malonates 14 and 15 with urea in 
the presence of sodium ethoxide in dry ethanol gave spin- 
labelled barbituric acids 20 and 21. 

The experience of preparation of spin-labelled maleimides 
from spin-labelled amines with maleic anhydride showed that 
the ring closure was always accompanied by the formation of 
undesired iso-maleimide (22) as by-product (21, 22). We 
wished to utilize the high reactivity of 2 and 4 for preparation of 
maleimides 23 and 24 from allyl halides (2, 4) with silver 
maleimide or maleimide (in a PHT reaction). Compounds 23 
and 24 could be obtained but the yields were very low; 23 was 
identical with a sample prepared earlier by the alternative route 
from amine and maleic anhydride (23). 

The advantageous reactivity of allylic halides was also uti- 
lized for preparation of spin-labelled choline and acetylcholine 
with minimal perturbance to either choline or acetylcholine. By 
quaternization of N,N-dimethylamino ethanol or its 0-acetyl 
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+ 

E 
TABLE 1. The 'H and I3C nmr chemical shifts (sms = 0 ppm) of the spin-labelled part (of py~~oline or dehydropiperidine rings) of compounds 12,13,16-19, 

32, 38a,b, 39a,b, and 43 in DMSO-d6 or CDC13 solution (12, 13, 32, 39a,b, 43) at 250 ('H) and 20 ("C) MHz 

CH3 (2,5/2,6)" H-3 H-5b 
Compound 4 x s (4 x 3H) s (1H) (2H) H(a) C-2,5/2,6" C-3 C-4 C-5b (a) CH3 ( 2 3  /2,6Ia 

- - - - - - - - - - 

"2,6 for compounds 13, 17, 19 and 43; 2,5 for all others. 
case of compounds 13, 17, 19 and 43. 

'AB-like multiplet (2H) with broadened lines. 
d T ~ o  coincident signals. 
',*,'Reversed assignments may be possible. 
8Broadened, diffuse signals. 
hHidden by the multiplets of the morphine skeleton. 
'Singlet (2H). 
bverlapped by the solvent signal. 
'dd (11.3, 17.8 Hz). 
"Probable assignment only. Due to line broadening and overlap of multiplets it is not possible to assign the H-3, -7, -8, -9 signals unanimously. 
"Overlapping signals. 
"Partly overlapped by the solvent signal. 
PAB-multiplet, J = 16.4 Hz. 
'dd (10.8 and 17.5 Hz). 
'Overlapping lines, proved by DEFT experiment. 
'May be one of the lines assigned to CH, (2.5). 
"Overlapping bands of the maleimide ring and the acetyl group. 
"d (J(rrans) = 15.8 Hz). 
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P h  qh-& NH. 

derivative with 2 and 4, spin-labelled cholines 25,26 or acetyl- 
choline~ 27,28 were conveniently prepared. These compounds, 
showing close resemblance to the Me3N+ moiety of the non- 
labelled compounds, may be useful for biological studies and 
investigation of the structure - biological activity relationship. 

In another set of experiments the unsaturated aldehydes (1,3) 
were utilized as convenient synthons for preparation of polyenes. 
For an ongoing collaboration with polymer chemists we wished 
to use a spin-labelled diene for investigation of polystyrene 
polymerization. Utilizing a phase-transfer Wittig reaction (24) 
of 1 with methylidene phosphorane, formed in situ 2,2,5,5- 
tetramethyl-3-vinyl-3-pyrroline-1-oxyl (29) was obtained. 

However, the application of paramagnetic dienes in a free 
radical polymerization procedure might not be possible because 
of the involvement of the nitroxide moiety in the polymerization 
as an inhibitor (25). 

Therefore the diene (29) first was reduced either with ascorbic 
acid to N-hydroxy diene (30), then 0-acetylated to 32, or else 
29 was dissolved in ethanol saturated with HCI, then incubated 
for several hours at room temperature and precipitated with 
ether. The CHC13 solution of N-hydroxy hydrochloride 31 in the 
presence of K2CO3 was acylated with excess acetyl chloride to 
32. The 0-acetyl protecting group as an active ester group can 
be easily hydrolyzed with aqueous alkali and oxidized again 
spontaneously, by air or with Pb02, to nitroxide (29). This 

method of protection was successfully applied in a polystyrene 
copolymerization study (26). 

Compound 29 was reacted with maleic anhydride to a new 
spin-labelled anhydride reagent (33), with the known spin- 
labelled maleimide 24 to a biradical(34). However, it was also 
necessary to prepare further adducts to determine the configura- 
tion of these adducts, because the anhydride 33 is sensitive 
toward the above-mentioned reduction methods, and the biradical 
34 has signals that partly overlap the signals of ring junction 
protons (or carbons). Therefore 29 was reacted with N-methyl 
maleimide to give 35, and with N-ethyl maleimide to give 36, 

31 30 (R = H) 
32 (R = Ac) 
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. . 

I 
OAc 

3 -  0' I i+&+& ti; 'ti CI- OAc I 

which are mixtures of two isomers ( a  and b) ,  differing in the 
configuration of C-3, -7, -8. Diamagnetic N-hydroxy salts of 
36a,b were separated (38a,b) as well as  the 0-acetyl derivatives 
39a,b obtained via N-hydroxy salts (37a,b). Carbon chemical 
shifts showed that the major isomers formed in the cyclization 
are the stereochemically more stable ones, while the minor 
compounds are the more crowded molecules. Determination of  
the stereostructure of these diastereomers is in progress and will 
be published elsewhere. 

Compound 1, with ally1 triphenylphosphorane, gave a 
nitroxide triene 40. The nrnr spectra of reduced derivatives 41 
showed that the trienes have E configuration. 

The Wittig reaction of  3 with methylidene phosphorane 
formed in situ gave 42, which was converted into 43, then 44. 

Experimental 
The compounds were purified by flash column chromatography on 

Kieselgel 60 (0.040-0.063 mm, Merck). The esr (electron spin 
resonance) spectra were obtained from lop3 M solution on a Zeiss ER9 
spectrometer. All of the monoradicals exhibited three equidistant lines 

a~ = 14.3-15.3 G .  The mass spectra were measured on a Varian 
MAT-SM-1 mass spectrometer. Melting points were measured using a 
Boetius micro instrument and are not corrected. The ir spectra of 
radicals were measured with a Zeiss Specord 75 type of instrument; ir 
spectra of diamagnetic compounds were run in KBr discs on a Briiker 
IFS-113~ IT spectrometer equipped with an Aspect 2000 computer. 

The nmr spectra were recorded in 5- or 10-mrn tubes at room 
temperature on a Briiker WM-250 ('H) or WP-80SY lT spectrometer 
(13C) controlled by an Aspect 2000 computer at 250.13 ('H) or 20.14 
MHz (13c) in CDC13 or DMSO-d6 solution using the deuterium signal 
of the solvent as the lock and TMS as internal reference. The most 
important measuring parameters were as follows: sweep width: 5 H z ;  
pulse width: 1 ('H) or 3.5 (13C) ps  (ca. 20' or 30' flip angle); 
acquisition time 1.64 s; number of scans: 16 or 2''-216; computer 
memory: 16K; Lorentzian exponential multiplication for signal- 
to-noise enhancement (LB 0.7 or 1.0 Hz) and complete proton noise 
decoupling (ca. 1.5 W) for 13c measurements were applied. 

DEPP experiments (27) were performed (in the case of compounds 
13 and 32) in a standard way (28) using only the 8 = 135" pulse to 
separate CH/CH3 and CH2 lines phased "up" and "down", respective- 
ly. Typical acquisition data were: number of scans: 128-12 K; 
relaxation delay for protons: 3 s; 90" pulse width: 10.8 and 22.8 ps  for 
13C and 'H, respectively. The estimated value for J(C,H) resulted in a 
3.7-ms delay for polarization. 

Spectral data of the common (spin-labelled) part of the compounds 
investigated were tabulated (Table 1); further parameters of the very 
different structures are listed separately (the footnotes in Table 1 are 
also referred to throughout the Experimental). It is to be noted that 
many of the nmr signals are broadened (lines of multiplets have 
coalesced) due probably to residual free radical contaminations. 
Consequently, and because of poor solubilities or coincidences with the 
solvent peaks, it was not possible to determine proton-proton coupling 
constants for compounds 38a,b and 39a, b nor to identify some carbon 
lines in the case of 38a,b. The assignments of carbons of the morphine 
skeleton are based on literature data (29). 

General method for the preparation of hydroxylamine hydrochloride 
salts (Method A) 

The nitroxide compound was dissolved in EtOH saturated with HCI 
(5 mL) and allowed to stand overnight. Then ether was added and the 
crystalline product was filtered. 

General method for the preparation of N-acetoxy compounds 
(Method B )  

To a stirred mixture of hydroxylamine hydrochloride salt (1 rnmol) 
and potassium carbonate (2 mmol) in dry chloroform, acetylchloride (2 
mmol) was added. After 20 min water was added, the organic phase 
washed with a solution of NaHC03, water, dried, and evaporated. 

Preparation of 3-spin-labelled morphine derivatives (5, 6). General 
procedure 

The allylic bromo compound (2 or 4) (0.50 mmol) was added to a 
suspension of morphine base (143 mg, 0.50 mrnol) and K2CO3 (100 
mg) in DMF, and the mixture was heated (70°C) for 2 h, diluted with a 
solution of NH4C1, extracted with CHC13 (3 X 10 mL), dried, and 
evaporated. The pure product (5 or 6) was obtained by preparative 
thin-layer chromatography (Merck, Kieselgel 60; ch1oroform:ether: 
ethanol, 4:4:1). Compound 5 was identical in all respects with the 
compound prepared from the corresponding mesylate (1 6). Yield: 110 
mg (48%) (6); mp 156-157°C; ir (Nujol): 3400-3200 (OH), 1520 
(C=C) cm-'; ms, m/e: M' 45 1 (9), 437(13), 436(6), 421 (1 3). Anal. 
calcd. for C27H35N204 (451.59): C 71.81, H 7.81, N 6.20; found: C 
72.05, H 7.51, N 5.98. 

Preparation of N-spin-labelled normorphine derivatives (7, 8) .  
General procedure 

The nitroxide allylic bromo compound (2 or 4) (0.50 mmol) was 
added to a suspension of normorphine (135 mg, 0.50 mmol) and 
K2CO3 (100 mg) in DMF and the mixture was heated (70°C) for 2 h, 

4 D ~ P ~ :  Distortionless Enhancement by Polarization Transfer. 
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diluted with a solution of NH4Cl, extracted with CHC13 (3 X 10 mL), 
and the organic phase was dried and evaporated. The pure product (7 or 
8) was obtained by preparative thin-layer chromatography (Merck, 
Kieselgel 60; chloroform:ether:ethanol, 4:4: 1). Yield: 125 mg (59%) 
(7); mp > 250°C; ir (Nujol): 3500-3 100 (OH) cm-'. Anal. calcd. for 
C25H31N204 (423.54): C 70.94, H 7.38, N 6.61; found: C 70.72, H 
7.49, N 7.05. Yield: 100 mg (45%) (8); mp > 200°C; ir (Nujol): 
3500-3100 (OH) cm-I; ms, m l e :  M+ 437(49), 429(100), 407(22), 
284(24). Anal. d c d .  for C26H33N204 (437.56): C 71.37, H 7.60, N 
6.40; found: C 71.28, H 7.72, N 6.29. 

Preparation of bis spin-labelled normorphine derivatives ( 9 ,  10 ) .  
General procedure 

The allylic bromo compound (2 or 4) (1 mmol) was added to a 
suspension of normorphine base (135 mg, 0.50 mmol) and K2CO3 (100 
mg) in DMF, and the mixture was heated (70°C) for 2 h, diluted with a 
solution of NH4CI, extracted with CHC13 (3 X 10 mL), dried, and 
evaporated. The pure product (9 or 10) was obtained by preparative 
thin-layer chromatography (Merck, Kieselgel 60, CHC13:ether:ethanol, 
4:4:1). Yield: 140 mg (49%) (9); mp 92-93°C; ir (Nujol): 3500-3100 
(OH) cm-'. Anal. calcd. for C34H45N305 (575.75): C 70.93, H 7.88, 
N7.30; found: C 70.96, H 8.05, N 7.33. Yield: 94mg (31%) (10); mp 
191-192°C; ir (Nujol): 3500-3100 (OH) cm-'; ms, m l e :  M+ 603 
(0.2), 152 (100). Anal. calcd. for C36H49N305(603.84): C 71.61, 
H 8.18, N 6.96; found: C 71.93, H 8.34, N 7.02. 

Preparation of hydrochloride salt of 7 (11)  
From 7 (450 mg, 1.1 mmol) according to Method A.  Yield: 500 mg 

(94%) mp > 250°C; ir (CHC13): 3400-3200 (OH) cm-'. Anal. calcd. 
for C25H32N204.2HC1 (497.47): C 60.36, H 6.89, N 5.63, C1 14.15; 
found: C 59.99, H 6.93, N 5.64, C1 14.59. 

Preparation of N-acetoxy derivative of 7 (12)  
From 11 (450 mg, 0.90 mmol) according to Method B. Yield: 300 

mg (61%); mp 129-130°C; ir (KBr): 1774 (C-, phenolic ester), 
1738 (C-0, allylic ester), 1247, 1207, 1038 (C-0) cm-'; 'H nmr: 
CH3(Ac): 2.14, 2.16, 2.27, 3 x s (3 X 3H); H-9: 3.45, m (1H); H-5: 
5.10,dd(5.5,0.7Hz);H-6: -5.15, m(1H);H-8: 5.40, -d(-10Hz); 
H-7: 5.62, -d (-lOHz); H-1: 6.58, d (8.2 HZ); H-2: 6.76, d (8.2 Hz); 
I3C nmr: CH3(Ac): 19.1, 20.5, 22.1; CH2(10): 20.5; CH2(15): 35.4; 
CH(14): 40.8; CH2(16): 43.6; C-13: 44.5; CH(9): 57.5; CH(6): 71.3; 
CH(5): 89.0; CH(1): 119.2; CH(2): 122.0; CH(8): 128.6; C-12: 
131.2;' CH(7): 132.1;' C-11: 132.2;' C-3: 141.1; C-4: 149.7; C-0:  
168, 170.3, 171.3. Anal. calcd. forC31H38N207 (550.68): C 67.62, H 
6.96, N 5.09; found: C 67.41, H 6.88, N 4.98. 

Preparation of N-acetoxy derivative of 6 (13)  
From 6 (1.5 g, 3.3 mmol) by Method A ,  then Method B (without 

isolation of hydrochloride salt). The pure product (13) was obtained by 
flashchromatography (CHC13:MeOH, 20:l). Yield: 250 mg (14%); mp 
63-64°C; ir (CHC13): 1750, 1735 (C=O) cm-'; IH nmr: CH3(Ac): 
2.10, 2.14, 2 X s (2 X 3H); CH3N: 2.43, s (3H); H-9: 3.35, m (1H); 
H-5: 5.10, d (-6 Hz); H-6: 5.16, m (1H); H-8: 5.44, -d (-10 Hz); 
H-7: 5.63, -d (-10 Hz); H-2: 6.50, d (-9 Hz); H-1: 6.64, d (-9 Hz);' 
I3C nmr: CH3(Ac): 17.4, 19.6;", CH2(10): 19.6;" CH2(15): 34.4; 
CH(14): 39.5; C-13: 41.5; NCH3: 41.9; CH2(16): 45.6; CH(9): 58.1; 
CH(6): 67.1; CH(5): 86.8; CH(2): 116.5; CH(1): 118.1; C-11: 126.7; 
CH (8): 127.35:'C-12; 129.9; CH(7): 130.5;'C-3: 139.5; C-4: 146.3; 
C=O: 169.0, 169.6. Anal. calcd. for C31H4d\1206 (536.67): C 
69.38, H 7.51, N 5.22; found: C 69.48, H 7.80, N 5.52. 

Preparation of spin-labelled diethyl phenylmalonate (14)  
A solution of NaOH (2 N, 3.6 mL) was added to aCH2C12 solution (9 

mL) of diethyl phenylmalonate (710 mg, 3 mmol), TBAH (1.222 g, 
3.6 mmol), and 2 (839 mg, 3.6 mmol) and stirred at room temperature 
for 16 h. The organic layer was separated, dried, evaporated, and 
chromatographed on a silica gel column with CC14/ether, to give 14. 
Yield: 700 mg (60%); mp 100-101°C; ir (Nujol): 1725 (C=O) cm-'. 
Anal. calcd. for C22H30N05 (388.49): C 68.02, H 7.78, N 3.61; found: 
C 68.00, H 7.49, N 3.56. 

Preparation of spin-labelled diethyl ethylmalonate (15)  
A solution of NaOH (2 N, 3.6 mL) was added to a solution of diethyl 

ethylmalonate (565 mg, 3 mmol), TBAH (1.222 g, 3.6 mmol), and 4 
(89 mg, 3.6 mmol) in CH2C12 (9 mL) and stirred at room temperature 
for 16 h. The organic layer was separated, dried, evaporated, and 
chromatographed on a silica gel column with CCl4/ether, to give 15. 
Yield: 400 mg (37%), red oil; ir (CHCI3): 1720 ( C 4 )  cm-'. Anal. 
calcd. for C19H32N05 (354.48): C 64.38, H 9.10, N 3.95; found: C 
64.46, H 8.91, N 3.84. 

Preparation of hydrochloride salt of 14 (16)  
From 14 (194 mg, 0.50 mmol) according to Method A.  Yield: 200 

mg (94%); mp 130-132°C; ir (KBr): 3100-2400 (OH + N+H), 1753, 
1725 (C=O), 1240, 1200, 1028 (C-0) cm-'; 'H nmr: CH3(OEt): 
1.16, t (7.0 Hz), 6H; CH2(0Et): 4.20, qa (4H); ArH: 7.3-7.5, m (5H); 
OH + NH: -11.6, -12.0, 2 X br s (2 X 1H); 13C nmr: CH3(0Et): 
15.3; Cq,,,: 62.5; CH2(0Et): 63.4; Ck-2', -6': 129.7,' 129.8;' CA,-1': 
137.1; C=O:  170.8. Anal. calcd. for C22H31N05.HC1 (425.96): C 
62.03,H7.57,N3.29,C18.32;found:C61.79,H7.70,N3.01,C1 
8.62. 

Preparation of hydrochloride salt of 15 (17)  
From 15 (177 mg, 0.50 mmol) according to Method A .  Yield: 170 

mg (91 %); mp 130- 13 1°C; ir (KBr): 3 100-2400 (OH + N+H), 1749, 
1726 (C=O), 1225, 1 182, 1036 (C-0) cm-'; 'H nmr: CH3(C-Et): 
0.78, t (7.4 HZ, 3H); CH3(0Et): 1.19, t (7.1 HZ, 6H); CH2(C-Et): 
l.85,qa(2H);CH2(0Et):4.13,qa(4H);OH + NH: -11.5, -12.4,2 
x br s (2 X 1H); 13C nmr: CH3(C-Et): 9.9; CH3(OEt): 15.4; 
CH2(C-Et): 26.5; Cq,,,: 59.1; CH2(0Et): 62.6; C=O:  172.1. Anal. 
calcd. for C19H33N05.HC1 (391.94): C 58.23, H 8.74, N 3.57, C1 
9.04; found: 58.57, H 8.60, N 3.47, C19.02. 

Preparation of 1 - hydroxy-3 - hydroxymethyl-2,2,5,5-tetramethyl-3- 
pyrroline hydrochloride (18)  

From 1 -0xy1-3- hydroxymethyl-2,2,5,5-tetramethyl-3-pyrroline 
(170 mg, 1 mmol) according to Method A.  Yield: 184 mg (88%) mp 
157-159°C; ir (KBr): 3450, 3325, 3200-2500 (OH + N+H), 1107 
(C-0) cm-'; 'H nmr: OH + NH: -11.6, -12.2, 2 x br s 
(2 x 1H). Anal. calcd. for C9HI7NO2.HC1 (207.70): C 52.05, H 8.73, 
N 6.75, C1 17.07; found: C 52.26, H 8.91, N 6.93, C1 17.19. 

Preparation of I - hydroxy -4 - hydroxymethyl- 2,2,6,6 - tetramethyl - 
I ,2,5,6-tetrahydropyridine hydrochloride (19)  

From l-oxyl-4-hydroxymethyl-2,2,6,6-tetramethy-l,2,5,6-tetra- 
hydropyridine (184 mg, 1 rnrnol) according to Method A.  Yield: 
165 mg (90%) mp 176-177°C; ir (KBr): 3425, 3200, 2675 (OH, 
HN+-OH,N+H)C~-';'H~~~:OH +NH:-11.4,-12.5,2 X brs 
(2 X 1H). Anal. calcd. for Cl0HlgNO5.HC1 (221.73): C 54.17, H 
9.03, N 6.32, C1 15.99; found: C 53.94, H 9.23, N 6.59, C1 16.08. 

Preparation of 5-phenyl-5-[(l-oxyl-2,2,5,5-tetramethyl-3-pyrroline- 
3-yl)methyl]barbituric acid (20)  

A solution of 14 (388 mg, 1 mmol) in dry EtOH was added to a 
solution of urea (300 mg, 5 mmol) in sodium ethoxide (1 M, 3 mL, 3 
mmol) and refluxed for 15 h. The reaction mixture was acidified with 1 
N HCI and extracted with CHC13. 'The organic phase was washed with 
water, dried, evaporated, and chromatographed on a silica gel column 
with chloroform/ether, to give 20. Yield: 150 mg (43%); mp 
138-140°C; ir (CHCI,): 3300-2700 (NH), 1750, 1690 (C=O), 1600 
(C=C) cm-'; ms, m / e :  M+ 355(5), 288(8), 258(1 l),  232(50). Anal. 
calcd. for C19H22N304 (356.41): C 64.03, H 6.22, N 11.79; found: C 
63.89, H 6.54, N 12.07. 

Preparation of 5-ethyl-5-[(l-oxyl-2,2,6,6-tetramethyl-l,2,5,6-tetra- 
hydropyrid-4-yl)methyl]barbituric acid (21)  

To a solution of urea (300 mg, 5 mmol) in sodium ethoxide (1 M ,  3 
mL, 3 mmol), a solution of 15 (354 mg, 1 mmol) in dry EtOH was 
added dropwise. The reaction mixture was refluxed for 15 h, acidified 
with 1 N HCI, and extracted with CHC13. The organic phase was 
washed with water, dried, evaporated, and chromatographed on a silica 
gel column with CHC13/ether, to give 21. Yield: 140 mg (43%); mp 
156-157°C; ir (CHC13): 3300-2700 (NH), 1750,1710 (C=O) cm-'; 
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ms, m/e: M+ 322(33), 308(15), 136(34), 135(17). Anal. calcd. for 
C1d-124N304 (322.40): C 59.61, H 7.50, N 13.03; found: C 59.82, H 
7.57, N 13.02. 

Preparation of spin-labelled maleimides (23, 24) Method I 
Ln a three-necked flask equipped with a nitrogen inlet was placed 

maleimide (97 mg, 1 mmol), powdered anhydrous K2CO3 (83 mg, 0.6 
mmol), powdered KOH (73 mg, 1.1 mmol), and 18-crown-6 (26 mg, 
0.1 mmol) in toluene (8 mL). The mixture was stirred under nitrogen at 
room temperature for 24 h, then 2 or 4 (1,l mmol) in toluene (1 mL) 
was added. The mixture was stirred for 18 h at reflux. The reaction 
mixture was cooled to room temperature, and the inorganic salts were 
filtered off and washed with saturated KC1 solution (3 X 20 mL), dried, 
and evaporated. The product 23 or 24 was obtained with preparative 
thin-layer chromatography (Merck, Kieselgel 60; CC14:ether 4:l). 
Yield 20 mg (8.0%) (23). Compound 23 was identical in all respects 
with the compound that has been described in the literature (23). Yield: 
20 mg (7.6%) (24); mp 1 10-1 12°C; ir (CHC13): 1730, 1710 ( C 4 )  
cm-'. Anal. calcd. for C14H19N203 (263.31): C 63.86, H 7.27, N 
10.64;found: C 64.01, H7.13, N 10.36. 

Method I1 
The silver maleimide was prepared by the method of Schwartz and 

Lemer (30). A mixture of allylic bromo compound (2 or 4) (1 mmol) 
and silver maleimide (1.1 mmol) in dry benzene (5 mL) was refluxed 
for 16 h. The silver salts were removed by filtration. After evaporation 
of the solvent the residue was chromatographed on silica gel to give the 
spin-labelled maleimide compound. Yield: 23 mg (9.2%) (23); 25 mg 
(9.6%) (24). 

Preparation of spin-labelled choline derivatives (25, 26). General 
procedure 

Compound 2 or 4 (0.50 mmol) was added to 2-dimethylaminoethanol 
(45 mg, 0.50 mmol). After a few minutes the crystalline product was 
filtered, then washed with ether. Yield: 56 mg (35%) (25); mp 
184-186°C; ir (Nujol): 3500-3100 (OH) cm-'. Anal. calcd. for 
C13H26BrN202 (322.27): C 48.45, H 8.13, Br 24.80, N 8.69; found: C 
48.40, H 8.07, Br 24.63, N 8.48. Yield: 72 mg (41%) (26); mp 
160-162°C; u (Nujol): 3500-3100 (OH) cm-'. Anal. calcd. for 
C14H28BrN202 (336.29): C 50.00, H 8.39, Br 23.76, N 8.33; found: C 
49.90, H 8.56, Br 23.42, N 8.43. 

Preparation of spin-labelled acetylcholine derivatives (27, 28). 
General procedure 

Compound 2 or 4 (0.50 mmol) was added to 2-(dimethylamino) 
ethyl acetate (66 mg, 0.50 mmol). After a few minutes the crystals of 
product were filtered, then washed with ether. Yield: 82 mg (45%) 
(27); mp 121-123°C; ir (Nujol): 1740 ( C 4 )  cm-'. Anal. calcd. for 
C15H28BrN203 (364.31): C 49.46, H 7.75, Br 21.93, N7.69; found: C 
49.66, H 7.58, Br 21.90, N 7.51. Yield: 81 mg (43%) (28); mp 
142-144°C; u (Nujol): 1735 ( C 4 )  cm-'. Anal. calcd. for 
C1&130BrN203 (378.35): C 50.80, H 7.99, Br 21.12, N 7.40; found: C 
50.81, H 7.98, Br 21.05, N 7.37. 

Preparation of 1 -0xy1-3-vinyl-2,2,5,5 -tetramethyl-3 -pyrroline (29) 
From 1 

Anhydrous K2CO3 (3.5 g) and the aldehyde (1) (3.36 g, 0.02 mol) 
were added to a solution of triphenylmethylphosphonium iodide (8.4 g, 
0.02 mol) in dioxane, refluxedfor 24 h, filtered off, evaporated, and the 
residue purified by chromatography ,on a silica gel column with 
chloroform/ether, to give 29 as a dark red oil. Yield: 1.8 g (54%); ir 
(CHC13): 1630, 1590 ( C = C - C = C )  cm-'; ms, mle: M+ 166(20), 
152(26), 151(30), 136(32). Anal. calcd. for C1&i16N0 (166.25): C 
72.25, H9.70, N 8.43; found: C 71.92, H 9.59, N 8.27. , 

From 32 
To a solution of N-acetoxy diene (32) (104 mg, 0.50 mmol) in 

MeOH (2 mL) was added 1 N aqueous NaOH (2 mL) and the solution 
allowed to stand for 30 min. It was then extracted with chloroform, the 
organic phase dried (MgS04), stirred with Pb02 (1 g) for 10 min, 
filtered, and evaporated. The product is identical with compound 29 
obtained by Method I. Yield: 50 mg (60%). 

Preparation of hydrochloride salt of 29 (31) 
From 29 (166 mg, 1 mmol) according to Method A. Yield: 186 mg 

(91%); mp 140-141°C. Anal. calcd. for CloH17N0.HCl (203.72): C 
58.96,H8.91,N6.88,CI 17.40;found:C59.2O,H9.13,N6.91,Cl 
16.96. 

N-Acetoxy-3-vinyl-2,2,5,5-tetramethyl-3-pyrroline (32) From 29 
A solution of ascorbic acid (3.52 g, 0.02 mol) in water (10 mL) was 

added to a solution of 29 (1.66 g, 0.01 mol) in methanol (5 mL). After 
decolorization the solution (10 min) was extracted with chloroform, 
dried (MgS04), evaporated, and added to a stirred mixture of 
acetylchloride (1.17 g, 0.015 mol) and potassium carbonate (2.76 g, 
0.02 mol) .in dry chloroform. After 20 min water was added, the 
organic layer washed with a solution of NaHC03, water, dried, and 
evaporated to give 32 as a colorless oil. Yield: 1.15 g (55%); ir (KBr): 
1774 (C=O), 1202 (C-O), 999 ( S H )  cm-'; 'H nmr: =CH2: 5.14, 
d (J(cis) = 11.3 Hz), 5.42, d (J(trans) = 17.8 HZ); 13c nrnr: 
CH3(Ac): 19.1; =CH2: 115.9; C 4 :  171.3; ms, m/e: M+ 209(2,2), 
194(13), 167(10), 152(100). Anal. calcd. for Cl2HlgNO2 (209.29): C 
68.87, H9.15, N 6.69; found: C 68.70, H 8.85, N 7.09. 

From 31 
From 31 (186 mg, 0.92 mmol) according to Method B: the pure 

product was obtained by flash chromatography (n-hexane:ethyl ace- 
tate, 4: I), and it was identical with compound 32 obtained with Method 
I. Yield: 189 mg (99%). 

1,1,3,3-Tetramethyl-2-oxyl-l,3,4,5,6,9-hexahydroindol-3,4-dicar- 
boxylic anhydride (33) 

Maleic anhydride (60 mg, 0.7 mmol) and toluene-4-sulfonic acid (5 
mg) were added to a solution of 29 (166 mg, 1 mmol) in dry benzene, 
then refluxed for 4 h. After this the reaction mixture was evaporated and 
purified with preparative thin-layer chromatography (Merck, Kieselgel 
60; CHC13:ether, 1: 1) to give 33. Yield: 70 mg (27%); mp 136-137°C; 
ir (CHC13): 1870, 1795 ((C0)20) cm-'; ms, m/e: M+ 264(100), 
225(10), 166(18), 151(16). Anal. calcd. for C14H18N04 (264.32): C 
63.62, H 6.86, N 5.30; found: C 63.68, H 6.97, N 5.14. 

Preparation of adduct of29 and N- (1 -0xy1-2,2,6,6-tetramethyl-4- 
piperidy1)maleimide (34) 

N-(1 -0xy1-2,2,6,6-tetramethyl-4-piperidy1)maleimide (22) (251 
mg, 1 mmol) and toluene-4-sulfonic acid (5 mg) were added to a 
solution of 29 (166 mg, 1 mmol) in dry benzene, refluxed for 12 h, 
evaporated, and purified by preparative thin-layer chromatography 
(Merck, Kieselgel 60; CC14:ether, 1:1), to give 34. Yield: 110 mg 
(26%); mp 108-1 10°C; ir (CHC13): 1860,1790 (C=O) cm-'; esr: five 
lines of biradical with a ~ , ~  = 8.7 1G. Anal. calcd. for C23H35N304 
(417.55):C66.16,H8.45,N 10.06;found:C66.07,H8.91,N10.21. 

Preparation of adducts of29 with N-methylmaleimide (35a. 356) 
N-Methylmaleimide (1.55 g, 0.014 mol) was added to a solution of 

29 (2.25 g, 0.014 mol) in dry toluene and the reaction mixture was 
refluxed for 12 h, evaporated, and purified with flash chromatograhy 
(n-hexane:ethyl acetate, 2:l) to give two main products. The first 
product eluting from the column was 35a. Yield: 0.2 g (5%); mp 
161-162°C; u (CHC13): 1775,1705 ( C 4 ,  imide) cm-'. Anal. calcd. 
for C1\H21N203 (277.36): C 64.96, H 7.63, N 10.10; found: C 65.08, 
H 8.00, N 10;30. The second product was 35b. Yield: 1.4 g (37%); mp 
130-131°C; ir (CDC13): 1775,1695 (C=O., imide) cm-'. Anal. calcd. 
for C15H21N203 (277.36): C 64.96, H 7.63, N 10.10; found: C 64.62, 
H 7.43, N 9.79. 

Preparation of adducts of 29 with N - ethylmaleimide (36a, 366) 
N-Ethylmaleimide (250 mg, 2 mmol) was added to a solution of 29 

(332 mg, 2 mmol) in dry toluene, refluxed for 12 h, evaporated, and 
purified by flash chromatograhy (n-hexane:ethyl acetate, 2:1) to obtain 
two stereoisomer products. The first product eluting from the column 
was 36a. Yield: 56 mg (9%), mp 164-166°C; ir (CHC13): 1775, 1690 
(C*, imide) cm-'. Anal. calcd. for C16H23N203 (291 37): C 65.96, 
H 7.96, N 9.61; found: C 66.12, H 8.04, N 9.63. The second product 
was 366. Yield: 184 mg (31%); mp 131-132°C; ir (in CHC13): 1770, 
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1690 ( C 4 ,  imide) cm-'. Anal. calcd. for Cl6HZ3N2o3 (291.37): 
C65.96, H 7.96, N 9.61; found: C66.04, H 8.17, N 9.90. 

Preparation of hydrochloride salts of 35a and 35b (37a, 376) 
From 35a (200 mg, 0.7 mmol) according to Method A to give 37a. 

Yield: 155 mg (70%); mp 209-210°C; ir (CHC13): 1775, 1705 (C=O, 
imide) cm-'. Anal. calcd. for Cl5HZ2N2O3.HCI (314.83): C 57.23, H 
7.36, N 8.90, C1 11.26; found: 57.63, H 7.72, N 8.90, C1 11.38. 

From 356 (300 mg, 1 mmol) according to Method A to give 376. 
Yield: 270 mg (86%); mp 163- 164°C; ir (CHC13): 1770, 1695 ( C 4 ,  
imide) cm-'. Anal. calcd. for Cl5Hz2N2O3.HC1 (314.83): C 57.23, H 
7.36, N8.90, C1 11.26; found: 57.26, H 7.63, N 8.79, C1 11.49. 

Preparation of hydrochloride salts of 36a and 36b (38a, 386) 
From 36a (50 mg, 0.17 rnmol) according to Method A to give 38a. 

Yield: 49 mg (87%); mp 142-144°C; ir (KBr): 3100-2200 (OH + 
HN+), 1772, 1690 (C=O, imide) cm-'; 'H nmr: CH3(NEt): 1.00, t 
(7.1 Hz); H-9: -2.35,'~" -3.5;'~" H-8: 3.00," -s (1H); H-7: 3.25," 
-t (broad lines, 'H); CH2(NEt): 3.36, qa (2H); 13c nmr: CH3(Et): 
14.2; NCH2: 34.9; C-7, -8; ?;k  C-9:' N C 4 :  180.0." Anal. calcd. for 
Cl6HZ4N2O3.HCI (328.84): C 58.44, H 7.66, N 8.52, C1 10.78; found: 
C 58.62, H 7.39, N 8.26, C1 11.02. 

From 366 (50 mg, 0.17 mmol), according to Method A to give 386. 
Yield: 50 mg (89%); mp 161-163°C; ir (KBr): 3100-2300 (OH + 
N+H), 1776, 1699 (C-0,  imide) cm-'; 'H nmr: CH3(NEt): 1.07, t 
(7.2 Hz); H-9: 1.90," -tt (lH), 2.85, m;"," H-8: 2.6, m;" H-7: 3.25, 
dd (-10, -5 Hz); 13c nmr: CH3(Et): 14.2; NCH2: 34.6; C-7, -8: ?;k 
C-9:' NC=O: 179.5, 179.9. Anal. calcd. for Cl6HZ4N2O3.HC1 
(328.84): C 58.44, H 7.66, N 8.52, C1 10.78; found: C 58.13, H 7.36, 
N 8.45, C1 10.88. 

Preparation of N-acetoxy derivatives of 35a and 35b (39a, 396) 
From 37a (150 mg, 0.5 mmol) according to Method B. The pure 

product was obtained by flash chromatography (n-hexane:ethyl ace- 
tate, 2: 1). Yield: 100 mg (62%); (39a); mp 125-126°C; ir(KBr): 1772, 
1699 (C-0,  imide), 1745 (Ac), 1231 (C-0) cm-'; 'H nmr: H-9: 
-2.2,8 -2.85;8 CH3(Ac): 2.30, br s (3H); H-8: -2.58 (1H); NCH3: 
2.91, s (3H); H-7: 3.10, t (-8 Hz); I3C nmr: CH2(9): 18.8; CH3(Ac): 
21.4; NCH3: 28.1; C-7, -8: 40.3, 41.4; C=O(Ac): 173.3; N C S :  
176.4, 178.4. Anal. calcd. for CI7Hz4N2O4 (320.41): C 63.73, H 
7.55, N 8.74; found: C 63.45, H 7.99, N 8.44. 

From 376 (250 mg, 0.8 mmol) by Method B. The pure product was 
obtained by flash chromatography (n-hexane:ethyl acetate, 2: 1). Yield: 
175 mg (68%) (396); mp 128-129°C; ir (KBr): 1772, 1701" (C=O), 
1200 (C-0) cm-'; 'H nmr: H-9: 1.90," 2.85,"," (2 X rn (2 X 1H); 
CH3(Ac): 2.15, s (3H); H-7: -2.75, m;" H-8: -2.85, m;"," NCH3: 
3.00, s (3H); 13c nmr: CH3(Ac): 18.9; NCH3: 30.4; C-7, -8: 38.7, 
39.7; C=O(Ac): 170.7; NC-0: 178.6, 178.9. Anal. calcd. for 
C17H24N204 (320.41): C 63.73, H 7.55, N 8.74; found: C 63.48, H 
7.62, N 8.94. 

Preparation of 1 -oxyl-3-(l,3- butadreny1)-2,2,5,5-tetramethyl-3-pyr- 
roline (40) 

The anhydrous K2CO3 (1.75 g) and the aldehyde (1) (1.68 g, 0.01 
mol) were added to a solution of allyltriphenylphosphonium chloride 
(3.38 g, 0.01 mol) in dioxane, then refluxed for 24 h, filtered off, eva- 
porated, and the residue purified by flash chromatography (n-hexane: 
ethyl acetate, 9:l) to give 40 as a red oil. Yield: 670 mg (35%); ir 
(CHC13): 1620, 1595, 1580 (C=C) cm-'; ms, rnle: M+ 192(53.5), 
177(47), 162(53.5), 119(100). Anal. calcd. for C12H18N0 (192.29): C 
74.96, H 9.44, N 7.28; found: C 74.85, H 9.46, N 6.99. 

Preparation of hydrochloride salt of 40 (41) 
From 40 (384 mg, 2 mmol) according to Method A. Yield: 300 mg 

(65%); mp 149-151°C; ir (KBr): 3250-2250 (OH + N+H) cm-'; 'H 
nmr: %Hz: 5.12, d (J(cis) = 9.9 Hz); 5.24, d (/(trans) = 16.6 Hz); 
=CH(P): 6.54 dd (J,,p(trans) = 15.8 Hz, JpSy(vic) = 10.6 Hz); 
=CH(y): 6.30 -dt (Jy,s(trans) = 16.6 Hz, J ,&(cis) = Jp,Jvic) = 
10.3 Hz); I3C nmr: 4 H 2 :  122.8; =CH(P): 123. ~;'=cH(?): 136.8.' 
Anal. calcd. forCl2Hl9N0.HCI (229.76): C 62.74, H 8.77, N 6.10, C1 
15.43; found: C 62.82, H 8.61, N 6.02, C1 15.91. 

Preparation of l-oxyl-4-vinyl-2,2,6,6-tetrarnethyl-l,2,5,6-tetrahydro- 
pyridine (42) 

Anhydrous K2C03 (1.75 g) and the aldehyde (3) (1.82 g, 0.01 mol) 
were added to a solution of triphenylmethy lphosphonium iodide (4.2 g, 
0.01 mol) in dioxane, then refluxed for 24 h, filtered off, evaporated, 
and the residue purified by flash chromatography (n-hexane:ethyl 
acetate, 9: 1) to give 42 as a red oil. Yield: 750 mg (42%). Compound 
42 was identical in all respects with the compound that has been 
described in the literature (1 1). 

Preparation of hydrochloride salt of 42 (43) 
From 42 (1 80 mg, 1 mmol) according to Method A. Yield: 150 mg 

(69%); mp 157-158°C; ir (KBr): 1650, 1610 (C%-CS)  cm-'. 
Anal. calcd. for CIIH19N0.HCI (217.75): C 60.68, H 9.26, N6.43, C1 
16.28; found: C 60.52, H 9.57, N 6.27, C1 16.21. 

Preparation of N-acetoxy derivative of 42 (44) 
From 43 (108 mg, 0.5 mmol) according to Method B. The pure 

product (44) was obtained by flash chromatography (n-hexane:ethyl 
acetate, 9:l) as a colorless oil. Yield: 138 mg (62%); ir (KBr): 1768 
(C=O), 1196 (C-O), 989 ( 4 H ,  olefin) cm-'; 'H nmr: CH3(Ac): 
2.12 s (3H); *Hz: 4.99, d (J (cis) = 10.8 Hz), 5.08, d (J (trans) = 
17.5 Hz); 13C nmr: CH3(Ac): 18.6; *Hz: 11 1.5. Anal. calcd. for 
C13H21N02 (223.33): C 69.92, H 9.48, N 6.27; found: C 70.17, H 
9.61. N 6.13. 
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n-7~ Electron donor-acceptor complexes. 111. Aliphatic amines with dicyanobenzenes. 
Electric and steric effects of the N-substituents on complex formation 
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JORGE D. ANUNZIATA, NORMA S. GALAVERNA, JOAQU~N 0 .  SINGH, and JUANA J. SILBER. Can. J. Chem. 64,1491 (1986). 
The interaction of several aliphatic amines as n-donors with 1,2-, 1,3-, and 1,4-dicyanobenzenes as n acceptors in n-hexane 

has been studied. The spectroscopic behaviour of the mixtures leads us to propose that Electron Donor - Acceptor (EDA) 
complexes are formed. Correlations of the experimental data with the amine structure were performed for the arnine-1,4- 
dicyanobenzene complexes. By means of free energy related substituents and regression analysis, the electronic and steric 
effects of three N-substituents were quantitatively separated. Thus, with K representing the stability constants of the complexes, 
the values of log K are correlated with Taft's polar substituent constants, a*, and Hancock's corrected steric substituent 
constants, E:. The results allowed the proposal of a probable structure of the complex, at least with respect to the donor 
orientation. 

JORGE D. ANUNZIATA, NORMA S. GALAVERNA, JOAQU~N 0 .  SINGH et JUANA J. SILBER. Can. J. Chem. 64, 1491 (1986). 
On a CtudiC l'interaction, dans le n-hexane, entre plusieurs amines aliphatiques agissant c o m e  donneurs et les dicyano-1,2 

(et -1,3 et -1,4) agissant c o m e  accepteurs n. Le comportement spectroscopique des mClanges nous a conduit 2 proposer 
qu'il y a formation de complexes donneur-accepteur d'klectrons (DAE). Pour les complexes des amines avec le dicyano-1,4 
benzkne, on a ttabli des corrklations entre les valeurs expkrimentales et la structure de l'amine. Au moyen de relations d'knergie 
libre des substituants et d'analyse de regrkssion, les effets Clectroniques et stkriques des trois substituants du N ont pu &tre skpares 
quantitativement. De cette f a ~ o n ,  les valeurs de log K, en prenant K c o m e  la constante de stabilitk des complexes, sont en 
corrklation avec la constante polaire de Taft du substituant, u* , et la constante stkrique comgCe de Hancock du substituant, E:. 
Les rksultats permettent de proposer une structure probable du complexe, au moins par rapport 2 l'orientation du donneur. 

[Traduit par la revue] 

Introduction 
Continuing our work involving the interactions between 

' n-electron donors with IT-electron acceptors (1, 2), in the 
presence investigation we wish to report the study of EDA 

: (Electron Donor-Acceptor) complexation between aliphatic 
amines and 1,2-, 1,3-, and 1,4-dicyanobenzenes (DCB) in 
n-hexane as solvent. 

We have previously determined the weak character of the 
: EDA complexes formed between benzonitrile and aliphatic 

amines in the same solvent (1). The presence of another cyano 
group in the aromatic ring would be expected to increase its 
electron acceptor character since its electron affinity is also 
increased (3). 

The IT-acceptor properties of dicyano and the polycyano- 
benzenes in particular have been thoroughly studied in relation 
to IT donors (4-7) with which fairly strong complexes have 
been encountered. However, in studies of the photochemical 
reactions of the dicyanobenzenes with some aliphatic amines 
in polar solvents, it has been proposed that the EDA complex 
formation in the ground state is either absent or very weak 
(8, 9) since these-systems do not exhibit any charge-trahsfer 
absorption band. 

In this work we were able to measure the stability constants 
(K) of aliphatic amines with dicyanobenzenes and correlate 
these values with the amine structure. It is known that the steric 
properties of the substituents attached to the electron donor can 
influence the magnitude of the complex association constant, 
which is smaller than that expected simply from the electronic 
effects when there is a close approach of the donor and the 
acceptor (1 0- 12). 

The reactivity of the aliphatic amines towards lone-pair 
acceptors is generally governed by the polar and steric factors of 
the three N-substituents (1 3- 16). We have analyzed the effect 

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

of these types of substituents from a number of aliphatic amines 
upon complex formation with 1,4-DCB. The analyses were 
carried out by means of free energy substituent parameters (17), 
which allowed quantitative determination of the magnitude of 
the steric effects with respect to the polar effect. The correla- 
tions obtained are compared with other types of amine-EDA 
complexes and as n-u (14, 17) and n- v (17, 18). 

Experimental 
n-Hexane (Carlo Erba R.P.) was purified as previously described 

(1); diethyl, triethyl, n-butyl, di-n-butyl, tri-n-butyl, n-propyl, di-n- 
propyl, tri-n-propyl, isopropyl, isobutyl, di-isobutyl, tert-butyl, and 
sec-butyl amines (Aldrich Chem. Co.) were dried with KOH pellets 
and distilled in a dry nitrogen atmosphere over metallic sodium. 

All the reagents were degassed and distilled in a high vacuum line 
just before use to ensure anhydrous conditions. To obtain reproducible 
results special care should be taken to assure the purity of the amine. 
The latter was controlled by the ultraviolet (uv) cutoff point and 
gas-liquid chromatography (glc) (Porapak Q., Apiezon L.). 1,2-DCB 
(Aldrich Chem. Co.), 1,3-DCB (Fluka), and 1,4-DCB (Fluka) were 
recrystallized several times from triply distilled water and then 
sublimed under vacuum. 

Spectra were obtained in thermostatted cells in a Cary 17 spectro- 
photometer. The working temperatures were 15, 27, and 40?0.1°C. 

Solutions were pre ared by weighing. The ranges of concentration B used were0.5 X 10- - 6 X  for t h e ~ ~ ~ s  and 0.2-3 Mfor the 
arnines. All solutions were freshly prepared prior to use. 

Data processing was performed on a Digital PDP 1 1/34 computer. 

Results 
Characterization of the EDA complexes and measurement of 

stability constants 
The spectral characteristics of the mixtures of amines with 

DCBs show the same general features previously observed 
for the amine-benzonitrile (1) and amine-dinitrobenzene (2) 
systems. Thus, although no new band is observed, there is an 
appreciable deviation from additivity of the optical density with 
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TABLE 1. Experimental results for the K values and EAD for diethylamine-DCB complexes 
in n-hexane and 27°C and A = 294 nm 

K E AD Correlation El12 

Acceptor (dm3 mol-')" (dm3 mol-' ~ m - ' ) ~  coefficient (eV) 

"The error in K was calculated as in ref. 1. 
b ~ A D  = EA + ED + Ec. 

= half-wave potential (ref. 31). 

mixtures, and in every system was calculated for several ratios 
of arnine-DCB where the amine concentration, Do, was always 
at least 500-fold in excess with respect to the DCB concentra- 
tions, Ao. The most accurate measurements could be performed 
at 294nm, which was therefore the wavelength chosen to 
calculate K. K can be determined graphically by utilizing 
a known equation derived (19) for the case in which the 
absorption of the complex overlaps with that of the donor and 
the acceptor, such as eq. [3]. 

280 290 300 
WAVELENGTH (nm) 

FIG. 1. Typical spectral results: (1) n-BA 3.04 M, (2) 1,4-DCB 
1.75 X lop4 M, (3) mixture of n-BA 3.04 M and 1,4-DCB 1.75 X 
lop4 M. Solvent: n-hexane; temperature: 27 + O.l°C. 

respect to that of either component alone. This effect was best 
observed in a range of wavelengths from 290 to 320 nm. Typical 
spectral results are shown in Fig. 1. 

The enhanced absorbance for the amine-DCB systems was 
interpreted as due to a specific interaction of the type of EDA 
complexation. 

Thus if a 1:l complex is assumed, the observed. absorbance, 
AT, of a system can then be interpreted as the sum of three 
components (eq. [I]). 

where AA , AD, and Am stand for the absorbance of the acceptor 
(DCB), the donor (amine), and the complex at equilibrium. 

A value of absorbance, Ac , can now be defined as a function 
of the experimental value, AT, and the corresponding values for 
the initial concentration of the acceptor, A&, and the donor, AD, 
(eq. [21). 

Hence, Ac is a measure of the deviation from additivity of the 

where A. and Do are the initial concentrations of the acceptor 
and the donor and = ED - ( E ~  + &A), where ED, and 
E A  are the molar extinction coefficients of the complex, the 
donor, and acceptor, respectively, at the chosen wavelength. 
The values of K and EC , thus calculated, are used to initiate an 
iterative procedure previously described (1, 2), which provides 
more reliable values under our experimental conditions. The 
results obtained for the arnine complexes with the three 
acceptors are depicted in Table 1. On the other hand, Table 2 
shows the results for the complexes of 1,4-DCB with the 
thirteen amines studied, to analyze the effect of the structure of 
the donor on the stability of the complexes. 

The behaviour of K with temperature for every system gives 
values of -AH of the order of 12 + 1.0 kJ mol-', which are 
consistent with the values expected for the formation of weak 
EDA complexes (20). 

Correlations of K with the structure of the amines 
Earlier works correlated the reactivity of amines with the total 

polar effects of the three N-substituents by using the summation 
of the Taft a *  values (Xu*) (13). The deviation of the data for 
the "hindered" amines from the apparent correlation for the 
"unhindered" compounds was only qualitatively attributed to 
the steric effect of bulky N-substituents (17). Since the steric 
effect of the three N-substituents is not additive (21), we 
attempted to separate the polar and steric effects of these 
N-substituents, namely R1, R2, and R3, by means of the known 
(14) multiparameter eq. [4]. 

[4] log K = p*Xu* + alE$(R1) + a2E$(R2) 
+ a3E$(R3) + C 

where E$(R1), E$(R2), and E$(R3) are respectively the 
Hancock (22) corrected steric constants of N-substituents. R1, 
R2, and R3 where E$(R') a E$(R2) 2 E$(R3); p*, a1 , a2, 
a3 are the susceptibility constants, and C is the intercept. 

The value of E g  is a steric constant Es, corrected by the 
hyperconjugation effect,of a-hydrogen atoms, which is related 
to the Hancock constant by eq. [5]. 
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ANUNZIATA ET AL. 

TABLE 2. Values of log K and EAD for amines- 1,4-DCB complexes in n-hexane at 27°C and A = 294 nm 

-log K E AD Correlation IP -log KCalc. 

Arnines (dm3 mol-' )" (dm3 mol-' cm-' ) coefficient (eV)' (dm3 mol-I)d 

Diethyl 
Triethyl 
n-Propyl 
Isopropyl 
Di-n-propyl 
Tri-n-propyl 
n-Butyl 
Isobutyl 
sec-Butyl 
tert-Butyl 
Di-n-butyl 
Di-isobutyl 
Tri-n-butyl 
- - -- 

"The error in K was calculated, as in ref. 1 ,  to be less than 15% in every case 
b ~ A D  = E C  + EA + E D .  

'Data from ref. 32. 
dValues calculated from eq. [4] (see text). 

TABLE 3. Correlations for reactivity data of aliphatic aminesa in EDA complexes 

log K = p * X u *  + alE$(R1) + a2E$(R2) + a3E$(R3) + C 

Systems log K a1 a2 a3 c nb sC rd Fe  

Amines- 1,4-DCBf -1.63 (dm3 mol-') 1.65 1.50 0.48 -0.23 13 0.285 0.960 23.5 
Amines-BMe38 -4.878 (atrn-') 14.585 4.879 1.461 0.001 17 0.569 0.876 9.9 
Amines-iodineh -2.265 (dm3 mol-') 1.878 0.908 0.469 4.283 24 0.266 0.956 50.3 

"cr* and E$ values are taken from ref. 17. 
bThe number of data used in the correlation. 
'Standard deviation. 
dMultiple correlation coefficient. 
'F value of the correlation. 
*This work. 
sAssociation in gas phase, data from ref. 17. 
hEDA complex, data from ref. 17. 

where nH is the number of a-hydrogen atoms. 
In eq. [4], the overall effects of the N-substituents of 

the aliphatic amines on lone-pair acceptors are quantitatively 
factored into electronic and steric effects. 

The correlation according to eq. [4] and the multiple 
regression analysis for the equilibrium constants of Table 2 are 
gathered in Table 3. 

Employing the correlation obtained by means of eq. [4], we 
now compared the values calculated for log K (reported in Table 
2) to the experimental data. From this comparison and by 
considering the high confidence level obtained in the correlation 
(F-values in Table 3), we were able to presume that this 
equation takes into account both polar and steric effects in these 
types of complexes and it therefore has good predictive value. 

complexes have a 1:l stoichiometry, as in the n-T systems 
previously studied (1, 2). Problems of solubility prevented 
experiments in the presence of an excess of DCB, as were 
carried out for the benzonitrile systems. Nevertheless, we feel 
that our conclusions are justified by the fact that the data fit 
equations derived for 1: 1 complexes, even when the concentra- 
tion of DCBs was varied more than tenfold within the entire 
range of the donor. Moreover, other types of interaction, such 
as electrostatic or dipolar forces that may contribute to gain 
stabilization (23, 24), cannot be altogether disregarded. Pre- 
vious work performed in our laboratory on the solvatochromism 
of the uv spectra of T-acceptors such as benzonitrile (25), and 
more recently with nitrobenzene and DCBs (26), demonstrated 
that the solvent effects of the aliphatic amines cannot be 
accounted for only by the dipolar interactions and that EDA 
complex formation should be postulated. 

In agreement with the latterstatement we could consider that 
Discussion the charge transfer band of these complexes is not observed 

The fact that we were able to determine a finite value of K and due to the overlap of these bands with those of the donor and 
a constant value of for the DCB - aliphatic amine systems is the acceptor. Therefore, its maximum should appear in a uv 
interpreted as though we were actually detecting a complex at region that is not experimentally accessible under the conditions 
equilibrium. However, if these are indeed EDA complexes, required to detect these weak complexes. 
they are undoubtedly weak. Furthermore, we expect that these The theory for EDA complexes (20) predicts a correlation of 
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the position of the maximum of the charge-transfer transition 
(A,,) with the ionization potential (Ip) of the donor and 
electron affinity (EA) of the acceptor. 

We could attempt to establish these correlations for the 
arnine-1,4-DCB systems, by considering that &AD,, is not 
drastically different for the various amines (1, 2) and that it can 
be assumed the calculated &AD at 294 nm represents the 
extinction coefficient of the tail of the charge-transfer band. 
Consequently, an increase in &AD reflects the shift in A,,. 
Then, by inspection of Table 2, it can be observed that &AD 

increases as Ip decreases. Moreover, the tendency observed is 
very similar to the corresponding I2 - aliphatic amine (14) and 
1,3,5-trinitrobenzene - aliphatic amine complexes (27, 28). 
These correlations lead us to conclude that the interactions of 
1,4-DCB-aliphatic amines are the result of intermolecular EDA 
complexes. 

On the other hand, and following the same reasoning for a 
given donor, a greater value of &AD would be obtained for 
an acceptor with a greater EA. If we compare the half-wave 
potential, E taken as a measure of E A  (29) with the values of 

for the amine complexes with the three DCBs (Table l) ,  the 
predicted trend is actually observed. 

Then, all the evidence agrees with the assumption of an EDA 
complex formation. It should be noted that the K values for 
the amine-DCB complexes are higher than those obtained for 
the corresponding amines with benzonitrile (1). This is also 
expected, since the presence of a second electron-withdrawing 
cyano group increases the acceptor strength of the aromatic 
ring. 

The analysis of the applications of eq. [4] to correlate the K 
values in the amine-1.4-DCB svstems with the structure of the 
amines yields some interesting results. As shown in Table 3, a 
negative p* value is obtained; then, the greater the electron- 
donating ability of the N-substituents, the greater also the 
association reactivity of the amines. On the other hand, the 
positive a l ,  a,, and a3 values show that bulkier substituents 
give rise to smaller K values. These susceptibility constants of 
the steric terms decrease in the order of al > a; > a3. This 
means that K values are more sensitive to the steric effect of R1 
(the smallest group) and least sensitive to that of R3. 

If our data are compared with the same type of correlation 
obtained for other EDA complexes (see Table 3), such as the 
amine-iodine (14, 17) in n-hexane and amine-trimethylboron 
(17, 18), it is observed that the ratio of a i  :a2:a3 is nearly 4:3: 1 
for our systems, while it is 4:2:1 for the iodine systems and 
10:3:1 for the trimethylboron complexes. This comparison, in 
principle, suggests the idea that the relative significance of the 
steric effects of the component substituents seems to be similar 
in the 1 ,4-DCB-amine and iodine-amine complexes but very 
different from that of the trimethylboron complexes. 

A high value of negative p* as observed fat the latter 
complexes indicates strong complexation, which is derived 
from a closer approach of the donor and acceptor. 

However, a much lower value of negative p* for the 
1,4-DCB-amine system implies looser complexes, and conse- 
quently the susceptibility to steric factors is also lower. 

Apparently the steric effects of R1 and R2 in the 1 ,4-DCB- 
amine complexes are similar but much greater than R3. This 
would mean that the bulkier N-substituent, R ~ ,  tends to be at a 
greater distance from the acceptor moiety than R1 and R'. In 
this manner, if we assume that the approach of the lone-pair 
electrons of the donor is perpendicular to the benzene ring, the 
geometry of these complexes would be as in structure I. 

In the case of 1,4-DCB, the more symmetric of the acceptors 
under study, the geometry of I seems to be quite reasonable. In 
support of this idea, it can be cited that theoretical calculations 
for the n-n complexes between aliphatic arnine and p-benzo- 
quinones (30) showed that the n-donor always approaches in a 
manner perpendicular to the plane of the ring. 

With respect to 1,2- and 1,3-DCB , more data are needed to 
support certain conclusions. However, the fact that 1,3-DCB 
gives the greater value of K (Table 1) can be explained only if 
orientational complexes are proposed (2). In this case, there will 
be a preferential approach of the donor to the region of the 
smallest electronic density in the benzene ring. This region 
would be between both cyano groups where the sum of the 
inductive and resonance effects is the greatest, that is to say an 
approach toward position 2 in 1,3-DCB. No preferential region 
of this type can be postulated for 1,2- and 1,4-DCB by this 
undoubtedly very simplified analysis. The preferential site of 
attack has been proposed for other n-n complexes (30). 

Work is now in progress to gather more data for the 1,2- and 
1,3-DCB-amine complexes, together with theoretical calcula- 
tions to establish the probable geometry of these complexes. 
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PRESTON J. MACDOUGALL and RICHARD F. W. BADER. Can. J. Chem. 64, 1496 (1986). 
The properties of the atoms in a number of substituted carbenes and silylene provide an understanding of the relative stabilities 

of their lowest lying singlet and triplet states and of their differing chemical reactivities. The theory of atoms in molecules 
defines all of an atom's properties, including its energy. In this research one finds that the methylenic carbon or silicon atom is 
energetically most stable in the triplet state of each system, while the ligands are most stable in the corresponding singlet state. It 
is also found that the average electron populations of the carbon and silicon atoms are largest in the triplet states. In systems where 
the carbon or silicon atom bears a net positive charge, as found in CHNH2, CF2, and SiH2, the excess in the transfer of charge 
to the more electronegative ligands in the singlet states stabilizes the ligands more than it destabilizes the central atom. These 
systems have singlet ground states. The relative susceptibility of singlet and triplet carbenes to electrophilic and nucleophilic 
attack is determined by the properties of the Laplacian of the charge distribution. This quantity assimilates the model of localized 
electrons in terms of local concentrations of electronic charge. It also determines regions from which electronic charge is locally 
depleted. These regions are found to coincide with those where the lowest-lying vacant orbital is concentrated. 

PRESTON J. MACDOUGALL et &CHARD F. W. BADER. Can. J. Chem. 64, 1496 (1986). 
Les propriCtCs des atomes dans un certain nombre de carbknes et de silylknes substituCs fournissent une base pour la 

comprkhension des stabilitks relatives de leurs Ctats singulet et triplet de plus basses energies ainsi que de leurs diverses 
rCactivitCs chimiques. La thCorie I'atome dans les molCcules dCfinit toutes les propriCtCs des atomes, y compris leur Cnergie. 
Dans cette recherche, on trouve que les atomes de carbone ou de silicium mtthylCniques sont, d'un point de vue CnergCtique, 
plus stable dans I'Ctat triplet de chaque systkme alors que les ligands sont plus stables dans 1'Ctat singulet correspondant. On a 
aussi trouvt que les populations Clectroniques moyennes des atomes de carbone et de silicium sont plus ClevCes dans les ttats 
triplets. Dans les systkmes les atomes de carbone ou de silicium portent une charge positive nette, comme dans ou CHNH2, 
CF2 et SiH2, l'excks dans le transfert de charge vers les ligands plus ClectronCgatifs des Ctats singulets a comme effet de plus 
stabiliser les ligands que de dCstabiliser l'atome central. Les Ctats fondamentaux de ces systkmes sont singulets. En se basant 
sur les propriCtCs de la distribution de charge de Laplace, on a dCterminC les susceptibilitCs relatives des carbknes singulet 
et triplet aux rCactions d'attaque Clectrophile et nucleophile. Cette fonction assimile le modkle des Clectrons 1ocalisCs en fonction 
de concentrations locales de la charge Clectronique. On dCtermine aussi les rCgions i partir desquelles la charge Clectronique est 
localement CpuisCe. On a trouvC que ces r6gions coi'ncident avec celles dont l'orbitale basse vacante est concentrke. 

[Traduit par la revue] 

Introduction 
This paper relates the chemistry of carbenes and related 

compounds to the properties of their constituent atoms and the 
bonds which link them. The atoms and bonds are in turn defined 
in terms of salient properties of the charge distribution, 
properties that are determined by the forces acting within the 
system. Thus the concepts of atoms and bonds serve to both 
summarize the physics of a system and provide for its translation 
into the language of chemistry. 

The chemistry of a carbene is dependent upon its spin 
multiplicity (1). On the basis of chemical evidence methylene 
has been shown to have a triplet ground state (2a). This was 
in accord with Herzberg's earlier spectroscopic findings (2b). 
Difluoromethylene and silylene, SiH2, on the other hand, 
possess singlet ground states (3). This paper relates the relative 
stabilities of the singlet and triplet states to the properties of 
the central carbon or silicon atom and to the behaviour of the 
nonbonded charge concentrations in the valence shells of these 
atoms. These charge concentrations; two in a triplet and one in a 
singlet, are described not within an orbital model but rather in 
terms of a property of the total charge density, its Laplacian. 
The total charge density exhibits local maxima only at the 
positions of nuclei and its topology, while providing the basis 
for the definition of atoms and molecular structure (4), gives no 
indication of concentrations of charge as anticipated in terms of 
the Lewis electron pair model or localized orbital models of 
electronic structure. On the other hand, the Laplacian of a scalar 

'TO whom all correspondence should be addressed. 

function such as p, the quantity VZp, magnifies any local 
variations in the function. Just as energy changes of chemical 
interest are found to be only small fractions of the total energy 
of a molecular system, so chemically important properties are 
found to correspond to relatively small local variations in the 
charge density. These local variations in the otherwise smooth 
topology of p are translated by its Laplacian into the familiar 
model of localized bonded and nonbonded "electron pairs", i.e. 
local concentrations of electronic charge (5). 

When the Laplacian of p is negative at a given point in space 
(V2p < O),.it means that the value of p at that point is greater 
than the average of its values at all neighbouring points. A 
local maximum in -VZp thus means that electronic charge is 
concentrated or compressed in the region of the maximum. 
Correspondingly, a local minimum in - V2 p means that charge 
is locally depleted, or that the charge density is expanded in the 
region of theminimum. It must be borne in mind that stationary 
points in the Laplacian of p do not determine maxima or minima 
in p itself but rather the points where ele'ctronic charge is locally 
compressed (V2 < 0) or expanded (V2 > 0). 

Singlet carbenes are known to exhibit ambiphilic character- 
istics. It has been shown that the local charge concentrations 
and depletions, the lumps and holes in a charge distribution as 
defined by the Laplacian of p, determine the sites of electro- 
philic and nucleophilic attack, respectively (5). The sizes and 
shapes of these lumps and holes in the charge distributions of 
a variety of carbenes, silylenes, and vinylidenes are used to 
rationalize the predominance of either electrophilic or nucleo- 
philic behaviour in these molecules. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



MACDOUGALL AND BADER 

TABLE 1. Geometries and energies 

System Geometrical parameters (deg, A) 
E(HF) 

(hartrees) 

C-Li = 1.924, 0 = 111.93 
C-H = 1.072, 0 = 131.14 
C-H = 1.099, 0 = 102.82 
C-F = 1.304, 0 = 118.70 
C-F = 1.283, 0 = 104.48 
Si-H = 1.472, 0 = 118.15 
Si-H = 1.510, 0 = 93.45 

C-H1 = 1.078, C-N = 1.384, N-H2 = 0.999, 
LC(H1CN) = 125.43, &(CNH2) = 144.38, 
LC(HlCNH2) = 128.61 

C-H1 = 1.098, C-N = 1.308, N-H2 = 0.997, 
N-H3 = 1.000, i$(HlCN) = 106.38, 
4(HlCNH2(3)) = 119.35(125.80) 

C1-H1 = 1.073, C1-C2 = 1.385, C2-C3 = 
1.390, LC(HlClC2) = 132.98, &(ClC2C3) = 
124.81, C2-H2 = 1.079, C3-H4 = 1.074, 
C3-H5 = 1.076, LC(ClC2H2) = 117.15, 
i$(C2C3H4(5)) = 121.01(121.36) 

C1-H1 = 1.072, C1-C2 = 1.524, C2-0 = 
1.233, C2-H2 = 1.090, LC(HlClC2) = 131.96, 
LC(ClC2H2) = 117.43, LC(ClC2O) = 122.88 

C1-HI = 1.091, C1-C2 = 1.443, C2-0 = 
1.192, C2-H2 = 1.108, &(HlClC2) = 110.96, 
&(ClC20) = 129.03, LC(ClC2H2) = 108.21, 
&(HlClC20) = -95.2, LC(HlClC2H2) = 88.9 

C1-C2 = 1.495, C2-C3 = 1.478, C2-H1 = 
1.078, LC(ClC2C3) = 59.26, g(ClC2Hl) = 
116.05, LC(C3ClC2Hl) = 111.1 

Calculations 
The results for the singlet states were obtained from single 

determinantal calculations using the 6-3 1G** basis set. Calcu- 
lation of the triplet state functions used the same basis but 
employed the unrestricted SCF procedure (the 6-21G** basis 
was used for singlet and triplet SiH2). All geometries were 
optimized at either of these two levels of theory and the results 
are given in Table 1 .  The bonds in CLi2 are ionic with little 
directional character and the bending force constant for this 
molecule is very small. The predicted geometries of such 
triatomic molecules are very dependent upon the adequacy of 
the basis set used to describe the negatively charged central 
atom.' With the addition of an extra set of diffuse s, p,  and d 
functions on the C atom the CLi2 molecule in its triplet state is 

2Grev and Schaefer (6) have found that two sets of d orbitals are 
necessary to properly describe the ground state of CSi2, which is bent. 
We have since calculated that the net charge on C in this molecule is 
-2.69 e. We employed their expanded basis set for C in our geometry 
optimization of triplet CLi2. 

predicted to be bent with a bond angle of 1 1  1.9". The molecule 
is still a floppy one and the energy difference between the linear 
and equilibrium geometries is only 1.4 kcal/mol. Convergence 
difficulties were encountered in the calculation of the singlet 
state of this molecule, but it has been previously shown that 
the ground state of CLi2 is a triplet (7). The singlet state of 
formylmethylene is calculated to have a nonplanar geometry at 
the 6-31G** basis set as previously reported by Bouma et al. 
(8). We find a slightly lower energy for this state than that found 
by Bouma et al. ,-who state that with correlation, formylmethyl- 
ene isomerizes to ketene. 

In the linear geometry of a carbene the 2p, and 2p, orbitals 
on carbon (the 3al and l b l  orbitals, respectively, of the 
bent molecule) are degenerate and of n symmetry. With an 
increasing departure from linearity the 3al orbital becomes 
increasingly more stable than the 1 bl orbital. Thus for linear or 
near linear geometries Hund's rule applies to yield a 3 E ,  or 3 ~ 1  

ground state from the configurations . . . n2  or . . .3a1 1 bl . For a 
strongly bent geometry the ground state will be a singlet, . . .3a2, 
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'A,. Thus there is a close connection between the geometry and 
spin multiplicity of a carbene and one notes in Table 1 that the 
calculated bond angles of the triplet states are always larger than 
those of the singlets. 

A 'A' state is also obtained by double occupation of the 
lb l  orbital and the ground state of a singlet carbene is better 
described in terms of a linear combination of these two lowest 
'Al detenninantal state functions. A two-state CI calculation 
(at the single-state geometries) was carried out for CH2, CF2, 
and SiH2 to determine its effect on the properties of the 
electronic charge distribution. The contribution of the upper 
state to the total charge distribution was only a few percent in 
each case. While the effect on the singlet-triplet energy 
separation was significant, the quantitative changes in p 
amounted to only a few percent and qualitatively the charge 
distributions were left unaltered. These results are summarized 
in the Appendix. Our two configuration CI calculations impose 
the frozen orbital approximation. Two configuration SCF calcu- 
lations which do not invoke this approximation give smaller 
singlet-triplet splitting energies, 22.0 and 12.8 kcal/mol for 
methylene (9, 10). The latter was obtained using a basis of 
quality similar to ours. 

A recent review emphasizes the sensitivity of the singlet- 
triplet splitting to the level of theory used (1 1). 

Atomic properties and ground state multiplicities 
As has been demonstrated (12) and recently reviewed for the 

chemical reader (13), the atomic boundaries and the network of 
bonds are determined by the gradient vector field of the charge 
density (see Fig. 1). The atomic boundaries exhibit a zero flux in 
the gradient vectors of p and they thus satisfy the quantum 
condition for the definition of a subsystem with well-defined 
properties. Five atomic properties will be used in the present 
investigation: 
(a) atomic charge of atom R ,  q(R) is obtained by integration 
of p over the basin of atom R to obtain its average electron 
population N(R) followed by the subtraction of this average 
electron population from the nuclear charge, Zn , 

[I] q(R) = Za - Jnpd7 = Zn - N(R) 

(b) Atomic dipole p (R)  is obtained by weighting the integra- 
tion of p with the position vector r with origin at the nucleus of 
a ,  

[21 ~ ( a )  = Snrpd7 

(c) Spin population S(R), is obtained by integrating the spin 
density u(r) = pa(r) - pP(r), the difference between the a- and 
P-spin densities, over the basin of R to give the average number 
of excess a electrons (if S(R) > 0) on atom R(14) 

(d) The degree of localization of the electrons on atom R and 
denoted by 1(R) is obtained by integrating the Fermi hole over 
the basin of the atom, F(R,R), and comparing it with the 
average number of electrons in the atom (15a) 

other electrons in the system and the fluctuation in the average 
population N(R) is zero. Thus the ratio IF(R,R)/N(R)I 
determines the fraction of the maximum possible localization 
and when multiplied by 100 determines the percent localization 
of the electrons on atom R ,  / ( a ) .  
(e) The energy of atom R ,  E(R), is most simply obtained by 
integrating the kinetic energy density over the atom to obtain its 
average kinetic energy, T(R). Since the atom is a quantum 
subsystem, the virial theorem applies and E(R)  = - T(R) . 3  For 
equilibrium geometries, as is true here, the sum of the atomic 
energies equals the total energy of the molecule, 

We begin with a discussion of the atomic properties of the 
systems listed in Table 2. The ground states of CH2 and the 
systems listed above it are triplets, while those of the remaining 
systems are singlets. The charge distributions of CH2 and SiH2 
shown in Fig. 1 serve to illustrate the definition of atomic 
boundaries and how the resulting atomic properties reflect the 
principal features of a charge distribution. There is an almost 
equal sharing of bonding density between C and H in saturated 
hydrocarbons, q(H) = -0.06 e in CH4. This remains true for 
the two states of methylene where the charges on H are of even 
smaller magnitude. In SiH2 there is a substantial transfer of 
charge from Si to H as is evident in the display of p; the 
distribution on H is expanded and more diffuse compared to that 
for CH2, and p is separately localized in each atomic basin to a 
greater extent in SiH2 than it is in CH2. This difference in the 
degree of localization of charge is quantified by the values of 
1(R) (Table 2) which show that the electrons on the H atoms 
in SiH2 are 76% localized compared to a value of only 48% 
in CH2. 

The properties of p at the bond saddle point serve to 
characterize the nature of the bond (Table 3). The value of p at 
the bond saddle point, the quantity pb, tends to smaller values 
as the bonding tends towards the ionic limit. Thus pb is greater 
for CH2 than it is for SiH2 which in turn possesses a value 
greater than that for CLi2, for which the bonding is ionic. One 
notes that the remaining core density on each Li atom is highly 
localized (Table 2). Negative values of V2pb, the value of the 
Laplacian of p at the bond saddle point, indicate that the 
negative curvatures of p (those perpendicular to the bond) 
dominate the interaction. This behaviour is typical of a shared 
interaction such as is found in CH2 - charge is accumulated 
along the bond path as a result of the perpendicular contractions 
of p (5, 16). In SiH2, V2pb > 0 indicating that the Si-H 
interactions are dominated by the contractions of p away 
from the interatomic surface towards each of the nuclei. This 
behaviour is typical of bonds with substantial charge transfer 
and localized atomic distributions. The reader is again referred 
to Fig. 1 to appreciate the differing behaviours associated with a 
large pb and negative VZpb value and a low pb and positive V2pb 
value. 

There is considerable charge transfer from carbon to fluorine 
and nitrogen (Table 2) and the V2pb values for the C-F and 

[41 F(a7R)  = -Zi,i[Sn+i+jd712 3~ecause the a~~roximate state functions used here do not satisfy the . . 
Conceptually this is equivalent to averaging, over all reference Hellmann-Feynman theorem, there are small net forces calculated for 

the nuclei at the equilibrium geometry. Thus the ratio I E / T I  differs 
coordinates within atom a ,  the extent to which the "exchange slightly from unity, The values of T ( a )  were multiplied by the 1~7~1 
charge density" (15b) is contained within that atom. The ,tio in order that the sum of the atomic energies would equal E. 
limiting value of the integrated Fermi hole, F(R,R) ,  is These are small corrections, the ratios for the triplet and singlet states, 
-N(R). At this limit the N ( a )  electrons are completely local- respectively, are 1 .om1 and 0.9991 for CH2, 1.0002 and 1 
ized on atom a ,  there is no exchange of these electrons-with for SiH2. 
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TABLE 2. Atomic properties of carbenes 

YXY' 4(x) q(y) d y ' )  s ( x )  s ( y )  S(y') E(T)-E(S)t AE(X) AE(Y) AE(Yr) p,(X)* 1(Y) 

LiCLi (T) 
HC(C1H=CH2) (T) 

(TI 
HCH 

(S) 
(TI 

HC(NH2) 
(S) 

(TI 
FCF 

(S) 
(TI 

HSiH 
(S) 

+0.912 
+0.075 (C'H, +0.074) 

(CH2, +0.002) 
+0.018 (C'H, + 1.109) 

(0 ,  -1.091) 

-0.044 (C'H, + 1.287) 
(0 ,  -1.332) 

+0.028 

-0.044 
-0.520 (N, - 1.330) 

(H, +0.405) 
-0.598 (N, - 1.448) 

(H, +0.425) 
-0.720 

-0.776 
-0.738 

-0.754 

+ 1.984 +0.008 +0.008 
+ 1.675 +0.023 (C'H, -0.442) 

(CH,, +0.746) 
+1.754 +0.014 (C', -0.314) 

(0 ,  +0.511) 
(H, +0.035) 

- 1.98 98% (Li) 
0.33 

0.90 44% (H) 
5 

0.30 8 c 
-31 -75 +22 + 22 o 

1.03 48% (H) $ 
1.02 

+ 13 -130 +29 +I14 
4 u 

1.67 49%(H) $ 
2 

1.90 $5 

+ 32 -116 +74 + 74 
3.13 95%(F) 
2.48 

+4 -20 +12 + 12 
2.56 76% (H) 

*Atomic dipoles in atomic units. I au = 2.542 D. A positive value for means the negative end of dipole is directed away from ligands. 
tAll energy differences are in kcal mol-' and all refer to E(trip1et state) - E(sing1et state). 
$The individual atomic contributions to AE from the formyl group are: AE(C1) = -59, AE(0) = +74, and AE(H) = -2 all in kcal mol-'. 
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FIG. 1. Contour maps and corresponding relief maps of the singlet charge distributions in the plane of the nuclei for CH2 and SiH2. The same 
vertical scaling is used in the relief maps. The maxima in p at the positions of the C and Si nuclei are not shown. The black dots on the contour map 
denote the positions of the bond saddle points. Also shown are the bond paths and the atomic boundaries defined by the interatomic surfaces. AS 
illustrated in the relief maps, the value of p at a bond saddle point pb, is the minimum value attained by p along the bond path and the maximum value 
attained in the interatomic surface. A bond path and its associated surface are defined respectively by the gradient vectors of p which originate and 
terminate at the bond saddle point. The contour values in au are 0.002,0.004, and 0.008 increasing by powers of 10 to a maximum value of 20 au. 

C-N bonds indicate that these interactions are dominated 
by a contraction of charge towards each of the nuclei. These 
interactions are, however, not ionic but very polar shared 
interactions as indicated by the relatively large values of p,. 

Essentially all of the unpaired spin density is localized on the 
carbon atom in the triplet states of CLi2 and CH2. There is a 
small excess in the transfer of P-spin density compared to a-spin 
density to the carbon atom in these systems with the result that 
the ligands have small net a spin populations. In CHNH, , CF2, 
and SiH2 there is a significant delocalization of the spin density 

onto the ligands as a result of the transfer of charge to the ligands 
from the carbon and silicon atoms in these molecules. There is 
also a significant delocalization of the spin density in fomyl- 
methylene and vinylmethylene into the CH=O and CH=CHz 
fragments. Since there is no net transfer of charge from the 
methylenic carbon in these two molecules, the spin delocaliza- 
tion is accomplished through a spin polarization rather than by a 
transfer of charge. From the data given in Table 2 it is seen that 
the spin populations of the methylenic carbons are reduced from 
the value of two. Negative spin populations, approximately : 
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MACDOUGALL AND BADER 

TABLE 3. Bond properties and reactivity sites 

Nonbonded Hole in VSCC 
maxima 

System Bond pb  au VZpb au ~t VZp au Width* au VZp au 

CLiz (T) 
HCC1H=C"H2 (T) 

HCCrH=O (T) 

HCNH2 (S) 

(cis) 
(trans) 

CFz (TI 
(9 

SiHz (T) 
(S) 

C-Li 
C-H 
C-C' 
C'-C" 
C-H 
C-C' 
c1=o 
C'-H 
C-H 
C-C' 
Cf=0 
C' -H 
C-H 
C-H 
H-C 
C-N 
N-H 
H-C 
C-N 
N-H 
N-H 
C-F 
C-F 
Si-H 
Si-H 

No hole 
No hole 

No hole 

1.3 

No hole 
1.4 
1.2 

1.3 

1.6 
1.8 
4.1 
3.2 

- 

tl indicates major axis is perpendicular to the plane of the Y-X-Y' nuclei. In singlet formylrnethylene the major 
axis of the C'=O bond is perpendicular to the plane of the formyl group. All other bonds have their major axis in the 
Y-X-Y' plane. 

*There are two such holes in the singlet states of all systems, while only one in the triplet states. 

equal to the reduction in S(C), are present on the adjacent carbon 
atoms. The terminal oxygen and carbon atoms again have 
positive spin populations. The presence of alternating net spin 
populations on neighbouring atoms as a mechanism for spin 
delocalization has been previously noted (14). This mechanism 
is different from that operative in the amino- and difluoro- 
molecules where there is a simple transfer of charge and all the 
atoms exhibit spin populations of the same sign. 

The final property listed in Table 3 is the bond ellipticity E 
defined as E = (A1 /A2 - 1) where A, and h2 are the magnitudes 
of the two negative curvatures of p at the bond saddle point with 
X I  > h2 (17). When these two curvatures are not equal, the 
charge density in the interatomic surface falls off from its 
maximum value at the saddle point more slowly in the plane 
containing the smallest of the two curvatures, indicating that 
charge density is preferentially accumulated in this particular 
plane. The C=C bond in ethylene, for example, has E > 0 and 
the axis of the smaller curvature lies in the plane perpendicular 
to the plane of the nuclei - charge density is preferentially 
accumulated in the plane of the "T" orbital. The data in Table 3 
indicate that the charge of the methylenic bonds is preferentially 
accumulated in the plane of the nuclei in the singlet molecules 
and in the plane perpendicular to this for all of the triplet 
molecules. 

A carbon-carbon bond order n can be defined in terms of the 
value of pb (17), giving n = 1, 2, 3, respectively for ethane, 
ethylene, and acetylene. In terms of the bond order and bond 
ellipticity parameters, one can show that in addition to the spin 
polarization present in the formyl- and vinylmethylenes, there is 

an essentially complete delocalization of the n density in these 
systems. The two C-C bonds in vinylmethylene have equal 
bond orders of 1.6 and similar ellipticities with their major axes 
in the 7~ plane.'The C-C bond order in the triplet state of 
formylmethylene is 1.5 again indicating a delocalization of 
the 7~ density. The spin populations, bond orders, and bond 
ellipticities indicate that vinylmethylene is best described as a 
vinyl radical with an extra unpaired and localized a electron 
resulting from the loss of a terminal hydrogen atom. Hutton 
et a1. (18) have arrived at the same description of this molecule 
on the basis of its esr sDectrum. 

The perturbation of the nonbonded charge density on carbon 
is minimal in the methylene systems because of the essentially 
equal sharing of the bonding charge density between the C and 
H atoms.   his is reflected in the near zero atomic charges on 
carbon in these systems and in their small atomic dipoles. Hence 
the triplet state is of lower energy than the singlet state for 
methylene because of Hund's rule, as it is for the carbon atom 
itself. Indeed the singlet-triplet energy gaps are of the same 
order of magnitude for the two systems. The relative singlet- 
triplet stabilities in the remaining systems will be discussed by 
comparing the properties of their charge distributions with those 
for the two corresponding states of CH2. 

The single most distinguishing feature of the examples listed 
in Table 2 relative to methylene is the extent and direction of 
charge transfer. A transfer of charge from the ligands to the 
carbon as in CLi2 leaves the triplet as the ground state. When 
charge is transferred to the ligands as in CHNH2, CF2, and 
SiH2, the singlet state is more stable than the triplet. In the two 
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remaining systems where the methylenic carbon is bonded to 
another carbon atom, the net charges on C are similar to those 
found in CH2 itself and the triplet states are again the ground 
states. One notes as well that the central carbon and silicon 
atoms of the triplet states are more electronegative than they are 
in the corresponding singlets; q(C) is more negative for the 
triplet than for the singlet state in every system listed in Table 2. 

The energies listed in Table 2, A E ( a ) ,  are the differences in 
the atomic energies between the triplet and singlet states for 
each molecular system. We first discuss the systems with a 
charge transfer from carbon or silicon to the ligands. In each of 
these systems the central atom is most stable in the triplet state 
and its energy change is the largest of the atoms in the molecule. 
The ligands, on the other hand, are most stable in the singlet 
states. These relative atomic stabilities parallel the differences 
in the average atomic populations between the triplet and singlet 
states. The populations for C and Si are largest in the triplet 
states while those for H, N, and F are largest in the singlet states. 
In the CHNH2, CF2, and SiH2 systems the excess in the transfer 
of charge to the more electronegative ligands in the singlet states 
stabilizes the ligands more than it destabilizes the less electro- 
negative central atom and the singlet states are most stable. 
Given the differing populations in these systems, the favoured 
state is the singlet as the largest amount of negative charge is 
placed on the most electronegative atoms in this state. 

The singlet-triplet atomic charge and energy differences for 
formylmethylene follow the same patterns as those already 
discussed if the formyl group is considered as a single entity. 
Within this group there is a significant charge transfer from the 
carbon to the oxygen atom. The oxygen atom has its largest 
electron population and lowest energy in the singlet state and 
behaves as do the ligands discussed above. The formyl carbon, 
however, possesses a larger population and its lowest energy in 
the triplet state, both differences being greater than for the 
methylenic carbon. As discussed above there is a polarization of 
the spin density and a delocalization of the a density in this 
molecule and in the related vinylmethylene. This delocalization 
of the charge density and the accompanying alternation of 
the spin population leads to a greater stabilization of the 
two neighbouring carbon atoms in the triplet states of these 
unsaturated carbenes than it does to the terminal carbon and 
oxygen atoms in the corresponding singlet states, and the 
ground states are triplets. 

The methylenic carbon always possesses a larger electron 
population and lower energy in the triplet than in the singlet 
state of a carbene. From the examples studied here it is found 
that the triplet is the ground state when carbon bears a net 
negative charge. Thus this extra stabilization of the methylenic 
carbon in the triplet state dominates the total singlet-triplet 
energy difference when the net charge on carbon is negative. 
When there is a substantial transfer of charge to the ligands and 
carbon bears a net positive charge, the ground state is a singlet. 

Previous workers have attributed a triplet ground state in 
vinylmethylene to a delocalization of a density and a singlet 
ground state in systems with ligands possessing unshared pairs 
of electrons as in CFz to a back-donation of the a density 
(19-21). This latter argument does not account for the existence 
of a singlet ground state in SiH2. Harrison et al. (22) have 
proposed that electronegative substituents differentially stabil- 
ize singlet carbenes, while electropositive substituents stabilize 
triplet carbenes. It has also been argued that a donors stabilize 
the singlet more than the triplet, while a acceptors have the 
opposite effect (23). 

The orbital model of a back-donation wherein an electro- 
negative atom such as fluorine or nitrogen donates electronic 
charge to a less electronegative atom such as carbon is not 
apparent as such in the properties of a total charge distribution. 
For example, a back-donation is predicted to occur in the 
singlet states of CF2 and CHNH2 and yet the methylenic carbon 
has a larger electron population in the triplet than in the singlet 
states of these two systems. Also, as noted in Table 3, the 
ellipticities of the C-F and C-N bonds in the singlet 
molecules have their major axes in the plane of the nuclei, 
opposite to what is found for bonds with partial a character. It 
is a general observation that in a bond X-Y with significant 
charge transfer from X to Y there is a polarization of both atomic 
charge distributions in the direction counter to the direction 
of the charge transfer (24). What one observes is that the 
magnitude of the atomic back-polarization on Y parallels the 
anticipated consequences of the a back-donation model. Thus, 
the magnitude of p(Y) is largest when there is an orbital 
vacancy on X; in CH3F, p(F) = 0.32 au while in singlet CF2, 
p(F) = 0.52 au. Also, within the carbene series, p(F) and p(N) 
are larger in the singlet states than in the triplets (Table 4). The 
a-donation model is invoked to account for unusually short 
X-Y bond lengths and the data in Table 4 show that the state, 
singlet or triplet, with the shortest X-Y bond also has the 
largest value for p(Y). In CF2 or CHNHz this is the anticipated 
singlet state while in SiH2, where the ligand has no unshared 
electrons, it is the triplet. However, the polarization of H is of 
the same magnitude as the others despite this difference. 

The triplet ground states of formyl and vinylmethylene have 
been accounted for in terms of the a-acceptor model (23). 
As already noted, the present theory provides a quantitative 
assessment of both spin and charge delocalization through the 
assignment of corresponding atomic populations, bond orders, 
and bond ellipticities. As demonstrated below, the properties of 
the Laplacian of p provide the mechanism underlying the atomic 
back-polarizations and charge delocalizations. 

Valence charge concentrations and ground state multiplicities 
The Laplacian of p for a free atom reflects the quantum shell 

structure by exhibiting a corresponding number of alternating 
pairs of regions of charge concentration (V2p < O), and charge 
depletion (VZp > 0) beginning with a spike-like concentration 
at the nucleus. Upon bonding, local maxima and minima are 
formed in the valence shell of charge concentration (VSCC) and 
the number of resulting bonded and nonbonded maxima thus 
formed are in general agreement with localized models of 
electronic structure. 

The local concentrations of charge in the valence shell of an 
atom as determined by the Laplacian of p mimic not only the 
model of localized bonded and nonbonded pairs, they also 
reflect the presence of local concentrations of unpaired elec- 
trons. In Fig. 2 the Laplacian distribution for triplet CF2 exhibits 
two distinct maxima on the carbon atom in the symmetry plane 
perpendicular to the plane of the nuclei. The singlet state of 
the same molecule exhibits a single nonbonded maximum on 
carbon. The magnitude of this single maximum (corresponding 
to the model of a localized electron pair) is larger than the two 
identical maxima present in the triplet state, each of which 
models a single unpaired electron. The values of the nonbonded 
maxima in the Laplacian of p are given in Table 3. Similar 
observations apply to the other pairs of molecules listed in Table 
3 (Fig. 3) with the exceptions of CHCH=O and CHCH=CH2. 
In these molecules the triplet states exhibit a single nonbonded 
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FIG. 2. Displays of the Laplacians of the charge distributions for the triplet and singlet states of CF2. The lower diagrams are for the plane of the nuclei, the upper ones for the perpendicular 
symmetry plane containing the C nucleus. The function plotted is -V2p, a maximum in this function denoting a maximum in the concentration of charge. The core or first quantum shell of each 
atom exhibits a spike-like charge concentration at the nucleus surrounded by a deep region of charge depletion. This is followed by the valence shell of charge concentration (VSCC) and the 
outer or valence region of charge depletion. The VSCC of carbon in the triplet state shows two bonded maxima and two nonbonded maxima in the perpendicular plane. The p i n t  labelled a 

0 
in the lower diagram is not a maximum. It is another view of the saddle point a between the nonbonded maxima. The VSCC of carbon in the singlet state also shows two bonded maxima but w 

only a single, larger, nonbonded maximum. The point labelled h and its mirror p i n t  are positions where the VSCC on carbon has been broken. There is no radial maximum or lip defining 
a shell at these pints.  The maxima present in the VSCC's of the F atoms are not shown as they are larger by a factor of ten than those on the carbons. 
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FIG. 3. Contour plots of VZp in symmetry planes perpendicular to 
the planeof the nuclei containing the C or Si nucleus. For the triplets (a) 
CLi2 , ( b )  CH2, ( c )  CF2, and (d) SiH2 and for the singlets (e) CH2, (f)  
CF2, and (g) SiH2. The right-hand side of each figure corresponds to 
the nonbonded side of the C or Si atom. Dashed lines denote negative 
values - regions where charge is concentrated. Solid lines denote 
positive values - regions of charge depletion. Each dot denotes a 
maximum in -V2p, a maximum in charge concentration. Each triplet 
state exhibits two and each singlet one such maxima in this plane. 
Figures (c)  and (f)  are the contour maps corresponding to the top two 
relief diagrams of Fig. 2. Contour values in au are k0.002, k0.004, 
20.008 increasing in powers of 10 up to k8.0. 

maximum (Fig. 4) as a result of the delocalization of the n 
density into the CH=CH2 and CH=O fragments. 

We begin with some general observations. The nonbonded 
maxima in the singlet states are considerably larger than those in 
the tiplet states. In those molecules which have a triplet ground 
state there are no regions of charge depletion (or holes as we 
shall refer to them) in the VSCC and the nonbonded maxima are 
not p ron~unced .~  This behaviour is typified by the methylenic 
carbon in vinylmethylene as illustrated in Fig. 4. The delocali- 
zation of the valence charge concentration is most pronounced 
in the triplet state of CLi2 where the C atom bears a large net 

4The magnitude of V2p at the intervening saddle points is only a 
few percent less than its value at the maxima, and the extrema are not 
pronounced. 

u 
A-A 

FIG. 4. Contour plot of the Laplacian of p for the triplet state of 
vinylmethylene; in the plane of the nuclei (upper diagram) and the 
cross-section, A-A, through the divalent carbon. The dots denote the 
bonded and the single nonbonded maximum in charge concentration. 

negative charge (Fig. 3a). The VSCC is also polarized towards 
the ligands in this molecule to the extent that what correspond to 
nonbonded maxima in the other examples are now maxima on 
the bonded side of the molecule. The nonbonded charge in 
the singlet states of these molecules on the other hand is 
very localized (Fig. 3e) with the result that regions of charge 
depletion or holes are also present in the VSCC of the 
methylenic carbon in the singlet state, in accord with their 
ambiphilic nature. For the molecules which have singlet ground 
states, the nonbonded maxima are large and very pronounced in 
both the singlet and triplet states of each system as illustrated for 
CF2 in Fig. 2. In these systems the ligands bear substantial 
negative charges and the methylenic carbon atom is strongly 
polarized into its nonbonded region, more so in the singlet than 
in the triplet states (see p(C) values in Table 2). Corres- 
pondingly the single nonbonded maximum in the singlet is 
approximately twice the magnitude of either maximum in the 
triplet. Thus as a consequence of the charge transfer to the 
ligands, the nonbonded charge concentrations on carbon are 
localized and holes are present in the VSCC's in both the singlet 
and triplet states of these molecules. 

In summary, in carbenes where the methylenic carbon is 
neutral or negatively charged, there is a delocalization of the 
nonbonded charge concentration in the triplet state while the 
nonbonded charge concentration is localized in the singlet state. 
In these systems the ground state is the delocalized triplet. In 
carbenes where there is a substantial charge transfer to the 
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MACDOUGALL 

ligands the VSCC of the methylenic carbon is very localized 
into bonded and nonbonded charge concentrations in both the 
triplet and singlet states. The localization is greatest in the 
singlet states and these are the ground states in such systems. 

Substituent effects on chemical reactivity 
The extent of atomic back-polarization of Y in an X-Y bond 

can be rationalized in terms of the properties of the Laplacian 
of p. Of interest is the case where Y has unshared pairs of 
electrons, such as fluorine. In an axially symmetric system such 
as H-F, fluorine exhibits a uniform nonbonded torus of charge 
concentration subtending an angle at the nucleus of 101.2'. The 
manner and extent to which this torus of nonbonded charge is 
polarized in a system without axial symmetry is determined by 
the properties of the VSCC of the bonded neighbour, X. If X 
does not possess an orbital vacancy then its VSCC does not 
exhibit any pronounced regions of charge depletion. In this case 
the polarization of the nonbonded torus of charge concentration 
of F is very slight and the small maxima induced in the torus are 
staggered with respect to the bonded maxima on X.* In ClF5 for 
example, the axial F exhibits four nonbonded maxima which are 
staggered with respect to the four bonded maxima on the C1 
atom. In CH3F, fluorine has three nonbonded maxima which are 
staggered with respect to the three bonded maxima on carbon. 
The maxima induced in the nonbonded torus by these polariza- 
tions exceed in value the resulting minima in V2p by less than 
1 .O% and correspondingly, the atomic back-polarization of F is 
relatively small. 

In the case where X possesses an orbital vacancy the 
polarization of the nonbonded torus on F and the resulting 
back-polarization of its density are very pronounced. In the 
singlet state of CF2, the VSCC on carbon exhibits two 
pronounced holes so positioned as to mimic a vacant pn orbital, 
Fig. 3c. The VSCC of carbon in a carbocation exhibits the same 
pattern of charge depletion. In singlet CF2 the density on F, 
including the nonbonded torus of charge concentration, under- 
goes significant polarization towards the regions of charge 
depletion on carbon. The result is the formation of two minima 
and two maxima in the nonbonded torus. Since the minima 
result from the polarization of the nonbonded charge towards 
the holes on carbon, the nonbonded maxima on fluorine now 
eclipse the maxima on carbon. These are large effects; the 
resulting nonbonded maxima on fluorine exceed the minima in 
the nonbonded torus of charge concentration by 25% and the 
atomic dipole is large (Table 4). This situation parallels the 
model of n back-donation, but as previously noted there is only 
a polarization of the atomic charge on Y, not a transfer back to 
the vacancy on X. 

The VSCC of carbon in triplet CF2 has regions of charge 
depletion in the plane of the nuclei (Figs. 2 and 3 c ) .  The 
nonbonded torus on F undergoes a similar to that in 
the singlet state, but to a lesser extent. The resulting nonbonded 
charge maxima exceed the minima by 8% and they again eclipse 
the nonbonded maxima on carbon which are above and below 
the plane of the nuclei in this case. The atomic polarization on F 
is also less than in the singlet state. In the orbital model of a 
triplet carbon every orbital on carbon is at least singly occupied 
and hence no n back-donation is expected. The Laplacian of p, 
by indicating the presence of regions of charge depletion on 
carbon, does correctly anticipate atomic back-polarization in 

'~remer and Kraka (25) have proposed that the staggered con- 
formation results from maximum avoidance of vicinal bonded charge 
concentrations. 

AND BADER 1505 

TABLE 4. Bond distances and atomic dipoles 

YXY' R(X-Y') A CL(Y') au 

cF2 (s) 1.283 0.524 
CF2 (TI 1.304 0.414 
HCNH2 (S) 1.308 0.518 
HCNH2 (T) 1.384 0.230 
SiH2 (S) 1.510 0.418 
SiH2 (T) 1.472 0.452 

RG. 5 .  Contour diagrams of V2p with bond paths and interatomic 
surfaces overlayed. These are planes perpendicular to the planes of the 
nuclei, containing one of the bond axes. For (a) singlet CF2, ( b )  singlet 
SiH2, and ( c )  singlet CHNH2. The arrows indicate the effect of 
back-polarization on the interatomic surfaces. In the absence of strong 
back-polarization, as in CH3F or CH3NH2, the surfaces are not pushed 
in the direction indicated by the arrows. 

the triplet case. Since the holes on carbon are less pronounced in 
the triplet than in the singlet state, the extent of polarization is 
less. 

These same mechanisms are operative in the CHNH2 system. 
In the singlet state of this molecule the -NH2 group is planar so 
as to align the nonbonded charge concentration on nitrogen with 
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TABLE 5. Structural and atomic properties of cyclic carbenes 

Nonbonded Hole in VSCC 
maximum 

System Bond V2pb au E t n q(a) p(C1) *au V2p au Width au V2p au 

*I au = 2.542 D, a positive p value means that the negative end of the dipole is directed away from the ligands. 
t l indicates that the major axis is perpendicular to the plane of the ring. All other bonds have their major axis in the plane of the ring. 

the n-like region of charge depletion on carbon. The nitrogen 
is polarized towards carbon to such an extent that it no longer 
possesses a nonbonded charge concentration and its atomic 
dipole is large, Table 4. In triplet CHNH2 the nitrogen atom is 
pyramidal and possesses a nonbonded charge concentration as 
does N in NH3 (5). The VSCC of carbon in the triplet state has a 
region of charge depletion in the plane of the H-C-N nuclei 
and the nonbonded charge concentration on N is aligned with it. 
As with CF2, the polarization of the ligand is less pronounced in 
the triplet than in the singlet. 

The shape of the interatomic surface illustrates the effect that 
such back-polarization has on an X-Y bond (Fig. 5). It is 
observed that the bulging in these interatomic surfaces is not 
axially symmetric, but that in the singlet states it is more 
pronounced above and below the plane of the nuclei. It is also 
observed that the extent of bulging increases as p(Y) increases. 

In ref. 5 it was proposed that nonbonded maxima in -V2p(r) 
are sites of electrophilic attack and points of maximum charge 
depletion in the VSCC are sites of nucleophilic attack. It is 
generally found that VSCC 's of atoms with incomplete valence 
shells, such as C in carbenes, do not completely envelope the 
nucleus. In Fig. 2 any radial line from the C nucleus in triplet 
CF2 passes through a maximum as it crosses the VSCC, but in 
the case of the C atom in singlet CF2 there exist radial paths 
which do not pass over such a "lip". As a result a critical point 
corresponding to a point of maximum charge depletion in the 
VSCC does not exist. To characterize the susceptibility of such 
atoms to nucleophilic attack we report (Tables 3 and 5) the 
width of the hole in the VSCC. This measurement is illustrated 
in Fig. 3e. We also report the value of V2p at the hole center. 
To characterize the susceptibility of the divalent atoms to 
electrophilic attack, the values of V2p at the nonbonded maxima 
are reported in Tables 3 and 4. 

The triplet states of CH2 and CLi2 do not exhibit regions of 
charge depletion in the VSCC's of the methylenic carbon atoms. 
Hence the triplet states of these molecules are not susceptible 
to attack by nucleophiles. They are, however, very susceptible 
to attack by electrophiles. The delocalized nature of the non- 
bonded charge concentration in these molecules indicates that it 
is easily polarized, thereby accounting for their reactive nature 

towards electrophiles. As pointed out earlier, singlet carbenes 
have both lumps and holes in their VSCC's, making them 
susceptible to both electrophilic and nucleophilic attack (Fig. 
3). The singlet states of carbenes in which charge is transferred 
to the ligands are found to be less susceptible to nucleophilic 
attack than singlet CH2 (26). The arrow in Fig. 3 f indicates 
that the direction of approach of a nucleophile to the VSCC of 
the C atom in singlet CF2 is at an acute angle to the C-F bond 
axes. The resulting electron-electron repulsion between the 
approaching nucleophile and the negatively charged F atoms 
creates a barrier to nucleophilic attack. This same argument 
applies to singlet SiH2 and singlet CHNH2. Sosa and Schlegel 
have calculated that indeed the singlet states of CF2 and SiH2 
have high insertion barriers relative to that of singlet CH2, and 
that the angle of approach is as described above for both CF2 and 
SiH2 (27). The small hole width and completion of the VSCC 
of the C atom in singlet CHNH2 indicate it is less susceptible 
to nucleophilic attack than singlet CH2, even before ligand- 
nucleophile repulsions are considered. 

The delocalization of spin and charge density in a,@-unsatur- 
ated methylenes was previously discussed. As mentioned, these 
systems are best described as biradicals with one of the unshared 
electrons delocalized into the .rr system. Thus, the reactivity 
of these systems will be free radical-like. As a result of the 
presence of a single nonbonded charge concentration (Fig. 4), 
they are predicted to be less reactive than alkylmethylenes 
which have two such maxima. Singlet formylmethylene has 
been predicted to rearrange easily to ketene via an intramole- 
cular aC-H insertion (8). This rearrangement is foreshadowed 
by the alignment of the aC-H bond with the hole in the VSCC 
of the divalent C atom and the unusually small angle this bond 
makes with the C-C bond axis, 108.2" compared to 117.4' in 
the triplet state. This is an example of a singlet carbene with a 
ligand which possesses no unshared electrons. In the absence of 
an unshared pair the density of the C-H bond is polarized 
towards the hole in the VSCC of the methylenic carbon, as 
indicated by its low p, value (Table 5). This behaviour is 
analogous to hyperconjugation in carbocations (17). 

The reactivity of the singlet states of two cyclic carbenes and 
a vinylidene (Table 5) are considered next. Others have shown 
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MACDOUGALL AND BADER 

I FIG. 6. Contour plots of V2p. Local maxima in -V2p are denoted by solid circles. (a) The symmetry plane bisecting the ring in 
cyclopropylidene. Note the delocalization of charge into the center of the ring. ( b )  A similar plane in cyclopropenylidene. The triangle indicates a 
critical point in the VSCC of the methylenic carbon atom corresponding to a site of nucleophilic attack. There is a mirror site as well. ( c )  The plane 
containing the ring nuclei in cyclopropylidenecarbene. The sites of nucleophilic attack on the methylenic carbon are also in this plane. (d) The plane 
containing the T bond in cyclopropylidenecarbene. 

that they possess singlet ground states (20,28). Considering the 
small bond angle in three-membered ring carbenes (59.3" in 
cyclopropylidene and 55.4" in cyclopropenylidene), one can 
account for the singlet ground states of these systems by 
recalling that the 3a, orbital becomes increasingly more stable 
relative to the 1 bl orbital as B(RCR) decreases. Note that in the 
latter two examples in Table 5 there is significant charge transfer 
from the methylenic C atom to its neighbouring atom(s). Hence 
the singlet ground states of these systems agree with the charge 
transfer argument as well. 

In cyclopropylidene the two types of C-C bonds differ only 
slightly from the C-C bond in cyclopropane for which n = 
0.99 and E = 0.49. On the basis of the data in Tables 3 and 5, 
the reactivity of the methylenic carbon in cyclopropylidene is 
predicted to be similar to that of singlet CH2; susceptible to both 
nucleophilic and electrophilic attack. A comparison of Figs. 3e 
and 6a illustrates this similarity. 

Cyclopropenylidene has been predicted to be unreactive 
towards nucleophiles (29). The bond orders given in Table 5 
indicate that there is some delocalization of charge in this 
system. The effect of this on the VSCC of the methylenic C 
atom is illustrated in Fig. 6b. In this case there is a point of 
maximum charge depletion in the VSCC of the methylenic C 
atom, that is, a critical point in VZp. Because of this delocaliza- 
tion, charge is much less depleted at this point than in other 
carbenes. Thus one would predict cyclopropenylidene to be 
even less susceptible to nucleophilic attack than singlet CHNH2, 
for example. Even though the data in Table 5 predict the 
nonbonded charge concentration on cyclopropylidene to be 
similar in reactivity to that of cyclopropenylidene, nucleophilic 

behaviour will be dominant in the latter because of its greater 
selectivity as an electrophile (26). 

The final example is cyclopropylidenecarbene. This vinyli- 
dene has an unusually short C2=C1: bond (1.275 A) and a 
correspondingly high bond order (n = 2.60). The partial 
triple-bond character of the Cl-C2 bond arises from conjuga- 
tion with the three-membered ring (17). This is suggested by 
the reduction in the bond order of the adjacent C-C bonds, 
n(C2-C3) = 0.932. The extent of charge concentration in the 
.rr plane (Fig. 6d) illustrates the highly nucleophilic nature of 
this C=C: fragment (30). Figure 6c shows the plane containing 
the hole in the VSCC of the methylenic carbon atom, VZp at the 
hole center = + 0.4, roughly that for singlet CH2. However, the 
hole width is extremely small resulting from the extent that the 
bonded and nonbonded charge concentrations cover the VSCC, 
reducing the size of the region a nucleophile can attack. 

Conclusions 
1. We find the energy of the central atom to be lower in the 

triplet state while the energy of the ligand is lower in the singlet 
state. It is also found that the average electron population of the 
central atom is largest in the triplet state. As a result, transfer 
of charge to the ligands preferentially stabilizes the singlet state 
while transfer of charge to the central atom stabilizes the triplet 
state. We expect these observations to remain valid at higher 
levels of theory. The trend is supported by performing a two- 
state CI calculation on singlet methylene, for which AE(C) = 
- 68 kcal/mol and A E(H) = + 2 1 kcal/mol (cf. Table 2). These 
observations allow one to rationalize, non-empirically, the 
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ground state multiplicities of simple carbenes in terms of well- 
defined atomic properties. 

2. The orbital model of IT back-donation is found to  be  
inconsistent with the observed properties of the charge density. 
Instead, back-polarization of negatively charged ligands is 
found to be  the operative mechanism that accounts for the trends 
in X-Y bond lengths (Table 4). 

3. In unsaturated carbenes it is found that spin polarization, 
and not charge transfer, stabilizes the triplet states. 

4 .  Finally, the properties of the Laplacian distribution allow 
one to discuss carbene reactivity in terms of an observable 
property directly related to  the energetics of the system. 

A previous model based on electronegativity (22) was 
deemed "unnecessary in understanding substituent effects on 
ST  (singlet-triplet) gaps" in the publication of a more recent 
model. The latter model was based on empirical IT-acceptor and 
IT-donor indices derived from Mulliken population analyses 
(23). On  the basis of conclusions 1, 2 ,  and 3 above, the latter 
model is unnecessary also. 
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Appendix 
Effect of two state CI on properties of singlet CH2 

Value 

property One configuration Two configurations 

E( 'T)  - E ( O S )  -30.86 kcal/mol* -26.72 kcal/mol 
E(Os) -38.8763 au -38.8829 au 
9(H) -0.0473 e -0.0438 e 
C-H bond 

P b 0.2905 au 0.2899 au 
V 2 ~ b  - 1.1225 au -1.1182 au 
E 0.1746 0.1628 
Nonbonded 
charge concentration 

v 2 p ( r )  - 1.5537 au - 1.4696 au 

*This value reduces to -27.7 kcal/mol when E('T) is obtained from a 
restricted open-shell calculation rather than from UHF. This value compares 
favourably with thevalue -26.2 kcal/mol obtained in ref. 10 whichused a basis 
set of similar size, but with different exponents for the d functions in the singlet 
and triplet states. 
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Convenient synthesis, X-ray crystal structure, and Raman spectrum of the heptasulphide 
dianion, s7'-, in [PPNI2S7 2EtOH 
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TRISTRAM CHIVERS, FRANK EDELMANN, JOHN F. RICHARDSON, and KENNETH J. SCHMIDT. Can. J. Chem. 64,1509 (1986). 
The S72- ion is readily prepared in high yield by the reaction of [PPNISH with cyclo-Ss in ethanol. The crystal and molecular 

structures of [PPNI2S7.2EtOH have been determined by X-ray crystallography. The crystals are monoclinic and belong to the 
space group a = 13.199(2), b = 19.414(2), c = 14.046(2) A, P = 94.027(6)", V = 3590.3(7) A3, Z = 2. The final 
R and R, values were 0.064 and 0.060, respectively. The S72- ion is an unbranched chain of sulphur atoms in the 
cis,trans,cis-configuration with torsion angles of 89.99(18), 71.84(16), 76.54(16), and 94.19(18)". The S-S distances (in A) 
become progressively smaller in the sequence d(S-S central) [2.072(3) and 2.070(3)] > d(S-S internal) [2.050(2) and 
2.037(3)] > d(S-S) terminal [2.044(3) and 2.026(4)]. The Raman spectrum of the S72- ion in [PPNI2S7.2EtOH exhibits 
characteristic S-S stretching vibrations at 503, 453, 419, and 395 cm-'. 

TRISTRAM CHIVERS, FRANK EDELMANN, JOHN F. RICHARDSON et KENNETH J. SCHMIDT. Can. J. Chem. 64, 1509 (1986). 
La rkaction du [PPNISH avec le cyclo-Ss dans 1'Cthanol permet de prkparer facilement et avec un tr&s bon rendement l'ion 

s ~ ~ - .  Faisant appel h la diffraction des rayons-X, on a dktermink les structures cristalline et molkculaire du [PPNI2S7. 2EtOH. 
Les cristaux sont monocliniques, groupe d'espace P21 avec a = 13,199(2), b = 19,414(2) et c = 14,046(2) A, P = 94,027(6)", 
V = 3590,3(7) A3 et Z = 2. Les valeurs finales de R et R, sont respectivement 0,064 et 0,060. Lion s ~ ~ -  est une chaine linkaire 
d'atomes de soufre dans la configuration cis,trans,cis avec des angles de torsion de 89,99(18), 71,84(16), 76,54(16) et 
94,19(18)". Les distances S-S (en A) deviennent de plus en plus courtes dans la skquence d(S-S central) [2,072(3) et 
2,070(3)] > d(S-S interne) [2,050(2) and 2,037(3)] > d(S-S terminal) [2,044(3) et 2,026(4)]. Le spectre Raman de l'ion 
~ 7 ~ - ,  tel qu'il existe dans le [PPNI2S7. 2EtOH, prksente les vibrations d'klongation caractkristiques aux S-S, soit des bandes 
h 503,453,419 et 395 cm-'. 

[Traduit par la revue] 

Introduction 
Recent developments in the chemistry of transition metal 

polysulphides have stimulated interest in the characterization of 
long-chain polysulphide anions, s?- (X > 6) (1). Several 
investigations have provided evidence for the formation and 
instability of such anions in solution (2-4). Solubility and 
uv-visible spectroscopic measurements indicate that solutions 
of lithium polysulphides in DMSO or THF contain chains with 
an average of 9-10 sulphur atoms (2). Earlier studies of the 
electrochemical reduction of cyclo-S8 have established that the 
s:- ion is unstable with respect to disproportionation to s ~ ~ -  
and sulphur in dilute DMF (3) or DMSO (4) solutions (low3 - 

M) in the presence of R4N+ salts. Long chain polysulphide 
anions can, however, be stabilized in the solid state by the 
presence of larger counter-ions. 

In 1983 Coucouvanis et al. reported the unexpected forma- 
tion of [Ph4PI2S7 in moderate yield from the reaction of M0S9'- 
with an excess of sodium diethvldithiocarbamate in the vresence 
of [Ph4P]Cl (5). The S72- ion-was shown to be an uncranched 
chain in the trans,trans,trans-configuration by X-ray crystal- 
lography (5). Subsequently, more direct routes for the prepara- 
tion of salts of S?- anions (x  > 6) have been described. The 
compounds [Ph4AsI2S7 (6) and [Ph4PI2S8 (7) were obtained in 
80% yields by addition of [PhAsICl or [PhPICl, respectively, 
to an ethanol solution of Na2S4. The S 122- ion was isolated as its 
PPN+ salt (PPN+ = (Ph3P)2N+) from the reaction of [PPNICl 
with ~yc10-S~ in the presence of potassium carbonate (8). 

In an attempt to stabilize the initial product of the nucleophilic 
cleavage of an S8 ring we have investigated the reaction of 
[PPNISH with cyclo-S8 in ethanol and found that it produces a 
high yield of [PPNI2S7 2EtOH rather than [PPN] [HS9]. The 
crystal and molecular structures of [PPNI2S7.EtOH have been 

'To whom all correspondence should be addressed. 

determined by X-ray crystallography and the Rarnan spectrum 
of this salt is compared with that of [PPNI2S12. 

Experimental 
Reagents and general procedures 

[PPNICl (9), NaSH (lo), and [PPNI2Sl2 (8) were prepared by the 
literature procedures. All solvents were dried and distilled before use: 
C2H50H (Na/diethylphthalate), CH3CN (CaH2, P205, CaH2). The 
preparation of [PPNI2S7 was carried out under an atmosphere of dry 
nitrogen, but the manipulation of crystalline samples of this salt was 
performed in air. 

Infrared spectra were recorded as Nujol mulls (CsI windows) on 
a Perkin-Elmer 467 grating spectrophotometer (4000-250 cm-I). 
Raman spectra were obtained on a Jarrell-Ash Model 25-100 double 
monochromator calibrated with carbon tetrachloride. A Coherent 
Radiation CR4 Argon ion laser fitted with an Innova plasma tube was 
used to obtain exciting radiation at 5 14 nrn. Samples were mounted in a 
6 cm diameter stainless steel ring on a bed of dry KBr, which was 
rotated at about 1000 rpm to prevent thermal decomposition. 

Preparation of [PPNI2S7 
(a) A solution of [PPNISH was prepared by stirring a mixture of 

NaSH (0.30 g, 5.4 mmol) and [PPWICl (3.1 g, 5.4 mmol) in ethanol 
(30 mL) at 23°C (1 1) for 2 h. The precipitate of sodium chloride was 
removed by filtration and ethanol (80 mL) and cyclo-Ss (0.60 g, 
2.3 mmol) were added to the clear filtrate with vigorous stirring. The 
solution turned orange rapidly and a strong smell of H2S was detected. 
After 5 min, a small amount of unreacted sulphur (ca. 0.10 g) was 
removed by filtration and the bright orange filtrate was allowed to stand 
at 23°C for 1 day whereupon large, ruby red crystals formed. After 
2 days these crystals were separated by filtration, washed with ethanol 
(2 x 30 mL), and dried in air to give [PPNI2S7.2C2H50H (2.5 g, 
1.9 mmol). Anal. cdcd. for C76H72N202P4S7: C 65.49, H 5.21, 
N 2.01, S 16.10; found: C 64.82, H 5.20, N 2.05, S 16.58. One of 
these crystals was used in the X-ray structural determination. 

(b) In order to optimize the yield of [PPNI2S7 a slightly different 
procedure was used. A solution of [PPYISH was prepared as described 
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above using the same qumtities of reagents except that the total volume 
of ethanol was only 40 mL. Addition of c ~ c ~ o - S ~  (0.50 g, 2.0 mmol) to 
this solution produced an orange-red precipitate within 1 min. After 
15 min some unreacted sulphur was still present, so the mixture was 
stirred at 23OC for 18 h by which time sulphur was no longer evident in 
the orange precipitate. The product was isolated by filtration, washed 
with ethanol (2 X 10 mL), and dried in air to give [PPNI2S7. 2EtOH 
(2.65 g, 2.0 mmol), which had a Raman spectrum identical to that of 
the crystalline sample prepared in (a). Powdered samples obtained 
by this procedure sometimes contain small amounts of ~yc10-S~ as 
indicated by Raman bands at 471, 218, and 152 cm-' (12). Cyclo-S8 
can be removed from these samples by Soxhlet extraction with 
n-pentane for 24-48 h. 

X-ray crystallography 
Crystal data: 
C76H72N202P4S7 fw = 1393.78 
Space group P2', a = 13.199(2), b = 19.414(2), c = 14.046(2) A, 
p = 94.027(6)", V =  3590.3(7) A3, Z = 2, p, = 1.29 g cm-3 (21(1)OC, 
MoKa, A = 0.71069 A, graphite monochromator), k(MoKa) = 3.51. 
F(000) = 1458 and crystal description: red, multi-faceted blocks, 
approx. 0.30 X 0.30 x 0.33 rnm. 

An examination of the crystalline sample using both binocular and 
polarising microscopes showed the bulk of the sample to be composed 
of twinned crystals. Six crystals were mounted and photographed 
on an Enraf-Nonius CAD4F diffractometer before one was found 
having w scans of suitable quality for data collection. Intensity data 
were collected using the w-20 scan technique with a scan range 
of 1.5(0.80 + 0.142 tan 0) and scan speeds varying from 0.6 to 
3.3" min-l. Three standard reflections measured every 2400 s of X-ray 
exposure time showed a variation of less than 1% during the data 
acquisition period. The intensity of the reflection data dropped off 
rapidly with increasing 0 and collection was terminated at a maximum 
0 of 25". A total of 6486 unique reflections were measured for the 
octants + h, - k, +I,  of which 4362 were considered observed (F, > 
3u(F0), where u was derived from counting statistics). The data were 
corrected for background, Lorentz and polarization effects but an 
absorption correction was not carried out. Details concerning data 
collection and reduction can be found in ref. 13. The choice of space 
group as P21 is ambiguous. The choice of the acentric space group was 
supported by the distribution of E values (K curve). Although the 
independent cations almost lie about a centre of symmetry, this is not 
exact and, more importantly, the anion and solvate molecules do not 
satisfy the conditions necessary for P2,/m. Examination of the 
intensity data collected and cell reduction (performed using a modifica- 
tion of TRACER I1 by S. L. Lawson, see ref. 14) failed to show the 
presence of a higher symmetry cell. 

The coordinates of the S and P atoms were determined by direct 
methods (MULTAN 78) (15). Structure factor and difference Fourier 
calculations revealed the positions of the remaining non-hydrogen 
atoms. The structure was refined by block-diagonal least-squares 
techniques (4 blocks) based on F ,  minimizing the function Z w( 1 F, I - 
 IF,^)^, where w = [cr(F0l2 + 0 . 0 0 0 1 ~ ~ 1 - ' .  All computations were 
performed using the XRAY 76 system of programs (16). Scattering 
factors were taken from refs. 17 (non-H) and 18 (H) and anomalous 
dispersion corrections were included for non-hydrogen atoms (19). 
Phenyl H atoms were included in calculated positions with isotropic 
thermal parameters set to 1.1 times Beq of the atom to which they are 
bonded. H atoms associated with the solvent molecule could not be 
located. The model did not converge easily, with the average A/u 
being 0.6 in the final cycle. We attribute this oscillation in parameters 
to the near-centric distribution of the PPN+ cations in the cell. In the 
final cycle there were 5594 observations (observed reflections plus 
those for which I, > 3u(10)) and 458 variables with the agreement 
factorsR =Z(IIF,I - IF, \ \ ) /Z(IF,~ =0.064andRW= [Zw( lFo(  - 
IF, J ) 2 / Z ~ \  F, I] 'I2 = 0.060. The final GOF value was 1.15 and the 
largest peak of residual electron density was 0.6 e A-3 (in the region of 
C(3)-C(4)). 

The positional and isotropic thermal parameters for the non- 
hydrogen atoms of [PPNI2S7.2EtOH are given in Table 1. Tables 

giving the anisotropic thermal parameters (SI), positional and thermal 
parameters for H atoms (SII), bond lengths and angles (SIII), and 
the structure factors (SIV) have been placed in the Depository of 
Unpublished Data.2 

The estimated standard deviations quoted in the tables are those 
derived from counting statistics and least-squares refinement. In view 
of the relative weakness of the intensity data, these calculated esds are 
probably underestimated, particularly for bond lengths and angles. It is 
difficult to evaluate the exact standard deviation, but it should be noted 
that differences between chemically equivalent bonds may not be 
significant. 

Results and discussion 
Synthesis of [PPN]2S7 

The reaction of [PPNISH with cyclo-Ss in ethanol in a 1:l 
molar ratio proceeded rapidly at room temperature to give 
[PPNI2S7 and a considerable amount of unreacted sulphur. 
Presumably the initially formed HS9- ion decomposes with loss 
of H2S to give s7'- and sulphur. In subsequent reactions, the 
stoichiometry was adjusted in order to optimize the yield of 
[PPNI2S7 according to the following overall reaction. 

The ~roduct can be recovered from ethanol solution either as 
large, ruby red crystals or, from more concentrated solutions, as 
an orange powder in ca. 80% yield. In aprotic donor solvents 
such as acetonitrile or DMF, [PPNI2S7 disproportionates to give 
polysulphur radical ions, e.g. S3;, cf. [PhP]2S7 (5). Crystal- 
line samples of this salt can be stored at room temperature for 
several davs without decom~osition. After several weeks the 
deposition of elemental sulphur is noticeable and can readily be 
detected by Raman spectroscopy (vide infra). Samples should 
be stored under an inert atmosphere at low temperatures in order 
to minimize the decomposition. 

Crystal and molecular structures of [PPNI2S7.2EtOH 
An ORTEP drawing of the S7'- ion in [PPPI2S7.2EtOH is 

shown in Fig. 1 and the packing of the ions in the crystal is 
depicted in Fig. 2. Polysulphide chains, SX2- ( X  1 5), present 
interesting possibilities of isomerism because the dihedral 
angles S1S2S3/S4S5S6 etc. are normally close to 90" (20). For 
example, the S6'- ion can have three isomers, (cis,cis), 
(cis, trans), or (trans, trans) and there are six possible confor- 
mations of the S7'- ion.3 Previous X-ray structural investiga- 
tions have revealed only all cis- or, more frequently, all trans- 
conformations for sX2- (X = 5-7) (22). The former configura- 
tion is present in cyclo-Ss while the latter is the configuration of 
the helices of fibrous sulphur and of the s7'- ion in (PhP)2S7 
(5). By contrast, the s7'- ion in the PPN+ salt adopts a 
cis,trans,cis arrangement of sulphur atoms and thus provides 
the first example of a polysulphide chain that is not in either an 
all cis- or an all trans-conformation. This conformation is 
similar to the regular alternating cis,trans structure of cyclo-S12 
(23). 

The bond lengths, bond angles, and torsion angles of the ~ 7 ' -  

ions in [PhPI2S7 and [PPNI2S7.2EtOH are compared in Table 
2. A trend towards progressively smaller S-S bond distances 
in the sequence d(S-S central) > d(S-S internal) > d(S-S 

2~ables  SI-SIV may be purchased from the Depository of Unpub- 
lished Data, CISTI, National Research Council of Canada, Ottawa, 
Ont., Canada KIA 0S2. 

3 ~ h e s e  numbers do not include the possible existence of pairs of 
enantiomers for each isomer. A succinct discussion of the stereo- 
chemistry of polysulphide chains is given in ref. 21. 
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CHIVERS ET AL. 1511 

TABLE 1. Positional ( x  lo4) and isotropic thermal (X 10) parameters 
for the non-H atoms of (PPN)2S72EtOH 

- 

Atom x Y z Beq IBiso* 

TABLE 1. (concluded) 

Atom 

*All S, P, N atoms and the two molecules of EtOH solvate were refined 
anisotropically and are thus listed with Be, thermal parameters. 

tThe y coordinate for S(1) was set to define the origin. 

FIG. 1 .  ORTEP plot (50% probability ellipsoids) of the ~ 7 ' -  ion in 
[PPNI2S7. 2EtOH showing the atomic numbering scheme. 

terminal) is observed for both salts, but the attenuation is less 
pronounced in [PPNI2S7. 2EtOH. In contrast, it should be noted 
that the values of the S-S distances in the all-trans S6'- ion of 
ethylenediammonium hexasulphide alternate, the shortest being 
the internal S-S bond (22), whereas no significant differ- 
ence between internal and terminal S-S bond lengths was 
found for [BuqNI2S6 (24). The average S-S bond length in 
[PPNI2S7.2EtOH is 2.050(3) A [cf. 2.030(2) A in [Ph4PI2S7 
(S)]. The average S-S-S angle of 109.4(2)" in [PPNI2S7.2EtOH 
is very similar to the value of 109.3(1)" found for [Ph,PI2S7 (5). 
There are substantial differences, however, in the torsion angles 
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I 2  
FIG. 2. Unit cell of [PPNI2S7.2EtOH. 

TABLE 2. Bond distances (A), angles (deg), and dihedral angles (deg) 
in the S7'- ion 

Length 

Bond [ppNlzs7* [Ph4PlzS7t 

Angle 

Atoms [ P P ~ I z S ~  [ph4pl2s7 

Dihedral angle 

Planes [PPNlzS7 [PWIZS~ 

*The esd's may be underestimated (see Experimental section). 
?Data taken from ref. 5. 

FIG. 3. Rarnan spectra of (a) [PPNI2S7 .2EtOH and (b )  [PPNI2S7 .2EtOH 
containing c ~ c ~ o - S ~ .  

observed for the S72- ion in these two salts. These differences 
are largest for the outermost torsion angles and can probably be 
attributed to the different chain conformations (cis, trans, cis for 
the PPN+ salt vs. trans,trans,trans for the Ph,P+ salt). 
Previous structural studies of polysulphide anions have revealed 
torsion angles of ca. 90" for all trans-conformations and torsion 
angles of ca. 72' for all cis-conformations (22). Unlike cyclic 
sulphur allotropes (25), there appears to be no obvious 
correlation between S-S bond lengths and torsion angles in 
anionic polysulphide chains. 

Raman spectra of [PPNI2S7.2EtOH and [PPNI2Sl2 
Raman spectroscopy is the technique of choice for the 

characterization of cyclic (12) and linear (26) homonuclear 
sulphur species. A typical Raman spectrum of the S72- ion in 
[PPNI2S7.2EtOH is shown in Fig. 3a. Characteristic S-S 
stretching vibrations are observed at 503, 453, 419, and 
395 cm-' and a strong SS deformation mode occurs at 178 cm-'. 
The presence of cyclo-Ss, which sometimes arises in freshly 
prepared powders or in the crystalline product upon prolonged 
standing at room temperature, can be detected readily by the 
observation of characteristic Raman bands at ca. 470,216, and 
150 cm- ' (Fig. 3 6 )  (27). Thus the Raman spectrum provides an 
excellent criterion of purity for samples of [PPNI2S7. The ss2- 
ion in [Ph4PI2Ss is reported to exhibit S-S stretching bands 
at 500, 459, 431, and 390 cm-' and a deformation band at 
282 cm-' in the ir spectrum (7). 

We also obtained the Raman spectrum of the recently 
described PPN+ salt of the dodecasulphide anion, S 1 22- (8), for 
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CHIVERS ET AL. 1513 

comparison with that of [PPNI2S7. The characteristic S-S 
stretching vibrations for [PPNI2Sl2 appeared at 515, 460 sh, 
434, and 350 sh cm-'. 

Summary and conclusions 
The reaction of [PPNISH with cyclo-S8 in ethanol provides 

a rapid, high yield synthesis of either powdered or crystalline 
samples of [PPNI2S7 a2EtOH of high purity. An X-ray structural 
investigation of this product showed it to contain the first 
example of an anionic polysulphide chain which is not in either 
an all cis- or an al l  trans-conformation. This salt could prove 
to be a convenient reagent for the synthesis of derivatives of 
cyclo-octasulphur in which one sulphur atom is replaced by a 
transition metal, e.g. (Me3P)MS7 (M = Ru, 0 s )  (28), or a main 
group element, e.g. S7TeX2 (X = C1, Br) (29,30). It is apparent 
that large cations are not only capable of stabilizing long 
polysulphide anions, SX2- ( X  > 6), in the solid state but 
that, under different reaction conditions, the same cation 
may stabilize different polysulphide chains e.g. [PPNI2S7 and 
[PPNI2S 12 or [Ph4PI2S7 and [Ph4PI4S8. 
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Preparation of 
exo-6-benzyl-exo-2-(m-hydroxyphenyl)-l-dimethylaminomethylbicyclo[2.2.2.]~tane. 

A non-peptide mimic of enkephalins 
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PATRICE C. BBLANGER and CLAUDE DUFRESNE. Can. J. Chem. 64, 1514 (1986). 
A model for the active conformation of methionine enkephalin was derived from computer modeling. From this model, a target 

was designed and synthesized using bicyclo[2.2.2]octane as a structural template. Thus, a key intermediate, exo-6-benzoyl- 
1-carboethoxybicyclo[2.2.2]-2-octene was prepared via a Diels-Alder reaction using ethyl dihydrobenzoate and phenyl- 
vinylketone. It was subsequently modified to exo-6-benzyl-l-dimethylaminobicyclo[2.2.2]-2-octene. This intermediate was 
hydroborated and oxidized to the ketone on which the second aromatic group was introduced using a Grignard reaction, 
eventually giving rise to the desired target, exo-6-benzyl-exo-2-(m-hydroxyphenyl)-l-dimethylaminobicyclo[2.2.2]octane. 
Biological testing demonstrated weak activity with this compound. 

PATRICE C. BELANGER et CLAUDE DUFRESNE. Can. J. Chem. 64, 1514 (1986). 
Utilisant un ordinateur, on a dCssinC un mod&le pour la conformation active de la mkthionine enctphaline. A partir de ce 

modtle, on a choisi une cible que l'on a synthCtisCe en utilisant le bicyclo[2.2.2]octane comrne support de la structure. On a donc 
prCparC un intermkdiaire clC, le benzoyl-6-exo carboCthoxy-1 bicyclo[2.2.2]octkne-2, par le biais d'une reaction de Diels-Alder 
entre le dihydrobenzoate d'Cthyle et la phCnylvinylcCtone. On l'a subsequernment transformie en benzyl-6-exo dirnCthylamino- 1 
bicyclo[2.2.2]octkne-2. On a procCdC 2 une rtaction d'hydroboration de cet intermediaire et on l'a oxydC en une cttone. En 
procidant 2 une reaction de Grignard sur la benzyl-6-exo dimtthylamino-1 bicyclo[2.2.2]octanone-2, on a Cventuellement 
obtenu le produit dCsirC, le benzyl-6-exo (m-hydroxyphCny1)-2-exo dimkthylamino-1 bicyclo[2.2.2]octane. Les tests bio- 
logiques exCcutCs avec ce composC n'ont mis en Cvidence qu'une faible activitk. 

[Traduit par la revue] 

Introduction 
The discovery of the enkephalins (1,2) has renewed the hope 

that the development of analgesics without the side effects w ' NH 
HO 

associated with the narcotic analgesics might be possible. With 
the help of the Merck Molecular Modeling System (MMMS) 
(3), a model for the bioactive conformation of the enkephalins 
was developed. The process involved a combination of the 
structure-activity relationships known for the opiates (4) and 

a, 
for the enkephalins (S), of the distance between the two 
aromatic systems (6) (estimated to be approximately 10 A from 
fluorescence studies of enkephalin analogs), and of modeling 

0 
and comparing with known opiates. Another feature of this 
model is the presence of a P turn, which adds rigidity to the 
flexible enkephalin backbone and also acts as a template for 
positioning the key groups (tyrosine and phenylalanine phenyl 
groups) in space as is found in the very active opiates such as 
etorphin (7). The bicyclo[2.2.2]octane derivative 2 is such a 
structure that gave a good fit with the model and also possesses 

1 
the two aromatic groups found in the enkephalins. The methio- 
nine part is absent from the proposed target and justification for \ / 

this is found in the high degree of analgesic activity in some of 
the tetrapeptide analogs of the enkephalins (8). Using such a 
model, it was hoped to obtain activity of the p-type with H.0 

compounds having mixed agonist and antagonist activity on oral 
administration. 

Results and discussion 
A retrosynthetic analysis of the bicyclo[2.2.2] structure 2 

suggested as a key intermediate the keto ester 3, the product 
expected to result from the Diels-Alder reaction of ethyl 
dihydrobenzoate 4 with vinyl phenyl ketone 5, followed by 
functionalizations to the desired target 2. Four possible geo- 
metrical isomers are possible, and a stereospecific approach can 
reduce the number of possible isomers to give the desired 2,6 
exo relationship suggested by the modeling experiments. 

The key intermediate 3 was synthesized via a Diels-Alder 
reaction. Thus, ethyl dihydrobenzoate 4, prepared according to 
the indications of Hiinig and Kahanek (9), reacted readily with 
vinylphenylketone 5 affording 3 in 46% yield as the major 
compound. Among the ,other products of this Diels-Alder 
reaction, the exo isomer was also found'to be present in 13%, 
giving rise to a mixture of 4.4: 1. Obviously this mixture has not 
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B ~ A N G E R  AND DUFRESNE 1515 

reached equilibrium, as the ratio of the endo:exo mixture was 
found to be 3.2: 1 when pure endo or pure exo isomers alone 
were equilibrated by stirring in ethanol containing sodium 
ethoxide for 3 days at room temperature. 

DIELS- A L D E R  

E Q U I L I B R A T I O N  
3 . 2  : 1 

Nuclear magnetic resonance (nmr) spectra can clearly distin- 
guish the endo and exo relationship, as can be seen by the 
chemical shift of the olefinic protons that appear to be influenced 
by the ketone in position 6. In the exo isomer, the two protons 
H-2 and H-3 absorb at 6.20 and 6.45 ppm as a triplet (53.2 = 
6Hz, J3,4 = 8 HZ) and as a doublet (J  = 4Hz), whereas in the 
endo isomer, H-2 and H-3 appeared as a doublet (J  = 8 Hz) and 
a t r i ~ l e t ( J ~ , ~  = ~ H z ,  J3,4 = ~ H z ) ,  at6.20andat6.85ppm, the 
downfield shift of 0.40 ppm being attributed to the influence of 
the benzoyl carbonyl. 

Ortho orientation was easily demonstrated chemically by 
reducing 3 with sodium borohydride followed by treating the 
resulting alcohols 6 with phosphorous tribromide. y-Lactones 
7 ,  readily characterized by their infrared band at 1790cm-', 
were obtained (10). 

Base hydrolysis of 3 led to the keto acid 8 ,  which was 
submitted to the conditions of the Wolff-Kishner reaction, 
affording the carboxylic acid 9 in low yield. 

Such a result forced us to change the strategy at this stage and, 
accordingly, the approach outlined in Scheme 3 was used as an 
alternative route to 2 .  

Consequently, the treatment of the endo ketoacid 8 with 
thionyl chloride in chloroform gave the P ,y-unsaturated lactone 
10. This lactone 10 was then ammonolysed by reacting it at 
room temperature with anhydrous ammonia dissolved in tetra- 
hydrofuran (THF). Analysis of the reaction mixture revealed the 
formation of the desired exo ketoamide 11 as the major product 
and of the endo ketoamide 12 as a minor product. The ratio of 
exo to endo was determined to be 2:l. This result is not too 
surprising as protonation of the intermediate enolate is expected 
to take place from the least hindered face, which is the face 
opposite to the ethano bridge. The nmr spectra of the exo isomer 
11 show the olefinic protons absorbing as a multiplet between 
6.35 and 6.55 ppm whereas the endo isomer 12 has its 
corresponding multiplet as a broad and less defined absorption 
located between 5.7 and 6.7 ppm. 

The benzoyl group is now placed with the desired stereo- 

chemistry and the reduction of the carbonyl group remains to be 
carried out to ascertain the proper positioning of the phenyl- 
alanine equivalent. 

Since the lithium aluminium hydride (LAH) reduction of 11 
afforded a mixture of exo amino alcohols 13 in variable yields, 
due most likely to the formation of insoluble salts, it was found 
that the best approach to achieve this conversion was to carry it 
out on the nitrile 14, readily prepared by the treatment of 
ketoarnide 11 with trifluoroacetic anhydride in a mixture of 
pyridine and dioxane. LAH reduction of the resulting nitrile 14 
provided a more reliable higher yielding and efficient prepara- 
tion of 13. There were no attempts to separate the diastereo- 
isomers at this stage as, in the next step, the removal of the 
hydroxyl group eliminated this source of potential problems. 

Reduction of 13 by lithium in liquid ammonia according to 
the indications of Hall et al. (1 1) gave 15, where the benzyl 
group is now in place as a phenylalanine equivalent. The 
Eschweiler-Clark reaction (12) was performed on 15 in a 
boiling mixture of 37% aqueous formaldehyde solution and 
formic acid, leading to 16, a derivative bearing the dimethyl- 
amino group that affords the basic nitrogen deemed necessary 
for analgesic activity. 

The remaining problem to tackle was the introduction of the 
tyrosine equivalent, the m-hydroxyphenyl group. This was best 
achieved by hydroborating the double bond of intermediate 
16. This reaction gave rise to the isomeric alcohols 17a and 
17b after decomposing the amine-borane complex by a base 
hydrolysis. A mixture of four isomers are possible and were 
indeed present in the mixture. However, the pair of the two 
regioisomers were readily separated by preparative hplc (high 
performance liquid chromatography) from the other pair as 
the difference of polarity was such that a pair required the 
incorporation of methanol in the eluent. This behavior is 
probably due to hydrogen bonding, possible in the case of 
17a because of the proximity of the hydroxyl group and the 
dimethylamino group but not possible in the case of 17b. Each 
pair of regioisomers was oxidized to the corresponding ketone 
by Jones oxidation (13). 

The structural assignment of the pair of regioisomers 17a 
and 17b, which was based on polarity considerations, was 
confirmed by the analysis of the nmr spectra of their correspond- 
ing ketones 18a and 18b. Thus, isomer 18a has a CH2 group a 
to the carbonyl with a bridgehead proton next to it and its nmr 
shows that H-3a at 2.88 ppm is a doublet of doublets with 
coupling constants of 3.7 Hz and 14.0 Hz for the coupling of 
protons H-3a,H-4 and H-3a,H-3b, respectively. On the other 
hand, isomer 18b, having an isolated CH2 group ortho to the 
carbonyl, shows the absorption of these protons H-2a and H-2b 
as an AB pair of doublets centered at 2.50 ppm with a coupling 
constant of 17 Hz. 

The Grignard addition of m-methoxyphenylmagnesium bro- 
mide on ketone 18a allowed the introduction of the tyrosine 
equivalent. The mixture of tertiary alcohols 20 was dehydrated 
by treating it with p-toluenesulfonic acid in refluxing benzene, 
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BELANGER AND DUFRESNE 

thus affording the olefinic product 21. The olefinic proton expected to occur from the least hindered face. Indeed, the 
absorbs at 5.95 ppm as a doublet having a coupling constant of reduction gave a major isomer, assigned as the desired isomer, 
6.0 Hz, again in agreement with the proofs of structure of the based on the preferential attack of the double bond. The other 
alcohols 17 and ketones 18. Hydrogenation of the olefin 21 gave isomer was assigned as having the m-methoxyphenyl group 
a mixture of two products. Two isomers can be expected from endo and was isolated in small amounts. 
this catalytic hydrogenation but preferential absorption was Deblocking the phenolic function in 22 was carried out by 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1518 CAN. 1. CHEM. VOL. 64, 1986 

refluxing 22 in a mixture of concentrated hydrogen bromide in 
acetic acid, leading to the isolation of the desired target 1. 

Compound 1 and its endo isomer were tested in the 
3 ~ - ~ a l o x o n e  binding assay (14) and they were found to have 
only weak binding activity with a IC50 (mean inhibitory 
concentration) of 225 nM and 1025 nM respectively. Under the 
same conditions, morphine and methionine enkephalin had a 
1C50 of 4.5 nM and 9.0 nM respectively. When tested on rats in 
the hot plate assay (1 5), both isomers were found to be analgesic 
at 64 mg/kg when administered orally. Under these conditions, 
methionine enkephalin was inactive because of poor absorption 
and morphine was active at 2mg/kg. Two reasons can be 
invoked to explain this disappointing biological activity. First of 
all, there may be a need for the missing methionine portion. 
Also, the glycine amides are considered as spacers that 
positioned the key aromatic groups in the correct spatial 
relationship. The use of the bicyclo[2.2.2]octane system to act 
as a spacer could be too great a change, as it was shown that 
slight modifications of the Gly-2 and Gly-3 amide carbonyls 
result in a marked decrease of the in vitro biological activities 
(16). 

Experimental 
Melting points were taken on a Thomas Hoover apparatus in open 

capillary tubes and are uncorrected. Infrared spectra were recorded on a 
Perkin-Elmer 267 grating spectrophotometer and were recorded as 
KBr disks unless otherwise noted. A Varian EM-360 spectrometer was 
used to record nmr spectra in deuterochloroform unless otherwise 
indicated. Proton chemical shifts are relative to tetramethylsilane 
(TMS) as internal standard. Elemental analyses were performed by 
Galbraith and Associates, Knoxville, TN. 

All reactions as well as column chromatographic separations were 
monitored routinely with the aid of thin-layer chromatography (tlc) 
using precoated 0.25-mm silica gel GF plates, Analtech, visualized by 
charring with sulfuric acid. 

Preparative hplc separations were performed on a Waters PrepLC/ 
System 500 preparative liquid chromatograph using PrepPAK-5001 
Silica cartridges (5.7 X 30 cm). The peaks were detected with a differ- 
ential refractive index detector and the flow rate was 200 mL/min, 
unless otherwise indicated. 

endo-6-Benzoyl-I -carboethoxybicyclo[2.2.2]-2-octene (3) 
Ethyl diiydrobenzoate 4 (335.3 g, 2.21 rnol), 1-phenyl-3-propen- 

1-one 5 (347 g, 2.63 mol), and hydroquinone (32 g, 0.29 mol) were 
heated under nitrogen at 150°C for 24 h. The mixture was purified by 
preparative hplc eluting with 10% ether in hexane to yield endo-6- 
benzoyl-1-carboethoxybicyclo[2.2.2]-2-octene 3a (286 g, 46%) and 
exo-6-benzoyl-l-carboethoxybicyclo[2.2.2]-2-octene 3b (65 g, 13%); 
endo, mp 52-60°C; exo: oil. 

3a: u 1725 (C02Et), 1680 (C=O) cm-'; 'H nmr (pprn): 0.9-3 
(m, 10H, aliphatic protons), 4.15 (m, 3H, 0CH2 + 1 proton), 6.2 
(t, lH, H-3), 6.85 (d, J = 8 Hz, lH, H-2), 7.45 (m, 3H, para and meta 
aromatic protons), 7.95 (m, 2H, ortho protons). Anal. calcd. for 
C18H2003: C 76.08, H 7.09; found: C 76.18, H 7.16. 

3b: ir: 1725 (C02Et), 1680 (C=O) crn-' ; 'H nmr (pprn): 0.9-3 
(m, 10H, aliphatic protons), 4.15 (rn, 3H, 0CH2 + 1 proton), 6.2 
(t, lH, H-3), 6.45 (d, J = 4 Hz, lH,  H-2), 7.45 (m, 3H, para and meta 
aromatic protons), 7.95 (m, 2H, ortho protons). Anal. calcd. for 
C18H2003: C 76.08, H 7.09; found: C 76.22, H 7.18. 

Equilibrium of endo-6-benzoyl-1 -carboethoxybicyclo[2.2.2]-2-octene 
( 3 4  

The endo isomer 3a  (0.1 g, 0.35 mmol) was dissolved in ethanol 
(3 mL) of a sodium ethoxide solution prepared by reacting sodium 
(0.2 g) with ethanol (10 mL). The solution was left at room temperature 
for 3 days. Analysis by hplc, using a p-Porasil column (Waters 
Scientific), eluting with hexane - ethyl acetate in a ratio of 8:2 (v/v), 
gave a ratio of 73:27 in favor of the more polar endo isomer 3a. 

Equilibration of exo-6-benzoyl-1 -carboethoxybicyc10[2.2.2]-2-0~tene 
(3b) 

The exo isomer 3b (0.1 g, 0.35 mmol) was dissolved in ethanol 
(3 mL) of a sodium ethoxide solution prepared by reacting sodium 
(0.2 g) withethanol (10 mL). The solution was left at room temperature 
for 3 days. Analysis by hplc, using the conditions described above, 
gave a ratio of 76:24 in favor of the more polar endo isomer 3a. 

endo-6-Benzoylbicyclo[2.2.2]-2-octene-I-carboxylic acid (8) 
endo-6-Benzoyl-l-carboethoxybicyclo[2.2.2]-2-octene (75 g, 0.26 mol) 

in ethanol (65 mL) was added to a solution of potassium hydroxide 
(52.8 g, 0.94 mol) in ethanol (200 mL). The mixture was refluxed for 
4 h. The solvent was removed under vacuum, and the residue was taken 
up in water and extracted with ether. The aqueous layer was then 
acidified, the solid was filtered, and then air-dried to yield endo-6- 
benzoylbicyclo[2.2.2]-2-octene-1-carboxylic acid (8) (58.6g, 87%), 
mp 249-253°C; ir: 1700 (C02H), 1675 (C=O) cm-' ; 'H nmr (pprn): 
0.9-2.4 (m, 7H, aliphatic protons), 3.95 (mq, J = 6Hz, H-4, 6.15 
(t, J = 8 Hz, lH, H-3), 6.65 (d, J = 8 Hz, lH,  H-2), 7.50 (m, 3H, para 
and meta aromatic protons), 7.85 (m, 2H, ortho protons). Anal. calcd. 
for C1,&1603: C 74.98, H 6.29; found: C 74.98, H 6.47. 

En01 lactone (10) 
endo-6-Benzoylbicyclo[2.2.2]-2-octene- 1-carboxylic acid (8) (7 g, 

27 mmol) was suspended in chloroform (100 mL) and thionyl chloride 
(14 rnL, 0.19 mol) was added. After a reflux period of 3 h, the solution 
was evaporated to dryness to yield crude en01 lactone 10 (6.5 g, 100%). 
An analytical sample obtained by preparative tlc had mp 100-105°C; 
ir: 1800 (CO), 1680 (C=C) cm-'; 'H nmr (pprn): 1.75 (rn, 4H, 
aliphatic protons), 2.55 (m, 2H, CH,), 3.10 (m, lH, aliphatic proton), 
6.40 (m, 2H, olefinic protons), 7.45 (m, 5H, aromatic protons). Anal. 
calcd. for C1,&1402: C 80.65, H 5.92; found: C 80.67, H 5.95. 

exo-6-Benzoylbicyclo[2.2.2]-2-octene-1 -carboxamide (11) 
Enol lactone (10) (46 g, 0.19 mol) dissolved in tetrahydrofuran 

(50 mL) was added slowly to a saturated solution of gaseous ammonia 
in THF (100 mL). After stirring the mixture at room temperature for 6 
days, it was evaporated to dryness. Trituration of the mixture of endo 
and exo isomers in ether yielded pure exo 11, sparingly soluble in ether 
(30 g, 61%), mp 165-168°C. The mother liquors contained 16 g of a 
mixture of the isomers enriched in the endo isomer; ir: 3490, 3170 
(NH), 1678 (CO), 1670 (CONH2) cm-' ; 'H nmr (pprn): 1.55 (rn, 5H, 
aliphatic protons), 2.65 (m, 2H, CH2), 3.70 (q, lH), 5.85 (broad peak, 
2H, NH2), 6.45 (d, 2H, olefinic protons), 7.45 (m, 3H, para and meta 
aromatic protons), 7.85 (rn, 2H, ortho protons). Anal. calcd. for 
CI6Hl7o2N: C75.28,H6.71, N 5.48;found: C75.29, H6.92,N5.34. 

exo-6-benzoyl-1 -cyanobicyclo[2.2.2]-2-octene (14) 
To exo-6-benzoylbicyclo[2.2.2]-2-octene-1-carboxide 11 (2.6 g, 

10mmol) dissolved in anhydrous dioxane (250mL) and pyridine 
(23 mL) and maintained at O°C, was added carefully trifluoroacetic 
anhydride (2.2mL). The reaction mixture was heated at 50°C for 3 h 
and was poured into ice and water. It was then extracted with ether, the 
organic phases were washed with 5% sodium bicarbonate, with brine, 
dried (Na2S04), and concentrated in vacuo to yield, after crystalliza- 
tion from cold ether, exo-6-benzoyl-1-cyanobicyclo[2.2.2]-2-octene 
14 (2.2g, 93%), mp 80-81°C; ir: 2240 (CN), 1680 ( c=o)c~- ' ;  
'Hnrnr (pprn): 1.60 (m, 5H, aliphatic protons), 2.70 (m, 2H, CH2), 
3.55 (q, lH, J = 8 Hz, H-4), 6.35 (rn, 2H, J = 2 Hz, olefinic protons), 
7.50 (m, 3H, meta and para aromatic protons), 7.85 (rn, 2H, ortho 
aromatic protons). Anal. calcd. for CL6Hl50N: C 80.98, H 6.37, 
N 5.90; found: C 80.80, H 6.32, N 5.84. 

exo-6-(a-hydroxybenzy1)-I -aminomethylbicyclo[2.2.2]-2-octene (13) 
Preparation from keto amide 11 
TO exo-6-benzoylbicyclo[2.2.2]-2-octene- 1 -carboxamide 11 (1.2 g, 

4.7 mmol) dissolved in THF (20 mL) was added slowly a solution of 
LAH (0.5 g, 13.5 mmol) in THF (10 mL) and the mixture was refluxed 
for 24 h. The reaction mixture was poured into ice and water. It was 
then extracted with ether, the organic phases were washed with 5% 
sodium bicarbonate, with brine, dried (Na2S04), and concentrated in 
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vacuo to yield a residue that was purified by chromatography on 
alumina to give exo-6-(a-hydroxybenzyl)-l-aminomethylbicyclo[2.2.2]- 
2-octene 13 (0.38 g, 33%), mp 118-120°C; u 3365, 3320, 3290 
(NH2, OH) cm-'; 'H nmr (pprn): 0.9-2.5 (m, 8H, aliphatic protons), 
3.05 (m, 2H, CH2), 3.65 (s, 3H, NH2, OH), 4.45 (d, J = 10 Hz, lH,  
CHO), 6.10 (m, 2H, J = 2 Hz, olefinic protons), 7.20 (s, 5H, aromatic 
protons). Anal. calcd. for C16H210N: C 78.97, H 8.69, N 5.75; found: 
C 78.70, H 8.90, N 5.55. 

Preparation from nitrile 14  
Similarly, the reduction of nitrile 14 (2.2 g, 9.2 mmol) by LAH (1 g, 

26.3 mmol) in THF (40 mL) proceeded well to give 60% yield of 13 
whose properties were identical to those of the product obtained from 
the reduction of the amide 11. 

exo-6-Benzyl-1 -aminomethylbicyclo[2.2.2]-2-octene (15) 
exo-6-(a-Hydroxybenzy1)- 1-aminomethylbicyclo [2.2.2] -2-octene 

13 (1 1 g, 45 mmol) in THF (75 mL) was added dropwise to a solution of 
lithium (6 g, 0.86 mol) in liquid ammonia (500 mL). Stining was 
maintained for 2 h and then solid ammonium chloride (30 g) was added 
to the reaction mixture, followed by the careful addition of water. The 
aqueous mixture was extracted with methylene chloride, the organic 
phases were washed with brine, dried (Na2S04), and concentrated in 
vacuo to yield a residue that was purified by preparative hplc, eluting 
with 4% methanol in chloroform containing 0.4% NH40H to give exo- 
6-benzyl-1-aminomethylbicyclo[2.2.2]-2-octene (15) (8.6 g, 84%), 
mp 102-104°C. The hydrochloride had mp 243-245°C; ir: 3300 
(NH2) cm-'; 'H nmr (pprn): 1 .O-3.0 (m, 14H, aliphatic protons), 
6.20 (m, 2H, J = 4 Hz, olefinic protons), 7.15 (s, 5H, aromatic 
protons). Anal. calcd. for C16H21NC1: C 72.84, H 8.40, N 5.31, 
C1 13.43; found: C 72.70, H 8.37, N 5.21, C1 13.23. 

exo-6-Benzyl-I -dimethylaminomethylbicyclo[2.2.2]-2-octene (16) 
exo-6-Benzyl-l-aminomethylbicyclo[2.2.2]-2-octene 15 (5 g, 

22 mmol), formic acid (lOOmL), and 35% aqueous formaldehyde 
(5 mL) were refluxed under nitrogen for 5 h. The volatiles were 
removed under vacuum and the residue was taken up in water 
(100 mL). The resulting solution was neutralized with 5% sodium 
bicarbonate, extracted with methylene chloride, dried (Na2S04), and 
evaporated to yield 16 (5 g, 89%). Its hydrochloride had mp 237- 
240°C; 'H nrnr (pprn): 1 .O-3.0 (m, 18H, aliphatic protons), 6.25 
(m, 2H, J = 4 Hz, olefinic protons), 7.10 (s, 5H, aromatic protons). 
Anal. calcd. for C18H26NC1: C 74.02, H 8.98, N 4.80, C1 12.15; 
found: C73.90, H9.01, N4.80, C1 12.34. 

exo-6-Benzyl-2-hydroxy-1 -dimethylaminomethylbicyclo[2.2.2]-2- 
octane (17a, 17b) 

exo-6-Benzyl-l-dimethylaminomethylbicyclo[2.2.2]-2-octene (16) 
(9 g, 35 mmol) dissolved in THF (20 mL) was treated with diborane 
(50 mL, 1 M solution in THF, 50 mmol) at O°C under nitrogen for a 
period of 2 h. Sodium hydroxide (50 mL, 3 N) and 30% hydrogen 
peroxide (50 mL) were slowly and successively added to the mixture, 
which was then refluxed for 1 h to hydrolyse the amine-borane 
complex. The two phases were separated and the aqueous phase was 
extracted with ether. The organic phases were combined and washed 
with brine, dried (Na2S04), and concentrated in vacuo to yield a 
residue that was purified by preparative hplc, eluting with 10% 
methanol in chloroform containing 0.1 % NH40H to yield 6-benzyl-2- 
hydroxy-l-dimethylaminomethylbicyclo[2.2.2]-2-octane (17a) as the 
less polar isomer (6.2 g, 65%) and 6-benzyl-3-hydroxy- 1 -dimethyl- 
aminomethylbicyclo[2.2.2]-2-octane (176) as the more polar isomer 
(1.7 g, 18%). 

Isomer 17a: u 3390 (OH) cm- ' : 'H nmr (pprn): 1 .O-2.0 (m, 7H, 
aliphatic protons), 2.0-3.0 (m, 13H, aliphatic protons), 3.95 (m, lH, 
CH), 7.20 (s, 5H, aromatic protons), 7.85 (br s, lH, OH). Anal. calcd. 
for C18H27NO: C 79.12, H 9.89, N 5.12; found: C 79.64, N 9.97, 
N 4.98. 

Isomerl7b: u 3390 (OH) cm-'; 'H nmr(ppm): 1.0-2.9 (m, 21H, 
aliphatic protons), 2.90 (m, lH, CH), 7.20 (s, 5H, aromatic protons). 
Anal. calcd. for C18H27NO: C 79.12, H 9.89, N 5.12; found: C 79.40, 
H9.71, N 4.85. 

exo-6-Benzyl-2-keto-1 -dimethylaminomethylbicyclo[2.2.2]-2-octane 
(184 

exo-6-Benzyl-2-hydroxy- 1 -dimethylaminomethylbicyclo[2.2.2]-2- 
octane (17a) (5 g, 18 mmol) dissolved in acetone (100 mL) was cooled 
at 0°C and 1.1 M Jones reagent (18 mL, 19.8 mmol) was added 
dropwise to the solution. The mixture was stirred for4 h at O°C and was 
poured into water (50 mL). It was extracted with methylene chloride. 
The organic phase was washed with brine, dried (Na2S04), and 
concentrated in vacuo to yield exo-6-benzyl-2-keto-1 -dimethylamino- 
methylbicyclo[2.2.2]-2-octane (18a) (4.8 g, 91%) as an oil; ir: 1715 
(CO) cm-'; 'H nmr (pprn): 1.0-2.3 (m, 2H, aliphatic protons), 2.5 
(s,2H,CH2N), 2.70(dofd, J = 11.2Hz, 14Hz,H-3b), 2.90(dofd, 
J = 3.7 Hz, 14.0 Hz, H-3a), 3.03 (s, 3H, CH3), 3.07 (s, 3H, CH3), 
3.35 (2H, q, Jab = 14 Hz, CH2), 7.25 (m, 5H, aromatic protons). 
Anal. calcd. for CI8H2=,NO: C 79.65, H 9.28, N 5.16; found: C 79.74, 
H 9.40, N 5.00. 

exo-6-Benzyl-3-keto-I -dimethylaminomethylbicyclo[2.2.2]-2-octane 
(18b) 

exo-6-Benzyl-3-hydroxy- 1-dimethylaminomethylbicyclo[2.2.2]-2- 
octane (17a) (2.5 g, 9 mmol) dissolved in acetone (100 mL) was cooled 
at 0°C and 1.1 M Jones reagent (9 mL, 9.9 mmol) was added dropwise 
to the solution. The mixture was stirred for 4 h at O°C and was poured 
into water (50mL). It was extracted with methylene chloride. The 
organic phase was washed with brine, dried (Na2S04), and concen- 
trated in vacuo to yield exo-6-benzyl-3-keto-1-dimethylaminomethyl- 
bicyclo[2.2.2]-2-octane (186) (2.0 g, 90%) as an oil; ir: 1730 
(CO) cm-' ; 'H nmr (pprn): 1 .O-2.3 (m, IOH, aliphatic protons), 2.40 
(d, J = 14 Hz, H-3b), 2.90 (d, J = 14.0 Hz, H-3a), 2.82 (s, 3H, CH3), 
2.88 (s, 3H, CH3), 3.16 (2H, q, Jab = 14Hz, CH2), 7.25 (m, 5H, 
aromatic protons). Anal. calcd. for C18HzsNO: C 79.65, H 9.28, 
N 5.16; found: C 79.70, H 9.22, N 5.04. 

endo- and exo-6-benzyl-2-(m-methoxypheny1)-2-hydroxy-1 -dimethyl- 
arninomethylbicyclo[2.2.2]-2-octane (20) 

To m-methoxyphenylmagnesium bromide prepared by the reaction 
of magnesium (0.97 g, 40 mmol) with m-bromoanisole (7.5 g, 
40 mmol) in THF (50 mL) was added dropwise a solution of exo-6- 
benzyl-2-keto- 1 -dimethylaminomethylbicyclo[2.2.2]-2-octane (18a) 
(4 g, 14.7 mmol) at room temperature. After stining for 30 min, the 
reaction mixture was quenched by adding water (14 mL). The aqueous 
mixture was extracted with chloroform. The organic phase was washed 
with brine, dried (Na2S04), and concentrated in vacuo to yield 
a residue that was purified by preparative hplc, eluting with 1% 
methanol in chloroform containing 1% NH40H to give a mixture of 
endo- and exo-6-benzyl-2-(m-methoxyphenyl)-2-hydroxy-l-dimethyl- 
aminomethylbicyclo[2.2.2]-2-octane (20) (3.3 g, 59%), mp 85-89°C; 
u 3200 (OH) cm-'; 'H nmr (pprn): 1.0-3.0 (m, 20H, aliphatic 
protons), 3.75 (s, 3H, CH3), 6.40 (s, IH, OH), 7.15 (m, 9H, aromatic 
protons). Anal. calcd. for C25H33N02: C 79.11, H 8.76, N 3.69; 
found: C.79.38, H 8.40, N 3.99. 

exo-6-Benzyl-2-m-methoxyphenyl-I -dimethylaminomethylbicy- 
clol2.2.21-2-octane (21) 

The mixture of endo- and exo-6-benzyl-2-(m-methoxypheny1)-2- 
hydroxy-1 -dimethylaminomethylbicyclo[2.2.2]-2-octane (20) (0.59 g, 
1.55 mmol) was refluxed for 2 h in benzene containing traces of 
p-toluenesulfonic acid. The reaction mixture was washed with brine, 
dried (Na2S04), and concentrated in vacuo to yield exo-6-benzyl- 
2-m-methoxyphenyl-l-dimethylaminomethylbicyclo[2.2.2]-2-octene 
(21) (0.58 g, loo%), mp 88-100°C. Its hydrochloride had mp 162- 
164°C; 'H nmr (pprn): 1.85-2.55 (m, 17H, aliphatic protons), 3.70 
(s, 3H, CH3), 3.75 (d, lH,  CH), 6.00 (d, J = 6 Hz, lH,  H-3), 6.85 
(m, 4H, aromatic protons), 7.15 (m, 5H, aromatic protons). Anal. 
calcd. for C25H31NO: C 72.84, H 8.15, N 3.39; found: C 73.12, 
H 8.36, N 3.26. 

exo-6-Benzyl-exo -2-m-methoxyphenyl-1 -dimethylaminomethylbi- 
cyclo[2.2.2]-2-octane (22a) 

exo-6-Benzyl-exo-2-m-methoxyphenyl-l-dimethylaminoethylbicy- 
clo[2.2.2]-2-octene (2.9 g, 8 mmol) in ethanol (150 mL) was hydro- 
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genated at 50 psi (1 psi = 6.9 kPa) over 5% palladium on charcoal 
(0.35 g) for a period of 1 h. After filtering through Celite, the filtrate 
was concentrated in vacuo to yield 2.9 g of a mixture of epimers. 
The crude mixture was chromatographed on silica gel, eluting with 
chloroform treated with 0.1% NH40H, giving exo-6-benzyl-exo-2-m- 
methoxyphenyl-l-dimethylaminomethylbicyclo[2.2.2]-2-octane (22a) 
(1.8 g, 62%) as the major isomer and endo-6-benzyl-exo-2-m-methoxy- 
phenyl-l-dimethylaminomethylbicyclo[2.2.2]-2-octane (5b) as the 
minor isomer (150 mg). 

The hydrochloride of the major isomer had mp 238-240°C. 
Isomer 22a: 'H nmr (pprn): 1.60-2.10 (m, 21H, aliphatic protons), 

3.05 (m, 2H, H-4, H-5), 3.70 (s, 3H, CH3), 6.85 (m, 4H, aromatic 
protons), 7.10 (m, 5H, aromatic protons). Anal. calcd. for C25H35NO: 
C 75.10, H 8.51, N 3.50; found: C 74.97, H 8.46, N 3.41. 

Isomer22b: 'H nmr (pprn): 1.60-2.10 (m, 21H, aliphatic protons), 
3.05 (m, 2H, H-4, H-5), 3.70 (s, 3H, CH3), 6.85 (m, 4H, aromatic 
protons), 7.10 (m, 5H, aromatic protons). Anal. calcd. for C25H35NO: 
C 75.10, H 8.51, N 3.50; found: C 75.21, H 8.36, N 3.51. 

exo-6-Benzyl-exo-2-m-hydroxyphenyl-1 -dimethylaminomethylbi- 
cyclo[2.2.2]-2-octane (la) 

exo-6-Benzyl-exo-2-m-methoxyphenyl- l-dimethylaminomethylbi- 
cyclo[2.2.2]-2-octane (22a) (0.46 g, 1.27 mmol) in acetic acid (5 mL) 
and 48% hydrobromic acid (5 mL) was refluxed under nitrogen for 
a period of 24 h. The mixture was neutralized with concentrated 
ammonia, extracted with methylene chloride, the organic phase was 
washed with brine, dried (Na2S04), and concentrated in vacuo to 
yield exo-6-benzyl-exo-2-m-hydroxyphenyl-1-d-thyl- 
bicyclo[2.2.2]-2-octane(1a) (0.43 g, 97%). After purification by tlc, it 
had mp 155-157°C. Its hydrochloride had mp 264-265°C; 'H nmr 
(pprn): 1.60-2.10 (m, 19H, aliphatic protons), 3.05 (m, 2H, H-4, 
H-5), 5.48 (s, lH, OH), 6.85 (m, 4H, aromatic protons), 7.10 (m, 5H, 
aromatic protons). Anal. calcd. for C24H32NOC1.0.5H20: C 73.01, 
H 8.36, N 3.54; found: C 73.34, H 8.42, N 3.44. 

endo -6-Benzyl-exo-2 -m - hydroxyphenyl-1 -dimethy laminomethylbicy - 
clo[2.2.2]-2-octane (I  b) 

endo-6-benzyl-exo-2-m-methoxyphenyl- l-dimethylaminomethylbi- 
cyclo[2.2.2]-2-octane (22b) (0.10 g, 0.27 mmol) in acetic acid (3 mL) 
and 48% hydrobromic acid (3 mL) was refluxed under nitrogen for 
a period of 24 h. The mixture was neutralized with concentrated 
ammonia, extracted with methylene chloride, the organic phase was 
washed with brine, dried (Na2S04), and concentrated in vacuo to 
yield exo-6-benzyl-exo-2-m-hydroxyphenyl- 1-d-thyl- 
bicyclo[2.2.2]-2-octane ( lb)  (0.08 g, 80%), isolated as an oil. Its 
hydrochloride had mp 150-153°C; 'H nmr (pprn): 1.60-2.10 (m, 
19H, aliphatic protons), 3.05 (m, 2H, H-4, H-5), 6.85 (m, 5H, 
aromatic protons, OH), 7.10 (m, 5H, aromatic protons). Anal. calcd. 
for C24H32NOC1: C 74.71, H 8.30, N 3.63; found: C 74.41, H 8.58, 
N 3.41. 

Preparation of I -carboethoxy-6-(a-hydroxybenzyl)bicyclo[2.2.2]-2- 
octene (6) 

To a solution of 1 -carboethoxy-6-benzoylbicyclo[2.2.2]-2-octene 
(280 mg, 1 mmol) in methanol (10 mL) was added sodium borohydride 
(40 mg) and the reaction mixture was stirred at room temperature for 
15 min. The mixture was poured into water and extractedwith ether, 
washed with brine, dried (Na2S04), and concentrated in vacuo. The 
residue was chromatographed on silica gel, eluting with benzene to 
yield 254 mg of 1-carboethoxy-6-(a-hydroxy benzyl)bicyclo[2.2.2]-2- 
octene; ir: 3480 (OH), 1720 (CO) cm-'; 'H nmr (pprn): 1.60-2.10 
(m, 13H, aliphatic protons), 4.00 (m, 3H, CH2, CHO), 6.35 (m, 2H, 
olefinic protons), 7.23 (m, 5H, aromatic protons). Anal. calcd. for 
C18Hz203: C 75.49, H 7.74; found: C 75.22, H 7.71. 

Preparation of lactone (7) 
To a solution of 1-carboethoxy-6-(a-hydroxybenzyl)bicyclo[2.2.2]- 

2-octene (154 mg, 0.53 mmol) in ether (5 mL) was added phosphorous 
oxychloride (100 mg) and the reaction mixture was stirred at room 
temperature for 30 min. The mixture was poured into water and 
extracted with ether, washed with brine, dried (Na2S04), and 
concentrated in vacuo. The residue was chromatographed on silica gel, 

eluting with benzene to yield 129 mg of lactone (7); ir: 1780 
(CO) cm-' ; 'H nmr (ppm): 1.30-2.70 (m, 8H, aliphatic protons), 
4.73 (d, J = 10 Hz, lH, CHO), 6.10 (d, J = 8 Hz, lH, H-2), 6.50 
(t, J = 6 Hz, lH, H-3), 7.27 (m, 5H, aromatic protons). Anal. calcd. 
for Cl6Hl5O2: C 79.97, H 6.71; found: C 79.78, H 6.90. 

Preparation of I -carboethoxy-6-benzylbicyclo[2.2.2]-2-octene 
A solution of 1-carbcethoxy-6benzoylbicyclo[2.2.2]-2-o,  

1 rnmol) and potassium hydroxide (300 mg) in ethylene glycol (10 mL) 
was heated at 100°C for a period of 45 min. At this point, all ester was 
found to be hydrolysed to its corresponding acid. Hydrazine (0.5 mL) 
was then added and the temperature was brought up to 200°C and 
maintained at that temperature for 2 h. The reaction mixture was then 
poured onto water and extracted with ether, washed with brine, dried 
(Na2S04), and concentrated in vacuo. The residue was taken up in 
ether and treated with an excess of diazomethane. Evaporation of the 
ether gave a residue (207 mg) that was purified by chromatography on 
silica gel, eluting with 10% ether in hexane to yield 17 mg of 
1-carbomethoxy-6-benzylbicyclo[2.2.2]-2-octene as an oil; ir: 1730 
(CO) cm-'; 'H nmr (pprn): 1.50-2.70 (m, 10H, aliphatic protons), 
3.83 (s, 3H, CH3), 6.30 (m, 2H, H-2 and H-3), 7.27 (m, 5H, aromatic 
protons); mass spectrum: M+ 256. 
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Solute-solvent effects in the dissociation of thymolsulfonephthalein (an uncharged acid) 
in aqueous mixtures of acetonitrile (ACN), urea, and dimethyl sulfoxide (DMSO) 
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A. L. DE and A. K.  ATTA. Can. J. Chem. 64, 1521 (1986). 
The thermodynamic first dissociation constants, (sK)H2A of thymol~ulfonephthalein (H2A), an uncharged acid, have been 

determined at 25OC in aqueous mixtures of 10,30,50,70, and 80 wt% acetonitrile (ACN), 11.52, 20.31,29.64, and 36.83 wt% 
urea, 20,40,60,  and 80 wt% dimethyl sulfoxide (DMSO) by spectrophotometric measurements. The solvent effect represented 
by ~(AG') = 2 . 3 0 3 R ~ [ ~ ( , K ) ~  - p(,K)N] is found to increase in ACN + H20 system as mol% ACN increases in the solvent. In 
contrast, the corresponding values in urea + H20 as well as DMSO + H20 solvent systems decrease with increase in proportion 
of organic component in the solvent, the decrease being sharp in urea + H20. The results have been discussed in terms of the 
standard Gibbs energies of transfer of H+ from water to the mixed solvent, A@(H+) and the relative values of the standard 
Gibbs energies of transfer of HA-, A@(HA-) and of A@(H2A) in all the solvent systems. The overall dissociation behaviour 
of the acid (H2A) is found to be dictated by the specific solute-solvent interactions of the species participating in the dissociation 
equilibria. 

A. L . D E ~ ~ A . K .  ATTA. Can. J.Chem.64, 1521 (1986). 
Faisant appel B des mesures spectrophotomCtriques et opCrant a 2S°C, dans des mklanges aqueux i 10, 30, 50, 70 et 80% 

(poids) d'acktonitrile (ACN), a 11,52,20,31,29,64 et 36,83% (poids) d'urCe et 20,40,60 et 80% (poids) de dimCthylsulfoxyde 
(DMSO), on a determink les premikres constantes de dissociation thermodynamiques, (sK)H2A, de la thymolsulfonephtalCine 
(H2A), un acide qui n'est pas changC. On a trouvC que, dans le systbme ACN/H20, l'effet de solvant represent6 par 1'Cquation 
a(AGO) = 2 ,303R~[p ( ,K)~  - p(,K)N] augmente avec une augmentation de la concentration de ACN dans le solvant. Par 
ailleurs, les valeurs correspondantes dans les systbmes de solvant urCe/H20 et DMSO/H20 dirninuent avec une augmentation de 
la proportion du composC organique dans le solvant; la diminution est rapide dans le systbme urCe/H20. On discute des rCsultats 
en fonction des Cnergies standard de Gibbs pour le transfert des ions H+ de l'eau vers le solvant mixte, A@(H+) et des valeurs 
relatives des Cnergies standard de Gibbs pour le transfert des ions HA-, A@(HA-), et de l'acide H2A, A G ( H ~ A ) ,  dans tous 
les systbmes de solvants. On a trouvC que le comportement global de la dissociation de I'acide (H2A) est dictC par les interactions 
spCcifiques solutC/solvant des espkces qui participent dans 1'Cquilibre de la dissociation. 

[Traduit par la revue] 

Introduction 
Despite extensive (1-9) studies the solvent effect on the 

dissociation of weak Bransted acids can hardly be considered 
completely understood. Previously solvent effect was believed 
to be chiefly guided by the change of dielectric constant of 
the solvents. But recent observation that the extent of proton 
transfer processes differs in different isodielectric solvent 
systems (8, 9) leads to recognize that the dielectric constant can 
not be the sole factor but the chemical nature of the cosolvents 
also plays an important role in dictating the overall solvent 
effects. 

In this paper attempts have been made to examine the solvent 
effects on proton transfer equilibria of the neutral acid, 
thymolsulfonephthalein in a series of aqueous binary mixtures 
of several cosolvents having different physicochemical proper- 
ties such as urea, dimethyl sulfoxide (DMSO) and acetonitrile 
(ACN), in light of the solvation behaviour of the species 
involved in the dissociation equilibria. Unlike DMSO + H20 
(10) and ACN + H20 (1 1) mixtures, the dielectric constant (E,) 
value of urea + H20 (12) increases with the increase in organic 
component of the solvent in the mixture (E, values are shown 

1 in Table 4). Such an analysis is expected to reveal important 
information on the solvation behaviour of the species involved 
in the dissociation equilibria, as would be guided by the 
influence of varying acidity, basicity, dispersion, structural and 
electronic characteristics of the cosolvents and their aqueous 
mixtures besides the varying Born-type electrostatic interac- 
tions on the ionic species involved. Dissociation constants of 
monopositively charged acids in urea + H 2 0  (7c, d), ACN + 

'Revision received February 28, 1986. 

H20 (7e), and DMSO + H 2 0  (13, 14) were reported earlier and 
the study is now extended to uncharged acid. 

The structures of thymolsulfonephthalein may be represented 
by I to 111. 
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TABLE 1. Data for spectrophotometric determination of P ( ~ K ) ~ ~ ~  of thyrnolsulfonephthalein 
in ACN + H20 mixtures at 25OC 

HCI A P ( s K ) ~ ~ A  m ~ ~ l  A P ( ~ K ) ~ , A  

10 wt% ACN; [indicator] = 70 wt% ACN; [indicator] = 
1.64 x M 1.65 x 10-'M 

Completely basic 0.0 13 - Completely basic 0.013 - 

0.005101 0.093 1.634 0.001925 0.167 2.405 
0.01023 0.151 1.641 0.002883 0.209 2.404 
0.01534 0.193 1.655 0.003853 0.241 2.403 
0.02037 0.220 1.647 0.005769 0.287 2.405 
0.02556 0.247 1.657 0.007701 0.320 2.410 
0.03061 0.270 1.671 0.009642 0.342 2.407 
0.03578 0.284 1.663 0.01149 0.361 2.414 
0.04089 0.302 1.678 0.01353 0.377 2.419 
0.04588 0.318 1.694 0.01546 0.387 2.415 

Completely acidic 0.548 - Completely acidic 0.553 - 

30 wt% ACN; [indicator] = 80 wt% ACN; [indicator] = 
1.57 x 1 0 4  M 1.43 X M 

Completely basic 0.009 - Completely basic 0.004 - 
0.003910 0.092 1.768 0.000569 0.131 2.849 
0.007822 0.145 1.771 0.001 139 0.199 2.849 
0.01 165 0.187 1.790 0.001706 0.244 2.855 
0.01566 0.218 1.795 0.00227 1 0.276 2.861 
0.02349 0.260 1.798 0.003425 0.317 2.860 
0.02740 0.281 1.817 0.004523 0.345 2.874 
0.03127 0.299 1.835 0.005669 0.359 2.858 
0.03514 0.308 1.828 0.007347 0.378 2.860 
0.04305 0.331 1.846 0.008016 0.386 2.873 

Completely acidic 0.530 - Completely acidic 0.488 - 

50 wt% ACN; [indicator] = 
1.21 x 1 0 4  M 

Completely basic 0.009 - 
0.003330 0.088 1.970 
0.006654 0.133 1.972 
0.009992 0.166 1.984 
0.01336 0.192 2.001 
0.01657 0.203 1.979 
0.01998 0.222 2.001 
0.02331 0.230 1.988 
0.02663 0.243 2.007 
0.03005 0.255 2.027 

Completely acidic 0.403 - 

The probable structure of thymolsulfonephthalein in solution 
in red colour acid form is I1 or 111. Kolthoff et al. (15) 
considered acid form of a thymolsulfonephthalein as a hybrid, 
A' (acid-base type A'B' -). While studying the salt effect and 
medium effect on the dissociation of m-cresolsulfonephthalein 
in methanol-water, Bates et al. (16) has indicated that the 
behaviour of activity coefficient function does not lend support 
to oneofthe three possible structures A'B-, A'B-, or A'B'-. 

The neutral thymolsulfonephthalein can be written (17) as 
H2A since it has two ionizable hydrogen atoms, one of which 
undergoes ionization in the acid range (step i) and the other in 
the alkaline range (step ii). The two steps may be represented in 
reaction [I]. 

The first stages of ionization of neutral H2A in the mixed 
solvent SH is represented by reaction [2] 

[2] H2A + SH * HA- + SH2+ 

Experimental 
Purification of ACN (18) (BDH), DMSO (19) (Merck), and water 

(18) have been described. DMSO + H20 and urea + H20 mixtures 
were prepared by weight and dry HCl gas was passed into respective 
solvents to produce HCl solution. Molal concentration of HC1 was 
obtained by titrating weighed amounts of solution dissolved in water 
against standard aqueous alkali using phenolphthalein as the indicator. 
StockHCl solution in ACN + H20 mixture was, however, obtained by 
mixing weighed amounts of standard aqueous HCl solution and pure 
ACN in suitable proportion to give the desired solvent composition. 
This procedure in ACN + H20 was necessary for stable absorbance 
readings and reproducibility of result. Thymolsulfonephthalein (pro- 
analysis, E. Merck) was used as such. Dissociation constants were 
determined spectrophotometrically using the method described for 
some acids earlier (5a, 20, 21). As H2A is a relatively strong acid, it is 
possible to achieve considerable variation in the degree of dissociation 
by varying the concentration of added strong acid, HCl permitting 
determination of p(,flH2, without recourse to buffer solution. A series 
of solutions were prepared in 10 cm3 amounts by adding weighed 
amounts of HCl solution, indicator solution, and the appropriate 
solvent. Simple calculation gave the molalities of HCl. The spectral 
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DE AND A?TA 

TABLE 2. Data for spectrophotometric determination of P ( ~ K ) ~ ~ ~  of thymolsulfonephthalein 
in urea + H20 mixtures at 25'C 

m ~ ~ l  A p(sK)ii,o m~~~ A p(sK)k2, 

11.52 wt% urea; [indicator] = 
1.53 x M 

Completely basic 0.012 - 
0.01874 0.077 1.029 
0.03751 0.121 1.051 
0.05615 0.150 1.052 
0.07514 0.180 1.083 
0.09364 0.198 1.085 
0.1121 0.217 1.104 
0.1312 0.233 1.118 
0.1493 0.247 1.133 

Completely acidic 0.5 13 - 

20.31 wt% urea; [indicator] = 
1.46 X lop5 M 

Completely basic 0.012 - 
0.01796 0.050 0.799 
0.03583 0.078 0.817 
0.05396 0.101 0.831 
0.07194 0.123 0.859 
0.08942 0.144 0.891 
0.1073 0.156 0.890 
0.1249 0.175 0.927 
0.1447 0.186 0.930 

Completely acidic 0.491 - 

- - - 

29.64 wt% urea; [indicator] = 
1.62 X M 

Completely basic 0.013 - 
0.01891 0.039 0.573 
0.03784 0.062 0.608 
0.05682 0.080 0.619 
0.07557 0.100 0.657 
0.09463 0.113 0.660 
0.1140 0.131 0.694 
0.1327 0.145 0.714 
0.1513 0.157 0.729 

Completely acidic 0.536 - 

36.83 wt% urea; [indicator] = 
1.55 x M 

Completely basic 0.013 - 
0.01957 0.032 0.412 
0.03906 0.049 0.452 
0.05868 0.062 0.457 
0.07836 0.078 0.502 
0.09793 0.090 0.516 
0.1185 0.105 0.552 
0.1366 0.113 0.555 
0.1577 0.130 0.602 

Completely acidic 0.519 - 

absorbances were determined at 25 r 0.2"C using a PMQ I1 CARL 
ZEISS spectrophotometer with 1 cm cells at 548nm where the 
absorbance shows a maximum for the acid form in water. The limiting 
absorbances of the acid form (H2A) were determined in concentrated 
solution of HCl (4-6 M), (in ACN + H20, the values of m ~ c ,  used 
were much less and for the limiting absorption of the completely acid 
form, a very much smaller amount of concentrated HCl was required 
when compared to other solvent systems) but that for the base form 
(HA-) was determined in the respective solvents without any addition 
of alkali (16, 22). The absorbance readings were corrected, where 
necessary, for the identical total concentration of the indicator. The 
indicator solution in pure solvent contained virtually exclusively the 
species HA- and there was no trace of A'- because measurement at 
598 nm (the maximum absorption wavelength of blue form, A2-) 
showed no absorption at all (21). 

Results 
For determination of thermodynamic dissociation constant, 

(subscript s refers to mixed solvent) an extrapolation 
function p(,K)L2A defined by reaction [3] was constructed (20) 
by combining mass law expression for reaction [2] with the 
Debye-Huckel expression for activity coefficient. 

where msHt is the relative molality of H+ in the solution, 
Sf = 1.824 x ~ O ~ ( E , T ) - ~ / ~  and B = 5 0 . 2 9 ( ~ , ~ ) - " ~  are the 
Debye-Huckel constants, a. is the ion-size parameter, CL is 
the ionic strength being equal to CI, = m ~ ~ ~ . d ,  where d, is the 
density of the solvent. Densities were available from literature 
(10-12). The concentration of the ionic species obtained from 
dissociation of H2A being extremely small compared to that of 
mHcl, their contribution to the ionic strength can be neglected. 
As indicator concentration is very small, the value of msHt 

is practically the same as that of m ~ c , .  Dielectric constant 
values (E,) required for calculation of Debye-Huckel constants 
were available from literature (10- 12). The value of concentra- 
tion ratio, mHA-/mH,A = (A - Aa)/(Ab - A) were obtained 
(5a, 20) from absorbances A,, Ab, and A of the completely acid 
form (H2A), completely base form (HA-), and the mixture of 
the two forms measured at an identical total concentration of the 
indicator in the same cell. In eq. [3], (,K)LIA is the apparent 
dissociation constant which becomes equal to thermodynamic 
dissociation constant, (,K)H2A at an ionic strength of zero. 
P(,K);I,~ values were calculated by considering a. = 0, 
because, this numerical value resulted in linear p(,K);I,, plots. 
Other value of a. (= 1, 2 etc.) also produces straight lines 
with different slopes but have no effect on p(,K),,, values. 

The values of mHcl , spectral absorbances (A), and P(,K);I,~ 
are listed in Tables 1-3. p(,QHZA values in the molal scale in 
the three solvent systems are given in Table 4. The uncertainty 
in the pK values is about 20.01 unit. pK value of H2A in 
water, i.e., P(~K)H,A reported recently (17) agreed completely 
with the literature value (23). 

Discussion 
To make a valid comparison (5 b, 7, 8, 24) of the results in 

different solvents, it is necessary to use dissociation constants in 
the mole fraction scale, p(,K)% A which is related to molal scale 
value by the equation (2, 7)p(sK)g2A = + log 1000/Ms~ 
where MSH is the average molecular weight of the mixed 
solvent. Solvent effect on the dissociation can be represented by 
(8b) 

[4] Solvent effect = ~(AG') = ,AGO - ,AGO 

= 2.303RT[~(~K)\2A - P(WK)\,A] 
= 2.303RT[p(sK)~2~ 

- P(WK)H,A - 1% MSH/MwI 
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TABLE 3. Data for spectrophotometric determination of P ( ~ K ) ~ ~ ~  of thymolsulfonephthalein 
in DMSO + H20 mixtures at 25OC 

~ H C I  A p(,K)k,~ ~ H C I  A P(sK)~,A 

20 wt% DMSO; [indicator] = 60 wt% DMSO; [indicator] = 
1.85 x M 1.57 x M 

Completely basic 0.014 - Completely basic 0.012 - 
0.08091 0.122 1.521 0.01503 0.086 1.196 
0.01628 0.186 1.517 0.03009 0.132 1.212 
0.02835 0.254 1.536 0.04497 0.163 1.219 
0.03642 0.281 1.532 0.06014 0.189 1.233 
0.05401 0.329 1.540 0.07513 0.211 1.251 
0.07319 0.359 1.535 0.09026 0.224 1.248 
0.09254 0.388 1.555 0.1046 0.240 1.266 
0.1193 0.412 1.561 0.1195 0.254 1.283 

Completely acidic 0.622 - Completely acidic 0.523 - 

40 wt% DMSO; [indicator] = 80 wt% DMSO; [indicator] = 
1.63 x M 1.41 X M 

Completely basic 0.012 - Completely basic 0.01 1 - 
0.01465 0.111 1.319 0.01499 0.058 1.057 
0.0245 1 0.153 1.332 0.03001 0.089 1.085 
0.03920 0.199 1.350 0.04495 0.109 1.085 
0.05784 0.242 1.373 0.05986 0.127 1.105 
0.07300 0.263 1.373 0.07474 0.141 1.115 
0.08841 0.286 1.393 0.08998 0.156 0.141 
0.1024 0.298 1.394 0.1049 0.164 1.143 
0.1 186 0.319 1.424 0.1197 0.178 1.176 

Completely acidic 0.550 - Completely acidic 0.468 - 

TABLE 4. Values of P ( ~ K ) ~ ~ ~  (molal scale), a(AGo), AG:(H+), and AG:(HA-) - AG:(H2A) for 
thymolsulfonephthalein in aqueous mixtures of ACN, urea, and DMSO at 25OC (AGO values are in 

kJ mol-' (mole fraction scale)) 

Wt% Mol% 
co-solvent co-solvent E: P ( , K ) ~ , ~  a(AGo) AG:(H+)~ AG(HA-) - AG(H2A) 

ACN + water mmtures 
0 0 78.4 1 .6OC 0 0 0 

10 4.65 74.5 1.62 0.03 - 1.8 1.8 
30 15.84 65.0 1.76 0.46 -3.8 4.3 
50 30.52 55.1 1.96 1.24 -4.3 5.5 
70 50.61 47.0 2.40 3.33 -3.3 6.6 
80 63.73 42.9 2.85 5.66 -2.6 8.3 

urea + water mixtures 
11.52 3.78 83.90 1.01 -3.57 -1.5 -2.1 
20.31 7.10 87.95 0.78 -5.06 -2.9 -2.2 
29.64 11.21 91.76 0.55 -6.56 -4.5 -2.1 
36.83 14.88 94.43 0.39 -7.64 -5.9 -1.7 

DMSO + water mixtures 
20 5.45 77.9 1.52 -0.87 -3.3 2.4 
40 13.33 76.4 1.31 -2.57 -8.4 5.8 
60 25.7 73.3 1.19 -3.87 -16.7 12.8 
80 48.0 64.7 1.04 -5.56 - - 

"Dlelectnc constant values of ACN + H 2 0  (1 l) ,  urea + H 2 0  (12), and DMSO + H 2 0  (10) mlxtures were taken 
from Ilterature. Some of the values In ACN + H 2 0  were obtalned by ~nterpolatlon. 

bAG:(H+) values In ACN + water have been obtalned from ref 18 by interpolation and the values In DMSO + 
water and urea + water have been taken from refs 28 and 29, respectively Uncertainty in AG;(H+) values are 
k0.2 kl mol-'. 

'Reference 17. 

where (,lQHIA and M, are the dissociation constant in pure H 2 0  and DMSO + H 2 0  decreases with increase in proportion 
water and molecular weight of water, respectively. Values of of organic co-solvent in the mixed solvent, the decrease being 
d(AGO) in mole fraction scale are summarised in Table 4. sharp in urea +, H20.  Solvent effect on the dissociation of 

Figure 1 depicts the variation of d(AGO) with mol% non- positively charged acids has also been found to be unusually 
aqueous component. d(AGO) increases gradually with increase large (7c, d) in urea + H 2 0  solvent systems. 
in mol% ACN. In contrast, the corresponding value in urea + Solvent effect is determined by the interactions of Hf , HzA, 
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I I I I 
0 2 0 40 60 

m o l X  organic co-solvent 

FIG. 1. Variation of d(AGO) of thymolsulfonephthalein in aqueous 
mixtures of DMSO (A) ,  ACN ( a ) ,  and urea ( 0 )  at 298.15 K. 

and HA- with the solvent molecules and is better understood in 
terms of A@(i) values in eq. [5] of all the three species 
involved in the dissociation equilibrium (3, 20) 

where A@(i) is the Gibbs energy change accompanying the 
transfer of one mole of species i from the standard state in 
water to the standard state in the solvent concerned, both on the 
mole fraction scale. 

A@(H+) values for all the solvent systems based on widely 
used (25-27) extrathermodynamic method using the reference 
electrolyte [RE = Ph4AsBPh4 (Ph = phenyl)] assumption, 
A@(~h4As+) = A @ ( P ~ ~ B - )  = $A@(ph4AsBph4) are 
available in literature (18, 28, 29). A@(H+) values are found 
to be increasingly negative in DMSO + H20 and urea + H20 
indicating increased stabilization of H+ and the increased 
solvation of H+ is dictated by the co-solvent-induced basicity of 
the solvents (28,29). A@(H+) for ACN + H20 passes through 
a minimum. A@(H+) for pure ACN is positive (18) (not shown 

in Fig. 2). In spite of fairly large negative charge on nitrile N 
atom of ACN molecule, the protophobic character of ACN may 
arise from the possible formation of dimers (A) which are shown 
from ir studies to exist in pure ACN. Negative charge centres 
of nitrile N atom is not available for H+ solvation and ACN 
behaves as protophobic solvent. Thus, the initial increased 
solvation of H+ can be attributed to the increased basicity of 
aqueous ACN resulting from the breakdown (30) of three- 
dimensional ice-like water (31) structure releasing more basic 
monomeric water molecules. The "non-aqueous" water, con- 
taining increased number of monomeric water molecules, is 
effectively a more basic solvent (3). Moreover, these water 
monomers and ACN molecules may lead to the formation of 
intercomponent hydrogen-bonded complexes (32) (B) and ( C )  

m o l X  organic co-solvent 

FIG. 2. Variation of AG~(HA-) - A G ( H ~ A )  of thymolsulfoneph- 
thalein [solid line] and A@(H+) [dotted line] in aqueous mixtures of 
DMSO (A) ,  ACN (O) ,  and urea ( 0 )  at 298.15 K. 

resulting in an increased basicity of the hydroxyl oxygen itself 
due to the presence of N lone pair. 

Increasing trend in A@(H+) at higher ACN mol% may be 
partly attributed to the Born-type electrostatic interaction and 
partly to the protophobic character of ACN. Values of A@(H+) 
facilitates the evaluation of the combined term A@(HA-) 
- AC$(H2A) from eq. [5]. Variations of A@(H+) and 
A@(HA-) - A@(H~A) (Table 4) with mol% organic 
co-solvent shown in Fig. 2. Value of A@(HA-) - AG(H2A) 
in urea + H20 decreases and passes through a minimum. 
On the other hand, the corresponding value in ACN + H20 
and DMSO + H20 increases with mol% organic component, 
the value passing through more positive magnitudes in DMSO 
+ H20. 

The dispersion interaction contribution to the combined term 
is expected to be cancelled to a large extent. The solvents, 
however, differ in their dielectric constant (E,) values and 
solvating capabilities. E, value increases as urea is added to 
water, but the value decreases on addition of ACN or DMSO. 
Contribution to Gibbs energy of transfer of HA- due to Born- 
type electrostatic interaction (3) is positive in aqueous mixtures 
of ACN or DMSO and negative in urea + H20. Again, E, 

value of DMSO + H20 being greater than that of ACN + H20 
of similar mol% non-aqueous component, electrostatic inter- 
action should impart less positive contribution to A@(HA-) 
in DMSO + H20 than in ACN + H20. Contrary behaviour as 
reflected in relative positions of A@(HA-) - AQ(H2A) 
curves in DMSO + H20 and ACN + H20 (Fig. 2) may be 
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attributed to  stronger anion desolvating capability of DMSO 
compared to ACN. Destabilization of  anion in DMSO + H20 
and ACN + H20 is  likely t o  stem from the weak H-bond 
donating capability and the location (33) of positive end of the 
solvent dipole at a sterically unapproachable position of the 
molecule. From this point of view, the non-linearity of and 
increased number of  -CH, groups in  DMSO make positive 
end of the dipole less available to anion than in ACN and this 
is probably responsible for the observed relative behaviour of  
A@(HAP) - AG(H2A)  in DMSO + H20 and ACN + H 2 0 .  

In case of  urea + H20, besides the negative contribution to 
A@(HA-) due to  Born electrostatic effect, further stabilization 
of HA- is expected from "acid-base type" interaction of the 
negative charge centre of  HA- with the Zwitterionic form + 
NH2=C(NH2)0-, the actual contributor to  the resonating 
structure of  urea. The  Zwitterionic structure of  urea molecule 
probably makes it more acidic compared to water molecule. For 
this reason, hydrogen bond formed by HA- are expected to be 
stronger with urea than with water, causing greater stabilization 
of  HA- and more negative A G  values with increasing propor- 
tion of  urea in the solvent. The  upward trend of A G ( H A - )  - 
A@(H2A) after passing through a minimum is consistent with 
those observed (28, 29) for some anions like benzoate, C1-, 
OH-. The upward trend after passing through a minimum 
is explained by the interaction of the solute species at that 
structurally critical region of the mixed solvents. 

Interaction of H+ is reflected in A G ( H + )  values which may 
be  considered as a measure of basicities of the solvents relative 
to  water (3). In conclusion it may be  said that very large negative 
magnitude of A@(H+) in D M S O  + H20 compared to that in 
ACN + H20 is primarily responsible for  contrasting disso- 
ciation behaviour of H2A in these two solvent systems and 
maximum acidic strength of H2A in urea + H20 is due primarily 
to combined effect of stability of both H+ and HA- ions in the 
mixed solvent relative to  that in water. 
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Diaulusterols A and B from the skin extracts of the dorid nudibranch Diaulula sandiegensis 
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DAVID E. WILLIAMS, STEPHEN W. AYER, and RAYMOND J. ANDERSEN. Can. J. Chem. 64, 1527 (1986). 
Two new steroids, diaulusterol A (2) and diaulusterol B (3), have been isolated from skin extracts of the dorid nudibranch 

Diaulula sandiegensis. The proposed structures of 2 and 3 are based on spectral arguments. 

DAVID E. WILLIAMS, STEPHEN W. AYER et RAYMOND J. ANDERSEN. Can. J. Chem. 64, 1527 (1986). 
On a is016 deux nouveaux stkroides, le diaulustkrol A (2) et la diaulustCro1 B (3), des Ccorces de la Diaulula sandiegensis. 

On propose les structures 2 et 3 en se basant sur des donnCes spectrales. 
[Traduit par la revue] 

Introduction 
The intertidal and subtidal regions of the Pacific Coast of 

North America are inhabited by sizable populations of a large 
number of species of dorid nudibranchs (I). Many of the species 
have distributional ranges that extend along the entire coastline 
from Alaska to Mexico. A series of examinations of the dorid 
Cadlina luteomarginata, collected at several California (2) and 
British Columbia (3) sites, showed that its skin chemistry 
differed from one collecting site to another. It was simulta- 
neously shown that the majority of metabolites present in the 
skin extracts of C. luteomarginata were obtained from sponges 
in the nudibranch's diet, and that the observed variation in skin 
chemistry was a consequence of changing diet with changing 
collection site. 

Diaulula sandiegensis is another dorid which has a docu- 
mented distribution range that extends from Alaska to Cape San 
Lucas, Mexico (1). Walker and Faulkner isolated a series of 
nine chlorinated acetylenes related to 1 from specimens of 
D. sandiegensis collected at Point Loma, California (4). We 
have examined specimens of D. sandiegensis collected in 
Barkley Sound, British Columbia, and found them to contain 
the two new steroids, diaulusterol A (2) and diaulusterol B (3). 

D. sandiegensis was collected by hand using SCUBA (- 1 to 
- 15 m) on exposed rocky reefs in Barkley Sound. Freshly 
collected animals were immediately immersed in methanol and 
allowed to extract at 2OC for two days. The extraction solvent 
was decanted from the nudibranchs, evaporated in vacuo, and 

'~uthor to whom correspondence may be addressed 

the residue was partitioned between brine and ethyl acetate. 
Fractionation of the ethyl acetate soluble material by flash, 
LH20, and reverse-phase chromatography produced pure sam- 
ples of diaulusterol A (2) and diaulusterol B (3). 

Diaulusterol A (2) was isolated as a uv (ultraviolet) absorbing 
clear oil that showed ir (infrared) bands at 3380, 1722, 1660, 
and 1620 cm-' appropriate for hydroxyl, saturated carbonyl, 
unsaturated carbonyl, and alkene functionalities. The electron 
impact mass spectrum of 2 provided little information since no 
parent ion was observed. Diaulusterol A (2) showed resonances 
for 31 carbon atoms in its 13c nmr spectrum and its 'H nrnr 
spectrum showed a series of methyl resonances at 0.65 (s, 3H), 
0.96 (d, J = 7 Hz, 3H), 1.17 (s, 3H), and 1.46 (s, 6H) ppm that 
indicated a steroidal structure. Other notable features in the 
'H nmr spectrum of 2 w e e  an additional methyl resonance at 
1.21 (d, J = 7 Hz, 3H), three carbinol methine proton 
resonances at 3.90 (dt, J = 11, 5 Hz, lH), 4.15 (m, lH), and 
4.28 (t, J = 5 Hz, lH), and two olefinic proton resonances at 
5.87 (t, J = 1 Hz, 1H) and 6.54 (d, J = 5Hz, 1H)ppm. 

We found that 2 steadily decomposed to give a complex 
mixture of very polar materials when it was exposed to nrnr 
solvents or other manipulations. Acetylation of 2 with acetic 
anhydride and pyridine generated the triacetate 4, which proved 
to be a very stable substance. Triacetate 4 was shown by mass 
spectrometry to have a molecular formula of C37H5409, which 
represents the addition of six carbon atoms to the 31 that were 
observed in the 13cnmr spectrum of 2. Three new methyl 
resonances at 2.06, 2.08, and 2.12 in addition to the observed 
downfield shifts of the carbinol methine resonances to 5.14, 
5.23, and 5.64 ppm in the 'H nmr spectrum of 4 confirmed the 
formation of a triacetate. 

Subtraction of the atoms present in the three acetyl residues 
from the molecular formula of 4 resulted in a molecular formula 
of C31H4806 for diaulusterol A (2). Three of the oxygen atoms 
in this formula could be accounted for by the three secondary 
alcohols (13C nmr 64.4 (d), 65.2 (d), and 66.7 (d)) that under- 
went acetylation. The ir (1722 and 1660cm-') and 13cnmr 
spectra (172.4 (s) and 188.7 (s)ppm) of 2 revealed that the 
remaining oxygen atoms were present as ester and cross- 
conjugated ketone functionalities. 

A decoupling experiment further elaborated the ester contain- 
ing fragment. Thus, irradiation of, the carbinol methine reso- 
nance at 4.15 in the 'H nmr spectrum of 2 collapsed the methyl 
doublet at 1.21 to a singlet, and simplified two resonances at 
2.34 (dd, J = 9, 16Hz, 1H) and 2.42 (dd, J = 4, 16Hz, 
1H) ppm to an AB quartet ( J  = 16 Hz). This isolated six-proton 
spin system was assigned to a 3-hydroxybutanoate moiety. 
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3.90, d t ,  J=12,L.5Hz TABLE 1. Partial nmr assignments for diaulusterol A (2). Chemical 
H shifts are in ppm from TMS 

Carbon 'H I3c 
I I I I I I 2 3.90, dt, J = 11, 5 Hz 66.7* (CH)" 

6 J2 ,3=8Hz 7 J2,3= L.5 Hz 3 4.28, t, J = 5 Hz 64.4 (CH) 
4 6.54, d, J = 5 Hz 128.1 (CH) 

FIG. 1. Models for the 'H spin system in ring A of Diaulusterol A. 

Subtraction of the four carbons of this fragment from the 
molecular formula of 2 leaves the 27 carbons of a basic steroid 
skeleton, supporting our hypothesis of a steroidal structure for 
2. A 'H nmr resonance at 1.46 (s, 6H) and a 13C nmr resonance 
at 83.6 (s)ppm indicated that the butanoate fragment was 
attached to C25 of the steroid sidechain. 

A second series of ' H nmr decoupling experiments allowed 
the placement of much of the remaining functionality on the 
steroid nucleus. Irradiation of the methine proton at 3.90 in the 
spectrum of 2 collapsed the methine resonance at 4.28 to a 
doublet ( J  = 5 Hz) and simplified a pair of resonances at 
1.75- 1.85 pprn to an apparent AB quartet. Irradiation of the 
methine resonance at 4.28 simplified the multiplet at 3.90 to a 
doublet of doublets ( J  = 5, 11 Hz) and collapsed the doublet at 
6.54 to a singlet, while irradiation at 6.54 simplified the methine 
resonance at 4.28 to a doublet ( J  = 5 Hz). The only way to 
situate this five-proton spin system on a steroid nucleus was to 
assign the resonances at 1.75- 1.85 to a pair of geminal protons 
at C1, the resonances at 3.90 and 4.28 to carbinol methine 
protons at C2 and C3, respectively, and the resonance at 6.54 to 
an olefinic proton at C4. The demonstration of a nOe (nuclear 
Overhauser enhancement) between the methyl protons at 1.26 
(C19) and a methine proton at 5.14 (H2) in the triacetate 4 
required that H2 be P. An additional nOe between the methine 
proton at 5.14 (H2) and its vicinal neighbor, which appears at 
5.64 (H3) pprn in the ' H nmr spectrum of 4, showed that H3 was 
also p. Comparison of the observed coupling constants for this 
spin system in 2 and 4 to the corresponding coupling constants 
in the model compounds 6-9 (5-7) confirmed our assignment 
(see Fig. 1). 

The remaining functionality indicated by the spectral data and 
required by the molecular formula of 2 was a cross-conjugated 
ketone and a trisubstituted olefin. Having established the nature 
of the A ring in 2, there was no choice but to place the ketone 
functionality at C6 and the olefin at C7-C8. The resulting 
proton and 13C nmr assignments for diaulusterol A (2), which 
are given in Table 1, are in good agreement with the proposed 
structure. Also consistent with the structural assignment is the 
splitting of the C7 olefinic proton resonance (5.87 ppm) into a 

- 
- 

5.87, t, J = 1 Hz 
- 

0.65 
1.17 

0.96, d, J = 7 Hz 
- 

1.46 
1.46 
- 

2.34, dd, J = 9, 16 Hz; 
2.42, dd, J = 4, 16 Hz 

4.15, m 
1.21, d, J = 7 H z  

146.2 (c) ' 

188.7 (C) 
123.6 (CH) 
166.9 (C) 
12.5 (CH3) 
21.1 & (CH3) 
18.7 (CH3) 
83.6 (C) 
26.1 (CH3) 
26.2 (CH3) 

172.4 (C) 
42.1 (CH2) 

65.2* (CH) 
22.3& (CH3) 

* and & mean the assignments may be interchanged. 
"Hydrogen attachments were determined using ADEPT. 

triplet ( J  = 1 Hz) via allylic coupling to the C14 and C9 
protons, and the observation of intense fragment ions at mlz 
582 (M+ - HOAC), 522 (M+ - (2 x HOAc)), 496 (M+ - 
(3-acetoxybutanoic acid) via McLafferty), and 265 (M+ - 
(sidechain + (2 x HOAc)) daltons in the mass spectrum of 4. 

The observed chemical shifts for the C18 ('H: 0.65; 13C: 
12.75 ppm) and C21 ('H: 0.96; 13C: 18.75 ppm) methyl groups 
in 2 were virtually identical to those reported for cholesterol 
(C18: 0.67, 12.0; C21: 0.90, 18.8 ppm), suggesting that the 
relative configurations at C13, C14, C17, and C20 were 
identical in the two molecules. This information, coupled with 
the above arguments for ring A, allowed us to assign the relative 
stereochemistry of diaulusterol A (2) as shown. Irradiation of 
the C18 methyl protons in 4 failed to induce an observable nOe 
into the C14 proton and irradiation of the C19 methyl protons 
likewise failed to induce an nOe into the C9 proton. This 
negative evidence, while not proving the stereochemical assign- 
ment, is at least consistent with it. 

Diaulusterol B (3) was also isolated as a clear oil that was 
shown by mass spectrometry to have a molecular formula of 
C27H4204 (M+ ; calcd. : 430.3083; found: 430.3055). The 
'H nmr spectrum of 3 was identical to that of 2 in all respects 
except for the absence of the resonances due to the 3-hydroxy- 
butanoate residue. Diaulusterol B was therefore assigned 
structure 3. Treatment of the trio1 3 with acetic anhydride and 
pyridine at room temperature generates the diacetate 5 as 
expected. We found diaulusterol B (3) in rapidly processed 
extracts of D. sandiegensis, thereby eliminating the possibility 
that it is an artifact formed by hydrolysis of diaulusterol A (2). 
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WILLIAMS ET AL. 1529 

Diaulusterols A (2) and B (3) are related to pinnasterol (10) 
and acetylpinnasterol (11) (8), which were isolated from the 
red alga Laurencia pinnata. All four steroids share structural 
features with the ecdysones, and compounds 10 and 11 showed 
biological activity as insect moulting hormones. The 25-(3- 
hydroxybutanoate) residue and the 2-a ,3-a  diol array of the 
diaulusterols are not commonly encountered in naturally occur- 
ring steroids. One  of the small number of steroids containing a 
2-a,3-a diol is compound 12, which was recently isolated from 
the marine hydroid Eudendrium glomeratum (9). 

Our results, in combination with previous findings of Walker 
and Faulkner (4), have shown that Dialula sandiegensis repre- 
sents another example of a dorid nudibranch that has different 
skin chemistry at different collecting sites. It seems reasonable 
to assume that the steroids found in the British Columbia 
specimens and the chlorinated acetylenes found in the Cali- 
fornia specimens are being produced by the different dietary 
organisms found at the two locations; however, an actual dietary 
source of the metabolites has not been identified at either 
collecting site. 

Experimental 
The 'H nrnr spectra were recorded on Varian XL-300 and Briiker 

WH-400 spectrometers. The I3c nrnr spectra were recorded on a 
Varian XL-300 spectrometer. TMS (tetramethylsilane) was used as an 
internal standard. Low resolution mass spectra were recorded on an 
AEI MS902 spectrometer and high resolution mass spectra on an AEI 
MS50 instrument. The ir spectra were recorded on a BOMEM Fourier 
Transform spectrometer. The uv-visible spectra were recorded on a 
Bausch and Lomb Spectronic-2000 spectrometer. 

Merck silica gel 230-400 mesh was used for flash and preparative 
thin-layer chromatography (tlc) and a Whatman Magnum-9 ODs-3 
column was used for preparative hplc. Sephadex LH-20 resin was 
used for molecular exclusion chromatography. Rf's are listed for all 
compounds in an analytical tlc system using ethyl acetate as an eluent. 

Specimens of Diaulula sandiegensis (152 animals) were collected 
on several exposed rocky reefs (-1 to -15m) in Barkley Sound, 
British Columbia. Fxshly collected animals were immediately immersed 
in methanol and allowed to extract at 2OC for two days, after which 
the methanol was decanted off and replaced with fresh solvent. The first 
and second methanol extracts were combined and evaporated in vacuo. 
The resulting residue was partitioned between brine (200 mL) and ethyl 
acetate (5 X 125 mL). Evaporation of the combined ethyl acetate 
extracts gave a brown oil (1.4 g). 

Flash chromatography of the brown oil (1:l acetone - methylene 
chloride) gave a fraction (90 mg) that contained diaulusterols A (2), 
B (3), and fats. LH20 chromatography (1:4 methanol - chloroform) 
removed most of the fats. The resulting enriched mixture of compounds 
2 and 3 (47 mg) was purified via reverse phase hplc (7:3 methanol - 
water) to yield pure steroids as clear oils (2: 24 mg; 3: 3.2 mg). 

DiaulusterolA (2): Rf 0.18; ir (film): 3380,2940,2870,1722,1660, 
1620, 1455, 1375,875, and 750 cm-'; 'H nmr (CDC13): 0.65 (s, 3H), 
0.96 (d, J  = 7 Hz, 3H), 1.17 (s, 3H), 1.21 (d, J  = 7 Hz, 3H), 1.46 
(~,6H),2.34(dd,  J=9,16Hz,lH),2.42(dd,J=4,16Hz,lH),3.90 

(dt, J =  5,  11 Hz, lH),4.15(m, lH),4.28(t ,  J =  5Hz ,  1H),5.87 
(t, J  = 1 Hz, lH), and 6.54 (d, J = 5 Hz, 1H); 13C n m r ( ~ ~ ~ 1 ~ ) :  12.5, 
18.7,20.4,21.1,21.8,22.3,22.6,26.1,26.2,27.6,35.8,35.9,38.5, 
38.6,40.6,41.1,43.7,44.5,47.8,56.0,56.2,64.4,65.2,66.7,83.6, 
123.6, 128.1, 146.2, 166.9, 172.4, and 188.7ppm. 

Diaulusterol A triacetate (4): Diaulusterol A (2) (24 mg) was stirred 
overnight at room temperature in a solution of pyridine - acetic 
anhydride (3: 1; 8 mL). Evaporation of the reagents under high vacuum 
generated a residue that was purified via preparative tlc to give pure 
acetate 4 (27 mg): clear oil; Rf 0.56; uv (MeOH) A,,,: 264 nm 
(12 800); 'H nrnr(CDC13): 0.68 (s, 3H), 0.99 (d, J = 7 Hz, 3H), 1.26 
(s, 3H), 1.32 (d, J  = 8 Hz, 3H), 1.46 (s, 6H), 2.06 (s, 3H), 2.08 
(s, 3H), 2.12 (s, 3H), 2.46 (dd, J  = 6, 18 Hz, lH), 2.60 (dd, J  = 8, 
18 Hz, lH), 5.14 (dt, J  = 14,5 Hz, lH), 5.27 (m, IH), 5.64 (m, lH), 
5.92 (bs, lH), and 6.47 (d, J  = 7 Hz); ms: 642 (M'), 582, 522,496, 
494, 376, 361, 265, 249, 171, 147, 129, 119. Exact Mass calcd.: 
642.3768; found: 642.3779. 

Diaulusterol B (3): clear oil; Rf 0.15; 'H nmr (CDCI3): 0.65 (s, 3H), 
0.97(d, J =  7Hz,3H), 1.17(s, 3H), 1.23 (s, 6H), 3.88(m, 1H),4.27 
(m, lH), 5.87 (bs, lH), 6.54 (d, J  = 5 Hz, 1H); ms: 430 (M'), 412, 
397, 394. Exact Mass calcd.: 430.3083; found: 430.3055. 

Diaulusterol B diacetate (5): Prepared as described above for 4. 
Compound 5: clear oil; Rf 0.55; uv (MeOH) A,,: 264 nm; 'H nmr 
(CDC13): 0.67 (s, 3H), 0.98 (d, J  = 7 Hz, 3H), 1.24 (s, 9H), 2.04 
(~,3H),2.08(s,3H),5.12(m,1H),5.61(m,1H),5.89(bs,1H),6.43 
(d, J = 7 Hz, IH). 
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Phosphaz&ne : une etude theorique du spectre d'ionisation' 
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DANIELLE GONBEAU, JEAN-LUC GARCIA et GENEVIBVE PFISTER-GUILLOUZO. Can. J. Chem. 64, 1530 (1986). 
Une Ctude des sections efficaces de photoionisation du phosphazkne HP=NH a CtC rCalisCe dans le cadre de la mCthode 

MSXci. Les rCsultats obtenus, concernant les ionisations mettant en jeu les paires du phosphore et de l'azote, ont CtC confrontCs h 
ceux dCduits qualitativement d'un examen des localisations dans la fonction d'Ctat initial. Parallelement, les phCnomknes de 
reorganisation Clectronique au niveau des ions gCnCrCs par photoionisation ont Ctt discutCs. 

DANIELLE GONBEAU, JEAN-LUC GARCIA, and GENEVIBVE PFISTER-GUILLOUZO. Can. J.  Chem. 64, 1530 (1986). 
A study of photoionization cross sections was undertaken in MSXci on the phosphazene HP=NH. For the ionizations 

involving the phosphorus and nitrogen lone pairs, the results were discussed and compared with those obtained from examination 
of localizations in the initial state. In parallel the electronic reorganization effects encountered in the ionic states were also 
analyzed. 

En spectroscopie photoClectronique (ultraviolet) l'analyse 
des variations d7intensitC des bandes observCes expkrimentale- 
ment notamment par passage du rayonnement He1 (2 1,22 eV) B 
He11 (40,81 eV) est un outil puissant d'attribution largement 
utilisC. 

Sur la base de rkgles qualitatives, fondCes sur les calculs de 
sections efficaqes atomiques et l'examen des localisations dans 
les orbitales molCculaires mises en jeu lors des ionisations (I), 
l'interprktation des variations expkrimentales d'intensitk a CtC 
rCalide avec succks pour de nombreux systkmes molCculaires. 
Les limites d'une telle demarche apparaissent pour des molC- 
cules htttroatomiques. Dans le cas des triazaphospholes par 
exemple (2), les variations d'intensite lors du passage HeI/HeII 
ne peuvent Ctre toutes interprCtCes B partir des localisations des 
orbitales ionistes. 

Ceci nous a conduit 9 examiner de faqon plus rigoureuse 
les sections efficaces de photoionisation pour une molCcule 
de petite taille prtsentant prCcisCment deux hCtCroatomes de 
pCriode diffirente. Compte tenu des Ctudes experimentales 
rCa!isCes nous avons fait choix de l'entitC modkle HP=NH. 

Etant donnt les limites mises en evidence d'une interprktation 
baste sur la considkration du seul Ctat initial, nous avons estimC 
par une approche multiconfigurationnelle I'importance des 
phtnomknes de relocalisation dans les ions. 

1. Conditions de calcul 
Les calculs de sections efficaces de photoionisation ont CtC 

menCs dans le cadre de la methode MSXa particulikrement bien 
adaptCe B ce type de problkmes. 

En effet, l'extension de cette methode B 1'Ctude d'Ctats du 
continu (3) permet 1'Cvaluation dans un formalisme homogkne 
des fonctions d'Ctat initial et d'Ctat final intervenant au niveau 
du moment de transition; elle se rCvkle par 18 mCme d'approxi- 
mation moins grossikre que les nombreux calculs effectuCs sur 
la base d'une reprisentation de 1'Ctat final par une onde plane. 

Nous avons travail16 dans des conditions identiques B celles 
dCfinies lors d'une Ctude antCrieure (4): (i) au niveau des atomes 
les paramktres a optimisCs par Schwarz (5) ont CtC utilisCs 
avec une moyenne pondCrCe des a atomiques pour les regions 

1. Part XXIX de ccApplication of photoelectron spectroscopy to 
molecular properties .D Part XXVLII : rCf. 21. 

2. Auteur h qui adresser toute correspondance. 

intersphkre et outersphkre; (ii) les rayons des spheres atomiques 
ont CtC dttermints de faqon non empirique (6) en rCduisant 
de 12% les rayons obtenus B l'itkration 0 pour des sphkres 
englobant un nombre d'tlectrons Cgal au numCro atomique; 
(iii) l'tvaluation des fonctions d'Ctat initial et d'Ctat final a Cte 
rkaliste avec le mCme potentiel (prise en compte B chaque 
itkration de calcul MSXa de la correction de Latter (7) pour 
le calcul des Ctats initiaux); (iv) pour chaque atome et pour 
le calcul de toutes les fonctions d'etat initial (i) une valeur 
lmaX = 1 + 1 a t t t  adoptCe. Pour les fonctions d'Ctat final (f) des 
valeurs lmaxf = lmaxi + 1 ont Cte choisies. Dans le cas de 
l'outersphkre l,, a CtC dCterminCe par exarnen de la conver- 
gence des rCsultats. 

Les potentiels d'ionisation ont CtC CvaluCs selon le forma- 
lisme de 1'Ctat de transition (8). 

Les effets de relocalisation dans 1'Ctat final ont Cte obtenus 
en Hartree Fock B l'aide d'une mCthode de pseudo potentiel 
(9) (inclue dans le programme Hondo (10) avec des bases 
de valence d'un niveau double zeta ( 5 )  et une fonction de 
polarisation de type d sur le phosphore. Les interactions de 
configurations ont CtC rCalisCes dans le cadre de la mCthode 
CIPSI (11) qui met en oeuvre conjointement la mCthode des 
variations (pour les interactions les plus fortes) et une mCthode 
perturbative (pour I'effet des dkterminants moins importants). 

Les conditions gCnCrales de calcul adoptCes sont identiques B 
celles prCcisCes lors d'un prCcCdent travail (1 2). 

2. Calculs MSXa sur H-P=N-H 
Les calculs ont CtC effectuCs pour les deux conformeres trans 

et cis de HP=NH. 
RCcemment le premier dialkyl imino phosphane tBu-P= 

N-tBu (conformation trans) a CtC dttectt par Niecke et Flick 
(1 3). I1 a CtC gCnCrC et caractCrisC en spectroscopie photoClectro- 
nique par thermolyse du dimbre (14). 

La conformation cis du phosphazkne correspond quant B elle 
B une disposition intervenant au niveau des hCtCrocycles a 
phosphore dicoordinC examinks par ailleurs (2). 

2.1. Potentiels d'ionisation 
Les rCsultats obtenus pour les deux isomkres sont prCsentCs 

dans le tableau 1. 
Pour l'isomkre trans, en accord avec des rCsultats anttrieurs 

(15) les premier et troisikme potentiels d'ionisation B 10,95 eV 
et 14,29 eV sont attribuCs respectivement B des ionisations 
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GONBEAU ET AL. 

TABLEAU 1. HP=NH (trans et cis). Niveaux d'Cnergie, distributions de charge et potentiels 
d'ionisation (PI) en M X S a  

Distribution de charge (%) PI 
Energie thCoriques 

Orbitale (ev) P N H(N) H(') Int. Out (ev) 

HP=NH 5a' -7,708 31 23 1 9 23 12 10,95 
trans 1 a" -9,048 17 40 37 5 12,32 

4a' -10,964 22 36 1 6 29 5 14,29 
3a' -12,441 28 31 7 18 10 6 15,68 
2a' -16,418 34 27 9 11 15 4 19,86 

HP=NH 5a' -7,909 33 13 2 16 17 19 11,25 
cis 1 a" -9,164 17 41 32 10 12,46 

4a' -9,255 20 49 1 1 13 17 12,49 
3a' -13,256 27 25 5 20 16 7 16,78 
2a' -16,044 33 32 10 7 11 7 19,53 

PI expCrimentaux (tBu-P=N-tBu, trans) (14) 8,11 eV; 9,70 eV; 10,lO eV. Pararnktres gComCtriques de 
HP=NH trans et HP=NH cis dCfinis 101s d'un prtcaent travail (15). 

mettant en jeu les orbitales 5a' et 4a1, combinaisons liante (n+) 
et antiliante (n-) des paires libres des atomes de phosphore et 
d'azote. il faut remarquer une localisation plus grande sur le 
phosphore en ce qui concerne l'orbitale 5a' et au contraire un 
poids plus important sur l'azote pour l'orbitale 4a' (tableau 1). 

Le potentiel d'ionisation 12,32 eV correspond l'ionisation 
faisant intervenir l'orbitale la"  caractkristique de la liaison 

j ITp=N. 
L'attribution des deux premiers potentiels d'ionisation est ' en accord avec celle proposCe expCrimentalement par Elbel et 

al. (14) pour le dCrivC tertiobutylC : PI (n+) (8,11 eV) < PI (IT) 
(9,70- 10,lO eV). En dCpit de l'effet bien connu des groupe- 
ments tertiobutylCs (stabilisation de 1'Ctat ionique) les potentiels 
d'ionisation obtenus thkoriquement sont trop profonds. 

En ce qui concerne l'isomkre cis (tableau I), une sCquence 
analogue a, T ,  a est observCe pour les dernikres orbitales 
occupCes avec une interaction des paires en trans nettement plus 
importante qu'en cis, respectivement de 3,3 et 1,2 eV. I1 faut 
noter Cgalement que les orbitales 5a' et 4a' correspondent 
respectivement aux combinaisons n- et n+ des paires des 
atomes de phosphore et d'azote. Elles prCsentent toutefois les 
m2mes localisations que dans l'isomkre trans, a savoir poids 
important sur le phosphore pour l'orbitale 5ar ,  forte localisation 
sur l'azote Dour 4a'. 

Nous observons une position quasiment inchangee du poten- 
tie1 d'ionisation associC a l'ionisation mettant en jeu l'orbitale 
npZN (isomkre trans : 12,32 eV, isomkre cis : 12,46 eV). 

2.2. Sections efficaces et parame'tres d'asyme'trie 
Les rCsultats obtenus pour les sections efficaces difftren- 

tielles de photoionisation (directement comparables aux inten- 
sitCs des bandes exptrimentales) et les paramktres d'asymktrie 
ont kt6 visualisCs sous forme de courbes (figures 1 et 2) pour les 
trois premiers Ctats initiaux de chaque isomkre. 

Un balayage en tnergie cinitique par pas de 5 eV a CtC 
effectut dans un domaine compris entre 5 eV et 50 eV et les 
Cnergies de photons correspondant aux deux sources de rayonne- 
ment He1 (21,22 eV) et He11 (40,81 eV) ont CtC matCrialisCes par 
des traits verticaux. 

Dans le cas de l'isomkre trans une diminution est observte 
lorsqu'on passe d'un rayonnement He1 HeII pour les trois Ctats 
(fig. 1). 

Toutefois, des differences apparaissent pour les Ctats initiaux 
5a' et 4a' mettant en jeu les paires libres des atomes de 
phosphoreet d'azote. En effet, la diminution en passant de hv = 
21,22 eV a hv = 40,81 eV est nettement plus grande pour 1'Ctat 
initial 5a' correspondant a la combinaison n+ que pour 1'Ctat 
initial 4a' associC a la combinaison n-. 

En ce qui concerne les paramktres d'asymCtrie leurs varia- 
tions en fonction de 1'Cnergie des photons, font apparaitre 
Cgalement des allures bien difftrenciees pour les deux Ctats 
initiaux 5a' et 4a' .  

Les rCsultats obtenus pour l'isomkre cis (fig. 2) permettent de 
remarquer une diminution des sections efficaces en fonction de 
llCnergie des photons incidents pour les trois premiers Ctats 
initiaux. Par contre, la plus forte diminution est observCe dans 
ce cas pour l'ttat initial 4a'. Ce rtsultat est particulierement 
intkressant compte tenu des localisations observ~es au niveau 
des orbitales 5a' et 4a'. 

En effet, comme nous l'avons vu, l'orbitale 5a' prCsente le 
poids le plus important sur l'atome de phosphorg alors que 
l'orbitale 4a' est fortement localiste sur l'azote. Sur la base des 
rkgles habituelles, l'ionisation mettant en jeu l'orbitale 5a' 
devrait ainsi &tre associCe a une bande diminuant nettement 
dlintensitC en passant d'un rayonnement He1 a HeII vis-a-vis de 
celle correspondant a l'ionisation faisant intervenir l'orbitale 
4a'. Les calculs rCalisb conduisent a des rCsultats inverses 
puisque la diminution la plus importante de section efficace est 
notCe pour 1'Ctat initial 4a'. 

~es-rksultats mettent ainsi en Cvidence les limites des rkgles 
qualitatives dans ce cas. La seule analyse de la fonction d'Ctat 
initial est insuffisante pour discuter des variations d'intensitk en 
fonction de 1'Cnergie des photons incidents. 

Par ailleurs, l'examen des rCsultats obtenus pour les isomkres 
cis et trans montre que la plus nette diminution de section 
efficace intervient dans les deux cas pour les Ctats initiaux 
correspondant a la combinaison n+ des paires du phosphore et 
de l'azote (5a' pour l'isomkre trans, 4a' pour l'isomkre cis). 

Ainsi, les sections efficaces associCes aux Ctats initiaux 
caractkristiques des paires libres des atomes de phosphore 
et d'azote paraissent plus affecttes par la ccsymCtrie>> des 
combinaisons des paires que par la localisation plus ou moins 
importante sur l'atome de phosphore dans la fonction d'ttat 
initial. Une remarque similaire peut &tre faite en ce qui concerne 
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1532 CAN. J .  CHEM. VOL. 64, 1986 

FIG.  1 .  HP=NH trans : orbitales 5 a 1 ,  1 a", 4 a 1 .  Sections efficaces diffkrentielles de photoionisation et parambtres d'asymktrie. 
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GONBEAU ET AL. 

FIG. 2. HP=NH cis : orbitales Sa', la", 4a'.  Sections efficaces diffkrentielles de photoionisation et paramktres d'asymktrie. 
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TABLEAU 2. HP=NH trans. Potentiels d'ionisation calculCs (CIPSI) 

PI Correction Correction PI PI PI 
Koopmans de de corrigCs calculCs expkrimentaux 

 tats (eV) polarisation corrClation (eV) par CIPSI tBu-P=N-tBu 

TABLEAU 3. HP=NH cis. Potentiels d'ionisation calculCs (CIPSI) 

PI Correction Correction PI 
Koopmans de de corrigCs PI calculCs 

 tats (ev polarisation corrClation (ev) par CIPSI 

les paramktres d'asymCtrie puisque des variations de P du m&me 
type sont observtes pour les ttats 5a' (cis), 4a1 (trans) d'une 
part et pour 4ar  (cis), 5a' (trans) d'autre part. 

Ces conclusions rejoignent celles de Price et al. (16) et les 
observations exptrimentales sur CS2, C02,  COS oh les bandes 
assocites aux orbitales a,(2p) prCsentent d'apprkciables dimi- 
nutions d'intensitk par rapport aux bandes a, (2p). 

3. PhCnomenes de relocalisation au niveau des ions gCnCres 
par photoionisation de H-P=N-H 

Les calculs MSXa ont CtC rtalisCs dans le cadre d'une 
approche mono6lectronique et, en particulier, le caractkre 
multiClectronique du processus de photoCmission n'a pas CtC 
pris en compte dans la description de l'ttat final. 

Or, pour interprtter les modifications d'intensite non explica- 
b l e ~  prCcisCment B partir des localisations calculCes dans l'ttat 
initial, on invoque parfois des possibilitCs de reorganisation de 
l'ion. 

Nous avons donc entrepris d'examiner l'importance de ces 
phCnomknes de relocalisation et proceder pour cela h des calculs 
Hartree Fock avec interaction de configurations. 

Au niveau SCF (self-consistent field), nous obtenons pour les 
dernikres orbitales occup6es une sequence identique h celle 
prCc6demment dCterminCe en MSXa. Les potentiels d'ionisa- 
tion dans le cadre de l'approximation de Koopmans sont assez 
voisins de ceux obtenus avec le formalisme de 1'Ctat de 
transition (tableaux 1-3). Pour l'isomkre trans, les valeurs des 
potentiels d'ionisation obtenues sont trop 6levCes vis-h-vis des 
donnCes experimentales . 

I1 est cependant bien connu que dans cette approximation, 
on ne prend pas en compte les effets de polarisation et de 
corr6lation qui peuvent affecter differemment les niveaux IT et 
ceux caracteristiques des paires libres de ces systkmes. 

Les effets de polarisation sont d'autant plus importants que 
les <<trous>> sont localisCs et donc attendus les plus forts pour 
les paires libres; il contribuent gCnCralement h diminuer les 
potentiels d'ionisation alors .que les effets de corrClation les 
auEjmentent et ceci particulikrement pour les liaisons IT (17). 

A l'aide d'un processus dCjh utilisC par ailleurs (12, 18) et qui 
prCsente l'avantage de ne nCcessiter qu'un temps de calcul de 

l'ordre d'une iteration SCF par potentiel d'ionisation nous 
avons estimC les corrections de polarisation et de corrClation. 

Les rCsultats obtenus (tableaux 2 et 3) ne mettent en Cvidence 
que peu de changements sur les tcarts respectifs des trois 
potentiels d'ionisation avec pour les deux premiers une compen- 
sation quasi totale des effets de polarisation et de corrClation. 

Nous avons donc realis6 des calculs perturbationnels com- 
plets B l'aide du programme CIPSI. 

Pour l'isomkre trans, nous constatons (tableau 2), compte 
tenu de l'effet des groupements tertiobutyles (stabilisation de 
1'6tat ionique), un accord satisfaisant avec les donntes exptri- 
mentales, le premier potentiel d'ionisation ttant toutefois un 
peu trop bas. 

Dans le cas de l'isomkre cis (tableau 3), nous observons une 
inversion des deuxikme et troisikme potentiels d'ionisation. 

I1 est important de remarquer que ces modifications notables 
ont leur principale origine dans l'effet de corrtlation sptcifique 
des ions; l'importance de ce terme a dtjh t t t  soulignte par 
Cederbaum (19) et Chong (20) et mise en Cvidence lors d'une 
Ctude rCalisCe sur le dimethyl diphosphkne (12). 

Dans les cas considCrCs ici, il est particulibement important 
pour les ionisations mettant en jeu les orbitales combinaisons 
des paires libres de P et de N, de part la prtsence d'une orbitale 
virtuelle T* assez basse. 

Aprks avoir examint l'importance des effets de polarisation 
et de corrClation, nous avons analysC h l'aide des matrices 
densit6 aprks interaction de configuration les phCnomknes de 
relocalisation au niveau des deux premiers ions a .  

Les rCsultats prCsentCs sur la figure 3 pour le phosphazkne 
trans font apparaltre pour l'ion mettant en jeu l'orbitale 5a1 un 
cctrou>> totalement dClocalisC sur les deux atomes de phosphore 
et d'azote; au niveau de l'ion associC h l'orbitale 4a1, le <<trou>> 
parait un peu plus localis6 sur l'atome de phosphore. 

Dans le cas du phosphazkne cis, des conclusions voisines 
peuvent &tre dCduites de l'examen de la figure 3 avec toutefois 
un cctrou>> plus nettement localis6 sur le phosphore en ce qui 
concerne l'ion correspondant h l'orbitale 4a'. 

Si la structure Clectronique globale de ces ions est assez 
difftrente de l'image que l'on pouvait en avoir B partir du seul 
examen des localisations des orbitales m~lCculaires mises en jeu 
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GONBEAU ET AL. 1535 

10-1 'A' (orbitale 5 a') . v 

Ion 'A' (orbitale 4 a') 

v v 

+ 0,288 
+ 0,084 

+ 0,544 H (w) (0,118) + 0,285 

(0,502) I 
- 0,050 "\(-) P-N 

(0,2553 iPN + 0,714 . 0,084 
4213 (0,601) (0,225) 

(0,181) 

FIG. 3.  HP=NH. Isombres trans et cis. Charges nettes aprks 
interaction de configurations. (Ecarts en charges nettes entre les ions et 
le fondamental.) 

lors de l'ionisation, on constate toutefois que ces phCnomenes 
de relocalisation ne sont pas trbs importants. 

Toutefois, les calculs des sections efficaces pour les deux 
isomkres mettent en Cvidence un comportement similaire pour 
les Ctats associCs respectivement 2 l'orbitale 5a' de l'isomkre 
trans et i l'orbitale 4a' de l'isombre cis. Les rCsultats obtenus 
ici ne font apparaitre aucune analogie de ce type puisqu'au 
contraire une localisation du cctrou>> sur le phosphore n'inter- 
vient que pour les ions correspondant aux orbitales 4a' des 
isomkres cis et trans. 

Les mCmes remarques avaient pu Etre deduites de l'analyse 
de travaux similaires (2) sur les isornhes a et p des triaza- 
phospholes. Quel que soit l'ion examink, aucune correlation 
n'avait pu Ctre Ctablie entre les variations d'intensite HeI/HeII 
observCes expkrimentalement et la plus ou moins grande 
localisation du <<trow> sur l'atome de phosphore dans les 
diffkrents ions fonnCs. 

4. Conclusion 
L'Ctude rCalisCe sur le phosphazbne HP=NH nous a pennis 

de dCgager un certain nombre de points importants concernant 
les sections efficaces de photoionisation des Ctats ioniques 
provenant de l'kjection d'ilectrons des paires libres du phos- 
phore et de l'azote. 

Tout d'abord, il apparait que la seule consideration des 
localisations dans la fonction d'Ctat initial est insuffisante pour 
interprCter correctement les variations d'intensitk. Un des points 
essentiels mis en Cvidence apparait Ctre la phase entre les 
orbitales atomiques internenant dans l'orbitale molCculaire 
ionisCe like i la pseudo syrnCtrie du syst2me. 

De plus il semble, d'apres l'analyse des phCnomenes de 
reorganisation Clectronique au niveau des ions gCnCrCs par 
photoionisation, que ce type de phknomkne ne peut Ctre en 
corrClation directe avec les variations des sections efficaces. 
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Vitamin D relatives. Part I. B-thiophene-des-A-cholestanes. Solvolytic reactions of some 
derivatives of 2,2-disubstituted cyclohexane-1,4-diol and 4-hydroxycyclohexan-1-one 
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JACEK W. MORZYCKI. Can. J. Chem. 64, 1536 (1986). 
Some derivatives of des-A-cholestane with a thiophene ring B have been prepared from triketone 2. The reactions of tosylates 

of C-10 alcohols (7b, 9b, and 8c) leading to A-ring ethers (10 and 11) and olefin 5, respectively, have been studied. The 
solvolysis of tosylate 4c and the Bamford-Stevens reactions of p-tosylhydrazones 3c and 13b are also discussed. 

JACEK W. MORZYCKI. Can. J. Chem. 64, 1536 (1986). 
Utilisant la tricktone 2 c o m e  produit de dkpart, on a pdpark quelques dtrivks du des-A-cholestane comportant un thiophbne 

c o m e  cycle B. On a ktudik les rkactions des tosylates des alcools en C-10 (7b, 9b et 8c) qui conduisent respectivement aux 
tthers du cycle A (10 et 11) et l'olkfine 5. On discute aussi des dactions de solvolyse du tosylate 4c et des kactions de 
Bamford-Stevens des p-tosylhydrazones 3c and 13b. 

[Traduit par la revue] 

ACO +OR A c o - - ~ o R  

In the course of our studies on the synthesis of vitamin 
D relatives (1, 2) we have drawn attention to 6,9-epithio- 
tachysterol A as a possible intermediate. The allylic oxidation of 
this compound, followed by desulfurization, as well as photo- 
chemical and thermal isomerization (3) could afford an impor- 
tant, active metabolite of vitamin D3, i.e. la-OH-D3 (4). In an 
attempted synthesis of 6,9-epithio-tachysterol A, the starting 
ketone 1 (5) with the double bond C(9)-C(10) was subjected to 
ozonolysis. The resulting triketone 2 contained a 1,4-dicarbonyl 
system that reacted with phosphorus pentasulfide to give the 
thiophene derivative 3 b  (6) in good yield. In the next step the 
problem of the 19-methyl group migration from the 5P position 
to its former (in cholesterol) 10P position arose. It was expected 
that generation of a carbonium ion at C-10 should provide a 
driving force for the reaction. We assumed that the secondary 
carbonium ion adjacent to the quaternary carbon C-5 is likely 
to rearrange, to give a more stable tertiary carbonium ion by 
migration of a substituent (methyl, thienyl) or ring bond. 

The carbon atom C-10 exists in compound 3b  in the form 
of a carbonyl group and one of the best ways to the desired 
carbonium ion seemed to be the decomposition (7a) of 10- 
toluene-p-sulfonylhydrazone 3 d  under basic conditions (Bam- 
ford-Stevens reaction). The reaction afforded the unrearranged 
A'('') olefin 4 a  as the major product. The failure of this reaction 
prompted us to study the solvolytic reactions (7b) of p-toluene- 
sulfonates of the C- 10 alcohols. The NaBH4 reduction of ketone 
3b  yielded a single epimer of alcohol 7a .  As expected (attack 
of hydride from the less hindered side of the molecule), the 
compound obtained had the 1Oa-OH configuration. Proton nmr 
showed the equatorial orientation of both hydroxyl and acetoxyl 
groups (the broad signals of axial 10P (w/2 = 15Hz) and 
301 (w/2 = 20 Hz) protons at 6 = 3.66 and 5.13, respectively) 
in the dominating conformation B. The alternative chair 
conformation A with the anti-coplanar arrangement of 1Oa-OH 
and 5P-CH3 is less stable due to 1,3-diaxial interaction of 
3P-acetoxyl and methyl groups. The reaction of 10a-tosylate 
7b with KOHldiethylene glycol/diglyme (diglyme: diethylene 
glycol dimethyl ether) at 120°C afforded ether 10 in good yield. 
The product was apparently formed by an intramolecular attack 
of the 3P-alkoxyl ion from the back side on carbon C-10 in the 
boat conformation, which becomes more significant at higher 
temperature. This SN2 type reaction unequivocally confirmed 
the trans relationship of 3P-acetate to the leaving group in the 

starting material 7b. Unfortunately the formation of the oxygen 
bridge precluded the development of a carbonium ion at C-10 
and, at the same time, the retropinacolic rearrangement. To 
avoid this complication and to increase the contribution of the 
conformation with an axial hydroxyl (or tosyloxyl) group, we 
decided to study the solvolysis of compound 8c  with the 
inverted configuration of acetate at C-3. Acetylation with 
inversion (8) of hydroxy-ketone 3 a  gave 6. The NaBH4 
reduction of ketone 6 resulted in the formation of two products 
in the ratio 4:3. The less polar, major product appeared to be the 
10a alcohol 8a .  The 'H nmr spectra confirmed the domination 
of the expected conformation C, with the axial substituent at 
C-10 and the equatorial 3a-acetate, either in the case of free 
alcohol 8a or its tosylate 8 c  (6 5.08 (m, w/2 = 24 Hz, 3P-H) 
and 4.57 (w/2 = 6Hz,  lop-H)). 

The second, more polar product was identified as the 10P 
alcohol 9a .  The formation of significant amounts of epimeric 
alcohol 9 a  can be explained by taking into consideration its 
relative stability. In the preferred conformation D, either 
alcohol 9 a  or its tosylate 9 b  (6 4.96 (m, w/2 = 22 Hz, 3P-H), 
4.75 (m, w/2 = 18 Hz, 10a-H)) contained three equatorial 
substitutents, and only the small methyl group that occupied the 
axial position was involved in the 1,2-ae interaction with a 10P 
substituent. 

The solvolysis of 10a-tosylate 8 c  was carried out under the 
same conditions as described in the case of compound 7b. 
Although the preferred conformation C seemed to be the most 
favourable for the methyl group migration, the reaction afforded 
A'('') olefin 5 and no rearranged products were detected. The 
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..[ 'y' AcO 0 &on.' 

d :  X=O; R=Ts 

f 7  r7 f 7  

RO" 130 AcO 

4a: R=H 5 6 
b: R=Ac 
C :  R=T6 

.' 
ACO 70: R=H R ~ O  ACO 

80 : R' =H, R ~ = A C  90: R=H 
b: R = T s  b : RI =TS , R ~ = H  b: R=TS 
C: R=p-N02C6H4S02 

C: R' =TS, R ~ = A C  

minor product of the reaction appeared to be hydroxy-tosylate 
8b (the elimination of TsOH must be slower than the intra- 
molecular substitution observed in the case of 7 b ) .  The similar 
reaction of the 10P-tosylate 9b resulted in the formation of 
a-ether 11 as the only isolable product. This intramolecular 
displacement proceeded in the same way as described above for 
compound 7b .  In this case a nucleophilic attack took place from 
the opposite, a ,  side of the molecule as required by the structure 
of the starting material. 

Since we failed to obtain the rearranged products by solvo- 
lytic methods from tosylates of the C-10 alcohols, we tried some 
other reactions that could afford at least partial positive charge at 
C-10. Such a reaction was the solvolysis of tosylate 4c,  which 
should proceed with participation of T-electrons of the double 
bond. A nonclassical carbocation with a considerable charge at 
C-10 could be a suitable intermediate for rearrangement. The 
compound 4c was obtained by tosylation of homoallylic alcohol 
4 a ,  the product of the decomposition of p-tosylhydrazone 3c 
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already described. However, the reaction, carried out in the 
same manner as described previously, yielded only the product 
of a simple elimination of p-TsOH, diene 12. Another attempt 
was the Barnford-Stevens reaction of p-tosylhydrazone 13b. 
The a-cyclopropyl ketone 13a was easily obtained from 
0x0-tosylate 3d by the reaction with sodium isopropoxide in 
almost quantitative yield. Unfortunately the decomposition 
of 13b under basic conditions led to a complex mixture of 
products, which were not analysed. 

Eventually, we brought about the migration of the 19-methyl 
group by solvolysis of p-nitrobenzenesulfonate 7 c  in refluxing 
acetic acid in the presence of sodium acetate. Under these 
conditions, mainly the products of methyl migration were 
formed, in addition to a small amount of unrearranged olefin 4b.  
However, 6,9-epithio-tachysteryl acetate (A,,, 294 nm, 6 1.88 
(br s, 19-H)), obtained in low yield, was accompanied by a 
number of other products (e.g. the A4(5) isomer, nonpolar 
products of rearrangement with concomitant 3P-acetate elimi- 
nation). The process requires further studies, which are under 
way. 

Experimental 
The melting points were determined on a Boetius micro melting 

point apparatus and are uncorrected. Optical rotations were measured 
on a Perkin-Elmer 241 polarimeter in chloroform solutions at c = 1.0 
unless otherwise stated. The ir spectra were recorded on UR-20 and 
Unicam SP 1100 spectrophotometers. The 'H nmr spectra were taken 
at 100 mHz (JEOL INM-4H-100 and Briiker instruments) in CDC13 
solutions with TMS as an internal standard. Column chromatography 
was performed on silica gel (Kieselgel 60, 70-230 mesh, Merck). 
Thin-layer chromatograms were developed on aluminium tlc sheets 
precoated with silica gel FZs4 and visualized with 50% sulfuric acid 
after heating. All solvents were dried and freshly distilled prior to use. 
The starting ketone 1 was prepared according to the procedure 
described in ref. 5. 

Triketone 2 
A solution of P,y-unsaturated ketone 1 (2.5 g) in hexane (100 mL) 

was cooled to -70°C in a Dry Ice - acetone bath and then treated with 
ozone. An excess of ozone was removed by passing a stream of 
oxygen, the reaction mixture was allowed to warm up to room 
temperature, and hexane was evaporated under reduced pressure. The 
residue was dissolved in acetic acid (30 mL) and stirred with zinc dust 
(2.5 g) for 45 min. The reaction mixture was diluted with ether 
(250 mL) and all inorganic material was filtered off. The filtrate was 
washed with water, sodium bicarbonate solution, again with water, and 
dried over anhydrous sodium sulfate. The solvent was removed and the 
crude product was purified on a silica gel column. Triketone 2 (1.9 g) 
was eluted with benzene-ether (9:l); [a]:: -68.2"; v,,, (neat): 
1732, 1713, and 1698cm-'; 6: 5.42 (m, lH,  3u-H), 2.08 (s, 3H, 
CH3COO-), 1.38 (s, 5P-CH3), 1.03 (s, 13P-CH3). Anal. calcd. for 
C29H4605: C 73.4, H 9.8; found: C 73.5, H 9.7. 

P-0x0-thiophenes 3 

. . 
To a stirred solution of triketone 2 (500 mg) in anhydrous THF 

. .  . . .  . .. 
. . (50 mL) were added phosphorus pentasulfide P4S10 (1 g) and potassium 

. .  . . . . . .  . hydrogen carbonate (1 g) and the reaction mixture was refluxed for 1 h. 
Most of the solvent was distilled off and the residue was dissolved in 
tetrachloromethane and water. The organic solution was washed with 
water, dried, and evaporated. Silica gel column chromatography of the 
crude product afforded compound 3b  in a pure form (310 mg; 62%) 
eluted with benzene-ether (1%). At the end of elution some fractions 
containing 3b  were contaminated by a slightly more polar furan analog 
(6: 6.10 (s, 7-H)). Therefore it is recommended to leave the crude 
product for a few days in CC14 Solution before chromatography to get 
rid of the unstable furan derivative. Compound 3b: [a]:: -72"; v,,, 
(CHC13): 1730, 17 16, and 1261 cm-' ; A,,, (EtOH): 240 nm (E 4950); 
6: 6.53 (s, lH,  7-H), 5.43 (m, lH,  3u-H), 2.08 (s, 3H, CH3COO-), 

1.37 (s, 5P-CH3), 0.61 (s, 13P-CH3). Anal. calcd. for C29H4403S: 
C 73.7, H 9.4; found: C 73.6, H 9.4. 

The hydrolysis of 3b  was carried out in the following way. 
Compound 3b  (140 mg) was dissolved in ethanol (20 mL) and a 
solution of potassium hydroxide (200 mg) in water (1 mL) was added 
dropwise. The reaction mixture was kept at 40°C for 1 h. The usual 
work-up afforded hydroxy-ketone 3a  as an amorphous solid, [u]A4 
-76"; v,, (KBr): 3430 and 1721 cm-'; 6: 6.38 (s, lH, 7-H), 4.30 
(m, IH, 3u-H), 3.41 (bs, lH,  -OH), 1.36 (s, 5P-CH,), 0.60 
(s, 13P-CH3). 

3P-Hydroxy-olejn 4a 
Compound 3b (150 mg) and toluene-4-sulfonic acid hydrazide 

(250 mg) were dissolved in diglyme (2 mL) - diethylene glycol (5 mL) 
mixture, and acetic acid (0.5 mL) was added. The reaction mixture was 
stirred at 70°C for 4 h; tlc control showed the disappearance of all the 
starting material. A solution of p-tosylhydrazone 3c obtained in such a 
way was treated with KOH (2.5 g) and the temperature was increased to 
140°C. The reaction was maintained at this temperature until evolution 
of NZ stopped (about 30 min). After cooling, the reaction mixture was 
poured into 3% sulfuric acid and extracted with methylene chloride. 
The extract was dried over sodium sulfate and evaporated (the rest of 
the diglyme and glycol was removed under high vacuum) and the 
residue was chromatographed on a silica gel column. The product, 
olefin 4a, was eluted with benzene-ether (3%). Yield 76mg; [u]D4 
+ 114"; v,, (CHC13): 3610 and 1034 cm-'; 6: 6.37 (s, lH,  7-H), 5.69 
(almost s, 2H, 1-H and 10-H), 3.90 (m, lH,  3u-H), 1.41 (s, SP-CH3), 
0.61 (s, 13P-CH3). Anal. calcd. for CZ7Ha20S: C 78.2, H 10.2; found: 
C 78.4, H 10.1. 

3P,lOa-Diol3-monoacetate 7a 
A stirred solution of compound 3b  (200 mg) in benzene (15 mL) - 

methanol (15 mL) was treated with sodium borohydride (50 mg). After 
30 min at room temperature the solvents were removed, chloroform 
and 5% sulfuric acid were added, and the chloroform layer was 
separated, washed with water, and dried over sodium sulfate. The 
evaporation of the solvent afforded essentially pure l0u-alcohol7a in 
almost quantitative yield; mp 170-171 "C (from hexane); [u]g6 + 32.5" 
(c0.9);vm,(KBr): 3474,1718,and 1272cm-I; A,,,(EtOH): 241 nm 
(E 6900); 6: 6.61 (s, lH,  7-H), 5.13 (m, w/2 = 20 Hz, lH,  3a-H), 3.66 
(m, w/2 = 15 Hz, lH,  10P-H), 2.05 (s, 3H, CH3COO-), 1.83 
(s, -OH), 1.42 (s, 5P-CH3), 0.62 (s, 13P-CH3). Anal. calcd. for 
C29H4603S: C 73.4, H 9.8; found: C 73.5, H 9.6. 

Compound 7 a  (70 mg) and p-TsC1 (170 mg) were dissolved in 
anhydrous pyridine (3 mL) and the solution was allowed to stand at 
room temperature for 24 h. The usual work-up gave tosylate 7b, which 
was used in the next experiment. 

3P,lOP-Ether 10 
Tosylate 7 b  from the previous experiment was dissolved in diglyme 

(3 mL), potassium hydroxide (1.2 g) in diethylene glycol (3 mL) was 
added, and the vigorously stirred reaction mixture was heated at 120°C 
for 1 h. After cooling, the reaction mixture was poured into dilute 
hydrochloric acid and extracted with tetrachloromethane. The extract 
was washed with water, dried over sodium sulfate, and evaporated. 
The crude product 10 was filtered through a layer of silica gel in a 
benzene-ether (2%) solution. Yield 39 mg; [u]D6 + 18" (c  0.86); 
v,,, (CHC13): 1017 cm-' ; A,,, (EtOH): 241 nrn (E 7000); 6: 6.42 
(s, lH,  7-H), 4.64 and 4.23 (2 x m, 2 lH,  -CH-0-CH-1, 
1.42 (s, SP-CH3), 0.62 (s, 13P-CH3). Anal. calcd. for CZ7H420S: 
C 78.2, H 10.2; found: C 78.5, H 10.2. 

3 a-Acetoxy-ketone 6 
To a stirred solution of 3P-hydroxy-ketone 3a  (300 mg) triphenyl- 

phosphine (250 mg), and acetic acid (100 mg) in anhydrous tetrahydro- 
furan (5 mL) was added diethyl azodicarboxylate (180 mg), and the 
reaction mixture was allowed to stand at room temperature for 24 h. 
The solvent was evaporated and the residue was chromatographed on a 
silica gel column. The steroidal roduct 6 was eluted with benzene- P ether (5%). Yield '220 mg; [ulD4 -6.0'; vmax (CHC13): 1730 and 
1705cm-I; 6: 6.37 (s, lH,  7-H), 5.24 (m,'lH, 3P-H), 1.93 (s, 3H, 
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CH3COO-), 1.49 (s, 5P-CH3), 0.62 (s, 13P-CH3). Anal. calcd. for 
C29H4403S: C 73.7, H 9.4; found: C 73.9, H 9.5. 

3 a ,  1Oa-Diol- and 3 a ,  lop-diol-3-monoacetates 8a  and 9a 
A solution of compound 6 (200 mg) in benzene-methanol (1: 1; 

30 mL) was treated with NaBH4 (50 mg) at room temperature for 
1 h. The usual work-up of the reaction mixture, followed by the 
chromatographic separation of products on a silica gel column afforded 
10a-alcohol8a (108 mg) and 10P-alcohol9a (82 mg); both products 
were eluted with benzene-ether (6%). 

Compound 8a: [a]h4 +65.0°; v,,, (neat): 3620, 1732, and 
1248 cm-'; 6: 6.53 (s, lH, 7-H), 5.02 (m, lH, 3P-H), 3.68 (m, lH, 
1OP-H), 2.06 (s, 3H, CH3COO-), 1.78 (s, -OH), 1.39 (s, 5P-CH3), 
0.61 (s, 13P-CH3). Anal. calcd. for C29H4603S: C 73.4, H 9.8; found: 
C 73.7, H 9.8. 

Compound 9a: [a]h4 +63.8"; v,, (neat): 3525, 1739, and 
1248cm-'; 6: 6.56 (s, lH,  7-H), 5.00 (m, lH, 3P-H), 3.77 (m, lH, 
1Oa-H), 2.00 (s, 3H, CH3COO-), 1.38 (s, SP-CH3), 0.62 (s, 13P- 
CH3). Anal. calcd. for C29H4603S: C 73.4, H 9.8; found: C 73.6, 
H 9.7. 

Both alcohols were converted into the corresponding tosylates 8c or 
96 by dissolving the starting material (70 mg) in anhydrous pyridine 
(3 mL) together with p-tosyl chloride (300 mg). The reactions were 
allowed to stand at 30°C for 1 week. The standard work-up followed by 
chromatographic purification (tosylates were eluted with benzene- 
ether (2%) in both cases) afforded compounds 8c or 9b in almost 
quantitative yields. 

8c: 6: 7.26 (AA'BB', J = 8.4 Hz, 4H, arom. H), 6.38 (s, lH, 7-H), 
5.08 (m, w/2 = 24 Hz, IH, 3P-H), 4.57 (m, w/2 = 6 Hz, lH, 10P-H), 
2.40 (s, 3H, Ar-CH3), 2.03 (s, 3H, CH3COO-), 1.35 (s, 5P-CH3), 

I 0.58 (s, 13P-CH3). 
I 9b:6:7.27(AA'BB',J=8.2Hz,4H,arom.H),6.37(s,lH,7-H), 
1 4.96 (m, w/2 = 22 Hz, lH, 3P-H), 4.75 (m, w/2 = 18 Hz, lH, 

10~~-H) ,  2.40 (s, 3H, Ar-CH3), 1.97 (s, 3H, CH3COO-), 1.38 
(s, SP-CH3), 0.58 (s, 13P-CH3). 

3a,lOa-Ether ZZ 
To a solution of tosylate 9b (67 mg) in diglyme (3 mL) was added 

potassium hydroxide (1.2 g) in diethylene glycol (3 mL). The reaction 
mixture was heated at 120°C and stirred for 1 h. The reaction was 
quenched in cold water, acidified with hydrochloric acid, and extracted 
with tetrachloromethane. The extract was washed with water, dried 
(anhydrous Na2S04), and evaporated. The crude produce was purified 
on a silica gel column. 3a,lOa-Ether 11 (37 mg) was eluted with 
benzene-ether (1%); [u]h4 +33S0; v,,, (CHCI3): 995 cm-' ; A,, 
(EtOH): 24Onm(~6200);6:6.49(~,  lH,7-H),4.65and4.36(2 X m, 
2 X lH, -CH-0-CH-), 1.42 (s, 5P-CH3), 0.54 (s, 13P-CH3). 
Anal. calcd. for C27H420S: C 78.2, H 10.2; found: C 78.5, H 10.1. 

3a-Hydroxy-olejn 5 
The solvolysis of tosylate 8c (70 mg) was carried out in exactly the 

same manner as in the previous experiment. The reaction products were 
separated on a silica gel column. The elution with benzene-ether (4%) 
afforded 3a-hydroxy-olefin 5 (36 mg). With benzene-ether (7%), 
hydroxy-tosylate 8b (10 mg) was eluted. 

Compound 5: [a]h4 + 61"; v,, (CHC13): 3618 and 1038 cm-'; 
8: 6.47 (s, lH, 7-H), 5.68 (m, lH, 1-H), 4.08 (m, lH, 3P-H), 1.45 
(s, SP-CH3), 0.63 (s, 13P-CH3). Anal. calcd. for C27H420S: C 78.2, 
H 10.2; found: C 78.4, H 10.4. 

Compound 86: [elk4 +52"; v,,, (CHC13): 3606, 1178, and 
901 cm-'; 6: 7.27 (AA'BB', J = 8.4Hz, 4H, arom. H), 6.41 (s, lH,  

7-H), 4.54 (m, lH, IOP-H), 3.98 (m, lH, 3P-H), 2.41 (s, 3H, 
Ar-CH3), 1.34 (s, 5P-CH3), 0.59 (s, 13P-CH3). 

Diene 12 
3P-Hydroxy-olefin 4a (80 mg) and p-tosyl chloride (300 mg) were 

dissolved in anhydrous pyridine and allowed to stand for 16 h. 
Thin-layer chromatography showed complete conversion and the 
pyridine was then evaporated at room temperature. The residue was 
dissolved in diglyme (2 mL) and a solution of KOH (0.8 g) in 
diethylene glycol was added. The reaction mixture was vigorously 
stirred and heated at 1 10°C for 30 min. The reaction was quenched in 
cold water, acidified with HCI, and extracted with tetrachloromethane. 
The solvent was removed from the extract dried over sodium sulfate, 
and the crude product was purified by filtration through a layer of 
silica gel in a benzene - petroleum ether (1:4) solution. Yield of 
diene 12, 56 mg; [a]:: + 155"; v,, (CHC13): 2965 and 1471 cm-'; 
A,, (EtOH): 244 (E 12 000) and 256 (E 11 600) nm; 6: 6.51 (s, lH, 
7-H), 5.86 (m, 4H, 1-H, 2-H, 3-H, and 10-H), 1.42 (s, 5P-CH3), 0.64 
(s, 13P-CH3). Anal. calcd. for C27H40S: C 81.8, H 10.2; found: 
C 81.5, H 10.0. 

a-Cyclopropylketone Z3a 
A solution of compound 3a  (140 mg) and p-tosyl chloride (500 mg) 

in anhydrous pyridine (5 mL) was allowed to stand atroom temperature 
for 16 h. Pyridine was removed under high vacuum and a solution of 
sodium isopropoxide in isopropanol (prepared from 1 g of sodium and 
80 mL of i-PIOH) was added. The suspension obtained was refluxed for 
1 h. Then water was added and isopropanol was distilled off under 
reduced pressure. The steroidal product was extracted with benzene, 
and the extract was dried over sodium sulfate and evaporated. The 
crude product was purified on a silica gel column, and a-cyclopropyl- 
ketone 13a (105 mg) was eluted with benzene; mp 69-70°C; [a]:: 
+19.8"; v,,, (CHC13): 1699 cm-'; 6: 6.48 (s, lH, 7-H), 1.42 
(s, SP-CH3), 0.61 (s, 13P-CH3). Anal. calcd. for C27H400S: C 78.6, 
H 9.8; found: C 78.5, H 9.8. 

The p-tosylhydrazone of a-cyclopropylketone 136 was obtained in a 
manner similar to that described earlier for compound 3c (the reaction 
was somewhat slower and required more acetii acid). Its decomposi- 
tion (Barnford-Stevens reaction), however, resulted in the formation 
of a complex mixture of products, which was not studied further. 
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Synthesis of 8-methylene-des-AB-cholestan-9-one by cholesterol degradation1 
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JACEK W. MORZYCKI, JAROSLAW JUREK, and WLADYSLAW J. RODEWALD. Can. J. Chem. 64, 1540 (1986). 
The short synthetic route from 3~-acetoxy-5~-methyl-l9-norcholest-9(1O)-en-6-one (1) to 8-methylene-des-AB-cholestan-g- 

one (8) is described. Compound 8 is a convenient intermediate for the synthesis of relatives of vitamin D3 by the A + CD route. 

JACEK W. MORZYCKI, JAROSLAW JUREK et WLADYSLAW J. RODEWALD. Can. J. Chem. 64, 1540 (1986). 
On dtcrit une voie de synthkse courte pour transformer I'acCtoxy-3P methyl-5P nor-19 cholestkne-9(10) one-6 (1) en 

mithylkne-8 des-AB cholestanone-9 (8). Le compost 8 est un intermtdiaire utile pour la synthkse, par le biais de la route 
A + CD, de composts apparentts i la vitamine D3. 

[Traduit par la revue] 

Considerable interest surrounds des-AB- and des-A-B-seco- 
cholestane derivatives since they serve (2) as intermediates for 
the synthesis of relatives of vitamin D3. These systems can be 
obtained either by total synthesis (3) or by degradation of 
cholesterol (4). The degradative approach avoids many of the 
stereochemical problems of a total synthesis and consists of 
successive cleavage of two bonds in ring B of the cholestane 
skeleton. Continuing studies (1) on des-A-B-seco steroids, our 
attention has been drawn to the synthesis of des-AB cholestanes 
containing one carbon atom substituent attached to C-8. The 

I 
I easily available ketone 1 (5) (from cholesterol in 4 steps)3 

seemed to be an excellent starting material for this purpose. The 
same compound was used by Lythgoe and co-workers in the 
synthesis of 8-hydroxymethyl-des-AB-cholest-8-ene (12a) (6). 
Compound 12a was obtained in good yield and then success- 
fully converted to la-hydroxy-vitamin D3 (7). However, the 
multi-step Lythgoe synthesis of 12, though efficient, was 
somewhat troublesome and therefore we considered alternative, 
more direct, methods of ketone 1 degradation (8). The most 
promising one seemed to be the oxime 2 fragmentation to an 
unsaturated nitrile, the reaction that was expected to predomi- 
nate under Beckmann rearrangement conditions. We assumed 
that the ozonolysis of the C(9)-C(10) double bond in hypo- 
thetic nitrile A, followed by HCN elimination, should afford 
a-methylene ketone 8. 

Compound 2a reacted with POC13/Py to give a chromato- 
graphically inseparable mixture of nitriles in addition to a 
small amount of lactam 3. However, spectral analysis of the 
mixture suggested a high content of nitrile 4. The whole nitrile 
fraction was ozonized and the complex mixture of products 
was subjected to column chromatography. The major product 
appeared to be compound 5, thus confirming structure 4 as the 
most significant compound of the nitriles mixture. Since we 
failed to obtain 8 in this way some changes in our synthetic 
strategy were necessary. We decided to inverse the order of 
transformations and to study the oxime 6a fragmentation 
reaction. We planned to obtain compound 6a by ozonolysis of 
the C(9)-C(10) double bond of the protected oxime, followed 
by hydrolysis of a protective group. It has been found (9) that 
y-0x0-ketoximes undergo a heterolytic 5-centre fragmentation 

'Part V in our series on des-A- and des-A-B-seco steroids. For part 
IV, see ref. 1. 

'Author to whom correspondence may be addressed. 
3 ~ h e  improved synthesis of 1 from cholesterol was recently elabo- 

rated by Szczepek (5 b). 

reaction to a,P-unsaturated ketones and nitriles. A similar 
fragmentation could also be expected in the case of 6a .  The 
protection of oxime as acetate 2b appeared to be sufficient 
against ozone, and diketone 6b was obtained in 80% yield. The 
oxime acetyl group was selectively and almost quantitatively 
removed by hydrolysis with NaHC03/MeOH. Unfortunately, 
the compound obtained did not react either with TsCl/Py or 
with TsCl/MeOH/NaOH (9) (except for hydrolysis of 3p- 
OAc). However, on treatment with POC13/Py, it unexpectedly 
underwent fragmentation to a-methylene ketone 8 in about 50% 
yield. Under these conditions the normal Beckmann rearrange- 
ment of compound 6a was rather anticipated (10). The A-ring 
fragment is probably water soluble, as we could not find it in 
the benzene extract of the reaction products in spite of careful 
analysis. In some experiments a small amount of slightly more 
polar by-product 9 was obtained. The formation of oxazine 9 
was also unexpected unless the structure 6a of the starting 
material was incorrect. These results prompted us to reexamine 
a structure of the product of oxime acetate 6 b  hydrolysis. We 
found that its hydroxyl group (v,,, (CHC13): 3582 cm-') is 
resistant to acetylation under mild conditions. This suggested 
that either the hydroxyl group is strongly engaged in an 
intramolecular hydrogen bond or, more likely, it is tertiary and 
the actual structure is 7 .  Carbon-13 nmr distinguishes between 
these two possibilities. The comparison of the C-9 chemical 

\ shifts in 13C nmr spectra of 6 b  (6: 211.3 ,C=O) and the 

hydrolysis product (6 : 95.7 'c' ) unequivocally con- 
'\ 

OR 
firmed the cyclic structure 7 of the latter compound and showed 
that it is a mixture of two epimers 7 a  and 7 b  in a ratio 
of approximately 7:3 (calculated from the integration of the 
anomeric carbon signals at 6 95.7 and 96.0) (1 1). The mixture is 
inseparable by chromatographic methods but it may be enriched 
in a-anomer 7 a  by crystallization from petroleum ether. In 
further experiments it was checked that oxazine 9 was not an 
intermediate in the reaction and that the presence of base 
(pyridine) is important for the fragmentation progress. The 
tentative mechanism of the reaction is shown in Scheme 1. 
However, it is also possible that during the reaction there is an 
equilibrium between 7 a ,  7 b ,  and an open chain tautomer, i.e., 
6a .  The hydroxyl group of the free oxime 6a is easily accessible 
and therefore it reacts faster with POC13 than 7 ( a  or b)  to give 
the corresponding ester. The fragmentation of this intermediate 
could be similar to that shown for the compound 7 derivative. 
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AcO' 

The virtual utility of the des-AB compound 8 for the synthesis of 
relatives of vitamin Dj and some analogs of natural steroids 
seems to be clear (12). To confirm its structure by chemical 
means and to demonstrate its application in the vitamin D 
field, the a-methylene ketone 8 was converted to the known 
allylic alcohol 12a by Wharton's two-step procedure (13). 
In the first step compound 8 was oxidized with hydrogen 
peroxide/NaOH/MeOH to yield a mixture of epoxy ketones 10 
and 11 in the ratio 2:3. Each of them (or a mixture of both 
epimers) was then reduced with hydrazine at room temperature 
to give the same product 12a. Physical constants and spectral 
properties of its p-nitrobenzoyl derivative 12b proved to be 
almost identical with the data given for this compound in the 
literature (6). 

Experimental 
The melting points were determined on a Boetius micro melting 

point apparatus and are uncorrected. Optical rotations were measured 
on a Perkin-Elmer 241 polarimeter in chloroform solutions at c = 1.0 
unless otherwise stated. The ir spectra were recorded on UR-20 and 

Unicam S P  1100 spectrophotometers. The 'H and L 3 ~ n ~ ~ ~  spectra 
were taken at 100 MHz (JEOL INM-4H-100 and Briiker) in CDC13 
solutions with TMS as an internal standard. The mass spectra were 
recorded on a LKB 9000 spectrometer at 70 eV. Column chromatog- 
raphy was performed on silica gel (Kieselgel 60, 70-230 mesh, 
Merck). Thin-layer chromatograms were developed on aluminium 
sheets tlc precoated with silica gel F254 and visualized with 50% 
sulfuric acid after heating. All solvents were dried and freshly distilled 
prior to use. The starting ketone 1 was prepared according to the 
procedure described in ref. 5 b. 

Oxime 2 a 
A solution of ketone 1 (5.0 g) and hydroxylamine hydrochloride 

(8.0 g) in methanol (100 mL) and pyridine (25 rnL) was refluxed for 
20 min. After cooling, the reaction mixture was poured into ice-water 
(400 rnL), acidified with dilute hydrochloric acid, and extracted with 
chloroform (3 X 150 mL). The combined organic extracts were washed 
with water and dried over anhydrous Na2S04. The solvent was 
removed under reduced pressure and the residue was purified by silica 
gel column chromatography. The elution with benzene-ether (9: 1) 
afforded oxime 2a (4.3 g), which was used in the next step without any 
further purification. An analytical sample of 2a was obtained by 
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preparative tlc of oxime 2 a  (100 mg) eluted from the column. The 
plates were developed four times in benzene. This procedure got rid of 
the more polar Z i ~ o m e r , ~  which makes up about 5% of the crude 
product. The pure compound 2a crystallized from petroleum ether, 
mp 151-153°C; [ a ] g  +3g0; v,, (CHC13): 3589, 3300, 1732, 1667, 
and 1268 cm-I; 6: 5.11 (m, lH,  3a-H), 2.07 (s, 3H, CH3COO-), 
1.42 (s, 5P-CH3), 0.78 (s, 13P-CH3). Anal. calcd. for C29H47N03: 
C76.1, H 10.3;found: C 75.9, H 10.2. 

Beckmann rearrangement of oxime 2 a  
To a solution of compound 2a (900 mg) in pyridine (20 mL) cooled 

to - 10°C a well-chilled mixture of POC13 (1 mL) and pyridine (20 mL) 
was added. The temperature (- 10°C) was maintained for 10 min, then 
the reaction mixture was poured into ice-water (400 mL), acidified 
with dilute HCI, and extracted with chloroform (3 x 70 mL). The 
chloroform extracts were washed with water and dried over anhydrous 
Na2S04. The solvent was evaporated and the residue was subjected to 
column chromatography. The benzene elution afforded a mixture of 
nitriles (450 mg). The elution with a benzene-ether (3: 1) mixture 
yielded lactam 3 (150mg), mp (from methanol) 132-135°C; [a]h6 
+ 105"; v,, (neat): 3220,1740,1668,1642 (shoulder), and 1250 cm-' ; 
6: 5.95 (s, lH, -NH), 5.03 (m, lH,  3a-H), 2.05 (s, 3H, CH3COO-), 
1.63 (s, 5P-CH3), 0.79 (s, 13P-CH3). Anal. calcd. for C29H47N03: 
C76.1, H 10.3;found: C75.8,  H 10.3. 

Ozonolysis of the nitriles mixture 
The nitrile fraction from the preceding experiment (80 mg) was 

dissolved in hexane (100 mL), cooled in a Dry Ice - acetone bath, and 
ozonized until a blue colour appeared. Hexane was removed under 
reduced pressure and zinc dust (200 mg) in acetic acid (5 mL) was 
added. The above mixture was stirred for 2 h, diluted with ether 
(200 mL), and the zinc was filtered off. The filtrate was washed with 
water, then with sodium bicarbonate solution, again with water, and 
dried over sodium sulfate. The crude product was chromatographed on 
a silica gel column. The benzene-ether (4:l) mixture eluted epoxy- 
diketone 5 (24 mg), [a ]g  +6.2"; v,, (neat): 2259, 1740, 1724, 1712, 
and 1250cm-I; 6: 5.26 (m, lH,  3a-H), 3.15 (m, lH, 11P-H), 2.15 
(s, 3H, CH3CO-), 2.01 (s, 3H, CH3COO-), 0.81 (s, 13P-CH3); 
mle: 487 (M+, 0.5%), 427 (M+ - HOAc, 13%), 314(M+ - HOAc - 
CsHl7, 23%), 124 (100%). Anal. calcd. for C29H45N05: C 71.4, 
H 9.3; found: C 71.3, H 9.3. 

Ozonolysis of oxime acetate 2 b 
Oxime acetate 2b  was obtained by acetylation of oxime 2a (4.0 g) 

under standard conditions (15 mL of Ac20, 50 mL of Py, room 
temperature, 4 h). The usual work-up afforded the crude product, 
homogenous in tlc (4.25 g); [a ]g  +53"; v,,, (neat): 1770, 1739, 
1681, and 1637 cm-'; 6: 5.19 (m, lH, 3a-H), 2.18 (s, 3H, 
CH3COON=), 2.07 (s, 3H, CH3COO-), 1.52 (s, 5P-CH3), 0.75 
(s, 13P-CH3). 

A solution of the above oxime acetate 2b (140 mg) in hexane 
(150 mL) was cooled to -20°C. A stream of ozone (about 10 L/h) was 
passed through the solution for 3 min. Hexane was removed under 
reduced pressure and zinc dust (200 mg) in acetic acid (5 mL) was 
added. The further work-up was identical to the previous experiment. 
The silica gel column chromatography of crude product afforded 
diketone 6 b  (1 19mg) eluted with benzene-ether (9:1), [a]g -30'; 
v,, (CHCl3): 1770, 1730, 1712, and 1633cm-'; 6: 5.43 (m, lH, 
3a-H), 2.21 (s, 3H, CH$OON=), 2.03 (s, 3H, CH3COO-), 1.34 
(s, 5P-CH3), 1.02 (s, 13P-CH3); 13Cnmr, 6: 211.3 (C-9), 208.9 
(C-lo), 170.2 (C=O in 3P-acetate), 169.4 (C=O in oxime acetate), 
167.6 (C-6), 68.2 (C-3). Anal. calcd. for C31H49N06: C 70.0, H 9.3; 
found: C 69.8, H 9.3 

The selective hydrolysis of compound 6b 
To a solution of compound 6 b  (400 mg) in methanol (100 mL) was 

added sodium bicarbonate (0.5 g), and the reaction mixture was stirred 

4The E configuration of the major oxime 2a was unequivocally 
proved by its further transformations, i.e. the formation of lactam 3 
and particularly the cyclization of B-seco-oxime 6 a  to 7. 

at room temperature for 1.5 h. NaHC03 was filtered off, the filtrate was 
acidified with acetic acid (to pH 6), and methanol was removed under 
reduced pressure. The residue was redissolved in benzene (150 d ) ,  
the solution obtained was washed with water, dried over sodium 
sulfate, and the solvent was evaporated. The crude product, 7 
(361 mg), homogenous in tlc, was crystallized several times from 
petroleum ether, mp 137-138°C; [ a l g  -29'; Vmax (CHC13): 3582, 
1729, 1713, and 1260cm-'; 6: 5.40 (m, lH,  3a-H), 2.08 (s, 3H, 
CH3COO-), 1.25 (s, 5P-CH3); I3c nmr, 6: 209.2 (C-lo), 170.2 
(C=O in acetate), 157.6 (C-6), 95.7 (C-9), 68.3 (C-3). Anal. calcd. 
for C29H47N05: C 71.1, H 9.7; found: C 70.9, H 9.7. 

8-Methylene-des-AB-cholestan-9-one (8)  and oxazine 9 
A solution of compound 7 (a crude material was used that is actually 

a mixture of anomers 7 a  and 7b; 104 mg) in pyridine (20 mL) was 
chilled to 0°C and treated with POC13 (1.5 mL) in cold pyridine 
(10 mL). The reaction mixture was allowed to stand in the refrigerator 
(5°C) for 1 h, then poured into ice-water, acidified with dilute HCl, and 
extracted with benzene. The extract was washed with water, dried 
over sodium sulfate, and the solvent was evaporated. The residue 
was subjected to column chromatography. The least polar com ound, 

2Q a-methylene-ketone 8, was eluted with benzene (32 mg); [(*ID +45"; 
v,,, (CHC13): 3100 (w, CH2=), 1693, and 1625 cm-'; A,,: 234 nm 
(E 4100); 6: 6.15 and 5.20 (2 x m, 2 X IH, H2C=), 0.72 (s, 13P- 
CH3); m/e: 276 (M+, lo%), 163 (M+ - CBHl7, 100%). Anal. calcd. 
for C19H320: C 82.5, H 11.7; found: C 82.5, H 11.6. 

Further elution with benzene afforded oxazine 9 (7 mg); [a]h5 - 14"; 
v,, (CHC13): 1730, 1715, 1678, 1620 (w), and 1260cm-I; 6: 5.21 
(m, lH,  3a-H), 2.09 (s, 3H, CH3COO-), 1.26 (s, 5P-CH3), 0.77 
(s, 13P-CH3); mle: 471 (M+, lo%), 43 (100%). The benzene-ether 
(9:l) mixture eluted umeacted starting material 7 (21 mg). 

The oxidation of 8-methylem-des-AB-cholestan-9-om (8) with hydrogen 
peroxide 

A flask with a solution of a-methylene-ketone 8 (72 mg) in methanol 
(10 mL) and 30% hydrogen peroxide (1.6 mL) was placed in an 
ice-water bath. To the vigorously stirred reaction mixture 20% aqueous 
sodium hydroxide (0.4 mL) was added dropwise during 10 min. After 
4 h of continuous stirring the mixture was poured into water and 
extracted with ether. The usual work-up provided an oily product, 
which was chromatographed on a silica gel column. The benzene 
elution afforded a-epoxide 10 (23 mg); [a ]g  +73" (c 1.0 in CC4); 
v,,(CHC13): 1719cm-'; 6: 3.15and2.53(2 X d, J = 6Hz,2  X lH, 
H2C-C-), 0.92 (s, 13P-CH3); m/e: 292 (M+, 22%), 43 (100%). v 

LJ 

The benzene-ether (9:l) mixture eluted P-epoxide 11 (34 mg); [a]? 
+38" (c l .0 in  CC14); v,,, (CHC13): 1720 cm-'; 6: 3.04 and2.74 (2 X 

d, J = 6 Hz, 2 X lH ,  H2C-C-), 0.98 (s, 13P-CH3); mle: 292 (M+, 
\ / 

Allylic alcohol 12a and its p-nitrobenzoate 12b  
TO a solution of epoxide (10 and (or) 11; 60 mg) in methanol (10 mL) 

cooled to 0°C in an ice-water bath was added portionwise a solution of 
anhydrous hydrazine (1 mL) in methanol (4 mL). The reaction mixture 
was allowed to stand for 1 h at 0°C and for another hour at room 
temperature, then poured into water and extracted with benzene. The 
solvent was removed from the dried (anhydrous Na2S04) extract, and 
the oily product, allylic alcohol 12a, was directly subjected to 
p-nitrobenzoylation (60 mg of p-N02C6H4COCl, 6 mL of pyridine, 
room temperature, 4 h). The reaction mixture was diluted with benzene 
(80 mL), washed several times with an aqueous solution of cupric 
sulfate, with water, and dried over sodium sulfate. The solvent was 
evaporated and the crude product was purified by column chromatog- 
raphy. p-Nitrobenzoate 12b was eluted with hexane-benzene (3: 1) and 
crystallized from ethanol; mp 103-104.5"C (lit. (6) mp 100-103°C); 
[ a ] g  + 16.5"; v,, (KBr): 1729,1670,1530,1352, and 1290cm-'; 6: 
8.20 (m, 4H, arom H), 5.70 (m, lH,  9-H), 4.75 (almost S, 2H, 
-CH20CO-), 0.71 (s, 13P-CH3); mle: 427 (M+, 2%), 260 (M+ - 
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p-NO2C6H4Co2H, 48%), 147 (Mt - p-No2C6H4co2H - C8Hl7, 
100%). Anal. calcd. for C26H37N04: C 73 .0 ,  H 8.7; found: C 72 .8 ,  
H 8.8.  
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Infrared spectroscopic studies of solvent effects on the conformation of n-alkanes1 
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H. L. CASAL, P. W. YANG, and H. H. MANTSCH. Can. J. Chem. 64, 1544 (1986). 
The infrared spectra of specifically deuterated n-tridecane-7,7-d2 pure and mixed with several linear and branched 

hydrocarbons have been measured as a function of temperature. 'The average gauche fraction at the middle of the n-tridecane 
chain has been determined from the intensities of conformation-specific CD2 rocking bands. The results indicate that the 
concentration of gauche rotarners in the centre of the n-CI3 chains varies with the solvent. For example, when n-tridecane is 
dissolved in other n-hydrocarbons the gauche concentration decreases when the chain length of the solvent is shorter than n-CI3 
and increases when the solvent chains are longer than n-C13. However, no simple, direct correlation is found between these 
solvent-induced changes in gauche concentration and measured thermodynamic quantities of mixing. 

H. L. CASAL, P. W. YANG et H. H. MANTSCH. Can. J. Chem. 64, 1544 (1986). 
OpCrant ti diverses temgratures, on a mesurC les spectres infrarouges du n-tridCcane-d2-7,7 soit ti l'ttat pur soit sous forme de 

mClange avec plusieurs hydrocarbures linCaires ou ramifiCs. En se basant sur les intensitCs des bandes de vibration de rotation du 
CD2 qui sont spkifiques aux conformations, on a dCterminC la fraction moyenne de conformbres gauche qui existe au centre de la 
chaine du n-tridCcane. Les rCsultats indiquent que la concentration de rotambres gauche dans le centre des chaines n-CI3 varie 
avec le solvant. Par exemple, lorsqu'on dissout du n-tridCcane dans d'autres hydrocarbures linCaires, la concentration de 
conformkres gauche diminue si la longueur de la chaine du solvant est plus courte que celle du n-CI3 alors qu'elle augmente 
lorsque les chaines du solvant sont plus longues que celle du n-C13. Toutefois, il n'existe aucune corrClation directe entre ces 
changements, induits par le solvant, dans les concentrations de conformbres gauche et les quantitts thermodynamiques de 
mClange qui ont CtC mesurkes. 

[Traduit par la revue] 

Introduction 
The conformation, flexibility, and constitution of liquid 

hvdrocarbons in their Dure state or in mixtures with each other 
play an important role in determining their macroscopic beha- 
viour. There currently is considerable interest in understanding 
the molecular-level phenomena associated with the measured 
macroscopic thermodynamic properties of mixing hydrocar- 
bons with each other (1). The measured thermodynamic 
functions such as excess enthalpy or volume are a manifestation 
of interactions at the molecular level. The AH of mixtures of 
alkanes might be expected to be particularly simple since methyl 
and methylene groups in normal or branched alkanes may be 
taken as similar. Thus, the components of the mixture will be 
of the same chemical nature. Furthermore, differences in free 
volume between the alkane components of a mixture produce 
only small negative contributions to A H .  More significant 
contributions to AH can arise from order effects. which mav be 
of two kinds, one intramolecular involving gauche-trans 
isomerism and the other intermolecular involving orientational 
order of the alkane molecules. However, the time-averaged 
thermodynamic measurements are unable to resolve the relative 
significance of intramolecular isomerism and intermolecular 
short-range order in the total contribution to the observed excess 
thermodynamic quantities. The changes in packing (orienta- 
tional order) must have an effect on the ability of these chain 
molecules to adopt different conformations. Thus, the two 
effects (inter- and intramolecular) cannot be-easily separated. 
Spectroscopic methods are appropriate to attempt measure- 
ments of one or the other of these effects (or both together). 
For example, light scattering experiments have been used to 
measure changes in short-range intermolecular order (1, 2); on 
the other hand, Raman spectra indicated that within experi- 
mental error the total gauche.concentration of liquid n-C16H34 
is the same in the pure state and in CC14 solutions (2). The 

spectra of pure liquid hydrocarbons and their mixtures with each 
other are practically identical and the determination of their 
individual gauche concentrations is therefore a challenging 
problem. Isotopic labelling can be used to address this problem. 

The results reported here represent an attempt to determine 
the average gauche concentration of one hydrocarbon in 
solution with other hydrocarbons. The method used for these 
measurements is based on the unique sensitivity of the infrared- 
active CD2 rocking vibrations of specifically labelled n-hydro- 
carbons. This method was first introduced by Snyder to study 
the conformation of solid polyethylene (3). It was later used to 
study solid-state hydrocarbons (4) and also to measure gauche 
defect concentration in solid fatty acids (5). The spectra of 
specifically labelled n-hydrocarbons in the liquid state have 
also been analysed in detail and the necessary background 
for quantitative studies of chain conformation in hydrocarbon 
mixtures is available (6). 

Experimental 
n-Tridecane-7 ,7-d2 (n-C1 3-7 ,7-d2) was purchased from Merck, 

Sharp & Dohme (Montreal, Canada). Its chemical purity was deter- 
mined to be 99.2% from gas-liquid chromatography. Its isotopic 
purity was 98% atom D. The solvents used, cyclohexane, 2,2,4- 
trimethyl-pentane, n-heptane, n-octane, n-hexadecane, 2-methyl- 
pentane, 2,2-dimethylpentane, 3-methylpentane, 2,2-dimethylbutane, 
2,3-dimethylbutane, and 3,3-dimethylpentane were from Aldrich 
(gold label) and were used as received. 

Series of infrared spectra were recorded between 10 and 50°C using a 
Digilab FTS- 11 Fourier transform infrared spectrometer equipped with 
a wide-range (-450 cm-' cut off) HgCdTe detector. The samples 
consisted of. neat liquid n-CI3-7,7-d2 and its mixtures (always 50% by 
volume) with the above-mentioned solvents. Spectra were measured 
from solutions contained in cells of 50 Frn path length with KBr 
windows. The resolution was 2 cm-' and 200 interferograms were 
accumulated for each spectrum. The temperature was measured by a 
copper-constantan thermocouple in contact with the cell windows. 

'NRCC No. 25423. 
The integrated balid intensices due to the different conformers 
were measured by calculating the area of the observed bands from 
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CASAL ET AL. 

TABLE 1. Observed frequenciesa for the CD2 
rocking vibrational mode of an isolated CD2 
group in the interior of a normal hydrocarbon 

chain 

V O ~ S  (cm-'1 conformer 

ttt - 
%g 
%t 
a t  

. . .  . 
. . .  . . .  

. . . . . .  
. . . .  . . 

"From ref. 6. 
. .: . . . . . . . bThe underlined symbols refer to the bond pair 

being monitored; in the present case of n-C,,-7,7-d,, 
this bond pair is C6-C7; identical to C7-Cs. 

band-fitted spectra. An iterative band-fitting program was used and 
spectra were processed after baseline correction due to the overlapping 
signals from the non-deuterated moieties of n-CI3-7,7-d2 and solvents. 

Results and discussion 
The infrared bands due to the rocking vibrations of isolated 

CD2 groups in a polymethylene chain occur between 600 and 
680cm-'. For quantitative measurements of these bands, the 
solvents selected for study must not give rise to bands in this 
region which could interfere with the CD2 rocking bands. The 
solvents used in this study were selected on that basis and the 

I results presented here are from mixtures where the solvent 
bands do not overlap with the conformationally-sensitive CD2 
rocking signals from n-CI3-7,7-d2. 

The CD2 rocking vibrations are almost completely decoupled 
from other vibrational modes of the unlabelled chain. The 
frequencies of the CD2 rocking modes are uniquely sensitive to 
the conformation of the neighbouring C-C bonds as well as 
to the position of the CD2 group in the chain. In Table 1 we 
summarize the observed frequencies for a CD2 group in an 
otherwise non-labelled hydrocarbon chain. The values of the 
frequencies listed in Table 1 are for a CD2 group in the interior 
of a chain and are from ref. 6. 

In the spectra of long n-hydrocarbons (n 2 11) the two 
bands at 646 and 652 cm-', due to g g  and g t  conformers 
respectively, overlap to such an extent that their separation is 
not possible. Therefore, we have meausred the combined area 
under the band at -650cm-' (see Fig. 1) and refer to this 
quantity as 1650. Thus represents the total intensity due to tg 
conformers (from t g and g t  bond pairs). The area under the ttt 
band at -622 cm4 is termed and represents the intensi6 
due to the all-trans conformers. From these values, and 
following the derivations of ref. 6, the relative gauche concen- 
tration at the middle of the n-C13 chain is: 

where rg(C6-C7) is the ratio of the numbers of trans-gauche 
pairs to the numbers of trans-trans pairs and A ,  is the relative 
absorptivity of the tg (-650cm-I) and tt (-622 cm-') bands. 
A, has been determined to be 1 .OO + 0.07 for the rocking bands 
of CD2 groups in the interior of chains (6); we shall use 1.0 as 
the value. From eq. [I], the average gauche fraction can be 
expressed as (6): 

700 650 600 

Wavenumber, cm-' 

FIG. 1. Infrared spectrum (600-700 cm-I) of n-C13-7,7-d2 pure 
(A) and as a 50% vol/vol solution in n-heptane (B). 

0.2 1 I I I 

0 20 40 60 

Temperature, OC 

FIG. 2. Temperature dependence of the average gauche fraction 
(fg) in n-C13-7,7-d2; neat liquid (O), and 50% vol/vol solutions of 
n-C13-7,7-d2 in: n-heptane (V); n-octane (*); and n-hexadecane (0). 

This is the quantity that we have calculated from the spectra of 
n-C13-7,7-d2; 

Effect of solvent chain length on f, 
The temperature dependence off, for neat n-CI3-7,7-d2 is 

compared in Fig. 2 with that for n-C13-7,7-d2 mixed with 
n-heptane, n-octane, and n-hexadecane. The values off, for 
n-CI3 mixed with n-heptane and n-octane are practically 
identical. They are smaller than those for pure n-C13. For 
example, at 25"C, f, = 0.43 in pure n-CI3 whereas f, = 0.36 in 
n-C13 dissolved in either n-heptane or n-octane. Thus, when 
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n-CI3 is mixed with these two solvents the concentration of 
gauche conformers at the middle of the n-Cis chain is less than 
in the pure state. 

The case of n-C13-7,7-d2 mixed with n-hexadecane is the 
opposite, see Fig. 2. In this case the concentration of gauche 
conformers is much larger in solution than in the pure state f, = 
0.60 for the n-hexadecane solution compared to f, = 0.43 for 
neat n-C13 at 25OC. The effect of n-C16 is to disorder (from the 
point of view of the gauche concentration) the n-CI3 chains. 

Taken together, the results of Fig. 2 can be summarized 
as indicating that when a normal hydrocarbon is mixed with 
another normal hydrocarbon of different chain length the 
concentration of gauche conformers in the middle of the longer 
hydrocarbon decreases (compare pure n-CI3 with the solution 
of n-C13 in n-C, and n-Cs). On the other hand, the hydro- 
carbon with the shorter chain is disordered (i.e. the gauche 
concentration increases) when dissolved in a longer homo- 
logue. (Compare pure n-C13 with the solution in n-C16 .) 

The observed heats of mixing of n-hydrocarbons with each 
other are invariably positive at ordinary temperatures (7) which 
is indicative at either inter- or intramolecular disorder being 
introduced upon mixing. An increase in f, for an n-alkane could 
be accompanied by a positive enthalpy change. On mixing two 
n-alkanes of different chain length the longer alkane could 
contribute negatively and the shorter positively to the total 
AH. However, the total contribution of the intramolecular 
conformational part of the disorder to the observed heats of 
mixing cannot be derived from the present experiments since in 
each measurement the behaviour of only one of the components 
in the mixture is monitored. 

Temperature, OC 
Effect of branching of the solvent molecules 

The effect of branching of the solvent hydrocarbon was FIG. 3. A: Temperature dependence of f8 in n-c13-7,7-d2; pure 
studied by the values of f, (in n - ~ l  3) when n - ~  liquid (a), and as 50% vol/vol solutions of n-C13-7,7-dz in: n-he~tane 

was mixed with n-heptane and with two of its branched isomers, (V), 2J-dimethylpentane (*I, and 3,3-dimethylpentane (0). B: 
Temperature dependence of f8 in n-C13-7,7-d2: pure liquid (a), and as 2,2-dimeth~1~entane and 373-dimeth~1~entane; the 50% vol/vol solutions of pCI3-7,7-d2 in 2,2,4-trimethylpentane (0) 

ing results are shown in Fig. 3A. A comparison between (A). 
n-octane and its branched isomer 2,2,Ctrimethylpentane is - - 
shown in Fig. 3B. 

The data of Fig. 3A show that the effect of n-heptane, 
2,2-dirnethylpentane, and 3,3-dimethylpentane on the values of 
f, in n-CI3 is similar. In all cases f, is smaller in solution than in 
the pure state. Moreover, at 25OC the values off, are practically 
the same (-0.36) for all three mixtures. 

In the presence of n-heptane and of its two branched isomers, 
the n-C13 chain contain less gauche conformers than in the pure 
state; thus, these three solvents create order in the n-CI3 chains. 
However, the measured heats of mixing of n-hexadecane with 
n-heptane, 2,2-dimethylpentane, and 3,3-dimethylpentane are 
positive (102, 237, and 138 J/mol(8) respectively), indicating 
that order is destroyed on mixing a long n-alkane with these 
heptanes. The disorder introduced at the intermolecular (short 
range orientational) level must therefore compensate for the 
order created in n-CI3 at the intramolecular level. In principle, 
intramolecular disorder could also be introduced in the solvent 
molecules while n-C13 is 0rdered:This is expected to be the case 
for n-heptane as solvent, following the data for different chain 
length presented above. However, in the case of 3,3-dimethyl- 
pentane the molecular shape does not allow for the introduction 
of gauche conformers due to steric crowding of the methyl 
groups and a similar situation occurs in 2,2-dimethylpentane. 
Therefore, since a large compensation of the intramolecular 
order created in n-C13 is not expected to come from 2,2-di- 

methylpentane and 3,3-dimethylpentane, intermolecular effects 
could be invoked. That is, when order is created at the 
intramolecular level in n-C13 the disorder introduced at the 
intermolecular level overcompensates to yield positive heats of 
mixing. 

A comparison of the f, values in n-C13 dissolved in n-octane 
and iso-octane is shown in Fig. 3B. In this case the branched 
isomer, iso-octane, produces no effect on the gauche bond 
concentration in the middle of the n-CI3 chain. The same values 
off, are found for neat n-C13 and n-C13 mixed with iso-octane. 
This is in contrast to the situation with the linear hydrocarbon 
n-octane as solvent where the f, value (i.e. the concentration of 
gauche conformers) is markedly smaller in solution than in neat 
n-C13. 

We have also measured the spectra of n-CI3-7,7-d2 dissolved 
in cyclohexane and in four isomers of n-C6: 2-methylpentane, 
3-methylpentane, 2,2-dimethylbutane, and 2,3-dimethylbutane. 
The valuesof f, derived from these spectra at 25OC are given in 
Table 2. The values off, for n-C13 mixed with the branched 
isomers of n-C6 are smaller than f, for neat n-C13 (see Table 2). 
Thus, these branched hydrocarbons induce a smaller concentra- 
tion of gauche conformers at the centre of the n-CI3 chain. As 
the value off, was not measured for n-CI3 mixed with n-hexane 
the effect of these branched isomers. of n-C6 can not be 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CASAL ET AL. 1547 

TABLE 2. Average gauche fraction (f,) at 
the centre of the n-C13 chain measured from 
spectra of n-C13-7,7-d2 mixed with different 

solvents at 2S°C 

Solvent fg  

None 0.43 
Cyclohexane 0.46 
2-Methylpentane 0.37 
3-Methylpentane 0.38 
2,2-Dimethylbutane 0.35 
2,3-Dimethylbutane 0.38 

compared directly with that of n-C6. However, the close 
similarity of f, in n-C13-7,7-d2 mixed with n-C7 or n-Cs 
(Fig. 2) allows us to speculate that f, for n-C13 mixed with n-C6 
should be almost the same (i.e. = 0.36). On that basis there are 
no large differences between f, measured in the branched C6 
solvents and the linear C6, a similar situation to that found for 
n-C13 mixed with n-C7 and its branched isomers (Fig. 3A). 

The value off, for n-C13 dissolved in cyclohexane is larger 
than that for pure n-C13 indicating (see Table 2) that the 
concentration of gauche conformers at the centre of the n-C13 
chain is larger than in neat n-C13. Cyclohexane is generally 
referred to as a globular solvent and from the intermolecular ., 
point of view it is an "order breaking" solvent when mixed with 
n-hydrocarbons (9). The effect of cyclohexane on the concen- 
tration of gauche conformers in the n-CI3 chains is not very 
pronounced, i.e. there is only a slight increase in f, between 
n-C13 in the pure state and that in cyclohexane solution. This 
would indicate that the large values of the enthalpy of mixing 
found for solutions of cyclohexane and hydrocarbons would 
probably be best explained by intermolecular contributions to 
the mixing phenomena. 

Concluding remarks 
The data presented herein demonstrate that the concentration 

of gauche conformers in n-hydrocarbons in mixtures is a 
function of the solvent. The gauche concentration in n-tri- 
decane has been measured by utilizing the CD2 rocking 
vibrations of a CD2 group in position 7 of the n-tridecane chain. 
Thus, the present measurements only apply to the centre of the 
chain and no information is available regarding conformation at 
chain positions close to the terminal methyl groups. Positional 
dependence of the gauche concentration is known to occur in 
the case of solid n-hydrocarbons (4). 

The magnitude of the changes observed in the values of 
f, cannot be related directly to the differences in the energy 
difference between gauche and trans conformers (AE,,). This 
is because our observable is the combined intensity of 
bands due to g t  and g g  conformers. Thus, 1650 contains 

contributions from conformers with one and two gauche bonds 
and their separation is not possible. 

Although the present changes in the f, values cannot be 
readily and easily correlated with thermodynamic measure- 
ments on the enthalpy of mixing they suggest that changes in 
the concentration of gauche conformers do not play the most 
important role in determining the macroscopic observables. For 
example, dissolving n-C13 in a branched alkane induces a 
decrease in the concentration of gauche conformers leading to a 
prediction of negative AH. However, the enthalpy of mixing of 
such a system is positive (9). 

In the case of mixtures of n-hydrocarbons differing only 
in chain length a trend emerges in the dependence of the 
gauche concentration with chain length. In a given mixture, the 
concentration of gauche conformers decreases for the longer 
n-hydrocarbon and the opposite occur for the shorter n-hydro- 
carbon. In order to determine whether the two effects compen- 
sate each other, or whether more disorder is introduced in one 
component compared to the order created in the other compo- 
nent, it would be necessary to utilize two specifically-deuterated 
hydrocarbons that differ considerably in chain length. 

Finally, while the present results are limited to a few solvents, 
it is demonstrated that this approach represents a direct method 
of determining the gauche concentration of n-hydrocarbons and 
should be useful to study other solvent systems. 
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JOANNA CYGLER, NORMAN V. KLASSEN, and CARL K. ROSS. Can. J. Chem. 64, 1548 (1986). 
Many solutes, added to water in amounts of a few mol% , cause an increase in the yield of solvated electrons (e,-) measured by 

pulse radiolysis. A pulse radiolysis study of tert-butanol (tBuOH) in D20 has been carried out to investigate this phenomenon. 
Detailed measurements of the yield, measured as GE,,(~,-), and the d e e q  of solvated electrons were made at 6 ,25,  and 46°C 
over the range 0-5 mol% tBuOH. The maximum GE,,(~,-) occurs at about 1 mol% tBuOH, but the exact concentration 
depends on the temperature of the sample and the time after the pulse at which the measurement is made. Three factors are 
examined as contributing to the increased GE,,(~,-) in the presence of tBuOH and certain other solutes. They are (i) the change 
in viscosity produced by the added solute, (ii) the scavenging of OH radicals by the solute, thereby reducing the reaction of OH 
withe,-, and (iii) the possibility that the addition of the solute leads to an increase in the thermalization distance of the secondary 
electrons. It is concluded that effects (i) and (ii) are sufficient to explain the existing experimental data. 

JOANNA CYGLER, NORMAN V. KLASSEN et CARL K. ROSS. Can. J. Chem. 64, 1548 (1986). 
Lorsqu'on ajoute de faibles quantitCs (quelques mol%) de plusieurs solutts dans de l'eau, la radiolyse pulsCe permet de 

mesurer une augmentation du rendement d'tlectrons solvatts (e,-). Dans le but d'Cvaluer ce phCnomene, on a effectue une Ctude 
de la radiolyse pulsee du tert-butanol (t-BuOH) dans leD20. Optrant a 6 ,25  et 46OC et ides  concentrations de t-BuOH allant de 
0 il 5 mol%, on a effectuk des mesures dBtaill6s des rendements, mesurCs sous la forme de Ge,(e,-), et des iitesses de 
dkclin des Clectrons solvatts. La valeur maximale pour Ge,,(e,-) est observke autour de 1 mol% de t-BuOH; toutefois, la 
concentration exacte dtpend de la tempc5rature de 1'Bchantillon et du temps qui s'est Bcoult entre la pulsation et le moment oil la 
mesure est faite. On a examin6 trois facteurs qui pourraient contribuer il une augmentation de la valeur de Ge,,(e,-) en 
prtsence de t-BuOH et de certains autres solutCs. I1 s'agit (i) du changement de viscositC provoqut par I'addition du solute, 
(ii) d'un pikgeage des radicaux OH par le solute qui reduit la reaction des OH avec les e,- et (iii) de lapossibilite que I'addition du 
solute conduise a une augmentation de la distance de thermalisation des Clectrons secondaires. On en conclut que les effets (i) et 
(ii) sont suffisants pour expliquer les donnees experimentales existantes. 

[Traduit par la revue] 

Introduction 
A recent series of papers by Leu, Jha, Freeman, and Cygler 

(1-3) on  alcohol-water solutions describes in considerable 
detail the effect of solution composition on the yield of solvated 
electrons (e,-) at 1 p,s and on  properties of e,- such as the width 
of its absorption band at half height and the wavelength of 
maximum absorption. Pulse radiolysis studies of alcohol-water 
solutions revealed that the maximum Ge,,(eSp) occurs at a 
few mol% alcohol, where the spectrum of e,- is not noticeably 
different from that in water (2,3) .  A similar effect was observed 
by Tran-Thi, Koulkes-Pujo, Sutton, and Anitoff (4) for the 
addition of less than 2mo l% of several amides and dimethyl 
sulfoxide to water. Leu, Jha, and Freeman (2) concluded that 
the increased GE,,(~,-) results from an increase in the ther- 
malization distance of the secondary electrons brought about 
by a stiffening of the solvent structure by the added alcohol. 
Tran-Thi e t  al. (4) explained the increase in Ge,,,(e,-) by the 
more conventional argument that scavenging of O H  radicals by 
the solute reduces the extent to which O H  radicals react with 
es . 

It seemed worthwhile to study another system in detail to test 
these models further. We chose tert-butanol-water solutions 
because tert-butanol (tBuOH) represents the extremes of two 
properties which are important for these models, namely the 
effect of the solute on  the structure of the solution and the 
~eac t ion  of the solute with O H  radicals. Compared to most 
monohydric, aliphatic alcohols, tBuOH reacts rather slowly 
with O H  (5) but, at the same time, tBuOH has an unusually 
strong effect on  the structure of the solution (refs. 6-15, and 
references therein). 

'present address: Department of Medical Physics, Cross Cancer 
Institute, 11560 University Avenue, Edmonton, Alta., Canada T6G 122. 

We carried out pulse radiolysis measurements of Ge,,,(e,-) 
and the decay kineties of e,- using tBuOH/D20 solutions 
at 6, 25, and 46°C. Under most conditions, we  observed a 
maximum Ge,,(e,-) at about 1 mol% tBuOH. We conclude 
that the increase in Ge,,(e,-) caused by the addition of small 
amounts of alcohol to water, as reported here and elsewhere, is 
most reasonably explained by the increase in viscosity, and the 
scavenging of OH,  by the added alcohol. 

Experimental 
tert-Butanol (Fisher Certified) was purified by repeated recrystal- 

lization (16) and its absorption spectrum was found to be structureless 
at wavelengths down to 220 nm. Its water content, as measured by the 
Karl Fisher method, was 4.94 mg ~ m - ~ .  D20 (99.8 atom% D) was 
used as received from Merck, Sharp and Dohme. Solutions of tBuOH 
in D20 were prepared by weight. The densities of the solutions were 
measured at 25°C. The density variation over the temperature range 
6-46°C was assumed to be the same for all solutions in the range 
0-5 mol% tBuOH (17). 

Samples were deaerated by bubbling with argon (Airco, Superpuri- 
fied) for 60 min and were sealed off in Suprasil cells of 5 mm optical 
pathlength. The cells were supported in the open air for measurements 
at "room temperature", and in a quartz Dewar with Suprasil windows 
for measurements at 6, 25, and 46°C. The temperature in the Dewar 
was maintained with a flow of nitrogen gas, regulated to t- 1°C, and 
was measured with an HP model 2802A digital thermometer with the 
platinum resistance probe in contact with the metal cell holder. 

Irtadiations were carried out using single 40 ns pulses of 35 MeV 
electrons from a linear accelerator. Aluminum plates of 6-10 mm 
thickness were used to attenuate and spread the electron beam. The 
dose to the sample was always close to 1.4 krad per pulse, except for the 
measurements shown in Fig. 1, where a dose of about 6 krad per pulse 
was used. Dosimetry was carried out using 02-saturated 5 x lop3 M 
KSCN, taking G E ~ , ~ ( S C N ) ~ -  = 2.2 x lo4 M cm-I (100 e ~ ) - '  at 
mid-pulse. Account was taken of the electron densities of the various 
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L l , l l l l l , ,  
O 0 2 0  4 0  60 8 0  

1 
100 

mole % tEuOH 

FIG. 1. Ge,,(e,-), for tBuOH/DzO solutions at about 21°C, 
versus mol% tBuOH measured at 100 ns after the start of a 40 ns pulse. 
The data point ( X )  for pure tBuOH at 27"C, 100 ns, was calculated 
from the experimental data used in ref. 16. 

solutions at each temperature. Pulse-to-pulse variations in the dose 
were monitored with a secondary emission monitor (SEM). 

The equipment and techniques used to measure optical absorption 
have been described previously (18-20). Measurements between 500 
and 900 nrn were made using an EG&G SHS- 100 silicon photoiodide 
and a 5 0 a  load resistor, the system having a response time of 10 ns. 
Above 900 nm, a Barnes A-100 detector with a response time of 50 ns 
was used. 

Apart from the data shown in Fig. 1, the present results were 
compiled from measurements made on one set of samples covering 
the range 0-5 mol% tBuOH/DzO. These measurements are in good 
agreement with measurements made on another set of samples covering 
the same concentration and temperature range. Each value reported 
for Ge,,(e,-) at loons is the average of six measurements. The 
measurements reported were made on solutions which had already 
received at least 10 krad. The present study required that the averaged 
values of Ge,,(e,-) for a given sample on a given day be reproducible 
to f 1%. This was achieved by careful attention to all details. Poorer 
reproducibility was found for solutions which had received an 
accumulated dose of less than 10 krad. A very important procedure was 
the careful "lining up" of the electron beam to avoid, as much as 
possible, instabilities in the beam during the day. If a dose variation 
greater than * 10% occurred, as evidenced by the SEM readings, a 
recalibration of the SEM against the dosimetry solution was carried 
out. The SEM signal was found not to be exactly proportional to the 
optical density of the dosimetry solution. Therefore, a calibration curve 
of optical density vs. SEM signal was prepared each day. 

The day-to-day variation in Ge,,(e,-) was greater than the 
variation during a single day. Ge,,(e,-) measured using a given 
sample varied by ?2% from one day to another. The average 
Ge,,(e,-) for a given solution at a given temperature was determined 
relative to Ge,,(e,-) in neat DzO at the same temperature on the 
same day. This value of Ge,,(eaq-) was, in turn, normalized to 
Ge,,(eaq-) in neat DzO determined at 6,25, and 46°C on a day when 
the utmost care was taken to ensure reproducibility. In this way, we 
arrived at an internally consistent set of results. 

Results 
D20 was used instead of H20  because of a concurrent study 

(21) which required D20. The use of D20 has not caused any 
serious problems for our effort to understand the variation of 
Ge,,(e,-) with tBuOH concentration in aqueous solutions. 

Ge,,(e,-) was measured at room temperature (about 21°C) 
for tBuOH/D20 solutions covering the range 0-95 mol% 
tBuOH. The values of Ge,,,(e,-) at 100 ns after the start of the 

0 '  I  L I I 

0 I 2 3 4 5 
mole % tBuOH 

FIG. 2. Ge,,(e,-) versus mol% tBuOH for tBuOH/DzO solu- 
tions at 6OC. The times after the start of the 40 ns pulse are indicated. 

I I I I  I 

I 2 3 4 5 
mole % tEuOH 

FIG. 3. Ge,,(e,-) versus mol% tBuOH for tBuOH/DzO solu- 
tions at 25OC. The times after the start of the 40 ns pulse are indicated. 

pulse are shown in Fig. 1. The measurements at each concentra- 
tion included a determination of A,,(e,-) which agreed with 
the published values (1). From 0-10mol% tBuOH, A,,(e,-) 
remained constant at 720 (+ 10) nm. At higher tBuOH concen- 
trations, A,, moved to longer wavelengths. In tBuOH/D20 
solutions, there is an increase in Gem,(eSp) on going from 0 
to about 1 mol% tBuOH, followed by a decrease on going to 
higher tBuOH concentrations. The overall appearance of Fig. 1 
is similar to that found by Leu et al. (2) for several alcohol- 
water systems. Included in Fig. 1 is a data point for Ge,,(e,-) 
at 100 ns in pure tBuOH at 27°C estimated from the experi- 
mental data used in ref. 16. 

Having ascertained that the variation of Ge,,(e,-) with 
tBuOH concentration in water-rich solutions is similar to that in 
other alcohol-water solutions, we made a more detailed study 
of Ge,,(e,-) for solutions covering the concentration range 
0-5 mol% tBuOH at 6 , 2 5 ,  and 46°C. The results are shown in 
Figs. 2, 3, and 4 for 50, 100, 500, 1000, and 5000 ns after the 
start of the pulse. No significant changes were found in the shape 
or the A,, of the e,- spectrum over the range 0-5 mol% 
tBuOH at a given temperature, in agreement with the results of 
Leu, Jha, and Freeman (1). We adopted values of 697,720, and 
747 nm for A,, at 6 , 2 5 ,  and 46"C, respectively. This variation 
in A,, with temperature was calculated from the temperature 
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01 ' I I , I 
0 I 2 3 4 5 

mole % tBuOH 

FIG. 4. Ge,,(e,-) versus mol% tBuOH for tBuOH/D20 solu- 
tions at 46°C. The times after the start of the 40 ns pulse are indicated. 

I I 0 
lo-' lo-5 

time, seconds 

FIG. 5. Ge,,(e,-), for tBuOH solutions at 25OC, versus time. A,  
B, and C correspond to 0,  5.0, and 1.04mol% tBuOH, respectively. 

variation of eaq- in Hz0 found by Michael, Hart, and Schmidt 
(22). Our less complete examination of A,,, agreed with these 
values. Any measurements made slightly off A,,, were 
corrected by use of the spectral shape of eaq- (23). 

We measured Ge,,(eaq-) to be 6.32 x lo4 at 720 nm in 
pure D20 at 25"C, 100 ns. For eaq- in H20 at 27"C, A,,, = 
720nm and E,, = 1.9 X lo4 (23). However, E,, would have 
been 2.0 x lo4 if the authors had used the same value of 
G E ~ ~ ~ ( S C N ) ~ -  as we did for dosimetry. Assuming that the 
spectral shape of eaq- in ref. 23 also applies to eaq- in D20, and 
combining it with ~ ~ ~ ( e ~ ~ - )  in D20 = 2.02 x lo4 (24), we 

- 
arrive at E,,(eaq ) = 2.04 X lo4 in D20 at room temperature. 

- Hence, our value GE,,(eaq ) = 6.32 x lo4 in D20 at 25"C, 
100 ns, leads to G(eaqP) = 3.1. In H20, Buxton determined 
G(eaq-) = 2.8 at 120 ns after a 5 ns pulse (25). Combined with 
an 11% higher yield of eaq- in D20 than in H20 (24), this 
predicts G(eaq-) = 3.1 in D20 at 120 ns after a 5 ns pulse. 
Asmus and Fendler (26) reported G(eaqP) = 3.06 + 0.05 in 
D20, based on scavenging with rnillimolar SF6. 

The decay of e,- measured for D20, 1.04 mol% tBuOH and 
5.0 mol% tBuOH at 25°C is shown in Fig. 5. The 24% decay of 
e,- between 50 and 500 ns for our 1.4 krad pulse in D20 (curve 
A, Fig. 5) agrees with similar measurements in H20 (27). The 
reactions from 1 ps onwards presumably follow homogeneous 
kinetics and can be modeled using MACKSIM, a computer 
program used to simulate water radiolysis (28, 29). The decay 
of eaq- in D20 (curve A, Fig. 5) was successfully simulated 
using MACKSIM and a set of rate constants for D20 (5,24,30, 
31). A simulation assuming no D202 present before the pulse 
showed insufficient decay of eaq- from l ~ - ~ - l O - ~  s indicating 
that accumulated D202 plays a role. Because of the decomposi- 
tion of accumulated D202 by the room light and the analyzing 
light, its concentration preceding a pulse is unknown. Curve A 
(Fig. 5) was well simulated with an initial concentration of 
D202 of 3.5 X M, i.e., twice the concentration produced 
by a single pulse, but not with initial D202 concentrations of 0 or 
11 X M. 

Discussion 
Spur and non-spur electrons and the free-ion yield 

In the present study of tBuOH/D20 solutions, in the study of 
Leu, Jha, and Freeman of other alcohols and water (2), and in 
the study of Tran-Thi, Koulkes-Pujo, Sutton, and Anitoff of 
amides etc. in water (4), it was found that the addition of solute, 
up to a few mol%, to water at room temperature caused an 
increase in Ge,,(e,-) over the time scale of the pulse 
radiolysis measurements. At yet higher solute concentrations, 
Ge,,(e,-) decreased. Leu et al. (2) attributed the increase in 
GE,,(~,-) to an increase in the free-ion yield brought about 
by an increase in the thermalization distance of the secondary 
electrons, whereas Tran-Thi et al. (4) attributed it to OH 
scavenging by the solute. 

Those solvated electrons which react with radiation-produced 
species in the spur, and whose decay obeys non-homogeneous 
kinetics, will be called spur electrons, (e,-),,. The remainder 
of the solvated electrons, those whose reachons obey homo- 
geneous kinetics, will be called non-spur electrons, (e,-),,,. 
We assume that the free-ion yield, Gfir  as used by Leu et al., 
corresponds to G(e,-),,,. The free-ion yield is the yield of 
electrons which escape eventual recombination with their 
geminate cations. Although Gfi is a very useful concept for the 
reactions of electrons in low dielectric media such as hydro- 
carbons, where most e,- reacts with cations, it is less useful in 
the case of water where much e,- reacts with a neutral species, 
the OH r a d i ~ a l . ~  The Gfi concept is particularly inappropriate to 
apply to the changes caused by adding alcohol to water if the 
decay rate of e,- is affected significantly by the scavenging of 
OH. The addition of alcohol to water causes an increase in 
viscosity. This affects the spur reaction of e,- with OH through 
the reaction rate constant and the diffusion coefficients. By 
contrast, Gfi depends on the dielectric constant and might be 
affected quite differently. For these reasons we prefer to discuss 
- 

e, in alcohol-water solutions in terms of G(e,-),, and 
G(e,-),,,. Johnson and Salmon (33) have addressed the 
inadequacy of Gfi to describe the reactions of e,- in methanol. 

Scavenging experiments are often used to determine G(e,-),,,, 
using the fact that a reagent added at millimolar concentrations 
cannot compete effectively for e,- within the spur where 

2W. G .  Bums communicated to the authors that a computer simu- 
lation of reactions in water irradiated at low dose rates indicated that 
57% of the decay of e,- at times earlier than 10 ns is due to reaction 
with the hydroxyl radical. 
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reactive species are present in high concentration, but can 
compete effectively outside the spur where the concentration of 
radiation-produced species is very low. In experiments in which 
only e,- is followed, (eSp),,? can be separated from (e,-),, by 
using the fact that spur decay is faster than non-spur decay. Thls 
method was used by Leu et al. (2) who applied eq. [:I.] of ref. 2 to 
G(e,-), measured at times when spur decay was essentially 
complete, to calculate the maximum G(e,-),,,. We agree with 
their conclusion that the increased GE,,(~,-) they observed on 
adding alcohol to water was caused by an increased G(e,-),,, 
(which they call Gfi). It remains to be decided what caused the 
increased G(e,-),,, . 

tBuOH-water 
We find a maximum in GE,,(~,-) versus tBuOH concentra- 

tion at about 1 mol% tBuOH in D20 at 25°C. For methanol, 
ethanol, and 1-propanol solutions in H20, the maxima are 
reported to occur at 2 mol% alcohol, but the few concentrations 
used in the 1-3 mol% range makes the maximum values of 
GE,,(~,-) and the concentrations at which they occur some- 
what uncertain. For 2-propanol/H20 the maximum is reported 
to occur at 3 mol% alcohol (3). These maximum values of 

I GE,,(~,-) are greater than in the absence of alcohol by 12% 
for methanol, 15% for ethanol, 23% for 1-propanol, 16% for 
2-propanol, and 11% for tBuOH/D20, the latter being the 

I value at 50 ns, 25°C in Fig. 3. The general trend is for a greater 

i maximum value the greater the value of the product k(OH + 
I alcohol) X (concentration of alcohol at maximum GE). This 
, trend implicates OH scavenging as a factor contributing to the 

change in GE,,,(~,-). Figures 2,3,  and 4 show that the ratio of 
the value of GE,,(~,-) for 1 mol% tBuOH to the value for 
water increases with time. This is expected if OH is scavenged 
by tBuOH to produce a hydroxyalkyl radical which is less 
reactive towards e,- than is OH. We believe that this is a major 
reason for the increase in GE,,,(~,-) with added tBuOH (up to 
1 mol% tBuOH). 

At 6"C, 50 ns, unlike the situation at 25 and 46"C, 50 ns, the 
value of GE,,(~,-) for 1 mol% tBuOH is about the same as the 
value in D20. If the greater G(e,-),,, in 1 mol% tBuOH than in 
D20 found at 50 ns at both 25 and 46°C were due to an increased 
thermalization distance in 1 mol% tBuOH, then the same effect 
should occur at 6°C but it does not. Several authors (15,34-36) 
have concluded that the increased order brought about by adding 
small amounts of alcohol to water is a larger effect at lower 
temperatures. Therefore, if an increased thermalization distance 
were the cause of the maximum in GE,,(~,-) versus tBuOH 
concentration we would expect this effect to be more pro- 
nounced at 6°C than at 25°C. This is not the case. Therefore, an 
increased thermalization distance is eliminated as the cause of 
the maxima observed. On the other hand, if the phenomenon is 
due to OH scavenging it should develop more rapidly at higher 
temperatures, just as we have observed. The fact that the rate 
constant k(OH + tBuOH) is much smaller than the diffusion 
controlled limit (5) makes it plausible that the activation energy 
for this reaction is sufficiently large to significantly slow 
down the OH scavenging at 6°C. The familiar maximum in 
Ge,,(e,-) versus mol% tBuOH, which appears only at longer 
times at 6"C, is attributed to an increase in the lifetime of 
(e,-),,, caused by the eventual scavenging of OH by tBuOH. 

G(e,-),,, in alcohol-water solutions depends on the inter- 
play of a number of factors. The dielectric constant is important 
in determining what fraction of electrons react with geminate 
ions. The fraction of electrons which react with OH in the spur 

will change with viscosity depending on how the diffusion 
coefficients change relative to the change in the reaction rate 
constant. Scavenging of OH radicals during and after the 
completion of spur reactions will change the decay rate of 
(e,-),,,. The concentration of alcohol at which the increase in 
GE,,(~,-) changes to a decrease depends on these and other 
factors. The concentration of amides at which the maximum in 
Ge,,(e,-) occurs was suggested by Tran-Thi et al. (4) to 
depend also on the scavenging of presolvated electrons by the 
solute. 

OH scavenging or increased thermalization distance? 
The effect on GE,,(~,-) of adding a few mol% tBuOH to 

D20 is consistent with scavenging of OH by tBuOH to produce 
a hydroxyalkyl radical which is less reactive than OH towards 
- 

e, . The results are not consistent with the proposal of Leu, Jha, 
and Freeman (2) that such effects are mainly due to an increase 
in the thermalization distance of the electron. The strongest 
evidence in favour of the proposal by Leu et al. comes from 
their analysis of the measurements of Jonah, Matheson, Miller, 
and Hart (37) of e,- decay between 0.1 and 3.3 ns in water and 
3 M EtOH. We now reexamine those results to see if an 
explanation other than that of Leu et al. is feasible. 

Leu et al. dismissed OH scavenging as a factor for the 
1.6-fold slower decay, between 0.1 and 3.3 ns, of e,- in 3 M 
ethanol (EtOH) than in water (37) because the factor 1.6 is so 
close to the 1.7-fold increase in viscosity on going from water to 
3 M EtOH. The decay curve for e,- in 3 M EtOH superimposes 
the curve in water (37) if the times of the former are reduced 
1.6-fold taking 0.1 ns as time zero. However, this treatment is 
rather insensitive to the shapes of the curves for 3 M EtOH and 
for water because both curves must coincide at the time taken as 
zero regardless of the reduction factor which is used to make 
them coincide at 3 ns. Given the rate constant of 1.3 X 

lo9 M-' s-' for the reaction (OH + EtOH) in 3 M EtOH (the 
rate constant in water (5) corrected for the different viscosity 
of 3 M EtOH as indicated below), the OH radicals are half 
converted to the ethanol radical, .EtOH, 

OH + EtOH -+ H2 + .EtOH 

by about 0.18 ns, and entirely converted within a few ns. The 
analysis of Leu et al. implies that .EtOH reacts as rapidly with 
- 

e, as does OH which seems unlikely because .EtOH must have 
a smaller diffusion coefficient than OH. Another problem with 
the analysis of Leu et al. is that other studies indicate that the 
1.7-fold increase in viscosity on going from water to 3 M EtOH 
leads to a reduction of (1.3-1.4)-fold in rate constants (38,39). 
The complex dependence of e,- rate constants on viscosity 
when drastically changing the solution composition has been 
remarked upon (3). 

We have analyzed the e,- decays from (0.1-3.3) ns, reported 
by Jonah et al. (37) in their Fig. 3, and conclude that they 
are satisfactorily explained by a combination of viscosity and 
scavenging effects. We assumed that G(eSp) in both water and 
3 M EtOH are the same at 1 ps. The decay of e,- in water 
between 1 ps and theearliest experimental point (Fig. 3, ref. 37) 
was determined from the solid curve in Fig. 20 of ref. 40 and the 
decay at longer times was taken from ref. 37. The decay of e,- 
in 3 M EtOH before the earliest experimental point was taken to 
be 1.4 times slower than in water (see preceding paragraph). 
The result is a higher value of G(e,-) in 3 M EtOH than in water 
at the time of the earliest experimental point. The decay in water 
was superimposed on the decay in 3 M EtOH by multiplying the 
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time in water by a factor graduated from 1.4 at S lo-" s to 1.9 
at 8 X 10-1°s to 2.0 at 1.2 X 10-' s. Qualitatively, this sort of 
graduated factor is what one would expect if the O H  radicals 
were being replaced by a less mobile .EtOH radical over this 
time period. As described in the next paragraph, the factors 
seem reasonable. Hence, there appears to be no  need to invoke 
an increased thermalization distance in 3 M EtOH to explain 
Fig. 3 of ref. 37. 

The value of the rate constant of the reaction of e,- with 
.EtOH has not been reported. A value of 8 x 10' M-' s-' has 
been reported for the reaction of e,- with the corresponding 
radical of methanol, .CH20H, in methanol (32). The rate 
constant for the reaction of e,- with .EtOH was estimated using 
the following assumptions; (a) the decay of e,- in 3 M EtOH is 
2.0 times slower than in water at 1 ns, when all OH has been 
scavenged, (b) about 57% of the decay of e,- in the spur in 
water is due to reaction with O H  (see footnote 2), and (c) all rate 
constants are 1.4 times smaller in 3 M EtOH than in water. On  
this basis we estimate that k(e,- + .EtOH) = 1 x 10" M-' s-' 
in 3 M EtOH. 
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Monoozonides of chloro-substituted conjugated dienes: 
preparation, stability, and some chemical reactions 
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Engler-Bunte-lnstitut, Bereich Petrochemie, Universitat Karlsruhe (TH), 0-7500 Karlsruhe, Federal Republic of Germany 
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KARL GRIESBAUM, ASHIS R. BANDYOPADHYAY, and MARTIN MEISTER. Can. J. Chem. 64, 1553 (1986) 
The chlorodienes (E)-4-chloro-3-methyl-] ,3-hexadiene (Sa), ( a -  and (Z)-4-chloro-2,3-dimethyl-1,3-hexadiene (5b/6b), 

(E,E)-5-chloro-4-methyl-2,4-heptadiene (5c), (4E)- and (4Z)-5-chloro-3,4-dimethyl-2,4-heptadiene (5d/6d), chloroprene 
(lla),  and 2-chloro-3-methyl-l,3-butadiene (llb) are selectively ozonized at the non-chlorinated double bonds to give the 
corresponding monoozonides 7, 8, and 12. Further ozonolyses of the monoozonides of 5b and of l l b  in methanol as well as 
epoxidation of the monoozonide of 5b and subsequent reaction of the resulting chloroepoxide with AgBF4 are described. 

KARL GRIESBAUM, ASHIS R. BANDYOPADHYAY et MARTIN MEISTER. Can. J. Chem. 64, 1553 (1986). 
Les chiorodiknes chloro-4 mkthyl-3 hexadikne-1,3(E) @a), chloro-4 dimkthyl-2,3 hexadikne-1,3(E) et (2) (5b/6b), chloro-5 

mkthyl-4 heptadikne-2(E),4(E) (Sc), chloro-5 dimkthyl-3,4 heptadikne-2,4(E) et -4(2) (5d/6d), chloropr&ne ( l la)  et chloro-2 
mkthyl-3 butadikne-1,3 ( l lb)  subissent des rkactions sklectives d'ozonolyse au niveau des doubles liaisons qui ne sont pas 
chlorkes pour conduire aux monoozonides correspondants 7, 8 et 12. On dkcrit aussi des ozonolyses subskquentes des 
monoozonides de 5b et de l l b  qui ont kt6 effectutes dans le mkthanol ainsi que la rkaction d'kpoxydation du monoozonide de 
5b suivie d'une reaction subskquente avec du AgBF4. 

[Traduit par la revue] 

Introduction 
In recent years we prepared the a,P-unsaturated ozonides l a  

(I), lb-lf (2), and l g  (3) by monoozonolyses of the corres- 
ponding conjugated dienes. The stability of these ozonides 
varied considerably, depending on the nature of the substituents 
R1 and R ~ .  In an attempt at assessing the influence of chlorine 
substituents upon the formation and stability of a,P-unsaturated 
ozonides, we have now ozonided substrates 5a-5d, 6b, and 6d, 
bearing the chlorine substituent in a terminal position of the 
conjugated diene system, as well as substrates l l a  and l l b  
having 2-chloro-substituted conjugated diene systems. 

Results and discussion 
The hitherto unknown chlorodienes of structures 5 and 6 have 

been prepared by aldol condensations of 3-pentanone (2) with 
appropriately substituted components of structure 3, followed 
by sequential reactions of the respective condensation products 
(4) with phosphorus pentachloride and potassium tert-butoxide. 
The configurations at the chlorinated double bonds of 5 and 6 
have been assigned based on the experience (4) that the signal 
of the CH3 group appears at lower field if the chlorine and the 
CH3 substituents have a cis arrangement. The non-chlorinated 
double bond of 5c has been assigned an E configuration based 
on the large coupling constant (15.0 Hz) of the vinylic protons; 
the configurations of the non-chlorinated double bonds of 5d 
and 6d have not been determined. In a variation of a published 
procedure (5), diene l l b  has been obtained from addition of 
HC1 to 2-methyl- 1 -butene-3-yne. 

Treatment of the dienes 5a-5d, 6b, and 6d with ca. 0.8 molar 
equivalents of ozone in pentane at -78°C led to predominant 
attack at the non-chlorinated double bonds of the diene systems 
to yield mixtures of the corresponding monoozonide 7 or 8 and 
the corresponding carbonyl fragment 9 or 10, respectively, 
whereas no ozonides derived from the chloro-substituted double 
bonds could be detected. Ozonides 7a, 7b, 7c, 7d, 8b, and 8d 
have been isolated in yields of 82, 30, 41, 40, 7, and 11%, 
respectively, based on the deficient amount of ozone applied. 
They are colorless liquids of considerable thermal stability, 
as evidenced by the fact that they gave rise to sharp peaks 
in gas chromatography (gc) and to molecular ions in gc-ms 
(mass spectral) analyses. Ozonides 7c, 7d, and 8d  consisted of 
mixtures of the corresponding cis-trans isomers with respect to 
the positions of the substituents at the ozonide rings. In the case 
of 7c, the mixture has been separated and the isomers have been 
stereochemically assigned based on the assumption that the 
isomer having the longer gc retention time has cis configuration, 
as has been observed for other pairs of isomeric ozonides (6). 
Reductions with triphenyl phosphine gave 9a  from 7a  and 7c, 
9b from 7b and 7d, and lob  from 8b  and 8d. 

Ozonolvses of dienes l l a  and l l b  under the aforementioned 
conditions resuIted also in predominant attack at the non- 
chlorinated double bonds to give mixtures of the corresponding 
monoozonides (12) and carbonyl fragments (13); ozonides 
derived from the chloro-substituted double bonds again could 
not be detected. The liquid ozonides 12a and 12b have been 
isolated in 51 and 31%, respectively. It is known from other 
experiments2 that the primary ozonide of l l b  forms ca. 80% of 
13b. Since ketone fragments usually do not undergo cycloaddi- 
tions with carbonyl oxides to give ozonides (7), one would have 
expected a maximum yield of ca. 20% for ozonide 12b. The 
actual yield of 31% for 12b suggests, therefore, that at least part 
of the ozonide has been indeed formed by cycloaddition of 13b 
with the carbonyl oxide of formaldehyde. This leads to the 
conclusion that the a-chloro substituent activates the carbonyl 
group of 13b. 

The a-chloro-substituted ozonides 12a and 12b are less 
stable than the P-chloro-substituted ozonides of structures 7 

'Author to whom correspondence may be addressed. 'K. Griesbaum and M. Meister, unpublished results. 
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and 8, as evidenced by spontaneous decompositions during gc 
analyses and upon shock treatment. Treatment of the ozonides 
with dimethyl sulfide (DMS) gave a mixture of 13a and 14 
starting from 12a, and 13 b starting from 12 b. The formation of 
14 is rationalized by attack of the co-product DMSO (dirnethyl- 
sulfoxide) at the allylic hydrogen of 12a and subsequent 
cleavage of the ozonide 12a in the same manner as had been 
experienced previously with other ozonides (2). 

It appeared interesting to test the ozonolysis of representative 
examples of a- and P-chloro-substituted a,P-unsaturated ozo- 
nides, such as 7b and 12b, in methanol. For, based on previous 
experience with the direction of ozone cleavage of monochloro- 
substituted double bonds (8), such reactions should lead to 16 
and 20, respectively, as primary, and to 17 and 21, respectively, 
as secondary products. To our knowledge, compounds of types 
17 and 20 are unknown and though ozonides of type 21 are 
known, they have never been obtained via the corresponding 
acyl chloride precursors of type 20. 

Treatment of 7b with ozone in methanol/CDC13 at -78OC 
and subsequent warming of the mixture gave fragments 18 and 
19 in a molar ratio of ca. 1:2, along with methyl formate and 
dimethoxymethane. Proton nrnr analysis provided no evidence 
for the formation of 17 and showed, in fact, that the ozonide ring 
was no longer existent, as evidenced by the absence of the 
signals for the protons of the CH2 group of the ozonide ring. It is 
concluded, therefore, that either 17 or its precursor 16 decom- 
poses, possibly catalyzed by hydrogen chloride, to give two 
equivalents of 19 and products derived from the CH2 moiety. 
Concurrently, 15 is solvolyzed by methanol to give 18. 

Ozonolysis of ozonide 12b in CH30D at -78°C afforded a 
mixture of 21 and 22 in nearly equimolar amounts, from which 
ozonide 21 has been isolated in 31% yield. Its structure was 
established by independent preparation via ozonolysis of methyl 
methacrylate (23a) and by reduction with DMS to give 23b. 

Recently, we had shown that a,P-unsaturated ozonides 
can be readily converted into the corresponding epoxides by 
treatment with peracid (1). It appeared, therefore, interesting 
to examine the epoxidation of representative examples of the 
chlorinated a,P-unsaturated ozonides obtained in the present 
study. Treatment of ozonide 7b with m-chloroperbenzoic acid 
yielded two stereoisomeric epoxyozonides of structure 24 and 
the a-chloro-P-ketoozonide 25, the latter probably by post 
isomerization of 24. The stereochemical identity of the epoxy- 
ozonides (24) has not been elucidated; they have been arbitrarily 
denoted as 24A and 24B. Reductions with triphenyl phosphine 
gave 26 from 24A and 24B, and 27 from 25. 

Epoxyozonide 24A gave a spontaneous reaction with AgBF4 
to yield the a,P-unsaturated ozonide 30 and two isomeric 
a-fluoro-P-ketoozonides, 31A and 31B, of unassigned stereo- 
chemistry. On the basis of previous results with substituted 
2-chlorooxiranes (9), these products can be rationalized by 
dechlorination of 24 with silver ions, followed by ring opening 
of the ensuing carbenium ion 28 to give carbenium ion 29. The 
latter, in turn, may undergo deprotonation to give 30 or reaction 
with the BF4 anion to give 31. 

Treatment of ozonides 12a and 12b with m-chloroperbenzoic 
acid failed to yield the corresponding epoxyozonides and hence 
their reactions with AgBF4 could not be examined. 

The following conclusions are drawn from the foregoing 
results: (1) Both 1-chloro- and 2-chloro-substituted conjugated 
dienes can be converted into monoozonides by selective ozone 
attack at the respective non-chlorinated double bonds. How- 
ever, monoozonides of 2-chloro-substituted dienes appear to be 
less stable than those of 1-chloro-substituted dienes. (2) 
Carbonyl oxides that are attached to an ozonide ring as in 16 
could not be trapped with methanol to give stable a-hydro- 
peroxyozonides of type 17. Instead, the reaction led to abnormal 
products, resulting from cleavage of the carbon single bond that 

OCH3 
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links the carbonyl oxide moiety with the ozonide moiety. This is  
reminiscent of the behavior of a-0x0-carbonyl oxides, which 
also preferentially evade trapping by methanol and lead to 
abnormal products via cleavage of the carbon single bond 
that links the 0x0 and the carbonyl oxide moiety (10). (3) 
a-Chlorooxo-ozonides like 20 can be  trapped by methanol to 
give a-methyl carboxylated ozonides. This is noteworthy, for in 
view of the notorious instability of a-ketoozonides one would 
have expected that the electron-withdrawing effect of chlorine 
renders a-chlorooxo-ozonides even less stable. The  fact that 
20 could be  trapped by methanol at low temperature does not 
exclude, however, that it is  unstable at elevated temperatures. 
In fact, we suspect that it was the corresponding a-chlorooxo- 
ozonide that caused a violent explosion of the crude product 
from the diozonolysis of l l a  in pentane after it had reached 
room temperature. 

Materials and methods 
Materials 

Chemicals, solvents, and technical gases were of commercial 
grades. 
Analytical methods 

The 'H nmr and 13C nmr spectra were routinely recorded on Bruker 
instrument WP 60, and in special cases on Bruker instruments WH 250 
and WM 300; ir spectra were recorded on a Beckman IR 4260 
spectrometer and mass spectra on a Hewlett Packard instrument 
5985 B. The gc analyses were carried out on a Shimadzu GC/6A 
and on a Varian 1400 instrument, using a temperature program of 
60-160°C at 4"C/min and glass columns with the following sizes and 
packings: (A) 0.3 x 300 cm, 5% Carbowax 20 M on Chromosorb G; 
(B) 0.3 x 500 cm, 5% Carbowax 20M on Chromosorb G; (C) 0.3 X 

300 cm, 5% Nitrilesiliconoil XE 60 on Chromosorb G; (D) 0.3 x 
50 cm, 5% Nitrilesiliconoil XE 60 on Chromosorb G. Temperature of 
injection port 200°C for conditions A, B, C and 70°C for condition D. 

Preparation of 5 a  
To a suspension of 639 g (3.07 mol) of phosphorus pentachloride and 

3 L of ether, a solution of 229.2 g (2.05 mol) of 4-methyl-4-hexene- 
3-one (4a) (1 1) in 1 L of ether was added dropwise at room temperature 
with vigorous stirring. Then the mixture was refluxed with stirring for 
24 h, cooled to room temperature, and 1 L of an aqueous solution of 
10% sodium carbonate was added dropwise. The organic phase was 
separated, the aqueous phase was extracted with ether, and the extracts 
were combined with the organic phase. The combined ether solutions 
were washed with aqueous sodium bicarbonate and dried over sodium 
sulfate. After removal of the ether in a rotary evaporator, there 
remained 284.5 g of a light brown liquid. A mlxture of 76.0 g 
(0.68 mol) of potassium tert-butoxide in 200 rnL of dry tert-butanol 
and 55.7 g of the above liquid was refluxed with stimng for 24 h. Then 
200 rnL of water was added at room temperature and the'mixture was 
extracted twice with 500 rnL, each time, of n-pentane. The combined 
extracts were washed twice with 500 mL of water and dried over 
sodium sulfate. After removal of n-pentane in a rotary evaporator there 

remained 19.0 g of a brown liquid. The latter was divided into two 
equal parts, which were separately processed by flash chromatography 
(12) (column 5 x 46 cm; 390 g of silica gel; n-pentane) to give a total of 
7.4 g of 5a  of approximately 86% purity. The latter product was again 
submitted to flash chromatography under the same conditions to give 
3.2 g of 5a of 97% purity according to gc analysis (condition C). 

(E)4-Chloro-3-methyl-l,3-hexadiene (5a): colorless liquid; ir (film): 
1625cm-'; '~nmr(250~~z,CDCl~,TMS),6: 1.14(t, J =  7.5Hz, 
3H), 1.95 (t, J = 0.8 Hz, 3H), 2.57 (q, J = 7.5 Hz, 2H), ABX system 
with 6* 5.12 (lH), 6~ 5.25 (lH), 6~ 6.68 (lH), JAB = 1.4Hz, JAX = 
11.0 Hz, JBX = 17.0 HZ; ms, m/e (relative intensity): 132, 130 
(25, 75) M', 117, 115 (12, 38) (M - CH3)+, 95 (100) (M - Cl)'; 
gc tR (condition C) 8.3 min. The neat substance discolored at room 
temperature, therefore no elemental analysis was attempted. The 
sterwchemical assignment of 5a is based on the fact that mono- 
ozonolysis followed by reduction gave 9a. 

Preparation of 5 c  was by the same procedure as described for the 
preparation of 5a: Reaction of 320.0 g (1.54 mol) of phosphorus penta- 
chloride in 1 L of ether and 129.1 g (1.0 mol) of 4-methyl-4-heptene- 
3-one (4c) (1 1) in I L of ether yielded 173.0 g of a light brown liquid. 
Reaction of 25.2 g (0.225 mol) of potassium tert-butoxide in 200 rnL of 
tert-butanol and 27.0 g of the above brown liquid gave 16.3 g of crude 
5c. This was divided into two equal parts, which were separately 
processed by flash chromatography as described for 5a  to give a total of 
6.2 g of a colorless liquid. From the latter, pure 5c was isolated by flash 
chromatography under the same conditions as above. 
(E,E)-5-Chloro4-methyl-2,4-heptadiene (5c): colorless liquid; ir (film): 

1605cm-'; ' ~ n r n r  (CDC13, TMS), 6: 1.10 (t, J = 7.3 Hz, 3H), 1.92 
(s, 3H), 2.52 (q, J = 7.3 Hz, 2H), ABX3 system with 6.4 6.32 (lH), SB 
5.63 (lH), 6~ 1.75 (3H), JAB = 15.OHz, JBX = 1.2Hz, JAX = 
6.3 Hz; ms, m/e (relative intensity): 146, 144 (30, 88) M', 131, 129 
(18, 52) (M - CH3)', 109 (100) (M - C1)'; gc tR (condition C) 
13.3min. 

Preparation of 5 b  and of 6b 
A solution of 258.0 g (3 mol) of 3-pentanone, 388.8 g (3.6 mol) of 

chlorotrimethylsilane, and 727.2 g (7.2 mol) of triethyl m i n e  in 1.2 L 
of dimethyl formarnide was refluxed with stimng for 24 h, cooled to 
room temperature, and extracted three times with n-pentane. The 
combined extracts were sequentially washed with 1 N aqueous hydro- 
chloric acid, with a 5% aqueous solution of sodium bicarbonate and 
water, and subsequently dried over sodium sulfate. The n-pentane 
was distilled off through a 30-cm packed column and the residue was 
distilled at vacuum through the same column to give 369.6 g (78%) 
of 3-trimethylsiloxy-2-pentene having a bp of 76-77°C at 85 Torr 
(1 Torr = 133.3 Pa). 

To a solution of 789.2 g (4.19 mol) of titanium tetrachloride in 
250 mL of dichloromethane, 241.3 g (4.16 mol) of acetone and 
subsequently 671.2 g (4.25 mol) of 3-trimethylsiloxy-2-pentene were 
added dropwise with stirring at ca. O°C, and the mixture was kept 
stirring at room temperature for 16 h. Then 1 L of a 10% aqueous 
solution of sodium bicarbonate was added, the organic layer was 
separated, the aqueous layer was extracted with dichloromethane, the 
extracts were combined with the organic layer, and dichloromethane 
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was removed in a rotary evaporator at room temperature and 15 Tom. 
To the liquid residue, 5 g of p-toluenesulfonic acid and 1 L of benzene 
were added and the benzene was distilled off through a 30-cm packed 
column. The liquid residue was added to 1 L of ether, sequentially 
washed with a 5% aqueous solution of sodium bicarbonate and water, 
dried over sodium sulfate, and filtered. From the filtrate the ether was 
removed at room temperature and 15 Torr and the residue was distilled 
through a 30-cm packed column. The fraction distilling at 67-73°C 
(30-23 Torr) comprised 263 g and contained 78% of 4,5-dimethyl-4- 
hexene-3-one (4b); 'H nmr (CDCI,, TMS), 6: 1.08 (t, J = 7.5 Hz, 
3H), 1.75 (s, 3H), 1.8 1 (s, 6H), 2.53 (q, 2H). 

To a suspension of 416.0 g (2.0 mol) of phosphorus pentachloride in 
1.8 L of ether, a solution of 126.0 g (1 .O mol) of the above crude 4b in 
1 L of ether was added dropwise at room temperature with vigorous 
stirring, and the reaction product was worked up in the manner 
described above for the preparation of 5a. After removal of pentane 
there remained 118.6 g of a brown liquid, which was distilled through 
a 30-cm packed column to afford 69.4 g of a distillate with a bp of 
83-87°C (1 10 Tom). Distillation of the latter through a 1-m spinning 
band column afforded 19.7 g of a fraction with a bp of 89°C (1 10 Torr) 
containing 88% of 5b and 10% of 66 as shown by gc analysis. From 
this distillate samples of pure 5b and 6b have been isolated by pgc 
(preparative gas chromatography) (glass column, 0.7 X 300 cm, 5% 
Carbowax 20 M on Chromosorb G; 60-160°C at 3"C/min). 

(E)-4-Chloro-2,3-dimethyl-1,3-hexadiene (Sb): colorless liquid; 
ir (film): 1640 cm-'; 'H nmr ( c D C ~ ~ ,  TMS), 6: 1.21 (t, J = 7.2 Hz, 
3H), 1.83 (m) and 1.90 (s, partly overlapping signals of 6H altogether), 
2.45 (q, J = 7.2Hz, 2H), 4.78 (m, lH), 4.97 (m, 1H); ms, mle 
(relative intensity): 146, 144 (26, 100) M+, 131, 129 (7, 16) (M - 
CH3)+, 109 (90) (M - Cl)+; gc tR (condition A) 5.7 min. Anal. calcd. 
for CBH13C1 (144.7): C 66.43, H 9.06, C1 24.51; found: C 66.53, 
H 8.91, C124.33. 

(Z)-4-Chloro-2,3-dimethyl-1,3-hexadiene (6b): colorless liquid; 
ir (film): 1640cm-'; 'Hnmr (CDCI~, TMS), 6: 1.12 (t, J = 7.3 Hz, 
3H), 1.80 (s) and 1.83 (m, overlapping signals of 6H altogether), 2.41 
(q, J = 7.3 Hz, 2H), 4.83 (m, lH), 5.05 (m, 1H); ms, mle (relative 
intensity): 146, 144 (33, 100) M+, 131, 129 (8,25) (M - CH3)+, 109 
(38) (M - Cl)+; gc tR (condition A) 6.3 min. Anal. calcd. for CsHl3C1 
(144.7):C66.43, H9.06, C124.51;found: C66.25, H8.82, C124.40. 

Preparation of Sd and 6d was by the same procedure as described 
above for the preparation of 56 and 6b: Reaction of 36 1.3 g (1.9 1 mol) 
of titanium tetrachloride in 1.4 L of dichloromethane with 137.4 g 
(1.91 mol) of 2-butanone and 301.0 g (1.91 mol) of 3-trimethylsiloxy- 
2-pentene gave 102.0 g of a colorless distillate, bp 94-99°C (50 Torr). 
Reaction of 302.8 g (1.46 mol) of phosphorus pentachloride in 1.5 L 
of ether with 102.0 g of the above distillate and subsequent distillation 
of the crude product through a 30-cm packed column gave 47.0 g of a 
slightly brown liquid, bp 83-87°C (42Torr). Reaction of 2.778 
(24.7 rnrnol) of potassium tert-butoxide in 30 mL of tert-butanol with 
3.9g of the above liquid gave 2.03 g of crude product, from which 
0.66 g of 5d and 0.43 g of 6d  were isolated by flash chromatography 
(column 5 X 45 cm, 166 g of silica gel; n-pentane). 
(4E)-5-ChIoro-3,4-dimethyl-2,4-heptadiene (Sd): colorless liquid; 

ir (CDC13): 1640 cm-'; 'H nmr (300 MHz, CDC13, TMS), 6: 1.07 
(t, J =  7.3Hz,3H), 1.84(t, J=0.9Hz,3H),2.36(qq,  J =  7.3and 
0.9Hz, 2H), A3B3XsystemwithSA 1.62 (3H), SB 1.68 (3H), Sx5.23 
(lH), JAB = 1.1 HZ, JAX = 6.7 HZ, JBX = 1.5 HZ; I3C nmr (CDC13, 
TMS, broad band decoupled), 6: 13.37, 13.45, 15,30, 19.55, 29.41, 
121.73, 132.17, 135.81, 136.44; ms, mle (relative intensity): 160, 
158 (9, 23) M+, 123 (18) (M - Cl)?; gc tR (condition B) 15.2 min. 
Anal. calcd. for C9H15C1 (158.7): C 68.12, H 9.53, (2122.34; found: 
C 68.18, H 9.37, C122.24. 

(4Z)-5-Chloro-3,4-dimethyl-2,4-heptadiene (6d): colorless liquid; 
ir (CDCI3): 1635 cm-' ; 'H nmr (300 MHz, CDC13, TMS), S: 1.11 
(t, J = 7.3 Hz, 3H), 1.78 (t, J =.0.6Hz, 3H), 2.38 (qq, J = 7.3 and 
0.6Hz, 2H), A3B3X system with SA 1.64 (3H), SB 1.70 (3H), Sx 5.25 
(lH), JAB = 1.1 HZ, JAX = 6.8 HZ, JBX = 1.5 HZ; 13C nmr (CDCI3, 
TMS, broad band decoupled), 6: 12.51, 13.36, 14.71, 19.15, 28.94, 

121.69, 129.20, 134.94, 137.46; ms, mle (relative intensity): 160, 
158 (9, 18) M+, 123 (16) (M - C1)+; gc t~ (condition B) 16.2 min. 
Anal. calcd. for C9H19C1 (158.7): C 68.12, H 9.53, C122.34; found: 
C 68.01, H 9.32, C122.43. 

Chloroprene (11a) was available as a 50% solution in toluene. It was 
isolated by distillation through a 80-cm packed column at 200 Torr into 
a receiver cooled to -20°C and then stored at -20°C in the presence of 
added hydroquinone. Before each ozonolysis reaction, an adequate 
amount was redistilled through a 20-cm packed column under the 
above conditions; gc tR (condition B) 5.3 min; 99% purity. 

Preparation of 2-chloro-3-methyl-1.3-butadiene (11b) 
A mixture of 30.0 g copper-I chloride, 12.0 g ammonium chloride, 

and 56.0 g (0.84 mol) 2-methyl-1-butene-3-yne (13) in 210 mL of 
concentrated hydrochloric acid was shaken for 4 h at room temperature 
in a 400-mL sealed glass ampoule. The dark product was submitted to 
steam distillation, the aqueous phase of the distillate was neutralized 
with potassium carbonate, extracted with dichloromethane, and the 
extracts combined with the organic phase of the distillate, dried over 
potassium carbonate, and distilled through a 30-cm packed column in 
the presence of hydroquinone. The fraction boiling at 47-49°C 
(158 Tom) was redistilled through a 1-m spinning band column at 
158 Tom to give pure l l b .  It was stored at -20°C in the presence of 
hydroquinone and redistilled at 158 Torr through a 20-cm packed 
column immediately before its use. 

2-Chloro-3-methyl-I,3-butadiene (11b): colorless liquid; 'H nmr 
(CDCI,, TMS), 6: 1.98 (m, 3H), 5.17 (m, lH), 5.43 (s, 2H), 5.59 
(m, 1H). 

General procedure for the ozonolysis reactions 
Solutions of the substrates in n-pentane were ozonized at -78°C. 

The product mixtures were warmed up to room temperature, the 
solvent was removed in a rotary evaporator at 15 Torr and room 
temperature, and the peroxidic liquid residues were separated by flash 
chromatography (pentane:ether 30:1, column 4 X 46 cm, 270 g of 
silica gel for the isolation of 76 and 8b; column 2 X 65 cm, 110 g of 
silica gel for the isolation of the remaining ozonides). 

Ozonolysis of Sa 
A solution of 0.65 g (5 mmol) of 5a  in 10 mL of pentane was treated 

with 3.8 mmol of ozone to give 0.86 g of liquid residue, from which 
0.58 g (82%) of 7a  and 0.01 g (2%) of 9a were isolated. 

3-[( E)-2-Chloro-I -methyl-I -butenyl]-1,2,4-trioxoae (7a): color- 
less liquid; ir(fi1m): 1645 cm-' ; 'H nmr (CDC13, TMS), 6: 1.16 (t, J = 
7.3Hz,3H),1.83(~,3H),2.52(q,J=7.3Hz,2H),5.12(s,lH),5.35 
(s, lH), 5.84 (s, 1H); I3C nmr (300 MHz, CDC13, TMS), 6: 13.36 
(q, J =  128.8Hz), 13.66(q, J =  129.2Hz),28.85(t, J =  127.3Hz), 
95.08 (dd, J = 173.8and 166.4Hz), 100.21 (d, J = 178.6Hz), 123.70 
(s), 143.32 (s); ms, mle (relative intensity): 180, 178 (2, 7) M+, 
150, 148 (6, 19) (M - cH20)+,  134, 132 (34, 100) (M - C H ~ O ~ ) + ;  
gc tR (condition D) 10.5 min. Anal. calcd. for C7HllC103 (178.6): 
C 47.07, H 6.20, C1 19.85; found: C 46.94, H 6.20, C1 19.76. 

(E)-3-Chloro-2-methyl-2-pentenal (9a): colorless liquid; 'H nmr 
(CDC13, TMS), 6: 1.29 (t, J = 7.2 Hz, 3H), 1.91 (s, 3H), 2.92 
(q, J = 7.3 Hz, 2H), 10.03 (s, 1H); ms, m/e (relative intensity): 134, 
132 (34, 100) M+, 119, 117 (3, 13) (M - CH3)+, 97 (31) (M - Cl)'; 
gc tR (condition B) 15.4 min. 

Ozonolysis of a mixture of Sb  and 6b 
A solution of 2.88 g (20 mmol) of 5 b and 66 in a ratio of 9: 1 in 30 mL 

of pentane was treated with 16 mmol of ozone to give 2.72 g of liquid 
residue, from which 930 mg (30%) of 7b, 210 mg (7%) of 8b, 265 mg 
(1 1%) of 9b, and 75 mg (3%) of l ob  have been isolated. 

3-[(E)-2 -Chloro-I-methyl-I-butenyll-3-methyl-] ,2,4-trioxolane (To): 
colorless liquid; ir (film): 1645 cm-'; 'H nmr (300 MHz, CDC13, 
TMS) ABM3X3 system with SA 2.44 (lH), SB 2.73 (lH), SM 1.88 
(3H), Sx 1.15 (3H), JAB = 13.0 HZ, JAM = 0.8 HZ, JAX = JBX = 
7.3Hz,S: 1 . 5 9 ( ~ , 3 H ) , 5 . 0 7 ( ~ ,  lH),5,16(s,  1H);'3~nmr(CDC13, 
TMS), 6: 12.99 (q;J = 129.4Hz), 17.04 (q, J = 126.7Hz), 22.46 
(q, J = 127.6 Hz), 30.4 (t, J = 125.3 HZ), 94.1 (dd, J = 149.1 and 
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167.0 Hz), 109.31 (s), 137.00 (s), 137.55 (s); ms, m/e (relative 
1 intensity): 194, 192(15,41)M+, 148, 146(68,85)(M - CH202)+, 
1 133, 131 (30, 82) (M - C2H502)+, 67 (77) (C5H7)+, 43 (100) 

(CH3CO)+; gc t~ (condition D) 9.2 min. Anal. calcd. for C8HI3C1o3 
(192.6): C 49.88, H 6.80, C118.41; found: C49.92, H6.79, C118.54. 

3-[( Z)-2-Chloro-1 -methyl-1 -butenyl] -3-methyl-] ,2,4-trioxolane (8b): 
colorless liquid; ir (CDC13): 1640 cm-'; 'H nmr (300 MHz, CDC13, 
TMS) A2M3X3 system with 6, 2.42 (2H), sM 1.80 (3H), Sx 1.12 
(3H), JAM = 0.6 HZ, JAX = 7.4 HZ, J M X  = 0 HZ, 8: 1.69 (s, 3H), 5.06 
(s, lH), 5.18 (s, 1H); 13C nmr (300MHz, CDC13, TMS), 6: 12.23 
(q, J =  129.6Hz), 15.34(q, J =  129.6Hz),20.55(q, J =  129.6Hz), 
30.78 (t, J  = 129.6Hz), 93.76(dd, J  = 166.8 and 171.6Hz), 108.94 
(s), 131.35 (s), 132.83 (s); ms, m/e (relative intensity): 194, 192 (10, 
29) M+, 148, 146 (48, 78) (M - C ~ 2 0 2 ) + ,  133, 131 (29, 72) (M - 
CzH502)', 67 (78) (C5H7)+, 43 (100) (CH3CO)+; gc t~ (condition D) 
10.8 min. Anal. calcd. for C8H13C103 (192.6): C 49.88, H 6.80, 
C1 18.41; found: C 50.05, H 6.83, C1 18.31. 

(E)4-Chloro-3-methyl-3-hexene-2-one (9b): colorless liquid; ir 
(film): 1690, 1600 cm-'; 'H nmr (CDC13, TMS), 6: 1.16 (t, J  = 
6.9 Hz, 3H), 2.03 (t, J  = 0.9 Hz, 3H), 2.28 (s, 3H), 2.53 (q, J  = 
6.9 Hz, 2H); 13C nmr (300 MHz, CDCI3, TMS), 6: 12.99 (q, J  = 
128.2Hz), 17.41 (q, J  = 129.2Hz), 29.76(q, J  = 128.2Hz), 30.65 
(t, J  = 128.2 Hz), 132.85 (s), 145.09 (s), 201.27 (s); ms, m/e (relative 
intensity): 148, 146 (19, 61) M+, 133, 131 (18,49) (M - CH3)+, 67 
(51) ( C 5 ~ 7 ) + ,  43 (100) (CH3CO)+; gc tR (condition C) 15.6 min. 
Anal. calcd. for C7H11CI0 (146.6): C57.34,H7.56, C124.18; found: 
C 57.43, H 7.57, C1 24.12. 

(Z)4-Chloro-3-methyl-3-hexene-2-one (lob): colorless liquid; ir 
(film): 1700 cm-'; 'Hnmr(cDC13,~MS), 6: 1.16(t, J  = 7.3 Hz, 3H), 
1.86 (s, 3H), 2.39 (s, 3H), 2.45 (q, J  = 7.3 Hz, 2H); 13c nmr 
(300MHz, CDC13, TMS), 6: 11.84 (q, J  = 127.9Hz), 15.82 (q, J  = 
128.9Hz), 29.19(t, J  = 128.9Hz), 29.87(q, J  = 127.9Hz), 133.34 
(s), 134.22 (s), 204.11 (s); ms, m/e (relative intensity): 148, 146 (33, 
100) M+, 133, 131 (31, 95) (M - CH3)+, 67 (60) (C5H7)', 43 (46) 
(CH~CO)+; gc tR (condition C) 18.5 min. Anal. calcd. for C7HI1ClO 
(146.6): C 57.34, H 7.56; found: C 57.47, H 7.70. 

Ozonolysis of 5 c  
A solution of 0.72 g (5 mmol) of 5c in 10 mL of pentane was treated 

with 4 mmol of ozone to give 0.95 g of liquid residue, from which 
157 mg (20%) of cis-7c, 163 mg (21%) of trans-7c, and 68 mg (13%) 
of 9a have been isolated. 

cis-3-[(E)-2-Chloro-1 -methyl-1 -butenyl]-5-methyl-l,2,4-trioxolane 
(cis-7c): colorless liquid; ir (film): 1650 cm-' ; 'H nmr (CDC13, TMS), 
6: 1.16 (t, J  = 7.3Hz, 3H), 1.47 (d, J  = 5.0Hz, 3H), 1.85 (s, 3H), 
2.52 (q, J  = 7.3Hz, 2H), 5.46 (q, J  = 5.OHz, lH), 5.93 (s, 1H); 
'3Cnmr(300MHz, CDC13, TMS), 6: 13.37 (q, J  = 127.0Hz), 13.71 
(q, J =  132.1Hz), 17.84(q, J =  128.0Hz),28.82(t, J =  127.0Hz), 
100.60 (d, J  = 178.9Hz), 101.99 (d, J  = 172.8Hz), 125.16 (s), 
142.20 (s); ms, mle (relative intensity): 194, 192 (7,22) M+, 150, 148 
(8,21) (M - CH3CHO)+, 134, 132 (23,68) (M - CH~CHO~)+ ,  125 
(100) (M - ClOz)', 67 (65) (C5H7)+; gc t~ (condition D) 12.4min. 
Anal. calcd. forC8H13C103 (192.6): C49.88, H 6.80, C118.41; found: 
C 49.74, H 6.76, C1 18.63. 

trans-3-[(E)-2-Chloro-1 -methyl-1 -butenyl]-5-methyl-1,2,4-trioxo- 
lane (trans-7c): colorless liquid; ir (film): 1640 cm-' ; 'H nmr (CDC13, 
TMS), 6: 1.16 (t, J  = 7.3 Hz, 3H), 1.47 (d, J  = 4.9 Hz, 3H), 1.84 
(s, 3H), 2.48 (9, J  = 7.3 Hz, 2H), 5.39 (q, J  = 4.9 Hz, lH), 5.90 
(s, 1H); 13c nmr (300 MHz, CDC13, TMS), 6: 13.38 (q, J  = 
128.8Hz), 13.79(q, J  = 128.8Hz), 16.07 (q, J  = 128.0Hz), 28.85 
(t, J  = 128.8 Hz), 100.85 (d, J  = 178.6 Hz), 102.57 (d, J  = 
170.5 Hz), 123.82 (s), 143.28 (s); ms, m/e (relative intensity): 194, 
192 (9,27) M+, 150, 148 (8,24) (M - CH3CHO)+, 134, 132 (21,62) 
(M - CH3CH02)+, 125 (100) (M - CIOz)+, 67 (50) (c=,H~)+; g~ tR 
(condition D) 11.3 min. 

from which 264 mg (40%) of 7d and 96 mg (21%) of 96 have been 
isolated. 

3-[( E)-2-Chloro-1 -methyl-1 -butenyl] -3-methyl-l,2,4-trioxolane (7d): 
colorless liquid consisting of two stereoisomers of 7d in a ratio of 
ca. 3:1, as evidenced by the intensities of the CH3(CH) signals that 
appeared in different chemical shift positions; ir (film): 1640 cm-'; 
'H nmr (CDC13, TMS), major isomer, 6: 1.14 (t, J  = 7.3 Hz), 1.42 
(d, J  = 4.9Hz), 1.57 (s), 1.88 (s), 2.55 (q, J  = 7.3Hz), 5.31 (q, J  = 
4.9 Hz); minor isomer, 6: 1.14 (t, J  = 7.3 Hz), 1.38 (d, J  = 4.9 Hz), 
1.55(s),1.88(~),2.55(q,J=7.3Hz),5.31(q,J=4.9Hz);ms,m/e 
(relative intensity): 208, 206 (13, 39) M+, 193, 191 (4, 13) (M - 
CH3)+, 148,146 (16,31) (M - CH3CH02)+, 139 (94) (M - CIOz)+, 
127 (50) (M - CH3CHOCl)+, 11 1 (30) (M - CH3CHOOC1)+, 67 (69) 
(C5H7)+, 43 (100) (CH3CO)+; gc t~ (condition D) 10.3 min. Anal. 
calcd. for C9H15C103 (206.7): C 52.30, H 7.31, C1 17.16; found: 
C 52.31, H 7.24, C1 17.00. 

Ozonolysis of 6d 
A solution of 427 mg (2.7 mmol) of 6d in 10 mL of pentane was 

treated with 100 mg (2.1 mmol) of ozone to give 408 mg of liquid 
residue, from which 48 mg (1 1%) of 8d  and 190 mg (60%) of l ob  have 
been isolated. 

3-[(Z)-2-Chloro-1 -methyl-1 -butenyl]-3-methyl-l,2,4-trioxolane (8d): 
colorless liquid consisting of two stereoisomers of 8d in a ratio of 5:l 
based on the intensities of the CH3(CH) signals that a peared in P. different chemical shift positions; ir (film): 1640 cm- , 'H nmr 
(CDC13, TMS), major isomer, 6: 1.11 (t, J  = 7.4 Hz), 1.42 (d, J  = 
4.9Hz), 1.68(s), 1.80(~) ,2 .38(q ,J=7.4Hz) ,5 .32(q ,J=4.9Hz);  
minor isomer, 6: 1.11 (t, J  = 7.4 Hz), 1.36 (d, J  = 4.9 Hz), 1.65 (s), 
1.80 (s), 2.38 (q, J  = 7.4Hz), 5.32 (q, J  = 4.9Hz). 

Reductions of ozonides 7a-7d and 8d 
A solution of the respective ozonide in CDC13 was admixed with 

40 mg of triphenylphosphine in an nmr tube and the tube was repeatedly 
shaken; ' H nmr and gc analyses showed the formation of 9a  from 7a  
and 7c, of 96  from 76  and 7d, and of l o b  from 86 and 8d. 

Ozonolysis of 11 a3 
A solution of 2.445 g (27.6 mmol) of l l a  in 33 mL of n-pentane was 

treated with 21.4 mmol of ozone at -78OC. Then 1 mL of methanol, 1 g 
of sodium bicarbonate, and 1 g of sodium sulfate were added, the 
mixture was kept stirring at - 10°C until it became neutral, then was 
filtered and the solids washed with dichloromethane. The filtrate was 
distilled at room temperature and 0.2 Tom into a series of three traps 
kept at O°C, -25"C, and -78°C. The fraction collected at -78OC 
(20 mL) contained pentane and dichloromethane, along with trace 
amounts of 13a. The fraction collected at -25°C (0.2 g) contained 12a 
and 13a in a ratio of 93:7. The fraction collected at O°C consisted of 
1.40 g (51%) of ozonide 12a, according to 'H nmr analysis. For 
analytical purposes a sample of it was further purified by preparative 
thick layer chromatography (20 X 20 cm silica gel plate, trichloro- 
methane:hexane 1: 1) and subsequently distilled at room temperature 
and 0.1 Tom. 

3-(1 -Chloroethenyl)-l,2,4-trioxolane (12a): colorless, shock sensi- 
tive liquid; ir (film): 1638 (C=C) cm-'; 'H nmr (300 MHz, CDC13, 
TMS), 6: 5.19 (s, lH), 5.32 (s, lH), 5.62 (mi lH), 5.63 (d, J  = 
1.9 Hz, lH), 5.79 (dd, J  = 1.9 and 0.7 Hz, 1H); 13c nmr (CDC13, 
TMS), 6: 94.64 (td, J  = 171 and ca. 2 Hz), 100.45 (dm, J  = 176 HZ), 
118.49(dd, J =  164and163~z), 134.58(rn);ms,m/e(relativeintensity): 
138, 136 (7, 22) M+, 106, 104 (24, 47) (M - 02)', 75 (44) (M - 
C2H2Cl)+, 63, 61 (44, 100) (C2H2C1)+. Anal. calcd. for C4H5C103 
(136.5): C 35.19, H 3.69, C125.97; found: C 35.27, H 3.62, C125.88. 

2-Chloropropenal (13a) has been identified by gc and 'H nmr 
analysis with the help of an authentic sample, which was obtained by 

3Caution! Application of more than one equivalent of ozone in 
Dentane should be avoided. since treatment of chloro~rene ( l l a )  with . , 

Ozonolysis of 5d  excess ozone in pentane at -78OC and subsequent warm-up of the 
A solution of 627 mg (4 mmol) of 5d  in 10 mL of pentane was treated mixture led to a violent explosion soon after the product had reached 

with 152 mg (3.2 mmol) of ozone to give 713 mg of liquid residue, room temperature. 
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the following procedure: A mixture of 84.0 g (1.5 mol) of propenal and 
200mL of water was saturated with chlorine at ca. O°C, a trace of 
tert-butyl-l,2-dihydroxybenzene was added, and the product was 
submitted to steam distillation. The organic phase of the distillate was 
dried over sodium sulfate, filtered, and distilled through a 20-cm 
packed column; bp 46°C (40 Torr); 'H nmr (CDC13, TMS) AB-system 
with SA 6.44 (lH), SB 6.60 (lH), JAB = 2.0 HZ, 6: 9.47 (s, 1H); 
ms, m/e (relativeintensity): 92,90 (36, 100) MC, 63,61(12,33) (M - 
CHO)+ ; gc tR (condition B) 14.1 min. 

Treatment of 12 a with D M S  
To a mixture of 307.0 mg (4.9 mmol) of dimethyl sulfide and 1.5 mL 

of CDC13asolutionof 219.0 mg(1.6 mmol) of 12ain 1.5 mLof CDC13 
was added dropwise and kept stirring for 2 h at O°C. Then 0.11 mL of 
methanol was added and stirring was continued for 21 h at room 
temperature; 'H nmr analysis showed the presence of 13a and of 14 (6 
6.03, d and 6.56, d, J = 1.5 Hz) in a ratio of 83:17, along with DMS 
(6 2.12), DMSO (6 2.62), and methoxymethanol(6 3.44 and 4.74, s, 
each) (1). 

Ozonolysis of ZZb 
A solution of 1.991 g (19.4 mmol) of 116 in 30 mL of pentane was 

treated with 15 mmol of ozone at -78OC and worked up as described in 
the ozonolysis of lla. The filtrate was concentrated by evaporation of 
solvent in a rotary evaporator at room temperature and reduced 
pressure. From the liquid concentrate (5 mL), 7 10 mg (3 1 %) of 126 and 
100 mg (6%) of 136 were isolated by flash chromatography (column 
2.2 X 160 cm, 250 g silica gel, dichloromethane). Ozonide 126 was 
subsequently distilled at room temperature and Tom. 
3-(I -Chloroethyl)-3-methyl-1,2,4-trioxole (Z2b): colorless, shock 

sensitive liquid; ir (CDC13): 1632 (C=C) cm-; 'H nmr (CDC13, 
TMS), 6: 1.71 (s, 3H), 5.11 (s, lH), 5.34(s, lH),AB systemwithSA 
5.45 (lH), SB 5.75 (lH), JAB = 1.5 HZ; I3C nmr (CDC13, TMS), 6: 
20.14 (q, J = 130 Hz), 94.79 (dd, J = 174 and 167 Hz), 106.66 (s), 
115.00 (t, J = 164 Hz), 139.37 (s); ms, m/e (relative intensity): 152, 
150 (0.3,0.8)M+, 89 (16) (M - C2H2Cl)+, 63,61(8,23) (C2H2Cl)+, 
43 (100) (CH3CO)+. Anal. calcd. for CsH7C103 (150.6): C 39.89, 
H 4.68, C123.54; found: C 39.88, H 4.52, C1. 23.35. 
2-Chloro-I-butene-3-one (Z3b) has been identified by gc, ms, and 

'H nmr analysis with the help of an authentic sample that was obtained 
by the following procedure: A solution of 70.0 g (1.0 mol) of 
1-butene-3-one in 150mL of dichloromethane was saturated with 
chlorine at ca. O°C, neutralized with sodium bicarbonate, dried over 
magnesium sulfate, filtered, and concentrated in a rotary evaporator 
at room temperature and 25 Tom. The liquid residue (153.0 g) was 
added dropwise to a stirred mixture of 130 mL (1.1 mol) of quinoline 
and a trace amount of tert-butyl-1,2-dihydroxybenzene at 115OC and 
160 Torr, after which the resulting 136 was distilled off through a 
15-cm packed column. The distillate (35 g) was immediately redistilled 
through a 20-cm packed column in the presence of trace amounts of 
tert-butyl-l,2-dihydroxybenzene to give 10.5 g (10%) of 136 as a 
colorless liquid; 'H nmr (CDC13, TMS), 6: 2.46 (s, 3H), AB system 
with SA 6.08 (lH), SB 6.39 (lH), JAB = 2.0 HZ; ms, m/e (relative 
intensity): 106, 104 (26,76) M+, 63,61 (13,39) (M - CH3CO)+, 43 
(100) (CH3CO)' ; gc t~ (condition B) 14.4 min. The material under- 
goes polymerization. 

Reduction of I 2  b with D M S  
To a mixture of 44.6 mg (0.72 mmoi) of DMS in 0.4 mL of CDC13 

was added a solution of 40.6 mg (0.27 mmol) of 126 in 0.4 mL of 
CDC13 at room temperature; 'H nmr analysis after 24 h showed the 
yresence of 13 6 and of DMSO (6 2.63, s) in a ratio of 1: 1. 

Ozonolysis of 7b in CH30H/CDC13 
A solution of 101 mg (0.522 mmol) of 76 and 67 mg (2.1 mmol) of 

methanol in 2 mL of CDC13 was treated with ozone at -60°C until it 
turned blue, was then flushed'with nitrogen, warmed up to room 
temperature, and admixed with 70 mg (0.417 mmol) of 1,1,2,2- 
tetrachloroethane as a standard; 'H nmr analysis (CDCl,, TMS) 
showedthepresenceof 18 (6 1.15, t,.J = 7.2Hz, CH3(CH2); 2.33, q, 

CH2) and of 19 (6 2.06, s, CH3CO) in a molar ratio of 1:2, as well as 
methyl formate (6 3.77, d, J = 0.8 Hz, CH30; 8.05, m, CH) and 
dimethoxymethane (6 4.59, s, CHI); gc analysis (condition B) with the 
help of authentic samples confirmed the presence of 18 (tR = 6.6 min) 
and 19 (tR = 5.1 min). 

Ozonolysis of Z2b in CH30D 
A solution of 190 mg (1.3 mmol) of 126 in 1.8 mL of CH30D was 

ozonized at -78'C until it turned blue, was flushed with nitrogen, 
admixed with 500 mg each of sodium bicarbonate and sodium sulfate, 
warmed up to O°C, and diluted with 15 mL of dichloromethane. The 
salts were filtered off and the filtrate was concentrated at room 
temperature and 12 Tom; 'H nmr analysis (CDC13, TMS) of the liquid 
residue (2 mL) showed the presence of 21 and 22 (6 4.98, s, CHI) (14) 
in a ratio of 1:0.9. By flash chromatography (column 2 X 30 cm, 50 g 
silica gel, dichloromethane), 60 mg (31%) of 21 was isolated. 

Preparation of 21 by ozonolysis of 23a 
A solution of 1.034 g (10.3 mmol) of 23a in 14 mL of pentane was 

ozonied at -78OC until it turned blue, was then flushed with nitrogen, 
warmed up to room temperature, and kept until the original precipitate 
had dissolved. The mixture was concentrated in a rotary evaporator at 
room temperature and 20 Torr. From the liquid residue 1.05 g (72%) of 
21 was isolated by flash chromatography and subsequently distilled at 
room temperature and at a pressure below lop4 Torr. 
3-Carbomethoxy-3-methyl-1,2,4-trioxolane (21): colorless, shock 

sensitive liquid; ir (CC14): 1768 (C=O) cm- ' ; ' H nmr (CDC13, TMS), 
6: 1.71 (s, 3H), 3.82 (s, 3H), 5.09 (s, lH), 5.40 (s, 1H); 13C nmr 
(CDC13, TMS), 6: 18.50 (q; J = 131 Hz), 53.04 (q, J = 148 Hz), 
95.16 (d, d, J = 175 and 167 Hz), 103.95 (s), 168.83 (s); ms, m/e 
(relativeintensity): 149 (100) (M + 1)+ by chemical ionization; 89 (31) 
(M - C02CH3)+, 59 (24) (C02CH3)+, 43 (100) (CH,CO)+ by 
electron impact ionization. Anal. calcd. for CsHsOs (148.1): C 40.54, 
H 5.44; found: C 40.45, H 5.48. 

Reduction of 21 with D M S  
A solution of 40.0 mg (0.64 mmol) of DMS in0.4 mL of CDC13 was 

admixedwith27.5 mg (0.18mmol)of 21 in0.4mLof CDC13; ' ~ n m r  
analysis with the help of authentic samples showed the presence of 236 
(6 2.49, s and 3.88, s) and of DMSO (6 2.62, s) in a ratio of 1:l.  

Epoxidation of 7b 
A solution of 1.38 g (7.2 mmol) of 76 and 1.49 g (8.6 mmol) of 

m-chloroperbenzoic acid in 30 mL in dichloromethane was refluxed for 
32 h and decanted from a colorless precipitate, which appeared during 
cooling to room temperature. The precipitate was washed with 
pentane, the decanted pentane was admixed with the main solution, and 
the mixture was concentrated in a rotary evaporator at room tempera- 
ture and 15 Torr. The liquid residue (1.78 g) was separated by flash 
chromatography (column 4 x 46 cm, 280 g of silica gel, pentane:ether 
20:l) to give 190 mg (13%) of 24A, 60 mg (4%) of 24B, and 60 mg 
(4%) of 25. 

3-MethylJ-(cis-3-chloro-3-ethyl-2-methyl-2-oxiranyl)-1,2,4-trioxo- 
lanes (24) 

Isomer 24A: colorless liquid; ir (film): no absorption in the regions 
of the C=C and C=O stretching bands; ' ~ n r n r  (CDC13, TMS), 6: 
1.22 (t, J = 7.2 Hz, 3H), 1.57 (s, 3H), 1.64 (s, 3H), 2.26 (m, 2H), 
5.04 (s, lH), 5.16 (br s, 1H). 
Isomer24B: colorless liquid; ir (film): no absorption in the regions of 

the C=C and C=O stretching bands; 'H nmr (CDC13, TMS), 6: 1.22 
(t, J = 6.9 Hz, 3H), 1.54 (s, 3H), 1.68 (s, 3H), 2.20 (m, 2H), 4.99 
(s, lH), 5.21 (s, 1H). 
3-Methyl-3-(2-chloro-3-oxo-2-pen~l)-I ,2,4-trioxolane (25): color- 

less liquid; ir (film): 1770 (C=O) cm-'; 'H nmr (CDC13, TMS), 6: 
1.07 (t, J = 7.2 Hz, 3H), 1.57 (s, 3H), 1.76 (s, 3H), 2.84 (m, 2H), 
5.18 (m, 2H). 

Reduction of 24A and of 24B with triphenylphosphine 
Solutions of 244 and of,24B in CDC13 were admixed with 40 mg 

of triphenylphosphine, each in nmr tubes at room temperature. The 
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'H nmr analyses after 5 min showed in each case the presence of 26. In 
addition, a precipitate appeared, probably polymeric formaldehyde. 

trans-2-Acetyl-3-chloro-3-ethyl-2-methyloxirane (26) has been identified 
by comparison of 'H nmr data with those of authentic 26, which was 

I obtained by the following procedure: A solution of 1.52 g (10.4 mrnol) 
of 9b and 2.02 g (1 1.7 mmol) of m-chloroperbenzoic acid in 20 mL of 
dichloromethane was refluxed for 48 h, decanted from a colorless 
precipitate, and concentrated at room temperature and 15 TOIT. The 
residual liquid (2.1 g) was separated by flash chromatography (same 
conditions as for 24 above) to give 65 mg (4%) of 26 as a colorless 
liquid; 'H nmr (CDC13, TMS), 6: 1.13 (t, J = 7.0 Hz, 3H), 1.68 
(s, 3H), 1.83 (center of m, overlapping with the singlet at 1.68), 2.22 
(s, 3H). 

Reduction of25 was by the same procedure as that of 24. The 'H nmr 
analysis (CDC13, TMS) showed the presence of 27; 6: 1.1 1 (t, J = 
7.4 Hz, 3H), 1.75 (s, 3H), 2.32 (s, 3H), 2.72 (q, J = 7.4 Hz, 2H). 

Reaction of 24A with AgBF4 
To a solution of 630 mg (3.2 mmol) of AgBF4 in 10 mL of ether, 

560 mg (2.7 rnmol) of 24A in 5 mL of ether was added dropwise with 
stirring at - 10°C. The mixture was kept stirring at - 10°C for 30 min 
and then separated by flash chromatography (column 5 x 40 cm, 3 18 g 
of silica gel, pentane:ether 10: 1) to give 110 mg (24%) of 30, 105 mg 
(20%) of 31A, and 30 mg (6%) of 31B. 

3-Methyl-3-(oxo-I-pentene-2-yl)-l,2.4-trioxolane (30): colorless liquid; 
ir (film): 1685 (C=O), 1620 (C=C) cm-'; 'H nmr (CDC13, TMS), 6: 
I . l l ( t ,  J=7.1Hz,3H) ,  1.75(~,3H),2.67(q,J=7.lHz,2H),5.09 
(s, lH), 5.18(s, lH), 6.07(s, lH), 6.22(s, 1H); 13Cnmr(300MHz, 
CDC13, TMS), 6: 8.16 (q, J = 132.7 Hz), 22.48 (q, J = 132.7 Hz), 
32.88 (t, J = 123.4Hz), 94.31 (dd), 107.58 (s), 124.88 (dd), 147.58 
(s), 201.13 (s). 

3-Methyl-3-(2-Jluoro-3-0~0-2-pentyl)-I , 2 - t r i o x o a n e  (31) 
Isomer 31A: colorless liquid; 'H nmr (CDC13, TMS), 6: 1.05 

(t,7.1Hz,3H), 1.49(d, Jm= 1.8H~,3H) ,  1.54(d, Jm=22.5Hz, 
3H), 2.71 (m, 2H), 5.13 (s, IH), 5.18 (s, 1H). 

Isomer 31B: colorless liquid; 'H nmr (CDC13, TMS), 6: 1.05 (t, J = 
7.2 Hz, 3H), 1.49 (d, Jm = 22.0 Hz, 3H), 1.53 (d, Jm = 2.4 Hz, 3H), 
2.71 (m, 2H), 4.93 (d, Jm = 1.1 HZ, lH), 5.07 (s, 1H). 
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HIROM~CH~ TANAKA, KAZUHIRO HARAGUCHI, YACHIYO KOIZUMI, MARIKO FUKUI, and TADASHI MIYASAKA. Can. J. Chem. 
64, 1560 (1986). 

6-Akynylated uridines, a hitherto unknown class of compounds, were synthesized by a coupling reaction of terminal alkynes 
with 6-iodo-2',3'-0-isopropylidene-5'-O-metho~ymethyl~ridine in the presence of bis(triphenylphosphine)palladium(II) 
chloride and copper(1) iodide. 6-Ethynyl-2'-deoxyuridine was also prepared by using 6-iodo-3',5'-0-(tetraisopropyldisiloxan- 
1,3-diyl)-2'-deoxyuridine as a starting material. 

H~ROMICHI TANAKA, KAZUHIRO HARAGUCHI, YACHIYO KOIZUMI, MARIKO FUKUI et TADASHI MIYASAKA. Can. J. Chem. 
64, 1560 (1986). 

Faisant appel a une rtaction de couplage des alcynes terminaux avec I'iodo-6 0-isopropylidkne-2',3' 0-mCthoxymtthyl-5' 
uridine, en prtsence de chlomre de bis(triph6nylphosphine) palladium(I1) et d'iodure de cuivre(I), on a synthttist des uridines 
portant des groupements alcynes en position 6,  une classe de composts qui Ctaient jusqu'a maintenant inconnue. On a aussi 
prtpar6 de I'tthynyl-6 dtoxy-2' uridine en utilisant I'iodo-6 (tCtraisopropyldisiloxane-1,3 diyl)-3',5' dCoxy-2' uridine cornme 
produit de dtpart. 

[Traduit par la revue] 

Because of their significant biological activities, 5-alkynyl- 
ated pyrimidine nucleosides in general and 5-alkynylated uracil 
nucleosides in particular have attracted considerable attention in 

I the field of nucleoside chemistry. 
I The earlier method for the preparation of these compounds is 

based on the classical condensation method wherein protected 
sugar derivatives and appropriate bases were used (1-3). Later, 
on the basis of a modified procedure for the coupling reaction of 
terminal alkynes with aryl halides reported by Sonogashira et 
al. (4), Robins and co-workers described an elegant application 
of this method for the preparation of 5-alkynyluracil nucleosides 
(5-7). 

While an alternative method for the coupling reaction is also 
available (8), Robins' approach, palladium-copper catalyzed 
coupling of terminal alkynes with 5-iodouracil nucleosides, 
seems to be most widely applicable to the modification of 
nucleosides, as has been shown in the synthesis of 6-, 8-, and 
2-alkynylated purine nucleosides (9, 10). 

On the other hand, although 6-ethynyluracil has been 
prepared and found to suppress the proliferation of leukemia 
L1210, B-16 melanoma, and Lewis lung carcinoma cells (1 I), 
pyrimidine nucleosides having an alkynyl group in the C-6 
position have not yet appeared in the literature. This might be 
related to the fact that the classical condensation method with 
6-substituted pyrimidines has almost always resulted in the 
predominant formation of N~-glycosylated products (12-15). 

We have recently published a series of papers on the lithiation 
of nucleosides, which furnished general access to the modifica- 
tion of their base moieties (16-20). 6-Substituted uridines, 
which have thus far been difficult to synthesize, are now 
easily accessible by our method (16), the lithiation of 2',3'- 
0-isopropylidene-5'-0-methoxymethyluridine (1) with LDA 
(lithium diisopropylamide) and subsequent reactions of the 
lithiated species with electrophiles. An apparent candidate 
for synthesizing 6-alkynyluridines might be a 6-iodouridine 
derivative that can be prepared by using iodine as an electrophile 
in the above reaction (2 1, 22). 

Thus 6-iodo-2' ,3 ' - 0-isopropylidene-5' - O-methoxymethyl- 

'Author to whom correspondence may be addressed. 

uridine (2), prepared in 76% yield from 1 according to the 
published procedure (22), was deprotected by treatment with 
50% aqueous trifluoroacetic acid (TFA) to produce 3 as crystals 
(mp 130- 132°C) in quantitative yield. However, the use of 3 as 
a starting material resulted in the formation of an intractable 
mixture of products under Robins' conditions with DMF as a 
cosolvent. Accordingly, we then examined the coupling reac- 
tion of 2 with terminal alkynes. 

Treatment of 2 with phenylacetylene in triethylarnine at 60°C 
for 2 h under positive pressure of dry argon in the presence 
of bis(triphenylphosphine)palladium(II) chloride and copper(1) 
iodide gave a 71% yield of the 6-[2-(pheny1)ethynylluridine 
derivative (4) after column chromatography on silica gel. The 
presence of an alkynyl group in 4 was clear from the ir spectrum 
(v 2180cm-I); 'Hmr (CDC13: 6 6.02, H-1'; 6 6.40, H-5; 6 
7.26-7.56, phenyl) and ms (M+ mlz:  428) spectra were in good 
agreement with its structure. Other terminal alkynes also work 
equally well, as shown in Table 1. It should be mentioned that 
protection of the hydroxyl group in propargyl alcohol was not 
necessary to effect smooth coupling with 2. The 6-ethynyl- 
uridine derivative (8) was obtained from its trimethylsilyl 
precursor (7) upon treatment with methanolic ammonia. Since 
the use of silica gel decreased the isolated yield of 8 to a 
considerable extent, magnesium silicate was used as an adsor- 
bent in its column chromatography. 

A similar coupling reaction of the 5-bromo-6-iodouridine 
derivative 10, accessible from 9 by LDA lithiation followed by 
iodination, with phenylacetylene was also carried out. It was 
found, however, that most of 10 was deiodinated during the 
reaction, leading to the isolation of 9 in 50% yield. 

Concurrent deprotection of 2',3'-0-isopropylidene and the 
5'-0-methoxymethyl groups in the above products (4-6 and 8) 
was accomplished with 50% TFA at room temperature to 
furnish the corresponding 6-alkynyluridines (11-14) in good 
yields. The results are summarized in Table 2. 

Finally, the C-6 ethynylation of 2'-deoxyuridine was exa- 
mined by using 6-iodo-3',5'-0-(tetrai~o~ropyldisiloxan-1,3- 
diy1)-2'-deoxyuridine (15) as a starting material (18). 

Compound 15 was subjected to reaction with trimethylsilyl- 
acetylene under Robins' conditions for 1 h. As the resulting 
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( 1 )  LDA - 50% TFA 

I HC=C-R 
Pd cat. 

50% TFA 

TABLE 1. Yields and 'Hmr data of 4-8 

Proton magnetic resonance chemical shifts (6: ppm) in CDC13 

Product R Yield(%) H-1' H-2' H-3' H-4' CH2-5' H-5 CH20CH3 Isopr.Me Others 

4 Ph 71 6.02 5.21 4.82 4.33 3.75 6.41 4.66 1.57 7.26-7.56 phenyl 
I 3.36 1.37 

5 (CHhMe 74 6.33 5.19 4.87 4.25 3.76 5.86 4.66 1.56 0.96, 1.26-1.70, and 
3.35 1.35 2.51 hexynyl 

6 CH20H 73 6.25 5.19 4.86 4.23 3.76 5.96 4.66 1.57 2.68and4.54CH20H 
3.37 1.36 

7 %Me3 68 6.33 5.17 4.82 4.29 3.74 5.90 4.63 1.52 0.26 SiMe3 
3.33 1.33 

8 H 70* 6.29 5.19 4.86 4.28 3.76 6.01 4.66 1.56 3.78C=CH 
3.36 1.36 

*Yield from 7. 

product (16) could not be obtained in pure form even after Biological evaluation of the compounds involved in this 
column chromatography on magnesium silicate, the mixture study is presently under investigation. 
containing 16 was treated with tetrabutylammonium fluoride 
(TBAF) in THF for 1 h. This and successive column chromato- 
graphy of the reaction mixture gave 6-ethynyl-2'-deoxyuridine Experimental 
(17, mp 202-204°C) in 32% yield from 15. Melting points were determined with a Yanagimoto micro melting 

I point apparatus and are uncorrected. The 'Hmr spectra were measured , HNJfr 
with an appropriate internal standard of tetramethylsilane (TMS) or 
sodium-2,2-dimethyl-2-silapentane 5-sulfonate (DSS), with a JEOL 
JNM-FX 100 spectrometer. The abbreviations used are as follows: 

?$ s, singlet; d, doublet; dd, double doublet; t, triplet; q, quartet; m, 
multiplet; br, broad. Mass spectra were taken on a JEOL JMS-D 300 
spectrometer. The uv and ir spectra were recorded on Shimadzu 
UV-240 and JASCO A-102 spectrophotometers, respectively. Unless 

0 0 
otherwise noted, column chromatography was carried out on silica gel 

x (Wakogel CC-200). Thin-layer chromatography (tlc) was performed 
on silica gel (precoated silica gel plate 60 , Merck). Compounds 4, 

9 X = H  5, 7, and 8, being noncrystalline, were not analyzed; however their 
10 X = I  crystalline deprotected products 11, 12, and 14 were analyzed. 
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TABLE 2. Yields and 'Hmr data of 11-14 

Proton magnetic resonance chemical shifts (6: ppm) in DMSO-d6 

Product R Yield(%) H-1' H-2' H-3' H-4' CH2-5' H-5 Others 

11 Ph 84 5.99 4.52 - 4.59 4.07 3.55 6.08 7.49-7.63 phenyl 
12 (CH2)3Me 74 5.91 4.54 4.05 3.66 3.53 5.82 0.91,1.50,and2.50hexynyl 
13* CH20H 83 6.14 4.82 4.38 3.97 3.83 6.13 4.53C-C-CH2 
14 H 62 5.87 4.58 3.69 3.56 3.27 6.00 5.28C=CH 

*The 'Hmr spectrum was measured in D,O. 

HC=C-TMS 
t 

Pd cat. 

HO 

6-Iodo-2 ',3' -0-isopropylidene-5'-0 -methoxymethyluridine (2) 
For the preparation and physical data of this compound see ref. 22. 

I 

I 6-Iodouridine (3) 
A solution of 2 (500 mg) in 50% TFA (7 mL) was stirred for 6 h at 

room temperature. The mixture was evaporated to dryness and the 
whole residue was chromatographed on a silica gel column. Elution 
with 6% EtOH in CHC13 gave 3 (407 mg, 100%). Crystallization 
from EtOH furnished an analytically pure sample (327 mg, 80%, 
mp 130-132°C); A,,(H20): 269 nm (E 9300), A,,(H20): 237 nm 
(E 4200); l ~ m r  (DMSO-d6, after adding D20), 6: 3.32 (2H, m, 
CH2-5'), 3.78 (lH, m, H-4'), 4.08 (lH, t, H-3'), 4.54 (lH, dd, 
H-2'), 5.74 (lH, d, J = 3.4 Hz, H-1'), 6.35 (lH, s, H-5); ms mlz: 238 
(B + 1). Anal. calcd. for C9H110821: C 29.37, H 3.12, N 7.85; 
found: C 29.20, H 3.00, N 7.57. 

2',3'-0 -1sopropylidene-5'-0 -mthoxymthyld-[2-(phenyl)ethynyl]uri- 
dine (4) 

Phenylacetylene (0.3 mL, 3.16 mmol) was added to a mixture of 2 
(604 mg, 1.33 mmol), Pd(Ph3P)2C12 (93 mg, 0.13 mmol), and CuI 
(25 mg, 0.13 mmol) in Et3N (10 mL). The mixture was stirred at 60°C 
for 2 h under positive pressure of dry argon. The solvent was 
evaporated and the resulting residue was chromatographed on a silica 
gel column. Elution with 0.5% EtOH in CHC13 gave 4 (403 mg, 71%) 
as foam; ir (KBr) v: 2180 cm-' ; A,,(MeOH): 305 nm, A,,,(MeOH): 
239nm; ms m/z: 428 (M+), 413 (M - Me), 212 (B + 1). 

6-Hexynyl-2',3'-0 -isopropylidene-5'-0 -methoxymethyluridine (5) 
This compound was prepared from 2 (574 mg) and hexyne (207 mg) 

by the procedure for the preparation of 4. Silica gel column chromatog- 
raphy (0.5% EtOH in CHC13) gave 395 mg (74%) of 5 as syrup; 
ir (KBr) v: 2230 cm-' ; A,,(MeOH): 284 nm, A,,(MeOH): 246 nm; 
ms m/z: 408 (M+), 393 (M - Me). 

6-(3-Hydroxypropynyl)-2',3'-0-isopropylidene-5'-0 -methoxymethyl- 
uridine (6) 

This compound was prepared from 2 (299 mg) and propargyl alcohol 
(74 mg) by the procedure for the preparation of 4. Silica gel column 
chromatography (2% EtOH in CHC13) gave 182 mg (73%) of 6 as 
amorphous powder. Crystallization from EtOH furnished an analyti- 
cally pure sample (71 mg, 28%, mp 146-148°C); ir (KBr) v: 
2220 cm-'; A,,(MeOH): 287 nm (E 10 800), A,,(MeOH): 251 nm 

(E 3000); ms mlz: 382 (M+), 367 (M - Me). Anal. calcd. for 
C17Hz2N20s: C 53.88, H 7.05, N 5.98; found: C 53.50, H 7.32, 
N 5.80. 

2 ',3'-0-Isopropylidene-5'-0-methoxymethyl-6-[2 -(trirnethyLsiLy 1)ethy- 
nylluridine (7) 

This compound was prepared from 2 (1.24 g) and trimethylsilyl- 
acetylene (538 mg) by the procedure for the preparation of 4. Silica gel 
column chromatography (1% EtOH in CHC13) gave 843 mg of 7 as a 
syrup; ir (CHC13) v: 2100 cm-' ; A,,(MeOH): 284 nm, Amin(MeOH): 
240 nm; ms mlz: 424 (M+), 209 (B + 1). 

6-Ethynyl-2',3'-0-isopropylidene-5'-O-methomethyLuridine (8)  
A solution of 7 (166 mg) in NH3/MeOH (10 mL) was kept standing 

at room temperature for 2 h. The mixture was evaporated to dryness and 
the resulting residue was chromatographed on a column of magnesium 
silicate (Florisil@). Elution with 10% EtOAc in benzene gave 104 mg 
(70%) of 8 as a foam; ir (CHC13) v: 2100 cm-' ; A,,(MeOH): 284 nm, 
Amin(MeOH): 244nm; ms m/z: 352 (M+), 337 (M - Me). 

5-Bromo-2',3'-O-isopropylidene-5'-O-methoxymethyluridine (9) 
5-Bromo-2',3'-0-isopropylideneuridine (4.1 g) was added to a 

mixture of dry acetone (50 mL), dry dimethoxymethane (100 mL), and 
methanesulfonic acid (1.5 mL). The resulting solution was stirred at 
room temperature for 5 h. The reaction was quenched by adding 
aqueous NaHC03 and the organic solvents were removed by evapora- 
tion. Extraction with CHC13 followed by chromatographic purification 
on silica gel (1% EtOH in CHC13) gave 4.38 g (95%) of 9 as syrup. 
Crystallization from ether furnished an analytically pure sample 
(4.15 g, 90%, mp 134-135°C); A,,(MeOH): 276 nm (E 94001, 
Afin(MeOH): 240 nm (E 1700); ' ~ m r  (CDC13) 6: 1.37 (3H, s, isopr. 
Me), 1.60 (3H, s, isopr. Me), 3.41 (3H, s, CH20CH3), 3.80 (2H, m, 
CH2-5'), 4.45 (lH, m, H-4'), 4.72 (2H, s, CH20CH3), 4.77-4.89 
(2H, m, H-2' and H-3'), 5.99 (lH, d, J = 2.0 Hz, H-l'), 8.06 
(lH, s, H-6), 8.64 (lH, br, NH); ms m/z: 407 and 405 (M+), 392 and 
390 (M - Me). Anal. calcd. for C14H19N207Br: C 41.34, H 4.75, 
N 7.16; found: C 41.29, H 4.70, N 6.88. 

5-Bromo-6-iodo-2 ',3'-0 -isopropylidene-5 '-0- methoxymethyluridine 
(10) 

LDA (2.5 mmol) in THF (20 mL) was placed in a three-necked flask 
equipped with a nitrogen-inlet adapter, thermometer, and rubber 
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septum. To this, a solution of 9 (407 mg, 1.0 mmol) in THF (10 mL) 
was added, under positive pressure of dry argon, at a rate such that the ' 
temperature did not exceed -70°C. After the mixture was stirred for 
1 h, iodine (569 mg, 2.2 mmol as 12) in THF (15 mL) was added while 
maintaining the temperature below -70°C. The mixture was stirred for 
1.5 h below -70°C, quenched with AcOH (0.14 mL), and allowed to 
warm to room temperature. The whole was evaporated to dryness and 
the residue was chromatographed on a silica gel column (0.5% EtOH in 
CHC13). This afforded 462 mg (87%) of 10. Crystallization from 
acetone-hexane gave an analytically pure sample (329mg, 62%, 
mp 198-199°C); A,,(MeOH): 278 nm (e 8200), A,,,(MeOH): 
242 nm (E 3400); 'Hrnr (CDCI3) 6: 1.36 (3H, s ,  isopr. Me), 1.58 (3H, 
s, isopr. Me), 3.37 (3H, s, CH20CH3), 3.74 (2H, m, CH2-5'), 4.30 
(lH, m, H-4'), 4.66 (2H, s, CH20CH3), 4.85 ( lH,  dd, H-3'), 5.18 
(lH, dd, H-2'), 6.35 ( lH,  d, J = 1.5 Hz, H-1'), 9.02 ( lH,  br, NH); 
msm/z:519and517(M - Me), 318and316(B + 1). Anal.calcd.for 
Cl4HI8N2O7BrI: C 31.54, H 3.40, N 5.25; found: C 31.83, H 3.49, 
N 5.23. 

6-(2 -Phenyl)ethynyluridine (11) 
A solution of 4 (143 mg) in 50% THA (2 mL) was stirred at room 

temperature overnight. The mixture was evaporated to dryness and the 
whole residue was chromatographed on a silica gel column. Elution 
with 4% EtOH in CHC13 ga1e 11 (100 mg, 84%) as amorphous 
powder; ir (KBr) v: 2180 cm '; A,,(MeOH): 308 nm (E 19 loo), 
A,,,(MeOH): 242 nm (E 9400); ms m/z: 212 (B + 1). Anal. calcd. for 
Cl7HI6N2o6: C 59.30, H 4.68, N 8.13; found: C 59.17, H 4.68, 
N 8.00. 

6-Hexynyluridine (12) 
This compound was prepared from 5 (363 mg) by the procedure for 

the preparation of 11. Silica gel column chromatography (5% EtOH in 
CHC13) gave 212 mg (74%) of 12 as foam; ir (CHC13) v: 2220cm-'; 
A,,(H20): 287 nm (e 12 000), Amin(H20): 251 nm (E 2000); ms m/z: 
206 (B + 1). Anal. calcd. for CI5H2,)N2o6: C 55.55, H 6.22, N 8.64; 
found: C 55.27, H 6.46, N 8.39. 

6-(3-Hydroxypropyny1)uridine (13) 
This compound was prepared from 6 (1 17 mg) by the procedure for 

the preparation of 11. Silica gel column chromatography (5-10% 
EtOH in CHC13) gave 64 mg (83%) of 13. Crystallization from EtOAc 
furnished an analytically pure sample (21 mg, 27%, mp 174-176°C); 
ir (CHC13) v: 2220 cm-' ; A,,(H20): 287 nm (E 11 OW), Amin(H20): 
250nm (E 2100); ms m/z: 166 (B + 1). Anal. calcd. for CI2Hl4N2O7: 
C48.32,H4.73,N9.39;found: C48.14, H4.73, N9.28. 

6-Ethynyluridine (14) 
This compound was prepared from 8 (241 mg) by the procedure for 

the preparation of 11. Column chromatography of Florisil gave 114 mg 
(62%) of 14. Crystallization from MeOH furnished an analytically pure 
sample (59 mg, 32%, mp 217-219°C); ir (KBr) v: 2100 cm-'; 
Am,(H20): 285 nm (E 9900), Amln(H20): 245 nm (e 1100); ms m/z: 
137 (B + 2). Anal. d c d .  for CI1Hl2N2O6: C 49.25, H 4.51, N 10.45; 
found: C 49.35, H 4.50, N 10.25. 

6-Ethynyl-2'-deoxyuridine (17) 
Ethynylation of 15 (500 mg) was carried out by the procedure for the 

preparation of 4 using trimethylsilylacetylene (165 mg) as a terminal 
alkyne. After column chromatography on Florisil, the mixture contain- 

ing 16 was treated with TBAF.3H20 (1.25 g) in THF (10 mL) at room 
temperature for 1 h. Evaporation of the solvent followed by chromato- 
graphic purification on Florisil (5% EtOH in CHC13) gave 17 (68 mg, 
32%) as crystalline powder, which was analytically pure (mp 202- 
204°C); ir (KBr) v: 2280cm-'; A,,(H20): 285.5nm (E 10600), 
A~,(H20):  243.5 nm (e 1400); ' ~ m r  (DMSO-d6) 6: 1.92-2.13 (IH,  
m, H-2'), 2.64-2.92 ( lH,  m, H-2'), 3.41-3.70 (3H, m, H-4' and 
CH2-sf), 4.22 ( lH,  m, H-3'), 5.26 ( lH,  s, CECH), 5.97 ( lH,  d ,  
H-5), 6.35 ( lH,  dd, H-1'), 11.52 (IH, br, NH); ms m/z: 136 (B + 1). 
Anal. calcd. for CllHI2N2O5: C 52.38, H 4.80, N 11.11; found: 
C 52.46, H 4.92, N 10.83. 
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H-D exchange of 1-methylcycloalkenes in dilute acid at elevated temperatures 
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NICK HENRY WERSTIUK and GEORGE~TIMMINS. Can. J. Chem. 64, 1564 (1986). 
Specifically deuteriatedcycloalkenes 1-trideuteriomethylcyclopentene-2,5,5-d6 (1 b), 1-trideuteriomethylcyclohexene-2,6,6-d6 

(2 b), 1 -trideuteriomethylcycloheptene-2,7,7-d6 (3b), and 1-trideuteriomethylcyclooctene-2,8 ,8-d6 (4b) have been prepared 
from the corresponding protiated substrates l a ,  2a,  3a,  and 4a using a modified HTDA exchange method. The perlabelled 
analogues of l a  and 2a,  5 and 6, have been synthesized by the same method. 

NICK HENRY WERSTIUK et GEORGE TIMMINS. Can. J. Chem. 64, 1564 (1986). 
Faisant appel h une mCthode dlCchange au HTDA modifik et utilisant les substrats protonts l a ,  2a,  3 a  et 4a comme produits 

de dkpart, on a prCparC les cycloalcknes deutCrCs spCcifiquement suivants: trideutCromCthy1-1 cyclopent6ne-d6-2,5,5 ( lb ) ,  
trideut6rom6thyl- 1 cyc [ohexene-d6-2,6,6 (2b), trideutCromCthyl- 1 cycloheptkne-d6-2,7 ,7 (3b) et trideutCromCthylcyclooctkne- 
d6-2,8,8 (4b). On a aussi synthCtisC les analogues perdeutCrCs de l a  et 2a, 5 et 6, en faisant appel h la mgme mCthode. 

[Traduit par la revue] 

Introduction 3-methyl- and 4-methylcyclopentene (7). Under similar condi- 
Initial studies of the application of high temperature - dilute tions in deuteriated medium (entry 21, l a  incorporates 6.03 D 

acid (HTDA) exchange have established that a wide range of atoms Per molecule (0.4% do, 0.5% dl 0.7% d2, 1.2% d3, 
aromatic compounds can be specifically labelled or perlabelled 3.5% d4, 15.2% d5, 57.0% d69 11.5% d7, 6.9% ds, 2.7% d9, 
(1-6, 8). In continuing these studies, we examined a series and 0.5% dlo species). The 2Hmr spectrum (Fig. la) h ~ e d  
of straight-chained alkenes and cycloalkenes in an attempt to three signals at 6 1.68 (CD3), 6 2.17 (D-5), and 6 5.28 (D-2) and 
prepare a group of labelled substrates that could be elaborated shoulders at 6 1.8 1 and 6 2.24 that correspond to small ~ ~ o u n t s  
into labelled aliphatic compounds by standard transformations of deuterium at C-4 and C-3, respectively. Confirmation of the 
(7). To establish whether or not a methyl group can act as deuterium distribution was obtained from the 'Hmr spectrum 
an anchor for the double bond and thereby promote specific that exhibited signals at 6 1.81 (bt, H-4), 6 2.24 (bt, H-3) and 
H-D exchange of alkenes, we have studied the H-D exchange weak signals (<5%) due to residual protons at the other 
of 1 -methy]cyclopentene (1 a), l-methy]cyc]ohexene (2a), 1- locations. This pattern of deuterium incorporation indicates that 
methylcycloheptene (3a), and 1-methylcyclooctene (4a). A initial electrophilic attack by D30+ Occurs at C-2 to yield a 
modified HTDA method was used as described previously (7) to cation and a Proton the methyl, 
reduce the extent of substitution and to reduce the temperature C-29 or C-6 results in preferential H-D exchange at these three 
and the reaction time. In the modified method, a cosolvent such positions. The methyl group acts as an "mchor" for the double 
as decalin is used and the reaction solutions are agitated by a bond and thereby for the exchange. When a larger scale reaction 
rocking motion of the pressure vessel used to contain the Was carried out (see Experimental), l b  was obtained in 79.6% 
reaction tubes. In this paper we report that specifically deuteri- yield by distillation from the decalin layer. It should be a simple 
ated cycloalkenes 1 b, 2b, 3b, and 4b can easily be prepared matter to scale UP the reaction even further. At 210°C (entry 3) 
using this method as well as the perdeuteriated analogues of l a  full equilibration of the hydrogens with the deuterium pool was 
and 2a, 5 and 6 .  achieved and 9.43 D atoms per molecule (0.4% d6, 2.2% d7, 

9.1% d8, 30.4% d9, 57.9% dlo species) are incorporated, 
R CR3 RCR3 but only 64.6% of perdeuteriated 1-methylcyclopentene (5) 

gR R%R 

Ra~ remained. 

R 
H-D exchange of 1-methylcyclohexene 2a 

1 2 3 4 
1-Methylcyclohexene, under the same conditions as l a ,  

a , R = H  a , R = H  a ,  R = H  a ,  R = H  reacts in a similar fashion (entry 4) and 2a is the major product 
b, R = D  b, R = D  b , R = D  b, R = D  as identified by its 'Hmr spectrum. Although the minor products 

were not identified it is likely that they are identical to the 
products obtained from the exchange and rearrangement of 
cycloheptene (7) where the 1-rnethylcyclohexyl cation is an 
intermediate. When 2a was heated in deuteriated medium (entry 

D D  5), 5.82 D atoms (0.4% d2, 0.6% d3, 3.0% d4, 17.5% d5, 
D D  D D 72.5% d6, 3.3% d7, 2.1% d8, 0.5% d9 species) were incorpor- 

5 6 ated. The pattern of incorporation observed for l a  is seen in the 
2 ~ m r  (6 1.62, CD3; 6 1.89, D-6; 6 5.40, D-2) (Fig. lb) and 

Results and discussion 'Hmr (6 1.58, 4H, m, H-4 and H-5; 6 1.96, 2H, t, H-3) 
H-D exchange of 1-methylcyclopentene (1 a) spectra. When a larger scale reaction was run (see Experi- 

When l a  was treated under HTDA conditions using non- mental), 2b (85%) was isolated as a mixture with lower-boiling 
deuteriated medium (entry 1, Table I), the major product was isomers (15%) in 72% yield by distillation from the decalin 
identified as l a  by its ' ~ m r  spectrum. The 'Hmr spectrum layer. To obtain pure 2b, a preparative gc separation or a 
of the minor component indicated that it was a mixture of spinning band distillation would be required. At 210°C (entry 
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6 5 4 3 2 1  

PPH 

6 5 4 3 2 1  

PPH 

6), 2a is essentially equilibrated with the deuterium pool and 
1 1.2 D atoms are incorporated per molecule (0.3% d6, 0.9% d7, 
1.4% d8, 4.1% d9, 13.3% dlo, 34.1% d l l ,  and 45.9% dlz 
species) and by gc analysis it was established that 2b made up 
62.4% of the product. 

H-D exchange of 1 -methylcycloheptane (3a) 
Exchange of 3a at 162°C resulted in some rearrangement 

(entry 7), but the specifically deuteriated substrate was the 
major product. In this case, commercially supplied 3a used in 
the experiments was found to contain a major impurity (14%) of 
slightly longer retention time than 3a on the analytical gc. 
Because the boiling points were so similar, attempts to purify 
3a, even by preparative gc, failed and the mixture was used in 
these exchange studies. Mass spectral analysis of the major 
product isolated from the reaction described in entry 7 estab- 
lished that 6.13 D atoms were incorporated per molecule. That 
the d6species (3.3% d4, 14.6% d5, 59.6% d6, 5.1% d7, 10.1% 
d8, 2.0% d9, 4.3% dlo) is the major component indicates that 
exchange of 3a is highly selective. The ' ~ m r  spectrum (Fig. lc) 
shows peaks at 6 5.52 (-ID, D-2), 6 2.05 (-2D, D-7), and 
6 1.66 (-3D, CD3) expected on the basis of the ' ~ m r  if 
exchange occurs selectively at C-2, C-7, and the methyl group. 
The other peaks that make up 15-20% of the ' ~ m r  signals are 
assumed to be due to the impurity in the starting material. Loss 
of the signals in the ' ~ m r  of 3b at the shift positions listed 
confirms the presence of deuterium at these locations and 
corroborates our assignment. 

H-D exchange of 1 -methylcyclooctene (4a) 
At 162°C (entry 8) 4a underwent some rearrangement, but 

the selectively deuteriated cycloalkene 4b was the major 
product. Mass spectral analysis of 4b (1.5% d4, 11.6% d5, 
68.4% d6,7.7%d7, 6.1% d8, 2.0% d9, 1.8% dlo,0.8%dll),  
isolated by preparative gc, showed that 6.23 D atoms were 
incorporated into 4a. The 'Hmr showed the loss of signals at 6 
5.28 (H-2), 6 2.07 (H-7), and 6 1.63 (CH3). The *Hmr 
spectrum (Fig. Id) confirms the location of the deuterium with 
the signals located at 6 5.47, 6 2.01, and 6 1.66. 

Conclusions 
This establishes that the modified HTDA method provides an 

easy route to specifically deuteriated 1 -trideuteriomethylcyclo- 
alkenes l b ,  2b, 3b, and 4b,  as well as the perdeuteriated 
analogues 5 and 6. Since the methyl group is an effective 
"anchor" for the double bond in these systems, we expect that 
other groups (ethyl, phenyl, etc.) will exhibit this effect as well. 

I Experimental 

( d )  
Analyses were carried out on a Tracor model 560 chromatograph 

equipped with a Varian Areograph model 485 electronic integrator 
using 6 ft X 4 mm id 3% OV-1 on 100- 120 mesh Supelcoport and 30 ft 
X 1 /8 in. 23% SP-1700 on 80- 100 mesh Chromosorb PAW columns. 
Preparative collections were performed on a Varian A-700 gas 
chromatograph equipped with a 5 ft X 114 in. 15% SE-30 on 80-100 
mesh Chromosorb W column. Products were characterized by 'Hmr 
spectroscopy. Deuterium analyses were carried out on a VG Micromass 

d k  7070F mass spectrometer at low ionizing voltage (1 2- 15 eV). 

6 5 4 3 2 1  
H-D exchange of cycloalkenes 

In a typical reaction, l a  (0.20 g), 0.26 M HCI/H20 or 0.26 M 
PPH DCI/D20 (5 mL), and decalin (1 mL) were sealed under vacuum in a 

FIG. 1. The 2 ~ m r  (38.4 MHz, CCI4) spectra of 1-methylcyclo- medium-walled Pyrex tube after the solution was degassed via three 
pentene-d6 03 (a), 1-methylcyclohexene-d5 ,, (b), 1-methylcyclohep- freeze-pump-thaw cycles. The tube was heated in a 600-mL Parr 
tene-d6 13 (c), and 1-methylcyclooctene-d6 23 (d). pressure vessel containing water to equalize the pressure. Mixing was 
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TABLE 1. H-D exchange of 1-methylcycloalkenes 

Excess D atoms 
Entry Substrate Conditions Relative percent yields per molecule 

1 1 a H, 178"C, 14 h Other(6.5), la(91.6), 
other(l.9) 

2 l a  D, 172"C, 17 h Other(l.9), lb(87.0), l b ,  6.03 

3 1 a D, 210°C, 15 h Other(9.2), lc(64.6), 5, 9.43 
other(3 components, 26.3) 

6 2a D, 210°C, 15 h Other(3 components, 30.6) 6, 11.2 
2c (62.4), other(6, 9) 

7 3a  D, 154"C, 18 h Other(2 components, 17.3) 3b, 6.13 
3b(82.7) 

8 4a D, 162"C, 15 h Other(3 components, 18.0) 4b, 6.23 
4b(81.8) 

"H indicates 0.26 M HCI/H20 and D indicates 0.26 M DCI/D20. The temperature was controlled 
to k3". 

*The products are listed in order of increasing gc retention time. 

accomplished by a rocking motion of the vessel. The tube was cooled, product consisted of 75.9% 2b and another component (24.1%) of 
opened, the decalin layer was withdrawn, analyzed by analytical gc, shorter retention time; ms: 0.2% d3, 1.0% d4, 11.4% d5, 55.8% d6, 
and the products isolated by preparative gc. The results of studies on 9.1% d7, 7.7% d8, 6.0% d9, 5.0% dlo, 2.9% d l l ,  0.9% d12 species 
l a ,  2a, 3a, and 4a are given in Table 1. (6.60 D atoms per molecule); ' ~ m r  6 5.37, 6 1.86, 6 1.59. 

Preparation of deuteriated I -methylcyclopentene 
Two tubes prepared in the usual manner, each containing l a  

(0.32 g), decalin (1.6 mL), and 0.26 M DCI/D20 (8 rnL), were heated 
at 142°C for 18.5 h in the Parr vessel. The tubes were cooled, opened, 
and the deuteriated cyclopentenes (0.55 g, 79.6%) were isolated from 
the decalin using a short-path distillation apparatus. Analytical gc 
analysis showed that the product consisted of 92% l b ,  and 8% of the 
3-methyl and 4-methyl isomers. Mass spectral analysis established that 
the cycloalkenes consisted of 0.1% d4, 17.0% d5, 76.5% d6, 4.6% d7, 
1.3% d8, and 0.5% dg species over natural abundance corresponding to 
an incorporation of 5.91 D atoms per molecule; 'Hmr 6 5.28, 6 2.18, 
6 1.68. 

Preparation of specijically deuteriated I-methylcyclohexene 
Three tubes each, containing 2a (0.32 g), decalin (1.6 mL), and 

0.26 M DCI/D20 (8 mL), were heated at 160°C for 19 h in the Parr 
vessel. The tubes were opened and the deuteriated cyclohexenes 
(0.73 g, 72%) were isolated from the combined decalin layers by 
distillation through a 10-cm Vigreux column at atmospheric pressure 
into a Dry Ice cooled receiver. Analytical gc analysis showed that the 
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Open chain nitrogen compounds. Part XI.' 
3,7-Bis(ary1azo)-1,3,5,7-tetraazabicyclo[3,3, llnonanes: 

the reaction of diazonium ions with ammonia-formaldehyde mixtures 
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ROBERT D. SINGER, KEITH VAUGHAN, and DONALD L. HOOPER. Can. J. Chem. 64, 1567 (1986). 
Reaction of a series of diazonium salts with either hexamine or an aqueous mixture of ammonia-formaldehyde affords 

3,7-bis(arylazo)-1,3,5,7-tetraazabicyclo[3,3,l]nonanes; several new examples of this novel class of bicycloheterocycle have 
been prepared and characterized. Analysis of the low-temperature nmr spectra of one compound in this series shows that the 
bicyclic system prefers the chair-chair conformation. The bis(arylazo)tetraazabicyclononanes, which are surprisingly stable in 

. . . . .  aqueous buffer compared to analogous triazenes of open-chain structure, do undergo slow decomposition at slightly acidic pH in 
an acetone-buffer mixture. The apparent product of this decomposition is the arylamine, which is observed as the Mannich 
condensation product, ArNH. CH2CH2COCH3. 

ROBERT D. SINGER, KEITH VAUGHAN et DONALD L. HOOPER. Can. J. Chem. 64, 1567 (1986). 
La rkaction d'une skrie de sels de diazonium, soit avec de l'hexamine ou avec une solution aqueuse d'arnrnoniac et de 

formaldkhyde, conduit aux bis (ary1azo)-3,7 tktraaza-1,3,5,7 bicyclo[3.3. llnonanes; on a ainsi pr$ark et caractkrist plusieurs 
nouveaux composks de cette nouvelle classe d'hktkrocycles bicycliques. L'analyse du spectre rmn, dktermink 21 basse 
tem@rature, de I'un des composks de cette strie permet de dkmontrer que le systhme bicyclique existe d'une f a~on  prkfkrentielle 
dans la conformation chaise-chaise. Par comparaison avec les triazhnes analogues en chaines ouvertes, la stabilitk des 
bis(ary1azo) tktraazabicyclononanes dans des solutions aqueuses de tampons est surprenante; dans des solutions lkgkrement 
acides, dans un tampon dans de I'acktone, ils subissent toutefois une dkomposition lente. Le produit apparent de cette 
dkcomposition est I'arylamine qui est observke sous la forme de produit de condensation de Mannich, ArNH.CH2CH2COCH3. 

[Traduit par la revue] 

Introduction 
The reaction of diazonium salt solutions with arnmonia- 

formaldehyde mixtures is of interest to us for several reasons. 
Firstly, the expected 1: 1 : 1 coupling product would be the novel 
monomethyloltriazene, l a ,  which would be a new type of 
triazene and is the analogue of the previously reported (1) N- 
methyl-N-hydroxymethyltriazenes lb .  Stable hydroxymethyl- 
triazenes of type l b  have been reported as the products of 
diazonium coupling of methylamine-formaldehyde mixtures 
(2, 3), and have been shown to have significant anti-tumour 
activity against mouse tumour models in vivo (4). Conse- 
quently, the extension of these diazonium coupling reactions to 
ammonia-formaldehyde mixtures might be expected to afford 
triazenes of type l a ,  which should themselves have inter- 
esting biological properties. A particular biological significance 
attached to structure l a  is the possibility that a triazene of this 
type might be a metabolite of the cytotoxic 1-aryl-3-methyl- 
triazene, ArN=N-NHCH3; it has been shown that such 
a triazene undergoes metabolism under in vitro microsomal 
incubation ( 5 ) ,  but free formaldehyde could not be detected (6). 

Furthermore, it has been reported (7, 8) that diazonium 
coupling with hexamethylenetetramine (the condensation prod- 
uct of ammonia and formaldehyde) affords the bisarylazo- 
tetraazabicyclononanes (2). These bicyclic heterocycles are 
close structural analogues of the bis(triazenylmethy1)methyl- 
arnines (3) (3, 9), which can also be obtained from dia- 
zonium coupling with methylamine-formaldehyde mixtures 
under appropriate conditions. We were interested to prepare the 

'For part X see Can. J. Chem. 64, 799 (1986). 
'~uthor to whom correspondence may be addressed. 
jRevision received February 26th, 1986. 

bicyclic heterocycles 2, to compare their solution chemistry 
with that of the bis-triazenes 3 and also to determine if the 
diazonium coupling with ammonia-formaldehyde could be 
persuaded to follow a pathway to triazenes of type l a  rather than 
of type 2. 

Results and discussion 
Reaction of p-cyanobenzenediazonium chloride with hexa- 

methylenetetramine (HMT) afforded a high yield of the 
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TABLE la .  k7ields and physical and spectroscopic data of the 3,7-bis(ary1azo)-l,3,5,7-tetraazabicyc10[3,3, l]nonanesa 

Ultraviolet 
Compound Melting point A,, (nrn) Infrared 

no. X Method Yield (%) ("c) Solvent (E )  (cm-') 

38 166-168 Ethanol 

38 187-190.5 Ethanol 

60 281-283.Sb DMSO 

73 185-186 Ethanol 

73 222.5-225.5 Ethanol 

"See Table 1 b for elemental analysis and Tables 2 and 3 for nmr data. 
*Literature (7) mp 244°C. 

TABLE 1 b. Elemental analysis of 3,7-bis(arylazo)-l,3,5,7-tetraazabicyc10[3,3,l]nonanes (2) 

Calculated (%) Found (%) 
Compound 

no. X Formula C H N X  C H N X  

50.5 4.5 27.6 16.9 
41.3 3.7 22.4 31.9 
59.2 4.7 36.0 - 
47.5 4.3 32.2 - 
57.2 5.8 23.2 - 
60.1 5.8 26.7 - 

HMT 
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SINGER ET AL. 

TABLE 2. The 'H nmr spectra of the bis(ary1azo)tetraazabicyclononanes (2) in CDC13 

8 ( P P ~ )  

Compound N-CH2-N N-CH2-N Aromatic 
no. X X (bridging) (non-bridging) AA' BB ' 

2a Cla - 4.40(2H, s) 4.6(1H, br) 7.05 (8H) 
4.8(3H, br) 
5.4(4H, br) 

2b Bra - 4.38(2H, s) 4.8(4H, br) 7 . 0  (8H) 
5.4(4H, br) 

2c  C N ~  - 4.45(2H, s) 4.50(2H, br) 
5.10(2H, br) i!ii 1 
5.18(2H, br) 
6.02(2H, br) 7.39 

2e  C 0 2 ~ t b  1.37(6H, t, 4.13(2H, s) 4.47(2H, br) 
J =  7.1 Hz) 5.15(4H, br) (8H) 

4.31(4H, q, 6.05(2H, br) 7.73 
J = 7.1 Hz) 7.75 

2 f  CONHZa - 4.40(2H,s) 4.8(4H,br) 7.0-7.7 (8H) 
5.3(4H, br) 

2g COCH3" 2.5(6H, s) 4.40(2H, s) 5.0(8H, 7.1-7.6 (8H) 
very broad) 

"60 MHz. 
b360 MHz. 

bis(arylazo)tetraazabicyclononane 2c, which was also obtained, 
1 in lesser yield, by reaction of the diazonium salt with varying 
I composition mixtures of ammonia and formaldehyde. The 

optimum ratio of ArN2+:NH3:CH20 for maximum yield of 2c 
was observed to be 1:2: 10 and these proportions were used to 
prepare the other bis(arylazo)tetraazabicyclononanes (2a, b, 
d-g). Percentage yields are shown in Table 1 a .  These bicyclic 
heterocycles were characterized by ir, nmr, mass spectra, and 
elemental analysis. 

The mass spectrum of the p-cyano derivative 2c shows a 
molecular ion at m / z  386, consistent with the bis(ary1azo)tetra- 
azabicyclononane structure. Principal fragments occur at m / z  
130 (p-NC.C6H$r12+) and 256, arising from cleavage of the 
triazene moiety at the N2-N3 bond, and at m / z  358, due to 
loss of N2 from the molecular ion. The ethyl ester analogue 
2e was also characterized by mass spectroscopy, giving the 
expected molecular ion at m / z  480. 

The formation of the bis(arylazo)heterocycles 2 from the 
ammonia-formaldehyde diazonium coupling suggests that the 
predominant species in the NH3-CH20 solution is HMT. A 
reasonable mechanism for the conversion HMT + 2 is shown 
in Scheme 1. Attachment of the electrophilic diazonium ion at 
one of the four equivalent nitrogen atoms of HMT affords the 
triazenium ion 4 and initiates ring cleavage, typical of an aminal 
(lo), to give the iminium ion 5. Hydrolysis of 5 and loss of 
formaldehyde leads to the mono(arylazo)tetraazabicyclononane 
6; further diazonium coupling to the secondary amino position 
of 6 gives the observed product (2). The apparent reluctance of 
2 to undergo further diazo coupling at the bridgehead nitrogen 
atoms may simply be a consequence of the insolubility of 2 in 
the aqueous medium. 

Formation of a triazene of type l a  requires diazonium 
coupling to the carbinolamine, NH2CH20H, the 1 condensa- 
tion product of ammonia and formaldehyde, which is recog- 
nized to be an intermediate in the formation of HMT from 
ammonia and formaldehyde (1 1). Accordingly, we investi- 

gated the reaction of p-cyanobenzenediazonium cation with 
NH3:CH20 mixtures ranging in composition from 2: 1 to 1 : 10. 
The higher ratio of NH3:CH20 did result in lower yield of the 
HMT-derived product 2c, but we could find no spectroscopic 
evidence for formation of the monohydroxymethyltriazene l a  
in any of the reaction mixtures. Furthermore, none of these 
reaction mixtures contained even trace amounts of the aniline 
(p-NC.C6H4.NH2), which would be the most likely degrada- 
tion product to arise from decomposition of l a .  If l a  is formed 
under these conditions, we must assume that it does not survive 
the reaction conditions or work-up, and undergoes further 
condensation with NH3-CH20 to give a product of type 2. 

Examination of the nmr spectra of the bis(ary1azo)tetraaza- 
bicyclononanes 2 reveals the nature of the conformational 
structure of these fused saturated bicyclic heterocycles. The 
possible conformations for a tetraazabicyclo[3,3, llnonane sys- 
tem are chair-chair, chair-boat, and boat-boat. Not surpris- 
ingly, the preferred conformation in a majority of cases is 
the chair-chair, but the introduction of bulky substituents at 
positions 3 and 7 results in preference for the chair-boat 
conformation (1 2). 

The 'H nmr spectra of the bis(arylazo)tetraazabicyclono- 
nanes 2 (Table 2) show considerable broadening of several 
signals. For example, in the spectrum of 2c, the higher-field 
portion of the aromatic AA'BB' system is slightly broadened, 
and all but one of the ring N-methylene signals are severely 
broadened. Similar broadening of N-CH2 signals is observed 
in the 'H nmr spectrum of the ethyl ester analogue 2e, although 
two of the broad signals overlap at 6 5.15 (compare 2c, which 
has broad signals resolved at 6 5.10 and 5.18). The equilibrium 
process responsible for this broadening also causes broadening 
of some signals in the 13C nmr spectrum of 2e (Table 3); 
consistent with the 'H nrnr spectrum of 2e, one of the 
N-CH2-N signals is sharp (6 69.9), whereas those at 6 63.7 
and 72.1 are broad. 

The structure of 2e and the nature of the equilibrium process 
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TABLE 3. The I3c nrnr signals in the spectrum of 3,7- 
bis(p-ethoxycarbonylphenylazo)-1,3,5,7-tetraazabi- 

cyclo[3,3, llnonane (2e) in CDC13 

14.3 
60.6 
63.7 (br) 
69.9 
72.1 (br) 

120.2 
127.7 
130.1 
153.0 
166.2 

CH3 
0-CH2 
N-CH2-N (non-bridging) 
N-CH2-N (bridging) 
N- CH2-N (non-bridging) 
aromatic CH 
aromatic C (adj. to C=O) 
aromatic CH 
aromatic C (adj . to N=N) 
C=O 

6 ( P P ~ )  Assignment 

anti 7 6  
(Ar = p-Et02C.C6H4-) 

responsible for nmr line-broadening is revealed by an analysis 
of the 'Hand 13C nmr spectra at low temperatures (-58°C). The 
broad signals in the 13C spectrum at 6 63.7 and 72.1 split into 
two sets of two singlets at 6 62.86172.27 and 63.5917 1.68, of 
unequal intensity. The aromatic signals at 6 127.7, 130.1, and 
153.0 are also split, each into two signals of unequal intensity, 
in the low temperature spectrum. The unequal intensity of these 
sets suggests that the low temperature system is a mixture of two 
nonequivalent thermodynamically distinguishable isomers. The 
only consistent interpretation of these observations is that the 
components of the mixture are the syn and anti forms of the 

I chair-chair conformation, 7a and 7b respectively, which are 
essentially the rotamers arising from restricted rotation around 
the N2'-N3' bond of the triazene moiety (13 ) .~  The major 
rotamer, presumably 7b, is responsible for the more intense set 
of signals at 6 62.86 and 72.27; on the basis of the proximity 
of the ring carbons to the electron lone pairs on the central 
nitrogens of the triazene unit, we can assign the low-field signal 
at 6 62.86 to the more deshielded equivalent carbons 2 and 6, 
and the high-field signal at 6 72.27 to carbons 4 and 8 in 
structure 7b. Similarly the signal at 6 63.59 is assigned to the 
equivalent carbons 2 and 8 and at 6 7 1.68 to carbons 4 and 6 in 
the minor rotamer 7a. The signal at 6 69.9, assigned to the 
bridging methylene group (C-9), is not distinguishable in the 
two rotamers, presumably because it is sufficiently far removed 
from the site of rotamerism. 

The low temperature 'H nmr spectrum of 2e confirms this 
interpretation. The aromatic signals resolve into two closely 
spaced sets of AA'BB' systems, and the 0-CH2 group 
resolves into two closely spaced quartets, but the resolution of 
the signals in the N-methylene region provides unequivocal 
evidence for the proposed structures 7a and 7b. The bridging 
methylene (C-9) protons resolve into two singlets, at 6 4.5 for 
the major rotamer (7b) and at 6 4.48 in 7a. This observation is 
clearly inconsistent with a chair-boat conformation, in which 
the protons at C-9 would be nonequivalent and give rise to one 
or more AB patterns. The remaining methylene protons of 7b 
separate into two quite different AB patterns, one with a large 
chemical shift difference (6 6.10, 6.06, 4.54, and 4.50), the 

4A much less likely interpretation would be similar rotamers of the 
boat-boat molecular conformation. It has recently been shown for 
the analogous 3,7-diazabicyclo[3,3,l]nonane that substituents such as 
nitroso or ethoxycarbonyl attached to the 3- and 7-nitrogens confer 
sp2 hybridization character on these nitrogens. The geometry at these 
nitrogens is planar and the preferred conformation adopted is the 
"twin-chair" (15). 

syn 7 a  

other with a small chemical shift difference (6 5.19,s. 15,5.13, 
and 5.09). The minor rotamer 7a also gives two distinguishable 
AB patterns from the N-methylene protons at carbons 2, 4, 6, 
and8:66.04,6.00,4.47, and4.43, and65.30,5.26,5.22,and 
5.18. These observations are consistent with the equivalence of 
positions 4 with 8 and 2 with 6 in structure 7b, and of positions 2 
with 8 and 4 with 6 in structure 7a, and thus confirms the 
conformational assignments. 

These conclusions are consistent with the observations of 
Stefaniak et al. (8) with the analogous 3,7-bis(nitroso)- and 3,7- 
bis(acety1)- 1,3,5,7-tetraazabicyclo[ ,3, llnonanes, which exist 
as similar syn and anti isomers. However, the broadening of 
the signals from the ring methylene protons in 3,7-bis(ary1azo) 
analogues was incorrectly presumed by them to arise from 
quadrapolar relaxation induced by the nitrogen nuclei in the 3,7 
substituents (8). 

In view of the close structural similarity of the tetraazabi- 
cyclononanes 2 to the previously reported (9) bis-triazenes 3, it 
was of interest to us to compare the aqueous solution chemistry 
of these molecules. We have shown that bis-triazenes undergo 
facile hydrolysis in phosphate buffer (with 1.7% DMSO) at pH 
7.5 to give the corresponding arylamine, via the intermediate 
1-aryl-3-methyltriazene, ArN=N.NHMe; for example, the 
p-bromophenyl-bistriazene (3a) decays with a half-life of 
12.0 min at a pH 7.5 (13). This ease of decomposition has been 
attributed to the aminal character of the bis-triazene (14). The 
p-bromo- and p-ethoxycarbonylphenyl-tetraazabicyclononanes 
(2b and 2e) were hydrolysed in pH 7.5 phosphate buffer under 
identical conditions to those used in the hydrolysis of 3a; 
surprisingly 2b  and 2e were found to be stable under these 
conditions. No change in the uv spectrum of either substrate was 
seen over a 24-h period. 

The ethyl ester 2e was also found to be stable in (a) a 4:l 
(v/v) acetone-water mixture at 37"C, (b) acetone - pH 7.5 
phosphate buffer at 37"C, and (c) refluxing ethanol. Slow 
decomposition of 2e was evident when dissolved in a mixture 
of acetone - phosphate buffer and the pH adjusted to 4.5. 
However, even after 20 h under these conditions some starting 
material remained. The reaction in acetone - pH 4.5 buffer was 
accelerated by refluxing for 5 h and afforded an identifiable 
product, the P-anilino-butanone (8). 

Characterization of 8 is based on ir, nmr, and mass spectral 
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SINGER ET AL. 1571 

8 
(Ar = p-EtO2C.C6H4-) 

SCHEME 2 
I 

data, and on comparison with an authentic  ample.^ The 
formation of the ketone 8 from 2e must derive from hydrolysis 
of 2e to the aniline (ethyl p-aminobenzoate), which could then 
condense by a Mannich reaction with formaldehyde, released 
during hydrolysis, and acetone from the medium, eq. [I]: 

0 0 

The remaining question is the pathway of hydrolysis of 2e to 
the arylamine. A possible mechanism is shown in Scheme 2, in 
which the reaction is initiated by protonation at either N 1 or N5 
of 2 to give the cation 9. Aminal type dissociation of 9 initiates a 
cascade of reactions resulting in formation of two moles of the 
elusive monohydroxymethyltriazene l a .  Loss of formaldehyde 
from l a  affords the unstable triazene 10, which spontaneously 
loses nitrogen to afford the aniline. 

The lower reactivity of 2 towards hydrolysis, compared to 
l a ,  suggests weaker basic character of the N 1 or N5 nitrogens in 
2 compared to the analogous arninal nitrogen in the bis-triazene. 

' 
The less basic character of these nitrogens could arise from the 

'An authentic sample of 8 was prepared by a modified Mannich 
procedure. Ethyl p-aminobenzoate was refluxed with formaldehyde in 
acetone - pH 4.5 phosphate buffer for 24 h. Evaporation of the acetone 
and extraction with chloroform afforded, from the dry chloroform 
extract, a product identical with that obtained from reaction of 2e as 
described. The conventional Mannich procedure (Organic Syntheses, 
Coll. Vol. IV, p. 281) was too vigorous and afforded only a dark oil. 

less exposed nature of the nitrogen lone pairs resulting from 
the constraints of the bicyclic system. The bonds around the 
analogous nitrogen in the bis-triazene 3 are much more mobile, 
giving more accessibility for protonation of the nitrogen lone 
pair. 

Although we must conclude from this study that the l-aryl-3- 
hydroxymethyltriazene l a  cannot be isolated from a 1: 1: 1 
coupling reaction of the diazonium cation, ammonia, and 
formaldehyde, the possible intermediacy of l a  in the hydrolysis 
of 2 offers some encouragement that compounds of type 2 may 
be useful as "pro-drugs" for this hydroxymethyltriazene ( la) .  
Thus it is reasonable to assume that the bis(ary1azo)tetraaza- 
bicyclononanes 2 may have useful biological properties; this is 
presently under investigation. 

Experimental 
Melting points were recorded with a Kofler hot-stage melting point 

apparatus and are uncorrected. Infrared spectra were recorded in Nujol 
mulls with Perkin Elmer 299 and 1300 spectrophotometers. The uv 
spectra were recorded with a Unicam SP8-400 uv-visible spectro- 
photometer, and nrnr spectra were recorded with a Varian EM360 
(60 MHz) or a Nicolet 360NB (360 MHz) spectrometer. Microanalyses 
were carried out by the Canadian Microanalytical Service, Vancouver, 
B.C. 

General procedure 
Method A. The arylamine (0.02 mol) was dissolved in 2 M hydro- 

chloric acid (30 mL, 0.06 mol) and diazotized at O°C with a solution of 
sodium nitrite (1.52 g, 0.022 mol) in water over a period of 1 h. The 
diazonium salt solution was filtered, if necessary, to remove turbidity 
and a mixture of concentrated ammonia (2.43 g, 0.04 mol) and 37% 
aqueous formaldehyde (16.17 g, 0.20 mol) was added slowly to the 
cleardiazonium salt solution. After stirring for 0.25 h, the mixture was 
neutralized with saturated sodium bicarbonate, whereupon the product 
precipitated immediately. The precipitated triazene (2) was filtered, 
dried and recrystallized from an appropriate solvent. Yields and 
physical properties are given in Tables l a  and I b. 

Method B. In this slightly modified procedure, the diazonium salt 
(0.02 mol) was treated with a solution of hexarnethylenetetramine 
(0.7 g) in water, the mixture neutralized with NaHC03 and worked up 
as described above. 

4-(p-Ethoxycarbonylphenylamino)butan-2-0 (8 )  
3,7-Bis@-ethoxycarbonylphenylazo)-l,3,5,7-tetraazabicyclo[3,3,l]no- 

nane (2e) (70 mg) was dissolved in a mixture of acetone (25 mL) and 
phosphate buffer (5 mL, pH 7.5). The pH was adjusted to 4.5 by 
addition of 2 M hydrochloric acid (approximately 5 drops). The 
solution was refluxed for 5 h; the excess acetone was evaporated under 
vacuum, whereupon the product precipitated from the aqueous residue. 
Filtration, then washing with water and a little ethanol afforded the 
anilino-ketone 8 (30 mg, 87.5%), mp 95OC (from CH2C12); ir: 3370, 
1710, and 1680 cm-'; G(CDCl3): 1.35(3H, t, J 7 Hz, CH3), 
2.16(3H, S ,  CH3-CO), 2.75 (2H, t, J 6 HZ, CH2-CO), 3.46(2H, 
t, J 6 Hz, N-CH2), 4.30(3H, q + br s, 0-CH2 and NH), 
6.48/6.59/7.80/7.91(4H, m, AA'BB', aromatic);M+ 235, m/z: 192 
(Et02C.C&IyiCH2CH2'), 190 (M+ - OEt), 179 (Et02C .C&Iyi -  
CH3+), 178 (EtO2C.C6H4 .NHCH2+), 150 (Eto2C.C6Hs+), 120 
(OC.C6H4.NH2+). 
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Effect of geometry on the thermodynamic properties of micellar systems: 
trialkylamine oxides in water 
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GASTON CARON, NADIA GBLINAS, and JACQUES E. DESNOYERS. Can. J. Chem. 64, 1573 (1986). 
The apparent molar volumes, heat capacities, relative enthalpies, and isentropic compressibilities of symmetrical trialkyl- 

amine oxides and cyclohexyldimethylamine oxide were measured in water at 25OC. The data were in most cases analyzed with a 
mass-action model which was previously developed (J. Phys. Chem. 87, 1397 (1983)) for micellar systems. Thethylamine 
oxide shows no sign of micellization while the three next members of this homologous series and cyclohexyldimethylamine oxide 
form aggregates with relatively low aggregation numbers. The thermodynamic data were compared with those of assymmetrical 
amine oxides to investigate the effect of geometry on the micellar properties. The thermodynamic properties of the solutes in the 
pre-micellar region show a very good group additivity which is independent of geometry. On the other hand, with symmetrical 
isomers, the CMCs are much larger, the aggregation numbers smaller and the thermodynamic functions of micellization larger. 
These geometrical factors can be taken advantage of for thermal energy storage. 

GASTON CARON, NADIA GBLINAS et JACQUES E. DESNOYERS. Can. J. Chem. 64, 1573 (1986). 
Les volumes, capacitCs calorifiques, enthalpies relatives et compressibilitCs isentropiques molaires apparents des oxydes de 

trialkylamines symitriques et du cyclohexyldimCthylamine ont CtC mesurCs dans I'eau i 25°C. Les donntes ont CtC analysCes, 
dans la plupart des cas, au moyen d'un modkle d'action de masse dCveloppC pr6cCdemment (J. Phys. Chem. 87, 1397 (1983)) 
pour les systbmes micellaires. I1 n'y a aucune Cvidence de micellisation dans le cas de I'oxyde de trimtthylamine, alors 
que les trois prochains homologues ainsi que l'oxyde du cyclohexyldimCthylamine foment des aggrkgats avec des nombres 
d'aggregation relativement faibles. Les donnCes thermodynamiques ont CtC comparCes avec celles des oxydes d'amines 
symktriques pour Ctudier I'effet de la gComCtrie sur les propriCtCs micellaires. Les propriBtCs des solutCs dans la region 
prC-micellaire dkmontrent en gCnCral une tr?s bonne additivitC de groupe, indkpendante de la gComCtrie. Par contre, avec les 
isombres symCtriques, les CMCs sont plus grandes, les nombres d'aggrkgation plus petits et les fonctions thermodynamiques 
de micellisation plus grandes. I1 est possible de prendre avantage de ces facteurs gComCtriques pour le stokage thermique 
de 1'Cnergie. 

Introduction 
The solvation of hydrophobic solutes in water enhances the 

structure of water in the vicinity of the solute, and this is 
characterized by high apparent molar heat capacities (1). 
Even though the specific heat capacity of the pure additives is 
generally lower than that of pure water, these solute-solvent 
interactions may lead to an overall larger specific heat capacity 
of the solution relative to pure water. This phenomenon can 
in principle be exploited for thermal energy' storage. Unfor- 
tunately, hydrophobic solutes often tend to micellize or undergo 
some microphase transitions in water, and these aggregation 
processes are accompanied by a large reduction in heat capacity. 
It would therefore be useful to investigate the conditions under 
which hydrophobic solutes can remain soluble in water up to 
relatively high concentrations and not undergo micellization. 

It is well known that the geometry of hydrophobic solutes 
affects significantly their physical properties in water. For 
example, important differences are observed between n-butanol 
and tert-butanol(2). The differences are even more evident with 
tetraalkylammonium halides. Nonyltrimethylammonium bro- 

phobic interactions and association are more pronounced. 
Amine oxides, on the other hand, are much more soluble in 
water, and recently the thermodynamic properties of alkyldi- 
methylamine oxides were reported for alkyl chains up to decyl 
(5,6). It was also shown that this homologous series was ideal 
for the testing of a mass-action model for micellization. The 
thermodynamic properties of the symmetrical trialkylamine 
oxides have not been investigated. This series could therefore 
be an appropriate one to investigate the influence of geometry 
of the solute on the thermodynamics of micellization. Cyclo- 
hexyldimethylamine oxide will also be investigated with some 
properties for the same purpose. 

While our prime interest is in heat capacities, precise volume 
data are also required to convert the heat capacities per unit 
volume, obtained with a flow calorimeter, into specific heat 
capacities. Enthalpies are also useful to predict the equilibrium 
displacement contribution to heat capacities, and it is this 
contribution which causes the high heat capacities in the 
micellar region (6). Finally, it was felt that compressibilities 
could be informative on the influence of pressure on the system. 

mide is a typical ionic surfactant with a critical micellar Experimental 
concentration (CMC) of 0.14 mol kg- ' (3). On the other hand, 
tetrapropy~ammon~um bromide, which has the same formula The techniques used for the measurement of densities (71, heat 

capacities (8), enthalpies of dilution (9), and isentropic compressibili- weight, does not show any sign of association in water before ties (3) have all been described previously and are the same as the 
1.3molkg-' (4). ones used for the long-chain amine oxides (5, 6) and alkylammonium 

For a better understanding of the geometrical factors, it is bromides (3). 
preferable to Study n0ni0ni~ Systems where ~ ~ m p l i ~ a t i ~ n ~  due ~ h ,  symmetrical t&lkylamine oxides (cX) and cyclohexyldi- 
to the charges are avoided. Alcohols are hydrophobic solute methylamine oxide (HC1) were prepared by the oxidation of the 
but their limited solubility in water prevents the study of the corresponding amine with hydrogen peroxide, as described previously 
longer-chain homologs at high concentration where hydro- for assymetrical amine oxides (6). The main difficulty encountered 

with the present amine oxides came from the difficulty, and often 
'To whom correspondence should be sent at Institut National de la impossibility, of purification by recrystallization in view of the high 

Recherche Scientifique, C.P. 7500, Ste-Foy (Qd.), CanadaGlV4C7. hygroscopic nature of these substances. 
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TABLE 1. Volumes and heat capacities of trialkylamine oxides in water at 25OC 

tn lo3 (d - do) v 2 . *  C P . ~ . ~  rn lo3(d-do)  v 2 . *  
C ~ . 2 . ~  

(mol kg-') (g ~ m - ~ )  (cm3 mol-I) 10' (u  - uO)/uO (J K-I mol-I) (mol kg-') (g ern-)) (cm' mol-I) lo3 (u - uo)/uo (J K-I mol-I) 

Cyclohexyldimethylamine oxyde 
0.795 133.87 - 1.404 
1.010 133.77 -1.921 
3.715 133.15 -6.688 
8.106 132.70 -10.691 

11.134 131.92 -18.421 
15.395 131.41 -25.329 
21.097 130.93 -36.866 
25.973 130.71 -51.256 
31.723 130.62 -77.148 
34.435 130.71 -94.209 
37.105 130.85 - 114.689 
39.077 131.01 - 132.894 
41.499 131.25 - 157.470 
43.812 131.54 -192.514 
45.467 131.79 -205.713 

Trimethylamine oxide 
73.07 -8.07 
72.99 -14.84 
72.86 -22.13 
72.73 -30.10 
72.58 -36.99 
72.50 -42.36 
72.34 -50.95 
72.16 -61.09 
71.98 -70.25 
71.82 -79.38 
71.57 -92.84 
71.36 - 103.96 
71.17 - 114.90 
70.96 -127.22 

Tributylamine oxide 
209.95 3.89 
209.70 5.22 
209.64 5.63 
209.47 7.53 
209.21 9.34 
208.99 11.26 
208.75 13.75 
208.63 14.99 
208.21 21.85 
207.99 26.62 
207.89 31.15 
207.83 31.56 
207.84 32.24 
207.82 35.12 
207.83 38.69 
208.01 41.44 
208.43 39.24 
209.21 21.17 
209.93 11.50 
210.48 -2.49 
212.09 -46.51 
213.17 -79.15 
216.31 - 179.22 
217.94 -232.09 

Triethylamine oxide 
114.94 -1.115 
114.78 -2.080 
114.59 -3.283 
114.42 -4.542 
114.21 -5.509 
113.92 -7.004 
113.79 -7.916 
113.54 -9.279 
113.36 -10.416 
113.13 - 12.053 
112.82 - 14.090 
112.22 -19.351 
111.75 -24.653 
111.37 -29.708 
110.99 -37.135 
110.69 -45.112 
110.55 -50.476 
110.34 -61.341 
110.23 -79.665 
110.28 -95.639 
110.43 -1 11.608 
110.40 
110.57 
110.95 
11  1.59 
112.28 
113.23 

Tripropylamine oxide 
162.60 0.88 
162.20 1.97 
161.75 3.11 
161.46 3.98 
161.12 5.08 
160.81 6.19 
160.32 7.95 
159.85 9.81 
159.50 10.90 
159.05 11.91 
158.79 11.49 
158.55 10.50 
158.45 8.58 
158.32 4.46 
158.29 -0.87 
158.29 -3.33 
158.47 -18.60 
158.82 -38.32 
159.07 -48.72 
160.57 - 107.71 
161.56 -142.24 
162.67 -181.60 
164.95 -250.58 
166.19 -287.24 
167.72 -331.00 

Cyclohexylamine was purchased from Eastman Kodak and cyclo- solution from Fisher) was then added at the rate of one drop per second 
hexyldimethylamine was then synthesized by methylation of the in the proportion of 1.2 mol of peroxide to 1 mol of amine. After the 
primary amine as described by Clarke et al. (10). addition had been completed, the mixture was warmed to 70°C until the 

Trimethylamine oxide (Cl) was purchased as such from Princeton upper phase, the amine, had disappeared. The reaction time was about 
Laboratories and used after filtration on millipore. For the other three 5 hfor C2 and 72 hforC4. After completion of thereaction, manganese 
homologs (C2, C3, and C4) and HC1, the purified amines, from dioxide was added in catalytic quantity to eliminate all excess of H202. 

Aldrich, were heated to 65OC, and cold hydrogen peroxide (30% The complete elimination of the peroxide was checked with iodide 
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CARON ET AL. 

TABLE 2. Isentropic compressibilities of trialkylamine oxides in water at 25°C 

rn lo5 P, lo4 Ks ,2 ,+  rn lo5 P, lo4 K,,z,+ 
(mol kg-') (bar-') (cm3 bar-' mol-') (mol kg-') (bar-') (cm3 bar-' mol-') 

Trimethylarnine oxide 
0.096 4.437 -9.88 
0.221 4.385 -9.93 
0.6575 4.211 -9.80 
0.9403 4.106 -9.73 
1.3719 3.953 -9.61 
1.6264 3.868 -9.54 
1.9187 3.775 -9.42 
2.1801 3.695 -9.32 
2.4848 3.606 -9.19 
2.6905 3.549 -9.00 
3.2467 3.405 -8.81 
3.5826 3.323 -8.27 
3.9206 3.246 -8.04 
4.2747 3.170 -7.61 
4.8908 3.048 -7.01 
6.8134 2.748 -6.05 
7.2199 2.596 -6.39 

Triethylamine oxide 
4.410 -21.62 
4.314 -21.51 
4.197 -21.01 
4.090 -20.63 
3.752 -19.45 
3.536 -18.40 
3.390 -17.54 
3.269 - 16.66 
3.138 -15.50 
3.035 - 14.36 
2.925 - 12.91 
2.857 -11.75 
2.757 -9.85 
2.452 2.02 
2.448 4.02 
2.454 6.96 
2.486 11.41 
2.551 15.86 

starch paper. The excess amine was removed by three extractions with 
petroleum ether. The C2 and C3 products were used as such, while C4 
and HC1 were recrystallized in diethyl ether. 

Stock solutions were prepared and their molality determined by 
conductimetric titration with hydrochloric acid. Solutions were then 
prepared by dilution, by mass, using distilled deionized water. 

Results 
The changes in density (d  - do) and in relative changes in 

heat capacity per unit volume ( u  - uo)/uo from which apparent 
molar volumes, V2,+ and heat capacities CP,2,+ can be derived 
(7, 8) are given in Table 1. The density and heat capacity per 
unit volume of pure water at 25°C were taken as 0.997047 g cm-3 
and 4.1793 J K-' cmP3. The isentropic compressibilities P ,  
were calculated from sound velocities (10) and are given in 
Table 2 along with the derived apparent molar isentropic 
compressibilities KS,2,+. The value of Ps,o  at 25°C was taken as 
44.77 X lop6 bar-'. The integral enthalpies of dilution, AHlD 

Tripropylamine oxide 
4.160 -24.26 
4.160 -22.42 
3.875 -20.90 
3.745 - 19.17 
3.582 -16.47 
3.488 -14.20 
3.403 - 12.12 
3.318 -9.63 
3.215 -5.51 
3.108 1.35 
3.051 10.58 
3.050 16.02 
3.076 22.90 
3.125 29.08 
3.209 35.92 
3.303 41.61 
3.474 49.55 
3.694 57.45 
3.861 62.08 

Tributylamine oxide 
0.0493 4.418 -24.94 
0.1199 4.338 -24.07 
0.3768 4.088 - 18.01 
0.6617 3.875 - 10.45 
0.8163 3.789 -5.67 
1.0429 3.696 - 1.95 
1.3143 3.630 11.17 
1.5806 3.595 19.44 
1.9930 3.573 29.90 
2.3629 3.534 34.75 
2.6449 3.530 39.26 
2.9565 3.556 44.53 
3.3475 3.576 49.43 
3.8620 3.612 55.23 
4.6316 3.668 61.83 
5.5352 3.730 67.92 
6.6116 3.821 73.55 
7.4238 3.882 77.09 

12.5 4.195 90.73 

for a dilution ratio f are reported in Table 3. These enthalpies of 
dilution were converted to relative apparent molar enthalpies by 
least-squares fitting of the data with an equation of the type 

from which 

The parameters A and B are given in Table 4.  
The concentration dependence of the apparent molar quanti- 

ties of the symmetrical amine oxides are shown in Figs. 1 to 4, 
while V2.+ and CP,2,+ of HC1 are shown in Fig. 5.  The 
corresponding partial molar compressibilities are also shown in 
Fig. 4. These trends are typical of the behaviour of surfactants 
in water, except that the CMC is observed at much higher 
concentrations than with single chain surfactants. The enthal- 
pies of dilution could not be measured in the post-micellar 
region since incomplete mixing was observed at these high 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J. CHEM. VOL. 64, 1986 

TABLE 3. Enthalpies of dilution of trialkylamine oxides in water at 25OC 

m f m  AHID 
(mol kg-') (mol kg-') (J mol-') 

Trimethylamine oxide 
0.09700 0.04518 -24.5 
0.19627 0.09106 -49.3 
0.19627 0.09106 -52.8 
0.29857 0.13796 -78.0 
0.29857 0.13797 -77.4 
0.29857 0.13796 -81.9 
0.40546 0.18663 -111.2 
0.40546 0.18660 -108.6 
0.40546 0.18660 -112.1 
0.50290 0.23238 - 140.4 
0.50290 0.23239 -141.1 
0.50290 0.23239 -139.2 
0.59961 0.27604 -167.5 
0.59961. 0.27606 - 167.2 
0.70276 0.32230 -199.5 
0.70276 0.32231 -200.4 
0.70276 0.32231 -201.1 
0.79600 0.36379 -229.0 
0.79600 0.36380 -229.4 
0.90535 0.41209 -267.3 
0.90535 0.41215 -266.3 
0.99998 0.45365 -302.5 
0.99998 0.45359 -300.2 
1.0968 0.49580 -336.9 
1.0968 0.49573 -336.0 
1.0063 0.54656 -374.8 
1.2063 0.54652 -373.0 
1.2978 0.58607 -411.5 
1.2978 0.58599 -412.9 
1.3923 0.62652 -448.3 
1.3923 0.62655 -441.4 
1.4891 0.66782 -487.2 
1.4891 0.66786 -484.5 
1.7936 0.79578 -614.1 
1.7936 0.79575 -611.3 
2.0200 0.86079 -732.2 
2.0200 0.86081 -733.7 

Triethylamine oxide 
0.09047 
0.18690 
0.18690 
0.31574 
0.31574 
0.31574 
0.42072 
0.42072 
0.51499 
0.51499 

rn f m  AHID 
(mol kg-') (mol kg-') (J mol-' ) 

Tripropylamine oxide 
0.19697 0.0931 1 -4288 
0.19697 0.09310 -4313 
0.40258 0.18714 -8903 
0.65778 0.29963 - 1561 
0.81073 0.36490 - 1968 
1.1973 0.52181 -3157 
1.1973 0.52185 -3135 
1.3477 0.58076 - 3620 
1.3884 0.59655 -3741 
1.5837 0.67071 -4470 
1.7869 0.74567 -5215 
2.0409 0.83654 -6217 
2.1536 0.89704 -6559 
3.9784 1.1897 -10715 
3.0784 1.1898 - 10842 
3.3068 1.2594 - 11643 
3.3068 1.2594 - 11705 
4.0431 1.4707 - 14639 
4.0431 1.4707 - 14791 

Tributylamine oxide 
0.07331 -750.2 
0.10754 - 1100 
0.17112 -1892 
0.22062 -2522 
0.28024 -3383 
0.34735 -4525 
0.38413 -5112 
0.44862 -6368 
0.47723 -7007 
0.50315 -7510 
0.76622 - 12308 
0.82339 - 10474 
0.82338 - 10087 

TABLE 4. Parameters of eq. [2] for trialhylamine oxides in water concentrations, and the magnitude of the enthalpies was 
at 25°C becoming too large for the microcalorimeter. 

Thermodynamic data of micellar systems can be fitted by 
Solute A B m m a  least-squares using a recently developed mass-action model (6). 

The parameters that are extracted from the data, or those need 
Trimethylamine oxide 469 + 1 
Triethylamine oxide 1270 -C 10 

56.3 + 0'6 2.02 to be fixed, are the following: YzO = partial molar quantity of 
188 -C 6 

Tripropylamine oxide 3960 + 10 412 + 6 solute 2 at infinite dilution; Ay = second virial coefficient for the 2.15 
Tributylamine oxide 9260 + 50 1680 + 40 1.13 interactions between monomers; yzM = partial molar quantity 

of the surfactant in thee micellar form; = interaction 
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ET AL. 1577 

5 2 4 6 8 I5 12 14  16 18 

M O L A L I T Y  
FIG. 1. Apparent molar volumes of trialkylamine oxides in water at 

25°C. 

I . ~ ~ ~ ~ ~ * I I I I I ( I I I I I I  
0 2 4 6 8 10 12 14 16 18 

M O L A L I T Y  

FIG. 2. Apparent molar heat capacities of trialkylamine oxides in 
water at 25OC. 

MOLALITY 
FIG. 3. Apparent molar relative enthalpies of trialkylamine oxides 

in water at 25OC. 

MOL(IL1T Y 

FIG. 4. Apparent and partial (full line) molar isentropic compressi- 
bilities of trialkylamine oxides in water at 25OC. The bottom curve is 
for C l  and the top curve for C4. 

0 1 2 3 4 5 6 7 8 9  

MOLALITY 
FIG. 5. Apparent molar volumes and heat capacities of cyclohexyl- 

dimethylamine oxide in water at 25OC. 

parameter in the post-micellar region; ml = critical micellar 
concentration on the molality scale and defined as the inflection 
point in the fraction of monomers; N = aggregation number; 
EQUIL = equilibrium displacement contribution to heat capa- 
cities, (AHM/~)2/ R,  and to compressibilities, (A vM)~/ RT, 
where AHM and AVM are the enthalpies and volumes of 
micellization; and s is standard deviation. 

With medium chain length surfactants, it is possible to extract 
all the above parameters from the least-squares fit. With 
alkyldimethylamine oxides, the model was quantitative, even 
without the parameter AyM (6). The aggregation numbers that 
were extracted were quite reasonable, independent of the 
property and to a first approximation independent of tempera- 
ture. The model is not as successful with the symmetrical 
arnine oxides, primarily due to the lack of data points at high 
concentration and in the inflection region. AS-a result, the 
convergence was difficult and some of the parameters extracted 
were not always realistic, especially Y~~ and EQUIL. Still, the 
aggregation numbers extracted were of the order of 3 for C2,4 
for C3, and 6 for C4. These aggregation numbers are of the 
correct magnitude for such surfactants. When convergence was 
not achieved or slow, some of the parameters were fixed at 
reasonable values. The parameters obtained from the least- 
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TABLE 5. Thermodynamic parameters of himethylamine 
oxide in water at 25°C 

V+ /(cm3 mol- ' ) 73.15 -0.452 
C+/(J K-' mol-') 180.0 -4.8 
10“ K,,z,+/(cm3 bar-' mol-') -9.9 0.68 

squares are given in Tables 5 and 6. In the case of C1, no 
evidence of micellization is observed with most properties. 
Therefore, only yZ0 and Ay are given. 

The aggregation numbers, the CMC, and the thermodynamic 
changes during micellization of HC1 are comparable to those of 
the symmetrical amine oxides. Cyclisation of the chain there- 
fore has no major effect on the micellization properties. 

Discussion 
The standard thermodynamic quantities yZ0 are functions of 

the intrinsic contribution and of the solute-solvent interactions. 
The parameters vZ0 and Cp,,O of the symmetrical and assym- 
metrical (6) mine  oxides are compared with the tetraalkyl- 
ammonium bromides (3, 11) in Fig. 6. Symmetrical and 
assymmetircal mine  oxides fall on the same lines and these 
slopes are, in a first approximation, identical to those of the 
ammonium salts. In the case of HC1 (not shown), both the 
volumes and heat capacities fall below the line of the other 
amhe oxides as expected since there is one less H atom in this 
solute. The CH2 contribution to these two functions is indepen- 
dent of the presence of a charge or of the symmetry. The CH2 

I contribution of the amine oxides is 15.7 cm3 mol-' for vZ0 and 

I J 
0 4 8 12 16 

CARBON NUMBER 

FIG. 6. Dependence of the standard thermodynamic functions on 
the total number of carbon atoms in the chains: + and 0, vzO of R4NBr 
and amine oxides, respectively; * and A, Cp,zO of amine oxides and 
W B r ,  respectively. 

95 J K-' mol-' for Cp,,O. These results are in good agreement 
with the values obtained by other authors (2, 12-14). 

The situation is not as simple with compressibilities. The 
dependence of Ksr20 on the number of carbon atoms appears to 
be the same for all the systems (see Fig. 7) implying a constant 
CH2 contribution of - 1.5 X lop4 cm3 bar-' mol-', again in 
good agreement with other authors (15, 16). On the other hand, 

TABLE 6. Parameters from the mass-action model* 

Value 

Parameters HC 1 C2 C3 C4 

vZ0/(cm3 mol- ' ) 
AV/(cm3 mol-2 kg) 
VzM/(cm3 mol- ') 
AvM/(cm3 mol-2 kg) 
mI/(mol kg-') 
N 
s/(cm3 mol-') 
Cp,zO/(~ K-' mol-') 
Ac/(J K-' mol-2 kg) 
Cp ZM/(J K-' mol-') 
Ach.l/(~ K-' mol-2 kg) 
m~/(mol kgd') 
N 
EQUIL/(J K- mol-') 
s/(J K-' mol-.') 
lo4 K,,20/(cm3 bar-' mol-') 
lo4 Ak/(cm3 bar-' mol-2 kg) 
lo4 K, 2M/(~m3 bar-' mol-') 
lo4 Akh.l/(cm3 bar-' mol-' kg) 
mI/(mol kg-') 
N 
lo4 EQUIL/ (C~~  bar-' mol-') 
lo4 s/(cm3 bar-' mol-') 

*Values in parentheses were fixed. 
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0 4 8 12 16 

CARBON NUMBER 
FIG. 7 .  Dependence of standard partial molar isentropic com- 

pressibilities on the total number of carbon atoms in the chains: 
0, symmetrical amine oxides; *, assymmetrical amine oxides; +, 
symmetrical W B r ;  A, assymmetrical kNBr .  

I I 
4 8 12 16 2 0 

CARBON NUMBER 

FIG. 8. Dependence of parameter AV on the number of carbon 
atoms. 

the symmetry of the solute affects the magnitude of K ~ , ~ ' ;  
the symmetrical mine  oxides are more negative while the 
symmetrical ammonium salts (15) are more positive than the 
corresponding linear isomers (3). It is not easy to explain why 
the symmetry affects compressibilities but not heat capacities 
and volumes. It would be necessary to examine corresponding 
correlations in non-aqueous solvents and in the pure liquid state 
before venturing an explanation. 

The second virial coefficients, as seen from Tables 5 and 6 
change in a fairly regular way with chain length. The parameter 
AV is plotted against the number of carbon atoms in the chains 
and compared with the assymmetrical amine oxides, tetraalkyl- 
ammonium bromides and alcohols (17) in Fig. 8.  All the solutes 
fall approximately on the same straight line. This is also 
approximately true for AH. This linearity suggests that these 
virial coefficient are approximately additive as it was observed 
for free energies (1 8). 

ET AL. 1579 

I I 
4 8 12 16 20 

CARBON NUMBER 

FIG. 9. Dependence of parameter Ac on the number of carbon 
atoms. 

A similar plot is shown for Ac in Fig. 9. No simple correlation 
can be made in this case. The values of Ac of the amine oxides 
are approximately equal to zero up to 9 carbons and then 
increase sharply. The corresponding values for tetraalkylarnmo- 
nium bromides decrease up to 12 carbons and again increase. 
For the alcohols, Ac increases steadily. The interpretation 
of this parameter is not simple since it contains two main 
contributions. The interaction between two monomers as they 
approach each other lead to a partial dehydration of the 
hydrophobic chains and this causes a negative contribution to 
Ac. By analogy with equilibrium constants there is also a 
relaxational or equilibrium displacement contribution as the 
temperature is increased. This will cause a positive contribution 
to Ac since it is proportional to ( A ~ ) ~ .  These two contributions 
cancel each other for the lower homologs, but the relaxational 
contribution rapidly takes over with the more hydrophobic 
solutes where AH is large. 

The equilibrium displacement contribution to heat capacities 
is again of similar magnitude for symmetrical and assymmetri- 
cal (6) amine oxides. This contribution is sufficiently large to 
produce a hump in CP,2+ in the micellar region for octyl- 
dimethylamine oxide and C4. This, of course, implies that 
both these surfactants have comparable large enthalpies of 
micellization. 

The main differences between the symmetrical and assym- 
metrical isomers are in the micellar parameters. With the 
symmetrical isomers, the CMCs are much larger, the aggrega- 
tion numbers small and the change AyzM larger. 

Conclusion 
The present study indicates that the thermodynamic proper- 

ties of monomeric hydrophobic solutes of different geometries. 
can to a large extent be predicted by group additivity. On the 
other hand, the association or aggregation of such solutes in 
water depend significantly on the shape of the molecules; 
micellization is favored with long-chain amphiphilic solutes, 
while bulky solutes show much less tendency to aggregate. The 
thermodynamic functions of micellization are also strongly 
dependent on geometry. 

The present study also shows that the heat capacity per unit 
volume of a solution of tributylamine oxide can be increased 
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by about 4% relative to pure water in the concentration region 
where the apparent molar heat capacity goes through a maxi- 
mum. While this solute is not of much interest for energy 
storage in view of its thermal instability, these results suggest 
that bulky hydrophobic solutes might meet the requirements for 
improving the energy storage of aqueous solutions. The ideal 
solute would have to be hydrophobic, stable, highly soluble 
in water, with a large enthalpy of transition and a small heat 
capacity of transition. Such conditions can usually be met at 
low temperatures. Work is under way to investigate such 
possibilities. 
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JEFFREY HOYLE, J. STUART GROSSERT, DONALD L. HOOPER, and SUBRAMANIAN SOTHEESWARAN. Can. J. Chem. 64, 
1581 (1986). 

The sulphur-33 nmr spectra of 28 sulphones were measured in deuterochloroform solutions at 27.716172 MHz. The spectra 
were referenced with respect to an external aqueous ammonium sulphate solution and the chemical shifts lay in the range 
0 * 20 ppm, with many lines having a half-height width of less than 200 Hz. Instrumental parameters that affect the spectra 
were studied. Some of the sulphur-33 resonances can be correlated well with carbon-13 or oxygen- 17 resonances in appropriate 
analogous compounds, and with the Taft a* parameter. 

JEFFREY HOYLE, J. STUART GROSSERT, DONALD L. HOOPER et SUBRAMANIAN SOTHEESWARAN. Can. J. Chem. 64, 
1581 (1986). 

Ophant h 27,716172 MHz et dans des solutions de deutCrochloroforme, on a mesurC les spectres rmn du 3 3 ~  de 28 sulfones. 
Les dCplacements chimiques, qui se situent dans l'intervalle de 0 20 ppm, sont exprimts par rapport h une solution aqueuse de 
sulfate d'ammonium untiliske comme rCfCrence exteme; les largueurs h mi-hauteur de plusieurs raies ne dkpassent pas 200 Hz. 
On a CtudiC les paramktres reliCs aux instruments qui peuvent affecter les spectres. On a pu Ctablir une bonne corrClation entre les 
rksonances en rmn du 33S et soit le paramktre a* de Taft ou les rksonances en rmn du 13C du ''0 de composCs analogues 
approprits. 

[Traduit par la revue] 

Introduction 
Sulphur-33 was one of the first nuclei for which the nmr 

phenomenon was observed (I), yet for many years the nucleus 
received no further attention (2), undoubtedly due in a large 
measure to its low receptivity and to the quadrupole moment of 
the nucleus, which gives rise to significant line broadening in 
the spectra of many molecules. This line broadening is greatly 
decreased when the sulphur nucleus experiences a significant 
and reasonably symmetrical electric field gradient, such that the 
sulphur-33 resonance in SF6 is actually a clearly defined septet 
(2, 3). Sulphones also give usefully narrow lines, although this 
fact was not reported until 1981 (4). This pioneering study 
suffers from rather large uncertainties in the values of the 
chemical shifts reported, presumably due to the use of a 
relatively low-field spectrometer. The increasingly wide avail- 
ability of high-field, multinuclear nmr spectrometers has facili- 
tated studies on the sulphur-33 nucleus, and a number of papers 
reporting useful nmr results on organosulphur compounds have 
recently appeared (5-9). These studies show that the sulphur- 
33 nucleus in sulphones resonates over a relatively narrow 
chemical shift range. The resonance frequencies are structure 
dependent and are generally quite different from the much 
broader lines found for other less oxidized sulphur-containing 
functional groups (6,8). A range of sulphones has been studied, 
but as yet no systematic correlation of structures and chemical 
shifts has been reported. Furthermore, there is an unfortunate 
lack of standardization in the choice of reference compound, 
this ranging from carbon disulphide ( 5 - 7 ,  which has a 
relatively broad resonance, to sulpholane (8), and ammonium 
sulphate (9, lo), which has a narrow resonance. 

Results and discussion 
AS a result of other ongoing work (1 1, 12), we had in hand a 

series of sulphones with a wide range of substituents represent- 
ing a systematic variation in the environment of the sulphone 

'Taken in part from the Ph.D. thesis of J.H., August 1984. 
'~uthor to whom correspondence may be addressed. 
3Visiting Professor from the University of Peradeniya, Sri Lanka. 

group. The results from measuring the sulphur-33 nmr reso- 
nances for these compounds are reported in Table 1. 

The chemical shifts in this study are reported as 6 values with 
respect to an external 5 M aqueous solution of ammonium 
sulphate. The sulphate ion gives a narrow line and its use as a 
reference line has been thoroughly investigated by Lutz et al. 
(lo), who compared its suitability to that of carbon disulphide. 
Carbon disulphide has been used as a reference by a number of 
other workers (5, 7), but it exhibits a broad line (WII2 > 
250 Hz), which means that accurate measurement of its reso- 
nance frequency is more difficult than a similar measurement for 
a narrow resonance. 

A comparison of some chemical shifts reported in the 
literature and some from the present work is presented in Table 
2. The results at times show sizeable differences between 
reported chemical shifts and line widths, such that some 
standardization of recording techniques is desirable. 

The narrow chemical shift range required that a number of 
spectral variables were assessed. This was done using a sample 
of ethyl phenyl sulphone (Table 1, entry # 13), which exhibits a 
resonance line of intermediate width (> 100 Hz). The number of 
data points used to acquire a spectrum is important; for a spectral 
window of 1000 Hz, at least 8K data points were required to 
give reproducible values of line width and frequency. For any 
nucleus of low receptivity, detection requires the smallest 
possible delay time between switching off the transmitter and 
switching on the receiver. However, this exacts a penalty in 
the rolling baseline resulting from acoustic ringing, which was 
minimized by deleting ("left shifting") some points of the 
expanded FID (free induction decay) display. The number of 
points deleted is a function of the sample as well as the number 
of scans; for this particular sample at least 4 points had to be 
deleted to assure consistent measurements of line frequency and 
line width. In addition, it was found that very careful phasing 
of the resultant absorption signal was essential for accurate 
measurement of line frequencies. Variations of up to 1 ppm 
were observed for apparently trivial errors in phasing. Finally, it 
was also found necessary to use an FID exponential multi- 
plicand more positive than - 10 in order to obtain consistent line 
width values (136-140 Hz for this sample). 
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TABLE 1.  Sulphur-33 chemical shifts and line widths of certain sulphones, together with carbon-13 data for 
analogous carbon compounds 

Entry Sulphone ~ - S ( P P ~ ) *  W1,2(Hz) Carbon compound 6-C(ref.)t 

- - - - - - - - 

*Chemical shifts are reported in CDC13 with respect to external 5 M ammonium sulphate in water. 
?These carbon-13 chemical shifts were obtained from the reference listed in parentheses or were calculated using the 

Lindeman- Adams procedure (1 3). 
$Ac = CH,CO-; Bz = PhCO-. 

TABLE 2. Comparison of the sulphur-33 chemical shifts (ppm)* and line widths (WIl2, HZ) 
between this work and literature values for selected compounds 

Compound This work Ref. 5 Ref. 6 Ref. 7 Ref. 8 

*For comparison purposes chemical shifts are all referenced to sulphate anions assuming that the carbon 
disulphide resonance is 332 ppm upfield from that of sulphate ions (3). 

We have found that sulphone mixtures such as MeS02CH2C1 
and MeS02CHC12 or PhS02CH2COMe and MeS02CH2COPh 
showed the same chemical shifts as were found for the 
individual compounds, viz. Table 1, entries 4, 5 and 15, 21, 
respectively. Entries 17-20 showed only a single sulphur-33 
resonance and this arose from the more highly oxidized sulphur 
atom. 

The correlation of chemical shifts with structure has long 
been studied and various empirical correlations such as that due 
to Lindeman and Adams (13) for carbon-13 chemical shifts 
in alkanes are widely used. Another correlation of possible 
relevance to sulphur-33 spectra is the report of a linear 
correlation of oxygen-17 chemical shifts in ethers with the 

carbon-13 chemical shift in the analogous alkanes. In the caseof 
simple compounds, with only alkyl substituents to the oxygen, 
there is a linear correlation between these chemical shifts (6-0 
VS. 6-C), with a resulting slope of 3.2, that has been suggested 
(19) can be related to the difference in size and electron density 
of the 2p orbitals of oxygen and carbon, although the actual 
agreement between the measured slope and the calculated 
difference is somewhat tenuous (3.2 vs. 2.3). 

When we plotted the sulphur-33 chemical shifts of the simple 
dialkyl sulphones (entries 1-3, and literature values (5) for 
di-n-propyl sulphone, and di-n-butyl sulphone) versus the 
carbon-13 shifts of the analogous alkanes (13), a linear regres- 
sion analysis gave a correlation of the form 6-S = 0.92 6-C 
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TABLE 3. Sulphur-33, carbon-13, and a* data for certain sulphones and analogous 
carbon compounds 

Entry Sulphone 6 - s  (ppm1-t u * Carbon compound 6-C 

*u* is the Taft polar substituent parameter, cf. ref. 23. 
?Taken from Table 1 .  
$These values taken from ref. 5 .  
§This value is estimated from a,, cf. ref. 21. 

- 26.5; however, the correlation coefficient was only 0.992. 
This correlation might well be improved by higher field 
measurements and the use of a narrow reference line for the 
spectra of the compounds that were not available to us. The 
slope of the line is only about 30% of the corresponding line 
from 6-0  vs. 6-C, and, while the slope of this line has been 

I suggested to be related to a function of the oxygen bonding 
orbitals (19), it is much less certain which orbitals would be 
involved in the bonding of a sulphone (a complex functionality) 
as compared to an ether (a simple functionality). However, it 
does appear that the sulphone sulphur atom in dialkyl sulphones 
is affected by changes of carbon atoms in the alkyl chains 
in a similar manner as is a carbon atom in an alkane, and 

I thus substituent parameters based on the Lindeman-Adams 
I approach (13) could be used to estimate approximate sulphur-33 

chemical shifts in dialkyl sulphones. More examples are 
required to confirm this and will be the subject of further work. 

In contrast to the simple dialkyl sulphones, the introduction 
of polar substituents in the side chain led to resonances at 
different values. Entries 4-12 in Table 1 contain haloalkyl or 
arylalkyl side chains. Regression analysis of the data for a plot 
of 6-S vs. 6-C yielded a line of slope 0.762 and a correlation 
coefficient of 0.909. No similar correlations were obviously 
possible for the remaining entries in the table, but it should be 
noted that some of the 6-C values were calculated and there will 
be uncertainties in these in the case of more complex structures. 

Since we have shown that a plot of 6-S vs. 6-C for sulphones 
and analogous carbon compounds produces a straight line for 
simple dialkyl compounds, and other workers have shown a 
similar correlation for ethers (19), it seemed reasonable to 
investigate a correlation of 6-S vs. 6-0  for simple dialkyl 

I sulphones and ethers. Using the data for the same five dialkyl 
sulphones detailed above together with the corresponding data 
for ethers (19), a linear correlation was obtained with slope of 
0.29 and a correlation coefficient of 0.991. 

In addition to the above correlations between chemical shifts, 
we have also compared the sulphur-33 chemical shifts with a 
standard parameter that correlates electronic effects of substi- 
tuents. Such Harnrnett-type correlations have been reported on 
for carbon-13 nuclei, in general concentrating on the study 
of substituted aromatic compounds (20, 21). Relatively few 
studies on aliphatic compounds appear to have been made (22); 
these have focused on the Taft polar substituent constant, a *  
(23). We have examined similar correlations for both the 

sulphur-33 and carbon-13 resonances with a *  for the com- 
pounds from the first eight entries in Table 1, together with some 
values taken from the literature; these are presented in Table 3. 
Linear regression analysis of entries 1-5 produced an equation 
of the form 6-S = - 155 a *  - 13.3 with a correlation coefficient 
(r) of 0.967. Similar treatment of entries 6-10 gave 6-S = 
8.78 a* - 18.0 (r  = 0.991). Analogous treatments of the 
carbon chemical shifts and a *  gave 6-C = -160 a *  + 14.7 
(r = 0.930) and 6-C = 10.2a* + 18.6 (r  = 0.951), 
respectively. 

The correlations between 6-S and 6-C or 6 - 0  are superior to 
the correlations between 6-S or 6-C and a * ,  but this is perhaps 
to be expected since in the former case correlations are being 
made between similar parameters whereas in the latter the 
correlation is between a chemical shift and a parameter derived 
from acid equilibrium constants. As has been mentioned 
previously (21), it may be unwise to attempt correlations 
between chemical shifts and reactivity of molecules. However, 
there does seem to be a better correlation between 6-S and a *  
compared to 6-C vs. a * ,  which may be indicative of the more 
polar nature of the sulphonyl group. Further work is required to 
substantiate this, but the results presented in the present work do 
offer three alternative approaches of some practical value for the 
prediction of the chemical shift of the sulphur-33 nucleus in a 
substantial range of sulphones. 

Experimental 
Spectroscopy 

The sulphur-33 nuclear magnetic resonance spectra reported were 
obtained using a Nicolet 360 NB nrnr spectrometer, coupled to an 
Oxford Instruments superconducting magnet and a Nicolet 1280 data 
acquisition system. The spectrometer was operated at a frequency of 
27.716172 MHz with quadrature detection, a total sweep width of 
5000 Hz, and a pulse width of 35 ys  (90" pulse) with a pulse delay of 1 s 
between pulses. A delay of approximately 200 ys  was used between the 
pulse and acquisition to minimize the effects of acoustic ringing, and 
hence a rolling base line; the spectrum was collected over 819.2 ms 
(acquisition time) and stored using 16K data points. The probe 
temperature was 20 * 1°C and typically 500-10 000 transients were 
collected; a Butterworth filter was used for all measurements. The 
deuterium resonance of the solvent was used both for locking and 
shimming the spectrometer. 

An external standard of 5 M ammonium sulphate in water was used 
to measure chemical shift values, the absolute frequency of which was 
measured before and after each series of runs, and was found to be 
invariant. Samples were run in regular 10-rnm diameter tubes, in 
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CDC13 solutions, and had a concentration of 100-500 mg of sample per 11. J. S. GROSSERT, P. K. DUBEY, G. H. GILL, T. S . CAMERON, and 
2 rnL of solvent. Chemical shift values are reported with an uncertainty P. A. GARDNER. Can. J. Chem. 62,798 (1984). 
of k 1%. Proton spin decoupling was not used. 12. J. S. GROSSERT, J. HOYLE, and D. L. HOOPER. Tetrahedron, 40, 

Preparation of the sulphones 
The sulphones in Table 1, entries 1-3,8, 10, 13, and 27, were either 

commercially available or were prepared by oxidation of the corres- 
ponding sulphide using H202 in methanol containing ammonium 
molybdate (24). Those from entries 4-7, 15,21, 23,24, and 28 were 
available from previous work (1 1, 12, 25). All other compounds were 
prepared by literature procedures and their purities were checked using 
both nmr spectroscopy and comparison of melting points with the 
reported values (26-29). 
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Metabolites produced by the Scleroderris canker fungus, Gremmeniella abietina.' Part 1 
I 
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WILLIAM A. AYER, YUMIKO HOYANO, M. SOLEDADE PEDRAS, and IAN VAN ALTENA. Can. J. Chem. 64, 1585 (1986). 
The metabolites produced in liquid culture by the Ascomycetous fungus Gremmeniella abietina (Lagerb.) Morelet, the 

causative agent of Sclerodems canker in pines, have been investigated. The major metabolite, which we have named sclerodin, 
is (-)-4,7-dihydroxy-2,3,3,9-tetramethyl-2,3-dihydronaphtho[1,2-b]furan-5,6-dicarboxylic anhydride (I), the enantiomer 
of the so-called "naphthalic anhydride from atrovenetin". Several highly colored compounds, including the enantiomer 
of atrovenetinone (3), the blue compound 6, the red acenaphthenequinone derivative 8 (sclerodione), and the yellow 
8-hydroxysclerodin (12) were also obtained. The blue compound 6, named Sclerodems blue, has been prepared from 3, and 
sclerodione (8) has been transformed into sclerodin (1). 

WILLIAM A. AYER, YUMIKO HOYANO, M. SOLEDADE PEDRAS et IAN VAN ALTENA. Can. J.  Chem. 64, 1585 (1986). 
On a CtudiC les mCtabolites qui sont produits dans un milieu du culture liquide par les champignons Ascomycetous 

Gremmeniella abietina (Lagerb.) Morelet, les agents qui causent la nCcrose de Sclerodems dans les pins. Le metabolite 
principal, que l'on a appelC sclCrodine, est l'anhydride de I'acide (-)-dihydroxy-4,7 tCtramCthy1-2,3,3,9 dihydro-2,3 
naphto[l,2-blfuranne dicarboxylique-5,6 (I), 1'Cnantiomkre du produit appelC <<anhydride naphtalique de I'atrovCnCtine~. 
On a aussi obtenu plusieurs composCs fortement colorCs, cornrne l'Cnantiom&re de l'atrovtnttinone (3), le compost bleu (6), 
le d6rivC rouge de I'actnaphtknequinone (8, scltrodione) et l'hydroxy-8 sclCrodine (12) qui est jaune. On a pr6parC le composC 
bleu (6), que l'on a dCnommC bleu de SclCrodems, ?i partir du composC 3; par ailleurs, on a transform6 la sclCrodione (8) en 
scltrodiie (1). 

[Traduit par la revue] 

I Introduction 
I The Ascomycetous fungus Gremmeniella abietina (Lagerb.) 

Morelet (= Scleroderris lagerbergii) is a virulent pathogen of 
pine trees in many parts of the world, causing defoliation, 
cankers, and mortality.' In North America the disease caused 
by this fungus, commonly known as Scleroderris canker, is 
regarded as one of the most serious tree nursery and reforest- 
ation diseases. The disease is also prevalent in Europe, where it 
is known as Brunchorstia dieback, and in Japan. We felt that an 
investigation of the metabolites produced when the fungus is 
grown in liquid culture might lead to identification of the 
compounds responsible for symptom expression and we now 
report the structures of the major metabolites. 

Gremmeniella abietina was grown at 16-17OC on a medium 
of 10% V-8 juice containing 1% added glucose (3), either in 
still culture or in a stirred and aerated fermentation apparatus. 
Best yields of metabolites were obtained from the still cultures. 
Extraction (CH2C12) of the filtered culture broth yielded 
ca. 0.05 g/L of crude metabolites, while Soxhlet extraction 
(CHzC12) of the mycelium provided substantially more material 
(ca. 0.45 g from the mycelium of a 1-L growth). 

The thin-layer chromatogram of the crude metabolites dis- 
played a colorful array of compounds. These compounds were 
separated by silica gel chromatography to give, in order of 
elution, a blue compound, a colorless strongly fluorescent 
compound, a red compound, a dark burgundy compound, a 
yellow compound, and a mixture of brownish materials from 
which two compounds have been identified. 

The colorless, strongly fluorescent compound, mp 256- 
257"C, C18H1606, shows carbonyl absorption in the ir at 1705 
and 1665 cm-' and readily forms a diacetyl derivative absorb- 

'preliminary accounts of parts of this work have already appeared 
(1. 2). 
\ ,  , 

'For a good summary of all aspects of this disease see the book cited 
in ref. 2. This publication gives the proceedings of an international 
symposium on Sclerodems canker on conifers held in Syracuse, 
U.S.A., in 1983. 

ing at 1778,1760, and 1724 cm-'. The 'H nmr spectrum (Table 
1) shows clearly defined signals for all sixteen protons: 2 methyl 
singlets, a secondary methyl doublet coupled to a methine 
hydrogen geminal to oxygen, an aromatic methyl, an aromatic 
hydrogen, and two H-bonded phenolic hydrogens. 

The 13c nmr spectrum shows five carbon singlets in the 
region 6 150-170 (three aromatic carbons bearing oxygen 
and two high-field carbonyls), six aromatic carbon singlets 
(6 93-150), an aromatic carbon doublet (6 117), and six 
aliphatic carbons (four methyl carbons, a secondary carbon 
bonded to oxygen (6 92), and a quaternary carbon). A search of 
the literature revealed that this compound, for which we propose 
the name sclerodin, is the anhydride 1 ,  its diacetyl derivative 
being compound l a .  The enantiomer of sclerodin (1) was first 
obtained by oxidation of atrovenetin 2 (4) and later was isolated 
from cultures of Penicillium herquei (5) and subsequently from 
other fungi (6-8). Comparison of sclerodin ( l a )  with an 
authentic sample of the enantiomer verified the identity in all 
respects other than optical ~ o t a t i o n . ~  

Atrovenetin (2) has been shown to have the R configuration 
at C-2' (9) and it provides the dextrorotatory form of 1 on 
oxidation (4). The absolution configuration of the (+) form 
of the anhydride has also been determined directly by X-ray 
crystallography (8). This is the first time the levorotatory form 
of the anhydride 1 has been isolated from natural sources. The 
(+) form has been obtained from Penicillium herquei (5), 
Roesleria pallida (6), Roesleria hypogea,4 and Aspergillus 
silvaticus (8). The rotation of the anhydride isolated from 
Fusicoccum putrefaciens (7) was not reported. 

The dark burgundy compound, which causes a green dis- 
coloration on contact with the skin and a blue-green discolora- 
tion of paper, was shown by high resolution electron impact 
mass spectrometry (eims) and chemical ionization mass spec- 

- 

3We thank Professor L. C. Vining for kindly providing authentic 
samples of the enantiomer of 1 and of the ethanolate of atrovenetinone. 

4 ~ .  MUSSO, personal communication. 
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TABLE 1. 'H nuclear magnetic resonance data for metabolites and derivatives of G .  abietina" 

Signal (8) (multiplicity, J(Hz)) 

Compound H-4'(5') H-1' H-5'(4') ArCH3 H-2' H-8 OH Other 

"In CDC13 unless otherwise noted. 
pyridine-d,. 

'In DMSO-d6. 

trometry (cims) to possess the molecular formula Cl9HI6O6. 
The 'H nmr spectrum (Table 1) was very similar to that of the 
anhydride 1. The 13C nmr spectrum, determined in DMSO-d6, 
shows carbonyl peaks at 6 198 and 196 (those of the anhydride 1 

I appear at -6 166) and a signal at 6 88, which is not present in 
the spectrum of the anhydride. When the spectrum is deter- 
mined in CD2C12, additional carbonyl signals appear near 6 176 
and the intensity of the signal at 8 88 is diminished. These data 
suggested that the compound is the triketone 3, present mainly 
in DMSO as the hydrate 4a. The enantiomer of this compound, 
atrovenetinone, has previously been prepared (5) by oxidation 
of atrovenetin (2) with benzoquinone. Atrovenetinone was 
characterized as its crystalline ethanolate. Crystallization of the 
dark burgundy compound from ethanol provided pale yellow 
needles of 4b, which showed the same spectral characteristics 
('Hnmr, ir) and tlc behavior as an authentic sample of the 
enantiomer.' Aerial oxidation of 4a gave the levorotatory 
anhydride, 1, confirming the absolute stereochemistry at C-2'. 
It was found that when a solution of compound 3 was painted 
on freshly peeled pine, the characteristic blue-green color of 
Scleroderris infected wood developed. 

When the solvent system used for the chromatographic 
separation of 3 contained acetone, the acetone adduct 5a (as a 
mixture of epimers) was obtained instead of compound 3. 
Compound 5a, which readily forms a diacetyl derivative 5b, is 
an artifact formed during separation since it is not present in the 
original extract. Treatment of 3 with acetone in the presence of a 
catalytic amount of acetic acid readily gives 5a. 

The blue compound proved rather unstable and difficult 
to purify, but after repeated silica gel chromatography and 
crystallization from ethanol, a deep blue crystalline material 
was obtained. Efforts to determine the molecular formula of this 
compound, which we believe to be responsible, at least in part, 

for the bluish-green coloration of the wood of Scleroderris 
infected pine, were initially unsuccessful. The highest mass 
peak in the eims appeared at mlz 337 and corresponded to the 
ion CI9Hl5NO5. Another prominent peak occurred at mlz 326 
(Cl9Hl8O5). The cims did not afford a recognizable parent 
ion. However, field desorption mass spectrometry5 suggested a 
molecular weight of 663 m u .  Addition of the two high mass 
eims fragments then suggested that the molecular formula is 
C38H33N010 (mw 663). The 'H nmr spectrum is similar to that 
of the anhydride 1 and the triketone hydrate 4a with most signals 
doubled. When a solution of the blue compound in CHC13 is 
allowed to stand in the presence of air, sclerodin (1) is obtained. 
The ultraviolet-visible spectrum (CHC13) of the blue com- 
pound shows A,, 268, 368, 405 (sh), and 608 nm. Nara- 
simhachari and Vining (5) have previously suggested that the 
characteristic green pigment of Penicillium herquei might be 
formed by a ninhydrin-like reaction between atrovenetinone (3) 
and amino acids, but they were unable to completely character- 
ize the pigment. In our hands, treatment of a buffered solution of 
glycine with atrovenetinone (3) in aqueous dioxane (10) and 
purification of the product by flash chromatography gave blue 
crystalline material identical in all respects with the compound 
isolated from G. abietina. The pigment, for which we suggest 
the trivial name Sclerodems blue, thus possesses structure 6. 
Sclerodems blue (6) changes color with changing pH: in basic 
solution it appears green whereas in acidic solution it is deep 
blue. Since the uv spectrum of 6 is almost identical with that 
reported (5) for the green pigment of P. herquei, we believe that 
this pigment also has structure 6. 

The red compound, mp 210-212"C, Cl9Hl6O5, has one 

'We thank Professor G. Wood, University of Windsor, for the field 
desorption spectrum. 
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AYER ET AL. 

oxygen less than the anhydride 1.  The ' H nmr spectrum (Table 
1) is very similar to that of 1 but the 13C nmr spectrum shows 
ketonic carbonyls at 6 189.8 and 186.3. The ir spectrum shows 
carbonyl absorption at 1714 and 1690 cm-'. This compound 
readily forms a diacetyl derivative, the ir spectrum of which 
shows carbonyl absorption at 1780 and 1740cm-'. Acenaph- 
thenequinone (1) absorbs at 1785 and 1724cm-' (11). This 
evidence suggested that the red compound, for which we 
propose the name sclerodione, has structure 8 (the diacetate is 
8a). The structure was confirmed by alkaline peroxide oxida- 
tion of 8 to give, after acidification, the anhydride 1 (migration 
"a" in lo), along with the lactone 9, the product of Dakin 
oxidation (migration "b" in 10) followed by peroxide cleavage 
of the resulting a-ketoacid. The orientation of the lactone ring in 
9 was proven by methylation (CH2N2) to give 9a. The ether 9a  
shows two distinct methoxyl signals in the ' H nmr, one at F 4.17 
and one at F 4.50. The latter signal must be deshielded by the 
lactone carbonyl group. lrradiation of the methoxyl protons at F 

4.17 causes an 8.8% nOe (nuclear Overhauser effect) enhance- 
ment of the aromatic proton, whereas irradiation of the F 4.50 
methoxyl signal causes no detectable nOe enhancement. To the 
best of our knowledge, sclerodione (8) represents the first 
acenaphthenquinone isolated from natural sources. Biosyn- 
thetic studies (12) have shown that the naturally occumng 
phenalenones of the atrovenetrin (2) type are prenylated 
heptaketides formed from a heptaketide chain folded as in 11. 
In a subsequent paper in this series6 we will show that the 
G. abietina metabolites are formed by this pathway and that it is 
C-2 of 11 which is lost in the formation of both 1 and sclerodione 
(8). 

The more polar components of the G. abietina extract 
(brownish streak on tlc) proved difficult to purify. However, 
after the crude material was treated with ethereal diazomethane, 
a bright yellow crystalline compound Cl9Hl8O7 was isolated by 
ptlc. The compound is assigned structure 12a on the basis of the 
following observations. Its 'H nmr spectrum (Table 1) is similar 
to that of the anhydride 1 except that it lacks the C-8 aromatic 
proton signal and it shows an aromatic methoxyl at S 4.10. The 
13C nrnr spectrum is similar to that of 1 except that the signal for 
C-8 in 1 (d, 8 117.4) is replaced by a singlet in the 8 150 ppm 
region and the aromatic methyl signal is shifted upfield to F 15.1 
(8 23.6 in 1) as is expected for a methyl ortho to a phenolic OH 

6W. A. Ayer, M. S. Pedras, and D. E. Ward, manuscript in 
preparation. 
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(13). When the 'H nrnr spectrum is determined in pyridine-d5, 
the aromatic methyl is shifted downfield by 0.26 ppm, indi- 
cating the hydroxyl at C-8 is not methylated (14). Since the 
methoxyl CH3 did not experience a pyridine-induced shift, it is 
believed to be located at  C-4 rather than C-9, although this is not 
rigorously established. Treatment of 12a with ethereal diazo- 
methane furnished the trimethyl ether 12b. Trimethyl ether 12b 
was also isolated from the ptlc of the diazomethane treated polar 
compounds. It is presumed that compound 12 (8-hydroxy- 
sclerodin) is produced by the fungus and that 12a is formed 
during the diazomethane treatment. It is worthwhile noting that 
the anhydride carbonyls in the monomethyl ether 12a absorb at 
1750 and 1685 cm-', while in the trimethyl ether they absorb at 
1760 and 1725 cm-'. In the anhydride 1, where both carbonyls 
are H-bonded, the carbonyl absorption appears at 1705 and 
1665 cm-'. 

Preliminary tests indicate that the crude metabolites of G. 
abietina cause symptoms (browning of needles) similar to those 
caused by the fungus in pine  seedling^.^ Biological testing of 
the individual compounds is being initiated. We feel that the 
greenish discoloration of the wood of pines suffering from 
Scleroderris canker may be due to the presence of the colored 
compounds described herein, particularly 6, although we have 
not as yet attempted to isolate the compounds from diseased 

I 
i 

wood. 

I 
i Experimental 

All solvents except diethyl ether were distilled prior to use. ACS 
quality anhydrous diethyl ether was used without purification. Skelly- 
solve B refers to Skelly Oil Company light petroleum, bp 62-70°C. 
Pyridine was distilled from CaH2 and stored over molecular sieves, 

I acetic anhydride was dried over Pz05 and distilled from sodium 
acetate. 

Analytical thin-layer chromatography (tlc) was carried out on glass 
microscope slides (75 X 25 or 75 X 50 mm) coated (ca 0.3 mm) with 
silica gel G (E. Merck, Darmstadt, or Terochem, Edmonton) contain- 
ing 1 % electronic phosphor (General Electric, Cleveland). Preparative 
thin-layer chromatography (ptlc) was carried out on glass plates (20 x 
20 cm) coated (0.6 mm) with the same adsorbent. Materials were 
detected by visualization under an ultraviolet (uv) lamp (254 or 
350 nm) or by spraying with a solution of vanillin (1 %) in concentrated 
sulphuric acid. Flash chromatography (15) was performed using Merck 
Silica Gel 60 (40-63 p,m) Small scale column chromatography was 
performed with Silica Gel 60 (c0.08 mm, Macherey Nagel, Dueren) 
whereas larger scale chromatography was carried out with Silica Gel 60 
(0.05-0.2 mm, Macherey Nagel, Dueren). 

High resolution mass spectra (hrms) were recorded on an A.E.I. 
MS-50 mass spectrometer coupled to a DS 50 computer. Chemical 
ionization mass spectra (cims) were recorded on an A.E.I. MS-9 
spectrometer. Data are reported as m/z (relative intensity). Unless 
diagnostically significant, peaks with intensities less than 20% of the 
base peak are omitted. Infrared (ir) spectra were recorded on a Nicolet 
7199 interferometer. Ultraviolet (uv) spectra were recorded on a 
Unicam SP 1700 ultraviolet spectrophotometer. 'H nuclear magnetic 
resonance ('H nmr) spectra were measured with a Varian HA-100 
spectrometer, a Varian HA-100 spectrometer interfaced to a Digilab 
FTS/NMR-3 data system, a Briiker WH-200 spectrometer, or a 
Briiker WH-400 spectrometer. Carbon- 13 nuclear magnetic resonance 
(13c nmr) spectra were measured oa a Briiker HFX-90 spectrometer 
interfaced to a Nicolet 1085 computer, a Varian HA-100 spectrometer 
interfaced to a Digilab FTS/NMR-3 data system, or a Briiker WH-200 
spectrometer. All nuclear magnetic resonance measurements employed 
tetramethylsilane (TMS) as an internal standard and are reported in 
ppm downfield from TMS (6). Optical rotations were measured on a 

7 ~ .  Hiratsuka, Northern Forest Research Centre, Edmonton, per- 
sonal communication. 

Perkin Elmer Model 141 polarimeter. Melting points were determined 
on a Fisher-Johns melting point apparatus and are uncorrected. 

Growth of Gremmeniella abietina and isolation of metabolites 
Slant cultures of Gremmeniella abietina (strain C-699 or strain 

C-708, Canadian Forestry Service) were maintained on potato dextrose 
agar at 4°C. Two 250-mL shake cultures (10% filtered V-8 juice and 1% 
glucose medium) in 500-mL Erlenmeyer flasks were inoculated with 
one slant tube culture and the inoculum was gently shaken for 4 weeks 
at 15-17°C. Ten 2.8-L Fernbach flasks each containing 1 L of the same 
liquid medium were inoculated with ca. 50 mL each of an aqueous 
suspension of mycelium and the flasks were kept at 15-17OC for 4 
weeks. The mycelium was separated by filtration through cheesecloth 
and the wet mycelium was extracted in a Soxhlet extractor with CHzClz 
for 2 days. The broth was filtered again through a pad of Celite and the 
filtrate was extracted three times with CH2CI2. The mycelium extract 
gave -0.5 g/L of the crude metabolites while the broth extract gave 
-0.05 g/L. Separation of the crude metabolites (mycelium) by flash 
chromatography (15) gave, in order of elution (solvent system 
CHCI3:Skellysolve B:acetic acid (10:10:1)), fractions rich in a blue 
compound, a colorless, strongly fluorescent compound, a red com- 
pound, a dark burgundy compound, a yellow compound, and a mixture 
of brownish materials. The fractions were further purified as indicated 
for the individual components. 

Sclerodin (I) 
Sclerodin (1) was obtained after silica gel column chromatography 

(Rf0.9 (CHC13:CH30H:acetic acid, 97:5:1)) and crystallization from 
95% ethanol or CH2Clz - Skellysolve B, mp 256-257°C; [a]i4 
-72.6"C (c 1.34, CHC13); u (CHC13 cast): 3100 (br), 1705, 1665, 
1610,1460,1335,1043,870,820cm-'; 'Hnmr, seeTable 1;13c nmr 
(CDC13) 6: 14.5, 20.7, 23.6, 25.6, 43.5, 92.1, 93.5, 97.3, 108.5, 
117.2, 119.1, 135.4, 149.8, 164.9, 165.4, 166.0, 166.1; hrms, m/z 
cdcd. for CI8Hl6o6 (M+): 328.0948; found: 328.0944 (31), 313 
(100). The ir and 'H nmr spectra of sclerodin were identical with those 
of an authentic sample of the enantiomer. 

Diacetylsclerodin (1 a) 
Sclerodin (1) was stirred in an excess of acetic anhydride and 

pyridine overnight at room temperature. The reaction mixture was 
evaporated to dryness. The pale yellow compound was recrystallized 
from chloroform - Skellysolve B, mp 178-180°C; [a], -32.5" 
(c0.48, CHC13);ir(CHC13cast): 1778,1760,1724,1605,1600cm-I; 
hrms, m/z calcd. for C22H2008: 412.1158; found: 412.1161 (10.5), 
370 (26), 328 (64), 314 (26), 313 (100). 

Sclerodin dimethyl ether (1  b) 
Sclerodin (1) (60 mg) in CH2C12 was treated with excess ethereal 

diazomethane for 12 h. After evaporation of the solvent, the residue 
was purified by chromatography (eluant benzene:acetone, 9:l) and 
crystallization (CH2CI2 - Skellysolve B) to give the dimethyl ether l b ,  
mp 193-194°C; [a], -84.0°(c0.42, CHCI3);ir (CHC13): 1740,1714, 
1600, 1590, 1560cm-I; 'Hnmr, see Table 1; I3Cnmr (CDC13): 6 
14.0, 21.5,24.0, 25.8, 43.9, 56.3,62.6, 90.9, 100.6, 101.2, 110.7, 
113.1,125.1,137.4,147.3,157.6,157.8,163.9,164.3,165.6;hrms, 
m/z calcd. for CzoHzo06: 356.1260; found: 356.1262 (59,341 (loo), 
297 (19). 

Triketone (3).and triketone ethanolate (4b) 
The crude dark burgundy fraction was further purified by flash 

chromatography using ether:CHzClz (4: 1) as the eluant. Crystallization 
from acetone-benzene provided dark purple crystals of 3, mp 220- 
222°C; ir (CH2C12 cast): 3390, 1720, 1634, 1605 cm-'; ' ~ n m r ,  see 
Table 1; hrms, m/z calcd. for Cl9Hl6O6: 340.0947; found: 340.0942 
(28), 327 (18), 312 (25), 297 (100), 269 (42). Crystallization of3  from 
95% ethanol gave pale yellow crystals of the ethanolate 46, mp 223- 
226"C, identical (ir, 'H nmr) with an authentic sample of atroveneti- 
none ethanolate. Because of the strong absorption of 3 in the visible, 
and because of the low solubility of 4b in ethanol, it was not possible to 
obtain meaningful [a], values for these substances. 

Acetone adduct of 3 (5a) 
Compound Sa, shown to be an artifact produced during isolation 
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when acetone was employed as ap eluant, was prepared by stirring 
compound 3 (20 mg) in acetone (2 inL) containing acetic acid (10 
drops) at room temperature for 2 h. The reaction was monitored by tlc 
until no compound 3 remained and then the product was isolated and 
purified by ptlc (CHC13:CH30H:acetic acid, 189:lO:l) to give 5a 
(13 mg) as an amorphous solid; ir (CHC13 cast): 3400, 1730, 1710, 
1635, 1605; uv (CH30H): A,, (E): 221 (33 000), 230 (27 000 
shoulder), 252 (30 000 shoulder), 260 (41 OOO), 341 (15 OW), 364 
(11 000 shoulder) nm; 'H nmr (CDC13), 6: 13.32, 12.80 (phenolic 
OH'S), 6.76(q, J =  1 Hz, H-8), 4.64(q, J =  6.5Hz, H-2'), 3.70(bs, 
OH), 3.30 (s, COCH2), 2.78 (d, 1 Hz, ArCH3), 2.23 (s, COCH3), 
1.52 (s, H-5' (4')), 1.46 (d, J = 6.5Hz, H-1'), 1.30 (s, H-4' (4')); 
hrms, m/z calcd. for CZZH2207: 398.1368; found: 398.1364 (45); 383 
(4), 355 (28), 313 (loo), 297 (28), 157 (14). 

Scleroderris blue (6) 
Scleroderris blue (6), the least polar of the colored compounds, 

was isolated from the early dark blue colored fractions of the flash 
chromatography by ptlc over silica gel (double elution, eluant 
Skellysolve B: acetone: acetic acid (154: 1)). Crystallization from etha- 
nol gave tiny deep blue crystals, mp >300°C; ir (CHC13 cast): 2930, 
2858, 1730, 1608, 1550, 1485, 1440, 1384, 1335, 1308; uv (CHC13) 
A,, (8): 268 (30 OW), 368 (23 OOO), 405 (sh), 608 (18 000); 'H nmr 
(cDc~,),~ 6: 1.12 (6H, bd), 1.18 (6H, bs), 1.35 (6H, bs), 2.73 (6H, 
bs),4.58(2H,m),6.80(2H, bs), 13.5(2H, bs), 14.5(2H,bs);'Hnmr 
(pyridine-d5),8 6: 1.20 (6H, bs), 1.36 (6H, bd), 1.41 (6H, bs), 2.74 
(6H, bs), 4.55 (2H, m), 6.92 (2H, bs); molecular weight: 663 amu 
(determined by field desorption mass spectrometry). 

Preparation of Scleroderris blue (6) from triketone 3 
Triketone 3 (8.7 mg) was dissolved in dioxane (2 mL). Glycine 

(15 mg) in phosphate buffer (pH 7, 1 mL) was added and the reaction 
mixture was heated at 60°C overnight. The reaction mixture was 
concentrated and then extracted with CH2C12. The residue was purified 
by ptlc (CHCI3: acetic acid, 99: 1) to give compound 6 (2 mg) identical 
in all respects (tlc, uv, ir, ms) with naturally occurring Scleroderris 
blue. 

1 Aerial oxidation of Scleroderris blue 

1 A small amount of compound 6 was dissolved in dioxane and a drop 
, of 6 N HCl was added. After a few minutes of shaking, the blue color 

disappeared. The solution was diluted with water and extracted with 
methylene chloride. The organic layer was dried and evaporated to give 
a white solid, which proved to be identical with sclerodin 1 (ir, tlc). The 
anhydride 1 was also obtained when a chloroform solution of 6 was left 
at room temperature for several days. 

Sclerodione (8) 
Sclerodione has an Rf on tlc only slightly less than the triketone 3 and 

is often difficult to observe. It may be visualized on tlc by spraying 
with vanillin - sulfuric acid to give a distinct purple spot. It may be 
separated by ptlc (double elution) using CHC13:Skellysolve B:acetic 
acid (1451) as the eluant. Crystallization from CH2C12 - Skellysolve 
B gives bright red crystals, mp 210-212°C; [a], -115.3" (c 0.17, 
CHC13); ir(CHC13cast): 3480,1714,1690,1625,1610 cm-'; 'H nmr, 
seeTable 1; 13C nmr (CDC13), 6: 14.5, 21.0, 22.0, 25.8, 43.3, 92.0, 
106.2, 107.2, 109.2, 117.4, 119.6, 146.4, 150.9, 154.3, 154.9, 
164.3, 186.3, 189.8; h s ,  m/z calcd. for C18H1605: 312.0998; 

, found: 312.0997 (50), 297 (loo), 284 (6), 269 (55). 

Diace~lsclerodione (8a) 
Sclerodione (5 mg) was treated with acetic anhydride and pyridine at 

room temperature overnight. Evaporation and chromatography of the 
residue on silica gel (eluant CHC13) gave diacetylsclerodione (8a) as an 
oil;ir(film): 1780,1740,1710,1610,1590cm-'; ' ~ n m r ,  seeTable 1; 
hrms, m/z calcd. for C22H2007: 296.1202; found: 396.1214 (16), 354 
(25), 3 12 (loo), 297 (92), 269 (22). 

Oxidation of sclerodide (8) 
Sclerodione (8, 10 mg) was dissolved in dioxane (3 mL). Potassium 

' ~ o s t  of the peaks are poorly resolved overlapping signals. 

hydroxide (50 mg) in methanol (2 mL) was added followed by 30% 
hydrogen peroxide (0.1 mL). The reaction mixture was heated at 50°C 
for 10 min, cooled and acidified with dilute H2S04, then extracted with 
CH2C12. The residue (6 mg) was chromatographed on silica gel (5 g), 
eluting with Skellysolve B:CHC13 (1:l) containing 0.1% acetic acid. 
Sclerodin (1) (2 mg) was eluted first, then the lactone 9 (1.4 mg); 
ir (CHC13 cast): 1726, 1660, 1640, 1620 cm-' ; 'H nmr, see Table 1; 
hrms, m/z calcd. for Cl7Hl6O5: 300.0998; found: 300.0997 ( a ) ,  285 
(100), 267 (lo), 257 (9). The dimethyl ether 9a  was prepared by 
treating compound 9 with ethereal diazomethane. 

8-Hydroxysclerodin methyl ether (Z2a) and 8-hydroxysclerodin tri- 
methyl ether (Z2b) 

Aportion (100 mg) of the brownish, polar fraction obtained from the 
extract by flash chromatography was dissolved in ether and treated with 
excess ethereal diazomethane for 1 h. The residue left after removal of 
the solvent was purified by ptlc (eluant, ether: Skellysolve B :acetic acid 
(75:25:1)) to give 8-hydroxysclerodin methyl ether (12a, 10 mg) as 
yellow crystals (from ether - Skellysolve B), mp 213-214°C; [a], 
-16"(c,0.11,CHC13); ir(CHC13cast): 3400,1750,1685,1600cm-'; 
uv (MeOH) A,, (8): 21 1 (28 400), 234 (17 300), 257 (26 900), 309 
(3280), 356 (8360), 396 (10 700 sh), 409 (11 000) nm; 'H nmr: see 
Table 1; hrms, m/z calcd. for Cl9Hl8O7: 358.1052; found: 358.1064 
(76), 343 (100). 

The less polar mmethyl ether 126 (2 mg) was also isolated from the 
ptlc. It could be prepared from 12a by treatment with diazomethane. 
Compound 126 was obtained as a glassy solid: ir (CHC13 cast): 1760, 
1725, 1575 cm-'; 'H nmr, see Table 1; h s ,  m/z calcd. for 
CZ1H2207: 386.1366; found: 386.1366 (97), 371 (100), 353 (1 I), 343 
(9), 327 (17). 
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E. E. STINSON, W. B. WISE, R. A. MOREAU, A. J. JUREWCZ, and P. E. PFEFFER. Can. J. Chem. 64, 1590 (1986). 
Alternaria molds produce numerous mycotoxins including many a-dibenzopyrones such as alternariol (AOH) and related 

polyketides. AOH, presumed to be the initial a-dibenzopyrone produced, has for 20 years been considered to be biosynthesized 
from a single polyketide chain in a single step reaction. The present study presents evidence that the reaction may proceed through 
an intermediate, norlichexanthone (NLX). Bond cleavage and rearrangement of NLX to form AOH may be similar to aflatoxin 
B1 formation from sterigmatocystin. The 2-D INADEQUATE experiment was used to assign the I3c spectrum of AOH and to 
distinguish between possible mechanisms by which AOH may be synthesized from 1-13C and 2-I3C acetates via NLX. 

E. E. STINSON, W. B. WISE, R. A. MOREAU, A. J. JUREWCZ et P. E. PFEFFER. Can. J. Chem. 64, 1590 (1986). 
Les moisissures Alternaria produisent diverses mycotoxines, y compris plusieurs a-dibenzopyrones, comme l'alternariol 

(AOH) et des polycktides apparent&. I1 est supposC que le AOH est l'a-dibanzopyrone qui est produite initialement et, depuis 
plus de 20 ans, on a considkrk que ce composC est produit par une biosynthkse impliquant une seule chaine polycCtide rtagissant 
au cours d'une seule rkaction. Dans le present travail, on prksente des donnkes suggCrant que le rkaction procMe peut-Stre par le 
biais d'un intermkdiaire, la norlichexanthone (NLX). I1 est possible que le bris de la liaison et la transposition de la NLX pour 
former le AOH se produisent d'une faqon semblable h ce qui se produit lors de la formation de l'aflotoxine B1 B partir de la 
stkrigmatocystine. On a fait appel B des expkriences de 2-D INADEQUATE pour attribuer le spectre rmn du 13C du AOH et pour 
distinguer entre les mkcanismes possibles pour la synthkse du AOH B partir d'acktates marquCs au 13c dans les positions 1 et 2 et 
par le biais de la NLX. 

[Traduit par la revue] 

The Alternaria, a group of molds frequently involved in food 0  HO 0  
spoilage, produce a wide variety of metabolites including the 
mycotoxins alternariol (AOH) (1) and alternariol monomethyl Po 0  >-5 
ether ( M E )  (2). These have been identified in food products ? - > - A 0  
contaminated by Alternaria (1). We became interested in 40 6. 

the biosynthesis of these substances during the course of an H 
5' 

CH3 o k .  * k M e  
investigation into the structure of fungal polyketide synthetases. 1 -2  3 
The soluble enzyme responsible for the production of AOH 1 ,  R = H  
seemed a good candidate for this study because of what then 2 ,  R =  Me 
appeared to be the direct nature of the reaction. The synthesis of 
AOH had been reported to involve assembling a heptaketide 
chain, aromatizing, and release of the AOH in a single step. 
The pattern given for assembly of AOH and Ah4E from 1-14C 
acetate is shown in 3 (2, 4). A procedure was given for 
partial purification of the enzyme. The resulting solution also 

,41. 
possessed 0-methyltransferase activity capable of forming Me0 Me HO 

0 0 
Me 

AME from AOH by a transmethylation reaction involving 
S-adenosyl methionine (SAM) (2, 3). 4 5 

We report the present which indicate that presence  of^^^ and 1 4 ~  SAM ~ ~ t ~ ~ b ~ ~ k  had observed for 
NLX is a precursor of AOH. 

his preparation), although whole cells of this strain of the fungus 
Results and discussion 

During our investigation, repeated attempts to duplicate the 
purification procedure for AOH synthetase were unsuccessful 
(5, 6). Using a cell-free extract prepared from a high AOH- 
producing strain, NRRL 6434, of A.  tenuis, the species 
employed in the earlier biosynthetic studies, no production of 
AOH could be confirmed upon addition of 14C labeled Ac-CoA 
and Mal-CoA to the cell-free extract. 

However, we observed incorporation of 14C Ac-CoA and 
Mal-CoA into materials on numerous zones of the tlc (thin-layer 
chromatography) plate, with heavy 14C incorporation into a 
zone immediately above AOH. The same cell-free extract also 
catalyzed the formation of large amounts of 14C AME in the 

'Author to whom correspondence may be addressed. 
2~evision received March 3 1, 1986. 

Rinted in Canada 1 Imprim6 au Canada 

produce mainly AOH, i o t  AME. Our inability to confirm the 
formation of AOH led us to consider the possibility that the 
previous group may actually have reported the formation of 
some other component that could not be separated from AOH by 
the methods then available. 

Our detection method for AOH used the high resolution 
power of tlc and the automated linear analyzer for 14C detection 
instead of the less selective paper chromatography used by the 
previous group (2). 

Also, the previous group relied upon repeated recrystalliza- 
tion of product, which had been diluted with a large excess of 
exogenous AOH, to constant specific activity as confirmation 
that the counts were in the AOH rather than in some impurity. 
They used H20-EtOH mixtures as solvent, although it is known 
that-recrystallization from solvent pairs often leads to impure 
material. In fact, it had'been reported previously that recrys- 
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c, c., I cs, I Ic. 

C f  1 (I- 

FIG. 1. 100-MHz I3C 2-D INADEQUATE contour plot for a 0.95 M solution of alternariol (biosynthetically prepared from equal amounts of 
[I-13C] and [2-13c] acetates). Total acquisition time, 84 h, 1-D nmr shown above. 

tallization from this solvent mixture (H20-EtOH) failed to Two different solvent systems were used in succession for flash 
remove a colored impurity from AOH (7). This was also our chromatography, and a normal and a reverse phase system were 
experience, as tlc examination disclosed that careful precipita- used for final purification by preparative tlc. Purification of the 
tion of AOH by the described method actually resulted in metabolite to constant specific radioactivity by these procedures 
retention of a number of congeners. indicated 3.8% incorporation of NLX into AOH in vivo. 

An alternative mechanism for AOH biosynthesis has been 
suggested (1), which would proceed through the rearrangement 
of xanthone, in analogy to a well-documented step in aflatoxin 
biosynthesis (8). This notion is strongly supported by the recent 
isolation from Penicillium notatum of lichenxanthone (4) as a 
congener of AME (9). The same general mechanism, oxidative 
cleavage of an aromatic ring followed by rotation of the 
fragmented aryl structure, has also been reported in the 
formation of the a-pyrone structure of chartreusin in the 
Streptomycetae (10). These and other considerations led us to 
consider norlichexanthone, NLX (S), as a possible precursor. 

Incorporation of norlichexanthone (NLX) 
Particular care was taken with the purification procedure used 

to establish incorporation of norlichexanthone into AOH since it 
appears that the radioactivity measured in the earlier work (2,3) 
may not have been associated with alternariol. 

I4c-labeled norlichexanthone was added to a stationary 
culture of Alternaria tenuis shortly after vigorous growth had 
ceased (Day 10). Previous experiments in our laboratory had 
shown that this was the period for optimal incorporation of 
14C-labeled acetate into AOH. The mycelia were harvested after 
a suitable incubation period (Days 10-12), and extracted with 
ethyl acetate. AOH was isolated from this mycelial extract. 

I3C spectral assignment of alternariol 
As a prerequisite for investigation of the biosynthetic path- 

way to the production of AOH via NLX, it was necessary to 
establish an unambiguous assignment of the complete 13C 
spectrum of this molecule. The 13C shifts of .alternariol have 
previously been only partly assigned (12), but we were able to 
make a full assignment by means of 2-D 13C INADEQUATE 
nmr (13). To this end, we used alternariol produced by 
Alternaria tenuis grown on a medium supplemented with 1-13C 
and 2-13C acetate in equal amounts (Fig. 1). It was anticipated 
that 13C-I3C coupling would be observed with greater probabil- 
ity (and thus the signal enhancement would be greater) between 
C1 and C2 of each pair of adjacent acetate residues, beginning at 
C6'-C5'. A similar phenomenon has been observed with 1-D 
I3C nmr (14). The starting point in assigning the signals from 
the aromatic carbons was the signal of the ring carbon C6' 
(138.3 ppm) directly bonded to the C8' methyl group at 
25.3 ppm. This signal was identified by the proton coupled 13C 
spectra (not shown), which showed a quartet (5.8 Hz) at this 
location. In addition, long range 3-bond coupling was observed 
from the CH3 group to the signal with split resonances (due to 
this geminal proton; 160 Hz) centered at 117.6ppm, which was 
thus identified as C5'. 
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l ' " ' l " " l ' " ' l " " l ~ " ' l " " l ' ~ " l " " l "  

160 140 120 100 PPM 
I \ 1 

FIG. 2. 100-MHz 13C 2-D INADEQUATE contour plot for a 0.47 M solution of alternariol (biosynthetically prepared from [ l  ,2-I3C] acetate). 
Only the 5-kHz region in the vicinity of F1 = 0 is shown. Total acquisition time from this spectrum was 38 h. 1-D nrnr shown above. 

The resulting 2-D contour plot (Fig. 1) of connectivities 
(one-dimensional spectrum displayed above) shows the expec- 

I ted lower intensity of response for connectivities between those 

I 
carbon pairs originating from intact acetate units. The dynamic 
range difference between these and the enriched 13c-13C 
coupled carbons occurring at the junction between adjacent 
acetate units is not large enough to pose any observational 
difficulty and thus we were able to proceed with a full 
assignment of carbon signals from this single experiment. The 
longer spin-lattice relaxation times of the quaternary carbon 
pairs (C2'-Cl ' , C6'-Cl ', C1 -C2) contributed to the lower 
spectral responses for these resonances. 

Possible mechanism for the biosynthesis of alternariol 
Table 1 lists the full spectral assignment for alternariol. 
Utilizing these assignments, an nmr experiment that exa- 

mined AOH enriched using 2-13C acetate established that the 
biosynthetic pathway for AOH starts at the C8' and proceeds 
through the molecule with uniform enrichment of 13C at 
alternate carbons located at 8', 5 ' ,  3', 1 ', 6, 4, and 2. This 
experiment agrees with the alternating pattern found with 1 - 14C 
acetate (4) and presented in 3. 

TABLE 1 .  Nuclear magnetic resonance spectral assignment for AOH 

Assignment Shift an Multiplicityb an 2-D connectivities 

Quartet 
Singlet 

Doublet 
Singlet 

Doublet 
Singlet 
Singlet 
Singlet 
Singlet 
Singlet 
Doublet 
Singlet 
Doublet 
Singlet 

"Shift expressed in ppm relative to the solvent, DMSO, assigned a value 
of 39.5 ppm. 

bLarge one-bond C-H coupling only. 
'Not in the spectral range. 
dAssigned on basis of 1,2-"C INADEQUATE experiment. 

To determine whether the biosynthesis of AOH involves units throughout the molecule. This pattern of incorporation 
cleavage of acetate units, we examined the nmr spectra of AOH also agrees with 3. This experiment gave no indication of a 
synthesized by Alternaria tenuis when grown on medium mixture of coupling patterns for AOH, indicating that no 
containing 12-13C acetates. The results of this experiment randomization had occurred. 
are clearly illustrated by the 2-D INADEQUATE contour plot No evidence that would indicate uncoupled carbon or a 
shown in Fig. 2. As is evident, every carbon pair in this randomized pattern was observed in any of our 13C n m  
spectrum is coupled, which shows retention of intact acetate experiments. This would imply that the biosynthesis is under 
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STINSON ET AL. 

close steric control by the enzyme that prevents free rotation of 
I aryl groups. The high rate of incorporation of NLX into AOH 
I that is described in the Experimental probably indicates that 
I NLX (or a very similar compound) is on the main biosynthetic 

route for AOH. 
Scheme 1 presents a biosynthetic mechanism for biosynthesis 

of AOH that meets the above criteria. In this scheme, the 
point of attachment between the enzyme and the polyketide is 
shown as the active end of the polyketide chain, although the 
attachment could have migrated o r  could even involve several 
points of contact. The  polyketide chain is assembled on  the 
surface of the enzyme in a configuration that facilitated the 
formation of NLX. After rupture of the aromatic phloroglucinol 
ring, limited rotation of the aryl fragment and ring closure 
would produce the coupling pattern observed in AOH. This 
mechanism may require a second enzyme for oxidative cleavage 
of the aromatic ring. A reversible "retro-aldol" cleavage would 

I result in destruction of an aromatic ring (which would be 
I unlikely from free energy considerations), while oxidative 
I fission of aromatic groups is widespread in the fungi (15, 16). 

Other heptaketide assembly patterns and reactions can be 
suggested in addition to the mechanism shown in Scheme 1. 
For example, schemes can be devised in which ( I )  the phloro- 
glucinol portion of the polyketide is assembled in a coun- 
terclockwise pattern, o r  (2) the polyketide chain could be 
assembled in the benzophenone configuration reported for 
griseofulvin biosynthesis (where NLX is also produced) (17). 
These mechanisms are more complex than that shown in 
Scheme 1 as they all require controlled rotation of aromatic 
groups to result in the observed AOH coupling pattern. 

Experimental 
Solvents were reagent "distilled in glass" quality. The yeast extract 

and potato dextrose agar were from Difco Laboratories (Detroit, 
Mich.). Analytical tlc was on scored, precoated plates fluorescent 
under 254 nm ("Uniplate", Silica Gel GF, 250 pm, Analtech, 75 Blue 
Hen Drive, Newark, DE 1971 1). Column chromatography was by the 
"flash chromatography" method (1 I) using the Ace Glass apparatus 
(Vineland, NJ) and 230-400 mesh silica gel (Merck, grade 60; Aldrich 
Chemical Co., Milwaukee, WI 53201). Sodium [1-I3C] and [ l  ,2-I3C] 
acetate, 99% I3C, and deuterated solvents were purchased from KOR 
(Cambridge, MA). Sodium [2-13C] acetate, 99%, was purchased from 
Stohler Isotope Chemicals (Waltham, MA). Evaporations were done at 
room temperature or under a N2 stream. Mass spectra were obtained 
using the direct injection probe (DIP) mode of the Hewlett-Packard 
5885 mass spectrometer. The infrared spectra were obtained using a 
237B Perkin-Elmer spectrophotometer and KBr discs. Authentic 
samples of norlichexanthone, both natural carbon and I4C-labeled at 

was maintained on potato/dextrose agar. Fresh cultures of this isolate 
were started at frequent intervals, and portions of well sporulated 
14-18 day old mycelia were used to innoculate 250-mL Erlenmeyer 
flasks each containing 60 mL of modified Czapex-Dox (MCD) medium. 
This medium contained 40 g glucose, 1 .O g yeast extract, 1 .O g NaN03, 
l.0gKH2P04,0.5 gMgS04.7H20, 0.25 gNH4CI,0.25 gKCI,0.25 g 
NaCI, 0.01 g FeS04.7H20, and 0.01 g ZnS04.7H20, made up to 1 L 
with H20 (18). These flasks were then incubated as stationary cultures 
in the dark at 25OC. Spiking with precursors was started on the 12th 
day and continued until the 16th day. The precursors were added by 
injecting the solutions into the MCD media beneath the mycelial cap. 
The flasks were then gently rotated without submerging any portion of 
the cap to mix the added precursor with the media. The acetates were 
added as 50 mg/0.2 mL aqueous solution per day and the NLX was 
added as 0.167 mg NLX/0.02 mL absolute EtOH per day. The 
mycelial cap was removed intact on the 17th day, and the cap was 
extracted three times by homogenizing with 30 mL MeOH for 1 min in 
a Waring Blendor and filtering. The extracts were combined and 50 mL 
H20 was added. The solution was then extracted 3 times with 50 rnL 
CHC13. The combined CHC13 solutions were concentrated by evapora- 
tion and the AOH was isolated and purified by flash chromatography. 
The column was developed first with 1 L of CHC13 to remove fast 
moving materials, and then developed with 1 L CHC13 solutions 
containing 2 ,5 ,  and 10% MeOH. The AOH emerged in the 2 and 5% 
MeOH eluates. The AOH was then repurified by flash chromatography 
using a hexane-EtOAc gradient. The AOH emerged at 25% EtOAc - 
hexane. 

In a typical run, the yield of AOH obtained from 5 flasks was 
307 mg. For unknown reasons, the yield of AOH and incorporation 
of precursors was highly variable. For most acetate runs under these 
conditions, incorporation into AOH was between 3 and 7% as deter- 
mined by ms (mas spectra). The identity and purity of NLX and AOH 
were determined by ir, ms, and tlc with 5 solvent systems: toluene - 
glacial HOAc, 9:l;  CHC13 - 1.6% EtOH; CH2C12-acetone, 95:5; 
toluene-EtOAc-HC02H, 6:3:1; and (Et)20-hexane-HOAc, 8:2:0.5. 
The yield of purified AOH from the flash column during the NLX 
incorporation experiment was 76.5 mg. 

Thin-layer chromatography used 250-p,m "Uniplates" (Analtech) 
using Silica Gel GF for normal phase and Silica Gel RPS for reversed 
phase tlc. The respective solvents were toluene - ethyl acetate - H20 
(6:3:1, v/v basis) and H20-methanol (65:35, v/v). I4C activity on 
channeled tlc plates was detected by use of the tlc linear analyzer 
(Model LB 27 C, Berthold Analytical Instruments, 28 Charron Ave., 
Nashua, NH). Samples of the AOH obtained from the flash chromato- 
graphic columns were further purified by 3 preparative tlc purifications 
using each of these systems. Specific activity was determined by 
calculating 14C activity (determined on a Beckrnan LS 8100 scintilla- 
tion counter with "Aquasol" scintillation cocktail, New England 
Nuclear, Boston, MA) vs. peak height at 280 nrn (Beckrnan Model 35 
Spectrophotometer). The specific activity was constant after the first 
purification with each system. 

the ketone carbon (30 000 cpm/mg), were kindly supplied by Dr. Nuclear magnetic resomnce parameters 
Constance M. Harris, Vanderbilt University, Nashville, TN. Carbon- 13 nmr scectra were measured in a 5-rnm orobe at 100.4 MHz 
Fungal cultures and production of labeled mycotoxin using a JEOL GX'-400 spectrometer system tha; included a 9.4 T 

The culture of Alternaria tenuis NRRL 6434, a strain with high Oxford narrow bore magnet and DEC LSI 11/23 data system. All data 
production of AOH and a simple metabolic pattern that facilitated processing was with the JEOL Plexus software, version 2. Broadband 
purification, was obtained from the Northern Regional Research 'H decoupling was accomplished through the use of Waugh-type 
Center, USDA/ARS, Poeria, IL. A single spore isolate from this strain sequences (19, 20), and proton coupled 13C spectra were measured 
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with grated decoupling in order to retain the nuclear Overhauser 
enhancements. 

The two-dimensional studies were performed using the "INADE- 
QUATE pulse sequence proposed by Mareci and Freeman (2 I), where 
the final "read" pulse is allowed to have an arbitrary flip angle: 

7 was chosen to optimize conversion in double-quantum coherence in 
the usual manner, 7 = (4Jcc)-I, and the echo components emphasized 
by selecting a = 135°C. 

The 2-D INADEQUATE spectrum of altemariol (prepared utilizing 
[I-13C] and [2-I3C] acetate) was obtained by processing an initial 
data matrix (tlXt2) of 128 X 1024 points, representing spectra widths 
(F1 x F2) of 5 kHz X 9 kHz. The 7r/2 pulse width was 11.4 ps, and 7 

was 4.386 ms corresponding to Jcc = 57 Hz. An overall recycle delay 
of 4.5 s was used to acquire 5 12 scans for each value of the incremented 
delay tl . The 1-D spectrum reproduced above the 2-D contour plot was 
produced by transforming 1 K data acquired in a 9-kHz window using a 
17.5 Hz broadening factor. 

Finally, the 2-D data spectrum of altemariol (prepared utilizing 
[1,2-I3C] acetate) was obtained by processing an initial data matrix 
(tl X t2) of 512 X 1024 points representing spectral widths (F1 X F2) 
of 100 kHz x 9 kHz. Other parameters were the same as in the previous 
experiment; however, only 64 scans were acquired at each tl value. 
The attached 1-D spectrum was prepared from a 32 K transform of data 
acquired in the same 9-kHz window, and a broadening factor of 2 Hz 
was used in data processing. 

All 2-D data sets were double Fourier transformed utilizing 
trapezoidal window functions to approximate the sine-bell functions 
frequently used to improve the appearance of two-dimensional contour 
plots. 
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Excess volumes, viscosities, enthalpies, and Gibbs free energies for mixtures of methyl 
isobutyl ketone + n-pentanol and methyl isobutyl ketone + isoamyl alcohol at 298.15 K 
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ROQUE RIGGIO, HECTOR E. MARTINEZ, and HORACIO N. SOLIMO. Can. J. Chem. 64, 1595 (1986). 
Three excess functions (molar volumes, viscosities, and molar enthalpies) for the methyl isobutyl ketone + n-pentanol and 

methyl isobutyl ketone + isoamyl alcohol systems at 298.15 K were calculated from measured densities, viscosities, and 
enthalpies, respectively. The UNIFAC group contribution method was used in order to estimate the activity coefficients which 
were then employed to calculate the excess molar Gibbs free energy. An attempt to explain the experimental results in terms of 
molecular interactions was made. 

ROQUE RIGGIO, HECTOR E. MARTINEZ et HORACIO N. SOLIMO. Can. J .  Chem. 64, 1595 (1986). 
En faisant appel aux valeurs mesurCes ?i 298,15 K pour les densitts, les viscositCs et les enthalpies, on a calculC les valeurs 

respectives des fonctions d'excks (volumes, viscositCs et enthalpies molaires) des systkmes mkthyl isobutyl cttoneln-pentanol et 
methyl isobutyl cCtone/alcool isoamylique. Dans le but de dCtenniner les coefficients d'activiti, qui ont &tt utilists pour calculer 
1'Cnergie libre molaire en excks de Gibbs, on a utilid la mtthode UNIFAC des contributions des groupes. On a essay6 
d'expliquer les risultats expCrimentaux en fonction d'interactions molCculaires. 

[Traduit par la revue] 

Introduction 
I The excess thermodynamic properties of binary liquid solu- 

tions are fundamental for the design of industrial equipment and 
for the interpretation of liquid state, particularly when polar- 
polar liquids are the components of the mixtures. Continuing 
our study on these type of systems (1) we report here the excess 
molar volumes (vE), viscosities (qE), enthalpies (HE), and 
Gibbs free energies (GE) for the following mixtures: (i) methyl 

' isobutyl ketone (MIK) + n-pentanol (PI) and (ii) methyl 
I isobutyl ketone (MIK) + isoamyl alcohol (IA). 

I Experimental 
Materials 

Methyl isobutyl ketone, n-pentanol, and isoamyl alcohol (all Merck 
Darmstadt p.a.) were dried over anhydrous K2C03 and fractionally 
distilled under nitrogen atmosphere. In each case the middle fraction 
was collected and maintained over 3 A molecular sieve for n-pentanol 
and isoamyl alcohol and 4 A molecular sieve for methyl isobutyl ketone 
to prevent water absorption. The mixtures were prepared by mixing 
accurately weighed quantities of the pure liquids. Caution was taken to 
prevent evaporation. 

Density ( p )  and refractive index (n,) 
Densities were determined with an Anton Paar DMA46 calculating 

density meter with a built-in thermostat. We have estimated that the 
reported densities were accurate to within k0.1 kg m-3. The refractive 
indexes of the pure components (sodium D line) were measured with a 
Jena dipping refractometer with an accuracy of '0.00002. 

Viscosity (7) 
The measurements were carried out with a Cannon-Fenske visco- 

meter calibrated with doubly distilled water and benzene (accuracy 
-+0.5%). For refractive index and viscosity, a thermostatically 
controlled bath, constant to 10.Ol°C, was used. 

Calorimetric measurements 
The heats of mixing of the binary systems were measured with an 

accuracy of 1% in a modified adiabatic calorimeter as described by 
Loiseleur (2, 3). 

Results 
The experimental physical properties of the pure liquids 

are reported in Table 1, along with the literature values for 
comparison. 

The excess thermodynamic functions were calculated with 
the following equations: 

[I] q E  = q - qid = q - exp (xl In q l  + x2 In q2) 

121 V E = V - ( ~ i V i + ~ z V 2 ) = [ ( ~ i M i + ~ 2 M 2 ) I ~ I  
- (x1V1 + x2V2) 

where V, Vl, and V2 = molar volumes of the mixture and the 
pure components, respectively; H, = molar enthalpy of the 
mixture; q ,  q l  , and q2 = viscosities of the mixture and the pure 
components, respectively; qid = viscosity of ideal mixture; yl 
and y2 = activity coefficients of components 1 and 2 in the 
solution phase, based on the pure solvent standard state; p = 
density of solution; and xl and x2 = molar fraction of the first 
and second component, respectively. 

The experimental molar fractions, densities, viscosities, and 
excess molar enthalpies for the MIK + P1 and MIK + IA 
systems at 298.15 K are listed in Table 2. 

The excess thermodynamic functions were fitted to the 
equation: 

'TO whom correspondence should be addressed. 
n 

'present address: Instituto de Fisica, Facultad de Ciencias Exactas y [5] yE = x(1 - x) 1 aj(2x - l Y  
j = O  

Tecnologia, Universidad Nacional du Tucumin, Avda., Independencia 
: 1800,4000 San Miguel de Tucumin, Rephblica Argentina. where yE is the excess function (vE,  HE, G ~ ,  or qE). The aj's 

3~evision received April 10, 1986. coefficients which gave the best fit to eq. [5] are summarized in 
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TABLE 1. Experimental physical properties of the pure liquids at 298.15 K* 

P rl n~ 

Component Exp. Lit.(18) Exp. Lit.(18) Exp. Lit. (18) 

MIK 796.3 796.1 0.543 0.542 1.39360 1.3933 
IA 807.1 807.1 3.48 - 1.40523 1.4052 
PI 811.0 811.5 3.35 3.347 1.40783 1.4079 

TABLE 2. Experimental values of density, viscosity, and excess molar enthalpy for the MIK + PI and 
MIK + IA systems at 298.15 K* 

MIK + PI MIK + IA 

XMIK P rl XMK HE XMIK P rl XMIK H E  

0.0000 811.0 3.35 0.0000 0 0.0000 807.1 3.48 0.0000 0 
0.1011 809.5 2.47 0.1023 568 0.1006 805.8 2.58 0.1015 513 
0.1974 808.2 1.89 0.2049 1029 0.2027 804.5 1.89 0.2046 842 
0.3040 806.6 1.46 0.3042 1157 0.3201 803.1 1.40 0.3177 986 
0.4023 805.1 1.20 0.4055 1317 0.3948 802.2 1.20 0.4002 1023 
0.5022 803.7 1.00 0.5194 1320 0.5073 801.0 0.965 0.5051 1071 
0.6064 802.0 0.856 0.6166 1217 0.6072 799.9 0.839 0.6095 1035 
0.7079 800.6 0.738 0.7024 1133 0.7013 799.0 0.728 0.7073 956 
0.7955 799.3 0.668 0.7857 861 0.8032 798.1 0.648 0.8072 796 
0.8962 797.8 0.592 0.9015 527 0.8927 797.2 0.595 0.9055 490 
1.0000 796.3 0.543 1.0000 0 1.0000 796.3 0.543 1.0000 0 

TABLE 3. Coefficients and standard errors for representations of the excess functions by eq. [5] * 

MIK(1) + P1(2) MIK(1) + IA(2) 

lo6 vE rl H E  G lo6 vE rlE H E  GH 

*Units: VE, m3 mol-I; mPa s; HE and GE, J mol-'. 

Table 3. The choice of the appropriate number of constants 
was based on the variation with n of the standard error of the 
estimated, as defined by: 

[61 UyE = [x (YEbs - Y%d)2/(n~b~ - n)] 
where the sum is taken over the nobs results. 

The UNIFAC group contribution method (4) was used in 
order to estimate the activity coefficients yl  and y2, using the 
new parameters (5). They are listed in Table 4. 

The following equation was used: 

[7] ln yi = ln y," + ln yr 

where y," = combinatorial term for the i component and yi = 
residual term for the i component. 

The excess molar Gibbs free energy was calculated from eq. 
[4], using the 7;'s obtained by the UNIFAC method, and the 
excess molar entropy is defined by: 

[8] T S ~  = H~ - GE 

TABLE 4. Activity coefficients for the MIK + PI 
and MIK + IA systems at 298.15 K calculated by 

UNIFAC method 
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. .... 
! FIG. 1. Molar excess volumes and excess viscosities of methyl 
: isobutyl ketone + n-pentanol and methyl isobutyl ketone + isoamyl FIG. 2. Molar excess enthdpies, entropies and Gibbs free energies 
1 alcohol mixtures as 298.15 K. Curves are least-square representations of methyl isobut~l ketone + n-pentan01 mixtures at 298.15 K. curves 
I by eq. PI. are least-square representations by eq. [5]. 
I 

I Discussion 
' 

Figure 1 shows the dependence of the excess molar volume 
with the composition for the MIK + P1 and MIK + IA systems, 
where the first one is negative and the second one positive over 
the entire range of concentration, but in both cases the values are 
close to zero. 

I When alcohols, which exist in a highly associated form in the 
pure state (6, 7), are mixed with polar solvents (ketones) the 
monomerization occurs and new specific interactions appear in 
the solution (8). The disruption of the hydrogen-bonded alcohol 
structure gives rise to a positive contribution to VE, which 
depends: (i) on the dielectric constant of the ketone (9) and (ii) 
on the chain length (10) and degree of branching (11) in the 
alcohol which decrease the self-asociation in the pure state. On 
the other hand, the interactions between unlike molecules in 
both systems are surely weaker than the sum of the interactions 
between like molecules. This also produces a positive contribu- 
tion to vE. If the factors that affect vE were only these, the 
excess molar volume for the MIK + P1 and MIK + IA systems 
should be strongly positive. Since these systems show negative 
and positive (but close to zero) values, respectively, it is evident 
that other factors are involved. Among the main ones we can 
mention the interstitial accommodation of the ketone within the 
hydrogen-bonded alcohol structure (12, 13) and the possibility 

I of formation of new chemical species in the solution both 
! producing contraction effect that counterbalance the expansive 
1 effects mentioned above. From the experimental results we 
; deduce that the interstitial accommodation of the ketone within 
I the hydrogen-bonded alcohol structure is more important than 

the formation of new chemical species, since both systems are 
endothermic (see Figs. 2 and 3) and the excess viscosity is 
negative (see Fig. 1). 

The possibility of the geometrical fit of the ketone decreases 
when the branching of the alcohol increases, yielding positive 
vE values as a consequence of the steric hindering. In agreement 
with this, the system MIK plus the highly branched t-amyl 
alcohol (14) shows a vE = 0.27 at the maximum (near XMIK 

= 0.6). 
The dependence of vE on the chain length can be appreciated 

by comparison with the values obtained for the systems MIK + 
n-butanol and MIK + isobutyl alcohol (1) where greater 
negative values were obtained. 

It was found that for n-alkanols + n-heptane mixtures the 
positive contribution produced by breaking of the hydrogen 
bond between the alcohol molecules diminished with the size of 
the alcohol (10, 15) which is opposite to the results observed 
between MIK + PI - MIK + n-butanol and MIK + IA - 
MIK + isobutyl alcohol. This dissimilarity is probably due to 
the greater size difference (13) within the MIK-butanols as 
compared to the MIK-pentanols systems. It is not possible to 
invoke that the more negative values of vE observed for the 
systems employing butanols are due to the formation of stronger 
hydrogen bonds, since their qE values are more negative than 
those for the systems with pentanols. 

We conclude that the breakdown of the alcohol structure is 
the primary contributor to the mixture effect for the systems 
reported here. This leads to negative values for the excess 
viscosity (see Fig. 1) which is interpreted by Fort and Moore 
(26) in terms of dominant dispersion forces. 

The endothermic behavior for the MIK + PI and MIK + IA 
systems (see Figs. 2 and 3) is due to the consumption of energy 
necessary to produce the breakdown of the alcohol structure 
which is not compensated by the energy developed by the 
formation of new chemical species in the solution. Conse- 
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FIG. 3. Molar excess enthalpies, entropies and Gibbs free energies 
of methyl isobutyl ketone + isoarnyl alcohol mixtures at 298.15 K. 
Curves are least-square representations by eq. [5]. 

quently, the global energy of the hydrogen bonds 0-Ha. .O in 
the n-pentanol and isoamyl alcohol must be greater than those of 
the same type of bonds in the intermolecular complexes (17). 
The greater positive values of H~ for the MIK + P1 system with 
respect to the MIK + IA one could be interpreted in terms of the 
stronger self-association for the first system. 

The positive values of sE (see Figs. 2 and 3) are in agreement 
with the conclusions indicated above since this sign is indicative 

that the disruption of the alcohol structure is more important 
than the intermolecular association. 
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Enantiospecific synthesis of optically pure (S)-(+)-3-hydroxy-1-phenyl-1-butanone 
, by bakers' yeast reduction 

ROBERT CH~NEVERT' AND SONIA THIBOUTOT 
De'partement de chimie, Faculte' des sciences et de ge'nie, Universite' Laval, Que'bec (Que'.), Canada G l K  7P4 

Received December 10. 1985 

ROBERT CH~NEVERT and SONIA THIBOUTOT. Can. J.  Chem. 64, 1599 (1986). 
Bakers' yeast reduces 1-phenyl-1,3-butanedione with high chemo- and enantio-selectivity to give (S)-(+)-3-hydroxy-1- 

phenyl-1-butanone. The enantiomeric purity (>98%) was determined by nrnr analysis using a chiral shift reagent and the 
absolute configuration was determined by correlation with ethyl (S)-(+)-3-hydroxybutyrate. 

ROBERT CH~NEVERT et SONIA THIBOUTOT. Can. J. Chem. 64, 1599 (1986). 
La levure de boulanger rCduit la phtnyl-1 butanedione-1,3 d'une manitre chirnio et CnantiosClective pour conduire h la 

(S)-(+)-hydroxy-3 phknyl-1 butanone-1 . La puretk tnantiomtrique (>98%) est mesurte p a  une analyse de rrnn h l'aide d'un 
kactif de dkblindage chiral. La configuration absolue est Ctablie p a  corrklation avec le (S)-(+)-hydroxy-3 butyrate d'Cthyle. 

Introduction 
Asymmetric synthesis has relied on the use, as starting 

materials, of optically active compounds that are members of 
the so-called "chiral carbon pool," i.e. easily available chiral 
substances produced by living organisms including amino 
acids, terpenes, carbohydrates, etc. (1 -3). The composition of 
the chiral carbon pool is limited and there is an interest in its 
expansion. Biochemical transformation mediated by enzymes 
or microorganisms is an efficient tool for the preparation of ' chiral compounds. Reduction of unnatural ketone substrates by 

I fermenting baker's yeast has received renewed attention for 
the preparation of chiral alcohols (4-8). We report here on 
the preparation of enantiomerically pure (S)-(+)-3-hydroxy-1- 
phenyl- 1 -butanone by bakers' yeast reduction of 1 -phenyl- 1,3- 
butanedione. 

Results and discussion 
The reduction was carried out by treating 1-phenyl-1,3- 

, butanedione with a fermenting yeast - sugar-water suspension 
according to the basic procedure currently used (9). This 
reduction gave a single product in 33% yield (40% yield based 
on the umecovered starting material), which was identified as 
pure (S)-(+)-3-hydroxy-1-phenyl-1 -butanone (eq. 111). The 

n 0 - 
I I bakers' yeast 

t 

reaction is characterized by extraordinary selectivity: First, 
only the carbonyl group in position 3 is reduced. This chemo- 

I selectivity is unexpected because yeast reduces substituted 
acetophenones (4). Second, the reaction is enantioselective and 

3-hydroxy- 1 -phenyl- 1 -butanone, which was prepared by con- 
densation between acetaldehyde and benzoylacetic acid accord- 
ing to a known procedure (1 1). We also prepared this racemate 
by double reduction of 1-phenyl-1,3-butanedione with sodium 
borohydride followed by selective oxidation of the benzylic 
alcohol with pyridinium dichromate (eq. [2]). Figure 1A shows 

OH OH 0 OH 
I - PDC e!,,CH 1 

\cH3 'CH~ 

the well-resolved 'Hnmr signals for the methyl group of 
racemic 3-hydroxy- 1-phenyl- 1 -butanone in the presence of 0.1 
equivalent of E ~ ( h f c ) ~ .  The partial spectrum (Fig. 1B) of the 
yeast reduction product shows only one doublet and there is no 
trace of a second doublet. The optical purity obtained is above 
98%. 

Attention was next turned to the determination of the absolute 
configuration of the title compound. The absolute configuration 
of the product obtained by microbial reduction of a carbonyl 
group containing a large group L and a small group S to the 
alcohol may be determined by application of Prelog's rule (12). 
According to this rule, which was initially postulated for the 
reduction of decalones by Curvularia lunata, the hydrogen 
transfer proceeds on the Re-face of the prochiral ketone to give 
the S alcohol, thus the reduction reported here should give the S 
enantiomer. In view of the fact that yeast has now been shown to 
have at least three carbonyl-reducing enzymes at its disposal, 

only the (S)-(+) enantiomer is produced. 
Enantiomeric composition of the product was determined by with different enantio-differentiating abilities (13), caution 

must be exercised, and the absolute configuration was con- nuclear magnetic resonance analysis using tris[3-(heptafluoro- 
firmed by correlation with ethyl (S)-(+)-3-hydroxybutanoate 

pmpyIhydroXymethylene)-d-camphOmtO1europium( as a obtained from yeast reduction of ethyl acetoacetate. The shift reagent (lo). Poliuimetr~ be used because, to the absolute configuration of this compoun~ is firmly established best of our knowledge, none of the pure enantiomers has been 
reported so far. 'The nmr analysis requires the use of racemic (9). Reaction of phenylmagnesium bromide with ethyl (S)-(+)- 

3-hydroxybutanoate in the presence of triethylamine afforded 

'Author to whom correspondence may be addressed. 
(s):(+)-3-hydroxy- 1 -phen$- 1 -butanone (eq: [3]). In the pre- 
sence of several equivalents of a tertiary aliphatic amine, the 
Grignard reaction with an ester gives a ketone as the major 
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0 O H H  
II 12' 

PhMgBr 
[31 C ~ H ~ O / ~ V ~ ; C H ~  - 
product (14). Therefore, the yeast reduction of 1-phenyl-1,3- 
butanedione gives the title compound with S configuration. 

Experimental 
The 'H nmr spectra were recorded on a Varian XL-200 spectro- 

meter. E ~ ( h f c ) ~  and 1-phenyl-1,3-butanedione were purchased from 
Aldrich Chemical Co. bakers' yeast (Saccharomyces cerevisiae, type 
1) was purchased from Sigma Chemical Co. Ethyl (S)-(+)-3-hydroxy- 
butanoate was prepared according to known procedures (9, 15). 

Bakers' yeast reduction of 1 -phenyl-1.3-butanedione 
A mixture of sucrose (30 g) and fresh bakers' yeast (20 g) in water 

(150 mL) gave, after 1 h at 30°C, a rapid evolution of carbon dioxide. 
1-Phenyl-l,3-butanedione (1.62 g, 10 mmol) was added, and the 
fermenting suspension was stirred for another 24 h at room tempera- 
ture. A warm (ca. 40°C) solution of 20 g sucrose in 50 mL of water was 
then added. Stining was continued for 5 days at room temperature. The 
mixture was worked up by first adding 20 g of Celite and then filtering. 
The filtrate was saturated with sodium chloride and extracted with 
methylene chloride (continuous extraction). The organic phase was 
dried over magnesium sulfate, filtered, and concentrated with a rotary 
evaporator. The residue was purified by column chromatography 
(silica gel, methylene chloride - diethyl ether 96:4 as eluant) to give 
starting material (284 mg) and (S)-(+)-3-hydroxy-1-phenylbutanone 
(541 mg, 33% yield) as an oil; [cxlZS +50.5" (c0.12, CHC13);  neat): 
3440,3045,2950,1670,1590,1200, 1105, 1040cm-';nmr(CDC13): 
1.31(3H,d,J=6.5Hz),3.10(2H,d,J=6.0Hz),3.44(1H,s),4.40 
(lH, m), 7.46 (3H, m), 7.93 (2H, dd, Jorlho = 8.0 HZ, Jmera = 2.0 HZ); 
ms m/e (relative intensity): 164 (M+, l l ) ,  146 (17), 105 (loo), 
77 (53). 

3-Hydroxy-1 -phenyl-1 -butanone (racemic mixture) 
1-Phenyl-l,3-butanedione (1.62 g, 10 mmol) reacts with sodium 

borohydride (0.38 g, 10 mmol) in ethanol (25 mL) to afford, after 
90 min, 1-phenyl-l,3-butanediol(l.52 g) as a colorless liquid. Yield 
92%; ir (neat): 3400, 3049, 2955, 1590, 1210, 1105 cm-'; nmr 
(CDCI,): 1.16 (3H, d, J = 6.5Hz), 1.79 (2H, t, J = 7.0Hz), 4.01 
(lH, m), 4.92 (lH, m), 7.36 (5H, s); ms m/e (relative intensity): 
166 (M', lo), 107 (85), 105 (70), 79 (100), 77 (87), 51 (26). 

A solution of 1-phenyl-1,3-butanediol (5.6 mmol, 923 mg), and 
pyridinium dichromate (16) (2.1 g, 5.6 mmol) in methylene chloride 
(25 mL) was stirred at room temperature for 3 h. The reaction mixture 
was diluted with ether, filtered, and evaporated. The crude product 
was purified by column chromatography (silica gel, chloroform-ether, 
5050) togiveracemic 3-hydroxy-1-phenyl-1-butanone. Yield 538 mg, 
59%. Spectroscopic data are described above (see also ref. 1 1). 

(S)-( +)-3-Hydroxy-I-phenyl-I -butanone from ethyl (S)-( +)-3- 
hydroxybutanoate 

Ethyl (S)-(+)-3-hydroxybutanoate (528 mg, 4 mmol, ee (enantio- 
meric excess) = 85%) in anhydrous benzene (5 mL) was slowly added 
at 5-10°C to a freshly prepared solution of phenylmagnesium bromide 
(1.45 g, 8 mmol) and triethylamine (1 1) (2.42 g, 24 mmol) in anhy- 
drous benzene - ether solution (6 mL - 4 mL). The reaction mixture 
was stirred at 5-10°C for 2 h and then treated with 4 N hydrochloric 
acid. The organic layer was washed first with water, then with 5% 
aqueous sodium hydrogen carbonate solution, and again with water, 
and evaporated. The crude product was purified by column chromatog- 
raphy (silica gel, chloroform-ether 60:40 as eluent) to give (S)-(+)- 
3-hydroxy-1-phenyl-1-butanone (360 mg, 55% yield); [cx12' +42S0 
(~0 .70 ,  CHC13);  neat): 3440,3045,2950,1670, 1590,1200, 1105, 
1040cm-';nmr(CDC13): 1.31 (3H, d, J = 6.5 Hz), 3.10(2H, d, J = 

FIG. 1. 200-MHz 'H nmr spectra of a solution prepared from (A) 
racemic 3-hydroxy-1-phenyl-1-butanone and (B) the product obtained 
by fermentation, in the presence of 0.1 equivalent of Eu(hfc)3. The 
uppertrace is slightly displaced to lower field due to the use of a slightly 
different concentration. The shoulder at 6 1.925 in (B), not being a 
doublet, cannot be due to the other enantiomer, and its signal area is 
less than 2% of the large doublet. 

6.0Hz), 3.44 (lH, s), 4.40 (lH, m), 7.46 (3H, m), 7.93 (2H, dd, Jorrho 

= 8.0 Hz, J,, = 2.0 Hz); ms m/e (relative intensity): 164 (M', 1 1), 
146 (17), 105 (loo), 77 (53). 
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The proximate spin-spin coupling, ' J ( F , c H ~ ) ,  as a quantitative conformational indicator 
in alkylfluorobenzenes and related compounds 

TED SCHAEFER, RUDY SEBASTIAN, GLENN H. PENNER, AND S. R. SALMAN' 
Department of Chemistry, University of Manitoba, Winnipeg, Man., Canada R3T 2N2 

Received January 27, 1986 

TED SCHAEFER, RUDY SEBASTIAN, GLENN H. PENNER, and S. R. SALMAN. Can. J. Chem. 64, 1602 (1986). 
The through-space or proximate nuclear spin-spin coupling constant, 'J(F,CH3) = 'J, between methyl protons and ring 

fluorine nuclei in alkylfluorobenzenes is postulated as 'J/HZ = A(cos4 0) +  sin^ (0/2)), 0 being the torsional angle for the 
C,2-C,, bond. A and B are obtained from the known internal rotational behaviour in 2,6-difluoroethylbenzene and the 
corresponding cumene derivative. The parameterization is tested on the observed '5 in derivatives of 2,4,6-tri-tert-butyl- and 
2,4,6-tri-isopropyl-fluorobenzene, in 2-chloro-6-fluoroisopropylbenzene, 2,6-difluoro-a-methylstyrene, and N-methyl-8- 
fluoroquinolinium halides. A prediction is made for 'J in 2,6-difluoro-tert-butylbenzene. It appears that the present 
parameterization allows the derivation of approximate torsional potentials from proximate couplings, for example in a , a -  
dimethyl-2,6-difluorobenzyl alcohol. 

TED SCHAEFER, RUDY SEBASTIAN, GLENN H. PENNER et S. R. SALMAN. Can. J. Chem. 64, 1602 (1986). 
On considbre que les constantes de couplage spin-spin B travers I'espace (ou par proximite nuclCaire), 'J(F,cH~) = 'J, entre 

les protons mCthyles et les noyaux de fluor d'alkylfluorobenzknes peuvent &tre reprCsentCes par 1'Cquation 'J/HZ = ~ ( c o s ~  0) + 
B(sin2 (012)) dans laquelle 0 est I'angle de torsion par la liaison Cv2-C,3. On a obtenu les valeurs de A et de B B partir du 
comportement connu pour la rotation interne dans le difluoro-2,6 tthylbenzbne et le dCrivt cumbne correspondant. On a CvaluC 
les pararnktres sur la valeur de '5 observte dans des dtrivCs des tri-tert-butyl-2,4,6 et tri-isopropyl-2,4,6 fluorobenzkne, dans le 
chloro-2 fluoro-6 isopropylbenzkne, le difluoro-2,6 a-mtthylstyrkne et dans les halogCnures du N-methyl fluoro-8 quinolinium. 
On fait une prtdiction relative B la valeur de 'J dans le difluoro-2,6 tert-benzkne. I1 semble que les parambtres actuels permettent 
de dtriver les potentiels approximatifs de torsion ?I partir de couplage approximatifs, cornme dans I'alcool a,a-dimtthyl 
difluoro-2,6 benzylique. 

[Traduit par la revue] 

Introduction Now, the proximate couplings 5J(H,CH3) in anisole and 
Proximate spin-spin coupling constants are those for which 'J(F,Cff3) in 2-fluoroaceto~henone apparently obey a cos4 0 

nuclear spin state information is transmitted via interactions law (10, 15). For the former, INDO MO FPT computations (15) 
between electron orbitals in proximate bonds or even between agree with such a 0 dependence. such 
orbitals centered on the coupled nuclei (1-4). It follows that the are for the proximate 5J(F3CH3) for dis- 
magnitude of the coupling constants is very sensitive to the cussed ~ rev ious l~  (10). The assumption that 'J OC c0s4 0 in 
distance between the coupled nuclei and is often difficult to 2-fluoroacetophenone, where 0 is defined between 0 and 90" 
calculate reliably (4- 10) or to relate quantitatively to common only 9 led to a reasonable interpretation of 5J in this compound 
conformational parameters as torsion angles. early and its 6-fluoro derivative, and of its temperature dependence in 

study of some alkyl derivatives of fluorobenzene (3) demon- the (lo). 
strated a steep dependence of 'J(F,cH,) = '5, the coupling However, it is known2 that the 2p, orbital on the oxygen 
over five formal bonds to methyl protons in the sidechain, on the atom of the carbony1 group in acetophenone prevents efficient 
distance between the fluorine nucleus and the carbon nucleus of transmission of spin state information via the exocyclic bonds, 
the methyl group. The distance was estimated from models. SO that the simple 0 dependence for the proximate coupling 
Although 5~ gives a good indication of the preferred conforma- mechanism may well have to be augmented by another contri- 
tion of the sidechain, it is not obvious how 5J can be related bution in alkylfluorobenzenes, particularly for 90" < 0 < 180". 
quantitatively to the potential governing the internal rotation In this Paper, 'J values in 1, 2, and 3 (aYa-dimethyl-276- 
about the C,z-C,, bond. For example, it is very likely that OH 
this potential in 2,6-difluoroethylbenzene, 1, is predominantly 1 
twofold (11-14) and that, as in ethylbenzene itself (12, 14), the F ---- C ---- F 

most stable conformation has 0 as 90". Again, the cumene CH3 ' 'CH, 
derivative, 2, has 0 as 60" in the conformation of lowest energy 3 
(1 1). It is therefore expected and observed that 'J in 1 is less than difluorobenzyl alcohol) are examined with a view to establishing ,' 

H +FH3 '5 as a quantitative measure of hindered rotation about the 
\ /(fH3 F---- c----F F-- --H- C- - --F Cv2-C,3 bond. As applications, 5~ values in 2-chloro- 

I \ 6-fluoroisopropylbenzene, 3,5-dibromo-2-fluoroisopropylben- 
H CH3 zene, and a-methyl-2,6-difluorostyrene are discussed, and a 
1 2 prediction is made for 5~ in 2,6-difluoro-tert-butylbenzene. 

Some literature values of '5 are also examined. 
'5 in 2 (1 1). '5 is relatively easily measured and can often be 
obtained by inspection of an nmr spectrum. Hence, if 5~ could The 13 dependence of 'J = 'J(F, CH3) 
be quantitatively related to 0, then it could be used to extract the The derivation of a relationship between '5 and 0 is facilitated 
hindering potential governing the motion of the sidechain. by the following considerations. The values of cos4 0 for rigid 

'Permanent address: Department of Chemistry, University of 2~npublished work in &is laboratory and private communication 
Baghdad, Baghdad, Iraq. from Dr. R. Laatikainen. 
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SCHAEFER ET AL. 1603 

conformers defined at 30, 60, and 90" are 0.5625, 0.0625, 
and zero, respectively. As the internal barrier decreases from 
infinity and approaches zero, (cos4 0), the expectation value of 
cos4 0, approaches 0.375 in each example. Hence, in 1 and 2 a 
vanishing barrier should yield identical values of 5J. They are 
not identical, of course, and are +0.301(3) and +0.956(3) Hz 
in 1 and 2, respectively (1 1). In 1, the most stable conformation 
has 0 as 90°, whereas in 2 it is the one with 0 = 60" (1 1). If 5J 
were simply proportional to (cos4 0) and if these two angles 
defined rigid conformations, then 5 ~ 0 ,  the value at 0 = 0°, 
would follow as 31 Hz in 2 and infinity in Neither value 
is reasonable, the latter for obvious reasons and the former 
because it also seems too large when compared, for example, to 
the 5 ~ 0  of 8.15 Hz deduced for 2-fluoroacetophenone (10) or 
to the 8.8 Hz observed for the N-methyl-8-fluoroquinolinium 
iodide (8), in which 0 approximates to zero. Because the 
C-C-C(H3) bond angles in these latter two compounds are 
near 120" but are probably nearer 1 10" in 1 and 2, a value of 5 J ~ f  
about 10 Hz seems reasonable for the latter compounds. 

Now, the barrier to rotation about the C,2-C,s bond in 1, 
assumed twofold, is 25.5 + 8.4 kJ/mol (1 I). At 300 K, such a 
barrier corresponds to a classical (cos4 0) of 0.01 + 0.01. 
Again, a dependence of 5~ only on cos4 0 would imply a 5 ~ o  of 
60 Hz or larger. It is apparent that another coupling mechanism 
contributes to 5 ~ .  

Therefore, write eq. [:[I 

[I.] 'J/HZ = (5~o/2) (~os4  0) + 5~180(~ in2  (012)) 

in which the second term arises from a a electron mechanism 
(16, 17) having its maximum in the all-trans arrangement of the 
intervening bonds. A a-IT electron contribution, varying as 
sin2 0, is rejected because no coupling is observed between 
"F and methyl 'H nuclei in 4-fluoroethylbenzene (18). For a 
twofold barrier, (sin2(0/2)) is 0.5 (16). Proceeding on this 
assumption and also taking 5J in 1 as positive, one has 
0.301(3) = (5~0/2)(0.01 + 0.01) + 0.55J180 for 1. In 2 the 
enthalpy of activation for rotation about the C,Z-C,s bond is 
25.4(4) kJ/mol (1 1), yielding +0.956(3) = (5~0/2)0.  143(1) + 
0.55J180. It follows that 5 ~ 0  is 9.16 + 0.65 Hz, an apparently 
reasonable magnitude in terms of the previous arguments, and 
that 5 ~ 1 8 0  is 0.60 + 0.10 Hz. In 2,6-difluoroalkylbenzenes, 
therefore, eq. [2] represents the 0 dependence of 5J. Note that 

[2] 5 ~ ( ~ 2 ~ ~ 3 ) / ~ z  = (9.16 k 0.65)/2 ((cos4 0)) 
+ (0.30 * 0.05) 

twofold barriers are assumed and that (cos4 0) is defined for 0 s 
0 5 90" but that for (sin2 (012)) this angle is defined between 0 
and 180". In a 2-fluoroalkylbenzene, for example, the coeffi- 
cient of (cos4 0) would become 9.16 2 0.65 Hz and the second 
term would be (0.60 + 0.10) (sin2 (012)) Hz. 

Tests of the conformational eq. [2] 
(i) 2,6-DiJluoro-a,a-dimethylbenzyl alcohol, 3 
In this molecule, 5~ is +2.03 l(1) Hz. Therefore (cos4 0) is 

0.38 k 0.03 if the barrier is twofold. For a zero internal barrier 
(cos4 0)  is 0.375, so that an ambiguity is introduced by the error 
estimate. If 3 is the stable form, then V2 ranges between 0 and 
6 kJ/mol, because 0.3750 5 (cos4 0) 5 0.5625. If the conform- 
ation analogous to 2 is the most stable, then 0.0625 s (cos4 0) 
5 0.375 and an upper limit to V2 becomes 1 kJ/mol. It is 

'Note that 5~ = (5~0/2) (cos4 0) because there are two ortho fluorine 
substituents and because, in line with the remarks in the introduction, 
(cos4 0) is defined between 0" and 90" only. 

known4 that the conformation analogous to 3 is favored by less 
than 25 kJ/mol in 2,6-difluorobenzyl alcohol. For the isopropyl 
derivative, 2, the conformation with 0 = 30°, analogous to 3, 
lies 25 kJ/mol above 2. Hence a simple additivity scheme for 
the interpretation of the barrier in 3 does not hold. 

In order to ascertain the conformation of lowest energy for 3, 
6 ~ p ( 1 ~ , 1 3 ~ )  was measured as (-)0.222(6) Hz in the derivative 
containing a 13cH3 group (see Experimental). In 2,6-dichloro- 
ethylbenzene, this coupling is (-)0.618 2 0.016 Hz (19) and is 
a close approximation to its value at 0 = 90". Furthermore, it 
seems clear that 6 ~ p ( 1 ~ , 1 3 C )  varies as sin2 0. Then, allowing for 
the electronegativity of the hydroxyl group in 3 and assuming 
that 6 ~ 9 0 ( 1 ~ , 1 3 ~ )  is reduced in the same proportion (20a) as 
6 ~ 9 0 ( ~ , ~ ) ,  it follows that a lower limit to (sin2 0) is 0.42. This 
value of (sin2 0) corresponds to a V2 of 3.3 kJ/mol and to a 
preferred conformation as shown in 3 (0 = 30"). For this choice 
of 0 the proximate 5~ formulation suggests a V2 of 3.0 2 
3.0 kJ/mol (from 0 to 6 kJ/mol). Equation [2] is successful to 
the extent of finding a very low barrier compared to those in 1 
and 2. 

(ii) Prediction for 2,6-dij7uoro- tert-butylbenzene, 4 
Because of the threefold symmetry of the tert-butyl group, 

(cos4 0) will always average to 0.375, no matter what the most 
stable conformation or the barrier are. Consequently, eq. [2] 
predicts a 5~ of 2.0 + 0.2 HZ because (sin2 (012)) will be 0.5 
under these conditions. 4 has not been made. However, 5~ is 
available for some 3-X-2,4,6-tri-tert-butylbenzenes (3) and is 
discussed next. 

(iii) 'J(F,cH~) in 3-X-2,4,6-pi-tert-butylbenzenes, 5 
As the size of X increases in 5, the conformation in which one 

5 
methyl group eclipses the C-F bond increases in stability. 
Accordingly, 5J increases from 0.9 Hz for X = H to 4.2 Hz for 
X = Br. For compounds of this symmetry, eq. [2] must be 
written as eq. [3]. 

For free rotation (zero barrier) 'J becomes 3.74 * 0.39 Hz, 
while for a rigid 5, where one methyl group eclipses the C-F 
bond, the average 5~ is 3.35 + 0.27 Hz (remember that (cos4 0) 
is defined for 0 s 0 90"). Again, for a rigid 5 in which two 
methyl groups are staggered about the C-F bond, the average 
5J is reduced to 0.58 + 0.06 Hz. Accordingly, when neither 
rigid conformers nor completely free internal rotations exist, 
5~ should lie between 0.52 and 4.03 Hz in magnitude. The 5~ of 
4.2 Hz when X = Br must be interpreted in this model as caused 
by distortion of the sidechain geometry by the relatively large 
bromine substituent, such that the methyl group eclipsing the 
C-F bond moves about 0.1 A closer to the fluorine substituent. 
A distortion of this magnitude can cause an increase of about 
0.6 Hz in 'J (3). That a substituent at C-3 in 5 can distort the 
molecule is also indicated by the change in 5~ observed for the 
tert-butyl group at C-6. Of course, the barriers to internal 
rotation in 5 are not known, but are needed to compute 5J from 

4~npublished work in this laboratory. 
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eq. [3]. That the barriers might well be substantial might be 
inferred from the following example. 

(iv) 2-Chloro-6-Jluoroisopropylbenzene, 6 
Compound 6 obeys the equilibrium 6a  6b with K = 7.6 at 

300 K (20b). 

The enthalpy of activation for interconversion of 6a and 6b is 
38.1(3) kJ/mol and 'J(F,CH3) is 1.61 Hz. Although the poten- 
tial function for the rotation about the exocyclic C-C bond is 
not known from these data, the following approach allows an 
estimate of 'J from eq. [3]. In 6b the potential hindering small 
amplitude torsions must be rather similar to V2 in 2,25.5 kJ/mol. 
Therefore take (cos4 0) to be 0.143(1) as discussed above for 2, 
yielding 'J as 1.46 + 0.15 Hz in 6b. In 6a,  only the term in 
(sin2 (012)) contributes and will be 0.45 + 0.08 Hz. Hence 
eq. [3] yields an estimate of 0.88 (1.46 + 0.15) + 0.12 (0.45 + 
0.08) or 1.34 + 0.14 Hz, where 0.88 is the fractional population 
of 6b. This estimate of 'J lies 0.27 + 0.14 Hz below the 
observed value of 1.61 Hz. 

(v) 3,5-Dibromo-2-Jluoroisopropylbenzene, 7 
'J(F,cH~) is 0.51(1) Hz in 7. There is considerable freedom 

of motion about the C,2-CV3 bond, as shown by the 
6 ~ ( ~ , ~ ~ )  of -0.233(5) Hz. This coupling vanishes when the a 
C-H bond sits in the ring plane (11, 21-23). The simplest 
potential describing the motion of the isopropyl group contains 
onefold and twofold terms. An approximation to Vl can be had 
from 2,6-diisopropylfluorobenzene, in which 'J(F,cH~) is 
0.49(1) Hz in magnitude (same as in 7) and 'J,(H,CH) is 
0.420(7) Hz. The latter coupling is stereospecific (17, 24) and 
would be 0.63 Hz if this compound existed in a rigid conforma- 
tion having the a C-H bond cis to the C-F bond.5 Assuming 
a barrier sizeable compared to kT (see below), a free energy 
difference of 1.8 kJ/mol favoring the C-H cis over the C-H 
trans conformation can be deduced (24). The assumption that 
the entropy difference is negligible yields a value of 0.5 for the 
7a % 7b equilibrium at 305 K. 

7a 76 
For rigid conformers 'J follows as 0.55 + 0.03 Hz, compared 

to the observedvalue of 0.51 + 0.01 Hz. Of course, the twofold 
barrier to rotation in the absence of the fluorine substituent is 7.6 
+ 0.8 kJ/mol (25) and is 25.5 k 0.4 kJ/mol in 2. At 305 K 
some considerable torsional amplitudes about the C,-C,, 
bond therefore occur, particularly in 7a. Therefore wnte V = 
Vl sin2 ($12) + V2 sin2 $, where $ is zero in 7a, as the most 

5Full analysis of 'H nmr and 19F nmr spectra of 2,6-diisopropyl- 
fluorobenzene is problematic because of the nature of its spin system. 
However, 6 ~ p ( ~ , C ~ )  is -0.22(3) Hz, the same as in 7, implying very 
similar motional characteristics of the isopropyl groups in the two 
compounds. 

simple potential function governing the torsion. Vl is taken as 
1.8 kJ/mol. Computation of the classical averages of cos4 0 and 
sin2 (0/2), with the proviso that contributions to (cos4 0) occur 
only when the methyl group lies in the quadrant containing the 
C-F bond, proceeds for a range of V2 values. A reasonable fit 
to the observed 'J of 0.51 HZ occurs for a V2 of 22 ? 2 kJ/mol. 

(vi) 2,6-DiJuoro-a-methylstyrene, 8 
In this compound, 'J is 0.95(2) Hz. If eq. [2] applies, then 

(cos4 0) is 0.142 + 0.012. Because (cos4 0) < 0.375, the most 
stable conformation must have the methyl group in a plane 
perpendicular to the benzene plane. The assumption of a 
twofold barrier yields V2 as 5.8 + 0.5 kJ/mol. Of course, the 
C(1)-C-CH3 bond angle is no doubt larger than in an sp3 
bonding situation, which would cause a decrease in '.lo in eq. 
[2]. If 'J,, were as small as 8.0 Hz, somewhat smaller than in 
2-fluoroacetophenone, then (cos4 0) would be 0.162, corres- 
ponding to a V2 of 5.1 kJ/mol. The classical expectation value 
of 0 is 63(1)" for this range of V2 values, where 0 is measured 
from the ring plane. 

In a-methylstyrene, 0 has been deduced as 30" from ultra- 
violet spectroscopy (26) and as 29 + 6°C from photoelectron 
spectral data (27). In 4-fluoro-a-methylstyrene, 6 ~ ( 1 3 ~ ,  1 9 ~ )  

indicates a V2 of 5.9 kJ/mol, the preferred conformation having 
0 as 0" and a (0) of 27 + 1". In other words, the presence of the 
two ortho fluorine substituents alters the stable conformers from 
one in which 0 is 0" to the one in which 0 is 90". The change in 
the magnitude of the barrier is apparently about 11 kJ/mol. 

However, in styrene V4 amounts to 26% of V2 (28) and is of 
opposite sign to V2. Although the observed 'J(F,cH~) in 8 
unequivocally establishes the perpendicular conformer as the 
one of lowest energy, the assumption that V4 and V2 are of 
comparable magnitude is also compatible with a (cos4 0) of 
0.142. Thus, measuring the zero of energy from 0 = 90" gives 
V2 and V4 as 5.0 and -4.5 kJ/mol, respectively, or as 1 1.5 and 
9.8 kJ/mol. Now, ST0 3G MO computations with geometry 
optimization (29a) agree that V2 and V4 differ in sign in styrene, 
although they overestimate V2 by 27%. Identical (29a) compu- 
tations on 8 yield V2 and V4 as 11.5(8) and 9.1(8) kJ/mol, 
respectively. It seems that 'J(F,CH3) is therefore compatible 
with a twofold barrier of 5.8 kJ/mol or with a barrier consisting 
of larger twofold and fourfold components of very similar 
magnitudes (it may be noted that ST0 3G MO computations on 
1 yield a small V4 component for the internal rotation barrier, 
consistent with the assumptions made in previous sections). 

(vii) N-methyl-8-Jluoroquinolinium iodide and chloride, 9a 
and 9b 

'J(F,CH3) is +8.8 Hz in these molecules (8). In terms of 
eq. [3], the coupling should be 9.1 + 0.6 Hz, assuming a planar 
rigid structure. Of course, the intervening bond angles are 
distorted from ideal 120" bond angles (8), yet the molecule is 
effectively planar. Considering that the bond lengths in the 
fragments used to derive eq. [3] are probably somewhat larger 
than in 9, the coupling magnitude in the latter is probably 
consistent with the discussion in the previous sectiom6 

6~ referee asks how the present treatment applies to 5~(F,CH2) 
in 5-fluoro-3,3-dimethyl- 1,2,3,4-tetrahydrophenanthrene (29 6 ) .  This 
coupling is indeed an interesting one from the viewpoint of proximate 
coupling mechanisms. However, the present paper relates to reorient- 
ing methyl groups (hence 5 ~ ( ~ , ~ ~ 3 )  refers to an average over three 
methyl protons), which, in general, are part of a larger reorienting part 
of the molecule (angle 0). 
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SCHAEFER ET AL. 

TABLE 1. The 'H nmr spectral parameters for 2,6-difluor0-a-meth~l-a-meth~l-'~C-benzyl 
alcohola 

Parameter Value Parameter Value 

4 ~ ( ~ , F )  
5~ (H ,F )  
4J(F,F) 
3 ~ ( ~ , H )  
4~(H,H)  
4~(CH3 ,CH3) 

Calcd. transitions 
Assigned transitions 
Largest difference 

RMS deviation 

"For a 3.0 mol% solution in CS2, containing 10.0 mol% C6D,, and 0.5 mol% TMS at 300 K. 
Hz at 300.135 MHz to high frequency of internal TMS. 

'Numbers in parentheses are standard deviations in the last significant figure. 
dFrom a separate analysis of the ring proton spectrum. 
eFrom an analysis of the spectrum from the methyl protons. 

Experimental 
The preparation and analyses of the 'H and IyF nmr spectra of 1 have 

been described ( l l ) ,  as have the synthesis and analysis of the 'H nmr 
spectrum of 2 (11, 30). 

The analysis of the 'H nmr spectrum of 3,  the compound being 
an intermediate in the synthesis of 2 (30), yielded 'J(F,cH~) as 

, 2.032(1) Hz for a 3.1 mol% solution in CS2 at 305 K. The 'H nmr 
I spectrum was calibrated on a HA100 spectrometer by procedures 
1 previously described in detail (31). 5 ~ ( F , C ~ 3 )  was independent of ' concentration from 3 to 0.4 mol% in CS2. Weak double irradiation 

experiments (32) showed that 5 ~ ( ~ , C ~ 3 )  was of opposite sign to 
'J(F,OH) in 3. The latter coupling is negative in 2-fluorobenzyl 
alcohol (33), implying 'J(F,CH3) as positive in 3. The positive sign is 
expected, the coupling being positive in 2, 7, 8 ,  and 9. 

The synthesis of 3 containing a 1 3 C ~ 3  group proceeded in a 
straightforward way by reaction of 2,6-difluoroacetophenone with the 
Grignard reagent prepared from 13c-enriched methyl iodide. The 
'H nrnr spectrum of a 3.0 mol% solution in CS2, containing also 
10 mol% C6D12 and 0.5 mol% TMS, was obtained on an AM300 nmr 
spectrometer at a probe temperature of 300 K. This spectrum was 
analyzed with the computer program NUMARIT (34), as modified by 
R.S. The spectral parameters appear in Table 1. Figure 1 displays the 
'H nmr spectrum of the methyl group for this compound. 

Compound 6 was prepared in the same manner as 2 (11, 30). 
Analysis of the 'H nmr spectrum of 2 as a dilute solution in benzene-d6 
at 90MHz yielded 5~(F ,CH3)  as 1.61(1) Hz. 

Compound 7 was derived from 2-aminocumene via brornination and 
diazotization in the standard way. Its 'H nmr and "F nmr spectra were 

I accumulated on a WH90 nmr spectrometer from a dilute solution in 
acetone-d6 by methods standard in this laboratory (3 1). Analyses of the 
spectra and double irradiation experiments yielded the germane result 
that 5 ~ ( ~ , C H 3 )  was +0.51(1) Hz. 

, The 2,6-diisopropylfluorobenzene was synthesized via the diazo- 
1 nium salt of the corresponding aniline derivative. The 'H nmr and 

nmr spectra of a 5 mol% solution in CC4 ,  recorded on a WH90 
, spectrometer, arise from an ABB'XX'R spin system. The spectra 

were insensitive to 4 ~ 4  and had other peculiarities that are of no 
interest here. However, an analysis gave 'J(H,cH) as 0.420(7) Hz, 
5 ~ ( ~ , C ~ 3 )  as 0.492(5)Hz, and 6 ~ ( ~ , C ~ )  as -0.22(3) Hz, relevant to 
the discussion above. An analysis of the "F nmr spectrum, obtained 
while decoupling the methyl protons, utilized the self-assigning 
program DAVINS (35) in a manner described previously (1 l),  and 
yielded 4~(F ,CH)  as 0.40(1) Hz. 

FIG. 1. The observed and calculated methyl 'H nmr spectrum at 
300 MHz and 300 K of a 3 mol% solution in CS2 of 2,6-difluoro-a- 
methyl-cu-methyl-'3C-benzyl alcohol. The line widths at half height are 
0.2 Hz, probably arising from small unresolved long-range coupling to 
ring protons and the hydroxyl proton. The artifactual distortion of one 
side of the observed spectrum, indicated by asterisks, is not present in 
the 'H nmr spectrum of the 13cH3 group. An impurity peak, indicated 
by an arrow, is also present in the observed spectrum and impurities 
may also account for the anomalous intensity of a nearby peak. 
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KOCK-YEE LAW, F. COURT BAILEY, and LYNN J. BLUETT. Can. J. Chem. 64, 1607 (1986). 
The electron impact (EI) mass specra of bis(4-dimethylaminopheny1)squaraine 1 and its derivatives 2-14 have been studied. 

Ions of mass number higher than the molecular ion, which are shown to be precursors of fragment ions of lower mass numbers, 
are observed. From the structure-property relationship, these ions are assigned to M + CHR1+ and M + Hz1+, where 
CH2R is the alkyl group in the N,N-dialkylanilino moiety of squaraine. Evidence is provided that the formation of M + 
CHR1 f and M + Hz1 f. is the result of alkyl transfer and H transfer reactions within a squaraine aggregate rather than 
intermolecular vapor phase reactions in the mass spectrometer. This molecular aggregate is later shown to be a trimer by analysis 
of metastable ion data and chemical ionization mass spectrometry. The fragmentation sequence of this trimeric species is 
elucidated with the assistance of metastable ions. Results show that the trimer may breakdown to monomeric and dimeric species 
upon electron impact; alternatively, the four-membered ring of the central squaraine in the trimer may cleave to generate two 
species of approximately equal mass number. These two species usually dominate the mass spectrum and further fragment into 
M + CHR1 + and M + Hz1 k Detailed fragmentation schemes for M + CHR1 + and M + Hz1 f are proposed and 
discussed. 

KOCK-YEE LAW, F. COURT BAILEY et LYNN J. BLUETT. Can. J. Chem. 64, 1607 (1986). 
On a Ctudit les spectres de masse sous impact Clectronique de la bis(dimCthy1amino-4 phCny1)squaraine (1) et de ses derives 

2-14. On a observk la prtsence d'ions de masses plus Clevtes que celle de l'ion molkculaire et on dCmontre que ce sont les 
prtcurseurs d'ions fragment& de masses plus basses. En se basant sur des relations entre la structure et les propriCtCs, on a 
attribut ces ions aux entitCs M + CHR1+ et M + Hz1+ dans lesquelles CH2R reprCsente un groupement alkyle de la 
portion N,N-dialkylamino de la squaraine. On prksente des donnCes confirmant que la formation des entitCs M + CHR1 f et 

I M + Hz1 f. provient de rkactions de transfert d'hydrogkne ou de groupements alkyles h I'intCrieur d'un agrCgat de squaraine 
I plutBt que de reactions intermolkculaires en phase vapeur h l'intkrieur du spectrometre. En se basant sur une analyse des donnCes 

relatives aux ions metastables et sur la spectromCtne de masse par ionisation chimique, on dCmontre de plusque cet agrtgat 
molCculaire est un trimkre. On a Clucidt I'ordre de fragmentation de cette espece trimkre en se basant sur les ions mCtastables. 
Les rCsultats dtmontrent que, sous impact Clectronique, le trimkre se brise en des espkces monomkre et dimkre; il est aussi 
possible que le cycle h quatre chainons de la squaraine centrale du trimere se brise pour gtnCrer deux espkces de masses 
approximativement Cgales. Ces deux espkces dominent habituellement les spectres de masse et les fragmentations subs6quentes 
en M + CHR1f et M + Hz1% On propose et discute des schCmas dCtaillts des fragmentations en M + CHR1+ et 
M + Hz1+. 

[Traduit par la revue] 

Introduction 
Squaraines are 1,3-disubstituted products obtained from 

squaric acid and N,N-dialkylanilines (1). The synthesis of 
squaraines is simple and has been reviewed several times in the 
literature (2). Owing to the strong exciton interactions, squar- 
aines exhibit intense and panchromatic absorption from the 
visible to the near-infrared (400-1000nm) in the solid state. 
These features have made them very attractive for various tech- 
nological applications in industry, e .g . , electrophotographic 
imaging (3), organic solar cells (4), ablative optical recording 
(S), etc. 

Squaric acid N,N-dialkylaniline 

While the technological use of these compounds has been 
extensive and a large number of squaraine structures have been 
synthesized (6) ,  very little attention has been devoted to the 
fundamental properties of squaraines. Squaraines have been 
typically characterized by elemental analysis, visible absorp- 
tion, and ir (infrared) (1). Mass spectrometry, one of the 
basic analytic tools for structure determination of organic 
compounds, has rarely been used. 

During the course of our investigation on the photoconduc- 
tive properties of squaraines, we have used electron impact (El) 
mass spectrometry as a routine tool for structural characteriza- 
tion and have found that squaraines exhibit very unusual mass 
spectrometric properties.3 Ions of mass numbers higher than the 
molecular ion (M+) were frequently observed. Here we report 
our investigation on the anomalous mass spectra of squaraines 
1-14 (structures in Fig. 1). The mechanism of formation of 
these high molecular weight ions and their subsequent fragmen- 
tation processes are studied. Our results show that molecular 
aggregates of squaraines are precursors of the lower mass 
number fragments observed in the mass spectra. These mole- 
cular aggregates fragment upon electron impact to either 
molecular ions or high molecular weight intermediate ions. 

Squaraine 
3~ preliminary account of this work was presented at the 186th 

'Author to whom correspondence may be addressed. ACS National Meetings, Washington, D.C., August 28 -September 2, 
'Revision received February 11, 1986. 1983. 
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squaraine 
1 X = H  R=H 

2 H (333 

FIG. 1. Structures of squaraines 1-14. 

I The latter species, which usually dominate the mass spectrum, 
further fragment into the characteristic mass spectrometric 

! pattern of squaraine. The prospect of using mass spectrometry 
as an analytical tool for structure elucidation is discussed. 

Experimental 
Materials 

Squaric acid, N,N-dirnethylaniline, N,N-diethylaniline, N,N-di- 
methyl-m-toluidine, and N,N-di-n-butylaniline were purchased from 
Aldrich; N,N-diethyl-m-toluidine was obtained from Pfaltz & Bauer, 
N-ethyl-N-benzylaniline was a gift from Hardwicke Chemical Com- 
pany. All these materials were used as received. N,N-Dimethyl-3- 
fluoroaniline, N,N-dimethyl-3-methoxyaniline, N,N-diethyl-3-meth- 
oxyaniline, N,N-dimethyl-3-ethylaniline, N,N-dipropylaniline, and 
N,N-dibutyl-3-methylaniline were prepared by alkylating an aniline 
derivative (Aldrich) with trialkyl phosphate (Aldrich) as described in 
the literature (7). All solvents were best commercial quality and were 
used without further purification. 

General technique 
Melting points were taken on a capillary melting point apparatus 

(Thomas Hoover) and are uncorrected. Elemental analyses were 
performed by Galbraith Laboratories. Spectra were recorded by means 
of the following instruments: infrared, Perkin-Elmer 283; 'H nmr, 
Briiker WP-80; uv-vis, Cary 17. 

Electron impact (EI) mass spectra were recorded on a Nuclide 
12-90G magnetic sector mass spectrometer. Samples were introduced 
using the solid probe direct insertion inlet sytem and were usually 
heated slowly from -25°C to a threshold temperature where strong ion 
current was obtained. The threshold temperature varied from 80°C to 
-140°C and was at least 100°C below the melting point or the 
decomposition point of a specific compound. An ionization voltage of 
70 eV regulated at 100 FA ionizing current was used. 

Chemical ionization (CI) mass spectra of 1 were recorded on a triple 
quadrupole gc/ms spectrometer from Finnigan at Oneida Research 
Service. The vaporization temperature of 1 was -150°C and the CI 
reagent gas (CH4, NH3, CH2C12, and N2O) pressure was about 
0.4Torr (1 Torr = 133.3 Pa). 

Squaraine synthesis 
Squaraines were prepared by reacting one equivalent of squaric acid 

and two equivalents of N,N-dialkylanilines in a mixture of toluene 
(or benzene) and 1-butanol at reflux for -8 h (8). Two work-up 
procedures were used and they are outlined as follows: 

A. Pigment samples4 
After cooling, the product was filtered, then washed with methanol 

and ether. All samples obtained are analytically pure. 
B .  Dye samples4 
After cooling, solvent was removed under reduced pressure. 

Impurities were removed by extracting the mixture with ether. 
Squaraine product was then isolated from the residue by column 
chromatography on silica gel (Baker, 60-200 mesh) using chloroform 
as eluent. The physical properties and the spectroscopic data of these 
compounds are tabulated in Tables 1 and 2. 

Results and discussion 
Synthesis and characterization 

Squaraines were prepared from squaric acid and N,N-dial- 
kylanilines (8). Pigment samples were isolated from the product 
mixture by filtration and were usually analytically pure. As seen 
in Table 1, they all have high melting points (>200°C). As 
the length of the alkyl chain at the nitrogen increases, their 
solubility in organic solvents increases and this is accompanied 
by a decrease in melting point of the solid. The chemical yields 
of these soluble squaraines were low (<lo%) and might be 
attributable to secondary reactions of squaraines with N,N- 
dialkylanilines in the product mixture.' Pure squaraines were 
isolated and purified by chromatographic techniques. 

Squaraines exhibit intense absorption in the visible region in 
solution; their absorption maxima vary from 600 to 680 nm 
depending on the substituents at the nitrogen and in the phenyl 
ring. More detailed discussion on the electronic properties of 
squaraines will be addressed el~ewhere.~ In the ir spectra (Table 
1) squaraines show no C=O stretching at -1700 cm-'. 
Instead, strong absorption bands at - 1600 cm-' are observed 
and they are attributable to the C Z C  stretching in the 
four-membered ring and the phenyl ring. The absence of any 
C=O stretching is a strong indication of extensive bond 
delocalization in the four-membered ring of squaraine. 

Owing to the high solubility of squaraine dyes prepared in this 
work, we were able to record 'H nmr spectra on a routine nrnr 
spectrometer. Results in Table 2 show that the chemical shifts of 
all the aliphatic protons are observed in the expected region. 
The chemical shifts of the aromatic protons are, however, quite 
characteristic and are worth further discussion. 

Two sets of doublets at 6 -6.8 and - 8.3 ppm are observed 
for squaraines 2-4 and 12, and they can be assigned to the P 
protons and the cw protons in the phenyl ring, respectively. The 

4Pigments denote colorants having very low solubility in various 
solvents and dyes generally refer to soluble colorants. 

5Squaraines are known to react with amines to form adducts. In 
thecase of tertiary aromatic arnines, 1: 1 squaraine-amine adducts have 
been isolated and characterized (9). In this work, we have found in 
controlled experiments that squaraines react with N,N-dialkylanilines 
to form colorless products. Although these colorless substances have 
not yet been characterized, we believe that the low chemical yield of 
squaraine dyes is at least in part the result of the consumption of 
squaraine in secondary reactions. 
6 ~ .  Y. Law, manuscripts in preparation. 
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LAW ET AL. 

TABLE 1. Synthesis and properties of squaraines 

Analysis 
Melting point Infrared 

Squaraine Procedure Yield (%) ("c) ( ~ m - ' ) ~  C H N F 

296-297 
(lit. 2 7 0 ) ~  

187-187.5 

186-186.5 

186-186.5 

251-251.5 

198-199 

130-133 

295-296 

230 (dec.) 

198-199 

213-217 

196.5-197.5 

206-207.5 

220-221 

calcd. 
found 

calcd. 
found 

calcd. 
found 

calcd. 
found 

calcd. 
found 

calcd. 
found 

calcd. 
found 

calcd. 
found 

calcd. 
found 

calcd. 
found 

calcd. 
found 

"In KBr. 
*Reference 2b. 
'The structures of these squaraines have been disclosed in patent literature, see ref. 6. 

TABLE 2. 'H nuclear magnetic resonance data of squaraine dyes synthesized in this work 

Squaraine Solvent 6 ,  ppm from TMS 

1.25 (t, 12H, J = 7.5 Hz), 3.5 (q, 8H, J = 7.5 Hz), 6.8 (d, 4H, 
J = 9.8 Hz), and 8.32 (d, 4H, J = 9.8 Hz) 

1.20(t, 12H, J = 7.0Hz), 1.3-2.0(M, 8H), 3.42 (t, 8H, J -  8.3Hz), 
6.76(d,4H, J =  9.5Hz), and8.28(d,4H, J  = 9.5Hz) 

0.98(t, 12H,J=7.5Hz),  1.1-1.92(m, 16H) ,3 .46( t ,aH,J=7 .5Hz) ,  
6.76 (d, 4H, J = 9.5 Hz), and 8.29 (d, 4H, J = 9.5 Hz) 

1.29 (t, 12H, J = 7.4 Hz), 2.9 (s, 6H), 3.54 (q, 8H, J = 7.4 Hz), 
6.5-6.7(m, 4H), and8.9(d, 2H, J = 10.2Hz) 

1.0 (t, 12H, J  = 7.5 Hz), 1.1-1.9 (m, 16H), 2.88 (s, 6H), 3.43 (t, 8H, 
J = 8.3 Hz), 6.4-6.7 (m, 4H), and -8.9 (d, 2H, J = 10 Hz) 

3.24 (s, 12H), 4.09 (s, 6H), 6.1-6.7 (m, 4H), and 8.55 (d, 2H, 
J = 9.2 Hz) 

1.27 (t, 12H, J = 7.5 Hz), 3.52 (q, 8H, J = 7.5 Hz), 4.0 (s, 6H), 
6.0-6.5 (m, 4H), and 8.82 (d, 2H, J = 9.5 Hz) 

1.23(t, 6H, J = 7.5Hz), 3.19(s, 12H), 3.43(q,4H, J =  7.5Hz), 
6.5-6.7 (m, 4H), and 9.04 (d, 2H, J = 10 Hz) 

1.3 (t, 6H, J  = 7.5 Hz), 3.68 (q, 4H, J = 7.5 Hz), 4.72 (s, 4H), 6.87 
( d , 4 H , J = 9 . 6 H z ) , 7 . 1 - 7 . 5 ( m ,  10H),and-8.3(d,4H, J=9 .6Hz) .  

1.98 (p, 4H, J = 6.5 Hz), 3.83 (t, 4H, J = 6.5 Hz), 3.17 (s, 6H), 3.50 
(t, 4H, J = 6.5 Hz), 6.69 (d, 2H, J  = 9.2 Hz), and 8.15-8.45 (m, 4H). 
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coupling constant of the a and the P protons is -9-10 Hz, a 
typical coupling constant for aromatic protons in the adjacent 
position. This assignment is supported by 'H nrnr data of 
squaraines 6, 7, 9, 10, and 11. In these squaraines, because of 
the a substitution, the integration of low-field to high-field 

aromatic protons is 2:4. On the other hand, when the P-position 
is substituted, such as in squaraine 13, the integration becomes 
4:2. A similar assignment was also reported earlier by Kazmaier 
et al. in their ' ~ n m r  study of squaraine pigment.7 

The chemical shift of the a protons varies from S 8.3 to 9 and 
is about 1-1.5 ppm lower field than the aromatic protons in the 
corresponding N,N-dialkylanilines (6 - 7-7.3 ppm). The 
mechanism of the deshielding of the a protons has recently been 
studied and will be reported el~ewhere.~ 

Electron impact mass spectra of squaraines 
The electron impact (EI) mass spectra of squaraines 1-4 are 

presented in Figs. 2-5. All four squaraines give apparently 
clean mass spectra. The unusual feature of the results lies in the 
consistent occurrence of ions of mass numbers higher than the 
expected molecular ion. Ions at m / z  334, 404, 474, and 544, 
which correspond to the addition of a CHz , a C2H4, a C3H6, and 
a C4H8 unit to the molecular ions of 1 ,2 ,3 ,  and 4, respectively, 
are observed. These results suggest that these high molecular 
weight ions have a general formula of (M + CHR). In addition 
to M + CHR1 f , ions at (M + 2), which are assigned to the 
addition of two hydrogen atoms to M+, are also observed. 
Molecular ions are usually detectable, but their relative intensi- 
ties are weak. The observation of M + CHR1f and M + 
H21 f suggests that some kind of intermolecular alkyl transfer 
and H transfer reactions are occumng in the mass spectrometer. 

Lower mass number fragment ions also appear to be very 
general and unique. The structures of these fragment ions are 
assigned on the basis of the structure-property relationship 
established from the mass spectra of squaraines 1-11.~ The 
relative intensities of these fragment ions are tabulated in Table 
3. The formation of fragment ions 15 and 18 is very unusual 
because the carbon a to the phenyl ring in squaraine is bonded to 
neither an oxygen atom nor a hydrogen atom; the formation of 
15 and 18 indicates the occurrence of molecular rearrangement 
processes in the mass spectrometer. A more detailed discussion 
of these rearrangement processes will be presented in later 
sections. 

The changes in fragmentation patterns as a function of 
ionization voltage have been studied for some of these squar- 
aines . A gradual dominance of M + CHR1 + and M + 
Hz1 f in the mass spectrum is observed when the ionization 
voltage is lowered. These results, along with the metastable 
ion data and structure-property relationships presented in this 
paper, suggest that M + CHR1f and M + Hz1+ are 
precursors of the lower mass number fragment ions (10). 

Very similar mass spectrometric results are obtained for 

7~eference 13. 
'In the case of 1, precise mass analyses were carried out for all 

fragment ions. Our results show that the observed values are in 
excellent agreement with the calculated values of all the proposed 
structures. 

M.W. 320 

479 
I L C .  

300 350 400 450 
m/z 

FIG. 2. EI mass spectrum of squaraine 1. 

FIG. 3. EI mass spectrum of squaraine 2. 

squaraines 5-7 (Table 3). In addition to M + Hzlf ,  M + 
CHR1 f at m / z  362, 432, and 572 are observed for 5, 6, and 
7, respectively. The fragmentation pattern is found to be very 
similar to those of 1-4 as well. Analogous mass spectra are also 
obtained for 8-11 and results are tabulated in Table 3. 
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TABLE 3 .  Mass spectral data of squaraines 

Ion peak, m / z  (rel. intensity) 

Squaraine M +  M + C H R ~ +  15 16 17 M + Hz1+ 18 Base peak 
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TABLE 4. Cross-over experiment 

PrzsQ 
M+ 432 
(M + CHR) ion 474 
Cross-over ion 488 

M.W. 432 

FIG. 4. El mass spectrum of squaraine 3. 

The mass spectrum of 12 serves as another illustration of 
the interesting mass spectrometry of squaraine. There are two 
different alkyl groups at the nitrogen of 12 and two M + 
CHR1 t are expected. Indeed, they are observed at m / z  528 
and 590 and are assigned to M + C2H4lf and M + 
CH-C6H51?, respectively (Table 3). The mass spectro- 
metric pattern of 12 is also found to be identical with those of 
1-11 and the spectral data are included in Table 3. 

Precursors of the fragment ions observed in the mass spectra of 
squaraines 

The mass spectral data of 1-12 suggest that M + CHR1 f 
and M + Hz1? are precursors of fragment ions of lower 
mass numbers. Their formation is presumably due to inter- 
molecular alkyl transfer and H transfer reactions (see Scheme 
1). Under the high vacuum conditions in the mass spectrometer, 
however, intermolecular reactions in the vapor phase are very 
unlikely. It is therefore very probable that these intermolecular 
reactions might just occur within a molecular aggregate of 
squaraine. In the following, we present methodology and results 
on the elucidation and identification of this aggregate. 

( i)  Cross-over experiment 
Squaraines 3 and 7 were chosen for a cross-over experiment 

for the following reasons: ( I )  both 3 and 7 have a very similar 
vaporization temperature; (2) the mass spectra of 3 and 7 show 
no interference of the expected cross-over ions; (3) mixed 
aggregates of 3 and 7 can easily be prepared by solvent 
evaporation of a methylene chloride solution of 3 and 7. 
The expected fragment ions in the cross-over experiments are 
summarized in Table 4. 

The EI mass spectrum of the solid solution of 3 and 7 is shown 
in Fig. 6. In addition to the expected ions Pr2SQ + C3H61 t 
at m / z  474 and Bu2SQ + C4Hg1 t at m / z  572, two cross-over 
ions Pr2SQ + C4Hg1 f at m / z  488 and BuzSQ + C3H6l t 
at m / z  558 are observed. While these spectral results clearly 
suggest that molecular aggregates of squaraines are precursors 
of the mass spectra of squaraines, a control experiment still must 
be performed so that the possibility of vapor phase reaction can 
be ruled out. 

In the control experiment, 3 and 7 were placed in two fine 
capillary tubes. These two tubes were placed in the solid probe 
such that they were physically separated but were evaporated 
simultaneously. If vapor phase reactions were the cause of M + 
CHR1 t, cross-over M + C H R ~ ?  ions should be seen. 
The absence of cross-over M + CHR1 t in Fig. 7 allows us 
to establish positively that molecular aggregates of squaraines 
are indeed precursors of the mass spectra. 

The electronic properties of squaraines have been studied 
re~ent ly .~  Squaraines are intramolecular charge-transfer com- 
plexes with the central four-membered ring being an electron 
acceptor (A) and the N,N-dialkylanilino moiety being an 
electron donor (D). In the solid state, intermolecular D-A 
interactions are shown to be very extensive and interplanar 
distances of squaraines are found to be -3.5 A9 (3b,  11). It is 
thus not unreasonable to conclude that, due to the presence of 
strong D-A interactions in the solid state, squaraines vaporize 
as aggregates. 

(ii) Metastable ion studies 
Further questions that remain to be answered are the identity 

of the aggregate and the fragmentation processes of the 
aggregate. Numerous unsuccessful efforts have been made to 
search for the dimers and trimers of squaraines in the EI mass 
spectra. The absence of these species is presumably due to their 
low stability under the experimental conditions. The necessity 
of having an aggregate as a precursor for the mass spectrometry 
of squaraine has prompted us to study the metastable iops of 

9 ~ .  Y. Law, unpublished X-ray data. 
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LAW ET AL. 

FIG. 5.  EI mass spectrum of squaraine 4. 

m / z  

FIG. 6 .  EI mass spectrum of solid solution of 3 and 7. 

Pr, SP +C,H, 
-It 

I 

m  /z 

FIG. 7 .  EI mass spectrum of (3 + 7). 
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TABLE 5.  Metastable ion data of 1 

m/z of metastable ion Decay scheme Fragmentation process Remarks 

CH3 CH3 
It 

161 + 133 / \ N ~ = c = ~  + 'N-CH: / Scheme 3 path i 
CH3 CH3 

334 - 186 a 
*L 

Scheme 3 path g 
17 

334- 161 M + CH2't - CH3\~--@~H=c=0 Scheme 3 path f 
CH~' 

"See text for discussion. 

230 240 250 260 270 260 290 

rn/t 

FIG. 8. Metastable ion peaks in the EI mass spectrum of 1. 

all our EI mass spectra. Our results show that metastable ions 
of squaraines bearing long alkyl chains are usually generated 
by dealkylation processes and they contribute very little to 
the understanding of the mass spectrometry of squaraine. On 
the other hand, metastable ions of squaraines having an N,N- 
dimethylamino moiety are very informative. Metastable ion 
peaks observed in the mass spectrum of 1 are presented in 
Fig. 8 and the data are tabulated in Table 5. 

The impact of these metastable ions on the fragmentation 
processes will be discussed later. At present, we concentrate on 
the interpretation of evidence for the identity of the molecular 
aggregate. The metastable ion at m/z 238.5 is an exciting 
finding because it accounts for fragmentation of the trimer of 1 
(m/z 960) to an ion at m/z 479. This 479 ion is actually 
observable in Fig. 2 and is assigned to 1.5M - H1t (see 
later for discussion). As seen in Table 5, one of the fragmenta- 
tion processes of ion 479 is to fragment ion 334 (M + 
CHZ1t), which is the precursor of lower mass number ions; 

this result thus provides thefirst evidence that the trimer is the 
precursor of the lower mass number fragment ions in the mass 
spectra of squaraines. 

Further evidence in support of the trimer comes from the 
metastable ions in squaraines 5 and 8. Metastable ions at m / z  
,262.5 and 267.5 are observed in the EI mass spectra of 5 and 8, 
respectively, and they may be explained in terms of frag- 
mentation processes 3M' -. 1.5M - H1 t and 3M+ + 

1.5M1t for 5 and 8 respectively. These results not only 
suggest that the trimer precursor is very general, but also show 
that one of the fragmentation processes of the trimer is the 
cleavage of the four-membered ring of the central squaraine 
to form two species of approximately equal mass number. 

(iii) Chemical ionization (CI) mass spectra of 1 
The encouraging results in Table 5 prompted us to search for 

more direct evidence for the trimer. Using 1 as a model 
squaraine, we have performed a large number of CI experiments 
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LAW ET AL. 

( 1 . 5 ~  complex) 

1 H' transfer 

0 
R C H ~ \ ~ ~ ~  - C H ~ R  

alkyl-transfer RCH2' 'CH~R 
O X H ~ R  

SCHEME 1. Proposed fragmentation processes of squaraine aggregates 

in the hope that the trimer of 1 would become discernible under 
milder ionization conditions. 

Several ionization gases, including methane, isobutane, 
ammonia, and methylene chloride, were used and CI mass 
spectra very similar to the one shown in Fig. 2 were obtained. 
On the other hand, a very different mass spectrum was recorded 
when N20 was used as ionization gas. A S  seen in Fig. 9, a 
base peak at m/z 321, which is assigned to M + H I + ,  is 
observed.1° Dimeric and trimeric species at m/z 641 and 961 
are also observed at higher spectral sensitivities.1° The identity 
of the 961 peak was further confirmed by a ms/ms experiment 
where two peaks at m/z 320 (base peak) and 642, which are 
assigned to M+ and 2M + Hz1 f of 1 respectively, are seen 
(Fig. 10). On the basis of these findings, we conclude that the 
trimers of squaraines are precursors of the lower mass number 
fragments in the mass spectra. 

Fragmentation processes 
(i) Mechanism of the formation of M + CHR1 f and M + 

H~~ 
TWO simple, logical fragmentation processes can be envi- 

sioned for these trimers and both have been observed experi- 
mentally. The first process involves the fragmentation of the 
trimer to monomeric and dimeric species. The occurrence of 
this process is supported by the CI ms/ms spectrum of 1 
(Fig. 9). 

The second process involves the cleavage of the four- 
membered ring of the central squaraine in trimer. The occur- 
rence of this process is supported by results in Table 5 and the 

'O~he peaks at m l z  32 1,  641, and 961 are assigned to M + H1 +, 
2M + H1+, and 3M + H1+, respectively. The addition of a 
hydrogen atom to these species is due to the presence of moisture 
in the ionization gas (Drs. R. Isensee and J. Slayback, private 
communication). 

metastable ion data of squaraines 5 and 8. This ring cleavage 
reaction is not unexpected, but the surprising result is the 
formation of a species with mass number - 1.5M. Squaraines 
are strong intramolecular D-A complexes and extensive inter- 
molecular D-A interactions are known to occur in the solid 
state. As noted earlier, due to the preservation of this inter- 
molecular D-A interaction squaraines vaporize as aggregates 
rather than monomeric species in the vapor phase. This in 
turn generates the unique mass spectrometry. The formation of 
this - 1.5M s~ecies  can thus be visualized as an extension of the 
D-A interaction between a squaraine molecule and an N,N- 
dialkylanilino moiety after the ring cleavage. " 

While there is sufficient evidence to support our conclusion 
that the trimer of squaraine is the precursor of the mass 
spectrum, and this trimer undergoes fragmentation to give 
immediate ions M+, 1.5M+, or 1.5M - H1 f upon electron 
impact, the evidence from these intermediate ions to M + 
CHR1 + and M + Hz1 f , which are shown to be precursors 
of the lower mass number fragment ions, is less strong. Major 
evidence for the formation of M + CHR1 f and M + 
H Z ~ ~  from 1.5M - H1 f is obtained from the EI mass 
spectrum of 1 (Fig. 2). In addition to M + CHzl f and M + 
Hz1 +, weak fragment ions corresponding to the addition of 
two CH2 units (m/z 348) and to the addition of one hydrogen 
atom and one methyl group (mlz 336) are observed in the EI 
mass spectrum of 1.8 These results suggest that there are two 
active sites for radical reactions in a squaraine. In 1, these two 
sites may combine with two hydrogen atoms to give M + 
Hz1+ at m/z 322, or they may combine with one hydrogen 

"The formation of a complex between squaraine and an electron 
donor was also observed in another occasion in the mass spectrometer. 
In the C1 experiment of 1, when CH2C12 was used as ionization gas, 
ion peaks at m l z  355 and 675 were recorded in the negative ion mass 
spectrum. These two ions are assigned to the complexes between 
chloride ion with the monomer and the dimer of 1 respectively. 
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TABLE 6. Metastable ion data of 14 

mlz metastable ion Decay scheme Fragmentation process 

'The structure of m/z 172 is assigned to +@ 

800 850 900 950 

m / z  

FIG. 9. CI (N20) mass spectrum of squaraine 1. 

( 3 ~  + H)* * M? + (2M + H). 
m/z 961 m/z 320 

2M + HZ' + (M-H). 

m/z 642 

mlz 

FIG. 10. CI ms/ms spectrum of ion 961. 

atom and one methyl group to give M + H + CH31 t at m l z  
336. These two sites may combine with one or two methyl 
group(s) following radical disproportionation reactions to give 
M + CH21f- at m/'z 334 and M + CH2 + CH2l t  at m l z  
348. The only locations in 1 that are capable of accommodating 
these radical reactions are the C-0 bonds. Using the meta- 
stable ion data in Table 5, we are able to show that at least two of 

these radical products, namely M + CH21 t and M + CH2 
+ CH21 t ,  are generated from 1.5M - H1 t .  Because of 
the similar nature of the above radical reactions, we have 
assumed that M + Hz1? and M + H + CH31f- are also 
generated in a similar way. 

The distribution of these radical reactions is expected to vary 
as the structure of squaraine changes. Usually, M + H~~ f- 
and M + CHR1 f- are major fragmentation products of 1.5M 
+ H1f- (or 1.5M'). It may be a coincidence that all four 
possibilities of radical reactions are observed in the EI mass 
spectrum of 1. 

The mass spectrometry of N,N-dialkylaniline was also 
studied briefly and results show that dealkylation and dehydro- 
genation reactions are major fragmentation processes. It is, 
therefore, possible that, due to dealkylation and dehydrogena- 
tion reactions of the N,N-dialkylanilino moiety in the 1.5M 
species, hydrogen atoms or alkyl radicals are generated and 
captured by the neighboring squaraine molecule to form M + 
CHR1f- and M + H21 f - .  As demonstrated earlier in the 
cross-over experiment, intermolecular vapor phase exchange 
reactions are not occurring in the mass spectrometer. If M + 
CHR1f- and M + H21f- are indeed formed by radical 
processes, they must be formed via some kind of intermediate 
complexes. A proposed scheme for the formation of M + 
CHR1t and M + H21 f- from 1.5M1 f- is depicted in 
Scheme 1. More sophisticated experimentation is needed to 
elucidate the exact mechanism of these processes. 

(ii) Fragmentation of M + Hz1 f- 
To facilitate our understanding of the detailed fragmentation 

processes of M + CHR1f- and M + H21 f-,  we studied 
the EI mass spectra of 13 and 14, in which the alkyl transfer 
reactions in these squaraines are structurally restricted and 
prohibited, respectively. The mass spectral data of 13 and 14 are 
included in Table 3. The EI mass spectrum of 14, from which M 
+ C H R ~  f- is expected to be absent, is presented in Fig. 11 
for comparison purposes. The results in Table 3 show a gradual 
dominance of the mass spectrum by M + H21t and ion 18 
from 1 -+ 13 -+ 14. The base peaks for the mass spectra of 13 
and 14 are at m l z  160 and 186 and are assigned to 

respectiveiy. As expected, no M + CHR1 t type species are 
detectable in the mass spectrum of 14 (Fig. 11). 

Metastable ions of the mass spectrum of 14 have been 
studied. The data and the proposed fragmentation processes are 
shown in Table 6. Our results again reveal that dealkylation 
reactions are important fragmentation processes for the N,N- 
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LAW ET AL. 1617 

TABLE 7. Additional metastable ion data for Schemes 2 and 3 

m/z of metastable 
Squaraine ion Decay scheme Fragmentation process Remarks 

-R 
2 374.6 404 + 389 M + C H R ~ ~  - M + c H ~ ~  Scheme 3, path h 

-R 
1 3  417.5 474 - 445 M + C H R ~ +  + M + C H ~ +  Scheme 3, path h 

Scheme 2,  path d 

Scheme 3, path h 

Scheme 3, path h 

Scheme 3, path h 

-It lt 

179- 151 cH3\N& CH=C=O + cH3\N& CH: Scheme 3, path i 
CHa / / CH3 

It 

137.5 189+ 161 cH3\N&:i=C=0 + C H ~ \ ~ ~ : ; : ' *  Scheme 3,  path i 
/ 

CH3 
/ 

CH3 

Scheme 2, paths b and d 

, dialkylanilino moiety. The most important metastable ion is at 
m/z 161 and is assigned to the decarbonylation reaction of 0.5M 
+ H21 + (m/z 214) to 

I A 

V 

(m/z 186). 
On the basis of the structure-property relationship for the 

mass spectra of 1, 13, and 14, a general fragmentation scheme 
for M + H 2 1  + is shown in Scheme 2. The structure of M + 
~ ~ ' f ,  19, is drawn by analogy to the dihydrosquaraine 
species obtained from dimerization of ketene (12). Ring 
opening of the cyclobutenone structure in 19 will give 20. After 
the cleavage of the weakest C-C bond in 20, two species, 21 
(m/z 0.5M) and 22 (m/z 0.5M + 2), are obtained. Decar- 
bonylation of 21 and 22 (paths c and d) generates 23 and 18, 
respectively. In 14, the occurrence of path c is supported by 

I metastable ion at m/z 161. 
, Additional evidence in support of Scheme 212 comes from 

metastable ions from the EI mass spectra of 3 and 11 (Table 7). 
Metstable ions at 163.9 and 67.4 are observed in the EI mass 
spectra of 3 and 11, respectively, and they can be used to 

I describe decarbonylation reactions as shown in path d of 
Scheme 2. 

(iii) Fragmentation to M + CHR1 
The mass spectral results of 1,13, and 14 (Table 3) show that 

 he EI mass spectrum of the dihydrosquaraine reported in ref. 12 23 18 
has recently been studied. Fragmentation processes identical to those 
described in Scheme 2 are observed. SCHEME 2. Fragmentation of M + Hz1 +. 
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e rearrangement 1 
RCH"' 

16 
...... 

i -CO \ o +  

SCHEME 3. Fragmentation of M + CHR1 f . 

the intensity of fragment ion M + CHR1 f decreases as the 
restriction of the alkyl transfer reaction increases. Assuming 
that there are two major fragmentation processes contributing to 
the EI mass spectrum of 1 (the fragmentation processes of M + 
C H R ~ ~  and M + H21+), the contribution of the fragmen- 
tation processes in Scheme 2 may be subtracted and results 
show that ions 15, 16, and 17 are associated with M + 
CHR1 f .  A general scheme for the formation of these three 
ions from M + CHR1 f is presented in Scheme 3. 

The proposed structure of M + CHR1 f is 25. Structure 
25 fulfills all the requirements of M + CHR1 f from the 
structure-property viewpoint. It has a very stable structure and 
is thus compatible with the observed high intensity of M + 
C H R ~ ~  in the mass spectra of squaraines. It can undergo 
sequential C-0 and C-C bond cleavages (path g) to give a 
rearranged ion, 15. Further evidence supporting structure 25 
will be discussed later. In addition to the cleavage reaction in 
path g, 25 can also fragment into 16 (path f).13 Ion 16 
subsequently undergoes a decarbonylation reaction to give ion 
17 (path i). The occurrence of paths f and i is supported by 
metastable ions of squaraine 1 (Table 5), and of squaraines 8 and 
11 (Table 7). When R is not hydrogen, 25 will lose an R group to 
give ion 26 with general formula weight of (M + 13) (path h) . l3 

This dealkylation reaction is supported by a large number of 
metastable ion data (Table 7). The structure of 26, however, 
cannot be deduced from the present data because there are five R 
groups in 25. 

As discussed earlier, M + CH21 f of 1 is obtained from a 
radical addition-disproportion process, and the reaction site is 
the C-0 group; thus the likely structure of M + CH21 f 
would actually be an analog of 24. The necessity of having a 
very stable M + CH21 f that fragments into 15 leads us to 

13~here is also a possibility that both ions 16 and M + CH1f 
are derived directly from 24 instead of from 25. The present data do 
not allow us to distinguish these two possibilities. 

FIG. 11. EI mass spectrum of squaraine 14. 

propose that 24 is a primary product and that 24 undergoes a 
ring-expansion reaction (path e) to give a more stable ion 25. In 
the case of squaraine 1, the specific structure of M + CH2lt 
is 27. 

The structural assignment of 27 is substantiated by metastable 
ion data. Results in Table 5 show that three metastable ions are 
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metric pattern of squaraine. Since information about the substi- 
tuents at the nitrogen can be revealed by M + CHR1 and 
the molecular weight of a squaraine can be obtained from M + 
Hz1: and M+ or independent chemical ionization experi- 
mentation, it appears that, given the understanding of the 
fragmentation processes in this work, mass spectrometry may 
become a useful tool for structure determination of squaraines. 

associated with 27. The first metastable ion is at mlz  280.6 and 
is shown to derive from a decarbonylation reaction of 27. The 
second metastable ion is at mlz  103.8 and is shown to derive 
from fragmentation process 27 (mlz  334) to an ion at m l z  186. 
The counter fragment of 186 is at mlz  148, which is assigned to 

an analog of 15. Therefore, metstable ion m l z  103.8 not only 
gives positive evidence of a parent-daughter relation between 
27 and 

/ (also 25 and 15), but also provides structural information about 1 the location of bond cleavage in path g. The third metastable ion 
is at mlz  77.6 and is due to fragmentation of 27 to p-N,N- 1 dimethylarninophenyl ketene ion. The structural information 

: obtained from the above three metastable ions suggests that 27 
j should have a carbonyl group and a p-N,N-dimethylamino- 
i phenyl ketene skeleton; it is also made up of two fragments, of 

m/z of 186 and 148. 27 appears to satisfy all these criteria 
1 comfortably and we are confident in the correctness of the 
; structural assignment of 27 (also of 25). 

I Summary and remarks 

In summary, the EI mass spectra of squaraines 1-14 have 
been studied. Our results show that without exception, due to 
the strong intermolecular D-A interactions of squaraine mole- 
cules in the solid state, squaraines vaporize thermally as 
molecular aggregates in the mass spectrometer. The participa- 
tion of non-exchanging molecular aggregates was revealed by 
a cross-over experiment. Metastable ion data and chemical 
ionization mass spectrometry subsequently showed that this 
aggregate is a trimer. Ionization of this aggregate by electron 
impact results predominantly in an intermediate fragment ion of 
formula weight about 1.5 times the molecular weight of the 
squaraine. This ion fragments primarily to M + CHR1t and 
M + H21 t. Further fragmentation of M + CHR1 f and 
M + Hz1 : generates the general and unique mass spectro- 
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Synthesis of cyclopentane analogs of (2'- and 3'-deoxy-erythro-pentofuranosyl 
and ribofuranosy1)-2-thiouracil nucleosides 
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LUCIAN J. J. HRONOWSKI and WALTER A. SZAREK. Can. J. Chem. 64, 1620 (1986). 
Three new carbocyclic analogs of nucleosides having the 2-thiouracil base have been synthesized. The cyclopentyl groups in 

these nucleosides are (+)-{(1~,3a,4~)-3-hydroxy-4-(hydroxymethyl)cyclopentyl} (see 31), (+)-{(lP,21~,4P)-2-hydroxy-4- 
(hydroxymethyl)cyclopentyl} (see 32), and (~)-{(1~,2a,3a,4~)-2,3-dihydroxy-4-(hydroxymethyl)cyclopenl} (see 33). 
The nucleosides were prepared by coupling the appropriate hydroxy derivatives of cis-3-aminocyclopentanemethanol with 
3-ethoxypropenoyl isothiocyanate (21) followed by cyclization in 15 N aqueous ammonia to give the 2-thiouracil nucleosides. In 
addition a modified and shortened synthetic route is described for the synthesis of (+)-(I P,2a,3a,4P)-4-amino-2,3-dihydroxy- 
cyclopentanemethanol (19). The 'H nmr spectra at 200 MHz of all of the synthetic intermediates, the 2-thiouracil nucleosides, 
and of the corresponding carbocyclic analogs of uracil nucleosides are discussed. It is shown that each nucleoside has a 
characteristically unique 'H nmr spectrum and that in general the protons in the sulfur-containing compounds resonate at lower 
fields than those in the corresponding oxygen-containing compounds. The magnitude of this downfield shift is inversely related to 
the number of bonds separating a particular proton from the sulfur atom. 

LUCIAN J. J. HRONOWSKI et WALTER A. SZAREK. Can. J. Chem. 64, 1620 (1986). 
On a synthCtisC trois nouveaux analogues carbocycliques de nuclCosides qui posskdent une base thio-2 uracile. Les 

groupements cyclopentyles de ces nuclCosides sont les suivants: le (+)-(hydroxy-3a (hydroxymCthy1)-4P cyclopentyle-1 P)  (voir 
le composC 31), le (+)-(hydroxy-2a -(hydroxymCthyl)-4P cyclopentyle-1P) (voir le compost 32) et le (+)-(dihydroxy-2a,3a 
(hydroxymCthy1)-4P cyclopentyle-1 P) (voir le composC 33). On a prCparC les nuclCosides en procCdant h un couplage des dCrivCs 
hydroxylts appropriCs de l'amino-3 cyclopentanemCthanol-cis avec I'isocyanate dYCthoxy-3 propknoyle (21) qui est suivi par une 
cyclisation dans de l'arnmoniaque 15 N pour donner les nuclCosides le thio-2 uracile. De plus, on dCcrit une voie de synthkse 
modifite et racourciC pour la synthkse du (+)-amino-4P dihydroxy-2a,3a cyclopentanemCthano1-1P (19). On discute des 
spectres rmn du 'H h 200 MHz de tous les intermkdiaires de synthkse, de tous les nuclCosides du thio-2 uracile et des analogues 
carbocycliques correspondants des nuclCosides d'uracile. OndCmontre que chaque nucltoside posskde une spectre rmn du 'H qui 
est caractkristique et que, en gCntral, les rCsonances des protons des composts contenant du soufre apparaissent h des champs 
plus bas que ceux des rksonances des produits contenant de I'oxygkne. L'amplitude de ce dCplacement vers des champs plus 
faibles est reliCe d'une facon inverse avec le nombre de liaisons qui sCpare un proton particulier de l'atome de soufre. 

[Traduit par la revue] 

Introduction 
1 A variety of carbocyclic analogs of pyrimidine nucleosides 

have been shown to possess anticancer and (or) antiviral activity 
(1-5). In some of these analogs, for example, carbodine (2), 
which is the carbocyclic analog of cytidine, and the carbocyclic 
analog of thymidine (3), the only chemical modification from 
the naturally occumng compounds is the replacement of the 
furanose-ring oxygen by a methylene group; the antineoplastic 
and antiviral activities in these compounds are a consequence of 
this single modification. However, the carbocyclic analog of 
uridine was shown to be inactive against KB cells in culture 
or L1210 leukemia in vivo (6), and the carbocyclic analogs 
containing 5-fluorouracil showed only modest activity against 
P388 leukemia in vivo (4). 

In a previous report (7) we described the regiospecific 
synthesis of cyclopentane analogs of (2'- and 3'-deoxy-threo- 
pentofuranosy1)-2-thiouracil nucleosides; in a preliminary study 
(8) the 2'-deoxy nucleoside was shown to inhibit the growth of 
K562 cells in culture. The observations by several workers 
(9, 10) that 2-thiouracil and various derivatives of 2-thiouracil 
are selectively incorporated into murine melanomas suggest 
that nucleosides containing the 2-thiouracil base should be 
synthesized and tested against the melanomas. The present 
report describes the synthesis of three carbocyclic analogs of 
2-thiouracil nucleosides, 31-33. These analogs were prepared 
by an approach similar to that used by Shealy and O'Dell(6) for 
the synthesis of the carbocyclic analogs of uracil nucleosides 

'~evision received April 8, 1986. 

(28-30). The approach involves the prior preparation of 
appropriately substituted cyclopentylamines (1 1-13) followed 
by the elaboration of the base moiety at the amino substituent 
using the procedures of Shaw and Warrener (14, 15); in the 
present work, the cyclopentylamine 19 was prepared by a 
modified and shorter route. 

Results and discussion 
The synthesis of all of the compounds shown in Scheme l 2  

has been described previously by Shealy and O'Dell (1 1, 12). 
Compound 1,  however, was prepared by oxidation of exo- 
5-norbornen-2-yl acetate with potassium permanganate using 
an adaptation of the method of Birch et al. (17) as described 
previously (7). Because of the important synthetic utility of the 
compounds, a detailed analysis of their high-resolution ' Hmr 
spectra has been performed in the present work. 

Characterization by 200-MHz 'Hmr spectroscopy of the syn- 
thetic intermediates shown in Scheme 1 

In Table 1 the 'Hmr chemical shifts of 2 are compared 
to those of (rt)-(l~,3~,4~)-4-acetoxy-l,3-cyclopentanedi~ar- 
boxylic acid anhydride (2a) (compound 3 in ref. 7), the isomer 
in which the acetoxy group is in the cis configuration. The 
spectra of these two compounds in CDC13 show some signifi- 

2Structures 1-12,16-19, and 22-33 depict only one enantiomer of 
racernic mixtures. The relative configurations of substituent groups on 
the cyclopentane ring are specified by the a , p  system used for steroids 
(16). Substituents that are written below the plane of the cyclopentane 
ring are designated a and those above the plane of the ring as P .  
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HRONOWSKI AND SZAREK 

dry - 
NH3 

HOOC 

OAc OAc 

' TABLE 1 .  'H magnetic resonance chemical shift dataa in CDC13 for similar chemical shifts with the multiplets overlapping in the 6 
2 and 2ab 3.34-3.40 region. The vicinal coupling constants for H-2 and 

I 
H-2' are similar for both isomers although the chemical shifts of 

I Compound the H-2 protons are quite different (see Table 1). The chemical 
shifts of the acetoxy-methyl protons are very similar for both 

Proton 2 2a compounds. 

1 3.34-3.40 3.26 
2 2.17 (J = 12.9, 3 . 9 H z )  1.94 (J = 13.1, 4 . 0 H z )  
2' 2.33 2.36 
3 3.34-4.0 3.66 
4 5.31 ( 3 ~  = 7 . 2 ,  2.6 Hz) 5.44 ( 3 ~  = 9.8,  6 .4 ,  3.7 Hz) 
5' 2.05-2.18 2.65 ( J  = 15.3, 9 . 8 , 7 . 0 H ~ )  
5" 2 . 6 3 ( J = 1 5 . 6 , 7 . 2 , 1 . 6 H z )  2.00 

OAc 2.09 2.07 

1 2 3 a n d 4  

- - 
0 
II 

H3CO-C q C O O H  

OAc - - 

"More complete H m  data for 2 are found in the experimental section, and 
for 2a in ref. 7. 

bCompound 2a is (~)-(1~,3~,4~)-4-acetoxy-l,3-cyclopentanedicarboxylic 
acid anhydnde (compound 3 in ref. 7). 

'Assignments have been made on the basis of the coupling to H-4 

- S0C12 

cant differences. The signal of H-4 resonates at 6 5.44 in the 
case of the cis compound (2a) and at 6 5.31 in the case of 2, 
and, as expected, much larger vicinal coupling constants are 
observed for this proton in the case of the cis compound than 
in 2 (see Table 1). The chemical shifts of H-1 and H-3 are 
also quite different in the two isomers. In the spectrum of the 
cis compound the signals of these protons are separated by 
0.40ppm, whereas in the spectrum of compound 2 they have 

  able 2 shows the chemical shifts in Me2SO-d6 of 7 and 8 and 
of the corresponding cis isomers (-+)-methyl (1  P,2@,4P)-2- 
acetoxy-4-carbamoylcyclopentanecarboxylate (7a) and (-+)- 
methyl (1 P ,3P ,4P)-3-acetoxy-4-carbarnoylcyclopentanecarboxy- 
late (8a) (compounds 5 and 9, respectively, in ref. 7). The ' Hmr 
spectra of each of the four isomers are quite different although 
they do show some trends. The signals for the amide protons 
(CONH2) in the spectra of all four isomers appear as two 
well-separated, broadened singlets. The proton bonded to the 
carbon bearing the acetoxy group resonates at slightly different 
fields in the different isomers; however, the gross appearance of 
these multiplets in the spectra of compounds 7 and 8 is that of an 
overlapping doublet of triplets, whereas in the spectra of the cis 
isomers these multiplets appear as triplets of doublets, as would 
be expected for two trans vicinal couplings and one cis vicinal 
coupling in the former pair, and two cis vicinal and one trans 
vicinal coupling in the latter pair of isomers. In the spectra of 
compounds 7 and 8 the multiplets owing to the four methylene 
protons are very similar, having very similar coupling con- 
stants, although small differences in the chemical shifts do 
occur, as shown in Table 2. In the case of the corresponding cis 
isomers these multiplets are more complex and greater differ- 
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TABLE 2. 'H magnetic resonance chemical shift dataa in Me2SO-d6 
for 7, 8 ,  and 8ab 

Compound 

TABLE 4. 'H magnetic resonance chemical shift dataa in Me2SO-d6 
for 11,12,11a,b and 12ab 

Compound 

Proton 7 8 7a  8a Proton 11 12 l l a  

1 
2 
2' 
3 
3' 
4 
5 
5' 

OMe 
0 Ac 

CONH2 
CONH2 

"More complete 'Hmr data for 7 and 8 are found in the experimental section, 
and for 7a  and 8a in ref. 7 .  

bCompound 7a  is (+)-methyl(l~,2~,4~)-2-acetoxy-4-carbamoylcyclopen- 
tanecarboxylate (5 in ref. 7); compound 8a is (+)-methyl(lp,3P,4P)-3- 
acetoxy-4-carbamoylcyclopentanecarboxylate (9  in ref. 7). 

TABLE 3. 'H magnetic resonance chemical shift dataa in Me2SO-d6 
for 9,  10, and 10ab 

Compound 

Proton 9 10 9a 10a 

"More complete 'Hmr data for 9 and 10 are found in the experimental section, 
and for 9a and 10a in ref. 7. 

bCompound 9a is (~)-(l~,3~,4~)-3-hydroxy-4-(hydroxymethyl)cyclopen- 
tanecarboxamide (compound 6 in ref. 7); compound 10a is (+)-(lp,2P,4P)-2- 
hydroxy-4-(hydroxymethyl)cyclopentanec~ (compound 10 in ref. 7). 

ences in their appearance are observed at 200 MHz. The H-1 
(and also the H-4) proton in each of the four isomers resonates at 
a characteristically different chemical shift, as shown in Table 
2. Finally, the acetoxy-methyl protons in 7 and 8 resonate at 
6 1.99 and 2.00, respectively, whereas in the cis isomers they 
resonate at 6 1.90. 

The chemical shifts of the protons in compounds 9 and 10 and 
in their cis isomers are shown in Table 3. Each of the isomers 
has a characteristically different spectrum; however, in general, 
the signals for the cis isomers are found slightly further 
downfield relative to the corresponding ones for the trans 
compounds. In the spectrum of compound 9 the non-equiva- 
lence of the methylene protons of the hydroxymethyl substi- 

"More complete 'Hmr data for 11 and 12 are found in the experimental 
section, and for l l a  and 12a in ref. 7 .  

bCompound l l a  is (?)-(1 p,2P,4P)-4-amino-2-hydroxycyclopentanemetha- 
no1 (compound 22 in ref. 7); compound 12a is (+)-(lp,3P,4P)-4-amino-3- 
hydroxycyclopentanemethanol (compound 17 in ref. 7). 

tuent was clearly observed, as was also the case in the cis 
analog ( + )-(I P ,3P ,4P)-3-hydroxy-4-(hydroxymethyl)cyclo- 
pentanecarboxamide (9a) (ref. 7); however, in 10, as was seen 
also for the cis analog (*)-(1 P,2P,4P)-2-hydroxy-4-(hydroxy- 
methyl)cyclopentanecarboxamide (10a) (ref. 7), the chemical 
shifts of these protons were the same. Spin-spin decoupling 
experiments on compounds 9 and 10 allowed unambiguous and 
direct assignment of the multiplets and a confirmation of the 
structures assigned previously to these compounds by less 
direct methods using chemical and 'Hmr evidence obtained on 
compounds that were derived from 9 and 10 (12). 

The chemical shift data for 11 and 12 and for their cis 
analogs, given in Table 4, illustrate several interesting trends 
including shielding effects by vicinal hydroxyls. An identical 
chemical shift and coupling pattern were observed for the H-5 
proton in the spectra of 11 and 12. The chemical shifts of the 
protons at C-3 in 11 are essentially identical to those of the 
protons at C-2 in 12; however, the coupling constants obtained 
from the two pairs of multiplets are quite different (see 
experimental section). The chemical shifts of the H-5' proton in 
11 and 12 are slightly different; however, the largest difference 
in chemical shifts for corresponding protons was observed for 
the protons at C-1 and C-4. In the spectrum of compound 11 
these protons resonate at 6 1.78 and 3.3, respectively, whereas 
in the spectrum of 12 they resonate at 8 2.12 and 2.85, 
respectively. Thus, the effect of the cis vicinal hydroxyl group 
in these carbocyclic compounds is to shield adjacent protons, 
causing them to resonate further upfield; this type of shielding 
by a cis vicinal hydroxyl has been observed previously for a 
variety of carbohydrate derivatives including nucleosides and 
nucleotides (18-21). The 'Hmr spectra of the cis analogs ( l l a  
and 12a) also show a shielding effect by the trans vicinal 
hydroxyls, although of a slightly smaller magnitude, as illus- 
trated by the chemical shifts for H-4 in the spectra of l l a  and 
12a (see Table 4). Similar shielding effects by vicinal hydroxyls 
were observed for compounds 9,10,9a,  and 10a (see Table 3). 

Synthesis of ()-(IP,2cr,3cr,4/3)-4-amino-2,3-dihydroxy- 
cyclopentanemethanol(19) 

Since the time of the first stereoselective synthesis of 
compound 19 by Shealy and Clayton (13, 22) several different 
approaches have been developed for the synthesis of this amine 
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HRONOWSKI AND SZAREK 

HOOC 
KMn04 

OAc 

13 OAc OAc 

14 

0 0 0 0 
\I II I1 

C-NH2 HO-C 
II 

H2N-C C-NH2 
Ac20 NH3 

14 - w + w  
OAc OAc OAc OAc 

I 15 16 

0 0 
II 

H3CO--C 
I I 
C-NH2 

CH2N2 
16 - w 

OAc OAc 

17 

I (23-25) and its protected derivatives (26, 27). The present 
1 approach (see Scheme 2) is a modification of the synthesis 

described by Shealy and Clayton (13, 22) and requires fewer 
synthetic steps. Compound 14 was prepared by oxidation of 13 
with potassium permanganate, instead of sodium permanganate 
as was used by Shealy and Clayton (13,22). Compound 16 was 
prepared as described previously (1 3); this procedure afforded 
also the diamide 15. Esterification of 16 with diazomethane 
gave 17 in 79% yield; this compound was then reduced with 
lithium borohydride to give 18, in high yield, from which 
compound 19 was prepared by a Hofmann reaction in aqueous 
medium. 

'H magnetic resonance spectra of compounds in Scheme 2 
High-resolution ' ~ m r  spectra at 200 MHz were obtained for 

the compounds shown in Scheme 2 (see Experimental). The 
assignment of the signals in the spectra of compounds 16 and 17 
has been made with the aid of spin-spin decoupling experi- 
ments and by comparison of the chemical shifts of correspond- 
ing protons in the two compounds. All of the corresponding 
protons in compounds 16 and 17 have essentially identical 
chemical shifts and coupling constants except for the proton at 
C- 1. In the case of compound 16 this proton resonates at 6 2.9 1, 
whereas in the case of the ester derivative 17 its signal is shifted 
downfield to 6 3.03. A similar downfield shift of the signal for 
the corresponding proton on esterification of the carboxyl group 
was observed previously in the spectra of the cis analogs 
(compounds 4 and 5 in ref. 7). Thus, once the identity of the 

H-1 signal had been established, it was possible to assign the 
remaining signals in the spectra of 16 and 17 by spin-spin 
decoupling. The assignment of the 'Hmr signals in the spectra 
of compounds 18 and 19 also has been made with the aid of 
spin-spin decoupling experiments. 

Synthesis of the nucleoside analogs 
3-Ethoxypropenoyl isothiocyanate (21), which was synthe- 

sized as described by Shaw and Warrener (15), was coupled 
with the aminohydroxycyclopentanemethanols 11, 12, and 19 
to give the corresponding thioureas 25,26, and 27, respectively 
(see Scheme 3). The thioureas were then cyclized using 15 N 
aqueous ammonia to give the 2-thiouracil nucleoside analogs 
31,32, and 33, respectively. The analogous ureas, namely 22, 
23, and 24, and the uracil nucleoside analogs, namely 28, 29, 
and 30 (6), were also synthesized in the present study in order to 
determine their ' ~ m r  spectra and to compare them to those of 
the thio analogs. 

'H magnetic resonance spectra of compounds in Scheme 3 
The 'Hrnr spectra of the C2H50CH=CHCONHCONH- 

fragments in compounds 22-24 are very similar to each other 
with a variation in the chemical shifts of corresponding protons 
of less than 0.02 ppm. Similarly, the corresponding protons in 
the C2H50CH=CHCONHCSNH- fragments have essen- 
tially identical chemical shifts in the spectra of compounds 
25-27, with the largest variation, namely k0.03 ppm, occur- 
ring for the CSNH protons. However, the chemical shifts of the 
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TABLE 5. 'H magnetic resonance chemical shift dataa in Me2SO-d6 for 22-27 

Proton 

Compound 

"More complete 'Hrnr data for each compound are found in the experimental section. 

protons in the sulfur-containing fragments occur further down- 
field than those of the corresponding protons in compounds 
22-24. The magnitude of the downfield shift varies with the 
distance from the sulfur atom; for example, the CH3 protons in 
compounds 25-27 resonate only 0.01 ppm further downfield, 
whereas the signals of the CSNH protons are shifted -2.43 ppm 
downfield relative to the corresponding signals in the spectra of 
compounds 22-24. 

The chemical shift data for the cyclopentyl protons in 
compounds 22-27 are summarized in Table 5. In general, 
corresponding protons in compounds 25-27 resonate further 
downfield than those in compounds 22-24. The magnitude of 
this downfield shift varies inversely with the number of bonds 
by which a particular proton is separated from the sulfur atom. 

28 X = O H , Y = H  31 X  = OH, Y = H 
2 9 X = H , Y = O H  32 X = H , Y  = O H  
30 X = Y  = O H  33 X = Y = O H  

Thus, the signals for the protons at C-1' in compounds 25-27 
are shifted downfield by -0.50 ppm relative to those of the 
corresponding protons in compounds 22-24, whereas the 
signals for the protons at C-3' or C-4' are shifted downfield 
by only -0.04 ppm. Table 5 also shows that, in the cases of 
compounds 22-27, the cis vicinal hydroxyl has a shielding 
effect on H-1 ' and H-4' that is similar to that seen above for the 
cases of compounds 9-12 (see Tables 3 and 4). 

Table 6 summarizes the chemical shift data of the nucleoside 
analogs 28-33. The values for the corresponding protons on the 
uracil base are essentially identical in the cases of 28-30, as are 
those for the corresponding protons on the 2-thiouracil base 
in the cases of 31-33; however, the chemical shifts of the 
corresponding protons on the 2-thiouracil base are shifted 
downfield relative to those on the uracil base. In general, the 
chemical shifts of protons on the cyclopentane ring are shifted 
downfield in the spectra of the 2-thiouracil analogs relative to 
those of the uracil analogs. An exception to this pattern occurs 
for the H-5' protons, which in the cases of the 2-thiouracil 
analogs resonate upfield relative to those in the cases of the 
uracil analogs (see Table 6). As shown by the chemical shift 
data for the H-1' protons in Table 6, the cis vicinal hydroxyls 
have shielding effects in the nucleosides that are similar to those 
seen above for compounds 9-12 and 22-27. The chemical shift 
data in Table 6 also show that each nucleoside has a unique and 
characteristic spectrum and one which is significantly different 
from the spectra of the nucleoside analogs that have the 
hydroxyls in the cis configuration (7). 

Ultraviolet spectra of 31 -33 
The ultraviolet spectra of the z-thiouracil nucleoside analogs 

31-33 are very similar to each other and closely resemble those 
of 1-methyl-2-thiouracil (28) at the corresponding pH's. 

Preliminary biological evaluation 
Compounds 31-33 were tested for cell-growth inhibition 

using cultured L1210 cells as described previously (29). NO 
cell-growth inhibition by these compounds was observed at 
concentrations as high as lop3 M. Further biological studies are 
in progress. 

Conclusions 
Three new carbocyclic analogs of 2-thiouracil nucleosides 

have been synthesized. In addition, the carbocyclic analogs of 
uracil nucleosides first synthesized by Shealy and O'Dell (6) 
were synthesized and their ' H ~ I  spectra were compared to 
those of the 2-thiouracil analogs. As shown previously for the 
carbocyclic analogs of uracil nucleosides, which contained the 
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HRONOWSKI AND SZAREK 

TABLE 6. 'H magnetic resonance chemical shift dataa in Me2SO-d6 for 28-33 

Compound 

Proton 28 29 30 31 32 33 

3 11.21 11.21 11.20 12.53 12.58 12.6 
5 5.58 5.59 5.59 5.99 6.00 6.01 
6 7.69 7.68 7.69 7.85 7.85 7.87 
1' 4.95 4.45 4.57-4.68 5.96 5.55 5.67 
2' 1.71-2.00 4.14 3.97 1.80-1.99 4.22 4.05 
2" 1.71-2.00 - - 1.80-1.99 - - 
3' 3.97 1.56 3.71 4.01 1.59 3.73 
3" - 1.76 - - 1.78 - 
4' 1.71-2.00 2.16 1.85-2.08 1.80-1.99 2.04-2.26 1.95 
5' 1.36 1.37 1.26 1.32 1.20 1.08 
5" 2.08 1.96 1.85-2.08 2.20 2.04-2.26 2.18 

CHzOH 3.34-3.56 3.29-3.35 3.33-3.45 3.34-3.56 3.29-3.35 3.33-3.47 
CH20H 4.63 4.60 4.70 4.65 4.64 4.73 

OH at C-2 - 5.05 4.89 - 5.11 4.94 
OH at C-3 4.75 - 4.60 4.79 - 4.67 

"More complete 'Hmr data for each compound are found in the experimental section. 

hydroxyl in the cis configuration (7), the replacement of the 
oxygen by a sulfur atom at C-2 has a profound effect on the 

1 chemical shifts of not only the base protons but also of the 
protons on the cyclopentane ring. In general, the protons in the 

1 sulfur-containing compounds resonate at lower fields than the 
corresponding protons in the oxygen-containing compounds. 

' A modified route for the synthesis of (+)-(1 p,2a,3a,4P)-4- 
amino-2,3-dihydroxycyclopentanemethanol (19) is described, 
which contains fewer steps than that described by Shealy and 
Clayton (13). The 'Hmr spectra at 200 MHz of the synthetic 

, intermediates leading to all of the nucleosides described in the 
, present work have been determined also, and compared with 
' the ' ~ m r  spectra of the corresponding synthetic intermediates 

leading to the carbocyclic analogs of nucleosides having the 
hydroxyl group in the cis configuration (7). 

Experimental 
Melting points were determined on a Fisher-Johns apparatus and are 

uncorrected. The 'Hmr spectra were determined on a Briiker CXP-200 
spectrometer at 200 MHz. Chemical shifts (6) are given relative 
to Me4Si (6 = 0). The coupling constants quoted are observed, 
uncorrected values; the instrument-resolution error is 20 .3  hertz. 
Assignments of chemical shifts and coupling constants were made with 
the aid of spin-decoupling experiments. The following abbreviations 
are used in describing ' Hmr signals: singlet (s), doublet (d), triplet (t), 
quartet (q), quintuplet (qu), sextuplet (se), multiplet (m), and broad- 
ened (br). Ultraviolet spectra were recorded on a Perkin-Elmer 552 
spectrophotometer. Thin-layer chromatography (tlc) was performed 
using silica gel 60 F-254 plates (BDH Chemicals). The developed 

I plates were dried and sprayed with a solution of ceric sulfate (1%) and 
molybdic acid (1.5%) in 10% aqueous sulfuric acid, and heated at 
-150°C. Unless otherwise indicated, the same solvent was used for 
both tlc and column chromatography. 

()-(1/3,3/3,4a)4-Acetoxy-I ,3-cyclopentanedicarboxylic acid anhy- 
dride (2) 

J,,,= 1 5 . 5 , 3 ~ ~ , 1  =7 .4 ,3~5 ,4=  2.9, J =  1.5Hz,H-5),'2.49(1H,m, 
H-2'), 2.54 (lH, m, H-5'), 3.25-3.36 (2H, m, H-1 and H-3), 5.23 
(lH, br dof d, 3 ~ 4 , 5 s  = 7.4, 3 ~ 4 , 5  = 2.9 Hz, H-4). Spin-spindecoupling 
was performed at H-4; 'Hmr (200 MHz, CDC13) 6: 2.05-2.18 (lH, m, 
H-5), 2.09(3H, s, OAc),2.17 ( lH,dof  t, J,,, = 12.9, 3J = 3.9Hz, 
H-2),2.33(1H, m, J,,, = 12.9Hz, H-2'), 2.63 ( lH ,do fdo fd ,  J,,, 
= 15.6, 3J5,,4 = 7.2, J = 1.6Hz, H-5'), 3.34-3.40(2H, m, H-1 and 
H-3), 5.31 (lH, m, 3J4,5, = 7.2, J = 2.6Hz, H-4). 

()-Methyl (1/3,2a,4/3)-2-acetoxy4-carbamoylcyclopentanecarbox- 
ylate (7) and ()-methyl  (1/3,3a,4/3)-3-acetoxy4-carbamoyl- 
cyclopentanecarboxylate (8) 

Compound 2 was converted into compounds 7 and 8 as described by 
O'Dell and Shealy (1 1). Compound 2 was stirred in dry methanol at 
room temperature to give a mixture of compounds 3 and 4. The solvent 
was removed and treatment of the mixture with SOClz in benzene gave 
compounds 5 and 6, which were then converted into compounds 7 
and 8 using anhydrous NH3 in benzene. Compounds 7 and 8 were 
isolated by silica gel column chromatography using toluene-acetone 
(3:2 (v/v)) as solvent. Compound 7 had Rf 0.23 (15: 1 (v/v) methylene 
chloride - 2-propanol). mp 105-106°C (lit. (12) mp 108-109°C); 
'Hmr (200 MHz, MezSO-d6) 6: 1.81 (lH, d of t, J,,, = 12.7, 3~ = 
lO.OHz,H-5), 1.82(1H, m, J,,, = 13.2 ,3~3,4= 8.4,3~3,z = 3.8Hz, 
H-3), 1.99(3H, s, OAc), 2.02 (lH, m, J,,, = 13.2, 3~3, ,4  = 9.9, 3 ~ 3 , , 2  

= 7.1 Hz, H-3'), 2.21 (IH, d of t, J,, = 12.7, 3~ = 8.0Hz, H-5'), 
2.82(1H,m,H-4),2.87(1H,tofd, J1 ,2=4.2Hz,H- l ) ,3 .62(3H,s ,  
OMe), 5.20 (lH, m, 3 ~ z , 3 ,  = 7.1 HZ, H-2), 6.87 (lH, br s, CONHz), 
7.38 (lH, br s, COWz) .  Spin-spin decoupling was performed at H-2. 
Compound 8 had Rf 0.38 (15: 1 (v/v) methylene chloride - 2-propanol), 
mp 61-70°C (lit. (12) mp 73 and 80°C); 'Hmr (200 MHz, Me2SO-d6) 6: 
1.80(1H,doft,Jg,,= 1 2 . 7 , 3 ~ =  lO.lHz,H-5),1.85(lH,dofdof 
d, J,, = 14, 3 ~ 2 , 1  = 7.9, 3 ~ 2 , 3  = 3.9Hz, H-2), 2.00 (3H, S, OAC), 
2.11 (lH, d o f d o f d ,  J,,, = 14, 3 ~ 2 , , 1  = 9.7, 3 ~ z , , 3  = 7.0Hz, H-2'), 
2.23(1H, do f  t, J,,, = 12.7, 3~ = 8.lHz,  H-5'), 2.74(1H, tof  d, 
3J = 8.9, 3 ~ 4 , 3  = 4.8 HZ, H-4), 2.98 (lH, m, H-1), 3.63 (3H, s, OMe), 
5.11 (lH, d of t, 3 ~ 3 , 2 ,  = 7.0, 3~ = 4.1 HZ, H-3), 6.94 (lH, br s, 
CONH2), 7.39 (lH, br s, COW2).  Spin-spin decoupling was 
performed at H-3. 

(*)-exo-5-Norbornen-2-y 1 acetate (30) was oxidized with KMn04 () - (1 /3,3a, 4/3)-3-Hydroxy4-(hydroxymethyl)cyclopentanecarbox- 
to (2)-(1 ~,3~,4cu)-4-acetoxy-l,3-cyclopentanedicarboxylic acid (7), amide (9) 
which was then converted into compound 2 using acetic anhydride as Compound 9 was prepared by reduction of 7 using lithium 
described by O'Dell and Shealy (11); mp 118-120°C (lit. (11) mp borohydride in tetrahydrofuran as described previously (11); mp 
119- 120°C); ' Hmr (200 MHz, Me2SO-d6) 6: 1.94 (lH, d oft,  J,, = 124- 127°C (lit. (12) mp 127- 128°C); ' Hmr (200 MHz, MezSO-d6) 6: 
12.8,3~=4.1~~,~-2),2.03(3H,s,OAc),2.06(1H,dofdofdofd, 1 . 2 9 ( 1 H , d 0 f d o f d , J ~ ~ ~ = 1 1 . 9 , ~ ~ ~ , ~ = 9 . 2 , ~ J ~ , ~ = 7 . 3 H ~ , H - 5 ) ,  
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1.58 (lH, m, J,,, = 13.0, 3 ~ 2 , 1  = 8.1, 3 ~ 2 , 3  = 3.4 Hz, H-2), 1.76 
(lH, d of d of d, J,,, = 13.0, 3 ~ 2 . , l  = 9.2, 3 ~ 2 , , 3  = 6.2 Hz, H-2'), 
1.75-2.0 (2H, m, H-4 and H-5'), 2.75 (lH, m, H-1), 3.25 (lH, m, 
Jge, = 10.5, 3J,0H4 = 6.4Hz, CH20H), 3.39 (lH, m, J,,, = 10.5, 
3Jt0H4 = 6.1 HZ, CH20H), 3.85 (lH, m, 3~3,2 .  = 6.2, 3 ~ 3 , 4  = 3.8, 3 ~ 3 , 2  

= 3.4 Hz, H-3), 4.45-4.5 1 (2H, m, OH), 6.68 (lH, br s, CONHI), 
7.24 (lH, brs, CONH2). The amide and hydroxyl protons were 
exchanged with D20 in the ' ~ m r  determination. Spin-spin decoupling 
was performed at H-5, H-2, H-1, H-3, and CH20H. 

(2)-(1 p,  2a, 4~)-2-Hydroxy4-(hydroxymethyl)cyclopentanecarbox- 
amide (10) 

Compound 10 was prepared by reduction of 8 using lithium 
borohydride in tetrahydrofuran as described previously (11); mp 
117-124°C (lit. (12) mp 123-124°C); ' ~ m r  (200 MHZ, Me2SO-d6) 6: 
1.28 (lH, d of t, J,,, = 12.7, 3~ = 9.5 Hz, H-5), 1.53 (2H, d of d, 
3 JloH4 = 7.9, 3 ~ t o H - 2  = 6.1 HZ, H-3 andH-3'), 1.87 (lH, doft ,  J,,, = 
12.7, 3~ = 7.7 Hz, H-5'), 2.14 ( lH, m, H-4), 2.41 (lH, d of d of d, 
3 ~ 1 , 5  = 10.1, 3 ~ 1 , 5 ,  = 8.0, 3 ~ 1 , 2  = 5.9Hz, H-I), 3.25 (2H, m, 3 ~ t 0 H 4  = 
6.4Hz, CH20H), 4.08 ( lH, m, H-2), 4.48 ( lH, brt,  3~ = 4.7 Hz, 
CH20H), 4.72 (IH, br d, 3~,0H.2 = 4.3 Hz, OH at 2), 6.74 (IH, br s, 
CONH2), 7.19 ( lH, br s, CONH2). Spin-spin decoupling was 
performed at H-5, H-5', H-4, H-3, H-2, H-1, and CH20H. 

()-(l~,2a,4~)-4-Amino-2-hydroxycyclopentanemethanol(II) 
A Hofmann hypobromite reaction in water was performed on 9 as 

described previously (11) to give compound 11; Rf 0.41 (4:l (v/v) 
ethanol - 15 N aqueous ammonia); ' ~ m r  (200MHz, Me2SO-d6) 6: 
0.94(1H, doft ,  J,,, = 12.6, 3J = 7.4Hz, H-5), 1.44(1H, m, J,,, = 
12.7, 3~ = 6.7 Hz, H-3), 1.62 (lH, m, J,,, = 12.7, 3 ~ 3 , , 4  = 6.8, 3 ~ 3 , , 2  

= 4.6Hz, H-3'), 1.78 (lH, m, H-1), 1.98 (IH, m, J,,, = 12.6, 3~ = 
7.5 Hz, H-5'), 3.3 (lH, m, H-4), 3.3-3.4 (2H, m, CH20H), 3.88 
(lH, d o f t ,  3 ~ 2 , 3  = 6.7, 3 ~ 2 , 3 ,  = 3 ~ 2 , 1  = 4.6Hz, H-2). Spin-spin 
decoupling was performed at H-2 and H-5. 

(*)-(l~,3a,4~)4-Amino-2-hydroxycyclopentanemethanol (12) 
A Hofmann hypobromite reaction in water was performed on 10 as 

described previously (1 1) to give compound 12; Rf 0.59 (4: 1 (v/v) 
ethanol - 15 N aqueous ammonia); 'Hmr (200 MHz, Me2SO-d6) 6: 
0.94(1H,doft ,J  =12.8,3~=7.1H~,H-5),1.45(1H,m,J,,,= 
13.3,3~2,~=9.2,P4;=5.2H~,H-2), 1.63(lH,m,Jgem= 13.3,?1= 
6.6Hz, H-2'), 1.91 (lH, dof dof d, J,,, = 12.8, 3 ~ 5 , , 1  = 8.7, 3 ~ 5 , , 4  = 
6.6Hz, H-5'), 2.12 (lH, m, H-l), 2.85 (lH, tof d, 3~ = 6.8, 3 ~ 4 , 3  = 
5.1Hz,H-4),3.25 (2H,d ,3~,~ . l  = 6.0Hz,CH20H),3.53(1H,m, 
H-3). Spin-spin decoupling was performed at 6 3.25 and 3.53. 

(l/3,2a,3a,4~)-2,3-Diacetoxy-l,4-cyclopentanedicarboxylic acid 
(14) 

Compound 13 (13) (65.2 g, 0.31 mol) was dissolved in isooctane 
(0.7 L) and layered on top of water (3.5 L), and the mixture was cooled 
to 5°C. To the stirred mixture potassium permanganate (188 g, 
1.19 mol) in water (3 L) was added over a period of 3 h. During the 
addition of the potassium permanganate a steady stream of C02 was 
passed through the reaction mixture and the temperature was main- 
tained at 5-10°C using an external ice bath. Immediately after the 
potassium permanganate had been added, SO2 was passed through the 
reaction mixture until it became clear, during which process the 
temperature was maintained below 15°C. The volume of the reaction 
solution was reduced to 1.2 L. It was then cooled in an ice bath, 
acidified with concentrated hydrochloric acid (85 mL), and extracted 
with diethyl ether (7 X 400 mL) to give a solid (72.6 g, 85%). This 
material was recrystallized from ethyl acetate to give 14 (65.2 g, 
76.7%) as a white crystalline solid, mp 163-168°C (lit (13) mp 
169-171°C); 'Hmr (200 MHz, Me2SO-d6) 6: 1.88 (lH, d of t, J,,, = 
1 3 . 4 , 3 ~ =  8.6Hz,H-5),2.01 (6H,s,OAc),2.43(1H,doft, J,,, = 
13.4,3~=9.4Hz,H-5'),2.96(2H,tofd,3~=8.8,3~=4.6Hz,H-l 
and H-4), 5.25 (2H, m, H-2 and H-3), 12.7 1 (2H, br s, C02H). 

(1 /3,2a,3a,4~)-2,3-Diacetoxy-l,4-cyclopentanedicarboxamide (15) 
and (*)-(l~,2a,3a,4~)-2,3-Diacetoxy4-carbamoylcyclopen- 
tanecarboxylic acid (16) 

Compound 14 (32.0 g, 0.117 mol) was suspended in acetic 
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anhydride (400 mL) and the mixture was heated on a steam bath for 1 h. 
Volatile components were evaporated to give a light brown oil (36 g). 
The oil was dissolved in dry tetrahydrofuran (500 mL) and the solution 
was cooled to 5°C. Anhydrous ammonia was blown over the stirred 
reaction solution (which was maintained at 5-10°C) for 25 min. The 
solvent was evaporated and the remaining white solid was dissolved in 
water (150 mL). Insoluble material was removed by filtration and 
washed with water (25 mL) that was combined with the filtrate. The 
filtrate was cooled to ice-bath temperature and an additional crop of a 
white solid was collected by filtration. The above two crops of solid 
(7.5 g) were shown to be (1 p,2a,3a,4~)-2,3-diacetoxy-l,4-~yclopen- 
tanedicarboxamide (IS), mp 230°C (dec.) (lit (13) mp 230°C (dec.)); 
'Hmr (200 MHz, Me2SO-d6) 6: 1.67 (lH, d o f t ,  J,,, = 12.9, 3~ = 
9.9 Hz, H-5), 1.98 (6H, s, OAc), 2.20 (lH, d oft ,  J,,, = 12.9, 3~ = 
8.9Hz, H-5'), 2.84 (2H, t of d, 3~ = 9.2, 3J = 4.8 Hz, H-1 and H-4), 
5.15 (2H, m, H-2 and H-3), 7.00 (2H, br s, CONH2), 7.46 (2H, br s, 
CONH2). The cold filtrate was acidified (pH -2) with concentrated 
hydrochloric acid and left at 4OC overnight. The solution was then 
extracted with diethyl ether (5 x 200 mL). On evaporation of the 
diethyl ether an oil (10 g) was obtained, which was shown by ' ~ m r  
spectroscopy to be a mixture consisting predominantly of compound 
15. The aqueous layer was then extracted with ethyl acetate (7 x 
200mL). On evaporation of the ethyl acetate a crystalline solid 
separated, which was collected by suction and washed with a small 
amount of ethyl acetate to give 16 (12.7 g 40%), mp 164°C (lit. (13) mp 
166"Cand 182-183°C); ' ~ m r ( 2 0 0 ~ ~ z ,  Me2SO-d6) 6: 1.77 ( lH, dof 
t,Jg,,=13.1,3~=9.2Hz,H-5),1.99(6H,s,OAc),2.32(1H,doft, 
J,,, = 13.1, 3~ = 9.1 HZ, H-5'), 2.89 ( lH, t of d, 3~ = 9.0, 3 ~ 4 , 3  = 
6.8Hz, H-4), 2.91 (lH, t of d, 3~ = 9.6, 3 ~ 1 , 2  = 5.4Hz, H-1), 5.12 
(lH, dofd,  3 ~ 3 , 4  = 6.8, 3 ~ 3 , 2  = 5.3 Hz, H-3), 5.28 ( lH, m, H-2), 7.04 
(lH, br s, CONH2), 7.52 (lH, br s, CONH2), 12.64 ( lH, br s, C02I-I). 

()-Methyl (1~,2a,3a,4~)-2,3-diacetoxy-4-carbamoylqclopentam- 
carboxylate (1 7) 

Compound 16 (12.7 g, 46 mmol) was dissolved in methanol 
(250 mL) and was methylated with diazomethane using procedures 
described previously (7, 3 1). The solution was left in the fume hood 
until the yellow color due to the slight excess of diazomethane faded. 
The solvent was evaporated and the residue was fractionated by column 
chromatography on silica gel to give a white solid (10.55 g, 79%), mp 
85-90°C, Rf 0.35 (3:3: 1 (v/v/v) toluene- ethyl acetate- 2-propanol); 
a second chromatographic separation on a silica gel column gave 
material having mp 89-91°C; ' ~ m r  (200 MHz, Me2SO-d6) 6: 1.79 
(lH, d of t, J,,, = 13.2, J = 9.3 Hz, H-5), 2.00 (6H, s, OAc), 2.34 
( lH,doft ,  Jge,= 13.2,3~=9.2Hz,H-5'),2.90(1H,tofd,3~= 8.8, 
3~4,3=6.5Hz,H-4),3.03(1H,tofd,3~=9.3,3~1,2=6.2Hz,H-l), 
3.64 (3H, s, OMe), 5.13 (lH, dof d, 3 ~ 3 , 4  = 6.5, 3 ~ 3 , 2  = 5.3 Hz, H-3), 
5.28 (lH, m, H-2), 7.09 (lH, br s, CONH2), 7.55 (lH, br s, CONH2). 
Spin-spin decoupling was performed at H-2. Anal. calcd. for 
CI2Hl7O7N: C 50.17, H 5.97, N 4.88; found: 50.00, H 5.86, N 4.85. 

(*)-(I ~,2a,3a,4~)-2,3-Dihydroxy4-(hydroxymethyl)qclopentam- 
carboxamide (18) 

A solution containing lithium borohydride (6.5 g, 298 mmol) in 
tetrahydrofuran (400 mL) was refluxed in 1 h and cooled to -40°C. 
To this solution was added a solution of compound 17 (13.73 g, 
47.8 mmol) in tetrahydrofuran (100 mL), and the reaction solution was 
heated at reflux temperature for 2 h. The solution was cooled to ice-bath 
temperature and diluted dropwise with water (200 mL); there was then 
a slow addition of Amberlite IR-120 (H+) cation-exchange resin 
(150 g). The mixture was stirred overnight. The resin was removed by 
filtration and washed with water (300 mL). The combined filtrate and 
washings were stirred with Arnberlite IR-45 (-OH) anion-exchange 
resin (260 g) to adjust the pH to neutrality. The resin was removed by 
filtration and washed with water (3 L). The combined filtrate and 
washings were evaporated to a semisolid, which was then evaporated 
with methanol (5 x 60 mL) to remove the boric acid as the methyl ester; 
an orange viscous oil (9.8 g) was obtained. The oil was stirred with 
tetrahydrofuran (60 mL) for 3 days and a light-brown solid was 
collected and dried over P20s at 60°C for 2 h to give a crude sample of 
18 (7.83g, 93%), which was shown by ' ~ m r  spectroscopy to be 
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HRONOWSKI AND SZAREK 1627 

contaminated by small amounts of impurities. (The crude material was 
used for the preparation of 19, as described below, without further 
purification.) A small sample (0.1 g) was purified by column chroma- 
tography on silica gel to give a single component having Rf 0.37 (5:l 
(v/v) acetonitrile-water). This material was crystallized, from the ' minimal amount of ethanol necessary to dissolve the residue after 
evaporation of the chromatographic solvents and a drop of hexanes, to 
give a white solid that was collected by filtration and washed with 
diethyl ether, mp 135-137°C; 'Hmr (200 MHz, Me2SO-d6) 6: 1.25 
(lH, m, H-5), 1.76-1.97 (2H, m, H-4 and H-5'), 2.48-2.61 ( lH,  m, 
H-1), 3.21-3.43 (2H, m, CH20H), 3.59 (IH, q, 3~ = 4.3Hz, H-3), 
3.80 (lH, m, ' ~ ~ ~ 1  = 7.1, 3J2,3 = 5.2Hz, H-2), 4.33 ( lH,  d, 3~toH.3 = 
4.7 Hz, OH at position 3), 4.47 ( lH,  d, 3J,H.2 = 6.2 Hz, OH at position 
2), 4.50 ( lH,  t, 3~ = 5.1 HZ, CH20H), 6.75 (lH, br s ,  CONH2), 7.19 
(lH, br s, CONH2). Spin-spin decoupling was performed at H-2 and 
H-3. Anal. calcd. for C7H1304N: C 47.99, H 7.48, N 8.00; found: 
C 47.73, H 7.49, N 7.89. 

( 2 ) - (1  ~,2a,3a,4~)-4-Amino-2,3-dihydroxycyclopentanemethanol 
(19) 

A freshly prepared solution of Ba(OH)2.8H20 (70.0 g, 222 mmol) 
in water (1.42 L) was filtered to remove any BaC03 present, and then 
cooled to 5OC. To this solution Br2 (2.25 mL, 44 mmol) was added; 
immediately after the Br2 had dissolved, compound 18 (7.73 g, 
44 mmol) in water (100 mL) was added in one portion, and the reaction 
solution was left at room temperature for 1 h. It was then heated at 
60-70°C for 1 h and left at 4°C overnight. The cold reaction mixture 
was acidified with 3 M H2SO4 (150 mL) and centrifuged to remove 

1 the BaS04. The reaction solution was passed through a column of 
1 Amberlite CG-120 (H') cation-exchange resin (200 g). The resin was 
1 washed with water (3.3 L), which was discarded. Elution of the resin 
I with2 N aqueous ammonia followed by evaporation of the solvent gave 
I an orange-brown oil (3.12 g). The oil was dissolved inethanol (30 mL), 
j which caused a sticky brown material to precipitate. 'The ethanol 
, solution was decanted and evaporated to give 19 (2.95 g, 46%) as an 

orange oil; 'Hmr (200MHz, Me2SO-d6) 6: 0.88 ( lH,  m, J,,, = 11.8, 
I 3~ = 7.3 Hz, H-5), 1.74-2.00 (2H, m, H-1 and H-5'), 2.96 ( lH,  m, 

H-4), 3.25-3.49 (3H, m, H-3 and CHzOH), 3.66 ( lH,  t, '5 = 4.7 Hz, 
I H-2). Spin-spin decoupling was performed at H-2, H-4, and H-5. 
I 

(2)-3-Ethoxy-N-m' -[(1~,3a,4P)-3-hydroxy4-(hydroxymethyl)~y- 
clopentyl]carbamoyl}propenamide (22) 

Compound 22 was prepared by the coupling of 3-ethoxypropenoyl 
isocyanate (20) (6, 7, 14) with compound 11 as described by Shealy 
and O'Dell(6). After the volatile components had been evaporated, the 
crude oil was fractionated by column chromatography on silica gel to 
give 22 as a white solid, Rf 0.32 (2:2:1 (v/v/v) toluene - ethyl 
acetate - 2-propanol), mp 148-151°C (lit. (6) mp 138-140°C); 'Hmr 
(200MHz,Me2SO-d6)6: l . lO ( lH ,do f t ,  J,,, = 12.8, 3J= 8.3Hz, 
H-Sf), 1.25 (3H, t, 'J = 7.0Hz, CH3), 1.55 ( lH,  d of d of d, J,,, = 
12.8, ' J~ , ,~ ,  = 7.9, 'J2,,3, = 6.4 Hz, H-27, 1.73-1.90 (2H, m, H-2" 
and H-4'), 2.13 ( lH,  d of t, J,,, = 12.8, '5 = 7.9Hz, H-5"), 
3.25-3.46 (2H, m, CH20H), 3.87 ( lH,  m, H-3'), 3.94 (2H, q, '5 = 
7.0Hz, CH3CH20), 4.16 ( lH,  se, '5 = 7.7 Hz, H-1'), 4.55 (lH, t, 
3JloCH20H = 5.2Hz, CH20H), 4.59 ( lH,  d, 3J10H.3, = 4.5 HZ, OH at 
3'),5.50(1H,d, 'J= 12.2Hz, H-2),7.54(1H, d, 3~ = 12.2Hz,H-3), 

1 8.49 (lH, br d, ' J ~ ~ H . I ,  = 7.7 Hz, CONHCONH), 10.00 ( lH,  br s ,  
1 CONHCONH). Spin-spin decoupling was performed at H-1 ', H-Sf', 

and at H-3'. 

0-3-Ethoxy-N-{N' - [ ( I  P,2a,4P)-2-hydroxy4-(hydroxymethyl)cy- 
clopentyl]carbamoyl}propemmide (23) 

Compound 23 was prepared by the coupling of 3-ethoxypropenoyl 
isocyanate (20) (6, 7, 14) with compound 12 as described by Shealy 
and O'Dell (6). After the reaction solvents had been evaporated, the 
residue was dissolved in a minimal amount of methanol and fraction- 
ated by column chromatography on silica gel to give 23 (49% yield) as a 
whitesolid, Rf0.38 (2:2:1 (v/v/v) toluene-ethylacetate-2-propanol), 
mp 128-130°C (lit. (6) 126-128°C); 'Hmr (200 MHz, Me2SO-d6) 6: 
1.12(1H, m, H-5'), 1.25 (3H, t, 'J = 7.1 Hz, CH3), 1.55 (2H, m, H-3' 
and H-3"), 2.03-2.25 (2H, m, H-4' and H-5"), 3.25-3.40 (2H, m. 

CH20H), 3.69-3.85 (2H, m, H-1' and H-2'), 3.94 (2H, q, 3~ = 
7.1 HZ, CH3CH20), 4.57 ( lH,  t, 'J~,cH,oH = 5.2 HZ, CH20H), 4.85 
(IH, d, 3~t0H.2, = 4.3 HZ, HO at position 2'1, 5.50 (IH, d, '3 = 
12.5Hz,H-2), 7.55(1H, d, 3 ~ =  12.5 Hz, H-3), 8.52(1H, brd, 3Jt0H.1f 
= 6.9 Hz, CONHCONH), 10.03 (IH, br s, CONHCONH). Spin-spin 
decoupling was performed at the H-5' proton. 

(2)-3-Ethoxy-N-{Nr-[(lP,2a,3a,4P)-2,3-dihydroxy-4-(hydroxy- 
methyl)cyclopentyl]carbamoyl}propeMmide (24) 

Compound 24 was prepared by the coupling of 3-ethoxypropenoyl 
isocyanate (20) (6, 7, 14) with compound 19 as described by Shealy 
and O'Dell (6). After the reaction solvents had been evaporated, the 
cmde oil was fractionated by column chromatography on silica gel to 
give 24 as a single component on tlc, Rf 0.43 (1:l: 1 (v/v/v) toluene - 
ethyl acetate - 2-propanol); ' ~ m r  (200 MHz, Me2SO-d6) 6: 1.04 
(lH,doft,J,,,= 13.0,3~=7.8Hz,H-5'),1.24(3H,t,3~=7.1H~, 
CH3),1.88(1H,m,H-4'),2.11 ( lH ,do f t ,  J,,,= 13.0,'J=8.7Hz, 
H-5"), 3.25-3.44 (2H, m, CH20H), 3.50-3.66 (2H, m, H-2' and 
H-3'),3.87(1H,q~,~~=7.4Hz,H-l'),3.94(2H,q,~~=7.1H~, 
CH3CH20), 4.42 (lH, d, 3Jt0H.3, = 4.3 Hz, OH at osition 3'), 4.59 
(lH, t, 3 ~ l o c ~ 2 0 ~  = 5.1 HZ, CH20H), 4.66 ( lH,  d, 'JtoH.2, = 5.5 HZ, 
0Hatposition2'), 5.51 ( lH,  d ,  '5 = 12.5 Hz, H-2), 7.55 ( lH,  d, 'J = 
12.5 Hz, H-3), 8.53 ( lH,  br d, 3 ~ t 0  H-]' = 7.3 Hz, CONHCONH), 
10.02 (lH, br s, CONHCONH). Spin-spin decoupling was performed 
at 6 1.88,4.42, and 8.53. 

3-Ethoxypropenoyl isothiocyamte (21) 
Compound 21  was prepared from 3-ethoxypropenoyl chloride and 

potassium thiocyanate by a procedure similar to that of Shaw and 
Warrener (7, 15). A mixture of 3-ethoxypropenoyl chloride (7.27 g, 
54 rnrnol) and potassium thiocyanate (5.25 g, 54 mmol) in acetonitrile 
(35 mL) was shaken at room temperature for 3.5 h and filtered to 
remove the potassium chloride. The salt was washed with a small 
amount of acetonitrile and the wash was combined with the filtrate. 
This acetonihile solution of compound 21 was used immediately for the 
preparation of compounds 25, 26, and 27 without further processing. 

(2)-3-Ethoxy-N-{N' -[(lP,3a,4P)-3-hydroxy4-(hydroxymethyl)cy- 
clopentyl]thiocarbamoyl}propenamide (25) 

Compound 11 (3.32 g, 25 mrnol) was dissolved in N,N-dimethyl- 
formamide (32 mL), and the solution was dried over 4 a molecular 
sieves and cooled to ice-bath temperature; the acetonitrile solution 
(24 mL) of 21 (25 mmol, theoretical), prepared above, was added 
dropwise over a period of 10 min. The reaction solution was left at 
room temperature overnight and at 4OC for a day. The reaction solvents 
were evaporated and the resulting orange oil was evaporated with 
ethanol (2 X 10 mL). The oil was then fractionated by column 
chromatography on silica gel to give 25 (4.4 g, 61%) as a light-yellow 
solid, Rf 0.41 (3:3: 1 (v/v/v) toluene - ethyl acetate -2-propanol). The 
' ~ m r  spectrum showed only traces of impurities to be present in this 
material; 'Hmr (200 MHz, Me2SO-d6) 6: 1.18 ( lH,  m, J,,, = 12.8, 
3J=8.0Hz,H-5r),1.26(3H,t,3~=7.1H~,CH3), 1.65(1H,m,J8,, 
= 13.2, '5 = 7.3, 3~ = 6.3 Hz, H-2'), 1.85 (IH, m, H-4'), 1.94 
( lH,m,  J,,, = 13.2, 'J = 7.7, 3J= 4.6Hz, H-2"), 2.28 ( l H , d o f t ,  
J,,, = 12.8, '5 = 8.0 HZ, H-5"), 3.2-3.5 (2H, m, CH20H), 3.90 
(lH, m, H-3'), 3.98 (2H, q, '5 = 7.1 HZ, CH3CH20), 4.58 ( lH,  t, 
3 JlaCH20H = 5.1 HZ, CH20H), 4.65 (lH, m, H-l ') ,  4.66(1H, d, 3Jlo~.3' 

= 4.1 Hz, OH at position 3'), 5.70 ( lH,  d, '5 = 12.0 HZ, H-2), 7.59 
(lH, d, '5 = 12.0 HZ, H-3), 10.85 ( lH,  br s, CONHCSNH), 10.91 
(lH, br d, 3 ~ , ~ . 1 ,  = 7.7 Hz, CONHCSNH). Spin-spin decoupling was 
performed at 6 2.28, 3.90, and 10.85. 

(-f)-3-Ethoxy-N-{N' -[(lP,2~~,4P)-2-hydroxy4-(hydroxymethyl)cy- 
clopentyl]thiocarbamoyl}propenamide (26) 

The procedure for the preparation of compound 26 was the same as 
that for 25. To an ice-cold N,N-dimethylformamid solution (45 mL) 
of compound 12 (3.27 g, 25 mmol) was added 24 mL of the acetonitrile 
solution of 21 (25 mmol, theoretical) over a period of 10 min. This 
reaction solution was treated as described by the preparation of 25 and 
the resulting orange oil was fractionated by column chromatography on 
silica gel to give 26 (3.55 g, 49%) as a light-yellow gum, Rf0.45 (3:3:1 
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(v/v/v) toluene - ethyl acetate - 2-propanol). The 'Hmr spectrum 
showed only traces of impurities to be present in this preparation; 'Hmr 
(200 MHz, MezSO-d6) 6: 1.17 (lH, m, H-5'), 1.26 (3H, t, 3~ = 
7.1 Hz, CH3), 1.59 (2H, m, H-3' and H-3"), 2.13-2.36 (2H, m, H-4' 
and H-5"), 3.29 (2H, m, CH20H), 3.90-4.04 (lH, m, H-2'), 3.98 
(2H, q, 3~ = 7.1 HZ, CH3CH20), 4.28 (lH, m, H-1'), 4.59 (lH, t, 
3 
JloCH20H = 5.0 HZ, CH20H), 4.96 (lH, d, 3Jt0~.2' = 4.3 HZ, OH at 

position 2'), 5.70 (lH, d, 3~ = 12.2 Hz, H-2), 7.60 (lH, d, 3~ = 
12.2 Hz, H-3), 10.87 (lH, br s, CONHCSNH), 10.93 (lH, br d, 
3J,oH.1r = 7.3 Hz, CONHCSNH). Spin-spin decoupling was per- 
formed at 6 3.29 and 4.28. 

(-f)-3-Ethoxy-N-{Nf-[(lp,2a,3a,4P)-2,3-dihydroxy-4-(hydroxy- 
methyl)cyclopentyl]thiocarbamoyl}propenamide (27) 

The procedure for the preparation of compound 27 was the same as 
that for 25. To an ice-cold N,N-dimethylformamid solution (12 mL) 
of compound 19 (0.55 g, 3.7 mmol) was added 4 mL of the acetonitrile 
solution of 21 (4 mmol, theoretical) over a period of 5 min. The 
reaction solution was treated as described for the preparation of 25 and 
the resulting brown oil was fractionated by column chromatography on 
silicagel to give27 (0.503 g, 45% crude) as a yellow oil, Rf0.34 (33: 1 
(v/v/v) toluene- ethy 1 acetate- 2-propanol). This oil was used for the 
preparation of 33 without further purification, although its 'Hmr 
spectrum showed minor peaks due to impurities; 'Hmr (200 MHz, 
Me2SO-d6) 6: 1.04 (lH, d oft,  J,,, = 13.0, 3~ = 7.5 Hz, H-5'), 1.26 
(3H, t, 3~ = 7.1 HZ, CH3), 1.92 (lH, m, H-4'), 2.32 (lH, d oft ,  J,,, 
= 13.0, 3J = 8.5 HZ, H-5"), 3.26-3.46 (2H, m, CH20H), 3.62-3.75 
(2H, m, H-2' and H-3'), 3.98 (2H, q, 3~ = 7.1 Hz, CH3CH20), 4.38 
(lH, qu, 3~ = 7.5 Hz, H-1'), 4.54 (lH, d, 3~ = 4.3 Hz, OH), 4.63 
(lH, t, 3 ~ , o ~ ~ O ~  = ~ . O H Z ,  CH20H), 4.78 (lH, d, 3~ = 6 . 0 H ~ ,  OH), 
5.71 (IH, d , 5 ~  = 12.2Hz, H-2), 7.60 (lH, d, 3~ = 12.2Hz, H-3), 
10.88 (lH, br s, CONHCSNH), 10.97 (lH, br d, 3~,0H.1, = 7.3 Hz, 
CONHCSNH). Spin-spin decoupling was performed at 6 3.69 and 
4.38. 

(* ) -1 - {(lp,3a,4P)-3 -Hydroxy -4-(hydroxymethyl)cyclopenty~- 
2,4(1 H ,3 H)-pyrimidinedione (28) 

A solution containing 22 (0.209 g, 0.77 rnmol) in 2 N HzS04 
(15 mL) was heated at reflux temperature for 0.5 h, cooled in an ice 
bath, and neutralized with 2 N NaOH. The water was evaporated and 
the residue was extracted with warm ethanol (3 X 10 mL). After the 
ethanol had been evaporated, the residue was fractionated by column 
chromatography on silica gel to give 28 (0.166 g, 95%) as a white 
solid, mp 158-160°C (dec.) (lit. (6) mp 160-163°C (dec.)), Rf 0.43 
(9:l (v/v) acetonitrile-water); 'Hmr (200 MHz, Me2SO-d6) 6: 1.36 
(lH, m, H-5'), 1.71-2.00 (3H, m, H-2', H-2", andH-4'), 2.08(1H, d 
oft,  J,,, = 12.5, 3~ = 7.7 Hz, H-5"), 3.34-3.56 (2H, m, CH20H), 
3.97 (lH, m, H-3'), 4.63 (lH, t, 3~loCH20H = 5.1 HZ, CH20H), 4.75 
(IH, d, 3 ~ , o ~ . 3 ,  = 4.2Hz, OH at position 3'),4.95 (IH, m, H-1'1, 5.58 
(lH, d, 3 ~ 5 , 6  = 8.2 HZ, H-5), 7.69 (lH, d, 3 ~ 6 , 5  = 8.2 HZ, H-6), 11.21 
(lH, br s, H-3). Spin-spin decoupling at 6 1.36 and 4.75. 

(k) -1- {(IP,2a94P)-2-Hydrov -4 -(hydroxymethyl)cyclopentyl}- 
2,4 (1 H ,3 H)-pyrimidinedione (29) 

A solution of 23 (0.44 g, 1.61 mmol) in 2 N H2SO4 (20 mL) was 
treated as described above for the preparation of 28. The residue from 
the ethanol extract was fractionated by column chromatography on 
silica gel to give 29 (0.275 g, 75%) as a white solid, mp 174-177°C 
(lit. (6) mp 174-176"C), Rf0.46 (9: 1 (v/v) acetonitrile-water); ' ~ m r  
(200 MHz, MezSO-d6) 6: 1.37 (lH, m, J,,, = 11.9, 3~ = 9.0 HZ, 
H-5'), 1.56 (lH, m, J ,, = 13.0, 3~ = 9.1, 3~ = 7.7 Hz, H-3'), 1.76 
(lH,m, J,,,= 1 3 . 0 , ' ~ = 7 . 9 , ~ ~ =  5.3Hz,H-3"), 1.96(1H,doft ,  
J,,, = 11.9, 3~ = 7.5 Hz, H-5"), 2.16 (lH, m, H-4'), 3.29-3.35 
(2H, m, CH20H), 4.14 (lH, m, H-2'), 4.45 (lH, d of t ,  3~ = 11.4, 
3~ = 8.1 HZ, H-l'), 4.60 (lH, t, 3 ~ t o C ~ 2 0 H  = 5.1 HZ, CH20H), 5.05 
(IH, d, 3~,0H.2, = 5.3Hz, OH at position 2'1, 5.59 (IH, d, 3~5?15,6 = 
8.2Hz,H-5),7.68(1H,d, 3 ~ 6 , 5  = 8.2Hz, H-6), 11.21 (lH, brs,H-3). 
Spin-spin decoupling was performed at 6 4.14. 

(_t)-I-{(I~,2a,3a,4~)-2,3-Dihydroxy-4-(hydroxymethyl)cyclo- 
pentyl}-2,4 (I H ,3 H)-pyrimidinedione (30) 

A solution of 24 (0.113 g, 0.39 mmol) in 2 N H2S04 (10 mL) was 

treated as described above for the preparation of 28. The residue from 
the ethanol extract was fractionated by column chromatography on 
silica gel to give 30 (0.079 g, 84%), mp 165-173°C (lit. (6) mp 
176-179"C), Rf 0.35 (9.1 (v/v) acetonitrile-water); ' ~ m r  (200 MHz, 
Me2SO-d6) 6: 1.26 (lH, m, H-5'), 1.85-2.08 (2H, m, H-4' and H-5"), 
3.33-3.45(2H, m, CH20H), 3.71 (lH, m,H-3'), 3.97 (lH,m, H-2'), 
4.57-4.68 (lH, m, H-l'), 4.60 (lH, d, 3 ~ , o ~ . 3 ,  = 4.1 HZ, OH at 
osition 3'), 4.70 (lH, t, 3 ~ t o ~ ~ , o ~  = 5.0 HZ, CHzOH), 4.89 (lH, d, 

'JlOH2, = 6.4Hz,OHatposition2'), 5 . 5 9 ( 1 ~ , d , ' J , ~  = 7.7Hz,H-5), 
7.69 (lH, d, 3 ~ 6 , 5  = 7.7 Hz, H-6), 11.20 (IH, br S, H-3). Spin-spin 
decoupling was performed at 6 1.26, 3.7 1, 3.97, and 4.89. 

( _ t ) - 2 , 3 - D i h y d r o - l - { ( l p , 3 a , 4 P ) - 3 - h y d r o ~ -  
clopentyl}-2-thioxo- 4-(1 H)-pyrimidinone (31) 

A solution of 25 (4.2 g, 14.6 mmol) in 15 N aqueous ammonia 
(125 mL) was heated in a 90°C oil bath for 25 min. The solution was 
cooled to room temperature and the reaction solvents were evaporated. 
The residue was evaporated with ethanol (50 mL) and triturated with 
warm ethanol (50 mL). The mixture was cooled in an ice bath, and the 
precipitated material was collected by filtration and washed with 
ethanol to give a light-yellow solid (2.148 g), mp 169-172°C. The 
volume of the combined filtrate and wash was reduced and an 
additional amount (0.562 g) of a light-yellow solid was obtained, 
mp 167-173"C, for a total yield of 2.71 g (77%). An analytical sample 
was prepared by recrystallization from ethanol to give a faintly yellow 
solid, mp 174-175"C, Rf 0.46 (1: 1:l (v/v/v) toluene - ethyl acetate - 
2-propanol); uv A,, (C2HSOH): 219 (E 17 200), 273 (13 700) nm; 
A,, (0.01 N HCI in C2H50H): 219 (E 17 200), 273 (13 600) nm; A,, 
(0.01 N NaOH in C2H50H): 240 (E 19 600), 273 (16 300) nrn; ' ~ m r  
(200 MHz, Me2SO-d6) 6: 1.32 (lH, d oft,  J,,, = 12.7, 3~ = 9.5 Hz, 
H-5'), 1 .SO-1.99 (3H, m, H-2', H-2", and H-4'), 2.20 (lH, d of t, 
J,,, = 12.7, 3~ = 7.8 HZ, H-5"), 3.34-3.56 (2H, m, CH20H), 4.01 
(lH, m, H-3'),4.65 (lH, t, 3~loCHIOH = 4.7 HZ, CH20H), 4.79 (lH, d, 
3 
Jlo~.3* = 3.9Hz, OHatposition3'), 5 . 9 6 ( 1 ~ , ~ u ,  3~ = 8.8Hz, H-l'), 

5.99 (lH, d, 3 ~ 5 , 6  = 8.2 Hz, H-5), 7.85 (lH, d, 3J6,5 = 8.2 HZ, H-6), 
12.53 (lH, br s, H-3). Spin-spin decoupling was performed at 6 2.20, 
4.01, and 4.65. Anal. calcd. for CI&II4O3N2S: C 49.57, H 5.82, 
N 11.56; found: C 50.14, H 6.00, N 11.79. 

( - f ) - 2 , 3 - D i h y d r o - l - { ( l ~ , 2 a , 4 P ) - 2 - h y d r o ~ y -  
clopenty1)-2-thioxo-4 -(I H)-pyrimidinone (32) 

A solution of 26 (3.5 15 g, 12.2 mmol) in 15 N aqueous ammonia 
(100 mL) was heated in an oil bath at 90°C for 20 min. It was then 
treated as described for the preparation of 31 to give (in two crops) 32 
(2.081 g, 71%) as a white solid, mp 217-220°C, Rf 0.45 (1:l:l 
(v/v/v) toluene - ethyl acetate - 2-propanol). An analytical sample 
was prepared by recrystallization from ethanol, mp 219-220°C; uv 
A,, (C2H50H): 220 (E 17 OW), 274 (13 400) nm; A,, (0.01 N HCI in 
C2HSOH): 220 (E 16 800), 274 (13 300) nm; A,, (0.01 N NaOH in 
C2H50H): 240 (E 20 OW), 274 (15 700) nm; ' ~ m r  (200 MHz, Me2SO- 
d6)6:1.20(1H,m,H-5'),1.59(1H,doft,J,,,=13.1,3~=8.4Hz, 
H-3'), 1.78 (lH, m, J,,, = 13.1, 3~ = 8.1, 3~ = 5.0 HZ, H-3"), 
2.04-2.26(2H, m, H-4'andH-5"), 3.29-3.35 (2H, m, CH20H), 4.22 
(lH, m,H-2'), 4.64(1H, t, 3~loCH20H = 5.2Hz,CH20H), 5.11 ( lH, d, 
3 ~ , 0 ~ . 2 .  = 5.0Hz, OH at position 2'), 5.55 (lH, d of t, 3~ = 10.9, 3~ = 
7.9Hz, H-1'), 6.00 (lH, d, 3 ~ 5 , 6  = 8 . 0 H ~ ,  H-5), 7.85 (lH, d, 3~t j ,5  = 
8.0 Hz, H-6), 12.58 (lH, br s, H-3). Spin-spin decoupling was 
performed at 6 1.20 and 4.22. Anal. calcd. for Cl0HI4O3N2S: C 49.57, 
H5.82,N11.56,S13.23;found:C50.09,H5.98,N11.88,S13.26. 

(_t)-2,3-Dihydro-I-{(l~,2a,3a,4P)-2,3-dihydroxy-4-(hydr~~- 
methyl)cyclopentyl}-2-thioxo-4-(I H)-pyrimidinone (33) 

A solution of 27 (0.487 g, 1.60 mmol) in 15 N aqueous ammonia 
(25 mL) was heated in an oil bath at 100°C for 20 min. The reaction 
solvents were evaporated and the residue was fractionated by cohmn 
chromatography on silica gel to give a while solid (0.263 g, 64%), Rf 
0.53 (9: 1 (v/v) acetonitrile-water). An analytical sample was prepared 
by recrystallization from methanol-ethanol to give a crystalline solid, 
mp 196-198°C; uv A,, (C2H50H): 220 (E 16 900), 274 (13 100) nm; 
A,, (0.01 N HCl in C2H50H): 220 (E 17 loo), 274 (13 000) nm; A,, 
(0.01 N NaOH in CzH50H): 240 (e 19 900), 273 (1 5 500) nm; ' ~ m r  
(200 MHz, Me2SO-d6) 6: 1.08 (lH, m, J,,, = 12.2, 3~5,.4e = 7.7 HZ, 
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H-5'), 1.95 (lH, m, H-4'), 2.18 (lH, doft ,  J,,, = 12.2, '5 = 8.5 Hz, 
H-5"), 3.33-3.47 (2H, m, CH20H), 3.73 (lH, m, H-3'),4.05(1H, m, 

1 3 ~ 2 , , 1 0  = 9.6, 3~100Ha,2# = 6.5, 'JZ,,~, = 5.8 HZ, H-27, 4.67 (lH, d, 
35t0H.3, = 3.5 Hz, OH at position 3'),4.73 (IH, t, 3JloCH,oH = 5.0 HZ, 

1 CH20H), 4.94 (IH, d, 'J,H.~, = 6.5 Hz, OH at position 2'), 5.67 
I (lH, q, '5 = 9.6 Hz, H-1'), 6.01 (lH, d, ' J ~ , ~  = 8.0 HZ, H-5), 7.87 
1 (lH, d, = 8.0 HZ, H-6), 12.6 (lH, br s, H-3). Spin-spin 

decoupling was performed at 6 1.08,3.4,3.73, and 4.05. Anal. calcd. 
~ O ~ C ~ , $ I , ~ O ~ N ~ S :  C46.50, H 5.46, N 10.85, S 12.41; found: C46.62, 
H 5.54, N 10.84, S 12.18. 
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ROBERT D. COOK, SELIM FARAH, LABIB GHAWI, ADNAN ITANI, and JUBRAIL RAHIL. Can. J. Chem. 64, 1630 (1986). 
Alkyl dialkylphosphinates, thionates, thioates, and dithioates have been studied under alkaline hydrolysis conditions in 60% 

DME - H20 and pure H20. Substitution of S for 0 in the phosphoryl group has only a small rate retarding effect, typically less 
than a factor of 10. The effect of the similar replacement in the leaving group, however, can lead to rate increases greater than a 
factor of 100. Activation parameters were determined and the AS* values range from -19 to -49 eu for the bimolecular 
reactions. The more negative values are for the esters with higher sulfur content and/or sterically large substituents. The results 
are discussed in terms of a pathway involving a pentacoordinate intermediate. 

ROBERT D. COOK, SELIM FARAH, LABIB GHAWI, ADNAN ITANI et JUBRAIL RAHIL. Can. J. Chem. 64, 1630 (1986). 
Operant dans un melange ?i 60% de DME/eau ainsi que dans de I'eau pure, on a CtudiC les dialkylphosphinates, les thionates, 

les thioates et les dithioates d'alkyles dans des conditions d'hydrolyse alcaline. La substitution du S par un 0 dans le groupement 
phosphoryle provoque un faible ralentissement de la vitesse de la reaction et le rapport des deux vitesses est plus petit que 10. 
Toutefois, si I'on effectue un remplacement semblable dans le groupement nucleofuge, la vitesse de la reaction est augmentke par 
un facteur de plus de 100. On a determine les param6tres d'activation et, pour les reactions bimolCculaires, les valeurs des AS* 
varient de - 19 i -49 ue. Les valeurs les plus negatives sont liees aux esters comportant le plus grand nombre d'atomes de soufre 
et/ou les substituants les plus encombrants d'un point de vue sterique. On discute des resultats en fonction d'une voie 
reactionnelle impliquant un intermkdiaire pentacoordonne. 

[Traduit par la revue] 

I 
I Introduction 
I The alkaline hydrolysis reactions of phosphorus esters, 
I especially those of phosphates (I) ,  have been extensively 

investigated. The reactions of phosphonates (1) and phosphi- 
nates (1, 2) have also been the subject of several reports. There 
have been, however, only a few reports on the effect of the 

I 
replacement of oxygen by sulfur on the reactivity of these esters. 
There is interest in the reactivity of phosphorothioates because 
of their use as phosphate analogues in stereochemical studies of 
phosphoryl transfer reactions (3). 

Ketelaar, Gersmann, and Koopmans have reported that a 
series of p-nitrophenyl phosphorothioates (P=S) hydrolyze 30 
to 160 times slower in base solution than the corresponding 
phosphates (4). Breslow and Katz have shown that in the 
aqueous hydrolysis of the mono p-nitrophenyl ester of the 
phosphate dianion, the P=O esters reacts 60 times slower than 
the P=S (5). However in the enzymatic hydrolysis catalyzed 
by alkaline phosphatase the opposite is true with a reactivity 
ratio (P=O/P=S) of approximately 100. The authors sug- 
gested that a P=O/P=S ratio greater than 1 is an indication of 
an associative mechanism, while values less than 1 suggest a 
dissociative pathway (5). Chlebowski and Coleman have also 
reported a large rate difference in favor of the P=O ester in the 
Zn(II) alkaline phosphatase catalyzed hydrolysis of a phosphate 
monoester (6). Benkovic and Schray have, however, suggested 
that the use of the P=O/P=S reactivity ratio as a basis for the 
choice of reaction pathway may be misleading (7). 

Little has been published on the hydrolysis of phosphi- 
nothionates. In one report (8), the authors find that, for 
(C1CH2)2P(X)OC2H5, the P=O/P=S ratio is 4 while, for 
(C2H5)2P(X)OC2H5, the ratio is 0.70 for the reaction in base. 

'Address for the academic years of 1984-1986 at the University of 
Toronto; present address: Bishop's University, Lennoxville, P.Q., 
Canada J1M 127. 

'~aken in part from the M.S. 'Theses of S .F., L.G., A.I., and J.R., 
American University of Beirut, Lebanon. 

In order to understand more the effect of sulfur on the 
reactivity of phosphorus esters a series of phosphinate esters 
1-4 was synthesized and studied under alkaline hydrolysis 
conditions. In these esters not only is the effect of sulfur in the 
P=X group studied but also in the leaving group. 

Phosphinates, in general, hydrolyze via an associative 
pathway (2) and there is strong evidence that the reaction 
precedes via a pentacoordinate intermediate (reaction [I]). 

R OR' 
k I +,,, 1 

[ I ]  R2P(0)OR1 + -OH A 

L 
R2P02- + R'OH 

Support for such an intermediate is plentiful in cyclic phos- 
phorus esters (9) and there are also two reports supporting their 
existence in acyclic systems, one in a phosphonate (10) and one 
in a phosphinate (1 1). The results of this study will be analyzed 
in terms of a pathway involving an intermediate (reaction [I]). 

Results 
The second-order rate constants for the alkaline hydrolysis 

of the alkyl dialkylphosphinates (I) ,  phosphinothionates (2), 
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TABLE 1. Rate constantsa for the alkaline hydrolysis of alkyl dialkyl- 
phosphinates in H 2 0  and 60% DME - H 2 0  

Compound T("C) H 2 0  60% DME - ~~0~ 

1  a 30 - 340' 
40 115 - 
50 26 1 1108' 
60 51 1 - 

16 75 104 109' 
1 c 75 - 9.87 
l e  75 4.16 - 
I f  75 0.13 - 
1  g 75 11.8 14.7' 
l h  75 7.94 8.82 
1  i 75 0.72 0.69' 
l j  75 4.57 4.66 
l k  75 0.30 - 

"Average of two to three kinetic runs. 
bionic strength kept at 0.1 Musing NaC10,. 
'Reference 2a.  

TABLE 2. Rate constantsa for the alkaline hydrolysis of alkyl dialkyl- 
phosphinothionates in H 2 0  and 60% DME - H 2 0  

k 2  x lo4 M-' s-' 

Compound T ("C) H 2 0 b  60% DME - ~ 2 0 ~  

487 33 1 
964 494 

1670 1010 
- 2.85 
- 12.4 
183 61.6 
- 1.17 

4.30 
- 9.88 
- 22.1 
32.5 - 

"Average of two to three kinetic determinations. 
bionic strength kept at 0.1 Musing NaCIO,. 

phosphinothioates (3), and phosphinodithioates (4) are given in 
Tables 1-4, respectively. 

The activation parameters for selected esters are given in 
Table 5. 

Discussion 
General trends 

(a) Influence of substituents on phosphorus 
The alkyl substituents on phosphorus have a large effect on 

the reaction rate, especially in the esters with alkoxy leaving 
groups. Table 6 gives the relative rate data for the four ester 
systems, and for the sake of comparison, the results in a 
carboxylic ester series (12). Attempts to correlate the results 

, in series 1 and 5 of Table 6 with the Taft polar equation (13) 
' (eq. [2]), the Taft steric equation (eq. [3]), and the combined 

equation (eq. [4]) were not successful. Although phosphinates 

[4] log k,/kC,, = u * p *  + 6Es 

ET AL. 163 1 

TABLE 3. Rate constantsa for the alkaline hydrolysis of alkyl 
dialkylphosphinothioates in H 2 0  and 60% DME - H 2 0  

k2 x lo4 M-' s-' 

Compound T ("C) ~ 2 0  60% DME - H 2 0 b  

"Average of two to three kinetic determinations. 
bionic strength kept at 0.1 Musing NaClO,. 

usually undergo hydrolysis by attack of -OH at phosphorus with 
subsequent P-0 bond (2a) cleavage, Haake and Rahil (26) 
have recently reported that the sterically hindered phosphinate, 
methyl diisopropylphosphinate, hydrolyzes with approximately 
25% C-0 bond cleavage. It is not surprising then that, 
with this mixed cleavage pattern for some esters, there is no 
correlation with. the Taft equation when applied to the effect of 
substituents on phosphorus. 

Alkyl substituents have a greater effect on phosphinate 
hydrolysis than on carboxylic ester hydrolysis in keeping with a 
tetrahedral phosphorus ground state going to a pentacoordinate 
intermediate rather than trigonal carbon going to a tetrahedral 
intermediate. 

(b) Influence of the leaving groups 
This topic can be discussed in two parts: (i) the influence of 

the atom Y ( 0  or S) on the reaction rate and (ii) the influence of 
the alkyl group R' on the reaction rate. Table 7 gives sample 
data for several compounds and indicates the general trend in 
which the SR' esters are more reactive than the OR' esters. This 
reactivity order is found in other phosphorus ester systems and 
reflects the lower basicity of the -SR1 groups (14). It is, 
however, clear from the data that the difference in rate is larger 
in the less reactive more sterically hindered esters. 

The effect of R' on the reaction rate is shown in the relative 
rate data in Table 8. The nature of R' has a much greater 
influence on the less reactive OR' esters than on the SR' esters. 
Also the structure of the leaving group appears to be much more 
important in phosphorus (OR') ester hydrolysis (15) than in 
carboxylic ester hydrolysis (16) (Table 8). For series 1 and 3 
there is an excellent correlation with Taft's a* values (eq. [2]). 
For series 1 p*  = 14.1 ( r  = 0.998) and for series 3 p* = 3.0 
(r  = 0.994). Haake and co-workers (2a) have previously 
obtained a p* = 8 and 6 = 1.5 for three esters of the series 
(C2H5)2P(0)OR' and p* = 11 and 6  = 0.6 for seven esters in 
the series (C6H5)2P(0)OR' using the Taft combined equation 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J. CHEM. VOL. 64, 1986 

TABLE 4 .  Rate constantsa for the alkaline hydrolysis of alkyl dialkylphosphinodithioates 
at 60% DME - H 2 0 b  

Compound T "C k2 x lo3 M-' s-' Compound T "C k2 X lo3 M- ' s-' 

4a 0 13.7 4g 30 0.66 
30 49.9 50 2.43 

62.5 8.56 
4b 30 3.79 4h 50 2.05 

40 6.22 
50 11.1 

4c 30 2.55 
I 4 j  50 1.89 

50 8.08 62.5 3.75 
75 26.6 75 7.62 

4d 50 13.6 4k 40 0.58 
62.5 24.0 50 1 . 1 1  
75 50.8 62.5 2.55 

"Average of two to three kinetic determinations. 
bionic strength kept at 0.1 M uslng NaClO,,. 

TABLE 5. Activation parameters for the alkaline hydrolysis of selected intermediate has been proposed as the rate-determining step in 
phosphinate esters at 50°C alkaline hydrolysis (18). The higher value of p* for alkyl 

diethylphosphinates supports a reaction in which there is a 
AG* AH* AS* greater charge density on the oxygen of the leaving group in the 

I Compound Solventa kcal/mol kcal/mol eu rate-determining step than there is in the reaction of carboxylic 

i W 21.3 
esters. 

1 a 15.1 
D 20.3 11.5 

- I 9  The value of p* for the series with SR' leaving groups is 
- 27 

I 2a W 20.1 11.0 -28 almost the same as that obtained by Kreevoy and co-workers 
D 20.4 11.6 -27 (19) for the ionization of aliphatic thiols (p*  = 3.5). The 

3a WE 21.1 6.0 -49 significance of this is discussed later. 
1 4a Dc 20.9 6.7 -47 

l b  D 22.7 12.3 -32 
26 D 23.3 13.7 -30 
3b W 21.2 7.7 -41 

I D 20.8 6.5 -44 
4b D 21.8 9.8 - 37 

I 2c D 24.0 14.2 - 30 
l 
I 4c D 22.1 10.3 -38 

1 g D 24.3 14.3 -31 
3g W 21.5 7.0 -45 
4g D 22.8 11.3 -36 
1 i D 26.1 12.5 - 42 
4 j  D 23.0 11.6 - 36 
4k D 23.3 13.1 - 32 

"D = 60% DME - H20,  W = H20. 
bT = 7YC; ref. 2a. 
' T  = 30°C. 

(eq. [4]). The use of the Taft equation for alkyl substituents 
only has been recently criticized (17), however these excellent 
correlations for quite large rate differences especially in the case 
of series 1 would appear to be significant. It has previously been 
suggested that the large values of p* are due to the changing 
polarization of the oxygen from slightly positive in starting ester 
(5) to an oxygen which is negative in the transition state of the 

0 
I1 Q. 

R2P-0-R' 
5+ 

5 

reaction (2a). A similar analysis of the results of Jones and 
Thomas (series 4 in Table 8) using the Taft equation (eq. [3]) 
gives a rather poor correlation with a p* value of 7.1 (r = 
0.966). For carboxylic esters formation of the tetrahedral 

(c) Influence of the atom doubly bonded to phosphorus 
Table 9 gives a number of comparisons for the effect of the 

change in atom in P=X on the rate of hydrolysis of the 
phosphinates. Also given in Table 9 are selected literature 
values for other reactions of phosphorus and carboxylic esters. 
The general trend is that P=O compounds are more reactive 
than P=S compounds although there are some exceptions. This 
difference in reactivity has been attributed to differences in 
polarizability and solvation in the two systems (20). 

In the case of the alkaline hydrolysis of a carboxylic ester and 
thionester, Campbell and Lapinskas (21) have suggested that 
a kc=o/kc=s > 1 supports rate-determining formation of a 
tetrahedral intermediate while a ratio less than 1, found for an 
aminolysis reaction, supports a rate-determining collapse of the 
intermediate. There are no similar trends in the hydrolysis 
reactions of phosphorus esters as reported in Table 9; it appears 
that the ratio is substituent, solvent, leaving group and nucleo- 
phile dependent. The only trend which is suggested by the 
results is that the effect of X in P=X appears to be greater when 
the nucleophile is neutral. The reactivity ratio P=O/P=S is 
also greater in the less reactive phosphate systems mentioned in 
the Introduction (4-6). 

(d) Solvent effects 
The hydrolysis reactions were carried out in two solvents only 

(60% DME- H20 and H20). For P=O esters, regardless of the 
leaving group, the rates were slightly faster in the mixed solvent 
system (compound l i  is the only exception). If the transition 
state is considered as a large monoanion with its charge highly 
dispersed then the net change in solvation can be thought of as 
a highly solvated hydroxide going to a less solvated transition 
state, and it is, therefore, reasonable that the reaction rate would 
decrease in water. However, for the two P=S esters (2a and 
2b) studied in both solvents the opposite solvent effect is 
observed. Unfortunately the limited solubility of the P=S 
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COOK ET AL 

TABLE 6. Relative rate data for the alkaline hydrolysis of phosphinates esters; influence of the 
alkyl substituents on phosphorus 

Relative rate data for R = 

Series Ester CH3 C2Hs n-C3H7 i-C3H7 i-C4H9 S-C4H9 

- 

aThis work; T = 75°C in H20. 
bThis work and ref. 2; T = 75°C in 60% DME - H20. 
'This work; T = 50°C in 60% DME - H20. 
dThis work; T = 30°C in 60% DME - H20. 
eThis work; T = 50°C in H20. 
fThis work; T = 50°C in 60% DME - HzO. 
SReference 12; T = 24.8"C in 70% acetone - H20. 

TABLE 7. Relative rate data for the alkaline hydrolysis of phosphinate 
esters; influence of the heteroatom in the leaving group 

Ester Solventa T "C kslko 

(CH~)ZP(O)YCH~ D 30 1.03 
(CzHs)z(O)YCH3 D 50 22 
(CZH~)ZP(O)YCZHS W 75 77C 
(~-C~H~)ZP(O)YCH~ W 75 126 
(CH~)ZP(S)YCH~ D 30 1.5 
(CzHs)zP(S)YCH3 D 30 13.3 
(C~H~)ZP(S)YCH~ D 30 22 

1 OD = 60% DME - H20; W H20. 
bRate for (C2H5)2P(0)OCH3 from ref. 2a.  

I =Rate for (C2H5)2P(0)YC2H5 extrapolated to 75°C. 

( esters in water prevented determining whether or not this is a 
general reversal of behavior. It is known that the P=S bond is 
considerably less solvated than the P=O bond (1 1, 14,22) and 
this difference could account for the observed change but more 
esters should be studied as well as rates measured in a wider 
range of solvents. 

(e)  Activation parameters 
The most obvious trends in the data of Table 5 are the lower 

AH* for the P-S-R' esters and the more negative AS* for the 
esters with larger alkyl groups as well as for the esters with 
higher sulfur content. The lower AH* can be attributed to the 
weak P-S bond (23) leading to an earlier transition state, while 
the change in AS* can best be explained by the differences in 
solvation of the starting neutral S and 0 esters, which should 
be greater than the differences for the monocharged transition 
states. In the case of the esters with large alkyl groups, steric 

' inhibition of solvation of the ester may be important. Such ' inhibition has been observed for these esters during the process 
of protonation (24). 

Mechanistic considerations 
There is clear evidence for pentacovalent intermediates in the 

alkaline hydrolysis of cyclic phosphorus esters (9,25) as well as 
in the acid-catalyzed hydrolysis of an acyclic phosphinothionate 
(1 1). The strongest kinetic evidence for intermediate formation 
in the alkaline hydrolysis of acyclic phosphinates comes from 
linear free energy data on the hydrolysis of aryl phosphinates 

where, with one exception, the rate constants correlate with 
Hammett's (T values and not with the a- values of the 
substituents (26). These results suggest that there is no charge 
generation on the leaving group in the rate-determining step and 
therefore formation of the intermediate is suggested as the slow 
step. Formation of the intermediate should be rate-determining 
with any leaving group which is less basic than -OH (e.g., -SR' 
or - O h )  while breakdown of the intermediate will be rate- 
determining for -OR' leaving groups. The p* values obtained in 
this work for the OR' and SR' leaving groups are consistent with 
this hypothesis. 

The closeness of the o* value for RSH ionization where 
some negative charge must exist on sulfur and the p* value of 
R2P(0)SR1 esters appears to be an anomaly. It might be better to 
compare the latter value with that obtained for the hydrolysis of 
acetates (p * = 7.1) (16) where formation of the intermediate is 
also suggested as the rate-determining step (1 8). The ratio of the 
insulating effects of the S and 0 atoms has been calculated from 
13C-H coupling constants (Zs/Zo = 0.90) (27) and therefore 
the value of o* for the SR' esters is even smaller than that which 
would be prkdicted from the hydrolysis of carboxylic esters. 

The relative rate data of Table 6 also supports these 
conclusions in as much as the steric effects of the groups 
attached to phosphorus would be expected to be larger in the 
reaction where the intermediate is already fully formed before 
the transition state is reached (OR' esters). These steric effect 
arguments can also account for the increasing kPORf/kPSR, ratio 
with increasing size of the substituents on phosphorus (Table 7). 

Conclusions 
The general trend observed for phosphorus esters which 

hydrolyse via an associative pathway is that the P=O esters are 
more reactive than the P=S esters and, the more reactive the 
systems, the less the difference in reactivity. The greatest effect 
of this substitution should be observed in phosphate reactions 
with neutral nucleophiles and the least effect in phosphinate 
reactions with nucleophiles like -OH. 

The results obtained for the effect of changing the leaving 
group are in line with most other observations on phosphorus 
esters where the basicity of the leaving group has a considerable 
influence on the reactivity of the ester. 

Solvation appears to play an important role and more work in 
this area is certainly needed. 
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TABLE 8. Relative rate data for the alkaline hydrolysis of phosphinate esters; influence of the 
alkyl group in the leaving group 

Relative rate for R = 

Series Ester CH3 CZHS n-C3H7 i-C3H7 i-C4H9 S-C4H9 

aThis work; T = 75°C in H20.  
bThis work; T = 50°C in H20. 
'This work; T = 50°C in 60% DME - H20. 
dReference 16; T = 24.7"C in 70% acetone - H20. 
'Reference 15; T = 80°C in H20.  

TABLE 9. Influence on the atom doubly bonded to phosphorus on the and SOC12 were distilled at atmospheric pressure and the acid chloride 
rate of nucleophilic attack on phosphorus was distilled under diminished pressure. 

[7] R2P(0)CI + R'ONa + R2P(0)OR1 
Compound Nucleophile k[P=O]/k[P=S] 

(31) 

A benzene solution of the acid chloride was added to a solution 

1.1 of alkoxide in its corresponding alcohol. The reaction mixture was 

1.7 initially filtered (-NaCl), then distilled at atmospheric pressure to 

0.6 remove solvents and finally the ester was vacuum distilled. 

"This work; T = 50°C in 60% DME - H20. 
bThis work; T = 30°C in 60% DME - H20. 
'This work; T = 75°C in H20. 
dThis work; T = 75OC in 60% DME - H20. 
'Reference 39; T = 50°C in 50% EtOH - H20. 
fReferences 8 ,40;  T = 25°C in H20.  
8Reference 41; T = 30°C in CH,CN. 
hReference 42; T = 25OC in H20. 
'Reference 43; T = 37°C in pH = 7.4  in 0.067 M phosphate buffer. 
jReference 44; T = 25°C in H20.  
*Reference 21; T = 25°C in 20% CH,CH - H20. 

All of the results are consistent with a reaction pathway 
involving an intermediate. 

Experimental 
Synthesis of the esters Vor general synthesis, see ref. 28) 

The esters were synthesized by known methods or variations of 
known methods as mentioned below: . 

Method 1 : (for l a -c  and lg-k) 

Thiophosphoryl chloride in ether was added dropwise over a period 
of 4-5 h to an ether solution of the appropriate Grignard reagent at O°C. 
The final mixture was poured carefully into an ice-cold 10% sulfuric 
acid solution. The product was extracted with ether. 

The sulfuryl chloride in benzene was added dropwise to a benzene 
solution of the biphosphine disulfide at room temperature. The solvent 

Method 2 : (for 2a-c and 2g-k) 

The procedure used was identical to reaction [6] except in this case 
with equimolar amounts of the reagents. 

[9] R2P(S)C1 + R' ONa + R2P(S)OR1 (31) 

The procedure was identical to that of reaction [7]. 

Method 3: (for 2a-c, 3g,  3h, and 3j) 

An aqueous solution of sodium hydroxide was added to the acid 
chloride. The resulting mixture was evaporated to dryness giving a salt 
which is a mixture of the product and NaC1. 

[ l  11 R2P(0)SNa + R'X + R2P(0)SR1 (34) 

The above salt was refluxed with excess alkyl halide in acetonitrile. 
The solvent was partially evaporated and then the mixture was filtered. 
The resulting solution was fractionally distilled. 

Method 4: (for 4a-c, 4g, 4h, and 4j) 

The acid chloride was added to a methanol solution of NaSH. The 
solution was evaporated to dryness giving the product and NaCI. 

[I31 R2P(S)SNa + R'X + R2P(S)SRf (34) 

The procedure was identical to that of reaction [ I l l .  

Method 5: (for ld-f, 2d-f, 3d-f, and 4d-f) 

[14] PC13 + 2 m g X  + R2PCl (36) 

An ether solution of the Grignard was added dropwise with vigorous 
stirring to an ether solution of PC13 at -40°C and under an inert 
atmosphere. The product was filtered and transferred to a distilling 
flask; the solution was then vacuum distilled. 

[15] RzPCl + 0 2  + R2P(0)C1 

Oxygen was bubbled into a benzene solution of the phosphine. The 
reaction isotherm was moderated by a 10 volume excess of benzene. 
The acid chloride was vacuum distilled. 

[16] R2PCl + S + R2P(S)CI 
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Table 10. Spectral data and physical constants for the phosphinate esters 

Nuclear magnetic resonance spectral data (6)" B.P. "C/Torr 
i r ( ~ m - ' ) ~  

Compound H CP HCCP HCCCP PYCH PYCCH PYCCCH P=X Observed Literature Reference 

1 a 1.8(d) J = 13 Hz - - 3.70(d) J = 14Hz - - 1210 78-79/12 66-67/10 47 
l b  0.8-1.9(m) 0.8-1.9(m) - 3.74(d) J = 14Hz - 1208 78/10 86-86.2112 48 
1 c 0.8-1.8(m) 0.8-1.8(m) 0.8-1.8(m) 3.50(d) J = 14Hz - - 1210 88-8910.5 - - 
1 e 1.0-1.8(m) 1.0-1.8(m) 1.0-l.l(d) 3.70(d) J = 14Hz - - 1200 88-8911.0 - - 
I f  1.0-1.8(m) 1.0-1.8(m) 1.0-1.8(m) 3.70(d)J=14Hz - - 1208 88-9011.2 - - 
l g  0.8-2.0(m) 0.8-2.0(m) - 4.03(m) 0.8-2.0(m) - 1210 99-10012.5 88-88.5110 49 
l h  0.8-2.0(m) 0.8-2.0(m) - 3.80(m) 0.8-2.0(m) 0.8-2.0(m) 1205 82-8410.5 103.4113 48 
1 i 0.6-2.l(m) 0.6-2.l(m) - 4.65(m) 0.6-2.l(m) - 1205 106-10812.5 95.5114 48 
l j  0.5-1.5(m) 0.5-1.5(m) - 3.37(dX2) 0.5-1.5(m) 0.5-1.5(m) 1200 138-14012.5 112113 48 
l k  0.7-1.8(m) 0.7-1.8(m) - 4.25(m) 0.7-1.8(m) 0.7-1.8(m) 1205 92-9412.5 - 

2a 1.85(d) J =  14Hz - - 3.60(d) J = 14Hz - - 755 79-8012.5 65-66/10 47 
26 0.6-2.0(m) 0.6-2.0(m) - 3.40(d) J = 14 Hz - - 750 114-11512.5 75.617 50 
2c 0.8-2.l(m) 0.8-2.l(m) 0.8-2.l(m) 3.40(d) J = 14 Hz - - 755 8211.2 118-119112 3 1 
2d 1.0-1.6(m) 1 .O-1.6(m) 3.82(d) J =  14Hz - - - - 750 88-8912.2 
2e 1.3-1.7(m) 1.3-1.7(m) 1.1-1.2(d) 3.86(d) J = 14Hz - - 750 94-9612.1 - - 

2f 0.9-1.4(m) 0.9-1.4(m) 0.9-1.4(m) 3.65(d) J = 14 Hz 752 98-100/1 .O - - 
2g 0.8-2.2(m) 0.8-2.2(m) - 4.00(m) 0.8-2.2(m) - 752 48-5010.2 - - 0 

0 
2h 0.5-2.l(m) 0.5-2.l(m) - 3.50(m) 0.5-2.l(m) 0.5-2.l(m) 750 88-8912.4 65-6810.2 51 
2 i 1 .O-2.2(m) 1 .O-2.2(m) - 4.05(m) - - 750 88-9011.0 96.5-9711 1 31 

8 
- - - 

3 
2 j  0.8-2.2(m) 0.8-2.2(m) 3.65(dx2) 0.8-2.2(m) 0.8-2.2(m) 750 96-9710.75 9 
2k 0.8-2.l(m) 0.8-2.l(m) - 4.5(m) 0.8-2.l(m) 0.8-2.l(m) 755 122-12412.0 - - r 
3a 1.75(d) J = 13 Hz - - 2.27(d) J =  1 1  Hz - - 1176 10214.6 106112 52 
36 0.8-2.2(m) 0.8-2.2(m) - 2.30(d) J = 1 1 Hz - - 1176 5410.7 9312 52 
3c 1.2-2.2(m) 1.2-2.2(m) l.O(t) 2.33(d) J = 1 1  Hz - - 1183 12515.2 120-12112.0 52 
3d 1.9-2.l(m) 1.05(dX2) - 2.17(d) J = 1 1  Hz - - 1180 11314.6 8811 52 
3e 1.3-2.0(m) 1.3-2.0(m) 1.0-1.2(d) 2.25(d) J = 1 1  Hz - - 1185 6610.005 - - 
3 f  1.7-1.9(m) 0.6-1.4(m) 0.6-1.4(m) 2.08(d) J = 10 Hz - - 1180 13014.0 - - 
3g 1.2-2.2(m) 1.2-2.2(m) 2.75(m) 1 .2-2.2(m) - 1183 10813.2 10214 52 
3h 0.6-2.3(m) 0.6-2.3(m) - 2.83(tX2) 0.6-2.3(m) 1 .O-1 . l(t) 1171 12212.0 116-11712 52 
3 j  1.2-2.4(m) 1.2-2.4(m) - 2.67(dX2) 1.2-2.4(m) 0.9(d) J = 6 Hz 1175 12715.0 - - 

4a 1.9(d) J = 13 Hz - - 2.27(d) J = 14Hz - - 780 78-7910.1 112-114114 53 
46 0.7-2.0(m) 0.7-2.0(m) - 2.20(d) J = 12Hz - - 780 90-9212.8 71.212.0 52 
4c 0.7-2.l(m) 0.7-2.l(m) - 2.10(d) J = 13 Hz - - 800 86-8810.5 - - 
4d 2.0-2.2(m) 0.9-1.2(dx2) - 2.20(d) J = 13 Hz - - 770 60-6111.0 7212.0 52 
4e 1.2-1.7(m) 1.2-1.7(m) 1.0-1.2(d) 2.20(d) J = 9 Hz - - 830 9811.3 - - 
4g 0.9-2.1 (m) 0.9-2.l(m) - 2.80(m) 0.9-2.l(m) - 780 9010.5 61-6210.05 54 
4h 0.7-2.0(m) 0.7-2.0(m) - 2.90(m) 0.7-2.0(m) 0.7-2.0(m) 780 9210.5 74-7610.05 54 
4 j  0.7-2.l(m) 0.7-2.l(m) - 2.70(m) 0.7-2.l(m) 0.7-2.l(m) 780 7810.05 77-7910.06 45 
4k 0.7-2.0(m) 0.7-2.l(m) - 3.20(m) 0.7-2.l(m) 0.7-2.l(m) 780 9810.1 - - 

'Separation of the individual upfield resonances was not usually possible. All spectra integrated exactly for the downfield protons (PSCH)  versus all h e  others 
b~eference 46. 
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Equimolar amounts of sulfur and the phosphine were gently warmed 
in benzene. Catalytic amounts of AlC13 were also occasionally used. 
The acid chloride was vacuum distilled. 

The esters are now synthesized by reaction [7] for Id-f, reaction [9] 
for 2d-f, reactions [lo] and [ l  11 for esters 3d-f and reactions [12] and 
[13] for esters 4d-f. 

Method 6: (for 4k) 

[I71 (C~HS)~P(S)P(S)(C~HS)~ + LiAIH.4 + (C2HsI2PH (29) 

An ether suspension of the hydride was added to an ether solution of 
the biphosphine disulfide. The reaction was carried out in an inert 
atmosphere and was warmed for 1 h on a steam bath. After cooling, 
water was added carefully and the ether layer was separated and dried. 
The product was distilled in an inert atmosphere. 

1181 (C2Hs)zPH + (s-C~H~)ZSZ + (CZHS)ZP(S)SC~H~-S (37) 

Equimolar amounts of the reagents in benzene were refl~xed over- 
night under an inert atmosphere. The product was vacuum distilled. 

Purijication and identijication of the esters 
All esters were first distilled through a Vigreux column and then 

further purified by distillation on a Perkin-Elmer Model 151 teflon 
annular spinning band column. The uncorrected boiling points, nrnr 
chemical shifts, and the P=X stretching frequencies are given in Table 
10 as well as the literature values for the boiling points of the previously 
reported esters. 

The identity and purity of the esters were checked by nmr; all of the 
esters have downfield bands due to R2P(Y)XCH which could be easily 
integrated versus all the upfield CH bands. 

Kinetics 
All rates were run in 50 mL volumetric flasks thermostatted in a 

constant temperature bath (T + 0.2"C). Weighed amounts of ester and 
NaC104 (to keep ionic strength constant at 0.1 M) were added to the 
flask followed by enough NaOH solution to make the ester and base 
concentrations equivalent. In the cases where a mixed solvent system 
was used, the DME was added to the ester and salt followed by the base 
and then the flask was topped up by the addition of 60% DME - H20 
solution. The DME was purified by the method of Wiberg (38). During 
the course of the reaction 4 mL aliquots were withdrawn and quenched 
in standard perchloric acid. The solution was back-titrated with 
standard base using a Radiometric Model ABU 11 autoburette and 
Radiometer Model 28 pH meter. Glass and standard calomel electrodes 
were used. The rate constants were calculated from eq. [19] where the 
slope is determined from a plot l/(mLcdcd - mLti,) versus time in 
seconds; mLcdcd is the number of millilitres of titrating base necessary 
to neutralize the quenching acid and mLti, is the number of millilitres 
of base necessary to titrate the aliquot of quenched reaction solution. 

(slope)(No. of mL of aliquot) 
[19] k2(MP1 s-') = 

(normality of back-titrating base) 

The reported rate constants were determined from a least-squares 
analysis of the data. The rate constants are averages of at least two 
kinetic runs; the correlation coefficients of the plots and the repro- 
ducibility of the data are excellent. The range of the rate constants 
reported in Tables 1-4 is better than ?5%. The AS* values reported in 
Table 5 are not better than +3  eu. 

Rate studies could not be carried out on all the esters reported in 
Table 10 especially those of general structure R2P(S)OR1. These esters 
when they contain more than 5 carbons are not soluble in H20 and we 
were unable to measure their rates in 60% DME - H20 because of 
problems of solvent decomposition over the period of time necessary 
for their reaction (2b). 

Nuclear magnetic resonance monitoring in a reaction and analysis of 
products for (C2HS)2P(S)OCH3 indicates neither desulfurization, as 
was observed during the acid-catalyzed hydrolysis of (CH3)2P(S)OCH3 
(22b), nor alkyl group migration from 0 to S. 
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Kinetic solvent effects on acid-catalyzed hydrolysis of sucrose in aqueous mixtures 
of some protic, aprotic, and dipolar aprotic solvents 
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URMILA MANDAL, KAUSHIK DAS, and KIRON KUMAR KUNDU. Can. J. Chem. 64, 1638 (1986). 
Rate constants of acid-catalyzed hydrolysis of sucrose (S) to D-glucose and L-fructose have been determined at 25OC by optical 

rotation measurements in aqueous mixtures of protophobic protic glycerol (GL), protophilic protic urea (UH), aprotic dioxane 
(D), and dipolar aprotic dimethyl sulphoxide (DMSO). Transfer free energies of the substrate sucrose, AG(S) have also been 
determined in the solvents from solubility measurements. These values as well as those of H+, as obtained earlier by use of the 
widely used tetraphenylarsonium tetraphenylboron (TATB) reference electrolyte assumption, yielded transfer free energies of 
the transition state. The observed log (ks/kw) - composition profiles reveal that the rates increase monotonically in GL-water 
mixtures, that decrease more or less monotonically in UH- and DMSO-water mixtures, and decrease up to 10 mol% D in 
D-water mixtures, beyond which the values tend to increase. Examination of hG(i)-composition profiles for the different 
species in each case indicates that the initial and transition state solvation get more or less compensated and the observed rates are 
dictated by the increased solvation of H+ in aqueous UH, DMSO, and D co-solvent systems. But in GL-water mixtures the 
decreased solvation of the transition state compared with the initial state is overcome by the decreased solvation of H+, thus 
resulting in the gradual enhancement of the rates of the reaction. The observed linearity of the correlative plots of -6(AG*) 
[=RT In (ks/kw)] vs. A@,(H+) with distinctly different slopes in the two cases also substantiates the relative importance of H+ 
solvation in dictating the rates of the reaction in these widely different aqueous co-solvents. 

URMILA MANDAL, KAUSHIK DAS et &RON KUMAR KUNDU. Can. J. Chem. 64, 1638 (1986) 
OHrant i 25"C, dans des mClanges aqueux de glycCrol (GL) (protophobe et protique), d'urke (UH) (protophile et protique), 

de dioxanne (D) (aprotique) et dimCthylsulfoxyde (DMSO) (depolaire et aprotique) et faisant appel i des mesures de rotation 
optique, on a mesurC les constantes de vitesse pour l'hydrolyse acido-catalyste du sucrose (S)  en^-glucose et en L-fructose. En 
faisant appel B des mesures de solubilit6, on a aussi dCtenninC les Cnergies libres de transfert AG(S) dans ces solvants. Ces 
valeurs ainsi que celles relatives au H+ qui ont CtC obtenues antkrieurement en utilisant I'hypothkse de I'tlectrolyte de rCfCrence 
tCtraphCnylborure de tCtraphtnylarsonium (TBTA) ont permis de dCterminer les Cnergies libres de 1'Ctat de transition. Les 
courbes reliant la composition avec le log (k,/k,) rkvklent que les vitesses augmentent d'une faqon monotone dans le mClanges 
GL/eau, qu'elles diminuent d'une faqon plus ou moins monotone dans les melanges UH/eau et DMSO/eau alors que, dans des 
melanges de D/eau, il se produit un ralentissement jusqu'i 10 mol% de D qui est suivi par une augmentation de la vitesse i des 
concentrations en D qui sont de plus en plus tlevks. L'examen des courbes reliant la composition avec les AG(i) pour les 
diffkrentes esp&ces, dans chaque cas, indique que la solvatation de 1'Ctat initial et de 1'Ctat de transition est plus ou moins 
compenste et que les vitesses observCes sont dictCes par une augmentation de la solvatation des ions H+ dans les systkmes de 
co-solvants UH/eau, DMSO/eau et D/eau. Toutefois, dans les mClanges de GL/eau, la solvatationqui est plus faible dans 1'Ctat 
de transition que dans I'itat initial est compensCe par une solvatation rCduite des ions H+ et ceci conduit i une augmentation 
graduelle des vitesses de rCaction. On a observk que les courbes Ctablissant une corrtlation entre le -6(AG+) [= RT In (k,/kw)] 
et le ~ G ( H + )  sont lintaires et qu'elles possCdent des pentes ICgkrement differentes; ces domkes confirment la relative 
importance de la solvatation des ions H+ dans I'orientation de la reaction dans ces diffkrentes co-solvants aqueux. 

[Traduit par la revue] 

Introduction 
Until recent years kinetic solvent effects of reactions in 

different media were usually correlated with various empirical 
parameters of "solvent polarity" which sum up all the specific 
and non-specific interactions of the media with initial and 
transition states and are derived with the aid of the principle of 
linear free energy (LFE) relationships (1). Lately, however, 
increasing efforts (2-8) have been made to rationalize the 
kinetic solvent effects from thermodynamic points of view. One 
of these essentially involves splitting up the activation para- 
meters into contributions of initial and transition states and 
hence to correlate and understand their behaviour in the light of 
the relevant physico-chemical properties of the solvents. 

In a previous paper (9) such an attempt has been made for the 
alkaline hydrolysis of a triphenylmethyl dye viz crystal violet 
(CV+ ), in aqueous mixtures of a number of protic, aprotic, 
and dipolar aprotic co-solvents with varied physico-chemical 
properties. The results revealed that the kinetic solvent effect of 
that reaction is not guided solely by OH- or lyate S-, as is 

'TO whom all correspondence should be addressed. 
'~evision received April 3, 1986. 

widely believed, but also by the differences in relative stabiliza- 
tion of the initial and transition states of the substrates, which 
were found to vary with the nature of the co-solvents. Besides, 
while the stabilization of hydrophobic CV+ is chiefly guided by 
dispersion and hydrophilic interactions of the co-solvents, that 
of the transition state, believed possibly to be outer-sphere 
complex, [CV+]SP, is augmented by the increased hydrogen- 
bonding propensity of the hydroxylic co-solvents in particular. 
Thus it transpires that, for complete understanding of the kinetic 
solvent effects on nucleophilic reactions, dissection of the 
activation parameters such as free energy of activation (AG*) 
into the contributions of the inidividual species involved should 
be highly rewarding. 

In this paper we have extended our studies on kinetic solvent 
effects on the well known H30+-catalyzed hydrolysis of 
D-sucrose to D-glucose and L-fructose, otherwise known as the 
inversion of cane sugar, in aqueous mixtures of protophobic 
protic glycerol (GL), protophilic protic urea (UH), aprotic 
dioxane (D), and dipolar aprotic dimethyl sulphoxide (DMSO) 
at 25°C. In fact, recently evaluated (10-12) transfer free ener- 
gies of ( A G )  of different ions, including H+ and OH- or the 
lyate ion, S-, (based on the. widely used tetraphenylarsonium 
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TABLE 1. Kinetic and thermodynamic data for the hydrolysis of sucrose and the involved reacting species at 25OC in different aquo-organic solvents 

Organic Wt.% mol% 6(AG*) Solubility AG(S) A G , O ( H + ) ~ - ~  AG,O(X*) 
solvent co-solvent co-solvent k (min-') (kJ mol-') (mol dm-3) (kJ mol-') (kJ mol-') (kJ mol-') 

Glycerolc 0 0 1.88X lop3" 0 2.64b 0 0 0 
23.1 5.53 2.53 X lo-' -0.74 1.98 0.78 1.38 1.42 
33.3 8.90 2.85X - 1.03 1.73 1.04 2.00 2.01 
50 16.35 3 . 5 3 ~  lo-3 -1.56 1.19 1.97 3.28 3.69 
70 31.32 5 . 3 5 ~  lo-3 -2.60 0.65 3.48 5.56 6.44 

uread 10 3.22 7 . 1 9 ~  2.38 2.90 -0.23 -1.34 0.81 
20 6.97 5.27X 3.15 2.83 -0.17 -2.66 0.32 
30 11.38 1 . 9 8 ~ 1 0 - ~  5.58 2.70 -0.06 -4.27 1.25 
40 16.65 1.15X 6.86 2.60 0.04 -5.75 1.08 

DMSOe 10 2.49 1 .OOX lo-3 1.56 2.42 0.22 -1.34 0.44 
30 8.96 1 . 2 2 ~  6.79 2.03 0.66 -5.05 2.40 
50 18.73 4.03X 9.53 1.60 1.24 - 10.87 -0.10 

Dioxanef 10 2.22 8.33X 2.02 2.38 0.26 - 1.41 0.87 
30 8.06 1.46X 6.33 1.87 0.86 -5.03 2.16 
50 16.98 2 . 0 2 ~  lo-4 5.53 1.38 1.61 -3.15 3.99 

"The value of k  at 25°C as computed from the data on k ~ , o +  = k / C k ~ , ~ +  in ref. 17 is 2.1 X lo-' min-'. 
bReference 22 
'Reference 10. 
dReference 1 1 .  
'Reference 1 1 .  
*Reference 12. 

/ tetraphenylboron (TATB) reference electrolyte assumption 
1 (13), A @ ( P ~ ~ A S + )  = AG(Ph4Bp) = JA@(Ph4~sPh4~)  
I in different aquo-organic solvents including the above-noted 
i co-solvents, have prompted us to take up the present study. 
1 The choice of these co-solvents rests on the fact that while 
i A@(H+) values are found to be increasingly positive in the 1 case of less basic GL, and negative in the case of more basic 
i protic UH and dipolar aprotic DMSO, that in aqueous D though 
j increasingly negative at initial 'compositions, is less so beyond 
1 10 mol% D. And these results led us to expect that if the relative 
! catalytic activity of H+ is largely dictated by the relative ' 

solvation of H+, the rate of inversion of cane sugar will be 
enhanced in aqueous GL and increasingly inhibited in aqueous 

. . . . . . . . . . . .  . . . . . .. . .. UH and DMSO and up to 10 mol% D and reversed beyond that . . . .  . . .  , 

: ---.  - - -  : composition, provided the relative solvation of the initial and 
transition states is not untowardly different from each other in 
each of these aquo-organic solvent systems. It was therefore 
considered particularly interesting to examine if the expected 
correspondence is more or less true or not. As the contributions 
of initial state solvation of the substrate are not known in 
these solvents, these have been determined by measuring the 
solubilities of sucrose in the solvents. 

Experimental 

1 The organic solvents were purified by the methods described earlier ' (9). The mixed solvents were prepared by mass dilution with triple 
1 distilled water. AnalaR (BDH) grade sucrose was used without further 

treatment. The rates of hydrolysis of sucrose were studied in aqueous 
mixtures of 0,23,33,50, and 70 wt.% GL, 10,30, and 50 wt. % D and 
DMSO and 10,20, 30, and 40 wt.% UH, using 10% sucrose solution 
and an optimum concentration of 0.25 M HCI as the catalyst in the 
respectlve solvents. The rates of the reaction were followed after 
Guggenheim and Wiseman (14) by measuring the optical rotation of 
aliquots of the reaction rmxtures with the help of a Hilger Standard 
Polarimeter, after duly freezing the rates of the reaction in the aliquots 
by adding minute excess of alkali beyond the point of neutralization. 
The latter was to eliminate "mutarotation lag" (14). As Guggenheim 

and Wiseman indicated, the hydrolysis of sucrose into D-glucose and 
L-fructose is followed by mutarotation of the products at rates greater 
by a factor of about lo2 than that of the hydrolysis. Thus the optical 
rotation at any moment will differ by a small but not constant amount 
from the value it would have if mutarotation were instantaneous. This 
is often called the "mutarotation lag". The mutarotation lag if not 
estimated, could introduce an error in the rate constant of less than 1% 
but greater than 0.1%. Therefore, as suggested by Guggenheim and 
Wiseman, aliquot samples (10 mL) of the reaction mixtures were 
neutralized with a slight excess of alkali and diluted to 25 rnL before 
measuring the optical rotation. Neutralization of the acid completely 
stops the hydrolysis of sucrose and further addition of minute excess of 
alkali completes mutarotation practically instantaneously. 

Solubilities of sucrose in the solvents were determined at 25OC 
by measuring the optical rotation of the saturated solutions in the 
respective solvent mixtures. The saturated solutions were prepared (15) 
by adding sufficient amounts of sucrose to 30-40 mL of the respective 
solvents taken in tightly stoppered Jena bottles and shaken in a 
mechanical shaker for about 2-3 h. The solutions were then thermally 
equilibrated in a thermostat kept at 25OC for a few days with occasional 
shaking. Aliquots of these solutions were taken at 2-3 days intervals 
using specially designed pipettes fitted with G3-Gooch discs at the 
delivery ends and after diluting appropriately with water the solutions 
were analyzed by noting the optical rotation. The procedure was 
repeated until successive readings agreed within k 1%. The solubilities 
in mol dm-3 so obtained for each of the mixtures in different solvent 
systems are given in Table 1 .The transfer free energies of sucrose from 
water to the mixed solvents, AG(s) were obtained on molar scale by 
the usual relation (15, 16) and presented in Table 1. 

Results and discussion 
As the kinetic behaviour of the reaction in all the aquo- 

organic solvents is found to be exactly similar to that in water, 
the reaction can be assumed to be a case of specific hydrogen ion 
catalysis as in water (17). Thus we can for all these water-rich 
solvent mixtures postulate the equilibrium 

k kz 
S + H30+ & [S.H30]++ products 

k- 1 
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where S is the substrate sucrose, H30+ the solvated hydrogen 
ion and kZ << k-l. Now for a given concentration of HC1, 
K (= kl /k- l )  will vary from solvent to solvent and the resulting 
changes in the concentration of the collision complex [S.H30+] 
will cause a change in the measured velocity constant k. Under 
these conditions 

We assume tentatively that the activity coefficient factor 
(YH30+ YS/Y[S.H301+) being a ratio of the activity coefficients of 
the singly charged species multiplied by that of an uncharged 
species, is likely to be nearly unity at the low concentration 
of HCl used in each case. Thus, neglecting the effect of activity 
coefficient factor the rate can be expressed as follows 

where k, the observed pseudo-first-order rate constant, is 
kZKCH30+ at a particular concentration of H30+ and kH30+ , the 
second-order rate constant, is given by 

So, at a particular concentration of HCl i.e. CH30+, the observed 
velocity constant k was obtained from the slope of the first order 
linear plot of - In (a ,  - a,) vs. t where a, and a, , were 
the optical reactions of the aliquots at time t = t and t = rn . 3  

In Table 1 are given the values of the velocity constant 
k(min-') (the number of moles of sucrose reacting per mole of 
sucrose per min) for the solvents at 25°C. Notably, the observed 
value of k in pure water compares fairly well with the value 
computed from Leininger and Kilpatrick's data (17) at different 
concentration of HC1. 

The kvalues are referred to a particular catalyst concentration 
(viz. 0.25 M HCl) for all the co-solvent compositions and the 
effect of activity coefficient factor in the rate equation is likely 
to be negligibly small. Therefore these values, and in particular 
log (ks/kw) (where the subscript s refers to solvent and w to 
water), can be tentatively taken as a relative measure of the 
kinetic solvent effect on the reaction in the different solvents. 

Thus from Fig. 1 where log (ks/ k,) values are plotted against 
mol% co-solvents, it can be seen that the observed rate constant 
relative to that in water increases almost linearly with increasing 
composition of GL, while it decreases more or less monotoni- 
cally with increasing composition of UH, DMSO, and up to 
10mol% D, beyond which the values take an upward trend. 
These results conform at least qualitatively with what is 
expected from the inverse behaviour of the transfer free energy 
of H+, AG(H+)  with co-solvent compositions as indicated 
earlier. Thus, H+ becomes a more active catalyst with increas- 
ing composition of GL as it becomes increasingly less stabilized 
due to the decreased basicity of the solvents (10). The reverse is 
true in the cases of more basic co-solvents like UH, DMSO, 
and to 10 mol% D beyond which it takes an opposite trend 
conforming to its decreased stabilization and hence increased 
catalytic activity. Thus it appears that the kinetics of the reaction 

3~ complete set of the experimental data obtianed at CHCl = 0.25 M, 
may be purchased from the Depository of Unpublished Data CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada KIA OS2. 

-2.0 1 I I 1 10 2 0 30 
mol% co-solvents 

FIG. 1. Variation of log k , / k ,  with mol% co-solvent for the hydro- 
lysis of sucrose (S) at 25OC in aqueous mixtures of glycerol (GL, .); 
urea (UH, 0); dioxane (D, A) and dimethyl sulphoxide (DMSO, 
0). 

are to a large extent dictated by the relative solvation of H+ ; the 
more solvated the H+ , the less effective it is as a catalyst for the 
inversion of cane sugar. 

To get a better indication of the relative contributions of 
different species guiding the rates of hydrolytic reactions 
a detailed analysis of the relative transfer free energies of 
activation S(AG3) would be useful. S(AG3) values were 
obtained after the Eyring equation 

Moreover, as the concentration dependence of S(AG3) is 
expected to be fairly small (vide ref. 17), S(AG3) can be 
tentatively related to transfer free energies of the species 
involved in the reaction as follows (7) 

The tentative values of the transfer free energies of the transition 
state, AG(x3) were then evaluated by use of the correspond- 
ing values of AG(S) and AG(H+) (10-12) for the solvents. 
All these values are presented in the table. 

Figure 2 illustrates AG(i)-composition profiles of the 
different species involved, viz. H+, S, and X* and also 
S(AG*) in the aqueous mixtures of the co-solvents GL and UH, 
and Fig. 3 those for DMSO and D. It is interesting to note 
that in GL-water mixtures A G  values of all the species are 
increasingly positive with the increase of GL and their relative 
order is AG(x*) > AG(H+)  >> A ~ ( s ) .  Evidently, while 
the observed increased destabilization of H+ is the result of 
smaller basicity of glycerol (ROH) (10) compared to that of 
water, due to two electron-withdrawing -OH groups in the 
alkyl group R [ = CH2(0H)CH(OH)CH2] that of sucrose is 
seemingly the result of steric effect imparted by GL molecules 
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I I 1 

0 10 20 30 
mol% co-solvents 

FIG. 2. Kinetic solvent effects S(AG*) for the hydrolysis of sucrose 
(S) and the involved transfer free energies ( A G )  of H+,  S and the 
transition state (X*) on molar scale in aqueous mixtures of glycerol 
(GL, 0 )  and urea (UH, 0) at 25OC. 

h ,  
0 10 20 

mol% co-soivenls 

FIG. 3. Kinetic solvent effects S(AG*) for the hydrolysis of sucrose 
(S) and the involved transfer free energies ( A G )  of H + ,  S and the 
transition state (X*) on molar scale in aqueous mixtures of dioxane 
@, A) and dimethyl sulphoxide (DMSO, 0) at 25OC. 

GL 

UH 
A D 
0 DMSO 

FIG. 4. Plots of -6(AG*) vs. A G ( H + )  for the hydrolysis of 
sucrose in different aquo-organic solvents. 

as compared to water. Evidently, the more pronounced destabi- 
lization observed of the transition state (X*) which is effec- 
tively a protonated sucrose [S.H30]+ (17), is attributable to the 
resultant effect of the steric hindrance of GL molecules and the 
decreased basicity of GL-water mixtures. Thus, it appears that 
although the transition state is increasingly destabilized relative 
to the initial state, the opposing resultant effects of increased 
destabilization of both H+ and initial-state substrate (S) over- 
compensate the effect of the former and thus enhance the rate of 
the reaction with increased proportion of GL. 

In the case of aqueous urea, however, the reverse is 
seemingly true. Thus, while AG(X*) values are slightly 
positive and have a tendency to pass through a maximum, 
A@(S) values remain almost invariant with UH composition, 
thus making [ A ~ ( x * )  - A ~ ( s ) ]  values slightly positive. 
Evidently, increasingly large -AQ(H+) values result in the 
observed increasingly positive magnitudes of S(AG*) with 
increased proportion of use. Notably, while the increased 
pronounced stabilization of H+ in UH-water mixtures is 
attributable to the resultant effects of increased basicity (1 1) and 
increased dielectric constant (18) of the solvents, the observed 
nearly invariant stabilization of sucrose with increased propor- 
tion of urea is possibly the effect of urea-water clusters (19) 
formed through 3 H-bond centres of zwitterionic forms of 
urea. The observed slight destabilization of the transition state 
[S.H30]+ at initial composition of urea is also indicative of the 
larger interaction of water $an that with possible urea-water 
clusters because of steric effect. And the observed trend of 
larger stabilization at higher composition is the result of the 
superimposed effects of increased basicity as well as the 
increased dielectric constant of the solvents. Thus the observed 
relatively small solvation of initial and transition states of 
sucrose is indicative of the small propensity of urea to form 
"specific complexes" with carbohydrates, as suggested by 
Moulik et al. (20) from the studies of alkaline degradation of 
D-fructose and D-glucose in the presence of urea. 
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In aqueous DMSO solutions while the composition profile of 
AG(S) (vide Fig. 3) remains almost invariant up to 20 mol% 
DMSO and that for X* takes a downward trend after exhibiting 
a small and broad maximum around 10 mol% DMSO, that for 
H+ takes a sharp downward trend from the beginning. Seem- 
ingly, the stabilization of sucrose remains virtually unaltered 
because of opposing effects of hydrophobicity of 2 (-CH3) 
groups and H-bonding propensity of the unhindered basic 
0-centre of the DMSO molecule. Also, the pronounced 
stabilization of the positively charged transition state [S.H30]+ 
at higher compositions is the effect of increased basicity of 
DMSO-water mixtures resulting from the pronounced negative 
charge density on the 0-centre of DMSO molecule due to the 
inductive effect of 2 (-CH3) groups, and as reflected in the 
increased - A G  values of H+ and some alkali metal cations in 
these solvents (1 1). Evidently, at lower compositions enhanced 
solvation of H+ dictates the decreased rate of reaction. But at 
higher concentrations enhanced solvation of the transition state 
over the initial state opposes the decreased catalytic activity of 
H+ to some extent and thus results in the observed downward 
trend of G(AG*)-composition profile (Fig. 3). 

Exactly similar is the case in aqueous D at initial composi- 
tions but the reverse holds at higher compositions. In fact 
AG(H+) has a downward trend at initial compositions because 
of the increased basicity of D + H 2 0  mixtures resulting 
from larger protophilicity of two basic 0-centres of dioxane 
molecules (21). But, as explained earlier (12), because of the 
possible shifting of the equilibria between the aquo-complexes 
of "boat" and "chair" forms of dioxane molecules with 
increased proportion of D, the basicity decreases at higher 
compositions. Consequently, as AG(H+)  values have an 
upward trend at higher compositions, G(AG*) values take a 
downward trend, reflecting that the relative solvation of H+ 
dictates the rate of the reaction. Moreover, as in DMSO-water 
mixtures, the observed invariance in solvation of sucrose with 
addition of D seemingly results partly from the opposing effects 
of hydrophobicity of 4 (-CH2-) groups and the H-bonding 
propensity of the two basic 0-centres of D molecules and partly 
from the possible aquo-dioxane complexes with little solvating 
capability because of steric factor. And the observed slight 
destabilization of the transition state [S.H30]+ is possibly the 
resultant effects of steric hindrance of the solvating species like 
aquo-dioxane complexes, Born-type electrostatic interaction 
and the decreased basicity at higher compositions. Thus the 
effect of destabilization of transition state also partly contributes 
to the inhibition of the reaction, though to a small extent. 

Thus if we sum up as in Fig. 4, where the correlative plots of 
-6(AG*) vs. A q ( H + )  are depicted, it is found that while all 
the points in GL-water mixtures fall on a straight line in the first 
quadrant with a slope of about 0.5, those in aqueous D, DMSO, 
and UH fall on a single straight line in the third quadrant but 
with a slope of about 1.25. While the observed line in the 
first quadrant indicates that the rate of the reaction is largely 
enhanced due to the increased desolvation of H+, that in the 
third quadrant indicates that the reaction is largely inhibited due 
to the increased solvation of H+. The observed slope in the 
former case viz. 0.5 instead of 1 .O, further suggests that initial 
and transition state solvation do not cancel each other but their 
resultant effect reduces the desolvation effect of H+ by about 
50%. In fact, as the AG-composition profiles of different 
reacting species viz. H+, S,  and X* in Fig. 2 suggest, the 

resultant effects of both H+ and S overcome the opposing effect 
of the increased desolvation of the transition state and thus cause 
the observed enhancement of the reactions. On the other hand, 
in the cases of aqueous mixtures of UH, D, and DMSO, the 
observed slope of the linear plot in the third quadrant, viz. 1.25 
instead of 1, suggests that the increased inhibition of the effect 
of H+ due to increased solvation is further augmented by the 
resultant effects of initial and transition state solvation. As 
indicated earlier from the analysis of the relative AQ(i)- 
composition profiles of H+, S,  and X* in these solvent 
mixtures (Figs. 2 and 3), although the effect of initial state 
solvation is negligibly small, the increased desolvation of the 
transition state is responsible for further slowing down the 
reaction. 

Thus it may be concluded that just as in the case of alkaline 
hydrolysis of crystal violet in different aquo-organic solvents, 
the present results also clearly demonstrate that the correlation 
of the relative solvation of the involved species of the reactions 
with relative physico-chemical properties of the solvents offer 
good insights into the kinetic solvent effects of reactions. 
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D. A. COOPER, S. J. RETTIG, A. STORR, and J.  TROTTER. Can. J.  Chem. 64, 1643 (1986). 
The synthesis and characterization of complexes containing the 2-mercapto-1-methylimidazolyl ligand are described. 

M ~ ~ G ~ ( s ~ H N M ~ )  occurs as a dimer, crystals of which are monoclinic, C2/c, a = 14.140(2), b = 7.4098(4), c = 
18.024(2) A, P = 106.38(1)", Z = 4 dimers; the structure was determined by conventional heavy atom methods and refined by 
full-matrix least-squares techniques to a final R value of 0.039 for 1767 reflections. The crystal contains centrosymmetric dimeric 
molecules, with a central 8-membered ring, formed by mercaptoimidazolyl ligand bridging between dimethylgallium groups; 
gallium has tetrahedral geometry, with no tendency to five-coordination, Ga-S = 2.3697(8), Ga-N = 2.019(2) A. 
Reaction of Me2Ga(pz)(SCNCHCHNMe)-, L-, with [Re(C0)4C1]2 results in the formation of LRe(C0)3, whose physical 
properties indicate a fac arrangement of the organogallate ligand. Attempts to synthesize comes onding L M O ( ~ ~ - C ~ H ~ ) ( C O ) ~  
and L M O ( ~ ~ - C ~ H ~ ) ( C O ) ~  complexes yielded the dimeric species [ M O ( ~ ~ - C ~ H ~ ) ( C O ) ~ ( S  e NCHCHNMe)12 and [Mo(r13- 
C~H~)(CO)~(SCNCHCHNM~)]~. Crystals of the [MO(~~-C~H~)(CO)~(S~NCHCHFJM~)]~ complex are monoclinic, 12/a, a = 
15.057(2), b = 9.4853(9), c = 18.240(2) A, P = 108.67(1)", Z = 4 dimers, R = 0.028 for 2363 reflexions. The structure 
contains dimeric molecules with C2 symmetry, and five fused rings, a central group of three 4-membered rings being formed by 
bonding of the S atoms of the ligands to both Mo atoms (in contrast to the gallium complex). The molecule has a U-shape, with 
Mo atoms having pseudo-octahedral environments, Mo-S = 2.6868(7), 2.5576(7), Mo-N = 2.253(2), Mo-CO = 
1.950(2), Mo-C(ally1) = 2.259(3), 2.326(3) A. Considerable strain in the chelate rings is indicated by angles as low as 
S-Mo-N = 63.9(1)". 

D. A. COOPER, S. J. RETTIG, A. STORR, and J.  TROTTER. Can. J. Chem. 64, 1643 (1986). 
On dtcrit la synthkse et le caracttrisation de complexes contenant le ligand mercapto-2 mtthyl-1 imidazolyle. Le 

M ~ ~ G ~ ( S ~ N C H C ~ M ~ )  existe sous forme de dimkre dont les cristaux sont monocliniques, groupe d'espace C2/c, avec a = 
14,140(2), b = 7,4098(4), c = 18,024(2) A, P = 106,38(1)" et Z = 4 dimkres; on a dttermink la structure par les mtthodes 
conventionnelles aux atomes lourds et on l'a affint par la mtthode des moindres carrks (matrice entikre) jusqu'i une valeur finale 
de R de 0,039 pour 1767 dflexions. Les cristaux comportent des moltcules dimkres centrosymktriques, avec un noyau central i 
8 chainons, qui sont formts de ligands mercaptoimidazolyes servant de pont entre les groupements dimtthylgallium; le gallium 
posstde une gtomttrie tktratdrique, il n'a aucune tendance i donner une penta-coordination et Ga-S = 2,3697(8) alors que 
Ga-N = 2,019(2) A. La rkaction du compost M~~G~(~Z) (SCNCHCHAM~)- ,  L-, avec le [Re(C0)4C1]2 conduit i la formation 
du LRe(C0)3 dont les proprittks physiques indiquent que le ligand arganogallate se trouve dans un arrangement fac. Des essais 
en vue de prkparer les complexes correspondants L M O ( ~ ~ - C ~ H ~ ) ( C O ) ~  et LMO(~~-C~H~) (CO) ,  n'ont conduit qu'i la formation 
des espkces dimkres [MO(~~-C~H~)(CO)~(SCNCHCHFJM~)]~ et [MO(~~-C~H~)(C~)~(SCNCHCH~JM~)]~. Les cristaux du 
complexe [MO(~~-C~H~)(CO)~(SCNCHCH~M~)]~ sont monocliniques, groupe d'espace 12/a, avec a = 15,057(2), b = 
9,4853(9), c = 18,240(2) A, P = 108,67(1)", Z = 4 dimkres et R = 0,028 pour 2363 rtflexions. Chacunedes structures contient 
des moltcules dimkres avec une symttrie C2 et des cycles i cinq chainons condensts, avec un groupement central de cycles i 
4 chainons qui sont formts par la liaison des atomes de S des ligands avec les deux atomes de Mo (et ceci est en opposition 
avec ce qui est observC avec le complexe de gallium). La moltcule existe sous une forme en U et les atomes de Mo posskdent 
des environnements pseudo-octatdriques, Mo-S = 2,6868(7), 2,5576(7), Mo-N = 2,253(2), Mo-CO = 1,950(2), 
Mo-C(ally1e) = 2,259(3), 2,326(3) A. Une tension importante dans les cycles chtlatts se rtflkte par des angles S-Mo-N 
qui sont aussi bas que 63,9(1)". 

[Traduit par la revue] 

Introduction 
In our continuing investigations on the reactivity of organo- 

gallium species with "active" hydrogen compounds, and the 
synthesis of anionic pyrazolylgallate ligands (ref. 1 and references 
therein), our attention has recently focussed on 2-mercapto-l- 
methyl-imidazole, 1, as a molecule of potential interest. 

'~uthors to whom correspondence may be addressed. 

Thus, on the one hand, reaction of this molecule with Me3Ga, 
with resulting elimination of methane, should afford a product 
for which numerous possible modes of oligomerization may be 
envisaged. On the other hand, reaction of the mercaptan with 
the Me3Ga(pz)- anion should lead to the novel anionic ligand 
system, 2. This has in fact been demonstrated by the synthesis of 
the octahedral LRe(C0)3 complex in which the ligand 2 acts as a 
tridentate chelating ligand, thus extending the range of such 
complexes containing unsymmetrical pyrazolyl-gallate ligand 
systems (1). The present account also details X-ra analysis data 8- on two novel structures, the dimers [Me2Ga(S NCHCHNMe)12 
and [ M O ( ~ ~ - C ~ H ~ > ( C O ) ~ ( S ~ N M ~ ) I ~ .  

Experimental 
Starting materials 

Air-sensitive materials were handled in a nitrogen atmosphere. 
Tetrahydrofuran (THF), benzene, and CHzC12 were dried by refluxing 
over Na/benzophenone, potassium, and CaH2, respectively, followed 
by distillation. MO(M~CN)~(~~-C~H~)(CO)~B~ and Mo(MeCN)2(r13- 
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TABLE 1. Micro-analyses and ir data for the complexes derived from the (SCNCHCHNMe) bridging ligand 

Calcd. (%) Found (%) vCO (cm-') * 

Compound C H N C H N In Nujol Other 

*br = broad. 
?In dichloromethane. 
$In THF. 

P 
? 

TABLE 2. 'H nmr data for the complexes derived from the (SCNCHCH~M~) bridging ligand* 8 
"pyrazolyl" "allyl" 

s 
C 
0 
!- 

Compound Ga-Me N-Me H,H, Hp H 7 Ha H anti H syn Other g - t [Me2Ga(SCNCHCHNh4e)]2 10.22(s) 6.44(s) 2.72(d) 5 U% 

10.39(s) 6.29(s) 3.04(br) 

$ [M~~G~~Z(SCNCHCH~~M~)]R~(CO)~ 10.12(s) 3.44(d) 
9.94(s) 7.49(s) 4.34(d) 3.94(dd) 2.69(d) 2.12(d) 
I t [MO(~~-C~H,)(CO)~(SCNCHCHNM~) l2 8.60(d) 6.58(d) 

6.83(s) 3.28(d) 8.68(d) 6.60(d) 6.18(br) 
3.18(d) ( J  = 10 Hz) ( J  = 7 Hz) H-unique 

I 

't [MO(~~-C~H~)(CO)~(SCNCHCHNM~)]~ 6.65(d) 
6.80(s) 3.18(d) 8.54(s) 7.05(d) 8.28(s) 

3.23(d) 8.90(s) J = 3 Hz) allyl-Me 

*s = single, d = doublet, t = triplet, br = broad, dd = doublet of doublets; JHCCH = 2 for pz protons; see Fig. 2 for proton identification. 
?Measured in d6-acetone (T acetone = 7.89 ppm). 
$Measured in C6D6 (T benzene = 2.84 ppm). 
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C4H7)(CO)2C1 were prepared by literature methods (2). The ally1 
halides and acetonitrile were distilled before use, the latter being dried 
by refluxing over P4OI0. [Re(C0)4C1]2 was synthesized by a literature 
procedure (3) from rhenium carbonyl (Strem) and chlorine gas 
(Matheson). 2-Mercapto-1-methylimidazole (Aldrich) was used as 
supplied. - 
Preparation of [Me2Ga(SCNCHCHNMe)I2 - 

2Me3Ga + 2HSCNCHCHNMe 
THF 

> 
room temp. /3 h . 

[Me2Ga(SCNCHCHNMe)12 + 2CH4 

2-Mercapto-1-methylimidazole (2.0 g; 18 rnmol) and trimethylgal- 
lium (2.1 g; 18 mmol) were stirred in THF at room temperature for 3 h. 
After solvent removal in vacuo the residue was extracted with benzene. 
The filtrate, upon slow eva oration of the solvent, afforded colourless 
crystals of [Me2Ga(S ‘?- NCHCHNMe)12 in approximately 90% yield. 
Analytical and spectroscopic data for the complex are given in Tables 1 
and 2. - 
Preparation of NU+ [Me2Ga(pz)(SCNCHCHNMe)]-, 

An equimolar amount of the mercaptoimidazole, 1, in THF was 
added to a THF solution of Na+Me3Ga(pz)- (4) and the resultant 
mixture refluxed for -40 h. An ir spectrum of the solution at this time 
indicated the complete absence of the VSH band (-2800 cm-') of the 
starting material. The cooled solution was then diluted to a known 
volume with THF and the standard solution stored under a nitrogen 
atmosphere. 

Preparation of [M~~G~(~Z)(SCNCHCHNM~)]R~(CO)~ 
A two molar equivalent of the ligand was added to [Re(C0)4C1]2 

(0.292 g; 0.44 mmol) in THF. A 19-h reflux of the reactant solution 
effected the total disappearance of the carbonyl bands of the starting 
material in the ir spectrum of the' reacting mixture. The solvent 
was then removed under vacuum and the residue extracted with 
benzene. The filtrate afforded small white crystals of the product, 
[ M ~ ~ G ~ ( ~ Z ) ( S ~ N M ~ ) ] R ~ ( C O ) ~ ,  in approximately 50% yield. 
Analytical and spectroscopic data for the compound are presented in 
Tables 1 and 2. 

Attemptedpreparation of [M~~G~(~Z)(S~NCHCHI'$M~)]M~(~~~~~~~~) - 
(CO)2, andpreparationof[Mo(q3-allyl)(~0)2(~~~~~~~~~e) l2  
where q3-allyt = q 3 - ~ j ~ 5  or 7 7 3 - ~ 4 ~ 7  

THF 
+ ~ N ~ - [ M ~ Z G ~ ( P Z ) ( S C N C H C H ~ ) I -  room temp. 

[ M O ( ~ ~ - C ~ H ~ ) ( C O ) ~ ( S ~ N M ~ ) ] ~  + 2NaBr 

+ 4MeCN + [MezGa(pz)12 

A similar equation holds for MO(M~CN)~(~~-C~H~)(CO)~C~. 
Addition of an equimolar amount of Na+ [Me2Ga(pz)(ScNC~C~N- 

Me)]- to a clear orange THF solution of Mo(~eCN)~(q~-all~l)(~0)~~ 
(-0.34mmol) immediately resulted in precipitation of a fine white 
solid (presumably NaX), with concomitant shifts in the carbonyl 
stretching frequencies in the ir spectrum of the mixture. After stirring 
the reaction mixture at room temperature for 20 h, the solvent was 
removed in vacuo and the residues extracted with benzene. Subsequent 
evaporation of the solvent from the filtered solutions afforded orange 
crystals characterized as benzene solvate compounds. Heating at 70°C 

TABLE 3. Final positional (fractional: Mo, Ga, S X lo5; 0 ,  N, 
C x lo4; H X lo3) and isotropic thermal parameters (U X lo3, A2) 

with estimated standard deviations in parentheses 

Atom x Y z U& or Uiso 

* U.. = (1/3) trace (diagonalized U), esd's not given. 
whilst under vacuum removed the residual benzene and gave ana- 
lytically pure samples of [ M ~ ( q ~ - a l l ~ l ) ( ~ ~ ) ~ ( ~  NCHCHNM~)]~ in 
approximately 60% yields. Analytical and s p e c ~ s o p i c  data for the (0 -1 1). 0.28 was mounted in a general Unit-ce11 
two compounds are included in Tables 1 and 2. N~ [Me2Ga(pz). parameters Were refined by least-squares on 2 sin 8/h values for 25 
(S~NCHCHFJM~)]MO(~~-~~~~~)(CO)~ compounds were obtained. reflections (20 = 40-52") measured on a diffractometer with Mo-Kcl 

radiation (A (Ka,) = 0.70930, A (Ka2) = 0.71359 A). Crystal data at 
X-ray crystallographic analyses 22°C are: 

Bis(p-I -methylimidazole-2-thiolatoS, N2') bis[dimethylgalliwn(III)] C I zHzzGazN4Sz fw = 425.9 
A crystal bounded by the six faces (followed by their distances in Monoclinic, a = 14.140(2), b = 7.4098(4), c = 18.024(2) A, P = 

mmfrom a common origin: (0 0 1),0.24, (1 0 0},0.17, (1 2 O), 0.27, 106.38(1)", V = 181 1.8(3) A3, Z = 4, pc = 1.561 ~g m-3, F(000) = 
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TABLE 4. Bond lengths (A) with estimated standard deviations in 
parentheses 

Bond Length (A) Bond Length (A) 

MO-N(I) 2.253 (2j ~ i i  j-ci7j 1.309i3j 
Mo-C(l) 1.955 (3) N(l)--C(8) 1.385(4) 
Mo-C(2) 1.944 (3) N(2)-C(7) 1.351(3) 
Mo-C(3) 2.314 (3) N(21-W) 1.379(4) 
Mo-C(4) 2.259 (3) N(2)-C(10) 1.4534) 
Mo-C(5) 2.337 (4) c(3)-c(4) 1.417(6) 
Mo-S' 2.5576(7) C(4)--c(5) 1.407(6) 
S-C(7) 1.744 (3) C(4)-C(6) 1.502(5) 
O(l)-c(l) 1.142 (4) c(8)-c(9) 1.339(4) 

*Here and elsewhere primed atoms are related to unprimed atoms by the 
centre of symmetry (1 - x, 1 - y ,  1 - z )  for the Ga complex and by the 
twofold axis (112 - x, y ,  1 - z )  for the Mo complex. 

864, p(Mo-Ka) = 30.9 cm-'. Absent reflections: hkl, h +  k odd, and 
h01, 1 odd, space group C2/c (c&, NO. 15) and molecular symmetry 
1, from structure analysis. 

Intensities were measured with graphite-monochromatized Mo-Ka 
radiation on an Emaf-Nonius CAD4-F diffractometer. An w-28 scan 
at 2.87-10.06" min-' over a range of (0.90 + 0.35 tan 8) deg in w 
(extended by 25% on both sides for background measurement) was 
employed. Data were measured to 28 = 60" for ?h, +k, +l .  The 
intensities of three check reflections, measured every 3600 s through- 
out the data collection, remained constant to within 3.5%. After data 
reduction,' an absorption correction was applied using the analytical 
method (5,6). Transmission factors ranged from 0.240 to 0.416. Of the 
2621 independent reflections measured, 1767 (67.4%) had intensities 
greater than or equal to 3u(I) above background where u 2 ( ~ )  = S + 
2B + (0.04(S - B))' with S = scan count and B = normalized 
background count. 

  he systematic absences allow space groups Cc or C2/c, the latter 
being suggested by the E-statistics and by the Patterson function, from 
which the coordinates of the Ga and S atoms were determined. The 
remaining atoms, including hydrogen, were positioned from subse- 
quent difference maps. In the final stages of refinement the non- 
hydrogen atoms were refined with anisotropic thermal parameters and 
the hydrogen atoms with isotropic thermal parameters. The scattering 
factors of ref. 7 were used for non-hydrogen atoms and those of ref. 8 
for hydrogen atoms. Anomalous scattering factors from ref. 9 were 
used for the Ga and S atoms. The weighting scheme w = l / u 2 ( ~ ) ,  
where u 2 ( ~ )  is derived from the previously defined u2(1), gave 
uniform average values of w (I Fo I - I F, 1 )2 over ranges of both I Fo I 
and sin 8/A and was employed in the final stages of full-matrix 
refinement of 135 variables. Reflections with I < 3u(I) were not 
included in the refinement. Convergence was reached at R  = 0.039 and 
R ,  = 0.045 for 1767 reflections with I 2 3u(1). For all 2621 
reflections R  = 0.064. The function minimized was Cw(l FoI - 

 he computer programs used include locally written programs 
for data processing and locally modified versions of the following: 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, 
by W. R. Busing, K. 0 .  Martin, and H. A. Levy; FORDAP, Patterson 
and Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by 
C. K. Johnson. 

TOL. 64, 1986 

 IF,^)^, R = XIIFoI - IFcII/XIFoI and R ,  = (Cw(lF0l - 
I F , I ) ~ / C W I F ~ I ~ ) ~ ~ ~ .  

On the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.04 and 0.350, respectively. The mean error 
in an observation of unit weight was 1.716. A final difference map 
showed maximum fluctuations of - 1.46 to +0.82 e A-3 near gallium 
and was essentially featureless elsewhere. The final positional and 
thermal parameters appear in Tables 3 and 7,3 respectively. Bond 
lengths, bond angles, and intra-annular torsion angles are given in 
Tables 4-6, respectively. Bond lengths and angles involving hydrogen 
and a complete list of torsion angles (Tables 8-10) have been 
deposited.3 Measured and calculated structure factors have been placed 
in the Depository of Unpublished Data.3 

Bis(p-I-methylimidazole-2-thiolato-~,N2,S')bis[(~3-2-methyl- 
allyl)dicarbonylmolybdenum] 

Experimental details are as above except where noted. The six 
bounding faces of the crystal were: *(I 1 O), 0.07, %(- 1 1 O), 0.08, 
(0 0 11, 0.14 mm (from a common origin). Reflections used in the 
refinement of the unit-cell constants had 28 = 30-40". Crystal data are: 

c2d24M02N404s2 fw = 640.4 
Monoclinic, a = 15.057(2), b = 9.4853(9), c = 18.240(2) A, P = 
108.67(1)", V = 2467.9(5) A3, Z = 4, pc = 1.724 ~g mP3, F(000) = 
1280, ~(Mo-KCL) = 11.9 cm-'. Absent reflections: hkl, h + k+ 1 odd, 
and h01, h odd, space group 12/a [non-standard setting of C2/c with 
equivalent positions: (0,0, O), (112, 112, 112) + (x, y, z; 112 - x, y, 
-z)] and molecular symmetry 2, from structure analysis. 

An w-28 scan at 1.06-10.06° min-' over a range of (0.57 + 
0.35 tan 8)" in w was employed. Of 3586 independent reflections 
measured (to 28 = 60°), 2363 had intensities greater than or equal 
to 3u(1) above background. The intensities of the three standard 
reflections remained constant to within 2.5%. The data were corrected 
for absorption using the Gaussian integration method (5, lo), transmis- 
sion factors ranging from 0.81 1 to 0.873 for 72 sampling points. 

The choice of the centrosymmetric space group and the solution 
and refinement of the structure parallel that described above for 
[MezGa(SC~CHCHfi~e)12. Convergence was reached at R = 0.028 
and R ,  = 0.030 and 2363 reflections with I 2 3u(l). For all 3586 
reflections, R  = 0.066. The mean and maximum parameter shifts of the 
final cycle of refinement were 0.028 and 0.29u, respectively, and the 
mean error in an observation of unit weight was 1.217. The maximum 
fluctuations on the final difference map were -0.82 and +0.42 e A-3, 
both near Mo. 

Spectra 
Infrared spectra were recorded on a Perkin-Elmer 598 spectrometer. 

'H nmr spectra were recorded on Bruker WP-80 and Varian XL-300 
instruments. 

Results and discussion 
The elimination of methane from the reaction of trimethylgal- 

lium and 2-mercapto-1-methylimidazole follows the pattern 
established for similar reactions involving gallium alkyls and 
compounds containing active hydrogen (1). The solid state 
structure of the product is shown in Fig. 1. The compound exists 
as dimeric units that display a novel eight-membered ring with 
the two gallium atoms in tetrahedral environments. In the struc- 
ture the imidazolyl rings remain planar, allowing delocalization 
of the 6 7 ~  electrons with concomitant gain in stabilization 
energy. There appears to be no tendency for the gallium centres 
to become 5-coordinate via an involvement with the second S 
atom (Ga- . .S = 3.71 l(1) A), an arrangement that would lead to 
the existence of three fused 4-membered rings similar to those 

3 ~ h e  structure factor table, Table 7 (anisotropic thermal parameters) 
and other material mentioned in the text are available, at a nominal 
charge, from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada KIA OS2. 
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COOPER ET AL 

TABLE 5. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) 

TABLE 6. Intra-annular torsion angles (deg) standard 
deviations in parentheses 

Atoms 
Intra-annular 

torsion angle (deg) 

observed in the structure of the molybdenum complex described 
below. The reason for this reluctance of the gallium centres to 
become five-coordinate is not clear, since this coordination 
number is common in "Ga-0: dimer species (11-14). The 
Ga-N distance of 2.019(2) A in the present complex is 

comparable to, but slightly longer than the Ga-N distances of 
-1.97 A in other tetrahedral gallium species (15-17). Little 
information is available on Ga-S bond lengths; the length 
of 2.370(1) A in the present structure lies between that of 
2.321(2) A in an aminomethylene-benzo[6]furanthionate com- 
plex (1 8), and those of 2.408-2.466(2) A in a dithiocarbamate 
(19). 

The reaction of the ligand 2 with [Re(C0)4C1]2 resulted 
in a moderate yield of the tricarbonyl product [Me2Ga(pz)- 
(SCNCHCHNM~)]R~(CO)~. The expected facial arrangement 
of the organogallate ligand in the product was confirmed by the 
ir and 'H nmr data obtained for the complex. Thus, three strong 
vco bands are expected for a fac arrangement, whereas a mer 
arrangement would lead to two weak vco bands and one strong 
vco band in the ir spectrum (20). The ir spectrum observed, 
although showing only two strong vco bands, displays a broad 
lower frequency vibration that we attribute to two unresolved 
vco bands. The 'Hnmr spectrum of the complex in C6D6 
solvent (Fig. 2) is consistent with a fac arrangement for the 
organogallate ligand. Thus the "GaMe; grouping displays two 
distinct singlets at - 107, whereas for a mer arrangement a plane 
of symmetry in the molecule would render the two Ga-Me 
groups equivalent and hence lead to one signal in this region of 
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I 

FIG. 1. Stereoscopic view of the [Me2GaSCNCHCHNMeI2 molecule. 50% probability thermal ellipsoids are shown. 

Benzene 

. 
FIG. 2. 80 MHz 'H nmr spectrum of [Me2Gapz(SCNCHCHNMe)]Re(C0)3 in C6D6. 

the spectrum. It is worth noting that in the proposed structure the 
sulphur .atom is three coordinate, unlike the sulphur atom 
in the [ M ~ ~ G ~ ( s ~ N M ~ ) ] ~  dimer species, but ana- 
logous to the sulphur coordination in the [ M O ( ~ ~ - C ~ H ~ ) ( C O ) ~ -  
(sc-M~)]~ dimer species described below. 

In contrast to the successful coordination of the ligand 
2 to the "Re(CO)3" unit, attempts to synthesize analogous 
octahedral complexes incorporating the " ~ o ( ~ O ) ~ ( q ~ - a l l y l ) "  
moiety failed. However, the products obtained from these 
attempts were themselves of great interest. Thus, instead of the 
anticipated reaction sequence it became apparent that degrada- 
tion of the ligand 2 had occurred and resulted in the formation of 
the dimeric species [M~(~~-~~~~~)(co)~(s~NCHCH~M~)]~. A 
second product in the reaction was identified as the [MezGa(pz)12 
dimer compound, which has been characterized previously 
(21). 

The molybdenum-containing dimers have been characterized 
by ir, 'Hnmr, and mass spectral studies and, in addition, the 
X-ray structure determination of the q3-C4H7-containing com- 
pound has been performed. The it- spectra of the complexes 
show four strong vco bands, a pattern which would be predicted 

for the CZ point group of these dimeric species (22). The 'H nmr 
spectra of the complexes are also consistent with the dimeric 
structure found in the solid state (see below). The spectrum of 
the [MO(~~-C~H~)(C~)~(S~NCHCH~M~)]~ complex in d6- 

acetone is shown in Fig. 3. Thus, the two anti protons of the 
ally1 group are inequivalent, as are the two syn protons (these 
have very similar chemical shifts but are resolved at 300 MHz). 
The N-Me groups of the two irnidazolyl ligands appear as a 
singlet in the spectrum, indicating equivalent environments in 
the molecule. 

The mass spectra of the two complexes demonstrate their 
dimeric nature in the gas phase. For example, the mass spectrum 
of the q3-C3HS derivative displays a weak parent-ion signal at 
-612, as well as other strong si nals attributable to ions 
containing the dimeric unit [Mo(S e NCHCHNMe)12. 

The results from the above-mentioned physical methods 
indicated the dimeric nature of the [Mo( 3-C3Hs)(CO)~- 
(s-e)],and [MO(~~-C~H~) (CO)~(S  + NCHCHNMe)lz 
complexes. Two possible structures that would account for our 
data are shown in Fig. 4a and b. In both of these proposals the 
molybdenum atoms attain an 18-electron configuration via a 
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COOPER ET AL. 

- 
FIG. 3. 80 MHz 'H nmr spectrum of [MO(~~-C~H~)(CO)~(SCNCHCHNM~)]~ in d6-acetone. 

FIG. 4. Possible structures for the dirneric species, [MO(~~-~~~~~)(C~)~(SCNCHCHNM~)I~. 

Mo=Mo double bond. Although there are numerous examples order, five-, four-, four-, four- and five-membered. The central 
of sulphur-bridged dimolybdenum species (23-26), the avail- Mo2S2 ring is puckered (bond torsion angles of 24", Table 6, 
ability of the nitrogen lone pair on the unsubstituted nitrogen Mo-S = 2.6868(7) A in the MoSCN four-membered chelate 
atom of the imidazolyl ligand prompted us to predict the ring, and Mo-S' = 2.5576(7) A; these distances are within the 
arrangement shown in Fig. 4b. A single crystal X-ray structure rather wide range found for Mo-S distances, the difference 
determination of the [MO(~~-C~H~)(CO)~(SCNCHCHNM~)]~ between the two values resulting probably from strain caused by 
complex was undertaken to examine this prediction. The the small bite of the mercaptoimidazole ligand (S--.N = 

* resulting structure is shown in Fig. 5. The complex is indeed 2.640(2)& and from the influence of the different (carbonyl 
I dimeric in the solid state but does not, in fact, display any and allyl) trans ligands. The angles in the Mo2S2 ring are 
I Mo-Mo bonding interaction. The 18-electron count on each S-Mo-S' = 80.96(2), Mo-S-Mo' = 93.83(2)", and 

molybdenum centre is achieved by bridging S atoms. These 3- the Mo.. -Mo cross-ring distance of 3.8313(4) A precludes 
coordinate sulphur atoms adopt an arrangement similar to that pre- the possibility of significant metal-metal interaction. The Mo 
dicted for the sulphur atom in the [ M ~ G ~ ( ~ Z ) ( S C N C H C H ~ ~ M ~ ) ] -  atoms are in a pseudo-octahedral environment, with the 
Re(C0)3 compound, but are evidently very different from r13-C4H7 ligand occupying one octahedral position, cis to one 
the 2-coordinate sul hur atoms observed in the structure of S and trans to the second S atom. Important bond distances are 

€-- the [Me2Ga(S NCHCHNMe)12 dimer species. The structure Mo-N = 2.253(2), mean Mo-CO = 1.950(2), Mo-C(ally1) 
observed (Figs. 4c and 5) has crystallographically-imposed C2 = 2.259(3) (central C), mean = 2.326(3) A (terminal carbons). 
molecular symmetry, and exhibits a system of five fused rings Bond angles at Mo differ markedly from 90 and 180°C, as a 
arranged in an unusual U-shape. The ring sizes involved are, in result of the fused ring structure; in particular, S-Mo-N = 
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I 

FIG. 5. Stereoscopic view of the [MO(-~~-C~H~)(CO)~(SCNCHCHNM~)]~ molecule. 50% probability thermal ellipsoids are shown. 

63.9(1) and Mo-S-C = 75.7(1)" in the four-membered 
MoSCN ring. These latter angles suggest considerable strain in 
the MoSCN ring, although the ring is not far from planar (bond 
torsion angles 3-6(2)", Table 6). The constraints introduced by 
the small bite of the mercaptoimidazole ligand probably also 
account for the non-occurrence of five-coordinate G a  in the 
d~methylgallium dimer (Fig. 1); here the S . . . N bite is 2.752(2) A, 
and the formation of a Ga-S bond of about 2.40 A would 
involve excessive strain in the four-membered chelate ring. The 
U-shape of the Mo  complex (Fig. 5) results in the two imidazole 
rings being roughly parallel, with possible overlap of the two 
IT-electron systems; the distances between the atoms of the rings 
are however too long (all >4 A) to permit any significant 
interaction. 
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Unimolecular fragmentation of some gaseous protonated amines 
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The proton-transfer chemical ionization mass spectra of the C3 to C5 monoalkyl amines as well as a number of di- and tri-alkyl 
amines have been determined using H3+ and (in some cases) HCO' as protonating agent. The RNH3+ ions fragment to form alkyl 
ions R+ and eliminate alkenes to form NH4+. In addition, abundant immonium ions are observed in the CI mass spectra 
corresponding to elimination of alkane from RNH3+ or to direct alkide ion abstraction from RNH2; these ions serve to 
characterize the alkyl groups attached to the a-carbon atom of the amine. Although alkane elimination from RNH3+ is the 
thermochemically favoured reaction, only R+ and NH4+ are formed in decomposition of metastable RNH~+ ions. The potential 
energy profile for fragmentation of i-C3H7NH3+ has been calculated by ab initio molecular orbital methods. These calculations 
show that CH4 elimination has a large energy barrier additional to the reaction endothermicity while formation of NH4+ has only 
a small additional barrier and formation of C3H7+ has no barrier additional to the endothermicity. It is concluded that the 
immonium ions probably arise primarily by direct alkide ion abstraction reactions. 

ERIC J .  REINER, RAYMOND A. POIRIER, MICHAEL R. PETERSON, IMRE G. CSIZMADIA et ALEX G. HARRISON. Can. J .  Chem. 
64, 1652 (1986). 

Utilisant le H3+ et (dans quelques cas) le HCO+ c o m e  agents protonants, on a determink les spectres de masse par ionisation 
chimique par transfert de proton des amines primaires en C3 5L C5 ainsi que d'un certain nombre d'amines secondaires et tertiaires. 
Les ions RNH3+ se fragmentent pour former des ions alkyles R+ ou pour Climiner des alctnes avec formation de NH4+. De plus, 
on observe la formation abondante d'ions immonium dans les spectres de masse par ionisation chimique et ceux-ci correspondent 
A une tlmination d'alcane de l'ion RNH3+ ou gun enlkvement direct d'ion alkide i partir du RNH2; ces ions servent 2t caracteriser 
les groupements alkyles attaches k l'atome de carbone en a de l'amine. M&me si 1'Climination d'alcane A partir de l'ion RNH3+ 
est la reaction qui est thermodynamiquement favorisbe, il ne se forme que les ions R+ et NH4+ lors de la dCcomposition des ions 
mktastables RNH3+. Utilisant des mCthodes d'orbitales moltculaires ab initio, on a calculC les profiles d'Cnergie potentielle 
pour la fragmentation de l'ion i-C3H7NH3+. Ces calculs dCmontrent que l'klimination de CH4 est soumise A une forte barritre 
Cnergktique qui s'additionne a l'endothermicitk de la reaction alors que la formation de l'ion NH4+ n'est soumise qu'h une 
faible barritre additionnelle et que la formation de l'ion C3H7+ n'est soumise i aucune barritre additionnelle par rapport i 
l'endothermicitk de la rkaction. On en conclut que les ions immonium proviennent probablement de rkactions primaires 
d'abstractions directes de l'ion alkide. 

[Traduit par la revue] 

Introduction 
The proton transfer chemical ionization mass spectra of 

aliphatic arnines have seen little systematic study (1). By 
analogy with the behaviour of protonated aliphatic alcohols, 
which have been studied extensively (2-4), the major frag- 
mentation reactions of the protonated amines, RNH3+, might be 
expected to be elimination of NH3 forming the corresponding 
alkyl ion. In agreement with this prediction two early limited 
studies (5, 6) reported significant yields of R +  ions, although, 
because of the high proton affinity of ammonia, fragmentation 
was not particularly facile (7). In contrast to these few results 
Colosimo and Brancaleoni (8) have reported that, in the H2 
chemical ionization mass spectra of the CI  to C4 alkyl amines, 
very low or negligible intensities are observed for the alkyl 
ions formed by loss of NH3 from RNH3+. Rather, the base 
peak reported corresponds either to formation of NH4+ or to 
formation of immonium ions resulting, nominally, from elimi- 
nation of an alkane molecule. 

We report here the results of a detailed study of the proton 
transfer chemical ionization mass spectra of the C3 to C5 
monoalkyl amines as well as selected dialkyl and trialkyl 
amines. In contrast to the results of Colosimo and Brancaleoni 
(8), we observe, for the monoalkyl amines, RNH2, significant 
yields of R+ alkyl ions although, in agreement with them, 

'Present address: Department of Chemistry, Memorial University, 
St. John's, Nfld., Canada A1B 3x7. 

2~uthor  to whom correspondence may be addressed. 

we also observe significant yields of NH4+ and immonium 
ions arising, nominally, by alkane elimination from RNH3+. 
Thermochemically, alkane elimination is the most favoilrable 
fragmentation reaction for protonated alkyl amines. However, 
this reaction is not observed for low energy RNH3+ ions 
fragmenting in the metastable ion time frame; rather formation 
of R+ and NH4+ are the only metastable ion fragmentation 
reactions observed for the RNH3+ ions studied. Clearly the 
critical reaction energies are not the same as the reaction 
enthalpies. Metastable ion fragmentation reactions occur near 
the threshold for fragmentation of the decomposing species and 
it is well known (9, 10) that, near the threshold, the relative rates 
are determined primarily by the critical reaction energies. Thus 
the unimolecular chemistry of such ions is best understood in 
terms of the potential energy profile (1 1) for the ion. For species 
such as protonated amines it is extremely difficult to establish 
such a potential energy profile by experimental methods. 
Therefore, to reach a better understanding of the unimolecular 
chemistry of protonated alkyl amines we have calculated by 
ab initio molecular orbital methods the potential energy surface 
for a representative case, protonated isopropyl amine. The 
results of these calculations, as well as the detailed chemical 
ionization and metastable ion studies, are presented in the 
following. 

Experimental 
Proton transfer chemical ionization mass spectra were obtained 

using either a DuPont 21-290 single-focusing magnetic deflection mass 
spectrometer equipped with a chemical ionization source or with an 
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REINER ET AL. 

AEI MS-902 double-focusing (BE) mass spectrometer also equipped 
with a chemical ionization source. Comparable spectra were obtained 
from each machine. In both cases the source temperature was - 150°C 
with samples being introduced from a heated inlet system at -150°C. 
Reagent gas pressures were -0.3 Torr and the ionizing electron energy 
was 70 eV. Reagent gases used were Hz and 10% C0/90% Hz. The 
former produces H3+ as the proton transfer reagent ion while the latter 

1 produces HCO+. The proton affinity of Hz is -422 kJ mol-' (1) while 
that of CO is -590 kJ mol-' (1). Since the proton affinities of the 

; amines are of the order of 920 kJ mol-' (1) protonation of the amines by 
H3+ is -500 kJ mol-' exothermic and protonation by HCO+ is 
-330 kJ mol-' exothermic, an exothermicity similar to protonation by 
the common proton transfer reagent CH5+; the use of HCO+ has the 
advantage that the background is less extensive. 

The unimolecular fragmentation reactions of the protonated amines, 
which occur in the metastable ion time-frame (k = lo4-lo6 s- I), were 
investigated by the MIKES technique (12) using a VG Analytical 
ZAB-2FQ mass spectrometer. The feature of the ZAB-2FQ instrument 
essential for the present work is that it is a reverse geometry (magnetic 
sector preceding the electric sector) double-focusing mass spectro- 
meter. This configuration permits selection of the ion corresponding to 
the protonated amine by the magnetic sector, unimolecular fragmenta- 
tion of this mass-selected ion in the drift region between the two sectors 
with identification of the ionic fragmentation products from their 
kinetic energies by scanning the electric sector (12). In studying the 
unimolecular metastable ion fragmentation reactions the protonated 
amines were preprared using HZ, CH4, and i-C4HI0 as chemical 
ionization reagent gases. The CH4 reagent gas produces CH5+ and 

I C2H5' (PA(CH4) = 546 kJ mol-' (I), PA(C21-L,) = 684 kJ mol-' (1)) 
1 as reagent ions while i-C4HI0 produces C4H9+ (PA(i-C4Hs) = 
1 824 kJ mol-I (I)) as the reagent ion. The variation of reagent gas thus 
' permits a study of the effect of protonation exothermicity on the 
1 metastable ion characteristics. 
/ All compounds used were commercially available and showed no 

detectable impurities in their mass spectra. 

Results and discussion 
1 Chemical ionization mass spectra ' Table 1 records the H2 and CO/H2 chemical ionization mass 
I spectra of n-propyl and i-propyl amine. Despite the high proton 
I affinity of NH3, which is a measure of the R+-NH3 bond ' strength (7) ,3 the MH+ ion signals are very low because of the 

large exothermicity of the protonation reaction. Two fragmenta- 
tion reactions of the MH+ ion are clearly established, reaction 
[ l ]  involving elimination of NH3 and reaction [2] involving 
formation of the ammonium ion. 

The C3H5+ ion presumably arises by further fragmentation of 
the C3H7+ ion. Two additional primary product ions are the 
(M - H)+ ion at m/z 58 and the immonium ion (mlz  30 and 
m/z 44, respectively). This latter ion may arise either by direct 
alkide ion abstraction from RNH2 by the reagent ion or by 

I elimination of an allcane molecule from the MH+ ion (reaction 
PI) .  

' [31 R1- C H-NH3+ + R2CH=NH2+ + RIH 
I I 

The origin of this product will be discussed in detail later; the 
' important point is that it serves to identify the alkyl group(s) 

attached to the a-carbon of the amine. 

, 3~mplicit in this statement is the assumption that alkyl cation 
affinities will parallel proton affinities. 

TABLE 1. Hz and CO/Hz CI mass spectra of propyl amines 

Relative abundance 

n-C3H7NH2 i-C3H7NH2 

m / z  Ion H2CI CO/H2CI H2CI CO/H2CI 

The present H2CI mass spectra are in quantitative disagree- 
ment with the spectra reported by Colosimo and Brancaleoni 
(8). Thus, they report the intensity ratios m l z  43:mlz 30:mlz 
18 = 12: 100:26 for n-propyl amine compared to 100:96:90 in 
our work. For i-propyl amine they do not report any ion signals 
at m/z 44 or m/z 43 which is in sharp contrast to our results. 
Although chemical ionization mass spectra are less reproducible 
than electron impact spectra these differences are greater than 
one would expect to observe. By comparison with earlier 
studies of the CI  of amines (5, 6) and the known behaviour of 
alcohols under proton transfer CI  conditions (2-4) the present 
results would appear to be a better representation of the 
behaviour expected of gaseous protonated amines. 

Tables 2 and 3 record, respectively, the H2.and CO/H2 CI  
mass spectra of the four butyl amines as well as the spectra of 
diethyl amine and dimethyl ethyl amine. The butyl amines show 
the same fragmentation reactions as the propyl m i n e s  with 
NH,+ and C4H9+ (RNH3+ - NH3) being prominent as well as 
the irnmonium ions arising by nominal alkane elimination from 
MH+. Thus, in the latter category, the two primary amines show 
intense (M - C3H7)+ ion signals, t-butyl amine shows an 
intense (M - CH3)+ ion signal and s-butyl amine shows both 
(M - CH3)+ and (M - C2H5)+ ion signals, the latter being 
more intense. These ion signals provide direct information on 
the alkyl group(s) attached to the a-carbon of the amine. 
The C3H5+ ion presumably arises by further fragmentation of 
C4H9+; the C2H5+ ion also would be expected to arise by further 
fragmentation of C4H9+ (13); however, formation of this ion is 
obscured by ion signals in the reagent ion spectrum (HCO+ in 
CO/H2 and a background N2H+/HCO+ ion signal in H2). 
Again our H2CI mass spectra are in disagreement with the 
results of Colasimo and Brancaleoni (8) who do not report any 
ion signals for C4H9+ ( m l z  57). 

The spectra of diethyl amine and dimethylethyl amine, also 
recorded in Tables 2 and 3 ,  show more abundant MH+ and 
(M - H)+ ion signals than do the monoalkyl amines. This is in 
agreement with the CH4CI mass spectra of triethyl amine and a 
number of polytertiary amines (14) which also show abundant 
MH+ and (M - H)+ ion signals. The di- and tri-alkyl amines 
of Tables 2 and 3 also show abundant ion signals arising, 
nominally, by CH4 elimination from MH+. In addition, a new 
reaction channel opens, involving ethylene elimination from 
MH+, forming protonated ethyl amine and protonated dimethyl 
amine, respectively, at m/z 46. 

Table 4 records the main ions observed in the H2 CI mass 
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TABLE 2. H2CI mass spectra of C4 amines 

Relative abundance 

mlz Ion n-CJ-19NH2 i-C4H9NH2 S-CJ-19NH2 t-C4H9NH2 (C2Hs)zNH ( C H ~ ) ~ N C ~ H S  

TABLE 3. CO/H2 CI mass spectra of C4 arnines 

Relative abundance 

4 2  Ion n-C4H9NH2 i-C4H9NH2 s-C4H9NH2 t-C4H9NH2 (C2H5)2NH (CH3)2NC2H5 

74 MH+ 15 9 3 1 100 6 1 
73 M+' 18 15 2 1 71 100 
72 ( M - H ) +  27 28 19 4 79 92 
59 MH+ - CH3 - 1 1 2 2 2 
58 MH+ - CH4 11 23 26 75 99 69 
57 C4H9+ 95 100 65 100 4 3 
56 CJ-18+ 1 3 - 1 4 2 
55 CJ-17+ 4 7 6 4 - - 
46 MH+ - C2H5 (18)* (lo)* (3)* 25 12 
45 MH+ - C2H5 1 1 - - 3 1 
44 MH+ - C2H6 5 - loo - 22 1 1  
43 C3H7+ 5 3 3 1 2 2 
42 C3H6+ 2 1 4 - 2 7 
41 C3Hs+ 31 23 23 12 1 - 
30 MH+ - C3Hs 100 52 2 - 14 2 
18 NH4+ 60 20 73 16 6 3 

*This ion is not seen in H2CI mass spectra and may arise by reaction of HCO+ with mine ,  possibly 

HCO+ + RNH2 + HCONH,' + (R - H) 

spectra of eight isomeric pentyl amines. A major reaction 
channel involves elimination of NH3 from MH+ to form C5H1 ,+ 
(mlz 71), which shows extensive fragmentation to form C3H7+ 
(mlz 43). For the purposes of identifying the amine the most 
important ions are those arising by nominal akane elimination 
from MH+. Thus the primary amines of formula C4H9CH2NH2 
show an abundant ion signal at m l z  30 corresponding to elimi- 
nation of C4HI0, amines with the structure C3H7CH(NH2)CH3 
show an intense signal at m l z  44 corresponding to C3H8 eli- 
mination while C2H5CH(NH2)C2H5 and C2H5C(NH2)(CH3)2 
both show an intense peak at m l z  58 corresponding to 
elimination of C2H6. The elimination of CH4 is a much less 
structure-specific reaction and, thus, provides little structural 
information. 

Figure 1 compares the H2CI mass spectra of Zamyl amine 
and t-amyl arnine with the H2CI of the corresponding alcohols. 
The H30+ ion signal, analogous to the NH4+ ion signal, was not 

recorded for the alcohols because of interference from back- 
ground water in the instrument. Two major differences are 
observed between the amines and the alcohols. First, the 
intensities of the alkane elimination products are much more 
intense for the amines, thereby providing much more definitive 
information concerning alkyl substitution on the a-carbon. 
Second, the C5Hll+ alkyl ions, formed by HX elimination 
from RXH+, show much more extensive fragmentation for the 
amines. The origin of this latter difference has been discussed 
previously (15). 

Table 5 records the H2CI mass spectra of four C5 di- and 
tri-alkyl amines. Abundant (M - H)+ ion signals are observed 
as well as the irnmonium ions arising by nominal alkane 
elimination from MH+ ; this latter reaction involves cleavage of 
the C-C bond a to the nitrogen function. In addition, as 
discussed previously for the C4, di- and tri-alkyl amines, olefin 
elimination from MH+ is quite prominent. Thus both the 
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H 2 C I  

( FIG. 1. Comparison of the HzCI mass spectra of amyl amines and 
amyl alcohols. 

protonated methyl butyl amines show elimination of C4H8 while 1 N-ethyl propyl arnine shows elimination of C3H6 and N-methyl 
, diethyl mine  shows elimination of C2H4. These olefin elimina- 
8 tion reactions also help to characterize the amines. 
I 

1 Fragmentation of protonated amines a s  metastable ions 
Two fragmentation channels are observed for RNH3+ ions in 

the metastable ion time frame, formation of NH4+ by elimina- 
I tion of allcene and formation of the alkyl ion, R+, by loss of 

NH3. Thus, n-C3H7NH3+ showed formation of C3H7+ and 
NH4+ in the ratio 23: 100 while i-C3H7NH3+ showed a ratio of 
1:100 in metastable ion fragmentation reactions. The results 
obtained for the protonated butyl amines are presented in Table 
6 for three different protonating reagents with different protonation 
exothermicity. The protonated primary amines, n-C4H9NH3+ 
and i-C4H9NH3+ show abundant formation of C4H9+ on the 
metastable ion time scale, with the relative abundance of NH4+ 
increasing with increasing exothermicity of the initial protona- 
tion reaction. By contrast, the protonated secondary and tertiary 
arnines show dominant formation of NH4+ in metastable ion 
fragmentation reactions with the relative product yields being 
insensitive to the exothermicity of the protonation reaction. 
The pentyl amines were studied only following protonation by 
i-C4H10. The results, presented in Table 7, are similar to the 
results for the protonated butyl amines in that the primary 
amines favour formation of the alkyl ion, C5H11+, while the 
secondary and tertiary amines strongly favour formation of 
NH4+ in the metastable ion fragmentation reactions. 

The metastable ion fragmentation reactions correspond to 
reactions with rate constants in the range lo4 to lo6 s-' defined 
by the parameters of the instrument; normally the relative ion 
abundances depend strongly on the critical reaction energies. 
Changing the exothermicity of the protonation reaction does not 
change the range of rate constants but appears to change the 
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TABLE 5. H2CI mass spectra of some C5 di- and tri-alkyl amines 

m / ~  Ion CH3NH(CH2)3CH3 CH3NHCH(CH3)CH2CH3 C2H5NHCH2CH2CH3 CH3N(C2H5)2 

88 MH+ 31 7 16 23 
87 M+' 33 19 48 52 
86 ( M - H ) +  100 60 100 100 
72 MH+ - CH4 13 36 37 41 
60 MH+ - C2H, - - - 42 
58 MH+ - C2H6 10 100 90 - 
57 CJ-Ig+ 24 18 - 9 
46 MH+ - C3H6 - - 43 - 
45 MH+ - C3H7 - 3 6 - 
44 MH+ - C3H8 84 7 22 10 
43 C3H5+ - 5 3 1 - 
41 C3H5+ 9 9 8 - 
32 MH+ - C4Hs 38 30 2 - 
30 MH+ - C4HI0 4 14 29 - 
18 NH4+ 2 3 23 - 

- - - - 

TABLE 6. Metastable ion fragmentation of protonated butyl amines 

% of total metastable ion signal 

i-C4HIoCI CH4CI H2CI 

Arnine C4Hg+ NH4+ C4Hg+ NH4+ CJ-Ig+ NH4+ 

distribution of internal energies in the metastable ion energy 
window (16). By contrast, fragmentation reactions occurring in 
the ion source following protonation represent higher energy 
reactions (k > lo6 s-') and the relative product yields may 
reflect both the effect of critical reaction energies and frequency 
factors on the rates of fragmentation. The relative metastable 
ion abundances observed for the butyl amines suggest that for 
the primary amines formation of C4H9+ has a lower critical 
reaction energy than formation of NH4+ with the opposite 
prevailing for the secondary and tertiary amine. The absence of 
any metastable transition corresponding to elimination of alkane 
implies that this reaction has a considerably higher critical 
reaction energy. 

It is of interest to compare this approximate ordering of 
critical reaction energies with calculated reaction endothermi- 
cities. This comparison is made in Table 8 for the propyl and 
butyl amines which shows the calculated AH,,,, and relative 
ion abundances for metastable ion fragmentation reactions and 
in the Hz and CO/H2 chemical ionization mass spectra. In the 
thermochemical calculations we have assumed that primary 
alkyl ions are not formed but that hydrogen shifts occur to form 
the appropriate secondary or tertiary alkyl ion. The thermo- 
chemical data used in the calculations are summarized in the 
Appendix. 

Several interesting points arise from the comparison of the 
relative abundances with the reaction thermochemistry. First, 
for the secondary and tertiary protonated amines, alkane 
elimination has by far the lowest enthalpy of reaction yet this 
fragmentation reaction is not observed for metastable ion 
fragmentation reactions. This strongly suggests that the critical 

TABLE 7 .  Metastable ion fragmentation of proto- 
nated pentyl amine 

% of metastable 
ion signal 
i-C4HloCI 

energy for alkane elimination is considerably greater than the 
reaction endothermicity. The high yields of the alkane elimina- 
tion products in the CI mass spectra, which emphasize fragmen- 
tation reactions of ions with greater internal energies, are 
consistent either with a very favourable frequency factor for the 
reaction or with formation of these products by a direct alkide 
ion abstraction reaction. For the secondary and tertiary amines 
the favoured formation of NH4+ over R+ in metastable ion 
fragmentation reactions is in agreement with the reaction 
thermochemistry; the increase in the relative yields of the alkyl 
ions in the CI mass spectra indicates that the reaction forming 
these products has a more favourable frequency factor. For the 
primary amines the relative metastable fragmentation yields of 
alkyl ions and NH4+ are not in agreement with the calculated 
enthalpies of reaction since large yields of alkyl ions are 
observed despite the fact that the reaction has a greater 
endothermicity. These results imply that, at least for the primary 
arnines, formation of N H ~ +  has a critical reaction energy greater 
than the reaction endothermicity. The variation of relative 
metastable ion yields with protonation exothermicity (Table 6) 
also supports the conclusion that formation of C4Hg+ has the 
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TABLE 8. Thermochernistq and relative yields of fragmentation reactions 

Amine Fragmentation products AH,,,,* rn * t CO/HzCI HzCI 

lower critical reaction energy for the primary mines. This 
result contrasts with the conclusions derived for the protonated 
secondary and tertiary amines. 

These differences between the calculated reaction endother- 
micities and the apparent critical reaction energies prompted us 
to undertake the calculation of the potential energy surface for 
the fragmentation of a representative protonated amine by ab 
initio molecular orbital methods. We have chosen protonated 
i-propyl amine for study. The details of these calculations are 
presented in the following section. Further discussion of the 
fragmentation of protonated mines follows in light of these 
calculations. 

Potential energy pro$le for fragmentation of i-C3H7NH3+ 
The potential energy profile for fragmentation of protonated 

isopropyl arnine was determined by ab initio self-consistent 
field (SCF) molecular orbital calculations. Three fragmentation 
reaction were considered, viz. 

A 3-21G (17) split valence basis set was used to optimize the 
geometries of all the species by use of ab initio SCF calculations 
in the MONSTERGAUSS system (18).4 Geometry optimiza- 
tion of all species, except the transition states, was achieved by 

I simultaneous variation of bond lengths and bond angles using 
the analytic first derivatives of energy in conjunction with 

I Davidon's optimally conditional (OC) algorithm (20). The 
I norm of the gradient vector was less than 5 X mdyn 

at convergence for all cases. Geometry optimization of the 
transition state structures (TS - NH4+ and TS - CH4) was 

I accomplished using the VAOSAD (VA) sum of squares opti- 
mization technique (21). In this method the Hessian matrix was 

4 ~ ~ ~ S ~ ~ ~ ~ ~ U S S  includes GAUSSIAN 80 (19) and geometry 
optimization by analytic first derivative methods. 

evaluated by gradient differences and diagonalized to determine 
the order of the critical point. Again the norm of the gradient 
vector was less than 5 X lop4 mdyn for convergence. The 
structures of all stable species are listed in Table 9 while the 
structures of the two transition states and the one intermediate 
detected are shown in Fig. 2. 

The single point energies of the 3-21G-optimized structures 
were calculated using a 6-3 lG* (22) basis set and are listed in 
Table 10. Because all the reactions are isodesmic reactions of 
closed shell species, the correlation and relativistic energies 
may be assumed to be relatively constant and neglect of these 
terms will introduce errors of no more than 4-17 kJ mol-' 
in calculated energy differences (30). All calculations were 
performed on the Gould 3219705 computer, Department of 
Chemistry, University of Toronto. 

The calculated potential energy profile is shown in Fig. 3. 
Reaction [3], elimination of CH4, entails a 1,3-hydrogen/proton 
shift from nitrogen to carbon in which the hydrogen/proton 
inserts itself between the central carbon (CI) and the departing 
methyl group; the transition state structure is shown in Fig. 2. 
The calculated barrier for this reaction is 389 kJ mol-', much 
higher than the theoretically calculated endothennicity of 
50 kJ mol-'; this latter value is in good agreement with the 
endothennicity (52 kJ mol-' ) derived from the thermochemical 
data. Reaction [4], loss of NH3, was found to proceed without 
a barrier additional to the endothermicity with the C3H7+ and 
NH3 products merely drifting apart with no maximum in the 
potential energy curve. The calculated reaction endothermicity 
is in good agreement with the experimental endothermicity. 

Reaction [5], formation of NH4+, was found to proceed by a 
transition state with an energy 40 kJ mol-' above the final 
products; the structure of this transition state is shown in Fig. 2. 
In essence, in this reaction the C-N bond lengthens and the 
NH3 group moves towards one of the methyl groups with 
some lengthening of a C-H bond. Of particular interest is 
the observation of the minimum in the surface between the 
transition state and the final products. This minimum corres- 
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TABLE 9. Calculated equilibrium geometries 

Molecule or ion Geometrical parameters 

ponds to a proton bound dimer of propene and ammonia and has 
the structure shown in Fig. 2. The binding energy of the dimer 
was found to be 42 kJ mol-'. 

The calculated potential energy profile adequately rational- 
izes the experimental data obtained for the fragmentation of 
protonated isopropyl amine. The high critical reaction energy 
for elimination of CH4 precludes observation of this reaction 
channel in metastable ion fragmentation reactions despite the 
favourable thermochemistry. Instead formation of NH4+ has 
the lowest critical reaction energy and, in agreement, this is 
the dominant metastable ion fragmentation product. The high 
abundance of the CH4 elimination product, particularly in 
the CO/H2 CI mass spectrum, remains to be resolved. Proto- 
nation of isopropyl amine by ground state HCO+ is only 
-324 kJ mol-' exothermic while the barrier for elimination of 
CH4 is -389 kJ mol-I; thus elimination of CH4 should not be 

TABLE 10. Calculated energies of participating species with 
3-21G geometries 

Energy (hartrees) 

Molecule or ion 
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TS-CH, T S  - N H ~  C, H,. H + .  N H, 

FIG. 2. Calculated structures of transition states and intermediates. 

FIG. 3. Potential energy profile for i-C3H7NH3+. 

observed. However, to qualify this statement it should be noted 
that it is unlikely that all of the HCO+ ions are in their ground 
state under our experimental conditions. In view of the high 
energy barrier for alkane elimination it might be argued that 

I alkane elimination does not occur from protonated amines but 
rather that the relevant signals in the CI mass spectra arise by a 
different mechanism such as direct alkide ion abstraction by the 
reagent ion. We have observed (unpublished results) that alkane 
elimination occurs from protonated alkyl amines activated by a 
high energy (8 keV) collision but that it is of only minor 
importance for protonated amines activated by a low energy 

(100 eV) collision. The results to date suggest that the average 
energy transformed from translational energy into internal 
energy is approximately the same for both high energy and low 
energy collisions (23, 24) but that in the high energy collisions 
there is a low probability tail extending to high internal energies 
(24). It appears that it is these high energy ions which fragment 
by alkane elimination. Such high energies probably are not 
achieved to a significant extent in chemical ionization systems 
and it is likely that the reaction occumng is largely an alkide ion 
abstraction reaction rather than alkane elimination from the 
protonated arnine. 
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There remains the question of why the protonated primary 
butyl amines show abundant formation of C4Hg+ in metastable 
ion fragmentation reactions while the secondary and tertiary 
amines d o  not. The reasons are not clear. The thermochemistry 
favours formation of NH4+ and the calculated barrier for 
this reaction is not sufficient to  reverse the thermochemical 
arguments. We must assume that, for reasons unknown, for 
protonated n-butyl and i-butyl amines, the barrier is even higher 
than that calculated for the i-propyl amine. We  have not 
attempted to calculate this barrier since for the butyl amines 
there is a possible ambiguity concerning the mechanism of the 
reaction, i.e., an uncertainty as to the hydrogen lost with the 
NH4+. 

Acknowledgements 
The purchase of ZAB 2FQ for the Ontario Regional Ion 

Chemistry Laboratory (OFUCL) at the University of Toronto 
was made possible by a grant from the Natural Sciences and 
Engineering Research Council of Canada, who also have 
supported the present research. E.J.R. gratefully acknowledges 
the award of University of Toronto Open Fellowships. 

1. A. G. HARRISON. Chemical ionization mass spectrometry. CRC 
Press, Boca Raton, FL. 1983. 

2. F. H. FIELD. J. Am. Chem. Soc. 92, 2672 (1970). 
3. H. ICHIKAWA and A. G. HARRISON. Org. Mass Spectrom. 13,389 

(1978). 
4. J. A. HERMAN and A. G. HARRISON. Can. J. Chem. 59, 2125 

(1984). 
5. I. JARDINE and C. FENSELAU. J. Am. Chem. Soc. 98, 5086 

(1976). 
6. H. E. AUDIER, A. MILLET, C. PERRET, J. C. TABET, and P. 

VARENNE. Org. Mass Spectrom. 13, 315 (1978). 
7. F. H. FIELD. In Mass spectrometry. Ser. 1, Vol. 5. MTPRev. Sci. 

Phys. Chem. Edited by A. Maccoll. Butterworth, London. 1972. 
8. M. COLOSIMO and E. BRANCALEONI. Org. Mass Spectrom. 17, 

286 (1982). 
9. C. W. BANG and A. G. HARRISON. In Biochemical applications 

of mass spectrometry. Edited by G. R. Waller. John Wiley , New 
York. 1972. 

10. I. HOW, D. H. WILLIAMS, and R. D. BOWEN. Mass spectro- 
metry, principles and applications. McGraw-Hill, ~ e w  York. 
1981. 

11. R. D. BOWEN and D. H. WILLIAMS. In Rearrangements in ground 
and excited states. Vol. 1. Edited by P. deMayo. Academic Press, 
New York, NY. 1980. Chapt. 2. 

12. K. R. JENNINGS. In Ionic processes in the gas phase. Edited by 
M. A. Almoster Ferreira. Dordrecht. 1984. 

13. R. D. BOWEN and D. H. WILLIAMS. J. Chem. Soc. Perkin Trans. 
n, 1479 (1976). 

14. T. A. WHITNEY, L. P. KLEMANN, and F. H. FIELD. Anal. Chem. 
43, 1048 (1971). 

15. E. J. REINER and A. G. HARRISON. Org. Mass Spectrom. 19,343 
(1984). 

16. A. G. HARRISON, T. GAUMANN, and D. STAHL. Org. Mass 
Spectrom. 18, 517 (1983). 

17. J. S. BINKLEY, J. A. POPLE, and W. J. HEHRE. J. Am. Chem. 
SOC. 102, 939 (1980). 

18. M. R. PETERSON and R. A. POIRIER. MONSTERGAUSS. 
Department of Chemistry, University of Toronto, Toronto, 
Canada. 

19. J. S. BINKLEY, R. A. WHITESIDE, R. KRISHNAN, R. SEEGER, 
D. J. DEFREES, H. B. SCHLEGEL, and J. A. POPLE. Q.C.P.E. 13, 
406 (1981). 

20. W. C. DAVIDON and L. NAZARETH. Technical Memos 303 and 
306, Applied Physical Division, Argome National Laboratories, 
Argome, IL. 1977. 

21. M. J. D. POWELL. Subroutine VAOSAD, AERE Subroutine 
Library, Harwell, Didcot, Berkshire, U.K. 

22. W. J. HEHRE, R. DITCHFIELD, and J. A. POPLE. J. Chem. Phys. 
56, 2257 (1972); P. C. HARIHARAN and J. A. POPLE. Theoret. 
Chim. Acta (Berlin), 28, 213 (1973). 

23. S. NACSON and A. G. HARRISON. Int. J. Mass Spectrom. Ion Proc. 
63, 325 (1985). 

24. H. I. KENTTAMAA and R. G. COOKS. Int. J. Mass Spectrom. Ion 
Proc. 64, 79 (1985). 

25. J. D. Cox and G. PILCHER. Thermochemistry of organic and 
organometallic compounds. Academic Press, New ~ o r k .  1970. 

26. D. H. AUE and M. T. BOWERS. In Gas phase ion chemistry. Vol. 
2. Edited by M. T. Bowers. Academic Press, New York. 1979. 

27. H. M. ROSENSTOCK, K. DRAXL, B. W. STEINER, and J. T. 
HERRON. J. Phys. Chem. Ref. Data, 6, Suppl. 1 (1977). 

28. F. P. Los s~~GandG.  P. SEMELUK. Can. J. Chem. 48,955 (1970). 
29. F. P. LOSSING, Y.-T. LAU, and A. MACCOLL. Can. J. Chem. 59, 

2228 (1981). 
30. P. CARSKY and M. URBAN. Ab initio calculations: methods and 

applications in chemistry. Lecture Notes in Chemistry 16, 
Springer Verlag, New York. 1980. 

Appendix 
The enthalpies of formation of the protonated amines were 

derived from the reported proton affinities through the relation- 
ship 

using AH;(H+) = 153 1.4 kJ mol-' (27). The relevant data 
are summarized in Table 11. Other thermochemical data used 
were AH?(i-C3H7+) = 803 kJ mol-', AHP(s-c4H9+) = 
766 kJ mol-I and AH:(t-c4H9+) = 699 kJ mol-', all taken 
fmmLossing and Semeluk (28). AH:(NH~) = -46.0 kJ mol-', 
AHP(cH4) = -75.3 kJ m01-', & ~ ~ O ( C ~ H ~ )  = - 83.7 kJ m01-' 
and AHP(C3H6) = -20.9 kJ mol-I were from ref. 27 while 
the enthalpies of formation of the immonium ions are (29) 
AHP(cH~NH~+)  = 745 kJ mol-', AHP(CH3CHNH2+) = 
657 kJ mol-', AHP(CH3cH2CHNH2+) = 636 kJ mol-', and 
AH:((cH~)~cNH~+) = 590 kJ mol-'. 

TABLE 11. Thermochemical data for protonated amines 

*From ref. 25. 
?From ref. 26. 
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SYDNEY BROWNSTEIN, ERIC GABE, FLORENCE LEE, and ANDREJ ROTROWSKI. Can. J. Chem. 64, 1661 (1986). 
NOMX6.aromatic charge-transfer complexes are formed where M may be P, As, or Sb, X may be F or C1, and aromatic may 

be benzene or a methyl-substituted benzene. Nuclear magnetic resonance and optical spectral parameters are given and three 
crystal structures reported. Appreciable conductivity is found for NOsbCl6.polystyrene and NOSbF6. hexamethylbenzene. 

SYDNEY BROWNSTEIN, ERIC GABE, FLORENCE LEE et ANDREJ ROTROWSKI. Can. J. Chem. 64, 1661 (1986). 
On a observe qu'il se forme des complexes de transfert de charge du type NOMX6.aromatique, dans lesquels M = P, As ou Sb, 

X = F ou C1 et aromatique = du benzitne ou un benzitne substituC par un groupement mkthyle. On rapporte les donnCes 
relatives aux spectres rmn et optiques ainsi trois structures cristallines. On a trouve que les composks NOSbC16.polystyritne et 
NOSbF6. hexamCthylebenzitne donnent lieu il une conductivitC appkciable. 

[Traduit par la revue] 

Introduction 
The preparation of stable charge transfer complexes of NOC1, 

MCl,, and an aromatic hydrocarbon has been reported (1). The 
variation in properties and stabilities of such complexes as a 
function of the anion has been described when a Group I11 or IV 
element is the central atom in the anion (2). In this article the 
properties of such complexes will be presented where the central 
element of the counter ion is from Group V of the periodic table 

! and the halogen is chlorine or fluorine. 
Following is a brief history of the nitrosyl salts which were 

/ used in this study. NOPF6 is well characterized (3). There is 
I 
I some evidence for a complex between NOCl and AsC13 but no 
, complex has been isolated (4, 5). NOAsF6 (3), NOSbC16 (6), 
I and NOSbF6 (3) have been well characterized. 
, Antimony pentachloride itself reacts with aromatic hydro- 

carbons to give charge-transfer complexes (7) and to substitute 
chlorine for hydrogen (8). Under some conditions SbC15 will 

i react with hexamethylbenzene to give the stable radical cation4- 
1 methylene-1,2,3,5,6-hexamethylcyclohexadiene-2 (9). Anti- 

mony pentachloride also reacts with SOC12 to give SOC12. SbC15 
(10) and with POC13 to give POC13.SbC15 (11). Complex 
formation has been reported between antimony pentachloride 
and NO (12), N02C1 (13), IC13 (14), and SC14 (15). 

Nitrosyl tetrachloroantimonate has been prepared by the 
decomposition of SbC13 2NOCl. NOBC14 (4). POC13 and 
SbC13 are also reported to form a complex (16). There has been 
some study of complexes between SbC13 and aromatic com- 
pounds and 1:l complex formation is claimed (17). 

Experimental 
Chemicals 

Nitrosyl chloride, nitrosyl fluoride, arsenic trichloride, arsenic pen- 
tafluoride, phosphorus trifluoride, phosphorus tri- and pentachloride, 
nitric oxide, anthracene, p-dichlorobenzene, hexamethylbenzene, ani- 
sole, 4-methyl-N,N-dimethylaniline, 9,lO-dimethylanthracene, and 
antimony trifluoride were used as purchased. Phosphorus pentafluoride 
was stored over phosphorus pentoxide in order to inhibit formation 
of POF3. Antimony pentachloride and pentafluoride were vacuum- 
distilled and antimony trichloride vacuum-sublimed before transfer 
under vacuum to storage containers. POC13, SOC12, and SC12 were 
also transferred to storage containers by vacuum distillation. Benzene, 

'The preceding article in this series is ref. 2. 
2~~~ No. 25724. 
3To whom all correspondence should be addressed. 
4Revision received April 9, 1986. 

toluene, p-xylene, sulfur dioxide, methylene chloride, and neopentane 
were purified and stored as previously described (18). N,N-Dimethyl- 
aniline and t-butylbenzene were distilled under vacuum from sodium. 
Chlorobenzene was purified by low temperature crystallization and 
napthalene by vacuum sublimation. The salt IC12+SbC16- was pre- 
pared from IC1, C12, and SbC15 and purified by recrystallization. 

N0AsF6. c6(cH3)6 
AsF5 (2.0 mmol) and NOF (2.0 mmol) were condensed into a 

reaction vessel closed with a "Teflon" stopcock along with 2 mL of 
sulfur dioxide. The mixture was thawed, shaken briefly to get a sluny 
of white solid, and all volatile materials removed under vacuum to give 
1.82 mmol of NOAsF6. An equivalent amount of hexamethylbenzene 
was added and the mixture dissolved in SO2 to give a deep red solution. 
Methylene chloride was added and the solvent slowly removed to give a 
black crystalline solid which was stable in air. 

NOSbC16. (C&CH3)2 
To 0.3918 g of NOSbC16 dissolved in 3 mL of SO2 was added 0.5 g 

of toluene by vacuum transfer. Some of the SO2 was evaporated 
overnight and the remaining solution was held at -20°C for 20 h. The 
crystalline complex was separated by low temperature filtration: It is 
exceedingly sensitive to moisture. Anal. cdcd. for NOSbC16.C14H16: 
H 2.94, C 30.64, N 2.55, Sb 26.66; found: H 3.06, C 30.16, N 2.69, 
Sb 23.39. 

NOSbC16. C6(CH3)6 
Equivalent quantities of NOSbC16 and hexamethylbenzene were 

dissolved in SO2 and the solvent slowly evaporated to give a nearly - - 
saturated solution at room temperature. Upon cooling crystals sep&- 
ated. The solution was decanted from the crystalline material, which is 
not sensitive to atmospheric moisture. 

Magnetic resonance spectra were obtained on a Bruker AM 400 
spectrometer at a magnetic field strength corresponding to 400 MHz for 
protons. Carbon and proton chemical shifts are reported with respect 
to tetramethylsilane, although neopentane was used as an internal 
reference since it is inert with respect to the compounds studied. A 
correction of 0.92 ppm was applied for protons and 31.4 ppm for 13C. 
Fluorine resonance shifts are reported with respect to internal CFC13. 

Visible spectra were obtained on a Carey 210 Spectrometer. Samples 
for conductivity measurements were prepared as pressed pellets in 
the same manner as, and using a die for, KBr infrared pellets. The 
resistance was measured between the parallel, adjustable plates of a 
General Radio type 1690A dielectric sample holder with a General 
Radio type 1673 A automatic capacitance bridge operating at 1 kHz. 

X-ray reflections were measured with Mo Kal  monochromatized 
radiation, (A = 0.70932 A) using a Picker diffractometer with the 
8/28 scan technique and profile analysis (19). Reflections were con- 
sidered significant with I,,, > 2.5u(Ine,). The intensity data for 
NOAsF6.hexamethylbenzene and NOSbC16.2toluene were collected 
at low temperature (1 15 K) in an attempt to minimize the effects of the 
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TABLE 1. Parameters from X-ray structural characterization 

NOAsF; hexamethylbenzene 
Compound x = 6  NOSbCls4 hexamethylbenzene NOSbC16. 2toluene 

Crystal type Monoclinic Orthorhombic Orthorhombic 
Space group C2/c Pbcm Pnma 

20k 
50" 55" 60" 

12.858(3) 8.2357(5) 2 A 
11.242(1) 

17.605(3) 19.466 (2) 15.961(2) 
c, A 13.297(3) 12.406 (1) 11.521(1) 
P 9 deg 101.07 (2) - - 
Z 8 4 4 
D, calcd (Mg m-3) 1.71 1.76 1.76 
Crystal dimensions (mm) 0.25 X 0.25 X 0.3 0.25 x 0.3 x 0.15 0.2 X 0.2 X 0.2 
Unique reflections 2639 2382 3128 
Significant reflections 1711 1488 1793 
CL (111111-l) 2.35 2.21 2.13 
Rf all data 0.128 0.092 0.167 
Rf significant data 0.077 0.049 0.083 
R, all data 0.062 0.039 0.069 
R, significant data 0.062 0.039 0.069 

NO and AsF6 disorder. This was only partially successful and the 
accuracy of all these structures suffers because of disorder. Lorentz and 
polarization factors were applied but absorption corrections were 
not applied. X-ray structural data for NOAsF6.hexamethylbenzene, 
NOSbC16.hexamethylbe~ne and NOSbC16.2toluene are listed in Table 
1. The structures of NOAsF6 hexamethylbenzene and NOSbC16. hexa- 
methylbenzene were solved by MULTAN (20) and refined by full- 
matrix least squares. The structure of NOSbC16.2toluene was solved 
by Patterson and heavy-atom techniques. Attempts to locate H-atoms 
from difference maps were not successful and positions for H-atoms on 
the ring were calculated. All calculations were performed with the 
NRC VAX system of programs (21). Scattering factors were taken 
from the International tables for X-ray crystallography (22). The 
final atomic positional parameters and mean temperature factors are 
given in Table 2 and the anisotropic temperature factors and structure 
factors are deposited as supplementary rnateriaL5 The structure of 
NOSbcl6-he~amethylben~ene has previously been reported in preli- 
minary form, (1). Bond lengths and angles are reported in Table 3. 

The structure of NOAsFx.hexamethy1benzene consists of four 
entities f (AsF6), ~(AsF,; X 6), NO, and C6(CH3)s. For AsF6, the AS 
atom is coordinated to six F atoms (three of them are equivalent atoms 
generated with a crystallographic two-fold rotation axis) to form an 
octahedron. The maximum deviation from an ideal octahedral angle is 
0.9" and the As-F distances are 1.709(6) to 1.724(7) A. For the 
disordered AsF,, the As atom is coordinated to twelve partially 
occupied F atoms (six of them are equivalent atoms generated by a 
crystallographic center of symmetry) to form two distorted octahedra 
(one is As2 with F4, F5, F6, and theirequivalents, the other is As2, F7, 
F8, F9, and their equivalents). The occupancy factors of the six F atoms 
are0.59,0.82,0.51,0.23,0.41,and0.33,withasumof2.89~2= 
5.78. The thermal parameters in this, and in the toluene adduct, have an 
unusual distribution. In particular the Bi,, value of F5 is very high 
(9.7 A') but this is probably an artifact of the refinement which has also 
given the highest occupancy to F5 (0.82). In our experience it is a 
mistake to attempt to explain such deviations when there is a high 
degree of disorder. The maximum deviation from an ideal octahedral 
angle is 6". The As-F distances are 1.62(2) to 1.76(2) A. The N-0 
distance is 1.13(2) A. The aromatic C-C distances are 1.41(2) to 
1.45(2) A and the aromatic C-C methyl distances are 1.48(2) to 
1.53(3) A. The C-C-C angles are 119(1) to 122(1)". The distances 
from the lane of the ring to the N atom and the 0 atom are 2.07(2) and 
2.81 (2) 1 respectively. 

5Complete set of data may be purchased from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA OS2. 

The molecule NOSbcl6.2t0l~ene contains a mirror plane. The 
atoms Sb, N, 0 ,  C11, C12, C13, and C14 are situated on the plane with 
a toluene ring on either side of it. The shortest contact between the NO 
group and the aromatic ring is 2.41(3) A. 

For all three of these adducts, because of the structural disorder, it is 
not possible to unambiguously assign the nitrogen and oxygen atoms as 
shown. Reversing their relative positions causes an insignificant 
change in the agreement indices. The present assignment is preferred 
since it agrees with theoretical calculations (23). 

Results and discussion 
The typical deep red-brown colour associated with this 

family of charge transfer complexes is observed when NOPF6 is 
brought into solution in sulfur dioxide by benzene and methyl- 
substituted benzenes. The fluorine resonance results of Table 4 
show that complex formation has occurred. From the relative 
intensities of the signals from PF6- and the CFC13 reference it 
was found that complex formation was incomplete with NOPF6 
and benzene but essentially complete with the methyl-substi- 
tuted benzenes. Proton and carbon resonance shifts and uv 
maxima are listed in Table 5. There is no reaction between PCIS 
and NOC1. PF3 reacts with both NOF and NOCl to give POF3. 

The reddish-brown colour associated with this family of 
charge transfer complexes is observed in the ternary systems 
NOC1-AsC13 and mesitylene or hexamethylbenzene. Since the 
extent of association could not be readily established the 
systems were not studied further. NOAsF6 and hexamethylben- 
zene form a stable charge-transfer complex. From the fluorine 
magnetic resonance results in SO2 solution, listed in Table 4, 
there appears to be little effect of complexation upon As&-. 
Other spectral parameters for NOAsF6 hexamethylbenzene are 
listed in Table 5. Pertinent structural features of the solid 
complex are listed in Tables 2 and 6. The unit cell contains two 
formula units of which one has the ASF6- in a disordered 
fashion. This is shown in Fig. 1, with the second NO and 
hexamethylbenzene units deleted for clarity. AsF3 does not 
appear to complex with either NOCl nor NOF. 

Spectral parameters for many complexes of NOSbC16 with 
aromatic compounds are listed in Table 5. The magnetic 
resonance and uv values are similar to those found for the 
corresponding compounds of the Group IlI and IV chlorides and 
fluorides (2). It was not possible to obtain the extinction 
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TABLE 2. Final atomic positional parameters and mean temperature 
factors 

Atom Xa Y Z &sob 

NoSbC16. hexamethy lbenzene 
0.36638( 9) 0.38528( 4) 1/4 
0.6448 ( 4) 0.35525(17) 1/4 
0.0894 ( 4) 0.41512(15) 1/4 
0.3183 ( 3) 0.30241(11) 0.11645(18) 
0.4163 ( 3) 0.46735(10) 0.11605(16) 
0.9676 (1 1) 0.5907 ( 4) 0.1953 ( 7) 
1.1029 (14) 0.6132 ( 5) 0.1398 ( 6) 
1.2450 (11) 0.6364 ( 3) 0.1928 ( 7) 
0.8196 (12) 0.5654 ( 6) 0.1344 (11) 
1.1093 (19) 0.6147 ( 6) 0.0145 ( 7) 
1.3962 (13) 0.6618 ( 5) 0.1301 (10) 
0.0434 (17) 0.7137 ( 7) 1/4 
0.0475 (20) 0.7605 ( 7) 0.1686 (15) 

NOSbC16 2toluene 
Sb 0.43378( 9) 1/4 0.501 1 l(16) 
Cll 0.5775 ( 6) 1/4 0.3556 ( 5) 
C12 0.2847 ( 6) 1/4 0.3492 ( 5) 
C13 0.5865 ( 6) 1/4 0.6471 ( 5) 
C14 0.2820 ( 6) 1/4 0.6370 ( 5) 
Cl5 0.4349 ( 3) 0.10256(15) 0.5065 ( 5) 
Cl 0.3511 (10) 0.4378 ( 7) 0.1042 (11) 
C2 0.4755 (12) 0.4255 ( 8) 0.1163 (13) 
C3 0.521 ( 3) 0.3872 (11) 0.0379 (19) 
C4 0.5072(22) 0.3649(12) -0.0679(19) 
C5 0.3698 (13) 0.3732 ( 7) -0.0873 (12) 
C6 0.3023 ( 9) 0.4105 ( 7) 0.0136 (14) 
C7 0.2751(12) 0.4764(7) 0.2092(15) 
0 0.3595 (13) 1/4 0.1057 
N 0.4635 (18) 1/4 0.1057 
H2 0.517 0.451 0.188 
H3 0.624 0.368 0.046 
H4 0.546 0.352 -0.142 
H5 0.328 0.349 -0.161 
H6 0.212 0.415 -0.007 

NOAsF6. hexamethylbenzene 
As 1 0 0.68359(11) 1/4 
As2 0 1 0 
F1 -0.0447 ( 6) 0.6156 ( 4) 0.1603 ( 5) 
F2 0.1206 ( 5) 0.6837 ( 5) 0.2119 ( 5) 
F3 -0.0468(7) 0.7524(4) 0.1605(5) 
F4 -0.0297 (11) 1.0944 ( 7) -0.0143 ( 9) 
F5 0.0754 (12) 1.0117 ( 9) -0.0838 (11) 
F6 -0.11 16 (19) 0.9795 ( 9) -0.0854 (14) 
F7 0.055 ( 4) 1.0814 (24) -0.036 ( 3) 
F8 -0.0467 (22) 0.9751 (11) -0.1220 (17) 
F9 -0.116 ( 3) 1.0551 (20) -0.0150 (23) 
C1 0.3330 (10) 0.8500 ( 7) 0.3235 (10) 
C2 0.3404 (10) 0.9048 ( 8) 0.2434 (11) 
C3 0.3643 (10) 0.8797 ( 8) 0.1479 (10) 
C4 0.3723 (10) 0.8008 ( 7) 0.1284 ( 9) 
CS 0.3580 (10) 0.7467 ( 7) 0.2072 (10) 
C6 0.3405 (10) 0.7706 ( 7) 0.3037 (10) 
C7 0.3101 (11) 0.8779 ( 7) 0.4263 ( 9) 
C8 0.3242 (1 1) 0.9878 ( 7) 0.2643 (10) 
C9 0.3775 (11) 0.9373 ( 8) 0.0658 (10) 
ClO 0.3928 (10) 0.7761 ( 7) 0.0273 ( 9) 
C l l  0.3598 (10) 0.6623 ( 6) 0.1831 (10) 
C12 0.3274 (11) 0.7132 ( 7) 0.3880 ( 9) 
0 0.1140(7) 0.8766(6) 0.2253(8) 
N 0.1821 ( 9) 0.8462 ( 6) 0.2006 ( 8) 

'The estimated standard deviations refer to the last digit printe 
bBi,, is the mean of the principal axes of the thermal ellipsoid. 

coefficient for the charge transfer band of the benzene complex 
since it appears as a shoulder on a more intense, shorter 
wavelength signal. It was also not possible to isolate a stable 
solid benzene adduct. 

The stoichiometry of the toluene complex in solution is not 
established. With 2 equiv. of toluene for each NOSbC16 the 
proton chemical shifts are approximately intermediate between 
those for a 1:l solution and for toluene itself. The extinction 
coefficient has been calculated on the basis of 1:l and 2:l 
complexes. In the solid, however, both elemental analysis and 
the crystal structure, which will be discussed in conjunction 
with those of the hexamethylbenzene adducts, indicate a 2:l 
complex. 

A solid adduct of 1:l stoichiometry was isolated with 
t-bu-benzene. From the change in uv absorption with change 
in concentration an equilibrium constant of 1.2 x lo4 was 
calculated for adduct formation. From the proton magnetic 
resonance spectrum as a function of concentration the solution 
stoichiometry was determined to be 1:l for the p-xylene 
complex. The equilibrium constant for formation of this 
complex was calculated as 1.0 X lo4 from the concentration 
dependence of the uv absorption. 

The hexamethylbenzene adducts of NOAsF6 and NOSbC16, 
and the toluene adduct of NOSbC16, whose crystal structures 
have been determined, have the parameters listed in Tables 2 
and 6. It is immediately apparent that the N-0 bond length for 
NOSbC16. hexamethylbenzene is much longer than for the other 
two complexes. It is also much longer than those found for 
NOAlCl, at 0.997 A (25), NO at 1.15 A (26), and NOCl at 
1.14 A (27). For NOSbC16. hexamethylbenzene the nitrogen is 
placed nearly symmetrically at an average separation of only 
2.04A from the six ring carbons of hexamethylbenzene. The 
NO moiety is disordered with the oxygen appearing at either of 
two positions. Three of the SbC16- chlorines are 3.9 A from an 
edge of the aromatic ring. There is no obvious regular stacking 
of units involving the aromatic rings but the closest description 
of long range order would be planes of aromatic rings 
alternating with planes of N-0 groups with the SbC16- units in 
the same plane as the aromatic rings, but offset from the NO 
groups. At 45" to these planes are bands of SbC16- units 
alternating with bands containing the NO groups and the 
hexamethylbenzene moieties. The structure is illustrated in 
Fig. 2. 

Packing in the toluene complex is not the same as for 
hexamethylbenzene because of the different stoichiometry. 
There are planes of toluene units alternating with planes of 
SbC16- units and bands of toluene and NO+ species. The 
structure is shown in Fig. 3. There is considerable disorder in 
the orientation of the NO moiety which could not be fitted by 
reasonable models to improve the refinement of the structure. 
Therefore the NO bond length and the C-C bond lengths and 
angles are less precise than determined by the least-squares 
analysis. There do not appear to be simple planes of the various 
constituent units in the NOAsF6.hexamathylbenzene complex. 

The hexamethylbenzene adducts of NOAsF6, NOSbC16, and 
NOSbF6 are exceptional in that their reactivity towards moisture 
is sufficently slight that they may be manipulated in air with- 
out decomposition. The infrared spectrum of NOSbC16-hexa- 
methylbenzene in a KBr pellet has a strong absorption at 
1849 cm- ' assigned to the NO stretching mode and no signals at 
higher frequencies until those assigned to C-H stretching 
modes at 2920 and 2990 cm-'. This NO absorption is at 
considerably lower energy than that found for NOSbCI6 at 
2189 cm-' and for NOAlC14 at 2242 cm- ' (3), but in the region 
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TABLE 3. Bond lengths and angles 
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TABLE 3. (concluded) 

Bond Length (A) Bonds" Angle (deg) Bond Length (A) Bonds" Angle (deg) 

Sb-Cll 
Sb-C12 
Sb-Cl3 
Sb-Cl4 

N-0 
Cl-Cl' 
C 1 -C2 
Cl-C7 
C2-C3 
C2-C8 

Sb-Cll 
Sb-C12 
Sb-C13 
Sb-C14 
Sb-CIS 

CIl -Sb-C12 
Cll-Sb-C13 
Cll-Sb-C14 
C12-Sb-C13 
C12-Sb-C14 
C13-Sb-C13' 
C13-Sb-C14 
C13-Sb-C14' 
C14-Sb-C14' 
0-N-0' 
C2-C 1-C 1 ' 
C7-Cl-C1' 
C2-C 1 -C7 
C1 -C2-C3 
C 1 -C2-C8 
C3-C2-C8 
C2-C3-C3' 
C2-C3-C9 
C9-C3-C3' 

NOSbC16.2toluene 
2.328( 7) Cll-Sb-C12 
2.423( 6) Cll -Sb-C13 
2.404( 6) Cll-Sb-Cl4 
2.316( 6) C11 -Sb-CIS 
2.354( 2) x 2 C12-Sb-C13 

C12-Sb-C14 
C12-Sb-C15 
C13-Sb-C14 
C13-Sb-C15 
C14-Sb-C15 
CIS-Sb-CIS' 

1.17 ( 2) 
1.419(18) C2-C 1-C6 
1.257(19) C2-C1 -C7 
1.604(19) C6-C1-C7 
1.20 ( 3) C1-C2-C3 
1.28 ( 3) C2-C3-C4 
1.57 ( 3) C3-C4-C5 
1.510( 2) C4-C5-C6 

NOAsF6. hexamethylbenzene 
1.709( 6) x 2 F1-Asl-F1" 
1.721( 7) X 2 F1-Asl-F2 
1.724( 7) x 2 F1-Asl-F2' 

F1 -AS 1 -F3 
F1-Asl-F3' 
F2-As 1 -F2' 
F2-As1 -F3 
F2-As1 -Fel 
F3-Asl-F3' 

1.707(12) x 2 
1.625(15) X 2 
1.689(18) X 2 
1.71 ( 4) x 2 
1.676(20) X 2 
1.76 ( 3) X 2 
1.128(15) 
1.454(19) C2-C1-C6 
1.428(18) C2-C 1 -C7 
1.533(18) C6-C 1 -C7 

C 1-C2-C3 
1.434(20) Cl-C2-C8 
1.509(18) C3-C2-C8 

C2-C3-C4 

"Primed atoms are at x ,  y, f - z. 
bPrimed atoms are at x ,  f - y, z. 
'Primed atoms are at I - x ,  y ,  f - z. 

TABLE 4. Fluorine resonance parameters for some group V fluorides 
and their complexes 

Sample" 6 19F JM-F 

P F . ~ ~  
N % P F ~ ~  
NOPF6. hexamethylbenzene 
AsF5 

NOAsF6 
NOAsF6. hexamethylbenzene 
AsF3 
SbF5 

NOSbF6. hexamethylbenzene 

-65.4 
-71.0 
-66.9 
-41.6 
-63.6 
-57.1 
-58.9 
-42.3 
-67 axial 
-96 equatorial 
- 115.9 

"In SO2 solution. 
bReference 24. 

FIG. 1. The structure of NOAsF6-hexamethylbenzene. 
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BROWNSTEIN ET AL. 

TABLE 5. Magnetic resonance and optical parameters for NOMX6-aromatic complexes 

6 ' ~  613C 

Compound CH3 H CH3 C-aromatic A,, A E 

2750 shoulder 

TABLE 6. Bond lengths, stretching frequencies, and resistivities for some NOMX6-aromatic complexes 

Length, A 
Resistivity 

Compound v ~ o ,  cm-' N-0 Aromatic-N Aromatic-0 ohm cm 

NOAsF6-hexamethylbenzene - 1.13 2.07 2.81 7.3 X lo6 
NOSbC16-hexamethylbenzene 1849 1.43 2.04 2.85 4.3 x lo2 
NOSbC16-2 toluene - 1.17 2.49 2.67 - 
NOSbF6-hexamethylbenzene 1850 3 

FIG. 2. The structure of NOSbC16-hexamethylbenzene. 
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FIG. 3. The structure of NOSbC16-2toluene. 

FIG. 4. The fluorine resonance spectrum of NOSbF6-hexamethyl-benzene in SO2 solution. 

of co-ordinated nitrosyl groups. There was no strong ir signal 
from the NO group in NOAsF6.hexamethylbenzene. The 
extreme moisture sensitivity of the toluene complex prevented 
measurement of its conductivity and infrared spectrum. 

The conductivity of a crystalline sample of the NOSbC16 hexa- 
methylbenzene adduct was found to be 4.2 X ohm-' cm-' 
and it had a weakesr signal with g = 2.008 (1). A second, purer, 
sample had conductivity of 2.3 X ohm-' cm-' and no esr 
signal. NOSbC16 and polystyrene also form a complex which is 
stable in air. Its conductivity as a pressed pellet was found to be 
1.9 X ohm-' cm-' and as a film cast from methylene 
chloride 1.6 X lop2 ohm-' cm-'. Many other species reacted 
with NOSbCI6 to initially yield colours similar to those of the 
already described charge transfer complexes followed rapidly 
by a further reaction, presumably chlorination. With anthracene 
as aromatic compound, 9,lO-dichloroanthracene was isolated 
in 70% yield after hydrolysis of the reaction mixture. From 
N,N-dimethylaniline the para chloro product was identified by 
proton resonance spectrosco y . i' The chemical shift of the ' 'Sb resonance was not sensitive to 
complex formation but the line width decreased from extremely 
broad for SbC15 dissolved in SO2 to 1 280 Hz for NOSbC16, to 
610 Hz for the benzene complex and 370 Hz for the toluene 
complex. 

Although SOC12 and SbC15 form a' 1: 1 complex (10) there is 
no evidence for a ternary charge-transfer complex with aromatic : 

hydrocarbons. There is rapid chlorination of benzene by 
SOC12-SbC15 with gas evolution. A mass spectrum of the 
product is interpreted as mixture containing up to four chlorine i 

atoms per molecule. The proton and carbon resonance spectra of 
a solution of SOC12, SbC15, and hexamethylbenzene in SO2 are 
the same as those for SbC15 and hexamethylbenzene without 
SOC1,. Presumably complex formation of SbC1, with hexa- 
methylbezene is stronger than with SOC12. Chlorination was 
also observed with ICI2SbCl6. 

The crystal structure of the 1: 1 complex of POC13 and SbC15 
has been determined (11). It was verified by 3 1 ~  resonance : 

spectroscopy that complex formation also occurs in methylene 
" 

chloride solution. Upon addition of 1 equiv. of hexamethyl- 
benzene the 3 1 ~  signal of free POC13 appears as well as the 
proton and carbon resonance signals of the SbC15 hexamethyl- 
benzene complex. It is therefore more likely that complex 
formation between SbC1, and hexamethylbenzene is higher than 
that between SbC15 and POC13 or apossible ternary complex, as 
was also observed with SOCI,. 

The reaction of NOCl and SbC13 yields NOSbC16. The only 
product isolated from the reaction of NO, SbC13, and hexa- : 
methylbenzene was NOSbC16-hexamethylbenzene. There was 
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BROWNSTEIN ET AL. 1667 

no evidence from phosphorous resonance spectroscopy for 
complex formation between POC13 and SbC13 in CH2C12 
solution, nor for formation of a ternary complex with hexa- 
methylbenzene. Therefore among the systems studied with 
antimony chlorides, NOSbC16 is unique in the formation of 
charge-transfer complexes with aromatic compounds. 

Fluorine resonance results for some antimony-fluorine 
species and for NOSbF6. hexamethylbenzene are listed in Table 
2. SbF5 co-ordinates strongly with the SOz solvent to give axial 
and equatorial fluorine ligands (28). The chemical shifts and 
observable fluorine spin coupling in this system are strongly 
temperature- and concentration-dependant, the present results 
being for concentrated room temperature solutions. It was not 
previously possible to measure the antimony-fluorine spin 
coupling of SbF6- from the fluorine resonance spectrum of 
the ion due to rapid quadrupolar relaxation. An estimate of 
J 1 9 ~ - 1 2 1 ~ ~  of 1 840 HZ for aqueous KSbF6 was found from the 
lZ1Sb spectrum (29). Figure 4 presents the fluorine resonance 
spectrum of NOSbF6.hexamethylbenzene in SO2 solution. 
Both the 19F-12'Sb and l9~- lZ3sb  spin couplings are clearly 
visible with a ratio of 1.86 which agrees with that of the 
gyromagnetic ratios (1.85). The spectral pattern is characteristic 
of coupling to a quadrupolar nucleus with the outer lines 
narrower and more intense (30). There is a broad impurity peak 
under the low field part of the pattern. 

Ultraviolet and magnetic resonance parameters for the 
NOSbF6. hexamethylbenzene complex are listed in Table 5, and 
the infrared and conductivity results are listed in Table 6. The 
high conductivity of this compound is noteworthy and might 
possibly lead to interesting applications (31). There appears 
to be a correlation of long N-0 bond length, low N-0 
stretching frequency and high conductivity for the compounds 
listed in Table 6. It is possible that the conduction mechanism 
involves the unusually weakly bonded NO group and the .rr 
electrons of the nearby aromatic rings. 

The characteristic colour of these charge transfer complexes 
is also found in the system SbF5, NOC1, and hexamethylben- 
zene. The fluorine resonance spectrum shows the characteristic 
signal of the NOSbF6.hexamethylbenzene species and other 
unassigned signals. Disproportionation amongst fluorine and 
chlorine containing antimony species probably occurs to give a 
mixture of products. The reaction of SbF3, NOF, and hexa- 
methylbenzene also gives NOSbF6.hexamethylbenzene. 

The fluorine-containing nitrosyl salts give stronger com- 
plexes than those containing chlorine as was also found for the 
Groups 111 and IV elements (2). Thus NOPF6 gives complexes, 
but NOPC16 does not exist. NOAsF6 gives a complex stable to 
dissociation while there is significant dissociation with the 
complex of NOAsC14. The conductivity of the NOSbF6 hexa- 
methylbenzene complex is much greater than that for the 
NOSbC16 complex suggesting stronger complex formation. The 
strength of complex formation appears to increase as one goes 
down the periodic table as with the Group IV elements (2). Thus 
there are no nitrosyl chloride complexes of phosphorus, 

partially dissociated ones with arsenic and strong ones with 
antimony. 
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The structure and resonance Raman spectra - structure correlations 
for methyloxycarbonyl-L-phenylalanyl-L-alanine ethyl dithioester' 
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K. I. VARUGHESE, R. H. ANGUS, P. R. CAREY, H. LEE, and A. C. STORER. Can. J. Chem. 64, 1668 (1986). 
The structure of methyloxycarbonyl-L-phenylalanyl-L-alanine ethyl dithioester has been determined by X-ray crystallographic 

analysis. TheN-C-C-S(thio1) and C-N-C-C(S) torsional angles are 141(1)" and -69(2)", respectively. Consequently, 
the N and thiono (C=S) sulfur atoms are in close contact and the N...S(thiono) distance is 3.078(5) A. The structure is a 
perturbed A conformer, which we desknate A', by analogy to a previously characterised A conformer (Huber et al . ,  
Biochemistry, 21, 3109 (1982)). The @, angles for the Phe residue are -87(2) and 151(2)", respectively. A Raman 
spectroscopic study of a single crystal of the LL form and a resonance Rarnan (RR) spectroscopic study of powdered 
methyloxycarbonyl-L-phenylalanyl-DL-alanine ethyl dithioester establish the RR signature of the dithio moiety for the compound 
in the A' form. The RR spectrum of the dithioester in CC14 defines the RR signature for the C5 form in solution, while the RR 
spectrum from a solution in H20/CH3CN provides information on the signatures of the A and B conformers. As for the case of 
N-benzoyl-DL-alanine dithioester, the A and C5 signatures of the title compound closely resemble those for glycine-based 
dithioesters but the key marker bands for the B conformer are shifted by =30 cm-' to lower frequency compared to those for a 
glycine dithioester. 

K. I. VARUGHESE, R. H. ANGUS, P. R. CAREY, H. LEE, and A. C. STORER. Can. J. Chem. 64, 1668 (1986). 
Faisant appel h la diffraction des rayons-X, on a determink la structure du dithioester Cthylique de la mCthyloxycarbony1 

L-phCnylalany1 L-alanjne. Les angles de torsion N-C-C-S(thio1) et C-N-C-C(S) sont respectivement 141(1) et 
-69(2)". En conskquence, les atomes d'azote et de soufre du thione (C=S) sont tres prks les uns des autres et la distance 
N-..S(thiono) est Cgale a 3,078(5) A. La structure est un conformere A dCformC que l'on a appelC A' par analog& a v E  un 
conformere A caractCris6 antkrieurement (Huber et collaborateurs, Biochemistry, 21, 3109 (1982)). Les angles @ et du 
groupement Phe sont respectivement -87(2)" et 151(2)". Une Ctude par spectroscopie Raman d'un cristal unique de la forme 
LL et une Ctude par spectroscopie de rksonance Raman (RR) du dithioester Cthylique de la mtthyloxycarbonyl L-phtnylalanyl 
DL-alanine a permis de dCtenniner la signature RR de la portion dithio du composCdans sa forme A'. Le spectre RR du dithioester 
en solution dans le C C 4  dCfinit la signature RR de la form C5 en solution alors que le spectre RR du m&me composC en solution 
dans H20/CH3CN foumit de I'information sur les signatures des conformeres A et B. Cornme ce fut le cas avec le dithioester de 
la N-benzoyl DL-alanine, les signatures A et C5 du composC mentionnC dans le titre ressemblent beaucoup a celles des dithioesters 
des dCrivCs de la glycine; toutefois, par comparaison avec les bandes d'un dithioester de la glycine, les bandes principales du 
conformhe B sont dCplacCs par environ 30 cm-' vers les frauences plus basses. 

[Traduit par la revue] 

Introduction 
The reaction of amino acid or multipeptide thionoesters, 

RC(=O)NHCHR'C(=S)OCH3, with a cysteine proteinase 
such as papain generates a transient dithioacyl-enzyme inter- 
mediate RC(=O)NHCHRIC(=S)S-papain, where the sub- 
strate is linked to the enzyme by the thiol sulfur of cysteine 
25 (1, 2). The dithioester moiety has an intense electronic 
absorption band near 315 nm which provides the opportunity to 
obtain the resonance Raman (RR) spectrum of the dithioester 
group and the adjacent bonds (1,2). By this means it is possible 
to monitor the vibrational spectrum of the group undergoing 
transformation in the active site and arrive at a detailed 
description of conformational events during enzymolysis. 

Interpretation of the RR spectra of the enzyme-substrate 
intermediates has been greatly facilitated by joint Raman and 
X-ray crystallographic studies on model compounds of the type 
RC(=O)NHCHR1C(=S)SC2H5, 'which have led to a set of 
precise spectra-structure correlations. It has also been neces- 
sary to undertake an analysis of the conformational properties 
of these dithioesters in solution by Raman, RR, and FTIR 
spectroscopy (3, 4). Taking the crystallographic and spectro- 
scopic results together, the findings are that in non-hydrogen 
bonding solvents such as CC14, glycine-based dithioesters exist 
in a major populational state known as C5 (1) in which the 

'NRC No. 25723. 
2 ~ o  whom all correspondence should be addressed. 

N-H forms a hydrogen bond to the thiono sulfur and the 
resultant five-membered ring is essentially planar (Fig. 1). 
There is a minor population of a state known as conformer B (1) 
in CC14 and this is the predominant form in H-bonding solvents 
such as H20. The B-form is also shown in Fig. 1 and has the N 
atom cis to the thiol sulfur as a consequence of a N-.-S(thio1) 
interaction. This form is essentially unique to dithio- and 
thiol-esters (5) and is of importance for the dithioacyl-enzymes 
with glycine in the PI position (which is the substrate amino acid 
linked to cysteine 25) since it is the sole conformational state in 
native RC(=O)NHCH2C(=S)S-papains (6) and other plant 
cysteine proteinases (7). Returning to the model compounds, 
there is another conformational state found in hydrogen bonding 
solvents. This is the A form shown in Fig. 1; it is converted to 
the C5 conformer by a 90" rotation about the NH-CH2 bond 
and the N-H group participates in H-bonding to solvent rather 
than bonding intramolecularly to the thiono sulfur. Conformers 
A, B, and C5 have separate and characteristic RR spectra which 
we refer to as RR signatures. 

Initial studies on dithioacyl enzymes and their corresponding 
dithioester model compounds focused on species having glycine 
next to the dithio group. Since glycine is a rather atypical amino 
acid and since papain shows marked variations in reactivity with 
different amino acids in the P, position we have begun to extend 
our analysis to other amino acids. Firstly, we are investigating 
the conformational and RR spectral properties of dithioesters 
based on alanine. A recent study (8) demonstrated that 
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3ESE ET AL. 1669 

FIG. 1. Conformers B, A, and Cs. The molecules shown are 
glycine derivatives; it is believed that alanine-based dithioesters have 
similar conformational preferences. Structures A and B are reproduced 
from ref. 16 with permission. 

N-benzoylalanine ethyl dithioester crystallised as a B-like 
conformer and defined the RR signatures of the B, A, and Cs 
conformers for this molecule. The present work extends the 
analysis of alanine compounds to methyloxycarbonyl-L-phenyl- 
alanyl-L-alanine ethyl dithioester whose thionoester analog 
(-C(=S)OCH3) is a particularly good substrate for papain 
(unpublished work, this laboratory). The LL form of the 
dithioester crystallised in a novel, perturbed A-like conforma- 
tional state. It is the first reported structure of a dithioester based 
on a dipeptide and provides a useful addition to the catalogue of 
structure - RR spectra correlations. 

Experimental 
Materials 

N-Methyloxycarbonylphenylalanyl-DL-alanine ethyl dithioester was 
prepared from its nitrile using a procedure previously described (9). 
The nitrile was produced by first, preparing the a-aminopropionitrile 
(0.0 1 equiv .) in situ (8), treating the a-aminopropionitrile mixture with 
N-methylmorpholine (0.01 equiv.) and then slowly adding it dropwise 
through a constant addition funnel into a cooled (- 15"C, ice-salt) 
reaction mixture of methyloxycarbonylphenylalanine (0.01 equiv.), 
dissolved in CH2C12, previously treated with N-methylmorpholine 
and isobutyl chloroformate to produce the mixed anhydride of the 
N-protected amino acid (9). The reaction mixture was stirred for.l.5 h 
at - 15°C and then at RT overnight. The waterlorganic mixture was 
separated and the water layer extracted twice with CH2CI2. The organic 
extracts were combined, washed with 5% NaHC03, H20, 1 N HCl, 
H20, saturated NaCl solution and then dried over Na2S04. The 
CH2C12 was removed and the oily residue was triturated with ether 
producing a white precipitate which was filtered, washed with ether, 
and air dried. The yield was 70%. 

The purity of the N-methyloxycarbonylphenylalanyl-DL-alanine 
ethyl dithioester was checked by nmr and elemental analysis. 

Crystal data 

C16H22N203S2 fw = 354.49 
Tetragonal, 14 , ,  a = 15.198(3), c = 16.503(4) A, p, = 1.2354 gcm-3, 

h(CuKa) = 1.54178 A, p(CuKa) = 25.7 cm-'. Crystal dimensions 
0.1 x 0.2 x 0.5 mrn. 

Yellow crystals of N-methyloxycarbonyl-L-phenylalanyl-L-alanine 
ethyl dithioester were obtained by diffusing n-hexane into a solution of 
the DL compound in ether. The unit cell constants were measured using 
23 reflections in the 20 range 36 to 45'. 

The intensity data were measured using Ni-filtered CuKa radiation 
(Al = 1.5405 A, h2 = 1.5443 A) with a CAD4 diffractometer to a 20 
limit of 150°, by scanning w/20; Aw = 0.70 + 0.35 tan 0 (deg); 
aperture 4.0 + 0.4 tan 0 (mrn) and take off angle of 2.5". The intensities 
of the reflections were monitored using three standard reflections and 
there were no systematic changes in the intensities. An empirical 4 
absorption correction (10) was applied. The intensity data reduction 
and the application of absorption correction were carried out by a 
program written by K. I. Varughese and G .  Kartha (unpublished 
work). The ratio of the maximum to minimun transmissions was 1.28. 
Of the 2031 unique reflections measured 1746 had Fo h 2u(F) 
and were used in the least-squares refinements. The structure was 
solved using the computer program MULTAN 80 (1 1) and refined by 
the block-diagonal least-squares program. Hydrogens were located 
with the help of difference electron density maps and stereochemical 
criteria. None of the hydrogens bonded to C(l) were located, but all 
the remaining 19 hydrogens were included in the structure factor 
calculations and refinement. In the refinement, thermal vibrations of 
hydrogens were treated isotropically while nonhydrogens were treated 
anisotropically. The z-coordinate of the S(l)  was held fixed during the 
refinement. The refinement converged at an R (C. IAF I/X I FoI) of 
0.066. In the refinement weights were assigned from the counting 
statistics. The final weighted R was 0.075. The atomic scattering 
factors were taken from the International tables for X-ray crystal- 
lography (1 2). All crystallographic calculations otherwise noted were 
done with the NRC set of crystallographic programs (13). The final AF 
map was essentially featureless. The maximum peak and minimum 
trough in it were 0.5 and -0.4 eAP3, respectively. 

Spectral data 
The 647.1 nm excited Raman spectrum of methyloxycarbonyl-L- 

phenylalanyl-L-alanine ethyl dithioester was obtained using a Jarrell- 
Ash 25-400 spectrometer-based system (14); approximately 50 mW of 
laser power and a spectral slit width of 8 cm-' were used. The 324 nm 
excited RR spectra of methyloxycarbonyl-L-phenylalanyl-DL-alanine 
ethyl dithioester in a powdered form were obtained using a system 
equipped with a multichannel detector (15). The solid material was 
used to coat the inside of a spinning quartz nmr tube and examined 
in the backscattering geometry. RR spectra from the dithioester in 
solution were obtained from 1-2 mL of solution, stirred by a small 
magnetic "pip", and contained in a quartz cuvette. The solution 
samples were examined in the 90" excitation-observation geometry. 
For the RR spectra, approximately 70 mW of 324 nm Krf laser power 
was used and the spectral slit width of the spectrograph was set at 
12 cm-'. 

Results and discussion 

The crystal structure of methyloxycarbonyl-L-phenylalanyl-L- 
alanine ethyl dithioester 

Crystals were grown from a solution containing both the LD 

and LL forms but the crystals selected for X-ray crystallographic 
analysis were solely in the LL form. The positional and thermal 
parameters of non-hydrogen atoms in methyloxycarbonyl-L- 
phenylalanyl-L-alanine ethyl dithioester are given in Table 1. 
For the hydrogen atoms these parameters are available as 
supplementary material.3 The structure is depicted in Fig. 2. 

3~ab l e s  of observed and calculated structure factors, positional and 
thermal parameters of hydrogen atoms and anisotropic temperature 
factors of non-hydrogen atoms may be purchased from the Depository 
of Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA 0S2. 
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TABLE 1. Positional and thermal parameters of nonhydrogen atoms * addition to our knowledge of non-B conformers. The key 
N(l)C(4)-C(3)S(1) torsional angle (designated F' ) is 14 1.1( 14)" 

Atom x Y z Be, (standard deviations refer to the least significant digit) with the 
C(6)N(1)-C(4)C(3) angle ( a ' )  being -69.2(22)". These 

S(1) 90287(12) 21005(14) 46156 7.6 compare with the corresponding values for the conformer A of 
s(2) 96062(14) 39054(13) 49452(20) 
o(1) 11362( 2) 2483( 3) 3901( 2) 

8.7 N-@-nitrobenzoy1)glycine of - 17 1.7" ( F )  and - 86.2" ( a )  and 

o(2) 13806( 2) 2165( 2) 4612( 2) 
4'7 contrast to typical conformer B values of + 15" ( F ' )  and -80" 4.7 

O(3) 14158( 2) 2239( 2) 3289( 2) 4.7 ( q r ) .  Obviously the st, v r ,  values are more A-like than 

N(1) 11337( 3) 2891( 3) 5203( 2) 4.3 conformer B-like and we describe the present compound as an 
N(2) 13097( 3) 3091( 3) 3762( 2) 3.6 A' conformer. 
c(1) 7293( 5) 2190( 6) 4396( 7) 8.9 One interesting observation is that the N . S(thiono) distance 
C(2) 8046( 5) 2740( 7) 4349( 6) 9.3 is 3.078(5) a for the present compound compared to 3.043 A in 
c(3) 9737( 3) 2860( 4) 4965( 4) 4.9 the crystalline form of N-(p-nitrobenzg1)glycine ethyl dithio- 
C(4) 10530( 4) 2426( 4) 5384( 3) 4.8 ester. As the absolute values of the q' angles differ by 32" 
c(5) 10370( 5) 2419( 6) 6290( 4) 8.0 a larger difference in N...S distances might be expected. 
c(6) 11702( 3) 2890( 3) 
c(7) 12518( 3) 3443( 3) 

4464r3) 3.6 However, in the present PheAla dithioester compared to the 
4376( 3) 

c(8) 13688( 3) 2479( 3) 3941( 3) 
3.4 p-nitrobenzoylglycine structure the N(1)-C(4)-C(3) and 3.5 

c(9) 14842( 5) 1622( 5) 3415( 5) 6.8 C(4)-C(3)-S(2) angles are contracted by 3.6 and 2.3", 

c(10) 12281( 4) 4399( 4) 4163( 3) 4.5 respectively. The N...S(thiono) distances are shorter than the 
c(11) 13039( 4) 5010( 3) 4232( 4) 4.5 sum of the van der Waals radii for N and S (3.35 a )  in both 
c(12) 13457( 5) 5342( 4) 3572( 4) 6.2 compounds, suggesting that an attractive N . . . S interaction 
(313) 14203( 6) 5871( 5) 3655( 5) 7.3 exists and the contraction of the N(1)-C(4)-C(3) and 
(314) 14497( 5) 6069( 4) 4405( 5) 7.4 C(4)-C(3)-S(2) angles in the present PheAla analog gives 
C(15) 14097( 5) 5763( 5) 5073( 5) 6.8 some support to this idea. Since there is a paucity of data 
c(16) 13358( 4) 5248( 4) 4992( 4) 5.5 concerning sulfur to nitrogen interactions for C=S groups, 

*B,  is calculated as (8n2/3)(Ull + VZZ + U33). The coordinates are compared to sulfur nitrogen interactions involving sulfur in a 
multiplied by lo5 for sulfur atoms and by lo4 for the rest. X-S-Y bonding scheme (17, 18), further structures with 

C=S.-.N contacts are needed to develop stereochemical 
criteria for the interaction and to confirm that it does indeed 

FIG. 2. The thermal elipsoid plot of methyloxycarbonyl-L-pheny- 
lalanyl-L-alanine ethyl dithioester. 

Some relevant torsional angles are given in Table 2 and bond 
distances and bond angles are given in Fig. 3. 

Since the RR spectrum is a sensitive probe of conformation in 
the -C(=O)NHCH(CH3)C(=S)SC2H5 fragment, emphasis 
is given to the conformational properties of this part of the mole- 
cule. For the nine glycine- and alanine-based dithioesters ana- 
lysed thus far eight structures have been found to occur as the so- 
called conformer B ,  in which the C(=O)NHCHRC(=S)SC2H5 
nitrogen and thiol sulfur atoms are essentially cis, i.e. the 
NHCHR-CS torsional angle is small, between + 10 and -20" 
(Fig. 1). Only one structure, N-@-nitrobenzoy1)glycine ethyl 
dithioester, has been found where the N and thiol S atoms are 
trans, with the NHCH2-CS(thio1) torsional angle equal to 
- 172" (16); this structure we call conformer A (Fig. 1). 
Therefore, the present structure (Fig. 2) makes a valuable 

exist. --  
For the phenylalanine residue the Ramachandran ( a ,  9 )  values 

are - 87.0(20) and 150.9(16)", respectively. The x (N(2)- 
C(7)-C(10)-C(l1)) and x2 (C(7)-C(1O)-C(11)-C(12)) 
torsional angles are - 68.6(19) and 106.1(2 I)", respectively. At 
the dithioester end of the molecule, the -SC2H5 group takes up 
a fairly extended configuration with C(1)-C(2)-S(1)-C(3) 
equal to - 153.9(18)", a wide range of values have been 
determined for this parameter (8) and the values are probably 
determined by crystal packing forces. The bonds meeting 
at C(3) and C(6) are planar and there is no evidence for 
pyramidalisation at either atom. There are two intermolecular 
hydrogen bonds in the crystal; the parameters for these are given 
in Table 3. 

Resonance Rarnan signatures of the different conformations 
of methyloxycarbonyl-L-phenylalanyl-DL-alanine ethyl 
dithioester 

The 647.1 nm excited Raman spectrum of a single crystal of 
methyloxycarbonyl-L-phenylalanyl-L-alanine ethyl dithioester 
is given in Fig. 4. It is not possible to obtain 324 nm excited 
resonance Raman spectra from a single crystal due to problems . 
associated with photodecomposition. Therefore, RR spectra of 
the solid form were obtained from powdered material coating 
the inside of a quartz spinning nmr cell and examined in 
the back-scattering geometry. Powdered samples from various 
origins were examined, e.g. from crushed crystals of the LL 
stereoisomer, or precipitated from a LL, LD mixture in a number 
of solvents. The RR spectrum shown in Fig. 5 is from a powder 
containing a 50:50 mixture of the LD and LL forms and the major 
features are indistinguishable from the RR spectrum of a powder 
sample of crushed crystals of the LL stereoisomer. There were 
insufficient quantities of the LL crystals to obtain high quality 
RR data from the LL form alone. Most of the features in the RR 
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cis ci 3 

l . 3 4 2 ~ c , 4 ~ 5 0  (121 

FIG. 3. (a) Bond lengths and ( b )  angles for methyloxycarbonyl-L-phenylalanyl-L-alanine ethyl dithioester. 

TABLE 2. Selected torsional angles* TABLE 3. Hydrogen bond parameters* 
-- 

Atoms Angle (deg) 

C1 C2 Sl C3 - 153.9(18) 
C2 S1 C3 S2 -7.4(19) 
C2 S1 C3 C4 168.1(14) 
C3 C4 N1 C6 -69.2(22) 
S1 C3 C4 N1 141.1(14) 
S2 C3 C4 N1 -43.1(23) 
C8 N2 C7 C6 - 87.0(20) 
N1 C6 C7 N2 150.9(16) 
C4 N1 C6 C7 177.3(16) 
C7 N2 C8 0 3  179.9(15) 
N2 C7 C10 C11 -68.6(19) 
N2 C7 C6 0 1  -31.5(24) 
C7 C10 C11 C12 106.2(21) 
C7 C10 C11 C16 -72.6(23) 
C9 0 3  C8 N2 176.8(16) 

*Standard deviations refer to the least significant digit, 
(18) means 1 .So. 

spectrum can be associated with peaks in the normal Raman 
spectrum of the single crystal. It appears that the normal Raman 
features at 1186 and 1162 cm-' (Fig. 4) are both RR-active 
and that they are unresolved in the RR spectrum to form the 

Length (A) 
Angle (deg) 

Bonds D-H H...A D...A D-H . . . A  

( 1 - H - 0 1  0.75(8) 2.18(7) 2.870(6) 154(7) 
N(2)-H-O(3) 0.93(5) 2.04(6) 2.959(5) 169(6) 

*D = donor, A = acceptor. 

broad band seen at 1174 cm-' (Fig. 5). The intense RR peak 
at 1099 cm-' probably corresponds to the shoulder seen at 
1096 cm-' in the normal Raman spectrum (Fig. 4). The weak to 
medium RR peaks at 1033, 1008, and 902 cm-' can also be 
seen in the Raman spectrum at or near these frequencies 
the (1008 cm-' band appears as a shoulder on the intense 
1003 cm-' feature). The broad RR feature centered at 667 cm-' 
cannot be identified in the Raman spectrum due to interference, 
in the latter, from a laser plasma line. This line could not 
be removed completely under the experimental conditions 
employed. The RR peaks near 578 and 561 cm-' probably 
correspond to the features seen at 577 and 555 cm-' in the 
Raman spectrum of the single crystal. The intense RR peaks at 
1174, 1099, and 667 cm-' were observed in the same position 
in the poorer quality RR spectrum of the LL form (data not 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 64, 1986 

- cm-' 

FIG. 4. The 647.1 nm excited Raman spectrum of a single crystal of methyloxycarbonyl-L-phenylalanyl-L-alanine ethyl dithioester; LL = laser 
plasma line. 

FIG. 5. The 324 nm excited resonance Raman spectrum of pow- 
dered methyloxycarbonyl-L-phenylalanyl-DL-alanine ethyl dithioester. 
The peak marked with an asterisk is due to a laser plasma line. 

shown), thus these data establish a partial RR signature of an 
alanine-based dithioester in an A' type conformation which, in 
turn, constitutes a useful addition to our catalogue of spectra- 
structure correlations. 

Our knowledge of the conformational properties of N-acyl 
glycine dithioesters (3, 4) and N-benzoylalanine ethyl dithio- 
ester (8) in solution allows us to delineate the structure - RR 
spectra correlations, for the major RR peaks, for methyloxy- 
carbcnyl-L-phenylalanyl-DL-alanine ethyl dithioester in solu- 
tion. Figure 6 compares the RR spectra of the PheAla dithio- 
ester in H20/CH3CN (19:l v/v) and CC14. The spectra in 
Fig. 6 are very similar to the RR spectra of N-benzoyl- 
alanine ethyl dithioester in H20/CH3CN and CC14 (Figs. 7 
and 8 in ref. 8); thus, the conformational preferences in the 
-C(=O)NHCH(CH3)C(=S)SC2Hs fragment of this mole- 
cule and the present PheAla dithioester must be very similar. In 
H20/CH3CN both molecules assume a mixed population of A 
and B type conformers about the dithioester moiety. In the 
spectrum in H20/CH3CN the A conformer makes the major 
contribution to intensity in the 1175 and 652-676 cm-' regions 
and, on the basis that it increases in intensity in CC14 solution, 
probably to the peak near 1000 cm-'. Further evidence that the 
1000 cm-' band is found for only A or Cs conformers is that it 

FIG. 6. Resonance Rarnan spectra (324 nm excitation) of methyl- 
oxycarbonyl-L-phenylalanyl-DL-alanineethyl dithioester, -5 X lop4 M 
in H20/CH3CN (19: 1) (top) and - M in CC14 (bottom). In the top 
spectrum the peak at 921 cm-' is due to CH3CN; in the bottom 
spectrum the doublet near 750 cm-' is due to CC4. 

is absent in the RR spectrum of solid N-benzoylalanine ethyl 
dithioester, which is in a B conformer, but is present when this 
compound is dissolved in H20  or CC14 where the A and Cs 
conformers, respectively, are expected. The RR spectrum of the 
solid (Fig. 5) also indicates that the A conformer contributes 
part of the intensity of the 1093 cm-' feature seen in Fig. 6 
(top). The position of the peaks near 1175 and 660 cm-' are 
very similar to those found for the A conformers of N-acyl- 
glycine ethyl dithioesters. The main B conformer markers occur 
in the spectrum from H20/CH3CN solution (Fig. 6) at 1093 
and 564 cm-'. Unlike the A conformer case, the alanine B 
conformer peaks at 1093 and 564 cm-' are shifted to lower 
frequency by some 30 cm-' compared to the corresponding B 
features in N-acyl glycine dithioester. 

A further difference between N-acylglycine and N-acyl- 
alanine dithioesters concerns the overlap of A and B conformer 
markers in the 1090-1190 cm-I region. For the A-like con- 
formers, N-acylglycine dithioesters have just a single intense 
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feature near 1170 cm-' (16), in addition to this feature 
N-acylalanine dithioesters have a medium intensity peak near 
1100 cm-' (Fig. 5). For the B-like conformers, N-acylglycine 
dithioesters have an intense band near 1135 cm-' and a weak to 
medium intensity peak near 1165 cm-' (17) whereas in the most 
thoroughly studied N-acylalanine dithioester case, N-benzoyl- 
alanine ethyl dithioester, the intense 1100 cm-' B-marker is 
accompanied by two medium intensity bands near 1140 and 
1169 cm-' (8). Thus, it appears that in the 1090-1 190 cm-' 
region greater care has to be taken to disentangle A and B 
markers in the case of the alanine-based dithioesters than in the 
case of glycine-based dithioesters. 

In C C 4 ,  the predominant conformation of the glycine- and 
alanine-based dithioesters examined thus far is C5. From the 
marked similarity between the RR spectra of these molecules 
(4,8) and the present example it is very likely that the alanine- 
dithioester portion in the majority of molecules of methyloxy- 
carbonyl-L-phenylalanyl-DL-alanine ethyl dithioester in CC14 
takes up a C5 conformation. The 11 83,685, and 637 cm- ' are 
characteristic C5 markers. The peak seen in Fig. 6 at 1002 cm-' 
is also observed at this position for N-benzoylalanine ethyl 
dithioester in CC14 (8), but not for any N-acylglycine deriva- 
tives (4). Therefore it is likely that this feature is alanine 
specific. It may be associated with the C,-CH3 moiety (8) and 

I appears to increase in relative intensity in the C5 conformer 
(Fig. 6). A further point of note is the 1099 cm-' feature in 
CCl,, which may contain contributions from the C5 conformer 
and from the small amount of the B-form present, is much less 

) intense than the corresponding band in the spectrum of the solid. ' Thus, the 1099 cm-' peak is less intense in the C5 compared to 

) the corresponding band in the A conformer. 
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Concerning the Si-Li bonding in phenylsilyllithiums as studied by variable temperature 
' ~ i  nuclear magnetic resonance1 
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ERWIN BUNCEL, T. KRISHNAN VENKATACHALAM, and ULF EDLUND. Can. J. Chem. 64, 1674 (1986). 
A variable temperature 7Li nrnr study of equimolar mixtures of two structurally related phenylsilyllithiums supports a 

bimolecular exchange mechanism between monomeric structures as being responsible for the collapse of the 7 ~ i  signals of the 
two species. The different exchange rates indicated in MTHF and THF parallel the observations from a Si-Li coupling study. 
The experimental data provide support for a mainly ionic Si-Li bond, although some orbital interaction is indicated. 

ERWIN BUNCEL, T. KRISHNAN VENKATACHALAM et ULF EDLUND. Can. J. Chem. 64, 1674 (1986). 
Les rCsultats d'une Ctude des spectres rmn du 7 ~ i ,  effectuk a des tempkratures variables sur des mklanges CquimolCculaires de 

deux phCnyl silyl lithium relikes par leur structure, sont en accord avec la suggestion qu'un mkanisme d'Cchange bimolCculaire 
entre les structures monombres est responsable de la coalescence des signaux 7 ~ i  des deux espkes. Les diverses vitesses 
dlCchange dans le MTHF et le THF sont parallbles celles obtenues lors d'une ktude du couplage Si-Li. Les donnCes 
expkrimentales fournissent un support a llhypoth&se d'une liaison Si-Li qui serait principalement ionique, mCme s'il semble 
exister quelques interactions entre orbitales. 

[Traduit par la revue] 

Introduction 
The precise nature of bonding in organolithium compounds 

has been a topic of considerable controversy (1). On the basis 
of recent ab initio calculations it has been argued that the 
carbon-lithium bond is predominantly ionic, i.e. ca 80% ionic 
character, and in fact more ionic than the Li-F bond (2). 
13c nmr studies of organolithium compounds have been most 
informative of the carbon-lithium bonding character in solution 
where the existence of 13C-6~i coupling has been taken as 
strong evidence of covalent character of the carbon-lithium 
bond (3). 

Less attention has been paid to the bonding situation in 
organosilyllithium compounds. However, based on the very 
similar 7Li chemical shifts, it was claimed that the ionicity 
of the Si-Li bond should be similar to that of the C-Li 
bond (4). Additionally, in the nmr study of diisopropylphenyl- 
silyllithium, the diastereotopic isopropyl groups remain non- 
equivalent up to 185"C, indicating a slow inversion on the 
'H nmr time-scale (4). The ionic character of the Si-Li bond 
has recently received support from ab initio study, which 
showed that the Si-Li bond is to some extent stronger than the 
C-Li bond, and also that the ionic bonding in the SiH;Li+ 
ion pair is more extensive than in CH;Li+, due to the greater 
electron affinity of SiH3 compared to CH3 (5). 

We have found by means of a 13c nmr study of phenylsilyl- 
lithium and other phenyl-substituted germyl, stannyl, and 
plumbyl anions, a strong similarity in the charge distribution of 
the phenyl rings, i~dicating that most of the negative charge 
resides on the metal atom, contrasting with the situation in the 

' carbanion mechanisms. Part 15. For Part 14, see ref. 7. 
2 ~ o  whom all correspondence should be addressed. 

corresponding phenylmethyl carbanion systems (6). Moreover, 
a lithium-nmr study of the phenylsilyllithium species suggested 
that the Si-Li interaction was equal to or stronger than the 
association found for Ph3CLi, in ethereal solvents (7). 

Additional support for this suggestion was recently provided 
by a study (8) of these phenylsilyllithiums using 29Si nmr. 
The existence of 29~i -6(7)~i  couplings provided evidence of 
sufficient Si-Li orbital overlap to allow a mechanism for 
some charge transfer with spin-polarization necessary for scalar 
coupling. Moreover, a slight concentration dependence of the 
coupling in ~ h ~ e ~ ~ i ~ ~ i  in THF solvent at -80°C, suggested 
that a bimolecular exchange process could be responsible for the 
collapse of the coupling (8). However, an alternative explana- 
tion would be that ion-pair dissociative processes are respon- 
sible for the collapse of the coupling as a result of temperature 
and medium changes. 

We have sought further evidence to distinguish between these 
possibilities using a methodology which has been established 
in various organometallic exchange processes (9). If the 7Li 
resonances for two structurally related species rapidly equili- 
brating at ambient temperature are significantly different, then 
one should, by lowering the temperature, be able to see separate 
7 ~ i  signals. The following experiments have been performed 
using a Bruker AM-400 multinuclear nmr instrument with LiCl 
(1 M) in D20  as external standard (Table 1). 

(I) The two species Ph3SiLi and Ph2MeSiLi, obtained by 
lithium metal cleavage of Ph3Si-SiMePh2 in THF, gave a 
single resonance of ca. 1 Hz linewidth at room temperature. 
Successive lowering of the temperature to -90°C resulted in a 
line broadening up to 18 Hz but no distortion in the Lorentzian 
line shape could be detected. This observation parallels that in 
the 2 9 ~ i  nmr study (8) 'of the two separate compounds in the 
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TABLE 1. 7 ~ i  nmr data for 1:l mixtures of silyllithiums as a function 
of temperature I.j4oc 1 

Species Solvent T ("C) 6 (ppm) v l , ~  (Hz) 

Ph3SiLi + Ph2MeSiLi THF 22 2.27 3.0 1 
Ph3SiLi + PhMezSiLi THF 22 2.22 4.0 

-40 2.25 10.0 
-60 2.25 19.0 
-80 2.30 47 .O 
-85 2.33,2.13 56.0 
-90 2.33,2.10 54.0 

Ph3SiLi + Ph2MeSiLi MTHF 22 2.20 13.0 
-40 2.20 28.0 
-60 2.22 37 .O 
-70 2.19 37.0 
-75 2.26,2.17 41.0 
-80 2.28,2.17 45.0 
-85 2.30,2.17 48.0 
-90 2.30,2.17 51.0 

same solvent in which no coupling was revealed even at 
- 100°C. 

(2) Similar experiments using the pair of silyllithiums 
Ph3SiLi and PhMe2SiLi showed a different kind of behaviour. 
At ca. -80°C a distorted signal was observed which on further 
lowering of the temperature to -90°C showed two overlapping 
peaks with a separation AS = 0.23. This shift difference is 
approximately the same as the difference calculated from 
7 ~ i  nmr data of the separate species (A6 = 0.13) (7). This 
observation compares with the well resolved multiplet of the 
29Si signal observed in THF at - 100°C of PhMe2SiLi found 
previously (8). 

(3) The final experiment refers to the pair of species Ph3SiLi 
and Ph2MeSiLi but changing the solvent to 2-methyltetrahydro- 
furan (MTHF). In this case the non-Lorentzian behaviour is 
already noted at -70°C and on lowering the temperature to 
-90°C, two partially resolved peaks of equal intensity are 
observed (Fig. 1). Again, the chemical shift difference of AS = 
0.13 could be measured, which within experimental accuracy is 
the same as the value derived for the separate species (AS = 
0.10). In the scalar coupling study (8), both these compounds 
gave rise to multiplets at - 100°C in MTHF solvent. 

It is noteworthy that the coupling constant 7Li] = 
51 Hz) (7) and the 7Li peak separation (20 Hz) are of reasonably 
similar magnitude in these cases. This suggests that the 
coalescence point in the two experiments should be found in a 
comparable temperature range, provided that the collapse is 
caused by the same mechanism. This is in agreement with the 
observations. 

One would have expected that a dissociative process would 
lead to some change in T-polarization of the 13C signals of the 
phenyl carbons, the 29Si chemical shifts and, most significantly, 
of the 7 ~ i  nrnr signals. Such changes were not observed in 
our earlier studies (6-8) or in the present study. Especially 
noteworthy is the approximate temperature independence found 
for the 7Li chemical shifts of all these silyllithium species (Table 
1). If a change in ion-pair equilibrium is occurring one would 
expect a significant upfield shift of several ppm on going to 
solvent separated species (7, 10). The fact that in the present 
study the splitting was observed in a narrow temperature 

FIG. 1. Variable temperature 7 ~ i  nmr spectra of an equimolar mix- 
ture of Ph3SiLi and Ph3MeSiLi in 2-methyltetrahydrofuran (MTHF). 

interval, added to the earlier observations that there is a slight 
concentration dependence of the 2 9 ~ i - 7 ~ i  coupling at a given 
temperature, provides strong support for a bimolecular exchange 
process between the monomeric species. 

No attempt has been made to evaluate rate constants for 
exchange due to the possibility of trace amounts of radical 
anions which could be formed during the lithium metal 
reduction and which could cause efficient line broadening. This 
is suggested by the exchange experiments where the line-width 
reproducibility at ambient temperature is unsatisfactory for a 
line-shape analysis to be performed. Moreover, anion - radical 
anion exchange could be a dynamic process on the nmr time 
scale (1 1). A further consideration is that line-broadening of the 
7 ~ i  signal at low temperature could arise from a more efficient 
quadrupolar relaxation (3a, 12), as well as slow exchange. This 
complication could, however, be avoided if the less quadrupolar 
6 ~ i  isotope were used (3). 

The data presented in this study are thus consistent with a 
significant, although minor, Si-Li bonding character (orbital 
interaction) in the organosilyllithium compounds under investi- 
gation. Further support for an ionic description is given by the 
very similar lithium chemical shifts of the phenylsilyllithiums. 
Thus the lithium chemical shifts do not respond to the significant 
29Si chemical shift changes observed along the series Ph3SiLi 
(ST& = -9.0) 4 Ph2MeSiLi (S&$ = -20.6) 4 PhMe2SiLi 
(ST& = -27.8) (13). 

The observation of a well-resolved 29Si-7Li coupling at 
low temperature also supports a mainly ionic description. The 
2 9 ~ i - 7 ~ i  coupling is expected to be quenched by quadrupolar- 
induced relaxation if the bond covalency is significantly large, 
in parallel with the behaviour of propyllithium (14). The 
silicon-lithium bonding character therefore seems to be closer 
to that found for lithium acetylides (15). In this context, it is 
noted that through-space mechanisms have been suggested, for 
instance to account for the observation of 1 9 ~ ,  coupling in 
certain sterically congested bicyclic structures (16). 

To conclude, the present study of the structures of phenyl- 
silyllithiums supports an orbital interaction between the silicon 
and lithium atoms, although the bonding is believed to be 
mainly ionic. Moreover, the results are consistent with the 
observation of Si-Li scalar coupling at low temperature and 
with conclusions from ab  initio calculations (5). 
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CLAIRE AITKEN, JOHN F. HARROD, and EDMOND SAMUEL. Can. J. Chem. 64, 1677 (1986). 
Dimethylzirconocene and dihydridozirconocene both catalyze the dehydrogenative coupling of primary and secondary 

organosilanes. Primary silanes give linear polysilanes and secondary silanes give tetraorganodisilanes. The reaction of 
dimethylzirconocene with a small excess of phenylsilane gives the unusual unsymmetrically substituted zirconocenesilylhydride 

1 dimer: Cp2Zr(SiMePhH)(p-H)2(PhH2Si)ZrCp2. The structure of this product is deduced from a combination of nmr and 
I crystallographic results. Although the nmr data suggest that dihydridozirconocene reacts with phenylsilane to give the 

corresponding symmetrical dimer (Me replaced by H) in solution, attempts to isolate this compound have not been successful. 

CLAIRE AITKEN, JOHN F. HARROD et EDMOND SAMUEL. Can. J. Chem. 64, 1677 (1986). 
Le dimkthylzirconockne et le dihydridozirconockne catalysent tous les deux le couplage dkshydrogCnant des organosilanes 

primaires et secondaires. Les silanes primaires conduisent ii des polysilanes linkaires; les silanes secondaires donnent des 
tktraorganodisilanes. La rkaction du dimkthylzirconockne avec un 16ger excks de phknylsilane conduit ii un produit inhabituel, le 
dimkre substituk d'une f a ~ o n  non symktrique de l'hydrure de zirconoc&nesilyle, Cp2Zr(SiMePhH)(p-H)2(PhH2Si)ZrCp2. On a 
dtduit la structure de ce produit en se basant sur une combinaison de donnkes rmn et cristallographiques. Meme si les donnkes 
de la rmn suggkrent que, en solution, le dihydrozirconockne rkagit avec le phknylsilane pour conduire au dimkre symktrique 
correspond$(le ~ e - e s t  remplack par un H), on n'a pas rkussi ii isoler ce composk. 

[Traduit par la revue] 

We recently reported that dimethyltitanocene and its ma- ether to remove traces of polymer, this solid gave the 'H-nmr 
logues are effective catalysts for the dehydrogenative coupling spectrum shown in Fig. 1. The spectrum of the product arising 
of primary organosilanes to organopolysilanes according to from areaction with an excess of PhSiD3 is also shown in Fig. 1. 
reaction 111 (1, 2) From these spectra we can draw the following conclusions: 

the molecule contains ( I )  two slightly inequivalent bridging 
R hydrides coupled to each other (AB quartet at 6 -5.09 and 

I -4.96, JH-H = 11 HZ), (2) a methyl group of the kind 
[I] nRSiH3 - t S i - 4 ,  + (nI2)Hz 

I 
(CH3)SiH (doublet at 6 0.58, J H - ~  = 4 HZ, becomes a singlet 

H in the deutero-compound) , and a multiplet at 6 4.87 (coupled to 
the 6 0.58 resonance and absent in the deutero-comuoundd, (3) a 

We now report that dimethylzirconocene, 1, is also an effective 
catalyst for the same reaction. Unlike the analogous titanium 
compound, 1 also catalyses the coupling of secondary organo- 
silanes to tetraorganodisilanes. The zirconium system has also 
provided a novel organometallic product which, whilst showing 
little catalytic activity, probably throws light on the mechanism 
of the polymerization reaction. 

Shortly after the addition of a small amount of 1 (ca. 1 mol%) 
to phenylsilane, 2, either neat or in solution in a hydrocarbon 
solvent, the initially colourless solution turns yellow and then deep 
orange. Accompanying these color changes there is a vigorous 
evolution of hydrogen and rapid formation of poly(pheny1- 
silylene) (for details of polymer characterization, see refs. 1,2). 
At room temperature a similar reaction with diphenylsilane 
was extremely sluggish, but at 65°C a smooth coupling to 
1,1,2,2-tetraphenyldisilane occurred. Dimethyltitanocene does 
not effectively catalyze this dimerization reaction, but gives an 
oligomeric polysilane mixture in small yield. 

Reaction of 1 in toluene with a severalfold excess of 2 gave a 
dark orange solution from which precipitated a yellow crystal- 
line solid, 3. (Anal. calcd. for C33H38Si2Zr2: C 58.87, H 5.69, 
Si 8.34; found, C 58.41, H 5.86, Si 8.73). After washing with 

. . .  
sharp singlet at 6 4.78, absent indeutero-compound, assigned to 
PhSiH2, (4) four inequivalent q5-cyclopentadienyl groups (6 
5.28, 5.37, 5.43, and 5.50), (5) two phenyl groups (peaks 
at 6 7.55-7.65 due to ortho-protons and complex multiplet 
at 6 7.20-7.35 due to meta- and para-protons). A natural 
abundance 2 9 ~ i  spectrum, obtained using a DEFT (distortion- 
less enhancement by polarization transfer) pulse sequence (3) is 
shown in Fig. 2. Two Si resonances are observed: a doublet of 
u~esolvedmultiplets (6 15.81, JSi-~ = 168 Hz) and a triplet of 
doublets (8 -7.86, JSi-~ = 147 and 15 Hz). These results lead 
to the conclusion that the compound 3 has the following 
structure: 
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I , I 
B 7 6 5 4 3 2 1 0 

PP"' 

FIG. 1. Upper spectrum: 'H-nrnr spectrum of 3 in benzene-d6. 
Lower spectrum: the product of an in situ reaction of CpzZrMez with an 
excess of PhSiD3 in benzene-d6. The resonance at ca. 0.1 ppm is due 
to CH3D liberated in the reaction. Arrows indicate peaks due to an 
impurity. 

FIG. 2. Natural abundance 29Si-nmr spectrum of 3. Upper spectrum 
proton decoupled. 

The observation of the high field hydride protons as an AB 
quartet and of the four inequivalent Cp resonances allows 
definitive exclusion of the possibility that 3 is a mixture of two 
different symmetrical silyl complexes. The chemical shifts of 
the hydride and Cp resonances are in the same region as has 
been observed for the structurally similar [Cp2ZrH212 (4, 5), 
where Cp is either -q5-cyclopentadienyl or q5-methylcyclo- 

pentadienyl. The 2 9 ~ i  resonances are at unusually high field, 
compared to shifts reported for other transition metal silyls (6). 
The orange solution resulting from dissolution of [Cp2ZrH212 in 
a toluene solution of 2 gives a sharp, single Cp resonance at 
6 5.4 and a singlet due to hydride at 6 -4.9. We have not been 
able to isolate this product as a crystalline solid, but it is almost 
certainly the symmetrical -SiH2Ph compound. 

Complicated disorder problems have so far hindered the 
refinement of the crystal structure of 3 to a statisfactory 
confidence level. However, the gross features of the molecule, 
as concluded from the nmr study, are supported by the X-ray 
results.' 

The compound 3 is formally a dimer of (a) the product of 
oxidative addition of PhSiH3 to zirconocene and (b) the product 
of the insertion of a phenylsilylene moiety into the Zr-C 
bond of a zirconocenemethylhydride species. The sequence of 
reactions which eventually lead to the formation of this species 
is clearly very complicated. Even though it is produced almost 
quantitatively in near-stoichiometric reactions and is the only 
zirconocene species observable by nmr in catalytic reactions, its 
low activity as a catalyst for the phenylsilane polymerization 
reaction indicates that it is possibly aborted from the catalytic 
cycle. One possible interpretation is that the trapping of a 
silylene by insertion into a Zr-CH3 bond, rather than a Zr-Si 
bond somehow blocks the reaction. It is also possible that the 
actual catalytic species are not observable by nmr, either due to 
rapid dynamic rearrangements, or to paramagnetism. Although 
paramagnetic Zr compounds are relatively rare (7,8), weak esr 
signals are observed in the reaction products of 1 with 2. The 
strength of these signals is enormously increased by irradiation 
with uv light. The intense signals consist of a doublet (g = 
1.990, A(%) = 5.6 G), reminiscent of the paramagnetic hydrides 
produced by irradiation of zirconocenedihydride dimers (8), 
and adoublet oftriplets (g = 2.0047, A('Hl) = 11.2 G, A('H2) 
= 5.6 G) reminiscent of the mixed valence hydride of titano- 
cene produced by reaction of dimethyltitanocene with silicon 
hydrides (9). 
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Reactions of alicyclic ketones in carbon tetrachloride. I. The kinetics of the chlorination 
of cyclopentanone and cyclohexanone catalyzed by hydrogen chloride 
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EIZE J. STAMHUIS, HENK MAATMAN, HENK STINISSEN, and GEERT E. H. JOOSTEN. Can. J .  Chem. 64, 1681 (1986). 
The kinetics of the direct chlorination of cyclopentanone (cp) and cyclohexanone (ch) in carbon tetrachloride, catalyzed by 

hydrogen chloride, was studied. The rate of chlorination, measured by flow and stopped-flow techniques, is zero order in 
chlorine; the order in cp and ch increases from 1 at [cp] and [ch] of 0.01 M  concentration to 2 at concentrations of 1 M. This is 
explained by self-association of the ketones in carbon tetrachloride solutions. The order in hydrogen chloride is 1. Since this 
compound is one of the products, the reaction is autocatalytic. Deuterium isotope effects and the kinetic data strongly point to a 
mechanism in which the oxygen-protonated monomeric ketone is a-carbon deprotonated in a rate-determining step. This step, 
which is catalyzed by the bases cp or ch, respectively, leads to the corresponding en01 as intermediate. The en01 is then 
chlorinated very rapidly. In addition to the chloro ketone, very reactive chloride anions are formed. A small fraction of these 
anions deprotonate a- or a'-carbon atoms of the oxygen-conjugate acid of the monochloro ketone. The remainder are captured by 
HCI to form energetically more favored CI--(HCl). complexes with n = 1, 2, or 3. This explains why, even at low conversions 
of the ketones, substantial amounts of the various dichloro isomers are formed in addition to monochloro products. A rate 
expression is derived, which excellently describes the experimentally obtained rates of chlorination of cp and ch over a range of 
reaction rates of more than three decades. 

EIZE J .  STAMHUIS, HENK MAATMAN, HENK STINISSEN et GEERT E. H. JOOSTEN. Can. J. Chem. 64, 1681 (1986). 
OpCrant dans le tCtrachlorure de carbone, on a CtudiC la cinCtique de la chloration directe, catalysCe par le chlorure 

d'hydrogene, de la cyclopentanone (cp) et de la cyclohexanone (ch). Les vitesses de chloration, mesurCes par des techniques de 
flux et de flux stoppCs. sont d'ordre zCro en chlore alors que I'ordre en cp et en ch augmente de 1 (lorsque les concentrations de 
ces cCtones sont Cgales a 0,01 M) B 2 (lorsque ces concentrations sont Cgales B 1 M ) .  On explique cette observation par une 
auto-association des cCtones dans des solutions dans le tetrachlorure de carbone. L'ordre en chlorure d'hydrogene est Cgal a 1. 
Puisque le chlorure d'hydrogkne est un des produits, on doit classer la rCaction comme autocatalysique. Les effets isotopiques du 
deutCrium ainsi que les donnCes cinktiques suggerent fortement un mCcanisme impliquant, dans 1'Ctape qui dCtermine la vitesse, 
la dtprotonation du carbone-a d'une cCtone monorndre protonte par I'oxygkne. Cettc Ctape, qui est catalysee respectivement par 
les bases cp etch, conduit aux Cnols correspondants, comme intermtdiaires. L'Cnol est alors chlore tres rapidement. Une petite 
fraction de ces anions dCprotone les atomes de carbones-a et -a' de l'acide conjug6 de l'oxygbne de la cCtone monochlorCe. Le 
reste est capturC par le HC1 pour former des complexes C1--(HCI), ( n  = 1,  2 et 3) qui sont plus favorists du point de vue 
CnergCtique. Ceci explique pourquoi, m&me a des taux de conversions en cCtones trbs faibles, il se forme des quantitCs 
substantielles de diverses cCtones dichlorCes aux cBtCs des produits monochlorCs. On a dCrivC une expression pour les vitesses qui 
dCcrit d'une f a ~ o n  excellente les vitesses expkrimentales de chloration des cCtones cp et ch, a des taux de rCaction s'Ctalant sur 
trois ordres de grandeur. 

[Traduit par la revue] 

In  polar media the acid-catalyzed halogenation of ketones of low dielectric constant appears to be significantly more 
usually proceeds by a rate-determining base-catalyzed a-carbon complicated (3  b ,  4 ,  5 ) .  Although acid-base catalysis is clearly 
deprotonation of the oxygen-conjugate acid (1 a) .  A reactive demonstrated (4), the experimental results obtained so  far d o  not 
en01 is produced that rapidly is halogenated in a subsequent permit a general description of the mechanism involved in the 
step, according to Scheme 1. As far as aqueous and other polar reaction ( 3 b ) .  Assuming a prototropic isomerization in non- 

+ 
[ I ]  -COCH2-- + HA % -COHCH2- + A- 

[2] - C ~ H C H ~ -  + B + -C(OH)=CH- + HB+ (slow) 

[3] -C(OH)=CH-- + Halz -+ -COCHHal + HHal (fast) 

HA : general acid 
B : general base 
Halz : halogen 

SCHEME 1 

protic solvents are concerned, the mechanism of the reaction of 
Scheme 1, as  well as  the identity of the catalytic species H A  and 
B, are quite well known ( I b ,  2, 34).  However, the direct 
halogenation of ketones under acidic conditions in inert solvents 

' ~ u t h o r  to whom correspondence may be addressed. 
'present address: Enka, Arnhem, The Netherlands. 
3~resen t  address: Methanol Chemie, Delfzijl, The Netherlands. 
'present address: N . V .  Nederlandse Gasunie, Groningen, The 

Netherlands. 

polar aprotic solvents analogous to that in aqueous solutions, it 
has been suggested that the second proton transfer involves 
another ketone molecule acting as the basic species. This would 
result in a higher kinetic order than the first in the substrate (1 c).  
Actually such a catalytic action is proposed by Boyer and de  
Aguirre (6). They studied the indirect bromination of cyclo- 
hexanone in benzene by N-bromosuccinimide, catalyzed by 
chloro acetic acids. However, the contribution of the reaction 
catalyzed by the ketone relative to those of other basic species 
was small and the mechanism could not be established. 

The  interpretation of the kinetic results of the direct halogena- 
tion of ketones is further complicated by a rather low selectivity 
of the monohalogenated product, even at deficient amounts of 
the halogen (7), and further by the partial self-association of the 
ketone molecules in solvents of low dielectric constant (8) and 
the autocatalytic nature of the reaction by the production of 
hydrogen halide as acid catalyst. To obtain more insight into the 
factors that determine the course of this type of reacf on, a study 
is made of  the hydrogen chloride catalyzed direct chlorination 

'~evision received April 18, 1986. of cyclopentanone (cp) and cyclohexanone (ch) in carbon 
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tetrachloride under homogeneous conditions. In this paper we  
present the results of the kinetic measurements. In order to 
explain the kinetic data, the selectivity of the chlorination to the 
various products is also investigated. A kinetic rate equation is 
derived that quantitatively describes the experimental results, 
taking into account the partial self-association of the ketone 
molecules. Combining the kinetic data with the values of the " 
primary kinetic deuterium isotope effects, obtained from the 
rates of  chlorination of c h  and of 2,2,6,6-tetradeuteriocyclo- 
hexanone (2,2,6,6-ch-d4) using in each case HC1 and DC1 as 
catalysts, makes it possible to  determine a mechanism for the 
reactions involved that is consistent with the experimental 
results. 

Experimental 
Materials 

Chlorine and hydrogen chloride were obtained from Matheson, 
purity >99.5 and 99.0%, respectively. Carbon tetrachloride: Merck, 
Pro Analyse, purity >99.8%. The ch and cp (Merck, Zur Synthese, 
purity 99%) were distilled at reduced pressure (3.4 and 2.7 kPa, 
respectively). Fractions between 357 and 358 K for ch and 303 and 
304 K for cp were collected for use. It is necessary to maintain a 
reduced pressure during the distillation of the ketones to prevent 
thermal dimerization and subsequent formation of the corresponding 
hydroxyketones. These compounds would interfere in the experiments 
since they are much more reactive towards chlorine than the starting 
ketones themselves. Distillation at atmospheric pressure is not recom- 
mended because it leads very easily to the formation of hydroxy- 
ketones, in concentrations of more than 500 ppm, during the time thBt 
the condensed liquid film cools down. 

2,2,6,6-ch-d4 was synthesized from ch and D 2 0  with DCI and 
D3PO4 as catalysts (9); bp 338 K at 4.1 kPa. The ir spectrum was 
identical with that given by the Aldrich ir catalog (10). The degree of 
deuteration was 96% as determined by mass spectroscopy. DCI was 
generated by the action of D,O on benzoyl chloride at 373 K (1 1) and 
dissolved in carbon tetrachloride. Entrainment of benzoyl chloride did 
not occur, as was shown by 'H nnlr and glc. 2-Chlorocyclohexanone 
(2-mcch) and 2-chlorocyclopentanone (2-mccp) were obtained from 
Aldrich (purity >98%) and distilled at 1.3 kPa and 1.6 kPa, respec- 
tively. Fractions between 355 and 357 K and 346 and 348 K, 
respectively, were collected for use. 

Analytical techniques 
Gas-liquid chromatographic (glc) analyses were performed on a 

Perkin-Elmer 900 gas-liquid chromatograph, provided with a TCD 
and an FID detector. For hplc analysis a DuPont model 820 was used, 
equipped with a Kipp automatic injection system and a Tracor 970 A 
adjustable wavelength scanning uv detector. The glc and hplc 
instruments were connected with a Spectra Physics Autolab IV system 
for peak integration. The uv spectra were recorded on a Zeiss PMQII 
spectrophotometer and ir spectra were measured on a Perkin-Elmer 
457. Mass and 'H  nmr spectra were recorded on an AEI-MS9 and a 
JEOL-C-60 AL, respectively (Department of Organic Chemistry). The 
chlorinated products, present in the reaction mixtures, were separated 
by hplc. Detection was performed by uv at 310 nm and 290 nm for 
the chlorinated cyclopentanones and cyclohexanones, respectively. 
Identification of the dichloro compounds was carried out by ir, mass 
spectrometry, and 'H nmr after separation by glc and trapping of the 
pure compounds. The spectra were in accordance with published data 
(12, 13). 

Titration of chlorine and hydrogen chloride 
Samples of carbon tetrachloride, containing C1, and HC1, were 

analysed for C12 by adding them to an aqueous solution of 0.1 N KI. 
The heterogeneous mixture was stirred vigorously and titrated with 0.1 
or 0.01 N aqueous thiosulphate. Starch was used as end point indicator. 
The mixture was then analysed for HCl by titration with 0.1 or 0.01 N 
aqueous sodium hydroxide, using Methyl Red as indicator. The latter 
titration did not interfere with that for C12, as was thoroughly checked. 

Kinetics and instrumentation 
The kinetics of the chlorination of ch and cp was measured by a 

continuous flow technique and by a stopped-flow method (apparatus 
from Aminco Morrow). In both cases a dilute solution of the ketone in 
carbon tetrachloride and a dilute solution of chlorine and hydrogen 
chloride in carbon tetrachloride were rapidly mixed. The flow rate used 
in the continuous flow technique was always sufficiently high to ensure 
turbulent flow. The residence time distribution in the reactor was 
calculated to be negligible (14). The reactor volume, measured from 
the mixing chamber (a T-joint) to the middle of the transmission cell, 
was varied between 0.3 X and 0.4 X m3. The internal 
diameter of the reaction tube was 1.5 X m. Flow rates used 
were 3.2 X to 1.2 X m3 s-'. Therefore plug flow was 
assumed. Resulting reaction times ranged from 100 to 500 ms. The 
conversion of chlorine was determined by measuring the extinction of 
chlorine at A = 345 nrn (eci,: 8200 m3 kmol-' m ' ) .  A crucial point in 
both techniques is to realize a very small ratio between the mixing time 
(t,) of the two solutions and the reaction or residence time (7) .  In our 
experiments t m / ~  was always smaller than 0.01. The mixing time 
is thus negligible. Reaction samples were taken and analysed for 
chlorinated ketones as described in the materials section. The conver- 
sion of the ketones was always less than 10%, in most cases even less 
than 5% to prevent autocatalytic effects. The reaction rates measured 
by the continuous flow technique and those by the stopped-flow method 
agreed within the experimental reproducibility. The self- or auto- 
association of ch and cp in carbon tetrachloride was determined by 
freezing point depression measurements (15). The apparent molecular 
mass, a,, can be related to the value of the fraction, a,  of the ketone 
existing as monomer by 

From a the association constant; K A ,  was calculated by 

[dimer ketone] (1 - a )  
[51 KA = 

- -- 

[monomer ketone] 2a2[X], 

[XI, being the total ketone concentration. It is assumed that the ratio 
of the concentrations of trimer ketone and dimers is negligible. (In 
Appendix I an equation is derived for the calculation of a ) .  

Results and discussion 
Reaction products 

The  direct acid-catalyzed chlorination of ketones does not 
usually proceed with high selectivity to the monochloro com- 
pounds (2). It  may be  expected that the formation of mono- and 
di-chlorinated compounds takes place consecutively and that 
the amount of higher chlorinated products only becomes 
substantial at appreciable fractional conversions of the ketone. 
However, as has been proven in the chlorination of 4-tert- 
butylcyclohexanone in carbon tetrachloride at 274-278 K ,  
the monochloro ketone is not necessarily the precursor of 
the cis, trans-2,6-dichloro-4- t e r t - b ~ t ~ l c ~ c l o h e x a n b n e  (7). If a 
comparable reaction takes place, e .g  . the chlorination of 
unsubstituted alicyclic ketones, the presence of dichlorinated 
products may be  expected, even at low fractional conversions of 
the ketones. As a consequence, a correct interpretation of the 
kinetic results is only possible in connection with a known 
product distribution. Therefore, the selectivity to the distinct 
chlorinated ketones was studied at various concentrations of 
chlorine, hydrogen chloride, and ketone. 

The selectivity S(Y) of the chlorinated ketone, Y, is defined 

where Y: relevant chlorinated ketone; mccp: 2-chlorocyclopen- 
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STAMHUIS ET AL. : 1 

TABLE 1. The selectivity, S(Y), of the chlorinated products (Y), in the chlorination of cyclopentanone (cp) 
[cplo = 0.19 M, T = 297 K. S(Y) and q c p  in percentages; [C1210 and [HCI] in M 

*Concentration below the detection limit 

TABLE 2. The influence of [HCl] on the selectivity, S(Y),  of the chlorinated products (Y), 
in the chlorination of cyclopentanone (cp). [cplo = 0.19 M, [C1210 = 0.014 M, T = 297 K .  

S(Y) and conversion, q,,, in percentages; [HCl] in M 

[HCl] qcp S(2-mccp) S(g-2,2-dccp) S(c-2,s-dccp) S(t-2,s-dccp) 

TABLE 3. The influence of [cp] on the selectivity, S(Y), of the chlorinated products (Y j, 
in the chlorination of cyclopentanone (cp). [Cl2Io = 0.023 M, [HCl] = 0.05 M, T = 297 K. 

S(Y) and conversion, T , ~ ,  in percentages; [cpIo in M 

tanone; g-2,2-dccp: gem-2,2-dichlorocyclopentanone; c-2,s- 
dccp: cis-2,5-dichlorocyclopentanone; and t-2,s-dccp: trans- 
2,5-dichlorocyclopentanone. 

A similar expression holds for the selectivity of the chlori- 
nated cyclohexanones. The selectivities of the different chlori- 
nated products, obtained at conversions (qx) of the ketone (X) 
up to 18%, are summarized in Tables 1-3. 

Even at fractional conversions of cp that are lower than 3%, 
S(2-mccp) was found to be at most 86%. At higher ketone 
conversions S(2-mccp) decreases. Although the dichlorination 
does lead mainly to approximately equal amounts of cis- and 
trans-2,s-dichlorocyclopentanone, slight but not negligible 
amounts of the gem-2,2-dccp isomer are formed (Table 1). The 
product distribution obtained in the chlorination of ch in a 
conversion range of 1.8- 19% is summarized in Tables 4 and 5.  

The data of these tables show a maximum selectivity of 
2-chlorocyclohexanone (2-mcch) of 8 1 % . Although gem- 
2,2-dichlorocyclohexanone and cis-2,6-dcch could be detected, 
the concentrations were in most cases too low for a quantitative 
analysis. As might be expected, the product distribution did not 
vary when a time lag (up to a few days) was introduced between 
moment of reaction and analysis (5). 

TABLE 4. The influence of [HCI] on the selectivity, S(Y), of the 
chlorinated products (Y), in the chlorination of cyclohexanone (ch). 
[Cl2lo = 0.045 M, [chIo = 0.20 M, T = 294 K. S(Y) and conversion, 

q C h ,  in percentages; [HCl] in M 

[HCl] q c h  S(2-mcch) S(c-2,6-dcch) S(t-2,6-dcch) 

*Detected, but concentration too low for quantitative analysis. 

indicating a zero-order dependence on chlorine. The influence 
of the concentration of hydrogen chloride on the rate of 
chlorination of ketones was measured at several hydrogen 
chloride concentrations ranging from lo-* to lo-' M. To 
prevent autocatalysis by hydrogen chloride, care was taken to 
avoid a substantial increase in its concentration during an 
experiment. In most cases the ratio of the concentrations of 
ketone and chlorine had a value of at least 20. Nevertheless, in 
the evaluation of the reaction order of hydrogen chloride a 
logarithmic mean value of initial and final concentration of this 

Kinetics cohpound was used. 
During the chlorination of ch and cp a linear decrease of the The chlorination of cp is found to be virtually first order in 

concentration of chlorine with increasing reaction time was hydrogen chloride over the complete range of concentrations of 
observed up to conversions of chlorine of more than 90%, cp (Fig. 1). The chlorination of ch demonstrates an order of 1.2 
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TABLE 5. The influence of [ch] on the selectivity, 
S(Y), of the chlorinated products (Y), in the chlori- 
nation of cyclohexanone (ch). [Cl2lo = 0.018- 
0.022 M, [HCl] = 0.045 M, T = 294K. S(Y) and 

conversion, qch, in percentages; [chIo in M 

FIG. 1 .  The influence of the concentration of hydrogen chloride on 
the rate of chlorination of cp at 298 K. Ketone concentrations (in M ) :  
A: 2.00; B:  1.50; C: 1.00; D: 0.50; E: 0.25; F: 0.064; G: 0.032. 

in hydrogen chloride (Fig. 2). From the experimental data for 
the determination of the order in hydrogen chloride at various 
ketone concentration levels, the dependence of the rate of 
reaction on the ketone concentration was calculated. This 
dependence is shown in Figs. 3 and 4. At low concentrations 
the reaction order is nearly 2 and at high concentrations it 
approximates 1. 

So far, the zero order in chlorine points to a mechanism that 
is in part analogous to that of the chlorination in aqueous 
solutions. This is supported by the observation that the zero 
order in chlorine changes to first order at very low ( < 2  x 

FIG. 2. The influence of the concentration of hydrogen chloride on 
the rate of chlorination of ch at 294 K. Ketone concentrations (in M ) :  
A: I .00; B: 0.50; C: 0.24; D: 0.100; E :  0.050. 

M) concentrations of chlorine. It is therefore reasonable to 
assume that the chlorination step (at concentrations >2 x 

M) is a relatively very rapid process, but that another 
reaction earlier in the sequence is rate determining. However, 
the kinetic data presented so far are not sufficient to establish 
which reaction is rate determining. 

The self-assoczation of cp and ch 
The dependence of the reaction order of the ketone on the 

ketone concentration may be explained by self-association of 
the ketone molecules in carbon tetrachloride. Evidence for 
this self-association was obtained from measurements of the 
freezing point depression of ketone solutions in CC14. The 
apparent molecular weight of the ketones thus determined was 
always much larger than that of the monomers. More accurate 
values of the association constants KA,cp  and K A ,  ch than those 
determined from freezing point measurements are obtained by 
fitting a derived expression for the reaction rates, given below, 
with the experimental reaction rates, since for both compounds 
a large number of reaction rates, determined over a wide range 
of ketone and hydrogen chloride concentrations, are available. 
This results in KA.cp = 3 M 1  at 298 K and KA.ch = 4 M - '  at 
294 K. The self-association of cp and ch in carbon tetrachloride 
may be ascribed to a dipole-dipole interaction of the carbonyl 
group. 
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FIG. 3. The influence of [cplo on the rate of chlorination at 298 K.  
Experimental values (8);  the smooth curve is calculated with eq. [18] 
and the constants from Table 8. 

FIG. 4. The influence of [ch] on the rate of chlorination at 194 K. 
Experimental (@): the smooth curve is calculated with eq. [18] and the 
constants from Table 8. 

Kinetic isotope effects of the chlorination of cyclolzexarzone in 
carbon tetrachloride 

The kinetic results, given so far, are not sufficient to obta~n a 
reliable mechanism for the hydrogen chloride catalyzed chlori- 
nation of cp and ch in carbon tetrachloride. Therefore the 
primary deuterium isotope effects were determined. Rates of 
chlorination of ch and of 2.2,6,6-ch-d4 (cd) were measured. 

TABLE 6 .  Rate constants of the chlorination of cyclohexanone 
(ch) and 2,2,6,6-cyclohexanone-d4 (cd), catalyzed by HCl and 
DCl. [HCl] = 0.05-0.08 M, [DCl] = 0.05-0.07 M, [ClzIo < 
0.010 M, T = 294 K; [ch] and [cd] in M. For [ch] and [cd] = 

0.1, k i n  M-1.9 s - l ;  for [ch] and [cd] = 0.5? k  = M - ' . ~  s-l 

using in both cases HCl as well as DC1 as catalyst. Scheme 2 
shows the combinations and the corresponding reaction rate 
constants. 

HCl 
[7] ch + C12 products 

kch. HC1 

DCl 
[8] ch + C12 products 

kch, DCI 

HCl 
[9] cd + C12 - products 

kcd. HCI 

DCl 
[ lo]  cd + C12 products 

kcd, DC1 

SCHEME 2 

On account of the varying order in ch, the experiments were 
carried out at two ketone concentrations, one in the region of 
reaction order approaching two and one in the first-order region. 
The reaction rate constants k,,. (x = ch, cd; z = HCl, DCl) were 
calculated from the kinetic expression: 

[ l l ]  - r(C1,) = k,,, [x]" [ZIP 

where -r(Clz): rate of production of chlorine, M s p l ,  with 
the following ketone or deuterated ketone concentrations and 
reaction orders 

[x] = 0 . 1 M  n =  1.7 p =  1.2 

[x] = 0.5 M n = 1.0 p = 1.2 

The values of the rate constants are summarized in Table 6.  
The primary (catalyst) kinetic isotope effects, kch,  H C l /  kch. DCI 

and k c d , H C l / k c d ,  D C ~ ,  derived from Table 6, are approximately 
0 .5  and 0.6 ,  respectively. 

The primary (substrate) kinetic isotope effects kch ,HCl lkcd .HC1 
and kch. D C l / k c d ,  DC1 range between 3.7 and 7.0 .  Combination of 
the two sets of primary isotope effects strongly points to a 
base-catalyzed rate-determining proton abstraction from the 
a-carbon atom of the carbonyl-oxygen protonated ketone 
molecule, leading to the corresponding enol. The en01 is 
subsequently chlorinated rapidly as long as enough chlorine is 
present, thus explaining the observed zero order in chlorine. 
The values of the primary kinetic isotope effects derived from 
Table 6 for the proton abstraction from the a-carbon atom at low 
and at high ketone concentrations are, though not equal, of the 
same order of magnitude. This leads to the conclusion that at 
both concentrations the rate-determining step is the same. All 
the experimental data presented so far strongly point to a 
mechanism that is in part analogous to that of the acid-catalyzed 
chlorination of ketones in aqueous solution. However, the 
mechanism is more complicated, as indicated by the varying 
order in ketone. This varying order in ketone may be explained 
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1151 + C12 ka products 

by assuming self-association of the ketones in the apolar solvent 
carbon tetrachloride. 

The first step in the chlorination is the protonation of the 
carbonyl group by hydrogen chloride. In principle the monomer 
as well as the dimer can be protonated, but as the base strength 
of the carbonyl groups of the dimer may be expected to be lower 
by the dipole-dipole interaction, it is reasonable to assume that 
the monomer will be protonated preferentially and therefore be 
the reactive species in the chlorination. 

The acid-catalyzed halogenation and enolization of ketones 
does not only show acid catalysis, but proceeds by a combined 
acid-base catalyzed step. In aqueous solution the base can be 
water or the basic component of the buffer system. In apolar 
aprotic media it is not immediately clear which species, present 
in the solution, acts as base. In the next section, evidence will be 
given that the ketone molecule itself acts as basic catalyst. 

Proposed reaction scheme 
A proposed reaction mechanism for the hydrogen chloride 

catalyzed chlorination of cp in carbon tetrachloride is presented 
in Scheme 3. An analogous scheme applies to the chlorination 
of ch. In step [14] the monomeric ketone acts as base. 

From Scheme 3 a kinetic expression for the rate of reaction of 
chlorine can be derived. 

In eq. [16] [cp] is unknown due to the dimerization. An 
expression for [cp] in terms of the total ketone concentration 
[cpIo and the equilibrium constant K A  of the self-association 
can be derived, see Appendix I. This leads to 

Substitution of eq. [17] in eq. [16] results in: 

It is clear that this rate expression shows the desired varying 
order in ketone. When 

Intermediate values of K A  [cpIO give reaction orders in ketone 
between 1 and 2. Fitting the derived expression to the 

TABLE 7. Equilibrium constants of the self-association of cp 
and ch, and the overall reaction rate constants at low ketone 
concentrations, derived from the chlorination experiments 

Temperature K A KI k2 

Ketone (K) - M - ( P + ~ )  s-l  

cp* 298 3 1.6 
ch* 294 4 15.5 

*Order in hydrogen chloride is p .  For cp, p = 1.04; for ch, 
p = 1.2. 

FIG. 5. Comparison between calculated (eq. [IS], S (2-mccp) = 
86%, constants from Table 8) and experimental rates of chlorination of 
cp. T = 298 K.  

experimental reaction rates yields the equilibrium constant of 
the association K A  and the concentration independent factor 
K l k 2  in eq. [18]. The value of Klkz  can be interpreted as 
the overall reaction rate under conditions of a -+ 1 (see 
Appendix I). 

Analogous equations as derived for cp also apply to ch. Table 
7 summarizes the values of K A  and K1 k2 for cp and ch. 

In Figs. 5 and 6 a comparison between the experimental 
reaction rates and those calculated on the basis of Scheme 3 and 
eq. [18] is presented. The experimental and calculated data 
agree excellently for both ketones over a range of reaction rates 
of more than three decades. This lends credit to the concept of 
a partial association of the polar ketone molecules in carbon 
tetrachloride and also strongly indicates that the proposed 
mechanism as shown by the reactions of Scheme 3 is correct. 

The deprotonation of the a-carbon is rate determining and is 
catalyzed by the ketone molecule, acting as base. The proposed 
mechanism explains also that the experimental order in the 
ketone is 2 in the concentration range of the ketone where the 
self-association plays a minor role, i.e. for [cp] and [ch] < 
0.1 M. More evidence on this point will be given in a following 
paper on the chlorination of the 2-chlorocycloketones. 

As far as the rate-determining base-catalyzed deprotonation 
is concerned, as represented by eq. [14], the only other basic 
species present as potential catalyst, besides the ketone mole- 
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I 1 ,4 loo 
-r(CI 1 

2 Exp 
FIG. 6. Comparison between calculated (eq. [ l a ] ,  S (2-mcch) = 

8 1 % ,  constants from Table 8 )  and experimental rates of chlorination of 
ch. T = 294 K.  

cule, would be the chloride anion. However, it is very unlikely 
that its concentration will be of any significance in this apolar 
medium. The maximal concentration would be in the order of 
that of the protonated ketone, which is very small. Besides, 
free C1- ions will be captured by HC1. Quantum mechanical 
calculations show a gain in energy of 129.3 kJ mol-' by the 
formation of a homoconjugated complex Cl-. . . HC1, a further 
gain of 79 kJ mol-' for complexation with a second HCI 
molecule (linear configuration), and another 67.5 kJ molp ' 
when a third HCl molecule enters the complex (equilateral 
configuration with C1- in the   enter).^ 

Though in these calculations no allowance was made for 
entropy and solvent effects, a rapid complexation of the free 
chloride anions by HC1 molecules in this inert medium seems 
very likely. It may be expected that the basic properties of the 
C1- ...( HCl), complexes will be less than that of the free 
chloride anion. A significant contribution of chloride anion 
catalysis to the rate-determining step of eq. [14] may therefore 
be rejected. As mentioned above, the selectivity. S(Y), of the 
2-chloro ketones never exceeds 86% and even at very low 
fractional conversions of the ketone a mixture of the three 
isomeric dichloro ketones is formed. The rate of chlorination of 
the 2-chloro ketones is much smaller than that of the unsubsti- 
tuted compounds (16). Therefore a normal consecutive chlori- 
nation of the monochloro ketone can be excluded. A possible 
explanation may be that some of the incipient chloride anions 
formed in the chlorination of the enolic double bond will, before 
being captured by an HC1 molecule to form a Cl- ...( HCl), 
complex, attack an a- or a' -carbon hydrogen, leading to an en01 
as precursor of a dichloro compound. This process will in 

6~uantum mechanical calculations with an extended basis set on the 
Cl- ...( HCl), complex, with n = 1 ,  2 ,  and 3 ,  were carried out by 
Prof. Dr. W. C. Nieuwpoort and Mrs. A. van den Bergh-van Dop, 
Dept. of Chemical Physics, The State University of Groningen, The 
Netherlands. For n = 1, 2, the complexes were assumed to be linear, 
for n = 3, the HCl molecules were assumed to be arranged around 
the central chloride ion in one plane at angles of 120". 

principle not stop after the introduction of two chlorine atoms 
and indeed 2,2,5-trichlorocyclopentanone is detected (Table 1). 
The observation that, besides cis- and trans-2,5-dccp, gem- 
2,2-dccp is also formed and that the presence of small amounts 
of gem-2,2-dcch could be detected cannot be explained by the 
mechanism proposed by Teo and Warnhoff (7). They studied 
the direct chlorination of 4-tert-butylcyclohexanone. Besides 
the cis- and trans-2-chloro ketones, cis,trans-2,6-dichloro- 
4-tert-butylcyclohexanone was also formed. The authors con- 
cluded that the latter compound was the result of a concerted 
dichlorination of the starting ketone. Such a mechanism 
excludes the formation of a gem-2,2-dichloro ketone. However, 
from Tables 1 and 2 it is clear that gem-2,2-dccp is actually 
formed and at a rate much larger than experimentally obtained 
in the chlorination of 2-mccp, even when the latter reaction is 
catalyzed (eq. [14]) by the stronger base cp instead of 2-mccp, 
as will be shown in the following paper in this series. We 
therefore believe that in the chlorination of cp and ch a rapid 
consecutive reaction catalyzed by the chloride anion, rather than 
a concerted mechanism, is responsible for the formation of 
substantial amounts of one or more of the dichloro isomers. This 
is shown in Scheme 4 for cp. The species that is formed as 
intermediate and is converted into the dichlorinated product 
may be regarded as an intimate ion pair. 

The relative reactivities of cyclopentanone and cyclohexanone 
From Table 7 it can be concluded that the ratio of the overall 

rate constants for ch and cp is about 10. Since the values of K1 
and k2 are not known separately, it is hard to tell whether the 
high value of this ratio should be ascribed to the difference in 
basicity of the ketones (eq. [13]) or to the difference in acidity 
of the a-hydrogen atoms (eq. [14]). Campbell and Edward 
(17) have measured the basicities of ch and cp in concentrated 
sulphuric acid and obtained pK values of -6.8 and -7.5, 
respectively. The higher basicity of ch not only means a higher 
concentation of the oxygen-protonated species relative to that of 
cp but also a relative increase in reactivity of the deprotonation 
of the a-carbon atoms by the action of the ketone base. 

The ratio of the cis- and trans-dichloro compounds formed 
As mentioned before, the chlorination of cp gives nearly 

equal amounts of cis- and trans-2,5-dccp, whereas trans- 
2,6-dcch is formed almost exclusively in the chlorination of ch. 
This can be understood by considering the conformation of the 
reactive chloro enols of both ketones. A model of 5-chloro-l- 
cyclopenten-1-01 shows that this en01 is nearly flat and that the 
chlorine atom lies almost in the plane of the ring. Therefore the 
steric hindrance for the attack of molecular chlorine on the 
double bond from above or below the ring may be expected to 
be approximately the same, the trans attack being slightly 
favoured. In the 6-chloro- 1 -cyclohexen- 1-01 molecule the C1 
atom takes a much more pronounced axial position (1 3), leading 
to a much larger steric hindrance for an approach of a chlorine 
molecule from the cis position. Therefore virtually only trans- 
2,6-dcch is formed. Dang Quoc-Quan (13) reports that the cis 
isomer is thermodynamically the more stable isomer. However, 
equilibration of the isomerization only occurs at an appreciable 
rate above 360 K in acidic media. In our experiments virtually 
no trans-cis conversion was observed, as shown by analysis of 
samples of reaction mixtures even after several days of storage. 

The injluence of the temperature 
In the reaction rate expression (eq. [18]) the overall reaction 

rate constant is compounded from several contributions. The 
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CI + HCI C I 
gem - 2.2 - dccp (0.6%) 

u CI- 

$0 + HCI 

Ram- 2,5-&cp16,'7%) 

relative importance of these contributions varies with the 
concentration of the ketone. Each contribution probably has a 
different dependence on the temperature. Therefore we may 
expect that the measured activation energy of the overall 
reaction will vary with the ketone concentration. The apparent 
activation energy was therefore measured at two ketone 
concentrations [XI : 

(i) At low ketone concentration, where the order of ketone is 
nearly 2. In this region eq. [18] degenerates to 

(ii) At ketone concentrations of 0.5 M and more, where the 
order in ketone is 1,  eq. [18] becomes 

The experimentally determined activation energy, calculated 
from the rates of chlorination at 6 temperatures in the range of 
279-314 K,  was 15 kJ molpl at low and 25 kJ mol-' at higher 
(20 .5  M)  ketone concentrations for both cp and ch. The 
experimental rate constants, k,,,, are presented in Fig. 7. 

The difference between the enthalpy values at low and high 
ketone concentrations may be ascribed to the influence of the 
temperature on the equilibrium constant of the self-association 
of the ketone molecules, K A  , the -AH: for the self-association 
being 10 kJ molpl.  This value is rather close to that of 
12 kJ mol-' determined for both the enthalpy of association of 
acetone in hexadecane (18) and the enthalpy of association of 
nitrobenzene in carbon tetrachloride (19). Arrhenius plots of the 
compounded reaction rate constants K l k 2  calculated from eq. 
[18] and corrected for the temperature dependence of K A  show 

- 
T 

FIG. 7. The Arrhenius plots of the chlorination of cyclopentanone 
and cyclohexanone in carbon tetrachloride solutions at different ketone 
concentrations; @, [cp] = 0.053 M (eq. [21]); +, [cp] = 0.50 M 
(eq. [22]); 0, [ch] = 0.10 M (eq. [21]); *, [ch] = 0.47 M (eq. [22]). 

K1 kZ for cp as well as ch to be indeed independent of the ketone 
concentration, Fig. 8. 

Values of activation energy, Arrhenius frequency factors. 
and enthalpy of the self-association are summarized in Table 8. 
The resemblance of the values of the enthalpy for the self- 
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TABLE 8. Influence of the temperature on the rate of chlorination of cp and ch, according to the 
mechanism given in Scheme 3 .  For cp, p = 1.04: for ch, p = 1.2; S ( Y )  in percentages 

Temperature K I  k2 K  A 

Ketone S ( Y )  range (K) ( M - ( P +  I )  S-l) ( M ~ ' )  

c P 86 279-313 6.8 10' exp (-  1.5 1 0 4 / R ~ )  5.3 exp ( l o 4 / R ~ )  
ch 8 1 279-314 7.2 10' exp (- 1.5 1Q4/RT) 6.7 10-* exp ( l o 4 / R ~ )  

FIG. 8. Arrhenius plots of the chlorination of cyclopentanone and 
cyclohexanone in carbon tetrachloride solutions. The compounded 
reaction rate constant K l  k2 from the proposed reaction model as a 
function of the reciprocal temperature at the ketone concentrations 
as indicated in Fig. 7 ;  p = 1.0 for cyclopentanone, p = 1.2 for 
cyclohexanone. 

association of cp and ch to  those of acetone and nitrobenzene 
and the fact that the compounded reaction rate constants are 
independent of the ketone concentration lend credibility to the 
proposed reaction mechanism as presented in Scheme 3. 

In  the following paper the kinetics and mechanism of the 
hydrogen chloride catalyzed chlorination of 2-mcch and 2-mccp 
in carbon tetrachloride will be described. 
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Appendix 1 
The concentration of cp in solutions qf carbon tetrachloride 

The dimerization of cyclopentanone in carbon tetrachloride is 
represented by 

K A 
[A- 1 I 2 c p  % ( ~ ~ 1 2  

KA is defined by  eq.  [5]. From this equation the fraction of the 
total ketone present in the monomeric form, a = [cp] / [cplo, is 
obtained in terms of K A  and the total ketone concentration, 
[cplo: 
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Only the positive root has physical significance, resulting in the 
following expression for the concentration of the monomeric 
species: 

A similar expression can be  derived for the concentration of 
monomeric cyclohexanone in carbon tetrachloride. 
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Reactions of alicyclic ketones in carbon tetrachloride. 11. Kinetics of the chlorination 
of 2-chlorocyclopentanone and 2-chlorocyclohexanone, catalyzed by hydrogen chloride 
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EIZE J.  STAMHUIS, HENK MAATMAN, and GEERT E. H. JOOSTEN. Can. J .  Chem. 64, 1690 (1986). 
The kinetics of the direct chlorination of 2-chlorocyclopentanone (2-mccp) and 2-chlorocyclohexanone (2-mcch) in carbon 

tetrachloride, catalyzed by hydrogen chloride, were studied. Reaction products are all the possible 2,2-, 2,5-, and 2,6-dichloro 
compounds. The ratios depend on the concentrations of the monochloro compound and hydrogen chloride. Surprisingly, even 
at conversions of the monochloro compound as low as 2%, 2,2,5-trichlorocyclopentanone and 2,2,6-trichlorocyclohexanone, 
respectively, are also formed. The chlorination reaction of both monochloro ketones shows zero order in chlorine. The order in 
hydrogen chloride is 1.3. The order in 2-mccp and 2-mcch varies somewhat with the concentration of the ketone and was found to 
be roughly 1.7. The variation in reaction order is explained by a partial self-association of the ketones. The ketones act as 
substrates as well as basic catalysts in the rate-determining a -  or a'-carbon deprotonation. General base catalysis is clearly 
demonstrated by a strong increase in the rate of chlorination of 2-mccp upon addition of cyclopentanone (cp) to the reaction 
mixture, which agrees with the mechanism as presented in a previous paper. Kinetic equations derived from the reaction models 
for the "separate" and "mixed" ketone chlorinations accurately describe the observed rates of the chlorination of 2-mccp and 
2-mcch in the concentration range of 0.04-1.0 M. 

EIZE J .  STAMHUIS, HENK MAATMAN et GEERT E. H. JOOSTEN. Can. J. Chem. 64, 1690 (1986). 
OpCrant dans le tCtrachlorure de carbone, on a CtudiC la cinCtique de la chloration directe, catalysCe par le chlorure 

d'hydrogkne, des chloro-2 cyclopentanone (2-mccp) et cyclohexanone (2-mcch). Les produits de la reaction correspondent a tous 
les produits possibles pour les disubstitutions en -2,2, -2,5 et -2,6. Les rapports varient avec les concentrations initiales de 
composC monochlorC et de chlorure d'hydrogttne. I1 est surprenant de noter, a des taux de transformation du dCrivC monochlorC 
aussi bas que 2%, qu'il y a aussi formation, selon le cas, de trichloro-2,2,5 cyclopentanone ainsi que de trichloro-2,2,6 
cyclohexanone. Par rapport au chlore, l'ordre de la rCaction de chloration des deux cCtones monochlorees est Cgal i zCro. Par 
rapport au chlorure d'hydroghe, il est Cgal a 1,3. Par rapport aux cCtones 2-mccp et 2-mcch, l'ordre varie en fonction de la 
concentration des cCtones; il s'Ctablit approximativement 2 1,7. On explique cette variation de I'ordre par rapport aux cCtones 
en fonction d'une auto-association partielle des cCtones. Les cCtones agissent comme substrats ainsi que comme catalyseurs 
basiques dans la deprotonation des carbones a et a '  qui dCtermine la vitesse de la rCaction. On a facilement mis en Cvidence 
une catalyse gCnCrale des bases en notant la grande augmentation de la vitesse de chloration de la 2-mccp par addition de 
cyclopenta?one (cp) au milieu reactionnel; cette observation est en accord avec le mCcanisme proposC dans notre travail 
antirieur. A des concentrations allant de 0,04 1,O M, les Cquations cinCtiques que l'on peut dCriver des modttles rCactionnels 
proposCs pour des rtactions de chlorations "sCparCes" et "mClangCes" des cCtones dCcrivent adCquatement les vitesses observCes 
pour la chloration des cCtones 2-mccp et 2-mcch. 

[Traduit par la revue] 

Introduction 
In  a previous paper the kinetics of the chlorination of cyclo- 

pentanone (cp) and cyclohexanone (ch) in carbon tetrachloride, 
catalyzed by  hydrogen chloride, are described (1). A kinetic 
model is developed that is consistent with the experimental 
results over a broad range of concentrations of both ketones. A 
mechanism is proposed, which explains the kinetic results. 

A s  to the product distribution, it was found experimentally 
that even at very low fractionel conversions of the ketone, 
besides the 2-monochloro products, considerable amounts of 
the three isomeric dichloro ketones are also formed. This could 
not be  explained by a normal consecutive chlorination of the 
monochloro ketones. To obtain more insight into the reactions 
involved, the kinetics of the chlorination of 2-chlorocyclo- 
pentanone (2-mccp) and 2-chlorocyclohexanone (2-mcch) in 
carbon tetrachloride, catalyzed by hydrogen chloride, were 
studied. 

'Author to whom correspondence may be addressed. 
2Present address: Enka, Arnhem, The Netherlands. 
3Present address: N.V. Nederlandse Gasunie, Groningen, The 

Netherlands. 
4Revision received April 18, 1986. 

Experimental 
Materials 

Cyclopentanone and cyclohexanone were purified as reported in the 
previous paper (I).  2-Chlorocyclopentanone (Merck), purity >98%, 
was distilled and the fraction 346-348 K (1.6 kPa) was collected and 
used for the experiments. 2-Chlorocyclohexanone (Aldrich), purity 
>98%, was distilled and the fraction 355-357 K (1.3 kPa) was 
collected. Suppliers and specifications of chlorine, hydrogen chloride, 
and carbon tetrachloride are the same as reported in the previous paper 
(1). 
Kinetic methods 

The chlorination reactions were carried out in a thermostated 
ultraviolet transmission cell of 10 x lop6 m3 with a light path length 
of 2 X lo-' m, equipped with a magnetic stirrer and placed in a Zeiss 
PMQ I1 spectrophotometer. Kinetic runs were carried out by rapidly 
mixing a solution of hydrogen chloride and chlorine in CC14, with 
a solution of 2-chloro ketone and hydrogen chloride in CC14. The 
concentration of chlorine was subsequently followed as a function of 
time by measuring the extinction of an optimal wavelength of 336 nm 
( E ~ ~ ~  = 4200 M-' m-'). 

Initial chlorine concentrations were determined by titration before 
mixing and from the extinction of the reaction mixture at time t = 0. 
Afterwards the mass balance on the chlorination products was 
calculated. The balance always agreed with 4%. All products were 
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TABLE 1. The selectivity S(Z) of the chlorinated products (Z) in the chlorination of 2-chlorocyclo- 
pentanone (2-mccp). T = 294 K, [HCl] and [2-mccp] in M 

mccp 
conversion 

[HCl] [Zmccp] (%I S(g-2,2-dccp) S(c-2,s-dccp) S(t-2,5-dccp) S(2,2,5-tccp) 

analyzed by hplc. In some cases a stopped-flow technique was used as reaction mixture was analyzed quantitatively. In all experi- 
described in the preceding paper (1). ments, including those at fractional conversions of 2-mccp 

down to 2%,  some 2,2,5-trichlorocyclopentanone (2,2,5-tccp) 
was formed. In the chlorination of 2-mcch similar results were 

Results and discussion obtained. From the analytical results the selectivities, S(Z). to 
Product distribution the individual di- and trichlorinated ketones, (Z), were calcu- 

After each kinetic run of the chlorination of 2-mccp the lated according to 

with gem-2,2-dccp: gem-2,2-dichlorocyclopentanone; cis-2,5- 
dccp: cis-2,5-dichlorocyclopentanone; trans-2,5-dccp: trans- 
2,5-dichlorocyclopentanone; and 2,5,5-tccp: 2,5,5-trichloro- 
cyclopentanone. 

The experimental isomer distributions obtained in the chlori- 
nation of 2-mccp at two conversions, q, of the starting ketone, 
and at several initial concentrations of the reactants, are 
summarized in Table 1. The content of gem-2,2-dccp decreases 
with increasing 2-mccp concentrations. The same applies to the 
ratio of cis-2,5-dccp to trans-2,5-dccp, although to a much 
lesser extent. 

The observed selectivities will be discussed further on in this 
paper. 

Kinetics 
The experiments carried out in the temperature range of 

284-3 14 K show a zero reaction order in chlorine. Figures 1 and 
2 give the rate of disappearance of chlorine vs. the concentration 
of hydrogen chloride at several concentrations of 2-mccp and 
2-mcch, respectively. 

In view of the autocatalytic nature of the reaction, the 
chlorination was always carried out up to only a few percent 
conversion of the ketone to avoid a substantial increase in the 
concentration of hydrogen chloride. If necessary, corrections 
were made for the hydrogen chloride formed. From Figs. 1 and 
2 an order in hydrogen chloride of 1.3 for both ketones can be 
calculated. From the rates at various ketone concentrations the 
order in monochloro ketone was determined to be roughly 1.7. 
Just as in the chlorination of the unsubstituted ketones, this 
value is not constant over the entire concentration range. 

Figures 3 and 4 show the experimental results (points) and the 
calculated rates (drawn lines) based upon the kinetic model, 
which is given below. 

Kinetic model 
The observed variation of the reaction order of the mono- 

chloro ketones with the ketone concentrations as shown in Figs. 

3 and 4 is reasonable in the light of the proposed mechanism 
for the chlorination of cyclopentanone and cyclohexanone as 
presented in the previous paper (1). This variation in order is 
brought about by a partial self-association of the monochloro 
ketones. Analogous to the reaction model of the chlorination of 
the parent ketones the rate expression is: 

[ - 1 + 1 + ~ K ~ [ Y ] ~ ]  x [HCl] 
K~ 

Y: 2-mccp, 2-mcch; K1: equilibrium constant of the ketone- 
oxygen protonation given by eq. [3] in Scheme 2; k2: rate 
constant of the rate determining a- or a'-carbon deprotonation 
of the oxygen-protonated ketone (substrate) by the same ketone 
acting as base; KA: equilibrium constant of the self-association 
of Y; and Sd: selectivity of the chlorination to the combined 
dichloro compounds. The values of the parameters as deter- 
mined from the experimental results by a least-squares method 
are summarized in Table 2. 

The calculated rates of chlorination obtained by substituting 
the parameters of Table 2 in eq. [ I ]  agree well with the 
experimental rates of reaction (drawn curves in Figs. 3 and 4). 

The values of the association constants KA of the monochloro 
compounds in carbon tetrachloride are considerably lower than 
those of the parent ketones. This is the reason for the smaller 
variation in the reaction order in the monochloro ketones over 
the experimental range of concentrations compared to those of 
the parent ketones. 

The influence of the temperature on the rate of chlorination of 
2-mccp, measured at ketone concentrations of 0.10 and 0.23 M, 
is in fact composed of a contribution of the compounded 
chlorination reaction rate constant K l  k2 and of the self- 
association of the monochloro ketone as represented by the term 
(- 1 + dl + 8 ~ ~ [ Y ] ~ ) ~ / 1 6  K; in eq. [ I ] .  Correcting for the 
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FIG. 1 .  The influence of the concentration of hydrogen chloride on 
the rate of chlorination of 2-mccp at 294 K. Ketone concentrations (in 
M): A: 0.30; B: 0.20; C :  0.10. 

latter contribution, assuming an enthalpy of self-association 
( - A H : )  of 10 kJ mol-' as found for cp and ch ( I ) ,  the 
compounded rate constant K ,  k2 at various temperatures could 
be calculated and its temperature dependence expressed in 
an Arrhenius equation. The value of the activation energy, 
E,(2-mccp), of the chlorination reaction is found to be 
22 kJ mol-' and the pre-exponential factor 900 M ~ ~ . ~  S-I. 

As might be concluded from the presence of trichloro 
compounds in the reaction mixture, part of the monochloro 
ketones is rapidly chlorinated to products containing two more 
chlorine atoms than the original reactant. For the parent ketones 
a similar behaviour was observed (1). However, the extent of 
this rapid consecutive reaction is smaller for the monochloro 
compounds, leading to about 5 %  of the trichloro ketones. 
Analogous to the explanation given in the previous paper for 
the formation of dichloro ketones directly from cp and ch, part 
of the oxygen-protonated dichloro compound formed by the 
chlorination of the monochloro ketone forms an intimate ion 
pair with a very reactive chlorine anion. This ion pair will 
subsequently lead to dichloro en01 molecules as precursors of 
the trichloro ketone, according to Scheme 1. 

This process must compete with an oxygen deprotonation of 
the dichloro compound by probably the same chloro anion. 
The lower reactivity and the smaller number of the remaining 
a-hydrogen atoms in the dichloro ketones with respect to the 
2-chloro compounds are most probably responsible for the fact 
that in the chlorination of 2-mccp and 2-mcch only 5 %  trichloro 
ketones are formed, whereas in the chlorination of cp and ch 
approximately 17% of the dichloro derivatives are produced. 

FIG. 2. The influence of the concentration of hydrogen chloride on 
the rate of chlorination of 2-mcch at 294 K. Ketone concentrations (in 
M ) :  A: 0.44, B: 0.34; C :  0.16; D: 0.12. 

TABLE 2. Equilibrium constants of the 
self-association, K A ,  of 2-mccp and 
2-mcch, and the compounded reaction 
rate constant of the chlorination at 294 K 

K A Kl k? 
Ketone ( M )  ( M - ~  s - ' )  

Both the unsubstituted ketones and the monochloro deriva- 
tives show similar behaviour regarding the chloride base- 
catalyzed rapid consecutive chlorination. It may therefore be 
expected that this reaction is not limited to this class of ketones, 
but will occur quite generally in the acid-catalyzed direct 
chlorination of ketones in apolar solvents. It may well be the 
main reason for the generally observed low selectivities of 
desired products in the direct halogenation of aldehydes and 
ketones. 

The chlorination of 2-chlorocyclopentanoize, catalyzed by 
cyclopentanone 

The kinetic results for the chlorination of cp, 2-mccp, ch, 
and 2-mcch, obtained so far, permit the calculation of the 
selectivities to the mono-, di-, and trichlorinated products 
over a large range of fractional ketone conversions. At high 
conversions of the unsubsituted ketones the calculated values of 
the selectivities to the monochlorinated products were found to 
be much higher than those obtained experimentally, indicating 
more complicated kinetics than expected. The kinetic measure- 
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[2 -mcch I , M  
FIG. 4. The influence of the concentration of 2-mcch on the rate of 

chlorination at 294 K. Experimental (@); the smooth curve is calcu- 
lated with eq. [ l]  and the constants from Table 2. 

FIG. 3. The influence of the concentration of 2-mccp on the rate of 
chlorination at 294 K.  Experimental (a)); the smooth curve is calcu- ch at higher conversions. The following reaction scheme gives 

lated with eq. [ l]  and the constants from Table 2. the chlorination of 2-mccp catalyzed by cp (Scheme 2). 

ments described thus far could be explained by a mechanism in 
which the ketone molecule is not only the substrate but also a 
base catalyst. This was confirmed by the results of two sets 
of primary kinetic isotope effects for ch (1). This raises the 
question whether addition of unsubstituted ketone to reaction 
mixtures containing 2-monochloro ketone would demonstrate 
base catalysis by the unsubstituted ketone in the proton removal 
from an a- or a'-carbon atom of the 2-chloro ketone on the one 
hand, and base catalysis by the 2-monochloro compound in the 
chlorination of the unsubstituted ketone on the other hand, thus 
explaining the deviations between experimental and calculated 
selectivities. Closer inspection shows that base catalysis by the 
2-monochloro compound probably is negligible relative to that 
by the unsubstituted ketone: the pKA values of the monochloro 
ketones, and thus their basicities, are significantly lower than 
those of the unsubstituted ketones, the difference being 2- 
3 PKA units (2-4). The base catalysis by the parent ketone in the 
chlorination of the monochloro compound may be significant, 
however. This would lead to a considerable decrease in 
selectivity to the monochloro product in the chlorination of cp or 

An analogous scheme applies to the chlorination of 2-mcch 
catalyzed by ch. 

The various equilibrium and rate constants are, from now on, 
provided with an index to distinguish between values for the 
unsubstituted ketone X and the monochloro ketone Y. 
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Based on Scheme 2, the rate of disappearance of chlorine 
in the chlorination of the monochloro ketone in a ketone - 
monochloro ketone mixture is given by 

S,: selectivity to the dichloro ketones; X: cp or ch; Y: 2-mccp 
or 2-mcch; [XIo: total concentration of the unsubstituted ketone 
X; [YIo: total concentration of the monochloro ketone Y; 
K  ,, k 2 , ,  , X :  compounded reaction rate constant, based on 
Scheme 2, with X the unsubstitued ketone, here as base catalyst, 
and Y the monochloro ketone, here as substrate; in M P 2  sL1. 

In an actual reaction mixture the rate of chlorine consumption 
will be larger as, parallel with the reactions given in Scheme 2, 
the chlorination of cp catalyzed by cp and of 2-mccp catalyzed 
by 2-mccp will also take place. 

To determine the value of K l , m c c p k 2 , m c c p , c p ,  a number of 
experiments were carried out in which 2-mccp was chlorinated 
in the presence of cp. The results are presented in Table 3. The 
rates of chlorination of cp catalyzed by cp, and of 2-mccp 
catalyzed by 2-mccp, were subtracted from the observed rates. 
From the resulting difference, the compounded rate constant, 
K l , m c c p k 2 , m c c p , c p ,  was calculated, using eq. [7]. Thus a value 
of 0.39 2 0.17 M-2  s f 1  was obtained at a temDerature of 294 K. 

As well as self-association of the ketones, one may expect 
association of cp and 2-mccp molecules. By using a geometric 
mean value of K A , X , Y  for this "cross-association," the greatest 
difference in the calculated5 selectivity to 2-mccp with and 
without this kind of association was only 2%, even at a total 
ketone concentration of 2.5 M. The impact of the cross- 
association on the results of the mixed ketone experiments was 
therefore neglected. 

Table 4 gives the values of the compounded reaction rate 
constant for the various combinations of substrate and base 
catalyst. The estimated values in Table 4 were obtained as 
follows. The difference in the values of the compounded rate 
constant for cases I11 and IV can be ascribed to the different 
catalytic activities of the bases acting in both cases. The relative 
activity of the bases is therefore 0.3910.1 = 3.9. If it be 
assumed that the ratio of the catalytic activities of the bases in 
cases I and I1 is the same, a value of 1.613.9 = 0.4 is obtained 
for the rate constant in case 1 1 . ~  

A similar reasoning was applied in estimating the constant in 
case VI. The ratio of the catalytic activities of the unsubstituted 
and monosubstituted ketones as base is 3.9 for cp and approxi- 
mately 150 for ch (comparison between cases I11 and IV, VII 
and VIII). 

5 ~ s  calculated from a computer simulation of a number of chlori- 
nation experiments, carried out in a trickle-bed reactor at 293 K. 

6 ~ h e  rate-determining step in the chlorination of the ketones studied 
is expressed by eq. [ 5 ] .  To a first approximation. this rate depends on 
the concentrations of substrate and catalyst, the acidity of the a-carbon 
hydrogen, which is removed, the basicity (nucleophilicity) of the 
catalyst-base, and other effects like steric hindrance in the activated 
complex. To estimate the value of the compounded rate constant for 
case 11, these effects were taken into account qualitatively. As to the 
steric hindrance, a proportional increase in the series I-IV of Table 4 
was assumed. 
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TABLE 4. The measured and estimated reaction rate constants based on the mechanism 
- presentedin Scheme 2. K A , c p  = 3 M - ' ,  K A . ~ ~  = 4 M - I ,  KA.Z-mecp - Ka.?-meeh = 0.5 M 1  

Value compounded 
Compounded rate constant 

Case Substrate Base catalyst rate constant ( M - ~  s C 1 )  

I C P C P K l , c p k ~ , c p , c p  1.6 
I1 CP 2-mccp Kl ,cpk2 ,cp ,mccp  0.4* 
I11 2-mccp C P K ~ , m c c p k ~ , m c c p , c p  0.39 
IV 2-mccp 2-mccp K l . m c c p k ~ , m c c p , m c c p  0.1 
v ch ch Kl.chkZ,ch.ch 15.5 
VI ch 2-mcch Kl ,chk2 ,ch ,mcch  0.1* 
VII 2-mcch ch Kl.mcchk2,mcch,ch 1.5: 
VIII 2-mcch 2-mcch Kl.mcchk2.mcch,mcch 0.01 

*Estimated value. 
?Estimated from computer simulations of chlorination experiments in a trick!e-bed reactor. 

In aqueous media a decrease of 2-3 pKA units was found for 
the first chlorine atom introduced (2). It may be expected that 
such a decrease in basicity would result in ratios of these overall 
rate constants much larger than those experimentally obtained. 
However, as is well known, large differences in basicities as 
found in aqueous media diminish in an apolar solvent like 
carbon tetrachloride. This is brought about by strong ion-pair 
formation (5). 

It is striking that the ratio of the overall rate constants of 
chlorination of the unsubstituted and monosubstituted ketones is 
4 for cp (cases I and 111) and 10 for ch (cases V and VII), in those 
cases that the unsubstituted ketone acts as basic catalyst. That 
these ratios are considerably larger than 1 is probably due to the 
lower basicities of the monochloro derivatives and to the smaller 
number of a-carbon and a'-carbon hydrogens available in the 
latter compounds with respect to the unsubstituted ketones. The 
extra decrease in reactivity of 2-mcch relative to 2-mccp with a 
factor of 2.5 might be ascribed to the exceptional position of the 
chlorine atom in 2-mcch. When dissolved in hexane, carbon 
tetrachloride, or iso-octane, this position is preferentially axial 
as a consequence of the electrostatic repulsion between the 
dipoles of the carbonyl group and the carbon chlorine in the 
equatorial position (6, 7), despite an increase in steric hindrance 
by the interaction of this a-carbon chlorine with the a'-axial 
hydrogen. Energetically, the hydrogen most favorable for 
enolization is this a'-carbon hydrogen, leading to 6-chloro-l- 
cyclohexen-1-01. Just as in 2-mcch, the chlorine atom in this 
intermediate also takes a very pronounced axial position ( 6 ) ,  
leading to a much larger steric hindrance for an approach of a 
chlorine molecule from the cis position in the subsequent step. 
Therefore, virtually only trans-2,6-dichlorocyclohexanone is 
formed, as is indeed observed. One may expect that this route is 
only slightly influenced by the type of basic catalyst used. The 
selectivities to the dichlorocyclohexanones in the chlorination 
of ch catalyzed by the chloride anions in the intimate ion-pair 
mechanism can then also be understood, and indeed trans- 
2,6-dcch is formed almost exclusively (ref. 1, Tables 4 and 5). 

Very likely the preferential axial position of the a-chlorine 
in 2-mcch in apolar media results in a lower basicity of the 
carbonyl group for this ketone with respect to 2-mccp. This 
explains the large difference in the ratios of the compounded 
rate constants for cases I11 and IV, and VII and VIII, 
respectively. 

The selectivities S (Z) 
In contrast to the 6-chloro- 1 -cyclohexen- 1-01 molecule, a 

model of 5-chloro- 1 -cyclopenten- 1-01 shows that this en01 is 
nearly flat. The position of the chlorine atom is almost in the 
plane of the ring, trans attack of the chlorine molecule being 
slightly favored. Therefore a ratio of S(trans-2,5-dccp) and 
S(cis-2,5-dccp) of slightly larger than one may be expected in 
the chlorination of 2-mccp. Table 1 shows this to be actually the 
case. As was observed earlier (8), S(gem-2,2-dccp) appears to 
be dependent on the concentrations of the reagents. Table 1 
shows that S(gem-2,2-dccp) decreases almost linearly with 
increasing concentrations of both 2-mccp and hydrogen chlor- 
ide. Although the data are not sufficient to draw pertinent 
conclusions, this selectivity may well be related to the dielectric 
constant of the reaction mixture. At increasing concentrations of 
2-mccp and (or) hydrogen chloride the dielectric constant will 
increase. It may be expected that the repulsion of the carbonyl 
and a-C-C1 dipoles will decrease with increasing dielectric 
constant of the medium. If acid-base catalyzed enolization is 
favoured by a planar configuration of the carbonyl group and the 
a-carbon-hydrogen bond, an increase in S(gem-2,2-dccp) at 
decreasing dielectric constant may indeed be expected. For at 
low dielectric constant the a-carbon chlorine is forced into the 
axial position and the a-carbon hydrogen then turns into the 
plane of the C=O group. 

It should be mentioned that virtually no cis-trans conversion 
takes place after the reaction, as was proven by analysis of 
samples of the reaction mixtures, even after several days of 
storage at reaction temperatures. This is in agreement with 
observations by others (see ref. 6 ,  p. 12, and ref. 8). 

Conclusions 
It is clear that the direct chlorination of the cyclic ketones in 

carbon tetrachloride, catalyzed by hydrogen chloride, is much 
more complicated than expected on the basis of literature data 
on chlorination reactions in polar media. This is mainly due to 
the fact that the substrate and products themselves also act as 
basic catalysts in the reaction. It may be pointed out that, 
actually, more reactions occur than described in this contribu- 
tion. Although not kinetically investigated, batch experiments 
with ch always show the formation of small amounts of 
2,2,6,6-tetrachlorocyclohexanone, as long as ch is present. 
This indicates a ch catalyzed enolization of the dichloro- and, to 
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a small extent, of the trichlorocyclohexanone. Besides, very 
small amounts of the tetrasubstituted compound may also 
be formed in the rapid consecutive chloride-anion catalyzed 
enolization of the oxygen-protonated dichloro ketones. Similar 
results were obtained in the chlorination of cp. 

It should be mentioned that chlorination of ch and cp with 
excess of chlorine leads to a mixture of a,a'-chlorinated 
products, containing on the average not more than 2.3-2.5 
chlorine atoms per ketone molecule. High conversions to 
2,2,6,6-tetrachlorocyclohexanone are possible, using an organic 
base like collidine as catalyst (9). 
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the aquopentabromoindate complex anion 
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GEORGE R. CLARK, CLIFTON E. F. RICKARD, and MICHAEL J .  TAYLOR. Can. J. Chem. 64, 1697 (1986). 
The preparation, crygal structure, and vibrational spectra of the title compcpnd are reported. The compound crystallizes in the 

triclinic spacegroup P I ,  with a = 7.386(2), b = 8.637(1), c = 16.546(2) A, a = 97.40$1)", P = 95.51(2)", y = 112.91(2)", 
V = 951.6 A" pobs = 2.43 g ~ r n - ~ ,  Z = 2, pCalCd = 2.424 g cm-3 (MoK,, h = 0.71069 A). The structure was solved by direct 
methods and electron density maps, and refined by full-matrix least squares to the final R = 0.038 for 3343 observed 
reflections. The structure consists of N,N,Nf,N'-tetramethylpiperazonium cations containing a six-membered C4N2 heterocycle, 
I ~ B ~ ~ ( o H ~ ) ~ -  anions, and additional H 2 0  solvent molecules. Infrared and Raman spectral bands of the I ~ B ~ ~ ( o H ~ ) ~ -  complex 
are assigned on the basis of C4c skeletal symmetry, and the H 2 0  molecule of crystallization is also detected spectroscopically. 

-- 

GEORGE R.  CLARK, CLIFTON E. F. RICKARD et MICHAEL J. TAYLOR. Can. J. Chem. 64, 1697 (1986) 
On rapporte la prCparation, la structure cristallincet les spectres vibrationnels du composC mentionnt dans le-titre. Le composC 

cristallise dans le groupe d'espace triclinique, P I ,  avec a = 7,386(2), b = 8,637(1) et c = 16,546(2) A, a = 96/,40(1), 
p = 95,51(2)ety = 112,91(2)", V = 9 5 1 , 6 ~ ~ , p ~ ~ ~  = 2,43g~rn~~,Z=2,p~~,~=2,424gcm~~(MoK,, A = 0,71069A).Ona 
rCsolu la structure par des mCthodes directes et des cartes de densites Clectroniques et on l'a raffinCe par la methode des moindres 
carres (matrice entibre) jusqu'h une valeur de R = 0,038 pour 3343 rkflexions observees. La structure comporte des cations 
N,N,N1,N'-tCtramCthylpipCrazonium contenant un hCttrocycle 2 six chainons C4N2, des anions 1 n B r ~ ( 0 ~ ~ ) ~ -  et des molCcules 
additionnelles d'eau de solvation. On a attribuC les bandes observees dans les spectres ir et Raman du complexe I n ~ r ~ ( 0 ~ ~ ) ' -  
sur la base d'une symCtrie du squelette C4&; la spectroscopie permet aussi de dCtecter la moltcule d'eau de cristallisation. 

[Traduit par la revue] 

Introduction 
Heterocyclic dipositive cations, which are easily prepared by 

reaction of N,N,N',Nr-tetramethyl- 1 ,2-ethanediamine (tmen) 
with methylene dihalides or 1,2-dihalogenoalkanes, may be 
used as counterions for the isolation of complex anions, 
especially those possessing a double negative charge (1). Here 
we  report structural investigations of the compound 1,1,4,4- 
tetramethylpiperazonium aquopentabromoindate monohydrate, 
(C8H20N2)[InBr5 (H20)]  . H 2 0 ,  1, obtained as crystals from 
an aqueous solution in which a mixture of indium bromide 
complexes is believed to exist (2). 

The  anion in 1 is I ~ B ~ ~ ( O H ~ ) ~ -  and its characterisation 
completes the series of six-coordinate indium halide complex 
anions I ~ X , ( O H ~ ) ~ - , ~ - "  (X = C1 or  Br;  n = 4-6) for 
which crystallographic and spectroscopic data are available 
(3). Also revealed are the dimensions of the N,N,N',Nr-tetra- 
methylpiperazonium dication, containing a six-membered C4N2 
heterocycle, which may be  compared with those of the analo- 
gous five-membered ring imidazolidinium dication (from tmen 
and CH2C12), the structure of which was determined recently 
(4). 

Experimental 
Preparative, analj~tical, and spectroscopic aspects 

Aqueous solutions of indium bromide were prepared by dissolving 
the metal in concentrated HBr, by dissolving InBr3 in water, or by 
the addition of KBr to In(NO3), solution (3:l KBr to In(NO3)3). 
1,1,4,4-Tetramethylpiperazonium dibromide, prepared from tmen and 
1,2-dibromoethane (I),  was added in aqueous solution so as to afford a 
slight excess based on the quantity of 1n3+. Crystallinc products formed 
on mixing the solutions. Larger, well-shaped crystals for the present 
study were obtained by evaporation of a solution from which an initial 
crop had already been obtained. These were collected and dried by 
contact with filter paper. Anal. calcd. for (C8H20NZ)InBr5.2H20: 
C13 .83 ,H3.48 .N4.03 ; found:C 14 .14 ,H3.50 ,N4.32 .  

Raman spectra were recorded with a Jasco R300 spectrometer, using 
Ar+ laser excitation (488 or 514 nm) from a Coherent Radiation CR4 
source operating at 200 mW. Infrared spectra were measured using a 
Perkin-Elmer 597 spectrometer for the range 4000-200 cm-', and in the 
far-infrared (400-40 cm-') using a Grubb-Parsons Cube MkII inter- 
ferometer linked to an IBM PC microcomputer. The low-frequency 
spectra indicated the presence of an indium bromide complex anion (5 ) .  
In some samples two intense v(1n-Br) Raman peaks were seen near 
170 cm-', separated by ca. 5 cm-', and small shifts (less than 
10 cm-') between one sample and another were noticed in the position 
of several bands due to the cation, particularly the rocking modes. 
These effects are probably associated with minor conformational 
changes in the ions concerned. In an attempt to eliminate this factor, 
care was taken to select the material for X-ray and spectroscopic 
analysis from the same batch of crystals. 

X-ray studies 
Crystals of the title compound are colourless prisms. A crystal with 

approximate dimensions 0.23 X 0.18 x 0.13 mm was affixed to 
the end of a glass fibre and positioned on a Enraf-Nonius CAD-4 
diffractometer. Accurate unit cell parameters were derived from a 
least-squares fit to the setting angles of 25 high-0 reflections widely 
dispersed through reciprocal space. The diffraction pattern contained 
no systematic absences in a triclinic distribution, and the space group 
was deduced to be rather than P i  on the basis of intensity statistics. 
The data were corrected for Lorentz and polarization effects, and scaled 
to allow for isotropic decay of intensity standards (maximum decay 
10%). Absorption corrections were from empirical curves derived 
from azimuthal scans, with maximum and minimum correction factors 
being 0.9992 and 0.6749, respectively (6). The crystal density was 
measured by flotation in CH2Br2/ c-hexane mixtures. 

The positions of the indium and bromine atoms were obtained by 
direct methods using the SHELX program (7), and the lighter atoms 
were found in a subsequent electron density map. No attempt was made 
to locate hydrogen atoms. The structure was refined anisotropically by 
full-matrix least squares to convergence at R = 0.038 and R ,  = 0.043 
for 3343 uniaue observed reflections. The function minimised during 

'To whom all correspondence should be addressed. least-squares~alculations was C w( IF, I - I F, I )2,  with w = 1 / [ u 2 ( ~ )  
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TABLE 1. Summary of crystal data, intensity collection, and structural refinement for 
(C8H2$\12) [InBr~(oH2)1 .Hz0 

Cell constants 

Cell volume 
Space group 
z 
MI 
Pcalcd 

Pobs 
F (000) 
Absorption coefficient 
Radiation 
0 range 
Scan type 
Background rimelscan time 
Total reflections measured 
Unique data, I > 3u(I)  
No. of refined parameters 

a = 7.386(2) A, b = 8.637(1) A, c = 16.546(2) A, 
a = 97.40(1)", P = 95.51(2)", y = 112.91(2)" 

951.6 A3 
p i  (NO. 2) 

2 
694.6 

2.424 g cm-3 
2.43 g cm-3 

652 
123.3 cm-' 

Mo K,, h = 0.71069 A 
1-30" 

w/28 
0.5 

5750 
3343 

163 

+ g ~ ~ ]  and final gof2.606 x S = [Cw( IF ,  - l ~ ~ l ) ~ / ( r n  - 
n)]'I2 = 0.748. The maximum residual electron density in a final 
difference map (0.93 e A-3) was a spurious peak close to the indium 
atom position. Structure determination and refinement were performed 
on the University of Auckland IBM 4341 computer. 

Details of the crystal, intensity data collection, and structure 
refinement are summarized in Table 1. Atomic positions and equivalent 
isotropic temperature factors are given in Table 2. Anisotropic thermal 
parameters, and tables of observed and calculated structure factor 
amplitudes, are available as Supplementary ~ a t a . ~  

Figure 1 shows the packing within the centrosymmetric unit cell. 
Figure 2 gives the cation with the atomic numbering scheme for C and 
N atoms, and Fig. 3 shows the 1 n ~ r ~ ( O H ~ ) ~ -  anion. 

Results and discussion 
Preparative aspects 

Aqueous solutions of indium chloride or bromide are known 
to contain mixtures of complex anions, including species with 
water molecules coordinated to the metal (2, 8, 9). A variety of 
solids can be crystallised from these solutions by use of metal 
or alkylammonium cations, and include examples in which 
additional halide as well as a complex anion is present, e.g. 
(MeNH3)JnBr7 contains Br- and 1 n ~ r ~ ~ -  ions (5, 10). Our 
objective was to see whether the use of a bulky dication would 
facilitate the isolation of a dianion from the mixture present in a 
indium bromide solution. (Me4N)21nBrS, prepared by Tuck et 
al. ( 5 ) ,  appears from spectroscopic evidence, to contain InBr4- 
and Br- ions. With the Me4N+ cation, the chloride system 
can furnish either (Me4N)2[InC15] or (Me4N)2[InC15(H20)] 
depending on the reaction medium (5). We find that indium 
bromide solutions to which the cation is 
added yield a crystalline product, and the position of v(1n-Br) 
bands in Raman and ir spectra indicates that a five- or six- 
coordinate indium complex is present. A crystal of this 
compound was selected for X-ray examination and the same 
product was investigated spectroscopically. 

TABLE 2. Atomic positions and equivalent isotropic temperature factors 

Atom x Y z Beq (A2)* 

In 0.41207( 7) 0.29144( 5) 0.74691(3) 1.91 
Br(1) 0.30432(11) 0.19322( 9) 0.58433(4) 2.65 
Br(2) 0.15667(12) -0.01502( 8) 0.75969(5) 2.99 
Br(3) 0.54826(11) 0.35141( 9) 0.90738(5) 2.79 
Br(4) 0.69748(11) 0.57327( 9) 0.72567(5) 2.96 
Br(5) 0.16052(11) 0.43997( 9) 0.76283(5) 2.79 
O(1) 0.6464 ( 8) 0.1738 ( 7) 0.7303 (3) 3.11 
O(2) 0.5554 (11) -0.1161 ( 8) 0.8028 (5) 5.15 
N(1) 0.0266 ( 8) -0.1645 ( 6) -0.0123 (3) 1.90 
N(2) 0.8202 ( 8) 0.3360 ( 7) 0.4771 (3) 2.10 
C(l) 0.1993 ( 9) 0.0077 ( 8) 0.0043 (5) 2.34 
C(2) -0.1515 (10) -0.1450 ( 8) -0.0545 (5) 2.39 
C(3) 0.0794 (11) -0.2857 ( 9) -0.0719 (5) 2.53 
C(4) -0.0154 (12) -0.2387 ( 9) 0.0645 (5) 2.80 
C(5) 0.9982 (11) 0.3722 ( 9) 0.4347 (5) 2.73 
C(6) 0.8106 (10) 0.5052 ( 9) 0.5081 (5) 2.52 
C(7) 0.8213 (12) 0.2350 ( 9) 0.5441 (5) 2.91 
C(8) 0.6325 (12) 0.2334 (10) 0.4144 (5) 3.29 

*Temperature factors of anisotropically refined atoms are given in the 
form of the isotropic equivalent thermal parameter defined as Be ,  = 
( 8 / 3 ) n 2 C , C , ~ i j e q a j . a , .  

solvent molecule which is linked to the coordinated water 
molecule of the anion by hydrogen bonding (Fig. 1). The 
separation between the oxygen atoms of the H 2 0  molecul$s is 
2.79 A, which suggests a hydrogen bond length of ca. 1.8 A, a 
usual value. A "difference" Fourier map shows electron density 
along the 0 - - - 0  vector connecting the two water molecules, 
but fails to locate the proton precisely. All other interatomic 
distances involving the se5ond water molecule and 0 or Br 
atoms are in excess of 3.3 A, so that further bond formation is 
ruled out. The crystals of 1 are stable in the atmosphere at room 
temperature but become cloudy on the surface when in contact 

Structural studies wit6 acetone or alcohol, probably through loss of the solvent 

The crystal structure of 1 consists of discrete dipositive the lattice. 

cations, I ~ B ~ , ( o H , ) ~  complex anions, and an additional H,O Figure 2 d ~ o w s  the structure of one of the two crystallo- 
graphically distinct dications, the six-membered rings of which 

?complete set of data may be purchased from the  it^^ it^^ of adopt a regular chair conformation. Bond distances and angles 
Unpublished Data, CISTI, National Research Council of Canada, are given in Table 3. Note that the atomic numbering for the 
Ottawa, Ont., Canada KIA 0S2. second dication is N(2) and C(5)-C(8). The C-N bond 
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CLARK ET AL 

FIG. I .  Stereoscopic view of the unit cell packing of (C8H20N2)[InBr5(0H2)] .H20. 

FIG. 2. The molecular framework of the 1,1,4,4-tetramethylpipera- 
zonium cation, Me2N(C2H4)2NMe2'? 

FIG. 3. The molecular structure of the aquopentabromoindate anion, 
InBr,(OH2)2-. 

lengths, in the range 1.50-1.53 A, are normal values for 
quaternary nitrogen and are similar to those of the 1,1,3,3- 
tetramethylimidazolidinium dication (4). This latter species, the 
five-membered ring cyclic cation derived from tmen aad a 
methylene dihalide, has a short C-C distance of 1.48 A. In 

TABLE 3. Bond distances (A) and angles (deg) in the 1,1,4,4-tetra- 
methylpiperazonium dication* 

Cation 1 Cation 2 

Bond Distance Bond Distance 

Cation 1 Cation 2 

Bonds Angle Bonds Angle 

*Primed atoms are related to unprimed atoms by inversion through the 
centres of symmetry. 

the present six-membered ring the C-C distance is larger, 
1.533 A, and is slightly greate: than the corresponding bond 
length in piperazine (1.527 A) or 1,4-dimethylpiperazine 
(1.521 A) (11). These two molecules have C-N bonds of 
1.45- 1.47 A: those of the present heterocycle are significantly 
longer, with C-N(ring) distances which average 1.507 A, 
and are similar to those found in the tetraamidopiperazonium 
dication, which has C-N(ring)odistances of 1.5 10 and 1.513 A 
and a C-C distance of 1.521 A (12). 

The structure of the I ~ B ~ , ( o H ~ ) ~ -  anion is shown in Fig. 3, 
with bond lengths and angles in Table 4. The average In-Br 
distance, 2.644 A, comes beJween those of InB3(OH2)2- and 
InBr63-, which are 2.613 A (13) and 2.670 A (14), respec- 
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TABLE 4. Bond distances (A) and angles (deg) in the [ I ~ B ~ ~ ( O H ~ ) ] ' -  
complex anion 

Bond Distance 

Bonds 

Br(1)-In-Br(2) 
Br(2)-In-Br(3) 
Br(3)-In-Br(4) 
Br(1)-In-Br(4) 
Br(1)-In-Br(5) 
Br(2)-In-Br(5) 
Br(3)-In-Br(5) 
Br(4)-In-Br(5) 

Angle Bonds Angle 

86.97(4) Br(1)-In-0 85.2(1) 
89.50(5) Br(2)-In-0 87.7(1) 
92.00(5) Br(3)-In-0 85.5(1) 
90.20(4) Br(4)-In-0 84.2(1) 
94.24(4) 
95.49(5) 
95.22(5) 
92.63(5) 

tively. Six-coordinate aquochloro complexes of indium also 
show an increase in bond length with increased charge on the 
anion (15). 

For I ~ B ~ ~ ( o H ~ ) ~ - ,  the In-0 distance of 2.344 A makes this 
the longest indium-?xygen bond so far measured, exceeding 
the values oc 2.224 A in the chloride analogue I ~ C I , ( O H ~ ) ~ -  
(16), 2.261 A in InBr4(OH2),- (13), and 2.15 A in In(OH2)63+ 
(17). A value of 2.287 A has been estimated for the In-0 
distance in (NH4)2[InBr,(H20)] from an analysis of the single 
crystal ",In nqr spectrum (18). The greater In-0 distance of 
the present structure may be due in part to the effect of hydrogen 
bonding to the additional water molecule. Inspection of the 
bond angles of the present complex reveals a significant 
displacement of atoms Br(1)-Br(4) towards oxygen, the 

TABLE 5. Vibrational spectra of 

average of the set of Br-In-0 angles being 85.6". At the 
same time In-Br(2) and In-Br(4) bonds are noticeably 
shorter than the other three In-Br bonds, and close in length to 
those of InBr,(OH2)2p, but we can see no obvious explanation 
for this. 

Vibrational spectroscopy 
In the vibrational spectra of crystalline samples, bands due 

to the M ~ ~ N ( C ~ H ~ ) ~ N M ~ ~ ~ +  cation are readily identified by 
comparison with our measurements of the tetramethylpipera- 
zonium halide salts in the solid state or in solution. These are 
reported and the assignment of the spectrum of this species is 
considered elsewhere (1). Remaining features are attributable 
to the 1 n ~ r , ( O H ~ ) ~ -  complex anion, and to the second 
water molecule which accompanies it in the crystal. Table 5 
shows that the present spectrum closely resembles that of 
Cs21nBr5(OH2), reported by Adams and Lock (19) in a survey 
of some aquohalogeno complexes. Vibrational modes of the 
InBr,O unit, according to the idealised point group symmetry of 
C4u, form the representation 4A1 + 2B1 + B2 + 4E in which 
all species are Raman-active and A ,  and E species are also 
infrared-active, so that 8 of the 11 fundamentals should appear 
in both spectra. All these modes are anticipated to occur in the 
region below 400cmp', with symmetric In-Br stretching 
expected to be close to the value of 172 cm- ' in (MeNH3)41nBr7 
which contains the octahedral 1 n ~ r 6 ~ -  anion (5). The previous 
reports of I ~ B ~ ~ ( O H ~ ) ~  (9, 19, 20) did not give a detailed 
assignment. Our assignment in Table 5 is supported by 
comparison with the closely similar vibrational spectrum of 
SbBr5(OEt2) which has a coordination sphere isoelectronic with 
InBr50 (21), and also takes advantage of single crystal Raman 
spectroscopy of the chloro complex 1 n C 1 ~ ( 0 ~ ~ ) ~  in the Cs+ 
(22) and K+ (16) salts. The infrared and Raman spectra of 
1 n ~ r , ( O H ~ ) ~ -  are in reasonable agreement with predictions for 
C4u symmetry. In particular we note that, although the pattern 
of In-Br bond lengths indicates that the structure is closer to 

the 1 n ~ r ~ ( O H ' ) ~  anion (cm-I) 

MezN(C2H4)2NMe2[InBr5 (H20)1. H20* 

Infrared Raman Infrared Raman 

v(o-H)a,y,n 
v(O-H)s,m 
v(~-H)uncoord 
6(H0H)uncoord 
8 (HOH) 

pr(H20) 
pw(H20) 
v(1n-OH2), A l  
v(1n-Br), E 
v(1n-Br) out-of-phase, A l  
v(In-Br) in-phase, A l  
v(In-Br), B1 
S(0InBr). Bl + E 

*Bands due to cation are omitted. 
?Reference 19. 
$Symmetry species are assigned on the basis of C,, for InBr,O. 
$Overlapped by a cation band at 275 cm-'. 
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C2u than C4L symmetry, the spectrum does not approach the 
number of bands (21 Raman,  1 9  ir) required by the lower 
symmetry. In  contrast to the case of K21nC15(OH2) (16), we  
observe no factor group splitting attributable to coupling within 
the centrosymmetric cell. This is not surprising since the bulky 
tetramethylpiperazonium cations will serve to isolate the anions 
from one another. 

Six modes of I ~ I B ~ , ( O H , ) ~  should involve the water mole- 
cule coordinated to  indium. v(1n-0), which was tentatively 
located between 260 and 320 cm-' in previous work (19,20) ,  is 
probably masked by  a cation band at 275 cm-'.  A lower value, 
compared with 300-350 c m '  in 1 n C 1 ~ ( 0 H ~ ) ~ -  salts (16, 19,  
22), is matched by a2ignificant increase in  the In-0 b?nd 
length from 2.224(9) A in I I I C I ~ ( O H ~ ) ~ -  (16) to 2.344(5) A in 
InBr5 (OH2)2-. Other vibrations, namely the stretching, bend- 
ing, rocking, and wagging modes of the coordinated water 
molecule, give rise to  broad bands which are generally strong in 
ir and very weak in Raman spectra. All of these excepting the 
wagging mode are observed and readily assigned as in Table 5 .  
The 6(HOH) bend has been noted as a useful indication of the 
purity of specimens of aquohalogen complexes since it is very 
sharp and has a characteristic frequency, e.g.,  1576 cm- '  for 
salts containing I n B r 5 ( 0 ~ 2 ) 2 -  (19). With this criterion, and by 
comparison with the ir spectrum of Cs2 [InBrS (H20)]  (19), the 
v(0-H) and G(H0H) frequencies belonging to the complex 
anion can b e  distinguished from those of the uncoordinated 
water molecule within the crystal, which are also assigned 
in Table 5 .  For this solvent molecule, v(0-H) stretching 
is observed as  a broad band, centred at the relatively low 
frequency of 3280 c m ' ,  in accordance with the presence of 
hydrogen bonding which is also deduced from the crystallo- 
graphic findings. 

Acknowledgement 
Support in the form of equipment grants from the New 

Zealand Universities' Grants Committee is gratefully acknowl- 
edged. 

1, J .  A. CREIGHTON and M. J. TAYLOR. Can. J .  Chem. To be 
submitted. 

2. M. P. HANSON and R. A. PLANE. Inorg. Chem. 8, 746 (1969). 
3. D. G.  R C K .  Comprehensive coordination chemistry. Pergamon, 

Oxford. In press. 
4. M. A. KHAN, C.  PEPPE, and D. G. TUCK. Can. J .  Chem. 62,1662 

(1984). 
5. J. GISLASON, M. H. LLOYD, and I). G. TUCK. Inorg. Chem. 10, 

1907 (1971). 
6. A. C. T. NORTH, D. C.  PHILLIPS, and F. S. MATHEWS. Acta 

Crystallogr. A24, 351 (1968). 
7. G.  M. SHELDRICK. SHELX-76 Program for Crystal Structure 

Determination, University Chemical Laboratory, Cambridge, 
U.K. 1976. 

8. T. JARV, J .  T. BULMER, and D. E. IRISH. J. Phys. Chem. 81,649 
(1977). 

9. J .  P. WIGNACOURT, G.  MAIRESSE, P. BARBIER, A. LORRIAUX- 
RUBBENS, and F. WALLART. Can. J. Chem. 60. 1947 (1982). 

10. M. A. KHAN andD. G. TUCK. ActaCrystallogr. B37,683 (1981). 
11. M. D a v ~ s a n d D .  HASSEL. ActaChem. Scand. 17, 1181 (1963). 
12. J .  LEX and K.-H. LINKE. Chem. Ber. 109, 2684 (1976). 
13. J. P. WIGNACOURT, G.  MAIRESSE, and P. BARBIER. Acta 

Crystallogr. B36, 669 (1980). 
14. M. A. KHAN andD. G. TUCK. ActaCrystallogr. B37,683 (1981). 
15. J. G. CONTRERAS, F. W. B. EINSTEIN, M. GILBERT, and D. G. 

TUCK. Acta Crystallogr. B33, 1648 (1977). 
16. J. P. WIGNACOURT, A. LORRIAUX-RUBBENS, G.  MAIRESSE, P. 

BARBIER, and F. WALLART. Spectrochim. Acta, 36A, 403 (1980). 
17. M. MAEDA and H. OHTAKI. Bull. Chem. Soc. Jpn. 50, 1893 

(1977). 
18. K. YAMADA, N. WEIDEN, and A. WEISS. J. Mol. Struct. 111,217 

(1983). 
19. D. M. ADAMS and P. J. LOCK. J .  Chem. Soc. A, 2801 (1971). 
20. S. A. COTTON and J. F. GIBSON. J. Chem. Soc. A, 1696 (1971). 
21. C.  J .  ADAMS and A. J .  DOWNS. J. INORG. NUCL. CHEM. 34.1829 

(1972). 
22. D. M. ADAMS and I). C. NEWTON. J. Chem. Soc. Dalton Trans. 

681 (1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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JILL SYMES and TOMA~Z A. MODRO. Can. J. Chem. 64, 1702 (1986). 
Mixed anhydrides derived from carboxylic and amidophosphoric acids, (RO)(Rr2N)P(0)OC(O)R" (I), undergo unimolecular 

fragmentation yielding carboxyamides, R"C(0)NRf2, and metaphosphate esters, ROPO,. The mechanism of the amino group 
transfer was studied for substrate l a  (1, R = R' = Me; R" = Ph); solvent as well as substituent effects indicate little (if any) 
charge development in the transition state. The effects of solvents and Lewis acids on the reaction rate and the activation 
parameters determined for l a  can be explained best in terms of stabilizing interactions with either carboxyamide or 
metaphosphate being formed in the course of reaction. The transfer of a functional group from one acyl center to another was 
investigated for other anhydride systems and the relative contributions of the fragmentation vs. disproportionation of substrates 
are discussed. 

JILL SYMES et TOMASZ A. MODRO. Can. J. Chem. 64, 1702 (1986). 
Les anhydrides mixtes, (RO)(R'2N)P(0)OC(O)R" (I), obtenus a partir d'acides carboxyliques et d'acides amidophos- 

phoriques subissent des fragmentations unimolCculaires conduisant aux carboxyamides, R"C(0)NR'2, et aux esters mCtaphos- 
phates, ROP02. On a CtudiC le mCcanisme de transfert du groupement aminC dans le substrat l a  (1, R = R' = Me; R" = Ph); les 
effets de solvant ainsi que les effets de subatituant indiquent qu'il n'y a que peu (s'il en existe) de dkveloppement de charge dans 
1'Ctat de transition. Dans le cas du compost5 l a ,  on a dCtenninC les effets des solvants et des acides de Lewis sur les vitesses 
de rkaction et sur les paramiitres d'activation; les meilleures explications pour ces rCsultats sont bastes sur les interactions 
stabilisantes qui se foment au cours de la rCaction soit avec le carboxyamide ou le mktaphosphate. On a CtudiC le transfert d'un 
groupement fonctionnel d'un centre acyle a un autre dans d'autres systkmes d'anhydrides et on discute des contributions relatives 

la fragmentation des substrats par rapport a leur disproportionation. 
[Traduit par la revue] 

The ability of a functional group, such as alkyl ester OR, to 
migrate from one phosphoryl centre to another in a phosphoric 
anhydride was noticed as early as 1914 (I) ,  when the formation 
of trialkyl phosphates was found to occur on thermal decompo- 
sition of tetraalkyl pyrophosphates. Reorganisation between 
structural units in an anhydride system was confirmed in 
later studies (2) on the polyphosphate esters with insecticidal 
properties. In the case of mixed anhydrides of dialkylphos- 
phoric and carboxylic acids the major reaction is the dispro- 
portionation to a pair of symmetrical anhydrides; the reaction 
has been used (3) as a synthetic route to tetraalkyl pyrophos- 
phates. It was reported, however (3), that when the mixed 
anhydrides contained a dialkylamide group, a considerable 
quantity of N,N-dialkylcarboxyamide was also formed, e.g.: 

In consequence, acyl phosphates can undergo fragmentation . . 

according to two independent pathways; (i) the (necessarily) 
bimolecular disproportionation to symmetrical anhydrides; (ii)  
the fragmentation (possibly unimolecular) occurring within the 
anhydride framework and involving the transfer of a functional 
group from the phosphoryl to the adjacent acyl centre. The 
stoichiometry of this fragmentation (Scheme 2) requires reduc- 
tion of the coordination number of phosphorus and the forma- 
tion of (besides the carboxyderivative 2) the metaphosphate- 
type product 3. 

While the phosphoramidate function shows high migratory 
reactivity in mixed anhydrides (see Scheme I), N-substituted 
pyrophosphoramides of the Schradan type appear to be thermally 
stable (4). Thermal disproportionation leading to symmetrical 
anhydrides is characteristic of dialkylacyl phosphates (2), but 
mixed carboxylic-dihalophosphoric anhydrides, RC(0)OP(O)X2 

'~u thor  to whom correspondence should be addressed 

(X = F, C1) yield upon distillation acyl halides RC(0)X (5). It 
seems, therefore, that the migratory aptitude of a group bonded 
to phosphorus in an anhydride system is a complex function of 
the nature of both the migrating group and the acceptor acyl 
centre. Although the chemistry of acyl phosphates has been 
extensively investigated with respect to their reactivity towards 
nucleophiles (6), no systematic studies have been carried out 
on the fragmentations of these diacyl systems under non- 
nucleophilic conditions. In this paper we report our results on 
the rearrangement of phosphoric-carboxylic anhydrides con- 
taining a phosphoramidate group (1, Y = NRR' ). 

Results and discussion 
We have reported recently (7) that the reaction between 

tetramethylammonium salts of N-substituted methylphosphora- 
midic acids 4a ,b ,  with benzoyl chloride (§a) results in a facile 
and quantitative conversion to the corresponding N-substituted 
benzamide derivatives, 6 a ,  b (Scheme 3). In the present work 
we extended this reaction to substrates containing secondary 
phosphoramidate functions (&,dye) and found that they react 
smoothly with acetyl chloride yielding the corresponding 
acetamides (6c,d,e). The obvious implication of Scheme 3 is 
that the initial reaction between 4 and 5 results in the formation 
of the mixed phosphoric-carboxylic anhydrides (I, R = Ph, 
Me; X = OMe; Y = NR'R"), which subsequently rearrange 
according to Scheme 2, yielding the carboxyamides 2 (Y = 
NR'R"). We therefore concentrated our further investigation on 
a selected pair of substrates (4a, §a) to demonstrate the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



SYMES AND MODRO 

Me4N+ -02P  
/OMe MeCN + R-C(0)Cl - R-C(0)-NR'R" 
\N-K" reflux 

I Sa, R = Ph 6 a ,  R = Ph; R'  = R = Me 

R' b, R = M e  b, R = Ph; R' = Me; R = C(0)Me 
c, R = Me; R' = Et; R" = H 

4a ,  R ' =  R = Me d,  R = Me; R' = i-Pr; R" = H 
b, R' = Me; R" = C(0)Me e ,  R = Me; R' = t-Bu; R = H 
c, R' = Et, R" = H f, R = R' = R" = Me 
d, R' = i-Pr, R" = H 

intermediate formation of the anhydride l a  (1, R = Ph; X = 
OMe; Y = NMe2) and to study the mechanism of its 
fragmentation. 

When 4a and 5 a  are allowed to react at room temperature, the 
only product obtained (after filtration of Me4N+ClP) is the 
expected mixed anhydride l a .  Although this compound can be 
stored in a refrigerator for several weeks, it decomposes slowly 
at room temperature, yielding N,N-dimethylbenzamide (6a) 
and the polymeric, phosphorus-containing material, probably a 
product of self-condensation of methyl metaphosphate (3a, X 
= OMe). The fragmentation can easily be followed by 'H nmr 
spectroscopy due to the disappearance of the N-methyl signal of 
the P(0)NMe2 group in l a  (6 2.80, d, JHP 1 1 HZ), and the 
appearance of the N-methyl signal of 6 a  (S 3 .O, br s). Under no 
circumstances were we able to detect any formation of methyl 
benzoate, i .e. a product expected from the migration of the OMe 
group in l a  rather than the NMe2 group to the benzoyl carbon 
atom (Scheme 4). 

M e 0  

(Me2N-PO2) + Ph-C02Me c-)t 
\/ O \-Ph 

Me2N / '.o/ 
l a  

J 
Ph-C(OINMe2 + (MeO-PO2) 

If the fragmentation of l a  presented in Scheme 4 is a 
unimolecular process, it yields initially 3 a  in its monomeric 
form. In order to obtain evidence for the formation of "free7' 3a ,  
we carried out the trapping experiment described by Clapp and 
Westheimer (8), involving phosphorylation of N-methylaniline 
by the metaphosphate species (Scheme 5). When l a  was heated 
at 50°C in CD3CN in the presence of 2.5 mol-equivalents of 
N-methylaniline for 60 h, the ' H nmr of the solution revealed 
complete disappearance of the substrate and the formation (in 
addition to 6a) of the salt 4f whose spectroscopic features were 
identical to those reported in the literature (8). 

3a + 2 PhNHMe - (MeO)(PhNMe)P02- PhNH2Me+ 

4 j  
SCHEME 5 

Rate measurements 
The changes in the 'H nmr spectra of solutions of l a  that 

accompany its conversion to 6 a  (Scheme 3) could also be 
employed in determination of the rates of fragmentation. As 
can be seen from Table 1, which shows the effect of substrate 
concentration on the rate of fragmentation, the reaction follows 
first-order kinetics. 

TABLE 1. Rates of formation of 2a from l a  at 68.0°C 

[Substrate] lo6 kla  lo6 k2" 
(MI  Solvent (sC1) r ( M )  r 

0.182 Acetone-d6 1.95 0.994 2.43 0.993 
0.364 Acetone-d6 1.85 0.992 1.18 0.990 

Average: 1.90 1 0.07 Average: 1.805 ? 0.88 
0.187 CDC13 1.49 0.994 1.86 0.988 
0.373 CDC13 1.65 0.988 1.04 0.986 

Average: 1.57 2 0.11 Average: 1.45 * 0.58 

"Calculated according to the first- and second-order rate law, respectively. 

The unimolecular collapse of anhydrides 1 may proceed 
according to a variety of mechanistic patterns, from a fully 
concerted pathway to the stepwise mechanism, involving a 
charge-separated intermediate. These two extreme cases are 
presented for l a  in Scheme 6. To provide experimental 
evidence for the "concerted" or "charge-separated" type of 
mechanism of fragmentation, we measured the rates of P -+ C 
dimethylamine group transfer in l a  as a function of reaction 
medium, temperature, catalyst, and substituents introduced to 
the benzene ring. 

Products 

Table 2 lists rate constants obtained for fragmentation of 
l a  (Scheme 4) in four solvents and at different temperatures. 
Because of the rapid solvolysis of the anhydride linkage in 1 ,  
the choice of reaction media was obviously limited to non- 
hydroxylic solvents, and because of the kinetic method, only 
deuterated solvents were used. The accuracy of the kinetic 
measurements is not very high. There are at least two reasons for 
the relatively poor reproducibility of the individual k l  values. 
Firstly, since the formation of 6 a  is slow (typical value for tg is 
at least 1 week), it is difficult to exclude participation of any 
competing reactions for l a ,  such as nucleophilic cleavage of the 
anhydride system, or the disproportionation process. Secondly, 
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TABLE 2. Rates of formation of 2a from l a ;  [substrate] = 0.18 M 

lo6 x k ,  (s-I)" 
Temperature 

("c) CC14 CDCI3 (CD3)2C0 CD3CN 

TABLE 4. Rates of formation of 2a from l a  at 45'C; initial 
concentration of l a  = 0.28 M 

Solvent Catalyst (M) lo6 k ,  (s-I) krel 

TABLE 5. Activation parameters for first-order fragmentation of l a  
"Average of two runs; ? S 10% 

Solvent r a  A ~ = / k c a l  m o l l  SS ' / ca l~ - '  m o l l  
TABLE 3. Substituent effects on the rate 
of fragmentation of mixed anhydrides 
(1, X = MeO, Y = NMe,; R = 

p-Z-C6H4); CDC13, 70°C 

Substrate Z lo6 kl (s-') 

fragmentation of l a  is subject to the catalytic effect of a variety 
of species (vide infra), so traces of impurities present in thk 
substrate or in the reaction medium can affect the reaction rate. 
The general trend for the medium effects on reaction rate can, 
nevertheless, be obtained; the rate of fragmentation decreases in 
the following order of solvents employed: CD3CN > (CD,),CO 
= CDC13 > CC1,. The variations in the kl values are, however. 
small (the maximum value of k,,l, kcD,c.y/kccl, - 13) and the 
observed order of reactivities follows only approximately the 
usual (9) solvent polarity scales. The small effect of solvents on 
the rate of fragmentation of l a  would support the mechanism 
involving the isopolar transition state (Scheme 6 ,  path a). 
For comparison, a concerted fragmentation of 3-methyl-2,5- 
dihydrothiophen-1,l-dioxide shows almost negligible depen- 
dance on solvent change (ksulfolane/kn.decane = 1.8) ( lo),  while 
the thermolysis of a-chlorobenzyl methyl ether, involving 
formation of the chloride-oxocarbonium ion pair, is subject to a 
dramatic solvent effect (kCH,CN/kCC1, = 166000) (11). Addi- 
tional support for the mechanism involving little (if any) charge 
development in the transition state for the fragmentation was 
obtained from the substituent effects on the reaction rate (Table 
3). Not only does substitution involving a change of 1.05 a units 
(substrates I d  and 1 b) result in merely a 1.7-fold variation in the 
rate, but the observed order of reactivities does not reflect the 
electron-donating or -withdrawing properties of substituents Z.' 
In the absence of any correlation of kl values with substituent 
constants a,, we attribute small variations in reaction rate 
listed in Table 3 to solvation effects of substituents Z, which 
can possibly influence the conformational flexibility of the 
anhydride system 1, necessary for the amino group transfer to 
occur. 

During the initial experiments on the fragmentation reaction 
it had been noted that the rate of benzamide formation depended 

21t may be noted at this point that the addition of semicarbazide 
(N-nucleophile) to aromatic aldehydes follows the Hammett equation 
with p = 0.9 (12). 

CDC13 0.995 27.3 i 2.0 -4.0 i 5.6 
CD3CN 0.999 20.7 i 0.7 -21.4 i 4.8 
(CD3)2C0 0.985 13.5 i 2.0 -42.6 i 5.0 

"Correlation coefficient for the slope of the In k,  vs. 103 1/T plot. 

on the presence of other species, e.g.  the unreacted acyl chloride 
used for the preparation of I. We have determined the effect 
of added benzoyl chloride on the rate of fragmentation of pure 
l a ,  and have supported the data by demonstrating the catalytic 
effect of another Lewis acid, iodine, on the reaction rate. The 
results are given in Table 4. 

In our opinion, the most plausible explanation for the cata- 
lytic effects presented in Table 4 is the stabilizing interaction 
between the added Lewis acid and the incipient benzamide 
molecule being formed via the transition state depicted in 
Scheme 6 (path a). The equilibrium constants for complexation 
of a variety of covalent halide compounds and carboxylic 
amides are of the order of K = 10'- lo3 (1 3), and the formation 
of the adduct of 6 a  with iodine in CC14 at 25OC was found to be 
accompanied by a free energy change of -0.8 kcal/mol (14). 

Rate data included in Table 2 enabled us to calculate 
activation parameters for the fragmentation of l a  in three 
solvents (CDC13, acetone-d6, CD3CN) (Table 5); the accuracy 
of the kinetic measurements in CCl, was too low to prepare a 
reliable Arrhenius plot. 

It can be seen from Table 5 that the decrease in the enthalpy 
of activation on moving from chloroform to acetone is largely 
compensated by the unfavourable change in activation entropy, 
resulting in small and ill-defined solvent effects on the reaction 
rate. The observed variations in the AS* values indicate that in 
the chloroform-acetonitrile-acetone series a higher degree of 
solvent organisation is achieved in the transition state (relative 
to the initial state). We attribute these entropy changes to 
increasing nucleophilic solvation of the incipient methyl meta- 
phosphate, effectively "freezing out" solvent molecules. Meta- 
phosphate species are highly electrophilic by virtue of their 
readily accessible a* and T *  unoccupied orbitals (15), and their 
donor-acceptor interactions with solvents such as acetonitrile, 
as well as electrophile-nucleophile reactivity with respect to 
ketones, are well documented (16). Since ketones are stronger 
bases than nitriles, both in terms of HBA (1 7) and BrQnsted (18) 
basicity, they also may be expected to interact more strongly 
than nitriles with such a powerful Lewis acid as MeOP02. As a 
result, activation entropy for NMe2 group transfer is not far 
from zero for the poorly solvated transition state in CDC13 
(and similar in magnitude to that obtained for thermal a,@-eli- 
mination of alkyl-acetates (19)), but is highly negative in 
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acetone, where solvent molecules become involved in nucleo- 
philic solvation of the metaphosphate formed. Solvent effects 
on the magnitude of the free enthalpy of activation are, 
however, large; AH* is reduced by half when chloroform is 
replaced by acetone, and the intermediate value was obtained in 
acetonitrile, This result indicates that some polarity in the 
transition state (or intermediate) may be responsible for the 
observed dependence of AH* on solvent polarity.3 The order 
of the decrease in the AH* values (Table 5) does not follow, 
however, the polarity of solvents involved, which increases in 
the order: chloroform < acetone < acetonitrile (9). This 
suggests that specific rather than general solvent effects operate 
in the transition state, with acetone being most effective 
in stabilizing the incipient metaphosphate product. It seems 
therefore that solvent effects on the activation parameters of 
the fragmentation are based on Lewis acid-base rather than 
dipole-dipole interactions. 

In summary, we believe that the reaction represented in 
Scheme 4 probably does not involve significant charge develop- 
ment in the transition state (in the sense of distinct addition- 
elimination steps as shown in pathway b, Scheme 6), but is 
subject to both Lewis acid catalysis and nucleophilic solvation 
effects as a consequence of the nature of the reaction products. 

Mixed anhydrides 1, used as precursors for carboxyamides 6 
(Scheme 3) were prepared by condensation of phosphate salts 
with carboxylic acid chlorides. The same anhydrides and, con- 
sequently, the same fragmentation products could be obtained 
by treating carboxylic salts with the corresponding phosphoro- 
chloridates. We have prepared f a  by the latter route, and 
decomposed it in situ to the expected product 6a .  In this case, 
however, the reaction mixture contained small quantities of a 
new product that was absent in previous experiments, and which 
was subsequently identified as methyl N , N , N f  ,N1-tetramethyl- 
phosphorodiamidate (9). The formation of this product can only 
be explained by partial disproportionation of l a  to benzoic 
anhydride and the pyrophosphoric diester diamide 8, which 
then undergoes fragmentation with NMe2 group transfer from 
one phosphoryl centre to another, yielding diamidoester 9 
(Scheme 7). 
M e 0  \$ + PhCOc -+ [ la ]  --a 6a (major) 

MelN/ 'CI 

7 I 

(minor) MeO-P(0)(NMe2), + 3a 

9 

SCHEME 7 

3~~ calculations on the fragmentation represented in Scheme 2 
(1, X, Y = NH2, OH; R = H) are currently being carried out (20). 
Although the results confirm in principle the concerted mechanism with 
no distinct intermediate occurring along the reaction coordinate, dipole 
moments calculated for the substrate, transition states. and products 
indicate some charge separation in the course of the reaction. 

This result indicates that the selectivity in the non-nucleophilic 
cleavage (fragmentation vs. disproportionation) of the mixed 
anhydrides of the type 1 can be a sensitive function of reaction 
conditions and (or) the composition of the reaction mixture. 

Related systems 
Fragmentation represented in Scheme 2 has also been 

confirmed for anhydrides derived from diamidophosphoric 
acid. Mixed anhydride l e  (1, R = Ph; X = Y = NMe2) has been 
prepared from benzoyl chloride and the tetramethylammonium 
salt of tetramethyldiamidophosphoric acid (10) and was found 
to yield, upon heating, benzamide (6a), in a manner analogous 
to that of l a  (Scheme 8). 

Reactivity of l e  relative to that of l a  is given in Table 6.  The 
observed rate enhancement can be attributed to the greater 
stability (21) of the nitrogen-substituted metaphosphate sys- 
tems, as compared with the PO3-type species; such a difference 
should also be reflected in the transition states leading to 
products 3 a  and 3b,  respectively. 

In mixed anhydrides derived from dialkylphosphates (1, X = 
Y = OR), no migration of an alkoxy group OR from phosphoryl 
to carbonyl functions was observed. Dimethylbenzoyl phos- 
phate lf (1, R = Ph; X = Y = OMe), prepared either by 
condensation of dimethyl phosphorochloridate with benzoate 
anion (22) or from benzoyl chloride and dimethyl phosphate 
salt, disproportionated thermally to benzoic anhydride and 
tetramethyl pyrophosphate, but no methyl benzoate could be 
detected within the accuracy of 'Hnrnr spectroscopy and tlc 
(thin-layer chromatography). Similarly, dimethylacetyl phos- 
phate l g  (1, R = Me; X = Y = OMe), prepared from trimethyl 
phosphate and acetyl chloride (23), could be distilled, but upon 
storing at room temperature for a period of 6 months yielded 
significant quantities of acetyl anhydride and tetramethyl pyro- 
phosphate with no evidence for any methyl acetate formed. 

It seems, therefore, that the migratory (phosphoryl to 
carbonyl) aptitude of an amino group in a mixed anhydride 
system is much higher than that of an alkoxy substituent. Simple 
calculations, based on the magnitudes of the energies of the 
bonds being broken or formed during the fragmentation, show 
that the bond-energy changes that accompany amino group 
migration are ca. 18 kcal mol-' more favourable than those 
expected for the OR group transfer. This difference could be 
responsible for shifting the reactivity of mixed anhydrides of the 

TABLE 6. Rates of formation of 2a from Pe at 45.OoC 
-- - 

Solvent lo6  kl (s- ' )  r krela 

CC14 3.50 0.983 5 
CDC13 4.31 0.994 12 
(CD3 )2CO 5.97 0.985 6 
CD3CN 6.86 0.991 4 

"Relative to l a ,  after correcting to a s~ngle NMez group 
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l a - le  type towards the intramolecular amino group transfer water was removed under reduced pressure, and the residue was dried 
rather than the bimolecular disproportionation reaction. by adding three times 20 mL of benzene and distilling to dryness. The 

final product consisted of equimolar quantities of 10 and NMe,' Cl-; 
99.5%; 'H nrnr (D20) 6: 2.50 (12H, d, J H P  10 HZ, PNMe), 3.10 

Experimental (24H, s, NMe4+). Anal. calcd. for C12N36N402PC1: C 43.0, H 10.8, 
Melting points (uncorrected) were determined on a Fisher-Johns N 16.7%; found: C 42.5, H 11.1, N 15.7%. This product was used for 

apparatus. The 'H nmr spectra were recorded on 60-MHz Varian the synthesis of l e  without further purification. 
EM 360 and 100-MHz Varian XL 100 spectrometers with TMS or DDS 6 a  was prepared by adding benzoyl chloride to the solution of the 
as internal Aluminium-backed silica gel plates (Merck, equimolar quantity of dimethylammonium chloride in water containing 
Kieselgel 60 F25,) were used for tlc. Gas chromatography (gc) was three equivalents of NaOH, extracting with benzene, and removing 
performed on a gas chromatography Q Carlo Erba 4200 instrument benzene under reduced Pressure; 85%: mP 40-42"C; 'H nmr (CDC13) 
using a 2-m column packed with 3% silicone SE-30 (G.C. Grade), and 6: 3.00 (6H, br S, NMez), 7.35 (5H, S, Ph). Anal. calcd. for C9H11NO: 
He as a carrier gas; FID, injection and detection temperature 250°C; C 72.5, H 7.4, N 9.4%; found: C 72.6, H 7.4, N 9.4%. 6f was prepared 
ethyl benzoate as internal standard, Analyses for C, H, and N by adding acetyl chloride to the solution of ca. 2.5 m01-equivalents 
were carried out at the University of Cape Town, ~ 1 1  solvents and of dimethylamine in ether, leaving the solution overnight, filtering, 
commercial reagents were dried and purified by conventional means removing ether, and distilling the crude product; 20% ; bp 34°C 
before use. (0.2 Torr); 'H nmr (CDC13) 6: 2.09 (3H, s, MeCO), 2.98 (6H, d, 

NMe2). Anal. calcd. for C4H90N: C 55.2, H 10.3, N 16.1%; found: 
Materials C 54.6, H 10.3, N 15.8%. 

Dimethylphosphorochloridate was prepared from P a 3 ,  MeOH, and 
so2c12 (24); 63%, bp 4 5 0 ~  (2 T ~ ~ )  (lit. (24) bp 5 5 - 5 7 0 ~  (2-3 TOXI Formation of amides 6 from salts 4 and acid chlorides 5 (Scheme 3): 
(1 ~0~ = 133.3 Pa)); 'H nmr ( c D c ~ ~ )  8: 3.98 (d, jHP 14 H ~ ) .  1 mmol of 5 was added to a suspension of 1 mmol of 4 in 12 mL of dry 
Methyl-N,N-dimethylphosphoroamidochloridate(7) waspreparedfrom acetonitrile and the mixture Was stirred and heated under reflux for 4 h. 
rnethylphosphorodichloridate and two equivalents of dimethylamine in After cooling, the white precipitate (NMe4+C1-) and glassy material 
ether with cooling in Dry Ice. Oil (69%); 'H nmr (CDC13) 6: 2.72 (presumably polymeric methyl meta~hos~hate)  were removed by 
( 6 ~ ,  d, jHP 13 HZ, NMe2), 3.85 ( 3 ~ ,  d, jHP 15 HZ, OMe), Tetra- filtration, washed with acetonitrile, and the solvent removed under 
methylphosphorodiamidochloridate was prepared from POC13 and four reduced Pressure. Examination of the residue by 'H nmr (CDC13). tic, 

equivalents of dimethylamine (25); 88%, bp 70-72"C (0.6 T ~ ~ )  (lit, or gc indicated that amides 6 were the only products present. Individual 
(25) bp 7 9 - 8 2 0 ~  (0.6  TO^)); 'H nm ( c D c ~ ~ )  6: 2.70 (d, jHP 13 HZ), products were identified by comparison with authentic samples or by 
Dimethyl-N,N-dimethylphosphoramidate was preparedfromdimethyl- comparing their 'H  nmr spectra with those in the literature 
phosphorochloridate and two equivalents of dimethylamine (26); 71%, (27). 
bp 33°C (0.2 Torr) (lit. (26) bp 72°C (I I Torr)); 'H nmr (CDC13) 6: Synthesis ofmixed anhydrides I 
2.75 (6H, d, J H p  l o  NMe2), 3.72 (6H, d, J H p  OMe). l a :  4 a  (3.5 mmol) was suspended in dry acetonitrile (20 mL) and a 
Meth~l-N,N,N',N'-tetrameth~l~hOs~hOrOdiamidate was prepared sblution of 5a (2.6 rnmol) in acetonitrile (20 mL) was added dropwise 
the diamidochloridate and sodium methoxide in methanol; 44%, bp with stirring at room temperature. was continued for h, dry 
46-480C (O.' I H  (CDC13) ': 2.65 d l  J~~ l o  Hz$ CC14 (10 mL) was added, the mixture was filtered, and the solvent was 
NMe2), 3.60 (3H, d, J~~ Hz, OMe). Dimeth~l-N-alk~l~hos~hora- removed underreducedpressure, CC14 (10 mL) was added, the mixture 
midates9 (Me0)2P(0)NHR$ were prepared from dimethylphosphoro- filtered again, and solvent removed. The resultant product was stored in 
chloridate and two equivalents of the corresponding arnine in ether. the refrigerator; 93% (based on sa ) ;  oil; i H  nrnr (CDC13) 6: 2,80 
After filtration, ethereal solutions were washed with water and dried, (6H, d, J H p  HZ, NMe2), 3.90 (3H, d, J H p  12 HZ, OMe), 7,45 
the solvent removed, and the products were used in further steps (3H, m, m + p  arom.), 8.10 (2H, m, o-arom.). Anal. calcd, for 
without ~urification; 'H nmr (CDC13), R = Et, 6: 1.12 (3H, t, c ~ ~ H ~ ~ N ~ ~ ~ :  c 49.4, H 5.8, N 5.8%; found: C 49.2, H 5.9, N 5.8%. 
J~~ HZ, P-Me)$ 2.97 (3H, m, CH2 and N-H), 3.66 (6H, d, Anhydrides Ib-If were prepared in the analogous way. l b :  oil; 
JHP 11 HZ,  OM^); R = i-Pr, 6: 1.18 (6H, d, J H H  7 HZ, P-Me), 3.30 

1~ nmr (CDCI3) 6: 2.75 (6H, d, J H P  11 Hz, NMe2), 3.85 (3H, s,  
(IH, m, 3.69 (6H, d, J H P  l 2  Hz, OMe); = t-Bu, 6: C-()Me), 3.88 (3H, d, J H P  11 HZ, P-OMe), 6.95 (2H, d, J H H  10 HZ, 
(9H, s, P-Me), 3.70 (6H, d, JHP 11 HZ, OMe). 3,5-Hz), 8.05 (2H, d, J H H  lOHz, 2,6-Hz). Anal. calcd. for C11H,$\I05P: 

Tetramethylammonium phosphates 4a,c,d,e, and (Me0)2P02- C 48.4, H 5.9, N 5.1%; found: C 47.8, H 6.2, N 5.1%. l c :  solid; 
NMe4+ werepreparedaccordingtothefollowingprocedure: 0.013 mol I H  nmr (CDC13) 6: 2.78 (6H, d, J H P  HZ, NMe2), 3,85 (3H, d, 
of a substrate was dissolved in 8 rnL of dry acetonitrile and 14.5 mL of 

J H P  12 HZ, OMe), 7,35 and .OO (2 2H, d, J H H  HZ, ,5-H2 and 
5.4 M solution of trimethylamine in dry acetonitrile (ca. 6 mol- 2,6-H2), Anal. calcd, for C10H13N04C1P: 43,2, 4,7, 5,0%'0; 
equivalents) were added. The solution was sealed in a glass tube and found: C43.2, 4,8, 5.2%'0. solid; I H  nmr (CDC13) 6: 2,80 (6H, 
heated at 80°C overnight. After cooling, the precipitate was filtered off, d, J H P  HZ, NMe2), 3,92 (3H, d, J H P  12 HZ, OMe), 8.33 (4H, m, 
washed quickly with cold, dry acetonitrile, and stored in a desiccator arom.-H), Anal, calcd. for C10H13N206P: 41 ,7, 4,5, 9,7%; 
overP4010.4a:76%(veryh~groscopic);'Hnmr(D20)6:2.60(6H,d, f o u n d : c 4 1 . g , ~ 4 . 8 , ~ 9 , g % ,  l e : o i l ; l ~ n m r ( ~ ~ ~ ~ 3 ) 6 : 2 , 8 5  
J H p  NMe2)9 3.21 s, NMe4+), 3.51 (3H7 d, J H p  lo  HZ, (12H, d, J H p  11 HZ, NMe2), 7.60 (3H, m, m+parom.), 8.20 (2H, m, 
OMe). Anal. calcd. for C7H21N203P: C 39.6, H 9.9, N 13.2%; f ~ u n d :  o-arom.), since le always contained small quantities of N M ~ ~ * c I - ,  

39. ' 9'9, 14.3%. 4c, 'H nmr (D20) 6: 1.09 (3H, t, J H H  Hz, no satisfactory analysis was obtained for this product, 1 f :  oil; 'H nmr 
P-Me), 2.82 (2Hs m, CH2)t 3.18 s, NMe4+)$ 3.45 (3H1 d* (CDC13) 6: 3.95 (6H, d, J H P  12 HZ, OMe), 7.45 (3H, m, rn + p  arom.), 
J~~ lo Hz$ OMe). 4d3 'H nmr ( ~ 2 0 1  6: (6H, d ,  J~~ P-Me) 8.10 (2H, m, o-arom.). Anal. calcd. for CloHl 'OsP: C 47.0, H 4.8% ; 
2.88 (1H, m, CHI, 3.15 (12H, s, NMe4+), 3.75 (3H, d, J H P  11 HZ, found: c 45.8, H 4.8%. 
OMe). 4e, 'H nmr (D20) 6: 1.25 (9H, s, P-Me), 3.20 (12H, s, 
NMe4+), 3.70 (3H, d, JHP 11 HZ, OMe). (Me0)2P02- NMe4+: 64% Reaction of 3a with N-methylaniline (Scheme 5) 
(as a monohydrate); 'H nmr (D20) 6: 3.18 (12H, s ,  NMe4'), 3.55 l a  (20 pL) and N-methylaniline (22 pL) were dissolved in CD3CN 
(6H, d, JHP 11 HZ, OMe). (0.4 mL) in the nmr tube; the tube was sealed and heated in a water bath 

Salt 10 could not be prepared in the same way since the starting at 50°C for 59 h. The final spectrum showed complete disappearance of 
methyl-N,N,N1,N'-tetramethylphosphorodiadate proved unreactive l a  and the presence of signals expected for 6a and the salt 4f. Products 
towards demethylation by trimethylamine. 10 was prepared in the 6 a  and 4f were identified by comparing the 'H nrnr spectrum of the 
following way: (Me2N)2P(0)C1 (0.022 mol) was added slowly with reaction solution with the 'H nmr characteristicsof 6 a  obtained for the 
cooling and stirring to the aqueous solution of two mol-equivalents of authentic sample of this compound, and of 4f,  as reported in the 
tetramethylammonium hydroxide. Stirring was continued for 3 h, literature (8). 6 a ,  6: 3.05 (6H, br s), 7.40 (SH, s). 4 f ,  6: 2.90 (3H, s, 
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NMe'), 3.20 (3H, d, J H P  9 HZ, P-NMe), 3.70 (3H, d, J H P  11 HZ, 
OMe), 7.20 (lOH, m, 2 x Ph) (lit. (8) 6: 2.9 (3H, s), 3.2 (3H, d, 
J H P  8 HZ), 3.7 (3H, d, J H p  12 HZ), 7.3 (10H, m)). 

Reaction of 7 with benzoic acid (Scheme 7) 
A solution of 7 (13 rnmol) in acetonitrile (30 mL) and ether (10 mL) 

was added dropwise with stirring and cooling to a solution of benzoic 
acid (10 mmol), triethylamine (6 mmol), and DMF (10 mmol) in 
acetonitrile (30 mL). The mixture was then heated under reflux for 1 h, 
ether (50 rnL) was added, the mixture was filtered, and solvents were 
removed under reduced pressure. The oily product was dissolved in 
chloroform (35 mL), washed with water (3 X 20 mL), dried, and 
evaporated under reduced pressure. The 'H nmr of the product 
indicated the presence of 6a (6 3.05, 6H, br s; 7.4-8.1, 5H, m) and 
another, phosphorus-containing product (6 2.68, 12H, d, J  10 Hz; 
3.68, 3H, d, J  11 Hz). The product was separated by gc yielding 9 
(9%, tR 4.6 min) and 6 a  (58%, tR 9.7 min), which were identified by 
comparison with authentic samples. 

Reaction of10 with Sa  (Scheme 8) 
10 (9.8 mmol) was suspended in dry acetonitrile (10 mL) and a 

solution of §a  (6.6 mmol) in acetonitrile (15 mL) was added dropwise 
with stirring. The mixture was then heated under reflux for 4 h, cooled, 
filtered, and the solvent removed under reduced pressure. The resultant 
solid product was recrystallized from petroleum ether (bp 30-40°C) 
and identified as 6a; mp 39-41°C. When the reaction was carried out at 
room temperature and aliquots (4 mL) were withdrawn at intervals and 
worked up as before, the intermediate formation of l e  was demon- 
strated by 'H nmr spectroscopy (6 2.80, 12H, d, J H P  11 HZ, NMe2). 

Reaction of (Me0)2P02- with 5 a  
Tetramethylammonium dimethylphosphate (1.5 mmol) was sus- 

pended in dry acetonitrile (15 rnL) and 5a (1.55 mmol) in acetonitrile 
(15 rnL) was added with stirring at room temperature. Stirring was then 
continued at room temperature for 3.5 h with removal of aliquots 
(4rnL) at various times; all aliquots were filtered, evaporated under 
reduced pressure, and the residue examined by 'H nmr spectroscopy 
(CDC13). After canying out the reaction for 3.5 h at room temperature, 
the mixture was heated under reflux for 4 h, again with removal of 
aliquots, which were worked up as before. Spectra obtained before 
heating showed the appearance of a new product (6 3.99, d, J H p  10 HZ), 
identified as dimethylbenzoyl phosphate. After 1 h of heating under 
reflux, however, this product had disappeared almost entirely and a 
new product had appeared (6 3.72, d, J H p  10 HZ), and remained 
unchanged over the period of further heating. This product was 
identified as tetramethyl pyrophosphate. No methyl benzoate or 
trimethyl phosphate were found in the reaction mixture, as demon- 
strated by the addition of authentic samples. The mixture of dimethyl- 
benzoyl phosphate and tetramethyl phosphate was also obtained when 
dimethyl phosphorochloridate was allowed to react with benzoic acid 
in acetonitrile in the presence of triethylamine and DMF and the 
product distilled under reduced pressure (bp 120- 125°C (0.5 Torr)). 

Reaction of trimethyl phosphate with 5 b  
Trimethyl phosphate (0.113 mol), 5b (0.073 mol), and triethylamine 

(2 drops) were heated at 56-58°C for 12 h (23). Distillation of the 
roduct yielded dimethylacetyl phosphate; bp 68-71°C (0.2 Torr); 

'H nmr (CDCl 3 )  6: 2.20 (3H, s, C-Me), 3.90 (6H. d, JHP 11.5 HZ, 
OMe). The ' H nmr of this product, recorded after 6 months of standing 
at room temperature, showed that marked changes had taken place: 
new signals appeared at 6 2.08 (s) and 6 3.78 (d, J H p  10 HZ). These 
signals were assigned to acetic anhydride and tetramethyl pyrophos- 
phate, as confirmed by addition of authentic samples. Again, no methyl 
acetate or trimethyl phosphate could be dctected in the reaction 
mixture. 

Rate measurements 
In a typical run, mixed anhydride (20 p.L) was dissolved in 

deuterated solvent (0.4 mL) in an nrnr tube, and the tube was sealed and 
incubated in a thermostatted water bath of the required temperature. 
Progress of reaction was monitored periodically by 'H nrnr: the amount 

of carboxyamide product present at various times was calculated as a 
percentage by determining the ratio 

1 OOA 
X(%) = - 

A + B  

where A = increment (per proton) for the carboxyamide measured from 
integration of the C(0)NMe2 signal at 6 ca. 3.0 (in mm/H); and B = 

increment (per proton) for the anhydride substrate measured from 
integration of the P(0)NMe2 signal at 6 ca. 2.75 (mm/H). The value of 
X(%) was then substituted into the first-order rate law term: 

Reactions were followed to ca. 70% completion. All runs gave linear 
plots with r values of 0.990-0.995. 

Since the rates of fragmentation are sensitive to the presence of 
various substances (see Discussion), great care was taken to make 
certain that the rate constants used for determination of relative 
reactivity, svlvent or catalytic effects, and temperature effects were 
obtained, as far as possible, under identical conditions. For example, 
the Arrhenius plots (Table 2) were obtained for each solvent by 
canying out all kinetic measurements simultaneously and using the 
same sample of l a  and the same bottle of solvent. Similarly, the effect 
of catalyst (Table 4) was measured using the same sample of l a  for all 
runs, and the effect of substituents (Table 3) was determined using the 
same CDC1, as a solvent. 
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Contraction de cycle dans la substitution d9un triflate osidique 

ANNIE GROUILLER 
Service de chimie biologique de l'lnstitut national des ~ciences applique'es de Lyon, Britiment 406, 20 Avenue A. Einstein, 

69621 Villeurbanne CEDEX, Fmnce 

R e p  le 4 novembre 1985 

ANNIE GROUILLER. Can. J. Chem. 64, 1709 (1986). 
La substitution nuclCophile par le benzoate de sodium du trifluoromCthanesulfonate en 2 de l'azido-3 (ou du 0-benzoyl-3) 

dksoxy-4 a-DL-thre'o-pentopyrannoside de mkthyle (1 ou 4) proci.de avec une contraction du cycle pyrannose en cycle furannose, 
en C-2. Cette contraction n'est nullement observCe lors d'une substitution avec l'azoture de lithium. 

ANNIE GROUILLER. Can. J.  Chem. 64, 1709 (1986). 
Benzoate displacement of the 2-triflyl derivative of methyl 3-azido or 3-0-benzoyl-4-deoxy-a-DL-threo-pentopyranoside 

(1 or 4) occurs with a pyranose to furanose contraction reaction at C-2. This contraction is not observed with an azido 
displacement. 

DiffCrentes contractions du cycle pyrannosique en cycle 
furannosique ont CtC recemment observkes lors de la substi- 
tution nuclCophile de sulfonates (1) ou au cours de leur dCsul- 
fonyloxylation reductive (2). Nous-mCmes, dans le cadre d'un 
programme de synthese d'azido-nucltosides a squelette dCsoxy- 
pentopyrannosyle (3), nous avions observC (4) que le traitement 
par le benzoate de sodium de l'anomhe cx de l'azido-3 
didksoxy-3,4 O-trifluororn6thanesulfonyle-2-~~- thrko-pento- 
pyrannoside de mCthyle (1) conduisait a un mClange de deux 
composes : le dCrivC benzoyle attendu 2 de substitution et en 
quantitC prCpondCrante le produit 3 de contraction du cycle 
pyrannose en cycle furannose.' 

n'observons pas de contraction de cycle, mais que la formation 
du dtrivC diazido de substitution 6; dans le second cas, 2 cGtC du 
dibenzoate 7,  le produit de contraction de cycle 8 est forme dans 
un rapport de 3:2,5. Ces diffkrents composes ont CtC purifiCs et 
stparCs par chromatographie sur colonne de gel de silice. 11s ont 
CtC identifiCs d'apres leur spectre de masse et leurs spectres de 
rmn du proton et du carbone 13. 

Nous pouvons alors conclure que contrairement a l'hypothese 
tmise prCcCdemment par nous (4) et par d'autres auteurs (6) 
pour expliquer cette contraction de cycle, l'attaque intramole- 
culaire du nuclCophile par l'arribre du cycle sur le carbone 2 
n'est pas dQe a la conformation de la molCcule, mais 2 la nature 
du nuclCophile utilisk : elle a lieu aussi bien avec le radical azido 
qu'avec le groupement benzoyle en position 3 Cquatoriale, a 
condition que le nuclCophile utilisC soit le benzoate de sodium et 
non l'azoture de lithium. Genhalement, la substitution SN2 de 

Ce resultat avait CtC interprCtC comme provenant d'une part 
de l'encombrement stCrique dfi aux conformations Cquatoriales 
des groupements mCthoxyle et azido, d'autre part de la relation 
antipdriplanaire qui existait entre la liaison C-l/oxygi.ne 
hCtCrocyclique et celle C-2/sulfonate. Par la suite, nous avons 
constatt (5) que le triflate 4, trait6 dans les m&mes conditions par 
de l'azoture de lithium ne donnait naissance qu'8 la formation 
du produit de substitution 5. Or la configuration et la conforma- 
tion des deux triflates 1 el 4 Ctaient la meme. Seules changeaient 
la nature du groupement port6 par le sucre en position 3 et celle 
du nuciCophile utilisb. 

Pour discerner quel Ctait le facteur determinant, nous avons 
alors traitC, toujours dans les mCmes conditions, d'une part 
l'azido-sucre P par l'azoture de lithium, d'autre part le benzoate 
4 par le benzoate de sodium: dans le premier cas nous 

'Tous nos composCs sont racCmiques; les formules reprksentent un 
seul Cnantiom&re. 

sulfonates en 2 de pyrannosides par des nuclCophiles chargCs 
est difficile et bien souvent impossible a cause d'un alignement 
dCfavorable des dipales formCs dans 1'Ctat de transition (7), 
sauf si le sulfonate est un triflate, excellent nuclCofuge (8). 
Cependant, dans le cas de l'ion benzoate qui prCsente une 
concentration plus Clevee en charge negative que l'ion azoture, 
l'attaque d'un triflate selon un mkcanisme SN2 est peut-Ctre 
plus difficile qu'avec N3- : un dCplacement interne (ou une 
contraction de cycle) peut alors entrer en competition ou mCme 
devenir 1'Cvknement principal. 

Ces produits de contraction de cycle nous ouvrent une voie 
intCressante h la synthkse de C-nuclCosides. 

Partie experimentale 
Appareils et me'thodes 

La purification des composes a CtC rCalisCe par chromatographie sur 
gel de silice (Kieselgel 60 FZs4, Merck 10757). Les spectres de rmn 
ont 6tC enregistrks par le Service de rmn de la FacultC de Pharmacie de 
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Marseille a 200 MHz pour 'H et 50,3 MHz pour 13C. Les dkplacements 
chimiques sont exprimCs en ppm, le tCtramCthylsilane Ctant pris comme 
rCfCrence zCro. Les spectres de masse ont CtC obtenus en ionisation 
chimique (NH3) par le Service Central d'Analyse du CNRS a Solaize. 

Protocole ge'ne'ral 
Une solution de triflate (1,66 rnmol) dans de 1'hexamCthylphos- 

phoramide (40 mL) est chauffCe 5 h a 90°C avec 1,5 Cquiv. d'azoture de 
lithium (130 mg) ou de benzoate de sodium (360 mg). Le melange 
rkactionnel est versC sur de l'eau (50 mL) et extrait par de 1'Cther 
(200 mL). La phase organique est s&chCe sur sulfate de magnCsium 
et CvaporCe sous pression rCduite. Le residue obtenu est purifiC par 
chromatographie sur colonne s&che de gel de silice. 

Diazido-2,3 tride'so.9-2,3,4 a - ~ ~ - C r y t h r o  pentopyrannoside de 
me'thyle (6)  

Huile 5 partir de 1 (4) et d'azoture de lithium; rendement, 71%; R f  
0,68 (acCtate dlCthyle - hexane, 1: 1); 'H rmn (CDC13) 6 : 4,43 (d, J1,2 
= 2,0Hz, H-l),  4,15-4,o (sext, J3,4, = 3,6, J3,4b = 11 Hz, H-3), 3,73 
(q, J2,3 = 3,6 Hz, H-2), 3,67-3,38 (m, H-5a,b), 2,10-1,72 (m, 
H-4a,b); I3C rmn (CDCI,) 6 : 100,8 (C-1), 61,l (C-2), 60,3 (C-5), 
58,3 (OCH3), 58,O (C-3), 26,3 (C-4); sm m / e :  216 (MNH4+). 

De'soq-4 di-0-benzoyl-2,3 a-DL-Crythropentopyrannoside de rne'rhyle 
(7) et benzoyl-me'thyl ace'tal de l'anhydro-2,s de'sox\.-4 0- 
benzoyl-3 DL ribose ( 8 )  

Huiles a partir de 4 (5) et de benzoate de sodium; rendement global, 
57% (dont 26% de 7 et 31% de 8, sCparCs par chromatographie sur 
colonne seche de gel de silice avec comme Cluant le mtlange acCtate 
d'Cthyle - hexane 1 :2). 

7 : Rf 0,57 (acCtate d'Cthyle - hexane, 1:2); 'H rmn (CDC13) 6 : 
8,08-7,97 et 7,60-7,33 (m, 5H, Ph), 5,57-5,46 (m. J2,3 = 2 HZ, H-2 
et H-3), 4,80 (d, J1.2 = 2 Hz, H-I), 4,29-4.14 (m, JSa .5b  = 8 Hz, 

H-5a), 3,71-3,55 (m, H-5b), 3,51 (s, 0CH3),  2,20-2,05 (m, H-4); 
13C rmn (CDCl,) 6 : 166 (CO), 135-126 (C6H,), 98,7 (C-1), 68,6 
(C-2), 68,2 (C-3), 58,8 (C-5), 56,4 (OCH,), 28,2 (C-4); sm m / e :  374 
(MNH4+), 325 (M - 0CH3). 

8 : Rf 0,48 (acetate d'ethyle - hexane, 1:2); 'H rmn (CDC13) 6 : 
8,14-7,98 et 7,63-7,40 (m, 5H, Ph), 6,20 (d, J1.2 = 4 HZ, H-l),  5,70 
(sext, J3,4= = 2, J3,4b = 3,6 HZ, H-3), 4,37 (q, J2,, = 2 HZ, H-2), 
4,2-3,90 (m, H-5a,b), 3,57 (s, OCH,), 2,48-2,26 et 2,20-2,05 
(m, H-4a et H-4b); 13c rmn (CDCI,) 6 : 166 (CO), 135-126 (C6H5). 
97,8 (C-1), 84 (C-2), 76 (C-3), 68,5 (C-5), 58 (OCH,), 34 (C-4); sm 
m / e  : 374 (MNH4+), 325 (M - 0CH3). 220 (M - 0CH3 - COC6H5), 
19 1 (M-chaine laterale) . 
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An MNDO study of dipyridopyrazinium and relation cations: 
instability of certain fused heteroaromatic dications with two bridgehead nitrogens 
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JEFFREY G. EAVES, DAVID PARKER, and NIGEL RUDGEWICK-BROWN. Can. J .  Chem. 64, 1711 (1986) 
MNDO calculations are reported for the series of closed shell aromatic and heteroaromatic molecules and cations 1 to 7. The 

14n dipyrido-dications l a  and 2a are considerably less stable than their dihydro-analogues 1 b and 2b and perhaps should not be 
considered to be "aromatic" cations. 

JEFFREY G. EAVES, DAVID PARKER et NIGEL RUDGEWICK-BROWN. Can. J .  Chem. 64, 171 1 (1986). 
On rapporte des calculs MNDO effectuCs sur la sCrie des molCcules et des cations aromatiques et hCtCroaromatiques 1 2 7 a 

couches fermCes. Les dipyridodications l a  et 2a B 14 Clectrons .rr sont beaucoup moins stables que leurs analogues dihydro I b et 
2b; on ne devrait peut-&re pas les considkrer cornme des cations "aromatiques". 

[Traduit par la revue] 

Introduction 
The series of condensed heteroaromatic systems which 

incorporates pyridinium cations has been studied in detail, 
mainly as a result of the herbicidal activity of certain derivatives 
(1). More recently, dipyridinium cations have been shown to be 
components of a novel class of organic metals (2). Eowever, the 
dipyrido[l,2-a: 1 ' ,2'-dlpyrazinium ring system, 1, and the 
related pyrimidinium cation 2 have been relatively poorly 
studied (3, 4). We have recently been studying the structure 
and reactivity of some dipyridopyrazinium cations (4). During 
the course of this work it became apparent that the putative 
aromatic cations l a  and 2 a  had not been defined. These 
dications are of particular interest as they may be expected to 
accept an electron readily, forming stable radical cations, as 
required for efficient herbicidal action. There was a need 
therefore to assess the relative stability of these dications 
compared to their dihydro-analogues, I b  and 2b,  relating this 
to a series of mono- and dications of comparable structure. 3 to 
7.  This series was chosen in order to compare the effect of 
varying overall charge, T-electron number and the location of 
the nitrogen atoms (i.e. at bridgehead positions or o t h e ~ i s e ) . ~  
The cations selected include the commercial herbicide "diquat" 
6b (5), and its dehydro-analogue Ba both of which are well- 
defined dications. The 12-n anthracene dication. Sa. is also , , 

included. It has been characterised electrochemically recently 
(6) and was shown to be highly unstable with a life-time of the 
order of seconds at -50°C in liquid sulphur dioxide. 

Discussion and results 
A series of geometry optimised MNDO molecular orbital 

calculations has been undertaken in order to compare the 
relative stability of l a  and 2 a  and their dihydro analogues, I b  
and 2b,  to the related aromatic and heteroaromatic systems 3 to 
7. The calculations were carried out using Dewar's MNDO 
program (9) with the aid of a CDC 7600 or an IBM 3701168 
computer. The geometric parameters were optimised and the 
appropriate point-group symmetry of 1 to 7 was utilised where 
necessary. It was therefore assumed that the aromatic species l a  
to 7a were flat. 

'To whom all correspondence should be addressed. 
'Some of these systems have been examined previously using a 

semi-empirical PPP-SCFMO method (7, 8). 
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1712 CAN. J. CHEM. VOL. 64. 1986 

TABLE 1. MNDO calculated gas-phase enthalpies of formation a 

(kcal mol-') 

AH! AH!/dihydro analogue 
(la-7a) (1 b-7 b) 

"The mean absolute error in values has been calculated to be 7.2 kcal mol-' 
for cationic systems and 6.3 kcal mol-' for neutrals (9). 

bExperimental value is given in parentheses (10). 

( i )  Heats of formation 
In Table 1 the calculated gas-phase enthalpies of formation 

for the "aromatic" systems l a  to 7 a  are compared with the 
values for the corresponding dihydro systems. 16 to 7 b .  
A striking feature of this comparison is the high d4fference 
in heats of formation  AH^,,^,,), column 3) for 1 and 2 
(38.5 kcal mol-') compared to 3, 4, 6 ,  and 7 where the 

difference averages 20.9 kcal mol-'. The heats of formation for 
the pyrazinium and pyrimidinium dications l a  and 2a and the 
anthracene dication 5a are quite similar, despite the fact that the 
former are formally 14n aromatic dications and the latter is an 
anti-aromatic 12n system. This suggests that l a  and 2a 
are uniquely unstable within the series considered. The calcu- 
lated difference in enthalpy of formation for 6a and 6 b  is 
20.2 kcal m o l l ,  in line with 3, 4, 6 ,  and 7 but in contrast to 1 
and 2. It would seem that the instability of l a  and 2a is 
not simply associated with the occurrence of two bridgehead 
nitrogens, as occurs also in 6a  and 66. 

In the case of anthracene, experimental and calculated heats 
of formation may be compared (10). Both sets of values fall 
within the mean error of the calculation, as expected for 
such simple molecules (9). Finally it is worth noting that the 
conjugated 1 2 ~  dication § a ,  is notably more stable than its 
(5 + 5)n  dihydro analogue, 5b.  In the latter case the dication 
may be considered as two independent 5 7  aryl cations in which 
the positive charge is localised within each of the outer rings. 

(ii) Molecular geometries and frontier orbital energies 
For the series l a  to 7 a  it was expedient to assume that the 

cations and molecules were flat with the appropriate point-group 

TABLE 2. Selected frontier molecular orbitalsa 

HOMO NHOMO LEMO 
Compound (energy/eV) (energy/eV) (energy /eV) 

"As deduced from examination of the elements of the eigenvector matrix. examining the atomic 
orbital coefficients for each molecular orbital. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



EAVES ET AL 1713 

symmetries.3 For the dihydro-systems l b ,  2b,  3b ,  4b ,  6 b ,  and 
7 b  the central ring is calculated to be non-planar with dihedral 
angles between the planes of the two aromatic rings of 148, 149, 
141, 153, 10, and 141°, respectively. The experimental values 
from the reported X-ray structures of 1b (4), 6 b  (1 I) ,  and 7 b  
(12) are 141, 20, and 145" showing reasonable agreement 
bearing in mind the perturbing influence on cation molecular 
geometry of nearest anions (4, 11) and crystal packing effects. 
Generally, the calculated and experimental bond lengths show 
good agreement. 

The C(1)-C(9) bond length for the central ring of the 
"diquat" derivative 6a  is calculated to be 1.36 A. in close 
agreement with both the experimental value of 1.35 A and the 
commonly accepted bond length for an isolated alkene bond of 
1.34 A. This correlation suggests that the bond is perhaps best 
regarded as olefinic rather than aromatic in character. This is 
similar to the behaviour of the C(9)-C(10) double bond in 
phenanthrenes, although this point was overlooked by workers 
dicussing the crystal structure of 6 b  (5). 

(iii) Charge distribution and frontier molecular orbitals. 
Within the heteroaromatic rings of the dihydro systems l b ,  

2b, 3 b ,  4b,  and 6 b ,  a pronounced + / - alternation of net 
atomic charge density is consistently found. This may be 
associated with effective delocalisation of charge around the 
pyridinium ring. Such charge alternation is also found for the 
two outer rings in 6a:  indeed the calculated values accord 
closely with those of 6b.  This suggests that in 6a the positive 
charge is not effectively delocalised into the central ring and that 
6a effectively behaves like 6 b  with a linking, but only weakly 
conjugating double bond. In the 1 4 n  systems 3a and 4a,  such 
charge alternation is also observed in each heterocyclic ring. 

Effective charge delocalization, as evidenced by this + / - 
charge alternation, does not occur to such an extent with l a ,  2a,  
and 5a.  In these three systems, there is a localization of charge 
on the ring atoms, which presumably must destabilise the 
system, raising its overall energy (as evidenced by their high 
heats of formation with respect to the dihydro analogues, 
Table 1). Again it is worth noting that the anthracene dication is 
behaving in a similar manner to the putative aromatic systems 
l a  and %a. Further insight into the relative stability of these 
systems comes from an examination of their frontier molecular 
orbitals, Table 2. Examination of the calculated eigenvector 

3Tables of frontier orbital energies, molecular bond lengths, and 
atomic charge densities are available from the authors, on request. 

matrix gives the atomic orbital coefficients for each molecular 
orbital from which the pictorial MO's shown in Table 2 have 
been simply derived. Inspection of Table 2 reveals that in the 
two highest-occupied MO's of l a ,  2a,  and 5a ,  no n orbital 
overlap through the central ring occurs. This presumably may 
be related to the lack of charge delocalisation discussed above. 
In contrast, effective n-orbital overlap through the central ring 
is consistently observed in the HOMO or NHOMO for 3a,  4a,  
and 7 a .  

Given the similarity of l a  and 2a to the 1 2 n  anthracene 
dication Sa,  it is tempting to speculate that they may not 
reasonably be termed "aromatic", despite the fact that they 
formally contain 14n-electrons in a conjugated, cyclic array. 
Their inherent instability, as manifested by the high differential 
heat of formation with respect to their dihydro-analogues, the 
lack of effective charge delocalisation around the ring and by the 
fact that they have eluded preparation, clearly sets them apart 
from the related systems considered in this study. 
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and picryl chloride with some carbon bases 
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MICHAEL R.  CR~MPTON, TERENCE P. KEE, and JENNIFER R. WILCOCK. Can. J. Chem. 64, 1714 (1986). 
Reaction of 1,3,5-trinitrobenzene (TNB) with the malononitrile anion in methanol yields a carbon-bonded cr-adduct, 

(3). Ionisation of the remaining exocyclic hydrogen is favourable and yields the dianion (4). The initial reaction of 
1-chloro-2,4,6-trinitrobenzene similarly occurs at an unsubstituted rlng position, but is followed by slower nucleophilic attack at 
the 1-position yielding the substituted product. A major difference In the reaction of the ethyl malononitrile anion with TNB is 
that the adduct formed (11) has no readily dissociable proton. Hence, here, conversion to the carbon-bonded adduct is less 
favourable. Kinet~c and equilibrium data are reported for these reactions and are compared with data for adduct formation 
involving methoxide ions. 

MICHAEL R. CRAMPTON, TERENCE P. KEE et JENNIFER R. WILCOCK. Can. J. Chem. 64, 1714 (1986). 
La rCaction du trinitro-1,3,5 benzkne (TNB) avec I'anion malononitrile, dans le mCthanol, conduit A un produit conduisant a la 

formation d'un adduit-a liC a un carbone (3). L'ionisation de l'hydrogkne exocyclique residue1 est favorable et conduit au dianion 
4. La rCaction initiale du chloro-l trinitro-2,4,6 benzene se produit de la m8me manikre a la position non-substituCe du cycle; 
toutefois, elle est suivie d'une attaque nuclCophile plus lente au niveau de la position 1 qui conduit au produit substituC. Une 
diffkrence importante dans la reaction de l'anion Cthylmalononitrile avec le TNB est que l'adduit qui se forme, 11, ne porte pas de 
proton dissociable. Alors, sa conversion en un adduit liC par le carbone est moins favorable. On rapporte les donnCes cinetiques 
et dlCquilibre de ces rCactions et on les compare avec les donnCes obtenues pour la formation d'adduits impliquant les ions 
mCthylates. 

[Traduit par la revue] 

Many carbon-bonded a-adducts have been characterised 
from the reactions of activated aromatic molecules with carbon 
bases (1, 2). However, relatively few kinetic studies of these 
systems have been reported, due in part to  the difficulty of 
generating the nucleophiles under conditions suitable for such 
:tudies. A notable exception here is the work of Kavhlek, 
StCrba, and co-workers which showed that carbanions gener- 
ated from malonic acid derivatives were suitable nucleophiles 
(3-5) .  

In  this paper w e  report kinetic and equilibrium data for 
the reactions of  malononitrile anion with 1,3,5-trinitrobenzene 
and with picryl chloride (1-chloro-2,4,6-trinitrobenzene) in 
methanol, and equilibrium data for reaction of the ethyl 
malononitrile anion with 1,3,5-trinitrobenzene. The results are 
important in  that the equilibrium constants give a measure of the 
carbon basicities of the nucleophiles (thermodynamic affinity 
for carbon) while the rate constants measure their nucleophili- 
city and nucleofugality. There is current interest in  the compari- 
son of these quantities for different types of nucleophile, and in 
different types of reaction (6, 7). 

Results and discussion 
Acidities of malononitrile and ethjl malononitrile in methanol 

The pK, of malononitrile in water is reported (7- 10) as 11.2. 
Carbanions were generated in methanol, as shown in reaction 
[ I ] ,  by  reaction of (1, R = H, Et) with methoxide ions. Values 
of KCH determined spectrophotometrically are in Tables 1 and 
2. These values are related by  eq.  121 to K,, the acid dissociation 
constants of the carbon acids and K M ,  the autoprotolysis 
constant of methanol. Since the value ( I  I )  for pKM is 16.92 we  
obtain values for pK, in methanol for (1, R = H) of 14.14 and 

[I]  RCH(CN); + M e 0  RC(CNI2- 
1 2 

[21 KCH = K ~ I K N L  

TABLE 1. Equilibrium data for reaction of malonotrilea with sodium 
methoxide in methanol at 25OC 

lo3 [NaOMe]/ M Absorbance (226 nm) KcHC/L mol-' 

"Concentration is 1 X M. 
bAbsorption is due to carbanion. These are initial values determined by 

stopped flow spectrophotometry. Values correspond to cell of 1 cm path length. 
'Calculated as (A - 0.01)/(1.49 - A)[NaOMe],, where A represents 

absorbance. 

for (1, R = Et) of 15.60. The acid weakening effect of the ethyl 
group may be  attributed partially to its polar effect and partially 
to steric inhibition of solvation of the anion (1 1). 

Reaction of malononitrile anion with 1,3,5-trinitrobenzene 
( 7"B) 

Our results are best interpreted by Scheme 1 which allows for 
the reaction of T N B  with methoxide ions to produce 5 .  This 
reaction, which is known to be  very rapid on  the stopped-flow 
timescale (12) and for which KOMe has (13) the value 17 L molp l ,  

was minimized by working with [MeOp]  0 .01  M. In all cases 
the fraction of substrate present in the form of 5 at equilibrium 
was negligibly small. The visible spectrum of the TNB-malo- 
nonitrile adduct present at equilibrium had A,,, at ca. 450 nm 
with a shoulder at longer wavelength and was typical of 
1:l adducts of TNB with carbon bases (2). However, small 
variations of spectral shape were observed depending on the 
residual concentration of methoxide ions and provide evidence 
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CRAMPTON ET AL. 

TABLE 2. Equilibrium data for reaction of ethylmalononitrile with potassium methoxide 
in methanol at 25°C 

( l , R  = Et)/M [KOMe]/M Absorbance (238 nm)" K ~ ~ ~ / L  mol-' 

"Determined by conventional spectrophotometry using 1 cm cell. Values extrapolated to zero time. 
bCalculated as [2]/[1][MeO-] using extinction coefficients of 1.2 x lo4  L mol-' cm-' for 

(2, R = Et) and zero for (1, R = Et). 

for the ionisation 3 6 4. With [MeO-] > l op3  M, the spectrum 
had X,,, 460 nm, 520 (sh) and is attributed to the dianion 4, 
while with [MeO- ] < lop4 M (in buffer solutions) the spectrum 
showed A,,, 440 nm, 525 sh indicating the predominance of 3. 
It is to be expected that the adduct 3 should be a stronger acid 
than malononitrile since it is known that the C6H2(N02)3- 
group, although negatively charged, is electron withdrawing 
relative to hydrogen (14, 15). 

Kinetic measurements were made by stopped-flow spectro- 
photometry, one syringe containing a mixture of TNB and 
malononitrile in methanol and the other a solution of sodium 
methoxide in methanol. We worked with concentrations [NaOMe] 
>> [malononitrile] >> [TNB] and a single first order process 
was observed in the visible region. Rate constants are in Table 
3. The proton transfers involving the formation of the malono- 
nitrile anion, and the equilibration of 3 and 4 are expected to be 
fast on the stopped-flow time-scale (16). On that basis, and 
allowing for the rapid equilibrium formation of 5 we obtain 
eq. 131 

concentration of kobs versus [CH(CN)2]  / (I  + KOMe [ M e 0  I )  
were linear. The slopes gave a value for k3 of (3 i. 0.5) x 
105Lmol-1s-1. The values of the intercepts are inversely 
proportional to the sodium methoxide concentration, indicating 
that the condition K[MeOP] >> 1 applies, and giving a value 
for k-3/Kof 0.26 + 0.02 mol L-' s-'. Hence we obtain a value 
for K3K(= k3K/k-3) of (1.1 + 0.3) X lo6 L* molP2. 

In order to separate the values of K3 and K it was necessary 
to work in solutions containing very low concentrations of 
methoxide ions. This was achieved by using buffer solutions 
prepared from 4-bromophenol, whose pK, value in methanol is 
known (1 1) to be 13.61. Equilibrium absorbances obtained 
using conventional spectrophotometry were measured at X,,, 
and also at 550 nm and are reported in Table 4. Because of the 
fairly fast decomposition reaction these are the values extrapo- 
lated to zero time. We define the equilibrium constant, Kobs, by 
eq. [4] where A is the measured absorbance and A, is the value 
corresponding to complete conversion of TNB to adduct. If the 
reasonable assumption is made that the extinction coefficients of 
3 and 4 at A,,, are the same then it is readily shown that KO,, is 
related to K3 and K by eq. [5]. 

where K is the equilibrium constant for reaction of 3 with A 1 

methoxide ions to give 4. Plots, in Fig. 1, at constant methoxide [41 
Kobs = (A, - A) ' [CH(CN),-1 
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TABLE 3. Kinetic data for reaction of 1 ,3,5-trinitrobenzenea with (2, R = H) in methanol at 25°C 

lo4 [ c H ~ ( c N ) ~ ] , ~ , ~ , ~ / M  lo4 [ N ~ o M ~ ] , ~ , ~ , ~ ~ / M  lo4 [CH(CN)2Ic/M kOb,d/sol ' 

"Concentration is 5 X 10°16 M. 
bionic strength, 0.01 M with sodium chloride. 
'Calculated from the stoichiometric concentrations of malononitrile and sodium methoxide. using a value 

for Km of 600 L molol'. 
dMeasured by stopped-flow spectrophotometry of 460 nm. 

TABLE 4. Equilibrium data for reaction of 1,3,5-trinitrobenzene" with malononitrile in buffer solutions at 25OC 

~bsorbances~ 

[CH2(CN)2] ,,,,, h/M 104[MeO-] b / ~  I O ~ [ C H ( C N ) ~ ] ~ / M  A ,,, 550 (nm) &,,/L mol-' 

"Concentration is 2 X 1 0-4 M. 
bResidual methoxide concentration in 4-bromophenol/4-bromophenoxide buffers. Since the concentrations of buffer 

components (ca. 0.1 M) were not in a very large excess of the malononitrile concentration. a correction has been applied for 
depletion of base by formation of malononitrile anion. Ionic strength was maintained at 0.01 M. 

"Calculated from eq. [I]  using a value for Kc,  of 600 L molol'. 
dThe extinction coefficients were determined to be 2.5 X 10% molol' cm-' at A,,,. and 1.15 X 10% m o l '  cm- at 550 nm. 

These measurements were made using large excesses of [malononitrile] and [methoxide] over [TNB] 

A plot, Fig. 2, of Kobs versus methoxide concentration gave 
values for K3 of 37 L mol-' (intercept) and for K of 2.1 x 
lo4 L mol-' (slope/intercept). Similar treatment of the data at 
550 nm yielded values for K3 of 42 L m o l l  and for K of 1.9 x 
lo4 E mol-'. The slopes of these plots give a value for the 
product K3K of 8 X lo5 L' mol-', in reasonable accord with 
that obtained from the kinetic measurements. 

We now have two ways of calculating the value for k - 3 .  From 
the knowledge that the value of k-3/K is 0.26 mol L-' s 1  and 
the known value for K we obtain a value of 5500 + 1000 s-I. 
The second value, obtained from k3/K3, is 7500 ? 2000 s-l .  
Our preferred value is 6500 + 2000 sP1. 

Reaction of malononitrile anion with picry1 chloride 
Mixing solutions in methanol of picryl chloride (l-chloro- 

2,4,6-trinitrobenzene) and malononitrile in the presence of base 
produced a transient red colour, which we take to signify 
a-adduct formation, followed by a strong permanent yellow 
colour A,,, 442 nm, E 2.5 X lo4 L m o l l  cm- which may be 
attributed to the substitution product. There is very strong 
evidence (1, 2, 17, 18) that nucleophilic attack at unsubstituted 
positions of picryl chloride is a considerably faster process than 
is attack at the chloro-substituted position. Hence we interpret 
the reactions by Scheme 2. Here thc initially observed a-adduct 
is 6 which in the presence of methoxide will be present largely in 
the ionised form 7. The rate-determining step in the substitution 
reaction is expected (1, 2) to be formation of the intermediate 8 
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CRAMPTON ET A1 

FIG. I .  Plots of kobs versus 1 0 4 [ ~ ~ ( ~ ~ ) 2 p ] / ( 1  + KoM,[MeO-I) 
for solutions containing the following concentrations of sodium 
methoxide in methanol: A. 0.003 mol L-'; B,  0.006 mol L-'; C ,  
0.010 mol L-'. 

which will then rapidly expel chloride ion to yield 9. In the 
presence of base 9 is expected (19, 20) to be largely ionised to 
10. 

Kinetic measurements, made by stopped-flow spectrophoto- 
metry under first-order conditions, showed the presence of 
two well-separated processes. The rate expression for the fast 
process which is colour forming at 526 nm and may be identified 
with formation of 7 is similar to eq. [3] for reaction of TNB. 
However, since here methoxide attack at the 3-position may be 
neglected (the equilibrium constant is known (21) to have the 
low value of 2.6 L mol- ' ) we obtain eq. [6]. It is readily shown 

FIG. 2. Plot according to eq. [5] for the reaction of TNB with 
malononitrile in buffer solutions. Data at A,,, . 

that the rate expression appropriate for the slow process, colour 
fading at 526 nm, is eq. [7]. 

Data are presented in Table 5 .  A plot of kfaSt versus 
[CH(CN)J was linear with slope, k 3 ,  3 x lo4 L mol-' s- ' and 
intercept k - 3 / ( l  + K[MeO-I) of 22 1 2 s-'. We expect the 
value of K for ionisation of 6 to be rather similar to the value for 
ionisation of the TNB adduct (3), since the negative charge 
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TABLE 5. Rate data for the reaction of picryl chloridea with (2, R = H) in methanol at 2S°C 

"Concentration is 1 X M. 
bCalculated from the stoichiometric concentrations of malononitrile and sodium methoxide. using a value for Kc, of 600 L mol-I. 
'Colour forming reaction at 526 nm. 
dFading reaction at 526 rm. 
'Calculated from eq. [7] with k l  1.75 X lo3 L mol-' s-I, and KK, ,  1.4 x lo5 L' mol-'. Account was taken of the depletion of 

methoxide concentration in the formation of the malononitrile anion. 

produced can not be directly delocalised into the ring. Assuming 
a value for K of 2 x lo4 L mol- ' , as found for the TNB-adduct. 
we obtain a value for kL3 of 4400 s ' .  From the rate of the 
slowerreaction we obtain avalue for k l  of 1.75 x lo3 L mol- ' s- ' . 

In a study of the reaction of picryl chloride with diethyl 
malonate Leffek and Matinopoulos-Scordou (20) observed a 
a-adduct which they thought was the intermediate on the 
substitution pathway. It is worth noting that, in the present case, 
the assumption that the observed adduct has structure 8 leads to 
the conclusion that expulsion of chloride is slower by at least 
three orders of magnitude than is expulsion of the malononitrile 
anion. We think this is unlikely. 

It is of interest to compare, Table 6, the data for picryl 
chloride with that for TNB: The pattern is very similar to that 
previously observed with oxygen bases. Thus the value of K3 
for picryl chloride is ca. six times smaller than the value for 
TNB (the corresponding ratios for reaction with methoxide ions 
(21) and with hydroxide ions (18, 22) are 6.5 and 5. respec- 
tively) and this change is due largely to a decrease in the value of 
k3 while values of k-3 are similar. The value of k l  for attack at 
the 1-position of picryl chloride is ca. 20 times lower than that 
for attack at the unsubstituted 3-position and ca. 200 times lower 
than that for attack at ring-positions of TNB. The origins of 
these effects have been discussed recently (22). 

TABLE 6. Comparison of rate and equilibrium constants 
for reaction of (2, R = H) with TNB and with picryl 

chloride 

Value 

Parameter TNB Picryl chloride 

k 3 / ~  mol-' s-' 3 x lo5 3 x lo4 
kL3/s-' 6500 4400 
K3/L mol-' 40 7 
kl / L  mol-' s-' - 1.75 x lo3 

A,,, 420, 490 nm (Scheme 3). A very much slower reaction 
gives a species probably a di-adduct (2, 3), with a single 
absorption in the visible region (490 nm). 

A major difference from the reaction with (2, R = H) is that 
here the adduct formed, 11, has no readily dissociable proton. 
Hence the favourable ionisation equilibrium, 3 e 4, observed 
with the corresponding malononitrile adduct is absent. As a 
result conversion of TNB to the carbon-bonded adduct is 
considerably reduced and formation, at equilibrium, of the 
methoxide adduct 5 can more readily compete. To minimize this 
latter vathwav we kevt the concentration of ethvl malononitrile 

Reaction of ethylmalononitrile anion with TNB in large excess of the methoxide concentration. Equilibrium 
Visible spectra indicate the rapid formation of a mixture of optical densities were measured at 430 nm and at 550 nm and are 

the carbon-bonded adduct (11) with A,,, 430 nm (E, 2.5 x in Table 7. After correction of the values at 430 nm for the 
lo4 L molp' cm-'), 520 nm and the methoxide adduct (5), contribution due to 5 we obtain a value for Km of 33 t 
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CRAMPTON ET AL. 1719 

TABLE 7 .  Equilibrium data for the reaction of 1 ,3,5-trinitrobenzenea with (2,  R = Et) in methanol at 25°C 

Absorbances 

[E~cH(cN)~],,,,,~/M [KOMe],,,,,h/M [ E ~ c ( c N ) ~ - ] ~ / M  [MeO-]'/M A (430 nm) (430 nm) A (550 nm) K ~ ~ / L  mol-' 

"Concentration is 4 X M. 
bCalculated from the stoichiometric concentrations of ethylmalononitrile and methoxide with a value for Ko of 21 L m o l l .  
'Residual methoxide concentration. 
dAfter subtraction of absorbance calculated for the methoxide adduct, (5). KO,, = 17 L mol-'. 
'Calculated as Ad(430)/(1.00 - A(430))[EtC(CN),-I. AT 430 nm both 11 and 5 have t, 2.5 X lo4 L m o l '  cm-'. 

TABLE 8. Comparison of equilibrium and rate data for reaction of nucleophiles with 1,3,5-trinitrobenzene 
in methanol 

Value for nucleophile 

Parameter CH(CN)2- CEt(CN),- CN- MeO- E t S  PhS- 

"Refers to the conjugate acid of the nucleophile, e.g. CH,(CN),. 
bEquilibrium constant for adduct formation at an unsubstituted position of TNB 
'From ref. 6. 
dFrom ref. 23. Measurements refer to 80120 v/v methanol/water. 
'From ref. 12. 
fFrorn ref. 24. 

5 L mol-'. The data at 550 nm, where 5 shows very small ca. 20. This is in accord with results of Bernasconi et al.  
absorption, lead to an identical value for KCH . (7 )  which show that relatively low intrinsic barriers may be 

Comparison of equilibrium and kinetic data 
Values obtained in the present work are collected in Table 8 

and are compared with some values from the literature. Values 
of K3 give a measure of the carbon basicities (24,  25) of the 
nucleophiles, as judged by the a-adduct forming reaction with 
TNB, while values of k3 measure nucleophilicities, and kP3  
nucleofugalities. The results show that the effect of the ethyl 
group in enhancing the proton basicity of the ethylmalononitrile 
anion relative to the malononitrile anion is not carried through in 
the o-adduct forming reaction. This may reasonably be attri- 
buted to the destabilising effect of steric crowding in the adduct 
11, which is formed by reaction of the trisubstituted carbanion at 
a somewhat hindered site (26).  

The K? values show that the carbon basicity towards TNB of 

expected for reactions involving delocalised cyano-substituted 
carbanions. The relatively high nucleofugality of the malononi- 
trile anion observed here is paralleled in carbonyl-forming 
elimination reactions ( 7 ) ,  but contrasts with the low nucleo- 
fugality expected in olefin-forming reaction ( 6 ,  7). In the latter 
class of reactions the cyanide ion is found (6) to be an extremely 
poor leaving group with a nucleofugality at least six orders of 
magnitude lower than that of methoxide ion. Our results show 
that expulsion of cyanide from the TNB adduct is slower than 
the corresponding expulsion of methoxide by a factor of ca. 
4000. This, while confirming the poor leaving group ability of 
the cyanide ion, suggests that the range of nucleofugalities to 
be expected in o-adduct decompositions may be lower than 
observed in olefin-forming eliminations. 

C H ( C N ) ~ -  is greater than that of methoxide b; a factor of ca. 2. 
However, after taking account of the pK, difference between the Experimental 

two bases we obtain a ratio of ca. 103.  hi^ is consistent 1,3,5-Trinitrobenzene, 1-chloro-2,4,6-tnnitrobenzene, malononi- 

with other observations which show that carbon bases have trile, and 4-bromophenol were purified commercial specimens. Ethyl 
malononitrile was prepared from ethyl malonic acid in three stages. higher basicities than Oxygen bases of In the first stage di-esterification was accomplished by refluxing in 

similar   rot on basicity ( 7 ,  25). The data in Table 8 also indicate ethanol-containing sulphuric acid. Reaction of the di-ester with 
the enhanced carbon basicities, relative to methoxide, of yielded the di-amide which was dehydrated by 
cyanide ion and of sulphur bases. refluxing from phosphorus pentoxide. The product was purified 

The value of k3 for CH(CN),- is ca. 40 times larger than the immediately before use by prep-scale gas chromatography. The 
corresponding value for MeO- while the ratio for k-3 values is 'H nmr spectrum showed bands at 6 4.70 (t, 7 Hz), 2.0 (pentet, 7 Hz), 
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1.10 (t, 7 Hz). Mr. J. Banks is thanked for this preparation. Solutions of 
alkali-metal methoxides were prepared by dissolving clean sodium 
or potassium in AnalaR methanol under nitrogen. Cloudiness in the 
resulting solutions was removed on centrifugation. Concentrations 
were determined by titration with standardised acid. The AnalaR 
methanol used as solvent was de-gassed before use. 

Ultraviolet/visible spectra were measured using a Pye-Unicam 
SPS-100 recording spectrometer of a Hi-Tech SF3L stopped-flow 
instrument. The latter instrument was used for kinetic studies which 
were made under first order conditions. Quoted rate coefficients are the 
mean of at least five determinations and are precise to +5%,  
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HENRYK PIEKARSKI and Gus SOMSEN. Can. J .  Chem. 64, 1721 (1986). 
Enthalpies of solution of urea in binary mixtures of isopropanol, s-butanol, and ethoxyethanol with water have been measured 

at high water content. Those in the binaries isopropanol + water and ethoxyethanol + water show endothermic maxima at 8 and 
4 mol% alkanol, respectively. Enthalpic pair interaction coefficients are calculated for the interactions between urea and the 
alkanols and discussed in connection with these coefficients for interactions between urea and other nonelectrolytes and between 
N,N-dimethylformamide and several nonelectrolytes. The enthalpic pair interaction coefficients correlate linearly with the heat 
capacity change on hydration of the nonelectrolytes and with the enthalpy of hydrophobic hydration of the alkanols. 

HENRYK PIEKARSKI et Gus SOMSEN. Can. J. Chem. 64, 1721 (1986). 
OpCrant dans des mtlanges contenant une forte proportion d'eau, on a dCterminC les enthalpies de solution de I'urCe dans des 

mClanges binaires d'isopropanol, de s-butanol et d'CthoxyCthanol avec de l'eau. Les solutions dans des mClanges binaires 
d'isopropanol + eau et CthoxyCthanol + eau presentent respectivement des maxima endothermiques a 8 et a 4 mol% d'alcanol. 
On a calculC les coefficients d'interaction des paires enthalpiques pour les interactions entre I'urCe et les alcanols et on en 
discute en relation avec les m&mes coefficients pour les interactions entre I'urCe et d'autres non-Clectrolytes et entre le 
N,N-dimCthylformamide et plusieurs non-Clectrolytes. I1 existe une corrklation lineaire entre les coefficients d'interaction des 
paires enthalpiques et les changements de capacitC calorifique lors de l'hydratation des non-Clectrolytes ainsi qu'avec l'enthalpie 
de l'hydratation hydrophobe des alcanols. 

[Traduit par la revue] 

Introduction 
Much attention has recently been devoted to the so  called 

"enthalpic pair interaction coefficients" h ,  of solutes in dilute 
solutions. These coefficients are regarded as  a measure of the 
heat effect (i .e.  the enthalpy of interaction) when two solute 
particles approach each other. Enthalpic interaction coefficients 
can be obtained from enthalpies of dilution (interactions 
between similar solutes) and enthalpies of mixing or of 
dissolution leading to three-component systems (interactions 
between dissimilar solutes) (1 -3). The  theoretical calculation of 
pair interaction coefficients by statistical mechanical methods 
has been performed by  several authors (1, 4, 5 ) ,  but has to  face 
the problem that the results are sensitive to subtle details in the 
adopted potentials of  mean force of the solute particles. In 
another line o f  approach the attention has been focussed on the 
interpretation of qualitative and quantitative variations of the 
interaction coefficients within groups of more or  less related 
compounds (2, 3, 6- 15). The group additivity concept deve- 
loped by Savage and Wood (6) to  correlate enthalpic pair 
interaction coefficients of a wide range of nonelectrolytes 
(mainly alcohols, polyhydroxy compounds, and amides) in 
water has been found to be very useful in predicting unknown 
values. A similar group additivity concept was employed by 
Heuvelsland, D e  Visser, and Somsen (16) to the analysis of 
interactions in systems containing ionic solutes (tetraalkyl- 
ammonium bromides) in water as well as in the nonaqueous 
solvent N,N-dimethylformamide (DMF). Also the enthalpic 
interaction coefficients for Nal-alcohol pairs in aqueous solu- 
tion appeared to be a sum of  group contributions (17). 

In  a previous paper of one of the present authors (H.P. ,  ref 17) 
the enthalpic pair interaction coefficients were analyzed in terms 
of correlations between h, and other properties of the solutes. 

In this way it seemed possible to find which interaction in the 
investigated aqueous systems gives the leading contribution to 
h, . All systems contained one electrolyte (NaI) with different 
nonelectrolytes. Simple correlations were found between h ,  
(NaI-nonelectrolyte) in water and the molecular polarizability 
(a) of the nonelectrolyte as well as its Kosower acidity 
parameter ( Z ) .  However. the correlations are not general and 
hold only for groups of related compounds. The aim of 
this study is to  explore the possibilities for a more general 
correlation of pair interaction coefficients with solute proper- 
ties, using solutes with different molecular structure. The 
systems DMF-nonelectrolyte and urea-nonelectrolyte both in 
aqueous solution were selected for this purpose since there are 
many data in the literature concerning the pair interaction 
coefficients in these systems (2, 6, 9, 13, 14,  18). In order to 
enlarge the number of data for our analysis, we  have determined 
experimentally some additional h, values for urea-nonelectro- 
lyte interactions by  measuring the enthalpies of solution of urea 
(U) in aqueous solutions o f  isopropandl (i-PrOH), s-butanol 
(s-BuOH), and ethoxyethanol (EEtOH). 

Experimental 
Urea, purissimum (POCh, Gliwice. Poland) was recrystallized from 

doubly distilled water and dried under vacuum for several days 
at 330 K.  Isopropanol, analytically pure (POCh Gliwice, Poland), 
s-butanol, A.R. (Reanal. Hungary), and ethoxyethanol, analytically 
pure (Loba Chemie), were purified and dried by standard methods (19). 
Solutions of the alcohols in water were prepared by weight. 

Enthalpies of solution of urea in the different solvent mixtures 
were measured in an isoperibol type calorimeter. The spherical glass 
calorimetric vessel with a capacity of 100 c m h a s  equipped with 
a calibration heater, stainless steel stirrer, and two thermistors as 
temperature sensors. Small glass ampoules containing the substance to 
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TABLE 1. Enthalpies of solution of urea in aqueous solutions of iso- 
propanol (i-PrOH), sec-butanol (s-BuOH) and ethoxyethanol (EEtOH) 

at 298.15 K 

AH,,, (kJ mol-' ) 
Mass % of 

nonelectrolyte i-PrOH s-BuOH EEtOH 

be dissolved can be attached to the stirrer. The dissolution process was 
initiated by crushing the ampoule against the bottom of the calorimetric 
vessel. The thermistors were connected to a multivibrator system 
which generates a rectangular wave. Its frequency changes correspond 
to changes of the temperature of the calorimeter. The frequency was 
measured by means of a digital frequencymeter type PFL-21 (Kabid, 
Poland). Its sensitivity of i 1 Hz corresponds to a temperature change 
of about 2 x K .  The calorimeter resides in a hermetically closed 
brass jacket with a capacity of about 1 dm3 within a water thermostat. 
The temperature stability of the thermostat was better than 1 X lop3 K.  

Results 
The final concentration of the urea solutions ranged from 

0.006 to 0.015 mol dmp3. No concentration dependence (out- 
side the error limits) of the enthalpies of solution was observed 
and consequently the measured enthalpies were regarded as 
those at infinite dilution 

The vzlues of AHgl for urea in aqueous solutions of i-PrOH, 
s-BuOH, and EEtOH at 298.15 K are listed in Table 1. The 
dissolution enthalpy of urea in water obtained by us (15.29 + 
0.03 kJmol-') is in very good agreement with literature data: 
15.28 kJ mol-' (20), 15.29 kJ mol-' (21), 15.30 k~ mol-' (2), 
15.31 Wmol-I (22). 

Discussion 
Enthalpies of solution 

The enthalpies of solution of urea in the mixtures of water 
with isopropanol, s-butanol, and ethoxyethanol are plotted in 
Fig. 1 as a function of the mole percentage of the organic 
component. The curves representing the enthalpies of solution 
for urea in water + i-PrOH and water + EEtOH exhibit inaxima 
at low alcohol contents. A similar extremum in AHZ1 has been 
observed in the urea - water - tertiary butanol system studied by 
Desnoyers et al .  (2), as well as in all electrolyte-water-alkanol 
systems studied thus far. When it is assumed that these maxima 
are related to structure-making or stabilizing effects of the 
alkanols when they are added to water (23-26), it appears that 
such effect is larger for the more globular solute i-PrOH than for 
the longer and non-branched molecule EEtOH. 

Enthalpic pair  interaction coefficients 
From the enthalpy of solution data we have calculated the 

enthalpic pair interaction coefficients h, for the interaction 
urea-nonelectrolyte in water. The method of calculation has 

16 

EEtOH 

rnolO/~ alkanol 

FIG. 1. Enthalpies of solution of urea in mixtures of water with iso- 
propanol (i-PrOH), s-butanol (s-BuOH), and ethoxyethanol (EEtOH) 
vs. mol% of the nonaqueous component. 

been described previously (17) and the results are given in Table 
2. In Table 2 are collected also a number of values obtained 
in other investigations on urea-nonelectrolyte and DMF-non- 
electrolyte interactions. There are a few general trends in the h, 
values. In all cases where interaction coefficients with DMF and 
with urea are known, the coefficients involving an interaction 
with DMF are more positive than those corresponding to an 
interaction with urea. Also, the interaction coefficients with 
DMF as well as with urea become more positive when the 
co-solute carries more or larger alkyl groups. 

The interaction between molecules in aqueous solution leads 
to modification of the hydration structures (co-spheres) around 
the molecules. Due to an overlap of co-spheres some of the 
hydration water molecules may change their spatial arrange- 
ment from the co-sphere structure to a structure typical for bulk 
water (1, 28, 29). For correlation with enthalpic coefficients it 
may therefore be appropriate to pay attention to functions that 
are known to be sensitive to structural changes in solution. 
The entropy of hydration ASh, probably the best function for 
this purpose, is only known in a few cases for the systems 
investigated here. Another function exhibiting comparable 
behaviour with respect to structural changes in solution as 
the entropy is the heat capacity (30). In order to reflect the 
contribution of the solvent to the total partial molar heat capacity 
of the solute, we have used values relative to the molar heat 
capacity in the gaseous state, i.e. heat capacities of transfer 
defined by 

6C, = C F , ~  - C&,, 

in which c;2 is the partial molar heat capacity of a solute 
at infinite dilution in water and C:,, is the molar heat capacity 
of the same solute in the vapour phase. Values of 6C, are 
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PIEKARSKI AND SOMSEN 

TABLE 2. Enthalpic pair interaction coefficients h ,  of solutes X (DMF and urea) and co-solutes 
Y in water at 298.15 K 

-- 

h, (J kg m01-~) h,, (J kg mo1-') 

Co-solute Y DMF Urea Co-solute Y DMF Urca 

1, MeOH 
2, EtOH 
3, n-PrOH 
4, i-PrOH 
5, n-BuOH 
6, i-BuOH 
7, s-BuOH 
8,  t-BuOH 
9, n-PenOH 

18, t-PenOH 
11, EEtOH 

12, glucose 
3 1 9 ~  13, mannitol 
424b 14, n-hexylamine 
499k13'  15,urea 
475 16. formamide 

17, N-methylformamide 
623 2 18' 18, dimethylformamide 
715d 19, N-methylacetamide 

20. N-butylacetamide 
21, acetone 

314 t 7' 22, tetrahydrofuran 

"Reference 14. the uncertainty of the h ,  values in this reference has been estimated at 15% 
bReference 27. 
'This paper. 
dReference 2. 
'Reference 6. 
Reference 13. 

ZReference 3. 

FIG. 2. The dependence of the enthalpic pair interaction coefficients 
h ,  for DMF-nonelectrolyte (circles) and urea-nogelectrolyte (tri- 
angles) interactions on the heat capacity of transfer (C p' - C,,,) of 
the nonelectrolyte from vapour phase to high dilution in water. The 
numbers correspond to those given in Table 2. 

given in a cornpilation of Cabani et al. (31). The relation 
of the pair interaction coefficients h, for pairs: DMF-non- 
electrolyte U, and for pairs urea-nonelectrolyte Y with SC, 
is presented in Fig. 2. As can be seen in this figure, there is a 
good linear correlation for interactions with DMF as well as for 
interactions with urea. The slope of the line correlating SC, 
with h, values for pairs DMF-nonelectrolyte is 3.63 + 

0.12 kg m o l l  K 1 ;  that for pairs urea-nonelectrolyte amounts 
to 3.25 + 0.22 kg mol-' K-'. 

Values of h,  will depend primarily on three effects: (a) the 
hydration of a separate molecule X; (b) the hydration of a 
separate molecule Y; and (c) the interaction between molecules 
X and Y when they approach each other. For a given particle X 
effect a will be constant. The linear dependences of h,, for a 
given X with a hydration property of the varying co-solute Y, as 
found in Fig. 2, strongly suggests that effect b is more important 
than effect c. The two separate lines obtained in Fig. 2 
demonstrate that h,  is also determined by the difference in 
hydration between DMF and urea molecules (effect a) .  Since 
the slopes of the lines are approximately equal, it may be 
concluded that the cosphere overlap of the different co-solutes 
with DMF changes in the same way as that with urea. Again 
specific effects (c) seem to be of minor importance. However, 
they may be present in some cases. For instance, the deviations 
of the h,, value for the DMF-urea interaction from both linear 
relations'in Fig. 2 may well be due to this, since they are both far 
beyond the experimental uncertainty. 

In water, part of the co-solutes given in Fig. 2 are hydro- 
phobically hydrated. As a measure for their hydrophobicity the 
enthalpy of hydrophobic hydration Hb(W) of the nonelectrolyte 
may be adopted which is defined by De Visser and Somsen (32) 
and evaluated for the alcohols by Rouw (14). In the h,, values 
would depend mainly on the hydrophobic hydration effect, a 
simple correlation between h, and Hb(W) should be expected. 
Figure 3 shows a plot of h, for DMF-alkanol interactions and 
for urea-alkanol interactions vs. Hb(W) of the alkanol. The 
good linear correlation for these systems confirms the conclu- 
sion about the influence of the hydration of the co-solute drawn 
above. 

Values of h, for urea-nonelectrolyte interactions may also 
be compared with those for NaI-nonelectrolyte interaction 
published recently (17). Figure 4 shows that there is a good 
correlation between the two series of values. The slope of the 
line correlating these data is close to unity (0.99 -C 0.07). Hence, 
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FIG. 3. The correlation between the hydrophobic hydration enthalpy 
Hb(W) of alkanols and the enthalpic pair interaction coefficients h,, 
for DMF-alkanol and urea-alkanol pairs. 

-200 0 200 400 600 

-2 
hXy ( U  - nonelectrolyte) in J kg mol 

FIG. 4. The correlation between the enthalpic pair interaction co- 
efficients h, for urea-nonelectrolyte pairs and for the NaI-non- 
electrolyte pairs. EG = ethylene glycol; ACT = acetonitrile; THF = 
tetrahydrofuran; 0:  our data (the dimensions refer to the error limits); 
0: literature data. 

it might interact in a way comparable to that for cations and 
anions. 
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Composes du phosphore dicoordonne : action des amines sur les triazaphospholes-P,2,4,3 
substitues en 2,5. ~ t u d e  thermodynamique de I'equilibre de formation des 

triazaphospholines et casacterisation de leurs dbives tetracoordonnes 
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MARIE-THFR~SE BOISDON, LUCIEN LOPEZ, CHRISTIAN MALAVAUD, JEAN BARRANS. ABDELAZIZ CHABANE et RAYMONDE 
MATHIS. Can. J. Chem. 64, 1725 (1986). 

Les amines rkagissent sur les triazaphospholes-l,2,4,3 substituks en 2,5 pour conduire a des composCs d'addition en 1,2 selon 
une rCaction CquilibrCe. Cet Cquilibre est mis en Cvidence d'une part par abaissement de la temperature, d'autre part par voie 
chimique : l'addition de soufre, de sClCniun1 ou d'azoture (X) dCplace entikrernent 1'Cquilibre vers le composC d'addition 1,2 : 

Les grandeurs thermodynamiques associCes 2 cet Cquilibre ont CtC dCterminCes dans quelques cas. 

MARIE-TH~R~SE BOISDON, LUCIEN LOPEZ, CHRISTIAN MALAVAUD, JEAN BARRANS, ABDELAZIZ CHABANE, and RAYMONDE 
MATHIS. Can. J. Chem. 64, 1725 (1986). 

The oxidation of 2,5-disubstituted 1,2,4,3-triazaphospholes with amines gives 1.2 addition products by an equilibrium 
reaction. This equilibrium has been proved by temperature lowering and also by chemical reaction: addition of sulfur, selenium, 
or azide (X) shifts the equilibrium to the 1,2 addition products: 

The thermodynamical parameters associated with this equilibrium have been determinated in some cases 

Introduction En effet des travaux recents d'addition d'amine sur des 
Nous avons observe au laboratoire (1) que les triazaphos- phosphazknes ac~cliques (2) Ont conduit I'observation des 

pholes-1,2,4,3 substitues en 2,5 par des groupements aikyles ou H 
phtnyles 1 rtagissent avec les amines primaires et secondaires "C-"\ 1,2 
pour conduire des amino-3 triazaphospholines 2 suivant une [ l l  II P?C':XH . \ 'C/N\ 

I I  P-X 
rkaction rtversible. Deux types de rtaction Ctaient envisagks : vole a N\N/ 

voie a : la simple addition 1,2; et voie b: une addition 1,l  suivie I 1 
d'un rearrangement. 1 2 

La rmn (rtsonance magnetique nucleaire) B temperature 
variable n'a pas permis de mettre en Cvidence la presence d'un T voie b 
groupement P-H; ntanmoins nous ne pouvons pas exclure la 

// 
voie b. \ 3, / H  f \ P  

N\"/ \X 
1 .  Auteur B qui adresser toute correspondance. I 
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deux types d'addition suivant la nature du reste R : 

Les auteurs considCrent que la formation de A ou de B est like 
B des effets stCriques et Clectroniques. Dans le cas particulier de 
l'aniline, et lorsque R = SiMe3, il y a e'quilibre entre les formes 
A et B. Lorsque l'encombrement est trop grand autour de 
l'atome de phosphore, la reaction n'a pas lieu; par exemple, la 
diisopropylamine ne rCagit pas lorsque R = tBu. 

Nous avons repris 1'Ctude de l'addition oxydante d'amine sur 
les dtrivCs 1 en diversifiant les amines et les restes port6s par le 
composC phosphor6 (tableau 1). 

Ce travail comportera deux parties : 1. Mise en evidence de 
1'Cquilibre [ I ]  par abaissement de la tempCrature avec dCtermi- 
nation des parametres thermodynamiques et Ctude des facteurs 
de l'kquilibre. 2. DCplacement de l'tquilibre par voie chimique 
et Ctude des dCrivCs form& 3, 4 et 5.  

I. ~ t u d e  therrnodynamique de I'equilibre 
Influence de la nature de l'amine 

Nous avons tent6 de dCtecter la presence Cventuelle du 
composC d'addition 1,l en utilisant des amines silylCes et en 
operant, dans certains cas, a basse tempkrature (addition des 
rCactifs vers -50°C). Dans tous les cas, le seul produit observC 
a CtC l'amino-3 triazaphospholine- 1,2,4,3 2. 

L'abaissement de la temperature du mtlange rkactionnel a 
permis d'observer la formation d'adduits avec l'aniline, la 
tertiobutylamine ou l'ammoniac, qui nous avaient semblt 
initialement inactives sur les Me-2 triazaphospholes-1,2,4,3 
(1). 

Une Ctude thermodynamique de 1'Cquilibre suivant : 

a CtC faite par rmn de 31P sur des mClanges stoechiom6triques 
en solution dans le toluene. L'Ctablissement de 1'Cquilibre est 
rapide; il est atteint en moins de 2 min 2i temperature ordinaire, 
de 10 min 21 - 50°C. 

Les rCsultats des mesures sont rassemblCs sur la figure 1 et 
dans le tableau 2. 

La constante de 1'Cquilibre depend notamment de la force de 
la nouvelle liaison P-N formCe. C'est ainsi qu'avec l'aniline 
moins basique (pKb = 9,37) que la n-butylamine (pKb = 3,23), 

FIG. 1. Variation de la constante de 1'Cquilibre [3] en fonction de la 
temperature (solvant : tolukne). * l a  + nBuNH2; l a  + tBuNH2; 
0 l a  + PhNH2. 

(3), le doublet de l'azote dtja engagC dans la conjugaison avec 
le phCnylc n'est pas disponible pour renforcer la liaison P-N 
par retrocoordination. On a bien : K(nBu) > K(Ph). Par ailleurs 
avec la tertiobutylamine (pKb = 3,17), de basicit6 comparable a 
celle de la n-butylamine, le produit form6 est destabilisi par une 
g&ne sttrique entre le groupement tBu et le groupement mCthyle 
port6 par l'azote N2 du cycle (K(nBu) > K(tBu)). 

Influence du solvant 
Les solvants basiques (DMSO, pyridine) favorisent la forma- 

tion des dCriv6s 2. Dans l'kquilibre : 1 c  + nBuNH2 2cb, la 
constante K308 est environ dix fois plus ClevCe dans le DMSO 
que dans le toluene et six fois plus dans la pyridine que dans le 
tolukne (K30$ (tol.) = 3,8; K30$ (DMSO) = 75; K308 (pyr.) = 
22). Le solvant basique doit stabiliser le composC PHI formi, 
par solvatation de l'hydrogene tres acide (4) l i t  2i l'azote N4 du 
cycle. - 
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BOISDON ET AL 

Triazaphospholes (a-e) 

R' 

'C-N\ a b c d e 
1 (a-e) II R'  iPr CH,Ph Ph Ph Ph 

N\N/ ~2 Me Me Me Ph SiMei 

I 
R2 

Amines 7 (a-r)  H-N 
/R3 

\ R 4  

Appellation des composCs formCs : N q  

N : caractense la famille des composCs (2-5) 
x : caracterise le triazaphosphole de depart (a-e) 
y : caracterise le reste amino (a-r) 

Cette stabilisation a CtC observCe dans 1'Ctude de 1'Cquilibre (5) : 

Influence du substituant R2 du triazaphosphole 
On observe un dCplacement de 1'Cquilibre vers la formation 

de l'amino-3 triazaphospholine lorsque R~ = Ph ( I d )  par 
rapport aux cas oG R2 = Me ( l a ,  I b, I c )  (Tableau 3). 

La presence d'un groupement phCnyle en position 2 doit 
favoriser la conjugaison avec le cycle triazaphospholine et 
renforcer l'interaclion p n - d n  entre l'azote exocyclique et le 
phosphore. Ces effets stabilisent l'aminotriazaphospholine. 

Lorsque R2  = SiMe3, l'effet ( - I )  du silicium se traduit sur le 
triazaphosphole Be par un dtblindage du signal de rmn de 3 1 ~  

( A 6  3 1 ~  = +24 ppm). L'accroissement de 1'Clectrophilie du 
phosphore doit favoriser l'addition d'amines. En fait, on obtient 
le mCme pourcentage de P"' qu'avec l c  ( R ~  = Me) par suite de 
l'encombrement stkrique du groupement SiMe3. 

~ t u d e  par rmn de P des triazaphospholines 2 
Diplacements chimiques 
Les deplacements chimiques observCs en rmn de 31P sont 

faibles (50-80 ppm) par rapport a ceux donnCs gCnCralement 
dans la littkrature pour les tris(amino)phosphines et les amino-3 
diazaphospholidines- 1,3,2 (80- 120 ppm) (2a ,  6, 7). Toutefois 
les amino-3 tetrazaphospholines- 1,2,4,5,3 (8) ont des dCplace- 
ments chimiques encore plus faibles (-35 ppm). 

Isomirie de rotation 
De nombreuses Ctudes one CtC faites sur la conformation 

stCrtodynamique de mono, bis ou tris(amino)phosphines et 
d'aminodiazaphospholidines- 1,3,2 s'appuyant sur des expC- 
riences de rmn de 'IH et 13C B tempkrature variable (9-1 1) et sur 
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TABLEAU 2. Grandeurs thermodynamiques de 1'Cquilibre [3] (solvant : tolukne) 

TABLEAU 3 .  CaractCristiques de 1'Cquilibre [3] (R' = Ph, R" H) 

R' 

Mesures effectukes par rmn de 3'P i 308 K. Solvant : toluhne. K (L/mol). 
*Plusieurs composks. 

des dkterminations de structures par diffraction des rayons X 
(11 b et 12). Dans tous les composCs cycliques CtudiCs, l'atome 
d'azote exocyclique est hybrid6 en sp2, et lorsque la rotation 
autour de la liaison P-N(exo) est bloqde, on observe en 
rmn des valeurs tres diffkrentes des constantes de couplage du 
phosphore avec les carbones ou les protons des substituants 
portis par cet azote exocyclique (tableau 4). 

Dans les amino-3 triazaphospholines-l,2,4,3 2, on observe 
a la tempCrature ordinaire un seul signal en rmn de 3 1 ~ ,  m&me 
pour R~ + R ~ ;  de plus les protons methyleniques du compost5 
2cc ( R ~  = CH2c6H5) restent Cquivalents m&me a -70°C, ce qui 
implique une rotation rapide autour de la liaison P-N(exo). 

Remarquons que lorsque l'azote exocyclique porte des 
groupements encombrants (R3 = tBu ou SiMe3), on observe a 
basse temperature un dedoublement du signal de rmn de 3 1 ~ .  

Pour 2ad (tol., T.O. (tempCrature ordinaire)) : 6 31 P = 63,7; a 

-70°C 6 3 1 ~  = 66,O (75%) et 56,2 (25%). En supposant les 
populations des deux sites Cgales, on a calculC la barribre 5 la 
rotation autour de P-N(exo) : AC* = 41,8 kJ mol-'. Cette 
valeur est voisine de celle obtenue dans le cas de la diisopro- 
pylamino-2 dimbthyl-3 diazaphospholidine-l,3,2 (tableau 4). 

L'Ctude des spectres de rmn de 1 5 ~  de ces diffkrents 
composCs donne une valeur de J P N ( e x o )  particulierement ClevCe 
(80-100 Hz) (tableau 4), correspondant a un fort caractere s 
de la liaison P-N. 

L'ensemble de ces rCsultats : (i) faible valeur de 6 3 1 ~ ,  (ii) 
rotation restreinte autour de la liaison P-N, et (iii) valeur 
ClevCe du couplage, l ~ p N ( e x o ) ,  s'explique par une rCtrocoordi- 
nation p n - d ~  entre N(exo) et P dans le plan du cycle et nous 
permet d'envisager pour les amino-3 triazaphospholines une 
structure autour de l'atome de phosphore comparable celle des 
amino-3 tCtrazaphospholenes- 1,2,4,5,3 (8a). 

11. Mise en evidence par voie chimique de l'equilibre [3] 
La formation de triazaphospholine dans un mClange stoechio- 

mCtrique de triazaphosphole et d'amine a tempCrature ambiante 
a CtC Cgalement prouvCe par des reactions secondaires sur le 
composC du phosphore tricoordonnC, qui dCplacent totalement 
l'equilibre prCcCdent. C'est ainsi que le soufre, le sClCnium, les 
azotures rCagissent facilement sur les mClanges pour donner des 
composCs du phosphore tCtracoordonnC pentavalent (tableau 1). 

1.  De'rive's soufre's (thioaminotriazaphospholinesj 3 
On peut envisager deux voies d'acces aux composCs du 

phosphore tCtracoordonnC pentavalent : 

H 
I 

\ C / ~ \  /R3 
II P-N 
N \ ~ '  'R4 

I 
2 H 

"C/N\ 
II P 

\"'. /S 
II p 

"I N\N/ N\pq/ \N /  

I I \ 

I 3 

'C,N\\ 
11 P=S 
N\N/ 
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BOISDON ET hL 

TABLEAU 4. CaractCristiques rmn de 13C et "N d'aminophospholines et phospholidines 

Barrikre 
de rot. P-N 

CO~POSC 6 13CH ('.TpC, HZ) (kJ/m~l) 6 I5N* (' .TpN, HZ) Ref. 

rBu 
I 

En effet le soufre rtagit a tempCrature ambiante sur les 
dCrivts de l'aminophosphazbne -N-P=N- (13), et bien 
que l'atome de phosphore des triazaphospholes soit beaucoup 
moins nucltophile que celui des aminophosphaz&nes, on ne 
peut Climiner le second chemin de rCaction. 

De olus nous avons observe rtcemment aue le soufre 
rCagissait sur les triazaphospholes dans la pyridine aprks 
plusieurs heures de chauffage B 105°C (par exemple 6 31P ( 6 d )  
= 39,8); compte tenu de cette faible rCactivitC, on peut penser 
que les vitesses de rCaction par ces deux voies sont trks 
difftrentes et que la premibre doit &re beaucoup plus grande. 

La reaction est totale. souvent exothern~iaue; elle conduit B 
des composCs solides, peu solubles dans les solvants organiques 
hydrocarbonCs mais trbs solubles dans 1'acCtone et la pyridine. 

L'ammoniac conduit une nouvelle famille de thiovhos- 
phoramides, particulikrement stables vis-a-vis de l'eau lorsque 
R2  = Ph (il faut plus de 24 h B 35°C pour hydrolyser 
compli.tement le composC 3da).  

Caracte'ristiques de re'sonance magne'tique izucl~aire 
Les dkplacements chimiques en rmn de 31P sont peu 

diffkrents de ceux des triazaphospholines correspondantes. Ils 
se situent autour de 65 ppm pour R2, R3, R~ aliphatiques, et 
autour de 55 ppm pour R~ ou R3  = Ph. Ces grandeurs sont 
cornparables celles de la litterature pour un environnement 
comparable de l'atome de phosphore (6). 

En rmn de 'H, les signaux correspondant aux groupements 

NH endo- et exocycliques sont nettement distincts : 6 NH(endo) 
= 10,5-11,8 ppm dans la pyridine et 6 N(exo) = 6,5-7 ppm. 
Un ltger abaissement de tempkrature est souvent nCcessaire 
pour observer les couplages proton-phosphore, dont les gran- 
deurs sont Cgalement trbs diffkrentes : 2JpNH(,,d,, = 17-21 Hz 
et 2~pNH(,,,, = 5-7,2 Hz sauf pour R~ = CH2Ph (2~pNH(,,,j = 
21,2Hz pour 3cc et 20Hz pour 3dc) et pour R3 = tBu et Ph 
( * J ~ ~ ~ ( , , ,  = 18 HZ pour 3cd, 3ce, 3dd et 3de).  

Caracte'ristiques infrarouges 
Nous avons observC essentiellement les vibrateurs NH de ces 

composCs, a 1'Ctat solide et en solution dans CC14. Les valeurs 
observtes, en accord avec les donnes de la litttrature (4, 7, 14, 
15), confirment le caractbre particulikrement acide du proton 
porte par l'azote endocyclique N4, et la forte dClocalisation 
Clectronique dans l'enchainement : 

2 .  De'rives sPle'nib 
Le sC16nium a ttC Cgalement utilisC pour mettre en Cvidence 

19Cquilibre Ctudit. §a plus grande rCactivitC sur les composCs 
du phosphore tricoordonnt a permis d'obtenir plus rapidement 
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1730 CAN. J CHEM. 

certains dtrivts, notamment avec la tertiobutylamine. Toutefois 
avec la diphknylamine, la rCaction reste incomplete. 

Les produits formCs cristallisent tres rapidement dans le 
tolukne et sont ensuite trks peu solubles et oxydables. On peut 
noter I'kchange selCnium-oxygkne dans le DMSO. Ainsi 4cb 
en solution dans le DMSO conduit a l'oxyde de triazaphospho- 
line correspondant de meme dCplacement chimique (6 3 1 ~  = 
20,45 pprn) que le produit d'oxydation directe par l'ozone de 
3cc. Un tel tchange n'a pas lieu avec les dtrivCs soufrCs 
(R2 = Me). 

Les dkplacements chimiques de rmn de 3 1 ~  des dCrivCs 
sClCniCs sont infkrieurs d'une dizaine de ppm a ceux des dCrivCs 
soufrCs homologues. Dans certains composCs, on a pu noter le 
couplage 'Jps,(-850 Hz) g r k e  aux bandes satellites dues a 
77Se (16). 

3. Addition d'azotures 
Alors que les azotures sont inactifs sur les triazaphospholes 

B temperature ordinaire, ils rCagissent trks facilement sur les 
amino-3 triazaphospholines avec depart d'azote pour conduire 
aux amino-3 imino-3 triazaphospholines-l,2,4,3.Ils permettent 
donc, comme le soufre et le selenium, de dCplacer Gtikrement 
I'equilibre. Par precipitation par I'Cther, on isole des poudres 
blanches dont la stabilitC dCpend du reste amino. I1 peut y avoir . . 

dimkrisation ~ a r  ouverture de la liaison P=NR. comme cela a 
CtC observC au labbratoire sur les iminophospholanes a cycle 
dioxa, oxaza ou diaza (17). 

Conclusion 
MalgrC la variCtC des substituants portks par le triazaphos- 

phole et l'amine, nous n'avons jamais dCtectC la prCsence de 
composCs d'addition 1,1, m&me en opCrant 2 basse tempkrature 
et en utilisant des substituants silylCs donnant des environne- 
ments voisins de ceux de E. Niecke (8a) et V. D. Romanenko 
(2a). On peut donc conclure que I'addition d'arnine sur les 
triazaphospholes par la voie B est peu probable ou en tout cas 
nettement dkfavoriske. 

La rmn de 31P a tempCrature variable nous a permis de voir 
que cette addition est gCnCrale et CquilibrCe, de mesurer les 
constantes d'kquilibre pour divers rCactifs et de dCterminer la 
valeur de la barrikre a la rotation P-N(exo) pour R = tBu. 
Cette liaison a un caractke double partiel que confirme la valeur 
ClevCe du couplage 1 J p ~ 5 N  

La rkaction qui prCsente une enthalpie libre standard negative 
est dCfavorisCe par les amines peu basiques ou encombrCes. 
Inversement, on favorise la formation de l'aminotriazaphospho- 
line en substituant l'azote N2 du cycle par un groupement 
phtnyle. 

Dans certains cas ou l'addition de l'amine ou de l'ammoniac 
est tres dtfavorisCe, l'introduction de soufre, de sClCnium ou 
d'azoture permet l'addition totale avec formation du composC 
du phosphore tktracoordonn6. L'action de l'ammoniac sur les 
triazaphospholes en prCsence de soufre est une mCthode simple 
d90btention des thiodihydroamino-3 phospholines, permettant 
de caractkriser la prCsence de ~ ~ - ~ ~ - p h o s p h a z i . n e s .  

Dans les thiotriazaphospholines, le proton port6 par l'azote 
N4 du cycle est particulikrement acide et peut donner lieu a des 
rkactions de substitution. 

Partie experimentale 
Les spectres de rrnn ont CtC enregistrks : d'une part sur spectrographe 

Perkin-Elmer R32 (onde continue (uo = 90 MHz) (sans lock) pour 'H; 
FT (calculateur Nicolet TT7) (sans lock) pour 3'P) et d'autre part sur 
spectrographe Briiker WM 250 (pour I3C ( u ~  = 62,83 MHz) rCf. int. 
TMS; pour 15N (uO = 25,34 MHz) ref. ext. N02Me en prCsence de 
triacCtylacCtonate de chrome (0,08 mol L-' ) (NS = 57 000)). 

L'Ctude spectromCtrique infrarouge a CtC rCalisCe a l'aide d'un 
spectiographe PERKIN-ELMER, modele 125, a double faisceau, sur 
les Cchantillons a 1'Ctat pur dispersCs dans une pastille de bromure de 
potassium (-1,s mg dans 150 mg de KBr), ou en solution dans des 
cuves de 10 cm pour CC14. 

Les spectres de niasse on CtC obtenus par impact Clectronique sous 
75 eV sur spectrometre quadripolaire RIBER modele QML-SI. 

Triazaphospholines 2 
La plupart des amino-3 H-4 triazaphospholines-l,2,4,3 substitukes 

en 2,s 2, ont CtC observCes par rmn de 3 1 ~  dans le mClange rkactionnel 
(toluene) a 1'Cquilibre soit a tempCrature ordinaire (T.O.) (33"C), soit a 
basse tempkrature. 2aa (-30°C) : 65,8; 2ab (T.O.) : 66,s; 2ac (T.O.) : 
67; 2ad (-30°C) : 63,7 et (-70°C) : 66,O et 56,2 (3:l) coalescence a 
-50°C; 2ae (-20°C): 57,l et (-30°C): 66,l et 54,3 (1:15); 2ag 
(T.O.) : 77,9; 2ba (-30°C) : 69,l; 2bf (T.O.) : 65,O; 2bg (T.O.) : 
70,2; 2ca : (-30°C) : 66,l; 2cb (T.O.) : 69,8; 2cc 69,2; 2cd (-30°C) : 
66,4; 2ce (-30°C) : 55,4; 2ch (T.O.) : 82,6; 2cj (T.O.) : 78,8: 2ch 
(T.O.) : 79,s; 2cp (T.O.) : 77 et (-30°C) 81,9 et 76,8 (l:3); 2cq 
(-30°C) : 65 et (-70°C) 67,3 et 57,3 (2:l) coalescence -45°C; 2cm 
(-30°C); 87; 2db (T.O.) : 65,s (2JpH = 31,s); 2dc (T.O.) : 65,O ('JpH = 

34); 2dd (T.O.) : 61,s ( 2 ~ p H  = 16 et 33); 2de (T.O.) : 59,7; 2dm (T.O.) : 
65,s; 2dk (T.O.) : 70,4 ('JpH = 38); 2dr (-25OC): 75; 2ea (T.O.) : 
71,3; 2eb (T.O.) : 68,9. 

2cn Mtthode A (7) : On mClange 10 mmol de morpholine dissoute 
dans 10 mL de benzene anhydre et 10 mmol de triazaphosphole en 
solution dans 20 mL de benzene. La rCaction est exothermique. On 
concentre la solution obtenue sous le vide de la trompe a eau. Le produit 
form6 cristallise plus ou moins vite. I1 est recristallisC dans le benzene 
sous atmosphere inerte car il est hygroscopique et oxydable a l'air: F 
(benzkne) 63°C; U N H  (KBr) : 3300, 3200 cm-'; UNH (sol.) (4); 
6 3 1 ~  (t0l. + pyr.) : 78,5; 6 H(C6D6) : 8,l  et 7,32 (2H et 3H, m, Ph). 
3,25 (3H, d, 3 ~ ~ p  = 8,0, NMe), 2,65 et 3,4 (4H, m, (CH2)4). Anal. 
calc. pour CI2Hl,N4PO : C 5439; H 6,49; N 21,22; P 11,76; tr. : 
C 53,67; H 6,44; N 20,67; P 11,48. 

2dn MCthode A : F (benzene) 128°C; UNE-I (sol.) (4); 6 3 1 ~  (pyr.) : 77; 
6 H(C6H6) : 8,1, 7,75 et 7,3 (2H, ZH, 6H, m, 2Ph), 3,3 et 2,8 (8H, m, 
(CH2)4). Anal. calc. pour CI7Hl9N4PO : C 62.63; H 5,87; N 17,19; 
P 9,52; tr. : C 61,79: H 5,97; N 16,70; P 9,39. 

Thiotriazaphospholines (3) 
3aa MCthode B : 20 mmol de triazaphosphole l a ,  dissoutes dans 

5 mL de toluene sec, sont ajoutCes a la quantitC stoechiomCtrique 
de soufre Clementaire. On fait barboter un courant d'ammonia; sec 
jusqu'a disparition du soufre. I1 se produit un net echauffement et au 
bout d'une ou deux minutes, le produit form6 cristallise sous forme 
d'une poudre blanche qui est filtrCe, lavCe plusieurs fois a l'hexane 
et stchCe sur P2O5 SOUS pression rCduite; F (hexane) 151-152°C; 
U N H  (KBr) : 3392, 3250, 3205-3310; (CC14) : 3496 et 3388; 
(NH2) : 3452 dissym. NW(endo); (diox.) : 3370-3380, 3283 cm-'; 
S 3 1 ~  (pyr.) : 66,9; 6 H (C5D5N + CDC13, - 10°C) : 10,35 (1H, d, 2 ~ p H  

= 19,3 coalescence a 30-32"C, NH(endo)), 6,25 (2H. d, 'JpH = 5,7, 
coalescence vers 46"C, NH2(exo)), 3,28 (3H, d, 3 ~ p H  = 9 3 ,  NCH3), 
2,62 (lH, m, 3JHH = 7, HC), 1,16 (6H, d, 3 ~ ~ H  = 7, C(CH3)2. m / Z  : 
192 (M' (loo)), 177 (M - A) (17), 159 (M - SH) (91), 144 ( l a  + 1) 
(15) (A = amine). Anal. calc. pour C5HI3N4PS : C 31,25; H 6,77; 
N 29,17; P 16,i4; tr. : C 31,Ol; H 6,75; N 27,05; P 16,93. 

MCthode @ : Un mClange CquimolCculaire de 5 mmol de triazaphos- 
phole, amine et soufre en solution dans 0,5 mL de toluene conduit a 
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3N ET AL. 1731 

T.O. au dtrivC soufrt, observC in situ par rmn de 3 1 ~  ou en solution 
pyridinique quand il cristallise dans le tolubne. 3ab 6 P (tol.) : 64,3; 
3ad 6 P(to1.) : 57,8; 3ae 6 P (pyr.) : 55,6; 3ag 6 P(to1.) : 65,15; 3al 6 
P(tol.):57,5;6P(pyr.):59,5;SH(pyr.,T.O.): 10 ,36(1H,d ,2~pH = 
21, NH(endo)), 3,52 (3H, d,  3 ~ p ~  = 9,O, NCH3), 2,66 ( l H ,  m ,  3~~~ = 
7 ,  C H ) ,  1,10 (6H, d ,  3~~~ = 7 ,  C(CH3)2). 

3ba MCthode B : F (hexane) 135-137°C; V N H  (KBr) : 3360-3362, 
3255, 3130, 3060; (CCl,) : 3497 et 3388 (NH,), 3446 et 3428-3430 
(NH(end0)); (diox.) : 3380,3275,3250-3260 cm-I;  6 P (pyr.) : 66,9; 
6 H (pyr., -20°C) : 10,9 ( l H ,  d ,  2 J p ~  = 19,5, NH(endo)), 7,55 et 7 ,4  
(2H et 3H, m ,  Ph), 6,9 (2H, d ,  2 ~ p H  = 6,0, NH2), 3 4 5  (3H, d,  3 ~ p H  = 
10, NCH3), 3,85 (2H, s large, CH2Ph); m / z :  240 (M' (23)) ,  207 
(M - A) (32), 191 * l ( l b )  (25) ,  91 PhCH2 (100). Anal. calc. pour 
C9HI3N4PS : C 45,OO; H 5,41; N 23,33; P 12,92; tr. : C 45,05; H 5,62; 
N 23,18; P 12,89. 

3bc MCthode D : On laisse environ 1 heure a tempCrature ambiante 
en atmosphbre inerte, un mClange CquimolCculaire de 20 rnrnol de 
triazaphosphole, d'amine et de soufre dans 3 mL de toluene. On 
contrdle l'achbvement de la rCaction par rmn de 3 1 ~ .  La solution est 
concentree, le produit form6 est prCcipitC par addition d'hexane, filtrt, 
lave plusieurs fois a l'hexane, parfois recristallisC dans le benzbne (7) ;  
F (benzbne) 155°C; ir (4);  6 P (tol.) : 66; 6 H (tol. + pyr., -20°C) : 
l0 , l  ( l H ,  d ,  'JpH = 20,5, NH(endo)),  7,25 (IOH, Ph), 6,23 ( l H ,  dt, 
,JpH = 22et3JHH = 7 ,2 ,  NH(exo)),  4,2 (2H, dd, 3 ~ H H  = 7 ,2e t3JHp= 
15,2, NCH2Ph), 3,75 (2H, 2 ~ H H  = 16, 4 ~ ~ p  = 1 ,  CCH2Ph), 3,25 
(3H, d,  3 ~ p H  = 9,1, NCH3). Anal. calc. pour CI6Hl9N4PS : C 58,23; 
H 5,80; N 16,98; P 9,40; tr. : C 58,51; H 5,97; N 16,51; P 9,40. 

3bfMCthode C : 6 P (tol.) : 60,9 et 60,3; 3bg 6 P (tol.) : 70,2. 
3ca MCthode B : F (hexane) 155-157°C; V N H  (KBr) : 3405, 3290, 

3265-3270, 3220-3230; (CCI,) : 3495 et 3387 (NH2),  3457 et 3450 
(NH(end0)); (diox.) : 3380, 3275-3280 cm-';  6 P (pyr.) : 66,7; 6 
H (pyr., -20°C) : 1 1 ,O ( l H ,  d ,  ,Jp, = 18,7, NH), 8,05 et 7 ,4  (2H et 
3H, m ,  Ph), 6,77 (2H, d ,  'JpH = 5,0, coalescence a 30°C, NH2), 3,3 
(3H, d ,  3 ~ p H  = 10,0, NCH3); m / z  : 226 (M' (60)) ,  193 (M - SH) (42), 
l c  (44) ,  104 (PhCNH) (100). Anal. calc. pour C8HllN4PS : C 42,48; 
H 4,88; N 24,78; P 13,72; tr. : C 43,16; H 4,93; N 23,63; P 13,58. 

3cb Mtthode D : F (hexane) 99-100°C; V N H  (KBr) : 3350, 
3200; (CCl,) : 3458, 3450, 3425, 3420; (diox.) : 3300-3305, 3255- 
3260 cm-';  6 P (tol.) : 63,8; 6 H (pyr., - 10°C) : 11,05 ( l H ,  d,  'JpH = 
18,5, NH(endo)), 8,23 et 7,43 (2Het 3H, m ,  Ph), 6,85 ( l H ,  dt, 2 ~ p H  = 
21, 3 J ~ ~  = 6,5, NH(exo)), 3,38 (3H, d ,  3 ~ p ~  = 9 ,  NCH3), 2,93 
(2H, m ,  3 ~ H N C H  = 6,5,  3 ~ ~ C C H  = 6 ,  3 ~ p ~  13, NCH2-), 1,35 et 
1,16 (4H, m ,  C-CH2-CH2), 0,68 (3H, t ,  3~~~ = 7 ,  CCH3); 
6 13C (JPC)  (CDCls, T.O.)  : 146,12 (5,6) C1, 138, 131,5-126,O 
(Ph), 42,23 (8,9)  NCH,, 35,85 (21,8) N-CH2-, 21,91 et 20,72 
(CH2-CH2), 14,46 (2,2) CH3; m / z  : 282 (M' ( 9 ) ) ,  254 ( M  - SH) 
(0,7),  231 (3,8),  210 ( A )  (3,5) ,  127-128 ( l c )  (100). 

3cc MCthode D (7)  : F (benzbne) 163°C; ir (4);  6 P (tol.) : 63,8; 6 
H (pyr., -20°C) : 11,2 ( I H ,  d,  * J P H  = 19,1, NH(endo)), 7,85 et 7,2 
(2H et 8H, m ,  2Ph), 7,86 ( l H ,  d,  ' J p H  = 21,2 et 3 ~ H H  = 7,0,  
NH(exo)), 4,3 (2H, dd, 3 ~ H C N H  = 6,5, 3 ~ ~ ~ ~ p  = 15, NCH2Ph), 3,35 
(3H, d ,  3 ~ p ~  = 9,1, NCH3). Anal. calc. pour CI5Hl7N4PS : C 57,01; 
H 5,42; N 17,73; P 9,82; tr. : C 56,80; H 5,57; N 17,50; P 9,80. 

3cd MCthode D : F (hexane) 100-103°C; V N H  (KBr) : 3490, 3350, 
3225, 3110-3115; (CC14) : 3460-3465, 3445-3450, 3395; (diox.) : 
3260-3270 cm-' ; 6 P (tol.) : 58,9 et 6 P (pyr.) : 60 , l ;  6 H (CDC13, 
-35°C) : 8,8 ( l H ,  d ,  ' JPH = 21, NH(endo)), 7,8 et 7 , s  (2H et 3H, m ,  
Ph), 3,8 ( l H ,  d ,  2 ~ p ~  = 18, NH(exo)), 33.5 (3H, d,  3 J p ~  = 8,5, 
NCHj) ,  1,3 (9H, s ,  C(CH3)3; m / z :  282 ( M -  (14)) ,  231 (8) ,  226 (M - 
tBu + 1 )  (14) ,  21 1 (M - A )  (7) ,  193 (226 - SH) (18), 177 ( l c )  (100). 
Anal. calc. pour CI7HZ1N4PS : C 59,30; H 6,lO; N 16,28; P 9,Ol; tr. : 
C 61,60; H 6,37; N 16,15; P 6,87. 

3ce MCthode D : F (benzkne) 193°C; U N H  (KBr) : 3363,3140,3100; 
(CC14) : 3455, 3445, 3400; (diox.) : 3245 dissym. cm-';  6 P (pyr.) : 
55,s; 6 H (pyr.,  -20°C) : 11,7 ( l H ,  d ,  2 ~ p H  = 17, NH(endo)), 10.14 
( l H ,  d ,  ' JpH = 18, NH(exo)), 8,15,7,45 et 7,22 (lOH, m ,  2Ph); 3,42 
(3H, d ,  3 ~ p ,  = 8,4, NCH3); m / z  : 302 (M' - 1) (16), 231 (17), 210 
(M - SH) (4) ,  117 ( l c )  (43). Anal. calc. pour CI4Hl5N4PS : C 55,63; 
H 4,97; N 18,54; P 10,26; tr. : C 55,40; H 4,91; N 18,30; P 10,35. 

3ch MCthode D : 6 P (tol.) : 69,4; 6 H (pyr., T.O.) : 10 ( l H ,  large, 

NH), 3,2 (3H, d ,  3 ~ p ~  = 8 ,  NCHs(endo)), 2,8 (6H, d ,  ~ J P H  = 1 1 ,  
N(CH3)2 exo) . 

3cj MCthode C : 6 (tol.) : 68,4. 
3ck Mkthode C : 6 (to].) : 63,4. 
3cl MCthode D : F (hexane) 208-216°C; V N H  (KBr) : 3320, 3295; 

(CCI4) : 3450-3455, 3435, (diox.) : 3240-3250 dissym. cm-';  6 
P(to1.): 59 , l ;  6 H(pyr.,  T . O . ) :  l l , l  ( I H ,  d ,  2 ~ p H  = 20, NH), 7,7 et 
7 , l  (2Het 13H, m ,  3 Ph), 3,43 (3H, d ,  3 ~ p H  = 8,4, NCH); m / z .  378 
(M' (0,04)),  23 1 ( 7 ) ,  177 ( l c )  (22), 169 (Ph2NH) ( loo) ,  168 (Ph2NH 
- 1 )  (50). Anal. calc. pour CZ0H19N4PS : C 63,49; H 5,03; N 14,81; 
P8,20; S 8,47; tr . :  C62,OO; H4,87; N 14,95; P8,58; S 8,28. 

3cm Mkthode D : F (hexane) 136°C (dCc.); v,,, (KBr) : 3220, 
3160cm-';SP(tol . )  :64 ,2;6H( to l . ,  -65'C): 11 ,2( lH,m,NH) ,  8,3 
et 7,5 (5H, m ,  Ph), 3,47 (3H, d ,  3 ~ p ~  = 8 ,  NCH?); m/z  : 252 (210 
(M - A )  (5) ,  117 ( l c )  (100)).  Anal. calc. pour C10H13N4PS : C 47,62; 
H 5,6; N 22,22; P 12,30; S 12,70; tr. : C 47,30; H 5,56; N 19,12; 
P 8,59; S 14,86. 

3cn MCthode D (7)  : F (benzene) 141°C; ir (4);  6 P (pyr.) : 67,5; 6 
H (pyr., -20°C) : 9,13 ( l H ,  d ,  2 ~ p ~  = 20, NH), 7,95 et 7,3 (2H et 3H, 
m ,  Ph), 3 ,s  (8H, m ,  (CH2)4), 3,25 (3H, d ,  3JpH = 9,  NCH3). Anal. 
calc. pour C12H17N40PS : C 48,69; H 5,79; N 18,93; P 10,48; tr. : 
C 48,43; H 5,70; N 18,67; P 10,55. 

3cp Mtthode C : 6 P (tol.) : 72, l  instable. 
3cq MCthode D : F (hexane) 120-125°C; 6 P (tol.) : 6 7 , l ;  6 H (pyr., 

T.O.) : 8,2 et 7 ,2 (m, Ph), 5,O ( l H ,  d,  ' J P H  = 16,4, NH), 3,2 (3H, d ,  
3 

J P H  = 9,3, NCH3), 1,4 (9H, s, C(CH3)3), 0,4 (9H, s, NSi(CH3I3); 
m l z :  354 (M' (82)) ,  298 (M - tBu + 1 )  (17) ,  282 (M - SiMe3 + 1 )  
(19), 265 (M - tBu - S )  ( I I ) ,  250 (M - SiMe3 - S )  ( l l ) ,  209 
(M - A )  (45), 177-176 ( I c )  (100). Anal. calc. pour C15H27N4PSSi : 
N 15,82; P 8,76; tr. : N 16,83; P 8,58. 

3da MCthode B : F (hexane) 210-220°C; V N H  (KBr) : 3450, 
3270-3275, 3220-3225; (CCl,) : 3493 et 3385 (NH,), 3450 et 3437 
(NH(end0)); (diox.) : 3340, 3260 cm- ' ;  6 P (pyr.) : 59,O; 6 H (pyr., 
-50°C) : 12,l ( I H ,  d,  ,JpH = 20, NH(endo)), 8,56 (2H, d,  2 ~ p H  = 8 ,  
NH,), 8,15-8,30 et 7-7,7 (IOH, m ,  2Ph); m / z :  288 (M' (34)),  273 
(M - A )  (30), 239 ( l d )  (100). Anal. calc. pourCI3Hl3N4PS : C 54.17; 
H 4,51; N 19,44; P 10,76; tr. : C 53,85; H 4,67; N 19,31; P 10,45. 

3db MCthode C : 6 P (tol.) : 55,4 
3dc MCthode D : F (tol.) 123-125OC; V N H  (KBr) : 3215, 3170- 

3180; (CCl,) : 3455-3435; (diox.) : 3240,3190-3200 cm-'; 6 P (tol.) : 
54,8; 8 H (pyr.,  -40°C) : 11,95 ( l H ,  d,  2 ~ p H  = 18, NH endo), 8,85 
(d,J=20,NHex0),8,5,8,25,7,6et7,3(m,3Ph),4,5(2H,dd,~~~~ 
= 14, 3 ~ H H  = 6 ,  NCH2Ph); m / z  : 378 (272 (M - A )  traces), 247 ( M  - 
A - NH) (13), 231 (100). Anal. calc. pour C20H19N4PS : C 63,49; 
H5,03; N 14,81; P8,20; S 8,47; tr. : C 63,43; H4-84; N 14,83; P 8,23; 
S 8,26. 

3dd MCthode D : F (hexane) 100-103°C; V N H  (KBr) : 3290; (CC14) : 
3454,3436,3392 cm-' ; 6 P (tol.) : 52 , l ;  6 H (pyr. + CDC13, -50°C) : 
11,2 ( l H ,  d ,  ' J p H  - 20, NH(endo)), 8,25 et 7,7-7,3 (2H et 8H, m ,  
2Ph), 6,77 ( I H ,  d ,  'JpH = 18, NH(exo)); m / z :  44 (M' (10,4)),  288 
(M - tBu + 1 )  (9 ,6) ,  272 (M - A )  (2) ,  239 ( I d )  (100)). Anal. calc. 
pour CI7Hz1N4PS : C 59,30; H 6,lO; N 16,28; P 9,Ol; tr. : C 61,60; 
H 6,37; N 16,15; P 6,87. 

3de MCthode D : F (hexane) 82-87°C; V N H  (KBr) : 3360, 3200; 
(CC14) : 3455, 3437, 3397; (diox.) : 3240-3250, 3220 cm-I; 6 
P (tol.) 47,15; 6 H (CDCI3 + pyr., -30°C) : 11,75 (IH, d ,  'JpH = 21, 
NH(endo)), 9,64 ( l H ,  d ,  ,JpH = 18, NH(exo)), 8,2-8,O et 7,6-6,8 
(IOH, m ,  2Ph); m / z  : 364 (M' (6 ) ) ,  273 (M - A )  (1.5), 239 ( I d )  
(100). 

3dj MCthode C : 6 P (CH2C12 + tol.) : 60,5. 
3dk MCthode D : poudre jaune instable, F (hexane) 159°C; v,,, 

(KBr) : 3230, 3160; (CC14) : 3445 cm- ' ;  6 P (tol.) : 53,6, 6 H (pyr., 
-15°C) : 11,8 ( d ,  2 ~ p H  = 22 NH(endo)), 8,25, 7,55 et 7,3 (IOH, m ,  
2Ph), 3 ,7 (2H,m,CH) ,  1,20et 1 1 , 6 ( 1 2 H , 2 d , 3 ~ ~ ~ =  6 ,  (C(CH3)')'); 
m / z  : 372 (M' (12)) ,  272 (M - A )  (2) ,  239 ( I d )  ( loo) ,  231 (90)).  

3dm MCthode D : F (hexane) 126°C (dkc.); 6 P (pyr.) : 57,8. 
Anal. calc. pour C15H15N4PS : C 57,33; H 4,78; N 17,83; P 9,87: tr. : 
C 58,42; H 5,90; N 15,73; P 8,07. 

3dn MCthode B (7)  : F (benzbne) 206°C; ir (4);  6 P (pyr.) : 61; 
SH(to1. + pyr , -30°C) : 11,8 (1H, d ,  ' JpH = 21, NH), 8,0et7,4(2H 
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et 3H, m, Ph), 3,4 (8H, m, (CH2)4). Anal. calc. pour C,7H19N40PS : 
C 57,03; H 5,35; N 15,65; P 8,67; tr. : C 57,15; H 5.39: N 15,82; 
P 8,78. 

3do MCthode C : 6 P (tol.) : 61,9; 3dp 6 P (tol.) : 61,4; 3drS P (to].) : 
60,9. 

3ea MCthode C : S P (to].) : 67,8 (30%) et 67,O (70%); 3eb S P  (tol. + 

. , 
Ces trois derniers composCs sont instables et perdent facilement 

SiMe3. 

Selenotriazaphospholines 4 
4cb 6 P (DMSO) : 54,2 (IJpSe = 853 + 10 Hz); 6 H (pyr., - 15°C) : 

11,45 ( lH,  d, 'JpH = 20, NH(exo)), 6,15 ( lH,  d, 2~ = 22, NH(endo)). 
3,35 (3H, d, 3 ~ p ~  = 9). 

4cc F 96-98°C; 6 P (CH2C12) : 54,l ('.Ips, = 832 t 10 Hz). 
4cd F 152°C; SP(to1.) : 47,1 ('JpSe = 843 i 5); S H  (pyr.. -15'C) : 

11,45 ( lH,  d, 2 ~ p H  = 21, NH(endo)). 8.23 et7,45 (2H et 3H, m, Ph), 
6,15(1H, d ,  2 ~ p H  = 21 NH(exo)), 3,33 (3H,d, 3 ~ p ~  = 9.NCH3), 1,10 
(9H, s, C(CH3)3); m/z : 329 (M+ (traces)), 193 (M' - Se - tBu) (lS), 
232 (M+ - SeH - CH3 - 2) (7), 177 (1c) (100). 

Amino-3 iminotriazaphospholines 5 
5cc F (hexane) 228°C; v,,, (KBr) : 3220-3140 (NH); (CC14) : 

3460f, 3410 et 3220-3 160; (diox.) : 3360f, 3250 cm-' ; 6 31P (CH2CI2) : 
40,25; 6 H (pyr.) : 9,55 ( lH,  largeNH(endo)), 8,68 (2H) et 7,33 (14H) 
trks larges (3Ph et NH), 4,28 (2H, d, 3 ~ p H  = 12,2NCHz), 3,28 (3H, d. 
3 ~ p H  = 6,2, NCH3); m/z : 375 (300 (1,s) (M - Ph + 2)), 106 (100) 
(PhCH2NH). Anal. calc. pour C2,HzzN5P : C 67,20: H 5,87; N 18.67; 
P 8,27; tr. : C 65,86: H 6,06; N 18,19; P 7,99. 
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Sulphur cation chemistry in a fuel-rich, CH4-02 flame with OCS additive 
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NICHOLAS S. KARELLAS and JOHN M. GOODINGS. Can. J .  Chem. 64, 1733 (1986) 
A fuel-rich, methane-oxygen, premixed flame at atmospheric pressure was doped with 0.2 mo18 of OCS. More than 40 

different sulphurous cations were observed in the mass range < 10011 by sampling the flame into a flame-ion mass spectrometer. 
Ion concentration profiles along the flame axis are presented, together with mass spectra at fixed points in the flame. In the 
reaction zone, primary sulphur ions CH,S+ (x = 1, 3, 5) undergo extensive ion-molecule reactions (association and 
condensation) with CH4/CH3, C2H2, and OCS to form a considerable variety of secondary sulphurous cations. Just downstream 
of the reaction zone, the ion chemistry is somewhat different; it appears to be dominated by reactions of primary sulphur ions 
including H,SA (x = 0-3) with C2H2 present as an intermediate. A few ions (H,S+, 0s- , S2+) persist throughout the burnt gas 
region in equilibrium with the natural flame ions CHO- and H30-.  These sulphurous cation signals show the evolution of the 
sulphur chemistry, both ionic and neutral. through the flame reaction zone into the burnt gas downstream where H2S, not SOz, is 
the major product in fuel-rich combustion. 

NICHOLAS S.  KARELLAS and JOHN M. GOODINGS. Can. J .  Chem. 64, 1733 (1986). 
Une flamme prC-mClangCe de mCthaneloxygPne, riche en combustible, a CtC dopCe avec 0,2 mol% de OCS. En procedant a un 

Cchantillonage de la flamme dans un spectrometre de masse, on a detect6 plus de 40 de cations differents, de masse inferieure a 
100 unitCs, qui contiennent du soufre. On prCsente les courbes des concentrations ianiques en fonction de I'axe de la flamme ainsi 
que les spectres de masse a des points dtfinis de la flamme. Dans la zone de la rCaction, les ions sulfures primaires, CH,S- dans 
lesquels x = 1, 3 et 5 ,  subissent des rdactions ion/molCcules importantes (association et condensation) avec la paire CH4/CH,, le 
C2H2 et le OCS; il y a ainsi formation d'une variCtC importante de cations sulfurCs secondaires. Juste aprks la zone rCactionnelle, 
la chimie des ions est un peu diffkrente: elle semble Stre dominCe par des rCactions des ions sulfurCs primaires, y compris H ,S+ 
(x = 0-3), avec le C2H2 qui est prCsent contrne intermkdiaire. Quelques ions (H,S+. 0s- et S2+) sont prCsents partout dans le 
region des gaz ayant subi la combustion et ils sont en Cquilibre avec les ions normaux de la flamme. comme le CHO' et le H 3 0 i .  
Ces signaux dus a des cations sulfurCs demontrent I'Cvolution de la chimie du soufre, tant ionique que neutre, de la zone 
rCactionnelle de la flamme a celle des gaz formCs aprPs la combustion; dans toutes ces zones, c'est le H2S et non pas le SO2 qui 
est le produit majeur de la combustion dans des melanges riches en combustible. 

[Traduit par la revue] 

Introduction 
Gaseous sulphur compounds are poured into the atmosphere 

mainly by stationary plants for electrical power generation, 
space heating, smelting, paper making and sulphuric acid 
manufacture. The effects of both short-range and long-range 
transport of sulphur pollutants are increasingly recognized in 
connection with respiratory diseases, acid rain, and general 
environmental damage, both urban and rural. At the same time. 
detection methods for pollutants of many types have improved 
dramatically in the past 20 years, particularly with regard to 
specificity (1). A great deal of the sulphur pollution arises from 
combustion processes; coal is the fuel most likely to have a high 
sulphur content. 

Any hydrocarbon flame contains a wide variety of natural 
ions, both positive and negative. If sulphur is present in the 
flame in whatever form, it will be chemically ionized to give 
sulphurous anions and cations. These can serve as a probe of 
the sulphur chemistry if the ion chemistry is reasonably well 
understood. The ions present in a flame at atmospheric pressure 
can be sampled through a nozzle into a flame-ion mass 
spectrometer. The method is advantageous because all types of 
sulphur ions can be detected with equal facility, ion identi- 
fication is highly specific in the chemically complex flame 
environment, and all regions of the flame can b e  probed 
including the reaction zone where the sulphur chemistry 
originates upstream. Two such studies of sulphurous negative 
ions have already been completed in which a fuel-rich, CH4-o2 
flame was doped with 0.2 mol% first of OCS (2 ) ,  and then with 
H2S and SO2 for comparison with O C S  (3). The types of 
sulphurous anions detected were relatively few (S- , H S  , OS- , 

O 2 S P ,  0 3 S - ,  H 0 3 S - ,  C H 3 0 - . 0 2 S ,  O4SP,  HO4SP) and were 
essentially confined to the flame reaction zone. 

The present study involves observations of sulphurous 
positive ions in the same fuel-rich, CH4-02 flame, again doped 
with 0 .2molS  of OCS. Typical ion concentration profiles 
measured along the flame axis are presented. Obviously, the 
chemical ionization (CI) processes for positive ions are differ- 
ent, and more than five times as many cations as anions were 
detected at mass numbers below 100u. This considerable 
variety of cations was measured for presentation by taking mass 
spectra at three different points in the flame. The sulphurous 
cation chemistry can be understood in terms of addition and 
condensation reactions of primary sulphur ions with the CH4 
fuel (or CH3 radicals derived from it), with C2H2 present as a 
major intermediate, and with S atoms supplied directly by the 
OCS additive. It is significant that a number of the sulphur 
cations, unlike most of the anions, can be detected everywhere 
in the flame; in the reaction zone, downstream of it, and also 
throughout the burnt gas region. 

Experimental 
All of the ion concentration measurements were performed on the 

same CH4-O2 flame of fuel-rich composition (equivalence ratio + = 
2.15) whose ion chemistry we have studied extensively in the past 
(4, 5 ) .  It was of the laminar premixed type with a conical luminous 
reaction zone (height - 5 mm, base diameter = 3 mm, thickness = 
0.3 mm) to facilitate ionic sampling along the flame axis into the mass 
spectrometer. The flame has a burnt gas velocity of approximately 
1 m s-' and an adiabatic flame temperature of 2460 K,  although the 
measured temperature of the equilibrium burnt gas was close to 
2200 K. The flame was stabilized at atmospheric pressure on a simple, 
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tubular, quartz burner (2.3 mm id) surrounded by a flowing argon 
shield to minimize the entrainment of atmospheric air. Provision was 
made to add 0.2 mol% of OCS to the premixed gas in exactly the same 
way as was done previously for the sulphurous anion studies (2). The 
additive could be introduced or removed without altering the flame. All 
gases were used straight from the cylinders without further purification 
(CH, > 99.0%, O2 > 99.6%, Ar > 99.996, OCS > 97.5%). 
The burner was mounted on a motor-driven carriage with accurate 
alignment of the flame axis with the sampling orifice of the mass 
spectrometer. The calibrated burner drive provided spatial resolution of 
20.02 mm along the flame axis (designated z )  for measurements of 
ion concentration profiles. 

The flame-ion mass spectrometer has been described previously 
in detail (4). The flame burned against a 60°, conical, chromium, 
sampling nozzle of orifice diameter ca. 0 .1 rnm mounted in a 
water-cooled flange of the type described by Hayhurst and Telford (6). 
The sampled ions pass through two stages of differential pumping into 
a quadrupole mass filter. The mass-analyzed ions are detected with a 
parallel-plate Faraday collector connected to a vibrating reed electro- 
meter having a grid-leak resistance of 10'' ohms. The ion signal 
magnitudes in the figures are quoted in volts based on the detected ion 
current passing through 101Oohms. The mass spectra shown below 
have been corrected for mass discrimination in the filter against ions of 
high m / e  measured at high resolving power. The dynamic range of 
sensitivity of the apparatus is five orders of magnitude. 

A method has been described (4) involving a relatively sharp 
minimum in the pressure profile of the sampled gas for locating a 
reproducible origin ( z  = 0) in the $ame (not referred to the burner): It 
corresponds to the downstream edge of the luminous reaction zone on 
the flame axis. In this way, a family of ion profiles at different mass 
numbers m / e  can be accurately overlaid on the distance scale z .  It is 
also an important consideration, when comparing mass spectra at a 
fixed point on the flame axis with and without OCS additive, to be able 
to return to the same point on the flame axis. 

Neutral sulphur chemistry 
Approximate concentration profiles for the important neutral 

species appropriate to our flame are given in Fig. 1 adapted from 
Hastie's studies of a similar fuel-rich flame (7). The profiles 
reflect our use of an argon shield to suppress the secondary 
downstream combustion region which is evident in Hastie's 
work. Figure 1 shows the expected fall of CH4 and O2 through 
the reaction zone, and the rapid rise of the major neutral 
products H2, CO, and H 2 0  as well as H atoms; the HO 
concentration actually overshoots its equilibrium value in this 
region. Because of the relatively weak C-S bond, OCS is an 
efficient donor of S atoms in reaction with a variety of flame 
species. Thus, when OCS is added to the premixed gas, the 
following series of reactions might be expected to be balanced, 
or nearly so, in the flame reaction zone; relevant data are given 
in Table 1 drawn from Westley's compilation of recommended 
rate constants for combustion reactions (8) 

[I ]  OCS + H S HS + CO 

Combined with a balanced reaction not involving sulphur 
species 

the overall net reaction of [I] to [7] is 

[8] OCS + 2H0 0 2 S  + CO + H2 

- I I I I _ 
- 1/3H - 

- RADICAL - 
- SPECIES - 
- 

UPS JREAM DIS JA NCE z (mml DOWNS JREAM 

FIG. 1. Approximate concentration profiles for important neutral 
species adapted from Hastie's studies of a similar fuel-rich flame. 

Because of the HO radical overshoot, 02S  and OS will be 
enhanced in the flame reaction zone, particularly when reactions 
involving molecular oxygen are considered 

before the oxidant is consumed. This will not be the case 
downstream, however, since the concentrations of CO and H2 
continue to rise, whilst that of HO falls to its equilibrium value. 
In addition, minor reactions can lead to diatomic sulphur 

[ l l ]  S + OCS (HS, 0 s )  = S2 + CO (H, 0 )  

In any event, a variety of sulphurous neutrals (e. g. S ,  HS, H2S, 
OS, 02S ,  S2) will be present in the reaction zone of this fuel-rich 
flame. 

Well downstream in the equilibrium burnt gas, the identity of 
the original sulphur additive is, of course, lost and only the 
quantity of sulphur present is important. For this flame, exactly 
0.2 mol% of OCS in the premixed unburnt gas translates into 
0.1285 mol% of sulphur species in the burnt gas; that is, 
each mole of unburnt reagents combusts to give 1.556 mol of 
products. Equilibrium concentrations of various sulphur species 
in the burnt gas can be found from calculated equilibrium 
constants for reactions [I]  to [6] and also [ I  I] to [13] 

[13] CS + OCS G CS2 + CO 

All the necessary standard free energies of formation at 2200 K 
are listed in JANAF Tables (1 1). For a few minor species (e.g. 
H02S), thermodynamic data are not available. The equilibrium 
concentrations of nine sulphur species, and also those of the 
important non-sulphurous neutrals, are given in Table 2. The 
figures show the preponderance of H2S over 02S  in this 
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KARELLAS AND GOODINGS 

TABLE 1. Reactions involving sulphurous neutral species 

Uncertainty 
No. Reaction Rate constanta factorsb T (K)' Reference 

OCS + H +  HS + CO 
H2S + H-+ HS + H2 
H2S + HO+HS + H 2 0  
H S + H - t S + H 2  
d ~ + H 2 - + H S + H  
S + H O + O S + H  

- + H S + O  
d ~ ~ + ~ - + ~ + ~ ~  

+ H S + O  
S+O2'OS + 0 
d ~ ~ + O + S + 0 2  
0s + O 2 + O 2 S  + 0 

+ 02s -3 0s + 0 2  

S  + 0 C S + S 2 +  co 
S + H S - + S 2 + H  
S + O S - t S 2 + 0  

"Rate constants are given in units of cm3 molecule-' s-'. 
bThe uncertainty factors f / F  indicate that the value of the rate constant k lies in the range fko < k < Fko around 

its central value k ,  (8). 
'Each rate constant has been calculated at a temperature as close to 2000 K as the available data permit. 
dThis is the backward direction of the reaction appearing immediately above in the table. 

TABLE 2. Calculated equilibrium burnt gas composition at 2200 K of the fuel-rich flame 
doped with 0.2 mol% of OCS 

Usual species Mole fraction Sulphur species Mole fraction 47c Sulphur" 

H2S 
HS 
0s 
02s 

S  
OCS 
S? 
CS 
CS? 
C 

"These percentages of the total sulphur present in the burnt gas are calculated on a molar basis. 

fuel-rich flame, and also the relatively high concentrations of 
HS and 0 s .  Species involving C-S bonds are very minor. 

Results 
Sulphur cation profiles 

The effect on the total positive ion profile of adding 0.2 moI% 
of OCS is shown in Fig. 2. The ion signal was enhanced in the 
reaction zone, located upstream of z = 0 (negative z in Fig. 2) 
and, to a lesser extent, downstream in the burnt gas but the peak 
value remained unchanged within experimental error. Profiles 
of individual ionic species which showed a change with the 
addition of OCS were measured in the mass range 32-100 u. 
Broadly speaking, these profiles were of four types. A number 
of them, particularly those at high mass numbers, showed a 
relatively sharp peak in the reaction zone; Fig. 3 gives an 
example at 77 u. Others exhibited a fairly broad maximum just 
downstream of the reaction zone before tailing out into the burnt 
gas; Fig. 4 at 47 u is a typical example. 

A third group of ions, of which Fig. 5 at 59 u is typical, 
showed both effects: namely, a fairly sharp peak in the reaction 
zone and a broader one downstream. A fourth group is 
comprised of a few distinctive profiles like that given in Fig. 6 

at 48 u which showed an even broader maximum further 
downstream with the signal persisting throughout the burnt gas; 
in the case of Fig. 6, a sulphur peak was also noted in the flame 
reaction zone. In all, sulphurous cation signals, many of them 
large, were observed at 47 mass numbers below 100 u. This 
behaviour is in marked contrast to the sulphurous anion signals 
studied previously with OCS additive in the same flame (2) 
which were attributable to just nine negative ion species. 

Mass spectra 
In order to organize this large quantity of data for presenta- 

tion, mass spectra were recorded at three distinct positions 
on the flame axis. These three positions could be accurately 
reproduced with and without OCS additive with the aid of the 
profiles shown in Fig. 7 .  The first position is defined in the flame 
reaction zone at the peal. of the profile at 43 u corresponding to 
z = -0.15 mm. This profile, due to protonated ketene, 
CH2COHf, is the largest ion signal present in the reaction zone 
and is a very useful marker because its peak position does not 
change when OCS is added to the flame. Mass spectra recorded 
at this position are shown in Figs. 8 and 9. The solid lines were 
measured with OCS present and the dashed lines with OCS 
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7 - 7  [-7 
- - - 

-; I\ --- 0 2% CES ; 2381 
' & + I  

0% C. 2% OCS GCS 
20 I 

. - - .. - -. L, 
3 .  5 3. 3 0. 5 1.1 :  1 . 5  2. C 

3IST4hCE A-DUG FLAME OX: s \ - m  D I S T A N C E  ALONG FLhME A X I S  z <mv) 

FIG. 2. Total positive ion profiles with, and without. 0.2 molQ of FIG. 4. Typical sulphurous cation profile with 0.2 mol% of OCS 
OCS additive. The flame reaction zone is located upstream of = 0 ,  additive showing a fairly broad maximum just downstream of the Aame 

reaction zone; this example at 47 u is due to CH,S+. The dashed profile 
was measured with OCS absent. 

1 --r-T---.T] 

-- G% GCS I 
- c. 2% ccs _1 

/ 

' /  
/ -' 
i' \ 

L 'Dc I 1  
, 5 3 3 C 1. C 1 5  2 0 

3LS'AUTE 4LOh; - AYE h Y I S  z (r- 

FIG 3 Typical sulphurous catlon profile with 0 2 mol% of OCS 
additwe showing a concentration peak ~n the flame reactlon zone, this 
example at 77 u is due to CHS,- The dashed profile was measured with 
OCS absent 

absent. For clarity, the spectra are divided up between Fig. 8 
where sulphurous cations are involved, and Fig. 9 where thc ion 
signals decrease or show little change with OCS addition. 

The second position is defined at z = 0.2 mm on the flame 
axis in the vicinity of the broad profile maxima. It is designated 
0.15 mm downstream of the very large C3H3+ profile peak at 
39 u which occurs at z = 0.05 mm as shown in Fig. 7. Although 
the C3H3+ peak decreased somewhat in magnitude with the 
addition of OCS, it is a useful marker because the peak position 
does not shift. Mass spectra recorded at this position are given in 
Figs. 10 and 11. The data are presented in exactly the same way 
as those for Figs. 8 and 9. 

Further downstream in Fig. 7, the very broad maximum of the 
persistent H3Q+ profile at 19 u decreased and shifted consider- 
ably with OCS addition, and is not a useful marker. Thus. a third 
position is defined at z = 0.5 mm downstream, still with 
reference to the C3H3* profile peak as a marker. Figure 12 gives 

FIG. 5.  Typical sulphurous cation profile with 0.2 molQ of OCS 
additive showing maxima both in the flame reaction zone and just 
downstream of it: this example at 59 u is due to C2H3S+ The dashed 
profile was measured with OCS absent. 

the mass spectra of sulphurous cations recorded at this position 
whose profiles persist far downstream throughout the burnt gas 
like H30+ in Fig. 7 or OS+ at 48 u in Fig. 6. 

Discussion 
Sulphurous cations may form in a number of ways. From Fig. 

2, the total ion signal is appreciably higher in the flame reaction 
zone when OCS is present. One possible explanation is the 
existence of a new chemi-ionization source reaction involving 
sulphur such as 

(Standard heats of reaction AN'-' are given in kcal mol-' at 
298 K.) This is analogous to the established fundamental 
ionization reaction in hydrocarbon flames (12) 
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KARELLAS AKD GOODINGS 1737 

FIG. 6. Typical sulphurous cation profile wlth 0.2 mol% of OCS 
additive showing a broad maximum downstream in the flame which 
persists throughout the burnt gas region. This example at 48 u is due to 
0s' ; the additional peak in the reaction zone probably represents 
CH4S*. The dashed profile was measured with OCS absent. 

FIG. 7. Major non-sulphurous positive ion profiles with, and 
without, 0.2 mol% of OCS additive used to locate position markers on 
the flame axis. The ions represent C 2 H 3 0 f  at 43 u in the reaction zone, 
C3H31 at 39 u just downstream of it, and H3Ub at 19 u which persists 
throughout the burnt gas region. 

However, reaction 1141 is an unlikely process because it is 
considerably endothermic, and also because the CHS + profilc 
(not shown) did not commence as far upstream as many profiles 
of other ionic species. An alternative explanation might be a 
decreased rate of ion recombination when the flame is doped 
with OCS. At the present time, we do not have a satisfactory 
explanation of the enhanced total ion signal in the flame reaction 
zone, but further work is in progress to clarify the situation. 

If chemi-ionization involving sulphur is not a major mecha- 
nism, the first sulphur ions to appear in the flame, which we 
shall designate here as primary sulphur ions. must result from 
ion-molecule reactions of natural flame ions with sulphurous 
neutrals. The most obvious example is the formation of CHOS+ 
at 61 u by exothermic proton transfer from CHO+ to the OCS 

C\ V 4 > $  L M E L i  0 

FIG 8 Mass spectra measured in the reaction zone both with (solid 
lines) and without (dashed lines) OCS additive emphasizing sulphurous 
cations 

FIG 9 Mass spectra measured in the reaction zone both with (solid 
lmes) and w~thout (dashed llnes) OCS additive emphas~z~ng non- 
sulphurous catlons 

additive 

[16] CHO' + OCS + CHOS' + CO AH' = -9 

Data for a number of relevant ion-molecule reactions involving 
sulphurous species like reaction [16] are given in Table 3 which 
is based mainly on Albritton's compilation (13). Not sur- 
prisingly, the CHOSt profile (not shown) was observed to 
commence very far upstream in the flame reaction zone. In 
addition. secondary sulphurous cations can form with compara- 
tively large rates of production if primary sulphur ions react with 
major flame neutrals. 

It will become apparent that the downstream sulphur ion 
chemistry at z = 0.2 mm exemplified by Fig. 10 is a simpler 
case of the ion chemistry in the reaction zone. For this reason, 
the downstream spectra will be discussed first before proceeding 
to Fig. 8. 

Downstream sulphurous ion chemistry 
Figure 13 is a simplified version of the mass spectra shown in 

Fig. 10 giving just the differences in signal magnitudes due to 
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i SPECTRA A T  0. 2 M V  0. 5 
I I 
I 

A 

;ON MASS NUMBER (L) 

FIG. 10. Mass spectra measured just downstream of the reaction 
zone both with (solid lines) and without (dashed lines) OCS additive 
emphasizing sulphurous cations. 

FIG. 11. Mass spectra measured just downstream of the reaction 
zone both with (solid lines) and without (dashed lines) OCS additive 
emphasizing non-sulphurous cations. 

sulphur cations at z = 0.2 mm downstream. The ions at 33-35 u 
can arise from protonated S ,  HS, and H2S whose proton 
affinities (PA's) are fairly high. Table 4 lists the PA's of a 
number of sulphur species and also those of their oxygen 
analogues for comparison purposes; the values are taken from 
the recent compilation of Lias et al. (19). For a given pair, it is 
significant that the sulphur value is higher than the oxygen one 
in every case. The tiny S+ ion signal at 32 u can arise by H atom 
stripping of HS + 

[17] HS- + H (HO) -+ S- + H2 (HZO) AHo -20 (-35) 

since the concentrations of H and HO will be near their 
equilibrium values 0.2 mm downstream. Similar H atom strip- 
ping reactions are exothermic for the H2S+ -+ HS + and H3S+ -+ 
H2S+ conversions as well. 

The next group of ions in the mass range 44-49 u is 
comprised of CW,S' (x = 0-3) and probably OSf and HOSf . 
The large signals observed at 45 and 47 u may derive in part 

:ON Y A S S  NUMEER (u) 

FIG. 12. Mass spectra measured at z = 0.5 rnm both with (solid 
lines) and without (dashed lines) OCS additive of those sulphurous 
cations whose profiles persist throughout the burnt gas region. 

I I I I I I I I - - 7  

SULPHUR I C N  SIFFESEYCE 

1 SPECTRUM A i  3 . 2  n m  3. i 

I O N  Y A S S  NUMBER (u> 

FIG. 13. Difference mass spectrum of just the sulphurous cation 
signals measured just downstream of the flame reaction zone. 

from proton transfer to CS and HCHS (thioformaldehyde) 
whose PA's given in Table 4 are high. Otherwise, a number of 
possible reactions leading to CHS+ and CH3S+ have been 
measured at room temperature, and are listed in Table 3. For 
example, there is a series of reactions of CH,+ ( x  = 0-3) ions 
with H2S 

[19] CH+ + H2S + CHS+ + H2 AH' = - 137 

+ H3S+ + C AH' = -23 

[20] CHzt + H2S + CHS' + H + Hz AH' = -29 
-+ CH3SA + H AH' = -75 

+ H3S+ + CH A H 0 =  4 

and a similar series involving CH,+ with OCS. At 48 and 
49 u, OS+ and HOS+ are favoured over CH4S+ and CH5S+. 
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KARELLAS AND GOODINGS 

TABLE 3. Ion-molecule reactions involving sulphurous species 

Product Rate Error 
No. Reaction ratio (%) constanta (%) T (K) Reference 

CHO+ + OCS -+ CHOSA + CO 
CC + H2S -+ CHS' + H 

4 H,S+ + C 
CH' + H2S -+ CHS+ + H2 

--t H ~ S +  + C 
CHZL + H2S -+ CHS' + H + H2 

-+ CH3S+ + H 
-+ H3S- + CH 

CH3' + H2S -+ CH3S+ + H2 
CH+ + OCS -+ CHS+ + CO 

-+ CHOS+ + C 
CH2' + OCS -+ CHS' + CHO 

-+ CH,S+ + CO 
CH3' + OCS --t CH3SL + CO 
H30L + H2S + H3S+ + H 2 0  
H3S' + H 2 0  -+ H3O' + H2S 
H2S+ + H 2 0  + H10+ + HS 
HS' + H 2 0  + ~ ~ 0 '  + S 
OS+ + H2S -+ S2+ + H 2 0  
CHOL H2S -+ H3S+ + CO 
S+ + H2S -+ H2SL + S 

-+ S2+ + H2 
S+ + H2S -+ S2+ + Hz 

-+ HSZ- + H 
-+ H2SL + S 

HS+ + H2S + H3S- + S 
-+ HS,' + H2 
-+ H2S- + HS 

H2S+ + HIS 4 H3S+ + HS 
H3S+ + HCHO- CH30L + H2S 
CH30+ + H2S -+ H3S+ + HCHO 
H3S+ + CH4 -+ 

H ~ S +  + CH4 4 

HS+ + CH4 - CH3S+ + H2 
+ CH,+ + H2S 

ST + CH4 -+ CH3S+ + H 
-+ CHS' + H2 + H 

"Rate constants are given in units of cm3 molecule-' sC1. 

TABLE 4. Proton affinities (PA's) of sulphur species with their oxygen counterparts 

Oxygen species Sulphur species 

Ion mass Neutral PA Ion mass Neutral PA 
AH+ (u) A (kcal mol-') AH+ (u) A (kcal mol-') 

0 
HO 
H2O 
CO 
HCHO 
CH30H 
CH2C0 
CH3CH0 
c02 

C2H50H 
(CH3)zO 

S 
HS 
H2S 
CS 
HCHS 
CH3SH 
CH2CS 
CH3CHS 
OCS 
C2H5SH 
(cH3 12s 
CS2 
(cH3)2sO 
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Although the PA of CH3SH given in Table 4 is high, and 
presumably that of the CHsS radical also, these species are more 
likely to be found in the reaction zone and not downstream. On 
the other hand, the downstream concentration of OS even at z = 
0.2 mm will be relatively high tending towards the calculated 
value given in Table 2. Although PA(0S) is not known, proton 
transfer to form HOS+ followed by H atom stripping to give 
0s' is the most logical mechanism. Further support for this 
hypothesis comes from Fig. 12 where a sulphur profile at 48 u, 
undoubtedly O S f ,  was observed to persist far downstream 
throughout the burnt gas. 

The signal at 64 u is due to S2+, not 02S+,  since the peak 
height at 66 u is 8.5% of that at 64 u in keeping with the natural 
abundance of the 34S isotope of 4.22%. The group of ions 
observed at 76-78 u appears to represent CHIS2+ (x = 0-2) 
disulphide ions. The ion with x = 1 at 77 u amounts to 
protonated carbon disulphide for which the H atom stripping 
reactions 

1221 CHS2' + H (HO) -+ CS2' + HZ (H20) AH' = - 18 (-33) 

are exothermic (20). Similarly, the signal at 78 u probably 
results from H atom stripping of CH3S2+ at 79 u. Better 
evidence for CHS2+ and CH3S2+ at 77 and 79 u comes from 
Figs. 3 and 8 in the flame reaction zone where the measured 
signals are much larger. The profiles of both ions were observed 
to commence very far upstream like that of HCOSf. 

The next step in the explanation comes from Hastie's neutral 
profiles (7) shown in Fig. 1. He observed the formation of 
acetylene as an intermediate having a peak concentration > 1 % 
near the downstream edge of the reaction zone. Flame-ion 
evidence for acetylene comes from the very large C3H3+ peak 
shown in Fig. 7 at the same position in our flame; C2H2 is the 
neutral reagent for the formation of C3H3+ (4, 21). Acetylene is 
the key ingredient. All the other high-mass ions in Fig. 13 are 
explicable in terms of ion-molecule reactions of C2H2 with 
the ion groups at 32-35, 44-49, and 76-78 u. Acetylene is 
known to participate in ion-molecule association/condensation 
reactions (4, 22-24) of the types 

where M is a third body. Downstream in the flame where the H 
and HO concentrations are high, the C2X+ product is favoured 
because C2H2Xf and C2HXf are subject to H atom stripping. In 
general, the expected mechanism for secondary sulphurous ion 
formation is the addition of 24-26 mass units to ions of lower 
mass. Thus, acetylene addition to the H,S+ (x = 0-3) ions at 
32-35 u produces the ion groups at 57-61 and 82-85 u. In 
particular, the large ion signals 35 -+ 59 -+ 83 differ by 24 u 
except that the peak at 58 u is greater than that at 59 u. (Note that 
the reverse is true in the reaction zone, Fig. 8.) However, 
H atom stripping of protonated thioketene at 59 u should be 
exothermic such that the larger signal at 58 u is not surprising 

That reaction [24] would be exothermic stems from the fact that 
the oxygen analogue of the reaction involving protonated ketene 
is thermoneutral 

Although PA(CH2CS) is slightly greater than PA(CH2CO) in 
Table 4 ,  the ionization energy IE(CH2CS) should be at least 

1 eV less than IE(CH2CO) = 9.614 eV (20), and the exo- 
thermicity of reaction [24] follows. 

In the same way, acetylene addition to the CH,St/OS+/HOS' 
group of ions at 44-49 u produces the ion groups at 69-73 u and 
93-95 u. In particular, the large ion signals in each group, 45 + 
69 + 93, differ by 24 u. Also, the addition of acetylene to the 
CH,S2+ ions grouped at 76-78 u accounts for the signals 
observed at 100, 101, and even 105 (i.e. CH3S2+ + 26 u). In 
summary, three groups of protonated primary ions modified 
by H atom stripping plus acetylene addition/condensation 
reactions account for essentially all of the sulphurous cations 
observed in Fig. 13. An exception is S2+ which will be 
discussed further in the next section. 

Persistent do+vnstream ion profiles 
Figure 12 is a mass spectrum of sulphurous cations whose 

profiles persist far downstream throughout the burnt gas like 
those shown for OSf and H30f  in Figs. 6 and 7 ,  respectively. 
The CHOf profile (not shown) is similar in this fuel-rich flame, 
and is indicative of a proton transfer equilibrium with H30+ 

(AH' values are quoted for the forward direction.) In the same 
way, all of the sulphurous ions represented in Fig. 12 (Sf ,  HS + , 
H2Sf,  H3Sf ,  OS+,  S2+ ) must come into equilibrium with HsOf 
and CHOf downstream. The four HISf (x = 0-3) ions can be 
formed by proton transfer reactions involving HsOf 

in combination with the H atom stripping reactions 

[30] H3S+ + H (HO) S H2S' + H2 (H20) AH' = -6 (-21 j 

[31] H2S+ + H (HO) S HS' + HZ (H20) AH' = - 14 (-29) 

[17] HS' + H (HO) E S+ + H2 (H20) AH0 = -20 ( -35 )  

which are exothermic in every case. For the latter three 
reactions, the rates of the endothermic back reactions are aided 
by the high equilibrium concentrations of H2 and H 2 0  quoted in 
Table 2. But H2S', HS+ , and Sf  are, of course, ionized H2S, 
HS, and S which have ionization energies (IE's) of 10.47, 
10.41, and 10.36 eV, respectively (20, 25). These IE's are all 
slightly higher than those of OS (10.31 eV) and S2 (9.37 eV) 
such that OSf and S2+ could be formed by exothermic charge 
transfer processes; for example 

Table 3 lists rate constants for a number of fast reactions which 
link these ions together and increase the rate of attainment of 
equilibrium; for example 

Thus, persistent ion signals are found in the burnt gas involving 
reasonably abundant sulphur neutrals (see Table 2) whose PA's 
are relatively high, and/or whose IE's are relatively low. 

In principle, some of the ion-molecule reactions involving 
sulphurous species might be used to determine equilibrium 
constants K in the burnt gas. For example, reaction [27] yields 

in terms of calculated neutral concentrations given in Table 2 
and the measured ion signal ratio. Hence, AGO = - RTln K for 
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KARELLAS P iND GOODINGS 

FIG. 14. Difference mass spectrum of just the sulphurous cation 
signals measured in the flame reaction zone. 

such a reaction can be determined at the flame temperature 
provided that equilibrium is attained. We intend to consider 
some of these quantitative aspects in a future publication. 

Sulphur ions in the reaction zone 
Figure 14 is a simplified version of the mass spectra shown in 

Fig. 8 giving just the differences in signal magnitudes due to 
sulphur cations at z = -0.15 mm upstream in the reaction zone. 
Clearly the sulphur ion chemistry is more complicated than that 
shown in Fig. 13 for the downstream region. Here, the aim will 
be to high-light the main features without attempting to explain 
every peak. Thus, the explanation will concentrate on the larger 
ion signals having odd mass numbers recognizing that the ions 
of even mass can generally be produced by H atom stripping 
reactions. 

In what respects is the reaction zone chemically different 
from the downstream region? Hastie's neutral profiles in Fig. 1 
show the rise of formaldehyde as an intermediate whose 
concentration reaches a peak value of approximately 0.8 mol%. 
In addition, the acetylene concentration rises steadily through 
the reaction zone, and also that of methyl radicals from the 
decay of the methane fuel. Finally, the OCS additive retains its 
identity and serves as a donor of S atoms in reactions with other 
ions, giving CO as a neutral product. 

In the first place, Fig. 14 shows that the H,S+ ( x  = 0-3) ion 
signals are much smaller than those measured downstream. This 
is partly due to the fact that the concentrations of S ,  HS, and H2S 
have not yet reached their downstream equilibrium values. In 
addition, the PA's of all three neutrals given in Table 4 are less 
than that of formaldehyde; Table 3 indicates that the proton 
transfer reaction 

[35] H3S+ + HCHO + CH3OL + H2S AH' = - 1.5 

has a very high rate constant at room temperature (16). 
Although H3St does not react with CH4 (17) it might well do so 
with CH3 radicals 

at the flame temperature. 
For the next ion group, let us focus attention primarily on the 

ion signals at 45, 47, and 49 u. Sources of the first two ions, 
CHS+ and CH3Sf,  are given in Table 3 involving reactions of 
the GH,+ (x = 0-3) ions with OCS rather than with H2S given 

FIG. 15. Reaction flow diagram of the sulphurous ion chemistry in 
the flame reaction zone showing reactions of primary sulphur ions with 
C2H2, CH4/CH3, and with the OCS additive. 

previously for the downstream region (reactions [18] to [21] ). 
The ion at 49 u is likely to be CH5S+ rather than HOS+ 
in the reaction zone. It might arise via reaction [36] or, if 
the mercaptan CH3SH is present, by proton transfer since 
PA(CH3SH) is high (see Table 4). 

We are suggesting that these three CH,S+ (x = 1,  3,  5) ions 
in reactions with CH4/CH3, C2H2, and OCS are the primary 
reagents for essentially all the major sulphurous cations observed 
at higher mass numbers in Fig. 14. Thus, reactions with 
CH4/CH3 will result in the addition of a methylene group to the 
parent ion increasing its mass by 14 u 

[37] C,H,S- + CH4 (CH3) + C,+ IH,+2SL + Hz (H) 

Acetylene will add in much the same way as discussed 
previously for the downstream region 

except that the lower temperature of the reaction zone might be 
expected to favour the first channel; i.e., acetylene reactions 
will increase the parent mass by 26 or 24 u. Finally, reactions 
with OCS will add sulphur giving a mass increase of 32 u 

1391 CH,S- + OCS 4 CH,S2+ + CO (x = 1, 3, 5) 

The anomalously large signal at 79 u might involve (CH3)2SOHt as 
wellas CH3S2+ sincePA(dimethylsu1phoxide) = 21 1.3 kcal mol-' 
is so high. Figure 15 presents a reaction scheme which closely 
follows the observations of the sulphurous cations given in 
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Fig. 14. In particular, the preservation of the relative signal 
magnitudes for the CH,S+ (x  = 1, 3 , 5 , )  ion triad at higher mass 
numbers should be  noted. In general, H atom stripping is not 
observed to occur to  the same extent as was the case down- 
stream; the concentration of H atoms has not yet reached its 
equilibrium value upstream in the flame reaction zone. 

Conclusions 
When a fuel-rich, CH4-O2 flame is doped with 0 . 2  mol% 

of O C S ,  a number of conclusions can be drawn about the 
involvement of the sulphur additive in the flame chemistry as 
inferred from observations of flame cations. 

( I )  A great variety of different sulphurous cations has been 
detected at  roughly half the mass numbers below 100 u.  

(2) Concentration profiles of sulphurous ions measured along 
the flame axis show three characteristic shapes o r  combinations 
of them; fairly sharp peaks in the reaction zone, broader maxima 
just downstream of it, o r  even broader maxima still further 
downstream with ion signals which persist throughout the burnt 
gas. 

(3) Upstream in the reaction zone, the CH,S+ (x  = 1. 3, 5) 
ions are the major sulphurous ions to  be formed first. Essentially 
all the rest of the sulphurous cations are secondary ions formed 
by addition (i .e.  association) o r  condensation reactions of 
CH,S+ with (a) CH4/CH3, (b) C2H2,  or (c) S from the OCS 
additive. 

(4) Just downstream of the reaction zone, the primary 
sulphurous cations are HIS+ (x  = 0-3) in addition to CH,Sf 
and possibly O S + / H O S f  as well. Essentially all the rest of the 
sulphur ions in  this flame region can be  explained by reactions of 
the primary cations with just C2H2,  although ions of even mass 
number can be  produced by H atom stripping reactions with 
H and HO.  

( 5 )  The few sulphur ions which persist throughout the burnt 
gas (H,S+ (x  = 0-3), O S t  and S 2 + )  must be equilibrated with 
the natural flame ions C H O +  and H 3 0 + .  These signals may 
be useful analytically for downstream sulphur determinations 
of H2S, H S ,  OS,  and S 2 ,  but a cation link with 0 2 S  is not 
immediately apparent. 

(6) In the burnt gas region of this fuel-rich flame, equilibrium 
calculations show that H2S accounts for about half, and HS 
nearly one quarter. of the total sulphur present; OS and 0 2 S  
amount to about 10% each. For  fuel-rich combustion in general, 
it is of interest to know just where, and if, H2S is subsequently 
oxidized to 0 2 S .  

(7) The O C S  additive is a very effective donor of S atoms in 
reaction with either ions o r  neutral species present in the flame. 

( 8 )  From observations of mass spectra, it is apparent that the 
sulphur cation chemistry closely mimics the oxygen cation 
chemistry with a separation of 16 mass units. Comparatively 
large sulphur ion signals are obtained from a small concentra- 
tion of additive because the proton affinities of the sulphur 
species are larger, and ionization energies are smaller, than 
those of their oxygen analogues. 

(9) When compared with previous studies of sulphurous 
negative ions (2, 3),  it is clear that a much greater variety of 
sulphurous positive ions was observed. This bears out the 
general contention that electron-deficient cations are better 
candidates for molecular growth by condensation reactions than 
are electron-rich anions. 
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R e p  le 13 aoet 1985 ' 
G ~ R A R D  BEINERT et MITCHELL A. WINNIK. Can. J. Chem. 64, 1743 (1986). 
Dans le but d'Ctudier la formation d'exciplexes intramolCculaires, nous avons prCparC comme intermkdiaires de synthkse des 

polystyrknes qui portent quantitativement i I'une des extrCmitCs de la chaine une fonction alcool, et i l'autre le groupe 
N,N-dimCthylaminophCnyle. Ce groupe chromophore a it6 introduit dans le polymkre par amorqage de la polymCrisation 
anionique du styrkne au moyen d'une solution contenant du potassio-1 (N,N-dimethylamino-4)phCnyl-1 Cthane. En desactivant 
ensuite le polymkre <<vivant>> par de l'oxiranne. on obtient la fonction alcool. Une mCthode simple de prkparation de cet 
amorceur consiste a faire rCagir un excks de potassium sur une solution d'Cthoxy-1 (N:N-dimCthylamino-4)phCnyl-1 Cthane dans 
le THF. MalgrC son instabilitC relative, cette solution se presente comme un amorceur efficace de la polymCrisation du styrene. 

G ~ R A R D  BEINERT and MITCHELL A. WINNIK. Can. J .  Chem. 64, 1743 (1986). 
To prepare polymers carrying a donor chromophore at one end and an acceptor chromophore at the other, anionic initiators 

carrying the 4-N,N-dimethylaminophenyl group were synthesized by two different methods. These polymers were neededfor the 
purpose of studying intramolecular cyclization via observation of exciplex formation. It was established that metal cleavage of 
appropriately substituted ethers was the most advantageous way to synthesize these functionalized initiators. These compounds 
proved very reactive toward styrene, yielding quantitatively polymers bearing 4-(N,N-dimethylaminophenyl) groups at one end 
of the chain. At the other end of the chain. induced deactivation of the "living" sites by means of oxirane created a hydroxy 
function that could be used in alater step to attach various other groups. Attachment of pyrene to this end would lead to a system in 
which intramolecular exciplex formation could occur. 

Introduction 
La dynamique de cyclisation de chahes macromolCculaires 

par formation intramolCculaire de complexes de type excimere 
ou exciplexe suscite depuis quelques annCes un vif intCr&t (1).  
Pour rCaliser de telles Ctudes, il est necessaire de disposer 
de polymkres 1inCaires-et si possible bien dCfinis-portant 
des fonctions aux extrCmitCs de leur chaine. Dans le cas des 
exciplexes qui nous occupe ici, les deux fonctions doivent &tre 
de nature diffkrente, l'une ayant ur, caractke donneur, l'autre 
accepteur d'klectrons. Nous avons choisi la fonction N,N- 
dimethylamino-4 phCnyle (DAP) comme groupe donneur. Le 
prCsent article a pour objet de dCcrire la prkparation de 
polystyrenes portant cetre fonction a une extrCmitC de leur 
chaine, l'autre Ctant dotee d'une fonction alcool susceptible de 
servir ultkrieurement de point d'ancrage pour diffkrents groupes 
chromophores de type accepteur. 

L'objectif que nous nous sommes fix6 implique l'utilisation 
d'un amorceur anionique comportant la fonction DAP afin de 
pouvoir utiliser l'oxiranne pour la formation de la fonction 
hydroxy a l'autre extrCmitC de la chaine. 

Nous avons donc conqu deux methodes permettant de 
prCparer des composCs organo-mCtalliques fonctionnalisCs par 
le groupe en question et nous avons Ctudie le comportement 
de ces composCs en tant qu'amorceurs de la polymkrisation 
anionique du styrkne. 

On sait en effet que la polymCrisarion anionique sans 
iransfert, ni terminaison. constitue une mkthode de choix pour 
la prkparation de polymkres de masse molaire dCterminCe et de 
faible polymolCcularitt, et pour la fonctionnalisation des 
extrCmitCs de chaine par dCsactivation sClective a l'aide d'un 
rkactif appropriC. L'objectif visC pourrait donc &Ire atteint s'il 

1. WCvision reque le 2 avril 1986. 

s'avkre possible d'amorcer la polymCrisation du styrkne par un 
compost organo-metallique portant la fonction DAP, et si la 
dtsactivation par l'oxiranne conduit effectivement a une fonc- 
tion OH a l'autre extremite de la chaine (schCma 1) : l'action du 
chlorure de (pyrCnyl-11-4 butyryle sur cette derniere devrait en 
effet permettre d'accCder B des chaines polymi.res portant des 
fonctions diffkrentes leurs extrCmitCs. et susceptibles de 
conduire B la formation d'exciplexes intramolCculaires. 

RQultats et discussions 
I1 semble Ctabli que le groupe N,N-dimCthylamino n'entraine 

pas de rCactions parasites en polymCrisation anionique. Par 
exemple Worsfold (2) a obtenu des polystyrenes marques 
quantitativement B l'une des extrCmitCs de leur chaine en 
amorqant Ia polymCrisation du styrene par le lithio-1 (N,N-  
dimCthyl)amino-3 propane. 

Le probleme consiste donc 2 prCparer un amorceur organo- 
metallique portant la fonction DAP. Deux voies s'offrent B 
nous : (i) la rCaction d'addition d'un composC organo-mCtal- 
lique R-Mf sur le (N,N-dimithylamino-4)isopropCnyl benzkne 
(DAB) dans des conditions choisies de f a ~ o n  a Cviter la 
polymerisation intempestive de ce monomere; et (i i)  la reaction 
de clivage par le potassium d'un Cther comportant un groupe 
DAP. 

Me'thode proce'dunt p a r  addition 
Le (N,N-dimCthylamino-4)isopropCnyl benzene a CtC prepark 

selon la mCthode de Seymour et Wolfstirn (3). La reaction 
d'addition d'un comgosC organo-mktallique sur un dCrivC de 
l'a-rnCthylsryr2ne ne peut se produire de f a ~ o n  satisfaisante 
que si le caractere nuclCophile de l'organo-mCtallique est tres 
accusC. C'est pourquoi nous avons choisi les trois composCs 
suivants : le sec-butyllithium (sBuLi), le potassio-2 phCnyl-2 
propane (PIK) et le potassio-1 phCnyl-1 Cthane (PEK), dont 
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l'efficacite en tant qu'amorceurs n'est plus a demontrer. Le s'expliquer par la lenteur de la reaction d'addition de R-M' sur 
dernier mentionne a Ctt utilise en particulier pour la synthese le DAB. I1 faut noter que les conditions de concentration et de 
de polystyrknes de structure ccidCale>> ne comportant aucun temperature n'ttaient pas propices B la polymerisation du DAB. 
groupe Ctranger au polymkre (4) ainsi que pour la synthkse de Par consequent, la fonctionnalisation incomplete ne peut 
copolymeres sequences polystyrene-polyoxyCthylene. rtsulter que de la presence d'amorceur rCsiduel non fonctionnel 

(sBuLi, PIK, PEK) qui a participe a l'amorcage de la 
H(-CH2-CH),-H 

I polymerisation du styrene. 

Le potassio-1 phCnyl-1 Cthane peut &tre obtenu selon le 
procedt de Benkeser et al. (6) qui consiste a mCtaller I'Cthyl- 
benzene par un alkyl-potassium. Une mCthode plus facile 
consiste a traiter une solution de bis(phCny1-1 Cthy1)Cther dans 
le THF par du potassium. Cette reaction, CtudiCe par Gillman 
et McNinch (7) dans le cas du lithium, est transposable au 
potassium et conduit a une solution d'amorceur efficace pour la 
polymerisation du styrene (8). I1 faut noter que, dans le cas qui 
nous occupe, la presence de phknyl-1 Cthanolate de potassium, 
qui se forme simultanCment, n'est pas gCnante. 

La reaction d'addition a Cte conduite a 50°C dans le benzene, 
dans le cas du sBuLi, et 2 25°C dans le THF pour les deux autres 
composCs organo-mCtalliques. La solution est agitCe pendant 
2 h. On ajoute ensuite le styrene goutte goutte, puis l'oxiranne 
destine a la formation de fonctions hydroxyle. I1 faut noter cet 
Cgard que lorsque le potassium est le contre-ion, il est impCratif 
d'opber a une temptrature suffisamment basse pour qu'un seul 
motif -CH2-CH2-0- se fixe en bout de chaine, et que la 
polymtrisation de l'oxiranne ne puisse avoir lieu. 

Les rCsultats de nos essais sont rassembles au tableau 1,  et 
appellent quelques commentaires : 

Pour verifier le taux de fixation du groupe DAP en bout de 
chaine, nous avons compare entre elles les valeurs de la masse 
molaire moyenne en nombre fin obtenue par chromatographie 
liquide d'exclusion (SEC) et de la masse molaire calculCe 21 
partir de l'absorption du chromophore, en faisant I'hypothkse 
que chaque chaine porte une telle fonction, I%., . Nouc avons 
suppose que le coefficient d'absorption molaire E du groupe 
DAP est Cgal a celui d'un composC modele : le N,N-dimethyl- 

Me'thode proce'dant par clivage 
La reaction deji mentionnee de clivage du bis(phCny1-1 

6thyl)Cther par le potassium nous a incite B avoir recours a 
une methode semblable pour la synthkse du potassio-1 (N,N-di- 
mtthylamino-4)phCnyl- 1 ethane. La synthese de 1'Cther corres- 
pondant, le bis[(N,N-dimtthylamino-4)phCnyl-1 CthylJCther, et 
de 1'Cther dissymktrique, le (N,N-dimCthylamino-4)phCnyl-I 
ethyl Cthyl ether, sont originales, le rendement ttant bien 
meilleur dans le second cas. 

La reaction de clivage s'effectue en milieu THF a -20°C. 
avec un exces de potassium. Le milieu reactionnel devient rouge 
foncC et contient alors un amorceur de polymerisation efficace, 
qui doit etre consomm6 (schema 2) dans les heures qui suivent, 
car sa stabilite n'est par tres ClevCe. MCme conservee a -20°C la 
solution Cvolue, sa viscosite s'accroit et son utilisation devient 
hasardeuse. Par contre, conservee a -75"C, elle est utilisable 
pendant une semaine. 

Nous avons constate que le dosage classique des sites actifs 
par l'acktanilide conduit dans ce cas a des resultats errones. 
I1 suffit en effet de 0 ,5  molCcule d'acktanilide pour titrer un 
site organo-metallique. Ce resultat peut surprendre, mais il est 
reproductible, et peut Etre lie au caractkre fortement nuclCophile 
d'un carbanion benzylique substitue en para par un groupe 
donneur. 

Les rtsultats des exphiences de polymerisation effectukes 
l'aide des solutions d'amorceur fonctionnel obtenues par 

clivage d'ether figurent au tableau 2. Comme precedemment, le 
taux de fonctionnalisation rCalisC par amorcage a CtC determine 
par le rapport a ,/au,. Le composC modkle que nous avons 
utilise pour la determination du coefficient d'absorption molaire 
E est ici le N,N-dimtthylamino-4 isopropyl benzene prCparC par 

amino-4 tert-butyl benzene q;e nous avons prepark au lago- CH3-CH-O-C2H~ CH~-CH K t  
ratoire (9) par alkylation de l'amino-4 tert-butyl benzirne. 
La valeur de F que nous avons trouvee a 300 nm est de K 
2 530 L mol-' cmp', cette mesure Ctant effectuCe sur un THF 
melange d'isombes para (96,7%) et ortho (3,2%) caractCrisC 
par chromatographie en phase gazeuse. Le point d'Cbullition du @ N(CH3)2 - $  N(CH3)2 
compost modele est de 121°C sous 1 600 Pa. 

11 qparait  dans le tableau 1 que les valeurs du rapport + KO-C2H5 + produ~t 

fi ./IM .. sont dans tous les cas inferieures a I'unitC. Cela peut S C H ~ M A  2 
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BEIKERT ET WIKNIK 

TABLEAU 1. Conditions expkrimentales et rCsultats de la polymtrisation amorcCe par DAB 

- - 
Tam DurCe T,,, M, M I,,j 

Amorceur Solvant ("c) (h) ("c) (g mol-') (g mol-') M  ,/M .. 
DAB + sBuLi Benzbne 50 2 50 21 000 65 000 0,32 
DAB + PIK THF 25 2 -65 18 000 70 500 0,25 
DAB + PEK THF 25 4 -65 25 000 52 600 0,48 

Tam : temperature i laquelle on prepare la solution d'amorceur; durke : temps durant lequel on laisse 
riagir le DAB sur l'organoalcalin R - M I ;  T,,, : tempkrature i laquelle s'effectue la polymeiisation du 
gyr2ne; M ,  : masse molaire moyenne en nombre dCterminee par chromatographie liquide d'exclusion; 
Mu, : masse molaire moyenne determink par spectrom6trie uv. 

TABLEAU 2. Masse molaire des polymeres prCparCs par la mCthode 
procCdant par clivage 

A, M  , u, 

(gmol-I) (gmol-') (gmol-') M , v / M n  M n / M u .  

M,, &f, : masse molaire moyenneen nombre et en poids dCterminCe par 
chromatographie liquide d'exclusion; M .. : masse molaire moyenne determinie 
par spectromCtne uv. 

rkaction de deux molCcules d'iodure de mtthylmagntsium sur 
la N,N-dimethylamino-4 benzaldehyde selon la mkthode de 
Sachs (10, 11). Le produit brut est purifie par distillation, puis 
par chromatographie liquide sur silice, 1'Cluant Ctant le benzene, 
et enfin par redistillation. Son point d'kbullition se situe 64°C 
sous 30Pa. Le coefficient d'absorption molaire mesure en 
solution dans le THF est de E = 2 050 L mol- ' c m l  a 304 nm. 

D'autre part, 1'Ctude des chromatogrammes d'exclusion 
(SEC) permet d'Cvaluer la polymolCcularitC des Cchantillons. 
like elle aussi a l'efficacitk de l'amorceur. 

En vue de s'assurer que des adsorptions imputables aux 
groupes fonctionnels ne conduisent pas a des valeurs erronCes 
des masses molaires dkterminees par SEC, nous avons com- 
par6 sur guelques Cchantillons les masses molaires moyennes 
en poids M ,  et M ddl dCterminCes par SEC et par diffusion de 
la lumiere. Nous avons aussi vCrifiC que l'incriment d'indice de 
rCfraction d n l d c  du polystyrene fonctionnalisC est le m&me que 
celui du polystyrene classique soit 0,186 mL g- ' 21 632 nm dans 
le THF. Ces valeurs figurent au tableau 3. Les Ccarts relevables 
ne sont pas supCrieurs aux erreurs de mesures habituelles. 

Bien que nos essais couvrent un large domaine de masses 
molaires, on peut considCrer que la mCthode proposCe donne 
entikre satisfaction. En effet, les valeurs de M,,/M.. voisines 
de l'unitk attestent une fonctionnalisation quantitative. Les 
valeurs plus ClevCes sont probablement dues a des especes 
chromophores rtsiduelles retenues par le polymhe. 

Dans le tableau 4 figure 19Cvolution de M u ,  en fonction du 
nombre des prCcipitations d'un polymkre; les variations obser- 
v6es Ctayent notre hypothitse. 

Le tableau 5 rassemble les caractkristiques des produits isoles 
lors d'un essai special qui avait pour objectif la preparation 
d'un polymkre fonctionnel de tres faible masse molaire. Ce test 

supplementaire d'efficacitk de l'amorceur fonctionnel a pleine- 
ment confirm6 les conclusions antkrieures. 

Partie experimentale 
Toutes les opCrations mettant en oeuvre un carbanion ont CtC 

effectuCes sous une 1Cgkre surpression d'argon dans un appareillage 
Ctanche dCsomais classique. 

Le THF est sCchC sur KOH, puis distill6 sur fil de sodium; il 
est redistille sur complexe benzophCnone-sodium dans une ampoule 
Ctanche, puis consem6 sous argon. Le styrkne est sCchC sur CaCI,, puis 
distill6 sur fil de sodium. L'oxiranne est dCgaze, puis distille sur fil de 
sodium. Les mesures de SEC ont CtC rCalisCes sur un appareil CquipC de 
3 colonnes Shodex A 801, A 802 et A 803, la dCtection Ctant assurCe par 
un rCfractomktre diffkrentiel Waters. 

Les dtterminations spectrophotomCtriques uv ont CtC effectuCes sur 
un appareil Beckman Acta V. 

(N ,  N-Dirne'thylarnino-4jphe'nyl-1 e'thyl e'thyl e'ther 
Dans un ballon muni d'un dCcanteur de type Dean et Stark, on porte 5 

Cbullition durant 24 h 700 mL de benzbne,. 300 mL d'ethano1,-100 g 
(0,61 mole) de (N,N-dimCthylamino-4)phCnyl-1 ethanol (10, 11) et 
0,50 g d'acide p-tolubne sulfonique. Aprks refroidissement, on ajoute 
10 mL d'une solution de mCthanolate de sodium (0,4 mol L-') dans du 
mCthanol. On Cvapore les solvants, on redissout le produit dans 500 mL 
d'Cther, puis on lave et on skche sur sulfate de sodium. Enfin on 
Cvapore 1'Cther et on distille le rCsidu (1 15 g). On recueille 80 g. Eb. : 
80-85°C (200 Pa). On conserve le produit sous argon. 

Arnorceur 
On place 10 g (0,25 mol) de potassium dans 100 mL de THF, puis on 

abaisse la temperature a -20°C. On ajoute ensuite 10 mL (0,lO mol) 
de (N,N-dimCthylamino-4)phCnyl-1 Cthyl Cthyl Cther (Cthoxy-1 (N,N-  
dimCthylamino-4)phCnyl-1 Cthane). La solution devient rapidement 
rouge. On maintient l'agitation la nuit. DosCe par I'acCtanilide, la 
concentration en sites carbanioniques de cette solution est 0,34 mol L- '. 
Polyrne'risation du sQr2ne 

Fernple 1 
A 250 mL de THF maintenu a -70°C on ajoute goutte a goutte 9 mL 

d'une solution de l'amorceur a une concentration de 0,34 mol L-'. On 
ajoute ensuite goutte a goutte 25 g de styrkne. La tempCrature croit 
rapidement 21 -40°C. Quand elle revient -70°C, on ajoute 2 mL 
d'oxiranne, puis on enlkve le bain rCfrigCrant. La dCcoloration du 
milieu rkactionnel n'est pas immCdiate. Quand elle se produit, vers 
-50"C, on ajoute successivement un peu de mCthano1, 1 mL d'acide 
chlorhydrique, puis 2 mL d'ammoniaque. On filtre la solution pour 
Climiner le KCI, puis on prkcipite le polymbre par 2 L de mCthanol. 
On dissout et reprkcipite le polym?re avec l e ~  m&mes volumes de 
THF et de mCthanol. Rendement quantitatif : M ,  = 7 700 g mol-I; 
M ,  = 9 200 g mol-', M u ,  = 7 440 g mol-'. 

Exernple 2 
A 250 mL de THF maintenu a -70°C on ajoute 70 mL d'une solution 

d'amorceur de concentration 0,48 mL L-'. On ajoute ensuite goutte a 
goutte 25 g de styrbne. La temptrature croit jusqu'i -50°C. On ajoute 
alors 5 mL d'oxiranne puis on enlkve le bain rCfrigCrant. Aprks 
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TABLEAU 3. Comparaison des masses molaires moyennes dCterminCes par SEC et par 
diffusion de la lumikre 

- - - 

a n  Mw M ddl A!f uv 
(g mol-') (g mol-') (g mol-') (g mol-') M d d i / M .  M d d l / M , , ,  M n / M u v  

-- - 

a,, M ,  gasse molaire moyenne en nombre et en p o ~ d s  determinee par chromatograph~e llquide 
d'exclus~on, M ,,, masse molaire moyenne en poids dCterminCe par d~ffusion de la lumlere, Mu, 
masse molaire moyenne dCtermlnCe par spectrometne uv 

TABLEAU 4. ~volution de la masse 
molaire moyenne en fonction du 

nombre des precipitations 

- 
Nombre des M uv 

pr6cipitations (g mol-l) 

- 
M ,, : mass molaire moyenne deter- 

mink par spectromttrie uv. 

TABLEAU 5. CaractCristiques du polymere de faible mass molaire 

M ,, h', : Fasse molaire moyenne en nombre et en poids dCterminCe par chromatographie liquide 
d'exclusion; M .. : masse molaire moyenne determinee par spectrometrie uv; 0 % ((c) : taux en oxygene 
calculi, soit le rapport 16/M .; 0 % ( t )  : taux en oxygene determine par analyse chimique Clementaire. 

dCcoloration du miiieu reactionnel, a -30"C, on introduit 7 mL d'acide 
chlorhydrique puis 9 mL d'ammoniaque. On filtre la solution pour 
Climiner le KC1, puis on prCcipite le polymere par 4 L de mkthanol. On 
filtre 11,5 g de polymere. Ce produit est dissous dans 50 rnL de THF 
puis reprCcipitC par 1 L de mCthanol contenant 2 mL d'ammoniaque. 
Enfin on filtre 10,5 g (F 1) de polymere. 

Les filtrats sont alors rassembl6s. On Cvapore les solvants, redissout 
le rCsidue dans 150 mL de benzene, agite la solution avec un peu de gel 
de silice, filtre, puis prCcipite le polymbre par un melange de 2 L de 
mCthano1, 200 mL d'eau et 2 mL d'ammoniaque. Ce polymere est 
d'aspect collant. On le redissout dans 10 mL de benzene. AprPs lyophi- 
lisation, on obtient 6,9 g (F 2) de polymPre sous forme poudreuse. 

Conclusion 
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Utilisation de 1'ortho-tolidine pour !'etude des rkactions des halogenates et halogknitesl 
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GUY SCHMITZ et HENRI ROOZE. Can. J .  Chem. 64, 1747 (1986). 
Nous avons montrC prCcCdemment, que l'ortho-tolidine simplifie fortement I'Ctude cinktique des rkactions redox du chlorite 

en rCagissant avec des produits intermkdiaires et en supprimant des rCactions secondaires. Cette Ctude Ctablit la validit6 de la 
mCthode dans le cas de rkactions du bromate. Pour la reaction bromate-bromure elle donne la loi classique d'ordre quatre avec 
k = 1 3 4  M-j s f '  en milieu perchlorique de force ionique 1 MA 2S°C, et une constante d'aciditC de I'acide bromique valant 2,9. 
Cette mtthode est ensuite utilisCe pour Ctudier la reaction entre le bromate et le chlorite, rkaction complexe en absence 
d'ortho-tolidine. On obtient la loi cinCtique 

avec k = 0,83 + 0,76 [H+] dans les m&mes conditions. Si [H'] = 0 , l  M 1'Cnergie d'activation apparente vaut 47,4 kJ/mol. 

Guy SCHMITZ and HENRI ROOZE. Can. J.  Chem. 64, 1747 (1986). 
We have shown previously that ortho-tolidine greatly simplifies the kinetic study of redox reactions of chlorite by reacting 

with intermediate products and eliminating side reactions. The present study shows the validity of the method in the case of 
bromate reactions. For the bromate-bromide reaction it gives the classical fourth-order rate law with k = 1.54 M-; S-' in 
perchloric acid solutions at 25OC and 1 M ionic strength, and an acidity constant of bromic acid of 2.9. This method is then used 
to study the reaction between bromate and chlorite, a complex reaction in the absence of ortho-tolidine. The rate law is 

with k = 0.83 + 0.76 [H'] in the same conditions. If [H'] = 0.1 M the apparent activation energy is 47.4 kJ/mol. 

Introduction 
L'ortho-tolidine (biphenyl-4,4' diainino-3,3' dimethyl) per- 

met d'obtenir simplement et avec precision les caracteristiques 
cinetiques de nombreuses rkactions redox des halogenates et 
halogknites. Nous avons discutC antkrieurement ses proprietks 
et les avons mises 2 profit pour etudier la cinetique de la 
dismutation du chlorite catalyske par les ions C 1  (1) et par le 
fer (2). 

En rCsumC, ni le chlorate ni le chlorite n'oxydent l'ortho- 
tolidine avec une vitesse mesurable. Par contre le chlore, l'acide 
hypochloreux et le dioxyde de chlore l'oxydent extrkmement 
rapidement. Le produit de son oxydation prksente, si le pH 
est inferieur a 2,5, une bande d'absorption intense aysnt son 
maximum a 440nm. Les absorbances mesurees sont repro- 
ductibles et, si la concentration en ortho-tolidine n'est pas trop 
ClevCe, suffisamment stables pour permettre des mehures tres 
prkcises. Nous avons gCn6ralement utilise des concentrations 
infkrieures a 5 X M. 

L'klimination de produits intermediaires des reactions Ctu- 
dikes simplifie leurs micanismes et le coefficient d'absorption 
molaire Clevk de l'ortho-tolidine oxydee, 59 700 M-' cm-', 
permet une mesure aisCe de leurs vitesses initiales. Nous 
montrons dans cet article que cette methode est egalement utile 
pour Ctudier des rkactions du bromate, en particulier la reaction 
bromate-chlorite. 

Technique exphimentale 
Les solutions de chlorite de sodium sont prCparCes a partlr de chlorite 

commercial purifiC par trois recristallisations successives. Elles sont 
conservees dans le noir en milieu lkgerement basique et standardiskes 
par iodomCtrie. Elles restent stables pendant plusieurs jours et donnent 

1 .  Article n04 de la sCrie c~MCcanisme des reactions du chlorite et 
du dioxyde de chlore.,, 

des rCsultats reproductibles. Le bromate de la qualit6 <<pour analyses,, 
est recristallisk, les traces de bromure qu'il contient pouvant influencer 
certains rksultats. L'aciditC est fixCe avec de l'acide perchlorique et la 
force ionique avec du perchlorate de sodium <<pour analyses,), utilisCs 
sans purification supplkmentaire. 

Les rkactifs, conservks dans un thermostat, sont mClangCs rapide- 
ment et transfkrks dans la cuvette thermostatisCe d'un spectrophoto- 
mktre Beckman DBGT. Sauf prCcision contraire, la tempkrature est 
maintenue a 25 i O,l°C. Les conditions expCrimentales sont toujours 
telles que l'on mesure des vitesses initiales. En enregistrant, en 
fonction du temps, l'absorbance a 440nm due a l'oxydation de 
l'ortho-tolidine, on obtient des droites dont les pentes donnent ces 
vitesses. La linCaritC des enregistrements est importante car elle assure 
qu'au cours d'une mesure on peut nCgliger la dkgradation de l'ortho- 
tolidine oxydCe. Nous abrCgerons la formule de l'ortho-tolidine en 
NH2RNM2 et celle de sa forme oxydCe en NHRNH. 

Reaction de I'ortho-tolidine avec le brome 
L'ortho-tolidine est oxydCe extrkmement rapidement par le 

brome suivant [I] .  Nous avons obtenu le m&me maximum 
d'absorbance 2 440 nm avec le m&me coefficient d'absorption 
molaire que dans le cas du chlore (cf. fig. 1). Comme dans ce cas 
le pH doit &tre infkrieur a 2,5 et il est preferable de limiter la 
concentration en ortho-tolidine 2t 5 x lop4 M. Avec un exces de 
Br2 on obtient [NHRNH] = [NH2RNH210 ce qui montre que 
1' ortho-tolidine n'est pas bromee. 

[ I ]  WH2RNH2 + Br2 NHRNH + 2Br- + 2HL 

En milieux tres acides (1 M en HC104) ou avec des 
concentrations en B r  supkrieures a M nous avons obtenu 
des rapports [NHRNH] / [Br210 infkrieurs a 1. Ceci ne rCsulte 
pas de la rkversibilite de la reaction [I]  (nous avons vkrifit 
que Br- ne rCduit pas NHRNH) mais probablement de traces 
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FIG. 1. Reaction de l'ortho-tolidine avec le brome. [NH2RNH2] = 
5 x M ;  [HCIO,] = 0,02 M .  

d'impuretts oxydables dans les reactifs. Par exemple, l'addition 
prCalable d'un peu d'iodure rCduit la quantite de NHRNH 
formte : une fraction du brome oxyde l'iodure en iode et celui-ci 
n'oxyde pas l'ortho-tolidine. Un tel effet peut fausser le dosage 
du brome par l'ortho-tolidine mais pas nos mesures cinktiques : 
aprks oxydation de ces impuretCs la vitesse de formation de 
NHRNH devient bien proportionnelle a la vitesse de reaction. 
Quoi qu'il en soit. ce qui constitue la garantie finale de la 
validit6 de nos mesures est la linearit6 des enregistrements de 
l'absorbance en fonction du temps. Les vitesses sont dCduites 
des pentes de ces droites et independantes du temps zero. 

Cinetique de la reaction bromate-bromure en presence 
d'ortho-tolidine 

L'ortho-tolidine n'est pas oxydCe directement par le bromate 
avec une vitesse mesurable. La trks faible vitesse d'oxydation 
que l'on peut parfois observer depend de la purete des rCactifs. 
I1 faut en particulier Climiner les traces d'halogCnures dans le 
bromate. 

Dans une solution acide de bromate et de bromure on obtient 
la rCaction classique 121. 

En prtsence d'ortho-tolidine le brome ainsi form6 rCagit 
rapidemene suivant [ I ]  et l'on obtient globalement [3]. 

L'Ctude de cette rCaction nous a permis d'une part de 
confirmer la validit6 de la mtthode 2 1' ortho-tolidine dans le cas 
des rCactions du bromate, d'autre part de preciser l'effet du pH 
sur la rkaction [2] en milieux trks acides. 

La rCaction [2] obCit a la loi cinCtique [4] (3-8). 

En ~r6sence d'ortho-tolidine 1'Cta~e dkterminante reste la 

FIG. 2. RCaction bromate-bromw. [NH2RNH2] = lop4  M .  [HClo,] 
= 0,203, [NaBr03] = 5 X l o p 4  ~ ( 1 ) ;  [HC104] = 0,203, [NaBr03] = 

M (2); [HC104] = 0,406, [NaBr03] = 5 X M (3) .  

TABLEAU 1. RCaction bromate-bromure 

T = 25"C, I = 1 M. Les nombres de mesures sont 
indiques entre parentheses, les erreurs correspondent aux 
ecarts-types. 

sur la figure 2. Nous avons Cgalement verifiC l'ordre 1 par 
rapport au bromate (10-4-10p3 M ) .  Les vitesses sont indCpen- 
dantes de la concentration de l'ortho-tolidine ( lop4 ou 4 x 
lop4 M ) .  Elles diminuent si la force ionique I augmente, 
comme observt dans les travaux anterieurs. Avec [HC1041 = 

0 , l  M  et [NaC104] variable, nous avons obtenu des vitesses 
dans les rapports 1,52: 1,03 : 1,00 respectivement pour I = 0 , l ,  
0 ,5  et l ,O M .  

Les valeurs des constantes cinetiques obtenues pour diffe- 
rentes aciditis, avec une force ionique fixCe a 1 M ,  sont 
indiquCes dans le tableau 1. La colonne k,,, donne les valeurs 
de k4 calcultes en prenant pour [BrO,-] la concentration totale 
en bromate. On constate que k,,, diminue lorsque l'aciditC 
augmente. Ceci s'explique par 1'Cquilibre 151. 

Soient [NaBrO31 la concentration totale en bromate et K ,  la 
constante dlaciditC de l'acide bromique. 

En prenant K ,  = 2,9 M-' on obtient des valeurs de k4  

Nos mesures de vitesses initiales de formation de l'ortho- indipendantes de 19acidid. Elles sont indiqukes dans le tableau 

tolidine oxydCe sont en parfait accord avec cette loi. Quelques 1 et donnent en moyenne : 

rCsultats montrant l'ordre 1 par rapport au bromure sont repris k4  = 1,54 M - ~  S- '  ( T  = 2s0@, 1 = 1 M) 
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SCHMITZ ET ROOZE 

FIG. 3. Reaction bromate-chlorite. [NH2RNH2] = 10-QiZil. [HC104] 
= 0,102. [NaC102] = 1,24 X [NaBrO,] = 5 x 1 0 - 9  (1); 
[HC104] = 0,404, [NaC102] = l,00 X lo-? [[NaBrO?] = 5 X M 
(2). 

L'effet de l'equilibre (51 n'Ctait pas apparu dans les travaux 
antCrieurs car l'aciditi, soit Ctait trop faible pour qu'il appa- 
raisse, soit avait variC parallelement 2 la force ionique et l'effet 
de celle-ci ttait dominant. La valeur adoptCe de Ka est tout a 
fait raisonnable et se compare favorablement a une estimation 
antCrieure : pK, = 0 ,7  (9). Les valeurs antCrieures de k4 
permettant une comparaison avec la n6tre sont 2,32 et 1,18 pour 
I = 1 M (4, 6) et 1,86 pour I = 0,8 M (8). 

CinCtique de la reaction bromate-chlorite en presence 
d'ortho-tolidine 

Cette rCaction prCsente un intCret particulier d'une part dans 
le cadre du micanisme de rCactions pkriodiques (101, d'autre 
part parce que sa premiere Ctape correspond a 1'Cchange d'un 
seul electron au contraire des rCactions classiques halogCnates- 
halogenures. 

Lorsqu'on mClange des solutions de bromate et de chlorite on 
obtient un systkme dont 1'Cvolution aussi bien stoechiomCtrique 
que cinCtique est trks complexe. La premiere Ctape est [6]. 

Le BrOz et le C1Q2 peuvent ensuite rCagir de diverses manihes. 
Thompson (1 I )  a CtudiC cette reaction en presence d'alcool 
allylique qui, en captant le produit intermtdiaire HOBr, Climine 
certaines complications. Cependant, m&me ainsi la stoechio- 
mCtrie dCpend des conditions expCrimentales. Par contre, en 
prisence d'ortho-tolidine on obtient simplement la stoechio- 
mitrie [7]. 

Les expkriences de la figure 3 montrent que le chlorite n'est 
pas consomm6 : la vitesse est inchangCe alors que I'on a oxydC 
une quantite d'ortho-tolidine nettement superieure a la quantitC 
de chlorite introduite. L'expCrience (2) a Ctt faite en presence de 
5 x 10-5iong/L d'Agf pour Climiner l'effet des ions Br- 
produits par [7] qui sinon apparaitrait aux conversions ClevCes. 
Par contre, lors de toutes les expkriences ci-aprks. les conver- 
sions sont resttes suffisamment faibles (quelques pourcents) 
pour que cet effet soit nkgligeable. Rappelons que nos condi- 

FIG. 4. RCaction bromate-chlorite. [HC1O4] = 0,102, [NaBrO,] 
= [NH2RNH2] = lop%, I = 1 M. T = 25°C. 

tions expirimentales sont toujours telles que les enregistrements 
d'absorbances en fonction du temps soient lineaires et que l'on 
mesure des vitesses initiales. 

La simplification du mkcanisme se comprend aisCment. La 
premiere Ctape reste [6] car l'ortho-tolidine ne rCagit ni avec le 
bromate ni avec le chlorite. Ensuite nous savons qu'elle est 
oxydie tres rapidement par le C102 suivant [8]. 

[8] 2C102 + NH2RNH2 + 2HC102 + NHRNH 

Le BrQ2 formi par [6] pourrait de m&me &tre rCduit par 
l'ortho-tolidine en HBr02.  Cependant celui-ci ne peut pas 
s'accumuler dans le systeme et, quel que soit le micanisme de la 
rtduction, on obtient la rCaction globale [9]. 

[9] 2Br02 + SNH2RNH2 + 2Br- + 2H- + SNHRNH + 4H20 

En combinant 161, [8] et [9] on obtient [7]. et 

I .  Rbultats  a 25°C et I = 0 , I - I  M 
Les figures 4 et 5 donnent quelques exemples de nos mesures 

Ctablissant l'ordre 1 par rapport au bromate et au chlorite. 
L'ensemble des rCsultats obtenus est rCsumC dans le tableau 2 .  
Les constantes k,,, sont dCfinies par 

oh [NaBr03] et [NaC1Q2] disignent les concentrations totales 
et r ~ ,  la vitesse de la catalyse par le fer de l'oxydation de 
l'ortho-tolidine par Ie chlorite (2). Apres purification des 
riactifs cette correction reste assez faible, gCnCralement moins 
de 5 % ,  pour pennettre une dktermination prCcise de k,,, . Soient 
Ka, et Ka2 les constantes d'aciditC de HBr03 et de HC1O2. 
Posons 

On obtient 
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FIG. 5. RCaction bromate-chlorite. [HC104] = 0.102. [NaC102 1 = 
1,69 X [NH2RNH2] = M ,  I = I M, T = 25°C. 

TABLEAU 2. RCaction bromate-chlorite 

T = 25°C; I = i M .  
" I  = 0.1 M .  
bVCrification de l'invariance de la vitesse pour [NH,RNH,] = 5 x 1 0 ' -  5 x 

M. Les nombres de mesures sont indiques entre parentheses. les erreurs 
correspondent aux Ccarts-type 

Les valeurs de Ka2 ont CtC mesurCes par Hong et Rapson (12) en 
fonction de la force ionique. 11s ont obtenu K,, = 1,74 X l o P 2  
pour I = 0,1 M et 2,4 x l o P 2  pour I = 1 M. La valeur de K,, 
pour I = 1 M a CtC dCduite de notre etude de la rCaction 
bromate-bromure. Si elle varie en fonction de la force ionique 
comme Ka2 on obtient K,, = 2 , l  pour I = 0 , l  M. Le choix de 
cette constante n'influence quasi pas le calcul de k g .  

Quelques mesures faites B des forces ioniques comprises 
entre 0,1 et 1 M avec [HC104] = 0, l  M indiquent que k,,, varie 
2 peu prks comme l'inverse de K,, , c'est-a-dire comme y H C I O ~ .  

L'examen du tableau 2 montre que k6 augmente avec 
I'aciditC. Thompson (1 1) avait obtenu : 

Nous verrons que, tenant compte de Kal et K,,, ses resultats 
comme les n6tres se laissent mieux reprksenter par: 

TABLEAU 3. RCaction bromate-chlorite. 
Effet de la tempkrature 

T ("c) k,,, (M-2 S - I )  

33,3 5,04 1 0,35( 7) 
25 ,O 2,98 (Tableau 2) 
17,5 1,81 * 0,10( 6) 
3,4 0,67 -C 0,04(11) 

[HClO,] = 0 , l ;  [NaCIO,] = 2,2 x M; 
[NaBrO,] = 5 X lo-,- 0,01 M; I = 0 , l  M. 

FIG. 6.Constantes cinCtiques de la rCaction bromate-chlorite a 
25°C. Cornparaison de nos valeurs (*) pour I = 1 M avec celles de 
Thompson (0) pour I = 1,93 M. 

2.  Effet de la tempe'rature, I = 0,l M 
Nos mesures de kc,, a diffkrentes tempkratures sont resumees 

dans le tableau 3. On en dCduit une Cnergie d'activation de 
47,4 kJ/mol. Comme k,,, depend de 1'aciditC cette valeur n'est 
en toute rigueur valable que pour 1'aciditC a laquelle elle a CtC 
dCterminCe, soit [HC104] = 0 , l  M. Remarquons cependant 
que Thompson a obtenu une valeur pratiquement identique, 
47,7 kJ/mol, pour [HC104] = 1,92 M. 

Conclusion et discussion 
Pour discuter le mecanisme de rkactions complexes, telles 

que les reactions phiodiques, il est souhaitable de connaitre les 
constantes cinktiques de leurs composantes. La mCthode a 
l'ortho-tolidine permet de mesurer simplement et avec prCci- 
sion certaines de ces constantes. 

Nous avons confirme la validit6 de cette mCthode dans le cas 
de reactions du bromate et determine la constante d'aciditC de 
l'acide bromique. Nous l'avons cnsuite utiliske pour mesurer la 
vitesse de 19Ctape dkterminante de la rCaction bromate-chlorite. 

Pour interprCter l'effet de [H+]  sur la vitesse de cette reaction 
il faut tenir compte des constantes d'aciditC de l'acide chloreux 
et de l'acide bromique. La figure 6 montre que la variation de k6 
en fonction de [HA] est lineaire : k6 = 0,83 + 0,76[H-1. Cette 
figure reprend Cgalement les valeurs de k6 dCdu~tes des mesures 
de Thompson ( l l ) ,  en remarquant que ses constantes k, 
correspondent, avec nos notations, a k,,,[H+] 13 .  Elles sont 
compatibles avec les natres, compte tenu de la difference de 
force ionique et des incertitudes affectant les mesures en 
absence d'ortho-tolidine. Cette variation de k6 peut, par 
exemple. &tre interpretCe par [ 5 ] ,  [ l o ] ,  [ l  11 et [12]. 
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[I01 HBr03 + H+ = BrOzt, Hz0 5. A. SKRABAL et H. SCHREINER. Monatsh. 65, 213 (1935). 

[11] Bro2+, H20  + CIOz- -+ BrOz + CIOz + H 2 0  6. W. C. BRAY et H.  A. LIEBHAFSKY. J .  Am. Chem. Soc. 57, 51 
(1935). 

[12] Broz+,  H20 + HC102 -+ BrOz -t C102 + H 2 0  i- H+ 7. M. SCLAR et L. RIESCH. J .  Am. Chem. Soc. 58, 667 (1936). 
8. M. WRONSKA et M. WAWRZENCZYK. Z. phys. Chem. (Leipzig), 

On obtient ainsi kg = k l l K 1 ~ K a 2 / K a l  + k l Z K I O I H + ] / K a l .  256, 183 (1975). 
9. PAUL PASCAL ( ~ d i t e u r ) .  Nouveau trait6 de chlrnie minCrale. 

1. G. SCHMITZ et H. R o o z ~ .  Can. J. Chem. 59, 1177 (1981). Tome XVI. Masson, Paris. 1960. p .  435. 
2. G. SCHMITZ et H.  R o o z ~ .  Can. J .  Chem. 62, 2231 (1984). 10. M. ORBAN et I. R. EPSTEIN. J. Phys. Chem. 87, 3212 (1983). 
3. A.  SKRABAL et S. R. WEBERITSCH. Monatsh. 36, 21 1 (1915). 11. R .  C. THOMPSON. Inorg. Chem. 12, 1905 (1973). 
4. H. A. YOUNG et W. C. BRAY. J .  Am. Chem. Sot. 54, 4284 12, C. C. HONG et W. H. RAPSON. Can. J. Chem. 46. 2053 (1968). 

(1932). 
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ANNICK GOURSOT, EDOUARD PPNIGAULT, HENRY CHERMETTE et JOSEPH G. FRIPIAT. Can. J. Chem. 64, 1752 (1986). 
Des calculs MS-Xa d'orbitales molCculaires ont CtC rCalisCs pour les dianions B ~ ~ H ~ ~ ~ ~  et B ~ C ~ H ~ , ~ ~ .  Leurs structures 

Clectroniques sont discutCes en relation avec les distributions de charge de groupe. Cette Ctude conduit a une hiCrarchie des sites 
d'attaque Clectrophile dans l'ion dicarbollyle, le bore opposC B la liaison C-C dans la face pentagonale Ctant le site le plus 
favorable. 

ANNICK GOURSOT, EDOUARD PPNIGAULT. HENRY CHERMETTE, and JOSEPH G. FRIPIAT. Can. J. Chem. 64. 1752 (1986). 
MS-Xa molecular orbital calculations have been performed on the dianions B ~ ~ H ~ ~ ~ ~  and B ~ C ~ H ~ ~ ~ ~  Their electronic 

structures are discussed in terms of group charge distributions. For the dicarbollide ion, this study indicates a most probable 
electrophilic attack on the boron site opposite to the C-C bond, on the pentagonal face. 

La nature originale des liaisons chimiques que le bore est 
susceptible d'Ctablir, tant avec lui-m&me qu'avec des hCtCroe1C- 
rnents, favorise la formation d'unites structurales polyCdriques, 
qui peuvent &tre completes ou fragmentaires ( l a ) .  Une unite 
complete, ou structure closo, est dCcrite par un polyedre dont 
toute face est trigonale et tout sommet occupi par un bore ou un 
hCtCroC1Cment. Toute structure fragmentaire dite nido, derive 
formellement d'une structure closo, par elimination de l'un des 
sommets du polyedre de rCfCrence. 

Le dianion du dodkcaborane ( B ~ ~ H ~ ~ ~ ~ )  est l'archetype 
d'une structure closo regulibe. Les B occupent les sommets 
d'un icosaedre (fig. la)  dont les 20 faces sont des triangles 
CquilatCraux Cgaux (groupe de symktries Ih).  Les mCtallocarbo- 
ranes (B9C2H1 1)2M, ou complexes bis-dicarbollyle du metal 
M de transition, ont une structure comptant deux unites ico- 
saedriques irrCguli&res, qui sont opposkes par un sommet 
commun occupe par M. Le ligand intervenant dans ces 
complexes est l'ion dicarbollyle B9C2H1 12p, qui a une structure 
nido dCrivant de l'icosaedre. En dehors de ses faces trigonales, 
le polykdre resultant comporte une face qui s'appuie sur 5 
sommets sensiblement coplanaires (2), deux d'entre eux Ctant 
occupes par un carbone (fig. lb) .  La nature des interactions 
mCtal-ligand dans les complexes (B9C2H11)2M en fait des 
complexes sandwich presentant une analogie marquee avec les 
mCtallocenes (3). 

11 a CtC montrC, antkrieurement, que la mCthode d'orbitales 
molCculaires SCF-MS-Xa conduit a une description satisfai- 
sante de la structure Clectronique de divers composCs sandwich, 
qu'il s'agisse de mCtallocenes (4) ou de complexes bis-aryle du 
chrome (5). Dans la perspective d'ktudier divers rnetallocarbo- 
ranes sandwich, nous avons effectuC, dans un premier temps, 
1'Ctude X a  des structures Clectroniques de l'ion (3)-1,2-dicar- 
bollyle et de son prCcurseur formel, B12H122-. En fait, la 
rtfirence a B12H122- vaut pour de nombreux autres composes 
2i dkficience Clectronique (boranes, hCtCroboranes et derives), 

1. Auteur qui adresser toute correspondance. 

c'est-a-dire des composCs dont le nombre total d'electrons de 
valence est infkrieur 2 celui des orbitales atomiques (OA) de 
valence. A notre connaissance, la 1ittCrature ne rapporte pas 
d'Ctude d'orbitales molCculaires (OM) concernant l'ion dicar- 
bollyle. I1 en va differemment de B12H122- et son Ctude Xcx 
Clargit le champ des comparaisons entre modkles issus de 
mCthodes diffkrentes. Jusqu'a maintenant, la methode Xcx a 
CtC rarement sollicitee pour Ctudier des edifices polyatomiques 
dtficients en electrons (6). De nouvelles exploitations du 
modele Xa offrent donc, aussi, llinter&t de pouvoir contribuer a 
mieux faire apprkcier 1'Ctendue de sa fiabilitC. 

Ge'ometrie et parametres de calcul 
La gComCtrie de B12H122p (groupe Ih) est issue de la structure 

radiocristallographique de son sel dipotassique (7), le premier a 
avoir CtC is016 (8). Toute distance e2tre 2 B voisins de la cage 
icosatdrique rCgulikre est de ! .775 A, tandis que la longueur de 
toute liaison B-H est 1,07 A. 

La gCometrie de l'ion (3)-1,2-dicarbollyle est tiree d'un 
Ctude radiocristallographique du complexe sandwich neutre 
(B9C2H )2Ni (9). Pour rendre le modkle compatible avec 
l'existence d'un miroir, de 1Cghes corrections sont apportkes 
aux positions atomiques. Ce miroir est le seul ClCment de 
symitrie du modkle (group C,) et se confond avec le plan 
mkdiateur de la liaison 6-C. Hormis B4 et B7, voisins des C 
sur la face pentagonale (fig. lb), les ClCments B occupent 
certains sommets d'un icosaedre regulier. La distance separant 
2 Cltments B voisins et occupant de tels sites, ainsi que les 
distances entre B8 et ses autres plus proches voisins (B4 et B7), 
s'identifient a la moyenne (1,785 A) des distances experimen- 
tales homologues, dans les 2 cages du complexe sandwich de 
rCfCrence. Tout ClCment H est positionni 2 l'exterieur de la 
cage, sur la demi-droite issue du centre de l'icosaedre regulier 
citC et passant par l'ClCment, B ou C, auquel il est liC. Toute 
distance B-H ou C-PI est confondue,$ans le modkle, avec la 
moyenne (respectivement 1,08 ou 0,94 A) des distances experi- 
mentales de m&me nature. Le plan contenant les 5 voisins B de 
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GOCRSOT ET AL 

FIG. 1 .  Structures schkmatiques (a) de B ~ ~ H ~ ~ ~ -  et (b) de l'ion (3)-1,2-dicarbollyle avec numerotation conventionnelle (22, 3) des groupes 
BH et CH. 

BlO (fig. lb) fait, avec la face pentagonale de l'ion dicarbollyle, 
un angle dikdre de 1,5". Les Clements de la face pentagonale. les 
plus proches du plan des 5 B, sont C1 et C2, l'arete C1-C2 
&ant parallkle a ce plan. Les valeurs des autres distances 
interatomiques du modele sont mentionnCes dans un schCma 
topologique (fig. 2). 

La version standard de la methode SCF-MS-Xa (10) est 
utilisCe sans orientation des spins. Le procede de 1'Ctat de 
transition de Slater (11) sert a la dktermination des energies 
d'excitation de B ~ ~ H ~ ~ ~ - .  Pour les 2 dianions. le critere 
d'auto-cohtrence du potentiel final est meilleur que lop3. 

Les paramktres MS-Xa sont rassemblCs dans le tableau 1. Le 
procCdC non empirique de Norman (12) a CtC utilisC pour dtfinir 
les spheres atomiques, de sorte que les sphhes de 2 Clements 
directement liCs soient sCcantes. Dans le modele de B , ~ H ~ ~ ~ - ,  
tout rayon atomique est pris Cgal a 88% du rayon de la sphere 
qui renfermerait le m&me nombre d'electrons que l'atome 
neutre, dans la superposition des densitCs atomiques. Pour l'ion 
dicarbollyle, les rayons atomiques rc et ~ H ( c )  sont calcules 
selon le mode prCcCdent et les rayons r ~  et Y H ( B )  sont identifies 
a ceux retenus pour B ~ ~ H ~ ~ ~ - .  Les valeurs des parametres 
d9Cchange de B (0,76531) et C (0,75928) sont celles optimali- 
sees par Schwarz (13). Le parametre d'Cchange de H (0.77725) 
est celui propose par Slater (14). La moyenne des valeurs 
atomiques, pondCrCe par le nombre d'atomes, est adoptCe pour 
les regions interatomique (Int.) et extramolCculaire (Ext.). La 
sphere circonscrite aux spheres atomiques constitue, par sa 
surface, la limite commune a ces 2 regions. Elle sert aussi de 
sphkre de Watson (15) dont la charge (+2,5  pour chaque 
dianion) simule I'environnement et assure le signe negatif aux 
premiers niveaux Cnergetiques virtuels. 

Dans tous les calculs rapportCs, les ondes multiples de la 
&ion extramolCculaire sont dCveloppCs sur une base d'ondes 
correspondant B 1 < 4 pour B 1 2 H 1 2 2  et 1 6 3 pour BgC2HlI2-. 
Dans les sphbes atomiques des deux dianions, les valeurs 
limites de 1 sont zero pour H et 1 pour B et C. 

RCsultats et discussion 
Le tableau 2 rassemble le type de symktrie, la population, la 

rCpartition de la charge et l'energie en rydbergs (1 Ry = 0,5 ua 
= 13,6 eV), pour toute OM occupee et les 4 OM virtuelles les 
pius basses. dans 1'Ctat fondamental de B12~, ,2 - .  Les energies 

FIG. 2. Distances interatomiques (en A) dans la cage de l'ion 
(3)-1,2-dicarbollyle, tout trait renforck dtsignant une distance B-B 
de 1,785 A.  

TABLEAU 1. Paramktres MS-Xa (rayons atomiques 
en ua) des dianions ~ 1 2 ~ 1 2 ~ -  et B9C2H1 12-  

Parambtre ~ 1 2 ~ 1 2 ~ ~  ~ 9 ~ 2 H 1 1 ' ~  

des OM de valence occupees, calculCes par 2 mCthodes 
semi-empiriques a champ auto-coherent (ou SCF), sont rappe- 
lees dans un but de comparaison. I1 s'agit des mCthodes PRDDO 
et MNDO, respectivement utilisCes par Lipscomb (1 6 )  et par 
Dewar et McKee (16). 

L'OM occupCe la plus haute (ou HOMO) cst Ig,. Elle est 
degCnCrCe d'ordre 4 et saturee par 8 electrons, conformement au 
diamagnetisme de B , z ~ 1 2 2  (17). Pour des raisons de symetrie, 
les OA participant a 1'HOMO sont exclusivement dcs orbitales 
p des elements B ,  de sorte que I g, est non liante vis-a-vis de 
B-H. En revanche, lg, dCcrit des interactions B-B liantes 
qui contribuent B la cohesion de la cage. 
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TABLEAU 2. Niveaux d'Cnergie et distribution de charge de B ~ ~ H ~ ~ ~ -  i 1'Ctat fondamental; 
(a) rCf. 1 b, (b) rCf. 16, (c) nos rksultats 

- 

Distribution de charge (en 7C) 

E (RY) B H 
- 

OM Occ. (a) (b)  ( c )  s p s Int. Ext. 

lg, 0 
3h, 0 
3tlU 0 
3% 0 
1 gu 8 
2hg 10 
2t1u 6 
1 t2u 6 
Ih, 10 
2% 2 
1t1u 6 
la ,  2 
1sB 24 

L'OM virtuelle la plus basse (ou LUMO) est 3a,. Elle est tres 
diffuse, ainsi que les 2 OM virtuelles (3tlu et 3h,) qui la suivent 
dans l'echelle des energies croissantes. Ces 3 premieres OM 
virtuelles sont non liantes. Elles sont presque exclusivement 
1ocalisCes dans les regions extramolCculaire (pour la plus grande 
part) et interatomique. Les OA engagCes dans I'OM virtuelle 
suivante (lg,) sont, pour des raisons de symCtrie, exclusive- 
ment des orbitales p des ClCments B . L'OM 1 g, est antiliante et 
elle est localisCe, essentiellement et pour parts sensiblement 
Cgales, dans les sphbes atomiques B et dans la region 
interatomique. 

La hiCrarchie CnergCtique qualitative des OM de valence 
occuptes est, a I'exception de l'inversion des niveaux lh, 
et 2a,, la mCme que celle Ctablie par les auteurs citCs prC- 
cCdemment. En fait, cette inversion n'a pas vraiment de 
signification, les 2 niveaux X a  concernCs Ctant si proches 
(0,005 Ry) qu'ils sont assimilables a des niveaux fortuitement 
dtgtnCrCs. D'une mCthode de calcul l'autre, la seule compa- 
raison Cnergetique qui soit significative, concerne les Ccarts 
entre niveaux. L'ensemble des distances CnergCtiques succes- 
sives separant les 5 niveaux occupCs les plus hauts, dCfinis par 
les calculs PRDDO et MNDO, est en assez bond accord avec le 
calcul X a ,  le meilleur accord concernant les rCsultats PRDDO 
( I b ) .  Par ailleurs, la mCthode PRDDO el, plus encore, la 
mCthode MNDO, conduisent a une beaucoup plus grande 
stabilisation relative des bas niveaux de valence (1 h,, 1 t lu,  
la,), que ne le fait la mCthode X a .  11 s'ensuit que les Ccarts 
successifs Xa, entre ces niveaux, sont systCmatiquement et tres 
nettement infCrieurs a ceux calculCs par les 2 autres mCthodes. 

L'Ccart CnergCtique entre LUMO et HOMO est remarquable 
par son importance (0,52 Ry = 7,07 eV). I1 est compatible avec 
diverses observations expkrimentales (17), en particulier avec la 
trks grande stabilitC polarographique de B 12H122-, tant vis-a-vis 
de l'oxydation que de la rCduction. Par ailleurs, le spectre 
d'absorption uv-visible ne presente qu'une queue de bande, 
situCe a la limite (200 nm) du domaine explorC. Un calcul Xa 
concernant les transitions permises par symktrie, situe un 
maximum d'absorption a 165 nm pour la transition de moindre 
Cnergie HOMO -+ LUMO et B 150 nm pour la transition 
lgu+ lg,. 

Lipscomb (1 8) utilise des liaisons covalentes multicentriques 

pour rendre compte de la cohCsion de la cage icosaedrique de 
B ~ ~ H ~ ~ ~ - .  Deux types de liaison sont distinguCs dans ce 
modkle : toute liaison B-H est classiquement covalente tandis 
que toute liaison B-B est Clectroniquement dificiente, vis-8- 
vis du schtma covalent traditionnel. L'extension de ce modele a 
l'ensemble des boranes de structure closo ou nido et leurs 
derives isoClectroniques (en particulier les carboranes) a permis 
de dCgager des rkgles empiriques, qui relient le type structural 
de la cage polyCdrique a son nombre de paires Clectroniques 
liantes. Ces regles ont r e y  rCcemment une dkmonstration 
rigoureuse (19) et s'Cnoncent comme suit. Les liaisons dans le 
squelette polyCdrique d'un borane closo B,Hn2- (n > 4) sont 
assurees par n + 1 paires Clectroniques liantes, tandis que n + 2 
paires sont ntcessaires s'il s'agit d'un borane nido B,H,~- 
(ou, en particulier, d'un carborane isoClectronique). Compte 
tenu des electrons engagCs dans les n liaisons covalentes B-H 
(et C-H dans un carborane), c'est au total 2n + 1 et 2n + 2 
paires Clectroniques liantes, qui interviennent respectivement 
dans les structures closo et nido. Toutes les OM de valence 
occuptes de B12H122- Ctant liantes, leur population Clectro- 
nique totale (soit 50e) est donc conforme a la regle spCcifique 
aux structures closo. 

L'examen du tableau 2 montre que les OM de valence 
peuplCes, a l'exception de Ig, et 1 t2u, dCcrivent a la fois des 
interactions B-B et des interactions B-H. Pour des raisons de 
symetrie, 1'HOMO lg, est exclusivement concernee par les 
premieres et I'OM 1 t2u par les secondes. 

Les orbitales p des B participent 2 toute OM de valence 
peuplCe et contribuent (sauf dans lt2u) de maniere prCpondC- 
rante a l'ensemble des interactions B-B, qui font de B ~ ~ H ~ ~ ~ -  
un veritable cluster molCculaire. La plus grande part des 
interactions B-B est dCcrite par les 2 OM de plus basse Cnergie 
(la,  et It,, ou les orbitales des B sont A caractere s largement 
dominant) et par les 3 OM de plus haute Cnergie (2tlu,  2h,, 1 g, 
a caractere p pratiquement exclusif). Toutefois, 1'OM 2tlu rend 
compte aussi d9interactions B-H qui sont sensiblement de 
mCme importance que les interactions B-B. Les niveaux se 
situant entre les 2 domaines a forte interactions B-B, corres- 
pondent h une prCdominance marquee (voire exclusive pour 
1 t2,) des interactions B-H. 

I1 est possible d'obtenir une image de la configuration 
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GOURSOT ET AL. 

Clectronique des ClCments B et H, dans en attribuant 
la charge de la rCgion interatomique, a la fois aux sphbes 
atomiques B et H, et la charge de la region extramolCculaire, 
exclusivement aux spheres atomiques H. Ces rkpartitions sont 
faites. pour toute OM, proportionnellement aux charges des 
sphkres atomiques et conduisent aux configurations Clectroni- 
ques suivantes : 2s0.91 2p2,09 pour B et ls ' . l7 pour H. I1 
en rtsulte une charge nette nulle sur B, la charge formelle 
(-0,:7) de tout groupe BH ttant portCe par H. Un autre mode de 
ripartition de la charge de la region extramolCculaire consiste- 
rait a l'attribuer, comme celle de la rCgion interatomique. la 
fois aux spheres B et H. Eu Cgard 5 la faible population 
Clectronique (0,71e) de la region extramolCculaire, les configu- 
rations Clectroniques prCcCdentes n'en seraient pas affectCes de 
maniitre sensible. En effet, d'un mode de calcul l'autre, la 
plus grande diffkrence concernant les populations d'un m&me 
sous-couche atomique est inferieure au seuil de signification 
(0~05). 

Le tableau 3 regroupe le type de symCtrie, I'Cnergie et la 
ripartition de la charge de quelques OM de l'ion (3)- l,2-dicar- 
bollyle, dans son Ctat fondamental. I1 s'agit, d'une part, d'OM 
peuplCes (les 4 les plus basses en Cnergie et les 9 les plus hautes) 
et, d'autre part, d'OM virtuelles (les 2 les plus basses en Cnergie 
et I'OM 14a"). Toutes les OM peuplCes sont saturees par 2e et 
sont liantes, conformCment B la rkgle de dCnombrement des 
paires Clectroniques liantes dans une structure nido. 

La filiation structurale formelle de B ~ ~ H ~ ~ ~ -  a l'ion dicar- 
bollyle, ne s9accompagne que d'une diminution de 2 Clectrons 
de valence. Cette situation est favorable a la recherche de 
corrClations entre les niveaux d'Cnergie des 2 dianions. A cet 
effet, il faut considkrer l'abaissement de symCtrie Ih -+ C, et 
les applications suivantes concernant les reprksentations irrC- 
ductibles de Ih .  sous-tendues par les OM de B12H122- : 

A, -+ A' TI, (OU T2,) -+ 2A' + A" 

H, -+ 3A' + 2A" G, (ou G,) -+ 2A' + 2A" 

Le premier niveau de valence occupe de ~ 1 2 H 1 2 ~ -  (la,) 
correspond a celui ( l a ' )  de l'ion dicarbollyle. Au-dela de ces 
niveaux et dans le sens des energies croissantes, il est possible 
de faire correspondre B tout niveau dCgCnCrC d'ordre n de 
B12H122-, une sequence de n niveaux consecutifs de l'ion 
dicarbollyle, sans qu'il y ait recouvrement des domaines 
CnergCtiques de 2 sequences adjacentes. Dans cette demarche, 
la dCgCnCrescence fortuite des niveaux 2a, et 1 h, de ~ 1 2 ~ 1 2 ~ ~  

conduit a les confondre en un niveau unique qui serait dCgCnCrC 
d'ordre 6. En ce qui concerne 1'HOMO lg, de B12H122-, il 1ui 
correspond dans l'ion dicarbollyle, une sequence comportant 
les 3 niveaux occupCs les plus hauts en Cnergie (8aU, 9a", 15a') 
ainsi que la LUMO 16a'. 

Dans 1'Cchelle des Cnergies croissantes, toutes les OM 
virtuelles de l'ion dicarbollyle jusqu'au niveau 14a" exclu, 
sont diffuses, essentiellement dans la region extramolCculaire. 
L'OM 14a" rend compte, exclusivement, d'interactions anti- 
liantes entre des OA p des ClCments de la cage polyedrique, 
a l'exception de B10. La contribution au niveau 14a" des 
elCments appartenant 21 la face pentagonale est d'environ 2 fois 
celle des autres ClCments de la cage et la participation la plus 
grande concerne les OA pi des C. C'est par l'intermediaire de 
190M virtuelle 14a" que se ferait, dans un complexe mCtallique, 
un Cventuel don Clectronique en retour du mCtal au ligand. 

Le niveau CnergCtique de I'HOMO est plus ClevC dans l'ion 
dicarbollyle (-0,484 Ky) que dans B12H!22- (-0,637 Ry). 
L'Ccart CnergCtique LUMO-HOMO est important dans le 
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TABLEAU 4. Configuration Clectronique des ClCments et charges nettes (en e) dans les dianions B ~ ~ H ~ ~ ~ -  
et B ~ C ~ H ~ ~ ~ -  

Configuration Clectronique 

B ou C H Charge nette 
Nature et - 

Dianion no de groupe 2s 2~ 1 s B ou C H Groupe 

~ 1 2 ~ 1 2 ~ -  BH qlcq. 

~ 9 ~ 2 ~ 1  i 2 -  C H l ,  2 
BH 4 , 7  
BH5.  11 
BH 6 
BH 8 
BH 9, 12 
BH 10 

premier dianion (0,29 Ry = 3,94 eV) mais il est nettement 
infkrieur a 19Ccart homologue dans le second (0,52 Ry = 
7,07 eV). Par ailleurs, la distance CnergCtique sCparant la 
LUMO du plus bas niveau de valence peuplC est sensiblement la 
mCme dans les 2 dianions (19,6 eV pour l'ion dicarbollyle et 
19 eV pour B12HlZ2-). 

Le tableau 3 rkvele une quasi-dCgCnCrescence des 2 niveaux 
occupes de plus haute Cnergie (9a" et 15a1), sCparCs de 
seulement 0,004 Ry = 0,05 eV. Dans ces conditions, il n'est 
pas Ctonnant que l'ordre CnergCtique relatif de ces 2 niveaux soit 
susceptible de s'inverser, selon la mCthode d'orbitales molCcu- 
laires retenue. Ainsi, une Ctude MNDO de divers carboranes 
(20) signale, sans autre detail, que la symCtrie de I'HOMO de 
l'ion dicarbollyle est de type a". La mCme Ctude est beaucoup 
plus explicite en ce qui concerne B9C2HI3, isoClectronique de 
l'ion dicarbollyle. Darts ce carborane neutre, les 2 niveaux 
peuplCs les plus hauts en Cnergie sont distants de 0.62 eV et 
sont, par ordre d'knergie croissante, 15a' et 9a" (HOMO). 

Les contributions moyennes des spheres atomiques, a la 
charge des 3 niveaux occupCs de plus haute Cnergie (8aU, 9a" et 
15a') de l'ion dicarbollyle, sont les plus importantes pour 
les ClCments dkfinissant la face pentagonale. Par atome, les 
contributions sont croissantes dans l'ordre : C1, C2 < B4, B7 < 
B8. La nature des composantes relatives a ces atomes. dans les 
3 OM considCrCes, priviligie la prCsence des Clectrons dans des 
regions sensiblement axCes sur les 5 arktes fictives issues du 
sommet vacant n03 de la structure nido (fig. 1). Les 4 niveaux 
occupCs. CnergCtiquement les plus proches des prCcCdents 
(c'est-a-dire 6a", 7a", 13a' et 14ar) ,  s'en distinguent tres 
nettement par leur distribution de charge. Ce sont les contribu- 
tions des ClCments hors de la face pentagonale de la cage, qui y 
sont largement majoritaires. I1 en rCsulte que les OM jouant le 
r81e primordial dans 1'Ctablissement d'une liaison T de coordi- 
nation, entre un mktal de transition et l'ion dicarbollyle 
(donneur de 3 doublets Clectroniques). sont les 3 occupCes les 
plus hautes en Cnergie. 

Les interactions B-H interviennent dans tous les niveaux de 
valence de l'ion dicarbollyle, a l'exception du premier ( l a ' ) .  
Toutefois, la somme des contributions aux interactions B-H, 
des 2 niveaux suivant l a '  (c'est-a-dire l a"  et 2a')  et des 4 
niveaux les plus hauts en Cnergie (c'est-a-dire 14ar ,  8a1', 9a", 
15a') n'atteint pas 5%. Les interactions B-H prkdominent dans 
la suite des 9 niveaux (dont 3 de type de symetrie a") comprise 
entre 5a '  (- 1,094 Ry) et 10a' (-0.840 Ry). Les interactions 
B-H sont quasi exclusives dans les 3 niveaux medians (7a'. 
4af', 8a ' )  de cette suite. 

Les interactions C-H sont assurCes dans une proportion 
voisine de 415 par les 6 OM de valence les plus basses en 
Cnergie, les 2 premieres ( l a ' ,  la") decrivant a elles seules 
presque la moitiC de ces interactions. 

Les interactions entre eltments du squelette polyCdrique sont 
prCsentes dans tous les niveaux sauf les 3 remarquCs prCcCdem- 
ment (7a1,  4a", 8a') .  En s'Ccartant de ces niveaux et quel que 
soit le sens de variation de l'knergie, les interactions croissent 
rapidement dans la cage polytdrique, pour devenir majoritaires 
dans deux ensembles de niveaux. I1 s'agit des 4 niveaux de plus 
basse Qergie, ou ies Clectrons engagCs ont un caractere s 
dominant, et des 9 niveaux les plus ClevCs a caractere p quasi 
exclusif. 

Le tableau 4 rapporte les configurations Clectroniques des 
ClCments de l'ion dicarbollyle et les charges nettes qui en 
resultent. A titre de rCference, les grandeurs homologues de 
BlZH122p sont aussi rappeltes. Le mode de calcul utilisC 
pour l'ion dicarbollyle est le mCme que celui dCveloppC 
pour BI2HlZ2-. La remarque concernant l'influence du mode 
de calcul sur la configuration Clectronique des Clements de 
B , 2 ~ 1 2 2 p ,  demeure valable pour l'ion dicarbollyle. La faible 
population Clectronique (0,60e) de la rCgion extramolCculaire 
de l'ion dicarbollyle, conduit aux mCmes conclusions. Quant 
aux charges nettes de groupe, d'un mode de calcul a l'autre, 
elles se reproduisent a 0,01 prks, c'est-A-dire trks largement 
en-deqa du seuil de signification. 

Lipscomb et coll. (21) on fait une Ctude PRDDO de l'ion 
C2B9H12-, isoClectronique de !'ion dicarbollyle. En adoptant 
les hypotheses qui sous-tendent cette Ctude, il est possible de 
dCgager quelques tendances concernant la reactivite de l'ion 
dicarbollyle. D'aprks ces auteurs, les processus rCactionnels 
ioniques seraient contr8lCs par les charges nettes de groupe, 
plut8t que par la distribution de charge dans les niveaux occupes 
de plus haute Cnergie. Cette distribution, en revanche, rCgirait 
les processus rkactionnels covalents. Compte tenu du seuil de 
signification, la population Clectronique de 1'OA 2s de B se 
conserve pratiquement d'un groupe BH a l'autre. I1 en est de 
mCme de la population Clectronique de I'OA 1 s de H. La valeur 
moyenne pondCrCe de la premiere (0,88) et celle de la seconde 
(1,18), sont pratiquement confondues avec les grandeurs 
homologues de B 12H122p (respectivement 0,9 1 et 1,17). C9est 
donc, exclusivement, la population de I'OA 2p de B qui, en 
ereant des differences de charge nette d'un groupe a l'autre. est 
susceptible d'induire une rCactivitC selective. Ainsi, une attaque 
Clectrophile devrait se faire prCfCrentiellement sur le site B8 
(charge -0,15 et le plus CloignC des C sur la face pentagonale). 
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GOURSO 

Quant a une attaque nuclCophile, si elle est possible, elle 
interviendrait en priorit6 sur les sites B 6  ou  B5,  11 (chargCs 
+0,0& ou +0,06 e t  les plus proches des C en dehors de  la 
face pentagonale). L a  reconnaissance exptrimentale de ces 
sites privilCgiCs d'attaque, prouverait que les Ctats rCactifs de  
transition de  l'ion dicarbollyle, dCpendent principalement de  la 
distribution statistique de charge, ?I 1'Ctat fondamental. 

I1 convient de  souligner que les contributions de C et  H a la 
charge nette d e  groupe sont tres peu differentes, de sorte que les 
liaisons C-H sont pratiquement apolaires. I1 en est de m&me de  
la liaison B-H du  groupe 8. En revanche, les liaisons B-H 
des groupes 5 ,  11 et  6 ont une polarite accrue par rapport a toute 
liaison B-H de  B12H122-. I1 devrait en rksulter une accentua- 
tion du caractere hydrure, pour les groupes concernCs. Quant 
aux autres liaisons B-H d e  l'ion dicarbollyle, elles ont 
sensiblement la meme polarit6 que dans B ~ ~ H ~ ~ ~ - .  

En conclusion, les analyses comparees des fonctions d'onde 
Xa d e  ~ 1 ~ ~ ~ 2 ~ -  e t  B9C2H1 12- et des distributions de  charge qui 
en rtsultent ont permis d'apprkcier l'important effet de  polarisa- 
tion induit par les C .  Cet effet est vraisemblablement le facteur 
essentiel d e  l a  stabilite de  la structure nido de  l'ion dicarbollyle. 
L'absence d'effet analogue dans un ion B1,Hll4- ,  qui serait 
de meme structure e t  isoClectronique du prickdent, peut faire 
douter de  son existence tandis que sa mise en Cvidence 
expkrimentale reste a ttablir. 
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Thioether complexes of tungsten hexacarbonyl 
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C. ROBERT LUCAS. Can. J .  Chem. 64, 1758 (1986). 
The preparation of a series of organic and organometallic thioethers R3MSR1 (M = C, Si, Ge, or Sn) is reported. From these, 

several new compounds of type 1 are synthesized, some of which contain para-substituted aryl functions for R and R'. In hexane 
solution in the carbonyl stretching region of the ir and in the uv there is evidence for a degree of multiple bonding, at least 
in the M-S-W-CO portion of these molecules. Multiple bonding extending into aromatic R or R' is small or non-existent 
and cannot be assessed precisely because of spontaneous decomposition of the complexes. All the complexes undergo a 
thermally initiated decomposition, the ease of which depends on the nature of R, R', and M. The unusual W(1) thiolate 
c ~ s - [ ( C O ) ~ W - ~ S R ' ] ~  is the thermal decomposition product. 

C. ROBERT LUCAS. Can. J .  Chem. 64. 1758 (1986) 
On rapporte la prCparation d'une sCrie de thioCthers R3MSR1 (M = C, Si, Ge ou Sn) organiques et organomCtalliques. En 

partant de ceux-ci, on a synthCtisC plusieurs nouveaux composCs du type 1; dans certains de ces composCs, R et R' repkentent 
quelquefois des fonctions aryles substitukes en position para. La rCgion carbonyle des spectres ir, mesurCs solution dans 
l'hexane, ainsi que les spectres uv suggkrent qu'il existe un certain degrC de liaisons multiples, au moins dans la portion 
M-S-W-CO de ces molCcules. Par ailleurs, il n'y a que peu ou pas d'extension dc cctte liaison multiple dans les portions 
aromatiques R et R' ; de plus, on ne peut pas en dCterminer d'une facon prCcise 1'Ctendue a cause de la dCcomposition spontanee 
des complexes. Tous les complexes subissent une dCcomposition initiCe thermiquement et la facilitC de cette rCaction dCpend de 
la nature de R, R' et de M. The thiolate inhabituel du W(1), [(C0)4W-p-SR']2-cis, est le produit de la decomposition thermique. 

[Traduit par la revue] 

Introduction with ether (3 x 40 mL) and the extracts added to the organic layer 

It has been shown (1) that in complexes of type 1 the presence 
of a degree of multiple bonding between M and S, S and W, and 
W and CO can be  detected by ir spectroscopy when M = Si, Ge ,  
or Sn. It is of interest to  know whether this can be detected by 
other physical methods, whether it extends into R and R'  if 
they are aromatic, and whether the multiple bonding has any 

I /co  
OC-W-CO 
co' I 

which was then washed with 10% Na2C03 and HzO before being dried 
over CaCI2. Volatiles were removed in vacuum, 9 5 8  ethanol (35 mL) 
was added to the residue and the mixture refluxed under an atmosphere 
of dry nitrogen while K2CO3 (12.2 g. 88 mmol) was added in small 
portions at a rate to maintain boiling. The mixture was refluxed 
overnight under an inert atmosphere. Water (75 mL) was added and the 
mixture extracted with ether (3 X 40 mL). The extracts were washed 
with 10% Na2C03 (3 X 50 mL) and the washings were added to the 
aqueous phase previously separated which was then acidified to pH 3 
with concentrated HCI and extracted with ether (3 X 40 mL). The 
extracts were dried over CaCI2 and distilled. The product was an evil 
smelling oil boiling at 57°C at 8 mrn Hg. Yield 1.4 g (16%). 

(para-CI-C&4)3GeCl, (para-MeO-C6H4)3GeC1, and (para- 
CF,--C& )?GeCl - - -  

1 These compounds which are required for the preparation described 
below were obtained from the appropriate aryl bromide and GeC14 via 

significant on the structure or properties of the a Grignard reaction in tetrahydrofuran and were used subsequently 
molecule. without isolation. 

Experimental Pb(SR)2 

Spectroscopic data were obtained using the fcllowing instruments: Lead mercaptides were obtained by stirring overnight stoichlometr~c 

ir, Perkin Elmer Model 283; nmr, Varian EM 360 or Bruker WP80 FT; mixtures of lead(I1) acetate trihydrate and the appropriate thiols in 50% 

mass spectra, VG Micromass 7070HS, uv. Gary Model 17, Analyses ethanollwater. The yellow precipitates were removed, washed several 

were performed by Canadian Microanalytical Service Ltd. times with water and then alcohol, and dried in vacuum. Yields are 
typically >95%. 

Ligands 
All thiols and halides were obtained commercially except for para- 

CF3-C6H4-SH, (p~ra-C1-C~H~)~GeC1, (para-MeO-C&14)3GeC1, 
and (para-CF3-C6H4)3GeCl. 

para- CFj-Cad-SH 
To a mixture of concentrated HCI (10 mL) and ice (10 g) was added 

dropwise CH3-C6H4-NH2 (8.0 g, 6.3 mL, 50 mmol) at -4OC. To 
this was added dropwise a solution of NaN02 (3.7 g, 55 mmol) in H20 
(9 mL) also at -4'C. The cold diazonium salt solution was added 
dropwise to a solution of KS2COC2H5 (9.4 g, 60 rnmol) in H 2 0  
(12 rnL) at 45°C and stirred for 4 h. The solution was poured over 
chopped ice and the layers separated. The aqueous layer was extracted 

Me3SiSPh, Me.?GeSPh, Ph-jCSPh, Ph.?GeSPh, (para-Cl-Cfi4).7GeSPh 
(~ara-MeO-c&~)~GeSPh,  (~ara-cF~--C&~)~GeSPh,  para- 
C1-C&-S-SiMe3, para-MeO-Cad-S-SiMe3, para- 
CF3-C&-S-SiMe3 

These compounds were prepared by suspending Pb(SR)2 (10 mmol) 
and the appropriate halide (20 mmol) in tetrahydrofuran (100 mL) and 
refluxing the mixture with stirring under an inert atmosphere until the 
suspended solids had turned white. Solids and solvent were removed to 
obtain crude products. Those that were mobile oils were distilled at 
reduced pressures under an inert atmosphere while those that were 
solids were recrystallized from benzenelhexane or were chromato- 
graphed in benzenelhexane on Florisil before being recrystallized. 

'~ev is ion  received April 15, 1986. 
Me3SnSPh and Ph3SnSPh 

These compounds were prepared in tetrahydrofuran from stoichio- 
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'AS 1759 

metric mixtures of the appropriate organometal halide and thiophenol 
in presence of pyridine as a base. The solvent was removed under 
reduced pressure and the white crystalline products purified by 
recrystallization from benzenelhexane. 

ph3sisph2 
Diazabicyclo[2.2.2]octane (DABCO) (2.2 g, 20 mmol) was dis- 

solved in dry toluene ( 15 mL) and thiophenol(2.2 g, 2.1 mL, 20 mmol) 
was added dropwise. The suspension was stirred for 2 h under a CaCI2 
drying tube and then filtered. The residue was dried under vacuum. 
Yield 3.1 g (70%) of DABCO.HSPh. Mp 95-97°C. 

DABCO.HSPh (3.1 g, 14 mmol) andPh3SiC1 (4.1 g, 14 mmol) were 
suspended in dry benzene (50 mL) and stirred under a CaC12 drying 
tube for 5 days. The suspension was filtered and the filtrate was 
concentrated under reduced pressure until a nearly colourless oil 
remained which crystallized on standing and from hexane. 

(para-Cl-C&4)3CSPh and (~ara -Meo-C&~)~CSPh 
Both compounds were obtained from the appropriate aryl bromide 

via its Grignard reagent which was first used with C 0 2  to form the 
carboxylic acid and its methyl ester and then the tertiary carbinol by 
addition of the Grignard reagent to the methyl ester. 

Thus, para-Me0-C6H4COOMe (6.6 g, 41.5 mmol) in dry tetra- 
hydrofuran (25 rnL) was added dropwise with stirring to MeO- 
C6H4-MgBr (125 mmol) in tetrahydrofuran (150 mL) and the mixture 
refluxed overnight. To this was added dropwise a saturated solution of 
NH4C1 (20 mL) and water (40 mL). The mixture was stirred until two 
layers developed at which time they were separated and the aqueous 
layer washed with ether (3 X 50 mL). The washings were added to the 
organic layer which was then treated with 5% HC1, 10% NaHC03 and 
H20,  and finally dried over CaC12. The solvent was removed to leave 
(MeO-C6H4)3COH as an orange oil. Yield 6.0 g (41%). 

The carbinol (3.5 g ,  10 mmol) was suspended in dry ether (50 mL) 
containing PhSH (2.2 g, 2.0 mL, 20 mmol) and concentrated H2S04 
(0.3 mL) was added. The mixture was stirred for 24 h under a drying 
tube. Sodium hydroxide (1.0 mol/L. 35 mL) was added and the 
mixture stirred vigorously. The aqueous layer was separated and 
washed with CH2C12 (2 X 50 mL). All organic phases were combined, 
filtered through celite, and dried over CaCIZ. The solvent was removed 
to give a sticky yellow solid which was dissolved in benzene and 
chromatographed on Florisil to produce an off-white solid. Yield 2.2 g 
(50%). 

( p ~ r a - C 1 - - C ~ H ~ ) ~ c S P h  was obtained similarly. 

Complexes 
A general method for the preparation of the type 1 complexes has 

been reported (1) with typical yields of 305%. 
Mass spectra of the freshly prepared complexes did not show 

molecular ion peaks except for (Me3GeSPh)W(CO)5 and [(Cl- 
C6H4)3GeSPh]W(CO)5 . Spectra of the other complexes consisted of 
peaks corresponding to [Iigand]', [R3M]+, [RfS]-, [W(CO),]+ ( n  = 

1-4), and ligand fragments. 

~is-[(0C)~W-p-SPh]~ 
Tungsten hexacarbonyl (5.3 g, 15 mmol) was dissolved in dry 

tetrahydrofuran (200 mL) in a Pyrex flask fitted with a double surface 
condenser, a magnetic stirrer, and a gas dispersion inlet tube. The top 
of the condenser was connected to an oil bubbler and the solution was 
irradiated for 4 h with a 100 W uv lamp while stirring and passing 
a stream of nitrogen bubbles through the solution. The lamp was 
switched off and Ph3SiSPh (5.5 g, 15 mmol) dissolved in dry, degassed 
tetrahydrofuran (50 rnL) was added under an inert atmosphere. The 
solution was refluxed for 24 h. Solvent was removed in vacuum and the 
residue extracted with hexane until the extracts were nearly colourless. 
The extracts were concentrated and chromatographed on Florisil using 
hexane as eluant. The first material to be removed is a green. 
non-terminal carbonyl substance which is followed by W(CO)6, 

'A previously reported preparation of this compound, in our hands, 
gave no Ph3SiSPh. However, the physical properties of Ph3SiSPh 
prepared as described above agree with those previously reported (2). 

cis-[(OC),W- k-SPh], , (Ph3SiSPh) W(CO)5. and Ph3SiSiPh3. The 
green C ~ ~ - [ ( O C ) ~ W - ~ S P ~ ] ~  was separated from its solvent, placed in a 
sublimer, and some W(CO)6 removed by sublimation at 40°C and 
0.1 mm Hg. The residue was recrystallized from hexane. Yield 1.3 g 
(22%). Mp 93°C (decomp). Mass spectrum: parent ion m/ e  = 8 10 not 
seen. Fragments with high abundance have m / e  = 405,268,240, and 
109 corresponding to [(OC)4WSPh]+, [W(CO),IA (n = 2-4) and 
[PhS]+. Anal. calcd. for C20H1008S2W2: C 29.65, H 1.24, W 45.39; 
found C 29.72, H 1.96, W 45.50. 

Results and discussion 
Many of the ligands employed in this study were obtained by 

the lead mercaptide process originally reported by Abel(3)  as a 
method for (alky1thio)trimethylsilanes. 

The lead mercaptides were prepared by precipitation from 
alcoholic solutions containing thiol and lead acetate trihydrate. 

The thiols are available commercially or can be prepared 
easily from a diazonium salt and potassium ethyl xanthate. 

The  preferred route to R3MSRf ( M  = C ,  R = substituted 
phenyl), however, starts from para-substituted aryl bromides 
and involves conversion of their Grignard reagents into methyl 
esters to which more Grignard is added forming tertiary 
carbinols. The carbinols are converted to thioethers by treat- 
ment with PhSH in the presence of mineral acid. 

In two cases, neither of the routes already discussed is 
appropriate. Tertiary butyl chloride does not react with Pb(SPhI2 
even after 3 days in  refluxing tetrahydrofuran and treatment of 
it with PhSH in the presence of a base leads only to isobutene. 
To prepare Me3CSPh, addition of PhSH to isobutene in the 
presence of H2SO4 is the preferred route (4). 

The  lead mercaptide method also fails to yield Ph3SiSPh. 
That compound can be obtained, however, from mixtures of 
PhSH and Ph3SiC1 in presence of the special base diazabi- 
cyclo[2.2.2]octane. 

Some properties of the thioethers are listed in Table 1. All act 
as monodentate ligands to transition metals and we have already 
described some of their complexes (1). 

In that earlier study, we  examined several compounds of type 
1 in hydrocarbon solution by vibrational spectroscopy in the 
carbonyl stretching region. Data from that and from the present 
studies (Table 2) were treated according to Cotton and Kraihan- 
zel(5)  to obtain approximate carbonyl stretching force constants 
and then by Graham's method (6) to obtain A u  and AT factors. 
Results are in Table 2 and are displayed graphically in Fig. 1 
which also shows that all R3MSR1 ligands lie between tri- 
phenylphosphine and pyridine and near acetonitrile in terms of 
their u- donor/^-acceptor abilities. 

As will be  discussed below. many of the complexes undergo 
a spontaneous decomposition to  a cis-disubstituted carbonyl 
system which has ir and Raman absorptions in the same region 
as the Bl  mode of the type 1 complexes. Consequently, the type 
1 complexes reported here which were not reported in our earlier 
study cannot be  isolated in an analytically pure state. Further- 
more, the frequency of their B ,  modes cannot be determined 
with precision due to the presence of overlapping bands from 
the decomposition product. Nonetheless. the other three bands 
expected for a molecule with C4L local symmetry are well 
resolved and are sufficient to calculate all constants and the 
frequency of the partially obscured B 1  mode (Table 2)  (7). 

Reproducibility of the spectra is such that the probable error 
in the measured frequencies is < 1 cm- ' .  The effect of such an 
error is to introduce uncertainties of less than 10.07 for AT and 
*0.09 for Au (Fig. 1). 

The spectra appear as predicted by  theory (7). The signifi- 
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TABLE 1. 

Compound M P / ~ P  ("C) Yield Nuclear magnetic resonance dataa 

50 at 1.1 mm Hg 
38 at 0 .1 rnm Hg 
51 atO.l mmHg 
98 at 0.1 mm Hg 

107- 108 
97-98 
95-96 

102-103 
146-150 
101-103 
150-152 

viscous oil 
viscous oil 

59-61 at 0 .1 mm Hg 
67-71 at 0 .1 mm Hg 
30-35 at 0.1 mm Hg 

1.28(~)(9); 7.4(m)(5) 
0.23(~)(9); 7.2(m)(5) 
0.44(~)(9); 7.2(m)(5) 
0.38(~)(9); 7.2(m)(5)b 
7.2(m) 
7.2(m) 
7.3(m) 
7.3(m) 
7.04(m); 7.27(s); 7.43(s)' 
7.l(m); 7.23(d. JAB = 2.3 HZ); 7.31(d, = 2.3 HZ)' 
3.77(~)(9); 6.70(d. JAB = 9.3 Hz)(6); 7.01(m)(5); 7.24(d, JAB = 9.3 Hz)(6)' 
3.80(~)(9); 6.89(m, JAB = 8.5 Hz)(6); 7.2(m)(5); 7.49(m, J A B  = 8.5 Hz)(6)' 
7.05(m, JAB = 8.6 Hz); 7.3(m); 7.44(m, JAB = 8.6 H z ) ~  
0.17(~)(9); 6.88(d, JAB = 7.0 Hz)(2); 7.09(d, JAB = 7.0 H z ) ( ~ ) '  
0.00(~)(9); 3.51(~)(3); 6.50(d, JAB = 8.9 Hz) (~) ;  7.03(d, JAB = 8.9 Hz)(~) '  
0.31(~)(9); 7.18(d, JAB = 8.7 Hz) (~) ;  7.39(d, JAB = 8.7 Hz) (~) '  

"In pprn from internal TMS. Data presented as 6 (multiplicity)(relative intensity). Solvent CDC1, unless otherwise noted 
bdh-acetone, 'JH7Sn-'H = 53.8 Hz, 2~"9Sn-'H = 56.3 Hz. 
'CC14. 
d'H spectrum in CCl,, I9F spectrum 63.8(s) in CDC13 vs. CFC1,. 

TABLE 2. Infrared data from hexane solutions of W(CO)5L 

Force consdants Graham ~ara~meters 
vco in cm-' (mdyn/A) ( m d ~ n / A )  

L in w (CO)~L A , '  BI E A,' kl k2 k ,  A U  A V  

"Data from ref. 1. 
bCalculated value of v . 
'Data from ref. 24. 
dData from ref. 23. 

cance of the force constants and Graham parameters has been 
discussed previously ( I )  and while the absolute values of the 
force constants may be disputed, differences between them for a 
series of closely related compounds are generally accepted as 
meaningful (8). As previously demonstrated ( I ) ,  there is a 
relationship between the relative a- and n-bonding abilities of 
the ligands and the nature of R and M in them. This relationship 
can be detected by vibrational spectroscopy and rationalized in 
terms of the electron density on sulfur which is affected both by 
the electronegativity of groups bound to sulfur and by the extent 
of p 7 ~  --, d 7 ~  S -+ M bonding. 

To determine whether vibrational spectroscopy can also 
detect changes in the carbonyls caused by para-substituents 
in aromatic R or R', the substituents -CF3, -C1, -H, and 
-OMe, covering a range of electron-donating and -withdraw- 
ing abilities, indicated by their Hammett o-values, were 
introduced. There is, however, no change within experimental 
error (Fig. l), in the a- and T-bonding ability of the ligands as 
their para-substituents are altered. This is not surprising when 
M = C in R3MSRr since the absence of d orbitals on M prevents 
transmission of electronic effects except through the a bonds. 
Thus, the influence of the para-substituents should diminish 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



LUCAS 

I Increasing a - donation 

* by L in W ( C O ) ~  L I 

FIG. 1. Graham parameters for W(C0)5 .L as a function of L:  a, data from this work; A, data from cotton (refs. 23 and 24) for comparison. 

I . . . . #  Y 
200 250 300 350 400 

Wavelength (nm) 

FIG. 2. Electronic spectrum of W(CO)5(Ph3GeSPh): - -lo-' mol/L; 
--- - mol/L in hexane at room temperature. 

rapidly with distance from the ring, becoming undetectably 
small over the four bonds to the carbonyls. This explanation 
probably reasonably describes the situation for the germanium- 
thioether complexes too because the extent of Ge-S T-bond- 
ing is small as has been shown in X-ray (9) and spectroscopic (1) 
studies. 

When the para-substituent is on R', however, it lies one bond 
closer to the carbonyls and to the sulfur atom and a greater effect 
might therefore be expected. That no significant change was 
detected is probably due to the fact that the uncertainty in Au 
and AT (discussed above) is larger than the changes caused 
by varying the para-substituent. This is consistent with the 
relatively small changes in A a  and AT observed when R is 
changed from methyl to phenyl in these systems. 

In an attempt to develop a more sensitive assessment of 
electronic effects, the uv spectra of some of the complexes 

TABLE 3. Tungsten-to-thioether 
charge transfer wavelength 

were examined. A typical spectrum (Fig. 2) consists of a series 
of moderately intense metal-to-ligand charge transfer bands 
between 200 and 260 nm and two much weaker d-d transitions 
between 300 and 400 nm. One of the charge transfer bands is 
particularly sensitive to the nature of the ligand and moves as the 
ligand is changed (Table 3). By analogy with other W(CO)5L 
species, this band is assigned to a tungsten-to-thioether transi- 
tion involving essentially d orbitals on both tungsten and sulfur 
(10). 

If the sulfur d-orbital energies are affected by both the 
electro-negativity and by the extent of T-bonding to adjacent 
atoms or groups as discussed above, the energy of this charge 
transfer band should be affected also, assuming a reasonably 
constant energy for the tungsten orbitals. That such is indeed the 
case is illustrated in Fig. 3. As the groups attached to sulfur are 
changed in such a manner as to lower the electron density on 
sulfur ( I ) ,  the T acidity of the ligand increases as the tungsten 
and sulfur d orbitals become closer in energy. 

As noted earlier several of the type 1 complexes sponta- 
neously decompose and their electronic spectra are uninter- 
pretable due to overlapping bands. The decompositions, which 
can be represented in general by reaction [ I ] ,  are thermally but 
not photochemically induced, their ease being sensitive to the 
nature of R and R', with some occurring even in the solid state. 
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FIG. 3. T-acidity of L in W(C0)5.L vs. tungsten-to-thioether 
charge transfer wavelength. 

For example. when R3MSR' = (Cl-C6H4)3CSPh or 
Me3SiS-C6H4-CF3, the decomposition is so rapid that the 
type 1 complexes cannot be detected even in freshly prepared 
hexane extracts of the crude reaction products. By contrast, 
when R3MSR1 = Ph3GeSPh, significant decomposition can 
only be accomplished by refluxing overnight. lrradiation of the 
same solution at room temperature for a similar period gives 
only small amounts of the desired products. Exactly which 
features of the ligand control the ease with which the decompo- 
sitions proceed is not clear although when M = Si or when R 
or R'  are substituted phenyl, the decompositions seem to occur 
more readily. 

Hexane solutions of the unusual W(I) thioiates which are 
products of these decompositions have ir spectra in the carbonyl 
stretching region consisting of four bands. For W2(C0)s(SPh)2, 
these occur at 2038(s), 1979(m), 1973(m), and 1964(vs) cmpl .  
Such spectra are consistent with a cis-disubstituted structure 
with C2? local symmetry. Based on intensity arguments ( l l ) ,  
the highest energy band can be assigned to the A, mode 
involving trans carbonyls and the lowest energy band to the B ,  
mode. Since the trans force constant, k , ,  must be less than 
the cis force constant, kZ  ( 5 ) ,  there is only one satisfactory 
assignment of the two bands of intermediate frequency. Thus. 
the A, mode involving the cis carbonyls occurs at 1979 cm-' 
and the B2 mode occurs at 1973 c m l .  Force constants obtained 
using these 4ssignments are k ,  = 15.93, k ,  = 16.01. and ki = 

0.22 mdyn/A. 
Preliminary structural studies by X-ray methods (12) have 

confirmed the cis-disubstituted nature of the compound when 
R '  = Ph and that it is dimeric as indicated in reaction [ I ] .  These 
studies also show that the W-W distance of 297.2(1) pm is 
substantially less than the 344 pm predicted from previously 
reported covalent radii ( 1 3 ) . ~  Furthermore, the angles at S are 
acute while those at tungsten are obtuse. These observations 
suggest the presence of a W-W bond which is consistent with 
the appearance of a narrow phenyl multiplet 7.3 ppm from TMS 
in the ' H  nmr spectrum. In the absence of a W-W bond, some 
broadening or shift of the signal due to paramagnetism of a 
formally W(1) species might be expected. Analogous com- 

3~hroughout this work, esd's are in parentheses and refer to the last 
digit printed. 

pounds of Group VI metals are rare, but [Mo~(SBU' )~(CO)~]  
(14) is structurally similar and is also diamagnetic. 

No study of the decomposition mechanism has been under- 
taken, but certain observations point to processes for which 
precedent exists. Thus, one could envisage the following stages 
occurring within the mechanism. 

Reaction [2] involves cleavage of an M-S bond which has 
been demonstrated, at least in the case of M = Si, to be a facile 
process for the free ligand even under mild conditions (3, 15). 
Furthermore, there is evidence to suggest that when the ligand 
is coordinated, the central metal can assist in an M-S cleavage 
(16). The next stage (reaction [3]) requires loss of a cis carbonyl 
which could occur as a result of a cis labilizing process such as 
has been observed in related systems (17) and finally, reaction 
[4] involves dimerization similar to that observed for related 
complexes of Ru and W (18-21). 

A structural study of Ge-S and Sn-S bonds in organo- 
metallic thioethers (9) found no shortening in the M-S bonds 
compared to the calculated lengths (22) and concluded that 
M-S multiple bonding was not structurally significant in these 
compounds. From our evidence, it would appear (Fig. I )  that 
the significance of M-S multiple bonding is greatest when M 
= Si and diminishes considerably when M = Ge or Sn. An 
X-ray study of Ph3SiSPh was therefore undertaken (12) and the 
Si-S bond was found to have a length of 215.6(2) pm. This 
represents a shortening of >4 pm compared to the calculated 
length (22). 

In conclusion, the effects of M-S multiple bonding in 
organometallic thioethers can be detected by both ir and uv 
spectroscopy. Such bonding diminishes in magnitude from Si 
through Ge to Sn, having structural significance only when M = 
Si and even then the M-S bond is cleaved with ease in the 
complexes. Whether multiple bonding extends into aromatic R 
and R'  cannot be determined with certainty although if such 
bonding exists it must be small. 
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ips0 Nitration. XXVIII.' Nitration of 4-substituted toluenes: 1,2 adducts2 
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Nitration of 4-acetamido-, 4-chloro-, and 4-methoxy-toluene in acetic anhydride gives in each case a cis 1,2 nitronium acetate 
adduct in addition to the nitro substitution product(s). Nitration of 4-fluorotoluene gives a pair of diastereomeric 1,4 nitronium 
acetate adducts and the cis 1,2 adduct. 

ALFRED FISCHER, DEBORAH L. FYLES, GEORGE N.  HENDERSON et SUMIT RAY MAHASAY. Can. J .  Chem. 64, 1764 (1986). 

En plus de conduire A la formation de produits substitues par un groupement nitro, la nitration des acitamido-4, chloro-4 et 
mCthoxy-4 toluknes effectuie dans l'anhydride acCtique conduit aussi, dans chaque cas, a la formation d'un adduit nitronium 
acCtate-1,2-cis. Lors de la nitration du fluoro-4 tolukne. il y a formation de l'adduit 1 -2-cis ainsi que d'une paire d'adduits 
nitronium acktates- 1,4 diastirCoisomeres. 

[Traduit par la revue] 

Nitration in acetic anhydride of aromatic compounds in 
which a substituted position is activated often leads to the 
formation of nitronium acetate adducts in which the nitro group 
is attached to the activated substituted site (3, 4). There are 
many examples in the polymethylbenzenes and p-alkyltoluenes 
(5- 11). In these reactions the nitration of p-tert-butyltoluene 
appears anomalous in that it gives both 1,2 and 1,4 adducts (12), 
whereas only a pair of diastereomeric 1,4 adducts is formed in 
all of the other cases. In this paper we describe the nitration of 
4-X-toluenes (X = F, C1, OMe, NHCOMe) leading, in each 
case, to the formation of a 1,2 adduct and, in the case of 
4-fluorotoluene, to a pair of diastereomeric 1,4 adducts. In a 
previous paper we described the structure and stereochemistry 
of the adduct formed on the nitration of 4-bromotoluene (1). 
Nitration of 4-bromo- and 4-methoxytoluene has been investi- 
gated previously by Clemens et al. (13). They obtained 
4-methyl-4-nitrocyclohexadienone from both substrates and did 
not detect the formation of d i e n e ~ . ~  

Results and discussion 
Nitrations were carried out under conditions that led to 

optimum yields of the adducts and which were determined by 
carrying out preliminary reactions on a 0.5-mmol scale and 
following the reactions by nuclear magnetic resonance spectro- 
scopy ('H nrnr). For preparative nitrations the reaction tempera- 
ture was -40°C and trifluoroacetic anhydride was added to 
increase the activity of the nitrating mixture (4) in the cases of 
the less reactive substrates (X = F, C1, I, NHAc). Reaction 
mixtures were neutralized by the addition of aqueous ammonia 
at low temperature or by addition to cold aqueous sodium 
bicarbonate followed by stirring for 1.5 h. Generally the 
composition of the reaction product isolated after work-up was 
the same as that present in the reaction mixture prior to 

'For part XXVI1. see ref. 1. 
2 ~ o r  a preliminary communication. see ref. 2. 
3 ~ u t h o r  to whom correspondence may be addressed. 
4 ~ h e  'H  nmr spectrum of 4-methyl-4-nitrocyclohexa-2.5-dienone 

that they reported (6: 1.95, 5.66. 6.53 ppm) differs significantly from 
that reported by Myhre and co-workers (14) (1.96, 6.35, 7.15 ppm). 
When we repeated the nitration of 4-bromotoluene under the conditions 
described (13), we observed diene but not dienone in the reaction 
mixture and only 40% of the 4-bromotolucne reacted. Pure samples 
of the dienone have been characterized unambiguously by various 
workers and its formation at higher temperatures from 4-methylanisole 
is now well established. 

TABLE 1. Product distributions from the nitration of 4-X- 
toluenes in acetic anhydride: amount of product/mol% with 

the nitro group at the indicated position. 

Observed Calculateda 

X I b 2 3 4 1 2 3 4  

"Calculated product distributions are based on isomer distribu- 
tions for nitration of toluene (16) and the relevant monosubstituted 
benzenes (see text) using data from the references indicated. 

bFor 4-fluorotoluene the product was a mixture of 1,2 adduct 
(8%), 1,4 adduct (El%), anddienone (1 1%). For the other substrates 
only the 1,2 adduct was present. 

'Reference 17. 
dSee text. 
'Reference 18. 
'Adduct <lo%; substitution product(s) present; 4-nitrotoluene 

major product (>50%). 
"eference 19a. 
hReference 20. 

work-up. The adduct from 4-chlorotoluene, like that from 
4-bromotoluene (I) ,  was crystallized directly from the reaction 
product. In the cases of the other substituted toluenes the 
product mixtures were separated by chromatography. The 
adduct from 4-acetamidotoluene was particularly labile, under- 
going aromatization even at -20°C. However, it was obtained 
pure following two successive chromatographic separations at 
-78°C. The adducts from 4-fluorotoluene were also reactive, 
being subject to autocatalytic acid-catalysed loss of the elements 
of acetyl fluoride to form first 4-methyl-4-nitrocyclohexa-2,5- 
dienone, which in turn rearranged to 4-methyl-2-nitrophenol 
(15). 

As in the case of 4-bromotoluene, 4-chlorotoluene gave an 
adduct and two substitution products, whereas the methoxy and 
acetamidotoluenes gave only the adduct and the 3-nitro deri- 
vative (Table 1). Nitration of 4-fluorotoluene was strikingly 
different from that of 4-bromo- and 4-chlorotoluene in that the 
major product was the 1,4 adduct (81%) obtained as a pair of 
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diastereomers. Only a small amount (8%) of 1,2 adduct was 
formed and no nitro substitution product was observed. Some 
4-methyl-4-nitrocyclohexadienone was also obtained (1 1%) 
but, since this is a product of further reaction of the dienes (vide 
supra), it is likely that it was not formed as a primary reaction 
product. Nitration of 4-iodotoluene gave a very small amount 
of adduct (< lo%), which was not isolated. The predominant 
product was 4-nitrotoluene, accompanied by the liberation of 
iodine. Substitution product(s) was also formed. Nitration of 
4-(N,N-dimethy1amino)toluene gave nitroaromatic product and 
no adduct was observed. Attempted nitration of 4-(N-methyl- 
amino)toluene resulted in the formation of the anilide. Nitration 
of 4-(N-methylacetamido)toluene gave an adduct that did not 
survive the work-up procedure.Nitration of 4-acetoxytoluene 
(4-methylphenyl acetate) gave the dienone, as previously 
observed (14), but no diene, even at -60°C. 

Structure and spectra of the adducts 
The structures of the dienes 1, 2, 3, 4, and 5 were initially 

assigned on the basis of spectral information. Elemental 
analyses are consistent with the addition of acetyl nitrate to the 
substrate aromatic. Such addition is confirmed by the infrared 
spectra, which exhibit strong absorptions around 1750 (for 
0COCH3) and 1550 cm-' (for NO2). The ultraviolet spectra 
(A,,, = 257-271 nm, E = 350 m2 m o l l )  show that the dienes 
are conjugated, since isolated double bonds absorb below 
253 nm (21). There are three arrangements of conjugated double 
bonds that can be derived from addition to a 4-substituted 
toluene. Using the enumeration of t ~ l u e n e , ~  these may be 
described a 1,3-diene, a 1,5-diene, and a 2,4-diene. In the 
I ,3-diene both sp3 carbon atoms have an attached hydrogen 
atom. However, the I3C nmr spectra (Table 2) indicate that 
there is one sp3 carbon atom with an attached hydrogen atom 
(8, = 70 ppm, doublet splitting in the gated spectrum J = 
150 Hz), and one sp3 carbon atom with no attached hydrogen 
(ac = 87 ppm, singlet in the gated spectrum). Moreover, this 
structure cannot account for the 10-Hz splitting in the 'H nrnr 
spectra (Table 3), which points to the presence of adjacent 
vinylic protons. In the 1,5-diene structure the variable substi- 
tuent (4-X) is attached to an sp3 carbon that has no attached 
hydrogen (either the nitro or the acetate group must also be 
attached to this carbon). However, in the 13c nmr spectra the 
position of the fully substituted sp3 carbon absorption is 
relatively invariant (ac = 87 pprn), which points to a constant 
substitution pattern. Correspondingly, the sp2 carbon that has 
no attached hydrogen has widely ranging absorption (ac  = 
122.6-159.4 ppm) consistent with the 4-X substituent being 
located at this carbon. Only the 2,4-diene structure is consistent 
with the position of the absorptions of these two carbon atoms. 

co he toluene enumeration is used in Table 1. The other tables use 
the appropriate enumeration for the cyclohexadienyl acetates. 

The nitro group must be located at position 1 because the 
chemical shift of the fully substituted carbon (Sc = 87 ppm) is 
the same as that of the sp3 carbon of 4-methyl-4-nitrocyclohexa- 
2,5-dieone to which are attached the nitro and methyl groups. 
The acetate group is thus at position 6. In the case of diene 
1 an X-ray crystal structure determination confirmed the 
structure assigned on the basis of the spectral data and gave the 
stereochemistry, the nitro and acetate groups being cis to each 
other (1). It seems reasonable to conclude that the 1,2 addition 
of acetyl nitrate, which is stereoselective in all of the substrates 
investigated and which is also stereoselective in the case of 
4-tert-butyltoluene (12), is in all cases a syn addition. Shift 
reagent studies applied to the two members of a pair of 
diastereomeric adducts have been used to determine the 
stereochemistry of 1,4-adducts in which the acetate group is 
secondary (22), but the method could not be applied to the 
1,2-dienes obtained in this work since a pure sample of the 
second diastereomer was not generally available. 

Other features of the nmr spectra of the 1,2 adducts are as 
follows (enumeration now follows that exemplified in 3-chloro- 
6-methyl-6-nitrocyclohexa-2,4-dienyl acetate). In the 'H nmr 
the methyl group protons resonate at 1.8 pprn and the acetate 
methyl protons resonate at 2.0 ppm. The protons of the methoxy 
group of diene 4 are at 3.60 pprn and those of the acetamido 
methyl group in diene 5 at 2.10 ppm. The absorptions of the 
1 and 2 protons were distinguished from those of the 4 and 5 
protons by the 6-Hz coupling of the former as compared with the 
10-Hz coupling of the latter. The individual assignments of the 
absorptions of the 1 and 2 protons were made on the basis 
that the 1-proton absorption should be essentially invariant in 
position, and is therefore the absorption at 5.5 ppm, whereas the 
2-proton absorption should be affected by the variation of the 
3-substituent, which is vinylic to it, and thus this absorption 
ranges from 5.0 to 6.5 ppm. These assignments were confirmed 
in the cases of dienes 1 and 2 by selective proton decoupling of 
the 1-H from the C-1 in the I3C spectra. The assignments of the 
4 and 5 protons were made on the basis of long range coupling 
constants. Thus, in 2 the 1-H is coupled to one of 4-H and 5-H 
( J  = 1.6 Hz) and 2-H is coupled to the other (J = 2.0 Hz). The 
four-bond 1,5 and 2,4 couplings should be larger than the 
five-bond 1,4 and 2.5 couplings and the 4-H and 5-H were 
assigned to reflect this. In the dienes 1 and 2 there is in addition a 
small 2,5 coupling ( J  = 0.6 Hz). Decoupling experiments were 
carried out on dienes 1 and 2. In 1 the 1-H absorption appeared 
as a doublet of doublets ( J  = 6.2 Hz and 1.8 Hz). The 2-H 
absorption appeared as a doublet of a doublet of a doublet ( J  = 
6.2 Hz, 1.8 Hz, 0.6 Hz). Irradiation of 1-H (5.45 ppm) caused 
the large coupling in 2-H to disappear, and the smallest coupling 
disappeared when the 5-H was irradiated (6.45 pprn). The 5-H 
absorption itself appeared as a doublet of a doublet of a doublet 
( J  = 10.2 Hz, 1.8 Hz, 0.6 Hz), which collapsedto adoublet of a 
doublet ( J  = 10.2 Hz and 0.6 Hz) when the 1-H was irradiated. 
The 4-H absorption appeared as a doublet of a doubiet ( J  = 
10.2 Hz and 1.8 Hz). Similar observations were made on 2. In 
diene 3 the signal due to 2-H is shifted upfield and it overlaps 
with the peak of the 1-H (5.6ppm). Addition of the shift 
reagent tris-(1,1,1,2,2,3,3-heptafluor0-7,7-[~~~]dimethyl-4,6- 
[2~3]octanedionato)europium(~~~) ( E ~ ( [ ~ H ~ ]  f ~ d ) ~ )  separated 
the 1-H peak from that of 2-H and allowed the coupling 
constants to be determined. The 2-H signal is shifted even 
further upfield in 4 (to 4.97 pprn). The five-bond coupling 
between 2-H and 5-H is absent in 3 and 4. 

The 'H n m  spectrum of 5 is temperature dependent, the 
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TABLE 2. The 13C nmr spectra of 3-X-6-methyl-6-nitrocyclohexa-2,4-dienyl acetates 

Chemical shifts, ppm 

Compound X 6-CH3 OAc C-1 C-2 C-3 C-4 C-5 C-6 CO 

"From ref. 1. 
bOCH3 53.8 pm. 
'NHCOCH, 170.0 or 169.2 and 24.5 pm 
dOr 170.0 pm. 
'From ref. 12. 

TABLE 3. The ' H  mr spectra of 3-X-6-methyl-6-nitrocyclohexa-2,4-dienyl acetates 

Chemical shifts, ppm Coupling constants, Hz 

Compound X 6-CH3 OAc 1-H 2-H 4-H 5-H 1,2 1,5 2,4 2,5 4,5 

I" Br 1.77 1.98 5.45 6.37 6.13 6.45 6.15 1.76 1.80 0.55 10.23 
2 C1 1.78 1.99 5.53 6.12 6.03 6.55 6.13 1.65 1.97 0.61 10.20 
3 F 1.82 1.98 5.57 5.57 6.03 6.64 6 1 2 0 10.5 
4 OMe 1.77 1.95 5.62 4.97 5.93 6.56 6.57 1.52 1.75 0 10.20 
5 NHAcc 1.78 1.95 5.62 6.49 6.09 6.59 6.55 1.53 1.70 0 10.30 
6d t-Bu 1.67 1.95 5.53 5.74 6.24 6.38 5.6 1.2 1.6 0.8 10.3 

"From ref. 1. 
bOCHz 3.60 pm. 
'For NHAc shifts see Table 4. 
dFrom ref. 12. 

TABLE 4. Temperature dependence of ' H  chemical shifts of 5 

Chemical shifts, ppm 

"Very broad 

greatest variation being exhibited by the N-H followed by the 
2-H and 4-H (Table 4). The C-N bond of an amide has partial 
double bond character, as a consequence of the amide group 
resonance, and hence rotation about the carbonyl nitrogen bond 
is hindered. In monosubstituted amides the rotamers differ 
in energy and therefore participate unequally in the thermal 
equilibrium. For N-alkyl compounds the predominant planar 
rotamer is the one with the alkyl groups (attached to the N and 
C=O) anti to each other (23). In the case of diene 5 such 
geometry gives rise to two limiting structures, 5i  and 5ii, 
differing by rotation about the diene-N bond. In i the 2-H and in 
ii the 4-H lies in the deshielding zone of the carbonyl group. 
The chemical shifts of these protons thus vary with the relative 
orientation of the carbonyl group and their values at a particular 
temperature will be determined by the weighted average of the 
populations of rotamers i and ii in the equilibrium. From Table 4 
it can be seen that the signal of 2-H shifts upfield and that of 4-H 

shifts downfield with increase in temperature. This suggests that 
structure ii is favored with increase in temperature, and that 
structure i is thermodynamically favored over ii. 

The 13C spectra of dienes 1 and 2 had two peaks due to methyl 
carbons, of which the lower field signal ( S c  = 23 ppm) was 
twice the intensity of the other (?jc = 20 ppm). In the single 
frequency decoupled 13c spectrum, obtained by irradiating the 
protons on the acetyl methyl group (6  = 1.95 ppm), the lower 
field signal (23 ppm) appeared as a quartet whereas the higher 
field signal became a singlet. This allowed the assignment of the 
lower field signal with the higher intensity to the ring methyl and 
the higher field signal as the acetyl methyl. The methyl signals 
are relatively invariant throughout the series and this assignment 
also applies to 3 , 4 ,  and 5 .  The signal at C-2 was assigned on the 
basis of the effect of the substituent attached to the adjacent C-3; 
in all compounds this was expected to move the C-2 peak to 
higher fields and thus the highest field signal of the peaks 
attributable to C-2, C-4, and C-5 was assigned to C-2. The 
trends in the shifts of the C-2 and C-3 atoms in dienes 1-6 
parallel those reported for the P and a. carbons, respectively, of 
the monosubstituted ethylenes (24, 25), confirming the assign- 
ments (Table 5). The assignments of C-4 and C-5 were made on 
the basis of single frequency decoupling of the splitting by the 
protons attached to each carbon in the case of diene 4 and by the 
C-5 proton in other cases. As would be expected, the C-4 signal 
is more affected by the adjacent substituent than is the signal of 
the more remote C-5 (Tables 2 and 5). Furthermore, the relative 
shifts for the C-4 atoms parallel those for the C-2 atoms with the 
magnitudes of the relative shifts attenuated, reflecting the lower 
bond order for the 3-4 bond compared with the 2-3 bond. The 
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relative shifts for C-5 do not parallel those for C-2 and C-4. In TABLE 5. Relative 13C chemical shifts for 3-X-6-methyl-6-nitrocyclo- 
the case of diene 3 the fluorine-carbon coupling, largest at C-3 hexa-2,4-dienyl acetates and for X-ethylenesa 

and decreasing with increase of the separation of the carbon and 
the fluorine, supports the assignments made. Chemical shifts, ppm 

The structures of the 1 , 4  dienes 7 a  and 7 b  were also 
established by spectral studies. The presence of nitro and ester 
groups is evident from the ir. The symmetry apparent in both 
the 'H and "C spectra clearly demonstrates that these must be 
1,4 adducts and this is confirmed by the absence of strong uv 
absorption above 250 nm (the weak absorption, <30 m2 molp ' , 
is probably from an impurity). The 1,2 adduct from p-tert- 
butyltoluene has the C- 1 absorption (toluene enumeration) 
at lower field (88 ppm) than does the 1,4 adduct (85 ppm). 
Correspondingly, in 3 the absorption is at lower field (87.9 ppm) 
than in 7b (83.2ppm). In 7 b  the absorptions of 2-H and 3-H. 
and C-2 and C-3, and in 7 a  of 2-H and 3-H, were assigned in 
accordance with the expectation that the fluorine-proton 3-bond 
coupling should be larger than the 4-bond coupling and the 
fluorine-carbon 2-bond coupling should be larger than the 
3-bond coupling. Addition of ~ ~ ( [ ~ ~ ~ l f o d ) ~  moved the CH, 
protons of 7 b  downfield to a greater extent (relative slope 0.17) 
than the corresponding protons of 7 a  (0.125). This indicates 
that 7 a  is the E isomer (from syn addition) and 7 b  the Z 
(anti addition). 

Reactivities andpositional selectivities of 4-substituted toluenes 
The conditions required for nitration reflect the relative 

reactivities of the aromatic compounds. A longer reaction time, 
a higher mole-proportion of nitrating agent, a higher tempera- 
ture, and the presence of trifluoroacetic anhydride (4) are 
required for deactivated substrates. Based on these features, the 
substrates belonging to the 4-X-toluene series can be arranged in 
order of decreasing reactivity as: OMe > (t-Bu, F) > Cl > Br 
> NHAc. The lower reactivity of the acetamido compound is 
unexpected as it is known to be a stronger activating group than 
alkyl and halogen substituents. The apparent anomaly could be 
a conseauence of the lower solubilitv of the substrate in the 
reaction mixture. Since solid acetanilide was added to the 
nitrating agent, the reaction medium was heterogeneous at the 
early stages of the reaction and the effective concentration of the 
aromatic in solution would have been less than calculated. 

The reactivities of the different ring positions of the p-disub- 
stituted benzenes can be calculated from the ~a r t i a l  rate factors 
for nitration of the appropriate monosubstituted benzenes in 
acetic anhydride, using the assumption of additivity of the 
logarithms of these  factor^.^ Partial rate factors for nitration of 
toluene in acetic anhydride are known for all positions including 
the ipso position (16). Partial rate factors for other monosubsti- 
tuted benzenes are known for the ortho, meta, and para 
positions but not for the ipso position. An estimate of the 
relative partial rate factor at the ipso position of chlorobenzene 
can be derived from data for the nitration of chloromesitylene 
(26). The ratio of adduct (with nitro ipso to chloro) to 
2-chloro-4-nitro-l,3,5-trimethylbenzene is 21:73 and this gives 
the partial rate factor ratio of 2 1 :36.5, i .e. the position ipso to 
chlorine is 60% as reactive as the metcz position. ~hus , -us ing  
the known of :mf:pf  (18), the relative partial rate factors for 
chlorobenzene are i f :of :mf:pf  = 0.6:33:1.0:154, from which 

6~bsolute values of the partial rate factors are not required. The 
relative yields of the nitration products obtasned from a monosubsti- 
tuted benzene (the isomer distribution), with each yield being dsvided 
by the number of positions in the substrate giving rise to that product 
on nitration, gives the relative partial rate factors. 

Br 3.9 -11.0 1.7 -0.9 -10.5 4.7 
F -19.9 25.8 -6.0 2.1 21.6 -28.9 
OMe -30.3 21.6 -3.4 -1.0 27.0 -31.9 
NHAc -15.5 0.7 -3.4 -0.3 3.9 -23.1 
t-BU -5.1 13.9 -1.1 -2.5 23.6 -7.6 

"The reference compound is the chloro derivative. Data for X-ethylenes from 
refs. 24 and 25. 

the calculated product distribution on nitration of 4-chloro- 
toluene is as shown in Table 1. The yield of m-nitrochloro- 
benzene obtained on nitration of chlorobenzene is quite small 
and thus the partial rate factor for meta (and thus ibso) nitra- 
tion is subject to significant error and the results should be 
interpreted semiquantitatively at best. Nevertheless the calcula- 
tion correctly predicts that the adduct with nitro ipso to methyl 
should be the major product, that there should be very little 
adduct with nitro ipso to chlorine (none was found), and that 
both nitro-4-chlorotoluenes should be obtained (although less 
2-nitro than 3-nitro is predicted. whereas the opposite was 
found). Analogous data are not available to estimate the factors 
for nitration ipso to the other substituents. However, it seems 
reasonable to assume that such ipso partial rate factors, like 
that for chloro, are small since adducts with nitro ipso to 
these substituents were not observed. Calculated and observed 
product distributions are shown in Table 1 .  4-Fluorotoluene is 
predicted to give, almost completely, ips0 adduct, as was 
observed. 4-Bromotoluene, like 4-chlorotoluene, is predicted 
and found to give the adduct as the major product as well as 
observable amounts of both nitrobrornotoluenes. 4-Iodotoluene 
is also predicted to give mainly adduct (with nitro ipso to 
methyl) and lesser but significant amounts of both nitro 
substitution products. Less than 0.2% of nitrodeiodination 
occurs on the nitration of iodobenzene (27), from which it may 
be calculated that not more than 2% of nitrodeiodination should 
occur in 4-nitrotoluene (Table 1). Here observation is in conflict 
with prediction since the extent of nitration ipso to methyl is 
small and that ipso to iodine, as measured by the formation of 
4-nitrotoluene, is large. Nitrosodeiodination may account for 
the formation of 4-nitrotoluene as the major nitration product. 
This is known to be the process by which apparent nitrodeiodi- 
nation occurs in the nitration of very reactive iodoaromatics, 
although such cases involve substrates rather more reactive 
than 4-iodotoluene (19b). 4-Methoxytoluene and 4-acetamido- 
toluene, for which the methoxy and acetamido groups are 
known to be particularly strongly ortho directing (and very 
weakly meta directing) in acetic anhydride (19~1,  give, as 
predicted, only the 3-nitro substitution product in addition 
to the ipso product, the latter predicted and found to be the 
smaller coxponent. Nitration of 4-methoxytoluene in 46-80% 
sulphuric acid gives 4-methyl-2-nitrophenol (38%) and 4- 
methoxy-3-nitrotoluene (62%) (28). ipso Nitration and capture 
of the ipso cation by water, followed by loss of methanol, gives 
the dienone, which rearranges to the nitrocresol. The constant 
yield of the nitrocresol over the wide range of acidity implies 
that all of the ipso cation is captured in up to 80% sulphuric acid. 
The extent of capture is similar to that directly observed 
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in acetic anhydride (30%). The  nitration of 4-bromo- and 
4-chlorotoluene has been investigated in 63-85% sulphuric acid 
(29). In both cases there is competition between capture of the 
ipso-nitrocyclohexadienyl cation by water and its rearrange- 
ment to (ultimately) the 4-halo-2-nitrotoluene. The data imply 
that there is a significant amount of attack ipso to methyl in 
the two halotoluenes, but they d o  not provide a quantitative 
measure of the extent of this reaction as is obtained from our 
studies. 

Regiose lec t iv i~  in nucleophilic t rappi i~g 
A striking feature of the nitration of 4-substituted toluenes is 

the change in the preference for 1 ,2 versus 1,4 adduct formation 
with change in the 4-substituent. It is known that formation of 
the adduct is subject to kinetic control (30) and thus it is the 
energetics of the transition states for trapping of the ipso cation 
that determine the preferred adduct. It is plausible that the 
greater formation of 1 , 2  adduct in the case ofp-tert-butyltoluene 
is the consequence of a steric effect since in the series of 
4-alkyltoluenes (alkyl = Me,  Et ,  i-Pr, t-Bu) it is only in the last 
case that 1,2 adduct is obtained and the alkyl groups should have 
very similar electronic effects, but markedly different steric 
effects. However, the same explanation cannot be  invoked to 
account for the formation of 1 ,2  adduct in the cases of the other 
substituents since none of these should have a large steric effect 
and most should be  more similar to methyl than to tert-butyl. 
On  the other hand, it is not apparent that an explanation can be 
found in terms of the electronic effects of the 4-substituents 
since, in terms of inductive effects as  measured by ul (31), the 
order of electron-donating ability is M e  > O M e  > Br > C1 > F 
and, in terms of resonance effects (u+, ( 3  1)) O M e  > F > C1> 
Br > Me. Neither order, nor the order of the sums,  groups fluoro 
with methyl and accounts for  the fact that these substituents 
promote 1,4 adduct formation. 

Ab initio molecular orbital calculations carried out by Birch 
et a l .  indicate that the 4-substituted 1,2-dihydrobenzene is of 
lower energy than the 4-substituted 1,4-dihydrobenzene over a 
range of substituents (32). This supports the conclusion that 
adduct formation is subject to kinetic control since under 
equilibrium conditions the 1 , 2  adduct should be favoured for all 
substituents. The 1,4 adducts from those 4-substituted toluenes 
in which the substituent is a nucleofuge should undergo a 
facile elimination of this group as an acetyl derivative to form 
the dienone directly. However, dienone formation was not 
observed except in the case of 4-fluorotoluene. Thus the absence 
of the 1 , 4  adduct in the products from other 4-substituted 
toluenes cannot be  attributed to its conversion to the dienone. 

Experimental 
Melting points are uncorrected and were determined on a Biichi 

SMP-20 melting point apparatus. Infrared spectra. calibrated with 
polystyrene, were recorded on a Perkin Elmer 283 spectrometer. 
Observations were made on potassium bromide discs for solids and 
on thin films between sodium chloride plates for liquids. Proton 
nuclear magnetic resonance spectra were recorded on Perkin Elmer 
R- 12B (60 MHz), Perkin Elmer R-32 (90 MHz). or Briiker WM 250 
(250 MHz) spectrometers. The nrnr spectra of nitration reaction mix- 
tures were recorded with the acetic anhydride peak at 2.15 ppm as the 
lock signal. For all other solutions either tetramethylsilane (90 MHz) or 
the solvent deuterium signal (250 MHz) was used as the lock signal. 
The I3C nmr spectra were obtained with a Nicolet TT- 14 spectrometer 
(15.1 MHz) or the Briiker WM 250 spectrometer (62.9 MHz), using 
solutions in CDC13 with TMS as the internal standard. Ultraviolet 
spectra were recorded on a Beckman DU-8 spectrophotometer using 
methanol or methylene chloride as solvent. For high performance 

liquid chromatography (hplc) a Varian 5000 liquid chromatograph 
(analytical) and a Waters Prep LC system (preparative) were used. 
Elemental analysis was performed by Canadian Microanalytical 
Service Ltd., Vancouver, British Columbia. 

4-Chlorotoluene and p-methylanisole were from Eastman. 4-Fluoro- 
toluene war from Aldrich. 4-Iodotoluene was from TCN Pharmaceuti- 
cals. p-Acetotoluidide (4-acetamidotoluene) was prepared from p- 
toluidine (J. T. Baker), and N-methyl-p-acetotoluidide (4-(N-methyl- 
acetamido)toluene) from N-methyl-p-toluidine (Eastman), following 
Vogel's procedure for acetanilide (33). 

Acetic anhydride was certified ACS from Fisher. Trifluoroacetic 
anhydride was Aldrich gold label (99 + 5%). Fuming nitric acid (Fisher, 
300 cm3) was purified by distilling from urea (10 g) and sulphuric acid 
(500 cm3) at below 40°C and stored at -25OC. 

Solvents for chromatography including pentane (reagent, Fisher), 
ether (Fisher), and petroleum ether (reagent, Fisher) were dried over 
sodium and distilled before use. Silica gel (60-200 mesh, Davison 
Commercial grade H), neutral alumina (Brockman Activity I), and 
alumina (80-200 mesh, Fisher) deactivated with 3% (v/v) distilled 
water were used for chromatography. Anhydrous magnesium sulphate 
was used to dry solutions in organic solvents. 

Nitration of 4-chlorotoluene 
A nitrating mixture was prepared by the careful addition of acetic 

anhydride (75 g; 0.75 mrnol), with stirring, to freshly distilled nitric 
acid (18.9 g, 0 .3 mmol) at -78OC. The mixture was then warmed to 
O°C, stirred for 15 min at 0°C: and cooled to -40°C. Trifluoroacetic 
anhydride (20.8 g, 0.15 mmol) was then slowly added to the mixture at 
-40°C. A solution of 4-chlorotoluene (1 8.99 g, 0.15 mol) in acetic 
anhydride (15 g, 0.15 mol) was added dropwise over 30 min to the 
stirred nitrating mixture at -40°C. Stirring was continued for 1 h at 
-40°C and the mixture was then cooled to -78'C and poured into ether 
(80 cm3) at -78°C. Ammonium hydroxide (450 cm3, 28%) was added 
in small portions to the stirred mixture and stirring was continued for an 
additional 1 h while the mixture warmed to ambient temperature. The 
ether layer was separated and the residue was washed with ether 
(400 cm". The combined ether solution was washed with cold water 
(4 x 300 cm3) and dried. Removal of ether on the rotovapor at 15OC 
yielded a brown oil (31 g). The 'H nmr spectrum of the crude mixture 
indicated the presence of (Z)-3-chloro-6-methyl-6-nitrocyclohexa-2.4- 
dienyl acetate (2) (70%), 4-chloro-3-nitrotoluene (1 3%), and 4-chloro- 
2-nitrotoluene (17%). Crystallization from ether-pentane (500 cm3. 
1:4) at -20°C afforded crude 2 (12 g), which on recrystallization gave 
colorless crystals, mp 49-50°C; ir (KBr): 1740 and 1230 (OCOCH3). 
1555 and 1375 (NOz) c m ' ;  uv (CH30H): 263 nm (390 m2 mol-I); 
' H  nmr (250 MHz, CDC13): Table 3; "C nmr (CDCI3, 62.9 MHz): 
Table 2. Anal. calcd. for C9HloN04C1: C 46.61. H 4.29, N 5.92: 
found: C 46.67, H 4.35, N 6.05. 

Nitration of4-j?uorotol~~ene 
4-Fluorotoluene (12.4 g. 0.13 mol) was nitrated in a mixture of 

acetic anhydride (0.55 mol), trifluoroacetic anhydride (0.05 mol), and 
nitric acid (0.20 mol) following the general procedure described for 
4-chlorotoluene. The 'H nmr spectrum of the reaction mixture showed 
it to be a mixture of 1,4 diene (81%). 1,2 diene (a%), and 
4-methyl-4-nitrocyciohexadienone (1 1 8 ) .  On work-up a red-yellow 
oil was obtained, which contained 1.4 diene (73%), 1,2 diene (8%), 
and dienone (19%); hplc of the oil with 70% ether-pentane eluent gave 
a mixture of dienes (17.9 g) in the first fraction and the dienone 
(2.66 g) in the second. The ratio of 1,4 to 1,2 diene was 9.1. Further 
chromatography of the diene mixture using 50% ether-pentane as 
solvent gave a mixture of 1,2 and 1.4 dienes in the first fraction 
and (Z)-1-fiuoro-4-methyl-4-nitrocyclohexa-2,5-dienyl acetate (7b) 
(8.9 g ,  3 2 8  yield) i i ~  the second. Diene 7b was isolated as a red oil and 
had uv (CH2CI2): 269 nm (28 m' mol-I): ir (film) 1765 and 1220 
(OCOCH3), 1550 and 1365 (NO2) cm-';  'H nmr (270 MHz, CDC13) 
6:  1.81 (s, 3, 4-CH3). 2.08 (s, 3, 0COCH3), 6.34 (dd, 2. 2-H and 
6-H), 6.49 (dd, 2. 3-H and 5-H) ppm, J23 = 10.5, J 2 . 1 - ~  = 5.0. 
J 3 , 1 . F = 0 . 7 H ~ ;  13Cnmr(15.1 MHz,CDC13,00C)6c:21.7(OCOCH3). 
25.4 (JcF = 3.7 HZ. 4 C H 3 ) ,  83.2 ( J C F  = 3.7 HZ, C-4), 102.6 (JCF = 
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206.4Hz, C-1), 126.1 (JCF = 27.4Hz, C-2, C-6), 132.2 (JCF = 
9.8 Hz, C-3, C-5), 167 (JCF = 1.8 HZ, OCOCH3) ppm. 

The mixture of dienes was triturated with a solution of 25% ether- 
pentane and gave crystals of (E)-1-fluoro-4-methyl-4-nitrocyclohexa- 
2,s-dienyl acetate (7a)  (1.1 g, 4% yield). On recrystallization from 
ether-pentane 7a had mp 45-47°C; uv (CH2C12): 280 nm (8 m2 mol- ' ); 
ir (KBr): 1750 and 1210 (OCOCH,), 1555 and 1350 (NO2) cm-'; 
'H nmr (CDC13, 0°C) 6:  1.81 (s, 3, 4-CH3), 2.09 (s, 3, OCOCH,), 
6.49 (d, 4 ,2-H,  3-H, 5-H, 6-H) ppm, J23 = 10 Hz, J2.H,F = 4 HZ, the 
coupling constants were determined after addition of the shift reagent 
Eu(fod), to separate the chemical shifts of the overlapping peaks. 
Diene 7a readily decomposed to 4-methyl-4-nitrocyclohexadienone. 

The solution from the trituration contained a mixture of equal 
amounts of 1,2 diene and 1,4 diene. The mixture was chromatographed 
using 25% ether-pentane as solvent. The first fraction contained the 
1,2 diene and 4-methyl-2-nitrophenol (a decomposition product via the 
dienone). 3-Fluoro-6-methyl-6-nitrocyclohexa-2,4-dienyl acetate (3) 
was crystallized from the mixture. Recrystallization from ether- 
pentane gave colourless crystals, mp 45.5-47"C, uv (CH2C12): 
256.5 nm (394 m2 m o l l ) ;  ir (KBr): 1745 and 1230 (OCOCH,), 1555 
and 1375 (NO.7) cm-I; 'H nmr (270MHz, CDC1,) 6: 1.82 (s, 3, 
6-CH,), 1.98 (s, 3, OCOCH,), 5.57 (m, 2, 1-H and 2-H), 6.03 (ddd, 
1 ,4-H),  6.64 (ddd, 1 ,s-HI ppm, J I 2  = 6,  JI5 = 1, J1.3-F = 5,  J24 = 2, 
J2,3.F = 6, J 4 5  = 10.5, J 4 , 3 . ~  = 6, J 5 , 3 . ~  = 5 Hz, addition of the shift 
reagent separated the overlapping peaks at 5.57 ppm and allowed the 
determination of the coupling constants between the 1-H, 2-H and 3-F; 
13Cnmr(15.1 MHz, CDCl,, 0°C)6c: 20.9(OCOCH3), 23.4(6-CH3), 
73.1 (JCF = 12.6 HZ, C-1), 87.9 (C-6), 98.2 (JCF = 19.5 HZ, C-2), 
120.1 (JCF= 37.1 HZ, C-4), 131.5 ( JCF=9.9Hz,  C-5). 159.4(JCF= 
259.7 Hz, C-3), 169.4 (OCOCH,) ppm. Anal. calcd. for C9HI0NO4F: 
C 50.24, H 4.68, N 6.51: found: C 50.58, H 4.69. N 6.45. 

Nitration of 4-methylanisole 
A solution of 4-methylanisole (54.6 g, 0.445 mol) in acetic 

anhydride (45.4 g, 0.445 mol) was added dropwise with stirring at 
-40°C over 30 min to a nitrating mixture prepared from nitric acid 
(56 g, 0.89 mol) and acetic anhydride (182 g, 1.78 mol). After com- 
plete addition, the mixture was stirred for 30 min at -40°C, then 
transferred into a three-necked 3-dm3 round-bottom flask fitted with a 
mechanical stirrer, a low temperature thermometer, and an ammonia 
condenser, and containing 1.5 dm3 ether at -78'C. Ammonia was 
condensed into the mixture until the temperature, which had risen to 
-60°C, fell again to -78'C. The mixture was then alkaline to litmus. 
Excess ammonia was removed on the aspirator while the temperature 
rose to O°C over a period of 60 min. The mixture was then neutral to 
litmus. The ether layer was decanted into a separating funnel and the 
residue was washed with more ether (750 cm3). The combined ether 
solution was washed with cold water (4 X 500 cm3) and dried. 
Removal of the ether at lS°C yielded a reddish brown oil (80 g). The 
'H nrnr spectrum of this mixture showed the composition as (2)-3- 
methoxy-6-methyl-6-nitrocyclohexa-2.4-die acetate (4) (30%) and 
4-methyl-2-nitroanisole (70%). Crystallization from ether-pentane 
mixture at -20°C afforded, in three successive crops, crude diene 4 
(26 g). On recrystallization, colorless crystals of 4 were obtained, mp 
101.5-103.S°C; ir (KBr): 1735 and 1235 (OCOCH,), 1545 and 1370 
(NO2), 1450 (OCH3) cm-'; uv (CH2C12): 271.3 nm (290 m2 mol-I); 
'H nmr (CDCI,, 250 MHz): Table 3; 13c nrnr (CDCI3, 62.9 MHz): 
Table 2. Anal. calcd. forC10H13N05: C 52.86. H 5.77, N 6.16; found: 
C 53.00, H 5.94, N 6.14. 

Nitration of4-acetamidotoluene 
Finely powdered 4-acetamidotoluene (1.49 g ,  10 mmol) was added 

to a nitrating mixture prepared from nitric acid (3.15 g, 50 mmol). 
acetic anhydride (15 g, 150 mmol), and trifluoroacetic anhydride 
(2.1 g, 10 n ~ ~ o l )  at -40°C. The mixture was stirred at -40°C for 2 h, 
cooled to -7g°C, and added to ether (500 cm3) at -78'C. Ammonium 
hydroxide (100 cm3, 28%) was added slowly, with stirring, and stirring 
was continued for an additional 2 h at -78°C. The ether layer was 
decanted and stored at -78°C. Tine residue was dissolved in cold water 
(250 cm3), transferred to a separating funnel containing ether pre- 

viously cooled to -20°C. and extracted. The combined ether solution 
was quickly washed with cold brine (4 X 250 cm3), dried at -78"C, 
and filtered, through a jacketed filtering funnel maintained at -78"C, 
into a 1-dm3 round-bottom flask cooled to -78°C. The ether was 
removed on a rotovapor connected to a high vacuum pump via a Dry Ice 
condenser followed by three liquid nitrogen traps. The evaporation 
flask was maintained at -4OoC. The 'H nmr spectrum of the yellow 
residue (2 g), taken at -40°C, indicated the presence of (2)-3- 
acetamido-6-methyl-6-nitrocyclohexa-2,4-dienyl acetate (5) (35%) 
and 4-methyl-2-nitroacetanilide (65%). The mixture was chromato- 
graphed on activated silica gel (mesh size 60-200, 75 g) contained in a 
jacketed filtering funnel cooled to -78°C. Solvent used as eluent was 
cooled under nitrogen, in a jacketed dropping funnel, to -78°C. All 
fractions were collected in flasks cooled to -78"C, and evaporated 
below -40°C. Elution, first with 60% ether - petroleum ether and then 
with 80% ether - petroleum ether, gave 4-methyl-2-nitroacetanilide, 
mp 95-96°C (lit. (34) mp 96°C); 'H nmr (250 MHz, CDCl,) 6 :  2.22 
( s ,  3, CH,), 2.32 (s, 3, NHCOCH,), 7.38 (dd, 1, 5-H), 7.92 
(d, 1, 3-H), 8 .54(d,  1, 6-H), 10.12(s. l , N H ) p p m ,  J35 = 1.85, 
J56 = 8.70Hz; I3Cnrnr (62.9MHz, CDC13) Sc: 20.5 (CH,), 25.5 
(NHCOCH3), 122.2 (C-6), 125.5 (C-3), 132.5 (C-4), 133.5 (C-1), 
136.4 (C-2), 136.8 (C-5), 168.9 (NHCOCH,). The 90% ether - 
petroleum ether fraction contained 30% of the nitrotoluidide and 70% 
of 5. The mixture (500 mg) was rechromatographed on silica gel (75 g) 
under the same conditions. Pure diene 5 was eluted in the 100% ether 
fraction and was characterized by nmr, Tables 2 and 3 ,  

Nitration of other substrates 
4-Iodotoluene was nitrated under conditions similar to those used 

for 4-chlorotoluene. The substrate was insoluble in acetic anhydride 
at -40°C. At 0°C 4-nitrotoluene was the major product but other 
substitution products were also apparent in the nmr. Iodine was present 
in the solution. When the reaction was carried out using methylene 
chloride to dissolve the iodotoluene, some small peaks were present in 
the diene region of the spectrum in addition to the peaks of the aromatic 
nitro products. 

4-(N-methylacetamido)toluene was nitrated with nitric acid in acetic 
anhydride and trifluoroacetic anhydride at -40°C. Up to 30% of diene 
was observed by nmr, in addition to substitution product. The diene 
disappeared when the temperature was raised to 0°C. The diene also did 
not survive when the reaction mixture at -40°C was worked up. 
4-(N,N-dimethylamino)toluene was nitrated at -4OoC in acetic 

anhydride containing 1 mol proportion of nitric acid. Only substitution 
product was formed. 

4-Methylphenyl acetate was nitrated with nitric acid in acetic 
anhydride at -40°C and also at -60°C but only 4-methyl-4-nitro- 
cyclohexa-2,s-dienone was observed. 

N-methyl-p-toluidine was reacted with nitric acid in acetic anhy- 
dride at -40°C but only acetylation occurred. 
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Substrates for the differentiation of the N-acetylglucosamirmyltransferase%. Synthesis sf  
p~GlcNAc(l-2)a~R/Ian(1-6) PDMan and P~@lcNAc(P+2)a~Man(ld 6) 

[ar~Man(l+ 3)] B~Mamm glycosides 
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S. HASAN TAHIR and OLE HINDSGAUL. Can. J .  Chem. 64, 1771 (1986). 
The trisaccharide P~GlcNAc(l+2)a~Man(l+6)p~Man (2) and the tetrasaccharide P~GlcNAc(l+2)a~Man(1+ 

6 ) [ a ~ M a n ( l + 3 ) ] P ~ M a n  (3) have been chemically synthesized as their 8-methoxycarbonyloctyl glycosides. Compounds 2 
and 3, both partial structures of naturally occurring asparagine linked oligosaccharides, are designed to function as selective 
substrates in N-acetylglucosaminyltransferase assays. 

S. HASAN TAHIR and OLE HINDSGAUL. Can. J .  Chem. 64. 1771 (1586). 
Faisant appel a des mCthodes chimiques, on a synthCtisC le trisaccharide (3-~GlcNAc(l+2)a~Man(l-6)P~Man 2 ainsi que 

le tktrasaccharide P-~GlcNAc(l+2)cr~Man(1+6)[a~Man(l-+3)] PDMan 3, tous les deux sous la forme de leur glycosides 
mCthoxycarbony1-8 octyles. Les composCs 2 et 3, qui sont des fractions d'asparagine qui l'on retrouve naturellement li&e a des 
oligosaccharides, ont CtC prCparCs pour servir de substrats s6lectifs dans des Ctudes sur la N-ac6tylglucosaminyltransfCrase. 

[Traduit par la revue] 

Introduction 
About ten years ago, evidence began to accumulate that the 

carbohydrate structures of cell-surfdce glycoproteins and glyco- 
lipids became dramatically altered during both normal and 
abnormai cellular development (1-4). Consistent changes in 
cell-surface carbohydrate structures have now been shown 
to accompany the development of human melanoma, neuro- 
blastoma, and colorectal, gastric, and pancreatic carcinoma (5 ) .  
The occurrence of large fucosylated highly-branched glycopep- 
tides is in fact one of the most reproducible correlates with 
the malignant transformation of cells (6). The functional 
significance, if any, of these cell-surface structural changes is 
not at all clear but these aberrant carbohydrate structures are 
attracting a great deal of clinical interest as potential tumor 
markers. The structures of many of these "tumor-associated" 
carbohydrates have been elucidated in recent years and major 
research efforts have gone into the production of the C O G S -  
ponding tumor-specific monoclonal antibodies (4, 7). 

In 1984 Yamashita et al. (6) compared the carbohydrate 
structures of the membrane N-linked glycoproteins of baby 
hamster kidney (BHK) cells and their polyoma transformant 
(Py-BHK). They found that while the transformed cells synthe- 
sized the same (approximately 20) structures as did the normal 
cells, they produced more of the larger, more highly branched 
oligosaccharides. They proposed that the changes in the relative 
proportions of the cell-surface oligosaccharides observed on 
transformation could be explained by the elevation in the 
activity of a single enzyme, a glycosyltransferase, termed 
N-acetyl-P-D-glucosaminyltransferase V (GlcNAc-transferase 
V, GnT V), and subsequently showed (8) that the GnT V 
activity in Py-BHK cells was in fact elevated two-fold when 
compared with untransformed cells. This work (6, 8) therefore 
suggests that the activity of a single glycosyltransferase can, in 
itself, serve as a tumor marker. The detection of a change in a 
single specific enzymatic activity may be far simpler than the 
characterization and quantification of a highly heterogeneous 
mixture of cell-surface carbohydrate structures produced as a 
result of this single enzymatic change. 

At least 7 different GlcNAc-transferases are known to be 
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involved in the biosynthesis of the asparagine-linked oligo- 
saccharides (6, 8-10). All of these enzymes use UDP-GlcNAc 
as the glycosyl donor and the difference between them lies in 
their specificity for different acceptor structures. To simplify the 
assay procedures for measuring these individual glycosyltrans- 
ferase activities we have embarked on a synthetic program to 
provide carbohydrate structures that we expect will be sub- 
strates for only single preselected enzymes. Such substrates 
might include oligosaccharides where cross-reacting sugar 
residues are completely absent or where the interfering hydroxyl 
groups that might be acted on by other GlcNAc transferases are 
masked by either 0-methylation or deoxygenation. This latter 
approach has recently (11, 12) been successfully applied in 
the differentiation of two competing a-L-fucosyltransferases in 
serum. To be truly useful, such substrates and their glycosylated 
products should also be amenable to simple rapid isolation from 
the incubation mixtures of cell extracts or fluids that contain the 
glycosyltransferase activities being assayed. 

To test the practicability of this approach we chose to attempt 
the preparation of substrates selective for GnT V, since this 
glycosyltransferase is already attracting interest as a potential 
tumor marker. The heptasaccharide 1 (Fig. 1) is known to be a 
substrate for GnT V (as well as for other glycosyltransferases) 
and has been used to assay this enzyme. Recent work (13--17), 
from the laboratory of Lemieux, on the molecular basis for 
the binding of oligosaccharides by monoclonal antibodies and 
lectins strongly suggested that proteins were not likely to require 
carbohydrate surfaces much larger than that of a trisaccharide 
for faithful recognition. We expected that this situation might 
also hold true for the enzymatic specificity of glycosyltransfer- 
ases and therefore envisioned the trisaccharide f3~GlcNAc(l-+ 
2 )a~Man( l - -+6)P~ManOR (2) as a likely acceptor for GnT V. 
Our rationale for the choice of 2 can be seen in Fig. 1 where 
the structure of the natural heptasaccharide acceptor 1 is also 
shown. We set forth, therefore, to synthesize 2, which contains 
the reactive target hydroxyl group acted on by the enzyme and 
one sugar residue on either side of the a-D-mann0se residue 
bearing this hydroxyl group. Since we did not know whether 
this structure incorporated sufficient features for recognition by 
GnT V, the synthesis was planned in a way that also allowed the 
preparation of the tetrasaccharide 3, which is closer in structure 
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FIG. 1. A heptasaccharide acceptor (1) for GlcNAc-transferase V (GnT V) compared with the structures of the proposed synthetic acceptors 
2 and 3. The bold arrows show the primary hydroxyl group to which GnT V transfers an N-acetyl-P-D-gluco~aminyl residue. 

to the natural acceptor 1. To facilitate the isolation of our 
glycosylated substrates from their enzymatic incubation mix- 
tures, we elected to prepare 2 and 3 as their 8-methoxycar- 
bonyloctyl glycosides (1 8), since inclusion of this hydrophobic 
group should facilitate adsorption on reverse phase (C-18) 
chromatography supports. This "linking arm" might also be 
used for the preparation of synthetic glycoconjugates. 

Results and discussion 
A retrosynthetic analysis of the target structures 2 and 3 

suggested, as the key intermediate, the trisaccharide precursor 
4, which was protected in a manner to allow the selective 
liberation of the hydroxyl group at C-3 of the P-D-mannopyra- 
nosy1 residue for subsequent glycosylation by 5. A straightfor- 
ward route to 4 from the glycosyl bromides 6 , 7 ,  and 8 was then 
apparent. Compounds 5 (19), 6 (20), and 7 (2 1) have already 
been described. A synthetic route to 8 was therefore required. 

Methyl 4,6-0-benzylidene-a+-mannopyranoside (9) was 
selectively allylated (221, via its 2,3-0-dibutylstannylidene 
derivative, to provide the 3-0-ally1 derivative 10 in 82% yield. 

Benzylation of 10 then furnished the 2-0-benzyl derivative 11 
in 90% yield. Reductive cleavage of the benzylidene group in 11 
using LiAlH4-A1Cl3, according to Liptak et al. (23), gave the 
4-0-benzyl(12) and 6-0-benzyl(l3) derivatives, in the ratio of 
7: 1, in a combined yield of 86%. Reaction of 12 with acetic 
anhydride in pyridine provided the 6-0-acetyl derivative 14, 
which was acetolyzed (24) using acetic anhydride in the 
presence of a catalytic amount of sulfuric acid to afford 1,6-di- 
0-acetyl-3-O-allyl-2,4-di-O-benzyl-ol-~-mannopyranose (15) 
in 77% yield. 

Reaction of the diacetate 15 in dichloromethane, at O°C, with 
hydrogen bromide that was dried by passage through a calcium 
sulfate column led to the formation of the glycosyl bromide $ in 
essentially quantitative yield. When 15 was allowed to react 
with HBr gas introduced directly from the cylinder without 
passage through calcium sulfate, the thin-layer chromatogram 
(tlc) of the reaction mixture showed the presence of two 
products, the minor being the desired bromide 8. The major 
product 16 had a slightly lower mobility in tlc. The ' H  nrnr 
spectrum of the mixture of 8 and 16 indicated 16 to be the 
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OAc OAc 

hydrobromination product of 8, namely, 6-0-acetyl-2,4-di-0- 
benzyl-3- O-(3-bromopropy1)-a-D-mannopyranosyl bromide. 
This structural assignment was made to account for the observa- 
tion of a triplet for two protons at S 3.688 (BrCH2CH2CH20), 
a multiplet for two protons at 6 3.5 10 for BrCH2CH2CH20, and 
a two-proton multiplet at 6 2.119 for BrCH2CH2CH20. The 
ratio of 16 to 8 was determined to be 4: 1 from this ' H  nmr 
spectrum. 

Reaction of the glycosyl bromide 8 and 8-methoxycarbonyl- 
octanol according to Paulsen and Lockhoff (25), in the presence 

9 R1 = H, R2 = H 12 R1 = 0CH3,  R2 = Bn,  R3 = H 
10 R' = H, R2 = CH2CHCHz 13 R' = 0CH3,  RZ = H ,  R3 = Bn 
11 R1 = Bn, = CH2CHCH2 14 R1 = 0 C H 3 ,  R2 = Bn, R3 = AC 

15 R1 = OAc,  R2 = Bn, R3 = AC 
8 R I  = Br, R2 = Bn, R' = Ac 

of an insoluble catalyst prepared by precipitation of silver 
silicate on aluminum oxide, provided a mixture of the P and 
a mannosides 17 (50-60%), which could not be separated 
chromatographically. That 17 was a mixture of the a and 
p glycosides was evident from the 'H nmr spectrum, which 
showed a signal at S 4.365 for H- 1 of the (3 anomer and a doublet 
( J 1 , 2  = 2.0Hz) at 6 4.824 for H-1 of the corresponding a 
anomer. The p : a ratio of this mixture, determined by integra- 
tion of these signals in the 'H nmr spectrum of 17, was found to 
vary with the temperature of the reaction. At -7g°C, the p and 
a anomers were produced in a 6:l ratio, while at the higher 
temperatures of -20 and 0°C the ratios of P to a anomers were 
4.3: 1 and 3.5: 1 respectively. 

Treatment of the a/P mixture 17 with sodium methoxide in 
methanol effected the removal of the acetyl groups to provide 
48(P) and 1 9 ( a ) ,  which could now be separated by column 
chromatography on silver nitrate impregnated silica gel. The 
I3C nmr spectrum of the p glycoside 18 showed the signal for 
C-1 at 101.69 ppm (JC.I,H.l = 153.6 Hz) while the corres- 

- ponding a anomer 19 showed C-1 at 98.25 ppm (JC.l.H.I - 
168.2 Hz), in accord with the empirical rules formulated by 
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Bock and Pedersen (26) for the dependence of the one-bond 
C-H coupling on the anomeric configuration of pyranosides. 

Condensation of the alcohol 18 and 2-0-acetyl-3,4,6-tri-0- 
benzyl-a-D-mannopyranosyl bromide (21) (7) using mercuric 
bromide and mercuric cyanide as promoters and acetonitrile as 
solvent furnished the a-linked disaccharide 20 in 77% yield. 
The resonances for both anomeric protons were observed in the 
'H nmr spectrum, at 6 4.911 ( J 1 , , 2 ,  = 2.0 HZ) and 4.334 
( J l S 2  = 1 Hz), while the 'H-coupled l3c nmrspectrum showed a 
doublet each for C- 1 and C- 1 ' at 6 104.64 (JC.,,,., = 154.7 Hz) 
and 97.77 ( JC . l ' ,H . I  = 170.4 Hz) respectively. One-bond C-H 
coupling constants of these magnitudes require the presence of 
the p and a glycosidic linkages as assigned (26). 

Reaction of 20 with sodium methoxide in dry methanol 
provided the alcohol 211, which was glycosylated with 3,4,6-tri- 
0-acetyl-2-deoxy-2-phthalimido-~-~-glucopyranosyl bromide 
(20) (6) according to Paulsen et al. (27). providing the 
trisaccharide 4 in 76% yield after chromatographic purification. 
The anomeric configuration of the newly introduced glycosyl 
residue was evident from the 'H nmr spectrum of 4, which 
showed a doublet at 6 5.573 (J1, , ,2 , ,  = 8.5 Hz) for H-I". 
Isomerization of the ally1 ether in 4 using tristriphenylphos- 
phinerhodium(1) chloride (28), followed by hydrolysis of the 
resulting prop- 1-enyl ether in the presence of mercuric chloride 
and mercuric oxide: then afforded the trisaccharide alcohol 22 
in 85% yield. 

Deacetylation of 22 using sodium rnethoxide in methanol led 
to the quantitative formation of 23. Removal of the phthalimido 
group from 23, and subsequent A'-acetylation of the free amine 
as described by Bundle and Josephson (29), provided the acetyl 
derivative 24 in an overall yield of 60%. No evidence of attack 
at the 8-methoxycarbonyloctyl ester was obtained. 

Finally, hydrogenolytic cleavage of the benzyl protecting 
groups of 24 using 5 %  palladium-on-charcoa! as the catalyst, 
in 98% ethanol. furnished the target trisaccharide 2,  which 
was purified by size-exclusion chromatography on Bio-Gel P-2. 
Compound 2 was obtained as a white lyophilized powder in 
85% yield. 

Preparation of the tetrasaccharide 3 required the addition of 
an a-D-mannopyranosyl unit to the free 3-hydroxyl group of 22, 
followed by deprotection. Reaction of 22 with 2,3,4.6-tetra- 
0-aceeyl-a-D-mannopyranosyl bromide (19) (5) promoted by 
mercuric bromide and mercuric cyanide in dichlorornethane. in 
the presence of 4 A molecular sieves. gave the tetrasaccharide 
25 in 65% yield. The anomeric configuration of the newly 
introduced mannopyranosyl unit of 34 was evident from its n m  
spectra, where the signal for an addiiional anomeric proton 

- 
I OBn 

4 R'  = CH2CHCH2, R2 = Ac, R~ = NPhth 
22 R1 = H ,  R2 = Ac, R3 = NPhth 
23 R '  = H, R2 = H, R3 = NPhth 
24 R '  = H. R2 = H, R3 = NHAc 

appeared at 8 5.018 ( J 1 ~ , 2 ,  = 2 HZ). The 13c nmr spectrum 
showed the presence of four anomeric carbons: 6 101.95, 
Jc.l,H.l = 152 i 2 Hz; 97.64, JC.l,, ,H.l,,  = 170 i 2 HZ; 96.60, 
Jc.it,,,,.l,,, = 165 -t 2 Hz; and the new signal for the peracetyl- 
ated a-linked mannose at 6 99.83, J C . l , , ~ - ~ J  = 169 2 Hz. 

BnO 0(CH2)8COOCH3 

'OR' 

25 R1 = Ac, W2 = NPhth 
26 R'  = Ac, R~ = NHAc 

Conversion of 25 to 26 was effected in three steps without 
characterization of the intermediates involved. Deacetylation 
of 25 with sodium rnethoxide in methanol gave a white foam, 
which was refluxed with hydrazine in methanol to generate the 
free amine that. on treatment with acetic anhydride in pyridine. 
gave the peracetylated product 26 in 63% yield. Attempted 
N-acetylation of the intermediate free amine, obtained in the 
second step of the above sequence using acetic anhydride in 
methanol-water (1 : 1). gavc a very polar hydroxylated deriva- 
tive that proved difficult to purify by silica gel chromatography. 
Removal of the 0-acetyl and 0-benzyl protecting groups of 
26 was accomplished by treatment with sodium methoxide in 
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TAHIR AND HINDSGAUL 1775 

methanol followed by  hydrogenolysis over 5% palladium-on- 
charcoal. Filtration of the crude product through a column of 
Bio-Gel P-2 afforded the target tetrasaccharide 3 as a white 
lyophilized powder in a total yield of 85%. 

The  trisaccharide 2 is indeed an acceptor specific for 
GlcNAc-transferase V and detects the expected increase in 
activity of this enzyme on  Rous sarcoma transformation of BHK 
cells. The tetrasaccharide 3 is a substrate for GlcNAc-trans- 
ferase V and at least one other BHK GlcNAc-transferase. These 
results will be  reported in detail e l ~ e w h e r e . ~  

Experimental 
All solvents and reagents used were reagent grade and, in cases 

where further purification was required, standard procedures (30) were 
followed. Mercuric bromide was not purified before use. All solid 
reactants for glycosylation were dried overnight over phosphorus 
pentaoxide in a high vacuum prior to use. Solution transfers where 
anhydrous conditions were required were done under nitrogen using 
standard syringe techniques (31). Molecular sieves were purchased 
from BDH Chemicals, and the ratio of alcohol to molecular sieves in 
glycosylation was between 1:5 and 1.10 by weight. 

Thin-layer chromatograms (tlc) were performed on precoated silica 
gel 60-F254 plates (E. Merck, Darmstadt) and visualized by quenching 
of fluorescence and (or) by charring after spraying with 5% sulfuric 
acid in ethanol. For flash chromatography (32) 40-63 pm (400-230 
mesh) silica gel 60 (E. Merck No. 9385) and distilled solvents were 
used, and the ratio of silica gel to compound was in the range 
50: 1 - 100: 1. Solvents were removed on a rotary evaporator under the 
vacuum of a water aspirator with bath temperatures of 40°C or lower. 
For gel filtration, Bio-Gel P-2 (200-400 mesh) (Bio-Rad Laboratories, 
Richmond, California, USA) was used. 

Proton nuclear magnetic resonance ('H nmr) spectra were recorded 
at either 400 MHz (Bruker WH-400) or 360 MHz (Bruker WM-360) 
with either tetramethylsilane (6 0 in CDC13) or acetone (6 2.225 
in D20) as internal standard at ambient temperature. Carbon-13 
nuclear magnetic resonance (13C nmr) spectra were recorded at either 
100.62 MHz (Bruker WH-400) or 90.56 MHz (Bruker WM-360) with 
either external tetramethylsilane (6 0 in CDC1,) or external 1,4- 
dioxane (6 67.4 in DzO) as reference standard. 'H  chemical shifts and 
cou ling constants are reported as if they were first order. Assignments P of ' C resonances are tentative. Optical rotations were determined on a 
Perkin-Elmer 241 polarimeter in a 1-dm cell at ambient temperature 
(23 i 1°C). 

Protons of the allyl group present in the compounds described in this 
work were designated as Ha. H b r  H,, Hd, and H, as defined below. 
These protons generally showed the same coupling constants and thus 
the same multiplicity pattern in all the compounds examined and only 
the chemical shifts varied. The observed coupling constants were: 

Ha, ,/H, 

/C=c\ 
Hb F - g e  

Hd 
Ha,  dddd, J,,, = 10.5 Hz, Ja,d = 1.5 2 0.5 HZ, Ja,e = 1.5 t 0.5 HL 
J a , b = 1 . 5 ~ 0 . 5 H ~ ; H b . d d d d , J b , c = 1 7 . 0 H ~ , J b , d = 1 . 5 i 0 . 5 H ~ ,  
Jb,e = 1.5 t- 0 .5  HZ, = 1.5 i 0.5 Hz; H,, dddd. .Ib,, = 17.0 Hz, 
Ja,,=10.5H~,Jc,d=5.5H~,J,,,=5.5H~;Hd,dddd.Jd,e=13.5H~, 
Jc,d = 5.5 Hz, J b . d  = 1.5 t- 0.5 HZ, J a , d  = 1.5 t 0.5 HZ; He, dddd, 
Jd,e = 13.5 Hz, J,,, = 5.5 Hz, J,,, = 1.5 i 0.5 Hz, Jb., = 1.5 i 
0.5 Hz. 

Methyl 3-0-allyl-2-0 -benzjl-4,B- 0-betzzylidene- a-D-rnannopjmno- 
side ( I d )  

To a solution of methyl 3-0-allyl-4,6-0-benzylidene-a-D-manno- 
pyranoside (22) (10) (13.60 g; 42.24 rnrnol) in dry benzene (500 mL) 

2 ~ .  Pierce, J .  Arango. S. H. Tahir, and 0. Hindsgaul. Manuscript 
in preparation. 

were added sodium hydride (about 80% dispersion in oil; 2.02 g) and 
benzyl bromide (7.55 mL; 63.35 rnrnol). The mixture was refluxed 
under nitrogen atmosphere for 16 h. After the mixture had cooled to 
room temperature, the excess of sodium hydride was decomposed by 
the addition of methanol (250 mL); then water (500 mL) was added. 
The organic layer was separated, washed with water, dried (MgS04), 
filtered, and concentrated. Purification of the major product could be 
achieved by gradient flash chromatography employing a mixture of 
hexane and ethyl acetate (the ratio of hexane - ethyl acetate was 
changed from 50:l to 2: 1 during elution). Finally 11 was obtained as a 
yellow oil (15.73 g; 90%); [ a ] ,  +33.0° (c 1.4, chloroform); Rf 0.35 
(hexane - ethyl acetate, 10:l); 'H nmr (CDC1,) 6: 7.505-7.259 
(IOH, arom.), 5.901 (IH,  H, allyl), 5.609 (s, IH, C6H5CH02), 5.294 
( lH,  Hb allyl), 5.146 (1H, Ha allyl), 4.843 (d, lH, J,,, = 12.0Hz, 
C6H5CHHO), 4.725 (d, IH, J,,, = 12.0 HZ, C6H5CHHO), 4.681 
(d, 1H, JIB2 = 2.0 Hz, H-1), 4.294-4.208 (2H. Hd allyl (6 4.268) and 
H-6e (6 4.244, dd, J6a,6e = 10.5 HZ, J5,6a = 4.5 HZ)), 4.185 (dd, IH, 
J6a,6e = lO.OHZ, J5 ,6a  = lO.OHZ, H-6a), 4.104 (lH, He allyl), 
3.885-3.834(2H,H-3andH-4), 3.818(dd, 1H,J2,, = 3.2Hz, J, = 

2.OHz, H-2), 3.761 (dd, 1H, J4.5 = 10.OHz. J5,6a = 1 0 . 0 H ~ ,  J5,6e = 
4.5 Hz, H-5), 3.310 (s, 3H, CH30); 13C nmr 6: 138.18, 137.72 (quat. 
arom.), 135.0 (CH2=CHCH20), 128.64, 128.00, 127.87, 127.59, 
125.00 (tert. arom.), 116 32 (CH2=CHCH20), 101.43, 100.52 (C-1 
and C6H5CHO2), 79.09 (C-4), 76.47, 76.03 (C-2 and C-3), 73.56 
(c6H5CH20), 68.79 (CH2=CHCH20), 64.03 (C-6), 54.67 (C-5), 
29.57 (CH30). Anal. calcd. for C24H2806: C 69.89, H 6.84; found: 
C 69.67, H 6.94. 

Methyl 3-0-allyl-2,4-di-0-benzyl-a-o-mannopyrnoside ( 1 2 )  and 
methyl 3 - 0  -alIyl-2,6-di-0 -benzyl- a- D-mannopyl-anoside (13)  

To a stirred solution of 11 (14.27 g; 34.59 mmol) in 1:l diethyl 
ether - dichloromethane (300 mL) was added, portionwise, LiAlH4 
(3.95 g; 103.9 rnrnol) and the mixture was slowly heated to the 
boiling point. To the refluxing solution was added AlC13 (13.85 g; 
103.9 mmol) in diethyl ether (150 mL) over a period of 70 min, when 
tlc indicated the absence of starting material. The mixture was cooled 
and the excess of LiA1H4 was decomposed with ethyl acetate (75 mL), 
and Al(OH), was precipitated by the addition of water (75 mL). After 
dilution with ether (400 mL), the organic layer was separated from the 
aqueous layer, which was back-extracted with ether (150 mL). The 
combined ether extracts were washed with water (3 x 150 mL), dried 
(MgS04), and concentrated to an oily residue, which tlc indicated to be 
a mixture of two compounds. The separation of these two products was 
achieved by flash chromatography using hexane - ethyl acetate (3: 1) as 
eluent. Evaporation of the early fractions provided the minor product 
13 (1.69g) as an oil: [ a ] ,  -6.25" (c 1.04, chloroform); R f  0.47 
(hexane - ethyl acetate. 2:1); 'H  nmr (CDCl,) 6: 7.39-7.25 (lOH, 
arom.), 5.906 (IM, H, allyl), 5.283 (lH, Hb allyl), 5.185 (lH, Ha 
allyl), 4.778 (d, lH, J1,2 = 2.0 HZ, H-l),  4.730-4.665 (AB, 2H, 
J,,, = 12.0 HZ, C6H5CH20), 4.655-4.583 (AB, 2H, Jgem = 12.0 HZ. 
C6H5CH20), 4.070-3.938 (3H, Hd and He allyl overlapping with H-4 
(6  4.004, ddd, J3 ,4  = 9.0 HZ, J4,5  = 9.0 HZ, J4,OH = 2.0 HZ, 
simplified to dd with JOH being absent on D 2 0  exchange)), 3.830- 
3.704 (4H, H-2, H-5, H-6a, and H-6b), 3.596 (dd, lH,  J3,4 = 9.5 Hz, 
J 2 , 3  = 3.0Hz, H-3), 3.354 (s, 3H, CH30), 2.578 (d, lH,  J4 ,OH = 

2.0 Hz, D 2 0  exchangeable, 4-OH); I3C nmr (CDC13) 6:  138.40, 
138.37 (quat. arom.), 134.76 (CH2=CHCH20), 128.37, 127.88, 
127.66, 127.56 (tert. arom.), 117.22 (CH2=CHCH20), 99.40 (C-I), 
79.41 (C-3), 73.79 (C-2), 73.65, 72.78 (C6H5CH20)? 71.58 (C-5), 
70.73 (CH2=CHCH20), 70.66 (C-6), 67.96 (C-4), 54.99 (CH30). 
Anal. calcd. for C24H3006: C 69.55, H 7.30; found: C 69.67, H 7.35. 

Evaporation of the later fractions gave the major product 12 
(10.78 g) as an oil; [a], +48.2S0 (c 0.97, chloroform); Rf 0.35 
(hexane - ethyl acetate, 2:l); 'H nmr (CDCl,) 6: 7.42-7.24 (10H, 
arom.), 5.950 ( lH,  H, allyl), 5.326 (IH, Hb allyl), 5.180 (lH, Ha 
allyl), 4.936 (d, lH, J,,, = 11.0 Hz, C6H5CHHO), 4.813 (d, 1H. 
J,,, = 12.5 HZ, C6W5CNHO). 4.709-4.688 (2H, C6H5CHH0 
(6 4.709, d, J,,, = 12.5 Hz) overlapping with H-l (6 4.490, d, Jl,2 = 
2 Hz)), 4.638 (d, 1H, J,,, = 11 .O HZ, C6H5CHHO), 4.146-4.064 
(2H, HdandHeallyl) ,  3.913 (dd, lH, J3,4 = 9.5Hz,  J4.5 = 9.5Hz,  
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H-4), 3.840 (ddd, lH,  J6,,,b = 12.0 HZ, J6,0H = 5.5 HZ, J5,6a = 
3.0 Hz, D 2 0  addition resulted in its collapse to dd with J6,0H having 
disappeared, H-6a), 3.81-3.72 (3H, H-2, H-3, andH-6b), 3.601 (ddd, 
lH, J 4 , 5  = ~ . ~ H z , J ~ , ~ ~ =  ~ . O H Z , J ~ , ~ ~ = ~ . O H Z , H - ~ ) , ~ . ~ ~ ~ ( S , ~ H ,  
CH30), 2.046 (dd, lH,  J6a,0H = 5.5 HZ, J6b,0H = 7.0 HZ, D20 
exchangeable, 6-OH); I3c nmr (CDCI,) 6: 138.56, 138.37 (quat. 
arom.), 134.96 (CH2=CHCH20), 128.36, 128.02, 127.81, 127.67 
(tert. arom.), 116.60 (CH2=CHCH20), 99.47 (C-1), 79.92 (C-3), 
75.13 (C6H5CHz0), 74.88 (C-2 and C-4), 72.99 (C6H5CH20). 72.10 
(C-5), 71.10 (CH2=CHCH20), 62.42 (C-6), 54.72 (CH,O). Anal. 
calcd. for c24H3006: C 69.55, H 7.30; found: C 69.42, H 7.37. 

Methyl 6-O-acetyl-3-O-allyl-2,4-di-O-benzyl- a-D-rnannopyranoside 
(14) 

To a solution of 12 (10.30 g: 24.85 mmol) in dry pyridine (100 mL) 
was added acetic anhydride (7.5 mL; 79.54 mmol). The mixture was 
stirred under nitrogen atmosphere at room temperature overnight. The 
excess of acetic anhydride was decomposed by dropwise addition of 
ethanol (5 mL) to the ice-cold reaction mixture, and dichloromethane 
(300 rnL) and water (250 rnL) were then added. The aqueous layer was 
separated and back-extracted with dichlorornethane (100 mL). The 
combined dichloromethane extracts were washed with 1 N aqueous 
HCl and saturated aqueous sodium bicarbonate. The organic phase was 
dried (MgS04), filtered, and evaporated under reduced pressure to give 
14 (1 1.06 g; 98%) as a chromatographically pure oil; [ a ] ,  +42.91° 
( C  1.03, chloroform); Rf 0.45 (hexane - ethyl acetate, 3:l): 'H nmr 
(CDC1,) 6: 7.41-7.25 (lOH, arom.), 5.920 (IH,  H, allyl), 5.309 
(lH, Hb allyl), 5.169 ( lH,  Ha allyl), 4.910 (d, lH, J ,,,, = 11.0 Hz, 
C6HSCHHO), 4.778-4.691 (3H, C6H5CH20 (6 4.778-4.691, AB, 
J,,, = 11.0 Hz) overlapping with H-l (6 4.718, d, Jl,2 = 2.0 Hz)), 
4.561 (d, IH, J,,, = 11.0 HZ, C6HSCHWO), 4.348-4.268 (2 X dd, 
2H, = 12.0Hz, J5.6a = ~ . O H Z , J ~ , ~ ~  = 5.OHz,H-6aandH-6b), 
4.119-4.025 (2H, Hd and H, allyl), 3.844 (dd, IH, J3,4 = 9.0 HZ, 
J4.s = 9.5Hz, H-4), 3.781-3.706 (3H, H-3 (6 3.766, J 2 . 3  = 3.5Hz, 
J3,4 = 9.5 Hz), H-2 (6 3.743, JlS2 = 2.0Hz, J2.3 = 3.5 HZ), andH-5); 
3.31 (s, 3H, CH30), 2.05 (s, 3H, OCOCH,); 13C nrnr (CDC1,) 6: 
170.80 (OCOCH3), 138.34 (quat, arom.), 134.85 (CH2=CHCH20), 
128.36, 128.29, 128.08, 127.70, 127.60(tert. arom.), 116.70(CH2= 
CHCH20), 99.10 (C-I), 79.89 (C-3), 75.07 (C6HjCH20), 74.50, 
74.58 (C-2 and C-4), 72.66 (C6HSCH20), 70.98 (CH2=CHCH20), 
69.98 (C-5). 63.63 (C-6), 54.73 (CH,O), 20.81 (OCOCH,). Anal. 
calcd. for C26H3207: C 68.40, H 7.07; found: C 68.39, H 7.09. 

A solution of concentrated sulfuric acid (0.22 mL) in acetic 
anhydride (7.68 mL) was added dropwise to a solution of 14 (8.77 g; 
19.65 mmol) in acetic anhydride (40 mL) at 0°C over 10 min. The 
mixture was stirred at O°C for 25 min and at room temperature for 
20 min. Then the reaction mixture was poured into dichloromethane 
(1 L) and ice-cold water (1 L) containing sodium bicarbonate, and the 
resulting mixture was stirred at room temperature for 30 min. The 
organic and aqueous layers were separated, and the aqueous layer was 
extracted with dichloromethane (500 mL). The dichloromethane solu- 
tions were combined and then washed with saturated aqueous sodium 
carbonate and water. Finally the organic phase was dried (Na2S04), 
filtered, and concentrated. Thc rcsidual syrup was purified by flash 
chromatography using hexane - ethyl acetate as eluent. the ratio of 
hexane to ethyl acetate being varied from 6:l to 3: 1 during elution. 
Removal of solvent from the early fractions provided the title 
compaund as an oil (7.35 g; 77% yield); [a ] ,  +37.85 (c 0.93, 
chloroform); Rf 0.56 (hexane - ethyl acetate, 3: 1); 'H nrnr (CDCI3) 6: 
7.431-7.273 (10H, arom.), 6.195 (d, lH,  J1,2 = 2.0Hz. H-I),  5.923 
( lH,  H, allyl). 5.315 ( I n ,  H b  allyl), 5.200 ( lH,  Ha allyl), 4.935 
(d, 1H, J,,, = 10.5 HZ, C6H5CHHO), 4.840-4.766 (AB, 2H, J,,, = 
12.0Hz, C6HjCH20), 4.621 (d, lH, Jgem = 10.5 Hz, C6HjCNHO), 
4.384-4.310 (2 X dd, 2H, H-6a and PI-6b), 4.095 (ddd, 2H, CHz= 
CHCH20), 3.973 (dd, lH, J3.4 = 10.0 HZ, J4 .5  10.0 HZ, H-4), 
3.893 (ddd, lH,  J4,5 = 1 0 , 0 H ~ ,  J5,6a = 4 . 0 H ~ ,  ./5,6b = 3 . 0 H ~ ,  W-s), 
3.814, 3.785(2dd,2H, J 3 . 4 =  1 0 . 0 H ~ .  J2,3=3.OHz. J 1 , 2 = 2 . 0 H ~ ,  

H-3 and H-2 respectively), 2.055 (s, 6H, 0COCH3 x 2); I3c nmr 
(CDCl,) 6: 170.82, 168.82 (OCOCH,), 138.08, 137.87 (quat. 
arom.), 134.68 (H2C=CHCH20), 128.50, 128.40, 128.24, 127.93, 
127.88, 127.83 (tert. arom), 117.04 (H2C=CHCH20), 91.79 (C-1), 
79.17 (C-3), 75.36 (C6HjCH20), 73.89,73.39 (C-2 and C-4), 72.53 
(C6H5CH20), 72.41 (C-5), 71.09 (H2C=CHCH20), 63.24 (C-6), 
20.98, 20.85 (OCOCH,). Anal. calcd. for C27H3208: C 66.93, 
H 6.66; found: C 66.78. H 6.74. 

6-0-Acet;vl-3-0-allyl-2,4-di-O-benzyl- a-D-mannopyranosyl bromide 
( 8 )  

Hydrogen bromide gas was passed for 30 min through a tube of 
calcium sulfate into a solution of 15 (5.80 g; 11.97 mmol) in dry 
dichlorornethane (300 mL) at 0°C. The solution was then taken to 
dryness and the by-product acetic acid removed by evaporation of 
toluene (100 mL) from the residue (twice). Finally 8 was obtained as an 
oil, a portion of which was purified for elemental and nmr spectral 
analysis by flash chromatography using hexane - ethyl acetate (3:l) as 
eluent; [a ] ,  +133.08" (c 0.91, chloroform); Rf0 .60  (hexane- ethyl 
acetate, 3:l); 'H nmr (CDC13) 6: 7.42-7.30 (10H. arom.), 6.444 
(d, lH,  J 1 , 2  = 1.5 Hz, H-l),  5.936(1H, H,allyl), 5.350(1H, Hballyl), 
5.233 (lH, Ha allyl), 5.955 (d, lH, J ,,, = 10.5Hz, C6H5CHHO), 
4.788-4.718 (AB, 2H, J,,, = 12.5 HZ, C6HjCH20), 4.613 (d, lH,  
J,,, = 10.5 Hz, C6HsCHHO), 4.388-4.058 (2H, H-6a and H-6b), 
4.243(dd, lH, J 3 , 4 = 9 . 0 H ~ , J 2 , 3  = 3.0Hz,H-3),4.116(d,2H, J =  
~ H z ,  CH2=CHCHfl), 4.016-3.935 (3H, H-2 (6 4.011, dd, J2,3 = 
3.0 Hz, Jl,* = 1.5 Hz), H-4 and H-5), 2.065 (s, 3H, 0COCH3); 
13C nmr (CDC13) 6: 170.57 (OCOCH,), 137.90, 137.55 (quat. 
arom.), 134.37 (CH2=CHCH20), 128.63, 128.44, 128.14, 127.97, 
127.87, 127.73 (tert. arom.), 117.38 (CH2=CHCH20), 87.41 (C-I), 
78.41 (C-3), 78.31, 74.31, 73.57 (C-2, C-4, and C-5), 75.30, 
72.89 (C6H5CH20), 71 2 1  (CHr=CHCH20), 62.39 (C-6), 20.72 
(OCOCH3). Anal. calcd. for C2sH2906Br: C 59.41, H 5.78, Br 15.81; 
found: C 59.48, H 5.82, Br 16.17. 

8-Methoq~carbonyloctyl6- O-acetyl-3-O-allyl-2,4-di-O-benz~ll-P-~- 
mannopyranoside (17P) and 8-rnethoq~carbon~~loctyl6-0- 
acetyl-3-0-allyl-2,4-di-0-benql- a-D-rnannopyranoszde (17a )  

8-Methoxycarbonyoctanol (18) (7.50 g; 39.89 mmol) and silver 
silicate/alumina (16.50 g) in dry dichlorornethane (100 mL) were 
stirred at room temperature for 1 h. To the above mixture, which was 
cooled to -7g°C, was added dropwise, with stirring, a solution of 8 
(7.44 g; 14.72 mmol) in dry dichloromethane (75 mL) and stirring was 
continued for 2.5 h at -7g°C, and for 10 h at room temperature. The 
mixture was diluted with dichloromethane (100 mL) and filtered 
through Celite. The filtrate was washed with water, dried (Na2S04), 
and concentrated to a syrup that was purified by flash chromatography, 
using hexane - ethyl acetate (4.5:1) as eluent. A chromatographically 
inseparable 6: 1 mixture of the P and a mannosides 17 was obtained as 
an oil (5.14 g; total yield 57%); 'H nrnr (CDC1,) 6: 4.824 (d, Jl,z = 

1.5 Hz, H-lcr),4.365 (d, J1,2 ~ 0 . 5  HZ, H-lP), 2.059(s, 0COCH3a), 
2.050 (s, 0COCH3P). 

8-Metho~carbonyloctyl3-O-aIlyl-2,4-di-O -benzjI-P- D-rnanno- 
pyranoside (18)  and 8-rnethoxq.carboi~yloc~l3-0-allyl-2,4-di- 
0-benzyl- a -  D-mannopyranoside (19)  

The mixture of a and P anomers 17 described above (4.39 g; 
7.17 mmol) was dissolved in dry methanol (200 mL) containing a trace 
of sodium methoxide, and the resulting solution was stirred at room 
temperature overnight. 1'4eutralization with Amberlite IR-120(H) resin 
followed by the removal of the resin and evaporation provided an oily 
residue (4.10 g) whose tlc on silica gel impregnated with silver nitrate 
showed it to be a mixture of two compounds. Purification of these two 
products was accomplished by flash chromatography on silver nitrate- 
impregnated silica gel (prepared by mixing silica gel (40-63 km) with 
17% by weight of finely powdered silver nitrate) using hexane - ethyl 
acetate as eluent, the ratio of hexane to ethyl acetate being decreased 
from 7: 1 to 2: 1 during elution. Evaporation of early fractions furnished 
the a anomer 19 (0.19 g) as an oil; [a] ,  +30.8' ( c  0.75, chloroform); 
'H nmr (CDCl,) 6 :  7.42-7.27 (lOH, arom.), 5.965 ( l M ,  H, allyl), 
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5.345 (lH, Hb allyl), 5.194 (1H, Ha allyl), 4.945 (d, lH, J,,, = 0CHHCH2), 3.410-3.315 (3H, H-3, H-5, and OCHHCH,), 2.283 
11.0 HZ, C6H5CHHO), 4.843-4.788 (2H, C6H5CHHO (6 4.828, d, (t, 2H, J = 7.5 HZ, CH2COOCH3), 2.133 ( s ,  3H, OCOCH,), 
J,,, = 12.0 Hz) and H-1 (6 4.790, d, J1,2 = 2.0 HZ), 4.724 (d, IH, 1.620-1.5 13 (4H, aliphatic), 1.335- 1.240 (8H, remaining aliphatic); 
J,,, = 12.0 Hz, C~HSCHHO), 4.655 (d, lH,  J,,, = 11.0 Hz, I3C nmr (CDCl,) 6: 174.08 (COOCH,), 170.12 (OCOCH,), 139.00, 
C&15C~HO), 4.138 (br d, 2H, HdandH,allyl), 3.923 (dd, lH, J4.5 = 138.80, 138.53, 138.46, 138.05 (quat. arom.), 134.79 (CH2= 
9.5 Hz, J3,4 = 9.5 Hz, H-4),3.870-3.579 (9H, H-2, H-3, H-5, H-6a, CHCH20), 128.27,128.19,128.13, 128.10, 127.97,127.77, 127.70, 
H-6b, OCHHCH2, and OCH3 (6 3.665, s)), 3.329 (dt, lH, J,,, = 127.59,127.54,127.50, 127.38, 127.29, 127.23 (tert. arom.), 116.67 
9.0 Hz, J,,, - 6.5 HZ, OCHHCH2), 2.303 (t, 2H, CH2COOCH3, J = (CH2=CHCH20), 101.64 (C- 1, JC.l , ~ . 1  = 154.7 HZ), 97.77 (C- 1 ', 
7.5 Hz), 2.098 (br s, lH,  D20 exchangeable, OH), 1.620 (m, 2H, JC.l',H.If = 170.4Hz), 82.56 (C-3), 77.94 (C-3'), 74.80,74.37,73.91 
aliphatic), 1.510 (m, 2H, aliphatic), I .29 (br s, 8H, remaining (C-2, C-4, C-5, and C-4'), 71.36 (C-5'), 68.67 (C-2'), 74.91, 73.71, 
aliphatic); 13Cnmr (CDC1,) 6: 174.15 (COOCH3), 138.48, 138.43 73.30, 71.51 (C6H5CHz0 X 5), 70.43, 69.79 (CH2=CHCH20 and 
(quat. arom.), 134.95 (CH2=CHCH20), 128.35, 128.29, 128.07, 0CH2CH2), 68.98 (C-6'), 67.06 (C-6), 51.26 (COOCH,), 34.05 
127.72, 127.67, 127.58 (tert. arom.), 116.47 (CH2=CHCH20), (CH2COOCH3), 29.65, 29.23, 29.16, 29.07, 26.09, 24.92 (alipha- 
98.25 (C-1), 79.98 (C-31, 75.18 (C~H~CHZO),  75.04, 75.01 (C-3 and tic), 20.99 (OCOCH3). Anal. calcd. for C62H76014: C 71.24, H 7.33; 
C-4),72.88(C6H5CH2O),72.08(C-5),71.07(CH2=CHCH2O),67.61 found:71.09,H7.46. 
(OCH2CH2), 62.46 (C-6), 51.33 (COOCH,), 34.01 (CH2COOCH3), 
29.32, 29.11, 29.06, 29.01, 25.99, 24.8'5 (aliphatic), Anal, calcd, for 8-Metho~carbon~10cty1 3 - 0 - a 1 1 ~ 1 - 2 1 4 - d i - 0 - b e n z ~ 1 - 6 - 0 - ( 3 , 4 , 6 - t r i -  

C33H4608: C 69.45, H 8.12; found: C 69.27, H 8.26. 0-benzyl- a-~-mannopyrano~yl)- P-D-mannopyranoside ( 2 1 )  

Further elution provided a mixture of and P anome-s (0.9 g) which The disaccharide 20 (2.88 g; 2.76 mmO1) was de-O-acet~lated as 

were in the ratio of 1:3 ( a :  P) by 'H nmr. described for the preparation of 18. After removal of the resin by 

Evaporation of the later fractions afforded the P anomer 18 (2.89 g) the "lvent was afford 21 as chromatographi- 

as an oil; [a] ,  -51.33 (c 0.9, chloroform); 'H nmr (CDC13) 6: cally pureoil (2.73 g; 99%); [a], +3.13" (c 1.34, chloroform); Rf0.32 

7.49-7.29 (10H, arom,), 5.893 (lH, H, allyl), 5.288 (lH, Hb allyl), (hexane-acetone, 311); l H  nmr(CDC13) 6: 7.48-7.14 ( 2 5 ~ ,   om.), 

5.17 (lH, Ha allyl), 4.969-4.858 (3H, C ~ H ~ C H ~ ~  (6 4,969-4.800, 5.883 (IH, H, allyl), 5.288 (lH, Hballyl), 5.170 ( l ~ ,  ~ , a l l ~ l ) ,  5.258 
AB, J,,, = 12.5 Hz) and C6HjCHH0 (4,935, d, J,,, = 10.5 Hz)), (br S, IH, Jl ' ,2'  Hz, H-l '1, 4.968-4.795 (4 d, 4H, Jgem = 11.0 
4.624 (d, lH, J,,, = 10.5 Hz, C6H5CHHO), 4.408 (d, 1 ~ ,  J = 1 H ~ ,  and 12.5 Hz, C6H5Cff20), 4.644-4.438 (6 x d, 6H, Jgem = 11.0- 
N-1), 4.024-3.828 (6H, H-2, H-4, H-6a, OCHHCH~, and C H ~ =  12.0 Hz, C~H~CHZO),  4.335 (s, 1H, J 1 , 2  1 HZ, H-l), 4.128 

CHCH20), 3.763 (ddd, 1H, J6a,6b = 12.OHz, J5,6b = 6.OHz, J6b,0H 
(br S ,  IH, H-2'), 4.038-3.593 (15H, 0CH3 (6 3.655, s), H-2, H-4, 

= 6.0 Hz, simplified to dd with J6b,0H being absent on D20 exchange. H-6a, H-6b, H-3', H-4', H-5', H-6a', H-6b', OCHHCH*, and 

H-6b), 3.688 (s, 3H, 0CH3), 3.444-3.386 (2H, H-3 and OCHHCH*), CH2=CHCH20), 3.423-3.320 (3H, H-3$ H-5, and OCHHCH2)> 

3.316 (dt, lH,  J4,5 = 9.5 Hz, J5,6b = 6.0 HZ, J5,6a = 3.0 HZ, H-5), 2.355 (br s, lH, D20 exchangeable, OH), 2.284 (t, 2H, J = 7.5 HZ, 

2.330 (t, 2H, CH2COOCH3, J = 7.5 Hz), 2.140 (t, lH, J 6 a , ~ ~  = CH2COOCH3), 1.59 (4H, aliphatic), 1.28 (8H, remaining aliphatic); 
6.0 Hz, J6b ,o~ = 6.0 HZ, D20 exchangeable, OH), 1,670- 1,628 I3c nmr (CDC13) 6: 173.86 (COOCH~),  139.04, 138.73, 138.59, 
(4H, aliphatic), 1.345 (8H, remaining aliphatic); I3c nmr (CDCI,) 6: 138.44, 138.03 (quat. arom.), 134.86 (CH2=CHCH20), 128.49, 

174.50 (COOCH,), 138.66, 138.36 (quat. arom.), 134.70 (CH2= 128.36, 128.29, 128.24, 128.07, 127.99, 127.89, 127.78, 127.62, 
CHCH20), 128.37, 128.28, 128.1.1, 128.03, 127.73, 127.37 (tert. 127.48$ 127.40 (te*. 116.84 (CH2=CHCH20), 
=om.), 116.75 (CH2=CHCH20), 101.69 (C-1, J C . I , ~ . I  = 153.6Hz), (C-1), 99.77 (C-l '),  82.47 (C-3), 79.69 (C-3'), 75.24, 74.61, 

82.33 (C-3), 75.77, 74.88, 73.90 (C-2, C-4, and C-s), 75.18, 73.86 74.36, 74.06 (C-33 C-4, C-5, and C-4'), 75.07, 74.94, 73.88, 73.41, 
(C6H5CH20), 70.58,70.12 (CH2=CHCH20 and 0CH2CH2), 62.63 71.48 (C6H5CH20), 71.07 (C-5'1, 70.54, 69.88 (CH~ECHCH~O 
(C-6), 51.36 (COOCH,), 34.04 (CH2COOCH3), 29.63, 29.16, and 0CH2CH2), 69.03 (C-6'), 68.01 (C-2'1, 66.65 (C-61, 51.43 

29.04, 26.01, 24.89 (aliphatic). Anal. calcd. for C33H4608: C 69.45, (C00CH3)$ 34.12 (CH2C00CH3)2 29.721 29.29, 29.25$ 29.141 

H 8.12; found: C 69.41, H 8.13. 26.15,24.99 (aliphatic). Anal. calcd. for C60H74013: C 71.83, H 7.44; 
found: C 71.59; H 7.31. 

8-Methoxycarbonyloctyl6-0 -(2-0-acetyl-3,4,6-tri- 0-benzyl- a -  D- 
mannopyranosy1)-3- O -all$-2,4-di-O -benql- P- D - ~ u ~ L ~ o -  8-Methoxycarbonylociyl6-0 -[2-0-(3,4,6-tri-0-acetyl-2-deoxy-2- 
py ranoside (20)  phthalimido- P- D-glucopyranosyl)-3,4,6-ti- - b e -  a-  D- 

To a solution of 18 (2.89 g; 5.06 mmol) in dry acetonitrile (60 mL) mannopyranosyl]-3-0 -allyl-2,4-di-0-benzyl-P-D-rnanno- 
containing 4 A molecular sieves were added, sequentially, mercuric pyranoside (4) 
bromide (2.19 g; 6.07 mmol), mercuric cyanide (1.53 g; 6.07 mmol), To a solution of 21 (2.73 g; 2.73 mmol) in dry dichloromethane 
and a solution of 2-0-acetyl-3,4,6-tri-0-benzyl-a-D-mannopyranosyl (75 mL) were added silver triflate (7.0 g; 27.25 mmol), sym-collidine 
bromide (21) (7) in dry acetonitrile (25 mL), which had been (3.6 mL, 27.25 mmol), and 4 A molecular sieves. To the resulting 
freshly prepared from 3,4,6-tri-0-benzyl-1,2-0-(methoxyethy1idene)- mixture, cooled to --50°C, was added dropwise a solution of 3,4,6- 
P-D-mannopyranose (3.07 g; 6.07 mmol). The reaction mixture was tri-O-acetyl-2-deoxy-2-phthalimido-~-~-gIucopyranosyl bromide (20) 
stirred at room temperature for 1 h, and the mixture was then filtered (6)  (2.30 g; 2.60 rnmol) in dry dichloromethane (25 mL). The above 
through Celite. Evaporation of the solvent gave an oily residue, mixture was stirred at -50°C for 15 min and then allowed to warm to 
which was extracted 3 times with dichloromethane. The extracts were room temperature over a period of 1 h. The tlc of the mixture revealed 
combined and washed successively with saturated aqueous potassium the presence of unreacted alcohol 21 (-30%). The reaction mixture 
chloride, saturated aqueous sodium bicarbonate, water, and brine. The was again cooled to -50°C and a solution of the bromide 6 (2.30 g; 
organic layer was dried (Na2S04), filtered, and evaporated to dryness. 2.60 mmol) in dry dichloromethane (25 mL) was added dropwise. 
The resulting oil was purified by flash chromatography using hexane - After stirring at -50°C for 15 min, the mixture was allowed to attain 
ethyl acetate (41) as eluent to provide the title compound as a syrup room temperature, while stirring, over 1 h, by which time tlc showed 
(4.07 g; 77%); [a ] ,  -6.07" i c  1.22, chloroform); Rf 0.3 (hexane - the complete disappearance of 21. The mixture was diluted with 
ethyl acetate, 3: 1); 'El  nmr (CDC1,) 6: 7.47-7.10 (25H, arom.), 5,86 dichloromethane, and then filtered through Celite. The filtrate was 
(1H, Hc allyl), 5.459 (dd, IH, J2 ' , 3 '  = 3.0 HZ, J 1 , , 2 ,  = 2.0 HZ, H-2'), washed sequentially with ice water, ice-cold 1 N HC1, and saturated 
5.270 (1H, Hb allyl), 5.159 ( lH, Ha allyl), 4.980-4.825 (5H, H-1 ' aqueous sodium bicarbonate. The organic phase was dried (Na2S04), 
(6 4.91 1 )  and 4 x C~HSCHHO (d, J,,, = 1 1.0- 12.5 Hz]), 4.680- filtered, and evaporated. The residual oil was purified by flash 
4.650 (2d overlapping, 2H, J,,, = 10.5 and 12.0 Hz, C6H5CH20), chromatography using hexane-acetone (3:l) as eluent to provide the 
4.513-4.408 (4 x d, 4H, J,,, = 11.0-12.0 Hz, C6H5CH20), 4.334 title compound as a syrup (2.92 g; 76%); [a, -23.04" ( c  1.02, 
( s ,  1% H-11, 3.930-3.590 (15H, COOCH, (6 3.66), H-2, H-4, chloroform); ~ ~ 0 . 1 7  (hexane-acetone, 3:1); ' N ~ ~ ( c D C I ~ ) ~ :  7.86- 
H-6% H-6b, H-3', H-4', H-5', H-6a1, H-6b1, CH2=CHCH20 and 7.04 (29H, arom.), 5.901-5.790 (2H, PI, allyl andH-3" (6 5.815. J3.,,4,3 
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= 9.0Hz, J2",3" = 11.0Hz)), 5.573 (d, IH, J1,~,2,, = 8.5Hz, H-I"), 
5.303-5.143 (3H, H-4"(65.215, dd, J4".5"= 1 0 . 0 H ~ ,  J3,,,4,, = 9 . 0 H ~ )  
and Ha and Hb allyl), 4.993 (d, IH, J,,, = 13.0 Hz, C6H5CHHO), 
4.890-4.735 (4 X d, 4H, J,,, = 11.0-12.5 HZ, C6H5CH20), 4.676 
(d, 1H, J!s ,~J = 1.5 HZ, H-1'), 4.538-4.459 (2H, H-2" (6 4.513, dd, 
J2",3,, = 11 .O Hz, J1,f,2" = 8.5 Hz) and C6H5CHH0 (6 4.475, d, J,,, = 

12.0 HZ)), 4.400 (dd, IH, J2 , ,3 ,  = 2.5 HZ, J1,.2~ = 2.5Hz, H-2'), 
4.3.73-4.303 (4H, H-1 (6 4.344), H-6a", and C6H5CH20), 4.233 
(dd, lH,  J6a",6b" = 12.5 HZ, J5",6b" = 2.0 HZ, H-6b1'), 4.063-3.245 
(20H, OCHHCH, (6 4.035, td, J,,, = 9.0 Hz, JVi, = 6.0 Hz), 0CH3 
(8 3.668, s), CH2=CHCH20, C6H5CH20, H-2, H-3, H-4, H-5, 
H-6a, H-6b, H-3', H-4', H-5', H-6a', H-5", OCHHCH,), 2.989 
(dd, 1H, J6a',6b' = 11.0 HZ, J5',6b' = 5.5 Hz, M-6bf), 2.31 (t, 2H, 
CH2COOCH3, J = 7.5 HZ), 2.055 (s, 3H, 0COCH3), 2.024 (s, 3H, 
0COCH3), 1.863 (s, 3H, 0COCH3), 1.70-1.59 (4H, aliphatic), 
1.44-1.26 (8H, remaining aliphatic); 13C nmr (CDCl,) 6: 173.96 
(COOCH,), 170.42, 169.89, 169.21 (OCOCH3 and phthalimido 
carbonyl), 138.69, 138.52, 138.36, 137.80 (benzyl quat. arom.), 
134.55 (CH2=CHCH20), 133.74 (phthalimido tert. arom.), 131.52 
(phthalimido quat. arom.), 128.31, 128.19, 128.00, 127.92, 127.86, 
127.63, 127.47, 127.43, 127.25, 127.19, 126.99(benzyltert. arom.), 
123.16 (phthalimido tert. arom.), 116.52 (CH2=CHCH20), 101.79 
(C-1, JC.l,H.I = 152.8Hz), 97.44 (C-1', JC.l',H.I, = 169.2Hz), 96.48 
(C-1", JC.Iu,~.l* = 165.1 HZ), 82.64 (C-3), 76.81,74.54,74.09,73.75, 
73.49, 72.88, 71.89, 71.45, 70.62, 69.01 (C-2, C-4, C-5, C-2', 
C-3', C-4', C-5', C-3", C-4", C-5"), 74.64, 73.63, 72.41, 70.33 
(c6H5CH20), 70.11 (CH2=CHCH20 and 0CH2CH2), 69.40 (C-6'), 
66.53 (C-6), 62.17 (C-6"), 54.25 (C-2"), 51.17 (COOCH,), 33.86 
(CH2COOCH3), 29.47, 29.10, 29.04, 28.90, 25.91, 24.74 (alipha- 
tic), 20.56, 20.43, 20.24 (OCOCH,). Anal. calcd. for C80H93N1022: 
C 67.64, H 6.60, N 0.99; found: C 67.54, H 6.58, N 0.97. 

8-Methoqcarbonyloc~l6-0-[2-0-(3,4,6-tri-O-acetyl-2-deoxy-2- 
phthalirnido-/3- D-glucopyranosy1)-3,4,6- tr-Obn- a-  D- 

rnannopyranosjl]-2,4-di-O -benzyl-m-rnannopranosi  (22 3 
A solution of 4 (2.79 g; 1.97 mmol), tristriphenylphosphinerho- 

dium(I) chloride (129 mg; 0.14 mmol), 1,8-diazabicyclo[2.2.2]octane 
(58 mg; 0.51 mmol) in ethanol-benzene-water (7:3:1; 100 mL) was 
refluxed for 24 h. The solvent was removed and ihe residue dissolved 
in acetone (100 mL) containing a trace amount of mercuric oxide 
(10-20 mg). To this solution was added a solution of mercuric chloride 
(3.0 g) in acetone-water (9:l; 50 mL), and the mixture was stirred at 
room temperature for 45 min. Following evaporation of the solvent, 
the residue was taken up in dichloromethane (250 mL). The dichloro- 
methane solution was washed with 30% aqueous potassium bromide 
and water. The organic layer was dried (Na2S04) and evaporated to 
give an oily residue that was purified by flash chromatography using 
toluene - ethyl acetate (3.5:1) as eluent. The title compound was 
obtained as a white foam (2.31 g; 85%); [ a ] ,  -19.07 ( c  0.97, 
chloroform); Rf 0.37 (toluene - ethyl acetate, 3: 1); 'H nrnr (CDCl,) 6: 
7.88-7.07 (29H, arom.), 5.84 (dd, lH, J,S.,~ = 9.0Hz, Jy,y = 
11.OHz, H-3"), 5.61 (d, 1H, Jl,t,y = 8.5Hz, H-I"), 5.221 (dd, 1M, 
J4' ; ,5~ = 9.0 HZ, J ~ U , ~ , ,  = 9.0 HZ, H-4"), 5.063 (d, IH, Jgem = 12.0 HZ, 
C6H5CHHO), 4.853 (d: lH,  J,,, = 11.0 HZ, C6H5CHHO), 4.778- 
4.733 (2 X d, 2H, J,,, = 11.0 and 12.0 Hz, C6H5Cff20), 4.673 
(d, lH,  J1,,2, = 2.0 Hz, H-l ' ) ,  4.633 (d, lPI, Jgem = 12.0 Hz. 
C6H5CHHO), 4.543-4.476 (2H, H-2" (6 4.518, dd, J2",3,, = 11.0 HZ, 
Jl,,,2" = 8.5 HZ), C6H5CffH0 (6 4.491, d, J,,, = 12.0 HZ)), 4.433 
( lH, S 1 Hz, H-1), 4.385-4.240 (5H, PI-2', H-6a", H-6b and 
C6H5CH20), 4.035-3.935 (4H, 0CHHCH2, H-5", and C6H5CM20), 
3.828-3.245 (14H, H-2, H-3, H-4, H-5, H-6a, H-6b, H-3', H-4', 
H-5', H-6a', 0CHHCH2 and 0CH3 (6 3.651, s)), 2.998 (dd. IH, 
J6a',6b, = 11.0 HZ, J5',6b' = 5.5 HZ, H-6bf), 2.380 (d, 1H. D20 
exchangeable, JOH,H.3 = 10.0 Hz, OH), 2.290 (t, 2H, Cff2COOCH3, 
J = 7.5 HZ), 2.056, 2.050 (2 x s, 6H, 0COCH3), 1.860 (s, 3H, 
0COCH3), 1.68- 1.58 (4H, aliphatic), 1.40-1.26 (8H, remaining 
aliphatic); 13C nmr (CDC13) 6: 174.17 (COOCH3), 170.63, 170.12, 
169.40 (OCOCH, and phthalimido carbonyl), 138.77, 138.50, 138.37, 
138.30, 138.10 (benzyl quat. arom.), 133.95 (phthalimido tert. 
arom.), 131.82 (phthalimido quat. arom.), 128.56, 128.36, 128.23, 

128.13, 128.08, 127.72, 127.62, 127.59,127.39,127.21 (benzyltert. 
arom.), 123.37 (phthalimido tert. arom,), 101.96 (C-1), 97.25 (C-1 '), 
96.61 (C-I"), 77.90, 77.22, 76.27, 74.39, 74.34, 74.07, 73.22, 
72.12, 71.61, 70.80, 69.14 (C-2, C-3, C-4, C-5, C-2', C-3', C-4', 
C-5', 6-3". C-4", and C-5"), 75.06, 74.83, 74.44, 72.63, 70.49 
(c6HsCH20), 70.34 (OCH2CH2), 69.50 (C-6'), 66.58 (C-6), 62.33 
(C-6), 54,44 (C-2"), 51.38 (COOCH3), 34.05 (CH2COOCH3), 
29.61, 29.24, 29.19, 29.08, 26.06, 24.92 (aliphatic), 20.74, 20.62, 
20.44 (OCOCH3). Anal. calcd. for C77H89N1022: C 66.99, H 6.50, 
N 1.01; found: C 66.74, H 6.43, N 0.84. 

8-Methonycarbonyloctyl6-0-[2-0-(2-deoxy-2-phthalirnido-~- 
g1ucopyranosyl)-3,4,6-tri-0-benzyl- a-D-rnannopyranosyl]-2,4- 
di-0-benzyl-P-D-rnannopyranoside (23) 

Deacetylation of 22 (0.82 g; 0.59 mmol) was accomplished as 
described for the preparation of 18 to afford 23 as a white foam 
in quantitative yield; [a], -3154°C (c 1.3, chloroform); Rf 0.2 
(dichloromethane-methanol, 19: I); 'H nmr (CDCI,) 6: 7.66-7.06 
(29H, arom.), 5.399 (d, 1H, J1,,,2" = 8.0Hz, H-I"), 5.035 (d, lH, Jgem 
= 12.0 Hz, C6H5CHHO), 4.824-4.534 (6H, H-1' (6  4.643) and 
C6H5CH20) (5 X d, Jgem = 12.5-11.0 HZ)), 4.408-4.241 (6H, H-1 
(6 4.408), H-2' (6 4.248, dd, J2,.3, = 2 HZ, J1,.2' = 2 HZ), H-2", H-3", 
and C6H5CH20 (Jgem = 11 . O  Hz)), 4.020-3.208 (21H, H-2, H-3, 
H-4, H-5, H-6a, H-6b, H-3', H-4', H-5', H-6a1, H-4", H-5". H-6a", 
H-6b, 0CH2CH2, C6H5CH2Or and OCH, (6 3.620, s)), 3.063-2.900 
(2H, H-6b' (6 2.918, dd, J6=, ,6br  = 10.5 HZ, J5',6b' = 5.5 Hz) and OH 
(br s, D20 exchangeable)), 2.396 (d, lH, J3.0H = IO.OHz, D20 
exchangeable, OH), 2.269 (t, 2H, J = 8.0 Hz, CH2COOCH3), 1.65- 
1.55 (4H, aliphatic), 1.39-1.26 (8H, remaining aliphatic); 13C nmr 
(CDC1,) 6: 174.43 (COOCH,), 168.51 (phthalimido carbonyl), 
138.68, 138.52, 138.35, 138.32, 138.05 (benzylquat. arom.), 133.79 
(phthalimido tert. arom.), 131.84 (phthalimido quat. arom.), 128.58, 
128.38, 128.34, 128.26, 128.12, 128.03, 127.80, 127.70, 127.49, 
127.44, 127.22 (benzyl. tert. arom.), 123.23 (phthalimido tert. 
arom.), 101.90 (C-1), 97.49 (C-l '),  96.84 (C-1"), 77.69, 77.26, 
76.31, 75.65, 74.28, 74.13, 73.38, 72.07, 71.73 (C-2, C-3, C-4, 
C-5, C-2', C-3', C-4', C-5', C-3", C-4", and C-5"), 74.87, 74.77. 
74.48, 72.63, 70.86 (C6H5CH20), 70.30 (OCH2CH2), 69.70 (C-6'), 
66.65 (C-6), 62.21 (C-6),  56.54 (C-2"), 51.45 (COOCH,), 34.07 
(CH2COOCH3), 29.61, 29.17, 29.04, 26.04, 24.88 (aliphatic). Anal. 
calcd. for C71H83N1019: C 67.98, H 6.67, N 1.12; found: C 67.43, 
H 6.60, N 1.10. 

8-Metho~carbonyloctyl6-0-[2-0-(2-acetarnido-2-deoq- P -  D- 
g1ucopyranosyl)-3,4,6-tri-O-benzyl- a-~-mannopyrano~~l]-2,$-  
di- 0-benzyl- P -  D-rnannopyranoside (24)  

Compound 23 (0.43 g; 0.34 mmol) in methanol (25 mL) containing 
hydrazine hydrate (0.14 mL of an 85% solution; 2.6 mmol) was 
refluxed for 12 h. The tlc showed the presence of the starting material in 
the reaction mixture. Therefore more hydrazine hydrate (0.07 mL of 
an 85% solution, 1.3 mmol) was added, the mixture was refluxed for 
another 4 h, and the solution was then taken to dryness. The residue was 
dissolved in methanol-water (1: 1, 15 mL) and acetic anhydride (1 mL) 
was added. The resulting solution was stirred at room temperature for 
2 h. Removal of solvent gave a white solid, which was purified by flash 
chromatography using dichloromethane-methanol (121) as eluent. 
Pure 24 was obtained as a white foam (0.24 g; 60%) [ a ] ,  -20.46" 
(c 0.88, chloroform); R 0.61 (dichloromethane-methanol, 10: 1); 
'H nmr (CDC13) 6: 7.42-7.16 (25H, arom.), 5.90-5.65 (br s ,  IH, 
MI, D,O exchangeable), 5.053 (d, 1H, J,<, = 12.0 Hz, C6H5CHHO), 
4.913-4.825 (3H, C6H5CH20 (2 X d, J,,, = 11.0 Hz) and H-1' 
(6 4.910, d, J 1 , , 2 ,  = 2.0 HZ)), 4.743 (d, l H ,  JgeFn = i2.0 HZ, 
C6H5CHHO), 4.688-4.574 (3H, H-1" and C6H5CH20) (2 X d, J,,, = 
12.0 Hz)), 4.488-4.325 (5H, PI-1 (6 4.435) and C6H5CH20 (4 X d, 
J,,, = 12.0 and 11 .0 Hz)), 4.253 (t. lH, H-2'), 3.995-3.293 (23H, 
H-2, H-3, PI-4, H-5, H-6a, H-6b, H-3', H-4', H-5', H-6ar, H-6b', 
H-2", H-3", H-4", H-5", H-6a", Id-6b, OH, 0CH2CH2, and 0CH3 
(6 3.643, s)), 3.00-2.65 (br s, 2H, D20 exchangeable, OH), 2.501 
(d, 1 H, J3 ,OH = 9.0 HZ, B20  exchangeable, 3-OH), 2.276 (t, 2H, J = 
7.0 HZ, CH2COOCH3), 1.840 (s ,  3H, NHCOCH3), . - 1.64-1.52 (4H, 
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TAHIR AND HINDSGAUL 1779 

aliphatic), 1.36-1.22 (8H. remaining aliphatic); "C nrnr (CDCI?) 6: 
174.10 (COOCH?), 172.37 (NHCOCH,), 138.60, 138.39, 138.30, 
137.93 (quat. arom.), 128.50, 128.34, 128.27, 128.17, 127.93, 
127.73, 127.65, 127.58, 127.44 (tert. arom.), 101.90 (C-I), 99.23 
(C-1'), 97.66 (C-1"), 77.62, 76.25, 75.83, 74.58, 74.39, 74.13, 
73.71,73.46, 71.64 ('2-2, C-3, C-4, C-5, C-2', C-3', C-4', C-5', C-3", 
C-4,  and C-5"), 74.75, 74.45, 73.20, 71.50, 70.30 (C6H5CH20), 
68.85 (C-6'), 64.86 (C-6), 62.66 (C-6"), 59.07 (C-2"), 51.26 
(COOCH3), 33.99 (CH2COOCH3), 29.57, 29.1 1, 28.99, 25.99, 
24.84 (aliphatic), 23.30 (NHCOCH3). Anal. calcd. for C6SH83N1018: 
C66.94, H7.17, N 1.20; found: C66.81,H7.09,  N 1.13. 

8-Methoqcarbonyloctyl 6-0-[2-0-(2-acetamido-2-deoq-P-D-gluco- 
pyranosyl)- a-  D-mannopyranosyl]- /3- D-mannopyranoside ( 2 )  

Compound 24 (45 mg; 0.039 mmol) was dissolved in 98% ethanol 
(9 mL), and 5% palladium-on-charcoal (45 mg) was added. The 
mixture was stirred under one atmosphere of hydrogen gas for 52 h. 
The catalyst was removed by filtration and, after solvent evaporation, 
the residue was passed through a column of Bio-Gel P2 (2.5 cm X 

47 cm) using 10% aqueous ethanol as eluent. The carbohydrate- 
containing fractions were pooled, concentrated, and lyophilized to 
provide 2 as a white powder (23.5 mg; 85%); [ a ] ,  - 19.34" ( c  0.91, 
water); R f  0.57 (dichloromethane-methanol-water, 10:6:1); 'H nmr 
(D20)6:4.920(1H, J13,2,= 1.8Hz,H-lf),4.664(1H, J 1 , 2 S 0 . 7 H z ,  
H-1),4.579(1H, J1,,,2,, = 8.0Hz, H-lr'),4.129(dd, lH, J1,,2, = 1.4Hz, 
J2',3' = 3.4 HZ, H-2'), 3.988-3.401 (22H, H-2 (6 3.981, J 2 , 3  = 
3.0 HZ), H-3' (6 3.844, J3,.43 = 9.5 HZ, J2, .3 ,  = 3.5 HZ), H-2"(6 3.706, 
J1,,,y = 8.0Hz), H-3, H-4, H-5, H-6a, H-6b, H-4', H-5', H-6a', 
H-6bi, H-3", H-4", H-5", H-6a", H-6b", 0CH2CH,. and 0CH3 (6 
3.690)), 2.388 (t, 2H, J = 7.5 Hz, CH2COOCH3), 2.056 (s, 3H, 
NHCOCH3), 1.68- 1 .50 (4H, aliphatic), 1.38- 1.22 (8H, remaining 
aliphatic). The above 'H nmr assignments were confirmed by homo- 
nuclear decoupling; I3C nmr (D20) 6: 178.59 (COOCH,), 175.59 
(NHCOCH3), 100.82 (C-1, Jc.l,H.l = 159.4 HZ), 100.47 (C-1", 
JC.l",H.l" = 162.3 Hz), 97.72 (C-l', JC.l,,H.l, = 169.5 HZ), 77.35, 
76.75, 75.35, 74.27, 74.10, 73.73, 71.43, 70.92, 70.84, 70.54, 
68.20, 67.63 (C-2, C-3, C-4, C-5, C-2', C-3', C-4', C-5', C-3", C-4", 
C-5", and 0CH2CH2), 66.99 (C-6), 62.43 (C-6"), 61.55 (C-6'), 56.3 1 
(C-2"), 52.91 (COOCH,), 34.55 (CH2COOCH3), 29.46, 29.05, 
28.97, 28.93, 25.82, 25.11 (aliphatic), 23.21 (NHCOCH?). Anal. 
calcd. for C30H53N1018: C 50.34, H 7.46, N 1.96; found: C 49.27, 
H 7.26, N 1.73. 

8-Methoxycarbonyloctyl6-0-[2-0-(3,4,6-tri-O-acetyl-2-deo~-2- 
phthalimido-P- D-glucopyranosy1)-3,4,6-tri- Obe a- D- 

mannopyranosyl]-3- o-(2,3,4,6-tetra-O-acetyl- a -  D-manno- 
pyranosy1)-2,4-di-0-benzyl-P- D-mannopyranoside (25)  

To a solution of the alcohol 22 (504 mg; 0.371 mmol) in dry 
acetonitrile (10 mL) containing 4 A molecular sieves were added 
sequentially mercuric bromide (1.416 g; 3.93 mmol) and mercuric 
cyanide (988 mg; 3.95 mmol). To the resulting mixture was added a 
solution of 2,3,4,6-tetra-0-acetyl-a-D-mannopyranosyl bromide (19) 
(5) (0.915 g; 2.23 mmol) in dry acetonitrile (5 mL) in five portions with 
an interval of 30 min between additions, and the reaction mixture 
was strired for 2 h. Evaporation of the solvent gave an oily residue, 
which was extracted three times with dichloromethane. The organic 
extracts were combined and washed with saturated aqueous potassium 
chloride, saturated aqueous sodium bicarbonate, water, and brine. The 
dried organic layer (Na2S04) was evaporated to give a foamy residue, 
which was purified by flash chromatography using toluene - ethyl 
acetate (3:l) as eluent. The title compound was obtained as a white 
foam (0.405 g; 65%); [a], +4.41° (c 0.98, chloroform); Rf 0.25 
(toluene - ethyl acetate, 3:l); 'H nmr (CDCI,) 6: 7.88-7.02 (29H. 
arom.), 5.811 (dd, lH,  J3,",4"' = 10.0 HZ, J2",3,, = 9.0 HZ, H-3"'), 
5.574 (d, lH,  Jl,,,,z,,, = 8.5 HZ, H-1"'). 5.391-5.349 (2H, J2,,1, = 
3.0 Hz, 41-2' and H-3'), 5.240-5.094 (4H, H-4', H-4"', C6H5CHH0, 
and H-1 (6 5.094) = J4,,5. = 9.5 Hz, J3,,,,4,2, = J4,,,,5.2, = 9.5 Hz), 
4.893-4.750 (3H, J,,, = 11.5 Hz, and 13.0 Hz, 3 X C6H5CHHO), 
4.696 (d, lH, Jl,,.y = 1.5 HZ, H-1"), 4.539-4.448 (2H, H-2"' 
(6 4.515, dd, J I , , , , ~  = 8.5 Hz, J2,,, ,3,, ,  = 10.5 HZ) and C6H5CHH0 

(J,,, = 11.5 HZ)), 4.440-4.284 (6H, H-1 (6 4.440), H-2" (6 4.375, 
dd, J1,,,2" = 2.0 HZ, J2",3" = 2.0 HZ), H-6a1", and 3 X C6HSCHH0 
(I,,, = 11.0and 11.5 HZ)), 4. 121 (dd, lH,  J6a,,',6b,r' = 12.0Hzr J5.,,,6b,,' 

= 1.5 Hz, H-6bU'), 4.098-3.235 (21H, H-2, H-3, H-4, H-5, H-6a, 
H-6b, H-5', H-6a', H-6b1, H-3", H-4", H-5", H-6a", H-5'", 0CH2CH,, 
C6H5CH20, 0CH3 (6 3.674)), 2.953 (dd, 1H, J6a",6b" = 10.5 HZ, J5,,,6,, 
= 6.0 Hz, H-6b"), 2.313 (t, 2H, J = 7.5 Hz, CH2COOCH3), 
2.059-2.000 (6s, 18H, OCOCH, X 6), 1.868 (s, 3H, 0COCH3), 
1.74- 1.54 (4H, aliphatic), 1.46- 1.20 (8H, remaining aliphatic); 
I3C nmr (CDC13) 6: 174.11 (COOCH,), 170.58, 170.21, 170.06, 
169.65, 169.47, 169.44, 169.35 (OCOCH, and phthalimido car- 
bonyl), 138.75, 138.46, 137.73, 137.61 (phthalimido quat. arom.), 
133.90 (phthalimido tert. arom.), 128.82, 128.46, 128.36, 128.15, 
128.08, 128.03, 127.87, 127.54, 127.47, 127.36, 127.28, 127.18 
(benzyl tert. arom.), 123.31 (phthalimido tert. arom.), 101.95 (C-1 , 
JC.I,H.l = 152 F ~ H z ) ,  99.83 (C-1', JC.l',~.I' = 169 F 2Hz), 97.62 
(C-l",JC.I~,H-l~~ = 170 * 2 HZ), 96.60 (C-I"', Jc.l,,,.H.ls,, = 165 k 2 HZ), 
81.25, 76.29, 74.78, 74.48, 74.17, 72.90, 72.03, 71.80, 70.73, 
69.33, 69.15, 68.98, 68.93, 65.94 (C-2. C-3, C-4, C-5, C-2', C-3', 
C-4', C-5', C-2", C-3", C-4 ,  C-5", C-3"', C-4"', and C-5"'), 74.68, 
74.58, 73.71, 72.52, 70.43 (C6HsCH20), 70.11 (OCH2CH2), 69.62 
(C-6), 66.29 (C-6), 62.44, 62.32 (C-6' and C-6"'), 54.37 (C-2"'), 
51.34 (COOCH,), 34.02 (CH2COOCH3), 29.66, 29.27, 29.19, 
29.07, 26.10, 24.89 (aliphatic), 20.69, 20.56, 20.40 (OCOCH3). 
Anal. calcd. for C91H107N1031: C 63.89, H 6.30, N 0.82; found: 
C 63.45, H 6.31, N 0.82. 

8-Methoxycarbonyloctyl6-0-[2-0-(3,4,6-tri-0 -acetyl-2-acetamido- 
2-deoxy-P- D-g1ucopyranosyl)-3,4,6-tri-0-be- a -D-manno- 
pyranosyl]-3-0 -[2,3,4,6-tetra-0 -acetyl- a-D-mannopyrano- 
syl]-2,4-di- 0 -benzyl- P-D-mannopyranoside (26) 

Compound 25 (260 mg; 0.15 mmol) was de-0-acetylated as 
described for the preparation of 18 to provide a foamy solid that was 
dissolved in methanol (10 mL). To this solution was added hydrazine 
hydrate (0.4 mL of an 85% solution, 7.43 mmol) and the mixture was 
refluxed for 1 h. Removal of solvent gave a white residue from which 
traces of hydrazine were removed by evaporation of methanol (twice). 
The product was then dissolved in pyridine (3.5 mL) and acetic 
anhydride (3.5 mL), and stirred overnight at room temperature. Excess 
acetic anhydride was decomposed by dropwise addition of ethanol to 
the reaction mixture at O°C, to which was then added dichloromethane 
and water. The aqueous layer was separated and back-extracted with 
more dichloromethane and the combined dichloromethane layers were 
washed with 1 N aqueous HC1 and saturated aqueous sodium bicarbo- 
nate. The organic phase was dried (Na2SQ4), filtered, and evaporated 
to give a foamy solid, which was purified by flash chromatography 
using hexane - ethyl acetate - ethanol (20:20: 1) as eluent. Pure 26 was 
obtained as a white foam (154 mg; 62%) [ a ] ,  $11.23 ( c  1.18, 
chloroform); R f  0.3 (hexane - ethyl acetate - ethanol, 20:20:1); 
'H nmr(CDC13) 6: 7.70-7.12 (25H, arom.), 5.613-5.523 (2H, H-3"' 
(6 5.588) and NH (6 5.533, d, J = 7.5 Hz)), 5.405-5.340 (2H, H-2' 
(65.399,dd,J2, ,3,  = 3.5Hz, J1,,2, = 1.5Hz)andH-3 ' (65.358,dd,  
J3,,4, = lO.OHz, J2,,,, = 3.5 HZ)), 5.213-4.990 (5H, H-4' (6 5.188, 
dd, J4,,5, = 10.0 HZ, J3' ,4 '  = 10.0 HZ), C6H5CHH0 (6 5.133, d, 
Jgem = 13.0Hz), H-1' (65.100), H-l'"(65.074, d, JI , , , ,2 , , ,  = 8.5Hz), 
and H-4"'(6 5.015, dd, Jj,,,,5,3, = 10.0Hz, J,,,J,~,), = 10.0Hz)), 4.905- 
4.765 (4H, N-1" (6 4.850, d, Jl,,,2,f = 2.5Hz) and 3 X C6H5CHH0 
(J,,, = 11.5-13.0 Hz)), 4.575-4.530 (2H, J,,, = 11.5 Hz and 
12.0 HZ, C6H5CHP), 4.466-4.228 (6H, H-l (6 4.466), 3 X 

C6H5CHH0 (J,,, = 12.0Hz), H-2" (6 4.288, br s), H-6a'" (6 4.250, 
dd, .f6a,,,,6b3,, = 12.5 HZ, J5"~,6a"' = 5.0 HZ)), 4.119-3.300 (13H, M-6b'" 
(6 4.100, dd, J6a,,',6b"' = 12.0 HZ, J5,,,,6b,,, = 2.0 HZ), H-2, H-3, H-4, 
H-5, H-6a, H-6b, H-5', H-6af, H-6b1, H-3", H-4", H-5", M-6a". H-6bU, 
H-2"', H-5"', 0CN2CH2, and 0CH3 (6 3.665)), 2.305 (t, 2H, 
CH2COOCH3, J = 7.5Hz), 2.048-1.993 (21H, 7 X OCOCH,), 
1.779 (s, 3H, NHCOCH3), 1.67-1.52 (4H, aliphatic), 1.40-1.14 
(8H, remaining aliphatic); ''C nmr (CDCI,) 6 : 174.22 (COOCH3), 
171.03, 170.70, 170.33, 170.15, 169.84, 169.59, 165.54(OCOCH3 
and acetamido carbonyl), 138.71, 138.46, 137.91, 137.73 (quat. 
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arom.), 128.55, 128.50, 128.45, 128.37, 128.27, 128.22, 127.94, 
127.87,127.72,127.61,127.51, 127.41,127.34(tert. arom.), 101.90 
(C-1), 99.83 (C-1'), 98.35 (C-I"), 98.09 (C-I"'), 81.09, 76.97, 
76.52, 74.93, 74.48, 74.37, 73.57, 72.02, 71.61. 69.33, 69.20, 
69.11,68.90,65.88 (C-2, C-3, C-4, C-5, C-2', C-3', C-4', C-5', C-2", 
C-3", C-4", C-5", C-3"', C-4"', and C-5"'), 74.93, 74.66, 73.74, 
73.03, 70.77 (C6H5CH20), 70.59 (OCH2CH2), 69.27 (C-6) ,  66.37 
(C-6), 62.42 (C-6' and C-6"'), 55.90 (C-2"'), 5 1.45 (COOCH3), 
34.07 (CH2COOCH3), 29.66, 29.33, 29.25, 29.14, 26.08, 24.94 
(aliphatic), 23.27 (NHCOCH3), 20.76, 20.68 (OCOCH3). Anal. 
calcd. for C85H107N1030: C 62.91, H 6.65, N 0.86; found: C 63.05, 
H 6.67, N 0.83. 

8-Methoqcarbonyloctyl 6-0-[2-0-(2-acetamido-2-deoxy-P-D-glu- 
copyranosy1)- a- D-mannopyranosyl]-3-0 -( a- D-mannopyrano- 
sy1)- P- D-mannopyranoside ( 3 )  

Compound 35 (111 mg; 0.07 mmol) was de-0-acetylated as 
described for the preparation of 18 to provide a foamy solid (89 mg), 
which was dissolved in 98% ethanol (17 mL) and hydrogenolyzed over 
5% palladium-on-charcoal (180 mg) at atmospheric pressure for 5 
days. Processing, as described for 2, gave 3 as a white amorphous solid 
(51 mg; 85%) following lyophilization: [a], +6.4S0 (c  0.91, water); 
Rf0.28 (dichloromethane-methanol-water, 10:6: 1); 'H nmr (D20) 6: 
5.104 ( lH,  J1,,2~ = 2.0 HZ, H-l ' ) ,  4.918 ( lH,  Jl,,,l;" = 1.8 HZ, H-l"), 
4.671 (1H, J 1 , 2  G 0.8 HZ, H-l), 4.579 (d, lH,  J1,, , ,2, , ,  = 8.0 HZ, 
H-I"'), 4.139 (2H, H-2 andH-2"), 4.065 (dd, lH, J2',3' = 3.0Hz, 
= 1.5H2, H-2'), 4.018-3.445 (26H, H-3' (6 3.891, J,,,,, = 10.0Hz, 
J2, ,3 '  = 3.0 HZ), H-3" (6 3.843, J3,,,4.' = 9.5 HZ, J2".3,, = 3.0 HZ), H-3 
(6 3.728, J3,, = 9.5 Hz), H-2"' (6 3.705), 0CH3 (6 3.688, s), H-4, 
H-5, H-6a, H-6b, H-4', H-5', H-6a', H-6bf, H-4", H-5", H-6a1', H-6bU, 
H-3"', H-4"', H-5"', H-6a"', H-6hU', and OCH,CH,), 2.388 (t, 2H, 
CH2COOCH3, J = 7.5 Hz), 2.055 (s, 3H, NHCOCH,), 1.66- 1.50 
(4H, aliphatic), 1.40- 1.20 (8H, remaining aliphatic). The above 
'H nmr assignments were confirmed by homonuclear decoupling; 
13c nmr (D20) 6: 178.76 (COOCH,), 175.66 (NHCOCH,), 103.22 
(C-l', Jc-I',~.I' = 172.0 HZ), 100.69 (C-I, JC.l,H.l  = 159.1 HZ), 

- 100.40 (C-1"', JC.I,~,,H.l,,, = 159.1 HZ), 97.61 (C-1", JC.l,,,H~ls, - 
169.3Hz), 81.65, 77.14, 76.70, 75.12, 74.24, 74.18, 73.70, 71.24, 
71.16, 70.94, 70.80, 70.49, 68.17, 67.67, 66.63 (C-2, C-3, C-4, 
C-5, c-2', C-3', C-4', C-5', C-2", C-3", C-4", C-5", C-3"', C-4"', 
and C-5"'), 70.99 (OCH2CH2), 66.63 (C-6), 62.49, 61.86, 61.51 
(C-6', C-6", and C-6"'), 56.25 (C-2"'), 52.95 (COOCH,), 34.59 
(CH2C00CH3), 29.50, 29.11, 29.07, 28.99, 25.86, 25.15 (alipha- 
tic), 23.22 (NHCOCH,). 
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The addition of electrophiles on ester enslates containing an oxygen in the p-position. 
A stereoelectronically controlled reaction 
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MAURICE CARON, TAKESHI KAWAMATA, LUC RUEST, PIERRE SOUCY, and PIERRE DESLONGCHAMPS. Can. J .  Chem. 64, 
1781 (1986). 

The enolate anion derived from spiro ketal methyl esters (1,3,  and 4) reacts with various electrophiles (PhScBr, Ch31, 0 2 ,  12, 
(CH3S)2, and (PhS)2) to yield as the major product, the isomer resulting from an equatorial approach of the electrophilic reagent. 
This stereochemically controlled reaction is discussed in terms of stereoelectronic effects that increase the electron density of the 
a face of the enolate anion. 

MAURICE CARON, TAKESHI KAWAMATA, LUC RUEST, PIERRE SOUCY et PIERRE DESLONGCHAMPS. Can. J .  Chem. 64, 
1781 (1986). 

L'anion tnolate d'esters mtthyliques de spirocCtal(1,3 et 4) rCagit avec divers Clectrophiles (PhSeBr, CH31, 0 2 ,  12, (CH3S)2 
et (PhS)2) et donne, c o m e  produit principal, l'isomkre rksultant d'une approche Cquatoriale de l'agent Clectrophilique. La 
stCrCochimie de la reaction est discutCe en tenant compte d'effets stCrCoClectroniques qui augmentent la densite Clectronique de la 
face a de l'anion enolate. 

In the course of our recent work on the formal total synthesis 
of erythromycin A (I ) ,  it was observed that the lithium ester 
enolate derived from spiroketal ester 1 (mixture of equatorial 
and axial isomers) (Scheme 1) gave, on reaction with phenyl- 
selenenyl bromide (2j, a mixture of the isomeric phenylselenide 
esters 2a and 2b in a 12:88 ratio. The major formation of 2b was 
rationalized by invoking a stereoelectronic effect (3) that would 
favor an equatorial approach of phenylselenenyl bromide on the 
ester enolate intermediate. 

To verify the generality of this process, we have studied the 
reactivity of the ester enolates derived from 3 and 4 with a 
variety of electrophilic reagents (C6H5SeBr, 02 ,  12, CH?I, 
(CH3Sj2, and (C6H5Sj2). We wish to report this work. 

The synthesis of spiroketals 33 and 43 is depicted in Scheme 
2. The lactone 8,4 a common intermediate for the preparation 
of 3 and 4, was obtained from the Michael addition of dimethyl 
rnalonate on methyl methacrylate (-a 7) followed by an aldol 
condensation with parafomaldehyde. The tetrahydropyranyl 
ether 9 of 3-butynol was prepared. The tetrahydropyranyl ether 
11 of 5-hexyn-3-01 (10) was also obtained as shown. The 
lithium acetylides of 9 and that of 11 were then prepared 
and reacted with lactone 8 to give the hemiketals 12 and 13 
respectively (4). Catalytic hydrogenation of 12 and 13 gave the 
corresponding saturated hemiketals 14 and 15, which were 
cyclized under acidic conditions to give respectively spiroketal 
diesters 116 and 17 (5). 

Decarbomethoxylation of spiroketal diester 16 with lithium 
chloride in wet dimethyl sulfoxide (6) gave a 83: 17 mixture of 
axial and equatorial spiroketal monoester 3, which could be 
separated by chromatography. Similarly, decarbomethoxyla- 
tion of spiroketal diester 17 gave a 80:20 mixture of axial and 
equatorial monoester 4. The epirners of 4 can also be obtained 

pure by chromatography. The enolates of 3 and 4 were 
generated (LDA in THF) starting from their respective axial and 
equatorial epimeric mixtures. The results obtained from the 
reaction of these two enolates with the various electrophiles 
are described in the experimental part and are summarized in 
Table 1. 

In each case, the various equatorial and axial isomers 
obtained (5a-b and 6a-b) were separated and obtained pure 
by chromatography. The assignment of configuration for the 
isomeric phenyl selenides 5 a  and 5 b  (E = PhSe) and for the 
methylated products 5 a  and 56 (E = Me) was rigorously 
established by finding the relative proportion of the equatorial 
and the axial isomer under equilibrating conditions. These two 
sets of isomers can be equilibrated under acidic conditions via 
the formation of tetrasubstituted dihydropyran intermediate. 
Indeed, under these conditions, isomer 5 a  can be converted via 
spiroketal opening into the minor image of 5b.  Equilibration of 
the phenyl selenides 5 a  and 5 b  (E = PhSe) gave a 25:75 ratio, 
and the major isomer was assigned as the equatorial isomer 
5b because a PhSe is a larger group than a carbomethoxy. 
Similarly, equilibration of the methylated products 5 a  and 5b 
(E = CH3) gave a 36:64 ratio, where the slightly major isomer 
was assigned as the equatorial isomer 5 6  on the basis that a 
methyl is slightly larger than a carbomethoxy group (7). This 
assignment was also confirmed by 13Cnmr analyses, which 
showed that for product 5 a  (E = CH3) the carbon at position 4 
appears as expected at higher field (33.9 ppm) than for com- 
pound 5 b  (E = CH3) (36.6 ppm) due to a 1,3 diaxial interaction 
with axial methyl at position 2 (5). 

In both isomeric series, 'PI nrnr studies also showed (5) that 
the meehoxy group of an axial ester always appears at a lower 
field that that of the equatorial one, and that the axial proton 
at position 4 is strongly deshielded by the axial substituent E -- (see Table 2). The configurational assignment for the isomeric 

'NSERCC and FCAR predoctoral fellowships: 1979- 1982. 
'Author to whom correspondence may be addressed. 

compounds 2a  and 2b and 6 a  and 6b  (E = PhSe, OH, I, CH3, 

3 ~ s  these 1,7-dioxaspiro[5.5]undecane compounds are, in fact, the CH3S, and Phs) was established by spectral analysis by 
ketal derivatives of 1,9-dihydroxy-5-nonarne, we used the aliphatic comparison with compounds 5~ and 5 b  (E = PhSe and CH3). 
chain numbering as indicated in structure 1. The results described in Table 1 show a very large preference 

4~ac tone  8 served also as a key intermediate in our formal total for the formation of the equatorial isomer and it is unlikely that 
synthesis of erythromycin A (1). such a stereochemical control would be due only to steric effect. 
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TABLE 1. Addition of electrophilic reagents on ester enolates having 
an oxygen atom in the P-position 

Isomers 2a-b, 5a-b, 
or 6a-b 

Electrophilic Yield 
Substrate reagent (%) Axial Equatorial 

3 PhSeBr 69 10 90 
C H ~ I  90 14 86 

4 PhSeBr 77 12 88 
0 2  85 15 85 
I2 95 13 87 
CH31 99 11 89 
(CH3S)2 99 < 1 > 99 
(PhS)2 95 < 1 >99 

1 PhSeBr 92 12 88 
- 

TABLE 2. Chemical shifts of significative protons 
- 

C02CH3 Hc-4 

Compounds E Equatorial Axial Equatorial Axial 

2a,  b PhSe 3.51 3.59 2.51 1.70 

Sa ,  b PhSe 3.51 3.55 2.14 1.55 
'3.33 3.68 3.71 1.73 1.60 
H (3) 3.60 3.73 1.55 1.74 

6 a ,  b PhSe 3.51 3.57 2.16 1.55 
OH 3.78 3.81 2.00 1.91 
I 3.802 3.803 2.02 1.80 
CH3 3.67 3.71 1.85 1.82 
CH3S 3.74 3.80 2.05 1.80 
PhS 3.60 3.61 2.18 1.80 
H ( 4 )  3.66 3.72 1.54 1.75 

We have suggested5 that the observed selectivity might be 
a consequence of a stereoelectronic effect that renders the 
electron density on the a face of the enolate ester greater than 
that of the p face because the enolate anion 18 (Scheme 3) would 
be closer to the sp3-hybridized equatorial anion 19 (a hybrid of 
18 and 19) than to the axial anion 20. This would be due to the 
fact that the equatorial anion 19 is more stable, thus more 
important as a limiting structure, than the axial anion 20. In the 
equatorial anion 19, the carbon electron pair is antiperiplanar to 
the polar C-0 bond; an additional stabilization due to the 
electronic delocalization resulting from the overlap of this 
electron pair with the antibonding orbital of that C-0 bond is 
thus possible (nc-u*o-c overlap). This stereoelectronic effect 
is equivalent to the anomeric effect, except for the fact that the 
electron pair is on a carbon rather than an oxygen atom. 

Krapcho and Dundulis (8) have reported the alkylation with 
methyl iodide of the enolate ester anion of methyl-4-tert- 
butylcyclohexane carboxylate. They have also studied the 
alkylation of methyl 2-methyl- and 3-methyl-cyclohexane 
carboxylate. In all cases, the major alkylated product was the 
"equatorial" isomer (84, 80, and 90% respectively) resulting 
from an equatorial approach of the alkylating agent. 

Very similar results are thus obtained with the spiroketal and 
the cyclohexane methyl esters. Thus, the introduction of an 

'see pages 283-284 in ref. 3a.  
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n- m- 

oxygen in the cyclohexane ring does not influence much the 
axia1:equatorial product ratio and one may simply conclude that 
steric rather than stereoelectronic factors govern the course of 
these reactions. 

It is, however, also possible that the anion 21 (X = CH2) 
is better stabilized than the anion 22 (X = CH2) because a 
nc-u*,-, overlap in the former would be better than a 
nc-u*H-c overlap in the latter, and that the alkylation of 
cyclohexane ester would also be governed by stereoelectronic 
factors (9). When X = 0, the electronic delocalization in anion 
21 must, however, be more important than when Y = CH2 and, 
on that basis, the former should produce more of the equatorial 
alkylated product than the latter. On the other hand, replacing a 
CH2 group by an oxygen atom decreases the steric repulsion for 
the axial approach and more axial alkylated product should be 
formed. Thus, when X = 0, the stereoelectronic and steric 
effects are favoring competing processes and must cancel each 
other. Consequently, the result observed with spiro ketal ester is 
similar to that found in cyclohexane ester. 

In conclusion, the results that we are reporting cannot be 
considered as a clear demonstration that stereoelectronic effects 
play an important role in the alkylation of enolate ester having 
an oxygen atom in the P position because they can be 
rationalized either by a combination of steric and stereoelec- 
tronic effects or by steric effects only. Subsequent to this study, 
it was discovered that the influence of stereoelectronic effects 
can be observed very clearly by studying the relative rate of 
deprotonation of isomeric esters. This work is reported in the 
following article (10). 

Experimental 
The ir spectra were taken on a Perkin-Elmer 257 spectrophotometer. 

Proton nmr spectra were recorded on a Bruker WP-60 or Bruker 
WM-250 instrument. The following abbreviations have been used: s, 
singlet; d, doublet; dd, doublct of doublet; t ,  triplet; m, multiplet; 
and br, broad. Chemical shifts are reported in 6 values relative 
to tetramethylsilane or chloroform as internal standard. Carbon nuclear 
magnetic resonance spectra were recorded on a Bruker HX-90 
instrument. Mass spectra were obtained on Hitachi-Perkin-Elmer 
RMU-6A and Micromass ZAB-2F machines. Melting points were 
determined on a Buchi M-50 apparatus and are uncorrected. Ether, 
tetrahydrofuran, and 1,2-dimethoxyethane were dried by distilling 
over sodium benzophenone whereas benzene, dimethyl sulfoxide, and 
amines were distilled over calcium hydride. Anhydrous sodium sulfate 
was used as the drying agent in working up reactions. For flash 
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chromatography, Merck Kiesel gel 60 (230-400 mesh A.S.T.M.) was 
used. Thin-layer chromatography was performed using silica gel 60 
F-250. 

Triester 7 
Dimethylmalonate (343 g, 2.6 mol) was added with stirring to a 

solution of sodium (12 g, 0.5 mol) in anhydrous methanol (800 mL) 
under nitrogen. A solution of methyl methacrylate (200 g, 2.0 mol) in 
methanol (I50 mL) was then added and the mixture was refluxed for 
9 h. The mixture was then concentrated by removal of methanol. The 
residue was dissolved in ether (600 mL), washed with hydrochloric 
acid (0.1 N, 3 X 20 mL), water (3 X 20 mL), and brine. The organic 
layer was dried over sodium sulfate, filtered, and the solvent was 
evaporated. The crude product was distilled under reduced pressure to 
give triester 7 (3568, 76%); bp 100-102°C, 0 .7Ton (1 Ton  = 
133.3 Pa); ir (CHCl,): 1735 and 1440 cm-I; nmr (CDC1,) 6: 3.73, 
3.72, and 3.67 (three s, 3 X -OCH,), 3.41 (IH, t, J = 6.0 Hz, 
-HC(C02CH3),), 2.17 (3H, m, CH2 and CH-CH,), 1.18 (3H, d, 
J = 6.5 Hz, CH,): Mol. Wt. (ms) calcd. for C10H1606 - OCH,: m/e 
201.0762; found: m/e 201.075 1. 

Lactone diester 8 
Triester 7 (168 g, 0.72 mol) in dry benzene (500 mL) was added 

dropwise under nitrogen to a stirred suspension of sodium hydride 
(4.69 g, 0.19 mol) in dry benzene (200 mL). After the sodium hydride 
had disappeared, paraformaldehyde (54 g, 1.8 mol) was added and the 
mixture stirred for 3.5 h. The reaction mixture was then filtered, and 
washed with dilute hydrochloric acid (0.1 N, 3 X 200 mL) and water 
(2 x 200 mL). The extract was dried, filtered, and the solvent 
evaporated. The residue was purified either by distillation (bp 142- 
144"C, 0.4 Torr) or by hplc techniques (elution with toluene - ethyl 
acetate 9:l) to give lactone diester 8 (103 g, 62%); ir (CHCI,): 1750, 
1440, and 1260 cm-'; nmr (CDCl,) 6: 4.77 and 4.50 (2H, AB system, 
JAB = 12 HZ, 0CH2), 3.78 (6H, s, 2 X 0CH3), 2.50 (3H, m, CH2 and 
CHCH,), 1.27 (3H, d, J = 6.1 Hz, CH,); ms m/e: 230. Mol. wt. (ms) 
calcd. for Cl0HI4o6: m/e 230.0789; found: m/e 230.0789. 

Hemiketall2 
To a stirred solution of acetylene 9 (10.2 g, 66 mmol) in tetrahydro- 

furan (75 mL) was added n-butyllithium (41.5 mL of 1.6 M solution in 
hexane, 66 mmol) at -78OC under nitrogen. After 30 min, a solution of 
lactone diester 8 (15.1 g, 66mmol) was added and the mixture was 
stirred at -78'C for 45 min. A saturated solution of ammonium 
chloride was added and the mixture was extracted with ether (4 x 
100 mL). The combined organic layers were dried and the solvents 
were evaporated to leave a crude product (21 g, 83%), which was not 
purified; ir (CHCl,): 3580, 3400, 2180, 1740, 1260; nrnr (CDC13) 6: 
4.63 (IH, br t, 02CH), 4.48 (1H, dd, JAB = 12Hz, J ,  = 2Hz) and 
4.15 (1H, d, JAB = 12Hz) [OCH2C(C02CH3)2], 3.7 (10H, m, 2 X 

CH20 and 2 X 0CH3), 2.60 (3H, CHCH3 and CH2C-C), 1.9-1.1 
(8H, m, 4 X CH2), 1.07 (3H, d, J = 6Hz,  CH3); ms m/e: 366 
(Mi - H20). 

Saturated hemiketal 14 
A solution of acetylenic hemiketal 12 (828 mg, 2.16 mmol) in 

methanol (15 mL) was stirred under hydrogen with palladium-on- 
charcoal catalyst (5%, 43 mg) for 2 h. The solution was then filtered 
and methanol was evaporated to give crude saturated hemiketal 14 
(807mg, 96%), which was used without any further purification; 
ir (CHCl,): 3600, 3440, 1740, 1260cm-'; nmr (CDC1,) 6: 4.54 
(lH, br t, OzCH), 4.16 (2H, s, 0CH2C(C02CH3)2), 3.75 and 3.67 
(6H, 2 s, 2 x 0CH3), 3.8-3.1 (4H, m, 2 X OCH,), 2.32- 1.57 
(15H, m), 0.94 (3H, d, J = 6.0 Hz, CH3); ms m/e: 370 (M' - H20). 

Spiroketal diester 1 6  
A solution of saturated hemiketal 14 (4.47 g, 12.27 mmol) in 

tetrahydrofuran (60 mL) was stirred with hydrochloric acid (1 N, 
20 mL) for 2 h at 45°C. The mixture was then concentrated under 
vacuum and extracted with ether (3 X 30 mL). The organic layers were 
combined, dried, filtered, and the solvent was evaporated. The crude 
product was then refluxed in benzene (lOOrnL, Dean-Stark) with 

p-toluenesulfonic acid (200 mg) for 12 h. It was then purified by 
column chromatography on silica gel with hexane - ethyl acetate (3:2) 
as the solvent to give spiroketal diester 16 (see footnote 3) (2.49 g, 
71%); mp 75-76°C; ir (CHCl,): 1725, 1260 cm-'; nmr (CDC13) 6: 
4.21(lH4dd, J A B =  12Hz, J w =  1.9H~,H,,-C1),3.87(1H,d, J A B =  
12Hz, Ha-Cl), 3.78 (3H, s, OCH,), 3.69 (3H, s, OCH,), 3.7-3.5 
(2H, m, Hz-C9), 2.3-1.1 (9H, m), 0.92 (3H, d, J = 6.1 Hz, CH,). 
Mol. Wt. (ms) calcd. for C14H2206: m/e 286.1416; found: m/e 
286.1426. 

5-Wehyn-3-ol(10) (1 1) 
To a mechanically stirred suspension of magnesium (48 g, 1.97 g-at.) 

and mercuric chloride (0.5 g, 1.8 mmol) in anhydrous ether (500 mL) 
was added under nitrogen a small quantity of propargyl bromide (8 g, 
6 mL, 67.2 mmol) . When the exothermic reaction started, the reaction 
mixture was cooled at -2OoC (inner temperature). Then a solution of 
propargyl bromide (1 34 g , 1.13 mol, 100 mL) and propanal (53 g , 
0.91 mol, 65.8rnL) in ether (500mL) was added dropwise over a 
period of 3 h. The grey mixture was stirred at room temperature for 5 h, 
then cooled at O°C, hydrolyzed with a saturated ammonium chloride 
solution (500mL), and extracted with ether (4 X 500 mL). The 
combined organic layers were dried, filtered, and evaporated to an oil 
that was distilled under reduced pressure to yield pure 5-hexyn-3-01 
(10) (67.5 g, 76%); bp 64"C, 25 Torr (lit. (1 1) bp 44"C, 10 Ton); 
ir (CHCl,): 3580, 3460, 3310, 2100; nrnr (CDC1,) 6: 3.65 (1H, 
sextuplet, J = 6 Hz, H-C3), 2.40 (3H, m, H2-C4 and OH), 2.05 ( lH,  t, 
H-C6), 1.58 (2H, m, H2-C2), 0.96 (3H, t, J = 6.3 Hz, CH,). 

Tetrahydropyranyl ether ll 
To a mixture of 5-hexyn-3-01 (10) (66.17 g, 0.67 mol) and freshly 

distilled dihydropyran (57.16 g, 0.67 mol) was added, with stirring. 
undistilled phosphorous trichloride (8 drops). After 4 h at 25"C, the 
mixture was diluted with ether (600 mL), washed with dilute sodium 
hydroxide solution (0.1 N, 2 X 250 mL), and the organic layer was 
dried, filtered, and evaporated. The crude product was distilled to give 
compound 11 (112.7g, 92%); bp 7YC, 4.4Torr; ir (CHCI,): 3310, 
2100, 1200-1040; nmr (CDCl,) 6: 4.78 and 4.66 ( lH,  two br t, 
02CH), 3.66 (3H, m, H-C3 and OCH,), 2.40 (2H, m, H2-C4). 1.96 
(IH, m, H-C6), 1.66 (8H, m, 4 X CH,), 0.91 (3H, m, CH,). Mol. Wt. 
(ms) calcd. for CllHI7O2: m/e 181.1228 (Mi - H); found: m/e 
181.1233. 

Hemiketall3 
The preparation of this hemiketal was done as for hemketal 12 (vide 

supra) with the following quantities: acetylene 11 (25.6 g, 141 mmol) 
in tetrahydrofuran (200 mL), n-butyllithium (88 mL, 1.6 M, 141 mmol), 
and lactone diester 8 (32.4 g, 141 rnmol) in tetrahydrofuran (200 mL). 
The crude product (54.7 g, 94%) was not purified; ir (CHCl,): 3600, 
2210, 1740, 1260 cm-'; nmr (CDCl,) 6: 4.77 and 4.65 (lH, two br t, 
02CH), 4.51 (IH, dd, JAB = 2Hz) and 4.15 ( lH,  d, JAB = 12Hz) 
[OCH2C(C02CH3)2], 3.75 (9H, m, CH20, H-COTHP, 2 x 0CH3), 
2.51 (2H,m, H2C-C=), 1.8-1.0(10H, m), 0.98 (6H, m, 2 X CH,); 
ms m/e: 395 (Mi - OH). 

Saturated hemiketall5 
A solution of acetylenic hemiketall3 (25 g, 60.7 mmol) in methanol 

(250mL) was hydrogenated over 10% Pd/C catalyst (1.5 g) for 2 h. 
After filtration of the mixture, the solvent was evaporated to leave a 
crude product 15 (24.6 g, 97%) that was not purified; ir (CHCl,): 3600, 
1740, 1240 c m ' ;  nmr (cDc~~) 6: 4.62 ( lH,  br t, 02CH), 4.17 (2H, s. 
0CH2C(C02CH3)2), 3.76-3.2 (9H, m, CH20,  HCOTHP, 2 X 

OCH,), 2.5- 1.2 (17H), 0.92 (6H, m, 2 X CH3). 

Spiroketal diester 17 
A solution of saturated hemiketal 15 (1.51 g, 3.65 mrnol) in 

tetrahydrofuran (40 rnL) was stirred with hydrochloric acid (1 N. 
15 mL) for 4 h at 25°C. Water (10 mL) was then added and the mixture 
was extracted with ether (3 X 25 mL). The organic layer was dried, 
filtered, and the solvents were evaporated. The crude product was then 
refluxed in benzene (30mL) with p-toluenesulfonic acid (85mg, 
7% w/w) for 12 h. The solvent was then evaporated and the residue 
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was purified by chromatography on silica gel (hexane - ethyl acetate. 
9:l) to give spiroketal 17 (see footnote 3) (568 mg, 50%); ir (CHCI,): 
1735, 1260cm-'; nmr (CDCI?) 6: 4.16 ( lH,  dd, JAB = I1  HZ, 
J, = 1.9Hz, He,-Cl), 3.87 ( lH,  d, JAB = 11 HZ, Ha,-Cl), 3.78 
(3H, s,  OCH,), 3.70 (3H, s, OCH,), 3.35 (IH, m, H-C9), 2.2-1.0 
(IIH, m), 0.90 (3H, t, J = 7 Hz, H,-Cll), 0.87 (3H, d, J = 6.5 Hz. 
H3C-C4); ms m/e: 314 (M'). 

Spiroketal I 
Synthesis of this spiroketal has been reported elsewhere (I) .  

Decarboalkoxylation 
(a) Spiroketal monoesters 3 axial and equatorial 
A solution of dlester 16 (2.348, 8.18mmol), lithium chloride 

(694mg, 16.9 mmol), and water (147 pL, 8.1 mmol) in dimethylsul- 
foxide (12 mL) was heated under nitrogen at 160°C for 1 h 40 min. The 
solvent was then evaporated under reduced pressure and the crude 
product was chromatographed on silica gel (hexane-ether 75:25) to 
give a mixture (1.64 g, 88%) of monoesters 3 (axial C02Me:equatorial 
C02Me 83: 17, nmr integration of H-C2); ms m/e: 228 (M'). A small 
quantity of the mixture was separated by preparative thin-layer 
chromatography. 

Equatorial monoester 3 (less polar): ir (CHCI,): 1735, 1250, 1150, 
1070cm-'; nmr (CDC13) 6: 3.78 ( lH,  ddd, JAB = I1 HZ, J,,, = 
4.7 Hz, J, = 1.6Hz. He&, 3.66 (3H, s, OCH,), 3.66 (IH, dd, 

- 11 Hz, Ha,-CI), 3.63 (2H, m, H2-C9), 2.75-2.60 JAB = Ja,a - 
(lH, m, Ha-C2), 1.88-1.2 (8H, m), 1.54 (IH, m, H-C4), 0.94 
(3H, d, J 6.6 HZ, CH?). 

Axial monoester 3 (more polar): ir (CHCI,): 1735, 1260, 1150, 
1050cm-'; nmr (CDCl,) 6: 4.07 ( lH,  dd, JAB = 12Hz, J,,, = 3 Hz, 
J, = 2 HZ, He,-CI), 3.78 (IN, dd, JAB = 12 HZ, .la,, = 3.4 HZ, 
Ha,-CI), 3.73 (3H, s, OCH,), 3.62 (2H, m, H2-C9), 2.55-2.42 (IH, 
narrow m, He,-C2), 2.0-1.1 (9H, m), 0.94 (3H, d, J = 6Hz,  CH3). 

(b) Spiroketal monoester 4 axial and equatorial 
This reaction was done as for compound 3 with the following 

quantities: diester 17 (7.6 g, 24.2 mmol), dimethylsulfoxide (35 rnL), 
lithium chloride (2.05 g, 48.4 mmol), and water (435 FL, 24.2 mmol). 
The purified monoesters (4.9 g, 79%, axial ester:equatorial ester 80:20. 
nmr integration of H-C2) were characterized on small scale, after 
separation by preparative thin-layer chromatography (hexane:ether, 
85:15); ms mle:  256 (M'). 

Equatorial monoester 4 (less polar): ir (CHCI,): 1730, 1250, 
1030 cm-'; nmr (CDC13) 6: 3.74 (IH, ddd, JAB = 11.1 HZ, Je,a = 
~ . ~ H Z , J , = ~ . ~ H ~ , H ~ , - C ~ ) , ~ . ~ ~ ( I H , ~ ~ , J ~ ~ = J ~ . ~ = ~ ~ . I H Z ,  
Ha,-Cl), 3.66 (3H, s, OCH,), 3.44 ( lH,  m, H-C9), 2.66 (IH, heptet, 
Ha,-C2), 1.9-1.0 ( I lH,  m), 0.93 (3H, t, J = 7.4Hz, H,-CII), 0.92 
(3H, d, J = 6.6 HZ, H3C-C4). 

Axial monoester 4 (more polar): ir (CHC13): 1725,1250, 1070 cm-'; 
nmr (CDC13) 6: 4.00 (1H, ddd, J A B  = 11.3 HZ, J,,, = J, = 1.7 HZ, 
He,-Cl), 3.78 ( lH,  dd, JAB = 11.3Hz, Ja,, = 3 . 4 H ~ ,  Ha,.-CI). 3.72 
(3H, s, 0CH3), 3.43 (IH,  m, H-C9), 2.47 (IH, narrow m, H,,-C2), 
1.95-1.0 ( l IH,  m), 0.94 (3H, t, J = 7.4Hz, H3-Cll), 0.89 (3H, d, 
J = 6.3 HZ, H3C-C4). 

Phenylselenide formation 
( i )  From spiroketal monoester 3 
To a stirred solution of dry diisopropylamine (985 mg, 1.36 mL, 

9.73 mmol) in dry tetrahydrofuran (15 rnL) was added, under argon at 
-20°C, a solution of n-butyllithium (6.08 mL, 1.6 M in hexane, 
9.73 rnmol). After 10 min, to the cooled mixture (-78°C) was added 
dropwise a solution of monoester 3 (760 mg, 3.33 mmol) in tetrahydro- 
furan (15 mL). After 10 min at -7a0C, the mixture was warmed at 
-50°C for 10 min and then cooled again at -7g0C; then was added, via 
a cannula, a solution of phenylselenenyl bromide (9.73 mmol) freshly 
prepared at O°C by the addition of bromine (249 pL, 4.86 mrnol) to a 
solution of diphenyldiselenide (1.52 g, 4.86 rnmol) in tetrahydrofuran 
(20 mL). The mixture was stirred 45 min at -78°C then hydrolyzed by 
the addition of saturated ammonium chloride solution (5 mL), and 
extracted with methylene chloride (3 X 120 mL). The combined 
organic layers were dried, filtered, and the solvents evaporated. 

Filtration of the extract on silica gel (hexane-ether, 3:l) afforded a 
purified mixture (880 mg, 69%) of selenides §a and b (10:90, E = 
PhSe-), which were separated by flash chromatography with hexane- 
ether (9: 1) as a solvent. 

Axial selenide §a (E = PhSe-) (less polar): ir (CHCI,): 1720, 
1440, 1260, 1070, 1030; nrnr (CDCI,) 6: 7.60 (2H), and 7.34 (3H) 
(two m, Ar-H), 3.80 (IH, d, JAB = 12.7 Hz, Ha,-Cl), 3.73 (IH, dd, 
JAB = 12.7 Hz, J, = 1.7Hz, He,-Cl), 3.58 (2H, m, Hz-C9), 3.51 
(3H, s, OCH,), 2.14 (2H, m, He,-C3 and H-C4), 1.92-1.1 (8H, m), 
0.94 (3H, d, J = 6.8 Hz, CH,). Mol. Wt. (ms) calcd. for C18H2404Se: 
m/e 384.0839; found: m/e 384.0835. 

Equatorial selenide 5b (E = PhSe) (more polar): mp 60-61°C; 
ir (CHCI,): 1725, 1440, 1320, 1240, 1120, 1080, 1050; nmr (CHCI,) 
6: 7.57 (2H) and 7.33 (3N) (two m, Ar-H), 4.02 ( lH,  dd, JAB = 11 HZ, 
J, = 2.7 HZ, He,-CI), 3.85 (IH,  d, JAB = 11 HZ, Ha,-CI), 3.63 
(2H, m, H2-C9), 3.55 (3H, s, OCH,), 2.13 ( lH,  ddd, JAB = 12.7 Hz, 
Je,, = 4.0 HZ, J, = 2.7 HZ, He,-C3), 1.82 ( lH,  dd, JAB = Ja,a = 
12Hz, Ha,-C3), 1.8-1.2 (7H, m), 0.89 (3H, d, J = 6.7Hz); ms m/e: 
384 (M'). 

Acid treatment of equatorial selenide 5 b (E = PhSe) 
To a solution of equatorial selenide (34 mg, 0.088 mrnol) in benzene 

(10 mL) was addedp-toluenesulfonic acid (I0 mg) and the mixture was 
refluxed (Dean-Stark) for 6 h under argon. The solvent was then 
evaporated and the residue filtered on silica gel to give a mixture 
(34mg) of selenides 5 a  and b (E = PhSe) (respectively 25:75, nmr 
integration). 

(ii) From spiroketal monoester 4 
Selenides 6 a  and b (E = PhSe) werc prepared exactly as selenides 5a 

and b (vide supra) from the following quantity of monoester 4: 170 mg, 
0.66 mmol. Separation of the purified mixture (21 1 mg, 77%) led to 
axial (25 mg, 12%. less polar) and equatorial (186 mg, 8870, more 
polar) selenides 6 a  and b (E = PhSe). 

Axial selenide 6a: ir (CHCI,): 1720, 1440, 1260, 1055, 1025; 
nmr (CDC13) 6: 7.59 (2H) and 7.32 (3H) (two m, Ar-H), 3.76 ( lH,  d, 
JAB = 12Hz,  H,-GI), 3.70(1H, dd, JAB = 1 2 H ~ ,  J, = 1.7 HZ, 
He,-Cl), 3.51 (3H, s, OCH,), 3.43 (2H, m, H2-C9), 2.16 (lH, m, 
Ha,-C4), 1.90 (IH, dd, JAB 14.3 HZ, J,,, = 11.7 HZ, Ha,-C3), 1.78 
(IH, ddd, JAB = 14.3Hz, Je,, = 4.7Hz, J, = 1.7Hz, He,-C3), 
2.0- 1.0 (8H, m), 0.93 (3H, d, J = 6.8 Hz, H3C-C4), 0.87 (3H, t, J = 
7.4 Hz, H3-C1 1). Mol. Wt. (ms) calcd. for C20H2804Se: 412.1151; 
found: 412.1165. 

Equatorial selenide 6b: ir (CHCI,): 1720, 1440, 1240, 1160, 11 10, 
1070, 1005; nmr (CDC1,) 6: 7.56 (2H) and 7.35 (3H) (two m, Ar-H), 
4.00(IH,dd,JAB=llH~,J,=2.7H~,He,-C1),3.81(lH,d,JAB= 
11 Hz, Ha-CI), 3.57 (3H, s ,  OCH,) 3.41 ( lH,  m, H-C9), 2.13 
(lH,ddd, JAB= 12.6Hz, J e , a = 3 . 8 H ~ ,  J W = 2 . 7 H ~ , H e q - C 3 ) ,  1.85 
(1H, dd, JAB = Ja,a = 12.6Hz, Ha,-C3), 1.85-1.0 (SH, m), 0.94 
(3H, t, J = 7.3 Hz, H3-C1 I), 0.87 (IH, d, J = 6.6 Hz, H3C-C4); ms 
m/e: 412 (M'). 

(iii) From spiroketal monoester 1 
To a stirred solution of dry cyclohexyl isopropylamine (2.88 mL, 

15.8 mmol) in dry dimethoxyethane (DME) (10 mL) at -20°C was 
added under argon n-butyllithium (7.48mL, 1.85 M in hexane, 
13.8 rnmol). After 10 min, to the mixture cooled at -78°C was added, 
via acannula, a solution of monoester l (625 mg, 1.978 mmol) in DME 
(20 mL). The mixture was stirred 30 min at -78°C and I0 min at 
-50°C; then at -78OC was added a solution of phenylselenenyl 
bromide freshly prepared at O°C by the addition of bromine (404 pL, 
7.87 mmol) to a solution of diphenyldiselenide (2.45 I g, 7.86 rnrnol) in 
DME (20 mL). After the addition, the mixture was stirred I h at 
-78"C, then hydrolyzed by the addition of saturated ammonium 
chloride solution (5 mL) and extracted with methylene chloride (3 X 
120 mL). The combined organic layers were dried, filtered, and the 
solvents evaporated. Filtration of the extract on silica gel (hexane- 
ether, 3:l) afforded a purified mixture (854 mg, 92%) of selenides 2a 

6 ~ h e  synthesis of compound 1 has been reported elsewhere (I).  
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(14 mg) of methyl derivatives 5a and 5b (E = CH,) in the prspoi'iiai~ 
36:64 respectively (nmr integration, OCH,). 

Methyl suljide derivatives 6a and 6b (E = SCH,) 
To a solution of anion derivative, at -78OC, prepared as described 

previously from spiroketal monoester 4 (169 mg, 0.66 mmol) (vide 
supra), was added dropwise a solution of dimethyldisulfide (171 yL, 
1.9 mmol) in tetrahydrofuran (2 mL). The mixture was stirred 30 min at 
-78"C, then hydrolyzed with ammonium chloride and extracted with 
methylene chloride (4 X 25 mL). The crude product was purified by 
flash chromatography (hexane:ether, 9:l) to give axial thiomethyl ester 
6a (E = SCH3) (1.5 mg, 0.7%, less polar) and equatorial thiomethyl 
ester 6b (E = SCH,) (195 mg, 98%, more polar). 

Axial sulfide derivative 6a: ir (CHCI,): 1720, 1440, 1260, 1 110, 
1005 cm-'; nmr (CDC13) 6: 3.80 (1H, d, JAB = 12.4 Hz, Ha,-Cl), 
3.74 (3H, S, OCH,), 3.69 (IH, dd, JAB = 12.4 HZ, J, = 2.4 HZ, 
He,-Cl), 3.45 (lH, m, H-C9), 2.05 (IH, m, H-C4), 2.05 (3H, s, 
SCH3). 2.01 (IH, m, He,-C3), 1.97 (IH, dd, JAB = Ja,a = 12.1 HZ, 
Ha,-C3), 1.90- 1.0 (9H, m), 0.93 (3H, d, J = 6.3 Hz, H3C-C4), 0.90 
(3H, t, J = 7.4 Hz, H3-C11). Mol. Wt. (ms) calcd. for C15H2604S: 
302.1550; found: 302.1550. 

Equatorial sulfide derivative 6b: ir (CHC13): 1725. 1460, 1440, 
1320, 1240, 1075, 1015 cm-'; nmr (CDC13) 6: 4.09 (IH, dd, JAB = 

10.9 Hz, J, = 2.8 HZ, He,-Cl), 3.80 (3H, s ,  OCH,), 3.61 (IH, d, 
JAB = 10.9Hz, Ha,-Cl), 3.45 (1H, m, H-C9), 2.13 (IH, ddd, JAB = 
12.4 HZ, Je,, = 3.4 HZ, J, = 2.8 Hz, He,-C3), 2.07 (3H, s, SCH,), 
1.80 (lH, m, H-C4), 1.74 ( lH, dd, JAB = = 12.4 Hz, Ha,-C3), 
1.86-1.02 (8H, m), 0.95 (3H, t, J = 7.3 Hz, H3-Cll), 0.92 (3H, d, 
J = 6.5 Hz, H3C-C4); ms m/e: 302 (MI) .  

Phenyl sulfide derivatives 6a and 6b (E = PhS) 
To a solution of anion derivative, at -78"C, prepared as described 

from spiroketal monoester 4 (162 mg, 0.633 mmol) (vide supra) was 
added dropwise a solution of diphenyldisulfide (413 mg, 1.89 mmol) in 
tetrahydrofuran (2 mL). The mixture was stirred for 30 min at -7goC, 
then hydrolyzed with ammonium chloride solution and extracted with 
methylene chloride (4 X 25 mL). The crude product was purified by 
flash chromatography (hexane:ether, 923) to give axial thiophenyl 
ester 6a (E = PhS) (1.5 mg, 0.6%, less polar) and equatorial 
thiophenyl ester 6b (E = PhS) (216 mg, 9476, more polar). 

Axial sulfide derivative 6a: ir (CHCI,): 1725, 1440, 1260, 1055, 
1010 cm-'; nmr (CDCl,) 6: 7.48 (2H) and 7.34 (3H) (two m, Ar-H), 
3.76 (IH, d, JAB = 12.4 HZ, Wax-Cl), 3.64 (lH, dd, JAB = 12.4 HZ, 
J,=2.5Hz,Heq-C1),3.61(3H,s,OCH3),3.43(1H,m,H-C9),2.18 
(1H. m, H-C4), 1.95 (IN, dd, JAB = 14.2 Hz, J,,, = 12.3 Hz, 
Ha,-C3), 1.73 ( lH, ddd, JAB = 14.2 HZ, J,,, = 4.1 HZ, J, = 2.5 HZ, 
He,-C3), 2.0- 1.0 (9H, m), 0.92 (3H, d, J = 6.8 Hz, H3C-C4), 0.87 
(3H, t, J = 7.5 Hz, H3-Cli). Mol. Wt. (ms) calcd. for C2&2804S: 
364.1706; found 364.1698. 

Equatorial sulfide derivative 6b: ir (CHC13): 1730, 1440, 1320, 
1240, 1045, 1010 c m ' ;  nmr (CDCI,) 6: 7.45 (2H) and7.34 (3H) (two 
m, Ar-H), 3.98 (lH, dd, J A B  = 10.9 HZ, J, = 2.8 Hz, He,-CI), 3.70 
(IH, d, JAB = 10.9 HZ, Ha,-Cl), 3.61 (3H, s, 0CH3), 3.42 ( lH,  m, 
H-C9), 2.07 (lH, ddd, JAB = 12.6 HZ, Je,, = 3.8 HZ, J, = 2.8 HZ, 
He,-C3), 1.79 (lH, dd, JAB = Ja,a = 12.6 HZ, Ha,-C3), 1.80 ( lH, m, 
H-C4), 1.85- 1.02 (8H, m), 0.96 (3H, t ,  J = 7.3 Hz, H3-C1 I),  0.89 
(3H, d, J = 6.6 Hz, H3C-C4); ms m/e: 364 (M'). 
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ALEXIS NDIBWAMI and PIERRE DESLONGCHAMPS. Can. J .  Chem. 64, 1788 (1986). 
Alkylation of 2-tert-butyl-5-X-1,3-dioxanes (X = C02CH3, COPh, and NOz) was studied. Products resulting from an 

equatorial approach of the alkylating agent are preferentially formed when X = C02CH3 and NO2. Also, the cis isomers that 
have an equatorial hydrogen at C-5 were found to deprotonate at a faster rate than the trans isomers when X = C02CH3, COPh, 
CHO, and CN. These results are compared with those obtained with methyl 2-tert-butyl cyclohexane carboxylate and are 
interpreted by taking into account stereoelectronic principles. 

ALEXIS NDIBWAMI et PIERRE DESLONGCHAMPS. Can. J. Chem. 64. 1788 (1986). 
On a CtudiC i'alkylation des tert-butyl-2 X-5 dioxannes-1,3 (X = C02CH3, COPh et NO2). Les produits rtsultant d'une 

approche Cquatoriale d'un agent alkylant sont prkfCrentiellement formCs quand X = C02CH3 et NO2. Egalement, les isombres 
cis ayant un hydrogbne Cquatorial en position 5 se dCprotonent plus rapidement que les isombres trans quand X = C02CH3, 
COPh, CHO et CN. Ces rCsultats sont comparks avec ceux obtenus avec le tert-butyl-4 carbomCthoxy-1 cyclohexane et sont 
interprttks en tenant compte des principes du contr6le stCrCoClectronique. 

In the course of our investigation on the formal total synthesis 
of erythromycin A ( I ) ,  it was found that the reaction of various 
electrophiles with the lithium enolate of spiroketal esters such 
as 1 (Scheme 1) gave the product 3, having the E group in 
the equatorial position, as the major isomer (2, 3). We have 
suggested (2, 3) that this high selectivity might be due to the fact 
that, for stereoelectronic reasons caused by the presence of the 
ring oxygen, the electron density of the cu face of the ester 
enolate 2 might be greater than that of the P face. This would be 
due to the fact that the enolate structure would correspond to a 
hybrid of enolates 4 and 5, and that the other possible limiting 
structure 6 would not be important because it is energetically 
less favorable than 5, in which the carbon electron pair is 
properly aligned to be delocalized in the antibonding orbital of 
the polar C-O bond (nc-u*o-c overlap). As a result, the 
product resulting from an equatorial approach of the electro- 
phile would be preferentially observed. 

This stereoelectronic effect should also exist and likely be 
more important when two oxygens are present in the same ring, 
as in 1,3-dioxanes that have an enolizable functional group at 
C-5. Banks has recently obtained evidence in this respect by 
reporting (4) the decarboethoxylation of 1,3-dioxane diester 7, 
which proceeds with high stereochemical control yielding a 
mixture of cis and trans monoesters 8 and 9 in an 87: 13 ratio. 
Thus protonation of the en01 ester intermediate that is produced 
in the decarboethoxylation of 1,3-dioxane diester 7 takes place 
preferably from the equatorial face, yielding the cis isomer 8. 
In contrast, he observed that the decarboethoxylation of the 
corresponding cyclohexane diester 10 was not selective, yield- 
ing a - 1: 1 ratio of cis and trans ethyl esters 11 and 12. 

Banks has explained the stereoselectivity in the decarbo- 
ethoxylation of 1,3-dioxanes on the basis of the work of Klein 
(5) :  "attack on the intermediate carbanion 13 (Scheme 1) should 
be preferentially from the equatorial direction. The HOMO of 
this carbanion has antibonding interactions on its upper face 
of the axial non-bonding electron pair on the ring oxygens, 
producing an accumulation of electron density below the plane 

'CIDA (Canadian International Deveiopment Agency) predoctoral 
fellowship (1982- 1987). 

of the intermediate." This is an interesting theoretical explana- 
tion but our explanation based on the above stereoelectronic 
effect is also quite attractive. 

To further study this problem, we have prepared and studied 
the alkylation and the relative rate of deprotonation of the 
cis and trans isomers of 2-tert-butyl-5-X-1,3-dioxane (X = 

C02CH3, CHO, COPh, CN, and NOz). We wish to report this 
work, which is discussed by taking into account stereoelectronic 
principles. 

Results and discussion 
Synthesis of starting materials 

Formaldehyde was condensed with dimethyl malonate accord- 
ing to the method of Gault and Roesch (6) to give dimethyl 
bishydroxymethylmalonate (14) in 78% yield (Scheme 2). 
Acetalization (7) of 14 with pivalaldehyde gave the diester 15 
(99% yield). Using the method of Krapcho and Weimasster 
(8), decarbomethoxylation of 15 gave a result similar to that 
previously observed by Banks (4) with diethyl ester, i.e. 80% 
yield of a mixture in a 89: 11 ratio of cis and trans methyl esters 
17 and 18. Epimerization of this mixture with sodium meth- 
oxide in methanol gave 16.5 and 83.5% of esters 17 and 18 
respectively. These two isomers can be separated by chroma- 
tography. The more stable isomer 18 was assigned the trans 
configuration and this was confirmed by 'H  nmr spectroscopy. 
In the cis isomer 17, the hydrogen at C-5 shows a septet 
(J,, = J,, = 1.3 Hz) at 2.28 ppm, whereas in the trans isomer 
18 the same hydrogen appears as a triplet of triplets at 2.94 ppm, 
with a large coupling constant (J,, = 11.2 Hz). The axial 
orientation of the C-5 hydrogen in ester 18 is characterized by 
the large coupling constant and also by a low field chemical shift 
(2.94 ppm), which must be caused by the deshielding of the two 
axial electron pairs on the oxygen atoms of the dioxane ring. 

Reduction of the mixture of esters 17 and 18 with lithium 
aluminium hydride (9) gave the corresponding mixture of 
epimeric alcohols, which was oxidized with pyridinium chloro- 
chromate (10) to a nonseparable mixture of aldehydes 19 and 
20. Starting with pure ester 17 gave a mixture of aldehydes 19 
and 20 in a 94:6 ratio, whereas pure ester 18 yielded the same 
products in a 25:75 ratio. Grignard reaction on a mixture of 
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H 
$9 . C O O C H ~ .  = O  

19 x = C H O .  y - 0  

21 x . c o P h ,  y ' '  

23 X = C N .  Y z O  

25 # I N 0 2 ,  Y Z O  

27 x . ~ O O C H ~ ,  Y ' ""2 
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TABLE 1. Alkylation of 2-tert-butyl-5-X- l,3-dioxanes 

y , 1 x  - +&R + +J-X v H H H 

29 ("equatorial") 30 ("axial") 

Starting material 

X Y Conditions 
Product ratio 

R-Y equat. /axial Yield 
- - -- -- 

COOCHj 0 LDA, THF, -78°C CHj-I 98:2 70 
LDA, DME, -78°C CH2=CH-CH2Br >95:5 66 

COPh 0 LDA, THF, -78°C CHj-I 50.50 65 
LDA, THF, -78°C CH2=CH-CH2Br 60:40 6 1 

COOCH3 CH2 LDA, THF, -75°C C H ~ I  84:16 94.5" 

NO2 0 NaH, THF-DMF, 25°C pN02C6H4CH2Br 80:20 62 
NaH, THF-DMF, 25°C D', H 2 0  100:O 74 

"Reference 15. 

aldehydes 1 9  and 20 with phenyl magnesium bromide (11) 
followed by oxidation with pyridinium chlorochromate gave a 
mixture (ratio 85:15) of phenyl ketones 21  and 22 that can be 
separated by chromatography. 

The cis and trans nitriles 23 and 24, which can be obtained 
pure by chromatography, were prepared by treating a mixture of 
isomeric esters 17 and 18 with dimethylaluminium amide (12). 

Treatment of nitromethane with paraformaldehyde in tetra- 
hydrofuran-hexamethylphosphoramide (5: 1) yielded the bis- 
hydroxymethylnitromethane (16) in 25% yield. Condensation 
of 16 with pivalaldehyde gave a mixture (ratio 93:7) of cis and 
trans nitro 1,3-dioxanes 25 and 26, which can be obtained pure 
by chromatography. Finally, catalytic hydrogenation of 4-tert- 
butyl benzoic acid with platinum oxide gave the corresponding 
cyclohexane carboxylic acids (13), which on esterification with 
diazomethane yielded a mixture (74:26) of cis and trans methyl 
4-tert-butylcyclohexane carboxylates 27 and 28. Pure samples 
of each isomer were obtained by a careful chromatography. 

Equilibration 
The relative stability of the cis and the trans isomers 

of 2-tert-butyl-1,3-dioxanes having a functional group X at 
C-5 was determined by equilibration under basic conditions 
(CH30Na, CH30M). The isomeric nitro dioxanes 25 and 26 
failed to undergo epimerization under the basic conditions 
used, the equilibration was carried out under acidic conditions 
(p-TSOH, benzene, reflux) presumably via acetal opening and 
reclosure. The results are the following: the cis: trans ratio is 
16:84 for X = COOCH,, 18:82 for X = COPh, -50:50 for X = 
CHO, 7 5 2 5  for X = CN, and 63:37 for X = NO2. Thus, the 
trans isomer (having an equatorial X group) is more stable when 
the X group is large (X = COOMe, COPh). No discrimination 
was observed for the smaller CHO group. The cis isomer is 
more stable when X = CN and NO2, and the preferred axial 
orientation for these groups has been previously explained 
(14) on the basis of solvation, orbital interaction, and charge 
attraction (for NOz). 

butylcyclohexane carboxylate recently reported by Krapcho and 
Dundulis (15). 

The enolates of the methyl esters and phenyl ketones were 
generated with lithium diisopropyl amide (LDA) at -78OC in 
tetrahydrofuran or dimethoxyethane and alkylated with methyl 
iodide and allyl bromide. The enolate of the 5-nitro-l,3-dioxanes 
was produced with sodium hydride. 

The rather high stereochemical control in the alkylation of 
the enolate ester of 1,3-dioxane (more than 95% of isomer 29 
(X = COOCH3, R = CH3 or allyl)) is the result of an equatorial 
approach of the alkylating agent and it strongly supports the 
hypothesis of stereoelectronic control. On the other hand, the 
very poor selectivity observed with the phenyl ketone (even 
less than the cyclohexane methyl esters) indicates no stereo- 
electronic control. In this case, the enolate ion is more stable and 
thus much less reactive, since it is conjugated with an aromatic 
ring. This important additional stabilization may render the 
stereoelectronic effects caused by the ring oxygen compara- 
tively less important at the transition state level because the 
activation energy of this alkylation process must be higher by 
comparison with that of the ester enolate. This explanation is 
also in agreement with the fact that in a reaction having a lower 
energy of activation, i.e. the deprotonation of the phenyl ketone 
(or the reverse process), the influence of stereoelectronic effects 
is then clearly observed (vide infra). 

Attempts to alkylate the anion of nitro 1,3-dioxanes with 
methyl iodide or allyl bromide led to starting material and 
nonidentified products. Alkylation with p-nitrobenzyl bromide 
gave an 80:20 ratio of the "equatorial" and "axial" products 29 
and 30 in 62% yield. A secondary product, the en01 ether 31 
(8% yield), which comes from the elimination of HN02 from 
the alkylated product, was also isolated from this reaction (16). 
The formation of C-alkylated products is, however, the result 
of an 0-alkylation followed by an intramolecular rearrangement 
that might be a radical process (17). It is therefore difficult to 
appreciate the contribution of stereoelectronic effects in this 
case. However, it was found that quenching the nitro enolate 

Alkylation with deuterium oxide led exclusi<ely to t i e  cis product 29 
Alkylation was carried out for 2-tert-butyl-5-X-I,3-dioxane (% = NO2, R = D) having a deuterium atom in the equatorial 

(X = C00CH3,  COPh, and NO2). The results are summarized position. 
in Table 1, which contains also the alkylation of methyl 4-tert- In conclusion, this limited study indicates that stereoelec- 
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NDIBWAMI AND DESLONGCH AMPS 1791 

tronic factors may play a determining role only in the alkylation 
of the 1,3-dioxane ester. The specific equatorial protonation of 
the nitro enolate suggested, however, that the protonation of 
enolate or the reverse process, i.e. deprotonation, might be 
more appropriate processes to show the importance of stereo- 
electronic effects in the reactivity of enolates with electrophiles. 

Deprotonation 
If stereoelectronic effects are important at the transition state 

level for deprotonation, the cis isomer with an equatorial 
hydrogen at C-5 (Scheme 3) ought to be more readily deproto- 
natedthan the trans isomer, which has an axial hydrogen at C-5. 
In the cis isomers 32, the equatorial C5-H bond to be broken 
is antiperiplanar to the polar C4-03 and C6-01 bonds, 
whereas in 33 the axial C5-H bond is antiperiplanar to the 
nonpolar axial C4-H and C6-H bonds. So, in 32, the 
electron pair orbital of the equatorial C5-H bond can be 
delocalized by an interaction with the antibonding orbital (av) 
of two polar C-0 bonds. This electronic delocalization should 
therefore increase the acidity of the equatorial C-5 hydrogen, 
and deprotonation of the cis isomer 32 (to give the correspond- 
ing enolate anion, which should be a hybrid of 34 and 35) 
should proceed at a faster rate than that of the trans isomer 33. 

The relative rate of deprotonation of the cis and trans isomers 
of 5-tert-butyl-1,3-dioxanes (X = COOCH,, COPh, CHO, 
and CN) is shown in Table 2. Deprotonation of cis and trans 
methyl 2-tert-butyl cyclohexane carboxylate (27 and 28) was 
also measured. The analysis was made by comparing the time 
required to achieve 50% of deprotonation in each isomer. This 
was done by treating each isomer with sodium methoxide 
in methanol-0-d and the reaction was followed by 'H n m  
(250 MHz) spectroscopy. Aliquots were taken until the signal 
for the proton at C-5 had disappeared. A curve of the percentage 
of starting material versus time was drawn, from which the time 
that corresponds to 50% of deprotonation was determined (ti). 
The 250-MHz 'H nmr analysis showed clearly that in the 
dioxane series (X = COOCH,, COPh, CHO, and CN), starting 
either with the cis or the trans isomers, only the cis monodeuter- 
ated isomers 36 were produced first, and the trans monodeuter- 
ated isomers 37 appeared slowly and became important only 
after a long period of time, indicating a large preference for an 
equatorial protonation of the anion. 

The results show that the cis isomers are much more acidic 
than the trans isomers, when X = COOCH3, COPh, and CHO, 
and on that basis, clearly, stereoelectronic effects must play a 
determining role in the relative acidity of these compounds. The 

TABLE 2. Rate of deprotonation and deuterium incorporation 

B 
36 (cis) 

H 

37 (trans) 

Starting material 

Compounds Geometry Y X T ("C) ti 

cis 
trans 

cis 
trans 

cis 
trans 

cis 
trans 

cis 
trans 

COOCH3 
COOCH3 

COPh 
COPh 

CHO 
CHO 

CN 
CN 

COOCH3 
COOCH3 

25°C 4 min 
25°C 120 min 

-20°C 1 min 
-20°C 73 min 

-20°C 1 min 
-20°C 30 min 

25°C 138 min 
25°C 291 min 

25°C 101 h 
25°C >8days 

cis nitrile is deprotonated at a slightly faster rate than the trans 
isomer and both are less acidic than the corresponding esters. 
Thus the type of stereoelectronic effects discussed above does 
not play a dominant role with nitriles. The cis methyl tert-butyl 
cyclohexane carboxylate 27 is also deprotonated at a slightly 
faster rate than the trans isomer 28, but this can be due to steric 
effect only or to a combination of steric and less important 
stereoelectronic effects (due to overlap of the carbon electron 
pair with the C-C and C-H a* antibonding orbital (3)). 

The isomeric cyclohexane esters are, however, much less 
acidic than the corresponding 1,3-dioxane esters, and this 
striking result indicates that the replacement of two methylene 
groups by two oxygen atoms in the cyclohexane ring has an 
enormous influence. This must be due to the inductive effect 
of the oxygen atoms, which increase the acidity of both the 
equatorial and axial hydrogen at C-5. The cis isomer would, 
however, be more acidic because in this isomer the equatorial 
C5-H bond is appropriately aligned in space (antiperiplanar to 
the C-0 bonds) for an additional electronic delocalization. 

We have already described that the enolate of the 5-nitro 
1,3-dioxanes is protonated exclusively from the equatorial side. 
It can therefore be concluded that the protonation and deproto- 
nation of 1,3-dioxanes having a functional group at C-5 take 
place with a very high degree of stereochemical control, and that 
these results can be taken as evidence that stereoelectronic 
effects play a key role in these processes. 

Experimental 
The infrared (ir) spectra were taken on a Perkin-Elmer 681 

spectrophotometer. Proton nuclear magnetic resonance ('H nmr) 
spectra were recorded on a Bruker WP-60, a Bruker WP-80, or a 
Bmker WM-250 instrument. Chemical shifts are reported in 6 values 
(ppm) relative to tetramethylsilane or chloroform as internal standard. 
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Carbon nuclear magnetic resonance (I3C nmr) spectra were recorded 
on a Bruker WM-250 instrument. Melting points were determined 
on a Rinco M-50 apparatus, and are not corrected. Gas-liquid 
chromatography (glc) analysis was done on a Varian Aerograph 2868 
or a Gas Chromatograph 5710A. The mass spectra (ms) were recorded 
on a VG Micromass ZAB-IF mass spectrometer. 

Reactions were carried out under nitrogen or argon. Anhydrous 
magnesium sulfate was used as the drying agent in work-up of 
reactions. 

Dimethyl bishydroxymethylrnalonate (14)  
To a mixture of potassium carbonate (1.25 g, 9 mmol) in water 

(4 mL) and 37% formalin (125 mL, 1.66 mol) was added methylmalo- 
nate (87.5 mL, 0.76 mol) in portions of 10 mL with agitation in a cold 
water bath. The solution was stirred at room temperature for 1 h, then 
a saturated aqueous solution of ammonium sulfate was added and the 
mixture extracted with ether. The aqueous layer was saturated with 
solid ammonium sulfate, and extracted again with ether followed by 
ethyl acetate. Drying and evaporation of the combined organic layers 
gave the diol 14 (115.6 g, 78%) after crystallization in ethyl acetate; 
mp 77-78°C; ir (CHCl,): 3570, 3020, 2960, 1730, and 1040 cm-I; 
'H nmr (CDC13) 6: 4.11 (4H, s,  -CH20H), 3.79 (6H, s,  -OCH3), 
2.85 (2H, br, -OH). 

2- tert-Butyl-1,3-dioxane-5,5-dicarboxylic acid dimethyl diester (15) 
Pivalaldehyde (12 mL, 0.11 mol), diol 14 (19.2 g, 0.1 mol), 

p-toluenesulfonic acid (0.8 g), and benzene (70 mL) were placed in a 
flask equipped with a Dean-Stark trap. The reaction mixture was kept 
at reflux temperature for 4 h, after which approximately 1.6 mL of 
water was removed. After cooling at room temperature, anhydrous 
sodium acetate (0.7 g) was added and the mixture stirred for 20 min. 
After filtration, the solution was diluted with ether and washed three 
times with water. Drying and evaporation of the organic phase gave 
pure diester 15 (25.8 g, 99%), which crystallized in hexane - ethyl 
acetate (2%); mp 79°C; ir (CHCl,): 3020, 2960, and 1735cm-'; 
'H nmr (CDC13) 6: 4.7 (2H, d of t, I = 11.46 Hz, 1.45 Hz, 
-OCH2-, equatorial protons), 4.10 ( lH,  s, C2-H), 3.88 (2H, d of t ,  
J = 11.46 Hz, 1.45 Hz, -OCH2-, axial protons), 3.83 (3H, s, 
-OCH3, axial ester), 3.71 (3H, s, -OCH3, equatorial ester), 0.87 
(9H, s, tert-butyl). 

Cis and trans 2-tert-butyl-I ,3-dioxane-5-carboxylic acidmethyl esters 
( 1  7 and 18) 

Lithium chloride (0.848 g, 20 mmol), water (0.54 g, 30 mmol), and 
diester 15 (2.6 g, 10 mmol) in 25 mL of dimethyl sulfoxide were mixed 
in a flask that was heated on an oil bath at 140-145°C for 4 h. The 
cooled solution was then poured into ice water, saturated with sodium 
chloride, extracted with hexane (5 X 30 mL), and the combined 
organic layers dried. An aliquot was analyzed by glc (column 5 ft x 
a in. 5% FFAP on Chromosorb W; 60-80 mesh, 180°C), and showed 
89% of cis isomer 17 and 11% of trans isomer 18. Separation on silica 
gel with 5% ethyl acetate - hexane gave isomers 17 (1.44 g) and 18 
(180 mg) in 80% combined yield. Cis isomer 17: rnp 35°C: ir (CHCI,): 
3000-2860 and 1735 cm-'; 'H nmr (CDC13) 6: 4.59 (2H, d of q, J = 
11.8Hz, 2.7Hz, 1.4Hz,-0CH2-, equatorialprotons),4.12(lH, s, 
C2-H), 3.84(2H, d o f q ,  J =  11.8Hz,3.1 Hz, 1.4Hz,-0CH2--, 
axial protons), 3.79 (3H, s, -OCH3), 2.28 ( lH,  sept, J = 1.4 Hz, 
C5-H), 0.88 (9H, s, tert-butyl). Trans isomer 18: mp 50-51°C; 
ir (CHC13): 3020-2880 and 1735 cmp'; 'H nmr (CDCl,) 6: 4.37 
(2H, apparent d of d of d, J = 1 1.7 Hz, 4.8 Hz, 1.4 Hz, -OCH2-, 
equatorial protons), 4.03 ( lH,  s, C2-H), 3.75 (2H, apaprent d of d of d, 
J = 12.4 Hz, 10.5 Hz, 1.5 Hz, -OCH2-, axial protons), 3.68 (3H, s, 
-OCH3),2.94(lH,toft,  J =  12.3Hz, 11.2Hz,4.7Hz,C5-H),0.91 
(9H, s, tert-butyl). 

Cis and trans 2-tert-butyl-5-formyI-1,3-dioxanes ( I 9  and 20) 
Esters 17 and 18 (89: 11 mixture) (2.63 g, 13 mmol) in ether (20 mL) 

were added during I h with stirring to a suspension of lithium aluminium 
hydride (2 g, 54 mmol) in ether (80 mL) at O°C. The reaction mixture 
was stirred for an additional half-hour at room temperature. Saturated 
aqueous sodium sulfate solution (20 mL) was added at -40°C, and the 

mixture was poured into a saturated aqueous ammonium chloride 
solution (100 mL) and extracted with ether. The aqueous layer was 
filtered and the solution extracted with methylene chloride. The 
combined organic layers were dried and the solvents evaporated to 
afford, after flash chromatography with 40% ethyl acetate - hexane, 
1.8 g (80%) of alcohol. Pyridiniumchl~rochromate (3.12 g, 14.5 mmol) 
and powdered molecular sieves 3 A (3.35 g) were suspended in 
methylene chloride (50 mL). The above alcohol (1.68 g, 9.64 mmol) in 
methylene chloride (10 mL) was added and the reaction mixture stirred 
at room temperature for 1 h, then diluted with ether and filtered on 
Florisil. This afforded after evaporation a mixture of aldehydes 19 and 
28 (1.39 g, 84%). A pure analytical sample of isomer 19 was obtained 
by fractional crystallization. Isomer 19: mp 44-45°C; ir (CHC13): 
2960, 2920, 2860, 1725, and 1150 cm-'. 'H nmr (CDC13) 6: 9.96 
( l H , d ,  J=0 .7Hz, -CHO),4 .55(2H,dof t ,  J =  10.6Hz, 1.4Hz, 
-OCH2-, equatorial protons), 4.15 (IH, s, C2-H), 3.95 (2H, d of m, 
J = 11 Hz, -OCH2-, axial protons), 2.04 (1H, sept, J = 1.3 Hz, 
C5-H), 0.86 (9H, s, tert-butyl). Isomer 20: 'H nmr (CDCI,) 6: 9.60 
( lH,d ,  J =  1Hz,-CHO),4.34(2H,dofdofd,J= 11.8Hz,4.7Hz, 
1.5 Hz, -OCH2-, equatorial protons), 4.00 (IN, s, C2-H), 3.71 
(2H, apparent t of d, J = 13 Hz, 10.5 Hz, 1.5 Hz, -OCH2-, axial 
protons), 3.03 ( lH,  t o f  t o f  d, J = 13Hz,  11 Hz, 4 .7Hz,  1.2Hz, 
C5-H), 0.89 (9H, s, tert-butyl). 

Cis and trans 2-tert-butyl-5-phenjlketone-1,3-dioxan (21 and 22) 
To a stirred solution of phenylmagnesium bromide (2.96 mL, 2.9 M 

in ether, 8.58 rnmol) in ether (40 mL) at 0°C was added dropwise a 
solution of a mixture of aldehydes 19 and 20 (738 mg, 4.29 mmol) in 
anhydrous ether (5 mL). The reaction mixture was stirred for an 
additional 2 h at O°C. Water (1OmL) was added, and the reaction 
mixture was allowed to warm to room temperature and then extracted 
with ether. The organic layer was dried and the ether evaporated to 
give, after flash chromatography with 20% ethyl acetate - hexane, 
1.04 g (97%) of alcohol. Pyridinium chlorochromate (1.734 g, 
8 mmol) and powdered molecular sieves 3 A (2 g) were suspended in 
methylene chloride (150 mL). The above benzyl alcohol (1 g, 4 mmol) 
in methylene chloride (10 mL) was added and the mixture stirred at 
room temperature for 8 h. The solution was diluted with ether and 
filtered on Florisil. Separation on silica gel (1% acetone-chloroform) 
gave isomer 21 (85%) and isomer 22 (15%) (862 mg, 86.5% yield). 
Isomer 21 : mp 158-159°C; ir (CHCI,): 3010, 2960, 2860, 1690, 
1600, and 1150 cm-'; 'H nrnr (CDCI,): 6: 7.80-7.48 (5H, m, 
-C6H5), 4.58 (2H, d of q, J  = 10.5 HZ, 1.3 HZ, -OCH2-, 
equatorial protons), 4.14 ( lH,  s ,  C2-H), 4.05 (2H, d of d of t, J = 
11.1 Hz, 3.7 Hz, 1.5 Hz, -OCH2-, axial protons), 3.1 (lH, m, 
C5-H), 0.87 (9H, s, tert-butyl). Isomer 22 : mp 101-102°C; 'H nrnr 
(CDC1,) 6: 7.97-7.50 (5H, m, -C6H5), 4.31 (2H, d of d of d, J = 

11 Hz, 4.3 Hz, 1.8 Hz, -OCH2--, equatorial protons), 4.13 (lH, s, 
C2-H), 3.93 (m, C5-H and -OCH2-, axial protons), 0.94 (9H, s, 
tert-butyl). 

Cis and trans 2-tert-butyl-5-cyano-1,3-dioxanes (23 and 24) 
Preparation of a solution of dimethylaluminium amide 
To a solution of trimethylaluminium (15 mL, 2 M in toluene) in dry 

methylene chloride (5 mL) was added excess of ammonia (-10 mL) 
distilled from sodium. When the addition of ammonia was complete, 
the solution was stirred at room temperature until no more gas 
evolution. This makes an approximately 1.5 M solution of dimethyl- 
aluminium amide. A solution of a mixture of esters 17 and 18 (101 mg, 
0.5 mrnol) in dry xylene (20 mL) was treated with dimethylaluminium 
arnide (700 p,L, 1.05 mmol). The mixture was refluxed for 20 h, then 
cooled and treated with water (10 mL). The aqueous layer was 
extracted with ethyl acetate. The combined organic layers were dried 
and the solvents were evaporated under reduced pressure to give cis 
nitrile 23 (41.4%) and trans nitrile 24 (13%), after separation on silica 
gel with 5% ethyl acetate - benzene. Isomer 33: mp 100-101°C; 
ir (CHCI,): 2980, 2860, and 2245 cm-'; 'H nrnr (CDC13) 6: 4.30 
(2H, d of q, J = 11.9 Hz, 1.4 Hz, -OCH2-, equatorial protons), 
4.12(1H,s,C2-H),3.86(2H,dofq,J= 11.6Hz,2.7Hz,1.3Hz,  
-OCH2-, axial protons), 2.57 ( lH,  sept, J  = 1.3 Hz, C5-H), 0.94 
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(9H, singlet, tert-butyl). Isomer24: mp 118-119°C; I H  nmr (CDC13) 
6: 4.36 (2H, d of d, J = 11.5 Hz, 4.7 Hz, 1.5 Hz, -OCH2--, 
equatorial protons), 4.10 (s, C2-H), 3.79 (2H, d of d of d, J = 12 HZ, 
11.4 Hz, 1.5 Hz, -0CH2-, axial protons), 3.03 (IH, t of t, J = 
11.2 Hz, 4.7 Hz, C5-H), 0.88 (9H, s, tert-butyl). 

~ish~droxymethylnitromethune I 6  
n-Butyllithium (19 mL, 1.56 M in hexane, 28.9 mmol) was added to 

a solution of nitromethane (780 pL, 14.43 mmol) in tetrahydrofuran- 
hexamethylphosphoramide (5:l). The mixture was stirred for 1 h at 
-78"C, then paraformaldehyde (1 g) was added in one portion and the 
reaction mixture was heated to room temperature and refluxed for 2 h. 
After cooling, saturated aqueous ammonium sulfate solution was 
added and the mixture extracted with ethyl acetate. The aqueous layer 
was saturated with solid ammonium sulfate and extracted again with 
ethyl acetate. The combined organic layers were dried and the solvents 
evaporated to give diol 16 (446 mg, 25.5%); 'H nmr (acetone-d6) 6: 
4.86 ( lH,  quint, J = 5.9 Hz, CH), 4.56 (2H, br s, OH), 4.00 (4H, d, 
J = 5.9Hz, CH2). 

Cis and trans 2-tert-butyl-5-nitro-1,3-dioxanes (25 and 26) 
Pivaldehyde (380 p,L, 3.5 mmol), trimethyl orthoformate (328 pL, 

3 mmol), diol 16 (332 mg, 2.74 mmol), and p-toluenesulfonic acid 
(24 mg) in benzene (100 mL) were refluxed in a flask equipped with a 
condenser and a Dean-Stark trap. After 5 h the mixture was cooled and 
sodium acetate was added. After filtration, the solution was diluted 
with ether and washed with water. The organic layer was dried and the 
solvents evaporated. Flash chromatography with 40% ethyl acetate - 
hexane gave cis isomer 25 (308 mg, 59.5%) and trans isomer 26 
(23.5mg,4.5%). Isomer25:mp 112-113°C;ir(CHC13): 2960, 1555. 
and 1150 cmpl ;  'H  nmr (CDCl,) 6: 4.88 (2H, d of q, J = 11.8 Hz, 
1.3 Hz, -OCH2-, equatorial protons), 4.18 ( lH ,  s ,  C2-H), 4.13 
(lH,sept,  J =  1.3Hz,C5-H),4,03(2H,dofq, J =  11.8Hz, 1.3Hz, 
-OCH2-, axial protons), 0.87 (9H, s, tert-butyl); I3C nmr (CDC13) 
6: 107.95 (C2), 77.45 (C5), 66.25 (C4, C6), 35 (C'" of tert-butyl), 
24.27 (CH3 of tert-butyl); ms m/e (CI methane): 190 (MH'), 143 
(M - NO2), 132 (M - C(CH3),). Isomer 26: 'H nmr (CDCI,) 6: 4.68 
(lH,sept, J =  5Hz,C5-H),4.55(2H,dofdofd,  J =  l l H z , 5 . 1 H z ,  
1.5 Hz, -OCH2-, equatorial protons), 4.07 (IH, s, C2-H), 3.98 
(2H, d of d of d, J = 10.7 Hz, 1.4 Hz, -OCH2-, axial protons), 0.90 
(9H, s, tert-butyl). 

Cis and trans methyl 4-tert-butyl cyclohexane carboxylates (27 and 
28) 

4-tert-Butyl benzoic acid (1 g, 5.6 mmol) and platinum oxide 
(1 12 mg) were suspended in glacial acetic acid (5 mL) in a hydrogena- 
tion apparatus. The mixture, mechanically stirred, was allowed to 
hydrogenate under hydrogen atmosphere (50 psi (1 psi = 6.9 kPa)) for 
3 h at room temperature. The catalyst was removed by filtration and 
acetic acid evaporated. The resulting crude acid was dissolved in ether 
and diazomethane added dropwise at O"C until the yellow coloration 
persisted. Ether was evaporated to give a mixture (74:26 as shown by 
glc) of cis and trans isomers 27 and 28 in a 95% overall yield. 
Analytically pure samples of each isomer were obtained by flash 
chromatography with 4% ethyl acetate - benzene. Isomer 27: ir 
(CHC13): 2960,2870, and 1740 cnl-' : 'H nmr (CDC1,) 6: 3.68 (3H, s, 
-OCH3). 2.62 (IH,  m, C1-H), 2.20-1.42 (4H, m, -CH2-, 
equatorial protons), 1.60-1.10 (5H, m, C4-H and -CH2--, axial 
protons), 0.82 (9H, s, tert-butyl); 13C nmr (CDC1,) 6: 175.59, 5 1.22, 
47.96, 38.91, 32.40, 27.96, 27.36, and 23.79. Isomer 28: ' H  nmr 
(CDC13) 6: 3.65 (3H, s, -OCH3), 2.20 (lH, t of t, J = 12.6 Hz, 
11.2 Hz, 3.7 Hz, Cl-H), 2.14 (4H, m, -CH2-, equatorial protons), 
1.85-0.99 (5H, m, C4-H and -CH2-, axial protons), 0.84 (9H, s, 
fert-butyi); 13c nmr (CDC13) 6: 176.6, 51.3, 47.38, 43.43. 32.33, 
29.52, 27.41, and 26.55. 

isomer 18) (101 mg, 0.5 rnmol) in anhydrous tetrahydrofuran (1 mL) 
was added via a cannula. The reaction mixture was stirred for 1 h and 
methyl iodide (130 pL,  2 mmol) was added. The stirring was continued 
at -78°C for 30min (reaction monitored by thin-layer chromato- 
graphy). Saturated aqueous ammonium chloride solution (5 mL) was 
added and the mixture stirred at room temperature. The solution was 
extracted with ether, the organic layer washed with saturated aqueous 
sodium thiosulfate solution, dried, and the ether was evaporated. 
Gas-liquid chromatographic analysis showed methyl equatorial isomer 
29 (98%) and methyl axial isomer 30 (2%) in 70% yield. The isomers 
were separated by flash chromatography with 20% ethyl acetate - 
hexane. Isomer 29: mp 93-94°C; ir (CHCl,): 2990-2860, 1738, and 
1130-1100 cm-'; 'H nmr (CDCI,) 6: 4.47 (2H, d. J = 11.2 Hz, 
-OCH2-, equatorial protons), 4.06 (IH, s, C2-H), 3.76 (3H, s, 
-OCH3), 3.37 (2H, d, J = 11.3 Hz, -OCH2-, axial protons), 0.94 
(3H, s, -CH3), 0.87 (9H, s, tert-butyl); I3C nmr (CDCl,) 6:  174.86 
(C=O), 107.67 (C2), 73.27 (C4, C6), 52.06 (--OCH,), 42.4 (C5), 
34.74 (c" of tert-butyl), 24.48 (CH, of tert-butyl), 17.57 (CH3). 
Isomer 30: mp 56-57°C; ir (CHC13): 3020-2880, 1730, and 1100 cm-' ; 
'H nmr (CDCI,) 6: 4.01 (lH, s ,  C2-H), 3.91 (2H) and 3.83 (2H) (two 
doublets, JAB = 11.1 HZ, -OCH2-), 3.67 (3H, s, -OCH3), 1.45 
(3H, s, -CH3), 0.92 (9H, s, tert-butyl); 13C nmr (CDCI,) 6: 174.01 
(C=O), 107.8 (C2), 72.15 (C4, C6), 51.74 (-OCH,), 41.01 (C5), 
34.75 (C1" of tert-butyl), 24.53 (CH, of tert-butyl), 18.97 (CH3). 

2-tert-Butyl-5-allyl-5-carbomethoxy-l,3-dioxanes (29 and 30) 
n-Butyllithium (900 pL, 1.5 mmol) was added to a solution of 

diisopropylamine (210 pL, 1.5 mmol) in anhydrous dimethoxyethane 
at O°C and the mixture stirred for 45 min. Ester 17 (89: 11 mixture with 
isomer 18) (101 mg, 0.5 mmol) was added at -78°C via a cannula. The 
solution was stirred for 1.5 h and allyl bromide (170 pL, 2 mmol) was 
added. The stirring was continued at -78OC for an additional 1.5 h, 
after which the mixture was warmed to room temperature. Saturated 
aqueous ammonium chloride solution (5 mL) was added and the 
solution extracted with ether. The organic layer was dried and the ether 
evaporated to give (after purification on silica gel with 20% ethyl 
acetate - hexane) a mixture (80 mg, 66%) of allyl equatorial isomer 
29 (95%) and allyl axial isomer 30 (5%) as determined by glc. Pure 
analytical samples of each isomer were obtained by preparative 
gas-liquid chromatography at 130°C. Isomer 29: ir (CHCI?): 3080, 
2960. 1730. 1640, and 1125 cm-'; 'H nmr tCDC13) 6: 5.60 (1H. m, 
olefinic proton), 5.03 (2H, m, olefinic protons), 4.45 (2H, d, J = 
11.3 Hz, -OCH2-, equatorial protons), 4.01 ( lH,  s, C2-H), 3.71 
(3H, s, -OCH3), 3.40 (2H, d, J = 11.3 Hz, -OCH2-, axial 
protons), 2.02 (2H, d, J = 7.1 Hz, -CH2-CH=CH2), 0.83 (9H, s, 
tert-butyl); 13C nmr (CDC13) 6: 173.58 (C=O), 131.14 (-CH=), 
118.76 (=CH2), 107.83 (C2), 72.20 (C4, C6), 51.88 (-OCH,), 
45.93 (C5), 37.1 (-CH2-), 34.75 (c" of tert-butyl), 24.46 (CH3 of 
tert-butyl). Isomer 30: 'H nmr (CDC13) 6: 6.00-4.90 (3H, m, olefinic 
protons), 4.17 ( lH,  s ,  C2-H). 4.01 (3.84 (4H, apparent doublet, J = 
10 Hz, -OCH2-). 3.66 (3H. s, -OCH,), 2.68 (2H, d, J = 7 Hz, 
--CH2-CH=), 0.92 (9H, s, tert-butyl); 13C nmr (CDC13) 6: 172.68 
(C=O), 133.13 (-CH=), 118.72 (=CH2), 107.78 (C2), 70.13 
(C4, C6), 51.54(-0CH3), 44.7 (C5), 35.97 (--CH2-), 34.73 (c'" 
of tert-butyl), 24.44 (-CH3 of tert-butyl). 

2-tert-Butyl-5-me1hyI-5-phenylketone-1,3-1o.rnes (29 and 30) 
n-Butyllithium (228 p,L, 1.55 M in hexane) was added to a solution 

of diisopropylamine (51 pL, 0.35 mmol) in anhydrous tetrahydrofuran 
(5 rnL) at 0°C and the mixture stirred for 1 h, after which the tempera- 
ture was lowered to -78OC. Phenylketone 21 (35 mg, 0.14 mmol) in 
anhydrous tetrahydrofuran (3 mL) was added via a cannula and the 
reaction mixture stirred for 2 h. Methyl iodide (46 yL) was added at 
-78°C and the reaction stirred at this temperature for 2 h and at room 
tem~erature for 14 h. Saturated aaueous ammonium chloride solution 

2-tert-Butyl-5-carbomethoq-5-rnethyl-l,nes (29 and 30) (1 r k )  was added and the solutidn extracted with ether. The organic 
n-Butyllithium (900 pL, 1.7 M in hexane, 1.5 mmol) was added to a layer was washed with saturated aqueous sodium thiosulfate solution, 

solution of diisopropylarnine (210 p,L, 1.5 mmol) in anhydrous tetra- dried, and the solvents were evaporated. This gave, after flash 
hydrofuran (10 rnL) at O°C and the mixture stirred for 30 min. The chromatography with 20% ethyl acetate - hexane, methyl equatorial 
temperature was lowered to -78OC and ester 17 (89:11 mixture with isomer 29 (50%) and methyl axial isomer 30 (50%) in 65% yield. 
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Study of photocatalytic reaction of methanol with water over Rh-, and Pd-loaded 
TiQz catalysts. The role of added alkali metal cations 

SHUICHI  NAITO 
Research Centre for Spectrochernistry, Faculty of Science, The Universit?. of Tokyo, Hongo, Bunlqo-Ku, Tokyo, 113, Japan 

Received January 3 1, 1986 

SHUICHI NAITO. Can. J .  Chem. 64, 1795 (1986). 
The product selectivity of the photocatalytic reaction of methanol with water is changed drastically by the addition of alkali 

metal cations to Rh- and Pd-loaded Ti02 catalysts. Over alkali metal cation free catalysts, the main products are 1: 1 ratio of HZ. 
and dimethoxymethane, which is replaced with H2, methyl formate, and C 0 2  over alkali metal cation added catalysts. The role of 
added alkali metal cations is the stabilization of the reaction intermediate as adsorbed formate instead of adsorbed formaldehyde, 
which causes the selectivity change from dirnethoxymethane to methyl formate. 

SHUICHI NAITO. Can. J. Chem. 64, 1795 (1986) 
Lors de la rCaction photocatalytique du methanol et de l'eau, la stlectivitC des produits change d'une f a ~ o n  drastique par 

l'addition de cations de mttaux alcalins aux catalyseurs de Ti02 saturCs de Rh ou de Pd. Avec des catalyseurs ne contenant pas de 
cations de mCtaux alcalins, les produits principaux sont le H2 et le dimtthoxymCthane dans un rapport de 1: 1; lorsque des cations 
de mCtaux alcalins sont ajoutCs aux catalyseurs, les produits il y a formation de Hz, de formate de mCthyle et de C 0 2 .  
Les cation des mCtaux alcalins qui sont ajoutCs stabilisent I'intermCdiaire rtactionnel sous la forme d'une formate plut8t que de 
formaldehyde adsorb6 et ceci provoque le changement de selectivieC du dimCthoxymtthane vers le formate de mtthyle. 

[Traduit par la revue] 

Extensive studies have been carried out to discover effective 
photocatalysts which convert solar energy into useful chemical 
compounds. Although many catalytic systems have been 
reported so  far,  they are mainly concerned with the efficiency of 
the photon energy conversion, and the control of the selectivity 
of the photoreaction has not attracted much attention. For  
instance, platinized titanium dioxide catalyzes many photo- 
reactions including the decomposition of water (1-4), but the 
role of platinum tends to  be  recognized as an electron collector 
to receive electrons from the conduction band of T i 0 2  and 
reduce the reactants. From the viewpoint of heterogeneous 
catalysis, it is interesting to modify these electron transfer sites 
and control the reaction selectivity. 

Recently, we  have reported that addition of alkali metal 
cations to  Rh-,  Pd-, and Pt-loaded T i 0 2  catalysts can change the 
products selectivity of the photoreaction of methanol with water 
(5). The effect of  alkali metal cation was remarkable and the 
main products changed drastically from H2 and dimethoxy- 
methane over R h / T i 0 2  to H2,  methyl formate, and C 0 2  over 
Rh-Na/Ti02 .  In  this report, the role of the added alkali 
metal cations was studied in detail, by comparing the kinetic 
behaviour of alkali metal cation added catalysts with that of the 
catalysts free of alkali metal cations. 

Experimental 
The catalysts were prepared by a conventional impregnation method 

of precursor salts (5 wt%) onto Ti02 powder (Aerosil P-25). For 
catalysts free of alkali metal cations, RhCl, and (NH4)2PdC14 were 
used as precursors. To add alkali metal cations, M3RhC16 and M2PdC14 
(M = Li, Na, and Rb) type salts were employed. 

The pretreatment of the catalysts was carried out as follows: 1 g of 
the catalyst was spread on the flat bottom of a quartz reaction cell (the 
area of the exposed catalyst was ca. 30 cm2 and its depth was 1-2 mm), 
which was connected to a closed gas circulation system (total volume = 
ca. 305 cm3). After evacuation at room temperature, the catalyst was 
reduced under 40 kPa of Hz at 773 K for 20 h. Formed water was 
gathered in the liquid nitrogen cold trap of the circulation system. The 
dispersion of the reduced catalyst was determined by Hz adsorption at 
room temperature (Rh/Ti02 and Rh-Na/Ti02 catalysts, 30-40% 
dispersion; and Pd/TiO, and Pd-Wa/Ti02 catalysts, 5-10% disper- 
sion). The reduced catalyst exhibited photocatalytic activity for the 

reaction of methanol with water, but the rate was slow and not 
reproducible. To obtain constant activities, the catalyst was then 
oxidized under 40 kPa of O2 at 573 K for 2 h prior to the photoreaction. 

The reaction was carried out in the closed gas circulation system 
mentioned above. A mixture of methanol and water vapour was 
introduced in the system and the catalyst was irradiated by a 500 W Xe 
lamp (Ushio UXLSOOD) through the flat bottom of the reaction cell. In 
the reaction at room temperature, the reaction cell was air-cooled from 
the side and kept at 308 K in a stationary state under irradiation. For 
experiments on the determination of activation energy, the temperature 
was controlled by putting a bottom-opened furnace around the reaction 
cell. The products were analyzed by gas chromatography at certain 
intervals. For HZ analysis, molecular sieve 13X column was used with 
Ar carrier at room temperature and for other products, Porapak Q 
column was used with He carrier at elevated temperatures. The 
identification of the products was performed by means of mass spectro- 
scopy (UTI 100) as well as infrared spectroscopy (JASCO IRA-2) after 
the separation of each component by gas chromatography. 

Results 
Photoreaction over Rh/TiQ2 a n d  Pd/TiQ2 catalysts 

When a mixture of  methanol and water vapour was intro- 
duced onto R h / T i 0 2  or  P d / T i 0 2  catalyst under irradiation, a 
1: 1 ratio of HZ and dimethoxymethane was formed as shown in 
Fig. 1. After 6 h ,  the irradiation was stopped and the reaction 
mixture was circulated in the closed system overnight without 
irradiation. N o  increase of H2 and dimethoxymethane was 
observed during the dark reaction. When the catalyst was 
irradiated again, formation of H2 and dimethoxymethane was 
restarted with similar rates as before. To study the dependence 
of the reaction rate upon the light intensity over R h / T i 0 2 ,  the 
intensity of the X e  lamp was reduced to 40% using neutral 
density filter. The initial rates of H2 and dirnethoxymethane 
formation were changed from 0.074 and 0.082 mmol h-' to 
0.030 and 0.032 mmol h-', respectively. These results indicate 
that the reaction rates are proportional to the light intensity. 
The temperature dependence of the reaction was also examined 
over R h / T i 0 2  and P d / T i 0 2  catalysts. The results in Fig. 
2 demonstrate that the rates of H2 and dirnethoxymethane 
formation were independent of the reaction temperature up to 
368 K. ~ c c o r d i n ~ l y ,  it is strongly suggested that the photo- 
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5 u.1 
E 
Q 

Time (h) 
FIG. 1. Photocatalytic reaction of methanol with water over Rh/Ti02 

and Pd/Ti02 at 308 K.  (PHIO = 0.7 kPa, PCH30H = 8.9 kPa): 0, H2 
(Rh); A, dirnethoxymethane (Rh); (b, H2 (Pd); A ,  dimethoxymethane 
(Pd). 

FIG. 2. Temperature dependence of the initial rate of the photocata- 
lytic reaction of methanol with water over Rh/Ti02 and Pd/Ti02. 
(PH20 = 0.7 kPa, PCH30H = 9.0 Ha):  0, H2 (Rh); A, dimethoxy- 
methane (Rh); @, H2 (Pd); A, dimethoxymethane (Pd). 

excitation of the catalyst is involved in the rate-determining step 
of this reaction. 

The pressure dependence of the reaction rate was examined 
over Rh/Ti02 catalyst as shown in Fig. 3. Almost 1:l ratio of 
H2 and dimethoxymethane was formed at any pressure, but the 
dependency upon the partial pressures of water and methanol 
was different. In the case of water vapour lower than 1.5 kPa, 
the rate was proportional to the water pressure and reached 
a plateau abruptly at higher pressures. No such plateau was 
observed in the case of methanol, and the rate was of 0.5 order 
with respect to the partial pressure of methanol up to 15 kPa. 

In order to study the role of water, the reaction with pure 
methanol vapour was attempted on Rh/Ti02.  It was recognized 
that the rate of H2 evolution was very slow in the absence of 
water. This result was supported by the extrapolation to zero 
pressure of the water pressure dependence in Fig. 3, which shows 
almost zero rates for H2 and dimethoxymethane formation. 

'i- 

O 0.01 j , , , , , , I 
a, + 
a 0.5 1 2 5 10 20 
L1: Pressure ( kPa) 

FIG. 3. Pressure dependence of the initial rate of the photocatalytic 
reaction of methanol with water over Rh/Ti02 at 308 K. Open 
symbols: dependence of PHIO (PCHiOH = 9.0 Ha): 0, Hz; A ,  
dimethoxymethane. Closed symbols: dependence on P C H , ~ ~  (PWIO = 
0.7 kPa): @, H2; A ,  dirnethoxymethane. 

Time (h)  
FIG. 4. Photocatalytic reaction of methanol with water over Rh- 

Na/Ti02 at 308 K (PHIO = 0.7 kPa, PCH30H = 9.0 kPa): 0, HZ; o, 
methyl formate; 0, C02.  

Photoreaction over Rh-Na/TiOz and Pd-Na/Ti02 catalysts 
When a mixture of methanol and water vapour was intro- 

duced onto Rh-Na/Ti02 catalyst under irradiation, H2,  methyl 
formate, and C 0 2  were fonned instead of dimethoxymethane as 
shown in Fig. 4. The ratio of formed products was almost 
constant during the reaction (in the case of Fig. 4,  the ratio was 
H2: HCOOCH3: GO2 = 9: 3: 1). Similar results were obtained 
over Pd-Na/TiOz catalyst. The dependency of the reaction rate 
upon the light intensity was studied over Rh-Na/Ti02 by 
reducing the intensity of the Xe lamp with neutral filter. When 
the intensity was reduced to 40%, the initial rate of H2 formation 
was changed from 0.082 mmol h- ' to 0.030 mmol h l ,  indica- 
ting almost proportional dependency. The initial rates of methyl 
formate and GO2 formation were also changed from 0.016 and 
0.008 mmol h- ' to 0.006 and 0.003 mmol h- ' , respectively. 

The temperature dependence of the reaction was examined 
over Rh-Na/Ti02 catalyst as shown in Fig. 5 .  The rate of H2 
formation was slightly dependent on the reaction temperature, 
and the apparent activation energy was measured as 4 kcal mol- ' . 
The rate of methyl formate formation decreased considerably 
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TABLE 1. Methanol-water and related reactions over various photocatalysts 

Selectivities' 

Rates of H, 
formation CH2(0CH3)2 HCOOCH3 2HCOOCH3 + 3CO2 

Catalysts Reactions Conditions (mmol h-' g-') HZ co2 H2 

Rh/ Ti02 CH30H + H 2 0  Light 0.08 1.1 - 

CH30H + HCHO Dark >0.2" - - 
Rh-Na/TiOz CH30H + H20 Light 0.08 - 2.0 

CH30H + HCHO Dark >0.2" - - 
CH30H + HCOOH Dark >O.lsb - - 

Rh-Rb/Ti02 CH30H + H 2 0  Light 0.07 - 3.0 
Rh-Li/Ti02 CH30H + H20 Light 0.05 - 0.45 
Pd/Ti02 CH30H + H 2 0  Light 0.007 0.93 - 

Pd-Na/Ti02 CH30H + H 2 0  Light 0.01 1 - 3.0 

"The rate of dimethoxymethane formation. 
bThe rate of methyl formate formation. 
'The detection limit of gas chromatography: ca. 1 x lo-' ~ n o l  for H2 and ca. 5 X n ~ o l  for other products. 

FIG. 5. Temperature dependence of the initial rate of the photocata- 
lytic reaction of methanol with water over Rh-Na/TiO,. = 

0.7 kPa, PCH,OH = 9.0 kPa): 0, HZ; 0, methyl formate; 0, C 0 2 .  

at higher temperatures. At the same time, the rate of C 0 2  
formation increased significantly with temperature, indicating 
the successive formation of these two products. The rates of 
C 0 2  and methyl formate formation also depend on the alkali 
metal cations employed. As summarized in Table 1, over 
sodium- and rubidium-added catalysts, methyl formate was 
formed in higher amounts than C 0 2 ,  but over lithium-added 
catalyst, C 0 2  was the main product even at room temperature. 

The pressure dependence of the reaction was examined over 
Rh-Na/Ti02 catalyst. As for the partial pressure of water, a 
dependency similar to the one observed in the case of Rh/Ti02 
was obtained. As shown in Fig. 6, the rate of H2 formation was 
proportional to the partial pressure of water below 2 kPa, and 
reached a plateau at higher pressures. The variation of the GO2 
formation rate was similar to the one of H2 (reaction order = 
0.9), but for methyl formate a lower order than in the case of 
other products (reaction order = 0.6) was observed. The 
dependence was quite opposite in the case of methanol partial 

0.2 

0.1 

0.0 5 

0.0 2 

0.0 1 

0.005 

0.5 1 2 5 10 20 
Pressure ( kPa) 

FIG. 6. Pressure dependence of the initial rate of the photocatalytic 
reaction of methanol with water over Rh-Na/Ti02 at 308 K: = 

0.7 Wa, PCH,OH = 9.0 kPa). Open symbols: dependence of 
(PCH30H = 9.0 kPa): 0, Hz; 0, methyl formate; 0, C 0 2 .  Closed 
symbols: dependence PCH,oH (PHzO = 0.7 Wa): @, H2; O ,  methyl 
formate; , C 0 2 .  

pressure. The reaction order was unity for methyl formate 
formation, but 0.6 for H2 and C02 formations. The reaction 
scarcely proceeded when only methanol vapour was introduced 
on Rh-Na/Ti02 or Pd-Na/Ti02, which is consistent with the 
result of pressure dependence in Fig. 6. 

Discussion 
As shown in Figs. 1 and 4, the reaction of CH,OH with H 2 0  

did not proceed at all without irradiation over Rh-loaded TiO, 
catalyst. No reaction was observed either under dark or 
irradiation over Rh-loaded Si02 catalyst. These results indicate 
that photoexcitation of Ti02 is indispensable to initiate the 
reaction. 

[ I ]  Ti02 + hv  -, e- + h+ 

Separated electrons and holes diffuse to the different active 
sites, where they react with Ht and reducing agents to form 
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HZ and oxidized products. In the present reaction, both water 
and methanol can be reducing agents. But the direct reaction 
between methanol and holes seems to be negligible on Rh and 
Pd catalysts, because the photoreaction did not proceed when 
pure methanol vapour was introduced over these catalysts as 
mentioned already. Moreover, Figs. 3 and 6 indicate the first 
order dependence of the reaction rates upon the partial pressure 
of water on both alkali metal cation added and free catalysts. 
Accordingly it is reasonable to suppose the photodissociation of 
weakly physisorbed water molecules to form OH radical as the 
first step of the reaction: 

[2] H 2 0 ( a ) + h + + ~ + ( a ) +  .OH(a) 

[3] H+(a) + e- -+ (1/2)H2 (on Rh or Pd) 

The existence of such hydroxyl radical on Ti02 under irradia- 
tion has been identified by Jaegar and Bard (6). The rate of H2 
formation was proportional to the light intensity and very little 
dependent on the reaction temperature. These facts suggest that 
the rate determining step of this reaction exists in reactions [I]  to 
[31. 

Over alkali metal cation free catalysts of Rh and Pd, the main 
products were H2 and dimethoxymethane, and their molar ratio 
was 1: 1 under the reaction conditions investigated. This result 
strongly suggests that the following reactions proceed over 
these catalysts: 

141 CH30H + .OH(a) -+ HCHO(a) + H 2 0  + (1/2)H2 

[5] HCHO(a) + 2CH30H(a) -+ CH2(OCH3)2 + H20 

Reaction [4] is the oxidation of adsorbed methanol with OH 
radical to form adsorbed formaldehyde. Because formaldehyde 
was not detected at all in the gas phase during the reaction, 
reaction [5] to form dimethoxymethane should be fast. Actually, 
when a mixture of formaldehyde and methanol vapour was 
introduced on these catalysts, rapid formation of dimethoxy- 
methane was observed even under the dark condition as 
summarized in Table 1. 

When alkali metal cations were added to these catalysts, the 
product selectivity changed drastically and the formation of 
dimethoxymethane was not observed any more. But when a 
mixture of formaldehyde and methanol vapour was introduced 
over alkali metal cation added catalysts under the dark condi- 
tion, dimethoxymethane was formed rapidly (Table 1). These 
results suggest that adsorbed formate may be formed directly from 
methanol under irradiation, without going via formaldehyde. 

Similar effect of alkali metal cation addition has been 
reported on the selective formation of methanol from CO-H2 
reaction over similar catalysts. By adding sodium cation to 
Pd/Si02, the rate of methanol formation was accelerated more 
than 30 times compared to sodium-free catalyst (7). When 
formaldehyde, methanol, or CO-H2 mixture was introduced 
over sodium added Pd-Na/Si02 catalyst, formation of adsorbed 
formate was observed by infrared s~ectroscopy, but no such 
infrared band was observed in the case of sodium cation free 
Pd/Si02 catalyst (8). From the tracer experiments using 13C0 
and C18Q. it was demonstrated that active sites for methanol 
formationcontain some surface oxygen O(s) which can stabilize 
reaction intermediate as formate, and alkali metal cations are 
effective for the preservation of such surface oxygen (9). 

If we can postulate the existence of such surface structure for 
the alkali metal added catalysts in the present study, following 
reaction schemes can be proposed: 

[7] HCOO(a) + .OH(a) -+ HCOOH(a) + O(s) 

[8] HCOOH(a) + CH30H -+ HCOOCH? + H 2 0  

[9] HCOOH(a) + .OH(a) + H,O + CO, + (1/2)H2 

Reaction [6] is the oxidation of adsorbed methanol with OH 
radical, which is similar to reaction [4]. But by the aid of surface 
oxygen O(s), formate is formed instead of formaldehyde. 
Stabilized formate may have a chance to be oxidized with 
another OH radical as shown in reaction [7]. Because no formic 
acid was detected in the gas phase during the reaction, reaction 
[8] should be fast, which could be confirmed by the introduction 
of methanol and formic acid vapour onto these catalysts (Table 
1). From the results of Fig. 6, reaction [8] seems to show the first 
order dependence on the partial pressure of methanol suggesting 
the participation of weakly adsorbed methanol in this process. 
At room temperature, this step is much faster than step [9], but 
at higher temperatures, reaction [9] becomes a main step as 
indicated in Fig. 5. 

By summing up reactions [ I ]  to [9] formally, the following 
equations can be obtained for each product: 

[lo] 3CH30H + H2 + CH2(OCH3)2 + H 2 0  

[ l  11 2CH30H + 2H2 + HCOOCH3 

[12] CH30H + H 2 0  -+ 3H2 + C02 

From these equations it is easy to estimate the stoichiometry of 
the reaction. Equation [lo] indicates the formation of H2 and 
dimethoxymethane with a 1: 1 ratio, which is the case on alkali 
metal cation free catalysts. Equations [ l  I]  and [I21 suggest the 
formation of two hydrogen molecules per methyl formate, and 
three hydrogen molecules per C 0 2  molecule over alkali metal 
cation added catalysts. Accordingly, if the reactions proposed 
above are correct, the following relation should be valid 
between the amounts of formed H2, methyl formate, and C02:  

[13] [Hz] = 2[HCOOCH3] + 3[C021 

Calculated results according to eq. [13] were summarized in 
Table 1, which indicates that the proposed reaction schemes 
are consistent with the experimental results. 

In the case of Pd-Na/Si02 catalyst, it was recognized that 
active sites for methanol formation may exist only in the vicinity 
of the palladium metal particle on the support, and their number 
is rather small (a few percent of the palladium atoms on the 
surface) (9). This situation seems to be also true in the present 
study. From the preparation method, it is supposed that formed 
surface structures are not uniform in both alkali metal cation 
added and free catalysts. Nevertheless, the effect of alkali metal 
cation addition was clear and caused a drastic change of the 
product selectivity over Rh and Pd catalysts, which strongly 
suggests the specificty of the active sites. As reported already 
( 5 ) ,  the photocatalytic behaviour of Pt/Ti02 was considerably 
different from that of Rh or Pd catalysts in the photoreaction of 
methanol with water. The effect of alkali metal cation addition 
was not so clear over Pt/TiQ2, where methyl formate was 
formed even on the catalyst free of alkali metal cations. It has 
been also reported that in the case of Pt-K/Ti02 catalyst 
(2 wt%, prepared by the photodecomposition of K2PtC16), 
HZ evolution was observed when only methanol vapour was 
introduced under irradiation (10, 11). This result suggests the 
existence of the direct reaction between holes and methanol, 
which was not the case on Rh and Pd catalysts. The explanation 
of the different catalytic behaviour with different metals or 
preparation methods is not clear at present, but they also suggest 
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the possibility of  the selectivity control of the photocatalytic 
reactions by  modifying the structures and chemical properties of 
the active sites. 
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A general plan is outlined for disconnection of the polyene macrolides, which is aimed at achieving their syntheses, as 
well as facilitating the determination of their absolute configurations. The plan is exemplified by amphotericin B, I ,  the only 
family member of known absolute configuration. The major chiral component is a 20-carbon chain, 111, which upon further 
retrosynthetic disconnection leads to three subunits, two of which correspond to the dideoxy hexoses IV and V. Although these 
are formally mirror images, they are best represented as the 3,4-dideoxyhexopyranoside, 1, and the 3,5-dideoxyfuranose, 2. 
Syntheses of 1 and 2 from readily available starting materials are described. 

DAVID LIANG, HENRY W. PAULS, BERT FRASER-REID, MICHAEL GEORGES, AZEEZ M. MUBARAK et SLAWOMIR JAROSZ. Can. J .  
Chem. 64, 1800 (1986). 

On presente un plan gkneral de dkmembrement des macrolides poly6niques qui a pour but d'en rkaliser la synthkse ainsi que 
de faciliter la determination de leurs configurations absolues. Utilisant comme exemple I'amphotCricine B, le seul membre de la 
famille dont la configuration soit connue, on dtmontre comment le plan peut &tre opBrationalisk. Le composant chiral principal 
est une chaine a 20 atomes de carbone, 111, qui conduit a trois sous-unites par un dkmembrement rktrosynthetique; deux de ces 
sous-unites correspondent aux dideoxy hexoses IV and V. M&me si ces sous-unites sont forrnellement des images mirroirs, leurs 
meilleures representations sont le dideoxy-3,4 hexopyrannoside 1 et le dikoxy-3,s furannose 2. On dkcrit les syntheses des 
composCs 1 et 2 2 partir de produits de depart facilement accessibles. 

[Traduit par la revue] 

Introduction 
The polyene macrolides comprise a group of approximately 

100 members ( I ) ,  some of which have been in widespread 
clinical use for over 30 years, mainly for the treatment of yeast 
and candida infections (2-4), but also as antitumor agents (5) 
and in prostate therapy (6). Their skeleta are characteristically 
divided into a conjugated polyene chain (7) (from which the 
family name is derived), and an array that contains secondary 
hydroxyl groups in (almost) regular 1,3 relationships. The latter 
stereochemical feature currently attracts considerable attention 
(8). 

In spite of the remarkable profile based on their clinical 
importance and unique structural features, the absolute stereo- 
chemistry is known for only one member, amphotericin B (I) ,  
which has yielded a crystalline derivative (9). However, in 
general, these antibiotics are amorphous, and their sensitivity to 
a wide variety of chemical reagents, as well as to light, renders 
chemical proof of structure very difficult. Synthetic activity 
has been remarkably light in comparison with other types of 
macrolides; however, the studies spearheaded by Masamune 

'Taken in part from Ph.D. theses: D.L. , Duke University, 1985; 
H.P., Duke University, 1984; M.G., University of Waterloo, 1983. 

'For preliminary communications dealing with this work, see refs. 
27 and 3 1. 

3~resent  addresses: D.L., Chemistry Department, University of 
South Carolina. H.P., Syntex, Inc., Mississauga, Ont., Canada. M.C. ,  
Xerox Research Centre, Mlsslssauga, Ont . , Canada. A.M., Ceylon 
Institute of Scientific and Polish Academy of Sciences, Warsaw, 
Poland. 

4Author to whom correspondcncc may be addressed. 

and co-workers (lo), Nicolaou and Uenishi (1 l), Brooks et al.  
(12), and Floyd et al .  (13) deserve particular note. 

Our laboratory has been developing a general program on 
the polyene macrolides, which should facilitate proof of their 
structures and stereochemistry, relative and absolute, by a 
combination of degradative and synthetic studies. Our plans are 
necessarily based on the only member whose structure is known 
with certainty, that of amphotericin B ,  I,  but there are several 
structural features that I shares with other polyene macrolides, 
which suggest that a general plan for degradation and (or) 
synthesis should be possible. 

Retrosynthetic analysis 
Logical points of disconnection of I are termini of the polyene 

chain (bonds a and b), and the lactone (bond c). The subunits 
thereby obtained are hexose 11, and the uronic acid III. The 
regions of the latter designated d and e do not contain any 
contiguous chiral centers, and hence are logical sites for further 
retrosynthetic disconnections, resulting in segments X, Y, and 
2;. 

Segment X 
A plausible synthon for segment X is the 2,4-dideoxyhexose 

IV, which is conveniently represented as the methyl a-D- 
pyranoside, I .  

Segment Y 
Interestingly, a synthon for this segment is V, which, being 

the mirror image of IV, leads to the pyranoside V a .  However, 
pursuit of this analysis would require the use of an L-sugar, 
which would be uneconomical for a major synthetic under- 
taking. A more acceptable chiron (14) is the 3,5-dideoxyfura- 
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O f  C H 3  20 
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I1 111 

I Uronic acid i 
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/ I l4cwo COOH 2 0 ~ ~ ~  

'CHO HO I Hoo~{OH OH 

HO OH 
==3 

HO 

I 20CH20H 20CH0 COOH 

1 I I HV I V Va I VI VII VIII 

VIa VIIa 
(numbers in parentheses refer to I) 

3 
a R = H  
b R = TBS 

nose 2, whose relationship to 1,2:5,6-di- O-isopropylidene-a- 
D-glucofuranose, 6a, is readily appreciated. 

Segment Z 
The C14-C15 portion is by far the most challenging, and its 

importance stems from the fact that the hemiketal feature that it 
represents (shown in heavy lines in I) is also found in most 
polyene macrolides (7). Thus this synthon could find general 
use in the synthesis of members of this family of macrolides. 

The Fisher projections VI, VII, and VIII suggest three 
possible synthons for this segment. Structure VP initially 
seemed attractive since one approach would be via a 3-C-cyano 
sugar, such as VIa, and although such compounds have been 
prepared by Guthrie and co-workers (15, 16) and ourselves 
(17, our preliminary explorations of this avenue did not prove 
promising. 

In the case of VII and VIHI, the 62-15 stereocenter is "off 
template" and hence its stereocontrolled formation and verifica- 
tion present special challenges, as noted by us elsewhere (1 8). 
Synthon IPI correlates with the L-sugar VIHa and was therefore 
rejected for the reasons discussed above in connection with 
segment Y. Attention was therefore focused on VIII, which 
correlates with the furanose 3. 

Strategies for connecting the segments, such as olefination 
procedures and nucleophilic displacements, have been widely 
utilized in syntheses of macrolides from sugar precursors (14). 

Synthetic studies 
Chiron I 
This subunit was prepared routinely from the readily obtained 

2-deoxy pyranoside 4 (19), by use of a variation of the proce- 
dure of Prugh and Deanna (20b). In our hands, unfortunately, 
acidic hydrolysis of the 4,6-0-benzylidene ring could not be 
accomplished without concomitant anomerisation, leading to 

MeOH ph%w -Gx+ C
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6 
u Y = O H  
b Y  = OBn 
c Y = OBz 
d Y = H  

I 

7 
X = MeSCS 

8 2 
u ~ 1 = ~ 2 = H  
b R' = Tr; hi2 = H 

9 
SCHEME 3 

the a,@ mixture 5a. Deoxygenation of the alcohol 5b was 
effected by the classical Barton-McCombie (21) procedure. 

Chiron 2 
The chiron V is a 3,5-dideoxy hexose and it seemed most 

expedient to remove the C-3 and C-5 oxygens simultaneously. 
However, we were unable to effect double deoxygenation 
of several doubly activated derivatives 7 (e.g. X = S02R, 
SCimidazoyl, SCSMe) by a variety of procedures. The product 
in each case was a complex mixture. 

The deoxygenations therefore had to be done separately, and 
the logical starting point was the well-known 3-deoxy derivative 
6d (21, 22), prepared most conveniently from 6a by the Barton 
procedure (21). Selective hydrolysis of 6d afforded the diol8a 
(21, 22) and the tritylated derivative there of 8b was then 
subjected to the Barton deoxygenation followed by hydrolysis. 
However, the overall yield of 2 from 8 a  obtained by this route 
was 60% and so an alternative route was examined. 

A more satisfactory yield (-80%) was achieved by hydro- 
boration (23) of the alkene 8. Of various procedures (24) tested 
for the preparation of this oiefin, the reductive elimination of 
vicinal disulfonates, originated by Jones and Thomson (24a), 
proved to be the most convenient. 

Chiron 3 
In our first approach to the synthesis, we had hoped to make 

use of the alcohol 8b. Thus oxidation to 10 and a Horner- 
Emmons reaction afforded a 4:1 mixture ('H nmr estimate) of 
the geometric isomers 1 l a .  Reduction with DIBAL (diisobutyl- 

aluminum hydride) gave the allylic alcohols l l b ,  and hydro- 
boration then led to 12 in excellent overall yield. However, 
the latter was obtained as a mixture of diastereomers of 
undetermined composition, as indeed as to be expected in view 
of the fact that the olefinic precursor, I l b ,  was a mixture of 
geometric isomers. 

The uncertainty about the C-5 and C-6 configurations of 12 
was a major problem for us. Our preliminary studies had 
suggested that, with C-5 alkenes such as l l b ,  the presence of 
a bulky substituent at C-3 could be used to control the facial 
selectivity of electrophilic additions. According to this observa- 
tion, the desired C-5 and C-6 configurations of 3 could both be 
achieved, by ensuring that addition to the C-5 alkene occurred 
from the re-re face of a (Z) olefin such as 15. The correspond- 
ing (E) olefin, 16, would give the correct C-5, but incorrect 
C-6, configuration. 

Stereoselective formation of a (2) olefin therefore became the 
first requirement. The known diol 13a (25) was converted into 
ketone 14 by routine transformations. It was found that reaction 
with trimethylphosphonoacetate gave an inseparable 6: 1 mixture 
of 15a and 16. However, the corresponding Wittig reagent, 
carbomethoxymethylenetriphenylphosphorane, afforded 15a 
exclusively. Assignment of structure to these geometric isomers 
followed from the fact that treatment of each isomer with 
fluoride ion gave the hydroxyester 15b and the butenolide 17, 
respectively, based upon their ir (infrared) and 'H nrnr spectral 
characteristics. Compound 15b, therefore, had the desired (2) 
configuration, and hydrogenation over palladium gave two 
products that were assigned as the hydroxyester 18 and lactone 
19a since, upon treatment of the mixture with p-toluenesulfonic 
acid for 6 h at room temperature, the more polar component was 
gradually transformed quantitatively into the less polar product, 
i.e. 18 -, 19a. 

A timely publication by Redlich and Neumann (26) also 
reported stereocontrolling effects on the hydrogenation of C-5 
alkenes and, on the basis of these observations, the C-5 
configuration of the lactone was tentatively assigned as shown 
in 19a. This assignment was subsequently established by X-ray 
analysis of a transformation product (27), and it was therefore 
apparent that hydrogenation of the double bond of 15 was 
favored from the re-re face. We then hoped to extend this 
selectivity to hydroboration. 

The allylic alcohol 20a was obtained by DIBAL reduction of 
15a, and upon hydroboration a 5:3 mixture of compounds 21 
and 22a was formed. The structures of these compounds were 
established as follows. Firstly 21 was treated with thiocarbonyl- 
diimidazole to give the thionocarbonate 23, which was then 
reduced with tri-n-butyltin hydride according to the Barton- 
Subramanian procedure (28) to give 22a. The latter was 
hydrogenated over palladium in the presence of formic acid, and 
the resulting trio1 22b was acetylated directly to give triacetate 
22c. 

Secondly, compound 19a was correlated with 22c by 
hydrogenolysis to give the hydroxylactone 19b, which upon 
reduction and acetylation gave the triacetate 22c. 

These correlations indicated that the C-5 configurations in 19 
and 21 were the same. Given (a) the Z configuration of 28 and 
(b) the mechanism of hydroboration (29), the C-6 hydroxyl 
configuration must therefore be as shown in 21. 

However, the high proportion of the by-product, 22a, was 
intolerable. This abnormal course of hydroboration responsible 
for its fornation has been observed previously, and the 
mechanism that has been proposed is shown below (30). It is 
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DMSO 

QTr OTr 

(Me0)2POCH2COOMe 
+ 

NaH 

RO 
1. aq. HOAc 
2 .  ;BuMe:SiC 

OTBS 

16 P 5 
a R  = Bn; R '  = TBS 

, b R = H : R 1 = H  
c R  = Bz; R1 = TBS 

also known that this abnormal reaction can be suppressed by the 
use of dialkyl boranes, and in the light of this information, the 
protocol outlined in Scheme 7 was developed. 

The germ ofthe idea (31) was that the reaction o fa  hindered 
borane with diol 2 0 b  would give  he bis-boronate ester 24. 
The bulky C-3 substituent of the latter should insure srereo- 
controlled approach from the re-re face of the double bond, 
and the bulky C-7 ester should suppress the formation of the 
abnormal product (such as 22). The starting material was the 
previously described benzoate 15c (27) from which 20b was 
readily obtained. Addition of disiamylborane did cause the 
rapid formation of a less polar product (tlc) presumed to be 24; 
however, subsequent reaction was slow and upon work-up the 
starting material 20b was substantially recovered. 

It emerged that the preferred reaction course was to allow 

20b to stand with five equivalents of disiarnylborane for 2 h at 
-78"C, whereupon complete formation of 24 was evident (tlc). 
Excess diborane was then added and the mixture was allowed to 
stand at room temperature, further additions of diborane being 
made if it was deemed necessary (blc evidence). After the 
standard oxidative work-up, the trio1 25 was isolated in 80% 
yield. 

To prepare C-3 for deoxygenation selectively, trio1 25 was 
treated with phosgene, which afforded the carbonate 26a in near 
quantitative yield. The Robbins variation (32) of the Bxton- 
McCombie (21) reaction was then applied, affording 26b and 
26c in 82 and 90% yields respectively. 

Saponification of the carbonate group then afforded the diol 
3b. From the numbering sequence shown (see Scheme I ) ,  it is 
clear that 3b is a promising chiron for the hemiketal moiety of 
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OTBS OTBS OH OTBS OR2 

MeOOc%O OBn ____+ DIBAL + + RIO 

0% 

OTBS 

1.  DIBAL 
_____t 

2. NaOMe 

20 21 22 

a R = B n  R R' R2 
b R = H  a Bn H TBS 

b H  H H 
c Ac Ac Ac 

S 

the polyene rnacrolides. The compound has been obtained with 
complete stereoselectivity, and the various functional groups 
are distinctively differentiated in order to facilitate docking with 
the other subunits. Studies in this direction are underway and 
will be reported in due course. 

OTBS 

a - 
H O  

206 

oi- 

Experimental 
General 

Melting points were determined in capillary tubes using a Buchi 
Model 510 melting point apparatus and are uncorrected. Elemental 
analyses were performed by M-H-W Laboratories, Phoenix, Arizona. 
The ir spectra were recorded on Perkin-Elmer models 297 and 298 
using sodium chloride cells and chloroform as solvent for solids, or 
sodium chloride plates for thin films of liquids or syrups. Optical 
rotations were determined at the sodium D line using a Perkin-Elmer 
241 polarimeter. 'H nrnr spectra were determined on the following 
spectrometers: Varian EM-360A, Bruker NR-80, Varian XL- 100, 
Varian XL 200, Bruker WM-250, or Bruker-WH-400. Unless other- 
wise stated the solvent was CDC13 with internal tetramethylsilane as 

the standard. The coupling constants were verified by homonuclear 
decoupling experiments. For the purpose of 'H nrnr interpretation, 
compound structures have been numbered in the schemes. Low 
resolution mass spectra were obtained using a Hitachi/Perkin-Elmer 
RMH-2 instrument, and high resolution mass spectra (hrms) were 
performed at the Research Triangle Park, North Carolina, with a 
VG7070F instrument. The progress of all reactions was monitored by 
thin-layer chromatography (tlc), which was performed on aluminum 
plates precoated with silica gel HF-254 (0.2-mm layers) containing a 
fluorescent indicator (Merck, 5539), with detection by uv (254 nm), 
charring with sulfuric acid spray, or charring with a solution of 
ammonium molybdate(V1) tetrahydrate (1 2.5 g) and cerium(1V) sul- 
fate tetrahydrate (5.0 g) in 10% aqueous sulfuric acid (500 mL). Flash 
chromatography was performed using Kiesselgel 60 (230-400 mesh, 
E. Merck). 

24 

?H OTBS O H  OTBS 

- F 
H O  

- - 

- - 

Methyl 3 - 0  -benzyl-2-deoxy-6-0-triphenylrnethyl- a ,  P-D-ribo-hexo- 
pyranoside (5 b) 

A solution of methyl 3-0-benzyl-4,6-0-benzylidene-a-D-ribo- 
hexopyranoside, 4 (19) (140 g, 0.39 mol), in CHC13 (700 mL) and 

B2H6 - 
Hz02 
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MeOH (700 mL) containing p-toluenesulfonic acid (5 g) was refluxed 
for 3 h. After cooling, the solution was neutralized with triethylamine 
(5 mL), concentrated in vacuo, and the oily residue was chromato- 
graphed on silica gel (400 g). Elution with cyclohexane - ethyl acetate 
(2:l) and EtOAc gave diol5a (84.9 g, 80.5%) as an oil. The material 
was dissolved in methylene chloride (500 mL) containing triethylamine 
(70 mL) and triphenylmethyl chloride (87.3 g, 0.3 1 mmol) and N, N- 
dimethylaminopyridine (2 g) were added. After 15 h stirring at room 
temperature, the reaction mixture was evaporated in vacuo, diluted 
with ethyl acetate, washed with aqueous saturated NH4Cl, NaCl, and 
NaHC0, solutions, then chromatographed on a silica gel column 
(1.5 kg). Elution with EtOAc-C&I12 (1:4) gave 140 g (87%) of 5b  
as a syrupy, inseparable mixture of anomers. [a]:' + 37.3" ( c  1.1, 
chloroform); v,,(film): 3510 (OH) c m '  ; 'H nmr (60 MHz) 6: 1.50- 
2.60 (m, 3H, H-2a, H-2e, OH), 3.42 (s, 3H, OCH,), 3.20-4.20 
(m, 5H, H-3, H-4, H-5, H-6a, H-6b), 4.55 (q, 2H, 0CH2Ph), 4.6 
(m, lH, H-1), 7.00-7.75 (m, 20H, 0CH2Ph, CPh3). Anal. calcd. for 
c33H3405: C 77.62, H 6.71; found: C 77.38, H 6.56. 

Methyl 3-0-benzyl-2-deoxy-4-O-[(methylthio)thiocarbonyl]-6-0-tri- 
phenylmethyl- a ,  P-D-ribo -hexopyranoside (5c) 

To a suspension of NaH (12 g, oil free) in tetrahydrofuran (500 rnL) 
was added a solution of compound 5 a  (128 g, 0.25 mol) in tetrahydro- 
furan (800 mL), and irnidazole (1.2 g). The mixture was refluxed for 
3 h under argon, and then carbon disulfide (75 mL) was added 
gradually. After 30 min under reflux methyl iodide (75 mL) was added 
gradually and, after an additional 2 h, the reaction mixture was cooled 
and quenched with acetic acid (40 mL), diluted with ethyl acetate, and 
washed with 3% dilute HCl, NaHC03, and NaCl solutions, then dried 
over anhydrous sodium sulfate, filtered, and evaporated in vacuo. The 
residue was purified by flash silica gel chromatography to give 140 g 
(95%) of the thiocarbonate 5 c  as a yellow syrup; Rf 0.54 (15% ethyl 
acetate - petroleum ether) for the P isomer, 0.44 for the a isomer; 
'H nmr (60 MHz, CDC13) for the a isomer, 6:  1.66-2.20 (m, 2H, 
H-2a, H-2e), 2.30 (s, 3H, SCH,), 2.96-3.34 (m, 2H, H-6, H-6), 3.38 
(s, 3H, OMe), 3.96-4.32 (m, 2H, H-3, H-5), 4.50 (s, 2H, PhCH20), 
4.74(brs, lH,H-1),5.86(dd, lH,  J4,5 = 9.6Hz, J3,.,=4.0Hz,H-4), 
6.93-7.90 (m, 20H, PhCH20, Ph3C); for the P isomer, 6 : 1.50-2.20 
(m, 2H, H-2a, H-2e), 2.34 (s, 3H, SMe), 2.90-3.22 (m, 2H, H-6, 
H-6), 3.42 (s, 3H, OMe), 4.06-4.35 (m, 2H, H-3, H-5), 4.46 (s, 2H, 
PhCH20), 4.78 (dd, lH,  JlZza = 8.0 HZ, = 3.0 HZ, H-1), 5.90 
(dd, lH, J4,5 = 9.0 HZ, J3,4 = 4.0 HZ, H-4), 6.90-7.70 (m, 20H, 
PhCH20, Ph3C). Anal. calcd. for C35H3605S2: C 69.97, H 6.04; 
found: C 69.42, H 6.12. 

Methyl 3-0-benzyl-2,4-dideoxy- a,  P-D-erythro-hexopyranoside (1  a) 
The crude oily xanthate 5 a  (140 g) was dissolved in toluene (1 L) 

containing 2,2-azobis(2-methylpropionitrile) (250 mg). The solution 
was added to tributyltin hydride (100 mL) in toluene (0.5 L). The 
mixture was boiled under argon for 24 h. Additional tributyltin hydride 
(50 mL) was added, and reflux was continued for 24 h. Concentration 
in vacuo gave a crude mixture, which was diluted with n-hexane 
(150 mL) and extracted with acetonitrile (100 mL X 2). The acetoni- 
trile layer was concentrated in vacuo, and chromatographed on a silica 
gel column. Elution with cyclohexane - ethyl acetate (4: 1) gave 120 g 
of material, which was assumed to be the tritylated derivative l b .  To 
the crude substance was added, directly, methanol (2.5 L) containing 
p-toluenesulfonic acid (5 g), and the mixture was stirred at room 
temperature for 6 h. The solution was then neutralized with triethyl- 
amine (10 mL), concentrated in vacuo, and chromatographed on a 
silica gel column. Elution with cyclohexane - ethyl acetate (4:1, then 
1: 1) gave 44 g (68%) of the anomeric mixture l a ;  Rf 0.16 (30% ethyl 
acetate - petroleum ether); 'H nmr (60 MHz) 6: 1.20-2.38 (m, 4H, 
H-2, H-4), 2.80 (br s, IH, OH), 3.53 (s, 3H, OMe), 3.34-4.25 
(m, 4H, M-3, H-5, H-6, H-6'), 4.55 (s, 2H, PhCH2), 4.78 (dd, lH,  
J1,2e = 2.0Hz, J1 , la  = lOHz, H-I), 7.35 (s, 5H, Ph). Anal. calcd. for 
C14H2004: C 66.64, N 7.99; found: C 65.80, H 7.89. 

3-Deoxy-l,2-O-isopropylidene-6-O-triphenylrnethyl- a- D-hexofura- 
nose (8 b) 

A mixture of 3-deoxy-1 ,2-0-isopropylidene-a-D-ribo-hexofura- 

nose, 8a  (21,22) (10.2 g, 50 rnmol), triphenylmethyl chloride (14.6 g, 
52.5 rnmol), and N, N-dimethylaminopyridine (500 mg) was dissolved 
dimethylformarnide (120 mL) and stirred at room temperature for 20 h. 
The reaction mixture was poured into ice water (100 mL) and then 
extracted with dichloromethane (3 x 200 mL). The combined organic 
extracts were washed with saturated ammonium chloride solution, 
water, and brine, dried (Na2S04), and concentrated in vacuo. Flash 
chromatography of the residue afforded 19.6 g (88%) of 8b;  Rf 0.50 
(30% ethyl acetate - petroleum ether); [ a ] i 3  - 15.8' (c 1 .O, CHC13); 
'H nrnr (80 MHz, CDC1,) 6: 1.32, 1.52 (s, s, 6H, C(CH3)2), 
1.67-2.55 (m, 3H, H-3, H-3', OH, D 2 0  exchange), 3.22 (m, IH, 
H-5), 3.74-4.50 (m, 3H, H-4, H-6, H-6'), 4.70 (t, 1H, J = 3.7 Hz, 
H-2), 5.78 (d, lH,  Jl,2 = 3.7 Hz, H-1). Anal. calcd. for C28H3005: 
C 75.31, H 6.77; found: C 75.44, H 6.67. 

3,5,6-Trideoxy-I ,2-0-isopropylidene- a-D-erythro -hex-5-enofura- 
nose ( 9 )  

To a solution of the diol $a (78 g, 0.382 mol) in tetrahydrofuran 
(400 mL) and pyridine (180 mL) was added methylsulfonyl chloride 
(131 g, 1.146 mol). The mixture was refluxed for 1.5 h and, after 
cooling, was concentrated in vacuo, diluted with ethyl acetate, washed 
with dilute solutions of HCl, NaHC03, and NaCl, then dried (MgS04). 
Evaporation gave a crude oil that was chromatographed on silica gel to 
yield compound 8 c  as a crystalline solid (46 g, 33.4%). The material 
was dissolved directly in butanone (1 L), sodium iodide (60 g ,0 .4  mol) 
was added, and the solution was boiled under reflux overnight. The 
reaction mixture was diluted with diethyl ether, and washed with 
solutions of sodium thiosulfate, NaHC03, and NaCl. After drying over 
MgS04, the solution was concentrated in vacuo and the residue 
distilled at45'C (1 Torr(l Torr = 133.3 Pa)) to give9 (15 g, 88%) as an 
oil; Rf0.83 (50% ethyl acetate-petroleumether); [a]: -38.7" (c 1 .O, 
CHC13); 'H nmr (80 MHz) 6: 1.38, 1.58 (s, s, 6H, C(CH1)2), 
1.60-1.86 (m, IH, H-3), 2.22 (dd, lH,  J = 4.6Hz, H-3P), 4.66 
(m, lH, H-4), 4.78 (t, lH,  J = 3.7Hz, H-2), 5.14, 5.26, and 5.46 
(m, 2H, H-6, H-6'), 5.88 (d, 1H, J1,2 = 3.7 Hz, H-1), 5.92 (m, IH, 
H-5). Anal. calcd. for C9HI4o3: C 63.51, H 8.29; found: C 63.47, 
H 8.26. 

3,5-Dideoxy-l,2-0-isopropylidene- a-D-erythro -hexofuranose (2) 
(a) Deoxygenation and detritylation of compound 8 b  (646 mg, 

1 3 . 4 ~ 0 1 )  was carried out as described above for 5b-z  5c+  l a .  The 
product 2 (337 mg), obtained in 70% overall yield from 8b, was 
isolated as a colorless oil by chromatography. 

(b) To a solution of disiamylborane (4.8 mmol) in tetrahydrofuran 
was added, dropwise, a solution of 9 (540 mg, 3.18 mmol) in 
tetrahydrofuran (5 mL) at O°C under argon. After stirring at room 
temperature for 3 h, water ( 1  mL) was added dropwise at O°C to destroy 
the excess of the reagent. The reaction mixture was oxidized by 
addition of 3 N sodium hydroxide (2 mL) in one portion and then 30% 
hydrogen peroxide (2 mL) dropwise, while maintaining the tempera- 
ture at 20-25OC. After stirring for another 3 h at room temperature, the 
aqueous phase was saturated with sodium chloride. The tetrahydro- 
furan phase was separated and the aqueous layer was extracted with 
ether. The combined organic layers were dried (MgS04) and concen- 
trated in vacuo and the excess water was removed azeotropically with 
toluene. Flash chromatography afforded compound 2 (537 mg, 90%) 
as a colorless syrup; Rf 0.20 (50% ethyl acetate - hexane); 
-8.0" (c 1.05, chloroform); 'H  nmr (80 MHz) 6: 1.28, 1.48 (s, s, 
6H, C(CH3)*), 1.60-2.35 (m, 5H, H-3, H-3', H-5, H-5', OH, D 2 0  
exchange), 3.75 (m, 2H, H-6, H-6'), 4.33 (m, IN ,  H-4), 4.68 (t, lH,  
J = 3.7 Hz, H-2), 5.78 (d, 1H, J1,2 = 3.7 Hz, H-1). Anal. calcd. for 
C9Hl6o4: C 57.43, H 8.57; found: C 57.21, H 8.61. 

3-Deoxy-I ,2-0-isopropylidene-6-0-triphenylmethy- a-D-erythro- 
hexofuran-5-ulose (10) 

To a solution of dry dimethylsulfoxide (3.9 mL) in dichloromethane 
(50 mL), trifluoroacetic anhydride (5.8 mL) was added dropwise at 
-78°C under an argon atmosphere. After 15 min a solution of $b 
(6.1 g, 13.7 mmol) in dichloromethane (60 mL) was added dropwise 
over a period of 45 min, and after another hour triethylamine (12 rnL) 
was added dropwise, and the resulting solution was warmed up to 
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room temperature. The reaction solution was diluted with 200 mL of 
dichloromethane and then washed with saturated sodium bicarbonate, 
water, and brine, dried (Na2S04), then concentrated in vacuo, Flash 
chromatography gave 5.8 g (96%) of ketone 10 as a syrup; K f  0.42 
(15% ethyl acetate - petroleum ether); [ a ]  2 - 1.33" (c 1 .O, chloro- 
form); v,, (CHCl;): 3000, 1730 cm-'; 'H nmr (60 MHz) 6: 1.15, 
1.35 (5, S ,  6H, C(CH3)2), 1.60 (dd, lH,  J = 4.0 HZ, J = 13.0 Hz, 
H-3a), 2.20 (dd, IH, J = 4.0 Hz, H-3P), 3.90 (s, 2H, H-6, H-6'), 
4.50 (t, lH, J = 4.0 Hz, H-2), 4.62 (dd, IH, J = 5.0 Hz, H-5), 
5.62(d, IH, J=4.OHz,H-1) ,  7.20(m, 15H,Ph,C). Anal. calcd. for 
C28H2805: C 75.65, H 6.35; found: C 75.59, H 6.31. 

Methyl 3,5,6-trideoxy-5-C -triphenylmethyloxy-I ,2-0-isopropyli- 
dene- a- D-erylhro-hept-5-(E, Z)-enofuranosyluronate ( I 1  a) 

To a suspension of 1.0 g (20.8 rnmol) of 50% sodium hydride 
dispersion (prewashed with hexane) in dry benzene (60 mL) was added 
trimethylphosphonoacetate (2.6 g, 14.3 mmol) at room temperature 
under an argon atmosphere. After stirring at 35'C for 1 h, a solution of 
10 (5.8 g, 13.06 mrnol) in dry benzene (60 mL) was added to the 
reaction flask dropwise at room temperature. After stirring for 2 days 
the solution was diluted with ether and processed in the usual way. 
Flash chromatography gave 5 .6  g (86%) of I l a  as an inseparable 4:1 
mixture of geometric isomers (based upon the integration of the 
methoxy peaks); Rf0.58 (30% ethyl acetate - petroleum ether); [a];' 
-33" (c  1.0, chloroform); v,,, (CHCI,): 3000, 1710 (C=O), 
1450cm-I; 'Hnmr (80MHz) 8:  1.30, 1.58 (s, s, 6H, C(CH3)2), 1.50 
(m, IH, H-3), 2.53 (dd, IH, J = 5.0 Hz, J = 13.0 Hz, H-3@), 3.80 
(s, 3H, 0CH3), 4.00 (AB, 2H, J = 11.0 Hz, A6 = 0.13 ppm, H-5, 
H-5'), 4.64 (t, lH, J = 3.7 Hz, H-2), 5.63 (d, lH, J = 3.7 Hz, H-I), 
5.84(dd, lH, J = 4.4Hz, J = 5.0Hz,  H-4), 6.45 (m, lH, H-6), 7.32 
(m, 15H, Ph3C). Anal. calcd. for C31H3206: C 74.38, H 6.44; found: 
C 74.34, H 6.20. 

3,5,6-Trideoxy-5-C-triphenylmethyloxy-l,2-O-isopropylidene- a-  
D-erythro-hept-5-(E, Z)-enofuranose ( I I  b) 

To a solution of I l a  (3.5 g ,  7 mmol) in diethyl ether, disobutylalu- 
minum hydride (21 mL, 1 .OM in toluene) was added dropwise at O°C 
under an argon atmosphere. After 4 h, 1 mL of water was added slowly 
at O°C, followed by 1 mL of 15% aqueous sodium hydroxide and 3 mL 
of water. The inorganic salts were removed by filtration and the residue 
was rinsed with diethyl ether. The combined filtrates were dried 
(MgS04) and then concentrated in vacuo. Flash chromatography 
afforded 2.64 g (80%) of the allylic alcohol Plb as a white amorphous 
solid, mp 104-106°C (from ether - petroleum ether); R f  0.29 (30% 
ethyl acetate - petroleum ether); [a ] i3  - 18.4" (c 1 .O, chloroform); 
'H nmr (80 MHz) 6: 1.18, 1.38 (s, s, 6H, C(CH3)2), 1.66-2.20 
(m, 3H, H-3, H-3', OH, D 2 0  exchange), 3.52 (br s, 2H, H-5, H-5'), 
4.16 (d, 2H, J = 7.0 HZ, H-7, H-7'), 4.52 (t, IH, J = 3.7 HZ, H-2), 
4.84(dd, lH, J = 4 . 4 H z ,  J=5 .0Hz.N-4) ,5 .58(d ,  IH, J =  3.7Hz, 
H-1), 5.94 (t, lH, J = 7.0 Hz, H-6), 7.35 (m, 15H, Ph3C). Anal. 
calcd. for C30H3205: C 76.25, H 6.82; found: C 76.06, H 6.61. 

Hydroboration of compound 11 b 
To a solution of diborane (16 mL, 1.0 M in tetrahydrofuran), which 

had been cooled to O°C, was added a solution of 11b (2.5 g, 5 .3 mmol) 
in tetrahydrofuran (20 mL) dropwise over a period of 1 h under an argon 
atmosphere. After 6 h, 1 mL of water was added slowly, followed by 
addition of 6 mL of 3 N aqueous sodium hydroxide and 6 mL of 30% 
hydrogen peroxide, maintaining the temperature at 20-25'C. After 
stirring for another 3 h at room temperature, the aqueous phase 
was saturated with sodium chloride. The tetrahydrofuran phase was 
separated and the aqueous layer was extracted with diethyl ether. The 
combined organic layers were dried over anhydrous magnesium sulfate 
and concentrated in vacuo. The excess of water was removed 
azeotropically with toluene, after which flash chromatography afforded 
1% (2.3 g, 90%) as an amorphous solid; Rf 0.26 (50% ethyl acetate - 
petroleum ether); 'H nmr (60 MHz) 6: 1.30, 1.50 (s, s ,  6H, C(CH3)l), 
1.70-2.24 (m, 3H, H-P', H-5), 2.50-3 80 (m, 8H, N-4, H-6, H-7, 
H-7', H-5, H-5', 2 x OH), 4.68 (m, lH,  H-2), 5.75 (brd, lH,  H-1), 
7.40 (m, 15H, Ph3C). Anal. calcd. for C30H3406: C 73.45, H 6.98; 
found: C 73.38, H 6.93. 

3-O-Benql-6-O-tert-butyldirnetk~~/silyl-l,2-O-isopropylidene- a-D-  
glucofuranose (13 b) 

To a solution of 3-0-benzyl-1 ,2-0-isopropylidene-a-D-glucofura- 
nose (13a) (25) (17.4 g, 56.13 mmol), N, N-dimethylaminopyridine 
( 1  .O g), and trimethylarnine (23 mL) in dichloromethane (250 mL) was 
added tert-butyl-dimethylsilyl chloride (8.46 g, 56.13 rnmol) at room 
temperature under an argon atmosphere. After 20 h the reaction 
mixture was poured into 100 mL of ice water, extracted with 
dichloromethane, and processed in the usual way to give 13b (23.1 g, 
97%) as a colorless syrup; Rf 0.41 (15% ethyl acetate - petroleum 
ether); [a]K3 -24.2' (c 1 .O, chloroform); 'H nmr (80 MHz) 6: 0.03 
(s, 6H, &Me2), 0.89 (s, 9H, tBuSi), 1.30, 1.46 (s, s, 6H, C(CH3)>), 
2.62 (d, lH,  J = 5.5 Hz, OH), 3.68-4.20 (m, SH, H-3, H-4, H-5, 
H-6, H-6'), 4.57 (d, IH, J = 3.7 HZ, H-2), 4.66 (s, 2H, PhCH,), 
5.89 (d, IH, J = 3.7 Hz, H-1), 7.33 (s, 5H, Ph). Anal. calcd. for 
C22H3606Si: C 62.23, H 8.55; found: C 62.31, H 8.64. 

3 - 0  -Benzyl-6-0-tert -butyldimethylsilyl-,2- 0 -isopropylidene- a -  D- 

xylo-hexofuran-5-ulose (14) 
Compound 13b (23.1 g, 54.48 mmol) was oxidized as described 

above for 8 b  + 10. The product 14 (20.7 g, 90%) was a 
colorless syrup; Rf 0.41 (15% ethyl acetate - petroleum ether); [a];' 
-91.98" (c 1.87, chloroform); v,,, (CHC13): 2950, 1740 (C=O), 
1460 cm-'; 'H nmr (80 MHz) 6: 0.04 (s, 6H, SiMe2), 0.90 (s, 9H, 
tBuSi), 1.30, 1.48 (s, s, 6H, C(CH3)2), 4.37 (d, IH, J3,4 = 3.5 Hz, 
H-3), 4.48 (s, 2H, H-6, H-6'1, 4.52 (d, 2H, J = 3.5 HZ, PhCH2), 
4.58 (d, lH, J 3 , 4  = 3.5 HZ, H-4), 4.88 (d, lH,  J = 3.7 HZ, H-2), 
6.02 (d, IH, J1 ,2  = 3.7 Hz, H-1), 7.25 (s, 5H, Ph). Anal. calcd. 
for C22H3406Si: C 62.53, H 8.11; found: C 62.62, H 8.15. 

Methyl 3-O-benzyl-5-C-(tert-bu~ldimethylsilylo~methyl)-5,6- 
dideoxy-1 ,2-0-isopropylidene-a-D-xylo-hept-5-(Zj-eno- 
jifilranosyluranote (15a) 

A solution of 14 (16 g, 37.9 rnmol) and carbomethoxymethylenetri- 
phenylphosphorane (16 g, 50 mmol), in dry acetonitrile (50 mL) under 
argon, was refluxed for 2 h. Work-up in the usual way afforded P5a 
(15.2 g, 84%) after chromatography; Rf 0.63 (20% ethyl ether - 
petroleum ether); v,, (CHCI,): 2950, 1740 (C=O, unsaturated 
ester), 1660 cm-I ; 'H nmr (80 MHz) 6: 0.05 (s, 6H. SiMe,), 0.92 
(s, 9H, tBuSi), 1.31, 1.50 (s, s ,  6H, C(CH3)2), 3.62 (s, 3H, 0CH3), 
4.35-4.73 (m, 6H, H-2, H-3,H15, H-5', PhCH2), 5.86 (m, lH,  H-6), 
5.95(d, 1H, J 1 , 2  = 3.7Hz, H-I), 6.17(m, lH, H-4), 7.30(s, 5H, Ph). 
Anal. calcd. for C25H3807Si: C 62.73, H 8.00; found: C 62.70, 
H 7.96. 

5-C-Hydroxymethyl-5,6-dide0xy-I ,2-0-isopropylidene- a-D-gluco- 
heptofuranuronic 1 ', 7-lactone ( I 9  b)  

To a solution of 15a (5.0 g, 10 mmol) in methanol (50 mL) was 
added ammonium iiuoride (0.75 g, 20 mmol) in water (4 mL). The 
reaction mixture was refluxed for 3 h, cooled, and the methanol 
removed in vacuo. A solution of the residue (15b) in benzene (100 mL) 
was hydrogenated over 5% platinum on carbon at a starting pressure of 
500 psi (1 psi = 6.9 kPa). After 45 min the catalyst was removed by 
filtration and the filtrate was concentrated in vacuo to yield an oil that 
showed two components (tlc) assigned as 18 and P9a. To a solution 
of the oil in diethyl ether (100 I&) was added p-toluenesulfonic acid 
(120 mg, 0.6 mmol), and after 6 h at 23OC the reaction mlxture was 
quenched with triethylamine, washed with brine, dried (Na2SB,), and 
concentrated in vacuo to afford 3.4 g (96%) of 19a.  Debenzylation 
by hydrogenolysis (10% Pd/C) in ethanol was carried out in the usual 
way, to give 19b (1.9 g, 79%) as acrystailine material, rnp 138-139°C; 
R f  0.44 (5% methanol - methylene chloride); [alto -47 .Y (c  0.4, 
chloroform); v,,, (CHC13): 3400 (hydrogen bonded OH), 2910, 1775 
(lactone) cm-' ; 'H nmr (400 MHz) 6: 1.31 (s, 3H, CCH;), I .49 
(s, 3H, CCH?), 1.57 (s, l H ,  OH), 2.70 (ddd, 2H, H-7, H-7'), 3.00 
(q, J = 8.0 Hz, lH, H-5), 4.09-4.17 (m, 3H, H-3, H-6, H-6'), 4.46 
(dd, J = 8.0 Hz, lH, H-4), 4.50 (d, J = 3.7 Hz, IN, H-21, 5.91 
(d, J = 3.7 HZ, IH, H-I). Anal. calcd. for CllHI6O6: C 54.09, 
H 6.60; found: C 54.14, H 6.76. 
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3-0-Benzyl-5-C-(tert-butyldimethylsiloxymethyl)-5,6-dideo~-1,2- 
0-isopropylidene-a-D-xylo-hept-5-(Z)-enofuranose (20a) 

Reduction of 1Sa (15.0 g, 31.4 mmol) with diisobutylaluminum 
hydride was carried out as described above for I l a  + 11 b. The product 
20a (1 1.6 g, 82%) was a syrup; Rf0.54 (50% ether- petroleum ether); 
'H nmr (80 MHz) 6: 0.05 (s, 6H, SiMe2), 0.90 (s, 9H, tBuSi), 1.32, 
1.48 (s, s, 6H, C(CH,),), 1.75 (t, lH,  J = 5.4 HZ, OH), 3.92 (d, lH,  
J3,4 = 3.3 Hz. H-3), 4.00-4.28 (m, 4H, two H-7, two H-5'), 4.54 
(d, 2H, J - 2.7 HZ, PhCH2), 4.58 (d, lH,  J = 3.7 Hz, H-2), 4.92 
(br d, 1H. J = 3.3 Hz, H-4), 5.94 (d and m, 2H, J1,2 = 3.7 Hz, H-1, 
H-6; overlapping), 7.29 (s, 5H, Ph). Anal. calcd. for C24H3806Si: 
C 63.97, H 8.50; found: C 63.86, H 8.57. 

Hydroboration of compound 20a (formation of compounds 15 and 
16a) 

Hydroboration of 20a (1.72 g ,  3.78 mmol) was carried out as 
described for I l b  + 12. Flash chromatography of the product gave 21 
(500 mg) and 22a (283 mg). For 21: Rf0.41 (50% ethyl acetate-petro- 
leum ether); [a]:  -42.8' (c 0.90, chloroform); 'H nmr (250 MHz) 
6: 0.03 (d, 6H, J = 10.4 Hz, %Me2), 0.80 (s, 9H, tBuSi), 1.28, 1.44 
(s, S, 6H, C(CH3)2), 2.20 (m, lH,  H-5), 2.70 (br s, 2H, two OH, D 2 0  
exchange), 3.47 (dd, lH,  J6,7a = 4.3 Hz, J,,, = 11.3 Hz, H-7a), 
3.70 (d, 2H, J = 5.0 HZ, two H-5'), 3.75 (dd, lH, J6.7b = 3.0 HZ, 
J,,, = 11.3 HZ, H-7b), 3.84 (d, lH,  J3,4 2.5 HZ, H-3), 3.98 
(m, IH, H-6), 4.32 (dd, lH,  J,,, = 2.5 Hz, J = 11.3 Hz, H-4), 4.54 
(ABq, 2H, J = 11.3 HZ, PhCH2), 4.60 (d, lH, J 1 , 2  = 4.2 HZ, H-2), 
5.90 (d, 1H, J 1 , 2  = 4.2 Hz, H-1), 7.30 (m, 5H, Ph). Anal. calcd. 
for C24H4007Si: C 61.51, H 8.60; found: C 61.36, H 8.83. 

For 22a: Rf 0.67 (50% ethyl acetate - petroleum ether); 'H  nmr 
(250 MHz) 6: 0.03 (d, 6H, %Me2), 0.82 (s, 9H, tBuSi), 1.30, 1.45 
(s, s, 6H, C(CH3)2), 1.82 (m, 2H, two H-6), 2.16 (m, lH,  H-5), 3.40 
(dd, lH, J5.5,a = 5.0 HZ, Jgem = 10.0 Hz, H-5'a), 3.56 (dd, lH, 
J5,5,b = 2.5 HZ, J,,, = 10.0 Hz, H-5'b), 3.69 (t, 2H, J = 5.5 Hz, 
two H-7), 3.82 (d, lH,  J3,4 = 2.5 Hz, H-3), 4.12 (dd and s, 2H, 
J3,4 = 2.5 Hz, J 4 , 5  = 10.0 Hz, H-4, OH, D20 exchange), 4.55 (ABq, 
2H, J = 10.0 HZ, PhCH2), 4.60 (d, lH,  J1,2 = 4.2 HZ, H-2), 5.88 
(d, 1H, J 1 , 2  = 4.2 Hz, H-1), 7.28 (m, 5H, Ph). Anal. calcd. for 
C24H40O6Si: C 63.68, H 8.91; found: C 63.56, H 8.83. 

5-C-Acetoxymethyl-3,7-dr-O-ace~l-5,6-dideoq~-l,2-O-isepropyli- 
dene- a-D-gluco-heptofuranose (22c) 

(a) Eactone 19b (0.123 g, 0.543 mmol) was dissolved in dry ether 
(25 mL), cooled in an ice water bath, and treated with lithium 
aluminum hydride (0.067 g, 1.76 mmol). The reaction mixture was 
warmed to room temperature and stirred, with the exclusion of 
moisture, for 1 h. Excess lithium aluminum hydnde was destroyed with 
water and the solvent was removed. The residue (22b) was dissolved in 
dry pyridine (30 mL) and treated with excess acetic anhydride (5 mL) 
for 1.5 h at room temperature. Work-up in the usual way afforded 22c 
(0.156 g, 76%); Rf 0.40 (50% ethyl acetate - petroleum ether); 
-13.6"(c 1.1, CHC13); ' H n m r ( 2 5 0 ~ H z ) G :  1.28, 1.48 (twos, 2 X 

3H, 02C(CH3)2), 1.74, 1.97-2.06 (two m, 2H, H-6a, H-6b), 2.01, 
2.03, 2.09 (three s,  3 x 3H, 3 x OCOCH,), 2.15 (m, lH,  H-5), 
3.91-4.26 (m, 5H, H-4, H-7a, H-7b, H-l 'a,  H-1 'b), 4.46 (d, lH,  H-2, 
J1,2=3.7H~),5.14(d,1H,H-3,J3,4=3.2Hz),5.84(d,1H,H-l). 
Anal. calcd. for C17H26O9: C 54.54, H 7.00; found: C 54.36, H 6.86. 

(b) A mixture of compound 21 (530 mg, 1.08 mmol) and 1 , l ' -  
thiocarbonyldiimidazole (228 mg, 1.3 rnmol) in 20 mL of dry tetra- 
hydrofuran was refluxed under an argon atmosphere for 1 h. The 
reaction solution was partitioned between diethyl ether (50 mL) and 
cold 2 N hydrochloric acid (10 mL). The organic layer was separated, 
washed with water and brine, dried over anhydrous sodium sulfate, 
filtered, and evaporated irz vacuo to give 5 18 mg (90%) of crude 
thionocarbonate 23. A portion of the crude thionocarbonate (388 mg, 
0.72 mmol), in tri-n-butyltin hydride (424 g, 1.44 mmol), and a 
catalytic amount of 1,1 '-azobis(isobutyronitri1e) in 20 mL of dry 
toluene was added to refluxing toluene over 10 min. After refluxing 3 h 
the mixture was treated with 5 mL of 10% aqueous sodium hydroxide 
at 40°C for 12 h. Work-up with the standard processing and flash 
chromatography provided pure compound 22a. A portion of the 

material (162 mg, 0.36 mmol), a catalytic amount of 10% palladium 
on activated carbon, and a few drops of 88% aqueous formic acid in 
10 mL of methanol were stirred at room temperature under a hydrogen 
atmosphere. After 6 h the reaction mixture was filtered and evaporated 
in vacuo. The crude residue (22b) was acetylated using the standard 
procedure, then treated with acetic anhydride and pyridine, to yield 
compound 22c (121 mg, 90%) whose physical properties were iden- 
tical with those of the material described in part (a). 

5-C-( tert-Buty1dimethylsiloxymethyl)-5,6-dideo- ,2-0-isopropyli- 
dene- a-  D-xylo-hept-5-( Z)-enofuranose (20 b) 

To a solution of 4.1 g (8.1 mmol) of the ester 15c (27) in 100 mL 
of dry toluene was added 24 mL of 1 M diisobutylaluminum hydride 
in toluene at P C ,  dropwise, over a period of 20 min under an argon 
atmosphere. After 3 h, tlc indicated that most of the starting material 
had been consumed. The reaction was quenched by addition of water at 
0°C followed by 15% aqueous sodium hydroxide (1 mL) and water 
(3 mL). After vigorous stirring at room temperature for a few minutes, 
the white inorganic salts were removed by filtration, the residue was 
rinsed several times with ethyl acetate, and the combined filtrates 
were dried over anhydrous magnesium sulfate. The residue from 
evaporation was dissolved in dry methanol (100 mL) and then treated 
with a catalytic amount of sodium methoxide at room temperature. The 
saponification was monitored by tlc and, upon completion, the reaction 
mixture was poured into ice water and extracted with dichloromethane. 
The combined extracts were washed with cold dilute hydrochloric 
acid, saturated sodium bicarbonate, water, and brine, dried over 
anhydrous sodium sulfate, filtered, and concentrated in vacuo. The 
residue was purified by flash chromatography to give 2.1 g (72%) of 
purediol20bas acolorless syrup; Rf0.45 (50% ethyl acetate-petroleum 
ether); [a]: -38.4' (c 1.0, chloroform); 'H nmr (80 MHz) 6: 0.08 
(s, 6H, %Me2), 0.88 (s, 9H, tBuSi), 1.28, 1.45 (s, s, 6H, C(CH3)2)r 
2.48 (brs, lH,  OH), 3.80-4.46 (m, 6H, H-3, H-7, H-7', H-5, H-5', 
OH), 4.52 (d, lH, J = 3.7 Hz, H-2), 5.03 (br s, lH,  H-4), 5.88 
(m, 2H, J1,2 = 3.7 Hz, H-1, H-6). Anal. calcd. for C17H3206Si: 
C 56.64, H 8.95; found: C 56.73, H 8.93. 

5-C-( tert-Bu~ldimethylsiloq~methyl)-5-deoxy-l,2-0-isopropylidene- 
L-glycero- a-D-gluco-heptofuranose (25) 

To a solution of disiamylborane (38 mmol) in dry tetrahydrofuran 
was added a solution of diol 20b (2.65 g, 7.36 mmol) in dry tetra- 
hydrofuran (45 mL) at -78'C under an argon atmosphere, dropwise, 
over a period of 45 min. After stirring at -78OC for 2 h, the temperature 
was raised to -20°C, on the assumption (tlc evidence) that the 
formation of 24 was optional. A solution of 1 M borane in tetrahydro- 
furan (46 mL) was then added dropwise over a period of 45 min and the 
reaction mixture was stirred at room temperature for 16 h. Further 
portions of borane solution were added if necessary (tlc evidence). The 
reaction was quenched by addition of water (2 mL) to destroy the 
excess of borane, followed by 3 N sodium hydroxide and 30% 
hydrogen peroxide (30 mL of each) at O°C. After vigorous stirring 
at room temperature for 6 h, the mixture was saturated with sodium 
chloride. The tetrahydrofuran phase was separated and the aqueous 
phase was extracted with ethyl acetate. The combined organic extracts 
were dried over anhydrous magnesium sulfate, filtered, and concen- 
trated in vacuo. Excess water was removed azeotropically with toluene 
several times. The resulting residue was purified by flash chromato- 
graphy to afford 2.22 g (80%) of pure triol 25 as a colorless syrup; 
Rf 0.21 (50% ethyl acetate - petroleum ether); [a]:, +7.8" (c 0.97, 
chloroform); 'H nmr (250 MHz) 6: 0.06 (s, 6H, SiMe2), 0.88 (s, 9H, 
tBuSi), 1.28, 1.47 (s, s, 6H, C(CH3)2), 2.14 (m, 2H, H-5, OH, D 2 0  
exchange), 2.92 (br s, lH, OH, D 2 0  exchange), 3.35 (br s, lH, OH, 
D20 exchange), 3.57-3.83 (m, 4H, H-3, H-6, H-5, H-5'), 3.86 
(dd, lH, J3,4 = 2.5Hz, J = 11.3Hz, H-4), 4.13 (m, 2H, H-7, H-7'), 
4.52(d,!H,J=4.2Hz,H-2),5.88(d, l H , J 1  2=4.2Hz,H-l) .Anal .  
calcd. for C17H3407Si: C 53.94, H 9.12; found: C 53.76, H 9.05. 

5-C-(tert-Butyldimethylsiloxymethy1)-5-deoxy- ,2-0-isopropylidene- 
L-glycero- a-D-gluco-heptofuranose-6, 7-carbonate (26a) 

To a stirred solution of triol 25 (1.14 g, 3.0 mmol) in dry dichloro- 
methane (70 mL) and dry pyridine (35 rnL) was added dropwise 
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14.4 mL of 12.5% phosgene in toluene at O°C under an argon 
atmosphere over a period of 20 min. After 1 h the reaction was poured 
into 50 mL of ice water and then extracted with dichloromethane (2 X 

50 mL). The combined organic extracts were washed with cold dilute 
hydrochloric acid, water, and brine, and dried (Na2S04), filtered, and 
concentrated in vacuo. The residue was purified by flash chromato- 
graphy to give26a (1.1 g, 90%) as acolorless syrup; Rf0.64 (50% ethyl 
acetate - petroleum ether); [a]: +10.7" (c 1.47, chloroform); 
v,,, (CHC13): 3450 (OH), 2950, 2900, 1880 (C=O, cyclic carbo- 
nate) cm-'; 'H nmr (250 MHz) 6: 0.05 (s, 6H, SiMe2), 0.85 (s, 9H, 
tBuSi), 1.27, 1.45 (s, s, 6H, C(CH3)2), 2.32 (m, IH, H-5), 3.17 (br s, 
lH, OH. D20 exchange), 3.68 (dd, 1H, J5,5,a = 7.5Hz, J,, = 10.0Hz, 
H-5'a), 3.90 (dd, lH,  J5,53b = 2.5Hz, J,,, = lO.OHz, H-S'b), 4.04 
(dd, 1H, J3,4=2.5Hz,  J 4 , 5 =  lO.OHz,H-4),4.18(d, l H ,  J = 2 . 5 H z ,  
H-3), 4.35 (t, IH, J = 8.8 Hz, H-7a), 4.50 (d, IH, J = 4.2 Hz, H-2), 
4.61 (dd, 1H, J = 7.5 HZ, J = 10.0 HZ, H-7b), 4.76 (q, lH,  J5,6 = 
.f6,7a = 8.8 HZ, H-6), 5.82 (d, 1H, J 1 , 2  = 4.2 Hz, H- 1). Anal, calcd. 
for C18H3208Si: C 53.44, H 7.97; found: C 53.43, H 8.00. 

5-C-( tert-Buty1dimethylsiloxymethyl)-5-deoxy ,2-0-isopropylidene- 
3-0-phenoxythiocarbonyl-L-glycero- a-D-gluco-heptofuranose- 
6,7-carbonate (26 b) 

To a solution of the alcohol 26a (1.1 g, 2.7 mmol) and a catalytic 
amount of N,N-dimethylaminopyridine (-10 mg) in dry dichloro- 
methane (50 mL) and dry pyridine (2 mL) was added phenyl chloro- 
thionocarbonate (0.62 mL, 4 .5  mmol) at room temperature under an 
argon atmosphere. After 3 h another more phenyl chlorothionocar- 
bonate (0.2 mL) was added and the reaction was monitored by tlc. The 
reaction mixture was poured into 10 mL of ice water and extracted with 
3 X 20 mL of dichloromethane. The combined organic extracts were 
washed with cold dilute hydrochloric acid, water, and brine, and dried 
over anhydrous sodium sulfate, filtered, and concentrated in vacuo. 
Flash chromatography gave 26b (1.2 g, 82%) as a yellow syrup; 
Rf 0.50 (50% ethyl acetate - hexane); [ a 1 2  +9.4° (c 0.98, chloro- 
form); v,,, (CNC13): 2950, 2900, 1800 (C=O), 1580, 1480cm-'; 
'H nmr (250 MHz) 6 : 0.06 (d, 6H, %Me2), 0.88 (s, 9H, tBuSi), 1.3 1, 
1.50 (s, s, 6H, C(CH3),), 2.30 (ttt, lH,  J = 2.9 Hz, J = 9.8 Hz, 
H-5),3.63(dd, lH, J=3 .3Hz,Jge ,=  10.8Hz,H-Sra),3.96(dd, lH, 
J = 3.3 Hz, J,,, = 10.8 Hz, H-5'b), 4.38 (t, lH ,  J = 8.8 Hz, H-7a), 
4.49(dd, lW, J 3 , 4  = 2.9Hz, J4,5 = 9.8Hz,H-4),4.62(dd, lH, J =  
7.8 Hz, J = 8.8 Hz, H-7b), 4.72 (d, l H ,  J = 4.2 Hz, H-2), 4.96 
(q, IH, J = 7.8 Hz, H-6), 5.64 (d, lH,  J3 ,4  = 2.9 Hz, H-3), 5.92 
(d, lH, J1,, = 4.2 Hz, H- l) ,  7.05-7.50 (m, SH, Ph). Anal. calcd. 
for C25H3609SSi: C 55.53, H 6.71, S 5.93; found: C 55.61. H 6.50, 
S 6.15. 

5-C-(tert-Butyldimethylsiloxlyrnet/1yl)-3,5-dide0-1,2-O-isopro- 
pylidene-P-L- talo-heptofuranose-6,7-carbonate (26c) 

A mixture of compound 26b (1.2 g, 2.22 mmol), tri-n-butyltin- 
hydride (0.9 mL, 3.33 mmol) and 2,2'-azobis(2-methylpropionitrile) 
(30 mg) in toluene (40 mL) was heated to reflux under an argon 
atmosphere. After 3 h the reaction mixture was cooled to room 
temperature and then concentrated in vacuo. Flash chromatography 
afforded compound 26c (775 mg, 90%) as a colorless syrup; Rf 0.15 
(30% ethyl acetate - hexane); [ a ] i 3  + 1.9" (c  1.35, chloroform); 
v,,, (CHC13): 3000, 1800 (C=O, cyclic carbonate), 1500 cm-'; 
' H n m r ( 2 5 0 M ~ z )  6: 0.04 (s, 6H, SiMe2), 0.88 (s, 9H, tBuSi), 1.29, 
1.46 (s, s,  6H, C(CH3)2), 1.55 (m, lH,  H-3a), 1.80 (m, lH,  H-5), 
2.25 (dd, 1H, J 2 , 3 p  = J3P,4 = 4.2Hz,  J,,, = 13.0Hz, H-3a), 3.67 
(dd, lH,  J = 3.1 Hz, J,,, = 10.2 Hz, H-S'a), 3.91 (dd, lH,  J = 
3.1 HZ, J,,, = 10.2 Hz, H-5'b), 4.25 (ddd, lH,  J 3 p , 4  = 4.2 HZ, 
J4,5 = 10.2 HZ, H-4), 4.38 (t, IN, J = 9.3 Hz, H-7a), 4.62 (t, lH, 
3 = 8.3 HZ, H-7b), 4.70 (t, lH ,  J,,, = J 2 , 3 p  = 4.2 HZ, M-2), 4.90 
(q, lH, J = 8.3 Hz, H-6), 5.74 (d, IH, J 1 , 2  = 4.2 Hz, H-1). Anal. 
calcd. for C18H3207Si: C 55.64, I1 8.30; found: C 55.81, H 8.36. 

temperature for 30 min, the reaction mixture was neutralized with a 
stream of carbon dioxide gas, and then extracted with 3 x 20 mL 
of ethyl acetate. The combined organic extracts were dried over 
anhydrous magnesium sulfate, filtered, and concentrated in vacuo. 
Flash chromatography gave diol 3 b  (197 mg, 98%) as a colorless 
syrup; Rf 0.13 (30% ethyl acetate - petroleum ether); [ a 1 2  -9.8" 
(C 1.25, chloroform); 'H nmr (250 MHz) 6: 0.06 (s, 6H, SiMe2), 0.88 
(s, 9H, tBuSi), 1.28, 1.48 (s, s, 6H, C(CH3),), 1.57 (m, lH,  H-3P), 
1.82 (m, lH, H-51, 2.15 (dd, lH, J 2 , 3 p  = J3P,4 = 4.2 Hz, J,,, = 
13.0 HZ, H-3P), 2.70 (dd, 1H, J = 6.3 Hz, J = 8.3 Hz, OH, D 2 0  
exchange), 3.21 (d, lH,  J = 6.3Hz,  OH, D 2 0  exchange), 3.65-3.83 
(m, 4H, two H-5', H-7, H-7'), 3.93 (m, IH, H-6), 4.32 (m, lH, H-4), 
4.71 (t, lH, J1,2 = J 2 . 3 ~  = 4.2Hz, H-2), 5.78 (d, lH,  J 1 , 2  = 4.2Hz, 
H-I). Anal. calcd. for C17H3406Si: C 56.32, H 9.45; found: C 56.32, 
H 9.31. 
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Electron transport in dense gases: limitations on the Ioffe-Regel and Mott criteria1 
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NORMAN GEE and GORDON R. FREEMAN. Can. J .  Chem. 64, 1810 (1986). 
In the gas phase, the Ioffe-Regel criterion that electron transport becomes modified when the mean free path equals the 

electron wavelength (L = A) applies clearly only to helium and hydrogen, which have a net repulsive interaction with electrons. 
The Mott criterion, that when L = A/2r the electron is in a localized state. also applies to these two gases. The two criteria 
are less effective for molecules that have net attractive interactions with the electrons, because the interactions are not simply 
additive. They are not useful for xenon gas. The criteria are also assessed for: ( a )  several highly polarizable, spherical and 
nonspherical molecules; (b) polar molecules; (c) nitrogen and carbon dioxide, which form transient anions. 

NORMAN GEE et GORDON R. FREEMAN. Can. J.  Chern. 64, 1810 (1986). 
En phase gazeuse, le critkre de Ioffe-Regel, selon lequel le transport d'Clectrons est modifie lorsque le parcours libre moyen 

est tgal B la longueur d'onde de l'electron (L = A), ne s'applique clairement que dans les cas de I'hClium et de l'hydrogene 
qui posskdent une interaction rCpulsive ncttc vis-a-vis les Clectrons. Le critkre de Mott, selon lequel 1'Clectron est dans un Ctat 
localis6 lorsque L = A/2v, s'applique aussi B ces deux gaz. Dans les cas des molCcules q u ~  posskdent des interactions attractives 
pour les electrons, ces deux critkres sont moins efficaces parce que les interactions ne sont alors pas additives. 11s ne sont pas 
utiles pour le xCnone a 1'Ctat gazeux. On a aussi CvaluC ces critkres pour : ( a )  plusieurs mol6cules hautement polarisables, 
sphkriques et non-sphkriques; (b) des molCcules polaires et ( c )  pour I'azote et le dioxyde de carbone qui foment des anions 
transitoires. 

[Traduit par la revue] 

Introduction 
In a gas at low densities the mobility p. of electrons is 

inversely proportional to the number density n of the gas, so: 
[ I ]  n p  = constant 

At sufficiently high densities np. may either decrease (1-6) or 
increase (4-7) with increasing n, depending on the properties of 
the molecules and on n and the temperature T (4-6). There is no 
universal agreement about the causes of the changes in np.. 

The effects of gas density on np. are interpreted in terms 
of multibody scattering. What has come to be known as the 
Ioffe-Regel criterion for multibody scattering is often employed. 
Unfortunately there is confusion in the literature about the 
Ioffe-Regel criterion. The present work attempts to clarify the 
terminology, and to assess the applicability of the Ioffe-Regel 
criterion in a wide variety of gases. 

2. Ioffe-Regel criteria 
In 1960 Ioffe and Regel, in an article about amorphous and 

liquid semiconductors (8), discussed the limits of applicability 
of common theories of electronic conduction. The theories 
included assumptions about the mean velocity ( u )  and mean 
free path L of the electrons. Ioffe and Regel compared the 
magnitude of L with the average wavelength AT of the (nearly) 
free electrons and the average interatomic or intermolecular 
distance a of the medium. 

The value of L can be obtained from the mobility of thermal, 
nearly free electrons by (from eqs. [13] and [17] in ref. 6b): 

= 4.17 X l ops  ~ " ~ p .  
where ua,, = ( u ) / ( u / o - , )  is the momentum transfer cross 
section averaged over the Maxwellian velocity distribution, e 
and m are the electronic charge and mass, respectively, and kB 
is Boltzmann9s constant. The unit for L is m and for p. is 
(m2/v  s). At 300 K eq. [2] gives 

[3] L = 7.2 X p. 

'Assisted financially by the Natural Sciences and Engineering 
Research Council of Canada. 

which agrees with Ioffe and Regel's room temperature value 
L = p(m*/mo)'12, where the effective mass ratio m*/rno 
is unity in the gas at low and moderate densities. 

In many gases at n = 1 x molecules/m3 electron 
mobilities at 300 K are of the order of 0.1 m2/v  s, so L = 

m. The value of a at this density is - m. The average 
de Broglie wavelength of the electron at this temperature is - m. Thus L > A T  > a. By increasing none decreases L as 
- 

n ', and decreases a as n-'I3; A T  is varied for nearly free 
electrons by changing T. 

Free forward motion with a mean velocity ( u )  only occurs 
over the mean distance L. Therefore Ioffe and Regel suggested 
that when L becomes smaller than A T  "the concept of velocity 
of the charge carriers loses its meaning" (8). This means a 
modification of p., but does not imply localization. However, 
when L calculated from ea. 131 has a value less than a "the . - -  
mechanism of mobility itself must be altogether different, and 
the concept of mean free path has no meaning" (8). The value of 
L cannot in reality be less than a ,  so when eq. [3] indicates 
L < a the electron must be in a localized state, and it migrates by 
hopping from site to site in a probabilistic manner. Equation [3] 
then does not apply. 

The conditions, (a) L - AT and ( b )  L = a ,  have been 
taken to depict multibody scattering and electron localization, 
respectively. The latter seems clear enough. The former is 
obscured by the wide variety of treatments of the average 
electron wavelength (8-18). The different treatments cause 
differences up to eleven-fold in the predicted densities where 
multibody scattering should become important (see Appendix 
1). This large factor of eleven is made up of a factor of 6.3 = 

2 ~ ,  caused by confusing wavelength A with A127 = +, and a 
factor of 1.8 caused by different methods of averaging over 
the Maxwellian velocity distribution. For the largest portion, 
6.3-fold, it is convenient to distinguish by name A ,  which is the 
distance over which the phase of the wave changes by one cycle, 
and k, which is the distance over which the phase of the wave 
changes by one radian. Hence, A is the wavelength and75 is the 
radianlength (19). The names are useful in the visualization 
(20) of the processes. 

For averaging A over the Maxwellian velocity distribution we 
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GEE AND FREEMAN 

favor the 3-dimensional model and the inverse velocity, since 
A = h l m u .  Hence, the average wavelength and radianlength 
of electrons at temperature T are taken as 

[4] wavelength AT = h ( v z j ) / m  

[5] radianlength .3tT = kt(v:j)/m 
= 2.37 X lo-' T-li2 

The one dimensional ( v  7:) equals infinity and cannot be used. 
Mott changed the Ioffe-Regel criterion, although he did not 

change the name. Mott's criterion was that when L equals the 
"wavelength", h/ [2r(mkBT) 'I2], the electron cannot be in a 
nearly free state, so it is in a localized state (11). As noted in 
Appendix 1 ,  h /  [ 2 ~ r ( m k ~ ~ ) " ~ ]  is a radianlength rather than a 
wavelength, so Mott's criterion is L =+. Mott's is sort of a 
combination of the Ioffe-Regel criteria (a) and (6) and we call 
it the Mott criterion of localization. 

3. Application of Ioffe-Regel L = A T ,  Mott L = A T ,  and 
L 2 h T  

Iakubov (21) set out to quantify the Ioffe-Regel criterion (a), 
but actually used that of Mott. For the wavelength he used a 
formula for radianlength equivalent to (see Appendix 1) 

[61 AT = x / m a 3 d  
where a g d  = (2kBT/m)li2 is the most probable speed. Iakubov 
suggested that for short range (repulsive) electron-atom inter- 
actions the "quantum interference" at high gas densities 
increased the effective collision frequency uef of the electrons: 

The mobility is inversely proportional to vef: 

When the deviation of k o  is small, -kTnuave << 1, eq. [8] is 
approximately 

Equation [9] empirically fits the density dependence of p / p o  
down to 0 .4  in helium and hydrogen gases (13,22). As it is also 
similar to Mott's localization criterion, its use is appealing. 
However, its derivation by way of eq. [8] is restricted to 
?iTnuav, << 1. The choice of radianlength rather than wave- 
length as the parameter is related to the final localized state. The 
radianlength is a Bohr-type radius of a localized electron state, 
and the inverse radianlength is the exponential decay parameter 
of a Schrodinger-type ground state (e-'/*). For example, the 
hydrogen atom Bohr radius a. is a radianlength. 

Atrazhev and Iakubov (15) apparently decided that a local- 
ized electron requires a space 2XT in dimension, which is a 
Bohr-type diameter. They modified eq. [9] to 

[lo] k/kO = (1 - 2fCTnuave) 

However, there is no 'general agreement about whether the 
factor in front of kT should be exactly 2 (13, 22). This, in 
combination with the variety of methods of averaging the speed 
to obtain-kT (see Appendix 1) leaves flexibility in the equation. 

FIG. 1. Reduction of density normalized mobility np. with in- 
creasing gas density n at several constant temperatures. He: A ,  2.70 K, 
ref. 13;0,4.2K,ref.  13;D,77.6K,ref. 2 4 ; 0 ,  -293K,datainref. 2 
extrapolated to zero field and normalized to the n = 10 and 28 

molecules/m3) results (see text). H2: V, 77.6 K, ref. 24: . 
-293 K, ref. 2. The points were calculated from experimental data in 
the cited references. 

Equation [lo],  like eq. [9], is related to the Mott criterion, not to 
that of Ioffe and Regel. 

The Ioffe-Regel criterion means that when L = A, n p  should 
be somewhat different than when L >> A (8). When the 
electron-molecule interaction is repulsive (as when the mole- 
cule is nonpolar and has a very small polarizability) n k  
decreases (negative effect) (15). When the electron-molecule 
interaction is attractive (as when the molecule is nonpolar and 
has a large polarizability) n k  increases (positive effect) (15). 
When the molecules are strongly polar the electron-molecule 
interaction is attractive and one might expect a positive effect, 
but a negative effect is observed (14, 17). These behaviors are 
quantitatively examined in the following sections. 

(a) Molecules with low polarizabilifq. 
Helium and hydrogen have small polarizabilities (23) and 

serve to illustrate the negative Ioffe-Regel effect (24). The 
condition 

corresponds to 

From eqs. [2] and [4], eq. [ l l ]  is satisfied at the Ioffe-Regel 
density: 

[13] ~ I R  = 0.28 T(np),  

where (np.),, is the low density value of np. at temperature T. 
Thus the value of ~ I R  is extrapolated from low density behavior. 

In helium over a hundred-fold range of temperatures, from 
2.7 to 293 K, the value of (np.)IR/(np)o is 0.72 + 0.02 (Fig. 1 
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TABLE 1. D e n s ~ t y  effect? on  electron transport in nonpolar fluids 

- a  CY 
- 
4 a e o  9" T - Th ( n ~ ) ( ;  nIRd - n 1 ~ "  - ( ~ E L I I K '  - (nF*.)2xe ( n t ~ ) ~ "  

Gas (lop3' m') (lOp10 c rn) (K) T, ( 1 0 2 ~ o l e c u l e s / m  V s) (10" molcculc~/m3)  n, (n l~- )"  ( n ~ ) o  ( n ~ ) o  

"Mean polarizability Z and dipole moment 9, ref. 23. G has SI units C m2/V. To retain the familiar units m', wc list Z/4?it,,. 
"T, and n, are the temperature and density of the critical Huid. 
'.Values from the references in parentheses indicated. 
"Equation 11 31. 
'Obtained from plots such as those in Fig. 1, constructed from data in refs. for (np),  unless othcrwise indicated. n lh  = TITT)ZIR and nh = 2 n n r R .  
jFrom n p  = 103 X 10'' molecules/m V s at 87 K and n = 21 X loz7 mole~uIes/m~ (ref. 29), multiplied by the ratio of ( ~ , / 7 " / ' ) ~ '  values at 149 and 87 K (ref. 31). 

At this density the isothermal compressibility X, = 1.4 x lop4 a t m '  at 149 K,  and 2.2 X 10 a t m '  at 87 K (ref. 32). Thus ( n ~ ) ~  = 72 x 10" molecules/m V s at 149 K.  
"From data in ref. 37c. 
2 lO%, extrapolated from data in ref. 7. 

'Values slightly less than unity are caused by quasilocalization of electrons by density lluctuaiions in the gas. 
'Values much less than unity are caused by the formation of localized states in the liquid. 
kUsing high density data from ref. 42. 
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GEE ASD I 

and Table 1). The constancy of (np) lR/(np)o over a hundred- 
fold range of temperature confirms the validity of the Ioffe- 
Regel concept in helium. 

In Fig. 1, the electrons in helium at 293 K were still slightly 
epithermal at the lowest field strength used (9 x V m2/mole- 
cule); the plots of drift velocity against field strength did not 
reach a slope of unity (2), in agreement with recent measure- 
ments in the same field range (25). Furthermore, Griinberg 
(2) evidently normalized his results at n = 10 and 28 

molecules/m3) to the (np),, values of Crompton and 
co-workers (26), whereas in the denser gases used by Griinberg 
n p  should have been 1% and 3% lower, respectively. The 
points at 293 K were obtained by extrapolating Griinberg's 
data to zero field, assigning the average of the expected 
values n ~ / ( n p ) ~  = 0.98 to the equal sets at n = 10 and 
28 molecules/m3), and measuring the ratios at higher 
densities relative to that. 

In hydrogen at 77.6 and 293 K the value of (np)IR/(np)O is 
0 72 1 0.01 (Fig. 1 and Table 1). The behavior is the same 
as that in helium. The transient electron capture mechanism 
suggested by Frommhold (27) involving resonance with a 
rotational state of the molecule is therefore not the cause of the 
decrease of n p  in hydrogen. The decrease is caused by the 
constructive interference of the repulsive interactions of the 
electron with more than one molecule at a time, in accord with 
the Ioffe-Regel concept that electron transport is modified 
when L = hT.  

Equation [lo] predicts localization at 

where+?- is given by eq. [5]. If all the electrons had the same 
energy and if the scatterers were regularly spaced, a mean free 
path equal to 2 k  should imply that a relatively completely 
localized state of the electrons had been formed. In a Maxwel- 
lian system -30% of the electrons have* < jtT. Furthermore 
the scatterers are randomly distributed in space. At the density 
n2, that satisfies eq. [14] the ratio (np)z,/(np)o is 0.17 in 
helium at 4 .2  K and 0.27 +- 0.02 in helium and hydrogen at 
77.6 K (Table 1). This is consistent with the L = 2Xcriterion of 
localization. 

Mott's statement (11) that L cannot be smaller than h is 
commonly represented by saying that when 

1151 L = X ,  

the electron is in a localized state. In helium at a density that 
fulfills eq. [15], the experimental value of (nk),/(n p ) ~  is 1.34 
X lop4 at 4.2 K and 0.035 at 77.6 K (Table 1). In hydrogen at 
77.6 K the ratio is 0.025. The electrons are localised. However, 
since XT is the average of a wide distribution of values, the 
condition (15) is well past the threshold of localization and 
probably has less theoretical significance than condition [ I  41. 

Furthermore, the Ioffe-Regel condition (b). L - a ,  is well 
past the localization threshold. 

(b )  Molecules with larger polarizability 
The preceding discussion applies to molecules that have a net 

repulsive interaction with the electrons. Molecules that have a 
large enough polarizability, such as argon and methane, have a 
net attractive interaction with thermal ( 5 0 . 1  eV) electrons. In 
such gases the simultaneous interactions of an electron with 
more than one molecule at a time interfere destructively, so n p  
increases in the multibody scattering regime (7, 15. 28). 

In low density argon at 297 K the density normalized mobility 

TABLE 2. Electron scattering cross sections. dilute gas 

Dave m2) 

Gas T (K) Obsd Pol" Obsd/Pol 

Xe 145 63 ( 4) 249 0.25 
297 44 ( 4 )  174 0.25 

CH4 150 7.8 (35) 200 0.04 
297 4.0 (35) 140 0.03 

"Equation [ la]  

is (n p)o = 1.3 x molecules/m V s (29). The value of nlR 
is therefore 10.8 X molecules/m3, which is 11% below 
the density where the mobility maximum occurs (30). Although 
297 K is well above the highest temperature (158 K) used at this 
density, the results (30) indicate that in the supercritical gas at 
297 K one would have ( n ~ ) ~ ~  > 1.6 X molecules/m V s. 
Thus (np)IR/(np)o > 12 (Table 1). Values of the ratio much 
greater than unity indicate that the electrons are in a conduction 
band. 

At lower temperatures the values of (n p)o and n 1 ~  are smal- 
ler, and the mobility ratio is smaller: at 149K, ( r ~ p ) ~ ~ / ( n p ) ~  
= 1.6 (Table 1). However, at the highest density n2, the ratio is 
(np,)m/(np)o = 16 (Table 1). The still higher density n, = 
21 x molecules/m3 at 149 K is the density of liquid argon 
at its normal boiling point, 87 K. We used the model of Cohen 
and Lekner (31) and the isothermal compressibilities of the 
liquid at 87 and 149 K (32) to calculate the value of (np) ,  at 
149 K from the value of n p  at the same density at 87 K (29). The 
resulting ( n p ) , / ( t ~ p ) ~  = 9 is smaller than the lower density 
value ( n ~ ) ~ ~ / ( n p ) ~  = 16, because of the density dependence 
of the scattering length (33). 

In methane (34,35) the effects at nlR and n2, are smaller than 
in argon, and in xenon (4) they are smaller still (Table 1). This 
result is contrary to the initial expectation that the positive effect 
would be more pronounced at larger polarizabiiities. It is the 
polarizability that determines whether the Ioffe-Regel effect is 
negative or positive (15). 

The contribution of the polarization interaction to electron 
scattering by Xe, CH4, and Ar can be assessed by comparison of 
a,,, with that expected from the polarization potential. The 
scattering cross section expected from the polarization potential 
is (36) 

Thus 

For a Maxwellian distribution of electrons at temperature T. 

where a is in m2 and & / 4 n ~ ~  is in m3 (the SI units of a are 
G m2/V). The observed a,,, of Xe is only 25% of n,,, .,, ,, 
while those of CH4 and Ar are only 4% and 2%, respectively 
(Table 2). Most of the electron-molecule attractive polarization 
interaction is cancelled by the short range Pauli repulsion 
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between the electron and the filled valence electron shells of 
these molecules. 

However, electron scattering is strong enough in low density 
xenon gas that n l ~  corresponds to only -10 atm pressure at 
297 K; there is no enhancement of np.. Scarcely any enhance- 
ment of np. occurs even at the 6.3 times higher density n,, in 
xenon (Table 1). At much higher densities, -Ion, = 1-2 

molecules/m3), the value of n p . / ( n l ~ . ) ~  is enormous, 
- 1000 (4). There is a large density effect, but it is not related to 
the Ioffe-Regel criterion. 

If the positive Ioffe-Regel effect in argon and methane is 
indeed due to the density dependence of an attractive electron- 
molecule interaction (15), it should be at least as prominent in 
xenon. The absence of the effect in xenon suggests that the 
theoretical interpretation of the effects in argon and methane be 
reopened. 

Recent attempts by Polischuk to explain the behavior in 
xenon and other gases are discussed in Appendix 2. 

(c) Electron attachment 
Nitrogen is a nonpolar molecule with an average polarizabil- 

ity similar to that of argon. The values of ( n ~ ) ~  at low 
temperatures are also similar in the two gases (Table I )  (29,37). 
One might therefore expect similar values of (np.)IR/(np.)o in 
nitrogen and argon at low temperatures. In fact the ratios are 
very different. In argon the ratio is greater than unity. In 
nitrogen it is smaller than unity, and even smaller than those in 
helium and hydrogen, which repel the electrons (Table 1). The 
deviation of (np.)IR/(np)o from unity is twice as great in 
nitrogen as in helium and hydrogen, and the deviation of 
(np.)2k/(np.)o is 100 times as great (Table 1). The behavior in 
nitrogen is explained by transient attachment of electrons to 
nitrogen molecules in the dense gas (37a). 

Similarly, carbon dioxide can be compared to methane. They 
are nonpolar and have the same mean polarizability . The Ioffe- 
Regel ratio ( n ~ ) ~ ~ / ( n p . ) ~  is unity or slightly smaller in carbon 
dioxide, while in methane it is unity or greater. At higher 
densities the ratio n ~ / ( n p ) ~  becomes much smaller than unity 
in carbon dioxide and much larger than unity in methane (Table 
I) .  Transient attachment of electrons occurs in dense carbon 
dioxide gas (3, 38, 39). 

The Ioffe-Regel and Mott criteria should not be applied when 
electron attachment occurs. 

(d) Nonspherical alkanes 
There might be a small enhancement of np. due to the 

Ioffe-Regel effect in ethane (40, 41), propane (5, 6,  42), and 
n-butane ( 6 ) ,  but it is obscured by the decrease of n p  caused by 
quasilocalization (6, 40) under the conditions of experiment 
(Table 1). Heating the gas decreases the magnitude of the 
density fluctuations and therefore decreases the extent of 
quasilocalization; the value of (np.)IR/(np)o in ethanc and 
propane increased to 2 1.0 (Table 1). 

The L = 2% criterion applies to formation of localized states 
in the dense fluids; (np.)2k/(np.)o - 0.1 (Table I ) .  

There is an extensive literature about localized states of 
electrons in liquid, nonspherical hydrocarbons. The subject 
does not require discussion here. Example references are 5,  6,  
40-42, and works cited therein. 

(e) Polar compounds 
The scattering cross sections of highly polar molecules for 

low energy ( 5 0 . 1  eV) electrons are large. The values of ( n ~ ) ~  
are correspondingly low (compare values in Table 3 with those 
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in Table 1). The electron-dipole interaction is attractive and one 
might expect the Ioffe-Regel effect to  be positive. However, it 
is slightly negative; ( n  ~ ) ~ ~ / ( n  p . ) ~  = 0 . 9  in dimethyl ether (43), 
methylamine (44), ammonia (10, 17,  44), methanol (6b) ,  and 
water (9). The  ratio in  ammonia remains 0 . 9  over a two-fold 
range of temperature, 300-600 K (Table 3).  

At the three-fold higher density n2, the value of ( n  p.)23c/(n p)O 
has only been reduced to 0 .7 ,  similar to  ( n  p)IR/(np)o in the 
repulsive-interaction gases helium and hydrogen. At the still 
higher density nk a large degree of electron localization has still 
not been achieved (Table 3). 

Polischuk's recent treatment of the behavior in water vapour 
(45b) is discussed in Appendix 2. 

The scattering interaction does not change in a simple manner 
with density. Simple criteria such as  those of Ioffe and Regel (8) 
and of Mott (1 1) are only of qualitative use in these gases. The 
criteria were devised for electron behavior in  condensed phase 
semiconductors, where the internal electronic structure can 
change a lot from one material to  another, but the density does 
not change much. 

5. Conclusions 
( a )  The Ioffe-Regel criterion that np. changes when L 5 A 

and the Mott criterion that L -- corresponds to  a localized 
state of the electron, apply to gas density effects in helium and 
hydrogen, which have a net repulsive interaction with electrons. 

(b) The Ioffe-Regel and Mott criteria are not useful when 
transient attachment of  electrons occurs, nor when the mole- 
cules are highly polar. 

(c) The positive Ioffe-Regel effect is not present in xenon, 
which brings into question the explanation of the effects in 
argon and methane. 
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Appendix 1. Wavelength and radianlength 
Each of the following eight formulas have been used to 

calculate the wavelength of electrons at temperature T; h is 
Planck's constant. 

[i]  h ( . r r / 8 m k B ~ ) ' / 2  

This corresponds to  the 7 X l o p 9  m at room temperature 
given in ref. 8, and to (k)- '  = (A-I)- '  in refs. 9 and 10. 

[ii] h(3/2rnkBT)'l2 

This was incorrectly attributed to  Ioffe and Regel (8) by 
Mott (1 1). 

[iii] h/  [2 . r r ( rnkg~)  'I2] 

This corresponds to  the 3 X m at 100 K given in ref. 11. 

[iv] h / ( m k B ~ ) ' / 2  (ref. 12) 

[v] h l ( 2 ~ r r n k ~ ~ )  ' I 2  (refs. 12-14) 

[vi] h / [ 2 ~ r ( 2 r n k ~ ~ ) ' / ~ ]  (refs. 15-17) 

The temperature in  ref. 15 was used as an energy, so it 
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included kB . 
[vii] h/(2rnkBT)'12 (ref. 18) 

[viii] h/(8nrnkBT') ' I2  

This form is obtained when the empirical factor cw = 112, 
obtained by fitting a model to electron behavior in helium gas 
(13), is included where it seems to belong, in the wavelength 
factor. 

The wavelengths estimated at a given T by these formulas can 
differ up to I 1-fold, [ii]/ [vi]. The differences are caused by 
different definitions of wavelength and different averaging 
procedures for the velocity. 

Although all of the above formulas were called wavelength or 
average de Broglie wavelength by the authors cited, formulas 
[iii], [vi], and [viii] are actually for +c = h/2.rr, which is 
6.3-fold smaller than a wavelength. h is a radianlength (19). 
The radianlength is the counterpart of the angular velocity w 
(radian/s). Angular velocity has been burdened with a number 
of imprecise names such as angular frequency, circular fre- 
quency, frequency, and radian frequency. The frequency v 
(cycle/s) of a wave or oscillation is w/2n .  In attempts to 
visualize wavelike properties of particles it is important to 
distinguish between wavelength and radianlength, and between 
frequency and angular velocity. The visualization of processes 
and concepts is of great utility, and will be more widely used in 
the future (20). 

There are also differences between formulas [i] to [viii] due 
to the use of one dimensional ( Id)  or 3-dimensional (3d) 
speeds, and different types of averages over the Maxwellian 
distribution. The relevant 1 d averages are 

[ix] (u ld )  = (2kBT/.rrrn)l12 

[XI ( c ? ~ ) " ~  = (kBT/m)'I2 

while the 3d averages include 

[xi] (ugd) = (8kB~/.rrrn)'I2 

= 2 ( ~ l d ?  

[xii] ( u Z ) - l  = ( ~ r k T / 2 r n ) " ~  

[xiii] ( u ~ ~ ) - " ~ =  ( k B ~ / m ) 1 ' 2  
= (U:d)'!2 

and the most probable speed 

The formulas therefore represent the following: 

[i] wavelengthgd hT,gd = h/m(ugd) 

or half wavelengthld hT, = h/2rn( u ld )  

[ii] approximate wavelengthld - h/m( u d) 
or 2~ wavelengthgd - 2h/rn(cgd) 

[iii] radianlength .)rT = A( v ~ ~ ) ~ ' ~ / r n  
2 112 

=&/m(uld? 

[iv] wavelength = h( ~ ; ? ) " ~ / r n  
2 112 

= hlrn(fild? 

[v] 2 x  radianlengthld = 2-&/m(cld) 

[vi] radianlength = J t l r n ~ t 3 ~  

[vii] wavelength = h/rnagd 

[viii] radianlength = &/rn(u d )  
or 2 x radianlengthgd = 2&/rn( ~ g d )  

Equations [4] and [5] are preferred to the above eight in the 
dense gas context. 

Appendix 2. Recent attempts 
Polischuk, who was a co-worker of Iakubov, has recently 

made interesting attempts to explain the density dependence of 
n p. in xenon (45a) and in polar gases (45 b). Although he made 
progress beyond earlier attempts, his work is obscured by the 
same language problems discussed in Appendix 1. There are 
other difficulties that deserve comment. 

The density effect in nitrogen was classed with those in 
helium and hydrogen (45a, b), whereas the effect in nitrogen is 
due to electron capture (Table 1). 

Models that use X = 1, h = 1, c = 1 or kB = 1 eliminate 
visualization of the physical processes. The ideas being advanced 
are then trapped behind jargon barriers and are not easily 
available to a broad audience. Polischuk used& = 1 and kB = 1,  
but in eq. [15] of ref. 45 b he inserted .II "which demonstrates the 
quantum nature of the density effect". His equation is quite 
complicated, but it is equivalent to the above eq. [7] multiplied 
by 0.5; r = 0 . 5 ~ .  However, he did not explain why the 
attractive electron-dipole potential should produce a negative 
rather than a positive effect of density on n b .  Equation [3] of 
ref. 45b is simply the Altshuler cross section (46). 

For nonpolar scatterers, Polischuk argued that the ro which 
occurs in terms such as cwe2/2(ri + r2)2 is not simply a fitting 
parameter (45a), although it is simply that (33). He suggested 
that "ro can be estimated by the sizes of the outer electronic shell 
of the atom and by the effective radius of hard spheres". But he 
used values of ro for argon and xenon that were only 37% of 
the hard sphere radii estimated from the solid phase (29). A 
calculated~curve for p/bo against xenon density is shown in 
Fig. 2 of ref. 45a,  but values of the equation parameters are 
lacking. In particular, the values of the chemical potential and 
mobilily threshold energy are needed at each density. Further- 
more, electron quasilocalization and the drastic effect of 
temperature on it (4) were ignored. 
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The demicellllization temperature of potassium n-octanoate in deuterium oxide as estimated 
from 'H and l3c nuclear magnetic resonance spectra 
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M. A.  DESANDO and L. W. REEVES. Can. J .  Chem. 64, 1817 (1986). 
Measurements of the proton nmr peak positions and carbon-13 nmr chemical shifts as a function of concentration and of 

temperature estimate the demicellization temperature to be in the range ca. 115-227°C for potassium n-octanoate in deuterium 
oxide at concentrations around the critical micelle concentration. 

M. A. D E S A N D ~  et L. W. REEVES. Can. J .  Chem. 64, 1817 (1986). 
Operant dans de l'oxyde de deuterium, a diverses temperatures et a diverses concentrations, on a mesure les positions des 

bandes dans les spectres rmn du 'H et du 13C de l'octanoate de potassium; sur la base de ces resultats, on a Cvalu.6 que la 
temperature de dCrnicellisation, a des concentrations proches de la concentration micellaire critique, se situe entre 115 et 227'C. 

[Traduit par la revue] 

Introduction 
Potassium n-octanoate in deuterium oxide ( 2 ~ 2 0 ) ,  as with 

aqueous solutions of other fatty acid salts, can form normal 
micelles (1-3) above the Krafft point (3) of the surfactant. 
Whereas considerable information is available on the properties 
of surfactant solutions around room temperature, very little is 
known on the behaviour of micelle-forming systems at high 
temperatures, especially above the boiling point of the solvent. 

A study was therefore undertaken to obtain data on the nature 
of a simple two-component surfactant system, namely, potas- 
sium n-octanoate in 2H20 ,  over a wide temperature range 
(29-154°C). The nmr method is a suitable one for the 
characterization of the species present in solution, and has the 
advantage over many other techniques of providing information 
on the environments and interactions of different Darts of the 
molecule. It is possible to correlate spectral parameters such 
as resonance peak position to changes in the properties of the 
surfactant aggregates with variations in temperature. 

There is substantial evidence from a number of experimental 
techniques that surfactants with a short alkyl chain ( 5 8  carbon 
atoms) form small aggregates in water around room temperature 
(4).  Sodium n-octanoate, for instance, self-associates into 
micelles with a mean aggregation number in the range 4- 15 at 
temperatures around 25°C (5-7). Small micelles would be 
expected to be less stable than large ones, which would have 
stronger interactions among the larger more hydrophobic alkyl 
chains of the surfactant. Short-chain surfactants therefore tend 
to micellize via multiple equilibria ( 8 ,  9 ) ,  whereas the self- 
association of long-chain surfactants may be described by a 
cooperative process where the monomer = micelle equilibrium 
is dominant (1, 10). The micellization process of potassium 
n-octanoate in ' H 2 0  is in contrast to that for long-chain 
surfactants that can form large micelles, e .g . ,  50-100 mono- 
mers per micelle (4 ) .  

The chemical nature of the surfactant, whether nonionic or 
ionic, bears on the variation of the critical micelle concentration 
(c.m.c). and hence the micelle stability, with temperature. 
Inherent in the c.m.c. value is a reflection of the ease of 
formation of the micelles, i.e., it has a dependence on the free 
energy of micellization ( I ,  4 ,  8 ,  10). A system that approaches 
thermal demicellization should, therefore, display an increase 
in the c.m.c. value at high temperatures. Indeed, the few experi- 

'~evision received April 1 1, 1986. 

mental studies at elevated temperatures do show a monotonic 
increase of the c .m.c. with temperature. Consider, for instance, 
the works of Evans and Wightman ( 1 1 )  on cetyltrimethyl- 
ammonium bromide, and Kunieda and Shinoda (12) on diocta- 
decyldimethylammonium chloride in water. These researchers 
were able to measure c.m.c. values at 166 and 200°C, 
respectively, which suggest that micelles exist at high tempera- 
tures. A theoretical treatment by Poland and Scheraga (13,  14) 
relates micelle stability to the hydrophobic character of the 
surfactant, e.g., alkyl chain length, and the c.m.c. They have 
calculated the temperature variation of the micelle size and, for 
a nonionic surfactant, demonstrate how micelles may not exist 
above a certain temperature. 

From the literature data (1, 4, 1 1 - 18), a few basic features 
appear on the effects of temperature on micelle formation: ( i )  
the c.m.c. possesses a parabolic-type variation with tempera- 
ture, with the minimum usually around 25°C for ionic surfac- 
tants; and ( i i )  the size of ionic micelles appears to decrease with 
increasing temperature. Much information, however, is lacking 
on how temperature affects the self-association of surfactant 
amphiphiles . 

One of the prime objectives of this study is, therefore, to 
observe the effects of high temperature on micellization, and 
subsequently to determine at which temperatures demicelliza- 
tion occurs, that is, the temperature above which micelle 
formation is not favoured. 

Research on a simple micelle system will provide valuable 
information on temperature effects, which may be applied to 
lyotropic mesophases (19,  20),  industrial processes involving 
surfactants (21),  and to chemical evolution (22).  Potassium 
n-octanoate was chosen for this work for the following reasons: 
( i )  alkali metal salts of fatty acids do not decompose appreciably 
at higher temperatures; ( i i )  it has a high critical micelle 
concentration (c.m.c. -0.30-0.40 m at ca. 25-35°C) (23) ,  
which allows for easier determination of the range of concen- 
trations where most of the surfactant is in the micellar state; and 
( i i i)  it appears to form rather small micelles that are likely to 
disintegrate more completely at a lower temperature, and thus 
facilitate the detection of the demicellization temperature. 

Experimental 
Potassium n-octanoate was synthesized from the equimolar reaction 

of n-octanoic acid (Aldrich 99.5+%) with potassium hydroxide 
(Baker A.R.) in absolute ethanol, followed by several recrystalliza- 
tions from absolute ethanol and rigorous drying irz vacuo. 
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Potassium n-octanoate (from laboratory stock) was washed several 
times with ethyl acetate and then dried in vacuo over CaC12 for a few 
days. Ethylene glycol (Baker A.R.) was refluxed over anhydrous 
sodium sulfate, distilled several times in dry nitrogen, and was then 
immediately sealed in an nmr tube. 

Surfactant solutions of molal and, in a few cases, of molar 
concentrations (at 29'C) in '~ '0  (99.8 atom %; Merck, Sharp and 
Dohme) were placed in the outer tubes of 5 or 10 rnrn od Wilmad 
precision coaxial nmr cells, with tetrarnethylsilane (TMS) (MSD 
Isotopes) in CC14 (- 1 % vjv) as the external reference for proton nmr 
spectra and neat hexamethyldisiloxane (Aldrich) for carbon-13 nmr 
spectra. Solutions for proton nmr spectra above 72°C were sealed in 
5 mm od thick-wall nmr tubes. All resonance peak positions (in ppm) 
are relative to the external reference set to 0 ppm in the 1.88-T magnetic 
field of a Bruker WP-80 nrnr spectrometer. 

Variable temperature, natural abundance carbon-13 nmr spectra, 
with heteronuclear broad-band decoupling, were recorded at 20.12 MHz 
on the WP-80 spectrometer, and at 30°C and 62.95 MHz, with power 
gated decoupling, on a Bruker AM-250 nmr spectrometer. 

Samples were allowed to attain thermal equilibrium, as confirmed 
from spectra taken over a period of time until constant values of 
resonance peak positions were observed (ca. 15-20 min at 29OC). 
In the case of high temperature measurements, the samples were 
preheated in a constant temperature bath to the desired temperature. In 
most cases, two or three proton nmr spectra were recorded for each 
sample. A typical uncertainty in the proton resonance peak position is 
10.003 ppm and the mean variation of the carbon- 13 chemical shift for 
several measurements at 20.12 MHz is i 0 . 0 1 2  ppm. At 80 MHz the 
coupled spectra are second order, and so the term, peak position, has 
been applied to the proton nrnr signals. 

The temperature inside the 5-mm 'H nmr probehead was determined 
from the equation of the line of best fit (from linear regression analysis) 
to the plot of frequency difference between the resonance peaks of neat 
ethylene glycol against observed temperature. The observed tempera- 
ture was determined from measurements of the melting points of eight 
organic solids in a manner similar to that of Yamamoto and Yanagi- 
sawa (24). Melting points measured on a Meltemp block-heater type of 
apparatus were correlated to those determined from plots of spectral 
intensity versus the temperature set on a calibrated B-ST 100j700 
temperature controller. At temperatures around and above the boiling 
point of 'H20 (101.4°C) it was necessary to use either degassed 
2 ~ 2 0  - chloro~ulfonic acid or 2 ~ 2 0  - sulfuric acid mixtures as the 
deuterium lock agents in the outer tubes of the coaxial nmr cells that 
contained the ethylene glycol. 

Measurements of the relative intensities and areas of the proton 
resonance peaks as a function of concentration and temperature 
revealed that any evaporation of the solvent above 127°C resulted in a 
small change in concentration of the surfactant of the order of 10%. 
Corrections were not applied for bulk magnetic susceptibility in the 
coaxial samples as this was determined to be a small effect (25-27). 

Results 
The observed nmr peak is a weight average signal whose 

position (Sobs) is dependent on  the species present in solution; 
thus sobs = E(iC,S,)/CT, where the peak position (6,) and 
concentration (C,) are for the species composed of i monomers, 
and CT is the total surfactant concentration. Extrapolation of 
the Sobs versus CT curve to CT = 0, i .e . ,  infinite dilution, 
yields the 6, value for the unassociated monomer (6,). Also, 
extrapolation of the Sobs versus CT' curve to infinite concen- 
tration (C;' + 0) provides the value for the micellar state 
(SM) (26). The  difference, A6 = SM - S,, is therefore a 
measure of the change in environment of a proton or set of 
magnetically equivalent protons upon entering the micellar 
state. In the case of 13C nuclei, other factors may contribute to 
the chemical shift, notably, hybridization, and inductive and 
steric effects (28). Representative plots of Sobs versus CT' 
(Figs. 1 and 2) are given. Table 1 lists the carbon- 13 nmr 6, and 
tiM-values at different temperatures. 
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DESANDO AND REEVES : I 

l r 4  
O.! 

FIG. 1. Proton resonance peak position for the methyl group versus 
reciprocal total molal concentration of potassium n-octanoate in 2H20; 
0, 31°C; *, 32°C; 4, 37"C, X ,  44°C; 0, 52°C; +, 54°C; 8 ,  61°C; 
Bl. 72°C. 

FIG. 2. Carbon- 13 nrnr chemical shift for the C5 carbon atom versus 
reciprocal total molal concentration of potassium n-octanoate in ' ~ 2 0  

at different temperatures. 

When TMS was not employed as an external reference, the 
difference in peak position, Av = v(a-CH2) - v(CH3) was 
taken. The position of the centre peak of the resonance multiplet 
was used as v(a-CH,). Plots of Av versus CT yield the values 
(Av,) for the monomers at C, -+ 0 and the minima values in 
the plots of h v  versus log c,' (Fig. 3) were taken for the 
micellar state ( 8 ~ ~ ) .  

Critical micelle concentrations were determined from the 
intersection point, calculated from the equations of the lines 
(from linear regression analyses) of limiting slope in the plots of 
carbon- 13 nmr chemical shift versus Cf . 

Discussion 
The variations of the proton nrnr peak positions as a function 

of the total potassiun~ n-octanoate concentration in 2 ~ 2 0  are 
consistent with the model of normal micelle formation. For 
example, the difference in peak position (AS) between the 
micellar and monomeric states is least for the a-CH2 protons 
and increases with distance from the C02-  K +  moiety (see Fig. 
4). Over the temperature range 29-72°C the A6(CH3) value is 
ca. 1.5-3.1 times larger than the A6(a-CH2) value and is in line 
with the fact that the methyl groups constitute the core of the 

FIG. 3. Difference in peak positions (Av) between the a-CHz and 
CH3 resonances versus total molal concentration of potassium n-octa- 
noate in 2 ~ 2 0  at different temperatures; II, 29°C; + , 3 1°C; X , 32°C; ., 35°C. 

' 
Temp ('C ) 

FIG. 4. Difference in proton resonance peak position (A6) between 
the micellar and monomeric states for potassium n-octanoate in 2 ~ 2 0  

at different temperatures (--- calculated from a computer generated 
least-squares fit (WATFIV LEAST). 

micelle, whereas the methylene groups adjacent to the polar 
head groups of the amphiphile are near the surface of the micelle 
and, therefore, are subject to a substantial degree of hydration 
(29. 30). In fact, Halle and Carlstrom (29) have reported that 
fewer than two CH2 groups of an amphiphile molecule are 
hydrated in the micelles of potassium n-octanoate in 2 ~ 2 0  at 
28°C. At high temperatures the micelles are expected to be less 
stable and more hydrated. Enhanced dissociation of the micelles 
would lead the monomers to reside in a hydrated environment 
for longer periods of time, as is reflected in the decrease of AS 
with temperature over the range 29-72°C (Fig. 4). 

Above ca. 70°C the volatility of the TMS in CC14 solution 
made it necessary to internally reference the peaks, e.g. ,  the 
difference in peak position (Av) between the a-CH2 and CH3 
proton nmr signals was measured. Just as the characteristic peak 
positions, 6, and SM, for the monomer and micelle, respec- 
tively, yield AS, so the differences, S,(a-CH2) - S,(CH3) = 
Av, and SM(a-CH2) - SM(CH3) = Avm, provide VM - v, = 
~ ( A u ) .  Micellization is also indicated from the discontinuity in 
the concentration dependence of Av at the c.m.c. (Fig. 3). The 
c.m.c. value from the Av versus log C T ~  plot is similar to that 
from the proton nmr peak positions and the carbon-13 nmr 
chemical shifts (e.g., c.m.c. = 0.30 m at 29OC (lit. (23) c.m.c. 
= 0.30-0.40 m at ca. 25-35°C)). The latter are accepted 
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30 50  7 0  90 110 130 150 
Temp c0C) 

FIG. 6. Difference in peak positions between the a-CH2 and CH3 
resonances for the monomeric, @, and micellar, , states of potassium 
n-octanoate in 2 ~ 2 0  as a function of temperature. 

FIG. 5 ,  Carbon.13 nmr chemical shift difference, AS, between the TABLE 2. The demicellization temperature (in "C) of potassium n- 

micellar and monomeric states, for the carbon atoms of potassium octanoate in 'H20 as estimated from linear extrapolation of the 

n-octanoate in 2H20 at different temperatures. carbon-13 nmr chemical shift difference, AS, versus temperature plot 
to different values of AS 

experimental parameters for the determination of c.m.c. values 
(26, 31). It is also worth noting that the shape of the Av versus 
log C,' plot differs from that of 6 versus CT l ,  and this may be 
attributed to the different rates at which 6(a-CH2) and S(CH3) 
vary with the total surfactant concentration. 'The minimum 
position in the Av versus log CT1 plots is in all cases above the 
c.m.c., and has been chosen as an experimental AvM value for 
the micelles. Intrinsically, the h v  parameter behaves in an 
analogous manner to its parent parameter, 6 ,  as reflected in the 
decrease in amplitude of both the 6 and Av versus CT plots with 
temperature (Fig. 1 and 3). 

PL third parameter that affords information on demicellization 
phenomena is the 13C nmr chemical shift. Because the I3c nmr 
spectra are first order, it is possible to map the A6 values as a 
function of position in the alkyl chain (Fig. 5). In contrast to the 
results from proton nmr spectra, the A6 values from the 13c 

spectra are higher for carbon atoms in the middle of the alkyl 
chain (see Fig. 5). One may explain the foregoing effect on the 
basis that carbon-13 chemical shifts are sensitive to conforma- 
tional changes, e.g. ,  trans = gauche rotational isomerism, 
with the trans rotamer being favoured in the micellar state 
(15, 16,29). Elevation of the temperature will enhance rotations 
around the C-C bonds, and consequently alter the relative 
populations of the amphiphiles in the different rotameric states. 
Furthermore, conformational changes coupled with increased 
translational motion will weaken the hydrophobic bonding and 
thereby reduce the micelle stability. Increased temperature 
should thus induce a change in the I3C nmr chemical shift, as 
observed from the plot of A6 as a function of position along the 
alkyl chain (Fig. 5). 

Collectively, the results from the variable temperature 'H and 
13C nmr spectra suggest that potassium n-octanoate self-asso- 
ciates over a wide temperature range, 29°C to at least 103"C, 
and perhaps as high as 154°C. Also, the experimental results 
comply with a process that involves the dominance of complex 
processes, e.g. ,  multiple equilibria, as exemplified by the 
enhanced curvature of the 6 versus CT1 plot (Fig. 1) at the high 
temperatures. If a simple monomer micelle equilibrium 
reaction exists, then the nmr peak position, or chemical shifts, 
as a function of c;' will generate two straight lines (6 = 6M + 
(C,/CT)(6, - 6,)), which intersect at the critical micelle 
concentration (26). Deviations from ideal behaviour result in 
curved 6 versus CT plots with larger radii of curvature for cases 
where the aggregates are small in size and the dominant mode of 
self-association is via multiple equilibria. From Figs. 1 and 3 it 

Carbon atom* 

*Subscript numeral corresponds to the position away from the CO,- carbon 
atom (C,). 

?Value at which the data extrapolate to the demicellization temperature, 
within the experimental error in AS. 

is obvious that the amplitude of the plots decreases and the 
curves tend toward the monomer line (6 = 6, and Av = Av,) as 
the temperature increases. 

Upon demicellization, surfactant monomers would be the 
predominant species in solution, and so the observed chemical 
shift would be that for the nonassociated amphiphiles, e.g., 
6, and Av,. This feature allows an estimate to be made of the 
demicellization temperature (DMT), for as the system tends 
toward the DMT, the micellar SM and AvM values would, in 
effect, become more similar to the monomer 6, and Av, values 
(see Figs. 1-3 and 6). Two methods have been used to estimate 
the DMT from the 'H nmr data, one by solving equations of 
the lines of 6 and Av versus temperature (e.g. Fig. 6) of the 
monomers and micelles, for their intersection point, and the 
other from the temperature at which A6 = 0 and A(Av) = 0. 
The 6 and A6 data gave a DMT of ca. 127-157°C and the A6 
and A(Av) data yielded a DMT of ca. 227°C. 

The demicellization of potassium n-octanoate in deuterium 
oxide is well illustrated from the decrease in amplitude of the 
ca~bon-13 nmr AS as a function of position in the alkyl chain 
with increasing temperature (Fig. 5 ) .  Estimates of the DMT 
(115-199°C; see Table 2), from linear extrapolation of the 
13C nmr data to AS = 0, are similar to the values (127-227°C) 
from the proton nmr experiments. 

Although the DMT values must be considered as rough 
estimates, they do show some interesting and important 
features. In all cases the DMT (1 15-227°C) is above the boiling 
point of the solvent and in most cases is near or above the 
iceberg point of water (160°C) (32). Iceberg formation in 
water results from restructuring of the water molecules around 
hydrophobic entities (11, 32). This results in a change in 
entropy and has been attributed as a factor that affects the 
micellization process (I ,  11). It is also significant that self- 
association of the surfactant into small aggregates exists above 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DESANDO AND REEVES : 1 

TABLE 3. Critical micelle concentrations (in mol k g 1 )  from plots of carbon-13 nmr chemical shifts, 
for different carbon atoms,* versus the reciprocal of the total potassium n-octanoate concentration 

in deuterium oxide at different temperatures 

Carbon atom 
Temperature 

("C) C2 c3 c4 c5 C6 c7 c8 c . ~ . c . $  

*Carbon atoms are numbered as position away from the CO,-. 
?At 62.95 MHz on a Bruker AM-250 nmr spectrometer. 
$Mean c.m.c. value. 
§These values may be appreciably in error owing to the enhanced curvature of the plots 
(\Mean c.m.c. without value from C,. 

the boiling point of ' ~ ~ 0 ,  where substantial changes in the bulk 
structure of the solvent occur. 

It is not unreasonable that the demicellization temperature is 
above ca. 115°C. Consider the following: it is well established 
that alkali metal monoalkyl carboxylates with six to eight 
carbon atoms form small aggregates (16) in water above the 
c.m.c. Whereas potassium n-octanoate self-associates with up 
to - 10 monomers per micelle (29), it is questionable whether 
the hexanoate salt, with less than five monomers per aggregate, 
forms proper micelles, although it does display a c.m.c. at ca. 
1.6 mol dm-3 at 25OC (23). Sodium pentanoate forms even 
smaller aggregates, dimers and trimers, and does not show a 
marked discontinuity in the physical parameter - concentration 
plot (33), although a c.m.c. has been assigned at 2.4 mol 
at 20°C (23). A very short-chain amphiphile, such as sodium 
butyrate, exhibits little or no aggregation, as revealed from 
proton spin-lattice relaxation studies (33). 

Some measure of the size of the micelles may be gained from 
a plot of log C,  versus log (CT - C,), which is based on the 
single-step equilibrium model, where C,  is the concentration of 
unassociated monomers (34). The proton nmr data yield mean 
aggregation numbers (3 )  in the range 3-6 monomers per micelle 
at 3 1°C and f i  - 2 at 72"C, whereas the carbon- 13 data give 
li - 9 at 37°C and ri - 4 at 55°C. The n values should be 
considered as approximate, owing to the possibility of multiple 
equilibria and a polydispersity of aggregate sizes. Persson et al.  
(5) have determined similar ri values of -4-5 and 10-1 1 for 
sodium n-octanoate in *H20 at 25°C. 

The experimental results are in line with evidence that 
suggests small micelles form via multiple equilibria (18, 3 3 ,  
and with the quasielastic light scattering data of Mazer et al. 
(35), which reveal a decrease in the size of micelles with an 
increase in temperature over the range 10-85"C, for sodium 
dodecyl sulfate with sodium chloride in water. The aggregates 
formed by the alkali metal alkanoate surfactants should be 
very small at the high temperatures where the c.m.c. increases 
rapidly. 

Both experimental and theoretical studies favour a parabolic 
or quadratic variation of the c.m.c. with temperature, the 
minimum value for ionic surfactants being around 25°C. From 
this work the c.m.c. (see Table 3) is observed to increase from 
ca. 0.30 m at 30°C to ca. 0.40 m at 86'C. These values are 
similar to those from the conductivity studies, by White and 
Benson, on potassium n-octanoate in water (36, 37). Even 

though the present work uses deuterium oxide as the solvent, it 
has been shown that 2H20 depresses the c .m. c. by only a small 
amount relative to the value in water (38). 

One other point to be explored in the relation of the c.m.c. 
to micellization is the rate at which it changes with temperature. 
Literature data on the long-chain surfactants, tetradecyltrimethyl- 
ammonium bromide (1 1) and dioctadecyldimethylammonium 
chloride (12) in water, reveal that the c.m.c. rises rapidly 
above 100°C. These results support the view that micellization 
becomes difficult above the boiling point of the solvent. 

Finally, consider the fact that the binding energy of small 
micelles is less than that for large ones, and they would, 
therefore, be expected to demicellize at a lower temperature. 
The DMT for potassium n-octanoate corresponds to RT values 
of 3.2-4.2 kJ mol- ', which are similar to the heat of dimeriza- 
tion of n-octanoic acid in water (AHD = 4 kT mol-') (39). 
It is consequently not unreasonable that the demicellization 
temperature of potassium n-octanoate in 2H20 at concentrations 
around the c.m.c. is in the range ca. 115-227"C, where 
surfactant dimers and monomers would be the predominant 
species in solution. 

Conclusion 
The experimental results from proton and carbon-13 nmr 

spectra provide the following information: (i) potassium i z -  

octanoate forms aggregates over a wide temperature range, 
29-154"C, and above the boiling point of deuterium oxide; (ii) 
complex or multiple equilibria appear to dominate the self- 
association process of the surfactant at high temperatures; and 
(iii) estimates of the demicellization temperature are in the 
range - 115 5 DMT 5 227°C where micelle formation is not 
favoured. 
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The effects of high temperatures (29-123°C) on critical micelle concentrations in solutions 
of potassium n-octanoate in deuterium oxide: A nuclear magnetic resonance study 
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M. A. DESANDO and L. W. REEVES. Can. J .  Chem. 64, 1823 (1986). 
Critical micelle concentrations have been determined for potassium n-octanoate in deuterium oxide over a wide temperature 

range, 29-123"C, from the concentration dependence of proton nmr spectral parameters (peak positions, and vicinal splitting 
values of the a-CH2 multiplet) and carbon-13 nrnr chemical shifts. The c.m.c. varies from ca. 0.30 m at ca. 30°C to ca. 0.50 m at 
ca. 120°C and is at a minimum (0.30-0.35 m) in the temperature range ca. 30-50°C. 2 3 ~ a +  spin-lattice relaxation times reveal 
that a co-counterion (Na') different from that of the surfactant counterion (K') reflects the micellization process. A second 
critical micelle concentration has been observed around 1.0 m at ca. 30°C. 

M. A. DESANDO et L. W. REEVES. Can. J .  Chem. 64, 1823 (1986). 
OpCrant dans l'oxyde de deutCrium et 21 des tempkratures aliant de 29 a 123°C et en se basant sur la variation des parametres 

spectraux de la rmn du 'H (dkplacements chimiques et constantes de couplages vicinaux du multiplet du a-CH2) et du 13c 

(dkplacements chimiques) avec la concentration, on a d6terminC les concentrations micellaires critiques de I'octanoate de 
potassium. Ces c.m.c. varient d'environ 0,30 m B 30°C aenviron 0,50 m a 120°C; elles passent par un minimum (0,30-0,35 m) 
dans l'intervalle de tempkrature de 30 2 50°C. Lcs temps de relaxation spin-rCseau du 2 3 ~ a -  rkvelent que la pyCsence d'un 
contre-ion (Na') diffkrent de celui prCsent dans les surfactants (K-) se rkflete dans le processus de micellisation. A 30°C, on a 
aussi observC une deuxieme concentration micellaire critique autour de 1.0 rn. 

[Traduit par la revue] 

Introduction 
Amphiphiles of fatty acid salts are known to form normal 

micelles in water (1-5) around room temperature. Whereas 
considerable study has been done on  the properties of surfactant 
solutions around the critical micelle concentration (c.m.c.),  
relatively little research has been performed on  micelles at high 
temperatures and at high surfactant concentrations. There is 
uncertainty as  to the nature of  the changes that occur in the 
micelles as  surfactant is added to the solution above the c .m.c ,  
and at temperatures near and above the boiling point of water. 

The critical micelle concentration is a fundamental parameter 
in the characterization of surfactant solutions, for it indicates 
the usually narrow range of concentrations separating the limits 
below which most of the surfactant is in the monomeric state 
and above which virtually all additional surfactant enters the 
micellar state (6). This definition has been subject to  contro- 
versy as has been the concept of a c .m.c .  A number of theories 
have been advanced to explain the occurrence of a critical 
micelle concentration (1,6-9). The  usefulness of c .m.c.  values 
in the study of micelle formation, however, cannot be argued. 
For example, the variation of the c .m.c .  with temperature can 
provide thermodynamic data and information on  the nature of 
the surfactant self-association process. 

In light of the importance of the c .m.c parameter, it is 
surprising that few studies have been carried out on  its variation 
over a wide temperature range, which extends above the boiling 
point of water (10, 11). Research on  surfactant systems is 
relevant to the industrial processes, e .g  . , the temperature for 
optimum detergency, and to biological phenomena such as 
temperature effects o n  membranes and the origin of  life on  the 
primitive earth. 

It  has been suggested that a second critical micelle concentra- 
tion (c.m.c.#') exists at concentrations higher than the critical 
micelle concentration (12-17). Some researchers believe that 
the c.m.c.#' arises from a sphere-to-rod transition of the micelle 
geometry (16). Others attribute the c.m.c.#' to  a distortion of 

- 

'~evis ion received April 11, 1986. 

the micelles owing to increased binding of the counterions (ion 
condensation) and hence enhanced hydration of the micelles 
(13). Another explanation for the second critical concentration 
is that it occurs where the aggregates gain positional order 
because of increased electrical repulsions among the micelles 
(14). It has even been advanced that the changes in micelle 
structure at the c .m.c.#* are so  subtle that a very sensitive 
technique such as  position annihilation is required to detect it 
(13). 

The prime objective of the present work is therefore to study 
a simple ionic surfactant system, viz.,  potassium n-octanoate 
in 2 ~ 2 0 ,  by multinuclear nmr spectroscopy with a view to 
obtaining information on  the temperature dependence of critical 
micelle concentrations. 

Experimental 
Potassium n-octanoate was prepared by neutralizing n-octanolc acid 

(Aldrich 99.5 + %) with an equimolar quantity of potassium hydroxide 
(Baker A.R.) in absolute ethanol. The product was recrystallized 
several times from absolute alcohol and rigorously dried zn vacuo. 
Potassium n-octanoate (from laboratory stock) was washed several 
times with ethyl acetate to remove any residual acid, and was then dried 
in vacuo over anhydrous CaC12 for several days. Sodium chloride 
(Baker A.R.) was used without further purification. Ethylene glycol 
(Baker A.R.) was dried over anhydrous sodium sulfate during reflux 
in dry nitrogen gas prior to several distillations. Deuterium oxide 
(99.8 at.%) was purchased from Merck, Sharp & Dohme. The absence 
of recrystallizing solvents in potassium n-octanoate and water in 
ethylene glycol was checked from carbon-13 and proton nmr spectra. 

Solutions of potassium n-octanoate in ' ~ ~ 0  were of molal concen- 
tration, except for those at 29"C, which were of molar concentration, 
and were contained in the outer tubes of thin-wall 5 mm od coaxial nmr 
cells (Wilmad WGS-SB 1). Tetramethylsilane (TMS) in CCl, (- 1 v/v) 
was used as the external reference in the inner tube of the nmr cell 
for proton spectra. Above 72°C the samples for proton spectra were 
contained in sealed thick-wall 5 mm od nmr tubes, without a reference 
material. 

Proton nmr peak positions were measured relative to external TMS 
set to zero ppm on an 80-MHz (1.88-T field) Bruker WP-80 nmr 
spectrometer equipped with a PTS 160 frequency synthesizer and a 
B-ST 100/700 variable temperature controller. A typical uncertainty in 
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the proton nmr peak position is r0.003 ppm. Corrections were not 
applied for bulk diamagnetic susceptibility in the coaxial samples, as 
no appreciable difference in peak position was noticed when the inner 
cell was present. The undecoupled proton nmr spectra are second 
order, and so the term, peak position, has been applied to the data. 

2 3 ~ a +  spin-lattice relaxation times were measured by the application 
of a (a-T-n/2), pulse sequence via the inversion-recovery method at 
a frequency of 20.13 MHz at 29OC. 

The temperature inside the 'H probehead was measured from the 
linear equation for the difference in peak position of the ethylene 
glycol resonances as a function of observed temperature. The method 
employed to determine the observed temperature was similar to that of 
Yamamoto and Yamagisawa (1 8), and involved measurements of the 
melting points of eight organic solids, first on a Meltemp melting point 
apparatus and then on the nnlr spectrometer. Ethylene glycol was 
sealed in the inner tube of a coaxial cell and the 2 ~ - l o c k  agents ( ' ~ 1 0 ;  
( 2 ~ 2 0 / H S 0 3 C 1  or 'H20/H2S04 at 2 101°C)) in the outer tube. 

Natural abundance, broad-band decoupled carbon- 13 nmr spectra 
were recorded at 20.12 MHz on the Bruker WP-80 spectrometer, 
and power gated, broad-band decoupled carbon-13 nmr spectra, at 
62.95 MHz and 30°C, on an AM-250 Bruker nmr spectrometer with a 
superconducting magnet. The 13c nmr chemical shifts are relative 
to external hexamethyldisiloxane (98 + 56, Ald), and have a mean 
variation of i 0 . 0 1 2  ppm for several measurements. 

Results 
In accord with a single-step equilibrium model of micelliza- 

tion (monomer $ micelle) the resonance peak position or 
chemical shift (6) as a function of total surfactant concentration 
(CT) can be expressed as: 

where the subscripts m and M refer to the monomer and micelle, 
respectively (19). Inherent in the above equation is the condition 
that a plot of 6 versus CT will consist of two straight lines that 
intersect at the critical micelle concentration (c.m.c). Factors 
such as multiple equilibria, polydispersity of micelle size, small 
aggregates, and structural transformations of the micelles may 
induce a degree of curvature in the 6 versus CT1 plot, which 
increases as the system deviates from the simple equilibrium 
model. Modifications of eq. [ I ]  have been formulated to 
consider ion-pair dissociation, but these have little effect on the 
shape of the curve (19). 

Almost any physical property that varies with the degree of 
association of a solute will display a change in magnitude as the 
solute concentration is altered. Whether an abrupt change or 
discontinuity occurs at a certain concentration, e. g . , the c .m.c., 
depends on the rate of change of the property (P) being 
observed. At the c.m.c., for example, d3p /dc?  is zero (20). 

The c .m.c. values were determined, using linear regression 
analysis, from the intersection point of the lines of limiting slope 
of the spectral parameter (6, 3 ~ E I H ,  and T I )  versus the reciprocal 
of the total surfactant concentration C T ~ )  (Figs. 1-4). A low 
limit for the monomer line was set from the extrapolated value 
of the parameter-concentration curve to infinite dilution. The 
uncertainty in the c.m.c. value may be as high as 10 .05  m. 

Although nmr chemical shifts (19) and spin-lattice relaxation 
times (21) have been used to determine c.m.c. values, the 
indirect nuclear spin-spin splitting value ( 3 ~ H H )  has not received 
much attention. The average vicinal proton (H1C1C2H2) split- 
ting ( 3 ~ H , H 2 )  has been related empirically to the dihedral angle 
between the protons, by the Karplus equations for the ethanic 
molecules (22). Determinations of the 3JHH values, which are 
weight averaged ( 3 ~ H H  = $ . x , ~ J ~ ~ , ;  3 ~ H H ,  is the splitting value 
for the species of mole fraction, X,), for the monomeric and 

FIG. 1 .  @, 23Na+ spin-lattice relaxation time (TI in s); and nmr peak 
position (6 in ppm) for the residual proton signal in 99.8 at.% 
deuterium oxide (8, 'HOW) and the methyl protons (+)  as a function 
of the total surfactant concentration (CT in mol kg-') for potassium 
n-octanoate:NaCl (3:l mo1e:mole) in 2 ~ 2 0  at 31°C. 

FIG. 2. Proton nmr peak position (6 in ppm) for the a-methylene 
(a) and methyl (a) protons, and the difference in peak position (+, 
Au = v(a-CH2) - u(CH3) in Hz) as a function of the total surfactant 
concentration (CT in mol kg-') for potassium n-octanoate:NaCl (3:l 
mo1e:mole) in 2 ~ 2 0  at 31°C. 

FIG. 3. Vicinal splitting value ( 3 ~ H H )  for the a-CH2 protons and 
carbon-13 nmr chemical shift for carbon atom number six at 30°C (at 
62.95 MHz) as a function of the total potassium n-octanoate concentra- 
tion (CT in mol kg-') in ' ~ ~ 0 :  0, 29'C; + , 31°C, 0 ,  35°C. 
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DESANDO AND REEVES : 2 

FIG. 4. The nmr peak positions (6 in ppm) of the methyl protons as a function of the total molal potassium n-octanoate concentration (CT) 
expressed as -log CT, in 2 ~ 2 0 :  a, 31°C; 0 ,  32OC; 13C nmr chemical shifts of the CH3 group (vide infra) ( X ,  sodium n-octanoate in 2 ~ 2 0  
(ref. 48)). Concentration (CT in mol kg-') dependence of the correlation coefficient (r) ,  from linear regression analysis, as each data point 
above the second critical micelle concentration is added to the line of best fit for the data below the second critical micelle concentration (ca. 1.0 m): 
(6-CH3; 0, 31°C; A, 41°C); (I3Cnmr (6-CH3) B, 30°C (at 62.95 MHz); +, 37"C, 0 55"C, x .  lit. (ref. 48)). 

TABLE 1. Critical micelle concentration (c.m.c.) values 
from nrnr spectral parameters (proton nmr peak position 
( ~ ( I H ) ) ,  vicinal splitting value ( 3 ~ H H )  of the a-CH2 
proton resonance, and carbon-13 nmr chemical shifts 
(6(I3C)) for potassium n-octanoate in deuterium oxide at 

different temperatures 

c.m.c. (mol kgp') 

Temperature ("C) 6('H)* 3 ~ H H  6(13C)t 

*Average value from CH, , a-CH, . and (CH,), nmr data. 
f Average value from alkyl carbon atoms nmr data. 
$Potassium n-0ctanoate:NaCl (3: 1 mo1e:mole) in deuterium 

oxide; c.m.c. - 0.25 m from 23Nat spin-lattice relaxation time 
measurements at 29°C. 

§At 62.95 MHz. 

micellar states, give an indication of conformational changes in 
the surfactant ion pair, and possibly counterion binding upon 
micellization. 

Spin-lattice relaxation times (TI) were determined from the 
variation of the magnetization (M,) along the z laboratory axis 
and thus the spectral intensity, as a function of the relaxation 
delay time between the TT and n / 2  pulses (23). 

[2] In (Mo - M,) = In (2Mo) - ( t / T , )  

Mo is the equilibrium magnetization before decay, Mo = - M ,  
at time t = 0.  

Measurement of the c.m.c. value at different temperatures, 
from the various parameters (Table I), allows for the calculation 
of thermodynamic quantities, such as the free energy (AGmic), 
enthalpy (AHmic), and entropy ASmic of micellization, from a 
van't Hoff type of relation (10, 20, 24, 25): 

In eq. [3] ii is the mean aggregation number, 0 5 P 5 1 (P  = 0 
for an electrically neutral micelle) is the degree of ionization of 
the micelle, and X,,,,,, is the c.m.c. in mole fraction units. 

Discussion 
It is observed from the plots of the proton resonance peak 

positions and carbon-13 nrnr chemical shifts against the 
reciprocal of the total surfactant concentration that each of the 
different sets of magnetically equivalent nuclei reflects the 
micellization process, even the solvent (Fig. I). Micellization is 
therefore a bulk phenomenon and is experienced by every part 
of the system. Although the water resonance signal has received 
some attention (26, 27), few studies have focussed on the alkyl 
group protons for the determination of the c.m.c. value. There 
are differences in the literature as to the extent of change in 
chemical shifts that the CH3 and CH2 protons experience as a 
function of the total surfactant concentration. Some researchers 
state that the alkyl proton resonances display little or no 
variation in chemical shift upon micelle formation (26-28). 
Odberg et al., on the other hand, were able to determine c.m.c. 
values for the short-chain alkanoates from the alkyl proton nmr 
chemical shifts and differences in chemical shifts (29). Also, 
Fendler et al. observed appreciable changes in the chemical 
shifts of the CH3 and CH2 proton resonance signals of 
hexylammonium propionate in 2 ~ 2 0  (30). 

One significant outcome of this study is that micellization is 
reflected in the abrupt change of the vicinal splitting value 
( 3 ~ H H )  of the a-CH2 protons around the c.m. c. (cf. c. m.c. from 
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0 20  4 0  6 0  80 100 120 
T E M P  ( C i  

FIG. 5. Critical micelle concentration values (c.m.c. in mol kg-')  
at different temperatures for potassium n-octanoate in 'H20: . from 
proton, and @, from carbon-13 nrnr spectral parameters (Table 1); El ,  
refs. 6, 24, and 51. 

TABLE 2. Vicinal splitting values for the a-CH2 protons of 
potassium n-octanoate in the monomeric ( 3 ~ H H  (m)) and micellar 

(3JHH (M)) States in 'H20 

Temperature ("C) 3 JHH (m)(Hz) 3~~~ (M)(Hz) 

13C nmr chemical shifts; see Fig. 3 and Table 1). Notice how the 
splitting values. at many temperatures, increase from ca. 7 Hz in 
the monomeric state to ca. 8 Hz in the micellar condition (Table 
2). The variation of the 3JHH values may be accounted for 
by conformational changes around the headgroup and (or) 
increased binding of the cations to the micelles. 

In the cases where NaCl is added in a 1:3 molar ratio to 
potassium n-octanoate in deuterium oxide the c.m.c. is obtained 
from the 2 3 ~ a i  spin-lattice relaxation time (Fig. I ) ,  and agrees 
with that from the other parameters (see Table 1). Lindman 
et al. demonstrated, for binary solutions, the application of 
23Na+ spin-lattice relaxation times to the measurement of the 
c.m.c. (15, 31, 32). Clearly, the third component (electrolyte) 
experiences the formation of micelles. Exchange reactions of 
the type: K+Oc- + Na' = N a + O c  + K+ ( O c  is n-octanoate) 
lead, in effect, to a mixed micelle. An indication of the 
interaction of the sodium cations with the micelles is forwarded 
by the 2 3 ~ a '  spin-lattice relaxation times ( T I )  of the ternary 
solutions. At infinite dilution. the fact that TI (-4.6 X lop2 s) is 
ca. 40 times greater than the value TI  - 1.1 X s,  in the 
micellar state, suggests enhanced interactions of the Na+ with 
the n-octanoate ion. The former value compares to TI - 4.1 X 

10-* s for a solution of 0.25 molar NaCl in 2 ~ 2 0  and a literature 

value (33) of 5.0 X s for a dilute solution of NaCl in water 
at 25°C. 

A further indication of the effect of added electrolyte may 
be gained from the difference in peak position (A6) between 
the micellar and monomeric states. When sodium chloride is 
present, A6 increases by ca. 16% for the CH3 protons as 
compared to ca. 77% for the a-CH2 protons. These results 
suggest that although there are additional interactions among the 
hydrocarbon tails owing to the large size of the aggregates, 
there are also appreciable changes at the micelle surface. The 
decrease in the c.m.c. at 31°C from ca. 0.30 m to ca. 0.20 m,  
upon the addition of NaCl, testifies to the formation of large 
micelles . 

Simple electrolytes, as well as high surfactant concentra- 
tions, are known to induce changes in the size and shape of 
micelles (2, 16, 34-49). However, the concentrations asso- 
ciated with the above phenomena, and the exact nature of the 
changes in the micellar solution, are not well understood. 
Above the c.m.c. a second critical micelle concentration may 
exist where the micelles undergo processes such as: ( i)  sphere 
(or globule)-to-rod transitions; (ii) increased hydration and 
binding of the counterions (ion condensation) (31); and (iii) 
greater positional order (14). 

A second critical micelle concentration ( ~ . m . c . # ~ )  does in 
fact appear at ca. 1.0 m potassium n-octanoate in deuterium 
oxide (see Figs. 2 and 4). Statistically, the data may be 
correlated to two lines, one below and one above ca. 1.0 m 
potassium n-octanoate, as reflected in the correlation coefficient 
(Fig. 4). When the 13C nmr data of Persson et al. (48), for 
sodium n-octanoate in 2H20, are plotted along with the 13C and 
'H nmr results from this work, the discontinuity around 1.0 m 
surfactant is auite obvious. Furthermore, when NaCl is added to 
the surfactant solutions, the second critical micelle concentra- 
tion is again observed around 1.0 m potassium n-octanoate 
(Fig. 2). 

Other cases in which researchers have utilized proton 
chemical shifts to detect a second critical micelle concentration 
are for potassium and sodium n-hexanoate at a 2 molar 
concentration in water (29). Gustavsson and Lindman reported 
a second break, at ca. 1.2 m,  in the plot of 23Na+ spin-lattice 
relaxation time versus total sodium n-octanoate concentration 
in 2H20, along with an increase in the ratio of counterion to 
surfactant in the micelles (32). Aqueous solutions of cetylpyri- 
dinium chloride (16) and potassium oleate (17) display a second 
critical micelle concentration at around 10% by weight of 
surfactant, as compared to ca. 18% by weight for potassium 
n-octanoate in 2H20 from this study. 

The variations of the spectral parameters with surfactant 
concentration suggest a progressive buildup of the micelles, via 
multiple equilibria reactions. If a monomer micelle equili- 
brium process is dominant, then a sharp transition point would 
be observed and the plot of 6 versus concentration would 
generate two intersecting lines according to eq. [I] .  Explicit in 
eq. [I]  is the assumption that C,  = c.m.c., i.e., a constant 
monomer concentration above the c.m.c. If the number of free 
monomers changes with the total surfactant concentration there 
will be deviations from linearity in the plot of 6 versus C T ~ .  
There is experimental evidence that the unassociated monomer 
concentration decreases above the critical micelle concentration 
(50). Should there be a transition from spherical micelles (SM) 
to say globular, disk, cylindrical, or rod-shaped micelles (CM), 
then, for an equilibrium of the kind sphere rod, the nmr peak 
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position as a function of total surfactant concentration may take 
the form: 

assuming that all of the solute is in the two forms of micelles, 
i.e., no unassociated monomer. The presence of monomers 
would result in an expression of the form 

If C, - c.m.c. and CsM - ~ . m . c . # ~ ,  then 

The total surfactant concentration can be expressed as 

therefore, 

Substitution of eq. [8] into eq. [6] and rearrangement yields 

When s S M  = aCM the above equation reduces to eq. [I]  and two 
intersecting lines are observed in the plot of 6 versus CT'.  

From the plots of 6 against C T ~  it is observed that the slope 
above the second transition point is less than that above the 
c.m.c.; thus from eqs. [ I ]  and [9] one may infer: 

Other factors that may induce a change in the slope of the 6 
versus CT' plot, above the c.m.c., are the concentration of the 
monomer and the size of the micelles. Notice in eqs. [6] and 
[9] that if C, (C, - c.m.c.), n,  and r?' vary with the total 
surfactant concentration then the slope will change. There is 
experimental evidence that the monomer concentration is at a 
maximum at the c.m.c. and that a polydispersity of aggregate 
sizes exists (50). If the I? and f i r  values vary at different 
concentrations then slightly different tiSM and SCM values would 
also be expected. 

An expression (log C, + log nK = n log (CT - C,); n is the 
mean aggregation number and K is the equilibrium constant) 
based on a single-step equilibrium model affords a rough 
estimate of the size of the micelles (46, 47). The average slope 
of the log C, versus log (CT - C,) plot yields f i  in the range 
3-6 monomers per micelle at 31°C from 'H nmr spectra, and 
n - 9 at 37°C from 13c nmr experiments. Literature values for 
sodium n-octanoate are n = 4 to n = 15 (48, 50). Some papers 
quote two ii values for sodium n-octanoate, depending on 
the concentration interval studied (48). It is therefore very 
important that one understands the type of micelle present in a 
certain concentration interval and, therefore, the critical micelle 
concentrations, to interpret data on micelle systems. 

Measurements of the c.m.c. values at temperatures in the 
range 29-123°C give additional information on the nature of 
micelle formation, in particular, the thermodynamics. Some 
ionic surfactants exhibit a minimum in the c.m.c. around room 
temperature, whereas for some nonionic and betaine surfactants 

the c.m.c. decreases with an increase in temperature (5). 
Critical micelle concentrations for bivalent metal alkyl sulfates 
appear to be independent of the temperature. 

In the case of potassium n-octanoate in 2 ~ 2 0 ,  the c.m.c. 
shows little change, ca. 0.30-0.35 m,  in the temperature range 
ca. 30-50°C and is at a minimum around 30-50°C, and then 
increases to ca. 0.52 m at 123°C. White and Benson observed a 
minimum in the c.m.c. of potassium n-octanoate plus a slight 
excess of KOH in water at 35"C, from conductivity measure- 
ments (24). 

Analysis of the temperature variation of the c.m.c. allows for 
the determination of the enthalpy and entropy of micellization 
(eq. [3]). Mean aggregation numbers of 5-10 monomers per 
micelle and a degree of micelle ionization of P = 0.7-0.8 (from 
ref. 24) were applied in the calculations. The plot of In c.m.c. 
(in mole fraction units) versus the reciprocal of the temperature 
yields - 101 5 AH,,, 5 -47 kJ molpl and 117 AS,,, 5 
234 J K-' mol-' above -55°C. A decrease in the size of 
the micelles to dimers and trimers yields -30 5 AH,,, 5 
- 19 kJ molpl. The observed AH values compare with AH - 
-4 to -12 kJ molp' at 45-55"C, from the conductivity data 
of White and Benson for potassium n-octanoate + KOH in 
water (24). Use of the van't Hoff relation for the derivation 
of enthalpies of micellization from c.m.c. values has been 
criticized on the basis that it assumes a temperature invariant 
micelle size, and the only reliable values are from conductivity 
experiments (24, 25). The AH,,, values do, however, indicate 
an exothermic process above -55°C. 

A factor that must be considered in the interpretation of the 
thermal dependence of the c.m.c. is the presence of the second 
critical micelle concentration. Boussaha and Ache demon- 
strated, using the positron annihilation technique, that the 
second critical micelle concentration for sodium n-octanoateln- 
pentanol/H20 decreases with increasing temperature (13). 
Mazer et al. determined, calorimetrically, the enthalpy for the 
process at the second critical concentration to be - 1.74 + 
0.15k~mol- ' ,  for sodium dodecyl sulfate plus 0.6 molar 
sodium chloride in water (34). The aforementioned results 
imply subtle changes in the micelles at the second critical 
micelle concentration, yet appreciable changes in the nmr 
spectral parameters are noticed (Figs. 2 and 4). 

Caution is advised in the study of micellization over wide 
temperature and surfactant concentration ranges, where both a 
critical micelle concentration and a second critical concentra- 
tion occur and may vary at different rates with a change in 
temperature. Care should be taken to correlate the concentration 
dependence of a physical property on the total surfactant 
concentration to the proper critical micelle concentration, and to 
analyze the parameter-concentration plot over the appropriate 
range of concentrations associated with each phenomenon. 

Conclusion 
The study of micellization in potassium n-octanoate in 

deuterium oxide, over wide concentration and temperature 
intervals, reveals the following features: 

( i )  Proton nmr spectral parameters (peak position, and the 
vicinal splitting value of the a-CH2 protons) yield the c.m.c. 
and the second critical micelle concentration, and the results are 
found to agree with those from carbon-13 nmr chemical shifts. 

(ii) The c.m.c. shows little variation (ca. 0.30-0.35 m) with 
temperature in the range ca. 30-60°C, is at a minimum around 
30-5O0C, and increases up to ca. 0.52 m at 123°C (see Fig. 5) .  
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( i i i )  A second critical micelle concentration exists around 
1.0 m potassium n-octanoate in deuterium oxide at ca. 30- 
40°C. 
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Structure and conformation of the N -  P-propionic acids 
of cyclohexan[b]indole and cyclooctan[b]indole 
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CARMEN ESTEBAN-CALDERON, M A R T ~ N  MARTINEZ-RIPOLL, SEVERINO GARCIA-BLANCO, FERNANDO TEMPRANO, and Josf 
GONZALO RODRIGUEZ. Can. J .  Chem. 64, 1829 (1986). 

The structures of cyclohexan[b]indole N-P-propionic acid (1) and cyclooctan[b]indole N-P-propionic acid (2) have been 
determined by X-ray methods. The conformational populatio~s of their N-P-propionic chains have been determined in s~lution 
by 'PI nmr analyses. Crystals of 1 are triclinic, space group P 1, with a = 12.3562(4), b = 11.0727(3), c = 10.2050(4) A,  cr. = 
108.519(3), f3 = 83.941(3), y 104.826(3)", and Z = 4. Crystals of 2 are monoclinic, space group P2 ' / c ,  with a = 5.636(1), 
b = 18.937(3), c = 13.976(4) A, P = 98.84(3)", and Z = 4. In both structures. the molecules are linked forming dimers through 
centrosymmetric H bonds. In solution the trans conformation of the chain is the preferred one in both compounds and increases 
with dilution until a constant value is reached. 

CARMEN ESTEBAN-CALDERON, MART~N MARTINEZ-RIPOLL, SEVERINO GARCIA-BLANCO, FERNANDO TEMPRANO et Josf 
GONZALO RODRIGUEZ. Can. J .  Chem. 64, 1829 (1986). 

On a dCterminC par cristallographie d8 rayons-X les structures des acides cyclohexan[b]indole (1) et cyclooctan[b]indole (2) 
N-P-propioniques et les populations conformationelles de la chaine N-P-propionique en solution par rmn 'H.  Les cristaux {e 
l'acide 1 sont tricliniques et appartiennent au groupe d'espace P1 avec n = 12,3562(4), b = 11,0727(3), c = 10,2050(4) A, 
a = 108,519(3), P = 83,941(3), y = 104,826(3)" et Z = 4. Les cristaux de l'!cide 2 sont monocliniques et appartiennent au 
groupe d'espace P2 , /c  avec a = 5,636(1): b = 18,937(3), c = 13,976(4) A, (3 = 98,84(3)" et Z = 4. L'empaquetement 
moleculaire presente des dimeres avec des liaisons hydrogenes vers les centres d'inversion. En solution, la conformation trans 
est la prCfCrCe en 1 et 2 et elle augmente avec la dilution jusqu'a un valeur constante. 

[Traduit par la revue] 

Cycloalkan[b]indole N-f3-propionic acids are potential anti- Compound 2 
inflammatory drugs, structurally related to Indomethazin. More- C17H2102N Mr = 271.4 
over, the N-y-aminopropyl derivatives of the cycloalkan[b]in- V = 1474(1) A', Dc = 1.22 g cm-', F(000) = 584, Omax = 65', 
doles have antidepressant a ~ t i o n . ~  Structures of this type of prismatic colorless crystals, 0.20 x 0.15 0.10mm. 
compound are analyzed to correlate the sizes of the cycloalkane A four-circle auto_matic Pw 1100 diffractometer with graphite 
rings with particular action, The con~omational analysis monochromated CuKa radiation (A = 1.5418 A) and w/20 scan were 

used to collect the intensities of 3792 independent reflections for 1 and 
of the N-P-~ro~ionic  acid in is interesting> to 2705 for 2, Cell as given in the abstract, were obtained by 

the Of the of c~cloalkane ring versus the least-squares fit of 30 reflections with high angles, measured for both 
conformational equilibrium of the chain. positive and negative Bragg angles. Two standard reflections, moni- 

tored every 90 min, showed no crystal decomposition. In reducing the Experimental data, Lorentz and polarization factors were applied, but no corrections 
Synthesis for absorption were made. 2639 reflections for 1 and 1658 for 2 were 

Cyclohexan[b]indole and cyclooctan[b]indole considered as observed with the criterion I > 3a( I ) .  
These compounds were synthesized by thermal reaction (in ethylene Both structures were solved using MuLTAN ( 1 ) .  The usual 

glycol) of the ~ h e n ~ l h ~ d r a z o n e  of the cyclohexanone, go%, mp sequence of isotropic and anisotropic refinement was followed, after 
14-1150C, and of the ~ h e n ~ l h ~ d r a z o n e  of the c~clooctanone, 88%, which all H atoms were located on difference maps. A weighting 

mp 72-73"C, respectively. scheme of the type w = wl.  w2 was used to prevent bias on (w.  h 2 ~ )  
Acids 1 and 2 were prepared by addition of acrylonitrile to vs. ( F o )  and vs. (sin @/A), with wl = K/(a + b IF, I + c I F, I 2)2 and 

an ethereal solution of sodium hydride with the respective cyclo- w, = l / (d  + e sin o/h) (2). Final full-matrix (3) anisotropic 
alkan[b]indole, followed by nitrile hydrolysis and recrystallization; refinement (isotropic fixed parameters for H atoms) gave the discre- 
48%,mp113-116"Cf0r1and52%,mp134-135~Cf0r2.Cry~ta1sof p a n c y i n d i c e s R = 0 . 0 5 0 , R w = 0 . 0 5 4 f o r 1 a n d R = 0 . 0 4 7 , R w =  

and were formed by slow evaporation at 5OC of an ethanolic 0.056 for 2. Scattering factors for neutral atoms (4) were used in both 
solution. cases. Final atomic parameters are shown in Tables 1 and 2.4 

X-ray structure determination Bond lengths, bond angles, least-squares planes, and torsional 
angles for 1 and 2 are given in Tables 3-10. The atomic labelling for 

Compound 1 both compounds is shown in Figs. 1 ((a) and (b)) and 2. 
C I ~ H I ~ ~ ~ N  Mr = 245.4 
V = 1279.4(1) A3, Dc = 1.27 gcmp3, F(000) = 527, Omax = 60°, 4~ables  of observed and calculated structure factors, coefficients of prismatic colorless crystals, 0.25 X 0.20 X 0.10 mm. the weighting scheme, atomic and thermal parameters, and the bond 

angles and bond distances involving W atoms, for 1 and 2, have been 
' ~ u t h o r  to whom correspondence may be addressed. deposited as supplementary material, and may be purchased from the 
'Revision received May 7, 1986. Depository of Unpublished Data, CISTI, National Research Council of 
3 ~ .  G. Rodriguez and F. Temprano, unpublished results. Canada, Ottawa, Ont., Canada KIA OS2. 
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1830 CAN. J. CHEM. VOL. 64. 1986 

TABLE 1. Atomic parameters for Cl5HI9Q2N TABLE 2. Atomic parameters for CI7HZ1O2N 

Atom x l f l  4 ' lb  z/ c ueT Atom x l f l  ~ l b  Z /  c Ue,  

- -- 

"Thermal parameters as: U,, = (1 /3)C[ U;a,*.aJ*.a;a;cos(a;aJ)] X lo3 

Discussion 
Cyclohexan[b]indole N-P-propionic acid 1 

The bond lengths and bond angles in the two independent 
molecules can be analyzed together. The average of the 
C(sp2)-c(sp2) ind2le nucleus distances are 1.398(6) in mole- 
cule 1 and 1.397(6) A in molecule 2. The common fused bond: 
C(12)-C(13) = 1.361(6) and C(22)-C(23) = 1.357(5) A 
are the shortest distances, the C(13)-C(14A) = 1.427(6) and 
C(23)-C(24A) = 1.423(6) A being the longest ones within the 
pyrrole rings. N(l1)-C(12) = 1.393(4), N(21)-C(22) = 
1.3935) ando N(11)-C(17A) = 1.381(6), N(21)-C(27A) 
= 1.389(5) A are between single and double bond lengths, 
although the latter are slightly shorter than the former. The 
indole fragment is planar within experimental error, Table 5. 

The average of the C(sp3)-C(sp3) cyclohexene ring is 
1.530(7) (here only molecule 1 is considered), while c(sp3)_ 
C(sp2) bond lengths are 1.499(6) A in molecule 1 and 1.500(6) A 
in molecule 2. Moreover, bond lengths 0C(13)--C(1 1 1) = 
1.51 l(5) and C(12)-C(18) = 1.487(7) A within the cyclo- 
hexane ring of molecule 1 are differently affected by the 
electronegative N(l1)-C(12) bond. Similar differences were 
observed in molecule 2, 1.508(6) vs. 1.492(6) A. 

"Thermal parameters as: U,, = (1/3)C [Ui,.a,*.a,*.a;a;cos (a,, a,)] 
x lo4. 

The cyclohexene ring in molecule 1 is in a half-chair 
conformation, which seems the most stable from inspection of 
mechanical models, and it is the only one observed in the crystal 
structures (5). 

Conformation of the cyclohexene ring in molecule 2 cannot 
be properly analyzed because of a disorder problem affecting 
the atoms C(29) and C(210). The electron density profiles for 
C(29) and C(210) are very broad, having maxima correspond- 
ing to the coordinates where those atoms were located. The 
temperature factors of these two atoms and the fact that only one 
H atom appears attached to each of them, confirms a disorder in 
which the atomic positions found are actually the average of the 
positions given by two different "half-chair" conformations. 

Conformational site exchange in the liquid state is assumed to 
proceed via a "boat" intermediate conformation. The energy 
barrier has been calculated by dynamic nmr to be 22.6 kJ/mol 
for partially deuterated cyclohexene (6). Cyclohexene on the 
indole ring should be examined, but care must be exercised in 
extrapolating the conclusions to cyclohexene derivatives, since 
the torsional barrier in the C-C bond adjoining the pyrrole ring 
is close to zero. These energy requirements for the conforma- 
tional equilibrium through a boat intermediate seem not to be 
present in 2 in the solid state, and thus alternative "half-chair" 
conformers in the crystal can be considered as contributing to 
the disorder. 

The N-(3-propionic chains of both molecules show gauche 
conformations (Fig. 1). The molecules are packed forming 
dimers through centrosymmetric hydrogen bonds, their geo- 
metrical features being presented in Table 3. 

Cyclooctarz[b]indole N-P-propionic acid 2 
The average of the ~ ( s p ~ ) ~ - ~ ( s p ~ )  bond lengths within the 

indole nucleus is 1.395(3) A. This molecule shows identical 
relationships between bond distances, in the pyrrole ring, to the 
ones reported above for the cyclohexan[b]indole. The average 
of the ~ ( s ~ ~ ) - ~ ( s p ~ )  bond lengths in the cyclooctene ring is 
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ESTEBAN-CALDERON ET AL 

TABLE 3. Bond lengths (A) for 1. Standard deviations in parentheses 
-- 

Length 

Bond X =  1 X = 2  

Hydrogen bonds 

A-H.. . .B A . . . . . B  A-H H . . . .  B LA-H . . . .  B 

O(ll5)-H(ll5). . .O(l l6) '  2.651(5) A 0.81(6) 1.84(6) A 175(4)" 
O(215)-H(21.5). . . 0(216)11 2.660(5) 0.97(6) 1.69(6) 175(4) 

Symmetry operations 
I 1 - x , 1 - y , l - z  11 1 - x, -y, 1 - z 

Molecule I Molecule 2 

FIG. 1. Atomic labelling (a) for molecule 1; (b) for molecule 2 of compound 1. 
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TABLE 4. Bond angles (") for 1. Standard deviations in parentheses TABLE 6. Torsional angles (") for 1; e.s.d.'s in parentheses 

Angle Angles 

Bonds Bonds X =  1 X = 2  

TABLE 5. Atomic deviations (A) from least-squares 
planes in 1" 

Deviation 

Atom X =  1 X = 2  

"Reference 12. Atoms marked with asterisks are not 
included in the calculations, e.s.d. 's in parentheses. 

FIG. 2. Atomic labelling of compound 2 showing the trans con- 
formation of the N-P-propionic chain. 

1.534(4) A, while the C(sp3)-C(sp2) are the shortest bond 
lengths C(2)-C(8) = 1.492(3) and C(3)-C(13) = 1.497(3) A. 
The indole fragment is planar within experimental error and 
atomic deviations from the least-squares plane are given in 
Table 9. These values from Tables 5 and 9 are in good 
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ESTEBAN-CALDERON ET AL 

TABLE 7. Bond lengths (A) for 2; e.s.d.'s in parentheses 

Bond Length Bond Length 

Hydrogen bonds 

A-H . . . . .  B A. . .B A-H H . .  .B LA-H.. . B  

Symmetry operation 
1 2 - x , 1 - y , - 2  

TABLE 8. Bond angles (") for 2; e.s.d.'s in parentheses 
- - 

Bonds Angle Bonds Angle 

FIG. 3. Newman representations of the staggered conformers 

agreement with those appearing in 3-methylindole (7) and 
iprindole (8). 

While "boat-chair" and 'krown" conformations have been 
experimentally found for the cyclooctane ring in X-ray structure 
determinations ( 5 ) ,  there are only a few examples of a 
cyclooctene ring in the crystallographic literature. The preferred 
confornation of a cylooctene system is not known with 
certainty. The most stable conformation was calculated to be an 

unsymmetrical structure related to the cylooctane "boat-chair" 
(9). The cis cyclooctene ring shows a twisted boat conformation 
in this compound under investigation. The torsional angles 
defining the conformation of this ring are given in Table 10. 
They are in good agreement with those reported for iprindole (8) 
and for the cis-9,9-dimethyl-9-azoniabicyclo[6,l ,O]nonane ion 
(10). 

The N-P-propionic chain in Fig. 2 shows the fully extended 
trans conformation. The molecular packing of this compound is 
also due to centrosymmetric hydrogen bonds, forming dimers 
(Table 7). 

Conformational ' N nmr analysis 
An interesting aspect of the present investigation is the 

conformational analysis of the N-P-propionic chain in 1 and 2, 
since this may well be relevant to the mode of action of these 
compounds. 

'H nuclear magnetic resonance analysis of the cycloal- 
kan[b]indole N-P-propionic acids has been done, in deuterated 
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TABLE 9. At~mic~deviations from least- 
squares (A) plane in 2" 

Atom Deviation 

"Reference 12. Atoms marked with aster- 
isks are not included in the calculations; 
e.s.d.'s in parentheses. 

TABLE 10. Torsion angles (") for 2. e.s.d.'s in 
parentheses 

Bonds Angle 

TABLE 1 1 .  Conformational equilibrium of the N-P-propionic acid chain of the cycloalkane[b]indoles 

C (mol L-') N n, (%) AEa N n,(%) AE N n,(%) AE N n, (%) AE 

0.66 13.84 38 0.15 14.82 55 0.54 14.82 55 0.54 15.27 63 0.73 
0.33 14.08 42 0.23 15.08 60 0.65 14.82 55 0.54 15.30 64 0.74 
0.16 14.09 42 0.23 15.08 60 0.65 15.07 60 0.64 15.31 64 0.75 
0.08 14.33 47 0.33 15.08 60 0.65 15.08 60 0.65 15.32 64 0.75 

"AE in kcal mol-I; N / 2  (Hz) = JAB 

chloroform solution, to observe the influence of the bulky 
cycloalkane substitution and of dilution on the conformational 
equilibrium populations of the N-P-propionic acid chain. 
Thus, cyclopentan-, cylclohexan- (I),  cycloheptan-, and cyclo- 
octan[b]indole (2) N-P-propionic acids show, in all cases, two 
triplet signals of A2B2 type for the two methylenes of the chain, 
a complex multiplet of the methylenes of the cycloalkane ring, 
and a low-field half broadened signal due to the long range 
coupling with the aromatic protons. 

Newman representations of the staggered conformers are 
shown in Fig. 3. The two gauche forms are mirror images and 
hence of equal energy. The observed value of JAB is then simply 
obtained as the weighted average of the values in the trans (J,) 
and gauche (J,) conformations according to a method pre- 
viously reported (1 I) ,  with 

JAB = ngJg t ntJt 

where n,  and n, are the populations of the trans and gauche 
conformers respectively, BE being the excess of energy (strictly 
free energy) of the gauche form. J, and 9, are experimental 
values observed in compounds that are entirely in the trans 
(8.68 Hz) and gauche (5.38 Hz) conformations, respectively 
(11). Thus, n,, n,, and B E  can be deduced for the cyclo- 
alkan[b]indole N-P-propionic acids and are given in Table 1 1. 
It is remarkable that the conformational equilibrium of the chain 
of the cycloalkan[b]indole N-P-propionic acids in solution is 
displaced to the trans conformation, and this is more evident 
with the bulk of the cycloalkane. Moreover, this equilibrium in 
all cases remains practically constant with dilution. 

1 .  P. MAIN et al. MULTAN 80, A system of computer programs for 
the automatic solution of the crystal structure from X-ray 
diffraction data. University of York, England. 1980. 

2. M. MARTINEZ-RIPOLL and F. H .  CANO. Pesos program, Instituto 
Rocasolano CSIC, Serrano 1 19, Madrid-6, Spain. 

3. J .  M. STEWART et a / .  The XRAY 76 system. Computer Science 
Center, University of Maryland, College Park, MD. 1976. 
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Preparation of 2,2-diaryl-l-picrylhydra~y1s using potassium permanganate 

K. C. BROWN AND J. A. WEIL' 
Department of Chemistry, University of Saskatchewan, Saskatoon, Sask., Canada S7N OW0 

Received March 26, 1986 

K. C. BROWN and J. A. WEIL. Can. J. Chem. 64, 1836 (1986). 
Potassium permanganate is used as a reagent for the oxidation of various 2,2-diaryl- 1-picrylhydrazines to their corresponding 

hydrazyls. Thin-layer chromatography indicates complete oxidation of the hydrazine to free radical, unlike the case with Pb02 
(the most widely used oxidant for this purpose). Several other advantages over previous oxidants used to produce the hydrazyls 
are offered. 

K .  C. BROWN et J. A. WEIL. Can. J. Chem. 64, 1836 (1986). 
On utilise le permanganate de potassium c o m e  reactif pour effectuer l'oxydation de diverses diaryl-2,2 picryl-1 hydrazines 

en hydrazyles correspondants. La chromatographie en couches minces indique que l'oxydation de l'hydrazine en radical libre est 
complkte; ce resultat diffkre de ceux obtenus avec le Pb02 qui est l'oxydant le plus frkquement utilisC ti cette fin. Cette mCthode 
offre aussi plusieurs autres avantages par rapport aux oxydants utilisks anterieurement pour produire des hydrazyles. 

[Traduit par la revue] 

As part of our continuing investigations into the chemistry of 
2,2-diphenyl-1-picrylhydrazyl radical (DH2.) and related sub- 
stituted hydrazyl radicals ( I ) ,  we have found that KMn04 
is very efficient at oxidizing the parent hydrazines to their 
corresponding hydrazyls. Typically: 

DH2-H Oxidant \ 

In the past, the most common oxidant for this purpose has been 
lead dioxide (2). Other oxidants used include benzoyl peroxide 
(3), oxygen (4), chromium oxides ( 5 ) ,  and other radicals (6), 
although none of these has been used on a preparative scale. 
DH2. has also been observed (7) to form electrochemically from 
DH2-H. Until now, there appear to have been no reports of the 
above reaction using KMn04 as the oxidizing agent. 

We have found that, although 2,2-diphenyl-1-picrylhydrazyl 
is produced in high yield using Pb02 ,  2,2-di(p-nitropheny1)-1- 
picrylhydrazyl (D(N02)2.) is not similarly produced in high 
yield, and that here considerable starting material is left. We 
attribute this to the fact that D(N02), is less stable relative to 
its hydrazine than is DH2.: a solution of D(N02)2. will revert 
immediately to D(N02)2-H if DH2-H is added, with formation 
of DH2. (8). Moreover, a mixture of D(N02)2.  and D(N02)2-H 
is quite difficult to purify. These compounds, unlike DH2, and 
DH2-H, cannot be easily passed through a preparative chrsma- 
tography column since they are tenaciously adsorbed on the 
column material even when a highly polar solvent is used as the 
eluant. It is thus preferable in this case to attempt a crystalliza- 
tion directly from the crude product. 

The consequence of these observations was a search for a 
stronger oxidant for D(N02)2-H. Lead tetraacetate was found to 
be a suitably strong oxidant but presented purification problems. 
It is highly soluble in most organic solvents and therefore any 

'Author to whom correspondence may be addressed. 

excess is carried along with the hydrazyl produced, remaining 
in solution with it. The preparation of specially activated lead 
dioxide for the purpose of these oxidations is well known (2,9), 
but, although it is very efficient at oxidizing hydrazines (2c) ,  
again this presents problems associated with its preparation and 
purification. 

It was decided that solid KMn04 used with tetra-n-butyl- 
ammonium bromide (TBAB) phase-transfer catalyst (10) might 
provide the requisite oxidation-power. Here, any excess KMn04 
and the reduced Mn compounds (chiefly MnOz, presumably) 
are in the solid phase and therefore easily separated from the 
products by filtration, and the phase-transfer catalyst is used 
only in small amounts and is not difficult to separate from the 
products by crystallization. 

Table 1 shows the results of the oxidation of DH2-H and 
of some related hydrazines with this method. The extent of 
reaction can be followed by periodic thin-layer chromatography 
analysis. Generally only two spots will appear on the plate, 
those of the hydrazine and the corresponding hydrazyl, making 
the method s i m ~ l e  and useful. Side reactions were noted in 
some cases but these may be largely avoided by careful attention 
to the extent of reaction, stopping the reaction when starting 
material is no longer evident on the tlc plate. The potassium 
permanganate must be freshly ground, as it was noted that 
KMn04 that had been ground and left on the bench for some 
time lost some of its oxidizing power. This is not surprising 
since photolytic decomposition of KMn04 is known to occur 
(1 1). There is evidence that KMn04 will not dissolve unaided in 
dichloromethane and benzene, the solvents used in this study: 
when KMnOd is stirred with dichloromethane or benzene for 

7 

several hours and then filtered, the solution has no characteristic 
purple color, indicating that the potassium permanganate does 
not dissolve. On the other hand, when a small quantity of 
phase-transfer catalyst is added and the same steps are taken, 
the filtered solution is deeply purple in color, as with "purple 
benzene" (10). It was noted, however, that solid KMn04 alone 
(no TBAB) will effect oxidation of DH2-H to DH2. (Table I) ,  
and presents the added benefit of even easier purification. In this 
case the reaction is heterogeneous and presumably takes place 
on the surface of the KMn04 particles. With or without TBAB 
present, the rate of oxidation is affected only to a minor extent 
by stirring; even an unstirred solution of DH2-H with solid 
KMn04 will show complete formation of DH2.,  in approxi- 
mately twice the time observed for a stirred solution. The mole 
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BROWN AND WEIL 

TABLE 1. Production of 2,2-diaryl-1-picrylhydrazyls from the corresponding hydrazines 

Melting oint 
Substrate Oxidant Solvent Yield (%lb ("c) ! 

KMn04/TBAB 
KMn04 /TB AB 
KMn04/TBAB 
Pb02/Na2S04 
Pb02/Na2S04 
Pb02/Na2S04 
KMn04 
KMn04 
KMn04 
KMn04 
Dry KMn04 
KMn04 

CH2C12 
CH2C12 
CHzClz 
CH2C12 
CH2C12 
CHzClz 
CH2C12 
CH2C12 
CH2C12 
Benzene 
Dry CH2C12 
CH2C12 

"N-Picryl-9-aminocarbazole. 
bOf corresponding radical. 
'Determined spectrophotometrically, as noted in Experimental 
dOf crude product: see Experimental. 
'Result of three trials. 

ratio of KMnQ4 to DH2-H required for complete oxidation is 
approximately 3: 1, compared to 10: 1 for Pb02 as found by 
Laederich and Traynard (1 2). 

Usually, when oxidation of a hydrazine is done with Pb02,  
anhydrous sodium sulfate is added (2a) as a drying agent to 
prevent reduction of the hydrazyl back to its parent hydrazine by 
the H 2 0  produced as a by-product of the reaction: 

Pb02 + 2H' + 2e- + PbO + H 2 0  

This does not appear to be necessary for oxidations using 
permanganate. It is known that for the permanganate oxidation 
of P,y-unsaturated alcohols (13), water is essential to the 
reaction: without H 2 0  in the manganese coordination shell, the 
oxidation does not proceed. In the present case, however, it 
was shown that the oxidation proceeds equally well with either 
off-the-shelf or with dried KMn04 and solvent. If Mn02 is 
formed, then there must be water formed as well: 

It may be then that any H 2 0  generated is taken up by the Mn02 
or is in the coordination shell of the excess Mn04- present, and 
is unavailable for reduction of the hydrazyl radicals. 

In aqueous solution, the permanganate ion is known to react 
with atomic hydrogen (14) generated by pulse radiolysis to 
make ~ n 0 , - ~  and H'. The ion HMn04- has been postulated 
by Webster and Halpem (15) to form during the reaction 
between permanganate and molecular hydrogen, catalysed by 
Ag+. In the present case, a possible first step of the reaction 
may be abstraction of a hydrogen atom from the hydrazine to 
form the hydrazyl and hydrogen manganate anion, followed by 
disproportionation of the latter. That manganate is not likely 
to be present in large quantities at any stage was shown by 
an experiment in which finely powdered BaMn04 in dichloro- 
methane (no TBAB) was found to oxidize DH2-H to DH2. . This 
oxidant appears to be virtually as efficient as KMn04 under 
the conditions of this study. On the other hand, no oxidation 
product was observed when DH2-H was stirred with Mn02 ,  
suggesting that the manganese ends up in the +4 oxidation 
state. This possibility was investigated by epr (electron para- 
magnetic resonance) spectroscopy. No signal attributable to 
manganate or to Mnt2 was observed in the frozen reaction 
vessel containing DM2-H and KMn04 in dichloromethane 

(-30 K); Mn02,  which is antiferromagnetic at this temperature 
(16), was not observed under these conditions. 

It was decided, to further our knowledge about the reaction 
mechanism, to investigate oxidation of the potassium salt 
(DH2-K+) of DH2-H with KMn04. This compound was 
previously reported to be oxidizable to DH2. by Pb02 (17). 
Using KMn04, DH2. was indeed produced (although not in as 
great yield as for the corresponding hydrazine). This result 
suggests that, at least here, the first step of the oxidation is a 
one-electron transfer to permanganate. 

Finally, we may note that the use of KMn04 holds two 
advantages over Pb02 and other lead oxidants: its low cost and 
its relatively low toxicity. The price of potassium permanganate 
is about one third that of lead dioxide (based on comparable 
grades of each compound available from Aldrich Chemical Co.) 
and the acceptable level of manganese in air is approximately 
5 mg/m3 compared with that of 0.2 mg/m3 for lead (18).- 

Experimental 
2,2-Diphenyl-1 -picrylhydrazyl from DH2-H using KMn04/TBAB 

DH2-H (1 g) in 100 mL of dichloromethane was oxidized using 5.5 g 
of KMn04 and 50 mg of tetra-n-butylarnrnonium bromide. The finely 
ground potassium permanganate was added in increments of 1 g at 
15-rnin intervals with stirring. After each addition of the oxidant, a 
sample of the solution was taken for tlc analysis on a silica gel 60 plate 
developed in toluene: DH2-H, Rf 0.32; DH2., Rf 0.27. 

When DH2-H was no longer observed, the solution was filtered, the 
solvent was evaporated, and the crude solid was crystallized from 
benzene - petroleum ether (1:l). The melting point must be taken 
carefully since solvent of crystallization is invariably associated with 
DH2.. The technique used here was to put a sample of the crystals onto 
a microscope cover plate and then, using a Fisher-Johns melting point 
apparatus, slowly raise the temperature to -llO°C to drive off the 
solvent. Then the temperature was slowly raised to 135'C, the melting 
point being generally observed towards the end of this range. See 
Table 1 for yield and melting point. 

2,2-Diphenyl-1 -picryZhjdrazyl from DH2-H using KMn04 
Exactly the same procedure was used as above except that no 

phase-transfer catalyst was used. 

N-Picryl-9-aminocarba~ll from N-picryl-9-aminocarbazole using 
KMn04 

The procedure was identical to that for DH2. using KMn04 without 
TBAB; however, it was noted that some starting material was left after 
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the addition of all of the KMn04. Tetra-n-butylarnrnonium bromide 
(50 mg) was added to the solution of the incompletely oxidized 
N-picryl-9-aminocarbazole and a tlc plate developed after 15 min. All 
of the starting material was seen to have disappeared. Table 1 gives the 
yield and melting point of the crude product. 

2,2-Di(p-nitropheny1)-I-picrylhydraq~lfrom D ( N 0 ) - H  using KMn04 
D(N02)2-H, prepared by the method of Weil, Sane, and Kinkade 

(X), was oxidized by KMnO4 in the same way as DH2-H. 

Preparation of 1 -(N , N -diphenylhydrazono)-2,4,6-trinitrobenzenide 
(DH~-  K')  

This compound was prepared by the method used by Weil and 
Janusonis (17). 

Calculations of yields for D(NOz)2. and D'H2. 
D(NO&. and D 'Hy are unstable in solution and tend to abstract 

hydrogen from the solvent if left for long periods of time. For this 
reason, crystallization of these compounds was not attempted. In all 
cases of reaction of the parent hydrazines of these two compounds with 
KMn04, the tlc plate showed no evidence of any hydrazine left after 
allowing the appropriate time for reaction. Thus the crude yield was 
reported. However, in the case of the oxidation of these hydrazines by 
PbO,, there was always a considerable amount of starting material 
left over and the yield of radical was determined using the fact that 
D(N02),. and D1H2. will readily and quickly abstract a hydrogen atom 
from DH2-H (8) producing DH2.,  which may be then determined 
spectrophotometrically . 
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A. MARTIN DE P. NICHOLAS and RODERICK E. WASYLISHEN. Can. J .  Chem. 64, 1839 (1986) 
The temperature dependence of nitrogen-14 nuclear magnetic resonance (nmr) spin-lattice relaxation times (TI)  for dilute 

aqueous solutions of the linear triatomic anions, SeCN-, SCN-, OCN-, and N3-, is investigated in the temperature range 
3-80°C. These nmr relaxation times (TI)  yield rotational correlation times, ' i 2 ~ ,  for the reorientation of the C ,  symmetry axis in 
these anions. The observed nonlinear dependence of log T , ( I 4 ~ )  on temperature suggests that the rotations of the anions are 
coupled to the transport properties of water. For the thiocyanate anion the nmr correlation times are compared with those obtained 
previously from Raman spectroscopic data and Rayleigh scattering results. 170 T2 and ''N T, measurements for the NCO- anion 
are used along with ab initio calculations to estimate the "0 nuclear quadrupolar coupling constant in this ion. 

A. MARTIN DF P. NICHOLAS et RODERICK E. WASYLISHEN. Can. J .  Chem. 64, 1839 (1986) 
OpCrant B des tempkratures allant de 3 B 80°C, on a ktudik la variation des temps de relaxation spin/rCseau (TI), en rmn du I4N, 

pour des solutions aqueuses dilukes des anions linkaires triatomiques, SeCN-, SCN-, OCN- et N3-. En utilisant ces temps de 
relaxation (TI) ,  on a pu obtenir les temps de corrklation rotationnelle (rZR) pour la rkorientation de l'axe de symCtrie C, de ces 
anions. On a observk que la relation entre la tempkrature et le log TI ( 1 4 ~ )  n'est pas linkaire et ce rksultat suggere que les rotations 
des anions sont couplCes avec les propriktes de transport de l'eau. Dans le cas de l'anion thiocyanate, on a cornpark les temps de 
corrklation rmn avec ceux obtenus antkrieurement pour les donnCes de spectromktrie Raman et avec les rksultats de diffraction 
Rayleigh. Dans le but d'kvaluer la constante de couplage quadrupolaire nuclkaire du NCO-, on utilise des calculs ah initio de 
concert avec des mesures de T2(170) et de T ~ ( ' ~ N )  effectukes sur cet ion. 

[Traduit par la revue] 

Introduction 3 7 ~ ~  21 + 3 
[ I ]  R,  = I /T l  = 

A variety of spectroscopic techniques have been used to 10 12(21 - 1) (e29Q/hI2+2I? 

obtain a large body of information on rotations of molecules and 
ions in condensed phases (1-3). However, relatively little work 
of this kind has been reported for anions in aqueous solution (4), 
and in particular for linear ions, where information is available 
only for the thiocyanate anion (4, 5) .  Furthermore, the results 
for SCN- obtained from Raman spectroscopy and Rayleigh 
scattering experiments, where the derived correlation times are 
partly influenced by vibrational relaxation processes and orien- 
tational cross-correlations, respectively. are not in agreement 
(4). Thus it is desirable to obtain nuclear magnetic relaxation 
data, which are free from such influences (6 ) ,  in order to 
investigate further the rotations of linear anions in aqueous 
solution. 

Recently, we have shown the strength of the nmr technique in 
studying rotations of the nitrate and carbonate anions in aqueous 
solution (7). Here we apply this method to a group of linear 
triatomic anions, SeCN-, SCN-, OCN-, and N3- by studying 
the temperature dependence of the relaxation rates of the quad- 
rupolar nucleus 1 4 ~  at anion concentrations of approximately 
1 molar. A few ''% N l  measurements of more dilute solutions 
are carried out to investigate the importance of ion pairing in 
these systems. In addition, the rotational correlation times 
obtained for the dilute solutions are discussed in terms of a 
hydrodynamic model (7 ) .  

Theory 
Both 14N ( Q  = 0.0195 x m2) (8a)  and 1 7 0  ( Q  = 

-0.020 x m2) (8b) are quadrupolar nuclei that are 
expected to relax entirely by the quadmpolar mechanism (6). 
Under conditions of extreme narrowing, the rate of relaxation 
( R 1 )  of a quadrupolar nucleus of spin I ,  in an axially symmetric 
environment, is given by eq. [ I ]  (6): 

'Author to whom correspondence may be addressed. 

where e2qQ/h  is the nuclear quadmpolar coupling constant 
(QCC), and 7 2 ~  is the rotational correlation time. Quadmpolar 
coupling constants for ions in the solid state are available from 
either nuclear quadmpole resonance (nqr) or nmr experiments 
(9). Assuming the validity of these values in solution, one can 
derive rotational correlation times for these ions from the nmr 
data using eq. [I]. 

Experimental 
All nmr measurements were performed on a Nicolet 360 NB (Bo  = 

8.48 T) using a broad-band variable temperature 10-rnm probe. The 
temperature was maintained with an accuracy of i 2  K by a nitrogen 
gas flow. The transmitter frequency was adjusted so that the transmitter 
was centred on the resonance of interest and spin-lattice relaxation 
times were measured by the inversion recovery pulse sequence 
(IRCA), which uses compensating pulses (10). The 7i/2 pulse widths 
were 50-60 p s .  Typically, 16 scans at each variable delay, D l ,  in the 
IRCA experiment were carried out in the ' 4 ~  relaxation experiments. 
About 120 000 scans were required in the natural abundance ''0 T2 
measurement of the isocyanate anion. The resulting S/N in the D l  = = 
measurements was about 100: 1 for the 14N and approximately 30: 1 for 
the "0 spectrum of the isocyanate anion. All TI values were calculated 
from peak heights obtained at 12 or more different D l  values. using a 
nonlinear three-parameter least-squares fitting procedure available on 
the Nicolet software (1 1). 

Solutions of the chalcogencyanates and the azide were prepared by 
weighing out appropriate amounts of laboratory reagent grade chemi- 
cals and diluting with distilled water volumetrically. The thiocyanate 
anion concentration was determined by titration with AgM03 using 
K2Cr04 as indicator (1 2). 

Results and discussion 
(a )  Temperature dependence of nitrogen-14 T I  data 

'The temperature dependence of the measured 141V T I  values 
for approximately I molar aqueous solutions of KSeCN, NaSCN, 
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TABLE 1. Temperature dependence of nitrogen-14 
nuclear relaxation times and rotational correlation 
times for the selenocyanate anion in aqueous 

0.9 M KSeCN solution 

"Error of 3%. 

TABLE 4. Temperature dependence of nitrogen-14 
nuclear relaxation times and rotational correlation 
times for the azide anion in aqueous 1.0 M NaN3 

solution 

T1 ( ' 4 ~ ) / m s a  

T/"C Central Terminal T ~ R / ~ s ~  

TABLE 2. Temperature dependence of nitrogen- 14 
nuclear relaxation times and rotational correlation 
times for the thiocyanate anion in aqueous 0.9 M 

NaSCN solution 

"Error of 3%. 
bAn average of the values obtained using the T, 's of 

the central and terminal nitrogens. 

"Error of 3 8. 
b ~ l ( ' 4 N )  measurements were also performed on a 

0.1 M solution; in general TI values at any given 
temperature were 10-20% longer than those at 1 M (see 
Fig. 2). 

TABLE 3. Temperature dependence of nitrogen- 14 
nuclear relaxation times and rotational correlation 
times for the isocyanate anion in aqueous 0.9 M 

NaOCN solution 

"Error of 3% 

NaOCN, and NaN3 are given in Tables 1-4, respectively, and 
also illustrated in Fig. 1 by a plot of the logarithm of T ,  with the 
inverse of the absolute temperature. 

A comparison of the T1 values for the chalcogencyanates at 
any given temperature shows a decrease down the group from 
OCN- to SeCN- . This trend is a result of an increase in the I4N 
QCC and (or) a decrease in the rates of anion reorientation on 
going from OCN- to SeCN- . While the order S e C N  > SCN- 
> OCN- is expected for 7 2 ~  on the basis of the size of the anion 
(vide infra), one cannot a priori predict the variation of the 

\ ' 2.8 3.0 3.2 3.4 3.6 

IO?T (K-I) 
FIG. 1. A .  plot of log ( T ~ ( ' ~ N ) )  versus 1/T for approximately 

1 molar aqueous solutions of linear triatomic anions. Note that, for the 
NCO- anion, values shown are TI / 10. 

14Pd QCC in these ions because the interpretation of a QCC in 
terms of the overall electronic distribution is not straightforward 
(13). Since N 3  and the NCO- anions are similar in size, any 
difference in their Tl's should be predominantly due to the 
relative magnitude of their respective QCCs. 

Rotational conelation times for the SeCN- and SCN- were 
calculated using eq. [ I ] ,  taking 14Pd QCC of 2.846 and 
2.432 MHz, respectively, obtained from previous nqr results 
(14). Although the effective values of QCC for SeCN- and 
SCN- in aqueous solution may differ from those obtained in the 
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NICHOLAS AND WASYLISHEN 

TABLE 5. A comparison of correlation times for the rotation of anions in aqueous solutiona 

Length ;f 
axes/A TZR/PS C 

Anion a b ~ ~ ( ' ~ N ) / r n s  Nrnr Stick Slip Slip Obs. 

"At a concentration of 0.1 M and a temperature of 23 * 2°C. Unless stated otherwise the counterion 
is Nat. 

bCounterion is K + .  

TABLE 6. Apparent activation energies for the rotation 
of anions in aqueous solutiona 

Anion (counterion) 0-25°C 35-80°C 

0.9 M SeCN- (K+)  4.1 * 0.1 3.0 t 0.1 
0.9 M SCN- (Nai) 4.1 t 0.2 3.0 t 0.1 
0.9 M O C N  (Na') 3.9 * 0.1 2.6 ? 0.1 
1.0 M N3- (Na') 4.2 * 0.3 3.2 * 0.1 
1.0 M NO3- (Na+) 4.6 t 0.2' 2.8 + O.lb 

"From eq. [2]. Error limits correspond to the standard 
deviation. 

bReference 7. 

solid state by nqr, we anticipate that the solvent effects result 
in a systematic error in the QCCs. That is, if QCC(SCNp) 
increases by 5% on going from solid KNCS to aqueous solution, 
then QCC(SeCN-) is also expected to increase by approxi- 
mately the same amount. The implication is that although the 
7 2 ~  values in Tables 1 and 2 may have significant errors 
(e.g. a 15%) we expect the relative error to be much smaller 
(?S%). The consistently larger 7 2 ~  values obtained for SeCN- 
compared to those obtained for S C N  at any given temperature 
are probably significant. In the absence of an experimental QCC 
for OCN-, we have used a theoretical value of 0.71 MHz 
obtained from a high level ab initio calculation near the 
Hartree-Fock limit (1 3), to derive T ~ ,  values for this ion. In the 
azide anion two estimates of 7 2 ~  were derived from the TI data 
using the QCC values of 1.79 and 1.028 MHz, respectively, for 
the terminal and central nitrogens; these values were obtained 
from solid-state nmr experiments (15). The correlation times 
derived from the nmr TI data of the central nucleus were ca. 
20% lower than those for the terminal nucleus. These TZR values 
were different because the effective QCC values in solution are 
probably slightly different from those in the solid state. The 
average of T,R (terminal) and  central) at each temperature 
is given in column 4 of Table 4. 

The 7 2 ~  values determined by the nmr method are the 
same rotational correlation times probed previously by Raman 
spectroscopy and Rayleigh light scattering experiments. For the 
thiocyanate anion the nmr T ~ R  values are in good agreement 
with the corresponding Raman data (4), especially at the higher 
temperatures. At 30°C, the lowest of these temperatures 
investigated in the Raman study, 7 2 ~  (Raman) = 2.0 ps, while 
7 2 ~  (nmr) = 2.5 ps; both results pertain to 1 M aqueous solutions 

of NaSCN. Comparing the nmr results with the Rayleigh 
scattering data ( 5 ) ,  we find the 7 2 ~  (nmr) values are slightly 
shorter (ca. 30%) than the T2R (Rayleigh) values (e.g., for an 
infinitely dilute aqueous solution of SCN- at 20°C, T,, (nmr) = 

3.0 + 0.4ps, while ~ ~ ~ ( R a y l e i g h )  = 4.2 * 0 . 2 ~ ~ ) .  
Figure 1 shows that the plot of log ( 1 4 ~ ( ~ ' ) )  versus LIT, 

where T is the absolute temperature, is nonlinear for all the 
anions studied. As discussed previously in our study of the 
nitrate anion (7), this behaviour may arise for a variety of 
reasons. First the equilibrium constant for the association of 
these anions with the cation may be temperature dependent. 
However, because a comparison of the correlation times for the 
1 M and 0.1 M solutions shows a relatively small variation 
ranging from 10 to 20% (Tables 1-5), ion pairing does not 
appear to be important. This is supported by results obtained by 
other techniques (4, 5). 

A second possibility is that the anion rotations are coupled to 
those of the solvent. It is well known that nmr relaxation data 
and other transport properties of water can not be fitted to a 
single exponential (i.e., a single E, value in eq. [2]) over the 

[2] In TI = - (E, /RT)  + constant 

entire liquid range (16). In the temperature range 0-25°C and 
35-80°C, proton relaxation data for water are well described by 
eq. [2], with E, values of 4.6 and 3.3 kcal m o l l  respectively 
for the low and high temperature regions (16a, b). This is 
usually ascribed to cooperative behaviour (16c). For each of the 
anions studied here, we have carried out the same arbitrary 
evaluation of E,  in the low and high temperature regions 
(see Table 6). Values for the nitrate anion are presented for 
comparison. From the data in Table 6 it is apparent that the same 
general behaviour is observed for all ions. This suggests that the 
anion rotations involve a breaking of the water "structure". 
Furthermore, the observed linearity in the plots of 7 2 ~  VS. -q/T 
(correlation coefficient, r = 0.998-0.999, where -q is the 
solvent viscosity, for the anions considered here) provides 
evidence for the coupling of the rotations of these linear anions 
with the transport properties of water (7) (vide infra). A plot of 
7 2 ~  VS. q / T  for 0.1 MNaSCN is illustrated in Fig. 2. 

For the thiocyanate anion the average activation energy, E, = 
3.6 +- 0.2 kcal mol-', from the nmr data (1 M NaSCN) is in 
fair agreement with the value of 3.0 kcal mol-' obtained in 
the Rayleigh scattering study of 1.8 M NH4SCN ( 5 ) .  Essentially 
the same activation energy was determined for a 6.0 M solution 
of NH4SCN (5) and 7 2 ~  values at any given temperature and 
solute concentration appeared to be the same for NH,SCN and 
KSCN solutions. From the Raman data (4) on 1.0 M NaSCN at 
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FIG. 2. A plot of - r 2 ~  (nmr) versus r l /T  for an aqueous solution of 
0.1 M NaSCN ( r = 0.995 ). The Raman T ~ R  values correspond to a 1 M 
solution and the Rayleigh scattering value is at infinite dilution. 

30,55, and 80°C, E, = 2.2 * 0.3 kcal mol-', in fair agreement 
with the value obtained in this study, 3.0 * 0.1 kcal mol- ' , over 
the same temperature range. 

Finally, we have assumed the QCC to be independent of 
temperature. Clearly, the vibrationally averaged QCC will be 
temperature dependent (9); however, such effects are expected 
to be small in the temperature range investigated. Also we 
would like to point out that it is not a trivial procedure to correct 
for such effects in solution. 

Next, we investigate further the effect of the medium on the 
rotation of these ions by considering a hydrodynamic model. 

( b )  The hydrodynamic rotation of anions 
In the hydrodynamic model of molecular rotation (17, 18) 

the rotational correlation time is given by eq. 131, 

[31 7 2 ~  = VfC/kBT 

where V is the molecular volume of the anion, f is a shape 
factor that accounts for the deviation of the ion from spherical 
symmetry, C is an empirical parameter that accounts for the 
variable boundary conditions, and kB is the Boltzmann con- 
stant. When the parameters f and C are both set equal to unity, 
eq. [3] reduces to the familiar Stokes-Einstein-Debye equation 
originally derived for a sphere (17). 

The anions investigated in this study were assumed to be 
prolate spheroids and the value off was calculated using eq. 141 

where x (= b / a )  is the axial ratio of the ellipsoid. For the anions 
investigated here, the major semiaxis ( a )  was estimated to be 
half the total sum of the bond lengths (19) and the van der 
Waals radii of the terminal atoms. The minor semiaxis ( b )  was 
assumed to be equal to the van der Waals radius of the largest 
atom. The van der Waals radii for Se, S ,  0,  and N were assumed 
to be 1.95, 1.85, 1 :60, and 1.70 A, respectively. These values 
are taken to be 0.1 A larger than the corresponding values in the 
neutral atoms (20) because of the partial negative charge on the 
terminal atoms. The assumed values of a and b for each anion 
are given in Table 5.  

The two extreme boundary conditions are the so-called stick 
boundary condition (C = 1) and the slip boundary, where C is a 
minimum dependent on the shape of the solute (18a). 

For the anions investigated here Cslip falls in the range 0.15- 
0.17; for a perfect sphere CSli, = 0.  An observed "C" value of 
1 implies a strong interaction between solute and solvent. For 
example, recently, Masuda, Sano, and Yamatera (21) have 
found that rotations of the phosphate anion obey the stick 
boundary condition. Under the slip boundary condition the only 
frictional resistance to rotation results from solvent displace- 
ment as the solute molecules rotate. Previous workers (4 ,  5)  
have found that rotations of the SCN- anion are best described 
by the slip boundary condition. 

To compare observed nmr rotational correlation times with 
those calculated under the slip and stick boundary conditions we 
studied all ions at 0.1 M, so that ion pairing will be negligible 
and the viscosity of the solution can be approximated to that of 
water. The rotational correlation times dkrived from the nmr 
data using eq. [ I ]  are compared with the T ~ R  values for the 
"stick" and "slip" boundary conditions in Table 5. 

From the data in Table 5 we find that the value of C for all the 
anions investigated in this study is 0.2, just slightly larger than 
Cslip. The implication is that interactions between these anions 
and water is rather weak. This statement is not inconsistent with 
the activation energies reported above in section ( a ) .  As these 
prolate ellipsoidal shaped anions rotate they must, because of 
their shape, displace solvent and, in doing so, break water 
structure; hence the observed activation energies for anion 
rotation parallel those observed for water reorientation (i.e., 
rotations of the solute molecules are coupled to those of the 
solvent). Rotations of the perchlorate anion in aqueous solution 
are also described best by the slip boundary condition (C  = 

0.03). However, in this case, since the anion is approximately 
spherical, rotational correlation times are shorter and the 
activation energy is only 2.2 kcal mol-' (21). The divalent 
sulphate anion is also approximately spherical; however, 
because of its charge it interacts more strongly with water 
(C = 0.21) and E, = 3.1 kcalmol-' (21). 

One important basic assumption in applying any hydrodyna- 
mic model is that the solvent must appear as a continuum (17); 
that is, the solute molecule should be la-rge compared to the 
size of the solvent molecule (18). Also we must assume that the 
solute molecules undergo small-step rotational diffusion (this 
assumption appears justified for SCN- (4 ) ) .  Because of these 
assumptions any attempt at interpretation of C values obtained 
in this and other related studies is at best qualitative. The 
importance of measuring experimental C values or related 
empirical parameters to assess solute-solvent interactions has 
been recently discussed by Zwanzig and Harrison (22) 

(c)  The "0 quadrupolar coupling constant in the isocyanate 
anion 

(i) The nmr method 
In the extreme narrowing limit the spin-spin and spin-lattice 

relaxation times of quadrupolar nuclei are equal (6):  

For the isocyanate anion both "0 and 14N relaxation rates are 
related to the same correlation time. Hence, by substituting 
values of I = 5 /2  and 1,  for "0 and 1 4 ~ ,  respectively, from 
eqs. [ l ]  and [6] :  
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TABLE 7 .  Ab initio calculations of the oxygen- 
17 nuclear quadrupolar coupling constant in the 

isocyanate anion 

Basis set EFG/au QCC/MHz 

At 25"C, for a 1.0 M NaNCO aqueous solution in 10% D20 ,  we 
find the 1 7 0  line width (v l I2)  to be <40 + 3 Hz, corresponding 
to ~ ~ ( " 0 )  > 8 * 1 ms. The absence of any previous reports of 
6(170) for NCO- (23) may be due to the close proximity of the 
170 resonance of this ion to that of water (42.6 + 1 ppm to high 
frequency). Substitution of T2(170) > 8 i 1 ms, T1(14N) = 62 
? 3 ms, and QCC( '~N) = 0.71 MHz in eq. [7] gives an upper 
limit of 7.8 i 1 MHz for the 1 7 0  quadrupolar coupling constant 
in the isocyanate anion. 

Next we compare the 1 7 0  QCC derived from the nmr 
relaxation data with the corresponding value obtained using a b  
initio calculations. 

(ii) The ab initio method 
Calculation of nuclear quadrupolar coupling constants from 

electric field gradients (EFGs) requires a knowledge of the value 
of the quadrupole moment (Q) of 1 7 0 .  The uncertainty in this Q 
value will be one source of error in the derived QCC (8b). We 
have used the ~ ( ' ~ 0 )  value recommended by Fuller (8b) after a 
critical analysis of the available data. 

EFGs were computed by performing ab initio molecular 
orbital (MO) calculations at a variety of levels using the 
program GAUSSIAN 76 (24a) appended by a version of the 
properties package of GAUSSIAN 79 (24b) adapted to run 
on the CDC 170-730 computer at Dalhousie University. The 
EFGs of NCO-(C,", TNC = 1.21 A, and rm = 1.13 A) (21) 
calculated using the STO-3G, 4-3 l G ,  6-3 l G ,  and 6-3 16" basis 
sets (25) and the Huzinaga (9S,5P) basis set (26) are given in 
Table 7. The results in this table indicate that the a b  initio 
calcularions yield QCCs smaller than those derived from the 
nrnr method for all the extended basis sets. However, previous 
studies (7,27) on a variety of molecules indicate that 1 7 0  QCCs 
derived from ab initio theory using comparable basis sets are 
too large by ca. 10-20%. Assuming the calculated values in 
Table 7 are too large, these calculations suggest an 1 7 0  QCC of 
ca. 5 MHz in NCO- . From a comparison of the estimates of the 
QCC by the two methods and a consideration of the uncertainty 
in the data, we propose a 1 7 0  QCC of 6 * 2 MHz in the 
isocyanate anion. This estimate is reasonable when compared to 
the values of 8.1 i- 0.5 and 7 i- 0.5 MHz for oxygen- 17 singly 
coordinated and doubly bonded to carbon in N-methylsydnone 
(28) and the bicarbonate anion (29), respectively, and other 
reported QCCs (23). 

Conclusions 
We have applied nmr relaxation techniques to study the 

temperature dependence of rotations of linear triatomic anions 
in dilute aqueous solution. Rotational correlation times for the 
rotation of the 6, symmetry axis in the thiocyanate anion are 

intermediate to those obtained from Rayleigh scattering and 
Rarnan spectroscopy. The logarithm of the quadrupolar spin- 
lattice relaxation time is found to vary nonlinearly with the 
inverse of temperature. This is attributed to a coupling of the 
rotations of these linear anions with those of the solvent water. 
An analysis of these rotations in terms of a hydrodynamic model 
indicates that anion reorientation is governed by slip boundary 
conditions in all cases. 

We feel that the largest error in the nmr rotational correlation 
times results from the assumption that solid state and (or) gas 
phase QCCs are valid in solution. The nrnr technique has the 
advantage in that relatively dilute solutions can be easily 
studied. Also, for a more accurate description of the tempera- 
ture dependence of 7 2 ~  data the effect of vibrational averaging 
on EFGs should probably be considered. 

The fact that two quadrupolar relaxation rates can be related 
to the same correlation time in NCO- without assuming any 
specific rotational model permits an estimate of the 1 7 0  QCC in 
this ion to be made by nmr spectroscopy. Accurate 14N and (or) 
1 7 0  nqr data for NCO- would lead to more reliable rotational 
correlation times for this ion. 
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Zn(LI)-D-(-)-penicillamine complexes in aqueous solution. 
Zn-67 nuclear magnetic resonance study 
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D-(-)-Penicillarnine interactions with Zn(I1) have been studied in aqueous solutions as a function of pH, penicillamine 
concentration, and temperature, using Zn-67 nuclear magnetic resonance. Longitudinal and transverse relaxation rate 
measurements show the presence in solution of complexes in fast exchange with the aquated Zn(I1) cation, and belonging to the 
extreme narrowing regime. Using equilibrium constant values from the literature, the relaxation behaviour was modelled. 
Characteristic Zn-67 line width values for the two complexes Zn(Pen) (v = (6200 2 500) Hz) and [Zn(Pen HI]+ ( v  = (6000 2 
1000) Hz) were found. Equality of the two values is in agreement with zinc chelation by the sulfhydryl and the amino groups. 

ALFRED DELVILLE et CHRISTIAN DETELLIER. Can. J. Chem. 64, 1845 (1986). 
L'Ctude de la complexation du Zn(I1) par la D-(-)-ptnicillarnine a CtC effectuCe en solutions aqueuses en fonction du pH, de la 

concentration en penicillamine et de la tempkrature, a l'aide de la resonance magnCtique nuclCaire du Zn-67. Les mesures des 
temps de relaxation longitudinal et transverse montrent la prCsence en solution de complexes en Cchange rapide avec le cation 
Zn(II)., . Les resonances de ces complexes obCissent aux conditions de rCtrCcissement extreme. A l'aide de valeurs de constantes 
d'kquilibre tirCes de la littkrature, une moddlisation de la relaxation observee a fourni des largeurs de raie caracteristiques des 
complexes &(Pen) ( v  = (6200 i 500) Hz) et [Zn(Pen H)]+ (v  = (6000 2 1000) Hz). Ces valeurs sont en accord avec une 
chelation du zinc par les groupements sulfnydryle et amino. 

Introduction 
D-(-)-Penicillamine (1, H2Pen) is a powerful ligand for 

transition metal cations (1-12). It acts as a bidentate or 
tridentate ligand, taking advantage of the coordination ability of 

its amino, sulfhydryl, and carboxylic groups. The diversity of 
the possible ligation sites together with their protonation pattern 
make this small molecule a versatile ligation system. The pK, 
values of  en)+ are pK1 = 1.92; pK2 = 8.00; pK3 = 10.74 
(25.0°C; 0.1 M KNQ3) ( 3 ,  where pK2 and pK3 are composite 
macroscopic constants. These values corroborate previous 
similar determinations (3). The values of the equilibrium 
constants for the formation of complexes between the penicil- 
lamine dianion and transition metal cations show the effective- 
ness of this molecule to capture Cd(I1) or Hg(II), for example 
(log 6,  = 11.5 and 18.9; log P2 = 19.5 and 25.0 for Cd(I1) 
and Hg(I1) respectively) (5). In addition to the 1: 1 and 1:2 
complexes, diverse protonated complexes or polynuclear spe- 
cies coexist in solution (4, 7). Penicillamine has been used in 
the treatment of metal poisoning (13- 18), can chelate excess 
copper responsible for the blocking of nerve impulses in 
Wilson's disease (19, 20), is an effective drug in rheumatoid 
arthritis (2 1-23), idiopathic pulmonary fibrosis (24), and 
scleroderma (25), and its copper complex possesses some 
anti-inf ammatory properties (26). 

In that context, the study of the complexes formed between 
Zn(lI) and penicillamine is of interest since, for example, they 

interfere with the removal of toxic mercury, cadmium, or 
lead (5). Some unwanted side effects could originate in 
the complexation of essential zinc (27). X-ray photoelectron 
spectroscopy results (1) support a structure for the 1:2 complex 
in the solid state in which one penicillamine moiety acts as a 
monodentate carboxylate ligand and the second penicillamine 
is coordinated to zinc through the sulfhydryl and the amino 
groups. In solution, a structure in which the two penicillamine 
molecules act as bidentate ligands is more probable, the two 
sites of ligation being the sulfhydryl and the amino groups 
(2, 11, 14,23,28).  The coordination could possibly involve the 
carboxylic group at lower pH range (6). The X-ray structure of 
dibromo-bis(~-peniciIlamine)Zn(II) isolated from an acidic 
solution (pH 2) has been recently published: penicillamine 
behaves as a monodentate ligand with the deprotonated car- 
boxylate group as the binding site (29).   or mat ion constants for 
the Zn(Pen) and [zn(Pen),12- complexes are log P = 9.3 8 and 
log = 19-39 respectively ( p = 0.12,25"C) (3). The order of 
magnitude of thesevalues is corroborated by other works (4-6). 
Since K2 > K1, for a sufficiently high ligand concentration the 
major species in solution are aquated Zn(XX) and [Zn(Pen)2]2- 
(4-6). Consequently, until nbw, the structure of the 1: 1 
complex in solution has been only rarely discussed. 

To better define the nature and the structure of these 
complexes in solution, we have undertaken a Zn-67 nuclear 
magnetic resonance study of the system Zn(I1)-penicillamine in 
water at different pH values. The only nrnr active isotope of 
zinc, Zn-67 (spin 512) is a quadrupolar nucleus endowed with 
a poor receptivity (0.665 with respect to C-13) due to its low 
natural abundance (4.11%) and its low gyromagnetic ratio 
(1.6737 x lo3 rad s-' G-' ) (30). So far, only a few studies 
have involved this nucleus (3 1-38). Given the high biological 
importance of zinc, and the inability to use other spectroscopic 
techniques directly, the development of Zn-67 nmr is of prime 

' ~ h a r g ~  de recherches FNRS; usual address: Laboratoire de Chimie significance. 
Organique Physique, UniversitC de Likge, B-4000, tikge, Belgium. We show in this paper that Zn-67 nrnr can be used to study 

2~u thor  to whom correspondence may be addressed. the complexation of Zn(I1) by penicillamine in relatively dilute 
3~evision received April 11, 1986, conditions (0.10 M ) .  We work in conditions where Zn(II) is in 
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large excess compared to penicillamine and consequently where 
the 1:l complex is in excess compared to the 1:2 complex. We 
give an estimate of the characteristic relaxation rates for the 
complexes Zn(Pen) and [Zn(Pen H)It. 

Experimental 
Zn(N03)2.6H20 (Baker) and D-(-)-penicillamine (Aldrich) were 

used without further purification. The zinc concentration was checked 
by EDTA titration and the pH was adjusted by addition of small 
amounts of concentrated NaOH or H2SO4. The pH meter (Coming 
155) was calibrated with buffer solutions at pH 7.00 2 0.01 and 
4.00 2 0.01. The precision of the pH measurements was better than 
0.02 pH units. 

The nmr spectra were recorded on a Varian XL-300 spectrometer 
operating at the frequency of 18.768 MHz. The 90" pulse width was 
91 ps. Typically, the acquisition time was 10 ms for a 1-ms transverse 
relaxation time. No weighting functions were applied to the F'ID, which 
was Fourier transformed with zero filling. All measurements at room 
temperature were made on 16-mm spinning tubes, and on 10-mm 
spinning tubes at variable temperatures. Solvent was a mixture of 
D20/H20 (20230) to provide a deuterium lock. No correction was 
made to pH values for the use of 20% D20.  Chemical shifts were 
measured with reference to a 1.0 M Zn(N03)2 solution (pH = 4.47). 
Sample temperatures were measured with a copper-constantan ther- 
mocouple dipped into the non-spinning tube. The precision of the 
temperature reading was estimated to be i-0.5"C. To attenuate the 
acoustic ringing of the probe (39) we used the pulse sequence 
ACOUSTIC (40): -(90°, x - ACQ' - Dl - 1 80°, x - T - 90°, .x - 
ACQ--Dl-90°, X - A C Q + - ~ l -  180", -x -T-~O",X-ACQ-+ 
(40,41), which was available as the standard program ACOUST on the 
XL-300. In the case of a quadrupolar nucleus, the delay D l  can be 
set to short values or zero, since the acquisition time permits a full 
relaxation of the magnetization. The delay T is the crucial parameter for 
a successful result. With our instrumentation (Varian XL-300) we 
found 100 ps to be a good compromise, with the use of a delay time 
(100-200 ps) between the end of the 90" pulse and the beginning of the 
acquisition. To obtain an acceptable base line in the case of the routine 
pulse sequence -(90" - ACQS,, this delay would have been 1 ms, an 
unacceptable value for a rapidly relaxing quadrupolar nucleus. Typical 
conditions were as follows (given for 0.10 M Zn(I1) and 0.10 M 
penicillamine at pH 3.0): acquisition time = 0.02 s; delay Dl = 0.01 s; 
delay between 90" pulse and acquisition = 100 ps; total experiment 
time was less than 1 h (1 12 000 transients); signal on noise ratio = 50; 
line width = (140 2 10) Hz. 

Transverse relaxation times were directly determined from a line- 
width measurement. We have checked that the measured line width 
was independent of the delay time between the 90" pulse and the 
beginning of the acquisition. All spectra had a Lorentzian line shape. 
Longitudinal relaxation times were measured with the sequence 
f 180" - T - 90" - A C Q A ,  with at least ten T comprised between 0 and 
20 times T I .  TI  was calculated by a nonlinear regression on three 
parameters (42). Typical conditions were as follows (given for 0.20 M 
Zn(II), 6 X M penicillamine, pH 3.5): acquisition time = 0.05 s; 
delay between 90" pulse and acquisition = 200 ps; ten values of T 
between0.2 ms and 160 ms; the total experiment time was less than 1 h; 
3000 transients for each spectrum; T ~ - '  = (92 2 5) Hz. 

Results 
Transverse relaxation times 

Table I gives the line width at half-height ( v  of the Zn-67 
signal as a function of the ratio p = [H2 Pen]/[Zn(II)] for 
different pH, at (2 1 2 1)"C. The line width of a 0 .1  M Zn(N03)2 
aqueous solution is (25 t 2) Hz, which is in good agreement 
with previously published values (3 1,33). The line width of the 
latter solution did not vary significantly with changes in pH. 
However, small amounts of added penicillamine have a 
considerable effect on the observed line width: for p = 0.1, 

TABLE 1. Zn-67 bandwidth at half height (v 
as a function of pH and of p = [penicillamine]/ 

[Zn(II)] ratios. [Zn(N03)2] = 0.10 M 

vl12 = 44 Hz (pH = 3.1), 60 Hz (pH = 4.0), 360 HZ (pH = 
5.0), 460 Hz4 (pH = 6.2). This trend corresponds to the 
diminution of the relative percentage of the aquated Zn(I1) 
cation when the pH increases (6). This is similar to the result 
obtained recently by Kohnlein et al .  (33) for a 1 m ZnS04 
solution in the presence of increasing amounts of sodium citrate 
(0-80 mm). In the case of a ratio p = [citrate] / [Zn(II)] = 0.1, 
the value of the reported line width was twice that measured 
from a 1 m Zn(I1) solution. We have been limited in our 
investigations by the formation of precipitates for ratios 
[Pen] / [Zn(II)] bigger than the ones indicated in Table 1. 

Under non-extreme narrowing conditions, the relaxation of a 
spin 512 nucleus is characterized by three exponential decays 
(43). In all the cases studied here only one Lorentzian line 
was observed, which can be the result of extreme narrowing 
conditions, where all three components of the relaxation are 
identical (w27,' << I), or of very fast relaxation for two of 
the three components. We can simply test which of these two 
hypotheses is valid by varying the waiting time between the 
90" pulse and the acquisition. If the observed resonance were 
superposed upon one or two other broad resonances, variation 
of that waiting time should affect the observed line width. This 
is not observed: the measured line width is independent of the 
waiting time. A better test is given by the comparison between 
T2 and TI :T2 = TI under extreme narrowing conditions. 
Moreover, an equality of T2 and TI would show the absence of 
a chemical exchange contribution to the transverse relaxation 
time (44-46). This test will be considered in the next section. 

Since the observed broadening could be due to an exchange 

4~nterpolated value. 
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TABLE 2. Zn-67 longitudinal and transverse relaxation rates as a 
function of pH for different [penicillamine] / [Zn(II)] ratios ( p ) .  

[ZII(NO~)~] = 0.20 M 

pH (50.02) T ~ - I  (HZ) TI (Hz) P 

process between aquated Zn(I1) and penicillamine-Zn(I1) com- 
plexes, we have tested this hypothesis by temperature measure- 
ments. Ln ( ~ 2 - ' )  increases linearly with an increase of T-' for 
0.2 M Zn(N03)2, in the absence of any penicillamine. This 
behaviour was expected on the basis of the high value of the 
Zn-67 quadrupole moment (0.15 X m2), which makes the 
quadrupolar mechanism of relaxation very effective. 

In the presence of penicillamine, the order of magnitude of 
T2- does not change dramatically with temperature for a given 
pH: 4.9 < In T2-l < 5.1 at pH 3.4; 6.2 < In T2-I < 6.6 at 
pH 5.0; 6.4 < In T2-I < 7.3 at pH 6.4. Line widths in the 
range 0.7-1.4 kHz are found at pH 5.0 and 6.4. This order 
of magnitude is accompanied by large errors, precluding any 
precise analysis of the data. However, the observation that the 
order of magnitude of the line widths is constant for a given 
pH is a good indication that there is no chemical exchange 
contribution to the transverse relaxation time. 

Longitudinal relaxation times 
Table 2 shows Zn-67 longitudinal and transverse relaxation 

rates at different pH and for different ratios p = [Pen] / [Zn(II)] 
of 0.2 M zinc nitrate solutions. A measure of the inhomogeneity 
contribution to T2 is obtained from the difference between T2-' 
and TIp1 for the 0.2 M Zn(N03)2 solution (pH = 5.61) and is 17 
+ 14 Hz. Given the inhomogeneity contribution, one observes 
an equality between T2-l and TI-' for all the cases studied: the 
system obeys the extreme narrowing condition. Moreover, the 
equality of T2 and TI excludes the possibility of an exchange 
contribution to the transverse relaxation time. 

Chemical shifts 
Zn-67 chemical shifts are sensitive to the nature of the 

counterion in concentrated solutions, spanning a range of 
300ppm from iodide to cyanide (34), and are also quite 
sensitive to the nature of the solvent (3 1). However, within the 
limits of experimental error, we did not observe any measurable 
chemical shifts of the Zn-67 signal with increasing concentra- 
tions of penicillamine. We will come back to this point in the 
discussion. 

We have carried out exploratory measurements on a 0.1 M 
Zn(W03)2 solution at pH = 13.5. A single resonance line was 
observed at (205 +- 5) ppm with reference to 1.0 M Zn(N03)2 
(pH 4.47); the line width was (200 -t 30) Hz. We attribute this 
resonance to the zincate anion, z~(OH) ,~- ,  whose chemical 

shift is in the range oberved for other tetracoordinated anionic 
zinc derivatives: ZnBr4'- (6 = 169 ppm), ZnC142- (6 = 
253 ppm) (34). 

Modelling 
The observed relaxation rate can be described by a fast 

exchange and is the result of the average of all the possible 
contributions originating from the different complexes in fast 
equilibrium. This is reflected in eq. [I] ,  which is valid under 
the condition that the rate constant for dissociation is small 
compared to the inverse of the correlation time for the 
complexed species (47). This condition is fulfilled, given the 
high values of the equilibrium constants for the formation of 
the various complexes (see below). To derive the characteristic 
line widths for some complexes, we have used the formation 
constants of the Zn(I1)-penicillamine complexes that have been 
determined in the literature (5,6). The following zinc-containing 
species have been considered: Zn(Pen) (log P l l o  = 9.66); 
[Zn(Pen),12- (log P120 = 19.39); [Zn(Pen H)1+ (log Pill 
= 14.8); [Zn(Pen)2Hl- (log P121 = 25.23); [ Z r ~ ( P e n ) ~ H ~ l  
(log f3 122 = 30.65), in addition to the protonated forms of 
penicillamine: (Pen H)- (log Pol = 10.658); Pen H2 (log POl2 
= 7.932 + log Poll);  (Pen H3)+ (log PO13 = 1.90 + log Pol2) 
(6). For each pH value and total Zn(I1) and penicillamine 
concentrations (Table l ) ,  [pen2-] was calculated from a third 
degree equation solved by an iterative Newton-Gauss proce- 
dure. The observed line width was then fitted following eq. [ I ]  

where [Zn(II)IT is the total Zn(1I) concentration, [Zn(II),,] the 
concentration of aquated Zn(II), [Zn(Pen) Hi] the concentra- 
tions of the different complexes, and v o  was experimentally 
determined (Table 1). Figure 1 shows the result of the fittings. 
Each fitting was effected independently for each pH value. 
However, a simultaneous fitting on the four pH curves did not 
give significantly different results. At pH 6.0, only two species 
are major: Zn(II),, and Zn(Pen). We can determine in these 
conditions a characteristic line width for the complex Zn(Pen) 
with a good precision: v = (6200 -+ 500) Hz. At pH = 3.0, 
two major species are also present: Zn(II),,.and Zn(Pen H)+ for 
which we determine a characteristic line width vl,2 = (6000 * 
1000) Hz. At intermediate pH, more species strongly influence 
the fitting procedure and the characteristic line widths for the 
various complexes could be determined only with large errors. 
Unfortunately, at the Zn(I1) concentrations used we were 
limited in the quantity of added penicillamine by the insolubility 
of complexes of the type Zn(Pen)2Hj ( j  = 0-2). 

Discussion 
All the spectra studied belong to the extreme narrowing 

regime. This is in good agreement with the fact that only 
monomeric chemical species are formed in the Zn(I1)-penicil- 
lamine system (4, 7). The equality between TI and T2 rules out 
the possibility of an exchange contribution to the transverse 
relaxation rate. Using equilibrium constant data from the 
literature (6), the characteristic line widths for two complexes 
were determined: Zn(Pen): (6200 k 500) Hz and (Zn Pen H)+ : 
(6000 + 1000) Hz. The finding of an equality between the two 
values supports the structure accepted for the solution state: 
coordination through the sulfhydryl and amino groups (3). The 
possibility of a coordination involving the carboxylic group in 
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FIG. 1 .  Zn-67 line width variation as a function of the ratio p 
[penicillamine] / [Zn(IP)] , at different pH values. [Zn(N03)2] = 
0.10 M. ( 0 ) : p H -  3 ; ( X ) p H  - 4 ;  ( A ) p H = 5 ; ( M ) p H = 6 ( s e e  
Table 1 for precise pH values). The points are experimental and the 
curves are calculated (see text). 

the lower pH range had been proposed (6). Our results at pH 3 
and 6 strongly suggest a structure involving only sulfhydryl and 
amino groups in the chelation of Zn(II), in such a manner that 
the site of protonation of the complex is the non-coordinated 
carboxylic group. This protonation has a minor influence on the 
electric field gradient at the Zn(I1) site, which is reflected in the 
similarity of the characteristic relaxation rates for Zn(Pen) and 
Zn(Pen H)+. Of course, these conclusions are valid under the 
assumption that the equilibrium model used is fully correct. 
Morever, we have likened proton activities to concentrations. In 
the case of ionic strength constancy, this approximation results 
in a systematic error. In the case of our study, the initial ionic 
strength of the Zn(I1) solution (0.3) is progressively reduced 
with the addition of penicillamine. However, since in our study 
the population of complexed Zn(1I) is always lower than 14%, 
we have preferred not to introduce any activity correction (48). 

A highly asymmetric environment for complexed Zn(I1) is 
suggested by the high value (6000 Hz) of the characteristic line 
widths of the complexes. Under extreme narrowing conditions, 
the relaxation rates of a spin 512 nucleus is given by: 

where x = e2qQ/h is the quadrupolar coupling constant 
(NQCC), q the asymmetry factor, and T ,  the correlation time 
responsible for the quadrupolar relaxation. A correlation time 
has been determined by N-14 nmr for penicillamine 0.2 M in 
aqueous solution: .rq(N-14) = (34 * 9) ps (49). Knowing that 
the complex involves only one penicillamine molecule, we 
make the approximation that .r,(Zn-67) of Zn(Pen) equals 

.r,(N-14) of (Pen) and, neglecting the asymmetry factor q, 
we obtain an estimate of X, the quadrupolar coupling constant: 
x = (1 3 + 5) MHz. This appears to be the first proposed Zn-67 
quadrupolar coupling constant value in solution and is valid 
only under the assumptions of the double nuclear spin method 
(50, 51). It can be compared with the published value of the 
Zn-67 quadrupolar coupling constant in Zn metal determined by 
nuclear quadrupole resonance: 13.620 MHz (52). 

Zn-67 chemical shifts are known to span a large range of 
values and one expects them to be very sensitive to the nature of 
the first coordination sphere of Zn(I1). Consequently, one would 
expect to observe a large chemical shift variation when Zn(I1) 
is complexed by penicillamine. However, we have an apparent 
contradiction here since, within the limits of experimental error, 
the observed Zn-67 chemical shift does not show any variation 
outside a 1-ppm range. To resolve this apparent contradiction 
two facts have to be stressed. First, large line width variations 
are observed: for a ratio p = 0.14 and [Zn(II)], = 0.10 M, 
v l 1 2  = 710 * 150 HZ. Under these conditions chemical shifts 
can hardly be measured with a better precision than 3 ppm, and 
any expected chemical shift variation is accompanied by a large 
increase of the experimental error on its measurement. Second, 
in the conditions mentioned of p = 0.14 and [Zn(II)IT = 
0.10 M, one can calculate (6) that only 9% of the total zinc is the 
1:1 complex Zn(Pen), when less than 2% is [Zn(Pen)2]2- or 
[Zn(Pen I%)]+, the quantity of [Zn(Pen)2 HI- being negligible. 
A chemical shift variation of 3 ppm, the error limit, would 
correspond to a characteristic chemical shift for the complex 
of the order of 30 ppm. For a 1 molal ZnSOQ solution in the 
presence of a 10 mm citrate solution a shift of 0.55 ppm to lower 
frequency has been reported, which would lead to a maximum 
value of 55 ppm for the complex Zn(1I)-citrate (33). 
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A. KOLL, M. ROSPENK, L. SOBCZYK, and T. GLOWIAK. Can. J .  Chem. 64, 1850 (1986). 
The crystals of 2-(N,N-diethylamino-N-oxymethyl)-4,6-dichlorophenol chosen as a representative of the Mannich base 

N-oxides were found to be monoclinic, P2 , /c  space group. with a = 11.729(3), b = 16.232(4), c = 13.689(3) A, P = 
107.37(3)", and Z = 8. The structure solved by the dircct mcthod was refincd to R = 0.033 for 3d70 independent reflections. Two 
slightly different molecules denoted as A and B in the unit cell with very short (2.42 and 2.40 A) O H 0  intramolecular hydrogen 
bonds were detected. Both a X-ray diffraction study and the ir and uv spectra indicate a symmetric type of bridge in this 
compound. 

A. KOLL, M. ROSPENK, L. SOBCZYK et T.  GLOWIAK. Can. J. Chem. 64, 1850 (1986). 
On a trouvk que le? cristaux du (N,N-diCthylamino N-oxy mkthy1)-2 dichloro-4,6 phCnol, qui ont CtC choisi comme 

reprksentatifs des N-oxydesdes bases de Mannich, sont monocliniques, avec un groupe d'espace P21 / c  et a = 11,729(3), b = 
16,232(4) et c = 13,689(3) A, P = 107,37(3)" et Z = 8. On arCsolu la structure pardes mkthodes directes et on l'a affinke jusqu'h 
une valeur de R = 0,033 pour 3170 rkflexions indkpendantes. On a dCtecte deux molCcules 1Cgerement diffkrentes, A et B, dans 
chaque maille unitaire; on a aussi not6 l'existence de liaisons hydrogknes intramolCculaires OH0 trks courtes (2,42 et 2.40 A). 
Tant l'ktude par diffraction des rayons-X que les spectres ir et uv suggbrent la prCsence d'un pont de type symktrique dans ce 
composk. 

[Traduit par la revue] 

Introduction 
The ortho Mannich bases show an interesting example of 

intramolecular hydrogen bonds as analogues of intermolecular 
bonds between parent phenols and amines (1-3). These bonds 
possess all of the spectroscopic features typical of intermole- 
cular bonds and are characterized by a rigid conformation and 
high stability. It seemed interesting to undertake a study of the 
behaviour of N-oxides of ortho Mannich bases. One could 
expect that in this case strong intramolecular OH. . . O hydrogen 
bonds would be formed. However, in the crystalline state one 
cannot exclude the possibility of breaking of intramolecular, 
and the formation of intermolecular bonds as in 2-(N,N-diethyl- 
aminomethyl)-4-nitrophenol where proton transfer and the 
creation of dimeric ionic structures take place (4). As a subject 
of our study we selected 2-(N,N-diethylamino-N-oxymethy1)- 
4,6-dichlorophenol (I), in which the proton-donor capability 
of the phenolic group is distinctly pronounced. 

Experimental 
The N-oxides of ortho Mannich bases were synthesized by oxidation 

of the bases in Perhydrol. The crystals of compound 1 were grown from 
water-ethanol solutions; mp, 146-147°C. Density of crystals was 
measured by flotation method in CC14/C2H4C12 solution. 

The ir spectra were recorded on a Perkin-Elmer spectrophotometer 
type 180 and a Carl-Zeiss Jena Specord 75 IR Spectrophotometer. The 
uv spectra were studied by using a Carl-Zeiss Jena Specord UV Vis 
Spectrophotometer. 

The space group and approximate unit-cell dimensions were deter- 
mined from rotation and Weissenberg photographs. The diffraction 
data for a crystal with dimensions 0.45 X 0.50 X 0.50 mm were 
collected with MoK, radiation on a Syntex P2' four-circle diffracto- 
meter with a graphite monochromator. The lattice parameters and 
orientation matrix used from data collection were obtained from the 
least-squares refinement of 15 reflections (19" < 20 < 29"). All 
diffraction data were collected at room temperature by the 8-28 scan 
technique, to 20 = 50.0". Two check reflections measured after each 
50 reflections indicated no decomposition. The raw intensity data were 

'Revision received May 1, 1986. 

TABLE 1. Summary of data collection and processing parameters 

Space group P21/c 
Cell constants a = 11.729(3) A 

b = 16.232(4) 
c = 13.689(3) 
P = 107.37(:)O 
V = 2487.3 

Molecular formula C I ~ H I ~ N ~ Z C ~ ~  
Molecular weight 264.2 
Molecules per cell Z = 8  
Density D m  = 1.40(1) g cm-3 

D, = 1.41 
Absorption coefficient (MoK,) = 5.1 cm-' 
Unique data collected 4389 
Data with I > 4u(I)  3170 
Total variables 409 
R = C(IF,I - F,I)/CIF,I 0.033 
R, = [ C  w (F, - F , ) ~ / C  w (F,)~] ' I 2  0.032 
S = [Cw(F, - ~ , ) ~ / ( n  - P)] ' I 2  2.742 
Final Au k0 .2  e ~ '  
Final ( A/u),,, 0.02 for non-H atoms 

0.13 for H atoms 

corrected for Lorentz and polarization effects, but not for absorption 
and extinction. 

The structure was solved by the direct phase determination method 
using the program MULTAN (1974 Syntex version of program in ref. 
5) and refined by a full-matrix least-squares technique. The non- 
hydrogen atoms were recognized from an E-map (calculated for the 
starting set having the highest combined FOM of 3.0) and the Fourier 
synthesis. The positions of all hydrogen atoms were determined from 
the difference Fourier synthesis. Several cyc!es of refinement of 
coordinates and thermal parameters (anisotropic for non-hydrogen 
and isotropic for hydrogen atoms) reduced the R value to 0.033 and 
R ,  to 0.032 for the 3170 significant independent reflections with 
F > 8.0 u(F). The minimized function was C w(l F,l - IF, with 
w = l / u 2 ( ~ ) .  Neutral atomic scattering factors for all atoms were 
taken from a standard source (6) while all calculations were performed 
on NOVA 1200 minicomputer with the SYNTEX XTL/STLE struc- 
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TABLE 2. Positional parameters and isotropic temperature factors with 
esd's in parentheses 

Atom 

TABLE 3. Bond lengths (A) of the A and B mole- 
cules with esd's in parentheses 

Length 

Molecule A 
0.4492(1) 0.0301(1) 
0.3933(1) 0.0899(1) 
0.2222(1) 0.0426(2) 
0.1074(1) -0.0698(2) 
0.1145(1) -0.0925(2) 
0.2720(2) 0.0400(2) 
0.2442(2) 0.0148(2) 
0.2986(2) 0.0122(2) 
0.3806(2) 0.0348(2) 
0.4099 (2) 0.0607(2) 
0.3557(2) 0.0624(2) 
0.1539(2) -0.0023(2) 
0.0280(2) -0.1036(2) 

-0.0198(2) -0.1888(3) 
0.1652(2) -0.1887(2) 
0.1761(2) -0.2281(3) 
0.163 (2) -0.010 (3) 

Molecule B 
0.1076(1) 0.2874(1) 
0.0731(1) 0.2557(1) 

-0.0564(1) 0.1084(2) 
-0.1901(1) 0.0453(2) 
-0.1940(1) 0.0550(2) 
-0.0222(2) 0.1489(2) 
-0.0470(2) 0.1239(2) 
-0.0081(2) 0.1674(2) 

0.0570(2) 0.2347(2) 
0.0825(2) 0.2614(2) 
0.0425(2) 0.2196(2) 

-0.1090(2) 0.0397(2) 
-0.2479(2) -0.0325(3) 
-0.3341(2) -0.0293(5) 
-0.2290(2) 0.1588(3) 
-0.2456(3) 0.1781(3) 
-0.117 (2) 0.077 (3) 

ture determination system (7). The data collection and processing 
parameters are summarized in Table 1. Positional parameters together 
with the Be, values for non-hydrogen atoms, and B,,, for bridge 
hydrogen atoms for both types of molecules are given in Table 2. The 
bond lengths, bond angles, and torsion angles are given in Tables 3 ,4 ,  
and 5, respectively .' 

Results and discussion 
In the unit cell there are two slightly different types of 

molecules, denoted by A and B, with very skort intramolecular 
hydrogen bonds, 2.425(3) and 2.407(3) A, respectively. A 
drawing of the packing in the unit cell is presented in Fig. 1. The 
structure of molecules and atom numbering are shown in Fig. 2. 
The difference between molecules A and B arises from the 
packing effects and consists mainly in the torsional angle 
N-O(2)-1%-Q(1) and the localization of the bridge hydro- 
gen atom. 

One should use some caution about the localization of the 
hydrogen atoms in the bridges. It seems pmicularly strange that 

'~upplementar~ tables containing hydrogen atoms parameters, ani- 
sotropic temperature factors and structure factor amplitudes may be 
purchased from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada KIA OS2. 

Bond A B 

TABLE 4. Bond angles (deg) of molecules A and B with 
esd's in parentheses 

Angles 

Bonds A B 

for a slightly shorter bridge (molecules of type B) the refinement 
gives an asymmetric position of the proton, although it is 
markedly displaced to the centre of the bridge. Nevertheless, the 
results obtained seem to confirm very short hydrogen bonds of 
the symmetric type (8), though from a chemical point of 
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TABLE 5. Torsion angles (deg) of molecules A and B with esd's in 
parentheses 

Torsion angle 

Bonds A 

O(1)-C(l1)-C(l2)-C(1) 5.0( 5 )  
C(l1)--C(12)-C(1)-N -63.6( 4) 
C(12)-C(1)-N-O(2) 71.7( 3) 
C(1)-N-O(2)-H -28.1( 2) 
N-O(2)-H-O(1) -79 (10) 
O(2)-H-O(1)-C(l1) 67 (10) 
H-O(1)-C(l1)-C(l2) 22.0(16) 
C(3)-C(2)-H-O(2) -60.9( 3) 
C(3)-C(2)-N-C(I) -178.4( 3) 
C(3)-C(2)-N-C(4) 5 7 3  4) 
C(2)-N-C(1)-C(12) -172.3( 3) 
C(5)-C(4)-N-Q(2) 177.1( 3) 
C(5)-C(4)-N-C(1) -62.3( 3) 
C(5)-C(4)-N-C(2) 58.7( 4) 
C(4)-N-C(1)-C(12) -47.5( 4) 

FIG. 1. Stereoview of ;he packing in the unit cell. 

FIG. 2. Schematic representation of molecules A and B. 

view both oxygen bridge atoms possess a different character. 
Usually, in such situation, asymmetric hydrogen bonds are 
formed in which the proton is attached to either the proton donor 
atom or to the proton acceptor (proton transfer ion-pair). 

The "symmetric" character of the bridges is clearly reflected 
in other bond lengths, particularly in the C-0 distance. From 
the Bavoux et al. data (9-13) it follows that the av$rage 
C-0 bond length in dichlorophenols equals 1.378(9) A. In 
phenolates this bond length undergoes a substantial lowering. 
Thus, for aniline pentachlorophenolate (14), N-methylmorpho- 

TABLE 6. Position of the long wave- 
length band of 1 in various solvents 

(cm- ' ) 
Solvent Wave-length 

cc14 32 100 
Cyclohexane 32 500 
Diethyl ether 32 100 
DMSO 32 300 
Acetonitrile 32 250 
CHC13 32 200 
CH2C12 32 250 
Methanol 32 400 
Isopenthanol 32 600 
Water 33 250 
HClO.O1 N 34 000 
NaOHO.O1 N 31 000 

line pentabromophenolate (1 5), and 2-(N,N-dimethylamino- 
methyl)-4-nitr9phenol (4), it equals to 1.287(13), 1.275(20), 
and 1.283(3) A, respectively. In the case 2f picrates (16) the 
C-0 bond becomes very short, 1.248(1) A, but this is partly 
due to a strong mesomeric interaction with nitro groups. Thus, 
the C-0 length of 1.328(3) and 1.319(4) found in this paper 
for molecules A and B,  respectively, is half-way between the 
two limited phenolic and phenolate states. Much less sensitive 
and less informative is the length of N-0 bond. For morpho- 
line (17) and trimethyl!mine (18) N-oxides, it is equal to 
1.391(3) and 1.388(5) A, while fqr trimethylamine N-oxide 
hydrochloride (19) it is 1.425(11) A. The d i f f e p c e  between 
the two limiting cases, namely, N-0 and N-OH, is reflected 
in the bond length by 0.04 A only. Nevertheless, the value of 
1.407(3) A found in this paper could confirm the central proton 
density distribution within the O H 0  bridge. 

Infrared spectra 
The ir spectrum of the investigated compound2 is typical 

of very short O H 0  bridges of the symmetric type (8). One 
observes a broad intense band over the 400-1800 cm-' fre- 
quency range with a maximum at about 900-1000 cm-l. No 
absorption above 1800 c m l  was found which couid be assigned 
to the bridge protonic vibrations. Also, the isotopic effect seems 
to confirm very short hydrogen bonds of the symmetric type. 
The comparison of the O D 0  and O H 0  systems shows that the 
centre of gravity of the broad band in the fingerprint region does 
not change after deuteration. It means that v ~ ~ ~ ~ / v ~ ~ ~  = 1, 
which is reported for very short O H 0  bonds (8). One can also 
notice that the protonic band undergoes some broadening after 
deuteration without substantial change of the integrated inten- 
sity. This is possibly due to some elongation and, thus, to some 
weakening of the bridge which occurs in the case of short 
hydrogen bonds (20). In strongly polar solvents the solubility of 
1 was high enough to allow the recording of the ir spectra in 
s ~ l u t i o n . ~  The position of the maximum of the protonic band 
was found to remain practically unchanged; however, the long 
and short wave-length wings appears. This phenomenon seems 
to be due to both the fluctuations of the bridge conformation (21) 
and the fluctuations of the electric field around the bridge (22) 
arising from collisions with the polar solvent molecules. 

Ultraviolet spectra 
The particular stability of the O H 0  hydrogen bonds in 

N-oxide of Mannich base is very well reflected in the uv 
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KOLL ET AL. 

spectrum of this compound. Firstly, there is well reflected from 
the position of the long wave-length phenolic band in various 
solvents. In Table 6 the v,,,, values are collected for various 
solvents and compared with those for ionic states in HCl and 1.3 

NaOH solutions. Except in H20 ,  v,,, remains almost constant, 
with irregular oscillations depending on the donor-acceptor 

.9 properties of the solvents. The average v,,, value is located 
exactly at midway between the values for the NaOH (phenolate 
anion) and HCl (protonized broken bridge) solutions. A special 
situation occurs in water, where v,,, = 33 250 cm-', i .e. the .5 

band is markedly shifted towards the position for protonized 
species. The results of the effect of the pH on the uv spectra are 
interesting since they reflect the stability of the intramolecular 
O H 0  hydrogen bonds. From the dependence of absorption 1 3 5 7 9 'I pH  
curves on pH (Fig. 3) and particularly from the dependence of 
the extinction at 32 000 cm- 1 p i g ,  4) the following equilibria FIG. 4. Dependence of extinction at 3200 cm-' on pH. The arrows 

are clearly visualized: correspond to pK, values for 2,4-dichlorophenol (23) and tribenzyl- 
amine N-oxide (24). 

H.00 
H 

'0 
/ 2 indicated by arrows in Fig. 4. The hydrogen bond effect is 

C,&4:R2 similar here to that observed in dicarboxylic acids and diamines 
Cl&c"2\&R2 I T (25). 

It is worth noticing that the acid-base behaviour of the 

el O\H C1 Mannich base N-oxide is quite different from that of the 
Mannich base itself, in which the intramolecular OH. .  . N  

I I1 hydrogen bond is formed. In water solution this bond is broken 

\ and the hydrated zwitter-ion is formed. The detachment of a 
proton from the protonized amine group occurs in alkaline 
solutions. In the Mannich base M-oxide the basicity of the 
N-oxide group is much less than for the respective amine group 

Cl&c"2\ but, in spite of that, the hydrogen bond stability is considerably yR2 higher. 

C1 0 
111 

1. P. WOLSCHANN and E. HASLINGER. Monatsh. Chem. 111, 563 
11 980). 

The stabilizing character of the hydrogen bonds causes 
drastic changes in the acidity and basicity of the interacting 
groups, as expressed by their pK values. As may be seen in 
Fig. 4, they undergo a substantial shift in comparison with the 
respective phenol and N-oxide, extending the stability range of 
the unionized form of Mannich base N-oxide. 2,6-Dichloro- 
phenol (pK, = 7.9 (23)) and tribenzylamine N-oxide (pK, = 
4.78 (24)) have been taken as reference compounds. They are 

A. KOLL, M. ROSPENK, andL. SOBCZYK. J.  Chem. Soc. Fxaday 
Trans. I, 77, 2309 (1981). 
A. SUCHARDA-SOBCZYK and L. SOBCZYK. Bull. Acad. Pol. Sci. 
Ser. Sci. Chim. 26, 549 (1978). 
A. KOLL and T. GLOWIAK. J.  Cryst. Spectr. Res. 15, 41 1 (1985). 
G. GERMAIN, P. MAIN, and M. M. WOOLFSON. Acta Crystallogr. 
A27, 368 (1971). 
International tables for X-ray crystallography. Vol. IV. Kynoch 
Press, Birmingham. 1974. 
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Structural studies sf organoborsn compounds. XXHV." 
5-Methyl-5-nitro-2-pheny1-1 73-dio~a-22 b ~ r a ~ y ~ ~ ~ h e x a n e  

W. KLIEGEL AND L. PREU 
Institut fur Pharmazeutische Chemie, der Technischen Universitat Braunschweig, 3300 Braunschweig, 

BeethovenstraJe 55, Bundesrepublik Deutschland 

AND 

STEVEN J. RETTIG AND JAMES TROTTER 
Department of Chemistry, Unzversih of British Columbia, 2036 Main Mall, Vancouver, B .C . ,  Canada V6T 1Y6 

Received February 12, 1986 

W. KLIEGEL, L. PREU, STEVEN J .  RETTIG, and JAMES TROTTER. Can. J. Chem. 64, 1855 (1986). 
The title compound was prepared according to the literature in order to determine whether it has a bicyclic cage structure 

resulting from intramolecular 0 --+ B coordination or a monocyclic boronate structure incorporating a trigonal planar boron 
atom. Crystals or 5-methyl-5-nitro-2-phenyl-l,3-dioxa-2-boracyclohexane are orthorhombic, a = 17.2358(4), b = 6.5007(2), 
c = 9.9225(3) A, Z = 4,  space group Pnam. The structure was solved by direct methods and was refined by full-matrix 
least-squares procedures to R = 0.064 and R,. = 0.070 for 798 reflections with 1 r 3u(I). The nlolecule actually has Cl 
symmetry but, in the solid state, is located at a site of crystallographic C, symmetry. In order to maintain the apparent mirror 
symmetry the nitro oxygen atoms are disordered over two mirror-related rotational positions around the C(2)-N bond. The 
molecule was found to have a monocyclic boronate structure, in agreement with earlier predictions. Tile six-membered 
heterocyclic ring has a "semi-planar" conformation. Bond distances and angles are normal. 

W. KLIEGEL, L. PREU, STEVEN J.  RETTIG et JAMES TROTTER. Can. J. Chem. 64, 1855 (1986). 

Dans le but de dCterminer si le compose mentionnC dans le titre posskde une structure bicyclique en cage resultant d'une 
coordination intramolCculaire 0 -+ B ou une structure boronate monocyclique incorporant un atome de bore plan trigonal, on a 
prCparC ce composC en suivant les indications fournies dans la IittCrature. Les cristaux du mCthyl-Sonitro-5 phtnyl-2 dioxa-I ,3 
bora-2 cyclohexane sont orthorhombiques, avec a = 17,2358(4), b = 6,5007(2) et c = 9,9225(3) A, Z= 4 et groupe d'espace 
Pnam. On a rCsolu la structure par des mtthodes directes et on l'a affinCe par la mCthode des moindres carrCs (matrice entikre) 
jusqu'i des valeurs de R = 0,064 et R, = 0.070 pour 798 rCflexions avec I 2 3u(I). La molCcule posskde une symCtrie Cl  ; 
toutefois, B 1'Ctat solide, elle se situe dans un site cristallographique C,. Dans le but de maintenir une symetrie apparente dans un 
miroir, les oxygbnes des groupements nitro occupent des positions dCsordonnCes par rapport B deux positions rotationnelles 
symktriques par rapport a un miroir et resultant d'une rotation autour de la liaison C(2)-N. On a trouvC que la molkcule possbde 
une structure boronate monocyclique et ce resultat est en accord avec des predictions antCrieures. L'hCtCrocycle a six chainons 
existe dans une conformation <<semi-planairen. Les distances des liaisons ainsi que les angles sont normaux. 

[Traduit par la revue] 

Introduction 
It has been shown by X-ray structure analysis (1) that 

phenylboronates of bis(hydroxyalky1)nitrones can have either 
a bicyclic structure 1 (resulting from intramolecular 0 + B 
coordination) or a monocyclic structure 3 (stabilized by 0-B 
p p ( n )  back donation within the trigonal planar boronate 
system). It was thus of interest to determine whether the 
phenylboronate of a 2-nitro-1,3-propanediol would possess an 
analogous bicyclic cage structure 2 or a monocyclic bidentate 
structure 4. The "semi-planar" form 4, with an "axial" nitro 
group, has been suggested by Urbanski et al. (2) for the 
phenylboronates of 2-alkyl-2-nitro-1,3-propanediols on the 
basis of calculated and experimentally determined dipole 
moments. It is noteworthy that these nitro derivatives were 
found to be more stable than other cyclic phenylboronates with 
respect to hydrolytic agents (3). This finding would also be 
consistent with intramolecular 0 + B coordination leading to 
a shielded sp3 boron center. The existence of intramolecular 
hydrogen bonding in nitroalkanols is well established (4-8). If 
the 'khelated" protons of a nitroalkanol such as 2-methyl-2- 
nitro-1,3-propanediol were to be replaced by the (formal) 
dication P ~ B ~ +  (generated from phenylboronic acid), the 
chelate 2 could be formed. Similarly, a tridentate nitrone ligand 
led to the chelate 1 (1) and a tridentate N-oxide Iigand gave a 
bicyclic chelate with the same basic ring skeleton (9). For an 

'Part XXIII, ref. 27. 

unambiguous decision between the two possible structures, the 
phenylboron chelate 2 or the phenylboronate 4, an X-ray 
crystallographic analysis of the compound has been carried out. 

Experimental 
5-Methyl-5-nitro-2-phen~~1-1,3-dioxa-2-boracyclohexane, 4 

The title compound was prepared according to the literature (ref. 3, 
method A) and was recrystallized from acetone. Mp. 147-14g0C, lit. 
148-150°C. Anal. calcd. for ClOHI2BNO4: C 54.34, H 5.47, N 6.34; 
found: C 53.86, H 5.46, N 6.36. 'H nmr (CDC13/TMS): 6 (ppm) = 
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1.53 (s, CH3), 4.07 and 4.75 (AB system, J = 11 Hz, 2 0CH2), TABLE 1. Final positional (fra2tional X lo4, H X 10') and isotropic 
7.15-7.85 (m, C6H5). thermal parameters ( U  X 10' A*) with estimated standard deviations 

in parentheses 
X-ray cgvstallographic analysis 

A crystal bounded by the seven faces (followed by their distances in 
mrn from a common origin): i ( l  0 O), 0.08, i ( 0  0 I ) ,  0.20. (0 1 I),  Atom x Y z Ueq/ Uiso 

0.25, (0 1 -I) ,  0.22, (0 -1 O), 0.25 was mounted in a general 
orientation. Unit-cell parameters were refined by least-squares on '('1 8340( 1) 2723( 3) 1301( 2) 69 

2 sin 0/X values for 25 reflections (20 = 80-100") measured on a 0(2)t 6651( 6) 2043(14) 1496( 9) 99 
O(3)t diffractometer with Cu-Ka radiation (A(Kal) = 1.540562, h(Ka2) = 
N* 

6407( 7) 2822(18) 3453(12) 170 

1.544390 A). Crystal data at 22OC are: 6762( 2) 3059( 5) 2500 63 
c(1) 7866( 2) 4524( 4) 1250( 3) fw ="221.0 

66 
C10H12BN04 
Orthorhombic, a = 17.2358(4), b = 6.5007(2), c = 9.9225(3) A, V = 

c(2)* 7375( 2) 4779( 5) 2500 55 
(33)" 6946( 3) 6835( 7) 2500 

1 1 1 1 . 7 7 ( 5 ) ~ 3 , Z = 4 , p c =  1.320Mgm-', F(000) =464,  ~ ( C U - K a )  80 
(34)" 909 1 ( 2) -39( 5) 2500 = 7.99cm-I. Absent reflections: Okl, k + 1 odd, and h01, h odd, 63 
(35) 9327( 2) -938( 5) 1292( 4) 84 space group Pnam (non-standard setting of Pnma, ~ k g ,  No. 62, 
(36) 9777( 2) -2697( 6) 1313( 7) 109 equivalent positions: r ( x ,  y ,  z ;  6 + x, 5 - y ,  z; -x, - y ,  4 + z ;  
(37)" 9995( 3) -3575( 9) 2500 

- x, + y ,  4 + z)) from structure analysis. 118 

Intensities were measured with graphite-monochromated Cu-Ka B* 8570( 2) 1922( 6) 2500 55 

radiation on an Enraf-Nonius CAD4-F diffractometer. An w-20 scan at H(1a) 758( 2) 448( 5) 32( 3) 100(10) 

1.34-10.06" minp' over a range of (0.80 + 0.15 tan 0) degrees in H(lb) 822( 2) 573( 5) 126( 3) 82( 8) 
H(3a) w (extended by 25% on both sides for background measurement) was 
H(3b)* 

661( 2) 6 8 3  5) 157( 3) 104(11) 

employed. Data were measured to 20 = 150". The intensities of three 
727( 3) 796( 9) 250 129(21) 

H(5) 917( 2) -33( 5) 46( 5) 140(17) check reflections, measured every 3600 s throughout the data collec- 
tion, remained constant to within 3%. After data reduction,* an H(6) 985(2)  -310(8)  4) 146(19) 

H(7)* 1030( 5) -451(11) 250 169(27) absorption correction was applied using the Gaussian integration 
method (10, 11). Transmission factors ranged from 0.742 to 0.880 for *Multiplicity factor 0.5. 
168 integration points. Of the 12 13 independent reflections measured, +Occupancy factor 0.5. 
798 (65.8%) had intensities greater than or equal to 3u(1) above 
background where a 2 ( 0  = S + 2 8  + (0.04(S - B!)' with S = scan in an observation of unit weight was 3.044. A final {ifkrence map count and B = normalized background count. showed maximum fluctuations of -0.35 to +0.22 e A-'. The final 

  he systematic absences allow space groups Pna21 or Pnam, the positional and thermal parameters appear in Tables 1 and 5,3 latter being indicated by the E-statistics. The structure was solved by respectively, Measured and calculated structure factors have been 
direct methods, all non-hydrogen atoms of the molecule (which has placed in the Depository of Unpublished 
crystallographically imposed mirror symmetry) being positioned from The of thermal motion for the non-hydrogen atoms are 
an E - m a ~ .  were positioned a subsequent shown in Fig, 1. The thermal motion has been analysed in terms of the 
difference map. 1n the final Stages of refinement the non-hydr0gen rigid-body modes of translation, libration, and screw motion (17). The 
atoms were refined with anisotropic, and the hydrogen atoms with rms standard error in the temperature factors UU, (derived from the 
isotropic, thermal parameters. The R value at this point was 0.088. least-squares aVa]ysis) is 0.0032 and, excluding the nitro oxygen The large U22 for the Oxygen atom the nitro group atoms, 0,0017 A', The structural subunits PhB02 and C(1-3), N, and 
(O(2)) suggested possible disorder or that the actual space group may O(1) (along with their mirror-related countefparts) were analysed 
be ~ n a 2 1 .  ~ t t e m ~ t s  to refine the structure in the lower symmetry separately (ms AU,. = 0.0042 and 0.0017 A ~ ,  respectively). The 'pace group did this problem and were thwarted by high appropriate bond distances have been corrected for libration (17, 18), 
correlation coefficients. Refinement of the structure was completed using shape parameters q2 of 0.08 for all atoms involved, corrected 
with dk~rdered nitro oxygen atoms, 0(2)  and 0(3) ,  being refined with bond lengths appear in Table 2 along with the uncorrected values; 
anisotropic thermal parameters and occupancy factors fixed at 0.5. The corrected bond angles do not differ by more than from the 
scattering factors of ref. 12 were used for nOn-h~drOgen and values given in Table 3. Intra-annular torsion angles 
those of ref. 13 for hydrogen atoms. The weighting scheme tz/ = defining the conformation of heterocyclic ring are listed in Table 4. 
l / a 2 ( F ) ,  where u2(F) is derived from the previously defined u 2 ( ~ ) ,  Bond lengths and angles involving hydrogen and a complete listing of 
gave uniform average values of w( 1 F, I - I F c  1) over ranges of both torsion angles (Tables 6-8) are included as supplementary material. I F,I and sin 0/h and was employed in the final stages of full-matrix 
refinement of variables. Reflections with 1 < 3u(1) were not included Results and discussion 
in the refinement. An isotropic Type I extinction correction (Thomley- 
Nelmes definition of mosaic anisotropy with a Lorentzian distribution) The crysta1 structure of 5-meth~1-5-nitro-2-~hen~1-1 ,3-di0xa- 

was applied (14-16). ~h~ final value of was 0,49(23) x 104. 2-boracyclohexane consists of discrete molecules, all inter- 
Convergence was reached at R = 0.064 and R,, = 0.070 for 798 molecular distances being greater than the sums of van der 
reflections with I 2 3u(I). For all 1213 reflections R = 0.093. Waals radii. The molecule actually has C1 symmetry but, in the 
The function minimized was Zw(l Fol - 1 Fc I)*, R = 2 1 1  F,I - solid state, is located at a site of crystallographic C, symmetry. 
lFClI /~1F,I  and R, = (CW(IF , I  - I F ~ I ) ~ / C W I F , I ~ ) ~ ! ~ .  In order to maintain the apparent mirror symmetry the nitro 

On the final cycle of refi~~ement the mean and maximum Parameter oxygen atoms are disordered over two mirror-related rotational 
shifts corresponded to 0.02 and 0.130, respectively. The mean error positions around the C(2)-N bond. 

The observed structure 4 (see Fig. 1) corresponds to that 
 he computer programs used include locally written programs deduced by Urbanski el al. ( 2 )  as being the most probable one 

for data processing and locally modified versions of the following: with a calculated dipole moment of [1. = 4.35 D in good 
MULTAN 80, multisolution program by P. Main, S. J .  Fiske, S.  E. agreement with the experimental value of 4.25 D. The intra- 
Hull, L. Lessinger, G .  Germain, J. P. Declercq, and M.  M. Woolfson; 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, 3 ~ h e  structure factor table, Table 5 (anisotropic thermal parameters) 
by W. R. Busing, K. 0 .  Martin, and H. A. Levy; FORDAP, and other material mentioned in the text are available, at a nominal 
Patterson andFouriersyntheses, by A. Zalkin;ORTEPII, illustrations, charge, from the Depository of Unpublished Data, CISTI, National 
by C. K. Johnson. Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 
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FIG. 1. Stereoscopic view of the 5-methyl-5-nitro-2-phenyl-1,3-dioxa-2-boracyclohexane molecule; 50% probability thermal ellipsoids are 
shown for the non-hydrogen atoms. Hydrogen atoms have been assigned arbitrary thermal parameters for the sake of clarity. Shaded atoms 
comprise the asymmetric unit. 

TABLE 2. Bond lengths (A) with estimated standard deviations in parentheses 

Length Length 

Bond Uncorr. Corr. Bond Uncorr . Corr. 

TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses* 

Bonds Angle (deg) Bonds Angle (deg) 

C(1)-O(1)-B 120.8(2) C(1)-C(2)-C(1)' 110.4 ( 3) 
O(2)-N-O(3) 121.7(4) C(5)-C(4)-B 120.7 ( 2) 
O(2)-N-C(2) 120.4(5) C(5)-C(4)-C(5)' 118.6 ( 4) 
O(3)-N-C(2) 117.9(6) C(4)-C(5)-C(6) 119.9 ( 4) 
O(1)-C(1)-C(2) 112.4(2) C(5)-C(6)-C(7) 120.9 ( 5) 
N-C(2)-C(1) 107.8(2) C(6)-C(7)-C(6)' 119.8 ( 5) 
N-C(2)-C(3) 107.6(3) O(1)-B-C(4) 118.80(15) 
C(1)-C(2)-C(3) 111.5(2) O(1)-B-O(1)' 122.4 ( 3) 

*Primed atoms have coordinates related to those in Table 1 by the symmetry operation I, ?'. 4 - z .  

molecular contacts between the nitro oxygen atoms and the The six-membered heterocyclic ring adopts a "semi-planar" 
boron atom are clearly too long for coorainative interaction conformation with C(2) displaced from the approximate plane 
(B-O(2) = 3.45(1), B-O(3) = 3.89(1) A). The pp(n) back of the other five atoms and the nitro group in a pseudo-axial 
donation from the two oxygen atoms to boron in the phenylboro- position. This conformation has been predicted on the basis of 
nate system is energetically favored over intramolecular 0 + B nrnr (19-22) and dipole moment studies (2, 19), and has been 
coordination involving a nitro group oxygen atom which would verified by X-ray structure analyses (ref. I and references 
force the cycloboronate ring into a boat conformation (formula therein). The overall geometry of the 1,3-dioxa-2-boracyclo- 
2). hexane ring in 4 is very similar to that of compound 3 (1). The 
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TABLE 4. Intra-annular torsion angles (deg) standard 
deviations in parentheses* 

Atoms Value (deg) 

C(1)-O(1)-B-O(1)' 2.8(5) 
B-Q(1)-C(1 j-C(2) -26.8(4) 
O(1)-C(1)-C(2)-C(1)' 48.7(4) 

"Symmetry-related torslon angles have the opposite sign. 

partial T-bond character of the 0-B bqnds is demonstrated by 
the short 0-B distance of 1.371(2) A. The relatively short 
B-C bond of 1.567(5) A is indicative of some n-interaction 
between the sp2 boron atom and the aromatic system. Both 
0-B and B-C distances are in good agreement with those 
observed for 3 and related compounds (ref. 1 and references 
therein). The C-N bond in 4 (1.552(4) A) is significantly 
longer than the corresponding distance of 1.528(3) A in 3: 
whereas th; N-0 bonds of the nitro group (1.217(8) and 
1.143(11) A) in  4 are considerably shorter than the N-0 bond 
of the nitrnne group in 3 (1.29 l (2)  A). This reflects the more 
pronounced (partial) double bond character of the N-0 bond 
in the nitro compound 4. The 1o;ger of the two N-0 bonds in 
4 is in the range 1.190-1.230 A normally observed for nitro 
groups (23;25). The anomalously short N-O(3) distance of 
1.143(11) A is most likely an artifact of thermal motion and/or 
disorder although an inequality of the two N-0 bond lengths 
could arise as  a result of differences between the two nitro 
oxygen atoms with respect to  intramolecular non-bonded 
interactions ( 0 ( 2 ) . . - C ( l )  = 2.66(1), 0 ( 2 ) . . . 0 ( 1 )  = 2.95(1), 
and 0 ( 2 ) . . . C ( 3 )  = 3 .31(1)A vs. 0 ( 3 ) , . . C ( l ) '  = 2.76(1), 
0 ( 3 ) . . . 0 ( 1 ) '  = 3.34(1), and 0 ( 3 ) . . . C ( 3 )  = 2 . 9 3 ( 1 ) ~ ) .  The 
geometrical distortion of the phenyl ring is as expected (ref. 
26 and references therein). The phenyl ring is planar within 
experimental error while the boronate and nitro groups are 
slightly, but significantiy, non-planar (B and N are displaced 
0.017(4) and 0.015(3) A ,  respectively, from the planes of their 
substituents). The  dihedral angle between the normals to  the 
phenyl and boronate mean planes is 1.6(4)". 
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The carbonyl group as a reluctant transmitter of hyperconjugative or a-TT spin-spin 
coupling interactions in derivatives of benzaldehyde, acetophenone, and benzophenone 
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TED SCHAEFER, JAMES PEELING, GLENN H. PENNER, and ALBERTA LEMIRE. Can. J .  Chem. 64, 1859 (1986) 
Unlike their counterparts in anisole or toluene derivatives, the six-bond spin-spin coupling constants between para ring 

protons or 19F nuclei and protons or 13c nuclei in the sidechain of derivatives of benzaldehyde, acetophenone, and benzophenone 
can apparently contain components of opposite sign, at least for the fluorine derivatives. The u-7i components are much smaller 
in magnitude than in toluene derivatives, leading to very small or unobservable coupling constants. Consequently they are of 
limited use in conformational analysis. INDO MO FPT computations and their modifications are examined as to the reasons for 
the small o-TI magnitudes. Although the spin polarizability of the 2pz orbital on oxygen appears to play an important role in the 
transmission of nuclear spin state information, the computations do not account for a "F coupling mechanism that appears to be 
significant for planar conformations. On the other hand, spin-spin coupling constants over five formal bonds to meta protons are 
sizeable and stereospecific. 

TED SCHAEFER, JAMES PEELING, GLENN H. PENNER et ALBERTA LEMIRE. Can. J .  Chem. 64, 1859 (1986). 
Contrairement leurs contreparties dans les dCrivCs de l'anisole ou du toluene, les constantes de couplage spin-spin a travers 

six liaisons, entre les protons du cycle en position para ou les noyaux de I9F et les protons ou les noyaux de I3C de la chaine 
laterale des dCrivCs du benzaldehyde, de I'acCtophCnone et de la benzophCnone peuvent apparernment contenir des composants 
de signes opposes, au moins dans les derivCs fluores. Les constituants a-7i ont une intensit6 infkrieure a celle des dCriv6s du 
toluene conduisant ainsi a des constantes de couplage tr&s faibles qu'on ne peut observer. En consequence, ces constantes sont 
trbs peu utiles dans l'analyse conformationnelle. On a utiIisC des calculs INDO OM FPT ainsi que leurs modifications pour 
dCterminer les causes des faibles intensitks des constituants cr-TI. Bien que la polarisabilitk du spin de l'orbitale 2pz de I'oxygkne 
semble jouer un r6le important dans la transmission de I'information sur 1'Ctat du spin nuclkaire, les calculs ne tiennent pas 
compte du mCcanisme de couplage du 19F qui semble Ctre important dans les conformations planes. Par ailleurs, les constantes 
de couplage spin-spin a travers cinq liaisons formelles par rapport aux protons en position meta sont quantifiables et 
stCrCospCcifiques. 

[Traduit par la revue] 

Introduction 
Long-range spin-spin coupling constants between ring pro- 

tons or fluorine nuclei and a protons on the sidechain in benzene 
derivatives are valuable indicators of conformational prefer- 
ences and of the potentials governing internal rotation about the 
C(1)-X bond in 1 (1-3). In particular, it appears that 

xNHCC' 

H(F) 
1 

6 ~ ( 1 H , ' H )  and 6 ~ ( ' H , ' y F )  are proportional to sin2 8, where 0 is 
the angle by which the X-H bond twists out of the benzene 
plane, as in 2 (1). The proportionality constant is 6 ~ 9 0 ,  the value 

(sin2 0 )  is derivable from the observed 6~ and this expectation 
value is related to the preferred conformation and the barrier to 
rotation about the C-X bond (2). 

It also appears that 6 ~ ( ' ~ , 1 3 ~ )  and ' J ( '~c , '~F)  are a-TT 
couplings, the 13C nucleus being situated in the sidechain, when 
X = CH2, CH, or C with sp2 hybridizatlon (4,5) or when X = 0 
(6). In such compounds 6 ~ ( 1 3 ~ , 1 9 ~ )  is particularly easy to 
measure under conditions of 'H decoupling and is therefore a 
convenient conformational indicator. 

In this paper, attempts to measure 'J( 'H,'~C) 5 6 ~ ( ~ , C )  and 
6~(13C,19F)  = 6 ~ ( C , F )  are described for compounds in which X 
is a carbonyl group, C=O. It turns out that the o-a mechanism 
is relatively inefficient and some modified INDO MO FPT 
calculations are examined as to the reasons for its absence. 
Comparisons are made with 6 ~ ( ~ , ~ )  in 4-fluorobenzaldehyde. 
These indicate a coupling mechanism giving rise to negative 
six-bond couplings in planar conformations. 

H Experimental 

------ X----- '50 - 7 ~  plane All compounds, except for acetophenone-P-13C, 2,6-dichloroace- 
tophenone-P-13C, and 4-fluorophenyl-tert-butyl ketone came from 
Aldrich Chemical Co. The second of these was prepared from 

b 

2,6-dichlorobenzaldehyde (Frinton) by treatment with 13c-methyl 
of 6~ when 8 is 90". The mechanism of coupling therefore magn,sium iodide in ether (7) ,  prepared from 13c enriched CH31 
involves the a-TT interaction between the a electrons in the (Merck, Sharpe and Dohme), followed by oxidation of the alcohol 
sidechain and the TT electrons of the ring. If 6 ~ 9 0  is known, then with pyridini;m chlorochromate (~ ldr ich j .  The unenriched product 

followed in the obvious way. ~ c e t o ~ h e n o n e - ~ - ' ~ ~  was prepared from 
'university of Petroleum and Minerals, Dhahran, Saudi Arabia. benzaldehyde in a similar way. The 4-fluorophenyl-tert-butyl ketone 
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TABLE 1. The 'H nmr spectral parameters for a 5.2 mol% solution of a c e t ~ ~ h e n o n e - @ - ' ~ ~  
in acetone-d6 at 300 K and 300.135, MHz 

Parameter Value Parameter Value 

4 ~ 2 4  

4~ (H,C)  
'J(H,c) 

~ 2 5  

'~J(H.c) 
Calcd. transitions 
Assigned trans. 

Largest diff. 
Root mean square deviation 

"In Hz to high frequency of internal TMS. 
bNot included in the iterative analysis. 
'Numbers in parentheses are standard deviations in the last significant figure. 
dCouplings of 0.06 Hz between methyl and ortho ring protons were observed but no couplings 

from I3C to ortho or para protons. Line widths for these peaks were no larger than the peaks from 
the meta protons. 

was obtained from 1-bromo-4-fluorobenzene (Aldrich) and tert-butyl- 
cyanide via the Grignard reagent (8). These compounds were identified 
by means of 'H and 13C nmr spectra. 

The 13C nmr spectra for most of the compounds were accumulated 
on a WH90 FFT nmr spectrometer under conditions of broadband 'H 
decoupling at a probe temperature of 305 K.  The "C nmr spectra of the 
methyl carbon nuclei of the acetyl groups in 2,6-dichloroacetophenone 
and 2,6-dimethoxyacetophenone were acquired with the INEPT (9) 
pulse sequence, as described recently (4). The 'H nmr spectra of 
acetophenone-P-13C and of its 2,6-dichloro derivative were recorded 
on an AM300 nmr spectrometer at a probe temperature of 300 K.  All 
nrnr samples were degassed by the freeze-pump-thaw technique and 
were flame-sealed. Solvents and concentrations are given below. 

Molecular orbital computations were performed on an Amdahl 
470/V8 computer system and employed MONSTERGAUSS (lo), 
INDO MO FPT (I I) ,  and its modified version FIND0 (12). 

Results and discussion 
Spectral data 

Table 1 presents the spectral parameters obtained from a 
NUMARIT (13) analysis of the 'H nrnr spectrum of aceto- 
phenone-P-'3C. A similar analysis of the 'H nmr spectrum 
of a 5 mol% solution of 2,6-dichloroacetophenone-~-13C in 
acetone-d6 gave 6 ~ ( ~ - 4 , ~ )  as -0.136(7) Hz and 'J(H-3 ,C) as 
0.131(5) Hz, the signs being determined by weak multiple 
irradiation procedures. 

In Table 2 are found the 13c chemical shifts and J(C,F) 
values for 4-fluorophenyl-tert-butyl ketone in acetone solution. 
"J(C,F) for n = 1-4 are very similar for all 4-fluorophenyl 
compounds and are not reproduced here. Relevant 6 ~ ( C , F )  
values, those involving the I3C nucleus directly bonded to the 
carbonyl group, were LO. 132(7) Hz for 4-fluoroacetophenone 
(25% v/v in acetone-d6), t-0.087(9) Hz for 4-fluoropropiophe- 
none (30% v/v in acetone-d6), <0.05 Hz for 4-fluorobenzo- 
phenone (25% v/v in acetone-d6), and <0.07 Hz for 4,4'- 
difluorobenzophenone (35% v/v in acetone-d6). 

No 6 ~ ( C , F )  was observable for 4-fluoro-P-chloroacetophe- 
none nor for pentafluoroacetophenone as a 30% v/v solution in 
acetone-d6, although couplings of 2.4 1(2) and 0.33(2) Hz were 
measured from the methyl I3C nucleus to the ortho and meta ' 9 ~  

nuclei, respectively, in the latter compound. 
For a 50% v /v  solution of 2,6-dimethoxyacetophenone 

in acetone-d6, the INEPT spectrum of the acetyl methyl 
13c nucleus yielded a 6 ~ ( ~ - 4 , ~ )  of L0.12 L 0.02 Hz. A 
similar experiment on unenriched 2,6-dichloroacetophenone 
gave 6 ~ ( ~ - 4 , ' 3 ~ )  as f 0.12 -C 0.02 Hz. 

TABLE 2. The 13C nmr parameters of 4-fluorophenyl-tert-butyl 
ketone as a 50 v/v% solution in acetone-d6 at 22.639 MHz and 

305 K 

Parameter Value Parameter Value 

' J(c ,F)~ -250.39 
*J 21.81 
3~ 8.77 
J 3.31 

5 ~ c  <0.05 
6 ~ C  <0.05 
7 ~ c  <0.04 

"The chemical shifts were measured relative to the resonance peak of 
the methyl I3C nuclei in acetone-d6 and were converted to 6 values by 
addition of 29.8 ppm. 

bThe spin-spin coupling constants have an uncertainty of ca. 0.1 Hz for 
" J  (n  = 1-4). 

'These couplings must be very small, the line width at half height belag 
0.08 Hz for I3C=O and 0.07 Hz for the methine carbon. 

The small magnitudes of 6 ~ ( 1 ~ , 1 3 ~ )  and 6J(13C,19~) 
In solution, the free energy of activation for rotation about the 

exocyclic C,:-CSp2 bond in acetophenone is 22.4 kJ/mol(l4). 
Our S T 0  3G MO computations with geometry optimization 
indicate a planar ground state and, to within 3%, a twofold 
barrier to rotation for the acetyl group. Because the barrier to 
rotation is large compared to thermal energies at 300 K. the 
absence (Table 1) of 6 ~ ( H , C )  is possibly reconcilable with a 
a-TT mechanism since (sin2 0 )  is 0.06. If 6 ~ 9 0 ( ~ , ~ )  is about 
-0.6 Hz, as in ethylbenzene (4), then the observed 6 ~ ( H , C )  
should be about -0.04 Hz and may have escaped detection. 
Some other techniques (15-17) do agree that acetophenone is 
planar in the ground state. 

Turning to 2,6-dichloroacetophenone, 6 ~ ( ~ , C )  is - 0.136(7) Hz. 
Geometry-optimized S T 0  3G MO computations find the 0 = 

90" conformation (acetyl plane perpendicular to the benzene 
plane) as 47.0 kJ/mol more stable than the planar conformation. 
If this number is correct. then 6 ~ ( ~ , ~ )  at 0 = 90" is -0.14 Hz, 
compared to (-)0.63 Hz for the corresponding coupling in 
anisole (6) and (-)0.62 Hz in ethyl benzene (4). It is true that 0 
has been estimated as 28" from 13C nmr chemical shifts (18). 
However, for 2,4,6-trimethylacetophenone a variety of tech- 
niques yield various 0 values (19, 20), ranging from 50 to 90". 
In our opinion, the expectation value of 0 cannot be far from 90" 
in 2,6-dichloroacetophenone. In 2,6-dimethoxyacetophenone, 
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6 ~ ( ~ , C )  has the same magnitude as in the 2,6-dichloro 
derivative, the 13c nmr chemical shift suggesting 0 as 40" in the 
former (1 8). 

Because the hyperfine coupling parameter, QcF, is much 
larger in magnitude than QcH, these quantities giving the 
efficiency of the transfer of spin state information from the 7~ to 
the a electrons at the para position, measurements of 6 ~ ( ~ , ~ )  
were made on a number of 4-fluorophenyl ketones. In the 
acetophenone derivative, 6~ (C ,F) is *0.132(7) Hz. The free 
energy barrier to internal rotation in this compound in solution is 
24.7 kJ/mol (14), higher than for acetophenone itself because 
of increased conjugation across the exocyclic C,2-Crp2 bond. 
In 4-fluoropropiophenone, 6 ~ ( C , F )  is * 0.087(9) Hz and sinks 
to <0.05 Hz in 4-fluorophenyl-tert-butyl ketone (Table 2). In 
the absence of the fluorine substituent, this compound has 
been estimated to have 25" 5 0 5 63" by different physical 
techniques (2 1). 

6 ~ ( C , F )  at 0 = 90" is near 1.5 Hz in anisole derivatives 
(6) and near 1.3 Hz (5) in 4-fluorophenyl-R (R = CH2CH3, 
CH(CH3)2, and C(CH3)3). 1f 6 ~ ( C , ~ )  at 0 = 90°were similar in 
magnitude in acetophenone derivatives, then a 0 of 45" would 
imply a 6 ~ ( ~ , ~ )  of at least 0.6 Hz. Yet 6 ~ ( ~ , ~ )  is absent in 
4-fluorophenyl-tert-butyl ketone and in pentafluoroacetophe- 
none, for which (0 )  may well be as large as 40" (22). 
Furthermore, 6 ~ ( ~ , ~ )  is also absent in benzophenone deriva- 
tives, for which 8 values are about 50" (23). 6J(C,F) in 
4,4'-difluorophenylmethane has a 0 dependence very similar 
to that in 4-fluorophenyl ethane (5), implying similar a-T 
parameters for sp2 and sp3 carbon atoms at the end of the 
coupling path. 

INDO MO FPT computations 
Such computations reproduce the sin2 0 dependence of 

6 ~ ( ~ , ~ )  and 6 ~ ( C , F )  in anisole derivatives, for example (6). 
Thus, 6J(H,C) is computed as -0.63 sin2 8 in anisole, rather 
close to the magnitude of 0.625 Hz observed in 2,6-dibromo- 
anisole and the 0.64 Hz for 7 ~ ( H , C )  in 4-methyl-2,6-dibromo- 
anisole (equality in magnitudes of 6 ~ ( ~ , ~ )  and 7 ~ ( ~ , ~ )  is 
expected for a a-T mechanism). For 6 ~ ( ~ , ~ )  the maximum 
value is computed as too small (6), in line with expectations (1). 

In Table 3, computed 6 ~ ( ~ , ~ )  values as a function of 0 are 
given for a standard geometry (24) of acetophenone. As for 
similar calculations on anisole (6), the methyl group is rotated as 
0 increases to keep two H-H,,,h, distances equal (correlated 
motion). 

When no off-diagonal Fock matrix elements are neglected 
(3, 12, 25, 26) and no orbitals are restricted (3, 12, 27), the 
results for 6 ~ ( ~ , C )  indicate a finite value at 0 = 0" and that its 
magnitude changes very little as 0 goes towards 90" (column 
A).2 Qualitatively, the computed increase in magnitude of 
0.07 Hz agrees with the -0.14 Hz observed in 2,6-dichloro- 
acetophenone. The finite computed value at 0" then arises from 
an inadequacy of the INDO MO parameterization. 

When the Fock elements between orbitals in the methyl group 
and the oxygen atom and those in the phenyl group are set 
to zero, the computed 6 ~ ( ~ , ~ )  values (column B) change 
very little, implying that such "through-space" or proximate 
coupling pathways are ~ n i m ~ o r t a n t . ~  Column B therefore yields 

*use of the geometry-optimized ST0 3 6  MO geometries yielded 
computed 6 ~ ( ~ , ~ )  values which changed between -0.22 and -0.30 Hz 
as 8 increased from 0 to 90". 

3 ~ o r  a fuller discussion of procedures designed to investigate 
coupling pathways, see ref. 3. 

TABLE 3. Some com uted 6 ~ ( ' ~ , ' 3 ~ )  values in Hz for the methyl 
"C nucleus in acefophenone 

"The angle of twist about the exocyclic Cfp2-CXp2 bond of length 1.46 A. 
The methyl group lies in plane for 0 = O0, one of its C-H bonds lying in plane 
and pointing away from the benzene ring. As 8 increases the methyl group twists 
so as to keep two of its H-H (ortho) distances equal (correlated motion). 

bA standard INDO MO FPT computation. 
'All off-diagonal Fock elements are set to zero if they involve interactions 

between orbitals on the ring and orbitals on the oxygen atom and the methyl 
group, i.e.,  "through-space" interactions are minimized. 

addition to footnote c, the Fock elements involving the 2pz orbitals on 
the ipso and carbonyl carbon atoms are forced to vanish. 

'In addition to footnote c, the 2pz orbital on the oxygen atom is restricted. 
i.e.,  is not allowed to develop spin polarization. 

the coupling pathway via the orbitals on the carbonyl carbon 
atom. 

If, in addition, the Fock elements involving the 2pz orbitals 
on the carbonyl and the ipso carbon atoms are eliminated, 
6~ (H ,C) drops to zero for all 8.  Therefore the implied coupling 
pathway goes via the partial double bond (conjugation). 

On the other hand, restriction of the development of spin 
polarization in the 2pz orbital on oxygen (column D) entails 
a vanishing 6 ~ ( ~ , ~ )  for the planar conformer and a maximum 
magnitude for the perpendicular form. Comparison with column 
A suggest that the remarkable computed nonzero coupling for 
the .planar conformation arises fromiin increased ~olarczation of 
the 2pz orbital on the carbonyl carbon atom caused by the spin 
polarizability of the C=O bond. Note that no such coupling is . - 

actually observed in acetophenone (Table 1). 
However this may be, in practical terms 6 ~ ( ~ , ~ )  is not very 

useful as an indicator of preferred conformations and barriers 
to rotation about the CSp2-CSp2 ( 0 )  bond in aromatic ketones. 
Simply put, the carbonyl group acts as a barrier to transfer of 
nuclear spin state information via a a-.rr mechanism. 

The INDO MO FPT computations for 6 ~ ( ~ , ~ )  gave results 
parallel to those for 6 ~ ( ~ , C )  and are not reproduced here. 
The theoretical results do not account for the observation of a 
6 ~ ( ~ , F )  in acetophenone and its absence in the tert-butyl ketone 
derivative, that is, the decrease in magnitude for nonplanar 
conformations. 

Comparisons with "J(H,CHO) in benzaldehyde 
A recent precise and unpublished analysis in this laboratory 

of the 'H nrnr spectrum of benzaldehyde in acetone-d6 solution 
yielded 6 ~ ( ~ , ~ ~ 0 )  as -0.01 3(1) Hz. In other words, there 
was no significant coupling, this number being a consequence of 
the least-squares analysis procedure. Because the internal 
barrier to rotation in benzaldehyde in solution is greater than 
30 kJ/mol (27-31), this result could again be interpreted as 
arising from the very small (sin2 8). The INDO MO FPT 
computation gives 6 ~ ( ~ , C H O )  as -0.29 Hz for 0 = 0" (3), 
implying that this number represents an inadequacy in the 
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theory, as apparently is also true for the computation of 6 ~ ( ~ , ~ )  
in acetophenone above. 

In 2,6-dichlorobenzaldehyde in acetone-d6 solution we find 
6 ~ ( ~ , ~ ~ ~ )  as -0.135(3) Hz. A geometry-optimized S T 0  3G 
MO computation of the barrier yields V(B)/kJ mol-' = 

2.7(1) sin2 0 - 2.8(1) sin2 28 for the internal rotational poten- 
tial. In other words, the minimum energy occurs near 0 = 40" 
and the potential is relatively flat. This potential implies a 
(sin2 8)  of 0.41 at 300 K. Then 6 ~ ( ~ , C ~ O )  at 8 = 90' would 
be -0.33 Hz, very much smaller in magnitude than the 6 ~ ( ~ , ~ )  
of - 1.2 Hz at 0 = 90" in toluene (32) or the - 1 .0 Hz in 
thiophenol (33). Furthermore, at 0 = 0°, 6 ~ ( ~ , C )  in ethylben- 
zene is near (-)0.6 Hz. The ratio of 6 ~ ( ~ , ~ )  in toluene and 
6 ~ ( ~ , ~ )  in ethylbenzene is 0.52. If a similar ratio holds for 
6 ~ ( ~ , ~ ~ ~ )  in benzaldehyde and 6 ~ ( ~ , ~ )  in acetophenone at 
0 = 90°, then the latter coupling should be -0.33 X 0.52 or 
-0.17 Hz. It is observed as -0.14 Hz in 2,6-dichloroaceto- 
phenone. These comparisons again illustrate the ability of the 
carbonyl group to hinder transmission of spin state information 
via a u-n mechanism. 

By way of contrast, the a electron pathways are not hindered, 
but enhanced. Thus, 'J(H,cHO) is 0.430(1) Hz in benzalde- 
hyde and is the average of cis and trans coupling paths. If 
'J(H,CHO) follows a sin2 (012) relationship, then  trans) = 
'JIg0 = 0.86 Hz. This can be compared to a ' Jlso of 0.32 Hz in 
toluene (32, 34). Using the factor of 0.52 above, 'J(H,C) 
in acetophenone follows as 0.22 Hz, as observed (Table 1). 
In 2,6-dichlorobenzaldehyde, 'J (H,CHO) is 0.403(2) Hz. If 
'J(H,cHO) is a pure u coupling, then it must be the same in 
benzaldehyde and its 2,6-dichloro derivative because (sin2 (8/2)) 
will be 0.5 in both molecules. The values differ by 0.03 Hz in 
the two molecules. The difference between the 'J(H,C) values 
in acetophenone and 2,6-dichloroacetophenone is rather larger, 
however. 

6 ~ ( ~ ~ ~ , ~ )  in 4-jluorobenzaldehyde 
The internal rotational barrier in 4-fluorobenzaldehyde in 

solution is about 34 kJ/mol(l4,  3 3 ,  so that a a-n mechanism 
for 6 ~ ( ~ ~ ~ , ~ )  should result in a very small, positive number. 
Instead, it is -0.442(3) Hz (36). The INDO MO FPT values for 
this coupling are positive (36). Clearly, another mechanism 
is responsible. In view of the remarks above concerning the 
non-transmission of spin state information via the u-n mecha- 
nism, the negative 6 ~ ( ~ ~ ~ , ~ )  must be attributed to a mecha- 
nism represented by ionic structure 3. 

In 3 the arrows represent n electron spin polarizations in 2pz 
n-type orbitals on the carbon atoms. Evidence for such a 
structure comes from hyperfine fields observed in certain 
paramagnetic nickel(I1) aminotropeneimineate derivatives (37), 
which show that the hyperfine coupling parameter, QcH, for an 
aldehydic group attached to a n electron system is negative, 
unlike the effective QcH for a methyl group, which is really a 
QccH originating in a 0 dependent hyperconjugative interaction. 

The fluorine substituent would facilitate the coupling mecha- 
nism described by 3 because, being a T electron donor, it would 
increase the conjugation across the exocyclic C,z-C,,2 bond. 

This line of evidence implies that 6 ~ ( C , F )  in 4-fluoroaceto- 
phenone is also negative (a tricky heteronuclear sign determina- 
tion experiment is implied by the small magnitudes of the 

couplings). The observed magnitude of 0.13 Hz is qualitatively 
in agreement with such a mechanism, being smaller than 
6 ~ ( C H 0 ,  F) in the benzaldehyde derivative. 

Now, as the carbonyl group twists out-of-plane, the mecha- 
nism represented by 3 becomes less effective, perhaps going as 
cos2 0, and the a-T (hyperconjugative) increases, going as 
sin2 0. The two contributions to 6 ~ ( C , F )  are of opposite sign 
and, depending on their relative magnitudes, can lead to a 
vanishing coupling for some nonzero 0 value, presumably 
accounting for the vanishing 6 ~ ( C , ~ )  in the nonplanar tert-butyl 
ketone and benzophenone derivatives above. It remains to be 
seen whether mechanism 3 helps to account for the vanishing 
'J(C,F). It would give a positive contribution to this coupling 
involving the carbonyl carbon n u c l e u ~ . ~  

It may be noted that 6 ~ ( ~ , ~ )  for the 13c nucleus of the 
methyl group in 4-fluoro-a-methylstyrene appears to be a a-n 
coupling and is estimated to have a maximum magnitude of 
1.1 Hz at u = 90" (5). Of course, an ionic structure analogous 
to 3 is not expected to be important for styrene. 

If this line of argument is correct, it follows that the INDO 
MO FPT method does not account for a coupling mechanism of 
type 3. 

Furthermore, 6 J ( ~ , C H O )  is of insignificant magnitude in 
benzaldehyde. Because its internal barrier to rotation is so large, 
the a-n mechanism is inoperative ((sin2 0) - 0.04 and 6~ at 90" 
is perhaps -0.33 Hz). However, mechanism 3, if as efficient 
as in 4-fluorobenzaldehyde, would imply a coupling of about 
+0.2 Hz (- QcF - 2QcH). Its absence in benzaldehyde must 
then mean that mechanism 3 is not effective because it demands 
a larger conjugation across the CSp2-Cfp2 double bond, as large 
as in the 4-fluoro derivative. 

Estimates of 6 ~ ( ~ ~ ~ , ~ )  and 6 J ( C , ~ ~  at  0 = 90" 
Assume that these couplings can be written as 6 ~ l ( ~ o s 2  0 )  

+ 6~;bn(sin2 0) where 6G is negative and arises from a n 
mechanism of type 3, while 6~;$  is the a-n or hyperconjuga- 
tive interaction. On the basis of birefringence measurements. 0 
has been estimated as 28 -+ 6" in pentafluorobenzaldehyde. 
6 ~ ( ~ ~ 0 , ~ )  for the latter is -0.243(5) Hz in acetone solution 
(38). A barrier of 34 kJ/mol in 4-fluorobenzaldehyde implies a 
(sin2 0) of about 0.045. The actual Kerr constants for the 
pentafluoro derivative (39) imply a (sin2 0) of 0.233. The 
implied equations in 6J" and 6 ~ " , "  yield 6JG;n as 0.56 Hz and 
6 ~ {  as -0.49 Hz. In view of the relatively large uncertainties 
in the (sin2 0) values, write 'J(CHO,F)/Hz = -0.5 + 
1. l(sin2 O), where the cos2 0 term has been absorbed. Note that 
6 ~ ; c ( ~ , C H O )  was estimated as -0.33 Hz above. The corres- 
ponding 6 ~ 9 0 ( ~ , ~ )  in toluene is - 1.20 Hz (32) and 6 ~ 9 0 ( ~ , F )  
in 4-fluorotoluene is 2.28 Hz (40), yielding a ratio of -0.53, 
similar to the ratio (-0.55) of the corresuonding numbers here 
deduced for benzaldehyde'and 4-fluorobenzald~hyde. 

This treatment implies that 6 ~ ( C ~ 0 , F )  should vanish in 
4-fluorobenzaldehyde derivatives when (sin2 0) - 0.5, that is 
for a zero barrier, and should become positive and sizeable as 
(sin2 0) approaches unity. Unfortunately, it is difficult to twist 
an aldehydic function substantially out-of-plane, as shown by 
the 0 of 27" in 9-anthracene-carbaldehyde (41). The synthesis of 
2,6-diX-4-fluorobenzaldehyde derivatives (X large and polar) is 
indicated. 

Turning to 6 ~ ( C , F )  in the fluorophenyl ketone derivatives, 

4 ~ n  the 4-fluorophenyl ketones 'J(c=o,F) was not observable. In 
4-fluorophenyl methane ' J ( c , F )  has a magnitude of 0.73 Hz ( 5 )  and is 
0.59 Hz in 4-fluorostyrene (5) .  The striking modification of coupling 
magnitudes caused by the carbonyl moiety is again evident. 
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the latest 0 value for tert-butyl phenyl ketone is 49  i 5" (21), 
while that for  pentafluoroacetophenone is 41" (22). In both 
compounds 6 ~ ( ~ , ~ )  is unobservable. Assume 0 as 45", there- 
fore. Combined with a barrier of 24.7 kJ/mol in 4-fluoroaceto- 
phenone, for which (sin2 0 )  is therefore near 0 .05  and 6 ~ ( ~ , ~ )  is 
0 .13  Hz,  assumed negative here, one derives 6 ~ ;  as -0. l 6  HZ 
and 6 ~ g " o  as 0 .30 HZ. These are clearly very rough estimates. 
although it is true that 6~$;;" ,  as expected, is roughly twice as 
large in magnitude as  6 ~ ; G  for the 6 ~ ( ~ , C )  in 2,6-dichloro- 
acetophenone above. 

Summary and conclusions 
The a-T contributions to  spin-spin couplings over six bonds 

between para protons or 19F nuclei, and protons or  "C nuclei, 
in the sidechain of benzaldehyde and phenyl ketones are 
only about 25% of those in toluene derivatives. The relative 
magnitudes are given in Scheme 1. In addition, the six-bond 
couplings to  19F nuclei contain substantial negative components 
in planar conformations. In consequence, the utility of these 
coupling parameters in conformational analysis is very limited 
as compared with those in toluene, anisole, and thioanisole 
derivatives. B y  way of contrast, u electron couplings over five 
bonds to meta ring protons are not reduced in magnitude by the 
intervening carbonyl group (36, 42). 

A s  a referee has noted, for a given Y, there is a fairly constant 
ratio between the above coupling constants that involve protons 
and those that involve 13c nuclei. This is reasonable if both 
coupling constants are dependent on a u-7i mechanism. Similar 
ratios are known for couplings over two, three, and four bonds 
(43). The 6 ~ 9 0  values when Y is C=O are derived on the 
assumption that the ortho substituents d o  not strongly perturb 
the a-.n coupling mechanism. This assumption is substantiated 
for Y = CH2 (4) and,  in view of the data above, appears a 
sensible one when Y is C=O. 
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OxydorCduction phstochirnique et thermique entre le chrome(V1) et un acide a alnine 
(glycine, alanine, hydroxy proline et methionine) 
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M. BOLTE, B. ROBERT et J .  LEMAIRE. Can. J.  Chem. 64, 1864 (1986). 
L'oxydorCduction thermique ou photochimique, qui intervient entre le chrome(V1) et diffkrents acides aminks, conduit 

quantitativement a la formation de chrome(III), avec apparition intermkdiare de chrome(V). I1 n'apparait pas de preuve spectrale 
de la formation 5 1'Ctat fondamental d'un complexe entre HCr04- et l'acide amink. La rCduction thermique de HCr04- met 
en jeu l'acide amink proton6 NH3'-CH-R et nCcessite la presence d'ions H+.  La photo-oxydorCduction fait intervenir 

COOH 
HCr04-, qui est la seule entit6 absorbante. [ H C r 0 4 ] *  rCagit ensuite avec l'acide aminC prCsent dans la solution. Le rendement 
quantique de rCduction du chrome(V1) en chrome(II1) est proportionnel a la concentration en acide amink et independant du pH 
dans le domaine d'existence de HCr04-. 

M. BOLTE, B. ROBERT, and J .  LEMAIRE. Can. J .  Chem. 64, 1864 (1986). 
Photochemical and thermal oxidation that occurs between chromium(V1) and various amino acids leads quantitatively to 

chromium(I11). Spectroscopic studies rule out the formation of a chromium(V1) - amino acid complex in the ground state. 
Thermal oxidoreduction involves H C a 4 - ,  the protonated amino acid NH~+-CH-R, and H+ ions. Chromium(V) appears to 

I 
I 

COOH 
be an intermediate species in the reaction. H C a 4 -  is the only absorbing compound and the photochemical chromium(V1) 
reduction proceeds through a reaction between [ H C a 4 - I *  and the amino acid. Chromium(V) is the primary product of the 
charge transfer reaction. Reduction quantum yields are proportional to the amino acid concentration and pH independent in the 
H C a 4 -  existence range. 

Introduction II. Pre'paration des solutions 

La modification de rCseaux macromoleculaires par l'intro- 
duction de composCs de coordination et leur exposition a la 
lumikre est une technique couramment utiliste en photogravure. 
Ainsi, l'insolubilisation de la gtlatine ( I ) ,  de la cellulose (1) 
ou de l'alcool polyvinylique (2) peut Etre provoqde par des 
reticulations photo-induites par du bichromate de potassium. 
Une revue complbte sur la gtlatine bichromatke, matCriau 
photosensible, et ses applications a CtC faite par D. Meyerhofer 
(3). I1 nous est apparu important d'essayer d'klucider les 
mtcanismes mis en jeu lors de la photo-oxydorCduction, qui 
intervient entre le chrome(V1) et un substrat rCducteur. Dans un 
premier travail, l'acrylamide a CtC la substance oxydable Ctudite 
(4). Ainsi, alors qu'il n'apparait pas de complexation entre 
HCrO,- et l'acrylamide B 1'Ctat fondamental, on provoque 
par excitation dans une transition propre de HCr04- la 
polymCrisation du monombre vinylique. La rCaction entre le 
chrome(V1) et l'acrylamide, qui intervient B 1'Ctat excitC, 
conduit B la formation de chrome(V) et d'un radical amorceur de 
polymtrisation. 

Dans le prCsent travail, nous avons examink les processus 
d'oxydor6duction photochimique et thermique, intervenant 
entre le chrome(V1) et diffkrents acides aminks, principaux 
constituants de la chaPne peptidique de la gClatine : la glycine, 
l'alanine, l'hydroxyproline et la m6thionine. L'Ctude prClimi- 
naire concernant la glycine et le chrome(V1) a fait I'objet d'une 
note (5). 

Partie experimentale 
I .  Re'actifs utilise's 

Le chromate de potassium, le bichromate d'ammonium ou de 
potassium sont des produits Fluka purum. 

CK13 .6H20, la glycine, l'alanine, l'hydroxyproline et la mCthio- 
nine sont des produits Fluka puriss. 

Les solutions de sels de chrome(V1) ont une concentration en chrome 
comprise entre 5 X lop4 Met M .  Elles sont extrzmement stables 2 
l'inverse des solutions d'acide aminC, dont la durCe d'utilisation ne 
peut excCder quelques jours. 

Le pH, ajustC au moyen de HCI ou HC104, est mesurC avec un pH 
mktre Orion 8 1 1. 

La dCsoxygCnation des solutions est rCalisCe par un bullage d'argon 
pendant 30 min. 

Les irradiations a 365 nm ont CtC rCalisCes a l'aide d'une lampe a 
vapeur de mereure <<haute pression,, associCe a un monochromateur 
Bausch et Lomb. Le faisceau obtenu est parallele et le rCacteur est une 
cuve de quartz ronde de trajet optique 1 cm. L'intensitC incidente, 
dCterminCe par actinomCtrie avec le ferrioxalate de potassium, est de 
l'ordre de 3 X 1015 photons s-I. 

III. Me'thodes d'analyse 
Les spectres d'absorption uv-visible ont CtC enregistres sur un 

spectrophotombtre Cary 118 C et sur un spectrophotombtre Perkin 
Elmer 554. La correction de l'effet thermique a CtC faite en analysant 
simultanCment une solution irradiCe et la meme solution gardCe a 
I'obscuritC. 

Les mesures rpe (resonance paramagnktique Clectronique) ont CtC 
rkalisees sur un spectrometre Bruker ER 200 D bande X (v = 

9,21 GHz), frkquence des modulations 100 kHz, phase 90". Les 
irradiations polychromatiques dans la cavitC du spectromktre rpe ont 
CtC faites au moyen d'une lampe Hanovia Xe-Hg 1000 W. Le facteur 
de Land6 g a CtC determink par rapport au DPPH (diphCnyl picryl 
hydrazyle) utilisC comme standard. 

Le chrome(VI), dans une solution aqueuse de bichromate 
d'ammonium de concentration comprise entre et M a 
pH infkrieur 2 5 se trouve a 85% sous forme HCr04- (6). 
Son spectre d'absorption uv-visible prCsente deux maximums 
2 263 et 352 nm et un Cpaulement B 440 nm. L'addition a une 
solution aqueuse de HCr04- de quantitCs croissantes de glycine, 
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BOLTE ET AL. 

TABLEAU 1. Constantes de vitesse de rkduction 
du chrome(V1) en fonction du pH 

FIG. 1. Spectres d'absorption uv-visible de solutions de bichro- 
mate ((Cr(V1) = I O - ~ M )  en prCsence de glycine en concentration c 
croissante (1, c = 0; 2. c = 0,35 M; 3, c = 0,75 M; 4, c = 1 M; 
5, c = 1,3 M; 6, c = 1,68 M). 

FIG. 2. ~volution spectroscopique d'une solution de chrome(1II) 
(c = lo-' M) et de glycine (c = 1 M) en fonction du temps (1, t = 0; 
2, t = 1 jour; 3, t = 2 jours; 4, t = 8 jours). 

alanine, hydroxyproline ou mkthionine, provoque le dCplace- 
ment vers le rouge du maximum 2 352 nm, ainsi que la 
diminution de l'absorption a 440 nm (fig. 1). Cette modification 
spectrale est accompagnCe d'une augmentation de pH. Si le pH 
est maintenu infkrieur ou Cgal 2 4, l'addition d'acide amin6 ne 
modifie pas le spectre uv-visible de HCr04-. 

Le chrome(III), sous f o m e  ~ r ( H ~ 0 ) ~ ~ + ,  stable dans l'eau 
dans le domaine 1,5 < pH < 5, prCsente deux maximums dans 
le visible B 415 et 582 nm (e  = 13 M-' cm-I). L'addition 
d'acidc amink provoque un lent dCplacement des maximums 
vers les courtes longueurs d'onde (fig. 2). En fin de rkaction, pour 
une solution molaire en glycine et 10V2 M en chrome(III), on 
observe deux maximums 2 390 et 526 nm (E  = 80 M- ' cm- I ) .  

CeMe Cvolution traduit la substitution progressive de l'eau par 
l ' a~ide amink. 

A 350 nm, le coefficient d'extinction molaire du chrome(II1) 

[MCthionine] 1,1 0,344 
0,05 M 1,5 0,155 
[Cr(VI) 1 1,65 0,087 
7,25 X M 1,83 0,057 

2,27 0,015 
2,80 0,006 

est negligeable devant celui du chrome(V1). Les cinttiques de 
disparition du chrome(V1) peuvent &re suivies par spectrosco- 
pie uv-visible a 352 nm, maximum d'absorption de l'espece 
HCf14-. 

Evolution thermique 
LaissCes a I'obscuritC et B tempCrature ordinaire, des solu- 

tions aqueuses de chrome(V1) et d'acide amin6 peuvent Cvoluer 
avec le temps. Ainsi, en milieu acide, on note la disparition de la 
couleur jaune de depart et l'apparition en fin de rtaction d'une 
trks faible coloration violette. L'absorption ?i 350 et 440 nm, 
due a HCr04-, dtcroit rigulikrement, tandis qu'apparaissent 
deux maximums B 390 et 525 nm. La vitesse de ce phknomkne, 
observee pour tous les acides aminks, dCpend de l'acide aminC 
CtudiC et du pH. Trbs lente avec la glycine, la disparition 
du chrome est beaucoup plus rapide avec la mCthionine. 
L'influence des diffkrents parametres, pH, concentration en 
acide aminC et chrome(VI), a CtC Ctudite dans le cas de la 
mkthionine. 

Les reactions ont systCmatiquement etC rCalisees avec un 
excbs de mtthionine par rapport au chrome(V1). La disparition 
du chrome(V1) a pH = 2,8 suit une loi du premier ordre 
en fonction du temps, si le rapport mCthioninelCr(V1) est 
supCrieur ou tgal Zi 15. De -a cette condition, la vitesse 
initiale est proportionnelle B la concentration en mkthionine. La 
disparition du chrome(V1) est egalement du premier ordre par 
rapport au temps dans un domaine de pH compris entre 1 et 3. 
A pH supkrieur, il apparait une deviation. 

Nous avons Cgalement calculC les valeurs de vitesse initiale 
lorsque le pH varie en dessous de la valeur du pKI de la 
mkthionine tgal B 2,28 (7). I1 apparait une relation de propor- 
tionnalite directe entre la vitesse initiale et la concentration en 
ions H+. Le tableau 1 regroupe les constantes de vitesse B 
diffkrents pH. Dans nos conditions expCrimentales, il n'y a pas 
de modification notable de pH en cours de rCaction. 

Dans le cas de la glycine, les constantes de vitesse sont 
extremement faibles, souvent difficilement determinables avec 
une bonne precision. Wous avons cependant evaluC la valeur de 
la constante de vitesse en milieu relativement acide et en 
presence d'un trks gros excbs de glycine. Soit : 

[glycine] = 0,5 M 

Considerant la proportionnalitC qui existe entre ko et la 
concentration en acide amink, le rapport des constantes de 
vitesse entre la mkthionine et la glycine est de l'ordre de lo4. La 
rkaction thennique en prksence d'alanine est du m&me ordre que 
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SOU5 IRRADIATION POLYCHROMATIQUE 
pH = 4,5 

\I I 

50U5 IRRADIATION 
pH = $ 5  

THERMlQUE 

pH <3 

THERMlQUE OU 
PHOTOCHIMIQUE 

pH<3 

FIG. 3. Spectres rpe de solutions congelkes (-30°C) de : A : glycine 
+ chrome(V1); B : mCthionine + chrome(V1). 

FIG. 4. ~volution du spectre uv-visible d'une solution de bichro- 
mate en prCsence de glycine, pH = 4, sous irradiation a 365 nm. 

TABLEAU 2. Rendement quantique de rkduction du chrome(V1) en 
prCsence de mCthionine a X = 365 nm 

celle observCe en prCsence de glycine, tandis que l'hydroxypro- 
line posskde un caractbre rkducteur intermkdiaire. 

~ t ~ d e  en re'sonance paramagne'tique e'lectronique 
A temperature ordinaire, on n'observe aucun signal pour des 

solutions aqueuses Cr(VI)-glycine ou mCthionine. C'est Cgale- 
ment le cas en matrice solide (solution congelCe 5 - 30°C) a pH 
suptrieur B 3,s. Par contre, a pH infdrieur, un ou plusieurs 
signaux apparaissent, caractkristiques du systbme CtudiC : avec 
la glycine, il apparait deux signaux intenses de largeur respec- 
tive 7,5 et 15 Gs (g = 1,9795 et g = 1,9824) et dont les 
intensites augmentent, puis diminuent avec la m6me vitesse. 
Par contre, leur intensit6 relative dCpend des conditions expCri- 
mentales. Aprbs complkte transformation, on observe un signal 
faible el de grande largeur de bande (AC = 160 Cs). 

Avec la mbthionine, on observe directement un signal faible 
de grande largeur de bande (AG = 320 Gs). Ce signal augmente 
trks lentement B -30°C. La figure 3 regroupe l'ensemble des 
signaux rpe 6tudiCs. 

Comportement photochimique 
L'irradiation d'une solution [Cr(VI)] = 7,25 X lop4 M et 

[acide amink] = 1 N ,  dont le pH est environ 5 ,  provoque une 
augmentation de pH. La photorkaction est pratiquement arrCtCe 
dks que le pH atteint une valeur de 6,5. La consommation d'ions 
H+ ne peut Ctre imputCe B la reaction thermique, car la vitesse 
d'une telle rCaction est nulle dans cette zone de pH. Les 
manipulations ont donc CtC rCalisCes B pH compris entre 1,s 
et 4 3 ,  Ie pH etant ajustC avec HC104 ou HC1. Au dela de 

pH = 1,5, la rCaction thermique devient trop importante et 
rend imprCcise la dktermination des rendements quantiques. Les 
expCriences faites en milieu air6 ou dCsoxygCnC montrent que 
l'oxygkne n'a pas d'influence sur les valeurs des rendements 
quantiques. 

Les rendements quantiques de rkduction du chrome(V1) sous 
excitation B 365 nm ont Ctt dCterminCs en presence de glycine, 
alanine, hydroxyproline et mCthionine h pH = 4. Lors de 
l'irradiation, on observe la diminution de l'absorption a 352 et 
440 nm, la prCsence d'un point isobestique a 500 nm, ainsi que 
l'apparition de deux absorptions 2 390 et 525 nm (fig. 4). 
La diminution de densite optique est parfaitement linCaire en 
dCbut de photorCaction. Lorsque l'irradiation est maintenue, on 
observe la disparition presque complke du chrome(V1) : il reste 
en fin d7expCrience environ 2% du chrome(V1) de depart. 

Les courbes A de la figure 5 donnent la variation du 
rendement quantique initial de rCduction en fonction du pH. 
Aprks correction de 1'oxydorCduction thermique, r6alisCe pour 
la glycine et la mkthionine, le rendement quantique apparait 
indCpendant du pH dans le domaine 1 3 - 4 3  (courbes B de la 
figure 5). Dans ce domaine de pH, le rendement quantique est 
directement proportionnel a la concentration en acide amink. 
Les tableaux 2 et 3 regroupent l'ensemble des rendements 
quantiques obtenus . 
Spectroscopie rpe sous irradiation 

L'etude a CtC faite sous irradiation polychromatique avec des 
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BOLTE ET AL. 

TABLEAU 3 .  Rendement quantique de rCduction du chrome(V1) par excitation B 345 nm 

[Acide aminb] = 0,l M, pH = 4 Structure $c~(vI)-c~(III) 

Glycine 
Alanine 
Hydroxyproline 

Mkthionine 

NH2-CH2COOH 0,24 X 

CH3CH(NH2)-COOH 0,36 X 
HO-CH-CH2 

I I 
CH2 CH-COOH 2,40 X 

'\ / 
NH 

CH3-S-(CH2)2-CH(NH2)COOH 25 X 

D.O. 

COO 600 

FIG. 5. Rendements quantiques de rCduction du chrome(V1) par la FIG. 6. ~volution spectrale d'un film de gClatine imprCgnC de 
glycine (0,1 M) et la methionine (0,l  M) (0 : glycine; : methionine); bichromate sous irradiation B 365 nm. 
a : 4 apparent; b : @ comgC de l'effet thennique. 

solutions liquides (23°C) ou congelees (-30°C) de chrome(V1) 
Fn prCsence de mCthionine (0,l M) ou de glycine (1 M ) .  
A tempkrature ordinaire, on observe uniquement et pour de 
longues irradiations un signal faible et de trks grande largeur de 
bande (AG - 160 Gs). En matrice solide, a -3Q°C, il faut 
diffkrencier les systkmes et les conditions : 

(i) Pour le systkme chrome(V1)-glycine et 2 pH = 4 3 ,  deux 
signaux apparaissent a g = 1,9765 el g = 1,9746. Leur intensite 
relative varie avec le temps d'irradiation (fig. 3), le signal I 
(AG = 23 Gs) apparait dans un premier temps, puis dCcroit 
tandis que le signal 11 (AG = 30 Gs) augmente, atteint un 
maximum, puis dCcroit trks lentement. A pH infkrieur 2 3, on 
observe dks le dCbut les deux signaux dCcnits lors de l'Ctude 
thermique (g = 1,9795 el g = 1,9824). L'irradiation provoque 
leur disparition au profit de deux autres signaux analogues 
(g = 1,9765 et g = 1,9746) dCp1acCs vers les champs forts. Poor 
des irradiations prolongkes, on voit apparaitre un trks faible 
signal de AC = 160Gs. 

( i i )  Pour le systkme chrome(V1)-methionine B pH = 4,5,  pH 
auquel le phCnom&ne thermique ne masque pas le phknornene 
photochimique, on a, sous irradiation, un spectre rpe analogue a 

celui obtenu avec la glycine : deux signaux de largeur respective 
23 et 26 Gs, dont l'intensitt relative varie en cours d'irradiation. 
A pH infCrieur 2 3, la rCaction thermique provoque I'apparition 
d'un signal faible et de er&s grande largeur de bande (AG = 
300 Gs). E'irradiation en accCl&re la formation. 

Cas parficulier de la ge'latine 
Un film de gdlatine, d'epaisseur environ 40 km, est IrempC 

dans une solution de bichromate de potassium a 5% en poids, 
pendant 5 min. L'imprCgnation de chrome(V1) conduit B une 
concentration de l'ordre de 0,35 M ,  dCterminCe par spectrosco- 
pie uv-visible. Le spectre rpe d'un film fraichement prCparC ne 
prksente aucun signal. Par contre, avec le temps, il apparait un 
signal intense (AG = 17,5 Gs). Photochimiquement, il apparait 
Cgalement un signal analogue, mais dCplacC vers les champs 
forts. Pour des irradiations prolongees, on a Cgalement appari- 
tion d'un signal faible de AG = 160 Gs. L'Cvolution du spectre 
d'absorption d'un film imprCgnC de chrome(V1) a CtC suivie 
sous irradiation h 365 nm (fig. 4) .  I1 appardt deux points 
isobestiques B 340 et 432 nm. Le spectre AD.0 .  = f ( X )  prCsente 
deux maximums 2 320 et 424 nm, et un 2 environ 520 nm 
(fig. 7). 
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+A D.O. 

FIG. 7. hD.0.  = f (X) : variation de la densit6 optique du film de 
gClatine imprCgn6 de bichromate sous irradiation 2 365 nm. 

Discussion 
Un certain nombre de rCsultats et les considerations qui en 

dCcoulent concernent 2 la fois les phenombnes thermiques et 
photochimiques. Nous prCsentons donc dans la premibre partie 
de la discussion un ensemble de points communs aux deux types 
d'activation. 

La mCthionine NH2-CH-(CH2)2-S--CH3 existe sous 
I 

COOH 
forme protonee NH3+--CH-(CH2)2-S-CH3 B pH inferieur 

I 
CQOH 

pKI, ou zwitterionique NH3'-CH-(CH2)2-S-&.H3 A 
I 
coo- 

pH superieur 9 pKI, avec pKI = 2,28 (7). Le pK de 
deprotonation du groupement NH3+ est en dehors de notre 
domaine d'etudes (pKII = 9). 

I1 n'y a apparemment pas de complexation entre Cr(V1) et 
l'acide amint 9 1'Ctat fondamental. La rkduction thermique 
ou photochimique de HCf14- par les acides amints conduit 
au chrome(III), comme le montre 1'Cvolution spectrale. La 
prCsence de maximums 8 390 et 525 nm implique que le 
complexe obtenu soit, non pas le chrome(II1) hexahydratC 
C ~ ( H ~ O ) ~ ~ + ,  mais le chrome(II1) complexe par l'acide amink. 
~ t a n t  donne la faible vitesse de substitution de l'eau par un acide 
amine, le complexe chrome(II1) - acide amine s'etablit obliga- 
toirement au cours du processus d'oxydorCduction. A pH 
supCrieur, c1-0~~- est la seule espkce presente en solution. Le 
dianion s'avkre une espbce non rkductible par les acides aminks 
dans nos conditions experimentales. 

Les signaux obtenus en rpe dCpendent des conditions experi- 
mentales, quel que soit le type d'activation, thermique ou 
photochimique. Si l'acide amink est trbs rCducteur, si le milieu 
est trks acide et (ou) 2 temperature ordinaire, 1'oxydorCduction 
est trks rapide et on observe seulement le stade ultime de la 
reaction, le chrome(II1) hexacoordonnC caractCrise par un signal 
faible et de trks grande largeur de bande. Dans des conditions 
moins favorables 9 l'oxydor6duction (pouvoir raucteur inferieur, 
pH supCrieur ou milieu rigide . . .), on observe un signal intense 
que, parmi les etats de valence du chrome, seul le chrome(V) 
en d' peut presenter. Le chrome(V1) est diamagnktique, le 
chrome(IV) avec deux tlectrons non appariCs ne prCsente un 
signal qu'9 trbs basse temperature et le chome(I1I) prksente 

un signal faible dCj9 dCcrit. Les differents signaux observes 
thermiquement ou photochimiquement correspondent a des 
environnements du chrome(V) diffkrents selon les conditions 
(nature de l'acide amin&, concentrations respectives et pH). 

Les experiences realistes avec la gClatine nous ont permis de 
correler le signal rpe et le spectre uv. On observe une espbce 
dont le spectre d'absorption est analogue 9 celui calcult5 par 
Srinivasan et Rocek (8), pour le complexe de chrome(V) 
rksultant de la rCduction thermique du chrome(V1) par l'acide 
oxalique. Ces auteurs observent un maximum B 320 nm et 
une diffkrence d'absorption ( E Cr(V) - E Cr(V1)) maximum 
a 425 nm et importante au dela de 520 nm. Par ailleurs, 
ils signalent l'apparition de deux signaux rpe analogues aux 
signaux que nous observons . 

Le chrome(V) apparait donc comme un produit primaire 
de 1'oxydorCduction thermique ou photochimique entre le 
chrome(V1) et les acides amines CtudiCs. En effet, l'hypothbse 
souvent admise (9-ll), selon laquelle le chrome(\/') rtsulte 
de la reaction du chrome(V1) de dtpart sur le chrome(IV), 
produit primaire d'une oxydation a deux electrons est hautement 

improbable. Rahman et Rocek (12) ont montrt que la constante 
de vitesse de la reaction [ I ]  en solution aqueuse est trbs faible. 
L'Cquilibre est donc trks fortement dkplaci vers la gauche. 

I1 est B remarquer que la gtlatine support solide permet 
de mettre en Cvidence le chrome(V) dans des conditions de 
temperature oil, en solution, seul le chrome(II1) final peut &tre 
observC. 

Oxydore'duction thermique chrome(V1) - acide amine' 
L'Ctude de la rtduction thermique du chrome(V1) montre que 

la constante de vitesse depend de la concentration en ions H+ et 
en methionine. La disparition du chrome(V1) ne suit plus une loi 
du premier ordre si le pH est trop ClevC et (ou) si la concentration 
en rCducteur est faible. Par ailleurs, dans ces conditions, la 
riduction est extrCmement lente donc difficilement analysable 
avFc une bonne prkcision. 

A pH < pKI ou la mtthionine est majoritairement sous forme 
protonee, la constante de vitesse varie proportionnellement a la 
concentration en ions H+. La reduction du chrome(V1) par 
la methionine est donc une rCaction faisant intervenir trois 
composants HCf14-, H+ et NH3+ -CH-(CH2),-S-CH3 ; 

I 
COOH 

ttant donne l'excbs de mtthionine prksent dans la solution, la 
rkaction est en fait contr61Ce par les ions H+. Les conclusions 
sont analogues avec les autres acides aminis CtudiCs. 

Re'action photochimique 
Comme indique prCcCdemment, l'unique espbce absorbante 

est HCf14- : une excitation a 365 nm correspond a une 
transition 2 caractkre de transfert de charge du ligand oxygkne 
vers le chrome(V1). [HCf14-I* rCagit ensuite avec l'acide 
amink prbent sous forme zwitterionique; la vitesse de reaction 
contr6le l'ensemble du mtcanisme comme le prouvent les 
rendements quantiques proportionnels 2 la concentration en 
acide amink. Le chrome(V) form6 par transfer puis sCparation 
des charges est rCduit en chrome(II1) par un mtcanisme de 
rCaction en cage qui maintient la complexation entre le centre 
mttallique et l'acide amint. On ne note aucune influence du 
pH sur 1e rendement quantique dans le domaine d'existence de 
HCr04-, alors que la photorCduction consomme des ions H+. 
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BOLTE ET AL. 1869 

La photortaction peut &tre schtmatiste de la faqon suivante : 

coo- 
P': radical issu de l'acide amink 

les rtsultats divergent quant B l'influence du pH. La rtaction 
thermique ntcessite un milieu relativement acide, afin de 
fournir les ions H+ ntcessaires B la rtaction et ?i la protonation de 
l'acide amine; elle est pratiquement inexistante a pH = 4. Au 
contraire, la reaction photochimique possede un rendement 
quantique indkpendant du pH dans le domaine d'existence de 
HCr04- et permet ainsi de travailler a des pH ou la reaction 
thermique est inefficace. La reaction est ainsi contr61Ce par la 
lumikre sans rtaction thermique parasite, ce qui rend possible la 
photogravure. 

HCrQ4 + acide amink 

~ r ~ ( c o m ~ l e x k )  + . . . - -  ~ r " '  (complexe) 

La formation d'un radical a kt6 mise en evidence lors de 
l'ttude de I'oxydation de l'acide oxalique par le chrome(V1) 
(lo), ainsi que par nous-mCmes lors de l'ttude de la poly- 
merisation de l'acrylamide photo-amorcte par HCr04- (4). 

~ t a n t  donnt que nous travaillons a faible degrt d'avancement 
(<lo%),  nous ntgligeons l'absorption de la lumikre par le 
chrome(V) qui conduirait au chrome(II1). 

En conclusion, thermiquement ou photochimiquement, la 
vitesse de la rkaction d'oxydoreduction entre le chrome(V1) et 
la glycine, l'alanine, l'hydroxyproline ou la methionine est 
proportionnelle a la concentration en rkducteur. Cependant, 
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Synthesis and structural studies of rhodium complexes of phosphorus-saaBlfPIs ligands 
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DAVID G. DICK and DOUGLAS W. STEPHAN. Can. J .  Chem. 64, 1870 (1986). 
Rhodium complexes of the phosphorus-sulfur ligands, 2-diphenylphosphinoethyl methyl sulfide (MeSP), 1, and 

2-diphenylphosphinothiophene (PTH). 2, have been prepared and studied by s in~le  crystal X-ray diffraction methods. 
[Rh(MeSP)2]BF4.H20, 3, crystallizes in the space group P21/n with a = 16.939(6) A, b = 17.152(5) A, c = 12.049(9) A. 
p = 106.50(4)", and Z = 4. The MeSP ligands chelate to Rh yielding a distorted square-planar geometry. The disposition of the 
methyl gr9ups on the c i ~  sulfur atoms is transoid. Average Rh-P and Rh-S bond distances were found to be 2.225(3) a?d 
2.347(3) A, res~ectively. [Rh(PTH)2(COD)]BF4, 4,  crystallizes in the space group Cc with a = 15.862(2) A, b = 15.112(3) A. 
c = 16.029(3) A, P = 103.32(1)", and Z = 4. The Rh atom in 4 also has essentially a square-planar coordination geometry. 
2 does not chelate but rather is monohapto throush phosphorus. Rh-P distances of 2.319(3) and 2.378(3) A and Rh-C 
distances of 2.17(1), 2.22(1), 2.24(1). and 2.27(1) A were found. The small variations in theRh-P and Rh-C bonds distances 
appear to be a result of steric interactions between 2 and the COD ligand. 

DAVID I;. DICK et DOUGLAS W. STEPHAN. Can. J .  Chem. 64, 1870 (1986). 
On a prCparC des complexes de rhodium des ligands phosphore-soufre : le diphCnyl-2 phosphinoCthyle sulfure de mCthyle 

(PSMe), 1 et le diphCny1-2 phosphinothiophene (PTH) 2, et on les a CtudiCs par diffraction de rayons X sur un monocristal. Le 
complexe de [Rh(PSMe)2]BF4.H20, 3, cristallise dans le groupe d'espace P2,lrz avec a = 16.939(6) A, b = 17.152(5) A,  
c = 12,049(4) A, P = 106,50(9)" et Z = 4. Le ligand PSMe chClatC au Rh donne une gComCtrie carrC plan dCformCe. Les groupes 
mCthy1e situCs sur I'atome de soufre en position cis sont transoides. On a trouvC des distances moyennes de liaison Rh-P et 
~ h - s  de 2,225(3) e! 2,347(3) A respect~vement. Le complexe [Rh(PTH)2(COD)]BF4, 4 cristallise dans le groupe d'espace C c  
avec a = 15,862(2) A. b = 15,112(3) A, c = 10,029(3) A, P = 103,32(1)" et Z = 4. L'atome de Rh du compost5 4 Cgalement a 
essentiellement une gComCtrie de coordination cam-plan. Le composC 2 ne chClate pas mais il est plutbt monohapto 5 travers 
l'atome de phosphore. Lcs longueurs de liaison Rh-P sont de 2,319(2) et 2.378(3) A et celles de la liaison Rh-C sont de 
2,17(1), 2,22(1), 2,24(1) et 2,27(1) A. Les faibles variations observCes dans les longueurs de liaison Rh-Pet Rh-C se rCvklent 
&tre le rCsultat d'interactions stCriques entre le composC 2 et le ligand COD. 

[Traduit par la revue] 

Introduction 
Over the past ten years increasing attention has focused on 

ligands containing both phosphorus and sulfur (1 - 18). Such 
ligands are of interest because they can exist in either mono- 
hapto or dihapto forms. For example, in Mo, Rh, and Ir 
complexes (7-12), the ligand 2-diphenylphosphinoethyl methyl 
sulfide (MeSP), 1, exhibits dihapto coordination. However, 
reactivity studies of the complex [Rh(MeSP);?]BF, suggest that 
the sulfur end of 1 is easily displaced yielding a monohapto 
ligand (10, 12). In comparison, Rh, Co, and Ni complexes of 
the ligand, 2-diphenylphosphinothiophene (PTH), 2,  have been 
reported in which 2 is proposed to coordinate only through 
phosphorus (1 5 ,  16). In our continuing interest (17- 19) in such 
dissymmetric ligands, we have prepared and characterized by 
X-ray crystallography Rh complexes of both B and 2. These 
structural studies confirm the dihapto and monohapto coordina- 
tion modes of B and 2 in the complexes [Rh(MeSP)2]BF4, 3, 
and [Rh(PTH),(COD)]BF,, 4, respectively. The results of 
these studies are presented and discussed herein. 

Experimental 
All preparations were done under an atmosphere of dry 02-free N2.  

Solvents were reagent grade and were degassed by the freeze-thaw 
method at least three times prior to use. 3 1 ~ { 1 H )  nmr spectra were 
recorded on a Nicolet GN-300 spectrometer located at Wayne State 
University. operating at 121.5 MHz with broad bandprotondecoupling. 
The 3 1 ~  chemical shifts are reported relative to external 85% H3P04. 
Combustion analyses were performed by Guelph Chemical Laborator- 
ies, Guelph, Ontario. [(COD)2Rh]BF4, diphenylphosphinoethanethiol 

'Author to whom correspondence should be addressed 
'~evision received April 28, 1986. 

and 2-diphenylphosphinothiophene (PTH), 2, were prepared by 
literature methods (20-22). Chlorodiphenylphosphine and 2-iodothio- 
phene were purchased from the Aldrich Chemical Co. 

Preparation of 2-diphenylphosphinoethyl methyl sulfide, (MeSP), 1 
A solution consisting of 4.33 g (17.6 mmol) of the phosphine thiol, 

HSCH2CH2PPh2, was prepared using 150 mL of THF. A solution of 
1.6 M n-butyl lithium (1 1.0 mL, 17.6 mmol) inanhydrous diethylether 
was then added followed by dropwise addition of iodomethane (2.50 g ,  
17.6 mmol). The lithium iodide was extracted from the reaction 
mixture with water. The THF layer was dried over MgS04 and the 
solvent removed under vacuum, leaving a pale yellow oil. This 
subsequently crystallized in vacuo to give white needles (2.43 g, 5 3 9  
yield). The product may be recrystallized from methanol by addition of 
diethyl ether. Comparison of the 3 1 ~  and 'H nmr parameters to those 
already reported for 1 confirm the formulation of this product (9, 13). 

Preparation of [Rh(MeSPh]BF4.H20, 3 
A solution of [Rh(COD)2]BF4 (0.334 g, 0.823 mmol) was prepared 

in approximately 15 mL of CH2C12. The ligand, 1 (0.430 g, 1.65 rnrnol), 
was dissolved in a small amount (approximately 3 mL) of the same 
solvent and added to the Rh complex. n-Hexane was allowed to diffuse 
into the yellow reaction mixture. The product, [Rh(MeSP)2]BF4.P120, 
crystallized as yellow needles (0.44 g, 70% yield). 3 1 ~ { ' H )  nmr 
(CH2C12) 6 (ppm): 65.4 (d) JRhPP = 160.5Hz. Anal. calcd. for 
C30H36BF40P2RhS2: C 49.47, H 4.98; found: C 50.59, H 4.92. 

Preparation of [Rh(PTH)Z(COD)]BF4, 4 
A solution of [Rh(COG)2]BF4 (60 mg, 0.148 mmol) was prepared in 

approximately 5 mL of CN2C12. To this was added 2 (79 mg, 
0.295 mmol) in 1 mL of the same solvent. The solution immediately 
takes on a yellow-orange color. Diffusion of n-hexane into this 
solution precipitated an orange crystalline product (93 mg, 75% yield). 
3 1 ~ { 1 H )  nmr (CH2C12) 6 (ppm): 17.7 (d), JRhPP = 147.1 Hz. Anal. 
calcd. for C40H38BF4P2RhS2: C 57.57, H 4.59; found: C 56.82, 
PI 4.78. 
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DICK AND STEPHAN 

TABLE 1. Crystallographic parameters 

Value 

Parameter 3 4 

- rormula 
Crystal color, form 

a (A) 
b (A) 
c (A) 
P (deg) 
Crystal system 
space roup 
"01, (B)  
Density (g ~ m - ~ )  
z 
Crystal dimension (mm) 
Crystal faces 

Absorption cotfficient, p (cm-') 
Radiation, h (A) 
Temperature ("C) 
Scan speed (deg/min) 

Scan range (deg) 

Bkgd/scan time ratio 

Data collected 
No. of unique data Fo > 3u(F,2) 

No, of variables 
R 
R w  

RhS2P2C30H34BF4.HZ0 
Yellow needles 

16.936(6) 
17.152(5) 
12.049(9) 

106.50 (4) 
Monoclinic 

P21/n 
3356(3) 

1.44 
4 

0.58 X 0.17 X 0.29 

6.87 
Mo K a  (0.71069) 

24 
2.0-5.0 (0/20 scan) 

1.0 below K a l ,  
1.1 above K a 2  

RhS~P2C40~38~F4 
Orange needles 

15.862(2) 
15.112(3) 
16.029(3) 

103.32 (1) 
Monoclinic 

Cc 
3739(1) 

1.48 
4 

0.92 X 0.21 X 0.21 
(1 i o ) , i i i o ) , i i i o )  
(1 701, (1 I I ) ,  (777)  

6.23 
Mo K a  (0.71069) 

24 
2.0-5.0 (0/20 scan) 

1.0 below K a l ,  
1.1 above K a 2  

0.5 

5335 
2459 

216 
6.82 
7.54 

X-ray data collection and reduction 
Yellow crystals of 3 were obtained by vapor diffusion of diethyl 

ether into a CH2C12 solution of 3. Orange crystals of 4 were obtained 
by diffusion of n-hexane into a CH2C12 solution of 4. Diffraction 
experiments were performed on a four-circle Syntex P2, diffractometer 
with graphite-monochromatized Mo K a  radiation. The initial orienta- 
tion matrix for each crystal was obtained from 15 machine-created 
reflections selected from rotation photographs. These data were used to 
determine the crystal systems. partial rotation photographs around each 
axis were consistent with a monoclinic crystal system in each case. 
Ultimately, 40 high-angle reflections (15" < 20 < 31") for 3 and 30 
high-angle reflections for 4 (15" < 20 < 36") were used to obtain the 
final lattice parameters and the orientation matrices. Machine para- 
meters, crystal data, and data collection parameters are summarized 
in Table 1 .  The observed extinctions were consistent with the space 
group P2 , /n  for 3 and Cc or C2/c  for 4. Successful refinement later 
confirmed the space group as Cc for 4. i h, + k, + 1 data were collected 
in one shell (4.5" < 20 < 45") for both 3 and 4. Three standard 
reflections were recorded every 197 reflections. Their intensities 
showed no statistically significant change over the duration of data 
collection. The data were processed using the SHELX-76 program 
package on the computing facilities at the University of Windsor. A 
total of 2950 reflections for 3 and 2459 reflections for 4 with F: > 
3aFO2 were used in the refinements. In both cases the absorption 
coefficients were small ( p  < 7 cm- l ) .  The complexity of the crystal 
faces of 3 precluded accurate indexing. To check for absorption effects 
psi-scans were recorded for 3.  The average deviation from the mean 
intensity was less than 2.0% of the mean thus no absorption correction 
was applied to the data for 3. For 4, in which the crystal dimensions 
were distinctly anisotropic, the crystal faces were indexed, measured 
and an analytical absorption correction applied to the data. The 
maximum and minimum absorption corrections applied were 1.247 
and 1.578. while the average correction was 1.343. 

Structure solutions and refinements 
Non-hydrogen atomic scattering factors were taken from the 

literature (23). The Rh atom positions were determined using the heavy 
atom (Patterson) method. The remaining non-hydrogen atoms were 
located from successive difference Fourier map calculations. Refine- 
ment was carried out by using full-matrix least-squares techniques on 
F, minimizing the function 2 w(lFoI - 1 Fc1)2 where the weight, w, is 
defined as 4F;/u2(F,2) and Fo and F, are the observed and calculated 
structure factor amplitudes. The refinement of 4 confirmed the space 
group as Cc. In the final cycles of refinement for each structure, the Rh, 
S, and P atoms were assigned anisotropic temperature factors. The 
methylene and methyl carbon atoms of 3 and the COD carbon atoms of 
4 were also assigned anisotropic thermal parameters. The remaining 
non-hydrogen atoms were described by isotropic temperature factors. 
The phenyl-ring geometries were constr!ined to those of regular 
hexagons with C-C bond lengths of 1.39 A. Hydrogen atom positions 
were allowed to ride on the carbon to which they are bonded assuming a 
C-H bond length of 0.95 A. Hydrogen atom temperature factors were 
fixed at 1.10 times the isotropic temperature factor of the carbon atom 
to which the hydrogen is bonded. The hydrogens of the methyl groups 
of 3 were treated as rigid rotors. In all cases the hydrogen atom 
contributions were calculated but not refined. In both refinements 
disorder of the BF4 moieties were apparent thus the geometries 
of BF, groups were copstrained to those of tetrahedra with B-F 
bond distances of 1.28 A.  Difference map calculations suggested the 
presence of a two orientation disorder of the BF4 group in 3. After 
refinement of positional and site occupancy factors the best model for 3 
was found to involve two orientations of the BF4, centered at the same 
site, each with a 0.5 occupancy. For 4, no simple multi-site disorder 
model was evident from the difference map analyses, thus a single 
constrained group with isotropic atoms was ultimately used. The final 
values of R = EIIFoI - lFcI/CIFoll  and R, = (Ew(lF,I - 

l F c 1 ) 2 / C ~ ~ , 2 ) ' 1 2  are given in Table 1 .  Refinement of the inverted 
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CAN. J. CHEM. VOL. 64, 1986 

TABLE 2. Positional parameters * 
(a) [Rh(MeSP)2]BF4,H20 

Atom x 4' z Atom x Y z 

S 1 
P 1 
C 1 
C3 
C5 
C12 
C14 
C16 
C22 
C24 
C26 
C32 
C34 
C36 
C42 
C45 
C4 1 
F 1 
F3 
FIB 
F3B 
0 

Atom x Y z Atom x Y z 

model was of 4 performed. The R and R, increased to 0.0688 and 
0.0756, respectively. Using the Hamilton R factor test, the initial 
solution was confirmed to be the correct enantiomorph at a greater than 
95% confidence level. The maximum A / u  on any of the parameters in 
the final cycles of refinement was 0.005 for 3 and 0.008 for 4. Final 
difference Fourier map calculations showed no p p k s  of chemical 
significance; the largest peak was 1.35 electrons/A3 for 3 and was 
associated with the water molecule, while the largest peak for 4 was 1.5 
electrons/A3 associated with C62. The following data are tabulated: 
positional parameters (Table 2); selected bond distances and angles 
(Table 3). Thermal parameters (Table Sl) ,  Hydrogen atom parameters 

(Table S2), and values of 10 I F,l and 101 F,  I (Table S3) have been 
deposited as supplementary material.3 

Results and discussion 
Reaction of CW31 with the thiolate anion, Ph2PCH2CM2Sp, 

yielded the previously reported ligand, 1 (10). This synthetic 
method is a convenient alternative to the known route. The 

3~omplete  set of data may be purchased from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA OS2. 
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DICK AND STEPHAN 1873 

second P-S ligand, 2, was prepared by the published method 
(17). Reaction of the ligands, 1 and 2, with [Rh(COD)2]BF4 
gave yellow and orange rhodium complexes, respectively. In 
the case of 1, the 3 1 ~ { 1 ~ )  nmr spectrum of the complex shows a 
doublet at 65.4 ppm. The Rh-P coupling constant is 160.5 Hz. 
These data were identical to those recently reported for the 
complex, [Rh(MeSP),IBF4, 3 (9). Analytical data suggest that 
there is a molecule of H 2 0  per Rh atom in the crystal lattice. 
A similar reaction with ligand 2 gives an orange rhodium 
complex. 3 1 ~ { 1 ~ )  nmr as well as analytical data are consistent 
with the formulation [Rh(PTH)2(COD)]BF4, 4. The upfield 
shift of the phosphorus resonance (17.7 ppm) and the Rh-P 
coupling constant of 147.1 Hz are consistent with phosphorus 
nuclei trans to COD (24). 

Structural studies 
Confirmation of the formulation as well as structural details 

of the Rh complexes 3 and 4 are obtained from crystallographic 
investigations. The study of compound 3 clearly shows that the 
crystal lattice is built from unit cells each containing discrete 
cations, anions, and waters of crystallization. The c1ose:t 
non-bonded approach between anion and cation is 2.501 A 
(F3.. .HlC), while the closest approach between adjacent 
cations is 2.612 A (H1 A..  .H2B). The closest approach between 
the water molecule of crystallization and either the cation 
or the anion is 2.967 A (O...H5A) . Selected bond distances and 
angles are given in Table 3. An ORTEP drawing of the cation of 
3 is shown in Fig. 1. The geometry of the Rh is essentially 

FIG. 1. ORTEP drawing of the cation of 3, 30% thermal ellipsoids square planar with two phosphorus and two sulfur atoms 
are shown. comprising the coordination sphere. The Rh-P and Rh-S 

FIG. 2. ORTEP drawing of the cation of 4, 30% thermal ellipsoids are shown. 
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TABLE 3. Selected bond distances and angles 
( a )  [Rh(MeSP)2]BF4.H20 

Bond Distance (A) Bond Distance (A) 

Rh-Sl 
Rh-S2 
Rh-PI 
Rh-P2 
Sl-c1 
S1-C2 
S2-C4 
S2-C5 

Bonds Angle (deg) Bonds Ang!e (deg) 

S1-Rh-P1 85.1(1) C3-P1-C21 104.2(5) 
S2-Rh-P1 168.2(1) C11-PI-C21 104.6(4) 
S 1 -Rh-P2 173.7(1) C11-P1-Rh 109.9(2) 
S2-Rh-P2 86.3(1) C21-PI-Rh 125.6(3) 
P1-Rh-P2 99.5(1) C6-P2-Rh 107.5(4) 
S1-Rh-S2 90.0(1) C6-P2-C31 103.8(6) 
C1-S1-C2 99.4(7) C6-P2-C41 103.1(5) 
C1-S1-Rh 104.2(5) C31-P2-C41 104.7(4) 
C2-S1-Rh 106.4(4) C31-P2-Rh 112.5(3) 
C4-S2-C5 101.6(6) C41 -P2-Rh 123.1(3) 
C4-S2-Rh 100.8(4) C5-C6-P2 107.5(9) 
C5-S2-Rh 105.6(5) S2-C5-C6 112.3(9) 
C3-P1-Rh 106.6(4) C2-C3-P1 108.9(9) 
C3-PI-C11 103.9(5) S1-C2-C3 113.4(8) 
PI-Cll-C12 122.3(2) PI-C11-C16 117.7(2) 
P1-C21-C22 117.1(2) PI-C21-C26 122.9(2) 
P2-C31-C32 119.2(2) P2-C31-C36 120.8(2) 
P2-C41-C42 122.1(2) P2-C41 -C46 117.8(2) 

(b) [Rh(PTH),(COD)IBF, 

Bond Distance (A) Bond Distance (A) 

Rh-C1 2.22 (1) Rh-C2 2.17 (1) 
Rh-C5 2.24 (1) Rh-C6 2.27 (1) 
Rh-P1 2.378(3) Rh-P2 2.319(3) 
PI-C41 1.82 (1) P1-C31 1.88 (1) 
PI-C51 1.840(8) P2-C11 1.836(9) 
P2-C21 1.81 (1) P2-C61 1.88 (1) 
C1-C41 1.70 (1) S 1 -C44 1.70 (3) 
S2-C21 1.70 (1) S2-C24 1.70 (2) 
C21 -C22 1.36 (2) C22-C23 1.43 (2) 
C23-C24 1.47 (4) C4 1 -C42 1.42 (2) 
C42-C43 1.40 (2) C43-C44 1.48 (3) 
C1-C2 1.29 (2) C2-C3 1.52 (2) 
C3-C4 1.44 (3) C4-C5 1.59 (3) 
C5-C6 1.36 (2) C6-C7 1.48 (2) 
C7-C8 1.53 (3) C8-C1 1.53 (2) 

Bonds Angle (deg) Bonds Angle (deg) 

TABLE 3. (concluded) 
(b) [Rh(DPW,(COD)IBF, 

Bonds Angle (deg) Bonds Angle (deg) 

PI-C51-C56 121.2(2) Cll-P2-C21 102.3(5) 
Cll-P2-C61 104.6(4) C61-P2-C21 111.1(5) 
P2-Cll-C12 118.6(2) P2-C11-C16 120.0(2) 
P2-C61-C62 125.9(3) P2-C61-C66 1 14.1(3) 
PI-C41-S1 123.8(8) PI-C41-C42 124 (1) 
C42-C41-S1 112 (1) C41-S1-c44 94 (1) 
Sl-C44-C43 11 1 (2) C42-C43-C44 110 (2) 
C41-C42-C43 113 (1) P2-C21-S2 126.1(7) 
P2-C21-C22 121.2(8) S2-C21-C22 112 (1) 
C21-C22-C23 114 (1) C22-C23-C24 110 (2) 
C23-C24-S2 109 (2) C21-S2-C24 95 (1) 
C1-C2-C3 126 (1) C2-C3-C4 117 (1) 
C3-C4-C5 112 (1) C4-C5-C6 129 (1) 
C5-C6-C7 122 (1) C6-C7-C8 113 (1) 
C7-C8-C1 114 (1) C8-C1-C2 128 (1) 

bond distances average 2.225(3) and 2.348(3) A and are typical 
(25, 26). The MeSP ligands form puckered five-membered 
chelate rings with the Rh. The bite angles average 85.8(6)", a 
typical value for five-membered chelate rings (27). The disposi- 
tion of the methyl groups on the cis sulfur atoms is transoid. The 
phenyl rings on the phosphorus atom adopt pseudo-axial and 
pseudo-equatorial positions. The two equatorial phenyl rings 
(C21-C26 and C41-C46) are almost parallel as the angle 
between the planes is only!. 16". The average distance between 
these phenyl rings is 3.39 A. This type of phenyl ring alignment 
for adjacent phenyl-phosphine groups has been observed in 
other structures (28). 

The crystallographic study of 4 shows that the crystal is 
made up of unit cells containing discrete anions and cations. 
The c1o:est non-bonded approach between anion and cation is 
2.483 A (F2...H24) . The closest approach between adjacent 
cations is 2.389 A (H14. . aH63). The interatomic distances and 
angles are included in Table 3. An ORTEP drawing of the cation 
of 4 is shown in Fig. 2. The geometry of the Rh is essentially 
square planar; two phosphorus atoms and the midpoints of the 
two carbon-carbon double bonds of the COD moiety complete 
the coordination sphere. The COD moiety binds to the Rh such 
that the Rh-C1 and Rh-C6 distances average 2.19(2) A 
while Rh-C2 and Rh-C5 distances av5rage 2.26(2) A. In 
addition, the Rh-PI bond length (2.378 A) is slightly longer 
than the Rh-P2 bond length (2.319 A). It is noteworthy that 
the c1o:est approach of H5 or H6 to any of the rings on P1 is 
2.357 A (H5. . .H56), while for H1 or H2, the closest approach 
to the rings on P2 is 2.396 A (H1...C11) . Thus the slight 
lengthening of the Rh-C5, Rh-C6, and Rh-P1 bond 
lengths may serve to alleviate some of the steric interactions 
between the phosphine substituents and the COD ligand. The 
S atoms of the thiophene groups are not oriented to ailow 
coordination to Kh; The intramolecular Rh. . . S distances are 
4.828 and 5.099 oA while the closest intermolecular Rh..  .S 
distance is 7.085 A (Rh. . . S I) ,  thus confirming the monohapto 
nature of 2 in 4. Once again, the phenyl groups on the adjacent 
phosphines are oriented such that two of the rings (C3 1-C36 
and C61-C66) are almost parallel; the angle between the 
planes is 12.47". The average distance between these phenyl 
rings is 3.45 A. This situation is similar to that observed in 3 and 
other species (28). 

The structures of the complexes described herein confirm two 
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DICK AND STEPHAN 1875 

possible coordination modes for  phosphorus-sulfur ligands. 
The MeSP ligands in 3 form chelate rings (dihapto), while the 
PTH ligands in 4 coordinate only through .phosphorus (mono- 
hapto). These modes of coordination have been proposed for 1 
and 2 as well as  related ligands (7-16). The  monohapto nature 
of 2 may be attributed to the substantial strain involved in the 
formation of a four-membered chelate ring. In addition, the 
donor capability of the thiophene sulfur atom of  2 is certainly 
poorer than that of the thioether sulfur in  1. 
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MARIE-CLAUDE CORBEIL, A N D R ~  L. BEAUCHAMP, SERGE ALEX, and RODRIGUE SAVOIE. Can. J .  Chem. 64, 1876 (1986). 
The complexes (CH3Hg)Gly, (CH3Hg)(~-Ala). and (CH3Hg)(o~-Ala) were prepared by reacting CH3HgOH with glycine 

(HGly) and a1:nine (HAla). Crystals of (CH3Hg)(~~-Ala)  are monoclinic, space group P 2 ' / c ,  u = 9.460(2), b = 8.794(2), 
c = 8.723(2) A, = 97.49(2)", Z = 4. The structure was refined on 935 MoKa reflections to R = 0.042. The complex results 
from displacement of an alanine NH3+ proton by the C H ~ H ~ +  ion, which is linearly bonded to the -NH2 group. An 
intramolecular Hg. .  . O  contact of 2.63 is also formed with a carboxylate oxygen. The Raman and infrared spectra of solid 
(CH3Hg)Gly and (CH3Hg)(~-Ala) are compared with those of the ligands. Raman spectra of aqueous solutions at different pH 
indicate that the NHz-bonded structure is retained in solution, although no complexation via the carboxylate occurs. 

MARIE-CLAUDE CORBEIL, A N D R ~ ~  L. BEAUCHAMP, SERGE ALEX et RODRIGUE SAVOIE. Can. J. Chem. 64, 1876 (1986). 
Les complexes (CH3Hg)Gly, (CH3Hg)(~-Ala) et (CH3Hg)(~~-Ala)  ont CtC prepares par rCaction de CH3HgOH avec la glycine 

(HGly) et l'alanine (HAla). Les cristaux de (CH3Hg)(~~-Ala)  sont monocliniques, de groupe spatial P2 , /c ,  a = 9,460(2), 
b = 8,794(2), c = 8,723(2) A, P = 97,49(2)", Z = 4. La structure a Cte affinCe au moyen de 935 reflexions MoKa jusqu'k 
R = 0,042. Dans ce complexe, un proton du groupement NH3' de l'alanine est dCplacC par I'ion CH3Hg+, qui se trouve 
linkairement coordonnC au groupe NH2. Un oxygene du groupe carboxylate Ctablit Cgalement un contact intramolCculaire 
Hg . . . 0 de 2,63 A. Les spectres Raman et infrarouges de (CH3Hg)Gly et (CH3Hg)(~-Ala) 9 1'Ctat solide sont comparCs 9 ceux des 
ligands libres. Les spectres Raman de solutions aqueuses B diffkrents pH indiquent que la liaison avec le groupe NH2 persiste en 
solution, aucune complexation avec le groupe carboxylate n'ayant cependant pu &tre dCcelCe. 

Introduction 
Our laboratories have undertaken a series of studies on the 

interaction of the CH3Hg+ ion with amino acids and small 
peptides, both in the solid state and in solution, with the aim of 
better understanding the behaviour of this cation with respect 
to polypeptides and proteins. In a recent paper ( I ) ,  we have 
reported that the CH3Hgt ion coordinates first to the -NH2 
lone pair of glycylglycine, in agreement with earlier observa- 
tions by Rabenstein and co-workers (2) for other amino acids. 
We have also found that a second CH3Hg+ ion binds to a 
carboxylate oxygen in solid [(CH3Hg)2Glygly]C104 (1). The 
very intense Raman bands observed between 450 and 575 cm-' 
for the Hg-ligand stretching vibrations were particularly 
useful in distinguishing between these two different types of 
bonding. 

Concurrently with the above study, 1:l complexes with 
glycine (HGly) and alanine (HAla) were isolated which, 
judging from the Hg-ligand stretching regions in Raman, 
seemed to show different binding sites.3 Indeed, whereas 
(CH3Hg)Gly produced a strong signal at the position expected 
for the Hg-N stretching vibration. the analogous band for 
(CH3Hg)Ala occurred in the region where the v(Hg-0) band 
had been observed for the glycylglycine compound (1). As these 

Experimental section 
Reagents and techniques 

Glycine and alanine (both from Fisher Scientific) were used without 
further purification. The source of CH3Hg+ ions was the hydroxide 
CH3HgOH (1 M aqueous solution from Alfa Inorganics). 

The C H ~ H ~ '  ion was analyzed potentiometrically by titration with 
KC1 in ethanol (Ag/AgCl indicator electrode) (3). The concentrations 
of the solutions studied by Raman spectroscopy (4-168 w/w) are 
indicated for each of the spectra presented below, the pH being adjusted 
in each case with either NaOH or HN03 (4 N). 

Raman spectroscopy 
The Raman spectra, generally excited by the 514.5 nm line from a 

Spectra Physics Model 165 argon ion laser, were recorded on a Spex 
Model 1400 microcomputer-controlled spectrometer. The 488.0 nm 
line was used for the (CH3Hg)Gly crystals. The samples were 
contained in capillary tubes which. in the case of the highly 
light-sensitive solid complexes. were mounted on a motor shaft and 
rotated at high speed in the laser beam. Even so, the laser power at the 
sample had to be kept very low (-25 mW) in order to prevent sample 
decomposition. The various solutions, contained in sealed capillaries 
mounted in a copper block maintained at 103C, were studied at a laser 
power of 200 mW at the sample. The spectra were typically recorded at 
5 cm-' spectral slit width, with a 2 s integration time at each 2 cm-' 
frequency increment. 

amino acids were not expected to react differently, we decided Infrared speclroscopJ, 
to examine these two systems in greater detail. The ir spectra were recorded as KBr pellets with a Dipilab FTS-15 

C/D ~ourier-transform spectrophotom~ter equipped with a Globar 
'To whom correspondence may be addressed. source and a wide-band mercury cadmium telluride detector (Infrared 
2~evis ion  received April 25, 1985. Associates, New Brunswick, NJ). Typically, 100 interferograms of 
3 ~ y m b o l s  for the various forms of the ligands are as follows: neutral 4096 points recorded with an optical velocity of 1.2 cm s-' and 

zwitterionic forms: HGly and HAla; rnonoanions, Gly- and Ala-; maximum optical retardation of 0.5 cm were co-added, apodized with a 
monocations, H2Gly+ and H2Ala+. boxcar function, and Fourier transformed with four levels of zero filling 
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resulting in a spectral resolution of 2 cm-'. The apparatus was purged 
with nitrogen during the experiment. 

TABLE 1. Coordinates ( X lo3, Hg X 105) and equivalent temperature 
factors ( X  lo3) of the non-hydrogen atoms 

Nuclear magnetic resonance spectroscopy 
The 'H nmr spectra were obtained with a Bruker WH-90 spectro- 

meter. The internal references used (6  = 0) were TMS for DMSO-d6 
solutions or DSS for D 2 0  solutions. The solvents used were Silanor 
DMSO-d6 (Merck, Sharp and Dohme Canada, 99.5% isotopic purity) 
and D20 (Cambridge Isotope Lab., 99.83% isotopic purity). 

Preparations 

[ ( C H ~ H ~ J G ~ Y I  
Glycine (1 mmol, 75 mg) was dissolved in 1.0 mL of 1 M aqueous 

CH3HgOH. Absolute ethanol (1 mL) and dimethylformamide (9 mL) 
were added. After a few hours at room temperature and in open air 
(hood), thin colorless platelets were obtained. Yield: 100 mg (33%). 
Anal. calcd. for C3H7HgN02: C 12.44, H 2.44, N 4.84; found: 
C 12.55, H 2.57, N 4.86. 'H nmr (in D20): 3.69 (2H, s,  CH,), 0.86 
(3H, s, CH3Hg), 2 ~ ( 1 ~ - 1 9 9 ~ g )  = 216 Hz: (in DMSO-d6): 5.09 
$2H, s, br, NH2), 3.26 (2H, s, CH2), 0.60 (3H, s, CH3Hg), 
J ( ' H - ' ~ ~  Hg) = 208 HZ. 

[ ( C H 3 f f g ) ( ~ ~  -Ala)I 
Prepared from DL-alanine by the same method as above, with 

addition of 2 mL of absolute ethanol and 8 mL of dimethylformamide. 
Colorless platelets precipitated after a few days. Yield: 100 mg (30%). 
'H nrnr (in D20): 4.17 ( lH,  q, CH): 1.45 (3H, d, CH,), 0.89 (3H, s,  
CH3Hg). ' J ( ' H - - ' ~ ~ H ~ )  = 215 Hz; (in DMSO-d6): 5.05 (2H, s,  br. 
NH2), 3.70 ( lH,  q, CH), 1.24 (3H, d, CH3), 0.63 (3H, s ,  CH3Hg). 
* J ( ' H - ' ~ ~ H ~ )  = 207 Hz. A crystal from this homogeneous crystal- 
line sample was used for X-ray work. 

[(CHdfgl(~-Ala)I 
Prepared as above from L-alanine. The 'H nmr data were identical 

with those of the DL-isomer. Anal. calcd. for C4H9N02Hg: C 15.82, 
H2.99 ,  N4.61; found: C 16.04, H 3.01, N4.60.  

Cnstal data 
C4H9HEN02 fw = a03.71 
Monoclinic, P2 ' / c ,  a 7 9.460(2), b = 8.794(2), c = 8.723(2)A, P = 
97.49(2)"? V = 7 1 9 . 2 ~ ~ ,  Z = 4, D, = 2 . 8 0 4 ~ c m - ~ ,  ~ ( M o K ~ )  = 
0.71069 A (graphite monochromator), p(MoKa) = 213.0 cm- ' ,  T = 
293 K. 

Crystallographic rneasurements and structure determination 
The crystal used for X-ray work had dimensions 0.045 X 0.188 X 

0.168 mm3. The space group and initial cell parameters were deter- 
mined from precession and cone-axis photographs. Space group P2 '  / c  
was uniquely defined from the systematic absences (0 kO,  k + 22; h 0  I ,  
I j; 2n). Accurate cell parameters and intensity data were obtained with 
an Enraf-Nonius CAD4 diffractometer, as described elsewhere (4). 
Three standard reflections monitored during the experiment showed 
that the crystal slowly decomposed in the X-ray beam, their intensities 
having decreased by 15% over the 24 days of data collection. This 
decay was considered at the data reduction stage. A total of 1015 hkl 
and hkl reflections were measured, within a sphere limited by 20 = 

45". After rejection of 80 systematic absences, the data set consisted 
of 935 independent reflections, of which 660 were used to solve the 
structure (I > 3.0u(I)) .  The data were corrected for absorption 
(Gaussian integration, grid 8 X 8 x 8. transmission range: 0.074- 
0.392), polarization, and the Lorentz effect. 

The structure was solved by the heavy-atom and refined on IF, I by 
full-matrix least squares. The Hg atom was located from a Patterson 
map and the remaining non-hydrogen atoms were found on the 
difference Fourier (AF) map phased on Hg. Isotropic refinement 
converged to R = C i F ,  - lF,lI/ClF,l = 0.052 and R,,  = 

[Cw(lF,l - IF, ~ ) ~ / C w l  F,, 1 ~ 1 ' ' ~  = 0.064. The hydrogen atoms on 
the amino and methine gr?ups were fi5ed at ideal positions (C-H = 
0.95 A, N-H = 0.87 A ,  B,,, = 4 A2). Their parameters were not 
refined, but the coordinates were recalculated after each cycle. The 
hydrogens of the methyl groups were neglected. Anisotropic refine- 

Atom X Y Z U e ,  

FIG. 1. Drawing of the ( C H 3 H g ) ( ~ ~ - A l a )  molecule, with the 
numbering scheme used. Thermal ellipsoids correspond to 50% proba- 
bility. The methyl hydrogens were not found, the others are shown 
as small spheres of arbitrary size. The single line corresponds to the 
intramolecular Hg . . . 0 contact. 

ment of all non-hydrogen atoms converged to R = 0.042 and R, = 
0.049. The goodness-to-fit ratio was 1.82. The highest residuals on the 
final AF map (i 1 1.2-2.01 e k 3 )  wer: all around the Hg atom. The 
general background was below t I .O e A ~ .  The refined coordinates and 
equivalent isotropic temperature factors are listed in Table The 
temperature factor of C(1) is relatively large. Mercury-bound methyl 
groups often exhibit high thermal motion, which sometimes includes 
rotational disordering of the methyl group about the Hg-CH3 bond. 
This results in larger esd's for C(1), but does not affect the overall 
structure. 

The scattering curves were from standard sources (5). The f '  and f" 
contributions of Hg to anomalous dispersion were included in structure 
factor calculation (6). The programs used are listed elsewhere (7). 

Results and discussion 
Description of the structure 

The [(CH3Hg)Ala] complex is represented in Fig. 1 with the 
atom symbols used. Interatomic distances and bond angles are 
listed in Table 2. 

The cH3Hg+ ion has replaced one of the ammonium protons 
of alanine, as anticipated from the higher affinity of mercury 
for amino than carboxylate groups. The Hg atom shows a 

4The supplementary material includes lists of refined temperature 
factors, coordinates of hydrogen atoms, atom-to-plane distances and 
structure factor amplitudes. Complete set of material may be purchaqed 
from the Depository of Unpublished Data. CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada KIA OS2. 
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TABLE 2. Interatomic distances and bond angles 

Bond Distance (A) Bond Distance (A) 

Bonds Angle (deg) Bonds Angle (deg) 

TABLE 3. Distance and angles in the hydrogen bonds and Hg.. .O contacts 

Bond Distance (A) Bonds Angle (deg) 

(a) Hydrogen bonds 
N(2)-H(21). . . O(7)" 2.87(2) C(3)-N(2)-O(7)" 
N(2)-H(22). . . 0(71b 2.89(2) C(5)"-O(7)'-N(2) 

~(3)-~(2)-0(71b 
C(5) b-0(7) b -~(2)  

(b) Hg.. .O contacts 
Hg(1). . . O(7) 2.63(1) Hg(l)-0(7)-C(5) 
Hg(1). . . O(6)b 2.92(1) C(I)-Hg(l)-0(7) 
Hg(1). . . O(6) 3.05(1) N(2)-Hg( l)-0(7) 

Hg(1)-O(6)'-C(5)' 
C(l)-Hg(l)-O(6)c 
N(2)-Hg(1)-O(6)' 
Hg(1)-O(6) b-~(5)  
C(1)-Hg(1)-0(6)b 
N(2)-Hg(1)-0(6)b 
O(7)-Hg(1)-O(6)' 
O(7)-~g(1)-O(6) 
0(6)b-~g(1)-~(6j '  

linear coordination (C( 1 )-Hg(1 )-N(2) = 175.6(9)"), and the 
Hg-N(2) distance (2.14(2) A) is similar to those reported for 
this type of complex (1, 8-10). Besides the strong Hg-CH3 
and Hg-NH2 bonds, there is an intramolecular contaSt 
between mercury and the carboxylate oxygen O(7) at 2.63(1) A 
(Table 3). Contacts of this type have been found for other 
compounds, namely in the 1: 1 tyrosine (8) and the 1: 1 
methionine (10) complexes. In the 1:l  and 2:l complexes 
with glycylglycine (I) ,  the amino-bonded CH3Hg+ group also 
establishes a contact yith the amide oxygen, but the distances 
(2.7 l(1) and 2.82(2) A, respectively) are greater. 

Light-atom positions cannot be determined precisely in the 
presence of the heavy atom. Considering the high esd's. 
complexation seems to leave the bond lengths and angles of DL- 

alanine unchanged (1 I) ,  although the conformation is modified. 
In free alanine, the chain is not planar, the N-C-C-0 
torsion angle being 17". In the complex, this same angle is 2(2)", 
and the NCCQ2 chain is nearly planar. However, the GH3Hgf 
group does not lie in this plane. The Hg-N(2)-C(3)-C(5) 
torsion angle of 33(2)" probably results from the intramolecular 
Hg-carboxylate contact mentioned above. 

Each molecule is held in the lattice by six neighbors with 

which it forms hydrogen bonds and Hg . .  . O  contacts (Fig. 2 
and Table 3). Both amino hydrogens participate in moderately 
strong N-H.. . O(7) hydrogen bonds of 2.88(2) A with two 
different complex molecules (12). On the other hand, each Hg 
atom forms intermolecular contacts of 2.92(1) and 3.05(1) A, 
respectively, with free carboxylate oxygens O(6) in two 
different molecules. These H g . .  . 0 (6 )  contacts are found at 
90 2 22" from the H3C-Hg and Hg-N bonds, as usual. 

The hydrogen bonds and Hg . .  . O  contacts generate layers 
parallel to the bc plane, with the complex molecules oriented 
roughly perpendicular to the layer (Fig. 2). As a result, the layer 
surface consists mainly of methyl groups from alanine and the 
CH3Hg' groups. Cohesion between the layers is mainly due to 
normal van der Waals contacts between these methyl groups. 

Vibrational spectroscopy 
The vibrational spectra of glycine and alanine are well 

documented (13-15). Most of the assignments used in this 
work for the free ligands are those proposed by Machida and 
co-workers (1 3, 14). 

The present X-ray work shows that one of the NH3- protons 
of alanine is displaced by a CH3Hg+ ion in the (CH&)(DL- 
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FIG. 2. Stereoview of the unit cell of (CH3Hg)(~~-Ala ) .  The atoms are shown as spheres of arbitrary sizes (large for Hg), and they can be 
identified by comparison with Fig. 1. Single lines correspond to Hg . . .O contacts and dashed lines to hydrogen bonds. 

FREQUENCY SHIFT (crn-') 

FIG. 3. Raman spectra of glycine ( A )  and its (CH3Hg)Gly complex (B) in the solid state. 

Ala) complex, with only secondary interaction between Hg and 
a carboxyl oxygen. The very close similarity of the Raman 
and infrared spectra for this compound and (CH3Hg)(~-Ala) 
indicates that both have identical structures. The same type of 
binding probably also occurs in (CH3Hg)Gly. 

Although the vibrational spectra of many glycine and alanine 
chelates have been analyzed (16-2 I ) ,  the only vibrational study 
on a complex showing unidentate coordination via -NH2 is 
that of Kieft and Nakamoto for Pt(NH3)2(Gly)2 (22). Our 
discussion on metal-ligand vibrations is based on earlier work 
on mercury complexes with amino acids and purines (1, 10, 
17, 23). 

(C'H3Hg)Gly, solid state 
The Raman spectra of glycine and its methylmercury com- 

plex, both in the solid state, are compared in Fig. 3. The infrared 
results are given in Fig. 8 (supplementary material) and Table 4. 

The GH3Hgf group in the complex is detected from various 
characteristic features (1, 10, 24). The v,(GH3) and Ss(CH3) 
modes produce strong bands at -2920 and - 1200 c m l  in the 

Raman. The broad infrared absorption at -800 c m '  for the 
p(CH3) mode is also readily detected. The Hg-C stretching 
vibration at -560 c m l ,  weak in the infrared, gives rise to the 
strongest line in the Raman spectrum. This same region contains 
the Hg-ligand stretching vibration whose high intensity in the 
Raman is due to the polarizability of mercury. This band and, to 
a lesser extent, the S(CH3) vibration are sensitive to the type of 
bonding. They will be used hereafter to identify the coordina- 
tion site in the amino acid. 

The glycine bands arising from the -NH3+ group are 
affected by complexation, since proton substitution leads to a 
-NH2(HgCH3)+ unit. The broad v(N-H) band of glycine at 
3139 cm-' disappears in the Raman spectrum for the complex, 
whereas the infrared counterpart at 3180 cm-' is shifted 
upward. Complexation also removes from the Raman spectrum 
of glycine a broad combination band at 2610 c m '  involving the 
WH3+ group (25). The S(NH3+) bands (1672, 1620, and 
1509 cm-') are replaced by a single S(NH2) mode, which is 
reported to occur in the 1600-1610 cm-' range for various 
metal chelates (18). It is probably observed here as a weak band 
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TABLE 4. Infrared frequencies (cm-') for HGly and (CH3Hg)Glya 

Infrared frequency 

Assignment HCly (CH3Hg)Gly 

3180 m, br 
,2900 m, vbr 
- 
- 

3055 vw 
2980 vw 
- 

1610 m, sh 
- 

1597 vs 
1522 vs 
1506 vs 
1457 vw 
1444 w 
1413 vs 
1333 vs 
1310 w, sh 

- 
- 

1131 w 
1112 w 
1034 w 
911 m 
893 m 
- 

- 

698 m 
608 w 
- 
- 

"Abbreviations: v,  very; s, strong: m,  medium; w,  weak; b, broad. Vibration 
types: v ,  stretching; 6 ,  bending; o, wagging, p ,  rocking; T ,  twisting; s, 
symmetric; a, antisymmetric. 

at 1623 cm- ' in the Raman and a shoulder at - 1606 cm- ' in 
the infrared, although band assignments to the 6(NH2) and 
v,(C02-) modes in this region are not unambiguous (20, 26). 
The T, w ,  and p modes of the coordinated NH2 groups are weak 
and metal-sensitive (18, 22, 26). The assignments proposed in 
Table 4 lie in the ranges previously reported. 

Deprotonation of the -NH3+ group also affects vibrations 
mainly located in the C-H bonds. The Raman spectrum 
of glycine shows two well-defined v(C-H) bands at 3005 
and 2970 cm-', which are both shifted by -20 cm-' in - 
(CH3Hg)Gly. The w(CH2) band of glycine at 1326 cm-' occurs 
at 1350 cm-' in the complex. Similar shifts have been proposed 
by Krishnan and Plane (16) as diagnostics for the complexation 
of zinc to the deprotonated form of glycine. 

The (CH3Hg)Gly bands at 902 (v(C-C)) and 1044 cm-' 
(v(C-N)) are shifted by +10 cm-' with respect to free 
glycine. These bands are sensitive to perturbations in charge 
distribution caused by changes of ionization or substitution on 
terminal groups. In the case of glycine, for instance, they 
occur at 899/968 cm-' for Gly-, 896/1027 cm-' for HGly, 
869/1042 cm-' for H2Gly+ (27), and 912/1048 cm-' for 
glycylglycine (28). As to the vibrations originating from the 

FIG. 4. Distribution curves of C H 3 ~ g +  ( a )  and glycine (b)  as a 
function of pH for a mixture of CH3Hg- (0.2 M) and glycine (0.2 M). 
Calculated from literature values of equilibrium constants (see text). 

-COze group, they are not greatly modified in the complex, 
in agreement with the absence of strong coordinative Hg-0 
interactions. 

Although the spectral modifications discussed so far indicate 
that the CH3Hg+ group is present and the -NH3+ group of 
glycine is deprotonated, they provide only indirect evidence 
that mercury is actually bound to nitrogen. In this respect, the 
400-600 cm-' region of the Raman spectrum is more informa- 
tive. The two strongest Raman signals are observed at 559 cm-' 
(v(Hg-C) band mentioned above) and at 470 cm- '. The latter 
is assigned to the v(Hg-N) vibration. It occurs at the same 
position in the Raman spectra of CH3Hg+ complexes of 
glycylglycine (1) and at 464 cm-' for the Hg2--glycine system 
(17). The relatively strong Raman line at 222 cm-' is probably 
due to a C-Hg-N deformation motion. 

(CH3HgjGly, aqueous solutions 
The equilibrium constant for the formation of (CH,Hg)Gly 

has been determined by Rabenstein and co-workers (2): 

CH3Hg' + Gly- Z (CH3Hg)Gly log K =  7.88( 2) 

In addition, glycine participates in two acid-base equilibria, 

H2Gly+ = HGly + H' 

HGly = Gly- + H+ 

log k, = -2.35 (29) 

log k, = -9.78 (29) 

where the CH3Hgf cation can be involved in two acid-base and 
condensation reactions: 

H2Q 
' CH3Hg+ -- CH3HgOH + H' log K = -4.63 ( 2) 

H20 
2CH3HgL S (CH3Hg)20H+ + H+ log K =  -2.37( 2) 

These constants were used to calculate the distribution curves 
represented in Fig. 4. The trimer (CH3Hg)30+ known to exist at 
high concentrations (30) can be neglected at the concentration 
level used here. 
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TABLE 5. Infrared frequencies (cm-') for L-HAla and 
(CH3Hg) (L-Ala) 

Infrared frequency 

FIG. 5 .  Raman spectra of glycine and the (CH3Hg)Gly complex in 
aqueous solutions: glycine 8% (w/w). pH 1 ( A ) :  (CH,Hg)Gly 4 8  
(w/w), pH 2 ( B ) ;  glycine 8% (w/w), pH 7.8 (C); (CH3Hg)Gly 4% 
(w/w), dissolved in H20 (D). 

These curves indicate that dissociation of (CH3Hg)Gly 
should be < 5% between pH 5 and 10.5. Accordingly, no free 
glycine can be detected from the Raman spectra of a water 
solution of solid (CH3Hg)Gly or of a 1: 1 mixture of CH,HgOH 
and glycine at pH 7 (Fig. 5,  spectra C and D). For instance. only 
one strong band is observed for the v(C-C) mode at 908 cmpl ,  
whereas free HGly, which possesses a strong and sharp band at 
900 cmpl,  should show a shoulder or even a resolved peak if it 
were present in appreciable amounts. The presence of large 
quantities of free methylmercury can also be discarded. At pH 
7,  free methylmercury would consist of -50% of CH3HgOH, 
which should produce a strong band at 510 cm-' due to 
v(Hg-OH) and a shoulder on the v(Hg-C) band at 560 cm- '. 

Furthermore, the spectra at pH 7 and 10 are found to be 
identical, and in the latter case, the 510 cm-' band should be 
very strong, since free methylmercury should exist completely 
as CH3HgOH molecules. The strong bands assigned to the 
CH3Hg+ group for the solid complex occur at almost the same 
positions for the solution (v(Hg-N) = 460 c m ' ,  v(Hg-C) 
= 562 cm-', 6(CH3) = 1205 cmpl ) ,  in agreement with the 
same binding being present in solution and in the solid state. It is 
noteworthy that the v,(C02-) and p(C02-) bands (1410 and 
510cm-', respectively) occur at the same position as for 
aqueous HGly. which is consistent with the presence of a free 
carboxylate group in both cases. This holds true even in the 
presence of a two-fold excess of CH3Hg+, thereby indicating 
that a second CH3Hg+ ion does not coordinate to the free 
carboxylate end of the NH2-bonded (CH3Hg)Gly complex. 

Acidic solutions ( I :  1 and 2: 1 CH3Hg+:Gly ratios) were also 
examined for possible binding to the carboxylate end of glycine. 

Assignment L-HAla (cH3Hg)(~-Ala) 

The spectra of glycine and of a 1: 1 CH3Hg+:glycine mixture are 
shown in Fig. 5 (spectra A and B). The Raman lines for H2Gly+ 
have been listed earlier (3 1). The v(C-C) band for the H2GlyL 
form occurs at 876 cm-'. A band is also observed at this 
position for the 1: 1 mixture, together with the sharp (CH,Hg)Gly 
peak at 912 cmpl  discussed above. Therefore, H2Gly+ and 
(CH3Hg)Gly appear to be the only forms of glycine present in 
appreciable amounts under these conditions. According to the 
distribution curves (Fig. 4), complexation to an extent of -20% 
should occur at pH 2. The free methylmercury should exist as 
monomeric CH3Hg+ and dimeric (CH3Hg)*0Hf in roughly 
equal amounts. These two species and (CH3Hg)Gly have their 
v(Hg-C) and 6(CH3(Hg)) bands almost at the same positions, 
but they show differences in the 450-500 cm-' region. The 
observed spectrum (Fig. 5 ,  spectrum B) is consistent with 
the presence of some (CH3Hg)Gly, characterized by a sharp 
v(Hg-N) band at 460 cm- ', whereas the uncomplexed methyl- 
mercury as monomer and dimer produces much weaker and 
broader bands at 455 and 418 cm- ', respectively. 

There is no evidence for species with the CH3Hg+ ion bonded 
to glycine via the carboxylate group. This type of coordination 
was found to produce v(Hg-0) and v(Hg--C) bands at 536 
and 572 cm-', respectively, for [(CH3Hg)2Glygly]C104 (1). 
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FIG. 6. Raman spectra of L-alanine (A) and its CH3HgL complex (B) in the solid state. The dotted lines correspond to the compounds with 
DL-alanine. 

The very weak band at 503 cm-' in the spectrum of the 1:1 
mixture (Fig. 5 ,  curve B) originates from p(C02-) motion of 
H2Gly+ (31), and the absence of nearby bands for v(Hg-0) 
and of splitting in the v(Hg-C) band indicates that no 
0-bonded complexes are appreciably formed. 

(CH3Hg)(~-Alaj, solid state 
The Raman spectra of solid L-alanine and (CH3Hg)(~-Ala) 

are shown in Fig. 6 (spectra A and B). The infrared results are 
provided in Fig. 9 (supplementary material) and Table 5. 

The spectra of (CH3Hg)(~-Ala) include the characteristic 
bands of the CH3Hg+ unit, namely at 2920 (v ,  ir, R), 1195 
(6, ir, R), and 809 cm-' (p, ir) (1, 24). The strong Raman line 
observed at 546 cm-' could be due to the v(Hg-C) vibration, 
but assignment is not so straightforward as for the glycine 
complex (vide infra) . 

Evidence for -NH3+ deprotonation arises, as in the case of 
glycine, from the disappearance of the bands originating from 
this group, to be replaced by those of the coordinated -NH2 
group. The 6(NH2) and va(COz) vibrations are close together at 
-1575 cm-' and they cannot be individually assigned with 500 
certainty (1 9-21). Segnini and co-workers (2 1) have reported 
that the bands at 1230 and 1120 cm-', removed by NH2 
deuteration for a number of alanine complexes, originate from 
the twisting and wagging modes, respectively. By comparison, 
the broad absorption at - 1226 cm-' in infrared is assigned to 
the NH2 twisting mode, whereas the wagging mode is believed 
to produce the sharp infrared peak at 1032 cm-'. According to 
the same authors, the NH2 rocking mode occurs at -780 cm-' 
in several complexes. It is probably located at -809 c m  ' here. 

The carboxylate v,, v,, w ,  and p modes undergo only 
minimal shifts by complexation, whereas the 6(C02-) band at 
650 cm-' is displaced by -32 cm-' in (CH3Hg)(~-Ala). This 
reflects changes in the environment of the -GO2- group, 
which remains uncoordinated in the complex. Several other 
shifts of 5-15 cm-' are found for bands located in the 
C-C(CH3)-N portion of the ligand, namely for the S(C-H), 
v(C-C02-) and p(CH3) modes (Table 5). 

On the basis of the results obtained with (CH3Hg)Gly, we 

FIG. 7. Raman spectra of aqueous solutions of L-alanine, 16% 
(w/w), pH 6 (A) and (CH3Hg)(~-Ala), 8% (w/w), pH 6 (B). 

anticipated that the v(Hg-N) and v (Hg-C) vibrations would 
produce strong Raman lines at -460 and -560 cm-', respec- 
tively. However, the solid showed only one strong line at 
546 cm- ' and a very weak band at 574 c m  l. If we dissolve this 
neutral (CH3Hg)Ala complex in water, we effectively obtain the 
expected pair of strong Raman lines (vide infra). When the 
solvent is then removed, the initial solid spectrum (Fig. 6) is 
restored. 

We were first tempted to conclude that the CH3Hgf group 
could be both amino- and carboxylate-bonded in this com- 
pound, as we had already observed for [(CH3Hg)2Glygly]C10, 
a vibration at 536 cm-' which was assigned to v(Hg-0) 
motion (1). However, since it is known from the X-ray work 
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that the metal is bonded only to the nitrogen end,  we  assume that 
no discrimination can be  made in this case between v(Hg-N) 
and v(Hg-C) for the solid, probably because of specific 
intra- and intermolecular interactions. A similar behavior has 
been noted by  Wong and co-workers (10) for (DL-methioni- 
nato)methylmercury(II), in which the contacts with Hg are 
comparable with those found here for the alanine complex. 
However, the lack of crystal structures on a large enough sample 
of reiated systems precludes further discussion for the moment. 

( cH ,Hg j (~ -A la ) ,  aqueous solutions 
T h e  p k ,  values of alanine (2.35, 9.87) (29) are close to 

those of glycine, and both amino acids should form CH,Hg+ 
complexes of  comparable stability. Therefore, the distribution 
curves of Fig. 4 should also apply to the CH3Hgi-alanine 
system. 

A series of Raman spectra at various p H  is consistent with 
the same reaction pattern found for glycine. The spectra of a 
solution of (CH3Hg)(~-Ala)  and of a 1 : 1 mixture of CH3HgOH 
and alanine at  pH 7 (which are identical) (Fig. 7 ,  spectrum B) 
provide n o  evidence for appreciable dissociation of the com- 
plex. The presence of free ligand would be  detectable in the 
v(C-C02) region. where the band appears at 932 c m l  for the 
complex and at 920 c m p l  for HAla. The complex and the free 
ligand also differ in two other regions: the p(COz) mode 
produces a medium band at 529 cm- '  for HAla, but no 
detectable band for the complex, whereas the 6(C-H) band at 
1304 cm-' is strong for HAla, but much weaker for the 
complex. N o  free ligand could be detected from these three 
regions. The  presence of significant amount of free methyl- 
mercury is also ruled out by  inspection of the 450-500 c m p l  
region, as in the case of glycine. O n  the other hand, the presence 
of (CH3Hg)Ala is deduced from the clear v(Hg-N) band 
observed at 476 cm- '. 

In  acidic media (pH < 3.59, the complex is progressively 
destroyed as  the p H  is decreased, while the cationic HzAla+ 
species becomes increasingly important (3 1). In all these cases, 
the spectra (not shown) could be  satisfactorily explained by 
assuming superposed contributions from HAla and HzAlaf 
(whose proportions depend on  pH), (CH3Hg)Ala and free 
methylmercury (as monomeric and dimeric species). Even with 
excess CH3Hg+ and at any p H ,  it has not been possible to detect 
binding to the carboxylate group in this system. 

Conclusion 
The crystal structure of ( C H 3 H g ) ( ~ ~ - A l a )  shows that the soft 

H g  atom binds to the NH2 end of this amino acid, in preference 
to the carboxylate oxygens, which are much harder sites. 
Raman spectroscopy provides evidence that the metal is also 
bonded to the NH2 lone pair in the solid (CH3Hg)Gly complex. 
Raman studies in aqueous solutions show that the NH2-bonded 
structure is retained in solution in the p H  interval 3.5-10. 
Rabenseein and co-workers (2) also interpreted their ' H  nmr 
data for the CH3Hg-glycine system in terms of a similar 
amino-bonded complex. However, the presence of a minor car- 
boxylate-bonded species and tautomeric equilibrium between 
these two isomeric forms could not be  dismissed, since fast 
exchange in this system would lead to signal averaging in nrnr. 
Our  results in  Raman spectroscopy, which has a much faster 
time scale, indicate that such an equilibrium does not exist to 
any appreciable extent, and that (CH3Hg)Gly and (CH3Hg)Ala 
are the only species present under these conditions. 

Acknowledgments 
We wish to thank M .  J. Olivier who collected the X-Ray data. 

The financial supports of the Natural Sciences and Engineering 
Research Council of Canada and the Ministere de 1'Education 
du  QuCbec are gratefully acknowledged. 

1. S. ALEX, R .  SAVOIE, M. C. CORBEIL, and A.  L. BEAUCHAMP. 
Can. J. Chem. 64, 148 (1986). 

2. D. L. RABENSTEIN. ACC. Chem. Res. 11, 100 (1978); D. L. 
RABENSTEIN, R .  OZUBKO, S. LIBICH, C. A. EVANS, M. T. 
FAIRHURST, and C. SUVANPRAKURN. J. Coord. Chem. 3, 263 
(1 974). 

3. F. ALLAIRE and A. L. BEAUCHAMP. Can. J. Chem. 62, 2249 
(1984). 

4. F. B~LANGER-GARI~PY and A. L. BEAUCHAMP. J .  Am. Chem. 
SOC. 102, 3461 (1980). 

5. D. T. CROMER and J. T. WABER. Acta Crystallogr. 18. 104 
(1965); R. F. STEWART, E. R .  DAVIDSON, and W. T. SIMPSON. 
J. Chem. Phys. 42, 3175 (1965). 

6. D. T. CROMER. Acta Crystallogr. 18, 17 (1965). 
7. M. AUTHIER-MARTIN and A. L. BEAUCHAMP. Can. J. Chem. 55, 

1213 (1977). 
8. N. W. ALCOCK, P. A. LAMPE, and P. MOORE. J. Chem. Soc. 

Dalton Trans. 1324 (1978). 
9. Y. S. WONG. A. J. CARTY, and C. CHIEH. J .  Chem. Soc. Dalton 

Trans. 1801 (1977); Y. S. WONG, N. J. TAYLOR. C. CHIEH, and 
A. J. CARTY. J .  Chem. Soc. Chem. Commun. 625 (1974); Y. S.  
WONG, P. C.  CHIEH, and A. J .  CARTY. Can. J. Chem. 51, 2597 
(1 973). 

10. Y. S.  WONG, A.  J .  CARTY, and C. CHIEH. J. Chem. Soc. Dalton 
Trans. 1157 (1977). 

11. J .  DONOHUE. J .  Am. Chem. Soc. 72, 949 (1950). 
12. 6. H. STOUT and L. H. JENSEN. X-ray structure determination, a 

practical guide. Macmillan, London. 1968. p. 303. 
13. K. MACHIDA, A. KAGAYAMA, Y.SAITO, and T. UNO. Spectro- 

chim. Acta, 34A, 909 (1978); K. MACHIDA. A. KAGAYAMA, and 
Y. SAITO. J. Raman Spectrosc. 7, 188 (1978). 

14. K. MACHIDA, A. KAGAYAMA, and Y. SAITO. J .  Raman Spectrosc. 
8, 133 (1979); K. MACHIDA, A. KAGAYAMA, Y. SAITO, Y. 
KURODA, and T. UNO. Spectrochim. Acta, 33A, 569 (1977). 

15. R. K. KHANNA, M. HORAK, and E. R. LIPPINCOTT. Spectrochim. 
Acta, 22, 1759 (1966); H. STENBACK. J. Raman Spectrosc. 5 .49 
(1976); R .  F. ADAMOWICZ and M. L. SAGE. Spectrochim. Acta, 
30A, 1007 (1974); J .  HERRANZ and J. M. DELGADO. Spectro- 
chim. Acta, 32A, 821 (1976); H. S.  RANDHAWA and C.  N. R. 
RAO. J. Cryst. Mol. Struct. 3, 309 (1973). 

16. K. KRI~HNAN and R. A. PLANE. Inorg. Chem. 6, 55 (1967). 
17. T. V. LONG, 11, and C. M. YOSHIDA. Inorg. Chem. 6, 1754 

(1967). 
18. G.  C. PERCY and H. S. STENTON. J .  Chem. Soc. Dalton Trans. 

1466 (1976); Y. Y. KHARITONOV, H. BISSINGER, E. AMBACH, 
and W. BECK. Z. Naturforsch. 37B, 1034 (1982); M. L. NIVEN 
and D. A. THORNTON. Inorg. Chim. Acta, 32, 205 (1979); R. A. 
CONDRATE and K. NAKAMOTO. J. Chem. Phys. 42,2590 (1965); 
J .  R. KINCAID and K. NAKAMOTO. Spectrochim. Acta, 32A, 
277 (1976); T. J .  LANE, J. A. DURKIN. and R .  J. HOOFER. 
Spectrochim. Acta, 20, 1013 (1964); G. W. WATT and J. F. 
MNIFTON. Inorg. Chem. 7, 1159 (1968). 

19. J .  F. JACKOVITZ, J .  A. DURKIN, and J. L. WALTER. Spectrochim. 
Acta, 23A, 67 (1967). 

20. B. DUPUY and C.  GARRIGOWLAGRANGE. J. Chim. Phys. 62, 
1359 (1965); B. DUPUY, C. CASTINEL, and C. GARRIGOU- 
LAGRANGE. Spectrochim. Acta, 25A, 571 (1969). 

21. D. SEGNINI, C.  CURRAN, and J .  V. QUAGLIANO. Spectrochim. 
Acta, 16, 540 (1960). 

22. J. A. K~EFT and K. NAKAMOTO. J. Inorg. Nucl. Chem. 29, 2561 
(1967). 

23. R. SAVOIE, J.-J. JUTIER, L. PRIZANT, and A. L. BEAUCHAMP. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1884 CAN. J. CHEM. VOL. 64. 1986 

Spectrochim. Acta, 38A, 561 (1982); R.  SAVOIE, D. POIRIER, L. 
PRIZANT, and A. L. BEAUCHAMP. J .  Raman Spectrosc. 11, 481 
(1981); Y. K. SZE, A. R. DAVIS, and G. A. NEVILLE. Inorg. 
Chem. 14, 1969 (1975). 

24. J.  H. S.  GREEN. Spectrochim. Acta, 24A: 863 (1968); J .  H. R .  
CLARKE and L. A. WOODWARD. Trans. Faraday Soc. 62, 3022 
(1966); D. L. RABENSTEIN, M. C. TOURANGEAU, and C. A. 
EVANS. Can. J .  Chem. 54, 2517 (1976). 

25. C .  BRISSETTE and C.  SANDORFY. Can. J .  Chem. 38, 34 (1960). 
26. Y. INOMATA, T. TAKE~CHI,  and T. MORIWAKI. Spectrochim. 

Acta, 40A, 179 (1984). 

27. S. A. S. GHAZANFAR, D.  V. MYERS, and J .  T. EDSALL. J .  Am. 
Chem. Soc. 86, 3439 (1964). 

28. A. M. DWIVEDI and V. D. GUPTA. Biopolymers, 11. 2091 
(1972). 

29. Handbook of chemistry and physics. The Chemical Rubber Co. 
1979-1980, p. C-757. 

30. J .  H. R. CLARKE and L. A. WOODWARD. Trans. Faraday Soc. 64, 
1041 (1968); Spectrochim. Acta, 23A. 2077 (1967). 

31. M. TAKEDA, R. E. S. IA\JAZZO, D. GARFINKEL, I.  H. SCHEIN- 
BERG, and J.  T. EDSALL. J. Am. Chem. Soc. 80; 3813 (1958); 
J .  L. KOENIG. Macromol. Rev. 6,  59 (1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Acyclic nucleoside analogues: methods for the preparation of 2',3'-secoguanosine, 
5'-deoxy-2',3'-secoguanosine, and (~,S)-9-[l-(2-h~drox~ethox~)-2-hydrox~ethyl]~uanine~ 
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DANNY P. C. MCGEE and JOHN C. MARTIN. Can. J.  Chem. 64, 1885 (1986). 
A high yielding, one-pot method for the preparation of 2',3'-secoguanosines 5 and 6 by treatment of 5'-deoxyguanosine (4) 

and guanosine (2), respectively, with sodium periodate and then sodium borohydride is described. The final products 5 and 6 
were purified from contaminating salts by passage of the reaction mixture over a column of activated charcoal. An additional 
acyclic derivative 14 was prepared in racemic form by an approach involving a novel condensation reaction. Alkylation of 
~ ~ , 9 - d i a c e t ~ l ~ u a n i n e  (8) with 2,3-dichlorotetrahydrofuran (7) resulted in selective N-9 alkylation to give adduct 9a. Compound 
9 a  was deacylated with ammonium hydroxide to give 10, which was monomethoxytritylated to 11. Elimination of hydrogen 
chloride from 11 using potassium tert-butoxide afforded 12, which was reacted with 0s04-NaI04 followed by treatment with 
NaBH4 to give 13, which was then deprotected with acid to 14. Compounds 5 , 6 ,  14, and 16 were tested in vitro against herpes 
simplex virus types 1 and 2 and were found to be inactive. 

DANNY P. C. MCGEE and JOHN C. MARTIN. Can. J. Chem. 64, 1885 (1986). 
On dtcrit unc methode de prCparation dans un rCcipient unique qui conduit aux s6co-2',3' guanosines 5 et 6 avec d'excellents 

rendements. Cette mCthode utilise respectivement la dCoxy-5' guanosine (4) et la guanosine (2) que l'on traite successivement 
par le periodate de sodium et le borohydrure de sodium. Le dCsalage sur une colonne de charbon actif conduit aux produits 5 et 
6 B 1'Ctat pur. On a en outre prCparC un dCrivC acyclique racCmique 14 en faisant appel ?I une nouvelle rCaction de condensation. 
L'alkylation sklective de la ~ ~ - d i a c C t ~ l - 9  guanine (8) avec le dichloro-2,3 tktrahydrofuranne (7) conduit au produit d'addition 9 a  
alkylC silectivement sur l'azote en position 9. La dCsacylation du composC 9 a  par l'hydroxyde d'arnmoniumconduit au composC 
10 qui, par monomCthoxytritylation, donne le composC 11. Ce dernier, trait6 par le tert-butylate de potassium, libkre du chlorure 
d'hydrogkne et conduit au compos6 12 dont la rCaction avec le melange 0s04-NaI04, suivie d'un traitement par le NaBH4, 
conduit au composC 13 que l'on dkprothge avec de l'acide pour obtenir le composC 14. On a effectuC des essais in vitro avec les 
composCs 5,  6,  14 et 16 sur les virus simplex de I'herpes de type 1 et 2. Ces composks sont inactifs. 

[Traduit par la rcvuc] 

Investigators faced with the task of discovering effective 
antiviral agents have often turned to nucleosides and analogues 
thereof for solutions (1). One such compound recently reported by 
several groups (2), 9-[(I ,3-dihydroxy-2-propoxy)methyl]gua- 
nine (1, DHPG), is visualized as an acyclic analogue of 
2'-deoxyguanosine and is highly effective against herpes 
simplex virus types 1 (HSV-1) and 2 (HSV-2), as well as 
Epstein-Barr virus and human cytomegalovirus (3). 

As a result of the demonstrated activity of DHPG (I), we 
elected to synthesize a number of related acyclic nucleoside 
analogues that retain a 2'-hydroxymethyl group and thus 
more closely resemble guanosine in structure. We selected 
as represented members of this class 2',3'-secoguanosine 
( B ) ,  5'-deoxy-2' ,3'-secoguanosine ( 5 ) ,  (R,S)-9-[1-(2-hydroxy- 
ethoxy)-2-hydroxyethyllguanine (14), and 9-(P-(D,L)-erythro- 
furanosy1)guanine (16). It should be noted that a cursory 

'Contribution 221 from the Institute of Bio-Organic Chemistry. 
2 ~ u t h o r  to whom correspondence may be addressed. Present 

address: Bristol-Myers Co., P.O. Box 5100, Wallingford, CT 06492, 
U.S.A.  

disclosure of the antiherpes virus activity of compounds 6 and 
14 has previously appeared (2e) .  

Results and discussion 
As a general approach to the acyclic analogues 5 ,  6, and 

14 we wished to make use of a one-pot reaction sequence 
using NaIQ4 and then NaBH, on suitably derivatized 2',3'- 
dihydroxypentofuranosyl guanines (2, 4, 15). The action of 
NaI04 on unprotected nucleosides is well known; the resulting 
dialdehydes (4) exist as a complex mixture of hydrates, and are 
generally not isolated as such but converted to the respective 
acylic triols by the action of NaBH4. The purification of the 
acyclic triols from the residual salts is difficult and has usually 
been limited to the use of ion-exchange chromatography (4) 
from which the acyclic nucleosides are often obtained as foams 
or lyophilized powders. Thus, difficulty in obtaining reasonable 
quantities of acyclic nucleosides via these procedures has 
generally limited their use to biochemical/enzymatic studies 
( 3 ,  leaving the chemistry (6) of such derivatives relatively 
untouched. Alternatively, the synthesis of a few acyclic deriva- 
tives in this system has been accomplished using 5'-protected 
nucleosides as starting material (6). 

Recently, two improved approaches to secoguanosines have 
been published (7). Lerner has described a procedure in which 
the crude product reaction mixture, after treatment with NaI04 
and then NaBH4, is exhaustively acetylated and a triacetate 
derivative is isolated in 38% yield. Deacetylation gave 6 (7a). 
Alternatively, Bessodes and Antonakis (7b)  have used polymer 
bound reagents so that reagent salts are simply removed by 
filtration. We have found, inter alia, that activated charcoal can 
be used to desalt the final reaction mixture, effectively removing 
the iodate and borate salts, to afford crystalline 6 directly in 67% 
yield. This was accomplished by neutralization of the crude 
reaction mixture to pH 7 and then passing the resulting solution 
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OH OH 
6 

G = 9-guaninyl; (a) P(Ph)3, 12, imidazole, N-methyl-2-pyrrolidinone; (b) 10% PdlC, H2, 
60°C, in H201EtOH; (c) NaI04, 3 h, then NaBH4, charcoal chromatography 

over a column of the ~ h a r c o a l . ~  The column was first eluted with 
water to remove the salts. The desired product 6 was then eluted 
with 3% NH40H in 1:l ethanollwater. 

With this method in hand our approach to 5 (Scheme 1) 
proceeded in a straightforward manner. Iodination of unpro- 
tected guanosine using triphenylphosphine-iodine-imidazole 
(8) proceeded exceptionally well in N-methyl-2-pyrrolidinone 
as solvent to afford crystalline 5'-deoxy-5'-iodoguanosine (3) in 
69% yield after simple dilution of the reaction mixture with 
dichloromethane and water. The high selectivity of this reaction 
is attributable both to the in situ protection of the 2'- and 
3'-hydroxyls as a cyclic oxyphosphorane intermediate (9) and to 
the rate enhancement associated with the use of N-methyl- 
2-pyrrolidinone as reaction solvent. The iodide 3 was catalyti- 
cally reduced with 10% Pd/C to give 5'-deoxyguanosine (4) 
(10) in 47% yield. The vicinal diol functionality of 4 was 
oxidized using sodium periodate and the resulting dialdehyde 
was reduced directly to 5 using sodium borohydride. The above 
reaction mixture was then desalted using activated charcoal to 
afford 5'-deoxy-2',3'-secoguanosine (5) in 87% yield. 

The initial steps in the synthesis of analogue 14 (Scheme 2) 
are conceptually similar to an approach taken by others for 
the synthesis of substituted tetrahydro-2-furanyl analogues of 
5-fluorouracil(11) (Ftorafur) and guanine (1 2). The preparation 
of a similar analogue of adenine, (R,S)-9-[l-(2-hydroxy- 
ethoxy)-2-hydroxyethylladenine, has been described (13) via 
the reaction of 2-alkyl-l,3-dioxolane with trimethylsilyl iodide, 
and subsequent coupling of the resultant alkyl iodide with a 
purine base. A number of thio analogues related to 14 and 16 
have also been reported (14). 

The outcome of the coupling of N2,9-dia~et~lguanine (8) 
(15) with trans-2,3-dichlorotetrahydrofuran4 (7) (16) in a 
fusion reaction was variable, resulting in the production of 

3~eutralization to pH 7 prior to charcoal chromatography is not 
deemed essential. For example, reaction of adenosine as described 
above, with omission of the neutralization step, afforded 2',3'-seco- 
adenosine, which crystallized from ethanol, 2.65 g (53%); mp 139- 
140°C. 

4 ~ h e  2,3-dichlorotetrahydrofuran produced by the action of chlorine 
gas on tetrahydrofuran at 0-10°C was a single isomer; 'H nmr 6: 
6.23 ( s ,  lH, H-2), 4.64 (ddd, J = 0, 1, 5.6 HZ, lH, H-3), 4.35 
(dd, J = 5.4, 9.1 Hz, 2-H, H-5), 2.83, 2.25 (m, 2H, H-4). 

either a mixture of N-9 and N-7 alkylated guanines (9a,  b) in 
low yield or, in other cases, a near quantitative conversion to the 
N-9 isomer (9a). The position of alkylation of the guanine 
nucleus for adducts 9 a ,  b was determined on the basis of their 
characteristic uv spectra. The assigned lr,2'-trans relative 
stereochemistry5 (17) is consistent with the small coupling 
constants in the 'H nmr (J1,,2, = 1.7 Hz) and is circumstantially 
corroborated by the subsequent transformation of derivative 11 
to afford 12. Due to the poor solubility of adduct 9 it was 
generally more convenient to treat the crude reaction mixture 
containing only 9 a  directly with methanolic ammonium hydroxide 
to obtain 10 in 59% yield from diacetylguanine. Reaction of 10 
with monomethoxytrityl chloride in pyridine gave 11, which 
was freely soluble in several organic solvents. Heating a 
toluene-pyridine solution of 11 with potassium terr-butoxide at 
75°C for 1 h gave 12 in 92% yield. The elimination proved 
sensitive to both solvent and temperature where, for example, 
the reaction of 11 with potassiunl tert-butoxide in tetramethyl- 
ene sulfone at 100°C quickly led to elimination of the purine to 
produce N2-monomethoxytritylguanine. This alternative pro- 
duct is a useful form of protected guanine and is currently being 
studied in our laboratory as a building block for nucleoside 
synthesis. 

The cis hydroxylation of 12 using potassium permanganate 
afforded 1 5  in 25% yield, which we assume had a lr,2'-trans 
orientation due to steric hindrance (18) associated with a P face 
approach. Deprotection of 15 with aqueous acetic acid gave 
analogue 16 in 34% yield. The lr,2'-trans orientation assigned 
to analogues 15 and 16 is consistent with the small coupling 
(J1,,2, < 0.3  Hz) observed for the 2',3'-isopropylidene of 16. 
The observed A6 of 0.13 ppm for the methyls of the isopropyli- 
dene of 16 falls short of the generalizations proposed by 
Imbach and co-workers for ribonucleosides (19). Alternatively, 
analogue 14 can best be prepared directly from 12 by reaction 
with catalytic osmium tetroxide and sodium periodate to 
produce the dialdehyde intermediate, which was reduced with 
sodium borohydride to give 1 3  in 64% yield after silica 
gel chromatography. Deproeection of 13 with acid afforded 
analogue 14 in 53% yield. 

'For convenience, we adopted a "ribose-like" numbering of the 
tetrahydrofuranyl moiety when said is coupIed to a purine base, i.e., 
structure 16. 
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McCiEE AND MARTIN 

(a) NH40H, MeOH; (b) MTr-C1, TEA, pyridine; (c) t-BuOK, pyridine, toluene, 80°C, 1 h; (d) 0 s 0 4 ,  NaI04, 
MeOH, then NaBH4; (e) 80% aqueous HOAc, 50°C, 16 h; (f) KMn04, H20,  acetone 

SCHEME 2 

Preliminary in vitro testing of compounds 5, 6, 14, and 16 5'-Deoxyguanosine (4) 
showed them t o  b e  inactive against herpes simplex virus types 1 A magnetically stirred suspension of 3 (12.83 g ,  32.6 mmol) and 

and 2 .  10% Pd/C (10 g) in water (300 mL) plus ethanol (300 mL) was heated 
at 60°C under 1 atm (1 atm = 101.3 kPa) of hydrogen gas for 8 h, 

Experimental 
Nuclear magnetic resonance spectra were recorded on samples 

dissolved in deuteriodimethyl sulfoxide unless otherwise stated and 
chemical shifts are reported in parts per million downfield from internal 
tetramethylsilane. The compounds described are viewed as nucleoside 
analogues and for convenience the peak assignments are numbered 
according to a ribose-like representation. Spectroscopic data and 
elemental analyses were obtained by Syntex Analytical Research. All 
chromatographic purifications were carried out on Merck Silica Gel 60. 
Charcoal used was commercially available from Aldrich (nucleotide 
desalting grade). Alternatively, Sigma charcoal C-3014 could be used 
with a resultant small decrease in product recovery. Melting points 
were determined on a hot stage microscope and are corrected. - 
5 ' -Deoq-5 '-iodoguanosine ( 3 )  

Iodine (40.2 g, 158 mmol) was added over 5 min to a magnetically 
stirred suspension of guanosine hydrate (15.0 g, 50 rnmol), triphenyl- 
phosphine (43.2 g, 165 mmol), and imidazole (22.5 g. 331 rnmol) In 
N-methyl-2-pyrrolidinone (200 rnL) at room temperature. During the 
addition complete dissolution occurred and the solution warmed to 
60°C. The solution cooled back to room temperature and after 3 h was 
diluted with dichloromethane (2 L) and water (0.6 L). A white 
crystalline solid separated from solution and was collected by fiitration 
to give 13.53 g (69%) of 3: mp 190-200°C (dec.) (lit. (8b) mp 192- 
216°C (dec.); [a], -26.9" (c 1.1, Me2SO); uv X,,, (0.1 N HCI): sh 
278 nm (E 7 320), 258 (10 800); (0.1 N NaOH): 266 (1 1 800), 260 
(11 500); 'H nmr 6: 10.67 (s, br, IH, NH), 7.93 (s, IH, H-81, 6.50 
(s,br,2H,NH2),5.72(d,J=6Hz,1H,H-1').5.56(s,br,1H,OH), 
5.38 (s, br, IH, OH), 4.63 (m, iH,  H-2'), 4.08 (s, br, 1H, PI-3'), 3.95 
(m, 1H, H-4'), 3.57 and 3.42 (ABX, JAB = 10 HZ, JAX = 6 HZ, J B ~  = 
7Hz,  2H, H-5'); 13Cnmr (75.453 MHz) 6: 156.63 (C-6), 153.59 
(c-21, 151.32 (C-4), 135.74 (C-8), 116.70 (C-5), 86.57 (C-1'), 83.62 
(C-4'), 73.02 (C-2'1, 72.65 (C-30, 7.91 (C-5'). Anal. calcd. for 

. - -  
filtered through Celite, and then evaporated to a volume of 400 mL. 
The solution was applied to a charcoal column (100 g) and eluted with 
water (3.5 L). The product was then eluted with 2% NH40H in 1: 1 
water/ethanol. Selected fractions were evaporated to dryness and the 
solid residue crystallized from water to give 4.14 g (47%) of 4: mp 
222-223°C (lit. (9) mp 226-228°C uncorrected): [a], -42.5 ( c  1.4, 
Me2SO); uv h,, (0.1 N HCI): sh 278 nm (E 8 200), 257 (12 000); 
(0.1 NNaOH): 267 (10200), 257 (10000); 'Hnmr6:  10.73 (s, br, lH,  
NH), 8.02 (s, IH, H-8), 6.53 (s, br, 2H, NH2), 5.67 (d, J = 5 Hz, lH,  
H-1'), 4.46 (dd, J = 5 Hz, lH,  H-2'), 3.90 (m, 2H, H-3', H-4'), 1.29 
(d, J = 6 Hz, 3H, H-5'). Anal. calcd. for Cl0HI3N5O4 (267.25): 
C44.94, H4.90,  N26.21; found: C44.66, H4.94,  N 26.11. 

NaI04 (3.12 g, 14.6 mmol) was added to a mechanically stirred 
suspension of 4 (3.0 g, 11.2 mmol) in water (150 mL) at room 
temperature. After 3 h, NaBH4 (0.70 g, 18.5 mmol) was added. After 
an additional 1.5 h, the pH was reduced from 9.5 to 7.0 with 
concentrated HCI. The solution was applied to a carbon column (30 g), 
and the column was eluted with water (2.5 L). The product was eluted 
with 3% N H d H  in 1: 1 water/ethanol. Selected fractions were concen- 
trated to a yellow solid, which was crystallized from water/ethanol to 
give 2.63 g (87%) of 5: mp >300°C; [ a ] ,  31.3 (c 1, Me2SO); uv A,, 
(0.1 N HCl): sh 278 nm ( E  8 050), 256 (1 1 900); (0.1 N NaOH), 266 
(10 700), 257 (10 500); 'H nmr 6: 10.6 (s, br, lH, NH), 7.79 (s, IH,  
H-8), 6.46 (s, br, 2W, NH2), 5.63 (t, lH,  H-1'). 5.14 (t, br, 1H, OH), 
4.74 (t, br, lH,  OH), 3.83, 3.79 (ABX, after D20,  J = 6, 11 Hz. 2H, 
H-2'), 3.55 (tq, lH,  H-4'), 3.39 (d, / = 5.1 Hz, 2H, H-3'), 0.82 
(d, J = 6.8 Hz, 3H, CH3); I3C nrnr (22.62 MHz) 6: 156.89 (C-6), 
153.67 (C-2), 151.49 (C-4), 135.66 (C-8), 116.48 (C-5), 83.51 
(C-l'), 75.65 (C-4'), 64.62 (C-3'), 62.22 (C-2'), 17.36 (C-5'). Anal. 
calcd. for CI0Hl5N5O4.0.33 H 2 0  (275.20): C 43.63, H 5.74, N 25.44; 
found: C 43.74, W 5.74, N 25.48. 

Ci0Ki2N5041 (393.14): C 30.55, I-I 3.08, N 17.81; found: C 30.38, 2',3'-Secoguanosine ( 6 )  
H 2.97, N 17.62. NaI04 (5.56 g, 26 mmol) was added to a mechanically stirred 
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suspension of guanosine hydrate (6.03 g, 20 mmol) in water (200 mL) 
at room temperature. After 2 h, NaBH4 (2.0 g, 53 mmol) was added. 
After an additional 1 h, the pH was reduced from 8.5 to 7.0 with 
concentrated HCl. The solution was applied to a carbon column (50 g), 
and the column was eluted with water (2 L). The product was then 
eluted with 3% concentrated NH40H in 1: 1 waterlethanol. Selected 
fractions were concentrated to a yellow solid, which was crystallized 
from waterlethano1 to give 3.82 g (67%) of 6: mp 263-265°C (lit. (7a) 
mp 215-220°C); [a]. 31.4" (c  1,O.l  N NaOH); uv A,,, (0.1 N HCI): 
sh 277 nm (E 8 200), 255 (12 200); (0.1 N NaOH): 266 (1 1 200), 257 
(11 000); 'H nmr 6: 7.70 (s, IH, H-8), 6.94 (s, br, 2H, NH2), 5.65 
(t, lH ,  J = 5.6 Hz, H-1 '), 4.60 (br, 3H, OH), 3.80, 3.77 (ABX, 2H, 
J = 5,  11 HZ, H-2'), 3.56,3.47 (ABX, 2H, J = 4, 12 HZ, H-5'), 3.42 
(m, lH,  H-4'), 3.24, 3.22 (ABX, 2H, J = 6, 12 Hz, H-3'); I3c nmr 
(22.62 MHz) 6:  163.16 (C-6), 158.02 (C-2), 151.88 (C-4), 134.26 
(C-8), 116.90 (C-5), 83.06 (C-If),  79.61 (C-4'), 62.35 (C-2'), 60.82, 
60.56 (C-3', C-5'). Anal. calcd. for CI0HI5N5O5 (285.26): C 42.11, 
H 5.30, N 24.55; found: C 42.20, H 5.35, N 24.45. 

trans-~~-~cetyl-9-(3-chlorotetrah~dofuran-2-~l)~uanine (9a) 
A mixture of freshly distilled 7 (9.6 g, 68 rnmol), ~ ~ , 9 - d i a c e t ~ l -  

guanine (8) (13 g, 55 mmol), bis(p-nitropheny1)phosphate (120 mg, 
0.35 mmol), and dimethylformamide (10 mL) was heated for 1 h at 
90-95"C, then left for 16 h at room temperature. The reaction mixture 
was then suspended in 12% methanol/dichloromethane and filtered 
free of insolubles. The filtrate was evaporated to a dark oil, which was 
chromatographed (5% methanol/dichloromethane) to give, in order of 
elution, 2.2 g (10.9%) of the N-7 isomer, 9b, obtained as apowder: mp 
200-202°C; uv A,,, (methanol): 264 nm (E 13 600); 'H nmr 6: 12.2 
(s, br, lH, NH), 1 1.64 (s, br, IH, NH), 8.29 (s, lH,  H-8), 6.36 (d, J = 
1.8 Hz, IH, H-1'), 4.96 (m, lH,  H-2'), 4.55, 4.22 (ABXY, 2H, 
JAB = JAX = 8.2 HZ, JAY = 3.2 HZ, Jsx = 7.6 HZ, JBY = 8.2 HZ, 
H-4'), 2.51, 2.26 (m, 2H, H-3'), 2.17 (s, 3H, COCH3); 13C nmr 
(22.62 MHz) 6 :  173.50 (COCH,), 157 (C-6), 152.57 (C-2), 147.30 
(C-4), 141.68 (C-8), 110.50 (C-5), 92.68 (C-1'), 68.50 (C-4'), 32.41 
(C-3'), 23.67 (COCH,). Anal. calcd. for Cl lH12N503C1 (297.70): 
C44.38,H4.06,N23.52,C111.91;found:C44.38,H4.09,N23.32, 
C1 11.83, followed by 2.4 g (1 1%) of the N-9 isomer 9a,  which was 
crystallized from dimethylformamide: mp 205-206°C; uv A,,, (meth- 
anol): sh278nm(~9800),259(13600); 'Hnmr6:  12.07,11.71 (s,br, 
2H, NH), 8.09 (s, lH,  H-8), 6.12 (d, J = 1.7 Hz, lH,  H-1'), 5.01 
(m, lH,  H-2'), 4.47, 4.19 (ABXY, 2H, JAB = JAX = 8.2 HZ, JAY = 

2.4 Hz, JBX = 6.8 HZ, JBY = 8.4 Hz, H-4'), 2.73,2.29 (m, 2H, H-3'), 
2.19 (s, 3H, COCH,); 13C nmr (22.62 MHz) 6: 173.66 (COCH,), 
154.81 (C-6), 147.95, 147.85 (C-2, C-4), 137.19(C-8), 120.51 (C-5), 
90.77 (C-1'), 68.30 (C-4'), 60.76 (C-2'), 33.41 (C-3'), 23.73 
(COCH3). Anal. calcd. for C11H12N503C1 (297.70): C 44.38, H 4.06, 
N23.52, C1 11.91; found: C44.36, H4.26,  N23.72, C1 11.99. 

trans-9-(3-Chlorotetrahydrofuran-2-y1)guanrne (10) 
A mixture of freshly distilled 7 (13 g, 92.3 mmol), ~ ~ , 9 - d i a c e t ~ l -  

guanine (20 g, 85.1 rnmol), bis(p-nitropheny1)phosphate (30 mg), and 
sulfolane (25 mL) was heated for 16 h at 100°C, then cooled. The 
resultant mass was treated with concentrated NH40H (50 mL) in 
methanol (170 mL) for 21 h and the solid that had formed was isolated 
by filtration, washed twice with acetone, and dried to give 13 g (59.7%) 
of 10. An analytical sample was obtained by crystallization from 
DMSOIethanol: mp >300°C (dec.); uv A,,, (0.1 N HCl): sh 278 nm 
(E 9 ON), 255 (1 1 700); (0.1 N NaOH): 265 (1 1 300), 257 (1 1 100); 
'H nmr 6: 10.94 (s, br, lH, NH), 8.06 (s, lH ,  H-8), 6.25 (s, br, 2H, 
NH2), 6.25 (d, J = 1.9Hz, lH,  H-1'), 4.94(m, lH, H-2'), 4.40,4.16 
(ABXY, 2H, H-4'), 2.48, 2.23 (m, 2H, H-3'); 13C nmr (22.62 MHz) 
6: 156.79 (C-6), 153.87 (C-2), 150.58 (C-4), 134.88 (C-8), 116.94 
(C-5), 90.31 (C-l'), 67.94 (C-4'), 60.56 (C-2'), 33.65 (C-3'). 
Anal. calcd. for C9H10N502C1 (255.66): C 42.28, H 3.94, N 27.39, 
C1 13.87; found: C 42.38, H 3.90, N 27.20, Cl 13.62. 

trans-~~-(~-~nis~ldi~heny1meth~l)-9-(3-chlorotetrahydrofuran- 
2-y1)guanine (11) 

A mixture of 10 (14.7 g, 57.5 rnmol), p-anisylchlorodiphenyl- 
methane (19.5 g, 63.1 mmol), and triethylarnine (20 mL) in pyridine 

(100 mL) was stirred for 16 hat  room temperature, then evaporated to a 
sluny . The residue was redissolved in dichloromethane and partitioned 
twice with H20; the organic phase was dried over MgS04 and 
evaporated to a foam. Redissolution in ethyl acetate deposited 26.8 g 
(88.7%) of 11 as a white crystalline mass: mp 183-184°C; uv A,,, 
(methanol): sh277 n m ( ~  13 loo), 261 (14 800); 'H nmr6: 10.67 (s, br, 
lH, NH), 7.74 (s, br, IH, NH), 7.69 (s, lH,  H-8), 7.25-7.15, 6.98 
(m, 14H, aromatic), 5.53 (d, J = 3.1 Hz, 1H, H-1'), 4.42 (m, lH,  
H-2'), 3.82 (m, 2H, H-4'), 3.73 (s, 3H, CH,), 2.07, 1.89 (m, 2H, 
H-3'); 13C nmr (75.453 MHz) 6: 157.80 (C-6), 156.26 (MTr), 150.85 
(C-2), 148.39 (C-4), 144.78, 144.54, 136.49, 129.65, 128.32, 
127.59, 126.61, 112.92 (MTr), 136.56 (C-8), 117.99 (C-5), 90.98 
(C-l'), 69.84 (MTr), 67.36 (C-4'), 58.67 (C-2'), 54.95 (OCH,), 
33.83 (C-3'). Anal. calcd. for C29H26N503C1 (528.01): C 65.97, 
H4.96, N 13.26, C16.71;found: C65.94, H5.08, N 13.41, C16.79. 

(R, S)-~~-(p-~ni~~ldiphen~lmeth~~l)-9-(2,5-dih~drofuran-2-~l)guanine 
(12 

To 11 (20.2 g, 38.4 mmol) and potassium tert-butoxide (19.5 g, 
173.7 mmol) was added amixture of pyridine (10 mL), 1,2-dimethoxy- 
ethane (10 mL), and toluene (180 mL). The resulting mixture was 
heated for 1 h at 75OC (monitored with KMn04 spray), then cooled and 
partitioned directly with H 2 0  (1 x ) ,  and the aqueous phase was back 
washed with dichloromethane (800 mL). The combined organic phase 
was washed with H 2 0  (1 X), dried (MgS04), and then evaporated to 
give 17.4 g (92%) of 12 as a yellow foam. An analytical sample was 
obtained as a white powder by precipitating a dichloromethane solution 
of 12 with ether: mp 203-205°C; uv A,,, (methanol): sh 276 nm 
(E 14 OOO), 261 (15 700), 234 (16 300); 'H nmr 6: 10.63 (s, br, lH,  
NH), 7.63 (s, br, lH, NH), 7.54 (s, lH,  H-8), 7.29-7.33 (m, 10H, 
aromatic), 7.30, 6.87 (AB, J = 8.9 Hz, 4H, aromatic), 6.23 (dd, 
Jl,,z, = 6.1 Hz, J1',,' = 1.5Hz, lH, H- l i ) ,  6.12 (m, IH, H-3'), 5.56 
(m, 1H,H-2'),4.53,4.46(J4,,4,~= l l H z ,  J4,,,, = 5 H z ,  J4",3, = 1,9Hz, 
J4 ' ,2 '  = 1.5 HZ, J4.',2~ = 0, 2H, H-4'), 3.71 (s, 3H, 0CH3); I3C nmr 
(75.453 MHz) 6: 157.69 (C-6), 156.38 (MTr), 150.84 (C-2), 148.83 
(C-4), 144.90, 144.77, 136.74, 129.80, 128.41, 128.35, 127.51, 
126.44, 112.84 (MTr), 135.33 (C-8), 132.57 (C-2'), 123.53 (C-3'), 
117.27 (C-5), 88.40 (C-1'), 74.88 (C-4'), 69.82 (MTr), 54.93 
(OCH,). Anal. calcd. for C29H25N503 (491.55): C 70.86, H 5.12, 
N 14.25; found: C 70.98, H 5.13, N 14.04. 

A solution of KMn04 (3.4 g, 21.5 mmol) in H 2 0  (mL) was added 
over 5 min with vigorous stirring to a solution of 12 (10.8 g, 
21.9 mmol) in acetone (100 mL): H 2 0  (40 mL). The reaction mixture 
was then filtered through Celite and partially evaporated. The residue 
was redissolved in CH2Clz and washed with H 2 0  (2 X), the organic 
phase dried over MgS04 and evaporated. The resulting oil was 
chromatographed ( 5 ' % m e t h a n o l / ~ ~ ~ ~ l ~ )  to give 2.85 g (2%) of 15 
as a powder from ether: mp 180- 18 1°C; uv A,,, (methanol): sh 278 nm 
(E 10300), 260(11 300); ' ~ n r n r 6 :  10.64(s, br, lH, NH), 7.68(s, lH, 
H-8), 7.62 (s, br, lH, NH), 7.3 1-7.2 (m, 10H, aromatic), 7.27, 6.87 
(AB,4H, J=8.9Hz,aromatic),5.28(d, J = 6 . 6 H z ,  lH,H-lf) ,4 .94,  
4.90 (d, J = 6.9, 3.5 Hz, 2H, OH), 4.03 (after DzO added, dd, J = 
6.6, 4.4Hz, 1H, H-2'), 3.72 (s, 3H, OCH?), 3.61 (s, br, lH, H-3'), 
3.29 (s, br, IH, H-4'); 13c nmr(75.453 MHz) 6: 157.74(C-6), 156.36 
(MTr), 150.59 (C-2), 148.87 (C-4), 138.39 (C-8), 144.86, 144.64, 
136.62, 129.60, 128.22, 127.61, 126.56, 112.94 (MTr), 118.72 
(C-5), 89.06 (C-1'), 73.23, 73.13 (C-2', C-4'), 70.38 (C-3'), 
69.8 1 (MTr), 54.95 (OCH3). Anal. calcd. for C29H27N505 (525.56): 
C66.27, H5.18,  N 13.32;found: C66.33, H5.20, N 13.48. 

9-(p-(DL)-erythro- furanosy1)guanine (16) 
A solution of 15 (400 mg, 0.76 mmol) in 80% acetic acid was heated 

for 16 h at 50°C, then evaporated. The residue was first triturated with 
acetone and then crystallized from ethanol/H20 to afford 16 (65 mg, 
34%). Recrystallization from hot H20 gave the analytical sample: 
mp >230°C (dec.); uv h,, (H20): sh 274 nm (E 8 190), 253 (1 1 700); 
'H nmr 6: 10.62 (s, br, lH, NH), 7.89 (s, lH, H-8), 6.44 (s, br, 2H, 
NH2),5.66(d, J = 6 . 7 H z ,  1H,H-l1) ,5.41(d,  J = 6 . 3 H z ,  1H,OH), 
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5.12 (d, J = 3.7 Hz, lH,  OH), 4.63 (after D 2 0  added, dd, J = 4.7, 
6.7 HZ, lH, H-2'), 4.30, 3.75 (ABX, JAB = 10 HZ, JAX = 3.6 HZ, 
JBX = 1.6 HZ, 2H, H-4'), 4.20 (m, IH, H-3'). Anal. calcd. for 
C9H1,N5O4.H20 (271.23): C 39.85, H4.83, N25.82; found: C 39.79, 
H 4.85, N 25.82. 

(R, ~)-~~-(~-~nisyldiphen~lmeth~l)-9-[1 -(2-hydruxyethoxy)-2- 
hydruxyethyl]guanine (13)  

To a solution of 12 (6.3 g, 12.8 mmol) in methanol (150 rnL)/H20 
(20 mL) was added NaI04 (6 g. 28 mmol) followed by a solution of 
0 s 0 4  (5 rnL) (0.5 g 0 s 0 4  in 100 mL tert-butanol). The suspension was 
stirred for 3 h at room temperature, after which time NaBH4 (1.7 g, 
44.9 mmol) was added, stirring was continued for 10 min, and then the 
reaction mixture was partially evaporated. The resulting residue was 
redissolved in chloroform and washed with H 2 0  (1 x) followed by 
dilute Na2C03 (1 X), and the organic phase was dried over MgS04 
and evaporated to a brown oil. The oil was chromatographed (5-10% 
methanol/dichloromethane) to afford 4.3 g (64%) of 13 as a foam: 
uv A,,, (methanol): sh 277 nm (E 14 500), 261 (16 OOO), 235 (16 900); 
'H nrnr 6: 10.57 (s, br, lH,  NH), 7.69 (s, IH, H-8), 7.63 (s, br, lH, 
NH), 7.29 (m, 10H, aromatic), 7.19, 6.86 (AB, 4H, J = 8.9 Hz, 
aromatic), 4.97 (t, J = 5 Hz, IH, OH), 4.79 (t, J = 6 Hz, lH, H-1'), 
3.72 (s, 3H, 0CH3), 3.48 (dd, J = 5, 6 Hz, 2H, H-2'), 3.24 (dt. 2H, 
H-5'), 2.93 (t, J = 4 Hz, 2H, H-4'); I3c nmr (75.453 MHz) 6: 159.12 
(C-6), 157.48 (MTr), 152.59 (C-2), 150.14 (C-4), 145.49, 145.38, 
137.26, 129.90, 128.45, 127.30, 126.12, 112.64 (MTr), 134.86 
(C-8), 116.78 (C-5), 83.37 (C-1'), 70.30 (MTr), 69.52 (C-4'), 61.67, 
59.60 (C-2', C-5' ), 54.87 (OCH3). Anal. calcd. for C29H29N505 .H20 
(545.59): C 63.84, H 5.72, N 12.84; found: C 63.83, H 5.77, N 12.80. 

(R, S)-9-[I -(2 -Hydroxyethoxy)-2-hydroxyethyllguanine (14) 
A solution of 13 (4.3 g, 8.1 mmol) in 80% aqueous acetic acid 

(50 mL) was heated for 4.5 hat  70°C, then cooled to room temperature 
(1 h) and evaporated. The residue was co-evaporated with ethanol (2 X )  

and crystallized from methanol/H20 to afford in 2 crops 1.1 g (53%) of 
14: mp >300°C; uv A,,, (0.1 N HCl): sh 278 nm (E 8 020), 255 
(12 100); (0.1 N NaOH): 265 (10 800), 254 (10 600); 'H nmr6: 10.61 
(s, br, IH, NH), 7.79 (s, lH,  H-8), 6.46 (s, br, 2H, NH,), 5.46 (t, J = 

5.9Hz, lH,H- l r ) ,5 .16( t ,  J = 6 H z ,  lH,2'-OH),4.63(t, J = 5 . 2 H z ,  
lH, 3'-OH), 3.81 (dd, 2H, J = 5.9, 4.8 Hz, H-2'), 3.46 (dt, 2H, 
H-5'), 3.32 (t, J = 6 Hz, 2H, H-4'); I3C nmr(75.453 MHz) 6:  156.78 
(C-6), 153.58 (C-2), 151.6O(C-4), 135.60 (C-8), 116.32 (C-5), 83.97 
(C-l'), 70.12 (C-4'), 61.88, 59.68 (C-5', C-2'). Anal. calcd. for 
C9HI3N5O4 (255.23): C 42.35, H 5.13, N 27.44; found: C 42.07, 
H 4.98, N 27.46. 
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Catalysis of ring expansion 
of 1-methylcyclopropylmethano1 to 1-methylcyclobutanol by rhodium(1) 
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J .  THOMAS BURTON and RICHARD J .  PUDDEPHATT. Can. J. Chem. 64. 1890 (1986). 
Stoichiometric reaction between [Rh2(1*.-C1)2(C0)4] and CH2CH2CHCMe20PNB, OPNB = 4-nitrobenzoate, pave 

[Rhz(1*.-OPNB)2(C0)4] and Me2C=CHCH,CH,C1. The complex [Rh2(p-CI)2(C0)4] in acetone solution catalyzes the ring 
expansion of CH2CH2CMeCH20H to give CH2CH2CH2CMeOH, and experiments with labelled derivatives indicate that the 
rhodium complex acts as a Lewis acid. The reaction is zero order in cyclopropyl derivative but second order in catalyst 
concentration. The equilibrium constant for the reaction is 21 at 40°C and a mechanism is proposed. 

J. THOMAS BURTON et RICHARD J. PUDDEPHATT. Can. J .  Chem. 64, 1890 (1986). 
La &action sto'ichiometrique du [Rh,(1*.-C1)Z(CO)4] et du CH2CH,CHCMe20PNB (OPNB = nitro-4 benzoate) conduit au 

[Rh2(1*.-OPNB)2(C0)41 et au Me2C=CHCH2CH2CI. En solution dans I'acCtone, le complexe [Rh2(~-C1)2(C0)4]  catalyse 
I'extension de cycle du CH2CH2CMeCH20H qui conduit au CH2CH2CH2CMeOH; des experiences avec des derivCs marquCs 
indiquent que le complexe de rhodium agit comme un acide de Lewis. La rCaction est d'ordre ztro en dCrivC cyclopropyle: 
toutefois, elle est d'ordre deux par rapport au catalyseur. A 40°C. la constante d'kquilibre de la rCaction est Cgale 2 21 et on 
propose un ~nCcanisme. 

[Traduit par la revue] 

Introduction In favorable cases, platinacyclobutanes have been isolated and 
We have been interested in the reactions of cyclopropyl- subsequent solvolysis gave platinacyclopentanols (for example, 

methanol and its derivatives with platinum complexes (1-3). reaction [I] ,  OMS = mesylate, py = pyridine) 

Since [ R ~ I ~ ( ~ - C ~ ) ~ ( C O ) ~ ]  is known to react with cyclopro- 
panes to give rhodacyclobutanes (4), which may then undergo 
further interesting reactions (5-7), attempts were made to 
develop rhodium chemistry analogous to reaction [ I ] .  The 
results of this study are described below. 

Results 
In no case did reaction of a derivative of cyclopropylmethanol 

give organorhodium complexes of the type expected by analogy 
with reaction [ I ] .  However, new reactions were observed in two 
cases. 

Reaction with 2-cycloprop?,l-2-propyl-p-nitrobenzoate 
In this case a stoichiometric reaction occurred according to 

reaction [2] (OPNB = p-nitrobenzoate) 

The rhodium complex precipitated from the reaction mixture 
as a blue-black crystalline solid, which dissolves in organic 

'To whom all correspondence should be addressed 

solvents such as dichloromethane to give orange solutions. 
Similar carboxylate bridged complexes are known and are also 
dichroic (8, 9). They have the structure I .  The organic product 
was identified by its 'H and 13cnmr spectra and was formed 
quantitatively. The reaction is stoichiometric and the rhodium- 
containing product did not react with c-C3H5CMe20PNB. 

This organic product is not expected on the basis of the 
solvolysis of the cyclopropyl precursor which gives only 
unrearranged 2-cyclopropyl-2-propanol and no alkene products 
(1 1). However, it is known that magnesium halides in refluxing 
ether can effect a similar reaction to that in reaction 121 (LO). 
These precedents do not aid an understanding of the mechanism 
of reaction [2], in particular whether the rhodium centre is 
involved in the cyclopropyl ring opening step. 
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Reaction with 1 -methylcyclopropylmethanol 
It was found that [Rh2(pC1)2(C0)4] in acetone solution 

at 40°C catalyzes the ring expansion of l-methylcyclopropyl- 
methanol according to reaction [3]. 

This ring expansion occurred under mild conditions and was 
easily monitored by nmr in acetone-d6 solution. The reaction 
did not proceed to completion but reached an equilibrium with 
the equilibrium constant at 40°C for reaction [3] equal to 21. This 
corresponds to a free energy change, AG, of - 1.9 kcal mol- ' 
for the reaction. This is fairly close to the value expected from the 
difference in ring strain between cyclopropane and cyclobutane, 
which would predict AH = 26.4-27.6 = - 1.2 kcal molp'. 
We have not measured the changes in K for reaction [3] with 
temperature and so AH for reacti6n [3] is not known. Despite 
the large numbers of studies of ring expansions analogous to - .  

reaction [3], there appear to be very few systems where it is 
possible to determine the equilibrium constants (12). In this 
case, integration of the signals due to the methyl protons of 
starting material and product, at 6 = 1.22 and 1.40 ppm, 
respectively, when the reaction had reached equilibrium gave an 
accurate measure of K. No other compounds could be detected 
by nmr in these reactions. The ring expansion can be catalyzed 
by acid at 100°C (12), but no ring expansion occurred using acid 
catalysts CF,C02H or HCl at 40°C. The catalyst is therefore 
clearly the rhodium complex, which could be recovered 
unchanged at the end of the reaction. 

Two possible mechanisms for the rhodium-catalyzed reaction 
are shown in Scheme 1. In path A ,  which has many precedents 
in organic systems (13), the rhodium acts only as a Lewis 
acid and the ring expansion involves carbocation intermediates 

methyl cation (14). It seemed likely therefore that different 
distributions of deuterium label would be seen between the 
products of hydrolysis of CH2CH2CMe(CD20Ms) and rhodium- 
catalyzed ring expansion of -M~(CD,OH) ~f path B 
was correct whereas the same distribution of deuterium label 
would be observed if path A was correct. When these experi- 
ments were carried out, the same distr~bution of deuter~um 
label was observed, the products being ~ H ~ c H ~ c D ~ ~ M ~ ( o H ) ,  
65%, and CH2CD2CH2CMe(OH), 35%, m each case. This 
strongly suggested that path A ,  or some similar pathway in 
which the rhodium acts as a powerful Lewis acid. was correct. 
Further evidence against path B was obtained by conducting the 
isomerization reaction under CO pressure. Rhodacyclobutanes 
are known to undergo rapid CO insertion, and any such 
intermediates should therefore be trapped under these condi- 
tions (15). However, the reaction proceeded in the usual way 
under these conditions (reaction [3]), the only complication 
being the conversion of some of the catalyst to [Rh6(CO),6]. 

The complex [Rh2(pC1)2(C0)4] in acetone solution is very 
largely present as the acetone complex (reaction [4], S = 

acetone) (1 6). 

The reaction according to path A should therefore follow overall 
second order kinetics, first order in both [RhCl(CO)2S] and in 
cyclopropane derivative. A kinetic study was carried out at 
40°C, with monitoring by 'H nmr. Unexpectedly, for a given 
kinetic run, the order with respect to cyclopropane derivative 
was close to zero, and the zero order rate constants for runs 
with varying concentrations of [RhC1(C0)2S] were approxi- 
mately proportional to [RhCl(CO)2S]2, Fig. 1. 

The kinetic data are interpreted in terms of the mechanism of 
reactions [5] and [6] 

whereas, path B, rh~dac~clobutane intermediates are proposed slow 
and the mechanism is based on the platinum chemistry of [51 2cis-[RhC1(C0)2S1 - "*" 
reaction [ l ]  (1, 2). [6] "A" + CH2CH2CMe(CH20H) - - fast 2~is-[RhCl(CO)~Sl 

It has been shown that hydrolysis of [ ~ l ~ ~ y ~ b t ~ ~ ~ ~ ~ e -  + CH2CH2CH2CMe(OH) r 1 (CD20Ms)CH21 is selective and gives very largely [C12py2- 
PtCH2CMe(OH)CD2C~,1, reaction [I]  (1, 2, 13), whereas The nature of the species "A" is obscure since it is not formed 
general methylene scrambling occurs within the cyclopropyl- in spectroscopically detectable concentration. One possibility is 
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FIG. 1. Plot of observed zero order rate constants (ko/M m i n ' )  for 
the rhodium-catalyzed ring expansion versus the square of the catalyst 
concentration. 

that it might be ci~-[Rh(CO)~S~]+cis-[RhCl~(C0)~]-, with the 
cation acting as a strong Lewis acid. Alternatively it could be a 
dinuclear complex with a single p,-C1 bridge, which should 
also be a stronger Lewis acid than c i~-[RhCl(C0)~S] .  Such 
complexes with two labile centres, could also interact with the 
cyclopropyl group and facilitate ring expansion. The ability of 
[Rh2(p-C1)2(CO)4] to act as a Lewis acid, including its use in 
catalysis of other reactions of strained ring compounds. has 
been noted previously (17-19). 

The observed kinetic behaviour was unexpected but may be 
used to rationalize the fact that the catalyzed ring expansion of 
reaction [3] is very sensitive to solvent. Thus effective catalysis 
was not observed using chloroform solvent, when the catalysis 
is present as the dimer [Rh2(p,-C1)2(C0)4], or in neat l-methyl- 
cyclopropylmethanol, when the catalyst is probably present as 
~is- [RhCl(C0)~S] ,  S = 1 -methylcyclopropylmethanol. 

~xperimenfal 
'H and I3C nmr spectra were recorded using a Varian XLl00 or 

Varian XL200 spectrometer, and chemical shifts are quoted w~th  
respect to TMS. [Rh2(k-C1)2(C0)4] was prepared by the literature 
method and was purified by vacuum sublimation (20), and cyclopro- 
pane derivatives were prepared as described previously (1 3). 

Reaction with CH2CH2CHCMe2CH202CC6H$J02 
2-Cyclopropyl-2-propyl-4-nitrobenzoate (0.258 mmol) was added 

to a solution of [Rh2(p-Cl)2(CO)4] (0.129 mmol) in acetone-d6 
(2 mL). The solution became dark red in colour and a blue-black 
precipitate formed. This was removed by filtration, dried under a 
vacuum, and identified as [Rh2(k-02CCbH4N02)2(C0)4]. Yield 70% ; 
mp 209-210°C; ir (Nujol): 2076,2021 (v(C0)); 1605,1555 (v(CO)?). 
' ~ n r n r :  6 = 8.34 ( m ,  C6H4). Anal. calcd. for CI8H8N2Ol2Rh2: 
C 33.25, H 1.2, N 4.3. Found: 33.5, H 1.9, N 4.2. The organic product 
was identified as ( c ' H ' ~ ) ~ c ~ = c ~ H ~ C ~ H ~ ~ C ~ H ' ~ C ~  by comparison of 
the 'H and I3c nmr spectra with those of an authentic sample (21). 
'H: 8 = 1.63 (s, HI); 1.69 (s, HI); 5.17 (t. j(H3H" = 7, H ~ ) ;  

2.44 (q ,  J ( H ~ H ~ )  = J(H~H') = 7. H ~ ) ;  3.53 (t ,  J ( H ~ H ~ )  = 7, H ~ ) .  
13C: 6 = 25.8, 17.8 (C1H3); 135.1 (C2): 121.2 ( C 3 ~ ) :  32.2 ( c ~ H ~ ) ;  
45.1 (c5H2). 

Reaction with CH2CH2CMeCH20H 
In a typical experiment. a solution of [Rh2(p-Cl)2(C0)4] (1.71 x 

M) and CH2CH2CMeCH20H (1.71 X lo- '  M) in acetone-d6 
(0.6 mL) in an nmr tube was thermostated at 40°C and nmr spectra were 
recorded periodically until no further change occurred. The product 
was identified as C'H2C2H2C3H2C4Me50~ by its 'H and I3c nmr 
spectra (18). 'H: 6 = 1.40 (s, CH3); 1.5-2.3 (m, cyclobutyl CH2 
protons). I3C: 8 = 38.4 (C1, C3); 12.2 (C2): 72.5 (c4); 27.2 (c5). 
The rate was monitored by integration of the resonances due to the CH3 
groups of the starting material and product. At the end of the reaction. 
[Rh2(k-C1)2(C0)4] was recovered from the solution and ident~fied 
by ir. 

Reaction with CH2CH2CMeCD20H 
A solution of [Rh2(k-Cl)2(C0)4] (0 103 mmol) and CH2CH2C- 

MeCD20H (0.556 mmol) in acetone-d6 (0.6 mL) was allowed to react 
until there was no further change in the nmr spectrum. The volatiles 
were then distilled on the vacuum line into a clean nrnr tube and the 
I3C nmr spectrum of the 1-methylcyclobutanol-4 was recorded. The 
residue was identified as [Rh2(p-C1)2(C0)4] by ir. 

For comparison, a sample of CH2CH2CMe(CD20Ms), OMS = 
methanesulfonate (3.41 mmol), was hydrolyzed in aqueous acetone 
(15 mL), 60% vv/) at 40°C in the presence of CaC03 (34 rnrnol) for 
90 min. The mixture was extracted with pentane (10 mL) and then 
pentane-ether (3 X 3 mL, 1 : 1 mixture). The solvent was removed from 
the dried combined organic extracts to give I-methylcyclobutanol-dl. 
and the I3C nmr spectrum of this product (50 mg) in acetone-d6 
(0.6 mL) was recorded. 

The relative intensities of I3c resonances in the above two samples were 
the same, and both were estimated to contain CH2CH2CD2CMe(OH), 
65%, and CH2CD2CH2CMe(OH), 35%, by comparison of the spectra 
with that of CH2CH2CH2CMe(OH), recorded using identical conditions. 
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F. D. ROCHON and P. C. KONG. Can. J .  Chem. 64, 1894 (1986). 
Iodo-bridged platinum(I1) dimers, [Pt(L)12], with ligands (L) containing nitrogen as the donor atom, have been synthesized 

from the reactions of ~ i s - [ P t ( L ) ~ 1 ~ ]  with perchloric acid. The dimers can be cleaved in aqueous media by a second nitrogen 
ligand to produce isometrically pure cis-[Pt(L)(L1)12]. These compounds can finally be converted to the chloro or carboxylato 
compounds by precipitating the iodo ligands with a silver salt and adding KC1 or a carboxylate salt. Several compounds of the 
types cis-[Pt(L)(E')Clz] and cis-[Pt(L)(L1)(dicarboxylate)] were thus prepared. A few dimers of the type [(L)(L1)Pt(tetra- 
carboxylate)Pt(L)(Lr)] were also synthesized. 

F. D. ROCHON et P. C. KONG. Can. J. Chem. 64, 1894 (1986). 
Des complexes de platine(l1) 5 ponts iodCs [Pt(L)I2I2 avec des ligands a atomes donneurs azotCs, ont CtC synthCtisCs par la 

reaction entre c i ~ - [ P t ( L ) ~ l ~ ]  et l'acide perchlorique. L'ouverture des dimkres a CtC rCalisCe en milieu aqueux par un autre 
ligand azotC (L') et des complexes isomCriquement purs, cis-[Pt(L)(L1)12] ont CtC isolCs. Ces derniers composCs peuvent &tre 
transformCs en composCs chlorCs ou carboxylates, par prkcipitation des ligands iodCs avec un sel d'argent et I'ajout de KC1 ou 
un sel carboxylate. Plusieurs complexes de types cis-[Pt(L)(Lr)C12] et cis-[Pt(L)(Lf)(dicarboxylate)] ont ainsi CtC prCparCs. 
De plus, quelques dimbres de type [(L)(L')Pt(tCtracarboxylate)Pt(L)(L')] ont CtC synthCtisCs. 

Introduction 
Iodo-bridged platinum(I1) dimers [Pt(L)12] containing nitro- 

gen as the donor atom are not known and there are no methods in 
the literature that could lead to their synthesis. Iodo dimers with 
phosphine (1) or sulfoxide (2) ligands have been reported, but 
these two methods cannot be used to prepare amine iodo dimers. 

Chloro-bridged dimers of piperidine, aniline, and pyridine 
derivatives have been reported (3-7). Courtot et al. (5) 
synthesized a chloro-bridged dimer with a very bulky amine, 
t-butylamine but were unable to prepare dimers with smaller 
amines since their method of synthesis is limited. They used the 
following photochemical method: 

When L = is a simple amine R-NH2 (R + t-butyl) the 
starting material [Pt(L)(olefin)C12] is not soluble in CHC13 or 
CHC13/pentane and the dimers cannot be synthesized. 

The halide dimers are important compounds because they can 
be the starting material for the preparation of mixed-ligand 
complexes, [Pt(L)(L1)X2]. Indeed, the dimers can be cleaved 
with several types of molecules (L') and depending on L, L', 
and the conditions of reactions, will produce cis or trans 
compounds. We have been trying for several years to prepare 
mixed-amine compounds of the type cis-[Pt(L)(L1)X2] in view 
of increasing the screening range for antitumor properties 
of platinum compounds. We have now developed a general 
method to synthesize iodo-bridged dimers with amines. The 
method can also be used to prepare dimers with NH3, pyridine 
derivatives, and probably any nitrogen ligand. This method will 
be discussed below. 

The iodo dirners can be cleaved by several type of ligands 
(L'). The results obtained when L' = amine f L will be 
discussed, along with the experimental conditions which are 
important for obtaining isomerically pure cis isomers. 

Very few mixed-amine Pt(I1) compounds have been reported. 

'Revision received April 29, 1986. 

Braddock et al. (8) and Hydes (9) prepared a few compounds by 
the following method: 

K[Pt(NH3)C13] + amine + cis-[Pt(NH3)(am)C12] 

The method is limited to L = NH3 and the yields are very low 
(<8%). K[Pt(amine)C13] cannot be prepared with the presently 
published method. We have published a method to produce 
K[Pt(py)C13] where py = pyridine derivatives (lo), but the 
method cannot be used with amines. We have tried reacting 
K[Pt(py)C13] with amines in order to obtain cis-[Pt(am)(py)C12]. 
But the yields are very low because of the formation of several 
ionic by-products and decomposed products. 

The synthesis of mixed-amine compounds from the cleavage 
of the iodo dimers is a very important method at the moment, 
since cis-[Pt(L)(L1)12] can be the starting material for several 
other mixed-amine complexes. We have synthesized several 
chloro compounds, cis-[Pt(L)(L1)C12], eight of which were 
sent to the National Cancer Institute (U.S.A.) for antitumor 
testing (1 1). Carboxylate (especially bidentate) compounds. 
cis-[Pt(L)(L')(~arboxylate)~]. have also been synthesized. 
Carboxylate platinum(I1) compounds are less toxic and more 
soluble than the corresponding chloro analogues. Therefore 
they seem to be quite promising, since these compounds also 
have good antitumor activities. We have also synthesized 
carboxylate dimers by the same method, using a tetracarboxyl- 
ate salt. These will be discussed below. 

Experimental 
Microanalyses were done by Galbraith Laboratories Inc., Knoxville. 

Melting points were measured on a Fisher-Johns apparatus. Infrared 
spectra were measured in Nujol on a P.E. 621 spectrometer. 

K2PtC14 was purchased from Strem Chemicals and Johnson Matthey 
Inc. and recrystallized from water. Most chemicals were bought from 
Aldrich. All the platinum complexes were dried at GO°C under vacuum 
in the presence of P2O5. 

Synthesis of cis -[Pt(L)212] 
A K2Pt14 solution was obtained by mixing K2PtCl4 (0.415 g in 

5 mL H20) and KI (0.67 g in 5 mL H20) for 5 min. cis-[Pt(L),12] 
(L = amine or other nitrogen ligand) was synthesized according to 
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Dhara's method (1 2) from the aqueous reaction of K2Pt14 and L. Yield: 
quantitative. A table of the elemental analysis of a few compounds has 
been deposited.' 

Iodo-bridged complexes [Pt(L)I2]2 
c i ~ - [ P t ( L ) ~ I ~ l  (2 mmol) was mixed with 10 mL of perchloric acid 

0.67 M .  Water (30 mL) was added to the mixture which was left at 
room temperature overnight. (Ethanol (30 mL) can also be added, 
instead of water, to the mixture which is left at room temperature for 
4-6 h.) When L = pyridine derivative, slight heating to -50°C is 
necessary. The reddish or brownish precipitate is filtered off, washed 
with water or 1:l  mixture of ethanol-water. and dried under vacuum. 
Yield: 80-90%, except for L = NH3 (60%). 

Compounds with NH3, methylamine, ethylamine, isopropylamine, 
t-butylamine, dimethylamine, diethylamine, cyclopropylamine, cyclo- 
butylamine, cyclopentylamine, pyridine, and ethanolamine have been 
synthesized and ~haracterized.~ 

cis-[Pt(L)(Lr)I212 
The iodo dimer [Pt(L)I,], (1 mmol) was mixed with an excess of L' 

(1.5-2.5 X )  (or 4 mL of 1 M ammonium hydroxide for L' = NH3) in 
25 rnL of water. The mixture was left at room temperature for about 6 h 
or overnight. The colour of the resulting mixture was bright yellow. 
The precipitate cis-[Pt(L)(Lf)12] was filtered, washed with water, and 
dried under vacuum over P2O5. Yield: almost quantitative.' 

cis -[Pt(L)(L1)C12] 
cis-[Pt(L)(L1)12] (1 rnmol) was stirred with 1.8 mmol of A@03 in 

20 mL of water for 10 h or overnight in the dark. The AgI precipitate 
was removed by filtration and 1-2 drops of NaCl(0.5 M )  was added to 
the filtrate. If a precipitate (AgC1) appeared immediately it was filtered 
out after 10 min and again 1 drop of NaCl was added to the filtrate. The 
procedure was repeated until there was no immediate precipitate after 
adding one drop of NaCl solution. When all the silver ions have been 
removed, solid NaCl or in aqueous solution was added to the filtrate. 
After a few hours, the mixture was evaporated to dryness, washed with 
a great quantity of cold water to remove NaN03 and NaCl completely. 
The pale yellow compounds, cis-[Pt(L)(L1)C12] were dried under 
vacuum over P2O5. Yield: -80%. 

cis -[Pt(L)(L')(carb~xylate)~] 
cis-[Pt(L)(L1)12] (1 mmol) was reacted withAgN03 exactly as in the 

above procedure to prepare cis-[Pt(L)(L1)Clz]. When all the silver ions 
have been removed a slight excess of the sodium salt of the carboxylic 
acid was added to the filtrate. After 3-4 h, the mixture was evaporated 
to dryness and washed a few times with a minimum quantity of very 
cold water, since the product is slightly soluble in water. The white 
product was dried under vacuum over P205.  Yield: -80%. 

Compounds with 1 , l  '-cyclobutanedicarboxylate, trans-1,2-cyclo- 
butanedicarboxylate, cis- and trans-l,2-cyclohexanedicarboxylate were 
characterized. 

[(L)(L1 )Pt(tetracarboxylate)Pt(L)(L' )] 
cis-[Pt(L)(L1)12] (1 rnmol) was treated with AgN03 exactly as in the 

procedure to prepare cis-[Pt(L)(L1)Clz] . After the complete removal 
of the silver ions, slightly more than 0.5 mmol of the tetracarboxylate 
sodium salt was added to the clear filtrate. After 3-4 h, the mixture was 
evaporated to dryness and washed with cold water. The white product 
was dried under vacuum over P205.  Yield: -80%. 

Compounds with 1,2,4,5-benzenetetracarboxylate and 1 , l '  ,3,3'- 
~y~lobutanetetracarboxylate were ~haracterized.~ 

Results and discussion 
The general method which we have developed to synthesize 

cis mixed-anline platinum(l1) compounds is shown below. 

'Lists of the results of the elemental analysis. the decomposition 
points, and the main infrared bands of all the different types of 
platinum(I1) complexes may be purchased from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada. 
Ottawa, Ont., Canada KIA 0S2. 

Ag+ 
f 

aqueous species - cis-[Pt(L)(L')I'] 

The complexes c i ~ - [ P t ( L ) ~ I ~ l ,  where L = amine, were first 
prepared according to Dhara's method (12) who synthesized 
~ i s - [ P t ( N H ~ ) ~ 1 ~ ]  from the reaction of K2Pt14 and NH3 in 
water. Since c i ~ - [ P t ( L ) ~ I ~ l  is completely insoluble in water, 
it will precipitate immediately, preventing the formation of 
by-products. The yields are quantitative. 

Iodo-bridged dimers were then synthesized from the reaction 
of c i ~ - [ P t ( L ) ~ I ~ l  with perchloric acid. In these conditions, one 
amine is protonated. The formation of aquo species is limited 
because of the strength of the Pt-I bonds and the equilibrium 
is shifted towards the formation of the iodo-bridged compound 
since the dimer is insoIuble in the reaction medium. 

Other acids can be used, but for most amines, perchloric acid 
was found preferable. The dimerisation reaction was done for 
most amines, at room temperature in aqueous media. overnight. 
For some ligands like isopropylamine, the reaction is slower. 
and it can be accelerated by the addition of ethanol. For the 
pyridine derivatives, heating at -50°C is necessary to obtain 
good yields. The formation of the dimer can be seen by the 
appearance of a reddish or brownish precipitate, which can then 
be removed by filtration and washed with water or ethanol. 
The yields are almost quantitative except for L = NH3 
(60%). Compounds with NH3, with primary, secondary. and 
tertiary amines, with pyridine and with 2-aminoethanol were 
~yn thes ized .~  

Results of the chemical analyses carried out on some of the 
compounds have shown the composition [Pt(L)12]2.2 The 
infrared spectra were measured between 4000 and 200 cm-I and 
confirmed the presence of coordinated amines. The stretching 
v(Pt-I) vibrations absorb below 200 cm-' and were not 
observed as expected. Thus, the configuration of the dimer 
could not be determined although platinum(I1) dimers are very 
often centrosymmetric. The trans configuration is therefore 
expected as in the chloro-bridged dimer [Pt(2,6-lutidine)C1,I2 
(7). We have tried to prepare adequate crystals for X-ray 
diffraction, in order to determine the crystal structure of one of 
the iodo-bridged dimers but have not been successful as yet. 

The iodo-bridged dimers can be cleaved with a second 
nitrogen ligand (L') in aqueous media to give bright yellow 
cis-[Pt(L)(Lr)12]. Under theses conditions, no isomerisation 
occurs, since cis-[Pt(L)(Lr)12] is very insoluble in water. 
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Since only cis-[Pt(L)(L1)12] is obtained from the bridge 
splitting of the dimer. we can come to the conclusion that the 
dimer was the trans isomer, since the cleavage of a cis isomer 
would produce a mixture of isomers [Pt(L)(Lr)12]. The cleaved 
Pt-I bonds are those in trans position to the iodide ligands, 
as predicted by the trans effect (Ip > RNH,). 

The yield of the reaction is almost quantitative. This reaction 
cannot be done in organic solvents, since cis-[Pt(L)(Lr)12] may 
dissolve and isomerise to produce the trans compounds, as 
already observed for the complexes cis-[Pt(L),X2] (1 3- 17). 
The results of the chemical analyses on a few iodo compounds 
have confirmed the expected composition. The ir spectra were 
measured but again do not give much information on the 
structure of the compounds. 

When synthesizing compounds of the type cis-[Pt(amine)- 
(NH3)12], it is preferable to start with the amine (L = amine, 
L' = NH3) since the NH3 dimer is slightly more difficult to 
obtain and the yield is lower. 

The synthesis of mixed-amine compounds cis-[Pt(L)(L1)12] 
is important especially in relation to the synthesis of potential 
new platinum anti-cancer drugs. Compounds with almost any 
combination of nitrogen ligands can now be synthesized and 
tested systematically for antitumor acivity. These iodo com- 
pounds can be converted to the more active chloro or carboxyl- 
ato complexes by the following reactions: 

Hz0 
cis-[Pt(L)(Lf)12] + 2AgN03 - cis-[R(L)(L')(HzO),I(N03)2 

dark + 2AgI 
/ I 

the configuration of the dichloro platinum(I1) compounds. Both 
symmetric and asymmetric v(Pt-C1) are active in ir for the 
cis compound, while only the asymmetric mode of the trans 
compound is active in ir. But sometimes there is coincidence of 
the two bands in the Pt-Cl stretch region for the cis isomer. For 
example, cis-[Pt(cyclobutylamine)2C12] showed one v(Pt-C1) 
at 3 11 cm- ' , while the trans isomer showed also one band but 
at slightly higher wave number (333 cmp') .  These assignments 
were confirmed by structure determination of the two com- 
pounds (14). These authors suggested that for this type of 
compounds, band position is more important for determining 
the configuration of the compound than the number of bands. 

For the mixed amines compounds, we have observed that 
depending on the ligands. some compounds show two bands 
while others show only one large band. For example, cis- 
[Pt  (cyclopropylamine) (NH3) C12] and cis-[Pt (cyclopropyl- 
amine)(CH3NH2)C12] showed two v(Pt-C1) bands at 327,3 16 
and 312, 308cm-', respectively, while cis-[Pt(L)(NH3)C13] 
where L = isopropylamine (310 cm-I), cyclobutylamine 
(320 cmp'), and cyclopentylamine (3 18 cmp') showed only 
one v(Pt-Cl) band. More than one v(Pt-C1) was also 
observed for cis-[Pt(cyclopropylamine)2C12] (18). Therefore 
infrared spectroscopy should be used with great care when 
determining the configuration of the dichloroplatinum(II) com- 
pounds. The configuration of cis-[Pt(cyclobutylamine)(NH3)C12] 
and cis-[Pt(cyclopentylamine)(NH3)C12] were confirmed by 
crystal structure determinations (19, 20). 
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This is a modification of Dhara's method to synthesize 
cis-[Pt(NH3) 2C12] from c i ~ - [ p t ( N H ~ ) ~ I ~ ]  (1 2). The iodide ions 
are removed by precipitating with a silver salt in the dark. A 
slight excess of the platinum compound is used in order to 
prevent an excess of silver ions. The latter has to be completely 
removed before the precipitation of the platinum complex. After 
the complete removal of the silver ions, the sodium salt of the 
carboxylic acid or NaCl is added to the filtrate to precipitate the 
appropriate complex. The results of the chemical analysis done 
on the synthesized compounds have confirmed the expected 
composition. 

Dimeric species were also prepared with tetracarboxylate 
ligands by adding the sodium salt of the ligand to the aqueous 
species as follows: 

coo- 
2 c i s - [ P t ( ~ ) ( ~ ' ) ( ~ 2 0 ) 2 ] ~ +  + O ° C ~ c o o -  -OOC 

Compounds with 1 , 1 ' ,  3 . 3  ' -cyclobutanetetracarboxylate, 
cis,cis,cis,cis-1,2,3,4-cyclopentanetet~ahxyke and 1,2,4,5- 
benzenetetracarboxylate were prepared. 

Usually, infrared spectroscopy is a good method to identify 
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Reactions of cis-[Pt(s~lfoxide)~Cl~] with silver salts and synthesis 
of hydroxo-bridged platinum(I1) complexes with sulfoxides 
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FERNANDE D. ROCHON, PI-CHANG KONG, and LOUISE GIRARD. Can. J .  Chem. 64, 1897 (1986). 
Platinum(I1) compounds of the type ~ i s - [ P t ( L ) ~ x ~ ]  where L = tetramethylenesulfoxide (TMSO), ethylmethylsulfoxide 

(EMSO), di-n-propylsulfoxide (DPSO), benzylmethylsulfoxide (BMSO), and dibenzylsulfoxide (DBSO) and X = C1- and I- 
have been synthesized. The reactions of these compounds with a silver salt were studied in aqueous solution. Monomers of the 
type c i ~ - [ P t ( L ) ~ ( C 1 0 ~ ) ~ ]  (L = TMSO, EMSO, and DBSO), ~ i s - [P t (EMS0)~(S0~)1  and hydroxy-bridged oligomers were 
isolated. Dimers, C ~ S - [ P ~ ( L ) ~ ( O H ) ] ~ ( N O ~ ) ~  (L = TMSO, DPSO), and C~S-[P~(EMSO)~(OH)]~SO~ and possibly a trimer 
(c~s-[P~(EMSO)~(OH)]~)~(SO~)~ wcre characterized. The compounds were studied by infrared spectroscopy and by 'H nmr. 

FERNANDE D. ROCHON, PI-CHANG KONG et LOUISE GIRARD. Can. J .  Chem. 64, 1897 (1986) 
Des complexes de platine(II), ~ i s - [ P t ( L ) ~ X ~ l  ou L = tCtramCthylenesulfoxyde (TMSO), CthylmCthylsulfoxyde (EMSO), 

di-n-propylsulfoxyde (DPSO), benzylmCthylsulfoxyde (BMSO) et dibenzylsulfoxyde (DBSO) et X = C1- et 1.- ont CtC 
synthCtisCs. La reaction de ces composCs avec un sel d'argent a CtC CtudiCe en solution aqueuse. Des monomeres de types 
c i ~ - [ P t ( L ) ~ ( C l O ~ ) ~ l  (L = TMSO, EMS0 et DBSO), C~S-[P~(EMSO)~(SO~)]  ainsi que des oligomkres A ponts hydroxo ont CtC 
isolCs. Les dimeres ~ i s - [ P t ( L ) ~ ( 0 H ) ] ~ ( N 0 ~ ) ~  (L = TMSO, DPSO) et c i ~ - [ P t ( E M S 0 ) ~ ( 0 H ) 1 ~ ~  et possiblement un trimere 
(c~s-[P~(EMSO)~(OH)]~)~(SO~)~ ont CtC caractCrisCs. Les complexes ont CtC Ctudies par spectroscopie infrarouge et par rmn 
protonique. 

Introduction 
Sulfoxide ligands have two potential donor sites but the 

preference of Pt(I1) for the sulfur donor site is well known and 
all reported neutral complexes are exclusively sulfur bonded in 
the solid state (1). Platinum, being a soft metal, does not form 
strong bonds with oxygen unless it is deprotonated or partly 
ionized as in DMF. 

When K2PtC14 reacts with a sulfoxide ligand (L), trans- 
[Pt(L)2C12] is probably first formed and is eventually isomer- 
ized to the cis configuration (2). There are three factors affecting 
the formation and the stability of the two isomers. First, the 
trans effect of sulfoxide ligands is fairly large. Therefore the 
trans isomer should be first formed. The second factor is the 
enhanced (d-d)n bonding which is more effective in the cis 
geometry (1) and finally the steric hindrance between two large 
ligands in cis position. In the Pd(1I) complexes, the enhanced 
(d-d)n bonding in the cis geometry is probably not sufficient to 
overcome the interligand repulsions which are larger in the cis 
configuration, and all the compounds have the trans structure. 
In the corresponding Pt(I1) complexes (d-d)n bonding is 
apparently more effective and cis structures are obtained for all 
the complexes except with a very sterically demanding ligand 
like diisoamylsulfoxide (1). 

The synthesis of ~ i s - [ P t ( L ) ~ C l ~ ]  where L = tetramethyl- 
enesulfoxide (TMSO), di-n-propylsulfoxide (DPSO), benzyl- 
methylsulfoxide (BMSO), and dibenzylsulfoxide (DBSO) has 
been reported (1, 3). But we have found that the published 
method does not produce isomerically pure compounds espe- 
cially for bulky groups like DPSO, BMSO, and DBSO. For 
example, the aqueous reaction between K2PtC1, with DPSO 
will produce in the first 10 min yellow insoluble trans- 
[Pt(DPSO)2C12] which has to be filtered out in order to obtain 
isomerically pure, very pale yellow coloured ~~s-[PC(DPSO)~C~~].  
The formation of ~ ~ ~ ~ S - [ P ~ ( D P S O ) ~ C I , ]  in the few first minutes 
has already been observed (2). We have therefore modified 
the published methods in order to obtain pure ~ i s - [ P t ( L ) ~ C l ~ ] .  
Cis and trans-compounds can be identified by their stretching 

'~ev is ion  received May 6, 1986. 

Pt-C1 vibrations. Since some of the ligands (L) absorb in this 
region the corresponding iodo compounds were synthesized to 
confirm the v(Pt-C1) assignments. Compounds with ethyl- 
methylsulfoxide (EMSO) were also synthesized since cis- 
[Pt(EMS0)2C12] has not yet been reported. 

These compounds were well characterized since they were 
the starting material for a study of their reactions with a silver 
salt to prepare oligomeric species. Dimeric species of DMSO 
has been recently synthesized (4). The crystal structure of a 
hydroxo-bridged platinum compounds [(DMS0)2Pt(OH)2Pt- 
(DMS0)2] (C104)2, isolated from an aqueous solution of 
~ i s - [ P t ( D M S 0 ) ~ ] ( C 1 0 ~ ) ~  (two 0-bonded and two S-bonded 
DMSO (1)) was recently reported (4). However, this method 
was found to be inadequate for the synthesis of dimers with 
other sulfoxides. We have developed a new method involving 
the precipitation of the chloride ligands of ~ i s - [ P t ( L ) ~ C l ~ ]  with a 
silver salt. The method is similar to the one used to prepare 
amine hydroxo-bridged oligomers ( 5 ,  6). Usually, sulfoxide 
and amine platinum complexes behave quite differently. But we 
found that in this case, reactions were very similar. This study of 
the reactions of ~ i s - [ P t ( L ) ~ X ~ l  (X = C 1  or I - )  with several 
silver salts is described below. 

Experimental 
Elemental analyses were done by Galbraith Inc. The infrared spectra 

were measured as Nujol mulls on a P.E. 621 spectrometer. A 60 MHz 
Varian EM 360C was used to record the ' H  nmr spectra. The reactions 
with silver salts were done in the dark. Special care was taken with 
silver perchlorate, since it is explosive when mixed with combustible 
material. However, it was not considered a potential hazard when used 
in the following experiments. 

cis -[Pt(EMS0J2Cl2] 
An aqueous solution (volume 15 rnL) containing 3 mmol of purified 

K2PtC14 and 9 mmol EMS0 was stirred overnight. The white 
precipitate was filtered, washed with water, ethanol, and ether, and 
then dried. The yield can be increased by concentrating the filtrate to 
10 mL and letting the solution stand at room temperature. After a few 
days, the crystals were filtered, washed with water, ethanol, ether, and 
then dried. Total yield: 67%, mp 126°C. Anal. calcd.: C 16.00, H 3.58; 
found: C 16.26, H 3.83. 
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C~S-[P~(DPSO)~C/~]  
A 40 mL aqueous solution containing 2 mmol of K2PtC14 and 

4.4 rnmol DPSO was stirred for 15 min. The mixture was filtered and 
the filtrate was stirred overnight at room temperature. The very pale 
yellow precipitate was filtered, washed with hot water, ethanol, and 
ether, and then dried. Yield: 70%, mp 105°C. Anal. calcd.: C 26.97, 
H 5.28; found: C 27.07, H 5.25. 

C~S-[P~(TMSO)~CG] 
An aqueous solution (15 mL) containing 3 mmol of purified K2PtC14 

and 6.6 mmol TMSO was stirred at room temperature for I8 h. The 
white precipitate was filtered, washed with a great quantity of hot 
water, and dried. Yield: 90%, mp 194°C. Anal, calcd.: C 20.26, 
H 3.40; found: C 20.33, H 3.39. 

cis -[Pt(BMS0J2C12] 
Method 1 :  BMSO (6 mmol, finely powdered) were added to an 

aqueous solution containing 3 mmol of K2PtC14. The mixture was 
stirred at room temperature for 48 h and then filtered. The precipitate 
was washed with hot water, ethanol, and ether, and then dried. The 
yellow compound was dissolved in DMF and stirred for 3-4 days. The 
DMF was then evaporated, and the residue dissolved in acetone. Ether 
was added to the solution and the pale yellow precipitate filtered and 
dried. Yield: 6796, mp 140°C (lit. (3) 141-143°C). Anal. calcd.: 
C 33.45, H 3.51; found: C 33.41, H 3.58. 

Method2 : BMSO (6 mmol) and K2PtC14 (3 mmol) were dissolved in 
40 mL of DMF. The mixture was stirred for 3 days and heated at 70°C 
for 5 h each day. The DMF was evaporated at reduced pressure at 40°C. 
The product was washed withether, ethanol, and water, and then dried. 
Yield: 60%. 

cis-[Pt(DBS0)2C12] 
This compound was prepared by the methods described for cis- 

[Pt(BMS0)2C12]. Yield: 70% (method l ) ,  mp 141°C (lit. (3) 142°C). 
Anal. calcd.: C 46.28, H 3.88, C1 9.76; found: C 45.92, H 3.86, 
C1 10.09. 

cis-[Pt(Lj212] L = TMSO, EMSO, DBSO 
KI (4 mmol) was added to 1 mmol of K2PtC14 dissolved in 15 mL 

H20.  After stirring for 4 min, 2 mmol of L were added and the mixture 
was stirred in the dark for 24 h. The compound was filtered, washed 
with hot water, ethanol, ether, and then dried. Yield: -80%. Anal. 
calcd. for ~ i s - [P t (EMS0)~1~] :  C 11.38, H 2.55; found: C 11.26, 
H 2.64. 

C~S-[P~(EMSO)~(C~O~)~].~H~O 
~is-[Pt(EMS0)~Cl~l  (1.325 mmol) and AgC104 (2.650 mmol) were 

mixed together in 15 mL H20.  After 24 h of stirring, AgCl was filtered 
out. The pH of the filtrate which was about 1.5 was raised to 6.5 with 
NaOH. The solution was concentrated avoiding precipitation of the 
products. The solution was then passed through "Sephadex G-25" in 
order to eliminate NaClO4. The solution was then evaporated to 
dryness and the product dissolved in acetone. Ether was then added 
to precipitate the compound which was filtered and dried to yield a 
white hygroscopic compound. Yield: 30%, mp 160°C. Anal. calcd.: 
C 11.73, H 3.26, S 10.42; found: C 11.56, H 2.92, S 9.93. 

~ i s - [P t (TMS0)~(Cl0~)~]  . H 2 0  
ci~-[Pt(TMS0)~Cl~l  (0.752 mmol) and AgC104 (1.504 mmol) were 

stirred together in water for 24 h and then filtered to remove AgC1. 
The filtrate was neutralized with KOH and evaporated to dryness. The 
residue was dissolved in acetone and filtered to remove KC104. The 
acetone filtrate was evaporated to dryness, washed with ether, and 
dried. A pale yellow hygroscopic compound was obtained. Yield: 
3096, mp 100°C. Anal. calcd.: C 15.05, H 3.13, S 10.03; found: 
C 15.46, H 2.77, S 9.97. 

c i~- [P t (BMS0)~(Cl0~)~]  
ci~-[Pt(BMS0)~1~] (0.263 mmol) and AgC104 (0.526 mmol) were 

mixed together in a H20-ethanol mixture. After stirring for 4 days, 
ethanol was evaporated and AgI filtered out. The filtrate was 
concentrated and refrigerated. The white precipitate was filtered, 

washed with very cold water, and dried. Yield: 30%, mp 135- 140°C. 
Anal.calcd.:C27.35,H2.85,S9.12;found:C27.62,H2.89,S8.76. 

C~S-[P~(EMSO)~SO~] 
~is-[Pt(EMS0)~Cl~l  (1.870 mmol) and Ag2S04 (1.870 mmol) were 

mixed together in 15 rnL H20.  The mixture was stirred overnight and 
filtered to remove AgCl. Ethanol (5 mL) was added to the filtrate which 
was then evaporated to dryness. The white product was washed with 
ethanol, ether, and dried. Yield: 90%, mp 125°C. 

C~~-[(TMSO),P~(OH}~P~(TMSO)~] (NO3 J2 
ci~-[Pt(TMS0)~Cl~l  (3 mmol) was suspended in 20 mL of water. 

Slightly less than 6 mmol of AgN03 dissolved in water were added to 
the above suspension and the mixture was stirred in the dark for 24 h. 
The precipitate (AgCl) was filtered and the excess AgN03 (if present) 
was precipitated with 0.5 M NaCl. The pH of the filtrate (about 1.5) 
was increased to 6.5 with a 1 M NaOH. The solution was maintained at 
40°C for a few days until crystallization occurred. Very pale yellow 
crystals were obtained upon filtration. Yield: 30%, mp 170°C. Anal. 
calcd.: C 19.92, H 3.55, 0 19.90, N 2.90; found: C 19.87, H 3.72, 
0 19.25, N 2.58. 

C~S-[(DPSO)~P~(OH)~P~(DPSO)~/ (N03j2 
The above method was used. The mixture was stirred in the dark for 

48 h (instead of 24h). Yield: 83%, mp 145°C. Anal, calcd.: C 26.56, 
H5.39, 0 17.69;found: C26.24, H5.17,  0 17.29. 

C~S-[(EMSO)~P~(OH)~P~(EMSO)~]SO~ aizd(ci~-[Pt(EMS0)~(OH)]~ 12- 
(S04)3 

~is-[Pt(EMS0)~C1~1 (4 mmol) was mixed with slightly less than 
4 mmol of Ag2S04 in 15 mL H20.  The mixture was stirred for 24 h and 
the AgCl formed was then filtered. The pH of the solution (1.4) 
was raised to 6.5 with Ba(OH)2. The mixture was stirred at room 
temperature overnight. (Heating at 40°C overnight will increase the 
proportion of the trimer.) The precipitate (BaS04) was then filtered and 
the filtrate evaporated to dryness under vacuum at 40°C. About 
5-10 mL of absolute ethanol were added to the dry product to dissolve 
the yellow trimer. The white dimer, insoluble in ethanol, was filtered 
and dried. Yield: 33%, mp 115°C. 

The ethanol filtrate was evaporated to dryness. Ether was added to 
the product which was filtered and dried. The yellow compound is 
believed to be a trimer. Yield: 32%, mp 195°C (dec.). 

The yield of the dimer can be increase by reducing the heating to a 
minimum throughout the preparation procedure while the yield of the 
trimer can be increased by heating the aqueous mixture for several 
hours at 40°C. Anal. calcd. for [(EMSO)zPt(OH)2Pt(EMS0)JS04: 
C 16.22, H3.85, 0 18.00;found: C 15.48, H4.17,  0 17.39. Anal. 
calcd. for ([Pt(EMS0)20H]3)2(S04)3: C 16.22, H 3.85, S 18.04; 
found: C 15.70, H 3.74, S 18.84. 

Results and discussion 
Complexes cis -[Pt(L)2X2] 

Five complexes of this type were synthesized. Four of these 
compounds (L = TMSO, DPSO ( I ) ,  BMSO, and DBSO (3)) 
have been reported as yellow crystals. We have modified the 
method used by these authors and we have isolated pure cis 
compounds which are white or very pale yellow in coiour. The 
yellow compounds are believed to be the trans complexes 
which are formed at the beginning of the reaction. If the trans 
compounds stay in solution, they will isomerize to give the 
thermodynamically more stable cis species. If they precipitate, 
a mixture of cis and trans compounds will be obtained. To 
obtain pure cis-compounds, the reaction can be done in a 
solvent like DMF (BMSO and DBSO) or the first formed trans 
compounds can be filtered out. We were able to isolate pure 
tran~-[?t(BMSO)~Gl~] which is yellow. The infrared spectrum 
showed one v(Pt-Cl) at 349 cm- '. All cis compounds showed 
two v(?t-C1) vibrations (Table 1). 

All ~ i s - [ P t ( L ) ~ C l ~ ]  compounds showed a v(S-0) vibration 
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ROCHON ET AL 

TABLE 1. Main infrared bands of the [Pt(L)2X2] complexes (cm-') 

Compound v(S-0) v(Pt-Cl) Other bands (500-300 cm') 

TMSO 1020s 326m 
c i~- [P t (TMS0)~Cl~l  1150s, 1134s, 1119s 336s, 320s 515m, 368s, 335sh 
~ is - [P t (TMS0)~1~]  1135s, 1125s 368m 

EMS0 1048s, 1015s 395w, 372w, 347w. 310w 
ci~-[Pt(EMS0)~Cl21 1140s, 1121s 339s, 317s 439s, 418s 

DPSO 1010s 450w, 395w 
~is - [P t (DPS0)~Cl~l  1120s 349m, 324m 510s, 456m, 440s 

BMSO 1038s 464m. 394m, 335m 
~is - [P t (BMS0)~Cl~l  11 16s 331s, 311m 477s. 440s, 381m, 364m 
~is - [P t (BMS0)~1~]  11 15s 478s, 419m, 388m 
tran~-[Pt(BMS0)~Cl~] 11 10s 349s 480s, 430s, 383m, 370w 

DBSO 1015s 460s. 366m, 327m 
~is - [P t (DBS0)~Cl~l  1125s 328m, 311m 480s, 476s, 419m, 41 lm,  394w 
c~s-[Pt(DBS0)~1~] 1 100s 476s, 410m, 405m, 353w 

at a frequency higher than that in the free ligand, confirming and ~ i s - [ P t ( D P S 0 ) ~ c l ~ ]  (8) confirmed the configuration of the 
that the binding site is the sulfur atom (3) (Table 1). The complexes and the binding site of the ligands. 
infrared spectra of the iodo compounds confirmed the v(Pt-Cl) 
assignments since some of the ligands absorb in that region. Reactions of cis-[Pt(Lj2C12] with AgC104 

A crystal structure determination of cis-[Pt(TMSO),Cl,] (7) Rochon, Kong, and Melanson (4) have synthesized a DMSO 
dimer by the following method: 

DMSO 
~ i s - [P t (DMS0)~Cl~ l  + 2AgC104 A ~ i s - [P t (DMS0)~ ] (C10~)~  + 2AgC1 

H204 
[(DMSO)2Pt(OH)2Pt(DMSO)2] (C1O4)2 

DMSO was used as solvent and as ligand. We have tried reszlting aqueous solution of ~is- [Pt(L)~(C10~) , ]  were not 
this method with other sulfoxides (L) using DMF as solvent. successful. 
But we have found the method inadequate. We have then 
tried the reaction in aqueous medium. Compounds of the type Reactions with AgN03 

[Pt(L)2(C104)2] were isolated (L = EMSO, TMSO, and The reactions between cis-[Pt(L),C12], (where L = TMSO 

BMSO). and DPSO) and AgN03 produced dimeric species [Pt(L)2- 
(OH)]2(N03)2. Nitrate dimers seem easier to crystallize than 

H7O 
c i~- [P t (L)~Cl~]  + 2AgC104 A ~is-[Pt(L)~(C10,),] + 2AgC1 

perchlorate dimers. The synthetic method is shown in Fig. 1. 
The reaction is slower for L = DPSO but the yield is higher 

The results of the elemental analyses showed that some of 
the compounds were hydrated even after drying under vacuum 
(see Experimental section). The coordination of the perchlorate 
ion to the platinum atom in the solid state can be determined by 
infrared spectroscopy. Group theory predicts one large band 
v3(Cl-0) in the region 1150-1030 cm-' for ionic C104- (T,) 
and two bands for coordinated monodentate C 1 0 4  ( C 3 L )  (9). 
~is-[Pt(DMS0)~(0H)]~(C10~)~ showed one v3 at 1076 cmpl  
while [Pt(BMS0)2(C104)2] showed two bands at 1130 and 
1094 cm-'. The infrared spectra of [Pt(TMS0)2(C104)21 .2H20 
and [Pt(EMSO)2(C104)2] .H20  showed the presence of water. 

Conductivity measurements of c i~ - [P t (EMS0)~(Cl0~)~]  .2H20 
showed that the compound is hydrolyzed in aqueous solution. 
The value found immediately after dissolving the compound in 
water was 182 and 229 cm2 mol-' after 24 h, indicating 
the presence of close to three ions (10). The different hydro- 
lysed species could be cis-[Pt(EMS0)2(H20)21(C104)2, cis- 
[Pt(EMSO)2(H2O)(OH)](ClB4), and possibly some dimeric 
species C~S-[P~(EMSO)~(OH)]~(C~O~)~. Perchlorate in aqueous 
solution does not coordinate to platinum as shown by 1 9 5 ~ t  nmr 
(11). 

Attempts to isolate oligomeric species by neutralizing the 

(80% and 35% for L = TMSO). 
The quantity of AgN03 is critical since an excess will 

decompose the complexes. The mixture of cis-[Pt(L),Cl,] and 
AgN03 in water is stirred for 24 h (48 h for DPSO) in the dark 
before filtering the AgC1. The pH is then about 1.5. NaOH 
(1 M) is added until the pH is 6.5 to increase the proportion of 
monoaquo-monohydroxo species in order to favor dimerisa- 
tion. The solution is kept at 40°C for 3-4 days and crystalliza- 
tion occurs. The method of separation is based on solubility 
differences of the species in solution. The dimer crystallizes 
first, but it is quite soluble in water. The dimer containing DPSO 
is less soluble and is therefore easier to separate than the TMSO 
analogue. A series of forced crystallizations can increase the 
yield of the TMSB dimer. During this process, a very pale 
yellow compound is first obtained. Later, a darker compound 
believed to be a trimer can be isolated. The crystal structure 
analysis of c~s - [P~ (TMSO) ,OH~~(NO~)~  has confirmed the 
structure (12). The cation contains a centre of symmetry. 

The molar conductivities were measured in aqueous solutions. 
The results showed the presence of three ionic species. The experi- 
mental values were 238 Q- ' cm2 for C~S-[P~(TMSO)~OH]~(NO,)~ 
and 236 a-' cm2 for ~is-[Pt(DPS0)~0Hl~(N0~)~. 
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The nitrate salt of the EMS0 dimer could not be isolated. expected dimer. About half of the sulfoxide molecules were 
This compound is very soluble and could not be separated from found free after the reaction. The pH of the solution after the 
NaN03 produced upon neutralisation with NaOH. reaction was acidic indicating the presence of deprotonated 

Thereactions of ci~-[Pt(BMS0)~C1~1 and ~ i s - [P t (DBS0)~Cl~ l  hydroxo species. The product is very soluble in acidic media 
with AgN03 are very different probably for steric reasons. The but precipitates when the solution is neutralized. Therefore the 
reaction is very slow (= 1 week) and must be initiated by complex is probably ionic in acidic media but neutral at pH > 7. 
heating. The product of the reaction is also different from the The preliminary results seem to suggest the following reactions: 

H20 BMSO\ /OH\ /H20 ci~-[Pt(BMS0)~C1~1 + 2AgN03 
7OoC, 7 days (N03-)2 + 2BMSO + 2AgCI J. 

H20/Pt\OH/Pt\BMS0 

The infrared spectrum of the neutral compound showed the 
presence of 0-H vibrations but no ionic or coordinated NO3-. 

Several attempts to synthesize dimers C~S-[P~(BMSO)~(OH)]~~+ 
were not successful. The close proximity of two very bulky 
sulfoxide ligands which contain phenyl groups situated above 
and below the platinum plane, might prevent the expected 
dimerisation. The platinum atom will prefer to lose a sulfoxide 
ligand to reduce the steric hindrance and dimerisation can then 
occur. The complex ~is- [ lPt (DBS0)~Cl~] ,  which is even more 
bulky, will react similarly with AgN03, but slower. 

3-4 days 

6.5  

FIG. 1.  Synthetic method for hydroxy-bridged dimers. 

Reactions with Ag2S04 
The method developed to synthesize the EMS0 dimer 

involve the following reactions: 

-2AgC1 
ci~-[Pt(EMS0)~Cl~l + Ag2S04 - hydrolyzed species 

H2O 

i Ba(OH12 
pH = 6.5 

sulfate oligomer + BaS04 4 

The complex ~ i s - [ P t ( E M S 0 ) ~ C l ~ l  reacts in water with 
Ag2S04. After 24 h, AgCl is filtered out. The pH of the solution 
is 1.4 and is raised to 6.5 with Ba(OH)2. The next day, the 
barium sulfate is filtered out. The filtrate contains the hydroxo 
dimer and probably some trimeric species. If it is desired to 
increase the proportion of the trimer, the mixture can be heated 
at 40°C for several hours before filtering the BaS04. The dimer 
and the trimer can be separated with ethanol. The white dimer is 
insoluble in ethanol while the trimer is soluble. After evapora- 
ting the ethanol, the trimer can be recovered with ether. This 
complex is dark yellow. The dimer can be obtained pure, while 
the trimer is more difficult to purify. Both compounds are very 
soluble in water and are difficult to recrystallize. The results of 
the element analyses of the two compounds are shown in the 
Experimental section. The trimer might contain some higher 
oligomers . 

Conductance measurements do not give any informations on 
the different oligomeric species for this type of compounds. The 
molar conductivities depend on the molecular weights which 
change with the different oligomers. 

The dimeric species were confirmed by 1 9 5 ~ t  nmr which gave 
a signal at 6 = -2887 ppm which is 259 ppm higher (lower 
field) than c ~ s - [ P ~ ( E M S O ) ~ ( H ~ O ) ~ ]  as expected. The trimer 
showed a weak and broad signal at -2906ppm (13). 

' H  nrnr and ir spectra 
The 'H nmr spectra of the oligomeric species were measured 

in D20 .  The results are shown in Table 2. The a protons in the 
complexes have been shifted to lower field by 0.56 to 0.73 ppm 
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TABLE 2. 'H nmr of the oligomers (S(ppm)) 

Compound 

TMSO 
[ (TMSO)2Pt(oH) 12(No3 12 
AS 

DPSO 
[(DPS0)2Pt(OH )12(N03)2 
AS 

EMS0 
[(EMSO)2Pt(OH)]2S04 
AS 

([(EMso)zPt(oH)13)2(s04)3 
AS 

[Pt(EMSO)z(SO4)1* 
AS 

2.97m 
3.65m 
0.68 

2.88t 3~ = 8 Hz 
3.44m 
0.56 

2.92m 
-3.55m 
-0.6 

-3.55m (wide) 
-0.6 

-3.6 (wide) 
-0.7 

2.22m 
2.25m 
0.03 

1.74m 1.02t 3~ = 8 Hz 
2.07m 1 . 1 3  3 ~ = 8 H z  
0.33 0.13 

1.30t 3 ~ = 8 H z  2.70s 
1.47t 3 ~ = 8 H z  3.40, 3.42 3 ~ ( 1 9 5 ~ t - ~ )  = 25 Hz 
0.17 0.70, 0.72 

1.5 1 (wide) 3.43, 3.45 
0.21 0.73, 0.75 

1 . 5 3  3~ = 8 Hz 3.57 3 ~ ( ' 9 5 ~ t - ~ )  = 26 Hz 

*See text. 

FIG. 2. 'H nmr spectra of ( a )  the dimer [Pt(EMS0)20H]2S04 and 
(b) the trimer. 

upon complexation. These values show the great influence of 
Pt on its environment. This influence is still important on 
the protons in 6 and even y (DPSO) positions. The smaller 
influence of Pt on H P  of TMSO (A6 = 0.03 ppm) can be 
explained by the cyclic nature of the ligand, since the protons 
cannot approach the Pt atom as much as those in aliphatic 
ligands . 

The dimer and trimer of EMS0 have similar chemical shifts, 
but the peaks are much broader for the trimer (Fig. 2). The 
widening of the peaks can be explained by different conforma- 
tions of the cation which is stereochemically non-rigid in 
solution as observed for the ammine trimer [(NH,)~P~(OH) 1 3 ~ ~  

(6). The EMS0 trimer might contain some small quantities of 
the dimeric compound, 

The EMS0 complexes contain chiral sulfur centers, so 
that diastereoisomers may coexist as oberved for cis-[Pt- 
(CH3SOCH2C6N5)2C12] (3) which showed, in chloroform 

solution, two CH3-S resonances separated by 0.14 ppm. 
There seem to be two very close CH3-S resonances for the 
EMS0 dimer and trimer (Fig. 2). The separation between 
the two peaks is only 0.02 ppm. Therefore, two forms might 
coexist in aqueous solution. The 195~t-H' satellites of the 
CH,-S resonances are well defined in the spectrum of the 
dimeric compound (Fig. 2a). The 1 9 5 ~ t - ~ 1  coupling constant 
is 26 Hz and compares well with the values found in cis- 
[Pt(DMS0)2C12] (23 Hz), in ~ ~ s - [ P ~ ( C H ~ S O C H ~ C ~ H ~ ) ~ C ~ ~ ]  
(22.5 Hz), and in [Pt(CH3SOCH(CH3)2)2C12] (23 Hz) (3). 

The monomeric compound c~s - [P~(EMSO)~SO~]  also con- 
tains two chiral centers with the possibility of the coexistence of 
dl and meso forms. But the nmr spectrum of the compound is 
consistent with the presence of one form, since a single CH3-S 
resonance was observed. Only one CH3-S resonance was also 
observed for c~s-[P~(CH~SOCH(CH~)~)~C~~] in chloroform 
solution (3). The 1 9 5 ~ t  nmr spectrum of c~s - [P~(EMSO)~SO~]  
showed that the compound is hydrolysed in aqueous solution 
(13). The two main species are C ~ S - [ P ~ ( E M S ~ ) ~ ( S O ~ ) ( H ~ O ) ]  
and c ~ s - [ P ~ ( E M s ~ ) ~ ( H ~ o ) ~ ] ~ + .  A small quantity of the dimeric 
compound was also observed. 

Infrared spectroscopy is an important method to identify the 
different synthesized species. Monomers are characterized in 
the solid state by coordinated NO3- or S042-, while these are 
ionic in oligomers. Ionic NO3- ( D 3 h )  has four vibrational 
modes, three are ir active, two of which are more intense (9). 
These were observed at 1360 and -825 cm-' (Table 3) for 
the TMSO and DPSO dimers. Therefore these two compounds 
contain ionic nitrate ions. Ionic S042- (Td)  has two vibrations 
active in infrared (v3 and v4) while chelating bidentate sulfate 
with lower symmetry (C2c) has all degenerated modes separated 
(9). All the modes are infrared-active. The main bands of the 
three EMS0 sulfate compounds are listed in Table 3. These 
results show that the dimer and the trimer contain ionic sulfate 
ions while the monomer contains coordinated S042-. Three 
v, and three v4 bands have been identified indicating C2L 
symmetry for the monomer. The v3 vibrations appear at higher 
frequencies indicating chelating bidentate S042- rather than a 
bridged bidentate complex (9). A unidentate S042- ( C 3 L )  
complex would show two v3 and two v4 vibrations. Therefore 
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Ligand properties of phosphinito platinum complexes: 
3 1 ~  and I9'pt nuclear magnetic resonance studies and the crystal and molecular structure 

of [Cl(Et3P)Pt(~-PPh20)2Pt(PEt3)2] [BF4] 

DAVID ERIC BERRY, KATHRYN ANNE BEVERIDGE, JANE BROWNING, GORDON WILLIAM BUSHNELL, 
AND KEITH ROGER DIXON' 

Department of Chemistry, University of Victoria, Victoria, B.C. Canada V8W 2Y2 
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DAVID ERIC BERRY, KATHRYN ANNE BEVERIDGE, JANE BROWNING, GORDON WILLIAM BUSHNELL, and KEITH ROGER 
DIXON. Can. J. Chem. 64, 1903 (1986). 

Reaction of sodium hydride in tetrahydrofuran with the hydrogen-bonded phosphinito complex, [PtCl(PEt3){(PPh20)2H}], 
gives a solution of the salt, [PtC1(PEt3){(PPh20)2Na)], which is a precusor to synthesis of other bimetallic derivatives, 
[P~C~(PE~,){(~-PP~@),Q)]"+:  n = 0, Q = Rh(C0D) or Ir(C0D); n = 1. Q = Pd(PEt3)* or Pt(PEt3)2. Detailed 3 1 ~  and 
' 9 5 ~ t  nrnr studies are reported for these and related examples including a titanium complex (n = 0, Q = Ti(acac)C12) 
synthesised by direct reaction of [PtCl(PEt3){(PPh20)2H}] with [TiC12(acac)2]. The diplatinum complex, [Cl(PEt3)Pt(p- 
PPh20)2Pt(PEt3)2][BF4] crystallizes in the monoclinic space group P2,/n, with a = 13.018(2), b = 34.205(9), c = 
11.279(2) A, P = 91.7 l(2)". A complete X-ray diffraction study shows that the two platinum centres are significantly non-planar 
and are linked by the phosphinito ligands to form a six-membered ring in a boat conformation with phosphorus and oxygen atoms 
forming the prows of the boat. 

DAVID ERIC BERRY, KATHRYN ANNE BEVERIDGE, JANE BROWNING, GORDON WILLIAM BUSHNELL et KEITH ROGER 
DIXON. Can. J. Chem. 64, 1903 (1986). 

La rkaction de l'hydrure de sodium, dans le tktrahydrofuranne, avec les complexes phosphinito suivants ayant des liaisons 
hydrogenes [PtCl(PEt3){(PPh20)2H}] conduit a une solution de sel de [PtCl(PEt3){(PPh20)2Na)] qui est un prkcurseur dans la 
synthkse d'autres dkrives bimktalliques comme [PtC1(PEt3){(p-PPh20)2Q}]n+ dans lesquels n = 0, Q = Rh(C0D) ou Ir(C0D); 
n = 1, Q = Pd(PEt3)2 ou Pt(PEt3)2. On rapporte les etudes detaillees de la rmn du 3 1 ~  et du 1 9 5 ~ t  de ces complexes et 
des complexes apparent&, y compris un complex de titane (n  = 0, Q = Ti(acac)C12) prCparC par la rkaction directe du 
[PtC1(PEt3){(PPh20)2H)1 avec le [TiC12(acac)2]. Le double complexe de platine [C1(PEt3)Pt(p-PPh20)2Pt(PEt3)2][BF4] 
cristallise dans le groupc d'espace monoclinique P 2 ,  / n  avec a = 13,018(2), b = 34,205(9), c = 11,279(2) A et P = 91,71(2)'. 
Les ktudes par diffraction des rayons X revelent que les deux centres Pt ne sont pas plans et se lient aux ligands phosphinito pour 
former un cycle it six chainons dans une conformation bateau avec les atomes d'oxygkne et de phosphore en positions de proue. 

[Traduit par la revue] 

Introduction 
The coordination chemistry of organophosphites is notable 

for the large variety of possible products occasioned by the 
reactivity of the P-OR bond. We have summarized the 
literature relating to this area in two recent papers and have also 
discussed the formation of P-0 complexes via hydrolysis of 
coordinated chlorophosphines (1, 2). A particularly interesting 
and widely studied class of complexes is exemplified by 
structure I .  

Hydrogen bonded ring systems of this type are formed in 
many reactions of secondary phosphites and are also the most 
usual final outcome of hydrolyses of ~ i s - M ( P R ~ c 1 ) ~  fragments. 
They have been studied by many research groups (3) and 
examples are known for a wide range of transition metals 
including Mn (4), Cr ( 3 ,  Mo (5-7), W (5), Ru (8, 9), Rh (lo), 
Ir (1 I ) ?  Ni (12), Pd (13-16), and Pt (13-15). X-ray diffraction 
studies (4, 7, 9,  10, 17- 19) have shown 0 - - - 0  distances in the 
range 2.38-2.43 A and the hydrogen bonds have been generally 
assumed to be symmetrical. However, it is interesting that the 
only two crystal structures (4, 9) which explicitly locate the 

'TO whom all correspondence should be addressed. 

hydrogen atom have shown asymmetrical hydrogen b>nds 
despite the short 0-0 distances. Values less than 2.5 A are 
normally considered indicative of symmetrical hydrogen bonds 
(19). 

The hydrogen bonded proton of structure I is readily removed 
by a variety of bases and this leads to an extensive coordination 
chemistry in which the anion derived from I may be regarded 
as an analogue of acetylacetonate (acac). Coordination com- 
pounds have been reported in which the proton is replaced by the 
nonmetals B (6, 8 ,  11, 20-22), Si (20), and P ( 5 ) ,  and by a 
wide range of metals, including Na (6), Zn (12, 21, 22), Al, T1 
(12), V (11, 12, 20, 23), Mn (23), Co (11, 12, 21-24), Ni, Cu 
(21-23), U (21, 22, 25), and Th (21, 22). The chemistry is 
interesting as a potential route to mixed metal chain oligomers 
having different metal ions in specific sites (21, 22), one site 
being "soft" in character and the other "ha rd ,  and also as 
a route to studies of reactivity of proximate metal centres. 
As we have noted above, the hydrogen bonded ring systems 
I are structurally well-characterized but despite the large 
number of known metal derivatives only two X-ray diffraction 
studies are available, the uranium complex, [(q-C5H,)Ni{p 
P(OMe)20)2)4U] (25) and, very recently, a relatively low 
accuracy (R, = 11.4%) cobalt structure, [{(Et2NS2)Pt(p- 
PPh20)2)2C~]  (24, 26). 

In the present paper we describe syntheses and 31P and 
1 9 5 ~ t  nmr studies of Ti, Pd, Pt, Rh, and Ir complexes of the type 
I ligand [(Et3P)C1Pt(PPh20)2]. With the exception of the 
Ti complex, these differ from previous examples in that 
M'  in structure 11 is a "soft" metal. A structural study of 
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the platinum complex, [(Et3P)ClPt(p-PP~,O),P~(PE~~)Z][BF~] 
(111) is reported. 

Results and discussion 
(A) Synthesis 

The complexes discussed below were characterized primarily 
by the 3 1 ~  nrnr spectra discussed in the next section. ' 9 5 ~ t  
spectra were also recorded as given in the Experimental section 
and in all cases show coupling constants and multiplicities as 
expected from the 31P spectra. 'H spectra served mainly to 
confirm the ratios of aryl, alkoxy, and alkyl protons. 

If complexes of type I are regarded as analogues of 
acetylacetone (acacH) then two simple routes to their coordina- 
tion complexes are available. 

R2 

/ =O\\\ 
[ I ]  LnM ,H + Lf,M' (acac) 

\ p_o"' 

K2 

/P-O\ 
L,M\ M'L', + acacH 

P-0 / 
R2 

In practice, since reaction [2] requires an expansion of the 
coordination shell of M',  we have found a variant using 
cleavage of a double chloride bridge to be more useful. Thus: 

J 

R2 

2L,M 
/P-O\ 

M'L', + 2NaC1 
\P-o/ 

R2 

Solutions of [PtC1(PEt3){(PPh20)2Na)] are readily prepared by 
heating the known complex, [PtC1(PEt3){(PPh20)2H}] (15), 
with excess sodium hydride under reflux in tetrahydrofuran. 
Reactions of this solution with the chloride bridged complexes, 
[ R ~ C ~ ~ ( P E ~ ~ ) ~ ] ~ +  or [Rh2C12(COD)2] proceed under mild condi- 
tions according to reaction [3] to give, respectively, [Cl(Et,P)Pt(k- 
PPh20)2Pt(PEt3)2] + or [C~(E~,P)P~(~J . -PP~,O)~R~(COD)] .  Pal- 

ladium and iridium analogues, [Cl(Et3P)Pt(p-PPh20) ,Pd(PEt3),] + 

or [C1(Et3P)Pt(p-PPh20)21r(COD)] can be similarly prepared. 
As a check on the analogy with acetylacetone we also reacted 
[pt2C12 ( P E ~ ~ ) ~ ]  2+ with Na(acac) to give [Pt(acac)(PEt3) ,] 2 + ,  
the expected product according to reaction [3]. 

The products from an acac displacement reaction simi- 
lar to reaction [ I ]  were more problematical. Reaction of 
[PtCI(PEt3){(PPh20),H)] with [TiCl , (a~ac)~]  gave a principal 
product analysing as [C1(Et3P)Pt(p-PPh20)2TiC12(acac)]. 

There are five possible isomers of this formulation since the 
complex can be trans (structure IV) or cis (structure V). There 
are two possible cis structures (with transposition of the C1 and 
PEt3 ligands) and each of these is chiral. The 31P nmr of the 
main product is very similar to that of the other complexes 
described above except that the resonances for the bridging 
PPhzO resonances are doubled indicating the presence of two 
isomers. The centreband resonances for the PEt3 ligands of the 
two isomers are not resolved but some resolution is seen in the 
1 9 5 ~ t  sidebands. A third product showing another very similar 
spectrum but in which the PEt3 resonances were also signifi- 
cantly chemically shifted was observed in the supernatant 
liquids from the reaction. These observations suggest that the 
principal (less soluble) product consists of a racemic mixture of 
the two possible cis isomers (V), and the other (more soluble) 
product is probably the trans isomer (IV), but it is clear that 
we cannot be certain of these assignments. Data for all three 
products are given in Table 1 but spectra for the more soluble 
component were poor and only the parameters for the PEt, 
group could be determined with confidence. 

In the course of our preliminary studies for the above work we 
also prepared several analogues of [PtCl(PEt3){(PPh20)2H}]. 
Bridge cleavage reactions of [Pt2(k-C1)2{(PPh20)H}2] with 
tertiary phosphines and phosphites gave [PtCl(L){(PPh20)2H}], 
L = PBun3, or P(OPh)3, and reaction of (EtO),P(O)H 
with [Pt2C14(PEt3)2] gave [PtCl(PEt3){(P(OEt)20)2H)] . 

In their 1978 review of phosphinite and phosphite chemistry 
(3), Roundhill, Sperline, and Beaulieu noted an unusual and 
little studied substitution reaction in which [Pt{(PPh20)2H)2] 
is converted to [Pt{(PPh20)(P(OPh)2)H}2] by reaction with 
P(OPh)3. The reaction of P(0Me) with [Pt2(k-C1)2{(PPh20)H)2] 
provides a further example of this type of process. As noted 
above, use of two molar equivalents of P(OMe), gives 
[PtCl{P(OMe)3}{(PPh20)2H}], but if excess phosphite is used 
then the product is complex VP. In contrast to the example 
reported previously (31, we found no evidence for a corres- 
ponding reaction with excess P ( O P ~ I ) ~ .  
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TABI r 1. Phosphorus-31 nuclear magnctlc resonance parametelso tor complexes 

Notes fj(P.4) ~ ( P B )  s(Px) J(PA-PB) J(P,-Px) J(P,-Px) J(Pt-PA) J(Pt-P,) J(Pt-P,) 

Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 

Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Me0 
Me0 
Me0 
Me0 
EtO 
PhO 
PhO 
Ph 
Ph 
PhO 
PhO 

"Present work. 
hData from ref. 20. 
'Data from ref. 29. 
dData from ref. 14. These workers used P,O, as a phosphorus reference and we have converted the shifts assuming that P40, is at + 113 ppni relative to 85% HH1P04. 
'Platinum-195 parameters for this complex are given in the Experimental section. 
f24.3 MHz in dichloromethane solution. 
X24.3 MHz in tetrahydrofuran solution. 
h l O 1  .3 MHz in deuterochloroform solution. 
'Not resolved. 
JThe cis-PEt3 groups in "Q" appeared as an NM quartet. All P-P and Pt-P couplings through the oxygen were smaller than the instrument resolution. 
k6(N) 41.65, S(M) 39.43 ppm; 'J(NM) -26.6 Hz. 
'S(N) 8.28, 6(M) 5.51 ppm; 'J(NM) -25.2, 'J(Pt-P,) 3683, 'J(Pt-P,) 3716 Hz. 
'?(N) 39.44, S(M) 38.00 ppm; 'J(NM) -27.4 Hz. 
"Three isomers were observed for this complex. Their significance is discussed in the text. + 

"Chemical shifts (6) are quoted in parts per million relative to 85% H?PO,. Except as indicated, all shifts were positive. Coupling constants (J)  are in Hz acd their signs are discussed in w 

the text. z 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1906 CAN. J .  CHEM. VOL. 64, 1986 

(B)  31P nuclear magnetic resonance spectra 
Most of the complexes studied in this work are of the general 

type illustrated by structure VII: 

VII 

Proton decoupled 31P nInr spectra of these complexes can 
usually be analyzed in the ABX spin system as defined in 
VII, and exhibit 1 9 5 ~ t  sidebands belonging to the ABMX spin 
system. This designation is somewhat unusual in that the 
chemical shift difference between A and B is often greater than 
that between B and X; but it is the large trans coupling between 
A and B which determines the spin system. Most of the spectra 
are sufficiently close to first order that the analyses present no 
special problems and a typical spectrum has been illustrated in 
a previous paper (20). However, in the present work we have 
improved the reliability of the parameters by computer simu- 
lation and refinement of all spectra, thereby avoiding the 
assumption of first order character made by previous authors. 

For many of the complexes, we had available spectra at both 
24.3 and 101.3 MHz and the non-first order character of the lower 
frequency spectra provided some information on signs of coupling 
constants. The details varied from compound to compound, 
but the procedure adopted for [PtC1{P(OMe)3){(PPh20)2H)] 
is illustrative of the internal checks for consistency which 
were applied in all cases. At 101.3 MHz the spectrum of 
[PtC1{P(OMe)3){(PPh20)2H)] was essentially first order. At 
24.3 Mz the centre bands were an ABC spin system but the 
195Pt sidebands allowed ABMX analysis. Refinement of the 
sidebands with all possible sign combinations for JAX and JBx 
showed that only like signs gave satisfactory refinements 
with magnitudes in agreement with those obtained from the 
101.3 MHz spectrum. Moreover, only negative signs for these 
parameters were able to predict the appearance of the ABC 
centre bands. The large trans coupling, JAB,  and all the 
platinum-phosphorus coupling were assumed to be positive on 
the basis of previous literature results (27, 28). 

The parameters derived from these analyses are collected in 
Table 1 together with literature data for comparison. In general 
the parameters follow well established trends and require little 
comment. Thus J(Pt-PB) and J(Pt-Px) reflect the trans- 
influences of the Et3P and Cl ligands; a difference which is also 
apparent in the Pt-P bonds lengths discussed below. Also the 
various coupling constants depend as expected on the electro- 
negativity of the substituents, with larger magnitudes where 
either or both atoms carry alkoxy or aryloxy substituents. There 
is, however, one interesting trend associated with the variation 
of the group Q. Changing from a hydrogen bonded proton to a 
sodium ion causes shielding of PB and Px and increases in 
J(Pt-PB), J(Pt-P,), and J(PA-P,). All of these changes 
are consistent with greater electron density in the sigma bonds of 
the Pt(PR20)2 unit. At the same time the slightly strengthened 
Pt-PB bond exerts an increased trans influence causing a 
decrease in J(Pt-PA) and deshielding of PA. When Q is a 
group containing a less electropositive metal (Rh, Ir, Pd, or Pt) 
the changes relative to the protonated species are similar but 
generally smaller in magnitude than those for sodium. When Q 
contains boron or silicon the changes are of small magnitude and 
erratic in direction. These trends can all be rationalised by 
increasing polarising power of the group Q in the sequence: 

electropositive metals < electronegative metals < non-metals 
and hydrogen. The data for the titanium complexes fit into this 
sequence (assuming Ti(IV) to be strongly polarising) except for 
a large deshielding of PB and Px, a perturbation which could 
be a result of the very different six-coordinate geometry of these 
complexes. 

lpt{(pph20)(P(oMe),o)H)2l 
In principle the 3 1 ~  spectrum of this complex should belong 

to the AA'BB' spin system as shown in structure VI, but in 
practice J(AA1) and J(BB ') are both trans phosphine couplings 
which are expected to be large and significantly different in 
magnitude because of the different substituents. Also it is likely 
that J(AB) = J (ABr)  since cis couplings show very little 
variation (see Table 1). Either of these two conditions could 
lead to the deceptively simple A2B2 spectrum (30) shown in 
Fig. 1. Computer refinement and simulation gave the following 
parameters: 

Comparison of these parameters with those for [Pt{(PPh20)2H)2], 
8(P) +72.5 ppm, J(Pt-P) 2467 Hz (25), and [Pt{(P- 
(OMe)20)2H)2], 6 (P) +89.2 ppm, J(Pt-P) 3456 Hz (24), 
makes it clear that PA above is the PPh20 group and PB is 
P(OMe)20 as shown in VI. 

The spectrum of VI  is also interesting as a further example 
showing significantly different centre bands and " 5 ~ t  sidebands 
(31). As Figure 1 shows, the low field sideband is first order 
A2X2, the centre band is a weakly coupled A2B2 pattern, and the 
upfield sideband is strongly coupled A2B2. These differences 
are caused by the effective chemical shifts introduced into the 
sidebands by the different magnitudes of J(Pt-PA) and 
J(Pt-PB) (31). 

(c)  Structure of [Cl(Et3P)Pt(p-PPh20)2Pt(PEt3)2][BF4] (In) 
The atomic labelling scheme and the structure of a single 

molecule are shown in Fig. 2. Fractional atomic coordinates 
and isotropic temperature parameters, bond lengths, and bond 
angles are collected in Tables 2-4, and the following tables 
have been deposited: anisotropic temperature factors, structure 
factors, selected intermolecular distances, and mean plane 
information. 

The structure of [Cl(Et3P)Pt(y-PPh20)2Pt(PEt3)2][BF4 1 con- 
sists of two nominally square-planar platinum centres linked by 
a pair of P-0 bridges to form a six-membered ring. There is 
asymmetry at both ends of the molecule, C1 versus PEt3 at Pt(1) 
and differing conformations of PEt3 at Pt(2), and the coordina- 
tion geometry around both platinums is considerably distorted. 
The angles seem to reflect the most obvious considerations of 
ligand size and the constraints imposed by the ring structure. 
Thus, around Pt(1) all the angles are compressed (84.1-88.6") 
except for P(2)-Pt(1)-P(3) (102.0(2)"), whereas around 
Pt(2) it is the angle between the terminal PEt3 groups which is 
opened (98.5(2)") and the others compressed (85.2-90.4"). 
Both sets of atoms bonded to Pt are distinctly non-planar (X2 = 
Cp2/(r(p)2 = 7906 at Pt(l), 116 at Pt(2)), but the distortion at 
Pt(1) is much larger and may be due to a significant intramole- 
cular interaction between PEt3 containing P(3) and the adjacent 
phenyl ring. 

'Copies of these tables may be purchased from the Depository of 
Unpublished Data, CISTI. National Research Council of Canada, 
Ottawa, Ont., Canada K I A  OS2. 
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BERRY ET AL 

FIG. 1. 3 1 p { 1 ~ }  nuclear magnetic resonance spectrum of [Pt{(PPh20)(P(OMe)20)H)2]. The main figure shows the complete spectrum with 
computer simulations of the 1 9 5 ~ t  sidebands (upper traces). The inset is an expansion of the centre band with a computer simulation (lower trace). 

A i l  

FIG. 2. ORTEP plot of compound 111, [C1(Et3P)Pt(p-PPh20)zPt- 
(PEt3)2] [BF,] . Thermal ellipsoids scaled to enclose 50% probability. 
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The bond lengths involving Pt(1) and the P-0 lengths 
in the six-membered ring are all closely similar to those 
observed previously in [Pt{(P(OMe)~0)2)BF2~21 (32) a ~ d  
[Cl(Et3P)Pt(PPh20),BF2] (33). The Pt(2)-P(4), 2.226(5) A, 
and Pt(2)-P(5), 2.253(5) A, bonds are relatively short (34,35), 
consistent with the expected small trans-influence of oxygen 
ligands. The shorter length is similar to the Pt-P bonds (ave. 
2.235 A) in the dihydroxy bridged cation, [P~~(OH)~(PE~,) , ]?+ 
(36). The Pt(2)-0 lengths in 111, 2.057(10) and 2.087(11) A, 
are als: close to those in the hydroxy bridged cation, ave. 
2.133 A. 

The most interesting structural feature concerns the con- 
formation of the six-membered ring. Our previous study of 
[Pt{(P(OMe)20)2)BF2)2] showed a chair conformation, with a 
roughly planar P202 unit forming the seat, and we noted that the 

geometry of the MP202 fragment was relatively unaffected 
by substitution of BF2 for H (32). In the present structure 
substitution by platinum changes the ring to a boat conforma- 
tion, either because of the P(3)Et3---phenyl interaction or 
because of the need to accommodate a second -90" angle 
within the ring. Also the non-bonded O(1)---O(2) distance 
increases from the 2.38-2.43 A in the BF2 and H derivatives 
( 4 , 7 , 9 ,  10, 17-19,32) to2.822(14) Ain111. Theboat isnot the 
obvious one having the Pt atoms at the prows, but rather that 
with P(2) and O(1) at the prows. Referring to Fig. 2, the 
Pt(1)-P(l) and O(2)-Pt(2) vectors are approximatelx parallel 
and the four atoms involved are all within 0.061 A of the 
unweighted least-squares plane through the four atoms. The 
prows of the bott, P(2) and 0(1),  are, respectively, -0.780(4) 
and -0.658(9) A below this plane. The torsion angle across the 
ring, O(1)-P(1)---P(2)-O(2) is 47.6(5)". The coordination 
planes of Pt(1) and Pt(2) are incorporated into the ring in similar 
ways, being set at respective dihedral angles of 26.4 and 18.4' 
to the Pt(l), P(1), Pt(2), O(2) plane. It is interesting that the only 
other related structure involving two metal centres, compound 
VIII (24, 26), can be described in a similar way .3  

I 

VIII 

11 

Using the revised coordinates given by Marsh (26),, we calcu- 
late that the unweighted least-squares plane through Pt(2,1), 
Co(l), 0(2,3), an! P(1,4) has a maximum perpendicular 
deviation of 0.153 A leaving 0(1,4) and P(2,3), respectively, 
0.14(2) and 0.825(8) A out-of-plane in boat conformation. The 
phenyl ring positions on P(2,3) resemble those on our P(2). The 
more obvious unweighted least-squares plane through P(1,4), 
P(2,3), 0(11,4), and 0(2,3), has a marginally worse maximum 

~~ I l l  

1 i , - l ~ J . ! d  I l l  
dl! Li !I\/ JI 

3 ~ h e  double numbering in VIII results from the fact that the 
structure was refined in a less symmetric space group (24). 
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TABLE 2. Fractional atomic coordinates and temperature parameters" 

Atom x/a y/b z /  c u i s o  Atom x / a  )./b z /  c UISO 

"Estimated standard deviations are given in parentheses. Coordinates X 10" where n = 5, 3, 3 for Pt, B ,  F and n = 4 orthenvise. Temperature 
parameters X 10" where n = 4 for Pt and n = 3 otherwise. Cre, (the equivalent isotropic temperature parameter) = (1/3)C,C,U,,a$aT(aia,). 
Primed values indicate that U,, is given. T = exp [-(8n2Ui,, sin2 0 / h 2 ) ] .  

deviation of 0.174 A, passes almost exactly through Co(l), and 
leaves Pt(2,l) 0.957 A out-of-plane. The transannular torsion 
angle 0(1,4)-P(1,4)---?(2,3)-0(2,3) is 25(1)". 

We conclude that the less obvious description brings out the 
structural similarity between the two compounds well, and is a 
better description in both cases although only marginally so 
for the cobalt compound. In agreement with this, the possible 
causative steric interactions are less severe in the cobalt case and 
there is also no need to accommodate a second small angle since 
the cobalt is tetrahedral. 

Experimental section 
(a) Synthetic and spectroscopic studies 

Data relating to the characterization of the complexes are given in the 
tables. the Results section, and in the preparative descriptions below. 
Microanalysis was by the Canadian Microanalytical Service, Van- 
couver, B .C.,  Canada. 3 1 ~  nuclear magnetic resonance spectra were 
recorded in appropriate solvents (Table 1) at either 24.3 MHz using a 
Nicolet TT14 Fourier transform spectrometer with a Varian HA60 
magnet and an external C6D6 lock signal or at 101.3 MHz using a 
Bruker WP250 Fourier transform spectrometer locked to the solvent 
deuterium resonance. Iy5pt spectra were recorded at 53.5 MHz in 
CDC13 solution using the Bruker instrument. For both nuclei protons 
were decoupled by broad band ("noise") irradiation at appropriate 
frequencies. 31P chemical shifts were measured relative to external 
P(OMeI3 and are reported in ppm relative to 85% H3PO4 using a 
conversion factor of + 141 ppm. 1 9 5 ~ t  chemical shifts are reported in 
ppm relative to s ( l y 5 ~ t )  = 21.4 MHz (37). Positive values are 
downfield of the references. 'H spectra were recorded at 60 MHz in 
CDCI3 solution using the Nicolet instrument and chemical shifts were 
measured relative to internal Si(CN3)4 reference. Simulated nmr 

spectra were calculated on an IBM 3031 computer and plotted on a 
Calcomp 1039 plotter. The programs used were a locally constructed 
package based on the UEAITR and NMRPLOT programs from the 
literature (38, 39). 

All operations were carried out at ambient temperature (ca. 25°C) 
under an atmosphere of dry nitrogen using standard Schlenk tube 
techniques. Solvents were dried by reflux over appropriate reagents 
(calcium hydride for dichloromethane, molecular sieves for acetone, 
and potassium/benzophenone for diethyi ether, tetrahydrofuran, tolu- 
ene, benzene, and hexane) and were distilled under nitrogen prior to 
use. Recrystallizations from solvent pairs were by dissolution of the 
complex in the first solvent (using about double the volume required for 
complete solution) followed by dropwise addition of sufficient second 
solvent to cause turbidity at ambient temperature. Crystallization was 
then completed either by continued very slow dropwise addition of the 
second solvent or, in those cases where a temperature is indicated in the 
detailed descriptions below, by setting the mixture aside at a reduced 
temperature. 

Sodium acetylacetonate (40), [Ti(aca~)~Cl~] (41), [Pt2C12{(PPh20)H)21 
(151, [PtzC14(PEt3)21 (421, [PtzClz(PEt3)41[BF41 2 (431, Pd2C12- 
(PEt3)41 [C10412 (431, [ R ~ ~ C ~ ~ ( C O D ) Z I  (441, [h2C12(COD)21 (451, 
[PdCl(PEt3){(PPti20)2N)1 (15), and [PdCI(PEt3){(PPh20)2BF2}] (20), 
were prepared as previously described. 

lPt(acac)(PEt)21 fBF41 
A s l u m  of sodium acetylacetonate (0.036 g, 0.30 nlmol) in acetone 

was added to a stirred solution of [Pt2C12(PEt3)4][BF4]2 (0.163 g, 
0.15 mmol) in acetone (20 mL). After 15 min the solvent was removed 
in vacuo and the residue dissolved in dichloromethane and stirred 
vigorously with an aqueous solution of NaBF4. The organic layer 
was separated, the solvent removed in vacuo and the residue 
recrystallized from tetrahydrofuran/diethyl ether at -20°C to yield 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BERRY f ST AL. 1909 

TABLE 3. Interatomic distances* (A) 

Atoms Distance Atoms 

Cl-Pt(l) 2.385( 4) C(12)-C(7) 
P(1)-Pt(1) 2.294( 4) C(9)-C(8) 
P ( ~ ) - P ~ ( I )  2.233( 4) C(10)-C(9) 
P(3)-Pt(l) 2.355( 5) C(1 1)-C(l0) 
P(4)-Pt(2) 2.226( 5 )  C(12)-C(11) 
P(5)-Pt(2) 2.253( 5) C(14)-C(13) 
O(1)-Pt(2) 2.057(10) C(18)-C(13) 
O(2)-Pt(2) 2.087(11) C(15)-C(14) 
O(l)-p(l) 1.541(11) C(16)-C(15) 
c(l)-P(I) 1.816(15) C(17)-C(16) 
c(7)-P(1) 1.816(15) C(18)-C(17) 
0(2)--p(2) 1.539(11) C(20)-C(19) 
C(13)-P(2) 1.809(16) C(24)-C(19) 
C(19)-P(2) 1.785(16) C(21)-C(20) 
C(25)-P(3) 1.815(14) C(22)-C(21) 
C(27)-P(3) 1.82 C(23)-C(22) 
C(29)- P(3) 1.82 C(24)-C(23) 
C(31)-P(4) 1.817(18) C(26)-C(25) 
C(33)-P(4) 1.87 l(17) C(28)-C(27) 
C(35)-P(4) 1.825(19) C(30)-C(29) 
C(37)-P(5) 1.8 1 l(23) C(32)-C(3 1) 
C(39)-P(5) 1.821(2!) C(34)-C(33) 
C(41)-P(5) 1.832(21) C(36)-C(35) 
C ( 2 ) - - c ( l )  1.40 ( 2) C(38)-C(37) 
c(6)--c(1) 1.40 ( 2) C(40)-C(39) 
c(3)--c(2) 1.41 ( 2) C(42)-C(41) 
c(4)--C(3) 1.44 ( 2) F(1)-B(1) 
c(5)--c(4) 1.32 ( 2) F(2)--B(1) 
C(6)-c(5) 1.46 ( 2) F(3)--B(l) 
C(8)--C(7) 1.38 ( 2) Fi4)--B(l) 

*Estimated standard deviations are given in parentheses. 

Distancc 

[P t (a~ac) (PEt~)~]  [RF4] as colourless crystals (0.165 g, 0.27 mmol). 
Anal. calcd. for C17H37BF402P2Pt: C 33.1, H 6.04; found: C 33.1, 
H 5.99; nmr: 6 ( 3 1 ~ )  1 5 . 3 3  ppm in CH2C12, 'J(P~-P) 3586 Hz; 
? ~ ( ' ~ ~ p t )  $407.78 ppm (t, a 21.408726 MHz). 

[PtC1L{(PPh20)2M)], L = PEr3, PBun3, P(OMe)3, or P(OPh13 
These complexes were prepared by similar methods to that described 

previously for the L = PEe, complex (15). For example; PBun3 
(0.08 mL, 0.32 mmol) was added dropwise to a stirred suspension 
of [Pr2C12{(PPh20)H)21 (0.20 g, 0.16 mmol) in acetone (20 mL). 
A clear solution resulted almost immediately and the solvent was 
removed in vacuo to leave a colourless oil *hich was crystallized 
from benzene/pentane. Recrystallization by the same method gave 
[P~CI(PB~"~){(PP~~O)~H)] (0.223 g, 0.27 rnmol) as white crystals. 
Anal. calcd. for C36H48c102P3Pt: C 51.7, 5.79; found: C 51.8, 
H 5.63. 1 9 5 ~ t  nmr: 6 -70.75 pprn (ddd, E 21.398486 MHz). 

L = P(OMe)3. Anal. calcd. for C2,H30C10jP3Pt: C 42.8, H 3.99; 
found: C 42.7, H 3.83. mp 163-166°C; nmr: s('H) -7.5 (m, 20H, 
Ph), 3.48 ppm (d with ' 9 5 ~ t  sidebands, 3 ~ ( ~ ~ )  11 Hz, 'J(ptH) 112 Hz, 
9H, Me); 6 ( ' 9 5 ~ t )  -54.29 ppm (ddd, 8 21.398838 MHz). 

L = P(OPh)3. Anal. calcd. for C42H~6C105P3Pt: C 53.4, H 
3.84; found: C 52.5, H 3.81. 19'pt nmr. 6 -56.43 ppm (ddd, 

2 1.398792 MHz). 

l~t{(~phzO)(P(OMei20)N)21 
This complex was prepared as colourless crystals by the same 

procedure described above for [PtCl{P(OMe)3}{(PPh20)2H}l except 
that an excess of P(OMe)3 (ca. 0 .5 mmol) and an extended reaction 
time (18 h) were employed. It could also be made by reaction of 
equimolar quantities of P(OMe)3 and [PtCl{P(OMe)3}{(PPh~0)2H}] 
in acetone. Anal. calcd. for C28H3408PJPf: C 41. l H 4.19; found: 
C 41.1, N 4.20. m 216 218°C; nmr: 6('H) -7.5 (m, 20H, Ph), 
2.94 pprn (t with 19'Pt ri;bands, ( I  /Z){'J(PH) + 'J(PH)) 5.5 Hz, 
5 J(PtW) 66 Hz, 12H, Me); 6(195R) -492.25 ppm (tt, a 21.398466 MHz). 

[PrC[(PEtj) {(P(OEr)20)2H)1 
A slight excess of (EtO)2P(0)N (0.4 mL, 3 mmol) was added 

dropwise to a stirred solution of [Pt2Cl4(PEt3),] (0.5 g, 0.65 mmol) in 
dichloromethane (20 mL). The reaction mixture was warmed to 50°C 
for 2 h and then stirred at 25'C for 18 h. Removal of solvent and 
excess diethylphosphite in vacuo gave [PtCl(PEt3){(P(OEt)20)2M}] 
as yellowish crystals which were identified by 3 1 ~  nnx spectroscopy 
(see Table 1). 

[Cl(Et3P)Pt(PPh20)2BF2] 
This complex was prepared for nrnr experiments by the reaction of 

BF3 .0Et2 with [PtC1(PEt3){(PPh20)2H)] as previously described (5). 
195Pt nmr: 6 -134.93ppm (ddd, 21.397113MHz). 

[CI(EtP)Pt(p-PPhzO)2Ti(acac)C12] 
A solution of [Pt2C12{(PPh20)2H}2] (0.10 g, 0.13 mmol) in dichloro- 

methane (10 m5) was added dropwise to a stirred solutionof [T i (a~ac)~Cl~]  
(0.04 g, 0.13 mmol) in the same solvent (10 mL). After 2 h the solvent 
was removed in vacuo. The residue was washed with diethyl ether 
followed by toluene and recrystallized from dichloromethane/diethyl 
ether to give [Cl(Et3P)Pt(p-PPh20)2Ti(acac)C12] as orange-yellow 
crystals. Anal. calcd, for C35H42C1304P3PtTi.(1/2)CH2C12: C 42.2, 
H 4.29; found: C 42.4, H 4.19. mp 227-228°C. 

3 1 ~  nmr spectra of this product showed the presence of two isomers 
and a third isomer was seen in the spectrum of the toluene extract (see 
Results and discussion section). 

[PtCI(PEt3) {(PPh20)2Na)] 
[ P ~ C I ( P E ~ ~ ) { ( P P ~ ~ O ) ~ H } ]  (ca. 0.2 rnmol) was heated under reflux in 

tetrahydrofuran (20 mL) for 15 min with a 2-3 fold excess of NaH (ca. 
0.5 mmol as a dispersion in mineral oil). The mixture was filtered 
to yield a clear yellow solution of [PtCl(PEt3){(PPh20)2Na}]. The 
solution was then used as a reagent in the following four preparations: 

1. [C1(Et3P)Pt(~-PPh20)2Pt(PEt3)2][BF4] 
A suspension of [Pt2C12(PEt3)41 [BF4I2 (0.10 g, 0.09 mmol) 

in tetrahydrofuran (10 mL) was added dropwise to a solution of 
[PtCl(PEt3){(PPh20)2Na}] (0.18 mmol) in the same solvent (20 mL) 
and the mixture was stirred for 3 h to give a clear, colourless solution. 
The solvent was removed in vacuo and the residue washed with 
diethyl ether and recrystallized from tetrahydrofuran/diethyl ether to 
give [C1(Et3P)Pt(p-PPh20)2Pt(PEt3)2][BF4] (0.16 g, 0.12 mmol) as 
colourless crystals. Anal. calcd. for C42H65BClF402P5Pt2: C 39.7, 
H 5.16; found: C 39.7, H 5.24. mp 223-225°C (dec.). 1 9 5 ~ t  nmr: 
6 148.94 (ddd, % 21.401047 MHz), $354.20 ppm (t, 21,407580 MHz). 

2. [Cl(Et3P)Pt(p-PPh20)2Pd(PEt3)Z][C104] 
A procedure identical to 1 above but using [RCl(PEt3){(PPh20)2Na)] 

(0.20 mmol) and [Pd2C12(PEt3)4] [C1O4] (0.095 g, 0.10 mmol) gave 
[C1(Et3P)Pt(p-PPh20)2Pd(PEt3)2] [C104] (0.14 g, 0.12 mmol) as 
colourless crystals. Anal. calcd. for C42H65C1206P5PdPt: C 42.3, 
H 5.49; found @ 42.6, H 5.59. 

The analogous compound, [Cl(Bun3P)R(p-PPh20)2Pd(PEt3) ,][BF,], 
was prepared on a small scale for nmr experiments by a similar 
procedure. ' 9 5 ~ t  nmr: 6 +43.00 ppm (ddd, Ei 21.400920 MHz). 

3. [C1(Et3P)Pt(p-PPh,O),Rh(COD)] 
A solution of [Rh2C12(COD)2] (0.049 g, 0.10 mmol) in tetrahydro- 

furan (10 mL) was added to a solution of [PtCl(PEt3){(PPh20)2Na}] 
(0.20 mmol) in the same solvent (20 mL). The reaction mixture was 
stirred for 8 h before filtration through Celite and removal of the 
solvent in vacuo. Extraction of the residue with diethyl ether and addition 
of hexane to the extract gave [Cl(Et3P)Pt(p-PPh20)2Rh(COD)1 (0.06 g, 
0.06 mmol) as yellow crystals. Anal. calcd, for C38H47C102P3PtRh: 
C47.4, H4.92;found: C47.6,  M4.37. Dec. > 184°C. 

4.  [C1(Et3P)Pr(p-PPh20)21r(COD)] 
A procedure identicai to 3 above but using [Ir2C12(COD)2] in place 

of the Rh analogue gave an orange solution which was shown by 
3 1 ~  nmr to contain mainly [Cl(Et3P)Pt(p-PPh20)2Er(COD)]. Attempts 
to isolate a solid product resulted in decon~position. 

(b) X-ray data collection 
[C1(Et3P)Pt(p-PPh20)2Pt(PEt3)2] [ B F ~ ]  (111) was prepared as des- 
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TABLE 4. Bond angles* (deg) 

Atoms Angle Atoms Angle 

*Estimated standard deviations are given in pare 

cribed above and a crystal suitable for study by X-ray diffraction was 
grown by vapour diffusion of diethyl ether into a solution of the 
complex in tetrahydrofuran. Preliminary photographic work was 
carried out with Weissenberg and precession cameras using Cu K, 
radiation. After establishment of symmetry and an approximate unit 
cell the crystal was transferred to a Picker 4-circle diffractometer 
automated with a PDPI 1 10 computer and utilising Zr filtered Mo K, 
radiation ( A  = 0.71069 1 ). The unit cell was refined by least-squares 
methods employing 10 pairs of centering measurements at +20 in the 
range 120 1 = 10-39". The crystal was mounted approximately along 
the c axis. The crystal data at approximately 26°C were as follows: 

C42H65BC1F402P5Pt2 M ,  = 1269.3 
Monoclinic, space group P2, / n ,  equivalent positions x, y, z ;  -x, - y ,  
- z ;  4 + x, 4 - y ,  i + z ;  4 - x, 4 + y ,  4 - z; a = 13.018(2), 

b = 34.205(9), c = 11.279(2) A; P = 91.71(2)"; V(cel1) = 
5020(2) A3: Dm = 1.66 g cm-3 (flotation in CC14/CHBr3), D, = 
1.68 g ~ r n - ~ ;  Z = 4: asymmetric unit = one molecule. 

Intensity measurements were collected for two reciprocal space 
octants ( h  unrestricted, k 2 0, 1 3 0) up to 28 = 40". A 8/28 step scan 
was used with 104 steps of 0.01" in 20, counting for 0.25 s per step. 
Background measurements were for 13 s at each end of the scan. Each 
batch of 50 reflections was preceded by the measurement of three 
standard reflections (0, 0, 6; 4, 0, 0; and 0, 10, 0;). The Lorentz and 
polarization factors were applied and each batch was scaled to maintain 
the sum of the standards constant. There was no evidence of sample 
decomposition during the data collection. Absorption corrections were 
applied with a numerical integration procedure utilizing a 10 X 8 X 14 
Gaussian grid. The crystal shape was defined by perpendicular 
distances to crystal faces from a central origin as follows: *{001), 
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0.2121 mm; 1{100}, 0.1183 mm: i { 0 1 0 ) ,  0.0334mm. Thc absorp- 
tion coefficient was 6 1.18 cm- ' and the range of transmission factors 
0.23-0.66. 

( c )  Structure solution and refinement 
The structure was found and refined using the SHELX-76 program 

package (461, and illustrations were drawn using ORTEP (47). The 
atomic scattering factors used were for neutral atoms, with corrections 
for anomalous dispersion (48). The structure was solved by direct 
methods, developed by standard Fourier synthesis procedures using 
difference maps, and refined by the method of least squares minimising 
T:wA2 where A = I I Fo I - I F,' ' . The weights were obtained from 
counting statistics using w = 1 / ( ( r 2 ( ~ )  + 0.001 F') . Reflections for 
which I < 2.5n(I) were suppressed from the calculations and reflection 
(0,2,0), which was intense and at very low angle due to the length 
of the b-axis, was also omitted leaving 3813 of the initial 4680 
independent measurements. 

The PEt3 group containing P(3) could not be determined in the same 
way as the other PEt3 groups. This was attributed to disorder, but no 
double imaging of the group was obtained. The difficulty was mainly 
with two of the ethyl groups, C(27)-C(30). so the well behaved group 
C(25)-C(26) was used to help locate the other atoms. The following 
constraints (which did not entirely dominate the X-ray intensities) were 
applied: 

There were 269 parameters to be determined from 3813 independent 
observations. Hydrogen atoms were not located. All atoms heavier 
than fluorine were treated as vibrating anisotropically. Convergence 
was obtained with a maximum shiftlesd ratio of 0.12 for the cation 
excluding the constrained PEti ligand (1.66), and 0.29 for the BF4- 
anion. The residuals were R = 0.0499 and R,, = ( ~ w r l ' l ~ u , ~ , ~ ) '  ' = 
0.0707. The final difference map had a maximum of 6 1.9 e A-3 close 
to the disordered group and a minimunl of -0.83 e A - ~  but gave no 
indication that any material had been overlooked. 
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$yntheses of model oligosaccharides sf biological significance. '7. 
Synthesis of a fucosylated N,N'-diacetylchitcPebioside linked to bovi~ae serum albumin 

and immunochemical characterization of rabbit antisera to this structureP3' 
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Ho-HUAT LEE, DAVID A. S C H ~ A R T Z .  JOHN F. HARRIS. JEREMY P. CAR\.ER, and JIKI J .  KREPINSKY. Can. J .  Chem. 64. 
1912 (1986). 

Synthesis of methoxycarbonyloctyl 2-acetan1ido-4-O-[(2'-acetamido-2'-deoxy-P-~-plucopyranosyl-6-O-cu-1.-fucopyrano- 
syll-2-deoxy-P-D-glucopyranoside as shown in Scheme 1 is described together with coupling it with bovine serum albumin and 
poly-L-1)-sine. Mouse and rabbit antisera to the BSA conjugate were prepared and partially characterized. 

Ho-HUAT LEE, DAVID A.  SCHWAKTZ, JOHN F. HARRIS, JEREMY P. CARVER et JIKI J .  KREPTNSKY. Can. J .  Chern. 64. 
1912 (1986). 

On decrit la synthese l'acetamido-2 0-4-[(acktamido-2' dioxy-2' P-D-glucopyranilosyl) 0-6-a-L-fucopyrannosyl] deoxy-2 
P-D-glucopyrannoside de rnCthoxycarbonyloctyle. realisCe suivant le schkma 1 ,  ainsi que son couplape avec l'albumine du 
serum de boeuf et la poly-I.-serine. On a aussi prepark et partiellement caractCrisC des antiserum de souris et de lapin du 
conjug6 du ASB. 

(Traduit par la revue] 

Any success of contemporary cancer therapy depends heavily oligosaccharide cancer markers associated with this particular 
on early diagnosis of the disease, i.e. before a widespread site, and of studies of antibodies to these oligosaccharides. 
invasion and dissemination occurs ( 1  ). Since clinical symptoms 
appear usually when the disease is in a relatively advanced 
stage, it is s f  importance to characterize reliable and easily 
detectable chemical markers (bio-, immuno-) of the onset of 
neoplasia and malignancy. It has been shown in numerous 
studies that unusual carbohydrate structures appear both in 
neoplasia and cancer (2-6). The carbohydrate structures in an 
appropriate form are usually immunogenic and consequently 
can be used for the preparation of antibodies which in turn can 
recognize the original carbohydrate structure. Appropriately 
modified or as such, the antibodies can serve as diagnostic 
reagents. The high specificity required can be best achieved 
by using in the immunization protocol a well-characteri~ed. 
chemically pure, oligosaccharide antigen. In theory, such an 
antigen could be available from natural sources. These oligo- 
saccharides are, however, obtainable from natural sources in 
minute quantities only, and their purity can never be assured 
entirely even after tedious and time-consuming purification 
procedures. Chemical synthesis eliminates these problems, and 
moreover allows to vary structural parameters as necessary for 
different uses. Since we have centered our attention on large 
bowel cancer, we have initiated a program of syntheses of 

 or part 6, see D. M .  Whitfield, J. P. Carver, and J .  J. Krepinsky, 
J .  Carbohydr. Chem. 4, 369 (1985). 

'presented at 8th International Glycoconjugate Symposium. Houston. 
TX, September 1985. 

3Author to whom correspondence should be addrcssed. 

One of the structures of interest is a class of oligosaccharide 
structures represented certain saccharide moieties of IV-!inked 
glycoproteins. A characteristic invariant basic structure of this 
class i s  portrayed in formula 1. This structural element has 
been shown to exist in y-glutamyltranspeptidase (in liver) and 
carcinoembryonic antigen ( 7 , 8 )  in cancer but not in the absence 
of the disease. The ' hnm~a l"  olieosaccharides lack e~ther - 
N-acetylglucosamine or fucose or both (cf. underlined frag- 
ments in 1). We have decided to synthesize I in two parts (cf a 
and b in 1). and Investigate the inlrnunochemistry of both 
fragments separately. This approach will he!p in the recognition 
and elimination of antibodies cross-reacting w ~ t h  the small 
fragments of 1 when the antibodies to the complete I are made. 

In order to synthesize fragment a and link it to bovine serum 
albumin (and poly-L-lysine as an immunoadsorbent for immu- 
noassays) we have modified a procedure employed previously 
for the synthesis of a methyl glycoside of the trisaccharide u (9). 
We have chosen to connect the trisaccharide with the carrier. 
i.e. bovine serum albumine, with a linker proposed by Lemicux 
et al .  (10) and successfully used by others as well (1  1). Ethyl 
9-hydroxynonanoate has been used in the first step (ref. 10; cf. 
Scheme I )  since it was easier to prepare it than a corresponding 
methyl ester. Its preparation involves diborane reduction of the 
free carboxyl group in a monoester of azelaic acid, and the 
methyl carboxylate is reduced to a significant extent whereas 
ethyl carboxylate is not. In the first ZemplCn deacetylation. 
quantitative exchange to give the methyl ester occurs. Since the 
linker carries an alkali-labile methoxycarbonyl group, care had 
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P1,4 PI ,2 
Galp GlcpNAc Manp 

Fucp - 
I 

I 

I 
I I I 1 ~ 1 ~ 6  

P1,4 p1.4 p1.4 p 1 - ' 
GlcpNAc -----d Manp ---+ GlcpNAc - GlcpNAc -----+ Asn 

I 

P 1,4 p1,2 
/ 

Galp - GlcpNAc - Manp 

to be taken to avoid any condition causing hydrolysis of this 
ester group. In practice it meant maintaining anhydrous condi- 
tions even more carefully than usual in most steps. Particularly 
difficult was the hydrazinolysis of the phthalimido protective 
group, since a number of conditions led to the hydrolysis of the 
ester group. Eventually. hydrazine acetate was found to be 
compatible with the presence of the ester group. Phthalirnido 
protection of the amino function was used to avoid a potential 
problem of imidate formation (12) by an acetamido group in 
giycosylation reactions using strong promoters. as required for 
the formation of the 1.4 linkage in chitobiose. It has also 
been found that the simplest approach is to form a chitobiose 
derivative first. and to connect it with a fucosyl derivative 
(13) in the second stage. The reaction pathway is depicted in 
Schemes 1 and 2 which are seif-explanatory. Acetylatiori after 
complete deprotection was found to be necessary for the 
purification of the trisaccharide since it allowed for easy 
chromatographic separation on silica gel. Not only did this 
chromatography remove unwanted by-products but also inor- 
ganic ions introduced during the hydrogenolysis of the benzyl 
groups. The inorganic ions caused unacceptable broadening of 
'H nms signais (14). 

We have found FAB mass spectrometry extremely useful for 
both identification and purity determination of synthetic inter- 
mediates. We report in this article n ? / ~  values for M-derived 
ions; the complete analysis, however, of the FAD mass spectra 
of compounds reported here. together with other carbohydrate 
intermediates, will be published elsewhere. 

Finally, this trisaccharide ester was coupled to two different 
canier molecules, bovine serum albumin (BSA) or poly-L- 
lysine, using a recent modification of the standard procedure 
(1  1) .  The trisaccharide ester 150 was first converted into the 
acyl hydrazide and subsequently. by treatment with dinitrogen 
tetroxide into the acyl azide which was then attached to BSA or 
poiy-L-lysine. Quantitative determination (16) of incorpora- 
tion by the colorimetric pbenolsulphuric acid method showed 
incorporation of 10.5 molecules of carbohydrate per nlolecule 
of BSA and 1.9 carbohydrate molecules per poiy-L-lysine 
molecule (mw,,, 16 000). 

The synthetic antigen 15b was used to immunize (17) both 
rabbits and mice. The specificity of binding of rabbit antisera to 
the trisaccharide determinant P5a was determined in a pre- 
liminary fashion by competition analysis with various oligo- 
saccharides using a solid-phase immunoassay (1  8) on the solid 
state substrate 15c. For detection of solid phase binding of the 
antibodies. '25~-protein A was used. The binding specificity 
was expressed in terns of the molar concentrations of various 
oligosaccharides and their derivatives required to inhibit 50% of 

the binding of a non-saturating concentration of rabbit sera (2 x 
lop3) and the values found are summarized in Table 1 .  As can 
be seen from the Table 1,  the only effective inhibitors were the 
trisaccharide derivatives 15. Other segments of the structure P 
or its variations (cf. Table 1) did not exhibit any binding to the 
rabbit antibodies. Similar results were obtained with mice. The 
analysis of rabbit antisera and the biochemical characterization 
of the purified antibodies is in progress and will be published 
elsewhere. 

Experimental 
General methods 

Melting points were determined on a Reichert Thcrmolar ~neltrng 
- - 

point apparatus and are uncorrected. Optical rotations uere  measured 
with a Perkin-Elmer polarirneter (Model 140) at 26 t 1°C. Micro- 
analyses were performed by the Microanalytical Laboratory Ltd.. 
Markham. Ont. ' H  nmr spectra were recorded at 360 MHz ~vith a 
Nicolet spectrometer at the Toronto Biomedical NMK Centre. Univcr- 
sity of Toronto (Director: Dr. A. A.  Grey). They were obtained at 23 + 
2°C either in CDCI, containing 1 %  TMS as the internal standard or 
in D 2 0  (99.996%. Merck, Sharp. and Dohnre) with acetone (0.1%. 
2.225 ppm relative to internal DSS) as the internal standard. Infrared 
spectra were recorded with a Perkin-Elmer (Model 1430) Infrared 
Spectrometer. and calibrated at 1601 c n ~ C '  of polystyrene !dm. FAB 
mass spectrometry was performed using thioglycerol matrix and 
?NaOAc with a VG Analytical ZAB HF re~e r sed  geometry instrument 
(for general conditions. cf. ref. 19, and references therein) at the 
Institute of Physiological Chemistrl-. University of Bonn through the 
courtesy of Dr. H .  Egge. 

Thin layer chromatography (tlc) was performed on silica gel 60 Fz;j 
(Merck) plastic plates and visualized by quenching of ultraviolet 
fluorescence and (or) spraying with 50% aqueous sulfuric acid and 
heating at 100°C. Silica gel 60 (230-400 mesh: Merck) Mas used 
for flash column chromatography. Al! starting materials were dried 
overnight over KOH or P20s ill I ' L I C L L O  prior to use. All solvents were 
distilled from appropriate drying agents. Unless stated otheru,ise. all 
reactions were carried out under anhydrous conditions and in an argon 
atmosphere. Solvents were removed at reduced pressures using a rotar) 
evaporator at temperatures not exceeding 40°C. 

8-Etho ,~ycarbon~loc~ l  3 ,4 ,6- t r i -0-ace~1-2-c ie~1.~~-2-~~hthc i l i111i~io-~-  
D-glucopyrcrno.vide ($a; 15) 

To a mixture of the bromide 2 (1.5 g.  3.01 mmol) and silver zeolite 
(1.5 g) in dry dichloromethane (9 mL) was added a solution of 
8-ethoxycarbonyloctylalcohol (3a :  0.73 g ,  3.61 mmo!) prepared 
according to ref. 10 in dichloromethane (9 mL) under stirring and 
protection from light at room temperature.%After 18 h. an additional 
amount of 30 (0.12 g. 0.60 mmol) in dichloromethane (2 1nL) waa 

 his compound and some other intermediates were purchased 
from TRC (Toronto Research Chemicals), 4483 Chesswood Drive. 
Downsview. Ont.. Canada M5J 2C3. 
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Ac 

3 a ,  Ag zeolite AcO 
+ 

B r CH2C12 Ac 0(CH2)8COOEt 

NPhth NPhth 

2 4a 

NaOMe 
MeOH 

I Benzyl bromide, 
THF, NaH 

H 

pOMePh '7' pOMeC6H4CH20 
Sod~urn cyanoborohydnde 

0 + 
CF3COOH. DMF B n 0(CH2)8COOMe 0(CH2)8COOMe 

NPhth NPhth 

7 8 

1 2 ,CH3N02,collidine, 
Ag triflate, -25°C 

to +23"C 

0(CH2)xCOOMe 

NHPhth 

Ammonium Ce(IV) 
nitrate, aq. CHiCN 

Ac 

AcO 
Ac 0(CH2)xCOOMe 

\ 
NPhth 

added and stirring in the dark was continued for 22 h. The mixture was 
then filtered through Celite, the Celite was washed with dichloro- 
methane, the combined filtrates and washings (100 mL) were washed 
with cold aqueous sodium bicarbonate (100 I ~ L )  and water (2 X 

50 mL), dried over Mg2S04. and concentrated to give a light yellow 
syrup (2.13 g). The latter was subjected to chromatography on a silica 
gel column using hexanelethyl acetate (3: l )  to give slightly yellow 
syrupy 4 a  (1.0 g, 54%), R f  0.42 (sixfold development in the above 
solvent mixture); +21.2" (c. 1.3, CHCI?): ir (neat) 1780, 1750, 
1720 cm-' (CO); ' H  nmr 6:  7.75-7.92 (m. 3H. N[C012ChH4). 5.80 
(dd, l H , J =  10 .7and9 .1Hz ,H-3) .5 .36(d ,  I H . J = 8 . 5 H z . H - l j ,  
5.19(dd. I H ,  J =  lO.Oand9.3Hz.H-4).4.29-4.37(m,?H.H-2and 

H-6),4.18(dd. lH,  J = 12 .3and2 .3Hz .H-6 ' ) , 3 .13 (q .  J = 7.1 Hz. 
0CH2CH3), 3.81-3.90and3.40-3.47 (2n1,3H, H-5. andOCHz(CH2),), 
2.21 (t, 2H, J = 7.4 Hz, CH,COOEt). 2.12. 2.04. 1.87 (3s. 9H, 
CH3COO), 1.26 (t, 3H. J = 7.1 Hz. CH2CHI), 1.35- 1.58 and 0.90- 
1.16 (2m, 12H. [CH2I6). Anul. calcd. for C3,H4,NOI2 (619.263): 
C 60.09, H 6.67, N 2.26; found: C 59.83, H 6.42. N 2.18. Molecular 
ions observed: [MH]' 620. [ M N ~ ] '  642. 

8-Methox?tarbonqlochl3,4,6-trl-0-aten /-2-cleo\~-2-phthal~mlno- 
P-D-gl~ctop?ranoszde (4b)  

To a mixture of the bromide 2 (0 5 g. 1 00 mmol) and silver reolite 
(0 5 g) In dry dlchloromethane (3 mL) was added a solution of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



OBn 

10 + OBn 

Br 
\ AcO. 

OBn 

OBn 

J 1. NH2NH2.CH3COOH, MeOH 
2 .  AczO, pyridine 

NHAc 

1 .  Hz, Pd/C 
2 .  Ac20, pyridine 
3. NaOMe, MeOH H O  ', 

TABLE 1. Competition analyses of two rabbit sera raised against 15ba  

Competitor a Rabbit 1 Rabbit 2 

"C,, is the molar concentration of carbohydrates and glycoconjugates 
required to inhibit 50% of the binding of a non-saturating concentration of rabbit 
sera (2 x using a solid phase immunoassay. The solid phase substrate 
was 15c and the detection of solid phase binding of antibodies was with 
'Z51-protein A. Compounds used in competition experiments were preincubated 
with the dilution of rabbit sera for 16 h in the presence of 1% BSA prior 
to the assay at 4°C. 16 is GlcNAcpl,4(Fucal,6)GlcNaCpl,OMe; 17 is 
GlcNAcPl ,BSA. Other compounds tested were not effective competitors with 
C50 > G ~ c N A c P ~ , ~ G I c N A c ~ ~  1 ,OBn (18); Fucal,6GlcNAcp 1 ,OMe; 
~ucal,4(Fucal,6)GlcNAc~l,OMe; Fucal ,3Galpl ,OMe; Fuca1,OMe: 
GlcNAcP1,4GlcNAc~l ,OMe (9); Mana1,3Manc*l ,OMe: Mana1,6Manal ,OMe; 
Manal,3(Mancul,6)Manal ,OMe (21); GlcNAcpl,2Manal,3(GlcNAc~1,2- 
Manal,6)Manp1,4GlcNAcpl,4GlcNAc; as well as purified oligosaccharides 
from fetuin, fibrinogen A l ,  and ovalbumin (these compounds were kindly 
provided by Dr. D. A. Cumming). Note that 3 X lo-' of 18 for rabbit 2 was 
the next most effective concentration. 

8-methoxycarbonyloctylalcohol (3b; 0.24 g, 1.28 mmol) prepared 
according to ref. 10 in dichloromethane (3 rnL) under stirring and 
protection from light at room temperature. After continued stirring for 
19 h in dark, the mixture was filtered through Celite, the Celite was 
washed with dichloromethane, the combined filtrates and washings 
were washed with water (2 x 50 mL), dried over MgS04, and 

concentrated to give a light brown syrup (0.63 g) which was subjected 
to chromatography on a silica gel column using hexanelethyl acetate 
(2:l) giving slightly yellow syrupy 4b (0.33 g, 54%), Rf  0.45 (four- 
fold development in the above solvent mixture); [ a ]  + 18.5" (c. 1.5, 
CHC13); 'Hnrnr 6: 7.75-7.92 (m, 4H, N[C0]2C6H4], 5.79 (dd, lH,  
J =  10.7and9.1Hz,H-3),5.36(d, l H , J = 8 . 5 H z , H - 1 ) , 5 . 1 8 ( b r t ,  
lH, J = 9.5 Hz, H-4), 4.27-4.37 (m, 2H, H-2 andH-6), 4.18 (dd, lH, 
J  = 12.2 and 2.3 Hz, H-6'), 3.80-3.90 and 3.39-3.47 (2m, 3H, H-5, 
and 0CH2(CH2)7), 3.68 (s, 3H, 0CH3),  2.23 (t, 2H, J = 7.5 Hz, 
CH2COOMe), 2.12, 2.03, 1.87 (3s, 9H, CH3COO), and 0.92-1.57 
(m, 12H, [CH2I6). Anal. calcd. for C30H39N012 (605.247): C 59.50, 
H 6.49, N 2.31; found: C 59.71, H 6.61, N 2.28. Molecular ions 
observed: [MH]' 606, [MNa]' 628, [MNH4]+ 623. 

8-Methoxycarbonylociyl2-deoxy-2-phthalimido- w-glucopy-  
ranoside ( 5 )  

Treatment of 4a (6.15 g, 9.94 mmol) in dry methanol (100 mL) with 
1% sodium methoxide in methanol (100 mL) for 30 min. deionization 
with Dowex-1 (H', 37 mL, prewashed with methanol) at O°C, addition 
of ethyl acetate (200 mL), filtration, and evaporation of the filtrate and 
of added toluene (150 mL) gave a thick syrup of 5 (4.77 g, 99%); Rf 
0.43 (ethyl acetate); ir (neat): 3430 (OH). 1770, 1735, 1714 cm-' 
(CO); 'H nrnr6: 7.78 (m, 4H, N[C0]2C6H4), 5.20 (d, lH, J = 8.4 Hz, 
H-1), 3.66 (s, 3H, 0CH3),  2.22 (t, 2H, J  = 7.5 Hz, CH2COOCH3). 
This product was used without further purification. 

8-Methoxycarbony loctyl2-deoxy-4,6-0 -(4-methoq1benzylidene)-2 - 
phthalimido- P - D-glucopyranoside ( 6 )  

To a mixture of 5 (4.46 g, 9.94 mmol) and 4-methoxyberizaldehyde 
dimethyl acetal (3.3 rnL, 19.9 mmol) in acetonitrile (150 mL) was 
added p-toluenesulfonic acid monohydrate (120 mg) (20). The reaction 
mixture was stirred at room temperature and with light exclusion for 
50 min, then it was poured into water (300 mL) and the product was 
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extracted into diethyl ether (3 x 250 mL). The ethereal solution was 
washed with cold aqueous sodium bicarbonate (200 mL) and water 
(200 mL), dried over MgS04, and evaporated to a light brown syrup 
which was subjected to chromatography on a silica gel column in 
hexanelethyl acetate (2:l) yielding 6 (3.81 g, 64%) as a pale yellow 
syrup, [ a I D  -36.2" (c. 0.87, CHC13), R f  0.22 (solvent as above); 
ir (neat): 3487 (OH), 1778,1735,1715 c m '  (CO); ' H  nmr 6: 7.89 and 
7.75 (m, 4H, N[C0]2c6H4)r 7.44 and 6.93 (2m, 4H, C6H40CH3), 
5.53 (s, IH, C6H5CH), 5.26 (d, lH,  J = 8.5Hz, H-I), 4.63 (ddd, 1H, 
J =  10.4, 8.6, and3.2Hz,H-3) ,4.38(dd,  lH,  J =  10.4and4.2Hz, 
H-6), 4.24 (dd, 1H, J = 10.5 and 8.5, H-2), 3.81 (s, 3H, C6H40CH3), 
3.66 (s, 3H, COOCH3), 3.37-3.87 (m, 5H, H-4, H-5, H-6', and 
OCH2[CH2I7), 2.44 (d, lH, J = 3.3 Hz, exchangeable wiih D20,  
OH), 2.23 (t, 2H, J = 7.4 Hz, CH2COOMe), 0.90-1.54 (m, 12H, 
(GH2)6). Anal. calcd. for C32H39N010 (597.369): C 64.31, H 6.58, 
N 2.34; found: C 64.42, H 6.61, N 2.39. Molecular ions observed: 
[MH]' 598, [MNa]' 620. 
8-Methoxycarbonyloctyl3-0-benzyl-2-deoxy-4,6-0-(4-methoxyben- 

zy1idene)-2-phthalimido-/3-~-glucopyranoside (7) 
A mixture of 6 (3.63 g, 6.07 mmol) and benzyl bromide (14.3 mL, 

121 mmol) in dry THF (20 mL) was added to solid sodium hydride 
(390 mg, 9.71 rnmol, prewashed with dry hexane), and the resulting 
reaction mixture was stirred in the dark at room temperature for 4 h. 
Additional sodium hydride (180 mg, 4.48 mmol) was added and the 
reaction mixture stirred for another 17 h. Then it was diluted with ethyl 
acetate (50 mL), filtered through Celite, washed withethyl acetate (3 x 
50 mL), and the combined filtrate and washings were washed with 
water (300 mL). The organic layer was separated, the aqueous layer 
extracted with ethyl acetate, all organic extracts were combined, 
washed once again with water (200 mL), dried over MgSQ4, and 
evaporated to dryness. The residue was subjected to chromatography 
on a silica gel column with hexanelethyl acetate (3: 1) to give 7 (3.76 g, 
90%) as colorless plates, mp 88-89°C (hexanelethyl acetate), [ a ]"  
+27.4" (c. 1.0, CHC13); Rf 0.37 (two-fold development, the same 
solvent as above); ir (neat): 1778, 1736, and 1716 cm-' (CO); ' w nnx 
6: 5.58 (s, 1H, C6H5CH), 5.18 (d, IH, J = 8.5 HZ, H-I), 4.78 
(2d, 2H, J = 12.3 HZ, C6H5Cff2), 4.49 (2d, 2H, J = 12.3 Hz, 
C&sCH2), 3.82 (s, 3H, C6H40CH3), 3.66 (s, 3H, COOCH3), 2.22 
(t, 2H, J = 7.5 Hz, CH2COOMe), 0.90-1.54 (m, 12M, (CH&). 
Anal. calcd. for C39H45N010 (687.445): C 68.11, H 6.60, N 2.04; 
found: C 68.33, H 6.65, N 2.18. Molecular ions observed: [MH]" 688, 
[MNa]' 7 10. 
8-Methoxycarbonyloctyl3-0 -benzyl-2 -deoxy-6-0-(4-methoqbenZy0- 

2-phthalimido-/3-D-glucopyranoside ( 8 )  (20) 
A mixture of 7 (3.62 g, 5.27 mmol), sodium cyanoborohydride 

(1.66 g, 26.4 mmol), and powdered molecular sieve 3A (5 g) in 
N,N-dimethylformawide (DMF, 40 mL) was stirred for 15 niin at room 
temperature, and a solution of trifluoroacetic acid (4 mL, 52.7 mmol) in 
DMF (35.7 mL) was then added; stirring was continued for 19 h and, 
after addition of further trifluoroacetic acid (3.8 mL, 50 mmol), for an 
additional 24 h. The mixture was then cooled to O°C, diluted with ethyl 
acetate (50 mL) and methanol (5 mL), stirred for 5 min and filtered, and 
the residue was washed wiih ethyl acetate (3 X 50 mL). The combined 
filtrates were washed with cold water (200 mL). cold aqueous sodium 
bicarbonate (200 mL), and water (2 X 100 mL), dried over MgS04, 
and evaporated to dryness. Chromatography of the syrupy residue on a 
silica gel column with hexanelethyl acetate (2: 1) gave 8 (3.01 g, 83%); 
[ a I D  + 16.5" (c. I .  1, CHC13), R f  0.36 (same solvent as above); 
ir (neat): 3487 (OH), 1778, 1737, and 1713 cm-' (CO); 'H nmr 6:  
6.90-7.90 (m, 13H, N[C0]2C6H4, C6H40CH3, and C6H5CH2), 5.11 
(d, 1H, J = 8.3 HZ, H-I), 4.75 (d, J = 12.2 HZ, C6H5Cff), 
4.50-4.60 (m, 3H, C6H5CH), 4.21 (dd, IH, J = 10.7 and 8.3 Hz, 
H-3), 4.12(dd, lH,  3 = 10.7 and8.3, H-21, 3.82(s, 3H, C6H40Cff3)s 
3.66 (s, 3H, COOCN3), 3.26-3.85 (m, 6H, H-4, H-5, H-6, H-6'. and 
OCH2[CH2I7), 3.02 (d, 1H, J = 2.4Hz, exchangeable with D20,  
OH), 2.21 (t, 2H, 3 = 7.6 Hz, CH2COOMe), 0.85-1.53 (m, 12W, 
(CH&). Anal. calcd. for C39H47N010 (689.320): C 67.91, H 6.87, 
N 2.03; found: C 67.83, H 6.64, N 1.97. Molecular ions observed: 
[MHIf 690, [MNa]' 712, [MNH4]' 707. 

8-Methoxycarbonyloctyl3-O-beizzyl-2-deox~-6-0-(4-rnethoxybeniyl)- 
2-phthalimido-4-0-(3',4',6'-tri-0-ace- '-phthali- 
mido-/3-D-glucopyranosyl)-0-glucopyraoide ( 9 )  

A mixture of 8 (323 mg, 0.469 mmol), collidine (0.26 mL. 
1.92 mmol), dry nitromethane (1 mL), and silver triflate (482 mg. 
1.87 mmol) was stirred at -25OC, and a solution of 2 (934 mg, 
1.87 mmol) in dry nitromethane (1 mL) was added. After 30 min the 
mixture was warmed up slowly to room temperature, and stirring was 
continued for 4.5 h. Then the mixture was diluted with ethyl acetate 
(50 mL) and filtered through Celite, which was washed with ethyl 
acetate (3 X 20 mL), and the combined filtrates and washings were 
washed with cold water (100 mL), cold 1 N HCl (100 mL), cold 
aqueous sodium bicarbonate (100 mL), and again cold water (100 ml), 
and dried over MgSO4. The residue obtained after solvent evaporation 
was subjected to chromatography on a silica gel column with 
hexanelethyl acetate (3:2) and gave 9 (345 mg, 66%) as an amorphous 
solid, [ a I D  +3.3" (c. 0.95, CHCI3); Rf0.30 (two-fold development in 
hexanelethyl acetate 2:l); ir (neat) 1780, 1750, 1717 cm-' (CO); 
'H nmr 6: 6.85-7.90 (m, 17H, N[C0I2C6H4, C6H4OcH3, and 
C6H5CH2), 5.78 (dd, IH, J = 10.7 and 9.1 Hz, H-3'), 5.49 (d, J = 
8.4Hz,H-lr) ,5 .11 (dd, lH,  J = 10.0and9.2Hz,H-4'),4.92(d, lH, 
J = 8.2 HZ, H-I), 4.82 (d, IH, J = 12.6 HZ, C6H5CH2), 4.46-4.49 
(m, 3H, C6H5CH), 4.32 (dd, lH,  J = 10.7 and 8.4, H-2'). 3.83 
(s, 3H, C6H40&(H3), 3.65 (s, 3H, COOCH3), 3.19-4.23 (m, I lH,  
H-2, H-3, H-4, H-5, 2H-6, H-5', 2H-6', and 0CH2[GH2],), 2.19 (t, 
2H, J = 7.5 Hz, CH2COOMe), 2.01, 1.97, 1.85 (3s, 9H, CH3COO), 
and 0.80-1.50 (m, 12H, (CH2)6). Anal, calcd. for C59H66N2019 
(1 106.426): C 64.01, H 6.01. N 2.53; found: C 63.98, H 5.88, N 2.49. 
Molecular ions observed: [MH]+ 1107, [MNa]' 1129, [MNH41T 
1124. 

8-Methoxycarbonyloctyl3 - 0 -  benzyl-2-deoxy-2-phthalirnido- 4 - 0 -  
(3 ',4 ', 6'-tri-0-acetyl-2 '-deoxy-2 '-phthalimido-/3-~-glucop?.- 
ranosy1)-P-D-glucopyranoside 1 8  (20) 

To a stirred solution of 9 (419 mg, 0.379 mmol) in acetonitrile/water 
(9:1, 1.5 1nL) at O"C was added ammonium cerium(1V) nitrate 
(415 mg, 0.758 mrnol) and stirring was continued at O"C for 10 min and 
then at room temperature for 45 min. The mixture was diluted with 
ethyl acetate (100 mL), washed with water (2 X 50 mL), dried with 
MgS04, and the solvent evaporated to a syrup which was subjected to 
chromatography on a silica gel column. Elution with hexanelethyl 
acetate (3: 1) gave unreacted 9 (24 mg, 6%), followed by 80 
(319 mg, 86%) which was a colorless solid, mp 142.5-144.6"C 
(ethyl etherlhexane); [ a I D  +10.3" (c. 1 .  I ,  CHCI3); Rf 0.17 (ethyl 
etherlhexane, 1:1); ir (neat) 3485, 3525 (OH), 1777, 1750, and 
1718 cm-' (CO); '1-1 nmr 6: 6.80-7.95 (m, 13H, N[C0I2C6H4 and 
C6ff5CH2), 5.80 (dd, lH, J = 10.6 and 9.1 Hz, H-3'), 5.65 (d, 1H, 
J = 8.3 Hz, H-l ') ,  5.16 (dd, IH, J = 10.0 and9 .2  Hz, H-4'), 
4.99 (d, IH, J = 8.6 Hz, H-I), 4.86 (d, IH, J 12.7 HZ, C6H5CffZ), 
4.46 (d, 1H, C6H5CH), 4.35 (dd, IW, J = 10.6 and 8.3, H-2'), 
3.65 (s, 3H, COOCH3), 3.22-4.32 (m, 11H, H-2, H-3, H-4, H-5, 
2H-6, H-5', 2H-6', and 0CH2[CH2I7), 2.19 (t, 2H, J = 7.5 Hz, 
CH2COOMe), 2.00, 1.99, 1.84 (3s, 9H, CH,COO), 1.73 (dd, 1H. 
J = 8.8 Hz and 4.3 HZ, exchangeable with D20,  OH), and 0.80-1.50 
(m, 12H, (CH2)6). Anal. calcd. for C51H58N2018 (986.368): C 62.06, 
H 5.92, N 2.84; found: C 62.21, H 6.03, N 2.73. Molecular ions 
observed: [MH]+ 987, [MNa]' 1009, [MNH,]' 1004. 

8-Methoxycarbonyloctyl4-0-(3 ',4 ', 6'-tri-0-acetyl-2 '-deoq-2'- 
phthalimido-/3-D-glucopyranosyl)-6-0-(2'' 3", 4"-tri-0 -benzyl- 
a- L-fucopyranosy1)-3-0- benzyl-2-deoxy-2-phthalimido- P-D- 
glucopyranoside ( d l )  

A mixture of 10 (312 mg, 0.315 mmol), tetraethylammonium 
bromide (1.32 g, 6.30 mmol), and powdered molecular sieve 4 8  
(2.33 g) in dry dichiorornethane (6 mL) was stirred in the dark at room 
temperature for 1 h. A solution of freshly prepared tri-0-benzyl-a-L- 
fucopyranosyl bromide (ref. 13a; 626 mg, 1.26 mmol) in dry dichloro- 
methane (ref. 13 b; 5 mL) was then added, and the reaction mixture was 
slowly stirred for 44 h. It was diluted with dichloromethane (60 mL) 
and filtered through Celite, which was washed with dichloromethane 
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(2 X 30 mL), and the combined filtrate and washings were washed with 
water (2 x 100 mL), dried over MgS04, and evaporated to give a 
syrupy residue that was subjected to chromatography on a silica gel 
column with hexanelethyl acetate (2: 1). Together with unreacted 10 
(19 mg, 2%), 11 (347 mg, 79%) was obtained as an amorphous solid, 
[a ID -51.9" (c. 1.0, CHC13); R f  0.30 (two-fold development in the 
above solvent); ir (neat) 1779, 1750, and 1718 cm-' (CO); 'H nmr 6: 
6.80-7.95 (m, 28H, N(C0)2ChH4 and C6H5CH2), 5.72 (dd, lH, 
J = 10.7 and 9.2 Hz, H-3'), 5.63 (d, lH,  J = 8.4 Hz, H-1'), 5.09 
(d, l H ,  J = 3.3 HZ, H-1"), 4.91 (d, lH, J = 8.3 Hz, H-1), 3.64 
(s, 3H, COOCH3), 2.19 (t, 2H, J = 7.5 Hz, CH2COOMe), 1.91, 
1.87, and 1.83 (3s, 9H, CH3COO), and 1.04 (d, 3H, J = 6.5 Hz, 
H-6"). Anal. calcd. for C78H86N2022 (1402.567): C 66.75, H 6.18, 
N 2.00; found: C 66.61, H 6.11, N 1.94. Molecular ions observed: 
[MH]+ 1403, [MNal+ 1425, [MNH4]+ 1420. 

8-Merhoxycarbonyloctyl2-acetamido-4-0-(2'-acetarnido-3',4',6'-tri- 
O-acetyl-2 '-deoxy-P-D-glucopyranosyl)-3-O- benzyl- 6 - 0 -  
(2",3",4"-tri-O-benzyl- a-~-fucopyranosyl)-2-deoql- P-D-gluco- 
pyranoside (12)  

A solution of 11 (591 mg, 0.422 mmol) and hydrazine acetate 
(1.17 g, 12.7 mmol) in dry methanol (20 mL) was boiled under reflux 
for 3 h, then another portion of hydrazine acetate (1.17 g, 12.7 mmol) 
was added and the refluxing continued for 4.5 h. After cooling. the 
reaction mixture was evaporated to dryness and treated with acetic 
anhydride (14 mL) in pyridine (15 mL) at room temperature for 19 h. 
The mixture was diluted with ethyl acetate (200 mL) and washed with 
cold water (100 mL), 1 N HCl(2 X 100 mL), and water (100 mL). The 
organic layer was dried over MgS04, the solvent evaporated, and the 
pale yellow solid residue was subjected to chromatography on silica 
gel using ethyl acetatelhexane (3: l) ,  to give pure 12 (423 mg, 82%) 
as acolorless solid, mp 186-188°C; [ a I E  -42.5" (c. 0.76, CHC13); Rf 
0.12 (the above solvent); ir (neat) 3305 (NH), 1748 (COOR), and 1662 
(CONH); 'H nrnr 6: 7.20-7.50 (m, 20H, C6H5CH2), 6.22 (d, lH,  J = 
9.4Hz,NH),5.56(d, l H , J = 8 . 7 H z , N H ) , 5 . 0 0 ( d ,  lH, J = 9 . 6 H z ,  
H-lf) ,4 .66(d,  lH,  J = 2 . 5 H z , H - l U ) , 4 . 4 3 ( d ,  lH,J=6 .9Hz,H-1) ;  
3.65 (s, 3H, COOCH3), 2.28 (t, 2H, J = 7.5 Hz, CH2COOMe), 
2.03, 1.98, 1.94, 1.87, and 1.82 (5s, 15H, CH3COO), 1.20-1.65 
(m, 12H, [CH2I6), and 1.04 (d, 3H, J = 6.4 Hz, H-6"). Anal. calcd. 
for C66H86N2020 (1226.577): C 64.59, H 7.06, N 2.28; found: 
C 64.67, H 7.20, N 2.33. Molecular ions observed: [MH]' 1227, 
[MNa] + 1249. 

8-Methoxycarbonyloctyl2-acetamido-4-0-(2'-acetamido-3',4',6'-tri- 
O-acetyl-2'-deoq-~-~-glucopyranosyl)-6-O-(a-~-fucopyrano- 
sy1)-2-deony- P-  D-glucopyanoside (13) 

Hydrogenolysis of 12 (179 mg, 0.146 mmol) on 10% Pd/C in ethyl 
acetate/methanol(1:3, 20 mL) gave, after filtration through Celite and 
evaporation of the solvent, colorless 13 (118 mg, 94%), which was 
unstable on standing. Rf0.40 (ethyl acetate/methanol, 5:l); 'H nmr 6: 
5.11 (t, IH, J = 9.8Hz, H-3'), 5.02 (t, lH,  J = 9.7 Hz, H-4'), 
4.81 (d, lH, J = 1.8 Hz, H-1"), 4.73 (d, lH, J = 8.6 Hz, H-1'), 
4.39 (d, lH, J = 7.8 HZ, H-I), 3.67 (s, 3H, COOCH3), 3.40-4.28 
(m, 16H, H-2, H-3, H-4, H-5, 2H-6, H-2', H-5', 2H-6', H-2", H-3", 
H-4", H-5", CH2[CH2I7), 2.30 (t, 2H, J = 7.5Hz, CH2COOCH3), 
2.09,2.02,2.01,2.00, and 1.96 (5s, 15H, CH3COO), and 1.20-1.65 
(m, 15H, H-6" and cH2[CH2]hCOOCH3). 

8-Methoxycarbonyloctyl2-acetamido-4-0-(2'-acetamido-3',4',6'-tri- 
(3 -acetyl-2 '-deoq-/3-~-glucopyranosyl)-6-O-(2", 3", 4"-tri-0- 
acetyl- a-L- fucopyranosyl)-3-0 -acetyl-2-deoxy-P- D-glucop?ra- 
noside (14) 

Compound 13  (120 mg, 0.139 mmol) was treated with acetic 
anhydride (1.5 mL) in dry pyridine (2 mL) for 19 h. The reaction 
mixture was diluted with ethyl acetate (100 mL), washed with cold 
water (50 mL), 1 N HCl (2 x 50 mL), and water (50 mL), dried 
(MgS04), and evaporated to give a colorless, syrupy residue. The latter 
was subjected to chromatography on a silica gel column using ethyl 
acetate to give 14 (113 mg, 79%); [ a I D  -69.2" (c. 1.0, CHC13); 
Rf 0.12 (ethyl acetate), 0.64 (ethyl acetatelmethanol 9: 1); 'H nmr 6: 

5.68 (d, lH,  J = 7.9 Hz, exchangeable with D20,  NH), 5.60 (d, lH, 
J = 8.6 Hz, exchangeable with D20,  NH), 5.07 (d, 1H, J = 3.6 Hz, 
H-1"), 4.96 (d, lH,  J = 8.4 Hz, H-1'), 4.51 (d, lH,  J = 7.8 Hz, 
H-1), 4.30 (br, q, lH,  J = 6.2 Hz, H-5"), 3.66 (s, 3H, COOCH3), 
2.30 (t, 2H, J = 7.5 HZ, CH2COOCH3), 2.18, 2.15, 2.07, 2.01, 
2.00, 1.96, and 1.91 (7s, 27H, CH,COO), 1.28-1.61 (m, 12H, 
CH2[CH2I6CH2COOCH3), and 1.13 (d, 3H, J = 6.4Hz, H-6) .  
Anal. calcd. for C46H70N2024 (1034.432): C 53.38, H 6.82, N 2.71; 
found: C 53.46, H 6.91, N 2.83. Molecular ions observed: [MH]' 
1035, [MNa]' 1057. 

8-Methoq~carbonyloctyl2-acetamido-4-O-(2'-acetamido-2'-deoq-~- 
o-g1ucopyranosyl)-6-O- a -  L-fucopyranosyl-2-deoq- P-  D-gluco- 
pyranoside (15a) 

ZemplCn deacetylation of 14 (78 mg, 0.075 mmol) in methanol 
(2 mL) was performed as described for the preparation of 5. The 
trisaccharide 15a (50 mg, 91%) was obtained as colorless solid, 
mp 283-286°C (aqueous ethanol), [ e l D  -63.5" (c. 0.42, 50% 
aqueous ethanol); 'H nmr 6: 4.90 (d, lH,  J = 3.8 Hz, H-1"), 4.64 
(d, lH,  J = 8.4 Hz, H-1'), 4.49 (d, lH, J = 7.8 Hz, H-1), 4.13 
(br, t ,  1H, J = 6.5 Hz, H-5"), 3.68 (s, 3H, COOCH,), 3.40-3.95 
(m, 17H, H-2, H-3, H-4, H-5, 2H-6, H-2', H-3', H-4', H-5', 
2H-6', H-2", H-3", H-4", 0CH2[CH7]), 2.39 (t, 2H, J = 7.4 HZ, 
CH2COOCH3), 2.08 and 2.03 (2s, 6H, CH3COO), 1.58 and 1.30 
(m, 12H, CH2[CH2]hCH2C(30CH3), and 1.23 (d, 3H, J = 6.6 Hz, 
H-6"). Anal. calcd. for C32H56N2017 (740.358): C 51.88, H 7.62, 
N 3.78; found: C 51.92, H 7.83, N 3.88. Molecular ions observed: 
[MH]' 741, [MNa]' 763. 

Hydrazide 
Compound 15a (35 mg, 0.047 mmol) and hydrazine hydrate 

(1.6 mL) were stirred in dry ethanol (4.6 mL) at room temperature for 
24 h. The mixture was evaporated to dryness, and the residue was 
evaporated from water (2 X 12 mL) to give the hydrazide as a colorless 
solid (36 mg) that was used in the next step without purification. 

Coupling reaction with BSA 
To a solution of the hydrazide (21 mg, 0.029 mmol) in DMF 

(0.4 mL) stirred at -40 to -30°C, was added a solution of dinitrogen 
tetroxide (1 1) in dichloromethane (0.46 M, 0.08 mL). Stirring was 
continued at -20 to - 10°C for 45 min, then this solution was added 
to a buffered solution (KHC03/Na2B407; pH 8.93; 9.4 mL) of bovine 
serum albumin (purified, 94 mg, 0.00145 mmol) under stirring at O°C, 
and the stirring was continued for 25 h. The mixture was then dialyzed 
against water (5 x 100 mL) using an Amicon ultrafiltration cell 
(Model 402) equipped with a YM-10 membrane. After lyophilization, 
15b (97 mg) was obtained as a colorless solid. The carbohydrate 
content was determined according to ref. 16 as 10.5 carbohydrate 
equiv. per BSA molecule. 

Coupling reaction with poly- I.-lysine 
Hydrazide (17 mg, 0.023 mmol) was treated with dinitrogen 

tetroxide as in the previous reaction; however, instead of BSA, poly- 
L-lysine (mw 16 000); 96 mg, 0.006 mmol) in buffer (9.6 mI,) at O°C 
was used. After 44 h the reaction mixture was dialyzed against water 
(5 x 100 mL) using a YM-2 membrane, and lyophilized to give 15c 
as a pale yellow solid (47 mg). The incorporation level was determined 
as above as 1.9 carbohydrate equiv. per poly-L-lysine molecule. 

Immunization protocol (1 7) 
Rabbits were immunized subcutaneously with 200 yg of 156 

(0.2 mL in 0.15 M NaCl) and equal volume of Freund's complete 
adjuvant at four sites at the back of the neck. Boosting immunizations 
were performed with the same amount of 15b and incomplete Freund's 
adjuvant weekly for 3 weeks. After a resting period of 2 weeks, the 
animals were again immunized with 400 yg of 15b in PBS (0.4 mL) 
in the ear vein, and blood samples were taken after 1 week. 

Solid-phase radioimmunoassay (RIA) and competition analysis 
The solid phase RIA was performed using 86-well acrylic plastic 

plates (Flow laboratories) that were incubated with 15c at 20 yg/mL 
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for 16 h at room temperature. Following washing in ST buffer (0.15 M 
NaCI, 0.01 M TRIS, pH 8 ) ,  the plates were blocked with 0.5% gelatin 
in ST. 

The solid-phase binding of rabbit sera was measured by incubating 
the plates for 4 h at room temperature with 50 mL rabbit sera diluted 
in 1% BSA-ST, washing in ST buffer, amplifying for 2 h with 
'25~-protein A prepared according to ref. 18 (3  X lo4 cpm/well). 
A non-saturating concentration of rabbit sera was determined for use 
in the competition analysis. 

The compounds used in competition experiments prepared in our 
laboratories ( 9 ,  14, 21) were preincubated with this dilution of rabbit 
sera (2 X in 1% BSA-ST buffer for 16 h at 4°C. The residual 
activity was determined in the solid phase RIA, and the percent 
inhibition was calculated for a titration of the competitor. 
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Viscosities of dilute aqueous suspensions of montmorillonite and kaolinite clays3 

KIM L. KASPERSKI, CHARLES T. HEPLER, AND LOREN C. HEPLER 
Department of Chemistry, University of Alberta, Edmonton, Alta., Canada T6G 2G2 

Received March 1 1,  1986 

KIM L. KASPERSKI, CHARLES T. HEPLER, and LOREN G. HEPLER. Can. J .  Chem. 64, 1919 (1986). 
We have measured viscosities and densities of dilute aqueous suspensions of Na-kaolinite (2S°C), of Na-montmorillonite 

(25-5j°C), and of mixtures of Na-kaolinite/Na-montmorillonite (25°C). Results of the measurements at 25OC have been 
analyzed in terms of the Einstein equation with conclusions that are consistent with previous knowledge that colloidal particles of 
these clays are non-spherical and that montmorillonite is a swelling clay. Viscosities of mixed clay systems are nearly consistent 
with a simple additivity model; the small non-additivities are in accord with previous evidence that relatively small 
montmorillonite particles are adsorbed on the surface of relatively large kaolinite particles. The effect of temperature on the 
viscosities of suspensions of montmorillonite is consistent with the idea that aggregation of clay particles diminishes with 
increasing temperature. 

KIM L. KASPERSKI, CHARLES T .  HEPLER et LOREN G. HEPLER. Can. J .  Chem. 64. 19 19 (1986). 
On a mesurC les viscositCs et les densitCs de suspensions aqueuses diluCes de kaolinite de sodium (25"C), de montmorillonite de 

sodium (25-55°C) et de mtlanges de kaolinite de sodium/montmorillonite de sodium (25°C). On a analyst les rCsultats des 
mesures a 25°C en fonction de 1'Cquation de Einstein et les conclusions sont en accord avec nos connaissances antkrieures sur le 
fait que les particules colloidales de ces argiles ne sont pas sphtriques et que la montmorillonite est une argile qui se gonfle. Les 
viscositks des systkmes mixtes d'argiles sont en accord presque parfait avec un modkle simple d'additivitk; les faibles diffkrences 
a l'additivitb sont en accord avec les donntes anttrieures a l'effet que les particules relativeinent faibles de montmorillonite sont 
adsorbCes sur la surface de particules relativement grosses de kaolinite. L'effet de la temptrature sur les viscosites de suspensions 
de montmorillonite est en accord avec l'idee que l'aggrtgation de particules d'argile diminue avec une augmentation de la 
temperature. 

[Traduit par la revue] 

Introduction 
Colloidal suspensions of clays in water and aqueous solutions 

have been investigated in many ways, including many investi- 
gations of rheological properties. Because of applications in 
such fields as ceramics and drilling muds, most of these 
investigations have been concerned with concentrated suspen- 
sions in which non-Newtonian flow is important. There have 
been only a few investigations of the viscosities of dilute 
suspensions, in spite of their general theoretical importance and 
also their practical importance in such areas as enhanced oil 
recovery and water treatment. Our particular interest has been in 
the flow properties of dilute suspensions of clays, including 
investigations of mixed-clay systems that may be important in 
connection with problems involving oil sands tailings as well as 
to problems related to permeabilities in enhanced oil recovery. 

As background for our research we cite a few previous 
investigations of viscosities of dilute suspensions of clays (1-6) 
and evidence for interesting and potentially important inter- 
actions of different kinds of clays with each other in dilute 
suspensions (7, 8). 

Experimental 
Materials 

Well-characterized clay samples were obtained from the Source 
Clay Mineral Repository, Department of Geology. University of 
Missouri, Columbia, MO, U.  S .A. The kaolinite (KGa-1) came from 
Washington County, GA, and the montmorillonite (SWy-I) came 
from Crook County, WY. Our preparations of Na-kaolinite and 
Na-montmorillonite for subsequent use followed procedures that have 
been described previously (9, 10). 

Apparatus and methods 
Densities of suspensions were obtained with glass pycnometers of 

25 cm3 nominal volume, which we calibrated at each temperature with 

'The first part of this research was done in the Department of 
Chemistry, University of Lethbridge, Lethbridge, Alta. 

distilled water. Uncertainties in most of our densities of clay suspen- 
sions are less than 20.0005 ~ m - ~ .  

Cannon-Fenske glass viscometers (ASTM 25 and 50) from Fisher 
Scientific were calibrated with distilled water and with 0.010 M NaOH 
at each temperature. Flow times ranged from 1 to 20 rnin, as timed with 
a stopwatch; total timing uncertainties (due to the stopwatch and our 
response times) were about 2 0 . 1  s. At the low flow rates of our 
measurements, we had no complications due to non-Newtonian flow 
and were correspondingly unable to investigate the non-Newtonian 
rheology that becomes important at higher flow rates and for more 
concentrated suspensions (2, 3, 5, 1 1). 

Particular care was taken with cleaning the viscometers between 
measurements, because of thc tcndcncy of clay particles to adhcrc to 
the walls of the capillaries of the viscometers, which was particularly 
troublesome with our most concentrated suspensions. 

Ali measurements were done with pycnometers and viscometers 
suspended in a constant temperature water bath with temperature 
known to +O.Ol°C and stable to +0.005°C, as checked with a platinum 
resistance thermometer. 

Results and calculations 
Results of our measurements leading to densities and viscosi- 

ties of suspensions of Na-kaolinite and Na-montmorillonite at 
25 .0O0C are summarized in Tables 1 and 2,  respectively, and 
illustrated in Fig. 1, which is based on eq. [8] that is presented 
later. 

We want to calculate the volume fractions of dry clay in our 
various suspensions, which requires that we know the density of 
our solid dry clays. Previous investigations of similar clays have 
led to reported densities ranging from 2.4 to 2.8 g cm-? for 
Na-montmorillonite (4, 5 ,  12, 13) and 2.58 to 2.63 g cmP3 for 
Na-kaolinite (12, 14). Largely because of the substantial range 
in reported densities for Na-montmorillonite, we use our 
densities of suspengions to obtain our own values for the 
densities of the dry clays we have used, as follows. 

We begin by assuming that the volumes of clay (V,) and 
water (V,) are additive so that the volumes of suspensions (V,) 
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TABLE 1. Densities and viscosities of suspensions of Na-kaolinite in 
0.010 M NaOH at 25.00"C 

Density Viscosity 
Wt. % clay (g ~ m - ~ )  (mPa s) $d [(n - no)/+dnola 

1.180 1.005 0.909 0.00453 4.2 
2.017 1.010 0.920 0.00778 4.0 
2.912 1.016 0.942 0.0113 5.0 
3.787 1.021 0.956 0.0148 4.9 
3.863 1.022 0.968 0.0151 5.7 
5.067 1.030 0.984 0.0199 5.2 
6.608 1.039 1.050 0.0262 6.8 
7.085 1.042 1.084 0.0282 7.6 
7.443 1.045 1.070 0.0297 6.7 
8.663 1.052 1.100 0.0347 6.7 

"The viscotiy of 0.010 M NaOH is 0.892 mPa s, as compared with 
0.890 mPa s for pure water. Here we use no = 0.892 mPa s .  

TABLE 2. Densities and viscosities of suspensions of Na-montmoril- 
lonite in water at 25.00°C 

Density Viscosity 
Wt.% clay (g cmp3) (mPa s) + d [ ( n  - no)/dwol 

0.10 0.9976 0.948 3.84 X lop4 170 
0.20 0.9983 1.007 7.68 X 171 
0.30 0.9988 1.057 1.15 x 173 
0.40 0.9997 1.156 1.54 X 194 
0.50 1.0001 1.220 1.92 X lop3 193 
0.60 1.0007 1.280 2.31 X 190 
0.70 1.0014 1.388 2.70 X 207 
0.90 1.0026 1.630 3.47 x 240 
1 .OO 1.0032 1.671 3.86 X 227 
1.20 1.0045 1.980 4.64 X 264 
1.40 1.0057 2.311 5.42 X 295 
1.60 1.0070 2.556 6.20 X 302 
1.80 1.0083 3.031 6.38 X lop3 345 
2.00 1.0095 3.622 7.77 X 395 
2.20 1.0109 4.767 8.55 X lop3 509 

are given by 

Very accurate results reported by Low (13) provide support for 
the validity of eq. [ l ]  to the level of accuracy that we require 
here. Some algebraic manipulations with eq. [ I ]  and the 
definition of density lead to 

where d c ,  d,,  and d ,  represent the densities of dry clay, 
aqueous suspension, and water, respectively, and P represents 
the weight percent clay in the suspension. Because of the term 
( d ,  - d s )  in eq. [2] and the '0.0005 g cmP3 uncertainties in our 
values of d,,  this equation is useful only when applied to 
solutions more concentrated than about 1% clav. o u r  calcula- 
tions with eq. [2] applied to densities of our suspensions lead to 
dc = 2.6 t 0.  I g cmP3 for dry Na-kaolinite and the same value 
for dry Na-montmorillonite, in which 2 0 . 1  g cmp3 is our 
estimate of the total uncertainty due to our experimental results 
and the initial assumption that volumes are additive. 

There is also another way to calculate dc from our results. 
Solution chemists have found it useful to define "apparent 
molar" properties for solutions of small molecules and "appar- 

FIG. 1. Graphs of reduced viscosity ( ( n  - no)/+,no) against 
volume fraction of dry clay (+d) for montmorillonite (a) and kaolinite 
(b).  The dashed line for montmorillonite is an extension of the straight 
line corresponding to (AS),,, = 148 and (BS'), = 2.6 x lo4  and is 
drawn to show the deviation from linearity above a value of about 
0.006 for +d .  

ent specific" properties for solutions of high molecular weight 
polymers, with the latter being appropriate to our problem. In 
similar fashion we define the apparent specific volume of clay 
(vd as 

in which V ,  represents the volume of a suspension containing a 
specified amount of water, V ,  represents the volume of that 
same amount of water, and m, represents the mass of dry clay in 
the suspension. Algebraic manipulations similar to those that 
led to eq. [2] lead to 

in which the symbols have already been defined. 
In eq. [4], just as in eq. [2], we have a ( d ,  - d s )  term that 

limits useful calculations to suspensions containing more than 
about 1% clay. Calculations with data from Tables 1 and 2 in 
eq. [4] lead to V+ = 0.387 cm3 g-l  for each of our clays. 
Since the reciprocal of V6 is the density, we again obtain 
d ,  = 2.6 g cm-3 for each of our clays. This vaiue of d ,  is not 
an independent confirmation of our identical value based on 
eq. [2] since our use of eq. [4] is also based on the implied 
validity of eq. [I] .  

Now we use the above d ,  = 2.6 g cm-3 for dry clay as follows 
to obtain the volume fraction of dry clay in water (+d) that will 
be used in subsequent calculations with the Einstein equation. 
Choosing to consider 100 g of suspension, we obtain 

Values of +,, the volume fraction of dry clay, are listed in 
Tables 1 and 2 for Na-kaolinite and Na-montmorillonite. 

A simple way to start the analysis of viscosity data for 
suspensions is in terms of the Einstein equation, which we write 
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KASPERSKI ET AL 

TABLE 3. Densities and viscosities of 0.30 wt.% Na-montmorillonite in water at various 
temperatures 

Temperature Density Viscosity 
("C) (g cm-3) bPa s) + d [(n - pl~)/+dflOl 

TABLE 4. Densities and viscosities of 2.20 wt.% Na-montmorillonite in water at various 
temperatures 

Temperature Density Viscosity 
("C) (g ~ m - ~ )  (mPa s) + d [ ( n  - n0) /6dno l  

[6] ( n -  n o ) / n o = A b +  B + ~ +  ... 

In this equation n and no represent the viscosities of the 
suspension and of the pure solvent, 4 is the volume fraction of 
the suspended particles, and A and B are constants. It should be 
emphasized that 6 refers to the volume fraction of clay particles 
as they exist in suspension; that is, 4 refers to the volume 
fraction of swollen clay particles whereas it is the volume 
fraction of dry clay (+d) that we know and have listed in Tables 
1 and 2.  All we can do now is recognize that 6 and bd are related 
by a "swelling factor" that we denote by S  so that 

Substitution of eq. [7]  into eq. [6] and rearrangement leads to 

[8] ( n  - no)/&no = ( A S )  + (BS2)bd  + . .. 

As suggested by this equation, we have calculated the values of 
the reduced viscosities, [(n - no)/+dno], that are listed in 
Tables 1 and 2  and have constructed graphs of these reduced 
viscosities against 6,  as in Fig. 1. Least-squares fits of eq. [8] to 
our experimental results lead to ( A S ) ,  = 148 and ( B S ~ ) ,  = 
2.6 x lo4 for Wa-montmorillonite and to ( A S ) k  = 3.5 and 
( B S ~ ) ~  = 1.1 X l o2  for Na-kaolinite, where the subscripts 
m and k refer to montmorillonite and kaolinite, respectively. 

Einstein's original calculations showed that A = 2.5 for 
spherical particles. Subsequent calculations by others have 
shown that A > 2.5 for particles of non-spherical shape, such as 
the clays of present interest. Since it is known that montmoril- 
lonite is a swelling clay (14), we also know that S ,  > 1. On the 
basis that A ,  > 2.5 and S ,  > 1, it is expected that ( A S ) ,  should 
be substantially greater than 2.5, as has indeed been found. 
Kaolinite, however, is not a swelling clay (l5), so we expect the 
difference between (AS )k  and 2.5 to be determined almost 
entirely by the non-spherical shape of the kaolinite particles. 

More quantitative consideration of the magnitudes of A ,  and 
S ,  must be based on detailed considerations of the swelling 
of montmorillonite and on the related hydration of the clay 
particles in aqueous suspensions as well as on the shapes of the 
suspended (hydrated) particles. Although these matters are of 

TABLE 5. Densities and viscosities of pure water 
at various temperatures 

Temperature Density Viscosity 
("'7 (g ~ m - ~ )  (mPa s) 

general scientific interest and are also important in connection 
with many questions concerning the colloid chemistry of clays 
in aqueous systems, they extend beyond the realm of the 
present investigation and must be left as subjects for future 
investigations. 

The B term in eq. [6] and thence the i7S2 term in eq. [8] 
is partly determined by particle-particle interactions. Even 
allowing for the fact that S ,  > S k ,  the conclusion from our 
results that ( B s 2 ) ,  >> ( B S ' ) ~  shows that particle-particle 
interactions are stronger in suspensions of montmorillonite 
(nearly neutral pH) than in suspensions of kaolinite (high pH) 
of similar concentraf ons. 

Results obtained for the densities and viscosities of suspen- 
sions of Na-montmorillonite at several temperatures are given 
in Tables 3  and 4. Properties of distilled water used in our 
calculations are given in Table 5. The viscosities and densities 
decrease with increasing temperature, as expected. For dilute 
suspensions (0.30 wt.%) the reduced viscosity does not change 
significantly with temperature. as was also found by Wood, 
Granquist, and Krieger (1) for suspensions of attapulgite. 
However, for more concentrated suspensions (2.20 wt. %), the 
reduced viscosity increases with increasing temperature, which 
could be the result of a partial breakdown of relatively large 
nearly spherical structures to smaller less spherical structures, 
which can account qualitatively for the observed temperature 
dependence. 

Because many natural environments contain mixtures of 
clays and earlier investigations ( 7 ,  8) have shown that there are 
specific interactions between different clays in aqueous suspen- 
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TABLE 6. Viscosities of suspensions of mixtures of Na-kaolinite and Na-montmorillonite in 0.010 M 
WaOH at 25.00"C; total clay concentration = 0.250 w t . 9 :  densities of all suspensions = 0.9991 i 

0.0005 g cm-3 
-- 

Mass ratio Viscosity 
(mPa s) [(n - no)/no+dI [(n - n~)/n~Iexp [(n - nO)/nO1calcda 

Pure mb 
0.050 
0.100 
0.125 
0.167 
0.250 
0.500 
1 .00 
2.00 
4.00 
6.00 
8.00 

10.0 
20.0 
Pure kb 

"See footnote, Table 1. 
bSamples of clays used for the series of measurements summarized here were prepared at a different time than 

those used for the measurements in Tables 1 and 2; hence there are small differences between viscosities reported 
here and in Tables 1 and 2. 

TABLE 7. Viscosities of suspensions of mixtures of Na-kaolinite and Na-montmorillonite in 0.010 M 
NaOH at 25.00"C; total clay concentration = 0.500 wt.%; densities of all suspensions = 1.0006 rt 

0.0005 g cm-3 

Mass ratio Viscosity 
(k/m) (mPa s) [(n - no)/no+dl [(n - n~) /n~lexp  [(n - n ~ ) / n ~ l c a ~ c d ~  

Pure mb 
0.050 
0.100 
0.125 
0.167 
0.250 
0.500 
1 .oo 
2.00 
4.00 
6.00 
8.00 

10.0 
20.0 
Pure kb 

"See footnote, Table 1. 
bSee footnote. Table 6 .  

sions, we have measured viscosities of some dilute mixed 
clay systems. Our densities and viscosities of suspensions of 
mixtures of Na-kaolinite and Na-montmorillonite at five differ- 
ent total clay concentrations (0.25. 0.50, 0.75, 1.00, and 
3.00 wt.%) were measured at 25.00°C, with results given in 
Tables 6-10. 

We investigate the possible effects of kaolinite-montmoril- 
lonite specific interactions on viscosities by comparing our 
measured viscosities with those that can be predicted on the 
basis of a simple additivity principle. This comparison can be 
done in two ways. 

One way to express additivity of viscosity effects is by way of 

in which [ ( n  - no) / no] and [ ( n  - no) / no] ,  are obtained from 
eq. [8] multiplied through by $,, using values of (AS), (BS2), 
and +d appropriate to each component of the mixture. Compari- 
son of results of these calculations with the measured viscosities 
shows that there are small (relative to uncertainties) deviations 
from additivity. 

The other (effectively equivalent) way of testing our results 
for additivity is to use the viscosities of mixtures having the 
same ratio of (kaolinite/montmorillonite) in eq. [8] to permit 
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KASPERSKI ET AL 

TABLE 8. Viscosities of suspensions of mixtures of Na-kaolinite and Na-montmorillonite in 0.010 M 
NaOH at 25.00°C; total clay concentration = 0.750 wt.%; densities of a!l suspensions = 1.0022 2 

0.0005 g 

Mass ratio Viscosity 
(klm) (mPa s) [ (n  - no)lno+dl [(n - n ~ ) / n ~ l ~ ~ ~  [ ( n  - n~)/n~lcalcdu 

Pure mb  
0.050 
0.100 
0.125 
0.167 
0.250 
0.500 
1 .oo 
2.00 
4.00 
6.00 
8.00 

10.0 
20.0 
Pure kb 

"See footnote, Table 1. 
bSee footnote. Table 6. 

TABLE 9. Viscosities of suspensions of mixtures of Na-kaolinite and Na-montmorillonite in 0.010 M 
NaOH at 25.00°C; total clay concentration = 1 .OO wt.%; densities of all suspensions = 1.0037 + 

0.0005 g cm-3 

Mass ratio Viscosity 
(k/m) (mPa s) [ (n  - no)ln06dl [ (n  - no)/noIexp [ (n  - n0)/n01calcdii 

Pure mb  
0.050 
0.100 
0.125 
0.167 
0.250 
0.500 
1 .oo 
2.00 
4.00 
6.00 
8.00 

10.0 
20.0 
Pure kb 

1.782 25 8 
1.742 246 
1.856 279 
1.844 276 
1.706 236 
2.04 333 
2.40 437 
2.260 396 
1.340 130 

No measured viscosity 
No measured viscosity 

0.971 23 
0.950 17 
0.910 12 
0.910 5 

"See footnote, Table 1. 
bSee footnote. Table 6. 

TABLE 10. Viscosities of suspensions of mixtures of Na-kaolinite and 
Na-montmorillonite in water at 25.00°C; total clay concentration = 

3.00 wt.76: densities of all suspensions = 1.0157 2 0.0005 g cm-3 

Mass ratio Viscosity 
(k/m) (mPa s) [(n - no)lnolexp l(n - noj/t101oalcd 

evalution of (AS),,, and (BS~),,, for each (k/m) ratio. To the 
extent that a simple additivity principle is valid, these (AS),,, 
and (BS2),,, values should vary linearly with composition from 
the values for pure kaolinite to those for pure montmorillonite. 
We have also found in this way that there are small (relative to 
uncertainties) deviations from additivity. 

The deviations (just barely statistically significant) of viscosi- 
ties of dilute suspensions of mixed clays from simple additivity 
justify a brief summary as follows. First, viscosities of dilute 
suspensions with (k/m) ratios larger than about 0.5 are slightly 
larger than predicted on the basis of additivity, while viscosities 
of suspensions with smaller (k/m) ratios are close to those 
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predicted on the basis of additivity. These observations are 
consistent with the idea that there are more or stronger particle- 
particle interactions in the mixed clay suspensions than in 
corresponding suspensions of single clays, but do not distin- 
guish between adsorption of relatively small montmorillonite 
particles on the surfaces of relatively large kaolinite particles, as 
previously suggested (7, 8), and some other kinds of particle- 
particle interactions. In any case, it should be recognized that 
the effects of adsorption or other kinds of particle-particle 
interactions on viscosities of dilute suspensions are less than the 
effects on electrophoretic mobilities (8) and related 5 potentials. 
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The relative rate constants of oxygen, o ( ~ P ) ,  
atoms with different gaseous unsaturated compounds at room temperature 
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H. DE~LAURIER~ and G. J. COLLIN. Can. J .  Chem. 64, 1925 (1986). 
A simple method is proposed in order to measure the relative rate constants of the interactions between oxygen o ( ~ P )  atoms 

and unsaturated hydrocarbon. A 147 nm photolysis of air is used to produce the 0 { 3 ~ )  atoms. In the presence of 1,2-butadiene, 
these oxygen atoms have a very clean reaction that gives rise to propylene formation. By including a suitable additive, and by 
looking at the formation of propene versus the [additive]/[l.2-butadiene] ratio, the absolute values of the various 0 ( 3 ~ )  + 
unsaturated hydrocarbon interactions can be evaluated. These rate constants increase with the number of substituents attached to 
the double bond. Moreover, a correlation between the total rate constant? and ionization potentials is also observed. 

H. DESLAURIERS et G. J. COLLIN. Can. J .  Chem. 64, 1925 (1986). 
Une mCthode relativement simple est proposCe pour mesurer les constantes de vitesse relatives de l'interaction entre les atomes 

d'oxygkne, o ( ~ P ) ,  et une variCtC d'hydrocarbures insaturCs. On utilise la photolyse de l'air a 147 nm pour gCnCrer les atomes 
d'oxygkne. En prCsence de butadiene-1,2 ceux-ci conduisent a la formation de propkne dans une reaction considCree cornrne 
quantitative. En ajoutant un autre additif, et en suivant la formation de propbne avec le rapport [additif] / [butadiene-1.21, on peut 
estimer les valeurs absolues des differentes constantes de vitesse. Celles-ci ont CtC mesurCes dans le cas de 19 additifs et croissent 
avec le nombre de substituents attach& B la double liaison. En outre, il existe une bonne correlation entre les constantes de vitesse 
et les potentiels d'ionisation. 

Introduction 
In a recent paper from this laboratory, it was shown that a 

very clean reaction results from the mixture of oxygen atoms 
0 ( 3 ~ )  with gaseous 1,2-butadiene: the products are carbon 
monoxide and propene (1): 

Thus, if a convenient source of oxygen atoms is available, the 
monitoring of either carbon monoxide or propene formation 
may be used to measure the relative rate constants of these atoms 
with different additives. The 147 nm photolysis of molecular 
oxygen appears to be a convenient source of such atoms (2). In 
fact, it is well known that, at this wave-length, molecular 
oxygen has a fairly high absorption coefficient (3), and the 
photo-excited molecule decomposes very quickly, giving rise to 
the formation of two oxygen atoms: one o ( ~ P )  and one O('D) 
atom with a quantum yield of one (2). The fate of the O('D) 
atom is straightforward: at room temperature it is deactivated to 
the 0 ( 3 ~ )  state by collision, provided that a suitable quencher is 
added to the reaction mixture. For example, molecular oxygen 
itself is a good quencher, as well as many others such as 
nitrogen, rare gases . . . (4). Conversely, 0 ( 3 ~ )  atoms are not 
known to react or to disappear quickly in the presence of these 
gases. 

[2] O2 + hv(147 nm) -+ o ( ~ P )  + o('D) 

4 = 1.0 

[31 O ( ' D )  + O2 -+ 0 ( 3 ~ )  + O2 
k3 = 0.75 X 10-lo cm3 molecule-I sC'  (4) 

[41 O('D) + N2 -+ 0 ( 3 ~ )  + N2 
k4 = 0.55 X 10-lo cm3 molecule-' sC' (4) 

Thus, it is to be expected that the 147 nm photolysis of 
molecular oxygen is a clean source of o ( ~ P )  atoms with a 
quantum yield of 2.0. Since nitrogen is transparent when 
submitted to the 147 nm wave-length, air is also a good starting 
source for these o ( ~ P )  atoms. If small amounts of 1,2-buta- 

'To whom all correspondance should be addressed. 

diene are added to oxygen, a high propene quantum yield is 
measured: cD(propene) = 1.6- 1.8 with a 1,2-butadieneloxygen 
ratio lower than 0.05 (1). This paper relies on these interactions 
to explain the measurements of the relative rate constants of 
0 ( 3 ~ )  atoms with different hydrocarbon compounds. In fact, by 
adding a few percentage points of a convenient compound to a 
mixture of air and 1,2-butadiene, a decrease in the propylene 
quantum yield may be expected and, from that decrease, one 
may have access to the relative rate constants. Of course, 
comparisons with literature values are also in order. 

Experimental techniques 
Most of the experimental techniques have already been described. In 

particular, the preparation of samples, photolytic as well as analytic 
procedures, and also actinometry, have been recently reported (5 ) .  
Oxygen - research purity (99.98%) - (Matheson Gas Product 
Canada), and either Air zero - hydrocarbon content < 2 ppm - or 
extra dry (Liquid Carbonic), are used as received. The origin and the 
analysis of the starting hydrocarbon materials are indicated in Table 1. 

All experiments were done at room temperature (293 ? 2 K) in a 1/2 
liter Pyrex bulb. The photolytic times were generally 1 rnin and in some 
cases 3 to 5 min. The number of photon entering the cell was between 9 
and 35 x 1013 photons per s. With these conditions the percentage of 
transformation of the hydrocarbon is equal to and generally much less 
than 0.12%. 

Results 
In all cases, the addition of small amounts of various 

unsaturated hydrocarbons to air: 1,2-butadiene (485:0.75 Ton) 
mixtures, results in the decrease of propene quantum yield. 
Conversely, the photolysis of air:hydrocarbon mixtures does 
not produce propene @(propene) < 0.005 except in three cases 
which will be identified later. In the cases where no propene is 
formed in the absence of 1,2-butadiene, the following mecha- 
nism may be assumed: to reactions [I]-[4], reaction [5] must be 
added. 

[5] o ( ~ P )  + RH -+ products (no propene) 

The steady-state approximation leads to the following relation- 
ship. Thus, the inverse of propene quantum yield 
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TABLE 1. Analysis of the starting unsaturated hydrocarbons 

Compound 
Stated purity 

Origin (mol%) ~ n a l y s i s : ~  main observed impurities: ppm 

1,2-Butadiene 
1-Butene 
1-Butene-d8 
2-Butyne 
1-Butyne 
1,3-Butadiene 
cis-2-Butene 
cis-2-Pentene 
Cyclohexene 
Cyclopentene 
3,3-Dimethyl- 1-butene 
1 -Hexene 
Isobutene 
1,2-Pentadiene 
Isoprene 
2-Methyl- 1-butene 
3-Methyl-1 -butene 
1-Pentene-5-d 
2,3-Pentadiene 
3-Methyl-1 Jbutadiene 

A . P L a  
Phillips, R. G. 
M.S.D.' 
A.P.I. 
A.P.I. 
A.P.I. 
Phillips, R. G.  
A.P.I. 
A.P.I. 
A.P.I. 
A.P.I. 
A.P.I. 
Phillips, R. G.  
Chem. Sample Co. 
A.P.I. 
A.P.I. 
A.P.I. 
Chem. Sample Co. 
Chem. Sample Co. 
Chem. Sample Co. 

99.94 1 0 . 0 2  
99.92 
97% D atom 
99.95 + 0.04 
99.94 + 0.03 
99.92 + 0.04 
99.94 
99.93 1 0.02 
99.977 ' 0.02 
99.989 1 0.002 
99.98 2 0.02 
99.86 + 0.08 
99.90 
99 
99.96 + 0.03 
99.90 i 0.08 
99.94 1 0.05 
99 
99 
99 

Propane:4.54. 
Propane:7.47. 
Ethylene + ethane: 129; propene: 155. 
Isobutene + 1-butene:50; propane:42; ?: 13. 
Propane: 16.2. 
- 

Propane:30; trans-2-butene:340; 1,3-butadiene:20. 
1-Butene + isobutene: 19; ethylene:20; propane: 14; 1-pentane: 12. 
Ethylene:67; C5(?): 13; 3,3-dimethyl-1-butene:9. 
1-Butene + isobutene + 1,3-butadiene:10.4. 
3-Methyl-1-butene:20. 
Propene: 12; propane:76; C5(?):34. 
Isobutane:830; propane:44. 
3-Methyl-l,2-butadiene:790; 1,3-pentadiene:2000; I ,4-pentadiene:80. 
3-Methyl-1-butene:47; C5(?):37; 1-butene + isobutene:17. 
Isobutene + 1-butene: 12; propane:7. 
Isobutene + 1-butene:48; propane:38; 1,2-butadiene: 12. 
Isobutene + 1-butene:13; 3-methyl-1-butene:36. 
3-Methyl-1,2-butadiene:700; 1.3-pentadiene:300; ?:280. 
C5(?):890; c5(?):275; C5(?):280; C5(?): 121. 

"American Petroleum Institute, Camegie Mellon Inst. 
'Phillips, Research Grade. 
'Merck, Sharp, and Dohme of Canada. 
dSome of the impurities may come from our analytical system 

I 2 
P(isobutene1 I Torr 

FIG. 1. The 147 nm photolysis of air:1,2-butadiene:isobutene 
(48:1.5:x Torr) mixtures. The inverse of the propene quantum yield 
versus the partial pressure of isobutene. 

is a linear function of [RH]/[ l  ,2-C4H6] ratio. Figures 1-4 
show the plot for expression [I] and for various added 
compounds. The analytic expressions are given in Table 2, and 
in each case the slope/intercept ratio gives the pertinent k5/kl 
one. Using the k 5 [ 0 ( 3 ~ ) ]  [isobutene] as a standard, the 
absolute rate constant of q 3 p )  + 1 ,2-c4H6 interaction may be 
calculated (Fig. 1) and through the various k5/kl ratios, each 
rate constant may be calculated (Table 2 and Fig. 2).  

1 
0 0.75 1.5 2.25 

P ( a l k e n e  / Torr 
FIG. 2. The 147 nm photolysis of air: 1,2-butadiene:alkene (485: 

0 . 7 4 : ~  Torr) mixtures. The inverse of the propene quantum yield in the 
presence of 1-pentene-dl (A), 1,2-pentadiene (A) ,  2,3-pentadiene 
( X ), 2-methyl- 1-butene (@), cis-2-pentene (O), and 3-methyl- 1,2- 
butadiene (V). 

In cases where the photolysis of air:hydrocarbon mixtures 
lead to propene, a correction must be applied to the above 
mechanism and the following process must be added: 

In these cases, the steady-state treatment leads to the following 
equation: 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DESLAURIER .S AND COLLIN 1927 

1 2 
P(1,Z-C,H6) / Torr 

FIG. 3. The 147 nm photolysis of air:1,2-butadiene:C& (485: 
x:0.75 Torr) mixtures. The inverse of the IQo(propene) - @(pro- 
pene)] values versus the 1,2-butadiene pressure in the presence of 
1,3-butadiene ( A ) ,  2-butyne (0) ,  and 1-butyne (0). 

0 1 2 3 
P(dienel  / Torr  

FIG. 4. The 147 nm photolysis of air:1 ,2-butadiene:C5H, (485: 
0.74:xTorr) mixtures. The inverse of @(isobutene) in the presence of 
3-methyl-l,2-butadiene (@), @(2-butene) in the presence of 2,3- 
pentadiene ( O ) ,  and @(l-butene) in the presence of 1,2-pentadiene 
(0) .  

where Qo(Pe) is the propene quantum yield measured in the 
oxygen:l,2-butadiene mixture and Q(Pe) that measured in 
various oxygen: l,2-butadiene:RH mixtures. Figure 3 shows the 
results obtained in the case of the C4H6 compounds, namely 
1 -butyne, 2-butyne, and 1,3-butadiene, and numerical results 
appear in Table 3. 

Finally, some ultimate stable products formed in process [5] 
have been identified. For example, the photolysis of either the 
1,2- and 2,3-pentadienes produce alkenes in a similar way as 
observed in 1,2-butadiene case. 

TABLE 2. Relative rate constants of the 0(3P)  + RH reactions 

1 " k ( X  1012 cm3 moleculeCI s-') 
- 

RH 2+ Literature (ref.) This work 

Isobutene - 17 .35~  ( 6) - 
1,2-Butadiene 0.56, 7.46 ( 7) 5.95 (0.25)' 
1-Butene 0.59, 3.98-4.00 (6-8) 4.14 (0.13) 
1-Butene-d8 0. 5g5 3.93 (0.22) 
1-Pentene-5-dl 0.54, 4.78 ( 9) 4.96(0.28) 
1-Hexene 0.663 4.51 (10) 4.64 (0.59) 
3-Methyl-1-butene 0.575 4.25 ( 6) 3.98 (0.56) 
3,3-Dimethyl- 1-butene 0.596 4.95 (0.39) 
2-Methyl- 1 -butene 0.562 18.58 (0.93) 
cis-2-Butene 0.64, 17.65 ( 6) 13.70(0.80) 
cis-2-Pentene 0.5z0 19.7 (1.85) 
Cyclopentene 0.58, 20.65 (10) 18.6 (1.0) 
Cyclohexene 0.646 18.74 (10) 16.0 (1.4) 
1,2-Pentadiene 0.578 7.58 (0.62) 
2,3-Pentadiene 0.5& 16.5 (0.70) 
3-Methyl-1,2-butadiene 0.53, 41.64 ( 7) 30.4 (2.2) 
Isoprene 0.635 26.7 (2.2) 

"The zero intercept of relationship [I]. Each correlation coefficient of the 
linear regression is higher than 0.988. 

bThis value is taken as a reference in this work. 
'One standard deviation. 

Taking processes [I]-[4] and [7], the steady state treatment 
leads to a relationship [III] similar to [I]: 

1 + k1[1,2-C4H61 
1111] @ [alkene] - ' = - 

2+ 2 4  k7 [diene] 

Again the slope/intercept ratio gives the k ,  / k, ratios (Fig. 4 and 
Table 4). 

Discussion 
Results shown in Tables 2-4 are in good agreement with 

values taken from literature (6-13). In a first approximation, the 
rate constant of the o ( ~ P )  + alkene interaction increases very 
quickly with the number of substituents attached to the double 
bond. However, some remarks must be made on the experi- 

' mental system in order to determine its value. 
The photolytic behavior of molecular oxygen at 147 nm is 

well established and, as such, does not need to be discussed. 
The first approximation comes from the conversion of oxygen 
O('D) to 0 ( 3 ~ )  atoms. The rate constants for the o('D) + 
alkene interactions are relatively large and larger than that of 
the O('D) + O2 or 0 ( ' D )  + N2 processes. For example, 
~ [ O ( ' D )  + isobutene] = (4.4 2 1.2) X 10-''and ~ [ o ( ' D )  + 
cis-butene] = (8.7 ? 1.8) X 10- lo cm3 molecule-' s f '  (14). 
Thus, in mixtures described in Fig. 1, 25.5 and 70% of O ( ' D )  
atoms react with molecular oxygen and nitrogen, respectively: 
they are converted to 0 ( 3  P) - processes [3] and [4]. Moreover, 
it may be assumed that the rate constants of the o('D) + 
unsaturated hydrocarbon are not greater than the collision rate 
constant. Thus, the direct O('D) + unsaturated hydrocarbon 
reactions involve less than 5% of O('D) atoms. 

Since the primary quantum yield of process [2] is one ( 2 ) ,  the 
total 0 ( 3 ~ )  quantum yield must be 2.0. Thus, in the absence of 
any other additive, from process [ I ] ,  the expected propene 
quantum yield must be 2.0. From Table 2, it appears that the 
inverse of the propene quantum yield at zero concentration 
of additive (relationship [I]) is 0.59 (a = 0.04), and the 
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TABLE 3. Relative rate constants for the 0 ( 3 ~ )  f C4H6 interactions 

1-Butyne 1.16 3.90 (0.30) 4.52 0.14 
2-Butyne 1.64 8.65 (0.5) 14.15 0.39 
1,3-Butadiene 1.25 15.5 (0.8) 19.4" 0.20 

"Relationship [II]. Each correlation coefficient of the linear regression is higher than 0.98. 
blO-lZ cm3 molecule-' s-I, ( ): one standard deviation. 
' ( k 5  + butadiene = 20.7 X lo-'' cm3 moleculeC1 s 1  (1 1). 

TABLE 4. Products formed in the 0 ( 3 ~ )  + 1,2- or 2,3-diene interactions 

- 
Diene Product 2 4) k7b 

1,2-Pentadiene 1-Butene 0.61 5.61 (0.52) 
2,3-Pentadiene 2-Butenec 0.57 13.8 (1.5) 
3-Methyl-l,2-butadiene Isobutene 0.66 35.5 (3.2) 

"Relationship [III]. 
blO-'Z cm3 molecule-' s-I, ( ): one standard deviation. 
'trans/cis: 1.39 ? 0.01; 1-butene is alsofonned: 1-butene/C,H8 -- 3 i- 1%. 

Qo(propene) is rather 1.70. This difference may be explained 
on the basis of at least four reasons. First, there may be some 
recombination of the type ( 0  + 0 + M -+ O2 + M) in the 
reaction chamber, although the intensity of the photon beam is 
not too high. Moreover, some of the oxygen atoms may be 
absorbed either by the walls or the window of the reaction 
chamber. This phenomenon may be non-negligible for the less 
reactive unsaturated hydrocarbons. Of course part of the 0 ( 3 ~ )  
+ 1,2-butadiene interaction may lead to different compounds 
than propene + carbon monoxide. For example, traces of buten- 
2-one (1.7%), crotonaldehyde (1. I%), and methacrylaldehyde 
(0.3%) are observed (7). Moreover, although molecular oxygen 
has a high absorption coefficient, a small fraction of the incident 
beam is absorbed by 1,2-butadiene. In an air: 1,2-butadiene 
(485:0.75 Torr), it may be estimated that 3 to 4% of the incident 
beam are absorbed directly by 1,2-butadiene (5). Finally, 
oxygen atoms are known to react with molecular oxygen to form 
ozone in the presence of a third body: 

and k8 = (7.57 k 1.72) X 10-l5 cm3 molecule-' sC' at 298 K 
and 400 Torr of added nitrogen (1 5 ,  16). With these conditions, 
in the 1,2-butadiene:air mixtures (1.5:485 Torr), 7.3% of 0 ( 3 P )  
atoms react with Q2. Obviously, this effect is attenuated by the 
addition of another hydrocarbon. Thus, the two last effects are 
probably responsible for a 10 ? 1% loss in the original budget 
of oxygen atoms. Of course a systematic error in the process of 
actinometry cannot be ruled out. 

In the case where propene is also a product of the 0 ( 3 ~ )  + 
additive interaction, the kinetic system may distinguished 
between propene arising either from 1,2-butadiene or additive 
interaction (Table 3). From this reaction, the branching ratios 
have been evaluated in the case of 1-butyne, 2-butyne, and 
1,3-butadiene. A branching ratio of 0.32 2 0.05 has been 
measured in the case of 2-butyne for the formation of propene, 
and this value may be higher if carbon monoxide is considered 
(17). 

FIG. 5. Rate constants at room temperature as a function of ioniza- 
tion potential (19, 20). @: this work; 0: ref. 6b. 

Finally, the relative rate constant measured for processes [5] 
and 171 and reported in Table 2 and 4 must be compared. Of 
course process [7] is included in process [5] and k7 must be 
smaller or equal to k5 .  It may be said that more 60% of the 
Q ( ~ P )  + 1,2-diene interaction results in alkene + carbon 
monoxyde formation. 

Nothing can be said about the mechanism involved in the 
0 (3P)  + alkene reaction. However, the reaction is most likely 
an addition reaction rather than an abstraction of a hydrogen 
atom (6). This conclusion is supported by measurements of the 
relative rates of reaction of 0 ( 3 ~ )  atom with 1-butene and 
1-butene-d8 for which k4/kD is about 1.05 (Table 2), an isotope 
effect which is too small to be interpreted on the basis of a 
primary C-H bond scission. Finally, there is a correlation 
between the total rate constant and the electron donating 
property of the alkene molecules, as is illustrated in Fig. 5 where 
the rate constants are plotted against ionization potential. 
Similar trend was reported in the case of substituted benzenes 
(18). 
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Chiral phosphine ligands in asymmetric synthesis. IV. Hydrosilation of ketones, 
and the structure of (bicyclo[2.2.l]hepta-2,s-diene) [N, N-dimethyl-1(R)- 
(o-(bis(tert-butyl)phosphino)phenyl)ethylamine]rhodium(I) perchlorate 
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IAN D. MCKAY and NICHOLAS C. PAYNE. Can. J.  Chem. 64, 1930 (1986). 
The crystal structure and absolute configuration of (bicyclo[2.2.1]hepta-2,5-diene)[N,N-dimethyl-1(R)-(o-(bis(tert- 

butyl)phosphino)phenyl)ethylamine]rhodium(I) perchlorate, [Rh(R-dibutphos)(C7H8)]C104, have been determined from three- 
dimensional X-ray data collected by counter methods. The complex crystallizes in the orthorh~~mbic space group P212121 
with four formula units in a cell of dimensions a = 15.773(3), b = 18.660(4), and c = 8.990(3) A. Full-matrix least-squares 
techniques on F, using 2257 reflections with F > 1.5u(F), were used to refine the structure to a final agreement factor of R1 = 
0.042. The cation displays a small tetrahedral distortion from :quare planar geometry (if the diene is viewed as a bidentate ligand) 
with Rh-P and Rh-N distances of 2.398(2) and 2.212(6) A, respectively. The absolute configuration of the aminophosphine 
ligand was determined to be R by the Bijvoet method. The six-membered chelate ring adopts a 6 twist-boat conformation with the 
methyl substituent of the chiral C atom axially disposed. Rh complexes of the aminophosphine ligand were shown to catalyze the 
homogeneous hydrosilation of prochiral ketones, but failed to produce an optical bias in any of systems investigated. 

IAN D. MCKAY et NICHOLAS C. PAYNE. Can. J .  Chem. 64, 1930 (1986) 
En se basant sur des donnCes de diffraction des rayons-X tridlmensionnelles, on a dCterminC la structure cristalline et la 

configuration absolue du perchlorate du (bicyclo[2.2.l]heptadibne-2,5) [N,N-dimCthyl (o-(bis(tert-butyl)phosphino)phCnyl)- 
1(R) Cthylamine] rhodium(I), [Rh(R-dibutphos)(C7H8)]C104. Le complexe cristallise dans le groupe d'espace orthorhombique 
P212121, avec quatre molCcules par cellule dont les dimensions sont a = 15,773(3), b = 18,660(4) et c = 8,990(3) A. On a 
rCsolu la structure par la mCthode des moindres carr6s (matrice entibre sur F) et on l'a affinCe jusqu'a une valeur de R, = 0.042 
en se basant sur 2257 rkflexions avec F > 1,5u(F). Le cation existe dans un forme tCtraCdrique 16gbrement dCformCe de la 
gComCtrie plan carrC (si l'on consjdkre le dikne comme un ligand bidentate) et les distances Rh-P et Rh-N sont respectivement 
Cgales a 2,398(2) et 2,212(6) A. Utilisant la mCthode de Bijvoet, on a determink que la configuration absolue du ligand 
aminophosphie est R. Le chClate a six chainons adopte une conformation 6 bateau deform6 dans lequel le substituant mCthyle 
de I'atome de carbone chiral est disposC dans la position axiale. On a dCmontrC que les complexes de Rh avec I'aminophosphine 
catalysent I'hydrosilation homogbne des cttones prochirales; toutefois, dans les systbmes CtudiCs, il n'y a pas de formation 
prCfCrentielle de l'un des isomkres optiques. 

[Traduit par la revue] 

Introduction 
The use of chiral transition metal catalysts in the asymmetric, 

homogeneous hydrosilation of prochiral ketones to produce 
chiral silyl ethers is a topic which has been of interest to others 
(1-15) as well as ourselves (16, 17) in the last few years. Chiral 
silyl ethers can subsequently be hydrolyzed to the correspond- 
ing chiral alcohols. 

In previous work (16), the ligand amphos (E = P) and its 
analog, amars (E = As), were prepared, and Rh(1) complexes of 
these species were investigated as possible hydrosilation cata- 
lysts (16, 17). Both complexes catalyzed the reaction, but 
whereas the amphos complex gave encouraging optical yields 

(up to 72%), the amars analog showed no such optical 
induction. X-ray crystal structure analyses of the complexes 
[%(S-amars)(C7H,)]C104 (16) and [Rh(S-ampho~)(C~H~)lC10~ 
(17) were completed, and conformational analyses of the 
solution species were conducted (17) using variable temperature 
'H nmr spectroscopy and energy minimization calculations 
(Molecular Mechanics 11, MM2) (18). An explanation for the 
observed difference in optical selectivity was suggested. 

To further our work in this area we have synthesized the chiral 

'To whom correspondence should be addressed. 

ligand N,N-dimethyl- 1 -(o-(bis(tert-buty1)phosphino)phenyl)ethyl- 
amine, dibutphos, and prepared Rh complexes of dibutphos for 
use as hydrosilation catalysts. We report herein the results of 
these studies, and describe the single crystal X-ray structure 
determination of [Rh(R-dibutphos)(C7Hs)]C104, I. 

Experimental 
All syntheses and hydrosilation reactions were performed under a 

dry, 02-free Ar atmosphere. 'H nrnr spectra were recorded on a Varian 
XL-200 spectrometer using Si(CH3)4 as a reference. 31P nmr spectra 
were recorded on a Varian XL-300 spectrometer with 0P(OCH3)3 as 
the reference. Rotations were recorded with a Rudolph polarimeter, 
model 80, at the sodium D line. Concentrations are given in 
g 100 rnL-', path lengths in dm. Chemical analyses were performed by 
Guelph Chemical Laboratories, Guelph, Ont., Canada. RhC13.xH20 
was purchased from Johnson Matthey Ltd. [RhC1(C2H4)2]2 (19) and 
[Rh(c7H8)2] (20) were prepared via published routes. 

Synthesis of (R)-o-((~-C~H~)~P)C&~CHCH,N(CH,)~. HC1, (R-dibut- 
phos . HCI) 

(R)-N, N-Dimethyl- 1 -phenylethylamine was prepared from (R)- 1 - 
phenylethylamine by reaction with formaldehyde and formic acid (21). 
(R)-N,N-Dimethyl-1-phenylethylamine (20.0 mL) was dissolved in 
freshly distilled diethyl ether (50 mL) and cooled in a dry ice/acetone 
bath. n-BuLi (47.5 rnL) in hexanes (2.6 M) was added, the cooling 
bath was removed and the mixture was stirred for 18 h. The mixture 
was cooled again and (t-C4H9)2PC1 (22.0 mL) was added slowly. After 
removal of the cooling bath and stirring for 6 h, 50 mL of H 2 0  was 
added and the stirring continued for 1 h. The organic layer was 
separated and the aqueous phase extracted with diethyl ether (2 x 
50 mL). The combined organic phases were dried over MgS04, 
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McKAY AND PAYNE 

TABLE 1. 'H and 3 1 ~  nrnr spectral data for ligands and complex 

' H nrnr data 3 ' ~  nmr data 

Compound 8" J, Hz 8 b . c  J, Hz 

dibutphos.HC1 8.86-8.76(m), 7.96-7.78(m), 
7.70-7.56(m), 5.75(d of q), 
3.25(d), 2.61(d), 1.69(d), 
1.48(d), 1.40(d) 

dibutphos 7.88-7.70(m), 7.50-7.36(m), 
7.32-7.18(m), 4.65(d of q), 
2.31(s), 1.35(d), 1.28(d), 
1.24(d) 

Compound I 7.92-7.80(m), 
7.58-7.40(m), 7.26-7.18(m), 
5.00(br), 4.89(br), 4.68(br), 
4.54(br), 4.02(br), 3.93(br), 
3.50(d of q), 2.43(s), 2.31(d), 
2.27(s), 1.62(d), 1.68- 1.48(m,sh), 
1.18(d) 

"'H nmr spectra were recorded using d-CHC1, solutions and TMS as a reference. 
b31P nmr spectra for dibutphos.HC1 and dibutphos were recorded using CHC1, solutions and OP(OCH,), as a reference. The spectrum 

of the Rh complex was recorded using CH,Cl, as the solvent. 
'Small amounts of deuterated solvents were added to serve as lock signals. 

filtered, and excess gaseous HCl added. The white precipitate acetophenone (2.92 mL). The mixture was stirred for 7 days. Chemical 
formed was washed with diethyl ether, and recrystallized from yields were measured by 'H nrnr spectroscopy. The benzene was removed 
CHzClz/acetone to give 8.3 g (19%) of product. [a];' = 7.4" (CHC13, by distillation and the silyl-ether (C6H5)CHCH30Si(CH3)2C6H5 
c = 0.53, 1 = 2.0); mp = 241°C, dec. Elemental analyses were distilled under vacuum (127"C/2 mm). A total of 3.8 g of product was 
variable. isolated. In each of the trials with 3,3-dimethyl-2-butanone and 

Synthesis of (S)-O-((~-C~H~)~P)C&~CHCH~N(CH~)~ .HC1, (S-dibut- 
phos. HC1) 

S-Dibutphos.HC1 was prepared in an analogous fashion. [a];' = 
7.8" (CHCI3, c = 1.4, 1 = 2.0); mp = 240°C, dec. Elemental analyses 
were variable. 

Synthesis of (R)-O-((~-C~H~~~P)C&~CHCH~N(CH~)~, (R-dibutphos) 
R-Dibutphos.HC1 (5.0 g) was stirred with excess NaOH in ethanol 

for 15 min. After filtration and solvent removal, the residue was 
dissolved in diethyl ether and filtered. The solvent was removed and the 
product was distilled under reduced pressure to yield 2.0 g of viscous 
liquid. [a]: = 116.0" (CHC13, c = 0.61, 1 = 2.0); bp 140°C/l mm. 
Anal. calcd. forC18H32NP: C73.68, H 10.99, N4.77;found: C73.94, 
H 11.12, N 4.89. 

Synthesis of (S)-O-((~-C~H~)~P)C&~CHCH~N(CH~)~, (S-dibutphos) 
In the same manner S-dibutphos was prepared. [a]? = 119.6" 

(CHC13, c = 0.93, 1 = 2.0); bp 140°C/1 mm. Anal. calcd. for 
C18H32NP: C 73.68, H 10.99, N 4.77; found: C 74.41, H 11.15, 
N 5.84. 

Synthesis of [Rh(R -dibutphos)C7H8]C104, I 
[Rh(C7H8)2]C104 (100 mg) and R-dibutphos (76 mg) were dis- 

solved in 15 mL of 50/50 CH2C12/CHC13 and stirred for 15 min. After 
filtration and addition of several mL of hexanes, the mixture was left to 
stand at room temperature. Crystals formed rapidly and were recovered 
from solution within 4 h of reaction; mp 180- 182°C dec. Anal. calcd. 
for C ~ S H ~ ~ C ~ N O ~ P R ~ :  C 51.07, H 6.86, N 2.38; found: C 50.13, 
H 6.78, N 2.37. 

'H and 3 1 ~  nmr data for the species above are summarized in Table 1 .  

2-butanone, using the silane C6HSSiH(CH3)2, the-amount of product 
isolated was too small for an optical rotation measurement. In the 
remaining trials all optical rotations were zero within experimental 
error. 

X-ray data collection and reduction 
Orange crystals of I were prepared as described above. A photo- 

graphic examination using Weissenberg and precession techniques 
showed the crystals to be orthorhombic, Laue symmetry mmm. 
Observation of the systematic absences h00 for h odd, 0 k0 for k odd, 
and 001 for 1 odd led to an unambiguous assignment of the acentric 
space group P212121 (22). The crystal density was determined by 
neutral buoyancy in a mixture of 1,2-dibromoethane and hexanes. 

A crystal, cleaved from a long needle, of approximate dimensions 
0.36 x 0.16 x 0.07 mm3 was chosen for data collection. Eight crystal 
faces were identified by optical goniometry, and indices (001) assigned 
to the broken face. Faces (100) were prominent. The crystal dimen- 
sions were carefully measured with a filar microscope. 

Intensity data were recorded on an Enraf-Nonius CAD4F diffracto- 
meter using an incident beam graphite monochromator. Cell para- 
meters and an orientation matrix were obtained from refinement of 23 
reflections with 15 < 20 < 25". o-Scans of several intense, low angle 
reflections, recorded with a wide open counter, had an average width at 
half height of 0.16". Crystal data and experimental conditions are 
summarized in Table 2. Variable scan rates within a maximum time per 
datum of 75 s were used in order to optimize counting statistics. A Zr 
foil attenuator was used for extremely strong reflections and three 
standard reflections were recorded every 2 h of X-ray exposure time. 
On average, the standard intensities decreased in a nearly linear fashion 
by 3.9% during the 66 h required to record 3408 reflections. Correc- 
tions for background. monochromator uolarization, Lorentz, and - 

Procedure for hydrosilation of ketones polarization effects were applied to the data using the Enraf-Nonius 
The hydrosilation reactions were all performed as described below Structure Determination Package running on a DEC PDP11/23+ 

for acetophenone, with appropriate modifications. [RhC1(C2H4)2]2 computer (23). Standard deviations were assigned, based on counting 
(19) (20 mg) was dissolved in degassed benzene (3 mL). A solution statistics, and a linear decay correction and a Gaussian absorption 
of R-dibutphos in benzene (1.95 mL, 0.053 hf) was then added from correction were applied to the data (23). In all, 2075 reflections with 
a syringe. C ~ H S S ~ H ( C H ~ ) ~  (5.0 rnL) was then added, followed by F > 3a(F) were available. 
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TABLE 2. Summary of crystal data and experimental conditions 

Compound 
Unit cell dime~sions (A) 
Cell volume ( A ~ )  
Density (g ~ m - ~ )  
Space group 
Absorption coefficient (corn-') 
Radiation, wavelength (A) 
Crystal faces 
Crystal volume (mm3) 
Absorption correction grid 
Transmission coefficients 
Crystal-detector, take-off angle 
Receiving aperture 
Scan mode and range 
Background 
Data collected 
Standard reflections 

C24H40C1N04PRh f . ~ .  587.93 
a = 15.773(3) A, b = 18.660(4) A, c = 8.990(3) 1\, T = 18°C 
2645(2) 2 = 4 
Obsd. 1.508(1), calcd 1.476 
P212121 (D: ,  NO. 19) 
~ ( M o  K a )  = 8.26 p(Cu K a )  = 66.59 
MoKa, A = 0.71073 
{I  I 01, { I  0 01, ( i  I i), (I i i ) ,  (0 o I )  
0.00286 
6 X  1 2 x 2 6  
max. 0.961, min. 0.889 
205mm 2.7" 
4 mm vertical, 5.00 + 0.35 tan 8 mm horizontal 
w-28 0.60 + 0.35 tan 0 
At 25% scan extensions 
0 s  h S 2 0 , O S  k S  24, 0 S I S  11, f o r O S  20 G 55" 
200,080, 002 

Structure solution and rejnement TABLE 3. Atomic positional ( x  lo4) and thermal ( X lo3) parameters 
Positional parameters for the Rh and P atoms were obtained from a 

three dimensional Patterson sythesis. A series of least-squares refine- 
ments and difference Fourier svntheses were used to locate the remain- Atom x Y z ueq (A') 

ing 31 non-H and 25 H atoms of the cation and anion. Refinement of 
atomic parameters was by full-matrix least-squares techniques on F ,  
minimizing the function C w( I I F,l - IF, I I )', where F, and F, are 
the observed and calculated structure factor amplitudes and w, the 
weighting factor, is given by w = ~ F , ~ / u ~ ( F , ~ ) .  Scattering factors 
used for non-H atoms were those for neutral atoms calculated by 
Cromer and Waber (22), those for H by Stewart et al. (24). The real 
and imaginary components of anomalous dispersion of Cromer (22) 
were included for all atoms. 

In the final model the 26 non-H atoms, excluding those in the 
norbornadiene ligand, were refined with anisotropic thermal para- 
meters. The seven C atoms in the norbornadiene ligand were refined 
with isotropic Debye factors. All 25 H atoms were located in a 
difference Fourier with peak heights ranging from 0.16(11) to 
0.46(11) e k 3 ,  and included in ideal positions (C-H = 0.90 A; 
methyl C atoms, C-H = 0.95 A) in calculations of F,. H atom 
thermal parameters were 110% of the isotropic equivalent of those of 
the atoms to which they are bonded. No H parameters were refined, but 
all values were updated as refinement continued. 

Since the absolute configuration of the ligand was known, the correct 
choice of hand could be made at the beginning of the analysis. In the 
final cycles of refinement, 2257 reflections with F > 1.5u(F) were 
used to refine 263 variables, with convergence at residuals of R1 = 
0.0420 and R2 = 0.0494. In the final cycle all parameter shifts were 
less than 0.01o, and, with a p value of 0.08 (25), the error in an 
observation of unit weight was 1.03e. A total difference Fourier 
synthesis showed that the highest peak, at fractional coordjnates 
(0.437, 0.32g2 0.531), with an electron density of 0.61(9) e is 
situated 0.72 A from the Rh atom. A statistical analysis of Rl  and R2 in 
terms of F,, X - I  sin 0,  and classes of indices showed no unusual 
trends, indicating a satisfactory weighting scheme and the absence of 
significant secondary extinction. 

Final positional and U equivalent thermal parameters are given in 
Table 3 for the non-H atoms. H atom parameters, anisotropic thermal 
parameters, root-mean-square amplitudes of vibration and structure 
amplitudes have been deposited.2 

Rh 4400.2(3) 3121.2(3) 4588.9(7) 37.6(1) 
C1 7708(2) 7 154(1) 5861(2) 59.3(6) 
P 5148(1) 4166.6(9) 5417(2) 32.6(4) 
o(1) 6592(7) 7766(5) 5448(16) 184(4) 
o(2) 7398(5) 6892(5) 4590(10) 134(3) 
o(3) 7614(5) 7355(4) 6930(9) 1 14(3) 
(34) 6497(6) 6633(5) 6501(12) 169(3) 
N 3 190(3) 3718(3) 4492(8) 47(2) 
c(1) 47 19(6) 1698(5) 5383(12) 68(2) 
c(2) 5322(5) 23 18(4) 5 122(9) 53(2) 
c(3)  5354(6) 2435(4) 3615(10) 57(2) 
c(4) 4756(7) 1890(6) 2895(12) 820)  
(35) 3933(6) 2157(5) 3419(11) 67(3) 
C(6) 3886(5) 2048(4) 4923(9) 54(2) 
(37) 4920(8) 1257(6) 3933(14) 93(4) 
C(11) 4510(4) 4998(3) 5 160(7) 35(2) 
C(12) 4835(5) 5633(4) 5742(9) 50(2) 
C(13) 4389(6) 6270(4) 5671(12) 59(2) 
C(14) 3610(6) 6278(4) 5018(10) 65(3) 
C(15) 3286(5) 5670(4) 4426(10) 60(2) 
C(16) 3720(4) 5000(4) 445 5 (9) 41(2) 
C(17) 3272(5) 4400(5) 3663(9) 54(2) 
C(18) 3661(6) 4274(5) 2133(10) 63(3) 
C(19) 2855(5) 3861(5) 6000(10) 60(2) 
C(20) 2507(6) 3293(6) 3730(10) 78(3) 
C(21) 6162(4) 4348(4) 43 1 l(9) 43(2) 
C(22) 6821(5) 3785(4) 4748(12) 61(2) 
c(23) 6562(5) 5090(4) 4455(12) 64(2) 
C(24) 5913(5) 4265(5) 2675(10) 58(2) 
C(3 1) 5387(5) 4173(4) 75 13(9) 50(2) 
C(32) 5591(6) 3399(5) 8018(10) 7 1(3) 
C(33) 4605(6) 4395(6) 8376(9) 68(3) 
C(34) 6 12 l(6) 4636(5) 8018(10) 72(3) 

"Anisotropic thermal parameters are given in the form of the lsotrop~c 
equivalent thermal parameter defined as: U,, = 42 ,E, U , , a T a ~ a ;  a,. 

Conjirmation o f  absolute configuration 

The configurationof the was by the 1.5418 A), and the same crystal. Friedel pairs were recorded for a BiJvOet absorption edge technique (26) using Cu Ka radiation = 
selection of structure ampl~tudes calculatedjfo_m the final model and its 

2Hydrogen atom parameters, anisotropic thermal parameters, root- enantiomorph for which F,( h k 1 ) and ~ , ( h  k 1 ) differed by more than 
mean-square amplitudes of vibration, l+iedel pairs, supplementary 15%. The results are presented in Table S I V , ~  and indicate that the 

dimensions, selected torsion angles, weighted mean plane calcula- assignment based up0n the ligand 'ynthesis was correct. 
tions, and structure amplitudes are available at a nominal charge 
from the Depository of Unpublished Data, CISTI, National Research Results and discussion 
Council of Canada, Ottawa, Ont., Canada, KIA OS2. The unit cell contains discrete cations and anions, with short- 
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McKAY AND PAYKE 

FIG. 1. A stereoview of the cation. 

TABLE 4.  Selected bond distances (A) and bond angles (deg) 
- -  

Atom 1 Atom2 Distance Atom 1 Atom 2 Distance Atom I Atom 2 Distance 

Atom 1 Atom2 Atom 3 Angle Atom 1 

C(11) 
C(21) 
C(17) 
C(17) 
ci 19) 
P 
P 
C(12) 
Ci11) 
Ci12) 
Ci13) 
(214) 
Ci11) 
C(11) 
C( 15) 
N 
N 
Ci16) 
P 
P 

Atom 2 Atom 3 

C(3 1)  
Ci31) 
C( 19) 
C(20) 
C(20) 
c i  12) 
C( 16) 
Ci16) 
C(13) 

C(15) 
C(16) 
C( 15) 
C(17) 
~ ( 1 7 )  
C(16) 
(218) 
C(18) 
C(22) 
C(23) 

Angle Atom 1 Atom 2 Atom 3 Angle 

est Rh.. .Rh and Cl . .  .C1 distances of 8.253(1) and 8.140(3) A 
respectively. The shortest Rh. .  . C1 distance is 4.992(2) A. The 
shortest non-bonded cation-anion contacts are O(3). . . H3C(19) 
(1 - ?,++ y . 8 -  z)of2.51 Aando(4)  . . .  HC(12)(x, y ,  z)of 
2.62 A. Between cations theclosest contacts are HlC(7). . .HIC(24) 
(1 - x, -+ + y ,  + - z) at 2.50 A and H2C(23) ... H2C(34) 
(i - x. 1 - y ,  -4 + z )  at 2.56 A. The perchlorate anions are 
well ordeced, with Cl-0 distances ranging from 1.368(11) to 
1.406(9) A and angles from 106.5(7) to 1 14.7(6)". 

A stereoview of the cation showing the atom numbering 
scheme for the norbornadiene ligand is given in Fig. 1 and a 
perspective drawing of the cation, less the norbornadiene ligand 
and showing the remainder of the numbering scheme, is 
presented in Fig. 2. Atoms are drawn as 50% probability 

thermal ellipsoids in both figures. Selected bond distances 
and bond angles are given in Table 4 ,  and others have been 
d e p ~ s i t e d . ~  

The Rh atom is coordinated in a square-planar environment, 
with a slight tetrahedral distortion. The angle between the plane 
formed by the Rh, P, and W atoms and that formed by the Rh 
atom and M23 and M56, which are the midpoints of the alkene 
bonds, is 9.8". The six-membered chelatering adopts a twist 
boat conformation of absolute configuration 6, and the confi- 
guration of C(17) has been confirmed as R ,  as expected from the 
synthesis. The methyl substituent, C(18), is axially disposed 
with respect to the chelate ring. This arrangement has been 
shown to occur in order to minimize steric interactions between 
the methyl substituent, C(18), and H(15), the nearest neighbour 
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FIG. 2. A perspective view of the cation. 

TABLE 5. Asymmetric hydrosilation of ketones as catalysed by L-L 
+ [RhCl(C2H4)212 

Chem. Opt. 
R R' [a]? yield, %" yield, % 

L-L = R-dibutphos 
0 61 
0 50 
b 25 
b 15 

L-L = S-dibutphos 
0 57 
0 53 
b 18 
b 21 

L-L = R-dibutphos 
0 68(181d 
0 71(171d 
0 85(10)~ 
0 91(51d 

L-L = S-dibutphos 
0 64(231d 
0 75(131d 
0 83(1 l ld  
0 92(31d 

"Based on 'H nmr of the reaction mixture after 7 days of stirring for trials 
with C6HsSiH(CH,), and 3 days of stirring for trials with (C6H5),SiH2. 

bNot measured due to insufficient chemical yield. 
'Silane used for these trials. 
"Number in parentheses indicates the percentage of olefin formed due to 

p-elimination of siloxyalkyl intermediate. 

on the phenyl ring in the chelate backbone (17). The N-methyl 
substituents then adopt corresponding staggered dispositions. 
All dimensions within the dibutphos ligand are normal, and they 
and other dimensions in the cation correspond well with those 
in related complexes (17, 27, 28). The geometry of the nor- 
bornadiene ligand is unexceptional (29-44). Weighted least- 
squares planes and selected torsion angles have been deposited 
as Tables SVI and S V I I . ~  

Hydrosilation reactions 
The results of hydrosilation reactions performed using the 

silanes dimethylphenylsilane and diphenylsilane, with each of 
the four ketones, acetophenone, 3,3-dimethyl-2-butanone, pro- 
piophenone, and 2-butanone, are presented in Table 5. Some 

trends are evident. The reactions in which diphenylsilane was 
used produced greater chemical yields in a shorter period of time 
than did those with dimethylphenylsilane. Use of dimethyl- 
phenylsilane resulted in the formation of only a silyl-ether as 
the product in each case, whereas trials with diphenylsilane 
produced two products, one being the silyl-ether (major 
product), and the other, an olefin, presumably resulting from 
P-elimination of a siloxyalkyl intermediate. We also note that, 
when dimethylphenylsilane was used, reactions with the dialkyl 
ketones gave markedly lower chemical yields than the reactions 
with the alkylaryl ketones. When diphenylsilane was used the 
reverse was seen, with the dialkyl ketones giving slightly higher 
chemical yields. In contrast to the results reported for catalytic 
systems based on the ligand amphos (16), the reactions 
described herein produced no measurable optical bias in the 
products. A possible explanation may be proposed from an 
examination of the structure of [Rh(dibutphos)(C7H8)]CQ 
in the solid state. The tert-butyl groups on the dibutphos 
complex cannot produce an asymmetric coordination environ- 
ment through a face-edge arrangement of phenyl rings, as was 
seen for the amphos complex. We had hoped that an equi- 
valent asymmetric environment could result from a pseudo- 
axial/equatorial arrangement of the bulky tert-butyl groups in 
the metal-chelate unit, but such was not observed in the solid 
state. The tertiary C atoms of the tert-butyl groups, C(21) and 
C(3 I), are displaced from the plane of the Rh, P, and N atoms to 
a similar extent, by - 1.33 l(8) and 1.7 16(8) A, respectively. 
Thus, although the complex catalyzes the hydrosilation reac- 
tion, the dibutphos ligand does not induce an asymmetric 
environment for the incoming substrate molecule, and hence no 
optical induction results. 
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The oxidation of hydrogen peroxide by tris(po1ypyridine) complexes 
of osmium(III), iron(III), ruthenium(III), and nickel(II1) in aqueous media 

DONAL H. MACARTNEY 
Department of Chemistry, Queen's University, Kingston, Ont., Canada K7L 3N6 

Received November 5. 1985 

DONAL H. MACARTNEY. Can. J .  Chem. 64, 1936 (1986). 
The stoichiometry and kinetics of the oxidation of hydrogen peroxide by tris(2,2'-bipyridine) and tris(4,4'-dimethyl- 

2,2'-bipyridine) complexes of osmium(III), iron(III), ruthenium(III), and nickel(II1) were studied in acidic and neutral aqueous 
media at 25OC and I = 0.50 M (LiCF3S03). The reaction 2M(bpy)?;+ + H202 -+ 2M(bpy)32+ + O2 + 2 ~ '  is observed with 
quantitative yields of dioxygen gas. The observed rate constants displayed an inverse acid dependence over the pH range 
6.0-8.5; kobsd = kl + k2K1/[H+], attributed to the oxidations of H202(kl) and H02-(k2). An application of the Marcus theory 
relationship to the cross-reaction data gave a self-exchange rate constant of lop2- lo-' M-' s '  for the H02- /H02 couple. The 
electron exchange rate constant is evaluated in terms of the inner-sphere and solvent reorganizational barriers and is compared to 
values reported for other small molecule couples. Rate and activation parameters for the reduction of the nickel(II1) complexes 
by the hydroxide ion have been determined and are compared with the corresponding values for other metal tris(po1ypyridine) 
complexes. 

DONAL H. MACARTNEY. Can. J .  Chem. 64, 1936 (1986). 
OpCrant en milieu aqueux acide ou neutre, 2 25°C et a I = 0,50 M (LiCF3S0,), on a btudie la stoCchiomCtrie et la cinCtique 

de l'oxydation du peroxyde d'hydrogene par les complexes de tris(bipyridine-2,2') et tris(dimCthy1-4,4' bipyridine-2,2') 
d'osmium(III), de fer(III), de ruthCnium(II1) et de nickel(II1). On a observb que la rCaction 2 ~ ( b p y ) 3 ~ +  + H202 + 2~(bpy)3'+ 
+ 0' + 2Hi se produ~t avec des rendements quant~tat~fs en dioxygene gazeux I1 exlste une corrClatlon Inverse entre les 
constantes de vitesse observCes et la concentratlon d'ac~de dans l'lntervalle de pH allant de 6,0 a 8,5, kobs = kl + k2 K1 / [H'] et 
on attnbue kl et kZ respect~vement a l'oxydat~on du H2O2(k1) et du H02-(k2) L'appllcatlon de la relat~on de la thCorie de 
Marcus aux donnCes de la rCact~on d'ichange donne une constante de vltesse d'auto-Cchange de 10-'-lo-' M-I s-' pour le 
couple H02-/H02 On Cvalue la constante de vltessc d'bchange de l'tlectron en fonctlon de la sphkre interne et des barnkres de 
rCorganlsat~on du solvant et on la compare aux valeurs rapportCes pour d'autres couples de petltes molCcules On a dCtermlnC la ' 
vitesse et les paramktres d'actlvat~on de la rCduction des complexes de nickel(II1) par 1'1on hydroxyde et on les compare aux 
valeurs correspondantes pour d'autres complexes tr~s(polypyr~dlne) de mbtal 

[Tradu~t par la revue] 

Introduction 
The oxidation water to molecular oxygen involves the overall 

transfer of four electrons and four protons. 

This reaction represents the net oxidation process in green plant 
photosynthesis (1) and is important in the transfer and storage 
of energy in many chemical and biochemical systems. The 
successive addition of electrons to molecular oxygen generates 
dioxygen intermediates such as the superoxide, Hn02(n-  ' I+ ,  
and the peroxide, Hn02(n-2)+,  ions. The interconversions of 
the various dioxygen species and their affinities for metal 
complexes have been studied in considerable detail (2-5). 

Hydrogen peroxide is usually regarded as an oxidant but may 
itself be oxidized by species such as Ce(IV1, Mn04-, and e l 2 .  
With metal aquo ions such as ce4+(aq) (6), ~ l ~ + ( a q )  (7), 
Mn3+(aq) (81, Ag3+(aq) (9), and co3+(aq) (10) as oxidants the 
electron transfers occur by inner-sphere processes, involving 
MOOHn+ intermediates and complicated by the proton disso- 
ciation equilibria of the metal ions. Outer-sphere oxidations of 
Hz02 by Ag(bp~)2~ '  (1 I), ~ u ( b p y ) 3 ~ +  (121, ( b p y ) ~ p y R u 0 ~ +  
(13), and N i ( b ~ y ) ~ ~ +  (14) have also been observed. 

In this paper the results of systematic kinetic investigation 
of the oxidation of H202 and its conjugate base HOzP 
by tris(2,2'-bipyridine) and tris(4,4'-dimethyl-2,2'-bipyridine) 
complexes of osmium(EI), iron(EI), ruthenium(IU), and nickel(lZI) 
in aqueous media are reported. These species are well character- 
ized one-electron outer-sphere oxidants and the lack of proton 
equilibria associated with these complexes permits a differentia- 
tion between H202 and H02-  pathways. The Marcus relation- 

ship (15) has been employed to correlate the cross-reaction data 
and provide an estimate of the electron exchange rate constant 
for the H02- /H02  couple. This exchange rate constant may 
be compared with values reported for other small molecule 
couples, such as 0 2 - / 0 2 .  A semi-classical model (16) for 
bimolecular electron transfer is used to evaluate the rate of 
electron exchange in H 0 2 - / H 0 2  in terms of inner-sphere and 
solvent reorganizational barriers. Kinetic and activation para- 
meters are also reported for the spontaneous reduction of the 
nickel(II1) complexes in basic aqueous solution and are com- 
pared with corresponding values for the Os(III), Fe(III), and 
Ru(II1) complexes. 

Experimental 
Reagents 

Trifluoromethanesulphonic acid (CF3S03H, 3M Co.) was purified 
by distillation at reduced pressure. Dilute stock solutions of CF3S03H 
were standardized by titration with sodium hydroxide. Solutions of 
LiCF3S03 were prepared by the neutralization of CF3S03H with 
recrystallized lithium carbonate. An aliquot of the solution was passed 
through a Dowex 50W-X2 column in the H+ form and titrated with 
standardized base. Solutions of hydrogen peroxide (Mallinckrodt or 
Fisher, 30%, stabilizer free) were prepared with doubly distilled water, 
analyzed by titration with standardized permanganate, and used 
promptly. 

The tris(2,2'-bipyridine) and tris(4,4'-dimethyl-2,2'-bipyridine) 
complexes of osmium(I1) (17), iron(1I) (1 8), ruthenium(I1) (1 8), and 
nickel(I1) (19) were prepared as perchlorate salts by reported proce- 
dures. The corresponding rnetal(II1) complexes for Os, Fe, and Ru 
were synthesized by Pb02 oxidation in 1 M H2SO4 followed by 
precipitation with excess sodium perchlorate. The nickel(II1) com- 
plexes were prepared by electrochemical oxidation of the correspond- 
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ing nickel(I1) salts in anhydrous acetonitrile (19, 20). The reactions of 
~ ( b ~ ~ ) ~ ~ +  and ~ ( 4 , 4 ' - ( C H ~ ) ~ b p ~ ) ~ ~ +  with H202 were studied in 
0.50 M CF3S03H and in the pH range of 6.0 to 8.5. The pH was 
controlled by the use of 0.10 M tris and 0.025 M phosphate buffers with 
the ionic strength maintained at 0.50 M with LiCF3S03. The buffered 
H202 solutions were mixed with metal complex solutions kept at 
pH 2 and the pH of the reaction mixture was measured immediately 
following the reaction. The spontaneous reductions of the nickel(II1) 
complexes in basic aqueous solution were studied by mixing solutions 
of the Ni(II1) complex in M CF3S03H with solutions of various 
[OH-], at an ionic strength of 0.50 M maintained using LiCF3S03. 

Kinetic experiments 
Kinetic measurements were made using a Durmm D-110 stopped- 

flow apparatus or with slower reactions, Cary 17 and 210 spectro- 
photometers. All experiments were performed under pseudo-first-order 
conditions of an excess of hydrogen peroxide or hydroxide ion. The 
reactions involving the Os(III), Fe(III), Ru(III), and Ni(II1) complexes 
were monitored at 480, 510, 460, and 400 nm, respectively. Plots of 
In (A, - A,) or In (A, - A,) against time were linear for at least three 
half-lives with first-order rate constants reproducible to within 5%. The 
temperature was maintained to within O.l°C by means of an external 
water bath. 

Oxygen analysis 
Gas chromatography (Varian Series 1400 gas chromatograph, 2 m x 

1.3 cm Molecular Sieve 5A column, argon carrier gas) was used to 
alyze for O2 in the gas phase above a helium saturated reaction mix- 

as described previously (21). Equal volumes of 3 X M H202 
phosphate buffer and 2 X M ~ ( b ~ ~ ) ~ ~ +  in M H2SO4 
mixed and stirred for 20 rnin before sampling. The observed peak 

~ t s  were corrected for any air leakage using the W2 peak produced. 

Results 
The addition of an excess of hydrogen peroxide to neutral 

solutions of O S L ~ ~ + ,  FeL33+, R u L ~ ~ + ,  and NiL33f (L = bpy or 
4,4'-(CH3)2bpy) result in the rapid formation of products whose 
visible spectra resemble those of the corresponding M L ~ ~ +  
species. The expected stoichiometry for the two electron 
oxidation of hydrogen peroxide to molecular dioxygen by 
ML33+ was observed. 

The yields of dioxygen gas based on this stoichiometry were as 
follows: for N i ( b ~ y ) , ~ + ,  98 + 10%; R ~ ( b p y ) ~ ~ + ,  94 + 10%; 
F e ( b ~ y ) ~ ~ + ,  95 + 10%; and O ~ ( b p y ) ~ ~ ' ,  104 + 10%. 

Kinetic measurements of the oxidation of hydrogen peroxide 
by the M L ~ ~ +  complexes were performed in acidic solution 
(0.5 M CF3S03H) and in solutions buffered between pH 6.0 and 
8.5 (I = 0.50 MLiCF3S03). The reactions in 0.5 M CF3S03H 
were slow and followed the rate law in eq. [2] 

with the pseudo-first-order rate constant kobsd displaying a first- 
order dependence on [K202] . The rate constants k, are presented 
in Table 1. In the ~ e ( b ~ ~ ) ~ ~ + / ~ ~ 0 ~  reaction, the redox step is 
followed by acid hydrolysis of F e ( b p ~ ) ~ ~ + .  No reactions of 
H202 were observed at 2S°C with the weaker oxidants Os(4,4'- 
(CH3)2bp~),~+, ~ s ( b p y ) ~ ~ + ,  or ~ e ( 4 , 4 ' - ( ~ ~ 3 ) 2 b p y ) 3 ~ + .  Rate 
constants have been reported previously for the oxidation of 
H202 by Ru(bpy)33t (4.2 M-' s-', pH = 3, 1 = 1.00 M 
Na2SO4 (12)) and by (0.34 M-' s-', I = 2.00 M 
LiC104 (14)). The discrepancies between these values and the 
present results are likely due to the different media and acid and 
ionic strengths employed in the kinetic experiments. 

TABLE 1. Rate constants for the oxidation of H202 by M L ~ ~ '  com- 
plexes at 25OC, I = 0.50 M (LiCF3S03) 

Oxidant pH kobsd (M-I S-I) k b  (s-I) 

At higher pH the oxidation of hydrogen peroxide by ML33+ 
is more rapid. Between 6.0 and 8.5 the observed rate constants 
(Table 1) displayed an inverse first-order dependence on the 
acid concentration as illustrated in Fig. 1 for the bipyridine 
complexes. 

The negligible intercepts are consistent with the small rate 
constants observed in acidic solution. The rate constants kb 
derived from the slopes of k against [PIt]-' are presented in 
Table 1. 

Spontaneous reduction of tris(polypyridine)metal(III) com- 
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TABLE 2. Rate and activation parameters for the reduction of metal(II1) tris(po1ypyridine) 
complexes by OH-; ionic strength given in parentheses 

T k AH= AS' 
Oxidant ("C) (M-' s-.') (kcal mol- ' ) (cal K- ' mol-' ) 

"Reference 12. 
bReference 22. 
'Reference 23. 

" c ' L + A ]  I ,  t 4  

FIG. 1. Dependence of the observed rate constant on l H + ]  -' for the 
reactions of M ( b ~ y ) ~ ~ +  with hydrogen peroxide: M = 0 s  (n = 1) (@); 
M = Fe ( n  = 2) (0 ) ;  M = Ru ( n  = 3) (a); M = Ni (n = 4) (0) 

plexes also occurs in aqueous solution in the absence of 
hydrogen peroxide. The kinetics of the reduction of P d i ( b ~ y ) ~ ~ +  
and Ni(4,4'-(CH3)2bpy)33+ in basic solution were studied at 
several temperatures. The pseudo-first-order rate constants 
were observed to have a first-order dependence on hydroxide 
ion concentration over the range [OH-] = 0.001-0.050 M ,  
with small intercepts in plots of k against [OH-] (Fig. 2). The 
variation of k with ionic strength (Table 2) is consistent with the 
reaction between +3 and - 1 charged species. The second-order 
rate constants and activation parameters for these reactions are 

FIG. 2.  Dependence of the observed rate constant on [OH-] for the 
reductions of Ni(bpy)33+ ( 0 )  and N i ( 4 , 4 ' - ( C ~ ~ ) ~ b ~ y ) ~ ~ +  (a) at 25°C 
and I = 0.50 M. 

presented in Table 2, along with the corresponding values 
(12, 22, 23) for ~ ( b p y ) , ~ +  complexes of Os(III), Fe(III), and 
Ru(I1I). The rate of reduction of these complexes by hydroxide 
ion is negligible compared to the rate of reduction by hydrogen 
peroxide in the pH range 6-9. 

Discussion 
The kinetic data for the reactions of metal(II1) tris(po1ypyri- 

dine) complexes with hydrogen peroxide are consistent with 
a mechanism involving the reduction of M L ~ ~ +  by both the 
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TABLE 3. Acid dissociation constants and reduction 
potentials for peroxide and superoxide ions 

Proton equilibria P K 

Redox couples E O  (vs. NHE) (V) 

"Reference 24. 
b~eference 25. 
'Reference 26. 
dReference 27. 
'Reference 28. 
Calculated using pK and E" values as described in text 

*At [OZ(aq.)] = 1 M, ref. 29. 

undissociated H202 and the peroxide anion H02-  (pK1 = 
11.86, I = 0.50 M(24)). 

The one-electron oxidation products, H202+ and H 0 2 ,  are both 
acidic (Table 3) such that in the pH range 6-9, the superoxide 
ion would exist in the form 02-. 

fast 
[7] ~ ( b p ~ ) ~ ~ +  + 0 2 -  - ~ ( b p y ) 3 ~ +  + 0 2  

The rate law for the one-electron oxidations of H202 and H02-  
is given by eq. [8]. 

In the pH range 6-9 employed in this study K1 << [H+]  such 
that the observed second-order rate constant may be expressed 
as kobsd = 2{kl + k2K1 / [H+])  where kl = k, and k2 = kb/ K1 
(eq. [3]). For the oxidants employed in this study reaction [5] 
is thermodynamically very unfavourable because of the high 
reduction potential of H202+ (Table 3). The acid-independent 
pathway is likely more complicated than represented by kl and 
these values will not be used in further calculations. The rate 
constants specific to the H02-  pathway are presented in Table 4. 
A rate constant of 2.7 X lo7 M-' s- ' (I  = l .OO M Na2S04) has 
been reported for the R ~ ( b p y ) ~ ~ + / H 0 ~ -  reaction (12), in good 
agreement with value from this study. 

In the absence of hydrogen peroxide the nickel@) tris(po1y- 
pyridine) complexes are spontaneously reduced in aqueous 
solution, with a rate that is first-order in hydroxide ion concen- 
tration. Similar processes are observed with the analogous 
complexes of Os(II1) (23), Fe(II1) (22,23), and Ru(II1) (1 2 , 2  I ) ,  

and these reactions, especially with R ~ ( b p y ) ~ ' + ,  have been of 
much interest in regards to the catalysis of water phoeooxida- 
tion. There have been several mechanisms proposed for the 
M ( b ~ y ) ~ ~ + / 0 ~  reactions (21, 30) and the products of reduc- 
tion depend on a number of factors including pH, photocata- 
lysis, and added cayalysts such as Co2+(aq). In the noncata- 
lyzed thermal reductions of the Ni(bpy)''+ complexes in basic 
solution there are two mechanisms which are suggested by the 
kinetic data: (a) the nucleophilic addition of H 2 0  or OHp 
to a bipyridine carbon to form a pseudobase species and (b) 
formation of a free hydroxyl radical OH. and ~ i ( b ~ ~ ) , ~ + .  Both 
mechanisms are consistent with the [OH-] rate dependence and 
the increase in the rate constant as the oxidizing power of 
M ( b ~ y ) ~ ~ +  is increased. The latter mechanism may be more 
favourable with the nickel(II1) complexes as the reduction 
potential of 1.89 V for the OH. /OH- couple (3 1) would render 
the reaction energetically unfavourable for the complexes of the 
other metals. The former mechanism has received much support 
in the reactions of Ru(bpy),,+ with OHp, but further studies are 
clearly required to establish its applicability to the ~ i ( b p y ) ~ ~ '  
complexes. It is unlikely, owing to the lability of the ~ i ( b ~ ~ ) ~ ~ + ,  
that this complex would find use in the catalysis of water 
oxidation. 

The rate constants for the oxidation of H02- increase as the 
reduction potentials of the oxidants in the series is increased 
(Table 4). This trend is consistent with the Marcus theory 
relationship (15) for outer-sphere electron transfer reactions. 
The Marcus equation, which relates the rate and equilibrium 
constants for a cross-reaction to the self-exchange rate constants 
for the component reactants is given, in a modified form (16), by 
eqs. [9]-[12]. 

where 

In these expressions wij is the work required to bring ions i and j 
(charges zi and zj) to the separation distance ui j  (taken equal 
to the sum of a i  and aj, the radii of ions i and j ) ,  p = 
( 8 ~ r ~ e ~ / 1 0 0 0 ~ , k ~ ) " ~ ,  and D,  is the dielectric constant of the 
medium. The value of A l  for the ~k~~~ 1~0,-  reactions is 
2 x Mp2 sp2, taking the radii of the metal tris(bipyridin$) 
complexes and the peroxide anion to be 6.8 P\ and 1.6 A, 
respectively. 

Equation [9] was used to determine the self-exchange rate 
constant for the H02-/H02 couple from the cross-reaction data 
in Table 4. In order to calculate the constants K12 for the 
equilibria in eq. [6], the reduction potential of the H02/H02-  
couple must be determined. This potential may be calculated 
(eq. [13]) using the proton equilibrium constants and formal 
electrode potentials found in Table 3. 

The reduction potential of H 0 2  from this calculation is 0.75 V. 
The reduction potential of the PI2Q2+ is calculated to be 2 2 . 0  V 
using the H02/H202  potential and the value of pKr1 < - 10 
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TABLE 4. Cross-reaction and self-exchange rate constants for reactions involving the H02- /H02 couple; 
ionic strength in parentheses 

"dmbpy = 4,4'-(CH,),bpy, py = pyridine, isn = isonicotinamide. 
bEO values for ML33t12t measured in 0.50 M CF,SO,H. 
'Self-exchange rate constants: kZ2 is for partner of H0,- or HO, in cross-reaction; kl is for HOZ-/HOZ using eq. [9]. 
dk22 for O S L ~ ~ + / ~ +  is assumed to be the same as for R ~ ( b p y ) , ~ + ' ~ + .  
'Reference 33. 
Reference 34. 

gReference 35. 
hCalculated from data in ref. 36. 
'Calculated from kZ2 of related couples reported in ref. 37. 
'Reference 38. 
kReferences 5 and 39. 
'Reference 27. 
"Reference 39. 
"Reference 40. 
"Reference 41. 
PReference 42. 
qReference 43. 
' Reference 44. 
"eference 45. 
'Reference 46. 

suggested by Schwarz (26) for the H202+ ion. The very high 
reduction potential for H202+ explains the much reduced rate 
constantes for the oxidations of H202 compared with the rate 
constants for H02- .  The reduction potentials of the metal(II1) 
polypyridine complexes were measured in trifluoromethane- 
sulphonate media at an ionic strength of 0.50 M. The EO values, 
similar to the reported potentials in sulphate and perchlorate 
media (32), are presented in Table 4 along with the self- 
exchange rate constants for the M L ~ ~ ~ ~ ~ ~  couples. 

The application of eq. [9] to the cross-reaction data yields a 
kll  value for the H02- /H02  couple in the range of lop2- 
lo-' M-' s-I. The plot of log (k12 / (k l lk22)112~12)  against 
log (K12 fI2)'l2 in Fig. 3,  with kl l  = 5 x M-' s-', 
indicates that the Marcus correlation is applicable over a wide 
range of thermodynamic driving forces. Also included in Table 
4 and Fig. 3 are data for several reactions involving the 
reduction of the H 0 2  radical. The calculated kl values for the 
H02-/H02 couple determined from these systems are for the 
most part larger than the estimates from the H02- reactions. 
A much larger variation in self-exchange rate constants derived 
from the application of the Marcus equation is seen in the 
02-/02 couple, with values spread over the range 
lo6 M-' s-'. Espenson and co-workers (47) have suggested 
that this variation results from the considerable differences in 
the solvation characteristics of the superoxide anion and the 
dioxygen molecule. With the variety, in terms of size and 

charge, of the cross-reactants employed, the transition stat 
would vary substantially in regard to the extent of desolvatior 
the superoxide anion. The same behaviour, perhaps to a les 
extent, would thus be expected in other small molecule couplr 
such as H02- /H02 .  

Considerable success in predicting the electron exchange ra 
constant for transition metal complex (48) and small molecu 
(49) couples has been achieved using a semi-classical model fo 
outer-sphere electron exchange reactions (1 6). In this model the 
rate constant for a bimolecular exchange kl may be expressed 
as the product of a pre-equilibrium constant KA, an effectiv, 
nuclear frequency v,, and electronic and nuclear factors, r 
and K,, respectively. 

kll = KAvnKel~n 

The nuclear factor is related to the reorganization barrier t 
electron exchange and is comprised of terms for the innel 
sphere reorganization bond distances and angles (AG;T,) and tht 
outer-sphere reorganization of solvent polarization (AG:",), 

[15] K, = r, exp [-(AG& + AG&,)/RTI 

where r, is the inner-sphere nuclear tunneling factor. The 
inner-sphere reorganization energy may be derived from a 
knowledge of the change in the equilibrium bond distances 
between the reduced and oxidized states (Ado) and the reduced 
force constants ( f , )  of the intramolecular vibrations. 
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FIG. 3. Plot of log (k12/(kllk22)'12 ~ 1 2 )  against log ( ~ ~ 2  fl2)'l2 for 
the oxidation of HOz- by: ( I )  O s ( 4 , 4 ' - ( C ~ ~ ) ~ b p y ) ~ ~ + ;  (2) 0s(bpy33+; 
( 3 )  Fe(4,4'-(CH3)2bp~),~+; ( 4 )  (bpy)~py~uOH'+;  ( 5 )  Fe(bpyh3+: 
(6)~u(4,4'-(C~3)2bpy)3~+; (7) R U @ P Y ) ~ ~ + ;  (8)  Ni(4,4'-(CH3)2bp~)3~+; 
(9) ~ i ( b ~ ~ ) ~ ~ + ;  and for the reduction of H 0 2  by: (10) M O ( C N ) ~ ~ - ;  
(11) K F ~ ( C N ) ~ ~ - ;  (12) R U ( N H ~ ) ~ ~ S ~ ~ + ;  (13) 02- .  The points are 
calculated using kll for H02-/H02 = 5 X lo-' M-' sP1 .  Solid line 

I radius of 3.2 A. For an adiabatic electron exchange (K,, = 1) the 

has the theoretical slope of unity. 

13 C 

The solvent reorganization energy may be calculated using 
eq. [171, 

semi-classical model predicts an exchange rate constant of 

ere r is the radius of the activated complex (r  = a l  + a2) ,  and 
,, and D, are the optical and static dielectric constants of the 
~edium. 

he addition of  an electron to a T* orbital in H 0 2  to forq 
- 

increases the 0-0 bond distance from 1.33 A to 1.49 A 
, 51). Using 0-0 stretching force constants of 610 Nm-' 

o - ~  = 1138 cm-') (52) for H 0 2  and 360 ~ m - '  (vo-O = 
836 cm-') (53) for H02-,  an inner-sphere reorganization 
barrier of 4.2 kcal m o l l  is obtained. The radius of the H02-/H02 

:tivated complex is estimated to be -3.2 A, giving a solvent 
xganization barrier of 14.1 kcal mol- '. The nuclear tunneling 
ctor (16) in most transition metal complex couples is close 
unity as the M-L stretching frequencies are low. When 

v > kT (as in H02- /H02 ,  where v = 964 cm-') the 
ibration modes which allow for nuclear reorganization cannot 
je fully populated by thermal excitations and electron exchange 
occurs to some degree by nuclear tunneling. Using Holstein's 
expression (54) a value of 8 for T, was calculated for the 
H02-/H02 couple. The estimate of AGZ is based on negli- 
gible coatributions from changes in the 0-H bond distance 
(<0.02 A) and the OOH bond angle (-4") in the HOz- / H 0 2  
couple (50). The nuclear factor (eq. [15]) is calculated to be 
3.1 X 10-13, and the nuclear frequency is 1.4 X 1013 s-'. The 
pre-equilibrium constant is estimated to be 0.062 M-' using a 

2 7 X lo-' M-' s-'. This value is in reasonably good agree- 
ment with the rate constants derived from the cross-reaction 
data, although it is subject to the uncertainties associated with 
the assumptions made in its determination. One of these 
assumptions is that the radius of the activated complex is the 
sum of the hard-sphere radii of H02-  and H02 .  Estimates 
of the self-exchange rate constants or other small molecule 
couples, such as C102-/C102 (kl l  = 1.6 X 102 M-' s-' (53)), 
NO2-/NO2 (kll = 8.1 X M-' s-' (55)), and Br2-/Br2 
(k l l  = lo2 M - '  s-' (29, 47, 56)), have been made from 
cross-reaction kinetic studies. Applications of classical and 
semi-classical models to t h e y  couples have invariably led to 
calculated radii which are - 1 A larger than is predicted from the 
hard-sphere radii. This may imply an activated complex in 
which the reactants are not in close contact but are separated by 
solvent molecules originating from solvation of the anionic 
species in the couple. The variations in kll for diatomic and 
triatomic molecules from cross-reaction data also suggest that 
the solvent reorganization barrier associated with the cross- 

c 2 c 6 reaction may differ substantially (higher or lower) from an 
I G ~ ~ K ~ , + ~ ~ , " ~  average of the individual solvent reorganization barriers for the 

self-exchange reactions. Kinetic studies of the reactions of 
HOz- and H 0 2  with additional outer-sphere cross reactants may 
help to clarify the energetics of electron exchange in this and 
other small molecule couples. 
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G. LEMAY, S. KALIAGUINE, A. ADNOT, S. NAHAR, D. COZAK and J. MONNIER. Can. J .  Chem. 64, 1943 (1986) 
A method is proposed for the preparation of Ru/ZSM-5 catalysts using substituted and non-substituted ruthenocenes. To this 

end, the following complexes have been synthesized and characterized: dimethyl- 1 , 1 ' ; diphenyl- 1 , l  '; dibenzoyl- 1, I '  , and 
monobenzoyl ruthenocene. Results of ESCA intensity ratio and ir of adsorbed pyridine show differences in the surface 
segregation of Ru as well as in the cationic exchange of Ru with Brensted acid sites of the zeolite, when the catalyst is prepared 
using ring-substituted ruthenocene instead of ruthenocene itself. The binding energies of Ru 3d5,2 measured by ESCA are 
discussed. 

G. LEMAY, S .  KALIAGUINE, A.  ADNOT, S. NAHAR, D.COZAK et J MONNIER. Can. J .  Chem. 64, 1943 (1986) 
On propose une mCthode de prkparation des catalyseurs de type Ru/ZSM-5 utilisant des ruthenocenes substituCs ou non. 

A cette fin, on a fait la synthbse et la caracttrisation des complexes suivants: dimethyl- I ,  I '  , dipenyl-l , I '  , dibenzoyl-1 , 1 ' et 
monobenzoyl ruthenocene. Des donnCes sur les rapports d'intensitks ESCA et sur I'analyse infrarouge de la pyridine adsorbCe 
indiquent des diffkrences relatives h la sCgrCgation superficielle du Ru ainsi qu'a 1'Cchange de cations ruthenium avec les sites 
acides de Brcbnsted de la zColithe, lorsque le catalyseur est prCparC a l'aide de ruthenocene substituC au lieu de ruthenocene. Les 
Cnergies de liaisons de Ru 3d5,2 dCterminCes par ESCA sont discutCes. 

Organometallic complexes of transition metals have been 
systematically utilized in the preparation of model catalysts in 
which the transition metal is deposited on a support and the 
supported species retains some desirable properties of the 
complex (1). Among the properties being controlled are the 
state of dispersion and the size of metallic clusters (2), the 

idation state of the metal (3), the nature and number of 
anic ligands retained on the species (4), the number of its 
ids to the support and to surrounding atoms like oxygen or 

aulfur, and its state of coordination (5). 
In this paper, complexes of ruthenium have been used in an 

effort to control yet another property, namely the spatial 
distribution of the metal in a particle of zeolite used as the 
support. The ZSM-5 type zeolite used in this work has 
near-circular ten-?xygen ring pore openings with diameters in 
the 5.1 to 5.7 A range (6). It is therefore expecte: that 
ruthenocene (ruthenium biscyclopentadienyl) with 4.6 A ring 
diameter and 3.2-3.6 A ring interplanar distance would diffuse 

eely in the ZSM-5 pores (7). However, 1,l'-disubstitution of 
iulky functional groups like phenyl or benzoyl shoul: yield 
complexes with kinetic diameters higher than 5-6 A, and 
diffusion in the ZSM-5 pores should be limited by steric 
constraints. 

Therefore the following series of organometallic compounds 
have been synthesized and used in the preparation of ZSM-5 
supported ruthenium catalysts: ruthenocene, dimethyl-l , 1 ' 
ruthenocene, diphenyl-1 , I  ' ruthenocene, and dibenzoyl- 1 , 1 ' 
ruthenocene. 

This paper will be divided in two parts dealing, respectively, 
with the synthesis of these ring-substituted ruthenocenes and 
with the preparation and characterization of the Ru/ZSM5 

atalysts. 

Part 1. Synthesis of ring-substituted ruthenocenes 
Ruthenocene is known to have chemical properties and a 

structure similar to ferrocene. A preparative procedure for the 

synthesis of ruthenocene was proposed in 1961 by Bublitz, 
McEwen, and Klemberg (8). A much simpler procedure, giving 
a quantitative yield of ruthenocene was, however, suggested 
more recently by Pertici et al. (9). Based on this last method, we 
have been successful in synthesizing with improved yields two 
ruthenocene-derived compounds: dimethyl- 1 , l '  ruthenocene 
and diphenyl- 1 , l '  ruthenocene. 

with (a) R = CH3, (6)  R = C6H5. 
Dimethyl- 1 , 1 ' ruthenocene has been synthesized by Hofler 

and Schlogl (10). This procedure however is time consuming 
and complex, whereas with Pertici et al. 's technique the product 
is obtained in only one step in quantitative yield. 

Before using this method for the preparation of diphenyl-1 , 1 ' 
ruthenocene, we tried the reaction used by Pauson (1 1) for the 
production of diphenyl- 1 , 1 ' ferrocene. For this, we utilized 
anhydrous ruthenium trichloride (RuC13) instead of FeCl,. No 
product was obtained after stirring for 24 h and therefore this 
technique was abandoned. Perhaps anhydrous ruthenium tri- 
chloride is too insoluble in organic solvents for this type of 
reaction. 

The method of Pertici et al. requires, however, a large excess 
of phenylcyclopentadiene (PCP). The yield is high but a large 
excess of PCP with respect to hydrated ruthenium trichloride 
must be used. 

No synthesis procedure could be found in the literature for 
dibenzoyl-1 , 1' ruthenocene. Rosenblum and Woodword (12) in 
1958, proposed a Friedel-Craft synthesis for dibenzoyl-l,lt 
ferrocene. We therefore tried to apply this technique, starting 
from ruthenocene, and the results were satisfactory: 
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(28%) 

IIb 

Some monobenzoyl ruthenocene (IIb) is necessarily pro- 
duced in the course of this reaction since too large an excess of 
benzoyl chloride results in the formation of other nondesirable 
impurities. Ruthenocene, benzoyl ruthenocene (IIb), and di- 
benzoyl-l,l' ruthenocene ( I Ia )  can be well separated by 
column chromatography on silica gel. These ruthenocene 
compounds are air stable at room temperature. Davis and 
O'Reardon (13) have synthesized monobenzoyl ruthenocene 
(IIb) in order to perform a mass spectrometric comparative 
study with monobenzoyl ferrocene. They applied Hofler and 
Schlog's method, monobenzoyl ruthenocene being prepared 
by a technique similar to the one proposed for monoacetyl 
ruthenocene. This method involves several steps with the 
Friedel-Craft technique, the main product (IIa) can be obtained 
with a high yield by using 2 rnol of benzoyl chloride per mole of 
ruthenocene. The technique is fast and simple. 

It may be mentioned that Davis and O'Reardon did not give 
the characteristics of benzoyl ruthenocene except for the mass 
spectrum. We therefore report both nrnr and ir spectra for this 
compound. 

Experimental 
Melting points were determined in capillary tubes using a Thomas- 

Hoover melting point apparatus and were not corrected. Infrared 
spectra were recorded with KBr wafers using a Beckman IR-4250 
spectrometer calibrated with the 2851 and 1602 cm-' bands of 
polystyrene. Samples for mass spectrometric analysis were prepared 
under purified nitrogen in sealed capillaries. Mass spectra (ms) were 
determined using a Hewlett-Packard 5992 GC/MS system. Proton 
nuclear magnetic resonance spectra were recorded using a 90 MHz 
Brucker HX-90 spectrometer or a 60 MHz Varian A60 instrument. 
Elemental C, H, N analyses were performed using a Hewlett-Packard 
F and M Scientific 185 analyzer. 

Starting materials 
Ruthenocene was synthesized using the method of Pertici et al. 

Phenylcyclopentadiene was produced according to the method of 
Pauson and purified by vacuum distillation. Methylcyclopentadiene 
was distilled immediately prior to use. Hydrated 2-cyclopentenone 
(lot No 8024 KL), metallic lithium (lot No 5320 LK), and anhydrous 
ruthenium trichloride (lot No 443 1 KL) were from Aldrich chemicals 
and hydrated ruthenium chloride from Aesar Johnson Mattey Inc. (lot 
No 122783). Aluminium chloride (lot No 710047), benzoyl chloride 
(lot No 716475), and powdered zinc (lot No 73342 1) were bought from 
Fisher Scientific Ltd. All solvents were purified by distillation under 
purified nitrogen (Cu + molecular sieves). 

Preparation of dimethyl-1,l' ruthenocene (la) 
Hydrated ruthenium trichloride (5.00 g, 0.019 mol) is dissolved 

absolute ethanol (100 mL) under purified nitrogen and cooled to 
-70°C. Freshly distilled methylcyclopentadiene (100 mL) and pow- 
dered zinc (50 g) are then added to the solution. This mixture is slowly 
warmed up to room temperature while stirring. The reaction starts at 
-40°C. The mixture is stirred for 30 min after it reaches room 
temperature and is filtered in air. The solvent is then evaporated to 
dryness and dimethyl-1 , 1 ' ruthenocene is extracted with pentane. The 
product is purified by column chromatography (silica gel, activity I, 
20 cm) and eluted with pentane. Evaporation of the solvent yields light 
yellow crystals (4.9 g). Melting point: 56-57.5"C [lit. (3): 61-63"CI. 
Anal. calcd. for CI2Hl4Ru: C 55.58, H 5.44, mw 259.32; found: 
C 55.28, H 5.83, ms 259 mlz .  Ir (KBr): 1465 or 1445, 990 and 
803 cm-' (C5H4) 'H nmr (60 MHz, CC14): 6 1.96 ppm (6H, s) CH3, 
4.4ppm (8H, m) C5H4. 

Preparation of diphenyl-1 , l '  ruthenocene (Zb) 
Hydrated ruthenium trichloride (2.91 g, 0.01 11 mol) is dissolved in 

absolute ethanol (60 mL) under purified nitrogen. The solution is 
cooled down to -70°C. 

Freshly distilled phenylcyclopentadiene (9.50 g, 0.0668 mol) is 
dissolved in ethanol (125 mL) and added to the solution along with 
powdered zinc (29 g). With stirring, the mixture is slowly warmed to 
room temperature and kept stirring for 1 h. The mixture is then filtered 
in air and the solvent is evaporated to dryness. Diphenyl-1,l' 
ruthenocene is extracted with cyclohexane (1.5 L) and purified by 
column chromatography (silica gel, activity 1, 150 g) and eluted with 
cyclohexane. Evaporating the solvent yields 3.23 g of pure diphenyl- 
1,1' ruthenocene which corresponds to a yield of 76%. The product 
can be purified either by recrystallization or by sublimation at 150°C, 
10.01 Torr. Melting point: 162°C (benzene/petroleum ether). Anal. 
calcd. for C22H18R~: C 68.91, H 4.73, mw 383.43; found: C 67.66, 
H 4.45, ms 384 m/z .  Ir (KBr): 1603 [v(C=C) of Ph] , 1445,995, and 
800 cmpl (C5H4). 'H nmr (90 MHZ, CDC13): 6 4.66 ppm (4H, m) and 
5.0 ppm (4H, m) C5H4, 7.24 ppm (lOH, s) C6H5. 

Preparation of dibenzoyl-1,l' ruthenocene (ZZa) 
Ruthenocene (3 g. 0.013 mol) is added to a suspension of ben- 

zoyl chloride (3.66 g, 0.026 mol) and aluminum chloride (3.81 g, 
0.0285 mol) in anhydrous dichloromethane (75 mL) under purified 
nitrogen. The mixture is heated to reflux for 2 h, hydrolyzed over ice, 
and extracted three times with dichloromethane. The extract is then 
washed with water and dried over magnesium sulfate. The solvent is 
then evaporated. Dibenzoyl-1,l' ruthenocene crystallizes and is 
purified by recrystallization from a benzene/petroleum ether solution. 
IIb can be easily separated from IIa by column chromatography of the 
mother liquor over 100 g of silica gel by elution with benzene. Yields of 
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TABLE 1. Binding energies from XPS spectra (eV) 

Sample 
Organometallic compound designation A Si 2p 0 1 s A1 2p Ru 3d5,2 RU 3d3 ' 2  

- 

Ruthenocene 

Dimethyl ruthenocene 124-A 
124-B 
124-C 
124-D 

Diphenyl ruthenocene 133-A 
133-B 
133-C 
133-D 

Dibenzoyl ruthenocene 132-A 6.4 103.3 532.5 75.5 280.2 284.5 
132-B 6.3 103.3 532.6 75.3 280.1 284.3 
132-C 6.1 103.3 532.6 75.3 280.4 284.5 
132-D 6 .0  103.3 532.5 75.2 280.3 284.4 

65% and 28% were obtained, respectively, for dibenzoyl-1 , l  ' rutheno- 
cene (4.9 g) and monobenzoyl-1 , l  ' ruthenocene (1.6 g). 

Dibenzoyl-1,l' ruthenocene (IIa): mp: 121-122°C (benzenelpetro- 
leum ether). Anal. calcd, for C24H18R~: C 65.59, H 4.10, mw 439.45; 
found: C 64.59; H 4.39, ms 440 mlz. Ir (KBr): 1635 [v(C=O)], 
1598 [v(C=C) of Ph], 1438 or 1448, 1024 and 820 cm-' (C5H4). 
'H nmr (90 MHz, CDC13): 6 4.89 ppm (4H, t) and 5.24 ppm (4H, t) 
C5H4, 7.11-8.11 ppm (lOH, m) C6H5. 

Monobenzoyl ruthenocene (IIb): mp 110°C (benzene/petroleum 
ether). Anal. calcd. for C17H140R~:  C 60.88, H 4.20, mw 335.35; 
found: C 60.58, H 4.25, ms 336 mlz. Ir (KBr): 1632 [v(C=O)], 
1595 [v(C=C) of Ph], 1439 or 1446, 1020 and 800 cm-' (rings). 
'H nmr (90 MHz, CDC13): 6 4.62 ppm (5H, s) C5H5, 4.85 ppm (2H, t) 
and 5.17 ppm (2H, t) C5H4, 7.27-8.03 ppm (5H, m) C6H5. 

Part 11. Preparation and characterization of Ru/ZSM-5 

Experimental procedures 
The catalysts reported in this study were prepared using ZSM-5 

samples from the same batch as a support. This zeolite was synthesized 
according to the procedure described as method B' by Gabelica et al. 
(14). 

The sodium precursor was thoroughly washed under flowing 
distilled water and dried overnight at 13OoC. It was then slowly heated 
under static air up to 500°C and maintained at this temperature for 15 h 
in order to decompose the organic base [TPAIBr. Then the Na+ 
counter ions were exchanged with N H ~ +  ions in 1 M ammonium nitrate 
solution at 8OoC, this operation being repeated three times. The 
ammonium form was then again thoroughly washed with distilled 
water, dried, and calcined at 550°C yielding the H form which was used 
as the support. This H-ZSM-5 has a Si/Al ratio of 36 and a sodium 
content lower than 0.01 wt%. Its X-ray diffraction pattern in character- 
istic of the ZSM-5 lattice (15) and shows a crystallinity very close to 
100%. 

The Ru/ZSM-5 catalysts were prepared according to the following 
original procedure: the zeolite and the solid ruthenocene compound 
were mixed in calculated proportions, ground in an agate mortar and 
introduced into a Pyrex tube. This tube was evacuated, sealed, and 
introduced in a furnace in which it was slowly heated to 500°C and kept 
for 24 h at this temperature. The recovered material was placed in a 
crucible and calcined for 5 h in air at 550°C. The ruthenium content of 

these solids was determined by X-ray fluorescence. X-ray diffraction 
spectra showed the pattern of RuO, superimposed on the one of 
ZSM-5. The ZSM-5 spectrum showed no alteration of the ZSM-5 
crystallinity. The RuOz lines, even though not very intense, especially 
in the low Ru samples, showed almost no broadening over the 
experimental lines of a stoichiometric Ru02 sample. This observation 
indicates the presence in all samples of Ru02 particles larger than 
300 A. 

The photoelectron spectra were recorded using a Vacuum Genera- 
tors ESCALAB mark I1 instrument using an A1 K, X-ray source 
(1486.6 eV). The base pressure of the instrument is 5 X lo- ' '  Torr and 
during experiments the pressure was less than lo-' Torr. The spectro- 
meter energy scale was calibrated using both Au 4f7,2 (84.0 eV) and 
Ag 3d5,2 (368.3 eV). The Si 2p (103.3 eV) line was systematically used 
as an inrernal standard in obtaining the binding energies of ruthenium 
and other elements. The Ru/ZSM-5 samples were introduced in the 
spectrometer as powders pressed onto indium disks. No flood gun was 
utilized. 

Infrared spectra of adsorbed pyridine were shown by Stencel et al. 
(16) to be of special value for Fe and Co/ZSMS catalysts. The 
technique employed in this study involves preparing very thin wafers 
(10 mg in 13 cm wafers) and the use of a special movable ir cell which 
can be connected to a vacuum line. The wafer is preheated to 450°C in 
vacuum. Pyridine is adsorbed at room temperature and the wafer is 
heated overnight at 150°C in a vacuum better than Torr in order to 
eliminate physisorbed pyridine. The ir spectrum is then recorded at 
room temperature on a Beckman model IR-4250 instrument. 

Results and discussion 
Table 1 shows results for the binding energies of several 

elements in our Ru/ZSM5 samples, calculated from the 
experimental values of the kinetic energy of photoelectrons E, 
as: 

[I]  EB = hv - Ek - A, 

where hv is the energy of the incident photons and A, a 
correction including the charging effect and calculated by 
referencing the energy scale to some known standard value. 
Table 1 gives the values of A, obtained by adjusting the Si 2p 
level to a binding energy of 103.3 eV. A lower value is often 
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FIG. 1. ESCA intensity ratio (IRu3d/ IS12p) and atomic ratio 
(nRU/nsl)EscA as a function of bulk atomic ratio. ruthenocene, 
X dimethyl ruthenocene, + diphenyl ruthenocene, I dibenzoyl 
ruthenocene. 

reported in the literature, for example 102.7 eV for Si 2p in 
silica gel, but it is our experience that for Si 2p in ZSM-5, the 
value of 103.3 eV is more appropriate. This is confirmed here by 
the correct position of the O,, line obtained (532.55 -f 0.15 eV). 
The A1 2 p  line shows more scatter (74.9 to 75.6 eV and one 
point at 76.1 eV). The average value close to 75.2 eV is higher 
than the value quoted for A1 2p in Al2O3 (74.5 eV) but such a 
difference would be compatible with a more ionic character of 
the links of A3+ to the zeolite lattice. The Ru 3d binding energy 
results will be discussed later on. 

Figure 1 shows the results for the XPS intensity ratio Ru 
3dlSi 2p plotted as a function of the bulk atomic ratio 
(nRu/nsi) calculated from X-ray fluorescence analytical results. 

According to Kerkhoff and Moulijn (17) the XPS intensity 
ratio is given by 

in the case of Ru being uniformly distributed within the pore 
lattice of the support. Moreover, for a monolayer dispersion of 
ruthenium, K can be calculated as: 

In our case K was estimated using 

uRu and usi being the photoelectron cross sections, as given by 
Scofield (1 8), and 

p, and So are respectively the density and specific surface area 
of the support and Asi, ARu the escape depths of Si and Ru 
photoelectrons from the support. 

Deviations from the hypothesis of eq. [2] can be shown by 
comparing to (aRu/ nsi), the calculated values of: 

Such a comparison is made in Fig. 1. When, as found for 
the lower RU loadings, (aRu/ fiS1)ESCA > (aRu/ nSl)b, the RU 
content of the surface layers sensed by ESCA is higher than the 
average value. It can therefore be concluded from the results 
of Fig. 1 that superficial segregation is already present at Ru 
contents as low as I % ,  and is more important for samples 
prepared from substituted than for non-substituted ruthenocene. 
At higher loadings the dispersion of Ru is decreased, K is no 
longer represented by eq. [3] and, as shown in ref. 17, mus 
decrease, yielding 

(k) <(&I 
 IS^ expt  IS^ mono 

Nevertheless, ruthenocene-prepared catalysts show the low- 
est (IRu/lSi)expt whereas f o r  d$henyl ruthenocene-prepared 
samples this ratio is the highest, indicating as expected, morr 
surface segregation in this last case. 

Table 2 gives results for ir of adsorbed pyridine and in parti- 
cular the ir absorbance ratio AB/AL, AB and AL corresponding 
to pyridine adsorbed on Br~nsted and Lewis acid sites, 
respectively. This ratio is related to (B/L), the ratio of Brensted 
to Lewis sites per unit cell: 

where eb and EL are extinction coefficients. 
The ratio (eL/eB) has been measured in silica-alumina (19) 

and zeolites (20) and from the trend of these data with increasing 
Si/Al, it was suggested (21) that the value of ( E ~ / E ~ )  = 1.5 is 
appropriate for high silica zeolites. Applying eq. [7] to the 
support yields: 

Because the unit cell of the support is expressed as 
A12,6Si93,40192, and the Lewis site in the zeolite is generated 
by dehydroxylation of two BrGnsted sites: 

Combining eqs. [8] and [9] yields B, = 1.7, L, = 0.45. 
A rough estimate of the number of ruthenium ions exchanged 

per unit cell (Ru) can be obtained by combining eq. [7] with 
balances of acid sites, which, assuming arbitrarily the valence 2 
for the exchanged ruthenium, may be written as: 

[ la]  (Ru) = 
Bz - (EL/EB)(AB/AL)Lz 
2[1 + (EL/EB)(AB/AL)I 

These results expressed either as the number of unexchanged 
Bransted sites or as the weight percent of exchanged ruthenium 
are given in Table 2. 

Although these figures are not definitely established due to 
uncertainties in the valence state of exchanged ruthenium, they 
can nevertheless be used for comparison between the various 
catalysts. 

Figure 2 allows such a comparison by showing the uncon- 
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LEMAY ET AL 

TABLE 2. Infrared results of adsorbed pyridine 

v cm- ' 
Sample Br@nsted/ Ru exchanged 

designation Ru wt% Bransted Lewis AB/AL u.c wt% 

with Ru 
20 - 

15- 

10- 

% H+ -- 1 
exchonqed 

ix/ x d ( m t h y 1  uthenocene 

I dibenzoyl ruthemxene 

+ diphenyl ruthenocene 

FIG. 2. Percent of Bransted acid sites exchanged with Ru cations, 
as measured by ir of adsorbed pyridine. 

verted percentage of Bronsted acid sites as a function of bulk 
ruthenium loadings. 

The general trend of these curves shows a higher exchange 
of ruthenium when ruthenocene is used in the preparation, 
indicating more metal has penetrated the pore lattice in this case. 
This result is in agreement with the ESCA results reported 
in Fig. 1. Figure 2 shows that increasing the size of the 
ring substituent does not completely avoid the penetration of 
ruthenium. The curve for diphenyl ruthenocene for example is 
almost as high as the ruthenocene one. The initial decrease in 
exchanged Bronsted sites with increasing ruthenium loading 
may be explained by restrictions to the inward diffusion of 
ruthenium compounds due to an early formation of ruthenium 
plugs. This lower dispersion of the inside ruthenium is indeed 
compatible with the ESCA results in Fig. 1 at these low Ru 
loadings. 

We may now proceed to the discussion of the Ru ESCA data 
of Table 1. 

ESCA data for stoichiometric ruthenium compounds have 
been reported by Kim and Winograd (22) and by Folkesson 
(23). These data are presented in Table 3. Both authors agree on 
a value close to 280.0 eV for the binding energy of Ru 3d5/2 in 
R ~ O .  Folkesson (23), however, mentions that this is about 1 eV 
higher than the values reported by Siegbahn. There is, however, 
a clear disagreement on the Ru02  value. Kim and Winograd 
(22) discuss in details the difficulties in obtaining this value. 
They explain that the surface of a Ru02  sample may contain 
species of higher oxides (Ru03 and Ru04) which are volatile. 
They show by ESCA that this species can be eliminated by 
heating at temperatures as low as 220°C and that in this process 
ruthenium metal appears on the surface. We believe that this 
process must be quite common on Ru02  surfaces. We produced 
a sample of ruthenium oxide by calcination of RuC13 in air at 
900°C. The X-ray diffraction pattern showed this sample was 
essentially Ru02 but the spectrum of Ru metal was definitely 
apparent. The ESCA spectrum of this sample showed essen- 
tially a RUO covered surface with a Ru 3d5/2 binding energy of 
279.8 eV, with only a shoulder at 28 1.7 eV corresponding to 
Ru02. 

Therefore we believe that the ESCA data of Table 1 showing 
that for a large proportion of our samples the binding energy of 
Ru 3d5,, is in the range 280.0 2 0.3  eV correspond to a similar 
situation. Most of the ruthenium would therefore beoin the form 
of Ru02 microcrystals of diameter larger than 300 A (as shown 
by XRD) located at the external surface of the ZSM-5 crystal, 
and having their surface covered with metallic ruthenium. 

It is interesting to note in this regard that both Pedersen and 
Lunsford (24) and Tkatchenko et al. (25) find low Ru 3dSl2 
binding energies for oxygen- or air-calcined samples of Ru Y 
catalysts. The last author reports for example values of 280.6, 
280.7, 280.8, and 280.6 eV, respectively, for Ru metal and 
Ru Y heated at 400°C, 500°C in O2 for 2.5 h and at 500°C in HZ 
for 1.5 h. Therefore on these catalysts, just like on ours, it seems 
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TABLE 3. Binding energies of Ru 3d5,2 in ruthenium compounds 

Oxidation Reference B.E. Ru 3d5,2 
state Compound line (eV ) Reference 

Ru metal 

Ru metal 

that Ru is essentially in the zero valence state in the surface zone 
sensed by ESCA, even in the calcined samples. 

A s  shown by the ir results of  Table 2 ,  the exchanged 
ruthenium is only a minor fraction of total supported ruthenium 
in our samples. It is therefore not surprising that the ruthenium 
ions that exchanged with protons d o  not have a major effect on  
the ESCA spectra. It  may at most be  conjectured that the 
0.5-0.6 e V  higher Ru 3dSl2 binding energies observed for 
samples 129-A and 124-A compared to samples with higher 
loadings reflect the presence of cationic species with charges 
between 0 and +4 .  

Conclusion 
Our investigation of the synthesis of ring-substituted rutheno- 

cenes allowedus to  propose improved methods for the syntheses 
of dimethyl and diphenyl-l , 1 ' ruthenocene which are derived 
from the procedure reported by  Pertici et al. (9) for the synthesis 
of ruthenocene. An original method is also proposed for the 
synthesis of dibenzoyl-1 , l  ' ruthenocene in which monobenzoyl 
ruthenocene is obtained as a by-product. Complete chemical 
identifications of these four ruthenocenes are r e ~ o r t e d .  

A new method based on  the gas-solid interaction of these 
compounds with the H form of the zeolithe ZSM-5 has been 
used for the preparation of ZSM-5 supported ruthenium 
catalysts. The addition of ring substituents allows some control 
of the spatial distribution of ruthenium with respect to  the limits 
of the ZSM-5 crystal. From the characterization of  the catalysts 
by ESCA, XRD,  and ir of  adsorbed pyridine, three forms of 
ruthenium may be  present in the calcined samples. 

( I)  RuOz particles with diameter larger than 300 A, located 
on the external surface of the ZSM-5 crystals. Unexpectedly, 
the surface of these particles is covered with RuO. 

(2) Ruthenium ions located in the ZSM-5 pore lattice and 
having partially exchanged the B r ~ n s t e d  acid sites. ESCA did 
not allow for a determination of the valence state of these ions 
which could be  1 + ,  2 + ,  o r  3 + .  

(3) Ruthenium oxide (likely R u 0 2 )  with a particle size in 
the 5-10 A range may also be present in the pore lattice. 
The presence of such plugging material is inferred from the 
variations in  the content of exchanged ruthenium ions with bulk 
ruthenium loading 
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COMMUNICATION 

Photochemical retro-aldol type reactions of nitrobenzyl derivatives. 
Mechanistic variations in the elimination of nitrobenzyl carbanions 

from nitrobenzyl derivatives on photolysis 

PETER WAN' AND S. MURALIDHARAN 
Department of Chemistry, UniversiQ of Victoria, Victoria, B. C., Canada V8W 2Y2 

Received March 4, 1986 

PETER WAN and S .  MURALIDHARAN. Can. J .  Chem. 64, 1949 (1986). 
The photochemical retro-aldol type reactions of several nitrobenzyl derivatives are reported. The reactions are observed 

only in aqueous solution with quantum efficiencies being pH dependent for several derivatives, consistent with the existence 
of several mechanistic pathways for reaction. The primary photochemical event is believed to involve the generation of a 
nitrobenzyl carbanion, which acts as a photolabile leaving group in these reactions, and the generation of an oxocarbocation 
(or oxocarbocation-derived) fragment. 

PETER WAN et S .  MURALIDHARAN. Can. J .  Chem. 64, 1949 (1986). 
On a CtudiC les rCactions photochimiques de type rCtro-aldol de plusieurs dCrivCs nitrobenzyles. On n'a observC ces rCactions 

qu'en solution aqueuse et les rendements quantiques dkpendent souvent du pH. Ceci tCmoigne de l'existence de divers chemins 
rkactionnels. On pense que la premi5re rCaction photochimique implique la formation d'un carbanion nitrobenzyle, agissant 
comme groupe photolabile ainsi que celle d'un fragment oxocarbocation (ou d'un dCrivC d'oxocarbocation). 

[Traduit par la revue] 

The photochemistry of nitroaromatic compounds has been a 
topic of continued interest and several reviews (1-4) summarize 
the photochemical behaviour of this functional group in 
solution. Many photoreactions of nitro compounds are known 
to proceed via radical intermediates which in many examples 
(e.g., photoreduction) are formed via initial hydrogen transfer 
to the photoexcited nitro group, consistent with the notion of an 
electrophilic n,  T * reactive state of the nitro group (5). In this 
work, we report several closely related photochemical reactions 
of appropriately substituted nitroaromatic compounds which are 
observed only in aqueous solution and are best explained by 
proposing the formation of nitrobenzyl carbanion and oxo- 
carbocation (or oxocarbocation-derived) intermediates, via an 
excited state configuration other than the usual n , r * .  One of 
these reactions appears suited for direct photogeneration of a 
variety of dioxocarbocations and hemi-orthoesters in aqueous 
solution, which is amenable for flash-photolysis study. These 
results provide new insights into the intriguing photobehaviour 
of nitroaromatic compounds in aqueous solution (6-9). 

Whereas nitroaromatic compounds 1-4 are photostable in 
a variety of organic solvents (e.g., CH3CN, MeOH, diethyl 

'NSERC University Research Fellow. Author to whom corres- 
pondence should be addressed. 

ether, benzene), they react with moderate efficiencies (vide 
infra) in aqueous solution in a manner suggestive of a retro- 
aldol pathway, as shown in Scheme 1 for the reaction of 
2-(p-nitropheny1)- 1 -phenylethanol 3. In a typical experiment, 
100 mg of the substrate is dissolved in aqueous CH3CN 
(100 mL; 10-30% CH3CN; pH 1-14) and saturated with 
oxygen-free argon. Photolyses were carried out using quartz 
vessels in a Rayonet photochemical reactor (300 nm lamps). 
The photolyzed solutions were worked up by CH2CI2 extraction, 
after adding NaC1. Typical photolysis times were 20-60 min, 
which gave conversions of 20-50%, depending on the substrate. 
Mass balances were > 90%, except for experiments carried out 
at high pH, where some decomposition of benzaldehyde product 
(from 3 and 4) was observed. However, under dilute conditions 
( lop4  M), the benzaldehyde product was found to be stable 
for several days at high pH. The structures of the products 
were characterized via standard spectroscopic techniques. The 
formation of p,pr-dinitrobibenzyl as a product is evidence for 
a p-nitrobenzyl carbanion intermediate on photolysis, since 
Russell and Buncel and their respective co-workers have shown 
in earlier work (10-13) that this compound is formed via the 
p-nitrobenzyl carbanion generated under more strongly basic 
conditions. The mechanism for the formation of p,p1-dinitro- 
bibenzyl from the p-nitrobenzyl carbanion has been studied in 
some detail (10-12) in which the first step is believed to involve 
the ejection of an electron from the carbanion to give p-nitro- 
benzyl radical. The electron acceptor may be a molecule of 
substrate or p -nitrotoluene product ( 10- 12). The reaction 
conditions employed for the photolysis (maximum pH = 14) 
do not permit any significant deprotonation of p-nitrotoluene, 
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dimerization \ 

as shown by control experiments. In addition, p-nitrotoluene 
is photostable under the reaction conditions. Thus the p-nitro- 
benzyl carbanion is generated photochemically and reacts in a 
similar manner as the species generated under much more basic 
conditions. For example, in addition to dimerization to give 
p,pl-dinitrobibenzyl, we have found that if the photolysis 
is run under the presence of oxygen, the major product is 
p-nitrobenzoic acid, which is the known oxygenation product of 
the p-nitrobenzyl carbanion (11). The relative amounts of 
p-nitrotoluene vs. p,pl-dinitrobibenzyl formed (i.e., the rela- 
tive rates of partitioning of the photogenerated p-nitrobenzyl 
carbanion by protonation (to give p-nitrotoluene) and by 
electron ejection (to give p,pf-dinitrobibenzyl)) is under study. 
Initial results indicate that the relative rates of the above two 
competing processes are dependent on the basicity of the medium. 
Additional evidence for a retro-aldol pathway (Scheme 1) is the 
observation that compound 3 reacts more efficiently in H 2 0  than 
in D20 ,  as measured by relative quantum yields for benzalde- 
hyde formation (@H20/@D20 = 1.3 -+ 0.05). This observation 
is consistent with a primary isotope effect for deprotonation 
of the 0-H(D) bond in the retro-aldol-type transition state. 
Successful triplet sensitization experiments using sodium benzo- 
phenone-2-carboxylate (A,,,,, = 350 nm) for several com- 
pounds would suggest triplet state reactivity for these reactions, 
which is usually the norm for many nitroaromatic compounds 
(3). 

Photolysis of the meta-isomer 4 in the absence of oxygen 
gave only benzaldehyde and m-nitrotoluene as the products, 
which indicates that the photogenerated m-nitrobenzyl car- 
banion does not react via the Russell mechanism (10-12). 
Compounds 1 and 2 react in an analogous manner as above but 
both 5 and 6 failed to react. These results indicate that a nitro 
group is necessary, in addition to the presence of a hydroxyl 
group at the 1-position for reaction in structures of the type 1-6. 
However, both acetals 7 and 8 were found to react to give the 
nitrobenzyl carbanion-derived products (as above) and hydroxy 
ester 11. The formation of 11 is best explained by reaction [ I ] .  
in which the photoreaction initially generates a highly stabilized 

dioxocarbocation 9 (and the corresponding nitrobenzyl car- 
banions). Carbocation 9 subsequently reacts with water to give 
hemi-orthoester 10,  which on further hydrolysis gives hydroxy- 
ester 11. Thus the availability of two oxygens to stabilize the 
incipient carbocation is sufficient to cause reaction whereas one 
oxygen (in 5) was insufficient. This observation clearly demon- 
strates that the reaction proceeds via a heterolytic mechanism. 
Additional evidence for a heterolytic retro-aldol type pathway 
is suggested by the variation of quantum yields for reaction 
(product formation) as a function of pH of the solution. 
Quantum yields were measured via uv spectrophotometry, by 
monitoring the formation of benzaldehyde (for 3 and 4) at 
252 nm or hydroxyester 11 at 230 nm (for 9 and 10). For 
compounds 1 and 2, small scale preparative photolyses were 
used. Potassium ferrioxalate actinometry was employed in all 
cases for the measurement of light intensity (A,,,,, = 300 nm). 
The results are shown in Fig. 1 for several derivatives. The 
striking variations in quantum efficiencies observed with pH 
suggest a variety of mechanistic possibilities of reaction. For 
example, for the acetal derivative 8, where no pH dependence 
was observed, a mechanism involving unimolecular heterolytic 
cleavage of the benzylic C-C bond is suggested. However, for 
alcohol 3, there are distinctly two mechanistic regimes: one at 
high pH and the other below pH 11. In high pH, hydroxide ion 
catalysis of reaction (first step in Scheme 1) is important and at 
lower pH, water replaces hydroxide ion as the deprotonating 
base. For alcohol 2, reaction is not observed below pH 11 which 
indicates that water is ineffective as the deprotonating base for 

FIG. 1. Product quantum yields for retro-aldol reactions of com- 
pounds 2 ,3 ,  and 8 (Aexci,  = 300 nm; 10% CH3CN as cosolvent except 
for 8, where 304 CH3CN was used). The quoted pH is the basicity of 
the aqueous portion). Selected quantum yields at pH 7: 0.000 for 2, 
0.0025 for 3, and 0.005 for 8; at pH 12: 0.003 for 2,0.0072 for 3, and 
0.005 for 8; at pH 13: 0.007 for 2, 0.018 for 3, and 0.006 for 8. 
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this compound. Not  shown in Fig. 1 is the observation that 
the meta isomers are about two times more reactive than the 
corresponding para isomers, as indicated by their quantum 
yields. This is suggestive of a selective meta transmission of 
ionic charge of photoexcited nitroaromatic compounds, initially 
reported by Zimmerman and Somasekhara (14). 

Although the decarboxylation of several (nitropheny1)acetic 
acids has been reported by Margerum and Petmsis (15), the 
present study indicates that this type of chemistry - in which 
the nitrobenzyl carbanion acts as photolabile leaving group in 
aqueous solution - is quite general for suitably substituted 
nitroaromatic compounds, which are amenable for detailed 
mechanistic studies. 
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High-performance liquid chromatography 
sf same bis(ethylenediamine)cobalt(III) complexes 
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MOUSTAFA H. M. ABOU-EL-WAFA, HESHAM MANSOUR, and G. A. NOUBI. Can. J. Chem. 64, 1953 (1986). 
Chromatographic separation of the complexes cis- and t r ~ n s - C o ( e n ) , ( S ~ O ~ ) ~ ,  cis- and r r a n ~ - C o ( e n ) ~ ( S O ~ ) ~ - ,  cis- and 

trans-Co(en)2C12+, ~ i s - C o ( e n ) ~ ( N ~ ) ~ + ,  c i ~ - C o ( e n ) , ( S O ~ ) ( N ~ ) ~ ,  C 0 ( e n ) ~ ( S ~ 0 ~ )  (N3)', and Co(en),(S203)(0H2) ' (en = 
ethylenediamine) was carried out by high-performance liquid chromatography. Good separations were achieved on a 
p-Bondapak CIB reversed-phase octadecyldimethylsilane (ODs) column using tributyirnethylammonium cations and octyl- 
sulphonate anions. The efficiency and speed of the separations were superior to those obtained on a Partisil SCX ion exchange 
column. 

MOUSTAFA H. M. ABOU-EL-WAFA, HESHAM MANSOUR et G .  A. NOUBI. Can. J .  Chem. 64, 1953 (1986) 
Les complexes cis- et t r a n ~ - C o ( e n ) ~ ( S ~ O ~ ) ~ -  (en = Cthylknediamine), cis- et t r a n ~ - C o ( e n ) ~ ( S O , ) ~ ,  cis- et trans- 

C ~ ( e n ) ~ C l ~ + ,  ~is-Co(en)~(N~),+,  c i s - ~ o ( e n ) ~ ( S O ~ ) ( ~ ; ) ~ ,  C O ( ~ ~ ) ~ ( S ~ O ~ ) ( N ~ ) '  et C 0 ( e n ) ~ ( S ~ 0 ~ ) ( 0 H ~ ) +  ont CtC prCparCs par 
chromatographie en phase liquide 2 haute performance. Une bonne rCsolution a CtC obtenue sur colonne d'octadCcyldimCthy1- 
silane ?I phase inversCe C-18-p-Bondapak, en utilisant des cations de tributyl methyl ammonium et des anicns d'octyl sulfonate. 
L'efficacitC et la vitesse de rCsolution Ctaient supkrieures 2 celles obtenues sur colonne Cchangeuse d'ions Partisil SCX. 

[Traduit par la revue] 

Introduction 
The separation of neutral and cationic Co(II1) complexes of 

the type [ c ~ ( e n ) ~ X , Y ] " +  (n = 0, 1, 2) by reversed-phase 
high-performance liquid chromatography (rp-hplc) and high- 
performance ion exchange chromatography (hpiec) have been 
reported (1 -6). 

The use of rp-hplc for the separation of [Co(en),X,YIn 
complexes with n - 0, 1 -, 1+ has not been reported 
before. We chose to investigate these compounds because 
of our interest in the kinetic and mechanistic aspects of 
Co(II1) complexes in general (7). An hplc technique was used 
here because the compounds (e.g. t r a n ~ - C o ( e n ) ~ ( S ~ O ~ ) ~ - ,  
C O ( ~ ~ ) ~ ( S ~ O ~ ) ( N ~ ) ~ ,  and c ~ ( e n ) ~ ( S ~ o ~ ) ( O H ~ )  + ) have gener- 
ally similar physical and spectral properties and half-lives of the 
order of 10' min. 

Experimental 
Materials and apparatus 

Analar grade perchloric acid was used to adjust the eluent pH to 5 
using a F'ye Unicam pH meter fitted with a glass electrode. G.P. grade 
tributylmethylamrnonium bromide, lithium perchlorate, sodium per- 
chlorate and octylsulphonate were used as received. Separations were 
carried out on a p-Bondapak CI8  reversed-phase column (25 X 0.5 cm) 
which was end-capped with trimethylsilane. Some experiments were 
carried out using a Partisil pm SCX ion exchange column. The 
columns were equilibrated for at least 15 min with the required eluent. 
A11 runs were carried out using a constant eluent composition. The 
columns when not in use were thoroughly flushed with methanol. 

The chromatograms were recorded with a Perkin-Elmer RIodel 
3B chxnatograph with flow rate of 1 cm3 min-I. Samples of 20- 
pL volume (lo-' M) were introduced by a Rheodyne vahe and the 
peaks detected by uv spectroscopy at 254 nm and integrated with a 
Hewlett-Packard integrator. The eluents were made up in water or in 
methanol-water mixtures and filtered through Millipore 1.2-pm 
porosity filters before use. 

~ f l  bis(ethylenediamine)cobalt(~~I) complexes were prepared by 
standard procedures; their elemental analyses are given in Table I .  All 
microanalyses were performed by analytical services in the Department 

'~evis ion received May 29. 1986. 

of Chemistry at Queen University of Belfast (N. Ireland). The compounds 
are cis-Li [ C ~ ( e n ) ~ ( s ~ O , ) ~ ]  (8), trans-Na[C~(en)~(S~O~)~] (9), cis- 
Na2[Co(en)2(S03)2] C104. 3H20 (lo), trans-Na[C~(en)~(SO~)~]. 3H20 
(10); ~ i s - [ C o ( e n ) ~ ( N ~ ) ~ ]  NO3 (1 I), c i ~ - [ C o ( e n ) ~ C l ~ ]  Cl . H,O (lo), 
trans-[Co(en),C12]C1 (12), and ~is-[Co(en)~(N~)(SO;)1 (10). 

A solution of the complex [ C O ( ~ ~ ) ~ ( S ~ O ~ ) ( O H ~ ) ]  was prepared 
using Deutsch's method (9). In a typical preparation 0.04 M trans- 
N a [ C ~ ( e n ) ~ ( S ~ o ~ ) ~ ]  was oxidized with 0.06 M I 3  (pH = 5, HC104) 
in 2 rnL of water. The reaction mixture was loaded onto a sephadex 
sp-25 cation exchange column (Na+ form, 2 cm id X 25 cm), and the 
bands eluted with 0.25 M NaClO,. The required green band of the 
complex [Co(en),(S203)(OH2)] was collected and its concentration 
calculated, allowing for dilution. The agreement between the obtained 
and reported (9) absorptivity values (Table 2) suggest that conversion is 
practically stoichiometric. 

A solution of the complex [ c ~ ( e n ) ~ ( S ~ o ~ ) ( N ~ ) ]  was prepared by 
allowing M trans- [C0(en)~(S~0; )~]  or [ C O ( ~ ~ ) ~ ( S ~ O , ) ( O H ~ ) ]  to 
react with 0.1 M NaN3 at 25'C for 24 h. High-performance liquid 
chromatography was used to monitor the percentage of the reactant 
and the product during the course of the reaction until the reactant 
peak disappeared. The spectrum of the product was recorded and its 
molar absorptivity values obtained (Table 2). On the other hand, 
reaction of the product with S 2 ~ 3 2 -  ions regenerated the complex 
[C0(en)~(S,0,),], which indicates that the product in solution is 
actually [ C ~ ( e n ) ~ ( S ~ o ~ ) ( N ~ ) l .  

Results and discussion 
The octahedral complexes reported here exist as cations, 

anions, and uncharged species in solution. Most are stable 
towards dissociation ( l4a ,  15). However, some are more labile. 
A kinetic study (16) of t r a n ~ - C o ( e n ) ~ ( S O ~ ) ~ -  established that 
the complex ion undergoes rapid acid or base hydrolysis 
to form the c ~ ( e n ) ~ ( S O ~ ) ( o H ~ ) +  ion. In contrast to trans- 
C0(en)~(S0~) , - ,  c i ~ - C o ( e n ) ~ ( S O ~ ) ~ -  is not labile with respect 
to hydrolysis and exchange reactions (16). On the ocher hand, it 
is reported (17) that the cis form of the complex C O ( ~ ~ ) ~ ( S ~ O ~ ) ~ -  
isomerizes to the trans form in neutral aqueous medium (pH - 
6-6.3), as shown by a change in the spectrum from the cis to the 
trans form after 2-3 days at room temperature. The trans form 
isomerizes to the cis in basic solution only (8) (pH - 7-1 I ) ,  
and above pH 11 base hydrolysis becomes prominent. The 
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TABLE 1. Elemental analyses of bis(ethylenediamine)cobalt(III) complexes 

%C %H %N 

Complex Calcd. Found Calcd. Found Calcd. Found 

TABLE 2. Molar absorptivitiesa of bis(ethylenediamine)cobalt(III) complexes 
- - 

Molar absorptivity at 

Complex 216 nm 289 nm 333 nm 390 nm 545 nm 

"In dm' mol-' cm-' (literature values in pare] 
b ~ r o m  ref. 9. 
'From ref. 13. 

conclusion from these observations is that the complexes under 
investigation are quite stable at pH 5 ,  so that the hplc technique 
can be utilized for their separation from the complex trans- 
Co(en),(SO,),- and to a lesser extent from its derivative 
trans-Co(en) *(So3) (N,)'. 

A complete analysis using an ion exchange or ion pair column 
would require one portion for the anion and a second for the 
cation separation. The positively charged complexes were 
ion-paired with octylsulphonate anions (C8HI7SO3) ,  while the 
negatively charged complexes were paired with tributylmethyl- 
ammonium cations (NMeBu3+) to provide suitable retention for 
separation on a C18 bonded (ODs) column. Some complexes 
were eluted from a Partisil SCX ion exchange column with 
C104- anions. The data presented in Table 3 are representative 
of the performance of the columns in use. Results obtained 
using 0.3% by weight tributylmethylammonium cation as 
pairing ion and a reverse phase O D s  column are given in 
Fig. 1. The void volume of the column was about 2.2 cm3. 
The cation complexes (a) and ( b )  eluted at about 3 cm3, a 
volume slightly exceeding the void volume. This indicates that 
hydrophobic interactions between these complexes and the C18 
layer are insignificant. The unexpected order of the negatively 
charged complex (c) may be due to rapid hydrolysis into 
[C0(en)~(S0 , ) (0H~) ]+  as mentioned before. The bonded 
hydrocarbon surface layer and the eluent electrolyte have the 
effect of reducing the column's capacity for uncharged hydro- 
philic complexes. This leads to the early separation shown in 
Fig. 1. 

The separation of the negatively charged complexes (e) or 
(f) from (g) has been achieved. The separation of (e) from 
(f) is poor. Both possess the cis form and a single nega- 
tive charge. Retention times follow the order e < f < g 
i.e.: c i ~ - C o ( e n ) ~ ( S O ~ ) ~ -  < ~ i s - C o ( e n ) ~ ( S ~ O , ) ~ -  < trans- 
co(en)2(S203)2-. 

(a) cis, X and Y = N3 
(b) X=S203 ,Y=OH2 
(c)  tr-9 X y =  503  

1 (d) X =  5203 bY= N3 
(e)  c1s.x . Y = s O ~  
( f ~ c l s , x , y = 5 2 o 3  
(g?  tr-. X .  Y = S203 

f "' 

I I 

2 0  11, 15 Time ,mln, 13 

START j:: 
FIG. 1. Chromatogram of a mixture of [ C O ( ~ ~ ) ~ X Y ] "  complexes 

(ODs column, 0.3% NMeBu3+ in water, flow rate 1 cm3 min-', chart 
speed 0.5 cm min-'). 

The basicity of (pK = 7.2) (18) is much greater than 
that of S2032- (pK = 2.5) (18). Consequently, the reactivity of 
~ 0 ~ ~ -  far exceeds that of S203,-, giving a fast rate of retention 
in comparison with S2032-. On the other hand, the order of the 
size of the stability constants (14a) of the complexes of the 
nucleophiles S032- and S2032- with the soft acid CH3Hg+ is 
~ 2 0 3 ~ -  > which is in accord with the retention shown 
above. 

Figure 2 shows the separation of the complexes using an ODS 
column and octylsulphonate in 10% MeOH as eluent. Each 
complex is clearly separated from the others. The negatively 
charged complex (a) is eluted at the void volume of the column 
followed by the uncharged compounds (b) and (c). Compound 
(b) shows another unidentified small peak at 4.7 cm3. The 
positively charged complexes elute in the order d < e < 
f < g,  i.e.: C O ( ~ ~ ) ~ ( S ~ O ~ ) ( Q H ~ ) +  < c i s - C ~ ( e n ) ~ C l ~ ~  < cis- 
Co(en),(N,), ' < trans-Co(en) ,C12+. 
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ABOU-EL-WAFA ET AL. 

TABLE 3. Retention volumes of bis(ethylenediamine)cobalt(III) complexes 

ODs columna SCX columnh 

0.2% 
0 .3% C8H17S03- 0.1 M 0.2 M 

Complex NMeBu3+ 10% MeOH clo4- clo4- 

"Chart speed 0.5 cm min-'. 
bChart speed 1.0 cm min-'. 

(a) tr- x2Y=S203 
(b) X=S203, Y= N3 
(c) C I S ,  X=503  I Y= N3 $ 1  (dl X = S 2 0 3 .  Y=OH2 

X, (e)cis, X , Y =  CI 
C\I x;;::;:;;disTr 
e 
0, 
n 
a 

6 0 4 0 20 00 5 0 0 
T ~ r n e ~ r n ~ n  

FIG. 2. Chromatogram of a mixture of [ C ~ ( e n ) ~ x Y ] "  complexes (ODs column, 0.2% C 8 H I 7 S o 3  in 10% MeOH, flow rate 1 cm3 min-', 
chart speed 0.5 cm min-I). 

This order is consistent with the hydrophobicity order of these 
compounds and with the ability of the added anion to interact 
with the CI8  stationary phase and to form an ion pair with the 
cation complex. Such interactions have been discussed by 
Bidlingmeyer et al .  (19), and may lead to the formation of 
species of different counter-ion stoichiometry which have 
sufficient lifetime on the matrix of the stationary phase to allow 
separation. Moreover, the basicity of N3- (pK = 4.7) (14b) is 
greater than C1- and H 2 0  (pK = -4 and -1.7, respec- 
tively) (14b). This is in agreement with the elution order of 
C O ( ~ ~ ) ~ ( S ~ O ~ ) ( O H ~ ) +  and ~ i s - C o ( e n ) ~ C l ~ +  but not with that of 
t r ~ n s - C o ( e n ) ~ C l ~ + .  The difference between cis- and trans- 
C~(en)~Cl ,+  may be due to electrostatic repulsion of the 
negative ligand C1-, which would appear to be greater in the cis 
position than in the trans because of the smaller distance of 
separation (14c). 

The sharpness observed for the peak of compound ( f )  is 
difficult to rationalize on steric ion pairing or stationary phase 
interaction grounds and a complex set of parameters probably 
combine. This requires more investigation for clarification. In 
an attempt to reduce the retention time of the cationic complexes 
(Fig. 2.1, the percentage of MeOH was raised to 30%, but this 
tended to dwarf the differences between the complexes and the 
extent of separation declined. 

Use of a partisil high performance ion exchange column 
and aqueous C104- as anion gave in general poor results. 

Elution times were shorter than for those obtained by rp-hplc, 
with broad peaks and poor resolution. The elution order 
was the same as observed using an ODs  column. On increasing 
the anion concentration from 0.1 to 0.2 M, the negatively 
charged complexes cis- and t r a n s - C ~ ( e n ) ~ ( S ~ O ~ ) ~ -  eluted with 
somewhat longer retention times and the uncharged complex 
C O ( ~ ~ ) ~ ( S ~ O ~ ) ( N ~ ) ~  eluted in a shorter time, but the dis- 
crimination between the three complexes was not as good. 
The positively charged complexes ~ i s - C o ( e n ) ~ ( N ~ ) ~ +  and 
C 0 ( e n ) ~ ( S ~ 0 ~ ) ( 0 H ~ ) +  had smaller retention times than were 
observed with 0.1 M C I 0 4  and the peaks overlapped. This 
phenomenon was noted before (2), and was found to be due to 
interactions between the different complexes, the reagent. and 
the stationary phase. 

Overall, the results obtained may be of value to those 
contemplating the use of rp-hplc for separating complexes 
similar to those investigated here. 
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On why some low-energy decomposition pathways 
of simple ketone molecular ions do not give rise to metastable peaks. A reappraisal 
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PETER J. DERRICK and STEEN HAMMERUM. Can. J .  Chem. 64, 1957 (1986). 
The concept of minimum rate constants, k(E), , , ,  for unimolecula decompositions does not, according to the quasi 

equilibrium theory (QET), provide a rationalisation of the occurrence of the higher energy reaction, loss of methyl. rather than the 
more favorable process, loss of methane, from metastable butanone and 3-methylbutanone molecular ions. 

PETER J .  DERRICK et STEEN HAMMERUM. Can. J.  Chem. 64, 1957 (1986). 
En se basant sur la thCorie des quasi-equilibres le concept des constantes de vitesses minimales (k(E) , , , )  applique aux 

dCcompositions unimolCculaires ne fournit pas de rationalisation pour l'existence de la reaction de la perte d'un radical mCthyle, 
qui demande plus d'knergie que la rCaction plus favorable impliquant la perte d'une molCcule de mCthane, a partir des ions 
molCculaires mCtastables de la butanone et de la mCthyl-3 butanone. 

[Traduit par la revue] 

In 1976 Cooks et al. (1) pointed out that some ketone 
molecular ions eliminate simple alkanes in the microsecond 
time-domain, because, they suggested, these are decomposition 
pathways with low energy requirements and such decom- 
positions predominate at these times. The loss of alkane 
molecules from certain ketones had been noted previously (2), 
but many small ketone radical cations react predominantly by 
the loss of alkyl radicals through a-cleavage. The loss of 
an alkyl is not always straightforward, as demonstrated by 
McAdoo, McLafferty, and Smith (3), who proposed that the 
loss of CH3' from certain (C3H60)+' ions constituted an 
example of non-ergodicity. The decomposing (C3H60)+' ions 
were said to have the acetone structure having been formed by 
isomerization of the en01 ions, (CH3C(OH)=CH2)+', and the 
loss of CH3' gave rise to the only significant metastable peak. 
The extensive discussion over the next fourteen years of this 
proposed example of non-ergodicity has been reviewed recently 
(4), and the conclusion reached that there is no reasonable 
alternative explanation for the particular characteristics of the 
(C3H60)+' system. However, the (CH3COCH3)+' ion formed 
by electron ionization of acetone exhibits only one significant 
metastable peak, which is due to the loss of CH4 (1, 5) .  The 
avvarent contradiction has been resolved on the basis of the 
ifferent internal energy contents (5). The (CH3COCH3) +' ions 
formed by the isomerization of (CH3C(OH)=CH2)+' have 
more internal energy, and they decompose by losing CH3'. 
The acetone molecular ions that remain undecomposed after 
microseconds have less internal energy, and they decompose 
by losing CH4. That is to say, the k(E) vs. E curves 
cross. An analogous situation arises with the (C5HloO)+' 
system (6-a), where the (CH3CH2COCH2CH3)+" ions formed 
by electron ionization of 3-pentanone lose C2H6, while the 
(CH3CH2COCH2CH3)" ions formed by isomerization of its 
en01 lose c2H5'. The latter reaction has also been suggested (7) 
to exhibit non-ergodic behaviour, but this claim has been shown 
(8) to be without substance. 

The (C&O) +" ion differs from (C3H60) +"  and (C5HloO) - "  

in metastable ion characteristics 19). The (C4HRO)+' keto-ion 
Printed in Canada 

formed by the isornerization of 2-butanone en01 ions loses both 
CH3 and C2H5' (lo), and it has been suggested (11, 12) 
on the basis of energy release that these reactions are also 
non-ergodic. The (C4H80) +' ions formed by electron ionization 
of 2-butanone also lose both CH3' and C2H5' in the microsecond 
time-frame. What is remarkable is that the 2-butanone mole- 
cular ion loses neither CH4 nor C2H6, even though the loss of 
CH4 is endoergic by only 30 kJ mol-' (cf. the loss of CH3', 
60 kJ mol-'; the loss of C2H5', 100 kJ m o l l )  (see Appendix). 
A similar situation arises with the 3-methyl-2-butanone mole- 
cular ion (13, 14), which also does not lose CH4. This reaction 
should be approximately thermoneutral (cf. the loss of CH3', 
65 kJ m o l ' ;  the loss of C3H7', 100 kJ mol-I) (see Appendix). 

An explanation involving the idea of minimum rate con- 
stants, k(E)min, has been advanced (14) to account for the 
absence of the loss of CH4 from the molecular ions of 2-buta- 
none and 3-methyl-2-butanone. Consider the QET expression, 

k(E) assumes a near-minimum but non-zero value, k(E),,, , at 
the threshold when crG*(E - Eo) = 1. The explanation (14) 
supposes that the k(E) vs. E curves for the loss of CH4 and the 
loss of CH3' from either the 2-butanone or 3-methyl-2-butanone 
molecular ions are as shown in Fig. 1. Curve A representing the 
loss of CH3' has k(E),,, < lo6 s-I; curve B representing the 
loss of CH4 has k(E),,, > s-'. The argument (14) upon 
which the explanation rested was that, if k(E),,, is greater than 
lo6 s-' for a decomposition, no metastable peak will be 
observed for that decomposition, because no ions will react at 
the appropriate rates. If this argument were valid, it would 
follow directly from Fig. 1 that the loss of CH4 ought not be 
observed. We wish to point out that this argument is incorrect 
when a metastable peak is observed for some competing 
reaction whose k(E) curve lies below that of the non-observed 
process, as in Fig. I .  Figure 1 shows that molecular ions with 
internal energies El to E l  + BE. corresponding to rate constants 
k(E) = lQ5 s-' and 106 s-' on curve A,  wouid largely 
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FIG. 1. Schematic representation of the variation of k ( E )  with E 
for a situation where two com eting reactions have k(E),,, < lo6 spl  
(curve A )  and k(E),,, > 10's-' (curve B ) ,  respectively; ions with 
internal energies El to E ,  + AE will decompose predominantly by 
the path represented by curve B .  

FIG. 2. Schematic representation of the variation of k ( E )  with E 
for two competing reactions for a situation where no molecular ions 
have internal energies in the shaded energy region; ions with internal 
energies El to El + AE will decompose predominantly by the path 
represented by curve B. 

decompose in times of the order of nanoseconds by losing CH4 
(curve B). Only a very small proportion of such molecular ions 
would survive long enough to enter the field-free region of the 
mass spectrometer (i.e., be undecomposed after microseconds), 
but these would still decompose predominantly by losing CH4.  

To demonstrate this point, it is sufficient to consider ions with 
a discrete energy E l  (Fig. 1). Let the rate constants for losing 
CH3' and CH4 at this energy be k(E1)* and k(El)B,  respec- 
tively, and let the metastable time-window be from, say, tl = 
1 FS to t2 = 10 ps. The number of ions, NA and NB, 
decomposing to lose CH3" and CH4, respectively, in this time- 
window are (15): 

NA = I t 2 k ( E 1 ) ~ ~ o { e x p  - l k ( E 1 ) ~  + k ( E ~ ) ~ l t ) d t  
r i 

and 

l OSS 
of 

CH; 

FIG. 3. Schematic representation of the variation of k ( E )  with E for 
the competing reactions of (CH3COCH2CH3)+', showing presumed 
crossing below lo5 s-'. 

where No is the original number of molecular ions formed at 
t = 0. Other decomposition pathways can be neglected. The 
ratio of the number of ions decomposing by losing CH3' to 
those by losing CH4 is then 

and in Fig. I ,  k(EI)A / k(E1)B 4 lo-'. Therefore the intensity 
for the loss of CH4 should exceed that for the loss of CH3' by a 
factor greater than 10'. The k(E) curves in Fig. 1 may be used to 
estimate relative metastable peak intensities by locating the 
energy range corresponding to k(E) = lo5 s-' or lo6 s-' 
(depending on the time-window) for the lowest energy curve, 
i.e., the curve which crosses the k = lo5 s-' and k = lo6 s p l  
lines at the lowest energy. Approximate relative metastable 
intensities are then obtained by making vertical comparisons 
on the k(E) diagram. That is to say, compare the k(E) values 
for different decompositions at the energy range located. 

A variation of this explanation has also been discussed (14). 
Here curve B continues below k(E) = lo5/ lo6 S-I, but there are 
no molecular ions in the shaded energy region (Fig. 2). In this 
case, the proposal (14) that the loss of CH3' would give rise to a 
metastable peak is unsound for the same reasons as before. 

There are two plausible lines of explanation within the 
framework of the QET for why the loss of CH3' is observed but 
the loss of CH4 is not with 2-butanone molecular ions. One is 
that the energies (heats) of reaction do not accurately reflect the 
critical energies. Thus if the critical energy for the loss of CH4 
were greater than that for the loss of CH3', the observations 
would be readily explained. This would mean that there was a 
significant reverse critical energy for the loss of CH4. There 
could also be a reverse critical energy for the loss of CH3' , but it 
would need to be much smaller than that for the loss of CH4. 

There is no evidence that the loss of CH4 from the acetone 
molecular ion would have a significantly greater reverse critical 
energy that the loss of CH3'. ~ a e r '  has found that the loss of 
CH4 has a slightly lower onset than does the loss of CH3'. It thus 
seems unlikely that the loss of CH4 from 2-butanone molecular 
ion has a significant reverse critical energy. 

'T. Baer. Private communication to C .  Lifshitz (16). 
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DERRICK AND HAMMERUM 1959 

The  other explanation would be  that the k(E) curves for the 
loss of CH3' and the loss of CH4 cross below about k(E)  = 
lo5 s- '. Withboth (CH3COCH3) +' and (CH3CH2COCH2CH3) +', 
it is generally believed that the k(E) curves for the loss of alkyl 
and the loss of alkane d o  cross. It is, therefore, not unreasonable 
to consider that there is a similar crossing of k(E) curves for 
(CH3COCH2CH3) +'. In this case, however, the crossing would 
be below rather than above lo5  s- ' (see Fig. 3). 
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Appendix 
Heats of formation employed (all numbers are 298 K 

values). AHf(CH3COCH3+'),  AHf (CH3CH2COCH3+'), AHf-  
((CH3)2CHCOCH3+'), and AHflCH3CH2COCH2CH3+') have 
been taken as 719, 676,  635, and 640 kJ mol- ' ,  respectively 
(17). AHf(CH4) and AHf(CZH6) are taken to b e  -75 and 
-84 kJ m o l p l ,  respectively (18). AHf(CH3'),  AHt (C2H5'), 
and AHf(C3H7') are taken to be  144, 117,  and 80 kJ molp' , 
respectively (19). AHf(CH3CO+) has been taken as 657 kJ mol- ' 
(20), and AHf(CH2CO+') has been placed at 870-880 kJ mol- ', 
on the basis that the adiabatic IE is 9.61 eV (17) and IWXCH;CO) is 
-48 W mol-' (18). A H ~ C H ~ C H ~ C O + )  and AHX(CH3)2CHCO+) 
have been taken as  591 (21)  and 554 kJ m o l p l  (17) .  
AHf(CH3CHCO+') has been estimated to be 775--785 kJ mol- ' 
on the basis that the adiabatic IE is 8 .95 e V  (22) and that 
AHf(CH3CHCO) is -86 kJ mol-' (21). AHf((CH3)2CCO+') 
has been estimated to be  700-7 10 kJ mol- ' on  the basis that the 
adiabatic IE is 8 . 3 8 e V  (22) and that ANf((CH3)2CCO) is 
- 105 W mol- ' (estimated). 
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Ion-ion-solvent interactions in aqueous ionic cosolvent systems. I. 
Transfer thermodynamics of hydrogen chloride in aqueous sodium nitrate solutions 

from emf measurements 
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SIBAPRASADRUDRA, HIMANSU TALUKDAR, BIJOY P. CHAKRAVARTI, and KIRON K. KUNDU. Can. J. Chem. 64,1960 (1986). 
Standard potentials (EO) of the Ag-AgCl electrode have been determined in 1. 2, and 4 rn NaN03 + water mixtures at five 

equidistant temperatures ranging from 15-35°C from the emf measurements of the cell: Pt, H2 (g, 1 atm)/HCl ( m )  NaN03 + 
water/AgCl-Ag. These values have been used to evaluate the trarisfer energetics (AG?, TAG, and A@) accompanying the 
transfer of 1 mole of HCl from the standard state in water to the standard state in each of the NaN03 + water mixtures. Transfer 
free energies AG: of HCl and that of the individual ions obtained from a separate study, and those obtained after correcting the 
"cavity effect" and Born-type electrostatic effect, as estimated tentatively by the scaled-particle theory (SPT) and simple Born 
equation respectively, have been discussed in the light of ion-ion-solvent interactions. The observed TAG-composition 
profile as well as that obtained after correcting for the "cavity effect" were examined in the light of semiquantitative theory 
proposed by Kundu et al. earlier and are found to substantiate this theory. 

SIBAPRASAD RUDRA, HIMANSU TALUKDAR, BIJOY P. CHAKRAVARTI et KIRON K.  KUNDU. Can. J .  Chem. 64, 1960 (1986) 
OpCrant avec des melanges 1 , 2  et 4 m de NaN03 dans de l'eau et a cinq tempkratures Cquidistantes allant de 15 a 35°C et en se 

basant sur des mesures de fem de la cellule / ~ t ,  H2(g, 1 atni)/HCl(rn) NaN03 + e a u / ~ g C l - ~ g / ,  on a dCterminC les 
potentieis standards (Eo) de 1'Clectrode Ag-AgC1. On a utilisC ces valeurs pour Cvaluer les Cnergies de transfert (AG:, TA$ 
et AH: qui accompagnent le transfert de 1 mole de HCl de son etat standard dans l'eau vers 1'Ctat standard de chacun des 
mClanges NaN03 + eau. A la lumiere d'interactions ion-ion-solvant, on discute des Cnergies libres de transfert AG: du HCl 
ainsi que de celles des ions individuels qui ont CtC obtenues au cours d'une Ctude sCparCe de meme que celles obtenues ap7t.s avoir 
corrigC les valeurs pour 1' <ceffet de cavitCn et pGur l'effet tlectrostatique du type de Born qui ont respectivement CtC CvaluCs sur 
une base preliminaire en faisant appel d'une part a la thCorie des particoles et d'autre part 2 une Cquation de Born simple. A la 
lumi2re de la thCorie de Kundu et de ses associCs qui a Ctt proposCe antkrieurement, on a examine les correlations qui existent 
entre la composition et les valeurs de TA$ ainsi que celles obtenues ap~es  avoir apportC des corrections pour l'<<effet de 
cavite),; on a trouvC que les rCsultats sont en accord avec la theorie. 

[Traduit par la revue] 

Introduction 
It is well recognized that thermodynamic quantities, espe- 

cially transfer enthalpies and entropies of electrolytes and 
non-electrolytes, often provide useful information regarding the 
structuredness of solvents (1 - 12). There have been extensive 
studies (9-14) on the thermodynamics of hydrogen halides 
(HX). alkali halides (MX), and the related ion-solvent inter- 
actions, solvent structuredness, etc., in a host of aquo-organic 
solvent systems. However, apart from a few studies (15) by 
Bates and co-workers in synthetic sea water systems, parallel 
studies on aquo-ionic cosolvent systems are yet a fairly 
untroclden field, although a number of studies have been made 
from the point of mixed electrolyte properties (16, 17). In fact, 
it would be highly interesting and useful to treat aqueous 
electrolyte solutions of any molality as an individual solvent 
and the infinitely dilute solution of the solute in that solvent as 
the standard state, exactly similar to what is being done in 
aquo-organic solvent systems. It is hoped that the transfer free 
energies derived in this way will help show the ion-ion-solvent 
interactions from a new angle and the transfer entropies will 
help show solvent structuredness with extra confidence as 
hydrophilic ions are well known t h e e  dimensional (3D) 
structure breakers of water (1 8, 191, although ions with larger 
ionic force field induce overall structural order round them and 
hence are tacitly designated as "structure makers" (18, 19). 

Moreover, simple aquo-ionic cosolvent systems are also 
likely to serve as precursors to suitable model systems of highly 

'Author to whom all correspondence should be addressed. 
2~evision received May 7, 1986. 

complex physiological fluids (20a) on the one hand and sea 
water (20b) on the other. So, comprehensive studies on 
different physico-chemical properties including transfer ther- 
modynamics of HX, MX, and other selected electrolytes and 
non-electrolytes etc. in different aquo-ionic cosolvent systems 
should prove immensely useful, particularly in imparting 
far-reaching implications which will help us to u~lderstand the 
complex processes in bio-fluids or in sea water. 

Therefore, as part of the systematic studies that have been 
taken up for the first time, we are now reporting transfer 
thermodynamics of HC1 in the aquo-ionic solvent system 
comprising 1, 2, and 4 m NaNQ3. This has been determined 
from emf measurements of the cell [A] 

[A] R, H2 (g, 1 atm)/HCl (m), NaN03 + water/AgCl-Ag 

at five equidistant temperatures ranging from 15-35°C. 
The choice of NaCl instead of NaN03 as the ionic cosolvent 

would have been more useful from the point of physiological 
fluid/sea water. But the response of kg-AgX (X = Cl, Br or I) 
electrodes to the small concentration of solute halide ions in 
presence of overwhelming concentration of solvent % I  is likely 
to be rather sluggish. Secondly, the behaviour of HCl or other 
chlorides even in the assumed standard state in each cosolvent 
mixtures is likely to be complicated by the common-ion type 
effects. On the other hand, structural characteristics of aqueous 
solutions of various nitrate salts including NaNQ3 are fairly well 
known (21, 22). Studies in nitrate solutions should thus help us 
to understand the behaviour of HC1 and other solutes in this 
aquo-ionic cosolvent system. More importantly, systematic 
studies on the activity coefficients of HC1 or other halides in this 
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RUDRA ET AL. 

type of aquo-ionic system but based on water as the standard 
state, are likely to initiate a new series of studies on Harned's 
rule (16) involving quarternary ionic mixtures. 

Experimental 
Sodium nitrate (A.R., B.D.H.) was used after drying at 150°C and 

then cooled in a vacuum desiccator. Water used was triply distilled. 
Solvents of various molalities were prepared by mixing the components 
by weight. Cell design, electrode and solution preparation and 
experimental procedures were similar to those described earlier (7.23) .  
Equilibrium at the lowest temperature was reached within 3-4 h of 
the commencement of hydrogen bubbling after which emf data at 
successively higher temperatures were recoyded. The criterion of 
equilibrium in each case was i 0 . 2  mV per h. The equilibrium emf data 
at 25°C agreed within 20 .3  mV of the previous data when tested back 
at the end of the experiment. 

Solvent densities (d,) at different temperatures were measured with a 
pyknometer of 15 cm3 capacity, having a 15 cm long neck made up of 
1 mm bore capillary tubing and graduated into 1 mm divisions. The 
values thus obtained are listed in Table 1 .  The vapour pressure 
(p,/rnrn Hg) of the different solvent mixtures at different temperatures 
were obtained with the help of the approximate relation [ I ]  (24) 

where ( p , ) ,  is the vapour pressure of pure water (25) at the 
temperature, M, the molecular weight of pure water, and 4 is the 
osmotic coefficient of NaN03 solution of molality m, the required 
values of + being obtained from literature (26). The values so obtained 
are given in Table 1. The dielectric constant (E,) values of the solvents 
(27) are known only at 25'C as are given in Table 1. The values of mean 
molar mass (M,)  of tile solvents are also given in Table 1 .  

TABLE 1. Some properties of NaN03 + water 
mixtures at different temperatures 

T ds Ps 
("C) (kg dm-3) (mm Hg) E S  

1 m NaN03 + water, M ,  = 19.20 

1.0538 13.59 - 
1.0515 17.27 - 
1.0492 23.39 68.4 
1.0472 31.34 - 
1.0454 41.53 - 

2 rn NaN03 + water, M ,  = 20.35 

1.1037 12.41 - 
1.1000 17.02 - 
1.0968 23.05 60.2 
1.0941 30.88 - 
1.0931 40.93 - 

4 m NaN03 + water, M ,  = 22.52 

1.1894 12.07 - 

20 1.1853 16.66 - 
25 1.1815 22.42 48.4 
30 1.1786 30.04 - 

35 1.1764 39.80 - 

TABLE 2. Em (volt) values of cell (A) and the coefficients of eq. [3] 
in NaN03 + water solvent system at different temperatures 

T("c) E: A x lo3 B x lo2 C x 10' ( u ( E : ) )  x lo4 

Results 1 m NaNO? + water 
The emf (E) values of the cell (A) (corrected for pH2 = 1 atm) 0 ,  24013 -7, 86 - 34 1.959 0.5 

for molality m of HC1 are given e l ~ e w h e r e . ~  As in pure water 20 0.23822 -34.90 10.97 -12.684 1.4 
and aquo-organic solvents these values are related to the 25 0,23657 -63.13 22.75 -26,821 1.2 
standard potential of the cell on molal scale E: by eq. [2]  30 0.23384 -72.56 26.34 -31.034 2.0 

2 k  log m - 2k  log (y.),,, 

where (y,)HCI is the mean molal activity coefficient of HC1 and 2 rn NaN03 + water 

k = 2.303 RT/ F. The E z  values at different temperatures in 15 0.23076 -24.27 10.45 - 14.647 0.3 
each solvent were determined by use of curve fitting technique 20 0.22712 - 18.11 8.03 - 11.786 1.0 
of Sen et al. (28) with the ~olvnomial  131 25 0.22253 -2.48 0.28 -0.261 0.7 

using a FORTRAN program and a B 6700 computer. Notably, 
15 0.21191 -3.42 as in aquo-organic solvents, the standard state is so chosen 20 0,20806 - 3 , 1 1  

that at infinitely dilute solution of HCl in each of the solvent 25 0.20461 -6,32 
compositions of the mean activity coefficie~t (~,) ,cI  is taken 30 0,20074 -6.72 
to be unity. The values of E: (molal scale) and the coefficients 35 0,19742 - 15.70 
A ,  B ,  and C as obtained are listed in Table 2 .  The average 

4 m NaN03 + water 

-0.08 -0.181 1.3 
-0.61 0.721 1 .0 
-0.62 1.008 1.4 
-1.29 1.860 1.3 
-0.46 0.524 1.2 

- 
standard deviation of these values is 2 0 . 3  mV. 

The E: values at different temperatures for each of the 
solvent mixtures were then fitted into E:-temperature quad- 
ratic equation [4] 

by the method of least squares, where t is the temperature in 
'C. The coefficients a ,  b,  and c for different (NaN03 + water) 

3A complete set of the data referred to above may be purchased 
from the depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa. Ont., Canada K I A  OS2. 

solvents are given in Table 3. The coefficients of eq. [4] for 
water were obtained by using the data of Bates et al. (29) and 
are listed in Table 3. 

Standard free energy (BG:), entropy (AS:), and enthalpy 
(ANY) changes accompanying the transfer of 1 mole of HCl 
from the standard state in water (w) is that in each of the ionic 
cosolvent compositions (s), i.e. of the process HCl (w) -+ 

HCl (s) were co~nputed on the mole fraction scale at 25°C by 
the usual relations [53 -[7] 
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TABLE 3. Coefficients a ,  b, c of eq. [4] and transfer energetics (AG:, AH:. and TAs:) of HCI and AGF of H' and Cl- from water to 
aqueous NaN03 solvents at 25'C (mole fraction scale)a 

A G : / ~ J  mol-' 
Mole kg-  ' 
of NaN03 a / V  b x lo4/V OC-' c X 106/v O C - ~  HCl HT (32) Cl- (32) T A S ? / ~ J  m o l '  A H : / ~ J  mol-' 

- - - - -  

"The coefficients a ,  b, and c of eq. (41 for water have been calculated w ~ t h  the help of E: values at different temperatures taken from ref. 29 

, 
and are listed in Table 3. The estimated uncertainties (30) in 

6 1  

,/ 

AG! and AS! values are k0 .03  kd mol--' and -i- 2 J K-' mol- ' . , 
/ 

[6] AS? = F(b,  - b,) + 2F( t  - 25)(c, - c,) 10 

- 
respectively. / / .- - - --A H' 

E - I . 

+ 2R In M , / M ,  

[7] AH: = AG: + TAS; 8 

Discussion 
From Fig. 1 it can be seen that AG:-composition profile of 

HCl exhibits a slight roller-coaster type behaviour. This is 
possibly due to the involved opposite effects of the constituent 
ions. That this is partly true is evident from the AGY-composi- 
tion profiles for H+ and C1- (Fig. I), as obtained by use of the 
modified form of the widely-used tetraphenylarsonium tetra- 
phenylborate reference electrolyte assumption (3 1) described in 
another paper (32). 

As these profiles show, while AG:(H+) values are more or 
less increasingly positive with a slight hump around 1 m NaN03, 
AG?(Cl-) values decrease sharply till 1 mNaN03  and then 
remain almost invariant up to 4 m .  Apparently, while H+ 
is increasingly destabilized, C1- remains stabilized in these 
solvents compared to that in water. The breaks in destabilization ~ O I  ka - l  NaNO? - 

- p HCI 
/ 

of H+ or stabilization of C1- around 1 m NaN03 are seemingly 
the result of change in solvating capacitiea of the aqueous FIG. 1. Variation of AG:(-), AG? ,,,, (---), and AG?,,, ,,, (-. -. -1 

of HCl (0), H' (A) ,  and Cl- (U) with molality of NaN03 in aqueous 
NaN03 solutions and the superimposed destabilizing Born-type NaN03 solution, 
electrostatic effect on both the ions, because of the difference 
between the bulk dielectric constants of the solvents concerned. 

Notably, as per our assumed standard state, at infinite dilution 
of HC1 in each of the compositions of the ionic cosolvent system 
( Y ~ ) ~ ~ ~  = 1. This implies that just as in the aquo-organic 
cosolvents, the interactions between water and oragnic cosol- 
vents do not influence the ideal behaviour of HCl, so do the 
interactions of the ionic constituents of the ionic cosolvent 
among themselves or with water molecules in the respective 
solvent compositions. Consequently, AC?(i) values accorn- 
panying the transfer of either of the ions from the standard state 
in the reference solvent, water to the corresponding state in any 
of the cosolvent compositions are likely to be governed by the 
net effects of attractive ion-ion interactions between the 
oppositely charged ions of the solute and ionic cosolvene 
species, viz. H30f  and NO3-- and C1- and Wa+ and the 
repulsive interactions between the similarly charged ions viz. 
H3Qf and Na+ and Cl- and NO3-, relative to those in water. 

As expected (18-22), due to their small size and large ionic 
force field, Na+ ions are to some extent hydrated. But being 
relatively large in size and having the formal charge delocalized 
on three 0-atoms, NO3- ions are comparatively less hydrated 
(18-22) or even unhydrated as the negative value of the 

viscosity B-coefficient and the positive value of dB/dT data 
(18b) suggest. The observed increased stabilization of C1- 
therefore suggests that the resulting attractive interaction of C1.- 
and (Na+),, over the repulsive interaction of C 1  and NO3 - 
exceeds the Cl--H20 interaction in pure water. This is 
probably due to the fact that H 2 0  molecules in the hydration 
cosphere round Na+ have more protonic character (S+ ) than that 
in pure water and hence are likely to induce more "acid-base" 
type (33) short-range attractive interaction with C1- than that in 
pure water. The observed increased destabilization of H+,  on 
the other hand, suggests that the attractive interaction of H 3 0 +  
(rather than the bare proton) with delocalized (S+) charge on 
three H atoms, and the NO3- with delocalized (6-) charge on 
three Q atoms is overcome by the possible larger repulsive 
interaction between H 3 0 +  and (Na+),,. This is because the 
repulsive effect of more protonic character of the H2Q mole- 
cules in the hydration cosphere of Na,,+ might exceed the 
attractive interaction of H30 t  with NO3-. Besides, the repul- 
sive interaction is also likely to be augmented by the larger 
stability of H30+  in pure water because of its intrinsic structural 
propensity towards pure water. 
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The observed humpslbreaks in AG:-composition profiles 
of H+ and C1- around 1 m NaN03 are possibly associated with 
the change in solvating species of this ionic solvent system. This 
is because, as various spectroscopic evidences referred to earlier 
(21, 22) indicate, around 0- 1.5 m NaN03 solution constituent 
ions mostly exist as Naaqf and ( N O 3  ),, . But around 1.5 to 
6 m NaN03 these ions are increasingly replaced by solvent- 
separated ion-pairs like -O3N(H20).Na+. Evidently, alteration 
in the solvating characteristics due to the change in the solvating 
species is likely to induce some breaks in the relative solvation 
of the cations and anions, as observed. 

Entropies of transfer 
Since T A S ~ ( H C ~ )  rather than H:(HCI) should be more 

informative regarding the structuredness of the solvents (2), let 
us discuss the observed TAS?(HCl)-composition profile at 
25°C as illustrated in Fig. 2, where AH:- and AGY-composi- 
tion profiles are also illustrated for the sake of comparison. 
Strikingly enough, unlike A G ~ ,  both TAs:- and AH:- 
composition profiles exhibit maxima around 1 m NaNQ3. This 
is of course contrary to the smooth downward trends observed in 
the cases of non-electrolytes like benzoic acid (HBz) in aqueous 
LiCl and KBr ( 7 4  or p-nitroaniline (pNA) in aqueous KBr (7e) 
and as expected from the 3D structure breaking propensity of 
NaN03 (16, 18b) if water would have been the sole solva- 
ting species. Evidently, complex structural contributions are 
involved in the transfer of HCl, unlike that of HBz or pNA 
where the solvating species are water molecules alone. Thus 
careful analysis of ASY(HC1) is in order, 

Following Kundu et al.'s (7a, 34) four-step transfer process, 
if we assume that A s : , ~ ~ ~ - ~ ~ ~ ( H C ~ )  involves<l) break down of 
hydration sphere round H+ and C1- in water with an increase in 
entropy, AS?; (2) formation of characteristic 3D structure of 
water with a decrease to entropy, -AS:; (3)  break down of 
relevant structure of NaN03 + water solution or relevant 
solvation shell round Na+ or NO3- to solvate the transferred 
ions with an increase in entropy, +AS:; and (4) formation of 
solvation spheres round the incoming ions in NaN03 solutions 
of the cosolvent and their interactions with oppositely charged 
ionic constituents with a decrease in entropy, -AS:, then 

Since steps (1) and (2) refer to water, (AS: - AS:) should be 
a constant positive quantity. So, the overall positive or negative 
magnitudes of (AS: - AS:) will dictate AS~,n,n.Born(MCI) 
which again will depend on the relative affinity of W' and 
C1- ions towards the solvating components of aqueous NaNQ, 
solutions, besides the relative structuredness of aqueous NaN03 
solutions. 

As indicated earlier, in the lower concentrations of WaN03 
(up to about 1.5 m) the prevalent ionic species are free Na+,, 
and (NO-,),,. AS: is likely to be a large positive quantity and 
consequently the amalgamated effects of AS:.~,,(HCI) and 
(AS? - AS; + AS:) are likely to be greater than -AS:. 
thus imparting an increasingly positive trend of As:(Hc~). as 
observed. But after 1.5 m the prevalent ionic species in NaN03 
solution are solvent-separated ion-pairs such as -Q3N(H20),,Na+ 
(21, 22), AS: might be less positive as W+ and C1- are likely to 
be solvated respectively through NO3- and Na' of the solvent- 
separated ion-pairs. Thus (AS: - AS:) becomes increasingly 
negative and possibly overcomes the effect of positive magni- 

FIG. 2. Variation of AG: (O) ,  A@ (A) ,  and TA$ (0) (all 
solid lines) and AGy,int ( O ) ,  A@,int (A).  and ~ A 9 . i ~ ~  (0) (all 
broken lines) of HCl with molality of NaN03 in aqueous NaN03 
solutions. 

tudes of (AS: - AS;), thus resulting in a sharp fall in T A S ~  
after exhibiting a maximum around 1 m NaNO, . The observed 
upward trend beyond 3 m NaN03,  however, is possibly attri- 
butable to the amalgamated effects of superimposed "cavity 
effect" (7d, 7e,  35) and Born-type electrostatic interactions, 
both of which should be increasingly larger in magnitudes at 
higher compositions. 

Although computation of Born-type electrostatic contribu- 
tion for AS: is not feasible at this stage as dielectric constants at 
different temperatures are not known for this solvent system, 
that for ''cavity effect" is feasible and should be rewarding. 

This is because, as indicated by various authors (35-40), 
AP: (P = C ,  S,  or H) is composed of two parts, where one part 
AP:(cav) is associated with the creation of a cavity of suitable 
size to accommodate the solute and the other part AP:(int) 
is associated with the interaction of the solvent molecules 
surrounding the cavity among themselves as well as the solute, 
both relative to that in water, i.e. 

The scaled particle theory (SPT) (37), though originally 
used to compute the "cavity effect" of some thermodynamic 
quantities for some non-ionic apolar solutes in water, is also 
increasingly used (7d, 7e ,  35-40) for solutes, (agolar (37, 38) 
and polar (7d, 7e), and large (13e-h, 35, 39, 40) and small 
(13e-h, 36) ions. It is used not only in water, organic solvents 
and their aqueous mixtures, but also in aqueous ionic solutions 
(40). Thus following a procedure exactly similar to that in the 
cases of HBz and pNA (7d,e) in various ionic and non-ionic 
cosolvent systems, we have computed the molar free energy, 
enthalpy, and entropy of cavity fornation for H3Qf and 
C1- with the help of SPT relations. The values of A~:(cav), 
~hSy(cav) ,  and A~:(cav) obtained at T = 298.15 K on mole 
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TABLE 4. Values of free energy (c,) and enthalpy ( E , )  of cavity formation of H+ and C1- and AG:(cav) of AH:(cav) and ~A,S?(cav) of HCl 
and the required solvent parameter a and AGyBom(i) of H+ and C 1  in different NaN03 + water mixtures at 25°C 

cc/ R C /  AGF(cav)/ AGtCsorn(i)/ 
kJ mol-I a kT mol-la kJ mol-lb A~?(cav) /M mol-' ~ A ~ f ( c a v ) / k ~  mol-' M mol-" 

Mol kg-I 
0fN&O3 10' a a / ~ - l  H+ c1- H+ c1- H+ c1- HCI H C ~  H+ CI- 

0.0 223'* 13.5 20.7 1.8 2.8 - - - - - 
1 .0 410 12.8 19.6 3.1 4.8 -0.7 -1.1 3.3 5.1 0.5 0.7 
2.0 535 12.1 18.4 3.6 5.7 -1.5 -2.3 4.8 8.6 1.0 1.5 
4.0 556 10.7 16.3 2.2 5.0 -2.9 -4.5 3.6 11 . O  2.0 3.0 

"The required diameters of "a" of H20,  Nat  and NO; of the solvent constituents are taken to be 0.276 (39),>. 192 @5), and 0.248 (4;) nm, respectively, 
and those of the solute Ht  and C 1  to be 0.276 (41) and 0.362 (25) nm, respectively. Also vide ref. 7d,e, where G. and H ,  are denoted as G (cav) and H (cav), 
respectively. and a = -d In d,/dT. 

bThe required values of the scale effect, i .e.,  RT In Vw/Vs are obtained from density data of the solvents given in Table 1. 
'The required radii of Ht and C1- are taken as 0.276 and 0.181 nm (41) and the dielectric constant E, from Table I .  

fraction scale are given in Table 4. The transfer energies 
AG:(int)-, ~~S: ( in t ) - ,  and A~:(int)-composition profiles 
of HC1 are illustrated in Fig. 2 and the AG?(int)-composition 
profiles for H+ and C 1  obtained from another paper (32) in 
Fig. 1. 

Thus it can be seen from Fig. 1 that AG:(int)-composition 
protiles of both H+ and C1- are shifted increasingly upward 
from the corresponding profiles of AG:, which imply that both 
the ions are relatively more stabilized due to "cavity" effect. 
Again, if we tentatively compute the Born-type electrostatic 
effect A G : , ~ ~ ~  resulting essentially from the difference of 
dielectric constants of the solvents concerned, using the simple 
Born equation (41), and subtract from the respective AG?(int) 
values of H+ and C1-, we find that the resulting AG?,,, ,,,.(i) 
(= AG: ,,,(i) - AG:,B,m(i)) composition profiles are again 
shifted downward (Fig. 1). This leads us to conclude that in the 
case of small ions like H+ and C1-, although AG:(cav) plays an 
important role, the opposing Born-type electrostatic interaction 
nullifies the cavity effect to a large extent, at least where the 
dielectric constant of the solvents decreases with compositions 
and that the cavity effect for non-electrolytes in particular, plays 
a significant role in dictating the observed AG: values. 

Again from Fig. 2, it can be observed that TAS:(int)- 
composition profile though still retains the "characteristic 
maxima" at the lower composition region, after about 1 m NaNQ3 
the profile takes a more downward trend than the corresponding 
TAS:-composition profile. This indicates that the "cavity 
effect" plays a fairly important role in dictating the overall 
transfer entropic behaviour of HC1 in this ionic solvent system 
and possibly in aquo-organic solvent systems as well. The 
observed downward trend of the profile at higher compositions 
is consistent with increased order around Ht and C1- with 
interacting oppositely charged ionic constituents of the ionic 
cosolvent as well as the expected 3D-structure breaking of 
water due to packing imbalance. But whether small additions of 
NaNQ3 would break down 3D structure of water will be evident 
if the Born-type electrostatic effect, TAS:,,,,(HC~) (41) is 
increasingly positive in this solvent system. Admittedly, since 
the temperature coefficient of the dielectric constant (E,) is not 
known for this salt solution, it is not feasible to compute 
Born-type electrostatic contributions, AS:,Bom and hence to 
predict the real nature of TAs:,,, ,,,, (= TAS: I,, - TA§~,~,,)- 
composition profile. However, as per tenets of the four-step 
transfer process proposed earlier (7a) for aquo-organic sol- 
vents, the relative order of the corresponding profiles for HX 

(X = C1, Br, and I) at least, is likely to reflect the 3D structure 
breakinglmaking propensity of NaN03. 

Thus, jusr as AS:,,,, rather than AS: for a non-electrolyte 
like HBz ( 7 4  or pNA (7e) conformed to the dictation of Kundu 
et al.'s theory for solvent structuredness, AS:,,, ,,, rather than 
ASP,,,, or AS: of ionic solutes, as the present results suggest, 
should really stand for the overall entropy changes involved 
in Kundu et al.'s four-step transfer process. It is therefore 
concluded that the "cavity effect" significantly contributes to 
the observed AS: and the rest AS:(int) in the case of non- 
electrolytes and AS:,, ,,, in the case of electrolytes, being 
appertained more to the theory, should give a better reflection 
of the solvent structural features relative to that in water. 
Admittedly of course, the magnitudes of both cavity effect and 
Born-type electrostatic interaction are somewhat tentative 
because of various limitations and uncertainties. Yet the 
conclusions based on the relative trends of the different 
propensities are likely to be meaningful. 
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MIGUEL A. POSTIGO, J O S ~  L. ZURITA, MAR~A L. 6. DE SORIA, and MIGUEL KATZ. Can. J. Chem. 64, 1966 (1986). 
Densities, refractive indices, viscosities, enthalpies, vapor-liquid equilibria, and surface tensions were determined for the 

n-pentane + dichloromethane system at 298.15 K. From the experimental results, excess molar volumes, excess viscosities, 
excess molar enthalpies, excess molar Gibbs free energies, and excess surface tensions were calculated. From these data, 
qualitative information could be obtained about the interaction between both chemical species. 

MIGUEL A. POSTIGO, Jose L. ZURITA, MAR~A L. G. DE SORIA et MIGUEL KATZ. Can. J. Chem. 64, 1966 (1986). 
OpCrant a 298,15 K. on a dCterminC les densitCs, les indices de rCfraction, les viscositCs, les enthalpies, les Cquilibres 

vapeur/liquide et les tensions superficielles du systeme n-pentane + dichloromCthane. A l'aide des donnCes expCrimentales, 
on a calculC les volumes molaires en excks, les viscositCs en exces, les enthalpies molaires en exces, les bnergies libres 
molaires de Gibbs en excbs et les tensions superficielles en exces. Sur la base de ces donnCes, on en a dCduit des informations 
qualitatives relativement aux interactions entre les deux especes chimiques. 

[Traduit par la revue] 

Introduction 
Excess properties such as uE (excess molar volume); Q E  

(excess viscosity); hE (excess molar enthalpy); gE (excess molar 
Gibbs free energy), and uE (excess surface tension) have been 
studied to obtain information about the interaction between the 
molecules of the system n-pentane (1) + dichloromethane (2) at 
298.15 K. 

This work is a continuation of our research on the thermo- 
dynamic properties of binary liquid mixtures of non-electrolytes 
(1-3). 

Densities, refractive indices, viscosities, enthalpies, vapor- 
liquid equilibria, and surface tensions at different mole fractions 
for this system were measured. In this system component ( I )  is 
non-polar and component (2) is highly polar without association 
in the pure state. 

Experimental 
The methods used in our laboratory have been described previously 

(1-3). Densities were determined with a Robertson specific gravity 
bottle. The total pycnometer volume was about 20 mL; calibration was 
done with doubly distilled water with an error of i 0 . 1  kg m-! All 
weighings were made on a H315 Mettler balance. A thermostatically 
controlled bath (constant to i 0 . 0 l 0 C )  was used. Temperatures were 
read from calibrated thermometers. Refractive indices for the sodium D 
line of the pure components and of the mixtures were determined with 
a Jena dipping refractometer with an estimated error of t0 .00002.  

Viscosities of the pure liquids and of the mixtures were determined 
with a Cannon-Fenske viscosimeter calibrated with doubly distilled 
water and benzene. Kinetic energy corrections were applied to 
viscosity data. The estimated error was k0.005 mPa s. During 
measurements, both the pycnometer and the viscosimeter were 
maintained in the bath until at least two consecutive values of the liquid 
height in the capillaries of the flow time, indicated that the sample had 
reached the temperature of the bath. 

The adiabatic calorimeter described by Loiseleur et al. (4) was used 
with some modifications to determine the change of enthalpy. The 
estimated error was t 5  J mol-'. 

Vapor-liquid equilibria data were determined by using a modified 
version of the equilibrium still described by Boublik and Benson (5), 

'Presented at the IV Congreso Argentino de Fisicoquimica, Rio 
Cuarto, Cbrdoba, 1985. 

2Author to whom correspondence should bc addressed. 
3Revision received June 4, 1986. 

with an estimate error of i 0 . 0 5  kPa in pressures. Pressures were 
determined from boiling points of water in a ebulloscope adapted to 
the equipment. Temperatures were read with a Digitec thermometer to 
0.0l0C. Compositions of liquid phases and condensed vapor phases 
were determined by measuring refractive indices. Finally, surface 
tensions of the pure liquids and their binary mixtures were determined 
by the maximum bubble pressure method (6). The bubbler was 
calibrated with benzene (Baker puriss.) assuming a surface tension of 
28.10 X N m-' for that material at 298.15 K. Values of the 
surface tension were generally reproducible to i 0 . 0 5  X N m ' .  

Materials and solutions 
n-Pentane Carlo Erba (puriss.) was distilled over phosphorous 

pentoxide and the middle fraction was collected and dichloromethane 
Merck (puriss.) was fractionally distilled over anhydrous calcium 
chloride and the middle colorless fraction was collected. Mixtures were 
prepared by mixing weighed amounts of the pure liquids. Caution was 
taken to prevent evaporation. 

Results 
The experimental results for the pure liquids are reported 

in Table I together with f i e  values from the literature for 
comparison. 

The excess thermodynamic functions were calculated with 
the following equations: 

[ I ]  uE = U - (x lu ,  + x2u2) 

where u ,  u l ,  and u 2  are the molar volume of the system and of 
the pure components; Q ,  9 1 ,  and ~2 are the viscosity of the 
mixtures and of the pure components; h ,  h , ,  and h2 are the 
molar enthalpy of the mixtures and of the pure components; y 
and y 2  are the activity coefficients of the components in the 
liquid phase, and a ,  a 1 ,  and m2 are the surface tension of the 
mixtures and of the pure components. 

The molar volume of the mixtures is defined by: 

where M I  and M 2  are the molar weights of the components and 
p the density of the solution. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLE 1. Properties characterizing the pure components at 298.15 K 
- 

m-Pentane Dichloromethane 

Property Exp. Lit. Exp. Lit. 

Density: p X (kg n1C3) 0.6219 0.62139" 1.3152 1.31618" 
Refractive index: n~ 1.35466 1.35472" 1.42119 1.421 1 
Viscosity: 7 (mPa s) 0.218 0.2152" 0.419 0.4137" 
Vapor pressure: p (kPa) 512.0 512.9' 57.80 57.36" 
Surface tension: g X lo3 (N m-I) 15.51 15.54"(int) 27.36 27.33"(int) 

"Reference 10. 
bReference 11. 
'Reference 12. 
dReference 13. 

TABLE 2. Experimental values of densities, refractive indices, viscosities, enthalpies, and surface tensions for 
n-pentane (1) + dichloromethane (2) system at 298.15 K 

Table 2 shows the experimental values of densities, refractive 
indices, viscosities, enthalpies, and surface tensions for this 
binary system at various mole fractions in a wide range of 
concentrations. 

The activity coefficients of the components in the liquid phase 
are related to the vapor-liquid equilibria by the following 
equation: 

where x, and y,  are the mole fractions in the liquid and vapor 
phase respectively; p, is the vapor pressure of the component i;  
p is the total pressure of the mixture, and 6 is given by the 
following equation: 

Bl1 and B22 are the virial coefficients of the pure components 
and B12 is the cross virial coefficient. For n-pentane, B l l  = 
- 1.184 x m3 mol-'; for dichloromethane, Bz2 = -0.862 
x lop3 m3 mol-', and B12 = -0.920 x m3 m o l l .  These 
virial coefficients were estimated by the method of Hayden and 
O'Connell (7). 

Table 3 shows the experimentai values of mole fractions, 
pressures, and activity coefficients for this system. 

Each set of results of the excess thermodynamic properties 
were fitted with a Redlich-Kister form of the type: 

[91 xE= ~ ~ ( 1  - 3C1) C a,(l - 2x1)'-' 
I =  1 

The mefhod of lease squares was used to determine the values 
of the coefficients a,. In each case, the optimum number 
of coefficients was ascertained from an examination of the 

TABLE 3. Experimental values of moles fractions in the liquid 
and vapor phases, pressures, and activity coefficients for the 

n-pentane (1) + dichloromethane (2) system at 298.15 K 

x 1 Y l  P (kPa) Y1 Y2 

variation of the standard error of estimate with: 

[lo] E = [ C ( X , E b s  X~%)~/(nobs - n)I1l2 

The values adopted for the coefficients and the standard 
error of the estimate associated with the use of eq. [lo] are 
summarized in Table 4. 

Figure 1 shows the experimental values for the cE, q E ,  and 
aE while Fig. 2 shows the experimental values of IzE and gE. 
The excess molar entropy is given by the following equation: 

[ I l l  sE = ( h E  - g E ) / ~  

and the curve TsE at 298.15 K is also shown in Fig. 2. The 
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TABLE 4. Coefficients a, and standard deviation E determined by the method of least squares for n-pentane (1) + dichloromethane (2) 
system at 298.15 K 

Function a I a2 a3 a4 a5 a6 E 

FIG. 1. Excess molar volume, excess viscosity. and excess surface 
tension for the n-pentane (1) + dichloromethane (2) system at 
298.15 K. 

continuous curves were calculated from eq. [9] using these 
values for the coefficients. 

Discussion 
Figure 1 shows positive excess volumes over the whole 

concentration range. Several effects may contribute to the 
values of uE,  such as the breaking of liquid order on mixing, 
unfavorable interaction between groups, differences in mole- 
cular volumes, and differences in free volumes between liquid 
components (8). The two first effects produce a positive excess 
volume and considering that neither of the components exhibits 
hydrogen bonding in the pure state, dispersion forces must be 
dominant (9). Generally, a positive excess volume corresponds 
to a negative excess viscosity as in this system. More qualitative 
evidence of this interaction is the large excess enthalpy for this 
system, about 1400 J mol-' at x, = 0.4 

Dichloromethane is a polar molecule which induces a dipole 
moment on non-polar molecules like n-pentane, due to the 
inductive effect of the chloro group. The endothermic effect of 
rupture of molecular order is corroborated by the excess free 
energy and molar entropy, both of which arz positive, but 
smaller than hE. 

Normally, due to Gibbsean enrichment of the component 
with lower surface tension in the surface phase, aE is negative 

FIG. 2. Excess molar enthalpy, excess molar Gibbs free energy, 
and excess entropy for the n-pentane (1) + dichioromethane (2) system 
at 298.15 K. 

for most binary mixtures of non-polar, small sized or non- 
associated components. In this case, n-pentane is non-polar, 
then, enrichment of the surface area with n-pentane produces a 
negative uE. 
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Azides. Part VI. Thermolysis of ethyl azidoformate in dimethyl terephthalate; 
formation of a diazabicyclooctadiene heterocycle1 
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N. R. AYYANGAR, R. B. BAMBAL, K. V.  SRINIVASAN, T. N. GURU ROW, V. G. PURANIK, S. S. TAVALE, and P. S. 
KULKARNI. Can. J. Chem. 64, 1969 (1986). 

Thermal decomposition of ethyl azidoformate in excess of dimethyl terephthalate (DMT) (1) in acetic anhydride as solvent 
results in the formation of N,N-dicarbethoxy-4,8-dicarbomethoxy-2,6-diazabicyclo[3.3.Ojocta-3,7-diene (3) in addition to 
N-carbethoxy-2,5-dicarbomethoxy-1 H-azepine (2) and ethyl N-(2,5-dicarbomethoxypheny1)carbamate (4). The structure of the 
diazabicyclooctadiene (3) was established on the basis of spectral, elemental, and X-ray crystallographic analyses. 

N. R. AYYANGAR, R. B. BAMBAL, K. V.  SRINIVASAN, T. N. GURU ROW, V.  G. PURANIK, S. S. TAVALE et P. S. 
KULKARNI. Can. J .  Chem. 64, 1969 (1986). 

La dCcomposition thermique de l'azidoformiate d'Cthyle dans un exc&s de ttrephtal~te de dimCthyle (TDM) (1) et 
dans l'anhydride acttique comme solvant conduit a la formation de N,N-dicarbCthoxy dicarbomCthoxy-4,8 diaza-2,6 
bicyclo[3.3.0]octadii.ne-3,7 (3) aux cBtCs de la N-carbCthoxy dicarbomtthoxy-2,5 1 H-azCpine (2) et du N-(dicarbomethoxy-2,5 
phCnyl) carbamate d'Cthyle (4). On a dCterminC la structure du diazabicyclooctadi&ne (3) en se basant sur des donnCes spectrales, 
sur des analyses ClCmentaires et sur la diffraction des rayons-X. 

[Traduit par la revue] 

Introduction 
The thermal decomposition of ethyl azidoformate in benzene, 

toluene, chlorobenzene, biphenyl, o-, m-, and p-xylenes has 
been shown to form the corresponding N-carbethoxy- 1 H- 
azepine (1, 2). The synthesis of azepines using the nitrene 
generated from azidoformate has also been reported by Hafner 
and Konig (3) and Lwowski et al .  (4). These authors have 
mainly dealt with the nitrene insertion into aromatic substrate 
bearing electron-donating substituents. Formation of N-(p- 
toluenesulphony1)- 1 H-azepine by the thermolysis of p-toluene- 
sulphonylazide in benzene and the kinetic study of the reaction 
were reported by us (5a, 5b). The nitrene generated by the 
thermolysis of p-toluenesulphonylazide has been shown to react 
with dimethyl terephthalate (DMT) resulting in the formation of 
N-p-toluenesulphonyl-2,5-dicarbomethoxy- 1 H-azepine (5c). It 
has been indicated that the stabilising influence of the electron- 
withdrawing carbomethoxy substituent on the benzaziridine 
intermediate complex, leads preferentially to the formation of 
the N-sulphonyl- 1H-azepine (6a). In this paper, the formation 
of a new heterocyclic compound N,N-dicarbomethoxy-2,6- 
diazabicyclo[3.3 .O]octa-3,7-diene (3) by the thermolysis of 
ethyl azidoformate in DMT has been described. 

Results and discussion 
Thermolysis of ethyl azidoformate was initially carried out in 

molten DMT (1) at 160°C at atmospheric pressure which 
resulted in an explosive reaction with visible flame (6b). 
Thermolysis was therefore carried out in acetic anhydride, 
apparently a good solvent for this reaction. Acetic anhydride 
not only absorbed the heat of the reaction but also provided 
the critical reaction temperature. Thus, the reaction of ethyl 
azidoformate with DMT (1) in refluxing acetic anhydride 
yielded in addition to N-carbethoxy-2,5-dicarbomethoxy-1H- 
azepine (2) and ethyl N-(2,5-dicarbomethoxypheny1)carbamate 

- 

'NCL Communication No. 3673. For Part V,  see ref. 5 b. 
'TO whom all correspondence should be addressed. 
3~erformed work on X-ray crystallography. 
4~erformed work on mass spectral analysis. 

(4), a bicyclic heterocycle containing two nitrogen atoms, the 
structure of which has been established as N,N-dicarbethoxy- 
4,8-dicarbomethoxy-2,6-diazabicyclo[3.3 .O]octa-3,7-diene (3) 
on the basis of spectral, elemental, and X-ray crystallographic 
analyses. The identity of the carbamate (4) was confirmed by 
an unambiguous synthesis from dimethyl amino terephthalate. 
A similar observation involving the formation of diazabicyclo- 
octadienes by the reaction of a nitrene with 1,4-di-tert-butyl or 
1,4-di-isopropyl benzenes has been reported recently (7a). In a 
more recent work, the synthesis of dihydropyrrolo[3,2- b] 
pyrrole starting from 1,4-bis(trimethylsilyl)benzene, a 1 0 ~ -  
aromatic compound which incorporates the diazabicyclo[3.3 .O] 
framework, has been reported (7 6). 

The uv spectrum of azepine (2) shows a low intensity broad 
band at 350 nm, which extends into the visible region giving 
the compound its yellow colour. The ir absorption bands at 
1470 cm-' (strong) and 1640 cm-' (weak) for 2 are character- 
istic of cyclic conjugated double bonds of the azepine ring. In 
the ir spectrum of 3, the C=C and C-H stretching vibrations 
are manifested as sharp absorptions at 1610 cm-' and 3 100 cm- ' , 
respectively. In the 'H-nmr spectrum, the azepine ring protons 
of 2 appear as a multiplet at 6.0 to 7.2 ppm. The alternative 
azepine, 5, which should have highly symmetrical 'H-nmr 
pattern (two singlet peaks appearing for protons at C(2)/C(7) 
and C(4)/C(5), respectively) could not be isolated from the 
reaction mixture in spite of several careful attempts to do so. 
'H-nmr spectrum of 3 shows a sharp singlet at 5.6ppm 
integrating for two protons at 1,5-cis junction whereas those at 
C(3) and C(7) are seen as a sharp singlet at 7.3 ppm. The down- 
field shift into the aromatic region is caused by the presence 
of the electron-withdrawing carbomethoxy substituents. 

The X-ray crystallographic data show that molecule 3 is 
under steric strain, since the two five-membered dihydropyrrole 
rings are inclined at an angle of 46.9". Apparently, this strain is 
released during the mass spectral fragmentation of 3 with the 
formation of aromatic product ions. The mass spectrum of 3 
shows strong molecular ion at mlz  368 (Scheme 1). The steric 
strain in the molecular ion is released by homolytic cleavage of 
C(1)-C(5) bond which is P to the ionised nitrogen atom at 2 
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(or 6) position, generating radical centre at C(5) (or C(1)) 
carbon atom (3a). Loss of carbethoxy radical from 3 a  generates 
a strong peak at m/z  295, attributable to the cation 3b.  The 
elimination of hydrogen cyanide from 3b gives rise to radicals 
at C(4) and C(7), respectively. Subsequent bond formation 
generates the N-substituted pyridinium cation 3c ( m l z  268). 
The stepwise loss of carbon dioxide and ethylene molecules 
results in the formation of strong 3,5-dicarbomethoxy pyridi- 
nium cation at mlz  196. 

The 2,6-diazabicyclo[3.3 .O] framework, the 1,5-cis junction, 
and the positions of the two carbomethoxy substituents in 3 
were firmly established by X-ray crystallographic analysis. 

X-my crystallography 
Crystal data 
C16H2oN208 fw = 368.35 
Monoclinic, a = 15.976(1), b = 4.561(1), c = 28.024(3) A, = 
120.30(1)", V = 1763.07 .A3, A2/a (standard C2/c). Z = 4,  p, = 
1.39, p, = 1.39 mg TK3 (flotation in KI solution), MoKa (h = 
0.7107 A), T = 293 K,  F(000) = 776.0. 

Crystals of 3 were found to be very soft and tend to bend on cutting. It 
is interesting to note that these bent crystals diffracted weakly and also 
indicated reflections which otherwise are systematically absent for the 
monoclinic (A2/a) space group. However, it was possible to procure 
an uncut crystal of size 0.06 X 0.1 X 0.6 mm which diffracted well 
and showed no "unusua!" reflections. 

Data collection was done on an Enraf-Nonius CAD4F-I I M  diffrac- 
tometer. The intensity data (1545 reflections were measured, 883 of 
which were judged significant IFol 2 3o!F,l) were collected with 
w/28 scan technique, scan speed 1°/min up to 8 = 23.5". During the 
data collection, three standard reflections (6 0 0 , 4  5 2, 0 0 10) showed 

The structural aspects were studied by direct methods using 
MULTAN-78 (Main et al . ,  1978) (8). A full-matrix least-squares 
refinement of a scale factor, positional and anisotropic thermal 
parameters (isotropic thermal parameters for H atoms; located from a 
difference map) using program LALS (Gantzel et al . ,  1961) (9a) 
resulted in a final R (R = C( IFo/ - IF,! ) /Z I Fol) of 0.032 for 883 
reflections with IF, I 3 3u I F,l . A Cniickshank type weighting scheme 
was used with W = (7.0 + 1 . 0  Fol i 0 . 0 0 9 1 ~ , 1 ~ ) - ' .  The final 
difference Fourier map has Ap < 10.3 I e A-3 and thus is of no chemical 
significance. The atomic parameters with their esd's and equivalent 
isotropic temperature factors for non-hydrogen atoms are listed in 
Table 1 .  Table 2 gives the bond length and bond angles involving 
non-hydrogen atoms. List of structure factors, anisotropic thermal 
parameters, H atom positions with isotropic temperature factor tables 
are in the Depository of Unpublished Atomic scattering factors 
are taken from the International tables for X-ray crystallography (9b). 

Each half of the molecule (x, y ,  z) is related by symmetry to the 
other half (4 - x, y ,  z ) .  Figure 1 gives a perspective view of the 
molecule along with crystallographic numbering. The dihydropyrrole 
rings of the diazabicyclo[3.3.0]octa-3,7-diene adopt an "envelope" 
conformation. The dihedral angle between the best planes through the 
two five-membered rings is 66.9". The molecules are held together in 
the crystal structure by pure van der Waals interactions. 

The singlet carbethoxy nitrene (I) generated by thermolysis of ethyl 
azidoformate adds to the aromatic double bond of DMT to produce a 
benzaziridine intermediate (1') (Scheme 2). The attack preferentially 
takes place at the carbon atoF bearing the carbomethoxy substituent. 
The benzaziridine intermediate (1') undergoes sigmatropic ring open- 
ing to give rise to the azepine (2). The C-N bond fission followed by 
aromatisation yielded the carbamate (4). The alternative structure (5) 
for the azepine (2) has been ruled out on the basis of the 'H-nmr 
spectrum, as discussed earlier. The azepine (5) could neither be 

statistical variation within *2% in intensity. hkl range h ,  0 to 17; - 

k ,  0 to 5; 1, -31 to 31; data were not corrected for absorption (p. = 5~omplete  set of data may be purchased from the Depository of 
1.21 cm-I). The lattice parameters were refined using 25 reflections Unpublished Data, CISTI, National Research Council of Canada. 
(12" G 8 s 21"). Ottawa, Ont., Canada K I A  OS2. 
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AYYAKGAR ET AL 

H3COOC H3COOC 
- HCN - -(CO2 + C2H4) + 

I 
COOC2HS 

vCoocH3 I 
H 

3 c 3d 
(mli 268) (mli 196) 

TABLE 1. Atomic coordinates ( X  lo4) and equivalent isotropic thermal 
parameters for non-hydrogen atoms with esd's in parentheses 

Atom X Y Z Be, (A2)" 

detected nor isolated in spite of several careful attempts to do so. The 
thermolysis of p-toluenesulphonylazide in DMT under nitrogen pres- 
sure of 62 atm yielded N-(p-toluenesulphony1)-2,5-dicarbomethoxy- 
ltl-azepine in 7 1 % yield. Formation of 3,6-dicarbomethoxy isomer 
was not detected (6b). Further, the diazabicyclooctadiene (3) cannot 
be a product of reaction of carbethoxy nitrene with the azepine (2). 
The mechanistic considerations would have given rise to the structure 
(6) starting from 2 whereas the positions of the carbomethoxy 
substituents were firmly established as in 3 by X-ray analysis. The 
diazabicyclooctadiene (3) could not be detected in the p- L O  d ucts 
resulting from the reaction of the azepine (2) with equimolar proportion 
of ethyl azidoformate under identical reaction conditions. 

In light of the above comments, a probable reaction pathway for the 
formation of 3 has been shown in Scheme 2. The approach of the 
carbethoxy nitrene to the benzaziridine intermediate (1') triggers a 
nitrogen walk from bond a to bond b and the nitrene adds across 
double bond c in a concerted manner. The concerted sequence 
of reactions is also accompanied by a simultaneous ring opening, 
eventually giving rise to the azahomoazepine intermediate (I"). The 
diazabicyclooctadiene (3) is then formed from a 1,3-carbon migration 
of (I"). 

TABLE 2. Bond distances (A) and bond angles (deg) with esd's in 
parentheses 

Bond Distance Bonds Angle 

inlet gas system. Petroleum ether used was of the boiling range 
60-80°C. Ultraviolet wavelength maxima are in nm. ir frequencies 
are in cm-', and chemical shifts are in 6 ppm. 

Ethyl azidoformate 
An aclueous solution of sodium azide (25 e, 0.38 mol) in water 

Melting points were recorded in capillary tubes. Ultraviolet spectra (70 mL)'was added gradually over 1 h to ethyi chloroformate (17 g, 
were recorded on a Perkin-Elmer 350 spectrophotometer, ir spectra on 0.11 mol) under stirring, at room temperature. The reaction mixture 
a Perkin-Elmer 221 spectrophotometer, 'H-nrnr spectra on a Varian was stirred further for 3 h. The organic layer was separated, washed 
T-60 spectrometer using TMS as the internal standard, and mass with water, and distilled carefully under reduced pressure at 50°C to 
spectra on a CEC-21-110-B double focussing spectrometer using direct obtain ethyl azidoformate as a colourless liquid, in quantitative yield. 
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FIG. 1. A perspective view of diazabicyclooctadiene 3. 

N-Carbethoxy-2,s-dicarbornethoxy-1 H-azepine (2) 
A mixture of DMT (1) (40 g, 0.20 mol) and acetic anhydride 

(140 rnL) was heated to reflux temperature (135°C) under stirring. 
Ethyl a z i d o f ~ ~ l a t e  (4 g. 0.034 mol) was added gradually over a period 
of 0.5 h. The reaction mixture was maintained at reflux for 2 h. At the 
end of the reaction, the acetic anhydride was removed under reduced 
pressure. The residual mass was subjected to fractional crystallisation 
in benzene, when the less soluble DMT crystallised out. In this manner, 
30 g of unreacted DMT was recovered. The residual liquor from the 
crystallisations was adsorbed on silica gel and chromatographed 
through a silica gsl column. Initial elution with petroleum ether gave 
more of the unreacted DMT (0.5 g). Next elution with petroleum 
ether - benzene (I :  I) and recrystallisation from petroleum ether yielded 
deep yellow crystals of 2 (0.1 g, 1%) mp 93°C; uv (MeOH): 230 
(loge, 4.38) and350 (3.28); ir (Nujol): 3000, 1701, 1640, 1587, 1450, 
1316, 1268, 1!89, 1130; 'H-nmr (CBCI,): 1.3 (t, 3H, -CH, of 
COOEt), 3.7 (s, 6N, COOCH3), 4.3 (q, 2H, CH2), 6.0 (d, 2H, C3-H 
andC6-H), 6.7 (m, lH,  C4-H), and 7.2 (m, lH,  C7-H); ms: m/z 
281 (Mf ,  100%), 250 (58), 208 (72), 207 (85), 180 (32), 178 (58), 
149 (591, 122 (22). Anal. calcd. for CI3Hl5NO6: C 55.5, H 5.3, 
N4.9;  found: C55.4, H5.4 ,  N4.8 .  

1.3 (t, CH3 of COOEt), 3.7 ( s ,  6H, COOCH3), 4.2 (q, 4H, CH2 of 
COOEt), 5.6 (s, 2H, C,-H and C5-H) and 7.3 (s, 2H, C3-H and C4-H): 
ms: rn/z 368 (Mf , loo%), 337 (55). 295 (28), 268 (48), 250 ( la) ,  
196 (55), 193 (58), 192 (59), 164 (58), 163 (42), 159 (50), 149 (35), 
137 (38), 132 (39), 77 (25). Anal. calcd. for C16HZON208: C 52.2, 
H 5.4, N 7.6; found: C 52.3, H 5.6, N 7.5. 

Ethyl N-(2,s-dicarbornethoxyphenyljcarbnmate (4) 
The chromatography was continued with benzene as eluent. The 

carbamate (4) eluted out and was recrystallised from petroleum ether 
to yield colourless needles of 4 (0.03 g, 0,33%), mp 134°C; ir (Nujol): 
3300, 1750, 1730, 1710, 1600, 1450, 1320, 1250; 'H-nmr (CDC13): 
1.3 (t, 3H, CH3 of COOEt), 4 .0 (s, 6H, CH3 of COOMe), 4.3 (q, 3H. 
Ar-H); ms: m/z 281 (Mf ,  100%), 250 (92), 208 (95), 192 (92), 
181 (88), 180 (92), 149 (78), 122 (20), 129 (98). Anal. calcd. for 
Cl3HI5No6: C 55.5, H 5.3, N 4.9; found: C 55.4, H 5.4, N 5.0. 

Dimethyl nitroterephthalate 
DMT was nitrated by a procedure already reported (10). The 

dimethyl nitroterephthalate was recrystallised from ethanol as a white 
solid, mp 76°C (lit. ( 1  1) mp 76°C). 

Dimethyl arninoterephthalale 
The nitro derivative (10 g, 0.04 mol) was taken in methanol 

(200 mL) contained in a glass bottle mild pressure reactor. Palladium 
on carbon (12% w/w) (0.5 g) as catalyst was added to the mixture. 
The reactor was pressurised to 3 atm with hydrogen and maintained at 
room temperature with shaking for 2 h. The reaction mixture was 
filtered to remove the catalyst and methanol was removed by distil- 
lation. The crude reaction mixture was taken in benzene (300 mL) and 
extracted with dilute hydrochloric acid (20% w/w). The aqueous layer 
was separated out and neutralised with sodium carbonate solut~on 
(20% w/v). The amino derivative precipitated out and was crystallised 
from ethanol to yield pale yellow needles of dimethyl aminoterephtha- 
late, (3.5 g, 40761, mp 134°C (lit. (12) mp 134°C). 

Ethyl N -(2,5-dicarbomethoxyphenylicarbarnate (4) 
A mixture of dimethyl aminoterephthalate (0.1 g, 0.00048 mol), 

ethyl chloroformate (100 rnL) and sodium carbonate (0.1 g) was 
refluxed for 16 h. Excess ethyl chloroformate was distilled off under 
reduced pressure. The residue was recrystailised from petroleum ether 
to yield colourlecs needles of the carbamate (4, (0.05 g, 43%). 

N.N-Dicarbethoxy-4,8-dicarbomethoxv-2 ,-- mP 134°C. 
3,7-diene ( 3 )  

The chromatography of the reaction mass was continued with 1. R.  J. COTTER and W. F. BEACH. J. Org. Chem. 29, 751 (1964). 
petroleumether - benzene (1:l) as eluent. The compound 3 eluted out 2. J. M. PHOTIS. J. Heterocycl. Chem. 1249 (1970). 
and was recrystall;z-,d from petroleum ether to yield colourless needles 3. K. HAFNER and C. KONIG. Angev:. Chem. 75, 89 (1963). 
of 3 (0.15 g, 2.2%), mp 103°C; uv (MeOH): 260 (log E, 3.55); 4. W. LWOWSKI, T.  J .  MARICICH, and T. W. MATTINGLY. J .  Am. 
ir (Nujol): 3100, 1710, 1620, 1460, 1250, 1030; 'H-nmr (CDCl;): Chem. Soc. 85, 1200 (1963). 
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~ t u d e  par resonance magnetique nucleaire du platine-195 de la reaction de 
cis-[Pt(ethylmethyl~ulfoxyde)~Cl~] avec un sel d'argent 

F. D. RQCHQN ET LOUISE GIRARD 
De'partement de chimie, Universire' du Que'bec a MontrPal, C.P. 8888, succursale A,  MontrPal (Que'.), Canada H3C 3P8 

R e ~ u  le 18 juillet 198.5' 

F. D. ROCHON et LOUISE GIRARD. Can. J .  Chem. 64, 1974 (1986). 
Les produits de la rkaction du ~is-[Pt(EMS0)~Cl~l (EMS0 = CthylmCthylsulfoxyde) avec le sulfate d'argent, ont CtC CtudiCs 

par la rCsonance magnCtique nuclCaire du lg5pt. Les rCsultats ont mis en Cvidence l'existence de plusieurs espbces en solution 
aqueuse. L'Ctude a port6 sur des rCactions effectuees dans diffkrentes conditions de pH et sur des produits de reaction neutralisks a 
diffCrents degrks. De plus, les spectres de deux oligombres isoles ont CtC enregistrCs. Le dimkre et le trimbre a ponts hydroxo 
produisent un signal autour de -2900 pprn tandis que les espbces monomCriques hydrolysees ont des signaux autour de 
-3200 ppm. Cette Ctude a permis d'ktablir un profil semi-quantitatif des diffCrents Cquilibres en solution. 

F. D. ROCHON and LOUISE GIRARD. Can. J. Chem. 64, 1974 (1986). 
The products of the reaction of ~is-[Pt(EMS0)~Cl~l (EMS0 = ethylmethylsulfoxidc) with Ag2S04 were studied by 

' 9 5 ~ t  nuclear magnetic resonance. The results have shown the presence of several species in aqueous solution. The reactions were 
done at different conditions of pH. The spectra of two isolated oligomers were also measured. The hydroxy-bridged dimer and 
trimer show a signal around -2900 ppm while the hydrolyzed monomers have signals around -3200 ppm. A semi-quantitative 
profile of the different equilibria in solution is suggested. 

Introduction ci~-[Pt(EMS0)~C1~1 + Ag2S04 

Les ligands sulfoxydes possedent deux sites donneurs, mais 
dans le cas du platine, un metal mou, la coordination s'effectue 
exclusivement par l'atome de soufre. 

Nous avons rCcemment CtudiC les reactions des complexes 
de p!atine de type c i ~ - [ P t ( L ) ~ X ~ l  (L = sulfoxyde et X = 
C1 ou I) avec des sels d'argent (1). Des monomkres cis- 
[Pt(L),(C104),] et cis-[Pt(L),S04], des dimkres a ponts hydroxo, 
c i s - [ ( ~ ) ~ P t ( O ~ ) ~ ~ t ( ~ ) ~ l  ,+, et possiblement un trimkre ont CtC 
isolCs et caractkrids par spectroscopie infrarouge et par 
rCsonance magnttique nuclCaire du proton. Afin de confirmer 
les diffkrentes espkces oligomtriques, nous avons entrepris une 
Ctude par rmn du platine-195. La bonne sensibiliti de ce noyau, 
combinCe a une haute frCquence de rCsonance et une bonne 
abondance naturelle, facilite 1'Ctude par rmn de cet isotope. 

Nous avons CtudiC les produits de la rCaction entre cis- 
[Pt(EMSO),@l,] (EMSO = CthylmCthylsulfoxyde) et Ag,S04 
dans D20.  Les resultats ont montrd la prCsence de plusieurs 
espbces en solution. Plusieurs facteurs tels que pH, concentra- 
tion, temptrature et temps de rCaction ont une influence tres 
importante sur les diffkrents Cquilibres et sur la vitesse d'oligo- 
mCrisation des complexes. La rmn du 1 9 5 ~ t  a permis de mieux 
visualiser ces Cquilibres qui seront discutis plus bas. 

Les spectres rmn du platine-195 ont CtC mesurCs sur un spectrombtre 
Bmker WH400. Les spectres ont CtC dCcouplCs du proton, utilisant un 
dCcouplage B deux niveaux. Les spectres ont C t t  obtenus diffCrentes 
largeurs spectrales 3 1 250-50 000 Hz avec une duke d'impulsion de 
40 p.s et un nombre d'accumulations de 400 a 3281. Les concentrations 
des solutions Ctaient d'environ 0,3 M en platine. Une solution de 
K2PtC14 (0,415 g dans 3 mL D,O) a servi de rkfkrence externe. Les 
dCplacements chimiques rapportCs dans cette publication sont relatifs a 
I\lazPtC16 (K2PtCl4 : S = - 1628 pprn (2)). 

Les complexes cis-[Pt(EMS0)2C12], C~S-[(EMSO)~P~(OH),P~- 
(EMSO)2](S04) el (~is-[Pt(EMS0)~(0H)l 3)2(S04)3 nnt CtC prCparCs 
par la m6thode dCcrite prkckdemment (1). 

RCsoltats et discussion 
Un complexe binuclCaire B ponts hydroxo a CtC is016 selon les 

rkactions suivantes: 

1. Revision repe  le 14 avril 1986. 

espbces ioniques hydrolysees 

Ce com~lexe est blanc et insoluble dans I'ethanol. Lors de la 
synthkse, un autre compod,  de couleur jaune et soluble dans 
I'Cthanol, a CtC isolC. L'analyse ClCmentaire a montrC la mCme 
composition. Mais les p r o p r i ~ t ~ s  physiques et les spectres 
infrarouges des deux compos&s sont diffkrents. Les spectres 
rmn protoniques des deux produits montrent les mCmes diplace- 
ments chimiques mais les pics du composC jaune sont beaucoup 
plus larges. Nous avons emis l'hypothkse que le composC jaune 
Ctait un trimere gponts-hydroxo (C~S-[P~(EMS~)~(OH)]~)~(SO,),) 
(1). L'Clargissement des pics en rmn protonique serait cause par 
un processus de rCarrangeinent du cation qui est sthCochi- 
miquement non rigide en solution comme observe pour le 
complexe cis-[Pt(NH3),(0H)] 33' (3). 

Les spectres rmn du 1 9 5 ~ t  des deux oligomkres isolCs sont 
montrks la figure 1 (a et b). Un seul signal apparaft dans chacun 
des cas : a -2891 pprn pour le dimkre et -2906 pprn pour le 
trimbre. La proximitC de ces deux pics pourrait mettre en doute 
l'existence de deux espbces diffkrentes. Cependant, d'une part, 
les propriCtCs caractCristiques differentes (solubilitC, point de 
fusion, couleur et spectre infrarouge) des deux complexes, et 
d'autre part, l'absence de tout autre signal dans le spectre rmn, 
semblent suggCrer la prCsence de deux composCs distincts. 
Le signal du trim6re est trks large probablement A cause du 
processus de rkarrangement du cation mentionnC plus haut. I1 
est Cgalement possible que le petit signal observC pour le trimbre 
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ROCHON ET GIRARD 

FIG. 1. Spectres rmn ' 9 5 ~ t ;  (a) dimkre is016 et redissous dans DzO; (b) trimkre isole et redissous dans D20; (c) [Pt(EMS0)2C12] + Ag~S04 
dans D20 fratchement prCpart, sans ajustement de pD ( -  1,9); (d) rCaction dans H2S04 pD = 1. 

soit causC par une petite quantite de dimere dans le trimere et que 
le signal de ce dernier soit trop large pour &re dCtectC. 

Une Ctude de la rtaction entre ~ i s - [ P t ( E M S 0 ) ~ C l ~ l  et 
Ag2S04 (rapport 1: I) ,  en milieu D 2 0 ,  a ensuite CtC entreprise 
directement dans le tube de rmn. Le pD obtenu lors du mClange 
des deux rCactifs est d'environ 1,9. Le spectre d'une solution 
fraichement prCparCe est montrk a la figure lc .  Ce spectre met en 
Cvidence la formation de plusieurs espkces lors de la riaction. 
Apres sept jours a la temptrature ambiante, le spectre avait 
peu changC, montrant ainsi la stabilitC des espkces dans ces 
conditions. Seul le pic a -2887 ppm semble avoir augmentC. Ce 
signal correspond au dimire, tandis que les pics a -3 122 et 

-3146ppm sont attribuCs a des espices monomCriques. Le 
mononkre C~S- [P~(EMSO)~SO~]  est probablement hydrolyse en 
solution aqueuse sous les formes c~s- [P~(EMSO)~(H~O)SO~] ,  
cis- [ P ~ ( E M s o ) ~ ( H ~ o ) ~ ]  2 f  et cis- [Pt(EMS0)2(H20)(OH)] + . 
L'espkce monoaquo-monohydroxo s'oligomCrise en dimkre 
et Cventuellement en trimhe (1). L'oligomCrisation est plus 
importante aprks quelques jours m&me en pH acide. 

I1 est difficile d'attribuer sans ambigui'tC les signaux des 
especes monomtriques. Gill et Rosenberg (4) ont observC un 
seul signal pour les trois espkces monomtriques hydrolysCes 
[Pt(dach)(H20),l2+, [Pt(dach)(~,O)(OH)]+ et [Pt(da~h)(OH)~] 
(dach = trans-diamino-1,2 cyclohexane, et l'anion = NO3-). 
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I I I  I , , , , , '  , I i  1 

1 2 0 0  1 3 0 0  1 -1400 1 5 0 0  

FIG. 2. Spectres rlnn I9'pt; (a) reaction dans D20 .  pD ajuste a 3.9 avec KOH; (b) reaction dans D 2 0 ,  pD ajusti a 5.0 avec KOH: (c) riaction 
dans KOH pD = 9- 10: (d) C ~ ~ - I P ~ ( E M S O ) ~ C ~ ~ ]  hydrolysi dans une solution fraichement priparie KOH pD = 10- 12. 
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TABLEAU 1. DCplacernents chirniques en rmn du 
1 9 5 ~ t  des diffkrentes especes en solution aqueuse 

Espbce 8 ( P P ~ )  

- 

"RCfkrence 2 
bVolr texte 

Ces espkces participent B un Cquilibre acide-base par Cchange 
de proton (ou Dt dans D20)  et un seul signal est observe en rmn 
du 1 9 5 ~ t .  Ces auteurs ont observe une variation de la position 
du signal selon le pH. 11s ont assum6 qu'a des pH extremes 
(2,5 et >9),  les espkces prCsentes sont l'espkce protonte 
[ ~ t ( d a c h ) ( H ~ O ) ~ ] ~ +  observCe 2 -1898 pprn et dCprotonCe 
[Pt(da~h)(OH)~] observee a - 1796ppm. Dabrowiak et al. (5) 
ont fait une Ctude par rmn du 1 9 5 ~ t  de l'hydrolyse (pD = 3) 
d'un complexe sulfato avec le di(aminomCthy1)-1,l cyclo- 
hexane (A). 11s ont attribuC un pic a -1835 pprn a l'espkce 
partiellement hydrolysCe, [Pt(A)(H20)S04], et celui a - 1860 pprn 
a [ P ~ ( A ) ( H , ~ ) ~ ]  2 t .  Appleton et al. (6) ont Cgalement attribue 
un pic 2 - 1550 pprn a l'espkce cis-[Pt(NH3)2(H20)SW un 
champ1Cgbrement plus bas quele signalde c ~ s - [ P ~ ( N H ~ ) ~ ( H ~ o ) ~ I ~ +  
observe a - 1584 ppm. Ce meme groupe de chercheurs a aussi 
observe un pic i 74 pprn attribuC 2 l'espbce [Pt(H20)3S04], 
c'est i?i dire a un champ un peu plus bas que le signal de 
[ P ~ ( H ~ o ) ~ ] ~ '  (7). En nous basant sur ces travaux, nous avons 
attribuC le signal observC - 3 122 ppm, pour nos complexes, 
a l'espkce [Pt(EMS0)2(H20)S04] et celui 2 -3146 ppm, 2 
[ P ~ ( E M S O ) ~ ( H ~ O ) ~ ] ~ ' .  

Afin de confirmer cette hypothkse, des spectres de rCactions 
effectuCes dans diffkrentes conditions de pII ont CtC mesurts. La 
rkaction effectuCe en milieu acide pD = 1 (fig. Id) ne montre 
pas de variation dans les proportions des diffkrentes especes. 
Les spectres des produits de rCaction amen& des pD de 3,9 et 
5,0 (fig. 2 (a et b)) avec KOH, montrent un seul signal aux 
environ de -2898 ppm, indiquant ainsi une oligomCrisation 
complkte. La dimkrisation de l'espbce monohydroxo-monoaquo 
semble done tres rapide. Le spectre de la reaction effectuee en 
solution basique (KOH) i un pD de 9-10, montre un seul pic a 
- 3214 pprn (fig. 2c) dQ 2 l'espkcc dCprotonCe dihydroxo, 
cis-[Pt(EMSO),(OH),]. Ce complexe peut aussi &tre prtpare 
a partir de ~ i s - [P t (EMS0)~C1~1 dissolls dans une solution de 
K0H 1M (fig. 2d). En effet ce complexe s'hydrolyse et donne 
une espkce dihydroxo a -3215 pprn et deux autres espkces a 
-2963 et -2978 ppm. Ces pics, n'apparaissant dans aucun 
autre spectre, ont CtC attribuCs a des espkces chlorkes deproto- 
ntes, soit cis- et tran~-[Pt(EMSO)C1(0H)~l. Le spectre rmn 
protonique du composC C ~ S - [ P ~ ( E M S O ) ~ C ~ ~ ]  dissous dans K 0 H  
a montrC la prCsence de EMS0 libre en plus du ligand lie. La 
proportion de EMS0 libre est d'environ 25-30% pour une 
solution fraichement prCparte et environ 50% pour une solution 
vieille de 24 h. L'espkce [Pt(EMSO)Cl(0H)2] devrait montrer 
un signal en rmn du platine-195 2 un champ plus faible que 
[Pt(EMS0)2(QH)2]. En effet, dans une serie semblable, la 
resonance mttallique bouge vers les hauts champs selon l'ordre 
S > N > C1- > 0 (8). Donc lorsqu'un ligand lie par le soufre 
dans [Pt(EMS0)2(0H),] est remplacC par un ligand chlorure, 

le signal devrait apparaitre i un champ plus faible, ce que nous 
avons observC. 

Les deux signaux observCs a -2963 et -2978 pprn sont 
donc attribuCs aux deux isomeres [Pt(EMSO)Cl(OH)2], mais 
il est difficile de savoir avec exactitude quel isomhe corres- 
pond a chaque signal. Kerrison et Sadler (9) ont mesurC le 
spectre rmn du platine-195 des deux paires d'isomkres cis- et 
trans-[Pt(DMSO)(NH3)C12] (A6 = 21 ppm) et cis- et trans- 
[Pt(DMSO)(NH3)2C1] (A6 = 21 pprn). Ces auteurs ont attribuC 
le signal observC a plus bas champ a l'isomkre oh le ligand 
DMSO est en position trans du ligand chlorure. En se basant 
sur ces resultats, nous pouvons suggCrer que le signal observe a 
-2963 pprn correspond B la rCsonance de I'isomkre trans- 
[Pt(EMSO)C1(OH)2], tandis que le signal a plus haut champ 
(-2978ppm) correspond a la risonance de l'isomkre cis- 
[Pt(EMSO)Cl(OH)2]. 

Le tableau 1 montre de fason globale les dkplacements 
chimiques des diffkrentes espkces. Ces valeurs sont rCgies par 
la dominance du terme u sur les dCplacements chimiques. La 
principale contribution a la constante de blindage d'un noyau de 
metal lourd tel que le platine englobe 2 termes ( a  = up  + crd) 
ou a, et ud sont les contributions paramagnetiqes et diamagnb- 
tiques au blindage. Pour un noyau lourd up  est predominant. 
Ramsey (10) a dCfin. ce terme, qui a CtC CvaluC pour 1 9 5 ~ t  par 
Dean et Green (1 1). A l'aide de cette relation, Gill et Rosenberg 
(4) ont interprCt6 le dtplacement chimique des espkces diaquo 
(- 1898 ppm) et dihydroxo (- 1796 ppm) en terme de degrC de 
convalence de la liaison Pt-OD2 et PT-OD. D 2 0  Ctant plus 
polarisable que O D ,  l'accroissement du degrC de covalence du 
lien Pt-OD2 rCsulte en une diminution de 6. Cependant, nos 
observations des signaux pour [ P ~ ( E M S O ) ~ ( H ~ O ) ~ ] ~ +  (6 = 

-3146ppm) et [Pt(EMS0)2(0H)2] (6 = -3214) montrent un 
dCplacement inverse du cornplexe dihydroxo relativement au 
complexe diaquo. Par contre, nos rtsultats sont en accord avec 
ceux obtenus par Groning, Drakenberg et Elding (12), qui ont 
observe un signal pour t r a n ~ - [ P t C l ~ ( H ~ O ) ~ ]  2 6 = -630 pprn et 
pour t r a n s - [ ~ t ~ 1 ~ ( 0 ~ ) ~ ] ~  B 6 = -675 ppm. Ce phbnombne 
suggkre donc une explication plus complexe que celle sugghCe 
par Gill et Rosenberg (4) et tenant compte de l'influence du 
second ligand. 

Le signal du dimere [Pt(EMS0)20H]2 apparait a un champ plus 
bas (259 ppm) que celui du monomkre [ P ~ ( E M S O ) ~ ( H ~ O ) ~ ] ~ +  
comme observC dans les complexes avec NH3 (43 1 pprn (13)) 
et trans-dach (436 pprn (4)). Par contre, contrairement 2 nos 
rCsultats, ces auteurs ont observt un trimkre B 78 pprn (13) et 
lit1 pprn (4) du monombre diaquo. 

La rmn du 195Pt a permis de mieux visualiser les Cquilibres en 
jeu lors de la rCaction entre les complexes c i~- [P t (EMS0)~Cl~ l  
avec Ag2S04. Plusieurs auteurs (4, 13-15) ont Ctudie les 
diffkrents Cquilibres du systkme ~ i s - [ P t ( L ) ~ C l ~ ]  (L = amine) 
avec un sel d'argent en solution aqueuse et ont mis en Cvidence 
une varittt d'espbces mononuclCaires et polynuclCaires. A ce 
jour, les complexes avec les sulfoxydes n'ont pas encore fait 
l'objet d'une telle Ctude. 

Pour les complexes avec des amines, l'espkce diaquo cis- 
[ P ~ ( L ) ~ ( H ~ O ) ~ ] ~ +  est predominante a des petits pH, tandis 
que I'espkce dihydroxo c i ~ - [ P t ( L ) ~ ( 0 H ) ~ ]  apparait en forte 
proportion pH ClevC. La moltcule d9eau est un excellent 
groupe sortant et la formation de I'espbce monoaquo-mono- 
hydroxo, ~ i s - [P t (L)~(H~0) (0H)] ,  est prkdominante a un pH 
intermkdiaire entre pKal et pKa2 qui se situent pour diffkrentes 
arnines a 5,56-6,14 et 7,32-7,56 (4, 10, 16) respectivement. 
k'espbce monoaquo-monohydroxo est l'intermediaire dans la 
formation d'oligomkres 2 ponts hydroxo. En effet, la reaction 
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Faggiani et al. (19) ont observt le m2me phCnomirne pour les 
sels de sulfate et de nitrate des trimhes avec NH3. 11s ont 

cis-[PtL2CI2] + 2AgNO3 attribue cette difference a l'mangement diffCrent des deux 
cations trimkriques. En effet, B l'ttat solide l'arrangement 
stCrique du cation dans le sel nitrate semble plus tendu que 
dans le sel sulfate. Nous croyons Cgalement que dans les 

pH - 3-6 complexes avec des sulfoxydes, le cation du trimere dans le 
'1 H+ 

sel sulfate serait moins tendu et plus facile B isoler que le 

H sel nitrate ou perchlorate. Nous avons tent6 de preparer des 
L monocristaux des trimkres afin d'en determiner la structure 

cristalline, mais sans succirs jusqu'h maintenant. Par contre, 

L ' 'OH 
nous avons determine la structure cristalline de deux dimkres, cis- 

H [ P ~ ( D M S ~ ) Z ( O H ) I Z ( C ~ ~ ~ ) Z  (20) et cis-[Pt(TMSO)~(oH)l~(N03)2 

4 O o C , 7 d / r  I 
(TMSO = tCtramCthylknesulfoxyde) (21). Le cation des deux 
dimkres est trks semblable mais contrairement aux ions perchlo- 

pH - 9-12 rates, les ions NO3- sont tr&s dtsordonnis. De plus, le systkme 

!- de ponts hydrogknes impliquant les anions est different. 
/ 

L-Pt-OH L3+ [>pti:HI Remerciements HO ' 'Pt' Nous remercions le Conseil de recherches en sciences 
\pt,O/H 'L / 'OH naturelles et en gtnie du Canada et le Ministere de 1'Education 

=. \ (FCAR) pour l'aide financiirre apportte a ce projet. 
L 

1. F. D. ROCHON, P. C. KONG et L. GIRARD. Can. J. Chem. 64, 
FIG. 3. Profil semi-quantitatif des diffkrents Cquilibres en solution. 1897 (1986). 

d'oligomerisation est plus rapide dans la rCgion de pH neutre. 
L'ion hydroxo lie au platine, est encore un bon nucltophile 
et peut agir comme ligand ponte formant ainsi un complexe 
binucltaire pontC par deux ligands hydroxo. 

Les Cquilibres des complexes avec des sulfoxydes semblent 
&tre semblables a ceux des complexes avec des amines. Lors de 
la mise en reaction du complexe cis-[Pt(sulfo~yde)~C1~] avec 
un sel d'argent, le pH de la solution decroit immtdiatement 
de f a ~ o n  radicale de 6,5 environ 1 3 .  Ce pH acide indique 
la formation d'espkces dtprotontes telles que le monomere 
monoaquo-monohydroxo et des oligomhes B ponts hydroxo. 
Ces especes ont Ctt observtes dans le spectre rmn du 1 9 5 ~ t  (fig. 
l c  sans ajustement de pH). Le dimitre se forme spontantment 
et sa proportion augmente en neutralisant la solution. AprCs 
environ une heure B des pH de 3,9 a 6, la proportion de dimere 
est prks de 100% (figures 2a, 2b). 

La formation du trimkre est favoriste a haute concentration, a 
pH neutre, 2 temptrature plus t levte (40°C) et B un plus long 
temps de rtaction (1 semaine). La figure 3 montre schkmatique- 
ment l'influence de differents parametres sur les proportions 
des diffkrentes espkces en solution. La moltcule H 2 0  est 
un excellent groupement sortant, mais l'hydroxyde pontC ne 
l'est pas. Dans les complexes hydroxo pontes, l'affinitt de 
I'hydroxyde pour le platine(I1) est approximativement celle de 
NH3 (17). 

La preparation selective des complexes est basee sur leur 
diffkrence de solubilitt et sur des conditions de reaction 
appropriCes (1). De f a ~ o n  gtnCrale, les dimkres avec sulfoxydes 
sont moins solubles dans l'eau que les trimeres. La m&me 
tendance a MC observte pour le dimirre et le trimere avec NH3 
(1 8), alors qu'avec trans-diamino- 1,2 cyclohexane (4), des 
solubilites inverses ont kt6 observees. 

Avec le sulfate comme contre-ion, les complexes dimCriques 
et trimeriques avec des sulfoxydes sont formis, mais contraire- 
ment aux nitrates, la proportion de trimere est importante (1). 
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A comparative ion chemistry study of acetone, diacetone alcohol, and mesityl oxide 
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AFAF KAMAR, ALEXANDER BALDWIN YOUNG, and RAYMOND EVANS MARCH. Can. J. Chem. 64, 1979 (1986). 
The evolution of ion species by unimolecular and bimolecular reactions, both concurrent and sequential, haa been 

investigated for each of 2-propanone, d6-2-propanone, 4-hydroxy-4-methyl-2-pentanone, and 4-methyl-3-penten-2-one. 
Infrared multiphoton dissociation (IRMPD) has been used in order to differentiate between gaseous ionic isomers. It is concluded 
that the isomeric species, protonated 2-propanone dimer and protonated 4-hydroxy-4-methyl-2-pentanone, both of m / z  117, are 
of different structures. The ion species C6Hl10+ of m / z  99, and its perdeuterated analogue, which is observed in all three 
systems, may exist in two forms, one of which is unique to 2-propanone while an alternative form appears to be common to 
4-hydroxy-4-methyl-2-pentanone and 4-methyl-3-penten-2-one. The ion species of m / z  83 (C5H70+) which is observed only in 
the latter two systems only could not be differentiated and may have a common structure. In the protonated dimers of 2-propanone 
and 4-hydroxy-4-methyl-2-pentanone, evidence obtained by IRMPD indicates that the activation energy for dedimerization 
(134 kJ molpl) is less than that for the dehydration process. 

AFAF KAMAR, ALEXANDER BALDWIN YOUNG et RAYMOND EVANS MARCH. Can. J .  Chem. 64, 1979 (1986) 
On a CtudiC 1'Cvolution des especes ioniques provenant de reactions unimolCculaires ainsi que bimolCculaires, tant des 

rCactions qui se produisent d'une faqon concurente que ~Cquentielle, de la propanone-2, de la propanone-2-d6, de I'hydroxy-4 
mCthyl-4 pentanone et de la mCthyl-4 pentene-3 one-2. Dans le but de distinguer les divers isomeres ioniques gazeux, on a fait 
appel la dissociation multiphotonique infrarouge (DMPIR). On en conclut que les especes isomeres dimeres protonCs de la 
propanone-2 et de l'hydroxy-4 mbthyl-4 pentanone-2 protonCe, de m / z  = 117, possbdent deux structures diffkrentes. L'espece 
ionique C6H1,0+, de m / z  = 99, et celle de son analogue perdeutCrC qui est observee dans les trois systemes peut exister sous 
deux formes; l'une est unique a la propanone-2 alors qu'une autre forme semble &tre commune a I'hydroxy-4 mCthyl-4 
pentanone-2 et 2 la mCthyl-4 penthe-3 one-2. Les especes ioniques de m / s  = 83 (C5H70+), qui ne sont observCes que dans 
les deux derniers systemes, ne presentent pas de diffkrences et possedent peut Ctre la m&me structure. Dans le cas des dimeres 
protonCs de la propanone-2 et de l'hydroxy-4 methyl-4 pentanone-2, on a obtenu des donnCes a l'aide de la DMPIR a l'effet que 
1'Cnergie d'activation pour la dCdimCrisation (1 34 kJ mol-' ) est plus faible que celle requise pour le processus de deshydratation. 

[Traduit par la revue] 

Introduction 
Previous studies employing slow Infrared Multiphoton Dis- 

sociation (IRMPD), as a probe of activation energy hierarchies 
in the gas phase photolysis of proton-bound dimers, have 
been carried out with each of 2-propanol (1-4), ethanol (3, 
1-butanol(6), and deuterated propanols (7). With proton-bound 
alcohol dimers it is possible to determine in some degree the 
hierarchy of activation energies among the reaction channels 
leading to loss of alkene, water, and monomer or parent 
molecule. With the proton-bound dimers of 2-propanone and 
4-hydroxy-4-methyl-2-pentanone studied here, it is possible to 
assess the activation energy hierarchy for loss of water and 
monomer. IRMPD may be used also to differentiate between 
isomeric ion species in the gas phase. The distinguishing criteria 
for photochemical differentiation are relative absorptivity at 
the wavelength available for laser irradiation and, of greater 
importance, the photoproduct distribution, i.e. the ionic species 
produced and their relative intensities. In some cases it is 
informative to photolyze the species of interest in both the 
ground state and in its nascent state; nascent ion internal 
excitation is enhanced by multiple photon absorption to access 
reaction channels of higher activation energy, limited in 
practice, by competition between laser fluence and collision 
frequency. 

The ion-chemistry for each of 2-propanone, 4-hydroxy-4- 
methyl-2-pentanone, and 4-methyl-3-penten-2-one is presented 

'Registered in the Ph.D. programme in Chemistry Department, 
Queen's University. 

2~djunc t  Professor, Department of Chemistry. Queen's University, 
Kingston. 

'~evis ion received February 21, 1986. 

here. These three compounds are related in the following 
ways: the proton-bound dimer of 2-propanone is isomeric with 
protonated 4-hydroxy-4-methyl-2-pentanone and the ion struc- 
tures could be identical if aldol condensation occurs in the gas 
phase; an ion species of m / z  99 (C6Hl10f )  is produced in both 
of the above systems and is isomeric with protonated 4-methyl- 
3-penten-2-one; and lastly an ion species of m l z  83 (C5H70+) is 
observed only with 4-hydroxy-4-methyl-2-pentanone and 4- 
methyl-3-penten-2-one and is conspicuously absent in 2-pro- 
panone. Thus these three compounds present an opportunity for 
isomer differentiation using the techniques of ion storage and 
IRMPD. 

Experimental 
Although the basic apparatus has been described previously (1-3), a 

brief description of the technique used in this work is presented here. A 
three-dimensional quadrupole ion store (QUISTOR) mounted in place 
of the ion source of a conventional quadrupole mass filter (Vacuum 
Generators QXK 400), serves as the reactor in which ion/molecule 
reactions take place over the period 0-200 ms. The ring electrode of the 
QUISTOR has two central perforations diametrically opposed. A low 
power CW C 0 2  laser beam is directed through a sodium chloride 
window and through the first ring perforation, of diameter 3 mm. The 
beam passes radially through the centre of the QUISTOR and totally 
illuminates the ion cloud which rapidly becomes tightly focused at 
the centre of the device. A portion of the beam passes through the 
perforation at the opposite side of the ring electrode and is monitored 
externally through a second sodium chloride window. The remainder 
of the beam is thought to undergo multiple reflections within the 
QUISTOR. The laser beam is chopped mechanically and phase-locked 
with the pulsing sequence as shown in Fig. 1. 

The repetition rate of the pulse sequence is controlled by a square- 
wave generator (Heathkit SG 18.4). The iaser beam is interrupted by a 
PAR 222 chopper phase-locked to the square-wave generator. A range 
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1pZS-b7 I+- Laser On -L 

Heathkit 
SG18A 

Axial Ejection m i l  

J JL 

&--Reaction-+I fl 
Time . .. . .- 

I- Irradiarion +I 
u Time 

'dz,"r I n-e----- Storage Time ------+I 
FIG. 1. Pulse sequence used in IRMPD with axial ejection employed 

to isolate an ionic species of interest by removal of all lower m/z ions 
prior to laser irradiation. 

of total storage times was effected using chopper wheels with a variety 
of wheel apertures, while variation of the laser irradiation period within 

erent a fixed total storage time was achieved with chopper wheels of diff 
light-to-dark ratio. The mechanical chopper triggers the creation pulse 
(Hewlett Packard pulse generator 214B, PGA) which triggers in turn 
the extraction pulse (PGB) and a Brookdeal scan delay generator 
(9425) which provides a detection pulse to drive a linear gate 
(Brookdeal 9415). The square-wave generator also drives a delay pulse 
generator which triggers in turn a Sweep Ciznerator (Wavetek 134) 
which is then used to remove, by axial ejection (8), ions of mass-to- 
chxge ratio less than that of protonated dimer prior to laser irradiation. 

The ion abundances are obtained by recording mass spectra at zero 
storage (electron impact) and at a variety of storage times; the relative 
ion intensities are calculated for each species at each storage time to 
yield the data points shown in the figures. The temporal variation of the 
intensity of each ion species was checked by single ion monitoring over 
the storage period employed. 

2-Propanone (acetone) 
lon/irolecule chemistry 
The ion chemistry of 2-propanone has been srudied previously by 

Munson (9) and by Blair and Harrison (lo), and is re-examined here 
both to resolve the minor differences between the findings of these two 
groups and to provide a basis for explanation of our photodissociation 
results obtained with proton-bound dimers of 2-propanone and 4- 
hydroxy-4-methyl-2-pentanone. Munson employea a variable pressure 
source and reported on secondary ion intensities as a function of 
pressure only. Blair and Harrison, in an electron beam trapping study 
with a trapping period of 3 ms, used an ionizing electron energy 
sufficient to produce only (CH3)2CO+' and cH3COt as primary ions, 
with the former con~prising 70% of the primary ion abundance. 
Protonated parent molecules, m/z 59, are produced by reactions of 
the primary ions 

The proton-bound dimer m/z 117 is produced continuously with 
either increasing pressure or increasing storage time by reaction with 
parent neutrals 

[3] (CH3)2COH+ + (CH3)2C0 S [(CH3)2C0]2Ht* 
m/z 59 m/z 117 

where * denotes a degree of internal excitation. The nascent proton- 
bound dimer may then be either collisionally deactivated 

or may dissociate 

[5I [(CH3)zC012Ht* CH3CO(CH3COCH3)+ + CH4 
mlz 117 rnlz 101 

L---, caI10+ + H?O 
mlz 99 

An alternative and preferred mechanism for the formation of m/z 101, 
is the clustering reaction 

[7] CH3CO+ + (CH3)2C0 -+ (cH~)~co---6---OCCH~* 
m/z 43 m/z 101 

which is then collisionally stabilized. This species may be regarded 
as the product of a mixed associative ion (or a heterogeneous proton- 
bound dimer) of ketene uroton-bridged to 2-urouanone. Mixed associa- - . A 

tive ions of ketene with methanol, ethanol, and 2-propanol have been 
reported previously ( I  I). The stabilization of this mixed associative 
ion, m/z 101, may require a reactant CM3COf of modest internal 
excitation only, which would account for the fact that it was observed 
by Blair and Harrison under their conditions of low ionizing electron 
energy, but not by Munson who employed ionizing electrons of 70 eV 
and a high pressure source. The C H 3 C ~ ( C ~ 3 C O ~ ~ 3 ) +  product reacts 
slowly at longer reaction times to produce the proton-bound dimer ion 
in a ligand replacement reaction 

The species of m/z 99 formed by loss of water in the dissociation 
of the protonated dimer, reaction [6], was tentatively identified by 
Munson as protonated 4-methyl-3-penten-2-one. Since the proton- 
bound dimer of 2-propanon: is isomeric with protonated 4-hydroxy-4- 
methyl-2-pentanone, it was plausible to propose that gaseous ion 
reactions may be observed which correspond with solution ionic 
reactions in which the acid-catalyzed formation of 4-hydroxy-4- 
methyl-2-pentanone and 4-methyl-3-penten-2-one is observed from 
2-propanone. The requirement of reactant excitation in order for 
reaction [6] to proceed in a manner which is endothermic for ground 
state reactants would explain the observation of m/z 99 by Munson but 
not by Blair and Harrison. 

In the work reported here and shown in Fig. 2, both species of 
m/z 99 and m/z 101 were observed as the ions were created xith 
ionizing electrons of 70 eV and the reactions of both excited and ground 
state (collisionally cooled) CH3CO+ ions were monitored. 

Perdeuterated 2-propanone was investigated also as there was some 
interest in the infrared relative absorptivity of deuteron-bound deuter- 
ated dimer ions [(CD3)2C0]2Df, m/z 130. 

The ion profiles obtained with 2-propanone and d6-2-propanone are 
similar in general form as shown in Figs. 2 and 3. 

In 2-propanone, the ions of m/z 99 may be formed by the loss of 
water, reaction [6], while ions of m/z 101 may be formed by reaction 
[ 5 ]  and/or reaction [7] to yield C&II1O+ and CsHsOzf, respectively. 
The corresponding product ions in d6-2-propanone will be C6D110' 
and C5D9O2+, respectively, formed in reactions [9], and I101 and/or 
[ I  I] to produce isobaric species of m/z 110. 
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1 100 , I 

Storage Time lms) 

FIG. 2. Variation in the logarithm of normalized ion abundances in 
2-propanone with storage time 0-200 ms, 0.8 x Ton. 

Thus the ion profile for m / z  110 in Fig. 3 is a composite of the two 
isobaric ions. 

While the ions of m / z  80 and m/z  82 observed in d6-2-propanone 
were of low relative intensity, they can be reconciled with the 
observation of ions of m / z  72,73, and 74 in 2-propanone as shown in 
Fig. 2. 

(i) Let us examine the possible origin for m/z  82 in d6-2-propanone. 
The CSD902+ species may lose CO or C2D2 to produce C4D90+ and 
C3D7O2+, respectively. The corresponding ions in 2-propanone would 
be C4H90+, m / z  73 and C3H7O2+, m / z  75. The latter species was not 
observed therefore ~ ~ ~ 9 0 2 '  does not lose C2D2.  

The isobaric C 6 ~ 1 1 0 +  ion may lose CO to produce CsDll+ or lose 
C2D2 to produce C4D90+. The corresponding ions in 2-propanone 
would be CSHI  I + ,  m / z  71, which was not observed, and C4H90+,  m / z  
73, which was observed. Thus we conclude that either reaction [12] 

[I21 CsD902+* + C4D90+ + CO AH1* 
or reaction [13] 

05 / / '  I 
I 

0 
I 

103 m 
Storage T~me (ms) 

FIG. 3. Variation in the logarithm of normalized ion abundances in 
perdeutero-2-propanone with s t~rage time 0-200 ms, 1. l X lop4  Torr. 

occurs or both occur, where AHl2  and A H l 3  are the enthalpy changes 
for reaction [I21 and [13], respectively. As either reaction [12] or 
reaction [13] may account for the observations, it is appropriate to 
consider the energetics of the processes bearing in mind that a small 
fraction of stored ions may acquire translational energy from the 
three-dimensional quadrupole field and produce minor amounts of 
fragment ions in super-thermal collisions. As reactions 1121 and [13] 
produce a common daughter ion with an assumed common structure, 
and the heats of formation of CO and C2H2 are - 110 and 227 kJ mol-', 
respectively, then for reaction [13] to occur the heat of formation of 
C6D110+ plus internal excitation must exceed the heat of formation of 
C5D9O2+ plus iniernal excitation of 337 kJ mol-', provided that AH12 
= AHl3 .  Thus the occurrence of reaction [13] is less probable than 
reaction [12]. 

( i i )  In a similar examination of the origin of m / z  80 in d6-2- 
propanone, the CsD9o2+ may lose C2D3' or CDO' to produce 
C3D602+' or C4D80+',  respectively. The corresponding product ions 
in 2-propanone are C3H6O2+', m / z  74, and c 4 H 8 0 " ,  m / z  72. both of 
which were observed. 

Thus as m / z  74 was observed in 2-propanone, we conclude that 
reaction [14] occurs 

The observation of m/z  72 in 2-propanone may be explained by the 
analogous reactions to either 

[I51 CsD902+* J C4D80+' + CDO' 
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or both. 
The heats of formation of HCO' and C2H3' are reported as 33.9 and 

332 kJ m o l l ,  respectively (12). The observation of m/z 74 infers that 
the heat of formation of C3D6O2+ is some 332 kJ molp' less than the 
heat of formation of C5D902+ plus internal excitation when reaction 
[I41 is thermoneutral. By an argument similar to that presented above 
for reactions [I21 and (131, it can be shown that for reaction [16] 
to occur the heat of formation of C6D110+* must exceed that of 
C5D901; * by some 298 kJ mol-' again provided that the enthalpy 
changes for reactions [15] and [16] are similar. Thus the occurrence of 
reaction [16] is less probable than reaction [IS]. 

The observation of C3H3+ as a persistent ion species in each of the 
systems studied here is in keeping with previous observations of this 
species wherever the parent molecule has a 2-propyl grouping. The 
reactivity of C3H3+ is discussed elsewhere (13). 

Photochemical studies 
The IRMPD of the collisionally relaxed proton-bound dimer of 

2-propanone yielded but a single photodissociative channel, as is 

nhv 
[I71 [(CH3)2COlzH+ - ( c H ~ ) ~ ~ o H  + (CH3)2C0 

m/z 117 m/z 59 

shown in Fig. 4, that of protonated 2-propanone. 
In this figure, two sets of experiments a& shown; the first experiment 

employing an initial ionization period followed by 45 ms of ion- 
molecule reaction time, wherein the proton-bound dimer ion is 
produced. Axial ejection removes all ionic species of m/z < 117, 
isolating the dimer in the trap. These isolated dimers possess a range of 
internal energies and some undergo thermal unimolecular dissociation 
to produce the protonated parent m/z 59 during the 80 ms following 
isolation and prior to ejection and mass analysis. In the second 
experiment shown as solid lines in Fig. 4, the dimer is irradiated at 
944 cmpl for the 80 ms period following its isolation in the QUISTOR, 
then the trap population is ejected and mass analyzed. 

The period of laser irradiation was varied from 50 to 100 ms, that is 
one half the total storage time, and in each case greater than 90% of 
the proton-bound dimers were dissociated. As proton-bound dimers are 
being produced continually, the ions irradiated will have a range of 
ages and internal energies. As but a single photoproduct was obtained 
we conclude that the energies of activation for reactions [5] and [6] 
exceed that of reaction [17] which is reported to be 134 kJ mol-I ( 1  4). 
While precise measurements of the cross-section for photodissociation 
(ao) were not made. the high absorptivity at 944 cmp' of proton- 
bound dimers of 2-propanone is comparable to that of 2-dl  -2-propanol 
(7).  This high absorptivity is remarkable as neutral 2-propanone has 
negligible absorption in the vicinity of 944 c m ' .  

In contrast the deuteron-bound dimer of d6-2-propanone exhibited 
somewhat lower absorptivity in that approximately 40% only of 
this species was photodissociated under similar conditions; reduced 
absorptivity in perdeutero-2-propanol has been observed (7)  also. 
As expected, a single photoproduct, deuteron-bound d6-2-propanone, 
was observed upon IRMPD. 

4-Hydroxy-4-methyl-2-pentanone (diacetone alcohol) 
Ion/molecule chemistry 
The ion chemistry of 4-hydroxy-4-methyl-2-pentanone obtained at a 

pressure of 6 X lop5 Torr is depicted in Fig. 5 where it is seen that the 
predominant second order product ion at long skorage times is the 
protonated parent molecule, (CH3)2C(OH)CH2COHCH3, m/z 1 17. 
Of the two possible structures for the m/z 117 ion structure 11 is 

recommended by Parker et al.  (15) on the basis of collisionally 
activated dissociation (CAD) studies. The base peak in the electron 

P=lxlO-"orr 

Laser 1-1 
Nn l a w r  (---I 

FIG. 4. Experimental sequence and results from IRMPD of 2-pro- 
panone protonated dimers at 1 . O  x lop4  Torr. Dashed lines correspond 
to the ion intensities in an experiment wherein the laser was blocked, 
solid lines correspond to ion intensities obtained with laser irradiation 
at 944 cmpl for the latter 80 ms of the experimental period. 

impact mass spectrum, i.e. 38% relative ion intensity at zero storage 
time, is due to CH3CO+, m/z 43; this primary ion reacts rapidly along 
with other minor primary ions during the first 20 ms principally by 
proton transfer reactions such as 

[18] CH3CO+ * + (CH3)2C(OH)CH2COCH3 

m/z 43 

+ ( C H ~ ) ~ C ( O H ) C H ~ C O H C H ~  + CH2C0 

m/z 117 
where * denotes a degree of internal excitation. 

At this juncture, it is appropriate to consider the nature of the 
C2H30+ species which is observed in the electron impact fragmenta- 
tions of simple oxygen-containing molecules. In the 2-propanone 
system discussed above, it was suggested that the stabilization and 
subsequent observation of the ion of m/z 101 may require a reactant 
CH3COt of but modest internal excitation, while in the 4-hydroxy-4- 
methyl-2-pentanone system it is evident from Fig. 5 that two forms of 
CzH30+ exist which differ in reactivity. The temporal variation of the 
ion abundance of m/z 43 in Fig. 5 clearly shows two linear components 
in the decay curve; the bimolecular rate constant derived from the steep 
component is almost an order of magnitude greater than that derived 
from the shallow component. While one form of C2H30+ may derive 
its greater reactivity by virtue of internal energy, it is improbable that 
the internal energy of some 90% of the initial C2H30+ abundance 
would survive the many collisions by which deactivation could occur. 
The co-existence of C2H30+ in three structures from a single precursor 
has been reported (16). While as many as eleven possible isomeric 
structures for C2H30+ have been examined recently, only five 
structures will be considered here. 

VI VII 

Of the potential C2H30- above. the acetyl cation (111). l-hydroxy- 
vinyl cation (IV) and oxiranyl cation (VI) have been well characterized 
as being stable, observable species (16-18): the acetyl cation is the 
lowest energy isomer. The 1-hydroxyvinyl cation (IV) was found to 
lie 181 kJ mol-I above 111, with a barrier to rearrangement by 
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I I 1 
0 60 120 

Storage Time (rnsl 

FIG. 5. Variation in the logarithm of normalized ion abundances 
in 4-hydroxy-4-methyl-2-pentanone with storage time 0-120 ms, 
6 x 10-~Torr. 

successive 1,2-hydrogen shifts of 287 kJ mol-' (19). CH30C' (V) 
was found to be the third lowest isomer in energy of the C2H30+ ions 
examined, lying 214 kJ mol-' above CH3CO+ (111) (19). There 
appears to be no experimental study of CH30C+. The results of a recent 
study (16) of metastable peak intensities and shapes and collision 
induced processes over a range of pressures provide unequivocal 
evidence for identification of the acetyl (111), I-hydroxyvinyl (IV) and 
oxiranyl (VI) cations. The oxiranyl cation was predicted (19) to be 
244 kJ mol-' above 111 with a barrier to rearrangement of 85 kJ m o l ' ,  
while VII was ~redicted to collapse without activation energy to either 
VI or 111. 

The acetyl cation 111 is known to react rapidly with oxygen- 
containing molecules such as 2-propanone (20). In previous studies we 
have noted the rapid reaction of primary C2H30+ cations in 1- and 
2-propanol and in tetrahydrofuran (unpublished work by the authors) 
and conclude that this ion must be of structure 111. However, the ion 
chemistry of the 1- and 2-propanol and tetrahydrofuran systems. 
following the initial decay of the acetyl cation, is characterized by a 
steady accumulation of a C2H30+ cation which is presumed to be of a 
different but unspecified structure. 

While it is proposed that (CH~)~C(OH)CH~COHCH~+,  m / z  117, is 
formed with excess internal excitation in reaction [18] from an excited 
acetyl ion in order to explain the subsequent unimolecular dissociation 
of m/z  117, some discussion of the proton affinities of 4-hydroxy-4- 
methyl-2-pentanone and ketene would be useful here. The proton 
affinity of the former does not appear in the literature (22) but has 
been determined in this laboratory (23) to be 831 2 0.8 kJ mol-' 
(198.7 + 0.2 kcal mol-I), while the proton affinity for ketene is 
828 kJ mol-' (22). Thus for ground state acetyl ions from which a 
proton is transferred and ketene remains, the reaction is virtually 
thermoneutral. 

The excited protonated parent molecules formed may then be 
collisionally deactivated. 

[19] (CH3 j2C(0H)CH2COHCH3+* 
mlz 117 

+ 
(CH3j2C(OH)CH2COHCH2 + M 

rnlz 117 
I1 

where M represents a collision partner, or may dissociate 

rnlz 117 mlz 99 
VIII 

to give m/z  99 of structure VIII which is that of protonated mesityl 
oxide (4-methyl-3-penten-2-one). The excited VIII may then either be 
collisionally deactivated or eject CH4 to produce an ion of m / z  83 

miz 99 I miz 99 

L 6=c-"1, + CH', 

rnlz 83 
IX 

The possibility of CH4 loss occurring initially from m / z  117 
followed by loss of H 2 0  to produce m / z  83 is rejected as no species of 
m/z  101 was detected. Although the species of m / z  99 and m / z  83 
have been observed previously (15), neither the structures of these 
ions nor the identities of the neutral fragments ejected have been 
investigated further except for an attempt to photodissociate m / z  99 by 
multiphoton absorption as discussed below. 

The principal minor primary ions, m / z  57, 59, 98, and 101 reacted 
rapidly during the first 10 ms and linear plots of the logarithm of ion 
intensities with time have been omitted from Fig. 5 so that the ion 
profiles of the more stable ions may be portrayed clearly. After the first 
20 ms of reaction time, the remaining unreacted m/z  43 ions isomeric 
with CH3CO+ reacted slowly along with ions of m / z  83 and 99 in 
proton transfer reactions to produce the protonated parent molecule, 
m/z  117. At pressures higher than 6 X lo-' Torr, proton-bound dimers 
of 4-hydroxy-4-methyl-2-pentanone of m / z  233 were observed. 

Photochemical studies + 
IRMPD of (CH3)2C(OH)CH2COHCH3, m/z  117, was carried out 

as described earlier. Two photoproducts as depicted in Fig. 6 were 
observed. 

nhv 10% 
[23] ( C H ~ ) ~ C ( O H ) C H ~ C O H C H ~  7' CzH30' + C4H100 

rnlz 117 mlz 43 

I241 C6H1 )0+ + H 2 0  
mlz 99 

where n and n'  are the minimum number of photons (hv) necessary to 
overcome the activation energy barriers for reactions [23] and [24], 
respectively. IRMPD has been shown to be a useful probe of activation 
energy hierarchies when ground state reactants are irradiated. It is 
concluded from the observed ratio of photoproducts obtained with 
33 ms of laser irradiation that the activation energy for reaction [24] is 
less than that for reaction [23]; this conclusion is supported by the 
observation that with prolonged laser irradiation, the fractional yield of 
reaction [23] can be increased. 
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P ; S X ~ O - ~  Tori  

Laser (-1 
No Laser C--1 

FIG. 6. Experimental sequences and results from IRMPD of pro- 
tonated 4-hydroxy-4-methyl-2-pentanone at 6 X lop5 Torr. Dashed 
lines correspond to the ion intensities obtained in an experiment 
wherein the laser was blocked, solid lines correspond to ion intensities 
obtained with laser irradiation at 944 cm-' for the latter 50 ms of the 
experimental period. 

In the discussion above of the ion chemistry of 4-hydroxy-4-methyl- 
2-pentanone, it was assumed that the unreactive form of C2H30+ had 
been produced as a fragment ion upon electron impact. However, 
during experiments using axial ejection in which all ion species of 
mlz < 117 are ejected from the QUISTOR, it was observed that a 
relatively unreactive form of C2H30+ was generated by dissociation of 
protonated parent molecules, as shown in reaction [25] which is the 
thermal analogue of the photochemical process, reaction [23]. 

It is of interest to speculate on the possibility that the products of 
reactions [23] and [25] are derived from the protonated keto form via a 
4-centred elimination 

whereas the products of reaction [24] are derived from the protonated 
en01 form via a 6-centred elimination as depicted in reaction [20]. As 
activation energies for 6-centred rearrangements are generally lower 
than those for 4-centred, then the above speculative mechanistic 
argument is consistent with the IRMPD results. 

Let us consider now the structures of protonated 4-hydroxy-4- 
methyl-2-pentanone and the isomeric cation formed by the addition of 
2-propanone to protonated 2-propanone which has been identified in 
reaction [3] as a proton-bound dimer. Parker et al. (15) found a 
qualitative similarity between the relative ion abundances in the self- 
chemical ionization mass spectrometry (self-CIMS) of 2-propanone 
and that of 4-hydroxy-4-methyl-2-pentanone; the relative ion abun- 
dances are tabulated in ref. 15 and reproduced here as stick form mass 
spectra in Fig. 7. Furthermore, the same workers found that the CAD 
spectrum of the m/z  117 ion, obtained with the magnetic ( B )  and 
electric ( E )  sectors linked so as to maintain a constant B / E  value, gave 
the same daughter ions for both 2-propanone and 4-hydroxy-4-methyl- 
2-pentanone although no spectra were given. On the basis of the 
self-CIMS spectra and the CAD B / E  linked-scan spectra, Parker et al. 
concluded that the two species of m/z  1 17 had a common structure and 
that protonated 2-propane must undergo an aldol condensation with 
2-propanone in the gas phase identical wlth that of the acid-catalyzed 
condensation of 2-propanone in the solution phase. 

Relative ion intensities obtained by self-CIMS should be comparable 
with those of a particular storage time as obtained in this work. 

m i z  

FIG. 7. Relative abundances for self-CIMS of (a) 2-propanone and 
( b )  4-hydroxy-4-methyl-2-pentanone. 

Although the pressures and residence times in various sources may 
differ, the dependence of ion intensities on the product of pressure 
(raised to the power of the reaction order) and time permit a ready 
comparison. Thus the relative ion intensities shown in Fig. 7 a  and b 
correspond to a storage time of -5 ms in each of Figs. 2 and 5, 
respectively. There is, however, a disparity in the ion abundances of 
mlz  58 and m l z  59 in Fig. 7 b;  only negligible abundances of these ions 
were observed in our QUISTOR studies. 

We are not convinced that an aldol condensation occurs in the 
gas phase with 2-propanone on the basis of the evidence shown in 
Fig. 7. On the contrary it has been shown that IRMPD of protonated 
4-hydroxy-4-methyl-2-pentanone, m/z  117, isolated in the QUISTOR 
yielded two photoproducts m l z  43 and m l z  99 (reactions [23] 
and [24]), whereas IRMPD of proton-bound 2-propanone dimers, 
mlz  117, carried out under identical conditions, yielded but the single 
photoproduct, m l z  59 (reaction [17]). 

Thus we conclude that the structures of the ion species of mlz  117 
obtained in these two systems are different, and that an aldol 
condensation does not occur with 2-propanone in the gas phase. 

The species of m/z  99 was irradiated by the laser for periods of 
33 ms, 50 ms, and 100 ms which is the entire period of its genesis yet no 
photodissociation products were observed. Thus it is concluded that 
the mlz  99 species is virtually transparent to the laser irradiation at the 
wavelength employed. It had been anticipated that photodissociation of 
the mlz  99 species would lead to the formation of the mlz  83 species 
by the photo>hemical reaction similar to reaction 1221. As no such 
species as m / z  83 was observed even from nascent m / z  99 ions it 
was concluded that the m / z  99 species is transparent at the laser 
wavelength. 

At higher pressure, protonated 4-hydroxy-4-methyl-2-pentanone 
reacts with parent neutrals to form the proton-bound dimer, m / z  233. 
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P = 6  x Torr 

m/z 

0 
I 

50 100 
Storage Time (ms) 

FIG. 8. Variation in the logarithm of normalized ion abundances in 
4-methyl-3-penten-2-one with storage time 0- 100 ms, 6 x Torr. 

In addition, ions were observed at m / z  215 [2M + 1 - H20]+,  
m/z  175 [2M + 1 - 58]+, and m / z  157 [2M + 1 - H 2 0  - 58]+. 
Isolation of the proton-bound dimer was beyond the limit of the 
ramped rf sweep for axial ejection, thus it was not possible to isolate 
m/z  233 for irradiation. The intensities of all of the above species 
were diminished by IRMPD. As the fractional dissociation of the 
[2M + 1 - H20]+ species exceeded that of the [2M + 11' species, we 
conclude that the former is a mixed associative dimer and the activation 
energy for dehydration of [2M + 1]+ exceeds that for the dedimeriza- 
tion process. 

nhv 
I261 [(CH3)2C(OH)CH2COCH3]x - 

(CH~)~C(OH)CH~COHCH~ + (CH3)2C(OH)CH2COCH3 

The thermal and photochemical reactions of [2M + 11' will be 
compared with those in the a,w-hydroxy thiols in a forthcoming 
publication in this journal. 

4-Methyl-3-penten-2-one (rnesityl oxide) 
Ion/molecule reactions 
It was decided to investigate the ion chemistry of 4-methyl-3- 

penten-2-one (mesityl oxide) as the structure of protonated 4-methyl- 
3-penten-2-one was proposed for the major unimolecular product of 
protonated 4-hydroxy-4-methyl-2-pentanone and for the ion formed 
by loss of water from the proton-bound dimer of 2-propanone [9]. 
Furthermore the ion chemistry of this compound is not evident in the 
literature. The temporal variation of ion intensities of 4-methyl-3- 
penten-2-one at a pressure of 6 x Torr is shown in Fig. 8. 

The base peak in the electron impact mass spectrum is due to m / z  83 
while the other major ions were observed at mlz  39, 43, and 55 in 
order of decreasing relative intensity. Minor ions (< 10%) which were 
observed were the molecular ion of m / z  98, and m/z  53. 

The molecular ion reacted rapidly and completely within 10 ms 
presumably by proton transfer to form protonated 4-methyl-3-penten- 
2-one 

Within 40 ms of storage all primary ions save mlz  83 reacted 
completely also presumably to form m / z  99. Only the reactive form 
of C2H30+, CH3CO+, was observed in this system. The species of 
m/z  53, C4H5+, rose slightly in intensity during the rapid decay of the 
molecular ion then reacted slowly and completely. 

The intensity due to the protonated 4-methyl-3-penten-2-one rose 
rapidly during the first 20 ms of storage (or reaction) time to become the 
dominant ion in the system. It reached a maximum intensity after 40 ms 
and proved unreactive for the duration of the storage time. The intensity 
of another ion, m/z  83, increased initially, then after 40 ms of storage, 
remained constant. The behaviour of m / z  99 and m / z  83 suggests that 
the proton affinity of the neutral species C5H60 (82 mu) must be greater 
than that of 4-methyl-3-penten-2-one. The proton affinity of the latter 
compound also is not in the literature, but has been determined in 
this laboratory (23). Proton-bound dimer ions of m / z  197 were not 
observed. 
Photochemical studies 

The protonated molecule, m l z  99, was isolated and subjected to 
laser irradiation but no photoproducts were observed; this species is 
thought also to be transparent at the laser wavelength. 

Discussion 
The structure of mlz  99 in 2-propanone constitutes a 

problem. The loss of H20  from a proton-bridged 2-propanone 
dimer of mlz 117 must be explained. It has been demonstrated 
earlier by IRMPD that the structure of the proton-bound dimer 
of %-propanone must differ from that of protonated 4-hydroxy- 
4-methyl-2-pentanone, mlz  117. It is significant here that the 
dehydration channel for the proton-bound 2-propanone dimer 
is not accessed by laser irradiation. In an attempt to explain 
the dehydration channel in the 2-propanone dimer which is 
observed thermally only, we have considered the keto and en01 
forms of protonated 2-propanone. MIND013 calculations show 
the latter to be less stable by 110 W mol-' (15), hence relaxed 
protonated 2-propanone is expected to exist as the keto form, 
structure X ,  as opposed to the isomeric enol, structure XI. 

It is important to recognize that nascent proton-bound 2- 
propanone dimers contain a minimum of 134 W mol-' (14) 
excess internal energy if formed from fully relaxed neutrals and 
protonated monomers. 

As the protonated monomers, m l z  59, are formed via 
exothermic proton transfer reactions, the nascent dimers may 
contain more than 134 W mol-' and may isomerize to form a 
mixed keto-en01 species of structure XI1 as opposed to the 
anticipated fully relaxed structure XIII. 

While either isomer may dedimerize to produce m/z 59, the 
elimination of water is more easily rationalized from the high 
energy structure, XIH, as shown in reaction 1281. 
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XIV XV 

I 
FIG. 9. Schematic energy profile for rearrangements involving the 

proton-bound dimer of 2-propanone. 

In Fig. 9 ,  the relative enthalpies (AH) of the major ionic 
species derived from 2-propanone are shown. The height of the 
barrier leading to the formation of the dehydration product, 
mlz 99, is unknown, as is the activational energy requirement 
to form the enol. 

The apparent difference between the observed products of 
thermal and photolysis reactions, as shown in Figs. 2 and 4,  
respectively, may be explained by noting that in the photolysis 
experiment, all ions of mlz  < 117 were removed, leaving 
''agedW or partially relaxed dimer ions at 80 ms of storage time 
which were subsequently photolyzed. In Fig. 2 it is apparent 
that thermal genesis of m/z 99 reaches a maximum at -70 ms 
storage time, hence the "aged  dimers photolyzed at the onset 
of laser irradiation in the lRMPD study contain insufficient 
internal energy for the dehydration process. It has been 
demonstrated that in slow IRMPD, laser pumping of vibrational 
states is slower than the rate of unimolecular dissociation (7), 
hence solely the reaction channel of lowest activation energy 
will be accessed if relaxed species are irradiated and the 
activation energy requirements for competing channels differ by 
at least the energy of the photon employed. The IRMPD results 
demonstrate that the dedimerization reaction is of lower E, than 
dehydration in proton-bound 2-propanone dimers. 

The structure of mlz  99 in 4-methyl-3-penten-2-one may be 
either that of the keto. XIV or the en01 XV. Structure XIV is the 

preferred form as it is presumably the more stable of the two and 
it lacks a 6-hydrogen. The presumption of greater stability of 
XIV relative to XV is based on a comparison of the energies of 
protonated acetaldehyde, XVI and protonated vinyl alcohol, 
XVII 

XVI XVII 
The heat of formation of protonated acetaldehyde is given by 

[29] AHf (XVI) = AHf(CH3CHO) 

+ AHf (H+) - PA(CH3CHO) 

where PA is the proton affinity. Similarly 

[30] AHf (XVII) = AHf (CH2=CHOH) 
+ AHf(H+) - PA(CH2=CHOH) 

Thus for XVI to be thermodynamically more stable than XVII 
and, by analogy, XIV to be more stable than XV, AHf(XVII) - 
AHf(XVI) should be greater than zero, that is 

4Hf(CH2=CHOH) lies in the range 

- (1 11 - 125) kJ mol-' (24) 

The PA(CH2=CHOH) is reported (26) as 47-54 W mol-' less 
than PA(C2H50H) which is given (22) as 788 kJ mol-'; hence 
PA(CH2=CHOH) lies in the range 734-741 kJ mol-'. As the 
sum of the thermodynamic quantities in eq. [31] lies in the 
range 81-102 kJ mol-', structure XIV is probably more stable 
than XV. The presence of a 6-hydrogen is required for the 
elimination of water from protonated ketones (27) and, since 
neither structure XIV nor XV has a @-hydrogen, dehydration 
is not expected and no dehydration product (m/z 81) was 
observed. Apart from the energy consideration discussed 
above, no distinction may be made at this time between the keto 
and en01 tautomers for the identity of m/z 99. 

The identity of m/z 99 derived via dehydration of protonated 
4-hydroxy-4-methyl-2-pentanone, m/z 117, was proposed ear- 
lier as XIV above, and as such further dehydration was neither 
expected, nor observed. 

The structure of mlz  83 produced from protonated 4-methyl- 
3-penten-2-one is proposed as IX as shown in the alkane 
elimination reaction [22]. 

XIV IX 
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KAMAR ET AL 

TABLE 1. Activation energies for a-cleavage reactions of ionized methyl ketones estimated 
from the appearance energy of the a-cleavage product and the ionization energy of the 

methyl ketone 

a-Cleavage reaction AE (eV) 1E" (eV) AE - 1E- E, 

"Reference 28. 
'Reference 21. 

The protonated ketone, XIV, may also eliminate isobutene, as 4-methyl-2-pentanone is also proposed as IX above. Although 
shown in reaction [32]; m / z  43 was observed both thermally and photolytically from the 

protonated hydroxy ketone, m / z  117, IRMPD of the isolated 
+/H m / z  117 demonstrated that m / z  43 was derived directly from 
O.' - A + CH3CO+ AH = 136 LJ mol-l the protonated parent, rather than from its dehydration product, ~321 

mlz 43 m / z  99. 
XIV Acknowledgements 

however, no trace of m / z  43 was observed, thus reaction [32] 
is of higher E,  than reaction [22]. The enthalpy change for 
reaction [22] is not known as the heat of formation of m / z  83 
of structure IX is not available. However, an estimate of 
the activation energy may be obtained by examination of 
the ionization energy (IE) of a number of ketones and the 
appearance energy (AE) for the a-cleavage reaction 

As the energy of activation may be approximated by the 
expression 

it is apparent from Table 1 that as the alkyl (or alkenyl) group, 
R, is extended the activation energy of the reaction is dimi- 
nished. Thus it seems probable that the heat of formation of 
m / z  83 is less than that for CH3CO+ in reaction [32]; however, 
it has been brought to our attention that such may not be 
the case as AH?(CH~CO+) in some 240 kJ molpl less than 
AN?(CH~=CHCO+) although the AE - IE values in Table 1 
suggest otherwise. Therefore, despite a lower AH': for methane 
than for isobutene in reaction [32], the enthalpy hierarchy 
between reactions [22] and [32] may not be satisfactorily 
established. 

The structure of m/z  83 formed from protonated 4-hydroxy- 
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E. KIEHLMANN, E.  P.-M. LI, and J. G. MILLAR. Can. J .  Chem. 64, 1989 (1986). 
The Claisen rearrangement of 1,4-bis(m-methoxyphenoxy-)2-butyne ( lb)  gives four isomeric dimethoxy-6H-benzofuro[3,2-c]- 

6a, 1 la-dihydro-1 la-methylbenzopyrans (3), three dimethoxy-4b,9b-dihydro-4b,9b-dimethylbenzofuro[3 2 b]benzofurans (4), 
and, in the presence of acid, three dimethoxy-5a,l0b-dihydro-5a,l0b-dimethylbenzofuro[2,3-b]benzofurans (5), which have 
been separated and identified by proton and 13C nrnr spectroscopy. Based on the isolation of two chromene intermediates and 
their conversion to 3 and 4, as well as the isomerization of 3 to 4 and 4 to 5, a "double Claisen" mechanism is proposed. 
The reaction is not regiospecific but the two [3,3] sigmatropic shifts occur preferentially to the para positions of the methoxy 
substituents. 

E. KIEHLMANN, E. P.-M. LI et J .  G. MILLAR. Can. J .  Chem. 64, 1989 (1986). 
La transposition de Claisen appliquCe au bis(m-mCthophCnoxy)-1,4 butyne-2 ( l b )  conduit a quatre dilnCthoxy 6H-benzo- 

furo[3,2-cl dihydro-6a,lla mCthyl-lla benzopyrannes isomeres (3), 2 trois dimCthoxy dihydro-4b,9b dimCthyl-4b,9b 
benzofurol3,2-b] benzofurannes (4) et, en prCsence d'acides, a trois dimCthoxy dihydro-5a,lOb dimCthy1-5a,lOb benzo- 
furo[2,3-b] benzofurannes (5) qui ont CtC sCparCs et identifiks par spectroscopie rmn 'H et 13C. En se basant sur le fait que l'on 
a is016 deux chromenes intermkdiaires, que ceux-ci ont pu &re transformks en 3 et 4 et que l'on a pu realiser les isomCrisations 
3 + 4 et 4 -+ 5, on propose un mCcanisme impliquant un ((double Claisen.. La rCaction n'est pas rCgiospCcifique; toutefois 
les deux dCplacements sigmatropiques [3,3] se produisent prCf6rentiellement vers les positions para des substituants mithoxy. 

[Traduit par la revue] 

Introduction 
The Claisen rearrangement of aryl propargyl ethers is a 

convenient route for the preparation of chromenes (1, 2). 
With 1,4-bis(ary1oxy-)2-butynes it yields 6H-benzofuro[3,2-c]- 
6a, 1 la-dihydro- 1 la-methylbenzopyrans (short: 1 1 a-methylptero- 
carpans 3) and varying amounts of isomeric 4b,9b-dihydro- 
4b, 9b-dimethylbenzofuro[3,2- b ]  benzofurans (short: benzo- 
furo [3,2- b] benzofurans 4) and 5a, lob-dihydro-5a, lob-dimethyl- 
benzofuro[2,3-blbenzofurans (short: ketals 5). Mechanistic 
studies have demonstrated the intermediacy of chromenes (3-5) 
in the formation of 1 la-methylpterocarpans, and the high 
thermodynamic stability of the cyclic ketals 5, which are 
generally isolated as end products after long reaction times at 
high temperatures (4-8), especially in the presence of acid 
catalysts (Scheme 1). 

In view of the occurrence of pterocarpans in various plant 
tissues and of their antifungal activities (9, lo), we were 
primarily interested in adapting this reaction to the synthesis 
of lla-methyl analogs of natural phytoalexins, such as l l a -  
methylhomopterocarpin (3b), in order to study their chemical 
and biological properties. Since the 1,3-dioxygenated aromatic 
substitution pattern (resorcinol type) is typical of all natural 
pterocarpans, we selected as starting material 1,4-bis(m- 
methoxyphenoxy-)2-butyne ( Ib) ,  which is readily obtained 
from 1,4-dichloro-2-butyne and m-methoxyphenol (1 1). In 
contrast to the ortho- and para-disubstituted aryloxy-2-butynes 
used by all previous investigators, meta-disubstituted com- 
pounds can give two regioisomers (ortho or para to the methoxy 
substituent) in each of the two [3,3] sigmatropic shifts (Scheme 
2 ) ,  leading to the possibility of formation of four isomeric 1 la-  
methylpterocarpans 3,  three isomeric benzofuro[3,2- blbenzo- 
furans 4, and (or) three isomeric cyclic ketals 5, unless one or 
both steps are regiospecific. Therefore, the main goals of our 
project were the determination of the product distribution, 
identification of each isomer formed, and the optimization of 
reaction conditions (time, temperature, solvent, and catalyst) 

' ~u thor  to whom correspondence may be addressed. 
2~resent address: National Research Council of Canada, Plant Biotech- 

nology Institute, 110 Gymnasium Road, University of Saskatchewan, 
Saskatoon, Sask., Canada S7N OW9. 

in favor of one or two isomers of the desired structure 3 .  
Recent publications on the proton and 13C magnetic resonance 
parameters of a series of ortho- and para-substituted benzo- 
furobenzofurans 4 and 5 (12), on an efficient procedure for 
their synthesis ( 3 ,  and on the regiochemistry of the Claisen 
rearrangement of several meta-substituted ally1 and propargyl 
ethers (13, 14) prompt us now to report our results. 

Results 
Preliminary experiments established that, on reflux in N,N- 

diethylaniline for several hours, 1,4-bis(m-methoxyphenoxy-)2- 
butyne ( lb )  rearranges to six heterocyclic isomers (subsequently 
identified as 3b,  3c ,  3d ,  3e ,  4b,  and 4c, see Scheme 1) whose 
ratio is a function of reaction time and temperature. Although 
some of the starting material (approximately 20%) reacted 
during passage through the capillary column, the rearrangement 
products were found to be stable to the conditions employed for 
gas chromatographic analysis. At 225"C, all four dimethoxy- 
11a-methylpterocarpans (3) and smaller amounts of the two 
dimethoxybenzofuro[3,2-blbenzofurans 4 6  and 4 c  were pre- 
sent after 1.5 h,  and 46  and 4 c  constituted the major products at 
the time of complete consumption of l b  (2.5 h). Continued 
monitoring revealed a gradual increase in the 413 ratio as the 
reaction progressed, leading to a mixture containing approxi- 
mately equal quantities of 3b,  3c ,  and 4b in addition to the 
minor components 3d,  3e ,  and 4 c  after 6.5 h. The predomi- 
nance of 4b,  reduced percentages of 3c,  3d ,  and 3e ,  and the 
complete absence of 3 b  at the end of the reaction (29 h) 
indicate that all pterocarpans isomerize gradually to benzo- 
furo[3,2-blbenzofurans, with the rate of the 3 6  -+ 46  intercon- 
version being particularly rapid. Lowering the temperature from 
225 to 210°C slowed down this process but gave otherwise 
similar results: six major isomers after 4.5 h,  with 3 b  and 4b as 
main components, and a final product mixture containing 3b,  
3c,  3d ,  3e ,  4b,  and 4c  in the approximate molar ratio 
2:2:2: 1:4:2. The individual components were isolated by liquid 
chromatography, as described in the experimental section, and 
the composition was verified by integration of the peak areas of 
the methoxy and angular methyl protons (3.8 and 1.7 ppm, 
respectively) in the nmr spectrum. 

Gas chromatographic analysis of an aliquot withdrawn after 
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R R 

C6H5NEt2 
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R 

Cd35NEt2 CciHsNEtz 
reflux PTS 

L reflux 

q-, reflux 

15 min at 210°C revealed the presence o f  three intermediates 
(in addition to 34% starting material and 4% 4b ) ,  which 
were identified as 5- and 7-methoxy-4-(m-methoxyphenoxy- 
methyl-)2H-chromene 2b and 2d (14% each) and a mixture 
o f  several isomeric dimethoxy-4b,5, lob, 1 1-tetrahydrobenzo- 
pyrano[4,3-clbenzopyrans 11 (6%). Chromene 2b was found to 
rearrange cleanly to a mixture o f  3b, 3c,  4b, and 4c (molar ratio 
3: 2: 3 : 1 )  within 4 h (2  10°C), thus confirming its true interme- 
diacy in the reaction (3 ,  4 )  and the irreversibility o f  the first 
Claisen rearrangement step. 

The addition o f  p-toluenesulfonic acid ( P T S )  to a mixture o f  
approximately equimolar quantities o f  1 la-methylpterocarpans 
(3b, 3c, 3d, and 3e) and benzofuro[3,2-blbenzofurans (4b and 
4c) in refluxing N,N-diethylaniline leads to rapid conversion o f  
the former to the latter, reaching constant composition (40% 4b 
and 35% 4c) after 2.5 h at 225°C or 6.5 h at 210°C. As in the 
absence o f  acid, 3b was observed to rearrange most rapidly and 
3e most slowly. Adding the acid catalyst to the 1,4-diaryloxy- 
2-butyne at the beginning o f  the reaction and monitoring the 
composition over a 13-h period (210°C) gave similar results: 
after 1.5 h,  before complete consumption o f  the starting 

material, 2b constituted the main product and the three benzo- 
furo[3,2-blbenzofurans outweighed the four methylpterocarpan 
isomers by a factor o f  four. By the end o f  the reaction (13 h ) ,  the 
chromene and the pterocarpans had all but disappeared while the 
percentages o f  4b, 4c, and 4e had increased substantially. The 
slow buildup o f  the 4e concentration at the expense o f  3e was 
particularly noticeable. As expected, the chromene 2b rear- 
ranged to 4b and 4c (2 : l )  under acid-catalyzed conditions, 
while pure 3d yielded only 4c. The latter observation represents 
the first direct experimental evidence for the previously postu- 
lated (4 ,  5 )  isomerization o f  3 to 4 ,  probably via a 2-aryl-3- 
exomethylene-2,3-dihydro-benzofuran (15). The gas chroma- 
tograms of  the mixtures formed in the presence o f  p-toluene- 
sulfonic acid exhibited an unexpected small peak, possibly due 
to this elusive intermediate; however, all our attempts to isolate 
a pure sample by liquid chromatography or to trap it in the form 
of  its acetate by performing the reaction in quinoline/acetic 
anhydride (5)  failed. 

In refluxing N-methylaniline (bp 196°C) the rearrangement 
proceeded much more slowly, with the product distribution 
being virtually identical to that observed in N,N-diethylaniline. 
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\ 

OMe 
13 

Similar results were obtained in decalin (bp 190°C) except that 
the proportion of methylpterocarpans during the early stages of 
the reaction was larger than in the other two solvents. Heating 1 
to 200°C in the absence of solvent led to rapid formation of 4b 
and 4c without accumulation of significant quantities of 3 at an 
intermediate stage. Most of the starting material was recovered 
when silver tetrafluoroborate was used in place of p-toluene- 
sulfonic acid under mild conditions (CH2C12, 7 h) . Bates and 
Jones (4) found 1,4-bis(o-methoxyphenoxy-)2-butyne to be 
similarly inert, in sharp contrast to the high reactivity of the 
corresponding para isomer. With aluminum chloride as cata- 
lyst, I b  rearranged smoothly (in refluxing dichloromethane) to 
a mixture of 46,  4c, and the corresponding ketals 5 b  (major 
product) and 5c. To test whether the latter two compounds are 
formed from 4b and 4c,  respectively, by a pinacole-type 
rearrangement (5-7), we subjected each of the three benzo- 
furo[3,2-blbenzofuran isomers separately to the same reaction 
conditions and observed no reaction with 4 b ,  partial conversion 
of 4c to 5c ,  and complete conversion of 4e to 5e;  the reactions 

were accompanied by some ether cleavage, as noted previously 
(4). The unsubstituted 4b,9b-dihydro-4b,9b-dimethylbenzo- 
furo[3,2-blbenzofuran (4a) was also found to isomerize to the 
corresponding ketal (5a) with aluminum chloride. 

Discussion 
Our results show that the Claisen rearrangement of 1,4- 

bis(m-methoxyphenoxy-)2-butyne (Ib) proceeds by a mecha- 
nism very similar to that of the previously studied ortho- and 
para-substituted 1,4-diaryloxy-2-butynes. However, the sim- 
ple sequential pathway I -+ 2 + 3 + 4 + 5 established by 
Balasubramanian and co-workers ( 5 )  for the latter must be 
modified for the analogous isomerization of I b because it does 
not explain the direct conversion of 3 to 5 ,  bypassing 4, nor 
does it account for the important role played by acid catalysts 
in the ring contraction of 3. We believe that Lewis acids are 
essential for the formation of the ketals 5.  Various free phenolic 
intermediates (e.g., 8, 12) may act as proton source and 
N,N-diethylaniline or polyethylene glycol PEG-200 (5) as 
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efficient proton carriers when no catalyst is added. The 
relatively large proportion of methylpterocarpans 3 formed in 
decalin, a nonpolar solvent, appears to support this conclusion. 
In contrast to the results reported by Bates and Jones (4) for l c  
and I d ,  we have found that l b  yields substantial quantities of 
benzofuro[3,2-blbenzofurans under virtually all thermal and 
catalyzed reaction conditions, even during the initial phase 
without added catalyst and at the end of the reaction with 
aluminum chloride. Therefore, we feel that intermediates such 
as 9 or 10 cannot be excluded (although they could not be 

10 
isolated), and that the observed products result from several 
competing pericyclic and ionic pathways (Scneme 2). 

In the first step, a concerted [3,3] sigmatropic shift leads to 
the formation of an allene as postulated by Schmid and co- 
workers (in ref. 15). Though unstable, such structures have 
actually been isolated (2) in the Claisen rearrangement of 
several aryl propargyl ethers to chromenes. The presence of 
large quantities of chromenes (2) shortly after the start of the 
reaction indicates that the second step involves a rapid [1,5] 
hydrogen shift, to yield the w-vinylquinone methide 9, and 
subsequent electrocyclic ring closure. As an alternate possi- 
bility, 8 may undergo another Claisen rearrangement to a 
2,3-diarylbutadiene (10) from which 3, 4, and the minor 
by-prod;ct 11 could be formed directly by two successive 
cyclizations (16). 

The further course of the reaction depends to a large extent 
on the availability of protons. Chromene 2 is converted to 
methylpterocarpan 3 (and traces of 11) via a 3-aryl-4-exo- 
methylenebenzopyran (12) by a second [3,3] sigmatropic shift 
(normal Claisen rearrangement) and a homodienyl [1,5] sigma- 
tropic shift (abnormal Claisen rearrangement) (lo), and the 
latter undergoes irreversible ring ccntractlon to a benzofuroben- 
zofuran (4 and (or) 5). The rate acceleration observed on 
addition of Lewis acids suggests the formation of a common 
resonance-stabilized benzylic carbocation intermediate (13) 
by acid-catalyzed cleavage of the pyran ring of 3 (4). The 
pronounced dependence of the 3 + 4 and 4 -+ 5 interconversion 
rates on the positions of the methoxy groups may be due to 
a combination of steric and electronic substituent effects on 
the lifetime of this cation and the migratory aptitude of the 
disubstituted aryl group in the pinacole-type rearrangement 
leading to ketal 5 .  We hope that molecular energy and charge 
density calculations currently in progress will lead to a better 
understanding of the driving forces for these two isomeriza- 
tions. The 2-aryl-3-exomethylene-2,3-dihydrobenzofuran 15  is 
probably the unidentified intermediate detected in all reactions 
catalyzed by p-toluenesulfonic acid (5). Benzofurobenzofuran 
ring systems (4 and 5) are apparently more stable than 
benzofurobenzopyrans (3), and the unusual thermodynamic and 
chemical stabilities of 4b and 5e  are particularly noteworthy. 

Because of our interest in the synthesis of analogs of specific 
naturally occurring pterocarpans, we carefully analyzed varia- 
tions in the product distribution as a function of solvent, 
catalyst, reaction time, and temperature. Unfortunately we 
could not identify a single set of conditions producing a specific 
Ila-methylpterocarpan isomer (3b, 3c,  3d, or 3e) in high 

yield and purity such as lo obviate elaborate chromatographic 
separation procedures. The Claisen rearrangement of l b  is 
clearly not regiospecific, in agreement with the widely fluctua- 
ting isomer ratios reported in the literature for the chromanes 
and chromenes formed in the corresponding reactions of other 
meta-substituted ally1 and propargyl aryl ethers (13, 14, 17). 
However, it can be stated that the two [3,3] sigmatropic shifts 
occur preferentially to the aromatic carbon para  to the methoxy 
group, i.e., the sterically least crowded isomers 3b and 4b 
constitute the major portion of the product mixture in all 
experiments. 

The nmr spectra of the heterocyclic Claisen rearrangement 
products exhibit several interesting features. Complete analysis 
of the aromatic proton region has generally not been possible 
before the advent of high resolution spectroscopy at high 
frequencies (200-400 MHz), explaining the scarcity of litera- 
ture data on di- and trisubstituted benzenes. Tables 1 and 2 
summarize the proton chemical shifts and coupling constants of 
the 13 compounds prepared in our laboratory and include the 
spectral parameters of 3,8-dimethoxy-4b,9b-dihydro-4b,9b- 
dimethylbenzofuro[3,2-blbenzofuran 4 f (1 2), 2,9-dimethoxy- 
5a, lob-dihydro-5a, 10b-dimethylbenzofuro[2,3-blbenzofuran 
5f (4), homoptel'ocarpin 6 a  (18), and variabilin 6b  (19) for 
comparison. 

6 
a: R = Me, R '  = R = H 
b: R = h l e , R 1  = H , R "  = OH 
'.: R = R' = R" = H 
d: R-R' = -CH:CH-, 

R " = H  

Focussing first on the clearly recognizable and well-separated 
methoxy and angular methyl singlets, we found that a methoxy 
group ortho to the point of attachment of the benzylic carbon 
(e.g., in 3e, 4e, 5e) invariably resonates at lower field (by 
0.10-0.18 ppm) than the corresponding para-inethoxy protons 
(e.g., in 3b, 4b, 5b), and that in 5 the angular methyl group 
attached at the ketal carbon (Me-5a) resonates at lower field 
strength than Me-lob. The aromatic meta protons (relative to 
the position of M e 0  attachment) absorb considerably downfield 
(by - 0.6-0.8 ppm) from the corresponding ortho and para 
protons in all compounds while the latter were frequently 
difficult to distinguish from each other. To determine their 
chemical shifts, we ran several spectra in acetone-d6, which 
gave a better separation of their peaks and permitted measure- 
ment of their coupling constants. In the unsubstituted com- 
pounds (3a, 4a ,  5h), saturation of the angular methyl protons 
(nuclear Overhauser effect) identified the lowfield multiplet as 
belonging to the proton adjacent to the position of attachment of 
the benzylic carbon, and decoupling experiments established 
that the resonance shifts gradually upfield in the order H-1/H- 
3/H-2/H-4 (H-1 arbitrarily defined as the proton absorbing at 
lowest field). This general trend and the close agreement of our 
chemical shifts with those reported by Ramah et al. (12) prompt 
us to propose a correction of the H-2 (from 6 7.25 to 6 6.95) 
and H-3 assignments (from 6 6.95 to 6 7.25) for 4b,9b- 
dihydrobenzofuro[3,2-blbenzofuran (20). 

Comparing the substituted heterocycles with their unsubsti- 
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KIEHLMANN ET AL. 

TABLE 1. Proton chemical shifts 

Compound H-l H-2 H-3 H-4 H-6ax H-6eq H-6a H-75 H-8 H-9 H-10 h?eOa Ang.Mea 

3a 7.63 7.06 7.22 6.89 3.85b 4.3Zb 3.52b 7.26 6.90 7.17 6.81 - 1 .72b 
3b 7.49 6.64 - 6.40 3.82 4.26 3.40 7.11 6.43 - 6.39 3.7713.75 1.69 
3c 7.50 6.64 - 6.43 3.87 4.38 3.58 - 6.43 7.10 6.44 3.7713.85 1.67 
3d - 6.59 7.16 6.55 3.64 4.22 3.36 7.12 6.43 - 6.51 3.95/3.75 1.80 
3e - 6.57 7.16 6.57 3.64 4.38 3.54 - 6.43 7.12 6.43 3.9513.85 1.78 
6a (ref. 18) 7.40 6.61 - 6.45 3.60 4.20 3.44 7.10 6.42 - 6.43 3.74, 3.72 - 
6 b  (ref. 19) 7.33 6.61 - 6.37 3.98 4.12 - 7.17 6.46 - 6.35 3.72 - 

H-l H-2 H-3 H-4 H-10 H-9 H-8 H-7 

5a 7.28 6.92 7.12 6.84 - - - 7.28 6.92 7.12 6.84 - 1.78/1.69~ 
5b 7.11 6.46 - 6.41 - -- A 7.11 6.46 - 6.41 3.73 1.75/1.63 
5 c 7.38 6.45 - 6.39 - - - - 6.44 7.06 6.49 3.73/3.87 1.74 
5 e - 6.45 7.08 6.48 - - - - 6.45 7.08 6.48 3.85 1.78/1.70 
5 f (ref. 4) 6.63-6.73 - - - 6.63-6.73 3.7 1.72~'1.63~ 

"Listed in numerical order of position, e.g., Me0-3lMe0-9. 
bH-6ax/H-6eq/H-6a/Me 3.8/4.3/3.45/ 1.74 (ref. 3). 
'Me 1.70 (ref. 8), 1.73 (ref. 12). 
dMe 1.711.6 (ref. 6), 1.7711.65 (ref. 8), 1.7211.62 (ref. 12). 
'Me 1.65/1.60 (ref. 12). 

TABLE 2. Proton coupling constantsa (Hz) 

R ring R' ring 

Compound Jortho Jmeta Jortho Jmem J66 J66a 

3ab 
3b  
3cC 
3dd 
3e 
6 a  (ref. 18) 
6 b (ref. 19) 

4ae 
4b  
4c  
4ef  

Sag 
5b 
5 c 
5e 

"Listed in numerical order of position. e.g., J,,/J,,/J,, . 
b~ ,,,, 0.310.5 HZ, J76, 0.8 HZ, JSea 0.3 HZ, J96a 0.6 HZ, JI0 6a 0.5 HZ. 
CJ96a 0.4 HZ. 
d ~ 7 6 a  0.5 HZ. 
'J,,,,, 81-17.5, J,,, -11 (ref. 12). 
f~p,,, 0.5 Hz. 
8J,r,h, 7.51-18, J,,, 1.01- (ref. 12). 
h N ~ t  measurable due to peak overlap. 
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tuted counterparts, M e 0  substitution can be seen to have little 
effect on the 6 values of the nonaromatic protons except that an 
upfield shift of H-6a (3d and 3e) and H-6 (3b and 3 d )  is 
observed on introducing a methoxy group at C-1 and C-9 (of 
3a), respectively. Unsymmetrical M e 0  substitution separates 
the originally degenerate angular methyl resonances of 4a  
(1.78 ppm) by 0.16 pprn (4c), with the upfield singlet (1.73 ppm) 
being due to M e 4 b  as proved by nOe enhancement of H-4. 
Interestingly, the methyl protons of the unsubstituted ketal 5 a  
(6, 8 ,  12) and its 1,lO-dimethoxy derivative (5e) absorb at 
nearly identical field strengths. Analysis of the changes in the 
aromatic proton signal positions induced by methoxy substitu- 
tion reveals a remarkably good agreement with published 
additivity parameters (12,21): an upfield shift of 0.06 t 0.01 or 
0.15 f 0.01 pprn (depending on whether M e 0  is ortho or para 
to the benzylic carbon) for meta, 0.45 .t 0.05 for ortho, and 
0.35 + 0.03 for para protons. 

Focussing on the splitting patterns (Table 2), the two vicinal 
coupling constants (5 and 10Hz) of the methylene group of 3 
identify the upfield proton as axial and the downfield proton as 
equatorial, with the C-H6/C-H6, dihedral angle approach- 
ing 180" (1 8). We attribute the increase in J6ax-6a from 9.3 to 
10.7 Hz on M e 0  substitution at C-1 to rotation around the 
CsaPC6 bond leading toward a half-chair conformation, 
caused by van der Waals repulsions between ring C and the 
bulky methoxy group. With regard to the stereochemistry at the 
B/C ring junction, we concur with the conclusion of previous 
authors (4, 22) that the cis structures are less strained than their 
trans isomers and are formed exclusively, i.e., the cyclization 
steps of the Claisen rearrangement and the aryl migration 
leading to 5 are stereospecific. This interpretation is supported 
by the X-ray crystallographic determination of the structures 
of phaseolin (23), 1,3,4b,6,8,9b-hexamethyl-4b,9b-dihydro- 
benzofuro[3,2- blbenzofuran (24), and 5a, lob-dihydrobenzo- 
furo[2,3-blbenzofuran (25). Table 2 shows that ortho coupling 
constants are generally large (8.0-8.5 Hz), and para coupling is 
negligible ( c 0 . 2  Hz) except for 3 a  and 4a (0.3-0.5 Hz). Meta 
coupling across a methoxy-substituted carbon is considerably 
stronger (2.3-2.7 Hz) than across an unsubstituted carbon 
(0.6-0.7 Hz). In the unsubstituted heterocycles, one can clearly 
distinguish three ortho and two meta couplings, three of which 
we have assigned to different proton pairs (J12 and J34 of 4a ,  JI3 
of 5a) than Ramah et al. (12). The long-range benzylic coupling 
(26) between H-6a and the four aromatic hydrogens of ring D 
(0.3-0.8 Hz) was particularly useful for the assignment of the 
proton signals in the spectrum of 3a .  Among the four methoxy- 
substituted 1 la-methylpterocarpans, only H-7 of 3 d  and H-9 of 
3c were similarly split by the benzylic hydrogen. 

Though the proton nrnr spectra permitted unambiguous 
identification of the 12 major Claisen rearrangement products of 
1,4-bis(m-methoxyphenoxy-)2-butyne, we also examined the 
13C spectra of those compounds that could be readily obtained in 
high yield and purity to verify our structural assignments and to 
generate additional reference data for the structure elucidation 
of natural and synthetic pterocarpans. The 13C chemical shifts 
of 11 compounds prepared in our laboratory and 8 closely 
related compounds reported in the literature (8, 10, 12, 27, 28) 
are listed in Table 3. 

It can be seen that the heterocyclic ring carbons resonate at 
frequencies that are characteristically different for the three ring 
systems under investigation, thus permitting a clear distinction. 
The C-6, C-6a, C-1 la ,  and Me-1 l a  signals of the methylptero- 
carpans 3 appear at 66.5 i 0.5, 48.0 i 1 .O, 83.9 i 0.7, and 

26.2 + 1.4 ppm, respectively, the angular methyl peaks of the 
benzofurobenzofurans at 19.5 +- 1.4 ppm, and the benzylic 
carbons of 4 and 5 at 96.8 k 0.9 and 56.7 .t 0.7 ppm, 
respectively. The latter resonance is close to but not overlapping 
with the methoxy peaks (55.5 k 0.4 ppm), which can also be 
readily distinguished from it by their higher intensity. Similarly, 
the ketal carbon of 5 gives rise to a low-intensity, substituent- 
independent singlet between 124.0 and 125.0 pprn while the 
high-intensity peaks due to the unsubstituted aromatic carbons 
(97.0-132.8 ppm) appear as doublets in the off-resonance 
decoupled spectra. 

Although the 13c spectra of the unsubstituted compounds 
have been reported before, we recorded them again in order to 
verify the peak assignments. In the event, our values agree well 
with those listed by Ramah et al. (12) for 4a  and 5 a  (except for 
a small deviation of 0.4 pprn for C-5a and C-lob of 5a), but the 
previously published 13C assignments for 3 a  (10) were found 
to be incorrect. As expected, the oxygen-substituted carbons 
resonate farthest downfield (154.5 and 158.4 ppm), with the 
higher value most likely due to C-lOa on the basis of a 
comparison to the corresponding carbon in the structurally 
similar 4a (158.5 pprn). C-6b and C - l l b  resonate at 125.5 
and 126.5 ppm; their individual assignments, however, remain 
uncertain. The unsubstituted aromatic carbons are readily 
recognized by their high intensities, and the D-ring signals by 
the excellent match of their absorption positions with those of 
the comparable benzofuran carbons of 4a  and 5a .  Confirmation 
of the CH assignments was obtained by correlation of the proton 
and carbon chemical shifts. Based on this analysis of the 
1 la-methylpterocarpan spectrum, we propose a similar revision 
(as listed in Table 3) of the previously reported (10) peak 
assignments for 6a-hydroxy- 1 1 a-methylpterocarpan (7a). 

7 
a: R = R 1 = H  
b: R  = OMe, R'  = Ac 

Analysis of the spectra of the methoxy-substituted com- 
pounds was considerably aided by the independence of the ring 
A and ring D carbon signals, i.e, variation of the substitution 
pattern in one ring has little, if any, effect on the carbon 
chemical shifts of the other. The virtual identity of the D-ring 
chemical shifts measured for the substrate pairs 3 b  and 3d, 4c 
and 4e, 5c and Se, and for the A-rings of 4b and 4c illustrates 
this point. In conjunction with the experimentally determined 
substituent increments discussed below. it permitted us to assign 
the peaks with reasonable confidence. It is well known (29) 
that in simple benzene derivatives a methoxy group strongly 
deshields the directly attached aromatic carbon (k30.2  ppm), 
shields the ortho and para positions (by - 15.5 and - 8.9 ppm, 
respectively), and has little effect on the meta position. In more 
complex molecules, methoxy groups have been observed to 
induce different shifts of the resonance signals of two nonequi- 
valene ortho (or meta) carbons (28). Therefore, indiscriminate 
application of the average additivity parameters may lead to 
erroneous conclusions unless the model compounds are chosen 
carefully. 

We have found that the methoxy-substituted carbon is 
deshielded by 3 1.5 k 0.5 pprn if located para ,  and by 33.8 2 
1.0 pprn (except C-1 of 3d) if located ortho to the benzylic 
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TABLE 3. Carbon chcmical shifts 

A. Benzofuro[3,2-c]benzopyrans(pterocarpans) 

Compound C-l C-2 C-3 C-4 C-7 C-8 C-9 C-10 C-4a C-l lb C-lOa C-6b C-lla C-6a Me C-6 Me0 

3aa 128.3 121.9 
36 129.1 109.3 
3c 129.0 109.1 
3d 159.9 104.9 
3f"rcf. 10) 119.1 154.4 
Qa (ref. 28) 131.7 109.0 
6cc (ref. 27) 132.0 109.7 
6d' (ref. 27) 123.1 110.4 
7ab (ref. 8) 129.4 122.0 
7bb (ref. 10) 116.2 154.5 

B. Benzofuro[3,2- blbenzofurans 

Compound C-4 C-3 C-2 

4 f . d  124.7 120.9 130.8 
4b 124.7 107.4 162.5 
4c 124.8 107.5 162.5 
4e 158.1 103.9 131.6 
4fe(ref. 10) 109.1 154.4 117.0 

C. Benzofuro[2,3-b]benzofurans(ketals) 

Compound C-1 C-2 C-3 
-- -- 

5ad 122.7 121.7 128.6 110.1 122.7 121.7 128.6 110.1 156.6 132.8 156.0 132.8 56.3 124.5 20.2 20.9 - 

5c 124.7 107.1 160.5 96.1 156.5 104.4 129.3 103.3 157.6 125.0 157.8 119.3 56.3 125.0 19.3 20.2 55.2/55.3 
5e 157.5 104.7 1 2 9 . 4  103.2 157.5 104.7 129.4 103.2 158.3 118.7 158.3 118.7 56.0 124.6 18.1 19.1 55.4 
Sf (ref. 12) 109.4 155.2 113.5 110.2 109.4 155.2 113.5 110.2 150.0 133.5 150.0 133.5 57.3 124.1 20.1 20.6 55.9 

"Aromatic CH assignments differ from ref. 10 
hRevised assignments. 
'In DMSO-d6. 
dSee also ref. 12. 
'C-2/C-4 assignments exchanged. 
fAssignments uncertain. 
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carbon. The former value is in  excellent agreement with the shift 
of 31.5-32.5 pprn reported for the natural pterocarpans 6 
(27,28) relative to their unsubstituted 1 la-methyl analog. Good 
agreement with 6 is also observed for the methoxy-induced 
ortho shift, which varies between - 11.7 and - 15.7 pprn in the 
benzopyran ring system (ring A of 3) but remains in the 
narrower range of - 13.0 to - 14.6 pprn in all benzofurans. 
When an M e 0  group is introduced at  the sterically less 
accessible p e n  position (next to the benzylic carbon), the 
resonance signal of the adjacent unsubstituted carbon is shifted 
upfield by 17.0- 17.3 ppm. Unsubstituted rneta carbons are 
weakly affected (-0.2 - t- 1 . 1  ppm) by the introduction of a 
methoxy group, while the absorption of  oxygen-substituted 
rneta carbons is shifted downfield by 1 .O-1.8 ppm. Para- 
methoxy substitution leads to  a downfield shift of the peaks due 
to absorption by both unsubstituted (6.8-7.4 ppm) and alkyl- 
substituted carbons (7.5-8.5 ppm). Using these refined shift 
parameters, w e  have obtained reasonable agreement between 
calculated and experimental values only by  revising several 
assignments made by Donnelly (10) for 3 f and 7b;  analogous 
reassignments have already been proposed by  Ramah et al. (12) 
for 4 f .  

Thus the structures of the isomeric rearrangement products 
isolated in our  laboratory are firmly supported by their nmr 
spectra. Their mass spectra feature prominent molecular ion and 
methyl cleavage (M - 15) peaks but n o  significant differences 
in the fragmentation patterns that would allow a distinction 
between the different heterocyclic ring systems. In conclusion, 
the dimethoxy- 1 la-methylpterocarpans formed by  Claisen rear- 
rangement of 1,4-bis(rn-methoxyphenoxy-)2-butyne are accom- 
panied by and readily ccnverted to  more stable dimethoxyben- 
zofurobenzofurans. Since the reaction cannot be  stopped at 
the benzofurobenzopyran stage and the isomeric products are 
difficult to separate, it is not considered as a convenient route for 
the synthesis of 1 la-methyl analogs of natural pterocarpans. 

Experimental 
Melting points (uncorrected) were recorded on a Fisher-Johns 

melting point apparatus, mass spectra (70 eV) on an HP-5985 quadru- 
pole instrument, and nmr spectra on a Bruker spectrometer (400 MHz); 
chemical shifts were referenced to the center solvent (chloroform) line 
and corrected (+7.258 pprn for 'H, +77.0 pprn for I3c) to TMS. Gas 
chromatographic analyses were carried out on a Hewlett-Packard 
instrument (model HP-5890A) with integrator (model HP-3392A) and 
15-m DB-1 capillary column (temperature programmed to increase 
from 150 to 250°C at 20°/min, carrier gas helium). For other 
chromatographic separations we used the following systems: (a) 
analytical tlc in toluene/ethyl acetate (49: 1, solvent A), dichloro- 
methane, hexanes/ether/methanol (96: 10:4, solvent B), or dichloro- 
methanelhexanes (85 : 15, solvent C) on Merck Kieselgel 60F-254 
(0.2 mm) DC-Plastikfolien; (b) preparative tlc on Merck Silica Gel 
50HF254+366; (c) flash chromatography on Kieselgel 60 (230- 
400 mesh) with the same solvents; and (d) hplc on Partisil-M9/0DS-2 
with methanol/water/acetic acid (85: 15:0.6) at a flow rate of 4.0 mL/min. 
Elemental analyses were performed on a Carlo Erba Elemental 
Analyzer Model 1 106; C1RH1804 requires 72.47% C and 6.08% H. 

l,4-Bis(m-methoxyphenoxy-)2-butyne (I b) 
Into a 500-mL three-necked round-bottom flask equipped with reflux 

condenser and mechanical stirrer were placed 150 mL reagent-grade 
acetone (dried over K2C03 and freshly distilled), 57.9 g (0.419 mol) 
anhydrous potassium carbonate, and 43.4 g (0.350 mol) freshly dis- 
tilled (bp 126-128"C/14 Torr; 1 Torr = 133.3 Pa) m-methoxyphenol 
(Aldrich, technical, purified as described in ref. 30). A solution of 
16.05 g (0.1305 mol) freshly distilled (bp 72"C/23 Torr) 1,4-dichloro- 

2-butyne (Aldrich) in 50 mL acetone was added with stirring, and the 
dark-colored reaction mixture was stirred and refluxed for 25 h. The 
product mixture obtained after cooling, filtration, and evaporation of 
the solvent was dissolved in 125 mL ether, washed with 2 M KOH 
(3 x 50 mL) and water (2 X 50 mL), and dried (MgS04). Evaporation 
of the ether yielded 15.19 g of dark brown liquid which was 
fractionated at 0.05-0.10 Torr to give 12.05 g (40.5 mmol, 31%) 1,4- 
bis(m-methoxyphenoxy-)2-butyne boiling at 170-180°C; nmr (pprn): 
7.17 (t, J 8.3 Hz, H-5), 6.53 (m, H-2,4,6), 4.71 (s, CH;?), and 
3.77 (s, OMe). Anal. found: 72.29% C, 6.25% H. A small amount of 
I-chloro-4-(m-methoxyphenoxy-)2-butyne was isolated from the low- 
boiling fraction (1.16 g) collected at 90- 165OC/O. 1 Torr; nmr (pprn): 
7.17 (t, J 8 Hz, H-5), 6.49-6.62 (m, H-2,4,6), 4.71 (t, J 2 Hz, 
ArOCH2), 4.15 (t, J 2 Hz, CH2Cl), and 3.77 (s, OMe). Anal. calcd. 
for CI1III1ClO2: C 62.72, H 5.26; found: C 62.95, H 5.42. Umeacted 
m-methoxyphenol(28.9 g, 233 rnmol) was recovered from the alkaline 
washings by acidification (concentrated HCl) and ether extraction. 

lla-Methylpterocarpan (3a) and 4b,9b-dihydro-4b,9b-dimethylben- 
zofuro[3,2-blbenzofuran (4a) 

These two compounds were prepared from 1,4-diphenoxy-2-butyne 
(1 1) as described in the literature (8, 22) and separated by fractional 
crystallization from ethanol, yielding pure 3a ,  mp 126- 128°C (lit.(8) 
mp 124-125°C) and 4a, mp 128-129°C (lit.@) mp 126-129°C). 

Rearrangement of 1,4-bis(m-methoxyphenoxy-)2-butyne (1 b) 
(a) Without acid: In a 200-mL three-necked round-bottom flask 

fitted with nitrogen inlet tube, condenser, and thermometer, a solution 
of 8.69 g (29.1 rnmol) 1,4-bis(m-methoxyphenoxy-)2-butyne (1b) in 
63 mL freshly distilled N,N-diethylaniline was heated under nitrogen at 
210°C for 24 h. The originally yellow solution turned orange after one 
hour. Eight 50-pL samples were withdrawn at suitable time intervals 
for gc analysis. After cooling and addition of 200 mL ether, the 
solvent was removed by acidification and extraction with 10% HCl 
(3 X 200 mL) and water (5 X 50 mL), the organic layer was dried 
(MgS04), and the solvent evaporated to give 7.42 g (86%) of a brown 
viscous liquid. Gas chromatographic separation and mass spectro- 
metric analysis showed the presence of six major components: 12.8% 
3b (m/z 298 (35), 283 (loo)), 11.0% 3 c  (mlz 298 (42), 283 (loo), 
267 (21)), 12.1% 3 d  (m/z 298 (461, 283 (1001, 267 (14)), 6.9% 3e 
(mlz 298 (33), 283 (76), 267 (14), 162 (loo)), 25.9% 4b (mlz 
298 (32), 283 (IOO)), and 14.6% 4c (m/z 298 (47), 283 (100), 
267 (32)). The composition was verified by integration of the methoxy 
and angular methyl peak areas in the 'Hrnr spectrum: 14% 3b, 13% 
3c, 11% 3d, 7% 3e, 23% 4b, 10% 4c, and 2% 4e. Flash chroma- 
tography (solvent A) separated the mixture into four fractions (in order 
of elution): (1) a small quantity of material tentatively identified as a 
mixture of several isomeric dimethoxy-4b,5, lob, 1 l-tetrahydrobenzo- 
pyrano[4,3-clbenzopyrans (11) on the basis of the absence of angular 
methyl protons in its ' ~ m r  spectrum and the appearance of resonance 
signals (at 4.21, 4.28, 4.38, 2.56, 2.79, and 2.86 ppm) characteristic 
of the methylene and benzylic protons of this rare class of compounds 
(20, 31); (2) 3c (Anal. 72.35% C, 5.85% H), which was further 
purified by hpcl; (3) the major fraction from which 3 b  (Anal. 72.55% 
C, 6.23% H), 3e (contaminated with 4c), 4b, and 4c were obtained 
by repeated flash chromatography (solvent C); and (4) 3d, which was 
purified by preparative tlc (solvent A) and recrystallized from methanol 
(mp 110-113°C; Anal. 72.33% C, 5.91% H). Work-up of a large 
aliquot after 15 min reflux, followed by flash chromatography (solvent 
A) and preparative tlc (solvent B), yielded samples of 7-methoxy-4-(m- 
methoxyphenoxymethyl-)2H-chromene (2b): m/z 298 (38), 191 (23), 
161 (52), 77 (100); nmr (pprn): 3.78 and 3.79 (2s, OMe), 4.78 
(q, J 1.3 Hz, ArOCH2), 4.82 (dt, J 1.3 and 3.6 Hz, 2-CH2), 5.80 
(tt, olefinic CH), 7.11 (d, J 8.4 Hz, H-5), 7.21 (t, J 8.4 Hz, H-5'), 
6.54-6.60 (m, H-2',4',6'), 6.43 (d J 2.5 Hz, H-8), and 6.46 (dd, 
H-5), and its 5-methoxy isomer 2d (contaminated with 11 and 3c); 
nmr (pprn): 3.76 and 3.79 (2s, OMe), 4.63 (dt, J 1.8 and 4.2 Hz, 
2-CH2), 5.04 (q, J 1.8 Hz, ArOCH2), 5.97 (septet, olefinic H), and 
6.3-7.4 (m, aromatic H). 
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(b) With p-toluensesulfonic acid (PTS): Repetition of the Claisen 
rearrangement in the presence of 10 mol% PTS gave a product mixture 
containing (time:%) 4c (1.5 h:14, 6 h:30, 13 h:31), 4b (1.5 h:16, 
6 h:33, 13 h:36), 2b  (1.5 h:31, 6 h : l l ,  13 h:4), an unidentified 
intermediate (1.5 h:8,6 h:7, 13 h:8), 4e (1.5 h : 3 , 6  h:5, 13 h:6), and 
minor quantities of the four pterocarpan isomers 3 (1.5 h:9, 6 h:7, 
13 h:4). Pure 4e (mp 187-190°C from methanol; Anal. 72.69% 
C, 6.19% H) was isolated from the final mixture (86% crude yield) by 
flash chromatography with dichloromethane. 

(c) With aluminum chloride: In a two-necked 50-mL round-bottom 
flask fitted with condenser, drying tube, and nitrogen inlet tube, a 
solution of 250 mg (8.38 mmol) 1,4-bis(m-methoxyphenoxy-)2-butyne 
in 10 mL dichloromethane was mixed with an equimolar amount of 
aluminum chloride and magnetically stirred for 3 h at 25'C. After 
another 5 h reflux, washing with 3 N HCI, 1 N NaOH, and water, 
drying (MgS04), and solvent evaporation, I65 mg (66%) of a viscous 
brown oil remained, which was found (by gc analysis) to contain 25% 
Sb, 15% 4b, 8% 4c, and 17% umeacted starting material, together 
with small quantities of isomers. Gas chromatographic monitoring 
showed a gradual increase of the (4 + 5)/3 ratio with time. Flash 
chromatography (dichloromethane) gave 4b and 5 b  (71.98% C, 
6.55% H) for spectroscopic identification. 

Rearrangement of 7-methoxy - 4- ( m-methoxyphenoxymethyl-)2 H- 
chromene (2 b) 

A solution of 20 mg 2b  in 1 mL N,N-diethylaniline was heated under 
nitrogen to 210"C, and its composition was monitored by gc over a 
period of 6 h. After 4 h the mixture contained 24% 4b, 22% 3b, 15% 
3c, 10% of an unidentified by-product, and 7% 4c. On addition of a few 
milligrams PTS and another 2 h reflux, 3 b  and 3 c  disappeared and the 
percentages of 4b and 4c increased to 36% and 1996, respectively. 

2,9-Dimethoxy-4b,9b-dihydro-4b,9b-dimethylbenzofur0[3,2- b] ben- 
zofuran (4c)from I ,9-dimethoxy-lla-methylpterocarpan (3d) 

The thermal stability of 3d  in the absence of acid was tested by 
subjecting a 30-mg sample, dissolved in 1.0 mL N, N-diethylaniline, to 
the Claisen rearrangement conditions (210°C/50 min); no reaction was 
observed (gc analysis). One hour after the addition of 5 mg PTS, more 
than half of the starting material had been converted to 4c, and after 
another 21 h at 190-210°C the reaction mixture contained 79% 4c and 
small amounts of two unidentified compounds (9 and 4% respectively). 
The structure of the major product (4c: 72.26% C, 6.01% H) was 
confirmed by ' ~ m r  after work-up (as described above) and purification 
by preparative tlc (solvent B). 

5a, lob-DihydroJa, lob-dimethylbenzofuro[2,3- b] benzofuran (5 a) 
from 4b,9b-dihydro-4b,9b-dimethylbenzofuro[3,2-b]benzofuran 
(4a) 

An equimolar quantity of aluminum chloride was added to a 
solution of 83 mg (0.35 mmol) 4a in 4.0 mL dichloromethane. After 
24 h of magnetic stirring at 25OC the purple solution was extracted with 
1 N HCI and water, dried (MgS04), and distilled to obtain 80 mg (96%) 
of a beige solid that yielded pure 5a ,  mp 135-136°C (previously 
reported (8) as 195- 196"C), on recrystallization from ethanol. 

Rearrangement of dimethoxy-4 b, 9b-dihydro- 4 b, 9b-  dimethylben- 
zqfuro[3,2- b] benzofurans (4) to dimethoq-5a, lob-dihydro- 
5a,lOb-dimethylbenzofuro[2,3-blbenzofurans ( 5 )  

Reflux of a solution of 27 mg (0.09 mmol) 4e in 1.5 mL dichloro- 
methane (under nitrogen) with 0.12 mmol aluminum chloride for one 
hour, extraction with 1 N HCl, 1 N NaOH, and water, drying (MgS04), 
and solvent evaporation gave 23 mg (85%) of a semisolid residue 
containing 67% 5e and 20% unreacted starting material (by gc and 
'Hmr analysis). Continued reflux in chloroform (5 h) with fresh 
aluminum chloride raised the 5e/4e ratio to 4: 1 while further extension 
of the reaction time (69 h) resulted in partial ether cleavage (4). Similar 
treatment of 4c (70 h at 2S°C in dichloromethane) yielded a viscous 
brown oil (77% yield) containing more than 80% 5c, while 46  did 
not react. 
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Proton magnetic resonance spectra of catechin and bromocatechin derivatives: 
C6' VS. C8-substitution 
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E. KIEHLMANN and A. S. TRACEY. Can. J. Chem. 64, 1998 (1986). 
The ' ~ r n r  spectra of 20 catechin derivatives substituted at C-6/C-8 by bromine and/or hydrogen and at oxygen by methyl, 

acetyl, and/or hydrogen have been analyzed in deuterated acetone, acetonitrile, and chloroform. Because of its dependence on 
the nature of the solvent and of the oxygen substituent, the difference between H-6 and H-8 chemical shifts has been found to be 
an unreliable criterion for the distinction between 8-bromo and 6-bromo isomers. In methylated catechins, double irradiation of 
H-8 and H-6 enhances one (Me0-7) and two (Me0-5 and Me0-7) methoxy signals, respectively, via the nuclear Overhauser 
effect. This permits unambiguous assignment of chemical shifts to all ring A protons. The H-6 and H-8 resonance frequencies of 
catechin have been determined by decoupling of the OH-5 and OH-7 protons. 

E. KIEHLMANN et A. S. TRACEY. Can. J. Chem. 64, 1998 (1986). 
Utilisant l'acktone deutCrite, l'acktonitrile et le chloroforme cornrne solvants, on a analysk les spectres de rmn du 'H des 

d6rivCs de la cattchine substituks en position C-6/C-8 par le brome et/ou l'hydrogene et sur l'oxygene par des groupes 
mCthyle, acCtyle et/ou hydrogirne. La diffCrence entre les deplacements chimiques des protons H-6 et H-8 ne constitue pas 
un critere valable de distinction entre les isomirres bromo-6 et bromo-8 puisqu'elle dCpend de la nature du solvant et des 
substituants fixts sur l'oxygene. L'irradiation double des protons H-8 et H-6 des cattchines mCthylts augmente respectivement 
les signaux d'un groupe mCthoxy (Me0-7) et de deux groupes mCthoxy (Me0-5 et Me0-7) via l'effet Overhauser nuclCaire. 
Ceci permet d'identifier sans ambigui'tC les dtplacements chimiques de tous les protons du cycle A. On a dttermint les 
frkquences de rksonance des protons H-6 et H-8 de la catkchine en dCcouplant les protons OH-5 et OH-7. 

[Traduit par la revue] 

Introduction 
Ever since the isolation and structure elucidation of the first 

dimeric procyanidins by Weinges et al. (1) and their first 
synthesis (2, 3), unambiguous determination of the position of 
the interflavanoid linkage, i .e . ,  the carbon atom of ring A of 
the terminal catechin or epicatechin unit (C-6 or C-8) that is 
bonded to C-4 of a second flavanoid, has remained problematic. 
This applies even to simple monoflavanoids such as mono- 
bromotetra- and penta-0-methylcatechin, for which Weinges 
(1, 3) postulated the 8-bromo structure on the basis of the 
greater steric accessibility of C-8 relative to C-6 in electrophilic 
aromatic substitution. It was not until 1977 (4) and 1985 (5) 
that the configurations of 8-bromo-3',4',5,7-tetra-0-methyl- 
catechin (3d) and 6-bromo-3,3 ' ,4' ,5,7-penta-0-methylcatechin 
(4c) were proven by X-ray structure analysis. Due to the 
difficulty of obtaining di- and oligomeric flavanoids in crystal- 
line form (6), this technique is clearly inconvenient for routine 
application to proanthocyanidins. Chemical correlation with 
authentic samples and nmr spectroscopy have, therefore, been 
most widely used to establish the substitution pattern in new 
natural and synthetic products. 

Hundt and Roux (7, 8) derived several empirical nmr 
parameters from the proton spectra of 11 pairs of simple 6- and 
8-monosubstituted tetra-0-methylcatechins (I) and established 
characteristic non-overlapping regions for the H-8 (6.32-6.47) 
and H-6 (6.10-6.22) resonance signals in chloroform. Carbon- 
13 and various different proton chemical shifts (9-12) and 
coupling constants (1 3) have been used by other researchers to 
identify the position of flavanyl and benzyl substituents in ring 
A of catechin derivatives. However, the observed chemical shift 
differences are usually small and the 'Hmr parameters of most 
diflavanoid methyl ether acetates do not fall inside the relative 
and absolute ranges determined for monoflavanoids (8) if 
one assumes (14-16) that assignment of the position of the 
interflavanoid linkage can be based solely on the downfield 

chemical shift of H-8 of one regioisomer relative to H-6 of the 
other. Since the validity of this basic assumption has not been 
proved for diflavanoids by independent structure determination, 
e.g., X-ray diffraction or unambiguous synthesis, and the 
successful application of this comparative technique depends 
critically on the availability of the twin regioisomer of any new 
natural or synthetic procyanidin, the development of absolute 
distinction criteria appears prudent. With this goal in mind, 
we decided to synthesize all 15 6-bromo-, 8-bromo-, and 6,8- 
dibromo derivatives of catechin, 3' ,4' ,5,7-tetra-0-methylcate- 
chin, 3,3',4',5,7-penta-0-methylcatechin, 3-acetyl-3',4',5,7- 
tetra-0-methylcatechin and catechin pentaacetate (eq. [ I ] ) ,  
and the 4 non-brominated parent compounds, determine their 
structures by chemical correlation with authentic samples of 3d  
(4) and 4c  ( 9 ,  and record, analyze, and correlate their ' ~ m r  
spectra at 400MHz in three different solvents. 

Results and discussion 
The 'Hrnr data listed in Tables 1-4 confirm the validity 

of the empirical rules proposed by Hundt and Roux (8) for 
the distinction between 6- and 8-substituted tetra-o-methyl- 
catechins. However, we found that these criteria cannot be 
applied without modification to the corresponding peracetates in 
chloroform (17) or free phenols in acetone. For example, while 
the trends in the chemical shift difference A6(H-216 or 8) and in 
the ratio AS(H-2/4a)/As(H-2/6 or 8) are the same as for the 
corresponding methylated compounds, their magnitudes are 
considerably reduced, viz., from A6(H-218) - A6(H-216) = 
0.41-0.52 for 3c/4c/5c vs. 3d/.Qd/5d to 0.24 for 6 c  vs. 6 d  
and only 0.04 for 2c vs. 2d,  and from 86(H-2/4a)/A6(H-2/6) 
- As(H-2/4a)/A6(H-2/8) = 0.62-1.63 for 3d/4d/5d vs. 
3c/4c/5c to 0.41 for 6 d  vs. 6 c  and 0.19 for 2 d  vs. 2c.  The 
H-2 protons of 6-bromocatechin (2c )  and its pentaacetate (6c) 
resonate slightly upfield (4.61 and 5.16 ppm) relative to the 
corresponding protons of the 8-bromo isomers 2 d  (4.77 ppm) 
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AcO 

Me2S04 - 
KOH 

6 3 
a: R6 = Rs = H  
b: R 6 =  R8 = Br M e 0  
C: R6 = Br, Rs = H aoMe OMe 
d: R 6 = H , R 8  = B r  OMe 

and 6d (5.33 ppm), and the H-4a signals are shifted slightly 
downfield (2.91 and 2.88, respectively, for 2c  and 6 c  vs. 2.84 
for 2d and 6d), as observed with greater magnitude for the 
methylated compounds, but the positions of the signals for the 
residual ring A protons are nearly identical for the acetates 6 c  
(6.75 ppm) and 6 d  (6.69 ppm) and actually reversed for the free 
phenols, i .e . ,  H-8 of 2c  absorbs upjield (6.11 ppm) from H-6 
of 2d  (6.23 ppm). Changing the solvent from chloroform to 
acetone generally reduces the magnitude of the chemical shift 
differences between C6- and C8-substituted isomers. It is 
concluded that both the absolute and relative 'Hmr parameters 
depend not only on the position of the bromine substituent (C-6 
vs. C-8) but also on the solvent and the nature of the substituent 
attached to the phenolic oxygens. Magnetic anisotropy effects 
caused by a second flavanoid unit linked to C-6 or C-8 of 
catechin would make the chemical shift of the remaining ring 
A proton even less predictable. As all of these factors must 
be taken into account, great caution is advisable in making 
structural assignments based solely on chemical shift criteria. 

While the coupling constants J23 and J34b are seen to be 
larger for the 6- than for the 8-bromocatechins (Table 4), their 
predictive power for the differentiation between regioisonleric 
flavanoids is also questionable. The high degree of conforma- 
tional flexibility of the heterocyclic ring (18) leads to J 
variations that depend not only on the nature and position of the 
substituents attached at C-3 and at the ring A carbons but also on 
the solvent used in the nrnr experiment. 

We therefore concentrated our efforts on a search for spectral 
parameters that could serve as absolute criteria for unambiguous 
structure assignments to single compounds, without the need for 
comparative data of their regioisomers. For example, the shift 
of the residual ring A proton signal on changing the nmr solvent 
may be of diagnostic value if it can be demonstrated to be 
equally applicable to catechin derivatives containing substi- 
tuenls other than bromine. The replacement of chloroform by 
acetone results in a large downfield shift (by 0.23-0.28 ppm) of 

the H-6 singlet of all three methylated 8-bromocatechins (3d, 
4d, and 5 d )  but only a small downfield shift (by 0.01-0.07 ppm) 
of the H-8 singlet of the corresponding 6-bromo isomers (3c, 
4c, and 5c). The same phenomenon is observed to a lesser 
degree for the non-brominated parent compounds (3a, 4a ,  and 
5a) for which the corresponding solvent change induces a small 
downfield shift (0.02-0.06 ppm) of the H-6 and a small upfield 
shift (0.05-0.10 ppm) of the H-8 signal. This indicates a 
preferred orientation of the acetone molecules with respect to 
the bromine, leading to more effective paramagnetic deshield- 
ing of H-6 in 8-bromocatechins than of H-8 in 6-bromocatechins. 
such anisotropic solvent shifts are known to be a function of the 
distance between the nucleus under observation and the polar 
substituent, and of the dipole moment of the solute as well as 
the shaoe and dielectric constant of the solvent (19). and have ~, 

aided previous investigators (20), mainly using chloroform and 
benzene, in the assignment of methoxy proton resonances. 

Studies of the nuclear Overhauser effect (nOe) suggest a 
convenient method for the distinction between 6- and 8-substi- 
tuted isomers, which should be of general applicability and 
indeoendent of the nature of the substituent (Table 5). Double 
irradiation of the H-6 resonance frequency of any C8-substituted 
5,7-di-0-methylcatechin derivative increases the intensities of 
both methoxy signals, while H-8 irradiation of a C6-substituted 
compound enhances only the one methoxy signal (Me0-7) 
positioned in its close physical proximity. The same pheno- 
menon is observed for the C6/C8-unsubstituted derivatives 3a, 
4a,  and §a,  in which case H-6 saturation is found to enhance the 
MeO-5 more than the MeO-7 signal. These differences in the 
magnitude of the nOe effect confirm that the 5-methoxy group 

- - 

is preferentially oriented toward H-6 to minimize steric inter- 
actions with the C-4 hydrogens, and that in the monobromo 
compounds the 7-0-methyl group points away from the bulky 
bromine substituent (5). Chloroform was chosen as solvent \ ,  

for these experiments since it provides the best resolution 
of the methoxy signals. We have thereby firmly established 
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TABLE 2. Proton chemical shifts: aromatic rings A and B" 

6-Bromocatechin derivatives 8-Bromocatechin derivatives 

Compound: 2c 3 c 4c 5 c 6 c 2d 3d 4d 5d 6d 
3,5,7,3',4'- -@Me14 -(OMe)4 -(oMe)4 -(OMe)4 

Proton Substituents: -(OH)S 3-OH -(OMe), 3-OAc -(OAC)~ -(OH), 3-OH -(OMe), 3-OAc -(OAc), 

"Solvents: acetone-d, (top), CD,CN (center; with trace D,O for 2c and 2d), CDCI, (bottom). Coupling constants: J2'6' = 1.8-2.1 HZ, -15'6' = 8.1-8.4 HZ, J26' = 0.5-0.7 HZ. 
bSee Table 5. 
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TABLE 3. Proton chemical shifts and coupling constants: heterocyclic ring Ca 

Catechin derivatives 6.8-Dibromocatechin derivatives 

Compound: 2a 3a  4a 5  a 6a  2 b  3 b  4 b  5b  6 b  
3,5,7.3',4'- -(OMe)4 -(oMe), -(OMe), -(OMe), 

Proton Substituents: -(OH)S 3-OH - ( 0 M e ) ~  3-OAc - ( o A c ) ~  -(OH)S 3-OH - ( 0 M e ) ~  3-OAc - ( 0 A c ) ~  

H-2 

H-3 

3-OR 

H-4a 

H-4b 

Coupling constant 

"Solvents: acetone-d6 (top), CD3CN (center; with trace D 2 0  for 2a and 2b). CDC1, (bottom). Coupling constants (Hz) measured in CDC1,. except for 2a and 
2b (acetone-d,). 

TABLE 4. Proton chemical shifts and coupling constants: heterocyclic ring C a  

6-Bromocatechin derivatives 8-Bromocatechin derivatives 

Compound: 2 c 3 c 4c" 5cb 6  c 2 d  3d 4bb 5db  6 d  
3,5,7,3',4'- -@Me), -(oMe), -(OMe)j -(OMe)4 

Proton Substituents: -(OH)S 3-OH -(OMe)s 3-OAc - (OAC)~ -(OH)S 3-OH -(OMe)s 3-OAc -(OAC)S 

H-2 

H-3 

3-OR 

H-4a 

H-4b 

Coupling constant 

- - -  - -  

"Solvents acetone-d, (top), CD,CN (center, with trace D 2 0  for 2c dnd 2d), CDC1, (bottom) Coupl~ng constants (Hz) measured In CDC13, except for 5d 
(in CDICN), 2c and 2d (in acetone-d6) 

h ~ 2 4 b  = 0 7-0 9 HZ 
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KIEHLMANN AND TRACEY 

TABLE 5 .  Nuclear Overhauser enhancementsa 

Frequency (ppm) of Frequency (ppm) of 
Compound saturation enhancement Compound saturation enhancement 

"Solvent: CDC1,. 
bSolvent acetone-d, [+ 100 pprn Cd(NO,),]. 
'Gated decoupling. 

TABLE 6. Methoxy proton chemical shiftsa 

R8 

OMe 
A l  C 

R6 
Me0 

1 
R'  = H, Ac or CH2C6H, 
R6 or Rs = Br, OH, OAc, or COOMe 

Methoxy protons 
Compound, including 

3,5,6,7,8,3',4'-substituents Me0-5 Me0-7 Me0-3',4' 

"Solvent: CDCI3. 

that in all methylated catechins, whether monobrominated or 
unsubstituted at C-6/C-8, H-6 resonates upfield from H-8 in 
chloroform, as proved for penta-0-methylcatechin (4a) by 
regiospecific deuteration by Weinges et al. (21) and postulated 
for the structurally closely related tetra-0-methyl derivatives 
3a and §a  by Haslam and co-workers (22) and Roux (14). To 
determine the ring A aromatic proton chemical shifts of 3 a ,  
4a ,  and §a in acetone and acetonitrile, we calculated the shift 
increments for H-6 and H-8 due to monobromination at C-8 and 
C-6, respectively. Due to the structural rigidity of the aromatic 
ring, the effect of replacing one hydrogen by bromine (e.g., 
H-8) on the chemical shift of the other (e.g., H-6) should be 
the same for all three compounds in a given solvent. In the 
event, 8-bromination was found to shift the H-6 resonance 
downfield by 0.06 pprn in CDC13, 0.18 pprn in CD3CN, and 
0.27-0.28 pprn in acetone-d6, while 6-bromination shifts the 
H-8 resonance downfield by 0.23-0.24, 0.33, and 0.35- 
0.36 ppm, respectively, in the same three solvents. Thus a 
bromine substituent at C-6 has a larger deshielding effect on H-8 

than 8-Br on H-6. The proton assignments based on this concept 
of additivity of substituent effects (23) are readily verifiable by 
nOe experiments or by running the ' ~ m r  spectra in binary 
mixtures of acetonitrile or acetone with chloroform and plotting 
the H-6/H-8 chemical shift differences as a function of solvent 
composition. It is noteworthy that in acetone solution, in 
contrast to chloroform, H-6 of all three non-brominated methyl 
derivates of catechin resonates downfield from H-8. 

As a corollary of the nOe studies, the frequencies of 
enhancement define the resonance positions of the 5- and 
7-methoxy protons of the non-brominated compounds 3a ,  4a ,  
and §a and the 7-methoxy protons of the 6-bromo derivatives 
3c,  4c, and 5c  (see Table 6). The 5-methoxy protons of the latter 
give rise to characteristically narrow lines, due to the absence of 
weak long-range ortho coupling (24), and are thereby distin- 
guishable from the two methoxy groups of ring B .  Finally, 
a distinction between the 5- and 7-methoxy singlets of the 
8-bromocatechins 3d,  4d, and 5 d  is possible by calculation 
of the substituent increments relative to their non-brominated 
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analogs. A bromine atom at C-8 deshields the adjacent 
7-methoxy protons more strongly (by 0.14-0.15 ppm) than 
6-Br (0.08-0.09 ppm), while neither C6- nor C8-bromination 
has much effect (0.01-0.04 ppm downfield shift) on the absorp- 
tion position of the 5-methoxy group. The  close proximity of the 
latter to  the C-4 hydrogens makes it more sensitive than M e 0 - 7  
to conformational changes in the heterocyclic ring caused by 
different C-3 substituents (OH vs. O M e  vs. OAc).  The ring B 
methoxy protons were found to resonate consistently in the 
narrow range between 3 .84  and 3.9 1 ppm. 

The assignment of  specific resonance frequencies to H-6 and 
H-8 of catechin presented a particularly challenging problem 
because rapid chemical exchange gives rise to  a broad O H  
absorption peak (near 8 . 0  ppm) that is ill-suited for nOe or  
decoupling experiments. However, a trace of cadmium nitrate 
added to the substrate solution in acetone reduces the exchange 
rate (25) to  such a n  extent that the phenolic protons appear as  
four sharp, well-separated lines (8.280, 8 .096,  7.984, and 
7.928 ppm). Thus, gated decoupling of OH-5 (8.280 ppm) 
becomes possible and,  if limited to  only one second during each 
eight-second scan, permits the buildup of an nOe factor for the 
adjacent H-6 resonance signal (6.01 1 ppm) before any signifi- 
cant exchange with the other hydroxy protons has occurred. 
Since, under the same conditions, saturation of the OH-7 proton 
at 8.096 pprn increases the intensities of both the H-6 and the 
H-8 doublet, the chemical shifts of these two protons are clearly 
identified. The  previously published assignments of 5 .88  pprn 
to H-6 and 6.02 pprn to H-8 (22) must therefore be  reversed. The 
readily observable faster decrease of the upfield signal intensity 
on exposure of catechin solutions to  D20 in the presence of acid 
or base catalysts shows that electrophilic substitution occurs 
preferentially at C-8, in  agreement with the results of bromina- 
tion studies (8, 9, 26). 

In catechin pentaacetate (6a)  the aromatic ring A protons 
resonate at 6.592 and 6.654 pprn (in CDC13). The assignments 
of the downfield doublet to H-6 and the upfield doublet to  
H-8 reported in the literature (22, 27) are not supported by 
experimental evidence and remain uncertain. We have been 
unable to duplicate the stronger nOe effect of H-6  relative to  H-8 
on H-4 claimed by Outtrup and Schaumburg (28). However, 
lineshape analysis before and after decoupling indicates weak 
long-range coupling between H-6 and H-4 in 3d and between 
H-8 and H-4 in 4c and 5c.  

In summary, nOe difference spectra are eminently suitable 
for the distinction between 6- and 8-substituted catechin 
derivatives. The applicability of this technique to the structure 
elucidation of natural procyanidins and their degradation 
products awaits testing on  authentic samples of regiospecifically 
synthesized diflavanoids. Synthetic work toward this goal is 
currently in progress. 

Experimental 
Catechin (2a) and its three bronlination products 2b, 2c, and 2d (26) 

were derivatizerl by standard literature procedures (29). Under the 
neutral or alkaline conditions employed, no bromine migration by 
Wessely-Moser rearrangement or reversed electrophilic aromatic 
substitution (8) was observed. The complete spectral identity of the 
tetra-0-methyl derivatives 3 a  and 3c obtained by our procedure and 
the more commonly employed methylation with diazomethane (9, 30) 
proved that the acetate hydrolysis in strong alkaline medium is not 
accompanied by epimerization (5). Anhydrous catechin (20) was 
obtained by drying commercial catechin hydrate (Sigma) under 
vacuum (l10°C/12 h). The catechin derivatives were identified by 
chemical correlation (eq. [I]) .  'Hmr (Tables 1-4), X-ray diffraction 

(compound 4c (5)), carbon/hydrogen analysis (agreement with calcu- 
lated values within i0 .3%) ,  and melting points (agreement with 
literature values within k2"): 3a ,  4a,  5a ,  6 a  (29c), 2b, 2c, 2d (26), 
3b, 3d, 4b, 4d (21), 6b, 6c, 6 d  (9), and 3c, 5b (mp 145-148"C), 5c  
(mp 106-108"C), 5 d  (mp 165-167°C) (8). 

Nuclear magnetic resonance spectra of 0.03 M substrate solutions in 
acetone-d6, chloroform-d, and acetonitrile-ds were recorded on a 
Bruker 400-MHz FT spectrometer at a probe temperature of 30°C. 
Chemical shifts are reported in pprn (10.005) downfield from TMS. 
Samples for nOe difference spectra were degassed immediately prior 
to the experiment. Cadmium nitrate monohydrate (approximately 
100 ppm) was added to a 0.10 M solution of catechin in acetone-d6 to 
resolve the OH signals; the cadmium salt concentration had no effect 
on the chemical shifts of other protons. To correlate H-6 and H-8 
resonance frequencies of non-brorninated catechins in different sol- 
vents, substrate solutions were prepared in binary solvent mixtures 
and the chemical shift differences A8(H-618) plotted versus solvent 
composition. The free phenolic compounds 2a, 2b, 2c, and 2d were 
found to be insoluble in chloroform and sparingly soluble in acetoni- 
trile; their solubilities in acetonitrile, as well as spectral resolution, 
were improved by addition of 10% D 2 0  (by volume). 
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Mobilities of thermal cations in argon and xenon gases: temperature and field dependence 
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NORMAN GEE and GORDON R. FREEMAN. Can. J .  Chem. 64, 2006 (1986). 
In argon at n = (2-6) x molecules/m3, the density-normalized mobility n y of argon cations at low electric field strengths 

E/n is constant from 150 to 300 K; at >300 K n p  increases. The increase was smaller when the "effective" temperature Teffof 
the ions was increased by applying higher E /n  at 300 K. At 630 K, (np)r/(np)T,ti = 1.6, whereas in xenon it was 2.7, and in 
helium 1 .O. The difference in behavior is attributed to the main ions being dimers Y:; in argon and xenon collision-induced 
dissociation can occur: 

where * indicates excess kinetic energy acquired by acceleration in the electric field. The dissociation energies of He:, Ar:, 
and Xez are 2.3, 1.3, and 0.7 eV, respectively. Dissociation of He: is negligible because of its large dissociation energy. 
Dissociation of Y 2 * and reformation of Y: is equivalent to the inelastic de-excitation of Y $ *. 

NORMAN GEE et GORDON R.  FREEMAN. Can. J.  Chem. 64, 2006 (1986). 
Dans l'argon, a des valeurs de n = (2 a 6) X molecules/m3 et a de faibles champs Clectriques (E ln) ,  la mobilitC 

normalisCe pour la densit6 ( n p )  des cations d'argon est constante de 150 a 300 K; a des temperatures >300 K, la valeur de n p  
augmente. L'augmentation est plus faible lorsqu'on augmente la tempkrature "effective" (Tcff) des ions en appliquant des valeurs 
de E / n  a 300 K. A 630 K, (np)T/(np)T,, = 1,6 alors que dans le xCnon cette valeur Ctait Cgale a 2,7 et que dans l'hClium elle est 
Cgale a 1 ,O. On attribue cette difference de comportement au fait que les ions principaux seraient des dim6res Y: ; dans I'argon et 
le xenon, il peut se produire une dissociation induite par des collisions: 

dans lesquelles * indique 1'Cnergie cinetique en exces qui est acquise par I'accClCration dans le champ Clectrique. Les Cnergies 
de dissociation de He:, Arz et Xe: sont respectivement 2,3, 1,3 et 0,7 eV. A cause de son Cnergie de dissociation ClevCe, la 
dissociation du He: est ntgligeable. La dissociation du Y :* et la reformation de Y; est Cquivalente a une dC-excitation 
inelastique du Y *. 

[Traduit par la revue] 

Introduction 
Collisions between noble gas dimer cations Y $ and atoms Y 

are not purely elastic (1). It has been suggested that cation-atom 
exchange occurs, which causes the ion mobility at low energies 
to be smaller than the polarization limit. Such exchange was 
originally proposed for the drift of H: in H2 (2), where the 
temperature dependence was much different from that expected 
in the absence of exchange ( 3 a ) .  

The ion-molecule collision energy can be varied by increas- 
ing the gas temperature T while keeping the density-normalized 
field strength Eln small, or by sufficiently increasing E/n while 
holding T constant. For simple systems such as potassium ions 
in argon gas, where the collisions are elastic, the mobility is the 
same when the low field T equals the high field T,, (4). 
However, when inelastic collisions occur, the mobility at a high 
field Teff is lower than that at the equivalent low field T (5, 6). 
Such a mobility difference might result from cation-atom 
exchange (Uz + Y -+ Y + 3';) or inelastic collisions in 
the drift of Y: through U. 

Mobility values have been reported for Arz in Ar (1, 7) and 
for Xe: in Xe (1) against Te f f ,  where the gas temperature was 
constant. This work reports mobility values obtained at low E/n 
where the cations are in thermal equilibrium with the gas, and T 
was increased. 

Experimental 
A. Materials 

The argon was Matheson UltraHigh Purity (299.999%). The xenon 
(299.995%) was from the Gas Dynamics Division of Liquid Carbonic 

Canada Ltd. Samples were transferred into a grease-free vacuum rack 
through a vacuum-tight valve that was welded to a flexible stainless 
steel tube, which was in turn welded to a Kovar seal. Further 
purification of the gases was effected by passage through freshly 
activated silica gel, followed by exposure to a series of freshly 
generated potassium mirrors in 2-L bulbs at room temperature for at 
least one month. 

B. Production of cations 
Cations were generated in parallel plate conductance cells by 

bombarding the samples with 100 ns pulses of X-rays from a 1.7 MeV 
Van de Graaff accelerator. The simultaneously generated electrons 
were removed with a collecting field (8). Drift distances of 4.80 to 
10.58 mm were used. 

Cations were not mass identified in the present work, but previous 
mass identified measurements in argon (I), and a non-mass identified 
ion study in xenon at different densities (9), concluded that at higher 
T the cations are Y:. At the densities used in our work, 0.97 5 

n/1OZ4 molecules m-3 5 14.2, the Ar+ or Xe' initially formed would 
attach other molecules (1, 9a) .  

The dimer cation is thermally stable with a binding energy - 1 eV 
(1, 10). The Ar; cation dominates at T,, 2 194 K and 0.7 5 n/10'~ 
I 4, but multimers form by reaction [ I ]  at lower temperatures; the 
exchange rate is rapid compared to drift times (1). 

Multimers in xenon gas persist to higher T and lower n than in argon 
(11): at 4 x loz4 molecules/m3 Xei  cations do not dominate the 
mobility until Teff 2 304 K (9), which is 110 K higher than was needed 
in argon. 

Hence, in this work the mobility measured at n < 4 X mole- 
cules/m3 and at T 2 194 K in argon, or at T ? 304 K in xenon, is 
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FIG. 1. Density-normalized mobilities of ions as a function of 
temperature at (n/ molecules m-3, reference). (a) Argon: 0 
(2.39, this work); A (3.08, this work); V (3.17, this work); W (4.68, 
this work); 0 (5.77, this work); A (0.028 to 0.10, 1); 0 (1.9, 1); C7 
( < I ,  7a). 0, average of six present measurements (4.85 i 0.05) 
lo2' molecules m-' V-' s-' at 2.39 5 n/1024 5 4.68 at 295 + 1 K. 
Present ions and those of ref. 7 not mass identified, but ref. 7a 
considered them to be established as Ar;. Reference 7 a  measure- 
ments were at 300 K,  and Tcff calculated from eq. [2]. Mass spectral 
study (1) indicated that Ar: dominates at T > 178 K. A, Ar: at Teff 
= 190 K (T = 77 K, 55 Td) and 9.4 X molecule/m3, and at 77 K 
as estimated from the density dependence of p measured at - 10 Td. A ,  
M, and 0 at T 5 100 K are Ar: ( j  > 2). (b) Helium: A (0.075 to 2.0, 
1); V (<I ,  7a); (0.13 to 0.40, 13); 0 (0.8, 14); 0 (0.097 to 12.6, 
15). 0, mass identified as He: in some runs. Other measurements not 
mass identified, but He; considered as established. V and A ,  Teff > 
300 K calculated from eq. [2]. , np,,,, (eq. [3]) for Ar; in 
Ar and He: in He. 

attributed to the dimer cations. At lower T, multimer formation occurs 
and the mobility is due to a mixture Y ( j  2 2). 

C. Methods 
The conductance cells were similar to the low pressure cells 

described earlier (8 b) . Temperature control and measurement (8) , 
voltage source and signal amplifier @a), and the time of flight method 
for obtaining the mobility p (8a) were described in the references 
indicated. The current-time signals are like that in Fig. 1 of ref. 8a. 

At pressures used in this work, densities were calculated by 
assuming the ideal gas law. Checks using the van der Waals equation 
(12) showed no deviation from ideality. 

The cells were baked under vacuum at T > 650 K prior to each 
experiment, but the possibility of further outgassing during measure- 
ments, or of other contamination of the samples, was checked for by 
the method of ref. 8. 

Results 
Ion flight times were measured with positive and then 

negative applied voltages, to check for effects of strain voltage 
in the cell. The values obtained were the same within -3%, and 
the average was used at each field strength. 

A .  Field independence 
The cation mobilities were independent of field strength over 

the range used, which was 0.36-26 Td in argon, and 0.9-37 Td 
in xenon (Td = V m2/molecule). At these fields the 
cations are essentially in thermal equilibrium with the gas. 

The effective temperature of ions that have drift velocity 
u d  = p E  and undergo only elastic collisions with the molecules 
is (7): 

FIG. 2. Density-normalized mobility of ions in xenon as a function 
of temperature at (n/10*~ molecules m-3, reference). + (0.97, this 
work); (1.33, this work); V (1.89, this work); A (2.00, this work); @ 
(3.09, this work); 0 (1 1.5, this work); B (<0.1, 1); A (1.33, 9a). 
0, average of 13 present measurements, (1.46 i- 0.02)10~' mole- 
cules m-' V-' s-' at 0.97 < n/10*~ < 3.09 at 296 & 1 K .  At T > 
300 K the ions were probably predominantly Xe; (see text). At T < 
300 K the ions were probably mixtures of Xe ( j  2 2). . - .  - . - . , nPpol 
(eq. [3]) for Xe: in Xe. 

where M is the molecular mass of the gas, p is a correction 
(often set to zero) based on d In (np) /d  In ( E / n ) ,  and k B  is 
Boltzmann's constant. Equation [2] predicts that Teff = 1.05T 
at -20 Td in argon and -35 Td in xenon. The occurrence of 
inelastic collisions would increase the field necessary to achieve 
Teff = 1.05T. The observed results are therefore consistent 
with eq. [2]. 

B . Temperature dependence 
Each reported value of np. is the average of at least 

ten measurements at different positive and negative applied 
voltages. 

The value of n p  in argon decreased from 8.3 X lo2' mole- 
cules m-' V-' s-' at 634 K towards a constant value 4.9 X 

lo2' molecules m-' V-' sK1 at T <  300K(Fig.  la) .  At T S  
100 K ,  n p  decreased further; the gas densities were 3.1 and 
4.6 X molecules/m3. Values from refs. 1 and 7 are 
included for comparison. The present value at 295 K agrees 
within 1% with that reported for Ar: in Ar at that temperature 
(7). 

Mobilities of ions in the gas phase are commonly reported as 
KO (m2 V-' s-'), which corresponds to p at a density of 1 atm 
at STP (1 amagat, n = 2.69 X lo2' molecules/m3). Values of 
KO are displayed on the right side of the figure for comparison. 

In xenon the variation of n p  with temperature (Fig. 2) is 
qualitatively similar to that in argon. Values from refs. 1 and 9 a  
are within about 10% of the present ones at T 300 K. 

The increase of n p  with T in helium (13-15) is shown in 
Fig. 1 b for comparison. The relative variation decreases in the 
order Xe > Ar > He. 

Discussion 
A. Polarization limit 

When scattering is dominated by the polarization potential, as 
in the case when Teff+ 0 ,  the value of n p  is determined by the 
polarizability a. of the scatterer and the reduced mass M ,  of the 
collision pair (36). Expressed in SI units it reduces to 

[3] izp.pol = 1.60 X 1 0 - " / ( a ~ , ) ~ / ~  

where the units are nppol (molecules m-' V-' s-' j, a. 
(C m2 V-' ), and M ,  (kg/molecule). The commonly listed 
values of polarizability in units of cm3 correspond to the SI 
quantity ( Y / ~ T E , ,  (17), where eo is the electric permittivity of 
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FIG. 3. Average cross sections of Y for scattering Y ;, estimated 
fromthefulllinesinFigs. 1 and2. 0, He;A,Ar;V,Xe. - . - . - . ,  u,,l 
calculated from eqs. [5] and 131. ---, neutral hard sphere cross sections 
uhs, calculated from Lennard-Jones collision radii ( 16). In all cases He 
has the lowest cross section and Xe the highest. 

vacuum; the conversion factor cm3 + C m2 V-' i s 1.11 x 
10-l6 C m2 v-l ~ m - ~ .  

The values of a (lop4' C m2 V-') are 0.228, 1.82, and 4.49 
for He, Ar, and Xe, respectively (18), and the corresponding 
values of n p p o l  (lo2' molecules m- ' V ' sp')  for Y: in Y are 
50, 5.7, and 2.0. These values are shown as dash-dot lines in 
Figs. 1 and 2. 

As previously noted (I) ,  the observed n p  at -300 K is 
smaller than n p p q l  in all three gases (Figs. 1 and 2). The low 
mobility was attnbuted to resonant ion-atom exchange (14, 
19), as was postulated for H l  in H2 (2). 

B .  EfSect of temperature 
In Ar and Xe the value of np.  for thermal ions increased 

above the value of nFpol  at T > 500 and 400 K, respectively 
(Figs. 1 a and 2). When the ion temperature Teff  was increased 
by increasing E / n  (and hence u d ,  eq. [2]), the value of np.  
remained below n ppol (Figs. 1 a and 2). In He the value of n p. 
approached that of npPol  when either T or Teff  approached 
700 K (Fig. 1 b), so the crossover temperature increases in the 
order Xe < Ar < He. 

The product n p is related to the average momentum transfer 
cross section (3c, 21): 

where a, is the momentum transfer cross section and u  is the 
relative velocity of the ions with respect to the molecules; 

where e is the protonic charge, and for a Maxwellian distribu- 
tion of velocities ( u )  = (8kB T / T M , )  ' I 2 .  

The value of a,,, decreases with increasing T (Fig. 3). The 
experimental values of u,,, are compared with those expected 
from the polarization potential, a,,,, and the hard sphere 
potential, ah,. The latter are approximated by the Lennard- 
Jones neutral atom collision cross sections (16). 

At 650 K a,,, is similar to ah, in all three gases. In helium, 
which has a relatively small polarizability, uPOl is only 11 '% 
greater than uhs; the difference increases to 67% at 300 K .  
The value of a,,, in helium is nearly equal to u,,l at all 
temperatures. 

As T is decreased below 650 K,  in argon and xenon a,,, 

increases towards upol and crosses above it below 500 K in 
argon, and below 400 K in xenon. The rate of increase at T < 
500 K is greater in xenon than in argon. At 300 K the ratio 
u,,,/u,~ equals 1.10 in helium, 1.16 in argon, and 1.29 in 
xenon (Fig. 3). The increase in a,,, is not caused by clustering, 
because in xenon at 278 K a 12-fold increase of n caused only a 
5% decrease of n p  (Fig. 2). The ions can be assumed to be Y 
in each of the gases at 300-600 K. 

The dimer ion probably dominates down to at least 150 K in 
the gases at n = 1 X molecules/m3. The values of the ratio 
a,,,/upo1 at 150 K are 1.17, 1.17, and 1.32 in helium, argon, 
and xenon, respectively, similar to those at 300 K. 

C.  Inelastic collisions 
When Teff was increased by increasing E / n  in helium, n p  

had the same value as when the gas T was increased the same 
amount (Fig. 1 b). However, when the field was used to increase 
Teff in argon, n p  increased more slowly than when the gas T 
was increased (Fig. la) .  In xenon, increasing Teff  with the field 
actually caused n p  to decrease slightly (Fig. 2). These results 
indicate that, although inelastic processes can be ignored in 
He$--He collisions, they become progressively more impor- 
tant on going to argon and xenon. 

The Y-Y+ dissociation energy is 2.3 eV in helium (IOU), 
1.3 eV in argon (lOc), and -0.7 eV in xenon ( lob) .  While 
the He: is stable under all the conditions used in the mobility 
experiments, it seems that when the argon and xenon ions were 
heated above the gas temperature by applying a high electric 
field, some collision-induced dissociation occurred. 

where the asterisk designates excess translational energy. The 
mobilities of the monomer cations are 20-30% lower than those 
of the dimers (7a, 96). The dimers would form again, 

so a major effect of reactions [6] and [7] would be deenergiza- 
tion of Y:, which means the reduction of Te f f .  Reactions 
[6]-[8] are inelastic processes which invalidate eq. [2]. As 
process [8] is a three body reaction n p. might not be independent 
of n if a wider range of density than that in the present study is 
used. 

This de-energization does not occur when the cation energy is 
increased by increasing T ,  although dissociation/association 
can occur. Increasing T increases the energy of both Y; and Y, 
whereas a high E / n  increases only the energy of the ions. The 
relative collision energy is increased in both cases but the 
average energy transfer depends on the average energy differ- 
ence between cation and molecule. At low E / T L  and a given T 
the average cation energy and the average molecule energy both 
equal thermal energy; the average net energy transfer is zero 
(6, 20). 

In argon the value of d(np.) /dTett  remains positive, so the 
contribution of the monomer ions to the measured mobility can 
be neglected. It is assumed that the inelastic collisions simply 
have the effect of reducing Teff  towards the gas temperature T. 
Then the ratio 5 of the collision integral for inelastic energy loss 
to that for momentum transfer can be obtained from (6, 20): 

where m is the ion mass, M the neutral atom mass. Tef, is 
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E/n (Td) 
50 69 84 

FIG. 4 .  Ratio of collision integral for inelastic energy loss to that for 
momentum transfer for Ar: in Ar at T = 300 K .  Teff was calculated 
from eq. [2] .  Data from Fig. 1 a .  

calculated from eq.  [2] for the observed n p  and Eln, and T is 
the gas temperature at which the same n p  is obtained at low 
fields. The value of & characterizes (but does not equal) the 
fractional energy loss due to  inelastic collisions (6 ) .  For A r z  in 
Ar at 300K, 5 = 0.0 at  E / n  5 2 0 T d  and increased to 1.28 at 
88 Td (Fig. 4) .  For  Teff = 630 K the actual equivalent thermal 
ion temperature was 384 K. 
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Cobalt carbonyl catalyzed reaction of mercaptans with Schiff bases and carbon monoxide 
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SHLOMO ANTEBI and HOWARD ALPER. Can. J. Chem. 64, 2010 (1986). 
Thiophenols and p-methylbenzyl mercaptan react with Schiff bases and carbon monoxide in benzene, in the presence of 

cobalt carbonyl, to give amides as the principal products. These amides arise from cleavage of the carbon-nitrogen double 
bond of the reactant imine. The reaction is applicable to a variety of Schiff bases (i.e. aliphatic, benzylic, aromatic). Thioesters 
and olefins are usually obtained as reaction by-products. 

SHLOMO ANTEBI et HOWARD ALPER. Can. J. Chem. 64, 2010 (1986). 
Les thiophknols et les p-mCthylbenzyles mercaptans rCagisaent avec les bases de Schiff et le monoxyde de carbone dans le 

benzitne, en prCsence de cobalt carbonyle pour donner des amides comme produits majoritaires. Ces amides proviennent du 
clivage de la double liaison carbone-azote de I'imine. La rCaction peut s'appliquer a diffkrentes bases de Schiff (i.e. aliphatique, 
aromatique, benzylique). On obtient habituellement des thioesters et des olCfines comme produits secondaires. 

[Traduit par la revue] 

Mercaptans have been employed as substrates in several 
metal-catalyzed carbonylation reactions. Benzylic mercaptans 
and thiophenols can be carbonylated to carboxylic esters, with 
concurrent desulfurization, by means of cobalt carbonyl in 
aqueous alcohol (1, 2). However, if the latter reaction is 
conducted in the presence of a conjugated diene, then thioesters 
are formed in good yields. While the diene has a significant 

diene. 185- 190°C 
RSH + CO +RCOSR+COS 

C02(C0)8. C6H6/H20 

55-61 atm. 

influence on the course of the mercaptan - carbon monoxide 
reaction, the hydrocarbon is not incorporated in the product (3). 
However, the diene does participate when thiophenols are 
treated first with synthesis gas and then with carbon monoxide, 
in the presence of cobalt carbonyl and pyridine, the heterocyclic 
base being essential for this reaction. In this manner, 1,3- 
butadiene reacts with thiophenol and carbon monoxide to give 
isomeric pentenoic acid phenyl thioesters (4). Thioesters are 
also obtained by treatment of a monoolefin with mercaptan, 
carbon monoxide, and a palladium(I1) catalyst (5). 

Since a conjugated diene had an important influence on the 
course of the cobalt carbonyl catalyzed carbonylation of 
mercaptans, it was of interest to determine the effect of other 
unsaturated moieties on this reaction. We now wish to report 
that Schiff bases undergo interesting reactions with thiols and 
carbon monoxide, in the presence of the cobalt catalyst. 

Results and discussion 
Treatment of p-thiocresol (1, R = p-CH3C6H4) with N- 

benzylidenemethylamine (2, R'  = Ph, R" = CH,), carbon 
monoxide, and a catalytic amount of cobalt carbonyl in 
benzene, at 850 psi and 170- 180°C, afforded N-methyl-p- 
toluamide 3, R = p-CH3C6H4, R'! = CH3, as the major 
product. This product results from carbon-nitrogen double 
bond cleavage of the Schiff base. One of the by-products is the 
amide 4, R = p-cH3C6H4, R! = Ph, R" = CH3 containing all of 
the former Schiff base unit. Other by-products are formed, the 
most noteworthy being stilbene (5.  R' = Ph) and carbonyl 
sulfide (ms: m / e  60). The product yields for this and for other 

'Fellow of the John Simon Guggenheim Memorial Foundation, 
198551986, To whom all correspondence should be addressed. 

RSH + CO + RICH=NR" 
1 2 

RCONHR + RCONR" + R1CH=CHR' + COS 
I 

850 psi 

Schiff base-mercaptan reactions are listed in Table 1. Amides 
were not formed in the absence of the metal catalyst. 

The carbonylation reaction is applicable to a variety of Schiff 
bases including those bearing primary, secondary, and tertiary 
alkyl, as well as benzylic groups, and affords amides (3) in 
moderate yields. Methoxy and bromine substituents on the 
benzene ring of the thiophenol do not interfere with the reaction. 
While the reaction does not proceed when an aliphatic mercap- 
tan is used, it does occur using a benzylic mercaptan (1, R = 
p-CH3C6H4CH2) as the reactant. The optimum ratio of Schiff 
base to mercaptan is 1.0-1.2/1.0 while that of ~ / C O ~ ( C O ) ~  is 
6-10/1. 

Several types of thioesters are formed as by-products in 
most of these reactions. One class of thioester, RCOSR, is the 
anticipated product assuming that the Schiff base functions in an 
analogous manner to that observed using a conjugated diene (3). 
However, thioesters of type RCOSCH2R1 are also formed, 
where CH2R1 arises from the Schiff base. It is interesting to note 
that aromatic hydrocarbons (2) are not detected in any of these 
reactions. While most of the R group of the thiol is generally 
accounted for in these reactions, the fate of some of the Schiff 
base - particularly the NR" portion - is unknown. It has 
previously been reported that Schiff bases, 2, where R '  is 
aromatic, experience carbonylation to phthalimidines when 2 
is exposed to a catalytic quantity of C O ~ ( C O ) ~  in benzene at 
100-200 atom and 200-230°C (6). Phthalimidines were not 
formed in any Schiff base - mercaptan carbonylation reaction 
catalyzed by co2(CO)8. 

A possible mechanism for the formation of the amide 3 
is outlined in Scheme 1. The initial steps of the proposed 
pathway - i.e. reaction of mercaptan with cobalt carbonyl 

C O ~ ( C O ) ~ I C ~ H ~ H Z O  
170- 180°C 
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PlNTEBI AND ALPER 

TABLE 1. MercaptanlSchiff base/CO/C0~(C0)~ reactions 

Products (7~) "  

I ,  R = 2, R '  =, R" = 3 4 Other 
- 

P - C H ~ C ~ H ~  Ph, CH3 

Ph, CH2Ph 

p-CH;OC6H4 Ph, CH3 
p-BrC6H4 Ph, CH3 

2-Naphthyl Ph, CH3 

p-CH3C6H4CH2 Ph, CH3 

"Yields are of pure materials 

to give 6 and HCO(CO)~, as well as the carbonylation of 6 
to 7, followed by elimination of carbonyl sulfide (8) and 
carbonylation to 9 - are identical to those postulated in the 
conversion of mercaptans to thioesters (3). Complex 11 may 
arise from 2 either by direct addition of 9 (7) or by a two-step 
pathway as illustrated in Scheme 1. It is conceivable that the 
hydridotetracarbonylcobalt can react in two different ways. 
It may protonate II  affording 12 with subsequent carbon- 
nitrogen bond cleavage giving the amide 3, which is the 
major product, and a binuclear cobalt complex 13. The latter 
may serve as the source of the olefin 5, either via a free or 
a complexed carbene. The cobalt hydride, HCO(CO)~, can 
alternatively cleave the carbon-cobalt bond of 11, affording the 
amide 4. 

In conclusion, carbonyl-containing compounds (amides, 
thioesters) are obtained in good combined yields from the cobalt 
carbonyl catalyzed reaction of thiophenols and p-methylbenzyl 
mercaptan with Schiff bases and carbon monoxide. 

Experimental section 
General 

All of the mercaptans. and N-benzylidenemethylamine, were 
commercial materials and were distilled or recrystallized prior to use. 
The other Schiff bases were synthesized from the appropriate carbonyl 
compounds and amines following standard methodology (8). Cobalt 
carbonyl was obtained from Strem Chemical Co. and was used as 
received. Solvents were dried by standard methods (e.g. benzene was 
dried using sodium benzophenone ketyl). 

Melting point determinations were made using a Fisher-Johns 
apparatus. Infrared spectra were recorded on a Perkin Elmer 783 

PhCH=CHPh, 22 
p-CH3C6H4COSC6H4CHI -p, 10 
p-CH3C6H4COCH2Ph, 7 
p-CH3C6H4SCH2Ph, 6 
PhCH=CHPh, 14 
p-CH3C6H4SCH2Ph, 17 
p-CH3C6H4COSCH2Ph, 22 
n-C3H7CH=CHC3H7-n, 18 
p-CH1C6H4SSC6H4CHq-p, 7 
p-CH3C6H4COSC4H9, trace 
P - C H ~ C ~ H ~ C O S C H ~ C H ( C H ~ ) ~ ,  16 
p-CH3C6H4COSC6H4CH3-p, 15 
p-CH3C6H4COSCH2CH(CH&, 20 
( P - C H ~ C ~ H ~ S ) ~ ,  7 
P - C H ~ C ~ H ~ C O S C ~ H ~  1, 2 I 
p CH3C6H4SCH(CH3)Ph, 10 
p-CH3C6H4COSC6H4CH3 -p, 6 
p-CH30C6H4COSC6H40CHi-p, 10 
p-BrC6H4SCH2Ph, 5 
( P - B ~ C ~ H ~ S ) ~ ,  6 
PhSCOPh, 46 
PhSSPh, 15 
2-CloH7COSCloH7-2, 5 
2-CloH7SCH2Ph. 20 
PhCH=CHPh, 26 
( P - C H ~ C ~ H ~ C H ~ ) ~ ~ ,  43 
p-CH3C6H4CH2SCH2Ph, 6 

spectrometer, and mass spectral determinations were made using 
a VG 5050 micromass spectrometer. Nuclear magnetic resonance 
spectra were recorded on Varian EM-360 and/or XL-300 spectro- 
meters. Gas chromatographic determinations were made on a Varian 
Vista 6000 gas chromatograph (flame ionization detector) equipped 
with a 3% OV-17 on Chromosorb W column (110°C; lO0/min to 
300°C). 

Representative procedure for the reaction of rnercaptans with Sch18 
bases and carbon rnonoxtde 

A 125 mL stainless steel autoclave (Parr Instrument Co.) was 
charged with 1.24 g (10 mmol) of p-thiocresol (1, R = p-CH3C6H4), 
cobalt carbonyl (0.45 g, 1.33 mmol), 2, R '  = (CH3)2CH, R"  = 
n-C4H9 (1.52 g, 12.0 mrnol), and 30 mL of anhydrous benzene. The 
bomb was filled and evacuated three times with carbon monoxide, and 
then pressurized with CO to 850 psi. The reaction mixture was stirred 
overnight at 180°C (pressure increased to 1100- 1300 psi), and then 
cooled to room temperature. The gas was evacuated, the reaction 
mixture was filtered, and the filtrate was concentrated using a rotary 
evaporator. Separation of the products was achieved by preparative 
thin layer chromatography with silica gel, using 3:l hexane - ethyl 
acetate as the developer. The first fraction was the amide 3 ,  
R = p-CH3C6H4, R" = n-C4H9. obtained in 40% yield (0.763 g). 
Ir v(NH) 3420 cm-I, v (C0)  1660 cm-I: nmr 6 (CDCI,) 1 .O-1.5 
(m, 7H, C3H7), 2.32 (s, 3H, CH;), 3.30 (m, 2H, CH?), 6.58 (s (br), 
lH ,  NH), 7.1-7.5 (AB quartet, 4H, aromatic protons); ms (rn/e) 19 1 
[MI+, 176 [M - CH3]+, 119 [p-CH3C6H4CO] ; the gc retention time 
was 10.44 -spiking with an authentic sample provided further evidence 
for the assigned structure. The thioester p-CH3C6H4COSCH2CH(CH3)2. 
was isolated in 20% yield (0.42 g) from the second band. Ir v(C0) 
1665 cm-I: nmr 6 (CDC13) 1.20 (d, 6H, CH;), 1.80 (m, 1H. CH), 
2.32 (s, 3H, CH3), 2.94 (d. 2H, CH2), 7.50 (AB quartet. 4H, 
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RSH + C 0 2 ( C O ) ~  - RSCO(CO)~ + HCo(CO), 

1 6 

0 0 
co I I  -cos co 11 

RSCO(CO)~ ----+ RSCCo(C0)4 RCo(C0)4 ----t RCCo(C0)4 

6 7 8 9 

RfCH=CHR' +- "RICH" + C O ~ ( C O ) ~  - R'CH(CO(CO)J)~ + RCONHR" 

5 13 3 
SCHEME 1 

aromatic protons); ms (rnle) 208 [MI+, 152 [M - C4H8]', 119 
[p-CH3C6H4COIL. Tne third fraction was identified as p-tolyl disul- 
fide, by comparison of spectral data and gc retention time with an 
authentic sample. Yield: 0.081 g (7%). 

The same reaction and work-up procedure was used in the other 
cases, with product identification and purity ascertained by comparison 
of spectral data and retention times with those of authentic materials. 

The optimum ratios of reactants and catalyst were determined from 
numerous experiments covering a Schiff base to mercaptan ratio 
ranging from 1.012.0 up to 2.011.0, and a ratio of ~/CO,!(CO)~ ranging 
from 1-100/1. 
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TED SCHAEFER and GI ENN H. PENNER. Can. J. Chem. 64, 2013 (1986). 
The mechanisms of long-range spin-spin coupling constants involving the methylene protons and the 13C nucleus of the cyano 

group are discussed for benzyl cyanide. Analysis of the 'H nmr spectrum of benzyl cyanide-8-13c in benzene-d6 solution yields 
"J(H,CH2) and "J(H,'~cN) for n = 4-6. Similar data a1.e reported for the 2.6-dichloro and 2,6-difluoro derivatives, together 
with some sign determinations. "J(13c.13CN), n = 1-5, ;re given far the three compounds. It is shown that all these parameters 
are consistent with a small barrier to internal rotation about the C,:--C,j bond in benzyl cyanide in solution. Computations at 
various levels of molecular orbital theory agree that this barrier is small. The "J(I3C, 3 ~ ~ )  imply a stabilization in polar solvents 
of the conformation in which the cyano group of benzyl cyanide lies in a plane perpendicular t~ the benzene plane. The molecular 
orbital calculations indicate a predominai~tly twofold nature of the internal barrier, although a significant fourfold component 
is also present. The coupling constants cannot discern the presence of the fourfold component for benzyl cyanide nor for its 
2,6-difluoro derivative. ' J ( ' ~ c , ' ~ c N )  is solvent dependent. A table of the computed sidechain geometries is appended. 

TED SCHAEFER et GLENN H. PENNER. Can. J .  Chem. 64, 2013 (1986) 
On discute du mCcanisme des col~stantes de couplage spin--spin a longue distance impliquant les protons mCthylCniques et le 

nuyau de I3C du groupe cyano du cyanure de benzyle. L'analyse du spectre de rmn du 'H du cyanure 13C-8 de benzyle en solution 
dans le benzene-d6 donne des constantes "J(H,CH2) et "J(H,'~cN), n = 4-6. On rapporte des donnkes semblables dans le cas 
des dCrivCs dichloro-2,6 et difluoro-2,6 ainsi que quelques dkterminations de signes. On donne les valeurs de n J ( 1 3 ~ , 1 3 ~ ~ ) ,  
n = 1-5 de ces trois composCs. On montre que tous ces parametres correspondent 2 une faible baniere interne a la rotation 
sutour de la liaison Cq2-C,3 du cyanure de benzyle en solution. Les calculs a differents niveaux de la theorie des orbitales 
molCculaires confirment cette faible barriere. La constante n J ( ' 3 C , ' 3 ~ ~ )  implique dans les solvants polaires, une stabilisation 
de la conformation dans laquelle le groupe cyano du cyanure de benzyle se situe dans un plan perpendiculaire a celui du benzene. 
Les calculs d'orbitales molCculaires indiquent que la barriere interne est double de faqon prhdominante, en dtpit de I'existence 
d'un constituant quaternaire important. Les constantes de couplage ne permettent pas de discerner la presence d'un constituant 
quaternaire dans le cyanure de benzyle et dans son dCrivC difluoro-2,6. La constante de couplage ' J ( '~c , '~CN)  dCpend du 
solvant. On ajoute une table contenant les gComCtries thCoriques des chaines 1atCrales. 

[Traduit par la revue] 

Introduction 
The motion of the cyanomethyl group about the sp2-sp3 

carbon-carbon bond in benzyl cyanide or its derivatives has 
been investigated by measurements of birefringence, spin- 
lattice relaxation rates, and of long-range spin-spin coupling 
constants (1-5). The Kerr constant of benzyl cyanide in CC14 
solution (1) is consistent with a conformational angle, 0,  of 44" 
(see 1) or with essentially free internal rotation. The temperature 

1 

dependence of the spin-lattice relaxation rate of ' 4 ~  in neat 
4-methylbenz~l cyanide has been interpreted to give an activa- 
tion energy of 6.3 kJ/mol for the internal reorientational motion 
of the cyanomethyl group (2). A similar experiment for a 
50mol% solution in m-xylene gives an activation energy of 
5.0kJ/mol. The spin-lattice relaxation rates of 2~ in neat 
a,a-dideuterobenzyl cyanide yield about 10 kJ/mol for this 
activation energy (3). These numbers are probably sensitive to 
the details of the model employed to separate the contributions 
of internal and overall molecular reorientational motions to the 
relaxation rates; a study of 13C relaxation rates in benzyl cyanide 
does not attempt such a separation (4). 

 older of an NSERC graduate scholarship, 1985- 1986. 

The long-range spin-spin coupling constant over six formal 
bonds between methylene protons and para ring protons in 
3,5-dichlorobenzyl cyanide, dissolved in a mixture of C6D6, 
CDC13, and CS2, yields an apparent twofold internal rotational 
potential of 1.0 t 0.8 kJ/mol (5). The bottom of the potential 
lies at 0 = 90" in 1 .  If a value of 6 ~ ( ~ , C ~ 2 )  of - 1.20 Hz is 
taken, as deduced later in the present paper, the barrier is 
essentially zero in this compound. Again, the six-bond coupling 
involving in 4-fluorobenzyl cyanide in CS2 solution has 
been taken to mean that V2 is 1.9 2 0.8 kJ/mol, also with a 0 of 
90" at the minimum (5). These small barriers are consistent with 
the Kerr effect measurements, but not with those of spin-lattice 
relaxation rates. 

However, the dipole moment of benzyl cyanide in benzene 
solution is 3.5 D (6) and, although that of methyl cyanide is also 
3.5 D (7), therefore suggesting very small perturbations of 
the .ir electrons in the former, the presence of polar aromatic 
C-halogen bonds might cause appreciable perturbations of the 
phase or magnitude of the internal rotational potential. Further- 
more, it is not known that the latter is purely twofold, while the 
model used to derive the barriers from the long-range spin-spin 
interactions assumed (5) a twofold potential. The presence 
of a 300-MHz spectrometer in this laboratory now allows the 
analysis of the 'H nmr spectrum of benzyl cyanide itself, at least 
in benzene solution. 

Accordingly, we report the analysis of the 'H nmr spectrum 
of benzyl cyanide-8-13c, yielding long-range 'H, 'H and 'H, 13C 
coupling constants. Together with the corresponding 13C,"C 
coupling parameters, they provide a data set amenable to a 
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TABLE 1. The 'H nmr parameters for a 7.0 mol% solution of benzyl cyanide-8-I3C in 
benzene-d6 at 300 K and 100.1351 MHz 

Parameter Value Parameter Value 

4 ~ 2 6  

4 ~ 2 4  

5 
4 ~ 3 5  

J25 

4 ~ ( ~ , ~ ~ 2 )  
'J(H,CH2) 
6 ~ ( ~ , ~ ~ 2 )  

Calculated transitions ( 'H)  
Assigned transitions 
Largest difference 

Root mean square deviation 

"In Hz to high frequency of internal tetramethylsilane. 
bNumbers in parentheses are the standard deviations in the last significant figure. 
'This coupling is negative (15) and the signs of 4 ,5 ,6~(H,C)  are assumed to be those determined for 

5,6J(H,C) in 2,6-di~hlorobenzylcyanide-8-~~C (Table 3) and calculated for 'J(H,Cj by INDO MO FPT 
(see text). 

d '~ (13C, '4N)  could not be determined (4) because the I3C peak is broad (quadrupolar I4N relaxation 
rate). 

discussion of coupling mechanisms, guided by the results of coupled nuclei, the INDO MO FPT formulation usually gives 
INDO MO FPT computations. Corresponding measurements the correct qualitative 0 dependence when n 2 3. Quantitative 
on 2,6-dichloro- and 2,6-difluorobenzyl cyanide-8-13C yield reproduction of the magnitudes of 4 , 5 3 6 ~  is not expected for 
estimates of the extrema in the angle dependence of the coupling between sidechain nuclei and nuclei in the benzene 
long-range coupling constants. ~ h e s e  are- combined with moikty because of the parameterization of this semiempirical 
extensive molecular orbital calculations of the nature of the method and because the geometry assumed in the computation 
internal rotational potentials to provide a description of the may well be different from the true geometry. 
reorientational motion of the cyanomethyl group in the three Nevertheless, 6 ~ ( ~ , C ~ 3 )  in toluene is very nearly quantita- 
compounds. tively reproduced by such calculations (16). For this molecule. 

5 . 6 ~ ( ~ , ~ ~ 3 )  have been written (17) as eqs. [ I ]  and [2] 
Experimental 

Benzvl cvanide-8-I3c (99 at.% I3c) came from MSD Isoto~es. as [I] 6 ~ ( ~ , C H 3 ) / H z  = - 1.20 sin2 + = 6J& sin2 $ 
, ,  

did KCN enriched to 99 at.% in "c. The latter was used to prepare [2] 'J(H,CH3)/Hz = 0.336 sin2 + + 0.322 sin2 ($12) 
2,6-difluoro- and 2,6-dichlorobenzyl cyanide-8-I3C from the corres- 
ponding bromide (Aldrich). The bromide was dissolved in acetone and = 5 ~ &  sin2 $ + 'JGo sin2 ($12) 
warme; to 50°C. An aqueous solution of the potassium cyanide was 
slowly added while stirring the acetone solution. The mixture was held 
at 50°C for 1 h, was diluted with water, and extracted with ether. The 
product gave characteristic 'H and I3C nmr spectra, displaying 
splittings arising from the I3C nucleus of the cyano group. 

Degassed samples for nmr measurements were prepared in a manner 
recently described in detail (8). The 'H and 13C nmr spectra were 
accumulated on a 300-MHz Bruker spectrometer, also in the \Yay 
described before (8). Relative signs of some coupling constants were 
obtained via partial decoupling procedures (9). 

INDO MO FFT (10, 11) computations of coupling constants were 
performed on an AMDAHL V8 system. Geometry-optimized energies 
as a function of 0 utilized the computer programs MONSTERGAUSS 
(12) and GAUSSIAN 80 (13). 

Results and discussion 
Spectral analyses 

The 'H nrnr spectra were analyzed with the computer 
program NUMARIT (14) and the ensuing spectral parameters 
appear in Tables 1 and 2 .  The chemical shift dispersion for 
benzyl cyanide-8-"C was large enough for a reasonably reliable 
analysis only in benzene-d6. I3c{'H) experiments yielded the 
signs of "J(H,'~cN) parameters in Table 3. Figure 1 demon- 
strates the partial decoupling experiments, leading to the sign of 
4 ~ ( 1 3 C , 1 3 C ~ )  in 2,6-dichlorobenzyl cyanide-8-13C. 

INDO MO FPT computations 
For long-range spin-spin coupling constants, "J,  where n 

represents the  f6rmal number of bonds intervening between the 

In eq. [I] ,  6J;o is the magnitude of 6 ~ ( ~ , C ~ 3 )  when the C-H 
bond of the sidechain lies in a plane perpendicular to the ring. 
Accordingly, 6 ~ ( ~ , C ~ 3 )  is a a-.rr coupling constant and arises 
from a hyperconjugative interaction between the a electrons in 
the C-H bonds of the sidechain and the n electrons in the 
phenyl group. Similar remarks apply to 5 ~ &  in eq. [2]. 'JY8,, 
arises from a a electron mechanism and has a maximum for an 
all- trans arrangement of the intervening bonds. 

Equation [3] has been proposed (18) for 4 ~ ( ~ , C ~ 3 ) .  

INDO MO FPT computations (17) agree that 4 ~ ( ~ , C ~ 3 )  is 
indeed dominated by a a-T mechanism. Equation [4] indicates 
a small a electron component, varying as cos2 $. 

In a benzyl derivative, an electronegative substituent (19) 
will polarize the C-H bonds in the methylene group, thereby 
decreasing the hyperconjugative interaction and reducing the 
magnitude of 6 ~ " .  Qualitatively, the INDO MO FPT formula- 
tion agrees with this reduction (19). It is interesting, therefore, 
that for benzyl cyanide our calculations indicate no reduction of 
6 ~ "  relative to toluene, perhaps an increase of 0.005 Hz at 
0 = 90". Confirmatory evidence comes from a plot (20) of 
6 J ( H , C ~ 2 )  against the electronegativity of the substituent, X, 
in a series of 2,6-dichlorobenzyl X compounds. For X = CN, 
the smallest deviation from the roughly linear plot occurs if 
the cyano group is taken to have the same electronegativity as 
hydrogen. One might speculate as to the reason for these results; 
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FIG. 1. Half of the 13C nmr spectrum of C-3 in 2,h-dichlorobenzyl 
cyanide-8-13C, as a 7.1 mol% solution in acetone-d6, is shown in A.  
The oscillator frequency is 75.486 MHz and the probe temperature is 
300 K. The pair of multiplets is separated by 8 Hz, due to a coupling 
interaction with H-5. The dominant triplet structure arises from the near 
equality in the magnitudes of ' J ( H - ~ , C - ~ )  and 4~(C-3, '3CN). The 
small triplet spacings of about 0.35 Hz are caused by 4 J ( C - 3 . ~ ~ 2 ) .  
In B the low frequency multiplet of the methylene rotons is P .  being irradiated (2~(CH2,'3CN) is - 11.1 HZ). The ' C triplets 
at low frequency coliapse (partial decoupling experiment). Hence 
*J(cH~,'~cN)/~J(c-~,'~cN) > 0 .  

is computed to be a a-T coupling constant, analogous to 
'J(C,CH~) in toluene (25-27), but with a magnitude too large 
at 0 = 90" (see below). It is noted that similar computations of 
"J(C,C) are available for phenylacetic acid (28). 

These theoretical considerations provide a guide to the use of 
"J(H,CH2), " J ( H , ' ~ C N ) ,  and " J ( ' ~ c , ' ~ c )  in the conforma- 
tional deductions below. 

Molecular orbital computations 
With rather extensive geometry-optimization procedures, but 

constraining the carbon framework of the phenyl group to a 
regular hexagon, the energies of benzyl cyanide as a function of 
0 yield eq. [7] at the S T 0  3G level of molecular orbital theory. 

Theenergies werecomputed atintervalsof 15"(-357.018 970 au 
at 0 = 0") and the seven values gave a best fit to a potential 
containing twofold and fourfold components. The numbers in 
parentheses in eq. [7] represent the uncertainties at the 95% 
confidence level. The term in V4 amounts to nearly 20% of V2 
and the conformation of minimum energy has the cyano group 
lying in a plane perpendicular to the benzene plane. For a 
complete geometry optimization, carried out at 0' and 90°, the 

FIG. 2. The relative energies of the optimized geometries of benzyl 
cyanide are plotted against the dihedral angle 0, which is zero when 
the cyano group lies in the benzene plane. The calculated internal 
rotational potentials are discussed in the text. The larger basis sets 
yield the lower internal barriers. For 6-31G, V(O)/kJ mol-' = 
- 1.076(3) sin2 0 - 0.293(3) sin2 20 - 0.084(3) sin2 30, the minimum 
energy being -361.327 917 au. The barrier height is 1.16(1) kJ/mol. 

amplitude of V(0) becomes 2.51 kJ/mol, insignificantly differ- 
ent from eq. [7].  

Repetition of the computations with the 4-21G basis set gave 
V2 and V4 as - 1.634(4) and 0.266(4) kJ/mol, respectively, 
while the 4-316 basis set yielded a set of energies which were 
best fit with V2, V4, and V6 as -1.312(5), -0.131(5), and 
-0.62(2) kJ/mol. Finally, the 6-3 1G basis predicted V2, V4, 
and V6 as - 1.076(3), -0.293(3), and -0.084(3) kJ/mol, 
respectively. The minimum energies for the 4-21G, 4-31G, 
and 6-31G bases were -360.709 315, -360.944 650, and 
-361.327 917 au, respectively. Apparently the internal rota- 
tional barrier in benzyl cyanide is rather small and contains 
an appreciable fourfold, in addition to the dominant twofold, 
component. Figure 2 displays the computed rotational potentials. 

As expected, the computed barrier in 2,6-difluorobenzyl 
cyanide at the S T 0  3G level increases in magnitude relative to 
benzyl cyanide, V2 and V4 being -9.86(3) and -2.35(3) W/mol, 
respectively. The minimum energy is -551.934 11 1 au. In the 
presence of two ortho chlorine substituents, the best fit to 
the S T 0  3G MO energies has V2 as -29.6(5) kJ/mol and a 
minimum energy of - 1265.009258 au. Inclusion of a fourfold 
component does not improve the fit, but it must be stated that the 
smooth curve through the computed energies displays a some- 
what "flat top" near 90". 

Computations with other basis sets were not done for the two 
benzyl cyanide derivatives because they were too expensive. 

In the discussion below, the presence of a fourfold term in the 
internal rotational potential modifies the experimental estimates 
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of the conformational potential deduced from the long-range 
coupling constants. 

Internal barriers in solution based on 6 ~ ( ~ , ~ ~ 2 )  and 6 ~ ( ~ , ~ )  
In 2,6-dichlorobenzyl cyanide, V2 is calculated as 29.6(5) kJ/ 

mol. At 300 K a hindered rotor model (29) yields (sin2 0) as 
0.955 for a V2 of 29.6 kJ/mol(51 free rotor basis functions). A 
harmonic oscillator basis has (sin2 0) as 0.957. A V2 as high as 
38 W/mol corresponds to a (sin2 0) of 0.965 and this drops to 
0.934 for a V2 of 21 kJ/mol. It will be assumed that (sin2 0) in 
this compound is 0.955. 6 ~ ( H , C )  is -0.718(5) Hz, correspond- 
ing to a 6 ~ 9 0  of -0.752(5) Hz. In benzyl cyanide-8-13c, 
6J(H,C) is -0.364(4) Hz. It follows that (sin2 0) is 0.484(8). 
This number implies that the conformer of lowest energy has a 0 
of 0". If the internal barrier were purely twofold, it would be 
only 0.3(1) kJ/mol, a zero barrier corresponding to 0.5 for 
(sin2 0). A fourfold component amounting to 20% of the 
twofold magnitude and of the same sign (see eq. [7]), will alter 
(sin2 0) insignificantly for such a small barrier. In view of the 
possible error in 6 ~ 9 0 ( ~ , ~ ) ,  which is not known but must be 
finite, it is concluded that essentially free internal rotation 
occurs in benzyl cyanide-8-13C in benzene-d6 solution. If, for 
example, it is assunled that the barrier in 2,6-dichlorobenzyl 
cyanide is very large indeed, so that (sin2 0) is effectively unity, 
then its value in benzyl cyanide becomes 0.507 and corresponds 
to a 0 of 90" for the conformation of lowest energy in benzene-d6 
solution. The apparent twofold barrier is then 0.1 kJ/mol. 

This conclusion can be checked by means of 6~(H,CH2),  
which is -0.585(3) Hz in the same solution. Based on the 
discussion in a previous section, 6 ~ 9 0 ( ~ , C H 2 )  is - 1.20(2) Hz. 
Hence (sin2 $) is 0.488(10) Hz, confirming the very flat internal 
rotational potential, but implying a minimum energy at 0 = 90' 
and a V2 of 0.4(4) kJ/mol. For the 3,5-dichlorobenzyl cyanide, 
dissolved in a mixture of C6D6, CDC13, and CS2, 6J(H,CH2) is 
-0.60(1) Hz (5), implying only a small perturbation of the 
potential by the meta substituents. This result contrasts with 
those found for benzyl fluoride and 3,5-dichlorobenzyl fluoride 
(19). 

In the 2,6-dichloro derivative, 6 ~ ( H , C H 2 )  is -0.334(3) Hz, 
corresponding to a (sin2 0) of 0.278(7) if 6~90(H,CH2) is 
- 1.20(2) Hz. Because (sin2 0) = 1.5 - 2 (sin2 +) (see I),  
the (sin2 0) of 0.955 Hz, deduced above, yields (sin2 +) as 
0.273(3). However, a careful analysis of the 'H nmr spectrum 
of 2,6-dichlorotoluene in CS2 solution gave 6 ~ ( ~ , C H 3 )  as 
-0.630(1) Hz, implying 6 ~ 9 0 ( ~ , ~ ~ 3 )  as -1.26(2) Hz in the 
presence of two ortho chlorine substituents. Then (sin2 6) 
becomes 0.263(7), now somewhat lower than deduced from 
(sin2 0). Better agreement is perhaps not to be expected in view 
of measurement and other errors. 

All these comparisons suggest that a barrier in 2,6-difluoro- 
benzyl cyanide is derivable from 6 ~ ( ~ , C )  and 6 ~ ( ~ , C H 2 ) ,  
which are -0.656(2) Hz and -0.390(2) Hz, respectively. 
Hence (sin2 0) is 0.872(8) and (sin2 $) is 0.325(7). These 
numbers correspond to apparent twofold barriers of 11.8(6) 
and 10.3(9) kJ/mol, respectively. In 2,6-difluorotoluene in 
CS2 solution, 6 ~ ( ~ , ~ ~ 3 )  is -0.623(5) Hz (30), implying a 
6 J 9 ~ ( ~ , ~ ~ 2 )  of - 1.25(2) Hz, a (sin2 +) of 0.312(7), and an 
apparent V2 of 12.1(9) kJ/mol. Although this value of (sin2 0) is 
in better agreement with (sin2 0) = 1.5 - 2(sin2 +) than that 
deduced from 6 ~ 9 0 ( ~ , ~ ~ 2 )  = - 1.20(2) Hz, one might also 
expect an ortho substituent perturbation of 6 ~ ( H , ~ ) .  There is no 
clear way to establish such a perturbation. The MO barrier 
implies a V4/V2ratio 0.24. Such aratio and a (sin2 0) of0.87(1) 

correspond to a V2 of 19.5(5) and a V4 of 4.5(4) kJ/moi, quite 
different from the magnitude indicated by the MO computa- 
tions. One might note that one of the larger basis set calculations 
for benzyl cyanide itself has a different sign of V4/V2 than 
does the S T 0  3G, minimal basis computation. Suppose, for 
example, that V4/ V2 is -0.24 for the 2,6-difluoro derivative. 
Then a (sin2 0) of 0.872(8) fits V2 and V4 of 9.0(3) and 
-2.2(3) kJ/mol, respectively, implying a barrier height of 
9.0(3) kJ/mol (the fourfold component is zero at 0 = 90'). On 
the other hand, if V4/ V2 is positive, then the height of the barrier 
is 19.5(5) kJ/mol. 

Unfortunately, these two combinations of V2 and V4 cannot 
be distinguished on the basis of (sin2 $). The C-H and C-C 
bonds do sample different regions of the internal rotational 
potential. However, at least for the present situation. the 
samplingleadstoa(sin2+)of0.315for V4/V2 > 0andto0.314 
for V4/V2 < 0. Furthermore, the numbers are not sufficiently 
different from the experimental value of 0.325(7) so as to 
provide evidence for the absence of V4. 

'J(C,C) as  a conformational indicator 
Equation [6] is taken as theoretical support for a u-T 

mechanism for 5 ~ ( C , C ) .  Then its value of 1.08(1) Hz for 2,6- 
dichlorobenzylcyanide-8-13C in benzene-d6 solution implies 
'J(C,C) = 5~90(sin2 0) where 'Jg0is 1.08(1)/0.955 or 1.13(1) Hz. 
It follows that (sin2 0) for benzyl cyanide in benzene solution 
is 0.51(1)/1.13(1) or 0.45(1), corresponding to an apparent 
twofold barrier of 1.0(3) kJ/mol. Furthermore, the conformer 
of lowest energy has 0 = 0°, as indicated by 6 ~ ( ~ , ~ )  but not 
by 6 ~ ( ~ , ~ ~ 2 ) .  If the barriers indicated by the three coupling 
constants are treated on an equal footing, then it follows that the 
barrier in benzyl cyanide in benzene-d6 solution at 300 K 
is 0.3(3) kJ/mol, the in-plane conformer having the lowest 
energy. 

For the 2,6-difluoro derivative, ' J(C ,c) corresponds to an 
apparent V2 of 9.6 2 1.2 kJ/mol, but again its value cannot 
discriminate between this estimate and a combination of V2 and 
Vd . 

concerning 4 , 5 ~ ( ~ , ~ ~ 2 )  a n d 4 2 5 ~ ( ~ , C )  in benzyl cyanide-8-13C 
Because (sin2 0) and (sin2 $) are so very near 0.5 in benzyl 

cyanide, it should be possible to rationalize all the observed 
long-range couplings involving the ring protons and the side- 
chain methylene protons or 13C nucleus in terms of equations 
of type [I]-131. This statement follows because the INDO 
MO FPT computations strongly imply that these couplings 
have the same qualitative conformational dependence. On the 
assumption that, as discussed in previous sections, 6 ~ ( ~ , ~ ~ 2 )  
is - 1.20(2) Hz at 0 = 90" and that 6 ~ ( ~ , C )  is -0.752(5) Hz, 
their ratio follows as 0.627(15). Hence, the ratio of the observed 
coupling constants (Table 1) should be the same and is indeed 
0.622(10). 

Again, because 4J is dominated by the a-.K electron term, the 
ratio for 4 ~ ( ~ , C )  to 4~(H,CH2)  is expected to be similar to the 
ratio of the 6~ values. The observed ratio is 0.647(8). The 
discrepancy can be attributed to differing u electron compo- 
nents, which become -0.40(cos2 +) and -0.29 (cos2 0) for 
4J(H,CH2) and 4 ~ ( H , C ) ,  respectively (use eq. [3] and experi- 
mental values, assuming (sin2 0) = (sin2+) = 0.5). 

By way of contrast, 'J consists of u and u -7~  contributions of 
similar magnitude. The latter can be taken as that in toluene for 
'J(W,CH2) and as 0.622 of this for 'J(H,C). Consequently, 
'J(H,CH2) becomes (Table 1) 0.134 Hz, while 'J(H,c) is 
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TABLE 4. The I3C nmr chemical shifts and 13C,13C coupling constants at 75.486 MHz and 
300 K for benzyl cyanide-8-I3C and its derivatives 

- - 

Compound 

Parameter 2,6-diH 2,6-diC1 2,6-diF 

"For a 5 mol% solution in CS, solution containing ca. 30 vol% of C6DIz.  
bFor an 11 mol% solution in benzene-d, in ppm relative to internal TMS. The shifts are reproducible 

to 1 ppb and the coupling constants to within 0.01 Hz. 
'For a 3.0 mol% solution in acetone-d6. 
"3.0 mol% in benzene-d,. 
'7.1 mol% in acetone-d,. 
j5.0 mol% in benzene-d,. The couplings in Hz to I9F are 'J(C,F) = -250.04, 'J(C-l ,F) = 19.29, 

'J(CHz,F) = t 4 . 4 1 ,  3J(C-2,F) = 6.90, 'J(C-3,F) + 4J(C-3,F) = 25.02. 3J(C-4.F) = 10.12, 
4J(CN,F) = *1.01 Hz. 

gThese signs, see Fig. 1, are assumed also for those given in other columns and agree with theoretical 
calculations. 

0.126 HZ. Accordingly, for benzyl cyanide one has eqs. [8] TABLE 5. Internal rotational potentials in benzylcyanide-8-"C and 
and [9]. its two derivatives in benzene-d6 solution 

A test of such equations can be had from, for example, 2,6- 
difluorobenzyl cyanide-8-13C. However, it is known that ortho 
fluorine substituents increase the a component of 5J(H ,CH2), it 
being 0.270 Hz in 2,6-difluorotoluene compared to 0.161 Hz 
in toluene (17, 21). If this increase is factored into eq. [8], 
then '.I(H,CH2) is computed as 0.334 Hz, the observed value 
being 0.328(1) Hz. The (sin2 $) is taken from Table 5 and 
(sin2 ($12)) is 0.5, the value for twofold and fourfold barriers 
of any magnitudes. It is not known how the substituents would 
alter the components of 5 ~ ( ~  ,c). Equation [9] yields J(H,C) as 
0.308 Hz, while 0.329(2) Hz is observed, perhaps implying an 
increased o component. On the other hand, 'J(H,c) in the 
2,6-dichloro derivative is calculated as 0.326 Hz, whereas the 
observed value is 0.331(3) Hz. Rather more data are needed to 
reach firm conclusions, although most of the increase of 0.1 Hz 
in 5 ~ ( H , C )  observed in going from benzyl cyanide to its two 
derivatives is reproduced by the implied coupling mechanism. 

Z , 3 1 4 ~ ( 1 3 ~ , ' 3 ~ N )  tnechanisms 
In toluene, *J(C-1,CH3) is -5.97 Hz (25) and INDO MO 

FPT values (26) for this coupling are reproduced by -5.93 - 
2.2 1 sin2 $. Of course, (sin2 4) is 0.5 in toluene and hence the 
theoretical numbers overestimate the magnitude of the coupling 
constant by 1.06 Hz. The present INDO values for 2 ~ ( ~ , ~ )  
obey 2 ~ ( C , ~ ) / H z  = -7.16 - 1.31 sin2 0. For the benzene 
solutions in Table 4. and from the values of (sin2 0) in Table 5.  
the empirical equatibn for 2 ~ ( ~ , C )  is I 2 ~ ( ~ , ~ ) / ~ ~  1' = 2.2(1) + 
2.7(1) sin2 0. 

The theoretical numbers for 3 ~ ( C , C )  are fit by 3.1(1) - 
1.0(2) sin2 0 + 2.5(2) sin2 (0/2), a Karplus equation, just as 

Parameter 2,6-diC1 2,6-diH 2,6-diF 

6 ~ ( ~ , ~ ) / ~ ~  
6J90(H3c) 
V2/kJ mol-' 
(sin2 0); 
6 ~ ( ~ , C ~ 2 )  
6J90(H,CH2) 
(sin2 +): 

V2/kJ mol-' 

'J(c,C) 
'J~o(c,c) 
(sin' 0): 
V2/kJ/mol 

"The theoretical value of V2 is used to derive 'JYo(H,C) and (sinz 8);. 
See text. 

bThe value of V2 obta~ned from ,J(H,CHz) assuming a 6Jyo(H,CH2) of 
- 1 20(2) Hz 

'The theoretical value of V2 is used to find 5J,o(C,C) and (sin3 8):. 
"Implying that in the conformation of lowest energy, the cyano group lies in 

the benzene plane. 
'Implying that the cyano group prefers the plane perpendicular to the benzene 

ring. To obtain agreement with (sin2 0)' = 1.5 - 2(sin2 $)::, one needs 
(sin2 $): as 0.508 or 6~9,(H,CH2) as 1.15(2) Hz. See text for a fuller 
discussion. 

fWith a 6Jw(H,CHz) of -1.25(2) Hz. See text. 

in toluene the 3~(C-2,CH2) values given by theory (26) are 
reproduced by 4.89(3) - 1.44(4) sin2 0 + 3.18(4) sin2 (012). 
The ex~erimental numbers in Tables 4 and 5 for benzene 
solution's cannot yield the coefficients of sin2 (012) because the 
latter is 0.5 for any combinations of V2n, where n is an integer. 
However, they yield 3 ~ ( C , C ) / ~ z  = 4.3(2) - 2.3(1) sin2 8, 
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implying rather minor intrinsic perturbations from the ring 
substituents attached to the coupled carbon nucleus. 

Turning to 4 ~ ( C , C )  in benzyl cyanide-8-13C, the INDO 
numbers are represented by 4 ~ ( C , C ) / ~ z  = -0.32(4) - 
2.19(6) sin2 0 + 0.51(6) sin2 (8/2), implying a positive 
coupling only when 0 is 180°, that is, for an all-trans 
arrangement of the intervening bonds. It is conceivable that the 
constant term in this equation is an artifact of the computation, 
as found for 'J(H,CH3) in toluene (16). The data in Tables 4 
and 5 cannot be used to rule out a constant term. They do yield 
0.5 - 1.6 sin2 0 for the behaviour of 4 ~ ( C , C ) ,  a result perhaps 
most consistent with avanishing 4 ~ ( C , ~ )  at 8 = O0 (all-cis). The 
best fit is obtained for a negative value of 4 ~ ( C , C ) ,  -0.19 Hz, in 
benzyl cyanide itself in benzene-d6 solution. 

The solvent dependence of the internal barrier in benzyl cyanide 
In benzyl fluoride (19) the perpendicular conformer (0 = 90" 

for C-F) is stabilized by approximately 2 kJ/mol when the 
solvent is changed from CS2 to acetone, qualitatively as 
expected from electrostatic considerations because this con- 
former has a higher computed dipole moment than the one with 
0 = 0". The internal rotational barrier in benzyl fluoride is 
small, comparable in magnitude with that computed for benzyl 
cyanide, except that the most stable conformer has 8 = 0" in 
the former for the isolated molecule. In benzyl fluoride, all the 
long-range coupling constants, J (C  ,F), J(H,F) , and J(H,CI12), 
are in agreement as to the solvent-induced change in the internal 
rotational potential (19). Unfortunately, the 'H nmr spectrum of 
benzyl cyanide at 300 MHz yields to analysis only in benzene-d6 
solution. Therefore "J(H'~cN) and "J(H,CH2) are not avail- 
able for other solvents, leaving only "J(C,CN) as indicators of 
the conformational changes induced by solvents. 

The dipole moments of benzyl cyanide are computed as 3.17 
and 3.26 D for 0 = 0 and 90°, respectively, at the S T 0  3G level 
of MO theory. The observed dipole moment in benzene solution 
is 3.50 D at 298 K, that of methyl cyanide also being 3.5 D in the 
same solvent. Qualitatively, then, the perpendicular conformer 
should be more stable in acetone that in CS2 solution. 

The "J(C ,CN) of benzyl cyanide in CS2/C6DI2, benzene-d6, 
and acetone-d6 solutions are given in Table 4. Qualitatively, 
their values do indeed indicate increased stability of the more 
polar conformer in acetone-d6. In terms of the discussion in 
the previous section, 2 ~ ( C , C )  and 3 ~ ( C , C )  should decrease in 
magnitude when the perpendicular conformer is stabilized by 
solvent, while 4 , 5 ~ ( ~ , ~ )  should increase, in congruence with 
observation. 

Quantitatively, based on 'J(C,C), (sin2 0 )  changes from 
0.44(1) in CS2/C6DI2 to 0.5 1 ( I )  in acetone-d6 solutions. 
Therefore the apparent V2 changes from 1.3(4) kJ/mol, the 
in-plane conformer being of lowest energy in the nonpolar 
solvent mixture, to 0.2(2) kJ/mol in acetone-d6 solution with 
a possibly slight preference for the perpendicular conformer. 

On the assumption that the two conformers differ in their 
dipole moments by a maximum of 0 .2  D, the perpendicular 
conformer having one of 3.6 D, the reaction field model (31) 
implies that the perpendicular conformer is stabilized by 
0.5 kJ/mol in the CS2 solution and by 0.8 kJ/mol in acetone-d6 
solution. More than semiquantitative agreement with the 
measurements above is not expected (31), nor was it found 
for benzyl fluoride (19). What is certain from the measurements 
of 5J(C,C) is the increased stability of the perpendicular 
conformer in the more polar solvent by 1.5(3) kJ/mol, this 
number being insensitive to the error in ' J~()(C ,C). 

Intrinsic solvent perturbations of "J(C,C) 
Comparison of "J(C,C) values, n = 2-5, for 2,6-dichloro- 

benzyl cyanide-8-13c in benzene-d6 and acetone-d6 solutions 
in Table 4 suggests their insensitivity to solvent polarity. The 
barrier to internal rotation in this molecule is very high 
relative to benzyl cyanide, so that significant differences in 
the magnitudes of these coupling constants in the two solvents 
would be attributable to an-intrinsic perturbation of coupling 
mechanisms by solvent molecules. Consequently, the solvent 
dependence of these coupling constants in benzyl cyanide can 
be-assigned to conformationd changes, that is, to perturbations 
of the internal rotational potential. 

However, 'J(C,C) does evince an intrinsic solvent depen- 
dence as well as a sensitivity to the presence of ortho 
substituents (Table 4). The original INDO MO FPT computa- 
tions (4) of 'J(C,C) predict a smaller value for the conformer 
defined by 0 = 90". In that event, the decrease of 1.3 Hz in 
'J(C,C) in benzyl cyanide on moving from nonpolar to polar 
solutions is in qualitative agreement with conclusions in the 
previous section. However, much of this decrease may well 
arise from an intrinsic solvent perturbation because 'J(C,C) 
decreases by 0.7 Hz between benzene-d6 and acetone-d6 solu- 
tions for the 2,6-dichloro derivative. Furthermore, the values 
are larger than for benzyl cyanide in the same solvents, 
presumably a substituent perturbation. Its presence is empha- 
sized by the value of 'J(C,C) in the 2,6-difluoro derivative, 
being larger than any other in Table 4. The present solvent 
perturbations of ' J(CH2,  C-N) join those known for a variety 
of other one-bond coupling constants (32-37). 

Conclusions 
Ab initio molecular orbital calculations and long-range 

'H,'H; 'H , '~C;  and 13C,13C spin-spin coupling constants agree 
that the internal barrier to rotation about the C,2-CV3 bond in 
benzyl cyanide is small relative to kT at ambient temperatures. 
The molecular orbital calculations have the conformer of lowest 
energy as that with the cyano group perpendicular to the 
benzene plane, whereas in benzene solution the coupling 
constants imply that this conformer has the cyano group in the 
benzene plane. The coupling parameters indicate a stabilization 
of the perpendicular conformer by polar solvents. For 2,6- 
difluorobenzyl cyanide the coupling constants cannot discrimi- 
nate between a purely twofold barrier and one containing 
an additional fourfold component, as computed by molecular 
orbital methods. However, they do indicate a substantial barrier 
and the conformer of lowest energy. 
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Appendix 
A referee requested some computed geometrical data and 

these are given in Table A l .  The  sidechain geometry is 
characterized for the most stable conformations. those in which 
the cyano group lies in a plane perpendicular to the benzene 
plane. As expected, the bond lengths and angles are somewhat 
basis dependent. For comparison, the C-C bond length ia 
methyl cyanide is 1.458 A and that of the CEN bond is 1.157 A 
(38). According to the ST0 3G MO computations, the ortho 
halogen substituents cause rather small changes in  the sidechain 
geometry. 

TABLE A l .  Computed bond lengths and angles for the sidechain of benzyl cyanide and two 
of its derivatives" 

X b  Basis set CICmC cmc CN CaHa CICmHa CIC,C 

H STO-3G 1.5363 1.4952 1.1546 1.0905 110.38 111.79 
H 4-2 1 G 1.5258 1.4650 1.1404 1.0836 110.33 11 1.44 
H 4-31G 1.5196 1.4631 1.1421 1.0830 110.35 112.46 
H 6-3 1G 1.5211 1.4670 1.1467 1.0836 110.36 112.66 
F STO-3G 1.5363 1.4951 1.1546 1.0908 110.00 112.11 
C1 STO-3G 1.5386 1.4934 1.1547 1.0894 109.93 111.43 

"For the conformation of lowest energy. that in which the cyano group lies in a plane perpendicular 
to that of the ring. 

bThe two ortho substituents. 
'Bond lengths in angstroms, angles in degrees. 
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A high pressure mass spectrometric study of proton transfer 
between tri-, tetra-, penta-, and hexamethylbenzene 
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JOHN ALFRED STONE, XIAOPING LI, and PATRICIA ANNE TURNER. Can. J. Chem. 64, 2021 (1986). 
The proton affinities (PA) of some methylaromatic compounds and the rates of proton transfer reactions have been measured 

using high pressure mass spectrometry. The equilibria studied were of the form BIH' + B2 = B1 + B2H+. Van't Hoff 
plots yielded the following PA values (kcal molp') relative t? PA(ethy1acetate) = 200.7 as standard: mesitylene 201.0, 
1,2,3,5-tetramethylbenzene 203.2, pentamethylbenzene 204.4, hexamethylbenzene 206.6, AS0 values for the proton transfer 
equilibria are not fully determined by changes in rotational symmetry numbers and it is suggested that vibrational and torsional 
changes must be considered. Proton transfer is slow in both the forward (exothermic) and reverse (endothermic) directions and, in 
addition, for all except the most endothermic reaction studied (1,2,3,5-tetramethylbenzene + protonated hexamethylbenzene) 
the rate constants for proton transfer increase with decreasing temperature. Such behaviour can be associated with the potential 
energy profile along the reaction coordinate for the reaction. A limited number of charge transfer experiments involving 
molecular ions (Blt + BZ S Bl  + B 2 ~ '  ) showed that reaction occurs at every collision in the forward (exothermic) direction and 
the reaction efficiency in the reverse (endothermic) direction is small but increases with increasing temperature. 

JOHN ALFRED STONE, XIAOPING LI et PATRICIA ANNE TURNER. Can. J .  Chem. 64, 2021 (1986). 
On a mesurC les affinites pour le proton (AP) de quelques composCs aromatiques mCthylCs ainsi que les vitesses des rkactions 

de transfert de proton, en utilisant la spectromktrie de masse a haute pression. Les equilibres Ctudies sont de la forme 
BIH' + BZ B1 + BZH+. Les courbes de Van't Hoff donnent les valeurs suivantes des AP (kcal molp') par rapport a 
celle de 1'acCtate d'kthyle = 200,7 utilise comme standard : mCsithylkne = 201,O; tktramethyl-1,2.3,5 benzbne = 203,2; 
pentamCthylbenz6ne = 204,4; hexamCthylbenzene = 206,6. Les variations des nombres de symCtrie rotationnelle ne 
dCterminnent pas completement les valeurs de AS' des Cquilibres de transfert du protonet on suggbre que les changements dans la 
vibration et la torsion doivent &tre pris en considCration. Le transfert du proton est lent dans la rCaction directe (exothermique) 
et inverse (endothermique) et de plus dans tous les cas CtudiCs, a l'exception de la reaction la plus endothermique 
(tCtramCthy1-1,2,3,5 benzene + hexarnCthylbenzene protonC), les constantes de vitesse de transfert du proton augmentent 
lorsque la temperature diminue. On peut associer un tel comportement l'allure de la courbe d'Cnergie potentielle en fonction 
de la progression de la reaction. Un nombre limit6 d'experiences de transfert de charges impliquant les ions molCculaires 
(B1+ + B2L = B1 + B2+) montre que la rCaction se produit pour chaque collision dans la reaction directe (exothermique) et 
l'efficacitk de la reaction inverse (endothermique) est faible, mais elle augmente quand la temptrature augmente. 

[Traduit par la revue] 

Introduction 
Many proton affinity (PA) values for neutral molecules have 

been obtained in the last fifteen years, usually by proton-transfer 
equilibrium techniques. The majority of the measurements have 
been made using either ion cyclotron resonance (icr) o r  pulsed 
electron beam, high pressure mass spectrometry (HPMS) (1). 
Icr is limited in temperature range and most measurements are 
made at an ambient temperature of about 320 K which is 
determined by the heating effect of an electron emitting 
filament. The pressures in icr studies are in the range lop5- 

Torr (1 Torr = 133 Pa). HPMS studies are usually 
conducted over a range of pressures (0.5-5 T o n )  and a range of 
temperatures (300-600 K). 

The equilibria studied by both techniques are of the form 

AH', the standard enthalpy change for reaction [ I ]  is,  by 
definition, the difference in proton affinities of B ,  and B2,  i .e . ,  
AH' = PA!B,) - PA(B2) where PA(B) is AH' for the reaction 

In icr studies, A H 0  must be  obtained from AGO using 
calculated AS' values because the temperature range available 
is usually very small. The usual simplifying assumption made 
in such calculations is that only changes in rotational symmetry 
numbers (a) are important and A S 0  is adequately approximated 
by ( 2 )  

[ I ]  BIH+ + B2 = B1 + B2H+ This equation may not be  adequate for some systems such 

B I  and B, are gas phase bases. It is assumed that the measured as those in which internal rotations are lost o r  gained upon 

equilibrium ion currents iB,H+ and iB,H+ are proportional to the protonation and those for which there are significant changes in 

respective ion concentrations and hence, knowing the ratio moments of inertia o r  vibrational frequencies (3). 

of neutral concentrations from the sample composition, the Although HPMS does not suffer from a limited temperature 

equilibrium constant K is obtained where K is defined as range, the tendency of protonated bases to solvate at the high 
pressures employed requires that many equilibrium measure- 

[21 K = i ~ 2 ~ - [ B l  I ments be carried out at high temperature (often - 600 K) when 

~ B , H ~ [ B z I  solvation is minimal. For  such studies the entropy changes must 
also be calculated and it is gratifying that low temperature icr 

The standard free energy change at the temperature of and high temperature HPMS results using calculated entropies 
measurement (T) is usually yield proton affinities in good agreement with each 
[3] AGO = - R T l n  K = A H 0  - TASO other. 
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Proton transfer equilibria can be studied over a large tempera- 
ture range by HPMS only for systems in which solvation of ions 
is not a problem at lower temperatures. Such measurements 
have been made for benzene and halogenated benzenes using 
both HPMS (4, 5) and icr (6), the latter over a more limited 
temperature range. All the measured AS' values are in good 
agreement with each other and with the ones calculated from eq. 
[5] when "reasonable" assumptions are made regarding the sites 
of protonation. Some fairly small differences between experi- 
mental and calculated values were ascribed to the possibility of 
protonation at more than one site (5). 

A recent investigation (7) has presented evidence for very 
large entropy changes in proton transfer equilibria involving 
monohalogenated toluenes. The idea of localized protonation 
sites was not sufficient to explain these values and the authors 
proposed that "dynamic" protonated structures may be present 
in certain of the systems (1,2- and 1,4-halotoluenes), the 
hydrogen atom being shared by two or more of the adjacent 
ring carbon atoms which bear no substituents. Such "dynamic" 
structures have been postulated to be present when aromatics are 
dissolved in super-acid media (8, 9). 

When such "dynamic7' structures are possible or when more 
than one protonation site is present in an aromatic base, it is 
not possible to check the adequacy of eq. [5] for aromatic 
compounds in particular and bases in general. This paper 
reports the results of a study of proton transfer equilibria 
involving some of the higher methylbenzenes, mesitylene to 
hexamethylbenzene, in which the sites of protonation should be 
unambiguous. The equilibria have been studied over as wide a 
temperature range as possible and in addition the rate constants 
for proton tranfer reactions in both forward and reverse 
directions have been measured. Since methane chemical ioni- 
zation yields not only protonated methylbenzenes but also 
methylbenzene molecular ions, it has been possible in a few 
cases to also measure differences in ionization energies and rate 
constants for electron transfer. 

Experimental 
All experiments were carried out using the pulsed electron beam, 

high pressure ion source mass spectrometer which has been described 
in detail elsewhere (10). All the required compounds were available 
from commercial sources and were used without further purification. 
The 1,2,3,5-tetramethylbenzene (TMB) and 1,3,5-trimethylbenzene 
(MES) could have been contaminated with small amounts ( < 2  mol%) 
of structural isomers but since it was determined that both compounds 
were much more basic than any of their isomers, the presence of such 
impurities at these concentrations is not of significance. Pentamethyl- 
benzene (PMB) and hexamethylbenzene (HMB) contain no structural 
isomers. 

Samples of two bases were made up by weighing and where 
necessary were dissolved in benzene as solvent. The temperatures of 
the sample oven and its connecting line to the ion source were raised to 
420 K to prevent problems with sample condensation. Most experi- 
ments were carried out at ion source pressures of 4-5 Torr, the bulk of 
the gas being methane. 

Results and discussion 
Methane chemical ionization spectra 

The major ions in methane at pressures in the range 1-5 Torr 
are CH5+ and C2H5+. Both react with aromatic hydrocarbons 
by proton transfer and C2HSf can also add to the aromatic ring 
(1 I). The chemical ionization (CI) spectra of alkyl aromatics 
(M) contain not only MH+ and MC2H5+ but also significant 
peaks due to (M - I)+ and Mt. As the number of alkyl groups 

on the ring increases the relative intensity of MHt decreases 
while that of (M - 1)+ increases (12). We confirm these results 
and also find that the intensity of M+,  always small (less than 
5% of the base peak), does increase slightly with an increase in 
the number of methyl groups on the aromatic ring. The origin 
of this ion is not known; its relative intensity appears to be 
independent of the concentration of aromatic. 

In order to reduce the rate of positive ion diffusion to the ion 
source walls it was found advantageous to use an electron 
capture reagent to set up a positive-negative ion plasma rather 
than work with the positive ion - electron plasma formed by 
electron impact. The use of SF6 yielded an enhanced ion signal 
and also considerably increased the average residence time of 
ions in the source. SF6 was the agent of choice but its presence 
did affect the spectra by increasing the relative intensity of M+,  
mainly at the expense of MHt. In addition, benzene was used 
as solvent for PMB and HMB and this also affected the initial 
intensity ratios of (M - I)+,  M f ,  and MH+. 

SF6 is rapidly protonated by CH5+ yielding SF5+ 

The ionization energy of SF5 is 10.5 eV (13) so that charge 
transfer to benzene (IP = 9.24 eV) and all the methylbenzenes 
(IP < 9.24 eV) (14) is exothermic. For example, TMB in 
CH4 yields (M - I)+ (25%), Mf (5%), and MH+ (70%) at 
464 K. These values are independent of ion source pressure 
(1-5.5 Torr) but (M - 1)+ does increase slightly with increas- 
ing temperature. In the presence of 1 mol% SF6, the spectrum 
changes to (M - 1)+ (20%), Mf (30%), and MH+ (50%). 
(M - l )+  arises from protonation of a methyl substituent of 
the aromatic ring followed by loss of Hz. Benzene, having no 
methyl groups, yields no (M - 1)+ peak and when present 
due to use as a solvent for the methylbenzenes, diminishes 
the (M - 1)+ and increases the MHt intensity of the methyl- 
benzenes. CH5+ reacts mainly with solvent C6H6 which is 
present in greater concentrations than the alkyl aromatics. 
Proton transfer from C6H,+ to the methylbenzenes gives MH+ 
in a process of much lower exothermicity than that involving 
CH5+ and protonation of methyl does not occur. For example 
HMB in benzene as solvent and in the presence of SF6 yields 
(M - 1)+ (2%),  M+ ( l l % ) ,  andMH+ (87%) at465 K. Atypical 
CIMS spectrum is shown in Fig. 1. 

Equilibrium measurements 
Proton transfer was found to occur at less than the collision 

rate in all the methylbenzene binary mixtures studied. In order 
to achieve proton transfer equilibrium in the available ion 
residence time it was necessary to use relatively large concen- 
trations of the alkyl benzenes in the ion source and this 
necessitated making up relatively high concentrations of these 
compounds in methane in the sample reservoir. The least 
volatile of the alkyl benzenes studied, HMB, is calculated to 
have a vapour pressure of -0.9 Torr at 370 K (15) and in order 
to obtain a sufficient safety margin and prevent condensation in 
the reservoir and lines, the latter were kept at 420 K and the 
minimum ion source temperature employed was 370 K. 

Figure 2 shows a typical plot of normalized ion intensity 
versus time for a mixture of HMB and PMB in methane at 60 1 K 
and 4.1 Torr. There are three pairs of ions to consider viz. 
(M - I )+ ,  Mf , and MH+ and in the figure both M' and MH+ 
have been corrected for isotopic contributions from (M - 1)+ 
and M+, respectively. 
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/ PMB* 

1.0 

TIME ( m s l  

0.1 

i 
Li 

m/z 
FIG. 1. Mass spectrum of TMB/HMB/SF6/CH4 (1.7 X 1OP4/3.6 

X 10-~/10-~ /1)  at 4.22 Ton and 598 K. The major peaks and their O.O 

m / z  values are C6H7+ (79), TMBH+ (135), HMB+ (162), HMBH+ 
(163). 

FIG. 2. Normalized ion intensities as functions of time after a 50 ps 
ionizing pulse of electrons for a mixture of composition PMB/HMB/ 
Ca6/SF6/CH4 (8 X 10-4/1 X 10-75 x 10p3/1~-3 / l )  at 3.8 Torr 
and 602 K. 

After a very short time (-0.5 ms) the normalized intensities 
of KMBf and PMBt are independent of time, suggesting that 
charge transfer equilibrium has been attained. 

PM B* - 

- 

v 

This was confirmed in the usual manner by determining that 
the calculated equilibrium constant K was independent of ion 
source pressure and of the ratio of concentrations of PMB and 
HMB . 

i 

0 0.5 1.0 T I M E  ( m s )  1.5 2D 

FIG. 3. Normalized ion intensities as functions of time after a 50 ps 
ionizing pulse of electrons for a mixture of TMB/PMB/C6H6/SF6/CH4 
(1.2 x 10-~/5 .8  x 1OP4/5 X 10-3/10p2/1) at 3.9 Torr and 586 K .  

In the expression for K, i is a normalized ion current. 
Although the M +  ions in Fig. 2 rapidly come into equilibrium 

with each other, the (M - 1)+ ion intensities are apparently 
approaching equilibrium values only at the longest time shown 
(3 ms), while the MH+ ions are not in equilibrium even at this 
long time. (M - 1)+ ions, because of their low intensity, 
were not studied further. Proton transfer equilibria could be 
studied by the judicious choice of relative and total ion-source 
concentrations of alkylbenzenes. Figure 3 shows one such run 
involving TMB and PMB when equilibrium (reaction [lo])  is 
achieved after - 1 .6 ms . 

It is to be noted that the equilibrium between (M - 1)+ ions is 
not shown and that the charge transfer reaction involving M+ 
ions has essentially achieved equilibrium at all but the shortest 
recorded reaction time. 

Equilibrium constants for equilibria of the form 

were measured over the temperature range 400-600 K. The 
equilibrium constants at a given temperature were independent 
of both the ratios of base concentrations over at least a variation 
of a factor of five and of ion source pressures in the range 
2-5 Ton. 

A typical van't Hoff plot of In K vs. 1/T is shown in Fig. 4. 
The slope of such a plot has the value - AH'/R and the intercept 
yields As'/R. The results obtained for the four methylbenzenes 
are shown in Table 1. In order to more securely tie the results to 
standard proton affinity tabulations, the equilibrium between 
MES and ethylacetate was examined and the resulting thermo- 
dynamic data for this equilibrium are also shown. 

The internal consistency of the ladder of AHO values is very 
good and well within the experimental precision. These results 
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TABLE 1. Standard enthalpy and standard entropy changes for proton transfer 

Compound --AH' (kcal mol-')' AS0 (cal K- '  mol-')" proton affinity 

Hexamethylbenzene 206.6 (207 .31d 

1.84 t 0.30 

Pentamethylbenzene 204.4 

1.24 i 0.13 1.28 t 0.25 

1,2,3,5-Tetramethylbenzene 
1- 

3.54 i 0.10 0.27 + 0.21 203.2 
.f .f (-2.17) 

Mesitylene 

Ethylacetate 
1 4 

200.7 (200.7)~ 

"Obtained from experimental van't Hoff plots for the reaction B,H+ + B, = B, + B2HC. BZ is above B,  in the table 
bProton affinity values are relative to PA(ethyl acetate) = 200.7 kcal mol-I, evaluated in ref. 3. 
'Uncertainty is one standard deviation from a linear least squares analysis. 
dEvaluated data from ref. 3. 
'Data in parentheses calculated from eq. [5] assuming all methyl carbons ale in the plane of the aromatic ring. 

FIG. 4. The van't Hoff plot for the proton transfer equilibrium 
MESH' + PMB E MES + PMBH'. A least-squares analysis yields 
AH' = -3.54 2 0.10kcal mol-' andas' = 0.27 2 0.21 cal K-' mol-'. 

confirm that proton affinity does increase with increase in the 
number of methyl groups on the aromatic ring. In the course 
of this work sonie experiments were performed with 1,2,4- 
trimethylbenzene and with 1,2,4,5- and 1,2,3,4-tetramethyl- 
benzenes. We choose not to report the results of these 
experiments because the samples were impure and equilibria 
were not sufficiently clearly defined but we did find that, as for 
the isomeric xylenes (16), proton affinity is a function of both the 
number and the position of the methyl groups. Suffice to say, the 
proton affinity of 1,2,4-trimethylbenzene is -2.4 kcal mol-' 
less than that of MES and the above-mentioned tetramethyl- 
benzenes have proton affinities lower than that of TMB. 

The proton affinities of MES and HMB have been measured 
by Taft and co-workers; their values are cited in ref. 3. The 
measurements were made by icr techniques at a temperature 
which was initially stated to be 300 K but is to be corrected to 
320 K. The corrected proton affinity difference obtained by Taft 
using a value of AS0 calculated according to eq. [5] is 
PA(HMB) - PA(MES) = 6.15 kcal mol-'. There is therefore 
good agreement with the value of 5.6 kcal mol- ' in Table 1. 

Taft and co-workers (16) also suggested that the effects of 
methyl groups in stabilizing the proton on the ring depend 
on position and are additive and calculable since protonation 
always occurs at the most favourable site. For example, since 
the difference between the proton affinities of benzene and 
toluene is 7.6 kcal mol-' and on the assumption that protonation 
occurs para to methyl, a p-methyl group is stabilizing to this 
extent. Similarly, since the proton affinity of m-xyleae is 
14.0 kcal mol-' greater than that of benzene and the proton will 
be most effectively stabilized by one methyl at the para position 
and one at the ortho position relative to the site of protonation 
then an o-methyl stabilizes to the extent of 14.0 - 7.6 = 
6.4 kcal mol-'. Using data for p-xylene, it is readily shown that 
the stabilization afforded by a m-methyl is 2.6 kcal molp'. The 
stabilization afforded by an ipso-methyl was assigned a value 
of less than or equal to 1.2 kcal mol-', this value being based 
on calculation. In Table 2 we have used the upper limit of 
1.2 kcal mol-' in a comparison of experimental and calculated 
proton affinity values, all relative to benzene. For internal 
consistency the experimental result are referenced to PA(MES) 
being 19.4 kcal mol- ' greater than that of benzene (3). 

The calculated results are all slightly higher than <he expe;- 
mental values by 1-1.7 kcal mol-'. The calculated order of 
PA values is certainly in agreement with experiment and the 
additivity principle is certainly a reasonable method for tne 
prediction of proton affinities of the methylbenzenes. It is also to 
be noted that the PA values which may be calculated but which 
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TABLE 2. Experimental and estimated proton affinities relative 
to benzene 

Compound A(PAj(expt) A(PA) (est)" 

Hexamethylbenzene 25.1 26.8 
Pentamethylbenzene 24.9 25.6 
Tetramethyibenzene 21.6 23.0 
Mesitylene 1 9 . 4 ~  20.4 

"Estimated as described in text. 
bPA(mesitylene) - PA(benzene) = 19.4 kcal mol-' from ref. 3. 

are not shown, for 1,2,3,4- and 1,2,4,5-tetramethylbenzene 
correctly predict values lower than that of TMB while 1,2,4- 
trimethylbenzene is correctly predicted to have a lower PA 
value than that of MES. 

PA(HMB) - PA(PMB) = 2.2 kcal m o l l  shows a significant 
stabilization afforded by an ipso-methyl. Protonation of HMB 
to give a localized, tetrahedral HCCH3 group, for which nmr 
evidence has been found at 190 K in super acids, leads to a 
distorted structure (8). At higher temperature the nmr studies 
suggested that there was a rapid H transfer amongst ring 
positions so that all sites became equivalent. Later studies 
confirmed this finding (9). Protonation of PMB in HF/BF3 
yielded only one isomeric C6(CH3)5H2+ at temperatures from 
213 to 293 K. This showed that the added proton is indeed 
localized at the only available C-H site yielding what is 
essentially a methylene group with charge delocalization over 
the rest of the ring (18). These studies suggest that the basicity of 
a ring carbon is considerably decreased by a CH3 substituent 
and that the favoured sites of protonation will always be 
unsubstituted ones. Fernandez, Jennings, and Mason have 
taken this idea one step further and produced some evidence that 
"dynamic" ion structures are present in the gas phase (7) .  They 
found anomalously high entropy changes for proton transfer 
reactions involving, 1,2 and 1,4 halotoluene isomers, the 
extreme example cited being a value of - 13.4 cal K- ' mol- ' 
for transfer from p-chlorotoluene to o-fluorotoluene. This value 
is to be compared with the value of -1.4 cal Kp '  molp' 
calculated from rotational symmetry changes. They suggest that 
for the 1,4 compound in particular, no available (i.e. cnsubsti- 
tuted) protonation site is strongly favoured over any other and 
that there are relatively high energy barriers at the unfavoured 
carbon atoms. The low energy barrier between adjacent 
unsubstituted sites allows "internal translation" of H and hence 
a substantial decrease in entropy when this translatiocal mode is 
lost. 

Should such internal translation effects be expected in the 
present study? Each of MES, TMB, and PMB has only one type 
of preferred site for protonation and in TMB and MES in which 
there are respectively two and three equivalent sites, these sites 
are separated by unfavoured sites. HMB has six equivalent sites 
and it could be argued that internal translation should therefore 
be facile and anomalous entropy effects should be observed. 
Alternatively, it could be argued that the H should be localized 
since the adjacent methyls block movement from the site of 
protonation. Table 1 confirms that there are no anomalously 
high values of A S 0  for any of the equilibria studied and therefore 
that hydrogen translation is not a factor in these systems. 
Moreover, if "internal translation" can occur then it should 
surely be most improtant for benzene. However, we known of 
no experimental results showing anomalous entropy effects in 
proton transfer equilibria involving this molecule. 

The ladder of standard entropy differences is internally self 

TABLE 3. Enthalpy and entropy changes for the charge transfer 
reaction B1+ + B2 = B: + B2- 

- A H O  -AS' A (IP)" 
B ,  Bz  (kcal mol-') (cal K-' molpl) (kcal mol-') 

TMB HMB 6 . 6 k l . O  1.4 i 2.2 10.6 
PMB HMB 4 . 1 k 0 . 2  1.0 i 0.3 6.7 

"Calculated difference in ionization energy from ref. 14 

consistent and in some cases the A S 0  values are reasonably 
close to those calculated using rotational symmetry numbers 
(eq. [5]). Symmetry numbers were chosen using the assumption 
that all methyl group are in the plane of the aromatic ring except 
when an ipso H is present (HMBH+). The precision quoted for 
the experimental results is one standard deviation and even 
allowing for this optimistic precision it is seen that some results 
(e.g. MESH+ + PMB) are not adequately described by eq. [5]. 
The applicability of non-planar structures was considered since 
calculation has shown that in HMB alternate methyls are 
slightly above and below the ring which is also slightly puckered 
(19). Such puckering probably occurs whenever there are 
adjacent methyls. The agreement between experimental and 
calculated A S 0  values was even poorer when such distorted 
structures were used. 

The total entropy change, AS0, in a proton transfer reaction 
has four contributions if the proton is always localized at the 
most favourable site and "internal translation" need not be 
considered 

AS&, is zero for the reactions studied and the calculated 
AS:,,, is negligibly small for these relatively massive mole- 
cules. The addition of a proton to any of the molecules leads 
to only small geometry changes and will not significantly 
change the moments of inertia; will therefore be given by 
eq. [5]. The differences between the experimental entropies and 
calculated AS:, values must therefore be due to non-zero values 
of AS:,. The methylbenzenes with adjacent methyl groups 
will, like HMB (19), have some low frequency torsional and 
puckering modes which are strongly coupled in the neutral 
molecule and which will be altered upon protonation when 
tetrahedral geometry is approximated at one of the ring carbons. 
Insufficient information is available to prove that the resulting 
changes in vibrational frequencies together with rotational 
symmetry number changes do indeed account for the entropy 
charges observed. It is apparent, however, that calculations 
of AS' for the methylbenzenes using eq. [5] above are not 
adequate. 

Data for charge transfer are in Table 3. There are insufficient 
results to obtain good thermodynamic data since, as noted 
before, the reactions were very fast and precision was not as 
good as for proton transfer. The two AN' values obtained 
correspond to the difference in vertical ionization energies 
between PMB and HMB and between TMB and HMB. The 
ionization potentials for the higher methylbenzenes are not 
known with precision. Calculation suggests that the ionization 
energy decreases linearly with the number of methyl groups on 
the ring, with energy differences of 10.6 kcal mol-' between 
PMB and HMB and 6.7 kcal mol-' between TMB and PMD 
(14). These values are almost a factor of two greater than the 
present ones. We are carrying out further experiments on these 
charge transfer reactions to determine whether these initial 
values are reliable. 
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0.5 1.0 1.5 
T I M E  ( m s  I 

FIG. 5 .  Kinetic data for the proton transfer reaction TMBH' + 
PMB TMB + PMBH+ at 571 K and an ion source pressure of 
3.99 Torr: (a) The normalized ion intensities TMBH' , @ PMBH- : 
(b )  kinetic data plotted according to eq. [14]. Sample composition 
TMB/PMB/C6H6/CH4(2.9 X 10-4/1.8 X 1 0 - ~ / 5  X 10-~/10-'/1). 

The kinetics of proton and charge transfer 
Proton transfer between the methylaromatics was found to be 

slow, especially at the higher temperatures. Such was not the 
case for charge transfer involving the molecular ions which 
were generated mainly by electron transfer to SF5+. The 
kinetics of charge transfer between the aromatics was studied, 
when possible, under experimental conditions which were 
optimized for proton transfer studies. In such circumstances 
charge transfer equilibrium was often set up too rapidly for 
meaningful kinetic data to be obtained since relatively high 
concentrations of the aromatics were used in the proton transfer 
studies. 

Rate constants for proton transfer 
Both the forward and reverse rate constants were determined 

for proton transfer reactions of the form of reaction [ I ] .  A 
typical graph of the pertinent normalized data for such a system 
is shown in Fig. 5a for the reaction 

k ,  
[12] TMBH' + PMB TMB + PMBHi 

k -  

Since the concentrations of PMB and TMB are very much 
greater than those of TMBH+ and PMBHf they remain constant 
and the reaction may be written as a reversible reaction which 
is first order in each direction 

where k,' = k+ [PMB] and k-' = k -  [TMB]. This form 
is treated by the standard method for reversible first order 
reactions (20) to yield the integrated form 

where i,, i O ,  and i ,  are respectively the normalized TMBH+ or 
PMBH+ ion currents at equilibrium and at times zero and t. The 
approach to equilibrium is a first order process with pseudo rate 
constant ( k ,  ' + k - ' ) .  Since the equilibrium constant is equal to 
k  , ' / k _ ' then each of k + ' and k - ' may be determined and from 
the known concentrations of neutrals in the ion source, k+ and 
k -  may be calculated. Figure 5b shows the linear plot of 
-In ( i ,  - i t )  against t for the data in 5a which has slope 
(k+ ' + k '). Such an analysis was also carried out for the charge 
transfer reactions when data were available. The results from 
this method of deriving rate constants were compared with 
those from the more usual method which employs the slope of 
the linear decay obtained from a plot of the logarithm of the 
normalized ion intensity versus time e.g. for reaction [12]. 

This method could only be applied satisfactorily to the fastest, 
most exothermic proton transfer reactions under conditions 
when the reverse reactions were not significant. The results 
obtained by the two methods are in reasonable agreement. For 
the TMB/PMB system for which the measured exothermicity 
is low (AH0 = -1.24 kcal mol-') the back reaction was 
obviously of significance and the linear decay method yielded 
somewhat lower values. 

The results obtained for the five systems studied are shown in 
Figs. 6-10 in which reaction efficiency is plotted against the 
logarithm of the absolute temperature. The reaction efficiency 
is defined as k / k c  where k  is the measured rate constant and 
kc is the rate constant for collision as calculated by the Average 
Dipole Orientation (ADO) theory of Su and Bowers (21). 
The proton transfer reactions under study involve molecules 
with quite large polarizabilities and very small or no dipole 
moments. kc values are therefore all in the range 1.15- 
1.28 x cm3 molecule-' s-' with very little temperature 
dependence. 

Several generalizations can be made regarding these kinetic 
results. The difference between the forward and the reverse rate 
constants is greatest for the reactions with highest exothermicity 
as expected, since 

and AGO is roughly proportional to AH' when AS' is small. 
In no case is proton transfer efficient, the maximum reaction 
efficiencies in the forward direction being for the two most 
exothermic reactions at the lowest temperature employed. All 
reactions, both forward and reverse, with the exception of 
TMBH+ + HMB, show a negative coefficient of reactivity, 
i.e., the rate constant increases with decrease of temperature. 
The plots of log k vs. log T are linear as are plots of 
In k  vs. 1/T.  The latter Arrhenius type plots yield small 
(-2 kcal mol-') negative "activation" energies, the one 
exception being TMBHf + HMB with a positive activation 
energy of 0.76 kcal molp'. The efficiencies of proton transfer 
at 400 K and 600 K are plotted against the overall change in 
free energy for reaction, AGO, in Fig. 11 .  The two curves are 
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STONE ET AL. 2027 

FIG. 6. The variation of reaction efficiency with temperature for the FIG. 8. The variation of reaction efficiency with temperature for the 
reaction MESH+ + PMB = PMBH' + MES. @ Forward rcaction, reaction MESH+ + TMB TMBH' + MES. @ Forward reaction, 
0 reverse reaction. 0 reverse reaction. 

FIG. 7 .  The variation of reaction efficiency with temperature for the 
reaction TMBH' + HMB HMBH' + TMB. @ Forward reaction, 
0 reverse reaction, forward reaction determined using eq. [15j. 

similar to the one obtained at 298 K by Bohme and co-workers 
(22) for a series of proton transfer reactions encompassing 
a much wider range of AGO in the negative direction and 
approximately the same range in the positive direction. They 
found that the reactions were 100% efficient when AGO S 
- 10 kcal molp'. We have no data for 298 K but extrapolation 
of the plots of log (kf/kc) vs. log T to log 298 for the two most 
exothermic reactions yields efficiencies very close to unity. 
Obviously efficiency will not be unity at higher temperatures 
until AGO is considerablv more negative than the values for 
any of the reactions studied in this wirk. Figure 11 emphasizes 
that a positive temperature coefficient of reaction efficiency 
(k/kc increasing with increasing temperature) occurs only when 
AGO (and AH0) is significantly positive. 

Slow, exothermic proton transfer reactions have been des- 
cribed by Brauman and co-workers (23,24) and Meot-Ner (25). 
The latter demonstrated negative temperature coefficients for 
the forward (exothermic) rate constants. Kebarle (26) has 
succinctly outlined the basic types of reactions in which such 
behaviour should be observed and has discussed briefly the 
theory of such reactions. Central to the theory is a model 
involving the formation of an ion-molecule collision complex 
which i s  sufficiently long-lived that its energy is completely 
randomized over all accessible levels. The total energy includes 
the excitation energy generated by the ion-molecule inter- 
actions. The inefficiencv of the reactions is due to the rate 
of dissociation of the excited complex to regenerate reactants 
being greater than chemical reorganization to give products. 
The explanation for this behaviour is based on the shape of the 
potential energy profile along the reaction coordinate. In order 
to make quantitative predictions about such reactions this profile 
and the characteristics of the complex at pertinent points on the 
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2.6 2.7 2.8 
log T 

FIG. 9. The variation of reaction efficiency with temperature for the 
reaction MESHt + TMB Z TMBH' + MES. @ Forward reaction, 
0 reverse reaction, forward reaction determined using eq. [15]. 

0.001 

log T 

FIG. 10. The variation of reaction efficiency with temperature for 
the reaction PIMBN' + HMB g HMBH' + PMB. @ Forward 
reaction, 0 reverse reaction, forward reaction determined using 
eq. [15]. 

AGO ( kcal  mol-' 1 

FIG. 11. The variation of reaction efficiency with standard free 
energy change for proton transfer reactions. 

profile must be known. Since the reactions under study involve 
relatively complex ions and molecules whose mode of associa- 
tion is not known, only qualitative arguments in support of the 
proposed reaction mechanism can be made. 

The potential energy profile along the reaction coordinate 
(Fig. 12) is for the generalized proton transfer reaction. 

The two potential wells correspond to the two ion-neutral 
association complexes B lH+ . . B2 and B . . . +HB2. The central 
maxiqum corresponds to a chemical transition state of the form 
B1.. .He. .B2 for the proton transfer step. Although the potential 
profile cannot be described with any exactitude, its qualitative 
features are known. The ions involved, protonated aromatics, 
have considerable charge delocalization and indeed the CH2 or 
CHCH3 group formed by the addition of a proton to the aromatic 
ring will have some tetrahedral character with little of the charge 
present at this site (27, 28). There will be a significant fraction 
of the charge on the methyl groups as was calculated for the 
toluenium ion (27). This charge delocalization will lead to a 
very low stability for the ion-molecule association complexes, 
i.e., both potential wells are very shallow. No stabilized 
complexes ( B l e .  -HB2+ or B2" *HBI+)  were observed with 
these protonated aromatics, even at temperature as low as 
298 K. An enthalpy of dissociation of 11.0 kcal mol-' has been 
reported for C6H7+. C6H6 which suggested that in such aromatic 
dimers the binding is purely electrostatic (29). The association 
complexes formed in the present case will probably be more 
weakly bound since the methyl groups will inhibit close approach 
of ion and neutral and negate the increased polarizability due to 
methyl groups. The geometry of the entities BIH+. . .B2 and 
B1.*.HB2+ are open to conjecture. If the charge remains 
delocalized over much of the ion then although the maximum 
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FIG. 12. The reaction coordinate for proton transfer between poly- 
methyl aromatics. 

polarizability of aromatic molecules is in the plane of the ring 
(30), the maximum electrostatic interaction energy will be 
obtained if the aromatic rings can form a sandwich even though 
the methyl groups will sterically hinder anything but a very 
loose association. Interaction of the two rings via a proton 
bridge would lead to loss of charge delocalization on one ring 
with little compensating stabilizing delocalization on the other. 
Such a geometry, although not likely for B . . + H B ~ ,  would of 
necessity be the transition state for proton transfer. The proton is 
probably transferred via a transition state involving interaction 
with the 7~ orbitals of the rings. A IT complex has been suggested 
as the transition state for intramolecular proton transfer with a 
calculated activation energy of 8 kcal molpl (28). The central 
ptoential barrier in Fig. 12 corresponds to the activation barrier 
for transfer of a proton, from an esseptially sp3 carbon in 
B1H+.. .B2 via the IT bound state B1 . . .H . . .B  2. The height of 
the barrier will probably be less than that for intramolecular 
transfer because of the participation of the second aromatic ring 
but the zero point energies associated with the new vibrations or 
severely hindered methyl rotations replacing free rotations will 
increase the fixed energy and raise the energy level of the 
reaction coordinate at the barrier maximum. 

Proton transfer between the methyl benzenes satisfies more 
than one of the criteria for slow proton transfer, viz., very low 
exothermicity, a decrease of rotational freedom on complex 
formation, and a central chemical barrier (26). The initially 
formed chemically activated complexes, in both the forward 
direction, (RIH+ . . .R2), and the reverse direction, (R1 . . . +HR2) 
may either cross the central barrier or return to reactants by 
crossing the centrifugal barrier. The much higher density of 
states of the complex at the latter barrier favours dissociation to 
the reactants. Increasing temperature increases the importance 
of this density of states relative to those at the central barrier 
and hence the rate constants show a negative temperature 
dependence. This is also apparently true in the endothermic 
direction as well for all but one ion-molecule reactant pair. 
This is one of the two most endothermic reactions, viz. 
TMB + PMBHf, the other, MES + PMBHf having only a 
very slightly negative temperature dependence. For TMB + 
HMBH+ the activation energy, obtained from an Arrhenius 
plot is 0.76 kcal mol-I, a value considerably lower than the 
measured enthalpy change for the reaction (3.5 kcal mol- ). It 
is obvious from these results that an endothermic reaction 
does not necessarily have a rate constant which increases with 
increasing temperature, when the endothermicity is small the 
shape of the potential energy profile is equally important. 

The two forward (exothermic) charge transfer reactions 
studied are more exothermic than the corresponding proton 
transfer reactions involving the same neutrals and all proceed 
with close to 100% efficiency and with very little if any, 
temperature dependence. This is in accord with the results of 
Meot-Ner and Field using a variety of lower alkylbenzenes (1 7). 
The two reverse reactions show a normal, positive temperature 

dependence, i.e., the rate increases with increasing tempera- 
tures. Since electron transfer can occur over a much greater 
distance than proton transfer, a long-lived complex is not 
necessary and considerations applied to the proton transfer 
reactions are not appropriate to charge transfer. The data are 
typical of fast charge transfer reactions which lends credence to 
the validity of the proton transfer data. 

Conclusions 
The relative basicities of methylbenzenes increase with 

increasing number of methyl groups. The relative proton 
affinities determined using van't Hoff plots are not in agreement 
with those obtained using calculated entropy differences based 
only on changes in rotational symmetry numbers. Although 
such calculations are usually found to be adequate for less 
complex bases, the results obtained here suggest that acceptable 
calculated AS0 values will only be obtained when changes in 
molecular vibrational levels and the coupled methyl torsional 
levels are included. 

The measured rate constants show that proton transfer is 
inefficient except at low temperatures and when AGO is negative 
by 2 4  kcal mol-'. A negative temperature coefficient of the 
reaction efficiency is observed for both the exothermic forward 
direction and the endothermic reverse direction. There is only 
one exception to the latter; the most endothermic reaction 
studied (TMB + HMBH+) shows a slight positive temperature 
coefficient. Such behaviour in near thermoneutral proton 
transfer reactions may not be exceptional and we are presently 
investigating whether it is the rule rather than the exception. 
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Janovsky reactions between cyclopentadienyliron complexes of substituted benzenes 
and carbanions derived from ketones1 
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RONALD G. SUTHERLAND, RATAN L. CHOWDHURY, ADAM ~ ' I ~ R K o ,  and CHOI CHUCK LEE. Can. J .  Chem. 64,203 1 (1986). 
Janovsky reactions were carried out between various r16-substituted benzene-qs-cyclopentadienyliron cations containing at 

least one electron-withdrawing substituent in the complexed arene and the enolate-carbanion derived from acetone, butanone, 
or 3-pentanone. Highly colored adducts were obtained from reactions of the cyclopentadienyliron (CpFe) complexes of 
nitrobenzene, cyanobenzene, p-tolylsulfonylbenzene, benzoylbenzene, o-, p-, or m-nitrotoluene, and o-, p- ,  or m-dichioro- 
benzene with acetone in aqueous KOH, the products being derived from e.xo-addition of the acetonyl anion regioselectively at a 
position ortho to an electron-withdrawing substituent. For example, reaction of the q6-nitrobenzene-$-cyclopentadienyliron 
cation ( la )  with acetone in aqueous KOH gave (~,S)-(1-5-~~-1-nitro-6-exo-(2-oxo-l-~ro~~l)-c~clohexadien~l)(~~-c~clo- 
pentadieny1)iron (2a), isolated as a purple solid. Similarly, reaction of the nitrobenzene complex l a  with 3-pentanone 
in aqueous KOH gave two diastereomeric adducts, (R,R-S,S)- and (R,S-S,R)-(1-5-~~-l-nitro-6-exo-(3-oxo-2-~ent~l)- 
cyclohexadienyl)(r15-cyclopentadienyl)iron ( l l a ,  b). Reactions of the CpFe complexes of chlorobenzene and o- or p- 
dichlorobenzene with butanone in aqueous KOH were also investigated. In each case, three Janovsky adducts, two being 
diastereomers, were obtained from addition of the two carbanions derived from loss of either a-proton of butanone. Potential 
synthetic applications via these Janovsky adducts are pointed out since their treatment with ammonium ceric nitrate could lead to 
demetallation-oxidation; for example, (2,5-dichlorophenyl)propanone, a new compound, was obtained from the adduct formed 
between the p-dichlorobenzene complex and the acetonyl anion. 

RONALD G. SUTHERLAND, RATAN L. CHOWDHURY, ADAM ~ ' I ~ R K o  et CHOI CHUCK LEE. Can. J. Chem. 64,2031 (1986) 
On a effectue la reaction de Janovsky entre divers cations benzene q6-substitues ~ ~ c l o ~ e n t a d i ~ n ~ l - ~ ~  de fer contenant au 

moins un substituant Clectro-attracteur dans le complexe a r h e  et les carbanions Cnoliques derives de I'acCtone, de la butanone ou 
de la pentanone-3. On obtient des adduits fortement lors des rkactions des complexes cyclopentadiCnyles de fer (CpFe) et du 
nitrobenzene, du cyanobenzkne, du p-tolylsulfonylbenzene. du benzoylbenzi.ne des o-, p -  ou m-nitrotolukne et des o-, p- ou 
m-dichlorobenzene avec l'acetone dans du KOH aqueux. Les produits proviennent d'une addition exo rCgiosClective de I'anion 
acCtonyle en position ortho d'un substituant Clectro-attracteur. Par exemple, la reaction du cation nitro-q6 benzenecyclopenta- 
diCnyle-q5 de fer ( l a )  avec I'acCtone dans du KOH aqueux donne du (nitro-1 (0x0-2 propyl-1)-exo-6 cyclohexadienyl--r15-1 ,5) 
(cyclopentadiCnyl--r15) de fer (R,S) (2a) qui a CtC is016 sous la forme d'un solide de couleur pourpre. Le complexe l a  du 
nitrobenzene reagit de la mCme f a ~ o n  avec la pentanone-3 dans du KOH aqueux pour donner deux adduits diastCreoisomeres soit 
les nitro-l (0x0-3 pentyl-2)-exo-6 (cyclohexadiCnyl-~5-1,5) (cyclopentadi~nyl-r(5) de fer (R,R-S,S) et (R,S-S,R) ( l l a ,  b). 
On a Cgalement CtudiC les rCactions des complexes de CpFe du chlorobenzene et du o- ou du p-dichlorobenzkne avec la 
butanone dans du KOH aqueux. Dans chaque cas, on obtient trois adduits de Janovsky, dont dcux sont dcs diasttr6oisomkres, 
qui proviennent de l'addition de deux carbanions provenant de la perte de I'un des protons en a de la butanone. On met en 
evidence les possibilitCs de synthkse A partir des adduits de Janovsky puisque leur reaction avec le nitrate d'ammonium cCrique 
peut conduire a une dCmCtallation oxydante. Par exemple, on obtient la (dichloro-2,5 phenyl)propanone, un nouveau compose, 
A partir de l'adduit form6 entre le complexe du p-dichlorobenzene et l'anion acetonyle. 

[Traduit par la revue] 

The reactions of nitroarenes with nucleophiles continue to be 
the topic of many investigations and these reactions have been 
the topic of several recent reviews (2-4). One of the more 
intriguing of such reactions is the Janovsky r e a ~ t i o n , ~  which 
involves the addition of a carbanion derived from ketones, such 
as acetone, to polynitro derivatives of arenes, such as nz-dinitro- 
or 1,3,5-trinitrobenzene, leading to the formation of a carbon- 
carbon bond at the position ortho to a nitro group (7). In the 
present paper, the ready formation of Janovsky adducts is 
described for reactions between a number of r16-substituted 
benzene-q5-cyclopentadienyliron cations and a carbanion derived 
from acetone, butanone, or 3-pentanone. 

In Janovsky reactions with substituted benzenes, two or more 
electron-withdrawing substituents have to be present before the 
reaction can take place (7). Complexation to the cyclopenta- 
dienyliron (CpFe) moiety apparently has a similar effect as 
a second electron-withdrawing substituent, and thus the r16- 

'For a preliminary communication, see ref. 1 .  
2 ~ a m e d  for the Czech chemist, J. V. Janovsky, but also translated 

as the Yanovsky or Yanovskii reaction (1, 5 ,  6) for a more appropriate 
English pronounciation. 

nitrobenzene-q -cyclopentadienyliron cation (Pa), prepared as 
its hexafluorophosphate (81, could react readily under very mild 
conditions with the enolate-carbanion derived from acetone 
to give the Janovsky adduct, (1 -5- q '- 1 -nitro-6-exo-(2-0x0- 1 - 
propyl)-cyclohexadienyl)(rl5-cyclopentadienyl)iron, a complex 
resulting from exo-addition of the acetonyl anion regioselec- 
tively at a position ortho to the nitro substituent (eq. [I]). 
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TABLE 1. Data from the 'H nmr spectra of Janovsky adducts from cyclopentadienyliron complexes of monosubstituted benzenes 

6 (CDCl,), (ppm from TMS) 

Cyclohexadienyl protons 

Adduct C-2 C-3 C-4 C-5 C-6 CP CH2" 

aThe chemical shifts of the two diastereotopic protons of the methylene group were determined by a 360-MHz spectrometer. The other spectral data 
were obtained by a 60-MHz spectrometer. More detailed splitting patterns for the cyclohexadienyl protons obtained by the 360-MHz spectrometer will be 
reported later. 

bAdduct formed from reaction with acetone-d6. 

Similar results were obtained when the nitro group in l a  was 
replaced by another electron-withdrawing substituent. Thus the 
CpFe complex of cyanobenzene ( lb ) ,  p-tolylsulfonylbenzene 
(phenyl p-tolyl sulfone) ( lc) ,  or benzoylbenzene (benzophe- 
none) ( Id)  gave the same reaction with the acetonyl anion, 
resulting in the formation of Janovsky adducts 2b, 2c, or 2d, 
respectively (eq. [I]). In all of these cases, since C-6 is a chiral 
carbon, the products would be R , S  pairs. 

exo-~ddition of nucleophiles to cpFe complexes of arenes 
is well known (9-13), and by analogy the acetonyl groups in 
these adducts are assigned the exo-configuration. Data from the 
'H nmr spectra of Janovsky adducts 2a-2d are summarized in 
Table 1,  and these results are consistent only with an attack 
by the acetonyl anion at a position ortho to the electron- 
withdrawing substituent. It may also be noted that in the 
reaction with I d ,  acetone-d6 in KOD-D20 was employed with 
the resulting deuterated adduct showing a simpler spectrum. 
Some observations from the ir and ms sDectra of these adducts. 
which are also consistent with the structures assigned, are given 
in Table 2 together with the physical appearance, yields, and 
analytical data. 

In the Janovsky reaction with m-dinitrobenzene, for example, 
the acetonyl anion adds to the C-4 position, ortho to one and 
para to the other NO2 group, and the resulting negative charge 
in the ring can be shown as being delocalized over both NO, 
groups (7). The present finding of regiospecific addition only to 
the ortho position and not to the para position may suggest that 
the electron-withdrawing inductive effect of substituent X in 
cations l a - l d  may play a more important role than resonance 
delocalization in controlling the regiospecificity. In contrast to 
this regiospecificity, reaction of the cpFe complex of toluene 
(1, X = CH3) with the hydride ion gave a 1: 1: 1 mixture of 
products derived from additions at the o-, m-, and p-positions 
(14). On the other hand, a similar reaction with the CpFe 
complex of chlorobenzene ( l e )  or of methyl benzoate (1, X = 
COOCH3J, respectively, gave a 4: 1:O or 12.7: 1: 1.1 mixture 
of products derived from hydride additions at the o-, m-, 
and p-positions (14), the major product being derived from 
o-addition, and probably also indicating an important role for 
the inductive effect of the electron-withdrawing substituent. 

It is of interest to note that in Meisenheimer or Janovsky type 
of adducts of nitroarenes such as 1,3,5-trinitrobenzene, from 
the ir spectra, it was found that there was a lowering of the 

asymmetric and symmetric stretching vibrational frequencies of 
the NO2 group when compared with the analogous frequencies 
in the nitroarene, and this finding was attributed to a decrease in 
the N-0 bond order because of the transfer of negative charge 
to the nitro groups in the adduct (15, 16).3 A similar lowering 
in NO2 stretching frequencies was observed in the presently 
prepared Janovsky adducts; for example, the ir frequencies for 
the NO2 group of 2a  are lower than the corresponding 
frequencies for the NO2 group of cation l a  (Table 2) from which 
2a  was prepared. Apparently, such a decrease in bond order also 
occurred in the CN, SO2, or CO substituent directly attached to 
the complexed cyclohexadienyl ligand in adduct 2b, 2c, or 2d, 
with the corresponding ir absorptions in cation l b ,  l c ,  or Id ,  
respectively, appearing at higher frequencies (Table 2). 

When the hexafluorophosphate salts of the r16-benzene-q5- 
cyclopentadienyliron or similar CpFe complexes of substituted 
benzenes including toluene, cumene, anisole, N,N-dimethyl- 
aniline, (p-tolylthio)benzene, tetralin, and biphenyl were treated 
with acetone in aqueous KOH, no Janovsky adduct was 
obtained and the complex used as reactant was recovered 
unchanged. Thus a strong electron-withdrawing substituent on 
the complexed arene is required for the Janovsky reaction. 
Similar attempts to prepare the Janovsky adduct with the 
CpFe complex of azidobenzene or fluorobenzene resulted in a 
nucleophilic aromatic substitution to give a CpFe complex of 
phenol that in the basic medium led to the formation of a known 
complex, 715 - ~ ~ c l o h e x a d i e n o n e - ~  5-cyclopentadienyliron (3) 
(17). When the hexafluorophosphate of the q6-chlorobenzene- 
~5-cyclopentadienylir~n cation ( l e )  was treated with acetone 
in aqueous KOH, a mixture of Janovsky adduct 2e and the 
cyclohexadienone complex 3 was formed and a pure sample of 
2e was not obtained. 

Although the chlorobenzene complex l e  failed to give a pure 
Janovsky adduct, CpFe complexes of dichlorobenzenes readily 
undergo the Janovsky reaction. With the o- or p-dichloro- 
benzene complex 4 a  or 6a ,  reaction with the acetonyl anion 
gave only one product, 5 a  or 7a ,  respectively, again derived 
from regioselective exo-addition at a position ortho to a chloro 
substituent (eqs. [2] and [3]). With the m-dichlorobenzene 
complex $a,  two Janovsky products, 9a  and l 0 a ,  were obtained 
(eq. [4]), the ratio of 9a:  10a being about 9: 1 based on the 

3See also ref. 4, p. 31. 
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TABLE 2. Data on yields and analyses and some infrared and mass spectral results for Janovsky adducts 

Analysis, found (calcd) (%) Infrared (cm- ' ) Mass spectrum ( m / e  (relative abundance)) 
Yield 

Adduct Appearance (%) C H N CO Others" M' (M - acetonyl)+ 

Purple solid 

Red oil 
Red oil 

Red solid 
Orange red oil 

Orange red oil 

Orange red oil 
Purple solid 

Purple solid 

Purple solid 

Purple oil 

Orange red oil 
Red oil 

Red oil 

"The numbers in the parentheses are the corresponding ir absorptions in the rl"-substituted benzene-.r15-cyclopentadienyliron cation from which the Janovsky adduct was prepared. 
bDifficult to purify; no analysis for C, H, and N. 
'Decomposes slowly, no analytical or ms data. 
d ( ~  - CH~CHCOCH~CH~)+.  
'Contaminated by cyclohexadienone complex 3; structures assigned on the basis of ' H  nmr data only (Table 4). 
f ( ~  - CH~CHCOCH,)+ or (M - CH,COCH,CH,)+. 
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SUTHERLAND ET AL. 

TABLE 3. Data from the 'H nmr spectra of Janovsky adducts from cyciopentadienyliron complexes of disubstituted benzenes 

6 (CDC13), (ppm from TMS) 

Cyclohexadienyl protons 

"As in Table 1 except that the methylene protons of 9a are not diastereotopic and appear as a doublet. 
bData from the spectrum of a mixture of 9a and 10a; relative intensities of the Cp peaks in the 360-MHz spectrum gave a ratio of about 

9:1 for 9a:lOa. 
'The C-2 and C-4 protons of 9a are equivalent. 
dData from the spectrum of a mixture of 96 and l o b :  relative intensities of the Cp peaks in the 360-MHz spectrum gave a ratio of 

about 3:2 for 9b:lOb. 

TABLE 4. Data from 'H nmr spectra of Janovsky adducts from reactions with butanone and 3-pentanone" 

6 (CDC13), (ppm from TMS) 

Cyclohexadienyl protons 

Adduct C-2 C-3 C-4 C-5 C-6 CP Others 

"All spectral data were obtained by a 360-MHz spectrometer; the splitting patterns given for the cyclohexadienyl protons are rough 
approximations and more detailed analyses of these patterns will be reported later. 

bData from the spectrum of a mixture of I l a  and l l h ,  the ratio of 1 l a : l l b  being about 5:4 based on the relative intensities of the 
Cp absorptions. 

'Data from the spectrum of a mixture of 120, P%b, and 12c, the ratio of 12a:12b:12c being about 7:6:4 based on the relative intensities 
of the Cp absorptions. 

dDiastereotopic C-1 methylene protons of the side chain coupled with the C-6 proton of the cyclohexadienyl ring to give two sets of 
AB splitting patterns. 

'Data from the spectrum of a mixture of 13a, l 3 b ,  and 13c, the ratio of 13a:13b:P3c being about 3:2:1 based on the relative intensities 
of the Cp absorptions. 

fData from the spectrum of a mixture of 14a, 14b, and 14c. the ratio of 14a: 14b:14c being about 9:6:4 based on the relative intensities 
of the Cp absorptions. 
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CpFe complex of phenol, which in the basic medium would be 
irreversibly converted to the cyclohexadienone complex 3. 

The present work may also have potential for applications 
in organic synthesis. We have found that when the Janovsky 
adduct 7 a ,  obtained from the p-dichlorobenzene complex 6 a .  
was treated with ammonium ceric nitrate in wet acetone in the 
presence of NaOAc as described by Pearson et al.  (18), 
demetallation together with oxidation took place to give a 50% 
yield of (2,5-dichloropheny1)propanone (erroneously stated as 
(2,4-dichloropheny1)propanone in ref. I ) ,  a compound that has 
not been previously reported. RajanBabu et al. (19) have 
recently studied the addition of silyl en01 ethers to aromatic nitro 
compounds, followed by oxidation to give a-nitroaryl carbonyl 
compounds. These workers (19) have also pointed out that 
"even though &-anionic complexes between aromatic polynitro 
compounds and enolates (Janovsky complexes) have been 
known for over 90 years, these have found no application 
in synthesis." As in the present preparation of (2,5-dichloro- 
phenyl)propanone, it appears that similar demetallation-oxida- 
tion of Janovsky adducts of CpFe complexes of substituted 
arenes may provide a method for the introduction of alkyl side 
chains bearing a useful 0x0 function into the ortho position of 
substituted benzenes with an electron-withdrawing substituent 
such as nitrobenzene. 

Experimental 
776-~ubstituted benzene- 77* -cyclopentadienyliron cations 

The 6-substituted benzene-? -cyclopentadienyliron cations em- 
ployed in the present study were prepared as their hexafluorophosphate 
salts utilizing known procedures. The CpFe complexes of nitrobenzene 
( la)  and o-, p-, or m-nitrotoluene (46, 6b ,  or 8b,  respectively) 
were obtained as described by Lee et al. (8). Similar complexes of 
chlorobenzene ( le)  and o-, p-, or m-dichlorobenzene (4a, 6a ,  or 8a,  
respectively) were prepared by ligand exchange reactions as reported 
by Khand et al. (20). The cyanobenzene complex 1 b  was obtained 
by a nucleophilic substitution reaction between cyanide ion and the 
chlorobenzene complex l e  (21). The sulfone complex l c  was prepared 
by oxidation of the -r16-(p-tolylthio)benzene-$-cyclopentadienyliron 
cation, while the benzophenone conlplex Id was obtained from the 
KMn04 oxidation of the r16-diphenylmethane-r15-cyclopentadienyl- 
iron cation (22). The CpFe complex of (p-toly1thio)benzene (15) was 
prcpared from a nucleophilic aromatic substitution reaction between 
the nitrobenzene complex l a  and 4-methylbenzenethiol in the presence 
of K2CO3 (23). Oxidation of 15 by m-chloroperbenzoic acid gave the 
sulfone complex Ic  as its hexafluorophosphate (24). 

Besides cation 15, which did not give the Janovsky reaction, other 
complexes that also failed to give the Janovsky adduct, including the 
CpFe complexes of benzene, toluene, cumene, anisole, N,N-dimethyl- 
aniline, teiralin, biphenyl, and fluorobenzene, were all prepared from 
ligand exchange reactions between the arene and ferrocene as reviewed 
b; ~utherland(25). Finally, the azidobenzene complex, which, like the 
fluorobenzene complex, gave the cyclohexadienone complex 3 under 
the Janovsky reaction conditions, was prepared from the nucleophilic 
aromatic substitution reaction between chlorobenzene complex l e  and 
NaN3 (26). 

Janovsb reactions 
Described below is the general procedure fcr the preparation of 

Janovsky adducts formed from reactions between the various -q6- 
substituted benzene-.r15-cyclopentadienyliron cations and acetone, 
butanone, or 3-pentanone. 

To a stirred solution of 3.0 mmol of the hexafluorophosphate salt of 
an T6-substituted benzene-.r15-cyclopentadienyliron cation in 15 mL of 
the ketone, 5 .0 mL of a 20% solution of KOH in M20 was added. An 
intense color developed immediately and the solution was stirred at 
room temperature for about 20 min. The reaction mixture was then 

extracted with CHC13 (3 x 25 mL) and the extract washed with H 2 0  
(3 x 50 mL). After drying over MgS04, the CHC1, was removed in a 
rotary evaporator. The residue was then purified by passage through a 
short column (5 cm) packed with F-20 alumina (Alcoa Chemical Co.) 
that had been deactivated by exposure to air for 48 h. Any impurities 
that may have been present were first removed by elution with pentane 
and the Janovsky adduct was then eluted with CHC13. Upon evapora- 
tion to dryness at room temperature, the highly colored product was 
obtained either as an oil or recrystallized from CHC13-pentane. 

2,5-Dichlorophenylpropanone 
To a stirred solution of 800 mg (2.47 mmol) of Janovsky adduct 7a 

((1-5-~"1 ,4-dichloro-6-exo-(2-oxo-l-propyl)-cyclohexadienyl) (r15- 
cyclopentadieny1)iron) in 15 mL. of acetone and 0 .5  mL. of H 2 0  
containing 2.0 g of NaOAc, (NH4)2Ce(N03)6 (Aldrich Chemical 
Co.) was added at room temperature and with stirring in ten 200-mg 
portions over a period of 2.5 h. Ether (200 mL) was then introduced and 
the resulting solution was washed with H 2 0  (3 X 50 mL). After drying 
over MgS04, removal of the solvent in a rotary evaporator gave an oil 
that, upon analysis by gc-ms, showed a 50% yield of 2,5-dichloro- 
phenylpropanone; 'H  nmr (CDCI,) 8: 2.33 (s, 3H, CH3), 3.95 (s, 2H, 
CH,), 7.36 (br s, 3H, Ar). Its ir spectrum showed a carbonyl absorption 
at 1710cm-'. In its mass spectrum, the molecular ion region showed 
m/e  202, 204, and 206 with relative abundances of 37.16,23.20, and 
4.05%, respectively, in agreement with the expected relative ratio of 
about 9:6:1 for two C1 atoms in the molecule with an approximate 
3 5 ~ 1 :  37C1 ratio of 3: 1. 
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Aqueous solution interaction of the methylmercuric cation with the dinucleotides 
CpG and dCpdG as studied by carbon-13 nuclear magnetic resonance spectroscopy1 
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G. W. BUCHANAN and M. J. BELL. Can. J .  Chem. 64, 2038 (1986). 
13C nuclear magnetic resonance chemical shifts and l3CW3lP coupling constants are reported for the self-complementary 

dinucleotides CpG and dCpdG in aqueous solution. The influence of methylmercuration at pH 6.0 on these spectral parameters 
has been examined. Results are interpreted in terms of preferential methylmercuration at the N-7 site of the guanine base of 
each dinucleotide with concomitant base destacking. 

G. W. BUCHANAN et M. J. BELL. Can. J .  Chem. 64, 2038 (1986). 
On rapporte les dkplacements chimiques en rmn du 13C et les constantes de couplages ' 3 C - 3 1 ~  des dinuclkotides auto- 

complCmentaires CpG et dCpdG en solution aqueuse. On a examine I'influence de la mCthylmercuration B pH 6,0 sur ces 
parametres spectraux. On interprkte les rksultats en fonction d'une methylmercuration prCf6rentielle au niveau de l'azote en 
position 7 du site de la guanine de chaque nuclkotide avec un dksentassement concomitant de la base. 

[Traduit par la revue] 

Introduction H. 1 NHz 

Chromosomal damage caused by some organomercurials 
appears to be due in part to the consequences of "secondary" 
interactions between the heavy metal ion and DNA constituents 
(1-3). A number of attempts have been made to "model" such 
interactions between the methylmercuric cation, CH3Hg', and 
nucleotide components. The earliest work utilized uv difference 
spectra to examine CH3Hgt-nucleoside interactions as a func- 
tion of pH (4). Subsequently, Raman difference spectroscopy 
was employed to probe purine and pyrimidine mononucleotide 
interactions with C H 3 ~ g +  (5). More recently, ' H and "C nrnr 
were applied in this area involving complexes of the nucleosides 
guanosine and inosine (6). 

To date, no nrnr studies on these interactions have proceeded 
beyond the mononucleotide level. There is, therefore, a clear 
need to examine systems that more closely approximate the 
DNA and RNA structures in solution. To this end, we report 
herein the results of a ''C nmr investigation of the interaction of 
CH3Hgf with the self-complementary dinucleotides cytidylyl- 
(3'-5')-guanosine (CpG, 1) and its deoxy counterpart dCpdG 2. 
These dinucleotides are known to form base-stacked dimers that 
are mini-helices in aqueous solution (7) and thus they constitute 
reasonable structural models for RNA and DNA respectively. 

Results and discussion 
13c chemical shift assignments 

The structure and numbering scheme for CpG, 1, is depicted 
in Fig. 1. Since 13 of the 19 carbons of this molecule are 
protonated, our initial strategy was to check the literature 'H  
assignments and then use the 'H  shifts along with selective 
'H decoupling in the 13C spectrum to identify directly bonded 
carbons. 

The published 270-MHz 'H spectrum of 1 contains some 
resonance overlap, but was successfully analyzed by spectral 
simulation (8). In the present work the earlier assignments have 
been verified by 2-D spectroscopy via the 'H-'H COSY (9) 
experiment at 500 MHz. 

With the ' H  assignments in hand, selective ' H decoupling in 
the 13C spectra readily furnished the protonated carbon assign- 

'Taken in part from the Ph.D. thesis of M. J. Bell, Carleton 
University, Ottawa, June 1985. 

B A S E  2 G u a n o s ~ n e  

OH OH 

FIG. 1. Structure, numbering scheme, and some appropriate tor- 
sional angles for CpG 1. 

ments for CpG. In Table 1 are presented the complete "C shift 
data for CpG along with those for the related mononucleotide 
models 3'-CMP and 5'-GMP. For 3'-CMP there has been a 
recent report (10) of the ' 3 C - 3 1 ~  couplings, but no I3C shift data 
were included. Our results for 5'-GMP are in good agreement 
with the literature (1 I ) ,  with the appropriate reversal (12) of the 
original (1 1) assignments for the 2' and 3' carbon resonances. 

Several methods were used to assign the 6 quaternary carbon 
resonances of CpG. Examination of data in Table 1 shows that 
the resonance at Sc = 115.82 if CpG is separated by more than 
20 ppm from any other. It can therefore, by analogy with the 
results for 5 '  GMP, be confidently assigned to the 5 position of 
the guanosine residue. 

The totally coupled 13C spectrum of CpG revealed several 
2 ~ C H  and 3Jm interactions that could be selectively removed 
by low power 'H decoupling, leading to assignment of 3 
quaternary carbons. Specifically, the cytidine 4 position (via 
'JCH to H-5 of cytidine and 3 ~ C H  to H-6 of cytidine), the 
guanosine 4 position (via 3 ~ C H  to H-1' of guanosine), and the 
cytidine 2 position (via 3 ~ C H  to H-6 of cytidine and 3 ~ c H  to H- 1 ' 
of cytidine) were assigned in this manner. 

The remaining two resonances of CpG appear at Sc = 153.63 
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BUCHANAN AND BELL 

TABLE 1. 13C chemical shifts (& from TMS 
i 0.01)" for CpG and mononucleotide models 

Site CPG 

"0.1 M i11 D20 with external TMS reference 

TABLE 2. 13C shift data (& from TMS ? 0.01)* for 
dCpdG (2) and mononucleotide models 

Site dCpdG 3'-dCMP 5'-dGMP 

"0. 1 M in D,O with external TMS reference 

and 158.37 respectively and they show no appreciable splittings 
in the 'H coupled 13C spectrum in D20 .  This is consistent 
with expectations for the 2 and 6 positions of guanosine, the 
only 2 unassigned carbons. Specific designation of these two 
resonances was made using 5'-GMP as a model and the 
agreement is excellent. 

A similar strategy was employed to assign the 13C signals for 
the deoxy analog of 1, namely dCpdG (2). Although no 13C 
data for 2 are in the literature, the experimental 270-MHz 'H 
spectrum has been published, as well as the computer simulated 
version. Using these available proton data (13), the protonated 
carbon assignments were obtained directly and the remaining 
carbon resonances were assigned in ways totally analogous to 

TABLE 3. 13C-31~ couplings (Hz) i 0.1 

Compound Path J 3J 

6.0 
4.6 
7.4 

Peak overlap* 
2.4 
4.8 
1.9 
2.9 

*With C-1 ' resonance 

those for 1. The resulting data are presented in Table 2. Included 
in this table are chemical shifts for the related mononucleotide 
models 3'-dCMP and 5'-dGMP. No 13C shift data for 3'-dCMP 
have been reported previously, although the 13C-31P couplings 
have been studied (10). Our results for 5'-dGMP are in good 
accord with literature values (1 1). 

1 3 ~ - 3 1 ~  couplings 
These data for 1 and 2. along with those for the corresponding 

mononucleotides, are presented in Table 3. Our data for the 
mononucleotides are in good agreement with published results 
(10, 11). 

Effects of methylmercuration on I3C chemical shifts 
These results are depicted in graphical form in Figs. 2 and 3 

for 1 and 2 respectively. Experiments were limited to 0.5 molar 
equivalents of added CH3HgOH for reasons of solubility at 
pH 6.0. Of the ribose and deoxyribose carbons only C-1' is 
affected to any extent by methylmercuration and thus data for 
C-2' to C-5' are not included. For both 1 and 2 the major result 
of CH3HgOH addition in the cytidylyl region is the substantial 
deshielding of the C-2 and C-4 resonances. In fact the chemical 
shifts for these carbons of the "complexes" approach those for 
the mononucleotide models 3 '-CMP and 3 '-dCMP respectively. 

Interestingly, in 1 and 2 ,  which are self-complementary and 
base-stacked (see Fig. 4), the ring current of the purine moiety 
will cause the carbons of the pyrimidine base to be shielded 
relative to the corresponding carbons of the 3'-CMP and 
3'-dCMP systems, which do not base-stack. Due to the 
preferred conformations of 1 and 2 these effects are most 
pronounced at the C-2 and C-4 sites. 

The 13c shifts indicate no apparent mercury binding to the 
N-3 site of the cytidine moiety in either 1 or 2. Such a conclusion 
can be made by noting that the presently observed 13C shift 
changes are different from those previously found for the 
nucleoside cytosine, upon Hg coordination to N-3 (14). 

The nearly identical nature of the cytidine ring carbon shifts 
for the methylmercuric adducts of 1 and 2 with the isolated 
mononucleotides 3'-CMP and 3'-dCMP suggests that a major 
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,!I P P ~  
2 .o 

C5 

0 c l1 
equiv. 

3 '  c y t i d y l y  I  5' g u a n o s i n e  

FIG. 2. Effects of methylmercuration on "C shifts of CpG 1. Positive values denote downfield shifts. 

3 '  c y t i d y l y l  5 ' g  uanos i ne 

FIG. 3. Effects of methylmercuration on 13C shifts of dCpdG 2. Positive values denote downfield shifts. 

result of CH3HgOH addition is to disrupt the base-stacking 
phenomena. 

The induced 13C shifts in the guanine rings of 1 and 2 are 
indicative of CH3HgT1 interactions at the N-7 site in rapid 
equilibrium with binding at the N-1 site. This conclus~on is 
based primarily on the induced downfield shifts of the C-2 and 
C-8 sites of the guanine rings of 1 and 2 (6). 

It is well known (4) that the nature of CH3HEI1 species in 
solution depends greatly on the pH. At pH 6.0 (i.e.. the present + 
work) the charged (CH3Hg)20H species exists in an equilibrium 
with CH3HgOH, in which the two moieties are almost equally 
prevalent (4). The cationic species can bind directly at the N-7 
site of guanine while the CH1HgOH can bind at N-1 in a 
two-step process involving deprotonation at N-1. This latter 

process becomes more likely as the pH increases. Indeed for 
5'-GMP we have confirmed recently via 1 5 ~  nmr (15) that at 
pH 8.0 this N- 1 binding completely dominates. 

At pH 6.0,  however, it is likely that N-7 is the preferred 
binding site for the methylmercuric ion. The consequences of 
this binding could be twofold in their influence on the structure 
of the self-complementary systems 1 and 2 in solution. Initially 
the hydrogen bonding possibilities at N-7 of the guanine ring 
are removed. This will destabilize the mini-helix and lead to 
destacking phenomena. An increase in the acidity of the N1-H 
proton should also accompany N-7 mercuration (16). 

Effects of methylmercuration on ' 3 ~ - 3 ' ~  coi~pling corzstnnts 
For mononucleotides 3'-CMP. 3'-dCMP, 5'-GMP, and 
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Analysis of intramolecular hydrogen bonding 
in terms of the topological properties of the charge density. The protonated fluoroacetones 
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SAI CHENG CHOI and RUSSELL J .  BOYD. Can. J .  Chem. 64, 2042 (1986). 
A new method for the analysis of intramolecular hydrogen bonding is proposed and applied to the equilibrium structures of the 

protonated fluoroacetones. The method, based on a theory of molecular structure due to Bader, uses the topological properties of 
the charge density to elucidate the types of interactions within a molecule of interest. The calculations show a strong basis set 
dependence. In particular, the STO-3G optimized geometries exhibit intramolecular hydrogen bonding between a fluorine 
substituent and the carbonyl proton, whereas some calculations with geometries optimized at the 4-31G and 6-31G* levels 
indicate a direct bonding interaction between the fluorine and oxygen atoms. Two types of catastrophe point, namely conflict and 
bifurcation, are possible in protonated monofluoroacetone. Only the latter was located in the present calculations. 

SAI CHENG CHOI et RUSSELL J .  BOYD. Can. J .  Chem. 64, 2042 (1986). 
On propose une nouvelle mCthode pour analyser les liaisons hydrogknes intramolCculaires et on l'applique aux structures en 

Cquilibre dans les fluoroacCtones protonCes. La mCthode, qui est basCe sur une thCorie de structure molCculaire due h Bader, 
fait appel aux propriCtCs topologiques de la densit6 de charge pour Clucider les divers types d'interactions h I'intCrieur d'une 
molCcule prCsentant de I'intCrCt. Les calculs dtmontrent qu'il existe une grande dtpendance sur l'ensemble de base choisi. 
En particulier, des calculs h I'aide de l'ensemble STO-3G avec des gComCtries optimisCes dCmontre l'existence de liaisons 
hydrogknes molCculaires entre un substituant fluor et le proton d'un carbonyle; par ailleurs, des calculs aux niveaux 4-31G et 
6-31G* avec des gComCtries optimistes indiquent la prCsence d'une interaction directe de liaison entre les atomes de fluor et 
d'oxygkne. Les deux types de point de catastrophe, soit le conflit et la bifurcation, sont possibles dans la monofluoroacCtone 
protonCe. Seulement le demier point a pu Ctre localise dans les calculs effectuCs jusqu'a maintenant. 

[Traduit par la revue] 

Introduction 
Numerous experimental and theoretical methods exist for 

the direct investigation of intermolecular hydrogen bonding, 
whereas evidence for internal or intramolecular hydrogen 
bonding is generally obtained indirectly. For example, an ion 
cyclotron resonance study ( 1 )  of the gas-phase basicities of six 
fluorinated acetones has revealed a very regular decrease of 
6.1 + 0.4 kcal/mol in the proton affinity for each successive 
fluorine substituent. Furthermore, the 2-3 kcal/mol departure 
from linearity for acetone has been attributed to the formation of 
an intramolecular hydrogen bond within each of the protonated 
fluoroacetones. 

Previous theoretical studies have used the energy difference 
between syn and anti conformations to estimate the intra- 
molecular hydrogen bond energy of selected systems (2-4). 

syn an ti 

This method has a number of shortcomings, not the least of 
which is the fact that application of the method is limited 
because it is not always possible to choose appropriate syn 
and anti conformations. For example, in the protonated,form 
of hexafluoroacetone, positions X and Y are both occupied 
by fluorine atoms and, therefore, the distinction between the 
syn and anti conformations disappears. Moreover, where two 
appropriate conformations are possible, the energy difference 
is the net result of all interactions and not simply due to 
intramolecular hydrogen bonding. Such calculations provide 

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

only indirect evidence for hydrogen bonding. As an aside, we 
note that the two conformations have been detected in some 
protonated carbonyl compounds (5) .  In this paper we propose a 
direct theoretical method for the investigation of intramolecular 
hydrogen bonding and we apply the method to the protonated 
fluoroacetones. 

The main focus of this paper is on analysis of intramolecular 
hydrogen bonding in terms of the topological properties (6,7) of 
the charge density p(r). Specifically, the sign of the Laplacian 
of the charge density, V 2 p ( r ) ,  is used to determine the existence 
of local concentrations of charge between two atoms within the 
molecule of interest. Particular attention is paid to the properties 
of the bond critical points and the bond paths defined in terms of 
the gradient of p(r). The magnitude of the charge density at a 
bond critical point, p(r,), provides a measure of the bond 
strength (8). In fact, Bader et al. (9) have shown that the 
bond-length - bond-order relationship of CC bonds in Hiickel 
theory may be generalized to include a variety of hydrocarbons. 
Their conclusion is based on the observation that the value of 
the total charge density at a bond critical point is characteristic 
of a bond of a given formal order. Thus, they observed a linear 
relationship between p(r,) and the CC bond length. Recently we 
have shown (10) that there exists a similar relationship between 
the charge density of the hydrogen-bond critical point of 
RCN---HF complexes and the NH internuclear distances of the 
complexes. Moreover, we have some additional calculations 
which indicate that bond-length - bond-order relationships 
based on the topological properties of the charge density exist 
for other examples of intermolecular interactions. 

Method 
In addition to the MO calculations described previously (1 I),  some 

supplementary calculations were performed on a Perkin-Elmer 3230 by 
use of the GAUSSIAN 80 series of programs (12). The bond critical 
points and bond paths were computed by use of program EXTREM 
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CHOI AND BOYD 

FIG. 1. Gradient vector field of the charge densities: ( a )  acetone, ( b )  CH2FCOHCH3-, ( c )  CH~FCOHCH~+,  (d )  bifurcation of 
CH~FCOHCH~'. Both (a) and (b) are at the STO-3G equilibrium geometries while ( c )  is at the 4-31G geometry. Nuclei on the molecular plane 
are denoted by + while the projections of the out-of-plane nuclei are denoted by -:-. 

(13), while plots of the charge density and its Laplacian were obtained 
by use of program PLOTDEN (1 3) and a Nicolet Zeta 8 plotter attached 
to the PE-3230. Program SCHUSS (13) was used to obtain plots of the 
trajectories or gradient vector field of the charge densities and the 
molecular graphs. 

Results and discussion 
Figure 1 shows the gradient vector field of the charge density 

in a few representative cases, while Fig. 2 displays the 
corresponding contour maps of the Laplacian of the charge 
density, V2p(r). The cross sign (+) in a gradient vector field 
diagram refers to the nuclei on the molecular plane while 
the out-of-plane nuclei are denoted by -:-. Positive values of 
V2p(r) are denoted by solid contours, negative values by dashed 
contours. The former indicates a depletion of charge density 
while the latter is just the reverse (14), The molecular graphs 
of many of the molecules studied are given in Fig. 3 where the 
bond critical points are denoted by solid circles. Properties at the 
critical points are listed in Table 1, where the notation ANB 
indicates that the properties have been calculated at the level of 
basis set A with the geometry optimized at the level of basis 
set B. 

Figure 1 shows that none of the gradient paths (trajectories) 
cross zero-flux surfaces and that all trajectories terminate at 
nuclei. Each atom in a molecule is governed by an interatomic 
surface which separates neighbouring atoms (7). Furthermore, 

when two atoms are bonded to each other, a (3, - 1)  critical 
point exists between the atoms. The STO-36 calculations for 
CH2FC0HCH3+, CH2FCOHCH2Ft, and CF3COHCH3+ exhi- 
bit (3, - 1) critical points between fluorine and the carbonyl 
proton (Fig. 3(c), 3( f ), and 3(g), respectively). A F---H bond 
interaction is also observed (Fig. 3 (h ) )  for CF3COHCH3+ at 
the "4-31G" geometry (1 1). These F---H-0 intramolecular 
hydrogen bonds are consistent with the interpretation of the 
gas-phase basicities of the protonated fluoroacetones (1). 
Further insight can be gained by examining the properties of the 
bond critical point. In particular, the charge density of the F---H 
bond critical point at the 4-316NSTO-3G level decreases as 
the number of F atoms increases (Table 1). This indicates a 
weakening of the bond, which is reflected by the increase in 
the F-H distance in going from the protonated mono- to tri- 
fluorinated acetones. This is similar to the relationship, noted 
above, between p(r,) and the CC bond length (9). Note that for a 
X-Y bond where X * Y, the bond critical point (solid circle) 
in a molecular graph is shifted in accord with the transfer of 
electrons between atoms (7). In short, the bond critical point of 
each bond lies nearer to the less electronegative atom of each 
bonded pair. The relationship between the position of the bond 
critical point and the polarity of bonds will be discussed in other 
papers from this laboratory (1 5, 16). 

The 4-31G and 6-316" basis sets give equilibrium geo- 
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CAN. J .  CHEM. VOL. 64, 1986 

FIG. 2. Contour maps of the Laplacian of atomic densities. The molecules shown are the same as in Fig. 1. The contour values In au are t0.002, 
50.004, and t0.008 increasing in powers of 10. The orientations are as shown in the Introduction section. Nuclei on the molecular plane are 
denoted by + while the projections of the out-of-plane nuclei are denoted by -:-. 

metries that show intramolecular bonding between the fluorine 
and the carbonyl oxygen in CH2FCOHCH3+. In order to 
assess the effect of the choice of basis set on the intra- 
molecular bonding interaction in protonated fluoroacetones, 
both CH2FCOHCH2Ft and CF3COHCH3+ were optimized at 
the 4-316 level. Table 2 summarizes the types of interactions 
and the bond distances between fluorine and oxygen, and 
between fluorine and the carbonyl proton. These data suggest 
that: (i) a F---H intezaction is observed if the F-H separation is 
less than about 1.6 A; and ( i i )  a F---0 interaction is observed if 
the F-H separation is about 2.0 A and the F-0 separation i? 
about 2SOA or less. With F-H and F-0 separations of 2.1 A 
and 2.5 A, or greater, respectively, no F---H or F---0 inter- 
actions are observed. To test these conclusions, we carried 
out STO-3GNSTO-36 and 4-3 1 6 1 4 - 3  1 G calculations on 
o-fluorophenol. The optimized structures are shown in Fig. 4. 
N'b F---H and F---0 intramolecular bonding interactions were 
observed. Moreover, the F---H and F---0 internuclear separa- 
tions are greater than the values for which intramolecular 
bonding interactions are observed in the protonated fluoroace- 
tones (Table 2). Our calculations support the claim (17) that 
there is no hydrogen bonding in o-fluorophenol due to the larger 
internuclear separation between fluorine and the carbonyl proton. 
It is interesting to note that in the case of CH2FCOHCH3+, 
p(rc) of the F---H interaction at the 4-31GflSTO-3G level is 

more than double that of the F---0 interaction at the 4-3 1G//4- 
316  level. Clearly this indicates a significant bond interaction 
in the former. 

The charge densities of the syn and anti conformers of 
CH2FCOHCH3+ at the C=O, C1-F, and 0-H bond critical 
points show considerable differences (Table 1). The decrease in 
the C=O p(rc) value of the anti conformer indicates a 
weakening of the bond relative to the syn conformer. In contrast 
both the Cl-F and 0-H bonds show an increase for p(rc) 
upon going from the syn to the anti conformation. Clearly, the 
substantial changes in p(r,) in the above three bonds should cast 
doubt on the validity of evaluating the intramolecular hydrogen 
bond energy by the energy difference between the syn and anti 
conformations. 

Protonation at the carbonyl oxygen results in a considerable 
reorganization of charges. As shown in Table 3, the carbonyl 
oxygen remains negatively charged, and electron transfer to the 
carbonyl proton decreases as the number of fluorine substituents 
increases. This is consistent with the inverse dependence of the 
proton affinity on the number of fluorine substituents (1 1). The 
contour maps for V2p(r) exhibit noticeable changes within the 
carbonyl group relative to CH3COHCH,+. In addition, replace- 
ment of the H at C1 by F reduces the covalent nature of the 
GI--H bond. 

Two types of catastrophe point are possible in CH2FCOHCH3+, 
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CHOI AND BOYD 

TABLE 1. Critical point propertiesa 

CH2FCOHCH3+ (anti) 
C=O 
c1-c2 

C2-c3 
CI-F 
C3-H 
0-H 

"In atomic units at the 4-31G//STO-3G level, except where noted otherwise. 
b4-31G[4-3 1G level. 
'6-31G"//6-31G* level. 
d4-31G//"4-31G" level, where "4-31G" refers to the partial optimizations described in ref. 11 

namely, the conflict and the bifuraction types (18) from the 
STO-36 and 4-3 1 6  geometries, respectively. A catastrophe 
pcint can be defined as a point in control space where a 
discontinuous change in the molecular behaviour is observed 
(8). The difference between conflict and bifurcation catastrophe 
points is that the former is one in which a bond switches from 
one nucleus to another nucleus, while the latter is due to the 
formation of a singularity in the charge density. Needless to say 
both types of catastrophe points are structurally unstable. A 
bifurcation catastrophe point can be obtained by elongation 

of the F-0 distance of SH2FC0HCH3+ from its 4-31G 
equilibrium value of 2.454 A (see Fig. l(d)). The coalescence 
of the bond aad ring critical points occurs at an 0-F distance of 
about 2.819 A, as illustrated in Fig. 3( i ) .  The exact location of 
the bifurcation point cannot be located due to the low symmetry 
(C,) of the molecule. Even in water, which is a simpler 
molecule of higher symmetry, the position of the coalescence of 
the bond and ri2g critical points can only be determined to 
within 20.03 A (19). A conflict catastrophe point can be 
observed when the F-H distance is increased from the 
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2046 CAN. J .  CHEM. VOL. 64. 1986 

FIG. 3. Molecular graphs: (a) acetone, (b )  CH3COHCH3', ( c ) - ( e )  C H 2 F C 0 H ~ ~ , + .  ( f )  CH2FCOHCH2~+, ( g ) - ( h )  CF~COHCH,', ( i )  
bifurcation of CH2FCOHCH3+. All molecules are at the STO-3G equilibrium geometries except for (d),  ( e ) ,  and ( h )  which are at the 4-316, 
6-31G*, and "4-31G" equilibrium geometries, respectively. Nuclei on the molecular plane are denoted by + while the projections of the 
out-of-plane nuclei are denoted by -:-. 

TABLE 2. Selected internuclear distances and types of interaction 

Internuclear 
distancea 

Type of 
Species Method F---H F...o interaction 

F---H 
F---0 
F---0 

F---H 
None 

F---PI 
F---H 
None 

None 
None 
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CHOI AND BOYD 2047 

FIG. 4. Optimized C, equilibrium geometry of o-fluorophenol: ( a )  
STO-3G level, (b)  4-31G level. 

TABLE 3. Mulliken population data for R C O R ' H ~  at 4-3 lG//STO-3G 
- -- -- - 

Oxygen 
- 

e T-e- 
electron transfer e- loss gain by 

R R' population" to H+ by CO CO 

STO-3G value of 1.563 A to not more than the 4-31G value of 
2.004 in CH2~COHCH3+. Unfortunately the low symmetry 
of this molecule hindered efforts to  locate this unstable 
structure. 
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GIANNI VALENSIN, ELENA GAGGELLI, ANDREA LEPRI, and ALESSANDRO SEGA. Can. J .  Chem. 64, 2048 (1986). 
Dynamic features were investigated in a homologous series of synthesized drugs having pharmacologic activity, with 

particular emphasis on relative motions of the two side chains anchored to a backbone of two aromatic rings linked by an amide 
bridge. A general and deep insight was reached by using a model-free approach. Conformational and motional dynamics 
within the compound exhibiting maximum activity were delineated and the most relevant parameters for pharmacologic action 
were defined. 

GIANNI VALENSIN, ELENA GAGGELLI, ANDREA LEPRI et ALESSANDRO SEGA. Can. J .  Chem. 64,2048 (1986). 
On a CtudiC les caractkristiques dynamiques d'une skrie homologue de medicaments synthetiques ayant une activitC 

pharmacologique en insistant particulierement sur les mouvements relatifs des deux chaines laterales attachCes au squelette de 
deux cycles aromatiques lies par un pont amide. L'utilisation de l'approche du modele libre a permis d'avoir une connaissance 
g6nCrale et profonde de ces substances. On a delimit6 les dynamiques conformationnelles et les dynamiques du mouvement dans 
le composC qui a une activitC maximale et on a d6fini les parametres les plus significatifs de l'action pharmacologique. 

[Traduit par la revue] 

Introduction 
p(o-Alkyloxybenzamido)benzoate diethyl(2-hydroxyethy1)- 

methylammonium halides (see formula) are synthesized drugs 
that exhibit a smooth muscle relaxing property (1). Investiga- 
tions of their pharmacologic activities demonstrated a striking 
dependence upon length and position of the alkyloxy sidechain. 
The ortho-substituted compounds were by far the most effective 
and a sharp maximum of activity could be shown for the octyloxy 
(n = 7) derivative; this derivative is moreover almost com- 
pletely devoid of central ocular and cardiovascular atropine-like 
side effects when administered in doses producing spasmolytic 
effects comparable with those of N-butylscopolammonium 
bromide (2, 3). 

We have previously delineated the first term of the series 
(n = 2) for conformation and dynamics of the two aromatic 
moieties by exploiting 'H  nmr selective and nonselective 
relaxation rate measurements, ' H- H intramolecular noes  
(nOe, nuclear Overhauser effect), and I3c nrnr relaxation rate 
measurements (4, 5). The preferred confosmations of the two 
aromatic rings were inferred by evaluating proton-proton 
distances, and a molecular model was built in which complete 
motional freedom was allowed for the two hydrocarbon side 
chains. 

In a first attempt to correlate pharmacologic activity and 
conformational features, calculations were extended to other 
alkyloxy derivatives (n = 3,  n = 7, n = 9) (6). Substantial 

'Author to whom correspondence may be addressed. 

differences in the spatial arrangement of the two aromatic 
moieties at increasing length of the alkyloxy chain were 
inferred: the most active octvloxv derivative was shown to , . 
assume a configuration in which the angles between each 
aromatic ring and the plane of the amide unit were almost equal 
(+55" and '53"). Moreover, 'H  2D-magnetization transfer .- 
experiments (6) demonstrated that, in the case of the octyloxy 
derivative only, an intramolecular dipolar connectivity exists 
between methyl groups of the two side chains. Also in 
agreement with these findings, X-ray analysis of single crystals 
suggested folding of the alkyloxy side chain towards the 
diethylmethylammonium moiety, but only in the case of the 
most active compound was a "closed" structure found (7). 

We present hereafter the whole picture of nmr data for the 
four cdmpounds of the series, from which a complete dilinea- 
tion of motional and conformational dynamics is reached. 
Besides the aromatic backbone already investigated, attention is 
focussed on the hvdrocarbon side chains in order to arrive at a 
thorough understanding of structural parameters relevant for 
biological activity. 

Results and discussion 
The 13c spin-lattice relaxation rates (Rl's) are almost 

exclusively determined by dipolar interactions with directly 
bonded or nearby protons (8) thus allowing suitable delineation 
of the molecular dynamics. 13C R1 values are summarized in 
Table 1 for the four compounds. We first considered motional 
features of aromatic carbons that have fewer degrees of freedom 
with respect to the two side chains, as in the analysis previously 
carried out for compound 1 (n = 2) (4). The relaxation rate of 
C5 (the carbon para to the amide bridge) is always faster than 
those of the other aromatic carbons; it follows that C2-C5 is 
always the main rotation axis for ring A despite the increasing 
length and weight of the alkyloxy chain in the ortho position. 
Passing from n = 2 to n = 3 to n = 9, this motion slows down, 
which is very likely due to the effect of the alkyloxy chain. The 
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U' ET AL. 2049 

TABLE 1. I3C spin-lattice relaxation rates (R1) for 
p(o-a1kyloxybenzamido)benzoate diethyl(2-hydroxy- 
ethy1)methylammonium halides 0.2 mol dm-3 in 

DMSO-d6 at 298 K a  

Carbon n = 2  n = 3  n = 7  n = 9  

"Errors ranged between 4 and 6% 

matter is, however, not simple since the motion around the 
C2-C5 axis reaches a relative minimum for n = 7 (6.02 s-* 
against 6.71 s-' for n = 3). The relaxation rates of the other 
carbons in ring A steadily increase along the series with 
increasing length of the alkyloxy chain, from a mean value of 
2.97 s-' (n = 2) to 3.67 s-' (n = 3), 4.47 s f '  (n = 7), and 
5.00 s-' ( n  = 9). Consequently, the librational motions of 
ring A, accompanying the main rotational motion around the 
C2-C5 axis, are slowed down by the increasing size of the 
substituent. It should be observed that, as a consequence of the 
relative minimum reached in the relaxation rate of C5 for ri = 7, 
this compound exhibits the lowest difference between the rates 
of the main rotational motion and librational motions. In fact the 
ratio between R1 (para) and the average R1 of the other 
protonated ring carbons (9) is 1.66, 1.84, 1.35, and 1.44 for 
n = 2, 3, 7, and 9 respectively. 

The C8-Cll axis is naturally the main rotational axis for 
ring B.  The relaxation rates of C9,9' and C1O,lOt steadily 
increase along the series from n = 2 to n = 9; the overall 
increment (1.0 s-') is, however, much less pronounced than 
that observed for ring A (2.0 s- '), the former being one-half of 
the latter. Clearly, motions of ring B are less markedly affected 
by the alkyloxy chain. Librational motions of ring B therefore 
become faster than those of ring A: for n = 2, n = 3, and, to 
a lesser extent, n = 7, the two librational motions occur at 
the same or at very similar velocities, whereas dephasing is 
accomplished for n = 9. The relaxation data can be rationalized 

in terms of an anisotropic model made by rotational reorienta- 
tion around the two molecular axes with some degrees of 
internal motion (8), as already done for the first term of the 
series (4). The values of the calculated correlation times are 
reported in Table 2. The most important feature to be inferred 
is the matching of librational motions with the main rotational 
motion for n = 7, while librational motions of the two rings 
are still governed by approximately the same correlation time 
(see Table 2). 

Motional delineation of the side chains was then attempted in 
the light of the surprising intramolecular dipolar connectivity 
between protons of the terminal methyl of the octyloxy chain 
and protons of the methyls of the ethyl groups bonded to the 
quaternary nitrogen (6). When analyzing 13C Rl1s of the 
compound with n = 2, it was noticed that C 13 was undergoing a 
reorientational motion very close to that of the aromatic rings 
while, on the contrary, the 13c R1 of C18 suggested that motions 
of the propyloxy chain were faster than those in the backbone. 

Quantitative evaluation of motional features within the four 
compounds was approached in terms of the model-free approach 
of Lipari and Szabo (10, 11). According to these authors, 
dynamic information on fast internal motions in an nrnr 
relaxation experiment on molecules in solution can be specified 
by a "generalized" order parameter, 1 2 ,  and an effective 
correlation time, T,, that can be calculated either by 13C Rl's 
and 13C-{'H} nOes at one frequency or by 13C R1's at two 
frequencies. Instead of assuming any given model of molecular 
motion, such an approach allows immediate inference on local 
steric hindrances experienced by molecular motions and on the 
way such hindrances develop along any hydrocarbon chain. It 
therefore appeared to be the most suitable method for pointing 
out eventual differences in local order parameters for homolo- 
gous compounds, where the length of one side chain exclusively 
determines the conformation assumed in solution. 

Following the procedure presented by Lipari and Szabo we 
selected C6 as the carbon atom of the backbone to which 
motional features of carbon atoms in the side chains refer. In 
fact, the alkyloxy chain is motionally linked to ring A ,  as 
suggested by the strong 'H-'H dipolar connectivity between 
H6 and H18 shown by all the compounds (the 'H-'H 
H18-(H6) nOe ranges from 0.072 (n = 2) to 0.038 (a = 9)) 
(5, 6). Such connectivity was already explained in terms of 
folding of the initial segments of the alkyloxy chain towards ring 
A. The decreasing nOe is again a consequence of slowing down 
motions with increasing chain length. If the 13C-{'H} nOes of 
the four compounds (Table 3) are considered and compared to 
the R1 values (Table I), it is apparent that, while all the aromatic 
protonated carbons of ring A but C5 exhibit the same relaxation 
behavior, the nOe is similar for C3 and C4 but much lower 
for C6. The 13C relaxation rates, under broadband proton 
decoupling and in the extreme narrowing region, are mainly 
determined (12, 13) by single-quantum (Wl) and double- 
quantum (W2)  relaxation transition probabilities among the four 
energy levels of the AX spin system. Thus only fast motions 
are relevant for spin-lattice relaxation, and slow superimposed 
motions, if any, cannot be detected. On the contrary the 
13c-{' H} nOe also includes a contribution, to a variable extent, 
by the zero-quantum (WO) relaxation transition probability and 
it is therefore more suited to detect eventual slow-motion 
components. The lower nOe for C6 was, as a consequence, 
thought to result from the presence of a slowly modulated 
13c-'~ interaction, the observed nOe being proportional to 
W2 - WO. To further support such an interpretation, the 
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TABLE 2. Correlation times (s) for the main rotational motion ( T ~ )  and for internal motions ( T ~ )  of 
selected carbons of p(o-alky1oxybenzamido)benzoate diethyl(2-hydroxyethyl)methylammonium 

halides 0.2 mol dm-3 in DMSO-d6 at 298 K 

Correlation times (s) 

Motion n = 2  n = 3  n = 7  n = 9  

TABLE 3. 13C-{'H) noes for p-(0-alkyloxybenza- 
rnido)benzoate diethyl(2-hydroxyethy1)methylamrno- 
nium halides 0.2 mol dm-3 in DMSO-d6 at 298 K 

Carbon n = 2  n = 3  n = 7  n = 9  

spin-spin relaxation rates (Rz7s) of aromatic protonated carbons 
of ring A (Table 4) demonstrated that ( i)  R1 << R2, such that 
a single correlation time cannot account for modulation of the 
whole motional features of the various 13C-'H vectors; (ii) R2 
of C6 is faster than those of C3 and C4, demonstrating that 
slow-motion components are much more effective for C6 than 
for the other two carbons. 

According to one of the possible procedures, the measured 
13c Rl's (Table 1) and 13C-{'H) noes  (Table 3) at 50.3 MHz 
were used in the following equations whereby c2 and 7, were 
directly extracted: 

Rl(2.988 - nOe) 
" = R,,,(2.988 - nOeo) 

and 

TABLE 4. l3C spin-spin relaxation 
rates for selected carbons of p-(o-octyl- 
oxybenzamido) benzoate diethyl(2- 
hydroxyethyl)rnethylarnmonium bro- 
mide 0.2 mol dm-3 in DMSO-d6 at 

298 K 

Carbon RZ (s-') 

where R and nOeo are the relaxation parameters describing the 
main isotropic motion to which the actual internal motion is 
referred. This is not apparently our case; however, since the aim 
is the comparison among relative motions of homologous side 
chains, we used the isotropic expressions referring the internal 
motion to the slowest reorienting C-H vector, that is, to C6. 
The values of c2  and 7, calculated in such a way are reported in 
Tables 5 and 6 respectively. 

According to Lipari and Szabo, (, the "generalized order 
parameter, is a model-independent measure of the degree of 
spatial restriction of the motion, such that 

If the internal motion of any particular C-H vector is isotropic, 
c2 = 0, while if the same motion is completely restricted, c2 = 
1. Inspection of Table 5 shows that very high values of c2  
are found for C18, in agreement with the already mentioned 
motional connection between the C18 methylene and ring A, 
thus ratifying the interpretation of restricted motion for the first 
segment of the alkyloxy chain. A very interesting feature is the 
large value of {2 for C22 within the octyloxy chain in the 
compound with n = 7 (c2  = 0.3  16). This value is much greater 
than that corresponding to the Woessner model (c2 = 0.1 1 1, for 
axially symmetric motion) (14). If it is considered that C22 has a 
middle chain position relatively far from the almost anchored 
C18, it may be stated that the conformational freedom of the 
octyloxy chain (n = 7) is somehow reduced with respect to the 
decyloxy chain (n = 9). This is further ratified by the fact that 
for the least restricted carbon atom for n = 7 (C21) c 2  is more 
than one order of magnitude greater than for the least restricted 
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TABLE 5. Comparison of the generalized order parameter 
5' for selected carbons of p-(0-a1kyloxybenzamido)ben- 
zoate diethyl(2-hydroxyethyl)methylammonium halides 

0.2 mol dm-3 in DMSO-d6 at 298 Ka 

5 

Carbon n = 2  n = 3  n = 7  n = 9  

"Errors were ranged between 12 and 16%. 

TABLE 6. Comparison of effective correlation times T, 
(ns) for selected carbons of p-(0-alky1oxybenzamido)ben- 
zoate diethyl(2-hydroxyethy1)methylamrnonium halides 

0.2 mol dm-3 in DMSO-d6 at 298 K 

T e  

Carbon n = 2  n = 3  n = 7  n = 9  

carbon atoms for n = 9 (C 19) and C25). In general the 5' values 
for n = 7 are of the same order of magnitude as those for n = 2 
and n = 3 (with the remarkable exception of C22). Then only 
for n = 9 is the alkyloxy chain characterized by a certain degree 
of conformational freedom. 

The same analysis has been extended to the quaternary 
nitrogen side chain, maintaining C6 as the reference carbon 
atom. In fact, although the activity depends on the length of the 
alkyloxy chain, an interaction between the terminal methyls of 
the two side chains was strongly suggested by 'H 2D nOe 
measurements ( 6 ) ,  indicating that a "loop" conformation could 
be thetmost important or, at least, one of the most important 
conformational features. It is therefore relevant to delineate 

motions within the quaternary nitrogen side chain in connection 
with motions within the alkyloxy side chain. 

For n = 2, t2  = 0.966 was found for C13, a value that 
confirms what had been already interpreted on the basis of 
13C Rl's (R1(C6) = 3.11 s-' as compared with 4R1(C13) = 
2.96 s- ' ). C-H vectors within the C 13 methylene are reorient- 
ing in close connection with librational motions of aromatic 
rings; thus selecting C6 as a motional reference brings about a 
value of c2 close to 1 for C13. For n = 3 and also for n = 7, 
motions of C13 are still spatially restricted, whereas for n = 9 
such motions are far less hindered. By considering all 4' values 
for these side chains it is apparent that the most restricted 
motions belong to the n = 7 compound where, in particular, 
the alkyl substituents undergo very hindered reorientations. It is 
worth stating again that terms such as "spatially restricted" or 
"hindered must be taken on a relative scale, the calculated 
order parameter being referred to the motion of the alkyloxy 
chain. It can be concluded that the octyloxy derivative (the most 
active compound) displays the lowest conformational freedom, 
which can explain the detection of the otherwise surprising 
dipolar connectivity between the terminal methyls. 

The effective correlation times, T, (see Table 6), depend on 
both the microscopic diffusion constants and the spatial nature 
of the motion. As a consequence, the interpretation of T, values 
is more complicated than that of c2  values; in fact, while t2  is 
a model-free parameter by definition, the effective correlation 
times can be related to microscopic rate constants only within 
the framework of a particular dynamic model (14- 18). Gener- 
ally speaking, any such model contains at least one adjustable 
rate parameter that is intrinsically flexible, making it possible to 
reproduce the T, values in any model. Since simp:e models are 
not suitable for the complete analysis of our data, we preferred 
not to introduce any motional model and limited ourselves to a 
qualitative discussion of dynamic features. It should in any case 
be noticed that c2 and T, values exhibit different trends such that 
spatial restriction of the motion does not always correspond to 
lengthening of effective correlation times. 

By considering the c2  values and the conformational features 
previously established, a consistent picture of motional and 
conformational dynamics of the four molecules can be obtained. 
The following results are a consequence of increasing length of 
the alkyloxy chain. 

( i )  The preferred conformations of the benzanilide moiety 
change: the angle between ring A and the plane of the amide 
bridge steadily increases from + 15" (n = 2) to ?75O (n = 9) 
while the angle between ring B and the same plane steadily 
decreases from +60° (n  = 2) to k48O (n = 9) (6). In the 
biologically most active compound (n = 7), the two dihedral 
angles have very similar values ( t 5 5 "  and +53" respectively) 
yielding conformations having the two rings either parallel or 
nearly perpendicular to each other. 

(ii) The mean rotational correlation time of the rings 
increases (the motion slows down), with the exception of the 
n  = 7 compound. The librational motions of the two rings 
follow the same trend: they increase from n = 2 to n = 7 and 
decrease for n = 9. The whole motional picture of the aromatic 
moieties is such that the most active compound is characterized 
by librational motions of the two rings still very close to 
each other and also close to the main rotational motion; as a 
consequence this compound exhibits the most limited internal 
motions. 

(iii) The analysis of c2 values points out the overall greater 
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spatial constraints presented by the two side chains in the case of 
n = 7 as compared to the other terms of the homologous series; 
this loss of conformational freedom could explain the 'H 2D 
nOe between the terminal methyls (6), and it is, at the same 
time, in agreement with the restriction of internal motions 
within the aromatic moieties. 

As far as the relationship between pharmacologic activity and 
position and length of the alkyloxy chain is concerned, the 
following general conclusion can be reached: intramolecular 
interaction between the ends of the two side chains must be 
important. This being the case, as strongly suggested by present 
and previous results, the sharp decrease of activity in the case of 
meta- or para-substituted molecules (whatever the length of the 
alkyloxy chain) could also be explained. 

Experimental 
The compounds Investigated were synthesized as already described 

(1). Solutions were made in 99.96% DMSO-d6 and were carefully 
deoxygenated. The nrnr spectra were registered on a Varian XL-200 
spectrometer in the pulse FT mode at probe temperatures of 25 -C 1°C; 
chemical shifts were referenced to internal TMS. 

Spin-lattice relaxation rates were measured with the inversion 
recovery pulse sequence (t-T-7-~/2),; spin-spin relaxation rates 
were measured with the Carr-Purcell-Meiboom-Gill pulse sequence; 
100 FIDs were collected in both cases. R ,  and R2 values were 
calculated from exponential regression analysis of the recovery or 
decay curves of longitudinal or transverse magnetization components 
respectively by using the computer of the spectrometer. 

The 13C-{'H} noes were calculated by comparing peak Intensities 
measured on fully relaxed 13C spectra obtained under conditions of 
continuous and gated broadband decoupling. 
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Pyridoxal and pyridoxal5'-phosphate catalyzed P-deuteration 
of a-aminobutyric acid and homoserine. I. Metal-free systems 
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KUNIYASU TATSUMOTO, RABINDRA P. REDDY, and ARTHUR E. MARTELL. Can. J .  Chem. 64, 2053 (1986). 
As the initial step in the investigation of metal ion- and vitamin B6-catalyzed, P , y-elimination in a-amino acids, the pyridoxal- 

and pyridoxal 5'-phosphate-catalyzed P-deuteration of a-aminobutyric acid and homoserine in D 2 0  in metal-free systems has 
been studied by nuclear magnetic resonance. The reaction kinetics of a-H, P-H, and 4'-CH exchange rates were measured by 
following the rates of deuteration of these positions. The kinetic data obtained for these reactions lead to a proposed mechanism 
for P-deuteration. The relative rates of the deuteration reactions observed, and the order in which deuteration products were 
obtained are: a-H exchange > transamination (4'-CH exchange) > P-H exchange. The observed rates of P-proton exchange 
exhibit specific base catalysis and are dependent on the activation of the a-hydrogen of the amino acid moiety in the aldimine, and 
on the activation of the P-hydrogens of the amino acids in the ketimine. 

KUNIYASU TATSUMOTO, RABINDRA P. REDDY et ARTHUR E. MARTELL. Can. J .  Chem. 64, 2053 (1986). 
Dans le cadre de la recherche sur les eliminations P ,  y dans les acides a aminks, catalysCes par les ions metalliques et par la 

vitamine B-6, on a fait appel a la rmn pour Ctudier la deutCration P de l'acide a-aminobutyrique et de I'homosCrine, catalysCe par 
le pyridonal et le phosphate-5' de pyridonal, dans le D20 dans des systkmes ne contenant pas de metal. On a mesure les cinCtiques 
des vitesses d'echange des protons: H-a, H-P et CH-4', en examinant les vitesses de deutCration en ces positions. Les donnCes 
cinCtiques obtenues permettent de proposer un mecanisme rkactionnel. Les vitesses relatives de deuteration observCes et l'ordre 
dans lequel on obtient les produits sont les suivants : Cchange du H en a 1 transamination (Cchange CH-4') > Cchange H en P. 
Les vitesses observCes pour les Cchanges du proton H en P montrent une catalyse basique spCcifique et dCpendent de l'activation 
de l'hydrogbne en position a du fragment d'acide amine de l'aldimine et Cgalement de l'activation des hydrogknes P de l'acide 
aminC de la cktimine. 

[Traduit par la revue] 

Introduction 
The general mechanism suggested for P-proton exchange 

(1, 2) as a preliminary step in the elimination of electronegative 
groups in the y-positions of amino acids is one of the recognized 
vitamin B6-catalyzed reactions (3, 4). Somewhat earlier, 
P-proton exchange was observed for leucine at pH 5 in the 
presence of pyridoxal(5). More recently, some initial studies of 
the rates and mechanism of P-proton exchange of a-amino acids 
and a-keto acids in the presence and in the absence of metal ions 
have been carried out (3). The  generally accepted mechanism of 
P-proton exchange involves the formation of ketimine Schiff 
base, followed by preliminary P-proton labilization to produce 
an intermediate ketimine-stabilized carbanion. Reprotonation at 
the p position regenerates the ketimine Schiff base. 

The purpose of the present work is to  undertake a kinetic 
study of the reaction sequences of P-proton exchange as  an aid 
in elucidating the reaction mechanism, and thus to contribute 
to the understanding of the nature of the related enzymatic 
reactions. In this paper, nmr measurements are employed under 
P-proton exchange conditions in the presence of pyridoxal o r  
pyridoxal5'-phosphate. The  use of these two forms of vitamin 
336 makes it possible to  overcome the difficulties encountered 
because of limited solubilities of each catalyst at various but 
different pH ranges, thus greatly expanding the range of pH 
available for kinetic studies. The results of the present study 
provide a baseline for comparison with subsequent work on 
metal-ion catalysis of these reaction systems. 

Experimental 
Pyridoxal hydrochloride and pyridoxal5'-phosphate, obtained from 

Sigma Chemical Company, and DL-a-aminobutyric acid and DL- 
homoserine from Mann Laboratories, were of sufficiently high quality 

' ~ u t h o r  to whom correspondence may be addressed. 
2~evision received March 4, 1986. 

to be used without further purification. NaOD and D 2 0  were obtained 
from Diaprep Corporation, and the purity of D 2 0  was 99.7%. NaOD 
(40% in D20) was diluted to the appropriate concentration under dry 
nitrogen. 

The pH values of the solutions were measured by using a Coming 
Model 101 digital electrometer fitted with a Beckman miniature 
combination glass electrode and pH values were adjusted by the 
addition of NaOD solution in D20.  The instrument was calibrated 
before and after each kinetic run by the use of standard buffers and 
corrected by the use of activity coefficients to read -log [Ht  ] directly. 
In D20 solution, the deuterium ion concentration was computed 
by adding 0.41 (6) to the observed reading. The temperature was 
maintained at 25.0 i 0. l0C and the ionic strength was maintained 
at 1.0 M (KN03). In the binary systems studied, the analytical 
concentrations of amino acid, pyridoxal, and pyridoxal phosphate were 
0.10 M. 

The nrnr spectra were obtained with a Varian HA-100 nuclear 
magnetic resonance spectrometer. The chemical shifts (ppm) are 
re~orted relative to tetramethylsilane (MeaSi), which was inserted in 
the reaction mixture in a coaxial tube. All kinetic runs were carried 
out on homogeneous systems. Before each spectrum was taken, 
the instrument was readjusted and five integrals were taken of the 
resonances used for following kinetics, and at least three integrals 
were taken for other peaks. The integral values were then averaged 
for further calculation and normalized relative to spectra based on 
unreactive protons. The fraction of Schiff base in the experimental 
solution was determined by taking ratios of the sums of the integrals 
of the 6H and 2CH3 resonances of the pyridoxal and pyridoxal 
phosphate Schiff bases and the y-CH3 of 2-aminobutyric acid. Since 
the resonances for the P-protons of the Schiff base and of the free amino 
acid overlap considerably, the integral values for Schiff base P-protons 
were obtained from the differences between the total integrals for the 
P-protons and the corresponding normalized values of the free amino 
acids. The constants were determined from the slope of the line 
obtained by plotting the appropriate values versus time. The reliabili- 
ties of the measurements were determined from the variations of the 
concentrations from the expected values based on the least-squares 
treatment. Since most of the kinetic runs were repeated, the results of 
these runs are reported with the estimated deviations. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J. CHEM. VOL. 64. 1986 

FIG. 1. The 100-MHz nrnr spectrum of 0.10 M pyridoxal and 0.10 M a-aminobutyric acid at pD 5.40; chemical shifts are reported in ppm 
with respect to Me&. PL = pyridoxal; a-ABA = a-arninobutyric acid. 

FIG. 2. The 100-MHz nmr spectrum of 0.10 M pyridoxal and 0.10 M a-aminobutyric acid at pD 8.67 showing the formation of 
pyridoxylidene-a-aminobutyrate; chemical shifts are reported in ppm with respect to Me4Si. PL = pyridoxal, a-ABA = a-aminobutyric acid, 
and SB = Schiff base. 

HOD 

Results and treatment of data 
Nuclear magnetic resoncnce spectra 

The pyridoxal (PL) and pyridoxal5'-phosphate (PLP) reso- 
nances have been assigned previously (7, 8). In this study, the 
resonances of a-aminobutyric acid (a-ABA) at pD 7.15 consist 
of a triplet near 1.05 ppm (CH3), a multiplet near 2.00 ppm 
(6-CH2), and a triplet near 3.80 ppm (a-CH). At pD values less 
than 6 in the absence of metal ion, the nmr spectra of equimolar 
solutions of pyridoxal and a-aminobutyric acid consist of 
resonances attributable entirely to the components as shown in 
Fig. 1 (pD 5.40). As the pD is raised, the resonances of the 
Schiff base become apparent and are labelled as SB in Fig. 2 
(pD 7.97). In the case of the pyridoxal 5'-phosphate system, 
Schiff base formation becomes apparent at pD 4.82 (15%). This 
indicates that at a given pD in acid solution the degree of Schiff 
base formation is considerably higher for PLP than for PL. 

i 

V C H 3  

ABA 

2-CH3 + 
SB 

This behavior is expected since PL exists predominantly in 
the hemiacetal form, tending to inhibit Schiff base formation, 
whereas for PLP, in which the phosphate group precludes 
hemiacetal formation, the concentration of the free aldehyde is 
approximately 50 times higher (9). In pH or pD ranges in which 
the Schiff bases are minor species, the concentration of the PLP 
Schiff base should be nearly two orders of magnitude higher 
than that of the PL Schiff base. All resonances shift to higher 
field with increasing pD of the solution, as would be expected 
from the increasing negative charge on the Schiff base anion 
as protons are dissociated in a stepwise fashion from the 
pyridine and azomethine nitrogen atoms. Figure 3 presents the 
100-MHz nmr spectrum of the pyridoxal-a-aminobutyric acid 
Schiff base, showing the decrease of 6-GH2 resonances of 
a-ABA with time, and Fig. 4 is the 100-MHz nmr spectrum of 
pyridoxal 5'-phosphate-a-aminobutyric acid Schiff base, also 

4 -cn  

SB 6-H 

4-CH 
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TATSUMOTO ET AL 2055 

FIG. 3.  The 100-MHz n m  spectrum of 0.10 M pyridoxal and 
0.10 M a-aminobutyric acid at pD 9.95 showing the decrease of P-CH2 
signal of a-ABA. PL = pyridoxal, a-ABA = a-aminobutyric acid, 
and SB = Schiff base. A: after 1 h 22 min; B: 24 h 40 min; and C: 120 h 
38 min. Chemical shifts are reported in ppm with respect to Me4Si. 

showing the decrease in p-proton resonances. The results are 
summarized in Table 1 for 4'-CH and a -H exchange rates. 

Kinetic treatment 
For the a-amino acid - PL and a-amino acid - PLP systems, 

the rate equations are based on the simple a -  and P-proton 
exchange reactions: 

a-Proton exchange 
The removal or exchange of the a-proton is expressed by: 

where a-HSB is a-amino acid Schiff base 1 with a hydrogen 
at the a-position and a-DSB is the corresponding a-deuterated 
Schiff base. The first-order rate equation 

may be employed directly if the concentration of a-HSB in 
solution can be determined, and the first-order rate constant kAbs 
is then found from the slope of the line by plotting In [a-HSB] 
vs. time. 

4'-CH Exchange 
The reactions controlling the rate of 4'-CH exchange in D 2 0  

involve forward and reverse transamination steps (aldimine S 
ketimine) and may be expressed by the following equations: 

FIG. 4. The 100-MHz nmr spectrum of 0.10 M pyridoxal phosphate 
and 0.10 M a-aminobutyric acid at pD 8.47 showing the decrease of 
the P-CH2 signal of a-ABA. PLP = pyridoxal phosphate, a-ABA = 

a-arninobutyric acid, and SB = Schiff base. D: after 1 h; E: 88 h. 
Chemical shifts are reported in ppm with respect to Me4% 

TABLE 1 .  Observed rate constants* for the a-H and 4'-CH exchange 
of Schiff bases (1:l) 

*Repeated measurements indicate that constants reported are reliable to 
* 5 % .  

where 4CHSB is the a-amino acid (aldimine) Schiff base 1, 
with a hydrogen atom at the 4 '  ( a ' )  position of the pyridine 
ring, 4CDSB is the same Schiff base with a deuterium at the 
4 position, and 4CHDSB is the intermediate half-deuterated 
ketimine, 3. 
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The rate of disappearance of 1 is expressed by: deuterium on the 6 position, and 6-CD2SB is the Schiff base 

d[4CHSB] with both hydrogens replaced by deuterium atoms. The follow- 
151 - = kf[4CHSB] - kr[4CHDSB] ing rate equations apply to this system: 

d t  -. 
d[P-CHZSB] 

The rate of change in concentration of the intermediate [I21 = -k l  [P-CH2SB] 
ketimine, 4CHDSB, is expressed by: dt  

[@ d'4CHDSB1 = kf[4CHSB] - kr[4CHDSB] 1131 d[P-CHDSB1 = k,[P-CH2SB] - k2[@-CHDSB] 
1 .  dt a 1 

The stoichiometric relationships are: 
- kt[4CHDSB] 

1141 T, = [P-CH2SB] + [P-CHDSB] + [@-CD2SB] 
The rate of change in concentration of the fully deuterated 
ketimine is expressed by: [15] T p =  2[P-CH2SB] + [P-CHDSB] 

171 
d[4CD2SB] where T, is total concentration of the species and T, is total 

= k;[4CDSB] - k:[4CD2SB] 
dt proton count. The following rate equation is obtained for total 

proton count. 
The steady-state assumption is applied to the ketimine inter- 

dT d[P-CH2SB] + d[P-CHDSB] mediate 4CHDSB, which is formed in undetectable concentra- 
,161 P - 

tions in the experimental solution. dt dt  d t 

To a first approximation, it may be assumed that kf = k; since 
these reactions both involve the transfer of D+ from solution to 
a t -CH and a t -CD of the aldimine to form a C-D covalent 
bond. Similarly, 2k, = k: because the reaction steps being 
compared both involve the breaking of a C-D covalent bond 
and transfer of D+ to a base in solution, and differ only in the 
presence of adjacent C-H and C-D bonds, respectively. The 
rate constants kt and k,, however, should reflect a primary 
isotope effect resulting from the breaking of C-H and C-D 
bonds for the transfer of protons to a base in solution, so that 
kt = ak,,  where a is the kinetic deuterium isotope effect. 
Therefore: 

and substituting the above relationship (9) into eq. [5]: 

where the factor a / ( l  + a )  varies from 4 for a minimal isotope 
effect, to nearly unity for a large isotope effect. 

The only isotope effect that has been reported for pyridoxal 
Schiff bases in D 2 0  is 2.7, by Blake et al. ( lo),  for the 
rate-determining transfer of a proton from the a-CH to the 
solvent. Assuming a value of similar magnitude for the a'-CH, 
the ratio of kobs (i.e., klbs) to kf would be about 0.74. 

Thus the rate of 4'-CH exchange is also based on the 
concentration of Schiff base in solution, and the first-order 
constant klbs may be found from the slope of the plot of 
In (4CHSBl vs. time. 

P-CH exchange 
With two hydrogen atoms in the P position, the rate of P-CH 

exchange is dependent on the sequential reaction steps: 

k 1 k2 
[ I  I ]  P-CH2SB P-CHDSB , P-CD2SB 

where @-CH2SB is the a-amino acid Schiff base with both 
hydrogens on the P position of the amino acid moiety, 
P-CHDSB is the same Schiff base with one hydrogen and one 

Substituting the variables from eqs. 1121 and 1131 into eq. [16] 

By substituting relationship 1151 into eq. [17], and with the 
assumption k, = 2k2 (i.e., the isotope effect here would also be 
minimal because both reactions involve the breaking of a C-H 
bond, and differ only in having adjacent C-H or C-D bonds), 

Thus the rate of proton exchange is directly proportional to 
the total concentration of the protonated Schiff base species in 
solution. This first-order rate constant k2 is then found from the 
slope of the line by plotting In [T,] vs. time. 

The P-deuteration rate constants obtained for the PL and PLP 
Schiff bases are presented in Table 2. The values for these 
constants are reported to only two significant figures because 
of the difficulty encountered in determining precise integral 
values for these protons located adjacent to the intense HOD 
resonance. The spinning side-band encountered from the large 
HOD resonance complicated the integration of these resonances 
in some cases. 

Mechanistic considerations 
The proposed @-exchange mechanism is outlined in Scheme 

1. The final product, assuming no side reactions, is the 
deuterated aldimine Schiff base species, 9. Since no trans- 
amination reaction products (the keto acid and pyridoxamine or 
pyridoxamine-5'-phosphate) were found even after four half- 
lives of @-deuteration, the reaction is expected to go through 
two successive (forward and reverse) transamination steps. 
The first transamination involves the formation of the ketimine 
Schiff base 3, which initiates the P-deuteration reaction, and the 
final transamination step is conversion of the ketimine to the 
aldimine Schiff base (5 -+ 10 + 11 and 5 -+ 6 -+ 7 + 8 + 9). 
Since the aldimine form is more stable than the ketimine form 
in these systems, it would be expected to predominate in the 
reaction mixture. Thus intermediates 3, 5 ,  and '7 are not formed 
in sufficient quantities to be detected by nmr. but are essential 
for the sequential eliminations of the a- and @-protons. 
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TATSUMOTO ET AL 

TABLE 2. Observed rate constants* for the P-deuteration of a-aminobutyric acid Schiff 
base (1:l) and the homoserine Schiff base (1:l) 

PL-a- ABA PLP-a-ABA PLP- homoserine 

p~ K ; { ~ . ~ - ~ x I o ~  K ; ~ ~ . S - ~ X I O ~  PD K ; ; , . s - ~ x I o ~  

*Values reported are reproducible to about ? 5% 

SCHEME 1.  Metal free pyridoxal (R = H) or pyridoxal phosphate (R = P03H--) catalyzed mechanism of P-proton exchange of a-aminobutyric 
acid. 

Discussion the protonation of the Schiff base at the azomethine and pyridine 
The rates of a'(4'-CII) exchange and a - H  exchange of nitrogen atoms. The ability of the Schiff base to labilizc a- and 

a-amino acid Schiff bases in the absence of metal ions are a'-protons should be  greater for the doubly proronated form, 
influenced by the ability of the Schiff base to labilize the protons since the negative charge of the active deprotonated inter- 
at the a and a' positions, which in turn is directly influenced by mediates 2 and 2a can then be  distributed throughout the 
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2058 CAN. J. CHEM. 

FIG. 5. The observed rate constants for the P-deuteration of a- 
aminobutyric acid and pyridoxal5'-phosphate in D20  solution at p = 
1.00 M (KNO,); t = 25.0°C. 

conjugated r-bond system of the Schiff base. Thus the 
electron-withdrawal effect in 2 is less than in 2 a ,  and the rate of 
transamination would be expected to decrease with increasing 
pH, on the basis of these factors alone. 

As pD increases, the diprotonated species 2 a  disappears first, 
and finally the monoprotonated species 2 becomes converted to 
the completely deprotonated Schiff base (not shown), which 
does not have an activating positive charge on the azomethine 
nitrogen. The lowered reactivity of this species toward a and a' 
exchange would be counterbalanced by base (hydroxide ion)- 
catalyzed activation of the exchange process. This type of 
catalysis would also occur with 2 ,  so that the effect of its 
deprotonation at high pH would be balanced by increased 
hydroxide ion catalysis. Thus the base-catalyzed rate assigned 
to 2 would be kinetically indistinguishable from the exchange 
rate attributed to the fully deprotonated Schiff base. 

In the pyridoxal - aminobutyric acid system, the values for 
the rate constants of cr. and a' exchange, as functions of pD, 
show interesting trends. The a exchange shows the effect of 
base catalysis since the rates increase with increasing pD, while 
a' exchange shows the effect of base as well as of protonation. 
Since the pK, of the monoprotonated Schiff base is - 10, the 
fact that the values for the rate constants are equivalent within 
the standard deviation range at pD 9.93 and pD 10.26 suggests 
that the decrease in the concentration of 2 is approximately 
balanced by increased hydroxide concentration. 

In the pyridoxal phosphate - aminobutyric acid system, the 
trend of decreasing rate constants with increasing pD was 
observed (Fig. 5). The trend was as predicted on the basis of the 
factors previously mentioned for transamination, as well as by 
the fact that the phosphate group would be expected to sterically 
and electrostatically hinder base catalysis in the abstraction of 
a proton from the a '(4 '-CH2) position. Thus the effcct of thc 
degree of protonation of the Schiff base would predominate. 
The marked difference between the pyridoxal and pyridoxal 
phosphate trends must be due to steric and electrostatic effects 
on the phosphate anion and on the hydroxymeehyl group. The 
phosphate hydroxyl group at the 5' position may hydrogen bond 
with the azomethine nitrogen (1 1) of the pyridoxamine Schiff 
base, thus increasing the reactivity of the a'-hydrogen toward 
base catalysis. In view of these factors the observed difference 
between the trends for a and a' exchange becomes reasonable. 

The rate constants for (3-deuteration for the a-ABA Schiff 
base and for D.L-homoserine - pyridoxal 5'-phosphate, pre- 

sented in Table 2, also indicate interesting trends. The factors 
that influence the rate of the P-deuteration of the amino acid 
moiety in the absence of the metal ion are analogous to those 
suggested for the a and a' exchange. After transamination takes 
place to form the ketimine Schiff base, the conjugation of 
T-bonds between the aromatic ring and the azomethine nitrogen 
is eliminated. Thus the Schiff base influences the labilization 
of P-protons through the positive charge on the azomethine 
nitrogen in the protonated form and through inductive forces 
exerted by the substituents on the amino acid. The effect of 
substituents is applicable only when comparing the rates of 
different amino and keto acids. Electron-withdrawing substi- 
tuents are expected to increase the rate while the reverse is 
true for the electron-donating substituents. The influence of 
protonation of the imine nitrogen is restricted to the pD range 
below the pKa (12-14) of the azomethine nitrogen atom 
(- 10-1 l), and the effect on rate of this factor is expected to 
decrease above this pD. Base catalysis of P-proton exchange is 
expected to show an increase in rate with increase in pH. In the 
pyridoxal system the trends expected in the P-exchange rate 
constants were not so clearly discemable for the pD range 
studied since the accuracy of the values of the constants was 
somewhat limited, and the pD range was too narrow to observe 
the effect of the diprotonated form of the Schiff bases. 

In the pyridoxal phosphate system as well as in other similar 
systems the following trends are expected: (a) if the rates were 
dependent on the degree of the Schiff base imine nitrogen 
protonation, the observed trend would be an increase or 
decrease depending on the relative amounts of protonated and 
deprotonated species present, as predicted by the pK, of the 
imine nitrogen (- 11). In the corresponding species distribution 
curve, the amount of the monoprotonated Schiff base maxi- 
mizes around pD 8.5-9.0, giving a bell-shaped curve for the 
relative population of catalytic species. Also (b) if the rates 
were dependent on hydroxide ion catalysis, then the rate would 
increase with increasing pH. In the a-ABA system the values 
of the rate constants show a bell-shaped curve with a shallow 
maximum at pD 7.34. Although this is somewhat lower than 
the expected maximum it is not much different from the rate 
constant at pD -7.97, which is much closer to the pD of the 
maximum degree of fonnation of the monoprotonated species. 
The increasing effect of hydroxide ion catalysis with pH is 
observed in the lack of a sharp decrease in the rate constants 
above pD 8.0. The considerable decrease in rate constants 
observed at pD 4.82 is probably due in part to dissociation of the 
Schiff base. The homoserine system also shows a bell-shaped 
rate curve, but with a maximum at pD -9.0. This system shows 
the effect of Schiff base protonation and hydroxide ion catalysis 
more clearly than does the a-ABA Schiff base. Comparison of 
the values of the rate constants of homoserine and a-ABA 
indicates the effect, on the exchange rate, of the substituent on 
the amino acid moiety. The methoxy group has higher electron- 
withdrawing effect than does the methyl group, weakening the 
bonding of the P-hydrogen and increasing the exchange rate. 

Additional studies of metal-ion catalysis of P-proton exchange 
and elimination of y-electronegative substituents are now being 
carried out in this laboratory. 
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Ionic dissociation in pyridine-iodine solutions 
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Can. J .  Chem. 64, 2060 (1986). 

An electrochemical technique has been employed to study the ionization of the pyridine-iodine complex in pure pyridine and 
in 1,2-dichloroethane. A mechanism for the ionization in accord with the experimental data is proposed. The results indicate that, 
for wide ranges of iodine and pyridine concentration, one quarter of the I2 is dissociated into ionic species. 

SEYMOUR ARONSON, STUART BRYAN WILENSKY, TAUN-IUAN YEH, DARNEL DEGRAFF et GRACE MARILYN WIEDER. 
Can. J .  Chem. 64, 2060 (1986). 

OpCrant dans la pyridine pure ainsi que dans le dichloro-1,2 Cthane, on a utilist une technique Clectrochimique pour ttudier 
l'ionisation du complexe pyridine/iode. On propose un mCcanisme pour l'ionisation qui est en accord avec les donnCes 
expCrimentales. Les rCsultats indiquent que, pour des concentrations trks variables d'iode et de pyridine, 25% du I2 est dissociC 
en espkces ioniques. 

[Traduit par la revue] 

Introduction 
The pyridine-iodine system has been the subject of intensive 

investigation (1-10). Mulliken (4) suggested the following 
complexation and ionization sequence for the reaction between 
pyridine and iodine. 

Reaction [I] ,  whose product Mulliken called an "outer com- 
plex", occurs in both polar and nonpolar solvents. Reaction [2] 
produces an "inner complex" PyItI-. Reaction [3] takes place 
only in polar organic solvents (1, 4 ,  5). One  evidence for the 
ionization process in reaction [3] is the relatively high electrical 
conductivity observed in pyridine-iodine solutions in polar 
solvents (1,5). On the basis of  experimental evidence, Mulliken 
(3) suggested that reactions [ I ]  and [3] reach equilibrium 
rapidly. He further suggested that reaction [2] involves an 
activation barrier of considerable height and that equilibrium is 
approached slowly. 

Equilibrium constants for reaction [ I ]  have been determined 
in a number of solvents (10). Experimental evidence indicates 
that reaction [2] requires a period of days or  weeks for 
equilibrium to be attained (3, 7). Ionization reactions which 
yield the I; ion as well as  the I- ion formed in reaction [3] have 
only been studied at short reaction times during which period 
reaction [2] has not reached equilibrium. Ionization constants 
which have been determined (8, 9, 11,  12) are, therefore, of 
questionable value. 

In the present study, an electrochemical technique (12) has 
been used to investigate the ionization process in the pyridine- 
iodine complex. Quantitative information has been obtained on  
solutions of iodine in pyridine and solutions of pyridine and 
iodine in 1,2-dichloroethane. 

Experimental 
Chemicals 

Fisher certified ACS grade pyridine was allowed to stand over solid 
potassium hydroxide for several days, then refluxed over calcium 
hydride for several hours, and then repeatedly distilled from fresh 
portions of the hydride with a boiling point 115-1 16°C at 760 Torr. 

Printed in Canada 

This procedure sufficed to give a highly purified and anhydrous 
pyridine whose specific conductivity was below I X lo-' (ohm-cm)-'. 
Fisher certified ACS grade 1,2-dichloroethane was dried over calcium 
hydride for several days, then refluxed over calcium hydride for one 
day and repeatedly distilled from fresh portions of this hydride. A 
middle fraction was collected. This gave a pure, anhydrous product 
with a normal boiling point of 82.9-83.1°C. Fisher laboratory grade 
resublirned iodine was resublimed twice and kept in a dessicator over 
anhydrous copper sulfate. Reagent grade sodium iodide and tetra- 
ethylammonium iodide, obtained from Alpha Products, were used as 
received. 

Electrochemical, conductivity, and spectrophotometric measurements 
The electrochemical measurements were made in a 2-compartment 

"H" cell in which separation of the compartments was effected by a 
fine-frit disk. Both compartments were filled to the same level. Pieces 
of platinum foil attached to platinum wire leads were inserted into each 
compartment to serve as electrodes. Voltage measurements were made 
with a Keithley Model 160B digital multimeter. All measurements 
were made in a constant temperature water bath regulated to 25.0 +- 
O.l°C. The platinum electrodes and cells were cleaned by immersion in 
hot concentrated nitric acid, and then in cleaning solution for several 
days. The electrodes were then repeatedly rinsed with distilled water 
and left standing in distilled water for several days. 

Conductivity measurements were made using a standard conducti- 
vity cell with platinum electrodes and a YSI Model 31 conductivity 
bridge. The cell constant was determined to be 0.1037 cm-' using a 
0.0200 N solution of potassium chloride at 25.0°C. 

In addition to the electrical measurements, ultraviolet-visible 
absorption measurements were made with a Cary 17 spectrophotometer 
using quartz cells of 10 mm and 2 mm thickness. 

All solutions of iodine and pyridine were freshly prepared just before 
the first measurement of a property. Subsequent measurements were 
then made at intervals of one day, three to four days, one week, two 
weeks, three weeks, etc., for a total time of one month. All stored 
solutions were protected by sealing stoppered flasks with Parafilm. 

Mathematical treatment 
Reaction mechanism 

The reaction sequence we  will employ utilizes reactions [ I ]  
and [2] above as proposed by Mulliken. In place of reaction [3], 
we employ the following reaction 

The ionic species Py21t and PyI+ have been postulated and 
observed (6, 8 ,  9, 13). W e  postulate the formation of Py21+ 
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ARONSON ET AL. 206 1 

because the experimental data presented below will be shown to 
be independent of pyridine concentration. This observation is in 
accord with the formation of Py21+, as in reaction [4], but not 
with the formation of PyI+. The IT ion rather than the I- ion is 
postulated to form because the concentrations of iodine used in 
this investigation are high enough to favor the stable I; ion 
(14). Experimental verification for the presence of I; are the 
very strong absorption bands observed at 365 nm and 295 nm 
which are the locations of the I; peaks (14, 15). 

The equilibrium constant for reaction [4] is 

We will assume that concentration can be substituted for activity 
in all the equilibrium expressions. For the autoionization of 
PyItI- in reaction [4], we can write 

An additional assumption we make is that the ratio of pyridine 
to iodine is sufficiently high (> 10: 1) so that all the iodine is in 
complex form, i.e., reaction [ l ]  goes all the way to the right. 
This assumption is experimentally verified by the absence of an 
I, peak in the visible region of the spectrum. 

Using the symbol, b, for the nominal' concentration of 
iodine, we can write 

From reaction [2], we obtain 

Substituting in eq. [7], we get 

and 

Substituting in eq. [5], we obtain 
..2 

and finally 

Thus, the ratio of the concentrations of charged complex, 
Py2I+, to neutral complexes, Py12 and PyI+I-, should be 
independent of the nominal iodine and pyridine concentrations. 

Electrochemical equations 
We have employed electrochemical cells of the following 

types 

[13] Pt/12, NaI(c) in P ~ / / I ~ ,  Na1(c1) in Py IPt 

and 

[I41 Pt / 1 2 ,  Py, TEAI(c) in DCE / /  12, Py in DCE / Pt 

where TEAI and DCE refer to tetraethylammonium iodide and 

'The nominal concentration of iodine is the number of moles of I2 
dissolved in a litre of solution. The value is not effected by the 
dissociation and interaction of iodine in solution which yields new 
iodine species. 

1,2-dichloroethane, respectively. The c and c' values represent 
nominal concentrations. The nominal I2 and Py concentrations 
are the same in both half-cells. 

We will assume that added NaI or TEAI, represented by the 
term MI, is completely ionized according to the reactions 

and 

[16] MI + Py21+ -+ PyI'I- + F'y + M+ 

complete ionization of MI appears reasonable on the basis of the 
known information about the ionization of NaI and TEAI and 
the stability of I; (11, 14). The species PyI+IP, Py21+, and I3  
rapidly resume thermodynamic equilibrium on the basis of 
reaction [4]. We assume the following virtual electrode reac- 
tions corresponding to Line-diagrams 13 and 14. 

Half-cell 1 in Line-diagram 13 has more NaI than half-cell 2. 
Half-cell 1 in Line-diagram 14 contains TEAI while half-cell 2 
contains no TEAI. 

We will make the reasonable assumption that, for small 
additions of MI, the concentration of Py1+Ip does not depend 
significantly on the quantity of added MI. We can then write for 
the emf, E, of the cell at room temperature 

[19] E = -0.0591 log [Py2I+ (211 
[P~2I+(1)1 

We have already used the symbol, x, for [Py21+] in a solution 
without added MI. In the presence of nominal concentration of 
MI designated as c ,  the concentration of Py21+ is designated as 
y .  The equilibrium expression corresponding to Line-diagram 
14 is 

We can solve for x and y using eqs. [19] and [20]. 
When MI is present in the half-cell on the right in concentra- 

tion, c ' ,  as well as on the left in concentration, c ,  which 
corresponds to Line-diagram 13, we can use the equation 

y ,  y' , and x can be determined. 
The value of x and the nominal concentration of iodine, b, 

yield the constant K in eq. [12] corresponding to the ratio of 
the concentrations of charged to neutral complexes. 

Results and discussion 
The acquisition of equilibrium data for the ionization process 

in reaction [4] requires that reactions [I] ,  [2], and [4] all be at 
equilibrium. Reaction [ I ]  reaches equilibrium rapidly (3, 10). 
On the basis of the electrochemical data presented below, 
reaction [4] also approaches equilibrium rapidly. The slow 
approach to equilibrium of reaction [2] is indicated in Fig. 1. In 
the upper graph, the conductivity of a pyridine-iodine solution 
in dichloroethane reaches a plateau in about one week. The 
absorptivity of a pyridine-iodine solution in dichloroethane, 
shown in the lower graph in Fig. 1 also reaches a plateau in 
about one week. The explanation for these phenomena is that 
the concentrations of Py21+ and I; continue to increase until 
reaction [2] reaches equilibrium. The absorption maximum at 
365 nm is primarily due to the presence of the I; ion with a 
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w 0 
0 5 10 15 20 2 5  3 0  

Time (days)  

FIG. 1. The upper curve shows the variation of conductivity with 
time for nominal concentrations of 0.0903 M Py and 0.00101 M 12. 
The lower curve shows the variation of absorptivity at 365 nm with 
time for nominal concentrations of 0.0496 M Py and 0.000492 M 12. 

small contribution from the Py12 "outer complex" (10). PyI+I- 
does not absorb in this region of the spectrum (4). Conductivity 
and absorptivity data on samples with other pyridine-iodine 
concentrations gave similar results. 

We used the electrochemical cell, in dichloroethane, 

Pt 112 (2.98 X M ) ,  Py (0.297), 
TEAI (3.12 x M ) ] ~ I ,  (2.98 X M ) ,  Py (0.297 M )  )Pt 

to determine the value of x, the concentration of Py21t, as a 
function of time on the basis of eqs. 1191 and [20]. The data 
obtained, shown in Fig. 2, confirm the approach to equilibrium 
in about one week. 

Electrochemical data were obtained at 25°C for solutions 
of pyridine and iodine in dichloroethane. The solutions were 
stored for two weeks prior to measurement. The electrochemi- 
cal cells used were of the type shown in Line-diagram 14. Data 
obtained on a typical cell are presented in Table 1. The nominal 
iodine concentration in both half-cells was 2.00 X M. 
One half-cell contained a nominal concentration of TEAI of 
2.20 X lop5 M. The emf was measured over a period of 1 h and 
was found to have a steady value of 1.25 2 0.05 mV. The 
TEAI concentration was increased in steps four times and emf 
measurements were made. The calculated value of x was 
constant to within experimental error. 

Values of the ionization constant, K, in eq. [12], were 
calculated from electrochemical data on solutions with nominal 
IZ concentrations ranging from 2.56 X lop4 M to 2.98 X 

M. -In each case, the nominal Py concentration was 
100 times higher than the nominal I2 concentration. The values 

Time (days) 

FIG. 2. Variation of Py21+ concentration, x ,  with time for nominal 
concentrations of 0.297 M Py and 0.00298 M 12. 

TABLE 1. Emf data on the cell, in dichloroethane, Pt / I2 
(2.00 X M ) ,  TEAI ( c ) ,  Py (0.199 M)II12 (2.00 X 

10-3 M I ,  PY (0.199 M )  1 ~t 

*Oxidation occurs on side of cell containing TEAI. 

TABLE 2. Summary of data from electrochemical cells of 
the type described by Line-diagram 14, in dichloroethane 

Py conc. I2 conc. 
M x lo2 M x 104 X, M x 104 K 

of x and K are shown in Table 2. For the ten-fold range of iodine 
and pyridine concentrations, the value of K is reasonably 
constant, 0.158 k 0.014. 

Solutions of iodine in pure pyridine were also investigated. 
Spectrophotometric and Py21t concentration data of the type 
shown in Figs. 1 and 2 again indicated the attainment of 
equilibrium in about one week. Electrochemical data were 
obtained at 25OC for solutions of iodine in pyridine stored for 
two weeks. The electrochemical cells were of the type shown in 
Line-diagram 13. Data obtained on a typical cell are shown in 
Table 3. In this case, NaI was added to both half-cells as 
indicated by the initial values of c and c'. Additional aliquots 
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ARONSON ET AL. 

TABLE 3. Emf data on the cell, in pyridine, Pt / I2 (0.0772 M ) ,  NaI ( c )  / /  I2 (0.0772 M ) ,  
NaI ( c ' )  I Pt 

c ,  M x lo3 c ' ,  M x lo3 E ,  mV* y, M x lo3 y ' ,  M x lo3 x ,  M x lo3 

*Oxidation occurs on the side of the cell containing a higher NaI concentration. 

TABLE 4. Summary of data from electrochemical is more complex. Uncomplexed I2 is observed spectrophoto- 
cells of the type described by Line-diagram 13, metrically and the 1; concentration continues to increase for 

in pyridine more than 4 weeks.' This behavior can be qualitatively 
explained on the assumption that, in this case, reaction [ I ]  does 

IZ conc., M x, M K not ~ roceed  all the wav to the right. 

of NaI in pyridine-iodine solution were added in increments 
to one half-cell. Equal aliquots of pyridine-iodine solution 
were added in increments to the other side to avoid hydrostatic 
pressure. The calculated value of x was constant to within 
experimental error. 

Values of the ionization constant, K, were calculated from 
data on solutions with nominal I2 concentrations ranging from 
0.041 1 to 1.26 M. A value of K of 0.158 + 0.008 was obtained 
for the thirty-fold variation in iodine concentration. 

It is interesting that the interaction of iodine with pyridine is 
the same over wide ranges of iodine concentration in pure 
pyridine and in solutions in dichloroethane. The difference in 
dielectric constant between pyridine, 12.3, and dichloroethane, 
10.4, is apparently not sufficient to effect the degree of 
ionization of the pyridine-iodine complexes. In nonpolar 
solvents such as heptane and benzene, with dielectric constants 
in the range of 2, no ionization is expected to occur (4). 

When the concentration ratio of pyridine to iodine in 
dichloroethane is close to unity, the behavior of the system 
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Structure and reactions of 4-(2,4,6-trimethyl)benzylidene-2-phenyloxazo~in-5-one1 
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Mr~osr~aw CYGLER, CAROL P. HUBER, JAMES R. P. GODIN, and DAVID J. PHELPS. Can. J. Chem. 64, 2064 (1986). 
The crystal structure of 4-(2,4,6-trimethy1)beqlidene-2-phenyloxol-5-one has been determined. Crystals of Cl9HI7No2, 

fw 291.35, are monoclinic, P21 / c ,  a = 10.207(2), b = 8.977(2), c = 17.123(4) A, P = 92.66(1)". For 2435 observed 
independent reflections the final R = 0.039 and R ,  = 0.042. The molecule has Z configuration about the exocyclic double bond, 
and the benzylidene ring is twisted 61.3" out of the oxazoline ring plane, thus relieving the overcrowding caused by the two 
ortho-methyl substituents. The reaction of this compound with benzylamine in acetonitrile occurs almost four times as fast as 
predicted using model reactions. 

MIROSLAW CYGLER, CAROL P. HUBER, JAMES R. P. GODIN et DAVID J. PHELPS. Can. J. Chem. 64, 2064 (1986) 
On a dktermink la structure cristalline de la trimCthy1-2,4,6 benzylidkne-4 phknyl-2 oxazolinone-5. Les cristaux de 

C19H17N02, m.f. 291.35, sont monocliniques, P21 / c ,  avec a = 10,207(2), b = 8,977(2) et c = 17,123(4) a et P = 92,66(1)". 
En se basant sur 2435 rkflexions indkpendantes observkes, les valeurs finales de R et R ,  sont respectivement de 0,039 et 0,042. 
La molCcule adopte une configuration Z autour de la double liaison exocyclique et le cycle benzylidkne forme un angle de 61,3" 
avec le plan du cycle oxazoline; cette dkviation Climine l'encombrement st6rique causC par les deux substituants mkthyles en 
positions ortho. La vitesse de la rkaction de ce composC avec la benzylamine dans l'acktonitrile est pratiquement quatre fois 
plus rapide que celle qui pourrait &re prCdite en utilisant des rCactions modkles. 

[Traduit par la revue] 

Introduction 
The 4-benzylidene-2-phenyloxazolin-5-one molecule (1) and 

its substituted analogues3 can exist in two configurations, E and 
Z, about the exocyclic double bond. In the cases studied to date 
(1-5) the Plochl azlactone synthesis (6), or modifications of it 
(7) used in the synthesis of oxazolinones, gave the Z isomer, 
obviously the more thermodynamically stable form. It is, 
however, possible to effect Z to E isomerization (8). Infrared, 
Raman, and absorption spectra of the two isomers are quite 
similar (4), but more fine structure has been noted (1, 4) in 
the absorption spectrum of the Z isomer. A study of fifteen 
methyl- and dimethyloxazolinones, all in the Z form (7), found 
no significant changes in absorption maximum, extinction 
coefficient, or fine structure over the series, even for the 
relatively hindered di-ortho derivative, 2. But in the reaction 
of benzylamine with ortho-substituted oxazolinones, a quanti- 
tative effect is exerted by ortho substituents (9). Ortho 
substitution in the benzylidene ring, e.g. 3, leads to acceleration 
of the ring-opening reaction by a factor of ca. 2, while ortho 
substitution in the phenyl ring, e.g. 4, retards the reaction by 
a factor of ca. 2. A possible explanation for this is that steric 
strain is released if 3 is ring-opened, whereas 4 presents steric 
hindrance to the approach of the nucleophile. In order to 
investigate further the effects of ortho substitution on the 
absorption spectra and reactivity of oxazolinones, compounds 
5-7 were synthesized. In this paper, the physical properties and 
reactivity of 5-7 and the crystal structure of 5 ,  4-(2,4,6-tri- 
methy1)benzylidene-2-phenyloxazolin-5-one, will be discussed. 

Experimental 
All oxazolinones were synthesized by a previously described method 

(7). Kinetic studies of the reaction with benzylamine were carried out 

'NRC No. 26013. 
'TO whom all correspondence should be addressed. 
3~ereinafter referred to as oxazolinones. 

as before (9). Compounds 5 , 6 ,  and 7 were prepared for the first time for 
this study. Their physical properties are reported in Table 1. Yields are 
based on recrystallized (ethanollwater), analytically pure material. 
Melting points are uncorrected. Elemental analyses were performed by 
Mr. Hector Seguin, NRCC. 

Crystals of 5 were obtained from 95% ethanol as yellow prisms. The 
specimen used for data collection had maximum dimensions 0.30 X 

0.35 X 0.25 rnrn. Crystal data are as follows: 

C19H17N02 fw = 291.35 
Monoclinic, P21/c, a = 10.207(2), b = 8.977(2), c = 17.123(4) b, 
p = 92.66(1)", V = 1567.3 A3, (based on A(Cu K a I )  = 1.54056 A), 
Z = 4, D, = 1.235 Mg m-3, p(Cu) = 0.65 mm-', F(000) = 616, 
T = 293 K. 

Measurements were made on a CAD-4 diffractometer. The cell 
dimensions were determined from the angular settings of 22 carefully 
centered reflections with 45" < 0 < 58". Relative intensities were 
measured using o/20 scans for o ranges of 1.50 (0.85 + 0.20 tan 0) at 
scan speeds of $65-5.0°/min in o. All 3219 independent reflections 
in the hkl and hkl octants with 0 = 0-75" were recorded, and 2435 
of these were considered observed at the 1 .Ou(I) level. The others were 
assigned zero weights during least-squares refinement. Three standard 
reflections were monitored after every 6000 s exposure time. Their 
intensities showed only minor fluctuations, within 1 2 %  of their 
respective means. Lorentz and polarization corrections were ap lied, 2' and a correction for secondary extinction (g/p = 0.185 X 10- ) was 
made during the refinement stage. Absorption corrections were 
considered unnecessary because of the small value of pR and the nearly 
equidimensional specimen. 

The structure was solved by direct methods, using the MULTAN 78 
program (10). Refinement was by block-diagonal least-squares calcu- 
lations, minimizing CW(AF)~. All hydrogen atoms were located on a 
difference map, and were refined isotropically while non-hydrogen 
atoms were refined anisotropically. The weighting scheme was of the 
form w = PI/IF,I if lF,I > P I ,  and w = 1 otherwise, with 
P I  = 25.0 e. Scattering factor values for 0 ,  N ,  C, and H were taken 
from International tables for X-ray crystallography (1 1). Convergence 
was attained at R = 0.039, R, = 0.042 (for all observed reflections). 
During the final cycle of refinement the mean (shiftlesd) was 0.057 
and (A/u),, was 0.27. A difference map was calculated from the 
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CYGLER ET AL. 

final structure f a c t ~ r s ~ ~ a n d  showed no residual density outside the 
limits -0.12 to 0.12 e A-3. Computer programs of Ahmed et al. (12), 
Main et al. (lo), and Johnson (13) were used. 

Results and discussion 
Final coordinates for the non-hydrogen atoms obtained from 

the X-ray analysis are listed in Table 2. A perspective view of 
the molecule with the numbering scheme used in this analysis 
is shown in Fig. 1 and bond distances and angles are given in 
Fig. 2. The X-ray analysis has established that the molecule 
has the Z configuration, with C(8) cis to N(3). 

Comparison of the bond lengths found here with those in a 
closely-related dinitro oxazolinone, 8 (3), suggests that there is 
less conjugation in the present compound. Bonds C(2)-N(3) 
and C(4)-C(7) are slightly shorter and N(3)-C(4) and 
C(7)-C(8) slightly longer here. While the individual differ- 
ences are not significant, the overall pattern is consistent with 
the fact that the trisubstituted benzylidene ring is twisted 61.3" 
out of the oxazoline ring plane, whereas in the dinitro compound 
the rings are approximately coplanar. The large twist in the 
present compound avoids too-close contact of C(14) and N(3), 
here 3.180(2) A, and of C(16) and H(7), 2.81(2) A. 

Each of the three rings separately is planar within -t0.011 A, 
although the deviations from planarity are statistically signifi- 
cant for each ring. Substituents on the rivgs show displacements 
from the mean planes of up to 0.089(2) A; interestingly, the two 
ortho-methyl carbon atoms do not show the largest deviations. 
The unsubstituted phenyl ring is twisted 15.0" out of the 
plane of the oxazoline ring. Agreement of the bond angles 
in this structure with those in the dinitro compound is very 
good, especially for the oxazolinone system. Few other crystal 
structures containing an oxazolin-5-one group have been 
reported (14-17), and because they each show important 
differences in the immediately adjacent bonding, detailed 
comparisons would be meaningless. 

The packing arrangement is shown in Fig. 3. The pair of 

4~ables of observed and calculated structure factors, of refined 
parameters for the hydrogen atoms and of anisotropic displacement 
parameters for the non-hydrogen atoms are available at a nominal 
charge from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada K I A  0S2. 

FIG. 1. A perspective view of the molecule showing the numbering 
scheme. Hydrogen atoms are shown as spheres of 0.1 A radius, while 
the anisotropic ellipsoids enclose 50% probability. 

lactone groups related by the centre of symmetry at 8, 8 , O  show 
C. . .C and C. . .O  contacts of about 3.3 A; however, stacking of 
the oxazoline rings is only marginal. A distance of about 5.6 
along b separates such pairs of lactone groups. The pair of 
head-to-tail trimethylbenzene groups related by a centre :f 
symmetry at 0, 8; 0 show a ring spacing of about 3.64 A. 
Overlap is at the C(8) end of the rings, such that the C(8)-C(7) 
bond of one molecule is superimposed on the benzene ring 
of the other molecule, and there is considerable overlap of 
the C(14)-C(9), C(9)-C(8), C(8)-C(13), C(13)-C(16) 
bonds of one molecule with the opposite sequence of bonds in 
the other molecule. 

The absorption spectra of 5 , 6 ,  and 7  are shown in Fig. 4. The 
absorption maximum is shifted significantly for 5, while its 
extinction coefficient is less by a factor of ca. 2, and no fine 
structure can be seen in its spectrum. Such fine structure is 
evident in the spectra of 6  and 7 and in other published examples 
(4, 5). 

Second order rate constants for the reaction of benzylamine 
with compounds 5-7 are reported in Table 3. Each is an 
average of three determinations. For comparison, and to obtain 
"calculated" rate constants for 5, 6, and 7,  data for 1-Z, 3, 
4-(3 -methyl) benzylidene-2-phenyloxazolin-5-0, and 4-(4- 
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TABLE 1. Physical characteristics of oxazolinones 

Elemental analysis (% C, H, N) Molar 
Yield A,,, (nrn) extinction 

Compound % m.p. "C Calcd Found (CH3CN) coefficient 

u 

FIG. 2. Bond lengths (A) and bond angles (deg); esd's are 0.002-0.003 A and 0.1-0.2" 

TABLE 2. Fractional atomic coordinates ( X  lo4) and equivalent iso- 
tropic thermal parameters (A2)" 

Atom x Y z Be', (A2) 

C(8) 120 l(2) 4347(2) 765(1) 4.3 
C(9) 47 3 (2) 3095(2) 967(1) 4.6 FIG. 3. A stereoview down the b axis of the packing arrangement. 

c(10) - 544(2) 3275(2) 1471(1) 5,2 The c axis is horizontal and a is vertical. 

c(11) -851(2) 4650(2) 1788(1) 5.5 
C(17-1 - 96(2) 5863(2) 1588(1) 5.5 
c(13) 906(2) 5745(2) 1079(1) 4.8 
c(14) 722(2) 1579(2) 629(1) 5.9 
c(15) - 2004(2) 48 18(3) 2299(1) 7.9 

M 
c( 16) 1707(2) 7088(2) 880(1) 6.5 
c(17) 5682(2) lOOl(2) 1228(1) 4.2 

6' 
C(18) 5408(2) 82 l(2) 201 l(1) 5.4 
c(19) 61 86(2) -77(3) 2485(1) 6.0 
c(20) 7236(2) -817(2) 2188(1) 5.7 
c(21) 7507(2) - 646(2) 1414(1) 5.7 

6740(2) 27 l(2) 932(1) 4.9 C(22) 

= % ~ ~ Z , ~ , U , , a , * a , ~ a ; a ,  p 
methy1)benzylidene-2-phenyloxazolin-5-one are included (9). 

g 7  
The positional effect of methyl substitution in the benzylidene 2 5 8 10-'M ~n CH,CN 

ring can be calculated by subtracting rate constants obtained for 
the ortho-, meta-, or para-methyl analogues from the value for 320 340 360 380 400 420 

the unsubstituted compound 1-Z. Assuming that the effects of om 

methyl groups are additive, subtraction of the values for each FIG. 4. Absorption spectra of compounds 5, 6 ,  and 7. 
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CYGLER ET AL. 2067 

TABLE 3. Second order rate constants for the 
reaction of oxazolinones with benzylamine in 

acetonitrile solution at 25OC 

k 

Compound Expl. Calcd 

methyl substituent allows an estimate of the rate constants 
for compounds 5, 6, and 7. From Table 3 the experimentally 
obtained values for 6 and 7 are in reasonable agreement with the 
calculated values while the respective rate constants for 5 are 
very different. 

Compound 5 differs from the two isomeric dimethylated 
oxazolinones 6 and 7 in four major regards: ( I  ) There is no fine 
structure in the absorption spectrum of 5 while there is such 
structure in other alkyl- o r  unsubstituted Z-oxazolinones (4. 7, 
Fig. 4). (2)  The A,,, value of 5 is about 30 nm lower than those 
of 6 and 7. (3) The molar extinction coefficient is reduced about 
two-fold for 5. (4) The reaction of 5 with benzylamine in 
acetonitrile occurs about four times as fast as predicted using 
model reactions. 

The lack of fine structure might be consistent with an 
isomerization of the usual Z isomer to the E form. The other 
points, however, are consistent with a lack of resonance 
between electrons of the benzylidene ring and the remainder 
of the 2-phenyloxazolin-5-one structure. The finding that the 
benzylidene ring conformation is greatly removed from co- 
planarity with the oxazolinone portion satisfactorily explains 
the absorption spectrum and the reduced inductive effect of 

the methyl groups in 5. An earlier study of oxazolinone ring 
opening by benzylamine concluded that o-substitution in the 
4-benzylidene ring actually enhanced reactivity, probably by 
release of strain upon ring opening (9). In the present case, due 
to non-planarity, this argument need not be  called upon. It is 
interesting, and yet another indication that the Z isomer is the 
preferred form, that the di-ortho-substituted compound 5 takes 
up this configuration. 
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Synthesis of 9- and 10-membered rings by the intramolecular Michael addition 
of malonate on enone and ynone 
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PIERRE DESLONGCHAMPS and BERNARD L. ROY. Can. J .  Chem. 64, 2068 (1986). 
The base-catalyzed (Cs2C03 in THFIDMF) intramolecular Michael addition of P-ketoester-ynones 7-10 and -enone 11 is 

reported. Macrocyclization (Table I), which produces the corresponding medium rings, was observed in 25-50% yield. 

PIERRE DESLONGCHAMPS et BERNARD L. ROY. Can. J .  Chem. 64, 2068 (1986) 
On rapporte l'addition Michael intramolCculaire baso-catalysee (Cs2C03, THF/DMF) des (3-cetoesters-ynones 7-10 et 

-&none 11. La rCaction conduit aux cycles moyens correspondants avec des rendements de 25-50% (Tableau 1). 

The study of medium and large carbocyclic rings containing 
several substituents and functional groups has not yet received 
much attention (I)  and one of the main reasons is the lack of 
direct reliable synthetic methods. Our laboratory has recently 
reported (2) that 10-membered rings were accessible by using a 
simple irreversible process, i .e . ,  the SN2 displacement of a 
leaving group by malonate anion under medium diluted condi- 
tions. The success of this approach relied upon the choice of 
aliphatic precursors that have two unsaturations (cis and trans 
double or triple bonds) in the chain. These unsaturations 
eliminate most of the transannular steric interactions and 
diminish, at the same time, the number of degrees of freedom in 
the chain. More recently, we have also shown that 1 I- ,  12-, 13-, 
and 14-membered rings can also be successfully constructed by 
this approach, and in very good yield (13). 

In principle, any factor that will appropriately restrict the 
conformational mobility of a chain and lower transannular 
steric interactions should favor macrocyclization reaction. For 
instance, conjugation between sp2 type functional groups and 
use of reactions that have a high degree of stereochemical 
control at the transition state level should promote these 
cyclizations. For these reasons, the internal Michael reaction of 
a nucleophile on enone and ynone appears to be an attractive 
route, because stereoelectronic effects predict a high degree of 
conformational restriction at the transition state level in the 
first step of these reactions (4). Indeed, it is expected that the 
intramolecular addition of a nucleophile on enone 1 and ynone 
4 (Scheme 1) will produce an enolate intermediate having a 
structure and conformation close to 2 and 5 respectively, which 
by protonation will then lead to the reaction products, i .e . ,  the 
cyclic ketone 3 and conjugated ketone 6.  Our previous studies 
(2.3) indicated that two unsaturations in the chain are necessary 
for a successful macrocyclization; it was therefore planned to 
study the cyclization of enone and ynone of types 1 and 4, which 
possess a second unsaturation site in the chain. Following this 
idea, we wish to report a study on the cyclization of ynones 
7-10 and enone 11 (Scheme 2). Compound 7 can theoretically 
give a nine-membered ring while the others can lead to a 
ten-membered ring. 

Results and discussion 
Compounds 7-11 were prepared following standard proce- 

dures of known reactions. The synthesis of compound 7 is 
illustrated in Scheme 3, and syntheses of compounds 8-11 are 

'NSERCC anc! FCAC predoctoral fellowships (1980-1984) 

shown in Scheme 4. Both schemes are self-explanatory. One 
element that is worth mentioning is the temporary transforma- 
tion of the malonate group into a triester (cf. 18 + 19 and 
25 + 26) and, at a later stage, the reconversion of the triester 
into the malonate group (20+ 21,28 -+ 29,28-+ 30,32+ 33, 
32 + 34) by reactions with organometallic reagents ( 5 ) .  

The cyclization of the acyclic precursors 7-11 was carried 
out with cesium carbonate in a 1: 1 mixture of tetrahydrofuran 
and N,N-dimethylformamide at room temperature. The results 
are summarized in Table 1 and the structure of the cyclic 
monomers and (or) dimers obtained are shown in Scheme 5.  The 
cyclizations were carried out at 2 x M. In some cases, a 
pseudo high dilution technique (slow addition of the substrate in 
the medium with a syringe pump (6,7)) was used to increase the 
quantity of cyclic monomer and (or) dimer. 

The structures of the monomers and dimers were established 
spectroscopically (ir, 'H  and 13C nmr, and ms). The configura- 
tion of the olefin of the conjugated enones was assigned cis for 
the monomers 35, 36, and 38 and trans for the dimer 39. This 
assignment is based on the coupling constant (JH,W (cis) = 
13 Hz and J H , H  (trans) = 17 Hz) observed for the olefinic 
hydrogens of the enone. 

Compound 37 with an exocyclic olefin must be formed via the 
isomerization of conjugated enone 42 under basic conditions. 
Such deconjugation of a 10-membered ring enone has literature 
precedent (8). The structure of enone 38 was further established 
by its conversion into bicyclic dienone 43 under acidic 
conditions. This type of transannular reaction between a ketone 
and an acetylene in a 10-membered ring yielding a bicyclic 
enone has been previously observed by Weiler and co-workers 
(9). 

The aliphatic precursors 7,  8 ,  and 9,  which contain a cis 
olefin, gave the corresponding cyclic monomers 35,36, and 37 
respectively in moderate yield, but no dimer was observed. 
Cyclization of enone 10, which contains an isolated triple bond, 
gave a mixture of monomer 38 and dimer 39 at medium dilution, 
and only monomer 38, in 50% yiqld, at pseudo high dilution. 
The enone 11 gave at medium dilution a low yield of dimer 41 
and no monomer. At pseudo high dilution, both monomer 40 
and dimer 41 were observed. 

Nine and ten-membered rings are the most difficult ones to 
be produced by a direct cyclization method. For instance, the 
internal displacement of bromide by malonate anion in C-9 and 
C-10 saturated chains gave the corresponding cyclic monomer 
under high dilution in 3 and 0.1% yield respectively (10). It can 
therefore be concluded that, although the yields are moderate 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DESLONGCHAMPS AND ROY 

TABLE 1. Cyclization products of acyclic precursors 7-11 

Cyclic products 

Starting Time Monomer Dimer 
material (h) M 

"Pseudo high dilution 

(25-50%), the intramolecular addition of malonate on enone 
and ynone is an interesting method to produce medium rings 
directly. This synthetic strategy may eventually lead to excel- 
lent yield (280%) in macrocyclization provided that trans- 
annular steric interactions and conformational mobility can be 
further decreased. Work in this direction is in progress in our 
laboratory. 

Ill 

Experimental 
The infrared (ir) spectra were taken on a Perkin-Elmer 681 

spectrophotometer. Proton nmr spectra were recorded on a Bruker 
WP-60, WP-80, or a Bruker WM-250 instrument. Carbon-I3 nmr 
spectra were recorded on a Bruker WM-250 instrument. The following 
abbreviations have been used: s, singlet; d, doublet; t, triplet; q, 
quadruplet; m, multiplet; b, broad. Deuterated chloroform was used 
as the solvent and internal standard unless indicated otherwise. The 
mass spectra (ms) were recorded on a VG Micromass ZAB-1F mass 
spectrometer. 

Reactions were carried out under argon. Anhydrous magnesium 
sulfate was used as the drying agent in work-up of reactions. 

Dioloxane 14 
n-Butyllithium (3.7 mL of 1.7 M in hexane, 6.3 mmol) was added to 

a solution of acetylene 13 (850 mg, 6.1 mmol) in dimethoxyethane 
(10 rnL) at -78°C. The solution was stirred for 15 min, after which 
hexamethylphosphoramide (3 mL) was added. The mixture was stirred 
at -78°C for an additional 5 min, then warmed to 0°C. The bromide 12 
(1.0 g, 5.52 mmol) was then added, the mixture was stirred at O°C for 
1 h, and the reaction was quenched with a saturated solution of 
ammonium chloride (4 mL). The resulting mixture was extracted with 
ether-hexane ((1: 1, 3 x 50 mL). The organic layer was washed with a 
solution of lithium chloride (10% weightlvol, 2 x 100 mL) and the 
solvent was evaporated. The residue was purified by flash chromatog- 
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2070 CAN. 3 .  CHEM. VOL. 64. 1986 

(a) n-BuLi, DME, HMPA, - 30 -+ O°C, 8 1 % 
(b) pyridinium p-toluenesulfonate (PPTS), CH30H, room temp., 90% (ref. 11) 
(c) CH3S02C1, LiCl, collidine, DMF, 0°C -+ room temp., 85% (ref. 12) 
(d) CH2(COOCH3)2, K2C03, THF:DMF (I: I), reflux, 82% 
(e) HZ, Pd/BaS04 5%, quinoline, benzene, 99% 
(f) NaH, C1COOCH3, THF, 0°C -+ room temp., 88% (ref. 5) 
(g) PTSA, H20,  acetone, reflux, 83% (ref. 13) 
(h) HC-C-MgBr, THF, -30°C, 34% (ref. 14) 
(i) Cr03, acetone, H2SO4, room temp., 95% (ref. 15) 

raphy with hexane - ethyl acetate (4:l) as the eluent to afford pure 
dioxolane 14 (1.074 g, 81%); ir (CHCl-,): 2940 (C-H), 1150 (C-0); 
nmr (CDCl-,) 6:  4.96 ( lH,  t, J = 5.1 Hz, CH of the dioxolane). 4.80 
(IH, bs, CH of the tetrahydropyran), 4.23 (2H, t, J = 2.1 Hz, 
-C-CH20-), 3.93 (2H, s, -CH20- of the dioxolane), 3.89 
(2H, s, -CH20- of the dioxolane), 3.58 (2H, m, -CH20- of 
the tetrahydropyran), 2.37 (2H, m, -CH2-C-C-). 2.00- 1.40 
(8H, m, -CH2CH2-CEC-, 3 X CH2 of the tetrahydropyran); 
ms m/e: 240 (M+), 239 (M+ - H). 

Alcohol 15 
Pyridinium p-toluenesulfonate (PPTS) (1 11 mg, 0.446 mmol) was 

added to a solution of dioxolane 14 (1.07 g, 4.46 mmol) in methanol 
(10 mL). The solution was stirred at room temperature for 30 h, after 
which the methanol was evaporated and ether (10 mL) was added to the 
residue to precipitate the PPTS. The ether solution was filtered and 
evaporated to afford pure alcohol 15 (626 mg, 90%); ir: 3620 (OH), 
3450 (OH); nrnr6: 4.96 ( lH,  t, J = 4.6 Hz, CHof thedioxolane), 4.21 
(2H, t, J = 2.1 Hz, -C-CH20-), 3.91 (2H, s, -CH,O-of the 
dioxolane). 3.88 (2H, s, -CH20- of the dioxolane), 2.40 (3H, m, 
-CH2-C-C-, -OH), 1.88 (2H, m, -CH2-CH2-C-C-); 
ms m/e: 155 (M' - H). Exact Mass calcd. for CRH1Z03: 155.0708; 
found: 155.0707. 

Chloride 16 
To a solution of alcohol 15 (2.5 g, 16 mmol), lithium chloride ( I  .0 g, 

23.8 mmol), and s-collidine (2.3 g, 19 mmol) in N,N-dimethylforma- 
mide (96 mL) maintained at O°C was added mesyl chloride (2.2 g, 
19.2 mmol). The solution was stirred for 20 min at P C ,  warmed to 

room temperature, and stirred for an additional 4 h. Water (100 mL) 
was then added and the mixture was extracted with ether-hexane 
((1: I),  3 X 100 mL). The organic layer was dried and evaporated. The 
residue was purified by flash chromatography with hexane - ethyl 
acetate (2:l) as the eluent to afford pure chloride 16 (2.39 g, 85%); 
ir: 1420 (CH,), 1260 (C-0), 750 (C-Cl); nmr 6: 4.96 ( lH,  t, J = 
4.8 Hz, CH of the dioxolane), 4.13 (2H, t, J = 2.3 Hz, -CH2C1), 
3.92 (2H, s,  -CH20-), 3.90 (2H, s, -CH20-), 2.40 (2H, m, 
-CH2-C=C-),1 .88 (2H, m, -CH2-CH2-CEC-). 

Diester 17 
A solution of chloride 16 (916 mg, 5.2 mmol), dimethylmalonate 

(3.45 mg, 26 mmol), and potassium carbonate (5.82 g, 42 mmol) in 
tetrahydrofuran (30 mL) and N,N-dimethylformamide (30 mL) was 
refluxed for 13 h. The mixture was then cooled to room temperature, 
filtered, and the solvents were removed under reduced pressure. The 
residue was purified by flash chromatography with hexane - ethyl 
acetate (4: 1) as the eluent to afford pure diester 17 (1.16 g, 82%); 
ir: 1740(C=O):nrnr6:4.92(lH, t, J = 5.1 Hz, CHofthedioxolane), 
3.90 (2H, S ,  -CH20-), 3.88 (2H, S, -CH20-), 3.75 (6H, S. 2 x 
-COOCH3), 3.43 ( lH,  t, J = 7.2Hz, -CH-(COOCH3)2), 2.73 
(2H, dd, J = 2.1 Hz, 7 .6 HZ, -C=C-CH2-CH-), 2.25 (2H, 
m, -CH2-CrC-), 1.84 (2H. m, -CH2-CH2-C--C-); 
ms m/e: 270 (M'). E.xact Mass calcd. for Cj3HI6o6:  270.1103; 
found: 270.1097. 

Olejin diester 18 
A solution of diester 17 (562 mg, 2.08 mmol) in benzene (25 rnL) 

was added to a suspension of palladium (5%) on barium sulfate in 
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DESLONGCHAMPS AND ROY 

I I 
CH2-O-CHOC2H5 

I 
(CH2)3 

CH3 
I 

CH20H 

27 

C(COOCH3)3 C(COOCH3)3 
I 

H 
I 

CH2 CH2 
I 

I \ c ' H\ ,CH2 
C 

C 
111 

I I f II - C 
c H/'\cH2 H/ \ C H ~  
I 

(CH2)3 
I 

(CH2)2 
1 

(CH2)2 
I 

CHO 
I 

CH20H 
I 

CHO 

CH(COOCH3)2 CH(COOCH3)2 CH(COOCH3)2 CH(COOCH3)2 
I I I I 

CH2 
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CH2 
I 

H\ /CH2 H\ ,CH2 
C C 

C C 
Ill 111 

II 
C 

II 
C 

C C H' 'CH~ H/ ' 
I I I 

CH2 

(CH2)3 (CH2)3 (CH2)2 
I 

I 
(CHz), 

I 
CHOH 

I 
CHOH CHOH 

I 
CHOH 

I 
111 

I 
CH 

I 
C 

I 
C 

I 
H 

II 
CH2 

111 
C 

111 
C 

I 
H 

I 
CH3 

29 30 33 34 

(a) n-BuLi, (CH20),, Et20:THF (1:1), - 30°C + room temp., 46% (ref. 14) 
(b) CH3S02C1, LiC1, s-collidine, DMF, 0°C + room temp., 87% (ref. 12) 
(c) CH2(COOCH3)2, K2CO3, THF:DMF (I: I ) ,  reflux, 99% 
(d) NaH, CH30COC1, THF, 0°C -+ room temp., 99% (ref. 5) 
(f) PCC, molecular sieve, 3A, CH2C12, room temp., >85% (ref. 16, 17) 
(g) Hz, Pd/BaS04 5% quinoline, benzene, 86% 
(h) HCEC-MgBr, THF, -30°C, 59% (ref. 14) 
(i) CH=CHMgBr, THF, -20°C, 58% 
Cj) Mn02, CHC13, hexane, room temp., 73% 
(k) CH3-CEC-MgBr, THF, -30°C, 58% 
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benzene (1 mL) and quinoline (50 pL). The mixture was shaken under 
a hydrogen atmosphere until all uptake of hydrogen had ceased. The 
mixture was then filtered on Celite and the solution was washed with a 
solution of hydrochloric acid (10 mL, 1 N). The organic layer was 
dried and evaporated, affording pure olefin diester 18 (558 mg, 99%); 
ir: 1740 (C=O); nrnr 6: 5.37 (2H, m, -HC=CH-), 4.76 ( lH,  t, 
J = 4.5 Hz, CH of the dioxolane), 3.83 (2H, s, -CH20-), 3.80 
(2H, S, -CH20-), 3.64 (6H, S, 2 X -COOCH3), 3.31 (IH, t, 
J = 6.9 Hz, -CH-(COOCH3)2), 2.60 (2H, m,  -CH=CH- 
CH2-CH-), 2.06 (2H, m, -CH2-CH=CH-), 1.68 (2H, m, 
-CH2-CH2-CH=CH-); ms m/e: 272 (M'), 241 (M' - 0CH3). 

Trie~ter 19 
Sodium hydride (90 mg, 3.73 mmol) was added to a solution of 

olefin diester 18 (562 mg, 2.07 mmol) in tetrahydrofuran (1.6 mL) at 
0°C. The solution was stirred at room temperature for 45 min, methyl 
chloroformate (293 mg, 3.10 mmol) was then added, and the solution 
was stirred for one extra hour. A saturated solution of ammonium 
chloride (5 mL) was then added to the cooled solution (0°C). The 
mixture was extracted with ether (3 x 20 mL). and the organic layer 
was dried and evaporated. The residue was purified by flash chroma- 
tography with hexane - ethyl acetate (2: 1) as the eluent to afford pure 
triester 19 (600mg, 88%); ir: 1740 (C=O); nmr 6: 5.52 (2H, m, 
-CH=CH-), 4.85 ( lH,  t, J = 4.5 Hz, CH of the dioxolane), 3.91 
(2H, S ,  -CH20-), 3.89 (2H, S ,  -CH20-), 3.76 (9H, S, 3 X 
-COOCHj), 2.90 (2H, d, J = 4.9 HZ, -CH2-C-(COOCH3)I), 
2.12 (2H, m, -CH2-CH=CH-), 1.67 (2H, m, -CH2-CH2- 
CH=CH-). 

Aldehyde triester 20 
To a solution of ketal 19 (322 mg, 0.976 mmol) in acetone (10 mL) 

was added water (20 pL) and p-toluenesulfonic acid (50 mg). The 
solution was refluxed for 48 h, after which the acetone was evaporated 
and the residue was taken up in methylene chloride (20 mL). The 
solution was then washed with a saturated solution of sodium 
bicarbonate (10 mL), the organic layer was dried, and the solvent was 
evaporated to afford pure aldehyde 20 (230 mg, 83%); ir: 1730 
(C=O); nrnr6: 9.75 ( lH,  bs, HC=O), 5.50(2H, m, -CH=CH-j, 

Ethynylmagnesium bromide 
Ethyl bromide (1.27 g, 11.6 mmol) was added in 100-pL portions to 

a suspension of magnesium (310 mg, 12.8 at.-g) in tetrahydrofuran 
(12 mL). The internal temperature was monitored to maintain a 
maximum of 45°C. After the addition of ethyl bromide was completed 
the solution was stirred at room temperature for 20 min. Acetylene was 
purified by flowing the gas through two cold traps (-7g°C), concen- 
trated sulfuric acid, and potassium hydroxide and copper sulfate. The 
purified acetylene was then bubbled into the ethyl magnesium bromide 
solution at such a rate as to maintain a maximum internal temperature of 
36°C. After the exothermic reactions had subsided, the acetylene was 
bubbled another 5 min. The solution was used as such. 

Alcohol diester 21 
Ethynylmagnesium bromide (2.58 mL of a 0.95 M solution in 

tetrahydrofuran, 2.45 rnmol) was added to a solution of aldehyde 
triester 20 (139 mg. 0.49 nunol) in tetrahydrofuran (3 mL) maintained 
at -35°C. The solution was stirred at -35OC for an additional 30 min 
and then quenched with a saturated solution of ammoniuni chloride 
(10 mLj. The mixture was extracted with ether (3 x 30 mL), the 
organic layer was dried, and the solvent was evaporated. The residue 
was purified by flash chromatography with hexane - ethyl acetate (2: 1) 
as the eluent to afford pure alcohol diester 21 (43 mg, 34%); ir: 3610, 
3480 (OH), 33 10 (--C-C-H), 1730 (C=O); nmr 6: 5.45 (2H, m, 
-CH=CH), 4.37(1H, m,-CHOH), 3.74(6H. s, 2 X -COOCH3), 
3.42 (lH, t, J = 7.4 HZ, -CH-(COOCH3)2), 2.45 (lH, d, J = 
2.1 Hz, -C-C-H), 2.68 (2H, m, -CH2-CH-(COOCH3)2), 
2.20 (3H, m, -CH2-CH2-CH=CH-, OH),  1.82 (2H, m, 
-CH2-CH2-CH=CH-); ms m/e: 255 (MHL), m/e: 237 (M' - 
OH), and mle: 223 (Mt - OCHj). 

Ynone 7 
To a solution of alcohol diester 21 (14.7 mg, 0.057 mmol) in acetone 

(2 mL) was added dropwise a solution of Jones reagent until persistence 
of a reddish colour. Ethanol (3 mL) was then added to the solution, 
which was thereafter neutralized with solid sodium bicarbonate, 
filtered, and the solvent evaporated. The residue was taken up in a 
saturated solution of sodium bicarbonate (3 mL) and the mixture was 
extracted with ether (3 X 20 mL). The organic layer was then washed 
with brine (30 mL), dried, and the solvent evaporated to afford pure 
ynone7(14mg,95%);ir: 3310(C=CH), 2 1 1 0 ( C ~ C ) ,  1730(C=O, 
ester), 1680 (C=O, ynone); nmr 6:  5.41 (2H, m, -CH=CH-j, 
3.74 (6H, s, 2 X -COOCH3), 3.41 ( l H ,  t, J = 7.1 Hz, 
-CH-(COOCH3)2), 3.22 ( lH,  S, C z C - H ) .  2.75-2.40 (6H, m,  
3 X CH2); ms m/e 253 (MHI) and m/e: 221 (M' - OCHj). 

Monomer 35 
Cesium carbonate was added to a solution of ynone 7 (7.5 mg, 

0.030 mmol) in tetrahydrofuran (1 1 mL) and N,N-dimethylformamide 
(4 mL). The solution was stirred for 48 h at room temperature. The 
solution was then filtered, and the solvents were removed by distillation 
under reduced pressure. The residue was purified on a small column of 
silica gel with hexane - ethyl acetate (3:l) as the eluent to afford 
pure monomer 35 (2.6 mg, 35%); ir: 1735 (C=O. ester), 1690 
(C=O, enone), 1650 (C=C); nmr 6:  6.36 ( lH,  d, JAB = 15 HZ, 
-CH=CH-C(0)-), 6.09 (1H. d ,  JAR = 15 HZ, -CH=CH- 
C(0)-), 5.36 (2H, m, -CH=CH-), 3.79 (6H, s, 2 X -COOCH3), 
2.90 (2H, d. J = 8.6 Hz, -CH2--C--(COOCH3)2), 2.45 (2H, S ,  

-CH2-), 2.41 (2H, s ,  -CH2-); ms m/e: 252 (M'), m/e: 224 
(M' - C=O), mle: 221 (M' - 0CH3). Exact Mass calcd. for 
Cl3HI6o5: 252.0998; found: 252.0993. 

Alcohol 23 
A solution of ketal acetylene 22 (10 g, 59 mrnol) and triphenyl- 

methane (25 mg) in tetrahydrofuran (125 mL) and ether (125 mL) was 
treated with n-butyllithium (44 mL of 1.6 M in hexane, 70 mmol) at 
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-30°C. The reddish solution was then treated with dry paraformalde- 
hyde (6.2 g, 206 mmol), warmed to room temperature (the reddish 
colour disappeared). and stirred for 16 h. Water (250 mL) was then 
added and the layers were separated. The aqueous layer was extracted 
with water (3 x 250 mL). The combined organic layers were dried and 
evaporated. The residue was then purified by flash chromatography 
with hexane - ethyl acetate (3: 1) as the eluent to afford pure alcohol 23 
(5.4 g, 46%); ir: 3610,3450 (OH); nrnr 6: 4.67 (IH, q, J = 5.1 Hz, CH 
of the ketal), 4.21 (2H, s,  -C-C-CH20-), 3.53 (4H, m, 2 x 
--CH20-), 2.23 (3H, m, -CH2-CEC-, OH), 1.67 (4H, m, 
-CH2--CH2-), 1.28 (3H, d, J = 5.3 HZ, CH3-CH-), 1.18 
(3H, t, J = 7.OHz, CH3-CH2-); ms mle: 199 (MA - H), m/e: 183 
(MA - OH). E.xact Mass calcd. for CllHZ003: 199.1334; found: 
199.1331. 

Chloride 24 
To a solution of alcohol 23 (1 1 g ,  55 mmol), lithium chloride 

(4.66 g, 110 mmol), and s-collidine (10.6 g, 88 mmol) in N,N- 
dimethylformarnide (600 mL) maintained at 0°C was added mesyl 
chloride (9.4 g, 82 mmol). The solution was stirred for 20 min at O°C, 
warmed to room temperature, and stirred for an additional 3 h. A 
saturated solution of sodium bicarbonate (600 mL) was then added and 
the mixture was extracted with ether-hexane ((1: I), 3 X 500 mL). The 
organic layer was dried and evaporated. The resldue was purified by 
flash chromatography with hexane - ethyl acetate (4: 1) to afford pure 
chloride 24 (10.4 g, 87%); ir: 2240 (C=C); nmr 6: 4.53 ( lH,  q, J = 

5.1 Hz, CH of the ketal), 4.14 (2H, t, J = 2.3 Hz, -C=C-CH2Cl), 
3.54 (4H, m, 2 X -CH20-), 2.27 (2H, m, -CH,-CrC-), 
1.63 (4H, m, -CH2-CH2-), 1.30 (3H, d, J = 5.3 Hz, CH,-CH-), 
1.20 (3H, t, J = 6.9 Hz, CH3-CH2-); ms m/e: 203, 205 
(M' - 0CH3). Exact Mass calcd. for Cl  iH1902C1: 203.0838; found: 
203.0832. 

Diester 25 
A solution of chloride 24 (217 mg, 1.0 mmol), dimethylmalonate 

(661 mg, 5.0 mmol), and potassium carbonate (690 mg, 5.0 mmol) 
in tetrahydrofuran (5 mL) and N,N-dimethylformamide (5 mL) was 
refluxed for 18 h. The mixture was then cooled to room temperature, 
filtered, and the solvents were removed under reduced pressure. The 
residue was purified by flash chromatography with hexane - ethyl 
acetate (3:l) as the eluent to afford pure diester 25 (310 mg, 99%); 
ir: 1740 (C=O); nmr 6: 4.66 ( lH,  q ,  J = 5 .3  Hz, CH of the 
ketal), 3.75 (6H, s, 2 x -COOCH3), 3.53 (5H, m, 2 x -CH,O-, 
-CH-(C02CH3)2), 2.73 (2H, d of t, J = 7.8 HZ, 2.3 HZ, 
-CH2-CH-(C02CH3)2), 2.13 (2H, m, -CH2-C-C-), 1.62 
(4H, m, -CH2-CH2-), 1.29 (3H, d, J = 5.1 Hz, CH3-CH-), 
1.19 (3H, t, J = 7.0 Hz, CH3-CH2-); ms m/e: 299 (MA - CH?), 
m/e: 269 (M' - 0CH2CH3). E.uact Mass calcd. for C16H2606: 
299.1494; found: 299.1494. 

Triester 26 
Sodium hydride (96.6 mg, 4.0 mmol) was added to a solution of 

diester 25 (8 12 mg, 2.6 mmol) in tetrahydrofuran (2.0 mL) at O°C. The 
solution was stirred at room temperature for 1 h, methyl chloroformate 
(368 mg, 3.9 mmol) was then added, and the solution was stirred for an 
extra hour. A saturated solution of ammonium chloride (10 mL) was 
then added to the cooled solution (0°C). The mixture was extracted with 
ether (3 X 20 mL), and the organic layer was dried and evaporated. 
The residue was purified by flash chromatography with hexane - ethyl 
acetate (3:l) as the eluent to afford pure triester 26 (962 mg, 99%); 
is: 2300 (C=C). 1745 (C=O); nrnr6: 4.65 (IH,  q, J = 5.3 Hz, CHof 
the ketal), 3.80 (YH, s, 3 x -COOCH,), 3.52 (4H, m, 2 x 
-CH20-), 2.97 (2H, t, J = 2.5 HZ. -CH2-(COOCH3)3), 2.15 
(2H. m, -CH2-CrC-), 1.62 (4H. m, -CH2-CH2-), 1.31 
(3H. d, J = 5.3 Hz, CH,-CH-). 1.18 (3H, t, J = 6.9 Hz, 
CH3-CH2-). 

Alcohol triester 27 
Trifluoroacetic acid (2 drops) was added to a solution of triester 26 

(962 mg, 2.6 mmol) in methanol (8 mL). The solution was stirred at 

room temperature for 2.5 h. The methanol was evaporated and the 
residue was taken up in methylene chloride (5 mL), which was then 
evaporated. The residue was purified by flash chromatography with 
hexane - ethyl acetate (I:  1) as the eluent to afford pure alcohol triester 
27 (769mg, 9970); ir: 3610, 3560 (OH), 1745 (C=O); nmr 6:  3.81 
(9H, s, 3 X -COOCH,), 3.64 (2H, m, -CH,OH), 2.98 (2H, t, J = 
2.7 Hz, -CH2-C-(COOCH3)3), 2.28 (3H, m, -CH2-C=C-, 
-OH). 1.53 (4H, m, -CH2-CH2); ms mle: 301 (MH'), m/e: 283 
(M' - OH), and mle: 269 (M' - 0CH3). Exact Mass calcd. for 
C14H2007: 283.1181; found: 283.1181. 

Aldehyde triester 28 
Pyridinium chlorochromate (453 mg, 2.1 mmol) was added to a 

solution of alcohol 27 (20a0mg, 0.70 mmol) in methylene chloride 
(5 mL) containing crushed 3 A molecular sieves (400 mg). The solution 
was stirred for 10 min at room temperature, and ether (20 mL) was then 
added to precipitate the chromium salts. The solution was then filtered 
on silica gel with ether as the eluent. The solvents were evaporated to 
afford pure aldehyde 28 (175 mg, 85%); ir: 2840, 2720 (CHO), 1740 
(C=O); nmr 6: 9.76 ( lH,  t, J = 2.0 Hz, HC=O), 3.78 (9H, s, 3 X 

-COOCH3), 2.96 (2H, t, J = 2.5 HZ, -CH2-C-(COOCH3)3), 
2.55 (2H, t, J = 6.7 Hz, -CH2-CHO), 2.20 (2H, d of t, J = 
7.0 HZ, 2.5 HZ, -CH2-C-C-), 1.80 (2H, bq, J = 6.7 HZ, 
-CH2-C H2-CH2-) . 

Alcohol diester 29 
Alcohol diester 29 was prepared in the same manner as alcohol 

diester 20, from aldehyde 28 (96 mg, 0.32 mmol), to afford after 
purification pure alcohol 29 (50 mg, 59%); ir: 3600, 3520 (OH), 3310 
(C-CH), 1740 (C=O); nrnr6: 4.40(1H, m, -CH=C-CHOH-), 
3.68 (6H, S, 2 X -COOCH3), 3.43 ( lH,  t, J = 7.2 Hz, 
-CH-(COOCH3)2). 2.72 (2H, d of t, J = 7.0 HZ, 1.9 HZ, 
-CH2-CH-(COOCH3)2), 2.45 ( lH,  d, J = 2.1 HZ, -C=CH), 
2.17 (2H, m, -CH2-CeC-). 1.73 (4H, m, -CH2-CH2-). 

Ynone 10 
Pyridinium chlorochromate (215 mg, 1.0 mmol) was added to a 

solution of alcohol 29 (67 mg, 0.25 mmol) in methylene chloride 
(5 mL) containing crushed 3 A molecular sieves (125 mg). The solution 
was stirred for 60 min at room temperature, and ether (10 mL) was then 
added to precipitate the chromum salts. The solution was then filtered 
on silica gel with ether as the eluent. The solvents were evaporated to 
afford pure ynone 10 (59 mg. 89%); ir: 3295 (CECH). 2100 ( C r C ) ,  
1740 (C=O, ester), 1685 (C=O, ynone); nmr 6: 3.74 (6H, s, 2 X 

-COOCH3), 3.43 ( lH,  t, J = 7.2 HZ, -CH-(COOCH3)2), 3.24 
( lH,  s, -CrC-H) ,  2.73 (2H, d of t, J = 6.6 Hz. 2.0 Hz, 
-CH2-CH(C02CH3)2), 2.57 (2H, t, J = 5.0 HZ, -CH2- 
C(0)-C-C-H), 2.1 1 (2H, m, -CH,-CEC-), 1.77 (2H, m,  
-CH2-CH2-CH2-); ms mle:  264 (M'), m/e: 265 (MH'), and 
m/e: 233 (ML - 0CH3). ExactMass calcd. for CI4Hl6o5: 264.0998: 
found: 264.099 I .  

Monomer 38 and dimer 39: direct cyclization 
Cyclization of ynone 10 (27 mg, 0.103 mmol) was done in the same 

manner as for ynone 7 to afford, after purification, pure monomer 38 
(8.2 mg, 31%) and dimer 39 (3.5 mg, 13%). 

Monomer 38: ir: 1740 (C=O, ester), 1690 (C=O, enone), 1630 
(C=C); uv A,,, (CH3CN): 227 ( E  1600); nmr 6: 6.46 (2H, s,  
-CH=CH-), 3.81 (6H, S ,  2 X -COOCH3), 2.76 (2H, t. J = 
2.1 Hz, -CH2-C-(COOCH3)2), 2.44 (2H, m, -CH2-C(0)-), 
2.21 (2H, nl, -CH2-C-C-), 2.07 (2H, bq, J = 5.4 HZ, 
-CH2-CH2-CH2-); nmr (benzene-d6) 6: 6.60 (IH, d. JAB = 
12.6 HZ, -CH=CH-C(0)-), 5.90 (1H, d. JAB = 12.6 HZ, 
-CH=CH-C(0)-), 3.48 (6H, s ,  2 X -COOCH3), 2.81 (2H, m, 
-CH2-C-(COOCH3)2), 1.80 (6H, m, 3 X -CH,-); nmr ("C) 
6: 202 (C=O, enone), 170 (C=O, ester), 134 (C=C, P of enone), 
131 (C=C, a of enone), 86, 80 (C=C), 53.2 (C, a of esters), 
53 (CH30), 42 (CH,, a of enone). 27 (CH2, P of esters), 25 
(-CH2-CrC-), 19 (CH,, P of enone); ms m/e: 264 (M-), m/e: 
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265 (MHt), and mle: 247 (MHt - H20).  Exact Mass calcd. for 
Cl4Hl6O5: 264.0998; found: 264.0998. 

Dimer 39: ir: 1740 (C=O, ester), 1660 (C=O, enone), 1630 
(C=C); uv A,,, (CH3CN): 227 nm ( E  13 000); nmr 6: 7.29 
(2H, d, JAB = 16.8 HZ, 2 X -CH=CH-C(0)-), 6.20 (2H, d ,  
JAB = 16.8 HZ, 2 X -CH=CH-C(0)-), 3.78 (12H, S, 4 X 

-COOCH3), 3.00(4H, t, J = 2.4Hz, 2 X -CH2-C-(COOCH3)2), 
2.78 (4H, t, J = 5.2 Hz, 2 X -CHI-C(0)-). 2.23 (4H, m, 2 x 
-CH2-C=C-), 1.74 (4H, large quintuplet, J = 5.5 Hz, 2 x 
-CHI-CH2-CH2-); nmr (I3c) 6: 199 (C=O, enone), 169 
(C=O. esters), 140 (C=C, P of enone), 132 (C=C, a of enone), 84. 
74 (C-C), 59 (C, a of ester), (53 (CH3 of esters), 37 (CH,, a of 
enone), 25 (CHI, P of esters), 22 (-CH2-C-C-), 17 (CH, , P of 
enone); ms m/e: 528 (M'), m/e: 497 (M' - OCH;). E.xact Mass 
calcd. for C28H32010: 528.1966; found: 528.1996. 

Monomer 38: "pseudo" high dilution 
To a solution of cesium carbonate (2 mg, 0.009 mmol) in 

tetrahydrofuran (50 mL) and N,N-dimethylformamide (50 mL) was 
added, via a syringe pump, a solution of ynone 10 (54 mg. 0.21 mmol) 
in tetrahydrofuran (5 mL) and N,N-dimethylformamide (5 mL) at room 
temperature over a period of 10 h. The mixture was stirred for an 
additional 2 h, after which the mixture was filtered and the solvents 
were removed by distillation under reduced pressure. The residue was 
purified on a small column of silica gel with hexane - ethyl acetate (3: 1) 
as the eluent to afford pure monomer 38 (27 mg, 50%). 

Triester 31 
A solution of alcohol triester 27 (600 mg, 2.0 mmol) and quinoline 

(45 pL) in benzene (5 mL) was added to a suspension of palladium 5% 
on barium sulfate (130 mg) in benzene (2 mL). The solution was stirred 
under a hydrogen atmosphere until the hydrogen uptake had ceased 
(8 h). The solution was filtered and the solvent evaporated. The residue 
was purified by flash chromatography with hexane - ethyl acetate 
(2:l) to afford starting material (187 mg) and triester 31 (387 mg, 
86% based on recovered starting material); ir: 3610, 3500 (OH), 1740 
(C=O); nmr 6 :  5.52 (2H, m, -CH=CH-), 3.78 (9H, s,  3 X 

-COOCH3), 3.65 (2H, m, -CH20H), 2.90 (2H, d, J = 8.0 Hz, 
-CH2-C-(COOCH3)3), 2.04 (2H, m, -CH2-CH=CH-), 
1.51 (5H, m, -CH2--CHI-, OH); ms m/e: 303 (MH'), m/e. 285 
(M+ - OH). 

Aldehyde 32 
Oxidation of alcohol 31 (1 15 mg, 0.38 mmol) was done in the same 

manner as for alcohol 27 to afford pure aldehyde 32 (101 mg, 88%); ir: 
2720 (HC=O), 1740 (C=O); nmr 6:  9.76 (IH, m. HC=O), 5.52 
(2H, m,-CH=CH-), 3.78 (9H. s, 3 X -COOCH3), 2.85 (2H, m, 
-CHZ-C-(COOCH~)~), 2.43 (2H, m, -CH2--CHO), 2.20 (2H, 
m, -CH2-CH=CH-), 1.66 (2H, m, -CHI-CH2-CH2-). 

Alcohol diester 33 
Alcohol diester 33 was prepared in the same manner as alcohol 

diester 21 from aldehyde 32 (101 mg, 0.34 mmol) to afford after 
purification pure alcohol 33 (28 mg. 31%); ir: 3600, 3500 (OH), 3310 
(CzCH) ,  1740 (C=O); nmr 6: 5.44 (2H. m, -CH=CH-), 4.36 
(lW, m, -CHOH), 3.73 (6H. s, 2 x -COOCH3), 3.40 ( lH,  t, 
J = 8.2 Hz. -CH-(COOCH3)2), 2.78 (2H, m, -CHI-CH- 
(COOCH3)*), 2.47 (lH, d, J = 2.0 Hz, - C r C H ) ,  2.03 (2H, m, 
-CH2-CH=CH-). 1.64 (3H, m, -CH2-CHOH, -OH), 1.32 
(2H. m, -CHI-CH2-CHI); ms mle:  268 (M'), m/e: 237 
(Mt - 0CH3). 

Ynone 8 
Ynone 8 was prepared In the same manner as ynone 10 from alcohol 

33 (28 mg, 0.104 mmol) to afford pure ynone 8 (24 mg, 86%); ir: 3300 
(C-CH), 2100 (C--C), 1735 (C=O, ester), 1670 (C=O ynone): 
nmr 6: 5.44 (2H. m, -CH=CH-), 3.73 (6H, s,  2 X -COOCH3), 
3.41 (lH, t, J = 6.0 HZ, -CH-(COOCH1)2), 3.21 (1H. S ,  

-CzC-N). 2.80 (4H, m, -CH2-C(0)-, -CHI-CH- 
(COOCH3)2), 2.03 (21-1, m, -CHI-CH=CH-). 1.60 (2H, m, 

-CH2--CH2-CH2-); ms mle: 266 (M'), m/e: 235 (M' - 

0CH3). 

Monomer 36 
Cyclization of ynone 8 (21 mg, 0.079 mmol) was done in the same 

manner as for ynone 7 to afford after purification pure monomer 36 
(6 mg, 29%); ir: 1735 (CEO, ester), 1680 (C=O, enone), 1650 
(C=C, enone); uv A,,, (CH;CN): 227 nm ( E  3000); nmr 6: 6.35 
( lH,  d, JAB = 13 HZ. -CH=CH-C(0)-), 6.05 (IH, d, JAB = 
13 Hz, -CH=CH-C(0)-), 5.48 (1H. m, -CH=CH-), 5.12 
(IH, m, -CH=CH-), 3.78 (6H, s,  2 X -COOCH,), 2.60 
(4H, m, -CH,-C-(COOCH3),). -CHI-C(0)-), 2.16 (2H, 
m, -CH2-CH=CH-), 1.93 (2H, m, -CH2-CH2-CH2-); 
nms (13C) 6: 205 (C=O, enone), 134 (C=C, P of enone), 132 
(C=C, a of enone), 130, 125 (C=C), 58 (C, a of esters), 53 
(CH3 of esters), 39 (CH2, a of enone), 29 (CHI, P of esters), 23 
(-CH2-C=C-), 22 (CH2, P of enone); ms m/e: 266 (M+), 231 
(M+ - 0CH3). Exact Mass calcd. for Cl4HI8o5: 266.1154; found: 
266.1154. 

Propynylmagnesium bromide 
A solution of propyne (6.3 g, 158 mmol) in tetrahydrofuran (9.3 g) 

was prepared by distilling liquified propyne over calcium hydride. 
The distillate was collected in a round-bottom flask containing dry 
tetrahydrofuran at -78OC. This solution was then added via a cannula 
to a solution of ethylmagnesium bromide (50 mL of 1.2 M in 
tetrahydrofuran, 60 mmol) at -78°C. Thc solution was warmed to 0°C 
and kept at this temperature until the evolution of ethane had ceased; the 
solution was then heated to 40°C to get rid of any excess gas. A 
concentration of 0.55 M was estimated by gas-volume displacement. 

Alcohol diester 24 
To a solution of aldehyde triester 32 (32 mg, 0.106 mmol) in 

tetrahydrofuran (2 mL) was added a solution of propargylmagnesium 
bromide (1.16 mL of 0.55 M in tetrahydrofuran, 0.64 mmol). The 
mixture was stirred for 1 h at - 30°C, after which a saturated solution of 
ammoniumchloride (5 mL) was added. The mixture was then extracted 
with ether (3 x 15 mL), and the organic layer was dried and 
evaporated. The residue was purified by flash chromatography with 
hexane - ethyl acetate (3:l) as the eluent to afford pure alcohol 34 
(17.4 mg, 588);  ir: 3600 (OH), 1735 (C=O); nmr 6:  5.36 (2H, 
m, -CH=CH-), 4.34 (IH, m, -CHOH), 3.73 (6H, s,  2 X 

-COOCH;), 3.41 ( lH,  t, J = 7.4Hz, -CH-(COOCH3)2). 
2.65 (2H, m, -CHI--CH-(COOCH3)2). 2.11 (2H, m, -CHI- 
CH=CH-), 1.80 (2H, m, -CH2-CH(0H)-), 1.90 (3H. d, J = 
2.1 Hz, CH?-C=C-), 1.61 (2H, m, -CH2-CH2-). 

Ynone 9 
Pyridinium chlorochromate (247 mg, 1.15 mmol) was added to a 

solution of alcohol 34 (69 mg, 0.24 mmol) in methylene chlorid~ 
(5 mL) containing sodium acetate (94 mg, 1.15 mmol) and crushed 3 A 
molecular sieves (150 mg). The mixture was stirred for 1 h at room 
temperature, after which ether (20 mL) was added; the mixture was 
then filtered over silica gel with ether as the eluent to afford pure ynone 
9 (59 rng, 89%); ir: 2210 ( C z C ) ,  1735 (C=O, ester). 1660 
(C=O, ynone); nmr 6: 5.42 (2H, m, -CH=CH-), 3.74 (6H, s. 
2 X -COOCH3), 3.42 ( lH,  t ,  J = 7.0 HZ, -CH-(COOCH3)2, 
2.65 (2H, m, -CH2-CH-(COOCH3)2). 2.53 (2H, t ,  J = 6.6 Hz, 
-CH2-C(0)-), 2.10 (2H, m, -CHI-CH=CH-), 2.02 (3H. s, 
CH3-CrC-). 1.70 (2H, m. -CHI-CHI-CH2-): ms m/e: 
281 (MH'), m/e: 249 (M+ - 0CH3): 

Monomer 37: "pseudo" high dilution 
Cyclization of ynone 9 (7 mg, 0.021 mmol) was done in the same 

manner as for ynone 10 at "pseudo" high dilution to afford after 
purification pure monomer 37 (4 mg, 27%); ir: 1735 (C=O), 1680 
(C=C); nmr 6: 5.50 (2H, m, -CH=CH-), 5.33 (IH, bs, exo ole- 
fin), 5.28 ( lH,  bs, e,uoolefin), 3.78 (6H, s, 2 X -COOCH3), 3.25 (2H, 
CH2=C-CH2), 2.72 (2H, d, J = 6 HZ, -CH2-C-(COOCH3)2), 
2.49 (2H, m. -CH2-CH2-C(0)-). 2.10 (2H, m. -CHI- 
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CH=CH-), 1.80 (2H, m, -CH2-CH2-CH2-); ms m/e: 280 
(M'), m/e: 249 (M+ - OCH,). Exact Mass calcd, for C1SH2005: 
280.1311; found: 280.1319. 

Allylic alcohol 30 
To a solution of aldehyde 28 (65.6 mg. 0.22 mmol) in tetrahydro- 

furan (4 mL) was added a solution of vinylmagnesium bromide 
(412 ELL of 1.6 M in tetrahydrofuran, 0.66 mmol) at -30°C. The 
solution was stirred for 15 min, after which a saturated solution of 
ammonium chloride (10 mL) was added. The mixture was extracted 
with ether (3 x 20 mL), the organic layer was then dried and 
evaporated, and the residue was purified by flash chromatography with 
hexane - ethyl acetate (3:l) as the eluent to afford pure alcohol 30 
(34 mg, 58%); ir: 3600-3500 (OH), 1740 (C=O); nmr 6: 5.75 
( lH,  ddd, J = 9.8 HZ, 5.9 HZ, 1.0 HZ, CHZ=CH-), 5.20 (2H, 
ddd, J = 10.0 Hz, 4 .0 Hz, 1.0 Hz, CH2=CH-), 4.15 (IH, m, 
-CHOH), 3.75 (6H, S, 2 x -COOCH3), 3.56 (IH, t, J = 7.2 HZ, 
-CH-(COOCH3)2), 2.70 (2H, d of t, J = 7.8 Hz, 2.5 Hz, 
-CH2-CH-(COOCH3)2), 2.23 (2H, m, -CH2-C=C-), 1.81 
(IH, s ,  -OH), 1.60 (4H. m, -CH2-CH2-). 

Enone 11 
Manganese dioxide (220 mg, 2.54 mrnol) was added to a solution of 

allylic alcohol 30 (34 mg, 0.127 mmol) In chloroform (1 mL) and 
hexane (1 mL). The mixture was stirred at room temperature for 1 h, 
after which ether (20 mL) was added and the solution was filtered over 
silica gel with ether as the eluent. The solvents were evaporated to 
afford pure enone 11 (25 mg, 73%); ir: 1740 (C=O, ester), 1660 
(C=O, enone), 1620 (C=C); nmr 6: 6.35 (2H, dd, J = 7.0 Hz, 
4 5 HZ, CH,=CH-), 5.85 (IH, dd, J = 7.0Hz,4.5 HZ, CH2=CH-), 
3.75 (6H, s,  2 x -COOCH3), 3.54 (IH,  t, J = 7.0 Hz, 
-CH-(COOCH3)2), 2.75 (2H, d of t, J = 7.0 HZ, 2.0 Hz, 
-CH2-CH-(COOCH3)2), 2.59 (2H, t, J = 3.0 HZ, -CH2- 
C(0)-), 2.18 (2H, m, -CH2--CEC-), 1.75 (2H, m, -CH2- 
CH2-CH2-); ms m/e: 266 (M'), mje:  235 (M' - 0CH3). Exact 
Mass calcd. for C14H1805: 266.1154; found: 266.1159. 

Dimer 41 : direct cyclization 
Cyclization of enone 11 (25 mg, 0.094 mmol) was done in the same 

manner as for ynone 7 (vide supra monomer 35) to afford, after 
purification, pure dimer 41 (5.2 mg, 20%). 

Monomer 40 and dimer 41 : "pseudo" high dilution 
To a solution of cesium carbonate (10 mg, 0.032 mmol) in 

tetrahydrofuran (1 8 mL) and N, N-dimethylformamide (1 8 mL) was 
added, via a syringe pump, a solution of enone 11 (19 mg, 0.07 1 mmol) 
in tetrahydrofuran (2 mL) and N,N-dimethylformamide (2 mL) at room 
temperature over a period of 10 h. The mixture was stirred for an 
additional 3 h, after which it was filtered and the solvents were removed 
by distillation under reduced pressure. The residue was purified on a 
small column of silica pel with hexane - ethyl acetate (3: 1) as the eluent 
to afford pure monomer 40 (5.1 mg, 27%) and dimer 41 (10.7 mg, 
56%). 

Monomer 40: ir: 1735 (C=, ester), 1710 (C=0,  ketone); nmr 6: 
3.75 (6H, s, 2 X -COOCH3), 2.89 (2H, m, -C(0)-CH2-CH2-), 
2.77 (2H, t, J = 2.0 Hz, -C H2-C-(COOCH3)2), 2.50 (2H, m, 
-C(0)-CH2-CH2-C-(COOCH3)2), 2.35 (2H, m, -CH2- 
CH2-CH2-C(0)-), 2.16 (2H, m, -CH2-C-C-), 2.1 1 (2H, 
m, --CH2-CH2-CH2-); ms mje: 266 (M'), m/e: 235 (ML - 
OCH3). Exact Mass calcd. for Ci4H1805: 266.1 154; found: 266.1 156. 

Dimer 41: ir: 1735 (C=O, ester), 1715 (C=O, ketone); nmr 6: 
3.73 (12H, s ,  4 x -COOCH,), 2.80 (4H, t, J = 2.4 Hz, 
2 x --CH2-(COOCH3)2), 2.59 (4H, t, J = 7.1 Hz, 2 X 

-CH2-CH2-CH2-C(0)-), 2.50 (4H, m, 2 X -C(O)-CH2- 
CH2-(COOCH3)2, 2.35 (4H, m, 2 x -C(O)-CH2-CH2- 
C(COOCH3)2), 2.21 (4H, m, 2 x -CH2-CEC-), 1.74 (4H, 
quintuplet, J = 6.9 Hz, 2 X -CH2-CH2-CH2-); ms m/e: 532 
(Mt), mle: 501 (Mt - OCH?). Exact Mass calcd. for C28H16010: 
532.2309; found: 532.2306. 

Dienone 43 
Two drops of hydrochloric acid (12 N) were added to a solution of 

cyclic monomer 38 (I0 mg, 0.038 mmol) in tert-butanol. The mixture 
was left under argon for 30 h at room temperature. Solvent was 
evaporated and the residual material was purified by column chroma- 
tography with silica gel and a mixture of ethyl acetate - hexane (1:2) to 
give pure dienone 43 (4.2 mg, 42%); ir: 1735 (C=O, ester), 1660 
(C=O, enone), 1590 (C=C), 1150 (C-0); nmr 6: 6.35 (IH, d, 
J = 9.7 Hz, CH=CH-C(COOCH3)2, 6.15 ( lH,  d, J = 9.7 Hz, 
CH=CH-C(COOCH3)2), 3.74 (6H, S, 2 X COOCH3), 3.09 (2H, 
m, CH2-C(COOCH3)2, 2.45 (2H, m, -CH2-CO-), 2.06 (2H, q,  
J = 6.8 Hz, -CH2-CH=C-), 1.64 (2H, m, CH2-CH2-CH2); 
ms mle: 265 (MH+) and m/e: 205 (M+ - COOCH3). Exact Mass 
calcd. for C14H1605: 265.1076; found: 265.1076. 
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PETER WAN and KEITH YATES. Can. J. Chem. 64, 2076 (1986). 
The photochemistry of several m- and p-nitrobenzyl a!cohols (1-5) has been studied in aqueous solution. These compounds 

react via an intramolecular photoredox pathway to give reduced and oxidized moieties of the substituent groups. The reaction is 
an example of a new type of photoreaction of nitro-substituted aromatic derivatives that is not observed in organic solvents, the 
presence of water being essential. This effect is exemplified by measuring the quantum efficiency as a function of mol% water 
in aqueous acetonitrile, methanol, and formamide: the reaction efficiency decreases rapidly as water is depleted in the mixture. 
Catalytic effects due to the hydronium and hydroxide ions were studied: the para derivatives exhibited hydroxide ion catalysis; 
the meta derivatives exhibited hydronium ion catalysis. Quantum yields, solvent isotope effects, and a-deuterium isotope effects 
are reported for the parent derivatives. 

PETER WAN et KEITH YATES. Can. J.  Chem. 64, 2076 (1986). 
On a CtudiC la photochimie de plusieurs alcools m- et p-nitro benzyliques (1-5) en solution aqueuse. Ces composCs rkagissent 

selon un processus photoredox intermediaire pour donner des fragments de groupes substituCs oxydCs et reduits. C'est un 
exemple d'un nouveau type de rCactions photochimiques des dCrivCs aromatiques nitrCs que l'on n'observe pas dans des solvants 
organiques. L'eau est donc indispensable. On a mis en evidence le r61e de I'eau en mesurant le rendement quantique de la rCaction 
en fonction du pourcentage molaire d'eau dans des solutions aqueuses d'acetonitrile, de mCthanol et de formamide. Le rendement 
de la rCaction diminue rapidement lorsque la teneur en eau du mClange diminue. On a Ctudie les effets catalytiques dus aux ions 
hydronium et hydroxydes. Les rkactions des dCrivCs para sont catalyses par les ions hydroxydes tandis que celles des derives 
substituks en me'ta sont catalysees par les ions hydroniums. On rapporte les rendements quantiques, les effets isotopiques du 
solvant et les effets isotopiques du deutCrium en a des derives apparent&. 

[Traduit par la revue] 

Introduction 
The photochemistry of the nitro group has been a topic of 

continued interest although it has not been as extensively 
studied as the carbonyl group. Four reviews (1-4) summarize 
the present understanding of the photochemistry of the nitro 
group in solution. Aromatic nitro compounds undergo a variety 
of intriguing photoreactions that are initiated by five known 
primary photochemical processes (1-4). The vast majority of 
thesz reactions are known to proceed via the triplet excited 
state, of either T,T* or n , ~ *  configuration. The intramolecular 
photoredox reactions of nitrobenzenes comprise a class of 
reactions of interest in this work since the reactions to be 
reported here can be classified under this category. The intra- 
molecular photoredox reaction of a nitroaromatic compound 
may be defined as a reaction resulting in the overall reduction of 
the nitro group (usually to nitroso) concurrent with the oxidation 
of another functional group in the same molecule (eq. [I]) .  

All the known intramolecular redox reactions (1-5) (with one 
exception, vide infra) involve ortho-substituted nitrobenzenes. 
Mechanistically related to these reactions is the photochromic 
behaviour exhibited by some ortho-substituted alkyl nitro- 

'NSERC University Research Fellow. Correspondence may be 
addressed to either author. 

benzenes (6) .  The primary photochemical event in all the 
above intramolecular reactions is believed to be hydrogen atom 
abstraction by the excited nitro group (usually triplet n,.rr*, but 
not restricted to this reactive state ( 5 ) ) ,  to give a biradical. 
Subsequent transformation of the biradical results in overall 
reduction of the nitro group and oxidation of the other 
substituent (eq. [I]). An example of this type of mechanism 
is shown in eq. [2] for the well-known reaction of o-nitro- 

/,O 

benzaldehyde, to give o-nitrosobenzoic acid (1-4, 7). Prior to 
our investigations, the only known example of a nitroaromatic 
compound reacting via an intramolecular redox-type pathway 
that was not ortho-substituted is that of p-nitrobenzaldehyde, to 
give p-nitrosobenzoic acid (8-10). We report in this paper a 
new class of intramolecular redox-type reactions of meta- and 
para-substituted nitroaromatic compounds discovered by us 
recently (1 1,  12), which exhibit novel pH effects. These 
reactions appear to be general for appropriately substituted 
nitrobenzene derivatives. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



D YATES 2077 

Results 
Materials 

para-Substituted nitrobenzyl alcohols 1 and 2 and meta- 
substituted nitrobenzyl alcohols 3-5 were studied in this work. 
o-Nitrobenzyl alcohol 6 was used as the model for the 
photochemical behaviour of the ortho-substituted isomers. 
These materials were either purchased or obtained via NaBH4 
reduction of the corresponding ketones or aldehydes. 

Product studies 
Irradiation of argon-purged M quartz cuvette solutions 

of meta-substituted alcohols 3-5 in neutral water (1 % CH3CN 
as cosolvent) at 254, 300, or 350 nm in a Rayonet photo- 
chemical reactor (merry-go-round apparatus) resulted in large 
changes in the uv spectrum (see Fig. 1 for m-nitrobenzyl alcohol 
3). Loss of the substrate absorption band at 268 nm is accom- 
panied by growing bands at 233 nm and at 330 nm. Photolysis 
under identical conditions as above, but in MeOH, CH3CN, 
95% EtOH, and cyclohexane, resulted in no observable change 
in the uv spectrum. Irradiation of I and 2 at pH's > 11 resulted 
in loss of the absorption band at 278 nm accompanied by an 
increasing absorption band at 340 nm. These absorption changes 
are not observed when the alcohol is photolyzed in organic 
solvents or at pH's < 11. o-Nitrobenzyl alcohol 6 is known to 
react to give o-nitrobenzaldehyde (13) on photolysis, neat or in 
organic solvents. Using uv spectrophotometry to monitor the 
reaction, we found no observable differences in efficiency of 
photoreaction of 6 in a variety of solvents (neutral water, 
aqueous H2S04, MeOH, and CH3CN). Thus the ortho isomer 
6 reacts according to the known intramolecular pathway regard- 
less of solvent, while significant photochemistry is observed 
for the meta and para  isomers only when photolysis is carried 
out in aqueous solution. 

Product studies were carried out using lop3 M solutions. In 
a typical mn for the para isomers, 100 mg of the alcohol was 
dissolved in 200 mL of aqueous CH3CN (80% H20;  pH of the 
aqueous portion > 11) and photolyzed at 254 or 300 nm after 
saturating the solution with argon. The para-substituted alco- 
hols 1 and 2 gave the corresponding nitrosocarbonyl compounds 
(dimeric form, see Experimental) as the only product in 
conversions of up to 40% (eq. [3]). When the solutions were 

B R = H  Ba R = H (nitroso dimer) 
2 R = CH3 2a R  = CH3 (nitroso dimer) 

photolyzed for extended periods, highly colored material was 
formed, in addition to the nitrosocarbonyl products. After 
chromatographic separation, the structures of all the products 
were fully characterized by standard spectroscopic techniques. 
In solutions of pH < 11 or in strongly acidic medium 

WAVELENGTH, NM 

FIG. 1. Photochemical uv traces for m-nitrol~enzyl alcohol 3 in 
neutral water (Aexci, = 254 nm; 3 min irradiation time per trace). 

( H o  = -2), complete recovery of the substrate was possible 
after photolysis. Additionally, no photoreaction was observed 
when photolysis was carried out in a number of organic solvents 
(pure CH3CN, 0.1 M NaOMe/MeOH, pure MeOH, EtOH, and 
diethyl ether). The meta-substituted alcohols 3-5 gave two 
products (10-100% conversion) in basic (pH 12), neutral, or 
acidic medium (up to Ho = -4): nitroketones (or aldehyde) 7 
and azoxyketones (or azoxyaldehyde) 8 in the quoted isolated 
weight ratios (eq. [4]). The total yield of 7 and 8 is about 50%. 

Substrates 3-5 were unreactive when photolyzed in organic 
solvents under similar conditions. Photolysis of m-nitrobenz- 
aldehyde or m-nitroacetophenone under the above conditions 
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FIG. 2. Variation of @,/@: as a function of pH for the photoredox 
reaction of p-nitrobenzyl alcohol 1 (0: = quantum yield at pH 14). 

resulted in no observable reaction and hence demonstrates that 8 
does not arise via secondary photochemistry of 7.  The fact that 
both 7 and 8 are observed as products at low conversions 
(down to 5%) suggests that they are either primary products or 
are formed via a number of very fast dark reactions after the 
primary photochemical step. 

Product quantum yields and pH effects 
Relative quantum yields (@,/a:) for reaction of 1, where 

@: is the quantum yield of product formation in 1.0 M NaOH, 
were measured as a function of pH via preparative photolysis 
and also via uv spectrophotometry (A,,,,, = 254 nm). The 
results are shown in Fig. 2. The efficiency of the photoreaction 
was found to depend strongly on the hydroxide ion concentra- 
tion. Nearly identical results were observed for 2. The absolute 
quantum yield for reaction at pH 14 was below 0.01 and an 
accurate measurement was not obtainable using the apparatus 
available. The photoredox chemistry of the meta isomers 3-5 
was also subject to pH effects. The effect of medium acidity 
(aqueous H2SO4) on the total quantum yield for formation of 7 
and 8 (@,, defined as a, = a ( 7 )  + @(8), vide infra) was 
determined by monitoring for the increase in absorbance at 
233 nm (A,,,) due to both 7 and 8 (Fig. l), using a merry-go- 
round apparatus at 254 nm. The results are shown in Fig. 3. The 
efficiency of the photoreaction was found to depend strongly on 
the acidity of the medium, reaching a maximum efficiency at 
No = -2, and decreases significantly on going to higher 
acidity. There is no base catalysis of reaction since photolysis 
at pH 9 and 12 resulted in no observable increase in reaction 
efficiency, compared to a solution at pH 7.  However, in contrast 
to the para isomers, the meta isomers react in neutral solution 
with moderate efficiencies. 

The absolute quantum yields for formation of 7 (@(7)) and of 
8 (Q(8)) were calculated by partitioning the total quantum yield 
for these derivatives (a,)  into a @(7) and a @(8) component, 
using eq. [5], where the ratio 0.76:0.24 is the isolated mole ratio 

(averaged) of products 7 and 8 ,  respectively. The results are 
given in Table I .  

' - 4 1 '  
+ 7  +i o - 1  - 2  -3 -4 - 5  

I 

pH or H, 

FIG. 3. Variation of @ (= @(7) + 0(8)) as a function of medium 
acidity for the photoredox reaction of meta isomers 3-5. 

TABLE 1. Quantum yields for formation of 7 and 8 as a function of 
medium acidity for meta isomers 3-5 " 

"Determined spectrophotometrically . Estimated error 10%. 

The effect of substrate concentration on the efficiency of the 
photoredox reaction of 3 was studied via uv spectrophotometry 
in the lou3 - lop5 M concentration range. The total quantum 
efficiency (a,) for formation of 7 and 8 as a function of initial 
substrate concentration is given in Table 2. The observation 
of no change in reaction efficiency over a tenfold change in 
initial substrate concentration suggests that the mechanism for 
reaction involves a single substrate molecule in the primary 
photochemical step. Due to the relative inefficiency of the 
reaction for the para isomers (1 and 21, a study of the variation 
of quantum efficiency with substrate concentration has not been 
carried out. However, studies at M initial substrate 
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TABLE 2. Dependence of quantum efficiency 
(Q,) on initial substrate concentration for the 
photoredox reaction of m-nitrobenzyl alcohol 3' 

Initial substrate 
concentration (M) @ ,?Ib 

"Measured spectrophotometrically in neutral water 
(pH 7); A,,,,, = 248 nm; estimated error 10%. 

bTotal quantum yield for formation of 7a  and 7b. 
'A,,,,, = 254 nm. 

' X i l t  
= 2 5 4  -,:- =:r CH,C:. arJ ' I c C F :  

i : i c i r  
= 3 3 5  1 - P  f o r  . l i C : . t . .  

5 - ,. - :~i;.rurn ; l e A c  ~r p-:i *CZCI: 
rn - 

mol V/, H20 

FIG. 4. Effect of added H20 to CH3CN, CH30H, and HCONH2 on 
the photoredox efficiency of m-nitrobenzyl alcohol 3 (A,,,,, = 254 nm; 
results determined spectrophotometrically). The quantum yield (0;) 
in 100 mol% water was normalized to unity. 

concentration (via uv spectrophotometry, monitoring for the 
product A,,, at 340 nm) indicates that the reaction proceeds 
with comparable efficiency to that carried out with uv studies 
at M. Additional evidence for a unimolecular primary 
photochemical step in these reactions is the finding that 
irradiation of an equimolar M) mixture of nitrobenzene 
and benzyl alcohol (20% H2SO4 or pH 12) results in no 
observable reaction, as indicated by uv spectrophotometry and 
via preparative photolysis. 

Medium and isotope effects 
The requirement of water in the photoreaction of these 

substrates is exemplified by the effect of added H 2 0  to CH3CN, 
MeOH, and HCONH2 on the photoredox efficiency of m-nitro- 
benzyl alcohol 3 (Fig. 4). In this plot, the ratio @,/@: 
represents the relative reaction efficiency of 3, as organic 
solvent is added to the pure water solution (pH 7). @: is the 
total quantum yield for formation of 7 a  and 8 a  in pure water 
(at pH 7), normalized to unity at 100 mol% water. In CH3CN 
and MeOH, the reaction is not observed below 60 mol% water. 
In HCONH,, the decrease in reaction efficiency is more 
gradual. The reaction efficiency is also sensitive to added 
electrolytes (Fig. 5). In the solvent system 30% CH3CN/H20 

[ L i C l  I ,  M 

FIG. 5. Effect of added LiCl in 30% CH3CN/H20 (pH 7) on the 
photoredox efficiency of m-nitrobenzyl alcohol 3 (A,,,,, = 254 nm; 
results determined spectrophotometrically). The quantum yield (QL) 
in the absence of LiCl was normalized to unity. 

(v/v), the efficiency of the reaction nearly doubles on the addition 
of 0.6 M LiCl (or NaC104), relative to a solution without added 
salt (at pH 7). In pure water, much higher salt concentrations are 
required ( = 2  M) to give an observable salt effect. For the para 
isomer 1 ,  the presence of 1.0 M NaCl in pH 13 failed to enhance 
the efficiency. However, since the medium at pH 13 is already 
quite polar, the amount of enhancement may be insignificant. 
The observation of a salt effect for the meta isomers would 
favour a mechanism involving polarized or ionic species. 

Solvent isotope effects on the efficiency of the photoredox 
reaction were measured for 1 and 3. For the meta isomer 3, the 
experiment was performed using pure H 2 0  vs. pure D 2 0 ,  and 
the relative quantum efficiency (as monitored by uv spectro- 
photometry at 233 nm) in these two solvents ( @ " / a D )  was 
1.40 t 0.05. For 1,O. 1 M NaOH/H20 and 0.1 M NaOD/D20 
solutions were used, and the relative efficiency was 
1.09 -+ 0.05. These observations suggest that the solvent is 
involved chemically in the reaction, perhaps providing a source 
of available protons to mediate these reactions, as suggested by 
the values (greater than unity) of the solvent isotope effects. 

a-Deuterium isotope effects were studied using compounds 
9-11 under several different medium basicities or acidities. 

Compound 9 (mono-a-deuterated analog of 1) can be studied by 
noting the relative amounts of p-nitrosobenzaldehyde-a-H vs. 
a -D product formed in the 'H  nmr spectrum of the product 
mixture. The amount of a - D  product formed was deduced by 
noting the ratio of the integrated areas of the formyl proton of 
the a-H product vs. total aromatic protons. A preference for 
abstracting the proton over the deuteron in 9 would give more 
p-nitrosobenzaldehyde-a-D product vs. the a - H  product. This 
was in fact observed, and the isotope effect ( Q W / a D ) ,  which 
measures the preference for a -H  vs. a -D ,  was 6.1 f 0.6 at 
pH 14 and 4.6 f 0.7 in 0.25 M NaOH. A different approach for 
measuring this type of isotope effect is to compare the relative 
reaction efficiencies of 10 vs. the parent compound 1 ,  under 
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identical reaction conditions. Surprisingly, however, 10 failed 
to react in pH 14, whereas 1 gave 54% conversion, both under 
identical photolysis conditions. This would give an estimated 
isotope effect of about 10, by assuming an upper limit of 5% 
conversion for 10. 

The corresponding isotope effect for the meta isomer 3 was 
studied by comparing the difference in reaction efficiency 
between 3 and 11 under identical conditions, using uv spectro- 
photometry to moniior the reaction. As was observed for the 
para isomer, there is again a preference for the undeuterated 
compound, and the isotope effects @,/a, (as defined above) 
were 2.4 * 0.2 in pH 7, 1.4 * 0.1 in H ,  = -0.60, and 
11.3 * 0.1 in Ho = - 1.3. These observations suggest that 
deprotonation (or removal in the form of hydrogen atom) of the 
a-proton is involved in the primary step of the reaction 
mechanism. To test whether the a-hydrogens of 1-5 are 
exchangeable in recovered starting material, a number of 
exchange experiments were using labelled 11 in H 2 0  
(model for the meta isomersj and p-nitrobenzyl alcohol 1 in 
0.10 M NaOD/D20 (model for the para isomers). At conver- 
sions of 8-62%, no exchange of a - D  or a - H  in 11 and 1, 
respectively, was detected, as indicated by 'H nmr and mass 
spectrometry. Since these two techniques can detect a minimum 
of 2 3 %  exchange, we conclude that at most 3% of the 
"deprotonated" substrate molecules returns to starting material 
without going on to form product. 

Triplet sensitization and quenching studies 
The photoredox reactions of 1 and 3 can be sensitized by 

sodium benzophenone-2-carboxylate 12 (ET = 69 kcal mol-' ) 
(14) in 0.1 M NaOH and neutral water, respectively, using 
350nm irradiation. Both reactions can be quenched by 2,4- 
cyclohexadiene- 1,6-dicarboxylic acid (monosodium salt) 13 

(ET = 50 kcal mol- ', based on the known value for 1,3-cyclo- 
hexadiene (14)). At a quencher concentration of 0.02 M, the 
photoreaction was quenched to the extent of -70%, compared 
to a sample without added quencher, in neutral water for 3 and in 
0.1 M NaOH for 1. These results imply that the major part of the 
reaction proceeds from the triplet state. 

The quantum efficiency via S1 (QS) was estimated via the 
following analysis for "bracketing" Qs (15). The quantum yield 
for reaction on direct irradiation ( a D )  is given by eq. [6], where 

QST is the quantum yield for intersystem crossing from the 
singlet to the triplet state, and QT is the fractional efficiency 
of triplets undergoing reaction. The sensitized quantum yield 
(@,,,,) is given by eq. [7], where aET is the quantum efficiency 
of energy transfer between the sensitizer and the substrate. 
Assuming 100% efficient energy transfer, we have a,,,, = QT. 
This condition is met if ET(sens) > ET(substrate), and the 
substrate concentration is sufficiently high to intercept all the 
excited sensitizer triplets. Employing compound 12 as the 
sensitizer-in 0.1 M NaOH and a substrate (compound 1) 
concentration of M ,  it was found that = 1.5 i 

0.3. Since ET(12) = 69 kcal mol- ' (1 4) and the triplet energy of 
1 - 60 kcal mol- ' (3, 16), and because the triplet lifetime of 12 
is s (14), we have @,,,, = aT (i.e., aET --. 1; every 
excited triplet of 12 is intercepted by 1). Therefore, we can 
write = 1.5 k 0.2. Equation [6] can be rearranged as 
eq. [8]. Substituting the inverse value of in eq. [7] and 

l81 @ D / @ T  = (@s/@T) + @ST 

[9] = (0.69 * 0.09) - @ST 

reananging, we obtain eq. [9]. Since (PST for simple nitro- 
benzenes is =0.7 (3, 16, 17), we find that QT >> c D s .  That is, 
reaction via QS is insignificant, if not completely absent. 
Although for the meta isomer 3 has not been 
measured as accurately as for 1, a value of ca. 1.6 has been 
observed, and a similar conclusion regarding the insignificance 
of the S1 pathway can be made. 

Discussion 
The proposed mechanism for the photoredox reaction of the 

para isomers (1 and 2) is shown in Scheme 1 for p-nitrobenzyl 
alcohol 1, which is consistent with all the available experi- 
mental data. The koH step is presumed to involve hydroxide 
ion deprotonation of the benzylic proton concerted with proton 
transfer from solvent water to the nitro group oxygen. Although 
a two-step sequence would be kinetically distinguishable from 
this concerted step, the one-step process was chosen based on its 
kinetic simplicity. The mechanism involves a highly polarized 
intermediate in 14, consistent with the observed solvent effect 
and base catalysis of reaction. The triplet reactive state is also 
presumed to be highly polarized, to facilitate the a-deprotona- 
tion (vide infra). The expression for product quantum yield can 
be derived by assuming a steady state for intermediate 14 
and the singlet and triplet excited states of the substrate. The 
resulting expression is given by eq. [lo], 

where Ckd represents all triplet decay processes that do not lead 
to product and kHzo and koH are the water and hydroxide ion 
catalyzed rate constants for the primary photochemical step 
(leading to intermediate 14). However, since it was observed 
that water is ineffective as a catalyzing base (no reaction in 
neutral solution), we have k H , ~  [H20] << koH [OH-]. In 
addition, based on the exchange experiments, we know that 
intermediate 14 does not return to starting material efficiently. 
Kinetically this implies that k l  >> k2. Therefore, cq. [lo] 
simplifies to eq. [ I  11. We define the quantity @:as the quantum 
yield of reaction in 1.0 M NaOH, which can be written as 
eq. [12]. A simple division of eq. [12] by eq. 1111 results in 
an expression for @EL@,, which after simplification is given 
by eq. [13], where .r, and 7; are the triplet lifetimes of the 
molecule in 1.0 M NaOH and in neutral water, respectively. 
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WAN AND YATES 

3 
t,, T / ~ c H ~ '  

FIG. 6. Plot of @:/@, vs. [OH-]- '  for the photoredox reaction of 
P-nitrobenzyl alcohol I (@: = quantdm yield at pH 14). 

In this way, the kinetic equation presented by eq. [lo] can be 
linearized. Using data presented in Fig. 2, a plot of @:/@: vs. 
[OH-]-' (Fig. 6) gave a good straight line, with a slope of 
0.42 and an intercept of 0.6. This result gives kinetic support 
to the proposed mechanism presented in Scheme 1. Simple 
nitrobenzenes are known to have characteristically short triplet 
lifetimes of - 1 ns (3, 16, 17), which has been attributed to rapid 
radiationless decay to So. Assuming that 7; = 1 X lop9 s, then 
we calculate 7: = 0.42 x lop9  s and koH = 1 X lo9 M - I  s-l. 
However, as the triplet lifetimes of the molecules studied in this 
work are not available, we can calculate that intercept/slope = 

k o ~ / x k d  = 1.4, indicating that koH and x k d  are similar in 
magnitude. 

The mechanism for the photoredox reaction of the meta 
isomers appears to be somewhat more complicated: the mefa 

isomers do not react via an overall simple intramolecular 
reduction-oxidation process. However, it seems clear that the 
initial steps should be similar to the mechanism proposed for the 
para isomers (Scheme I ) ,  since the evidence accumulated does 
not require a completely different mechanism. By analogy with 
Scheme 1, the proposed sequence of events for the meta isomers 
is shown in Scheme 2 for m-nitrobenzyl alcohol 3. The " k H  + 
kH,O + kHA" step in Scheme 2 involves abstraction of the 
benzylic proton by solvent water concerted with protonation at 
the nitro group by protonating agents H 2 0 ,  H 3 0 f ,  and general 
acid HA, respectively. The proposed highly polarized nature of 
the reactive triplet state facilitates protonation at the nitro group. 
Acid catalysis due to initial protonation of the nitro group in 
the ground state can be ruled out since the nitro group is an 
extremely weak base in So (pKsH+ < - 10) (18). The quantum 
yield expression for loss of substrate (aL) or formation of 17 is 
given by eq. [14]. However, experimentally the quantum yields 
for formation of 7 and 8 (i.e., Q,) were measured, where these 
products are believed to be derived from 17 via secondary dark 
reactions (vide infra). Therefore, we can write eq. [15], which 
gives the relationship between and a,, where P < 1. The 
value of p is not unity since the reaction is not 100% clean. 
Intermediate 116 does not return to starting material to any 
significant extent, based on the results of the exchange experi- 
ments (vide supra). Kinetically this implies that k; >> k ; .  
In the pH region and in the absence of general acids, eqs. [14] 
and 1151 can be simplified to give eq. [16]. 

In stronger acids (pH < I), the proton-catalyzed reaction domi- 
nates ( k H  [H+ ] >> kH,O [H20]), resulting in a rapid increase in 
am with increasing medium acidity. The maximum in reaction 
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efficiency is observed at Ho = -2, followed by a decrease in 
reaction efficiency at higher acidities. It is proposed that this 
decrease at higher acidities is due to static quenching effects 
by hydronium ion, as the hydroxyl group can be protonated 
significantly at these acidities (estimated pKsH+ = -2 to -4). 
The exact nature of this quenching mechanism has not been 
delineated and is a topic for future studies. 

The proposed mechanism in Scheme 2 predicts general 
acid catalysis of photoreaction. We have observed gener- 
al acid catalysis of reaction for compound 3 at pH 1.5 
using H3P04/NaH2P04 as the buffer, at pH 4.2 using 
NaH2P04/K2HP04 as the buffer. These experiments were 
carried out relative to a solution of the same pH and ionic 
strength, but without added general acid. Typically, Q(0.44 M 
[NA])/Q(O MIHA]) = 1.22 + 0.05atpH4.2,  whereNaH2P04 
is the general acid, and a value of 1.5 +- 0.01 at pH 1.5, 
where H3PO4 is the general acid. These results corroborate the 
proposed mechanism requiring proton assistance in the primary 
photochemical step. 

The problem of proposing a viable route from intermediate 
17 (Scheme 2) to the observed reaction products 7 and 8 
(eq. [41) will now be addressed. Compound 17, on dehydration, 
gives m-nitrosobenzaldehyde. However, this compound is not 
observed in the photoreaction. To examine the possibility that 
the observed photoproducts are due to a secondary photoreac- 
tion (or dark reaction) of m-nitrosobenzaldehyde, attempts were 
made to synthesize this compound independently and study its 
chemical and photochemical behaviour. After a number of 
unsuccessful attempts at preparing m-nitrosobenzaldehyde, we 
decided to make m-nitrosoacetophenone 18 instead, since it is 
the analogous product for reaction of alcohol 4. Compound 18 
(in the dimeric form) was readily prepared via m-chloroperoxy- 
benzoic acid oxidation of m-aminoacetophenone. The results 
for 18 should be equally valid for the other meta alcohols 

(3 and 5). Compound 18 was found to be stable in the dark 
indefinitely in aqueous solution (pH 7-0). It could be recovered 
unchanged as the dimeric form. Since the color remained yellow 
in solution, there is no evidence to suggest that significant 
amounts of monomeric 18 are formed on dissolution. Photolysis 
of 18 in aqueous solution (neutral or acidic) failed to give rise to 
the observed photoproducts, and only resulted in decomposition 
to give highly colored material that was not characterized. 
These observations rule out 18, at least in the dimer form, as a 
discrete intermediate in the reaction pathway. We present two 
possible reaction schemes to account for the reaction products. 
The first involves a dark disproportionation reaction of two 
molecules of 17 (or some structurally equivalent species, which 
may be in a hot ground state), to give m-nitrobenzaldehyde and 
hydroxylamine derivative 19. Subsequent reaction of 19 with 17 
results in m-azoxybenzaldehyde, via the known condensation 
reaction of hydroxylamines and nitroso groups, to give azoxy 
compounds (19). However, it is not clear at this time why the 
primary nitroso carbonyl products (eq. [3]) are isolable for the 
para  isomers and not so for the meta isomers. It would appear 
that this difference in reaction products observed between the 

2 pcHO CHO 

I 
NHOH 

I 
N 

HO' 'OH 

19 17 
0- 

OHC CHO 

meta and para alcohols, which otherwise complement each 
other, reflects a fundamental difference in their photochemical 
behaviour. 

An alternative explanation2 to account for the fact that the 
primary nitroso products are not observed for the meta alcohols 
is that the initially formed m-nitrosobenzaldehyde monomer 
(from reaction of 3) may react with a molecule of starting 
material in a redox fashion, to give m-nitrobenzaldehyde and 
19. Subsequent reaction of 19 with m-nitrosobenzaldehyde 
leads to azoxy compound 8a .  This alternative pathway seems 
plausible considering the fact that nitrosobenzene monomer 
itself is known to oxidize certain benzylic amines (20), to 
give azoxybenzene and the corresponding carbonyl compound 
derived from the benzyl amine. As we have no viable way of 
making monomeric 18, this possible pathway remains to be 
explored. 

The isolated mole ratios of 7 and 8 (average ratio 1:0.33) do 
not represent redox material balance. For redox balance, one 
requires a 1:l mole ratio of 7 to 8 .  In other words, 0.67 
equivalents of oxidized material is missing, or an excess af 
0.67 equivalents of oxidized material is formed. Such a large 
discrepancy cannot adequately be accounted for by the presence 
of adventitious oxygen since > 90% of dissolved oxygen can be 
removed by saturating the solution with argon. A reasonable 
explanation to account for this discrepancy is the observation 
that products 7a-c are photostable, while products 8a-c are 
photolabile under the photolysis conditions. For example, 
photolysis of 8 a  in aqueous solution quickly results in decom- 
position of the azoxy compound, as followed by tlc. The 
products are highly colored materials that failed to elute on 
preparative tlc and are believed to be phenolic dyes (see 
Experimental). 

The proposed initial sequence of events (Schemes 1 and 2) 
represents a new type of photoreaction of nitroaromatic com- 
pounds. The overall result is a redox reaction. The reaction 
mechanism proposed has as its key step the substrate acting as a 
carbon acid. It is known that the pK, values of common carbon 
acids are generally much greater than 20, particularly for 
those compounds without adjacent groups that can stabilize the 
negative charge of the conjugate base. For example, the ground 
state pK, of toluene has been estimated to be about 41 (21). The 
introduction of two nitro groups at the ortho and para positions 
increases the acidity by 24 log units, to give a pK, value of 17 

2 ~ e  thank Prof. D. Gravel for suggesting this possibility to us. 
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(22). The pKa of p-nitrotoluene (23) and that of the a-cyano 
derivative (22) have been estimated to be 20 and 13, respec- 
tively. Based on these values, the pKa of p-nitrobenzyl alcohol 
1 for deprotonation of the benzylic proton should be in the range 
17-19 in the ground state since the a-hydroxyl group can 
stabilize the anion to some extent by an inductive effect. The 
pKa of the meta isomer (m-nitrobenzyl alcohol 3) should be 
greater than the range 17- 19 since resonance stabilization of the 
a-anion is not available. A reasonable pK, range for 3 in the 
ground state is 19-22. On excitation to the triplet state, it would 
appear that the acidities of the a-protons of 1-5 increase 
dramatically. For the para isomers (1 and 2), it is estimated that 
pK,(T,) = 13- 15, as suggested by Fig. 2, an increase in acidity 
of 3-6 log units. For the meta isomers, the increase in acidity 
appears to be more dramatic; the ApK = pK(So) - pK(T,) 
is probably greater than 20 log units since even water can 
deprotonate the molecule in TI. The observed increase in 
acidity of the a-proton of these compounds can be interpreted 
as being due to the enhanced electron-withdrawing effect 
of aromatic nitro groups in TI .  This phenomenon has been 
well documented by Zimmerman and Somasekhara (24) and 
Cornelisse and Havinga (25) in their studies of nucleophilic 
aromatic substitutions of nitroaromatic derivatives. That the 
meta nitro group has a better electron-withdrawing effect has 
also been observed previously (24, 25) and lends support to the 
interpretation offered above. 

A comment regarding the configuration of the TI reactive 
state is warranted. Simple nitrobenzenes, without strongly 
electron-donating groups, are believed to have n,n* lowest 
triplets (1-4, 16, 17) in the commonly employed organic 
solvents. This is consistent with the observation that simple 
nitrobenzenes react via characteristic n,n*  triplet state reac- 
tions, in close analogy with many carbonyl n,n*  triplcts. 
However, the photoredox reactions reported in this work do not 
take place in organic solvents and appear to be inconsistent with 
the assumption that these molecules have n , ~ *  lowest triplet 
reactive states, since the redox reactions clearly must involve 
activation of the benzene ring. n,n*  Triplets are not known to 
activate the benzene ring in photochemical reactions (1-4). It is 
well known that solvents of high dielectric constant stabilize 
~ , n *  and destabilize n ,nX  configurations (26). It is proposed 
that in water ( E  = 80), either the lowest triplet is n,n * or that the 
two configurations are very close in energy, thus allowing for a 
significant thermal population of n , n *  triplets and hence the 
observed reaction. In the commonly employed organic solvents 
(typically E < 40), the lowest triplet configuration is n,n* 
in character and no reaction is observed. In pure formamide 
(E  = 110) these reactions are also not observed. This can 
be explained by noting that formamide cannot catalyze the 
reactions as can water, that is, functioning as a weak base and 
also as a source of protons. 

The only other photoredox reaction of a nitroaromatic 
compound that does not involve an ortho-substituted nitro 
group, known prior to this work, is that of the water-catalyzed 
reaction of p-nitrobenzaldehyde, to give p-nitrosobenzoic acid, 
reported by Wubbels et al. (8, 9). The primary photochemical 
event proposed by Wubbels for this reaction involves electron 
transfer from water to the n , r X  triplet of the nitro group. 
The results of our work suggest that the reaction reported by 
Wubbels (8, 9), although chemically similar, is fundamentally 
different from the reactions reported in this work with respect to 
the nature of the primary photochemical event. For example, 
m-nitrobenzaldehyde does not react at any pH. Interestingly, no 
additional examples of the reaction reported by Wubbels (8, 9) 

have been discovered whereas the photoredox reactions of 1-5 
appear to be quite general for structurally related systems. 
However, additional work is required to fully delineate the 
difference between the above two types of photoredox reactions 
with respect to the primary photochemical event. 

In summary, the photochemistry of a number of meta and 
para nitro-substituted benzyl alcohols, previously believed 
to be photochemically unreactive, has been investigated in 
some detail. Interesting catalytic effects due to hydronium and 
hydroxide ions were observed. The para  isomers react via a 
simple photoredox mechanism whereas the meta isomers give 
rise to products that are believed to be due to secondary dark 
reactions of the initially photogenerated intermediate. 

Experimental 
General 

Ultraviolet spectra were recorded in 95% EtOH (unless otherwise 
noted) on either a Cary 14 or a Unicam SP 1800 instrument. The 
'H nrnr spectra were recorded on a Varian T60 spectrometer in CDC13. 
The ir spectra were obtained on a Unicam SP 1025 instrument in 
chloroform solution. Mass spectra were taken on a CEC 21-490 
single-focussing magnetic sector instrument operating at 70 eV. 
Preparative photolyses were carried out using a Rayonet RPR 100 
photochemical reactor. 

Materials 
Nitrobenzyl alcohols 1 ,3 ,  and 6 were purchased from Aldrich, while 

2 and 4 were prepared via NaBH4 reduction of the corresponding 
ketones in MeOH. These were either distilled or recrystallized prior to 
use. Compound 12 was purchased from Aldrich and 13 was a gift from 
BASF Wyandotte. 

m-Nitrosoacetophenone 18 (dimer) 
A solution of 3.1 g (18 rnmol) of m-chloroperoxybenzoic acid in 

50 mL CH2C12 was added dropwise over a 20-min period to a boiling 
solution of 1.0 g (7.4 mmol) of m-aminoacetophenone (Aldrich) in 
100 mL CH2C12. After one minute the solution turned green, indicative 
of the formation of a monomeric nitroso compound. After refluxing for 
an additional 15 nlin, the solution was quenched by adding 200 rnL 3% 
NaOH. The CH2C12 layer was separated (the solution was now yellow 
rather than green) and washed with additional aliquots of 3% NaOH. 
and finally with 5% HC1. Evaporation of the solvent gave 300 mg of a 
yellow solid, which was recrystallized twice from pentane/CH2C12, 
mp 134-135°C; ir (CHCI,): 1275 (s), 1360 (s), 1465 (s), 1490 (m), 
1695 (vs); uv (80% H20/EtOH): 238 nm ( E  20 000), 310 nm 
( E  10 OOO), no absorption >400 nm; 'H nmr 6: 2.6 (s, 3H, COCH3), 
2.65 (s, 3H, COCH,), 7.2-9 (m, 8H, arom.); mass spectrum (mle): 
119 (loo), 163 (lo), 264 (15) (M' - 32), 282 (40) (M' - 16). Anal. 
calcd. for C8H7N02: C 64.42, H 4.73, N 9.93%; found: C 64.23, 
H 4.62, N 9.21%. 

p-Nitrosoacetophenone 2 a (dimer) 
In a similar procedure as described for m-nitrosoacetophenone, use 

of p-aminoacetophenone gave a yellow solid that on recrystallization 
from acetone gave mp 190-191°C; ir (CHCI,): 955 (m), 1010 (w), 
1270 (s), 1310 (m), 1355 (s), 1410 (m), 1465 (s), 1600 (w), 1690 (s): 
uv (95% EtOH): 340 nm (e 10 000); 'H nmr 6: 2.7 (s, 3H, COCH3), 
2.75 (s, 3H, COCH,), 8.1-8.8 (m, 8H, arom.); mass spectrum (mle): 
91 (59), 119 (loo), 126 (13), 135 (121, 147 (13), 169 (13). 211 (lo), 
267 (lo), 168 (13) (M' - 32), 282 (65) (M' - 16). Anal. calcd. 
for C8H7NO2: C 64.42, H 4.73, N 9.39%; found: C 64.62, H 4.81, 
N 9.42%. The spectral data (uv, mass spectra, and 'H nmr) indicate 
that both 18 and 2a exist in the dimeric form: 

I + 
2 ArNO Ar-N=N-Ar 

(green) + I 0- 
(yellow) 
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A large number of nitroso compounds are known to exist in the form 
of the dimer (27). Doubling-up of the 'H nmr peaks due to restricted 
rotation about the Ar-N bond has been reported for aromatic nitroso 
compounds with electron-donating groups (28), which are known to be 
monomeric in solution. We believe the nitroso dimers reported here 
also have restricted rotation about the Ar-N bond in solution, 
although this phenomenon to our knowledge has not been documented 
for these types of nitroso dimers. 

a-Deuterio-p- and m-nitrobenzyl alcohols (9 and 11) were prepared 
via NaBD, reduction of the corresponding aldehydes. a,a-Dideuterio- 
p-nitrobenzyl alcohol 10 was via LAD reduction of methyl 
D-nitrobenzoate in THF. The deuterated alcohols were s~ectroscovi- 
cally identical (except for the absence or reduced absorption of the a-H 
in the 'H nmr) with the parent compounds. 

Preparative photolyses 
Dark reactions of 1-6 
Alcohols 1-6 are stable in the dark in pure H20,  10% H2S04, 40% 

H2S04, and at pH 14, with or without argon saturation, for an indefinite 
period at room temperature. A typical experiment involves dissolving 
100 mg of the substrate in 250 mL solution (no cosolvent required for 
1-4 and 6 since these are sufficiently water soluble) and leaving it for 
the required time in the dark. 

Preparative photolysis of m-nitrobenzyl alcohol 3 
A solution of 100 mg of 3 in 500 mL distilled water was placed in 

a 0.67-L quartz vessel and saturated with argon for 30 min using a 
fritted-glass dispersion tube. A cold finger was placed inside the vessel 
along with a long syringe needle connected to the argon line. A stream 
of argon was allowed to enter the vessel continuously. The solution was 
then irradiated for 2 h at 254 nm (Rayonet reactor; 300- or 350-nm 
lamps were also used and gave the same result). The standard work-up 
procedure involves saturating the aqueous solution with NaCl and 
extracting with 2 x 100 mL CH2C12. The above photolysis was 
repeated four times, the crude isolated materials combined, and the 
products separated on preparative tlc plates (silica gel; CH2C12). An 
'H nmr spectrum was recorded of the product mixture before separa- 
tion was carried out, to ensure that no new products were formed during 
the preparative tlc procedure. In this way, it was shown that the 
products recovered from prep. tlc were the primary products observed 
after photolysis. There was isolated 120 mg (40% isolated yield; 
Rf 0.45) oim-nitrobenza~deh~de 7 a  as identified by spectros~opic 
com~arison with the authentic material. and 50 me (17% isolated yield: 

u 

Rf 0.30) of a yellow solid identified as m-azoxybenzaldehyde 8a,  
mp 103- 106°C; ir (CHCI,): 1140 (m), 1320 (w), 1470 (w), 1490 (w), 
1590 (w), 1620 (w), I710 (s); uv (95% EtOH): 235 nm (E  22 OW), 
320 nm (e 9 800); 'H nmr 6: 7-9 ( 8 ~ ,  arom.), 10.1 and 10.15 (2s, 2H, 
non-equiv. CHO); mass spectrum (m/e): 254 (M'). Anal. calcd. for 
C14N10N203: C 66.14, H 3.96, N 11.02%; found: C 66.22, H 4.16, 
N 10.96%. Relative yield experiments (prep. scale) were performed in 
H20 (pH 7,  pH 9, pH 13), 10% and 20% H2S04 with 100-mg samples 
in 400 mL of the appropriate solvent. The irradiation time was 20 min 
at 254 nm, which gave a conversion of 20% at pH 7, as calculated by 
'H nmr integration (CHO vs. CH20H peaks). An increase in conver- 
sion was observed only in the 10% and 20% H2S04 samples, and the 
relative increase calculated agrees with those reported in Fig. 3, which 
were calculated via uv spectrophotometry . 

Preparative photolysis of a-methyl-m-nitrobenzyl alcohol 4 
The procedure for 4 is identical to that described for 3. The products 

were isolated via preparative tlc (silica gel; CH2C12) and were 
m-nitroacetophenone 7 b  and m-azoxyacetophenone 8 b  in the quoted 
isolated weight ratios (eq. [4]). m-Azoxyacetophenone 8b: rnp 100- 
103°C; ir (CHCl3): 900 (m), 960 (m), 1080 (m), 1 1 15 (m), 1 165 (m), 
1290 (s), 1360 (s), 1465 ( s ) ,  1545 (m), 1620 (s), 1700 (s), 2940 (s); 
uv (95% EtOH): 227 nm (e 23 OW), 315 nm (E  10000); 'H nmr 6 :  2.7 
and2.8 (2s, 6H, non-equiv. COCH,), 7-9 (8H, arom.); mass spectrum 
(mle): 282 (M'). Anal. calcd. for CI6Hl4N2O3: C 68 08, H 4.99, 
N 9.92%; found: C 67.89, H 4.89, N 9.88%. 

Preparative photolysis of a-phenyl-m-nitrobenzyl alcohol 5 
Employing the above procedure, m-nitrobenzophenone 7c and 

m-azoxybenzophenone 8 c  were isolated. The former was identified by 

comparison with the authentic material, m-Azoxybenzophenone 8c: 
mp 170-171°C; ir (CHC13): 1120 (m), 1290 (s), 1320 (s), 1450 (m), 
1600 (s), 1660 (s); uv (95% EtOH): 253 nm ( E  25 000), 320 (e 10000); 
' ~ n m r  6: 7-9 (arom.); mass spectrum (mle): 406 (M'). Anal. calcd. 
~ o ~ C ~ ~ H ~ ~ N ~ O ~ :  C 76.83, H 4.46, N 6.89%; found: C 77.04, H 4.62, 
N 6.64%. 

Photolysis of m-azoxybenzaldehyde 8 a  
m-Azoxybenzaldehyde 8 a  is photochemically labile when irradiated 

at 254 nm in aqueous solution, as exemplified by the following 
experiment. A solution of 50 mg of 8 a  (100 mL CH3CN and 400 mL 
H20) was irradiated in a quartz vessel for 45 min at 254 nm in a Rayonet 
reactor. The color of the solution changes from light yellow to deep 
yellow. Upon basification to pH 10, the solution turns to a deep orange, 
indicative of the presence of phenolic material. The 'H nmr of the 
recovered material showed broad absorption peaks and could not be 
characterized. We presume 8 a  (and also8b and 8c) photodecomposes 
to give azophenols, which is a known reaction pathway of aromatic 
azoxy compound (the photo-Wallach rearrangement) (29). 

Preparative photolysis of p-nitrobenzyl alcohol 1 
A solution of 200 mg of 1 in 25 mL CH3CN and 300 mL pH 13 

(NaOH) was prepared in a 0.67-L quartz vessel and saturated with 
argon. The solution was photolyzed at 254 nm for 10 h in a Rayonet 
reactor. After irradiation, the solution was neutralized with concen- 
trated HCl, saturated with NaCl, and extracted with 2 X 100 mL 
CH2C12. Evaporation of the solvent gave 170 mg of a yellow solid. The 
tlc of this material showed two spots (silica gel, CH2C12): Rf 0.2 
(substrate) and Rf 0.3 (product; yellow in color). The above photolysis 
was done in triplicate and the crude materials combined and separated 
viaprep. tlc. There was obtained 180 mg (30% overall isolated yield) of 
fraction #2 (Rf 0.3), identified as p-nitrosobenzaldehyde l a  (dimer): 
mp 185-187°C; ir (CHC13): 1180 (s), 1460 (m), 1600 (m), 1710 (s), 
2740 (w), 2840 (w); uv (95% EtOH): 340 nm (e 12 000); 'H nmr 6: 
10.1 and 10.15 (2s, 2H, non-equiv. CHO), 7.8-8.7 (8H, arom.); mass 
spectrum (mle): 254 (M' - 16). Anal. calcd. for C7HsN02: C 62.22, 
H 3.73, N 10.36%; found: C 62.10, H 3.80, N 10.21%. As was 
observed for 2a, l a  also exists as a dimer. 

Preparative photolysis of a-methyl-p-nitrobenzyl alcohol 2 a  
The procedure employed for 2 is identical to that for 1 described 

above. The isolated product was identified as p-nitrosoacetophenone 
2a (dimer), by comp&son with the authentic material synthesized in a 
previous section above. 

Relative quantum yields for reaction of I and 2 via preparative 
photolyses 

The general procedure is described as follows: A solution of 100 mg 
of the substrate is dissolved in 140 mL aqueous NaOH (6% CH,CN) 
and irradiated in a Rayonet reactor for 6 h at 254 nm. After work-up 
(described above), the extent of reaction was calculated by integrating 
the aldehyde resonance of l a  (or COCH3 resonance of 2a) relative to 
the methylene signal of the substrate at 6 4.8. 

Reactions of m-nitrosoacetophenone 18 (dimer) 
A solution of 100 mg of 18 was prepared in 50 mL CH3CN and 

200 rnL H20 (pH 7) and left in the dark overnight. The color of the 
solution was a light yellow during the whole period and therefore 
suggests that little, if any, monomeric nitroso compound exists in 
solution. After work-up, 18 was recovered unchanged (as the dimer). 
When an identical solution was photolyzed at 254 nm for 1 h, an intense 
orange color developed. After work-up, the tlc (CH2C12; silica gel) 
of this material showed a single orange spot at Rf 0.25; no trace of 
m-nitroacetophenone or m-azoxyacetophenone was observed. The 
'H nmr of the reaction mixture showed a new singlet at 6 2.7, along 
with the "doublet" at 6 2.6 and 2.65 characteristic of I8 (ratio of 
product to I18 is about 2: 1). We have tentatively identified this product 
as the corresponding nitroxide of 18, a known photoproduct of 
aromatic nitroso compounds (30). 

Spectrophotometric studies 
Solutions for spectrophotometric studies were prepared in 1.00-cm 

quartz cuvettes (3.0mL) by injecting a solution of the substrate 
(dissolved in CH3CN) into the solution of appropriate pH via a 
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microlitre syringe. After purging with argon for 5 min, the cuvette was solutions were photolyzed at 350 nm (where the quencher absorbs 
photolyzed in a merry-go-round apparatus placed inside a Rayonet negligibly) under identical conditions (typically 20-40 min). Both 
reactor. The pH solutions were made from aqueous NaOH or phosphate solutions were worked up and the extent of reaction compared via 
buffer; neither of these absorb significantly above 230 nm. After ' ~ n m r .  
photolysis, uv spectra were recorded and the increase in OD at A,,, of 
the product was measured. The A,, of the products are given in 
the above sections dealing with product isolation. An example of a 
typical uv trace of the photochemical reaction is given in Fig. 1 for 
m-nitrobenzyl alcohol 3. For relative quantum determinations, care 
was taken not to irradiate beyond 20% conversion. 

Absolute quauntum yield measurements 
Malachite green leucocyanide (MGL) in acidic ethanol was employed 

for chemical actinometry (31). The material was synthesized according , 
to the method of Calvert and Rechen (32), mp 174-176°C (lit. (32) 
mp 176-177°C). The actinometer is best suited for low light intensities 
(- einsteins min-'), which was the situation encountered in these 
measurements. The actinometer solution was prepared by mixing 
0.50 mL acidic aqueous ethanol (= M HCI) with 2.50 mL of a 

M stock of MGL in 95% EtOH in a quartz cuvette (I .OO cm). The 
OD at 622 nm was measured prior to and after photolysis (typical 
irradiation time 3-10 rnin), and the change in OD (AA) at 622 nm was 
then used to calculate the light intensity of the source via the equation: 

where &622 is the extinction coefficient of the blue dye produced at 
622 nm (1.063 X lo5 cm M - ' )  (31), QMGL is the quantum yield for dye 
formation (0.91) (31), and At the elapsed irradiation time in minutes. 
The light source employed was a 200-W Hg lamp filtered through a 
Bausch and Lomb monochromator and a 240-420 nm bandpass 
(Coming 7-54). Ultraviolet spectrophotometry was also employed to 
monitor the extent of conversion of photoreaction of the substrates. In 
this method, the product quantum yield (@,), under low conversions, 
is given by the equation: 

a,,, = A A ~ / ( I O ~  eAAZ,) 

where AAk is the change in OD at the monitored wavelength (A,,, of 
the product) and E is the corresponding extinction coefficient, and Al,  
the number of quanta absorbed by the compound during the photolysis 
time. For compounds 3-5, the excitation wavelength was 254 nm. The 
A,, of 7 and 8 (the products) are the same and the extinction 
coefficients differ by less than 5% at this wavelength. Therefore the 
above equation can be employed to calculate the total quantum yield 
for formation of 7 and 8. Since the mole ratio of 7 and 8 could be 
determined experimentally (0.76:O. 24, respectively; averaged value), 
we have: 

where @(7) and @(8) represent the quantum yield for formation of 7 
and 8, respectively. Individual values for @(7) and @(8) determined 
via the above method are tabulated in Table 1. 

Triplet sensitization 
Sodium benzophenone-2-carboxylate 12 was employed as the 

water-soluble triplet sensitizer. A typical experiment is described as 
follows. A 10-g solution of 12 was first prepared in the appropriate pH 
and 100 mg of the substrate dissolved in 50 mL CH3CN was added with 
vigorous stirring. The solution was photolyzed at 350 nm, where 12 
absorbs >95% of the exciting light. The solution was worked up by 
first extracting with 2 x 100 mL ether and then back-washing several 
times with bicarbonate solution to remove residual sensitizer. The 
extent of reaction could be determined by 'H nrnr spectroscopy, by 
integrating the CHO resonance of the products (for 3) vs. the methylene 
protons of the substrate. 

Triplet quenching experiments 
Diene 13  was used as the water-soluble triplet quencher. A typical 

experiment is described as follows. A 250-mg solution of 1 and 2 was 
first prepared in the appropriate pH (100 mL) and a sufficient amount of 
13 was added to give a quencher concentration of 0.02 M. An identical 
sample of 1 or 2 was prepared but without added quencher. These two 

General acid catalysis experiments 
Two solutions (200 mnL) each of 100 mg of 3 were prepared. One 

solution was made up in 1.0 M NaH2P04 and the pH adjusted to 4.2 
with dilute HC104, while the other, of 1 .O M NaCI, was also adjusted to 
pH 4.2. After the photolysis, the percentage conversion was deter- 
mined via 'H nmr integration as described above. By this method, it 
was found that Q(1.0 M [HA])/@(l .O  M NaCl) = 1.22 i 0.05 (error 
is standard deviation), which is indicative of general acid catalysis. The 
same result was obtained by monitoring the reaction spectrophoto- 
rretrically at A,, of the product. Using H3P04 (a stronger general 
acid), at pH 1.5, a value of 1 .5 * 0.1 was obtained and suggests that 
additional studies are warranted to delineate this effect, which is 
suggestive of a Bransted catalysis law of photochemical reaction. 
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A C-13 nuclear magnetic resonance study of the pyrimidine synthesis 
by the reactions of 1,3-dicarbonyl compounds with amidines and ureas 
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ALAN R. KATRITZKY and TAHER I. YOUSAF. Can. J. Chem. 64, 2087 (1 986). 
The detailed mechanistic pathways are elucidated for the reactions of acetylacetone, methyl acetoacetate, and dimethyl 

malonate with a variety of amidines and ureas. In many cases the identification of a single intermediate allows the definition of 
the reaction path and identification of two slow steps. Intermediates characterized include ring-closed dihydroxytetrahydro- 
pyrimidines, dihydrohydroxypyrimidinones, open-chain enamides, and carbonyl addition compounds. 

ALAN R.  KATRITZKY et TAHER I. YOUSAF. Can. J.  Chem. 64, 2087 (1986). 
On a ClucidC le mCcanisme dCtaillC des rCactions de l'acCtylacCtone, de I'acCtoacCtate de mtthyle et du malonate de mCthyle 

avec diverses amidines et urCes. Dans plusieurs cas, l'identification d'un seul intermkdiaire permet de dCfinir le chemin 
reactionnel et l'identification de deux Ctapes lentes. Les intermediaires caractCrisCs comprennent les dihydroxytCtrahydro- 
pyrimidines et les dihydrohydroxypyrimidinones cycliques ainsi que les Cnamides en chaine ouverte et les composCs provenant 
d'une addition sur le groupement carbonyle. 

[Traduit par la revue] 

Introduction 
Pyrimidines are widely distributed in nature ( l a ) ,  and include 

many synthetic drugs (1 b). An important principal synthesis of 
pyrimidines is the reaction of a 1,3-dicarbonyl compound with 
amidines or ureas, the Traube synthesis (2a, b, 3a ,  b). The older 
(4a, b,c) and the more recent (5a, b,c) literature on this reaction 
give preparative details for the synthesis of literally thousands of 
pyrimidines, but surprisingly little is known of its mechanism. 
Thus, neither of the two definitive monographs on the subject 
(6a,b), nor a recent review by Brown ( lc) ,  discuss the 
mechanism. Just two papers published in the last decade have 
dealt with limited aspects of this question: a I4C and 15N 
labeling study (7) of the formation of 4-amino-5-aminomethyl- 
2-methylpyrimidine 2 from two specifically labeled 2-(dieth- 
oxymethy1)-3-ethoxypropionitriles 1 and acetamidine showed 
that the labels were incorporated as indicated: two alternative 
reaction pathways via a bicyclic intermediate were postulated. 
An 'H nmr kinetic study (8) of the formation of trimethroprim 3 

Me 

OMe 

M e 0 A O M e  

from the reaction of various precursor a,P-unsaturated nitriles 
with guanidine disclosed no intermediates, and was interpreted 
to show that the initial, and rate-determining, step was attack of 

'Author to whom correspondence may be addressed. 

the guanidine nitrogen on the nitrile carbon, followed by a fast 
intramolecular Michael addition to give product. 

The present work examines the reactions of acetylacetone 4 
(Schemes 1 and 2), methyl acetoacetate 18 (Schemes 3 and 4), 
and dimethyl malonate 27 (Schemes 5 and 6) with the amidines 
5 and ureas 11 by 13C nmr spectroscopy. It was undertaken with 
a view to identify the intermediates on the reaction pathways, 
and represents a continuation of our earlier studies of the 
mechanisms of heterocyclic ring formation (9, 3 11.' 

Results and discussion 
Basis of investigation 

The reactions were carried out in the spectrometer cavity 
in 5-mm nmr tubes using deuterated solvents. They were all 
followed by observing in the nmr spectrum the decay of peaks 
due to starting material, the formation and decay of peaks due 
to an intermediate, and the concomitant formation of product 
peaks. The assignments of all starting materials and some 
product pyrimidines were in accord with the literature. Authen- 
tic values for chemical shifts of those pyrimidines not reported 
in the literature were obtained by appropriate syntheses using 
literature procedures (6a,  b) and subsequent I3C nmr characteri- 
zation. Intermediate peaks were assigned by reference to tables 
of published values for the appropriate open chain compounds 
(10-13, 14, 15). All assignments were supported using the two 
INEPT(D) pulse sequences previously described (9). 

C-13 assignments and identiJication of intermediates 
Table 1 gives the chemical shifts and assignments of the 

1,3-dicarbonyl compounds used in the present study; similar 
data for amidines 5 (a-d) are given in the Experimental; they 
are in broad agreement with the literature values (12, 13), as 
are the chemical shifts and assignments of the pyrimidines 9 
(Table 2), formed from the reactions of the amidines 5 (a-c) 
with acetylacetone 4 (Scheme 1) (16). 

A maximum of one intermediate was observed in each of the 
reactions studied, and this was identified on the basis of the 
evidence discussed below as either the diol7 (Table 3, Scheme 
1) (in reactions with amidines) or as the enamide 17 (Scheme 2) 
(in reactions with ureas). 

2 ~ .  R. Katritzky , P. Barczynski, and D. Ostercamp. Manuscript in 
preparation. 
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TABLE I .  C-13 nmr chemical shifts and assignmentsa of acetylacetone 4 (Scheme 1). methyl 
acetoacetate 18 (Scheme 3), and dimethyl malonate 27 (Scheme 5) 

- -- 

R R' Compound C1 C2 C3 R R' Reference 

Me Me 5ab 204.0 58.0 204.0 30.8 30.8 14e 
5bc 191.5 100.8 191.5 24.6 24.6 14e 

Me OMe 18ab 202.3 51.4 168.3 30.3 49.7 
18bC d 89.6 d 21.1' 

14f  
14f  

OMe Ohle 27 167.7 41.4 167.7 52.6 52.6 14g 

"Chemical shifts in ppm relative to internal DMSO-d, at 39.5 ppm. 
bKeto fonn. 
'Enol form. 
dConcentration of en01 form too low to detect quaternary carbons. 
'Overlapping into methoxy peak of the keto form. 

TABLE 2. C-13 n m  chemical shifts and assignmentsa of 2-substituted- 
4,6-dimethylpyrimidines 9 (Scheme 1) and 4,6-dimethy!pyrimidin- 

2-ones 15 (Scheme 2) 

R Compound C2 C (4,6) C5 Me (4,6) Reference 

"Chemical shifts in ppm relative to internal DMSO-d, at 39.5 ppm. 
b26.4. 
'Ph: o, 128.5; m, 129.4; p ,  i32.8; i, 134.8; ortho and mera assignments 

are interchangeable. 

is observed at carbons 4 and 6 of the product: in the dimethyl 
derivatives these carbons resonate at ca. 167-170 pprn (Table 
2), whereas in the parent compounds (16, 17) they resonate in 
the region 157-162 ppm. 

The diols 7 (Scheme 1) may. in principle, be formed as 
mixtures of three enantiomers, having the configurations RR, 
SS, or RS at C4 and C6. As the first two enantiomers are 
diastereomerically related to the third, mo peaks may, in 
principle, be observed for the atoms C(4,6) (which are other- 
wise identical due to rapid proton exchange between the two 
nitrogens at the medium pH of 10-12). In practice, only one 
peak was observed (Table 3; C4,6). 

No intermediate was observed in the reaction of bennamidine 
5d with acetylacetone 4; this reaction goes smoothly to product 
9d (Table 2). Lowering of the reaction temperature merely 
slowed the rate of product formation and led, ultimately, to 

TABLE 3. C-13 nmr chemical shifts and assignments" of the precipitation of the amidine. 
intermediate diols 7 (Scheme 1) In none of the above reactions was the intermediate enamide 

10 (Scheme 1) observed. In particular, none of the three 
R Compound C2 C (4,6) C5 Me (4,6) 

"Chemical shifts in ppm relative to DMSO-d, at 39.5 ppm 
%Me r at 26.3 ppm. 

The peak most characteristic of the diols 7 is that due to the 
two equivalent sp3 carbons, C(4,6), at ca. 80 pprn (Table 3). 
Given that an sp3 carbon attached to one oxygen resonates at 
ca. 50-56 pprn (1 l a ) ,  and when attached to a nitrogen at ca. 
27-45 ppni (1 1 b), and assuming the additivity of substituent 
effects ( l l c ) ,  it follows that the hemiaminal carbons C(4,6) 
should resonate in the region 77- 110 ppm, as observed above 
and in the literature (15b). A similar approach rationalizes 
the chemical shifts of the methylene (5-CH2) and methyl 
(4,6-CCH3) carbons, which resonate characteristically at ca. 
44 pprn and 28-29 ppm, respectively (Table 3). The C=N 
carbons (C2) resonate in the intermediate ca. 7-8 pprn upfield of 
the corresponding carbons in the parent amidine (cf. C2, Table 3 
and Experimental) with the exception of R = NH2, where the 
value in the intermediate is ca. 2 pprn downfield of that in the 
amidine. Notably, replacement of hydrogen by methyl at @2 has 
a deshielding effect: thus, C2 (R = Me) is ca. 10 pprn downfield 
of C2 (R = H) in the intermediates 7 (Table 3), products 9 
(Table 2), and amidines 5 (cf. Experimental). A similar effect 

characteristic peaks (the key enamine carbon C4 (expected in 
the range 135- 165 ppm) (15a), the methine carbon C5 (92- 
110 ppm) (15a), and the conjugated carbonyl C6 (190-200 ppm) 
(12a)) were observed in reactions of the amidines 5 (a-d) with 
acetylacetone 4. 

In stark contrast, in reactions of urea 11a and thiourea 11b 
with acetylacetone 4 in acidic media (pH 1-2) the enamide 
17 (Scheme 2) is the only intermediate seen: it is formed 
immediately upon mixing and slowly decays to give product 15 
(Table 2). All three key enamide 17 carbons, C4 (6 148.7), C5 
(8 102.7), and C6 (8 198.2) of 17a andC4 (149.0), C5 (101.5), 
and C6 (197.1) of 17b, resonate in the expected regions (see 
above). Only the (Z) isomer is seen in both reactions, although 
in principle, both the (E) and the (Z) isomers could be formed. 
The C2 carbons resonate at 157.0 and 183.9 pprn for 17a and 
17b, respectively, differing little from the resonances of the 
starting materials (cf. Experimental); the chemical shifts of the 
methyls C4-Me (21.3) and C6-Me (29.8) of 17a and C4-Me 
(22.8) and C6-Me (29.4) of 17b parallel those of the atoms 
C4 and C6 to which they are attached: the mechanistic inter- 
pretations of these observations are discussed later. 

Table 4 gives the chemical shifts and assignments of the 
pyrimidin-ones 21 and -diones 25 formed in the reactions of 
methyl acetoacetate 18 with the amidines 5 (a-d) (Scheme 3) 
and with the ureas 11a and P1b (Scheme 4). Their values are not 
recorded in the pyrimidine nrnr literature (Id,  12e), although 
those of the parent compounds are known (12f, 14). Again, 
replacement of hydrogen by methyl or pheeyl at C2 has a 
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KATRITZKY AND YOCSAF 

SCHEME 1. Mechanism of reaction of acetylacetone 4 with the amidines 5 

Me, ,CH2 Me l N H 2  slow Me CH2, /Me 
C \c' + X=C, - 'c' 
II II NH2 I I '-OH 

0 0 0 
I 

NH 

Series: a ,  X = 0; b ,  X = S 
17 

SCHEME 2. Mechanism of reaction of acetylacetone with urea I l a  and thiourea 11b.  

deshielding effect: thus, for R = Me or Ph, C2 resonates 
ca. 14 ppm downfield of R = H (Table 4). Substitution at C2 
has a small effect on the chemical shifts of carbons 4 and 6, 
which resonate in the regions 161 - 17 1 ppm and 153- 162 ppm, 
respectively (Table 4), and a somewhat larger effect on the 
chemical shift of the methine carbon C5, which resonates at 
ca. 99- 1 13 pprn (Table 4). 

Table 5 gives the chemical shifts and assignments of the 
intermediates 19 and 20, seen in the reactions of the amidines 5 
(a-d) with methyl acetoacetate 18 (Scheme 3); for guanidine 

5a and formamidine Sb, the peaks were assigned to the 
intermediate ester 19, and for acetamidine 5c and benzamidine 
5d, they were assigned to the hydroxydihydropyrimidjnone 20. 
In all cases, the characteristic HN-C-OH sp3 carbons (G-4) 
(Scheme 3) resonate in the region 80-84 ppm (Table 5), ca. 
2-4 ppm downfield of the analogous carbons in the intermediate 
diol7 (Scheme I ,  Table 3). Both the ester and lactam carbonyls 
of the intermediates 19 and 20, respectively (Scheme 3), 
resonate in the region 172-176 ppm (Table S ) ,  within the 
literature values (12b, c). No difference is observed between the 
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OMe 
Me\ ,CH2, ,OMe 

C + H ~ P ? ~ = c  /NH2 slow 
C ------+ " R +HN 3 I I I I I 0 
0 0 

18 5 \\-NH, 
/ / 

R 

fast R = Me,Ph 

J 
-H30+ OMe ,"pwO S ~ O W  R = Me,Ph c--- M e O H  

+HN\2 NH fast R = NH2,H ' N\ NH I 
+HN 

I I 
Y Y 0 

R R \\CNH~ 
20 2 1 I 

R 

22 
Series: a ,  R = NH2; b, R = Me; c,  R = H; d, R = Ph 

SCHEME 3. Mechanism of reaction of methyl acetoacetate 18 with the amidines 5.  

TABLE 4. C-13 nmr chemical shifts and assignmentsa of 2-substituted- 
6-methylpyrimidin-4-ones 21 (Scheme 3) and 6-methylpyrimidin-2,4- 

diones 25 (Scheme 4) 

R Compound C2 C4 C5 C6 (6-Me) 

"Chemical shifts in pprn relative to internal DMSO-d, at 39.5 pprn 
b2-Me: 23.1. 
'C2 and C6 assignments are interchangeable. 
"C4 and C6 assignments are interchangeable. 
'C-Me and R assignments are interchangeable. 
jC2 and C4 assignments are interchangeable. 
Vh:  o, 128.1; in, 127.4; p,  130.9; i ,  132.8; ortho and meta assignments are 

interchangeable. 

chemical shifts of the methylene carbons C5 in the intermediates 
19 and 20 (Table 5) and those in the diol 7 (C5, Table 3), all 
resonating at ca. 43-45 pprn (with the exception of C5 in 19b, 
which resonates at 48.0 pprn). The amidine-like carbons C2 in 
the intermediates 19 and 20 resonate in the region 158- 166 pprn 
(Table 5), downfield of the corresponding carbons in the diol7, 
which resonate in the region 15 1 - 162 pprn (C2; Table 3). 

The only intermediate observed in the reaction of methyl 
acetoacetate 18 with urea 1 l a  is the enamide 26a (Scheme 4). 
Both the (E) and (Z) isomers are seen, with the latter 
predoniinating (Z:E ca. 10:l as determined from 13C peak 
heights). This is in contrast to the reaction of acetylacetone 4 
with the ureas 11a and 11b (Scheme 2), where only the (Z) 
isomer was observed. The key enamide 26a carbons C4 and C5 
(Scheme 4) resonate at 6 154.2 and 91.5, respectively, for the 
(Z) isomer, and at 6 152.4 and 94.5, respectively, for the (E) 
isomer, and are within the literature range (15a). Little change 
occurs in the chemical shifts of the methoxy carbonyl group i n  
going from starting material 18a (C3 and OMe; Table 1) to the 

TABLE 5. C-13 nmr chemical shifts and assignmentsa of the inter- 
mediates 19 and 20 (Scheme 3) 

R Compound C2 C4 (4-Me) C5 C6 (OMe) 

"Chemical shifts in ppm relative to internal methanol-d, at 49.0 pprn unless 
otherwise stated. 

bConcentration of intermediate too low for sp2 carbons to be observed. 
'19.0. 
dChemical shifts in ppm relative to internal DMSO-d6 at 39.5 ppm. 
'Phenyl carbons of intermediate overlapping with those of starting material 

and product. 

intermediate 26a (C6 (6 168.6) and C7 (6 50.4) for both (E) 
and (2) isomers). A small upfield shift (ca. 5 ppm) is observed 
in the carbonyl carbon of urea in going from starting material 
l l a  (6 160.7) to the intermediate 26a ((Z), (6 156.9); (E), 
(6 152.4)). A much larger shift (ca. 10ppm) is observed in the 
C4 methyl carbon, which resonates at 30.3 pprn in the starting 
material (Table 1; 18a; Me) and at 21.6 pprn ((Z) isomer) and 
18.1 pprn ((E) isomer) in the intermediate 24a; this is due to 
conversion of the ketone carbonyl (Cl) of starting material to 
the enamide carbon C4 of intermediate (Scheme 4). 

Table 6 gives the chemical shifts and assignments of the 
pyrimidinones 29 and 31 formed from the reactions of dimethyl 
malonate 27 with the amidines 5a and 5d (Scheme 5) and the 
ureas l l a  and 11 b (Scheme 6). 

The chemical shifts of the barbituric acids 3 l a  and 31b 
(Scheme 6; Table 6) are in broad agreement with the literature 
values (12e), but those of the pyrimidinones 29a and 29d 
(Scheme 5; Table 6) have not been previously reported (10-14, 
16, 17). No intermediates were observed in these four reactions, 
the starting materials going smoothly to product. The mecha- 
nistic interpretations of this result are discussed below. 
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/NH2 slow MeO\ - 

7 

HN NH -Hz0 HN NH - MeOH I' 'Il 
0 3NH 

X X 
1 / H2N--.? 

24 25 I I 
X 

26 
Series: a ,  X = 0; b, X = S 

SCHEME 4. Mechanism of reaction of methyl acetoacetate 18 with urea l l a  and thiourea l l b  

0 0 
I 1  
C 

I I 
0 0 

C 

I I I I  + /NH2 slow 
HN/ 'cH2/  OM^ 

/C\ 
C + H2N=C - I 

M e 0  CH(  OM^ 'R M e O H  H2N +4c\ R 

Series: a ,  R = NH2; b, R = Ph 

SCHEME 5. Mechanism of reaction of dimethyl malonate 27 with the amidines 5 

Discussion of mechanistic pathways 
The observation of the diol 7 (Scheme 1) as the only 

intermediate in the reaction of acetylacetone 4 with amidines 5 
implies: (i) that there are two slow steps in the reaction, one 
preceding diol7 formation, and the other succeeding it; (ii) that 
elimination from the intermediate 6 to form the enamide 10 is 
much slower than ring closure of 6 to the diol 7.  This implies 
that the initial nucleophilic attack, 4 + 5 -+ 6,  is the first slow 
step of the reaction, confirming Todd's earlier speculations 
( 5  b). Further support for this comes from the fact that the rate of 
diol 7 formation increases with the pK, of the amidine (18): 
thus, guanidine is the most reactive nucleophile, and benzami- 
dine the least reactive. The second slow step of the reaction 
must be the elimination, 7 -+ 8 ,  for otherwise the intermediate 
7 could not accumulate. The elimination, 8 -+ 9 ,  is therefore 
fast, consistent with the fact that it leads to aromatization (1 e ) .  

The above mechanism, i.e. 4 -(slow)+ 6 -(fast)-+ 7 
-(slow)-+ 9 is directly analogous to the mechanism of 

pyrazole formation from 1,3-diketones and hydrazine (19a, b,c),  
in which the diol32 and not the hydrazone 33 was observed. It 
is also analogous to the mechanism of reaction of acetylacetone 
4 with hydroxylamine (20) in which the diol 34 (and not the 
oxime 35) was the only intermediate observed. However, it 
is in contrast with the mechanism of pyrrole formation from 
acetonylacetone and amines (9), where the imine 37 and not the 
diol 36 was the only intermediate observed, and also contrasts 
with the reaction of hydroxylamine with ethyl acetoacetate (21) 
in which the oxime 39 and not the isoxazolone 38 was observed. 
All the above reactions were carried out in basic media and thus 
these mechanistic differences cannot be ascribed to differences 
in reaction pH. In reactions of P-dicarbonyl compounds that 
proceed via diols (19, 20), ring closure of the initially formed 
carbinolamines is faster than elimination; the reverse is true 
in reactions of P-ketoesters (32), and this difference may be 
attributed to the greater electrophilicity of a ketone carbonyl 
vis-ti-vis an ester carbonyl: thus Cocivera et al. have shown that 
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MeO\ ,CH2 OMe ,,NH2 slow 0 
C v 

MeO\ JH2\& 'c/ + x=c\ 
- MeOH C 

I I I I NH2 
0 0 

II 
0 

I 
NH 

31 
Series: a ,  X = 0 ;  b, X = S 

SCHEME 6. Mechanism of reaction of dimethyl malonate with urea l l a  and thiourea 1 l b  

TABLE 6. I3C nmr shifts and assignmentsu of 2-substituted-pyrimidin- 
4,6-diones 29 and 31 (Schemes 5 and 6) 

R Compound C2 C (4,6) C5 Reference 

"Chemical shifts in ppm relative to DMSO-d6 at 39.5 ppm. 
bPh: o, 127.8; m, 128.9; p ,  131.7; i, 132.3; ortho and meta assignments 

are interchangeable. 

intramolecular nucleophilic attack at a ketone carbonyl is ca. 
lo6 times faster than at an ester carbonyl (21). 

The observation of the enamide 17 (Scheme 2) as the only 
intermediate in the reactions of the ureas 11 with acetylacetone 
4 under acidic conditions (pH ca. 1-2; no reaction occured at 
alkaline pH) implies that the elimination 12 + 17 (Scheme 2) is 
fast compared to the ring closure 12 -+ 13, and that the second 

HW-NH 

H O  

slow and rate-determining step is ring closure of the enamide 
17, to the hydroxypyrimidinone 16. The overall mechanistic 
pathway therefore is 4 -(slow)+ 12 -(fast)+ 17 -(slow)-+ 
15, paralleling the mechanism of the Paal-Knorr reaction (9), 
and the reaction of P-ketoesters with hydroxylamine (21, 32). 

In the reactions of methyl acetoacetate 18 with four different 
amidines 5 (Scheme 3), in each case just one intermediate is 
seen. However, the nature of this intermediate depends on the 
structure of the amidine: it is the open chain ester 19 with 
formamidine 5b and guanidine 5a and the hydroxypyrimidinone 
20 with acetamidine 5c and benzamidine 5d .  In all cases. the 
initial nucleophilic attack is the first slow step of the reaction as 
the intermediates are seen in the presence of starting material 
(paralleling reactions with acetylacetone 4), but, in the former, 
the second slow step must be the ring closure 19 + 20, followed 
by the fast elimination to give product 21, whereas in the latter it 
must be the elimination 20 + 21 (with the ring closure 19 -+ 20 
being fast). There appears to be a clear changeover in 
rate-determining step with the nature of the R group, a result that 
might be due to the conformational effect of R. The overall 
mechanistic pathways therefore are 18 -(slow)--+ 19 -(fast)-+ 
20 -(slow)-+ 21 for R = Me, Ph; and 18 -(slow)+ 19 
-(slower)+ 20 -(fast)+ 21 for R = NH2, H. 

In the reaction of methyl acetoacetate 18 with urea 110, 
however, only the enamide 26 (Scheme 4) was observed as 
intermediate, paralleling reactions of acetylacetone 4 with the 
ureas 11 (Scheme 21, and in accord with earlier isolation of the 
corresponding enamide from the reaction of ethyl acetoacetate 
with urea (22). The observation of 26 (Scheme 4) as the only 
intermediate on the pathway to 25 implies that elimination from 
the open-chain ester 23 is much faster than ring closure of 23 to 
24; it also implies that the second slow step of the reaction must 
be the ring closure 26 + 25, the first slow step being the initial 
nucleophilic addition, as the intermediate 26 is seen in the 
presence of starting materials. The overall mechanistic pathway 
therefore is 18 -(slow)-+ 23 -(fast)+ 26 -(slow)-. 25 
(Scheme 4) and is analogous to the mechanism in Scheme 2. 

No intermediates were observed in reactions of dimethyl 
malonate 27 with either guanidine 5a and benzamidine 5d 
(Scheme 5 )  or urea 11a and thiourea 11b (Scheme 6) and this 
implies that ring closure of the open-chain esters 28 (Scheme 5 )  
and 38 (Scheme 6) is faster than initial nucleophilic attack. This 
is to be expected when both functional groups have the same 
reactivity, as was observed previously in reactions with acetyl- 
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KATRITZKY AND YOUSAF 2093 

acetone (Scheme 1) where the intramolecular nucleophilic 
attack 6 + 7 was faster than the intermolecular nucleophilic 
attack 4 + 6 .  

Experimental 
All melting points were determined on a Kofler hot-stage and are 

uncorrected. Combustion analyses were carried out on a Carlo Erba 
elemental analyser 1106. All reagents were obtained from Aldrich and 
characterized by their 13c nmr spectra: guanidine 5 a  (6 159.8); 
formamidine 5 b  (6 158.6); acetamidine 5 c  (6 169.0) (13c); benzarn- 
dine 5d (6 163.9) (13d); urea, l l a  (6 160.7) (12d); thiourea, l l b  
(6 183.7) (12d). 

General method 
Reactions were started by the addition of a concentrated DMSO-d6 

solution of the appropriate amidine or urea (0.01 mol) from a hypo- 
dermic syringe to a 5-mrn nmr tube containing the 6-dicarbonyl 
compound (0.01 mol); the total volume of the resultant solution 
was ca. 0.3 mL, giving an initial concentration of reactants of ca. 
25-30 mol L-'. 

Spectra 
C-13 spectra were recorded in the temperature range 22-28°C 

(unless otherwise stated) on a JEOL FX-100 spectrometer at 25.1 MHz; 
DMSO-d6 and methanol-d4 were both used as internal lock and internal 
reference. The spectral window was 6 kJ3z with 8K data points giving a 
digital resolution greater than 1.5 Hz per point. A pulse width of 19 ks 
(90") was used with a 0.5-2.0 s pulse delay (depending upon reaction 
rates) and an acquisition time of 0.68 s; longer pulse delays (4-6 s) 
were occasionally used to assign the quaternary carbons of reaction 
intermediates. Accumulations varied from 500 to 2000 giving a typical 
signal : noise ratio > lo2: 1. 

Syntheses 
The following compounds were prepared by literature methods: 

2,4,6-trimethylpyrimidine 9c (23); 2-phenyl-4,6-dimethylpyrimidine 
9d (24), mp 83.5-84°C (lit. (24) mp 81-83°C. Anal. calcd.: C 78.2, 
H 6.6, N 15.2; found: C 78.4, H 6.7, N 15.0); 2-amino-4,6-dimethyl- 
pyrimidine 9 a  (24), mp 152-153.5"C (lit. (24) mp 152- 154°C. Anal. 
calcd.: C 58.5, H 7.4, N 34.1; found: C 58.7, H 7.5, N 33.9); 
4,6-dimethylpyrimidin-2-one 15a (25), mp 198-199°C (lit. (25) mp 
197°C. Anal. calcd.: C 58.1, H 6.5, N 22.6; found: C 57.9, N 6.5, 
H 22.4); 4,6-dimethylpyrimidin-2-thione 15b (26), mp 21 1-21 1.5"C 
(lit. (26) mp 210°C. Anal. calcd.: C 51.4, H 5.8, N 20.0; found: 
C 51.6, H 5.9, N 19.8); 6-methylpyrimidin-4-one 21 b (27), mp 147- 
148.5"C (lit. (27) mp 148-149°C. Anal. calcd.: C 54.4, H 5.5, N 25.5; 
found: C 54.7, H 5.5, N 25.3); 2-amino-6-methylpyrimidin-4-one 21a 
(28), mp 268-269°C (lit. (28) mp 270°C (dec.). Anal. calcd.: C 48.0, 
H 5.6, N 33.6; found: C 48.3, H 5.6, N 33.4); 2,6-dimethylpyrimidin- 
4-one 21c (29), mp 194.5-195°C (lit. (29) mp 195.5-196.5"C. Anal. 
calcd.: C 58.1, H 6.5, N 22.6; found: C 58.0, H 6.5, N 22.5); 
6-methylpyrimidin-2,4-dione 25a (22), mp >300°C (lit. (22) mp 
> 300°C. Anal. calcd.: C 47.6, H 4.8, N 22.2; found: C 47.3, H 4.6, 
N 22.1); 2-phenylpyrimidin-4,6-dione 29d (30), mp > 300°C (lit. (30) 
rnp 325-330°C. Anal. calcd.: C 63.8, H 4.3, N 14.9; found: C 63.8, 
H 4.3, N 14.7). 
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Ring inversion in solid fluorocyslohexane 

RODERICK E. WASYLISHEN 
Department of Chemistry, Dalhousie Univrszty, Halifax, N.  S . ,  Canada B3H 4J3 

Received March 17. 1986 

RODERICK E. WASYLISHEN. Can. J. Chem. 64, 2094 (1986). 
Inversion of the cyclohexane ring system in the solid state has been directly observed in a ' 9 ~  nmr study of solid 

fluorocyclohexane. The barrier to ring inversion in the orientationally disordered solid phase, AG+,,, = 44.1 k 0.9 kJ molpl 
at 263 K is found to be only slightly larger than the value previously reported for a CFC13 solution of fluorocyclohexane. 
The population of the equatorial conformation is slightly favored over the axial conformation with K = P,/Pa = 1.56 at 281 K; 
similar values have been obtained in CFCI3 and in the gas phase. 

RODERICK E. WASYLISHEN. Can. J .  Chem. 64, 2094 (1986). 
Une Ctude par rmn du 19F du fluorocyclohexane B l'ttat solide a permis d'observer directement l'inversion du noyau 

cyclohexane ii 1'Ctat solide. On a trouvC que, a 263 K, la barrikre a I'inversion de cycle, dans le phase solide dCsordonnCe du 
point de vue de I'orientation, AG*,,, = 44, l  L 0,9 k.J mol-', n'est que 1Cgerement supCrieure B la valeur rapportee 
antkrieurement pour une solution de fluorocyclohexane dans le CFC13. La population de la conformation Cquatoriale est 
lCgerement favorisCe par rapport a la conformation axiale et K = P,/Pa = 1,56, ii 281 K; des valeurs semblables ont CtC 
obtenues pour des solutions dans le CFC13 ainsi qu'en phase gazeuse. 

[Traduit par la revue] 

In the gas phase (1, 2) and in solution (3-8) the cyclohexane 
ring of monosubstituted cyclohexanes is known to undergo 
rapid ring inversion (I). The transition state for this process is 

thought to involve a half-chair structure with boat and twist-boat 
forms existing as intermediates along the reaction path (Fig. 1) 
(3,8- 12). Typical barriers for ring inversion are 40-45 kJ mol- ' 
while the energy differences between the equatorial and axial 
conformers are generally 0-4 kJ mol- ' (3, 7, 8, 13). Although 
some infrared and Raman evidence exists for ring inversion in 
solid cyclohexane (1 l), fluorocyclohexane, and chlorocyclo- 
hexane (14, 15), the rates of inversion have not been deter- 
mined. Here we present preliminary results of a nmr study 
of solid fluorocyclohexane, which clearly demonstrate that 
the inversion process takes place in the solid state at rates 
comparable to those reported in CFC13 solutions (3). 

Representative variable temperature 19F nmr spectra of solid 
fluorocyclohexane are shown in Fig. 2. The spectra were obtained 
on a commercial sample (Cationics, Inc.) at 339.6736 MHz 
with 'H decoupling ( y B z  = 2 kHz) using a Nicolet 360 nrnr 
spectrometer. The sample (mp = 285 K) was degrlssed and 
sealed under vacuum at 77 K in a 5-mm nmr tube. The relatively 
narrow nmr lines observed for solid fluorocyclohexane 
imply that it exists as an orientationally disordered solid 
between the mp and 183 ir 3 K. Below 183 +- 3 K we were 
unable to detect a 1 9 ~  resonance because of dipolar broadening. 
A similar orientationally disordered solid phase is known to 
exist for cyclohexane between the mp (279.8 K) and 186.0 (16). 

The spectra in Fig. 2 represent a typical example of decoupled 
two-site exchange between unequally populated sites. In the 
region of fast exchange (T > 280 K) the observed chemical 

Reaction Coordinate 

FIG. 1. Energy diagram for ring inversion in a monosubstituted 
cyclohexane showing the relative energies of the chair (C), half-chair 
(HC), and twist-boat (TB) conformations. 

shift, tiobs, is given by eq. [I] ,  

[1I sobs = ~ e s e  + ~ a 6 a  

where p, and pa are the relative populations of the equatorial 
and axial conformers ( p ,  + pa = 1) and 6 ,  and 6 ,  are the 19F 
chemical shifts of the two respective conformers. From our data 
we calculate p,  = 0.61 and pa = 0.39 at 281 K, hence AG:, = 
1.045 f- 0.10 W mol-' (250 2 25 cal mol-'). This value is 
within experimental error of the value measured in CFC13 
solution, 242 cal mol- ' at 2 18 K (3), and the value measured in 
the gas phase, 400 * 300 cal mol- ' (1 I .  

The average lifetime, 7 ,  that the fluorine spends in the 
equatorial and axial sites can be obtained by visually comparing 
observed spectra with those calculated for different T values 
using standard line-shape computer programs (8, 17). Using 
this procedure we obtain T = 40 ? 5 l~ls at 263 K, the 
approximate coalescence temperature. The free energy changes 
for AC*,,, and AG*,,, were calculated using eq. [2], 
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FIG. 2. Fluorine-19 nrnr spectra of solid fluorocyclohexane at 
339.67 MHz. 

where k is either k,,, or k,,, (T = pa/k,,, = pe/ka,,) and 
all other symbols are standard (8,  15). W e  obtain AG*,,, = 

44.1 +- 0 .9  W mol-' (10.5 * 0.2 k c a l m o l l )  and AG*,,, = 
43.1 * 0.9 W m o l p l  (10.3 * 0 . 2  kcal mol-I).  Similar results 
were obtained using the approximate procedure of Shanan-Atidi 
and Bar-Eli (18). It  is interesting to compare these results with 
the accurate values obtained in a solution study by Bovey et al. 
(3). In a CFC13 solutiod at 218 K they obtained AG',,, = 
10.14 * 0.05 kcalmol- 'andA~*, , ,  = 9.90 + 0.05 kcalmol- ' ;  
at 264 K, T = 21.3 ps. These results indicate that in the case 
of fluorocyclohexane the barrier to inversion in the high- 
temperature solid phase is only slightly more hindered than in 

solution. In fact, the barrier to ring inversion observed here is 
within experimental error of the value recently measured in the 
gas phase (19). 

Previously Ellett et al. (20) found evidence for ring inversion 
in the plastic crystalline phase of perfluorocyclohexane; however, 
the barrier to  ring inversion was not measured. Further dynamic 
studies on  fluorocyclohexane and related compounds in the 
solid state are in progress. 
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Synthesis of amino acid diazoketonesl 
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GEORGE R.  PETTIT and P.&uL S. NELSON. Can. J. Chem. 64, 2097 (1986). 
A study of carboxylic acid + diazoketone conversion was pursued employing the y-carboxyl group of otherwise protected 

L-glutamic acids. The Arndt-Eistert route employing carboxylic acid chloride intermediates was found best (52% yield, 
5b),  performed at very low temperatures employing oxalyl chloride in dimethylformamide-tetrahydrofuran followed by 
diazomethane at -23OC. Alternatively, substitution of a mixed carbonic anhydride for the acyl chloride led to very similar yields 
(57% of 5b)  of diazoketones (5). Among a series of active ester intermediates (7) examined, only the ODnp (7d) and SPfp (7 f )  
esters were found to react (23-26% yield), at least partially, with diazomethane. The latter two reactions appear to represent 
the first such examples employing active esters. 

GEORGE R.  PETTIT et PAUL S .  NELSON. Can. J .  Chem. 64, 2097 (1986). 

On a effectuk une Ctude sur la transformation acide carboxylique + diazocCtone d'un groupement carboxyle y d'acides 
L-glutamiques qui sont par ailleurs proti.gCs. On a trouvC que larkaction de Arndt-Eistert, impliquant un chlorure d'acide conlme 
intermkdiaire, conduit aux meilleurs rCsultats (rendement de 52% en 55)  lorsque I'on opkre de trks basses tempkratures, avec 
du chlorure d'oxalyle dans un mClange dimCthylformamide et tktrahydrofuranne et que I'on ajoute ensuite le diazomkthane a 
-23°C. Par ailleurs, si I'on substitue un anhydride carbonique mixte pour le chlorure d'acide, on obtient des rendements trbs 
sernblables (57% de 5b)  de diazocktones (5). Parmi la sCrie d'esters actifs intermkdiaires (7) qui a CtC CtudiCe, on a trouvt que 
seuls les esters ODnp (7d) et SPfp (7 f )  rkagissent relativement bien (23-2670 de rendement) avec le diazomkthane. Ces deux 
dernikres reactions semblent representer les premiers exemples de rkactions impliquant des esters actifs. 

[Traduit par la revue] 

The Streptomyces anticancer antibiotics 6-diazo-5-0x0-L- 
norleucine (1, DON) and azotomycin (2) display a broad 
spectrum of activity against experimental neoplastic diseases 
and have given evidence of potential clinical utility (2). In 1983 
we summarized a new synthesis of DON (3) and more recently 
completed the first total synthesis of azotomycin (1). For the 
latter investigation it became necessary to carefully define 
suitable (very mild) experimental conditions for converting the 
y-carboxyl group of glutamic acid to a diazoketone. For that 
purpose we conducted the present study of carboxylic acid 
chloride, anhydride, and active ester reactions with diazomethane. 

0 

I 
NH; 

1, DON 

2, Azotomycin 

N-phthaloyl (6) and tosyl (7) protected amino acids were 
prepared via the Amdt-Eistert method. In respect to diazo- 
ketones derived from dicarboxyl amino acids, early studies 
showed that the y-carboxyl diazoketone derivative of N-Z-Glu- 
OBzl could be prepared (but not characterized), albeit in low 
yield (20% based on the a-chloroketone derivative (7a)), from 
its corresponding acid chloride. Later Rudinger and Farkasova 
(8) showed that a diazoketone could be prepared from an 
N-tosyl oxazolidone protected L-glutamic acid. The 6-carboxyl 
diazoketone derivative of N-Tfa-L-Asp-OEt was generated in 
82% yield. More recently, using typical Amdt-Eistert condi- 
tions, N-tosyl-L-glutamic acid was found to give, instead of the 
expected bisdiazoketone, 5-0x0- 1-tosyl-2-(diazoacety1)pyrroli- 
dine (7c). Results of such experiments suggested that synthesis 
of azotomycin (2) would require carefully defined experimental 
conditions for generating and maintaining the diazoketone 
groups. Thus we were encouraged to consider alternatives to the 
acyl halide intermediates, such as carboxylic acid anhydrides, 
and the previously unexplored possibility of using carboxylic 
acid active esters. 

Previous efforts to employ carboxylic acid anhydrides (9) 
have included reaction between benzoic acid anhydride and 
diazomethane to form diazoacetophenone (9e) and with cyclic 
anhydrides to yield mono-diazoketones (9c). A more useful 
diazoketone synthesis has utilized the mixed carbonic anhydride 
activation of a carboxylic acid (10). And diazoketone deriva- 
tives of N-phthaloyl, N-BOC, and N-Z protected amino acids The most common route to a-diazoketones is the Amdt- 

Eistert method (4) involving reaction of an acid chloride with have been obtained from isobutyl- and ethyl-type mixed 

diazomethane. In early transformations of amino acids to carbonic anhydrides in 30-70% yields (10). 

diazoketone derivatives, N-monosubstituted glycyl chlorides In the present evaluation of diazoketone formation via an acyl 
chloride, oxalyl chloride was selected for acid chloride forma- were found to react with diazomethane to give oxazolones ( 5 )  

instead of the diazoketones. Later, diazoketone derivatives of tion in place of, e .  g . ,  the more side-reaction-promoting (7c) 
thionyl chloride or phosphorus pentachloride reagents. Three 

section 1 1s of the series ~ ~ ~ i ~ ~ ~ ~ l ~ ~ ~ i ~  agents: for pa 114 refer of the most important criteria considered when subjecting the 
to ref. l a .  y-carboxyl group of Glu derivative 3a to reaction with oxalyl 

' ~ u t h o r  to whom correspondence may be addressed. chloride were low temperature to avoid cyclization, catalytic- 
3~ev i s ion  received June 6, 1986. type assistance by dimethylformamide, and removal of hydro- 
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N-X-L-Glu-OR - y-OM~-N-Z-L-GIU-OB~I 

3 a,  R = Bzl, X = Z 4 
b, R  = Me, X = COCF3 

6 a , R = Z  5 a,  R = CH3, R' = Z 
b, R = COCF3 b, R = Bzl, R' = Z 

c,  R = Me, R' = COCF3 

NHZ 

gen chloride with triethylamine. Best results (86% yield of the 
purified methyl ester derivative 4, Method A) were obtained 
employing oxalyl chloride (1 equiv.) in tetrahydrofuran containing 
triethylamine (1 equiv.) and 2 drops of dimethylformamide near 
0°C for 30 min. Application of this procedure to y-carboxylic 
acid 3 a  followed by reaction with diazomethane afforded 
diazoketone 5b  in 52% yield, as yellow crystals displaying 
significant antineoplastic activity (1) (e.g., with the MX-3 breast 
xenograft, 58-84% tumor regression at 150-600 mg/kg). 
Extension of this diazoketone route to preparation (3b -+ 5c) 
of the key intermediate, diazoketone 5c,  used in our synthesis 
of DON (3, 11) consistently afforded a yield improvement 
(20% vs. 16% following purification). Earlier we employed 
oxalyl chloride in methylene chloride for generating the acid 
chloride. 

To ascertain if the yield of diazoketone 5 could be increased 
by utilizing anhydride or active ester (12) intermediates, 
attention was redirected to glutamic acid derivatives 6 and 7. 
Except for y-ONp ester 7c ,  all of the active esters are new 
substances and were obtained (excluding 7g  prepared using a 
mixed carbonic anhydride) by condensing acid 3 a ,  using 
dicyclohexylcarbodiimide, with the respective phenol (7a-d), 
hydroxylamine ( 7 e ) ,  or thiophenyl (7 f ;  ref. 12). 

Reaction of anhydride 6 a  with diazomethane selectively 
attacked the y-carbonyl to afford diazoketone 5 a  in 18% yield. 
Structure of the product was confirmed by an unambiguous 
synthesis. For this purpose N-Z-L-Glu-a-OMe y-Dcha salt (13) 
was converted to the acid chloride, followed by treatment with 
diazomethane to afford diazoketone 5a .  Unfortunately, N-Tfa- 

L-Glu-anhydride (6b) proved inert to diazomethane treatment. 
However, the mixed carbonic anhydride (MCA) approach 
proved more rewarding. The rcactive mixcd carbonic anhydride 
generated in situ (at -23OC) from N-Z-L-Glu-OBzl (13) or the 
corresponding dicyclohexylammonium salt (3, 13) and isobutyl 
chloroformate was allowed to react with diazomethane and 
warmed to room temperature for 1 h. By this means diazoketone 
5b  was isolated in 55 and 57% yields respectively. This method 
also proved quite competitive with the improved (see above) 
acid chloride pathway. 

Active esters 7a-g proved sluggish or refractory toward 
reaction with 2 equivalents of diazomethane at room tempera- 
ture for 1 day. When a significant amount of diazoketone 5b  
was not detectable by tlc analysis, the reaction was terminated. 
Otherwise the reaction was continued for another day with 
periodic additions of diazomethane. In only two cases, 2,4- 
dinitrophenyl ester 7d and pentafluorothiophenyl ester 7f, were 
practical amounts (23 and 25% yield respectively) of diazo- 
ketone 5b  isolated. To our knowledge these are the first 
examples of diazoketones being generated from active esters. 
Apparently, an even more electron-withdrawing ester than 
ODnp or SPfp will be required to allow this method of 
diazoketone formation to more favorably compete with the acyl 
halide or MCA routes. 

A comparison of the acyl chloride and MCA procedures was 
obtained by parallel syntheses of DON (I) precursor diazoketone 
5c. Reaction of y-carboxylic acid 3 b  with oxalyl chloride, 
triethylamine, and dimethylformamide (catalytic amount) at 
0°C followed by diazomethane afforded diazoketone 5 c  in 20% 
yield. Alternatively, reaction of acid 3 b  or its dicyclohexyl- 
amine salt (3) with isobutyl chloroformate followed by diazo- 
methane afforded slightly better yields of diazoketone 5c,  i .e . ,  
21 and 22% respectively. Interes~ingly, when the acid chloride 
procedure developed here was employed (dimethoxyethane was 
substituted for tetrahydrofuran) in our (1) synthesis of azoto- 
mycin (2), diacid 8 was transformed to the corresponding 

bis-diazoketone in 38% yield. Presumably, synthesis of diazo- 
ketone 5 c ,  the DON precursor, is a quite stringent test of the 
herein developed acyl chloride and MCA routes to amino acid 
diazoketones and, under other structural circumstances, should 
lead to markedly improved yields. 

Experimental 
Dimethoxyethane and tetrahydrofuran were redistilled from lithium 

aluminum hydride. Solvent extracts of aqueous solution were dried 
over sodium sulfate. Analtech Silica Gel GF (0.25 mm) plates were 
used for thin-layer chromatography (tlc) and viewed with uv light. The 
thin-layer plates were also developed with concentrated sulfuric acid or 
a 1 W ninhydrin spray. Column chromatography was based on silica gel 
(70-230 mesh) or neutral alumina supplied by E. Merck (Darmstadt). 
Ethereal diazomethane solutions (and standardization) used for synthe- 
sizing diazoketones were prepared from N-nitrosomethylurea by the 
procedure of Arndt (14). The instrumental methods used in this study 
have been summarized in the introduction to the experimental of ref. 1.  
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y-OMe- N -Z- L-Glu-OBil (4) 
Method A 
A solution composed of N-Z-L-Glu-OBzL (13) (1.0 g, 2.7 mmol), 

tetrahydrofuran (25 mL). triethylamine (0.38 rnL, 2.7 mmol), and 
dimethylformamide (2 drops) was cooled (under nitrogen) to -78°C. 
Oxalyl chloride (0.26 mL, 2.8 mmol) was added and the reaction 
mixture was warmed to 0°C. After stirring 30 min, absolute methanol 
(10 mL) was added and the solvent evaporated. The residue was 
dissolved in chloroform (80 mL) and washed with water (2 X 25 mL), 
brine '(1 X 25 mL), and dried. After evaporating solvent, the oily 
residue was chromatographed on a column of silica gel (75 g) and the 
ester was eluted with ethyl acetate - methylene chloride (1:19). The 
fractions with tlc R f  0.54 (ethyl acetate - methylene chloride, 1:19) 
were collected and solvent evaporated to give 0.89 g (868)  of a 
colorless oil that crystallized on standing (all attempts to recrystallize 
failed): mp 51-52°C; [a]',' + 1.2 ( c  1.5, CHC13); ir (KBr): 3345. 
1750, 1732, 1700, 1530, 1457, 1210, 1059, 740, 698 cm-I; 'H nmr 
(CDCI,) 6: 1.86-2.58 (m. 4H), 3.74 (s, 3H, -OMe), 4.30-4.68 
(m, lH,  asymmetric hydrogen), 5.22 (s, 2H, -CH2Ph), 5.28 (s. 2H. 
-CH2Ph), 5.59 (d, J = 8 Hz, lH ,  -NH-), 7.494 (s, 10H, aromatic); and 
SP-SIMS (15) (solution phase secondary ion mass spectrometry) ms, 
mje: 406 (M + Na)' and 386 (M + H)+. Anal. calcd. for C21H23N06: 
C65 .44 ,H6.02 ,N3.63 ; founc l :C65 .38 ,H6.10 ,N3.61 .  

Method B 
The preceding reaction was repeated using the exact quantities of 

reagents except that the dimcthylfomamide was deleted. Solvent was 
removed (rotary evaporation) and the resultant oil was purified in the 
same manner as described in Method A to give 0.85 g (82%) of 
colorless crystals that melted at 49-5 l0C, and showed [a]:' + 1.2' 
(cHc~,).' 

Method C 
A solution of N-Z-L-Glu-OBzl-y-Dcha (13) (1.5 g. 2.7 mmol) in 

dry methylene chloride (25 mL) - dimethylformamide (2 drops) was 
cooled to -78'C under nitrogen. Oxalyl chloride (0.26 mL, 2 .8  mmol) 
was added and the reaction mixture was warmed to 0°C. After 30 min of 
stimng at O0C, absolute methanol (10 mL) was added and the solvent 
evaporated. The residue in chloroform (80 mL) was washed with water 
(2 X 25 mL) and dried. Solvent was removed (rotary evaporation) and 
the oily residue was purified as described in Method A to give 0.55 g 
(53%) of colorless crystals that melted at 49-51°C with [a];' + 1.2" 
(CHCI,).~ When this reaction was repeated with omission of the 
dimethylfonnamide, the yield of product, mp 49-51°C with [a];' 1.2' 
(CHCI,), rose to 77%. 

Method D 
In this procedure Method C was repeated employing dry dimethoxy- 

ethane (25 mL in place of methylene chloride) and dimethylformamide 
(2 drops). The yield was 0.70 g (67%) of colorless crystals that melted 
at 49-51°C and displayed [a]',' + 1.2" (cHc~~) . '  

Method E 
To a mixture of sodium hydride (0.12 g of a 53.4% mineral oil 

dispersion, 2.7 mmol) in dry tetrahydrofuran (10 mL at -78OC). 
N-Z-L-Glu-OBzl (1.0 g ,  2.7 mmol) in dry tetrahydrofuran (12 mL) 
was added (dropwise, under nitrogen). Oxalyl chloride (0.26 mL. 
2.8 mmol) was added and the mixture warmed to O0C for 30 min 
with stirring. Absolute methanol (10 mL) was added and solvent 
evaporated. The residue in chloroform (80 mL) was washed with water 
(2 x 25 mL). dried, and the solvent was removed (rotary evaporation). 
The resultant oil was purified as summarized in Method A to provide 
0.80 g (77%) of colorless crystals that melted at 49-51°C and showed 
!a]%' +0.so (CHC13).' 

Method F 
A solution of N-Z-L-Glu-OBzl (1 .O  g,  2.7 rnmol) in 0.2 N sodium 

hydroxide (13.5 mL, 2.7 mmol) and tetrahydrofuran (5 mL) was 

4 ~ r o t o n  resonances superimposed as evidenced by area integration. 
'~dentity was determined by comparison of ' H  nmr and ir spectra 

and tlc mobilities. Melting points and optical rotations were compared 
when necessary. 

freeze-dried. The solid sodium salt was suspended in dry tetrahydro- 
furan (25 mL) and dimethylformamide (2 drops) and cooled to -78OC 
(under nitrogen). Oxalyl chloride (0.27 mL, 2.8 mmol) was addcd and 
the reaction performed as described in Method E. The oily product 
was purified as noted in Method A to afford 0.49 g (47%) of colorless 
crystals melting at 49-5I0C; [a]:' + 1.3" (CHCI,).' 

y-Pfp-W-Z-L-Glu-OBzl(7a) 
To a solution of N-Z-L-Glu-OBzl (13) (2.09 g, 5 .6  mmol) and ethyl 

acetate (35 mL) was added pentafluorophenyl(l.04 g, 5 .6  mmol) and 
dicyclohexylcarbodiimide (1.16 g, 5.6 mmol) at O°C. The reaction 
mixture was stirred (magnetically) at 0°C for 1 h, the ice bath was 
removed, and the mixture was allowed to warm to room temperature 
overnight (16 h). Dicyclohexylurea was collected and solvent evapor- 
ated to a white solid that was dissolved in ethyl acetate (50 mL). The 
solution was filtered (to remove remaining dicyclohexylurea), and 
pentane (200 mL) added. After standing 3 h at P C ,  2.44 g (81%) 
of the pentafluoro henyl ester was obtained as colorless crystals: P mp 60-70°C: [a]: +2.8" (CHCl,); ir (KBr): 3355,1787,1753,1697, 
1523, 1304, 1295, 1190, 1123, 1095, 996, 751, 738, 700 cm-'; 
'H nmr (CDCI,) 6 :  1.90-2.90 (m, 4H), 4.39-4.81 (m, IH, asym- 
metric a-H), 5.18 (s, 2H, -CH2Ph), 5.27 (s, 2H, -CH2Ph), 5.33-5.60 
(m, lH,  -NH-), 7.43 (12) (s, IOH, aromatic); and SP-SIMS (15) ms, 
mje: 560 (M + Na)' and 538 (M + H)+. Anal. calcd. for 
C26HZOF5N06: C 58.11, H 3.75, N 2.56; found: C 58.27, H 3.75, 
N 2.53. 

y-OTcp-N-Z-L-Glu-OBzl(7b) 
A mixture of N-Z-L-Glu-OBzl-y-Dcha (13) (5.0 g, 9.06 mmol), 

ethyl acetate (50 mL), and 0.5 N citric acid (25 mL) was shaken until 
only two liquid phases were obtained. The organic phase was separated 
and washed with water (I X 25 mL), brine (1 X 25 mL), and dried. 
The solution was cooled to 0°C and 2,4,5-trichlorophenol (1.79 g,  
9.06 rnmol) was added, followed by dicyclohexylcarbodiimide (1.87 g,  
9.06 mmol). The reaction mixture was stirred for 1 h at 0°C and for 
18 h at room temperature. After collecting the dicyclohexylurea, the 
solution was washed with 5% sodium bicarbonate (1 X 25 mL), brine 
(1 x 25 mL), and dried. Solvent was evaporated and crystallization 
induced by addition of ethyl ether followed by hexane. The solid was 
washed with ethyl ether and recrystallized from ethyl acetate - ethyl 
ether - hexane to afford 2.03 g (41%) of colorless crystals: mp 118- 
119°C; [a]: +0.3°(CHC13); ir(KBr): 3335, 1776, 1732, 1695, 1543, 
1268, 1280, 1120, 749, 700 cm-I; 'H nmr (CDCI?) 6 :  1.80-2.82 
(m, 4H), 4.40-4.94 (m, lH ,  asymmetric a-H), 5.17 (s, 2H, -CH,Ph), 
5.24 (s, 2H, -CH2Ph), 5.34-5.74 (br m, lH,  -NH-), 7.424 (s, 1 IH, 
aromatic), 7.60 (s, 1H. aromatic); and SP-SIMS (15) ms. mje:  572 
(M + Na)+ and 574 (M + Na)'. Anal. calcd. for C26H22C13NOh: 
C56.69, H4.03, N 2.54, C1 19.31; found: C 56.96, H4.06,  N2.51,  
C1 19.34. 

y-ONp-N-Z-~-Glu-0Bzl(7~/ 
From N-Z-L-Glu-a-OBzl-y-Dcha (1 3) (5.0 g, 9.06 mmol), p-nitro- 

phenol (1.26 g, 9.06 mmol), and dicyclohexylcarbodiimide (1.87 g, 
9.06 mmol) ester 7c was prepared essentially as described for obtaining 
ester 7 b  above. Evaporation of solvent yielded a yellow oil, which was 
chromatographed on a column of silica gel (45 g). The ester was eluted 
with methylene chloride - ethyl acetate (99:1) as a yellow-green oil 
(4.0 g, tlc showed only one spot, Rf 0.25, ethyl acetate - methylene 
chloride. 150) .  Solidification occurred after standing for 2 weeks and 
recrystallization was accomplished with ethyl ether - hexane to give 
light yellow crystals melting at 65-67OC; [a]',' -21.3" (CH30H) 
(lit. (16) mp 64-66°C and [a]',' -21" in CH30H). 

y-ODnp-N-Z-~-Glu-OBzI ( 7 d )  
The procedure used for converting N-2-L-Glu-a-OBzl-y-Dcha (13) 

(5.0 g, 9.06 mmol) to ester 3b was repeated with 2,4-dinitrophenol 
(1.67 g,9.06 mrnol)anddicyclohexylcarbodiimide(l.87 g,9.06 rnmol). 
After collecting the dicyclohexylurea the solution was washed with 5% 
sodium bicarbonate (2 X 25 mL), water (2 X 25 mL), and brine 
(1 x 25 mL). Solvent was evaporated and the residue dissolved in 
methanol (25 mL). No precipitation occurred upon addition of ether 
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and hexane but addition of acetone caused immediate precipitation. 
The light yellow solid was recrystallized from acetone-methanol- 
hexane to yield 2.08 g (43%) of pale yellow crystals: mp 102.5- 
103.S0C; [a ] i5  -2.6' (CHC13); is (KBr): 3335, 1780, 1733, 1700, 
1615, 1547, 1350, 1280, 1111, 747, 700 cm-'; ' H  nmr (CDCI3) 6: 
1.88-2.92 (m, 4H), 4.42-4.90 (m. IH, asymmetric a-H), 5.18 
(s, 2H, -CH2Ph), 5.25 (s, 2H, -CH2Ph). 5.36-5.72 (m, lH,  -NH-), 
7.434 (s. 10H, aromatic), 7.50 (d, J = 9 Hz, lH,  aromatic), 8.50 
(dd, J =  9 H z a n d J =  1.5Hz, IH,aromatic),9.20(d, J = 1.5Hz,  IH, 
aromatic); and SP-SIMS (15) ms, mle: 560 (M + Na)'. Anal. calcd. 
for C26H23N3010: C 58.10, H 4.31, N 7.82: found: C 58.15, H 4.32, 
N 7.68. 

~-OSU-N-Z-L-G~Z~-OB~I  (7e) 
By the technique employed with OTcp ester 7b (see above), 

N-Z-L-Glu-OBzl-y-Dcha (13) (5.0 g, 9.06 mmol) was converted to the 
corresponding carboxylic acid and allowed to react with N-hydroxy- 
succinimide (I .04 g, 9.06 rnrnol) and dicyclohexylcarbodiimide (1.87 g, 
9.06 mmol) for 1 h at O°C and for 15 h at ambient temperature. 
Recrystallization was accomplished from methylene chloride - ethyl 
ether (allowing to stand for 3 h at O0C) to give 2.5 g (60%) of colorless 
crystals: mp 105-107°C; [a]",5 $4.7" (CHCII); ir (KBr): 3325, 1818, 
1747 (shoulder), 1698, 1540, 1460, 1288, 1260, 1213, 1083, 732, 
696 cm-' ; 'H ntm (CDCI,) 6: 1.94-2.76 (m, 4H), 2.78 (s, 4H, -OSu), 
4.35-4.70 (m, lH,  asymmetric a-H), 5.17 (s, 2H, -CH2Ph), 5.24 
(s, 2H, -CH2Ph), 5.69 (br d, J = 8 Hz, lH), 7.434 (s, IOH, aromatic); 
and SP-SIMS (15) ms, m/e: 491 (M + Na) ' and 469 (M + H)-. .4nal. 
calcd. for C24H24N208: C 61.53, H 5.16, N 5.98; found: C 61.61, 
H 5.24, N 5.99. 

y-SPfp-N-Z-L-Glu-OBzl(7f) 
Except for a 7-h period at room temperature, reaction between N-Z- 

L-Glu-OBzl (13) (2.0 g, 5.4 mmol), pentafluorothiophenol (0.72 mL, 
5.4 rnmol), and dicyclohexylcarbodiimide (1.11 g, 5.4 mmol) in ethyl 
acetate (35 mL) was conducted as summarized for obtaining OPfp ester 
7a. The clear oily product solidified on standing overnight (at 5OC) 
and was dissolved in ethyl ether (40 mL). After filtering the solution, 
pentane was added until opalescence and the mixture was allowed to 
stand at O°C for 2 h. Upon filtration, 1.52 g (51%) of pentafluoro- 
thio henol ester 7 f  was obtained as colorless crystals: mp 58-61°C; 8 [a]; +7.6' (CHCI,); ir (KBr): 3330. 1738 br, 1701. 1520, 1500. 
1097, 986, 868, 747, 696 cm-'; 'H nmr (CDC1,) 6: 1.84-2.94 
(m, 4H), 4.36-4.76 (m, IH, asymmetric a-H), 5.18 (s, 2H, -CH2Ph), 
5.25 (s, 2H, -CH2Ph), 5.32-5.55 (m, lH, -NH-), 7.444 (s. 10H, 
aromatic); and SP-SIMS (15) ms, mle: 576 (M + Na)'. Anal. 
calcd. for C26H20Fh'505S. 1/2H20: C 55.52, H 3.58, N 2.49; found: 
C 55.39, H 3.37, N 2.44. 

y-SP~-N-Z-L-GZU-OBZ~ (7g)  
To a solution of N-Z-L-Glu-OBzl (13) (1.0 g, 2.7 mmol) in dry 

tetrahydrofuran (20 mL, with magnetic stirring, under nitrogen at 
-23°C maintained by Dry Icelcarbon tetrachloride) was added 
M-methylmorpholine (0.30 mL, 2.7 mmol) and isobutyl chloroformate 
(0.35 mL, 2.7 mmol) by syringe while maintaining the temperature at 
-23°C. After stirring for 15 min at -23°C. 2-pyridine thiol (0.34 g. 
3.1 mmol) in dry tetrahydrofuran (5 mL) was added (addition funnel). 
The reaction flask was transferred to an ice bath and stirred for 2 h at 
0°C followed by 2 h at room temperature. The mixture was filtered 
(solid rinsed with tetrahydrofuran) and the filtrate evaporated. A 
solution of the residue in ethyl acetate (80 mL) was washed with brine 
(1 X 25 mL), 5% sodium bicarbonate (3 X 25 mL), brine (1 X 25 mL). 
and dried. Solvent was evaporated and the residue allowed to stand 
overnight at O°C (no solidification) and dissolved in carbon tetra- 
chloride. Ester 7g was induced to crystallize by adding hexane to 
opalescence, followed by a small amount of acetone. After standing for 
2 h at - 10°C (freezer), the solid was collected to yield 0.94 g (75%) of 
pale yellow crystals; mp 84435°C; [a]: +6.3" (CHCl?); ir (KBr): 
3345, 1760, 1702, 1533, 1288, 1227, 1174, 1065, 971, 778, 736. 
698 cm-'; 'H nmr (CDCI3) 6:  2.00-2.53 (m. 2 H ) ,  2.53-2.93 
(m. 2H), 4.31-4.64 (m, lH,  asymmetric a-H),  5.17 (s, 2H, -CH2Ph), 

5.23 (s, 2H. -CH2Ph), 5.37-5.72 (m, IH, -NH-), 7.26-7.914 
(m, 13H: singlet at 7.43, 10H, aromatic), 8.69 (d, J = 5 Hz. 1H 
aromatic); and SP-SIMS (15) ms, m/e: 487 (M + Na)" Anal. calcd. 
for C25H24NZ05S: C 64.64, H 5.21, N 6.03; found: C 64.81, H 5.30, 
N 6.00. 

Method A 
To a cold (ice bath) solution of N-Z-L-Glu-a-OMe-y-Dcha salt 

(2.0 g ,  4.2 mmol) in dry methylene chloride (30 mL) and pyridine 
(4 drops) was added (dropwise over 10 min with stirring) oxalyl 
chloride (4 mL, 47 mmol) in dry methylene chloride (9 mL). Fifteen 
minutes later the ice bath was removed and the mixture stirred for an 
additional 5 min. Solvent was evaporated (below 10°C) and cold (and 
dry) chloroform (10 mL) was added (3 X ) and evaporated. A mixture of 
dry chloroform (10 mL) and ethyl ether (15 mL, anhydrous) was added. 
the solution filtered, and the filtrate added dropwise (over 10 min) to an 
ethereal solution of diazomethane (from 5 g of N-nitrosomethylurea) at 
0°C. After stirring 0.5 h at 0°C and 1.5 h at room temperature, the 
solvent was evaporated to give a brown oil (2.5 g). The crude product 
was purified on a column of silica gel (100 g) using a gradient of 9.1 to 
0: 1 hexane - ethyl acetate. Fractions with Rf 0.18 (1:2 hexane - ethyl 
acetate) were collected and solvent evaporated to give 0.5 g (40%) of a 
yellow oil that crystallized from ether - petroleum ether as light yellow 
crystals (0.15 g, 12% yield): mp 117-1 19°C: [ a ] i 5  - 14.4" (CHCI3); 
ir: 3280, 2110, 1746, 1708, 1597, 1535, 1256, 1044, 695 cm-'; 
'H nmr (CDCI,) 6: 1.60-2.20 (m, 4H), 3.65 (s, 3H, -OMe), 
4.00-4.61 (m, lH, asymmetric a-H), 5.10 (s, 2H, -CH2Ph), 5.50 
(s, lH, -CHN2), 5.75 (d, 7 Hz, IH, -NH-), 7.35 (s, SH, aromatic); 
SP-SIMS ms, nzle: 326 (M + ~ i ) ' ,  298 (M + Li - Nz).-. Anal. 
calcd. for CI5Hl7O5N3: C 56.42, H 5.37, N 13.16: found: C 56.56, 
H 5.50. N 12.80. 

Method B 
A solution of N-Z-L-Glu anhydride (17) (6a, 1.5 g, 5.3 mmol) in 

dry tetrahydrofuran (10 mL) was added to a stirred (magnet) ethereal 
solution of diazomethane (from 5 g of N-nitrosomethylurea) cooled in 
an ice bath. The mixture was stirred at 0°C for 1.5 h and for an 
additional 2 h at room temperature. Solvent was evaporated to give a 
yellow oil, which was chromatographed on a column of silica gel 
(40 g). The fractions with Rf0.45 and 0.38 (ethyl acetate- methylene 
chloride, 1:3) eluted with ethyl acetate- methylene chloride (1:6) were 
combined and solvent removed to give a yellow oil. Crystallization was 
induced by addition of ethyl ether to yield 0.32 g (1 8%) of diazoketone 
5n as light yellow crystals melting at 117'C. 

When the reaction was repeated with N-Tfa-L-Glu anhydride 
(17, 18) (66, 2.0 g) no evidence (is) was obtained, even following a 
24-h reaction period. for production of diazoketone 5c. 

The acid chloride procedure 
A solution of N-Z-L-Glu-a-OBzl (13) (1 .OO g. 2.7 mmol), dry 

tetrahydrofuran (25 mL), triethylamine (0.38 mL, 2.7 mmol), and 
dimethylformamide (2 drops) was cooled to -30°C under argon with 
mechanical stirring. Oxalyl chloride (0.26 mL, 2.8 mmol) was added 
(syringe) and the reaction mixture was warmed to O°C. After stirring 
for 30 min at O0C, the mixture was cooled to -78°C and added slowly 
(over 1 h through a sintered glass filter) into an ethereal solution of 
diazomethane (0.59 N, 15 mL) cooled to -23'C. The temperature 
was raised to O0C for 30 min while continuing stirring. Solvent was 
evaporated (passing through a stream of argon) and the residue was 
chromatographed on a column of silica gel (65 g). Elution with ethyl 
acetate - hexane (1:s) and collection of fractions with Rf 0.30 
(acetone-hexane, 1:2) gave, upon evaporation of solvent, 0.55 g 
(52%) of a yellow solid that was recrystallized from methylene 
chloride - hexane: mp 85-86°C: [ a ] t 5  +0.7" (CHC13). The product 
(5b) was found identicals to an authentic sample (3). 

The mixed carborzic anhydride procedure 
A solution of ,Y-Z-L-Glu-OBzl-y-Dcha (13) (2.12 g, 3.84 mmol) 

in dry methylene chloride (40 mL) was cooled to -23"C, isobutyl 
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chloroformate (0.50 mL, 3.85 mmol) was added. and stirring was 
continued for 25 min at -23OC. Ethereal diazomethane (25 mL, 0.4 M) 
was added (dropwise) and immediate precipitation occurred. The 
mixture was stirred 1 h at O°C, the solution was filtered (hood), and 
solvent removed by a stream of nitrogen. The solid yellow residue was 
chromatographed (attempts to recrystallize failed) on a column of silica 
gel (45 g) in acetone-hexane (1:s). Elution with acetone-hexane (1:3) 
and collection of the fractions with tlc R t  0.30 (1.2 acetone - hexane) 
followed by crystallization from ethyl ether led to 0.70 g of yellow 
solid, Hexane was added to the filtrate and, upon standing overnight at 
- 10°C (freezer), an additional 0.14 g was recovered to give an overall 
yield of 0.85 g (57%) of light yellow crystals that melted at 85-86'C. 
The specimen of diazoketone 5 0  was identical to an authentic sample 
(3; see also footnote 5). 

The preceding reaction was repeated using N-Z-L-Glu-OBzl (13) 
(1.07 g, 2.88 mmol) in dry methylene chloride (30 mL) - N-methyl- 
morpholine (0.32 mL, 2.88 mmol) at -23OC. The isobutyl chloro- 
formate (0.37 mL, 2.88 mmol) and ethereal diazomethane (25 mL, 
0.4 M) were again added through an addition funnel. Following 
chromatographic purification (see above) on a column of silica gel, 
0.63 g (55%) of light yellow crystals were isolated, melting at 85-86OC 
and found identical5 with an authentic sample (3). 

The active ester procedure 
Each active ester, 7a-g, (1.0 g) in dry methylene chloride (30 mL) 

was cooled to O°C with magnetic stirring. Two equivalents of 
diazomethane were addcd and stirring at 0°C was continued. After 1 h, 
the reaction was warmed to room temperature and allowed to stir for 
16 h. If no significant amount of diazoketone 5b  was in evidence by tlc, 
the reaction was terminated. When a promising amount of product was 
present the reaction was continued for another 24 h with periodic 
additions of diazomethane. Product isolation and purification were 
accomplished in the same fashion as described above for the acid 
chloride procedure. By this means the ODnp (7d) and SPfp (7 f ) act~ve 
esters afforded diazoketone 5b  in 23 and 26% yields respectively. 
And trace amounts of diazoketone 5b  were detected (tlc) using esters 
7a, e ,  and g. 

N-Tfa-L-Glu-a-OMe (3b)  
To a solution of y-OBzl-N-Tfa-L-Glu-OMe (2.5 g) in 95% ethanol 

(360 mL) was added 5% palladium-on-carbon (2.0 g). While the 
mixture was vigorously stirred, a stream of hydrogen was passed 
through the solution for 1 h. The catalyst was collected and solvent 
evaporated (in vacuo) to give 2.0 g of a pinkish oil (tlc showed only 
1 spot at R f  0.29 using ethyl acetate), which was finally purified by 
column chromatography (silica gel) with ethyl acetate - methylene 
chloride (1: 1) as eluent to give 1.61 g (888)  of N-Tfa-L-Glu-OMe as a 
colorless oil: [a]2,' +21.0° (CHC13); ir: 3310 br, 3700-2500. 1720 br, 
1557, 1445, 1217, 1180 br cm-I; ' H  nrnr (CDCI,) 6: 1.83-2.67 
(m, 4H), 3.80 (s, 3H, -OMe), 4.43-4.87 (m, lH,  asymmetric a-H), 
7.60 (d, J = 8 Hz, IH, -NH-), 10.20 (s, lH,  -COOH); I3C nmr 
(CDCl,) 6:  26.4, 29.7, 52.1, 53.1, 115.7 (q, J = 287.5 Hz, 
F-coupling), 157.3 (q, J = 38 Hz, F-coupling), 170.9, 177.7; and 
EI ms, mle: 258 (M + H)+ and 257 M+. 

To a solution of N-Tfa-L-Glu-OMe (1.5 g, 5 .8 mmol) in tetrahydro- 
furan (50 mL) was added dicyclohexylamine (1.16 mL. 5.9 mmol). 
After stirring for 2 h at ambient temperature, and overnight (15 h) in 
a refrigerator (S°C), the precipitate was collected and washed with 
tetrahydrofuran to provide 2.4 g (94%) of the Dcha salt5 as colorless 
crystals melting at 165-167OC, as we previously reported (3). 

Method A 
A solution of N-Tfa-L-Glu-a-OMe (3b, 1.26 g, 4.9 mmol) prepared 

as described in the preceding experiment, in dry tetrahydrofuran 
(25 mL) containing triethylamine (0.68 mL, 4.9 mmol), was cooled 
(Dry Ice - isopropyl alcohol) to -3OoC under argon with mechanical 
stirring. Oxalyl chloride (0.44 mL. 4.9 mmol) and dimethylformamide 
(2 drops) were added (syringe). The reaction mixture was warmed to 
0°C for 30 min and cooled to -78°C while slowly (30 min) adding it 

through a sintered glass filter to an ethereal solution of diazomethane 
(30 mL, 0.51 M) cooled to -23OC (Dry Ice - carbon tetrachloride). 
Following 30 min of stirring at O°C, solvent was evaporated (by passing 
through a stream of argon) and the residue was purified as described 
earlier (3) to yield0.27 g (20%) of a yellow oil identical5 to an authentic 
sample (3) of daizoketone 5c. 

Method B 
A solution of N-Tfa-L-Glu-OMe-y-Dcha salt (2.5 g, 5.7 mmol) 

prepared in the experiment above, in dry methylene chloride (60 mL), 
was cooled to -23OC. Isobutyl chloroformate (0.74 mL, 5.7 mmol) 
was added and the solution stirred for 25 min at -23OC. Ethereal 
diazomethane (25 mL, 0.4 M) was added (dropwise) to the solution 
and precipitation was immediate. The reaction flask was transferred to 
an ice bath, the mixture was stirred for 30 min at O°C, and the solution 
filtered (hood). Solvent was removed by passing nitrogen above 
the solution surface. The restllting yellow residue was purified by 
chromatography as reported (3) to yield 0.35 g (22%) of the diazo- 
ketone 5c (3; see also footnote 5) as a yellow oil. 

When the synthesis was repeated using N-Tfa-L-Glu-a-Ome (1.46 g, 
5.67 mmol) in dry tetrahydrofuran (30 mL) containing N-methyl- 
morpholine (0.63 mL, 5.67 mrnol) with isobutyl chloroformate (0.74 mL, 
5.67 mmol) and ethereal diazomethane (I 6.5 mL, 0.52 M), the product 
was again purified by chromatography as described (3) and 0.34 g 
(21%) of the diazoketone (5c) was isolated as a yellow oil (ref. 3, and 
footnote 5). 
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Autoxidation of phosphatidylcholines 
initiated with dicumylhyponitrite in solution and in bilayers 
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LAWRENCE ROSS COATLS BARCLAY, DAVID KONG, and JOANN VANKESSEL. Can. J. Chem. 64, 2103 (1986). 
Dicumylhyponitrite (DCHN) was used as a thermal initiator of autoxidation of unsaturated phosphatidylcholines in 

o-dichlorobenzene and in mixed bilayers of dilinoleoylphosphatidylcholine (DLPC) with dimyristoylphosphatidylcholine 
(DMPC). Quantitative studies were made of the products, a,a-dimethylbenzyl alcohol (DMBA), acetophenone (AP), and 
dicumylperoxide (DCP) from DCHN. The ratio DMBAIA2DCHN (37 rt 6%) indicates the effectiveness of cumyloxy in 
hydrogen abstraction from the phospholipid in solution. The overall efficiency (e) of DCHN determined by the inhibitor method 
with a-tocopherol (a-T) was 84 * 596, close to the overall ratio (DMBA + AP)/A2DCHN (90 rt 6'361, and indicates either 
significant initiation through the methylperoxy radical in o-dichlorobenzene solution or that a-tocopherol traps cumyloxy radical 
before @-scission occurs. The thermal decomposition rate constant of DCHN is greatly reduced in a medium of high viscosity; in 
DLPC to one-quarter, in Nujol to one-sixth that in isooctane and this is interpreted in terms of a one-bond scission of DCHN. In 
DLPC + DMPC mixed bilayers the effectiveness of the cumyloxy radical to initiate reaction varied from 30 to 19% depending on 
the amount of DLPC and in this medium there is little or no initiation by methylperoxy according to product analysis and a-T 
inhibition studies. In mixed bilayers, the rate of oxidation was directly related to the [DLPC] indicating that the classical rate law 
applies. The oxidizability of DLPC in mixed bilayers (0.046 M I J 2  s ' " )  is comparable to that of neat DLPC. 

LAWRENCE ROSS COATES BARCLAY, DAVID KONG et JOANN VANKESSEL. Can. J. Chem. 64. 2103 (1986). 
On a utilisC l'hyponitrite de dicumyle (HNDC) comme initiateur thermique pour l'autooxydation de phosphatidylcholines 

non-saturts dans le o-dichlorobenzene et dans des doubles couches mixtes de dilinolCylphosphatidylcholine (DLPC) et de 
dimyristoylphosphatidylcholine (DMPC). On a rCalisC des etudes quantitatives des produits : l'alcool a ,  a-dimCthylbenzylique 
(ADMB), l'acCtophCnone (AP) et le peroxyde de dicumyle provenant du HNDC. Le rapport ADMBIh2HNDC (37 + 6%) est 
un indicateur de I'efficacitC du radical cumyloxy a faire l'abstraction d'un hydrogene du phospholipide en solution. L'efficacitC 
globale (e)  du HNDC, telle que dCterminCe par la mCthode de I'inhibiteur a l'aide de a-tocophCrol (a-T), est Cgale a 84 -+ 5 % ;  
cette valeur est proche du rapport global (ADMB + AP)/A2HNDC (90 k 6%) et elle indique soit qu'il se produit une initiation 
importante par le biais du radical mkthylperoxy en solution dans le o-dichlorobenzene soit que l'a-tocophCrol piege le radical 
cumyloxy avant que la scission @ puisse se produire. La constante de vitesse de dCcomposition du HNDC est grandement rCduite 
dans des milieux de haute densitC; dans le DLPC elle est rCduite au quart de sa valeur alors que dans le Nujol elle est rCduite 
au sixieme et l'on interprhte ces rksultats en fonction d'une scission d'une liaison du HNDC. Dans des doubles couches de 
DLPC + DMPC, I'efficaciti. du radical cumyloxy a initier la reaction varie de 30 a 19% dtpendant de la quantitC de DLPC et, sur 
la base d'une analyse des produits ainsi que d'etudes d'inhibition par a-T, on peut conclure que, dans ce milieu, il ne se produit 
que peu ou pas d'initiation par le radical mCthylperoxy. Dans les doubles couches mixtes, la vitesse d'oxydation peut Ctre relike 
directement B la concentration en DLPC et ceci indique que la loi de vitesse classique s'applique. La facilitC d'oxyder le DLPC 
dans des doubles couches mixtes (0.046 M-I s-' est comparable a celle observCe a 1'Ctat pur. 

[Traduit par la revue] 

Introduction 
The autoxidation of biological molecules such as phospha- 

tidylcholines organized into bilayers as model biomembranes is 
relevant to autoxidative disruption of the functions of natural 
biomembranes leading to important pathological events (1-3).  
Several groups have recently developed an increased interest 
in autoxidation of such biologically important molecules. Of 
particular significance are the application of quantitative kinetic 
methods (4-8), the mechanism of action and activity of 
antioxidants (9-21), quantitative product studies (22-25), and 
the dynamics of free radical initiation, especially in micro- 
environments (26-29). 

Autoxidation of organic substrates in homogenous solution is 
well known to be a free-radical chain process which follows the 
classical rate law given by eq. [ l ]  (30-32): 

where RH is the substrate. Ri the rate of chain initiation, k, the 
propagation rate constant, and 2k, the termination rate constant. 
The Ri may be controlled by using a thermal initiator with a 
known decomposition rate constant, k,. Because not all of the 
radicals escape the solvent cage where they are formed, the real 

'Author to whom all correspondence to be addressed. 

Ri  must be measured, for example, by the inhibitor method (33) 
using a phenolic antioxidant such as a-tocopherol (a-T) known 
to trap two peroxyl radicals (15) so that R ,  is given by eq. [ 2 ] ,  
where T is the period during which oxidation is suppressed. 

[2] Ri = 2 [ A r o H ] / ~  

Under these conditions, the efficiency (e) of chain initiation by 
ki 

a thermal azo initiator, In - 2R.  + N2,  is given by eq. [ 3 ] .  

[3] e =  R,/2k ,[ In]  

If the kinetics follows the classical equation [ I ] ,  the susceptibil- 
ity of a substrate to undergo autoxidation, the "oxidizability", 
is given by eq. [ 4 ] .  

O f  the initiators investigated so far for kinetic studies in 
bilayers, di-tert- butylhyponitrite ( la) appeared to be the most 
useful (5 ) .  
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The diazene, l a ,  however, has several disadvantages: ( I )  Its 
low efficiency, e ,  or high cage recombination in bilayer 
autoxidation (e = 9.1% (S)), means that a relatively high 
concentration of l a  is needed in the bilayer. (2) The volatility of 
the products from l a  made it impossible to determine accurately 
the efficiency of l a  by product analyses (5) as a check on the e 
determined by the induction period method with a phenolic 
inhibitor (33). (3) The question of the exact location of l a  
within the bilayer (5) is further complicated by its partial water 
solubility (vide infra) and this complicates the assessment of the 
bilayer cage effect on this initiator. 

With the above points in mind, we have selected dicumyl- 
hyponitrite (DCHN, l b )  as a thermal initiator in bilayer 
autoxidation, anticipating that this more hydrophobic molecule 
would be wholly sequestered within the bilayer and would also 
obviate the other limitations of l a .  Although the cumyloxy 
radical (from DCHN) undergoes very rapid cleavage to aceto- 
phenone and methyl radical in aqueous solution (34), it is 
reported to have a higher reactivity in hydrogen abstraction than 
t - B ~ O  (34, 35). This current study reports on (1) An analysis 
of the l b  decomposition products, a,a-dimethylbenzyl alcohol 
(DMBA), acetophenone (AP), and dicumylperoxide (DCP) in 
o-dichlorobenzene containing unsaturated phospholipids, and 
a comparison of the initiator efficiency, e ,  from these product 
data with the overall e measured by a phenolic inhibitor, 
a-tocopherol (a-T). (2) Rate constanti for thermal decomposi- 
tion of 1 6  in bilayers compared to decomposition in organic 
solvents. (3) Analysis of the l b  products, DMBA, AP, and 
DCP in mixed bilayers containing dilinoleoylphosphatidyl- 
choline (DLPC) and comparison of initiator e values so obtained 
with those from inhibition studies with a - T  in the bilayer 
phase and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxyl 
(Trolox) in the aqueous phase. (4) The kinetics of DCHN- 
initiated autoxidation and oxidizability of DLPC in mixed 
bilayers. 

Experimental 
1 .  Materials and preparations 

Solvents 
ortho-Dichlorobenzene, reagent grade, was dried over calcium 

chloride and distilled. Other solutions were hplc grade. 
Phospholipids 
The egg phosphatidylcholine (EPC), dilinoleoylphosphatidylcho- 

line (DLPC), and dimyristoylphosphatidylcholine (DMPC) were 
obtained from Avanti Polar Lipids. 1-Palmitoyl-2-linoleoylphospha- 
tidylcholine was synthesized in the laboratory of N. A. Porter by 
known methods (36). The phospholipids were stored in sealed vials in 
the dark at -30°C. 

Inhibitors 
a-Tocopherol (a-T) (Eastman-Kodak) was stored in known concen- 

trations in hexane under argon at -3OoC. The water-soluble Trolox. a 
gift from Hoffmann-LaRoche, Nutley, New Jersey, was used in freshly 
prepared aqueous solutions. 

Dicumylhyponitrite (DCHN) was prepared by the procedure of 
Mendenhall (37) and recrystallized from methanol at low temperatures 
before use. Commercially available samples of a,a-dimethylbenzyl 
alcohol, acetophenone, and cumylperoxide were used to prepare 
standards for hplc analyses. 

Bilayers 
The multilamellar bilayer dispersions were prepared in 0.1 M 

sodium chloride (Ventron Ultrapure) by vortex stirring as described 
previously (5). Additives such as DCHN and a - T  were introduced 
with the phospholipids in methylene chloride followed by evaporation 
of the solvent under reduced pressure. Trolox was added in aqueous 
solution as inhibitor after initiation of the autoxidations. The amount 
of DCHN remaining in the bilayer was determined by hplc analysis 
(vide infra) . 

2. Analyses 
The amount of DCHN in each run in ortho-dichlorobenzene and 

incorporated into the phospholipids for the runs in bilayers was 
determined by hplc analysis. In addition autoxidation runs were 
continued until the DCHN had decomposed nearly completely into the 
products: a,a-dimethylben~yl alcohol (DMBA), acetophenone (AP). 
and dicumylperoxide (DCP). These compounds were all determined 
quantitatively by hplc on small aliquots removed from the reactions for 
purposes of calculating the rate constant for DCHN decomposition and 
the initiator efficiency. The analyses were carried out on a SP-8000 
hplc using a Brownlee RP-8 column operating at 15°C eluted with 
acetonitri1e:water (40:60 for 25 min at 0 .5  mL/min and 70:30 at 
1.0 mL/min to 45 min). This procedure separated the desired products 
from solvent and phospholipids and gave the retention times: acetani- 
lide (internal standard) 1 1.2 min, DMBA (15.7 min), AP (18.3 min), 
DCHN (38.7 min), and DCP (40.5 min). Three such measurements 
were made on each sample, the deviations being less than 5% for each 
compound. 

The solubilities of di-tert-butylhyponitrite (DBHN) (7) and of 
DCHN in water were determined by shaking films (from methylene 
chloride) of these initiators with 2.00 mL of aqueous phase for 2 h at 
30°C. The concentration in the filtered aqueous phase was measured by 
hplc (DBHN) or by ultraviolet analysis (DCHN) (38). 

3. Autoxidation procedure 
The autoxidatious were carried out at 30°C and 760 Torr of O2 using 

the sensitive automatic recording gas absorption apparatus and the 
procedures described earlier (5, 8). 

Results and discussion 
1. The initiator efficiency of DCHN 

(a) In solution in ortho-dichlorobenzene 
Results for the analysis of decomposition products from 

DCHN in the presence of oxygen and oxidizable phospholipids 
in solution in o-dichlorobenzene are summarized in Table 1 .  
The proportion of a,@-dimethylbenzyl alcohol formed as 
measured by the ratio DMBA/2DCHN varies somewhat with 
DLPC concentration but the overall number (37 t 6%) may be 
taken as an indicator of the effectiveness of the cumyloxy 
radical to initiate reaction by hydrogen abstraction in this 
system. 

The significant amounts of acetophenone (AP) formed 
reflects the tendency of cumyloxy to readily undergo p-scission 
to produce the methyl radical, especially in the absence of an 
effective hydrogen atom donor (38). This raises the interesting 
question as to whether the derived methyl peroxy (CH300.)  
radical can also act as an initiator under these conditions. In 
order to test for this, we carried out some inhibitior, experiments 
using a-tocopherol to measure the efficiency of DCHN by the 
induction period method. The results of these experiments are 
given in Table 2 .  The efficiency so determined (e  = 84 t 5%12 
is much higher than that accounted for by initiation via the 
cumyloxy radical alone. The e determined by product studies 
agrees with this value by the inhibitor method, within experi- 
mental error, if one includes the amount of acetophenone in the 
ratio and calculates e from the ratio: (DMBA + AP)/ZDCHN 
(90 k 6%). This indicates that the eliminated methyl radical, 
through the formation of C H 3 0 0 e ,  could play a significant role 
in initiating these autoxidations in homogeneous solutions. 
(Compare last columns of Tables 1 and 2J3  

 he "radical yield" from DCHN is reported to be 8 4 8  based on 
the DMBA yield in the presence of excess hydroquinone (39). 

3~ referee offers an alternative explanation: namely. that a-toco- 
pherol could trap all of the cumyloxy radicals before they undergo 
B-scission. 
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TABLE 1. Thermal decomposition products of dicumylhyponitrite (DCHN) in o-dichlorobenzene at 30°Ca 

 ater rial" 
Run substrateb DCHN decomposed DMBA" AP' DCP ' DMBA DMBA + AP balance 
No. (mol X 10') (mol x lo6) (mol x lo6) (mol X 106) (mol X lo7) (mol X lo6) 2DCHN 2DCHN 

1 EPC (2.50) 6.40 4.40 7.73 7.52 6.80 0.344 0.948 
2 DLPC(2.33) 5.97 4.79 5.90 7.01 6.05 0.401 0.895 
3 DLPC (1.91) 13.8 8.00 14.0 14.9 12.5 0.290 0.797 
4 DLPC (2.68) 12.8 8.29 15.5 22.5 14.1 0.324 0.929 
5 DLPC (3.68) 3.93 3.39 3.99 6.75 4.37 0.431 0.939 
6 PLPC(5.15) 5.27 4.26 5.32 9.80 5.77 0.404 0.909 

"All runs in 2.00 mL volume and 760 Torr 02. 
bEPC, egg lecithin: DLPC. dilinoleoylphosphatidylcholine; PLPC, I-palmitoyl-2-linoleoylphosphatidylcholine 
'DMBA, u ,a-dimethylbenzyl alcohol; AP. acetophenone; DCP, dicumylperoxide. 
'Material balance = the sum of +DMBA + 2AP + DCP. measurements in moles. 

TABLE 2. Determination of R ,  and initiator efficiency for DCHN-initiated, a-tocopherol-inhibited autoxidation 
of phosphatidylcholines in o-dichlorobenzene" 

Run substrate" DCHN a-Toc T R ,  2k, [DCHN] 
No. (mol x 10') M x lo3 M x lo4 s x M s-' x 10' M s-' x lo7 e 

1 EPC (2.50) 3.06 
2.39 

2 DLPC (2.33) 2.46 
3 DLPC (6.39) 6.39 

5.94 
4 PLPC (1.93) 2.31 

2.14 
5 PLPC (5.15) 2.40 

2.21 

"See footnote a ,  Table 1 .  
bThe same as footnote 6,  Table 1. 
' k ,  = 2.80 X s- '  was used in the calculations (38). see Table 3 ,  footnote a .  

( b )  Effect ofphospholipid bilayers on initiator decomposition 
and efficiency of DCHN 

In the course of product analysis from DCHN decomposition 
in DLPC bilayers, we discovered that nearly half of the DCHN 
remained after 20 h at 30°C although the rate constant in 
solution at 30°C (k,  = 2.80 x l op5  s- ' )  (38) gives a half-life 
of only 7 h. This is a completely unexpected result, since the 
rate of decomposition of di-tert-butylhyponitrite was essentially 
independent of the medium (5), and it prompted us to explore 
the effect of the medium on the decomposition of DCHN. Some 
exploratory data are given in Table 3. We find that the k i  for 
DCHN in a bilayer (DLPC) is substantially less, approximately 
one-quarter of that in homogeneous solution in organic sol- 
vents. There is a similar lowering of the k i  in a viscous 
homogeneous medium (Nujol) to one-sixth of that in isooctane. 

The effect of these media (Nujol and bilayers) on the 
decomposition rate of DCHN is very surprising. Despite the 
considerable evidence on the decomposition of organic hyponi- 
trites as a convenient so&ce of alkoxy radicals (40-48), 
there is no literature report that the decomposition of organic 
hyponitrites is retarded by high viscosity media. On the 
contrary, di-tert-butylhyponitrite (DBHN), which has been 
studied extensively, showed a 25% increase in k i  in a viscous 
solvent (Nujol) compared to that in isooctane, and this effect 
was attributed to "solvent stabilization" of DBHN by isooctane 
(40). A viscosity effect is more difficult to define when one 
considers the behaviour of solutes in bilayers. These have a 
gradation of fluidity as one moves from a region near the head 

group towards the terminal methyl groups (49). Thus the 
concept of a microviscosi~ of bilayers has been questioned 
(50), although there is no doubt that there is restriction of motion 
of molecules, and presumably of smaller solubilized com- 
pounds, when aggregated into bilayers ." 

We interpret the viscosity effects of Nujol and DLPC bilayers 
on the rate of decomposition of DCHN in terms of a one-bond 
scission mechanism 

Although evidence has been given for a two-bond concerted 
mechanism for scission of dialkylhyponitrites (42), the matter 
is not closed, even for di-tert-butylhyponitrite (45). It is known 
that the rate of a one-bond scission may depend on the solvent 
viscosity whereas two-bond concerted decompositions do not 
(51). The viscosity effect, found here for DCHN, is presumably 
due to the effect of high viscosity which retards the diffusion 
apart of the initially formed radical pair ( a b ~ v e ) . ~  Our findings 

'DPPC bilayers are reported to exert a "kinetic differentiation" in 
the k ,  between meso and ? arnphipathic diazenes resulting in a very 
significant rate ratio of decomposition of over 6 (27). It is possible that 
DLPC bilayers exert a specific effect on the DCHN decomposition rate; 
for example, if the two terminal phenyls are in regions of different 
microviscosities. 

 he fraction of cage collapse as measured by the ratio DCP/ADCHN 
changed from 0.146 2 0.035 in ortho-dichlorobenzene to 0.781 i- 
0.058 in bilayers. The value in Nujol was 0.67, the same as reported for 
di-tert-butylhyponitrite (40). 
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TABLE 3. Rate constants for the thermal decomposition of DCHN at 30°C 

Viscosity [DCHN] lo5 k, 
Medium (cp) cl) (sf1)  Method" 

Isooctane 0.475 - 2.80 Ref. 38 
o-Dichlorobenzene 1.324 5.20 X 2.21 hplc 
DLPC bilayer - b 0.268 0.604 N2 evolution 
DLPC bilayer 0.381 0.843 hplc 

0.193 0.737 hplc 
Nujol 79.9 1.80 X 0.474' N2 evolution 

(45°C) 

"Rate constants by N, evolution were measured under nitrogen: measurements by hplc were 
determined on aliquots and are not corrected for DCHN lost during analyses. 

bMicroviscosity values for bilayers vary (e.g. egg lecithin 58-96 cP), according to the probe used for 
measurement, see ref. 5. 

'The average of two measurements, 0.486 X and 0.461 X s- ' .  
dHigh pressure liquid chromatographic analysis of products from the decomposition of DCHN 

(3.53 x mol) gave DMBA (1.90 X mol), AP (0.019 X mol), and DCP (2.35 X 

mol). See footnote 4 in text. 

TABLE 4. Thermal decomposition products of dicumylhyponitrite (DCHN) in mixed bilayers at 30°C 

Material 
Run DLPC' DCHN decomposed DMBA AP DCP DMBA DMBA+ AP balance 
No. M in bilayer (mol X lo6) (mol X lo6) (mol X lo7) (mol X lo6) (11101 X lo6) 2DCHN 2DCHN 

"All runs carried out in 0.1 M NaCI, 760 Torr 0,. 
bBilayers were prepared from DLPC + dimyristoylphosphatidycholine giving a total 20 mg sample in each run. DLPC concentrations are in M of total bilayer 

using a density of 0 .8 (5). 
'DCP was not completely resolved from bilayer material on hplc. 

are fortuitous, especially in view of the various requirements 
before the viscosity test can be applied (51), and independent 
evidence is needed on the mechanism of decomposition of 
DCHN. In any event, this viscosity effect has important 
practical results; namely, this initiator has a convenient half-life 
in the hydrophobic phrase of bilayers to be a useful free radical 
initiator for quantitative autoxidation studies. 

Our previous estimate of the solubility of DBHN in water (5) 
was based on an incorrect molar absorptivity. Therefore, we 
repeated this measurement here and find the solubility to be 
significantly higher (2.87 x M) using a corrected E = 5954 
at 227 nm (7). On the other hand, DCHN was found to be 
insoluble in water,6 and we assume that it is completely 
solubilized in the hydrophobic bilayer phase. 

Results for the analysis of decomposition products from 
DCHN in mixed bilayers are given in Table 4. The effectiveness 
of the cumyloxy radical to initiate reaction by hydrogen 
abstraction varied from 30 -f 1% to approximately 19% as 
the amount of readily abstractable hydrogen (e. g . DLPC) 
decreases. The overall efficiency e as determined by the ratio 
(DMBA + AP)/A2DCHN, with DLPC present, is consistently 
a few percent higher but generally comparable to the ejjicierzcy 
of cumyloq alone. This behaviour is in marked contrast with 

6 ~ i t h i n  the detection limit estimated to be 5 1.0 X M 

that in homogeneous solution (Table 1,  last column) and 
indicates that the methylperoxy radical does not contribute 
significantly to initiation in these bilayer experiments, probably 
because this small methylperoxy radical could diffuse rapidly 
out of the bilayer and decompose in the water. To test this idea 
we carried out some experiments to measure the e for DCHN in 
these bilayers by the inhibitor method with a-tocopherol (in the 
bilayer phase). These results are shown in Table 5.  Now the 
overall e (26-30%) is comparable, within experimental error to 
the value obtained from products(s) of hydrogen abstraction 
alone at higher DLPC concentration, DMBA/2DCHN (Table 
4), in contrast to the results from the use of a-tocopherol in 
solution (Table 2). 

Some experiments were conducted using the water-soluble 
inhibitor 6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxyl- 
ate (Trolox) to compare its effectiveness with that of a -  
tocopherol, to inhibit autoxidation initiated in the hydrophobic 
bilayer phase by DCHN. We find that Trolox is not as effective 
at stopping the chain reaction as a-tocopherol. The initial rate 
during the inhibition period with Trolox typically was at least 
5% of the uninhibited rate compared to only 2-3% when 
a-tocopherol was used. This difference in behavior is attributed 
to the nature of the multilamellar system used. With both DCHN 
and a-tocopherol uniformly distributed in these bilayers, there 
is efficient inhibition in all layers. On the other hand, Trolox 
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TABLE 5. Autoxidation of dilinoleoylphosphatidylcholine (DLPC) in mixed bilayers initiated by DCHN at 30°C" 
- 

d 0 2 / d t  

Run DLPC DCHN a-Toc R ,  2k,' [DCHN] -do2/dtf [RH] R ,' - 
No. ( M )  in bilayer ( M )  ( M  x l o 3 )  X s ( M  s-' l o 7 )  ( M  s '  X l o 6 )  e ( M  s - '  X l o 5 )  v ( M - '  2s-1'2 

1 0.495 
2 0.248 
3 0.500 
4 0.125 
5 DLPC 

5.25 X mol 

2.40 
4.79 
- 

- 

0.819 
Trolox 

(mol x 10') 
4.38 
5.48 
6.57 

"The same as footnote a. Table 4. 
bSee footnote b, Table 4. In runs 5-8 42 mg (5.25 x mol) DLPC was used. 
'An average e = 0.276 was used to calculate R , .  
dThe e = 0.264 determined with a-Toc (Run 5) was used to calculate R , .  
'The k ,  determined by N, evolution (0.604 X lo-' s-I) was used (see Table 3 and Text). 
fRates are corrected for nitrogen evolution from the initiator, oxygen absorbed by the initiating radicals and evolved in chain termination by adding (1 - e )  k,[In] 

to the measured rate. Experimental errors in the rate measurements are estimated as 520%.  

apparently can only effectively access the outer layers while 
some oxidation continues in the inner layers (52). Thus the 
apparent efficiency of DCHN as measured by Trolox appears to 
be higher than that measured by a-tocopherol.  

2 .  The kinetics of autoxidation in mixed bilayers 
The earlier conclusion that the classical rate law (eq. [I])  

applied to the kinetics of autoxidation in bilayers was based only 
on the variation of the rate of oxygen uptake with the initiator 
(DBHN) concentration in egg lecithin bilayers and the near 
constancy of the resulting oxidizability. Results shown in Table 
5 now provide important evidence on the effect of oxidizable 
(DLPC) biluyer concentration in mixed bilayers on the rate 
of oxygen uptake. Thus for approximately the same DCHN 
concentration in the bilayers, the rates are directly proportional 
to the DLPC concentration (Runs 1-4). This provides con- 
firmation that the classical rate law is applicable to mixed 
bilayers. The oxidizability of DLPC in mixed bilayers (0.046 5 
0,002 M -  112 s- 112 ) is the same, within experimental error, to 
that of neat DLPC (0.051 2 0.005 M - ' *  and the value 
is in agreement with previous reported results (6). A more 
detailed kinetic analysis and product studies on mixed bilayers 
for reactions initiated in either the aqueous phases o r  the bilayer 
phase is in progress. 
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KENTARO ANZAI and JUN UZAWA. Can. J .  Chem. 64, 2109 (1986). 
Reaction of 2',3'-0-isopropylideneadenosine (1) with p-NCC6H4COCl in 1:6 Et3N-CH2C12 afforded the cyanoimidazole 

nucleoside 8 (53%) and the 8.5'-0-cycloadenosine derivative 7 (29%). Treatment of ~~,~~-di-~-tolu~l-2'.3'-0-iso~ro~~li- 
deneadenosine (23) with ZnBr2 in p-dioxane resulted in acyl migration from N6 to N7 to give the cycloadenosine derivative 4. 
The coordination site of the zinc cation on the base moiety of adenosine derivatives was determined by "N nmr spectra. 

KENTARO ANZAI et JUN UZAWA. Can. J. Chem. 64, 2109 (1986). 
La reaction, dans un melange 1:6 de Et3N-CH2C12, du 0-isopropylidene-2',3' adenosine ( I )  avec le p-NCC6H4COC1 

conduit au nuclCoside du cyanoimidazole (8) (53%)  ainsi qu'au derive 0-cycloadCnoside-8,5' (7) (29%). Si l'on traite le 
~ ~ . ~ ~ - d i - ~ - t o l u y l  0-isopropylidene-2',3' adknosine (23) par du ZnBr2 dans du p-dioxanne. il en rCsulte une migration de 
l'acyle du N6 vers le N7 ainsi que la formation du dCriv.6 cycloadCnosine 4. On a fait appel a la rmn du "N pour determiner le 
site de coordination du zinc sur la portion basique des derives de I'adenosine. 

[Traduit par la revue] 

Introduction 
We reported previously (1) that reaction of 2',3'-0-isopro- 

pylideneadenosine (1) with p-toluyl chloride in pyridine afforded 
2',3'-0-isopropylidene-~~,~~,5'-0-tri-~-toluyladenosine (2) 
as the main product (70%), as well as the tri-p-toluyl-8,5'-0- 
cycloadenosine derivative 3 as the minor one (6%). On the 
other hand, when the reaction was carried out in a mixture of 
methylene chloride and triethylamine (6:1), cyclonucleoside 
formation was the main reaction path, thus giving 2 (30%), 
3 (347~1, the di-p-toluyl-8,5'-0-cycloadenosine derivative 4 
(1 I%), and the cyanoimidazole nucleoside 5 (1 2701, the 
formation of which was explained by initial acylation at N1 
followed by N 1 -C2 elimination. 

The present paper is an extension of the study on acylation of 
adenosine derivatives, which has led to the finding of acyl 
migration from N6 to N7. 

Results and discussion 
Several p-substituted derivatives of benzoyl chloride were 

used in acylation of 1 in a mixture of methylene chloride and 
triethylamine (6: l ) ,  and the reaction products are listed in Table 
1. The results showed that, in the methylene chloride - 
triethylamine solvent, cyclonucleoside formation predominated 
over the conventional acylation reaction and. in the case of 
reaction with p-cyanobenzoyl chloride (Entry 2), production of 
the cyanoimidazole nucleoside 8, i.e. acylation at N1 of 1, was 
the main reaction course. The ester bond in 8 was selectively 
cleaved to give 6. 

Reaction of 1 with excess p-toluyl chloride in a mixture of 
methylene chloride and pyridine (3: 1) gave 2 (32%) and 3 (41 5%) 
without formation of 5 and, with a limited amount of the acid 
chloride in the same solvent, 1 was converted to 4 as the main 
reaction path as well as 21 as the minor one. 

These results showed that. in the reaction of 1 with the 
substituted derivatives of benzoyl chloride, the product d~stribu- 
tion, 1.e. the position of attack on the base moiety of 1 by acyl 
groups (N6, N7 or NI ) ,  seemed to be determined by several 
factors, i.e. solvent polarities, base species, and acylating 
reagents. 

'Author to whom correspondence may be addressed 

1 R' ,R ' ,R~ = H 
2 R',R2,R3 = p-CH3C6H4C0 
9 R',R*,R' = p-CH30C6H4C0 

13  R1,R2,R3 = p-BrC6H4C0 
17 R1,R2,R3 = p-C1C6H4C0 
21 R1 = H, R ~ , R ~  = p-CH3C6H4C0 
23 R1 ,  R2 = p-CH3C6H4C0, R3 = H 
% R1, R2 = p-CHsC6H4C0 

R3 = (p-CH30C6H4)2C6H5C 
25 R1, R2 = p-CH3C6H4C0, R~ = CH3CO0 
26 R1 = p-CH3C6H4C0, R2, R3 = H 
27 R', R2 = H, R3 = p-CH3C6H4C0 
28 R' ,  R2 = H, R3 (p-CH30C6H4)2C6H5C 

Rearrangement of the N6,N6,5'-0-triacyladenosine com- 
pound 2 to its 8,5'-0-cycloadenosine isomer 3 was investigated 
under both acid and alkaline conditions. With zinc bromide as 
the acid catalyst. 2 was converted to 3 in low yield (18%), the 
main reaction path being hydrolysis to give 21 (54%). Another 
minor product (10%) was identified as the 4,5,6-triamino- 
pyrimidine nucleoside 22, based on the fact that the H-8 and C-8 
signals of adenosine were missing on the 'H nmr and "C nmr 
spectra of 22. The assignment of the three carbonyl groups in 
the 13C nmr spectrum was accomplished with help of selective 
13~{ 'H}  ilOe (nuclear Overhauser enhancement) (2): 6 165.0 
(13COOCH2, 13C{CH2} 50%), 6 164.5 ( 1 3 ~ O ~ H ,  1 3 C { N ~ }  
50%), 6 166.0 ( 1 3 c 0 ~ H ,  '"{NH} 60%). 

Acyl migration from to N7 accompanied by cyclonucleo- 
side formation as the sole reaction path was achieved using, 
as the starting material, ~~,~~-di-~-tolu~l-2',3'-O-iso~ro~~li- 
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deneadenosine (23), which was prepared by three different 
routes: ( 1 )  hydrolysis of the dimethoxytrityl derivative 24 in 
aqueous acetic acid, (2) hydrolysis of the acetyl derivative 25 in 
aqueous sodium hydrogen carbonate, and (3) hydrolysis attend- 
ing rearrangement of the cyclonucleoside 3 in aqueous sodium 
hydrogen carbonate. Thus. reaction of 23 with zinc bromide in , " 
p-dioxane proceeded without hydrolysis to give the ~ ~ , 7 -  
diacyl-8,5'-0-cycloadenosine derivative 4.  

The necessity of the ~ ~ , N ~ - d i a c y l  structure in 23 for this 

E q u i v a l e n t s  Z n  B r2  

FIG. 1. The 15N nrnr chemical shifts of compound 2 (-0-) and 
compound 27 (-@-) in the presence of ZnBr2. 

rearrangement reaction was shown by the fact that 2' ,3 ' -0-  
isopropylidene-~6-p-toluyladenosine (26) was stable under the 
same conditions. The ~ ~ - a c ~ l  compound 26 for this experiment 
was prepared by treatment with 2,4,5-trichlorophenyl-p-toluate 
(29). 2,4,5-Trichlorophenyl benzoate (30) had been used to 
acylate N~ of cytidine selectively (3). In the present case the 
N6,5'-0-di-p-toluyl compound 21 was also obtained as the 
minor product. ~ m m o n i u m  hydrolysis of 25 also gave 26. 

To learn something about the mechanism of the zinc bromide 
catalyzed conversion of 2 to 3 or 23 to 4, we investigated how 
zinc bromide coordinated to the adenine ring. The 15N nnlr 
spectrum of the ~ ~ , ~ ~ , 5 ' - 0 - t r i - ~ - t o l u ~ l  compound 2* as well 
as that of 2',3'-0-isopropylidene-5'-0-p-toluyladenosine (27) 
(1) were taken at the natural abundance level based on INEPT 
(4-6) in the presence and absence of zinc bromide (Fig. I ) . ~  We 
found that the coordination site was N7 in the case of 2 and both 
N 1 and N7 in the case of 27, being shown by upfield shifts of the 
''N nnlr signals on addition of zinc bromide (A 3 ppm for 
0.1 equiv. of ZnBr2). The coordination site of zinc cation on 
guanosine had been investigated using the ''N nmr chemical 
shift (7). 

In the 'H nmr spectrum of 2 only the H-8 signal suffered a 
downfield shift to a considerable extent (A 0.2 ppm for 
0.5 equiv. ZnBr2). Coordination of zinc cation at N7 in 23 

2~etermination of the coordination site of ZnBr2 on the adenine 
ring of 23 using '%l nmr spectra could not be accomplished, because 
cyclonucleoside formation proceeded during the period of taking the 
spectrum. 

3 ~ h e  same experiment was run with the ~ ~ - ~ - t o l u ~ l a d e n o s i n e  
compound 21. The result was almost the same as was obtained for 2. 
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ANZAI AND UZAWA 

TABLE 1. The reaction products from 2',3'-0-isopropylideneadenosine and some p-substituted 
derivatives of benzoyl chloride in 1:6 Et3N-CH2CI2' 

Type of reactionb 
(number of acyl 

Entry Acylating reagents Products groups introduced) Yields (%) 

Non-cyclo (3) 
Cyclo (3) 
Cyclo (2) 
Ring cleavage (2) 

Cyclo (3) 
R ~ n g  cleavage (2) 

Non-cyclo (3) 
Cyclo (3) 
Cyclo (2) 
Ring cleavage (2) 

Non-cyclo (3) 
Cyclo (3) 
R ~ n g  cleavage (3) 
Ring cleavage (2) 

Non-cyclo (3) 
Cyclo (3) 
Cyclo (2) 
Ring cleavage (2) 

"Reaction conditions: room temperature, overnight. See also Experimental. 
hNon-cyclo: conventional acylating reaction; cyclo: cyclonucleoside formation; ring cleavage: formation 

of cyanoimidazole nucleoside. 

which caused shortening of T2,  the measurement was carried out bascd 
on the non-refocussed INEPT sequence (4, 5). It was also useful to 
observe 2 ~ N . H ,  thus making it possible to establish the chemical shift 
assignment, i.e. selective low power irradiation (y  B2/2% 25 Hz) on 
proton signals resulted in enhancement of nitrogen signals: T = 16 ms 
(1/4 J); 'H 90" pulse, 1 I ms; repetition time, 1.8 s. 

General procedurefor acylation of 2',3'-0-lsopropylideneadenosine 
(1 J , , 

To an ice-cooled solution of 1 in pyridine or a mixture of CHzClz and 
an organic base (pyridine or Et3N) was added an acyl chloride and, after 

0 0 the mixture was stirred at room temperature overnight, it was 
H , C ~ C H ,  evaporated to dryness. The pyridine was removed as the toluene 

R = p-CH3C6H4C0 azeotrope. The residue was distributed between aqueous NaHC03 and 
CHC13 and, after the organic layer was washed with water and 

FIG. 2. Mechanistic drawing of the conversion of 23 to 4.  concentrated, it was applied to a silica gel column. Eluting solvents 
were, in most cases, mixtures of C6H6 and EtOAc, gradually 

would result in the decrease of T-electron density at C8, thus increasing the latter content. 
rendering possible attack of 5 ' - 0  at C8, accompanying acyl 
migration from N~ to N7 (Fig. 2 ) .  

The mechanisnl of the conversion of 2 to 3 in the presence 
of zinc bromide is presumably a variation of that depicted in 
Fig. 2.  The same conversion under alkaline conditions was also 
observed: i.e. 2 was treated in a mixture of propanol and 0.25 M 
NaHCO, (2: 1) for 10 days, giving 30% of 3 with a 50% 
recovery of the starting material. To the best of our knowledge, 
acyl migration onto the basic moiety of adenosine compounds 
has not been reported previously. 

Experimental 
Measurement of " N  nmr spectra 

The 15N nmr spectra were recorded using a JEOL FX-100 spectro- 
meter with multinuclear observed system and PG-200 pulse programmer 
based on INEPT. Chemical shifts were measured relative to external 
aqueous NH4N03 (8NHf = 0). AS the refocussed INEPT sequence 
(8, 9) gave a poor S/N ratio because of the presence of zinc bromide. 

7,8-~ihydro-2',3'-0-iso~ro~ylidene-~~, N ~ ,  7-tri-p-toluYl-8,5'-0- 
cycloadenosine (3) 

The previous method (1) was modified to increase the yield of 3 and 
avoid the ring-cleavage reaction. Thus, 1 (921 mg, 3 mmol) was treated 
with p-toluyl chloride (4 g, 26 mmol) in a mixture of CH2CI2 (30 rnL) 
and pyridine (10 mL) following the general procedure for acylation. 
Silica gel chromatography (4:l C6H6-EtOAc) afforded two com- 
pounds, the less polar one being 3, mp 205-208°C (MeOH) (lit. ( I )  mp 
182-185°C (toluene-hexane)); uv A,,, (MeOH): 253 nm ( E  47 OOO), 
310 nm (sh) ( E  12 6 0 ) .  'I'he more polar one was 2',3'-0-isopropyli- 
d e n e - ~ ~ , N ~ , 5 ' -  ~ - ~ - t o l u ~ l a d e n o s i n e  (2), yield 630 mg (32%), mp 
188-189°C (MeOH) (lit. (1) mp 189-190°C (MeOH)): uv A,,, 
(MeOH): 243 nm ( E  35 000), 275 nm (sh) ( E  27 000). 

7 , 8 - ~ i h y d r o - ~ ~ ,  7-di-p-toluyl-2 ',3'-0-isopropylldene-8,5'-0-cyclo- 
adenos~ne (4) 

Treatment of 1 (921 mg, 3 mmol) with p-toluyl chlor~de (1.8 g, 
11.8 mmol) in a mixture of CHzClz (30 mL) and pyridine (2 mL) 
afforded. as was shown on tlc, four products, which were separated on 
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a silica gel column by eluting with a mixture of C6H6 and EtOAc (4: l ) ,  
gradually increasing the latter content. Thus, 3 (120 mg, 6%) and 2 
(70 mg, 4%) were eluted with 4 :  1 to 2: 1 C6H6-EtOAc, 4 (810 mg, 
50%) with 2 : l  to 1:l C6H6-EtOAc, and 21 (280 mg. 17%) with 
Et0b-c; 4: mp 229-230°C (C6H6) (lit. (1) mp 229-230°C (C6H6)); 
uv A,,, (MeOH): 240 nm ( e  28 800), 285 nm ( e  15 200); 21, glassy 
solid from toluene-ligroin (1). 

4-Cyano-I-(2,3-0-isopropylidene-~-ribofuranosyl)-5-( p-cjano- 
benzoy1amino)imidazole ( 6 )  

(a) A solution of 8 (1) (1 g, 1.86 mmol) in a mixture of MeOH 
(20 mL) and 1 M NaOH (5 mL) was left standing at room temperature 
overnight and neutralized with AcOH to pH 5.  The product was, after 
the methanol was removed by evaporation, extracted with CHC13 and 
separated by silica gel chromatography (EtOAc), yield 680 mg (89%), 
mp 191-192°C (BuOAc); ir v,,, (KBr) cm-'; 2250 (m, CN), 1670 
(s, NH2CO); uv A,,, (MeOH): 235 nm (e  25 400), 285 (sh) (e  4100); 
' H  nrnr data (IOOMHz, CDC13) 6:  5.78 (s, l H ,  H-l ' ,  J 1 , , 2 ,  = 2 Hz), 
7.76(s, lH,  H-2), 7.81 and 8.10(2d, 4H, p-cyanobenzoyl, J, = 7 Hz). 
Anal. calcd. for C20H1905N5: C 58.67, H 4.68, N 17.1 1: found: 
C 58.90, H 4.57, N 17.25. 

(b) A solution of 8 (269 mg, 0.5 mmol) in a mixture of EtOH 
(10 mL) and concentrated NH40H (1 mL) was left standing at room 
temperature for one week. After ammonia was removed by evapora- 
tion, the product was isolated as mentioned in (a),  yield 190 mg (93%). 

Reaction of P with p-cyanobenzoyl chloride 
Compound 1 (3.07 g,  10 mmol) was treated with p-cyanobenzoyl 

chloride (7.8 g, 47 mmol) in a mixture of CH2C12 (150 rnL) and Et3N 
(25 mL). 7,8-~ihydro-2',3'-0-iso~ro~~lidene-~~,~~, 7-tri- p-cjano- 
benzoyl-8,5'-0-cycloadenosine (7) was eluted from a silica gel 
column with 4: 1 C6H6-EtOAc, yield 2.04 g (29%). mp 236.5-237.5" 
(MeOH); uv A,,, (MeOH): 243 nm (e  47 900); ' H  nmrdata (100 MHz, 
CDC13) 6: 3.30 (dd, lH ,  H-5'a, J ,,,, = 12Hz, J4,5,a = ~ H z ) ,  3.94 
(d, lH,  H-5'b, J,,, = 12Hz), 5.81 (s, l H ,  H-1'), 6.08 (s, lH,  H-8). 
8.16 (s, IH, H-2). Anal. calcd. for C37H2607N8. 112 H20:  C 63.16, 
H 3.74, N 15.93; found: C 63.14, H 3.74, N 15.79. 

4-Cyuno-5- p-cyanobenzoylamino-1-(5-0-p-cyanobenzoyl-3-0- 
isopropylidene-P-D-ribofuranos~~1)imidazole (8) was eluted with 1:l 
C6H6-EtOAc, yield 2.87 g (53%), mp 139-143°C (toluene); ir v,,,,, 
(KBr): 2250 cm-' (m, CN); uv A,,, (MeOH): 247 nm ( e  37 800): 
'H nmr data (100 MHz, CDCI3) 6:  5.88 (d, lH,  H-1', J1,,2, = 2 Hz). 
7.68 (s, lH,  H-2); ms m/e: 538 (M'). Anal. calcd. for C28H2206Nb: 
C62.45, H4.12,  N 15.61;found: C62.43,  H4 .26 ,  N 15.39. 

Reaction of P with p-anisoyl chloride 
Compound B (1.54 g, 5 mmol) was treated with p-anisoyl chlor- 

ide (5 g, 29 mmol) in a mixture of CH2C12 (150 rnL) and Et3N 
(25 mL). 7,8-Dihydro-2',3'-0-iso~ro~ylidene-~~,~~, 7-tri-p-nrzisoyl- 
8,5'-0-cycloadenosine (PO) was eluted from a silica gel column with 
4:l C6H6-EtOAc, yield 1.04 g (29%), mp 167- 170°C (MeOH); uv 
A,, (MeOH): 278 nm (e  45 000); 'H  nmr data (100 MHz, CDC13) 6:  
3.42 (dd, lH,  H-S'a, J,,, = 14 Hz, J4.5,a = 2 HZ), 3.94 (d, lH ,  H-5'b, 
J,,, = 14 HZ), 5.80 (s, lH,  H-1'), 6.08 (s, lH,  H-8), 8.21 (s, IH, 
H-2). Anal. calcd. for C37H35010N5: C 62.61, H 4.97, N 9.87; found: 
C 62.38, H 4.92, N 9.64. 

2',3'-0-1so~ro~ylidene-~~,~~,5'-0-tri-~-anisoyladenosine (9) was 
eluted with 2: 1 to 1: 1 C6H6-EtOAc, yield 540 mg (15%), mp 144.5- 
145.S°C (MeOH). Notice: the solubility of this compound in MeOH 
at room temperature is lower than that in a rcfrigcrator: uv A,,, 
(MeOH): 260 nm (sh) ( E  39 000), 272 nm (e  41 loo), 290 nm 
( E  37 600); 'H nmr data (100 MHz, CDCI3) 6 :  4.56 (br, 3H, H-4' 
and H-St), 6.14 (d, lH ,  H-l ' ,  J1,,2, = 3 Hz), 8.16 (s, 1H. H-8). 8.64 
(s, lH,  H-2). Anal. calcd. for C37H35010N5: C 62.61, H 4.97, N 9.87; 
found: C 62.64, H 4.94, N 9.90. 
5-p-Anisoylamino-I-(5-O-p-anisoyl-2,3-O-isopropjlidene- P -  D-ri- 

bofuranosy1)-4-cyanoimidazole (12) was eluted with 1 : 1 C6H6-EtOAc 
and obtained as a glassy solid from toluene, yield 630 mg (234);  
ir v,,, (KBr): 2250 c m '  (m, CN); uv A,,, (MeOH): 259 (e  34 400); 
' ~ n m r d a t a  (lOOMHz, CDCI3) 6:  5.84 (d, lH ,  H-l ' ,  J1,,2, = 3Hz), 

7.64 (s, lH,  H-2); ms m/e: 548 (M+).  Anal. calcd. for C28H280RN4: 
C 61.31, H 5.15, N 10.21; found: C 61.16, H 5.10, N 10.35. 

N6, 7-di-p-Anisoyl-7,8-dihydro-2', 3'-0-isopropylidene-8,5'-0 -cx- 
cloadenosine (11) was eluted with EtOAc and obtained as a glassy 
solid from toluene, yield 610 mg (21%); uv A,,, (MeOH): 266 nm 
( e  39 100); 'H nmr data (100 MHz, CDCI3) 6 :  3.48 (dd, 1H. H-5'a, 
J ,,,, = 14 HZ, J4,,5,a = 2 HZ), 3.92 (d, lH ,  H-S'b, J = 14 Hz), 
5.83 (s, lH,  H- l ' ) ,  6.07 (s, l H ,  H-8), 8.52 (s, l H ,  H-2). Anal. calcd. 
forC29H2908N5: C60.51,  H 5.08, N 12.17; found: C 60.50, H 5.12, 
N 11.96. 
Reaction of 1 with p-bromobenzoyl chloride 

Compound 1 (1.54 g, 5 mrnol) was treated with p-bromobenzoyl 
chloride (8 g ,  36.4 mmol) in a mixture of CH2C12 (150 mL) and Et3N 
(25 mL). 7,8-Dihydro-2 ' , 3 ' -0  -i~opro~~lidene-N~,~~,5'-0-tri-~-bro- 
mobenzoyl-8,5'-0-cycloaderzosine (14) was eluted first from a silica 
gel column with 4: 1 C6H6-EtOAc. yield 1.41 g (33%), mp 197- 199°C 
(EtOH); uv A,,, (MeOH): 254 nm (e 41 900), 315 nm (sh) ( E  6800); 
1Hnmrdata(100MHz,CDC13)6: 3.37(dd, l H ,  H-5'a, J,,, = 13Mz, 
J4, ,5 , ,  = 2 HZ), 3.94 (d, lH,  H-4, Jgeni = 13 HZ), 5.80 ( s ,  l H ,  H- l ' ) ,  
6.07 (s, IH, H-8), 8.20 (s, lH ,  H-2). Anal. calcd. for C34H2607N5Br3: 
C47.68,H3.06,N8.18,Br28.00;found:C47.57.H2.97,N8.03. 
Br 27.90. 

2',3'-0-1so~ro~~lidene-N~,N~,5'-0-tri-~-bromobenzoyladerzosine 
(13) was eluted with 4: 1 C6H6-EtOAc contaminated by 14. However. 
an analytically pure sample of 13 was obtained by crystallization from 
BuOH, yield 360 mg (7%), mp 214-215°C; uv A,,, (MeOH): 242 nm 
(e67600), 275nm(sh)(e 18500j; 'Hnrnrdata(l00MHz, CDCI3)6: 
6.16(d, lH,H-1 ' ,  J i , , 2 , = 2 H ~ ) , 8 . 1 6 ( ~ ,  1H,H-8),8.61 (s, lH,H-2).  
The isolated sample was found to be a p-bromobenzoic acid adduct. 
Anal. calcd. for C34HZ6O7N5Br3 .BrC6H4C02H: C 46.57, H 2.96, 
N 6.62, Br 30.23; found: C 46.80, H 2.84, N 6.55, Br 30.54. 

I-(5-O-p-bronzobenzo$1-2,3-O-isopropylidene-~-riboj'urnno~~l~- 
4-cyano-5-di-p-bromobenzoylaminoimidazole (15) was eluted with 
4: 1 to 2: 1 C6H6-EtOAc and obtained as a glassy solid from toluene- 
ligroin, yield 450 mg (11%): ir v,,, (KBr): 2250 cm-' (m, CN); 
uv A,,, (MeOH): 248 nm ( E  35 900); ' H  nmr data (IOOMHz, CDC13) 
6: 1.32 and 1.44 (2s, 6H, 2 isopropylidene methyls), 4 .5  (br, 2H, 
H-5'), 4.68 (complex, lH,  H-4'). 4.84 (dd, IH, H-3'. J3',1' = 2 HZ, 
Jz),, ,  = ~ H z ) ,  5.02 (dd, lH ,  H-2'. J2',3' = 6 HZ, JI',Z' = 3 HZ), 5.78 
(d, lH,  H-1', Jl,,2, = 3 Hz), 7.3-7.8 (aromatic protons and H-2). 
Anal. calcd. for C33H2507N4Br3: C 47.79, H 3.04. N 6.76, Br 28.9 1 ; 
found: C 48.09, H 3.07, N 6.78, Br 28.79. 
5-p-Bromobenzojlamino-l-(5-O-p-brornobenroyl-2,3-O-isopropyl- 

i d e r z e - P - ~ - r i b o f u r a n o s f l - 4 - c ~ i m i i l a o l e  (16 j was eluted with 1 : 1 
C6H6-EtOAc, yield 1.17 g (36%), mp 1 14- 1 15°C (toluene); uv A,,, 
(MeOH): 244 nm ( E  36 100); ' H  nmr data (100 MHz, CDCI3) 6 :  1.32 
and 1.44 (2s, 6H, 2 isopropylidene methyls), 4.5 (br, 2H, H-5'), 4.68 
(complex, lH,  H-4'), 4.76 (dd, 1H, H-3'. J3,,4. = 2 HZ, J2,.3, = 6 Hz), 
4.92 (dd, IH, H-2', J2',3, = 6 HZ, JI,,l' = 3 HZ), 5.85 (d, IH,  H-1', 
J1,.2, = 3 Hz), 7.64 (s, lH,  H-2). 8.84 (br s, lH ,  NH). Anal, calcd. 
for C26H2206N4Br2: C 48.31, H 3.43, N 8.67, Br 24.73; found: 
C48.14, H3.36.  N8.57,  Br24.73. 

Reaction of1 with p-chlorobenzojl chloride 
Compound 1 (3.07 g, 10 mmol) was treated with p-chlorobenzoyl 

chloride (14 g. 80 mmol) in a mixture of CH2C12 (300 mL) and Et3N 
(50 mL). 7,8-Dihydro-2' ,3'-0-isopropjlidene-~6.~6, 7-tri-p-chloro- 
benzoyl-8.5'-0-cycloadenosine (18) was eluted from a silica gel 
column with 9.1 to 4:l C6H6-EtOAc. yield 2.5 g (35%), mp 184- 
186°C (EtOH); uv A,,, (MeOH): 248 nm ( e 39 700), 310 nm (sh) 
(E  7900); 'H nmr data (100 MHz, CDC13) 6:  3.37 (dd, IN, H-S'a, 
J ,,,, = ~ ~ H Z , J ~ . ~ , ,  = 2Hz), 3.96(d. 1H,H-5'b. J ,,, = 13Hzj. 5.82 
(s, 1H, H-1'), 6.07 (s, IH, H-8), 8.19 (s, l H ,  H-2); ms mle :  727.725. 
723 (a cluster of parent ions). Anal. calcd. for C34H2607N5C13: 
C 56.48, H 3.63, N 9.69, C1 14.71; found: C 56.37, H 3.62, N 9.64, 
C1 14.85. 

2',3'-0-1so~ro~ylidene-~~,~~,5'-0 -tri-p-chlorobenzo~l~de~zo.sine 
(17) was eluted with 4: 1 C6H6-EtOAc. yield 1.6 g (15%). mp 180-. 
181°C (toluene); uv A,,, (MeOH): 237 nm ( E  80 800), 275 nm (sh) 
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ANZAI AND UZAWA 2113 

( E  41 400); 'Hnmr (100MHz, CDC13) 6:  6.19 (d, l H ,  H-1', Jl,,z, = 

3Hz), 8.21 (s, lH,  H-8), 8.64 (s, l H ,  H-2); ms mle :  727, 725, 723 
(a cluster of parent ions). The isolated sample was found to contain 
two moles of p-chlorobenzoic acid as the adduct. Anal. calcd. for 
C34H2607N5C13.2C1C6H4C02H: C 55.64, H 3.50, N 6.76, C1 17.11; 
found: C 55.49, H 3.49, N 6.64. C1 17.10. 

~~,7-~ichlorobenzoyl-7,8-dihydro-2',3'-O-isopropylidene-8,5'-0 - 
cycloadenosine (19) was eluted with 4: 1 C6H6-EtOAc and obtained as 
a glassy solid from toluene-hexane, yield 370 mg (6%); uv A,,, 
(MeOH): 242 nm ( E  31 800), 265 nm (e  30 000); 'H  nmr data 
(100 MHz, CDC13) 6:  3.36 (dd, lH ,  H-5'a, J,,, = 13 Hz, J43,5,, = 

3 Hz), 3.88 (d, lH,  H-5'b. J,,, = 13 HZ), 5.80 (s, lH ,  H-1'), 6.04 
(s, lH, H-8), 8.02 (s, lH,  H-2). Anal. calcd, for C27H2306N5C12: 
C55.48,H3.97,N11.99,C112.14;found:C55.59,H4.05,N11.62, 
C1 11.93. 

5- p-Chlorobenzoylamino- I - (5- 0-p-chlorobenzoy1-2,3-0 -isopro- 
pylidene-P-D-ribofuranosyl)-4-cyanoimi&zle (20) was eluted with 
2 : l  C6H6-EtOAc, yield 1.1 g (20%), mp 118-120°C (toluene); ir v,,, 
(KBr): 2250 crn-' (m, CN); uv A,,, (MeOH): 239 nrn ( e  32 400); 
'H nrnr data (100 MHz, CDC13) 6:  5.83 (d, lH ,  H-1', Ji,,2, = 3 Hz), 
7.83 (s, lH,  H-2). 9.90 (br s,  lH,  NH): ms m/e: 560, 558, 556 
(a cluster of parent ions). Anal. calcd. for C26H2206N4C12: C 56.02. 
H 3.98, N 10.05, C1 12.72; found: C 56.22, H 4.02, N9.92, C1 12.66. 

Treatment of 2 with ZnBr? in p-dioxane 
A solution of 2 (935 mg, 1.41 mmol) and ZnBrz (10 g) in p-dioxane 

(100 mL) was left standing at room temperature for 4 days. Aqueous 
NaHC03 was added and, after the precipitate of Zn(OH),, was 
removed by centrifugation; the products were extracted with CHCl?. 
Thin-layer chromatography (1: 1 C6H6-EtOAc) showed the presence 
of three uv-absorbing compounds, which were separated by silica gel 
chromatography. Compound 3 was eluted with 2 : l  C6H6-EtOAc, 
yield 170mg (18%). 

~~,~~-di-~-toluylamino-N1-(2,3-O-iso~ro~ylidene-5-0-~-toluyl-~- 
D-ribofuranosy1)-4,5,6-rriaminopyrimidine (22) was eluted with 1: 1 
C6H6-EtOAc and obtained as a glassy solid from toluene. yield 90 mg 
(10%); uv A,,, (MeOH): 240 nm (e  39 400); ' H nmr data (100 MHz, 
CDC13) 6 :  1.36 and 1.58 (2s, 6H, 2 isopropylidene methyls), 2.32, 
2.36, and 2.40 (3s, 9H, p-toluyl methyls), 6.73 (s, lH,  H-1', J,.,2. = 
4Hz),  8.16 (s, lH ,  H-1'), 9.00 and 9.60 (2s, 2H. 2NH, collapsed on 
addition of D20); 13C nmr data (CDCI3, TMS) 6 :  159.6 (C4), 155.1 
(C2, 'J = 201.4Hz), 153.1 (C6), 108.9 (CS), 87 .6 (Cl f ) ,  83.6 (C2'),  
81.6 (C4'), 81.2 (C3'), 64.6 (C5'); ms m/e: 651 ( M I ) .  636 (M' - 

CH3), 532 (M' - CH3C6H4CO), 516 (M+ - CH3C6H4CONH2). 
Anal. calcd. for C36H3707N5. 1/4H20:  C 65.89, H 5.76. N 10.67; 
found: C 65.91, H 5.78. N 10.66. 
N6, 5 '-0-Di-p-toluyl-2 ', 3 '-0-isopropylideneadenosine ( 2 1 )  was 

eluted with EtOAc, yield 380 mg (54%). 

Treatment of2 with aqueous NaHC03 
A solution of 2 (500 mg, 0.76 mmol) in a mixture of PrOH (I00 mL) 

and 0.25 M NaHC03 (50 mL) was left standing at room temperature for 
10 days. The propanol was removed by evaporation and the products 
were extracted with EtOAc. Thin-layer chromatography (4: 1 C6H6- 
EtOAc) showed the presence of two uv-absorbing compounds. which 
were separated by silica gel chromatography eluting with 4: 1 C6H6- 
EtOAc. The less polar compound was 3, yield 150 mg (30%). The 
more polar compound was the starting material with a recovery of 
250 mg (50%). 

N6,~6-di-p-toluyl-2',3'-~-isoprop~lideneade~zosine (23)  
( 1 )  A solution of 24 (350 mp, 0.41 mmol) in 70% AcOH (10 mL) 

was left standing at room temperature for 1 h and concentrated to 
dryness keeping the temperature below 40°C. After the residue was 
distributed between EtOAc and aqueous NaHC03, the organic layer 
was applied to silica gel chromatography (1:l C6H6-EtOAc followed 
by EtOAc) to obtain a glassy solid (C6H6-ligroin). yield 160 mg 
(72%): uv A,,, (MeOH): 260 nm ( E  27 700). 275 nm (sh) (e  25 500); 
' H  nmr data (100 MHz, CDCI?) 6 :  1.42 and 1.68 (2s, 6H, 2 
isopropylidene methyls), 2.40 (s, 6H. 2 p-toluyl methyls), 5.96 (d. lH ,  

H-1', J1,,2, = 4 Hz), 8.18 (s, lH,  H-8), 8.66 (s, lH,  H-2). Anal. calcd. 
for C29H2906N5: C 64.08, H 5.38, N 12.89; found: C 63.99, H 5.45, 
N 12.75. 

(2) A solution of 25 (7.5 g, 12.8 rnmol) in a mixture of 0.25 M 
NaHC03 (1 L) and EtOH (1 L) was left standing for 6 days. After the 
ethanol was removed by evaporation, the product was extracted with 
CHC13. Silica gel chromatography (1: 1 C6H6-EtOAc) afforded 5.95 g 
(86%) of 23. 

(3)  A solution of 3 (1.32 g, 2 mmol) in a mixture of acetone 
(100 d), MeOH (80 mL), and 0.25 M NaHC03 (20 mL) was refluxed 
for 3 h. The organic solvent was removed by evaporation and the 
product was extracted with CHC1,. Silica gel chromatography (1:l 
C&-EtOAc) afforded 770 mg (71 %) of 23. 

5 '-0-(4,4'-dimetho~~trit~l)-~~, ~ ~ - d i - ~ - t o l u y l - 2 '  , 3 ' - 0  -isopropyli- 
deneadenosine (24) 

Compound 28 (981 mg, 1.61 mmol) was treated with p-toluyl 
chloride (800 mg, 5.18 mmol) in pyridine (10 mL). Silica gel chroma- 
tography (4: 1 C6H6-EtOAc) afforded 860 mg (63%) of a glassy solid 
(ligroin): uv A,, (MeOH): 234 nm ( E  33 800), 260 nm ( E  29 600), 
275 nm (sh) ( E  27 000): ' H  nmr data (100 MHz, CDC13) 6: 1.39 and 
1.63 (2s, 6H, 2 isopropylidene methyls), 2.32 (s, 6H, 2 p-toluyl 
methyls), 3.74 (s, 6H, 2CH30), 6.14 (d, l H ,  H-1', J1,,2, = 3 HZ), 
8.16 and 8.49 (2s. 2H, H-8 and H-2). Anal. calcd. for C50H4708N5: 
C 70.99, H 5.60, N 8.28; found: C 71.10, H 5.68, N 8.08. 

5'-0-acetyl-~~,~~-di-~-tolu~l-2',3'-O-isopropylideneadenosine (25) 
5'-0-Acetyl-2' ,3'-0-isopropylideneadenosine (1.745 g,  5 mmol) 

was treated with p-toluyl chloride (3 g, 19 mmol) in pyridine (50 mL). 
Silica gel chromatography (2: 1 C6H6-EtOAc) afforded 2.75 g (94%) 
of a glassy solid (C6H6-ligr0in); uv A,,, (MeOH): 260 nm ( E  29 000), 
275 nrn (sh) ( E  27 000); 'H nmr data (100 MHz, CDC13) 6: 1.40 and 
1.63 (2s, 6H, 2 isopropylidene methyls), 1.98 (s, 3H, acetyl), 2.36 
(s, 6H, 2 p-toluyl methyls), 6.16 (d, IH, H-1', J 1 , , 2 ,  = 3 Hz), 8.17 
(s, lH,  H-8), 8.68 (s. lH,  H-2). Anal. calcd, for C31H3107N5: 
C63.58, H 5.34, N 11.96; found: C63.63,  H 5.39, N 11.71. 

2',3'-0-iso~ro~ylidene-N~-~-toluyladenosine (26) 
( 1 )  A solution of 1 (767.5 mg, 2.5 mmol) and 2.4,5-trichlorophenyl 

p-toluate (945 rng, 3 mmol) in pyridine (30 mL) was refluxed for one 
week. Thin-layer chromatography (EtOAc) showed the presence of 
two products as well as the starting material in the reaction mixture. 
The solution was concentrated to dryness and the residue was applied to 
a silica gel column. Elution with EtOAc afforded 220 mg (168)  of 
21. Compound 26 was eluted with 9: 1 EtOAc-MeOH, yield 5 10 mg 
(48%), mp 170- 17 1 "C (toluene); uv A,,, (MeOH): 255 nm (e  15 700). 
279 nm (e  21 900); ' H  nmr data (100 MHz, CDC1,) 6:  1.40 and 1.66 
(2s, 6H, 2 isopropylidene methyls), 2.44 (s, 3H, p-toluyl methyl), 6.06 
(d, lH, H-1', Jl,,z, = 4 HZ), 8.19 (s, IH, H-8), 8.76 (s, l H ,  H-2). 
Anal. calcd. for C21H2305N5: C 59.28, H 5.45, N 16.46; found: 
C 59.26, H 5.40, N 16.33. 

(2) A solution of 25 (500 mg, 0.85 mmol) in a mixture of EtOH 
(40 mL) and concentrated NH40H (20 mL) was left standing at room 
temperature for 1.5 h. The main product was isolated by silica gel 
chromatography (EtOAc), yield 210 mg (58%). Other minor products, 
which were eluted with 19:l to 9: 1 EtOAc-MeOH, were 5'-3-acetyl- 
2l.3'-0-isopropylideneadenosine (30 mg, 10%) and 1 (20 mg, 8%). 

5 '-0-(4,4'-dimetho,xytrit).l)-2 ' , 3  '-0-isopropylideneadenosine (28) 
To an ice-cooled solution of 1 (1.04 g, 5 mmol) in pyridine (50 mL) 

was added 4,4'-dimethoxytrityl chloride (1.8 g, 5 .3  mmol) portionwise 
during a period of 5 h, and the reaction mixture was left standing at 0°C 
overnight. An ice-cooled aqueous solution of NaHC03 was added and 
the products were extracted with CHC13. 

Thin-layer chromatography showed the formation of one main 
product, which was separated by silica gel chromatography (19:l 
EtOAc-MeOH), and obtained as a glassy solid from C6H6-ligroin. 
yield 1.6 g (53%), uv A,,, (MeOH): 234 nm ( E  25 000). 257 nm 
( E  15 800); l ~ n r n r d a t a  (100MHz, CDC13) 6: 1.41 and 1.63 (2s, 6H. 
2 isopropylidene methyls), 3.78 (s, 6H. 2CH30), 6.11 (d, lH ,  H-1 ', 
J l , , z ,  = 3 Hz), 7.90 (s, 1H, H-X), 8.23 (s, lH,  H-2). Anal. calcd. for 
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21 14 CAN. J .  CHEM. VOL. 64, 1986 

C34H350$\15: C 66.98, H 5.79, N 11.49; found: C 66.61, H 5.77, (95%) of 29 melting at 120-121°C was obtained. Anal. calcd. for 
N 11.36. CI4H9O2Cl3: C 53.28. H 2.87, C1 33.71; found: C 53.10, H 2.85, 

C133.69. 
Reaction of 23 with ZnBrz in p-dioxane 

A solution of 23 (1.63 g, 3 mmol) and ZnBrz (6.75 rnmol, 30 mmol) 1. K.  A N ~ A I  and J .  Uz~w.4. J .  0 % .  Chem. 49, 5076 (1984). 
in p-dioxane (75 mL) was left standing at room temperature overnight. 2. J .  UZAWA and S. TAKEUCH~. Org. Magn. Reson. 11,502 (1978). 
Aqueous NaHC03 was added and, after the precipitate of Zn(OH), was 3. M. FINLAY, J .  P. DEBIARD, A. GUY. D. MOLKO, and R. TEOUK. 
removed by centrifugation, the product was extracted with CHCI3. The Synthesis, 303 (1983). 
solution was concentrated to dryness and the residual material was 4. G. A .  M ~ R N ~  and R. FREEMAN. J .  Am. Chem. Sot. 101, 760 
crystallized from p-dioxane and ligroin to give 1.15 g (71 %) of 4.  (1979). 

5. K. ANZAI and J .  UZAWA. Nucleic Acids Symp. Ser. 15, 49 
2,4,5-Trichlorophenyl p-toluate (29) (1984). 

To a solution of 2,4,5-trichlorophenol(3.95 g, 20 mmol) in pyridine 6. G. A. MORRIS. J .  Am. Chem. Soc. 102, 428 (1980). 
(50 rnL) cooledat - 15°C was addedp-toluyl chloride (3.5 g, 23 mmol) 7. G.  W. BUCHANAN and M. J .  BELL. Can. J .  Chem. 61, 2445 
and the mixture was stirred at room temperature overnight. The (1983). 
pyridine was removed by evaporation and the residue was distributed 8. A. BAX. J .  Magn. Reson. 57, 314 (1984). 
between aqueous NaHC03 and EtOAc. After the organic layer was 9. A. BAX, C. NIU, and D. LIVE. J .  Am. Chem. Soc. 106, 1150 
washed with water, it was concentrated to dryness. From EtOH 6 g (1984). 
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Studies of azo and azoxy dyestuffs. Part 1 8 . ~  Kinetics and mechanism of the hydrolysis 
of 3- and 4-(pl-methoxyphenylazo)pyridines in aqueous sulfuric acid media 

ERWIN BUNCEL 
Department oJ Chemrstn , Queen's Unz~erszh , Kingston, Ont , Canada K7L 3N6 

AND 

IKENNA ONYIDO 
Department of Chemls tq ,  Unzverslt? of Ibadan, Ibadan, Nzgerla 

Recelved November 20. 1985 

ERWIN BUNCEL and IKENNA ONYIDO. Can. J .  Chem. 64, 21 15 (1986). 
The kinetics of hydrolysis of 4-(p'-methoxyphenylazo)pyridine, I ,  and its 3-isomer, 2, have been studied in moderately 

concentrated sulfuric acid media at 25°C. In all the acid solutions investigated, 1 reacted faster than 2; rate differences between 
the two compounds varied from ca. 1000-fold in the dilute region of acidity to ca. 250-fold in the more concentrated acid 
solutions. The observed first-order rate constants, k + ,  for both substrates exhibit a maximum, at ca. 42% H2SO4 and 47% 
H2S04 for 1 and 2 respectively. Activation parameters have also been determined. The pK, values for the second protonation 
equilibria of 1 and 2 have been evaluated and structures of the diprotonated species are discussed. Hydrolysis is shown to occur 
from the diprotonated substrates and two main mechanisms are operative. The first is an A-2 type mechanism, which involves 
rate-limiting attack of H 2 0  on the aryl carbon center giving delocalized transition states and intermediates in which the 
pyridinium and azonium functions are involved in charge delocalization. Subsequent transfer of a proton and detachment of 
the leaving group are fast processes. In the second A-SE2 type mechanism, nucleophilic attack and transfer of the proton are 
fast steps preceding the slow general acid catalyzed separation of the leaving group. The difference in reactivity of the two 
cornpounds is attributed to differences in extent of charge delocalization in the transition states of the reactions: for 1 both 
the pyridinium and protonated azonium functions are involved whereas for 2 only the azonium function participates in charge 
delocalization. 

ERWIN BUNCEL et IKENNA ONYIIIO. Can. J .  Chem. 64, 21 15 (1986). 
OpCrant a 25"C, dans un milieu modCrCment concentre en acide sulfurique. on a mesurC la cinetique de l'hydrolyse du 

(p-methoxyph&nylazo)-4 pyridine (1) et de son isomere en position 3 (2). Dans tous les milieux acides CtudiCs, le composk 1 
rCagit plus rapidement que le compose 2; les vitesses de reaction des deux composCs sont dans un rapport d'environ 1000 en 
milieu acide diluC et d'environ 250 dans des solutions acides plus concentrCes. Les constantes de vitesse du premier ordre qui 
sont observCes pour chacun des deux substrats (1 et 2) presentent respectivement un maximum a environ 42% et 47% en H2S04. 
On a aussi dCtermine les paramktres d'activation. On a CvaluC les valeurs de pK, pour le deuxieme Cquilibre de protonation des 
espkces 1 et 2 et on discute de la nature des espkces diprotonkes. On demontre que l'hydrolyse se produit a partir des substrats 
diprotonCs et que deux mCcanismes principaux sont en operation. Le premier est un mecanisme principaux sont en opCration. 
Le premier est un mecanisme du type A-2 impliquant une attaque, qui determine la vitesse de la rCaction, de H 2 0  sur le 
carbone de I'aryle conduisant B des Ctats de transition dClocalists et a des intermediaires dans lesquels les fonctions pyridinium 
et azonium sont impliqukes dans la dClocalisation de la charge. Un transfert subsequent d'un proton ainsi que le dCtachement du 
groupement nuclCofuge sont des processus rapides. Dans le deuxikme mecanisme de type A-SE2, une attaque nuclCophile et un 
transfert de proton sont deux Ctapes rapides prCcCdant la sCparation lente, soumise a une catalyse acide gCnCrale, du groupement 
nuclCofuge. On attribue les diffkrences de rCactivit6 des deux cornposCs B des differences dans I'etendue de la delocalisation de 
la charge dans les Ctats de transition des rCactions : dans le cas du compose I ,  tant le pyridinium que l'azonium proton6 sont 
impliquCs dans cette dClocalisation alors que, dans le cas du compose 2, seule la fonction azonium participe a la dClocalisation 
de la charge. 

[Traduit par la revue] 

The relative insensitivity of alkyl aryl ethers towards hydro- 
lysis in acid media is well known. Interestingly, however, when 
the aromatic ring is activated through phenylazo substitution, 
these ethers become susceptible to hydrolysis in acidic media. 
Following earlier observations of this phenomenon (2-4), 
Bunnett et al. (5-7) reported kinetic and mechanistic studies of 
such cleavages for several azo aryl ethers. There have been no 
studies reported so far in which the effect of pyridyl substitution 
on these processes has been examined, which is the subject of 
the present paper. 

Our original interest was the investigation of the spectro- 
scopic properties and protonation equilibria of some phenylazo- 
pyridines, in connection with studies of the mechanism of the 
acid catalyzed Wallach rearrangement of azoxyarene com- 
pounds (8). We observed. as part of another atudy ( 8 e ) ,  that 
4-(pt-methoxypheny1azo)pyridine. 1 ,  underwent hydrolysis 
even in mild acid at room temperature. We thought that a more 

'part 17: ref. 1. 

detailed study of this system would add to information available 
regarding the mechanism of such ether cleavages. As well, it 
was of interest to evaluate the effect of an additional protonation 
equilibrium, which could be anticipated in this and related 
processes. Accordingly we undertook a kinetic study of 1 in 
aqueous sulfuric acid media, as well as that of its isomer, 
3-(pl-methoxyphenylazo)pyridine, 2, which we report herein. 

Results 
Kinetics 

The kinetics of the hydrolysis of 1 and 2 were followed 
by monitoring spectrophotometrically the appearance of the 
products, 4- and 3-(p-hydroxypheny1azo)pyridines. These pro- 
ducts were formed quantitatively. The kinetic data, along with 
other relevant information, are assembled in Table 1 and 
presented graphically in Fig. 1. The pseudo first-order rate 
constants, k+, for both substrates pass through a maximum, at 
ca. 42 wt.% and 47 wt.% H2S04 for P and 2 respectively. 
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TABLE 1. Rate, equilibrium, and other relevant data for the hydrolysis of 1 and 2 in aqueous sulfuric acid media at 25OC 

H2S04 CSH+? C S ~ - d  CSH:'-~ CH-e k* 

Substrate (wt.%) Hoa U H ? O ~  CS + CSH+ CSH+ + CSH2'+ CSII- + CSH2z+ ( M )  x e  (5-'1 

"Values taken from the data of ref. 26. 
bValues taken from the data of ref. 27. 
'pKsH+ for 1 = 4.53 and 2 = 3.88 (see text). 
dpKsHz2+ for 1 = -3.20 and 2 = -3.38 (see text) 
'Values taken from the data of ref. 21. 

Similar maxima in moderately concentrated acid solutions were methyl ether, 3, and 4-(pl-sulfophenylazo)anisole, 4, in hydro- 
reported by Bunnett and Buncel (6) in their study of the chloric and perchloric acid solutions. In all the acid solutions 
acid catalyzed hydrolysis of 4-(p'-sulfopheny1azo)-1-naphthyl investigated, 1 reacted faster than 2. A rate difference of 

ca. lo3-fold was observed in the more dilute acid solutions but 

C H ~ O ~ N  
this difference decreased as the acidity of the medium increased. 

- R+ Activation parameters were also determined for some of the 

- acid solutions. Rate data at various temperatures as well as the 
corresponding activation parameters are given in Table 2. 

pKSH22+ Determination 
The basicity of the ring nitrogen in 1 and 2 ensures that these 

substrates are already fully monoprotonated in the pH range of 
acidity and hence the pK determination of interest in the present 
study was for the second protonation equilibrium: 

where SH+ and SH22+ represent the mono- and diprotonated 
forms of the substrates. 

A study of the protonation behaviour of the conjugate acid of 
2 gave the following results. Compound 2 has an absorption 
maximum (A,,,) at 351 nm in ethanol. In dilute aqueous acid, 
e.g. 2 wt.% H2SQ4, this maximum shifts to 367 nm and we 
ascribe this A,,, to the species 7 .  Between 2.0 and 28.4 wt.% 
H2SQ4 there were small changes in absorbance and in A,,, that 
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BUNCEL AND ONYIDO 21 17 

TABLE 2. Rate data at different temperatures and activation parameters" for the hydrolysis of 1 and 2 in different sulfuric acid media 

H2S04 k*1%8' k$'j3 kbw kb45 6' AGZ AH* AS* 
Substrate (wt. %) (s-l) (s-l) (s-l) (s- ' )  (kcal m o l l )  (kcal mol-' ) (eu) 

H2SO4 kG25" k,,,340 k h a  30 AG* AH+ ASz 

Substrate (wt. 5%) (s f1)  wl)  (s-l) (kcal mol-I) (kcal mol-I) (eu) 

"At 25°C. 
bData obtained at 45°C 

FIG. 1.  Plots of log k,,, versus % HHzS04 for the hydrolysis of 1 (0) 
and 2 (@) at 25°C. Points are experimental; lines are calculated from 
eq. [7] with r = 3 using log k2 values derived from plots in Flg. 5 .  

could not readily be correlated with the acidity of the medium. 
This may be due to a medium effect, as such effects have been 
noted previously (6, 9, 10). In the region 36.4-65.2 wt.% 
H2S04, the spectra (not shown) showed regular behaviour 
consistent with decreasing concentration of the species with 
A,,, at 367 nm and increasing concentration of a new species 
with A,,, 465 nm. The peak at 465 nm is attributed to the 
diprotonated substrate, 8.  The pKsH22+ was evaluated using the 
Davis-Geissman method (12). The relevant data are presented 
in Table 3. A plot of A465 - A367 versus No (not shown) gives 
the usual sigmoid curve from which the pKsH,z+ value of - 3.38 
was obtained. It is interesting to note that th:ls value is similar 
to the value of -3.35 obtained by the same procedure for 
3-(p'-hydroxypheny1azo)pyridine (1 I ) ,  the hydrolysis product 
of 2. It should also be noted, however, that the Ho function may 

TABLE 3. Absorbance data for 2 as a function of 
H o  for determination of pKsHZl- 

H a  A367a ~ 4 6 5 ~  (A465 - A367)' 

"Absorbance at A,,, of monoprotonated species, 7. 
bAbsorbance at A,,,, of diprotonated species, 8.  
'Absorbance differences used to determine pKsH,2+ 

value by the Davis-Geissman method (see ref. 12). 

not strictly be applicable to this protonation equilibrium (vide 
infra), although its use is not expected to lead to a significant 
error while facilitating comparison with previous studies. 

The pKsH2z+ of 1 was not measured as it hydrolysed much 
more rapidly than 2 in acidic solutions. Although an extrapola- 
tion procedure could perhaps be used to estimate its pKsH,?+ 
value, this was not attempted; rather the close similarity 
between the pKsH,2c value of 2 and that of its phenolic product 
led us to assume that the pKsH,:+ of 1 would be very similar to 
that of 4-(p'-hydroxyphenylazo)pyridine. i.e. -3.20 (11). 
Such an assumption seemed quite reasonable, as the replace- 
ment of H by a CH, group would not be expected to have a 
profound effect on the second protonation equilibrium of 
4-(pl-hydroxypheny1azo)pyridine. 

The pKsH2+ of 1 was measured to be 4.53 (8e), and the 
pKsHZ+ of 2 was estimated to be 3.88 by analogy with the 
pKsHz+ of 3-(p'-hydroxypheny1azo)pyridine (1 1). 

Discussion 
In this study, the rate of hydrolysis of 1 was determined in the 

region 1.80-60.09 wt.% HH2S04, while 2 was studied in the 
range 8.27-65.17 wt. % H2SO4. The pKsH12+ values of these 
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substrates indicate that in this region of acidity, substantial 
amounts of the substrates exist in their diprotonated forms. Any 
mechanism that is proposed for the hydrolysis must therefore 
include consideration of such diprotonated species. 

Protonation equilibria 
The equilibria for the second protonation of % and 2 are given 

in eqs. El] and [2], which include the principal resonance 
structures of the various species involved for purposes of 
subsequent discussion. It is noted that in principle the second 
protonation could occur on either nitrogen of the azo function 
and hence 9 and 18 may be envisaged as alternatives to 

the structures of the diprotonated species of the substrates 
represented as 6 and 8. However, the resonance forms 9b  and 
Boa, corresponding to 6b and 8n respectively, are deemed to 
be destabilizing due to accumulation of charges, and hence 6 
and 8 are preferred. The ensuing discussion will thus consider 
the involvement of the latter species in the various mechanistic 
schemes. 

The pK values for the protonation of the azo nitrogen in 1-4 
are listed in Table 4, with the value for p-hydroxyazobenzene, 
11. (eq. [ 3 ] )  being given for comparison. One uiould not expect 
a large effect on the basicity of the azo function when a CH3 
group replaces H; thus introduction of the pyridinium function 
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BUKCEL AND ONYIDO 

into 11 lowers the basicity of the azo nitrogen by ca. 
2.5 pK units. This difference, representing a AAGO value of 
3.4 kcal, reflects the effect of protonation of an azo nitrogen 
when this is linked to an aromatic ring that already bears a 
positive charge. 

Mechanism of hydrolysis 
Hydrolysis of diverse substrates in acid solutions has gener- 

ally been discussed in terms of three mechanisms, as follows. 
1. The A-1 mechanism involves equilibrium protonation of 
the substrate S to give the protonated substrate SH', which 
decomposes unimolecularly in the rate-limiting step to give an 
intermediate X'; this intermediate reacts rapidly with water to 
give the products. 2. The A-2 mechanism involves again a rapid 
pre-equilibrium to give SHf but this is attacked by water in thc 
rate-limiting step. 3. In the A-SE2 mechanism, transfer of the 
proton either to the substrate or from the protonated substrate 
constitutes the rate-determining step. 

In the systems under investigation, some of these mechan- 
isms can be rejected or favoured on theoretical grounds and (or) 
other considerations. Thus the A-l  mechanism of hydrolysis is 
untenable for our substrates on energetic grounds in view of the 
fact that the CH3+ cation that would result in the rate-limiting 
step is a very high energy species. This leaves the A-2 and 
A-S,2 mechanisms for further consideration. 

Secondly, the reactive species could in theory be the 
monoprot&nated substrates 5 and 7, the diprotonated substrates 
4 and 8 ,  or even triprotonated species involving 0-protonation 
as well. Reaction from the monoprotonated substrates cannot 
account for the increase in rate observed with increasing acidity, 
since the substrates are already fully monoprotonated in the pH 
region. On the other hand, reaction from a triprotonated species 
is unlikely on the following grounds. ( i )  Normal ether hydro- 
lysis proceeds by way of a pre-equilibrium oxygen protonation 
and one might reasonably assume that the substrates 1 and 2 
would hydrolyse in a similar way. The pKsH7z- measurements 
discussed above provide experimental evidence for the exis- 
tence of diprotonated species in which the two protons are 
attached to the pyridine and azo nitrogens. The structures 
contributing to the diprotonated species for the two substrates 

TABLE 4. pK, values for the protonation of the 
azo function in compounds 1-4 and 11 

Compound P K ~  

1 -3.20" 
2 -3.38, -3 .35b 
3 -0.74' 
4 -1.56', -1.45" 

11 - 0 . 9 3 ~  

"This is an estimate of the pKsH1'- of 1, based on 
an analogy with the pKsHl'- of 4-(p'-hydroxyphenyl- 
azolpyridine, taken from ref. 11. 

"Value for the hydrolysis product of 2.  taken from 
ref. 11. 

"Values taken from ref. 6. 
'Values taken from ref. 13 

are shown in eqs. [ I ]  and [2] and it is evident that the ether 
oxygen is depleted of charge density through resonance so that 
further protonation on oxygen is unlikely. (ii) A three-proton 
mechanism would demand rates of reaction that would increase 
throughout the entire range of acidity studied; this is contrary to 
the kinetic results, which actually show a downturn in k+ in the 
higher acid concentration range. 

A third question that should be addressed is whether attack by 
water as the nucleophile occurs on the alkyl or on the aromatic 
carbon center. We favour attack on the aromatic carbon on the 
following grounds. ( i )  There is experimental evidence from 
''0 studies that the aryl-oxygen bond is the one broken in the 
hydrolysis of 4 in HCl solutions (7), and since 1 and 2 are 
structurally similar to 4, it is reasonable to assume that they 
undergo the same kind of bond rupture. ( i i)  Attack on the aryl 
carbon is actually an activated aromatic nucleophilic substitu- 
tion (SNAr) reaction and would involve structurally favoured 
intermediates (as shown in Schemes 1 and 2) with the azonium 
and pyridinium functions providing the activation by serving as 
electron sinks. Our discussion of mechanism will therefore 
focus on A-2 and A-SE2 mechanisms of the SNAr type involving 
diprotonated substrates. These mechanisms are given in Schemes 
1 and 2 and are considered in detail below in terms of rate 
correlations that can be derived using established criteria of 
mechanism. 

Rate correlations 
(a) Edward-Meacock acidity function correlations 
Rate maxima of the type observed in the present study have 

been reported in the acid hydrolysis of amides, for which the 
mechanism is believed to be of the A-2 type (14). Edward and 
Meacock (14c) utilized the expression of eq. [4] to draw 
theoretical curves correlating rates with acidities and these 
showed satisfactory fit with experimental data for the hydrolysis 
of benzamide, p-methoxybenzamide, and p-nitrobenzamide. 

They also found that the acid concentrations corresponding to 
the maximum rates were in accord with the pK, values of the 
amides. However, our attempts to employ this method to test for 
the A-2 mechanism with our substrates led to theoretical curves 
that deviated considerably from experimental data, although the 
acid concentrations corresponding to the maximum rates were 
coincident for the experimental and theoretical curves. The 
Hammett acidity function is included in eq. [4] and it is possible 
that the inherent assumption about the activity coefficient 
behaviour of the monoprotonated substrates and transition states 
(15) does not hold in our system, which involves attack by H 2 0  
on diprotonated species. 

'1t has been pointed out by a referee that, in Scheme 2, the addition 
of H20 to 6 might be subject to general base catalysis, analogous to 
the general acid catalyzed detachment of CH30H from 15. This has 
not been included in Schcmc 2 owing to the difficulty of establishing 
satisfactory criteria for such a process in moderately concentrated acid 
solutions. We thank the referee for drawing attention to this possible 
ambiguity. 
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slow 
6 (sH~'+) + H z 0  d 

fast 
14 (PHZ2+) + H 2 0  

H 

15 (pH+) 

SCHEME 1. A-2 mechanism for azo ether hydrolysis 

(b )  Bunnett-Olsen 4 parameter treatment 
The Bunnett-Olsen linear frcc energy relationship (LFER) 

method for correlating rates in moderately concentrated mineral 
acids (16-18) has been used successfully by various workers, 
although the method was subsequently modified by Lucchini 
et al. (19). In its original form, for moderately basic substrates 
the relevant expression for an A-2 reaction is given by eq. [ 5 ] .  

[ 5 ]  log k* - log C ~ ~ 2 2 +  

CSH+ + CSHZ:- 

Plots according to eq. [5]  shown in Fig. 2 are curved, with 
initial slopes of 0.2 for both substrates increasing to 1.1 and 
0.7 for 1 and 2 respectively. These plots deserve further 

consideration. It has been pointed out by Lucchini et al. (19) 
that eq. [ 5 ]  does not include the nucleophile activity, as would 
be required in an A-2 type reaction. However, the plot involving 
one molecule of water is also curved, as shown in Fig. 3. Cox 
and Yates (20) have pointed out that such a modification of the 
Bunnett-Olsen LFER as suggested by Lucchini et al. (19) 
closely resembles their excess acidity method, and further 
showed that H ,  + log cH+ = -X. This is considered further 
below. 

( c )  The Cox-Yates excess acidity method 
The Cox-Yates method for correlating rates using the 

concept of "excess acidity" or X-functions (21) has been 
employed to establish the mechanisms of the acid hydrolysis of 
diverse substrates (20-22). This method has not so far been 
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K 
6 (§Hz2+) + H 2 0  -- 14 ( P H ~ * + )  

fast 

14 ( P H ~ ~ + )  + H 2 0  ' 15 (pHt )  + HiOi 
fast 

SCHEME 2. A-SE2 mechanism for azo ether hydrolysis 

extended to the hydrolysis of alkyl aryl ethers and it is of interest 
to employ the method for our substrates 1 and 2 and also to 
check its validity for the substrates 3 and 4 whose mechanism of 
hydrolysis has been established by Bunnett and Buncel (6. 7). 

For the A-2 mechanism of Scheme 1,  eq. [6] is derived. One 
would expect that on plotting the LHS of 161 against X for an 
A-2 process, a downward curve would result (20). Such curves 
are indeed obtained for 1 and 2, as shown in Fig. 4. Different 
r log U H ~ O  values are then subtracted from the LHS until 
linearity is achieved, such that eq. [6] transforms to [7] .  

# 
S ~ O W  

IS (PH') + HA 
kc, 

CSHZ2- [6] log k+ - log 
CSH+ + C ~ ~ 2 2 a  

- 
HO - ON\+ ,-,6+ 

c H ~ O '  , N ~ H  

" H' 

I 

A 
L - 

= (m* - l )m*X + r log U H , ~  + log kz 

[7] log k* - log C ~ ~ 2 2 -  

- lo& a ~ 2 0  
CSH+ + C ~ ~ 2 2 +  

= (m* - l )m*X + log k z  

The resulting plots are shown in Fig. 5 .  Linearity is achieved 
with r = 3 over the entire range of acidity for 2, while a break 
occurs at ca. 42 wt.% H2SO4 for 1. The magnitude of the slope 
parameter mi offers mechanistic information; in particular, for 
the A-2 mechanism presently under consideration, m* - 1 is 
expected (20). Values of m* calculated from the slopes by 
using m* values obtained from protonation data indicate that 2 
(mi = 1.3) reacts by the A-2 mechanism over the entire 
range of acidity, whereas 1 (m* = 1 . l )  reacts by the same 
mechanism up to ca. 42 wt. % &So4 where there is a break in 
the plot. Using the values of log k2 derived from the plots in Fig. 
5 ,  log k,,, can be calculated for both substrates. The theoretical 
curves obtained from such calculations are shown in Fig. 1 and 
it is clear that there is agreement between the theoretical and 
experimental curves for 2 over the entire range of acidity 
studied. The deviation of the theoretical curve from the 
experimental for 1 in the more concentrated acid solutions 
suggests that this substrate reacts by a different mechanism in 
this region of acidity. 

In their study of the hydrolysis of 3 and 4, Bunnett and Buncel 
(6,7) showed that attack by water occurs on the aromatic carbon 
and that the substrates react by an A-SE2 mechanism involving 
general acid catalysis of leaving group departure. The reaction 
sequence for compounds 3 and 4 differs from the mechanism of 
Scheme 2 applicable to 1 and 2 in the sense that reaction occurs 
from the monoprotonated forms of these substrates. For the 
mechanism of Scheme 2, eq. [8] is derived for 3 and 4. Since 
asH+ = a s  aH+ / KSH+, eqs. [9] and [lo] result and hence a plot 
of the LHS against X should be linear with slope = rn'rn*. 
Values of m* have been calculated from the original data (6, 7) 
of these workers to be ca. 0.9. 

FIG. 2. Bunnett-Olsen plcts for the hydrolysis of 1 (0) and 2 (0) 
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FIG. 3. Bunnett-Olsen plots for the hydrolysis of 1 (0) and 2 (@) 
assuming an A-2 mechanism involving one H 2 0  molecule. 

Application of eq. [ lo]  to the data for 3 and 4 gives reasonably 

good straight lines, as shown in Fig. 6 ,  and values of m' of 0.5 
and 0.8 for 3 and 4, respectively, lie within the limits of 0 and 
1 expected for rate-limiting proton transfer (20). The agree- 
ment of the conclusions obtained from these plots with the 
mechanism proposed by Bunnett and Buncel (6, 7) based on 
w-values gives further confidence to the conclusion that the 
Cox-Yates method is a valid criterion of mechanism in azoether 
hydrolysis. 

Similar plots for the A-SE2 mechanism can be made for our 
substrates 1 and 2 allowing for a second protonation equili- 
brium, and hence eq. [ lo]  transforms to [l I] .  

[ l l ]  log k+ - log CSH- 
- log CH- - 2 log a H 2 ~  

CSH+ + CSH22+ 
= log k '  + m*m*X 

The plots are displayed in Fig. 7. The plot for 2 is linear over the 
entire range of acidity with m* = 1.1. For 1 there is a break in 
the plot with an initial value of m* = 1.1, which then changes 
to 0.6.  These values of m* suggest that 2 does not react by an 
A-SE2 mechanism over the entire range of acidity, whereas 1 
reacts by this mechanism beyond 42 wt%. &SO4. 

The M ,  function of Marziano, Passerini, and co-workers (23) 
is analogous to the X function of Cox and Yates (20) and the 
same mechanistic conclusions as drawn by use of X can also be 
reached using M ,  values. 

Evaluation of mechunisms 
Having applied several mechanistic criteria in relation to the 

present study, we can now evaluate the results of these 
treatments. In the A-2 mechanism, if the involvement of 3 water 
molecules as indicated by the Cox-Yates excess acidity method 
is assumed, then the Bunnett-Olsen LFER method leads to 
eq. [12] as the relevant expression. Plots (not shown) according 
to eq. [12] closely parallel the plots of Fig. 5 and the 
same mechanistic conclusions can be reached. If an A-SE2 
mechanism is assumed, the relevant expression is eq. [13] and 
once again the plots (not shown) obtained according to these 

[12] log k* - log C ~ ~ 2 2 +  

CSHi + CSH2'~ 

-1 
-6 I I I 

0 1.0 2 : 0 3.0 4.0 
X 

FIG. 4. Cox-Yates plots for the A-2 mechanism of hydrolysis for 1 (0) and 2 (@I. 
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BUNCEL AND ONYIDO 

FIG. 5. Cox-Yates plots for the A-2 mechanism of hydrolysis ~nlolving 3 H 2 0  molecules for 1 (0) and 2 (@). 

[13] log k ,  - log L ~ ~ +  
- log CH- - 2 log aHLo 

C ~ ~ -  + C ~ ~ 2 ' -  
= (++ - $ e ) ( H o  + log CH-)  + log k '  

equations are similar to the plots of Fig. 7 (eq. [ I  I]) .  We infer 
that the breaks in the plots for 1 imply a change of mechanism 
in the reaction of this substrate, from A-2 to A-SE2. 

Values of the slope parameters ($+ - $,) for both substrates 
are set out in Table 5 ,  along with those for 3 and 4, whose 
reactions are known to proceed by the A-SE2 mechanism. 
According to Arnett and Scorrano (24) and Modena and co- 
workers (25), +, values range from + 1.0 to - 1.6 depending 
on the type of cationic species formed on protonation and the 
degree of interaction with the solvent, particularly when the 
cation is small and the positive charge is localized. The negative 
values of the slope parameters (++ - 4,) for all the substrates 
indicate that the transition states are in all cases less solvated 
than the initial states. 

The detailed mechanism for the A-2 reaction as set out in 
Scheme 1 would involve 3 molecules of water as indicated by 
the Cox-Yates excess acidity method demonstrated above. This 
is best represented by the transition states, 18 and 19, for the 
reactions of B and 2, respectively. In 18, the electrons from 
the incoming nucleophile are delocalized into the pyridinium 
moiety. As this is not possible in 19, the transition state for the 
reaction of 1 is better stabilized than that for 2. The requirement 
for three water molecules stems from the need for one to act as 
nucleophile and two to provide solvation as the nucleophilic 
water acquires a positive charge. It can be pointed out that the 
idea of 3 Hz0  molecules being involved in hydrolysis reactions 
has precedent. Thus Cox and Uates have shown that the A-2 
reaction of benzamide and some benzimidium ions in dilute acid 
involves 3 Hz0 molecules (14d). Similarly, an A-2 mechanism 
involving 3 H 2 0  molecules has also been implicated in the 
hydrolysis of thioacids (21). 

FIG. 6. Cox-Yates plots for the A-SE2 mechanism of hydrolysis of 
3 (0) and 4 (@). 

Scheme 2 gives the A-SE2 mechanism that is believed to hold 
for 1 in media >42 wt.% 'czSQ4. This is essentially a general 
acid catalyzed detachment of the leaving group in which the 
catalytic entities are the various acidic species present in 
solution. 

The activation parameters displayed in Table 2 show that in 
all cases AH+ for 1 is less than that for 2. This reflects the lower 
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FIG. 7 .  Cox-Yates plots for the A-SE2 mechanism of hydrolysis of I (0) and 2 (@) 

TABLE 5.  Summary of the slope parameters (4, - +,) for hydrolysis 
of the azoaryl ethers 1-4 

Substrate 

Parameter 1 2 3" 4 a 

"Calculated from the original data given in ref. 6.  
"Values for A-2 mechanism. 
'Values for A-SE2 mechanism. 

aqueous HC1 media. 

activation provided by a 3-azopyridinium function compared 
with a 4-azopyridinium group. Comparison of the contributing 
resonance structures of 8 for the 3-isomer with those for 6 for 
the A-isomer clearly shows that there is charge delocalization 
into the pyridinium moiety for the 4-isomer that is not readily 
available for the 3-isomer. Both AH* and ASS varv in a more 
or less compensating manner. The large negative values of 
AS* indicate ordered transition structures for the reactions of 
both substrates in accord with charge development in the 
transition state and the consequent electrostriction of solvent 
molecules. 

Finally, it would be of interest to compare reactivity in the 
pyridinylazo and phenylazo series. Such comparison should be 
meaningfully restricted to 1 and 2 versus 4 since replacement 
of a phenyl group by naphthyl is known to have a large effect 
on reactivity (6). A strict comparison is difficult since reactions 
in the two series were studied in different acid media and at 

widely different temperatures, and in all cases reaction rates 
vary with medium acidity. These restrictions are further 
heightened by sulfo substitution in 4, which is absent in the 
pyridinylazo compounds. However, an estimate of reactivity 
differences can be made after extrapolation of data to CH- = 1 M 

and a common temperature. Under these conditions, P reacts 
ca. lo4 times faster than 4 while 2 reacts only 20 times faster, 
thereby highlighting the powerful activating influence of an 
aza substituent when situated in a position where it can 
conjugatively interact with the reaction centre. 
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Conclusions 
T h e  main conclusions that can be  drawn from the above 

discussion are as follows: 
1. Compound 1 reacts by  the  A-2 mechanism (Scheme 1) in 

acidities less than 4 2 %  H2SO4,  while at higher acidities the 
mechanism changes to  A-SE2 involving general acid catalysis 
of leaving group departure (Scheme 2).  Compound 2, o n  the 
other hand, reacts by  the A-2 mechanism over the entire range 
of acidity studied. 

2. The A-2 reactions of  these substrates involve 3 H 2 0  
molecules in the transition state. 

3. Introduction of  a protonated azopyridinyl moiety decreases 
the basicity of  the azo  nitrogen relative to  an azophenyl group by 
ca. 2 .5  p K  units. 

4. An estimate of  reactivity differences indicates that 1 reacts 
ca. lo4 times faster than 4 while 2 reacts only 2 0  times faster. 

Experimental 
pKSH22+ Determination 

The pKsll,2+ of 2 was determined as follows. Aliquots of 3 pL of a 
stock solution of 2 in ethanol (2.89 X M) were injected into 
2.5 mL of the different acid solutions contained in a 1-cm cuvette and 
the spectra were recorded with distilled water as the reference on a 
Perkin-Elmer Lambda-5 spectrophotometer. Results are given in 
Table 3. An estimate of the pKsH2.- of 1 was made by analogy with the 
close similarity of the pKSH22+ of 2 and its hydrolysis product. 

Materials 
Sulfuric acid solutions were made up with distilled water and 

concentrated sulfuric acid (Fisher Reagent Grade) and standardized by 
titration. 

Compound 2 was prepared by diazotization of 3-aminopyridine and 
coupling with phenol. The yellow precipitate of 3-(p1-hydroxypheny1- 
azo)pyridine was washed thoroughly with water and recrystallized 
from ethanol, mp 220°C (lit. (1 1) mp 222°C). The compound was 
methylated by dissolving 0.65 g in 60 mL of 2 M methanolic H2S04 
and refluxing under N2 for 30 h. Progress of methylation was followed 
through uv-visible spectroscopy by withdrawing samples of the 
reaction mixture at various intervals, quenching in excess NaOH. 
and observing the disappearance of the peak at 443 nm (A,,, of the 
conjugate base of the azophenon and the growth of the peak at 353 nm 
(A,,, of 2 in basic solution). The reaction mixture was neutralized 
by addition of 120 mL of ice-cold 10% NaOH solution and extracted 
with three 100-mL portions of ether. The ether was distilled off and 
the resulting material purified by preparative tlc (ben2ene:acetonitrile 
24:l) .  The orange solid was recrystallized from methanol and dried 
in vacuo, mp 69-70°C, yield 0.40 g (62%); h,,,,,(~) in EtOH: 351 nm 
(27 600 M-' cm-I). Anal. calcd. for C9Hl ,ON3: C 67.59, H 5.20, 
N 19.278; found: C 67.20, H 5.21, N 19.40%. 

Although 1 was previously prepared in low (5%) yield from 
p-nitroanisole and 4-aminopyridine @a), we have since found that by 
employing the method given for 2 above, with the modifications of 
keeping the reaction rnixture at 60°C and using 0.1 M methanolic 
H2S04 as the methylating medium, the reaction was complete in 4 h 
with 67% yield. 

Kinetics 
The rates of formation of products were monitored spectrophoto- 

metrically. Slow reactions were followed mainly by the "indirect 
method," as follows. The substrate (ca. 1.5-2 mg) was weighed into 
a 25-rrL volumetric flask and 50 FL of ethanol was added to aid 
solubility. Both the acid solution and the volumetric flask were placed 
in a thermostat to attain temperature equilibrium. Reaction was 
initiated by introducing 25 mL of the acid solution by means of a rapid 
delivery pipette. Aliquots (1 mL) were withdrawn at various intervals 
by means of a rapid delivery pipette and quenched in 20 mL of ca. 3 M 
NaOH solution containing ethanol in a 25-mL volumetric flask 

previously cooled in ice. At the end of the kinetic run the flasks were 
made up to mark and spectra of the quenched solutions were recorded 
by the overlay method on a Beckman DU-8 spectrophotometer. 

For faster reactions the "direct method" of follow in^ the reaction 
L- 

was employed. A sample of the acid solution was placed in a 1-cm 
cuvette and thermostatted in the cell compartment of either a Beckman 
DU-8 or Beckman Acta IV spectrophotometer. Reaction was initiated 
by injecting 3-6 p L  of the stock solution of the substrate (ca. (2.75- 
3.0) x lo-' M in ethanol) into the acid solution, and the cuvette was 
shaken to ensure homogeneity. Depending on the rate of the reaction, 
data were collected either by the overlay method or at a fixed 
wavelength. 

All rate constants were calculated by plotting In ( A ,  - A,)  versus 
time. Excellent linearity was obtained in all cases. 

Acknowledgements 
W e  thank the Natural Sciences and Engineering Research 

Council of Canada for a grant and a C I D A I N S E R C  Research 
Associateship to one  of us  (1 .0 . ) .  Preliminary experiments by 
S. R .  Keum and S .  Rajagopal and discussions with Dr .  R .  A .  
Cox are also acknowledged. 

1. E. BUNCEL, S. R.  KEUM, M. CYGLER, K. I .  VARUGHESE, and 
G. I. BIRNBAUM. Can. J. Chem. 62, 1628 (1984). 

2. 0. N.  WITT and C .  SCHMIDT. Ber. 25, 1013 (1892). 
3. (a) W. BORSCHE, W. MULLER, and C. A. BODENSTEIN. Ann. 

472, 201 (1929); (6) K. H. T .  PFISTER. J .  Am. Chem. Soc. 54, 
1521 (1932). 

4. J. B. MULER, L. BLANGEY, and H. E. FIERZ-DAVID. Helv. 
Chim. Acta, 35, 2579 (1952). 

5. J. F. BUNNETT and G.  B. HOEY. J .  Am. Chem. Soc. 80, 3142 
(1958). 

6. J .  F. BUNNETT and E. BUNCEL. J .  Am. Chem. Soc. 83, 1117 
(1961). 

7. J. F. BUNNETT, E. BUNCEL, and K. V. NAHABEDIAN. J. Am. 
Chem. Soc. 84, 4136 (1962). 

8. ( a )  E. BUNCEL. ACC. Chem. Res. 8, 132 (1975); (b) R. A.  Cox 
and E. BUNCEL. J. Am. Chem. Soc. 97, 1871 (1975); (c) 
E. BUNCEL and S. R.  KEUM. J .  Chem. Soc. Chem. Commun. 
578 (1983); (C) E. BUNCEL, S .  R. KEUM, M. CYGLER, K .  I .  
VARUGHESE, and G.  I. BIRNBAUM. Can. J. Chem. 62, 1628 
(1984); ( e )  E. BUNCEL and S. R. KEUM. Tetrahedron, 39, 1091 
(1983). 

9. L. A. FLEXSER. L. P.  HAMMETT, and A. DINGWALL. J. Am. 
Chem. Soc. 57, 2103 (1935). 

10. H. H. JAFFE and R. W. GARDNER. J. Am. Chem. Soc. 80. 319 
(1958). 

11. S. R. KEUM. Ph.D. Thesis. Queen's University, Kingston. 1982. 
12. C. T. DAVIES and T. A.  GEISSMAN. J. Am. Chem. Soc. 76,3507 

(1954). 
13. W. M. J .  STRACHAN, A. DOLENKO, and E. BUNCEL. Can. J. 

Chem. 47, 3631 (1969). 
14. (a) V. K. KRIEBLE and K. A. HOLST. J .  Am. Chem. Soc. 60, 

2976 (1938); (b) J. T. EDWARD, H.  P. HUTCHISON, and S .  C. R. 
MEACOCK. J .  Chem. Soc. 2520 (1955); (c) J. T.  EDWARD and 
S. C. R. MEACOCK. J .  Chem. Soc. 2000 (1957); (d) R. A.  Cox 
and K. YATES. Can. J. Chem. 59, 2853 (1981). 

15. K. YATES. Acc. Chem. Res. 4, 136 (1971). 
16. J. F. BUNNETT. J. Am. Chem. Soc. 83, 4956 (1961); 83, 4968 

(1961); 83,4973 (1961); 83,4978 (1961). 
17. (a) D. S. NOYCE and M. J. JORGENSON. J .  Am. Chem. Soc. 85, 

2427 (1963): (b) J. R. B U C H H ~ L Z  and R.  E. POWELL. J. AI I~ .  
Chem. Soc. 85, 509 (1963). 

18. J .  F. BuNNETrandF. P. OLSEN. Can. J .  Chem. 44, 1917 (1966). 
19. V. LUCCHINI, G.  MODENA, G. SCORRANO, and U. TONELLATO. 

J .  Am. Chem. Soc. 99, 3387 (1977). 
20. R. A. Cox and K. YATES. Can. J. Chem. 57, 2944 (1979). 
21. R. A. Cox and K .  YATES. J .  Am. Chem. Soc. 100,3861 (1978). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2126 CAN. J. CHEM. VOL. 64. 1986 

22. R. A. Cox and K.  YATES. Can. J. Chem. 60. 3061 (1982). 25. A. LEVI, G. MODENA, and G. SCORRANO. J. Am. Chem. Soc. 96, 
23. (a) N. C. MARZIANO, G.  M. CIMINO, and R. C. PASSERINI. J .  6585 (1974). 

Chem.Soc.PerkinTrans.2,1915(1973);(b)N.C.M~~~1~~0, 26. C.D.JOHNSON,A.R.KATRITZKY,~~~S.A.SHAPIRO.J.A~. 
P. G. TRAVERSO, and R .  C. PASSERINI. J .  Chem. Soc. Perkin Chem. Soc. 91, 6654 (1969). 
Trans. 2, 306 (1977); ( c )  N. C .  MARZIANO, P. G.  TRAVERSO, 27. W. G. GIAUQUE, E. W. HORNUNG, J .  E. KUNZLER, and T. R. 
A. TOMASIN, and R. C. PASSERINI. J. Chem. Soc. Perkin Trans. RUBIN. J. Am. Chem. Soc. 82, 62 (1960). 
2, 309 (1977). 

24. E. M. ARNETT and G.  SCORRANO. Adv. Phys. Org. Chem. 13.83 
(1976). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Dissolution enthalpy of NaCl in aqueous nonelectrolyte solutions at 298.15 K. Analysis of 
electrolyte-nonelectrolyte enthalpic pair interaction coefficients in aqueous solution 
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HENRYK PIEKARSKI. Can. J .  Chem. 64, 2127 (1986). 
Enthalpies of solution of NaCl in aqueous solutions of isopropanol, s-butanol, 2-methoxyethanol, 2-ethoxyethanol, acetone, 

and N,N-dimethylformamide were measured. The results of enthalpy measurements were analyzed from the point of view of the 
effect of added nonelectrolyte on water structure, and enthalpic pair interaction coefficients h,, {(Na' + C1-)-nonelectrolyte} 
were calculated and compared with appropriate data for (Na' + I-)-nonelectrolyte pairs. The group additivity concept appeared 
to be useful for the analysis of calculated h,, coefficients. The correlations between h,, and the functions characterizing different 
properties of the solutes under study were examined. It was shown that the correlation with the heat capacity of transfer of the 
nonelectrolyte molecule from the vapour phase to high dilution in water was the most promising. The interpretation of observed 
correlations was proposed. 

HENRYK PIEKARSKI. Can. J. Chem. 64, 2127 (1986). 
On a mesurC les enthalpies de solution du NaCl dans des solutions aqueuses d'isopropanol, de s-butanol, de mCthoxy-2 

Cthanol, d'Cthoxy-2 Cthanol, d'acetone et de N,N-dimCthylformamide. On a analysC les rtsultats des mesures d'enthalpies en 
fonction de l'effet de I'addition d'Clectrolytes sur le structure de l'eau; de plus, on a calculC les coefficients d'interaction entre les 
paires enthalpiques [h,,{(NaL + C1)-nonelectrolyte}] et on les a cornparks avec les donnCes appropriCes relatives aux paires 
(Na+ + I)-nonelectrolyte. Le concept d'additivitk de groupe semble utile pour I'analyse des coefficients h,, calculCs. On a 
examink les corrClations qui existent entre h,, et les fonctions qui caractkrisent les diverses propriCtCs des solutes CtudiCs. On a 
dCmontrC que la corrClation avec la capacitC calorifique de transfert de la molCcule nonClectrolyte de la phase vapeur a une grande 
dilution dans I'eau est celle qui offre le plus de promesses. On propose une interpretation des corrilations observtes. 

[Traduit par la revue] 

Thermochemical properties of electrolyte solutions in the 
mixtures of water with nonelectrolytes are frequently studied 
in many scientific centres. The obtained results are explained 
from the point of view of mixed solvent structure as well as 
solute - mixed solvent interactions. Enthalpic pair interaction 
coefficients between the solute and cosolvent in solvent water 
are often regarded as a measure of the interactions that 
can appear in these systems (1). As it is known the above 
mentioned coefficients can be  calculated among others from 
experimentally determined enthalpy of transfer of the solute 
from water to  water-cosolvent mixture ( 2 ,  3). From the 
numerous papers devoted to the analysis of the pair interaction 
coefficients, the most refer to the nonelectrolyte-nonelectrolyte 
pairs. Only a few papers concern the interactions between an 
electrolyte and a nonelectrolyte. One  of them is a previous 
publication, prepared in our laboratory, that presents the 
systematic investigations of enthalpic pair interaction coeffi- 
cients between NaI and different nonelectrolytes (4). The data 
related to other electrolytes (e.g. NaCl ( 5 ) ,  Bu4NBr ( 6 ) ,  CaC12 
(7)) are only fragmentary. Such situation hampers explicit 
interpretation of discussed coefficients and drawing of more 
general conclusions concerning the impact of different factors 
on h,, values. 

In order to fill this gap at least partly. there were performed 
thermochemical investigations of NaCl solution in mixtures 
of water with isopropanol, s-butanol, 2-methoxyethanol, 2- 
ethoxyethanol, acetone, and N,N-dimethylformamide, within 
the range of small organic component content. The above 
mentioned systems have not been examined calorimetrically till 
now. This set of water-organic mixtures together with data 
concerning dissolution enthalpy of NaCl in other nonelectro- 
lyte-water mixtures, taken from the literature, made it possible 

to carry out more complete analysis of interactions occurring 
in NaC1-nonelectrolyte-water system and their comparison 
with interactions observed in the NaI-nonelectrolyte-water 
system. 

Experimental 
Materials 

Sodium chloride, suprapur (Merck, FRG), was dried for several 
days at 393 K. Isopropanol and acetone, both analytically pure 
(POCh Gliwice, Poland), s-butanol A.R. (Reanal, Hungary), and 
N,N-dimethylformamide for spectroscopy (Fluka, FRG) were purified 
and dried using standard procedures (8). 2-Methoxyethanol and 
2-ethoxyethanol, pure (Loba Chemie), were fractionally distilled. All 
solvents were stored over 4.4 molecular sieves. The water-organic 
mixtures were prepared by weight. 

Apparatus and method of measurements 
The measurements of solution enthalpies were made up using an 

"isoperibol" calorimeter. The calorimeter and the method of measure- 
ments were described in an earlier paper (9). 

Results 
The measured enthalpies of NaCl solution in the mixtures 

of water with isopropanol, s-butanol, 2-methoxyethanol, 2- 
ethoxyethanol, acetone, and N,N-dimethylformamide were 
extrapolated to an infinitely dilute solution, using the method 
introduced by Criss and Cobble (10). The standard enthalpies of 
NaCl solution in all investigated mixtures determined in this 
way are presented in Table 1 and Fig. 1. The complete set of 
experimental data is available elsewhere upon request. ' 

The standard solution enthalpy of NaCl in water at 298.15 K 

'values of A,,,H of NaCl in all investigated mixtures may be 
purchased from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada K I A  0S2. 

Prlnted In Canada.  Imonme du Canada 
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TABLE 1. Standard enthalpies of solution of NaCl in mixtures of the 
nonelectrolytes with water at 298.15 K 

mya i-PrOH s-BuOH MEtOH EEtOH ACT DMF 

0.025 - 4680 3975 - - - 

0.05 5375 5500 4080 4330 3905 3575 
0.10 6880 7195 4110 4710 3915 3430 
0.15 8370 8995 4015 5060 3935 3395 
0.20 9790 - 3515 5335 3955 3385 
0.25 10980 - - 5520 3975 3335 
0.30 10900 - - 5400 3995 3300 
0.35 10420 - - 5120 3975 - 

"Mass fraction of the nonelectrolyte. Estimated uncertainty is 1 2 0  J m o l l .  

FIG. 1. Standard enthalpies of solution of NaCl in mixtures of water 
with isopropanol (i-PrOH), s-butanol (s-BuOH), 2-methoxyethanol 
(MEtOH), 2-ethoxyethanol (EEtOH), acetone (ACT), and N,N-di- 
methylformamide (DMF) vs. mass fraction of the organic component 

found in this work AsolHx = 3875 3 molpl is fully compatible 
with literature data (e.g. 3.82 kJ molp' (lo), 3.88 kJ molpl 
(11)). 

Discussion 
Enthalpy of solution 

As it can be seen in Fig. 1 enthalpy of NaCl solution in water 
mixtures of isopropanol, 2-methoxyethanol, 2-ethoxyethanol 
shows a maximum analogous to that observed in other water- 
alcohol mixtures hitherto analyzed (4, 12-23). It is generally 
accepted that this maximum is connected with the structure- 
making or -stabilizing effect of the added alcohol on water 
(24-28). In the case of s-butanol, the maximum is nonvisible. 
most probably due to limited solubility of this alcohol in water. 

The enthalpy of solution of NaCl in the mixtures of water with 
acetone grows quite insignificantly along with growing acetone 
content, without showing any maximum within the examined 
area of the mixed solvent composition. In the mixtures of DMF 
with water, unlike the previously discussed systems a drop of 
dissolution enthalpy of NaCl with growth of DMF content can 
be observed. 

Enthalpic pair interaction coeficients 
Enthalpic pair interaction coefficients h,,{(Naf + C1-)- 

nonelectrolyte) in water were estimated on the basis of dissolu- 
tion enthalpy of NaCl in water-organic mixtures measured in 
this work. In order to calculate the h,, coefficients, the method 
similar to that described by Heuvelsland et al. (6) was used. The 
standard enthalpy of solution AsolHx of NaCl in water-organic 
mixtures was presented as a function: 

+ bw, + cw; 

where AS,,Hx (NaC1 in W) denotes standard enthalpy of 
solution of NaCl in pure water, w, is mass fraction of cosolvent 
Y, and b and c are coefficients that can be determined by the 
least-squares method. Parameter b in eq. [ I ] ,  which represents 
limiting slope of function A,,,H(NaCl in W + Y) is connected 
with McMillan-Mayer interaction coefficient h,,: 

Denoting the molecular mass of cosolvent by M,, we have for 
dilute solutions: 

131 (6m,/6wY),,+o = l / M y  

where m y  is in mol kg-', M, in kg mol-I. Hence: 

141 h,, = bM,/2v 

where v is the number of ions. The pair interaction coefficients 
defined as above constitute, for the systems containing an 
electrolyte of the 1-1 type, a half of the sum of the enthalpic 
effect of the interaction between molecule of a given non- 
electrolyte and cation C+ and anion A- : 

[5] h,, = ih{(C+ + Ap)-nonelectrolyte} 

= 4 {h(C+-nonelectrolyte) + h(Ap-nonelectrolyte)) 

The values of h,, obtained this way can be found in Table 2. 
The same table shows also the h,,{(Naf + C1-) - nonelectro- 
lyte) values referring to other nonelectrolytes not examined in 
this work. These values were taken from literature (3, or 
estimated on the basis of enthalpies of NaCl solution found in 
the literature (29-35). Moreover, for comparison, Table 2 
gives h,, values for interactions (Naf + Ip)-nonelectrolyte 
determined in earlier work (4) as well as estimated on the basis 
of literature data (29, 31, 34-38). 

The data presented in Table 2 show that the enthalpic pair 
interaction coefficients assume different values according to the 
kind of nonelectrolyte: positive for aliphatic alcohols, cello- 
solves, and THF and negative for the others. It is worth 
noting here that h,, coefficients concerning the interactions of 
(Nat + I-) with aprotic nonelectrolyte have more negative 
(for DMF, DMSO, acetone, dioxane, sulfolane, acetonitrille) 
or less positive (for THF) values than analogous coefficients for 
(Na' + C1-) interactions with the same nonelectrolytes. The 
cause of the observed differences should be sought in a different 
interaction of both anions with molecules of the above men- 
tioned nonelectrolytes. In the case of the remaining nonelectro- 
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TABLE 2. Enthalpic pair interaction coefficients h,, for 
(Na' + C1-)-nonelectrolyte and (Na- + I-)-now 

electrolyte pairs at 298.15 K 
- -  

h,, ( J  kg m ~ l - ~ )  

Nonelectrolyte (Na' + C1-) (NaL + I-) 

MeOH 
EtOH 
Pr OH 
i-PrOH 
S-BuOH 
t-BuOH 
MEtOH 
EEtOH 
Ethylene glycol 
Glycerol 
Urea 
Formarnide 
DMF 
THF 
Dioxane 
Acetone 
Acetonitrile 
DMSO 
Sulpholane 

"Reference 5. 
bThis paper. 
'Reference 4. 
dCalculated from ref. 29. 
'Calculated from ref. 30. 
iCalculated from ref. 3 1 .  
gCalculated from ref. 32. 
hCalculated from ref. 33. 
'Calculated from ref. 34. 
'Calculated from ref. 35. 
kCalculated from ref. 36. 
'Calculated from ref. 37. 
"'Calculated from ref. 38 
"Calculated from ref. 39. 

lytes (apart from t-butanol) h,, coefficients referring to NaCl 
and NaI have similar values. 

Having at our disposal the values of enthalpic pair interaction 
coefficients for (Na+ + C1-)-nonelectrolyte pairs it seemed 
interesting to check whether the group additivity concept can be 
applied for analysis of the system examined in this work. As it is 
known the group additivity concept was introduced by Savage 
and Wood (40) to correlate the pair interaction coefficients for a 
number of nonelectrolyte pairs, mainly alcohols, polyols, and 
amides in aqueous solutions. This concept was applied success- 
fully to the systems containing both organic {(R4N+ + BrP)- 
DMF in water (41)) and inorganic {(Naf + I-)-alkanols in 
water (4)). Basing on the model described in the work already 
mentioned (4) three interaction types in the system analyzed can 
be distinguished here: &{(Na+ + Cl-)-CH,), &{(Na+ + CIP)- 
OH), and &{(Na+ + C1-)-0). In this case h,, may be denoted 
as a sum: 

where n,, is the number of group "i" in molecule Y, and h,,  is a 
characteristic contribution to h,, of an average ionic interaction 
with a selected "i" type group in molecule Y. Following other 
authors it can be accepted that CH, group corresponds to 
1.5CH2 while CH corresponds to 4CHz (40, 41 ). Applying the 

TABLE 3. Functional group interaction parameters h,, with their 
standard deviations in water at 298.15 K 

h,, (J kg r n ~ l - ~ )  
Functional group 
combinations " i " (Na' + C1-) (Na' + I-)  

Standard error of fit 28 .O 40.7 
Regression coefficient r2 0.9948 0.9928 

DIOX 
- 2 o o p  I I I I J 

0 200 400 600 
calc -2 

hXy (J kg mol 1 
FIG. 2. A comparison of the enthalpic pair interaction coefficients 

(Na' + C1-)-nonelectrolyte determined experimentally ( h z p )  and 
calculated from group contributions (h'x",!"). DIOX = dioxane, THF = 
tetrahydrofurane. 

method of multiple linear regression to solve eq. [6] for h,, 
values for nine nonelectrolytes having in their molecule the 
distinguished groups (methanol, ethanol, propanol, isopro- 
panol, s-butanol, 2-methoxyethanol, 2-ethoxyethanol, THF, 
dioxane) the group contributions collected in Table 3 were 
calculated. Table 3 also shows analogous group contributions 
referring to (Na+ + I-)-nonelectrolyte systems described 
in a previously cited work (4). In order to compare both data 
series, values concerning the (Naf + I-)-nonelectrolyte 
systems were recalculated taking additional It,, coefficients for 
(Na' + I )-THF and (Na+ + I-)-2-ethoxyethanol(36) pairs. 
The enthalpic pair interaction coefficients h,, {(Na+ + C1-)- 
nonelectrolyte) calculated on the basis of the group additivity 
concept and determined experimentally are compared in Fig. 2. 
The slope and the regression coefficient for the function: 

[7] h"x"yP = ahcalc ., + P 
are equal to 1.003 i 0.007 and 0.9933, respectively.' 

This correlation visualised in Fig. 2 shows, that despite 
simplicity of the model its application both for nonelectrolytes 
with linear (alcohols) and cyclic (TWF, dioxane) structure of 
molecule yields fully satisfactory results. 

2~nalogous data for the pairs containing NaI as an electrolyte are 
a = 1.016 * 0.007, r2 = 0.9908. 
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1 NaCl 
1 

1 

I 

v Nal 

L 
300 

FIG. 3. The dependence of the enthalpic pair interaction coefficients 
h,, for (Na' + C1-)-nonelectrolyte and (Nat + I-)-nonelectrolyte 
interactions on the heat capacity of transfer of the nonelectrolyte from 
gas phase to high dilution in water: 6C, = (c; - C,") at 298.15 K. 
The numbers denote the following: 1, methanol; 2 ,  ethanol; 3, 
propanol; 4, isopropanol; 5 ,  s-butanol; 6, tert-butanol; 7, 2-methoxy- 
ethanol; 8 ,  ethylene glycol; 9, glycerol; 10, urea; 11, formamide; 
12, N,N-dimethylfosmamide; 13, tetrahydrofurane; 14, dioxane; 15. 
acetone; 16, dimethylsulfoxide. 

Comparison of h,, group contributions concerning NaCl and 
NaI indicates that interaction of both electrolytes with CH, as 
well as O H  group is similar. In the case of their interaction with 
aprotic ether group the value h,, for Nal is more negative than 
h,, for NaC1. This confirms an earlier observation concerning 
more negative interaction coefficients of aprotic nonelectrolytes 
with NaI than with NaCl (Table 2). 

The enthalpy effect of the interaction between the ions and 
CH, group is positive due to the breaking of the structured water 
around the methylene group. The interactions of the ions with 
the polar group in a nonelectrolyte molecule is negative. A 
comparison of these results with the analogical data concerning 
the nonelectrolyte-nonelectrolyte interactions (42) indicates 
that the ion behaves similarly to polar group in the nonelectro- 
lyte molecule, when it interacts with any distinguished group in 
other nonelectrolyte molecule. The functional group interaction 
parameters have respectively the same signs. These obser- 
vations confirm the conclusions presented in the paper of 
Okamoto et al. that ". . . an exothermic enthalpy of interaction 
does not necessarily depend on hydrogen bo>ding between 
polar group" (42). 

Very recently it has been found that enthalpic pair interaction 
coefficients h,, (DMF-nonelectrolyte) for 16 nonelectrolytes 
of different type, depended linearly on heat capacity of transfer 
of the nonelectrolyte molecule from gas phase to high dilution in 
water (9). 

The h,, values for interactions of 13  nonelectrolytes with urea 
gave similar correlation (9). It seemed interesting to verify 
whether a similar relation could be  found also in the case 
of electrolyte-nonelectrolyte interactions in water solution. 
Figure 3 presents the dependence of h,, for (Na+ + C1-)- 
nonelectrolyte and (Na+ + I-)-nonelectrolyte pairs on  6Cp of 
the nonelectrolyte in water. The values of C;,, and C j , ,  are 
taken from compilation of Cabani et al. (43). As it can be  seen 
from the Fig. 3 the analyzed functions correlate well with each 
other. The slope of the line correlating 6Cp with h,, values for 
pairs (Naf + C1-)-nonelectrolyte is 2.99 2 0.25 kg  mol-' K-'; 
that for pairs (Naf + I-)-nonelectrolyte amounts to 3.28 2 

0.21 kg mol- K-'. It is worth noting that neither CT,z (partial 
molal heat capacity of nonelectrolyte in infinitely diluted 
aqueous solution) nor C j , ,  (molal heat capacity of nonelectro- 
lyte in gas phase) correlate with h,,. 

The observed dependences strongly suggest that for a given 
X (NaC1 or NaI, respectively), the effect of hydration of 
nonelectrolyte Y is more important than the direct interaction 
between particles X and Y when they approach each other (see 
also ref. 9). However, in some cases the latter effect can be 
more significant and then the deviations of the h,, values 
from linear relation are observed - just as it happens for 
(Na+ + C1-)-methanol and (Naf + I-)-methanol pairs 
(Fig. 3). 

The above observations together with conclusions provided 
by earlier work concerning the nonelectrolyte-nonelectrolytc- 
water systems (9) allowed us to suppose that the correlation of 
enthaliic pair interaction coefficients in water and 6Cp can be of 
a general character. Now it seems interesting to check whether 
this correlation can find its application also in the case of 
solution in nonaqueous media.-kppropriate studies are under 
way at the present time. 
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A 'H and 13c nuclear magnetic resonance study of carnosine 
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JAN 0. FRIEDRICH and RODERICK E.  WASYLISHEN. Can. J .  Chem. 64, 2132 (1986) 
The proton and carbon-13 resonance signals of carnosine (P-alanyl-L-histidine) were unambiguously assigned using a variety 

of nrnr techniques including proton-carbon chemical shift correlations, titrations of nmr chemical shifts, coupling constants, 
and isotope shifts. From the 13c nmr titration, carnosine's three pK, values were estimated to be 2 .7 ,  7 .1 ,  and 10.6, and it was 
found that the imidazole ring existed predominantly as the 3-H tautomer in basic solution. Conformational information about 
the C,-Cp bond and about the N-C, bond was deduced from observed 'J(c,H) and 'J(H,H) values. The 13C nmr spectrum 
of carnosine in solution is also compared with that obtained for a solid sample. 

JAN 0. FRIEDRICH et RODERICK E. WASYLISHEN. Can. J .  Chem. 64. 2132 (1986) 

Faisant appel a diverses techniques de rmn, incluant les corrClations de dtplacements chimiques proton-carbone, les titrations 
des d ~ ~ l a c e k e n t s  chimiques en rmn, les constantes de couplage ainsi que les dkplacernents dus aux isotopes, on a attribue sans 
ambigui'tks les signaux observes dans les spectres rmn du 'H et du 13c de la carnosine (P-alanyl L-histidine). En se basant sur la 
titration en rmn du I3c ,  on a CvaluC que les trois constantes de pK, de la carnosine sont respectivement &gales a 2,7, 7 , l  et 10,6; 
de plus, on a aussi trouvC que, en solution aicaline, le cycle imidazole existe principalement sous le forme du tautomere 3-H. 
A l'aide des valeurs observkes pour les constantes de couplage 3 ~ ( ~ , ~ )  et 'J(H,H), on a deduit des informations relatives a la 
conformation autour des liaisons C,-CB et N-C,. On a aussi comparC le spectre rmn du "C de la carnosine en solution avec 
celui obtenu a I'aide d'un Cchantillon a 1'Ctat solide. 

[Traduit par la revue] 

Introduction 
Carnosine (I) ,  a dipeptide consisting of L-histidine and 

p-alanine, was discovered at about the beginning of the century 
(1). Although it is present in relatively high concentrations in 
skeletal muscle it can be found in a variety of other animal 
tissues as well. Various suggestions have been made (2) as to 
its role in living organisms but its precise function is not well 
understood. Carnosine has been the subject of numerous 'H and 
I3C nmr investigations, even being detected with 'H nmr in 
intact muscle (3-5). However, there still seems to be ambiguity 
over some of the proton and carbon-13 assignments. For 
example, the 'H nmr signals of the two pairs of methylene 
protons of the @-alanine group, which have similar chemical 
shifts, have been assigned in both possible ways (6-9). In 
this paper the proton and carbon resonance signals were 
unambiguously assigned using a variety of nrnr techniques. 
These techniques involved a 13C nmr titration, which also 
yielded estimates of carnosine's pK, values and the site of 
protonation on the imidazole ring. Conclusions regarding the 
conformation of carnosine in aqueous solution were deduced 
from measured three-bond 'H-'H and 1 3 C - ' ~  spin-spin 
coupling constants. Finally, carbon-13 chemical shifts of solid 

'CH 
B' 

carnosine were measured using cross-polarization and magic- 
angle spinning techniques and the solid (10, 11) and solution 
structures were compared. 

Experimental 
L-carnosine (P-alanyl-L-histidine) was obtained from Sigma Chemi- 

cal Company and used without further purification. The concentrations 
of carbon-13 and proton nmr samples were approximately 0 .5  M and 
0.1 M respectively in D 2 0  or H 2 0 .  The values of pH (uncorrected for 
deuterium) were obtained at 25 i: 1°C with an Orion model 601A 
digital Ionalyzer pH meter. The meter was calibrated with two buffers: 
a 0.05 M phosphate buffer (pH 6.865) and a 0.05 M phthalate buffer 
(pH 4.008) at pH readings below pH 7; the phosphate buffer and a 
0.01 M borax buffer (pH 9.18) were used at pH readings above 7 .  

Proton-decoupled carbon- 13 nmr spectra were recorded on a Varian 
CFT-20 with data acquisition times of at least 1.023 s (1 data point 
every 0.98 Hz). Sensitivity enhancements were always 0 .3  s thus 
ensuring that the line widths were not broadened by more than about 
1 Hz. All chemical shifts are reported with respect to external TMS 
and are accurate to 0.05 ppm except where noted. Proton spectra and 
proton coupled I3C nmr spectra were obtained at 21°C on a Nicolet 
360 NB operating at 361.06 MHz and 90.81 MHz, respectively. The 
1331 sequence (12) was used to suppress the solvent signal for spectra 
obtained in H 2 0 .  

The 'H-13C chemical shift correlations (13) were obtained on 
a Bruker MSL-300, where 'H and 13C resonated at 300.13 and 
75.47 MHz, respectively. 

Carbon-13 spectra of solid samples were obtained on a Bruker 
MSL-200 using 'H cross-polarization (CP) and magic-angle spinning 
(MAS) techniques (14-16). The contact and recycle times were 1 ms 
and 5 s. respectively, and the MAS spinning rates were 5.0 kHz. An 
aluminum oxide rotor of volume 0.35 cm' was used. The quaternary 
carbon resonances were assigned using the pulse sequence of Opella 
and Frey (1 7).  Chemical shifts were referenced to external adamantane 
(18). 

H Results and discussion 
I 

' H  and I3C nuclear magnetic resonance spectra of carnosine in 

 older of a 1985 NSERC Summer Undergraduate Research solution 
Award. '-'C chemical shifts as a function of pH 

' ~ u t h o r  to whom correspondence may be addressed. As mentioned above, some ambiguity existed over the 
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FRIEDRICH AND WASYLISHEN 

TABLE 1. Acid dissociation constants of carnosine 

Temperature 
Reference P K I  pK2 P K ~  ("c)  

This worka 2.73 i- 0 . 0 7 ~  7.06 i- 0.13' 10.55 5 0 . 0 3 ~  25 
Tanokura et al. 2.77 6.83 9.66 3 7 
Bradbury et ~ 1 . ~  7.4 7.6 10.0 - 

Ihnat and Bersohng - 7.0 9.6 27 

"Errors were estimated assuming chemical shift measurements were accurate to ?0.05 ppm and pH 
measurements to k0.1 of a pH unit, and from the standard deviations of the average pK, values obtained 
from eq. [2]. 

chemical shifts from COZ-. C5, C,, and C p .  
'Using chemical shifts from CO,-, C2, C5, C,, and C p .  
'Using chemical shifts from C(O)NH, C,, , and C p , .  
'Reference 20. 
fReference 21, temperature not reported. 
*Reference 9 (the authors corrected for deuterium using pD = pH + 0.4). 

assignment of the C,, and Cp, signals in the carbon- 13 spectrum 
and their respective pairs of attached protons in the 'H 
spectrum. To determine whether any carbon- 13 resonance 
signals cross over the entire pH range, a I3C nmr titration of 
carnosine was carried out in which the resonance signals were 
recorded at increments of 0.5 pH units. As expected, the "C 
chemical shifts exhibited typical titration curves as an amino, 
imidazole, or carboxyl group in the vicinity was titrated (for 
example, see Fig. 1). From these titration curves it is possible to 
calculate acid dissociation constants (19, 20). The average 
values for the three acid dissociation constants of carnosine 
obtained from the 13C chemical shifts are shown in Table 1, as 
are values obtained from previous 'H nmr titrations (9, 20, 2 1). 
Although these experiments were all carried out in deuterium 
oxide, the pK, values obtained in this study are within 0.2 units 
of the values in H 2 0  (22). 

Assignment of 13C and 'H resonances of the p-alanyl group 
Table 2 lists the chemical shifts of the carbon signals for the 

various species obtained from the nmr titration while Table 3 
lists the corresponding proton chemical shifts. From the 13C 
data it appears that the signals for C,, and Cp, do indeed cross 
around pH 11.5 (see Fig. 2). This was verified using proton- 
carbon correlation two-dimensional nmr (1 3) and using isotope 
effects as explained below. 

At pH 7.0, the proton-carbon correlation spectra indicated 
that the protons at 2.5 ppm were bonded to the carbon resonating 
at 33.5 ppm, and the protons at 3.0 ppm were bonded to the 
carbon resonating at 37.2 ppm. At pH 13.4, the 2D spectra also 
indicated that the low frequency (upfield) protons were bonded 
to the carbon resonating at 40.3 ppm and the high frequency 
(lowfield) protons to the carbon resonating at 39.0ppm. Thus, 
since the chemical shift difference between the corresponding 
proton triplets remains fairly constant over the pH range (i.e., 
they do not cross), the carbon signals must have crossed. 

Another method for confirming that the two carbon resonance 
signals crossed and also to unambiguously assign them is to use 
H/D isotope effects (23-25). It has been demonstrated (25) 
that carbons directly bonded to an amino group (that is, a 
two-bond isotope effect) experience a low frequency shift of 
approximately 0.055-0.097 ppm/deuteron while carbons two 
bonds from an amino group (a three-bond isotope effect) 
experience a low frequency shift of approximately 0.025- 
0.051 ppm/deuteron. The results obtained for two 0.5 M 
samples of carnosine, one dissolved in H 2 0  and the other in 

FIG. 1 .  Chemical shifts of the carbonyl and carboxyl I3c nuclei as a 
function of pH. 

D20, are summarized in Table 4. The isotope shift data confirm 
that the C,, and Cp, signals cross because at low pH the high 
frequency 13C resonance signal has the larger isotope shift while 
at high pH the low frequency peak has the larger shift. The 
isotope shift data also allow one to assign the two resonance 
signals since Cp,, which is directly bonded to the nitrogen atom, 
should experience a larger isotope shift than the more distant 
C,,. Finally returning to the proton-carbon chemical shift 
correlation spectra, it is possible to assign the proton signals as 
well. These assignments can be found in Tables 2 and 3. 

Further support for this carbon- 13 assignment comes from the 
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TABLE 2. Carbon-13 chemical shifts relative to external TMS" 

Species p ~ b  ~ 0 ~ -  C(0)NH C2 C5 C4 C, C,. C,, C, 

"Shifts are accurate to 2 0 . 1  ppm. 
hpH meter readlngs are accurate to 2 0 .  1 pH units 

TABLE 3. Proton chemical shifts relative to external TMS" 

Species p ~ b  H2 H4 H, Hps H p ~  H2p H2, 

HD3+ImD+COOD 0.0 8.37 7.08 4.51 3.07 2.95 2.96 2.46 
ND3+ImD+COO- 4.8 8.45 7.12 4.32 3.09 2.95 3.07 2.54 
ND3+ImCOO- 8.3 7.38 6.63 4.15 2.82 2.65 2.90 2.35 
ND21mC00- 13.3 7.36 6.64 4.21 2.87 2.66 2.50 2.08 

"Shifts are accurate to 2 0 . 0 1  ppm; shifts were also measured with respect to internal 0.01 iM DSS 
(add 0.28 ppm to each of the above values to obtain the chemical shift with respect to internal DSS) 

bpH meter readings are accurate to 1 0 . 1  pH units. 

FIG. 2. Chemical shifts of 13C,, and "c,, as a function of pH. 

changes in the chemical shifts of C,, and CpJ  upon amino 
protonation (26, 27). Also: the smaller value of 'J(c,, ,Ha, ) ,  
129.6 Hz, compared to 'J(CpJ ,Hp,) ,  145.5 Hz, is consistent 
with our assignment since CH3NH3', 'J(C,H) = 145 Hz (28), 
and in CH3CONH2, 'J(C,H) = 129 Hz (29). 

Site of imidazole ring protonation 
The behavior of the chemical shifts of the three carbon atoms 

C2, C4, and C5 upon protonation of the imidazole ring can 

protonated and hence which tautomer predominates in basic 
solution. Comparing previous results (26, 30) on histidine and 
methylhistidines to the carnosine results (Table 5 ) ,  one comes to 
the same conclusion for carnosine as Reynolds et al. (26, 30) 
did for histidine. That is, protonation occurs predominantly at 
the N1 position because the change in chemical shift of C4 is 
relatively small and close to zero while that of C5 is larger in 
magnitude and to lower frequency. These shifts are similar to 
those in 3-methylhistidine, which must of course protonate at 
the N1 position. Therefore the neutral ring exists predominantly 
as the N3-H tautomer. However. this does not rule out the 
presence of some of the N 1-H tautomer since the carbon shifts 
are intermediate between those of the two methylhistidines. In 
fact if one assumes that the shifts of the N1-H and N3-H 
forms of carnosine are similar to the 1-metayl- and 3-methyl- 
histidines one obtains a 2: 1 ratio of the N3-H:Nl-H 
tautomers. This estimate is only approximate in view of the 
above assumption 

Application of coupling constants to determine the conforma- 
tions about the C,-Cp bond and assign H p R  cznd H p s  

Because of the chiral centre at C, the two Hp protons are 
nonequivalent in carnosine, thus, the methine and methylene 
protons attached to C, and Cp respectively form an approximate 
AMX spin system (see Fig. 3). The assignment of HBR and 
Hps is not immediately obvious; however, from observed 
'J(H,H) and 3 ~ ( ' 3 C , H )  values this assignment can be made 
(31-33). The conformation about the C,-Cp bond axis is 
generally described in terms of the fractional populations PI, 
PI1, and PIII of the rotamers 1-111 (34). Assuming that the 
vicinal coupling constants are functions only of dihedral angle, 
3J(H,,HpR) and - ' J ( H , , H ~ ~ )  can be expressed in terms of the 
gauche (J,(H,H)) and trans (J,(H,H)) coupling constants 
(31-34). Of particular interest is the difference and sum of 
the two observed vicinal proton-proton coupling constants 

- A - 
provide some information on which of the two nitrogen atoms is (1) (11) (111) 
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FRIEDRICH AND WASYLISHEN 

TABLE 4. Deuterium induced isotope shifts 

Chemical shift," 6 ,  relative 
to external TMS 

ca, C ~ ,  Species present 

"Acquisition time = 4.095 s (one point per 0.25 Hz = 0.012 ppm). 
'Positive isotope shifts correspond to low frequency (upfield) shifts 

TABLE 5. Changes in 13c chemical shifts of im~dazole ring carbons 
upon ring protonationa 

3-Methyl 1-Methyl 
histidineb histidineb  ist ti dine' Carnoslne' 

"Positive shift is to higher frequency (downfield) 
'From ref. 26. 
'This work. 

Y . 5  3 . 5  3.0 2.5 PPM 

(eqs. [ l ]  and [ 2 ] )  (31,  32. 35). 

Although PIII can be determined from eq. [2]  it is impossible to 
determine PI and PII from eq. [ I ]  unless HPR and Hps are 
correctly assigned. Further information about PI and PI, can be 
obtained from the observed values of 3 ~ ( 1 3 C 0 2 - , ~ p ) .  Again 
averaging the observed coupling constants over the fractional 
populations one obtains, after rearrangement, 

Given the trans and gauche proton-carbon coupling constants, 
one can uniquely determine PI from eq. [4], which can then be 
used to unambiguously determine 3 ~ ( ~ ,  ,HpR)  and 3 ~ ( ~ ,  , H ~ ~ ) .  

Using eqs. [2] and [4] and taking J,(H,H) = 2.4 i 0 .3  Hz,  
J,(H,H) = 13.3 i 0.3 Hz,  J,(C,H) = 1.2 i 0.2 Hz,  and 
J,(C,H) = 10.0 t 0.2Hz (33, '  and our measured coupling 

3 ~ s i n g  different gauche and trans proton-proton coupling constants 
(determined using cyclic amines) that are rotamer dependent (36) eives 
almost identical results for 3 ~ ( ~ , , ~ B R )  > 3 ~ ( ~ , , ~ , , ) :  PI = 6.63, 
PI' = 0.23, PIII = 0.14. 

7 6 5 3 PFM 

FIG. 3. Proton nmr spectrum of 0.1 M carnosine in D 2 0  at pH 8.0. 
Chemical shifts are relative to internal DSS. The upper spectrum is an 
expansion of the region between 6 = 2.4 and 4.5 ppm. 

constants (see Table 6 ) ,  gives PIII = 0.20 i 0.06,  and P I  = 

0.68 i 0.08. Since P I  > PII it is apparent from eq. [ I ]  that 
3 ~ ( ~ , , ~ p R )  = 8.7 t 0 . 3 H z a n d 3 ~ ( H , , H p s )  = 4.8 t 0 .3Hz ,  
thus the signal at 2.82 ppm (see Table 1) corresponds to Hps 
while the lower frequency signal corresponds to HpR . Similar 
observations on the relative chemical shifts of the two P protons 
have been observed for several amino acids (33,  34b,  and 35). 
From the ' J (H ,H)  values, PI = 0.58 t 0.04 and PII = 
0.22 * 0.04. 

Our conclusion that P I  0.6 > PII = PIII for carnosine is in 
excellent agreement with results obtained in two independent 
studies of the related dipeptide Gly-L-His (31,  37).  It is 
interesting to note that the conformation about the C,-Cp bond 
of carnosine in the solid state is best described by rotamer I1 
(10,  11). 
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TABLE 6. Spin-spin coupling constants for aqueous solutions of 
carnosine 

Coupling constant (Hz) 

One-bond carbon-proton 

Two-bond carbon-proton' 

Three-bond carbon-proton 

"20.5 of a pH unit 
'Small additional long-range coupling for H2, H4, H a , ,  H p  , and Hps was 

also observed at several pH's. 
'Sign not determined. 

Dihedral analysis of the N-C, bond 
It is well known that the peptide fragment (2), is essentially 

planar and that the barrier to internal rotation about the N-C 
amide bond exceeds 80 kJ m o l l  (38). Information concerning 
the conformation about the N-C, bond is potentially available 
from observed values of 3~(1~-N-C,-1H,), 3~(1H-~-C, -  
I3CO2-), 3~(1H-N-C,-13~p), and 3 ~ ( 1 3 ~ ( 0 ) - ~ - ~ , - ' ~ , ) .  
The dependencies of these coupling constants on the torsional 
angle (the torsional angle, +, is defined using IUPAC rules (39)) 
have been extensively investigated using empirical (40-44) and 
theoretical (45, 46) data, which are summarized in ref. 47. Our 
measured value of 3 ~ ( ' ~ - ~ - C , - 1 H )  = 7.5 Hz at pH 4.3 and 
at pH 0.2 is similar to 3 ~ (  'H-N-C,- 'H) = 8 Hz observed 
frompH 1 .O to 4.5 (10) and gives possible dihedral angles, 6, of 
- 150G, -80", and 30-90" (47). The measured value of 
3J 13 ( C(0)-N-C,-H,) = 3.4 Hz at pH 4.3 gives dihedral 

angles of - 150°, -80G, 0°, and 120" (47). Thus the two dihedral 
angles of - 150" (3) and -80" (4) are both consistent with 
the observed coupling constants 3 ~ ( 1  H-N-c,-' H,) and 
3 ~ ( 1 3 ~ ( 0 ) - ~ - C , - 1 ~ , ) .  It is interesting to note that the X-ray 
diffraction data indicate that the torsional angles about the 
N-C, bonds of various histidine residues may be classified 
into two groups of about -80" and - 150". Our inability to 
observe 3 ~ ( 1 ~ - ~ - ~ , - 1 3 ~ 0 2 - )  and 3~(1~-N-C,-13CP) in 
aqueous solution suggests that the relative energies of 3 and 4 
are comparable to or less that kT; hence one is measuring an 
average coupling constant, which to a first approximation can 
be described as a weighted average of 3 and 4. If either rotamer 
existed alone in solution it should be possible to measure 
'J('H-N-C,-'~CO~-) for 3 and 3 ~ ( 1 ~ - ~ - C , - 1 3 ~ p )  for 4 
since the relevant Karplus angles are 30" and -20" respectively. 
In the solid state the conformation about the N-C, bond is best 
described by 4 with + = -93" (10, 11). 

Solid I3c spectrum of carnosine 
In Fig. 4,  the CP/MAS '" nmr spectrum of solid carnosine 

is compared with the spectrum obtained in aqueous solution 
(pH = 8). The three carbon nuclei not directly bonded to protons 
(C(O)N, C5, and COzP) were distinguished from the other 
carbons by turning the 'H rf power off for 40 ps  just prior to data 
acquisition (17). Other assignments in the solid spectrum were 
made by assuming that the chemical shifts are similar in the 
solid and in aqueous solution (see Table 7). In contrast to the 
solution sDectrum. the chemical shifts of C2 and C5 coincide 
in the soid  spectrum; this can be qualitatively explained as 
follows. Using 13C solution chemical shift data for pyrrole and 
2-methylpyrrole (48), one calculates an a-effect of + 8.7 ppm, a 
@-effect bf -2.3 ppm, and a y-effect (across the nitrogen) of 
- 1.8 ppm upon methyl substitution. Assuming these methyl 
group substituent effects are valid for the imidazole ring and 
using the ''C chemical shifts for imidazole in the solid state 
(49), one calculates the 13c chemical shifts depicted below for 
the N3-H (5) and N1-H (6) tautomers. The observed 13C 

X X 
ll3.0ppm/;=;(135.5 ppm 123.5 p p n ~ p ( 1 2 4 . 0 p p n ~  

N*N N&N "' '3" pppm 134.7 p p m \ ~  

chemical shifts for C2, C4, and C5 in the solid state are in good 
agreement with those calculated assuming N3 is protonated 
(which is the nitrogen protonated in the solid state (10, 11)). 
Notice that while the C4 and C5 resonances differ by more than 
20 ppm in the solid state, in aqueous solution (pH = 8) 
their resonances move closer together (separation 15.8 ppm) 
indicating the presence of some of the N1-H tautomer (6). 
Carbon-13 nrnr spectra of solid histidine and histamine appear 
to support this qualitative explanation; the resonance signals for 
6 2  and C5 of histidine, which also crystallizes as the N3-H 
tautomer in the solid (SO), were found to almost overlap while 
those of histamine, which crystallizes as the Nl-H tautomer 
(51), were found to be separated by 8 ppm. 
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FRIEDRICH AND WASYLISHEN 2137 

FIG. 4.  Solid-state carbon-13 spectrum of carnosine using 'H 
cross-polarization and magic angle spinning compared to solution 
spectrum at pH 8. 

TABLE 7. Comparison of solution and solid carbon-13 chemical shifts 
in carnosine 

Chemical shifts (ppm) 

Carbon Solution (pH = 8) Solid state Difference 

co2- 
CONH 
C2 
C5 
C4 
C 0 
C,, 
C,, 
C, 

In contrast to the solution spectra, the resonances due to 
C(0)NH and C, were split into unsymmetrical doublets and the 
C 4  resonance was significantly broadened. Brown (52) was 
unable to resolve these splittings in his reported 13C nmr spectra 
of solid carnosine. In two independent X-ray crystallography 
studies (10, 11) it was determined that carnosine crystallizes in 
the monoclinic C 2  space group which indicates that all 
carnosine molecules are equivalent in the solid. W e  attribute the 
doublets to 14~-13c dipolar coupling, which is not averaged to 
zero because the '% quadrupolar interaction is comparable in 
magnitude to the "N Zeeman interaction (53-56). The magni- 
tude of the apparent splitting is proportional to the dipolar 
interaction, ~ ~ ~ ~ h / 4 ~ r ~ ( r ~ ~ )  3 ,  the quadrupolar interaction, 

e2qQ/ h, its orientation with respect to rm, and the magnitude 
of the Zeeman interaction, B,. No attempt will be made to 
analyze these line shapes at this time; details for related 
compounds are presented in refs. 54-57. 

One final point: the spectrum of solid carnosine in Fig. 4 was 
obtained using only 148 acquisitions; clearly paramagnetic 
doping is unnecessary (52). 

Conclusions 
The results of this nmr study of carnosine may be  summarized 

as follows: 
1. All 'H and 13C nmr resonances of camosine have been 

unambiguously assigned as a function of pH, and the following 
pK,'s have been measured: 2 .7 ,  7.1, and 10.6. 

2.  The N3-H tautomer predominates in aqueous solution. 
3. The conformation about the C,-Cp bond in aqueous 

solution can be described in terms of three rotamers with relative 
populations, PI = 0.58 * 0.04,  PII = 0 .22  i 0.04,  and PI, = 
0.20 k 0.06.  Interestingly, in the solid state the conformation 
about C,-CB corresponds to rotamer 11. 

4. The conformation about the N-C, bond in solution is best 
described by an average of at least two rotamers with potential 
minima near 4 = - 1.50" (3) and 4 = -80" (4), whereas in the 
solid state 4 = -93". 

5.  In spite of the conformational differences in solution and 
the solid state, all I3C nmr chemical shifts in these two phases 
differ by less than 4 ppm. This suggests that it may be  dangerous 
to assume that similar I3C shifts in the solid and solution states 
imply identical conformations in these phases. 
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Neat capacities of binary mixtures of n-octane with each of the hexane isomers at 298.15 K' 
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GEORGE C. BENSON and PATRICK J .  D'ARcY. Can. J. Chem. 64, 2139 (1986). 
Volumetric heat capacities for binary mixtures of n-octane with n-hexane, 2-methylpentane, 3-methylpentane, 2,2-dimethyl- 

butane, and 2,3-dimethylbutane were measured at 298.15 K in a Picker flow microcalorimeter. The results were combined with 
previously published excess molar volumes to obtain excess molar isobaric heat capacities. Interpretation of the results in terms 
of the Flory theory of mixtures is discussed. 

GEORGE C.  BENSON et PATRICK J .  D'ARcY. Can. J .  Chem. 64, 2139 (1986). 
OpCrant 298,15 K et utilisant un microcalorimktre Ccoulement de Picker, on a mesurC les capacitCs calorifiques 

volumetriques des melanges binaires du n-octane avec le n-hexane, le methyl-2 pentane. le methyl-3 pentane, le dimbthyl-2,2 
butane et le dimbthyl-2,3 butane. En combinant les rCsultats obtenus avec ceux publies antkrieurement pour les volumes molaires 
en excks, on a pu determiner les capacitbs molaires calorifiques isobariques en excks. On discute de I'interprCtation de nos 
rCsultats en fonction de la thCorie de Flory des mClanges. 

[Traduit par la revue] 

Recent papers from our laboratory reported excess molar 
enthalpies (1) and excess molar volumes (2) for binary mixtures 
of n-octane with the five isomeric hexanes: n-hexane (n-C6), 
2-methylpentane (2-MP), 3-methylpentane (3-MP), 2,2-di- 
methylbutane (2,2-DMB), and 2,3-dimethylbutane (2,3-DMB). 
As an extension of those investigations, we have determined 
the excess molar isobaric heat capacities of the same set of 
mixtures. 

Experimental 
Component liquids 

The n-octane was Aldrich Chemical Co. Gold Label reagent with a 
specified purity of 99+ mol%. The isomeric hexanes were Phillips 
Research Grade reagents with purities of 99.88 mol% or greater. The 
component liquids were stored over molecular sieve pellets (BDH Type 
4A) and partially degassed prior to their use. Densities of the liquids, 
determined at 298.15 K in an Anton-Paar densimeter (Model DMA 
02C) are listed in Table 1, where the values compiled by the TRC (3) 
are given for comparison. 

Calorimetric measurements 
Heat capacities per unit volume were obtained from comparisons 

between pairs of liquids flowing in the test and reference cell of a Picker 
microcalorimeter (4, 5). A temperature interval of 1.5 K centred on 
298.15 K was used. 

The initial reference liquid was Pure Grade n-heptane from the 
Phillips Petroleum Co., and a value of 226.764 J K - I  mol-' was 
adopted for its molar isobaric heat capacity at 298.15 K (6). The 
molar isobaric heat capacity of n-octane was then determined to be 
254.11 J K-' mol-' by comparison with n-heptane. 

Mixtures were prepared by weighing, and corrections for the effect 
of buoyancy were included in calculating their mole fractions. The 
error of the mole fractions is estimated to be less than 5 X 

Starting with n-octane as the reference liquid, the volumetric heat 
capacities of the mixtures were determined by the stepwise procedure 
(5). Molar isobaric heat capacities, C,,,, were obtained from the 
volumetric heat capacities, C,, ,/V,, using molar volumes, V,, , 
estimated from the densities of the components and the excess molar 
volumes, v:, of their mixtures (2). Excess molar isobaric heat 
capacities, c:,,, were then calculated from the relation: 

'NRC No. 26086. 
2~resent  address: Department of Chemical Engineering. University 

of Ottawa, 770King Edward Avenue, Ottawa, Ont., CanadaKlN 9B4. 

TABLE 1. Densities, p, and molar isobaric heat capacities, C,,, , of 
the component liquids at 298.15 K 

p/(kg m-3) c,.,/(J K-I  ~ O I - I )  

Component Obs. Lit. Obs. Lit. 

"Reference 3, see Table 23-2-(1.101)-a, dated October 31, 1977. 
bReference 3, see Table 23-2-(1.203)-vc, dated October 31, 1976. 
'Reference 3, see Table 23-2-(1.201)-vc, dated October 3 1 ,  1975. 
dReference 3, see Table 23-2-(1.201)-a, dated October 31, 1952. 

where x is the mole fraction of n-octane, and C;,, and C$,2 are the 
molar isobaric heat capacities of the pure liquids, n-octane and hexane 
isomer, respectively. The error of c:., is estimated to be less than 
0.05 J K '  mol-I. 

Results and discussion 
The molar isobaric heat capacities of the component liquids 

are listed in Table 1. The results for each of the hexane isomers 
are averages of the values obtained from three or more stepwise 
runs involving an indirect comparison of the isomer with 
n-octane. In most cases, these agree reasonably (within 0.2%) 
with the literature values (3) given in the last column of the 
table. 

Values of CF,, measured for {xn-CsHls + (1 - x)C6HI4) 
mixtures are summarized in Table 2. The smoothing equation: 

was fitted to each set of results by the method of least-squares 
with all points weighted equally. Values of the coefficients c, 
are listed in Table 3 together with the standard deviations s of 
the representations. 

The experimental results and their representations by eq. [2] 
are plotted in Fig. 1. In all cases, c:,, is negative and nearly 
symmetric about x = 0.5. We are not aware of any directly 
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TABLE 2. Excess molar isobaric heat capacities c:,, for {xn-CxHIx + (1 - x)C6HI4} at 298.15 K 

TABLE 3. Coefficients c j  and standard deviation s for representations 
of C;,,/(J K-' mol-I) for {xn-CsH18 + (1 - x)C6HI4) at 298.15 K 

by eq. [21 

Value for hexane isomer 

Parameter n-C6 2-MP 3-MP 2,2-DMB 2,3-DMB 

c I -0.881 - 1.774 -2.232 -4.326 -2.701 
c 2 -0.210 -0.140 -1.011 -0.712 
C 3  -0.328 -0.543 
s 0.012 0.010 0.011 0.024 0.012 

comparable studies of these mixtures. However, in previous 
papers, we have reported CF,m for (n-heptane + hexane isomer) 
mixtures (7) and for (n-dodecane + hexane isomer) mixtures 
(8). Comparison of the results for the three sets of mixtures 
shows that at a fixed value of x, / c:,,/ increases in the order: 

and that for the same hexane isomer lCF,,I increases with 
increasing size of the n-alkane. 

Previous work (2) has shown that the excess enthalpies and 
excess volumes of (n-octane + hexane isomer) mixtures can be 
correlated satisfactorily by means of the FIory theory (9, 10). 
Analysis of C;,, in terms of the Flory theory follows the 
treatment described for other (n-alkane + hexane isomer) 
mixtures (7, 8). Differentiation of the Flory expression for the 

TABLE 4. Parameters used in calculations for (n-octane + hexane 
isomer) mixtures at 298.15 K by the Flory theory" 

P * V* T* X12 (aX12IaT)p ---- 
Component J cm-3 cm3 mol-I K J cmP3 J cm-3 K-' 

- - 

"Values of p*, V*, T",  and X I 2  are taken from ref 2 

excess molar enthalpy (9) with respect to the temperature, T, 
leads to the relation3: 

where, in the present application, the subscripts 1 and 2 refer to 
n-octane and a hexane isomer, respectively. The characteristic 
pressures p * ,  molar volumes V*,  and temperatures T* for 

31n refs. 7 and 8, the term in ( d X 1 2 / ~ T ) p  is misprinted. The correct 
formula was used in all of the calculations. 
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BENSON AND D'ARCY 2141 

FIG. 1. Excess molar isobaric heat capacities, c:,, , for {xn-C8HI8 
+ (1 - x)C6HI4) at 298.15 K. Experimental results: 0, n-C6; v,  
2-MP; 0, 3-MP; A, 2,2-DMB; 0, 2,3-DMB. Curves: -, calculated 
from eq. [2] with coefficients from Table 3; ----, calculated from the 
Flory theory. 

the components, and the interchange energy parameters X I Z  
have already been evaluated (2), and are summarized for 
convenience in Table 4. In eq.  [3], E denotes the reduced 
volume (V,/V*), and the derivatives (dL./dT), can be calcu- 
lated from Flory's equation of state (9 ) .  As in our previous 
work, it is assumed that the site fraction, 0 2 ,  for species 2 can be 

approximated by the relation: 

In Flory's original formulation, X I 2  was considered to be 
independent of T. However, our previous work (7,8) has shown 
that the magnitude of c:,, is underestimated if the last term in 
eq. [3] is neglected, and that it is necessary to  treat (dX,,/dT), 
as an adjustable parameter. Values of (dX,  dT), , determined 
by a least-squares procedure in which eq. [3] was fitted to the 
representations of the CF,, results by eq.  [2], are given in 
Table 4. The broken curves in Fig. 1 were calculated from 
eq. [3] with the parameters from Table 4 and agree well with the 
curves representing the smoothed experimental results. If the 
term in (dXI2 /dT) ,  is omitted, the curves calculated for the five 
systems fall above the experimental curve for the (n-octane + 
n-C6) mixtures and the estimates of C:,, at x = 0.5 are limited 
to the narrow range between -0.11 and -0.19 J K p l  mol-'. 
Thus the calculations again indicate the importance of the last 
term in eq. [3]. 

1. S. E. M. HAMAM, M. K. KUMARAN, and G.  C.  BENSON. Fluid 
Phase Equilib. 18, 147 (1984). 
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High-field proton and carbon-13 nuclear magnetic resonance studies 
of the conformational dynamic properties of seven-membered rings. 

1,s-Benzodithiepin and 3-substituted derivatives 

D. M ~ N A R D  AND M .  ST-JACQUES 
Dkpartement de chimie, Universite' de Montre'al, C.P. 6210, Succ. A,  Montre'al (Que'.), Canada H3C 3J7 

Received June 4,  1986 

D. MPNARD and M. ST-JACQUES. Can. J .  Chem. 64, 2142 (1986). 
The conformational and dynamic properties of 1,5-benzodithiepin ( I ) ,  its 3,3-dimethyl (2), 3-methyl (3), and 3-methoxy (4) 

derivatives have been investigated by high-field 'H and I3C dynamic nuclear magnetic resonance mcthods. Analyses of the 
spectra at low temperatures indicate that, in CS2, both 1 and 2 exist as a mixture of C and TB forms (97:3 for 1;  63:37 for 2). 
In contrast, both 3 and 4 exist as a mixture of three equilibrating conformations C,, C,, and TB in ratios of 55:25:20 and 88:8:4 
respectively. Comparison with analogues derived from 1,5-benzodioxepins (la-4a) indicates that the replacement of 0 by S 
decreases the amount of the TB form for all four compounds studied. The observation that C, is the most abundant form for 4 
while it is not observed for 4n can be explained by a repulsive S/O gauche interaction in 4 compared to an attractive 010 
interaction in 4a. 

D. MBNARD et M. ST-JACQUES. Can. J. Chem. 64, 2142 (1986). 
Faisant appel B des mCthodes de rmn du 'H et du "C B hauts champs, on a CtudiC les propriCtCs dynamiques et 

conformationelles de la benzodithiepine-1,s (1) et de ses dCrivCs dimCthy1-3,3 (2), methyl-3 (3) et mCthoxy-3 (4). L'analyse des 
spectres mesurCs dans le CS2, a basse tempkrature, indiquent que les composCs 1 ainsi que 2 existent B I'Ctat de mClange des 
formes C et TB (97 :3 dans le cas du composC 1 et 63 : 37 dans le cas du compose 2). Par ailleurs, les composCs 3 and 4 existent tous 
les deux a 1'Ctat de mClange des trois conformations a l'kquilibre, C,. C, et TB dans des proportions respectives de 55 :25 : 20 et 
88: 8:4. Une comparaison avec des analogues provenant des benzodioxipines (la-4a) indiquc que. dans chacun des composCs 
CtudiCs, le remplacement d'un oxygkne par un soufre diminue la proportion de la forme TB. Le fait que la forme C, soit la forme 
la plus abondante dans le composC 4 alors que l'on n'observe pas sa prCsence dans le cas du compose 4a pourrait &tre expliquC par 
la prCsence d'un interaction gauche S/O rCpulsive dans le composC 4 alors que, dans le composC 4a,  il existerait une interaction 
010 attractive. 

[Traduit par la revue] 

Pursuing our study of seven-membered heterocyclic com- 
pounds related to the 1,5-benzodioxepin ( l a )  family, which 
recently revealed novel and diversified conformational features 
for some 3-substituted derivatives (1, 2), we  have sought to 
identify the conformational preferences of analogous compounds 
derived from 1,5-benzodithiepin (1). Comparison of the results 
from the two series should provide valuable information on the 
origin of the underlying forces, which appear to involve strong 
electrostatic interactions in addition to  steric ones. Indeed, it 
has been pointed out that the substitution of oxygen by sulfur 
significantly modifies the gauche effect in six-membered 
heterocycles so that the 010 gauche interaction present in 4 a  
should be attractive (2) while the O / S  interaction that would 
exist in 4 should be repulsive (3). 

1 : X = S ; R = R r = H  
l a :  X = 0; K = R' = H 
2: X = S; R = R' = CH3 
3: X = S; R = CH3, R' = H 
4: X = S; R = 0CH3, R' = H 

We therefore wish to report the results of a high-field 'H and 
13C dynamic nmr study of 1,5-benzodithiepin together with its 
3,3-dimethyl (2), 3-methyl (3), and 3-methoxy (4) derivatives. 
The significant conformational differences brought about by 
sulfur shed more light on the many forces governing the 
conformational features of seven-membered heterocycles. 

Results 
All four compounds investigated (1-4) gave dynamic 'H and 

l3C spectral changes at low temperatures. Spectral parameters 
for these compounds are listed in Tables 1 and 2 .  

The three aromatic signals observed in the 100.62-MHz 13C 
spectrum of 1 in THF-d8 at 22OC (Fig. 1) (142.72, 134.47, and 
128.88 ppm) broaden noticeably near - 10°C to sharpen again 
at lower temperatures with the appearance of two additional 
smaller signals at 13 1.6 and 126.6 ppm at - 90°C. These minor 
signals (labelled TB) have intensities of 3-4% relative to the 
intensity of the larger signals (labelled C).  The three aliphatic 
carbons show one signal at 34.02 ppm at +22"C, because 
of accidental equivalence. It has separated into two signals 
(34.53 and 33.95 ppm) at -90°C with relative intensities of 
1 : 2 assigned to C-3 and C-2,4 respectively. Minor peaks in the 
aliphatic region are not observed clearly in the low temperature 
spectrum owing to the solvent and impurity signals nearby. The 
quaternary carbon line C-6,7 is also assigned on the basis of 
reduced intensity, as was C-3 above. 

The lines belonging to the four protonated C-8 to C-11 
aromatic carbons are assigned tentatively on  the basis of 
analogies with chemical shifts determined for benzocyclo- 
heptene (4) and other related compounds (5). For all the 
compounds studied, the equivalent C-8 and C - l l  carbons 
(referred to as C - 8 , l l )  appear at lower field than the C-9,10 
carbons. Furthermore, a comparison of the substituent effects 
of the methyl and the thiomethyl groups, as in toluene and 
thioanisole, show relatively small differences (5b).  Unfortu- 
nately the AA'XX' pattern of the 'H aromatic signals precludes 
correlations of 13C signals with ' H  assignments. The above 
tentative assignment is adequate for our purpose since a reversal 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



MENARD AKD ST-JACQUES 2143 

TABLE 1. ' H  nuclear magnetic resonance spectral for 1-4 

Substituent 
H-3 on C-3 

Temperature 
Compound ("c) Conformationc Aromatic protons 

7.48, 7.05 (AA'XX') 

7.62. 7.20 

2.83 (s) 2.26 (quint) 
( 3 ~ H H  ' 5 HZ) 
2.47 (d; H-3e) 2.98 (d; H-2,4e) 

2 JHH = -13.2 HZ 
2.47 (t; H-2,4a) 2.15 (q; H-3a) 

( 3 ~ H H  = 13 HZ) 

2.74 (s, br) 
2.51 (H-2,4e) AB quartet; 
2.43 (H-2,4a) *JHH = - 14.5 Hz 

- 

1.15 s 
1.31 (s; CH3 ax) 
1.02 (s; CH3 eq) 
1.14 (s; TB) 

1.11 (d; CH3) 
( 3 ~ H H  = 4.6 HZ) 
1 .04 (d) 
( 3 ~ H H  = 3.7 HZ) 

3.0 (d; 3 ~ H H  = 13 HZ) 
2.57 (s; br) 
2.87 (t; H-2,4a) 
(sep. = 12.2 Hz) 

2 23 (d; H-2,4e) 
(sep. = 12.9 Hz) 
2.18 
3.48(d x d) 
( 2 J ~ ~  = -14.5. 3 J ~ ~  = 3.9 HZ) 
3.12 (d X d) 
( 2 ~ H H  = -14.5, 3 ~ H H  = 6.4 HZ) 

3.1 (d) 
(sep. = 12.9 Hz) 
2 55 (s, br) 
3.02 (d; H-2,4e) 
( 2 ~ H H  = - 12 HZ) 
2.18 (t; H-2,4a) 
( 2 ~ H H  = - 12 Hz) 
2.62 (d; H-2,4e) 
(?JHH = - 15 HZ) 
3.14 (d x d; H-2,4a) 
( 2 ~ H H  = -15 HZ, 3 ~ H H  = 5 HZ) 
2.75 (d) 
( 2 ~ H H  = - 4 HZ) 

1.33 (d) 
( 3 ~ H H  = 6.3 HZ) 

1.09 (d) 
( 3 ~ H H  = 6.4 HZ) 

3.65 (m) 3.4 (s) 

3.38 (s) 

3.8 (d, br) 

"Chemical shifts are in ppm downfield from TMS. Solvent: CS2 with 19% CD2C12 added for field locking purpose. 
'The meaning of the symbols used is: a: axial; e: equatorial; s = singlet; d = doublet: t = triplet: quint = quintuplet; m = rnultiplet: sep. = separation 
'At high temperature the various conformations are averaged. 
dThis line is very broad. 

does not alter the conformational conclusions formulated later 
in the text. 

The aliphatic proton signals in the 400.13-MHz 'H nmr 
spectrum of the same compound in CS2 (Fig. 2) undergo 
important changes when the temperature is lowered from 25 to 
- 100°C. At 25"C, the spectrum shows two slightly broadened 
signals at 2.83 pprn (H-2,4) and 2.26 pprn (H-3). Maximum 
broadening occurs near -20"C, below which three intense 
signals are observed at 2.98. 2.47, and 2.15 pprn while, below 
-50°C, another small signal (4%; labelled TB) appears at 
3.47 ppm. 

At -10O0C, the three intense signals are better resolved 
and proton decoupling experiments were carried out at that 
temperature. The doublet at 2.98 pprn (separation = 13 Hz) 
collapses into a singlet when the quartet (separation - 13 Hz) at 
2.15 pprn is selectively irradiated. This decoupling also causes 
the triplet (separation = 13 Hz) at 2.47 pprn to become a large 
singlet overlapping a smaller signal. Homonuclear decoupling 

of the doublet at 2.98 also perturbs the central peaks while 
selective irradiation of the signals at 2.47 pprn collapses both 
signals at 2.98 pprn and 2.15 pprn into broad singlets. These 
experiments therefore show that the H-3e signal is actually a 
broadened doublet superimposed on that of H-2,4a, which is a 
broadened triplet. Finally, irradiation at 3.47 pprn produces no 
change in the other three signals. These experiments lead to the 
assignments shown in Fig. 2 and summarized in Table 1. The 
aromatic 'H spectral region of 1 also shows a change whereby 
weak additional signals appear slightly above 7.0 pprn as 
summarized in Table 1 .  

The 100.62-MHz 13C nmr spectrum of 2 (dimethyl deriva- 
tives) in CHF2Cl (Fig. 3) shows broadening at 20°C arising 
from an appreciable slowing down of a conformational process. 
Maximum broadening occurs near 10°C and, at - 100°C, the 
spectrum consists of 7 well-resolved lines in the aliphatic region 
and 5 lines in the aromatic region. Figure 3 shows that the C-2,4 
signal (46.05 pprn at 20°C) has split into two components 
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TABLE 2. Carbon-13 chemical shifts for 1-4 at high and low temperatures" 

Temperature Substituent 
Compound Solvent ("c) Conformationb C-6,7 C-8,11' C-9,10 C-2,4 C-3 on C-3 

"Solutions containing internal Me,Si and CD,Cl, (20%) for field lock purpose. 
bThe letters C,, C,, and TB refer to the conformations described in the text. 
'Tentative assignment only; see text for details. 
dThese letters identify the equatorial and axial methyl signals. 

C-9.10 jC-2,.1 

C-8,11 1 THF ] C  3 

I '~ /- 

I ' ~ ; 
2 z 0  

--- 

I Ti+ 
I i x 

-'L ~a \A- 

- 9  o 0  THF 1 THF 
C-6,7 

I 1, : 
-I JC9 S i i  - J - J \ - , < - J  L-- 

I : . , . , ,  i l L L  
1 3 0  5 0 o D (17 

FIG. 1. 100.62-MHz 13c nmr spectrum of 1 in THF-d8 at several temperatures. The small signals denoted by X arise from impurities. The 
symbols C and TB refer to conformations described in the text. 

at 46.10 and 43.11 ppm (labelled C and TB) with relative 
intensities of 82: 18 respectively. The line labels C and TB in 
this figure (and in others) indicate the conformations (to be 
identified later) responsible for the various signals. The methyl 
signal (-28 ppm at 20°C) splits into three components at 3 1.34, 
26.43, and 23.82 ppm (labelled CH3,, TB, and CH,,) with 
relative intensities of 41 : 18 :41 at - 100°C. At this temperature, 
the quaternary C-3 carbon appears as two small and close 

signals at 35.47 (C) and 35.18 ppm (TB). The aromatic region 
of the spectrum undergoes similar changes whereby the two 
intense C-8,11 and C-9,11 signals at 133.94 and 128.40 ppm 
split into intense components at 135.15 and 129.67 ppm 
(labelled C) and minor ones at 13 1.6 1 and 126.93 ppm (labelled 
TB). The C-6,7 signal shows no visible evidence of splitting. 

The partial 400.13-MHz 'H nmr spectrum of 2 in CS2 
(Fig. 4) is similar to that reported earlier (6) at 60 MHz. The 
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FIG. 2. Partial 400.13-MHz 'H nrnr spectrum of 1 in CS2 at several 
temperatures. 

methyl signal (1.15 ppm), already broadened at about lS°C, 
splits into a triplet below - 10°C with components at 1.3 1, 1.14, 
and 1.02 pprn having relative intensities 31 :37:32 at -60°C. 
The H-2,4 signal (2.74 ppm) experiences maximum broadening 
near 0°C a l~d  splits into two components consisting of a quartet 
at 2.4 ppm, arising from nonequivalent H-2,4 methylene 
protons in the C form, and a broad singlet at 3.1 pprn attributed 
to TB. The intensities of these two signals are in a 62:38 ratio at 
-40°C. When the temperature is further lowered, the lower 
field singlet (3.1 ppm) broadens further. possibly indicating the 
slowing down of a second conformational process. At - 125"C, 
the lowest temperature reached, this signal is very broad and 
does not show resolved lines as would be expected from 
the nonequivalent H-2,4 methylene protons of the TB form. 
Additional aromatic signals also appeared at low temperature. 
as summarized in Table 1. 

The 100.62-MHz 13C nmr spectrum of the methyl derivative 
3 in CS2 is illustrated in Fig. 5 with the exception of the C-6.7 
signal, which is not detected at 0°C under the conditions used at 
the higher temperatures. At 0°C the C-8,11 and C-9,10 signals 
are observed at 133.08 and 127.05 pprn while the C-6,7 signal 
was found at 140.13 ppm using a longer pulse delay. In the 
upfield region, the intense signal at 39.57 pprn is attributed to 
C-2,4 while two smaller and already broad signals at 36.92 and 
20.45 pprn are assigned to C-3 and the CH3 carbon respectively. 
All these lines split at lower temperature: the C-3 and the methyl 
signals each show three well-resolved components (labelled C,, 

TB, and C,) at -40°C with intensities in a 55:20:25 ratio. The 
other 4 signals each give rise to only two components with 
intensities in an 80:20 ratio (labelled C and TB). In THF-d, the 
ratio of the three conformations is found to be similar to CS2 
(i.e. 54:23:23) whereas in the more polar solvent CHF2Cl, the 
intensities of the three components of the C-3 and CH3 signals 
are in a 60: 11:20 ratio while those for the two-component 
signals are 88 : 12. 

Figure 6(a) shows the changes observed in the upfield part of 
the 400.13-MHz 'H nmr spectrum of 3 in CS2. Again all the 
lines show broadening at 20°C. Maximum broadening occurs 
near - 10°C for the methyl signal and the high-field component 
of the H-2,4 signal (2.57 ppm) and near -20°C for the H-3 
signal and the low-field component of H-2,4. At -60°C the 
methyl signal shows three components (labelled C,, TB, and 
C,). Additional aromatic signals also appeared, as summarized 
in Table 1. At - 100°C (Fig. 6b)  most lines in the spectrum are 
better resolved. The three components of the methyl signal now 
appear as doublets with coupling constants reported in Table 1. 
The high-field portion of the major component of the H-2,4 
signal is a doublet (separation = 12.9 Hz) that appears to 
overlap a smaller signal seen as a shoulder while the low-field 
portion appears as a triplet (separation - 14 Hz). Smaller 
signals with various multiplicities are seen at 3.48, 3.12, 2.4, 
and 2.3 ppm. Figure 6(b) also shows the results of selective 
homonuclear decoupling experiments performed at - 100°C. 
These will be discussed in the next section of this text. 

Figure 7 illustrates that 100.62-MHz 13C nmr spectral 
modifications observed for the methoxy derivative 4 in CHF2Cl. 
As was the case for the methyl derivative, all lines observed in 
the spectrum at 0°C have split into two or three components 
at lower temperatures. The relative intensities of the three 
components (labelled C,, C,, and TB) of the C-3 and methoxy 
signals are 61 :33:6 while the two components (labelled C and 
TB) of the remaining signals give a 94:6 intensity ratio. 

The 400.13-MHz ' H nmr spectrum of 4 in CF2C12 is partially 
illustrated in Fig. 8. Here, as in the case of the methyl derivative 
3, complex changes are observed as the temperature is lowered. 
The H-2,4 signal, which appears as a doublet at 3.1 pprn 
(separation = 12.9 Hz) and a broad line at 2.55 ppm, experiences 
maximum broadening near -9°C. Below this temperature, two 
intense signals (88%) sharpen into a triplet (separation = 

12- 13 Hz) at 2.18 pprn (C,) and a doublet (separation = 12- 
13 Hz) at 3.02ppm (C,). Smaller doublets also appear at 
2.62 pprn (8%: C,) and 2.75 pprn (4%; TB). Additional 
aromatic signals have also appeared at low temperature as 
summarized in Table 1. Homonuclear selective decoupling of 
the triplet at 2.18 pprn collapses both the intense doublet at 
3.02 pprn and the H-3 triplet at 3.62 ppm into singlets while 
irradiation of the small C, doublet at 2.62 pprn has a similar 
effect on the other small doublet of doublets at 3.14 ppm, also 
assigned C,. Such decouplings help assigning the signals 
belonging to each of the C, and C, forms whose geometries will 
be defined in the next section. 

Discussion 
Spectral interpretation and the conformations of the seven- 

membered rings 
The spectral modifications observed in the 'H and 13C nmr 

spectra of compound 1 (Figs. 1 and 2) reveal that this con~pound 
exists predominantly in one conformation in both CS2 and 
THF-d8. The presence of weak aromatic signals noted in both 
of the 'H (Table 1) and 13C (Fig. 1) low temperature spectra, 
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FIG. 3. 100.62-MHz I3c nmr spectrum of 2 in CHF2Cl at several temperatures 

however, shows that a minor conformer (about 3%) is also 
present. 

The nature of the major conformation is identified as a chair 
form (C) from the chemical nonequivalence of the two H-3 
protons observed in the 'H spectrum at -70°C and below 
(Fig. 2). The nature of the minor conformation is thought to be 
the twist-boat (TB) for energetic reasons discussed previously 
(1, 2) and by analogy with l a .  

The splitting of signals in the 13C nrnr spectrum of 2 in 
CHF2Cl (Fig. 3) indicates that this compound exists in a mixture 
of two conformers in an 82: 18 ratio at - 100°C. The nature of 
these two conformers is easily deduced from the three-line 
pattern of the methyl carbon signals for which the two intense 
components of equal intensity at 3 1.34 and 23.82 ppm are 
assigned to the equatorial and axial methyl group of the C form 
while the third line identifies a second less intense component 
that is characterized by the two equivalent methyl positions of 
the TB conformation. This conclusion is confirmed by the 'H 
spectrum of 3 in CS2 at -60°C (Fig. 4). The methyl proton 
signal shows a similar pattern to that just described for the 
methyl carbons with the exception that, because of the solvent 
change, the total relative intensity of the two components of the 
C form is 63% with respect to the single component of the TB 
form. The identification of the minor conformer as the TB form 
is compatible with the broadening of the H-2,4 signal at 3.1 ppm 
below -40°C, resulting from the slowing down of the TB 
inversion on the nmr time scale. 

The analysis of the 13C spectrum of 3 at -40°C in GS2 
(Fig. 5) clearly reveals, as was the case in the benzodioxepin 
analog (3a ) ,  the presence of three stable conformers. The 
pattern observed in the methyl region indicates that these 
conformers are the chair with equatorial methyl group (C,, 55% 
in CS2; 69% in CHF2C1), the chair with an axial methyl group 
(C,, 25%; 20% in CHF2Cl), and the TB form (20%; 11 % in 
CHF2Cl). This assignment is suggested by the fact that in the 

dithiane-1,3 system the signal of an axial methyl group appears 
at higher field than an equatorial one (7). 

Confirmation is provided by the analysis of the 'H spectrum 
at -100°C (Fig. 6(b)), which shows that one of the two 
components of the H-2,4 signal of the major conformation 
(labelled H-2,4a) appears as a triplet. This pattern can only arise 
from large coupling of the axial H-2,4 protons with the axial 
H-3 proton and with the geminal H-2,4 equatorial protons. The 
H-2,4e protons, on the other hand, appear as a doublet due to the 
effect of the large geminal coupling with H-2,4a. It is pertinent 
to point out that, as was observed for some derivatives of 
1,3-dithiane (8), the axial H-2,4 protons appear at lower field 
than the equatorial ones. 

Having established that C, is the major form for 3. it now 
remains to confirm that C, exists in a larger amount than TB. 
Because the C-8,11 and C-9,10 signals are very distant from the 
site of substitution, chemical shifts are not expected to be 
appreciably influenced by the axial or equatorial nature of the 
substituent and hence both C, and C, signals should coincide. 
On the other hand, changing the ring conformation from C to TB 
is expected to produce a significant change in these chemical 
shifts. Integration of the two lines for each of the C-8,11 and 
C-9,10 signals at -40°C (Fig. 5) shows an 80:20 ratio, 
indicating that the weaker signals belong to the TB form. Thus 
observations for 1 , 2 ,  and 3 in Table 2 show that the presence or 
not of a 3-substituent does not significantly perturb the chemical 
shifts of these aromatic carbons, so that their signals constitute 
convenient conformational probes. 

Finally, the three components observed for most signals of 
the 13C spectrum of 4 at - 120°G indicate that this compound 
also exists as a mixture of three stable conformations at this 
temperature. Comparing the chemical shifts of the components 
of the C-3 signal with those observed for 3 suggests that these 
three conformations are C, (61%), C, (334) ,  and TB (6%). 
This suggestion is confirmed by the triplet multiplicity of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FIG. 4. Partial 400.13-MHz 'H nrnr spectrum of 2 in CS1 at several 
temperatures. 

most intense H-2,4 signal at 2.18 ppm (Fig. 7), which, as in 3, 
is assigned to the axial H-2,4 protons. Finally, analysis of the 
C8-C11 region of the low temperature ''C spectrum shows that 
TB is the least abundant form. 

Table 3 summarizes the relative populations of the various 
conformers adopted by compounds 1-4 and the corresponding 
dynamic parameters characterizing the conformation equilibria 
exhibited by each of these compounds. 

Conformational averaging processes 
Although Friebolin and co-workers (6) studied the parent 

compound 1,5-benzodithiepin (I) ,  they were not able to 
determine the nature of its stable conformation nor its kinetic 
parameters. 

The information derived from the 'Hnmr spectra of 1, 
namely T, = 20°C, d v  = 204 Hz, and 2 ~ H U  = - 13.2 Hz 
for the H-2,4 protons of the major conformation, enables us 
to calculate a free energy of activation (AG*) of 11.3 -' 
0.3kcal/mol for the chair inversion process using a trans- 
mission coefficient of one-half. No detailed information can be 
deduced for the pseudorotation process of the minor TB 
conformation. 

An average AC* of 12.9 i 0.5 kcal/mol is estimated for :he 

Ic CH, 

! 

FIG. 5. 100.62-MHz 13c nmr spectrum of 3 in CS2 at several 
temperatures. 

C -+ TB interconversion of the dimethyl derivative 2 from the 
coalescence temperature of + 10°C observed for the 13c nmr 
signals of the C-2,4 and C-8,11 carbons, using a two-site 
approximation (9) and a transmission coefficient of one. A 
slightly lower value of 12.4 t 0.5 kcal/mol is obtained when 
using the 'H coalescence temperature of 0°C and Av = 280 Hz 
for the H-2,4 proton signals of both conformers at -20°C. 
Finally, a value of 12.1 t 0.5 kcal/mol is obtained for the chair 
inversion process when using a T, = - 10°C and Av = 116 Hz 
for the methyl protons of the chair form or T, = + 10°C and 
A v  = 762 Hz for the methyl carbons and a transmission 
coefficient of one-half. These values are similar to that of 
12.6 kcal/mol reported by Friebolin (6). 

The free energy of activation of the C -+ TB transformation 
in the monomethyl derivative 3, is estimated from the l3c 
coalescence temperature of -20°C observed for the two 
components of the C-$,I1 and C-9,10 carbons. A value of 11.4 
5 0.5 kcal/mol is obtained. The coalescence of the methyl 
carbon signals of the chair form of this compound (- 10°C) 
yields a value of 12.1 t 0.5 kcal/mol for the chair inversion 
process. 
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FIG. 6. (a) Partial 400.13-MHz 'H nmr spectrum of 3 in CS2 at several temperatures (X denotes impurities). (b)  Homonuclear selective 
decoupling experiments on the 400.13-MHz 'H nmr spectrum of 2 in  CS2 at - 100°C. 

Finally, a value of 10.9 i 0.5 kcal/mol is derived for 
the C -+ TB interconversion of 4 using a 13c coalescence 
temperature of -30°C and a Av = 332 Hz between the signals 
of the C-1,4 carbons of both forms. The chair inversion process 
involves a AG* of 11.4 i 0.5 kcal/mol as calculated from the 
following parameters: T, = O°C, Av = 1001 Hz for C-3 or 
T, = - 30°C, Av = 82.5 Hz for the methoxy carbon. 

These results, summarized in Table 3, indicate that the 
presence of substituents at the 3-position of the seven-membered 
ring has little influence on the energy barrier for chair inversion, 
somewhat like analogous results for 1,3-dithianes substituted at 
the 5-position (10). 

Origin of the conformation preferences 
We have previously (2, 11) explained the conformational 

behavior of seven-membered carbocyclic and heterocyclic 
molecules in a framework combining such effects as steric, 
electrostatic (12), and bond-antibond interactions (1 3- 15). 

Because it has been estimated that the chair-TB energy 
difference is less for 1,3-dithiane than for 1,3-dioxane (16), 
it is most surprising to observe the opposite with regard to 
the conformation preferences of 1,5-benzodioxepin and 1,5- 
benzodithiepin. Indeed, the replacement of the ring oxygens in 
1,5-benzodioxepins by sulfur leads to a larger amount of the C 
form(s) for all four compounds studied. A brief explanation of 
the results for each compound is given next in light of the above 
broadly applicable generalization, together with refinements 
arising from specific effects associated with each of the 
substituents. 

The parent compound, 1,5-benzodithiepin (I) ,  exists pre- 
dominantly in the chair conformation and the free energy 

difference (-AGO) between this form and the TB conformation 
at -90°C is 1.1 kcal/mol. It would then appear that the 
stabilization of the TB form through electronic factors, as noted 
for the oxygen analog l a ,  is attenuated when sulfur has replaced 
oxygen (2). Possibly the two-electron stabilizing interactions 
(17) stabilizing the TB arrangement becomes less important 
when oxygen is replaced by sulfur. 

The shift in population observed for 1 by changing the solvent 
from CS2 to THF is negligible, as would be expected from the 
similarly weakly polar nature of both solvents. The effect of 
CHF2C1 was not investigated because the anticipated reduction 
of the already small amount of TB would not have permitted 
detection. 

Dimethyl substitution in 2 causes a shift favoring TB, as 
similarly observed (2) for l a  and 2a.  Table 3 shows that an 
increase in solvent polarity favors the C form, probably because 
of better solvation of the more polar chair form (2). 

The data in Table 3 show that, in CS2, the C, form of 3 
is more abundant (C, :C,:TB = 55: 25 :20) than for 3 a  in 
CH30CH3 (C, : C, :TB = 42:9: 49) (2), most probably because 
of reduced steric interaction between the axial methyl group and 
the sulfur lone pair owing, in part, to the larger C-S bond 
length. An increase in solvent polarity (CS2 to CHF2Cl) favors 
the C, form of 3 at the expensve of C,, whereas for 3 a ,  C, is also 
favored but at the expense of TB, since the amount of C, is 
rather small for 30.  

Furthermore, the -AGO value1 between the axial and 
equatorial methyl groups of 3 in both solvents (0.27 kcal/mol in 

 h he use of AGO implies the equilibrium between the two conformers 
is viewed as axial conformer $ equatorial conformer. 
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FIG. 7. 100.62-MHz 13C nmr spectrum of 4 in CHF2C1 at several 
temperatures. 

CS2 and 0.63 kcal/mol in CHF,Cl) is lower than that reported 
for 5-methyl-l,3-dithiane in CHC13 (1.05 kcal/mol) (16). This 
suggests that steric interactions are indeed weaker in the present 
seven-membered ring, as is also the case in the analogous 
oxa-pair (2). 

Finally, the methoxy derivative 4 exists predominantly in the 
C, form in CS,. The great importance of the C, form for 4 ,  
contrary to 4a ,  can be explained in terms of bond-antibond 
interactions (13-15) that act in a totally reverse manner when 
oxygen is replaced by sulfur. Indeed, it has been reported that 
the O/S gauche "conformation effect" is repulsive whereas the 
010 gazdclze effect is attractive (3, 15). Thus, the C, conformer 
of 4, possessing the largest number of gauche arrangements 
for the S-CH2CH-OCH? fragments, should be destabilized 
relative to C,. On the other hand, the absence of the C, form 
noted for 4a would then result from the fact that the 010 gauche 
interaction ia attractive. 

An increase in solvent polarity (as in CHF2C1) increases the 
amount of the C, conformer of 4 at the expense of C,, keeping 
the amount of TB essentially unchanged. In contrast, only the 
TB conformation of 4a is observed in the less polar solvent (2) 
(CH,OCH? or CS,) while the increase in polarity leads to a 
mixture of TB and C,. If we consider that the TB preference is 
stronger in the oxa family because of electronic factors (17), 
then the solvent effect, increasing the amount of the more polar 
C, conformation through better solvation in the more polar 
solvent (12), is similar for both 4 and 4a.  

Experimental 
The vapor phase chromatographic (vpc) analyses and separations 

FIG. 8. Partial 400.13-MHz ' H  nmr spectrum of 4 in CHF,CI at 
several temperatures. 

were carried out on a Varian-Aerograph Model 920 instrument using 
helium as carrier gas. 

The variable temperature ' H  and 13C nmr spectra were recorded in 
the FT mode with a Bruker WH-400 instrument operating at 400.13 and 
100.62 MHz respectively and equipped with a standard Bruker variable 
temperature accessory. Temperatures were read off the B-VT-1000 
control unit and compared to a calibration curve previously established 
by using a Fluka Model 2165A digital display thermometer. equipped 
with a copper constantan thermocouple placed inside a solvent 
containing a dummy nmr tube inserted in the probe. A precision of 
i 3 " C  is expected. 

All I3c nmr spectra were recorded with broad-band proton de- 
coupling and the following instrumental parameters are typical: SW = 

52 215 Hz; flip angle = 15 FS; data size = 16 K;  AQ = 0.4 s; pulse 
delay = 0 .2  s. For proton spectra, the typical instrumental parameters 
used are as follows: flip angle = 50 ~ s ;  SW = 20 000 Hz; data size = 

8 K;  AQ = 0.2 s; pulse delay = 0.3 s. The 'H spectra were resolution 
enhanced by exponential and (or) gaussians multiplication. 

All variable temperature studies were performed on CHF2C1 and CS2 
or THF-d8 solutions of the sample containing Me& and about 18% of 
CD,C12 (for field locking purposes) in standard 5-mm ( 'H) and 10-mm 
(I3c) nmr tubes that had been degassed and sealed. The ' H  nmr tubes 
contained 5-10 mg of the sample in 0 .5  rnL of solvent while the 
'" n m  tubes contained 60-120 mg of the sample in 2.2 mL of the 
solvent. 

Some rate constants were estimated at the coalescence temperature 
with the equations k = ~ A v / 2 ' "  for singlet to doublet splitting and 
k = r ( h v 2  + ~ ~ ) ~ ' ~ / 2 ' ' ~  for singlet to AB quartet splitting (9). The 
free energies of activation values ( AG') were calculated from standard 
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TABLE 3.  Thennodynamic and kinetic parameters characterizing compounds 1-4 

Relative - A G O  TC LG- AG= 
Compound Solvent Conformation populations ( " 0  ( "c )  C-+TB C + C *  

"The uncertainty in the integration results i s  about 2 2 % .  
'The identity of nucleus and signal whose parameters are used to calculate AG* is given in brackets next to the coalescence temperature 

For the methyl group, CH, refers to the I3C spectra whereas H,C refers to the 'H data. 
'The AGO values referring to the TB form are corrected (2) for statistical effects on ing to the existence of two equivalent TB forms for 3 and 4. 

equations using a transmission coefficient of 1 (for chair to twist-boat 3,3-Dimethyl-1,5-benzodithiepene 
transformation) and of 4 (for chair inversion and TB inversion) (1 8). This compound was prepared from 0.28 g (2 mmol) of o-benzene- 

dithiol and 0.51 g of 1,3-dibromo-2,2-dimethylpropane according to a 
o- Benzenedithiol procedure already described (3). Distillation yielded 105 g (25%) of a 

This was prepared by a three-step procedure described in colorless liquid whose 'H nmr spectrum was identical to that already 
the literature (19,20) starting from butanethiol and o-dibromobenzene. known (6), 
Quantities of this compound were also uurchased from Aldrich. 

1,5-Benzodithiepin (ref. 6) 
A suspension of 0.80 g of K2C03 in 3 mL of n-pentanol was refluxed 

under vigorous stirring and a solution of 218 mg (1 mmol) of 
1,3-dibromopropane and 142 mg (1 mmol) of o-benzenedithiol in 3 mL 
of n-pentanol was added dropwise. The mixture was refluxed for I0  h, 
then cooled and filtered. The filtrate was washed with water, dried over 
MgS04, and the solvent was evaporated. The residue was dissolved in 
benzene, treated with activated charcoal, and distilled. The colorless 
liquid obtained was purified by gas chromatography on a SE-30 5% 
column (150 cm X 6 .4  mm, T = 140°C) yielding 85 g (47%) of 
1,5-benzodithiepene, characterized by its 'H nrnr spectrum described 
in Table 1 and its comparison with that reported in the literature (6). 

3-Methyl-l,5-benzodithiepene 
A solution of 145 mg of o-benzenedithiol (1 mmol) and 342 mg of 

ditosylate of 2-methyl-1,3-propanediol (described elsewhere (2)) was 
added to a suspension of 0.78 g of K2CO3 in 3 mL of DMSO. The 
mixture was heated at 110°C for 20 h. After cooling at room 
temperature, water and benzene were added and the phases were 
separated. The aqueous layer was extracted with benzene (2 X 20 mL) 
and the combined organic fractions were washed with water and dried 
over MgS04. The solvent was evaporated and the residue purified 
by gas chromatography on a SE-30, 5% column (150 cm X 6.4 mm. 
T = 140°C). Thus 107 mg (64%) of a colorless liquid was obtained. 
Exact Mass calcd. for CIOHI2S2: 196.0380: found (ms, m/e):  
196.0365 (M)', 180 (M - CH4)-, 153 (C7H5S2)+. 140 (C6H4S2)+. 

3-Methoq-I ,5-benzodithiepene 
A solution of 190 mg (1.3 mmol) of o-benzenedithiol and 392 mg 

(1.8 mmol) of 1.3-dibromo-2-propanol in 4 mL of pentanol was slowly 
added to a refluxing and vigorously stirred mixture of 1.11 g of K2C03 
in 4 rnL of pentanol. After refluxing overnight. the mixture was cooled 
and filtered. The filtrate was washed with water and dried over MgSOj. 
The solvent was evaporated and the remaining yellow oily product was 
dissolved in 3 mL of diglyme and cooled in an ice bath. CH31 (12.15 g, 
15 mmol) was added and then slowly 0.375 g (16 mmol) of NaH 
suspended in 3 mL of diglyme. The mixture was stirred at room 
temperature overnight and the excess of hydride was destroyed by 
slowly adding 2 mL of methanol. Water and ether were added, the 
phases were then separated, and the aqueous layer was extracted with 
ether (3 x 20 mL). The combined organic fractions were washed with 
water (3 X 20 mL) and dried over MgS04.  The solvent was evaporated 
and the resulting yellow oil was purified by gas chromatography using a 
SE-30,5% column (150 cm x 6 .4  rnm, T = 140°C). A colorless liquid 
(98 mg, 36%) was recovered. Exact Mass calcd. for C10H12S20: 
212.0330; found ( ~ n s ,  m/e): 212.0316 (M)+, 180 (M - CH,OH)+, 
153 (M - C3H30)&. 
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The visible absorption spectrum of 1,2-cyclobutanedione in the gas phase1 
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R. A.  BACK and J .  M. PARSONS. Can. J .  Chem. 64, 2152 (1986) 
Theovisible absorption spectrum of 1,2-cyclobutanedione has been measured in the gas phasc at wavclcngths between 4000 and 

5100 A. The absorption is attributed to the allowed IT* +- ni  , ' B  I + 'A transition corresponding to the first excited singlet state. 
The spectrum shows a complex well-resolved vibrational structure which has been analysed. with some 125 bands measured and 
assigned. The ban$ at the longer wavelengths show sharp rotational fine structure, not yet analysed. The strongest band in the 
spectrum at 4933 A has been assigned as the 0-0 band, while a band almost as strong at 4820 A is attributed to excitation of one 
quantum of v i 2 ,  the a 2  out-of-plane carbonyl bending vibration, and it is suggested that this band owes its intensity to vibronic 
coupling. A number of symmetric vibrations are also excited in the spectrum, but with no long progressions. Sequence bands 
running to the blue with an interval of about 72 cmp'  are prominent throughout the spectrum, and are assigned to v13, the a z  
ring-twisting vibration. Other hot bands were also observed involving v13 which permitted estimation of energy levels for this 
vibration both in the ground state and the excited state. The infrared spectrum was also measured and analysed in the gas phase 
between 600 and 4000cm-', and 14 bands were assigned to fundamcntal vibrations; some of these assignments, at the lower 
frequencies, are uncertain. 

R.  A .  BACK et J .  M. PARSONS. Can. J .  Chem. 64. 2152 (1986) 
Operant en phase gazeuse, on a mesurC le spectre d'absorption visible de la cyclobutanedione- l , 2  a des longueurs d'onde allant 

de 4000 5 100 A.  L'absorption est attribuee a une transition IT* + n + ,' B I + 'A I qui est permise et qui correspond au premier 
Ctat singulet excite. Le spectre prCsente une structure vibrationnelle complexe et bien rCsolue que l'on a analyse: on a mesure et 
attribuC quelques 125 bandes. Les bandes aux longueurs d'onde les plus ClevCes presentent une structure fine rotationnelle qui est 
bien dCfinie; on ne les a toutefois pas analysees. La bande la plus intense du spectre app~rai t  a 4933 A et on I'a attribuee a la bande 
0-0; par ailleurs, une bande qui est pratiquement aussi intense et qui apparait a 4820 A est attribuCe a l'excitation d'un quantum 
de v i2 ,  la vibration a? de deformation angulaire hors-plan du carbonyle; on suggere que cette bande doit son intensit6 a un 
couplage vibronique. Un certain nombre de vibrations symitriques sont aussi excitCes dans ce spectre; elles ne prCsentent 
toutefois pas de longues progressions. Des sCquences de bandes allant jusqu'au bleu, avec un intervalle d'environ 72 c m ' .  sont 
en Cvidence dans tout le spectre et on les attribue a v 1 3 ,  la vibration a 2  de deformation du cycle. On a aussi observC d'autres 
bandes chaudes impliquant v13 qui permettent d'Cvaluer les niveaux d'energie de cette vibration tant a 1'Ctat fondamentale qu'a 
1'Ctat excite. On a aussi mesurC le spectre infrarouge en phase gazeuse entre 600 et 4000 cm-', on I'a analysC et on a attribue 
14 bandes 2 des vibrations fondamentales; toutefois quelques-unes de ces attributions. aux SrCquences les plus basses, sont 
incertaines. 

[Traduit par la revue] 

Introduction 
The spectroscopy of a-dicarbonyl compounds shows many 

interesting features. The two lone-pair orbitals interact strongly, 
splitting into n + and n _ components, raising the energy of the 
former enough to shift the -rr* + n +  transition into the near 
ultraviolet or visible region. The spectroscopy of glyoxal, the 
prototype a-dicarbonyl compound, has been very thoroughly 
studied (1). The ultraviolet spectrum of oxalic acid has recently 
been analysed in this laboratory (2), and those of pyruvic (3) and 
glyoxylic acid (4) briefly reported. All these compounds exist 
almost entirely as the trans isomer; only with glyoxal has the cis 
isomer been detected and its absorption spectrum observed, and 
this only with difficulty because of overlapping absorption by 
the trans isomer which is present in about a thousand-fold 
excess (5). With 1,2-cyclobutanedione (hereafter CBD), in 
contrast, the molecule is locked in a cis configuration. It is a 
yellow solid, and visible absorption bands have been observed 
in solution (6), but no gas-phase spectra appear to have been 
measured. In conjunction with photochemical studies of CBD 
(7) ,  we have measured the visible absorption spectrum, which 
we now report in detail in the present paper. To aid in the 
vibrational analysis, the infrared absorption spectrum, not 
previously reported, was also measured. 

Experimental 
Absorption spectra were first measured in a 1-m single-pass quartz 

cell, heated to temperatures up to about 50°C. using a Spex I-m grating 

'NRC No. 25309. 

spectrometer with a resolution of about 0.1 i\. Spectra were also 
photographed at medium resolution using an Eagle spectrograph in 
the 1st and 2nd order, using a multi-pass 2-m White cell at room 
temperature. High resolution spectra of some bands were photographed 
using the 12th order of an Ebert spectrograph. 

The infrared spectrum of the vapor was measured from 600 to 
4000 cm-' with a path length of about 60 cm and apressure of 0.5 Torr. 
using a Bomem F.T. spectrometer at a resolution of about 1 cm- '. 

Cyclobutanedione was prepared by M. Hrytsak and his colleagues at 
the University of Ottawa. using methods in the literature (8, 9).  The 
vapor was admitted to the absorption cell after simple degassing, 
keeping exposure to visible light and to water vapor at a minimum. 
The sample was replaced frequently as some loss by photolysis was 
observed, but the products, chiefly C7H4 and CO, are transparent in 
the region of interest. 

Results 
The absorption spectrum between 5 100 and 4000 A, measured 

in the Spex spectrometer, is shown in Fig. 1. No absorption 
could be observed at longer wavelengths or at wavelengths 
between 3900 and 2200 A. Medium-resolution photographic 
spectra from 5 100 to 4780 A are shown in Fig. 2. In Table 1 are 
listed the vibrational bands observed, their wavelengths in air. 
and their wavenumbers in vacuo. Bands evident in the spectro- 
meter trace (Fig. 1) are designated by upper-case letters. 
while other bands seen only in photographs are labelled with 
lower-case letters. Numerical subscripts refer to members of 
v 13 sequences, discussed below. The wavelengths and wave- 
numbers shown were measured from the photographic spectra 
using iron-arc lines as references in the usual way, and refer to 
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BACK A N D  PARSONS 

ORIGIN 

I I 

5000 4 9 0 0  4800  

W A V E L E N G T H  ( A  ) 

I I I 

4 7 0 0  4600 4500  

W A V E L E N G T H  ( A )  

4 4 0 0  4 3 0 0  

W A V E L E N G T H  ( A )  

I I I I I 
4 2 0 0  4100 4 0 0 0  

W A V E L E N G T H  ( A )  

FIG. 1. Low-resolution absorption spectrum of 1,2-cyclobutanedione, measured with a Spex 1-m grating spectrometer. No correction was 
made for the wavelength response of the photomultiplier. See text and Table 1 for band assignments, wavelengths, and meaning of symbols. 

the band heads, degraded to the blue, evident in the spectrum shortest wavelengths, the band heads become quite diffuse, and 
(Fig. 2) .  At the lower wavelengths, these band heads are very some bands become distinctly double (e.g., Vo,  Yo,  and Zo in 
sharp, and measurements were made from these sharp edges Fig. I ) ,  and in these cases measurements refer to the intensity 
(e.g. bands labelled Ao ,  B o .  E,,, E l  , E 2 .  J O ,  J 1  in Fig. 2). With maximum o f  the longest-wavelength member o f  each pair. 
decreasing wavelength generally, and within v 1 3  sequences, Frequencies are reported to the nearest cmp '  or the nearest 
band heads tend to become more diffuse, and measurements 0.1 cm-I, depending on the sharpness o f  the band. The 
were made from estimated points o f  maximum intensity. At the accuracy o f  the measurements varies considerably from band to 
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TABLE 1. Band heads in the absorption spectrum of 1,2-cyclobutanedione (all frequencies and frequency differences 
in c m '  in vacua)* 

Band Wavelength v 13 sequence Vibrational 
symbol (A, in air) v intervals assignment Comments 

origin 
x : 

13;2$; 
134 

df, a k .  A '  - aa = 48 = - vi4  
sh, wk, Eo - bb = 527 = v;' 
sh, st, Eo - A. = 488.4 = v;'? 
df, st, A. + 11, rf'? 
df, bo - A. 17 = V &  - v; f  
df, wk, Bo - co = 166 = v;3 
sh, st 
sh. A ,  + 8,  rf? 
df, b l  - Al = 17 = V &  - v;f  
sh 
df, wk,  ee - cc = 47 = w i 4  - v;j 
sh, st 
sh, st, A2 + 7, s f ?  
sh 
df, wk 
df, Bo - ee = 46 = v ; j  - V &  

sh, wk 
df, Bo - 6 
sh, st. Eo - Bo = 281.2 = vg 
df, st, ff - Bo = 16 = v;( - v$  
sh. C o  - eo = 91 = 2v;b - 2vib 
df, a k  
sh, B l  - 5 .5  

sh, wk 
sh 
sh, st. Eo - C o  = 165.3 = v;; 
sh, st, BZ - 8.5 

BZ  - 5.0 
sh, st 
df, wk, CI  - 7.8 
sh, wk,  kk - 5.9 
sh 
sh, Do - kk  = 46.8 = vi4 - v i ;  
sh 

Do - 3 .8  
sh, st, Eo - Do = 46.9 = ~ ' 5 4  - ~ ' 2 4  

sh 
sh. st, Eo - 4 .6  
sh. st 
sh, st. go - Eo = 14.3 = v &  - V ;  

d f 
sh 
df, E l  - 4 . 1  
sh, st 
sh, st 
df, wk 
sh 
df, E 2  - 4.1 
sh, st 
sh 
df, a k  

sh, st 
df, wk 
sh, st. Fo - Eu = 284.4 = V ;  

df, qq - Fo = 13.6 = v ;  - v$  
df, Jo - Go = 166 2 = v ;  
sh 
sh, KO - ho = 45.0 = v i4  - v& 
sh 
sh, Jo - KO = 46.6 = V &  - V &  
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BACK AND PARSOSS 

TABLE 1. (continued) 

Band W!velength v sequence Vibrational 
symbol (A, in air) v intervals assignment Comments 

sh 
sh. lo - Eo = 457.1 = v; 
sh. st, Jo - Eo = 474.8 = v;: 
sh, Jo + 8.3, rf? 
sh 
sh. st 
sh. J ,  + 8.9. ti? 
sh, rr - J 1  = 15.2 = v;( - u$  
df, ss - Fu = 283.3 = vA 
df, J2 - tt = 45.1 = vi4 - vv;4 
sh 
sh 
sh, J2 + 9.7, rf? 
sh 
sh 
df, KO - Jo = 285 = vb 
d f 
d f 
sh, Lo - Jo = 456.9 = v; 
d f 
d f 

sh 
d f 
df, No - Eo = 1155 = v; 
d f 
d f 
d f 
df 
df. R o  - Po = 168 = v k  
sh 
sh, Ro - Qo = 52.6 = v;k ,- vi4 
sh, Ru - Eu = 1592.7 = ~2 

sh 
sh 
sh 
sh 
sh 
sh, jo - R o  = 279.2 = v;i 
sh 
sh 
sh 
df 
df, To - Jo = 1590 = V ;  
d f 
d f 
df, db 
df, db, Uo - To = 282 = vg 
df, db 
df, db 
df, ko - To = 462 = v ;  
d f 
df, Vo - mo = 280 = vi 
d f 
df, no - Uo = 454 = v; 
d f 
df. db. Vo - E o  = 2958 = v ;  
df. db 
df, db 
df, db 
df, db, po - Vo = 282 = V A  
dt. db 
df, db 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J. CHEM. VOL. 64, 1986 

T.~BLE 1. (concluded) 

Band Wavelength v 13 sequence Vibrational 
symbol (A, in air) v intervals assignment Comments 

df, db, go  - Vo = 459 = V ;  

df. db 
df, db 
df, db 
df, db 
df, W ,  - ro = 46 = v;'~ - vi4  
df, db, Wo - To = 1586 = V ;  

df, db 
d f 
d f 
df, db. X o  - Wo = 275 = V ;  

df, db 
d f 
df, db, Yo - Wo = 456 = V ;  

df, db 
d f 
df, db, Zo - Vo = 1594 = v $  
df, db 
df. db 
df, so - Zo = 279 = v;( 
df, db 

*sh = sharp, df = diffuse, st = strong, wk = weak, rf = rotational feature. db = double 

band, but should be adequate for vibrational analysis. High- 
resolution spectra show sharp, partially resolved rotational 
structure in most bands at longer wavelengths. This structure is 
complex and overlapped and has not yet been analysed, but it 
appears that the true vibronic band origins probably lie from 5 to 
10 c m '  to the blue of the values listed in Table 1. 

Table 2 lists and describes the bands observed in the infrared 
spectrum between 600 and 4000 cm-', and their assignments; 
some of the latter are obviously uncertain, especially some of 
the weaker bands and those at the lower frequencies. Where 
the band types are clear, they are all in accord with the 
vibrational assignment, with consideration of the permanent 
dipoles associated with the C-O and C-H bonds. Of the 24 
fundamentals, 14 are assigned to observed bands, 4 should be 
infrared inactive or very weakly active (v4 ,  w g ,  v v '). and 
the other 6 are expected to lie below 600 c m l .  This spectrum 
will not be discussed further. 

Discussion 
The electronic transition 

The microwave spectrum (10) and electron diffraction 
measurements (11) have shown that the carbon-oxygen 
skeleton of CBD is planar in the ground state, with C2, 
geometry; like glyoxal, it probably also remains planar in the 
excited state. From the photoelectron spectrum (12) and by 
analogy with other a-dicarbonyl compounds, the highest 
occupied molecular orbital is the a 1 (n +)  component of the 
n+-n- pair formed by interaction of the two carbonyl lone-pair 
orbitals. The observed spectrum is undoubtedly due to the 
allowed IT * + n + , ' B +- 'A ,  transition, entirely analogous to 
the similar visible absorption spectrum of :is-glyoxal (5). The 
0-0 bands are quite close (4933 vs. 4875 A in cis-glyoxal) and 
the value (7) of E,,, = 20 M 1  c m l  is about that expected for 
a IT * +- n + transition. 
Vibrational analysis 

The 24 normal-mode vibrations of CBD are listed and 

approximately described in Table 3. Lacking well-established 
ground-state frequencies, the numbering of several of these is 
uncertain. Ground-state values for v;', vg, v ; ' ~ ,  and vY3 have 
been obtained from hot-bands in the visible absorption spectrum 
and from the fluorescence spectrum (l3),  while other values are 
taken from the ir spectrum, or estimated. 

The strongest band in the spectrum at 4933 A, labelled Eo,  
has been assigned as the 0-0 band. Obvious sequence bands, 
labelled E : E 2 ,  and E 3  run towards shorter wavelengths with 
an interval of about 70cm-'. Similar sequences can be seen 
throughout the spectrum (denoted by subscripts) and are all 
assigned as AL: = 0 sequences in v1;. Similar sequences, 
running to the blue, are prominent in the spectra of glyoxal(1) 
and oxalic acid (2), where they involve the torsional vibration 
around the C-C bond, which becomes shorter and stronger in 
the excited state. The analogous vibration in CBD is the a z  
out-of-plane ring-twisting mode, v 13,  which is also expected 
to have the lowest frequency in the molecule, and has been 
observed in the form of vibrational satellites in the microwave 
spectrum (10). The role of v l 3  in the spectrum will be discussed 
further at a later stage. 

The second str;ngest band in the spectrum, Jo,  475 cmp '  
above Eo at 4820 A, is assigned to excitation of one quantum of 
vi2, the a2  out-of-plane C=O bending vibration. We suggest 
that this band owes its strength to Herzberg-Teller intensity 
borrowing through vibronic coupling to a strong, higher-energy 
electronic transition. The lowest n*-n state, which probably 
corresponds to the next a l low~d transition of CBD and can be 
expected to lie around 2000 A, is a likely candidate for such 
coupling, and a consideration of the orbitals involved shows 
that this will be a lB2 state. Vibronic coupling with this state 
requires an a2  vibration which combines with the 'B1 upper 
state of the T*-n+ transition to give a vibronic state of the same 
Bz symmetry species. The only a2 vibrational mode of the right 
frequency for the Jo band appears to be v i 2 .  

Support for this assignment for Ju comes from the absence of 
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BACK AND PARSOSS 

TABLE 2. Infrared spectrum of 1,2-cyclobutanedicne 

v ( c m ' )  Band type Strength Assignment 

Weak 
Weak 

Medium 
Medium 

Weak 
V, weak 

Weak 
Weak 
Strong 

V. strong 
Medium 

Weak 
Weak 
Strong 
Weak 

Medium 
Medium 

Weak 
Weak 

Medium 
Weak 

2 v 1 9  

2v2 
v18 ,  asym. C-H stretch ( b 2 )  
v14. asym. C-H stretch ( b l )  
2 v 3  (or v l ,  sym. C-H stretch ( a l ) )  

v19,  asym. C=O stretch ( b 2 )  
v2,  sym. C=O stretch ( a l )  
v 3 ,  sym. C-H scissors ( a l )  
v20, asym. C-H scissors ( b 2 )  (?) 
vg + 49 (?) 
v g  , ring distortion ( a  ,) 
~ 1 5  + 51 (?) 
v15 ,  sym. C-H wag ( b , )  
v h ,  sym. CH2 rock ( a  , )  
U 1 6 ,  CHZ wag + C=O wag ( b , )  
v 2 ~ ,  ring distortion ( b 2 )  
vz2 ,  ring distortion ( b Z )  
v z 3 ,  asym. CH2 rock (b: )  

strong bands corresponding to ui2 = 2, 3, etc., expected if Jo 
were simply the first member of a progression in a symmetric 
mode. (A weak band, Po, may correspond to v i 2  = 3, in which 
v 12 would again act as an inducing mode; there is no band at the 
wavelength expected for vi2 = 2, where it would not.) Further 
evidence that Jo is induced by vibronic coupling is thc distinctly 
different band profile, compared to E o ,  which is expected 
from the different vibronic symmetry of the excited state 
(Figs. 1, 2). It is interesting that the spectrum of trans-glyoxal 
(1) and probably of cis-glyoxal (5, 14) also show strong bands 
induced by vibronic coupling involving an out-of-plane bending 
vibration. 

The band designated Fo at 4865 A, 284.4 c m '  above the 
origin, has been assigned to v;(, the symmetric, in-plane 
carbonyl bending mode; in cis-glyoxal the corresponding vg is 
284.5 cm-' in the ground state (5). The same vibration is also 
active in a number of combination bands, K O ,  Mo , jo , Uo , po , 
Xo,  and so, and in the band ss assigned as 8;. 

The band I,, 457.1 cm-'  above the origin, is attributed to 
v;, an in-plane ring distortion that might be expected to be 
excited by a change in the C1-C2 bond length. The same 
vibration shows up more clearly in Lo in combination with v i2 ,  
and in the other combination bands k o ,  no ,  9 0 ,  and Yo. A weak 
broad band, No, 1155 c m  ' above the origin, has been assigned 
to a second in-plane ring vibration, v i ,  the symmetric 
breathing mode. 

The band R o ,  1592.7 cm-' above the origin, is assigned to 
u;, the symmetric C=O stretching vibration, which is also 
excited in the combination bands To, Wo,  and Zo and is a 
common feature of most n* + n transitions. The band Vo is 

assigned to u ; ,  the symmetric C-H stretching vibration, with 
a frequency of 2958 cm- '. 

It remains to discuss the bands observed to the red of the 
origin, and related bands throughout the spectrum. The band 
A o ,  4 8 8 . 4 c m 1  from the origin, has been assigned to absorp- 
tion from the vY2 = 1 level in the ground state. This is 
supported by the frequency (close to vi2),  by the band profile, 
which resembles that of Jo, and by its strength, which is greater 
than predicted from the Boltzmann factor but can be explained 
by the action of v12 as a vibronic coupling mode as discussed 
earlier. 

The band Bo is assigned to v $ ,  a symmetric vibration also 
actively excited in the upper state. The band mo, lying 280 cm- ' 
to red of Vo, is also assigned to v;. The band Co has been 
assigned to vY3 (165.3 cm-I), the ring-twisting vibration so 
prominent in many sequences throughout the spectrum, while it 
is also involved in the combination bands co ,  G o ,  and Po. The 
band D o ,  46.9 c m l  from the origin, has been assigned as a 1 , l  
sequence band of v24, the asymmetric in-plane carbonyl bend, 
chosen chiefly because of its probable low frequency, but a 
sequence in some other vibration is almost equally possible. 
The same sequence seems to be involved in a dozen other 
combination bands listed in Table 1. The band go,  14.3 cm-' to 
the blue of Eo,  has been assigned as a sequence band of an 
unknown vibration X ,  and a number of similar bands lying 
about the same distance to the blue of other strong features have 

b 

been given similar assignments. A number of other features 
even closer to several of the stronger bands are probably 
rotational structure. Finally, a very weak band, bb, 527 c m '  to 
the red of Eo,  is assigned to u;  , a ring-distortion vibration; the 
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CAN. J. CHEM. VOL. 64, 1986 

TABLE 3 .  Fundamental vibrations of 1,2-cyclobutanedione* 

C2, species No. Description v (cm-') Source 

a I 1 Sym. C-H stretch 
2 Sym. C=O stretch 
3 Sym. C-H bend, I , scissors 
4 Sym. C-C stretch, breathing 

5 Ring distortion. //, 

6 Sym CH2 rock, // :x: 
7 Ring distortion, //, 

8 Sym. C-C=O bend, // 

-3000 Estimate,cf.v14.v18 
1787 Infrared 

- 1427 Infrared 
- 1152 Fluorescence 

1052 Infrared 

918 Infrared 

527 Fluorescence 

281 Bo hot band, visible 

a 2 9 Asym. C-H stretch K -3000 Estimate, c f .  v i 4 ,  u18 

10 Asym. CH2 wag, I - 
1 Estimate c f .  cyclobutane 

Estimate (1234, 1225) 

1 1  C-H bend - 1220 

12 Asym. C-C=O bend, I ,  wag 488 A. hot band, visible 

3 Ring twist inL 165 C o  hot band. visible 

b I 14 Asym. C-H stretch K 2956 Infrared 

15 Sym. CH2 wag, I 962 Infrared 

16 CH2 wag + C-C=O wag, I -854 Infrared 
17 Sym. C-C=O wag, i -500 Estimate, c f .  v 1 2  

b 2 18 Asym. C-H stretch 3005 Infrared 

19 Asym. C=O stretch 
20 C-H bend, asym. scissors, 1 

21 Ring distortion, // 

22 Ring distortion, // d" 
23 Asym. CH2 rock, // + 'XI 
24 Asym. C-C=O bend // 

182 1 Infrared 
- 1260 Infrared 

-756 Infrared 

-702 Infrared (uncertain) 

-637 Infrared 

250 Estimate. c f .  v 8  

"Symbols 1 and // refer to molecular (skeletal) plane. Infrared and visible spectra data from present work, fluorescence 
data from ref. 13. 

same band has also been observed in the emission spectrum o f  
CBD ( 1 3 )  where it is much stronger. Many o f  the other bands to 
the red o f  the origin have also been seen in emission. 

The role o f  the v,, ring-twisting vibration in the spectrum 
requires some further comment. There is little doubt about 
the assignment o f  the many regular sequences throughout the 
spectrum to this vibration. There is some doubt, however. about 
the assignment o f  Co as 13:, with vY3 = 165.3 c m  ', and the 
alternative assignment o f  Do as 13?, with vY3 = 46.9 cm-', 
was given serious consideration. In favour o f  the Do assignment 

was the approximate agrccment with a value o f  about 50 cmp '  
for vY3 that can be obtained from a Boltzmann factor estimated 
from the ratio o f  intensities E / E o  or J1 /.To, and with a value o f  
68 (k30 )  estimated in a similar way from microwave "satellite" 
bands (10). On the other hand, 46.9 cm-I seems very low for 
the observed sequence interval o f  7 2  cm- ', which would lead to 
an exceptionally large percentage change in frequency between 
the ground and excited states. This frequency also seems low for 
the relatively stiff ring expected in C B D ,  planar in both states, 
not much higher than the frequency o f  36 cmp'  found in the 
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BACK AKD PARSONS 2161 

TABLE 4. Energy levels of v l 3  (cm- I) derived 
from Eo-E3 and Co-C3 sequences 

TABLE 5. Vibrational frequencies (cmp') obtained from visible 
spectrum* 

Vibration Ground state Excited state 

U ,  (C-H stretch) - 

u2 (C=O stretch) (1787)t 
u4 (ring breathing) (1152)8 
u 7  (ring distortion) 527 (bb) 
V, (C=O in-plane bend) 281.2 (Bo) 
v12 (asym. C=O wag) 488.4 (Ao)  
v 13 (ring twist) 165.3 (CO) 

*Bands from which data were obtained in parentheses. 
+From ir spectrum. 
$From fluorescence (13). 

much less rigid ring in cyclobutanone (15). A more convincing 
piece of evidence favoring the C o  assignment for 13? is the 
significantly lower sequence interval in the Co-C5 sequence, 
compared with the Eo-E3 sequence; the former sequence would 
thenbe0 ,1 ,  1,2, etc.,  ratherthanO,O, 1 ,1 ,  e tc . ,  andadifferent  
interval is not unexpected. The Do-Dz sequence, on the other 
hand, shows the same sequence interval as the Eo-E3 sequence. 
A second sequence, based on  co ,  which w e  have assigned as 
8?13?, also shows a reduced interval, close to  that of the 
Co-C5 sequence, as expected from this assignment. From these 
observations, and the fact that frequencies based on  Boltzmann 
factors can be notoriously unreliable, w e  have chosen to 
assign Co as 13y and Do as a 1 , l  sequence band of vz4 A 
low-frequency infrared spectrum would obviously be useful to 
confirm this assignment. From the two sequences, Eo-E3 and 

Co-C5, energy levels for v l 3  for both excited and ground states 
can be calculated and are shown in Table 4. Both states showed 
a modest regular negative anharmonicity, compatible with a 
relatively stiff ring structure in CBD,  probably planar rather 
than quasi-planar in both states. 

Finally, in Table 5 are summarized the fundamental vibra- 
tional frequencies of both excited and ground states determined 
in this study and in the recent measurement of the emission 
spectrum in this laboratory (1 3). 
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The mechanisms of long-range 1 3 ~ , 1 9 ~  and 1 9 F , 1 9 ~  coupling constants 
in derivatives of biphenyl and fluorene. Differential isotope shifts 
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TED SCHAEFER, JAMES PEELING, and GLENN H. PENNER. Can. J .  Chem. 64, 2162 (1986) 

I 3 c , l 9 ~  and " F , ' ~ F  nuclear spin-spin coupling constants over n formal bonds, 11 = 1-9, are reported for 4-fluorobiphenyl, 
4,4'-difluorobiphenyl, 4,4'-difluoro-2,2',6,6'-tetramethylbiphenyl, 2,7-difluorofluorene. 2-fluoro-9-fluorenone, and 2,7- 
difluoro-9-fluorenone in acetone solutions. The signs of many of the coupling constants are deduced from second-order 
spectral phenomena caused by differential "C isotope effects on the lYF  nrnr chemical shifts. Theoretical potentials, based on 
geometry-optimized S T 0  3G M O  computations for 4-fluorobiphenyl and 4,4'-difluorobiphenyl, yield expectation values for the 
torsion angles about the exocyclic C-C linkage that are very close to those deduced from electron diffraction patterns. These 
potentials and INDO MO FPT computations of the long-range coupling constants allow a discussion of the coupling mechanisms. 
In Hz, 9 ~ ( ~ , ~ )  - 1.3(1) cos2 0 ,  where 0 is zero for a planar biphenyl, while 8 ~ ( C , F )  = 0.8(1) cos2 0 and 7 ~ ( C , ~ )  = 
-0.43(5) cos2 0 .  6 ~ ( ~ , ~ )  is a composite of u-TI and n electron coupling components and is written in Hz as 0.57(1) + 
0.29(1) sin2 0 .  The corresponding coupling constants in the fluorene and 9-fluorenone derivatives are enhanced in magnitude 
relative to a hypothetical planar biphenyl derivative. It is tentatively suggested that 5 ~ ( ~ , F )  consists of three coupling 
components, one negative and proportional to cos2 8, the other two positive and independent of 0.  "(c,F) is suggested to consist 
of a a component of - 1 .0  Hz and a TI component proportional to the atom-atom polarizability for the parent hydrocarbon. 

TED SCHAEFER, JAMES PEELING et GLENN H. PENNER. Can. J. Chem. 64, 2162 (1986) 
Operant dans des solutions dans I'acCtone, on a mesure les constantes de couplage nuclkaires l3C,lYF et l yF , lyF  a travers n 

liaisons ( n  = 1-9) dans le fluoro-4 biphCnyle, le difluoro-4,4' biphenyle, le difluoro-4,4' tetramethyl-2,2'.6,6' biphknyle, le 
difluoro-2,7 fluorene, la fluoro-2 fluorCnone-9 et la difluoro-2,7 fluorenone-9. On a dCduit les signes de plusieurs des constantes 
de couplage a partir d'un phbnomene spectral du deuxieme ordre qui est cause par des effets isotopiques 13C differentiels sur les 
deplacements chimiques rmn du 19F. Les potentiels thkoriques, bases sur des calculs d'orbitales molCcules S T 0  3G optimisks 
pour la gComCtrie, conduisent a des valeurs attendues pour les angles de torsion autour de la liaison C-C exocyclique qui sont en 
accord avec celles que l'on peut dCduire a partir de donnCes de diffraction des rayons-X. Sur la base de ces potentiels ainsi que sur 
la base de calculs d'orbitales molCculaires INDO FPT des constantes de couplage a longue distance, on peut discuter des 
mkcanismes de couplage. Si l'on exprime les constantes de couplage en Hz, 9 ~ ( F , F )  = 1.3(1) cos2 0 (0 est Cgal a zero 
dans un biphenyle plan) alors que ' J (c ,F)  = 0,8(1) cos2 8 et 'J(c,F) = -0,43(5) cos2 0 .  Le couplage 6 ~ ( ~ , ~ )  est compose de 
couplages a-TI ainsi que de couplages d'Clectrons .rr et il est Cgal a 0,57(1) + 0,29(1) sin' 0. Les amplitudes des constantes 
de couplage correspondantes dans les derives du fluorene et de la fluorenone-9 sont plus grandes que celles qui sont prevues en 
faisant l'hypothese qu'il s'agit de dCrivts bi hCnyles plans. On suggere que le couplage 'J(C,F) comporte trois composantes : 4 une serait negative et proportionnelle a cos 0 alors que les deux autres seraient positives et independantes de 0 .  On suggitre 
que 6 ~ ( C , ~ )  comporte une composante a de - 1,O Hz et une composante TI qui est proportionnelle a la polarisabilit6 
atome-atome de I'hydrocarbure de base. 

[Traduit par la revue] 

Introduction 
The form of the potential governing the hindered rotation 

about the carbon-carbon bond linking the benzene rings in 
biphenyl has been investigated extensively by theory and 
experiment. Recent reviews are available (1, 2), so that a 
compilation of references is unnecessary here. Briefly, biphenyl 
is nearly planar in the crystal below 40 K and twists about the 
linking C-C bond by about 44" in the vapor phase. The 
hindering potential certainly contains twofold and fourfold 
components, but sixfold and eightfold components may also be 
present (3). In the presence of substituents ortho to the linking 
C-C bonds, the angle of twist increases. Sufficiently bulky 
substituents lead to a perpendicular arrangement of the two 
phenyl planes (4- 1 1). 

Although 'H and I3C nrnr chemical shifts (12-201, dipolar 
couplings in ordered solvents (8, 9, 21), and multiple quantum 
nmr spectra (22) have been studied as indicators of the 
conformations of biphenyl and its derivatives in solution, little 
or no use has been made of long-range spin-spin couplings 
as conformational indicators in such compounds. Long-range 

'University of Petroleum and Minerals, Dhahran, Saudi Arabia. 

13C,19F couplings are informative about the conformational 
preferences of 4-fluorophenyl derivatives of methane, ethene, 
and other compounds (23). Their precise measurement is 
relatively easy. 

In this study, the long-range couplings "J(C,F) over six to 
eight bonds (n = 6 ,  7, 8) in 4-fluorobiphenyl, 4,4'-difluoro- 
biphenyl, and in 4,4'-difluoro-2,2',6,6'-tetramethylbiphenyl 
are investigated as to their dependence on the twist angle, 0,  
about the linking G-C bond. Because the 0 dependence of the 
hindering potential is not simple, the measurement of J(C,F) is 
combined with extensive geometry-optimized S T 0  3G MO 
calculations. These yield potential functions that can be used to 
compute average or expectation values of 0 and of functions 
of 0 .  INDO MO FPT computations of the long-range J(C,F) 
values, and of 9~ (F ,F )  in 4,4-difluorobiphenyi, indicate the 
form of their 0 dependence, if not their correct extrema. A 
combination of the experimental and theoretical data allows 
reasonable semiquantitative deductions about the coupling 
mechanisms. 

Measurements of chemical shifts in fluorene have been 
taken to mimic those in planar biphenyl (12, 15). We report 
values for "J(C,F) in 2,7-difluorofluorene, the corresponding 
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SCHAEFER ET AL 

SCHEME 1. The coupling constants to I3C and "F in Hz are given for the underlined "F nucleus. The signs are given when known. For the 
4,4'-difluorobiphenyl the coupling constants are given on the right and, on the same structure. are given on the left for 4-fluorobiphenyl. The atoms 
in 2,7-difluorofluorene are numbered in the same way as for 2-fluorofluorene (29). The coupling constants in the latter (29) differ very little from 
those in the difluoro derivative. One significant difference is that to C-7, being 1 .OI Hz in the former. Similarly, in the 2-fluoro-9-fluorenone, this 
coupling is 1.05 Hz and that to C-8 is 0 .53 Hz. For the latter, the coupling constants are given in parentheses if they differ by more than 0.03 Hz 
from those in the difluoro derivative. 

9-fluorenone, and in 2-fluoro-9-fluorenone. The presence of 
differential isotope effects on 19F chemical shifts allows the 
determination of the signs of many of the "J(C,F). 

Experimental 
4-Fluorobiphenyl, 4,4'-difluorobiphenyl, 2,7-difluorofluorene, and 

2-fluoro-9-fluorenone came from Aldrich. The 2,7-difluoro-9-fluore- 
none was prepared from the fluorene derivative, of which 2 g in 10 mL 
of benzene were stirred at room temperature for 36 h with 10 mL of a 
50 wt.% aqueous NaOH solution containing 0 .1  g of benzyltriethyl- 
ammonium chloride. A green precipitate formed, which was extracted 
with CH2C12 and evaporated to dryness, yielding 1.7 g of a yellowish 
green, fluffy powder. The "C nmr spectrum was consistent with the 
desired product. The 4,4'-difluoro-2.2'.6,6'-tetramethylbiphenyl was 
prepared (24) via the 3,3',5,5'-tetramethylhydrazobenzene (obtained 
from 5-nitro-m-xylene) by rearrangement to 4,4-diamino-2,2',6,6'- 
tetramethylbiphenyl, followed by the usual diazotization procedures. 

Because of limited solubility the nrnr samples were prepared as 
saturated solutions in acetone-d6. 

The 13c and I9F spectra were accumulated on WH-90 and AM-300 
FFT Bruker spectrometers at a probe temperature of 300 K in a manner 
described previously (23). 

Geometry-optimized S T 0  3G MO (25) computations employed the 
program MONSTERGAUSS (26) on an Amdahl470/V8 system. This 
computer was also used for the INDO MO FPT computations (27, 28) 
of "J(C,F) and J(F,F).  

Results and discussion 
The "J(C,F) values and 9J(F,F) are given in Scheme 1, which 

presents the data in the most easily comprehensible form (note 
that n is determined by counting via the C,Z-C,~ linkage). 
The coupling magnitudes for 2-fluorofluorene were determined 
elsewhere (29). The signs of 5 , 6 , 7 ~ ( ~ , ~ )  were determined for 
the difluoro derivatives relative to 2,"4~(C,F), the latter being 
positive (29). The sign determination depended on 13C/12C 
isotope shifts for I9F,"A. From the 19F spectra, "A (n = 1, 2, 3) 
were typically obtained as 80, 25, and 5 ppb, respectively. In 
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2164 CAN. J .  CHEM. 

FIG. 1. In (A) is shown the ' 3 ~ { L ~ }  nmr spectrum of C-12 and C-13 
in 2,7-difluoro-9-fluorenone as a saturated solution in acetone-d6. The 
spectrometer frequency is 75.477 MHz and the probe temperature is 
300 K. The difference in resonance frequencies of the ' 9 ~  nuclei is 
0.478 Hz (1.69 ppb); 9 ~ ( ~ , ~ )  is t- 1.45(3) Hz. The six peaks of the 
I3C nmr spectrum show that4J(C,F) and 5 ~ ( C , ~ )  are of opposite sign, 
as given in Scheme 1.  Similarly, in (B) the six peaks of the I3c nmr 
spectrum of C-10 and C-11 are consistent with equal signs of 3 ~ ( C , F )  
and 6 ~ ( ~ , ~ ) ,  the difference in resonance frequencies of the 19F nuclei 
(differential isotope shift) being 1 ,556 Hz (5.5 1 ppb). The relative 
signs follow from an ABX analysis (52). Note also that the separation 
between the most intense peaks is equal to 4 ~ ( ~ , ~ )  + 5J(C.F) in (A) 
and 3 ~ ( ~ , ~ )  + 6~(C,F)  in (B). 4 ~ ( C , F )  and 3J(C,F) are of known sign 
and their magnitudes in the monofluoro derivative must be almost the 
same as in the difluoro derivative. Therefore the relative signs here 
follow by inspection. 

the difluoro derivatives, a differential isotope shift gives rise to 
an ABX spectrum, the 19F nuclei being represented as AB 
with an AB spin-spin coupling constant. If JAB/vAB has the 
appropriate value, six peaks appear in the 13C(X) nmr spectrum. 
The relative signs of JAX and JBX,  that is, of the *J(C,F) values, 
follow in a straightforward analysis. Their magnitudes can also 
be checked against the first-order splittings observed in the 
monofluoro derivatives. Figure 1 displays two typical 13C nmr 
spectral patterns, from which relative signs can be deduced. The 
sign of 'J(c,F) could not be determined in this way, nor could 
that of the coupling to 13c in the CH2 or C=O groups 
(symmetry). 

The signs of the coupling constants are useful in the discus- 
sion of coupling mechanisms below. In addition, computations 
of the internal rotational potential in biphenyl and its deriva- 
tives, as well as of long-range "J(C,F) values, are helpful and 
these are given next. 

Theoretical internal barriers and '.',' J(C, F) 
Geometry-optimized STO-3G MO computations of the 

internal rotational potential in biphenyl (3) yield V(0) = 

1 V2, sin2 i0 where n is the foldedness of the barrier 
r = l  

component. A best fit (3) to the computed energies gave VZ, 
V4, V6, and Vp as -1.60(4), -10.93(4), -2.25(4), and 
-0.43(4) kJ/mol, respectively. 0 = 0 corresponds to a planar 
molecule. For this potential, the classical expectation value, 
(8), is 43.8" at 300 K and (sin2 0 )  is 0.4475. As it happens, the 
latter is nearly the same as sin2 (0) in this instance. In the gas 
phase, the best value of 0 deduced from electron diffraction 
patterns is 44.4", apparently the angle of maximum probability 
(1, 2). 

A similar computation for 4-fluorobiphenyl, done at 15" 
intervals of the torsion angle, 8 ,  gave a set of energies that could 
be best fit (judging by standard errors at the 95% confidence 
level) to a potential consisting of - 1.14(13), - 10.93(13), and 

- 2.34(13) kJ/mol for V2, V4, and V6, respectively. Similarly, 
V2, V4, and V6 were -0.62, - 10.82, and -2.29 kJ/mol for 
4,4'-difluorobiphenyl, again with an error of 0.13 kJ/mol. For 
4-fluorobiphenyl the potential yields (sin2 0)  as 0.471 at 300 K,  
while it is 0.464 for the difluoro derivative. These potentials 
correspond to (0) values of 43", compared to 45" from electron 
diffraction studies (2). 

The INDO MO FPT numbers for 6 ,7 ,s~(C,F)  are given in 
Table 1 ,  computed for the optimized S T 0  3G MO geometries. 
In view of previous experience with computed long-range H,F 
and C,F coupling constants (23, 30), it is anticipated that the 
form of their 0 dependence will be reproduced by the theory, 
but that their magnitudes will be underestimated. The variation 
with 0 of 6 , 8 ~ ( C , ~ )  appears to go roughly as sin2 0 or cos2 0 in 
Table 1. 

The conformational implications of J (F, F) 
In the difluorofluorene, 9 ~ ( ~ , ~ )  is + 1.42(1) Hz and is 

2 1.45(1) Hz in the corresponding fluorenone derivative, con- 
sistent with a coupling pathway over nine bonds via the 
C,?-C,2 bond, unless the CH2 and C=O groups are equally 
efficient as transmitters of spin-state information. 

For 4-fluorobiphenyl, INDO MO FPT computations give 
9 ~ ( F , F )  as positive, decreasing to zero as 0 goes to 90" and 
varying approximately as cos2 0 (footnote in Table 1).  The 
theoretical values are much too small, as is often found for 
long-range couplings involving a C,2-F bond (23, 30), but 
their qualitative 0 dependence is indicative of an electron 
mechanism depending on 2 p ~ r  overlap at the exocyclic C-C 
bond. This indication is confirmed by the vanishing 9 ~ ( ~ , ~ )  
in 4,4'-difluoro-2,2',6,6'-tetramethylbiphenyl for which all 
available evidence suggests a 0 of very near 90" and a large 
barrier to internal rotation, that is, that (cos2 0)  - 0 (4, 8 , 9 ,  11, 
17, 31, 32). 

Now, in 4,4'-difluorobiphenyl, 9 ~ ( F , F )  is 0.699(4) Hz. The 
theoretical potential implies a (cos2 0) of 0.536 and therefore 
that 9 ~ ( ~ , ~ )  can be written as 9 ~ o ( c o s 2  0), where 'JO is 
21 .30 Hz. The 'J(F,F) values for the fluorene derivatives 
imply 9 ~ o  as f 1 .43 Hz. The magnitudes of 9 ~ o  in these 
compounds will presumably depend on the mobile bond orders 
( 2 p r  overlap) of the exocyclic C,,z-C,2 bonds and these need 
not be identical in biphenyl and fluorene. 

The observed 9 ~ ( ~ , ~ )  values are consistent with (0) of 43- 
45" in 4,4'-difluorobiphenyl. Of course, the measurements are 
for acetone solutions.' Nevertheless, it appears that 9 ~ ( F , F )  is 
a 7-electron transmitted coupling constant, going as cos2 0, 
and that it is therefore a convenient conforn~ational indicator. 
9J(F,F) is obtainable by procedures much less tedious than 
those presently employed in solution. 

The mechanisms of "J (C,F) for n = 6-8 
For a 7-electron mechanism the signs of 6 ,7 ,8~(C,F)  are 

expected to alternate. Then (Scheme 1) 'J(C,F) is positive, as 
also indicated by the INDO MO results in Table 1. It follows 
that 9 ~ ( ~ , ~ )  is also positive because the hyperfine coupling 
parameter, which measures the spin polarization transfer from 
r to a electrons, is positive (30, 35), in agreement with the 
theoretical sign. If "(F,F) is proportional to cos2 0. then 

*A series of 4,4'-disubstituted biphenyls have 0 values between 
39.4 and 42.4" in their crystals (33). but 0 cannot be determined 
accurately for 4,4-difluorobiphenyl (33, 34) because of disorder. The 
electron diffraction data (2) for the latter suggest about 45", as noted 
above. 
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SCHAEFER ET AL. 2165 

TABLE 1. INDO MO FPT values for 6 . 7 , 8 ~ ( ~ , ~ )  in 4-fluoro- and For 4-fluorobiphenyl the same reasoning yields eq. [3] 

0 0.395 0.410 -0.297 -0.322 0.382 0.410 
15 0.401 0.417 -0.268 -0.292 0.350 0.374 
30 0.419 0.435 -0.196 -0.213 0.274 0.291 
45 0.449 0.466 -0.101 -0.111 0.177 0.186 
60 0.479 0.497 -0.006 -0.008 0.082 0.086 
75 0.499 0.521 -0.066 -0.070 0.013 0.013 
90 0.506 - 0.093 - -0.013 - 

"'J(F,F) varies from 0.12 to 0.00 Hz, approximately as cosZ 0 between 
0 and 90": 0 = 0 for the planar form. 

7 , s~ (C ,F)  should also depend on cos2 0 .  
Indeed, 7 . s ~ ( C , F )  vanish in 4,4'-difluoro-2,2',6,6'-tetra- 

methylbiphenyl. In terms of the theoretical potentials, 'Jo 
and 'J,, are then -0.38 and 0.75 Hz in 4-fluorobiphenyl, 
respectively, and -0.48 and 0.90 Hz in 4,4'-difluorobiphenyl. 
The larger magnitudes in the latter compound can be attributed 
to the perturbation caused by a fluorine substituent near the end 
of the coupling path.3 

However, these 7 , 8 ~ o  numbers are smaller in magnitude than 
those in the fluorene derivatives If the latter are taken as correct 
for planar biphenyl, then (0) becomes about 39" for the biphenyl 
derivatives. That the presence of the CH2 and C=O groups 
does alter the observed couplings, is clear from their values in 
Scheme 1. The idea that fluorene and perhaps fluorenone mimic 
a planar biphenyl is not quantitative. Nevertheless, it is very 
probable that 7 2 8 ~ ( ~ , ~ )  are T-electron coupling constants and 
vary as cos2 0 in biphenyl derivatives. 

Turning to 6 ~ ( C , ~ ) ,  it is known that, for sp3 carbon atoms in 
the sidechain containing the coupled 13C nucleus, 6 ~ ( C , ~ )  
arises from a a-.rr mechanism, proportional to sin2 8 and 
involving hyperconjugation with the electron system of the 
aromatic moiety (23). If the sidechain carbon atom is sp2 
hybridized, then a T-electron mechanism can exist, depending 
on 2p . .  . 2 p ~  electron conjugation across the exocyclic bond, 
and proportional to cos2 0 .  Accordingly, write eq. [ I ] .  

If the numbers in Table 1 for 4,4'-difluorobiphenyl were 
correct, then 6 ~ t  would be 0.41 Hz and 6~ '&"  would be 
0.52 Hz. As noted above, their magnitudes are most likely too 
small. 

Now, in the tetramethyl compound, 6 ~ ( C , ~ )  is 0.856(2) Hz. 
Because (sin2 0) must be near unity, 6~;i.ir is near 0.86 Hz in 
eq. [I] .  Further, if the computed internal rotational potential 
holds for 4,4'-difluorobiphenyl, then the observed 6 ~ ( C , F )  of 
0.70 Hz and the (sin2 0) of 0.464 imply a 6 ~ "  of 0.56 Hz, 
yielding eq. [2] for 6 ~ ( C , F ) .  

3 ~ o r  *J(c.F) the attached fluorine atom contracts the 2s orbital 
on the carbon, increasing the contact contribution to the coupling 
constant, while for 'J(c,F) the IT donation by fluorine increases the 
T-electron density at carbon. 

It seems certain that 6~&j" > 6 ~ t ,  the reverse of the situation 
in styrene (23) and probably sensible because, in contrast to 
biphenyl, in styrene the pathway for 6 ~ "  involves a sidechain 
C=C bond with a mobile bond order of very near unity. The 
ratio of the computed 6~;d"  in Table 1 to that in eq. [3] is 
0.59, almost exactly that for the corresponding numbers for 
4-fluorophenylethane (23). Because of the interference between 
the two coupling mechanisms, the change in 6 ~ ( C , F )  caused 
by rotation about the exocyclic C-C bond is small, varying 
between 0.6 and 0.9 Hz as 0 goes from 0 to 90'. 

"J ( C ,  FJ in the Jluorene derivative 
While the 0 dependence of 6 . 7 , s ~ ( ~ , ~ )  and 9 ~ ( ~ , ~ )  in the 

biphenyl derivatives is rather simple and the magnitudes of 
these couplings at 90" can be reasonably inferred from the 
tetramethyl derivative, their magnitudes at 0" are somewhat 
uncertain. The latter are estimated above from the theoretical 
potentials. Suppose, however, that in acetone solution (0) is 
rather less than in the gas phase. Intramolecular magnetic 
dipolar splittings for 4,4'-dichlorobiphenyl dissolved in aniso- 
tropic media (8) imply a 0 of 31.8", actually smaller than 
the 39.4" found in the solid (33). The vibrational spectra of 
4,4'-difluorobiphenyl indicate that 0 is much the same as in 
biphenyl, 35-40", both in solution (36). 

Suppose now that (0)  is as low as 30" for the two fluorine 
derivatives of biphenyl in solution and suppose that (cos2 0) is 
near 0.75. Then 9 ~ ( F , F )  at 0" is 0.93 Hz while 6 ~ ( ~ , ~ ) ,  
7 ~ ( C , F ) ,  and *J(C,F) become 0.65, -0.27, and 0.53 Hz, 
respectively, at 0" for 4-fluorobiphenyl. These numbers deviate 
markedly from those measured in 2-fluorofluorene and 2,7- 
difluorofluorene (Scheme 1). The deviations are larger than 
those obtained with the theoretical internal rotational potentials. 

Indeed, if the fluorene derivatives are taken as planar 
biphenyls, then the mechanism for 6 ~ ( C , F )  as given by eqs. 
[I]-[3] is incorrect; yielding (sin2 0)  as greater than unity in 
4-fluorobiphenyl, for example, when the coupling constant to 
C-5 is employed. 

This discussion implies that, for C ,F  coupling constants, 
the fluorene derivatives do not mimic planar biphenyl. The 
exocyclic CSp2-CSp2 bond lengths in biphenyl, f l u ~ e n e ,  and 
9-fluorenone are 1.494(3), 1.486(6), and 1.475(5) A,  respec- 
tively (4, 37-39), in the solid state. If the 6 ,7 ,8~(C,F)  depend 
on the mobile bond order of this linkage, then their apparent 
increase in magnitude in going from "planar" biphenyl to 
fluorene and 9-fluorenone is rationalized. Of course, this 
rationalization does not prove that the CH2 and C=O groups 
are non-transmitters of n-electron spin-state information in 
these molecules (see below). Note, however, that coupling to 
C-5, formally a 6J(C,F) if considered as transmitted via the 
C,2-CV2 linkage, becomes a 7 ~ ( C , F )  or a 9 J ( C , ~ )  if the 
T-electron coupling goes via the C=O or CH2 moieties. 
Presumably these pathways should provide a negative contri- 
bution to this coupling constant. Yet the coupling is large 
and positive. Similar remarks apply to the coupling constants 
involving C-6 and C-7. 

Turning to the coupling constants involving the nonproto- 
nated carbon atoms, note first that 4 ~ ( C , F )  in fluorobenzene is 
3.20 Hz and has a large positive n-electron component (40). 
4J(C,F) has the same values in the two biphenyl derivatives 
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TABLE 2. Differential isotope shifts for I9F caused by "C, in Hz at 282.363 MHz 

Compound ' A ~ Q O  2 ~ k 7 ~  31 1 hl 2 i 5A 

a n A  is the shift to low frequency (high field) cause by I3C situated 17 bonds away from ''F counting 
via the C ,  2-Cx 2 linkage. If all "A have the same sign as ' A ,  then the negative sign applies. 

bFor 6-4 in &heme 1. 
'For C- 10 in Scheme 1. 
d~hese  are the averages for C-1 and C-3. 'A i '5.  and '1 ? 'A are determined from the 

'9 nmr spectra. The other shifts are obtained from the analysis of the "C nrnr spectra. 

above and in derivatives of 4-fluorotoluene (23). and changes by 
less than 0.1 Hz in 4-fluorostyrene (23). Yet in the fluorene 
derivatives 4J(C,F) drops to 2.3 Hz. In the tetramethylfluorene 
compound, 4 ~ ( C , F )  is 3.05 Hz. 

It is interesting, therefore, that 13 values of 4 ~ ( C , F )  in 
alternant and nonalternant hydrocarbon derivatives (29) corre- 
late significantly with the mutual atom-atom polarizabilities 
computed (41) for the parent hydrocarbons, as in eq. 141. A 

precedent for such a correlation between the T-electron contri- 
bution to a coupling constant and the atom-atom polarizability , 
T ~ ~ ,  , exists for the orthobenzylic coupling constant, 4 ~ ( ~ ; ~ H 3 ) ,  
in toluene derivatives (42). Equation [4] includes the diphenyl 
derivatives in this paper. The value of -0.98 Hz is then an 
estimate of the a-electron contribution to 4 ~ ( C , F ) .  Now. if 
fluorene is conceived as an analog of the nonalternant hydro- 
carbon, dibenzofulvene (take the carbon atom of the methylene 
group as sp2 hydridized and take appropriate linear combina- 
tions of the hydrogen orbitals to simulate a T-type orbital on 
the exocyclic methylene carbon atom of fulvene). then rpp, is 
0.083 (41). Equation [4] yields "(C,F) as 2.36 Hz compared 
with the observed value of 2.27 Hz (29). 

In terms of this model, the methylene moiety in fluorene 
hyperconjugates with the aromatic T-electron system4 and is 
therefore not a good mimic of planar biphenyl. 

Unpublished work in this laboratory on long-range "J(C,F) 
in derivatives of 4-fluoroacetophenone strongly implies that the 
carbonyl group is a relatively weak transmitter of T-electron 
spin-state information. In that event the 4 ~ ( ~ , ~ )  of 2.92 Hz in 
the 9-fluorenone derivatives is reasonable. On the other hand, 
the carbonyl moiety definitely enhances a-electron coupling 
magnitudes and hence the 'J(C,F) of 2.65 Hz to C-11 in these 
compounds is expected and observed to be larger than the 
corresponding 'J(C,F) of 1.99 Hz in the fluorene compounds 
in Scheme 1. These 'J(C,F) values, of course, also contain 
positive six-bond ;rr-electron contributions via the C,l-C,: 
linkage. The notation, 'J(C,F), used for C-1 1 coupling con- 
stants, forms an exception to the notation used elsewhere in 
this paper and is meant to emphasize the likelihood of a large 
positive a-electron component. 

The 'J(C,F) values for the carbon-13 nucleus in the Cspl-C,p: 
linkage can be discussed as follows. The T-electron contribu- 
tion to 'J(C,F) is negative, being positive for "(C,F) above. 
Schematically, as in 1, it is known that the signs of the hyperline 
interaction constants are Q& > 0 ,  QSC > 0 ,  and < 0 (44). 
Hence the indicated T-electron spin polarizations caused by 

'See a similar treatment of cyclopentadiene by Mulliken (43) 

u,, u 
1 

the 19F magnetic moment all result in a negative 'J". The 
a-electron contribution to 5 ~ ( ~ , ~ )  will be positive, as, for 
example, for 5 J ( ~ , F )  in fluorobenzene (29.45). In the fluorene 
and fluorenone derivatives, 'J(C ,F) is indeed negative, imply- 
ing that /'9"1 > l s ~ n l  when 8 = 0". Assume that this 
relationship holds for biphenyl derivatives. 

Now, as 8 increases, the 2 p . .  . 2 p ~  overlap decreases. The 
n-electron contribution originating in Q& will diminish, 
probably as cos2 8.  If 'J" does not change, then 'J(C,F) will 
decrease in magnitude. Indeed, 'J(C,F) is +0.03 Hz in 4,4'- 
difluorobiphenyl, implying a near cancellation of the composite 
5JTI and the VJ" near 45". In the tetramethyl derivative, "(C,F) 
is k0 .30 Hz. Unfortunately its sign is unknown and cannot 
be determined via differential isotope shifts because 9 ~ ( F . ~ )  
vanishes in this compound. The model implies that 'J(C,F) is 
positive, assuming that the methyl substituents do not alter the 
individual components except via their determination of 8 as 
near 90". 

The model implies eq. [5] 

in which '5; is the coupling constant arising from Q & ,  that is, 
from the T-electron density centered on the atom containing the 
coupled nucleus (see 1). 9: arises from Q $ , ~ .  In the fluorene 
derivative (cos2 8) is unity, whereas it is near zero in the 
tetramethyl compound. Taking ' J ;  + 'JU as 1-0.30 Hz, yields 
'Jz as -0.80 Hz. Application of eq. [5] to 4,4'-difluoro- 
biphenyl implies a (cos2 0 )  of 0.41 or a ( 0 )  of 50°, instead of 
the 43" derived from the S T 0  3G MO computations. 

Alternatively, the theoreticai potential for 4.4'-difluorobi- 
phenyl implies 5 ~ :  as -0.50 HZ and 'J(c.F) in the planar 
form as -0.20 Hz. A plot of 'J(c,F) versus the length of the 
C,?-C,z linkage in biphenyl, fluorene, and 9-fluorenone, 
assuming linearity over such a small change in length (see 
values above), yields 'J(C,F) as -0.10 to -0.20 Hz, depend- 
ing on how near planarity biphenyl is in the crystal (46). 
This rationalization is consistent with the apparently enhanced 
magnitudes of the long-range *J(C.F) and J(F.F) values in 
the fluorene and 9-fluorenone derivatives, as discussed above. 
Clearly, the available structural information is insufficient to 
settle the coupling mechanism and eq. [5] remains tentative. 
Ideally, a series of 4,4-difluorobiphenyl derivatives with a range 
of 8 values are needed. 
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SCHAEFE 

Finally, 4J(C,F) for  the methyl groups is ? 1.84 Hz .  Because 
of the zigzag or omega (w) arrangement of the intervening 
bonds, this coupling is probably dominated by  a a-electron 
mechanism. This could also b e  true for the 4 ~ ( ~ . ~ )  of 2 .51  Hz  
in the fluorene derivative. T h e  vanishing 'J(C,F) in the 
tetramethyl derivative reflects a 0 near 90" and a u-.rr 
(hyperconjugative) coupling interaction with the contiguous 
13C nucleus in the benzene ring as described in eq .  [3]. Hence n o  
'd(C,F) is expected, just as  in 4-fluoro-n-propylben~ene, for 
example (23), and its absence can b e  taken as  confirmation of 
the model represented by eq.  [3]. 

Differential isotope shifts 
'A  lies between 81 and 93 ppb  in the mono and poly 

fluorobenzenes (47-51) and 'A ? 'A in Table 2 falls into this 
range, as expected. 'A ? 7A in Table 2 varies f rom 21 .7  to  
27.0ppb,  also within the reported range of  the seven values 
found for 2A in the fluorobenzenes. Again, 3A in the difluoro- 
benzenes samples values between 1.4 and 6 ppb,  whereas 3A k 

6A brackets 3.5 and 5 . 5  ppb in Table 2. In 1,3-difluorobenzene, 
'A is 4 ppb and is as  large a s  8 ppb in 1,3,5-trifluorobenzene. 'A 
t 5h in Table 2,  however,  ranges f rom only 1.7 to  2 . 5  ppb, 
suggesting a 5A of the same sign as  48. NO 58 numbers appear to  
be available. Finally, the differential isotope shifts in Table 2 
appear not to  depend on  8. 
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KOJI I~HIHARA and THOMAS WILSON SWADDLE. Can. J .  Chem. 64, 2168 (1986). 
The volume of activation for the exclusively homolytic decomposition of protonated 4-pyridylmethylchromium(II1) ion in 

aqueous HClO, at 63.4"C is + 19 cm3 molp' , with negligible dependence on pressure up to 350 MPa at least. The origins of the 
strongly positive volumes of activation that characterize homolysis of complex catlons in aqueous solution are examined. 

KOJI ISHIHARA et THOMAS WILSON SWADDLE. Can. J .  Chem. 64, 2168 (1986). 
Le volume d'activation uniquement de la dkcomposition homolytique de l'ion methyl-4 pyridyl chrome(II1) protone, a 63.4"C 

et en solution dans du HCIOj aqueux, est Cgal 2 + 19 cm' m o l '  : cette valeur ne varie pratiquement pas avec la pression jusqu'i 
350 MPa. On discute des origines des valeurs extrkmement positives des volumes d'activation qui caractkrisent l'homolyse des 
cations complexes, en solutions aqueuses. 

[Traduit par la revue] 

Introduction 
There are relatively few authenticated cases of homo- 

lytic fission of metal-ligand bonds in aqueous coordination 
chemistry, and most of them involve Cr-C u-bonds in 
organochromium complexes of the type ( H 2 0 ) 5 C r ~ 2 + ,  the 
chemistry of which has been reviewed by Espenson (1). There 
are two primary mechanisms for the decomposition of these 
complexes in acidic aqueous solution: heterolysis, which would 
in principle give initially Cr3+ (aq) and the carbanion R- but 
actually seems to produce RH together with the conjugate base 
of CrH1(aq): 

k~ 
[I]  ( H ~ O ) ~ C ~ R ~ '  + H 2 0  - c ~ ( H ~ o ) ~ o H ~ '  + RH, 

and homolysis which gives initially chromium(I1) and the 
organic free radical R ": 

I?] ( H ~ O ) ~ C ~ R ' +  + H 2 0  & C r ( ~ ~ 0 ) ~ ~ .  + R'  + etc 
k - H  

Homolytic decomposition can be suppressed by addition of 
sufficient chromium(I1) ion, or it can be driven at the limiting 
rate set by the first-order rate constant kH by adding a scavenger 
such as Q2 or Cu2+ to eliminate Cr2+(aq) and (or) Re  ( 2 ,  3). 
Reaction [I] ,  however, cannot be suppressed, and turns out to 
be important in the decompositions of most CrR2+ species in 
acidic aqueous solution (indeed, it is usually acid-catalyzed). 

In two suitable cases (R = CH(CH3)2 and C(CH3)20H) in 
which kH and the rate constant kA for reaction [ I ]  are similar 
under ambient conditions, it proved to be possible to measure 
the pressure dependence of the rate constants to obtain the 
corresponding volumes of activation AVH* and AVA* (Table 1) 
(4). This is intriguing inasmuch as AVHX and AVA* refer to 
isomeric transition states (in essence, {(H20)6Cr2+. . . Rm} * and 
{(H20)5CrOH2+. . . HR} *) for the decomposition of a given 
species. As Table 1 shows, activation via the homolytic 
pathway involves a remarkable expansion whereas heterolysis 
does not, and this was attributed (4) to the necessity of breaking 
up the solvent cage in homolysis to separate Cr2' from R" if 
recombination is to be avoided and net reaction observed - a 
restriction that is irrelevant to heterolysis, which forms the 
product RH directly and irreversibly. 

The measured volume of activation for homolytic decompo- 
sition of (H20)5~rCH(C~3)22+ ,  however, decreased significantly 

with increasing pressure beyond 100 MPa (4), i .e . ,  the plot 
of In kH against pressure was curved. Such curvature is a 
common phenomenon, and is often associated with solvational 
change in the activation process (5), which in this case could be 
related to break-up of the solvent cage (4). Nevertheless, data 
from the 100-300 MPa region which defined this curvature 
were susceptible to systematic errors because the fraction 
kH/(kH + kA) of the total rate constant for decomposition that 
was due to homolysis became small at high pressures. 

We have therefore measured kH over a wide range of pressure - .  

for a reaction for which kA is negligible (i.e., for which 
homolysis is the only detectable reaction pathway), namely, the 
decomposition of the protonated 4-pyridylmethylchromium(I11) 
aqua-ion, ( H ~ O ) ~ C ~ C H ~ C ~ H , N H ~ + ,  in oxygenated aqueous 
HClO, (2, 3, 6). 

Experimental 
The general preparative and kinetic procedures have been described 

elsewhere (2, 3, 6).  Rate constants were measured in situ with a 
Cary Model 17H spectrophotometer at 308 nm and 63.4"C; the light 
beam was allowed to pass through the sample only long enough to 
make intermittent absorbance measurements, so as to avoid possible 
photolysis of the organochromium complex (although there was no 
indication that this was ever significant). Samples were saturated with 
pure oxygen gas at O"C before each kinetic run. For runs at high 
pressure, the samples were contained in a le Noble-Schlott cell (7) and 
pressurized with water in an Aminco high-pressure optical cell. 

Because the reactions were slow, especially at the higher pressures, 
the first-order rate constants k H  were calculated by the Kedzy- 
Swinboume method (8) from optical absorbance data collected over 
the first four half-lives; standard deviations were typically about 0.3%, 
and values of kH obtained at atmospheric pressure were in excellent 
agreement with published data (2. 3). 

Results 
Two to four measurements of k H  were made at each of ten 

pressures P ranging from 0.1 to 350 MPa. The results are 
summarized in the semilogarithmic plot (Fig. 1) in which the 
error bars show the range in In kH values. Clearly, In kt, is quite 
adequately represented by the linear relationship 

which gives AVH* = + 18.9 5 0.3  cm3 mol-' and the zero- 
pressure rate constant kHO = 1.50 X lop4 s- '  (* 1.6%). with a 
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ISHIHARA AND SWADDLE 

TABLE 1. Volumes of activation for heterolytic and homolytic decomposition of (H20)5CrR(2+'Jt 
in aqueous HC104 

"Reference 4;  [HClO,] = 1 .O-1.1 mol L 1 ;  25.0°C except as stated. 
bLow-pressure asymptotic value from quadratic fit (eq. [4]). 
'15.0°C. 
"This work: [Cr] = 5.2 X rnol L 1 ;  [HCIO,] = 0.026 rnol L-.'; 63.4"C 

FIG. 1. Pressure dependence of In k H  for the decomposition of 
4-pyridylmethylchromium(III) ion in aqueous HC104 (0.026 mol L-I 
at ambient conditions) at 63.4OC. Line represents linear fit of data 
(eq. PI) .  

residual sum of squares of 0.0954. Only a minor improvement 
in fit (residual sum of squares = 0.0905) is achieved by going 
to a quadratic in pressure 

in which the zero-pressure volume of activation AvHO* = 

+20.0 2 0.9  em3 mol-' and the mean compressibility coeffi- 
cient of activation APH* = -(dAVH*/dp)T for this pressure 
range is (6.8 2 5.6) x em3 molp ' MPap ' . These uncer- 
tainty limits are standard deviations, so APH* is not really 
significant at the 9570 confidence level. but in any event it is 
only about one-tenth of that reported (4) for the 2-propyl- 
chromium(II1) ion ( + (5.9 ? 1.4) x lo-' cm3 m o l l  MPa- ' ). 

Discussion 
Table 1 shows that a large, positive volume of activation 

is characteristic of the homolytic pathway for decomposition 
of aqueous organochromium(111) complexes, regardless of the 
charge on the leaving organic radical, R'. 

The ApH* data, however, raise the question as to whether 
AVH" is, in the general case, significantly pressure-dependent. 

When 'CH(CH3)2 is the leaving group, the measured ApHV is 
large, but is derived from rate data at the higher pressures where 
kH makes only a minor contribution and may therefore be 
subject to large systematic errors. For cationic 'CH2C5H4NHC 
as the leaving-group, kH values at the higher pressures are more 
reliable than for the 2-propyl analogue because heterolysis is 
absent, and here APH* is negligible. It is likely, however, 
that the marked curvature of the plot of In kH vs. P for 
the 2-propylchromium(III) case is real, and originates in a 
desolvation effect associated with neutral hydrocarbon radical 
release that may be minimized when both of the separating 
fragments (cr2+ and R") are cations. In other words, solvent 
cage break-up need not imply desolvation, at least not when 
the escaping fragments are both cationic. 

It is not feasible at present to attempt to account in a 
quantitative, absolute way for the large, positive values that are 
found for AVH*, but a crude estimate of AAV* = (AVH* - 
AV4*), i.e., the volume of activation for homolysis relative to 
heterolysis for the decomposition of a given aqueous organo- 
chromium(II1) complex, can be made. A model introduced 
previously (9, 10) allows us to estimate that the (presently 
unmeasured) absolute molar volume of ~ r ( H , o ) ~ ~ ' ( a ~ )  is 
20.7 em3 molp' larger than that of C ~ ( H ~ O ) ~ ~ +  (aq), and so, 
from the known volume of hydrolysis of the latter ion (1 I) ,  
19.1 cm3 mol-' larger than that of C r ( ~ ~ 0 ) ~ 0 H ~ + ( a ~ ) .  The 
contribution of a covalent hydrogen atom to the molar volume of 
an alkyl group is about 5.5 em3 mol-' (12), and so, solvation 
apart, the radical R' should occupy that much less volume 
than RH. Thus, if the activation processes of heterolysis 
and homolysis can be approximated to the generation of the 
intermediates shown in reactions [ I ]  and [2], AAV* should be 
about 14 cm3 mol-' if solvation of R and RH is ignored 
(solvation of the chromium ions is already taken into account). 
Table 1 indicates that this is a reasonable estimate; the excess in 
the experimental AAV* values probably reflects contributions 
from desolvation, and indeed is largest where ApH* is signi- 
ficant. 

Finally, we consider other possible homolyses involving 
inorganic complexes in aqueous solution for which volumes of 
activation are available. It has been proposed (13) that the 
internal redox decomposition of the 0-bonded sulfitopenta- 
amminecobalt(II1) ion in water involves a rate-determining 
initial step in which the SO3"- radical is created along with 
cobalt(I1) - i.e., that the Co-OSO2 bond undergoes homo- 
lysis: 

slow 
[5] C O ( N H ~ ) ~ O S O ~ +  --+ C O ( N H ~ ) ~ ' +  + SOs'- + etc 

Our present study lends support to this interpretation, since the 
volume of activation is strongly positive ( + 35 cm' mol-' (13); 
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the pressure range w a s  only 100 MPa,  so  experimental uncer- 
tainty may have obscured any curvature of the In k vs. P plot). 
This volume of activation is unusually large by the standards set 
by Table 1,  and may reflect homolysis with a change of spin 
state on going from cobalt(II1) (singlet) to cobalt(I1) (quartet), as 
this would be accompanied by substantial changes in metal- 
ligand bond lengths (14). 

It might be thought that the markedly positive and pressure- 
dependent volume of activation (A v'* = + 16.0 em3 mol- ', 
A @ *  = $2.1 X em3 mol-' M P ~ - ' )  for the acid-indepen- 
dent pathway for hydrolysis of azidopentaamminecobalt(I1I) 
ion (15) is indicative of a very plausible homolytic mechanism 
producing initially C O ( N I I ~ ) ~ ~ +  and the familiar N,' radical, 
with co2+(aq)  and gaseous nitrogen among the final products. 
The products of hydrolysis in dilute aqueous acid, however, 
appear to be exclusively C O ( N H ~ ) ~ O H ~ ~ +  and HN3 (16), and 
certainly the reverse reaction in azide/hydrazoic acid buffer 
goes to at least 99% completion with very little reduction 
of cobalt(II1) (17). The heterolytic interpretation advanced 
previously (1 5, 17) therefore remains appropriate. 

We therefore conclude that a strongly positive volume of 
activation provides a valuable piece of confirmatory evidence in 
the assignment of homolytic mechanisms of decomposition of 
metal complexes in aqueous solution. Caution, however, must 
be exercised in the use of AVx as a prima facie criterion of a 
homolysis mechanism, however plausible such a process may 
seem, unless there is supporting chemical evidence. 
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formation constants of alkene-IC1 molecular complexes 
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GEORGE H. SCHMID and JAMES W. GORDON. Can. J .  Chem. 64, 2171 (1986) 
The experimentally determined rate law for the addition of IC1 to 22 alkenes in CC14 at 25OC under conditions of (alkene)o >> 

(ICl)o is -d(ICl)/dt = k,,,(alkene)o(~~1)3/{l + C2(alkene)o} 3.  The constant C2 is shown to be equal to K,,, which is a measure 
of the formation constant or constants of the molecular complexes in this system. Under the experimental conditions used, C2 is a 
good approximation of the formation constant of the 1:l alkene-IC1 molecular complex. Thus the values of C2 obtained allow 
an estimate of the effect of alkene structure on the formation constant of the first molecular complex involved in this addition 
reaction. The contribution of the effect of substituents on C2 is estimated to be approximately 24% of the overall change in rate 
due to change in the alkene structure. 

GEORGE H. SCHMID et JAMES W. GORDON. Can. J .  Chem. 64, 2171 (1986) 
Operant dans le CC14, a 25°C et dans des conditions ou la ( a l ~ e n e ) ~  >> (ICl)o, on a dCterminC expkrimentalement que la loi de 

vitese pour l'addition du ICl sur 22 alcknes est dCfinie par 1'Cquation -d(ICl)/dt = k,,,(al~kne)~(1C1)~/{1 + ~ ~ ( a l c k n e ) ~ } ~ .  On 
dCmontre que la constante C2 est Cgale a K,,, qui est une mesure de la constante de formation ou des constantes des complexes 
molCculaires impliquCs dans ce systeme. Dans les conditions experimentales utilisCes, C2 est une bonne approximation de la 
constante de formation du complexe molCculaire 1 : 1 alcene/ICl. Les valeurs de C2 obtenues permettent donc dlCvaluer I'effet de 
la structure de l'alckne sur la constante de formation du premier complexe molCculaire impliquC dans cette reaction d'addition. 
On a Cvalut que la contribution de l'effet des substituants sur Cz est Cgale a environ 24% du changcmcnt global dans la vitesse du 
a un changement dans la structure de l'alcene. 

[Traduit par la revue] 

There is ample evidence in the literature (1-3) that molecular 
complexes or charge transfer complexes (CTC) as they are also 
called are involved on the reaction pathway prior to the rate 
determining step in electrophilic additions of bromine, chlorine, 
and iodine monochloride to alkenes. These complexes are 
defined according to Mulliken as o-T CTC (4). 

The existence of one or more complexes prior to the rate 
determining step introduces a complication in the interpretation 
of linear free energy relationships in electrophilic additions of 
bromine to alkenes because a change in alkene structure affects 
not only the rate determining step but also the value of the 
formation constant of the CTC. Thus the value of p obtained 
from such rate data is the sum of p for the formation of the 
complex or complexes and p for the rate determining step. 

Based upon data from CTC formed between ketones and 
bromine, it was concluded that the effect of structure on the 
formation constants of the CTC is much smaller than the kinetic 
substituent effect. Consequently, it was assumed that p for the 
formation constant of the CTC is negligible as compared to p for 
the rate determining step (5 ) .  While values of formation 
constants have been measured for complexes of alkenes with 
bromine (6), ICl (7), and chlorine (8), the variation of alkene 
structure has not been sufficiently large to be able to verify this 
conclusion. 

We have previously studied the rate of addition of IC1 to a 
limited number of alkenes in CCI, at 25°C and have determined 
the experimental rate law (9). In this paper, we wish to show that 
from this rate law it is possible to extract a value of the formation 
constant of the IC1-alkene complex. In this way, we can for the 
first time determine the effect of substituents on this formation 
constant. We report these data in this paper. 

Results and discussion 
The rates of addition of IC1 to the 22 alkenes listed in Table 1 

were measured by monitoring the disappearance with time of 
the ICl absorption at 460nm by means of a Durnim-Gibson 

stopped-flow spectrometer. The rate measurements were made 
with (alkene),, >> (ICl)o. All data were treated in the same 
way as previously described (9) for addition to 2,3-dimethyl- 
2-butene. Treatment of the data in this way allows the reactivity 
of all alkenes to be described by the experimental rate law given 
in eq. [ I ] .  

The values of k,,, and C2 from analysis of the rate law for 
all the alkenes are summarized in Table 1. 

The addition of IC1 to alkenes is a simple irreversible addition 
reaction (10) whose stoichiometry is shown in eq. [2]. 

From the rate data in Table 1,  it is clear that this reaction is a 
typical electrophilic addition reaction. 

While the stoichiometry of this reaction is simple, the 
experimental rate law, as given in eq. [ I ] ,  is not. Furthermore, 
immediately upon mixing ICl and an alkene in CCl, at 25°C a 
new absorption band, absent in either reactant or product, 
appears in the ultraviolet region of the spectrum and decreases 
with time. This new band is assigned to the presence of an 
intermediate IC1-alkene molecular complex (9). 

Based on evidence of a CTC, the rate law, and the 
experimentally determined enthalpy change during the reaction, 
the mechanism shown in Scheme 1 was proposed in a previous 
publication (9). This mechanism involves both 1 : 1 and 2: 1 
IC1-alkene complexes. 

The value of formation constants of donor-acceptor com- 
plexes can be determined by a number of standard techniques 
(1 1). In our previous publication (91, we applied the Benesi- 
Hildebrand method to the variation of the initial absorbance 
values at 300 nm with varying initial concentrations of alkene 
where (alkene)o >> (ICl),, in order to determine the value of 
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TABLE 1. Rates of addition and C2,  for addition of ICl to various alkenes in CCl, at 25°C 

Alkene 
k,,, x c2 k,,, x 

R ( M - ~  S-I) ( M p ' )  ( M - ~  s-I) 

the formation constant for the IC1-alkene complex. Linear 
plots of l/(alkene)o against the apparent extinction coefficient 
were obtained. 

A major problem with this and other methods of determining 
values of the formation constants of donor-acceptor complexes 
is that it is difficult to establish the stoichiometry of the 
complex. The Benesi-Hildebrand method assumes a 1:1 
stoichiometry for the complex. In theory, if a 2: 1 complex is 
present in the system in appreciable amounts, nonlinearity of 
the Benesi-Hildebrand plot is predicted. However, in practice 
a linear plot can be obtained even in systems where both 1:l 
and 2: 1 complexes are present. This occurs under the following 
circumstances. Firstly, if the range of saturation fraction is low, 
a linear plot can be obtained. ' Secondly, in the particular case 
where K1 = 4K2 (K, and K2 are the formation constants for 1: 1 
and 2: 1 complexes, respectively), a Benesi-Hildebrand plot 
will be exactly linear over the entire saturation range. 

In our previous work (9), we found that the absorbance values 
at 300 nm disappear rapidly with time and follow a third order 
rate law. In order to obtain initial absorbance values, it was 
necessary to extrapolate back to zero time. This was possible 
as long as the rates of disappearance of the band at 300nm 
could be measured by stopped-flow technique. At saturation 
fractions above 0.29, it was impossible to follow the rate and 
consequently, no initial absorbance values could be obtained. 
This means that our Benesi-Hildebrand plots are linear only at 
the low saturation fraction and no conclusion can be reached 
about the stoichiometry of the CTC observed in the reaction. 

Deranleau (13, 14) has shown that the value of the formation 
constant obtained from the slope and intercept of the Benesi- 

k 
A2D + A - product 

A = ICI 

Hildebrand plot at low saturation fraction is given by eq. [3] 

The quantities E l  and E, are the extinction coefficients of the 
1: 1 and 2:l complexes, respectively. We have followed the 
proposal of Deranleau and have given this formation constant 
the designation K,,, (14). A Kapp value of 19 +- 6 Mpl  was 
obtained by this method for the addition of IC1 to 2,3-dimethyl- 
2-butene (9). 

A value of the formation constant of the complex or 
complexes can be obtained independently from the rate law 
derived from the mechanism in Scheme 1. For convenience, the 
following abbreviations are used. A = IC1; D = alkene. When 
(alkene)o >> (ICl)o, the following mass balance equations can 
be written. 

(A), = [A], + [AD], + [A2DI, 

(Dl0 = [Dl, 

 he saturation fraction is defined according to ref. 13 as s = where (X), equals total concentration and [XI, equals free 
K [alkene]/(l + K [alkene]), 0 < s < 1. concentration of a reagent at time t .  From these equations and 
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SCMMID AND GORDON 2173 

the equilibrium constant expression, eq. [4] can be derived. 

If we make the reasonable a s ~ u m p t i o n , ~  that K ~ [ A D ] ~  << 
K,(D)[AD] + [AD], then 

and 

[61 [A$] = KIK,(D)(A)[AII[~  + KI(D)I 

From the mass balance equation, we can obtain the following 
equation for [A]. 

171 [A] = (-4)/[1 + K I P )  + K1K2(D)(A)I 

Since -d(A)/dt = k~~ K ~ [ D ]  [A13, it follows that 

Comparing eqs. [ l ]  and [8], it follows that kKIK2 = keXp and 
C2 = K1[l + K,(ICl)]. 

We know that for the addition of ICl to 2,3-dimethyl- 
2-butene C2 ;= K,,,,. For this to be true, K2(IC1) < 1 and 
K2E2/K1 E1 < 1. Therefore C2,  obtained from the kinetic data, 
or K,,, , obtained from data extrapolated to time zero, while not 
exactly equal to KI ,  are both a good approximation of the 
formation constant of the first molecular complex involved in 
this reaction. Thus, it is possible to estimate the effect of alkene 
structure on K1 from the value of C2 obtained from the rate of 
addition of ICl to a series of alkenes. 

It is clear from the values of C2 given in Table 1 that the 
alkene-IC1 complex stability increases as the hydrogen atoms 
on ethylene are successively replaced by alkyl groups. In two of 
the four series of alkenes, the nature of the alkyl substituent 
has little effect on the value of C2.  Thus the values of C2 
for propene, 1-butene, 3-methyl- 1 -butene, and 3,3-dimethyl- 
1-butene are the same within experimental error. In the other 
series the introduction of bulky substituents such as isopropyl 
and tert-butyl groups decreases the stability of the complex. 
These data are in accord with previous work by Dubois (16) 
who established a spectroscopic measure of CTC stability called 
r. Values of 1- determined in Freon 112 show a similar variation 
with alkyl substituents within a particular alkene type. 

One way to estimate the steric effects within the IC1-alkene 
CTC is to compare their values of C2 with a series of complexes 
in which there is little or no steric hindrance. Such a system is a 
series of phenol-alkene complexes whose stabilities have been 
determined by the frequency shift, Av, of the OH stretching 
frequency of the complexes in CC14 (17). ICl and phenol are 
similar in that both are o acceptors but they differ greatly in their 
steric requirements for complex formation. Since phenol has a 
low steric requirement for complex formation, it is assumed that 
in the reaction of phenol and alkenes the only change in entropy 
is the loss of translational entropy which is constant for the 
series. Therefore it is possible to compare Av, a measure of 
enthalpy change, with C2, a measure of the free energy change 
in the system. The plot of AC (which is equal to RT In C2) 
vs. Av is given in Fig. 1. 

2 ~ h e n  concentrations of [ICI] and (D)o in the range used experi- 
mentally and reasonable values of K, and K2 are chosen, this condition 
is fulfilled. For example: if [ICI] = [AD] = lo-'; K, = K2 = 20; and 
(D)o = then K2[AD12 = 2 X and K,(D),[AD] + [AD] = 
10-3. 

Ar, cm' 

FIG. 1. Correlation of alkene-IC1 complex stability, AG, with the 
numbers and the corresponding alkenes are 2, propene; 3 ,  butene-1; 4, 
3-methylbutene-1; 5, 3,3-dimethylbutene-1; 6 ,  methylpropene; 7,  2- 
methylbutene-1; 8, 2,3-dimethylbutene-1; 9,2,3,3-trimethylbutene-1; 
10,Z-butene-2; 11,Z-pentene-2; 12,Z-4-methylpentene-2; 13,Z-4,4- 
dimethylpentene-2; 14, E-butene-2; 15, E-pentene-2; 16, E-4-methyl- 
pentene-2; 17, E-4,4-dimethylpentene-2; 18, 2-methylbutene-2; 19, 
2,3-dimethylbutene-2. 

The values of Av are insensitive to the steric bulk of the 
substituent within a given alkene type. This is shown in the 
value of Av which is the same for compounds 2 , 3 , 4 ,  and 5, all 
monsubstituted terminal alkenes. 

If there were no steric effects in the IC1-alkene complexes, 
a good linear correlation between log C2 and Av would be 
expected. The points in Fig. 1 do follow a general linear trend 
with a few notable exceptions. The points for all the alkenes 
except the 1,2-disubstituted alkenes fit reasonably well on 
the line. The two alkenes E-4-methylpentene-2 (16) and E- 
4,4-dimethylpentene-2 (17) deviate markedly from the line. 
Furthermore, while there is no difference in the stability of 
complexes formed between isomeric E- and 2-alkenes and 
phenol, a Z-alkene complexes more strongly with IC1 than 
does the isomeric E-alkene. This difference between E- and 
Z-isomeric alkenes is also found in their rates of addition of Bra 
(18), arenesulfenyl chlorides (1 9), C12 (20), and areneselenenyl 
chlorides (21). From our data, we can conclude that the cause of 
this difference in rates of additions to isomeric Z- and E-alkenes 
is present also in their molecular complexes prior to the rate 
determining step. 

Several explanations have been advanced to explain this 
reactivity difference. Dubois originally postulated that relief of 
some of ihe ground state steric strain present in the 2-alkene was 
occurring in the transition state (22). However, the lack of 
correlation of E I Z  reactivity with the difference in ground 
state strain of isomeric alkenes has been cited as evidence 
against such an explanation (23). Steric interaction between 
electrophile and alkene in which approach to the Z-alkene is less 
sterically hindered relative to the corresponding E-alkene has 
been postulated to explain the large rate difference in the 
addition to E- and Z- 1,2-di- tert-butylethylenes (24). 

A more likely general explanation is that there is less entropy 
loss on activation of the Z-alkene. Since there is more rotational 
entropy available in the E-alkene than in the corresponding 
Z-alkene, there will be a greater loss of entropy in the E-alkene 
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upon complex formation and subsequent reaction. This results 
in a lower complex stability and a slower rate. The effect is more 
marked as the alkyl group becomes more complex in the 
1,2-disubstituted series as shown by the C 2 ( Z ) / C 2 ( E )  ratios for 
the series CH3CH=CHR: C H 3 ,  1.6; CzH5,  1.5; CH(CH3)*, 
2.3; C(CH3)3, 2.9. 

While it is possible to determine how substituents affect C 2 ,  
the effect of such substitution on the rate of addition of IC1 to 
alkenes cannot be exactly determined from our data in Table 1. 
The reason for this is clear from the rate law (eq. [8]) derived 
from Scheme 1. The experimentally obtained rate constant k,,, 
is the product of the rate constant of the slow step, k ,  and two 
equilibrium constants, C z  - K1 and K2.  The quantity k,,,, 
obtained by dividing k,,, by C2 is equal to kK2. It is impossible 
from our data to determine values of K2 and consequently the 
effect of alkene structure on values of K2 .Thus it is impossible 
to obtain values of k from kK2. 

However, it is ~oss ib le  to estimate the contribution of the 
effect of substitueAts on C2 to the overall value of p simply by 
considering the effect on C 2 ,  kexp ,  and k,,, of replacing the 
hydrogens of propene by methyl groups. Plots of log C 2 ,  
log k,,,, and log k,,, vs. the number of methyl groups are all 
linear giving the following Taft p values. For C 2 ,  -0.67 -C 

0.09; k ,,,, -2.8 -1- 0.2; k,,,, -2.0 1 0.3. Thus the effect of 
alkene structure on the value of C2 contributes approximately 
24% of the overall change in rate due to changes in the alkene 
structure. This is a substantial amount even without considering 
structural effects on the value of K2. While we do not have the 
data, we can make an estimate from data in the literature. In 
cases where both 1:l and 1:2 molecular complexes have been 
shown to exist and their values have been determined, K2 is 
usually less than K1 (15). In addition it would be expected that 
due to saturation, the effect of substituents on K2 would be 
smaller. If we assume that as a maximum, the value of p for K2 
would be equal to that for K 1 ,  then almost half of the overall 
change in rate would be due to substituent effects in the 
equilibrium reaction occurring prior to the rate determining 
step. 

From this analysis of our data, we caution that comparing p 
values of even similar kinds of reactions mav lead to erroneous 
mechanistic conclusions. For example, the first step is rate 
determining in the mechanism of the addition of arenesulfenyl 
chlorides with alkenes in nonpolar solvents (12). Thus a value of 
p obtained from these rate data is a true measure of substituent 
effects on an elementary reaction. This value of p cannot be 
compared with that obtained from experimental rate constants 
for the addition of IC1 to alkenes in nonpolar solvents because 
the latter value of p measures the effect of substituents not on a 
single elementary reaction but on the sum of three consecutive 
reactions. 

Experimental 
All of the liquid alkenes were commercially available from Chemical 

Samples Co. Gaseous alkenes were obtained from Matheson Co. 
Iodine monochloride (Sargent-Welch) was purified by fractional 
crystallization from the melt, discarding the remaining liquid portion. 
ACS grade carbon tetrachloride was found to be satisfactory without 
further purification. Use of dried and carefully fractionated carbon 
tetrachloride did not affect the rates of addition. Solutions were 
prepared by weight. The concentration of propene in solution was 
determined by titration with bromine. The concentration of ethylene 
in solution was determined by titration with iodine monochloride. 

The rate of addition of iodine monochloride to the alkenes was 
determined by monitoring the disappearance with time of the iodine 
monochloride absorption at 460 nm by mcans of a Durrum-Gibson 
stopped-flow spectrometer. The rate measurements were made with 
(alkene)o >> (ICl)o. 

The high reactivity of E-I-(4-methoxypheny1)propene limited the 
concentration of alkene to the range 0.002 M to 0.015 M with an iodine 
monochloride concentration of about 3 X lo-' M. Under these dilute 
conditions, k,,,, when plotted against (alkene)o, gave a straight line 
described by a zero intercept and slope equal to With ethylene, 
the highest concentration obtainable was only 0.055 M .  The low 
reactivity did not permit working with dilute solutions as in the case 
of E-1-(4-methoxypheny1)propene. The initial absorbance readings 
agreed with the values predicted by assuming that none of the iodine 
monochloride was complexed. Thus k,,, was obtained as the average 
value of k,pp/(ethylene)o. 
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an ultraviolet photoelectron spectroscopy study 
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N. H. WERSTIUK. Can. J .  Chem. 64, 2175 (1986). 
Thermolyses of N,N,N1,N'-tetramethylethylenediamine ( l a ) ,  N,N,N',Nf-tetraethylethylenediamine ( l b )  and sym-N,N1- 

dimethylethylenediamine ( l c )  at 760425°C have been studied by ultraviolet photoelectron spectroscopy. Although the 
corresponding N-alkylated aminomethylene radicals were not observed, this study cstablishes that thermolysis of l a  is an 
efficient route to N-methylenimine (3a); methane, ethane, and ethene are the other major products. Diamine l b  yields, besides 
ethane, ethene, and propane, heretofore unreported N-ethylmethylenimine (3b). Diamine l c  yields imine 3 a  and methylenimine 
(3c), as well as hydrogen, methane, ethane, and ethene. Molecular orbital eigenvalues of the imines are calculated using 
HAM/3, MNDO, HF/STO-3G, HF/3-21G, and HF/6-3 lG* methods. 

N. H.  WERSTIUK. Can. J .  Chem. 64, 2175 (1986). 
Faisant appel a la spectroscopie photoClectronique ultraviolette et operant entre 760 et 825'C, on a etudiC la thermolyse 

de la N,N,N1, N'-tktramethylenediame ( l a ) ,  de la N.N.Nf,N'-tCtraCthylenediamine ( l b )  et de la N,N1-dimCthyl6nediarnine 
symetrique ( lc) .  M&me si l'on n'observe pas la formation des radicaux aminomethylenes N-alkylks correspondants, cette Ctude 
a permis d'Ctablir que la thermolyse du composC l a  est une mCthode efficace d'obtenir la N-mkthyleneimine (3a); le methane, 
l'ethane et I'Cthylene sont les autres produits majeurs. La diamine I b conduit, aux cGtCs de l'ethane, de 1'Cthylene et du propane, 
B la N-ethylmkthyleneimine (3b) qui n'avait pas CtC decrite jusqu'a maintenant. La diamine l c  conduit a I'imine 3 a  et a la 
mkthylkneimine (3c) ainsi qu'8 de l'hydrogkne, du methane, de 1'Cthane et de l'ethylene. On a calculk les valeurs de eigen des 
orbitales molCculaires des imines en faisant appel a des mCthodes HAM/3, MNDO, HF/STO-3G, HF/3-2fG et HF/6-31G*. 

[Traduit par la revue] 

Introduction methylenimine (3b), and methylenimine (3c) using HAM13 

Over the last decade uv photoelectron spectroscopy has been (3), MNDo (4), HF/ST0-3G HFI3-21G (5), and HF/6- 

used extensively to study transient species in the gas phase. A 316" ( 5 )  methods. 
variety of highly reactive molecules and free radicals have been 
generated and their p.e. spectra recorded for identification and 
to study bonding. This unconventional use of p.e. spectroscopy 
yields information about electronic structure of transients which 
can be obtained by no other technique. To assist in the 
identification of species and to assign the ionization energies 
(IEs) to specific molecular orbitals these studies are usually 
accompanied by calculations of molecular orbital eigenvalues 
(MOEs) . 

This publication documents an attempt to determine the IEs 
of the N,N-dimethylaminomethylene radical ((CH3)*NCH2.) 
- two different values (5.7 and 5.35 eV) have been reported 
(1, 2) - by using gas phase thermolysis of N,N,Nr,N'- 
tetramethylethylenediamine (TMEDA) ( l a )  at 790°C as its 
source. Accounts of the thermolyses of N , N , N f ,  Nr-tetraethyl- 
ethylenediamine (TEEDA) ( l b )  and sym-N,Nf-dimethylethyl- 
enediamine (s-DMEDA) ( fc)  are given as well, along with the 
MOEs calculated for N-methylmcthylcnimine (3a ) ,  N-cthyl- 

Experimental 
The spectrometer used in this study is described elsewhere (6). 

Spectra were calibrated by N2 or Ar. Temperature was measured by a 
digital thermometer using a type-K thermocouple located mid-way 
along the hot zone of the furnace. Thermolyses were carried out at 
> 1 X TOIT' in a silica tube heated to 760-825°C depending on 
the substrate used. Two furnaces were used for thermolyzing TMEDA. 
For thermolysis of TMEDA, TEEDA, and s-DMEDA. a 40-cm 
furnace with a hot zone of approximately 20 cm was used with a 10-cm 
"U"-trap located between the pyrolysis tube and the spectrometer. That 
the furnace had no effect on the count rate and resolution was 
established by comparing the spectra of air obtained with the furnace 
off and with the furnace on. To maximize the probability of detecting 
the N,N-dimethylaminomethylene radical, several thermolyses of 
TMEDA were also carried out by a 3-cm non-inductively wound 
furnace located in a housing 2 cm above the ionization cup of the 
spectrometer and the system was fast-pumped. To calibrate the 
spectrometer with respect to the detection of radicals with this furnace, 
azohydroperoxide 2, a source of t-butyl  radical^,^ was thermolyzed at 
350°C. To separate the products of the diamines, the "U"-trap was 
cooled with liquid nitrogen and the thermolysis was carried out for 
1-2 h as 200-300 scans were accumulated. The flow of substrate was 
stopped, most of the liquid nitrogen was blown away with a stream of 
air, and, as the trap was allowed to warm up gradually, the 
low-temperature distillation was monitored by recording p.e. spectra. 
Bock et al .  (7) have used this method to detect 2H-azirine. When 
possible, at least 20 scans were accumulated for each species obtained 
from the distillation. In all cases, the products exhibited sufficiently 
different volatilities making analysis of the products an easy matter. In 
the case of TEEDA, the yield of highly reactive 3 b  was reduced 
because it was necessary to warm the trap more than in the case of 

 h he pressure was measured below the analyzer. The pressure in the 
thermolysis tube is expected to be substantially higher. 

2 ~ h e  author thanks Professor J .  Warkentin for a sample of 2. Studies 
of other azohydroperoxides are planned. 
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TMEDA and s-DMEDA. Where spectrum stripping was necessary, 
VISICHARTAD, a program for the APPLE I I t  available from 
Interactive Microware was used. Spectra of methane, ethane, propane, 
butane. and ethene were obtained and used as standards. 

Results 
Thermolysis of N,N, N', N'-tetramethylethylenediamine (TMEDA) 

( l a )  
The p.e. spectra of TMEDA and its thermolysate produced at 

790°C are given in Fig. 1 as 1A and 1 B, respectively. From 1 B it 
is seen that thermolysis is essentially complete at a pressure 
> 1 X l op5  Torr and that the spectrum is dominated by four 
peaks; at 9.8, 11.3, 13.4, and 1 5 . 9 e ~ . ~  During the trapping 
with liquid nitrogen, spectrum 1 C was obtained. After 2 h, the 
flow of TMEDA was stopped, the trap was allowed to warm up 
slowly and p.e. spectra were obtained as the pressure was 
maintained roughly constant by opening and closing the 
fast-pumping valve. Spectrum 1D was obtained first, followed 
by spectra 1E and IF .  Spectrum 1C collected during the 
thermolysis identifies methane as one of the products, in 
keeping with the fact that it is not trapped at - 196°C. It is 
established from the bands of spectrum I D ,  a composite of 
ethene and ethane, that ethene is a minor product. This result 
identifies the small peaks at 10.5-10.7 eV of spectrum 1B. 
This is also in accord with the fact that this product distills 
after a slight warming of the trap. Spectrum 1 E  identifies 
ethane as a major product of thermolysis and spectrum I F  
corresponds to the p.e. spectrum of N-methylmethylenimine 
(3a) reported previously (8). When the trap was warmed to 
ambient temperature a spectrum of TMEDA was obtained. By 
warming the viscous liquid remaining in the trap, a spectrum 
corresponding to the trimer of N-methylmethylenimine was 
obtained (8). Analysis of this residue by ' Hnrnr yielded a 
spectrum consistent with assignment of the p.e. spectrum. 

When TMEDA was thermolyzed by the 3-cm furnace with 
fast pumping and with scanning beginning 4 eV below the 
lowest IE of TMEDA, no peak was detected in the region where 
the radical was expected. To "calibrate" the system with respect 
to the detection of radicals, azohydroperoxide 2 was thermo- 
lyzed at 350°C with fast pumping and the t-butyl radical was 
detected by its IE at 7 eV (9). 

Thermolysis of N,N,N1,N'-tetraethylethylenediamine (TEEDA) 
( 1  b) 

The p.e. spectra of TEEDA and its thermolysate, obtained at 
76O0C, are given in Fig. 2 as 2A and 2B, respectively. Spectrum 
2 8  is dominated by peaks at 9.7, 11.1, 12.3, 13.3, 14.0, 15.0, 
and 16.0 eV.3 When the products were trapped by liquid 
nitrogen and a spectrum acquired over the 2-h period. no 
significant features above background were evident. This 
indicates that unlike the case of TMEDA, methane is not a major 
product of thermolysis. When the trap was warmed slowly, a 
spectrum of ethene shown as 2 C  is obtained indicating that it is a 
major product of thermolysis. In fact, the peak of lowest binding 
energy of ethene is seen at 10.4 eV of 2B. As the trap was 
warmed slowly a "transition" spectrum was obtained that 
appeared to be predominately due to ethane. Furthermore, the 
broad peak with an on-set at approximately 10.5 eV of 2C is 
consistent with the presence of a small amount of ethane. As 
the trap was warmed further, spectrum 2 0  corresponding to 
propane was obtained. In several runs, a "transition" spectrum 

3 ~ u e  to the broadness of the bonds the errors in the IEs are estimated 
to be in the region of 50.1 eV. 

that appeared to be N-methylmethylenimine (3a) was observed 
as well. Finally spectrum 2E  was obtained. Some difficulty was 
experienced in obtaining a good spectrum of this product even 
though it is clear, by comparison to 2B, that it is one of the 
major products of thermolysis. When the trap was allowed to 
warm to ambient temperature, a viscous film remained. Further 
warming of the trap to 30°C yielded a spectrum of TEEDA, in 
keeping with the fact that thermolysis is incomplete. 

Thermolysis of synz-N,N1-dimethylethylenediamine (s-DMEDA) 
( l c )  

Unlike the thernlolyses of TMEDA and TEEDA, a tempera- 
ture of 825°C was required to achieve significant conversion of 
s-DMEDA to products. The spectra of s-DMEDA and its 
thermolysate are given in Fig. 3 as 3A and 3B(1), respectively. 
Although spectrum 3B(1) is rather featureless except for the 
band between 8-9 eV, considered to be due to s-DMEDA, this 
component was selectively trapped by solid Dry Ice, yielding 
3B(2). The peaks at 13.7-14 eV of 3B(2) are due to HCN 
(10, 11) and the peaks at 15.6-17 eV are due to N2 used as the 
calibrant. Application of the method - trapping followed by 
low temperature distillation - used successfully in this study 
yields a remarkable resolution of the spectrum. Spectrum 3C, 
acquired as the products were trapped by liquid nitrogen, 
establishes that methane, and hydrogen - identified by the 
group of sharp peaks at 15.5-18 eV - are products of 
thermolysis. When the trap was allowed to warm up slowly over 
a period of 1.5 h,  3C, 3 0 ,  3E, and 3 F  as well as several 
"transition" spectra were obtained, one of which, after spectrum 
stripping, established that propane is a minor product. Spectra 
3 0  - the shoulder at 11.5 eV is due to ethane - and 3E  
identify ethene and ethane as major products. Aside from 
including a small amount 3G that was stripped to yield 3F(2), 
3F(1) is the spectrum of N-methylmethylenimine (3a). The 
low-intensity , sharp peaks at 10.5 of 3 F (1) and 3 F (2) could be 
due to ammonia (10). Spectrum 3G(2), obtained after 3G(1) 
was stripped of 3F(2), is the best spectrum of methylenimine 
(3c) reported to date (1 1, 12). The distillation also established 
that N-methylmethylenimine has a lower boiling point than 
methylenimine. 

Discussion 
It is clear from this study that thermolysis of TMEDA in a 

silica tube at 790°C provides a simple, one-step, high-yield 
route to highly reactive N-methylmethylenimine (3a).  In Table 
1 are listed the experimental IEs as well as the molecular orbital 
eigenvalues (MOEs) calculated using MNDO, HF/3-21G, and 
HF/6-31G* methods. The results complement the calculations 
already carried out on this molecule (13). That 3 a  is one of the 
major products is consistent with cleavage of the C-C bond to 
form the dimethylaminomethylene radical (pathway a ,  Scheme 
1). However, under the conditions required to cleave the bond, 
the life-time of the radical is expected to be short because 
@-scission to 3 a  and a methyl radical is fast. Subsequently, 
the methyl radical abstracts hydrogen to form methane and 
dimerizes to ethane. Although it is possible that ethene is 
formed by dehydrogenation of ethane at 790°C, an alternative 
route to this product, along with 3 a  and a methyl radical, is 
shown as pathway b. It will be of interest to carry out the 
thermolysis of TMEDA on a larger scale and establish by 
suitable experiments whether or not 3 a  is a useful synthon. 

From the products, it appears that thermolysis if TEEDA 
proceeds via a mechanism (pathway a ,  Scheme 2) similar to the 
one proposed for TMEDA, and, N-ethylmethyleneimine (3b), 
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FIG. 1.  1A. p.e.  spectrum of l a .  I B ,  p . e  spectrum of thermolysate of l a .  IC, p .e ,  spectrum of methane. ID,  p.e.  spectrum of ethene and 
ethane. l E ,  p.e.  spectrum of ethene. 1 F, p.e.  spectrum of N-methylenimine @a). 
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FIG. 2. 2A, p.e. spectrum of Ib.  2 B ,  p.e. spectrum of thermolysate of I b. 2C, p.e.  spectrum of ethene. 2 0 ,  p.e. spectrum of propane. 2E,  
p.e.  spectrum of N-ethylmethylenimine (36). 

TABLE 1. Experimental ionization energies and molecular orbital eigenvalues of N-methylmethylenimine 

Expt. " M N D O ~ , "  M N D O ~ . '  opt. 3-21Cib,' 6 - 3 1 ~ *  b , '  

- 

9.8 10.87 10.64 10.78 ( 9.91)" ( 1 0 ~ ' ) ~  11.04 (10. 161d 
11.3 11.36 11.43 11.02 (10.14) ( 2a") 11.05 (10.17) 
13.4 13.62 13.47 14.54 (13.38) ( 9a ' )  14.52 (13.35) 

15.08 14.94 16.30 (15 00) ( 8 0 ' )  16 16 (14.86) 
15.9 16.11 15.87 16.88 (15.52) ( l a" )  16 83 (15.53) 

16.58 16.69 17.89 (16.45) ( 7 a ' )  17.84 (16.41) 

"Maxima taken as vertical IEs are reported in electron volts: 2 0.1 eV 
bThe experimental geometry was used. 
'Only the MOEs which are <21 eV are reported. 
d92% of Koopmans' theorem. 
'Orbital symmetry. 
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FIG.  3.  3A ,  p.e.  spectrum of Ic .  3B(1) ,  p.e.  spectrum of thermolysate of Ic .  3B(2) ,  p.e.  spectrum of thermolysate of I c  passed though solid 
Dry-Ice trap. 3C,  p.e. spectrum of methane and hydrogen. 3 0 ,  p.e.  spectrum of ethene. 3E,  p.e.  spectrum of ethane. 3F(1) ,  p.e.  spectrum of 
N-methylenimine (30)  and rnethylenim~ne ( 3 ~ ) .  3F(2) ,  p.e.  spectrum of 3  F ( l )  minus p.e. spectrum 3G(1) .  3G(1) ,  p.e. spectrum of methylenimine 
(3b) and N-methylenimine (3a) .  3G(2) ,  p.e.  spectrum 3G(1)  rninl~s p.e.  spectrum 3F(2) .  
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pathway b 

qH3 

CH2CH3 

CH3CH2 
I 

N pathway a CH3CH2 /" C2H6 

'N- \CH,CH~ -------+ 

1 
'N-CH~. -+ CH3CH2-N=CH2 + .CH2-CH3 

CH~CH,/  
CH2CH3 I CzHj 

pathway b \ 
CH2CH3 

heretofore unreported, is a major product. Ethene, also a major mechanism does not account for the formation of propane, also 
product, could result from loss of a hydrogen atom from the a major product. An attractive alternative is shown as pathway 
ethyl radical formed by p-scission of the N,N-diethylamino- 15. Cleavage of a C-C bond of an ethyl group follow~ed by 
methylene radical. Unlike the case of TMEDA where R .  further bond cleavages yields 3a, ethene, methyl radicals, and 
dimerizes, the dimer of CH,-CH,. is not observed presum- ethyl radicals which lead to the other products. That methane is 
ably because loss of a hydrogen atom is fast. However, this not formed in significant amount may be a consequence of the 
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TABLE 2. Experimental ionization energies and molecular orbital eigenvalues of N-ethylmethylenimine 

( 1 3 ~ ' ) ~  10.43 ( 9.50)d 
( 3a")  11.13 (10.24) 
( 1 2 a ' )  13.56 (12.47) 
( 2a")  13.88 (12.77) 
( I  l a ' )  14.94 (13.74) 
( 1 0 a ' )  16.48 (15.16) 
( 9 a ' )  17.03 (15.67) 
( l a " )  17.75 (16.33) 
( 8 a ' )  20.86 

"Maxima taken as vertical IEs are reported in electron volts; k 0 . 1  eV 
bOnly the MOEs which are <22 eV are reported. 
'The MNDO optimized geometry was used. 
d92% of Koopmans' theorem. 
'Orbital symmetry. 

3a 
pathway b \ 

CH3 
I 

+ .CH2\ -N\H 
- ,CH3 

N - NH=CH2 + C2H6 + .N 
I \ 

H 3c CH3 

fact that methyl radicals are scavenged by ethyl radicals. The 
small amount of 3a observed in "transition" spectra in several 
thermolyses could result from decomposition of 3b  to the 
2-azaallyl radical (CH2=N-CH2') or from decomposition of 
the intermediate CH2=N-CH,-CH2R shown in pathway b .  
Whatever the route to propane and 3a ,  thermolysis of TEEDA 
appears to be more complex than thermolysis of TMEDA. 
Nevertheless, that 3b  is a major product is clear from spectra 2B 
and 2E, the nature of the other products, its volatility in the low 
temperature distillation - it distilled after propane - and by 
the fact the IEs of the "lone-pair" and the "T-system" are 
slightly lower (-0.1 eV) than the IEs of 3a. These differences 
are comparable to the small differences in IEs reported for 
N-methyl- and N-ethylimines 5 (14) and 6 (15). The results of 

CH3-CH=N-CH1 CH3-CH2-CH=N-CH2-CH3 
5 6 

(n ,  9.5: .rr, 10.67) ( n ,  9.45: T I ,  10.35) 

calculations listed in Table 2 also support the assignment of 
spectrum 2E  to 3b. 

Thermolysis of s-DMEDA can also be rationalized on the 
basis of a mechanism (Scheme 3) that is identical to the one 
suggested for TMEDA (Scheme 1). That a higher temperature is 
required to achieve significant conversion of s-DMEDA is in 
keeping with an expected lower stability of the N-methylamino- 
methylene radical - relative to its fully alkylated analogue - 
which is reflected in the C-C dissociation energy. That imines 
3a and 3c are obtained in roughly equal yields, based on the 
number of scans which were acquired at the same pressure, 
indicates that cleavage of the C-H and C-C bonds is equally 
likely. However, this pathway does not account for the 
formation of ethene, a major product, unless it is formed by 
dehydrogenation of ethane. An alternative mehanism, shown as 
pathway b ,  which leads to ethene, 3c and H2 involves initial 
cleavage of a C-H bond to yield an N-alkylaminomethylene 
radical that undergoes further decomposition. 
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3bC1 opt. 3 bC2 3 CC 

FIG. 4. Structural parameters and conformations of methylenimines. 

TABLE 3. Experimental ionization energies and molecular orbital eigenvalues of methylenimine 

MNDO opt. MNDO opt. 
Expt. " M N D O b , V r i a l .  geom. expt. geom. STO-3Gb3.' 4 . 31~*b~c  

10.6 11.37 11.19 11.19 9.50 ( 7 0 ' ) ~  11.63 (10.70)' 
12.4 12.10 12.13 12.13 10.25 ( la" )  12.09 (11.12) 
15.1 15.03 15.07 15.07 15.26 (6a ' )  16.31 (15.01) 
17.2 17.14 17.70 17.70 17.00 (5a ' )  18.57 (17.08) 

"Maxima taken as vertical IEs and reported in electron volts; 2 0 . 1  eV. 
bCalculated using the experimental geometry. 
'Only the MOEs which are <21 eV are reported. 
dOrbital symmetry. 
'92% of Koopmans' theorem. 

Calculation of molecular orbital eigenvalues (MOEs) 
The geometry used in the calculations on 3a ,  shown as 3aC1 

(Fig. 4), was obtained by microwave spectroscopy (16, 17). 
It is seen in Table 1 that MNDO yields MOEs which closely 
parallel the experimental IEs although the binding energy of 
the "lone-pair" is somewhat high. That the calculations yield 
MOEs - especially those obtained by MNDO optimization of 
the experimental geometry - which closely approximate the 
IEs, indicates that this method can be used to identify simple 
imines with some degree of confidence. Hence the data in 
Table 2 provide support that 3b  is indeed a product of 
thermolysis of TEEDA. Although the geometry of 3b is 
unknown, calculations were initially carried out on a geometry 
based on 3aC1, a NCC bond angle of 109.3", CCH angles 
of 109,3", and C-C and C-H bond lengths of 1.540 and 
1.091 A, respectively. The good correlation between the experi- 
mental IEs and the calculated MOEs (column 2, Table 2) 
validates this assumption and supports the conclusion that 36 is 
a product of thermolysis of TEEDA. MNDO optimization (see 
3bC1, Fig. 4) of the trial geometry yields a better fit of the 
MOEs (column 3, Table 2) and the experimental IEs. The same 
general trends in the MOEs are observed for 3b  as are observed 
for 3a .  Both 3-21G and 6-316" bases yield MOEs which 
are reasonably close to the IEs although the fit is not quite as 
good at higher energies. However, if 92% of the Koopmans' 
values are used (!8), the fit is improved. Although the fit at 
higher IEs is reasonably good when the STO-36 basis is used, 
the MOEs for the "lone pair" and the "T-system" are somewhat 

low. Optimizations using 3-216 and 6-316" bases was not 
carried out because of the cpu time required relative to MNDO. 

MOEs were also obtained for two other conformations of 3a: 
3aC2 (MNDO opt.; 10.62, 11.43, 13.47, 14.95, 15.87, and 
16.69)and3aC3 (MNDO; 10.84, 11.37, 13.76, 15.13, 16.09, 
and 16.58). MOEs (10.60, 11.40, 13.07, 13.09, 13.47, 15.63, 
15.64, 16.80) were also calculated for the zig-zag confor- 
mation of 3b  shown as 3bC2 (Fig. 4) using MNDO with 
optimization. 

Calculations carried on the experimental geometry4 (19) of 
3c complement the calculations carried out previously (10). In 
this connection it is useful to point out, once again, the utility 
of MNDO. The experimental geometry of the CH2=N- 
fragment of 3a  (see 3aC1, Fig.o 4), was used with an assumed 
=N-H bond length of 0.99 A (20) and the parameters opti- 
mized using MNDO (see 3cC,  Fig. 4) to calculate the MOEs 
(column 1, Table 3). The correlation between the parameters 
obtained by optimization and the experimental values is good. 
The MOEs obtained by optimizing the experimental geometry4 
(column 2, Table 3) are identical to the values obtained by 
optimizing the trial geometry. This indicates that accurate 
experimentally-obtained geometries will not be required to 
obtain MOEs which will be useful for identifying other, as yet 
unknown, imines. 

"eometry: rCM = 1.273, rNW = 1.021, rCH = 1.09 A. 
LHNC = 110.4, LHCH = 117.0, and iNCH(cis)  = 125.1, 
iNCH(trans) = 117.9". 
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YASUTSUGU UEDA and VI~IANE VINET. Can. J .  Chem. 64, 2184 (1986). 
The synthesis and in vitro activity of several new carbapenems, 2-(3-cis-substituted cyclopenty1thio)- and 2-(4-cis-substituted 

cyclohexylthio)-(6S)-[(1'R)-hydroxyethyl]-(R)-carbapen-2-em-3-carboxyic acids 7 and 8, are described. The synthesis 
involves the stereospecific preparation of cis-substituted cyclopentyl- and cyclohexylthiols 2 and 3 by the hetero Diels-Alder 
reaction followed by some chemical manipulations. 

YASUT~UGU UEDA et V I ~ I A N E  VINET. Can. J .  Chem. 64, 2184 (1986). 
On decrit la synthese et l'activite in vitro de plusieurs nouveaux carbapenen~es, soit les acides (X-3-cis cyclopenty1thio)-2 et 

(X-4-cis cyclohexy1thio)-2 [hydroxy-1'R Cthyll-6S carbapene-2 &me-2 carboxyliques-3 (7  et 8 ) .  La synthbse i~nplique la 
prkparation ster6osp6cifique des cyclopentyl- et cyclohexylthiols, 2 et 3, portant des substituants en position cis; cette synthese 
implique une rCaction heterocyclique de Diels-Alder qui est suivie de quelques manipulations chimiques. 

[Traduit par la revue] 

Since the discovery of thienamycin (I) ,  a potent and broad 
spectrum antibiotic, extensive efforts have been directed toward HS R G ( c ~ ~ ) r z  

the chen~ical modification at the 2-position of the carbapenem 
ring system, to improve the undesirable characteristics asso- 2 , n -  1 4 , n = l  
ciated with this antibiotic, that is, chemical and metabolic 3 , n = 2  5 , n = 2  
instability (1). The 6s-(1R-hydroxyethyl) group has been left 
unchanged, since it was reported to be responsible for the 
p-lactamase stability of thienamycin (2). S 

OH N-NAN-N (N,J kN> J+s R 

0 (CH21,I 
C 0 2 H  

6 7 , n =  1 

1 

As part of our program directed toward the synthesis of 
thienamycin analogs, we designed novel side chains, 3-substi- 
tuted cyclopentylthio- and 4-substituted cyclohexylthio groups. 
at the 2-position of the carbapenem ring system. Unlike the 
thioethyl chain in thienamycin, these cyclic rings will provide 
a more rigid spacing between the terminal functionality (e.g., 
amino group in thienamycin) and the nucleus. Thus the effect of 
the ring vs. the flexible ethyl chain on the antibacterial potency 
might be observed. 

In this paper, we wish to describe ( I )  the stereospecific 
preparation of 3-cis-substituted cyclopentylthiols 2 and 4-cis- 
substituted cyclohexylthiols 3 by applying an hetero Dicls- 
Alder reaction of cyclic dienes 4, and 5 ,  with 1 , l  '-thiocarbonyl- 
bis(l,2,4-triazole), 6 ,  which was recently developed by Larsen 
and Harpp (3) and (2) the subsequent synthesis and the in vitro 
antibacterial activity of 2-(3-cis-substituted cyclopenty1thio)- 
and 2-(4-cis-substituted cyclohexylthio)carbapenems, 7 and 8. 

Thiabicyclo compounds 9 and 10, prepared by the method 
of Larsen and IHarpp (3) from cyclopentadiene (4) and 1.3- 
cyclohexadiene (5) respectively, with thiocarbonylbis-triazole 
6 were hydrogenated in the presence of 10% Pd-carbon in ethyl 
acetate to give thiabicycloheptane 11 and thiabicyclooctane 12 

in 84.7 and 86.8% yield respectively. The partial hydrolysis of 
the bis-triazolyl moiety was successfully achieved by treatment 
with two equivalents of p-toluenesulfonic acid monohydrate 
in acetone to produce bicyclic thiolactones 1 3  and 142 in 
66.3 and 89.8% yield respectively (Scheme 1). These bicyclic 
thiolactones served as our common synthetic intermediates 
for the stereospecific preparation of several 3-cis-substituted 
cyclopentylthiols 2 and 4-cis-substituted cyclohexylthiols 3. 

It has been recognized that a strongly basic functionality, 
such as an amino or a formimidoyl group, in the side chain at the 
2-position of the carbapenem ring system confers antibacterial 
activity, particularly antipseudomonal activity (2b) .  Therefore 
we were primarily interested in introducing a strongly basic 
group in the cyclopentyl- and cyclohexylthiols. 

The stereospecific preparation of cis-3-(p-nitrobenzyloxy- 
carbonylamino)cyclopentylthiol 2 a  and cis-4-(p-nitrobenzyl- 
oxycarbonylamino)cyclohexylthiol 3 a  from bicyclic thiolac- 
tones 13 and 14 is outlined in Scheme 2. 

Bicyclic thiolactone 13 was hydrolyzed in refluxing 4 N HCI 
to produce cis-3-mercaptocyclopentyl carboxylic acid (15) in 
quantitative yield. cis-4-Mercaptocyclohexyl carboxylic acid 
(16) was more conveniently prepared, in 70.3% yield, from 
bis-triazolylthiabicyclooctane 12 by refluxing in 6 N HC1. 
However, this same treatment on thiabicyclopentane 11 often 

'To whom all correspondence should be addressed: Antiinfective '~icyclic thiolactone, 14 was also prcparcd by a partial hydrolysis 
Chemistry Department, Pharmaceutical Research and Development of 10 to thiolactone i followed by hydrogenation. However, the 
Division, Bnstol-Myers Co.,  P.O. Box 5 100, Wallingford, CT 06492, hydrogenation was much slower than that on 12, requiring a large 
U.S.A.  amount of the catalyst (10% Pd-C, three times by weight). 
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UEDA AND VINET 2185 

(1) A ,  CH2C12 or benzene 
(2) H2/Pd-C, EtOAc 
(3) p-TsOH . H20, acetone 

produced a mixture of thiolactone 13 and carboxylic acid 15.  
The thiol group was readily protected by treatment with tri- 
phenylmethyl chloride (trityl chloride) and pyridine in CHC13, 
which produced tritylthio derivatives 17 and 18 in 72 and 
63% yield respectively. These carboxylic acids were converted 
to acyl azides 19 and 20 in 98 and 90% yield respectively 
by activation with ethyl chloroformate followed by reaction 
with NaN3. Refluxing with p-nitrobenzyl alcohol in toluene 
furnished bis-protected cis-amino cyclic thiols 21 and 22 in 
63 and 84% yield respectively. The cis stereochemistry was 
maintained, since the Curtius rearrangement is known to 
proceed with retention of configuration. Finally the trityl group 
was removed (4) by treatment with mercuric acetate followed 
by reaction with H2S, yielding the desired N-protected cis- 
3-aminocyclopentylthiol 2a  as an oil and cis-4-aminocyclo- 
hexylthiol 2b  as white crystals in quantitative yields. 

The preparation of a few other cis-substituted cyclopentyl- 
and cyclohexylthiols, 2b and 3b-3e, is outlined in Scheme 3. 
The nonbasic carbamyl and cyano groups were introduced into 
the ring for comparison of the antibacterial activity. The ring 
opening of bicyclic thiolactones 13 and 14 by ammonium 
hydroxide in methanol cleanly produced cis-carbamylcyclo- 

pentylthiol 2b and cis-carbamylcyclohexylthiol 3 b  in 88 and 
90% yield respectively. The carbamyl derivative 36  was 
converted to 4-cyanocyclohexylthiol 3 c  in 52.5% yield by 
reaction with titanium tetrachloride in the presence of N-methyl- 
morpholine (5). cis-Aminomethyl cyclohexylthiol hydrochlor- 
ide (3d) was prepared in 77% yield from 3 b  by lithium 
aluminum hydride reduction. Treatment with trimethylsilyl 
chloride followed by reaction with p-nitrobenzyl chloroformate 
(6) furnished N-protected cis-4-(aminomethyl)cyclohexylthiol 
3e, which is a homolog of 3 a ,  as white crystals in 57% yield. 

The 2-(cis-substituted cyclopentylthiol and cis-substituted 
cyclohexylthiol)carbapenems 7a ,  7 b  and 8a-8e were prepared 
from the thiols described above, following essentially the same 
method developed by Salzmann et al. (7a) and Sletzinger et al. 
(7 b) (Scheme 4). 

Thus, the chiral 2-ketocarbapenam ester 23, derived from 
diazoazetidinone 24 (7a, 8) was reacted with diphenyl chloro- 
phosphate in the presence of diisopropylethylamine, then with 
cis-cyclopentyl- and cyclohexylthiols 2a ,  2b,  3 a ,  3b ,  3c ,  and 
3e to furnish carbapenem esters 25a,  25b, and 26a-26d. The 
hydrogenolysis over 10% Pd-C in the presence of pH 7 .0  
phosphate buffer produced cis-substituted cyclopentylthiol- and 
cyclohexylthiocarbapenem carboxylic acids or their salts 7a ,  
7c,  8n ,  and 8c-8e. At this stage, two diastereomers in the 
cyclopentyl series 7 a  and 7 c  were successfully separated by 
hplc (high pressure liquid chromatography) on a reverse phase 
silica gel. No attempt was made to determine the absolute 
configuration of each diastereomer. The N-formimidolyl deri- 
vatives 7 b  and 8 b  were also prepared from the corresponding 
amino compounds 7 a  and 8 a  by treatment with benzyl 
formimidate hydrochloride in water at pH 8.5 (9). 

In vitro antibacterial activities of the new carbapenems 
were tested and the minimum inhibitory concentrations (MIC) 
against a variety of Gram-positive and Gram-negative bacteria 
are listed in Table 1, which includes those of imipenem 
(N-formimidoyl thienamycin) for comparison. 

The carbapenems having a strongly basic group, 7 a ,  7b ,  80 ,  
8b ,  and 8c,  generally exhibited better antibacterial activity than 
those having a nonbasic group, 7c ,  8c ,  and 8d ,  although the 
latter also had good activity against Gram-positive and Gram- 
negative organisms. In the cyclopentyl series, two diastereo- 
mers did not show a significant difference in their antimicrobial 
potency. The aminomethyl derivative 8d ,  a homolog of 8a ,  was 
found to be less active against Gram-positive organisms than 
$a. Among them, the most active carbapenem was one of the 
diastereomers of the cis-aminocyclopentylthio derivative 7 a ,  

A .  

Tr = -C(Ph)3 

PNB = -CH 

(1) 4-6 N HC1/H20, A: (2) (Ph)3CCl, pyr/CHCI3; (3) C1C02Et, ~t~N/aqueous acetone, then NaN3; 
(4) PNB-OH/toluene, A; (5) H ~ ( O A C ) ~ / C H ~ C ~ ~ - E ~ Q H ,  then H2S/CH2C12 

SCHEME 2 
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(1) NH40H/MeOH; (2) TiC14, N-methylmorpholinelTHF; (3) LiA1H4/THF; 
(4) Me3Si C1, (iPr)2NEt/CH3CN, then C1C02PNB 

which had comparable activities to imipenem, except against 
pseudomonas aeruginosa. Overall, the introduction of the 
rigid ring system between the nucleus and the strongly basic 
functionality did not significantly change the antibacterial 
potency. 

Experimental 
Melting points were determined on a Gallenkamp melting point 

apparatus and are not corrected. The infrared spectra were recorded on 
a Perkin-Elmer 267 grating infrared spectrometer. The ' H  nuclear 
magnetic resonance spectra were taken with either a Varian EM-360 
(60 MHz), unless specified, or a Varian CFT-20 (80 MHz) nmr 
spectrometer. Tetramethylsilane was used as an internal standard and 
chemical shifts were reported in parts per million ( 6 )  relative to the 
internal standard. The ultraviolet spectra were recorded on an Unicam 
SP8-100 uv spectrophotometer. Optical rotations were measured with 
a Perkin-Elmer Model 141 polarimeter. Tetrahydrofuran was freshly 

distilled from lithium aluminum hydride. All other solvents, with the 
exception of absolute EtOH, were reagent grade and had been stored 
over molecular sieves before use. Triethylamine, pyridine, and 
diisopropylethylamine were distilled from CaHz and stored over 
NaOH. Compounds 9 and 10 were prepared from cyclopentadiene and 
1,3-cyclohexadiene respectively by the method of Larsen and Harpp 
(3). Compound 23 was obtained by the rhodium acetate catalyzed 
cyclization (7a) of diazoazetidinone 24, which was in turn prepared 
as described in ref. 8. Analytical thin-layer chromatography (tlc) was 
conducted on either precoated plates (Silica Gel 60F-254. E. Merck) 
unless specified or reverse phase silica plates (Analtech), to obtain Rf 
values. High pressure column chromatography (hplc) was conducted 
on reverse phase silica gel, Ci81k Bondapak (Waters Associate). 
Column chromatography was carried out on Silica Gel 60 (70-230 
mesh, E. Merck) unless spccified. For purification of carbapenem 
esters 25 and 26, Silica Gel 60 pure (70-230 mesh, E. Merck #7754) 
was used. The analyses were performed by Micro-Tech Laboratories, 
Skokie, Illinois, U.S.A. 
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CTEDA AND VINET 

3,3-Bis(1,2,4-triazol-1 -yl)-2-thiabicyd@ 2 .I]heptane ( I 1  ) 
A solution of 3,3-bis(l.2,4-triazol-1-yl)-2-thiabicyclo[2.2. I] hept- 

5-ene (9) (3 )  (30.0 g, 0.122 mol; material recrystallized from 
i-PrOH/hexanes; mp 126-128°C) in EtOAc (800 rnL) was mixed with 
10% Pd-C (22.5 g, Engelhard). This mixture was hydrogenated in a 
Parr hydrogenation apparatus (Hz, 50 psi) at room temperature for 
20 h. After filtration of the catalyst over Celite, the filtrate was 
evaporated to obtain 30.0 g of a green oil. This oil was purified by 
column chromatography (900 g, EtOAc: acetone 1: 1) to obtain 25.6 g 
(0.103 mol, yield 84.4%) of the title compound 11 as a light yellow oil: 
Rf0.49 (50% EtOAc/acetone); ir (neat) v,,,: 3130 (triazole-CH) and 
1500 (C=N) cm-I; ' ~ m r  (CDC13) 6: 2.08 (6H, m, CH,), 3.85 
( lH,  m, 4-H), 4.12 ( IH,  m, 1-H), 7.93 (2H, s,  N=CH), 8.63 (IH, s, 
N=CH), and 8.67 (IH,  s,  N=CH) ppm. 

2-Thiabic~clo[2.2 .I]heptan-3-one (13) 
A solution of 3,3-bis(l,2,4-triazol-1-yl)-2-thiabicyclo[2.2.l]hep- 

tane (11) (4.30 g, 17.3 rnmol) in acetone (105 mL) was treated at 
room temperature with p-toluenesulfonic acid monohydrate (6.57 g, 
34.6 mmol) for 1 h. After filtration of the precipitate, the filtrate was 
evaporated to yield 2.40 g of an oily solid, which was purified by 
column chromatography (72 g, 20% Et,O/hexanes) to obtain 1.459 g 
(1 1.4 rnrnol, yield 65.9%) of the title compound 13  as a white solid: 
mp 88-89°C (sublime); Rf  0.40 (20% Et20/hexanes); ir (film) u,,,: 
1710 (C=O) cm-'; 'Hmr (CDC13, CFT-20) 6:  1.5-2.4 (6H, m,  
CH2), 3.00 (IH, m, 4-H), and 3.97 ( lH ,  m, I-H)ppm. 

2-Thiabicyclo[2.2.2]oct-5-en-3-one ( i )  
The title compound i was prepared in 91 .O% yield as white crystals 

from 3,3-bis(l,2,4-triazol-1-yl)-2-thiabicyclo[2.2.2]oct-5-ene (10) by 
the method described for the preparation of 13: mp 61-63°C (lit. (10) 
mp 65-67"C, lit. (1 1) mp 73-74°C); Rf  0.31 (20% Et20/hexanes): 
ir (film) v,,,: 1680 (C=O) and 1615 (C=C) cm-' : 'Hrnr (CDCI,) 8: 
1.5-2.4 (4H. m,  CH2), 3.63 (1H. m, 4-H), 4.20 ( l H ,  m, 1-H), 6.32 
(lH, td, J = 8 Hz, J = 2 Hz, 5-H), and 6.68 ( lH ,  td, J = 8 Hz, 
J = 2 Hz, 6-H) ppm. 

cis-3-Mercaptocyclopentanecarboqlic acid (15)  
A suspension of 2-thiabicyclo[2.2.1]heptan-3-one (13) (4.50 g. 

35.1 mmol) in 4 N HC1 (22 mL) was heated at reflux under a nitrogen 
atmosphere for 4.5 h. This was extracted with EtOAc and the ethyl 
acetate extracts were washed with brine, dried (MgS04), and then 
evaporated to yield 5.09 g (34.8 mmol, yield 99.3%) of the title 
compound 15 as a colourless oil: Rf 0.20 (20% Et20/toluene). An 
analytical sample was obtained by purification on preparative silica gel 
plate (Schleicher and Schnell) eluting with 40% EtzO in toluene to 
obtain the title compound as an oil: ir (neat) u,,,: 1700 (C02H) cm-' ; 
'Hmr (CDC13, CFT-20) 6: 1.70 ( IH,  d ,  J = 6.5 Hz, SH), 1.7-3.2 
(8H, m, CH2), and 9 .2  ( lH ,  br, C0,H)ppm. Anal, calcd. for 
C6HI0o2S: C 49.29, H 6.89, S 21.93; found: C 49.49, H 6.89, 
S 22.04. 

cis-4-Mercaptoc~clohe.uanecarbox~lic acid (16)  
A suspension of 3,3-bis(1.2,4-triazoI-l-yl)-2-thiabicycl0[2.2.2]~tane 

(12) (1.04 g, 3.96 mmol) in 6 N HCI (10 mL) was heated at reflux under 
a nitrogen atmosphere for 2 h. This was extracted with EtOAc and the 
ethyl acetate extracts were washed with brine, dried (MgS04), and then 
evaporated to yield 580 mg of off-white solid. This was crystallized 
from boiling water (12 mL) toobtain446 mg (2.79 mmol. yield70.4%) 
of the title compound 16 as white crystals: mp 58-60°C; ir (film) v,,,: 
1690 (C02H) cm-I; ' ~ m r  (CDCI3, CFT-20) 6 :  1.51 ( l H ,  d ,  J = 

6.7 Hz, SH), 1.5-2.4 (8H, m, CH,), 2.5 ( l H ,  m, CHC02). 3.1 
( lH ,  m, CHS), and 8.0 (br, C02H) ppm. Anal. calcd. for C7HI2O2S: 
C 52.47, H 7.55; found: C 52.33, H 7.54. 

It should be noted that when less concentrated hydrochloric acid (4 N 
or 1 N )  was used, the reaction was slower and, in some cases, produced 
bicyclothiolactone 14 as a by-product. 

~is-3-(Triphenylnzeth~lthio)cyclopentanecarbo.lic acid (1  7) 
TO a solution of cis-3-mercaptocyclopentanecarboxylic acid (15) 

(4.94 g,  33.8 mmol) in CHC13 (156 mL; purified by passing through 
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Merck Silica Gel 60) were added triphenylmethyl chloride (10.4 g, 
37.3 mol) and pyridine (5.45 rnL, 67.7 mmol) and the mixture stirred 
at room temperature under a nitrogen atmosphere for 72 h. This was 
washed with 1 N HCl (34 mL), then with brine, dried (Na2S04), 
and evaporated, yielding yellow oil that was purified by column 
chromatography (580 g, 20% Et20/toluene) to obtain 9.77 g of white 
solid. This was crystallized from EtzO-hexanes, yield~ng 9.17 g 
(23.6 mmol, yield 69.8%) of the title compound 17 as white crystals: 
rnp 153-154°C; Rf 0.55 (20% Et20/toluene); ir (film) urn,,: 1700 
(C02H) cm-I; ' ~ m r  (CDCl?, CFT-20) 6:  1.5-2.1 (6H, m, CH2), 
2.3-2.8 (2H, m, CH), and 7.1-7.6 (15H, m,  ArH's) ppm. Anal. 
calcd. for C25H2402S: C 77.28, H 6.23, S 8.25; found: C 77.16. 
H 6.24, S 8.27. 

cis-3-(Triphenylmethylthio)cyclopentanecarbonjl nzide (19) 
To a solution of cis-3-(triphenylmethylthio)cyclopentanecarboxylic 

acid (17) (28.0 g, 72.1 mmol) in acetone (1.5 L) and H 2 0  (237 mL) 
was added triethylamine (12.2 mL, 87.7 mmol) followed by ethyl 
chloroformate (9.09 mL, 95.1 mmol). The mixture was stirred for 
2 min and then to this mixture was added a solution of sodium azide 
(7.42 g, 0.114 mol) in H 2 0  (237 mL) at 0 4 ° C .  This was stirred for 
4 min and then poured into cold water (1.5 L) and extracted with Et10 
(700 rnL X 3). The ether extracts were washed with water, dried 
(MgS04), and evaporated to yield 29.5 g (71.3 rnmol, crude yield 
98.9%) of the title compound 19 as a crude oil: Rf 0.70 (Et,O); 
ir (neat) v,,,: 2270 (NCO), 2140 (Nj),  and 1710 (C=O) c m l .  The ir 
spectrum indicated the presence of the isocyanate as an impurity. This 
crude material was immediately used in the subsequent reaction. 

cis-3 - (Triphenylmethy1thio)-1- ( p  -nitrobenzyloqcarbonylamino)cy- 
clopentane (21)  

A mixture of cis-3-(triphenylmethylthio)cyclopentylcarbonyl azide 
(19) (10.89 g, 26.3 mmol; crude) and p-nitrobenzylalcohol (19.8 g, 
120 mmol; the material purchased from Aldrich Chem. Co. was 
triturated with Et20) in toluene (270 mL) was heated at gentle reflux for 
20 h, by which time the ir spectrum indicated the absence of the peaks 
at 2140 and 2270 cm-'. After evaporation of the solvent. the residual 
solid was purified by column chromatography (700 g, 1 0 8  Et20/CH2C12) 
to obtain 13.0 g of foam, which was crystallized from EtzO to yield 
9.22 g (17.1 mmol, yield 65.1% of the title compound 21 as off-white 
crystals. An analytical sample was obtained by recrystallization from 
Et20-EtOAc: mp 128-130°C; Rf 0.62 (Et20); ir (film) urn,,: 3320 
(NH), 1715, 1695 (C=O), 1515 and 1350 (NOz) cm-': ' ~ m r  
(CDCl,, CFT-20) 6 :  1.0-2.2 (6H, m, CH2), 2.69 ( l H ,  m, CHS), 3.7 
(lH, m, CHN), 4.7 ( lH ,  br, NH), 5.15 (2H, s, CH2C02), 7.1-7.5 
(17H, m, ArH's), and 8.20 (2H, "d", J = 8.7 Hz, ArH's) ppm. Anal. 
calcd. for C32H30WZ04S: C 71.35, H 5.61, N 5.20; found: C 71.35, 
H 5.56, N 5.32. 

cis-3-Mercapto-1 -(p-nitrobenzyloxycarboq1amino)cyclopentane (2 a)  
A solution of cis-3-(triphenylmethylthio)-l-(p-nitrobenzyloxycar- 

bony1amino)cyclopentane (21) (27.2 g ,  50.5 rnmol) in CH2Cl2 
(715 mL) was diluted with absolute EtOH (715 mL). To this solution 
was added mercuric acetate (16.1 g, 50.5 mmol) at once and the 
mixture stirred at room temperature for 15 min, by which time the 
tlc (Et20) indicated the reaction was complete. The resulting clear 
solution was evaporated and the solid residue was triturated with Et,O 
(300 mL x 2), yielding 30.0 g of the intermediate, mercuric salt, as a 
white solid: ir (film) urn,,: 1720 cm-I. 

This solid (30.0 g) was dissolved in CH2C12 (250 mL) and the 
solution was saturated with H2S by bubbling through at 0-5°C for 1 h. 
The resulting black precipitate was filtered over Celite and the clear 
filtrate was treated with Norite (activated carbon). Evaporation of 
the filtrate and trituration of the residue with EtzO gave 15.34 g 
(51.8 mmol, crude yield > 100%) of the title compound (2a) as white 
crystals. This crude material was used in the subsequent reaction 
without further purification. An analytical sample was obtained by 
recrystallization from EtOAc-Et,O-hexanes: rnp 87-88°C; R ,  0.68 
(Et,O); ir (film) v,,,: 3320 (NH) and 1685 (C=O) cm-';  ' ~ m r  
(CDCI,, CFT-20) 6:  1.4-2.8 (7H, nl, CHz,  SH), 3.3 (1H, m, CHS), 
4.1 ( lH,  m, CHN), 5.18 (2H. s, CH2C02), 7.50 (2H, "d", J = 8.7 Hz, 

ArH's), and 8.20 (2H, "d", J = 8.8 Hz, ArH's) ppm. Anal. calcd. for 
Cl8Hl6N2o4S: C 52.69, H 5.44, N 9.45; found: C 52.38, H 5.32, 
N 9.21. 

cis-3-Mercaptocyclopentanecarboxamide (2 b ) 
A solution of 2-thiabicyclo[2.2.1] heptan-3-one (13) (2.56 g, 

20.0 rnmol) in MeOH (80 mL; deoxygenated by bubbling through 
nitrogen gas) was mixed with concentrated ammonium hydroxide 
(39.94 mL), and stirred at room temperature under a nitrogen atmos- 
phere for 20 h. The solvent was evaporated to dryness and the solid 
residue was triturated with Et20 to obtain 2.55 g (17.6 rnmol, yield 
88.2%) of the title compound 2b as a white solid. An analytical 
sample was obtained by crystallization from iso-propanol-hexanes: 
mp 138-140°C; ir (Nujol) v,,,: 3360, 3190 (NH), 2550 (SH), 1660 
(sh), and 1635 (CONH2) cm-I; 'Hrnr (CDCI,, CFT-20) 6:  1.5-2.9 
(8H, m, CHz, CHCO, SH), 3.2 ( lH ,  m, CHS), and 5.4 (br, NH2) ppm. 
Anal. calcd. f0rC6HIINOS: C49.62, H7.63,  N9.65; found: C49.52, 
H 7.43, N 9.57. 

cis-1 -Cyano-4 -mercaptoc)~clohexane (3c) 
A solution of T ic& (1.1 mL, 10 mmol) in CC14 (2.5 mL) was 

injected, at 0-S°C under a nitrogen atmosphere, into THF (20 mL). To 
the resulting yellow mixture was added a suspension of cis-4-mer- 
captocyclohexanecarboxamide (3b) (800 mg, 5.02 mmol) in THF 
(20 mL), followed by a solution of N-methylmorpholine (2.2 mL) in 
THF (2.0 mL). After stirring at 0-S°C under a nitrogen atmosphere for 
1 h, to this mixture was added H 2 0  (30 mL) and EtOAc (30 mL). The 
ethyl acetate extract was washed with HIO, brine, and dried (Na2S0,). 
Evaporation of the solvent in vacuo gave 623 mg of an oily solid, which 
was purified by column chromatography (30 g, EtOAc) to collect 
495 rng of an oil. The corresponding disulfide, 4-cyanocyclohexyl 
disulfide (125 mg), crystallized out by addition of EtzO-hexanes to this 
oil: mp 103-115°C; R f  0.39 (Et20). The filtrate was evaporated to 
yield 370 mg (2.62 mmol, yield 52.2%) of the title compound 3 c  as a 
clear oil that crystallized on standing: mp 42-44°C; Rf 0.58 (EtzO): 
ir (film) urn,,: 2560 (SH) and 2240 (CN) cm-';  'Hmr (CDC13) 6 :  
1.63 ( lH ,  d,  J = 7 Hz, SH), 1.5-2.3 (XH, m, CH2), and 2.85 
(2H, br, CH) ppm. 

cis-4-Aminomethylcjc1ohe.q lthiol hjdrochloride (3 d) 
A suspension of lithium aluminum hydride (800 mg, 21.1 mmol) in 

THF (100 mL) was heated at reflux through a pressure-equalized 
dropping funnel where cis-4-mercaptocyclohexanecarboxamide (3b) 
(795 me, 5 mmol) was placed with a cotton plug. After 24 h. all of the 
amide 3b dissolved into the reaction flask and tlc (acetone:EtOAc 1: l )  
indicated the completion of the reaction. After cooling, the excess 
lithium aluminum hydride was destroyed by slow addition of H 2 0  
(3 mL). This was slowly diluted with EtOAc (150 mL), and the 
oreci~itate was filtered over Celite and washed with hot EtOH (150 mL 
L .  

X 2). The filtrate and washings were combined and evaporated to yield 
664 mg of a crude oil. This was dissolved in absolute EtOH (20 mL) 
and treated with HCl gas. The solvent was evaporated to yield white 
solid, which was rinsed with EtzO to obtain 699 mg (3.85 mmol, 
yield 77.0%) of the title compound (3d) as white solid: Rf 0.43 
(CH2C12: 1 M NH40H/MeOH 4:l); ir (Nujol) v,,,: 2550 (SH) cm-I; 
'Hmr(CDC13, CFT-20) 6:  1.54(1H, d, J = 6.4Hz,  SH), 1.73 (9H. br, 
CH2, CH). 2.95 (2H, br, CH2N), 3.35 ( lH ,  br, CHS), and 8.35 
(br, ' NH3) ppm. 

cis-4-(p-Nitrobenqlo,~carbon).laminomethyl)cclohexjlthiol(3e) 
To a suspension of cis-4-aminomethylcyclohexylthiol hydrochlor- 

ide (3d) (190 mg, 1.05 mmol) in CH3CN (10 mL) was added at 0-5'C, 
trimethylsilyl chloride (0.15 mL, 1.18 mmol) followed by diisopropyl- 
amine (0.42 mL, 2.42 mmol), under a dry nitrogen atmosphere. The 
mixture was stirred (0-5"C, N2) for 30 min, and to this cloudy solution 
was added p-nitrobenzyl chloroformate (226 mg, 1.05 mmol) in 
CH3CN (3 mL), followed by diisopropylethylamine (0.18 mL. 
1.05 mmol). The mixture was stirred at 0-5°C for 3 h and diluted with 
EtOAc (30 mL). This was washed with brine, with 1 N HCl, and then 
with brine again, dried (Na2S04), and evaporated to yield 341 mg of a 
crude oil. This oil was purified by column chromatography (20 g. 
CH2C12) to obtain 194 mg (0.60 rnmol, yield 57%) of the title 
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compound 3e as an oil that crystallized on standing: mp 61-63°C; 
Rf 0.29 (CH2C12); ir (neat) v,,,: 3420, 3350 (CONH), 1720 (C=O), 
1520 and 1350 (NO2) cm-I; 'Hmr (CDC13) 6: 1.50 ( lH,  d ,  J = 5 Hz, 
SH), 1.56 (9H, br, CH2, CHI, 3-3.5 (3H, m, CH2N, CHS), 5.17 
(2H, s,  C02CH2), 5.35 (br, NH), 7.43 (2H, "d", J = 9 Hz, ArH's), 
and 8.13 (2H, "d", J = 9Hz, ArH's)ppm. 
Thiabicyclo[2.2.2]octane series 12 and 14, and cyclohexyl series 

18, 20, 22, 3a,  and 3 b  were prepared by the method described for the 
preparation of the corresponding 2-thiabicyclo[2.2. Ilheptane series 
and cyclopentyl series respectively. 

3,3-Bis(1,2,4-triazol-I -yl)-2-thiabicyclo[2.2.2 .]octane (12): yield 
86.8%; mp 139-141°C; Rf 0.67 (20% EtOAc/acetone); ir (film) v,,,: 
3130 (triazole-CH) and 1500 (C=N) cm-I; ' ~ m r  (CDCI,) 6: 1.2-2.2 
(8H,m,CH2), 3,22(1H, brs, 4-H), 3.58 (IN, brs, 1-H), 7.92(2H, s, 
N=CH), and 8.77 (2H, s, N=CH) ppm. Anal. calcd. for CI  ,H14N6S: 
C 50.36, H 5.38, N 32.04, S 12.22; found: C 50.54, H 5.48, N 32.41, 
S 12.19. 

2-Thiabicyclo[2.2.2 .]octaiz-3-one (14):  yield 89.8% ; mp 174- 
175°C (Et20-hexanes); Rf 0.3 1 (20% EtzO/hexanes); ir (film) v,,,: 
1675 (C=O) cm-I; ' ~ m r  (CDC13) 6: 2.0 (XH, m, CH?), 2.37 
(lH, m, 4-H), and 3.50 ( lH,  m, 1-H) ppm. Anal. calcd, for C7HloOS: 
C 59.12, H 7.09, S 22.55; found: C 59.23, H 6.99, S 22.37. 

cis-4-(Triphenylmethylthio)cyclohexanecarbolic acid (18): yield 
62.9%; mp 172-174°C (EtOAc/hexane); Rf 0.44 (2070 Et,O/tolu- 
ene); ir (film) v,,,: 1705 (C02H) cm-' ; ' ~ m r  (CDCI,) 6: 1.2-2.5 
(lOH, m, CH, CH,) and 7.1-7.6 (15H, m, ArH's)ppm. Anal. calcd. 
for C26H2602S: C 77.58. H 6.51, S 7.97; found: C 77.61, H 6.57, 
S 7.94. 

cis-4-(Triphenylmethy1thio)cyclohe.xanecarbonyl azide (20): crude 
yield 89.4%; oil Rf0.7 (EtzO); ir (neat) v,,,: 2260 (NCO), 2140 (N3). 
and 1720 (C=O) c m ' .  
cis-4-(Triphenylmethy1thio)-1 -(p-nitroben~lo.xycarboi~yIamino)cyclo- 
hexane (22): yield 8 4 . 2 9  ; mp 184- 186°C (CH,C12-pentane); Rf 0.72 
(10% Et20/CH2CIz); ir (film) v,,,: 3340 (NH), 1720, 1695 (C=O), 
1520, and 1350 (NO?) cm-I; 'Hrnr(CDCI3, CFT-20) 6: 1.2-1.8 (8H. 
m,CH2),2.49(lH,q,  J=4.5Hz,CHS),3.45(lH,br, W I , ? = 2 0 H z ,  
CHN). 4.65 (IH, d, J = 8Hz, NH), 5.16 (2H, s,  CH2C02), 7.1-7.6 
(17H, m, ArH's), and 8.19 (2H, "d", J = 8.8 Hz, ArH's) ppm. Anal. 
calcd. for C33H32N204S: C 71.71, H 5.84, N 5.07, S 5.80: found: 
C71.80,H5.85,  N5.03, S5.82.  

cis-4-Mercapto-1 -(p-nitrobenqIo.~carbonylamino)cloheane (3a): 
Rf0.45 (Et,O); ir (film) v,,,: 3400,3340 (NH), and 1710 (C=O) cm-I: 
'Hmr (CDCI,, CFT-20) 6: 1.49 (IH, d, J = 6.1 Hz, SH), 1.5-2.0 
(8H, m,CH2), 3.15 (IH,  m, Wl12 = 16Hz,CHS), 3.61 (IH,  m, W l t 2  
= 19 Hz, CHN). 4.76 (IH, br, NH), 5.18 (2H, s, CH2C02), 7.49 
(2H, "d", J = 8.8 Hz, ArH's), and 8.21 (213, "d", J = 8.8 Hz, 
ArH's) ppm. 

cis-4-Mercaptoc~clohe,xanecarboxamide (3 b): yield 90.1 9 : mp 
198-200°C (i-PrOH-hexanes); Rf 0.46 (acetone:EtOAc 1:l): ir 
(Nujol) v,,,: 3370, 3200 (NH). 1665 and 1625 (CONH,) cm-': 
'Wmr (CDCI,, CFl-20) 6:  1.53 ( lH,  d, J = 6.8 Hz, SH), 1.5-2.2 
(8H, m, CH,), 2.17 ( lH,  m, CHCO), 3.23 (IH,  br. CHS), and 5.3 
(2H, br, NH2) ppm. Anal. calcd. for C7H13NOS: C 52.79, H 8.23, 
N8.80, S20.13;found:C52.75, H8.13 ,N8.57 ,  S20.17.  

General procedure for the preparation of carbapenem esters 25 and 26 
To a solution of p-nitrobenzyl (6s)-[(1R)-hydroxyethyll-2-0x0- 

(5R)-carbapenam-(3R)-carboxylate (23) (1 mmol) and diisopropyl- 
ethylamine (1.1 mmol) in CH,CN (20 mL) was added at 0-5OC under 
a dry nitrogen atmosphere diphenyl chlorophosphate (1.1 mmol). The 
mixture was stirred for 1 h and to this was added at 0-S°C a solution of 
thiol2 or 3 (1 mmol) in CH,CN (5 mL), followed by diisopropylethyl- 
arnine (1 mmol). For thiols 2b and 3b,  the solution was made in DMF 
(5 mL). The mixture was stirred at room temperature under a nitrogen 
atmosphere: reaction time: 20 h for 25a and 26c, 3 days for 25b and 
26b, 6 days for 26a and 26d. For 25a, the mixture was cooled to 
0-5"C, and the crystals were collected. For others, the mixture was 
diluted with EtOAc, washed with H 2 0  ( X  2), then with brine. dried 
(Na2S04), and evaporated. The crude material was purified by column 

chromatography (50% acetone/EtOAc for 25b and 26b: EtOAc for 
others). 

p- Nitrobenzyl(6 S ) - [ ( I  R)-hydroxyethyl]-2 -[cis-3-(p-nitrobenzq.1- 
o~arbonylamino)cyclopentyl thio]-0-carbapen-2 -em-3-carboq- 
lutes (diastereomeric mixture) (25a): yield 78.3% ; mp 159- 16 1°C 
(Et20-MeOH); RF 0.35 (EtOAc): [a]i2'  +29.7" (c  0.50, MeOH); 
ir (Nujol) v,,,: 3500, 3340, 1775 (p-lactam). 1700 (ester), 1520 and 
1345 (NOz) cm-'; uv (EtOH) A,,,: 324 (e  15 300) and 267 nm 
( E  22 900); 'Hmr (CDC13, CFT-20) 6: 1.37 (3H, d, J = 6.3 Hz, 
1'-Me), 1.5-2.9 (6H, m, CHz), 3.1-3.3 (3H, m, I-H2, 6-H), 3.5 
(IH, m, CHS), 3.9-4.4 (31,  m, 1'-H, 5-H, CHN), 4.85 (IH, br, NH), 
5.12-5.29-5.43-5.61 (2H, Abq, CH2C02), 5.18 (2H, S, CH2C02), 
7.50 (2H, "d", J = 8.8 Hz, ArH's), 7.65 (2H, "d", J = 8.8 Hz, 
ArH's), and 8.22 (4H, "d", J = 8.8 Hz, ArH's) ppm. Anal. calcd. 
for C29H30N4010S: C 55.58, H 4.83, N 8.94; found: C 54.86, H 4.84, 
N 8.90. 

p- Nitrobenzyl(6 S )-[(I R) -hydroqethyl]-2 -[cis-3-carbamylc)~clo- 
pen~lthio]-(5R)-carbapen-2-em-3-carbo,~lates (diastereomeric mix- 
ture) (25 bj: yield 31.7%; mp 164-166°C (isopropanol-hexanes); Rf 
0.17 (Et0Ac:acetone 1:l); [a]i2' +2.4" (c 0.6, MeOH); ir (Nujol) 
v,,,: 3490, 3450, 3430, 3210, 1765 (p-lactam), 1700 (ester), and 
1665 (CONH?) cm-I; uv (EtOH) A,,,: 322 (e 13 100) and 267 nm 
(e 11 200); ' ~ m r  (acetone-d6, CFT-20) 6: 1.28 (3H, d, J = 6.1 Hz), 
1.5-3.0 (7H, m), 3.1-3.8 (4H, m), 3.9-4.4 (2H, m), 5.15-5.34- 
5.44-5.63 (2H, ABq), 7.80 (2H, "d", J = 8.8 Hz), and 8.25 
(2H, "d", J = 8.8 Hz) ppm. 

p-Nitrobenzyl(6S )-[(I R j- hydro.xyethyl]-2 -[cis-4-(p-nitrobenzyl- 
o.xycarbonylamino)cyclohexylthio] - ( 5  R j-carbapen-2-ern-3-carb0.y- 
late (26a): yield 30.3%; oil; Rf0.23 (EtOAc); [a]i2'  + 5 1 . 8 ' ( ~  0.875, 
CH2C12); ir (film) v,,,: 3400 (OH), 1775 (p-lactam), 1705 (ester), 
1525 and 1350 (NO2) cm-I; uv (EtOH) A,,,: 267 ( E  23 300) and 
323 nm (e 15 300); ' ~ m r  (CDC13, CFT-20) 6: 1.35 (3H, d, J = 
6.2 Hz, 1'-Me), 1.81 (8H, brs, CH2), 3.04 ( lH,  dd, J = 17.5 Hz, 
J = 7.5, 1-H), 3.19 (IH, dd, J = 4.7 Hz, J = 2 HZ, 6-H), 3.3 
(IH, m, CHS), 3.44 ( lH,  dd, J = 17.5 Hz, J = 7.6 Hz, 1-H), 3.7 
(lH, m, CHN), 4-4.4 (2H, m, 5-H, 1'-H), 4.75 ( lH,  br, NH), 5.11- 
5.28-5.42-5.60 (2H, ABq, 3-C)-i2C02), 5.17 (2H, S, CH2C02), 
7.49 (2H, "d", J = 8.8 Hz, ArH's), 7.64 (2H, "d", J = 8.8 Hz, 
ArH's), and 8.20 (4H, "d", J = 8.8 Hz, ArH1s)ppm. 

p-Nitrobenzyl(6S)-[(I R)-hydroxyethylj-2-[cis-4-(carbamy1)-cyclo- 
he.xylthio]-(5R)-carbapen-2-em-3-carboqlate (26b): yield 30%; mp 
172-174°C; Rf 0.24 (Et0Ac:acetone 1:l); ir (Nujol) v,,,: 3460 
(OH), 3370, 3200 (NH), 1740 (p-lactam) 1700 (ester), and 1650 
(CONH2) cm-'; uv (EtOH) A,,,: 324 (e 12 800) and 267 nm 
( E  10 600) nm; 'Nmr (acetone-d6, CFT-20) 6:  1.27 (3H, d, J = 
6.2 Hz, I '-Me), 1.6-2.1 (8H, m, CH,), 2.35 ( IN,  m, CHCO), 3.2- 
3.6(3H,m, 1-H, 6-H), 3.55(1H,m, CHS),4-4.5(2H,m, 5-H, 1'-H), 
5.16-5.34-5.44-5.62 (2H, ABq, CH2C02), 7.81 (2H, "d", J = 

8.8 Hz, ArH's), and 8.26 (2H, "d". J = 8.8 Hz, ArH's) ppm. 
p-Nitrobenql(6S)-[(I R)-hydro.xyeth~l]-2-[cis-4-cyanoc~clohe,~l- 

thio]-(5R)-carbupen-2-em-3-carbo.x7;late (26c): yield 43.54;  mp 
167- 169°C (CHZCl2-EtOAc); [a]?' +61.8" (c 0.57, CH2CI2); 
ir (film) v,,,: 3400 (OH), 2240 (w, CN), 1770 (p-lactam), and 1700 
(ester) cm-'; uv (EtOH) A,,,: 267 (F  11 000) and 322 nm ( E  13 000): 
' H ~ ~ ( c D C I ~ ,  CFT-20) 6: 1.37 (3H, d, J = 6.3 Hz), 1.5-2.2(8H, m), 
2.8(2H,m),2.8-3.5(4H,m),4-4.4(2H,m),5.12-5.31-5.44-5.61 
(2H, ABq), 7.65 (2H, "dm, J = 8.8 Hz), and 8.22 (2H. "d", J = 
8.8 Hz) ppm. 

p-Nitrobenzyl(6S ) - [ ( I  R)-hydroxyeth~~l]-2 -[cis-4-(p-nitrobenzyl- 
oxycarbonylaminomethyl)cyclohe.xylthio]-(5R)-carbapen-2-em-3-car- 
bo-$ate (24d): yield 5 4 7 ~ ;  yellow foam; R f0.37 (EtOAc); [cu]il' +51° 
(c 0.71, CH2C12); ir (film) v,,,: 3400 (OH), 1770 (p-lactam), 1720. 
1700 (C=O), 1520 and 1350 (NO*) cm-'; uv (EtOH) A,,,: 268 
( F  21 100) and 323 nm ( E  12 900): 'Hmr (CDCI,, CFT-20) 6: 1.38 
(3H, d, J = 6.2Hz), 1.5-2.0 (9H, m), 3-3.4(4H, m), 3.18(1H, dd, 
J =  6.9Hz,  J =  2.5 Hz,6-H),3.47(1H,m,CHS),4-4.5 (2H,m),  
4.9 (br), 5.12-5.29-5.45-5.62 (2H, ABq), 5.18 (2H, s), 7.50 
(2H, "d", J = 8.8 Hz), 7.65 (2W, "d", J = 8.8 Hz), and 8.22 
(4N, "dm, J = 8.8 Hz) ppm. 
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(6s)-[(I R)-Hydroqethyl/-2-(cis-3-aminocyclopentylthioj-(5R)-car- 
bapen-2-em-3-carboxylic acid (diastereorners A and B) (7a) 
(Procedure A) 

A solution of p-nitrobenzyl (6s)-[(lR)-hydroxyethyll-2-[cis-3-(p- 
nitrobenzyloxycarbonylamino)cyclopentylthio]-(5R)-carbapen-2-em- 
3-carboxylates (25a) (1 .OO g, 1.60 mmol; diastereomeric mixture) in 
THF (173 mL) was mixed with Et20 (173 mL), H 2 0  (173 mL), 
phosphate buffer (64 mL, pH 7.0, 0.05 M), and 10% Pd-C (1 .OO g,  
Engelhard). The mixture was hydrogenated in a Parr apparatus 
(H2, 50 psi) at room temperature for 5 h .  The aqueous layer was filtered 
over Celite to remove the catalyst and the filtrate washed with Et,O. 
This aqueous layer was lyophilized to obtain 1.08 g of yellow solid, 
which was purified by hplc (3% CH3CN/H20) to yield 108 mg 
(0.343 mmol, yield 21.5%) of the title compound 7 a  (diastereomer A) 
as a yellowish powder; hplc, fast moving peak; [a]i2'  +48.S0 
(c 0.3, HzO); ir (KBr disc) v,,,: 3400 (OH). 1770 ( p-lactam), and 
1580 (C02) cmp'; uv (H20) A,,,: 300 nm ( E  7400): 'Hmr (D20, 
CFT-20) 6: 1.47 (3H, d, J = 6.4 Hz, l '-Me), 1.5-3.0 (6H, m, CH2), 
3 . 4 ( 2 H , m ,  I-H), 3.57(1H, dd, J = 6.1 Hz, J = 2 . 6 H z ,  6-H), 
3.8 (2H, m, CHN, CHS), and 4.2-4.5 (2H, m, 1'-H, 5-H) ppm; 
and 83 mg (0.27 mmol, yield 16.7%) of the title compound 7a  
(diastereomer B) as a yellowish powder; hplc, slow moving peak; 
[a]%2' +46.9' (c 0.30, H20); ir (KBr disc) v,,,: 3400, 1750, and 
1550 cm-'; uv (H20) A,,,: 300 nm ( E  6800); ' ~ m r  (D20, CFT-20) 6: 
1 . 4 8 ( 3 H , d , J = 6 . 3 H z ) ,  1.6-3.0(6H,m),3.27(1H,dd.J= 17Hz, 
J = 9.3 Hz, 1-H), 3.49 (IH, dd, J = 17 Hz, J = 8.8 Hz, 1-H), 
3.58(1H,dd, J = 6 . 1  Hz, J =  2.6Hz),3.85(2H,m),and4.3-4.5 
(2H, m) ppm. 

(6S )-[(I R)-Hydroxyethyl/-I -[cis-3-(formimidoylamino)c~clopent~l- 
thiol-(5 R)-carbapen-2-em-3-carboxylic acid (diastereomers A 
and B )  (7b) (Procedure B) 

A solution of (6S)-[(1R)-hydroeyethyl]-l-(cis-3-aminocyclopentyl- 
thio)-(5R)-carbapen-2-em-3-carboxylic acid (7a) (60 mg, 0.19 mmol; 
diastereomer A or B) in H 2 0  (140 mL) was cooled to 0-5°C and the 
pH was adjusted to 8.5 by the addition of a 0.06 N KOH solution. 
To this mixture was added at 0-S0C, portionwise and alternately, 
benzylformimidate hydrochloride (182 mg, 1.15 mmol) and a 0.06 N 
KOH solution, while maintaining the pH of the reaction mixture at 
8.5 ? 0.3. After 15 min, the pH was adjusted to 7 .0  by the dropwise 
addition of a 1 N HCI solution. The mixture was washed with Et20 
(150 mL x 2) and the aqueous layer was purified by column chroma- 
tography (10 g, Waters Assoc. C l s k  Bondapak reverse phase. 5% 
CH3CN/H20) to obtain a yellow solid after lyophilization. This was 
purified by hplc (5% CH3CN/H20) to yield the title compound 7b  
as off-white powder. Diastereomer A: yield 61 mg (0.18 mmol, 
yield 93%); Rf0.45 (RP silica plate, 5% CH3CH; H20); [a]2," -31.0" 
(C 0.55, H20); ir (KBr disc) v,,,: 3000-3400 (br, OH, NH), 1750 
(p-lactam), 1700 (C=N), and 1580 (CO,) cm-l; uv (H20) A,,,: 
303 nm ( E  9500); ' ~ m r  (D20, CFT-20) 6: 1.25 (3H, d, J = 6.4Hz, 
1'-Me), 1.5-2.3 (4H, m, CH2), 2.3-2.8 (2H, m, CH,), 3.04 (IH, dd, 
J =  1 9 H z , J = 9 H z ,  1-H),3.31 ( lH,dd ,  J =  1 9 H z , J = 9 H z ,  I-H), 
3.35(1H,dd,J=6.1Hz,J=2.6Hz,6-H),3.4-3.8(2H,m,CHN, 
CHS), 4-4.3 (2H, m, 1'-H, 5-H), and 7.66-7.67-7.78 ( IH,  3s, 
HC=N) ppm. Diastereomer B: yield 57 mg (0.17 mmol, yield 88%); 
Rf 0.40 (RP silica plate, 5% CH3CH/H20); [(r]i2' + 100" (c 0.55, 
H20); ir (KBr disc) v,,,: 3000-3400 (br), 1750,1700, and 1565 c m '  : 
uv (H20) A,,,: 302 nm ( E  8300); ' ~ m r  (D20. CFT-20) 6 :  1.25 
(3H,d, J = 6 . 4 H z ) ,  1.5-2.3(4H,m),2.3-2.8(2H,m),3.04(1H,dd, 
J =  1 7 . 5 H z , J = 9 . 6 H z ) , 3 . 3 0 ( 1 H , d d , J =  1 7 . 5 H z , J = 8 . 8 H z ) ,  
3.36(1H, dd, J = 6.0Hz.  J = 2.7 Hz), 3.4-3.8 (2H, m), 3.9-4.3 
(2H, m), and 7.64-7.65-7.78 (IH, 3s)ppm. 

Sodium (6s)-[(I R j-hydro.qethyl]-2-[cis-3-carbamylc~~clope~~~lthio/- 
(5R)-carbapen-2-em-3-carboxylates (diastereomer~ A and B) 
(7c) (Procedure C) 

A suspension of p-nitrobenzyl (6s)-[(IR)-hydroxyethyll-2-[cis-3- 
carbamylcyclopentylthio] - (5R)-carbapen-2-em-3 -carboxylate (25 b) 
(235 mg, 0.494 mmol) in THF (60 mL) was mixed with EtzO (60 mL), 
phosphate buffer (9.90 mL, pH 7.0, 0.05 M), a solution of NaHC03 

(41.9 mg, 0.494 mmol) in H 2 0  (60 mL), and 10% Pd-C (235 mg, 
Engelhard). The mixture was hydrogenated (H2, 32 psi) in a Parr 
apparatus at room temperature for 1 h. The same work-up and 
purification procedure as described for 7 a  gave 17.3 mg (0.048 mmol, 
yield 9.7%) of the title compound 7c  (diastereomer A) as an orange 
powder; hplc, fast moving peak: ir (KBr disc) v,,,: 3300 (br, OH, 
NH,), 1740 (p-lactam), 1660 (CONH,). and 1580 (CO,) cm-I; 
uv (H20) A,,,: 300 nm ( E  8300); 'Hmr (D20, CFT-20) 6: 1.44 
(3H, d, J = 6.4 Hz, 1'-Me), 1.5-3.2 (7H, m), 3.4 (2H, 2dd, I-H), 
3.57 (IH, dd, J = 6.2 Hz, J = 2.6 Hz, 6-H), 3.7 ( lH,  CHS), and 
4.2-4.5 (2H, m, 1'-H, 5-H) ppm; and 43.3 mg (0.119 mmol, yield 
24.4%) of the title compound 7 c (diastereomer B) as an orange powder; 
hplc, slow moving peak; ir (Nujol) v,,,: 3400 (br), 1750, 1670, and 
1590 c m '  ; uv (H20) A,,,: 300 nm ( E  8000); 'Hmr (D20, CFT-20) 6: 
1.49 (3H, d, J = 6.3 Hz), 1.5-3.2 (7H, m), 3.42 (2H, 2dd), 3.57 
(IH, dd, J = 6.1 Hz, J = 2.6 Hz), 3.75 (IH,  m), and4 .2-  
4.6 (2H, m) ppm. 

The cyclohexyl series, compounds 8 ,  were prepared by one of the 
procedures described above for the preparation of the cyclopentyl 
series, 7. 

(6s ) - [ ( I  R)-Hjdroxyethyll-2 -(cis-4-aminoc~clolze.~lthio)-(5 R)- 
carbapen-2-em-3-carboqlic acid (8a j (Procedure A): yield 1 1% ; 
ir (KBr disc) v,,,: 3420 (OH), 1755 (p-lactam), and 1580 (CO,) c m l  ; 
uv (H20) A,,,: 303 nm ( E  6750); ' ~ m r  (D20,  CFT-20) 6: 1.45 
(3H, d, J = 6.3 Hz, ]'-Me), 2.06 (8H, br s, CH2), 3.20 (IH, dd, 
J = 17.3 Hz, J = 9.1 Hz, 1-H), 3.48 ( lH,  dd, J = 17.3 Hz, 
J = 9.1 Hz, 1-H), 3.55 (IH,  dd, J = 6.1 Hz, J = 2.6 Hz, 6-H), 
3.75 (IH, m), and 4.2-4.6 (2H, m, 1'-H, 5-H) ppm. 

(6s)-[(I R)-H?;dro,~eth~l]-2-[cis-4-Iformimido~~lamino)cyclohe~l- 
thio]-(5Rj-carbapen-2-em-3-carboqlic acid (8bj (Procedure B): yield 
82%; Rf 0.13 (RP silica plate, 5% CH3CN/H20); ir (KBr disc) v,,,: 
3100-3400 (br), 1750, 1710, and 1580 cm- ' ; uv (H20) A,,,: 307 nm 
(E 9000); ' ~ m r  (D20,  CFT-20) 6: 1.25 (3H, d, J = 6.4 Hz), 1.81 
(8H, br s,  CH2), 3.02 ( IH,  dd, J = 17.5 Hz, J = 9.5 Hz, 1-H), 3.29 
(IH, dd, J = 17.5 Hz, J = 9.0Hz,  1-H), 3.35 ( lH,  dd, J = 6.0Hz,  
J = 2.5 Hz, 6-H), 3.65 (1H. m), 4.0-4.4 (2H, m,  1 '-H, 5-H), and 
7.66-7.77-7.80 (IH, 3s, HC=N) ppm. 

Sodium (6s)-[(I Rj-hydroqethyl]-2-[cis-4-(carbamyl)cyclohexq.(]- 
(5R)-carbapen-2-em-3-carboaylate (8c) (Procedure C): yield 57%; 
Rf 0.63 (RP silica plate, 10% CH3CN/H20); ir (KBr disc) v,,,: 
3400, 1750, 1650, and 1590 cm-'; uv (H20) A,,,: 303 nm ( E  8700); 
'Hmr (D20, CFT-20) 6: 1.44 (3H, d, J = 6.8 Hz), 2.0 (8H, br s), 
2.5 (IH, m, CHCO), 3.20 ( lH,  dd, J = 17.5 Hz, J = 9.2 Hz, I-H), 
3.48 (1H, dd, J = 17.5 Hz, J = 9.0 HZ, I-H), 3.53 (IH,  dd, J = 
6.1 Hz, J = 2.5 Hz, 6-H), 3.65 ( l H ,  m, CHS), and 4.15-4.5 
(1H, m) ppm. 

Sodium (6S)-[(IR)-h~droqethyl]-2-(cis-4-cyanocyclohex~~lthio)- 
(5R)-carbapen-2-em-3-carboxylate (8d) (Procedure C): yield 1 4 8 ;  
Rf 0.37 (RP silica plate, 5% CH3CN/H20); ir (KBr disc) v,,,,: 
3400, 1745, and 1570cmp'; uv (H20) A,,,: 305 nm ( E  8000); 'Hmr 
(D20, CFT-20) 6 :  1.47 (3H, d, J = 6.3 Hz), 1.6-2.3 (8H, m, CH,), 
3.1-3.5 (2H, m, CHS, CHCN), 3.23 ( lH,  dd, J = 17.2 Hz, J = 
9.2 Hz, 1-H), 3.49 (1H. dd, J = 17.2 Hz, J = 9.0 Hz, I-H), 3.55 
( lH,  dd, J = 6.2 Hz, 6-H), and 4.1-4.5 (2H, m) ppm. 

(6s)-[(I Rj-Hydroqethyl]-2-[cis-4-(aminomethyI)cycloheqlthio]- 
(5R)-carbapem-2-em-3-carboqlic acid (8ej  (Procedure A): yield 
44%; [a ] i r  +29' (c 0.11, H20); ir (KBr disc) v,,,: 3450, 1735, 
and 1565 cm-I; uv (H20) A,,,,: 303 nm ( E  5400); 'Hmr (D20, 
CFT-20) 6 :  1.26 (3H, d ,  J = 6.4 Hz), 1.5-1.9 (9H, m. CH2. CH), 
2.92 (2H, d, J = 5.9 Hz, CH2N), 3.03 ( lH,  dd, J = 17.5 Hz, J = 
9.0Hz,  1-H), 3.31 (1H,dd, J =  17.5Hz, J =  9 .0Hz .  1-H), 3.36 
(IH, dd, J = 6.1 Hz, J = 2.6 Hz, 6-H), 3.5 ( IH,  m, CHS), and 
4.0-4.4 (2H, m, 1 '-H, 5-H) ppm. 
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WILLIAM E.  JONES and JOSEPH L. MA. Can. J. Chem. 64, 2192 (1986). 
The absolute rate constants for the reaction of H atoms with methyl- and vinyl-halides have been determined using 

esr spectroscopy and a conventional gas flow system. The rate constants determined at 298 i 2 K at a pressure of 0.55 Torr are 
methane, (1.7 i 0.3) X 10-17; ethane, (2.3 * 0.5) X 1 0 1 7 ;  methylfluoride, (4 t 3) X 10-15; methylchloride, (8 F 2) X 1 0 1 6 :  
methylbromide, (2.1 i 0.6) X 10-14; vinylfluoride, (1.47 +- 0.02) x 10-13; vinylchloride, (1.66 i 0.08) X lo-'" and 
vinylbromide (4.07 i 0.73) X 10-l3 in units of cm3 molecule-' sC '  . 

WILLIAM E. JONES et JOSEPH L. MA. Can. J. Chem. 64, 2192 (1986). 
Faisant appel a la rpe et un systeme conventionnel d'Ccoulement des gar,  on a mesurC les constantes absolues des vitesses 

de reaction des atomes H avec les halogknures de mCthyle et de vinyle. On a dCterminC que, i 298 + 2 K et a une 
pression de 0,55 Torr, les constantes sont les suivantes (en cm3 mol~cule- '  s-I) : mkthane, (1,7 i 0,3) X 1OCI7; Cthane, 
(2,3 i 0,5) X 10-17; fluoromkthane, (4 i 3) X lo-"; chloromkthane, (8 i 2) X 1 0 ~ ' ~ :  bromomkthane, (2 , l  i 0,6) x 10-14; 
fluorure de vinyle, (1,47 * 0,02) X 10-13; chlorure de vinyle, (1,66 i 0,08) X 10-l3 et bromure de vinyle, (4,07 i 0,73) 
x 10-13. 

[Traduit par la revue] 

Introduction 
While much work has been reported on the reactions of H 

atoms with the hydrocarbons; methane, ethane, and ethylene 
(1, 2), there have been few reports of studies of the reactions of 
H atoms with halo-substituted hydrocarbons (1, 3). 

The reactions with saturated hydrocarbons are very slow and 
approach the limit of measurement in the normal vacuum flow 
system. The initial step in the reaction is the abstraction of a 
hydrogen atom, or in halo-substituted hydrocarbons a halogen 
atom. This initial reaction would be followed by a series of 
radical reactions. Since the reactions with methane and ethane 
are so slow, measurements have been usually made at elevated 
temperatures (4- 14). However, these measurements provide 
Arrhenius parameters from which estimates of rate constants at 
room temperature may be predicted. 

The reactions with CH3F, CH3C1, and CH3Br were first 
studied by Chadwell and Titani (15) and by Cremer, Curry, and 
Polanyi (16) in 1933. No further measurements were reported 
on these reactions until 1967, when Parsamyan et al .  (17) 
reported their results on the reaction with CH3F. In 1969. Seidel 
(18) reported results from a crossed molecular beam study on 
the reaction with CH3Cl and CH3Br. In 1970, Davis et al. (19) 
also gave values for the Arrhenius parameters for the reaction 
with CH3Br. 

The recent paper by Ahmed and Jones (3) summarizes the 
previous work (20-24) on the reactions of hydrogen atoms with 
the mono-halo-substituted ethvlenes. 

In this article we report on a study of the kinetics of the 
reaction of hydrogen atoms with mono-halo-substituted meth- 
anes and ethylenes using esr spectrometry as a detector for 
H atoms. In the course of this work, we also measured the 
kinetics of the reactions with methane and ethane for compari- 
son purposes. 

Experimental 
The reactions were studied in a conventional fast flow vacuum 

system coupled to a Varian E109-B electron spln resonance spectro- 
meter. The design of the reaction zone was similar to that described 
by Westenberg and DE Maas (25). The reaction tube whlch passed 
through the esr cavity was made of 19 mm i.d.  quartz tubing hav~ng a 

low dielectric constant. The main reaction tube was 1 m long and 
20 mm i.d,  Mixtures of hydrogen and helium could be admitted to the 
reaction tube through three side tubes situated at varying distances from 
the esr cavity. Each of these entry tubes was made of quartz to allow 
production of H atoms by a microwave discharge sustained by a 
2450 MHz (200 W) microwave generator. The reactant gas was 
admitted to the stream of H atoms through a gas inlet tube which could 
be moved axially within the reaction tube. This allowed admittance of 
the reactant to the H atom stream at various distances (various reaction 
times) from the esr cavity. The flow system was connected to two 
large mechanical vacuum pumps which maintained a pumping speed 
of 450 L min-' at a pressure of 1 Torr, giving a linear velocity of 
40 m sC' in the reaction zone. 

Hydrogen atoms were produced by passing a mixture of molecular 
hydrogen and helium through a 2450 MHz electrodeless discharge. 
Typical flow conditions were He. 8 .7  X loC5 mol s-I; H ? ,  3 .1  X 

10-7 mol sC ' .  The surface of the reaction tube and the moveable inlet 
probe were coated with phosphoric acid to inhibit recombination of 
H atoms. 

Helium and molecular hydrogen were obtained from Linde. Meth- 
ane, ethane, halo-substituted methanes and ethylenes and nitrogen 
dioxide were obtained from Matheson of Canada Ltd. All condensable 
gases were purified by bulb-to-bulb distillation. Nitrogen dioxide was 
treated with molecular oxygen and purified by trap-to-trap distillation 
in vucuo. 

The concentration of atomic hydrogen was determined by titration 
with NOz. This determination was made by observation of the H atom 
signal as the flow rate of NO2 was gradually increased. A plot of a 
typical result is shown in Fig. 1. In this figure the end point was located 
at a NO2 flow rate of 2.1 X loC6 mol sC1. The flow rate of H atoms 
was thus determined on the assumption that [HI /[NOz] = 1/ 1.5 at the 
end point (26). The usual correction for the NO2/N2o4 equilibrium 
was applied to the calculation of the flow rate of NOz. 

All experiments were performed at room temperature, 298 i 2 K. 
and a pressure of 0.55 Torr as measured by a mercury McLeod gauge. 
The axial pressure gradient in the reactor was less than 2 9  of the total 
pressure. The reaction time was calculated from the distance between 
the point of mixing of the reactants and the centre of the esr cavity. 
Under the experimental conditions used, a plug flow condition could 
be assumed and the time was calculated as t = d / u ,  where d is the 
distance from the point of mixing and the centre of the esr cavity and 
c is the linear flow velocity of reactant gases. The progress of the 
reaction was monitored by esr detection of the remaining H atoms 
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FIG. 1. A typical titration curve for the determination of the 
concentration of atomic hydrogen with NO2. The curve indicates the 
decay of the H atom signal as the flow of NO2 is increased. 

after the specified reaction time. The concentration of the reactant gas 
was maintained at least 100-fold greater than the atomic hydrogen 
concentration allowing calculation of the ratc constants to be made on 
the basis of pseudo-first order conditions. 

Results 
A simplified scheme for the bimolecular reaction between 

hydrogen atoms and reactants, RX, may be represented as 

[I] H + RX = products 

On the assumption that the coricentration of the reactant is 
constant. the integrated rate expression for this reaction is given 
by 

where k is the apparent bimolecular rate constant, and [HI, 
and [HIo are the concentrations of H atoms at time t and 
0, respectively, and [RX] is the concentration of reactant 
which is assumed to remain constant. Under pseudo-first-order 
conditions, i.e., [RX] >> [HI, the integrated equation becomes 

where kob5 is the pseudo-first-order rate constant. For the 
present study, it has been assumed that the reduction of H atom 
concentration is entirely due to reaction with the hydrocarbon 
or halo-hydrocarbon reactant and that homogeneous and hetero- 
geneous recombination of H atoms are negligible. It has been 
also assumed that reaction of H atoms with radicals are not 
significant. These reactions would not be expected to be 
important relative to the primary step since the concentration of 
H atoms and radicals are extremely low compared to the 
concentration of major reactant. 

The slope of a plot of -In [HI vs. time t gives the pseudo- 
first-order rate constant kobi. The value of the bimolecular rate 
constant k is then calculated from the value of [RX] . 

Methane and ethane 
Although the reaction of H atoms with methane and ethane 

have been well studied and the rate constants determined many 
times, it was decided to measure these rates with the present 
system as a test for the apparatus and the overall procedure. As 

TABLE 1. Rate constants for the reaction of hydrogen atoms with CH4 
and C2H6 (k in units of cm3 molecule-' s-') X 10" 

k 
Temperature 

(K)  CH4 C2H6 Reference 

298 1.7 2 0.3" - This work 
372 0.22 - 4 
500 1.6 - 5 
372 3.5 - 6 
426 2.4  - 7 
372 1.5 - 8 
298 - 2.3 1- 0.5" This work 
298 - 2.0 9 
298 - 2.7 10 
353 - 0.45 11  
323 - 1.6 12 
303 - 2.4 13 
304 - 3.6 14 

"Average of six independent determinations. 

TABLE 2. Rate constants for the reaction of hydrogen 
atoms with CH3F, CH3C1, and CH3Br (temperature 

298 K, k in units of cm3 molecule-' s-' X 1 0 ' ~ )  

Reactant k Reference 

CH3F 4 ir 3" This work 
5.8  17 

CH3Cl 0.8 2 0 . 2 ~  This work 
0.7 23 

CH3Br 21 1- 6' This work 
5.0 23 

"Average of twelve independent measurements. 
bAverage of three independent measurements. 
'Average of eight independent measurements. 

can be seen in Table 1, the values obtained are in reasonable 
agreement with those of previous studies. These reactions are 
extremely slow at room temperature and represent a lower limit 
for determination by the flow technique used here. In fact, the 
reaction with methane may be too slow to provide reliable data 
(27). The main reason for measuring the kinetics of the reactions 
with methane was to assure that the apparatus could provide 
information that was in agreement with previous measurements. 
In so far as the previous measurements (4- 14) are comparable, 
the current values are satisfactory. 

Methyljuoride, methylchloride, and methplbrornide 
These reactions have received very little attention to date ( I ) ,  

and with the exception of the work by Chadweli and Titani 
(151, studies have been reported only at high temperature. 
However, it is possible using the Arrhenius parameters given by 
Parsamyan et al. (17) for methylfluoride and Seidel (28) for 
methylchloride and methylbromide, to predict the rate constants 
at room temperature as given in Table 2. It may be seen chat 
the values for CH3F and CH3CI in the present study are in 
reasonable agreement with the calculated values while the value 
determined here for CH3Br is greater than the calculated value 
by a factor of four. 
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TABLE 3. Rate constants for the reaction of hydrogen atoms with 
C2H3F, C2H3Cl, and C2H3Br (temperature 298 K, k in units of 

cm3  molecule^' s-' x 1 0 ' ~ )  

k 
Pressure 

(Torr) C2H3F C2H3C1 C2H3Br Reference 

4 0 . 7 t 7 . 3 "  Thiswork 
24.6 i 1.4 3 
27.8 -+ 2.5 3 
38.3 r 1.8 3 
- 20 
- 21 
- 22 
- 23 
- 24 
- 20 

"Average of four independent measurements. 

Viny@uoride, vinylchloride, and vinylbromide 
Several studies have reported values for the rate constants 

for the reaction of H atoms with C2H3F and C2H3Cl, the most 
recent by Ahmed and Jones (3), in which they followed the 
reactions by mass spectroscopy. They also reported the rate 
constant for the reaction of H atoms with C2H3Br for the first 
time. Table 3 presents the values obtained in the present work 
and compares them with values determined by other methods. 

Discussion 
Two quite different types of reaction have been studied in 

this work. The first is the reaction of H atoms with saturated 
hydrocarbons and saturated mono-halo-substituted hydrocar- 
bons. These reactions are extremely slow and difficult to 
measure by normal flow techniques. However, we have been 
able to obtain values of the room temperature rate constants 
which are in reasonable agreement with previously reported 
values or those calculated from previously reported Arrhenius 
data. These measurements give us reasonable confidence in 
both the present apparatus and procedures. 

For the reaction H + CI13X = products, where X may be 
H, F, C1, or Br, the rate constants kx follow the order k H  < 
ko < kF < kBr Two reactions have been proposed as possible 
initial steps in these reactions. Chadwell and Titani (15) 
suggested the abstraction of the halogen atom by H as in the 
reaction: 

while Cremer et al. (16) proposed the abstraction of an H atoms 
by H as in the reaction: 

If we estimate the enthalpy for the reaction [4] from available 
bond energies (29), we obtain the values AH' = -9 , -92, 
- 113, and - 153 W mol-' for H, C1, F ,  Br, respectively. Thus 
the relative values obtained for the rate constants appear to fit 
well with the relative order of the enthalpies of reaction [4], 
i.e., kH = 1.7 X lo-", kc, = 8 X 10-16, kF = 4 x 10--15, 
and kg, = 2 X 10-l4 cm3 molecule-' s- '. 

Since reaction [5] involves the breaking of a C-H bond and 
formation of H-K bond for each of the halo-substituted 
hydrocarbons, the enthalpies would not differ as significantly as 

in reaction [4]. Further, based on the fact that the rate constant 
for the reaction with methane is extremely small, reaction [5] 
would be expected to be unimportant relative to reaction [4]. 

The second type of reaction, that of H atoms with the 
vinyl-halides, have a larger rate constant than those of reactions 
with the methyl halides by at least an order of magnitude. In 
these reactions, the initial step is the addition of H atoms to the 
double bond of the vinyl-halide; 

[6] H + RX = RHX* 

The values determined for the rate constants in the present 
study are in good agreement with the values determined by 
Ahmed and Jones (3), for H + C2H3Cl, but are about a factor of 
two greater for the reactions with C2H3F and C2H3Br. Ahmed 
and Jones (3) found a slight dependence on pressure and a 
gradual increase in the value of the rate constants from H + 
C2H3F through H + C2H3Cl to H + C2H3Br. They explained 
this dependence on halogen by considering two opposing 
influences created by the substituted halogen atom on the 
reactivity of the olefin. The influences were the strong negative 
inductive effect (-I) due to the electronegativity of the halogen, 
and the positive inductive effect (+I) as a result of the repulsion 
of electrons present in the p orbitals of the halogen atom and the 
mesomeric (+M) effect. The results presented here confirm the 
earlier results obtained by a different method of measurement 
(mass spectroscopy). 
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Formation of blue diquinolinyl methine dyes by irradiation of 
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Irradiation of N-acylated primaquines I b-d in chloroform solution with ultraviolet light afforded blue diquinolinyl methine 
dyes 3b-d. The structures of compounds 3b-d are supported by spectral data, synthesis of 3 c  from I c  with orthoformate, and 
chemical reduction of 3d affording known dimer 5d .  

WIESLAW P. GESSNER, BINDUMADHAVAN VENUGOPALAN, ARNOLD BROSSI, ALEX R.  JURGENS et CHARLES D .  HUFFORD. 
Can. J .  Chem. 64, 2196 (1986). 

Lorsqu'on soumet des solutions chloroformiques de primaquines N-acetylees ( Ib-d)  a une irradiation par de la lumiere 
ultraviolette, on obtient les colorants bleus (3b-d) de la famille des diquinolinylmCthines. On a deduit les structures des 
composCs 3b-d de leurs donntes spectrales, de la synthkse du compose 3 c  i partir du compose I c  et de I'orthoformiate ainsi 
que de la rtduction chimique de 3 d  qui conduit au dimkre 5 d  qui est connu. 

[Traduit par la revue] 

The antimalarial primaquine ( l a )  is the most widely used 
tissue schizonticide and the drug of choice in the treatment of 
vivax malaria (1). N-Ethoxyacetylprimaquine ( Ib) ,  prepared 
from primaquine base and ethoxyacetic anhydride, and chosen 
to study the importance of the primary amino group for 
antimalarial activity, formed a blue color on tlc plates upon 
irradiation with ultraviolet light of 254 nm while still wet after 
development with chlorofo&-methanol. Formation of this 
blue color was also observed when I b  was irradiated with 
uv light in chloroform solution. but not in dichloromethane 

u 

or carbon tetrachloride solution, suggesting that chloroform 
played a role in this reaction. The blue dye, when extracted from 
tlc plates and rechromatographed with 16 ,  was found to be more 
polar, and its uv maximum of 618 nm (MeOH) was different 
from that of 589 nrn (MeOH) of a blue dye obtained by Strother 
et al.  by base-catalyzed air oxidation of primaquine and 
5-hydroxyprimaquine in aqueous solution (2). 

The structure of the blue dye formed from I b  was of interest, 
and the results of the investigation which led to the diquinolinyl 
methine structure 3 b  will be reported. The molecuiar ion at 
m / z  701 for 3b as determined by the Californium plasma 
desorption ms, the uv maximum at 61 8 nm, and the involvement 
of chloroform in its formation suggested the diquinolinyl 
methine dye 36,  formed probably by dichlorocarbene (or 
dichloromethyl radical) addition to I b ,  and further reaction of 
the hypothetical adduct 2 with another molecule of 16.  Blue dye 
3b was a gum that was difficult to handle and for this reason did 
not give a good elemental analysis. The p-nitrobenzoyl analog 
I c ,  prepared from primaquine and p-nitrobenzoyl chloride, 
seemed a better compound and its photoreaction afforded the 
blue dye 3c as an amorphous solid. Blue dye 3c gave good 
spectral data, and the results of its combustion analysis 
supported the structure of an imine hydrochloride salt. The 

'visiting Scientist from A. Mickiewicz University, Poznan, Poland. 
2Guest Scientist from Hoechst India Ltd. ,  Bombay, India. 
3 ~ u t h o r  to whom correspondence may be addressed. 

compound 3c could alternatively be obtained by treating the 
hydrochloride of Bc with trimethylorthoformate in refluxing 
methanol. 

Photoreaction of known N-acetylprimaquine (3) I d  in chloro- 
form solution yielded the blue dye 3d, fully characterized by 
ms, uv, 'H nrnr, and 13C nmr spectral data. Good support for the 
diquinolinylmethine structure 3 d  was obtained by chemical 
reduction with zinc dust in dilute hydrochloric acid, leading to 
the known microbial metabolite 5d,  obtained also by synthesis 
(4). Oxidation of 5 d  in chloroform solution by air under uv light 
led to the blue dye 3d.  

Compounds 3b-d can in principle exist as two geometrical 
isomers, convertible throughout deprotonation and reprotona- 
tion, but they are most likely present as E-isomers (twisted 
around the C5=CH-C5 ' axis) to avoid interaction of the two 
bulky 6,6'-positioned methoxy groups (based on the inspection 
of Dreiding models). Blue dyes 3b-d behave as indicators, 
undergoing color change from blue to colorless at pH 11.2, a 
behavior best explained with the formation of carbinol bases 
4b-d and reminiscent of properties of polymethine and tri- 
phenylmethane dyes ( 5 ) .  

Experimental 
Melting points were determined on a Fisher-Johns apparatus and are 

corrected. The 'H nmr spectra were recorded using a Varian XL-300, 
JEOL FX-100, or Varian EM-390 spectrometer with TMS as the 
internal reference. The '" n m  spectra were recorded using a JEOL 
FX-100 or JEOL FX-60 spectrometer with FMS as the internal 
reference. Chemical ionization mass spectra (cims) were obtained 
on a Finnigan 1015D spectrometer with ainmonia as the reagent 
gas and a Model 6000 data collection system. Californium-252 plasma 
desorption mass spectra were recorded as described previously ( 6 ) ,  
at an acceleration voltage of I 0  kV. Ultraviolet-visible spectra were 
measured using a Hewlett-Packard 8450A uv-vis spectrometer. 
Elemental analyses were performed by the Instrumentation Section, 
Laboratory of Analytical Chemistry, NIDDK, National Institutes of 
Health, Bethesda, Maryland or by the Atlantic Microlab Inc., Atlanta, 
Georgia. 

Pnnted in Canada 1r.lpnrne au Canada 
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YVHR 
3c 

M e O H  

H,CO 

hv CHCI, 1 

H,CO 

o R = H  
b R = COCH20CH2CH, w3 
c R = COC,H, NO, 

d R = COCH, 

RHNJ 

5 d 

Thin-layer chromatography (tlc) plates (silica gel GHLF analytical 
and GF preparative) were purchased from Analtech, Inc. and silica gel 
60 for short column flash chromatography (0.01 5-0.040 mm) was 
from E.M. Reagents. 

N -Ethoq~ace~lprirnnquine ( 1  b) 
Primaquine diphosphate (4.55 g, 10 mmol) was converted to the free 

base by dissolving in 2 N NaOH and extracting with ethyl ether. 'The 
ether ;xtract was evaporated to dryness, the residue was dissolved in 
50 rnL of dry pyridine, then 2.0 g (1 1 mmol) of ethoxyacetic anhydride 
and 100mg of 4-(N,N-dimethy1amino)pyridine were added, and the 
reaction mixture was kept at room temperature overnight. It was 
evaporated to dryness, dissolved in methylene chloride, washed with 
dilute HCI and water, dried with Na2S04, and evaporated to dryness 
to yield 3.25 g (94%) of N-ethoxyacetylprimaquine as a yellow gum. 
This product was used in the next step without further purification. 

An analytical sample was prepared as the phosphate salt and 
crystallized from 90% ethanol in the form of yellow crystals, mp 
145-147°C; uv (free base, CHCI3), A,,,: 364 nm; 'H nrnr (free base, 
CDC13, 100 MHz), 6: 1.20 (m, 6H, C5'CH3-H, 0CH2CH3). 1.64 
(m, 4H, C2'-H, C3'-H), 3.10-3.70 (m, 4H, C1'-H, C4'-H. NH), 3.48 
(q, J = 7.0 Hz, 2H, 0CH2CH3), 3.84 and 3.86 (2s, 5H, OCH?, 
0CH2CO), 6.28 and 6.22 (2d, = 3.0 HZ, 2H. C5-H. C7-H), 6.55 
(br s ,  lH, NHCO), 7.24 (dd, J2-3 = 5 .0  HZ, J3-4 = 8.0 HZ, 1H. 
C3-H), 7.86 (dd, J2-4 = 1.5 HZ, J3-4 = 8 . 0 H ~ ,  lH,  C4-H), 8.46 (dd. 
J2-3 = 5.0Hz, 32-4 = 1.5 HZ, lH ,  C2-H); I3C nmr, see Table 1; cims 
(free base) rnlz: 346 (Ma + 1). Anal. calcd, for C19H30N307P: 
C 51.46, H 6.82, N 9.48, P 6.98; found: C 51.56, H 7.12, N 9.32, 
P 6.68. 

Photosynthesis of 3 b 
Ethoxyacetylprimaquine (1.5 g) was dissolved in 80 mL of chloro- 

form, placed in a quartz photoreactor, and irradiated at 254 nm 
(model UVG-11 Mineralight lamp, Ultra-violet Products, Inc.) for 3 h, 
with stirring, under an argon atmosphere. The deep-green reaction 
mixture was then evaporated to dryness and chromatographed over a 
SiOl column (CW2CI2, then CH2C12-MeOH 9 : l )  to yield first the 
unchanged starting material, then the deep-blue compound (150 mg). 
This was rechromatographed on a preparative Si02 tlc plate to yield 
75 mg of blue compound 3b  as an amorphous solid, which was 
homogeneous on tlc (Rf 0.35, CH2C12-MeOH 9 1 ) ;  uv-vis (CHC13, 

TABLE 1 .  13c nuclear magnetic resonanceu 

Compound 

Carbon no. I b  3b 3 d 

2 145.3 d 147.9 d 147.9 d 
3 122.8 d 126.2 d 126.2 d 
4 136.2 d 134.9 d 134.8 d 
5 9 3 . 0 d  112.8 s 112.8 s 
6 160.9 s 172.6 s 173.2 s 
7 98.3 d 91.3 d 91.4 d 
8 146.0 s 156.3 s 156.3 s 
9 136.4 s 136.5 s 136.4 s 

10 131.5 s 130.3 s 130.3 s 
1 ' 48.8 d 49.2 d 49.9 d 
2 ' 34.8 t 34.4 t 34.6 t 
3 ' 27.1 t 27.2 t 27.0 t 
4' 39.8 t 39.4 t 40.1 t 
5' 20.7 q 20.5 q 20.6 q 

0CH3 55.6 q 57.6 q 57.8 q 
COCH3 172.6 s 168.6 s 168.5 s 
COCH3 - - 22.7 q 

CH20CH2CH3 70.6 t 70.6 tb - 

CH20CH2CH3 68.0 t 68.0 tb  - 

CH20CH2CH3 15.2 q 15.2 q - 

-C=CH-Ar - 142.6 sb 142.6 sb 

"All spectra taken in CD,OD solution using 15 MHz (compounds 
3b and 3d) or 25 MHz (compound l b )  I3C nmr instmrnents. 
Multiplicities were confirmed by SFORD. Assignments were based 
on previously reported 13C nmr assignments for prirnaquine and 
derivatives (7- 10). 

bSelective SFORD irradiation was used to confirm these assign- 
ments. 

MeOH, H20), A,,, : 6 18 nm; uv (MeOH + KOH), A,,,: 385 nm; 
'H nmr (CD30D, 100 MHz), 6: 1.18 (2t, J = 6.5 Hz, 6H. CH3CH20), 
1.40 (d, J = 7 Hz, 6H, 65'-H), 1.74 (m, 8H, C2'-H, C3'-H), 3.50 
(m, 4H, CH3CH20), 3.85 (2s, 4H, COCH20), 4.00 (s, 6H, 0CH3),  
4.20 (m, 2H, C1'-H), 6.56 (s. 2H, C7-H), 7.32 (dd, J2-3 = 4.5 Hz, 
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J3-4 = 9.0 HZ, 2H, C3-H), 7.90 (br d, = 9.0 HZ, 2H, C4-H), 8.58 
(br d, J2-, = 4.5 HZ, 2H, C2-H), 8.90 (s, lH, =CH-); I3C nmr, see 
Table 1; Californium plasma desorption ms, m / z :  701 (positive 
molecular ion). 

N-p-Nitrobenzoyl primaquine ( Ic )  
The free base was generated from primaquine diphosphate (9.10 g, 

20 mmol) using 50 mL of 2 N NaOH followed by extraction with 
CHCI,. The organic layer was washed with water, dried, and 
evaporated to dryness. The free base was dissolved in 100 mL of dry 
benzene, then triethylamine (3.5 mL) was added, followed by p- 
nitrobenzoyl chloride (4.0 g) while keeping the reaction mixture at 
0-5°C. The reaction mixture was brought to room temperature and 
stirred for 3 h. then the solvent was removed and the reaction product 
extracted with methylene chloride. The organic layer was washed with 
aqueous NaHC0, and water, dried, and concentrated to furnish a 
viscous gum. The product was converted into a hydrochloride salt and 
crystallized from methanol-ether to yield 7.0 g (86%) of 1c.HC1, 
mp 143-145°C; uv (MeOH), A,,,: 206 nm, 266 nm, 360 nm; 'H nmr 
(CD,OD, 300 MHz), 6: 1.37 (d, 3H, C5'-H), 1.70-1.90 (m, 4H, 
C2'-H, C3'-H), 3.45 (m, 2H, C4'-H), 3.85 (m, l H ,  C1'-H), 3.95 
(s, 3H, OCH,), 6.95 and 7.01 (2d, J5-, = 2.5 Hz. 2H, C5-H, C7-H), 
7.85 (dd, J2-? = 5.0 HZ, J3-4 = 8.0 HZ, lH,  C3-H), 7.95 (dd, J 1  = 
9.0Hz, J 2  = 1.5Hz, 2H. ar.), 8.30(dd, J1 = 9.0Hz,  J2 = 1.5Hz, 
2H, a , ) ,  8.72 (d, J3-4 = 8.0 HZ, C4-H), 8.78 (dd, J2-3 5 .0 HZ, 
52-4 = 1.5 HZ, C2-H); cims m / z :  409 (MA + 1). Anal. calcd. for 
C22H25N404C1: C 59.38, H 5.66, N 12.59, C1 7.97; found C 59.30, 
H 5.67, N 12.54, C1 8.00. 

Photo~ynthesis of 3 c  
To a suspension of 1c.HCI in 300 mL of CHCI3 was added aqueous 

NH, to adjust the pH to 7.0. The organic layer was washed with water 
and dried. The solution of the free base l c  in CHC1, was then 
photolysed as described for the preparation of 3b .  The crude material 
was chromatographed on a silica gel column. Elution with methylene 
chloride gave the starting material first, while further elution with 
methylene chloride - methanol (9: 1) gave the blue material (600 mg). 
which was again chromatographed on a silica gel column using 
methylene chloride - methanol (9:l) to yield a blue solid (500mg). 
Attempted recrystallization from chloroform-ether gave an amorphous 
blue solid of mp 140-143°C (dec.); uv-vis (MeOH), h,,,: 620 nm; 
uv (MeOH + NaOH, pH 11.2), A,,,: 388 nm; 'H nmr (CDCI,, 
300MHz), 6: 1.45 (d, 6H, C5'-H), 1.95 (m. 8H, C2'-H, C3'-H), 3.55 
(m, 4H, C4'-H), 4.05 (s, 6H, OCH,), 4.30 (m, 3H, C1 '-H, NH), 6.50 
(2s, 2H, C7-H), 7.29 (m, 2H, C3-H), 7.80 (2d, J = 9.0 Hz. 2H, 
C4-H), 8.05-8.25 (m, 10H, ar., NHCO), 8.53 (m, 2H, C2-H), 
8.90 (s, lH, -CH=); Californium plasma desorption ms, m / z :  
828.0 (positive molecular ion), calcd. 827.9. Anal. calcd. for 
C45H46N808.1.3 HCl: C 61.82, H 5.45, N 12.81, C1 5.27: found: 
C 62.00, H 5.97, N 12.32, C1 5.27. 

Preparation of blue dye 3 d from methylene (timer 5 d 
The solution of methylene dimer 5d (0.51 g), prepared as described 

previously (6), in 150 mL of chloroform was placed in a 250-mL round 
bottom flask equipped with a magnetic stirrer. The yellow nondegassed 
solution was irradiated externally at a distance of 6 in. with a 
Pyrex-filtered Hanovia mercury lamp. 

After 3.5 h of irradiation the solution was evaporated to dryness and 
the dark green-blue residue was subjected to column chromatography 
on silica gel 60 (6 g), eluting wih methanol-chloroform mixtures of 
increasing polarity (CHCI, to 4:1 CHCI3-MeOH). The "blue band" 
that eluted last was collected and evaporated to dryness, affording a 
deep blue-mauve residue (63 mg). Thin-layer chromatography of this 
material (silica gel 60; CHC13-MeOH 85: 15) and 13C nrnr (CD30D) 
showed the presence of minor impurities. The material was once again 
subjected to column chromatography as before, this time yielding an 
intense blue solid (25 mg), pure by tlc and hplc. The material was 
stored in a desiccator where it remained as a solid residue. It quickly 
became a gummy residue upon exposure to moisture; uv-vis (MeOH), 
A,,,: 618 nm; 'H nmr (CD30D, 90 MHz), 6: 1.53 (d, J = 6.0 Hz, 
6H. C5'-H), 2.03 (s, 6H, COCH,), 4.13 (s, 6H, OCH,). 6.70 (s ,  2H, 
C7-H), 7.39 (dd, J2-, = 4.5 Hz, J,_, = 9.0 Hz, C3-H). 8.10 (br d, 

J = 9.0 Hz, 2H, C4-H), 8.73 (br d, J = 4.5 Hz. 2H, C2-H), 9.07 
(s, lH, -CH=); 13c nrnr, see Table 1 ; Californium plasma desorption 
ms, m / z  : 61 3 (positive molecular ion). 

Preparation of blue dye 3 d ,from N-acetylprimnquine 1 d 
The solution of N-acetylprimaquine (1.0 g), prepared as described 

previously ( 2 ) ,  in chloroform (250 mL) was placed in a 500-mL round 
bottom flask equipped with a magnetic stirrer. Photolysis of the 
solution was carried out as above. After a total of 5.5 h of irradiation 
the solution was evaporated to diyness. Chromatography as above 
gave pure blue dye 3d (67.5 mg), which was identical ( 'H and 13c nmr, 
tlc, hplc) to that prepared above. 

Reduction of blue dye 3 d  to methylene dimer 5 d  
Zinc dust (200 mg) was added to a stirring solution of blue dye 3d 

(30 mg) in 20 mL of methanol-water 1: 1. To this deep blue solution 
was added 50 drops of 10% HC1. (Note: the solution must at no time be 
allowed to become basic.) After 10 min the green solution was filtered 
and concentrated to ca. 10 mL on the rotary evaporator. This solution 
was transfened to a separatory funnel and extracted with diethyl ether 
(4 X 30 mL). The organic layer was dried (MgSO,) and evaporated to 
dryness, affording a yellow material (5 mg) that was shown to be 
N-acetylprimaquine ( 'H nrnr, tlc). 

The aqueous layer was reextracted with chloroform (3 X 20 mL), the 
organic layer was dried (MgS04) and evaporated to dryness. affording 
a yellow material (15 mg) that was shown by 'H nmr and tlc to consist 
mainly of methylene dimer 5d with a trace of N-acetylprimaquine. 
Preparative tlc (silica gel G-200, 2.0 mm, double run with CHC13- 
MeOH 955) gave a band (Rf ca. 0.2) that, after extraction with 
methanol-chloroform 1 : I .  afforded a residue (7 mg). This residue was 
shown ('H nmr, ir. tlc, hplc) to be identical to the authentic methylene 
dimer 5d.  

Preparation of blue dye 3 c  from 1 c  
To a solution of l c H C 1  (150 mg) in 5 mL of methanol was added 

1 mL of trimethylorthoformate, and the reaction mixture was refluxed 
for 18 h. During this period the color of the reaction mixture changed 
from yellow to blue-green. The solvent was then removed and the 
crude product was passed down a column of silica gel. Elution with 
CHC1,-MeOH (99: 1) gave the starting material first, while further 
elution with CHC1,-MeOH (97:3) gave the blue dimer 3c (30 mg), 
which was found to be identical (tlc, uv-vis, ms) with that obtained 
from the direct photolysis of l c .  
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FRANGOIS HAMON, DANIELLE CARRIER, and JAN A. HERMAN. Can. J. Chem. 64, 2199 (1986). 
An analysis of the kinetic rate constants for ion/molecule reactions of allene by use of the Laplace-Carson transform is 

performed and the results are compared with experimental data. 

FRANGOI~ HAMON, DANIELLE CARRIER et JAN A. HERMAN. Can. J. Chem. 64, 2199 (1986). 
On a effectuC une analyse des constantes de vitesse des rCactions ion/molCcule de l'allkne en faisant appel a la transformation 

de Laplace-Carson; on compare les rCsultats avec les donnCes expCrimentales. 
[Traduit par la revue] 

Introduction 
In a previous paper we presented a mechanism for ion/mole- 

cule reactions of gaseous allene in the pressure range 0.02 to 
3.5 Torr (1). This reaction mechanism was deduced from results 
obtained in a high pressure mass-spectrometer equipped with a 
photoionization source operating at 10 eV (krypton resonance 
line). At this energy only parent ions of allene are formed, 
therefore all daughter and subsequent generations of ions must 
be traced to the C3H4+ primary species. At that time no 
attempt was made to calculate rate constants of the successive 
reaction steps. In another paper we considered the collisional 
stabilization by non-polar gases of the dimer-ion species, 
C6Hs+, which was assumed to play an important role in the 
overall reaction scheme (2). Other studies of the ion/molecule 
reaction of allene at low pressure (<0.01 Torr) have not 
indicated the presence of the C6Hs+ ion species, but the 
formation of C6H7+ and of C7H7+ species have been observed 
(3-6). Obviously, the presence of the C6Hsf ion species at 
high pressure, even at low fractional intensity ( < I % ) ,  is an 
indication that this species has to be stabilized by collision in 
order to be observed. 

The reaction scheme for ion/molecule reactions in allene is 
shown below in which only the two most important reaction 
channels are considered. 

species at high pressure, either through the long-lived ion 
complex (C3H4+.C3H4) requiring a reactive collision with a 
neutral allene molecule, or simply through an unimolecular 
fragmentation of the excited collisional complex: (C3H4)2+ * -> 
C6H7+ + H.  (6, 7). In both cases the reaction processes are 
exothermic. Another problem which could not be settled was 
the unexpected behaviour at high pressure (>0.1  Torr) of the 
CloHll+ and C7H7+ ion species (1). We assumed that at least 
two isomeric C7H7+ and CloHI ,+ ion species have to be formed 
through different reaction channels accounting for the steady 
build up of the concentrations of these species with increasing 
uressure. 

In order to test the proposed reaction scheme and to get a 
better insight we present the calculation of the rate constants of 
the various steps of the ion/molecule reactions and we compare 
the numerical results with the experimental data published in 
ref. I .  

Kinetic model 
In order to calculate the rate coefficients of the elementary 

steps in the sequence of ion/molecule reactions of allene, one 
has to know the mean residence time, t R ,  of ion species in the 
collision cell. The cylindrical ion source of our experimental 
setup is not equipped for residence time or ion mobility 
measurements (1). However, for the present purposes it may 
be assumed on the basis of ion mobility theory (8) and some 
experimental data (9-13) that the residence time at pressures 
above a few tenths of a Torr is proportional to the pressure and 
to the length of the path between the site of formation of the ion 
and the exit slit. Under vanishing electric field conditions the 
diffusion of ions is isotropic and one can show that the average 
path length of ions can be correlated to the distance, 1, between 
the plane of ion formation by incident photons, and the exit slit. 
In the case of a cylindrical cavity of radius ro and length 1 the 

k 5 
residence time is given by (14): 

L5] C6H7f (C3~4)2 + C3H4 C6H7+(c3H4)3 
k-5 tR  = D[(2.045/ro)2 + ( ~ r / 2 1 ) ~ ]  

where D is the diffusion coefficient which can be calculated 
from the Einstein relation, D = KT X 8.6 x lop5.  The 
ion mobility, K ,  can be evaluated at the temperature and 
the pressure of the experiments from the reduced mobility, 
KO = 35.9 (ap)-"< where a is the polarizability and I J ~  is the 

8 reduced mass of the system, both expressed in -atomic units. 
181 p'-c,oH, + C3H4 ---z P-C7H7+ + 2C3H4 

This expression of the reduced mobility applies only to an 
These species account for around 90% of the total ion intensities ion diffusing in a bath gas of different nature, in order to 
(1). The question which could not have been answered at that avoid resonant charge transfer, and in a vanishing field. Both 
time concerned the mechanism of formation of the C6H7+ conditions are met in the present case. Strictly speaking, one 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2200 CAN. J. CHEM 1 

should use the ambipolar coefficient of diffusion to calculate 
the residence time of ions, but this is very difficult to take into 
account in a simple manner. In any case the dominant effect of 
the ambipolar diffusion will involve the velocity distribution of 
ions rather than the average drift velocity (15). 

Following these expressions, the average residence time is 
calculated to be tR = 80 p.s at 0 .1  Torr and at the distance 
1 = 2.2 mm for the cylindrical source used in the present 
experiments ( r o  = 9.52 mm). The average reduced mass p. = 

30.9 amu was used which gives a difference of 10% between the 
average residence time and the individual residence time values 
for each ion/molecule system. 

The ion source used in this study (16) is not suited to 
residence time measurements. therefore it was difficult to verify 
experimentally the above calculated relation of t R  However, 
at the lowest pressure ( P  < 0.015 Torr) and at the shortest path 
length' ( I  = 2.2 mm) we could roughly estimate the variation of 
the fractional intensities of the C6H7+ species, which is the most 
important abundant ion (-60%) in this pressure range. From 
these data we found a residence time, tR  = 87 + 17 p.s at P = 
0.1 Torr, which compares reasonably well with the residence 
time calculated from the simplified model using the transport 
properties of gases (8). Therefore, in all subsequent calculations 
we used the pressure-dependent average residence time, tR  = 

0.80 X lop3 P (s Torr-') for all experimental data obtained for 
the length 2.2 mm in the collision cell. 

In the kinetic model discussed below we assume that the dis- 
appearance of the primary ion species, C3H4+, proceeds through 
two channels leading to C6H7+.(C3H4), (with n = 0-3) and 
C7H7+.(C3H4), (with m = 0, 1) ion species, respectively. 
We also assume that the rate constant for disappearance of the 
primary ion species, C3H4+, is given by k = (6.4 i 0.5) x 
lo-'' cm3 molecule-' s-' as measured by Lifshitz in a trapped- 
ion mass spectrometer (5). Moreover, we will neglect in our 
calculations the very weak reaction channel (around 2%) 
leading to C 6 ~ 9 +  ion species. 

In order to fit the calculated fractional intensities of ion 
species with experimental data, we have to assume two 
additional processes besides the reactions 111-[8]: 

k lo 
[I01 a - C l o ~ l l +  + G3H4 -+ unidentified products 

Reaction [9] might be an isomerization process or a stabilization 
reaction giving unreactive C loHl l+  species toward allene 
molecule. The relative positions of processes [9] and [ lo]  in 
the sequence of ion/molecule reactions of allene are shown in 
Fig. 1. 

For the sake of clarity we will present first the kinetics of the 
C6H7+.(C3E-14), formation channel, and then the kinetics of 
C7H7+. (C3H4)m channel. 

The C a 7 + .  (C3H4), species formation channel 
The following rate equations describe the formation of the 

above mentioned species 

 he photoionization collision cell is equipped with several slits 
whose distances vary from 2.2 to 13.2 mm from the site of primary ion 
formation to the exit orifice (16). 

FIG. 1 .  The proposed reaction scheme for ion/molecule reactions 
in allene. 

In these equations P (Torr) stands for the concentration of the 
neutral allene. 

The additional reaction channel characterised by rate co- 
efficient k8 in eq. [13] relates the experimentally estab- 
lished absence of thermodynamic equilibrium between the 
C6H7+.C3H4 species and the C61-[7+ precursor ion on one side 
and the c6H7+.(C3H4)2 species on the other side (1). However, 
starting from the C6137+'(C3H4)2 species and higher order 
clusters the chemical equilibrium is achieved as shown experi- 
mentally by varying the residence time of these species in the 
collision cell (1). 

Within this kinetic scheme we assumed the generally accepted 
mechanisms of solvation processes, namely, that the forward 
reaction requires a stabilization collision and the backward or 
declustering reaction an activation step (17). This introduces 
a third order forward reaction step and a reverse bimolecular 
dissociation process. 

Another important comment concerns the formation of 
C7H7+ species in reaction 121. The best fit of the rate coefficients 
with experimental data requires that C7H7+ species to be formed 
in an apparent second order reaction. Any attempt to introduce 
a third order formation process of C7H7+ species from primary 
C3H4+ ions and allene neutrals leads to rate coefficients for 
both channels, c6H7+ and C7H7+, which is experimentally not 
supported. In the next section we will discuss this behaviour in 
more detail. 

Keeping these remarks in mind we used the Laplace-Carson 
transform method for the solution of these simultaneous 
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HAMON ET AL. 

TABLE 1. List of rate constants 

Reaction Rate coefficient 

"Units: cm3 moleculeC' sC'.  
b i ' Gnlts: cm6 molecule-2 s-'. 
'Unidentified ion products. 

process which would normally be expected. Indeed, if one tries 
to fit the C7H7 ion formation to a third order process, the best 
calculated rate coefficient is around cm6 molecule-2 s- ' , 
which is physically not acceptable and, moreover, the rate of 
formation of c6H7+ species has to be compensated also by 
a third order contribution also having an unlikely high rate 
coefficient of the order of cm6 molecule2 s-' . However, 
the pseudo second order mechanism of C7H7+ formation is 
explained by assuming the formation of a C4H4+ intermediate 
ion species, which reacts very efficiently with neutral allene to 
form the C7H7+ species: 

PRESSURE /Torr 

FIG. 2. Calculated fractional intensity curves (solid lines) as a 
function of the pressure for the C6H71'(C3H4)n family of ions. 

differential equations as a function of time. Some details of the 
solutions are presented in Appendix 1. The rate coefficients for 
the C6H7+ (C3H4)n species channel formation are presented in 
Table 1,  and in Fig. 2 the calculated corresponding fractional 
intensities curves are shown. 

The C7H7+ and species formation channel 
First, let us look into the apparent anomaly, mentioned in 

the previous section, of the experimental second order rate of 
formation of the C7H7+ ion species instead of a third order 

In our experiments the pressure is too high to allow the detection 
of the C4H4+ species, but at lower pressure (P < lop3 Torr) 
it was observed experimentally (3), and reaction [20] was 
definitely established in double resonance I.C.R. experiments 
(4. 5). We assume that the C4H4+ species is very reactive and 
reacts at almost every collision with neutral allene in process 
[20], which might explain its absence in the mass spectrum, 
even at the lowest pressure of our experiments. Applying the 
steady state assumption to the collisional complex, (C3H4)2+ 
and to the C4H4+ species, one gets the following order 
dependence for the formation of C7H71 

The relative stabilization rate coefficient, k,, was measured by 
Nagase et al. (18), and is at least two orders of magnitude 
smaller than the sum (k, + k l  + kd) = kf , and at low pressure 
it can be neglected in eq. [21]. Consequently, eq. [21] takes 
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PRESSURE/Torr 
FIG. 3. Calculated fractional intensity curves (solid lines) as a function of the pressure for the C7H7+ and CloHili species. The broken 

lines are the experimental curves. 

the experimentally required kinetic order dependence: 

Assuming that the rate coefficient, k f ,  can be calculated from 
the "average dipole orientation" collision rate theory (ADO), 
and is equal to kf = kADo = 12.9 X 1 0 ' '  cm3 molecule-' s- ' 
[7], one can use this value to estimate the ratio (k, + k ) / kd in 
eq. [22]. Substituting the experimental value for k2,,, = 2.2 x 
lo-'' cm3 molecule-' s f '  (Table I )  one finds (k, + kl)/kd = 
5.9. 

As shown previously the C7H7+ and CloHl ion formation 
channel displays a complex behaviour (1). At low pressure and 
short residence time the fractional intensity of CloH1 species 
reaches a sharp maximum at P - 0.05 Torr, passes through a 
minimum at P = 0.2  Torr, and then rises slowly with pressure 
to a plateau. Concurrently the fractional intensity of the C7H7+ 
species drops to 0.03 at low pressure <0.4  Torr, and then 
slowly rises with increasing pressure to around 0.06 at 3.5 Torr. 
At longer residence time of ion species in the collision cell 
this behaviour is enhanced. In order to explain this complex 
behaviour we have assumed that the C7H7+ and CloHll f  ion 
species are formed in at least two different reaction channels 
leading to isomer species of different structures, as shown by 
their different reactivities toward the neutral allene. There is 
also the possibility that these isomeric species of C7H7+ and 
CloII1 general formula, are converted through collisionally 
induced isomerization processes. 

Several kinetic schemes were tested and the best results were 
obtained for the reaction sequence: 

In the expressions [23]-[26] the reaction processes and the 
corresponding rate coefficients are numbered according to the 
overall reaction scheme in Fig. 1. 

The a - ,  P-, and P'- species are identified in Fig. 1. The 
a-C7H7+ and a -CloHl l+  ion species seems to be related by a 
solvation process and are formed preferentially at low pressure. 
The P-C7H7+, P-CIOHl +, and P '-CloH1 species are most 
probably a mixture of unreactive isomers formed at high 
pressure which accumulate in the system. The experimental 
fractional intensities of C7H7+ and CloHl l+  as a function of 
the pressure are, of course, the sum of these processes and the 
solutions of corresponding differential equations are shown in 
the Appendix (eqs. [34], [35]). The numerical solutions are 
presented in Table 1 and the calculated curves are shown in 
Fig. 3. 

Discussion 
The Laplace-Carson transform method applied to a scheme 

of elementary reactions such as shown in Fig. 1,  is sensitive 
to the assumed order of the reactions and to the number of 
elementary steps involved in the formation of each species. In 
such a way a number of kinetically plausible combinations of 
elementary reactions can be eliminated, because they do not fit 
the experimental intensities. However, it should be pointed out 
that the rate coefficient values of the first steps are critical, 
allowing only a small variation in order to reproduce the 
experimental curves. On the other hand, the rate coefficient 
values of the last steps are less sensitive. 

The calculated curves of fractional intensities as a function of 
the pressure using the rate coefficients obtained by the Laplace- 
Carson transform method fit the experimental data satisfactorily 
(Figs. 2, 3). The precision expected in these calculations for 
the C6H7+.(C3H4), ion formation channel is estimated to be 
around 30% if one takes into account the approximate values of 
the mean residence time of ions in the collision cell and the use 
of an average value for the reduced mass of all ions in the 
system. In the case of this reaction channel the ihermodynamic 
equilibrium relations impose supplementary constraints on the 
choice of possible combinations of rate coefficient values 
describing the experimental curves. The value of the third-order 
rate coefficient for the forward reaction forming the C6H7+. C3H4 
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species (reaction [3]) of approximately cm6 molecule-2 sC 
is a fairly large value. However, the value for a third-order 
rate coefficient depends primarily on the lifetime of the excited 
complex which must be collisionally deactivated. The further 
solvation processes (reactions [4] and [5] proceed much slower, 
as indicated by the corresponding rate coefficients, and this 
may be due to a decrease in the energy of association as the 
size of the cluster increases. 

The overall precision in the calculations of the c7H7+ 
and CloHI1+ formation channel is lower than that for the 
c ~ H , + . ( C ~ H ~ ) ~  reactions sequence. Especially in the case of 
c ~ H ~ ~  the precision seems to be poor. 

The calculated curves for the C7H7+ and CloH11+ species 
formation involve several contributions from different sources 
(Fig. I) ,  therefore their fit to experimental data is more 
complex. At low pressure both calculated curves diverge from 
the experimental points. In the case of C7H7+ species the 
disagreement is sufficiently pronounced to consider the exis- 
tence of another process consuming the precursor of the C7E17+ 
species. However, we have not succeeded in reproducing such 
a reaction channel in our calculations. Moreover, we have to 
assume an additional second order reaction channel consuming 
the a -CloHl l f  species (reaction [lo])  in order to account for 
the shape of the curve. In fact, this second order reaction is 
relatively slow (klo = 2.2 >( 10-l2 cm3 moleculeC1 sC1) and it 
could also be responsible for the formation of minor ion species, 
i.e. C9H9' whose origin is difficult to assess with certainty. 

The contribution to the P-CloHII + and P'-C7H7+ formation 
through reactions [7] and [8] accounts for >50% at high 
pressure. It seems that the slow decomposition reaction [7] with 
a rate coefficient k7 - 10-l5 cm3 moleculeC1 s-' is the rate- 
determining step at pressures above 1 Torr. For the olefin 
systems studies in this laboratory we have found that there are 
slow ion/molecule reactions which take place at high pressure. 
The origin of these reactions is not very clear owing to the 
numerous steps preceding the formation process of the species 
accumulated in the gas phase.2 This may also be the case for 
reactions [7] and [8], which albeit slow are determinant for the 
formation of the unreactive C7H7+ and CloH, I f  species. 

The kinetic analysis of ion/molecule reactions of allene 
suggests two mechanisms for the disappearance of C3H4- 
primary ions through an excited complex (C3H4+l2*: ( a )  
dissociating into C6H7+ and a hydrogen atom, which is the 
main reaction channel [7] ,  and (b) dissociating into C4H4- 
ion species, which on collision with neutral allene form the 
C7H7+ species (reaction [20]). It is possible that the long-lived 
dimer-ion is formed by a partial deactivation of the excited 
loose complex (C3H4+)2* preventing further dissociation into 
C&7+, but transforming it into a tighter configuration. 

The discrepancy between the rate coefficients for the disap- 
pearance of the primary ion species, C3H4+, measured by ICR 
mass-spectrometry (19) and in photoionization high-pressure 
mass-spectrometry (5-7) is probably due to the differences of 
internal energies in the primary ion species. The ion-molecule 
reaction cross-section of allene decreases with increasing 
photon energy and was observed to decrease by -70% of the 
initial value for C6H7+ production upon increasing the internal 
vibrational energy by 1.0 eV, 171. In the ICR mass-spectrometry 
experiments the rate coefficient for C6H7+ formation was 
measured to be 9.6 x 10-lo cm3 molecule-' s- (19), which is 
2.2 times higher than the calculated rate constant for the same 

2Unpublished results from this laboratory 

reaction in the present experiments (Table 1). For the time 
being we have no explanation for this apparently contradictory 
result, unless some deactivation and stabilization processes 
have to be accounted for in experiments at high pressure 
(> lop3 ~ o r r ) .  
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Appendix 
The system of linear differential equations for the rates of 

consecutive, reverse, or parallel reactions can be solved using 
the Laplace-Carson method 

F(L) = L ePLff( t )d t  1: 
as described by Rodiguin and Rodiguina (20). In the present 
case of a complex ion/molecule reactions sequence one obtains 
transforms whose originals have to be separately evaluated. 
The general procedure is to decompose the transform 

where the muleinomials F1(L) and F2(E) have no common 
roots, into a sum of partial fractions: 
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where L j  are the roots of the equation F2(L) = 0. The 
decomposition coefficients A, ,  given by 

are substituted into [28]: 

in which the original of F1 (L)/F2(L) can be readily determined, 
since each term of the sum of the right-hand portion of the 
equation is a constant multiplied by the factor { l / (L - Lj)), the 
original of which is known. The final expression of the ratio is: 

Suitable computer programs were developed in order to solve 
eq. [3 11 for each ion species. 

The application of this method to the simultaneous differen- 
tial equations as a function of the residence time yields the 
following solution for the primary ions: 

and four equations of the form: 

for C6H7+ and its clustered species, where [S+]  stands for the 
concentration of c6H7+.(C3H4), ion species with n = 0, 1, 
2, 3, respectively. The superscripts of the sum symbol [33] are 
related to the kinetic rate equations characterized by the rate 
coefficients, k+ ,  (Fig. 1). The real roots, L, , of the multinomial 
of the denominator in expression [33] are the same, and only the 
coefficients ,Aj obtained from the decomposition of the ratio 
of multinomials into simple fractions are different for each 
species, S+. Obviously, at the initial time, to = 0, the fractional 
intensity of the primary ions [C3H4+Io = 1. 

In the case of the C7H7+ formation channel we get the 
following solutions: 

where .Bj, ?Bj, , C j  , and p, C,  are the coefficients of the 
simple fractions and L, are the real roots of the multinomials of 
the denominator in [28]. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Enantioselective synthesis of isoquinoline alkaloidsf 

ZBIGNIEW CZARNOCKI AND DAVID B . MACLEAN 
Department of Chemistry, McMaster University, Hamilton, Ont., Canada L8S 4MI  

AND 

WALTER A. S Z A R E K ~  
Department of Chemistry, Queen's Universih, Kingston, Orzt., Canada K7L 3N6 

Received April 8, 1986 

ZBIGNIEW CZARNOCKI, DAVID B. MACLEAN, and WALTER A. SZAREK. Can. J .  Chem. 64, 2205 (1986). 
The utility of the Pictet-Spengler condensation of (R)-(+)-glyceraldehyde with dopamine hydrochloride in the enantio- 

selective synthesis of isoquinoline alkaloids is demonstrated by the preparation of (S)-(-)-camegine, (R)-(-)-calycotomine, 
and (S)-(+)-laudanosine. 

ZeIGNlEw CZARNOCKI, DAVID B.  MACLEAN et WALTER A. SZAREK. Can. J .  Chem. 64,2205 (1986). 
On dCmontre I'utilitC de la condensation de Pictet-Spengler du (R)-(+)-glycCraldChyde avec le chlorhydrate de la dopamine 

dans la synthkse CnantiosClective des alcaloldes de I'isoquinolCine en prCparant la (S)-(-)-camCgine, la (R)-(-)-calycotomine 
et la (S)-(+)-laudanosine. 

[Traduit par la revue] 

Introduction 
The asymmetric synthesis of isoquinoline alkaloids has been 

investigated widely in recent years because of the importance of 
these alkaloids in medicine and pharmacology (1). A variety of 
approaches have been explored to achieve the synthesis of the 
alkaloids in high optical purity. 

Reduction of imines I using a chiral sodium prolinate - 
borane complex afforded products in enantiomeric excess (ee) 
up to 60% (2). A chiral rhodium complex as a homogeneous 
hydrogenation catalyst also has been used (3) to give products in 
optical yields in the range of 15-99%. Moderate optical yields 
were observed in reduction of chiral3,4-dihydroisoquinolinium 
salts I1 (4). Several methods, other than reductive, have 
been used successfully. A compound of type 111, formed by 
Bischler-Napieralski cyclization of an optically active amino 
acid of type IV, has been elaborated to the protoberberine 
alkaloid, xylopinine, in a photochemical enamide cyclization 
( 5 ) .  The alkylation of carbanions V derived from chiral 
amidines has yielded products in high optical yields (90- 
99% ee) (6), and enantiomerically pure amino acids such as IV 
have been used to advantage in Pictet-Spengler condensations 
(7). A recent report has described the application of optically 
active N-oxyacyliminium salts VI for the enantioselective syn- 
thesis of l-(~-hydroxyalkyl)-1,2,3,4-tetrahydroisoquinolines 
(8). In this article we describe the application of the Pictet- 
Spengler condensation in the enantioselective synthesis of 
isoquinoline alkaloids. 

The ready availability of carbohydrates in pure enantiomeric 
form prompted us to investigate their use as chiral starting 
materials in alkaloid synthesis. Although the Pictet-Spengler 
condensation has been widely used in the synthesis of isoquino- 
line alkaloids, only a few examples of this reaction involving 
carbohydrates and other polyhydroxy compounds have been 
reported (9- 11). In the present study the reaction of dopamine 
hydrochloride (1) and (R)-(+)-glyceraldehyde (2) has been 
studied. 

Results and discussion 
The Pictet-Spengler condensation of 1 and 2 in boiling 

'A preliminary account of part of this work has appeared in J .  Chem. 
Soc. Chem. Comrnun. 1318 (1985). 

'Authors to whom correspondence may be addressed. 

VI 

R'  and R ~ :  H or alkoxy groups 
R': alkyl, aryl, or aralkyl group 
R*: a suitable, enantiomerically pure chiral group 

methanol gave a mixture of diastereomers, 3a and 3b, in 
93% yield. Treatment of the mixture with an excess of ethyl 
chloroformate converted the NH group into a carbamate and the 
OH groups into carbonates. The major component, designated 
4a, was isolated by chromatography in 56% yield; however, the 
minor component (4b) could not be obtained in a homogeneous 
state. Nevertheless, it was possible to estimate the relative 
proportions of 4a and 4b (-9:l) by comparing the specific 
rotation and ' ~ r n r  spectrum of 4a with those of the mixture. The 
stereoselectivity of the reaction may be ascribed to the influence 
of the chiral centre present in the intermediate iminium ion on 
the direction of nucleophilic attack by the aromatic ring. The 
observed stereochemical result (see below) can be rationalized 
on the basis of an analogy to Cram's rule (see ref. 12) (see 
Fig. I) .  All of the carbonic ester functions were removed from 
4a by treatment with methanolic ammonia, and the product 5 
was then methylated at the phenolic hydroxyls with methyl 
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HO CHO 
I 

HO 
mNL3, + HCOH + 

I HO RO 
CH20H 

HCOH HCOR HCOH 

Me0  

Me0  w N C 0 2 E t  H" 

HCOH 
I 

CH20H 

6 

FIG. 1. Orientation of iminium-salt intermediate for formation of the 
tetrahydroisoquinoline in the Pictet-Spengler condensation of 1 and 2. 

iodide in the presence of potassium carbonate to give 6 in 44% 
yield from 1 (see Scheme 1). 

In our initial attempts to synthesize simple l-alkylisoquino- 
line alkaloids we investigated the cleavage of the glycol system 
of amine 7 ,  which had been obtained by reduction of 6 
using lithium aluminum hydride. Treatment of 7 with sodium 
periodate followed by reduction of the reaction mixture with 
sodium borohydride gave compound 8 .  A possible mechanism 
for the formation of compound 8 is shown in Scheme 2.3 In 
contrast, cleavage of the glycol system in the carbamate 6 ,  
followed by reduction of the intermediate with sodium boro- 
hydride, afforded the N-ethoxycarbonyl derivative 10 in 86% 
yield (see Scheme 3). In this experiment the intermediate 
aldehyde4 was used without purification; however, its chroma- 
tographic and mass spectral properties were identical with those 
of the racemate, which had been prepared separately. If the 
periodate oxidation of 6 were performed under slightly basic 
conditions, then part of the starting material was converted into 
the tricyclic derivative 11, ( IS ,  11bR)-1,6,7,1 lb-tetrahydro-l- 
hydroxy-9,10-dimethoxy-2H,4H-[1,3]oxazino[4,3-a]isoqui- 
nolin-4-one. 

Treatment of the N-ethoxycarbonyl derivative 10 with 
lithium aluminum hydride afforded our first target material, 
namely (R)-(-)-N-methylcalycotomine (12) (see ref. 14) in 
82% yield. (R)-(-)-Calycotomine (14) itself was prepared by 
treatment of 10 with 10% potassium hydroxide in methanol to 
give the oxazolo[4,3-alisoquinoline 13, in 98% yield, which. 
when subjected to the conditions of Kano et al .  (8, 15), afforded 

3We acknowledge the suggestion made by a referee that the reaction 
may proceed by way of the cyclic intermediate shown in Scheme 2. 

4The N-acetyl analog of 9 was an unisolated intermediate in the 
conversion of dehydromethopholine into N-acetylcalycotomine (13). 

14 of known absolute configuration (see ref. 1) in 95% yield 
and 80.1% ee (based on published data (1 3)). The N-ethoxy- 
carbonyl derivative 10 was transformed also into (S)-(-)- 
carnegine (16); (+)-carnegine is the major alkaloid of the giant 
cactus, Carnegiea gigantea (1 6a) .  Compound 16 was obtained 
by reduction of the intermediate 0-tosyl derivative 15  using 
lithium aluminum hydride; the chemical yield was 87% and the 
ee was 92.8% (based on published data (16b)). 

In the present work a convenient route to the synthesis of 
1-benzylisoquinolines has also been developed. Attempts to 
utilize the 0-tosyl derivative 15  in reactions with a variety of 
organometallic reagents were unsuccessful. However, aldehyde 
9 proved to be a suitable starting material for elaboration to the 
1-benzylisoquinoline system. Thus, treatment of 9 with 3,4- 
dimethoxyphenyllithium afforded a product from which the 
threo isomer (+)-I7 was isolated in 64% yield (see Scheme 4); 
the presence of the erythro isomer was not detected by 
thin-layer chromatographic examination. The formation of the 
threo isomer can be rationalized on the basis of Cram's rule as 
shown in Fig. 2. The assignment of the relative stereochemistry 
of 17 was confirmed by the transformation of (+)-9 into (?)-I7 
by a procedure identical with that used in the preparation of 
(+)-IT; subsequent reduction of (+)-I7 with lithium aluminum 
hydride afforded the previously described (17) (?)-threo- 
hydroxylaudanosine (18). Compound (+)- I7  was converted 
into (S)-(+)-laudanosine (19) by treatment with equimolar 
amounts of thionyl chloride and pyridine in tetrahydrofuran at 
- 10°C followed by the direct addition of lithium aluminum 
hydride; (S)-(+)-I9 was obtained in 88% chemical yield and in 
78.9% ee (based on published data (18)). The process employed 
for the removal of the hydroxyl group is noteworthy, since a 
variety of other attempted procedures failed to effect the desired 
transformation. The generality of the process is currently being 
investigated. 

The work described in this article clearly demonstrates 
the usefulness of the aldehyde 9 as an intermediate in the 
enantioselective synthesis of 1 -substituted 1,2,3,4-tetrahydro- 
isoquinolines. The 1-benzylisoquinolines in particular are 
known to be precursors of many more-complicated ring systems 
amongst the isoquinoline family of alkaloids in both chemical 
and biochemical pathways. Other synthetic applications are 
currently under investigation to explore the versatility of 9 and 
its enantiomer. 
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M e 0  
6 -F ---+ 

M e 0  
HCOH 

I 
CH20H 

M e 0  Me0 

M e 0  q l C O 2 E t  He' M e 0  ' l e 0 ~  H,. NC02Et M e 0  qyo lo 

HC=O HCOH 
I 

2 0  
HO 

CH20H 
9 6 11 

I 

k 
ArLi 

ArLi = 

M e 0  

OMe 

FIG. 2. Attack of 3.4-dimethoxyphenyllithlum on the (R)-aldehyde 9 
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HC=O OMe 

OMe 

OMe 

19 

Experimental 
The 'Hmr spectra were recorded on a Varian EM390 spectrometer at 

90 MHz, unless otherwise stated. Tetramethylsilane (TMS) was used 
as the internal standard for samples examined in organic solvents, and 
1,4-dioxane for samples examined in aqueous solutions: chemical 
shifts are reported in ppm (6) downfield from the signal of TMS. The 
symbols, s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), 
and br (broadened), are used to report the multiplicity and shape of 
signals. EI mass spectra were recorded on a VG Micromass 7070F 
mass spectrometer at an ionizing voltage of 70 eV, and CI spectra were 
recorded on the same instrument using NH' at -1 Torr (1 Torr = 
133.3 Pa) as reagent gas; data are given as rnlz (% relative intensity). 
Infrared (ir) spectra were recorded on a Perkin-Elmer 283 spectro- 
photometer. 

Melting points were determined using a Gallenkamp apparatus and 
are uncorrected. Optical rotations were measured using a Perkin- 
Elmer 247MC polarimeter in a 1-mL microcell that is 1 dm in length. 
The values for ee were calculated as described by Andersen et al .  (19), 
and differ from those given in the preliminary account; in the latter, the 
values were actually enantiomeric percentages. Flash chromatography 
was performed on Kieselgel60 (230-400 mesh). (+)-Glyceraldehyde 
and (-t-)-glyceraldehyde were purchased from the Aldrich Chemical 
Co. 

The homogeneity of the products was established on the basis 
of chromatographic and spectroscopic ( ' ~ m r  and mass spectral) 
examination. It is known that 1-substituted 1,2,3,4-tetrahydroiso- 
quinolines of the type studied in this investigation fragment readily 
when examined by EI mass spectrometry and seldom show a molecular 
ion; consequently, most of the compounds studied were examined by 
CI mass spectrometry using ammonia as the reagent gas. In all cases 
except that of 4 a  satisfactory (M + 1)" ions were observed, which 
served as a measure of the molecular weights of the compounds. 
Fragmentation often accompanied the formation of the adduct ion and 
the patterns were sometimes useful in corroborating the assigned 
structures. 

Condensation of (R)-( +)-glyceraldehyde (2) with dopnmine hydro- 
chloride (I) 

A mixture of (R)-(+)-glyceraldehyde (2.00 g) and dopamine hydro- 

chloride (1.36 g) in methanol (100 mL) was stirred overnight and 
heated at reflux temperature for 2 days. The solvent was evaporated and 
the residue was fractionated by column chromatography on silica gel, 
using 10% methanol in chloroform to remove unreacted dopamine and 
nonpolar impurities, and then 20% methanol in chloroform to obtain 
the condensation product; the fractions were monitored by 'Hmr 
spectroscopy. The mixture of diastereomers 3 a  and 3 b  was obtained 
as a brown foam (1 .50 g ,  93% based on dopamine hydrochloride); 
' ~ m r  ( ~ ~ 0 )  6: 6.70 and 6.68 (two 1H s's, H-5 and H-8), 4.52 ( lH,  d, 
J = 6.0 Hz, H-1), 4.25-3.96 ( lH ,  d of t ,  J = 4.5 Hz and 6.0  Hz, 
H-1'), 3.80 (2H, d, J = 4.5 Hz, 2H-2'), 3.68-3.46 (2H, m, 2H-3), 
2.95 (2H, apparent t ,  J = 6 Hz, 2H-4); ms (CI): 226 (M + 1)' (loo),  
208 (28), 192 (36). 

Preparation of carbonate 4 a  
To a solution of 3 a  and 3 b  (316 mg) in 1 8  aqueous sodium 

hydroxide (50 mL) was added 1,2-dichloromethane (50 mL), and the 
mixture was stirred vigorously while ethyl chloroformate (3 mL) was 
added gradually over a period of 1 h. Stirring was continued for a 
further 0 .5  h while the mixture was kept alkaline by the addition of 
10% aqueous sodium hydroxide. The organic layer was then separated 
and washed twice with an aqueous solution of sodium chloride. The 
solution was dried over magnesium sulfate, and evaporation of the 
solvent afforded the mixture of diastereomers 4 a  and 4b (780 mg, 
95%), [ a ]?  +28.S0 ( c  1.23, chloroform). The major component (4a) 
was isolated as a colorless oil ( 5 6 8  based on the starting material) by 
flash chromatography on silica gel using 2% methanol in chloroform as 
the eluant; [ a ] t3  +76.4" (c  1.61, chloroform); 'Hmr (CDCI,) 6:  7.30 
and 7.17 (two 1H s's, H-5 and H-8), 5.27 ( lH ,  br s, H-1), 4.50-4.07 
(13H, m, 5CH2CH3, CHOR, CH,OR), 3.77-3.45 (2H. m,  2H-3), 
2.86 (2H, br t ,  2H-4), 1 .SO-1.23 (15H, m, 5CH2CH3). 

Preparation of carbarnate 5 
A sample of compound 4 a  (818 mg) was stirred overnight in 2% 

ammonia in methanol. The solvent was evaporated and the residue 
was chromatographed on silica gel using 7%-methanol in chloroform 
as the eluant to afford 5 as a slightly brown oil (388 me, 93%); 
' ~ m r  (CD30D) 6 :  6.79 and 6.72 (two 1H s's, H-5 and H-8), 5.05 
(lH, d,  J = 6.0 HZ. H-1), 4.25 (2H, q, J = 7.5 HZ, CH2CH3), 
4.17-3.55 (5H, m, 2H-3, H-l ' ,  2H-2'), 2.73 (2H, br t ,  J = 6.7 Hz, 
2H-4), 1.28 (3H, t. J = 7.5 Hz, CH2CH3); ms (CI): 298 (M + 1)' 
(60). 280 (20), 236 (100). 

Preparation of 6 
A solution of compound 5 (388 mp) in dry acetone (50 mL) Nas 

treated overnight at reflux temperature with potassium carbonate 
(3.0 g) and methyl iodide (4 mL). The reaction mixture was cooled, 
the inorganic salts were removed by filtration, and the filtrate was 
evaporated under reduced pressure. The residue was dissolved in 
chloroform, and the solution was washed with an aqueous solution of 
sodium chloride, dried over magnesium sulfate, and evaporated to 
afford 6 as a colorless oil (369 mg. 86%), [a]:' +72.E0 (c  0.61, 
chloroform); 'Hmr (CDC13) 6 :  6.76 and 6.62 (two 1H s's, H-5 and 
H-8), 5.18 (1H, d ,  J = 5.0 Hz, H-1), 4.37-3.97 (7H. m, D 2 0  
exchange caused the disappearance of signals corresponding to 2H, 
CH2CH3, 2H-3, H-1', 2OH), 3.83 (6H, s,  20CH3), 3.60 (2H, d ,  
J = 7.5 Hz, 2H-2'), 2.80 (2H. m, 2H-4), 1.27 (3H, t, J = 8.0 Hz, 
CH2CH3); ms (CI): 326 (M + I ) +  (IOO), 264 (75). High-resolution 
measurements were performed on the ion resulting from C-1-C- 1' 
fission in the EI mass spectrum. Mol. Wt. calcd. for Ci4HI8No4:  
264.1235; found (rnlz): 264.1233. 

Preparation of nmine 7 
A solution of compound 6 (150 mg) in tetrahydrofuran was heated at 

reflux temperature for 1 h in the presence of lithium aluminum hydride 
(100 mg), and to the reaction mixture were then added successively 
water (0.1 mL). !5% aqueous sodium hydroxide solution (0.1 mL), 
and water (0.3 mL). The reaction mixture was filtered, the residue was 
washed three times with dry ethanol, and the combined filtrate and 
washings were evaporated. Chromatography of the residue on silica 
gel using 10% methanol in chloroform as the eluant afforded 7 as a 
colorless oil (97 mg. 7 9 8 ) ;  'Hmr (CDCI,) 6: 6.83 and 6.66 (two 
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CZARKOC 'KI ET AL 2209 

1H s's, H-5 and H-8), 4.25 (2H, br s, 20H), 3.84 (6H, s, 20CH3), 
3.93-3.50 (4H, m, H-1, H-1', 2H-2'), 3.25-2.55 (4H, m, 2H-3, 
2H-4), 2.46 (3H, S. NCH,). 

Formation of 6,7-dimethoxy-2-methfl,2,3,4-tetrahydroisoquinoline 
( 8 )  by way ofperiodate oxidation of amine 7 

A solution of compound 7 (90 mg) in methanol (10 mL) was treated 
with a solution of sodium periodate (150 mg) in methanol (10 mL) at 
5°C for 1 h; sodium borohydride (150 mg) was then added in small 
portions over a period of 0 .5  h and the reaction mixture was left for 
0.5 h. The reaction mixture was filtered, the residue was washed 
with cold methanol, and the combined filtrate and washings were 
evaporated. Chromatography of the residue on silica gel using 10% 
methanol in chloroform as the eluant afforded 8 as a colorless oil (74%) 
that solidified on standing; 'Hmr (250 MHz, CDCI?) 6: 6.58 and 6.49 
(two 1H s's, H-5 and H-8), 3.82 and 3.81 (6H, 20CH3), 3.48 (2H. s,  
2H-1),2.82(2H,t, J =  5.8Hz,2H-3),2.64(2H,t,  J =  5.8Hz,2H-4),  
2.43 (3H, s, NCH3); I3cmr data are identical with those reported by 
Hughes er al. (20); ms (EI): 207 (40), 206 (60). 164 (100). The product 
formed a picrate, mp 160- 162°C (lit. (21) mp 16 1- 162°C). 

Preparation of N-ethoqcarbonyl derivative 1 0  
A solution of compound 6 (122 mg) in methanol (20 mL) was treated 

with a solution of sodium periodate (160 mg) in water (2 mL) at 5°C for 
1 h; sodium borohydride (80 mg) was then added in small portions over 
a period of 0.5 h and the reaction mixture was left for 0 .5  h. The 
reaction mixture was filtered, the residue was washed with cold 
methanol, and the combined filtrate and washings were evaporated. 
Chromatography of the residue on silica gel using 1.5% methanol in 
chloroform as the eluant afforded 10 as a colorless oil (96 mg, 86'3-1, 
[a]?  +88.8" ( c  2.08, chloroform); ' ~ m r  (CDC13) 6: 7.03 and 6.98 
(two 1H s's, H-5 and H-8), 5.16 ( l H ,  t ,  J = 6.0 Hz, H-1). 4.20 
(2H, q, J = 7.0 Hz, CH2CH3), 3.78 (6H. s,  20CH3), 3.60-3.15 
(4H, m, 2H-3, 2H-1'), 2.Y0-2.52 (2H, m. 2H-4), 1.26 (3H, t ,  J = 

7.0Hz, CH2CH3): ms (CI): 296 (M + 1)' (loo),  264 (38). 192 (7). 

Preparation of tricyclic derivative 11 
Compound 6 was treated as described in the preceding experiment. 

except that the reactions were performed in the presence of sodium 
hydroxide (200 mg) in the reaction mixture, to afford the N-ethoxy- 
carbonyl derivative 10 (65%), and also the tricyclic derivative 11 
as a colorless oil (25%), - 152O (c  1.13, chloroform); ' ~ m r  
(CDCI3) 6: 6.63 (2H, s, H-9, H-lo),  4.87 ( lH ,  d,  J = 5 Hz, H-l lb) ,  
4.53-4.38 ( l H ,  m, H-6,,), 4.25-3.95 (3H, m,  H-1, 2H-2), 3.86 
(6H, s, 20CH3). 3.35-2.53 (3H, m. H-6, 2H-7), 2.38 ( lH ,  br s, 
exchanged with D 2 0 ,  OH); ms (CI): 280 (M + 1)' (loo),  279 (32). 

Preparation of (R)-(-  )-N-methylcalycotomine ( 1 2 )  
A solution of compound 10 (80 mg) in tetrahydrofuran (30 mL) was 

treated with lithium aluminum hydride (50 mg) for 1 h at reflux 
temperature. The reduction product, N-methylcalycotomine ( 1  2), was 
obtained. after chromatography on silica gel using 11% methanol in 
chlorofom as the eluant, as a colorless oil (82%), [a];, -48.3" (c  2.8, 
chloroform) (lit. (14) for the enantiomer, [ a ] ,  +55" (c  0.4, chloro- 
form)); ' ~ m r  (CDCI3) 6 :  6.56 (2H, s, H-5. H-8). 3.83 (6H. s,  
20CH3), 3.80-3.53 (3H, m, H-1, 2H-l ' ) ,  3.25-2.63 (4H, m, 2H-3, 
2H-4). 2.56 (3H, s,  NCH3); ms (CI): 238 (M + I ) +  (loo),  206 (80). 
The 'Hmr data are in agreement with those reported for the enantiomer 
by Kesekes etal.  (14). The product formed a picrate, mp 216°C (dec.). 

Formczriorz of (R)-1,5,6,1Ob-tetrah~dro-8,9-dirnetho,n,-3 H -oxa- 
zolo/4,3-a]isoquinolin-3-one ( 1 3 )  

Compound BO (55.8 mg) was treated with 1 0 9  potassium hydroxide 
in methanol for 6 h at reflux temperature. The solvent was evaporated: 
water (5 mL) was added to the residue and the mixture was extracted 
with chloroform. The product 13 (15) was obtained. after chromatog- 
raphy on silica gel using 4% methanol in chloroform as the eluant, 
as a colorless oil (43 mg, 98%), - 154.3' (c 0.9, chloroform); 
v,,, (neat): 1750 cm-' (lactone); ' ~ m r  (CDCl?) 6:  6.70 and 6.53 
(two 1H s's, H-7 and H-10). 5.08-4.73 (2H, m), 4.30-4.08 (2H. m). 
3.91 (6H, s,  20CH3), 3.30-2.65 (3H, m. H-5,, , 2H-6); ms (EI): 249 
(M)' (loo), 248 (M - 1)' (60), 218 (18), 191 (63). 

(R)-(-)-Calycotomine (14) 
Compound 13 was treated with 10% sodium hydroxide in ethanol for 

6 h at reflux temperature, conditions described by Kano et a/ .  (8, 15). 
The reaction mixture was processed as described in the preceding 
experiment, and chromatography on silica gel using 20% methanol 
in chloroform as the eluant afforded crystalline 14 (95%), mp 145- 
148"C, [ a ] ?  -28.9" (c  1.05, water) (lit. (13) mp 149-150°C, 
[a]Z3 -36" (water)); 'Hrnr (CDCI,) 6:  6.36 (2H, s, H-5, H-8), 3.88 
(6H, s, 20CH3). 3.80-3.66 (3H, m, H-I,  2H-l ') ,  3.10 (2H, apparent 
t, J = 6 Hz, 2H-4), 2.70 (2H, apparent t, J = 6 Hz, 2H-3), 2.36 
(2H, br s, exchanged with DzO, OH, NH); ms (CI): 224 (M + 1)' 
(loo), 206 (25), 192 (65). The 'Hmr data are in agreement with those 
reported by Rozwadowska and Brozda (22). 

Conversion of N-ethoqcarbon~l  derivative I 0  into ( S)-(- )-carnegine 
(16) 

Compound 10 (38 mg) was treated with a solution of p-toluene- 
sulfonyl chloride (49 mg) in pyridine (5 mL) for 12 h at 5'C. The 
solvent was evaporated under reduced pressure at ambient temperature 
to yield an oil, which was dissolved in chloroform; the solution was 
washed with a 2% aqueous solution of sodium carbonate and then with 
an aqueous solution of sodium chloride, dried (MgS04), and evapor- 
ated. A solution of the residue in tetrahydrofuran was treated with 
lithium aluminum hydride (100 mg) for 1.5 h at refux temperature. 
The reduction product, (S)-(-)-carnegine (16), was obtained, after 
chromatography on silica gel using 7% methanol in chloroform as the 
eluant, as an oil (87% based on 10), [ M ] ; ~  - 106.7" (c  1.05, benzene) 
(lit. (16b) [M]i2 -115' ( c  -4.5, benzene)); 'Hmr (CDCI?) 6:  6.60 
(2H. s, H-5, H-8), 3.86 (6H, s ,  20CH3), 3.68 ( lH ,  q,  J = 6.5 Hz, 
H-1). 3.23-2.56 (4H, m,  2H-3, 2H-4), 2.50 (3H, s, NCH,), 1.38 
(3H, d, J = 6.5 Hz, CHCH?); ms (CI): 222 (M + 1)' (loo), 206 (20). 
The 'Hmr data are in agreement with those reported by Rozwadowska 
and Brozda (22). The product formed a picrate, mp 228-230°C 
(lit. (16b) mp 233-234°C). 

Preparation of aldehyde 9 by periodate oxidation of 6 
To a solution of compound 6 (210 mg) in methanol (10 mL) was 

added sodium periodate (138 mg) in water (1 mL), and the mixture was 
stirred at O°C for 1.5 h. The reaction mixture was filtered, the residue 
was washed with cold methanol, and the combined filtrate and 
washings were evaporated at ambient temperature. The residue was 
dissolved in dichloromethane, and the solution was dried (MgS04) 
and evaporated; this rcsidue was dissolved in dry benzene, and the 
solution was evaporated to remove traces of water. The syrupy product 
(176 mg, 93%) was chromatographically homogeneous (thin-layer 
chromatography, 2% methanol in chloroform) and was used in the 
following step without further purification; ms (CIj: 294 ( M  + 1)' 
(loo), 264 (43), 248 (18), 192 (17). A sample of (-+)-9 was obtained 
from (?)-ti, and its mass spectrum showed the same fragment ions as 
did that of 9; ' ~ m r  (CDCI3) 6 :  9.40 ( IH,  s,  HC=O), 6.85 and 6.68 
(two lHs 's ,  H-5 and H-8). 5.33 ( lH ,  brs ,  H-1), 4.20 (2H, q, J = 
7.5 Hz, CH2CH3), 3.85 (6H, s ,  20CH3), 3.75-3.61 (2H, m, 2H-3), 
2.75 (2H, apparent t, J = 6 Hz, 2H-4). 1.27 (3H, t ,  J = 7.5 Hz, 
CHzCH3 1. 

Reaction of 9 with 3,4-dimethoxyphenyllithium 
A solution of bromoveratrole (725 mg) in tetrahydrofuran (20 mL) 

was treated with a 2.4 M solution of n-butyllihum in n-hexane (1.5 mL) 
at -78°C (Dry Ice - methanol) for 15 min. A solution of compound 9 
(255 mg) in tetrahydrofuran (5 mL) was then added slowly. and the 
mixture was kept at -78OC for 30 min. Water (0.5 mL) was added, 
and the mixture was warmed to room temperature and evaporated. The 
residue was dissolved in chloroform, and the solution was washed 
with a 20% aqueous solution of ammonium chloride and then with an 
aqueous solution of sodium chloride: the solution was dried (MgS04) 
and evaporated. Chromatography of the residue on silica gel using 1% 
methanol in chloroform as the eluant afforded compound 17 as a 
viscous, colorless oil (240 mg, 64% based ong) ,  [ a ] i 2  +29.9' (c 2.57, 
chloroform); ' ~ m r  (CDC13) 6 :  6.72-6.47 (4H, m, H-5, H-2', H-5', 
H-6'), 5.88 ( lH ,  br s, H-8), 5.05 ( l H ,  d,  J = 7.0 Hz, H-1), 4.66 
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(2H, m, d after addition of D20 ,  J = 7 .0  Hz, H-7', OH), 4.33-3.87 3. H. B. KAGAN, W. LANGLOIS, and T. PHAT DANG. J .  Organo- 
(4H, m, 2H-3, CH2CH3), 3.75 (6H, s, 20CH3),  3.65 (3H, s, OCH,), metal. Chem. 90, 353 (1975). 
3.38 (3H, s, 0CH3 at C-7),' 2.63-2.40 (2H, m,  2H-4), 1.11 (3H, t, 4. T. KAMETANI and T. OKAWARA. J .  Chem. Soc. Perkin Trans. 1, 
J = 7.5Hz, CH2CH3); irradiation at 6 5.05 caused collapse of the 579 (1977). 
doublet at 6 4.66 to a singlet; ms (EI): 413 (201, 385 (25), 264 (100). 5. T. KAMETANI, N. TAKAGI, M. TOYOTA, T. HONDA, and K. 

FUKUMOTO. Heterocycles, 16, 591 (1981). 
(S)-( +)-Laudanosine (19) 6. A. I. MEYERS, L. M. FUENTES, and Y. KUBOTA. Tetrahedron, 

To a solution of compound 17 (120 mg) in tetrahydrofuran (25 mL) 40, 1361 (1984). 
were added, under dry nitrogen and at - lQ°C, dry pyridine (0.024 mLi 7, (,) R,  T, D~~~ and H, RApoPoRT, J ,  erg, them, 43, 41 g3 
and then thionyl chloride (0.020 mL), and the reaction mixture was (1978); (b) M. KONDA, T. OH-ISHI, and S.-I. YAMADA. Chem. 
stirred for 45 min. Solid lithium aluminum hydride (200 mg) was Pharm. Bull. 25, 69 (1977). 
then added in small portions, and the mixture was stirred at room 8, S, KANO, Y, YUASA, and S, SHIBUYA, Heterocycles, 23, 395 
temperature for 15 min and then heated at reflux temperature for (1985). 
30 min. The reaction mixture was cooled and decomposed in the usual 9, I, M,  PIPER, D, B,  MACLEAN, I ,  KvARNSTRBM, and W, A, 
manner; the mixture was filtered, the residue was washed three times SZAREK. Can. J .  Chem. 61, 2721 (1983); I .  M. PIPER, D. B. 
with hot chloroform, and the combined filtrate and washings were MACLEAN, R. FAGIANNI, C.  J. L. LOCK, and W. A. SZAREK. 
evaporated. Chromatography of the residue on silica gel using 5% Can. J .  Chem. 63, 2915 (1985); T. SEVERIN and K.-H. BRAUTI- 
methanol in chloroform as the eluant afforded 19 as a colorless oil GAM. Chem. Ber. 106, 2943 (1973): T. SEVERIN and K.-H. 
(88%), [ a ] t 2  +78.9O(c 1.55, ethanol) (lit. (18) [ a ] ,  + 100" (ethanol)); BRAUTIGAM. Z. Lebensm. Unters. Forsch. 154. 80 (1974). 
'Hmr (CDCl3) 6: 6.80-6.56 (4H, m, aromatic H's), 6.12(1H, s,  H-81, 10, D,  sOERENS, J ,  sANDRIN, F, uNGEMACH, p ,  M ~ ~ ~ ~ ,  G ,  S ,  wU. 
3.86 (6H, s,  20CH3), 3.80 (3H, s, 0CH3), 3.60 (3H, s,  0CH3 at C-7), E. YAMANAKA, L. HUTCHINS, M. DIPIERRO, and J .  M.  COOK. 
3.50-2.63 (7H, m, 2H-7', H-1, 2H-3, 2H-4), 2.55 (3H, s. NCH3): J. Org. Chem. 44, 535 (1979). 
ms ('I): 358 ( M  + (loo), 206 (21). The ' Hmr data are in 11. H. BIERAUGEL, R. PLEMP, and U.  K. PANDIT. Tetrahedron, 39, 
agreement with those reporied by Konda et al .  (23). The product 
formed a methiodide, mp 213-215°C (lit. (18) mp 215-217°C). 

3987 (1983). 
12. J. D.  MORRISON and H.  S. MOSHER. Asymmetric organic 

Formation of ( i)- threo- hydroxylaudanosine (18) reactions. Prentice Hall. London. 1971. p. 40. E. L. ELIEL. 
A sample of (?)-I7 (241 mg, 0.56 mmol), obtained from (?)- In Asymmetric synthesis. Vol. 2.  Edited by J .  D. Morrison. 

glyceraldehyde by the same sequence of reactions as had been Academic Press, Inc., New York. 1983. Chapt. 5. 
employed for the preparation of (+)-IT, was treated with lithium 13. A. BROSSI and F. BURKHARDT. Helv. Chim. Acta, 44, 1558 
aluminum hydride (1.8 g) in tetrahydrofuran (75 mL) for 1 h at reflux (1961). 
temperature. The reduction product, (2)-18, was obtained, after 14. P. KEREKES, P. N. SHARMA, A.  BROSSl, and J .  L.  MCLAUGHLIN. 
chromatography on silica gel using 5% methanol in chloroform as the J. Nat. Prod. 48, 142 (1985). 
eluant, in crystalline form (88%) and recrystallized from methanol- 15. S. KANO, Y. YUASA, T. YOKOMATSU, and S. SHIBUYA. Chem. 
ether, mp 1377138°C (lit. (24) mp 138°C); ' ~ m r  (CDC13) 6: Lett. 1475 (1983). 
6.95-6.59 (4H, m, aromatic H's), 5.43 ( l H ,  s, H-8), 4.38 (1H, d. J = 16. (a) S. D. BROWN, J.  E. HODGK~NS, J.  L. MASSINGILL, J R . ,  and 
9 Hz, CHOH), 4.06 ( lH ,  br s, OH), 3.85 (9H, s, 30CH3), 3.33 M. 6. REINECKE. J .  Org. Chem. 37, 1825 (1972); (b) A.  R. 
(1H, d, J = 9 Hz, H-1), 3.30 (3H. s, 0CH3 at C-7), 3.16-2.73 (4H. m, BATTERSBY and T. P.  EDWARDS. J .  Chem. Soc. 1214 (1960). 
2H-3, 2H-4), 2.57 (3H, s ,  NCH,); ms (CI): 374 (M + 1)+ (loo), 17. R. M. MCMAHON, C. W. THORNBER, and S .  RUCHIRAWAT. 

206 (17), 167 (4). J .  Chem. Soc. Perkin Trans. 1, 2163 (1982). 
18. T. KAMETANI. The chemistry of the isoquinoline alkaloids. 
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Benzoyl phenyB 1-methylgyrazoles. Synthesis, characterization, and spectra1 
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KUNIO KANO, DAVID SCARPETTI, JOHN C. WARNER, JEAN-PIERRE ANSEL~IE ,  JAMES P. SPRINGER. and BYRON H. ARISON. 
Can. J. Chem. 64, 2211 (1986). 

The synthesis and unequivocal characterization of all six isomers of benzoyl phenyl 1-methylpyrazole ( 2 )  are described. The 
isomer of 2 isolated as one of the products of the reaction of 1,l-dimethyl-1-phenacylhydrazinium bromide (I) with base was 
shown to be the only previously reported isomer, 5-benzoyl-3-phenyl-1-methylpyrazole ( 2 b ) .  

KUNIO KANO, DAVID SCARPETTI, JOHN C .  WARNER, JEAN-PIERRE ANSELME, JAMES P. SPRINGER et BYRON H.  ARISON. 
Can. J. Chem. 64, 2211 (1986). 

On dCcrit la synthbse et la caractensation non-equivoque des six isomkres du benzoyl phCnyl methyl-1 pyrazole (2) .  On a isolt5 
un isombre de 2 lors de la reaction du bromure de dimCthyl-1 , l  phenacyl-l hydrazinium (1) avec de la soude; on a identifit5 ce 
produit comme Ctant le benzoyl-5 phknyl-3 mCthyl-1 pyrazole ( 2 b ) ,  le seul isombre rapport6 jusqu'g maintenant. 

[Traduit par la revue] 

Introduction Ph 

In the context of another investigation ( I ) ,  the synthesis of 
a11 six isomers of benzoyl phenyl 1-methylpyrazole (2) was 

p h c O c l / A l C  + 

PhN02 

undertaken. At the outset of this study, only one isomer of 2 
had been reported (2). We now describe the preparation and 
characterization of all the isomers of 2. 

Results and discussion 
3-Phenyl isomers 

The few reported investigations of the Friedel-Crafts acyla- 
tion of pyrazoles (3) indicate that reaction occurs at the 
4-position (4, 5 ) .  This was confirmed in the present work by 
the benzoylation of 3-phenyl- and 4-phecyl-1-methylpyrazoles 
(6). While the open 4-position of the 3-phenyl isomer indeed 
underwent benzoylation to yield 2 a ,  albeit in only 6% yield 
(eq. [I]), several attempts to introduce the benzoyl group into 
the pyrazole ring of 4-phenyl-1-methylpyrazole by various 
modifications of the Friedel-Crafts procedure resulted in 
benzoylation at the p-position of the phenyl substituent rather 
than the open 3- or 5-positions, as shown by nmr analysis and by 
the authentic synthesis of 2c  and 2 d  (vide infra). An improved 
synthesis of 2a, starting from 4-bromo-3-phenyl-1-methyl- 
pyrazole, was achieved by the sequence shown in eq. [ I ] .  

The benzoyl phenyl 1-methylpyrazole isolated from the 

4. PhH, AlC13 

action of base on 1,l-dimethyl-1-phenacylhydrazinium bro- 
mide (1) (eq. [3]) (1) turned out to be identical to the compound 
obtained by Heine et al. from the reaction of methylhydrazine 
on dibenzoylacetylene (eq. [2]) (2). The assignment of structure 

PhCO G N  
I 

'Taken in part from the M . S c  Thesis of K Kano. University of as ~b appeared secure since ~~i~~ also obtained ~b from 
Massachusetts at Boston. June 1980, and in pad from the B . S c  Theses and our rationale to explain the fornation of Zb  of D. Scarpetti, University of Massachusetts at Boston, June 1986, 
and of J .  C. Warner, University of Massachusetts at Boston. June from 1 and base (1) (eq. [3]) postulates the same intermediate 3. 
1984. A careful reexamination of the reaction product of Heine et al. - - .  

'Author to whom inquiries may be directed. (2) did reveal the presence of a small amount of the isomeric 
'Authors to whom inquiries regarding the high resolution nmr pyrazole 2e whose authentic synthesis is described later in this 

spectra and X-ray analysis may be directed. paper (eq. 191 1. 
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a compound purported to be 1-methyl-3.4-diphenylpyrazole; 
subsequent and apparently independent reports of related 
cyclizations were disclosed by two other groups (8). 

The preparation of the required N-methyl-N-phenacylhydra- 
zone of phenylglyoxal was initially attempted by alkylation of 
the methylhydrazone of phenylglyoxal (obtained by controlled 
condensation of phenylglyoxal with methylhydrazine; com- 
pound 6 may also be a product of this reaction) was unsuccess- 
ful. This failure led to the synthesis of 5-benzoyl-4-phenyl-l- 
methylpyrazole (2d) illustrated in eq. [4]. Treatment of 5 with 
sulfuric acid led to 3-benzoyl-4-phenyl-l-methylpyrazole (2c) 
rather than 2d, which would have been the expected product on 
the basis of the literature precedents cited above. Indeed, 
three alternate routes, one involving the dehydrogenation 
of 3-benzoyl-4-phenyl- 1 -methyl-2-pyrazoline (7) (eq. [5]), a 
second proceeding via the cycloaddition of 3-methylsydnone 
to benzoylphenylacetylene (eq. [6]), and a third using the 
decarboxylation of 3-benzoyl-4-phenyl-l-methylpyrazole-5- 
carboxylic acid (10) (eq. [7]) (9), each afforded the same 
product, which was identical to that obtained from the reaction 
described in eq. [4]. The confirmation of the structure of 
this compound as 3-benzoyl-4-phenyl-l-methylpyrazole (2c), 

4-Phenyl isomers 
Our initial approach to the 4-phenyl isomers (2c and 2 d )  

was predicated on the reported cyclization of monohydrazones 
of a-diketones. In 1958, Domnin et al.  (7) had described 
the presumed cyclization of benzil monodimethylhydrazone to 

P~COCH-NN=CHP~ t PhCOCHO + CH3NHNH2 --+ CH,NHN=CHCOPh 
I 

PhCOCHO 

. .. 

PhCO $N I 

obtained by an X-ray crystallographic structure determination 
(lo), raised doubt (1 1) regarding the validity or at least the 
generality of the purported cyclization described by Domnin et 
al. Authentic 5-benzoyl-4-phenyl- 1 -methylpyrazole ( 2 d )  was 
obtained by the decarboxylation of 5-benzoyl-4-phenyl-l- 

methylpyrazole-3-carboxylic acid (11) (9), which in turn was 
obtained along with, and isolated from the isomeric acid 10 by 
the sequence shown in eq. [7]. The unequivocal assignment of 
the structure of 2c by X-ray crystallography thus establishes the 
structure of the product obtained by the decarboxylation of 11 as 
2d; by the samitoken the original assignment of the structure of 
the precursor acids 10 and 11, which was based solely on 
difference in their rates of esterification (9). was confirmed 

OPh Ph 

-+ 

I u C O P h  I 
beyond doubt. These results also agreed with the structure of 
the 2-pyrazoline (see eq. [ 5 ] )  originally assigned by Smith and 
Pings (12). 

Kohler and Steele (13) had described the formation of ethyl 
4-phenyl-5-benzoyl-2-pyrazoline-3-carboxylte (12) from the 
addition of ethyl diazoacetate to benzalacetophenone. Though it 0 PhCO. . Ph Ph COPh 

was somewhat surprising to us that the carbon-nitrogen bond 
should have entered into conjugation with the ester function to 
give 12 rather than with the ketone group (to give 13), the ease 
of preparation of 12 suggested that, if the original assignment 
was correct, 12 would constitute an ideal starting material for 
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KANO ET AL. 2213 

L PhCO px02Me 
I 

the preparation of 2d. However, methylation of putative 12 
followed by oxidation and hydrolysis gave acid 10,  thus 
demonstrating that the product of the cycloaddition was 13 and 
not 12 as previously reported (eq. [8]) (14). 

PI A,b +7+ + 
PhCO 

H E t 0 2 C C H N 2  

5-Phenyl isomers 
The 5-phenyl isomers (2e and 2f) were obtained as shown in 

eqs. [9] and [lo].  1,3-Cycloaddition of phenyldiazomethane to 

acrylophenone provided the expected 3-benzoyl-5-phenyl-2- 
pyrazoline (14) whose extremely low carbonyl absorption 
(1605 cm-') prompted us to confirm its structure by an X-ray 
crystal structure. Methylation of the anion of 14 followed by 
oxidation with sulfur led to 3-benzoyl-5-phenyl-1-methylpyra- 
zole (2e). The last isomer 2 f was obtained by the Friedel-Crafts 
acylation of benzene with the acid chloride of 4-carboxy-5- 
phenyl- I-methylpyrazole (eq. [ lo]) .  The required acid 16 was 
obtained by the cycloaddition of 3-methyl-4-phenylsydnone to 
dimethyl acetylenedicarboxylate followed by hydrolysis of the 
diester and selective decarboxylation (14) of the 3-carboxy 
group of the resulting diacid to acid 16, which was identified 

by conversion to its methyl ester (15). Although the complete 
decarboxylation of 5-phenyl- 1-methylpyrazole-3,4-dicarboxy- 
lic acid provides an easy access to pure 5-phenyl- l-methylpyra- 
zole, which is otherwise tedious to obtain ( l6),  the experimental 
difficulties encountered in the clean selective decarboxylation 
of the diacid to 16 led us to develop another synthesis, involving 
bromination of 5-phenyl-1-methylpyrazole (3-5) followed by 

lithiation, carbonation, and finally Friedel-Crafts acylation of 
benzene (eq. [ I l l ) .  

Br, 

Spectra and X-ray data 
X-ray crystal structure analysis of3-benzoyl-4-phenyl-I -methyl- 

pyrazole (2c) 
Suitable crystals for X-ray diffraction studies formed with 

space group symmetry of P 2 L / c  and cell constaFts of a = 
12.088(2) A, b = 11.219(1) A, c = 10.949(2) A, and P = 
106.27(1)" for Z = 4 and a calculated density of 1.222 g/cm3. 
Of the 1900 reflections measured with an automatic four-circle 
diffractometer equipped with Cu radiation, 1623 were observed 
(I > 3 ~ 1 ) .  The structure was solved with a multi-solution 
tangent formula approach and difference Fourier analysis and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J.  CHEM. VOL. 64. 1986 

TABLE 1. Melting points and 'H nuclear magnetic resonance and infrared data of compounds 2a-2 f 

' H  nrnr ( 6 )  

Melting C&sa C6H5COa 
point 

Compound ("C) C=O (cm-') o m P o rn p PyH NCHl 

"Geometric center of multiplet 
bLiterature (2) mp 52-57°C. 
"Thick liquid. 

TABLE 2. Relevant I3C parameter of compounds 2a-2fa 

Carbon 2a 2b 2 c 2d 2 e 2 f  

"Run in CDC1,: chemical shifts relative to internal TMS 
bWidth at half-height: 18 Hz. 
'Width at half-height: 13 Hz. 
"Assignment may be interchanged. 

refined using full-matrix least-squares techniques (1 7). Hydro- 
gens were assigned isotropic temperature factors corresponding 
to their attached atoms. The function C w(l FI - I F  I ) ~  with 
w = ~ / ( U F , ) ~  was minimized to give an unweighted residual 
of 0.042. No abnormally short intermolecular contacts were 
noted. Tables I, 11, and I11 containing the final fractional 
coordinates, temperature parameters, bond distances, and bond 
angles are available upon request from the authors. 

' P I  and "C nuclear magnetic resonance analysis 
Chemical shifts of the six isomeric benzoyl phenyl l-methyl- 

pyrazoles are listed in Table 1. Since all aromatic signals are 
multiplets, the usual multiplicity c".:signations are omitted. 
Although the pattern shifts are by and large unexceptional. a few 
comments on trends are in order. The absence of an aromatic 
substituent at the pyrazole C-4 position can always be inferred 
from the distinctive high-field shift of the pyrazole C4-H. 
A comparison of the two 3,4- and the two 4,5-disubstituted 
analogues indicates that the nuclear pyrazole proton resonates 
about 0.25 ppm downfield in the isomer having an adjacent 
benzoyl group. 

The N-methyl signal can be perturbed by a substituent at C-5 

although the effect can be modified significantly if the second 
aromatic group is located at C-4. This can be seen by comparing 
2b, in which the N-methyl peak is displaced 0.25 ppm down- 
field by the C-5 benzoyl, with 2d ,  in which the deshielding 
influence of the benzoyl group is completely nullified by the 
neighboring C-4 phenyl. This compensating property can be 
attributed to the steric hindrance that forces the aromatic 
substituents out of planarity with the pyrazole ring. The fact that 
the chemical shifts of the benzoyl protons in 2d are ar:roxi- 
mately 0.2 ppm upfield from their typical values is consistent 
with the hindrance hypothesis. These findings thus indicate that, 
apart from identifying a C-4 pyrazole proton, the assignment of 
the individual isomers by proton nmr would be risky. 

In contrast to the proton data, all six isomers could be 
assigned unambiguously from the proton decoupled and gated 
decoupled 13C spectra by taking advantage of both chemical 
shifts and long-range proton 13C couplings (Table 2). The 
C-4 pyrazole carbon, whether substituted or unsubstituted, 
could always be identified because of its high-field chemical 
shift (18). The distinctively large pyrazole one-bond coupling 
constants ( J C H :  C-4, ca. 178 Hz; C-3 and C-5, -188 Hz) 
distinguish the pyrazole proton-bearing carbon from the aro- 
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matic resonances, which all have a JCH value close to  160 Hz 
(19, 20). Differences in the multiplicities of the substituted 
pyrazole carbons arising from two- and three-bond coupling 
with protons (Jc-c-n and Jc-C-c-H) could be used to locate the 
position of the aromatic substituents on  the pyrazole ring. This 
approach appeared feasible for the present series since long- 
range couplings exhibited by the pyrazole carbons would result 
from interaction with the ortho protons of the phenyl ring, the 
lone nuclear proton, and the N-methyl, the latter affecting only 
the pyrazole C-5. The ortho benzoyl protons were not expected 
to contribute to the multiplicities since four-bond couplings 
( Jc -C-C-C-~)  are normally very small. Based on this analysis, 
a doublet for a substituted pyrazole carbon would be diagnostic 
for either C-3 or C-4 bearing a benzoyl substituent, as  seen in 
Table 2 for 2a (C-4),  2c (C-3),  2e (C-3),  and 2f (G-4). Further, 
the substituted pyrazole C-5 can always be distinguished from 
C-3 because of its higher multiplicity, since it is coupled with 
the N-met'. 11 as well as the nuclear proton and with the ortho 
phenyl protons when this group is located at C-5. 

Experimental 
Elemental analyses were carried out by the Microanalysis Labora- 

tories of the University of Massachusetts at Amherst. The infrared 
spectra were recorded on a Perkin-Elmer model 137B spectrophoto- 
meter (Infracord) and the nmr spectra were obtained in CDC13 (except 
as may be noted otherwise) on a Hitachi-Perkin-Elmer R-24 (60 MHz) 
and Varian XL-400 MHz spectrometer using tetramethylsilane as an 
internal standard. 

4-Bromo-3-pherzyl-1 -methylpyrazole 
A solution of bromine (2.88 g, 20.5 mmol) in 2.5 mL of chloroform 

was added dropwise over a period of 10 min to a stirred solution of 
3-phenyl-1-methylpyrazole (3.0 g, 20.5 mmol) in 5.0 mL of chloro- 
form cooled in an ice bath, and the mixture was allowed to stir 
overnight. It was then washed with saturated sodium bicarbonate 
solution (4 x 25 mL) and the chloroform was evaporated in vacuo to 
yield 3.6 g (78%) of a brown liquid; 'H nmr 6:  3.55 (s, 3H, CH3), 
7.10 (s, lH, PyH), 7.50 (m, 5H, ArH). 

3-Phenyl-1 -methylpyrazole-4 -carbo,rq./ic acid 
To a solution of crude 4-bromo-3-phenyl-1-methylpyrazole (2.0 g, 

7.0 mmol) in 20 mL of anhydrous ether cooled to -30°C in a Dry Ice - 
acetone bath, was added dropwise a 1.7 M solution of n-butyllithium 
in hexane (9.0 mL. 15.3 mmol) through a syringe and the solution was 
allowed to stir at that temperature for a period of 1 h. The solution was 
then cooled to -60°C in a Dry Ice - acetone bath and gaseous carbon 
dioxide was bubbled through for a period of 1 h. The solution was then 
stirred overnight and the temperature allowed to become ambient. The 
precipitated solid was collected; it was then suspended in 15 mL of 
water, acidified, filtered, and air-dried to give 1.6 g (95%) of the acid, 
mp 93-99°C. 

4 -Benzoyl-3-phenyl-I -methylpyrazole (2  a) 
A solution of 3-phenyl-1-methylpyrazole-4-carboxylic acid (0.2 g, 

1.0 rnmol) in 5.0 mL of thionyl chloride was heated to reflux for 1.5 h .  
The excess thionyl chloride was evaporated in vacuo, to the residue 
was added benzene (3.0 mL), and the solution was evaporated again to 
remove any remaining thionyl chloride: this process was repeated. To 
the crude acid chloride obtained as a brown oil was added 10 mL of 
benzene and aluminum chloride (0.4 g, 3 .0 mmol) and the solution was 
heated at reflux overnight. The benzene was evaporated in vacuo to 
yield a residue that was dissolved in ether and washed with saturated 
aqueous sodium bicarbonate (4 x 25 mL) and dried. The ethereal 
solution was evaporated to give 0.25 g (81%) of 20 as an oil. This 
sample was identical by tlc, ir, and nmr to 2a obtained belovv. 

4 -Benzoj 1-3-phenll-1 -methl Ipj mzole ( 2  d )  

A solution of 1 58 g (10 mmol) of 3-phenyl-1-methy:pyrazole. 
1 68 g (12 mmol) of benzoyl chloride, and 0 13 g (1 mmol) of 

aluminum chloride in 20 mL of nitrobenzene was heated to reflux for 
2 days. The nitrobenzene was distilled in vacuo and the residue was 
dissolved in 30 mL of ether. The ethereal layer was washed with 
saturated sodium bicarbonate and water, dried over MgS04, and the 
ether was evaporated to give a viscous oil. It was purified by column 
chromatography (silica gel, benzene) to give 0.15 g (6%) of 2a as a 
very viscous oil, which was triturated with ether - petroleum ether 
to give a white solid; recrystallization from ethanol yielded white 
crystals, mp 85.5-86.5"C. Anal. calcd. for Cl4Hl4N2O: C 77.84, 
H 5.38, N 10.68; found: C 77.62, H 5.31, N 10.71. 

4-(p-Benzoylpheny1)-1 -methylpyrazole 
A solution of 4-phenyl-1-methylpyrazole (316 mg, 2 mmol), ben- 

zoyl chloride (350 mg, 2.5 mmol), and anhydrous aluminum chloride 
(27 mg, 0.2 mmol) in 5 mL of nitrobenzene was heated to reflux for 
2 days. The solvent was distilled in vacuo and the residue was dissolved 
in 30 mL of ether. The ethereal solution was washed with 10% NaOH 
and water, dried over MgS04, and evaporated in vacuo. The residue 
was chromatographed on 15 g of silica gel (60-200 mesh) using a 1 : 1 
mixture of benzene-hexanes as eluent. The solid obtained from the 
second fraction was recrystallized from ether - petroleum ether to 
give 0.05 g (10%) of white crystals, mp 161-163°C; ir (KBr): 
1655 (C=O) cm-'; 'H nmr 6: 3.94 (s, 3H, CH3), 7.65 (m, 11H, 
ArH, PyH). Anal. calcd. for Cl7HI4N2O: C 77.84, H 5.38, N 10.68; 
found: C 77.59, H 5.32, N 10.68. 

5-Benzojl-3-phenyl-I -methylpyrazole (2  b) 
A solution of 5 g (20 mmol) of dibenzoylacetylene, 1 drop of 

concentrated sulfuric acid, and 1 g (20 mmol) of methylhydrazine in 
150 mL of ethanol was stirred at room temperature for 2 h and heated 
to reflux overnight. Ethanol was removed and ether was added to the 
residue. The ethereal solution was washed with water, dried, and the 
solvent was evaporated. The residue was recrystallized from ether - 
petroleum ether to give 1.5 g (30%) of 2b ,  mp 64-66"C, lit. (2) mp 
52-57°C. 

In a separate run, the filtrate of the crystallized residue was 
concentrated and chromatographed on silica gel (70-230 mesh; elution 
with chloroform). One of the less mobile fractions, obtained as an 
oil, was identified as 3-benzoyl-5-phenyl-1-methylpyrazole (2e)  by 
ir, nmr (spiking with an authentic sample), and tlc; the yield of this 
isomer was not determined but was very small. 

Phenjlgl?loxal N-methylhydrazone 
To methylhydrazine (1.84 g, 40 mmol) and two drops of acetic acid 

in 20 mL of ethanol was added a solution of phenylglyoxal mono- 
hydrate (3.04 g, 20 mmol) in 30 mL of ethanol; the mixture was stirred 
at room temperature for 24 h. Ethanol was evaporated and 30 mL of 
ether was added to the residue. The ethereal layer was washed with 
water, dried, and the ether was evaporated to give a pale yellow oil, 
which was chromatographed on silica gel to give 2.7 g (83%) of 
product; 'H nmr 6: 7.57 (m, 7H, ArH, CH=N, NH), 2.83, 3.05, 
3.20 (d, d, d, 3H, CH3). 

Addition product of phenylglyoxal methylhydrazone with phenyl- 
glyoxal(6j 

A solution of phenylglyoxal monohydrate (0.45 g, 3 mmol), 
methylhydrazine (0.14 g, 3 mmol), and a drop of acetic acid in 20 mL 
of ethanol was stirred overnight at room temperature. Ethanol was 
evaporated in vacuo and the residue was dissolved in ether. The 
ethereal solution was washed with water, dried over anhydrous 
MgS04, and the ether was evaporated. The residue was recrystallized 
from methylene chloride - petroleum ether to yield 0.43 g (99%) 
of product, mp 112-1 13.S0G; ir (KBr): 3490, 1699, 1640 cm-'; 
'H nmr 6:  2.98 (s, 3H, CH3), 4.83 (d, lH,  OH exchangeable with 
D20), 6.1 (d, 1H. 0-CH), 7.05 (s, lH ,  CH), 7.40 (m. 10H. ArH). 
Anul. calcd. for Cl7Hl6N2o3:  C 68.90, H 5.44, N 9.46; found: 
C 48.93, H 5.38, N 9.49. 

1 -Methyl-1-phenacylhydrazine ethylene gljcol keial 
A solution of 17 g (70 mmol) of phenacyl bromide ethylene glycol 
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ketal(19) in 50 rnL of methylhydrazine was heated to reflux for 4 days. ether - petroleum ether at low temperature, or by chromatography on 
The excess methylhydrazine was distilled and ether was added to the silica gel (70-230 mesh) by elution with a benzene-chloroform (5:2) 
residue. The ethereal solution was washed with water, dried over mixture. Recrystallization may be effected from anhydrous 'ethanol. 
MgS04, and the ether was evaporated. The white solid obtained, mp 90-92.5"C. 
mp 46-65°C (dec.), may be recrystallized from ether - petroleum ether 
(11.5 g ,  76%), but was used for the next step without purification; 
'H nmr 6: 7.37 (m, ArH, 5H), 3.94 (m, CH2CH2, 4H), 3.30 (s, NH,, Heating time Crude yield 
2H), 2.89 (s, CH2, 2H), 2.47 (s, CH3, 3H). Oxidant Solvent (h) (%I 

Hydrazone 5 P ~ ( O A C ) ~ "  
A mixture of 11.5 g (53 mmol) of the ketal hydrazine obtained DDQ 

above, 8.1 g (53 mmol) of phenylglyoxal monohydrate, and 0.05 mL NBS 
of acetic acid in 120 mL of ethanol was stirred at room temperature. NCS 
After 20 rnin, a solid had precipitated and the solution was stirred 10% p d / c  
for an additional period of 3 h; it was then stored in the refrigerator 

Acetic acidb 2 
Benzene 15 
CC14 3.5  
CH2C12 7 
m-Xylene 24 

overnight. The soiid was collected and the filtrate was concentrated to Q R ~ ~ ~ ~ ~ , ~ ~ ~  27, 
give additional product. The two crops were combined and recrystal- bVolume of glacial acetic acid was 3.8 mL. 
lized from ethanol to give 11.4 g (65%) of the hydrazone as white 'Although the yield was not recorded, it is not negligible. 
crystals, mp 108-109°C; ' H  nmr 6 :  7.53 (m, 10H, ArH), 6.95 
(s, lH,  CH=N), 3.94 (m, 4H, C H ~ C H Z ) ,  3.89 (s, 2H, CH2), 3.11 Plzotolysis of3-benzoyl-4-phenyl-1 -methyl-2-pyrazoline 
(s, 3H, CH3). Anal. calcd. for C19H20N203: C 70.35, H 6.22, N 8.64; A solution of the 2-pyrazoline (1.0 g, 3.8 mmol), AIBN (0.3 1 g ,  
found: C 70.44, H 6.31, N 8.69. 1.9 m m ~ l ) , ~  and cumene (280 mL), under a nitrogen atmosphere, was 

3-Benzoyl-4-phenyl-1 -merhylpyrazole (2 c)  
A solution of 3.24 g (10 mmol) of phenylglyoxal hydrazone 5 in 

75 mL of 75% H2SO4 was stirred for 2 weeks at room temperature. 
It was then diluted with 100 mL of water, neutralized with solid 
NaHC03, and extracted with ether. The ethereal layer was dried over 
anhydrous MgS04 and ether was evaporated. The resulting yellow 
solid was recrystallized from ethanol to give 1.48 g (56%) of 2c  
as white crystals, mp 92.5-93.5"C. Anal. calcd. for CI7Hl4N20:  
C 77.84, H 5.38, N 10.68; found: C 77.70, H 5.40, N 10.67. 

3-Benzoyl-1 -methyl-4-phenyl-2-pyrazoline 
To 0.27 g (11 mmol) of d r ~  sodium hydride was added dropwise 

8 mL of dry DMSO at 18-20°C and the mixture was stirred at ambient 
temperature for 20 min. The mixture was then cooled to 18'C and a 
solution of 3-benzoyl-4-phenyl-2-pyrazoline (12) (1.6 g. 6.4 mmol) in 
14 mL dry DMSO was added dropwise at 18-20°C; the color changed 
from yellow to green. The green reaction mixture was stirred at ambient 
temperature for 20 min and cooled to 18'C. Then a solution of 1.6 g 
(1 1 mmol) of methyl iodide in 2 mL of dry DMSO was added dropwise 
to the reaction mixture at 18-20°C; the color changed from green to 
yellow and the mixture was stirred at ambient temperature for 1 h ,  after 
which it was poured into 100 mL of ice water and extracted with 30 mL 
of ether. The ethereal layer was washed with water, dried over MgS04, 
and the solvent was evaporated in vacuo to yield 1.34 g (79%) crude 
product, mp 131-137°C; ir (KBr): 1615 (C=O) cm-';  ' H  nmr 6: 
3.05 (s, 3 ~ ,  CH3), 3.50 (t, 2H, CH,), 4.55 (q, lH ,  CH), 7.50 
(m, 10H, ArH). 

3-Benzoyl-4-phenyl-I-methylpyrazole (2c)  by sulfur dehydrogenation 
of 3-benzoyl-4-phenyl-I-methyl-2-pyrazoline 

A mixture of 1.1 g (4.2 mmol) of 3-benzoyl-4-phenyl- I-methyl-2- 
pyrazoline and 0.14 g (4.4 mmol) of sulfur was gently heated with 
a flame; the two solids melted and heating was continued until gas 
evolution subsided. Ether was added and the ethereal solution was 
washed with water, 10% NaOH, water, and dilute HC1. After a final 
wash with water, the solution was dried over MgS04 and concentrated 
to yield 0.45 g (41%) of a yellow solid, mp 92-93"C, identical in all 
respects with authentic 2c (vide supra), mp 92.5-93.5"C. 

Other oxidations of 3-benzoyl-4-phenyl-I-methyl-2-pxrazoline. General 
procedure 

A stirred solution of the 2-pyrazoline (0.2 g, 1.0 mmol) and an 
equimolar amount of the oxidizing agent in the appropriate solvent 
(25 mL) were heated to reflux. Upon cooling, the precipitate (if any) 
was removcd by filtration. Evaporation of the filtrate left a residue 
(which solidified in some cases) whose ir and nmr spectra indicated 
3-benzoyl-4-phenyl-1-methylpyrazole (2c) to be the product of the 
oxidation. The product was induced to crystallize by trituration with 

irradiated'overnight by a Hanovia high pressur~mercury immersion 
lamp (Pyrex filter). The cumene was removed by distillation under 
reduced pressure. The nmr spectrum of the residue showed the 
presence of the starting pyrazoline as well as of 2c  (spiking with an 
authentic sample). 

syn-N-Nitrososarcosine 
To a stirred solution of sarcosine (35.6 g ,  0.40 mol), 67 mL of 

concentrated hydrochloric acid, and 100 mL of water at O°C was added 
dropwise a solution of sodium nitrite (55.2 g, 0.80 mol) in water 
(200 mL) over a period of 40 min. The solution warmed gradually 
to ambient temperature. The aqueous solution was then extracted 
continuously with ether (ca. 300 mL) for 48 h and the ethereal extract 
was dried (MgS04). Evaporation of the ether in I'acuo below 35°C 
afforded 44 g (93%) of yellow viscous liquid ( 'H  nmr 6:  3.20, 3.90 
(3H, s, NCH3), 4.40, 5.10 (2H, s, NCH,), 5.70 ( l H ,  s, OH)). To this 
viscous liquid was added ether (ca. 10 mL) and the solution was stored 
in a freezer overnight, whereupon the s jn  isomer crystallized. The 
colorless solid was collected by filtration and washed several times 
with small portions of ether - petroleum ether (1 : 1). The syn-N- 
nitrososarcosine should be stored in a freezer until use. The filtrate 
was concentrated carefully (because of the instability of nitroso acid) 
and the procedure above repeated twice, converting nearly all of the 
mixture to syn-N-nitrososarcosine: ir (neat): 1725 (C=O) cm-l;  
' ~ n m r 6 :  3.85 (3H, s,  NCH3),4.30(2H, s ,  NCH,), 10.1 ( lH .  s ,  OH). 

3-Methylsydnone 
A solution of acetic anhydride (70 mL) and .vn-N-nitrososarcosine 

(20.0 g, 0.169 mol) was heated to reflux for 5 rnin: color changes from 
colorless to green and eventually yellow were observed during this 
period. The reaction mixture was cooled and acetic acid and the excess 
acetic anhydride were removed by distillation (aspirator). The remain- 
ing orange liquid was distilled twice under reduced pressure (lit. (20) 
bp 125-128°C) to afford 9.28 g (56%) of pure 3-methylsydnone as 
a deliquescent solid. which was stored in a refrigerator; ir (neat): 
1735 (sh 1775) (C=O) cmpl; ' H  nmr6 :4 .15  (3H, s,NCH,), 6.60 
( lH ,  s, CH). 

Reaction of 3-methyls~dnone with benzoylphenylace~lene 
A stirred solution of 3-methylsydnone (1.10 g, 11.0 mrnol) and 

benzoylphenylacetylene (21) (2.06 g, 10.0 mmol) in o-dichloro- 
benzene (50 mL) was heated to reflux for 6 days under an atmosphere 
of nitrogen. The solvent was removed by distillation under reduced 
pressure. The dark viscous residue was chromatographed on silica gel 
(70-230 mesh) and eluted with benzene-chloroform (5 :2): evapora- 
tion of the solvents afforded a mixture whose nnlr spectrum (by spiking 
with authentic samples of 2 a  and 2c) showed that 3-benzoyl-4-phenyl- 

4a,cr '-Azobisisobutryonitrile. 
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added dropwise a solution of 12-butyllithium in hexanes (31.4 mL, 
50.2 mmol); the temperature was maintained between -30 and -35°C 
throughout the addition; during the addition, dry THF (20 mL) was 
added to prevent the mixture from freezing. After the addition, the 
mixture was allowed to warm to O°C for a short while, and eventually to 
room temperature. Stirring at room temperature continued for 1.5 h. 
The resulting yellow suspension was then cooled back to -30 to 
-35°C and dry carbon dioxide was bubbled through the solution while 
the temperature was allowed to increase to 2S°C. This process took a 
total of 2 h; stirring was continued overnight. The yellow solid that had 
formed was collected and it was immediately dissolved in 50 mL of 
water and acidified with concentrated hydrochloric acid, causing a 
precipitation of a cream colored solid, which was collected and washed 
with small portions of cold water. The carboxylic acid (3.6 g, 71%) 
was allowed to air-dry, mp 214-21S0C, identical in all respects to 
the previous sample (vide supra); ir (KBr) 1700 cm-'; 'H nmr 
(DMSO-d6) 6: (3H, s, NCH3), 7.30 (6H, br s ,  ArH, CH), 7.80 
(lH, br s, OH). 

4-Benzoyl-5-phenyl-l -methylpyrazole (2 f ) 
A solution of 5-phenyl-1-methyl-4-pyrazolecarboxylic acid (2.00 g, 

10.0 mmol) in thionyl chloride (18 mL) was heated to reflux for 24 h. 
After removal of excess thionyl chloride by distillation (aspirator), 
benzene was added and the solution was evaporated: this procedure 
was repeated to insure the complete removal of any residual thionyl 
chloride. The resulting dark residue was dissolved in dry benzene 
(20 mL), treated with aluminum chloride (2.70 g,  20 mmol), and 
heated gently for 36 h. The reaction mixture was washed successively 
with a saturated aqueous solution of sodium bicarbonate (3 X 25 mL) 
and water (2 X 25 mL). The organic phase was dried (Na2S04) 
and concentrated to afford a brown oil, 2.59 g (999) .  The oil was 
chromatographed on silica gel (70-230 mesh) eluted with benzene 
(and gradually changed to chloroform) to yield an orange oil (2.25 g). 
All attempts to induce crystallization of the oil, including Kugelrohr 
distillation (bp 175-180°C), failed and only a viscous yellow oil was 
obtained. Anal. calcd. for Cl7HI4N20: C 77.84, H 5.38, N 10.68; 
found: C 77.93, H 5.54, N 10.58. 
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A proton spin-lattice relaxation pathway analysis of conformational preferences 
of aryl and en01 ethers in some cinchona and morphine alkaloids 
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WALTER J .  CHAZIN and LAWRENCE D. COLEBROOK. Can. J .  Chem. 64. 2220 (1986). 
The spin-lattice relaxation rates of protons adjacent to hydroxyl and methoxy groups in aryl and en01 ethers are dependent on 

the orientation of the alkyl group. This property has been employed to identify preferred conformations of these groups in some 
cinchona and morphine group alkaloids. 

WALTER J .  CHAZIN et LAWRENCE D. COLEBROOK. Can. J .  Chem. 64, 2220 (1986). 
On a observ6 que les taux de relaxation spin-rCseau des protons adjacents des proupements hydroxyles et mCthoxyles des 

Cthers aryliques et Cnoliques dCpendent de l'orientation des groupements alkyles. On a utilisC cette propriCtC pour identifier les 
conformations privilCgi6es de ces groupements dans quelques alcaloi'des des familles de la cinchona ainsi que de la morphine. 

[Traduit par la revue] 

Introduction 
Conformational preferences of en01 ethers, in particular, 

aromatic methoxy groups, have been a subject of interest to 
organic chemists for many years. These preferences have been 
observed by a number of experimental techniques, and investi- 
gated by a range of computational methods (1, 2). In general, 
it has been found that in alkyl en01 ethers there is a decided 
preference for the s-cis conformation, where the alkyl group is 
coplanar and syn to the bond of higher order (1, 3). Recently, 
corresponding preferences in aromatic ethers have also been 
discussed (1, 2, 4, 5 ) .  

Nuclear magnetic resonance (nrnr) has proven to be a very 
powerful technique for determination of the conformational 
bias of enols (6) and en01 ethers (3-5, 7). Using a method 
that is closely related to techniques utilizing 'H{'H) nuclear 
Overhauser effects (nOe) (8), as reported by Sanders and 
co-workers (9) and Kruse et al. ( 3 ,  the spin-lattice relaxation of 
vinylic, allylic, and ring protons of en01 and aromatic ethers in 
some cinchona and morphine alkaloids2 has been examined to 
gain insight into specific conformational preferences of the ether 
function. 

For organic molecules of molecular weight less than about 
1000, proton spin-lattice relaxation in a dilute solution of a 
nonviscous solvent is usually dominated by intramolecular 
dipolar interactions between protons. The rate equation for 
dipolar relaxation of a proton, j ,  is given by: 

where K is a product of constants, r,;  is the distance between 

by fitting to experimentally observed nonselective relaxation 
rates (10, 11). The interproton distances required for calcu- 
lations are obtained from a structural model (e.g. ,  crystal 
structure coordinates from diffraction data, molecular mecha- 
nics calculations, or Dreiding molecular models). 

This approach can be understood by considering a simple 
example, 2-methylanisole, I. The conformational bias of the 
methoxy group in this, and related derivatives, is well character- 
ized (1-5, 7); due to steric hindrance in 6-trans conformations, 
A,  6-cis conformations, B,  are greatly favored. An examination 
of spin-lattice relaxation of the adjacent proton at C-6 was 
made, relative to the other ring protons. First, calculations of R 
values were carried out for the molecule with various methoxy 
group conformations. If only 6-trans conformations were 
populated, the ' H  R 1  value of H-6 would be expected to be 
about 50% lower than the R l  value for all other ring protons, 
because H - 3 ,  H-4, and H-5  all have two nearby neighbours 
giving significant relaxation contributions, whereas H-6 has 
only one. On the other hand, if only 6-cis conformations were 
populated, H-6 would have a significantly larger R value than 
other ring protons due to the efficieqt relaxation pathway from 
the methoxyl protons, about 2.5 A away in a standard (2) 
conformation. 

proton j and proton i ,  and T,, is the rotational correlation time The experimentally observed 'PI R value of H-6 is -50% 
for the r~ interproton vector' term in eq. [ 'I represents the higher than those ofthe other ring protons, reflecting the strong 
relative magnitude of the dipoiar interaction between j and i, preference for B.  and is referred to as a specific relaxation pathway. Direct 
nuclear Overhauser effects are proportionai to the relative Results and discussion 
weight of each relaxation pathway to the overall sum. The conformational bias of ether functions in the cinchona 

The strong inverse sixth power dependence on interproton alkaloids quinine, 2, and quinidine, 3, and in the morphine 
distance implies that R values and nOe enhancements can be 
useful for the determination of details of local structure. The alkaloids morphine, 6 ,  codeine, 7, diacetylmorphine (heroin), 

method used in these studies involves detailed analysis of ' H  
8, and thebaine, 9, have been determined using this l H  R 1  
method. The pertinent experimental ' H  R 1  values for quinine, 

spin-lattice relaxation pathways based on calculation, followed 2, and quinidine, 3, are given in Table 1, and for the morphine 
'Author to whom correspondence may be addressed. alkaloids morphine, 6, Eodeine, 7, thebaine. 9, and diacetyl- 
'A comprehensive discussion of the 'H  R , values of these and other morphine (heroin), 8, in Table 2. Since the calculations of R  

alkaloids has been presented elsewhere (10). values play a key role in the method demonstrated here. a brief 
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TABLE 1. Normalized experimental R values for cinchona alkaloidsa 

Rl ( s - ' )  

H 2 3 4  5 

5 ' 0.52 (2.56) 0.52 (2.77) 0.48 (2.39) 0.49 (2.62) R 
7 ' 0.09 (0.60) 0.09 (0.62) 0.17 (0.96) 0.16 (0.96) 2 R = 0CH3 3 R = 0CH3 
8 ' 0.10 (0.64) 0.08 (0.59) 0.09 (0.61) 0.09 (0.60) 4 R = H  5 R = H  

"All measurements obtained from 0 .1  M solutions of HC1 salts in DMSO-d, CH3 CH3 
at 20°C. The observed R ,  values (s- ') .  given in parentheses, were corrected 
for the contribution from dissolved oxygen, and normalized to H-5ex. Estimated 
precision and accuracy are 2 5 %  and 5 10%. respectively. 

TABLE 2. Normalized experimental R values of morphine alkaloidsa 

H Morphine. 6 Codeine, 7 Heroin, 8 Thebaine, 9 

"All values obtained from 0.1 M DMSO-d6 solutions of HC1 salts, except 
for codeine as the phosphate salt, at 20°C. The observed R ,  values (s- ' ) .  
given in parentheses. were corrected for the contribution from dissolved 
oxygen. and normalized to H-1. Estimated precision and accuracy are ?5% 
and i lo%, respectively. 

description of the analysis of cinchona alkaloids 2 and 3 is given 
below. 

The methoxy group in the cinchona alkaloids is located at 
C-6', thus we shall examine in detail the 'H R values of H-5' 
and H-7 ', to demonstrate that they indicate conformational 
preferences. Initially, interproton distances were obtained by 
generating proton coordinates using standard geometries from 
published X-ray crystal structures of cinchonine (12) and 
quinidine (13). These calculations served as a guide to under- 
standing the relative importance of various relaxation pathways, 
but contained a number of unrealistic interproton distances, due 
to the inaccuracies inherent in generating I3 atom coordinates. 
Past experiences suggested that a more reliable set of inter- 
proton distances for protons within rigid substructures (in this 
case, the quinoline and quinuclidine rings) could be obtained 
from molecular models, so a second set of calculations was 
carried out using standard distances measured on Dreiding 
models. 

A third set of calculations used a slightly different compara- 
tive approach, wherein it was assumed that 4 and 5 are good 
models for analyzing relaxation in 2 and 3. Relaxation pathways 
involving protons within the quinoline ring were calculated 
using interproton distances from Dreiding models for all 
appropriate model substructures, while pathways from outside 
the ring were determined from comparisons of calculated and 
experimental data for 2 and 3 with 4 and 5, respectively. The 
"internal" and "external" calculated results for 2 and 3 were 
then normalized, combined, and compared to the experimental 
data, to determine the presence or absence of conformational 
bias. 

We now examine the spin-lattice relaxation of specific 
protons in detail. H-7', rather isolated from the rest of the 
molecule, is relaxed primarily by protons at the 6 '  and 8 '  

positions (98%, calculated) in 4 and 5, with a much smaller 
contribution from the proton at 5' (2%, calculated). R values 
for H-7' in 2 and 3 are expected to be substantially different 
from those in 4 and 5 if the methoxy group at 6 '  in 2 and 3 has a 
large preference for either the 5'-cis or 7'-cis conformation. 
In the 7'-cis orientation, the relaxation pathway from the 
methoxy group to H-7' will be very efficient, so, if only these 
conformations are populated, the H-7' R values should be 
higher (up to a maximum of 55%, calculated) than the 
corresponding values in 4 and 5. Alternatively, if the 5'-cis 
orientation is greatly preferred, the H-7' R ,  values should be 
lower (by as much as 45%, calculated) than those in 4 and 5. 
The lower H-7' R I values for 2 and 3 (Table 1) indicate a bias of 
the methoxy group towards H-5'. 

This conclusion can also be drawn from a comparison of the 
H-7' R 1  values with those of H-8'. Calculations show that 
H-8' is relaxed almost exclusively (>90%) by interaction with 
H-7' in all four compounds, hence its R value is relatively 
insensitive to modifications at C-6'. In 4 and 5,  H-8' has a 
substantially lower R 1  value than H-7' because H-7' has two 
near neighbours (6' and 8 ' ) ,  but H-8' has only one (H-7'), yet in 
2 and 3, the R 1  values of H-7' and H-8' are nearly equivalent. 
This indicates that the major relaxation pathway to H-7' from 
the 6 '  proton(s) has been lost, and, in turn, implies that the 
5'-cis methoxy conformation is preferred. 

Whereas analysis of the relaxation of H-7' and H-8' is 
relatively straightforward because these protons are relaxed via 
dipolar interactions with protons within the rigid quinoline ring, 
analysis of H-5' relaxation is complicated by the presence of 
several efficient relaxation pathways to protons outside the 
ring that may have additional degrees of motional freedom 
(e.g. H-8, H-9). These "external" relaxation pathways are 
evident upon inspection of model structures, and are the reason 
for the substantially greater magnitude of the R l  values for 
H-5' (relative to the other quinoline ring protons) in all four 
compounds. 

In 4 and 5 ,  the C-6' proton contribution to H-5' relaxation is 
-20% (calculated using crystal structure coordinates). Almost 
all of the other contributions are from protons outside the 
quinoline ring. If the methoxy group at C-6' in 2 and 3 populates 
only those conformations with 5'-cis orientation, a greater 
contribution from C-6' protons is expected. Using a model 
with a standardized methoxyl group conformation (2) (see 
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Experimental for further details), an increase in the H-5' R , by 
as much as 21%, was calculated for 2 and 3, relative to 4 and 5. 
If the methoxy group populates only 5'-trans orientations, then 
the calculations predict a decrease of as much as 17% in the 
H-5' R The larger R values observed for H-5' in 2 and 3, 
relative to the 6'-H analogues (4 and 5, respectively), are 
consistent with the H-7' data in indicating a preference for the 
5'-cis conformation. 

As a check on the results obtained by our method, the 
combined R 1  and nOe method (5, 9) was used to determine 
the presence or absence of a specific methoxy conformational 
preference. This involves the determination of the OCH, 
conformational bias by comparing the nOe observed at adjacent 
protons (in this case, H-5' and H-7') upon presaturation of the 
CH3 protons. We emphasize that a thorough relaxation pathway 
analysis is a prerequisite for proper interpretation of the nOe 
data. The ratio of the H-5' to the H-7' nOe enhancements upon 
presaturation of the 6'-0CH3 was calculated to be <0.03 for 
7'-cis only, 3.5 for 5'-cis only, and approximately 0.44 for a I :  1 
equilibrium of 5'-cis: 7'-cis. The observed ratios of 3 for both 2 
and 3 confirmed that a significant preference for the 5'-cis 
orientation is present in these molecules. It is of interest to note 
that this particular confonnation is observed in the X-ray crystal 
structure (13). 

Working in a similar manner, the conformational bias of the 
3-OH in morphine, 6, the 3-OCH3 in codeine, 7, and thebaine, 
9, and the 3-acetoxyl group in diacetylmorphine (heroin), 8,  
have been determined. We make note here of the observation of 
two species in solution for several morphine alkaloids, as has 
been reported by others (14). Data are reported only for the 
major isomer, that which is observed in X-ray crystallographic 
studies (15-17). Since a detailed analysis has already been 
given for 2 and 3, only a summary of results for 6-9 will be 
presented. 

To determine 3-OH and 3-OCH3 conformational bias in these 
morphine alkaloids, the relaxation pathways for H-2 were 
analyzed in detail, by comparing experimental and calculated 
R values. These comparisons were made relative to the values 
of H-1, for which previous calculations (X-ray crystal coordi- 
nates) had shown that the ' H  R value would be insensitive to 
the C-3 substituent. In morphine, calculations indicated that if 
only the conformation with planar 2-cis OH orientation were 
populated, then the 'H R 1  value of H-2 would be 20% higher 
than that for H-1. If only the conformation with the planar 
2-trans OH orientation were populated, then the ' H  R value of 
H-2 would be 50% lower than that for H-1. The close similarity 
in the experimentally observed 'H R 1  values for H-1 and H-2 
indicated a small preference for the 2-cis orientation. 

In 7 and 9, a methoxyl group is substituted at the C-3 position. 
Calculations indicated that for populations of conformations 
with standard (2) 2-cis orientations, the H-2 R values should be 
higher (to a maximum of 26%) than those for H-1, whereas for 
2-trans orientations, the H-2 R values should be lower (by as 
much as 52%). The observed R ,  values of H-2 (Table 2) for 7 
and 9 both indicate a preference for the 2-cis conformation. 

The same basic approach was used for detection of conforma- 
tional bias of the 3-acetoxy group in heroin, 8.  The substantially 
slower relaxation of H-2 relative to H-l  (H-2:H-1 ratio of 0.57) 
indicated that the C-3 substituent relaxation pathway is greatly 
reduced, relative to 6. This was also readily apparent from the 
normalized R 1  value of H-2 in 8,  >$ lower than the other 
morphine alkaloids. 

Since an appreciable amount of motional freedom about the 

R = H, CH3, acetyl 

single bonds of the acetoxy group can be expected in solution, a 
detailed conformational analysis was not possible. The relaxa- 
tion data do indicate that there is little or no population of 
conformations where the methyl group comes into close dipolar 
contact with the H-2 proton. In the solid state (17), the 
3-(0-acetyl) group of 8 adopts a 2-cis orientation, but with the 
carbonyl oxygen in plane and facing H-2, and the methyl group 
turned away. Such a conformation is compatible with the 'H R 
data. 

The conformational preference of the 6-OCH, group in 
thebaine, 9, has also been determined. In morphine, 6, 
calculations of H-5 relaxation, using X-ray coordinates, predict 
that the total contribution from H-6 and 6-OH is approximately 
50%. A similar percentage contribution is predicted for relaxa- 
tion of H-7. In 9, the C-6 proton contributions to H-5 and H-7 
relaxation are replaced by relaxation pathways to 6-OCH, . On 
comparing the normalized experimental R values of H-5 and 
H-7 in 9 to those in 6 (Table 2), a very substantial decrease in 
H-5 (-50%) and a significant increase in H-7 (-50%) are 
observed. These data can be interpreted in the following 
manner: in 9,  H-5 has lost nearly all contributions from the C-6 
proton of the substituent, whereas H-7 has acquired a more 
efficient relaxation pathway from the C-6 protons. A 7-cis 
conformational bias for the 6-0CH3 group is, therefore, clearly 
indicated. 

A preference for the s-cis conformation has been observed 
in several en01 ethers; the conformational preference observed 
in 9 is consistent with the previous observations that alkyl en01 
ethers prefer a conformation where the alkyl group is coplanar 
and syn to the double bond (3). 

Conclusions 
A method for determining conformational bias of aryl and 

en01 ethers, in a qualitative manner, has been demonstrated. It 
has the advantages of being simple and efficient, because all ' H  
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R ,  values can be  obtained from a single set of nonselective 
inversion-recovery experiments, measured under standard ' H 
nmr conditions. A second important aspect, which adds to the 
appeal of this 'H R I  method, is the a priori focus on the 
analysis of the complete set of relaxation pathways. This global 
approach is required for unambiguous qualitative or quantitative 
interpretation of all relaxation data. The method described here 
is generally applicable for studies of conformational preferences 
of en01 ethers, and is complementary to previously reported 
methods. 

Experimental 
All spectra were measured at 400 MHz at ambient temperature 

(about 20°C) using a Bruker WH-400 spectrometer at the Montreal 
Regional High Field NMR Laboratory. Spectra (eight transients) were 
acquired into 32K (standard spectra and R ,  measurements) or 16K 
(nOed spectra) data blocks over a spectral range of 3900 Hz. Solutions 
were 0.1 M in deuterated solvent, and were not degassed, since highly 
accurate experimental R I values were not required. All relaxation data 
were, however, corrected for contributions from dissolved oxygen. 

The basis for the method of oxygen correction is that the contribution 
from dissolved oxygen to proton relaxation is nonspecific, i.e. the 
contribution is equivalent for all of the protons in a molecule. This 
has been demonstrated for molecules similar in size and type to the 
alkaloids used in this study (18), and for other classes of compounds 
(19, 20). 

The correction relies on a previous determination of the "degassed" 
R value of TMS in the specific solvent, over the temperature range of 
interest. R ,  (degassed) of TMS in 99.8% CDC13 over the range 
291-295 K was found to be 0.075 It: 0.005 s-' (0.075 * 0.002 s-I at 
293 K ) .  The correction for the oxygen contribution was determined by 
subtracting the known R ,  for a degassed solution from the R I  value 
measured for TMS in the solution that was not degassed. A direct 
comparison of results obtained by this method and from degassed 
solutions is given in refs. 19 and 20. In general, it was found that this 
method was adequate for qualitative analysis of relaxation parameters, 
of the type carried out in these studies. We note that this method is very 
useful for R measurements of small molecules where relaxation times 
are long and, therefore, the total time for acquisition of a degassed R , 
data set is rather considerable (6-8 h) (20). 

The 'H R ,  values were measured by the standard inversion- 
recovery technique (21). The 180" pulse length was checked at the 
beginning of each experiment. R data were obtained using the null 
point method (18). The absolute accuracy of R ,  measurements is 
typically A 10% but, within a single experiment, the relative R I values 
can be determined to a precision of better than 2 5 % .  The nOe 
enhancements were measured by the difference technique (22), as 
described elsewhere (1 1). 

Interproton distances for calculations of relaxation pathways were 
obtained from crystal structure coordinates of cinchonine (12), 
quinidine (131, morphine (l5), codeine ( l6), and heroin (1 7), and from 
Dreiding molecular models. For calculating the relaxation contribu- 
tions from methoxyl groups to adjacent ring protons, it was necessary 
to examine results from a number of models for methoxy conformation 
and dynamics. The best fit to the experimental data was obtained with a 
model in which the dihedral angle (C-0-C) is set to -30°C and the 
rotation of the methyl group is described by a three-site jump model 
(23) between the three equivalent conformations, with the methyl 
protons staggered with respect to the adjacent ring proton. 

Samples used in this study were obtained from the following 
suppliers: Baker, quinine: BDH, codeine; F. E. Cornell, heroin, 
morphine; Fisher, cinchonine: Sigma, cinchonidine, quinidine; T. and 
H. Smith, thebaine, and were dried before use. 
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GEORGE KAPSOMENOS and PERICLES AKRIVOS. Can. J .  Chem. 64. 2225 (1986) 
A group of five-membered heterocyclic thioketo-compounds is studied by using results derived from the semi-empirical INDO 

method. The interest of these compounds from a theoretical point of view is the simultaneous presence of both sulfur and nitrogen 
in active positions so that a diversity of bonding schemes with metal ions could be encountered. The prediction of these 
coordination aspects are here explained quite satisfactorily by means of the computed HOMO eigenvalues of the ligands and by 
application of the energy-based HSAB criterion. This criterion is applied in cases where the coordination is not strongly pH 
dependent and the appropriate ligand form is considered. The straightforward derivation of the conclusions allows predictions 
of the bonding subtleties to be made in cases where experimental data are lacking or insufficient for clear conclusions. 

GEORGE KAPSOMENOS et PERICLES AKRIVOS. Can. J .  Chem. 64. 2225 (1986). 
On Ctudie toute une sCrie de composCs heterocycliques pentatomiques contenant un groupe latkral thionique par la mkthode 

semi-empirique de calcul INDO. L'interCt de ces composCs du point de vue thCorique consiste 2 la prCsence simultanCe d'atomes 
de soufre et d'azote en positions actives, ce qui entraine la possibilitk de diffkrents modes de coordination. Cet effet est expliqui 
ici d'une fason satisfaisante au moyen de valeurs propres HOMO des ligands et par l'application du critere CnergCtique HSAB. 
Ce critere peut Ctre appliquC dans le cas ou la coordination n'est pas fortement dCpendante du pH et quand le ligand approprii est 
considCrC. La dkrivation directe des conclusions donne le moyen par lequel on peut faire des prkdictions pour la preference 
de positions d'attaque dans le cas oh les donnCes experimentales sont absentes ou insuffisantes pour soutenir des conclusions 
solides. 

Introduction 
Heterocyclic keto and thioketo compounds have attracted 

much interest in the past and have been the subject of 
numerous investigations covering practically every area of 
applied spectroscopy. Such compounds possess active sites 
closely resembling those of uracil, lumazine, and the flavins, 
this similarity challenging experimentalists to investigate their 
spectroscopic and redox properties in detail (1). These studies 
have been mainly based on the perspective of studying 
reactions of biological interest on small model compounds. 
Five-membered heterocyclic thiones form a subseries of the 
above-mentioned series of compounds. The combination of a 
thioketo group and an heteroatom, mainly N,  0 ,  or S ,  in the 
a-position results in considerable coordination ability. Thus, 
pentatomic heterocyclic thione coordination chemistry has been 
extensively studied and the main investigations of this field have 
appeared recently in an interesting review article (2). 

In the present study we investigate the degree of electron 
delocalization from the thioketo group toward the a-heteroatoms 
in pentatomic thiones in which one a-atom is nitrogen and the 
other is nitrogen, oxygen, or sulfur. The effect of the hetero- 
atom occupying the 1-position and the influence of the C-C 
bond in the ring have been investigated. Both saturated 
and unsaturated systems have been considered, the series of 
compounds studied being completed by the benzo-analogues. 
The three classes under study are presented in Fig. 1. 

Computational details 
In the solid state the thione form of the compounds studied 

is the dominant one as has been experimentally verified. 
However, the tendency of n- and total electron population to 
diffuse toward the a-heteroatoms should be evident even if we 
base our considerations on the uncoordinated ligand geometry. 
Thus we use as sources of geometry data the references 
presenting X-ray results for a number of the studied compounds 
(3-6). The phenyl rings in the benzo-derivatives, while slightly 
distorted, were assumed to be strictly planar, while the C-C 

FIG. 1. The five-membered ring numbering and the three types of 
thione ligands considered within each class, possessing a single (a), 
double (b) ,  or aromatic ( c )  C4-C5 bond. X stands for NH (class l ) ,  
S (class 2), or 0 (class 3). 

bond distances in the pentatomic ring were modified when 
necessary in order to account for a single, double, or aromatic 
bond according to the molecule considered. We did not attempt 
to alter simultaneously the C=S bond length. In the case of 
saturated carbon atoms, a strict tetrahedral environment was 
assumed around them, the C-H bond distance set equal to 
1.05 A. In each case the pentatomic ring is placed in the xy plane 
while the C=S bond is along the x axis. The calculations were 
carried out by the semi-empirical INDO approximation (7), 
using the GEOMO program (8) with the appropriate corrections 
already proposed (9). A similar series of calculations have also 
been performed using the CND0/2 option of the program. 
These results did not deviate significantly from the INDO ones 
as far as the MO's symmetry, ordering and atomic participation 
is considered. though changes up to 10% resulted in the 
corresponding energy eigenvalues. Thus the results presented 
and discussed herein emerged from INDO type calculations. 

Discussion 
Experimentation of varying degree has been carried out on 

the ligands considered, the most general conclusion drawn 
being the proposed bonding scheme toward metal centres and 
its verification by spectroscopic and in a few cases by X-ray 
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diffraction results. We therefore focus our interest on the 
determination of the site bonding effects that are important in 
the formation of the coordination compounds. The energy and 
constitution of a set of frontier molecular orbitals and a few 
reactivity indices derived from the Fock-Dirac density matrix 
are used to describe the donor-acceptor properties of the ligands 
considered. A common computational feature of the three 
classes of heterocyclic thiones examined must be noted here, 
since in all our calculations 3 d  functions for sulfur atoms are 
present in the basis set. This allows the importance of electron 
promotion from sulfur 3s and 3p orbitals toward 3d orbitals to 
be probed. The phenomenon is most clearly shown in the case of 
heterocyclic sulfur containing ligands (class 2), on the sulfur 
heteroatom. In this case the d-functions "are forced" to take 
part in the linear combination of atomic functions that produce 
the best-fit hybrid orbitals which overlap with the neighbouring 
atomic centres hybrids. 

Since no geometry optimization has been carried out in those 
cases where structural data were not available, one does not 
hope to detect any significant change on going from the 
saturated through the unsaturated to the aromatic analogue in 
each class of thiones. Minor changes on level ordering and 
detectable energy differences do of course occur, and these are 
discussed presently for each group of compounds. One point 
of attention is that the conclusions drawn can not, without 
consideration, be valid in the case where the ligands form 
coordination compounds in strongly acidic or alkaline media or 
in the presence of strong reducing or oxidizing agents. It is 
obvious that since the protonated or deprotonated forms of the 
a-imidothiones have not been dealt with we are only discussing 
those cases where the complexes have been formed in neutral 
pH or non-polar solvents. 

Within the above-mentioned limitations, both S- and N- or 
even simultaneous S- and N-donation have been detected 
toward metal ion coordination spheres. Our purpose is to deal 
with these bonding schemes by means of an HSAB (Hard and 
Soft Acids and Bases) treatment ( lo),  considering the relative 
"softness" of the thione molecules as expressed by their frontier 
moiecular orbital energies. Though it is not easy to draw a 
borderline between hard and soft metal ions, especially when 
other ligands occupying different sites in the coordination 
sphere perturb the initial "hard" or "soft" metal ion character, 
it is apparent that the lower the HOMO energy of the thione 
ligand, the more easily hard metals will react toward the 
a-nitrogen atom. In a similar way, as the ligand HOMO energy 
increases more metals will prefer to predominantly attack 
the sulfur site. According to the existing literature (2), no 
N-coordination has yet been reported for the soft metals of the 
third transition series, while S-donation has been established 
by X-ray data for the hard cations belonging to the first row. 
Intermediate bonding involving both S- and N-sites simulta- 
neously is expected for the second transition series, the former 
playing the dominant role. 

Class 1. Nitrogen-containing thiones 
These belong to the most widely studied class of those 

discussed. Complexes with the most usual coordination num- 
bers (4 and 6) have been reported (2) with practically every 
transition metal. 

The HOMO eigenvalues of the three members of the series 
range from -0.3 16 1 au for imidazoline-2-thione to -0.3477 au 
for imidazolidine-2-thione (au = Hartree). These values are 
high enough so as to classify the three ligands as soft donors. 
So far only sporadic cases are reported where N-donation 

FIG. 2. The protonated ( a ) ,  deprotonated (b) ,  and neutral ( c )  forms 
of the thiones, occurring in acidic, alkaline, and neutral solutions 
respectively. 

accompanies the well-established sulfur coordination and this 
only for l a ,  which possesses the lowest HOMO eigenvalue. 
Crystal structure determinations and X-ray PES data confirm the 
above statement (1 1, 12). For the other two members there 
exists practically no evidence for N-participation in the metal 
coordination sphere. Besides the HOMO constitution presented 
in Table 1,  which implies that S-donation is favoured. the 
virtual orbitals available for n-back bonding practically rule out 
every other possible coordination scheme as they are local to the 
C=S bond. The LUMO is not the appropriate MO for back 
donation as it is mainly localized on the carbon double bond 
or the aromatic ring when present, while for imidazolidine- 
2-thione it is distributed all over the five-rnembered ring. We 
have therefore to look further up (see Table 1) toward the next 
LUMOs for the appropriate MOs to take part in the n-back 
donation from the metal. 

Class 2.  Nitrogen- and sulfur-containing thiones 
The degree of the exocyclic sulfur atom participation in the 

HOMOS of this group is significant though not as important as 
that occurring in class 1 members. Considerable contribution 
from the heterocyclic sulfur atom is present in both frontier MOs 
but this is partly due to the incorporation of d-orbitals in the 
basis set, that has been already discussed. 

The computed HOMO eigenvalues range from -0.3373 au 
to -0.3634 au, the lower one corresponding to the saturated 
member (2a) in analogy to the observation in class 1. The 
relative low HOMO eigenvalues imply that these compounds 
approach or even cross the borderline between soft and hard 
thiones and they are therefore expected to express a slight 
preference for N-participation in the coordination scheme they 
adopt. Naturally for thiazolidine-2-thione numerous cases are 
mentioned where coordination occurs mainly through nitrogen, 
though initial sulfur "attack" has been proposed in many cases. 
Sulfur donation has been confirmed in the crystal structure 
of PdC12(1,3-thiazolidine-2-thione)2 (13), in accordance with 
the HSAB rule and our proposition is that, though certainly 
"harder" than the other members of this class, the saturated one 
must not be classified as "definitely" hard. 

A few examples of coordination through nitrogen for 2b and 
2c that are softer than the above-mentioned saturated ligand, 
should not be regarded as exceptions to the HSAB rule but 
have to be understood as the result of hydrogen migration from 
the nitrogen atom to the thione sulfur. Such a transfer has 
been assumed to take place either prior to or even after the 
initial coordination (14). Computational work has already been 
performed on analogous systems, namely the cyclic form of 
the CHS2N3 acid where the thiol-structure has been found 
to be more stable than its thione tautomer (15), but only by 
2.4 kcal/mol, implying that both forms co-exist in solution. 

Thiazoline-2-thione closely resembles its class 1 analogue 
since it is found to act as a sulfur-donating ligand in most of the 
few complexes reported. On the basis of our results we must 
express some scepticism about the proposition (16) that nitrogen 
coordination occurs in a complex with the formula CdC12(1 ,3- 
thiazoline-2-thi~ne)~. We tend to believe that in this case a 
four-membered ring is more likely to be formed involving 
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KAPSOMENOS AND AKRIVOS 

TABLE 1. Energy and ccnstitution of the H O M O  and N L U M O  orbitals of the compounds studied* 

Value 

Pa l b  1 c 

Parameter H O M O  N N L U M O  H O M O  N L U M O  H O M O  N N L U M O  

dnergy -0.3477 0.1347 -0.3161 0.1365 -0.3273 0.1404 
S% 85.89 31.34 80.11 24.67 79.38 33.16 
'2% 1.71 17.11 0.16 35.73 0.79 15.76 
N %  5.04 20.44 6.73 13.02 6.23 16.49 
X% 4.98 2.23 5.59 14.50 5.83 6.15 

Value 

2a 2b 2 c 

Parameter H O M O  L U M O  H O M O  L U M O  H O M O  L U M O  

Energy -0.3634 0.0309 -0.3415 0.0236 -0.3373 0.0343 
S% 70.36 33.19 55.40 32.90 54.71 34.51 
'2% 3.41 28.26 0.90 28.42 1.42 28.68 
N% 10.00 12.15 10.10 8.58 10.89 9.02 
X% 14.43 24.11 23.61 25.70 21.30 31.44 

Value 

3 a 3b 3c 

Parameter H O M O  N L U M O  H O M O  N L U M O  H O M O  N L U M O  

Energy -0.3688 0.1387 -0.3543 0.1331 -0.3572 0.1378 
S % 75.77 71.51 64.47 69.94 64.20 72.19 
'2% 0.02 16.67 0.91 17.21 1.79 16.91 
N %  5.24 2.75 13.93 2.47 14.02 2.90 
X% 5.63 3.98 8.43 2.53 7.41 2.09 

"Energy values in au; X stands for the heteroatom at the 1-position. 

TABLE 2. Net atomic charges and the calculated values of the H O M O  superdelocalizability and local anisotropy indices* 

Value 

Parameter l a  l b  l c  2a 2b 2 c 3 a 3b 3 c 
- p~ 

Q s -0.521 -0.571 -0.546 -0.365 -0.361 -0.367 -0.427 -0.436 -0.431 
Qc 0.366 0.318 0.350 0.222 0.191 0.204 0.387 0.362 0.374 
Q N -0.221 -0.153 -0.199 -0.066 -0.063 -0.104 -0.195 -0.115 -0.164 
Q x -0.099 -0.064 -0.107 -0.104 -0.065 -0.127 -0.249 -0.177 -0.225 

S~~~~~ ( s )  -2.4703 -2.5343 -2.4253 -1.9362 -1.6223 -1.6217 -2.0545 -1.8196 -1.7973 
§HOMO ( N )  -0.1450 -0.2129 -0.1904 -0.2752 -0.2958 -0.3232 -0.1420 -0.3932 -0.3919 
ASHOMO -2.3253 -2.3214 -2.2349 -1.6610 -1.3265 -1.2985 -1.9125 -1.4264 -1.4054 

L s 1.317 1.336 1.240 1.183 1.172 1.170 1.219 1.222 1.216 
LN 0.318 0.220 0.282 0.201 0.141 0.159 0.214 0.142 0.164 
Lx 0.228 0.140 0.190 1.256 1.142 1.128 0.502 0.430 0.438 

*The quantity ASHoMo represents the difference of the two individual SHoMo values tabulated for each compound. The compounds are numbered 
according to the notation used in Fig. 1 and X stands for the heteroato~n at the 1-position. 

simultaneous sulfur and nitrogen coordination, but the available the thiol-form. The experimentally confirmed observation that 
experimental data are not sufficient for a further discussion. even in neutral media nitrogen coordination occurs (17) must 

As for benzothiazoline-2-thione, the corresponding anion has therefore be understood on the basis of the above arguments. 
received much more attention than the neutral ligand. The pK, 
value ofthe compound and the less pronounced contribution of Class 3. Nitrogen- and oxygen-containing thiones 
thione sulfur to the frontier MOs with respect to the other The degree of thione sulfur participation in the HOMOS of 
members of the class, leads us to suggest that hydrogen this class is intermediate between the previous two groups 
migration to the thione sulfur is facilitated, giving rise to (Table 2). The saturated compound is again predicted to be the 
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hardest of the class, while every specific member is harder than 
its class 1 and 2 analogues. 

As for 3c, with a pK, value of 6.58 it is easily converted to the 
corresponding anion and acts therefore as a nitrogen donor even 
in neutral media. Thus no firm conclusion can be drawn on its 
bonding ability as a neutral ligand. However, on the basis of its 
HOMO eigenvalue one could assume that N-coordination will 
predominantly occur when the ligand is present in complexes in 
its neutral form. 

Oxazolidine-2-thione is predicted to be the hardest of all the 
studied ligands, and is for this reason, expected to coordinate 
via the imido-nitrogen. Unfortunatelv the conclusions drawn - 
from the few studies of its coordination compounds are not so 
firm as to establish either sulfur or nitrogen or intermediate 
mode of bonding (18). " ,  , 

Lack of experimental data on oxazoline-2-thione allows 
us to make predictions only and hope to see them tested by 
experimentalists. On the grounds of the INDO calculations 
performed and on the arguments presented at the beginning of 
the discussion, we may assume that this ligand will act in a way 
quite similar to its benzo-analogue. It is thus expected to be 
readily converted to its anionic form in solution, giving rise to 
a through-nitrogen bonding scheme. Even as a neutral ligand, 
hydrogen migration must be favourable enough to lead to the 
tautomer form which would provide both nitrogen and sulfur 
sites for metal chelation. Our prediction therefore is that 
regarding first row transition elements, both sulfur- and 
nitrogen-donating must be expected, while sulfur coordination 
must be the dominant bonding scheme with soft metals such as 
Pd, Pt, Au, Hg etc. 

Reactivity indices 
Several sets of indices derived from the density matrix have 

been proposed in the literature (19-21) to act as reactivity 
representatives when using semi-empirical methods of calcula- 
tion, such as 

occ N ,  

j 2  / number of AOs on A SE(A) = 2 C  C - 
j = l  ,,,=I E j  

Here the symbols have their usual meaning, p. ,v sunning over 
all AOs and i ,  j over all occupied (for SE) or virtual MOs (for 
SN). Though such static indices are not universally accepted, 
we tried during this study to use their values for predictive 
purposes in comparison with directly derived quantities (HOMO 
eigenvalues and atomic participation). One of them, the 
superdelocalizability index is probably the most interesting one 
proposed so far since it succeeds in relating site occupancy with 
energy. From this, cancelling the summation over all occupied 
MOs, a certain M 0  superdelocalizability can be defined. Our 
goal is to obtain in this way a quantity related to the electron 
donor-acceptor properties of similar sites in different mole- 
cules. The HOMO resident fraction of the original SE (21) 
which we indicate as SHoMo (A) is computed for both irnido- 

nitrogen and exocyclic sulfur atoms and presented in Table 2. 
The difference of the two values also listed in the table is 
quite interesting as it succeeds in relating the sulfur-preferred 
bonding ability of the three groups of thiones to the electron- 
withdrawing ability of the heteroatom (N, 0 ,  S) at the 1-position 
of the ring. The more electron withdrawing the heteroatom is, 
the more nitrogen coordination is gaining importance relative to 
the existing sulfur donation. 

Of the other indices known, B4A has been found to vary as 
the total charge on each atom and is therefore not listed in our 
table. 

The local anisotropy L A ,  which represents the deviation from 
an ideal spherical distribution of the electrons around each 
centre, is also computed and presented in the table. The values 
of this index indicate that the heterocyclic sulfur atom in the 
members of class 2 competes strongly with the thione sulfur in 
coordinating the metal. We believe therefore, that. in such a 
case, this index is misleading so that it has to be eventually 
replaced by a more appropriate one, like the free valence (22) or 
the net electron population of each atom. 
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COMMUNICATIONS 

Light-promoted catalysis of nickel hydride complexes 
in the isomerization and hydrogenation of cis, cis-1,s-cyclooctadiene: mechanistic studies 

YUAN L. CHOW' AND HUALI LI* 
Department of Chemistry, Simon Fraser Uni\'ersity, Burnaby, B. C.,  Canada V5A IS6 
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YUAN L. CHOW and HUALI LI. Can. J .  Chem. 64, 2229 (1986). 
Xanthone-sensitized photoreduction of N i ( a ~ a c ) ~  in benzene under hydrogen, in the presence of cis,cis-1 .S-cyclooctadiene 

(1,s-COD), causes isomerization and hydrogenation of the diene according to the consecutive transformation 1,s-COD + 
1,4-COD + 1,3-COD + cyclooctene + cyclooctane. Evidence was provided that ( i )  a nickel hydride complex was generated, 
(ii) the sensitized excitation of this complex caused addition to the double bond, (iii) subsequent elimination caused 
isomerization, and (iv) triplet excited xanthone sensitized the transformations. 

YUAN L. CHOW et HUALI LI. Can. J .  Chem. 64, 2229 (1986). 
La photoreduction du N i ( a ~ a c ) ~ ,  sensibilisee par la xanthone du Ni(acac): et effectuee dans le benzkne, sous un atmosphkre 

d'hydrogkne et en presence de cyclooctadiene-1-cis,5-cis (COD-l,S), conduit a une isomkrisation et une hydroghation du 
dikne impliquant la serie de transformations suivantes : COD-1,s + COD-1,4 + COD-1,3 -+ cyclooctkne + cyclooctane. 
On a obtenu des indications a l'effet que ( i )  il y a gCnCration d'un complexe d'hydrure de nickel; (ii) l'excitation sensibilisee 
de ce complexe est la cause de l'addition a la double liaison; (iii) l'elimination subsiquente est la cause de l'isom6risation et 
(iv) la xanthone excitee au niveau triplet sensibilise les transformations. 

[Traduit par la revue] 

Nickel hydride complexes are good homogeneous catalysts h v ,  xanthone 
(1-5) for isomerization (6-8), oligomerization (9- 1 l) ,  and N i ( a c a ~ ) ~  + HZ - Ni(acac)L, + acacH 

C6H6 
hydrogenation (12, 13) of olefins under moderate pressures 
and temperatures. The mechanism of isomerization and hydro- Hz 
genation by these and other (14- 17) transition metal complexes ---;. H-Ni complexes L = 1,s-COD, THF 

has been generally interpreted in terms of reversible addi- 
tion of a metal hydride to coordinated olefins. Examples of N i - H  
light-promoted hydrogenation of olefins catalysed by other 
metal complexes are known (2, 4, 5). We wish to report ( i )  
the generation of the transient Ni(1) complex by aromatic ke- 
tone sensitized photoreduction of bis(acetylacetonato)nickel(II), 
Ni(acac),, using hydrogen as a H-atom donor, (ii) the inter- 
action of hydrogen with the transient complex to form a nickel 
hydride complex in the dark, and ( i i i )  in situ utilization of the 
Ni-H complex in light-promoted catalytic isomerization and 
hydrogenation of &,cis-1,5-cyclooctadiene (1,5-COD). The 
whole reaction is carried out at room temperature and atmos- 
pheric pressure in one operation. While this system is not \=/ 
necessarily the most efficient reaction it is an ideal one for SCHEME 1 
mechanistic studies. The details of the pathway are summarized 
in Scheme 1, where Ni-H represents a hydride complex of an 
unhown structure. The pertinent evidence in support of the It is now shown that the same photoreduction occurs in benzene 

mechanistic proposal is discussed below. (or THF) under hydrogen which acts as a H-atom donor 

Xanthone-sensitized photoreduction of N i ( a ~ a c ) ~  has been (Scheme '1. In THF, in the presence of 1,5-C0D under 

demonstrated to generate coordinatively unsaturated Ni(acac) nitrogen, the esr signal (6, 18) of Ni(acac)L, (g-value 2.183, 

and acetylacetonyl radicals (1 8). The latter is trapped by H-atom AH,, 25 6 )  was generated in a brief irradiation and decayed in 

donors (e.g. , methanol used as solvent) to give acetylacetone,' the dark with double exponential decays of a fast second order 
reaction, k 2  = (1.07 i 0.15) X lop2 unit-' s-': followed by 
a slow first order reaction, kl = (1.32 * 0.09) X lo-* sp ' .  

'Author to whom correspondence may be addressed. Similar esr signals generated under hydrogen also decayed 
'On leave from Shanghai Institute of Organic  chemist^, with double exponential decays, but the slow pseudo-first order 

People's Republic of China. rate constant (kl)  decreased as hydrogen concentrations were 
'Appropriate solution placed in a Quartz tube was saturated with reduced ( ~ i ~ ,  1): the fast second order rate constants, k2  = 

hydrogen or nitrogen and sealed The tube was irradiated in the cavity O ,  13) s- 1, were very similar to of a Varian E-4 spectrometer with >314 nm light. The conditions of 
esr spectroscopy and irradiation are described (19). At intervals the obtained under nitrogen. The kinetic pattern in Fig. 1 shows that 
light passage was blocked and the decay was followed at the peak of the the Ni(I) complex, assumed to be Ni(acac)(THF)x, does react 
Ni(I) signal (18). As the net irradiation time accumulated, hydrogen with hydrogen. The yellow photolysate under these conditions 
was consumed to give lower concentration. exhibited a singlet in the ' H nmr spectrum at - 15.7 ppm, 
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FIG. 1. Decay profiles of the Ni(1) complex, under hydrogen (a-e) 
and nitrogen (f),  generated by photolysis of a sealed tube containing 
Ni(acac), (1 X M), xanthone (1.3 X lo-* M), and 1,s-COD 
(6 X M) in THF. Curves a-e were decays in the presence of 
hydrogen recorded after the net irradiation time of 10, 10, 10, 20, and 
300 s; curve f was an example of decays under nitrogen (see ref. 19 for 
experimental conditions). 

which was assigned to Ni-H (1 1) of the unknown complex4 
tentatively represented as a Ni-H complex which is sensitive 
to the air and has not been isolated. 

Xanthone-sensitized photoreduction of N i ( a ~ a c ) ~  under H2 
purging in benzene and in the presence of 1,5-COD caused 
isomerization of the diene to 1,4-COD and 1,3-COD, and 
hydrogenation to cyclooctene (COE) and cyclooctane (COA). 
These transformations are presumably catalyzed by nickel 
hydride complex. Since the composition of the products ceases 
to change in the dark (Fig. 2),5 light energy is required for 
photoexcitation of xanthone which, in turn, induces the trans- 
formations (vide infra). Addition of xanthone to the olefins 
also occurs slowly to give the corresponding oxetanes as an 

4 ~ h e  structures of q 1,~2-cyclooctenyl(~-diketonato)nickel(II) com- 
plexes are well established and, together with H-Ni(acac), have 
been suggested as the intermediates in olefin oligomerization (9- 11). 
We are not able to establish these species as intermediates in the 
present experiments. 

5 ~ n  a typical experiment, a benzene solution (50 mL) containing 
Ni(ACAC), (5 X lop3 M), xanthone (1 X lo-,), and 1,s-COD 
(1 x lo-' M) was irradiated through a Pyrex filter under a slow stream 
of hydrogen (1 bubble per second) with a Hanovia Medium Pressure 
mercury lamp (200 W). At intervals a sample of the photolysate was 
worked up and the organic products were analyzed by gc. When a 
Pyrex filter was replced by a GWV filter (cut off <380 nm) the 
variation of product yields also ceased. 

Time, h 

FIG. 2. The variation of C-8 hydrocarbon yields in irradiation at 
room temperature of a benzene solution containing N i ( a ~ a c ) ~  (5.6 x 

M), xanthone (8.3 X M), and 1,s-COD (4.4 X M) 
through a Pyrex filter under hydrogen purging; irradiation was 
interrupted in the 1.5-3 h period. 

undesirable side reaction. The details of the photoprocesses 
remain to be investigated further. 

The profiles of the product variations (Fig. 2) obviously 
indicate the sequential formation of 1,5-COD + 1,4-COD --+ 
COE + COA, on the basis of the consecutive appearance of the 
products as photolysis proceeds. That 1,3-COD was a part of the 
reaction sequence was demonstrated by subjecting 1,4-COD to 
similar reactions conditions to generate 1,3-COD in 3.1 % in 
15 min and < 1% yields thereafter. The rapid hydrogenation of 
1,3-COD + COE was also demonstrated by the addition of a 
small amount of 1,3-COD (2 mM) to a pre-photolyzed mixture 
of 1,5-COD, whereby, on continued irradiation, 1,3-COD 
quickly diminished to insignificant percentages and COE 
increased equally rapidly. Both observations indicate that the 
interaction of 1,3-COD with the Ni-H complex and the sub- 
sequent hydrogenation were much faster than other comparable 
processes. However, 1,3-COD added in a large concentration 
(- 10 mM) efficiently quenched triplet excited xanthone by 
energy transfer and was isomerized to cis, trans- 1.3-COD (22); 
the changes in the yields of other products also stopped 
concurrently. This observation shows that triplet excited xan- 
thone sensitizes the nickel-hydride complex causing addition to 
the double bonds of the olefins (vide supra). 

Light-promoted transformations of 1,5-COD under D2 gave 
partially deuterated products as determined by gc-ms: 1,5- 
COD-do, 100%; 1 ,4-COD-do, 43.5%; - d l ,  56.5%; COE-do, 
<2%; - d l ,  10%; - d 2 ,  45%; - d 3 ,  28%; - d 4 ,  14%; d 5 ,  
< I % ;  COA-d2, <2%; -d3, 23%; - d 4 ,  45%; - d 5 ,  30%; 
- d 6 ,  0%. The high deuterium incorporation in the products 
further along in the reaction sequence suggests that the 
isomerization pathway is addition-elimination. The recovery of 
undeuterated 1,5-COD indicates that either the elimination step 
is regiospecific to give 1,4-COD, or, addition of Ni-H to 
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1,5-COD and the subsequent reverse elimination to give 8. H. TAKAYA, T. SUZUKI, Y. KUMAGAI, M. YAMAKAWA, and R. 
1 $COD are both stereospecific. In the reaction, acetylacetone- NOYORI. J. Org. Chem. 46, 2846 (1981). 

d l  (100% purity) was also identified, thereby unambiguously 9. B. BOGDANOVIC, M. KRONER, and G. WILKE. Liebigs Ann. 699, 
1 (1966). 

showing that is the H-atom donor to the a c e t ~ l -  10, W, KEIM, B, HOFFMAN~,  R,  LODEWICK, M, PEUCKERT, G, 
acetonyl radical. SCHMITT. J. FLEISCHHAUER. and U. IVIEIER. J. Mol. Catal. 6. 79 

Acknowledgement 
The authors thank the Natural Sciences and Engineering 

Research Council of Canada for generous financial support of 
this project. 

1. G. W. PARSHALL. Homogeneous catalysis. Wiley-Interscience, 
New York. 1980. Chapt. 3. 

2. B. R. JAMES. (a) Adv. Organomet. Chem. 19, 319 (1979); (b) 
Compr. Organomet. Chem. 8, 285 (1982). 

3. P. W. JOLLY and G.  WILKE. The organic chemistry of nickel. 
Vol. 11. Academic Press, New York. 1975. Chapt. 1. 

4. R. G. SOLOMON. Tetrahedron, 39, 575 (1983). 
5. L. MAGGI, A. JURIS, D. SANDRINI, and M. F. MANFRIN. Rev. 

Chem. Interm. 4, 171 (1981). 
6. M. J .  D'ANIELLO, JR. and E. K. BARFIELD. J. Am. Chem. Soc. 

100, 1474 (1978). 
7. H. KANI, K. KUSHI, K. SAKANOUE, and N.  KISHIMOTO. Bull. 

Chem. Soc. Jpn. 53, 2711 (1980). 

(1979). 
11. W. KEIM, A. BEHR, and G. KRAUS. J. Organomet. Chem. 251, 

377 (1983). 
12. H. ITATANI, and J. C.  BAILAR, JR. Ind. Eng. Chem. Prod. Res. 

Develop. 11, 146 (1972). 
13. L. W. GOSSER and G.  W. PARSHALL. Tetrahedron Lett. 2555 

(1971). 
14. F. PINNA, G.  STRUKUL, R. PASSERINI, and A. ZINGALES. J .  Mol. 

Catal. 24, 79 (1984). 
15. M.  GARGANO, P. GIANNOCCARO, and M. Ross~ .  J .  Organometal. 

Chem. 84, 389 (1975). 
16. J. TSUJI and H. SUZUKI. Chem. Lett. 1083 (1977). 
17. M. AIROLDI, G. DEGANELLO, G.  DIA, and G.  GUENNARO. Inorg. 

Chim. Acta, 68, 179 (1983). 
18. Y. L. CHOW and G.  E. BUONO-CORE. J. Chem. Soc. Chem. 

Cornmun. 592 (1985). 
19. Y. L. CHOW and G.  E. BUONO-CORE. J. Am. Chem. Soc. 108, 

1234 (1986). 
20. R. S. H. LIU. J. Am. Chem. Soc. 89, 112 (1986). 

A highly convergent and enantiospecific synthesis of acyclic subunits of ionomycin 
from a single chiral progenitor 
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STEPHEN HANESSIAN and P. J .  MURRAY. Can. J. Chem. 64, 2231 (1986). 
The C2-CI0 and Cll-C22 subunits of ionomycin were synthesized from a chiron derived from L-glutamic acid or 

D-ribonolactone, A strategy is presented in which C-methyl-and hydroxyl groups are introduced on appropriate carbon 
frameworks in a completely predictable fashion based on the replicating lactone method, thus chemically matching any 
substitution pattern arising from the propionate biosynthetic pathway. 

STEPHEN HANESSIAN et P. J. MURRAY. Can. J. Chem. 64, 2231 (1986). 
Les sous-unites C2-CI0 et Cll-C22 de l'ionomycine ont CtC synthetisees a partir d'un chiron qui provient de l'acide 

L-glutamique ou de la D-ribonolactone. Une strategic est prCsentCe dans laquelle des groupements C-methyle et hydroxyle sont 
introduits sur des chaines carbonees avec un Clement de prkvision totale, donnant ainsi un contr6le stCreochimique sur la voie 
propionate. 

The calcium selective ionophore antibiotic ionomycin (1) 
represents a rather novel structural type among this class of 
ion-binding natural products (for recent reviews see ref. 2). 
The acyclic C1-C22 polyfunctional carbon chain, consisting of 
several alternating arrangements of C-methyl groups, presents 
a formidable challenge in design and stereocontrolled methods 
of assembly. Several innovative approaches that generate 1,3- 
relationships of C-methyl groups have been recently reported 

segments can be related to the inherent asymmetry of hidden 
chirons (6a) .  ' 

We demonstrate such an analysis in Scheme 1,  and we  further 
highlight how practically the entire acyclic subunit can be 
derived from a single chiral progenitor. In this paper, we  report 
on the total synthesis of optically pure C2-Cl0 and Cil-C2, 
subunits of ionomycin from a chiral butenolide that is readily 
available from D-ribonolactone (7,8) or L-glutamic acid (9, lo ) .  

in connection with svnthetic efforts directed at ionomvcln (3). 
' The ClI-C16 subunit The asymmetric synihesis of the Cl-Clo and C 1  l - ~ l ~ ' s u b u n i t s  

of ionomycin based on  chiral enolate technology was recently Conjugate addition of lithio tris(trimethy1thio) methane to the 

reported by Evans and Dew (4). while the svnthesis of the butenolide (7-9)2 gave a sing1e adduct, mp I4O- 

bis-furanoih segment had been disclosed earlie; ( 5 ) .  
Although a symmetrical G-methyl substitution pattern is l~~~ another example of the use of the term "hidden symmetry" 

evident in the C I - ~ , ,  acyclic segment of iOnomycin, careful see ref, 6b,  as quoted in section 5 . 3 . 2  under "Stereochemical 
scrutiny reveals antithetic relationships in which the seemingly considerations." 
different left Cl,-C2,, middle C1  ]-CI6, and right-hand C,-Clo  or a preferred synthesis, see ref. 8 as modified in this laboratory. 
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1,5-COD and the subsequent reverse elimination to give 8. H. TAKAYA, T. SUZUKI, Y. KUMAGAI, M. YAMAKAWA, and R. 
1 $COD are both stereospecific. In the reaction, acetylacetone- NOYORI. J. Org. Chem. 46, 2846 (1981). 

d l  (100% purity) was also identified, thereby unambiguously 9. B. BOGDANOVIC, M. KRONER, and G. WILKE. Liebigs Ann. 699, 
1 (1966). 

showing that is the H-atom donor to the a c e t ~ l -  10, W, KEIM, B, HOFFMAN~,  R,  LODEWICK, M, PEUCKERT, G, 
acetonyl radical. SCHMITT. J. FLEISCHHAUER. and U. IVIEIER. J. Mol. Catal. 6. 79 
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A highly convergent and enantiospecific synthesis of acyclic subunits of ionomycin 
from a single chiral progenitor 
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STEPHEN HANESSIAN and P. J .  MURRAY. Can. J. Chem. 64, 2231 (1986). 
The C2-CI0 and Cll-C22 subunits of ionomycin were synthesized from a chiron derived from L-glutamic acid or 

D-ribonolactone, A strategy is presented in which C-methyl-and hydroxyl groups are introduced on appropriate carbon 
frameworks in a completely predictable fashion based on the replicating lactone method, thus chemically matching any 
substitution pattern arising from the propionate biosynthetic pathway. 

STEPHEN HANESSIAN et P. J. MURRAY. Can. J. Chem. 64, 2231 (1986). 
Les sous-unites C2-CI0 et Cll-C22 de l'ionomycine ont CtC synthetisees a partir d'un chiron qui provient de l'acide 

L-glutamique ou de la D-ribonolactone. Une strategic est prCsentCe dans laquelle des groupements C-methyle et hydroxyle sont 
introduits sur des chaines carbonees avec un Clement de prkvision totale, donnant ainsi un contr6le stCreochimique sur la voie 
propionate. 

The calcium selective ionophore antibiotic ionomycin (1) 
represents a rather novel structural type among this class of 
ion-binding natural products (for recent reviews see ref. 2). 
The acyclic C1-C22 polyfunctional carbon chain, consisting of 
several alternating arrangements of C-methyl groups, presents 
a formidable challenge in design and stereocontrolled methods 
of assembly. Several innovative approaches that generate 1,3- 
relationships of C-methyl groups have been recently reported 

segments can be related to the inherent asymmetry of hidden 
chirons (6a) .  ' 

We demonstrate such an analysis in Scheme 1,  and we  further 
highlight how practically the entire acyclic subunit can be 
derived from a single chiral progenitor. In this paper, we  report 
on the total synthesis of optically pure C2-Cl0 and Cil-C2, 
subunits of ionomycin from a chiral butenolide that is readily 
available from D-ribonolactone (7,8) or L-glutamic acid (9, lo ) .  

in connection with svnthetic efforts directed at ionomvcln (3). 
' The ClI-C16 subunit The asymmetric synihesis of the Cl-Clo and C 1  l - ~ l ~ ' s u b u n i t s  

of ionomycin based on  chiral enolate technology was recently Conjugate addition of lithio tris(trimethy1thio) methane to the 

reported by Evans and Dew (4). while the svnthesis of the butenolide (7-9)2 gave a sing1e adduct, mp I4O- 

bis-furanoih segment had been disclosed earlie; ( 5 ) .  
Although a symmetrical G-methyl substitution pattern is l~~~ another example of the use of the term "hidden symmetry" 

evident in the C I - ~ , ,  acyclic segment of iOnomycin, careful see ref, 6b,  as quoted in section 5 . 3 . 2  under "Stereochemical 
scrutiny reveals antithetic relationships in which the seemingly considerations." 
different left Cl,-C2,, middle C1  ]-CI6, and right-hand C,-Clo  or a preferred synthesis, see ref. 8 as modified in this laboratory. 
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U 3rd TEMPLATE 

2nd TEMPLATE 1st TEMPLATE L-GLUTAMIC ACID 

142"C, [a], 20.5" (c 1. Hydroxylation of the corresponding 
enolate with the Vedejs reagent (10, 11) afforded only the 
hydroxy lactone 2 ,  [alD 8. 1" (c  1.3), by virtue of the bulk of 
the vicinal substituent. Desulfurization led to the C-methyl 
derivative 3 ,  [a], 12.5 (c  2.2), which was reduced and 
protected as the acetonide derivative, 4, [a], , -0.3" (c  3.3). 
This polyol was then subjected to a two-carbon homologation 
and lactone replication process (10, 12) to give 6. Oxidative 
elimination led to the crystalline butenolide '7, mp 78-7Y°C, 
[a], 91.3" (c  6.3). Conjugate addition of lithium dimethyl- 
cuprate proceeded with anticipated stereocontrol to give the 
lactone 8, [a], -32" (c  2.1). The template effect of the original 
and replicated butanolide had thus been fully exploited, and the 
required complement of functional groups was introduced with 
complete regio- and stereocontrol. 

Reduction of 8, followed by selective silylation, gave 9,  
[a], 5.5" (c 1.9), which was deoxygenated to 10, [a], 21.6" 
(c 2.1). Further manipulation and cleavage of the vicinal diol 
unit gave 11, [a], 1.9" (c  1.8), which was finally transformed 
into the sulfone derivative 12, [a], 6.7" (c  3.7). Compound 10 
serves as a precursor not only to the C l  1-C16 subunit, but it is 
utilized as a starting material for the C2-Clo subunit as well, 
since C5-Clo is functionally and configurationally identical to 
Cll-cl6. 

The C2-Clo subunit 
The seven-carbon chiron 18 was homologated via the epoxide 

13, to give the replicated butenolide 14 (Scheme 3). With the 
side chain properly oriented vis-a-vis the enone system, it was 
possible to effect conjugate addition of lithium dimethyl cuprate 
with complete stereocontrol giving lactone 15. [a], - 8.4" 
(c 0.5). Reduction and deoxygenation at the secondary hydroxyl 

30ptical rotations were measured in chloroform at room temperature. 

position gave the selectively protected trisubstituted diol 17, 
which corresponds to the C2-CI0 subunit of the intended target 
after adjustment of the oxidation state at C9. 

The CII-C22 subunit 
The common intermediate 8 (Scheme l) ,  in which all the 

required substituents for the C17-C22 segment are in place, 
was hydroxylated to give 9 as an epimeric mixture of lactones 
(Scheme 4). A one-carbon excision was now possible, via 
cleavage of the diol19. Selective protection and oxidation then 
provides the aldehyde 20. 

With the required optically pure chirons 12 and 20 in hand, 
we next addressed their coupling. Thus, reaction of the anion 
resulting from the sulfone 12 with aldehyde 20, followed by 
acetylation and reductive elimination (13), gave 21 as a 9: 1 
mixture of E / Z  olefins. There now remained the problem of 
adjusting the configuration at the carbon atom that corresponds 
to CZ1 in ihe target. This was accomplished by an inversion via 
epoxide formation to give the advanced C l  l-C22 intermediate 
22, [a], -9.4" (c 0.51). 

The five-carbon framework of the original L-glutamic acid or 
D-ribonolactone can be found hidden in the C4-C8, C10-C14, 
and C18-C22 segments of ionomycin. Furthermore, the single 
asymmetric center present in L-glutamic acid (Scheme 1, black 
dot) dictates the stereochemical events that led to the elaboration 
of all other asymmetric centers in the acyclic subunits of 
i ~ n o m ~ c i n . ~  

"fficient and expeditious access to advanced intermediates needed 
for the synthesis of the three fragments is now possible, based on our 
lactone enolate and replication methodology (ref. lo)? The overall 
yields are high, and the number of steps can be effectively halved 
compared to the conjugate addition-replication technology. 
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COMMUNICATIONS 

A. i. (MeS)&Li, THF, -7g°C, 86%; ii. MoOPH, THF, -7s0C, 85%; 13. Raney nickel. THF, 65%; C .  i. NaBH,. THF, 
H20: ii. acetone, dimethoxypropane, H'; iii. Bu4N'F-, THF, 62% (3 steps): D. i .  2,4,6-triisopropylbenzenesulfonyl 
chloride, pyridine, O°C, 92%; ii. NaOMe, MeOH, 85%; E. i. dilithio phenylthioacetate, THF, 0-25°C: ii. EDAC.HC1. 
DMAP, CH2C12, 77% (2 steps); F. i. m-CPBA, CH2C12, -23°C; ii. toluene, CaC03,  reflux, 89% (2 steps); 6. MezCuLi, 
Et20. -23"C, 91%; H.  LiAIH,, EtzO, 90% : tert-butyldiphenylsilyl chloride, pyridine, DMAP, CH2C12, 96% ; I. i. 
MsC1, Et3N, CH2C12; ii. LiAlH4, Et20,  75% (2 steps); J .  i. AcOH, H 2 0 ,  quant.: ii. NaIO,, aqueous MeOH, then 
NaBH4; iii. benzyl bromide, KH, DMF, THF, 61% (4 steps); K.  i. H A .  MeOH, quant.; ii. MsC1, Et,N, CH2C12: iii. 
lithium thiophenoxide, THF, 0°C: i v .  m-CPBA, CH2C12, 73% (4 steps). 

17 
R = SiPh,t-Bu d =  CPh, 

A. i. AcOH, H20;  ii. 2,4,6-triisopropylbenzenesulfonyl chloride, pyridine: iii. NaOMe, MeOH, 70% (3 steps): B. i. 
dilithio phenylthioacetate, THF, 0-25"C, RT; ii. EDAC.HC1. DMAP, CH2C12: iii. H 2 0 2 ,  CH2C12, O0C; i v .  toluene, 
CaCO,, reflux, 69% (4 steps); C .  MezCuLi, Et20,  -23"C, 90%; D. LiAlH,, EtzO, 88%; E. i. tritylpyridinium 
tetrafluoroborate, CH3CN; ii. MsC1, Et3N, CH2C12; iii. LiAlH4, Et20,  51% (3 steps). 
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Me Me Me Me 

OBn 
2 

0 OBn 

A. LiHMDS, THF, -7S°C, then MoOPH, 77%; B. i. NaBH,. THF, H20: ii. NaIO,, MeOH. H20,  then NaBH,, 53% 
(3 steps); C. i. tert-butyldiphenylsilyl chloride, pyridine, DMAP, CH2CI2; ii. benzyl bromide, KH. DMF, THF; iii. 
Bu4N+F-, THF, 76% (3 steps); iv. PCC, CH2C12. 86%; D. i. 12 plus n-BuLi, THF, -78°C: add 20, -7S°C, 7 8 8 ;  
ii. AczO, pyridine, DMAP; iii. Na/Hg, MeOH, THF. 7 6 9  (2 steps): E. i. H-, MeOH: ii. tert-butyldiphenylsilyl 
chloride, pyridine, DMAP, CH2C12, 95%: iii. MsC1, Et3N, CH2C12; iv. Bu4N-F-, THF, 70% (2 steps). 

Our strategy for the regio- and stereocontrolled sequential 
functionalization of butenolide-type templates (9, 12, 14), 
coupled with the possibility of reiterating the process through 
replication (lo, 12), offers a powerful and predictable tool for 
the total synthesis of a variety of other natural products. In 
effect, any stereochemical combination generated by nature 
via its obiquitous propionate biosynthetic pathway can now 
be directly addressed and chemically reproduced using the 
methodology described herein and variants thereof.' 
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A high temperature, pressure study of the comparative rates of enolization and oxidation 
of acetone in aqueous solution 

JOHN W. THOMAS' AND JAY E. T A Y L O R ~  
Department ofchemistry,  Kent State University, Kerzt, OH 44242, U.S.A. 

Received June 11, 1986 

JOHN W. THOMAS and JAY E. TAYLOR. Can. J .  Chem. 64, 2235 (1986). 
The rate of enolization and acetone has been determined as 6 .6  X s '  at 193.5OC under nitrogen at 136 atm total pressure 

via isotopic exchange. The rate of oxidation was determined to be 8.8 x s-' at 193.S°C in 123 atm partial pressure of 
oxygen (136 atm total pressure). In a previous study it was shown that the rates of oxidation of several ketones correlated with the 
extents of enolization at room temperature. This prompted the suggestion that the enol is an intermediate in the oxidation. Since 
the rate of enolization exceeded the rate of oxidation by a factor of 75, this suggestion is further supported. A dependence of the 
rate of oxidation of acetone on oxygen concentration was also demonstrated. 

JOHN W. THOMAS et JAY E. TAYLOR. Can. J. Chem. 64, 2235 (1986). 
OpCrant a 193,5"C et sous une pression totale de 136 atm d'azote et se basant sur 1'Cchange isotopique, on a determink que la 

vitesse d'Cnolisation de I'acCtone est Cgale h 6,6 X 1 0 - % ~ ' .  A 193,S°C et sous une pression partielle d'oxygkne de 123 atm 
(pression totale de 136 atm), on a dCterminC que la vitesse d'oxydation est Cgale a 8 ,8  X s-I. Dans une Ctude antCrieure, 
il a CtC dCmontrC qu'il existe une corrklation entre les vitesse d'oxydation et les taux d'tnolisation de plusieurs cCtones. Cette 
observation suggkre que l'knol est un intermkdiare dans l'oxydation. Puisque la vitesse d'oxydation de I'acCtone est 75 fois plus 
grande que la vitesse d'oxydation, on peut en dCduire que cette hypothkse est supportbe. On a aussi demontre qu'il existe une 
corrklation entre la vitesse d'oxydation de I'acCtone et la concentration d'oxygkne. 

[Traduit par la revue] 

Introduction 
In an introductory study of the aqueous reactions of oxygen 

with a variety of organic compounds pressurized at high 
temperatures, it was suggested that the en01 may be an 
intermediate in the oxidation of simple ketones (1). This 
conclusion was based on the observed correlation between the 
rates of oxidation of several ketones and their projected extents 
of enolization. 

The purpose of this paper is to determine the validity of this 
hypothesis for acetone by determining the relative rates of 
oxidation and enolization at an elevated temperature. Thus, if 
the rate of oxidation exceeds the rate of enolization, the above 
proposal is obviously invalid but, if the reverse is true, then it 
remains acceptable. 

Experimental 
This investigation was done in an apparatus similar in principle 

to that previously described ( I ) ,  but with a number of alterations to 
improve accuracy and reliability of the data. In particular there were 
changes in the stirring and temperature control systems and related 
equipment. 

A vapor pressure bath greatly increased the accuracy of temperature 
control over the previously used air bath (1) (see Fig. 1). Bath G 
contained a refluxing liquid whose temperature was controlled by a 
mercury manostat with an adjustable mercury contact. This in turn 
activated a relay and air inlet valve (not shown). Thus, a selected 
temperature could be maintained at ?O.OS°C. Refluxing liquids which 
were found to be stable and convenient to use were ethanediol, 
193- 197°C; 1-heptanol, 17 1-175°C: 2-heptanone, 142- 147°C; and 
1-butanol 115-1 18°C. 

To initiate a reaction the ketone was sealed under vacuum at - -80°C in a 10 rnm glass sphere, designed to implode at 136 atm or 
lower, and placed in reactor E along with a stirring bar and solvent 
water. E was pressurized to 17 atm, and then sealed inside bath C which 
was then warmed to the desired temperature with the internal pressure 

'Present address: Pfizer, Inc. ,  Terre Haute, IN 47808, U.S.A 
2 ~ u t h o r  to whom correspondence should be addressed. 

at 17 atm (250 psi). About one hour was required. The pressure was 
then increased to 136 atm (2000 psi) using O2 or N2, effecting rupture 
of the bulb and instantaneous initiation of isotope exchange or 
oxidation. Stirring was immediately started via the magnet I. Samples 
were removed at appropriate times by opening valve P, permitting the 
liquid to enter PQ. P was then closed and Q opened, releasing the 
sample for analysis. The major disadvantage of this technique was the 
low success rate (25-30%) in fabricating bulbs which would reliably 
perform as indicated. Also the fine particles of glass sometimes clogged 
the outlet tube. 

The change in molarity of the oxidizing substrate was followed using 
a gas chromatograph. The relative standard deviation was 2 2 %  with 
an external standard. Oxygen pressure was determined by subtracting 
the vapor pressure of water from the total pressure. 

The determination of the rate of isotope exchange was done under a 
nitrogen atmosphere (136 atm) at 193.S°C and was followed by gas 
chromatograph mass spectrometric analyses of the samples collected. 
The rates of enolization were evaluated by determining the rate of 
isotopic substitution of IH for :D in aqueous solutions of acetone-&. 
The data were corrected for the natural abundances of interfering C and 
0 isotopes and for those fragmentation patterns observed in the spectral 
analysis of neat acetone (M - I9 or H)+ and (M - 3D or 3H)' which 
would contribute ions in the mass range of 58-64. Thus the substitution 
of a proton for a deuteron was directly followed. The reverse reaction 
was neglected because of the excess of water. Since the plots of 
In (M64/M58-64) versus time were linear, the reactions were first order, 
and the slopes were equal to the rate constants. 

Data and discussion 
The enolization of acetone-&, as determined by the isotope 

exchange procedure, was shown to be first order. The data from 
three exchange runs are plotted in Fig. 2. The calculated values 
of the rate constants are 2.24 x l op4 ,  2.06 X 2.30 x 
with a mean value of 2.2 * 0.1 x lop4 at 193S°C and 136 atm 
pressure. 

In order to relate the enolization of acetone-D6 to that of 
acetone-&, it was necessary to estimate the kinetic isotope 
effect, KIE (i.e., kH/kD)  since this has not been determined at 
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2 4 6 8 
Time, s x lo4 

FIG. 2. Graphs of the first order of deuterium exchange of acetone- 
D6 with water. MD, represents the effective molarity of acetone-D6 
remaining at the specified time. MD, was calculated from the initial 
molarity of acetone-D6 multiplied by the relative ion abundance 
(M61/M58-M corrected as indicated). 

FIG. 1. Revised high pressure oxidation apparatus. A, oxygen inlet 
which leads to a shut-off valve, high pressure filter, pressure gauge, 
and oxygen tank with pressure regulator, not all shown; B, rupture disk; 
C-M copper plate to form a gas-tight seal on J ;  D, thermocouple 
lead; E, heavy steel reactor containing a Teflon liner and lid. magnetic 
stirring bar, glass bulb containing the ketone, sampling tube and 
thermocouple inside the reactor wall (the lower section of E was 
fabricated of nonmagnetic stainless steel); F, thermoregulator well; 
G ,  copper vapor pressure bath; H, heater; I, large rotating magnet; 
J ,  flange to accommodate the plate C-M; K ,  condenser; L, tube 
leading to the pressure control system, not shown; M, bulkhead union 
for sampling tube; N ,  cooling tube for samples taken from E; P, double 
valve for sampling; Q, sample outlet. 

elevated temperatures. Hine, Kaufman, and Cholod (2) have 
reported a KIE of 6.5 at 25OC, and this is deemed to follow the 
equation: 

[I] KIE = exp (AE,,/RT) 

Using Eo = 1 100 cal, the value of KIE (193°C) should be 
roughly 3.0. Thus the enolization rate for acetone-H6 was 
estimated as 6.6 X lop4 s-'. 

Three determinations of the rate of oxidation of acetone were 
performed at 193.5"C/123 atm O2 and one at 193.5'C/56.4 atm 
O2 (136 and 68 atm total pressure). These data are graphed in 
Fig. 3, and the calculated values for the rate constants at 123 atm 
(partial pressure 02) are 8.0 '- 0.25 X 9.5 -+ 0.4 X 
and 8.8 +- 0.4 X s-' giving a mean value of 8.8 2 
0.5 x s-'. The value at 56.4 atm O2 is calculated as 
5.7 '- 0.4 X I O - ~ S - ' .  

In keeping with the conclusion of the earlier paper ( I ) ,  there 
appears to be a dependence of the rate of oxidation of acetone 
on oxygen concentration. Although the previous estimate was 
unity for both the ketone and oxygen kinetic dependencies (with 
some deviation), the present data indicate the oxidation to be 
first order in acetone and roughly one-half order in oxygen. 

I 2 
Time, s x lo4 

FIG. 3. The oxidation of acetone at 193.5'C and 123 and 56.4 atm 
partial pressure of oxygen. A plot of In (acetone concentration) versus 
time. @, W ,  and 0 123 atm oxygen partial pressure; A 56.4 atm 
oxygen partial pressure. 

Comparison of the rates of enolization and oxidation demon- 
strates that enolization is much faster than oxidation by the 
factor 6.6 x 1OP4/8.8 x lop6 = 75. Thus it appears that the 
enolization of acetone is sufficiently rapid at this temperature 
to maintain an equilibrium en01 concentration despite con- 
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sumption of the en01 in the oxidation process. Hence the 
keto-en01 reaction can justifiably be treated as a precursor to 
the final oxidation, and the previous suggestion to this effect 
is supported. 

The equilibrium constant for the enolization of acetone was 
previously estimated (1) at 200, 220, and 240°C using the 
method of Benson (3). These calculations have been extended to 
193.5"C giving a value of K = 0.0022. Based on this, the 
forward and reverse rates of enolization are k l  = 6.6 x 10-'s- 
and k - l  = 0.3  s p l  at 193.5"C. 

In summary, the oxidation of acetone may be represented at 
this time by two equations: 

In keeping with reaction [3], oxygen must then interact with 
the en01 by a series of reactions as yet undefined. Studies on the 
oxygenation of acetone and other ketones in the liquid phase are 
few in number and most have been done with neat ketones plus 
additives (see Denison (4) or Rouchad and Lutete (5)). Further, 
Zaikov et al. (6), have reported that 2-butanone is appreciably 

slower in aqueous solutions than in the pure state, and they 
explain this on the basis of hydration of the intermediate 
radicals. Rif et al. (7) reported that 6-undecanone was oxidized 
in a nonspecific manner with only partial regard for the 
positioning of the keto group. Since the keto group was in the 
center of a long chain, it is our conjecture that it may be 
relatively unavailable for reaction, and the reported oxidation 
was largely equivalent to that of a hydrocarbon. 
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Cation-anion combination reactions. 26.' A review 
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CAI.~IN D. RITCHIE. Can. J. Chem. 64, 2239 (1986) 
Rate and equilibrium constants for reactions of carbocations, and a few other electrophiles, with anionic and neutral 

nucleophiles in several solvents are summarized. Equilibrium constants for such reactions are a measure of the carbon basicities 
of the nucleophiles, and are discussed in the context of differences in proton and carbon basicities. The factors affecting the 
kinetic reactivities of nucleophiles are not well understood, even though the reactivity patterns are frequently the same toward 
widely different electrophiles. 

CALVIN D. RITCHIE. Can. J .  Chem. 64, 2239 (1986) 
On presente un resume des constantes de vitesses et d'equilibre des reactions de carbocations ainsi que de quelques autres 

Clectrophiles avec des nucleophiles anioniques et neutres, dans plusieurs solvants. Les constantes d'equilibre pour de telles 
rCactions servent de mesure pour la basicit6 des nuclCophiles vis-a-vis les carbones et on en discute dans le contexte de 
diffkrences dans les basicites des protons et des carbones. Les facteurs affectant les reactivites cinCtiques des nucleophiles 
ne sont pas trks bien comprises, m&me si les rkactivitis, par rapport a des electrophiles forts differents, sont frCquemment 
trks semblables. 

[l'raduit par la revue] 

Introduction 
The formation of a covalent bond between a Lewis acid and a 

Lewis base, and the reverse reaction, heterolytic dissociation of 
a covalent bond, are among the most fundamental of chemical 
reactions. Fundamental, unfortunately, does not imply simple. 
Nearly all of the "effects", steric, polar, resonance, solvent, 
etc., of chemistry are encountered in these reactions. 

The well known fact that the order of acidities of Lewis acids 
depends on the reference base, and vice versa, immediately 
implies that at least two properties of each acid and of each base 
are operative in determining reactivities in the Lewis acid-base 
reactions. The Edwards equation (26), the Drago equation 
(27), and Pearson's concept of hardness and softness of acids 
and bases (28) are familiar attempts to correlate reactivities, 
quantitatively or qualitatively, in terms of the minimal four 
parameters. 

The two parameters for each acid and two for each base do not 
allow for variable steric, resonance, polar, or solvent effects. 
Neither do they accommodate the special effect, pointed out by 
Edwards and Pearson (29), which appears to be associated with 
the existence of a lone pair of electrons on an atom adjacent 
to the reacting atom; the "a-effect". In addition, if one 
wishes to consider kinetic reactivity, the possible operation of 
reactivity-selectivity relationships must be taken into account 
(30). 

Against this background of complexity, the simplicity of 
behavior which we initially observed for several anionic 
nucleophiles (Lewis bases) reacting with several triarylmethyl 
cations, aryldiazonium ions, and aryltropylium cations, in 
several solvents. was truly astounding (I -8). The rate constants 
for these reactions were correlated by a two parameter equation: 

equation, has now been tested for a wide variety of Lewis 
acid-base reactions (10-25). Although it is far from being 
general, and fails badly in some specific cases without apparent 
cause, it is probably as good as most of the more complex 
equations when applied to electrophile-nucleophile combina- 
tion reactions. Within this class of reactions, it is not often that 
one encounters reactivities that are qualitatively different from 
expectations based on N+ values. 

There is no general theory of nucleophilic reactivity which 
anticipates the existence of the N ,  relationship, and most 
theories cannot even accommodate it (31). One of the major 
purposes of the present review is to present the body of 
experimental data now available on "simple" electrophile- 
nucleophile combination reactions in a summarized fashion 
to challenge theorists to think about this important area of 
chemistry. 

Reactions of cations with water 
The reactions of an electrophile (Lewis acid) with water and 

hydroxide ion must be fully characterized before the study 
of reactions with other nucleophiles can be attempted. The 
equilibrium constants for reactions of cations with water: 

[2] R' + H20 S ROH + Hi 

are frequently used measures of the "stabilities" of cations. In 
eq. [3], the quantities in brackets are activities of the indicated 
species, and the activity of water is defined as unity in dilute 
solution. For cations with pKR's in the range from ca. 0-14, 
KR is usually determined by measurement of pH and of the 
concentrations of alcohol and cation in dilute solution (7). 

For cations having pKR lower than zero, the HR acidity 
function (32) is generally employed for determination of KR.  In in which log k~ is a parameter On the special cases, such as p-dimethylamino tnphenylmethyl cation, 

of the cation, and N +  is a parameter depending on the identity 
where water can add to the cation to form the alcohol protonated 

of the nucleophile and the solvent (9).  quat ti on / I ] ,  the N A  on the dimethylamino group, combinations of acidity functions 
'For Parts 1 to 25, see refs. 1 to 25. are useful (12). 
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TABLE 1. Electrophile reactions In water" 

log k ,  log koH 
Electrophile P ~ R  (sC1)  ( M - ~  sC')  

T ~ ~ - ( P - N ( C H ~ ) ~ )  trityl cation 
B ~ S - ( ~ - N ( C H ~ ) ~ )  trityl cation 
B ~ S - ( P - N ( C H ~ ) ~ ) ,  p-CF;trityl cation 
Bis-(p-N(CH;)?), p-NO?trityl cation 
Bis-(p-0CH3), ~ - N ( C H ~ ) ~ t r i t y l  cation 
P - N ( C H ~ ) ~ ,  p-0CH3trityl cation 
P-N(CH;)~, p-CH3 trityl cation 
~ - N ( C H ~ ) ~ t r i t y l  cationh 
Tris-(o-CH; , p-OCH;) trityl cation 
Tris-(o ,p-(OCH3)z) trityl cation 
Bis-(p-0CH3), o-SOTtrityl cation 
Tris-(p-0CH3) trityl cationC 
Bis-(p-0CH3), o-S02CH;trityl cation 
Bis-(p-0CH3) trityl cationb 
p-0CH3trityl cationb 
Trityl cationd 

p-N(CH3)2phenyltropylium cation 
p-0CH;phenyltropylium cation 
Phenyltropylium cation 
Tropylium cation 
p-C1 phenyltropylium cation 

Benzenediazoniu~n cation' 
~rifluoroacetophenone~ 
Ferrocenyl. p-anisylmethyl cation 
N, 0-Trimethylenephthalimidium cation 

~ . ~ - B ~ s - N ( C H ~ ) ~  xanthylium cation 
1,3,6.8-Tetra-OCH; xanthylium cation' 
3,6-Bis-OCH; xanthylium cation' 
9-CH;, 3,6-bis-0CH3 xanthylium cation' 
9-CH3, 1 ,3,6,8-tetra-0CH3 xanthyliuill cation' 
9-Phenylxanthylium cationJ 
Xanthylium cationJ 

3 ,6-Bi~-N(cH;)~ thioxanthylium cation 

"Data from papers in this series, refs. 1-25, unless otherhise noted 
bData from ref. 34. 
'Data from ref. 35. 
dData from ref. 36. 
'The pK, is calculated from data given in ref. 33. 
fData from ref. 37. 
gData from ref. 38. 
hData from ref. 39. 
'Unpublished work from this laboratory. 
'Data from ref. 40. 

Aryldiazonium ions react in basic aqueous solutions to form, 
in the first observable reactions, the syn-diazotates (2). Special 
techniques must be used (33) to obtain KR values in these 
cases. Neutral electrophiles, such as carbonyl compounds, react 
with water in a reaction analogous to eq. 121. For carbonyl 
compounds, the product of reaction is the conjugate base of a 
gem-diol. If the equilibrium constant for hydration of the 
carbonyl compound, and the acidity constant of the gem-diol, 
are known, the KR value can be calculated. 

The equilibrium constant, K o H ,  for reaction of an electro- 
phile with hydroxide ion: 

[4] R+ + O H  ROH 
is directly related to KR:  

where K, is the ion-product of water (K, = 1.0 X 1 0 1 4  M' at 
25°C). 

Kinetically, the formation of alcohol from cation occurs 
simultaneously by reactions [2] and [4], with the pseudo-first- 
order forward rate constant in buffered solution, kf, given by: 

Note particularly that k , ,  the forward rate constant for reaction 
[2], is given as a pseudo-first-order rate constant throughout the 
current series of papers. Many other authors, however, report 
a "second-order" rate constant obtained by dividing k, by 
55.5 M. 

Reaction [2] is further complicated by being subject to 
general-acid-base catalysis (10, 12), so that eq. [6] strictly 
applies only with very dilute buffer solutions. 

Rate and equilibrium constants for the reactions of several 
types of carbocations, and a few miscellaneous electrophiles, 
with water and hydroxide ion are shown in Table 1. The range of 
pKR values included spans 21 units; rivalling, if not exceeding, 
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FIG. 1 .  log koH vs. pKR. Open circles, Ar3C-: closed circles, 
ArTr'; closed triangles, xanthylium cations; open triangles. miscel- 
laneous; diamonds, 9-substituted xanthylium cations. 

the range included in any other study of both rate and 
equilibrium constants for a single reaction type. 

Figure I shows a plot of log koH vs. PKR for all of the 
electrophiles in Table 1. The lower line in Fig. 1 is arbitrarily 
drawn through the extreme points for triarylmethyl cations and 
has a slope of 0.47. The upper line is arbitrarily drawn through 
the extreme points for xanthylium cations, has a slope of 0 .5  1, 
and, interestingly, passes very close to the points for aryl- 
tropylium cations. Whether or not one attaches any significance 
to these lines, it is clear that, for a given pKR, the order 
of reactivity of cation types is aryldiazonium > xanthylium 
= aryltropylium > triarylmethyl cations. This is what one 
might expect from either simple steric, or least-motion (41), 
considerations. 

Figure 2 shows a plot of log k ,  vs. pKR. The line shown is 
arbitrarily drawn through the extreme points for triarylmethyl 
cations, and makes the point, contrary to Taft's early conclusion 
(34), that there is a rough correlation between log k ,  and 
pKR for the entire range of triarylmethyl cations. One could, 
however, draw "better" lines through selected groups of points 
as suggested by Taft (34). 

There are differences and similarities in Figs. 1 and 2 which 
may be seen more clearly in Fig. 3 where log k,, is plotted 
against log koH for the triarylmethyl and aryltropylium cations. 
The line through the points for the triarylmethyl cations has 
a slope of 1.33 (hlog k ,  l h log  k o H ) .  Although this non-unit 
slope has been interpreted (42) as an example of the operation of 
the reactivity-selectivity relationship, I think it is more likely to 
be due to a complete difference in the mechanisms of the water 
and hydroxide ion reactions. 

It was noted above that the rcactions of water with cations are 
subject to general-base catalysis. The existence of such catalysis 
has been confirmed for the least reactive (Crystal Violet) and the 
most reactive (triphenylmethyl cation) (36) of the triarylmethyl 
cations, and several of the other types of cations (1  3, 14,37,39) 
shown in Table 1. The reactions are believed to involve simul- 
taneous carbon-oxygen bond formation and proton transfer to 
the base catalyst (12). Richard and Jencks (43) have discussed 
factors influencing the disappearance of the general-base 
catalysis for extremely reactive cations reacting with water and 
alcohols. 

m 
- 4 0 4 8 

PK R 

FIG. 2. log k,, vs. pKR. Symbols are as in Fig. 1. 

FIG. 3. log k ,  vs. log koH for triarylmethyl and aryltropylium 
cations. 

Although possible, it appears unlikely that the reactions of 
hydroxide ion with cations actually involve catalysis of the 
water reactions by hydroxide ion. Alkoxide ions, such as 
trifluoroethoxide ion, react with cations in aqueous solution to 
form ethers (23, 39). Hydroxide ion reacts more slowly than 
alkoxides of similar basicity. These facts indicate that hydrox- 
ide ion reacts in a direct cation-anion combination. 

A difference in mechanism of the water and hydroxide ion 
reactions is also indicated by the results of a study of the 
a-deuterium isotope effect on the reactions of di-ferrocenyl- 
methyl cation (38). The k ,  shows k H / k D  = 0.91, koH shows 
k H / k D  = 0.99, and KR shows KH/KD = 0.85. According to 
this measure, the water reaction has a transition state in which 
the cationic carbon has progressed well toward the carbinol 
carbon, while the hydroxide ion reaction has a transition state in 
which the cationic carbon has hardly changed from reactant 
state. This is consistent with the slope of greater than unity 
found in Fig. 3 for the triarylmethyl cations. 
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The mechanism of the reaction of water with carbonyl 
compounds has been discussed by Guthrie (44). Unfortunately, 
the conclusions were based on an unjustified (22) use of Marcus 
theory. There appear, however, several similarities between the 
carbonyl reactions and the cation reactions discussed here. It is 
particularly interesting that a plot of log k, vs. log koH for the 
carbonyl reactions (not shown by Guthrie) has a slope of ca. 1.4, 
and that the water reactions are subject to general-base catalysis 
(45). 

Gandler (46) has studied the general-base catalysis by 
substituted quinuclidines of the reactions of a series of triaryl- 
methyl cations with water. Br@nsted slopes of 0.33 to 0.52 are 
found, with, perhaps, a slight tendency for the slope to decrease 
with decreasing pKR of the cations. It should be noted, 
however, that the log kDab/kw, where kDab is the second-order 
rate constant for catalysis of the water reaction by Dabco 
(1,4-diazabicyclo[2.2.2]octane) and k, is the first-order rate 
constant for the un-catalyzed (or water-catalyzed) water reac- 
tion, is 0.78 for Crystal Violet (46), 0.60 for tri-p-anisylmethyl 
cation (47), and 0.71 for triphenylmethyl cation (36). There is 
no appreciable change in this value as the pKR of the cation 
changes from 9.39 to -6.63. 

The relative reactivities of hydroxide ion and water, as given 
by koH/k,, vary considerably for the cations shown in Table 1 ,  
ranging from a low of 8 for tris-(2,4-dimethoxypheny1)methyl 
cation to ca. lo5 for the aryltropylium cations. Values slightly 
greater than lo7 have been reported for reactions of some 
quinolinium cations (48). The variations follow no obvious 
pattern, and the extremely low value for the tris-(2,4-di- 
methoxypheny1)methyl cation is not found for the similarly 
substituted xanthylium cation. 

In the initial paper on the N+ relationship (9), log k, was 
defined as the logarithm of the rate constant for reaction of the 
given cation with water. The later finding of the difference in 
mechanism between water reactions and others (10-14) led to 
the suggestion (13) that water reactions not be included in the 
N +  correlations, and that log ko be based on reactions of other 
nucleophiles. From a purely empirical standpoint, k,,/k, 
seldom varies outside the range of lo3 to lo5 and is only slightly 
more poorly behaved than some other relative reactivities which 
we have encountered in later work (17). 

Equilibrium reactivities of nucleophiles 
Parker suggested (49) and Hine developed (50) the concept 

of "carbon basicity", realizing that the common practice of 
comparing basicities of nucleophiles toward the proton with 
kinetic reactivities toward carbon compounds was not a proper 
rate-equilibrium comparison. The equilibrium constants, K RXHX, 
for the exchange reactions: 

[7] R-OH + H-X S R-X + H-OH 

were suggested by Hine (50) to be particularly appropriate for 
measuring the differences between proton and carbon basicities 
of various X- bases. In an attempt to place water on the same 
basis as dilute solutes, HX, in aqueous solution, it is common to 
define the activity of water to be 55.5 M in dilute aqueous 
solutions. This definition will be used in the following discus- 
sion of reaction [7]. 

Equilibrium constants for reaction [7] can be calculated from 
those of simpler reactions in several ways. The most convenient 
method for the present purposes considers reaction [4] for OHp, 
the corresponding reaction for Xp : 

Kx 
[8] R+ + X T--) R-X 

VOL 64. 1986 

TABLE 2. Values of log K;$ 

log K;$ 

Nucleophile" pK, pyrb ~ r 3 C '  CH:(gas) 

CF3CH20- 
c0:- 
HOO- 
n-Pr S- 
HOCHlCH2S- 
CH302CCH2S- 
C6H5S- 
CN - 
so:- 
N; 
n-BuNH2 
-02CCH2NH2 
CH30CH2CH2NH2 
CF3CH2NH2 
H2NNHz 
CH30NH2 
H2NCOi\lHNH2 
Piperidine 
Morpholine 

"In water at 20-25°C. 
'For Pyronin-Y or aryltropylium cations. 
'This value is for R+ = t-Bu- from ref. 50. 
dThis value is actually for C H , S .  
'This is an estimated value: see ref. 52. 
fThis value is actually for CH3NH2. The value for C H I I i H  is 6.5; the 

remaining 12.1 units comes from the differences in basicities of CH?NH, and 
(CH,),NH in the gas phase. Thus. the value for CH,NH2 in mater is ca. 6 .5.  

and the acid ionizations of the acids HX and HOH. The 
equilibrium constants for reaction [7] are then calculated as: 

where the acid ionization constant for water is defined as the ion 
product of water, K,, divided by 55.5 M (i.e.: at 25"C, 
P K ~ ( ~ ~ ~ )  = 15.74). For neutral nucleophiles such as primary 
and secondary amines, the reaction analogous to reaction 181 is 

and the pK, in eq. [9] is that for BH;. 
Values of log KRXHX for several types of R and for a range of 

nucleophiles are shown in Table 2 .  Since relative equilibrium 
reactivities of nucleophiles are the same toward Pyronin-Y and 
aryltropylium cations (22), the values of KRXHX are the same 
for the two types of cations and are shown in a single column of 
Table 2. Similarly. relative equilibrium reactivities are the same 
for all of the triarylmethyl cations, excepting the ortho- 
substituted ones, and a single column is needed in Table 2. For a 
few nucleophiles, data are given for R = CH3 in the gas phase. 
These data are calculated from bond dissociation energies (5 1) 
as described by Hine (50). 

It may be useful to note that the data in Tables 1 and 2 used in 
eq. [9] allow the solution for log Kx for specific cations and 
nucleophiles. Values thus obtained are expected to be very good 
estimates. 

The value of log KRXHX for trifluoroethoxide ion reacting 
with Pyronin-Y or aryltropylium cations is precisely the value 
expected from symmetry if our standard state definition of water 
has accomplished its aim, and if the relative basicities of 
trifluoroethoxide and hydroxide ions are the same toward the 
proton and carbon, except for the symmetry of HOH. Similarly, 
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the basicity of carbonate ion, relative to hydroxide ion, is only straight line for all of the reactions in both solvents: 
marginally greater toward carbon than toward the proton. 

None of the values of log KRXHx shown in Table 2 are 
significantly negative, indicating that none of the nucleophiles 
considered here, relative to hydroxide ion, are significantly 
more basic toward the proton than toward carbon. Hine and 
Weimer (50) have pointed out that this is consistent with 
expectations based on electronegativity if carbon is more elec- 
tronegative than hydrogen. Hydrogen would then preferentially 
bond to the more electronegative X. The value of log KRXHX 
for X = F and R = isopropyl, in the gas phase, is -2.3. 
The absence of negative values in Table 2, according to this 
argument, is due to the fact that none of the X included there 
are more electronegative than OH. 

It is interesting to note that in every case where comparisons 
are possible the value of log KRXHx is smaller for triarylmethyl 
cations than for Pyronin-Y cation, and, in the few cases 
available, is smaller for Pyronin-Y than for methyl cation. This 
is what would be expected from a simple steric argument 
based on OH being sterically smaller than any of the other X 
considered. A steric effect is also likely involved in the reactions 
of azide ion with ortho-substituted triarylmethyl cations (18). 
The value of log K~~~~ for azide ion with tri-p-anisylmethyl 
cation is 3.4. Smaller values of 1.3 and 2.3 are found for 
ortho-S02CH3 and ortho-SOT compounds, respectively. 

Dixon and Bmice (53) first pointed out that "a-effect" 
nucleophiles show large equilibrium constants for reactions 
with triarylmethyl cations. Peroxide ion, hydrazine, methoxyl- 
amine, and semicarbazide all show larger values of log KRXHX 
than do alkoxides or primary amines. This is not likely to be a 
steric effect since the values for secondary amines are also larger 
than those for primary amines, and, in the case of peroxide 
ion, it would be difficult to argue that peroxide is smaller than 
hydroxide ion. 

There appears to be a trend for values of log K~~~~~ to 
decrease with decreasing pKa of the conjugate acids of primary 
amines. This is consistent with the above arguments that the R's - 
are more electronegative than hydrogen. It is also consistent 
with the fact that the pKa's of the RBH+ products of reaction 
[lo] are lower than the pK,'s of the corresponding BH: ions 
(11. 22). 

The largest values of log K~~~~ are for thiolate and sulfite 
ions. It is even possible that the values for sulfite ion are higher 
than those reported in Table 2. The products of reaction of 
sulfite ion with cations almost certainly involve bond formation 
between carbon and sulfur. If the stable form of bisulfite ion 
in water is the isomer with a hydrogen-sulfur bond, then the 
values given in Table 2 are proper ones. If. however, the stable 
isomer is the one with a hydrogen-oxygen bond, then the 
measured pKa is greater than the pK, for the unstable isomer, 
which is the one which should be used in the calculation from 
eq. [9]. Guthrie (54) has argued that the stable isomer in 
aqueous solution is the H-S bonded form. If that is correct, 
then the values in Table 2 are the proper ones. 

Arnett et al. have recently reported (56) studies of the 
reactions of carbocations with carbanions. Heats of reactions for 
trimethyl- and triphenylcyclopropenium cations with a series 
of substituted arylmalononitrile anions in acetonitrile solution, 
and for triphenylmethyl cation with a series of 9-substituted 
fluorenide ions in benzonitrile solution were measured. The 
~ K R ' s  of the cations are known in aqueous acid, and the pKals 
of the conjugate acids of the carbanions are known in dimethyl 
sulfoxide solution. A plot of the molar heats of reactions vs. 
(pKa - pKR), amazingly, gave a reasonably good single 

Arnett et al. call this the "Master Equation" for the carbocation- 
carbanion reactions. They point out that relative pKa's and 
pKR's for delocalized ions such as those involved in the study 
are not sensitive to solvent, so that the use of values measured in 
solvents different from those used in the heat measurements is 
justified. In earlier work (57), it was found that the free energies 
are linearly related to the enthalpies for some of these reactions, 
with a slope of 1.16. If this relationship holds for all of the 
reactions obeying eq. [ l l ] ,  then the slope of a plot of the 
standard free energies vs. (pKa - pKR) will be 1.16 x 1.18 = 
1.37, which is precisely (embarrasingly so) equal to 2.3 RT at 
25°C. This implies a constant value of log K~~~~ for all of 
the carbocations and carbanions studied. It is very difficult 
to understand this constancy, particularly for the reactions of 
triphenylmethyl cation with fluorenides where steric effects 
would be expected to be huge. 

In addition to the data shown in Table 2, values of log K~~~~ 
are available for a good range of X for R = CH3C0, mostly 
from Jencks' laboratory (55), and for a-hydroxy groups, R = 

R'CHOH, from studies of carbonyl addition reactions (52). 
Although values of log K~~~~ are not expected to bc vcry 

solvent sensitive, the equilibrium constants for reaction [8] 
should vary tremendously with change of solvent from water 
to non-hydroxylic polar solvents. Some of these changes for 
solvents water, methanol, and dimethyl sulfoxide are shown 
in Table 3. If the free energies of transfer of the cations, 
nucleophiles, and products of reactions were determined by 
additive contributions of groups, it is easy to show (21) that: 

[12] Alog Kx - ApKa(Hx) = constant = IT 

where hlog KX is the change in log KX,  and is the 
change in the pKa of HX, on changing solvent, and IT is defined 
by the equation and is expected to be independent of R+ and X-. 
For the change from water to methanol or to dimethyl sulfoxide, 
the values of ll are shown in Table 3 (23). 

For the change from water to methanol solvent, values of lI 
range from - 1.7 to +0.9,  and for the change from water to 
dimethyl sulfoxide, values range from 2.5 to 4.3.  Although the 
ranges are disappointingly large, indicating the breakdown of 
additivity, the average values of -0.4 for methanol and 3.3 for 
dimethyl sulfoxide allow reasonable estimates of equilibrium 
constants in these solvents if values are known in water. It is 
also interesting to note that the average value of IT for dimethyl 
sulfoxide solutions is equal to the negative of the logarithm 
of the activity coefficient of the proton in dimethyl sulfoxide 
relative to a standard state in water (52). This implies that the 
free energies of transfer from water to dimethyl sulfoxide of the 
cations considered here are all close to zero. This follows from 
the fact that: 

where the y 's are activity coefficients of the subscripted species 
(charges omitted) in dimethyl sulfoxide relative to a standard 
state in water, since the activity coefficients of HX and RX are 
expected to be close to unity (52). 

Kinetic reactivities of nucleophiles 
Relative reactivities of nucleophiles toward several different 

types of cations and a neutral electrophile are shown in Table 
4.  In the triarylmethyl cation series, relative reactivities of 
nucleophiles, with the exception of water, are independent of 
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TABLE 3. Solvent effects on equilibria (24)" 

Reaction log K ,  log K M  nM log K D  nD 

CV-b + HOCH2CH2SP 2.85 11.00 2.5 
Pyronin-Y + + n-PrS- 5.10 14.64 3.3 
DMAPTrLC + C6H5S- 5.10 8.96 -0.9 
p-C1C6H4N: + CN- 2.65 9.40 3.0 
p - ~ ~ 3 ~ 6 ~ 5 N :  + CN- 1.18 8.15 3.2 
p-NCC6H5N; + CN- 4.15 7.34 -0.7 
Pyronin-Y - + n-BuNH2 -0.24 -0.25 -1.7 4.00 3.8 
Pyronin-Y + CH30CH2CH2NH2 -1.17 3.26 3.6 
MG+ + CF3CH2NH2 -2.89 0.00 2.7 
MG' + Et02CCH2NH2 -1.30 -0.80 -0.8 
DMAPTr' + Et02CCH2NH2 1.10 1.39 -1.0 
DMAPTr' + CF3CH2NH2 -1.69 -0.39 0.2 
DMAPTr' + H2NCONHNH2 -2.00 0.80 0.9 
DMAPTr' + Morpholine 2.30 3.30 -0.1 
Pyronin-Y - + Morpholine -2.00 2.47 4.3 
Pyronin-Y - + Piperidine 1.35 4.35 3.5 

"Subscripts w,  M. and D refer to solvents water, methanol, and dimethyl sulfoxide. respectively 
'CV- is Crystal Violet. tris-(p-dimethylaminophenyl)rnethyl, cation. 
' D M A P T ~ ~  is the p-dimethylaminophenyltropylium cation. 
"MGf is Malachite Green, bis-(p-dimethylaminophenyl)phenylmethyl, cation. 

TABLE 4 ,  log k , , , / koH in water" 

log knuclkorr  

Nucleophile Ar?C - ArTr + Pyr-Y - ArF b3c- 

CH30- 
HC=CCH20- 
(CH3) qNCH2CH20- 
CF3CH20- 
co: - 
so:- 
CN- 
N I 
RS- ' 
HOO- 
n-BuNH2 
CF3CH2NH2 
Piperidine 
Morpholine 
HzNNHz 
CH30NH2 
HONH2 

"ArF is 2.4-dinitrofluorobenzene. Data are frorn refs. 1-25 unless otherwise indicated. 
bData from ref. 58. 
'Data from ref. 35. 
"Data are for n-propanethiolate where available. Since thiolates all show es~entially the same rate 

toward a given electrophile (see ref. 17). some of the data are for other thiolates. 

the pKR of the cation from 0.8 1 for tri-p-anisylmethyl cation to 
9.39 for Crystal Violet (16, 42). Similar behavior is found for 
tropylium and aryltropylium cations (1 1,  14), although the pKR 
range is only 4.7-7.3.  

Comparisons of one cation type with another show substan- 
tial variations in relative reactivities of the nucleophiles. and. 
therefore, breakdowns of the N+ relationship. The variations 
in relative kinetic reactivities, usually, are smaller than the 
variations in relative equilibrium reactivities discussed above. 
For example, sulfite ion gave log K~~~~ of 12.7 for Pyronin-Y 
and of 7.8 for triarylmethyl cations, while log ksul t i te /koH is 
3.26 for triarylmethyl cations, 2.75 for aryltropylium cations, 

and 3.16 for Pyronin-Y cation. Similarly. for thiolate ions. 
log K~~~~ varies by nearly 3 units while log kRS /koH varies 
by ca.  1 unit for the change from triarylmethyl to Pyronin-Y 
cations. 

In the comparison of Pyronin-Y with aryltropylium cations: 
however, substantial differences in relative kinetic reactivities 
are shown, while, as already remarked, the relative equilibrium 
reactivities are the same for the two types (22). Amines, 
particularly the secondary amines morpholine and piperidine, 
are more reactive, relative to other nucleophiles. toward 
Pyronin-Y than toward the aryltropylium cations. There are no 
obvious reasonable rationalizations of this behavior. 
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- 4 0 4 8 1 2  
log K 

FIG. 4. Rate-equilibrium plot for pyronin-Y cation reactions. 
Triangles, aqueous solution; open circles, methanol solution; closed 
circles, dimethyl sulfoxide solution. Nucleophiles are identified as 
follows: 1-n-BuNH2 : 2-glycinate: 3-2-methoxyethylamine: 4-2.2.2- 
trifluoroethylamine; 5-morpholine; 6-piperidine; 7-hydrazine; 8-hydroxide 
ion: 9-methoxide ion; 10-methyl thioglycollate ion; 1 1-n-PrS- : 12- 
CN-: 1 3 - H 0 0 ;  14-SO:-; 15-N j. Data for azide and cyanide ions 
estimated as described in ref. 52. 

It is clear that there is no general correlation of the rates and 
equilibria of the reactions (22). A plot of log k vs. log K for 
reactions of nucleophiles with Pyronin-Y cation is shown in 
Fig. 4. The line shown is an arbitrary one having a slope of 0.5 
and passing close to the points for reactions of primary amines. 
Azide ion and thiolate ions have much greater rate constants 
than do other nucleophiles with similar equilibrium constants. 
while sulfite ion, hydroxide ion, and cyanide ion have much 
smaller rate constants than other nucleophiles with similar 
equilibrium constants. 

Relative kinetic reactivities are surprisingly similar toward 
aryltropylium cations and the neutral 2.4-dinitrohalobenzenes 
(15). Data are given in Table 4 for 2,4-dinitrofluorobenzene. 
Only thiolate ions and azide ion show significantly differ- 
ent relative reactivities toward the aryl halides than toward 
aryltropylium cations. The thiolate ion relative reactivities, 
log k R S / k ~ ~ ,  also vary with the halogen of the aryl halide. 
being 3.2 for F,  4 .5  for C1, 4.7 for Br, and 5.1 for I(15).  The 
increasing value for increasing size of the halide is what one 
might expect from polarizability arguments (59), but it is the 
values for the C1. Br, and I that are most "normal" when 
compared with those for cations. In a comparison of Pyronin-Y 
cation and its thio-analog, log kRS/koH values were 4.9 and 
5.9, respectively (22). The increase by one unit on substitution 
of S for 0 at the remote site is very nearly as large as the 1.3 unit 
change on substitution of C1 for F at the reaction site for the aryl 
halides. 

For "families" of nucleophiles, values of log K, are linearly 
related to pK,'s of the conjugate acids of the nucleophiles with 
slopes not far from unity. as we discussed in the earlier section 
of this paper. For such families, Bronsted slopes are nearly 
equal to slopes of log K vs. log k plots, and are frequently 
interpreted in terms of the extents of bond formation at transition 

states. For the reactions of a series of primary amines with any 
of the cations which we have studied, Bronsted slopes of ca. 
0.4 are found (1 1, 13). The Bransted slopes for reactions of 
thiolates with cations are all very close to zero (17), and 
the slopes for alkoxide ions (58) are ca. 0.2 to 0.3. These 
differences in slopes for the different families would be 
expected to be reflected in differences in relative rates of 
reactions of the cations if the interpretation in terms of bond 
formation is correct. The clearest comparisons are for Crystal 
Violet (pKR = 9.39) and tri-p-anisylmethyl cation (pKR = 

0.8 1). The rate constant ratios, log kTAM/kCV, are 4.66 for 
ammonia, 4.61 for hydroxide ion, and 4.50 for 2-hydroxy- 
ethanethiolate ion. Since the difference in pKR values is 8.6 
units, the values of log kTAM/ kCV indicate approximately 0.5 
(i.e.: 8.6/4.5) "extent of reaction" for all of the nucleophiles, 
counter to the conclusion from differing Bronsted slopes. 

Another measure of "extent of reaction" is furnished by the 
secondary a-isotope effects reported by Bunton el al.  (38) for 
reactions of dl-ferrocenylmethyl cation. Values of kH/kD of 
1 .OO 1 0.01 for reactions of all anionic nucleophiles, and of 
0.96 for reactions of amines. compared with the equilibrium 
isotope effect KH/kD for reaction of hydroxide ion of 0.85, 
indicate no "progress" at the transition states for reactions of 
anions, and very little progress for reactions of amines. 

It is obvious that interpretation of any of these measures in 
terms of a simple "extent of reaction" parameter (22) is not 
possible. These types of "imbalances" in various measures of 
extent of reaction have been discussed for several other reaction 
types (17, 55a,  60). 

The constancy of the values of log kTAM/kCV remarked 
above for several nucleophiles is quite pertinent to the question 
of the operation of a reactivity-selectivity relationship in these 
reactions (42). The value of log kRS/koH is 4.05 for Crystal 
Violet and 3.94 for tri-p-anisylmethyl cation. Thus, a difference 
of lo4 in nucleophilic reactivity does not influence appreciably 
the difference of lo4 in electrophilic reactivity, and vice versa. 
Other examples abound in our studies (9, 13), and were the basis 
of the N+ relationship, which contains no cross terms. and, 
therefore, no allowance for change in selectivity. 

The actual value of the rate constant for reaction of 2- 
hydroxyethanethiolate ion with tri-p-anisylmethyl cation is 
7.1 x 10' M p l  s p '  in water at 25°C (17). This value is within 
two orders of magnitude of that expected for a diffusion- 
controlled reaction (Richard and Jencks (61) take kDC = 5 x 
lo9 M -  ' s- ' ), yet kRS/kokI is essentially the same as for Crystal 
Violet, for which kRS = 2.2 X lo3 M 1  sp'. An even closer 
approach of rates to diffusion control occurs for the reactions of 
sulfite ion with aryldiazonium ions in water. For p-nitro- and 
p-cyanobenzenediazonium ions, kso, = 4. X lo8 M-' sp l ,  
and log kso,/kor< = 3.0. For Crystal Violet, kso3 = 5. X 
lo2 M p l  s-', and log kso,/koa = 3.4. The selectivity for 
Crystal Violet is insignificantly greater than that of the aryl- 
diazonium ions where the rate for sulfite is within an order 
of magnitude of diffusion control. In non-aqueous solutions, 
greater rate constants are frequently observed. In methanol 
solution. the p-nitro- and p-~~anobenzenediazonium ions react 
with thiophenoxide ion with rate constants slightly greater than 
5 x lo9 M p '  s p ' ;  the unsubstituted benzenediazonium ion has 
kphs = 1.4 x 109 M-l  s '. Yet the value of log kPhS/kOH for 
benzenediazonium ion (5.5) is scarcely different from that for 
Malachite Green (5.7) which reacts more than lo3 more slowly 
with either nucleophile (9). 

This type of behavior led Jencks and co-workers (61, 62) to 
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use the reactions of the very reactive sulfite ion and azide ion 
in water with very reactive cations as "clocks" for the rates 
of reactions of the cations with solvent. The cations were 
generated as reactive intermediates in the presence of the 
reactive nucleophile. The product ratio resulting from trapping 
by solvent and by the reaction nucleophile then gives the rate 
ratio. In cases where this ratio is much less than those found for 
our "stable" cations, Jencks assumes that the rate constant for 
reaction of the reactive nucieophile is diffusion-controlled, with 
a value of 5  X lo9 M- '  s-', allowing the calculation of the rate 
constant for reaction of solvent. 

The techniaue was first used in the acid-catalyzed breakdown 
of substituted acetophenone dimethyl ketak to give rate 
constants ranging from 7 X lo6 to 4 X 108 sC'  for reactions of 
water with the intermediate oxocarbonium ions (62). More 
recently, rate constants up to 4 X 10's--' for reaction of water 
with aryl-substituted 1-phenylethyl cations generated as inter- 
mediates in solvolysis reactions have been calculated (61). 
Ta-Shma and Rappoport (63) have re-examined the trapping 
studies which have been carried out for solvolysis reactions by 
many workers and conclude that the results can most reasonably 
be interpreted in terms of diffusion-controlled trapping of 
intermediate cations and changes in mechanism from SIY l to 
SN2. 

There is some question concerning the exact magnitudes of 
diffusion-controlled reaction rates in water for electrophile- 
nucleophile combination reactions (64). In the series of increas- 
ingly reactive 1-arylethyl cations (65), the rate ratios for two 
different anionic nucleophiles do not always level out at close to 
unity. For azide and acetate, for example, the rate constant ratio 
seems to level at ka , /ka ,  = 10. Jencks suggests that basic 
oxyanions, such as acetate and alkoxide ions. have a barrier to 
desolvation which causes rate constants for their reactions to 
level at ca. 5 x 10' M-' s-'. It is not obvious, however. why 
oxyanions differ in this respect from azide or thiolate ions. The 
change in pK, on changing from water to dimethyl sulfoxide is 
ca. 7 units for acetic acid and ca. 6 units for 2-hydroxyethane- 
thiol(21). If this change results largely from hydrogen bonding 
in water, as usually believed (66), then acetate and thiolate ions 
must have comparable hydrogen bonding stabilization in water. 

In the studies of "stable" cations, the fastest rates measured 
in water give values of log k as follows: tri-p-anisylmethyl 
cation + 2-hydroxyethanethiolate (17). 7.85; tri-p-anisyl- 
meihyl cation + thiophenoxide ion (67). 8.26; p-dimethyl- 
aminophenyltropylium cation + thiophenoxide ion (23), 8.80; 
Pyronin-Y cation + n-propanethiolate ion (22), 6.60. There is 
no indication in any of these reactions that the rates have 
levelled off, causing a decrease in selectivity. 

McClelland's very recent results for reactions of triphenyl- 
methyl cation are particularly interesting (36). Although this 
study was actually carried out in 1 : 2 acetonitrile: water solvent, 
it does not seem likely that the results would be appreciably 
different in pure water (see, for example, the study by Bunton 
et al. (38) in a very comparable solvent). The rate constant 
for reaction of azide ion with the trityl cation, k,, = 4 x 
lo9 M-' s ' .  is very close to the value estimated by Richard and 
Jencks (61) for a diffusion-controlled reaction. For thioglqcol- 
late and sulfite dianions, both of which are more reactive than 
azide ion toward tri-p-anisylmethyl cation. the rate constants for 
reactions with trityl cation are 2. x 10"nd 2.4 x lo8 M '  sC '. 
respectively. The rate constant for reaction of thioglycollate 
dianion with tri-p-anisylmethyl cation is expected (17) to be 
the same as that for reaction of 2-hydroxyethanethiolate, k = 

7. x 1 0 ' ~ - '  s - ', which is only a factor of three smaller 
than that for trityl cation, whose pKR is 7 units below tri-p- 
anisylmethyl cation. This seems to indicate that, at least for the 
thioglycollate ion, the rate constant has levelled off below the 
diffusion-controlled limit for trityl cation reaction. 

From the data given in Table 4, it is evident that reactions 
of trityl cation do not obey the N+ relationship. This could 
conceivably be due to a levelling of rates at below diffusion 
control, as discussed above, or to the incursion of the reactivity- 
selectivity relationship in its originally conceived form (30). As 
McClelland et al .  point out (36), the reactions of amines. with 
rate constants on the order of lo7 M-'  s- '  and an appreciable, 
although small, Bransted slope, appear more consistent with 
the reactivity-selectivity relationship. The thioglycollate and 
sulfite reactions. however. seem more consistent with the 
levelling out postulate, possibly having to do with desolvation 
requirements ( 5 5 a ,  6 1,  68). 

In this latter connection. it should be noted that thiolates 
of widely differing equilibrium reactivities have essentially 
identical kinetic reactivities toward cations both in water (17) 
and in dimethyl sulfoxide (21) solutions. The essentially zero 
Bransted slopes for the thiolate reactions are not, therefore. 
due to hydrogen bonding of water as has been postulated for 
oxyanions (55a, 68). 

Solvent effects on kinetics 
One of the primary reasons for beginning the study of 

cation-anion combination reactions was the possibility that 
these reactions might be particularly susceptible of the types of 
solvent effects suggested by Caldin (69). The essential idea is 
that the solvation of transition states need not be analogous 
to that of stable species having the same structure (70). For 
cation-anion combination reactions. the transition states are 
expected to have structures which are in all senses intermediate 
between reactants and products. If the transition states were 
solvated as stable species, the solvation would also be expected 
to be intermediate between that of reactants and products. Quite 
specifically, the effect of changing solvent on the rate constant 
for such a reaction would be expected to be smaller than the 
effect of the equilibrium constant (1).  

There are some indications that the transition states for 
cation-anion combinations are solvated in an unusual manner. 
For the reaction of Malachite Green cation with hydroxide ion in 
aqueous solution (1 2), ASu = -2.0 eu, and AS'i = - 14.0 eu. 
The entropy of the transition state is more negative than that of 
the reactants or the products. LeNoble et nl .  (7 1 )  find a similar 
situation for the volume of activation of the same reaction. 
The AVO is estimated to be + 15.0 cm"mo1. and AV'i is 
+30.0 cm3/mol. 

In spite of some excitement based on limits (1) and estimates 
(21), however, no spectacular solvent effects on rates and 
equilibria have been found. In all cases where both rates and 
equilibria have been determined in more than one solvent. the 
solver,? effects on rates are either smaller than the effects on 
equilibria, or are very small (23). 

For the change of solvent from water to dirnethyl sulfoxide. 
very large effects on both rates and equilibria are observed 
(1, 9,  21. 23). For cations reacting with cyanide ion (9), rate 
constants are ca. lo5,  and equilibriunl constants ca. lo7, greater 
in dimethyl sulfoxide than in water. Even for cations reacting 
with neutral amines. increases of ca. 10"n rate constants and 
of ca. 104 in equilibrium constants occur on going from water 
to dimethyl sulfoxide (23). In all cases actually measured. 
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however. the effect of solvent on log k is 0 .3  to 0.8 times the 
effect on log K, as expected for "normal" solvation of transition 
states. 

For the solvent change from water to methanol, there are a 
few reactions, all involving carbocations reacting with primary 
amines, for which the rate constants are affected more than, or 
even in the opposite direction from, the equilibrium constants 
(23). Only four of the nine reactions of carbocations with 
primary amines studied in both solvents show this unusual 
effect, and, in all of the reactions. the effect of changing from 
water to methanol solvent is small, producing a maximum of a 
factor of ten change in rate constant. 

Even though there is, then. some evidence for an "unusual" 
solvent effect on some of the reactions, the "non-classical" 
solvation of transition states seellls to have a minor effect, at 
most, on the rate constants. Kurz et 01. (72) have discussed 
similar types of solvent effects in solvolyses of methyl com- 
pounds, and van der Zwan and Hyne (73) have developed a 
general theory of such effects. 

General patterns of nuclesphilic reactivity 
The N+ relationship. eq. [I] ,  was first formulated (9) to 

describe the behaviors of reactions of carbocations and aryl- 
diazonium ions with a fcw anionic nucleophiles in several 
solvents (31). The relationship was then found to apply 
reasonably well to the reactions of the carbocations with neutral 
amine nucleophiles (1 I ) .  The next obvious step was to see if the 
relationship applies to reactions of neutral electrophiles. 

Jencks and co-workers (74, 75) had reported rate constants 
for reactions of a good variety of nucleophiles with aryl acetates 
and with some very reactive acetyl- and acetoxypyridinium 
ions. The absence of selectivity-reactivity relationships in the 
reactions had been particularly noted (75). The data for the 
reactions were found to fit reasonably well to the N+ relation- 
ship when allowance was made for changes in rate-determining 
step in some of the reactions (13). Some severe failures of the 
N+ relationship were found for specific cases, however. In 
particular. azide ion, fluoride ion. and aryloxide ions could not 
be accommodated. Later work by Hupe and Jencks (55a) on 
reactions of oxyanions and thiolates with esters and our work 
(17) on reactions of thiolates with carbocations showed a 
particularly serious failure of the N+ relationship for reactions 
of thiolates with esters. More recently. Palling and Jencks (76) 
have reported a study of reactions of nucleophiles with acetyl 
chloride and conclude that the N+ relationship does not apply 
to these reactions. 

As already mentioned in earlier sections, the reactions of 
nucleophiles with 2,3-dinitrohalobenzenes in water correlate 
very well with the reactions of the nucleophiles with aryl- 
tropylium cations (15). Some of the features of those reactions 
are also found in the reactions of nucleophiles with trans- 
3-methoxyacrylophenone and its thiomethyl analog (20). In 
comparing these reactions of neutral electrophiles with those 
of p-dimethylaminophenyltropylium cation, separate lines are 
generated by reactions in water and those in methanol solutions. 
That this is caused by a difference in free energy of transfer of 
the cationic and neutral electrophiles is indicated by a compari- 
son of the reactions of trans-3-methoxyacrylophenone with 
those of 2,4-dinitrophenyl acetate in the two solvents; a single 
correlation line is found (20). 

In connection with the interpretations of studies of trapping 
of solvolysis intermediates (6, 63). it seemed important to 
establish the patterns of reactivity of nucleophiles toward 

ion-pairs. This was accomplished by synthesizing and studying 
reactions of an intramolecular ion-pair, an ortho-sulfonate 
substituted triarylmethyl cation (1 8). The relative reactivities of 
positive, neutral, anionic, and di-anionic nucleophiles were not 
affected by the presence of the ortho-sulfonate group. This 
study and that of the neutral electrophiles demonstrate an 
absence of any significant electrostatic effects on the rates of 
electrophile-nucleophile combination reactions. 

Bunton et al. (38, 67) have extended the N+ relationship to 
reactions of ferrocenyl-substituted methyl cations, and to a few 
nucleophiles, such as borohydride ion, which are not simple 
Lewis bases. His studies of the a-isotope effects on the reactions 
have been discussed in earlier sections of this paper. Alavosus 
and Sweigart (77) have gone considerably farther into the 
organometallic area by showing that the N _  relationship works 
remarkably well for the reactions of nitrogen and phosphorus 
nucleophiles with metal-complexed II-hydrocarbons. 

~ c d l e l l a n d  and co-workers' recent studies of very reactive 
cations (36, 40), and Richard and Jencks' studies of the 
1-arylethyl cations (43, 61. 65) clearly indicate the need for 
more studies of cations less stable than the tri-p-anisylmethyl 
cation (pKR = 0.81). As discussed above, the point to be 
established is whether or not limiting rates below diffusion 
control are common, and whether or not reactivity-selectivity 
relationships become operable for very reactive species. 

The N +  relationship is certainly not the final word on 
nucleophilic reactivity. It fails badly in some instances for no 
apparent reasons, and it may not apply to extremely reactive 
carbocations. It is, however, about as good as one can do at 
the present time in attempts to predict or correlate rates of 
electrophile-nucleophile combination reactions. Several sets of 
N+ values are given in Table 5 .  

Theories of nucleophilic reactivity 
Swain and Scott (78) were certainly among the very first to 

attempt an understanding of nucleophilic reactivity, at least in 
the empirical sense of correlating such reactions. The focus of 
their attention, however, was on S N 2  substitution and SN1 and 
SN2 solvolysis reactions. Edwards (26) gave attention to more 
general types of nucleophilic reactivity. Following an earlier 
suggestion by Foss (79), Edwards examined the possible 
relationship between oxidation potentials and nucleophilicity. 
The oxidation potentials considered were those for the oxidative 
dimerizations: 

The four parameter equation: 

was proposed, in which k and ko are rate constants for reactions 
of the given electrophile with the given nucleophile and with 
water, respectively, E is the oxidation potential (reaction 1141) 
of the nucleophile, relative to water, H is the pK, of the 
conjugate acid of the nucleophile, relative to hydronium ion. 
and A and B are parameters giving the sensitivity of the electro- 
phile to oxidation potential and basicity of the nucleophile. 

Edwards was bothered by eq. [15] in that some reactions 
required negative values of the parameter A (80). Other authors 
(81) had expressed doubt about the appropriateness of reaction 
[14] as a "model process" for nucleophilic reactivity, since the 
potentials contain a large contribution from the X-X bond 
energies. The parameter E was then redefined by Edwards (80) 
as the polarizability of the nucleophile. Edwards and Pearson 
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Nucleophile Solvent Ar3C+ Pyr-Yc ArTrT 

H20 
NH3 
n-BuNH2 
EtNH, 
H2NCH2CH2NH2 
Et02CCH2NH2 
Et02CCH2NH2 
Et02CCH2NH2 
H jNCH2CH2NH2 
-02CCH2NH2 
Glycylglycinate 
CH30CH2CH2NH2 
CH30CH2CH2NH2 
n-PrNH2 
CF3CH2NH2 
CF3CH2NH2 
H2NNH2 
H2NNH2 
H2NNH2 
HONH2 
CH30NH2 
CH30NH2 
C6HsNHNH2 
H2NCONHNH2 
H2NCONHNH2 
Morpholine 
Morpholine 
Piperidine 
Piperidine 
OH- 
CH30- 
HCECCH~O- 
CF3CH20- 
CN - 
CN - 
CN - 
N 7 
N; 
c10- 
HOO - 
so:- 
BH, 
C6HsS- 
C6H5S- 
EtS- 
HOCHzCHzS- 
HOCH2CH2S- 
CH302CCH2S- 
CH302CCH2S- 
n-PrS- 
-O2CCH2SP 

Water 
Water 
Methanol 
Water 
Water 
Water 
Methanol 
DMSO 
Water 
Water 
Water 
Water 
DMSO 
DMSO 
Water 
DMSO 
Water 
Methanol 
DMSO 
Water 
Water 
DMSO 
Water 
Water 
DMSO 
Water 
DMSO 
Water 
DMSO 
Water 
Methanol 
Water 
Water 
Water 
DMF 
DMSO 
Water 
Methanol 
Water 
Water 
Water 
Water 
Water 
Methanol 
Water 
Water 
DMSO 
Water 
DMSO 
Water 
Water 

"All values are relative to N+ = 4.75 for hydroxide ion in aater .  See ref. 13. 
bValues based on reactions of Malachite Green or tri-p-anisylmethyl cation. 
'Values based on reactions of Pyronin-Y cation. 
dValues based on reactions of p-dimethylaminophenyltropylium cation. 
'The rates measured were at the diffusion-controlled limit. 

(29) discussed the applications of the modified eq. [I51 to a wide 
range of reactions, considerd how the parameters A and B vary 
with the nature of the electrophile, and pointed out the existence 
of the "a-effect", which is not included in the equation. 

One of the difficulties of the Edwards equations is that neither 

oxidation potentials nor polarizabilities, particularly anisotropic 
ones, are known for very many nucleophiles. In actual practice. 
the parameter E was "evaluated" by fitting eq. [15] to 
experimental data. Pearson et al. (52) attempted to solve this 
problem by using "model" reactions in which factors other than 
basicity are dominant in determining reactivity. He reached the 
conclusion that equations such as eq. [15] have very limited 
ranges of applicability and that the qualitative concept of 
"hardness and softness", which he had earlier introduced (28). 
was about all that one could hope for. 

The concepts of hardness and softness are loosely (no pun 
intended) related to proton basicity and polarizability, but are 
defined in terms of empirical reactivities (28). Klopman (83) 
has attempted to relate these properties to quantum mechanical 
concepts. 

Albery and Kreevoy (85) showed that the Marcus theory (84), 
which began as a theory for electron transfer reactions (84), 
could be applied reasonably to SN2 reactions of nucleophiles. 
Lewis et al. (86) have provided an impressive body of 
supporting data for application of the Marcus equation to the 
specific case of methyl transfers in sulfolane solution. Albery 
(87) has applied the Marcus equations to cation-nucleophile 
combination reactions, but there appears to be no justification 
for the application (22), and the results cannot be taken 
seriously. 

One of the interesting features of cation-anion combination 
reactions is that the reverse reactions, heterolytic dissociation of 
covalent bonds, take place frequently in solution, but not in the 
gas phase. In the gas phase, the dissociation of a covalent bond 
is almost always homolytic. In solution, as a bond begins to 
stretch, it probably follows a homolytic pathway for some 
distance before solvent can lower the energy of the heterolytic 
pathway sufficiently for it to be followed. In the combination 
reactions, two ions must come together to some critical 
distance. then an electron-transfer must occur as the distance 
shortens to that of the bond. For some extreme cases, the 
combination reaction can obviously become a two-step process 
in which an electron transfer precedes bond formation (88). 

For the reactions discussed here, there is no evidence for a 
separate electron-transfer step. For some reactions of carbo- 
cations with carbanions, however, Arnett and co-workers have 
observed (57) major, or exclusive, side reactions resulting from 
electron transfer. For the reactions considered in the present 
paper, it is almost certain that the electron transfer and bond 
formation are simultaneous (24). Pross (89) has discussed such 
"electron shift" processes, and Hoz and Speizman (90) have 
pointed out the role of the LUMO of the electrophile in these 
reactions. 

These considerations led to an examination of the possible 
relationship between nucleophilic reactivity and one-electron 
oxidation potentials for the half-cells: 

Note that the half-cell in reaction [16] is quite different from that 
in reaction [14] used by Edwards. Although very few of the 
potentials for reaction [I61 have been measured in solution, it 
was possible to devise a thermodynamic cycle (24. 90) from 
which the uotentials can be estimated from bond-dissociation 
energies in the gas phase and acidities in solution of the 
HX molecules. Some pertinent data for potentials and related 
solvation energies are shown in Table 6 .  

Although a surprisingly good correlation of potentials for 
reaction [I61 with reactivities of nucleophiles was originally 
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TABLE 6. Oxidation potentials and solvation energies of nucleophiles 
in watera 

Nucleophile B . D . E . ~  E', eq. 16' AG:, 

HOO- 
C6H50- 
NO; 
n-PrS- 
C6H5S- 
CH30- 
CF3CH20- 
N 7 
C10 - 
CH3COO- 
CN - 
OH- 
NH2NH2 
Piperidine 
n-PrNH2 
H20 

"Data are from ref. 52. Original references to literature are in ref. 24. 
bEnthalpy of bond dissociation of H-nucleophile in the gas phase, at 25°C. 
'Standard oxidation potentials relative to N.H.E,  at 25°C. 
"Free energies of transfer of the anions from dilute gas to dilute aqueous 

solution at 25°C. 
'The values given are for the radical cations of the neutral nucleophiles. 

See ref. 24. 

found (24), later data for more systems, and particularly for 
non-aqueous solutions, d o  not confirm the correlation (52). It 
was pointed out in the original paper (24) that the correlation is 
not expected on  the basis of any of the quantuni mechanical 
theories (90-94) of the reactions. These theories must deal 
with vertical transitions between states, while the potentials for 
reaction [16] are for non-vertical, adiabatic, processes. 

The  fact that solvation energies of ions are frequently on the 
order of bond energies (see Table 6) ,  and that molecular orbital 
theories are poorly suited to the problem of such solvation has 
probably been responsible for the slow development of reason- 
able quantum mechanical theories of cation-anion reactions. 
Warshel and Weiss (91) cast the problem in valence bond 
formalism and presented an approximate treatment for handling 
the solvation energies. Shaik (92) generalized the valence bond 
curve crossing model, Pross and Shaik (93) have discussed 
qualitative features of the model. and Shaik (94) has presented 
quantitative details of the application of the model to S K 2  
reactions. The latter paper by Shaik (94) also details how one 
may obtain the contributions of solvation in an approximate 
form. Thus, a quantum mechanical theory of the reactions 
discussed in this review exists. We may confidently look 
forward to seeing the details of its application.' 
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C. S A N D ~ R F Y  and D. VOCELLE. Can. J .  Chem. 64, 225 1 (1986). 
The photochemical step in the functioning of visual and bacterial rhodopsins entails cis-trans or trans-cis isomerization 

and changes in the state of protonation of the retinylidene Schiff base chromophore. In this review our present knowledge on 
these two events is discussed as well as the role of interactions between the chromophore and the surrounding protein, opsin. 
The relation between protonation and hydrogen bonding at the Schiff base nitrogen, the problems of stabilization of the proton 
bridge and charge separation are also discussed. A new proposal is made which implies Schiff base to counter-ion proton 
translocation with concomitant isomerization and reprotonation of the chromophore. 

C .  S A N D ~ R F Y  et D. VOCELLE. Can. J .  Chem. 64, 2251 (1986). 
L'Ctape photochimique dans le cycle des rhodopsines visuelles et bactkriennes comprend de I'isomkrisation cis-trans ou 

trans-cis et des changements dans 1'Ctat de protonation du chromophore. une base de Schiff du rktinal. Nous passons en revue 
nos connaissances actuelles relatives B ces deux processus et les interactions entre le chromophore et la protkine opsine. La 
protonation et la formation d'une liaison hydrogkne sur l'azote de la base de Schiff et les problkmes de la stabilisation des ions 
ainsi form& et de la skparation des charges sont Cgalement discuds. On propose un nouveau mCcanisme qui impliquerait un 
transfert de proton de la base de Schiff a son contre-ion qui irait de paire avec l'isomerisation et la reprotonation du chromophore. 

Introduction 
Only humans and animals can see; plants cannot. What a 

distressing thought that roses, tulips, anthuria, and all those 
beautiful flowers cannot see each other or themselves! But we 
can see them. Light is a decisive factor for life: photosynthesis, 
germination, and growth regulation of plants, vision and many 
other functions are initiated or conditioned by light. The light 
receptors are usually pigments; the chromophore is surrounded 
by a protein whose field and conformation have a decisive 
influence on its properties and in which lipids, sugar, water, 
metals also have roles to play. The principal visual chromo- 
phore which is a conjugated olefin containing six double bonds 
is covalently bound to the apoprotein opsin by a Schiff base 
linkage, fonning rhodopsin. 

The eye is a bio-optical device in which light of the 
appropriate wavelength range is focussed onto the site where 
the Schiff base of 11-cis retinal is located. Photons must 
be absorbed, initiating a photochemical process which must 
eventually give a signal to the nervous system; then our brain 
must somehow form an image which has to be read and 
interpreted. The field of vision research has been opened by 
the pioneering work of Wald and Hubbard, and their co-workers 
(1-16), the spectroscopic part of it by Yoshizawa, Wald, and 
their co-workers (17-21). The light absorbing molecule in the 
visual process is the Schiff base of 11-cis-retinal, a kin of 
vitamin-A, formed with lysine, an aminoacid of the protein opsin 
(Fig. 1). This review is only concerned with the photochemical 
event on which a great deal of information has been accumu- 
lated in recent years. The subsequent events in the mechanism 
of vision are also the object of intensive research. Exciting new 
developments can be expected in the coming decades. 

Why did creation choose the Schiff base of 11-cis-retinal? 
Conjugated olefins are known for their tendency to undergo 

cis-trans or trans-cis isomerization photochemically. It would 
be astonishing if nature did not use this property of them. 

FIG. 1 .  1 l-cis-Retinal and all-trans-retinal. 

The eye is supposed to see light, not heat. Therefore the 
photochemical event of vision must occur in an excited state 
which cannot be reached by possible increases in temperature. 
Retinal derivatives are well suited for this. That cis-trans 
isomerization is the primary step was suggested at an early stage 
by Yoshizawa and Wald (22). 

If this was the only requirement, most conjugated olefins, 
their aldehydes, alcoho!~, and other derivatives would be 
suitable. Why an imine, a Schiff base? The linkup with the 
protein might be an obvious reason. Another reason might be 
that nitrogen is needed because it can easily form hydrogen 
bonds or become protonated. Indeed, Rentzepis and co-workers 
found evidence for rapid proton transfer in rhodopsin following 
light absorption (23-25). So both isomerization and proton 
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transfer can be expected to play an important role in the 
photochemical event of vision. 

A very surprising discovery was made in 1971 by Oesterhelt 
and Stoeckenius (26. 27). The purple membrane of halo- 
bacterium halobium, a bacterium dwelling in salt water, 
contains a chromophore which turned out to be an isomer of 
rhodopsin (Rh). Bacteria cannot see; bacteriorhodopsin (bR) 
functions as a proton pump. It pushes protons across a 
membrane against a chemical potential gradient using the 
energy of the absorbed photons. Because of a number of 
experimental advantages and the possibility of rapid progress 
much of the present research on rhodopsins is concentrated on 
bR. During the last few years still other rhodopsins have been 
discovered and more can be expected. Rhodopsins are devices 
whose use by nature is more widespread than was originally 
thought (27-30, 43, and references therein). 

Some facts about Rh are intriguing to spectroscopists and 
photochemists. First, in a test tube in a relatively inert solvent, 
the Schiff base of retinal has its intense ( T ,  T X, band of lowest 
frequency at 370 nm. In human or bovine Rh, however, it is at 
about 500 nm. Moreover, this wavelength varies from species to 
species. Some fishes and frogs, for example, can see in the near 
ultraviolet (up to 350 nm in some cases) (3 1-35). This amounts 
to a range of about 350 to 600 nm. In addition to rods which 
make it possible to see in black and white, the eyes also contain 
cones which provide for color vision. They contain three or four 
pigments of different colors in the various animal species. 

The remarkable fact is that all these pigments contain Rh as 
the chromophore. The differences are due to their different 
conformations and molecular environments, mainly the protein 
surrounding the chromophore. Only some species contain one 
more double bond in the p-ionone ring (porphyropsin) conju- 
gated with the six double bonds present in all Rh (30, 36, 37). 

Several excellent reviews have been published on rhodopsins 
(Yoshizawa (20); Honig (38, 39); Ottolenghi (40); Birge (41); 
Uhl and Abrahamson (42); Stoeckenius and co-workers (43a, b ) ;  
Shichi (44); Balogh-Nair and Nakanishi (45); Kliger (46); see 
also the volume edited by Packer (47)). 

The present review does not aim at complete coverage. It 
is rather intended as a provocative review introducing some 
unorthodox ideas into the discussion. The problems of isomeri- 
zation and protonation in rhodopsins are intimately connected. 
For this reason some re~etitions will be inevitable in the 
following discussions. 

The cycles of Rh and GR are known to contain a photo- 
chemical primary step leading fro= Rh to B (bathorhodopsin) 
and from bR to K,  respectively. This is followed by the 
successive formation of a number of intermediates which differ 
from one other by isomerism, protonation-deprotonation, and 
their protein environment. At the end of the cycle, in the 
visual pigments of vertebrates, the final (all-trans) isomer is 
hydrolyzed down from the apoprotein and is later chemically 
regenerated. In invertebrates and in bacterial rhodopsins at 
the end of the cycle the original Rh or bR is regained. The 
intermediates are usually characterized by the wavelength 
(in nm) of their visible absorption maxima. and their risetime 
and lifetime. We reproduce here the schemes relating to Rh and 
bR based on literature data. The temperatures at which the 
spectra were taken are also given (Figs. 2, 3). 

The initial configuration of the chromophore of Rh is 1 1-cis. 
In bR it is all-trans (light adapted) or about 1:1 all-trans and 
13-cis (dark adapted). 

FIG. 2. The photochemically induced cycle of rhodopsin. Adapted 
from ref. 238. Reproduced with permission of the Elsevier Biomedical 
Press. 

1 2 p s  

6 I 0 
I y 2;ls 

'550 4 S o p s  

M412 
I 4 rns 

M412 

FIG. 3.  The photochemically induced cycle of bacteriorhodopsin. 
Adapted from ref. 239. Reproduced with permission from Annual 
Review of Biophysics and Bioengineering. 2, 10 (1981) by Annual 
Reviews. Inc. 

The excited state 
The electronic spectra of conjugated polyenes were the object 

of thorough studies. 1 -3-Butadiene can be taken as a school 
example. In the trails conformation which is present in the 
gas phase. butadiene has a co-planar ground state and Cz iZ  
symmetry, with a center of inversion. The four .rr electrons give 
rise to four n type molecular orbitals. In a first approximation 
the ground and valence-shell excited states of butadiene are 
obtained as transitions between these MOs. The ground state is 
totally symmetrical. ' A ,  while the first excited state is ' B ,  . The 
'A, -+ ' B ,  transition is allowed and polarized in the molecular 
plane along the central C-C bond. While the more compli- 
cated polyenes present in Rh do not have C2,, symmetry this 
butadiene nomenclature is often used in an approximate sense. 
The corresponding band has its maximum near 210 nm (about 
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48000 cm-') and it is very intense. This preponderance of the 
first ( n  : n * )  band is characteristic of the trans or approximately 
trans conformation. There is a second 'A, + ' B, band at much 
higher frequencies. (About 130 nm or 77000 cm- ' ) (48). The 
two other (n , T * )  bands correspond to 'A, -+ 'A,  transitions 
and are forbidden by the Laporte rule for the trans Glyenes. All 
this description of the spectrum of trans-butadiene is based on 
the Hiickel approximation or SCF MO calculations aimed at the 
ground state. In 1967, Koutecky (49) drew attention to the 
fact that when configuration interaction is applied, the two 'A, 
states (obtained in a first approximation) will mix, so that one of 
them ('A,-) moves to lower and the other ('A,') to higher 
energies. If the mixing is sufficiently large the A,- state might 
become lower in energy than the B u +  state and become the first 
excited singlet state. (The + and - signs refer to the sign in the 
linear combination resulting from configurational mixing (see 
refs. 40, 41). Koutecky put forward the idea that this could 
be so in the case of visual pigments. The photochemical 
consequences of this can be expected to be very important. 

In cis-butadiene the situation is different: all four JT.T*) 
bands are symmetry allowed, and the one of lowest frequency is 
no longer the most intense of them. 

The importance of the A,- problem in the case of butadiene is 
largely academic. A ,  does not appear to be the lowest excited 
state. However. if butadiene has such a low-lying band the 
higher conjugated polyenes which include retinal derivatives 
and carotenoids must also have A,- type bands. After Hudson 
and Kohler (50) and Schulten and Karplus (51) a series of 
investigations were devoted to this problem. It became acces- 
sible to experimental research thanks to the rapid development 
of two photon spectroscopy (see refs. 52-55). Transitions 
of the g t-t g type are allowed in two photon absorption 
spectroscopy. The ' A ,  state has been shown to be the lowest 
excited singlet state in long chain linear polyenes (41, 55-65). 
While actual visual chromophores do not have a center of 
inversion, they "remember" C 2 h  symmetry sufficiently for 
transitions from the ground state to 'A,--like states to remain 
weak and transitions to 'Bu+-like states intense in one-photon 
spectra. On the other hand, the transition from the ground to the 
'A,- state is the major contributor to the two-photon transition. 
In EPA (5:5:2 mixture of diethyl ether, isopentane, and 
ethanol) at 77 K all-trans-retinol (61), all-trans-retinal (62), 
and its Schiff base have the 'A,--like state at energies lower 
than the 'B,-like state (41. 61-63). The difference is of the 
order of 2 0 0 0 c m ' .  This seems to apply to both the Franck- 
Condon maxima and 0-0 bands. Birge and co-workers extend- 
ed their research to the protonated all-trans-retinal Schiff base 
at room temperature. Then a reversal occuned, the  like 
state being at slightly lower frequencies. These results, interest- 
ing as they are, cannot be directly extended to Kh. Indeed, the 
order of these bands has been found to be highly sensitive 
to solvent and environmental conditions. However, Birge, 
Nakanishi. and their co-workers succeeded in taking the 
two-photon spectra (in D 2 0 ,  at room temperature) of locked- 
11-cis-rhodopsin (64) (Fig. 4 ) .  In this molecule the ring 
introduced at the central double bond makes isomerization 
impossible, so that this rhodopsin does not bleach. However. 
the chromophore occupies the same site as in a natural visual 
pigment with the same counterion environment. The 'B,,--like 
band was found to be at significantly lower frequencies than the 
'A,--like level. This is the opposite trend of what was found for 
the non-protonated Schiff base or the aldehyde or the alcohol. 

Birge et al. (64) consider this as a strong indication for the 
presence of a protonated Schiff base in Rh. It follows that 
the photochemical cycle of Rh starts in the 'But-like state. 
Moreover, since the true chromophore does not have C Z h  
symmetry (in a rigorous sense it has no symmetry at all), the 
excited A - and But states might actually mix. 

The 'B;+-like state is a polar state in the valence-bond sense. 
meaning that resonance structures with large charge separations 
are predominant in the VB wave function. To the contrary, the 
'A,--like state is a covalent state (64a, 65). This means that the 
field of the surrounding molecules can affect these two states 
very differently and that the photochemical reactions occurring 
in them could also be very different. The 'A,- state to which 
one-photon transitions are rare is a state of long lifetime whereas 
'B,+ is a state corresponding to an intense band with a short 
lifetime. 

As reported above, Birge et al. (41, 64a) were able to 
demonstrate that protonation of the Schiff base reverses the 
order of the lowest excited singlet states, so that 'B,+ is 
the lowest. However, according to Murray and Birge (646) 
hydrogen bonding has the opposite effect; in the presence of 
methanol, for example. which forms hydrogen bonds with the 
Schiff base nitrogen the 'A,- state is the lowest, actually more 
so than in retinol or retinal 

(However, Das et al .  (66) have shown that this H-bond effect 
is much greater in the excited state than in the ground state.) 
Since the formation of a hydrogen bond is a situation inter- 
mediate between that of the free base and the protonated base, 
the effect of hydrogen bond formation would also be expected 
to be intermediate. The reasons why this would not be so in the 
present case are discussed by Murray and Birge (64b) and by 
Das et al. (66). 

Birge and Hubbard (67) suggested that the mixing between 
the 'But and ' A ,  states is responsible for producing a 
barrierless excited state potential energy surface for cis-tralzs 
isomerization and that the extremely rapid formation of batho- 
rhodopsin may be a consequence of the photochemical lability 
of the 'A,--like state. They used the INDO-CISD method, a 
semi-empirical molecular orbital technique including a respect- 
able amount of configuration interaction with both singly and 
doubly excited configurations combined with molecular dyna- 
mics calculations to investigate the cis-trans isomerization of 
Rh. They demonstrated that cis- trans isomerization around the 
11-12 double bond can occur with high quantum efficiency 
(about 0.6) in approximately 2 ps. The mixing with the A,--like 
state into the largely ionic Bu+-like state increases the covalent 
character of the latter. As a consequence, after photon absorp- 
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tion, a steep potential well with an energy minimum at a 
dihedral angle 0(11,12) = 90" is produced during the subse- 
quent isomerization process. This amounts to the formation of 
an activated complex which preferentially decays to a distorted 
all-trans isomer. The barrier to isomerization is negative in the 
excited state. Moreover, Birge and Hubbard's calculations have 
shown that in the photochemical step leading from Rh to B, 
the lysine residue undergoes a conformational distortion which 
may distort the chromophore in B, preventing it from reaching 
a planar all-trans conformation. The calculations have also 
demonstrated the role of the counter-ion (near the C=N bond) 
in increasing the barrier to thermal ionization in the ground 
state. Furthermore, the location of the counter-ion is critical and 
the increase or decrease of the photochemical isomerization 
time is dependent on it (67). 

A different approach was taken by Becker and Freedman (68) 
who studied photoisomerization quantum yields of 11 -cis- 
retinylidene-n-butylamine and its protonated counterpart as a 
function of the nature of the solvent. For the Schiff base the 
quantum yield (6) varied from 0.01 in hexane to 0.34 in 
acetonitrile. A hydrogen bonded complex with hexafluoro- 
isopropanol had the high value of 0 .3  1 .  It is interesting to note 
that this proton donor has the same effect as acetonitrile, a polar 
molecule with no hydrogen capable of H-bonding. For the 
protonated Schiff base they found a quantum yield equal to 
about 0.24, practically independent of solvent. This shows that 
protonation is not a prerequisite for cis-trans photoisomeriza- 
tion in a polar environment. Only in non-polar solvents does 
protonation increase the quantum yield. Becker and Freedman 
(68) interpret these variations in quantum yield by increased 
B,+-A,- mixing as a function of increased polarity of the 
environment. According to their results A ,  does not especially 
promote isomerization; it would seem rather that B,+ facilitates 
it more. Both Birge and Becker agree, however, that the mixing 
of the two states is essential for promoting cis-trans photo- 
isomerization. According to Becker the pK, of the Schiff base 
and the negative charge on the nitrogen increase upon excitation 
with no twist; the charge density decreases upon twisting to 
90" (68). Contrary to previous observations they found that 
the quantum yield (+I) for the protonated 11-cis Schiff base 
is independent from the excitation wavelength from 355 to 
532 nm. This is the same behavior as that of Rh itself (70-72). 

Becker et al. (68,69) made the proposal that ". . . the primary 
photostep in vision involves the proton coming off in the excited 
state during the twisting to -90' onto o1.e site of the protein and 
returns from another site of the ~ ro te in  after relaxaiion to and 
twisting in the ground state from -90" to whatever angle is 
appropriate to B". They also found a non-excited state transient 
in the photoisomerization reaction of the 1 I-cis Schiff base but 
not for the protonated Schiff base. 

It appears then that the role of protonation (or hydrogen 
bonding, or a polar environment) is mixing together the 
'A,--like and 'B,+-like excited states thereby opening the way 
to photoisomerization with a high quantum yield. 

In a subsequent paper, Freedman and Becker (680) examined 
the 9-cis, 11-cis, 13-cis, and all-tmns isomers, both unproto- 
nated and protonated. Their results show that for the protonated 
species only the 11-cis isomer efficiently isomerizes. more 
than five times than the 9-cis or 13-cis isomers. This helps 
in understanding nature's choice of the 11-cis isomer. Their 
results on the unprotonated species show that a polar or 
hydrogen bonding environment-must be provided forkfficient 
isomerization. 

An idea which appears to be complementary to the above 
was put forward by Leclercq and Sandorfy (73). The photo- 
chemically active excited state should have an appreciable 
amount of charge transfer character. 

The electron donor is presumed to be a carboxylate group 
which could be either the primary counter-ion or a secondary 
counter-ion placed in the vicinity of the chromophore. The 
HOMO of the carboxylate ion containing the additional electron 
is a nearly non-bonding orbital while the LUMO is a low-lying 
empty T*  orbital of the Schiff base. Leclercq's calculations 
(73) by both the semiempirical CNDO/S and a b  inilio 6-31G 
methods have shown that upon protonation the lowest unoccu- 
pied molecular orbital undergoes a spectacular lowering in 
energy. (A hydrogen bond at the Schiff base nitrogen would also 
do this but to a lesser extent.) In consequence a new charge 
transfer state may exist, the transition to which from the ground 
state giving rise to absorption at low energies. Much depends 
on mutual chromophore - counter-ion separation and other 
geometrical and environmental conditions. It is also possible 
that without having a separate charge transfer state, the existing 
excited states acquire a significant CT character. Since no CT 
band has been identified so far this latter possibility is more 
likely. The problem should be further explored. 

Triplet excited states do not seem to play any role in the 
photochemistry of vision. The reason that can be given for this 
is the low yield of singlet-triplet internal conversion. (For a 
discussion of this problem see Ottolenghi's review (40) and 
references therein.) The same seems to apply to the (n,.rr*) and 
Rydberg excited states which are expected to be at frequencies 
higher than those of the B,' and 'A,- bands (74). 

Isomerization 
Since Rh uses 11-cis-retinal as a chromophore and since 

all-trans-retinal is ultimately obtained in the process of vision, 
at least one isomerization did occur during the bleaching of the 
visual pigment. In 1958, Hubbard and Kropf put forward the 
idea (15) that the isomerization of the 11-cis bond of the retinal 
Schiff base to trans occurred in the primary step, at the 
photochemical stage. The main reason supporting this proposi- 
tion came from the fact that immediately after the light has 
struck rhodopsin the following equilibrium is produced (17): 

Isorhodopsin (9-cis) = bathorhodopsin rhodopsin ( I  1-cis) 

More recently it was found that 7-cis Rh could be included in 
the same equilibrium (75). 

It was reasoned that since B is an intermediate of both 9-cis- 
and 11-cis-retinal derivatives. its structure must be all-trnns. 
This became one of the key paradigms regarding the primary 
event in vision. The conclusion then was that the photo- 
conversion of Rh to B meant the isomerization of the 11-cis 
double bond to a trans configuration. 

This idea has been supported by data presented by Rosenfeld 
et al. (70). Green et al. (77). and Monger et al .  (78). However, 
the validity of the argument has been weakened when Spalink 
et al. obtained evidence to the effect that the B formed froin 
9-cis-Rh is not the same as the B of 1 1-cis-Rh 125, 79). For this 
they used a 25 ps, 532 nm pulse at 85 ps after excitation of the 
9- or 1 1-cis Rh sample. This is much more than the time needed 
for the Rh + B transfornlation and much more than the time 
needed for the transformation of B into the next intermediate, 
lumirhodopsin. The obtained visible absorption spectra are not 
very different. however. so that the assignment of a distorted 
all-trans configuration to B is still reasonable. 
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Simultaneously, several research groups used resonance 
Raman techniques to investigate the structures o f  Rh, isorho- 
dopsin, and B .  Among these, Oseroff and Callender published a 
work very often cited (76).  Using low temperature (80 K )  laser 
irradiation within the visible absorption band. they obtained 
well-defined photostationary states o f  Rh, isorhodopsin, and B .  
In order to distinguish between these three compounds, they 
used a double wavelength pump-probe technique (one laser 
creates a resonance Raman effect ,  the second changes the 
composition o f  the photostationary state). By this method, they 
were able to show that Rh. isorhodopsin, and B were all 
protonated (the C=N band at 1655 cm-' shifts to 1630 cm--'  
upon deuteration) and that B had three relatively intense bands 
at 856, 877, and 920 cm-I. Since the fingerprint region o f  
B differed markedly from that o f  both all-trans-retinylidene 
and 11-cis-retinylidene Schiff bases, they suggested that the 
retinylidene chromophore assumed some intermediate confor- 
mation between a cis- and a trans configuration (10).  In similar 
works but using deuterated retinal isomers? Eyring et al. (80-82) 
were able to assign these three bands to CH out-of-plane 
wagging vibrations. They concluded that B had a perturbed 
all-trans configuration and that it is protonated. 

The saga o f  the resonance Raman assault on Rh and bR 
started with the assignments made for "vitamin-A type mole- 
cules", among them trans-retinal, by Rimai, Gill. and Parsons 
in 197 1 (83).  A rather complete resonance Raman and infrared 
study was presented in 1978 by Cookingham et al. (84) on a 
number o f  retinals and their Schiff bases. The knowledge o f  the 
spectra o f  retinals, their Schiff bases and protonated Schiff 
bases is a prerequisite for the interpretation o f  the spectra 
o f  Rh and bR themselves and those o f  their intermediates. 
A representative list o f  references is found in a recent paper 
by Smith et al. (85),  many o f  them due to the groups o f  Mathies, 
Lugtenburg, and Stockburger. W e  can only quote some o f  the 
most recent ones which are o f  direct importance from the point 
o f  view o f  this review: Eyring et al. (80) on the hydrogen 
out-of-plane vibrations in Rh and bR; Mathies on the conforma- 
tion o f  retinal in Rh and in isorhodopsin (86); Eyring et al. on 
B (81); Braiman and Mathies on all-trans to 13-cis isomerization 
in bR (87, 88); Curry et al. on all-trans-retinal (89); and 
on 13-cis-retinal (90); Lugtenburg (91),  and Pardoen et al. 
(92, 93) who synthesized series o f  highly useful labelled 
molecules; Smith et al. on the determination o f  the retinal Schiff 
base configuration in bR (85,94); and Stockburger et al. (95)  on 
bR and intermediates in its photochemic..il cycle. Massig et al. 
on all-trans, 13-cis, and 3-dehydroretinal(96) and Hildebrandt 
and Stockburger (97) on the role o f  water in bR's chromophore. 

This list is by no means exhaustive. These investigations 
have shown that, as stated above, the chromophore o f  Rh. the 
protonated Schiff base o f  11-cis-retinal is photochemically 
transformed into a distorted all-trczns isomer in becoming 
B while the all-rrans chromophore o f  light-adapted bRShX 
becomes 13-cis in the intermediate K .  With the help o f  
detailed normal coordinate analyses very secure assignments 
were made. 

Originally, B was thought to be more unstable than Rh by 
some 5 to 13 kcal/mol (70) .  Cooper, in 1979 (98) .  was able to 
demonstrate by photocalorimetry that there existed a difference 
o f  35 kcal/mol between B and Rh. Boucher and Leblanc (980)  
have recently confirmed this value using photoacoustic spectro- 
scopy. Since a simple cis-trarzs isomerization process could not 
explain such a large energy difference, new mechanisms were 
proposed (67. 99-101). Important contributions came from 

Nakanishi and Honig's groups (102- 1 10). After hydrogenating 
sequentially every double bond o f  retinal and preparing the 
related synthetic visual pigments, they were able to show that 
the 1 I -cis-retinylidene Schiff base was protonated (existence o f  
a salt bridge) and that a second externalcharge was located near 
Cll-C13. The structure o f  B consists in a strained all-trans- 
chromophore where the salt bridge was broken and a charge 
separation had occurred (99).  This charge separation is mainly 
responsible for the high energy o f  B (see below). 

Charge separation without solvent stabilization being unlikely 
in a polar solvent, a non-polar environment was proposed. This 
mechanism has been widely acclaimed but criticism came fast 
also. Warshel in a series o f  papers (100, 1 1  1 ,  1 12) argued that 
the environment surrounding the ion-pair in Rh could not have 
a low dielectric constant since in such a milieu, a salt bridge 
should revert to a molecular form. 

Since in a medium having a low dielectric constant a salt 
bridge could not exist between a weak base and a weak acid and 
since in a polar environment a charge separation is unlikely to 
occur, Warshel proposed an alternative. In Rh, a salt bridge is 
present in a polar environment; under the action o f  light, there 
is a cis-trans isomerization which moves the positive nitrogen 
o f  the Schiff base out o f  the salt bridge and into a non-polar 
environment so that an effective charge separation has occurred. 
Based on the works o f  Blatz's group ( 1  13). the increase in the 
distance between the irninium and its counter-ion should induce 
a red shift which is in concordance with what is observed. 

The cis-trans isomerization process in the visual pigments 
was also proven in a more indirect way. Nakanishi's group 
synthesized I I-cis-locked chromophores such as the aldehyde 
shown in Fig. 4 .  This aldehyde (and many others, also locked) 
could form with opsin a synthetic pigment. This pigment was 
non-bleachable; that is, it could not be transformed into analogs 
o f  B ,  lumirhodopsin or meta I and meta 11, rhodopsins. The 
conclusion was then given that the 11 -cis bond is crucial to the 
visual cycle: it must be able to isomerize to a trans entity in 
order to have a bleachable pigment. 

The C=N bond in the chromophore can also exist in a syn or 
anti configuration (Fig. 5) .  This possibility has not been fully 
exploited and only a few works or ideas have been submitted on 
the role that this isomerization could play in the mechanism o f  
vision. Oesterhelt in 1973 ( 1  14) and Warshel ( 1  15) in 1976 
have discussed this possibility and so has our group (1 16). It is 
important to recognize the role that syn-anti isomerization o f  
the imine function could play in the mechanism o f  vision. As 
stated earlier, Warshel proposed that there is a charge separation 
occurring at the photochemical stage because isomerization 
o f  the 11-cis bond to a transoid configuration transfers the 
chromophore into a new environment, namely from a polar to a 
non-polar milieu. I f ,  in addition, the likely anti configuration 
o f  the Schiff base could isomerize to a syn configuration, 
the environment surrounding the imine bond could well be 
completely different. Such an isomerization was detected 
recently by Harbison et al. ( 1  17). Using '" solid state nrnr 
and MASS technique. they were able to show that lyophilized 
dark-adapted bR is composed o f  a mixture o f  all-trans, 15-anti 
( E ) .  and 13-cis, 15-syn ( Z )  isomers. From this work it appears 
that the configuration around the C=N bond is o f  the utmost 
importance. 

Finally the same group has shown (1 18) that in bR,  the 
chromo~hore takes a 6-a-trun~ confor~nation. and that there are 
possibly three charges which are interacting with the polyenic 
chain. First, there is the counter-ion o f  the Schiff base; then 
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FIG. 5.  Syn-anti isomerization of Schiff bases. 

there is a negative charge near the ionone ring in conformity 
with the proposal of Nakanishi et al .  (104). The third charge 
could be the counter-ion of the negative charge. The positive 
charge would be located near the C7-C8 double bond. 

Interactions benveen opsin and the chrornophore 
As already stated in the Introduction the frequency of the 

'B," band varies a great deal from one animal species to another 
and between rod and the different cone pigments and it is, in 
almost all cases. very different from the frequency of the 
isolated chromophore. This poses the problem of frequency 
regulation in visual pigments as well as in bacterial Rh. In view 
of the great importance of the ' A ,  state for the photochemical 
reaction of Rh it would be very desirable to know if the species 
to species changes of the frequency of this state parallel or not 
those of the 'B," state. However, most of the two-photon 
work known to us was done on bovine Rh. The knowledge 
of the 'A,--'B," separation could be helpful in assessing 
the differences in the mechanism of vision from species to 
species. In the meantime, comparisons between unprotonated 
and protonated Schiff bases may serve as a guide. 

Wavelength regulation can only be achieved by the protein 
opsin which surrounds the chromophore. (However, the possi- 
bility of interaction of the chromophore with the lipid membrane 
should not be dismissed lightly.) The protein contains a number 
of ionic and polar groups whose field affects the chromophore. 
One of them which we call the primary counter-ion, is expected 
to be hydrogen bonded to the protonated nitrogen of the Schiff 
base. Protonation alone would explain only a part of the 
bathochromic shift (see ref. 119 and references therein). So 
an additional effect is needed. In human or bovine Rh the 
maximum of the band is near 500 nm. 

A fundamental proposal was made at an early stage (1958) 
by Kropf and Hubbard (15, 16). They suggested that the polar 
groups of the protein, like COO-, Op ,  S- could act with their 
fields upon the Schiff base pushing down the 'B,--like state. 
This idea is at the origin of the external point charge model. In 
1968 Wiesenfeld and Abrahamson (120) carried out auantum 
chemical calculations using a simple model of point charges and 
the Pariser-Parr-Pople method. They were able to substantiate 
Kropf and Hubbard's suggestion. Their calculations indicated 
that the most appropriate place for the polar group is in the 
vicinity of carbons 5 to 9 .  We shall call it the secondary 
counter-ion although it might be actually a properly oriented 
dipole. Other theoretical results giving strength to Kropf and 
Hubbard's suggestion came from Abrahamson and Wiesenfeld 
(121) and Mantione and Pullman (12 I ) ,  Honig et al .  (1 23), and 
Favrot et ul.  (124, 125). 

Nakanishi, Honig, and their co-workers (102-110) have 
greatly developed the external point charge theory. Nakanishi's 
group prepared a number of synthetic retinals and dihydroreti- 
nals in order to secure clues for the location of the point charge. 
These dihydroretinals can be assumed to bind to the apoprotein 
in conformations that closely mimic that of the native chromo- 
phore (see previous section). Bovine Rh was used in the 
experiments. The wavelength of their 'B,,+-like absorption 
maxima was compared to their respective solution values. the 
difference being the opsin-shift. Methanol was chosen as a 

solvent (104, 110), since A,,,, in this solvent is independent 
from the counter-ion ("levelling effect", Blatz and Mohler 
(126)). This is not an ideal choice, since methanol as a polar, 
hydrogen bonding solvent promotes protonation that is, helps to 
push the proton onto the nitrogen in a salt bridge. However, 
provided the Schiff bases are 100% protonated anyway this does 
not make much difference. The opsin shift turned out to be 
2700 cm-' for the protonated Schiff base of 1 1-cis-retinal itself, 
about 1700-2100 cmp'  for the 5,6 or 7,8 or 9,10 dihydro 
compounds and 5300 cmp ' for the 1 1,12 dihydro compound 
(105. 127). In the latter molecule the insulation effect of 
the saturated-CH2-CH2-group reduces the chromophore to a 
diene. Thus a point charge placed in proximity of the 11,12 
double bond is seen to cause the largest opsin shift. (Interest- 
ingly, Honig's calculations show that this can be obtained by a 
negative charge near C14 or a positive charge near C15). Both 
the relatively large shift of the 11.12 dihydro derivative and the 
smaller shift of the native chromophore can be e5plained by 
placing a pegative charge in the C12-C14 area, 3 A from C12 
and 3.4 A from C14 (127). This applies to (bovine) visual 
pigments. Similar data for bR lead to the conclusion that 
the external negative charge is located in the vicinity of the 
p-ionone ring. The carboxylate ions which are likely to be the 
point-charges cannot be considered as exact point charges. They 
actually contain two negative oxygens and one positive carbon. 
It is even possible that the primary counter-ion and the external 
point charge are two oxygen atoms of the same carboxylate ion 
(127, 128). 

Much of our present thinking on the effect of counterions and 
wavelength regulation goes back to Blatz's pioneering work 
which will now be reviewed in some detail. 

Following initial studies by Morton et a/ .  (130-133) Blatz 
used model compounds (usually all-trans retinylidene iz-butyl- 
amine, NRBA), different acids (mostly mineral acids like HCI), 
and various solvents in order to mimic Rh. For these systems he 
tried to correlate the variation of the A,,, of NRBA with the 
different acids and to assess solvent effects. In this last respect, 
using perchlorate salts of NRBA, Blatz et al. (1 13) showed that 
ion-pairs existed in a non-polar solvent (like chloroform) while 
in a polar one (like methanol), the cation (the protonated imine) 
and the anion ( C 1 0 4 )  were fully solvated. With polar solvents, 
no ion-pairs were present and the A,,, of protonated NRBA 
remains the same irrespective of the polar solvent used (which 
cause a "levelling effect"). By varying the acid and choosing 
proper solvents (like 1,2-dichloroethane) Blatz et al. were able 
to obtain uv-visible absorption spectra quite similar to those 
obtained from a digitonin extract of bovine Rh. 

After noting the very important red shift associated with 
linear conjugated odd-numbered alternant hydrocarbons com- 
pared to those which are even numbered (134-137), Blatz 
and co-workers tried to correlate the h,,,, of protonated 
NRBA with some physico-chemical properties of the counter- 
ions (113, 138, 139). Using ionic radii, they were able 
to calculate the ionic electrostatic interaction that existed 
between the protonated imine function and the counter-ion 
(viz. -CH=N-H----Xp). They noted that h,,, of NRBA 
correlates fairly well with the strength of the acids and most 
importantly that it was the distance from the anion that regulated 
the A,,, of the cation. From this work, Blatz inferred that the 
protein part of the visual pigments could possibly regulate the 
absorption wavelength of the chromophore by moving the site 
of the negative charge density away from or nearer to the cation 
by conformational change. 

Blatz has used systems where the Schiff base is protonated by 
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very strong acids (like HC1) and only in a few cases did he use a 
carboxylic acid. The protonating agents in the protein could 
come from different sources but the terminal carboxylic acids 
of aspartic and glutamic acids are likely candidates. These are 
weak acids (pK, of 3.86 for Asp and 4.25 for Glu) and. in a 
non-polar environment, protonation of the chromophore could 
well be different. Furthermore, Rafferty and Shichi (140) and 
Hildebrandt and Stockburger (97) have shown that water 
molecules are in the proximity of the azomethine function. 
It must be said again that in a polar environment, charge 
separation without solvent stabilization is unlikely. Warshel 
and Barboy (100) have proposed an interesting alternative. 
They see the chromophore in a polar milieu but isomerization 
causes a movement that carries it into a non-polar environment. 
This would explain the red shift observed when Rh is trans- 
formed into B or bR into K. The behavior of weak carboxvlic 
acids toward conjugated Schiff bases has been explored b; us 
since no systematic studies existed on the subject. In works 
similar to those of Blatz, we tried to evaluate the interaction 
of several carboxylic acids of pK,s ranging from 0.2 to 4.8. 
We chose substituted acetic acids (XCH2C02H) as protonating 
agents, chloroform and methanol as solvents and two different 
Schiff bases: trans, trans-2,4 heptadienylidene tert-butylamine 
(HtBA) and all-trans retinylidene tert-butylamine (RtBA). In a 
series of articles (141-143) we have shown that, in a non-polar 
solvent, weak carboxylic acids are not able to fully protonate a 
conjugated Schiff base. Actually, with acids in the 4.5 pK, 
range, hardly any protonation can be observed. Weak acids can 
protonate the imine when the solvent is polar but then solvation 
causes a levelling effect. With moderately strong acids (pK, = 
2-3), only partial protonation is found while with strong acids 
such as trichloroacetic acid (TCA; pK, = 0.6), complete 
protonation is observed. In the last case, in a non-polar solvent, 
'H nmr indicates rapid proton exchange between the Schiff base 
and the counter-ion. At -40°C, the exchange has stopped and 
only the protonated imine is obtained. 13C and ' 5 ~  nmr data 
(144) indicate that protonation is related directly to the strength 
of the acids used. Infrared data obtained on the same systems 
lead to similar results (see below). 

In conclusion, no definite answers have been given as to how 
the protein opsin can shift the X,,, of the 11-cis-retinylidene 
chromophore to longer wavelengths and how it can regulate it. 
But Blatz's observation concerning the salt bridge is pertinent 
even though the exact nature of the interactions remains to be 
elucidated. More must be known of the environment surround- 
ing the chromophore for the exact mechanism to be unraveled. 

The main problem could be stated in a few words: are 
point-charges the most important factor for wavelength regula- 
tion in Rh or is it the Blatz-effect (regulation by the distance 
Schiff base - counter-ion) which can govern the distribution of 
the positive charge in the conjugated system'? 

Protonation 
As mentioned previously. protonation of the Schiff base in 

Rh has been invoked primarily to give an explanation for the 
surprising long wavelength absorption of most Rh. But could 
this shift not be explained otherwise? 

Leclercq (see Favrot et al .  (125)) carried out CNDO/S model 
calculations on the retinal Schiff base by placing a proton donor 
at the nitrogen and a carboxylate ion close to the p-ionone ring at 
C5. The result was that the observed absorption wavelength can 
be matched by placing the two counter-ions in such a way that 
the NI6 .  . . Hi  distanceo is 2.0 A and the C5-C (carboxylate) 
distance is about 3.10 A or shorter. With an N I 6 . .  . H+ distance 

of 2.0 A the Schiff base is not protonated but "only" hydrogen 
bonded. This indicated that outright protonation is not an 
absolute prerequisite for interpreting the absorption spectra of 
Rh. The visible absorption spectrum is not, in itself, a proof for 
protonation. 

Moreover, there is at present ample evidence that both 
protonated and non-protonated Schiff bases can "bleach", that 
is, undergo photoinduced isomerization yielding a colorless 
product (see below). 

A wealth of infrared spectroscopic data and other physico- 
chemical evidence show that whenever a nitrogen base is 
protonated the proton remains hydrogen-bonded to the "origi- 
nal" proton donor, or in other words, there must be a 
counter-ion, X p  : 

or, if the original proton donor was itself protonated: 

As a consequence of this a tautomeric equilibrium is likely to 
exist at the Schiff base nitrogen: 

In the 'B,+ excited state the Schiff base can be expected to be 
more basic than in its ground state. This expectation is based on 
Forster's experiments (145), Becker's observation of a large 
pK, change in the excited state (69), and on dipole moment 
measurements in the ground and excited states by Mathies and 
Stryer (146) and by Corsetti and Kohler (65). 

Since this is so, chemical intuition would predict proton 
transfer in the excited state with only a H-bond on the Schiff 
base in the ground state. This interpretation could not apply, 
however, if the Schiff base was initially protonated. 

The fact that there must be a counter-ion at the Schiff base 
nitrogen has been recognized by Schaffer et al. (69), Honig 
et al .  (147), Peters et al .  (24), and Favrot et al. (124, 125). 
If the equilibrium is 100% in favor of the C=Ni-H form 
one can say that the Schiff base is entirely protonated. Even 
then the remaining "back-H-bond" (with X being probably a 
carboxylate ion) is important for shaping the structure and the 
spectrum of the chromophore. Moreover, even a, say, 10% 
departure from 100% protonation could have serious conse- 
quences for the functioning of the pigment. Protonated amines 
or imines without a counter-ion, in general, do not exist in 
nature, except as very short-lived transients. There is little doubt 
about the existence of what we called a primary counter-ion at 
the Schiff base nitrogen. The identity of the proton donor is not 
definitely known, however. It isvery likely that it iseither aspartic 
or glutamic acici, since according to our present knowledge on 
the structure of the protein in bR (148-157) such residues are 
found close to the chromophore. 

That the Schiff base is protonated is, at present, a widely 
accepted view. 

Raman arguments played an important role in the investiga- 
tions relating to the structure of the chromophore in Rh. The 
Raman v(C=N) band is at 1655 c m l  in bovine Rh while the 
related band of the Schiff base itself is at about 1625 cmp'  
(76, 158). This increase in frequency is expected if the Schiff 
base is protonated, not because of the charge displacements 
connected with protonation but on the ground of mechanical 
interactions, in particular the mixing of v(C=N~+) with the 
NH+ in-plane bending motion (99, 159). If the NH group is 
deuterated this mixing is largely reduced and the v(C=N+) 
band shifts downwards to about 1630 c m '  (76). This is usually 
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taken for a strong indication of protonation. Less direct 
evidence to this effect comes from the detailed study of the CH 
and NH out-of-plane bending vibrations (80, 8 1,  85). The 
argument would be even more convincing if the bathochromic 
shifts in the electronic spectrum and the shift towards higher 
frequencies in the Raman spectrum would show parallelism. 
Unfortunately, this does not seem to be the case. For example, 
with visible bands at 568 and 610nm respectively. bR and K 
must be assumed to be protonated. However, their v(C=N) 
bands are at frequencies as low as 1641 and 1610 cmp '. the 
latter being lower than that of an unprotonated Schiff base. 

Support for protonation came also from infrared investiga- 
tions. Indeed, since the most characteristic vibrations of the 
chromophore are due to polar bonds or groups, at first sight 
infrared spectroscopy should be a better means of gathering 
information concerning its structure than Raman where intensi- 
ties are conditioned by the rate of change in polarizability, not 
that of the dipole moment. However, resonance Raman can, so 
to say, lift out the chromophore from the protein, an advantage 
that infrared does not have. In recent years, however, differen- 
tial infrared techniques have been worked out in the laboratories 
of Rothschild (1 60, 161), Siebert (162- 164), and Eisenstein 
(165-167) by which they were able to obtain infrared spectra of 
the chromophore despite the overwhelming absorption of the 
surrounding protein. In all cases which were investigated the 
infrared spectra confirmed the results obtained by resonance 
Raman spectroscopy. 

The question of protonation in Rh and bR has been studied 
also by ',c and 1 5 ~  nmr. This form of spectroscopy seems 
ideally suited for probing the extent of protonation in visual and 
bacterial pigments since it is a non-destructive method using 
low excitation energy that permits examination of molecules 
in their ground state. I3C shifts, it must be remembered, are 
sensitive to pH variations, to fields induced by charged groups 
and by steric interactions (168). '% nmr is even more suited for 
answering the question at hand since there is a very large upfield 
shift of some 150ppm between unprotonated retinal Schiff 
bases and protonated ones (169, 170). 

Mateescu and co-workers using enriched I3C Rh and bR as 
well as 15N enriched Rh and bR arrived at the conclusion, that 
with a single exception (the case of 13C-enriched retinal at C14). 
solubilized Rh and bR had signals close to those of model 
protonated N-retinylidene alkylamines (ref. 171 and references 
therein). 

Harbison et al. also used the same technique of '-'c and 
15N enriched Rh and bR and by solid-state 13C magic-angle 
sample spinning (MASS) nmr arrived at the same conclusion 
(117, 172-175) concerning the protonation of the Schiff base. 
These studies show that the Schiff base is protonated and that 
it is hydrogen bonded to the counter-ion, the strength of the 
hydrogen bond being similar to what a protonated Schiff base 
would form with an iodide ion (1 18). One may comment that 
while this hydrogen bond is weaker than those formed with C1- 
or Brp, it is much stronger than those which would be formed 
with carboxylic acids without an additional mechanism of 
stabilization. 

So let us agree that the Schiff base is protonated prior to light 
absorption. Even then some important questions remain to be 
answered: ( 1  ) Is the Schiff base entirely protonated, that is. is 
the tautomeric equilibrium at the nitrogen 100% in favor of the 
protonated species? (2 ) How is the ion-pair stabilized in the salt 
bridge? (3) How does the proton translocation observed by 
Rentzepis occur ? 

Protonation and hydrogen bonding 
The first question entails what, in our opinion, is the 

fundamental problem: what is the shape of the potential surface 
governing the motions of the proton on the Schiff base nitrogen? 
The shape of the potential in hydrogen bonds. in particular those 
within ion pairs, received a great deal of attention. (For reviews 
see refs. 176- 185). The potential may have one or two minima. 
It can be asymmetrical single well (as). asymmetrical double 
well (ad), symmetrical double well (sd), or symmetrical, broad 
single well (ss). An (as) or (ad) type potential with the proton 
in the deeuer well at covalent distance from the Schiff base 
nitrogen means protonation. With the proton closer to the 
original donor (X), the Schiff base would be merely hydrogen 
bonded. A proton close to the midpoint (N---H+---X-) with an 
(sd) or (ss) type potential would mean a nearly symmetrical. 
usually strong and short hydrogen bond. There are examples for 
this even in cases where the two end atoms are different (1  76). It 
is much more likely, however, that the hydrogen bond is only 
nearly symmetrical with a double well potential. both wells 
having significant population. Then this would be the case 
of a "hesitating" proton with a possibility of rapid exchange 
between the two wells either thermally or by tunneling. Is such 
a situation probable in the case of Rh? 

Zundel and co-workers (179, 186- 19 1) investigated exten- 
sively, by infrared spectroscopy, systems in which the proton 
is close to the midpoint. They have shown that these "easily 
polarizable hydrogen bonds" are highly sensitive to environ- 
mental effects and since, in a random medium, thefe are 
variable, broad areas of continuous absorption are found in their 
spectra, especially in the 0-H or N-H stretching region. 
This part of the spectrum, together with the NH bending bands. 
should be of diagnostic value for elucidating the problem of 
urotonation. It is unfortunate that neither the Raman nor the 
differential infrared spectra make it possible to obtain them. For 
this reason model studies are of value for gaining knowledge 
on the protonation of Schiff bases. Certain aspects are seldom 
discussed in the context of Rh research, so we will go into some 
detail. 

Favrot et al. (125, 192) took isobutylidene-isopropylamine, 
(CH3)2CHCH=NCH(CH3)2, a simple non-conjugated Schiff 
base as their model. This aldimine is stable due to the branched 
substituents on both the carbon and the nitrogen of the double 
bond (Thiollais (193)). The free v(C=N) band is at 1664 in 
chloroform solution. With a weak acid like CF,CH,OH the 
spectrum was in line with C=N:---HO- association. With an 
excess of (CF,),COH, a much stronger acid, the high value of 
v(C=N), 1704 c m p l  and the low value of the broad v(OH) 
stretching band, centered at 2530 cmp l .  gives evidence of much 
stronger association, C=N+-H.. . :Op or C=N---Ht-0-. 
However, when the imine was in excess the v(C=N) band at 
1664 cm-' became more intense than the 1704 cm-'  band. 
showing that the equilibrium can be easily tilted in favor of 
C=N: ---H-Q-. 

Many other examples were given in ref. 125. It is readily 
demonstrated that if the counter-ion was an aliphatic anline it 
would take the proton from the Schiff base; if it contains another 
C=N, like pyridine or the imidazole ring of histidine, for 
example. it would probably share the proton nith the Schlft 
base; if it was a carboxylic acid, then all will depend on the 
strength of the acid. 

According to our present knowledge, in Rh the proton donor 
(the primary counter-ion) is probably aspartic or glutamic acid 
which are somewhat more acid than perfluorotert-butanol in the 
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above example. Thus Lussier et al. (194) have undertaken a 
systematic study of protonation - hydrogen bonding conditions 
with a series of carboxylic acids and hydrochloric, hydro- 
bromic, and hydroiodic acids. 

The carboxylic acids used were trichloro-, dichloro-, mono- 
chloro-, monobromo-acetic acids and 3-chloropropionic- and 
propionic acid whose pK, values (in water) are 0.66. 1.26, 
2.85, 2.90, 3.99, and 4.87, respectively. (The corresponding 
pK, values for aspartic and glutamic acids are 3.86 and 4.25.) 
All the spectra exhibit Zundel continua in the 2700-2000 cmp ' 
region, except that for the weakest acid (propionic) and the 
strongest acid (trichloro) they are weak. For non-conjugated 
Schiff bases the v(C=N+) bands are between 1708 and 
1712 cmp'  and the (non-protonation) v(C=N) bands are at 
1667 cm-'. The relative intensities of these two bands vary with 
the pK, of the acid. The estimated percentages of protonation 
based on the band areas were found to be 90-95% for 
trichloroacetic acid, 80-90% for dichloroacetic acid, 75-55% 
for monochloro-, and monobromo acetic acids. and 10-20% for 
propionic acid. (For 1:1, 0.1 M solutions in chloroform.) 

Non-conjugated Schiff bases are rather remote models for 
Rh, however. Thus, subsequently Lussier et al. (195) carried 
out similar infrared investigations on trans-retinal in chloro- 
form. The percentages of protonation increased with respect to 
the non-conjugated imines. The approximate percentages of 
protonation obtained were 100% for trichloroacetic acid, about 
80-90% for monochloroacetic acid, 60-70% for 3-chloropro- 
pionic acid, and 10-20% for propionic acid. Thus a significant 
fraction is still unprotonated. The continua in the 2700- 
2000 cm- ' region indicate that for the medium strong acids the 
proton is close to the midpoint of the proton bridge. 

Previously Zundel and Merz (191) and Rastogi and Zundel 
(196) considered hydrogen bonds between retinylidene butyl- 
amine and various carboxylic acids and in a number of other 
model systems to see whether such hydrogen bonds show large 
proton polarizability and to determine the equilibria. If the 
proton is close to the midpoint, it can be easily shifted by electric 
fields due to the large proton polarizability of such hydrogen 
bonds. Zundel suggests (197, 198) that this is the case, among 
others, of protonated Schiff baselaspartate or phenolate systems. 
Hydrogen bonded chains with large proton polarizability could 
be important for the conduction of the positive charge in bR and 
in the proton pumping mechanism. 

Should we definitely admit the 100% initial protonation of 
the retinal Schiff base chromophore in Rh and in bR? 

The agreement of the resonance Raman and differential 
infrared values for v(C=N) for all Rh and the results provided 
by nmr measurements appear to be convincing. In addition. it is 
noteworthy that the frequencies for Rh, B, and isorhodopsin are 
essentially the same. These are the three isomers which are in 
equilibrium when a photostationary state is produced upon 
illumination of Rh at low temperatures. At first sight this would 
mean that the state of protonation is the same for the three. 
that they are all protonated and that the strength of the back- 
hydrogen bond in the proton bridge is also the same. Caution 
should be exercised, however. The v(C=N-) frequency is 
obtained by compensation between two main effects. First, 
upon protonation a new chemical bond is created on the 
Schiff base nitrogen rendering v(C=N) a less good "group 
frequency". This would be expected to louxer its frequency. 
Second, the normal coordinate which entails C=N stretching 
motion as its dominant component will receive N.--PI in-plane 
bending (and other) admixtures. Since the mainly N'-H 

in-plane bending vibration is almost certainly at about 1350 cmp ' 
(85, 96) this would push v(C=N) to higher frequencies 
(85, 199). (It is noteworthy that the CI5-H rocking band is at 
almost the same frequency.) Now, since this is so, the uniform 
v(C=Nf ) might not correspond to the same potential, average 
proton position and charge distribution in the proton bridge. 
This is clearly illustrated by the recent differential infrared 
experiments of Bagley et al. (167). These researchers per- 
formed experiments on hydrated and deuterated films of native 
rod outer segment (ROS) and ROS regenerated with retinals 
with isotopic substitution at C- 15. In differential infrared 
experiments two samples, for example, Rh and B are recorded 
against each other, so that what the two contain in common 
cancels out. So did the v(C=N+) band between Rh, B, 
and isorhodopsin. Most significantly, however, the three N- 
deuterated samples gave three different v(C=N+) frequencies 
(167). They are 1624 for B,  1631 for isorhodopsin, and 
1624 cm- for Rh (164,200) in agreement with previous results 
of Siebert et al. (164,200). Since v(C=N+) also receives some 
admixture from C-C and C-H motions involving C-15, 
Bagley et 01. (167) also applied 13C labelling at C-15 and 
deuteration at C- 15. The results were, in the above order, 1610, 
1603, and 1602cm-' for H'~C=N'H and 1610, 1614, and 
1602 cm-' for 'HC=N'H. Since the NH and CH bending 
vibrations shift to about 1000 c m p l  or lower upon deuteration, 
coupling with the C=N motion becomes negligible, so that the 
results obtained on the sample deuterated on both C-15 and 
the nitrogen can be considered representative of the purely 
electronic effect of protonation without mechanical coupling. 
Thus, while in the hydrated samples all three molecules have 
the same v(C=N+) frequency, in the deuterated samples they 
do not. 

These differences are significant. They mean that the poten- 
tial governing the motions in the proton bridge, and the average 
position of the proton are not the same for the three cases. This 
must be connected with environmental differences around the 
chromophore. Then the most intriguing question is the follow- 
ing: is the proton closer to the nitrogen in Rh than in B or is the 
opposite the case? As to bR whose ir v(C=N+) frequency is at 
1639 cm-' at low temperatures: Bagley et al. (201) found 
1627 cmpl  for HC=N'H, 1629 for H ' ~ C = N H ,  1610 for 
H I 3 C = ~ ' H ,  1632 for 'HC=NH, and 1614cmp' for 'HC= 
N'H. The v(C=N+) of K is at 161 0 c m l .  The low frequencies 
of (natural) bR and K would themselves require an explanation. 
Just like Eisenstein's (167, 201) deuteration experiments this 
can only mean that the role of mechanical coupling in 
determining the v(C=N') frequency makes the latter an 
uncertain indicator of protonation. Favrot et al. (124) found 
cases with model Schiff bases where the v(C=N) only differed 
from v(C=N+) by 7-9 cmp' .  

In the differential infrared spectra (167) several bands are 
found in the 1800-1600 cm-' region which do not belong to 
the chromophore but to the adjacent protein and some of them, 
perhaps, to the lipid. This shows that changes occur around the 
amide carbonyl bands due to the Rh 4 B transformation. The 
residue mainly affected is probably lysine-296 which provides 
for the Schiff base linkage. 

The N-deuteration shifts, 30-35 cmp'  for Rh and B would 
seem to be better indicators of protonation than the frequencies 
themselves. If there is no protonation. why should v(C=N+) 
be affected by changing H to D?  However. bR only exhibits a 
shift of 12 cm-'. Does this mean that the proton is, on the 
average, closer to the nitrogen for Rh than for bR? The 
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coupling-free values for w(C=N+) for Rh (1602) and for bR 
(1614 cm-') point to the same order. The visible band positions 
would seem to indicate the opposite, however: 500 nm for Rh 
and 568 nm for all-trans bR. In the same way, if we compare Rh 
to B we find that the 'B,-like bands are at 500 and at 543 nm, 
respectively, indicating closer protonation for B , while the 
coupling-free C=N frequencies (1602 and 1610 c m  ') seem to 
indicate closer protonation for Rh. 

All what one may conclude from the above reasoning is that 
neither the visible nor the C=N frequencies are absolute 
indicators of the degree of p ro tona t ion .~h i l e  the balance of 
evidence is in favor of protonation for Rh, B, I, bR, and K,  
significant differences might exist in the average position of 
the proton and the shape of the potential surface~g~verning its 
motions in the proton bridge. 

Now, as has been proposed earlier by Leclercq and Sandorfy 
(202, 203), this potential is likely to have two minima. This 
would be in conformity with the pK, values of the acids 
available for protonation which are at about the limit of what 
can be expected to protonate a conjugated Schiff base, with the 
existence of Zundel continua in the infrared spectra and Lussier 
et al . 's  finding (194, 195) that acids even stronger than aspartic 
or glutamic acids cannot protonate the Schiff base 100%. 

The examination of the Raman effect leads, in certain cases to 
surprising predictions when a vibration is governed by a double 
well potential (202, 203). Let us suppose that we have two 
slightly unequal wells, so that both wells have a non-negligible 
population. Then the Raman lines might correspond to vibrations 
in one or the other branch of the uotential surface. The relative 
intensities of the two will depend, in a resonance Raman 
experiment, on the respective Franck-Condon factors with the 
potential surface of the resonating excited state. This condition 
may become predominant and it may render the relative 
populations unimportant. As a consequence it may happen in 
certain cases that the less populated well becomes the only 
one to give rise to a band observable in the spectrum. The 
infrared spectra are not subject to these conditions but the 
u(C=N+) bands are expected to have much greater intensity 
than v(C=N). While according to our present knowledge 
the population of the protonation well (the one closer to the 
nitrogen) is probably much higher than the population of the 
non-protonation well, the possibility that a significant fraction 
of the chromophore molecules are in the non-protonation 
well cannot beexcluded. In ultraviolet pigments which are 
unlikely to be protonated (A,,,, about 350 nm) the primary 
photochemical event might then be proton transfer onto the 
nitrogen followed by isomerization (see below). 

Stabilization of the ion-pair 
If we admit that the Schiff base is protonated in both Rh and 

bR we have to answer the following question: how can the 
Schiff base be protonated by the relatively weak acids available 
in the pigments ? 

In view of the tendency of protonated Schiff bases to 
hydrolyse in aqueous media it might seem logical to postulate 
that the chromophore is in a hydrophobic (low dielectric) 
environment (99). However. as Warshel (100, 1 1 1) pointed out. 
the C=NH+---COO- ion-pair cannot be stable in low dielectric 
environments. They would be converted into C=N . . . COOH 
just as zwitterionic amino acids in non-polar solvents or anline 
salts in the gas phase. Also, the extensive infrared work by 
Zundel et al .  (186-191) demonstrated that under neutral 
conditions the acids present in the pigment cannot protonate the 

Schiff base. The ion-pair needs stabilization by polar groups. 
This stabilization could be obtained in various ways. A simple 
way would be by a proton relay network often invoked by 
biochemists. In such a relay the primary counter-ion which is 
the proton donor with respect to the Schiff base accepts a proton 
from another donor. As a consequence the primary counter-ion 
becomes more acid. A suggestion to this effect was made by 
Khristoforov et al. in 1974 (204). The second donor could be 
another carboxylic acid and more than two may be involved. 
(See also Denisov and Golubev (205), Zundel and Merz (191), 
Kristof and Zundel (197, 198), and Rosenbusch (129) for a 
recent look at the problem.) 

The ions could exist in a polar environment created by 
permanent dipoles of the surrounding protein. Models of this 
type were given in the literature (Warshel (1 12); Honig et al. 
(99); Birge et al. (64)). 

Rafferty and Shichi (140) observed that in a dry nitrogen 
atmosphere the 500 nm band of bovine Rh underwent a large 
blue shift to 390 nm. This seems to indicate that the Schiff base 
lost its proton. The in vacuo Raman measurements of Hilde- 
brandt and Stockburger (97) have given strong confirmation for 
this. Then it is logical to assume that the ion-pair in the proton 
bridge of the Schiff base is stabilized by water molecules. 
This goes in the sense of Warshel's suggestion that the local 
environment of the Schiff base must have a high dielectric 
constant (ref. 100 and references therein). A few tightly bound 

water molecules would not hydrolyse the protonated Schiff 
base. 

Dupuis et al. (1 16) suggested that one (or more) water 
~nolecules might be intercalated between the carboxylate ion 
and the iminium ion, so that proton transfer between the two 
ions would occur via an oxonium ion. In all likelihood other 
water molecules would form a cluster around the system to lend 
it more stability. Either of these mechanisms, or a combination 
of them would make the assumption of a protonated Schiff base 
credible. The elucidation of this mechanism of stabilization 
should be, in our opinion, a prime target for future research. 
Connected to charge separation in the proton bridge is the 
problem of energy storage after photon absorption, in both Rh 
and bR. 

The energy of a photon with A = 500 nm (20 000 c m l )  is 
about 2.5 eV or about 57.5 kcal/mol. Photon absorption leads 
to the creation of B followed by vibrational relaxation. B is very 
unstable at room temperature. According to Cooper's photo- 
calorimetric measurements (98) the energy difference between 
the ground states of Rh and B is still about 35 kcal/mol. This 
amount of energy is "stored" in B for about 100 ns and is 
subsequently used to bring about the chemical changes that 
occur along the remainder of the cycle. Why is B so unstable'? 
According to Honig et al. (99) the Schiff base is protonated. 
hydrogen bonded in a salt bridge to its counter-ion; the 
isomerization following light absorption breaks the hydrogen 
bond and twists the Schiff base of Rh into a distorted truns 
configuration. A protonated Schiff base without a counter-ion 
can only be a short-lived transient at room temperature. (B is 
stable, however, at liquid nitrogen temperature.) Thus the 
storage of energy is achieved by charge separation. Since B 
absorbs at longer waves (543 nm) than Rh (500 nm) this is in 
agreement with Blatz's original suggestion that pulling away the 
counter-ion from the chromophore allows a wider distribution 
of the positive charge in the conjugated double bond system and 
causes a red shift in the visible spectrum. Subsequently Warshel 
and Barboy (100) pointed out that it is very difficult to store a 
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significant amount of energy by charge separation in a polar 
environment which must be assumed in order to have Kh stable. 
They then suggested that "This dilemma can be resolved if the 
isomerization takes the protonated Schiff base from a polar 
environment to a non-polar environment" (100). They then 
went on to estimate the amount of electrostatic energy that can 
be stored in this way by microscopic dielectric approaches. It 
turned out that it can be approximated by the energy change 
produced by moving the protonated Schiff base from a polar to a 
non-polar environment and it amounts to about 30 kcal/mol. 
The Schiff base is contained in a cavity of the protein which has 
to adjust to the new situation. According to Warshel and Barboy 
"the relaxation of the protein dipoles can be sufficiently slow to 
allow for a significant energy storage during times of the order 
of microseconds at room temperature. At lowcr temperature, 
the protein relaxation can be frozen for a much longer period of 
time. It also follows from these model calculations that B can 
store a significant part of its excess energy as strain energy. 
These are then used for the subsequent transformations along 
the visual cycle." Warshel argues that the proton transfer 
observed by Rentzepis might occur in the ground state between 
two groups of the protein as a consequence of pK, changes 
caused by the charge separation produced during the primary 
photochemical event. 1t "may provide a simple channel for 
electrostatic energy relaxation". Anyway, the role of the protein 
in the energy storage process is evident. The basic idea in both 
Honig's and warshej's approaches is photo-induced charge 
separation in the salt bridge due to cis-trans isomerization in 
visual pigments and trans-cis isomerization in bR with energy 
storage in B or K and its transduction into chemical free energy 
for bringing about the subsequent chemical transformations. 
The present reviewers believe that this is sound. However, 

translocation is also a part of the photochemical event. 
Rentzepis and co-workers (23-25) studied the formation of B at 
temperatures ranging from 300 K to 4 K. The risetime of B was 
less than 6 ps at 30 K and even at 4 K it was still 36 ps. In view of 
the very fast risetime of B early doubts as to the possibility for a 
complete 11-cis to all-trans isomerization to occur within 6 ps 
were not without justification. However, detailed comparative 
studies of the resonance Raman spectra of Rh and B (and of bR 
and K)  together with the attenuation of the all-trans requirement 
to distorted all-rrnns made this credible. On the other hand the 
more recent results of Rentzepis' group (79) further substan- 
tiated the involvement of proton translocation in the photo- 
chemical step. They performed measurements on the formation 
kinetics of B,  deuterated on the nitrogen using 6 ps pulses at 
530 nm. They observed a pronounced deuterium isotope effect 
at low temperatures, k H / k D  = 7 for the rate of formation 
of B.  At very low temperatures B exhibited a non-Arrhenius 
behavior, the rate being independent of temperature. This 
indicates proton translocation through tunneling, at least at low 
temperatures. The data made it possibl~ to calculate the distance 
of the proton translocation, about 0.5 A. This, together with the 
fact that with the method used the only exchangeable proton of 
the chromophore was the one in the proton bridge "provided is 
the basis for the suggestion that translocation of the Schiff base 
proton is at least a prominent component of the first event in 
vision" (25). (But see the next section for another point of 
view .) 

As to bR, Applebury et ul. (206) found a much more 
moderate deuterium isotope effect: k H / k D  1.6 for the formation 
of K at 298 K and 2.4 at 4 K. They observed the formation of a 
transient species (which they called S )  between bR and K red 

shifted with respect to both bR and K. The formation of K from 
the transient had a (very low) thermal barrier but the rate of 
formation became practically independent of temperature at 
very low temperatures. Thus Applebury et al .  (206) suggested 
that proton translocation at room temperature occurs mainly 
thermally but at low temperatures tunneling takes over. (The 
transient was renamed J by later authors (207).) Recently 
similar results were published on 1 1-cis and all-trans-retinal SB 
by Huppert and Rentzepis (208). 

Some new ideas and developments 
After photon absorption the excited molecule may have a 

great amount of vibrational energy and may start twisting 
(68, 69) making it possible for the proton to move away from 
the nitrogen despite its increased basicity. This would remove 
some of the extra stabilization provided by the proton bridge 
and give the green light to the Schiff base to isomerize. After 
twisting, the Schiff base, still in the excited state, would be 
rapidly reprotonated by a waiting acid. The acid could be 
Asps3, or G I U ~ ~ ~ ,  or G1u134 which according to Dratz and 
Hargrave (154) are in the vicinity of the chromophore. This 
would explain the rapid proton translocation and kinetic 
deuteration effect observed by Rentzepis and co-workers. It is 
believed that this is a more natural explanation than postulating 
proton transfer from one counter-ion to another. Rentzepis also 
observed that the quantum yield of the Rh -, B transformation 
is higher at low temperature than at room temperature. This 
could be linked to the preponderance of transfer by tunneling at 
low temperature and by passing over the potential barrier at 
room temperature (Cf. Birge, ref. 67). 

An interesting sequel to this hypothesis concerns the inter- 
mediates observed by a number investigators (209-2 15) between 
Rh and B and bR and K.  Some of these intermediates like 
hypsorhodopsins absorb at wavelengths shorter than a proton- 
ated Schiff base and nearer to the free base. Now, the above 
hypothesis would seem to give a natural interpretation for 
hypsorhodopsins. They would correspond to Schiff bases nearly 
free from protonation observed between the removal of the 
"original" proton from the nitrogen and its reprotonation 
following isomerization. 

This could be compatible with the existence of a double well 
potential governing the motions of the proton in the salt bridge, 
with both wells having a significant population. Then proton 
translocation would be possible either onto or away from the 
nitrogen. 

The existence of ultraviolet pigments supplies us an argument 
in this respect (32-35). Harosi and Hashimoto (34) and Harosi 
(35) found cone pigments in the eyes of the japanese dace whose 
absorption maxima are at 350-370 and 405-415 nm. Since 
all these pigments can bleach, one is led to the idea that in 
such cases proton transfer onto the Schiff base would precede 
isomerization. In the above scheme this would correspond to a 
situation in which the non-protonation well of the double well 
potential (the one more distant from the nitrogen) is more 
populated than the protonation well, perhaps much more. 

Further indications for this can be found in the experiments 
of Rafferty and Shichi (140) and Hildebrandt and Stockburger 
(97). The former observed that under anhydrous conditions 
the visible absorption maximum shifts hypsochromically from 
500 nm to about 390 nm. This very likely is a consequence of 
deprotonation. Then if they shine light into the 390 band, the 
absorption maximum goes back to about 480 nm and bleaching 
occurs. This seems to entail a proton transfer onto the Schiff 
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base, again preceding isomerization. Thus, our original sug- 
gestion (1 16, 125) would correspond to reality in at least certain 
cases. It is significant that both protonated and non-protonated 
Schiff bases have a tendency to bleach. 

Stoeckenius and co-workers have shown that both acidifica- 
tion and deionization cause color changes in bR (26, 216). 
Between pH 3 and 1 the color of the membrane changes from 
purple to blue while the absorption maximum shifts from 568 to 
605 nm. The same happens when the membrane is deionized 
on a cation exchange column or when it is washed first with 
a sodium chloride solution and then with deionized water. 
However, the original color of bR can be restorcd by further 
lowering the pH to below one or by adding certain metal cations 
in appropriate concentrations. This phenomenon has been the 
object of thorough physico-chemical investigations by Kimura 
et al. (217) and, by resonance Raman spectroscopy, Massig 
et al. (2 18) and Smith and Mathies (2 19). According to Moore 
et al.  (220), Mowery et al.  (216), Fischer and Oesterhelt (22 l ) ,  
and Muccio and Cassim (222) the first color change is due to 
protonation of a negative charge in the environment of the 
chromophore and the second one (which is unaffected by 
deionization) to protonation of another group in the chromo- 
phore environment. Kimura et al.  (217) put forward the idea 
that the two groups are the two counter-ions near the Schiff 
base nitrogen and the p-ionone ring. While more detailed 
investigations are certainly needed at this point, the idea is 
attractive. At any rate, it is most important to note that the color 
regulation mechanism in bR (and possibly Rh) is even more 
refined than was hitherto believed and that metal cations play a 
role in it. This also makes it very likely for water molecules to be 
present in the vicinity of the Schiff base nitrogen (Dupuis et a / .  
(1 16), Massig et al.  (218)); they could be there in hydrated 
cations and regulate the extent of protonation of the chromo- 
phore and the surrounding protein and the conditions for proton 
translocation. 

Recently Sharkov et al .  (ref. 223 and references therein), 
Nuss et a / .  (224). and Polland et ul. (ref. 225 and references 
therein) reinvestigated the photochemical event in bR. Nuss et 
al.  and Polland et al.  used light pulses as low as 160 fs, a time 
resolution of 5 x 10-l3 s and low intensities. The main results 
of these investigations were as follows. Photon absorption 
excites bR to a short-lived excited state S1.  Then a rapid 
transition occurs into the J intermediate (ground state). The rise 
time of J was found to be 430 + 50 fs (700 according to Sharkov 
et al. (223)). J then goes over to K which appears with a time 
constant of 5 ps (3 according to Sharkov). In accordance with 
the above mentioned work of Applebury et al .  (206) J is red 
shifted by about 30 nm with respect to bR and K by 20 nm. Nuss 
et al.  (224) and Polland et al.  (225) also studied bR deuterated 
on the nitrogen but found no deuterium isotope effect for either 
the S1 to J ,  or the J to K transformation. Their experiments 
were carried out at room temperature. An important comment 
of Polland et al.  recalls that bR forms a two-dimensional 
hexagonal lattice (the purple membrane), where "three bR 
molecules are close enough to form excitonically coupled 
trimers." So after light absorption excitation is first delocalized 
for a very short time and then trapped into the S,  excited state 
in one of the bR molecules with subsequent transformations 
into J and K. These new results would seem to exclude the 
possibility of proton translocation between bR and either J or K. 
Moreover, they indicate a large degree of isomerization in less 
than 1 ps. Before concluding we should like to wait until a 
consensus is reached in the world of ultrafast spectroscopists. 

Let us comment, however, that conditions may be different 
for visual pigments for which a much larger deuterium isotope 
effect has been found (25). 

Concluding remarks 
Present trends are directed partly towards the discovery of 

other bacterial rhodopsins and the study of their properties. 
They cannot anymore be considered as curiosities but rather as 
convenient photochemical devices often used by nature. On the 
other hand, a great deal of effort is deployed on the structure of 
the intermediates beyond B or K, the kinetics of their formation, 
and the concomitant changes in the surrounding protein. Among 
these we mention the results of Engelnard et al .  (226), El-Sayed 
and co-workers (227-230), and Hess et al.  (231) and a 
theoretical treatment by Tavan et al.  (232). Other researchers 
are looking beyond the photochemical cycles and into the way in 
which the signal is given to the nervous system in vertebrates. 
Typical of these is the light scattering work by Abrahamson 
et al. (42, 233) and the electrochemical work by Keszthelyi 
et al. (234-237). The interesting reader might like to consult 
the volume edited by Packer (47). 

A characteristic of publications on rhodopsins is the great 
number of co-authors on almost all the articles. This is a 
measure of the hard and diversified work that rhodopsin 
research entails. Biologists, biochemists. biophysicists, physico- 
chemists, electronic, infrared, Raman, nmr spectroscopists, 
crystallographers, quantum chemists, are all needed to pene- 
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Sqararaine chemistry. Synthesis of bis(4-dimethylaminophenyl)squaraince 
from dialkyl squarates. Mechanism and scope of the synthesis 

KOCK-YEE LAW AND F. COURT BAILEY 
Xerox Corporation, 800 Phillips Road, 0114-390, Webster, NY 14580, U . S . A .  
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KOCK-YEE LAW and F. COURT BAILEY. Can. J .  Chem. 64, 2267 (1986). 
The mechanism and the scope of the synthesis of bis(4-dialky1aminoaryl)squaraines from di-n-butyl squarate and 

N,N-dialkylanilines have been studied. Results show that water and acid are key factors of the synthesis, and these two factors 
have been optimized. Yields of squaraine are also found to be sensitive to the steric effect provided by the alkyl chain in dialkyl 
squarates as well as to the concentration of the aniline reagent used in the synthesis. Mechanistic results suggest that alkyl 
squarate is the precursor of the synthesis, and that squaraine is formed by diarylation of alkyl squarate with an N,N-dialkylaniline 
derivative. Under optimized conditions, a number of squaraines have been synthesized. Yields, which are comparable to those 
synthesized from squaric acid. are obtained. Product analysis with good material balance has been achieved, and results show 
that arylation and diarylation of the starting di-n-butyl squarate are major side reactions in the squaraine synthesis. 

KOCK-YEE LAW et F. COURT BAILEY. Can. J .  Chem. 64, 2267 (1986) 
On a 6tudiC le mecanisme et la gCnCralite de la synthese des bis(dia1kylamino-4 aryl) squarai'nes i partir du squarate de 

di-n-butyle et des N.N-dialkylanilines. Les rksultats indiquent que l'eau et l'acide sont des facteurs dkterminants dans la synthese 
et on a optimise ces deux facteurs. On a aussi trouve que les rendements en squaraine sont sensibles aux effets stkriques 
des chaines alkyles des squarates dialkylCs ainsi qu ' i  la concentration de l'aniline utiliske dans la synthese. Les rksultats 
mecanistiques suggerent que le squarate d'alkyle est un prkcurseur dans la synthese et que la squarai'ne se forme par une 
diarylation du squarate d'alkyle par un dkrivk N.N-dialkylaniline. Utilisant des conditions optimiskes. on a synthCtisC un certain 
nombre de squaraines. On a obtenu des rendements qui sont comparables a ceux obtenus lors de la synthese a partir de l'acide 
squarique. En se basant sur les produits dCtectCs, on a obtenu une bonne balance des rCactifs, et les resultats dkmontrent que 
l'arylation et la diarylation du squarate de di-n-butyle de depart sont des reactions secondaires importantes dans la synthbse de 
la squarai'ne . 

[Traduit par la revue] 

Introduction 
~is(4-dialkylaminoaryl)squaraines2 (for nomenclature, see 

ref. 1; for reviews on synthesis, see ref. 2) are known to possess 
photoconductive and semiconductive properties. Although this 
class of compounds exhibit sharp visible absorption in solution 
(A,,, -620-670 nm, E,,, -3 x lo5 em-' M - I ) ,  their 

' ~ u t h o r  to whom correspondence may be addressed. 
' ~ ~ u a r a i n e s  are 1,3-disubstituted compounds derived from the 

squaric acid structure (1). Bis(4-dia1kylaminoaryl)squaraines are a 
group of squaraine compounds synthesized from squaric acid and N , N -  
dialkylanilines (2). Recent single crystal X-ray data' and theoretical 
calculations4 on the molecular orbitals of model squaraine compounds 
suggest that the a electrons in squaraine are fully delocalized. The 
7-orbitals in squaraine can be represented by resonance forms I-V. 

IC 
0. 0 - 

P 

For the purpose of conciseness, resonance form I is used in this paper. 
'K. Y. Law and R .  Ziolo, unpublished results. 
"eference 17. 

absorption in the solid state is panchromatic (400-1000 nm) 
and is usually very intense ( 3 ) .  These features have made 
them very attractive for various technological applications in 
industry, e. g . , xerographic photoreceptors (41, organic solar 
cells ( 3 ,  51, and optical recording media (6). Traditionally, 
these compounds are synthesized by condensing one equivalent 
of squaric acid (1) and two equivalents of N,N-dialkylaniline 

Squaric acid I Azeotropic 
solvent 
reflux \ 

0- 

Squaraine 

in an azeotropic solvent (7). Water is the by-product of the 
synthesis and is removed azeotropically during the squaraine 
synthesis. 

Since the synthesis of squaraine starts with squaric acid, 
we shall refer to it as the acid route. This synthesis is simple 
and versatile and a large number of squaraines have been 
synthesized by this procedure (8). Squaraine pigments synthe- 
sized by this procedure are, however, often found to exhibit 
high dark-conductivity and low charge-acceptance values in 
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photoreceptor devices (9).5 Additional purification and process- 
ing steps to improve the xerographic properties have yet to be 
developed. 

Earlier, w e  reported that bis(4-dialkylaminoary1)squaraines 
can also be synthesized from dialkyl ~ q u a r a t e s . ~  Since the 
squaraine synthesis in this procedure starts with the esters of 
squaric acid, we refer to the synthesis as the ester route. 
Xerographic measurements show that squaraines synthesized 
from dialkyl squarates give consistently better electrical behav- 
ior (lower dark conductivity, higher charge acceptance, and 
higher sensitivity) than those synthesized from squaric acid.6 
Since the improvement in electricals is paralleled by the 
morphological changes, the enhanced electrical response is 
attributed to morphological effects. In this paper, we report 
our investigation on  the synthetic aspects of the ester route. 
The mechanism of squaraine formation and the scope of the 
synthesis will be presented and discussed. 

Experimental 
Materials 

Squaric acid, N,N-dimethylaniline, NN-diethylaniline, and N , N -  
dimethyl-m-toluidine were purchased from Aldrich. N,N-dimethyl- 
m-hydroxyaniline and N,N-diethyl-m-hydroxyaniline were bought 
from Fisher and were purified by sublimation and recrystallization 
(from n-heptane) before use. Other N,N-dimethylaniline derivatives 
were prepared by methylation of an aniline derivative (Aldrich) with 
trimethyl phosphate as described in the literature (10). Satisfactory 
elemental analyses and spectroscopic data were obtained for all the 
anilines synthesized. All solvents were spectro-analyzed grade from 
Baker and were used without further purification. 

General techniques 
Melting points were taken on a capillary melting point apparatus 

(Thomas Hoover) and are uncorrected. Elemental analyses were 
performed by Galbraith Laboratories. The is spectra were recorded on 
a Perkin-Elmer 283 instrument. 

Synthesis of dialkyl squarates 
Dimethyl squarate was prepared according to the procedure described 

by Cohen and Cohen (I  1). Other dialkyl squarates were prepared as 
follows. 

Squaric acid (1 1.4 g, 0.1 mol) was heated to reflux in a mixture of a 
1-alkanol (I50 mL) and an azeotropic solvent (150 mL) (benzene for 
1-propanol, toluene for 1-butanol, and I-heptanol). Water was distilled 
off azeotropically and removed by a Dean-Stark trap. After two 
equivalents of water were collected, the product mixture was cooled 
to room temperature. Solvents were removed on a rotatory evaporator. 
Dialkyl squarate product was then isolated by vacuum distillation. 

Di-n-propyl squarate, yield 85%, bp -152°C at 2.1 Torr (1 Torr = 

133.3 Pa); ir (CC14): 1810 and 1735 (C=O) cm-'; nmr (CD2C12) 6:  
1.03 (t, J = 7 Hz, 6H), 1.6-2.1 (m, 4H), and 4.63 (t, J = 7 Hz, 4H): 
ms (mlz): 198 (M+). Anal. calcd. for CiOHI4O4: C 60.59, H 7.12; 
found: C 60.47, H 7.12. 

Di-n-bug1 squurate, yield 95%, bp - 152°C at 0.13 Torr (lit. (12) 
bp 139°C at 0.5 Torr); ir (CC14): 1808 and 1730 (C=O) cm-'; nmr 
(CD2C12) 6: 0.96 (t, J = 7 Hz. 6H), 1.2-2.0 (m, 8H), and 4.66 
(t, J = 7 Hz, 4H); ms (mlz): 226 (M'). 

Di-n-hepvl squarate, yield 9 1 %, bp -205°C at 0.19 Tom: is (CC14): 
1808 and 1730 (C=O) cm-'; nmr (CD2C12) 6: 0.7-2.1 (m, 26H) and 
4.66 (t ,  J = 7 Hz, 4H); ms (mlz): 310 (Mi) .  Anal. calcd. for 
Ci8H3(,O4: C 69.64, H 9.74; found: C 69.40. H 9.80. 

5 ~ h e r e  are four key steps in xerography, namely charging, photo- 
discharge, image transfer, and development and cleaning. In order to 
achieve high imaging quality, a photoreceptor device should have high 
charge-acceptance and low dark-conductivity values. For a discussion 
on xerography, see ref. 18. 

6 ~ .  Y. Law and F. C. Bailey. manuscript in preparation. 

Synthesis of squarainesfrom di-n-bury1 squarate (generalprocedure) 
Di-n-butyl squarate (1.13 g, 5 mmol), concentrated sulfuric acid 

(0.1 mL). and water-saturated 1-butanol (5 mL) were discharged in a 
100-mL three-neck flask, which was equipped with a magnetic stirring 
bar and a nitrogen inlet. This mixture was stirred and brought to reflux 
under a nitrogen atmosphere at an oil-bath temperature of 125- 130°C. 
N,N-Dialkylaniline derivative (10.2 mmol) was added slowly and 
evenly in a 6-8 h period (e.g., 2 drops every 30 min) through a pressure 
equalizing funnel. The addition funnel was washed with 1 mL of 
1-butanol when the addition was complete. The product mixture turned 
from colorless to light green (or yellow green) at the end of the aniline 
addition. Squaraine product was formed after overnight refluxing and 
the reaction was allowed to go to completion by further refluxing for 
8-24 h. After cooling down the mixture to room temperature, 30 mL 
methanol was added, and the precipitated product was isolated by 
filtration. The yields of the squaraines synthesized by this procedure 
are summarized in Table 4. 

Results and discussion 
Synthesis 

Reaction of di-n-butyl squarate, 2, and N,  N-dimethylaniline 
in freshly dried 1-butanol at reflux yields no squaraine product. 
Squaraine formation is found to be  effected by the catalytic 
effects of sulfuric acid7 and water. Results (Table 1) show that 
yield of HSq increases monotonically as the water concentration 
in the reaction medium increases. These results, in conjunction 
with the acid catalyst required in the synthesis, suggest that the 
(acid-catalyzed) hydrolyzed product(s) of di-n-butyl squarate 
is the precursor of the squaraine synthesis. 

The effect of the concentration of sulfuric acid on the yield 
of HSq is more interesting (Table 2). At [H2SO4] 5 0.41 X 

lop3 M ,  yield increases as [H2S04] increases, suggesting that 
more di-n-butyl squarate is hydrolyzed and then reacts to form 
product when the amount of acid catalyst is increased. Yield o f  
HSq, however, decreases at higher sulfuric acid concentrations. 
The decrease in chemical yield may be attributable to the 
significant decrease in reactivity of N,N-dimethylaniline due to 
its protonation by sulfuric acid at high acid concentrations. 

In an independent mechanistic investigation of the reaction 
of squaric acid (I) with N,N-dimethylaniiine, we  found that 
no squaraine is formed when the synthesis is carried out in non- 
hydroxylic solvents, secondary alcohols, or tertiary alcohols. 
These findings suggest that I is not the precursor of the 
squaraine. The only candidate for precursor is n-butyl squarate, 
3.8,9 Arylation of 3 by N,N-dimethylaniline will generate 
intermediate 4, which undergoes further arylation to form HSq. 

The synthesis reported in this work, which involves partial 
acid-catalyzed hydrolysis of 2 -+ 3, arylation of 3 -+ 4, and 

' ~ n  addition to sulfuric acid, trichloroacetic acid. oxalic acid, and 
toluenesulfonic acid are also found to be effective for the ester route 
synthesis. 

' ~ n  secondary alcohol such as 2-amyl alcohol, no squaraine is 
formed when squaric acid is reacted with N,N-dimethylaniline. On the 
other hand, HSq can be isolated in 20-30% yield when methyl squarate 
or di-n-butyl squarate (in the presence of H2S04 and water) are 
allowed to react with N,N-dimethylaniline in 2-amyl alcohol. These 
observations strongly suggest that n-alkyl squarate is the precursor of 
the squaraine and the lower yields of HSq in the latter two reactions are 
due to the transesterification of methyl squarate or n-butyl squarate 
to the umeactive 2-amyl squarate in 2-amyl alcohol (K. Y.  Law, 
unpublished results). 

'squaraines can be synthesized from n-alkyl squarates (c.g. methyl 
squarate) in 1-butanol. The yields of squaraine are comparable to those 
of the acid route and the ester route reported in this work. See K. Y. 
Law, U.S. Patent 4,524,219. 
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/CH3 "go +e\ Dried I -C4H90H NO 
' reactlon 

C4H90 OC4H9 CH3 
I 

TABLE I .  Effect of water concentration in 1- 
butanol on the yield of HSq" 

Water conc. in I-butanol Yield of HSq 
('2 of vol.) 

"Reactant: di-n-butyl squarate ( I  . I 3  g. 5 mmol), 
NNdimethylaniline (1.23 g,  10.2 mmol, added in 
6-8 h): solvent: 5 mL 1-butanol of specified water 
concentration; catalyst: H,SO, (0.1 mL). 

bFreshly distilled over Mg. 
'Specified amount of water was added to freshly 

dried l -butanol. 
"Water-saturated I-butanol. 

TABLE 2. Effect of sulfuric acid concentration 
on the yield of HSqa 

H2S04 ( X  lo3 M )  Yield of HSq (9%) 

"Reactants: di-n-butyl squarate ( I .  13 g, 5 mmol), 
N.N-dimethylaniline (1.23 g,  10.2 mmol. added 
over 6-8 h); solvent: 5 mL water-saturated 1 -butanol: 
catalyst: sulfuric acid of specified concentration. 

arylation of 4- HSq, can be described in three steps, a+ c- d ,  
and we refer to the synthesis as the ester route. 

Steric effect 
As shown in Scheme 2, the ester route synthesis involves 

steps a - c -+ d. The acid-catalyzed hydrolysis of 2 + 3 and 
the arylation of 3 + 4 are expected to be sensitive to the 
steric factors provided by the alkyl groups in various dialkyl 
squarates. Table 3 summarizes the results of the effect of chain 
length of the alkyl group in dialkyl squarates on the yield of 
HSq. Our results show that yield decreases as the chain length 
of the alkyl group increases. 

The relative rate of hydrolysis of various dialkyl squarates 
to alkyl squarates is not known. Several attempts have been 
made to determine this relative rate under the conditions of the 
squaraine synthesis. Such a study has been difficult due to the 

very similar retention times of the hydrolyzed products (squaric 
acid and alkyl squarates) in hplc analyses. On the other hand, 
assuming that the steric effects of dialkyl squarate to alkyl 
squarate and alkyl squarate to squaric acid are very similar, 
the relative rate of dialkyl squarate to alkyl squarate can be 
estimated by determining the amount of squaric acid formed in 
the hydrolysis of dialkyl squarate to squaric acid. The relative 
rate obtained in this fashionis given in Table 3, and results show 
the hydrolysis rate decreases, as expected, as the chain length of 
the alkyl group increases. Since this decrease is paralleled by a 
decrease in yield of HSq, we conclude that the decrease in yield 
of HSq is primarily a steric effect inherent in the hydrolysis of 
dialkyl squarate to alkyl squarate. 

Thermodynamic estimation shows that hydrolysis of dialkyl 
squarate to alkyl squarate is endothermic by - 12 kcal/mol 
and arylation of alkyl squarate to form 4 is exothermic by 
- 8 kcal/mol. In accordance with Hammond's postulate (1 3), 
the hydrolysis reaction should have a later transition state where 
the impact of steric hindrance will be greater. The dependence 
of the yield of HSq on the hydrolysis of the starting dialkyl 
squarate is thus rationalized. 

Effect of aniline concentration 
Scheme 2 shows that the major side reaction of 3 is to 

re-esterify to 2. The conversion of 3 to 4 will drive the reaction 
in the product-forming direction and will improve the yield of 
HSq. It is thus almost certain that the squaraine synthesis would 
be sensitive to the concentration of N,N-dimethylaniline used 
in the synthesis. The effect of the concentration of N,N- 
dimethylaniline on the yield of HSq was studied and results 
(Fig. 1) show that optimized yield is obtained when two 
equivalents of N,N-dimethylaniline are used. When less than 
2 equivalents of N,N-dimethylaniline is used, yield increases 
with increasing concentration of N,N-dimethylaniline, and this 
can readily be attributed to the increased formation of 4 with 
increasing concentration of N, N-dimethylaniline . When more 
than 2 equivalents of N,N-dimethylaniline is used. yield 
decreases rapidly and reaches zero percent at 4 equivalents of 
N,N-dimethylaniline. Since optimal amounts of sulfuric acid 
are used in each experiment, the acidity of the reaction medium 
is then decreasing as the concentration of N,N-dimethylaniline 
increases. While yield of HSq also decreases as the concentra- 
tion of sulfuric acid decreases when the acid concentration is 
less than optimal (Table 2), the decrease in yield of HSq 
observed at high N,N-dimethylaniline concentrations may be 
an acidity effect. However, the acidity of the reaction medium 
should only be decreased by a factor of two when four 
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TABLE 3. Effect of steric hindrance on the yield of HSqa I 
- 

Relative rateb 
RO OR Yield of HSq (70) of hydrolysis 

s 
"Reactant: specified dialkyl squarate (5 mmol), N,N-dimethylaniline - 

(1.23 g,  10.2 mmol, added over 6-8 h); solvent: 5 mL water-saturated CT 

1-butanol; catalyst: sulfuric acid, 0.1 mL. 30 
bSee text for rncthod of estimation. o 

CI 

equivalents of N,N-dimethylaniline are used. In accordance 
with Table 2, the yield of HSq should be in the neighborhood of 
30-40%; thus, acidity effect alone does not appear to account 
for the drastic drop in chemical yield. It has been reported in the 10 

literature that squaraines can form 1 : 1 adducts with amines; thc 
significant decrease in yield of HSq is likely due to secondary 
reactions between HSq and N,N-dimethylaniline at high N,N- 

0 s 10 20 
dimethylaniline concentrations. AMOUNT OF N,N-DIMETHYLANLINE USED ( mmol 

The role of water in the synthesis FIG. 1 .  Plot of yield of HSq as a function of the amount of N.N-  
The necessity of having water in the reacting solvent in the dimethylaniline used (5 mmol scale). 

ester route, in contrast to the acid route where water is removed 
continuously by an azeotropic solvent during the course of 

1°squaraines are known to react with amines to form adducts. In the the reaction, prompted us to examine the role of water in the 
case of tertiary aromatic amines, 1 : l  squaraine-amine adducts have 
been isolated and characterized (14). In this work, we have found in 

synthesis. The water content of the reaction mixture throughout 
controlled experiments that squaraines react with N,N-dialkylanilineS the was monitored measuring the point of the 
to form colorless products. Although these colorless substances have reacting solvent. The temperature ~ ro f i l e  in ~ i g .  2 shows that 
not yet been characterized, we believe that the decrease in chemical the boiling point of the reacting solvent increases from the 
yield of squaraine is the result of the consumption of squaraine in boiling point of the azeotrope of I-butanol-water at -96OC to 
secondary reactions. the boiling point of pure I-butanol at - 11 8°C as the reaction 
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0 2 4 6 8 24  48 

REACTION TIME ( HOURS ) 

FIG. 2. Plot of reaction temperature as a function of reaction time. 

proceeds. The low boiling points observed indicate the presence 
of water in the reacting solvent; its presence, which is a 
prerequisite for the occurrence of the synthesis, implies that the 
starting di-n-butyl squarate is hydrolyzing to n-butyl squarate, 
the precursor of the squaraine synthesis, in the initial stage of 
the reaction. 

After -8 h, the boiling point of pure 1-butanol is reached. 
This suggests that water is removed during the reaction, 
presumably by the slow stream of nitrogen under the refluxing 
condition. At the same time, the color of the reaction mixture 
turns from light yellow to yellow green (or green). Squaraine 
starts to precipitate out of the solution several hours later." 
The necessity of water removal in the later stage of the reaction 
is consistent with the mechanism proposed in Scheme 2; since 
water is the by-product of the squaraine formation step (step d), 
the elimination of water drives the reaction in the product- 
forming direction. 

In the experimental section, N,N-dimethylaniline derivative 
is shown to be added slowly in a 6-8 h period. The slow 
and even addition will permit the selective arylation of n- 
butyl squarate (less steric hindrance), so that side reactions. 
such as arylation of di-n-butyl squarate, can be suppressed. 
For highly reactive aniline derivatives, e.g. ,  N,N-dimethyl-3- 
hydroxyaniline and N,N-diethyl-3-hydroxyaniline: slow addi- 
tion is found to be very critical. Due to the slow rate of 
hydrolysis of di-n-butyl squarate relative to arylation reactions 
in these two cases, yields of squaraine decrease to the 30-5092 
range when the aniline derivatives are added in a single batch 
at the beginning of the reaction. The procedure presented in the 
experimental section is thus a general optimized procedure for 
squaraine synthesis from di-rz-butyl squarate. 

Scope of the ester route sjntlzesis 
A number of squaraines were prepared from di-12-butyl 

squarate using these optimized conditions, and the yields are 
tabulated in Table 4.12 The yields of the same set of squaraines 
synthesized by the traditional acid route are also given for 
comparison (15). Comparison indicates that very similar chemi- 
cal yields are obtained from both procedures. The similar 

I I For more reactive anilines, e.g. ,  N.N-dimethyl-3-hydroxyaniline. 
squaraine products precipitate out of the solution even before the 
completion of the aniline addition. 

12 Satisfactory elemental analyses and spectroscopic data are ob- 
tained for all the squaraines isolated in this work. 

TABLE 4. Effect of synthetic route on yields of squaraines 

A~+&-A~ Yield (%) 
I 
0- Ester routea Acid routeb 

"Isolated yield, unless spec~fied. 
bData taken from ref. 15. 
'Yield determined by absorption spectroscopy 
dIsolated yield was 5.3%. 

synthetic efficiency for both procedures is not unexpected 
because of the similarity in the squaraine formation step in both 
procedures (Scheme 2). 

Product analysis and outlook for further yield improvement 
Results in Table 4 show that most of the squaraine syntheses 

are not quantitative. We felt that mechanistic insight, which 
usually provides guidance for further yield improvement, may 
be obtained by analyzing the side products. Using di-n-butyl 
squarate and N,N-dimethylaniline as reactants, water-saturated 
1-butanol as solvent, and sulfuric acid as catalyst, HSq was 
isolated by filtration in 47% yield in a typical 5-mmol run 
(see experimental section). The neutral side products in the 
acidic filtrate solution were isolated by solvent extraction 
(chloroform-water) techniques. Vacuum bulb-to-bulb distilla- 
tion yielded two volatile fractions, a light yellow liquid (0.22 g) 
and an orange solid (0.1 g). The light yellow liquid was found to 
be di-n-butyl squarate by comparing its spectroscopic properties 
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Filtrate HSq, 0.75 g (474)  

extraction 

Polymeric 
+ materials 

C 4 H 9 0  0 C 4 H 9  0 C 4 H 9  0.35 g 

2 0.25 g (229)  CH3\N 8 
\ 
CH3 

5 0.1 g (73%) 

SCHEME 3 

(ir, nmr, ms) with the starting material. The orange solid was 
identified as compound 5 (see Scheme 3) by spectroscopic I&] techniques.13 The residue was a brown solid (0.35 g). The 
spectroscopic data of this brown solid are ir (CHCI,): 1600 cmp l, 
no carbonyl bands; nmr (CD2C12) 6: -2.8-3.1 (broad multi- 0 0 
plets, -6H, N-CH3), 6.5-7.3 (very broad doublet, -4H, 

0 0 
aromatic protons). These spectroscopic data suggest that the 
residue is a polymeric material and has no high frequency C=O 
functions. The 'H nmr data strongly suggest that this residue is CzH50H 
made up of N,N-dimethylanilino moieties. 

In a parallel experiment, another orange precipitate (-0.16 g) 
was isolated by adding an appropriate amount of diethyl ether to 
the acidic filtrate. This orange solid was identified as compound 

', 
,COrC2Hs 

6 by comparing its spectroscopic properties with those of an 
authentic sample. l 4  

CH 
I 

6 

In 1961, Blomquist and LaLancette reported that the parent 
compound of 6 ,  1,2-diphenylcyclobutene-3,4-dione (7), under- 
goes a ring-opening reaction at room temperature in ethanol to 
give diethyl cy,cll-diphenylsuccinate (16). 

In the present work, it appears that 6 is stable in acidic 

13The spectroscopic data of 5 are ir (CHC13): 1782 and 1730 
(C=O) cm-I; nrnr (CDzCl2) 6 :  1.01 (t, J = 6 Hz, 3H), 1.2-2.2 
(m, 4H), 3.12 (s, 6H), 4.88 (t, J = 6 Hz, 2H), 6.78 (d, J = 9.2 Hz, 
2H), and 7.95 (d, J = 9.2 Hz, 2H); ms (rnlz): 273 (M') and 217 
(Mi - 2CO). 

l 4  1,2-Bis(p-dimethylaminophenyl)cyclobutene-3,4-dione, 6 ,  was 
synthesized from squaric acid dichloride and N,N-dimethylaniline in 
carbon disulfide, yield - lo%, mp 273-274.5"C; ir (KBr): 1755 and 
1735 (C=O) cm-'; nmr (CD3C12) 6 :  3.12 (s. 6H), 6.79 (d, J = 

9.5 Hz, 2H), and 8.09 (d, J = 9.5 Hz, 2H); ms (rnlz): 320 (M') and 
264 (M+ - 2CO). 
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LAW AND BAILEY 2273 

solution, presumably due to the protonation of the nitrogen 
atoms by sulfuric acid. In neutral chloroform solution, 6 
undergoes a ring-opening reaction analogous to its parent 
-ompound to give a diketene intermediate that polymerizes 
to form a polymeric product. The proposed structure of the 
polymeric product is given in Scheme 5 and its yield was 
-22%. 

Our product analysis accounts for 98% of the materials. The 
major side reactions of the squaraine synthesis are arylation 
and diarylation of 2 to give 5 and 6 respectively. Further 
yield-improvement experiments should be focussed on the 
identification of reaction conditions where the competition 
between hydrolysis and arylation is minimal. 

The yield optimization experiments performed in this work 
are concentrated on the yield of squaraine product isolated in 
each experiment, and the reaction conditions are not necessarily 
ideal for individual steps (e.g . , steps a ,  c ,  and d in Scheme 2). 
It is anticipated that further yield improvement may be obtained 
by segmenting the squaraine synthesis into three steps (partial 
hydrolysis of 2, arylation of 3, and arylation of 4) and 
optimizing them individually. 
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Nucleophilic attack on the carbon-carbon double bond. I. 
Reaction of primary and secondary amines with 2,2-di(4-nitropheny1)-l,l-difluoroethene 
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KENNETH T. LEFFEK and URSZULA MACIEJEWSKA. Can. J .  Chem. 64, 2274 (1986). 
The reaction of primary and secondary amines with 2,2-di(4-nitropheny1)- 1,l-difluoroethene (1) in acetonitrile solvent gives 

first 2,2-di(4-nitropheny1)-1-fluoro-1-aminoethene (2) and then 2,2-di(4-nitropheny1)-1,l-difluoro-l-aminoethane (3). With 
excess amine, pseudo-first-order rate constants for the production of 2 were measured, which showed a second-order reaction, 
together with a catalysed third-order reaction. In addition to the reagent amines, the reaction is also catalysed by tertiary amines 
and bases such as oxalate and acetate, but not by chloride and perchlorate, nor by ammonium ions. The enthalpy of activation 
for the reaction of piperidine with 1 in acetonitrile is 3.7 kcal mol-I. but for the catalysed reaction an apparent value of 
-2.2 kcal mol-' was obtained. It is concluded that the reaction proceeds via a pre-equilibrium to a zwitterion, followed by 
another equilibrium giving a carbanion that yields the product (2) by a rate-determining cleavage of the carbon-fluorine bond. 

KENNETH T. LEFFEK et URSZULA MACIEJEWSKA. Can. J .  Chem. 64, 2274 (1986). 
Lorsqu'on opere dans 1'acCtonitrile comme solvant, la rCaction des amines primaires ainsi que secondaires avec le di (nitro-4 

phCny1)-2,2 difluoro-l , l  Cthene (1) conduit initialement a la formation du di (nitro-4 phCny1)-2,2 fluoro-1 amino-l Cthene (2) et 
finalement au di (nitro-4 phCny1)-2.2 difluoro-1,1 amino-l Cthane (3). OpCrant en prCsence d'un exc.5~ d'amine, on a mesurC les 
constantes de vitesse du premier ordre pour la formation du compost? 2; on a aussi not6 la prksence d'une reaction du deuxieme 
ordre ainsi qu'une rCaction catalyste du troisieme ordre. En plus des rCactifs aminis, les amines tertiaires et les bases comme 
l'oxalate et 1'acCtate catalysent aussi cette rCaction: toutefois-les ions chlorure, perchlorate ainsi qu'arnmonium n'agissent pas 
comme catalyseurs. Dans I'acCtonitrile, l'enthalpie d'activation pour la reaction du composC 1 avec la pipCridine est Cgale a 
3,7 kcal mol-I; toutefois, pour la reaction catalysCe, on observe une valeur apparente de -2,2 kcal m o l ' .  On en conclut que 
la rCaction se produit par le biais d'un prt-Cquilibre conduisant 21 un zwitterion qui, par un autre kquilibre, conduit a un carbanion 
qui conduit au produit 2 par un clivage de la liaison carbone-fluor qui dCtermine la vitesse de la rCaction. 

[Traduit par la revue] 

Introduction Results and discussion 
In the study of the p-elimination of 2,2-di(4-nitropheny1)- 

1 ,1 , 1-trifluoroethane promoted by alkoxide bases, it was noted 
( 1 )  that the first olefin product, 2,2-di(4-nitropheny1)- 1 ,1 -  
difluoroethene reacted rapidly with the excess base to give 
further substituted olefins. Nucleophilic attack of fluoroolefins 
has been known since 1946 (2) and numerous synthetic 
applications have been reported (3). Koch et a l .  (4) have studied 
the reactions of gem-difluoroethenes with alkoxide bases. 
With the base in at least 10-fold excess, the major products 
were alkoxy-substituted ethenes, consistent with a mechanism 
involving partitioning of a carbanion intermediate. 

A number of kinetic studies have also been carried out for 
nucleophiiic additions to olefins. and for substitution via 
additions to olefins, activated by electron-withdrawing groups 
other than fluorine (5 -8 ) ,  and different rate-determining steps 
for the reactions were found under various sets of conditions. 
The rate-determining step varied from the departure of the 
leaving group (3, to proton transfer (6, 8), to the nucleophilic 
attack on the olefin (7). Rappoport e t  a l .  (9, 10) have studied 
the attack of primary amines on 1 , l  -dicyano-2-fluoroolefins, in 
which the fluorine is replaced to yield a cyanoenamine. The 
reaction was shown to be  base catalysed and a mechanism 
involving a competition between carbon-fluorine bond cleav- 
age and nitrogen-hydrogen bond cleavage was proposed. 

The present study was carried out to determine the products, 
and the mechanism of their formation, of the reaction of primary 
and secondary amines with 2,2-di(4-nitropheny1)- 1,  l-difluoro- 
ethene ( I ) ,  under conditions where the initial products of the 
reaction were stable. 

'~ostdoctoral Fellow 1984- 1985. 

Product analysis 
The product of the reaction between amines and the olefin (1) 

in acetonitrile solvent depends on the ratio of the concentration 
of amine to olefin and also on the type of amine. With the amine 
in at least a threefold excess over the olefin, the secondary 
amines morpholine, piperidine, and pyrrolidine gave only the 
fluoroenamine (2) as product (Scheme 1). A separate experi- 
ment showed that the fluoroenamine 2 does not react with 
piperidine. With the primary amines, methoxyethylamine, 
n-propylamine, isobutylamine, benzylarnine, and cyclohexyl- 
amine. the fluoroenamine was (2) produced. together with the 
saturated compound (3). 

When the amine-to-olefin ratio was less than 3 ,  all amines, 
both secondary and primary, gave both products 2 and 3, with 2 
the major product after short reaction times and 3 the major 
product after long reaction times. Therefore, 3 is interpreted as 
arising from 2 by the addition of the elements of HF as shown in 
Scheme 1. 

In addition, small amounts of 2,2-di(4-nitropheny1)- 1,1,1- 
trifluoroethane were produced, which must derive from the 
addition of HF to the substrate olefin (1). 

The stability of the fluoroenamine 2 with respect to nucleo- 
philic addition by secondary amines, in contrast to the reactivity 
of the analogous 2,2-di(4-nitropheny1)-1-fluoro-1-ethoxyethene 
towards ethoxide ion ( I ) ,  makes the reaction of amines with the 
olefin 1 particularly suitable for a kinetic investigation. 

Kinetics 
All kinetic runs were carried out with a large excess of amine 

to give pseudo-first-order kinetics and to ensure that the 
substrate reacted only with the amine base. so that the initial 
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product was the enamine 2. The reaction was followed 
spectrophotometrically by monitoring the decrease o f  absorp- 
tion at 296 nm, the A,,, o f  the olefin substrate, and also the 
absorption in the visible region due to the enamine (400 nm 
for the piperidine reaction). The reactions were followed to 
70-90% completion in acetonitrile solvent. Pseudo-first-order 
rate constants were calculated and divided by the amine 
concentration to obtain the second-order rate constants, k 2  obs ,  

which are shown in Table 1 .  The second-order rate constants 
increase linearly with the amine concentration and can be fitted 
to eq. [ I ] .  

[ I ]  k 2  obs = k; obs + k3 obs [aminel 

A linear least-squares fit o f  kzobs  to eq. [ I ]  gives the uncata- 
lysed rate constant k;  ,bs as the intercept and the catalyzed rate 
constant k3  obs as the slope. These values are given in Table 2 
together with their standard deviations. The pK, values quoted 
for the conjugate acids are those o f  Coetzee ( 1  1). It can be seen 
that, generally, the catalysed reaction accounts for more than 
half o f  the reaction at the amine concentrations used. Both 
k; .bs and k3  ubs show a rough correlation with the pK, o f  the 
conjugate acid o f  the base for the four values o f  pK, in 
acetonitrile shown in Table 2. The uncatalysed reaction gives a 
correlation coefficient o f  0.93 between log k ;  obs and pK, with 
a slope o f  approximately unity. The catalysed reaction gives a 
correlation coefficient o f  0.965 between log k3  obs and pKa with 

TABLE 1. Second-order rate constants for the reaction o f  2.2-di(4-nitropheny1)- I ,  I-difluoroethane* 
with amines in acetonitrile at 25'C 

(a)  F'yrroiidine 

104[Amine] ( M )  1.77 2.65 5.28 7.11 8.75 
kzoba(L mol-I s - ' )  at A = 296 nm 1.66 1.88 2.66 3.39 4.00 
104[Amine] ( M )  1.91 2.86 5.69 7.57 9.43 
kzOb,(L mol-' s - l )  at A = 416 nm 1.50 1.64 2.42 3.14 3.61 

(b)  Piperld~ne 

lo3 [Amine] ( M )  0.674 1 .OO 1.34 2.01 3.29 
kzOb,(L mol-' s- ' )  at A = 296 nm 0.104 0.131 0.165 0.222 0.320 
lo3 [Amine] ( M )  0.660 0.99 1.31 1.95 3.21 
kzobs(L mol-' s-') at A = 400 nm 0.096 0.117 0.150 0.200 0.304 

103 [Amine] ( M )  
lo3 k z O b s ( ~  mol-I s-I ) at A = 296 nm 
lo3 [Amine] ( M )  
I 0 3 k k z O b i ( ~  mol-' s- ')  at A = 390 nm 

(d)  n-Propylamine 

1O4[Amine] ( M )  
kzOb,(L mol-' s - ' )  at A = 296 nm 
10"Aminel ( M )  
k20bs(L mol-I s - ' )  at A = 380 nm 

(e )  Cyclohexylamine 

lo3  mine] ( M )  3.84 7.63 11.4 15.1 19.3 
kZohs(L mol-I s - ' )  at A = 296 nm 0.082 0.122 0.164 0.189 0.216 
10'[Amine] ( M )  2.90 11.5 17.1 22.7 28.2 
kzobs(L mol-I s-I) at A = 390 nm 0.086 0.177 0.234 0.273 0.329 

"Initial concentration 5 .2  X M 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN J CHENI VOL 64. 1986 

TABLE 2. Rate constants for the uncatalysed and catalysed reactions of 2,2-di(4-nitropheny1)-1,l- 
difluoroethene with amines in acetonitrile at 25'C 

p K a  h k i o b s  k3 obc 

CH3CN/H20 Amine (nm) (L molpl s p l )  ( L ~  molp2 s-l) 

19.581- 11.27 Pyrrolidine 296 
416 

18.92/11.12 Piperidine 296 
400 

16.6118.33 Morpholine 296 
390 

18.22/10.71 n -Propylamine 296 
380 

10.66 Cyclohexylamine 296 
390 

AR F Ar Ar F 
\ / k \ 7 k, \ / / 

C=C + HN & C-C-F + C=C + F-H2N+ 
/ \ \ k- l  / \ / \ \ 

AR F Ar + NH Ar N- 
/ \ \ 

a slope of I .  1 + 0.2. Both of these calculations were based on 
the four points for which the pK, values in acetonitrile are 
quoted in Table 2. 

Within the experimental error, both the catalysed and the 
uncatalysed rate constants show no significant difference 
between the determination based on the disappearance of the 
substrate and that based on the appearance of the enamine 
product 2. Thus, the substrate is undergoing a reaction in 
which there is no accumulation of an intermediate between the 
substrate and the enamine 2. Scheme 2 shows the probable 
reaction steps for the reaction. 

Rappoport and co-workers ( 5 ,  9, 10) and Bernasconi et al. 
(12) proposed a similar mechanism for the reaction of primary 
and secondary amines to cyano and nitro olefins. 

The observed kinetics can be fitted to Scheme 2 in either of 
two ways. The nucleophilic attack of the amine on the carbon 
atom of the olefin that bears the fluorine atoms could be the 
rate-controlling step, followed by a rapid loss of HF in one or 
two fast steps. On the other hand, there could be a fast 
pre-equilibrium to yield Z' and (or) C with a very small 
equilibrium constant, followed by a slow rate-controlling loss 
of fluoride. Since fluoride is generally a poor leaving group in 
nucleophilic substitution reactions, the latter alternative seems 
to be the more likely mechanism. Since the reaction does not 
take place with tertiary amines, it is clear that the proton on the 
nitrogen plays an important role in the departure of the fluoride. 

The kinetics of the piperidine reaction were investigated 
at several temperatures in acetonitrile and tetrahydrofuran 
solvents. Using the same procedure as before, the uncatalysed 
and catalysed rate constants were determined and these are 
collated in Table 3, together with the activation parameters 
derived from these rate constants. The uncatalysed reaction 
shows normal activation parameters, but the catalysed reaction 
gives a negative A H S  in acetonitrile and a very low AH' in 
tetrahydrofuran, indicating that at least the catalysed reaction 
involves a pre-equilibrium before the rate-determining step. 
Both the catalysed and uncatalysed rates are markedly slower in 
tetrahydrofuran, which may indicate that the solvent effect acts 
predominantly on the first equilibrium of Scheme 2 .  However, 
the experiments in tetrahydrofuran were done primarily to 
ensure that there was nothing unique about the results in 
acetonitrile solvent. Very small and negative AH* values were 
also observed by Rappoport and Peled (5) for the catalysed 
reactions of piperidine and morpholine with fluoro and cyano- 
olefins in acetonitrile. 

To elucidate the nature of the catalysed reaction, the catalytic 
effects on the piperidine reaction of added alkyl ammonium 
salts and tertiary amines were studied. The kinetic results were 
fitted to eq. [ 2 ] ,  an extended form of eq. [I] .  

A plot of k2 VS. catalyst concentration gives ( k ;  ,,,, + 
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TABLE 3. Rate constants for the uncatalysed and catalysed reactions of 2.2-di(4-nitrophenyl)-l , 1-difluoroethene with piperidine at 296 nm 

Uncatalysed reaction Catalysed reaction 

Temperature k ;  ohs k lobs  AH= AS* AH* AS* 
("c) (L mol-' s - I )  ( L 2  m ~ l - " ~ ' )  (kcal mol-I) (cal m o l '  d e g l )  (kcal m o l l )  (cal moi-' deg-I) 

(a) Acetonitrile solvent 

9.5 0.033i0.006 
18.0 0.049k0.003 
25.0 0.051 k0.004 
30.0 0.064k0.004 
40.0 0.071i0.001 

(b) Tetrahydrofuran solvent 

9.0 0.0033k0.0015 
25.0 0.0049i0.0025 
40.0 0.0075i0.0008 

TABLE 4. Catalytic rate constants for the reaction of 2,2-di(4-nitropheny1)-1,l-difluoroethene 
with piperidine* in acetonitrile at 25°C 

Catalytic rate constant 

Catalyst 104[cat. conc.] (M) k q O b s ( L 2  m ~ l - ~  s ' )  

Diazabicyclo[2,2,2]octane (DABCO) 
Piperidinium oxalate 
Piperidinium oxalate (296 nm) 
Piperdinium acetate 
Quinuclidinium oxalate 
Piperidinium perchlorate 
Quinuclidinium chloride 

"Initial concentrations of piperidine were 1.82-1.90 X lo-' M. 
f Inhibition rate constant. 

k3 obs[amine]) as the intercept and k4 obs as the slope. For each 
catalyst a series of runs was carried out at different catalyst 
concentrations. Values of k2 ,bs were obtained by dividing k l  ,b, 

by the piperidine concentration, and k4 .bs was calculated by 
a least-squares fit to eq. 121. The results are summarized in 
Table 4. The reactions were monitored at 400 nm unless 
otherwise noted. 

The results show that the reaction is catalysed by tertiary 
amines, oxalate and acetate ions, but not by alkyl ammonium 
ions, perchlorate or chloride ions. Rappoport and Ta-Shma (9) 
also found that the ammonium ion did not catalyse the reaction 
of p-toluidine with 1,l-dicyano-2-p-dimethylaminophenyl-2- 
fluoroethylene. 

Thus, it is clear that the catalysed step is the deprotonation 
of the zwitterion rather than the departure of the fluoride 
ion, because fluoride ion departure would be expected to be 
catalysed by the ammonium ion. It would still be possible to 
have a rate-determining uncatalysed cleavage of fluoride if it 
can be assumed that F -  departs more rapidly from C than from 
Z'. The catalysis would then take place by simply changing the 
position of the deprotonation equilibrium. This interpretation 
is supported by the fact that there is a reasonable correlation 
between log k3  .bs and pK, for the catalysed reaction for the 
results shown in Table 2. This means that the sensitivity of the 
zwitterion Z' to deprotonation is essentially the same as chat of 
the amine to protonation. 

A steady-state approximation applied to Scheme 2 yields eq. 

131, if it is assumed that k, >> k-, [base Hi] and k >> kZ + 
k3[amine], i.e., that the carbon-fluorine bond cleavage is not 
rate determining. 

k l 
L31 k20b5 = - 

k 1 kZ + - . k3 [amine] 
k- l k- 1 

This predicts that AH* should not be dramatically different 
for the catalysed and uncatalysed reactions. Both would be 
expected to be positive values, but if one were negative, as a 
result of an unusual temperature dependence of kl  / k  the 
other would also be negative or a very small positive value. 
Thus, the results in Table 3 do not fit this assumption. 

The alternative assumption, that k-,[base Mf ] >> k4 and 

k3 k4 [amine] 
that k-, >> kZ + + , yields eq . 141. 

k-3[baseH 1 

k k2 k k3 k4 [amine] 
I41 k2 O ~ S  = - +- k-I k 1  k-,[amineH+] 

Equation [4] allows AH* for the catalysed reaction to be 
distinctly different from that for the uncatalysed reaction, by 
the equilibrium constant k3/kP3 having a different temperature 
dependence from that of k / k- . 

The catalysis of the reaction results from an increase in the 
rate of the step k, , in which the zwitterion Z' is converted to the 
carbanion C-, by virtue of the additional base, relative to the 
reverse step k-?. This additional base may be a secondary or 
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tertiary amine or an anion such as  acetate o r  oxalate. Weak 
bases such as Cl- and C104- show little o r  no catalytic effect. 
Adding ammonium ion without a moderately strong basic anion 
increases the rate of the back reaction of the carbanion C to the 
zwitterion and, therefore, retards the overall reaction, in general 
agreement with the results in Table 4. 

Therefore, it is concluded that the reaction takes place by the 
mechanism in Scheme 2 ,  in which the carbon-fluorine bond 
breaking is rate determining, but the overall rate is catalysed or 
retarded by changes in the rates of the steps that interconvert 
the zwitterion and the carbanion. 

Experimental 
Materials 

2,2-Di(4-nitrophenyl)-l , 1,l-trifluoroethane was prepared from 
a ,  a ,  a-trifluoroacetophenone as previously described (1 ) .  The sub- 
strate 2,2-di(4-nitrophenyl)-l , 1-difluoroethene was prepared from this 
by reaction with excess sodium hydride in very carefully dried 
tetrahydrofuran. The reaction mixture was refluxed for 10 h protected 
from atmospheric moisture, during which time about 5 0 8  conversion 
to the ethene took place. After evaporation of the THF, ethyl ether was 
used to separate the organics from the inorganic residue. The mixture of 
product and starting material was separated by column chromatography 
with Kieselgel60 and a 3 : 1 mixture of benzene and n-hexane as eluent. 
The ethene product gave mp 129-130°C: A,,,,: 296 nm in CH3CN; 
nmr 6 (CD3CN): 8.22 (d, 4H) and 7.5 (d, 4H). 

The reagent amines were dried over KOH and fractionally distilled 
twice before use of the middle fraction. The concentration of the amine 
solutions was determined by tiration with standard perchloric acid in 
acetic acid solvent (1 3). 

The ammonium salts were prepared by reacting the purified 
piperidine and quinuclidine with the appropriate acid in THF and 
precipitating the salt with a mixture of ethyl ether and benzene. The 
salts were washed and dried before use. 

The acetonitrile solvent was purified by the method of O'Donnell et 
ul. (14) and fractionally distilled first from P2O5 and then from CaH2. 

Product analyses 
The reaction mixture was separated by column chromatography 

using Kieselgel60 and an eluent made up of chloroform, benzene, and 
n-hexane in a ratio 12:3: 1. The fractions were analysed by tlc, nmr, 
and uv spectroscopy. 

Kinetzcs 
A fresh 5 X M solution of the olefin was prepared for each set of 

runs. Each set consisted of five runs, each with a diffcrcnt amine 
concentration. The five runs were carried out simultaneously in 1-cm 
uv cells in a Cary 219 spectrophotometer fitted with a temperature- 
controlled cell block. Pseudo-first-order rate constants were calculated 
by a least-squares fit to eq. [5] 

where Do,  D,, and D,  represent the optical denslty of the reaction 
mixture at time zero, time t ,  and at infinity, respectively. 
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Electrosorption of vinyltriphenyl and propargyltriphenylphosphonium cations 
from methanolic solutions at the dropping and hanging mercury drop electrodes 
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ANASTASIA CHRISTODOULOU, ANASTOS ANASTOPOULOS. and DEMETRIOS JANNAKOUDAKIS. Can. J .  Chem. 64,2279 (1986). 
The interfacial behaviour of vinyltriphenyl and propargyltriphenylphosphonium cations at the mercury electrode - methanolic 

solution interface is studied by phase selective ac polarography using dropping Hg electrodes of short ( S 5  s) and long (=20 s) 
drop times and the hanging Hg drop electrode. 

The various adsorption parameters are determined on the basis of non-ionic adsorption isotherms involving capacitance data 
independent as well dependent on time. 

ANASTASIA CHRISTODOULOU, ANASTOS ANASTOPOULOS et DEMETRI~S JANKAKOUDAKIS. Can. J. Chem 64, 2279 (1986). 
Faisant appel a la polarographie a ca et a phase sklective et utilisant soit des Clectrodes a goutte tombante de mercure avec des 

temps de chute court ( 5 5  s) et longs (=20 s) soit une electrode i goutte pendante de mercure, on a etudiC le comportement 
interfacial des cations vinyltriphbnyl- et propargyltriphenyl-phosphonium. 

On a dktermink les divers paramhtres d'adsorption en se basant sur des isothermers d'adsorptions non-ioniques impliquant 
des donnCes de capacitance tant indkpendantes que dependantes du temps. 

[Traduit par la revue] 

Introduction 
Since the pioneering work of Gerovich et a/ .  ( I ) ,  a small 

but increasing amount of data concerning the adsorption of 
tetraphenyl and a series of alkyltriphenylphosphonium cations 
have now appeared in the literature (2-7). 

Contrary to many works on the adsorption of quaternary 
ammonium cations, the interfacial behaviour of phosphonium 
cations is rarely treated (6) in terms of nonionic isotherms, 
thus limiting the information available to the characteristics of 
the development of the adsorption film. Although remarkable 
efforts have been made by Damaskin and co-workers (8- 12) on 
the development of adsorption isotherms for organic cations, 
information resulting from non-ionic isotherms, though it will 
be criticized, may help our understanding on the adsorption 
behaviour of these substances. 

In this work the electrosorption of quaternary phosphonium 
cations with alkyl groups having multiple bonds are analyzed by 
means of the Frurnkin and Flory-Huggins isotherms to deter- 
mine the standard free energy of adsorption, the interparticle 
forces. the maximum surface concentration, and the area per 
adsorbed particle of vinyltriphenyl- and propargyltriphenyl- 
phosphonium cations. The adsorption equilibrium of these 
substances is controlled by their diffusion from the bulk to  
the inferface and so the use of time-dependent capacitance 
data, when combined with theoretical adsorption isotherms, 
allows for a quantitative description of the adsorbed film 
characteristics. 

Experimental 
The variation of the differential capacity against the time and the dc 

polarization potential was recorded by fundamental harmonic phase 
selective ac polarography, similar to a previous publication (6). The 
electrochemical system used was the following: 

Working 

Hg 
electrode 

The characterist~cs of the DME with short drop times were 2.235 mg/s 
(flow rate) and a drop time of 4 s controlled to 2 s by a drop tlmer 

system. The DME with large drop times (=20 s) had a flow rate of 
0.35 mg/s and the HMDE was controlled under constant temperature 
to obtain a radius of 4.27 x lo-' cm during all measurements. 

Methanol (Merck, pro analysi), CsCl (Merck, pro analysi), and 
propargyltriphenylphosphonium bromide (Fluka, purum 9 9 8 )  were 
used without further purification. Vinyltriphenylphosphonium bro- 
mide (Fluka, pract. > 9 5 8 )  was twice recrystallized from water- 
ethanol solutions, subsequently dried at 140°C under reduced pressure 
and its melting point was found to be 182- 183°C after the recrystalliza- 
tion process. 

The solutions were deaerated by a stream of purified nitrogen, 
previously saturated with vapours of the base solution. All measure- 
ments were carried out at 25 * 0.05"C. The standard deviation of the 
differential capacity values is less than 2 8  at the overall potential range 
studied. 

Results and discussion 

sce 
with 
NaCl 

To study the electrosorption of vinyltriphenyl-, (VPh3P)'. 
and propargyltriphenyl- , (PgPh3P)+, phosphonium cations 
from methanolic solutions of 0 . 1  M CsCl, capacitance versus 

0.1 M CsCl 
N 2 0  
Reference 
cell 

Phosphonium 
salt 
0.1 M CsCl 
MeOH 

, . 
potential curves were recorded for various concentrations of 
the bromide salts of the above cations and they are provided in 
Figs. 1 and 2. 

0.1 M CsCI 
MeOH 
Electrolytic 
contact 

Capacitance current versus time measurements were also 
recorded at the DME, at the potentials -0.6,  -0.8, -1.05, 
- 1.2, - 1.4 V/sce and some of them are shown in Fig. 3. 

From the C-E curves in Figs. 1 and 2 it is seen that the 
adsorption of (VPh3P)+ and (PgPh3P)+ does not lead to the 
appearance of capacitance maxima. At the anodic region the 
lack of maxima must be attributed to the metal-adsorbate 
interactions between the phenyl groups and the H g  conduction 
band. At extreme negative polarizations the discharge of the 
adsorbed cations -occurring at the vicinity of - 1.60 V/sce - 
prior to their complete desorption from the electrode surface, 
possibly justifies (2) the lack of cathodic adsorption-desorption 
peaks. 

Two potential regions of limiting minimum capacitance were 
not observed, indicating the absence of condensation effects in 
the adsorption layer, this was in agreement with the behaviour 
of the phosphonium cations in non aqueous systems (5, 6).  

The absence of discontinuities in the formation of the 
adsorption layer is also confirmed by the form of the i,-t curves 
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L 
C 3 

- - - 

FIG 1 Differential capacitance of 0 1 M CsCl methanolic solut~ons 
containing the following VPh3PBr concentrations a ,  0 0 0 ,  b, 2 5 x 
lo-' M ,  c ,  3 7 5  x lo-' M ,  d ,  5 x l o p 5  M ,  e ,  10 M ,  f ,  2 5 x 
10-4 M ,  g, 3 7 5  x 10-4 M ,  h ,  5 x 10-4 M ,  l ,  7 5 x 10-4 M. 

M ,  k ,  1 5 X M ,  1, 2 x M at the dme 

FIG. 2. Differential capacitance curves of 0.1 M CsCl methanolic 
solutions containing the following PgPh3PBr concentrations: a ,  0.00:  
b, 2.5 x l o p 5  M ;  c, 5 X lo-' M ;  d ,  l o p 4  M :  e ,  1.5 x lo-' M ;  
f, 2.5 X M ;  g ,  3.75 X lo-%; h ,  5 X M ;  i ,  7 . 5  X M ;  
j ,  M ;  k ,  2 x M at the dme. 

of Figs. 3. Here a regular development of the adsorbed film is 
reflected without humps or abrupt changes, thus leading to the 
conclusion that the presence of methanol prevents the occur- 
rence of surface condensation or other interfacial rearrangement 
effects. 

1 I 

C "" 
L i  

: (5) 
FIG. 3. Capacitance current vs. time curves, at - 1.05 V/sce, of 

0.1  M CsCl methanolic solutions in the presence of the following 
additions (from top to bottom) of (a) VPh3PBr: 0.0 M, 5 X l o p 6  M ,  
7 .5  x M ,  1.25 X l o p 5  M ,  2.5 X lo-' M ,  3.75 X lo-' M ,  
5 X lo-' M .  (b) PgPh3PBr: 0.0 M, 1.25 X lo-' M ,  1.75 X M ,  
2.5 X 10 - 'M ,3 .75  X 1 O P 5 M , 5  X 1 0 - ~ M , 7 . 5  X 10 - 'M .  

The C-E curves of (VPh3P)+ and (PgPhjP)+ cations, in spite 
of their similar shape, reveal a difference in the adsorbate 
concentration at which the limiting minimum capacitance, 
Cllm, is attained. 

In the presence of (PgPh3P)+ the increase in concentration 
causes a gradual depression of the minimum down to a 
limiting value, 5.30 pF/cm2, attained at the concentration 
7.5 x ~ o - ~ M .  

For (VPh3P)+ cations a limiting value, 5.97 pF/cm2, is 
attained at concentrations c 2 lW5 M. This difference can 
be interpreted in terms of a corresponding difference in their 
adsorbabilities, which determines the influence of concentration 
on the formation of a saturation monolayer, as long as all the 
other characteristics and adsorption parameters do not differ 
appreciably. 

Isotherm analysis 
The capacitance potential data in Figs. 1 and 2 were analyzed 

by means of two well known nonionic isotherms, viz. Frurnkin 
isotherm: 

and a type of Flory-Huggins isotherm: 
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FIG. 4. Test of Frumkin isotherm for VPh3PBr (a )  and PgPh3PBr 
(b)  at the following potentials in V/sce: 8 - 1.05, A - 1.10, A 
-1.15, @ -1.20, -1.25. 0 -1.30. 

FIG. 5 .  Test of Flory-Huggins isotherm for VPh3PBr ( a )  and 
PgPh,PBr (b )  at the following potentials in V/sce: 8 -1.00, 
-1.05, 0 -1.10, A -1.15, -1.20. 

where 8 is the surface coverage calculated by the relation 8 = 

(Co - C)/(Co - GI,,) at the potential region where the 
condition d0/dE = 0 is satisfied, Co is the capacitance of the 
base electrolyte, and C , , ,  is the minimum limiting capacitance 
at maximum coverage, determined by extrapolation of the 
minimum capacitance vs. concentration plot to high surfactant 
concentration. In eqs. [ I ]  and [2], c is the bulk concentration, 
% is the adsorption equilibrium constant, and u is an interaction 
parameter. In eq. [2], r is the size ratio which is set equal 

FIG. 6. Variation of the adsorption equilibrium constant of VPh3PBr 
with potential. 

FIG. 7. Variation of the adsorption equilibrium constant of PgPh3PBr 
with potential. 

to 4, estimated from the area per adsorbed phosphonium cation 
(approximately 0.75 nm2) and methanol molecule (0.186 nm2 
according to ref. 13). The results on the test of isotherms [ I ]  and 
[2] are provided in Figs. 4 and 5, revealing a fair agreement of 
these isotherms with our experimental data. 

The lines in Figs. 4 and 5 have constant positive slopes 
corresponding to a prevalence of attractive interactions at the 
interface. However, due to the complex nature of the interaction 
parameter and the simplicity of the Frumkin and Flory-Huggins 
models, it is impossible to strictly correlate this parameter 
to the interactions occurring at the interface. In terms of the 
solvent-solvent, solvent-adsorbate, and adsorbate-adsorbate 
interactions, the positive slopes of the plots of Figs. 4 and 5 
may be related to positive deviations from Raoult's law (14). 

A small variation in slope with potential is only observed in 
Fig. 6a for (VPh3P)+ cations, where the slope is seen to increase 
with increasing cathodic potentials. Equations [ I ] ,  [2], and the 
plots in Figs. 6, 7 enable the determination of the adsorption 
equilibrium constant and the potential of maximum adsorption. 

The variation in the adsorption equilibrium constant of 
(VPh3P)+ and (PgPh3P)+ cations with potential is shown in 
Figs. 6 and 7,  where it is seen that there is an approximately 
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FIG. 8. Variation of the standard free energy of adsorption of 
VPh3PBr against the quantity (E - E,,,)'. 

quadratic dependence of % on E ,  which reaches a maximum 
value of 11.2 x lo3 and 7.7 x 103 L/mol, respectively. 

As long as the value of the adsorption equilibrium constant 
at a certain potential is a measure of the adsorbability of the 
substance under examination, we can conclude that in methanol 
(VPh3P)+ cations present a moderate adsorbability while the 
adsorbability of (PgPh,P)+ is somewhat lower. The potential 
at which maximum adsorbability is detected can be identified 
with the potential of maximum adsorption, provided that 
the interaction parameter does not change significantly with 
potential. 

For both substances examined Em,, was found at - 1.05 V/sce. 
From the %-E curves and the equation 

we calculated the values of the standard free energy of 
adsorption against the quantity ( E  - E,,,)~. The resulting plots 
for (VPh3P)+ and (PgPh,P)+ cations are shown in Figs. 8 and 9. 

It is seen that there is a linear dependence of AG:, on 
(E - though for a narrow potential range. This feature 
is not typical of interfacial behaviour of ionic species. The 
values of AGE,, corresponding to E,,,,, were found to be 
-31.00 and -30.10 kJ/mol for (VPh3P)+ and (PgPh3P)+ 
cations, respectively. 

Maximum su@ce concentration of (VPhSPj+ and (PgPh,P)' 
cations 

The kinetics of adsorption of a species at the electrode- 
solution interface can be used as a means for the determination 
of its surface concentration. This can be achieved either by 
examining the dependence of differential capacitance values on 
the frequency of the ac signal or on the time of exposure of 
the electrode surface in the electrolyte solution. The latter is 
suitable for systems without adsorption-desorption maxima, as 
the C-E curves in Figs. 1 and 2. For this purpose capacitance- 
time measurements were carried out for (VPh3P)+ and (PgPh,P)' 
cations both at the DME with long drop times and at the HMDE. 
In Figs. 10 and 11 we provide the C-t ' * and C-t- ' curves 
of (VPh3P)' and (PgPh3P)+ cations, recorded at the potential of 
maximum adsorption and at the DME and HMDE. respectively. 

According to Koryta (15) and Levich (16) the linearity of the 
experimental plots in Figs. 10 and 11 is evidence for d~ffusion 

FIG. 9. Variation of the standard free energy of adsorption of 
PgPh3PBr against the quantity ( E  - 

FIG. 10. Variation of the differential capacitance with t ' I 2  at the 
dme. (a) For the following VPh3PBr concentrations: @ 1.25 X 

M ,  11 2.5 x lo-%, A 3.75 x M. ( b )  For the following 
PgPh3PBr concentrations: @ 2.5 X lo-%, m 3 . 7 5  x M. A 5 X 

10-5 M. 

control of the establishment of the adsorption equilibrium. The 
c-t112 curves in Fig. 10 enable the calculation of the maximum 
surface concentration, T,,, , with the aid (17) of equation 

where the symbols Co and C,,, are previously defined, C, is the 
capacity at intermediate surfactant concentrations at time t, c 
is the phosphonium cation concentration, D is the diffusion 
coefficient, and r,,, is the maximum surface concentration. 
The value of the diffusion coefficient was determined by 
polarographic measurements and was found equal to (5  +- 0.2) 
x cm2/s. From eq. [4] the values of 2.05 x l o P L 0  
and 2.11 x 10- l o  mol/cm2 were obtained for the maximum 
surface concentrations of (VPh3P)' and (PgPh3P)+ cations, 
respectively. 

At the potential of maximum adsorption according to ref. 18, 
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FIG. 11. Variation of the differential capacitance with t "' at the 
HMDE. (a) For the following VPh3PBr concentrations: (b 7.5 x 

M, kB 1.25 X lop5 M, A 2.5 x lops M. (6) For the following 
PgPh,PBr concentrations: (b 2.5 x lop5 M, kB 3.75 x M. A 5 x 
10-5 M. 

for a system obeying the Frumkin isotherm, the following 
equation is valid: 

where Co, C l i m ,  r,,,, c ,  and D have their usual meaning 
and 0 = (Co - Ce)/(Co - Cli,) is the equilibrium surface 
coverage, determined at times when the equilibrium value C, 
is attained. 

The application of eq .  [5] to the experimental diagrams of 
Fig. 11 yields 2.25 x 1 0 1 0  and 2.20 x 10-10mol/cm2 for the 
maximum surface concentration of (VPh,P)+ and (PgPh3P)' 
cations, respectively. When calculating with eqs. 141 and 
[5], Co = 12.2 F ~ / c m 2 ,  Cli,,(VPh3P)+ = 5.97 mF/cm2,  
Clim(PgPh3P)+ = 5.3 pF/cm2, a(VPh3P)+ = 0.45, a(PgPh3P)+ 
= 0 .6 ,  D = 5 X cm2/s, 0, =S 0 . 5 ,  were used for low 
(c 2 .5  x l o p 5  M) surfactant concentrations. 

The selection of the most suitable values of IT,,,,, can be 
facilitated by comparison with theoretical predictions for the 
possible orientations and the area per adsorbed phosphonium 
cation. Therefore, taking into account the tetrahedral structure 

of (VPh,P)+ and (PgPh,P)+ cations, two possible orientations 
can be predicted, viz., two phenyls and the alkyl group or 
the three phenyl groups oriented towards the Hg surface, the 
former leading to an approximate area of 0 .64  and 0 .70  nm2, 
respectively, and the latter to an area of 0 .77  nm2 for both 
substances. Therefore, the experimental values of r,,, deter- 
mined by means of the HMDE and eq. [ 5 ]  seem to offer a better 
approximation to the theoretically predicted value of 0 .77  nm2. 
The values of area per adsorbed (VPh3P)+ and (PgPh,P)+ 
cations thus obtained are equal to 0.74 and 0 .76  nm2, suggesting 
that these cations are adsorbed with their three phenyl groups 
oriented towards the metal surface. 

The strong interactions of the T-electrons of the phenyl 
groups with the conduction band of H g  at positive and small 
negative polarizations offer support to such an orientation. 
Nevertheless, since there is no evidence of rearrangement of 
the adsorption film taking place at higher negative potentials 
in methanol in the C-E and i,-t experimental curves, we 
can assume that the same orientation is maintained up to the 
discharge potentials of these cations. 

1. V. M. GEROVICH, R .  I. KAGANOVICH, and B. B. DAMASKIN. 
Elektrokhimiya, 12, 445 (1976). 

2. Y. V. MIKHAILIK and B. B. DAMASKIN. Elektrokhimiya, 15.478 
(1979). 

3. H.-D. DORFLER and E. MULLER. J .  Electroanal. Chem. 105,383 
(1979). 

4. H.-D. DORFLER and E. MULLER. J. Electroanal. Chem. 121, 153 
(1981). 

5. E. MULLER and H.-D. DORFLER. J .  Electroanal. Chem. 121, 169 
(1981). 

6. A.  ANASTOPOULOS, A. CHRISTODOULOU, and D. JANNAKOUDA- 
KIS. Z. Phys Chem. N.F. 137, 231 (1983). 

7. M. HASSAN SAFFARIAN and R. DE LEVIE. J. Electroanal. Chem. 
189, 325 (1985). 

8. B. B. DAMASKIN, U. PALM, M. VAARTNOU, and M. SALVE. 
J. Electroanal. Chem. 108, 203 (1980). 

9. B. B. DAMASKIN, S. KARPOV, S.  DYATKINA, U. PALM, and 
M. SALVE. J. Electroanal. Chem. 136, 217 (1982). 

10. B. B. DAMASKIN, S.  KARPOV, and S. DYATKINA. Elektro- 
khimiya, 18, 231 (1982). 

11. B. B .  DAMASKIN and S. KARPOV. Elektrokhimiya, 18, 1 (1982). 
12. B. B. DAMASKIN, S.  KARPOV, S. DYATKINA, U .  PALM, and 

M. SALVE. J. Electroanal. Chem. 189, 183 (1985). 
13. J .  LAWRENCE and R. PARSONS. J .  Phys. Chem. 78,3577 (1969). 
14. F. PULIWRI, G. BORGHESANI, R. PEDRIALI, A. DE BATTISTI, and 

S. TRASATTI. J .  Chem. Soc. Faraday I, 74 (1978): 79 (1978). 
15. J .  KORYTA. Coll. Czech. Chem. Commun. 18, 206 (1953). 
16. V. LEVICH, B. I. KHAIKIN, and E. D. BELOKOLOS. Elektro- 

khirniya, 11, 1137 (1965). 
17. H. JERING. J. Electroanal. Chem. 20, 33 (1969). 
18. S. SATHYANARAYANA and K. G. BAIKERIKAR. J .  Electroanal. 

Chem. 25, 209 (1970). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Iodine chemistry in the + 1 oxidation state. II. A Raman and uv-visible spectroscopic 
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J .  C .  WREN, J .  PAQUETTE, S. SUNDER, and B .  L. FORD. Can. J .  Chcm. 64. 2284 (1986). 
The kinetics of disproportionation of elemental iodine to iodide and iodate ions has been studied in basic aqueous media 

using Raman and uv-visible spectroscopy. The I 0  stretching vibrations for 10-  and 120H- were observed at 430 i 2 and 
560 + 2 cm-', respectively. The totally symmetric stretching vibration for 107 was observed at 685 i 2 c m l .  The Raman 
results indicate that 120H- is a linear molecule with a stronger 1-0 bond than 1 0 .  The rate expression at 25°C in 1 mol d m 3  
NaOH was found to be 

where 

C[Il  = ([I21 + [IT1 + 110-1 + [I,OH-I) 

The reaction is primarily a reaction of thc iodine + 1 oxidation-state species 10-  and 120H-. It proceeds through the t 3 
oxidation-state species 1 0 7 .  The following equilibrium and rate constants were determined: 

10- + I + H 2 0  Z 1 , O H  + OH- K = 0.15 ? 0.01 

10-  + 10-  + 1 0 7  + I- k 5 7.2 X dm%olF' s-' 

I 0  + H O I + I O i  + I  + H+ k = 40 -+ 7 dm' mol-' s-' 

I 0  + 120H- 7- 102  + 21- + H+ k = 6.0 + 0.2 dm' mol-' s- '  

10 -  + 1 0 5  4 10; + I- k = 0.5 * 0.1 dm3 rnol-' s-' 

120H- + 1 0 5  + I 0  J + 21- + HA k =  26 t 2 d m 3 m o l - I s - '  

J. C.  WREN. J .  PAQUETTE, S. SUNDER et B. L. FORD. Can. J .  Chern. 64, 2284 (1986). 
La cinttique de dismutation de l'iode en ions iodure et iodate a CtC CtudiCe en milieu aqueux basique, en utilisant la 

spectroscopie Raman et UV-visible. La vibration d'elongation pour 10-  et 120H- a CtC observCe 5 430 ? 2 et 560 i 2 cm-I. 
respectivement. La vibration d'klongation totalement symktrique pour 107  a CtC obsemie a 685 + 2 cm-I. Les rCsultats de la 
spectroscopie Raman indiquent que 120H- est une mol6cule IinCaire avec un lien 1-0 plus fort que dans 10- .  La loi cinitique 

2j°C, en milieu NaOH 1 mol dm-3, est 

La rkaction est principalement une rCaction de l'iode dans l'Ctat d'oxydation + I et implique les espkces I 0  et 120Ha.  L'iode 
dans 1'Ctat d'oxydation + 3, sous forme de 1 0 7 ,  est un interrnkdiaire rtactif. Les constantes d'kquilibre et de vitesse suivantes 
ont CtC mesurees : 

I 0  + I + H 2 0  1 2 0 H  + OH- K = 0,15 i 0,01 

I 0  + 107  + 105 + 1- k = 0.5 z 0.1 dm7 mol-' s - '  

I. Introduction The thermodynamic parameters for equilibrium [ I ]  are known 
The disproportionation of elemental iodine into iodide and accurately for temperatures up to 150°C (1). The kinetics of the 

iodate ions is a key reaction controlling the behaviour of iodine reverse reaction (Dushman reaction) have also been examined 
in aqueous media: in detail (2-4). but the forward reaction has not been studied so 

[ l ]  312 + 3H20 $ 5 1  + 10; + 6H' 
extensively. Thomas et al. (5) have investigated its kinetics in 
neutral to weakly basic media, while other studies (6- 1 I )  have 

' AECL No. 9037. been performed in strongly basic media. These authors agree 
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that the rate-determining s tep  involves the reactions of  the  + 1 
oxidation-state species HOI / IOP,  the  hydrolysis and dispropor- 
tionation of  elemental iodine into HOI / IOP and  I- being a rapid 
process. However ,  there is  disagreement in the  suggested rate 
laws for  further disproportionation to  iodide and  iodate.  Skrabal 
(9, 10) and Forster ( l l ) ,  a s  well  a s  L i  and  Whi te  (8), have  
reported a two-term rate l aw,  with the  second term having a 
first-order dependence o n  iodide concentration, an  effect not  
observed in the more  recent studies of  Thomas  et al .  (5) and 
Haimovich and  Treinin (6 ) .  

Although some  of  these studies were  done  using uv-visible 
absorption spectroscopy ( 5 ,  6 ) ,  the transient iodine species 
have never been positively identified. The re  i s  n o  report  in the  
literature o n  the Raman  spectra o f  any  of  the intermediates 
formed during the disproportionation of  iodine.  For  these 
reasons, w e  have used the  following three reactions to  study the 
kinetics of disproportionation of  iodine in basic media .  using 
both Raman and uv-visible spectroscopy: 

[2] I* + OH- = 1 0 -  + I- + H '  

[3] HOCl + I- 10 -  + C 1  + Hi 

141 ICl + O H  = 10-  + C1- + Hi 

Using Raman spectroscopy, w e  not only observed the  transient 
iodine species, but also obtained reliable kinetic data  for  the 
reaction of these species.  W e  also reinvestigated the kinetics 
using uv-visible spectrophotometry and iodide-specific elec- 
trode measurements to  obtain accurate v a l ~ l e s  o f  the  rate 
constants. 

O u r  interest in aqueous  iodine chemistry arises f rom the 
importance o f  iodine compounds  in  nuclear reactor safety 
studies. Radioactive isotopes of  iodine are  among  the more  
radiologically toxic products resulting f rom the  fission of  
uranium. A knowledge of the  aqueous  chemistry o f  iodine is 
needed to design effective measures to  prevent the release of  
volatile radioactive iodine species in to  the environment  follow- 
ing a serious nuclear reactor accident.  

11. Experimental 
Reagents 

The sodium iodide was of ACS grade and was used without further 
purification. The hypochlorite was either obtained as a stock solution 
from the Fisher Scientific Company or generated by slowly bubbling 
chlorine gas, from Canadian Liquid Air, into a cold 1 mol dm-' NaOH 
solution. The iodine was resublimed ACS grade and was used as such. 
The iodine monochloride was obtained from the J .  T. Baker Chemical 
Company and was used as received. Other stock solutions were 
prepared from ACS-grade chemicals and distilled deionized water. 

The experiments at low initial iodide concentration were performed 
using an IClz stock solution, prepared by dissolving ICl(s) in 
1 mol dm-3 HC1. The concentration of the stock IC1; solution 
was determined from its light absorption at 345 nm (em,, = 
243 dm3 mol-I cm-') (12). 

The effect of iodide concentration was studied using I?/[- solutions 
prepared by dissolving I? in solutions containing various NaI concen- 
trations. For the Raman studies, the I, concentration was fixed at 
0.1 mol dm-', and the I concentration varied between 0 .2  and 
2 ~ n o l  dm-'. Some experiments were performed with added NaC1, to 
study the effect of the ionic strength. For the uv-visible spectrophoto- 
metric experiments, the I2 concentration was fixed at 0.01 mol d~n- '  
and the I- concentration varied between 0 .1  and 1 mol dn1C3: the NaCI 
concentration was adjusted to provide a constant ionic strength of 
1.5 mol dm-3. 

For the Raman studies at lower pH (12.0 and 10.5). 0.1 mol dmp3 

OC1- and 0.1 mol dmp3 I- solutions were used. in borax buffer for a 
pH value of 12, and in phosphate buffer for a pH value of 10.5. The 
hypochlorite stock solutions were analyzed by titration with NaI in 
0.01 mol dm-3 H2S0,, using an Orion iodide-specific electrode 
(Model 94-53) and an Orion double-junction reference electrode 
(Model 90-02) as an end-point indicator. The O C 1  absorption band at 
290 nm (E = 350 dm3 mol-' cm-I) was also used to analyze for 
hypochlorite. 

Raman spectroscopy 
The Raman spectra were obtained using a SPEX 1403 double 

monochromator equipped with two 1800 grooves/mm gratings, a 
SPEX 1459 uv-visible illuminator, a RCA C-31034 photomultiplier 
tube, and photon counting electronics. The spectrometer operates 
under the control of a SPEX-DATAMATE microcomputer system. 
The frequency scale was calibrated using the emission lines of a 
mercury lamp and the v l  band of liquid carbon tetrachloride. Most of 
the Raman spectra were excited using the 514.5-nm radiation from a 
Spectra-Physics Model 165-09 argon-ion laser. Some of the spectra 
were also excited with the 488.0-nm radiation, but no difference in 
the results could be noticed. The laser power at the sample was about 
900 mW and the spectra were recorded at a spectral band pass of about 
6 cm-I. 

The lunetic runs for Raman studies were initiated either by reacting 
1 2 / 1  solutions with an equal volume of a 2 mol dm-3 NaOH solution 
(reaction (21) or. at pH values of 12 and 10.5, by reacting a 
0.1 mol dm-3 O C 1  solution with an equal volume of a 0 .1  mol dm-3 
I- solution (reaction [3]). A flow system was used to observe the 
Raman spectra of the transient iodine species so obtained. The two 
reactant solutions were driven by a double-syringe pump into a small 
Plexiglass mixing chamber. The reacting mixture then travelled down a 
length of Tygon tubing attached to a fine glass capillary, producing a 
stable stream of solution in the open air in the sample compartment of 
the Raman spectrometer. The laser beam was focussed on a point in the 
stream, about 3 mm from the tip of the glass capillary. Flow rates of the 
order of 0.1 cm' s-' were used. The sDectra of the transient iodine 
species could be observed at various reaction times by changing the 
length of the Tygon tubing. The above procedure was necessary since 
bands due to glass, quartz, or sapphire were found to interfere with the 
spectra of the transient iodine species. This technique not only removed 
the extraneous bands, but also enhanced the observed Raman intensi- 
ties by a factor of about ten compared with those obtained using a 
glass capillary. The experiments were performed at room temperature 
(22 i 1 "C) . 

Each spectrum was obtained by averaging at least five scans from 
the 300- to 900-cm-' region and subtracting the average background 
spectra. The background spectra were obtained with a solution 
containing the same concentration of I- and NaOH, but without I>. 
For the studies done at pH values of 12 and 10.5, the background 
spectra were obtained with 0.05 mol dm-3 I- in the appropriate buffer 
solution. Spectra from 50 to 300 c m '  (v ,  of I< and I*) and from 2800 
to 3800 cm-' (vOH of HZO) were also recorded for each run. To 
compensate for any variation in the optical alignment or laser power. 
the intensities of the various Kaman bands were normalized using the 
water band (OH stretching vibration) as an internal standard. 

Ultraviolet-visible spectrophotometn 
The uv-visible spectra were recorded in digital form using a double- 

beam diode-array spectrophotometer (Hewlett-Packard 8450A) inter- 
faced to a Hewlett-Packard HP-85 microcomputer via a HP-82939A 
serial interface. Some experirnents were also performed using a 
Cay-17D spectrophotometer interfaced to the HP-85 microcomputer 
via a HP-82941A BCD interface. The temperature was maintained at 
25.0 i O.l°C using a recirculating water bath. 

Kinetic runs at low iodide concentration were initiated by injecting, 
with a glass syringe, 1 mE of a NaOH solution into a 1-cm pathlength 
spectrophotometric cell containing an equal volume of an ICI--,/HCI 
solution (reaction 141). A NaOH/NaCl solution was used as the 
reference. The spectrum between 240 and 500 nm was recorded as 
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a function of time for at least two half-lives. Due to the heat of 
neutralization, the temperature rose by about 5°C at mixing time; 
however, the temperature returned to 25.0 + 0.2"C within 45 s. Since 
the half-reaction times are of the order of 3000 s, the results were 
unaffected by the initial temperature transient. 

Kinetic runs to study the effect of iodide concentration were initiated 
by injecting, with a glass syringe, a NaOH solution into an equal 
volume of an 12/1-/NaCI solution contained in a I-cn~ pathlength 
spectrophotometric cell (reaction [2]). A NaOH/I-/NaCI solution was 
used as the reference. The absorbance at 363 nm was recorded as a 
function of time for at least two half-lives. 

Iodide-spec$c electrode 
The iodide concentrations were measured with an iodide-specific 

electrode (Orion 95-53) and a double-junction reference electrode 
(Orion 90-02) coupled to an Orion Model 701A ionalyzer. The 
electrode s stem was calibrated with standard NaI solutions in Y 1 mot dm- NaOH. using a 1 rnol dm-' NaOH solution in the outer 
chamber of the double-junction reference electrode. The iodide 
concentration was calculated from the potential of the electrode system 
using the relation 

where E O  is a constant that depends on the electrode system, B is 
the Nernst constant, and E is the measured potential. The experi- 
mental value of B, obtained in the I concentration range to 

mol dm-3. agreed well with thc theoretical value of 59.2 mV at 

111. Results 
Raman spectroscopy 

Reaction of l2/lP 
Figure 1 shows the Raman spectra obtained by reacting an 

I,(O.l rnol dmW3)/I-(0.6 mol dmp3) solution with an equal 
volume of a 2 rnol dmp3 NaOH solution (reaction 121). The 
spectrum of the unreacted 12/1- solution showed Raman bands 
due to I, and I;, as expected, including the v fundamental of 
IZat -212cm-' andthevlfundamentalofl;at 115 + 2cm-I, 
as well as the overtones of 13 (2v1 at 235 t 4, 3 v l  at 352 + 2, 
and 4v at 465 + 2 cm- ' ) (1 3). These bands disappeared on 
mixing, as two new bands, not present in the spectra of the 
reactants, appeared at 430 and 560 cm-' immediately after 
mixing. After a short time, bands at 685 and 800 cm-' could 
also be seen. At long reaction times, the spectra showed only 
one band at 800 cm-'. The intensity of the 430- and 560-cm- ' 
bands decreased steadily with time, although the 1560/1430 ratio, 
where I, is the Raman intensity at frequency v ,  remained 
constant throughout the reaction. The intensity of 685-cm-' 
band increased from zero at short reaction time, went through a 
maximum, and then decayed to zero at long reaction times. The 
intensity of the 800-cm-' band, which was initially zero, 
increased with time but levelled off at long reaction times. 

Changing the initial I -  concentration at constant I2 and OH- 
concentrations affected the relative intensity of the 430- and 
560-cm- ' bands, as well as the time behaviour of all four bands. 
Although the 1560/1430 ratio was constant as a function of time 
for a fixed concentration of I-, its value increased linearly with 
the iodide ion concentration, as can be seen from Fig. 2(a). 
Figure 2(b )  shows that the intensity of the 430-cm-' band at 
mixing time decreased slightly with an increase in I- concentra- 
tion, whereas the intensity of the 560-cm-' band at mixing time 
increased markedly with an increase in I- concentration. 

Plots of the inverse of the Raman intensities at 560 and 
430 cm- ' as a function of reaction time for various initial iodide 
concentrations showed linear relationships (see Fig. 3), indica- 
ting that the species responsible for the Raman scattering at 560 

FIG. 1 .  Ra~nan spectra as a function of time after reacting an 12 
(0.1 mol dm-3)/~- (0.6 mol dm-3) solution with an equal volume of 
a 2.0 mol dm-3 NaOH solution. The bottom spectrum is for the 
unreacted Iz/I- solution. 

and 430 c m '  were decaying by a second-order process. For a 
second-order process, the slope is kL/a, and the intercept is 
(a,C:)-'. Here kL, a , ,  and C! are the apparent second-order 
rate constant, the Raman scattering probability, and the initial 
concentration of the species responsible for the Raman band at 
frequency v ,  respectively. The k;60/a560 and kd30 /~430  values 
are plotted as a function of iodide concentration in Fig. 4 .  The 
k;60/~560 ratio decreases slightly with an increase in iodide 
concentration, whereas k430/a430 increases with the iodide 
concentration. Thus, the rate of decay of the species responsible 
for the Raman scattering at 560 cm-' is second order in that 
species and close to zero order in iodide, whereas the rate of 
decay of the species responsible for the Raman scattering at 
430 cm-I is second order in that species and close to first order 
in iodide. The Raman intensity data are not accurate enough to 
determine if an iodide-independent term is present in the latter 
case; however, if such a term exists, it is small. 

The effect of ionic strength was studied by adding 1.4 and 
0 ,2m0ldrn -~  NaCl to the 12/1- solutions. No significant 
change was observed in the 1560/1430 ratio or in the time 
behaviour of any of the four Raman bands. 

Reaction of HOCl/OCI- with I -  at pH values of 12 and 10.5 
The kinetics of iodine disproportionation were also studied at 

lower pH values using reaction 131. The reactions at pH values 
of 12 and 10.5 were initiated by mixing 0.10 rnol dm-"OCl 
with an equal volunle of 0.10 rnol dmp3 Nal. At a pH of 12. the 
results were similar to those observed from the reaction of Iz/I- 
in 1 rnol dm-3 NaOH (reaction [2]). Two bands, at 430 t 2 and 
575 + 5 cm-I, were seen immediately after mixing, and were 
then the only detectable spectral features. Two additional bands 
appeared at 685 ? 2 and 800 I+- 2 cm-' after a few seconds of 
reaction time. The intensities of the four bands as a function of 
time followed a pattern similar to that observed in 1.0 mol dmp3 
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0 0 4 0 8 1 2  

[I'] ( rno l  dm3) 

FIG. 2. (a) Ratio of the Raman intensity at 560 cm-' to the Raman intensity at 430 c m l ,  and (b)  Raman intensities at mixing time at 560 and 
430 cm-I, as a function of the iodide ion concentration, after reacting an I2 (0.1 mol d m - ' ) / I  solution with an equal volume of a 2.0 mol dm-3 
NaOH solution. The solid lines in (6)  are calculated results from equilibrium [7] and the determined K, ,  a j 3 ~ ,  and a560 values. 

I 
0 10 20 30 

Time ( s )  

FIG. 3.  Second-order plots for the decay of the Raman intensities at 
560 and 430 cm-' for various iodide ion concentrations. The reaction 
was initiated by reacting 12 (0.1 mol solutions with an equal 
volume of a 2 .0  mol dm-3 NaOH solution. The I- concentrations were 
A 0 . 2 0 ,  9 0 . 4 0 ,  0 0 . 6 0 .  C] 1.0.  @ 1.4, a n d B 2 . 0 m 0 l d m - ~ .  

NaOH using reaction [ 2 ] .  No I2 or I; peak was observed during 
the course of the reaction. The differences observed at a pH of 
12, compared with reaction [2] in 1 mol dmp3 NaOH, were ( I )  
the band previously observed at 560 cm- ' shifted to 575 cm- I, 
(2)  the ratio (1575/1430) was smaller than that observed for all Ip  
concentrations studied (0.15 to 1.05 mol dme3) in 1 mol dm-3 
NaOM, and (3) the reaction was faster than the reaction observed 
in 1 mol dm-3 NaOH for comparable I concentrations. 

0 0.4 0 8 1 2  
[I-] ( rno l  d m - 3 )  

FIG. 4. Apparent second-order rate constants, divided by the 
Raman scattering probability, for the 430- and 560-cm-I Raman 
bands, as a function of the iodide ion concentration. 

At a pH of 10.5, the Raman spectrum became simpler. The 
band at 430 * 2 cm-' was still present immediately after 
mixing. but no band was observed around 560 cm-' or around 
685 cm-' during the course of the reaction. The intensity of the 
430-cm- ' band decreased with time to zero. A band at 800 cm- ' 
appeared within a very short reaction time, increased steadily 
in intensity with time, and was the only band present at long 
reaction time. The reaction was much faster than at higher pH 
values. In addjtion to the transient iodine bands, an I; band at 
110 k 2 cm-' was also observed. The intensity of the 1, band 
increased from zero at mixing time, went through a maximum, 
then decayed back to zero at long reaction time. The maximum 
1, concentration observed was 6.0 * 5.0 X lop3 mol dm-3. It 
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Wavelength (n rn)  

FIG. 5 .  Ultraviolet-visible spectra obtained as a function of time 
after reacting an ICl; solution with a NaOH solution. The ICl; and 
NaOH concentrations were; after mixing, 5 X and 1 mol dm-3, 
respectively. Arrows indicate the direction the absorbance moved with 
time. The insert is a second-order plot of the absorbance at 363 nm. 

was not possible to study the reaction at lower pH values using 
Raman spectroscopy due to the rapid increase in the rate on 
lowering the pH. 

Ultraviolet-visible spectrophotometry 
Reaction of ICl with NaOH 
Figure 5 shows a series of uv-visible spectra obtained as a 

function of time using reaction [4]. The spectrum obtained at 
times close to mixing is due to the hypoiodite ion, I 0  (14). The 
spectra as a function of time display an isobestic point at 248 + 
1 nm with the absorbance decreasing with time at wavelengths 
greater than 248 nm and increasing with time at wavelengths 
less than 248 nm. 

Plots of the inverse of the absorbance at 363 nm, A&: as 
a function of reaction time for various NaOH concentrations 
showed linear relationships, indicating that the species res- 
ponsible for the light absorption at 363 nm, IOp, is decaying by 
a second-order process. In that case, the slopes are k;63/~363 
and the intercepts are ( E ~ ~ ~ c ~ ) ~ ~ ,  where k;63 is the apparent 
second-order rate constant, €363 is the molar absorptivity at 
363 nm, and Co is the initial concentration of the reacting 
species, 10-. From the intercepts and the known initial 
concentrations of IOp, the molar absorptivity at 363 nm, €363. 

was found to be 60 ir 3 dm3 mol-' cm- ', in agreement with the 
value reported previously (14). A plot of ki63 against the inverse 
of the NaOH concentration (see Fig. 6) or against the inverse of 
the square of the NaOH concentration is linear, whereas a plot 
of ki63 against the NaOH concentration displays a curvature. 
Thus, it appears that the rate of decay of the hypoiodite ion is 
second order in 10-, and either inverse first order or inverse 
second order in OHp. Iodate was found to retard the reaction 
both at high and at low NaOH concentration, with the reaction 
remaining second order. This effect has also been noted by 
Haimovich and Treinin (6). 

Reaction of 12/lp with NaOH 
Ultraviolet-visible spectra obtained using reaction [2] were 

very similar to the ones in Fig. 5 at wavelengths close to 
360 nm. A plot of A& against time was also linear, giving 
an apparent second-order rate constant of (8.5 i 0.8) X 

dm3 mol-' s-': in good agreement with the value obtained 
above (Fig. 6) for the same NaOH concentration. 

FIG. 6. Apparent second-order rate constant for the decay of 10- at 
363 nm as a function of the reciprocal NaOH concentration. Cond~tions 
were the same as those of Fig. 5, except that the NaOH concentration 
was varied. 

FIG. 7. Absorbance at mixing time at 363 nm as a function of the 
iodide ion concentration, after reacting an I2 (5 X rnol dm-3) /~-  
solution with an equal volume of a 2.0 mol dm-~j  NaOH solution. 

Varying the initial iodide concentration between 0.1 and 
0.8 mol dmp' for a fixed concentration of I2 of 1 X lo-' mol dm-" 
and a fixed NaOH concentration of 1 mol dm-3 affected the 
uv-visible spectra and their time behaviour. The absorbance at 
363 nm at the time of mixing, increased linearly with the 
iodide concentration (see Fig. 7). After an initial transient, plots 
of A& against time were linear (see Fig. 8), indicating that the 
light-absorbing species decay by a second-order process after 
an initial transient. 

lodide-specijic electrode measurements 
Reaction of ICl with NaOH 
The iodide concentration, monitored using an iodide-specific 

electrode for reaction [4], is shown in Fig. 9(a). The iodide 
concentration increased steadily with time from zero to 3.2 i 
0.1 x mol d m p b t  long reaction time. A comparison of 
the concentration of 10 -  as a function of time from Fig. 5 
and of the concentration of I- as a function of time from Fig. 
9(a) shows that the ratio AIIOp]/AIIp] is - 1.5 2 0.1 for 
any given time interval. Tnis confirms that the reaction is a 
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FIG. 8. Second-order plots for the decay of the absorbance at 
363 nm for various iodide ion concentrations. The reaction was 
initiated by reacting an I2 (5 X mol ~ I I - ~ ) / I -  solution with an 
equal volume of a 2.0 mol dm-' NaOH solution. For clarity, only 
alternate data points are indicated for the highest (O 0.48 rnol dm-') 
and the lowest (0 0.05 rnol dmp3) I- concentration. 

WREN ET AL 2289 

Reaction of Iz with NaOH 
Reaction [2] was also monitored using the iodide-specific 

electrode (see Fig. 9 ( b ) ) .  The concentration of I very rapidly 
reached a value equal to the initial I2 concentration and then 
increased slowly with time to a limiting value equal to 1.67 
times the initial I2 concentration. This is consistent the known 
stoichiometry of the overall reaction [I] ,  and with the first step 
of the reaction being a rapid disproportionation of elemental 
iodine to the + 1 and - 1 oxidation states. 

0 2000 4000 6000 
Time ( s )  

FIG. 9. Iodide ion concentration as a function of time after reacting 
(a). .: an ICI; solution with a NaOH solution. The concentrations of 
IC1; and NaOH, after mixing, were 5 x lo-' and 1 mol dm-', 
respectively, and (b), O: a mol dm-3 I2 solution with an 
equal volume of a 2 rnol dm-' NaOH solution. Arrows indicate final 
concentrations after 48 h. 

disproportionation and has the overall stoichiometry 

From the constancy of the above ratio and the presence of 
an isobestic point in the uv-visible spectra (see Fig. 5), any 
intermediate species besides IOp, I - ,  and I 0 7  must comprise 
less than 5% of the total iodine in solution at any given time. 

IV. Discussion 
Raman spectroscopy 

Kinetic analysis 
The kinetic analysis of the reactions of 12/1- in 1 rnol dm-3 

NaOH (reaction [2]) will be considered first. The behaviour 
of the 685- and 800-cm-' bands as a function of time, and the 
behaviour of the 430- and 560-cmpl bands as a function of time 
and as a function of the iodide ion concentration, indicate that 
these four Raman bands belong to four different species. The 
band at 800 cm-' can be unambiguously assigned to 10; (15). 
The final 10; concentration was determined by comparing the 
Raman intensities with that of standard NaI03 solutions. For 
the reactions of solutions 0.05 mol dmp3 in I2 and from 0.1 to 
1 mol dm-3 in I- with 1 rnol dmp3 NaOH, the final concentra- 
tion of 1 0 3  was 0.017 -C 0.002 rnol dmp3 in all cases. This is 
consistent with the known stoichiometry of the overall reaction 
[I], the equilibrium being completely to the right at this low Hf 
concentration. The assignment of the bands observed at 430, 
560, and 685 cmpl  will be discussed later, after analysis of their 
time and iodide-concentration dependence. 

The behaviour of the 560- and 430-cm-' bands as a function 
of [ Ip] ,  (see Fig. 2(a ) )  and as a function of time (see Fig. 3), 
suggests that these bands are due to two molecules participating 
in a rapidly established equilibrium involving I-: 

where P430 and Q represent species responsible for the 430- 
and 560-cm-' bands. Equilibrium [7] implies that the ratio 
(1560~j60)9/(Iq30~430[Ip]1) is a constant. Various combina- 
tions of q and i were explored. However, only a plot of 
1560/1430 against the iodide concentration gives a straight line 
(see Fig. 2(a) ) ,  indicating that the coefficients q and i are unity. 

The equilibrium quotient, K7,  can be calculated from the 
Raman data as follows. Immediately after mixing, only P430 
and Q are present. Extrapolation of the Raman intensities at 
mixing time to zero [Ip] (Fig. 2(b))  gives values of 0 and 5.9 ? 

0.1 X lo4 photon counts for and 140~~, respectively. Since 
the initial I2 concentration is 0.05 rnol dm-3, a 4 3 0  is found 
to be 1.2 -C 0.1  x lo6 photon counts dm3 molpl under the 
experimental conditions used here. The value of a,,, can then 
be easily obtained at each [I-] from mass balance considera- 
tions. An average value of 5.5 i 0.5 X lo6 photon counts 
dm3 mol-' was found for a 560. From the slope of the I,60/Iq,o 
vs. [I-] plot (Fig. 2 ( a ) ) ,  a value of 0.24 k 0.07 dm3 molp' is 
obtained for K 7 .  

The rapidly established equilibrium between P430 and 4 5 6 0  

has to be considered in the calculation of the rate constants. 
Slnce the mixture is ultimately converted to iodate via a 
second-order process, the rate law can be written as 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2290 CAN. J .  CHEM. 

TABLE 1. Observed rate constants, kob5. determined from the 
values of ki obtained using Raman spectroscopy 

[1]/mol dmp3 kob7 from k430 k ~ b ~  k;60 

0.15 0.41 0.46 
0.20 0.52 0 54 
0.35 1.02 0.96 
0.55 1.27 1.28 
0.75 1.63 1.68 
1.05 2.06 2.21 

where k, is the actual rate constant for the reaction of the species 
i andf, is the fraction of the total iodine concentration for each 
of the reactive species. In that case, k,,, should be related to the 
apparent rate constants, k:, presented in Fig. 4, by 

The kobs values determined from both ki60 and ki30 values 
are given in Table 1 as a function of [Ip], and are in good 
agreement. The kobs increases with an increase in [Ip].  These 
observed rate constants can be used to determine the actual rate 
constants, k,, from eq. [9]. If P430 was the only reactive species, 
kobs would be proportional to 

1 2 

since fP130 is given by 

If Q560 was the only reactive species, then kobs would be 
proportional to 

since fPjqo is given by 

These were not found to be the case. However, as can be seen 
from Fig. 10. a linear relationship is obtained for 

indicating that P430 and QS60 are reacting together according to 
the rate equation 

with kpQ having a value of 13 1 dn13 molpl s p l .  which was 
obtained from the slope in Fig. 10. 

The Raman band at 685 cmp' displays a kinetic behaviour 
typical of a species being formed in an earlier reaction step and 
destroyed in a subsequent step. This species, R685, is likely the 
product of the reaction between P430 and QSG0 discussed above, 
and can itself react to produce iodate. If R685 reacts with itself 

FIG. 10. Correlation of the observed rate constants with the iodide 
ion concentration for the Rarnan results in 1 mol dlllp3 NaOH solutions. 

in either a first-order or a second-order reaction. then the final 
10; concentration should be (1/2)([~43,-,]' + [Q560l0) or 
(1 /4)( 1 ~ 4 3 0 1 ~  + [Q5601°), respectively, where ( [P430I0 + 
[ Q ~ ~ ~ ] ~ )  = 0.05 mol dmp3. However, the final 1 0 3  concentra- 
tion was 1.7 1 0.2 x mol dm-3 in all cases, which is 
(1/3)([P4301° + [Q56oI0). If R685 reacts with P430 and/or 4 5 6 0  

to form iodate, then the final concentration of iodate would 
be 1.67 X lo-* mol dmp3, which is in agreement with the 
experimental results. The mass balance at any given time 
after reacting the I2/IP solutions with the OHp solution would 
then be 

[I41 [P4301~+ [Q560lr+ 2[R6851r+ 3[1071r 
- 
- [I21t=0 
= 0.05 mol dmp3 

The observed Raman intensities of the four species at any given 
reaction time can be used to calculate a 6 8 5  from the above mass 
balance equation and the known values of a,,, and (Y560. If the 
proposed mechanism is correct, then a 6 8 5  obtained at any given 
reaction time and for any given [I-] should be constant. The 
value of a685  was found to be in the range (6.6 to 6.9) x 
10' photon counts dm3 mol-'. which supports the proposed 
mechanism. The possibility of forming more than one molecule 
of R685 by reacting P430 and Q560 can also be rejected on the 
basis of mass balance. 

The Raman results obtained at lower pH values using reaction 
[3] cannot be directly compared with the results obtained from 
reaction [2] in 1.0 mol dmp3 NaOH. In reaction [3]. the Ip  
concentration is negligible at the time of mixing, but increases 
as the reaction proceeds, whereas the iodide concentration in the 
reaction of 12/Ip in 1 mol dmp3 NaOH is nearly constant during 
the course of the reaction, for a given 12/1-- solution. 

Second-order plots for 1430 at pH values of 12 and 10.5 
are compared with the data obtained for the reaction of 
0.05 mol dm-3 12/0. 1 rnol dm-' I with 1 mol NaOH in 
Fig. 11. The figure shows curvatures for pH values of 12 and 
10.5, indicating that the iodide concentration is not constant 
during the reaction. Extrapolating the data to time zero at both 
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10 2 0  

Time ( s  ) 

FIG. 11. Second-order plots for the decay of the Raman intensity at 
430 cm-' at pH values of 10.5 (D) and 12.0 (O), reaction [ 3 ] ;  and by 
reacting an I2 (0.1 mol dm-311- (0.2 mol dm-3) solution with an 
equal volume of a 2 mol dm-3 NaOH solution (A) .  reaction 121. 

pH values gives an value of 6.1 -t 0 .2  x 10"hoton counts. 
This corresponds to [ P ~ ~ ~ ] ~  = 0.051 i 0.002 mol dm-3 using 
the determined from the data observed using reaction [2]. 
This indicates that the band observed at 430 c m  ' at pH values 
of 12 and 10.5 belongs to the same species responsible for the 
430-cnl-' band observed using reaction [2] in 1 rnol dm-3 
NaOH, and that the iodide concentration at the time of mixing 
is negligible, as expected from reaction [3]. 

Assignment of Raman hands 
The assignment of the band observed at 800 em-' to the 

symmetric stretching vibration of 1 0 3  (symmetry A')  is quite 
obvious, as stated earlier. We assign the band observed at 
685 em- ' to the symmetric stretching vibration of 10;. We 
were unable to find any report in the literature on the 
Raman spectrum of 1 0 5 .  However, the Raman spectra of the 
corresponding chlorine and bromine compounds have been 
reported. The totally symmetric stretching vibration in Cloy 
has been observed at 786 cm-' by Tasaka and Toja (16). For 
BrO;, this vibration has been assigned to the Raman band 
seen at 710 em-' by Sombret and Wallart (17) and Evans and 
Lo (18). 

The assignment of the remaining two bands at 560 and 
430 em-' is not so straightforward. These bands are most likely 
due to 10- and 1 * 0 2  (or I20HP).  In 1 mol dm-3 NaOH 
solution, the equilibrium, HOI cH+ + 10-,  is completely to 
the right. Thus, we will only consider the I 0  contribution 
in the following analysis. We first attempted to assign the 
560-em-' band to 1OP, based on the literature assignment for 
the 1-0 stretch in HOI (the parent acid for the 1 0  ion) 
at 572 em-' (19-22). Here it should be mentioned that the 
vibrational (infrared) spectrum for HOI has been reported only 
for molecules isolated and produced in solid N2 or Ar matrices. 
The change in the 1-0 vibration frequency from 572 to 

560 ern-', in going from the matrix isolated acid state (HOI) to 
the solution state (10-) also seemed typical of that observed for 
similar halogen systems: vxo  in HOCl and C 1 0  is 729 (23) 
and 713 em-' (16), and in HOBr and BrO-, it is 626 (23) and 
620 em-' (17), respectively. Although the assignment of the 
560-cm-' band to 10-  stretch would be consistent with the 
literature assignment for HOI, it makes it very difficult to 
explain the [I-] concentration dependence of relative Ramap 
intensities at 560 and 430 e m 1  described above, as well as the 
uv-visible data and ion-specific electrode data. We were unable 
to arrive at a plausible mechanism that would assign the 
560-em-' band to I 0  and the 430-em-' band to 1202- (or 
120H-) and still explain the fact that the 1560/1430 ratio 
increases with an increase in iodide ion concentration. Thus, we 
have assigned the 430-em- ' band to the I 0  stretching vibration 
and the 560-cm-' band to the 1-0 stretching vibration in 
120'- (or I2OH-), to explain the intensity dependence on [I-]. 
The assignment of the Raman band observed at 430 em- ' to 10 -  
is also supported by the Raman spectra observed using reaction 
[3]. The reaction of HOCl with I- is known to produce I 0  (14) 
and, as there is no excess I ions at short reaction times, the 
observed band at 4 3 0 c m 1  should be assigned to 10-  rather 
than 1202- (or 120H-). 

The assignment suggested above implies that the 1-0 bond 
is much weaker for I 0  in aqueous alkaline solution than for 
HOI in inert matrices. One plausible explanation for this may be 
found in the description of similar systems by Pimentel (24). 
He suggested that species isoelectronic with X- (i.e., OH-) 
can combine with groups of electronic character similar to X2 
(i.e., 10-) ,  where X represents a halogen. According to the 
above, 10- in alkaline solution may exist as 

The assignment of the 1-0 stretching vibration to a higher 
frequency for 1202- than that for 10 -  may seem unusual at first 
glance, yet it is not without precedent. The C1-0 stretching 
vibration has been assigned to a higher frequency for ClClO 
(962 em-') and FClO (1038 cm-I) than for C10 (850 em-')  by 
Chi and Andrews (25). These authors attributed the increase 
in the "Cl-0 bond strength" in going from C10 to ClClO or 
FClO to the removal of the antibonding electron density from 
C10. leaving a stronger C1-0 bond. A similar effect can also 
explain the increase in the 1-0 stretching vibration frequency 
in going from I 0  to [11012-. In solutions containing iodide 
ions, I- may combine with 10-  ions to form 120H-: 

The I20HP would be a linear molecule, in agreement with 
the simple molecular orbital treatment of the bonding in the 
trihalide ions by Pimentel(24), which led him to predict that the 
hydroxide ion should be able to combine with I2 to form 120H-. 
Anbar and Taube (26) also proposed that Cl20HP is a possible 
intermediate in the exchange reaction between C1- and HOCI, 
and suggested that its structure is analogous to that of B r j .  

The 560-cm-' band shifted to 575 em-' at lower pH. We 
believe that the 560-em-' band is due to unprotonated 1202-, 
and that the 575-cm-' band is due to partially protonated 
1,OH-. This increase in frequency is consistent with a slight 
increase in 1-0 bond strength due to an overall decrease in 
electron density upon protonation. 

Reaction mechanism 
With the assignment of 10-,  1 , 0 2  (or 120H-), and 102 
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given to P430, 4 j60,  and R6s5, respectively, a mechanism 
can be proposed for the overall disproportionation of iodine 
in basic solutions. The rate-determining step clearly is the 
disproportionation of the + 1 oxidation-state species (10-, 
120Hp) to iodate and iodide, since the Raman bands due to I2 
and I; disappear instantaneously upon mixing with NaOH. 
The following mechanism is compatible with all of the Raman 
results and the overall stoichiometry of reaction [I] .  

K 2  
[2] I2 + O H -  e 1 0 -  + I -  + H -  

K 2  = 1.37 X dm3 mol-' (28) 

[I81 1 0  + I + H 2 0  9 II ,OH- + O H -  

k 
[19] 10-/HOI + 10- 2 1 0 ;  + I -  / + H~ 

1201 L O  + 1 2 0 H  5 1 0 ,  + 2 1  + H' 

k21 
[21] 1 0 ;  + 1 0 -  4 1 0 ;  -1 -  

at low initial iodide concentration for reaction [4] indicate that 
10-, formed by the rapid hydrolysis of ICl; , disproportionates 
to iodide and iodate at a rate that is second-order in [IO-] and 
either inverse first-order or inverse second-order in [OH-]. 
These results suggest that both HOI and I 0  participate in the 
reaction. Since 10- and HOI are in rapid acid-base equilibrium 

K23 
[23] HOI  ;----' I 0  + H' 

the general rate law for the disproportionation would be 

d[IO- + HOI] 
[241 - 

d t  

= k 2 4 u [ ~ O ~ ] 2  + k24b[HOI][IOp] + k24,[10p]* 

This can be rewritten in terms of 10-  only as 

where equilibria [2], [17]. and [I81 are established rapidly. The 
equilibrium [18] is equivalent to equilibrium 171, and thus has a 
value of 0.24 2 0.07 dm' mol-'. Equilibrium [2] is almost 
completely to the right at this high pH; thus, the concentrations 
of 1, and 1; are negligible after mixing with NaOH. Reaction 
[19] is being considered here for completeness, since it was too 
slow to be observed in the Raman study (i.e., k19 < k20). The 
rate constants, k2' and/or k22, are larger than k I9  and k20. If 
both kZ1 and k22 were smaller than k I9  and/or k20, then the 
second-order plots shown in Fig. 4 would display curvature, 
and a substantial amount of 1 0 1  (R6s5) would accumulate in 
solution. On the other hand, if kZ1 and/or k2* were much larger 
than k19 and k20, virtually no RGs5 would accumulate and kOb, 
would be given by 3 k I9  or 3 kzo. Since some R6*j accumulates, 
the truth is somewhere between these two extremes. 

Although we did not obtain enough data at pH 12 and 10.5 to 
attempt a detailed analysis, some qualitative comments can be 
made. The reaction was faster at lower pH, which can be 
explained if the reaction of HOI with HOI or 1 0  is faster than 
the reaction of I 0  with IOp. Also, the 120H- responsible for 
the Raman band at 560 em-' was not observed at a pH of 10.5. 
At this low pH, equilibrium [2] is not completely to the right and 
a small amount of I2 is present, which will react with I to form 
IJ according to equilibrium [ I  71. The values of K1, and K i 8  
are such that only a small amount of 120H- is expected at this 
low pH. 

Ultraviolet-visible spectrophotometry and iodide-specific elec- 
trode measurements 

Reaction of lCl with NaOH 
The uv-visible and iodide-specific electrode results obtained 

The rate constant k2& is known to be approximately 200 dm' 
molpl s-' ( 5 ) .  The contribution from the term in [HOII2 would 
thus be quite small at the [OH-] concentrations used (1 to 
2.5 mol dmp3) and can be neglected. The value of k246 can be 
obtained from the slope of the plot of kob\ against [NaOHIp' 
(Fig. 6) and is 40 +- 7 dm3 mol-' qp'. Not much can be said 
about the value of k24, except that, from Fig. 6,  it is estimated 
to be less than 7.2 X 10p2 dm3 mol- ' s- '. 

Reaction of 12/1- with NaOH 
The iodide-specific electrode and uv-visible spectroscopy 

results for reaction [2] are consistent with a rapid hydrolysis 
and disproportionation of elemental iodine to the + 1 and - 1 
oxidation states, followed by a slower further disproportiona- 
tion to iodide and iodate with the overall stoichiometry as 
shown in eq. [6]. 

For mixtures obtained by reacting 12/Ip solutions with a 
NaOH solution, the absorbance at 363 nm at mixing time, 

increases with the initial concentration of iodide, in 
agreement with the observations of Sigalla (27) and Chia (28). 
This is likely due to the formation of other iodine compounds 
besides 10-, probably IT formed through equilibria [2] and 
[17]. However, the equilibrium amounts of I j  cannot account 
entirely for the increase in absorbance at mixing time with the 
iodide ion concentration. An additional light-absorbing species 
is required. 

Both Sigalla (27) and Chia (28) have proposed the involve- 
ment of equilibrium [I 81 in solutions containing hypoiodite and 
iodide. Since I2 and I have no appreciable light absorption at 
363 nm, from equilibria [2], [17], and (181, the absorbance at 
363 nm at mixing time would be given by 

where Co is the initial iodine concentration. Here. E?& is the A non-linear least-squares fit to eq. [26] was used to determine 
specific absorptivity for IOp at 363 nm and has been determined ~ ' jzp- and KIs  from 17 measurements of A:,, as a function 
above as being equal to 60 mol-I dm%mp'. The specific of 1 concentration, covering the range from 0.05 mol dmp3 
absorptivity for 1; at 363 nm is 19 000 molpl dm'cmp' (29). to 0.5 mol dm-3. Values of 750 +- 50 mol-I dm3 em-' and 
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0.15 t 0.01 dm3 m o l l  were obtained, respectively, and could 
represent the data with an average deviation o f  0.6% and a 
maximum deviation o f  1%. Inclusion o f  additional species 
having the general formula H,O,I, did not significantly 
improve the fit, and was deemed unnecessary. The equilibrium 
constant value agrees well with the K l S  value calculated from 
the Raman results. 

Although hypoiodite was the predominant form o f  iodine in 
these solutions, the equilibria with 1 2 ,  I;, and 120H- have to 
be considered in the calculation o f  the rate constants. The rate 
for each experiment was found to obey the following relation 
after an initial transient: 

where X [ I ]  is ( [ I 2 ]  + [ I ; ]  + [ I O p ]  + [ 1 2 0 H p ] ) ,  and can be 
calculated from the absorbance at 363 nm as a function o f  time 
using the relation 

where fI,OH- can be determined from equilibria [ 2 ] ,  1171, and 
[ l g ] .  The terms K I 7 [ I - ] [ H + ] / K 1 8 K 2  and [ H + ] / K I 8 K 2  are 
small. Therefore, (kObs - k&)  would be proportional to 

This was not found to bc the case. Since neither o f  these 
attempts to correlate the data with a single reactive species was 
successful, various combinations o f  I;, 1 2 ,  1 0 p ,  and 1 2 0 H -  
were considered. 

Assuming that 10- and 1 2 0 H -  are reacting together, a linear 
correlation was obtained for 

as shown in Fig. 12(b) .  From the slope o f  the line in this figure 
and the K I 8  values determined above, kIO-,l,OH is equal to 
19.5 * 0.05 dm3 m o l l  s-'. The rate law can be rewritten as 

+ 19.5 [ I O ]  [120H-] 

and is valid for 25°C and in 1 mol d m p 3  NaOH. 
Both the rate expression and the value o f  k I O - . I Z O H  are 

entirely compatible with the mechanism proposed to explain the 
Raman results (eqs. [ 2 ] ,  [ 171- 1221). The iodide-independent 
term is quite small and was not detectable in the Raman 
experiments, since relatively high concentrations o f  I were 
required to dissolve a sufficient amount o f  I?. According to the 
uv-visible results, k21 and/or k22 is larger than k 1 9  and kzo in 
eqs. [19l-[22], but not immensely so. I f  k2 ,  or k22 was much 
larger than kZ0,  then the plots o f  ( C [ I ] ) - '  against time would be 
linear with slopes o f  3 k I 9 [ I - l K l x .  Since a curvature is observed 
at short reaction times, k2' and/or kZ2 are somewhat larger 
than k I 9 .  

The differential equations resulting from this mechanism 
were integrated numerically, using a modified Gear algorithm 

The values o f  kobs were obtained from plots o f  the inverse 
o f  = [ I ]  vs. time, and are shown in Fig. 12(a).  It becomes 
evident that at 25"C, in 1 mol dm-3 NaOH solution, kobs can 
be written as 

with k& = 0.05 dm3 molp l  s-' and k;$ = 2.60dm3 mol-' s-I. 
Since at zero iodide ion concentration only 10- ,  and very 

small amounts o f  I ;  and 1 2 ,  are present, the first term, k&,  
should be equivalent to k24c + k24h [ H + ] / K 2 3 ,  as can be seen 
from eq. 12.51. The second term would be expected to be 
composed o f  a combination o f  the four equilibrium iodine 
species, as given in eq. [9] in generalized form. I f  10- was the 
only reactive species, then the observed rate constant would 
decrease with an increase in [ I p ] .  I f  120H- was the only reactive 
species, then kobs would be given by 

(30). The values o f  k2,,. k 2 ' ,  and kZ2 were obtained by using 
a non-linear least-squares routine incorporating Marquat's 
algorithm (31). The objective function was the absorbance 
o f  the solutions at 363 nm as a function o f  time and iodide 
concentration: 

1 OH- 
1331 A463 = €\?; [IOplr + € 363 [120Hplr + E : & I I T I ~  

where the various concentrations as a function o f  time were 
from the numerical integration, assuming that equilibrium 
between I; , 1 2 ,  IOp, and I20HP is achieved rapidly. Values o f  
6.0 5 0.2,0.5 1 0.1,  and 26 1 2 dm3 mol-I sp '  were obtained 
for k2,, , k2 , and k22,  respectively. 

Thus, the Raman and the uv-visible spectrophotometric 
results can be interpreted in terms o f  a common mechanism. 
The Raman results provide an unambiguous identification o f  
the species involved, whereas the uv-visible results provide 
accurate values o f  the rate constants. It appears that, i f  the 
concentration o f  iodide ions is above 5 x mol dmp3 ,  in 
1 mol dmp3  NaOH, the disproportlonation o f  hypoiodite occurs 
preferentially through I20HP.  

Comparison with the literature 
The formation o f  a weak complex between I 0  and I has 

been proposed in the past by Sigalla (27) and also by Chia (28) 
to explain the dependence o f  the uv-visible absorbance o f  10- 
solutions on the concentration o f  iodide ions. Chia reported a 
value o f  0.13 for K 1 8  at 25"C, whereas Sigalla reported a value 
o f  3 x for K 1 8  at 25"C, after correction for ionic strength 
effects. The origin o f  the discrepancy is unclear. In Chia's 
experiments, 10- and 120Hp were the dominant species in 
solution. Due to the large specific absorptivity o f  I;, these 
three species contributed to the absorbance in similar propor- 
tions. Thus, Chia observed a larger than expected increase in 
absorbance with an increase in iodide ion concentration. In 
Sigalla's experiments, I ; ,  10-, and 120Hp were present in 
similar proportions. Due to the large specific absorptivity o f  
I;, this species was the only one contributing significantly to 
the absorbance, and Sigalla observed a lower than expected 
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FIG. 12. For the reaction of Fig. 8. ( a )  observed rate constants for 
the decay of A363 as a function of 11-1, and (b)  correlation of the rate 
constants with [I-]. 

increase in absorbance as the iodide ion concentration was 
increased. Our experimental conditions were similar to Chia's 
and our value for K18 is in reasonable agreement with hers. 

Li and White (8) have obtained, using a titration technique, 
the following rate law for the decomposition of hypoiodite in 
basic solutions: 

with k ,  having a value of 5 x l op2  dm3 mol- ' s- ' and k ,  having 
a value of 2.18 dm3 m o l l  s-'. Forster (1 I )  and Skrabal (10) 
also concluded, using a titration technique, that the rate of 
reaction at high concentrations of O H  and I- ions is propor- 
tional to the concentration of 10 -  and I -  ions, although they 
failed to detect the small I--independent term. Forster (1 1) 
found a value of 1.2 for the rate constant k , ,  whereas Skrabal 
(10) reported a value of 1.45. The second term of our rate law 
and our k;$ value of 2.60 dm3 mol-I s-I agree with the results 
of these earlier studies. 

In later experiments, in the presence of silver oxide and silver 
iodide, Skrabal and Hohlbaum (9) obtained evidence that the 
first term of the rate law at 25°C is 

although Li and White (8) argued against a reciprocal [OH-] 
dependence. Our results at low [I-], obtained using reaction 

TABLE 2. Rate constants for the disproportionation of the hypohalites 
at 25"C, in dm3 mol-' s-' 

k 

X X O  + xo- x o  + xo, X effect 

Cla 1.1 X 1.8 x lo-b None 
~r~ 1.0 X lo-6 1.5 X lo-' Slight positive 
I <7 x lo-' 0.5 Marked positive 

"Value from ref. 32. 
"alue from ref. 33. 
'Value from this work. 

[2], indicate that the iodide-independent part of the rate law 
consists of two terms: 

where a is less than 7 x lo-' dm3 mol-' s- '  and b is 2 x 
dm3 mol-' s-'. This seems to reconcile the Li and White 

(8) and Skrabal and Hohlbaum (9) data. 
Haimovich and Treinin (6) have also studied the decompo- 

sition of hypoiodite in alkaline solutions at low iodide ion 
concentrations. They reported a value of (4.0 i 0.4) x 
l op2  dm3 m o l l  s '  for the rate constant in 4 mol dmp3 NaOH, 
andavalueof(2.7 k 0.2) x 1 0 ~ 2 d m 3 m o l - '  ~ - ' i n 6 m o l d m - ~  
NaOH, which leads to a value of 2 X lop2  dm3 m o l l  s 1  for 
the [OH-]-'-dependent term, in good agreement with our b 
value. They also noted that, for I concentrations less than 8 X 

mol dmp3, no effect on the rate could be detected and that, 
on further raising [I-], the rate increased. This is in qualitative 
agreement with our observations. 

The mechanism for the conversion of hypochlorite or hypo- 
bromite to chlorate or bromate ions is well known (32, 33). 
The reactions consist of two steps: 

slow 
[37] x o  + x o  -+ xo; + X 

fast 
[38] X O  + XO - XOT + X- 

with the formation of the halite ion being the rate-determining 
step and the subsequent formation of halate ion being rapid. The 
geometry of the activated complex for the first step is likely 

The first step is. thus, a nucleophilic displacement of one base 
(X-) by another (XO-). 

Using radioactive chlorine, Anbar and Taube (26) have 
demonstrated that, at least in the chlorine case, the second step 
involves the formation of a non-symmetrical intermediate in 
which the chlorine atoms remain distinct, such as 

Presumably, this is also valid for the bromine system. 
Our results for the iodine system indicate that the first step of 

iodine(1) disproportionation at high hydroxide and iodide ion 
concentrations consists of two parallel reactions: a slow reaction 
between 10- (or HOI) and 10-,  and a faster reaction between 
10- (or HOI) and 120H-. The slower path presumably is similar 
to the chlorine and bromine cases described above (reaction 
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[39]). The reason that the other path is more rapid can be readily 
explained. We suggest that 10-  in aqueous solution may exist as 
a loosely bound complex [HO. .  . . I O J 2  with a weakened 1-0 
bond, while the 1-0 bond is strengthened in 120Hp. There- 
fore, if the activated complex and the nucleophilic displacement 
occur as follows, 

strong 

- 
i 

1 . .  . . I-0HI3 

LHO.. . .I--6- 1 I 
0 

t 
weak 

the activated complex would be more stable than that formed by 
HOI and [HO . . . . I0I2-. The second step in the disproportiona- 
tion of iodine(I) also consists of two parallel reactions: a slow 
reaction between I 0  (or HOI) and 10; , and a faster reaction 
between 120H- and 10:. The slow path likely proceeds by a 
mechanism similar to the chlorine system (reaction [40]). The 
other path is more rapid, presumably for the same reasons as in 
the first step. 

A comparison of the rates for the slower paths with the 
analogous bromine and chlorine reactions can be found in Table 
2. The rates increase on going from hypochlorite to hypoiodite. 
This trend is to be expected since the electronegativity of the 
halogen is in the order C1> Br > I. This would cause the partial 
positive charge on the halogen to increase on going from C l o p  
to IOp, favouring electrostatic interactions. However, the 
increase on going from the Br to I system is too large to be 
explained by electrostatic interaction alone. We believe that the 
weakened 0-1 bond in [HO . . . . 1 0 1 2  favours a more stable 
activated complex for the reaction of I 0  with I 0  and I 0  and 
10; , thus increasing the rate even further. 

Chloride has no effect on the rate of disproportionation of 
hypochlorite. Bromide slightly increases the rate of dispropor- 
tionation of hypobromite, whereas iodide has a marked accel- 
erating effect on the disproportionation of hypoiodite. Our study 
indicates that the pronounced effect in the case of hypoiodite 
comes from the formation of the reactive species 120H-, which 
is expected to have a structure similar to I;. Since the order of 
stability for the trihalides is I j  > Br? > C17 (341, the 
relative effect of the halides on the hypohalites disproportiona- 
tion can be explained if the X20Hp species follow the same 
order of stabilitv as the trihalides. 

It is tempting to try to relate our work to the complex topic of 
the mechanism of the Dushman reaction (reverse reaction [ I ]  ) .  
Our experiments were performed in alkaline solutions whereas 
most of the studies of the Dushman reactions have been done in 
acidic media. This precludes quantitative calculations. How- 
ever, some qualitative comments can be made. 

Liebhafsky and Roe (2) have summarized the numerous 
studies of the Dushman reaction. They concluded that the 
kinetics of the reaction are best described by a rate law of the 
form: 

The reaction is first order in iodide at iodide concentrations 
below mol dm-3 and second order in iodide at higher 
concentrations. The two-tern rate law is accounted for by a 
mechanism involving the polynuclear iodine species 1202 (or 

H21203). Liebhafsky and Roe (2) state that the existence of such 
a species is also needed to explain the results of Skrabal(9, 10) 
on the disproportionation of I, into 10; and I- in alkaline 
solution. Our study shows that the results of Skrabal can be 
explained by the presence of the 120H- species, which we have 
unambiguously identified using Raman spectroscopy. Although 
120H- is present in significant concentration at high pH, its 
concentration would be quite low at low pH. In fact we could not 
detect any Raman signal due to this species at pH 10 and 
below. However, Palmer and Van Eldik (35) have recently 
demonstrated that 120Hp plays an important role in the 
hydrolysis of I2 to I- and HOI at low pH, even if it is present in 
very low concentration. It would be interesting to see if 120H- 
can be substituted for 1202 in the mechanism of the Dushman 
reaction. 
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Far ultraviolet induced decomposition of thymine 
in deaerated and aerated aqueous solutions 

BUNSHO OHTANI, HIROSHI NAGASAKI, SEI-ICHI NISHIMOTO, KOICHI SAKANO, AND TSUTOMU KAGIYA 
Department of Hydrocarbon Chemistn, Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto 606, Japan 

Received January 2 ,  1986 

BTJNSHO OHTANI, HIROSHI NAG~SAKI.  SEI-ICHI NISHIMOTO, KOICHI SAKANO, and TSCTO~IU KAGIYA. Can. J .  Chem. 64, 
2297 (1986). 

Thymine in aqueous solution was decomposed with quantum yields of 0 .3  and 0.4  under N2-saturated and aerated conditions 
by far-ultraviolet light (> 180 nm, far-uv), and quantum yields of 2 x 10-"nd 3 x lo-' by near-ultraviolet light (>220 nm, 
near-uv), respectively. The main photolytic products by far-uv were 5,6-dihydrothymine (DHT) (selectivity: S(DHT) = 0.2) 
and 5-hydroxymethyluracil (HMU) (S(HMU) = 0.1) under N2-saturated conditions. cis- and trans-5,6-Dihydroxy-5,6- 
dihydrothymine (TG), 6(5)-hydroperoxy-5(6)-hydroxy-5,6-dihydrothymine (HTP) (S(TG) + S(HTP) = 0.2), and N '-formyl- 
N2-pyruvylurea (FPU) (S(FPU) = 0.4) were obtained under aerated conditions. These products were attributed to the reactions 
of thymine with the .H  and .OH produced by photolysis of water. 

BUNSHO OHTANI. HIROSHI NAGASAKI, SEI-ICHI NISHIMOTO, KOICHI SAKANO et TSTJTOMU KAGIYA. Can. J .  Chem. 64, 
2297 (1986). 

Sous l'influence de la lumiere ultraviolette lointaine (> 180 nm, uv-lointain), on a mesurC que les solutions aqueuses 
de thymine se dCcomposent avec des rendements quantiques de 0.3 et 0 ,4  suivant que l'on opere sous des conditions saturkes 
en N2 ou aCrCes; par ailleurs, dans l'ultraviolet proche (>220 nm, proche-uv), les valeurs sont respectivement 2 X et 
3 X lop! Dans l'ultraviolet lointain et sous des conditions saturCes en N2, les produits principaux de la photolyse sont la 
dihydro-5,6 thymine (DHT) (sClectivitC; S(DHT) = 0.2) et 1'hydroxymCthq.l-5 uracile (HMU) (S(HMU) = 0 , l ) .  Dans des 
conditions aCrCes, les produits principaux sont les dihydroxy-5,6 dihydro-5,6 thymine-cis et -trans (TG), les hydroperoxy-6(5) 
hydroxy-S(6) dihydro-5.6 thymines (HTP) (S(TG) + S(HTP) = 0,2) et la N'-formyl N2-pyruvyluree (FPU) (S(FPU) = 0,4). 
On attribue la formation de ces composCs aux reactions de la thymine avec les radicaux .H  et .OH qui sont produits par 
photolyse de l'eau. 

[Traduit par la revue] 

Introduction 
Photoinactivation of living cells, which is applicable to the 

sterilization by near-ultraviolet light (near-uv, 240-290 nm) 
irradiation. is of great interest and has been extensively studied A I 
in recent years (1). Among the chemical reactions induced by H 

near-uv, the photoinduced dimerization of pyrimidine bases of T DHT HOT 
DNA likely accounts for such cell inactivation (for a review, see 
ref. 1). 

In contrast, few reports have appeared concerning the far- 
ultraviolet light (far-uv, > 180 nm) induced Inactivation and/or 
chemical reaction of DNA-related compounds. Daniels and 
Grimison have reported the detailed investigation on far-uv 
photolysis of thymine under aerated conditions and demon- H 

strated the intermediacy of radical species (2). On the other HMU MBA TG 
hand, the fate of such a DNA-related compound under deaerated 
conditions is of biological and biochemical interests in connec- 
tion with phototherapy of hypoxic tumor cells. The present 0 0 

paper describes the far-uv induced photolysis of thymine under 
both deaerated (N2-saturated) and aerated conditions. Particular 

~\~y!~ 'NT 
emphasis is placed on the comparison of these two photo- o A~ OAN I OOH 

I OH 
reaction systems with y-radiolysis systems. The reaction H H - mechanism is also discussed. FPU 

HTP 
Experimental 

Thymine (T), 5-hydroxymethyluracil (HMU), and 5,6-dihydrothy- 
mine (DWT) were obtained from Sigma and used as received. cis-S,6- 
Dihydroxy-5,6-dihydrothymine (TG) (3). 6-hydroperoxy-5-hydroxy- 
5,6-dihydrothymine (HTP) (4), 5-methylbarbituric acid (MBA) (S), 
6-hydroxy-5,6-dihydrothymine (HOT) (6), and N ' - f o r r n y l - ~ ' - ~ ~ r u -  
vylurea (FPU) (7) were prepared by the reported procedures. The 
chemical structures of these compounds are shown in Fig. 1.  

An aqueous solution of thymine (0.5 mmol dmp3) was prepared with 
twice distilled water and adjusted to pH 7.0 t 0.1 with phosphate 
buffer (2 mrnol dm-3). The solution (10 cm3) in a quartz test tube 

FIG. 1. Chemical structures of thymine and photolytic products 

(17 mm in diameter) was purged with N2 or air for > 15 min, sealed off, 
and irradiated with a coil-formed low-pressure mercury arc at room 
temperature. A vycor filter was used to cut off far-uv (<220 nm). 
The light flux incident upon the reaction vessel was measured to be 
4.87 X lo-' einstein minp' at 185 nm by Farkas actinometry (8) or 
1.40 x lop5 einstein min- ' at 254 nm by ferric oxalate actinometry (9). 

Typical procedure of y-radiolysis was as follows. A solution of 
thymine (0.5 mmol dm-3) was prepared with triply distilled water, 
buffered at pH 7.0 2 0.1 with sodium phosphate, and purged with N? 
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TABLE 1.  Rates (-AT) and quantum yields of thymine decomposition ( b ( - A T ) ) .  and ratesa and selectivities of products ( s ) ~  
in the uv- and y-irradiation of aqueous thymine solution in N2 and air 

N2 Air 

Near-uv Far-uv Near-uv Far-uv 
Conditions (>220 nm) (> 180 nm) y -Rayc (>220 nm) (> 180 nm) Y -Ray ' 

Light fluxleinstein min-' 
-AT/ kmol dm-3 min-' 
+(-AT) 
cis-TG/ I*mol dm-3 m i n '  (S) 
trans-TG (S) 
HMU (S) 
HOT (S) 
FPU (S) 
MBA (S) 
DHT (S) 
ulcd (S) 

"[Product]/ pmol d K 3  min--' 
100 X [product]/[-AT]. 

'760 Gy. 
dunidentified products. 
'Dimeric products. 

or air. Irradiation was performed in a Pyrex tube (16 mm in diameter) 
with a "CO y-ray source (380 Gy h i )  at room temperature. 

A portion (30 mm3) of the photo- and y-irradiated solutions was 
analyzed by high performance liquid chromatography (hplc), using a 
Shimadzu LC-3A equipped with a Cosmosil 5CI8 reversed phase 
column (4.6 X 150 mm). Phosphate buffer containing 5% methanol 
(pH 2.5) was delivered as the mobile phase at a flow rate of 
0 .6  cm3 min-'. The column eluents were monitored with the ultraviolet 
absorptions at 210 and 260 nm. Products were confirmed by compari- 
son with the authentic samples at both detector wavelengths. Calibra- 
tion curve for each of the products was obtained at 210 nm. 

The amount of peroxides produced in the irradiated solutions 
was analyzed by iodometry, using the molybdate-catalyzed oxida- 
tion of iodide to triiodide anion which was measured spectrophoto- 
metrically at 350 nm (10) (the molar extinction coefficient was 5.9 x 
lo3 mol dm-3 cm-') .  This iodometry responds to both hydrogen 
peroxide (H202)  and organic peroxides. The amount of H20-  ? was 
separately measured by acidic titanium oxysulfate (TiO(S0,)) method 
(1 1). These measurements showed the formation of H 2 0 2  and organic 
peroxides only by the far-uv photolysis under aerated conditions. 
High performance liquid chromatographic separation of trans-TG and 
trans-HTP, or cis-TG and cis-HTP, was not successful. Determination 
of HTP content in each TG/WTP fraction of hplc was failed because of 
the unstability of HTP isomers at room temperature. Nevertheless, it 
seemed most likely that the fractions predominantly consist of HTP, 
since the amount of organic peroxide was almost equal (1 10%) to the 
sum of TG and HOT. 

Total amount of some unidentified products listed in Table 1 was 
obtained as the difference in amount between the converted thymine 
and the sum of identified products. The products obtained by near-uv 
photolysis under both deaerated and aerated conditions were not 
identified. However, comparison of the hplc elution patterns with those 
obtained by the near-uv photolysis of thymine in ice under the reported 
conditions (ref. 1 and references therein) suggested that the products 
consisted mainly of the thymine dimers. 

Results and discussion 
Ultraviolet-induced decomposition of thjmine in aqueous solu- 

tion in the absence and presence of Oz 
Irradiation at > 180 nm led to decomposition of thymine 

(Fig. 2). The amount of the decomposed thymine under aerated 
conditions was 1.4 times as much as that under N2-saturated 
conditions. Linear plots of In ([TIo/[T]), where [TIo and [TI 

FIG. 2. Time-course of uv-induced decomposition of thymine in 
aqueous solution. 0 and A: irradiations at > 180 nm under aerated 
and N2-saturated conditions, respectively. 8 and A :  irradiations at 
>220 nm under aerated and Nz-saturated conditions, respectively. 

refer to concentrations of thymine before and after photoirradia- 
tion, respectively, against photoirradiation time demonstrated 
pseudo-first order kinetics. The apparent rate constants (k ) ,  
which depend on several terms, e .g . ,  light intensity and 
quantum efficiency, were evaluated to be 9.4 x lop3 and 
4.4 x lop%-' for aerated and N2-saturated conditions, 
respectively. 

In both cases cutting off of the shorter wavelength region 
(< 220 nm) by using a vycor filter reduced the apparent reaction 
rate to ca. 1/10. The low-pressure mercury arc emits photons 
mainly at 254 nm and 185 nm (Table 1). It follows that the 
mercury line at 185 nm, rather than 254 nm, is responsible for 
the decomposition of thymine. The order of quantum efficiency 
at 254 nm was evaluated as 10p"rom the ratio of thymine 
decomposition rate to the light flux incident upon the reaction 
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OHTANI ET AL. 

FIG. 3. Electronic absorption spectra of aqueous thymine solutions 
before (A) and after irradiation. B and C:  irradiations of near-uv 
under N2-saturated and aerated conditions, respectively, for 1 h. D:  
irradiations of far-uv under N2-saturated and aerated conditions for 10 
and 7 min. respectively. 

vessel through a vycor filter (Table 1). This negligibly small 
efficiency shows that the light at 185 nm induces the reaction 
of thymine almost exclusively even in the irradiation without a 
cut-off filter. Thus, the efficiency at 185 nm was estimated to 
be 0.30 and 0.42 under N2-saturated and aerated conditions, 
respectively. which was 200-300 times larger than those at 
254 nm. 

From the uv-absorption spectra of thymine and water, most 
of the incident photons at 254 nm were absorbed by thymine in 
the solution, while photons at 185 nm by not only thymine but 
also water (2). The fractions of photons of 185 nm absorbed by 
0.5 mmol dm-' of thymine and water were evaluated from the 
reported extinction coefficients (5.75 x lo3 molpl dm3 cmp '  
and 1.52 cm-') (2) to be 66 and 34%, respectively, under the 
present conditions. Thus, it is suggested that the significantly 
larger quantum efficiency by 185 nm irradiation is attributed 
to the water photolysis via homolytic cleavage into hydroxyl 
radical (.OH) and hydrogen atom (.H) (12) (see Fig. 5). 

Photolytic and y-radiolytic products from thymine 
Figure 3 shows the electronic absorption spectra before and 

after far-uv irradiation of aqueous thymine solution under 
N2-saturated and aerated conditions. Characteristic absorption 
band due to TT-T* transition of cis olefinic bond of thymine 
was observed at 260 nm. The absorbance at this band decreased 
by photoirradiation, elucidating disappearance of the double 
bond by the photoirradiation. In accord with these facts the 
photoproducts under both N2-saturated and aerated conditions 
exhibited intense hplc-detector response at 210 nm but negli- 
gible at 260 nm (except for the case of HMU) as shown in Fig. 4. 
Each yield of main photolytic products increased linearly with 
photoirradiation time within first 5 min. However, prolonged 
irradiation decreased the product yields to some extent, due 
to the secondary photolyses. The initial rate ( < 5  min) and 
quantum efficiency evaluated for each product were evaluated 

I Nz-Saturated 

c 
0 3 6 9 12 15 

Elution ~ o l u m e / c m ~  
FIG. 4. Typical hplc patterns of far-uv irradiated aqueous thymine 

solutions. 

from the linear portion of the yield-time plot, as listed in 
Table 1. 

It is seen from Table 1 that main photolytic products under 
N2-saturated conditions at 185 nm were DHT and HMU, neither 
of which was produced by the 254 nm irradiation. The selec- 
tivities of these products (0.20 and 0.10) were similar to those 
obtained by y -radiolysis (0.21 and 0.06, respectively (Table 
1)). In the y -radiolysis, main active species produced in 
N2-saturated aqueous solution are . H  (G-value (number of 
molecules per 100 eV-energy absorption at pH 7.0) is 0.55), 
hydrated electron (e,, G = 2.7), and .OH (G = 2.7) (13). 
Reduction of thymine by e, to thymine anion radical (T;) 
followed by the addition of H+ gives hydrothyminyl radicals 
(.T-H). The addition of .OH across the C5-C6 double bond 
of thymine produces hydroxythyminyl radicals (.T-OH). 
Either reduction by e, or recombination with .OH of .T-H 

4 leads to DHT or HOT. 
In the far-uv photolysis, . H  produced via photocleavage of 

water (see Fig. 5) presumably gives the same intermediate, 

 he disproportionations among radical intermediates, .T-H and 
.T-OH, are responsible for the formation of DHT, HOT, and TG. 
Since the formal chemical change can be represented by T + 2.H + 
DHT and T + .H + .OH + HOT, the above processes involving 
disproportionation are illustrated as T + .H + .T-H, .T-H + .H 
+ DHT, .T-H + .OH + HOT for convenience in Fig. 5. 
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\\OH 
DHT 

HMU HOT 
FIG. 5. Scheme of far-uv photolysis of thymine in aqueous solution 

under N2-saturated conditions. 

O-CH~ H\Nyp hd H\N 
OOH + 

0 AN I OH 0 AN I OOH = A  0 N x  
ti , HTP , H' 

FIG. 6. Scheme of far-uv photolysis of thymine in aqueous solution 
under aerated conditions. 

hydrothyminyl radical. The radical species, . O H ,  also abstract 
hydrogen atom from the methyl group of thymine. The HMU 
formation is attributable to this hydrogen abstraction followed 
by the addition of . O H  in both y-radiolysis and far-uv 
photolyisis. 

In the presence of Q2, the main products were HTP and FPU 
in the far-uv photolysis (and y -radiolysis, see Table 1). The 
peroxide formation is distinct from the N2-saturated system. 

The reduction of thymine to D H T  became negligible in 
the 02-saturated system, since the reducing species, . H  in 
both photolysis and y-radiolysis, and e, in y-radiolysis, are 
expected to react with O2 to produce less active H 0 2 .  and 02;,  
respectively. HQ2. is deprotonated to yield 02; under neutral 
conditions. Such trapping of the reducing species with O 2  may 
also account for the decreased ratio of unidentified products, 
which would be produced by the reaction at labile N-H bond 
in thymine. Consequently, the reaction of thymine with . O H  
occurs predominantly in both systems under 0 2 .  O2 addition to 
the intermediate .T-OH thus produced leads to HTP and FPU 
(see Fig. 6). 

In the far-uv photolysis the yield ratio of FPU to TG (HTP) 
was evaluated as 1.5, which is larger than that in the y-radiolysis 
(0.5). This enhancement of FPU formation was accounted for 
by the direct photoreaction of H T P  by  irradiation at >220 nm, 
in accord with the observation that authentic sample of HTP in 
aqueous solution (0.5 mmol dm-3) was photolysed into FPU 
(and unidentified products) under deaerated conditions. 

In conclusion, thymine was decomposed efficiently in aque- 
ous solution by far-uv irradiation. The decomposition was 
attributed to the active species, . H  and .OH,  produced by the 
far-uv photolysis of water under both deaerated and aerated 
conditions. 
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Fast disproportionation of hexacyanomanganate(II1) in acidic solution. 
Formation of hexacyanomanganate(IV) and kinetics of its decomposition 
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Departamento de Quimlca Analitica, Facultad de Ciencias, Uncl'ersidc~d de Alicante, Apdo. 99, 03080 Alicante, Spain 

AND 

CARLOS UBIDE 
Departcmrento de Quimrca Analitcca, Facultad de Quimrcc~, Unrversrdad del Puis Vasco, 2001 7 San Sebast~an, Sparn 

Received March 3. 1986 

GUILLERM~ L~PEZ-CUETO and CARLOS UBIDE. Can. J .  Chem. 64, 2301 (1986). 
When potassium hexacyanomanganate(II1) dissolves in acidic solution it rapidly disproportionates into hexacyanomanga- 

nate(1V) and Mn(I1). Hexacyanomanganatc(1V) then slowly decomposes to yield Mn(I1) and (CN)2. Kinetics of the latter 
reaction has been studied. The reaction is found to be first order with respect to M ~ ( c N ~ - ,  Hi ,  and Mn(I1) concentrations 
and the experimental rate law has the form c. = kObs [Mn(IV)] = (k, + kb [Hf ] + k,[Mn(II)]) [Mn(IV)] . At 40°C and ionic strength 
2.0, k,, kb ,  and kc values are (1.78 i 0.01) X 10-4 s f ' .  (5.97 i- 0.05) X s-' M ' ,  and (3.40 ? 0.18) x s- '  M-'. 
respectively. A mechanism with three parallel pathways is proposed, the deduced rate law being similar to the experimental one. 
Activation parameters, AH= and AS= for the rate constants k,, , k h ,  and k, are also reported. 

GUILLERM~ L~PEZ-CUETO et CARLOS UBIDE. Can. J .  Chem. 64, 2301 (1986) 

Lorsqu'on place I'hexacyanomanganate(II1) de potassium en solution acide. il se produit rapidement une rCaction de 
disproportionation conduisant a l'hexacyanomanganate(1V) et au Mn(l1); aprks, l'hexacyanomanganate(1V) se dkcompose 
lentement pour donner du Mn(1I) et du (CN)2. On a CtudiC la cinetique dc cette dernikre reaction. On a trouve que la reaction est 
du premier ordre par rapport aux concentrations de Mn(CIVgP, de H et de Mn(1I) et que la loi experimentale de vitesse se 
prksente sous la forme c = kobs[Mn(IV)] = (k,, + ko[H-] + k, [Mn(II)]) [Mn(IV)]. A 40°C et a une force ionique Cgale a 2,0, 
les valeurs de k,, ko et kc sont respectivement Cgales (1,78 t 0,Ol) X 10-%-'. (5,97 + 0,05) X s-I M-' et 

, n suggkre que la reaction se produit par un mecanisme impliquant trois voies paralleles; (3,40 0,18) X lo-' sC1 M-' 0 
la loi de vitesse qui est alors deduite est semblable a celle qui est observke exptrimentalement. On rapporte aussi les paramktres 
d'activation, AH= et AS*, pour les constantes de vitesse k,, k,, et kc .  

[Traduit par la revue] 

Introduction 
Two different cyanomanganate(II1) complexes have been 

reported in the literature, hexacyanomanganate(II1) and p.-0x0- 
bis[pentacyanomanganate(III)], and they have mono-and bi- 
nuclear structures, respectively (1. 2). The uv spectra of 
M ~ ( C N ) ~ -  in acidic and cyanide-containing solutions differ 
markedly (3); whereas the cyanide-containing solutions are 
stable, the acidic ones are not, and the absorption bands of their 
uv spectra slowly fade away because of slow decomposition. 
On the other hand, clear evidence has been reported that acidic 
solutions of hexacyanomanganate(II1) actually contain hexa- 
cyanomanganate(IV), as their uv spectrum is quite similar to 
that of the K2Mn(CN)6 solution in DMF (4). Therefore it has 
been suggested that a disproportionation reaction takes place 
( 5 ) .  This paper shows how the uv spectrum of the acidic 
solutions of Mn(CN);  changes with time during both the 
disproportionation and the decomposition reactions. The kinetics 
and mechanism of the decomposition reaction are also studied. 

Experimental 
Apparatus 

A Varian 634-S spectrophotometer with 1.0-cm glass cells and 
coupled with a Radiometer REC 80 Servograph recorder was used for 
the kinetic measurements. A water bath circulator Selecta Tectron 
Digiterm was used for the cells' temperature control. 

When pH measurements were required, a Radiometer PHM 82 
pH-meter was used. 

Reagents 
All chemicals were of analytical reagent-grade and doubly distilled 

water was used throughout. 

'To whom correspondence should be addressed 

Potassium he.uacyanomanganate(III) 
Firstly the potassium salt of the binuclear complex K7[(CN)5- 

MnOMn(CN)5]CN was prepared following a reported procedure (6). 
K3Mn(CN), was then obtained from the remaining solution as 
previously described (7). The Mn(II1) mononuclear complex in acidic 
and cyanide-containing media was characterized by uv spectrophoto- 
metry and by ir spectroscopy; our results agree with those of the 
literature ( I ,  3). Elemental analysis showed a content close to 1 0 0 8 .  

Kinetics measurements 
Solutions were prepared in a dark 250-mL standard flask by adding 

the required amounts of MnS04 .  HzO and NaN03 to adjust the ionic 
strength, and sulfuric acid solution of the required concentration to 
220-230 mL. The resulting solution was kept in a thermostatic bath for 
30 min; K3Mn(CN)6 was then added (zero time) with stirring and the 
volume was quickly adjusted to 250 mL by adding some more sulfuric 
acid solution. The solution was stirred again (K,Mn(CN)6 dissolves 
very quickly) and transferred to a spectrophotometric cell. The kinetic 
curve at 387 nm was recorded for 60 min using water as reference 
(diluted sulfuric acid of the same concentration was used for measure- 
ments in the ultraviolet region). 

The temperature in the cell was kept constant within +O.TC during 
each experiment. 

The rate constants were calculated by plotting In A vs. time and 
linear regression analysis was applied. The temperature was varied 
between 20 and 50"C, the ionic strength between 0.27 and 2 .0 ,  the 
acidity between 0.08 and 0 .75 M, the initial Mn(I1) concentration 
between 0 and 2 X M ,  and the initial K3Mn(CN)6 concentration 
between 1 and 6 x lo-". 

Results and discussion 
Evolution of the uv  spectrum in acidic solution 

When K3Mn(CN)6 is dissolved in acidic solution the uv- 
spectrum that can be scanned at a temperature close to O°C is 
similar to the one obtained in a cyanide-containing solution, 
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350 LOO 450  

FIG. 1. Evolution of the uv spectrum of hexacyanomanganate(II1) 
in acidic medium with time. Reaction of disproportionation: Mn(III), 

M ;  0.25 M :  I, 0.27; T .  --3'C. Scan starting time: ( I ) .  
0.5 min: ( 2 ) ,  3 .4  min; (3) ,  12.25 min. 

FIG. 2. Evolution of the uv spectrum of hexacyanomanganate(1V) 
in acidic medium with time. Reaction of decomposition: Mn(IV), 5 X 

M ;  H2SO4, 0.25 M; I ,  0.27; T. =40°C. Scan starting time: ( I ) ,  
10 min; (2).  50 min; ( 3 ) ,  170 min. 

with maxima at 324 and 268 nm. In this acidic medium two 
consecutive reactions take place. Firstly, the uv spectrum 
quickly changes to that of ~n(CN)26-, with absorption maxima 
at 387,292, and 244 nm (Fig. 1). This is the disproportionation 
reaction reported by Trageser and Eysel (5 ) :  

[I] ~ M ~ ( c N ) ; -  + 6H30* + M ~ ( c N ) ~ -  

+ ~ n ( H ~ 0 ) ; '  + 6HCN 

It is difficult to follow the reaction at room temperature as its 
rate is rather high (working at lS°C the reaction proceeds to 
completion in 2-3 min). At 3°C it has been possible to measure 
the reaction rate spectrophotometrically and its kinetics appears 
to be close to a pseudo first-order dependence. The reaction 
product, Mn(CN)g-, is stable for at least several hours at a 

t lm in  

FIG. 3.  Plots of In A vs. time for the decomposition of hexacyano- 
manganate(1V) in acidic solution: H t ,  0.16 M; I, 2; T, 40°C: Mn(IV), 
M X lo4: ( I ) ,  0.5; (2 ) ,  1.0; (3) ,  1.5; ( 4 ) ,  2.0; ( 5 ) ,  2.5; ( 6 ) ,  3.0. 

temperature close to O°C, but at higher temperatures a slow and 
uniform fading of the uv-spectrum bands takes place (Fig. 2). 
This must be the decomposition reaction of the Mn(CN)gp 
species. It has been found in our laboratory that ultraviolet light 
increases the rate of the latter reaction; nevertheless, we have 
verified that the reaction proceeded to the same extent both in 
the spectrophotometric cell and in the flask kept in the dark. 

Decomposition of M ~ ( C N ) ; -  in acidic solution 
Stoichiometry 
If the reaction rate is followed both volumetrically (by adding 

at fixed times aliquots of the reaction mixture to an excess of 
Fez+ and estimating the remaining Fe2' with MnOT solution) 
and spectrophotometrically, it can be proved that the oxidizing 
capacity of the solution and its absorbance decrease at the same 
rate. One must therefore conclude that a reduction of Mn(1V) 
to Mn(I1) takes place, the probable stoichiometry being: 

Effect of hexacyanomangaizute(llT) concentration 
Reaction order : When Mn(I1) is not added initially, plots of 

In A against time (Fig. 3) are quite linear for at least three half 
lives, the slope being independent of the initial concentration of 
Mn(CN)ip (which according to [ I ]  will be half the concentra- 
tion of M ~ ( C N ) ;  added). This shows a first-order dependence 
on the hexacyanomanganate(1V) concentration, and hence, the 
rate law below must be followed: 
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LOPEZ-CUETO AND UBIDE 

TABLE 1. Activation parameters for the decomposition reaction of hexacyanomanganate(IV) 
in sulfuric acid medium at ionic strength 2.0 

Parameter Value at 40°C AH"/kJ mol-' AS*/J mol-' K-' 

[3] Rate = - d[Mn(lv)l = k,,, [Mn(IV) 1 
d t  

The pseudo first-order constant can be evaluated from the 
slope values. For T = 40°C, ionic strength = 2.0, and [Ht]  = 
0.16 M, 

When the concentration of Mn(I1) is higher than 8 X loC3 M,  
the slope of the logarithmic plot decreases slightly after the 
reaction has proceeded to a certain extent. In these cases, the 
values of the pseudo first-order constant were measured before 
the disturbing effect took place. 

Effect of the ionic strength 
A very slight positive primary salt effect was found for the 

reaction but no conclusions can be drawn on the ionic charge of 
reactants as the minimum amount of acid needed to avoid 
hydrolysis is too high for the Brensted-Bjerrum law to apply. 

Effect of acidity and Mn(II) concentration 
Plots of the pseudo first-order constant, k o b s ,  VS. Ht  

concentration give satisfactory straight lines with positive slope 
and intercept, indicating two parallel pathways for the reaction, 
one of them being first-order and the other one zero-order with 
respect to the H+ concentration. Different initial concentrations 
of Mn(I1) give straight lines with similar slopes but the inter- 
cepts get higher as the initial Mn(I1) concentration increases, 
suggesting a third parallel reaction, first-order with respect to 
Mn(1I) concentration but zero-order with respect to Hf concen- 
tration. The obtained results can be described by the following 
equation: 

From the slopes and intercepts of kobs VS. H+ concentration 
plots for different initial Mn(I1) concentrations, k, , k b .  and k ,  
values can be evaluated (Table 1). 

For Mn(I1) concentrations ranging from 0.5 X lo-' to 3.0 X 

loC4iM, H+ concentrations ranging from 0.08 to 0.75 M and 
initial Mn(I1) concentrations ranging from 0 to 2 x l op2  M, 
the pseudo first-order constant values calculated from eq. [4] 
usually agree with the experimental ones, kobs, within *2%. 

Reaction mechanism 
The following mechanism. through three parallel pathways, 

is consistent with the experimental results 

A 
[ 5 ]  M ~ ( c N ) ~ -  + H,O+ S Mn(CN),(CNH) + H 2 0  

k 
[61 Mn(CN)g M ~ ( c N ) ~ -  + (CN)? 

fast 
171 Mn(CN)i + 4H30A + 2H20 -+ M ~ ( H ~ O ) % +  + 4HCN 

kb 
[8] Mn(CN),(CNH)- --+ Mn(CN)3(CNH)- + (CNj2 

fast 
[9] Mn(CN),(CNH)- T 3H30A + 3H20 - Mn(H2O)gL 

+ 4HCN 

FIG. 4. Plots of In ( k / T )  vs. T- '  for the decomposition of hexa- 
cyanomanganate(1V) in acidic solution. Mn(1V). 2.5 x lo-%; H+, 
0.16 M;  I. 2. 

fast 
[ l l ]  M~(CN);- .M~(H~O);-  + 4H30L + 2H20 - ~ M ~ ( H ? o ) ; -  

+ (CN), + 4HCN 

Mn(CN)5(CNH)- (reactions [5] and [8]) and Mn(CN),(CNH)- 
(reactions [8] and [9]) are species partially protonated on the 
nitrogen of one of the coordinated cyano groups, as reported 
for some other cyano complexes (8). Reactions [6], 181, and 
[lo] follow the equilibrium step [5] and they are the limiting 
steps of the three afore-mentioned parallel pathways: (a)  mono- 
molecular decomposition of the M ~ ( C N ) ~ -  ion, ( b )  mono- 
molecular decomposition of the species Mn(CN)5(CNH)C, and 
(c) bimolecular interaction with Mn(I1) ions (adduct formation). 
Reactions 171, [9], and [ I  11 must proceed through consecutive 
steps and they are fast, so that none of them exert influence 
on the rate law. 

Participation of Mn(1I) ion in path ( c )  must be considered 
catalytic in nature, as this species remains unaltered at the end of 
each reaction cycle (reaction sequence [lo], [ I  11). Moreover. 
since Mn(I1) is also a product of the Mn(IV) reduction, the 
process is actually autocatalytic. Mn(I1) appears to be present in 
the solution as the hexaaquocomplex, M~(H~O):+,  rather than 
as any other complex with some anionic species: the kind of 
acid used as reaction medium (H2S04, HC104, HC1, or HNO,) 
shows no effect on the reaction rate. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2304 CAN. J .  CHEM. VOL. 64, 1986 

From the proposed mechanism the following rate law is 
deduced: 

[12] Rate = - 
d[Mn(IV)l - - 

d t 

and if K [ H 3 0 + ]  << 1 ,  eq.  [12] becomes: 

[13] Rate = {k, + k b [ H 3 0 + l  + k ,  (Mn(11~0);+1 )[Mn(IV)l 

where kb = kLK. Equation 1131 agrees with the experimental 
results derived from eq.  [4]. 

Activation parameters 
If the k,, k b ,  and kc values are calculated, as  previously 

stated at different temperatures, activation parameters can be 
estimated. Figure 4 shows plots of In (k/T)  vs. 1 / T  for the rate 

constants k,, kb ,  and kc. The AH* and AST values can be 
obtained for each constant from the slopes and intercepts (see 
Table 1). 
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An infrared study of the interaction between ethyl N-(diphenylmethy1ene)glycinate 
with proton donors: comparison with N-benzylidenemethylamine 

MARLEEN RUYSEN AND T H ~ R ~ S E  ZEEGERS-HUYSKENS 
Department of Chemlstn , Uncl ern0 of LeuLen, Celestljnenlaan 200F, 3030 He~erlee, Belglurn 
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MARLEEN RUYSEN and T H ~ R ~ S E  ZEEGERS-HCYSKENS. Can. J .  Chem. 64, 2305 (1986). 

The interaction between ethyl N-(dipheny1methylene)gylcinate (DPG) and hydroxy proton donors or pyrrole has been 
investigated by ir spectrometry. The equilibrium constants, enthalpies, and entropies of complex formation have been 
determined in carbon tetrachloride solution and compared with the data obtained for the complexes involving N-benzylidene- 
methylamine and the same proton donors. The ir spectra studied mainly in the V O H ,  V C = N ,  VC=,, and uc-, regions suggest that 
hydrogen bond formation occurs at the N atom of the imino group and at the 0 atom of the carbonyl group. The results are 
discussed in terms of the basicity at the two acceptor sites and of the accessibility of the lone pair of electrons. The ir spectra 
of the solid adduct of DPG with HCI show that protonation takes place on the N atom. The protonated structure is possibly 
stabilized by an intramolecular hydrogen bond. 

MARLEEN RUYSEN et TH~RZSE ZEEGERS-HUYSKENS. Can. J .  Chem. 64, 2305 (1986). 
Utilisant la spectroscopie infrarouge, on a CtudiC l'interaction entse le N-(diphCnylmCthlene) glycinate d'Cthyle (DPG) et des 

donneurs de protons hydroxylCs ou le pyrrole. Operant dans le titrachlorure de carbone, on a dCterminC les constantes 
d'Cquilibre, les enthalpies et les entropies de formation des complexes et on les a comparkes avec les donnCes obtenues pour des 
complexes impliquant la N-benzylidenemCthylamine et les m&mes donneurs de protons. Les spectres ir, qui ont CtC CtudiCs 
principalement dans les rCgions U O H ,  v c = ~ ,  v c = ~  et vcpo ,  suggerent que la liaison hydrogene se forme au niveau de l'atome 
d'azote de la fonction imino et au niveau de l'atome d'oxygkne du groupement carbonyle. On discute des rtsultats en fonction de 
la basicite des deux sites accepteurs ainsi que de I'accessibilitC de la paise d'klectrons libres. Les spectres ir de l'adduit solide 
de DPG avec du HC1 dCmontrent que la protonation se produit au niveau de l'atome d'azote. I1 est possible que la structure 
protonCe soit stabiliske par une liaison hydrogene intramolCculaire. 

[Traduit par la revue] 

Introduction interaction between proton donors and bases containing an 

recent years, there has been much interest on the proton imino nitrogen atom, the results will be compared with those 

acceptor ability of schiff bases and on the spectroscopic obtained in this work for N-benzylidenemethylamine (BMA) 

characteristics of these complexes which undergo important 
changes when the hydrogen bonding in the solvent changes 
from non-polar to polar. These studies have been done using 
conventional infrared or Raman spectroscopies (1-5), reson- 
ance Raman spectroscopy (6-lo), flash induced differential, 
kinetic infrared spectroscopy ( I  1, 12), 13C (1 3 ,  14) and nmr 
spectroscopy (15), or both nmr and uv spectroscopy (16-18). 
Recently, the possibility of a double well potential in the proton 
bridge of visual pigments interacting with proton donors has 
been discussed (19, 20). In most of these studies, proton donors 
such as halogenated alcohols, carboxylic acids, or hydrochloric 
acid have been studied and it was found that the strength of the 
interaction and the shape of the proton potential depended on 
their intrinsic acidity. 

Despite the biological interest in the Schiff bases and the 

Q 
C=N-CH3 

H / 

BMA 

DPG possesses two interaction sites available for hydrogen 
bonding formation and the study of the infrared spectrum in the 
3500-1000 cm-' region allows one to elucidate the nature of 
the interaction. 

Finally, the infrared spectrum of the solid adduct with HCl 
will be discussed. 

Experimental 
The spectra have been recorded on the PE 325 and 580B spectro- 

photometers. 
The equilibrium constants (K) have been calculated from the 

absorbance of the v,, band (hydroxylic derivatives) or of the V ~ H  band 
(pyrrole). To avoid self-association, the formal concentrations of 
proton donors (FA) was kept low and varied between 3 and 10 x 

M. The initial concentrations of base (FB) ranged between 1 and 
3 x M. The concentration of free donor C.4 has been computed 
by the expression 

importance of their interactions with proton donors in biological 
media, the thermodynamic parameters for hydrogen bond 
formation have not been reported in the literature. In this work, 
we report the formation constants, the enthalpies, and entropies 
of complex formation for the interaction between ethyl N- 
(diphenylmethy1ene)glycinate (DPG) 

A ,  E,  and d being the absorbances of the free VOH (or v N H )  band, E the 
molar extinction coefficient, and d the cell length. The equilibrium 
constant was further computed by the expression 

D P G  CAB - K=-- FA - CA 

with 2,2,2-trichloroethanol, phenol derivatives. and pyrrole C;CB CA(FB-CAB) 
that are very often taken as reference acids in hydrogen bond where CAB and CB are the molar concentrations of the complex and 
studies (21). Owing to the lack of quantitative data for the free base. respectively. 

Printed ln Canada lrnniirnr au Canadn 
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TABLE 1. Formation constants (K) at 298 and 323 K,  enthalpies, and entropies of formation lor 
complexes between DPG and proton donors * 

~ 2 5 8 K *  ~ 1 2 3 K '  -mO -AS0 

Proton donor (L mol-I) (L moi-') (kJ m o l  I) (J mol-' K-') 

2,2,2-triC1 ethanol 8.5 5.4 14.4 30.6 
Phenol 18.5 10.7 17.5 34.5 
3.5-DiCl phenol 144 63.8 26.2 46.6 
3-CF3, 4-NO2 phenol 844 330 30 44.6 
Pyrsole 3.8 2.9 8.1 16.1 

*Standard deviation lower than 5%. Solvent = carbon tetrachloride 

TABLE 2. Formation constants at 298 and 323 K,  enthalpies, and entropies of formation for 
complexes between BMA and proton donors 

~ 2 5 8 K '  K ~ X K *  -AH0 -AS0 

Proton donor (L m o l '  ) (L mol- ' ) (kJ m o l '  ) (J mol-I K-') 

2,2,2-triCl ethanol 5.4 2.9 19.4 51.1 
Phenol 12.6 5.9 24.4 60.8 
3.5-diCl phenol 83 32.7 29.8 63.3 
3-CF3. 4-NO2 phenol 208 82 30.2 57.1 
Pyrrole 1.3 1 8.3 25.7 

*Solvent = carbon tetrachloride 

The enthalpies and entropies of complex formation have been 
calculated from the equilibrium constants determined at 298 and 323 K.  

The infrared spectra in the UOH (vyH), V C = N ,  VC=O.  and UC-0 

regions have been recorded at higher concentrations of proton donors 
(0.01 to 1 M) and proton acceptors (0.03 to 0.20 M)  in order to obtain 
higher complex concentrations in solution. The solvents were CC14 
(3800-3000 cm-I), CH2C12 (1 800- 1600 cm-I), and CS2 (1250- 
1100cm-I). 

The solvents were dried by standard methods. DPG was prepared 
from the corresponding benzophenone imine and the amino ester salt 
according to published procedure (22); BMA was provided by 
Professor G. L'abbC. The solid adduct of DPG with HC1 was prepared 
by passing gaseous HCI through a chloroform solution of DPG; the 
spectrum of the resulting precipitate was taken in a KBr pellet. 

Results and discussion 
Interaction with hydroq  derivatives and with pyrrole 

Table 1 lists the equilibrium constants. the enthalpies and 
entropies of formation for the complexes between DPG and 
2,2,2-trichloroethanol, three phenol derivatives, and pyrrole. 
The hydroxylic proton donors have been chosen to cover a 
wide range of pK, (12 to 6). It is also noteworthy that these 
phenol derivatives and pyrrole are often taken as reference acids 
in hydrogen bond studies and as a result their proton donor 
ability towards a given base can be compared with previously 
studied systems. 

Table 2 gives the values of the same parameters for the BMA 
complexes. 

Comparison of these data shows that the formation constants 
of the DPG complexes are higher than those reported for 
complexes involving the same proton donors and aliphatic 
esters; for the complex between 3,5-diCl phenol and methyl- 
acetate the K value is about 4 0  L m o l l  (23) and for the complex 
between the same ester and pyrrole a K value of 1.3 has been 
reported in the literature (24). At this stage of the discussion. it 
is difficult to compare the enthalpies and entropies of complex 
formation. 

As mentioned in the Introduction, DPG has two basic sites 

3 8 0 0  3 6 0 0  3 4 0 0  3 2 0 0  3 0 0 0  c rn  

FIG. 1. Infrared spectra (3800-3000 cm-I): (a) DPG (0.14 iM) + 
3,5-diC1 phenol (0.014 M), d = 0.3 cm; ( b )  methylacetate (0.057 M) 
+ 3,5-diC1 phenol (0.06 M).  Solvent = CCl,. 

available for hydrogen bonding, the oxygen atom of the 
carbonyl group and the nitrogen atom of the imino group. As 
shown in Fig. 1,  two complex bands are observed in the u o ~  
region. For comparison, the spectrum of the complex of 
methylacetate and the same hydroxylic derivative is also 
reproduced. For this last complex only one nearly symmetrical 
band is observed at about the same wavenumber. These two 
absorptions were observed for the hydroxylic proton donors and 
the observed wavenumbers depend on their acidity (Table 3). 
By analogy with the ester complexes having U O H ,  O=C bands 
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TABLE 3. ~ / c m - '  of the bands observed in the I J O H ( ~ H )  reglon 

Proton donor C ~ H ( Y H )  COH(NH) 

2,2,2-triC1 ethanol 3450 145 3290 305 
Phenol 3440 170 3200 410 
3,5-diC1 phenol 3370 225 3150 445 
3-CF3, 4-NO2 phenol 3350 240 3120 470 
Pynole 3410 82 - - 

*Error on the absorption maxima = t 10 cm-'.  
f Defined as the wavenumber of the free and complexed u,,,,,, band: the 

free bands u,, are observed between 3610 and 3595 c m ' ;  the free u,, band 
of pyrrole is observed at 3492 c m  '. 

FIG. 3. Infrared spectra in the v c = ~  and VC=N region (a) and in the 
vc4 region (b) .  (a) - DPG (0.03 M), --- DPG + 2,2,2-triC1 ethanol 
(1 M). d = 0.075 crn. solvent = CH2C12; (b )  - DPG (0.05 M), 
--- DPG + 3,5-diC1 phenol (0.08 M), solvent = CS?. 

FIG. 2. Infrared spectra in the VOH range of BMA (0.17 M) + 
3,5-diC1 phenol (0.015 M). d = 0.2cm, solvent = CCI4. 

between 3450 and 3350 cm-' (21), the first band is attributed to 
hydrogen bonds formed on the ester group in DPG. This 
assignment is strengthened by the shift of the v c = ~  band to 
lower wavenumbers (AvcZo = -18-20cm-' for all the 
complexes) and by the shift of the uc-, band to higher 
frequencies (AucPo = + 13- 15 cm- '); such behaviour is 
typical for hydrogen bonds formed on an ester group (23). 
The second band is assigned to complexes formed on the 
imino nitrogen atom. Frequency shifts of 400-500 cm-' are 
frequently observed for OH.. . N ( S ~ ~ )  hydrogen bonds (2 1). The 
spectrum of the BMA complex is shown in Fig. 2 for 
comparison and a broad band (maximum near 3050cm-') 
with several submaxima is observed; the same spectroscopic 
behaviour has been noticed for the pyridine-phenol complex 
and the submaxima have been attributed to a Fermi resonance 
with the internal modes of the proton donor moiety (25). The 
u c = ~  band of DPG at 1625 cm-' becomes broader but does not 
show any shift (Fig. 3). This was also observed by Sandorfy 
et al.  (2) who noticed the insensitivity of the vc=, band of 
N-benzylideneaniline to hydrogen bonding. 

The concentration of OH.. .O=C complexes was estimated 
by computing the integrated absorption intexity of the com- 
plexes involving the same proton donor and methylacetate. The 
concentration of OH.. .O=C complexes was calculated by 
supposing that this intensity is the same in the DPG complexes. 
The concentration of OH.. .N complexes was then computed 
from the difference between the total concentration of corn- 
plexes (calculated from K) and the concentration of OH.. .O=C 
species. It was found that in all the cases, about 60% of 
OH. ..O=C complexes are formed. 

The -AH' and -As0 values reported in Table 1 are in fact 
the sum of two contributions and the classical correlations 
-AH vs. Avo, could not be discussed in this work. However, 
we can compare the position of the two complex bands in the 
3,5-diC1-phenol. DPG complex (3370 and 3 150 c m  ' ) with that 
of the complex between the same proton donor complexed with 
methylacetate (3410 cm-') and with BMA (3050 cm-'). Al- 
though these two last bases do not have exactly the same degree 
of substitution as DPG, the comparison suggests that in DPG, 
the carbonyl complex is a little bit stronger than in methylacetate 
and that the imino complex is somewhat weaker than in BMA. 
This can be explained by a small delocalization of the electrons 
from the nitrogen to the carbonyl oxygen atom 

that makes the nitrogen atom less basic and the oxygen atom 
more basic than in the individual imino- or ester bases; this has 
been discussed previously for enamino ketones (26). 

However, another important factor governing the occupation 
of the different basic sites of a polyfunctional base (27) is the 
accessibility of the lone pair. It has indeed been found recently 
that in (diphenylmethy1ene)amino acetonitrile (28) 

only C=W.. .H-0- hydrogen bonds are formed. This 
violates the general rule that the energy of the hydrogen bond 
increases with decreasing amount of s character in the lone pair 
(29, 30). This rule predicts a higher hydrogen bond energy for 
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FIG. 4. Infrared spectrum (1800-1000cmp'), - DPG, --- DPG.HC1 adduct (KBr pellet). 

the imino nitrogen atom having close to spL hybridization than should increase the delocalization in the ester function 
for the nitrile nitrogen atom having a sp geometry. It can 
thus be concluded that the hydrogen bond interaction site cannot \ I 

C=N-C-C-0-R 
be predicted by energetic considerations alone, but is also 
governed by the accessibility of the free electron pair(s). 

/ I I I I  
Hf ....... 0 

Interaction with HC1 
The infrared spectra (1800-1000 c m ' )  of DPG and its solid 

adduct with HCI are reproduced in Fig. 4. Although a complete 
assignment of the vibrational modes of DPG is difficult, the 
1800- 1000 cm- ' region contains mainly the v c = ~  vibration 
at 1624cm-', the vc=, and vcPo vibrations at 1750 and 
1190 cm-I, the ring vibrations Rxa and Rxb at 1598 and 
1578 cmP1, the RIgb and Riga vibrations at 1495 and 1480 cmpl, 
and the in-plane deformations of the CH2 and CH3 groups 
between 1450 and 1350cm-'. The ring vibrations Rlsb ,  R I 2 ,  
and R, show in-phase out-of-phase splittings at 1080 and 1067, 
1034 and 1024, 1002 and 993 c m  ' , respectively. 

In the DPG-KC1 adduct, the vc=, at 1624cm-I dis- 
appears, the Rxa and Rxb vibrations do not shift appreciably, and 
two new bands at 1660 and 1550 cm-' are observed. This 

One can also note that the typical NH+ . . .C1- band generally 
observed between 2600 and 2300 cmpl  is absent in the 
spectrum. A broad band near 3000 cm-I is observed; this 
absorption could be assigned to water bound to C1- anions. This 
interpretation is supported by the absorption near 1630 cm-' 
that can be assigned to the in-plane deformation mode of 
the water moieties. Therefore, it seems possible that the 
surrounding water molecules stabilize the preceding structure. 
A somewhat similar structure has been discussed in the Schiff 
base formation from w-dimethylamino alkylamines (3 1). 
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Basicity of the thionamide group of a-aminothionamides. 
Attenuation of electrostatic effects by solvation 
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MARTINO PAVENTI, FENTON HEIRTZLER, and JOHN T. EDWARD. Can. J .  Chem. 64, 23 10 (1986). 
The first dissociation constants pK1 of four diprotonated cx-aminothionamides, determined spectrophotometrically, are 

between - 8.1 to - 8.8; the second dissociation constants pK2, of three of these compounds, determined titrimetrically, are 
between 7.3 and 7.7. Both pK1 and pK2 values are close to those calculated from current electrostatic theory for equilibria in 
solutions of zero ionic strength, in spite of the fact that data for pK1 values were obtained in solutions of high ionic strength. 
Results indicate a much larger effect of the charged ammonium group on the basicity of the thionamide group than on the basicity 
of the amide group. A possible explanation based on the greater hydration of the protonated amide group is advanced. 

MARTINO PAVENTI, FENTON HEIRTZLER et JOHN T. EDWARD. Can. J. Chem. 64, 2310 (1986). 
Utilisant des mCthodes spectrophotomCtriques on a determine les premieres constantes de dissociation (pK,) de quatre 

a-aminothioamides diprotones; comme Ctant entre -8,l et -8,8; faisant appel B des mCthodes titrimetriques, on a aussi 
determink les deuxikmes constantes de dissociation (pK2) de trois de ces composks comme etant entre 7,3 et 7 ,7 .  Les valeurs 
tant des pK1 que des pK2 sont proches des valeurs calculies a partir de la theorie ilectrostatique actuelle sur les Cquilibres dans 
des solutions de force ionique Cgale a zero, mCme si les donnees relatives aux valeurs de pKl sont obtenues dans des solutions 
de forces ioniques ClevCes. Les risultats indiquent que le groupement ammonium charge provoque un effet beaucoup plus 
important sur la basicit6 du groupement thionamide que sur la basicite du groupement amide. On propose une explication 
plausible qui est bas& sur une plus grande hydratation du groupement amide proton-6. 

[Traduit par la revue] 

Starting more than 60 years ago with Bjerruln ( I ) ,  a long 
succession of investigations has elaborated an electrostatic 
theory of substitutent effects which is gradually winning general 
acceptance (2-9). However, the electrostatic effect can be 
profoundly altered by the presence of a solvent, and although 
"emphasis has shifted from continuum electrostatics to inter- 
actions between specific functionalities in the ions and appro- 
priate sites in a few solvent molecules" ( lo),  a discontinuous 
solvation model (1 1) of quantitative (as opposed to qualitative) 
predictive power has been slow to emerge. 

The older continuum solvent model was applied to electro- 
static effects by Kirkwood and Westheimer (4) in 1938. As an 
example, we may consider the fact that the dissociation constant 
K2 of monoprotonated glycine 2 would be expected to be higher 
than KAH of the parent acid, acetic acid, because the substituted 
acetate ion 3 is stabilized by electrostatic interaction between 
NH3+ and the negatively charged carboxylate group.' On the 
other hand, further dissociation of 3 should be made more 
difficult than the dissociation of the parent methylammonium 
ion (KBH+) by the same electrostatic stabilization, the substi- 
tuent now being C02- .  Classical electrostatic theory shows that 
both the elevation of K2 and the depression of K j  (with respect 
to KAH and K B H ~ )  should be given by 

[I] ApK = log ( K 2 / K ~ ~ )  = -log ( K ~ I K B H ' )  
= e2/2.3 kTRDef f  

where e is the electronic charge, k Boltzmann's constant, T the 
absolute temperature, R the distance between the charges. and 
Deff the "effective" dielectric constant. DCff  generally lies 
somewhere between D,, the dielectric constant of the external 
solvent, and I),, the dielectric constant (assumed to be 2.0) of 
the hydrocarbon framework of the molecule. Kirkwood and 
Westheimer (4), Ehrenson ( 5 ) ,  and others have furnished 
equations whereby for molecules of spheroidal or ellipsoidal 

shape Deff  can be calculated from D, and from the shape of the 
molecule and the location of the charged centres within it. 

Values of ApK thus calculated are usually in fair agreement 
with experiment when NH3+ and COz- are separated by more 
than three methylene groups (12), but can be seriously in error 
for smaller values of R.  Thus the experimental ApK2 for 2 is 
only about half the calculated value, and the experimental ApK3 
for 3 has the wrong sign, 3 being a stronger acid than the parent 
methylammonium ion (12). The reasons for these failures of [ l ]  
at smaller distances R are not altogether clear, but may be due to 
the intrusion of effects other than monopole-monopole inter- 
actions: to inductive (1 3), solvation (1 2), or monopole-dipole 
effects (14). The last are given by 

[2] ApK = e p  cos 012.3 ~ T R ~ D , ~ ~  

where p is the dipole moment of the substituent and 0 is the 
angle made by the dipole vector and the line joining the 
mid-point of the dipole to the centre of the charged group (2). 
They can be ignored for large but not for small values of R .  

Equations [ I ]  and [2] apply to reactions or equilibria in 
solutions of zero ionic strength (13). Sometimes it is possible 
to extrapolate experimental results to zero ionic strength by use 
of a modified Debye-Hiickel equation, as in the studies of 
Westheimer et al. (15) on the effect of charged substituents 
on the rates of hydrolysis of esters in very dilute sodium 
hydroxide solution. However, most chemical reactions require 
more concentrated solutions of electrolytes for which such an 
extrapolation is impossible, and so it becomes of interest to 
discover empirically for such reactions whether the electrostatic 
effect is still evident. The limited data available at present (e.g. 
refs. 16, 17) indicate that [ l ]  and 12) may apply moderately well 
even in unideal situations (contrary to what might be expected 
(13) ). Thus ApK for diprotonated glycinarnide 5 (parent 
compound: protonated acetamide) is - 2.7 (16), close to ApKz 
of -2.31 for protonated plycine 2 (12), in spite of the fact that 

'This exposition differs slightly from that usually given (2. 4). but protonation o i  the amid; group requires moderately concen- 
has been justified previously (6. 10). trated sulfuric acid, so that the HA acidity function must be used 
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in measuring basicities (16). In these solutions the dielectric 
constant D, will be reduced (l8),  and to a lesser extent D,,; this 
might account for the larger ApK (-2.7). On the other hand, 
100% sulfuric acid at 25°C has a dielectric constant of 100 (19), 
28% higher than the dielectric constant of water. and so 
electrostatic effects in this solvent should be slightly reduced. 
The cryoscopic results of O'Brien and Niemann (20) show that 
the basicity of the carboxyl group in 100% sulfuric acid is 
decreased (relative to that of acetic acid) by the presence of 
the -NH3+ group in the series of protonated amino acids 
H3N+(CH2),C02H+, the effect diminishing progressively with 
increase of n from 1 to 4. A rough-and-ready calculation of 
ApK, values for 1 and its homologues from ionization ratios I 
(20) in 100% sulfuric acid is given in Table 1. Too many 
assumptions2 are involved for the absolute values to be taken too 
seriously but the trend is unmistakable. 

Most tests of [ I ]  and [2] have involved compounds having 
charged or dipolar substituents in the vicinity of ionizable 
carboxyl or, more rarely, of ammonium groups. It would be 
useful to test [ l ]  and [2] by observing the effects of charged 
substituents on the protonation of other groups. According to 
the continuum solvent model, ApK should be about the same for 
two molecules having different ionizable groups but similar 
geometry and charge separation R ,  the solvent attenuation 
depending only on DCff. According to the newer discontinuous 
solvent models (10, 1 I) ,  ApK might be different for two such 
molecules if solvation of the substituents or ionizing groups is 
grossly different. Accordingly, we have determined ApKl and 
ApK, values for four diprotonated a-aminothionamides of 
general structure 8: 

TABLE 1. Dissociation constants of H ~ N + ( C H ~ ) , C O ~ H ~ ' ( B H ~ " )  in 
100% sulfuric acid and of H3N'(CH2),C02H(AH) in water (relative 

to parent compounds) 

"From ref. 20. 
'See footnote 2 for assumptions in calculations. 
'Acetic acid (pKBH+ - 3.8) taker1 as parent acid 
dFrom ref. 12. 

absorption spectrum upon protonation (26), which has been 
shown to follow the HT acidity function (27). Thionamides, as 
shown in 8,  are S- and not N-protonated in strong mineral acid 
(28-30). 

Experimental 
Materials 

2-Aminothionacetamide (10: R,  = R2 = H), 2-amino-2-methyl- 
thionpropionamide (10; R1 = R2 = Me), 1 -aminocyclohexane- 1 - 
thioncarbonamide (10; RIRz = (CH&). and 2-amino-3-phenylthion- 
propionamide (10; R1 = PhCH2, R? = H) were prepared by 
modifications (to be published later) of methods in the literature (31, 
32). They were stored as the stable hydrochlorides. 

Determination of dissociation constants 
(a)  By spectrophotometp of strongly acid sollitions 
The 2-aminothionamide hydrochlorides 9 in water or in aqueous 

sulfuric acid up to 60% w/w concentration all had ultraviolet 
absorption peaks at about 260 nm, like thionacetamide in water (31). In 
9 6 8  sulfuric acid these peaks were shifted to about 245 nm, with a drop 
in intensity, like thionacetamide in 11.9 M hydrochloric acid (31), 
indicating the structure 8 for the diprotonated compounds. Ionization 
ratios [8]/[9] in intermediate concentrations (60-96%) of sulfuric acid 
were determined at 24°C spectrophotometrically , following procedures 
already described (27), and are available as supplementary mate ria^.^ 
Plots of log [8]/[9] against HT (2714 gave straight lines with slopes of 
1.00- 1.01 (correlation coefficients 0.996 or better), from which the 
pK1 values given in Table 2 were obtained in the usual manner. 

3A complete set of tabulated data may be purchased from the 
Depository of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa. Ont. ,  Canada K I A  OS2. 

'A referee has suggested that pK1 values of 8 should be obtained The thionamide grouping has an advantage Over the amide 
from plots of [8]/[9] against H T ~ ,  which should not coincide with H T ,  

grouping in giving more changes in This is not ,-eflain. "etesnlk el a / .  (33) established a H .  scale by the 
Hamrnett-Deyrup overlap procedure, based on dilute aqueous solition 

was assumed that protonation of the carboxyl group (21) was as the standard state, for sulfuric acid concentrations up to 5.5 M; H- 
governed by the H A  function. and that for 100% HH2S04 H A  = values do not differ appreciably from Ho values over this concentration 
-5.5 (22.23). so that in this concentratio11 of acid pK = log I -5.5.  I range. Gold (quoted by Brand et al. (34)) calculates that in 100% 
( [H~N+(CH~),,CO~H~+]/[NH~~(CH~),CO~H]) was obtained from sulfuric acid H+ = Ho -0.28. In any case, the evidence to date is that 
ref. 20. Acetic acid is half-ionized in ca. 75% H2S04 (24, 25), and so H+ should differ only slightly from H o ,  and presumably HT- only 
has pK = -3.8 (22). slightly from H T .  
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TABLE 2. Dissociation constants K1 and K2 of protonated a-aminothionamides at 24'C 

Compound PKI APKI PK? 3pKz 

*pKRH+ of parent protonated thionacetamide from ref. 35. 
b p K B H ~  of 10.66 for parent methylammonium ion from ref. 36. 
=pKBH- of 10.68 for parent r-butylamrnonium ion from ref. 36. 
dAt 25.0 ? O.l°C; from ref. 37. 
epKRH+ of 9.83 for parent P-phenylethylammonium ion from ref. 36 

( b )  By titrimetry in dilute aqueous solution 
The a-aminothionamide hydrochloride 8 (100-300 mg) in 10 mL of 

distilled water was titrated with 2 N sodium hydroxide solution at 24O, 
using a Radiometer (Copenhagen) TTT 80 titrator, ABU 80 auto 
burette, PHM 63 digital pH meter, and REC 80 servograph. The pK2 
values were obtained from the mid-points of the titration curves. The 
values recorded in Table 2 are the average of at least six titrations; 
effects of ionic strength have been taken into account using the 
Debye-Hiickel equation. 

(c)  By rate measurements 
Kinetic data were obtained at 60°C in solutions ranging from 24% to 

85% aqueous sulfuric acid, using a Unicam SP-800 spectrophotometer 
to follow absorbance changes at 243-262 nm. The absorbance at 
infinite time was assumed to be given by that of a solution heated 
to 90°C for 2.5 h and then cooled to 60°C. Pseudo-first-order rate 
constants kh are shown in Fig. 1. 

Results and discussion 
pKI  values of diprotonated cu-aminothionamides 

The pK1 values of the protonated thionamide groups of the 
four compounds in Table 2,  determined by conventional 
spectrophotometric means, were much lower than anticipated. 
Consequently, it was considered worthwhile to  confirm one 
of them by a kinetic method. This method depends on  the fact 
that the pseudo-first-order rate constant k+ for the hydrolysis of 
thionamides (38, 39) (and also amides (40), thio-acids (4 I ) ,  
thion-esters (42), and many other compounds) increases with 
acid concentration up to a maximum and then decreases 
(illustrated for thionacetamide in excess perchloric at 35°C (38) 
in Fig. 1). Such a rate - acid concentration profile is indicative 
of an A-2 mechanism, which for a thionamide is given by [3] 
and [4]: 

with the position of the maximum dependent, inter alia, on 
pKBH+ (40). In fact, for ethyl thionbenzoate and seven substi- 
tuted derivatives the maximum occurs in acid concentrations at 
which HT pKBH+ (43), and for thionacetamide the maximum 

FIG. 1. Variation of pseudo-first-order rate constant kh with molar 
concentration of acid for thionacetamide in perchloric acid at 35°C 
(0, ref. 32) and for a-aminothionacetamide in sulfuric acid at 60°C 
(A). 

occurs at HT = -2.5,5 close to  -2.56 for pKBH+ (35). 
Consequently, the rate maximum for a-aminothionacetamide at 
HT = - 8.5 (Fig. 1) supports the pKBH- of - 8.39 determined 
spectrophotometrically .6 

Waring (45) has recently shown how pKBH- values may be 
obtained from kinetic data by various manipulations of the 
empirical rate expressions of Bunnett and Olsen (46) and of 
Yates and McClelland (47), which for moderately basic 
substrates contain pKBH- among other terms in the expression. 
However, the Yates-McClelland equation proved inapplicable 
to kj, for the acid-catalysed hydrolysis of thionacetamide and 
a-aminothionacetamide, giving curved and not straight-line 
plots (c.f. ref. 44). O n  the other hand, the Bunnett-Olsen 
equation, in the forms 

log (A) = +(Ho + lop [Hi]) + log k0 

[5a]  log k+ + HT = +(HO + log [ W ] )  - log (hT + K l )  
+ log k0 

5~hionacetamide was hydrolysed in aqueous perchloric acid (38), 
for which no HT scale has yet been determined. However, other acidity 
function scales almost coincide in perchloric and sulfuric acids of equal 
weight percent concentration (41), and we have assumed this to be true 
for HT also. 

6 ~ h e  rate curves in Fig. 1 were obtained at temperatures above 25°C. 
the temperature used for spectrophotometric determination of pKBH-. 
However, available evidence indicates that a change in temperature 
increases rates of hydrolysis but does not affect the rate profile or the 
position of the ~naximum (44). 
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FIG. 2. Bunnett-Olsen plot for hydrolysis of cw-aminothionaceta- 
mide in sulfuric acid at 60°C. 

(see ref. 46 for definition of symbols) proved more useful. At 
low acidities hT << KI , and [5a] simplifies to 

which accounts for the straight-line portion of the experimental 
curve on the left-hand side of Fig. 2.  At high acidities hT >> 
K1, and [5a] simplifies to 

[7] log k+  + HT = +(NO + log IHf 1)  + HT + lo& k0 

which accounts for the increasing divergence of the experi- 
mental curve from a straight line on the right-hand side of 
Fig. 2.  At an acidity where hT = K1 , [5a]  becomes 

and at this acidity the calculated curve should be 0.3 unit above 
the straight-line curve of [6]. As seen in Fig. 2, this divergence 
of 0 .3  (shown by vertical line) is observed experimentally when 
(No + log [M+]) = -5.45 and HT = -8.77, in very rough 
agreement with the pK1 value of -8.39 determined spectro- 
photometrically. 

Different effect of the ammonium group on the basicity of the 
amide and thionamide groups: possible role of hydration 
in attenuating this effect 

A ApK, of -5.42 may be calculated for protonated glycine 
2 in water at 25°C from [ I ]  (12), using Deff according to 
Kirkwood and Westheimer (4). Since the molecular volume, 
shape, and intercharge distances of 3, 5 ,  and 8 (R = H) are 
about the same, about the same ApK would be expected for all 
three compounds in a solvent of the same dielectric constant 
D, if effects of ionic strength can be ignored. Lower values of 
D,  (and hence of DCff) should lead to greater values of ApK, 
and so the ApKl values of Table 2 would appear to be in 
rough agreement with those calculated from [I ] .  (An exact 
comparison is impossible, because D, values for aqueous 
sulfuric acid solutions are lacking ( i  8) .) 

This would seem to indicate that the electrostatic effect of the 
-WH3+ group of 8 is not nullified by counter-ions, even in 
fairly concentrated sulfuric acid. but has about the value 
expected from [ I ] .  Why, then, is the effect of -NH3+ group 

on the ionization of 5 and 2 (ApK - -2) so much smaller? A 
partial answer may come from the fact that the protonated 
thionamide, according to much evidence (27), is less hydrated 
than the protonated amide group (and presumably than C02-).  
It has been shown that to the extent that groups are hydrated, 
their electrostatic interaction with charged or dipolar substi- 
tuents can be expected to be reduced (11). A difference in 
hydration would also explain the different Hammett p values for 
the ionization of protonated thionbenzamides (- 1.29: ref. 35) 
and benzamides (-0.92: ref. 16) and the dissociation of benzoic 
acids (+ 1.00). 

Effect of the amide and thionamide groups on the acidity of the 
ammonium groups of 6 and 9 (R,  = R2 = Hj 

We now consider the validity of [2] for explaining the ApK2 
values of Table 1. Since the substituent amide and thionamide 
groups of 6 and 9 (R1 = R2 = H) do not differ greatly in size or 
shape, we may expect R ,  cos 0,  and Deff to be approximately 
the same in these two compounds, so that the greater acidity of 
9 (R, = R2 = H) arises from the greater dipole moment of the 
thionamide group (p = 4.53 D for thionacetamide (48)) as 
compared with the amide group (k = 3.8 D for acetamide (48)): 

This result is in good agreement with the experimental ratio of 
1.22 (49). 

Conclusion 
The present work indicates that in concentrated aqueous acid 

solutions the effect of the charged substituent -NH3+ on the 
protonation of the thionamide group is not cancelled by the high 
ionic strength, as might be expected (13), but rather has about 
the value calculated by [ I ]  for infinitely dilute aqueous solution. 
In fact, the ionization behaviour of a-aminothionamides con- 
forms better to 111 than does that of the a-aminocarboxylic 
acids. This suggests that a study of the ionization behaviour of 
other substituted thionamides in order to test [I]  and [2] might 
be profitable. 
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P. M. AKER, J. J .  A.  O'BRIEN, J.  M. PARSONS, and J. J. SLOAN. Can. J .  Chem. 64, 2315 (1986).  
The vibrational distribution in the OH created by the reaction of O ( ' D 2 )  atoms with NH3 has been recorded directly using low 

pressure infrared emission spectroscopy. The relative kinetic energy of the reagents is Boltzmann at 300 K.  The OH product 
vibrational levels are populated statistically. indicating that the reaction probably involves a long-lived 0 N H 3  intermediate. 
There is some evidence that this may not be the case at higher reagent translational energies. 

P. M. AKER, J. J .  A.  O'BRIEN. J .  M. PARSONS et J. J .  S L O A ~ .  Can. J .  Chem. 64, 2315 (1986) 
Faisant appel a la spectroscopie d'emission infrarouge 5 basse pression. on a enregistre directement la distribution 

vibrationnelle du OH qui est crC6 par la reaction des atomes de O ( ' D , )  avcc le NH3.  A 300 K .  1'Cnergie cinktique relative des 
reactifs est celle de Boltzmann. 11 y a une distribution statistique des niveaux vibrationnels du produit OH et ceci indique que la 
rkaction implique probablement un  interrnkdiare 0 N H 3  posskdant une longue vie. Quelques donnees suggerent que tel ne serait 
pas le cas 5 des energies de translation des reactifs qui seraient plus elevees. 

[Traduit par la revue] 

Introduction 
Reaction of O('Dz) with ammonia to produce the OH radical 

can proceed through two energetically-allowed channels; 

The energy partitioning in reactions [ I ]  and [2] has been 
measured previously (1-3) by combining laser photolysis of 
ozone at 266 nm (to gencrate O('D2)) with laser-induced 
fluorescence detection of the OH product on the A32 +- x211 
transition. The rotational excitation produced in the u '  = 0 
and c '  = I vibrational states of the 013 was reported in 
refs. 1 and 3 and the ratio of the populations in these two 
vibrational levels was also reported to be 1.0:0.66. In ref. 2,  
the P ( v '  = l ) /P(uf  = 0) ratio was given as 1.5 and an estimate 
of the P(u '  = 2)/P(u1 = 0) ratio was given as 2.1. The 
exoergicity of the reaction O( ' D 2 )  + NH3 -+ 0H(x211) + NH2 
is such that levels up to u '  = 4 in the OH product can 
be populated. The complete vibrational distribution for this 
reaction has not been published, however, as populations in 
levels greater than u '  = 1 cannot be measured accurately using 
the LIF technique, due to predissociation of the OH(A") state 
in levels higher than u ' = 1. 

In recent experimental and theoretical work, the hydrogcn 
abstraction reactions of O ( ' D ~ )  (4-7) have been classified 
into two categories - those which take place via the direct 
abstraction of a hydrogen atom by the 0( 'D2)  atom, and those 
which proceed by the formation of a highly energetic complex 
which results from the insertion of the O( 'Dz)  into the bond 
containing the hydrogen. The dynamics and hence the energy 
partitioned to the product OH would be different for the two 
mechanisms. For the case of the reactions of 0 ( 'D2) ,  it has been 
postulated (6) that abstraction might lead to the formation of 
a vibrationally hot but rotationally cold product distribution, 
whereas insertion might lead to a rotationally hot but vibration- 
ally cold product distribution. 

In the previous work on reactions [ I ]  and [2]. a small shoulder 
at low J '  was observed in the rotational distribution of the 

I NRCC No. 25871. 

OH(r;' = 0) level (1, 3). This was attributed to reaction [2]. 
The remainder of the distribution in the u ' = 0 level and that in 
the c '  = 1 level was assigned to reaction [ I ] .  In a later study of 
the energy partitioning for the reaction of 0( 'D2) with ND3, 
the same authors (3) observed a rotational distribution similar 
to that found for the NH3 reaction. 

The shape of the rotational distribution which the authors of 
ref. 3 attributed to reaction [ I ]  was found to agree with that 
expected from a purely statistical mechanism, in which the 
reaction proceeds via the formation of a long-lived complex, 
and the energy of reaction is partitioned among all the degrees 
of freedom prior to the formation of the product. The statistical 
energy distribution expected in the case of such a mechanism 
can be calculated simply by assuming that all product degrees 
of freedom are formed with equal probability. The statistical 
vibrational distributions can thus be obtained from a knowledge 
of the vibrational and rotational state densities of the products. 
These authors assumed this to be the case and subtracted a 
calculated statistical rotational distribution from the observed 
rotation in r;' = 0, thus obtaining a distribution for the low-J' 
component. They then compared the population represented 
by this distribution with the total population, and obtained a 
branching ratio into the low-J ' component of approximately 4% 
of the reaction. Excited N H * ( ~ A ~ )  was seen in approximately 
the concentration expected if the low-J' component of the 
rotational distribution arose from reaction [2]. The authors, 
however, did not rule out the possibility that this low-J' 
component could be attributed to an abstraction process with the 
overall form of reaction [ I ] .  The OH vibrational distribution 
reported in ref. 3 is P ( v  ' = 0: 1) = 1.0:0.66 - a result which 
is more excited than the statistical case. This seems to be in 
conflict with the results obtained from the rotational distribu- 
tions, which indicated statistical energy partitioning. It has been 
postulated that the modes of the NH20H complex which lead to 
OH vibrational excitation are not randomized, whereas those 
leading to OH rotation are (9), but the physics leading to such 
a result is difficult to visualize. The situation with respect 
to the vibrational distributions is further complicated by the 
fact that ref. 2 reported the OH vibrational distribution to be 
P ( c l  = 0: 1:2) = 1.0: 1.5:2.1. The rotational distribution 
obtained in that case, however, was in broad agreement with 
that reported in refs. 1 and 3. 

In the following. we report a measurement of the complete 
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FIG. 1. The configuration of the reagent inlets, the excimer laser 
multipass mirrors and the Welsh optical cell. 

vibrational distribution for  reaction [ I ] ,  obtained by  low- 
pressure infrared emission spectroscopy. W e  find that the 
vibrational energy partitioning is statistical, suggesting com-  
plete randomization of  the reaction exoergicity through the  
formation of  a long-lived N H 2 0 H  complex.  

Experimental 
The experiments were carried out in a modified version of the 

apparatus described in ref. 8 .  The reaction vessel is a stainless steel 
cylindrical vacuum chamber (25  cm diameter, 25 cm long) which is 
evacuated by a Varian VHS 400 diffusion pump through a 3 1 cm gate 
valve and a 38 cm cryobaffle. The cryobaffle was maintained at 
a temperature of -80°C throughout the experiments to eliminate 
backstreaming from the pump. 

The reagents are introduced into the reaction chamber by the injector 
system shown in Fig. 1 .  The inlet assembly consists of two cylindrical 
quartz tubes labelled "injector" and "tube I", located on the central 
axis of the reaction vessel. The injector. through which the NH3 enters, 
can be adjusted vertically over a distance of 3 cm in order to allow 
variation of the mixing point location. Efficient mixing was ensured by 
the addition of a small Teflon deflector plate located at the tip of the 
injector tube (the "T" in Fig. 1). For the present experiments, the 
injector tip was located about 1 cm below the end of tube 1 ,  in order to 
reduce the effect of a slow reaction which is known to occur between 
O3 and NH, (10). This precaution and the short residence time of the 
reagents in the observation zone (less than 3 ms vide infra) reduced this 
potential interference. 

The ozone for these experiments was produced in an ozone generator 
of conventional ac discharge design. Prepurified oxygen was passed 
through a type 5A molecular sieve at -80°C; then passed through a 
20 kV, 4 amp ac discharge at atmospheric pressure. The ozone was 
trapped on silica gel which had been cooled to -80°C. After saturation 
of the silica gel, the ozone was stored under about 500 to 600 Torr of 
oxygen. Before each experiment. the ozone trap was pumped to a 
pressure of less than 5 Torr to remove the excess oxygen. The ammonia 
used for the experiments was obtained from Canadian Liquid Air Co. at 
a specified purity of 99%; it was used without further purification. 

The ozone was photolysed using a KrF laser, operated at a repetition 
frequency of 360 Hz. The laser energy at this frequency averaged about 
10 mJ per pulse. The unfocussed laser beam entered frorn the left In 
Fig. 1 and was multipassed through the reagent mixture (indicated b) 

the rig zag lines in the figure) by a pair of dielectric mirrors, coated for 
maximum reflectance at 248 nm and mounted perpendicular to the axis 
of the Welsh cell. The infrared emission collected by the Welsh cell 
was coupled out of the reaction vessel, into a Fourier transform 
spectrometer, by a 2 inch diameter f /  1 CaFz lens. 

Following each pulse of the excimer laser. a burst of infrared 
emission having a fast risetime (limited by the detector's electronic 
bandwidth to about 30 FS and a decay time of about 300-800 p s  
(depending upon the pressure) was observed from the vibrationally- 
excited OH. These bursts of emission, in the form of an interferogram 
generated by the Michelson interferometer, were recorded digitally by 
the Fourier transform spectrometer. About 500 interferograrns were 
co-added and Fourier transformed to obtain each spectrum. There was 
no phase relationship between the occurrence of the infrared emission 
and its digitization by the Fourier transform spectrometer. Conse- 
quently, the spectrum represents a time-average of the distribution of 
spectral intensities over the duration of the emission pulse, weighted by 
the intensity, which was highest in the early part of the pulse (the first 
100-200 FS).  

The recorded spectra were corrected for the variation in sensitivity of 
the detector with wavelength and populations were calculated using the 
rotationless Einstein transition probabilities of Rosmus (1 1) and the 
rotational dependences of Goldman (12). The spectral resolution used 
for these experiments was 0.48 cm-l, adequate to resolve the rotational 
structure and spin doublets of OH but not the lambda doublets. 

The total pressure in the reaction chamber was in the range of 4-6 X 

Torr. In some cases, only the reagents were used while in others. 
argon was added in order to translationally thermalize the O ( ' D ~ )  
atoms, which are produced with some residual translational energy 
in the photolysis (13). The total pressure in the observation zone 
was controlled by adjusting the gate valve above the cryobaffle and 
diffusion pump in order to provide adequate spectral signal-to-noise, 
For the present experiments. the pumping speed was limited to about 
500 L/s,  hence the residene time in the effective volume of the Welsh 
cell (1 L) was about 2 X s. 

Results 
T h e  total energy available t o  the  products of the  0 (  D 2 ) / N H 3  

reaction is about 188 kJ /mol  - enough to  populate the fourth 
vibrational level of  the  O H  produced in reaction [ I ]  but only 
the ground vibrational state of  that created in reaction [ 2 ] .  T h e  
spectra recorded in these experiments contained observable 
emission f rom O H ( c '  = 1-3), which therefore must  have 
come f rom reaction [ I ] .  T h e  reagent pressures and  vibrational 
distributions for four  representative experiments are listed in 
Table 1. T h e  vibrational distributions for  runs 1-3 are repro- 
duced in Fig .  2, which also shows a statistical O H  vibrational 
distribution (the dashed line) calculated for  reaction [ I ] .  T h e  
uncertainty in the experimental  results is  estimated t o  b e  + 0 . 0 4  
in each population. Although n o  emission f rom G '  = 4 was  
found, the shape of  the observed distributions indicates that this 
would have been very weak  and likely not discernable above the 
noise. 

In  experiments 1-3, l ow partial pressures of  reagents were  
used with a relatively large concentration of  As.  T h e  latter was  
added to ensure thermalization o f  the 0 (  D 2 )  prior t o  reaction. 
(The probability for  O(  D 2 )  quenching in collisions with A r  is 
very small  (141.) Experiment 4 shows the result obtained when 
the Ar  is omitted and the difference in  pressure is made  u p  by 
increasing the concentration of ozone .  In this case: the  product 
vibrational excitation is slightly higher than that observed for 
the experiments carried out  in the presence of  A r  and with a 
reduced concentration of  ozone.  

The partial pressure of  the reagents in experiments 1-3 is 
1 .1  X lop2 Torr while in experiment 4 it is  4 .2  x l o p 2  Torr. 
Although the relevant energy transfer rate constants are poorly- 
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TABLE 1. Vibrational population distributions and reagent partial 
pressures for four representative experiments 

Reagent partial pressures" Population distributions 

Run Ozone Ammonia Argon c' = 1 ci' = 2 L;' = 3 

1 8.0 3.0 46.0 0.80 0.15 0.05 
2 5.5 5.5 45.0 0.85 0.12 0.03 
3 10.0 1 .0 48.0 0.83 0.15 0.02 
4 36.0 6.0 0.0 0.78 0.20 0.02 

"Torr X 1 0  3.  

FIG. 2. The vibrational distributions of runs 1-3, Table 1, com- 
pared with a statistical vibrational distribution (dashed curve). 

known, both ozone and ammonia are thought to be fairly 
efficient vibrational deactivators of OH (15). The available 
measurements of these rate constants indicate that both O j  and 
NH3 remove OH(c  = 9) with a probability between 0.05 
(15a, 15c) and 1 .O (15 f )  per gas kinetic collision. If we assume 
that the rate of removal by NH3 scales with vibrational level in 
the same way as that by ozone, the deactivation probabilities for 
the lower levels OH(L. = 1-3) would be in the range 0.001 to 
0.1 per gas kinetic collision. We assume that argon does not 
deactivate the OH significantly (14, 15u). The substantial 
increase in reagent concentration in experiment 4 ,  therefore. 
might be expected to cause increased deactivation of the OH 
vibrational distribution. 

In contrast to this expectation, the distribution observed in 
experiment 4 is slightly nzore excited than those from the 
experiments using lower reagent concentrations. There could be 
two possible explanations for this. First, it could be caused by 
the higher reagent translational energy (created in the photo- 
dissociation) which is present in the experiments having no Ar 
buffer gas. We believe this to be the most likely explanation and 
will explore it in more detail in the next section. The second (and 
also possible) explanation is that the increased concentration of 
0( ' ~ 2 )  atoms (due to the increased ozone concentration) results 
in secondary reactions between these and the radical (NH2) 
produced in reaction [ I ] .  If the vibrational distribution created 

in these secondary reactions were more excited than that of the 
primary reaction, the result would be an overall increase in the 
product vibrational excitation, as observed. This effect has been 
observed, for example, in the reaction of F atoms with NH3 
(16, 17). In that case, for F atom concentrations in substantial 
excess over the NH3, the HF vibrational distribution became 
more excited, as the concentration of F atoms was increased, 
due to the contribution of the F + NH2 reaction. It is less likely 
to have caused the increased vibrational excitation in the present 
case, however, because it is not possible to sustain a large 
excess of O('Dz) atoms until the necessary concentration of 
NH2 radicals has been generated. The rate constants for the 
reaction of 0 ( ' D 2 )  with both NH3 and O3 are approximately 
gas kinetic (3 X l o C L 0  and 2 x lo-'' cm3 moleculeC1 sC1, 
respectively) (2, 18) and thus virtually no 0( 'D2)  will remain 
after the first two or three gas kinetic collisions following the 
ozone photolysis. Its rapid disappearance while the NH2 is 
being formed thus reduces the importance of the secondary 
reaction. 

Using the energy transfer rates quoted above, the vibrational 
deactivation time for these experiments would be in the range of 
1OC"o loC3 s. This is of the same order as the estimated 
residence time of the emitters in the observation zone (2 x 
SOC' s) and therefore there remains a possibility that the 
observed distributions have suffered some vibrational deactiva- 
tion. The data in Table 1 ,  however, show that the distributions 
for runs 1-3 and the statistical distribution are all the same 
within the stated uncertainty. These data cover the range of 
reagent partial pressures from 5 to 10 X l o p 3  Tom for ozone and 
from 1 to 5 x loC3 Torr for ammonia. Since changing the 
partial pressure of a reagent would change the extent of gas 
phase relaxation caused by that reagent, we conclude from the 
invariability of the distributions that gas phase deactivation by 
the unused reagents is not significant in these experiments. 
From this we conclude that the distribution represented by 
experiments 1-3 is the initial one created by reaction [ l ]  and 
hence that the latter creates a statistical vibrational energy 
distribution. 

Discussion 
The OH vibrational populations recorded in these experi- 

ments decrease rapidly with increasing vibrational level. This 
result is usually associated with reactions forming a strongly- 
bound intermediate which lives long enough for the reaction 
exoergicity to be completely distributed among all product 
degrees of freedom. This conclusion was indicated by the 
previously-measured LIF rotational distributions (1-3) but not 
by the vibrational distributions extracted from those rotational 
data. It was pointed out in ref. 3 that vibrational distributions 
extracted from LIF rotational measurements are particularly 
sensitive to errors introduced by saturation effects and it was 
further suggested that the unusually high vibrational excitation 
reported in ref. 2 may have this origin. It is also possible, 
however, that some of this difference, as well as the smaller 
difference between the vibrational distribution reported in ref. 3 
and that obtained here could be due to the different energetics of 
the experiments. 

The photolysis of ozone at 248 nm (the laser wavelength 
used in our experiments) generates about 62 kJ/mol of relative 
translational energy in the 0 ( 'D2) /02( 'A)  frame of ref. 13. If, 
as in the case of experiment 4 ,  no attempt is made to thermalize 
the 0 ( 'D2)  the O ( ' D 2 ) / ~ H j  relative translational energy 
would be about 24.6 kJ/mol. The 300 K thennal translational 
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energy is only 3.7 kJ/mol. The excess energy might reduce the 
lifetime of the postulated intermediate 0 N H 3  species, thereby 
reducing the extent of energy randomization and increasing the 
vibrational excitation of the O H  product. This is qualitatively 
consistent with the difference observed between experiment 4 
and the other three experiments, where an increase in vibra- 
tional excitation was observed under conditions where the 
relative values of the gas phase energy transfer rate constants 
would indicate that a decrease should be expected. A similar 
effect has been suggested in the case of the O ( ' D ~ ) / H *  reaction 
(19, 20). (We note, however, that the results of the present 
experiments d o  not constitute proof of this translational energy 
effect, since the difference in the vibrational distributions 
observed here is within the experimental uncertainty .) 

The excess translational energy from the photolysis would 
not have been thermalized before the observations were made 
in the LIF experiments. In this case, the reagent translational 
energy for the experiments in ref. 3 would have been approxi- 
mately 12 kJ/mol, assuming that the proportions of the excess 
energy partitioned to translation are the same for both the 
266 nm photolysis used in the LIF work and the 248 nrn 
photolysis used here. This is substantially greater than the 
room-temperature energy, 3.7 kJ/mol, and could be expected to 
have an effect on  the lifetime of the intermediate. The statistical 
P(r ; '  = 2 ) / P ( u r  = 1) ratio (0.15), which agrees with our 
observations, implies a P ( r ; '  = 1)/P ( r ; '  = 0) ratio of 0 .21.  The 
P ( u f  = l ) / P ( c r  = 0)  ratio reported in ref. 3 is 0 .66.  It is 
possible that this difference could represent a translational 
energy effect on the energy partitioning, as described above. 
We hope that improvements currently being made to our 
apparatus will permit the existence of this effect to be  confirmed 
and its quantitative influence measured. 

1. C. T.  RETTNER, J. F. CORDOVA, and J. L. KINSEY. J .  Chem. 
Phys. 72, 5280 (1980). 

2. N.  D. SANDERS, J. E. BUTLER, and J .  R. MCDONALD. J .  Chem. 
Phys. 73, 5381 (1980). 

3. J. F. CORDOVA, C. T. RETTNER, and J. L. KINSEY. J. Chem. 
Phys. 75, 2742 (1981). 

4 .  A. C. LUNTZ. J .  Chem. Phys. 73, 1143 (1980). 
5 .  A. C. LUNTZ. J. Chem. Phys. 73, 5393 (1980). 
6 .  A. C.  LUNTZ, R. SCHINKE, W. A. LESTER, JR., and Hs. H. 

GUNTHARD. J .  Chem. Phys. 70. 5908 (1979). 
7 .  R. SCHINKE and W. A.  LESTER, JR. J. Chem. Phys. 72, 3754 

(1980). 
8.  J. E .  BUTLER, R. G.  MACDONALD, D. J .  DONALDSON, and J .  J .  

SLOAN. Chem. Phys. Lett. 95. 183 (1983). 
9.  W. H. BRECKENRIDGE. In Reactions of small transient species. 

Edited by M .  A. A. Clyne and A.  Fontijn. Academic Press, 
London. 1983. Chapt. 4 .  

10. K. J. OLSZYNA and J .  HEICKLEN. Adv. Chem. Ser. 113, 191 
(1972). 

11. H.-J. WERNER, P. ROSMUS, and E. A. REINSCH. J .  Chem. Phys. 
79, 905 (1983). 

12. (a )  J. R. GILLIS and A. GOLDMAN. J. Quant. Spectrosc. Radiat. 
Transfer, 26, 23 (1981): ( b )  A. GOLDMAN. Appl. Opt. 21, 2100 
(1982). 

13. R. K. SPARKS, L. R. CARLSON, K. SHOBOTAKE, M. L. KOWL- 
CYZK, and Y. T. LEE. J. Chem. Phys. 72, 1401 (1980). 

14. L. J .  STIEF, W. A.  PAYNE, and R. B. KLEMM. J .  Chem. Phys. 62, 
4000 (1975). 

15. ( a )  A. E. POTTER, R. N.  COLTHARP, and S.  D. WORLEY. 
J. Chem. Phys. 54. 992 (1971): ( b )  R. N .  COLTHARP, S. D. 
WORLEY, and A. E. POTTER. Appl. Opt. 10. 1786 (1971); ( c )  
G. E. STREIT and H. S.  JOHNSTON. J .  Chem. Phys. 64,95 (1976): 
(d) B .  J. FINLAYSON-PITTS and T. E. KLEINDIENST. J. Chem. 
Phys. 74, 5643 (1981); ( e )  B.  J .  FINLAYSON-PITTS, D. W. 
TOOHEY, and M. J. EZELL. Int. J .  Chem. Kinet. 51, 151 (1983); 
( f )  G. D. GREENBLATT and J .  R. WIESENFELD. J .  Geophys. Res. 
87, 1145 (1982). 

16. D. J .  DONALDSON, J. PARSONS, J. J .  SLOAN, and A. STOLOW. 
Chem. Phys. 85, 47 (1984). 

17. D. J. DONALDSON, J .  D. GODDARD, and J .  J .  SLOAN. J .  Chem. 
Phys. 82, 4524 (1985). 

18. J. A. DAVIDSON, C. M. SADOWSKI, H. I. SCHIFF, G.  E. STREIT. 
C. J .  HOWARD, D. A. JENNINGS, and A. L. SCHMELTEKOPF. 
J. Chem. Phys. 64, 57 (1976). 

19. P. M.  AKER and J. J. SLOAN. J. Chem. Phys. 85, 1412 (1986). 
20. P. M. AKER, J. J. SLOAN, and J. S. WRIGHT. Chem. Phys. 

In press. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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ANDRZEJ LASIA. Can. J .  Chem. 64, 2319 (1986). 
The electroreduction of bivalent metal cations may proceed by a CEE mechanism with a heterogenous chemical reaction on 

the electrode surface. The applications of the convolutive linear sweep voltammetry and chronoamperometry to study that 
mechanism are presented. The behaviour of the electrochemical reactions was simulated using an implicit finite difference 
technique for different values of kinetic parameters. The simulated curves were analysed and an agreement between the 
introduced and obtained data was found. 

ANDRZEJ LASIA. Can. J .  Chem. 64, 2319 (1986). 
L'ClectrorCduction de cations bivalents peut proceder par le mCcanisme CEE avec une rCaction chimique hCtCrogbne la 

surface de 1'Clectrode. Les applications de la voltampCromttrie a balayage IinCaire avec convolution et de la chronoamperomCtrie 
aux Ctudes de cette rkaction sont prCsentCes. Des courbes analytiques ont CtC simulCes par la mCthode des diffkrences finies et un 
accord a ete trouve entre les parametres introduits et calculCs. 

Introduction 
The electroreduction of metal cations on mercury electrodes 

often involves a complex reaction mechanism. It was suggested 
that the electrodeposition proceeds through an adion inter- 
mediate which is partially desolvated and adsorbed on the 
electrode surface (1). The electrochemical reactions of bi- or 
polyvalent cations are usually more complicated than those of 
monovalent cations. Different mechanisms were proposed in 
the literature for the electrode reduction of metal cations, 
e.g., simple electron transfer process (2, 3), stepwise electron 
transfer (4), disproportionation (5) or dimerization (6) of the 
intermediates, adsorption (6), CE or CEE mechanism (7-13). 
and slow transport across the double layer (14), etc. Some 
possible mechanisms were discussed by Bongenaar et al. (12). 

CE mechanisms have been suggested for the electroreduction 
of cations for which the solvent exchange is slow (7-1 1). It was 
also proposed for the electroreduction of alkali metals in HMPA 
(15, 16) where kinetically limited waves were obtained. 

The recent works of Bongenaar et a / .  (12) and Strujis et al.  
(13) show that the electroreduction of Cd(I1) in concentrated 
aqueous solutions of perchlorates and fluorides involves a CEE 
mechanism with a heterogenous chemical reaction, probably a 
partial desolvation of the depolarizer at the electrode surface. 
Alternating current admittance and demodulation technique 
were applied to study those reactions. Unfortunately the poten- 
tial range available for the a.c. admittance technique is rather 
limited. Strujis et al.  (12) have presented kinetic data in the 
range of about 130 mV. Larger (-200 mV) potential range is 
available for the demodulation technique (13) but this method 
is, up to now, of limited use. If the rate of electroreduction 
is slower it is possible to use other popular electrochemical 
techniques. We have attempted to show how linear sweep 
voltammetry and chronoamgerometry are used to determine the 
kinetics of those reactions. 

Theory 

where B~~ is an electroactive form of A2+, kc is a heterogenous 
rate constant of the chemical reaction, and k l  and k2 are the 
forward rate constants of the first and second electron transfer. 

Since B*+ is not detected in the bulk of the solution it is 
assumed that it is formed at the electrode surface only and 
that reaction [I]  is a heterogenous chemical process. The 
equilibrium constant of that reaction is defined as: 

where subscript "0" indicates surface concentrations. 
The rates of reactions [I]-[3] are 

where K1 and K2 are equilibrium constants of reactions [2] and 
[3], respectively. 

Since both B ~ '  and B+ do not exist in the bulk of the solution, 
one can assume that their surface concentrations are small and 
their fluxes negligible. Then the concentrations of the unstable 
intermediates may be eliminated assuming that u l  = c 2  = c.3 
and i = FA(u2 + u3), where A is the electrode surface area 
and i is the current. 

The solution leads to an equation (12) 

where 

The equations presented below hold for the electroreduction and 
of bivalent metal cations according to a CEE mechanism but 

i l k r  = + K,K,/k2 they may be easily modified for a CE reaction mechanism. 
The CEE mechanism for a bivalent metal cation A ~ +  on The last term in the eq. [ lo] may be written as K ~ K I K ~ / ~ ~ K ~  

mercury with the subsequent formation of amalgam may be and after taking into account the Nernst equation KcK1K2 = 

described as: [A2'] / [B(Hg)] = exp ( 2 4 )  one can obtain 
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FIG. 1. Cyclic voltammetric curves simulated for EE (A)  and CEE 
( B )  mechanisms. The kinetic parameters are ( A )  '4 I = 0.08. h2 = lo6, 
a1 = a ? = O . S ; ( B ) A , =  1.0, A l  = 0 . 0 8 , h 2 =  10~,ctl = a , = 0 . 5 .  

where k l  = kSl  exp ( - a 1 + ) ,  k2  = kS2exp ( - a 2 + ) ,  and k,l and 
ks2 are standard rate constants of transfer of the first and second 
electron (reactions 121 and [ 3 ] ) .  

Thus CEE mechanism is described by a simple Butler- 
Volmer type equation but k f  is a complex function of the 
electrode potential and kinetic parameters. Using that equation, 
the voltammetric and chronoamperometric curves were simu- 
lated employing the finite difference technique (17, 1 8) .  

Linear sweep voltammetry 
The shape of the cyclic voltammetric curves depends strongly 

on the values of the kinetic parameters of the system, i.e., rate 
constants and transfer coefficients. For slow simple electron 
transfer processes with low transfer coefficients the cathodic 
part of the voltammetric curve is flattened and it is difficult 
to distinguish between simple charge transfer. EE or CEE 
mechanisms. This is illustrated in Fig. 1 where cyclic voltam- 
metric curves simulated for EE (curve A )  and CEE (curve B )  
mechanisms are shown. The following set of kinetic parameters 
was used in the digital simulations: A  : A = 0.08,  A 2  = lo6 ,  
a, = a2 = 0.5; B :  A, = 1, A ,  = 0.08,  A ,  = l o6 ,  
a l  = a 2  = 0.5.  The dimensionless kinetic arameters A are 
defined as follows: A l  = k,l/ v--- nFuDO/RT and hl = 

( k , l / ~ , ) ~ n ~ u ~ O / ~ ~  for EE and CEE mechanism res ec- 
tively, A2 = k s 2 / v n ~ ~ c . D o / R T ,  A, = k c /  + nFcDo/RT ,  
Do is the diffusion coefficient of A2+, ~i is the sweep rate, and all 
other symbols have their usual meaning. A comparison of these 
two voltammetric curves shows smaller cathodic current for the 
CEE mechanism while the anodic currents are essentially the 
same. 

It is relatively easy to identify the reaction mechanism by 
convolutive potential sweep voltammetry (19). The convolution 
integral (semiintegral) I  q is defined as: 

J u 

where q = ~@/~FAc~D,!," is the dimensionless current 
function. @ = RTlnFr;,  5 = n F ( E  - E O ) / R T ,  u = n F ( E ,  - 
EO) /RT ,  and El  is the initial potential. 

FIG. 2. Convoluted voltammetric curves for EE ( A )  and CEE ( B )  
mechanisms. Values of the kinetic parameters are the same as in Fig. 1 .  

The convoluted current functions I  !€J of the cathodic Dart of 
the voltamperometric curves are shown in Fig. 2. It is apparent 
that in the absence of the chemical step plateau I Y 1  = 2 is 
reached for an EE mechanism while for a CEE mechanism I T  is 
always smaller than 2. 

More systematic calculations of the influence of the rate 
constant of the chemical reaction [ l ]  on the shape of the cyclic 
voltammetric curves were carried out. Figure 3  presents the 
simulated voltamperometric curves for a reversible electron 
transfer reaction with -A = A 2  = lo6 and A, = 0.1 ,  0 .3 ,  1 .O, 
and lo6. When the chemical reaction rate decreases, the 
cathodic peak current also decreases and the latter is flattened. 
Semiintegration of the cathodic current (Fig. 4) gives the 
sigmoidal curves but the theoretical value of the limiting current 
is obtained only for A, = lo6 (which is equivalent to the EE 
mechanism). For the lower values of A,, at negative potentials, 
the convoluted current increases with potential and its-values are 
smaller than the theoretical values for the EE mechanism. These 
curves were further analysed to give the rate constants of the 
electrochemical process,-Af according to the relation (19) 

1131 A f  = Y / { I q l  - I q [ 1  + exp ( n F ( E  - E O ) / R T ) ] ]  

where Af  = k f / Z / n F ~ D o / R ~ .  k f  is the forward rate constant 
of the overall process and I q l  = 2 is limiting value of the 
convoluted current function in the absence of the chemical 
step [ I ] .  

Using that analysis to the curves presented in Fig. 4 the 
introduced values of 11, parameter were obtained at potentials 
more negative than the peak current. 

The influence of the irreversibility of the electron transfer 
processes is illustrated in Fig. 5 .  The voltammetric curves were 
simulated using hl = 0.08,  A 2  = lo6 ,  a l  = a 2  = 0.5. and 
different values of the kinetic parameter A, = 0.1,O. 3 ,  1 .O. and 
lo6. The corresponding convoluted current functions are shown 
in Fig. 6. The theoretical value of the limiting convoluted 
current I T 1  = 2 is obtained only for the fast chemical reaction 
(A, = l o6 ) .  The analysis using eq. 1131 was also performed 
and the results are presented in Fig. 7.  For the fast chemical 
reaction a linear dependence of In h f on potential was obtained. 
In the cases where the kinetics of the process was limited by the 
rate of the chemical step, constant (independent of the potential) 
value of Af  was obtained at negative potentials, equal to the 
values iritroduced in the simulations. 
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FIG. 3. Voltammetric curves simulated for CEE mechanism with 
fast electron exchange. The kinetic parameters are A ,  = = lo6, 
a ,  = a2 = 0.5. The numbers represent the values of the dimensionless 
rate constant of the chemical reaction 12,. 

FIG. 4.  Convoluted voltammograms of the curves in Fig. 3 

The nonlinear analysis of the dependence of the rate constant 
as a function of the potential according to eq. [ I  11 gives all 
values for the introduced kinetic parameters A and a .  

Chronoamperometn 
Chronoamperometry has been already applied in the litera- 

ture to the kinetics of the CE processes with a homogenous 
chemical reaction (9, 20). The results presented below are 
for EE and CEE mechanisms with a heterogenous chemical 
reaction to show the effect of the irreversibility of the electron 
transfer on the simulated curves. The kinetic parameter A 
was defined as '2 = k , m ,  A ,  = ( k , ,  /K,)%, and 
A2 = k s 2 G ,  where T is time at which the current is 

0 00 / 
-40 -20 0 

POTNORM - "F(E - E")/RT 

FIG. 5. Voltammetric curves simulated for CEE mechanism with 
slow electron exchange. The kinetic parameters are h,  = 0.08, 1 i 2  = 
lo6, a, = a 2  = 0.5. The number on each curve is the value of 12,. 

FIG. 6. Convoluted voltammograms of the curves shown in Fig. 5. 

At negative potentials where the kinetics of the overall 
process is limited by the rate of the chemical reaction the 
analytical solution of the problem is given by (20) 

[I41 i / i l  = +rr 1'2L exp (A:)  erfc ( A , )  

where i ,  is the diffusion-limited current in the absence of the 
preceding chemical step. The values of the current obtained 
from simulations are in a very good agreement with the values 
obtained from eq. [14] .  

The analysis of the chronoamperometric curves at various 
potentials for quasi-reversible and irreversible processes was 
performed by solving the equation: 

measured. 
Figure 8 shows the simulated chronoamperometric current- [I51 ( i / i l ) { l  + exp [ n F ( E  - E O ) / R T ) I }  

potential curves for a reversible electron transfer processes with = 7~ ' ' 'A exp ( A ' )  erfc ( A )  
the dimensionless kinetic parameter A, equal to 0.1 ,  0 .3 ,  1 .O. where is defined now as 
and lo6.  It is evident that the limiting value of current is quickly 
established and that it is constant, but its value depends on the = l i f [ l  + exp ( n F ( E  - E 0 ) / R T ) I  
rate of the preceding chemical reaction. For the slow electron 
transfer process (Fig. 9) the plateau is reached at more negative and A f  = k,%. The nonlinear approximation of the 
potentials. Its value does not depend on the reversibility of the determined rate constants using eq. [ l l ]  gave the introduced 
electrode process. kinetic parameters. 
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TABLE 1. Comparison of the EE and CEE mechanisms for cyclic voltammetry and chronoamperometry 

Parameter EE CEE 

exp ( a l + ) / k , ~  + Ilk, + exp ( a ~ + ) l k , ~ K ; '  + 
exp L(1 + az)+l lks ,  exp [ ( I  + .d+l/k,2 
k f +  kt -. kc 

Cyclic voltammetry 

i-E curves Difficult to distinguish 
Cathodic part flattened, anodic 
almost the same 

Convoluted curves Plateau Plateau not reached over large 
ITl = 2 potential range 
II = ~ F A D " ~ C *  IWl < 2 

Chsonoamperornetry 

Limiting current il,EE = ~ F A D ; ' ~ C * / V %  Limiting current smaller than for 
EE mechanism 
~ I . C E E  = ~ I , E E T  exp (A') erfc ( A )  

POTNORM = nF(E - E')/R? 

FIG. 7. The dependence of In hf vs. normalized potential obtained 
from the analysis of the convoluted curves shown in Fig. 6. 

FIG. 8. Chronoamperometric curves i jz, vs. normalized potential 
for CEE process with fast electron exchange. Kinetic parameters are 
the same as in Fig. 3. The number on each curve is the value of Ai,. 

FIG. 9. Chronoamperometric curves i/i l  vs. normalized potential 
for CEE process with slow electron exchange. Kinetic parameters are 
the same as in Fig. 5. The number on each curve is the value of 12,. 

Discussion 
The analysis of the voltammetric and chronoamperometric 

curves for the CE/CEE mechanism gives the possibility of 
determining the kinetic parameters of that process. 

The convolutive linear sweep voltammetry of the CEE 
process does not produce curves with a plateau. The convoluted 
current is continually increasing with the potential in a wide 
potential range even for the fast electron transfer process. 
However, detailed kinetic analysis gives the correct rate 
constants. 

On the other hand, the chronoamperometric curves of 
C'E/CEE mechanism show a well-established plateau of the 
limiting current whose value depends on the kinetics of the 
chemical reaction. 

Both techniques may be used in the diagnostics of the 
electrode processes involved and for the determination of the 
kinetic parameters. The comparison of the results obtained for 
the EE and CEE mechanisms and the diagnostic criteria are 
presented in Table 1. The rate constant of the process may 
be studied over a wide potential range also at the negative 
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potentials where the electroreduction process is fast and the 
kinetics of overall process is limited only by the rate of the 
chemical reaction [ I ] .  Voltammetric and chronoamperometric 
techniques have an advantage over a .c .  techniques because the 
presence of a preceding chemical reaction may be confirmed on 
the basis of the comparison of the calculated and experimentally 
determined limiting convoluted or chronoamperometric cur- 
rents, which is a direct evidence of the existence of that 
mechanism. On the other hand, using a .c .  impedance technique 
one has to apply a nonlinear approximation of the determined 
k t  values as a function of the electrode potential. The use of 
convolution voltammetry or  chronoamperometry is similar to 
the classical polarographic study of a slow desolvation of Ni2+ 
in aqueous solutions (see e . g ,  refs. 7 and 8). 

Methods described above will be used for the further study of 
the kinetics of the electrode process of Cd(I1) in DMSO (21). 
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Synthesis of the subterminally 6-0-phosphorylated trimannosides 
found on carbohydrate chains of lysosomal enzymes 
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OM. P. SRIVASTAVA and OLE HINDSGAUL. Can. J .  Chem. 64, 2324 (1986). 
The three possible subterminally 6-0-phosphorylated trimannosides (2-4) found on the asparagine-linked carbohydrate 

chains of lysosomal enzymes have been chemically synthesized as their 8-methoxycarbonyloctyl glycosides, R = 

(CH2)8COOCH3. The key step in the syntheses involves glycosylation of suitably protected a-D-mannopyranosides 5-7 
with the phosphorylated mannobiosyl donor 2-0-(2,3,4,6-tetra-0-acetyl-a-~-mannopyranosyl)-3,4-di-0-benzyl-6-0-di- 
phenylphosphoryl-a-D-mannopyranosyl chloride (141, which produced mixtures of a- and P-linked trisaccharidic pro- 
ducts. Compounds 2 ( a~Man( l -2 )a~Man  6-phosphate(1-2)a~ManOR), 3 (a~Man(1-2)a~Man 
6-phosphate(l+3)a~ManOR), and 4 (a~Man(1-2)a~Man 6-phosphate(l+6)a~ManOR) are being used in a study of the 
targeting of enzymes to the lysosomes by phosphomannosyl receptors. 

OM. P. SRIVASTAVA et OLE HINDSGAUL. Can. J .  Chem. 64, 2324 (1986). 
On a rCalisC la synthkse chimique, sous la forme de glycosides mCthoxycarbony1-8 octyles (R = (CH2j8COOCH3), des trois 

0-phosphoryl-6 trimannosides (2-4) possibles que l'on retrouve sur les chaines de carbohydrates liCes par l'asparagine dans les 
enzymes des lysosomes. L'Ctape clC dans la synthkse implique la glycosylation de a-D-mannopyranosides protCgCs d'une fa~on 
adCquate (5-7) avec le donneur mannobiosyle phosphorylk, le chlorure de 0-(titra-0-acityl-2,3,4,6 a-D-mannopyrannosy1)-2 
di-0-benzyl-3,4 0-diphCnylphosphory1-6 a-D-mannopyrannosyle (14), qui conduit i des mClanges des trisaccharides liCs par 
les positions a et p . On utilise les composCs 2 (aDMan(1-2)a~Man 6-phosphate(l+2)a~ManOR), 3 (a~Man(l+2)aDMan 
6-phosphate(l-+3)a~ManOR) et 4 (a~Man(l-2)aDMan 6-phosphate(l+6)a~ManOR) dans une Ctude sur la relation des 
enzymes avec les lysosomes par le biais des rCcepteurs phosphomannosyles. 

[Traduit par la revue] 

Introduction Results and discussion 
The asparagine-linked oligosaccharide chains of lysosomal 

enzymes cany a recognition marker required for the trans- 
location of these enzymes from their sites of biosynthesis in 
the rough endoplasmic reticulum and golgi apparatus to the 
lysosomes (1-3). D-Mannose 6-phosphate residues are known 
to be the essential component of this recognition marker and 
correct intracellular targeting is mediated by specific phospho- 
mannosyl receptors that bind with phosphorylated "high- 
mannose" oligosaccharides. The carbohydrate chains of lyso- 
soma1 enzymes have been shown (4-6) to be highly hetero- 
geneous in both size, degree, and type of phosphorylation. 
Structure 1 shows the mannose residues of the unprocessed 
high-mannose oligosaccharide chains where 6-0-phosphoryla- 
tion has been found to occur. Smaller structures in which 
nonphosphorylated outer mannose residues have been enzyma- 
tically cleaved have also been identified (4-6). 

To clarify the molecular features required for the specific 
recognition of these phosphorylated oligosaccharides by their 
receptors we are engaged in a synthetic effort to produce a panel 
of phosphorylated oligosaccharides, corresponding to partial 
structures of 1 ,  which are to be used in systematic binding 
studies with the purified (7) phosphomannosyl receptors. We 
have previously reported (8,9) the syntheses of six phosphoryl- 
ated di- and trimannosides corresponding to terminii of the 
composite structure 1 .  Were we report the preparation of the 
3 possible subterminally phosphorylated oligosaccharides 2, 
3, and 4. These structures were prepared as their 8-methoxy- 
carbonyloctyl glycosides (10) to allow the preparation of 
synthetic glycoconjugates (11) for use in a study (12) of the 
intracellular transport of lysosomal enzymes. 

'Author to whom correspondence may be addressed. 

Our strategy for the syntheses of 2-4 centered on the 
availability, from previous work (9), of the protected 8- 
methoxycarbonyloctyl a-D-mannopyranosides 5-7 having hy- 
droxyl groups at C-2, C-3, and C-6, respectively, that are 
free for glycosylation. The most direct route to the target 
structures 2-4 would then involve glycosylation of 5-7 with 
a suitable 2- 0 -  ( a-D-mannopyranosy1)-a-D-mannopyranosyl 
donor. Although such glycosyl donors have nonparticipating 
groups at 0-2,  stereoelectronic (anomeric) (13) effects should 
favor formation of the a-glycosidic linkage under appropriate 
conditions (14). Ogawa's group (15-17) has successfully 
used such mannobiosyl donors in the syntheses of both 
yeast cell-wall mannan structures and asparagine-linked oligo- 
saccharides and, although a ,  p mixtures of products may be 
obtained, the a-linked glycosides were generally the major 
products. Our synthetic route to 2-4 then required the prepara- 
tion of the phosphorylated mannobiosyl donor 14 and its 
coupling with the alcohols 5-7. 

Reaction of the glycosyl bromide 8 (8), readily prepared from 
1,2,6-tri-0-acetyl-3,4-di-O-benzyl-a-~-mannopyranose (1  8), 
with allyl alcohol under standard Helferich conditions (14) 
provided the a-linked glycoside 9 (75%), which was de-0- 
acetylated to produce 10. Selective phosphorylation of the 
primary hydroxyl group in 10, using diphenylphosphoryl 
chloride (19, 20) gave an a-D-mannopyranose derivative 11 
(78%) having the 2-OM group free for glycosylation by 2,3,4,6- 
tetra-0-acetyl-a-D-mannopyranosyl bromide. The a(l-2) 
linked disaccharide 12 was obtained in 7 1 % yield. 

Removal of the allyl protecting group in 12, using tristri- 
phenylphosphine rhodium(1) chloride followed by mercuric 
chloride in aqueous acetone (21), gave the reducing disacchar- 
ide derivative 13, which was isolated as an anomeric mixture 
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(13a: 13P = 4: 1) in 83% yield. Reaction of 13a,f3 with oxalyl 
chloride in the presence of N,N-dimethylformamide (22) then 
gave the D-mannobiosyl chlorides 14 (59%) and 15 (19%), 
which could be separated by chromatography on silica gel. The 
a-anomer (14) was stable for weeks on storage, as a solution in 
dichloromethane at -20°C, and was used in all subsequent 
glycosylation reactions. 

Glycosylation of 5 with 14, promoted by silver trifluoro- 
methanesulfonate and sym-collidine in 1,2-dichloroethane, 
gave a mixture (82%) of the trisaccharides 16 ( a )  and 17 (P),  in 
a ratio of 1.2:1, which were readily separable by silica gel 
chromatography. That all three glycosydic linkages in 16 had 
the a-configuration was supported by the observation, in its 
I3C nmr spectrum, of three resolved signals for the anomeric 
carbons (Table 1) with ' J ~ , ~  of 173, 173, and 170 Hz, 
respectively, in accordance with the empirical rules formulated 
by Bock and Pedersen (23) for the dependence of one-bond 
C-H coupling constants on the anomeric configuration of 
glycopyranosides. The newly formed glycosidic linkage in 17 
was assigned the P-configuration based also on its 13c nmr 
spectrum, which showed a signal for an anomeric carbon having 
' J ~ , ~  = 156 Hz. Other key spectroscopic data in support of the 
structural assignments of 16 and 17 are collected in Table 1. 

Reaction of 14 with 6 again gave a reasonable yield (73%) 
of trisaccharidic product, this time in the ratio 18(a) :  19(P) of 
2.3: 1. Anomers 18 and 19 comigrated in thin-layer chroma- 
tography and their separation required the use of high-pressure 
liquid chromatography. The assignment of the a-configuration 
to 18 was based on the characteristic ( ~ 1 7 0  Hz) l J C , H  coupling 
constants for all three anomeric carbons (Table 1). The signal 
for C-1' of the p-anomer 19 showed the characteristically 
smaller ('JC," = 155 Hz) one-bond coupling. Other nmr data 
in support of these structural assignments are also included in 
Table 1. 

Condensation of 14 and 7 also provided a trisaccharidic 
product (79%), but this time with the P-linked derivative (21) as 
the major component (20:21 = 1 : 3) as judged by the 'H nmr 
spectrum of the chromatographically homogeneous mixture. 
The loss of a-stereospecificity in the glycosyladon of more 
reactive alcohols has also been observed by Ogawa and Nukuda 
(17) in comparable reactions with primary alcohols and was 
therefore not unexpected. The low yield of 20(a )  was never- 
theless disappointing, particularly since extensive attempts at 
separating 20 and 21 chromatographically failed. The mixture 
of 20 and 21 was therefore hydrogenated over palladium on 
carbon at atmospheric pressure, which cleaved the benzyl ether 
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8: R' = Br, R2 = R3 = Ac 12: R' = 0CH2CH=CH2, R2 = H 
9: R' = 0CH2CH=CH2, R2 = R3 = AC 13a: R' = OH, R2 = H 

10: R' = 0CH2CH=CH2, R2 = R3 = H 138: R' = H, R2 = OH 
11: R' = 0CH2CH=CH2, R2 = H, R~ = P(OPh)20 14: R' = C1, R2 = H 

15: R' = H, R2 = C1 

OAc OAc 

OAc 

OAc 

OBn 

B Bn 

OR OR 

OAc 
I OAc 

OAc 

OAc 

0 OAc 

OAc 
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groups with only modest (<20%) loss of the phenyl protecting 
groups. Acetylation of the resulting material gave a mixture of 
22a (15% from 7)  and 23P (45% from 7 ) ,  which was now 
readily separated by silica gel chromatography. The anomeric 
configurations of the glycosidic linkages in 22 and 23 were 
evident from the nmr data presented in Table 1. Although the 
overall yield of the required a-linked protected trisaccharide 22 
obtained by this route was low, sufficient material was obtained 
to proceed to the final product (4), and other reaction conditions 
were consequently not explored. 

The deprotection of 16, 18, and 22 proceeded without 
complications. Removal of the tert-butyldimethylsilyl group 
from 16 using aqueous acetic acid gave 24 in 85% yield. 
Hydrogenolysis of the benzyl ethers in 24 over palladium on 
charcoal followed by deprotection of the phosphate groups 
using hydrogenolysis over Adams' catalyst (PtO*) and, finally, 
removal of the acetates by transesterification with methanol 
gave 2 (78% from 24), which was isolated as its disodium 
salt after chromatography on Bio-Gel P-2 and ion exchange. 
Similar deprotection of 18 gave trisaccharide 3 in 81% yield. 
Deprotection of 22 involved only hydrogenation over Adams' 
catalyst followed by transesterification to produce 4 (8 1 %). Key 
nrnr data for compounds 2-4 are presented in Table 1 .  

Experimental 
All solvents and reagents used were reagent grade and, in cases 

where further purification was required, standard procedures (24) were 
followed. All solid reactants for glycosylation were dried overnight 
over phosphorus pentoxide in a high vacuum prior to use. Solution 
transfers where anhydrous conditions were required were done under 
nitrogen using standard syringe techniques. Molecular sieves were 
purchased from BDH Chemicals. 

Thin-layer chromatograms (tlc) were performed on precoated silica 
gel 60-F254 plates (E. Merck, Darmstadt) and visualized by quenching 
of fluorescence and (or) by charring after spraying with 5% sulfuric 
acid in ethanol. Unless otherwise stated. chromatography was per- 
formed on silica gel 60 (40-63 y m ,  E. Merck No. 9385). latrobeads 
refer to a beaded silica gel manufactured by Iatron Laboratories, 
Tokyo (product No. 6RS-8060). The Partisil column was from Waters 
Associates. Solvents were removed on a rotary evaporator under the 
vacuum of a water aspirator with bath temperatures of 40°C or lower. 
For gel filtration. Bio-Gel P-2 (200-400 mesh) (Bio-Rad Laboratories, 
Richmond. California) was used. 

Proton nuclear magnetic resonance ( ' H  nrnr) spectra were recorded 
at either 400 MHz (Bruker WH-400) or 360 MHz (Bruker WM-360) 
with either tetramethylsilane (6  = 0 in CDCI3) or acetone ( 6  = 2.225 
in D20)  as internal standard at ambient temperature. Carbon- 13 
nuclear magnetic resonance (13c nmr) spectra were recorded at either 
100.62 MHz (Bruker WH-400) or 90.56 MHz (Bruker WM-360) with 
either internal tetramethylsilane (6  = 0 in CDCI3) or external 
1,4-dioxane (6  = 67.4 in DzO) as reference standard. Phosphorus-31 
nuclear magnetic resonance ("P nmr) spectra were recorded at 
145 MHz (Bruker WM-360) with external 85% HH3PO4 as reference 
standard (6  = 0) in both CDC13 and DZO. Only partial nmr data are 
reported. Other spectral features were in accord with the proposed 
structures. The ' H  coupling constants are reported as though they were 
first order. Assignments of "C resonances are tentative. Additional 
nmr data for compounds 2-4, 16-19. 22. and 23 appear in Table 1. 
Optical rotations were determined on a Perkin-Elmer 241 polarimeter 
in a 1-dm cell at ambient temperature (23 i 1°C). 

All?l2,6-di-O -aceyl-3,4-di-0 -benzyl- a-D-rnnnnopyrunoside 19) 
To a solution of ally1 alcohol (1.22 g ,  18 mmol) in dry acetonitrile 

15 rnL) containing 4 A  molecular sieves were added, sequentially. 
mercuric bromide (7.78 g. 21.6 mmol) and mercuric cyanide (5.45 g. 
21.6 mmol). followed by a solution of 2.6-di-O-acetyl-3.4-di-O- 
benzyl-a-D-mannopqranosyl bromide (8, 21.6 mmol) in acetonitrile 
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(5 mL). The reaction mixture was stirred for 15 h at room temperature, 
diluted with dichloromethane (25 mL), filtered, and evaporated to 
dryness. The residue was extracted 3 times with dichloromethane and 
the extracts were combined and washed wlth saturated KC1 ( x  3),  
saturated NaHC0, (X3) ,  and twice with water, and the solvent 
was removed by evaporation. Chromatography using hexane - ethyl 
acetate, (3: 1) as eluent provided the title compound as a syrup (6.5 g ,  
75%); [ a ] ,  +30.9" (c 0.69, chloroform); Rf  0.22 (hexane - ethyl 
acetate, 3 : l ) ;  'H  nmr (CDCI,) 6 :  5.700 (m, IH, CH=CHp), 2.110 
and 1.995 (each s,  3H, COCH3); I3c nmr 6: 170.67 and 170.22 
(COCH,), 138.03 and 137.79 (quat. arom.), 133.25 (CH=CH2), 
117.95 (CH=CH2), 96.89 (C-1, ' J ~ , ~  = 171 HZ), 63.40 (C-6), 
21.00 and 20.80 (COCH,). Anal. calcd. for Cz7Hi2O8: C 66.93, 
H 6.66; found: C 66.85, H 6.83. 

Ally1 3,4-di-0-benzyl- a-D-mannopyranoside (10) 
Compound 9 (6.2 g, 12.8 rnmol) was dissolved in dry methanol 

(50 mL) containing sodium methoxide and left for 15 h at room 
temperature. After neutralization with IRC-50 (H) and filtration, the 
solvent was removed and the residue was purified by chromatography 
using hexane - ethyl acetate ( I :  1) as eluent, to provide the tltle 
compound as a syrup (4.5 g, 88%); [ a ] ,  +56" ( c  0.45, chloroform); 
Rf 0.17 (hexane - ethyl acetate, 1: I ) ;  'H  nmr (CDCI?) 6: 5.873 
(m, IH, CH=CH2). 4.928 (d, IH, J1,2 = 1.5 Hz, H-1), 2.554 (d. 111, 
J O H , p Z  1 . 8 H ~ , O H ~ ) , 2 . 0 1 0 ( d d ,  IH,  J O H , h a = 5 . 5 , J o H 6 b = 7 . 5 H ~ ,  
OH6); l3c nmr (CDCI3) 6:  138.34 and 137.94 (quat. arom.), 133.57 
(CH=CH2), 117.35 (CH=CH2), 98.45 (C-1)- 61.59 (C-6) Anal. 
calcd. for C23H2806: C 68.98, H 7.05: found: C 68.68, H 6.98. 

AIlyl3,4-di-0-benzyl-6-0-diphenylphosphor?;e 
(11) 

Diphenylphosphoryl chloride (2.40 mL, 11.5 mmol) was added to a 
solution of 10 (4.2 g, 10.5 mmol) in pyridine (20 mL) at 0°C and the 
reaction mixture allowed to warm to room temperature over 0 .5  h. 
After 15 h, water (20 mL) was added and, after an additional 0 .5  h, 
the reaction was taken to dryness. The residual syrup was dissolved 
in dichloromethane (150 mL) and washed sequentially with water, 
5% HCI, water, saturated NaHCO,, and, finally, water before 
concentration to a syrup that was purified by chromatography using 
hexane - ethyl acetate (2: I) .  Pure 11 was obtained as a syrup (5.2 g ,  
78.4%); [a] ,  +41.8" (c  0.79, chloroform); R f  0.20 (hexane - ethyl 
acetate, 2 :  1); ' H  nmr (CDCl,) 6 :  5.828 (m, IH, CH=CH2), 4.883 
(d, IH, J 1 , 2  = 1.5 HZ, H-1). 2.55 (br, OHz); "C nmr (CDC13) 6:  
137.98 and 137.80 (quat. arom.), 133.47 (CH=CH2), 117.56 
(CH=CH2), 98.41 (C-1), 70.27 (C-5, 3 ~ C , p  = 7 HZ), 68.06 (C-6, 
2 ~ C , p  = 6 HZ); 31P nmr (CDC13) 6 :  -11.77. Anal. calcd. for 
C35H3709P: C 66.45, H 5.90; found: C 66.47, H 5.98. 

Al1~1 2 -0-(2,3,4,6-tetra-0-acetyl-  a -  D-mannopyranosJl)-3,4-di-0- 
benzyl-6-0 -diphenylphosphoql- a-D-mclnnopyranoside (12) 

A mixture of 11 (1.2 g ,  1 .YO mmol) and silver trifluoromethane- 
sulfonate (2.9 g ,  11.4 mmol) was dried in vacuo over phosphorous 
pentoxide for 5 h at 20°C and dissolved in 1,2-dichloroethane (5 mL) 
under argon. To this stirring mixture was added N. N,N ', N '-tetra- 
methylurea (680 p L ,  5.7 mmol) and 2,3,4,6-tetra-0-acetyl-a-D- 
mannopyranosyl bromide (25) (3.8 mmol) in 5 rnL of 1,2-dichloro- 
ethane. After both 5 h and 20 h,  further additions of N,N,N1.N'- 
tetramethylurea (680 pL.  5.7 nlmol) and the same glycosyl bromide 
(3.8 mmol) were made. The reaction was then stirred for an additional 
36 h and diluted with 1,2-dichloroethane (50 mL). Sjm-collidine 
(1.5 mL, 11.4 mmol) followed by silver trifluoromethanesulfonate 
(975 mg. 3.8 mmol) were then added to destroy any unreacted glycosyl 
bromide and, after 0.5 h, excess silver was precipitated by addition 
of tetraethylammonium bromide (800 mg). Solids were removed by 
filtration and washed twice with saturated aqueous NaHCO, (150 mL) 
and twice with water (150 mL) before evaporation to a syrup. 
Purification by chromatography (hexane - ethyl acetate 1 : 1) provided 
the title compound (1.3 g, 71%) as a syrup; [ a ] ,  +40.5" ( c  0.60. 
chloroform); Rf  0.31 (hexane- ethyl acetate, 1 : 1); ' H  nmr (CDC13) 6 :  
5.808 (m, lH,  CH=CH2). 4.978 (d, IH, d l ,  = 1.5 Hz. H-1'). 4.878 

(d, lH,  Jl,z = 1.2 Hz, H-1), 2.097, 2.069, 1.992, and 1.983 
(each s, 3H, COCH3); I3c nmr (CDCI,) 6: 170.54, 169.79. 169.70. 
and 169.61 (COCH?), 138.01 and 137.88 (quat. arom ), 133.32 
(CH=CH2), 117.60 (CH=CH2), 99.37 (C-1', ' J c H  = 173 Hz). 
97.61 (C-I, 'JC," = 171 HZ), 71.00 (C-5. 3 ~ C , p  = 8 HZ), 68.06 
(C-6, 2 ~ ~ , p  = 8 HZ), 62.50 (C-6'). 20.85, 20.71, and 20.65 (2 x C) 
(COCH3); 31P nrnr (CDCI3) 6: - 11.58. Anal. calcd. for C49H55018P: 
C61.12, H5 .76 ;  found. C 60.89, H 5.91. 

2-0-(2,3,4,6-Tetra-0-acet?;l-a-u-manrtopyranosyl)-3,4-di-O-benzyl- 
6-0-diphenylphosphoryl-4-D-mannopyrnose (13 a and 13P)  

A solution of 12 (1.25 g. 1.30 rnmol), tristriphenylphosphinerhodium(1) 
chloride (84.1 mg, 0.09 mmol), and 1,8-diazabicyclo[2.2.2]octane 
(36.4 mg. 0.33 mmol) in ethanol-benzene-water (7 : 3 : 1 : 50 rnL) was 
heated at reflux for 36 h. The solvent was removed and the residue 
dissolved in acetone (50 mL) containing a trace amount of mercuric 
oxide. To this solution was added a solution of mercuric chloride 
(1.98 g) in acetone-water (9: I; 30 mL), and the mixture was stirred at 
room temperature for 2 h. Following evaporation of the solvent, the 
residue was taken up in dichloromethane (150 mL) and washed with 
30% aqueous KBr followed by water. Drying (Na2SO4) and evapora- 
tion left an oily residue that was purified by chromatography using 
hexane - ethyl acetate (2:3) as eluent. The title compound was 
obtainedasa syrup (998 mg; 83%); RfO. 11 (hexane-ethyl acetate 1 : I); 
'H nmr (CDC13) 6 :  5.140 (br, 0.8 H, H - l a ) ,  4.985 (d, 0 .8  H, 
J1,,2, = 1.5 Hz, H- I 'P ) ,  3.190 (br. 0.2 H, OHP),  2.875 (d, 0.8H, 
OHa) ,  2.102, 2.077, 1.999, and 1.986 (COCH3a), 2.126, 2.085, 
2.018 (COCH3P). Anal. calcd. for C46H51018P: C 59.87, H 5.57: 
found: C 59.66, H 5.66. 

2-0-(2,3,4,6-Tetra-O-acet?;I-a-~-mannopyra~1osyl)-3,4-di-O-benzyl- 
6-0-diphenylphosphoq~l-a-D-mannop~raosl chloride (14) and 
2-0-(2,3,4,6-tetra-O-acet?;l-a-~-ma1tnopyuanos?[i-3,4-di-O- 
benql-6-0-diphertylphosphonl- -1 chloride 
(15) 

A solution of oxalyl chloride (910 p L ,  10.4 mmol) in dichloro- 
methane (2 mL) was added to a stirring solution of 13a and 13P 
(3.5 g, 3.79 mmol) and N,N-dimethylformamid (47 p L ,  0.61 mmol) 
in dichloromethane (4 mL). The mixture was stirred for 1 h at room 
temperature and was poured into ice water. The organic layer was 
washed with cold water (3 x 25 mL), dried (Na2SO4), and concen- 
trated to a syrup, which was purified by chromatography using hexane 
- ethyl acetate (3 :2) as eluent. The title compounds 14 (2.10 g,  59%; 
Rf0 .13  in hexane-ethyl acetate, 3.2) and 15 (680mg, 19%: Rf0 .27  
in hexane - ethyl acetate, 3:2) were obtained as clear syrups. 

Compound 14: I H  nrnr (CDCl?) 6: 6.170 (d, 1H. J1,2 = 1.8 HZ, 
H-I), 5.457 (dd, lH ,  J1',2' = 1.8 HZ, J2,,3' = 3.2 HZ. H-2'), 5.360 
(dd, IH, J1'.4' = 9.5 HZ, H-3'). 5.227 (dd, l H ,  J4,,5, = 10 HZ, H-4') ,  
4.843 (d, lH ,  H-1'), 3.950 (dd, IH. J 2 , 3  = 3.0 HZ. H-2), 2.137. 
2.093, 1.997, and 1.967 (each s,  3H, COCH3). 

Compound 15: ' H nmr (CDC13) 6:  5.563 (dd, IH, Jl,,z, = 1.8 Hz, 
J2'.y = 3.0 HZ, H-2'), 5.407 (dd. IH, J1',4' = 10.0 HZ, H-3'1, 5.323 
(2H,dd, J4 , , 5 ,=  lO.OHz,H-4'ands,H-I),5.130(d, 1H.H-11).4.128 
(d, lH,  J 2 , 3  = 2.3 Hz, H-2), 3.822 (dd, IH, J 3 . 4  = J4,j = 9.5 HZ, 
H-4), 3.610 (2H, H-5 and H-3), 2.087 (s, 6H, 2 X COCH,), 2.027 
and 1.983 (each s, 3H, COCH?). 

8-Metho,~carbonyloctyl 2 - 0 - [ 2 - 0 - ( 2 , 3 , 4 , 6 - t e t r a - 0 - a c e t ~ l - a - D -  
rnannopymnosy1)-3,4 -d i -0 -  benzyl-6-0-diphe~~ylphosphoryl-  a -  
~mann~p~rano~yl]-3,4-di-O-benr?;l-6-O-te~-b~ty~dlmethJ~~i~Jl- 
a-D-mannopyranoside (16) and 8-metho.xycarbonyIoc~1 2 - 0 - 
[2-0-(2,3 ,4 ,6-  tetra-0-acetyl- a-D-mannopyranosy1)-3,4-di-0- 
b e n z y l - 6 - 0 - d i p h e n y I p h o s p h o q 1 - ~ - m ~  -3,  I - d i -  
O - b e n z y l - 6 - O - t e r t - b u t y l d i m e t h y l s i l y l - ~ r a 1 1 o s i d e  ( 1  7) 

A solution of 14 (298 mg, 0.32 mmol) was added dropwise. over 
0.5 h, to amixture of 5 (120 mg. 0.19 mmol), .xym-collidine (36.9 p L ,  
0.28 mmol), s i lve~ trifluoromethanesulfonate (81.3 mg, 0.32 mmol), 
and pulverized 4A molecular sieves (1.2 g) stirring in 1,2-dichloro- 
ethane (1 mL) at room temperature. After 15 h, 1,2-dichloroethane 
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SRIVASTAVA AND HINDSGAUL 2329 

(20 mL) was added and the sieves were removed by filtration and 20.02 (COCH,). Anal. calcd. for C76H89025P: C 63.68, H 6.26; 
washed with more 1 -2-dichloroethane (20 mL). Sym-collidine (37 bL) found: C 63.38, H 6.29. 
followed by silver trifluoromethanesulfonate (81 k g )  were then added 
to the filtrate to destroy any unreacted 14 and, after 0 .5  h, tetraethyl- 
ammonium bromide (67 mg) was added to precipitate excess silver. 
Solids were removed by filtration and the resulting solution was washed 
twice with saturated NaHCO, and twice with water and taken to 
dryness. The residual syrup was purified by chromatography on 
Iatrobeads using hexane - ethyl acetate (3 :2) as eluent. Evaporation of 
the later fractions provided the a-anomer 16 (131 mg, 45%) as a 
syrup (Rf 0.30 in hexane - ethyl acetate, 3:2); [ a ] ,  +28" ( c  0.25, 
chloroform); 'H  nmr(CDC1,) 8: 5.388 (dd, lH,  J3,,,5" = 9.5 Hz, H-3"), 
5.279 (dd, 1H. Jq .5 , .  = 10 HZ, H-4"), 3.650 (s, 3H, OCHI). 3.257 
(dt, IH, OCHHCH,), 2.275 ( t ,  2H, CH2COO), 2.104, 2.016, 1.985, 
and 1.967 (each s, 3H, COCH,), 0.884 (s, 9H, C(CH3),). 0.064 and 
0.053 (each s, 3H, SiCH,): "C nrnr (CDCI;) 6:  174.25 (COOCH,), 
170.50, 169.76, 169.69, and 169.63 (COCH,), 138.61, 138.37, 
138.19, and 138.07 (benzyl. quat. arom.), 62.44 and 62.13 (C-6 and 
C-6"), 51.42 (OCH,), 34.09 (CH,COO), 26.01 (C(CH,),), 20.49, 
20.70 (2 X C) and 20.64 (COCH,), 18.33 (C(CH3),), -4.84 and 
-5.36 (SiCH,). Anal. calcd. for C8,H,osOzsPSi: C 63.55, H 6.83: 
found: C 63.41, H 7.05. 

The earlier fractions (Rf 0.41 in hexane - ethyl acetate, 3:2) 
contained the p-anomer 17 (107 mg, 37%); [ a ] ,  +7.0° (c  0.18, 
chloroform); 'H nmr (CDCI?) 6: 5.446 (dd, IH, = 10.0 HZ, 
H-3"), 5.376 (dd, IH, J3",5s, = 10.0 HZ. H - 4 ) ,  3.647 (s, 0CH3). 3.322 
(dt, IH, OCHHCH,), 2.264 (t, 2H, CH2COO), 2.107, 2.076, 1.97 1 ,  
and 1.643 (each s,  3H, COCH,), 0.894 (s, 9H, C(CH3)3), 0.542 
(s. 6H, SiCH,); I3cnmr (CDC13) 6: 174.24 (COOCH3), 170.70, 
169.90, 169.66, and 169.58 (COCH,), 138.73, 138.66, 137.60, and 
137.37 (benzyl quat. arom.), 62.93 and 62.36 (C-6 and C-6"), 51.40 
(OCH3), 34.06 (CH2COO), 25.94 (C(CH,),), 20.95, 20.76, 20.69, 
and 20.38 (COCH,), 18.33 (C(CH,),), -5.14 and -5.26 (SiCH,). 
Anal. calcd. for C82H105025PSi: C 63.55. H 6.83; found: C 63.67, 
H 6.80. 

8-Methox);carbonyloctyl 3-0-[2-0-(2,3,4,6-term-0-ace~l-a-D- 
mannopyranosy1)-3,4-di-0 -benql-6- 0-diphenylphosphni+ a-  
D-mannopgranosyl] -2 -0-benzyl-4,6-O - benzylidene- a -  D-man- 
nopyranoside ( 1 8 )  and 8-methoxycarbonylochl3 - 0 - [ 2 - 0 -  
(2,3,4,6-tetra-0-ace@- a-D-mannopyranosy1)-3,4-di-0-henry[- 
6-0-diphenylphosphonl-P-D-mannop~ranosyl]-2 - 0 -  benzyl- 
4,6-O-benzylidene-a-~-marz1zopyrarzoside (19) 

Reaction of 6 (112 mg, 0.21 mmol) with 14 (339 mg, 0.36 mmol) 
in the presence of silver trifluoromethanesulfonate and sym-collidine. 
exactly as described for the preparation of 16, gave a chromato- 
graphically homogeneous (Rf 0.23 in hexane - ethyl acetate, 3:2) 
mixture of 18 and 19, which could be resolved on a Partisil column 
using hexane - ethyl acetate 4:  1 as eluent. The earlier fractions 
provided the a-anomer 18 (154 mg, 51%) as a syrup, [ a ] ,  +34.4" 
( ~ 0 . 3 8 ,  chloroform): ' ~ n m r  (CDCl,) 6 :  5.575 (s, lH ,  C6H5CHOO), 
5.356 (dd, lH,  J3-.4,, = 10.0 HZ), 5.228 (dd, IH, JS..,5,, = 10.0 HZ, 
H-4"), 3.650 (s, 3H, OCH,), 3.325 (dt. lH ,  0CHHCH2),  2.272 
(t, lH ,  CH,COO), 2.086, 2.025, 1.969, and 1.944 (each s,  3H, 
COCH;); I3Cnmr (CDCI3) 6 :  174.23 (COOCH,), 170.45. 169.76, 
169.69, and 169.57 (COCH?), 138.18, 138.01. 137.78. and 137.46 
(3 benzyl and benzylidene quat. arom.), 101.63 (C6HsCHOO), 61.95 
(C-6) ,  51.41 (OCH,), 34.07 (CH,COO), 20.88, 20.77. 20.67, and 
20.59 (COCH,). Allal. calcd. for C7hH89025P: C 63.68, H 6.26: 
found: C 63.63, H 6.39. 

The later fractions provided the p-anomer 19 (66.3 mg. 22%) as a 
syrup, [a],O" (c0.89.  chloroform): IH nmr (CDCI,) 6 :  5.560 (s. lH ,  
C6HsCHOO). 5.330 (dd, l H ,  J3.,,q = 10.0 HZ, H-3"), 5.291 (dd, IH,  
J,.5,, = 10.0 HZ, H-3'9, 3.650 (s,  OCH?), 3.308 (dd, J, ,?' = 9.5 Hz, 
H-3'). 2.270 (t, 2H, CH,COO), 2.083, 2.077, and 1.903 (each s, 3H. 
COCH,); I3C nnu (CDCI,) 6 :  174.20 (COOCH,), 169.76 (2 x C), 
169.63 and 169.36 (COCH,). 137.73 (2 X C). 137.70 and 137.55 
(3 benzyl and benzylidene quat. arom.), 100.88 (C6H5CHOO). 62.01 
( C - 6 ) ,  51.41 (OCH,), 34.07 (CH2COO), 20.90, 20.82, 20.57, and 

8-Metho.~carbonyloctyl6-0-[2-0-(2,3,4,6-tetra-O-acetyl-cu-o- 
mannopyranosg1)-3,4 -di-0-benzyl-6-0-diphenylphosphoryl- a-  
~-mannopyrano~yl]-2,3,4 -tri-0-benzyl- a-D-mannopyranoside 
( 2 0 )  and 8-rnetlzoxycarbon~lochl 6-0- [2-0-(2,3,4,6- tetm-0-  
acetyl- a -  ~-m~lZn0pyr~n0~~~)-3,4-di-O- benzjl-6-0-diphe~zyl- 
phosphovl-P-D-mannopyranosyl]-2, 3 , 4  - tri-0-benzyl- a - D -  
mannopyranoside ( 2 1 )  

Reaction of 7 (215 mg. 0.35 mmol) with 14 (554 mg, 0.59 mmol) 
in the presence of silver trifluoromethanesulfonate and sym-collidine, 
exactly as described for the preparation of 16, gave a chromatographi- 
cally homogeneous (Rf = 0.23 in hexane - ethyl acetate, 2 :  1) mixture 
of 20 and 21 (418 mg, 79%) as a clear syrup, which could not be 
chromatographically resolved on either Iatrobeads or Partisil. The 
'H nmr spectrum of the mixture showed the ratio of 20:21 to be 1 .3  
based on the relative intensities of the following signals: 

The minor isomer (20): ' H  nmr (CDC13) 8: 5.466 (dd, l H ,  J1,,,2" = 
1.6 HZ, J2".3,, = 3.2 HZ, H-2'0, 5.406 (dd, lH ,  J3,,,4,, = 10.0 HZ, H-3"). 
5.304 (dd, lH ,  = 1.8 HZ, H-1'). 4.945 (d, lH,  H-I"),  4.797 
(d, lH,  J1,, = 1.8 HZ, H-l),  3.649 (s, 0CH3),  2.095, 2.053, 1.976, 
and 1.951 (each s,  3H, COCH3). 

The major isomer (21): 'H  nmr (CDCI,) 6:  5.531 (dd, lH ,  J1.,,2" = 

1.7 HZ, JY3" = 3.2Hz, H-Y), 5.389 (dd, lH,  J1,,.4" = 1 0 . 0 H ~ ,  H-3"). 
5.312 (dd, IH, JJ.',5,, = 10.0 HZ, H-4"), 5.033 (d, lH,  Jl,,z, = 1.6 HZ, 
H-1'), 4.769 (d, lH,  H-1"), 3.653 (s, OCH,), 3.424 (dd, lH,  J2,,3 = 

2.5 Hz, J ,S,~,  = 9.0 HZ, H-3'), 3.351 (m, lH ,  H-5') ,  2.095, 2.010, 
1.946, and 1.939 (each s, 3H, COCH3). 

8-Methoxycarbonyloctyl 2,3,4-tri-O-acetyl-6-0-[3,4-di-0-nce~l-2- 
0-(2,3,4,6-tetra-0-acetyl- a -  D-mannopyranosy1)-6-0-diphenyl- 
phosphor$- a- D-mannopyranosfi - a-D-mannopyranoside ( 2 2 )  
and 8-methoxycarbonyloctyl2,3,4 -tri-0-acehl-6-0-[3,4 -di- 0 -  
ace@/-2-0-(2,3,4,6-tetra-0-acetyl- a-D-mannopyranosjl)-6-0- 
d i p h e n y l p h o s p h o r 3 ; l - m - m a n n o p j r a n o s ~ l o -  
side (23)  

The mixture of 20 and 21 described above (240 mg, 0.16 mmol) was 
dissolved in 95% ethanol (4 mL) containing 5% palladium on carbon 
(120 mg) and stirred under a hydrogen atmosphere (1 atm; 1 atm = 
101.3 kPa) for 2 days by which time tlc indicated the presence of a 
major product (-80%, Rf  0.24 in chloroforn-methanol, 9: 1) and a 
more polar product (-2056, Rf  0, presumably the monophenyl 
phosphate). The catalyst was removed by filtration, washed with 95% 
ethanol (20 mL), and taken to dryness. The residue (122 mg) was then 
treated with acetic anhydride - pyridine (1 : 1, 4 mL) for 18 h at room 
temperature. Excess acetic anhydride was destroyed by addition of cold 
water, the mixture was partitioned between dichloromethane (20 mL) 
and water, and the organic layer was washed sequentially with 1 N 
HC1, saturated NaHCO, , and water, then taken to dryness. The residue 
was purified by chromatography on Iatrobeads using hexane - ethyl 
acetate (1:2). The early fractions (R* 0.27 in hexane - ethyl acetate, 
1:2) provided the a-anomer 22 (38.3 mg, 19%) as a syrup, [a], 
+44.2" ( c  0.53, chloroform); ' H  nlm (CDCI,) 6 :  3.664 (s, OCH,), 
2.306 (t, 2H, CH,COO), 2.146. 2.112, 2.074, 2.068, 2.025, 2.021, 
2.007, 2.003, and 1.992 (each s, 3H, COCH?); l3C nmr (CDCI,) 6:  
174.25 (COOCH,). 66.56 (C-6), 62.39 (C-6"), 51.42 (OCH,), 34.07 
(CH2COO). Anal. calcd. for C58H77030P: C 54.20. H 6.04; found: 
C 54.25, H 6.07. 

The later fractions (Rf 0.21 in hexane - ethyl acetate. 1 :2) yielded 
the p-anomer 23 (1 15 mg. 57%), [ a ] ,  + 16.4" (c  0.28, chloroform): 
'H nmr (CDCI,) 6 :  5.413 (dd, lH,  J3',,4', = 10.0 Hz, H-3"), 5.370 
(dd, 1H. J4',,5" = 10.0 HZ, H-4'0, 5.331 (dd, l H ,  J3 .4  = 9.5 HZ, H-3), 
5.173 (dd, lH,  J4.s = 10 HZ, H-4'), 5.122 (dd, lH,  J3 , ,4 ,  = J4,,j3 = 

10 Hz, H-4'), 5.025 (dd, IH, H-3'), 3.661 (s ,  OCH,), 3.408 (dt, lH,  
OCHHCH,), 2.300 (t. 2H, J = 7.5 HZ. CH2COO), 2.148, 2.121, 
2.094, 2.080, 2.022, 2.009, 2.004, 1.998, and 1.978 (each s,  3H, 
COCH,); I3C nmr (CDCI,) 6 :  174.25 (COOCH?), 68.83 (C-6), 
67.89, 62.06 (C-6"), 51.40 (OCH,), 34.09 (CH2COO). Anal. calcd. 
for C58H77030P: C 54.20, H 6.04; found: C 54.34, H 6.06. 
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8-Methoxycarbonyloctyl2-0-12-0-(2,3,4,6 tetra- 0-acetyl-a-D-mm- 
nopyranosyl)-3,4-di-O-benzyl-6-O-diphenylphospho~l-a-~- 
rnannopyranosy1)-3,4-di-0-benzyl- a-D-mannopyranoside (24)  

Compound 16 (83 mg, 0.53 mmol) was dissolved in dichloro- 
methane (1.5 mL) and 80% aqueous acetic acid (15 mL) was added. 
After 24 h, solvent was evaporated and chromatography of the residue 
using hexane - ethyl acetate (3: 2) as eluent provided the title compound 
(Rf 0.38 in hexane - ethyl acetate, 1 :  1) as a syrup (65 mg, 85%): 
[ a ] ,  37' (c 0.18, chloroform); 'H nmr (CDCI,) 6:  5.448 (dd, l H ,  
Ji,,.L.' = 1.5 HZ, J2w,3', = 3.0 HZ, H-2"), 5.403 (dd, 1 H, J3".4" = 10.0 HZ, 
H-3"), 5.295 (dd, 1H. J4",5,, = 10.0 HZ, H-4"), 5.185 (d, lH,  J i , , 2 ,  = 
1.6 Hz, H- I f ) ,  4.893 (d, lH,  H-1"), 4.828 (H-I), 3.655 (s, 0CH3),  
2.278 (t, 2H, J = 7.5 Hz, CH2COO), 2.140 (4H, COCH, and br OH), 
2.023, 2.005, and 1.980 (each s, 3H, COCH,); "C nmr (CDCI,) 6 :  
174.21 (COOCH,), 170.47, 169.73 (2 X C), 169.66 (COCH,), 
100.17,99.19, and98.72 (C-1, C-l ' ,  andC-l"),  71.51 (C-5', 3 ~ C , p  = 
8 Hz), 68.24 (C-6'. 2 ~ C . p  = 6 HZ), 62.22 and 62.12 (C-6 and C-6"), 
51.39 (OCH,), 34.06 (CH,COO), 20.89, 20.68 (2 X C), and 20.62 
(COCH,); ,'P nmr (CDCl,) 6: - 11.42. Anal. calcd. for C76H91025P: 
C 63.59, H 6.39: found: C 63.82, H 6.45. 

8-Metho,~carbonyloctyl2-0-[2-O-(a-~-mannopyranosgl)-a-~-man- 
nopyranosyl6-disodiumphosphateJ- a-D-mannopgranoside (2 ) 

Compound 24 (38.5 mg, 0.27 mmol) was dissolved in 95% ethanol 
(3 mL) containing 5% palladium on carbon (40 mg) and stirred under 
one atmosphere of hydrogen for 36 h. The catalyst was removed by 
filtration and washed with 9570 cthanol (20 rnL) and the filtrate was 
evaporated and redissolved in 95% ethanol (3 mL). Hydrogenation 
(1 atm) over Adams' catalyst (Pro2, 5 mg) for 3 h provided a product 
with Rf  0.25 in chloroform-methanol-water (60: 35 : 6), which was 
devoid of ultraviolet absorption in tlc. Removal of the catalyst by 
filtration, followed by evaporation and drying for 15 hover phosphorus 
pentoxide, left a glass that was dissolved in dry methanolcontaining 
sodium methoxide and kept at 0°C until all the material was converted 
to a single new product with Rf  0.37 in isopropanol-water (4: l ) .  
After neutralization with IRC-50 (H*), removal of the resin, and 
evaporation, the residuc was passed through a column of Bio-gel P-2 
(200-400 mesh) (50 X 2.5 cm) using 10% ethanol as eluent. The 
carbohydrate-containing fractions were pooled, concentrated, and 
passed through a column of Dowex 50-X8 (Na-) (10 mL) and the 
eluate was lyophilized to provide a white powder (1 6.7 mg. 78%); 
[@ID +41.S0(c0.27, water); 'H nmr(D20) 6:  3.685 (s, OCH,), 3.553 
(m, OCHHCH?), 2.387 (t, 2H, CH2COO); 13C nmr (DzO) 6: 178.42 
(CO), 79.28, 78.80, 73.76, 73.33, 70.86, 70.75. 70.61, 70.19. 68.70 
(OCH2CH2), 67.48, 67.38, 66.69, 61.57, and 61.35 (C-6 and C-6"), 
52.57 (OCH,), 34.22 (CH2COO), 29.04,28.75,28.69,28.63,25.82, 
24.79. Anal. calcd. for CZ8~49021Na2P.2H20:  C 40.29, H 6.40; 
found: C 39.89, H 6.18. 

8-Methoxycarbonyloctyl 3-0-[2-0-(a-D-munnoppranosj1)-a-D-nzan- 
nopyranosyl6-disodiumphosphatej - a - D-mannopjrunosde ( 3 )  

Compound 18 (50.4 mg, 0.35 mmol) was deprotected as described 
for the preparation of 2 ,  using 5% palladium on carbon (50 mg) for 2 
days followed by Adams' catalyst (5 mg) for 3 h .  After deacylation at 
O°C, Bio-gel P-2 chromatography, and Dowex 50-X8 (Na+) treatment 
and lyophilization, the product was obtained as a white powder 
(22.8 mg, 81.2%); [ a ] ,  $60.6" ( ~ 0 . 1 7 ,  water); Rf0.39 (isopropanol- 
water, 4 : l ) ;  ' H  nrnr (D20)  6:  3.687 (s, OCH,): 3.530 (m. 1H. 
OCHHCH,), 2.390 (t, 2H, CH,COO): I3c nmr (D20) 6 :  177.44 
(CO), 79.82,78.44,73.37,72.84,70.32, 70.15, 69.94, 69.57, 69.14 
(OCH2CH2), 66.98, 66.58,65.94, 63.40, 61.09, and 60.94 (C-6 and 
C-6) ,  52.14 (OCH,), 33.25 (CH2COO), 28.04.27.80,27.73,27.68, 
24.83, 23.82. Anal. calcd. for C28H,9021 Na2P. 2H20: C 40.29, 
H 6.40; found: C 39.94, H 6.26. 

8-Methox>.carbonyloc~l 6 - 0 - [ 2  -0-(a-D-mannopyranosyl) 6-diso- 
diumphosphatej- a -  D-mannopyrnnoside (4) 

Compound 22 (35.4 mg, 0.028 mmol) was deprotected as described 
for the preparation of 2 but using only Adams' catalyst (8 mg) and 
sodium methoxide in methanol. The product was isolated as white 
powder (17.8 mg. 81%) after BioGel P-2 chromatography and ion 
exchange; R f  0.41 in isopropanol-water (4: 1); [ a ] ,  f 53.2" ( c  0.19, 
water); 'H nmr (D20) 6: 3.688 (s, OCH,), 3.553 (m, 0CHHCH2),  
2.393 (t, 2H, CH2C00) ;  13C nmr (D20) 6:  177.98 (CO), 78.65, 
73.32,71.15,71.02,70.33,70.18 (2 X C), 70.10,68.12 (OCH2CH2), 
67.07,66.54,66.41,66.06 (C-6), 61.19 (C-6"), 52.15 (OCH3), 33.80 
(CH2COO), 28.50, 28.27, 28.25, 28.19, 25.35, 24.37. Anal. calcd. 
forC28H49021Na2P.H10: C41.18,  H 6.30; found: C 41.15, H 6.15. 
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Configurational assignment of epimeric secondary six-membered allylic alcohols 
by 13C nuclear magnetic resonance spectroscopy. A new approach 
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T E ~ D ~ R ~  S. KAUFMAN, MIRTA P. MISCHNE, MANUEL GONZALEZ-SIERRA, and E D M U N D ~  A.  RUVEDA. Can. J .  Chem. 64, 
2331 (1986). 

On the basis of the effects of the hydroxyl group on the I3c nuclear magnetic resonance chemical shifts of the olefinic carbons, 
a new parameter was defined and a new rule was proposed for the assignment of the stereochemistry of secondary six-membered 
cyclic allylic alcohols. 

T E ~ D ~ R ~  S. KAUFMAN, MIRTA P. MISCHNE, MANUEL GONZALEZ-SIERRA et E D M U N D ~  A. RUVEDA. Can. J .  Chem. 64, 
2331 (1986). 

En se basant sur les effets du groupement hydroxyle sur les dtplacements chimiques des carbones oltfiniques, en rmn 
du 13C, on a dtfini un nouveau parametre et on propose une nouvelle regle pour attribuer la sttrtochimie des alcools allyliques 
secondaires contenus dans des cycles 2 six chainons. 

[Traduit par la revue] 

In 1979, Schroepfer and co-workers (1) reported that the 
effect of the introduction of an allylic hydroxyl substituent at 
C-7 or C-15 on the chemical shifts of the olefinic carbons of 
A8(14) sterols, relative to the values observed in the parent sterol, 
is opposite to that observed for the olefinic carbon atoms of 
acyclic allylic alcohols. Later, Eggert and Djerassi (2), as a 
result of the analysis of some representative Bllylic hydroxyl 
substituted steroids, suggested that the variation of the shifts 
on the olefinic carbons is related to the conformational class 
(orientation) of the hydroxyl group as defined in ref. 3, rather 
than to the acyclic or cyclic structure of the allylic alcohol. They 
observed that when the hydroxyl group is at an antiperiplanar 
position, the shifts for the 6 carbons are larger than those for the 
y carbon atoms; a similar effect is observed in acyclic allylic 
alcohols. However, when the hydroxyl groups are at synclinal 
or anticlinal positions, the effect is the opposite, that is, larger 
for the y carbons than for the p, and, when the oxygenated 
substituent is at a synperiplanar position, both sp2 carbons 
suffer the same downfield shifts. 

The application of these simple rules allowed us to predict, 
by analyzing the 13C nmr reported data (4), that the stereo- 

chemistry of the hydroxyl group at C-6 of two natural diterpenes 
related to grindelic acid ( l a )  was erroneously assigned ( 5 ) .  In 
fact, we were able to confirm our predictions by analyzing the 
13C nmr spectra of model compounds and by the stereoselective 
synthesis of both epimers ( l b  and l c )  (6). 

To confirm and extend these observations, we analyzcd 
several six-membered allylic alcohols of the diterpene family. 
We observed the expected shifts of the P and y sp2 carbons 
when the hydroxyl groups are at anticlinal (2b and 3b) and 
antiperiplanar positions (3c). However, we detected deshield- 
ing effects for the carbons and upfield shifts for the y 
carbon atoms in those allylic alcohols with hydroxyl groups at 
synperiplanar positions and carrying hydrogens at the y carbon 
atoms (2c and 4b) (Table 1). , ~ 

As we have shown above, the Eggert and Djerassi rules are 
useful to determine the stereochemistry of allylic alcohols, 
especially for epimeric pairs. There are, however, a few 
restrictions on their general use. One of the epimers must always 
belong to a periplanar conformational class. There are some 
difficulties whenever there is a discrepancy between the value of 
the angle that defines the conformational class and that which 

I n R = R 1 = H  2 a R = R 1 = H  3 a R = R ' = H  4 a R = H  5 a R = R 1 = H  
1 b R = O H : R 1 = H  2 b R = H : R ' = O H  3 b R = O H ; R 1 = H  4 b R = O H  5 b R = H ; R 1 = O H  
Ic  R = H: R' = OH 2c R = OH: R' = H 3c R = H: R' = OH 5c R = OH; R' = H 

6~ R = H: R' = OH 7a R = H ;  R' = OH $a R = OH; R' = H 9u R = H; R' = OH 
6 h  R = OH: R' = H 7 b  R = OH: R' = H 86 R = H: R'  = OH 9b R = OH: R' = H 
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2332 CAN. J CHEM VOL. 63, 1986 

IOU R = H; R' = OH 110 R = OH: R' = H 12a R = H; R'  = OH 13a R = H; R' = OH 14a R = H; R' = OH 
1 B b R = O H ; R ' = H  l l b R = H ; R ' = O H  1 2 b R = O H , R 1 = H  136 R = OH; R' = H 14b R = OH; R' = H 

TABLE 1. I3C nuclear magnetic resonance chemical shifts of sp2 
carbons of allylic alcohols relative to the corresponding parent 

hydrocarbonsa 

Compound P-Carbon y-Carbon AS(P) As(?) 

1 a 126.5 134.8 - - 

l b  128.3 137.0 1.8 2.2 
l c  130.4 136.6 3.9 1.8 
2a 135.6 121.2 - - 
2 b  137.8 126.9 2.2 5.7 
2c 136.5 118.7 0.9 2 . 5  
3 a 121.4 138.5 - - 
3 b  122.9 143.9 1.5 5.4 
3 c 126.1 140.3 4.7 1.8 
4u 148.5 107.3 - - 
4b  150.5 104.2 2.0 -3.1 
5 a 124.7 136.6 - - 
56 127.3 141.1 2.6 4.5 
5 c 127.6 140.7 2.9 4.1 

"The chemical shifts for compound l a  were taken from ref. 5 .  for 
compounds l b  and l c  from ref. 6 ,  for compounds 2a.  2 6 ,  and 2c from 
ref. 7 .  for con~pounds 4a and 4b  from ref. 8, for compounds 5 a ,  5b ,  and 
5c from ref. 7 .  The resonance values for compounds 3a .  36.  and 3c are 
data from this laboratory. 

is actually responsible for the chemical shift variation of the 
sp2 carbons. In every case, the 13C nrnr data of the parent 
hydrocarbon are needed. 

As an extension of these rules. and to overcome some of 
the difficulties mentioned above, we propose a new parameter: 
A6(sp2), defined for each allylic alcohol as the difference 
between the chemical shifts of the sp2 carbons, that is: 
AS(sp2) = 8ysp~C - SPSPlC. 

The correlation' of the pseudoaxial vs. pseudoequatorial 
allylic alcohol parameters allowed us to propose a new 
empirical rule stating, for any epimeric pair, that the larger 
A6(sp2) value corresponds to the allylic alcohol with a 
pseudoaxial hydroxyl group. 

In addition to the advantage of using just the "C nmr data of 
both epimeric alcohols, generally available by the reduction 
of the corresponding carbonyl compounds, our proposition 
establishes unambiguously the pseudoequatorial or pseudoaxial 
orientation of alcohols such as 5b  and 5c. which, being both 
anticlinal, can not be solved by using the Eggert and Djerassi 
rules. The AS(sp2) values are, however, 13.1 and 13.8 and, 
according to our extension, the hydroxyi group of 5c ought to be 
pseudoaxial (Table 2), as is actually the case. 

The precise reason for the different A6(sp2) values is not 

TABLE 2. I3C nuclear magnetic resonance chemical shifts of 
epimeric allylic alcohols and their (sp2) parametersa 

Compound P-Carbon ?-Carbon A8(sp2) 

1b 
1 c 
2b 
2c 
3b  
3c 
56 
5 c 
6a 
6b  
7 a  
7 b  
8a 
8b 
9a 
9b 

10a 
l o b  
1 l a  
l l b  
12a 

"The chemical shifts for compounds Ib .  I c ,  and 13u were taken from 
ref. 6, for compounds 2b ,  2c,  5b.  and 5c from ref. 7 .  for con~pounds 
6a. 6b ,  9a. and 9b from ref. 9, for compounds 7 a  and 7 b  from ref. 10. 
for compounds 8a and 8b  from ref. 5 ,  for compounds 10a and 10b 
from ref. 1 1 .  for compounds I l a  and I l b  from ref. 12. for compounds 
P2a and P2b from ref. 1 ,  for compounds 14a and 14b from ref. 13. 
The resonance values for compountls 36.  3c ,  and P3b are data from 
this laboratory. 

clear; however, it most probably results from the difference in 
the through-space effect of the oxygen atom on the resonances 
of the olefinic carbons, according to the position of the hydroxyl 
group ( 14). 
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'The AS(sp2) values for the pseudoaxial allylic alcohols vs. the 
A6(sp2) for the pseudoequatorial ones. by least-squares analysis. show 
a linear correlation with a slope of 0.882 and a constant term of 4.94 
( n  = 13; r = 0.993: p < 0.001). 
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Molybdenum(V1) and phenol reactions in concentrated aqueous sulphuric acid1 

DRACAN A. MARKOVIC AND DRACAN S . VESELINOVI~' 
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DRAGAN A. MARKOVIC, DRAGAN S .  VESELINOVIC, and MIRJANA V. OBRADOVIC. Can. J .  Chem. 64, 2334 (1986). 
Depending on molybdenum, phenol, and acid concentrations, and time and the method of solution preparation, molybdenum 

and phenol can react in several ways. In 96% sulphuric acid Mo(V1) can be reduced to Mo(V) by adding solid phenol to the 
solution. In other cases molybdenum and phenol form stable or unstable complexes which can be in equilibrium with each other. 
For excess phenol the recorded spectra show two bands at around 600 and 423 nm; the first one, decreasing with time. is ascribed 
to the formation of an unstable complex of phenol and Mo(V1). At approximately equal concentrations of molybdenum and 
phenol the band at 423 nm does not appear, but two time-dependent absorption maxima are formed at 600 and 470 nm with a well 
defined isosbestic point at 505 nm. The complex is unstable because of the sulphonation of phenol. In 80% sulphuric acid 
molybdenum and phenol form a stable 1 : 1 complex which absorbs at 480 nm; its pK, value is 1.44 * 0.03 at room temperature. 

DRAGAN A.  MARKOVIC, DRAGAN S .  VESELINOVIC et MrRJANA V. OBRADOVIC. Can. J .  Chem. 64, 2334 (1986) 
Le molybdkne et le phCnol reagissent de plusieurs faqons diffkrentes suivant soit les concentrations de molybdkne. de phenol et 

d'acide, soit le temps de la rtaction ou la mCthode utilisCe pour prCparer la solution. Dans de l'acide sulfurique a 96470, le Mo(VI) 
peut &re rCduit en Mo(V) par l'addition de phCnol solide a la solution. Dans d'autre, cas, le rnolybdene et le phCnol forment des 
complexes qui peuvent i-tre stables ou instables et qui peuvent &tre en Cquilibre les uns avec les autres. Dans les cas ou le phCnol 
est en excks, le spectre du mClange prCsente deux bandes autour de 600 et de 423 nm: la premikre, dont I'intensitC diminue avec le 
temps. est attribuCe la formation d'un complexe instable entre le phCnol et le Mo(V1). A des concentrations approximativement 
Cgales de molybdene et de phenol, la bande a 423 nm n'apparait pas: toutefois, il se forme deux bandes (a 600 et a 470 nm) dont 
I'absorption varie avec le temps ainsi qu'un point isosbestique bien dCfini a 505 nm. La raison de l'instabilite du complexe tient 
son origine dans la sulfonation du phenol. Dans de l'acide sulfurique a 8 0 9 ,  le molybdene et le phenol forment un complexe 1 : 1 
qui est stable et qui absorbe 2 480 nm: a la temperature ambiante, la valeur de son pK, est Cgale a 1,44 5 0,03. 

[Traduit par la revue] 

Introduction Coloured complexes of metals in concentrated aqueous 
In concentrated aqueous solutions of strong mineral acids 

many metals, such as Mo, Ti, Nb, Ta, V, W, Sb, and U, 
form coloured complexes with hydroxybenzenes (1 - 13). The 
absorption of these complexes in the visible region generally 
decreases with decreasing acid concentration so that colour is 
rarely observed at an acidity corresponding to 60% sulphuric 
acid. Their stability constant values are relatively low with 
pK values for most of the complexes investigated vary between 
1 and 5. The most commonly used ligand is 1,4-dihydroxy- 
benzene, but 1,2-, 1,3-, 1,2,3-, and 1,3,5-, di- and trihydroxy- 
benzenes have also been studied. 

Spectrophotometric investigation of the reaction of titanium 
with phenol in 89% sulphuric acid has shown the formation of 
an unstable complex with an absorbance maximum at 430 nm 
(14). Instability of the complex has been ascribed to the sulpho- 
nation of phenol. A strong dependence of colour intensity on 
sulphuric acid concentration was observed with molybdenum 
conlplexes. For less than 80% sulphuric acid, the colour of the 
solution fades appreciably, and is completely gone at 60% 
H2S04. In 90% sulphuric acid the composition of the complex 
changes with the ligand. Thus. molybdenum forms complexes 
in the ratio 2.3,  1 :2, and 1 :4  with 1,2,3-trihydroxybenzene, 
1,4-dihydroxybenzene, and 1,2-dihydroxybenzene, respective- 
ly (6). The possibility of formation of hydroxybenzenes and 
metal complexes in other strong mineral acids has also been 
pointed out (6, 1 1). 

sulphuric acid solutions can be used for analytical purposes 
(1, 2, 5,  6). It should also be pointed out that the formation 
of such complexes is almost certain evidence for oxygen 
protonation of phenols (14). These complexes can therefore be 
used as "indicators" for recognizing the protonation of benzene 
derivatives with hydroxy- or alkoxy-groups in strongly acidic 
media. On the other hand, the state of metal ions and catalytic 
effect of metals in strong acidic media has not yet been well 
defined. The objective of this work is to obtain more informa- 
tion on reactions occurring in the investigated systems. 

Experimental 
Sulphuric acid solutions of required concentration were prepared 

by diluting 95-97% H2S04 (d = 1.84) with distilled water. The 
concentration of these solutions was determined by pH-metric titration, 
using standard NaOH solution, or by density measurements with a 
pycnometer. Sodium molybdate solution in 96% sulphuric acid was 
standardized polarographically (15, 16) uqing the standard addition 
method (17). All chemicals used were pure analytical reagent grade. 

Spectrophotometric measurements were performed with Specord 
UV-VIS Carl Zeiss, Unicam SP-600. and Cary 17 D spectrophoto- 
meters, at room temperature. Sulphuric acid of the appropriate 
concentration was used as a blank solution for spectrophotometric 
work. All measurements were performed using 1-cm quartz cells. 

Results and discussion 
Molybdenum(V1) reactions with phenol in aqueous sulphuric 

'Reaction of hydroxybenzenes in strongly acidic media. VIII. Part acid solutions 
VII is ref. 11. In the visible region the spectra of phenol and sodium 

2 ~ e v i s i o n  received July 16, 1986. molybdate solution in sulphuric acid depends on both acid 
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FIG. 1. Absorption spectra recorded in 96% H2S04: n,  5.5 X 

mol/dm3 Na2Mo04 and 6 X 10-hol/dm3 phenol 100 min after 
)hen01 addition; b, 1.20 X lo-' mol/dm3 NazMo04 and 3.50 x 

mol/dm3 phenol 80 min after preparation of solution; c ,  2.70 X 

mol/dm3 Na2MoOl and 2.20 X 1Op2  mol/dm3 phenol 60 min 
ifter preparation of solution. The absorbance unit is 0.1 for a and 0.02 
for b and c. 

concentration and the method of solution preparation. Figure 
1 (a) shows the spectrum of Na2Mo04 solution (5.5 X 

mol/dm3) in 96% H2SO4 after adding sufficient solid 
phenol for a concentration of 6 x lop4 mol/dm3. The spectrum 
has an absorption band at about 425 nm. Except for a slight 
absorbance increase in the region 500-700 nm no change with 
time was observed. Immediately after adding phenol, the 
molybdate solution becomes dark blue. 

In all other cases the form of the spectra depends on the 
time of contact between acid and phenol, i .e . ,  on the time 
interval between the dissolution of phenol and its mixing with 
molybdate solution. Addition of phenol solution, after 15- 
20 min of standing, to a solution of molybdate in 96% suiphuric 
acid does not produce absorption in the visible region of the 
spectrum. A mixture of freshly prepared phenol and molybdate 
gives a green-blue solution whose spectral characteristics 
depend on time and reactant concentration. The spectra obtained 
for a 3 : 1 phenol to molybdate ratio have two maxima (Fig. 1 b) .  
The first, at about 600 nm, decreases with time; the second, 
at 425 nm, is independent of time. The shorter wavelength 
maximum is similar in form and position to the maximum in the 
spectrum of a solution prepared by addition of solid phenol. but 
its absorbance is 7 to 8 times lower. About 10 min after mixing 
of the reactants a shoulder appears at the bottom of the shorter 
wavelength maximum, at 470 nm, which becomes more explicit 
with time. The spectra become stable within an hour and further 
changes are very slow. 

The spectrum shown in Fig. 1 c is obtained at approxin~ately 
equal molybdenum and phenol concentrations. The maximum 
at 425 nm, present in the previous cases, does not appear, but 
is replaced by a shoulder at the same wavelength. Two time- 
dependent absorption bands are formed, the first having a 
maximum at about 600 nm and the second a maximum at 
480 nm, with a well-defined isosbestic point at 505 nm. The 
longer wavelength band disappears 2 h after mixing of the 
reactants, whereas the shorter one increases with time. Spectra 

FIG. 2.  Absorption spectra recorded in 80% H2S04: a ,  2.5 X 

lo-' mol/dm3 NazMoOl; 6, 3.500 X 1 0  ' mol/dm3 phenol; c, 2.5 x 
mol/dm3 Na2Mo04 and 5.00 x mol/dm3 phenol; d ,  same 

as c, 24 h after preparation of solution; e ,  2.5 x mol/dm3 
Na2Mo04 and phenol in the presence of mercury (phenol added to 
solution 20 min after mercury); f, 2.5 x mol/dm3 Na2MoOJ 24 h 
in contact with mercury (no change after phenol addition). 

of mixtures of freshly prepared phenol and molybdenum 
solutions in 80% sulphuric acid have only one absorption band 
at around 480 nm (Fig. 2 c and d ) .  One absorption band at this 
wavelength also appears in 96% acid (Fig. 1, b and c). The 
position of this band does not change with time, but total 
absorption in the spectral region from 350-700 nm increases 
and becomes constant after 4 h (Fig. 2 d) .  The band at 
480 nm is assigned to a complex formed between phenol and 
molybdenum. 

Spectra of the system in 71% and 80% acid are similar. In 
60% sulphuric acid no colour was observed after mixing of the 
reactants. Similar results were observed with the other hydroxy- 
benzenes (6). 

It is known that the instability of phenol solutions in sulphuric 
acid is mainly due to sulphonation of phenol (14, 18, 19, 21). 
However, in spite of the prominent effect of sulphonation on the 
observed spectral changes in molybdenum-phenol solutions, 
the effect of a possible change of molybdenum oxidation state 
on the observed spectra could not be excluded. 

In sulphuric acid solutions Mo(V1) can be reduced to Mo(V) 
by several reducing agents, such as ascorbic acid or 1,4- 
dihydroxybenzene (15), but we found that reduction can also 
occur in the presence of elemental mercury (16), whereby 
solutions take on the blue-green colour characteristic of 
Mo(V). The presence of Mo(V) has also been demonstrated in 
the reaction with potassium thiocyanate. In addition to the 
blue-green solution a gray-white precipitate appeared in 
molybdate solutions containing mercury and was identified as 
Hg2S04. This demonstrates that mercury participated in the 
reaction. 

Upon long standing of molybdenum solutions with elemental 
mercury (24 h or more), further addition of phenol solution did 
not produce any change in existing Mo(V) bands (Fig. 2 f ) .  One 
shoulder appears at 480 nm (Fig. 2e) when freshly prepared 
phenol solution was added to a Mo(V1) solution that only had a 
short contact time with mercury. Tnis shoulder is produced by a 
complex between unreduced Mo(V1) and phenol. On this basis 
it can be concluded that Mo(V) does not form a complex with 
phenol in sulphuric acid solutions. 
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The spectra in Figs. 1 a ,  b and 2 f show absorption maxima at 
around 420 nm. Since Mo(V1) does not absorb in this region 
(Fig. 2a) and since the spectra in Fig. l a  do not contain 
absorption bands which could be ascribed to a molybdenum- 
phenol complex, it follows that addition of solid phenol to 
sodium molybdate solution in 96% sulphuric acid causes 
reduction of Mo(V1) to Mo(V), as manifested by an intense 
blue colour in the solution. Metal reduction is possible, since 
oxidation of phenol in sulphuric acid solutions, in the presence 
of metals, has been observed (16, 20). 

The spectrum in Fig. 1 b can be explained by postulating that 
with freshly dissolved phenol one part of the molybdenum 
is reduced to Mo(V) (spectral band at 425 nm). The spectra 
indicate that absorption at 425 nm is due to Mo(V). The other 
part of the metal forms an unstable complex with the as yet 
unsulphonated phenol which absorbs at around 600 nm. 

At equal molybdenum and phenol concentrations in 96% 
acid the absorption band ascribed to Mo(V) does not appear at 
420 nm (Fig. 1 c). The shoulder at this wavelength is due to the 
presence of a small amount of reduced metal. The absorption 
band at 600 nm, which decreases with time, is assigned to 
an unstable complex of phenol and Mo(V1). This complex is 
slowly converted to a more stable form, which absorbs at about 
480 nm, as is evident from the appearance of a shoulder at 
480 nm and an isosbestic point at 505 nm. Molybdenum(V1) 
does not react with phenol which has been sulphonated by 
standing in 96% acid for some time. This can be explained by 
the formation of an intramolecular hydrogen bond between 
sulpho- and hydroxyl groups in ortho-substituted phenols which 
prevents the formation of complex (14). Cerfontain et al .  
have provided strong support for the presence of such bonds in 
phenol - sulphuric acid solutions (2 1). 

Complexation between metals and hydroxybenzenes in aque- 
ous solutions occurs by substitution of one or more hydrogen 
atoms of the hydroxyl groups by metal ions (6). According to 
some authors the bonding between metals and hydroxybenzenes 
in strongly acidic media is due to the presence of protonated OH 
groups (14). This is based on the fact that coloured complexes 
with metals are formed only by those benzene derivatives which 
have substituent groups with oxygen that are capable of being 
protonated in acid solution. For this reason it seems most 
probable that metal to ligand bonding can be ascribed to the 
proton binding oxygen from metal oxy-ions and protonated 
hydroxyl (alcoxy) groups. This is supported by the recent 
conclusion that phenol and anisol protonation takes place on 
oxygen, and at acidities of the medium that are optimal for 
complexation with metals (1 4,  2 1). 

Sulphonation of phenol in the ortho positions can impede 
formation or affect the stability of the resulting complex by 
blocking hydrogen bonding to metal oxy-ions. This might 
also explain the absence of complexation upon addition of 
a sulphonated phenol to a molybdate solution, as well as 
the disappearance of the absorption band of the complex at 
600 nm. In our opinion this band is due to the presence of an 
unsulphonated complex. 

Spectral changes in sulphuric acid solutions of lower concen- 
tration, 70% and 80%, can also be ascribed to sulphonation. 
These changes are considerably slower at lower acidities 
because sulphonation is slower. Lower absorbance values at 
lower acid concentrations can be attributed to a smaller degree 
of phenol protonation. The complete absence of absorption 
between 350 and 700 nm in 60% acid supports the conclusion 
that complexation is possible only in the presence of protonated 

I 
OO 0 2 0.4 0.6 Cl8 X 

FIG. 3. Job's curves for Mo(V1)-phenol complex in 80% H2S04: 
at 490 nm: b, at 530 nm; c ~ ,  + cph = 7.00 X mol/dm3. 

phenol. Judging by the pKBH- value for phenol of -6.4 (21), 
the concentration of protonated phenol in 60% sulphuric acid is 
negligible. 

Determination of the composition and stability constant of the 
Mo(V1j-phenol complex 

To investigate the composition and stability constant of a 
complex it is necessary for the complex to achieve stability with 
time, to prove the validity of Beer's law, and to determine a 
molar absorption coefficient. Due to the strong time dependence 
of complex formation in 96% acid, and due to the dependence 
on the method of preparation of the solution, it was not possible 
to satisfy all these conditions. However, an attempt to apply 
Job's method (22) gave an irregular curve with a maximum 
at a concentration ratio corresponding to a complex of 1: 1 
composition. 

For the complex in 80% acid a molar absorption coefficient 
could be determined, and the validity of Beer's law tested, 24 h 
after mixing the reactants, i.e. after stabilisation of the system. 
Beer's law was tested at 490 and 530 nm at a constant phenol 
concentration (cph = 0.15 mol/dm3) and over a molybdenum 
concentration of 0.001 to 0.004 mol/dm3. Under these con- 
ditions Beer's law was found to hold. Assuming that the 
concentration of complex is equal to that of the molybdenum 
present, the value obtained for the molar absorption coefficient 
was 52 cm-' molpl dm3 at 490 nm. The composition of the 
complex in 80% acid was investigated by Job's and Harvey- 
Manning's method (22); the results, shown in Figs. 3 and 4. 
indicate formation of a 1 : 1 complex. Figure 3 shows the Job's 
curve obtained by using freshly prepared phenol solutions at 
a total reactant concentration of 0.07 mol/dm3. Absorbance 
measurements were performed at 490 nm 24 h after mixing the 
reactants. 

Using Harvey-Manning's method two series of solutions 
were prepared. In the first the molybdenum concentration was 
held constant at 0.0025 mol/dm3 and that of phenol varied 
from 0.0125 to 0.3000 mol/dm3. In the second series the 
concentrations were reversed, i .e. ,  the molybdenum concentra- 
tion was varied from 0.0012 to 0.0300 mol/dm3 at a constant 
phenol concentration of 0.0025 mol/dm3. The straight lines in 
Fig. 4 were obtained by plotting the absorbance of the solutions 
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FIG 4. Harvey-Manning's method for Mo(V1)-phenol complex 
in 80% H2S04: a ,  2.5 x lop3 mol/dmi phenol: chfo = X I ;  b, 
2 5 X lop3 mol/dm3 NarMo04, c p h  = Y,  AA = Acamplen - Aphenol 

as a function of concentration. The metal-to-phenol ratio of the 
complex (1: 1) was obtained from the slopes of these linear 
plots. 

The stability constant of the con~plex  formed in 80% 
sulphuric acid was determined by means of the equation K ,  = 

[ML] / [MI [L], where [MI and [L] represent metal and ligand 
concentrations. The equilibrium concentration of the complex 
[ML] was calculated from corresponding absorbance values 
using Beer's law. Equilibrium concentrations of the metal and 
ligand were obtained by deducing complex concentration value 
from known initial reactant concentrations. The log stability 
constant value obtained this way was - 1.44 ? 0 .03  at room 
temperature. 

The absorption band in the 480 nm region appears in all 
solutions with different acid concentrations, and is assigned 
to the 1: 1 complex of unchanged composition. The total 
absorbance of the system, which depends on the time of contact 
between phenol and acid, actually increases after mixing phenol 

and molybdenum solutions in 80% and 71% acid. Increased 
nonselective absorption was also observed between molybdenum 
and 1,4-dihydroxybenzene complexes (15). A precipitate formed 
after a long standing of the solutions (several weeks or  months). 
Different reactions (18, 19) may lead to precipitation and may 
increase nonselective absorption in the investigated system. 
These slow reactions and their products will be  the subject of 
further studies. 
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Regioselective reactions of 1,4,5-trihydroxy-9,lO-anthraquinone 
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A. DOUGLAS BROADBENT, WILFRED MESCHWITZ, and JOHN M. STEWART. Can. J. Chem. 64, 2338 (1986). 
The regioselective alkylation of 1,4,5-trihydroxy-9.10-anthraquinone via reaction of its leuco compound is significant for the 

synthesis of anthracyclinones. In the presence of pyrrolidine in toluene solution, the leuco compound 3 selectively forms the 
4-pyrrolidino enamine 11, which undergoes deamination to give 1,5-dihydroxy-9.10-anthraquinone. If an aldehyde is added, 
however, the enamine is alkylated, eventually yielding the 3-alkyl-1,4,5-trihydroxy-9,10-anthraquinone Both of the above 
reactions of 3 give high yields with 100% regioselectivity. The enamine intermediate 11 has been trapped by oxidation to 
4-pyrrolidino-l,5-dihydroxy-9,lO-anthraquinone, which. after reduction, undergoes the same reactions as 3 giving either the 
alkylation or deamination product. The selective formation of 11 is explained in terms of an enhancement of carbonyl group 
electrophilicity by a relay of hydrogen bonds. 

A. DOUGLAS BROADBENT, WILFRED MESCHWITZ et JOHN M.  STEWART. Can. J .  Chem. 64, 2338 (1986). 
L'alkylation rCgiosClective de la trihydroxy-1,4,5 anthraquinone-9.10, par le biais de la rCaction de son composk leuco, est 

une voie utile pour la synthese des anthracyclinones. En presence de pyrrolidine, dans une solution dans le tolut-ne, le composC 
leuco 3 conduit ~Clectivement a la pyrrolidino-4 knamine 11 qui subit une dkamination pour conduire a la dihydroxy-1.5 
anthraquinone-9,lO. Toutefois, si on ajoute un aldChyde. l'aldkhyde est alkylC et il conduit Cventuellement a l'alkyl-3 
trihydroxy-1,4,5 anthraquinone-9,lO. Les deux rCactions du composk 3 mentionnkes plus haut se produisent avec des 
rendements ClevCs et avec 100% de stCrCosClectivitC. On a piCgk I't-namine intermkdiaire 11 gr2ce a une oxydation conduisant a la 
pyrrolidino-4 dihydroxy-1.5 anthraquinone-9, I0  qui, apres rkduction, subit les m@mes rkactions que le composC 3 en conduisant 
soit a une alkylation ou a un produit de dkamination. On explique la formation sklective du composC 11 en fonction d'une 
augmentation du caractere Clectrophile du groupement carbonyle par un relais de liaisons hydrogenes. 

[Traduit par la revue] 

Introduction 
1,4,5-Trihydroxy-9,lO-anthraquinone 1 is an obvious start- 

ing material for the synthesis of anthracyclinones such as 
adriamycinone and daunomycinone 2 but necessitates the 
use of regioselective methods of alkylation because of the 
dissymmetry of such molecules. 

R = H, unless specified otherwise 

1 R' = R4 = R5 = OH 
4 R' = R4 = R5 = OH, R2 = propyl 
5 R' = R4 = R5 = OH, R3 = propyl 
6 R' = R" OH 
7 R '  =OH 
8 R' = R5 = OH 

regioselectivity. In hot aqueous basic solution, the reaction of 
3 with aldehydes, based on the procedure devised by Marschalk 
et al. (6), gives the 2-alkyl derivative of 1 (e.g . 4) in poor to 
moderate yields, but with 100% regioselectivity. In hot isopro- 
pan01 with added piperidinium acetate, alkylation conditions 
developed by Lewis (7): the 3-alkyl isomer (e.g. 5) is generated 
from the same reactants in moderate yield, but the product is 
contaminated with 10-20% of the 2-alkyl isomer. 

We have confirmed the recent report (3) that quinizarins 
6 and 1 can be dehydroxylated by reduction to their leuco 
compounds (9 and 3 respectively) and by subsequent reaction 
with pyrrolidine in refluxing toluene to give the I-hydroxy and 
1,5-dihydroxy derivatives (7 and 8 respectively). 

This paper describes our results and conclusions on the 
origin of the regioselectivity of the above crossed aldol and 
deoxygenation reactions of 3 in the presence of cyclic secondary 
amines such as pyrrolidine. In both processes, product forma- 
tion is controlled by the selective initial reaction of the cyclic 
amine at the 4-carbonyl group of 3. 

10 R' = R8 = OH 
14 R' = R5 = OH, R2 = propyl R8 o x H O  @&yL 15 R' = R8 = OH, R2 = propyl 

Reduction of 1 with tin and HCl in acetic acid (1) gives \ / 
'"0 H 

the leuco compound 3 whose ' ~ m r  and ir spectra show it to 
be a keto tautomer of the anthrahydroquinone (2). Recent CH30  OH,O QH R5 O,H 0 
publications (3-5) have described crossed aldol reactions of 3 2 R = H unless indicated otherwise 
with aldehydes, giving 2- or 3-alkyl derivatives of 1 with high = H ,  daunomycinone 3 R5 = OH 

R = OH. adriamycinone 
'.Author to whom correspondence should be addressed at: DCparte- 9 

ment de genie chimique, FacultC des sciences appliqukes, Universitk 12 R5 = OH, R2 = propyl 
de Sherbrooke. Sherbrooke. OuCbec J l K  2 R l .  13 R5 = OH, R3 = propyl . 

"evision received July 28, 1986. 17 R5 = R8 = OH 
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BROADBENT ET AL 

oxidation 
3 - 3  

Results 
Reaction of the leuco compounds 3 or 9 with pyrrolidine in 

refluxing toluene results in deoxygenation, giving 8 or 7 ,  
respectively. Our study of this reaction established that the 
product is generated in excellent yield (>90% after chromato- 
graphic purification), that azeotropic removal of water is not 
necessary (3, 8), and that reaction of 3 is completely regio- 
selective, giving only 8 and no 1 ,%derivative 10. Addition of 
sufficient acetic acid to just neutralize the pyrrolidine solution 
increased the reaction rate but decreased the selectivity, giving 8 
containing a small proportion of 10 (< 10%). 

The mechanism suggested for this regioselective deoxygena- 
tion reaction (8), involving tautomerism of an enamine inter- 
mediate 11, led us to consider that such an intermediate might 
be responsible for the regioselectivity of both the 3-alkylation 
of 3 with aldehydes, using piperidinium acetate, as well as its 
deoxygenation reaction with pyrrolidine, although the samc 
authors have rejected this idea (3). The proposal was supported 
by our observation that reaction of 3, in refluxing isopropanol 
with added piperidium acetate but no aldehyde, resulted in 8 
with a little 18, exactly as for the reaction in toluene with 
equimolar quantities of pyrrolidine and acetic acid. 

Our hypothesis of a common reaction intermediate was 
confirmed by reactions of 3 with pyrrolidine in boiling toluene, 
with and without added propanal. In the absence of propanal, 3 
reacted smoothly to give a 93% yield of only 8. An identical 
reaction with excess propanal gave the 3-propyl derivative 5 in 
82% yield. Both these reactions are quantitative, if based on 
starting material converted. They both proceeded more rapidly, 
but with lower selectivity, if the pyrrolidine was neutralized 
with an equimolar quantity of acetic acid. 

Although the isomeric 2- and 3-propyl derivatives could not 
be separated by tlc, the 'Hrnr spectra of 4 and 5 showed no 
cross-contamination with the other isomer. thus confirming the 
high regioselectivity of the reactions of propanal with 3.  These 
isomers are readily distinguished by their characteristic pattern 
of hydroxyl proton resonances. Published ' Hrnr spectra indicate 
that introduction of a 2-alkyl substituent into 1 causes a 
downfield shift of 0.45 +- 0.02 ppm of the 1-hydroxyl proton 
resonance, whereas a 3-alkyl substituent gives a downfield shift 
of 0.46 * 0.03 ppm of the 4-hydroxyl proton resonance. The 
chemical shifts of the hydroxyl protons more distant from 
the alkyl substituent remain very close to the values of 1 
( 3 ,  5, 9, 10). 

Since the previous distinction of 4 and 5 involved isolation 
and identification of extremely low yields of chemical degrada- 
tion products (3), we examined the possibility of a distinction 

via their leuco compounds 12 and 13. These were found to have 
almost identical 'Hmr spectra, but the products of their reaction 
with pyrrolidine in boiling toluene were quite different. The 
leuco compound 12 underwent deoxygenation to give 1,5- 
dihydroxy-2-propyl-9,lO-anthraquinone 14, whereas 13 reacted 
very slowly to produce a low yield of 1,8-dihydroxy-2-propyl- 
9,10-anthraquinone 15. Chromatographic analysis and 'Hrnr 
spectra indicated that both these deoxygenation reactions were 
highly regioselective. Unfortunately, the low yields of 14 and 
15, caused by the difficulties in separating these products from 4 
and 5 respectively, and the very slow reaction of 13, did not 
provide the simple, efficient distinction between 4 and 5 that 
had been antici~ated. 

Reaction of 3 with pyrrolidine in toluene at room tcmpera- 
ture. and subsequent air oxidation, gave about 50% conversion 
to 1,5-dihydroxy-4-pyrrolidino-9,1O-anthraquinone 16, with an 
overall 21% yield of the pure compound. The structure was 
assigned on the basis of the ir and ' ~ m r  spectra and the fact 
that reduction by tin and concentrated HCl in acetic acid gave 
efficient conversion to about equal amounts of 1 from hydrolysis 
of 11, and of 8 by deamination. These reactions are shown in 
Scheme 1. Treatment of 16 with activated Raney nickel in 
boiling toluene gave a 95% yield of 8, whereas an identical 
reaction in the presence of propanal gave 36% conversion to 5, 
thus supporting the proposal that the regioselectivity of the 
3-alkylation and the deoxygenation reactions of 3 are the result 
of the regioselective formation of a 4-pyrrolidino substituion 
product of 3,  such as 11, in the initial stage of both reactions. 
Attempts to improve the yield of 5 from the reaction of 16, at 
various temperatures, were unsuccessful. Propanal had to be 
added as soon as deoxygenation of 11 became evident, which 
deactivated the ~ a n e ~  -nickel and limited further formation of 
11. 

In the absence of an aldehyde, the reaction may proceed by 
tautomerism of 11 followed by retro-Michael elimination of 
pyrrolidine to give 8 via the 1,9-dione tautomer (3, 8). An added 
aldehyde would react directly with the enamine 11 to give 
an iminium ion adduct, which, after hydrolysis in the moist 
toluene, would generate 5 by retro-Michael elimination of 
hydroxide ion from the 3-(1-hydroxypropyl) side chain. The 
isolation, identification, and subsequent reactions of 16 provide 
strong support in favour of the proposed enamine mechanism. 

An explanation for the regioselective formation of a 4-pyrro- 
lidino adduct of 3 was then considered, since the formation of 
this intermediate controls the overall regioselectivity of both 
the alkylation and deoxygenation reactions. Only the leuco 
compounds 3, 12, and 13 exhibit two closely spaced carbonyl 
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absorption bands in the ir spectra of their chloroform solutions. 
We believe that the selective formation of 11, or a related 
derivative, is a consequence of the enhanced electrophilicity of 
the 4-carbonyl group in 3 brought about by the relay of two 
hydrogen bonds with that group, and that this is responsible for 
the regioselectivity of the reactions described and the splitting of 
the ir carbonyl absorption. Leuco compounds 9 and 17 show 
only a single carbonyl group absorption. This type of hydrogen 
bond relay may well be responsible for the regioselectivity of 
the 2-alkylation reaction of 3 and of the nitronate ion alkylation 
of 1 (3, 8, l l ) ,  the key steps being, respectively, reaction of 
the more nucleophilic enolate ion centre of 18 (position 2) with 
an aldehyde, and addition of the nitronate anion to the more 
electrophilic end of the 2,3-double bond of 19 (position 2) 
derived from tautomerization of 1. In support of this idea, 
destruction of the hydrogen bond relay for a Marschalk reaction 
of 3 with propanal under more basic conditions (ethanol plus 
ethoxide) is essentially nonselective, giving about equal yields 
of 4 and 5. 

The deoxygenation of the leuco compound 13 was unusual in 
comparison to that of 12 and 3. The reaction was very slow 
and gave a poor yield of a product that indicated the loss of the 
1- rather than the 4-carbonyl group. This result is probably a 
consequence of steric hindrance, by the 3-propyl group, of the 
nucleophilic addition of the cyclic amine at the 4-carbonyl 
group of 13, so that reaction occurs at the less hindered and 
less reactive 1-carbonyl group. 

Conclusions 
The studies described in this paper have clarified the role of 

pyrrolidine in the regioselective reactions of the leuco com- 
pound 3. It seems likely that the regioselective alkylation of 3 
with aldehydes in isopropanol in the presence of pyridinium 
acetate (3, 7) also involves the formation of an enamine such as 
11. The formation of 3-alkyl derivatives of 1 by reaction of 
3 with aldehydes in toluene with pyrrolidine is, however, 
completely selective and gives higher yields. It is much more 
efficient than the method based on the alkylation of 1.5- 
dimethoxy-4-hydroxy-9,lO-anthraquinone (9) and should prove 
valuable for the synthesis of precursors to anthracyclinones 
derived from 1. 

Experimental 
Leuco compounds 

The leuco compounds were prepared by reduction of the correspond- 
ing anthraquinones with tin and HCl in boiling glacial acetic acid (1) 
and crystallized from the reaction solution after addition of water. 

1,4-Dioso-1,2,3,4-tetrahydro-5,9,1O-trihydroqanthracene (leuco 
1,4,5-trihydroxy-9,IO-anthraquinonej, 3 : 80% yield, mp 209-210°C; 
ir (CHCI3) v,,,: 1645, 1630 cm-'; 'Hrnr (CDClI) 6: 15.72 (s, lH ,  
OH), 13.53 (s, 1H,OH), 9.92(s,  1H, OH),7.95 (dd, J = 8Hz,  1 Hz, 
lH,H-8),7.67(t,  J = 8 H z ,  lH,H-7) ,7 .18(dd,  J = 8 H z ,  1Hz.  1H, 
H-61, 3.07 (s, 4H, CH2-CH2). Anal. calcd. for Cl4HI0O5: C 65.12, 
H 3.90; found: C 64.97, H 3.85. 
1,4 -Dioxo-2-propyl-l,2,3,4 -tetrahydro-5,910-trihydroxyanthracene 
(leuco 2-propyl-1,4,5-trilzydro,~y-9,1O-anthraquinone), 12 : 75% yield; 
ir (CHC13) v,,,: 1648, 1630 cm-'; 'Hrnr (CDC13) 6: 15.73 (s, lH ,  
OH), 13.38 (s, lH,  OH), 9.86 (s, IH,  OH), 7.93 (dd, J = 8 Hz, 1 Hz, 
IH, H-8), 7.63 (t, J = 8 HZ, l H ,  H-7), 7.14 (dd, J = 8 Hz, 1 Hz, lH,  
H-6), 3.0 (m, 3H, ring CH2-CH), 1.5 (m, 4H, propyl CH2-CH2), 
0.9 (m, 3H. propyl CH3). Anal. calcd. forCI7Hl6O5: C 67.99, H 5.37; 
found: C 67.92, H 5.32. 

1,4 -Dio.xo-3 -propyl-I, 2,3,4 -tetrahydro-5,9,10-trihj~droqanthra- 
cene (leuco 3-propyl-1,4,5-trihydro.~~-9,1O-anthraquinonej, 13 : 80% 
yield; ir (CHCI,) v,,,,: 1648. 1630 cm-I; 'Hmr (CDCI?) 6: 15.73 
(s, lH,OH), 13.36(s, l H , O H ) , 9 . 8 6 ( ~ ,  lH,OH),7.90(dd,  J =  8Hz,  
1 HZ, lH,  H-8), 7.61 (t, J = 8 HZ, lH,  H-7), 7.13 (dd, J = 8 Hz, 
1 Hz, lH ,  H-6). 3 .0  (m, 3H, ring CH2-CH). 1.5 (m, 4H, propyl 
CH2-CH2), 0 .9  (m, 3H, propyl CH3). Anal. calcd. for Cl7HI6o5:  
C 67.99, H 5.37; found: C 67.88, H 5.3 1. 

Reactions of leuco 1,4,5-trihydr0.q-9,lO-arzthraquinone 
Leuco compound 3 (1 mmol) was reacted for 1.5 h with pyrrolidine 

(5 mmol) in boiling toluene under nitrogen. Evaporation of the 
reaction solution and column chromatography (Si02/toluene) gave 
8 (0.93 mmol), identified by comparison of its tlc characteristics 
and ir spectrum (v,,, (C=O): 1630 cm-') with an authentic 
sample and literature data (12). It was readily distinguished from 10 
(ir v,,,,, (C=O): 1670, 1620 cm-' ) by tlc (Si02/9: 1 v/v petroleum 
ether - ethyl acetate) and ir spectroscopy (12). 

With added excess propanal (10 mmol), an identical reaction 
procedure produced only 5 .  
3-Propyl-I,4,5-trihydroq-9,lO-unthruquinone, 5: 82% yield, mp 
173-174°C (lit. (8) mp 193°C); ir (KBr) v,,,: 1605 cm-'; 'Hmr 
(CDC13) 6: 13.06 (s, 1H. 1-OH), 12.72 (s ,  l H ,  4-OH). 12.18 (s,  lH,  
5-OH), 7.87 (dd, J = 8 Hz, 1 Hz, lH ,  H-8), 7.66 (t, J = 8 Hz, IH, 
H-7), 7.28 (dd, J = 8 Hz, 1 Hz, lH ,  H-6), 7.13 (s, lH ,  H-2), 2.70 
(t, J = 7 Hz, 2H. benzylic CH2). 1.62 (hex, J = 7 Hz. 2H, propyl 
CH2), 1.01 (t, J = 7 Hz, 3H, propyl CHI). 

An identical reaction conducted at room temperature for 1.5 h 
without added propanal gave about a 50% conversion to a major blue 
product from which 16 was isolated. The initial reaction mixture 
contained the deoxygenation product 8 and small quantities of two 
other blue amine substitution products of similar retention to 16, 
which hindered the chromatographic purification of the main product. 

4-Pyrrolidino-l,5-dihydroxy-9,lO-anthraquinone, 16 : 21 5% yield; 
ir(KBr) v,,,: 1595 cm-'; ' ~ m r  ( C D C ~ ~ )  6:  13.75 (s, lH ,  OH), 13.45 
( S , ~ H , O H ) , ~ . ~ ~ ( ~ ~ , J = ~ H Z . ~ H Z . I H , H - ~ ) , ~ . ~ ~ ( ~ , J = ~ H Z .  
lH,  H-7), 7 .2  (m, 3H, H-6, H-3, H-2), 3.40 (m, 4H, CH2-N-CH21, 
2.03 (m, 4H, CH2-CH2). Anal. calcd. for CI8Hl5O4N: C 69.89, 
H4.89, N4.53;found: C69 .81 ,  H 4 . 7 9 ,  N4 .58 .  

2-Propyl-1,4,5-trihydroxy-9,lO-anthraquinone was synthesized by 
literature methods (3). 

Deoxygenation reactions of leuco 2- and 3-propyl-l,4,5-trihjdro.q- 
9,lO-anthraquinone 

The deoxygenation reactions of these compounds with pyrrolidine in 
toluene were conducted as described above for the reaction of 3. 

Deoxygenation of 12 gave 2-propyl-l,5-dihydroxy-9,10-anthra- 
quinone, 14: 10% yield. The initial yield was estimated to be 
60-70%, but removal of 4 required three chromatographic separations; 
ir (KBr) v,,,: 1620 cm-': 'Hrnr (CDC13) 6:  13.06 (s. OH). 12.72 
(s, OH): remaining multiplets were obscured by noise, a consequence 
of the very low solubility. Anal. calcd. for C17H1404: C 72.33, H 5.00: 
found: C 72.06, H 4.82. 

Deoxygenation of 13 gave 2-propyl- 1,8-dihydroxy-9,l O-anthra- 
quinone, 15: 370 yield. Purification to completely remove 5 required 
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four chromatographic columns. The initial yield was estimated to be 
only 10-20% because of the very slow reaction; ir (KBr) v,,,: 1670, 
1622cm-'; ' ~ r n r  (CDC13) 6: 12.42 (s, lH,  OH), 12.09 (s, lH .  OH), 
7.8 (m, 2H, H-4, H-5), 7.61 (d, J = 8 Hz, lH,  H-3), 7.56 (t, J = 8 Hz, 
lH, H-6), 7.27 (dd, J = g Hz, 1 Hz, lH, H-7), 2.74 (t. J = 7 Hz, 
2H, benzylic CH?), 1.69 (hex, J = 7 Hz, 2H, propyl CH,), 1.06 
(t, J = 7 Hz. 3H, propyl CH3). Insufficient material for analysis. 

Reductions of 4-pyrrolidino-l,5-dihydroay-9,10-anthraquinone 
Reduction of 16 with tin and HC1 in glacial acetic acid was carried 

out as described for the preparation of the leuco compounds above and 
gave quantitative conversion to about equal yields of 1 and 8, which 
were separated by tlc. 

The blue 16 was also reduced in boiling toluene using activated 
Raney nickel. In the absence of propanal, 8 was produced in 95% yield, 
whereas with added propanal, the reaction gave 5 (38% yield) and some 
8 ,  along with several amine substitution products. Deactivation of the 
Raney nickel by the propanal prevented any improvement of the yield. 
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Reduction of carbonyl compounds promoted by silicon hydrides 
under the influence of trimethylsilyl-based reagents1 
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JESI~S M. AIZPURUA, B E G O ~ ~ A  LECEA, and CLAUDIO PALOMO. Can. J .  Chem. 64, 2342 (1986). 
The synthetic utility of hydrosilanes under the influence of trimethylsilyl-based reagents as new reducing systems is described. 

1,1,3,3-Tetramethyldisiloxane (TMDS) reagent in combination with iodotrimethylsilane or bromotrimethylsilane produces 
alkyl halides from aldehydes in good to excellent yields. Polymethylhydrosiloxane (PMS) in the presence of iodotrimethylsilane 
also produces benzyl iodides in excellent yields. On the contrary, PMS reagent was found unsuitable for the synthesis of benzyl 
bromides. Similarly, TMDS reagent in combination with trimethylsilyl triflate produces symmetrical ethers from aldehydes 
without concomitant formation of competitive products. Under similar conditions. PMS reagent failed to provide the expected 
symmetrical ethers and Friedel-Crafts products were formed. Reduction of quinones to hydroquinones is also described. 

J E S ~ S  M. AIZPURUA, BEGORA LECEA et CLAUDIO PALOMO. Can. J .  Chem. 64, 2342 (1986) 

On decrit les avantages que presentent en synthese les hydrosilanes. sous l'influence de reactifs derives du groupement 
trimethylsilyle, c o m e  systkmes de reduction. Sous I'action du reactif tktramtthyl-1,1,3,3 disiloxane (TMDS), utilise de 
concert avec 1'iodotrimCthylsilane ou le bromotrimCthylsilane. les aldChydes sont transformes en halogknures d'alkyles. 
avec des rendemenis qui vont de bons a excellents. On a trouvC que le polymCthylhydrosiloxane (PMS). en prCsence 
d'iodotrimCthylsilane, conduit aussi aux iodures de benzyles avec d'excellents rendements. Par ailleurs, on a trouvC que le reactif 
PMS n'est pas appropriC pour la synthese de bronlures de benzyles. De la m&me maniere, le rCactif TMDS, utilise de concert 
avec le triflate de trimCthylsilyle, permet de transformer des aldkhydes en des ethers symetriques. sans formation concomitante 
de produits de compktition. Dans des conditions semblables, le reactif PMS de fournit pas les ethers symktriyues attendus: 
toutefois, il se for~ne des produits de Friedel-Crafts. On dkcrit aussi la reduction de quinones en hydroquinones. 

[Traduit par la revue] 

Although reduction is one of the most widely used and (TMDS) in the presence of the trimethylsilyl-based reagents 
extensively studied methods in organic chemistry, there remains chlorotrimethylsilane, iodotrimethylsilane, bromotrimethylsil- 
considerable interest in the development of new reagents and ane, and trimethylsilyl trifluoromethanesulfonate. 
synthetic methods for reduction. In recent years, several papers 
have revealed that silicon hydrides are useful reducing agents Results and discussion 
for a wide variety of transfonnations, most of them having been 
reviewed (1-6). Excluding photochemical reductions (7), four 
methods-trichlorosilane/tertiary amine reductions (8). Lewis 
acid catalyzed reductions (9), reductions in trifluoroacetic acid 
media (lo), and potassium or cesium fluoride catalyzed reduc- 
tions (1 I)-have received considerable interest for reduction of 
aldehydes and ketones. Triethylsilane 1 and polymethylhydro- 
siloxane 2 are the most popular and widely used hydrosilane 
reagents for these hydrogenation reactions. Recently, we 
reported the use of iodine together with hydrosilanes in related 
reactions and found that alkyl iodides were formed in excellent 
yields (12). 

This paper describes a new reduction method for aldehydes 
and quinones promoted by 1,1,3,3-tetra~nethyldisiloxane 3 

'contribution No. 57 in the series Reagents and Synthetic Methods. 
For part 56 see ref. 24. 

*.Author to whom correspondence may be addressed. 

Formation of a l b l  halides 
The 1,1.3,3-tetramethyldisiloxane reagent 3 has been re- 

ported (13) to be quite suitable for the direct reductive 
halogenation of aromatic aldehydes to benzyl halides in the 
presence of halosilanes. Thus, the halide groups were smoothly 
formed in high yields and short reaction times by treatment 
of benzaldehydes 4 with the reagent 3 and halosilanes, in 
anhydrous acetonitrile as solvent, in a molar ratio 1 : 1 :  1 . 5  
respectively. 

Aldehydes, in the absence of solvent, undergo similar 
reductive iodination with polymethylhydrosiloxane 2 (PMS) 
and sodium iodide/chlorotrimethylsilane. In contrast, reaction 
of aldehydes and lithium bromide/chlorotrimethylsilane with 
PMS reagent failed to provide the correspondicg bromides. 
When benzaldehyde and 4-chlorobenzaldehyde were treated 
with reagent 2 and bromotrimethylsilane under reflux condi- 
tions for 4-6 h, partial halo-reduction took place as detected by 
tlc analysis; however, when TMDS reagent was added to this 
reaction mixture, a complete conversion into the corresponding 
benzyl bromides was accomplished within 30-60 min under 
reflux conditions. This fact shows that TMDS reagent is 
probably more active than the PMS reagent. 

As shown by the data of Table 1 .  benzyl halides 5 can 
be conveniently prepared in good yields by TMDS or PMS 
reductions under the influence of halosilanes. With the excep- 
tion of 3-nitrobenzaldehyde, aryl aldehydes form benzyl iodides 
in yields greater than 88%' and benzyl bromides in yields in the 
range 70-909. 4-Methoxybenzyl bromide was formed in 90% 
yield (84% isolated yield) when anisaldehyde was reduced at 
80°C by TMDS in acetonitrile with lithium bromide/chlorotri- 
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R-CHO 
NaI or LiBr/C1SiMe3/3 

+ R-CH2X + RCH2-0-CH2R 

Substrate 
a C a 5 C H 0  
b 4-CH30C6H4CH0 
c 2-C1Ca4CH0 
d 4-C1Ca4CH0 
e 3-N02C6H4CH0 
f 4-N02C6H4CH0 
g 4-CH300CC6H4CH0 

Substrate 
h 3-HOC6H4CH0 
i 4-CH3C6H4CH0 
j 4-HOOCC6H4CH0 
k CH3(CH2)2CH2CH0 
I CH3(CH2)4CH2CH0 

4m Benzophen~ne 
4n Benzhydrol 

TABLE 1.  Preparation of benzyl halides 5 by TMDS reduction 

Boiling point ("C/Torr) 
or melting point ("C) 

Substrate Product 5 T Time Yield of 
4 X ("C) (min) ArCHzX (%)",' Found Literature 

60-6210.3 
1981760 
175-1801760 
32-34 
145-148130 
145-14814 
9010.05 
95-9810.4 
140-145120 
59-61 
See experimental 
150-153130 
82-85 
68-70 
53-55 

tr - 
1 - 

105-110/0.l1 
46-47 
106-109115 
See experimental 

'Isolated yields; the purity as determined by glc and tlc analysis was 3 9 7 % .  
bThe numbers in parentheses indicate isolated yields of the symmetrical ethers 6 .  
'These benzyl iodides were unstable compounds, which decompose during storage. 
dYield referred to PMS reductions. 
'After 1 h at -70°C. N,lV-dimethylfomamide (10% equiv., catalyst) is added, and the mixture is refluxed for 2 h .  
fZnC1, is used as catalyst instead of ZnI,. 
Triedel-Crafts type con~pounds were formed as by-products. 
hNot isolated: percentage deterniined by nmr analysis. 
'Percentage determined by nmr (CDCI,): 6:  4.20 (s. CH2Br). 4.29 (s. C H 2 0 ) .  
'Nuclear magnetic resonance (CDCI,) 6:  4.23 (s. 2H. CH,), 6.50 (m,  3H. arom.). 6.80 td. l H ,  arom.), 7.01 (s. lH .  OH) 

methylsilane; however, under the same conditions, 3-hydroxy- 
benzaldehyde gave the expected 3-hydroxybenzyl bromide 
in 77% isolated yield and a second compound, which was 
characterized as the symmetrical ether 6,  in 23% yield. 

On the other hand, when benzaldehyde was treated with the 
hydrosilane 3 under the influence of iodotrimethylsilane in 
catalytic amount, only traces of benzyl iodide and dibenzyl 
ether were detected by glc and nmr analysis of the crude reaction 
mixture, and the starting aldehyde remained intact in the 
solution after 3.5 h at 0°C. When the reaction mixture was 
refluxed for 60 min, the isolated products were found to be 
dibenzyl ether, benzyl iodide, and benzyl chloride in 85, 9. 
and 6% yield respectively. When the reaction was tested with 

n-pentanal and n-heptanal only the corresponding symmetrical 
ethers were formed. The same result was found when iodotri- 
methylsilane was used in equimolar amount, without formation 
of the expected aliphatic iodides. 

Reaction between ketones such as 4-methy!acetophenone 
and cyclobexanone, sodium iodide/chlorotrimethylsilane, and 
TMDS reagent was found troublesome and difficult to control. 
giving mixtures of products in which we have detected by glc 
and nmr analysis the corresponding starting materials, alkanes, 
symmetrical ethers, and traces of the respective iodides. 

We next examined the use of chlorotrimethylsilane to obtain 
the corresponding benzyl chlorides 5 (X: Cl). In a preliminary 
experiment, we found that under conditions similar to those 
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2 NaI or LiBr/C1SiMe3 
(21 Ar-CHO - Ar-CH20SiMe3 ArCH2X 

12 

SCHEME 2 

used in the formation of benzyl iodides or bromides by TMDS 
reduction, chlorotrimethylsilane alone failed to provide the 
corresponding benzyl chlorides. Nevertheless, when the reac- 
tion was canied out in the presdnce of thionyl chloride and zinc 
iodide as catalyst, the corresponding chlorides were obtained 
in good yields, even if in some cases the corresponding 
symmetrical ethers were also formed. For example, whereas 
benzaldehyde gave only benzyl chloride, 2-chlorobenzaldehyde 
gave a mixture of 2-chlorobenzyl chloride (55%) and bis(2- 
chlorobenzyl) ether (45%), which was conveniently analyzed 
by nrnr spectroscopy (Ar-CH2Cl signal appeared at 6 4.5 ppm 
and Ar-CH20 signal appeared at 6 4.56 ppm). On the basis of 
available data, the ratio of chloridelether does not appear to 
be predictable as a function of aromatic ring substituents. 
In comparison, reaction of aldehydes with iodotrimethylsilane 
and bromotrimethylsilane gave the respective halides as the 
only reaction products, except for aromatic aldehydes having 
electron-withdrawing groups. On the other hand, in the absence 
of thionyl chloride, 4-chlorobenzaldehyde and 2-chlorobenz- 
aldehyde give the symmetrical ethers 6 instead of the respective 
benzyl chloride 5,  and in the absence of Lewis acid catalyst, 
benzaldehyde gave a mixture of benzal chloride and benzyl 
chloride (molar ratio 57:43) after 3 h reflux. With aromatic 
aldehydes having electron-withdrawing substituents such as 
nitro or carbomethoxy groups, the reaction was first carried out 
at -70°C and then heated to reflux to exclude the formation of 
symmetrical ethers as major competitive products. For aromatic 
aldehydes having electron-donating substituents such as 4- 
methoxybenzaldehyde and 3-hydroxybenzaldehyde, the reac- 
tion was achieved in the same way, but using zinc chloride 
to prevent Friedel-Crafts products as a major competitive 
reaction. 

The halide formation could occur in a number of ways: (i) by 
the reduction of an 0-silylated halohydrin (18) intermediate 
10 (eq. [ I ] ) ,  (ii) by the cleavage of an "in situ" generated 
symmetrical ether, or (iii) by reduction of the aldehyde into the 
corresponding alcohol derivative 12 followed by substitution of 
the hydroxyl function by the halide group (19) (eq. [2]). 

Formation of symmetrical ethers 
Doyle et al. (10) have reported that certain silanes, especially 

triethylsilane in trifluoroacetic acid, reduce carbonyl com- 
pounds to symmetrical ethers3 with the concomitant formation 

3While this work was in progress a related paper appeared using 
trityl perchlorate as catalyst; see ref. 25.  

TABLE 2. Reduction of aldehydes into symmetrical ethers by 1,1,3,3- 
tetramethyldisiloxane (TMDS) under trimethylsilyl triflate or iodotri- 

methylsilane catalysis 

Substrate T Time Yield of 
4 Solvent ("C) (min) RCH20CH2R 6 (5%)" 

"Yield of isolated pure products; the purity as determined by glc and tlc 
analysis was >97%. 

'See Experimental. 
'Nuclear magnetic resonance (CC1,) 6 ppm: 4.53 (s, 2H, CH2). 7.05 

(m, 4H, arom.). 
'Melting point: 54-55"C, see ref. 9 .  
dPercentage of trifluoroacetate ester determined by nmr analysis; 8: 5.12 

(s ,  CH20CO). 4.33 (s, CH20). 
f91% of isolated pure p-nitrobenzyl alcohol, see Experimental. 
"5% of p-nitrobenzyl alcohol was formed, based on nmr analysis. 
hMelting point: 271-272°C; see ref. 26. 
'Percentage of trifluoroacetate ester determined by nmr analysis. 
JIodotrimethylsilane as catalyst was used instead of trimethylsilyl triflate. 
kBoiling point: 135-138°C (22 Torr); lit. (18) bp 258.8"C (769 Torr). 
'Diphenylmethane as only reaction product. 

of a carboxylate ester. An interesting observation of these 
authors is that increasing basicity of the carboxylic acid also 
increases the percentage of carboxylate ester to symmetrical 
ether. This consideration has led us to investigate the behavior 
of 1,1,3,3-tetramethyldisiloxane (TMDS) reagent 3 in the 
reduction of aldehydes under the influence of stronger acids than 
trifluoroacetic acid. As we have mentioned above, the use 
of iodotrimethylsilane (chlorotrimethylsilane/NaI) in catalytic 
amount produces the symmetrical ether 6 of the corresponding 
aldehyde along with the respective iodo and chloro compounds 
5 .  To avoid this latter reaction, we have examined the reduction 
of aldehydes under the influence of trimethylsilyl trifluoro- 
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TABLE 3. Alkylation of aromatic compounds by aldehydes 

Reactants Conditions 
Run Aldehyde Arene T ("C) t(h)  Product Yield (%Ia 

n Benzaldehyde Benzene 80 
b Toluene 110 
C 

d p-Methylbenzaldehyde Benzene 80 
e Toluene 110 
C 

g o-Chlorobenzaldehyde Benzene 80 
h 
i p-Chlorobenzaldehyde Benzene 80 
j 

2 Diphenylmethane 92 
1 Phenyl-p-tolylmethane 

Phenyl-o-tolylmethane 1 95b 

2.5 Phenyl-p-tolylmethane 60 
0.5 Di-p-tolymethane 

p-Tolyl-o-tolylmethane 1 80' 

3 Phenyl-o-chlorophenylmethane 25 
Bis(o-chloropheny1)ether 55 

3 Phenyl-p-chlorophenylmethane 
Bis(p-chloropheny1)ether } f1.5~ 

"Yield of isolated products by fractional reduced pressure distillation; 
characteristics (bp. ir, nrnr). 

bMolar ratio 7b: 7 c  = 7 0 :  30 by nmr spectroscopy. 
'Molar ratio 7 e :  7 f  = 90: 10 by nmr spectroscopy. 
"Molar ratio 7 i : 7 j  = 75:25 .  

RCH20CHzR 

6 
F3CSO3SiMe3/C6H6 

RCHO 4 --E 
RCH2C6H5 

methanesulfonate (trimethylsilyl triflate) and have found that 
the use of this reagent enhances the formation of symmetrical 
ethers 6 without concomitant formation of competitive pro- 
ducts. In the absence of trimethylsilyl triflate, no reaction takes 
place and the starting aldehyde is completely recovered. We 
have tested the method with a number of aromatic and aliphatic 
aldehydes and have found the results (Table 2) to be uniformly 
good. For aromatic and aliphatic aldehydes, the yields of the 
symmetrical ethers are in the range 90-97%. Whereas the 
reduction of 4-nitrobenzaldehyde by the triethylsilane method 
(10) gives a mixture of 4-nitrobenzyl ether in 33% yield and 
the corresponding trifluoroacetate in 67% yield, in the method 
described here only two products are formed depending on the 
reaction conditions used; thus, when the reaction is carried out 
at -78°C the major product is the p-nitrobenzyl alcohol with 
91% yield and the by-product is the corresponding symmetrical 
ether. Under similar reaction conditions, benzophenone and 
benzhydrol were reduced at a much slower rate than aromatic 
and aliphatic aldehydes and only diphenylmethane was obtained 
from both of them in nearly quantitative yield. 

On the other hand, it should be noted that reductions by 
means of TMDS reagent in trifluoroacetic acid (entries d and j )  
as solvent (instead of trimethylsilyl triflate catalysis) also 
produce symmetrical ethers, but the corresponding trifluoro- 
acetate is formed in a competition process. In a similar manner, 
from 4-carboxybenzaldehyde, the percentage of the corres- 
ponding trifluoroacetate ester was found to be greater than the 
corresponding symmetrical ether, probably due to the stronger 
electron-withdrawing group in the para  position. 

Furthermore, we have found that under conditions similar to 
those used for the formation of symmetrical ethers 6 by TMDS 
reduction of aldehydes 4, the reaction between aldehydes and 

all compounds were characterized by their physical and spectroscopic 

aromatic compounds can take a different course in the presence 
of polymethylhydrosiloxane (PMS) to produce diphenylmeth- 
anes 7 .  Thus, when a mixture of an aromatic aldehyde and a 
catalytic amount of TMS triflate was refluxed in benzene or 
toluene in the presence of PMS reagent, the corresponding 
arylmethane was produced in a few hours. As shown in Table 3 ,  
from unactivated aldehydes, symmetrical ethers are formed as 
competitive products. Since condensation of aromatic rings 
with aldehydes is severely limited by side reactions (14), our 
procedure constitutes an unusual Friedel-Crafts type alkyla- 
tion. However, the method reaches a limit with aliphatic 
aldehydes, from which side products predominated. 

Reduction of quinones 
The reduction of the carbonyl function of quinones to 

hydroxyl group has enjoyed wide application in organic 
synthesis and in many naturally occurring substances (15). 
Various conventional reducing agents have been employed to 
convert quinones into hydroquinones (15); however, these 
procedures are generally accompanied by the formation of a 
large amount of inorganic salts. Other methods described 
involve the silylation technique to give, after hydrolysis, the 
corresponding hydroquinones. Chlorotrimethylsilane (16a, b) ,  
bis(trimethylsily1)mercury (16c, d) ,  1,2-difluorotetramethyldi- 
silane (16e), and hexamethyldisilane (16f) are silyl reagents 
used to convert p-quinones into bis(trimethylsily1oxy)benzenes. 
In some of these methods, the reaction takes place only in the 
presence of metals, involving forceful conditions, and gives 
yields in the range 40-60%. Some of these reagents are also 
expensive, and thus their application is limited. 

Kursanov and co-workers have reported the reduction of 
benzoquinone to hydroquinone using triethylsilane in trifluoro- 
acetic acid media (17). Because of the good yield reported for 
this silane reduction, we expected that TMDS reduction of 
benzoquinones under the influence of sodium iodide/chloro- 
trimethylsilane would represent a convenient and synthetically 
useful method for transforming quinones into hydroquinones. 

Reductions were carried out in refluxing dichloromethane for 
30-35 min, with TMDS and iodotrimethylsilane as catalyst. 
Some examples are listed in Table 4 and the results obtained are 
uniformly good. Triethoxysilane and polymethylhydrosiloxane 
were also found suitable for such reduction, but they require 
longer reaction times. Thus, reduction of quinones 8n and 8c by 
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TABLE 4.  Reduction of benzoquinones 

Q OH 

R' ( I )  TMDS/ISiMe3 cat. 

R2 (2 )H20  

-- - 

Melting point ("C) 

8" R'  R2  R~ Yield(%lb Found Lit.(22) 

"Molar ratio quinone:TMDS = 1 : 1.5. 
bIsolated yields. 
'These compounds alere identified by comparison with authentic samples 

(Fluka A.G.).  

the first reagent under reflux conditions during 3 h gives 66 and 
77% yields of the desired hydroquinones 9 and the last reagent 
reduces 8a in 56% yield after 10 h reflux. Indeed, as the results 
confirm, the method is rather similar to the iodine catalyzed 
hydrosilane reduction of hydroquinones (1 2). 

Conclusions 
In the presence of trimethylsilyl-based reagents, aldehydes 

are converted by TMDS reduction to alkyl halides and sym- 
metrical ethers in high yields. The reaction product is dependent 
on the nature of the starting carbonyl compound. From aromatic 
aldehydes, only benzyl halides were obtained by means of 
1,1,3,3-tetramethyldisiloxane TMDS reagent 3, whereas PMS 
reagent 2 was found suitable for this transformation only for 
iodides, but not for bromides. From aliphatic aldehydes, the 
corresponding symmetrical ethers were formed instead of the 
respective alkyl halides by TMDS halo-reduction. Similarly, 
trimethylsilyl triflate catalyzed reductions of aldehydes, pro- 
ducing symmetrical ethers without competitive reactions. 

The method described here presents a new reductive halo- 
genation procedure for the direct conversion of benzaldehydes 
to benzyl halides and a mild catalytic procedure for the selective 
conversion of carbonyl compounds to  symmetrical ethers, as 
well as hydroquinones from quinones, offering great versatility 
from the synthetic point of view as demonstrated here by a rather 
limited number of examples, which may be readily extended to 
further applications. 

Experimental 
Melting points were determined on a Biichi SMP-20 melting point 

apparatus and are uncorrected. Reported boiling points are those 
observed during distillation with a kugelrohr apparatus and are 
uncorrected. Proton nrnr spectra were measured on a Varian EM-360 A 
spectrometer and are reported in parts per million downfield from 
internal tetramethylsilane. All the starting materials used in this work 
were either commercially available in 98% or higher purity and 
were used without further purification, or were prepared by standard 
literature procedures. Acetonitrile was purified (27) and stored over 
molecular sieves. I ,  I ,313-Tetramethyldisiloxane (TMDS) reagent was 
obtained from Wacker-Chemie GMBH (Miinchen, Germany). Iodo- 
trimethylsilane was formed " in  sit~c" from chlorotrimethylsilane and 

sodium iodide according to the method described by Olah et a / .  (19). 
Bromotrimethylsilane was also generated " i n  situ" from chlorotri- 
methylsilane and lithium bromide, similarly to the method reported by 
Schmidt and Russ (20). Trimethylsilyl triflate was prepared (21 b )  by 
a modification of the procedure described by Roeski and Giere (21 a) .  

Formation of benzyl iodides 
General procedure ,for TMDS reagent 
A mixture of the corresponding benzaldehyde (10 mmol), chloro- 

trimethylsilane (1.92 mL, 15 mmol), and sodium iodide (2.25 mg, 
15 mmol) in anhydrous acetonitrile (5 rnL) is stirred at room tempera- 
ture for 10 rnin and then cooled to O°C. Immediately after, 1,1,3,3- 
tetramethyldisiloxane ( 1  .79 mL, 10 rnmol) is added dropwise giving an 
exothermic reaction. Stirring is maintained for 30 min, after which the 
siloxane products are destroyed with a 2.5 N solution of hydrofluoric 
acid in methanol ( I5  mL). The mixture is taken up in dichloromethane 
(30 mL) and washed with cool water (30 mL) and saturated NaHC03 
solution (30 mL). Drying and evaporation of the solvent yields crude 
benzyl iodide, which is purified by reduced pressure distillation or 
recrystallization. 

General procedure for PMS reagent 
A mixture of sodium iodide (2.25 g, 15 mmol) and chlorotrimethyl- 

silane (1.92 mL, 15 mmol) is stirred at room temperature for 10 min; 
then the corresponding benzaldehyde (10 mmol) is added and stirred 
for 3 min, after which PMS 2 is added giving an exothermic reaction. 
Stirring is maintained for 20-40 min. The mixture is taken up in 
dichloromethane (30 mL) and washed with water (2 X 20 mL) and 
saturated NaHC03 solution (2 x 20 mL). Drying and evaporation of 
solvent yield a crude mixture of the benzyl iodide and siloxane polymer 
compounds. The upper layer is separated and the lower one is purified 
by reduced pressure distillation to give the pure benzyl iodide. 

Formation of benzyl bromides 
4-Chlorobenzyl bromide 5 d : hpical procedure 
A suspension of 4-chlorobenzaldehyde (1.40 g, 10 mmol), lithium 

bromide (1.5 g, 1.72 mmol), chlorotrimethylsilane (1.92 mL, 15 rnmol). 
and 1,s ,3,3-tetramethyldisiloxane (1.79 mL, 10 mmol) in acetonitrile 
(10 mL) is refluxed with stirring for 20 min. The same work-up used for 
benzyl iodides is followed, affording crude 4-chlorobenzyl bromide, 
which is purified by recrystallization from MeOH (1.85 g, 90%); 
mp 48-50°C (lit. (22) mp 51°C). 

Formation of benzyl chlorides 
4-Methylbenzyl chloride 5 i: ppical procedure 
A mixture of 4-methylbenzaldehyde (1.18 g. 10 mmol), chloro- 

trimethylsilane (2.0 mL, 15.7 mmol). 1,1,3,3-tetramethyldisiloxane 
(1.79 mL, 10 mmol). and thionyl chloride (1.0 mL, 13.7 mmol) is 
cooled at O0C. Then Zn12 (0.02 g) is added and a very exothermic 
reaction takes place: when the spontaneous heating has ended. the 
mixture is refluxed with stirring for 45 min, and a 2.5 N solution of 
hydrofluoric acid in methanol (10 mL) is added. After refluxing for 
10 min the soluticm is cooled at O0C, filtered, taken up in dichloro- 
methane (30 mL)/water (40 mL), and the aqueous layer extracted with 
dichloromethane (2 X 10 mL). The combined organic phases are dried 
(Na2S04) and the solvents evaporated to afford crude 4-methylbenzyl 
chloride, which is purified by reduced pressure distillation (1.22 g, 
87%); bp 190-195"C(lit. (22) bp 192"C/760Torr) (1 Ton = 133.3 Pa). 

Fornzation of symmetrical ethers 
Dibenqlether 6a :  typical procedure 
Benzaldehyde (1.02 mL, 10 mmol) is added to a mixture of 1.1,3,3- 

tetramethyldisiloxane (1.79 mL, 10 mmol), trimethylsilyl trifluoro- 
methanesulfonate (0.05 mL. catalyst), and benzene (20 mL). The 
resulting solution is refluxed for 20 min. until no aldehyde can be 
detected by tlc analysis (silica gel plates; eluent: EtOAc/hexane 1 :3). 
Upon completion of the reaction, the solvent is evaporated and the 
residue purified by reduced pressure distillation. yielding dibenzyl ether 
(0.96 g, 97%); bp 92-94"C/0.3 Torr (lit. (22) 290-30O0C/760 Torr). 

Bis(n-pentyl) ether 6k:  cpical procedure 
A mixture of sodium iodide (0.15 g .  1 mmol), valeraldehyde 
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(1.06 mL, I0 mmol), and chlorotrimethylsilane (2.0 mL, 15.4 mmol) 
is stirred in acetonitrile (5.0 mL) at room temperature for 10 min, after 
which 1,1,3,3-tetramethyldisiloxane (1.79 mL, 10 mmol) is added. 
When the exothermic reaction has ended (30 min), a solution of 2.5 N 
hydrofluoric acid in methanol (30 mL) is added to the reaction mixture, 
and then refluxed for 5 min. Work-up is carried out by diluting the 
solution with dichloromethane (40 mL), washing with water (30 rnL) 
and saturated NaHC03 solution (20 mL), drying, and evaporating the 
solvents. Crude bis(n-pentyl) ether is purified by reduced pressure 
distillation (0.65 g, 84%); bp 185-189"C/760 Torr (lit. (22) bp 
187.5"C/760 Torr). 

4-Nitrobenzyl alcohol 
A solution of 1,1,3,3-tetramethyldisiloxane (1.79 mL, 10 rnmol) 

and trimethylsilyl trifiate (0.05 mL, catalyst) in dichloromethane 
(20 mL) is added dropwise (30 min) to a cooled solution of 4-nitro- 
benzaldehyde (0.76 g, 5 mmol) in the same solvent (30 mL) and 
the reaction mixture is stirred for 70 min. Then the solvent is 
evaporated and the resulting crude product is purified by column 
chromatography (silica gel; eluent: hexane/EtOAc 1: 1). Yield of 
4-nitrobenzyl alcohol: 0.71 g, 9 1 8 ;  mp 92-94°C (lit. (22) mp 93°C). 

Diphenylmethane 
Benzophenone 4m (1.81 g, 10 mmol) is added to a mixture of 

1,1,3,3-tetramethyldisiloxane (3.57 mL, 20 mmol). trimethylsilyl 
tritlate (0.05 mL, catalyst), and benzene (20 mL). and the solution is 
refluxed for 4 h. Then a 2.5 N solution of hydrofluoric acid in methanol 
(30 mL) is added and, after a 5-min reflux, the mixture is takcn up over 
dichloromethane (50 mL) and washed successively with water (30 mL) 
and saturated NaHCO, solution (20 mL). Drying and evaporation 
of the solvent gives crude diphenylmethane, which is purified by 
reduced pressure distillation (1.59 g, 95%); bp 70-72"C/0.3 Torr 
(lit. (18) mp 26-27°C). From benzhydrol4n (1.8 g, 10 mmol). yield of 
diphenylmethane: 91 % . 

Arq'lrnethanes 7fiorn aldehydes 
General procedure 
A mixture of the corresponding aromatic aldehyde (10 mmol), PMS 

reagent (1 mL), and TMS triflate (two drops) in benzene or toluene 
(20 mL) is refluxed for 2 h and then washed with water (2 X 20 mL). 
The organic layer is dried over Na2S04. Evaporation of the solvent 
gives a waxy residue, which is treated with methanol (10 mL). The 
resulting precipitate of siloxane polymer is filtered off. Evaporation of 
the solvent gives an oil, which is analyzed by nmr spectroscopy to 
determine the isomer proportion. Then the crude product is distilled 
under reduced pressure to afford the corresponding arylmethanes 
(14a). 

Reduction of p- benzoquinones 
General procedure 
A mixture of sodium iodide (0.15 g. 1 . 0  mmol) and chlorotrimethyl- 

silane (0.13 mL, 1.0 mmol) is stirred in acetonitrile (2.0 mL) for 5 min. 
after which dichloromethane (30 mL), the corresponding p-benzo- 
quinone 7 (10 mmol), and 1,1.3,3-tetramethyldisiloxane (2.69 mL, 
15 mmol) are successively added. When the spontaneous exothermic 
reaction has ended. the solution is refluxed for 30 min and then 
extracted with 1 N NaOH (30 mL). The aqueous phase is acidified 
(HC1 aqueous) and extracted with EtOAc (3 X 15 mL). The organic 
solution is dried (Na2S04) and evaporated to give the respective 
hydroquinone 9.  
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ROBERT L. BENOIT and MONIQUE FRECHETTE. Can. J. Chem. 64, 2348 (1986). 
The protonation of the three nucleic acid bases, cytosine, uracil, and thymine, and of related 4-amino-2.6-dimethylpyrimidine 

and 2-hydroxypyridine has been studied by ' H  and "C nuclear magnetic resonance and ultraviolet spectroscopies mostly in 
0.18-18 M aqueous sulfuric acid. The experimental data have been interpreted on the basis of the excess acidity method. The 
pK, values as well as the assigned protonation sites are discussed and contrasted with other data. 

ROBERT L. BENOIT et MONIQUE FRECHETTE. Can. J .  Chem. 64, 2348 (1986). 
La protonation des trois bases des acides nuclCiques, cytosine. uracil. et thymine. et des composCs voisins amino-4 

dimkthyl-2,6 pyrimidine et hydroxy-2 pyridine a CtC CtudiCe par les spectroscopies de rmn du ' H  et "C principalement dans 
l'acide sulfurique aqueux 0.18-18 M. On a interprCtC les rksultats experimentaux sur la base de la methode dite <<d'acitC en 
excks,,. Les valeurs des pK, ainsi que les attributions des sites de protonation sont examinks et comparCes i d'autres donnCes. 

Introduction 
We have recently reported the results of our research on the 

protonation of purines ( I ) ,  important constituents of nucleic 
acids. Now we have extended our work to study the protonation 
of that other class of nucleic acid bases, the pyrimidines. We 
have considered here three biologically important hydroxy- 
pyrimidines : cytosine, uracil, and thymine. To assist the 
identification of the protonated sites of these polyfunctional 
bases, we have also examined two related compounds, 4- 
amino-2,6-dimethylpyrimidine (Dap) and 2-hydroxypyridine 
(Hypy). For this work we used ' H  and l3C nmr spectroscopy 
as well as uv spectroscopy to confirm our results, since both 
methods involve widely different base concentrations. 

Since the first protonation of cytosine takes place in dilute 
acid media and the pKl  value, 4.58 (2), is well established, it 
was not studied here. Diprotonated cytosine has been identified 
in both HS03F and HS03F-SbF5-SO2 (3) but no pK, value 
was previously available. Uracil and thymine. which are 
dihydroxypyrimidines, are much less basic than cytosine and 
the reported somewhat conflicting pK1 are -2.2 (4) and -3.0 
( 5 )  for uracil and - 1.6 to -2.5 (4) for thymine respectively. 
Diprotonated uracil has been characterized in HS03F and 
HS03F-SbF5-SO2 (3), and Frederick and Poulter ( 6 ) ,  using 
' H  nrnr, have obtained -7.3 and -6.8 for pK, for uracil and 
thymine respectively. 

Cytosine (Cyt) Uracil (Ura), R = H 
Thymine (Thy), R = CH3 

We present here the results of our spectroscopic study of the 
protonation of the three hydroxypyrimidines and two related 
compounds, mostly in 0.18-18 M aqueous sulfuric acid. Our 
pK values and assigned protonation sites are contrasted with 
previously published data. 

Experimental 
Cytosine (Sigma), 1-methylcytosine (Vega Biochemicals. a gift 

from Prof. A. L .  Beauchamp), uracil (Sigma). and thymine (Sigma) 
were used as received. Their uv spectra were in agreement with those 
published (7). 2-Hydroxypyridine (Hypy) (Aldrich) was used without 

purification. 4-Amino-2,6-dimethylpyrimidine (Dap) (Aldrich) was 
recrystallized in a 2 :  1 mixture of ethyl acetate and absolute ethanol and 
dried under vacuum at room temperature for 2 h. Acidimetric titration 
of the product in acetic acid showed a purity of 99 .9  * 0.3%.  Sulfuric 
acid (BDH), sulfuric acid-d2 (SIC), and 7% furriing H2S04 (Fisher) 
were reagent grade. Triple distilled HS03F  (Aldrich) was also used as 
received. 

Proton nrnr spectra were recorded at 28'C on a Bruker WH-90 
spectrometer operating at 90 MHz. The H chemical shifts for Ura and 
Thy were measured relative to internal Et4NBF4 and converted to the 
Me4Si scale using the relationship 611,,sl = SErLNBF4 + 1.27 ppm (8). 
The 'H chemical shifts for Cyt were determined by using as reference 
external Me4% in Me2SO-d6. The ' H  nmr spectra in HS03F were 
recorded at -75°C on a Bruker WP-80 spectrometer operating at 
80 MHz. The ' H  chemical shifts were n~easured relative to external 
acetone-d6 (coaxial tube) and converted to the Me4Si scale using 
6 ~ ~ 4 ~ 1  = sacetone-d6 + 2.10 ppm (8). 

Carbon-13 nmr spectra were acquired at 28OC on a Bruker WP-80 
spectrometer operating at 20.2 MHz. Proton decoupled spectra were 
recorded when needed to assist signal assignments. The 13C chemical 
shifts were measured relative to external dioxane in D 2 0  (coaxial tube) 
and converted to the Me4Si scale using SL1,,s, = Sd,,,,,,, + 67.40 ppm 
(9). The nmr samples were prepared by dissolving weighed amounts of 
the solid bases in known volumes of titrated H2S04 (I3C nmr) or 
D2S04 ( 'H nnx)  solutions, 7% fuming H2SO3, and HS03F. 

The 'H nmr spectra were recorded for Cyt with 0.18-18 M HzSOj 
solutions, and for Ura and Thy with 4.0-18 M D2SO4. The base 
concentrations were 0.16 M for Cyt and 0.12 M (0.04 M at low acid 
concentration) for Ura and Thy. The non-exchanging protons were 
assigned by using literature data (10) and by taking the C-6 (adjacent to 
N-1) proton to be less shielded than the C-5 proton. The Me protons of 
Thy appeared at high field and integrated 3 times the C-6 proton. The 
' H  shifts of Cyt were corrected for bulk magnetic susceptibility (1 1) 
while those of Ura and Thy were not corrected since the internal 
reference used, Et4NBF4, is satisfactory in the range of acid concentra- 
tions used (I  I ) .  The I3c spectra were taken with H2SOl solutions. For 
Hypy, H2S04 was varied from 0 to 7.72 M. Dap was studied between 0 
and 18 M H2S04 .  For Cyt. the H2S04 range was 0.18- 18 M and for 
Ura and Thy, it was 6.3-18 M. For MeCyt two spectra were recorded, 
one in 1.8 M H2S04 and the other in HS03F. The base concentrations 
were0.30 MforHypy,Ura ,  andThy. 0.42 MforDap.  and0 .16M for 
Cyt and MeCyt. The carbons of the bases were assigned by using 
off-resonance spectra and literature data on related compounds (9, 12). 

The uv spectra were recorded on a 545 Perkin-Elmer spectrophoto- 
meter. and absorbances at a fixed wavelength were measured at 25°C 
on a PMQ I1 Zeiss spectrophotometer. Values were measured within 
10 min of preparing the solutions because absorbances increased 
somewhat on standing. The uv samples were prepared by dissolving the 
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TABLE 1. Ultraviolet spectral data of uracll. thymlne, and Dap 

Base [H2SO41 ( M )  A",,, (nm) log elllax 
- 

Ura 0 258, (258).' (259)b 3.92, (3.91)," (3.92)' 
UraH+ 14.4, (10.3)" 276, (272)" 3.90. (3.82)" 

Thy 0 263. (264)' 3.90 (3.89)' 
~ h y ~  + 15.3 286.5 3.84 

DapH+ 0.18 247.5 4.11 
~ a p ~ ~ "  10.1 244 4.08 

"Reference I I .  
bReference 21. 

solid bases in titrated acid solutions and diluting aliquot5 with the same 
titrated acid to give (1-2) x 10-% base concentrations. 

Results 
Chemical shvts 

To illustrate the variations of the 'H and "C shifts of the 
bases with increasing acidity and to discuss qualitatively the 
protonation reactions, the ' H  and I3c shifts of Cyt, Ura, Thy. 
and Dap were initially plotted against Ho ( I ) .  While all protons 
move downfield with increasing acidity, the carbons move 
either upfield or downfield. The plots of the ' H  chemical shifts 
against Ho are for the most part sigmoid curves, indicative of 
base protonation. For Ura and Thy. which are present as the 
neutral bases in the more dilute acid solutions, the ' H plots then 
correspond to the first protonation step when Ho passes from 
-2.5 to -9.0, with half protonation Ho values of -4.0 for Ura 
and -5.0 for Thy respectively. The 13c plots generally confirm 
these results, though the initial part of the curves is missing 
because Ura and Thy are too weakly soluble below 6.3 M 
H2S04 to record their 13C spectra. The "C data further indicate 
for both bases the beginning of a second protonation step for Ho 
below - 8 .  Additional 13c spectra of Ura and Thy, taken in 7% 
fuming H2SO4 ( H o  = - 12.7) and HS03F ( H o  = - 14.2), show 
large shifts and confirm the presence of UraHz2' and ThyHz2+. 
For Cyt, which is present as CytH+ at the lowest acid 
concentration used, the 'H and '?c shifts show the onset of a 
second protonation step for Ho lower than - 6.0 but no plateau is 
reached in 18 M H2SO4 ( H O  = - lo) ,  while the spectra for the 
13C shifts in 7% fuming H2SO4 and HS03F are identical and 
thus are likely to correspond to full protonation. Finally. for 
Dap, which is monoprotonated in the most dilute H2SO4 
solutions used, the I3C plot indicates a second protonation step 
with an Ho value at half protonation of - 1.5. Additional 'H 
spectra were taken at -75°C on HS03F solutions of Cyt, Ura. 
and Thy. The NH2 protons of Cyt as well as the NH protons of 
all hydroxypyrimidines were now observed but no OH signals 
corresponding to C=O protonation could be detected. The 
values obtained for the chemical shifts in these HS03F solutions 
differ from those reported by Wagner and von Philipsborn ( 3 )  by 
2.5 ppm, probably because of different references. 

TABLE 2. Protonation data for uracil and thymine 

P K ~  
PK,, 

Base ( H o )  m o (HA) m A 

-3.97 2.33 -2.87 1.12 
UraH - -3.50" 1.92" -2.20" 1.39" 

-3.38" 1.8Yb -2.98' 1.14' 

ThyH- -5.47 2.12 -3.60 0.99 
-2.50" 2.13" -1.90" 1.43" 

"Reference 4. 
bReference 7. 
'Reference 5. 

H2S04. formation of UraH' is not complete. The absorbances 
of Ura, Thy, and Dap solutions were determined between 0 and 
18 M H2S04. The plots of the absorbances, measured at 8 
selected wavelengths, against Ho also gave sigmoid curves. 
The shorter plateaus at high acidities for Ura and Thy suggest 
the onset of the second protonation. 

Calculation of pK, 
Initially, to compare our data with the published data (4, 5 ,  

7). values of pK, for the various protonated species BH"' were 
calculated for the acidity functions Ho and H A  using the 
standard equations (1). Values forpK,, of UraHi and ThyH+ for 
the Ho and H A  acidity functions are presented in Table 2 
together with the corresponding slopes mo and m ~ .  Subse- 
quently, the values of pK,, were obtained by the excess acidity 
method (13). The program developed by Cox was used, as we 
described previously ( I ) ,  to calculate the pK,, values given in 
Table 3 ' with their standard deviations and the refined values of 
6,,+ and 6(,- ,,- listed in Tables 4 ( 'H nrnr) and 5 (13C nmr) 
respectively. The uv data (absorbances A or molar absorptivities 
E)  were similarly treated. To check the absence of medlum 
effect, pK values were also calculated from values of hA or LE 
corresponding to pairs of wavelengths (14). Both sets of pKs, 
calculated from A (or E) and hA (or h e )  were identical within 
experimental error, so that large medium effects can be ruled 
out. This point is further strengthened by the good agreement 

Ultraviolet spectra between pK values obtained from uv and nrnr data (Table 3). 
The H2SO4 concentrations corresponding to the spectra of the 

various neutral and protonated species of Ura, Thy, and Dap Discussion 

are given in Table 1 together with h,,,, the wavelengths Ionization Constants 
of maximum absorption, and E,,,,. the corresponding molar First, let us compare our protonation data for UraHt and 
absorptivities For Ura and Thy. our spectra are similar to those 

lcornpiete seti of nmr, uu, and data have been 
reported by ~ukovskaya  et al. (4) who. however, give no Emas and may be purchased from the Depository of Unpublished Data, 
values. The Amax and E I I I ~ X  for UraHt given in ref. 7 differ CISTI. National Research Council of Canada. Ottawa, Ont., Canada 
slightly from ours because. for the medium used, 10.3 M K I A  0S2. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J CHEM. VOL. 64. 1986 

TABLE 3. pK, and m* values' and protonation sites for cytosine, uracil, thymine, and 
related bases 

PK, (nmr) PK, (uv) Protonation 
Base ( m * )  ( m * )  pK, (lit.) site 

"Reference 2. 
bSee text. 
'Reference 4; pK calculated by the Bunnett-Olsen method (13). 
d~efe rence  6; pK based on H A  acidity scale. 
'Reference 1. 
fReference 22. 
SReference 23. 

TABLE 4. 'H shift valuesa (ppm) of neutral and protonated cytosine, 
uracil, and thymine 

Base N(1)H N(3)H C(5)H C(6)H CH3(5) NH2(4) 

CytH' 
C y t ~ ~ "  
(-75°C) 

Ura 
UraH' 
~ r a ~ , "  
(-75°C) 

Thy 
ThyH' 
T ~ Y H > ~ +  
(-75°C) 

"Standard deviation usually better than 0.02 ppm. 
bEstimated values; evidence of a large med~um effect. 

ThyH+ with previous data (4 ,5 ,7 ) .  We note that the pK1 values 
in Table 2 vary not only according to the acidity function 
selected but also according to the data used. For H A ,  which on 
the basis of the slope m A  appears here to be the best acidity 
function, our pK1 value of -2.9 for UraHf 1s in good 
agreement with -3.0, that of Poulter and Frederick (51, but in 
only passable agreement with - 2.2  reported by Gukovskaya 
et al.  (4). For ThyH+, our pKl  of -3.6 is at complete odds 
with - 1.9,  reported by the same group (4). 

However, since our bases are different from the amides used 
to establish the H A  scale, we have selected the excess acidity 
method (13) to calculate the pK, values that are listed in Table 3 
together with the slopes m+.  We observed a good agreement 
between the values obtained by nrnr and uv so that we can 
confidently reject the previously quoted pK1 for ThyH' (4). 
Furthermore, the lower acidity found for UraH (pK , = - 2.4) 
compared with that of ThyHL (pK, = -3.0) is in agreement 
with what is expected from a methyl group (Thy is 5-methyl- 

uracil) in a conjugated system and in a position a to a protonated 
carbonyl on C-4, and, as we shall see, the proton in ThyHf is on 
0=C-4. For C y t ~ ; + ,  our pK2 of -6.4 is approximate and 
based on H A  because of the paucity of data at high acidities. It is 
worth noting that the differences between the pK2 and pK1 
values in Table 3 indicate for CytH+ a much stronger stabili~a- 
tion than for UraHf, ThyH+, and DapHf. so that there must be 
additional factors to the conjugation of the amino group on C-4 
with the ring, on protonation, to account for the increased 
stability of CytH'. On the other hand, values of -NH deprotona- 
tion pKo (not reported here) for Cyt, Ura, and Thy show that 
this time neutral Ura and Thy are much more stabilized than 
Cyt with respect to deprotonation and monoprotonation. A 
comparison of first protonation data in solution with theoretical 
protonation energies and experimental gas phase proton affini- 
ties will be made later in a comparison of a larger series of 
nucleic acid bases. 

Our 13C nmr data have an interesting consequence. Previous 
researchers have used, for structural determinations, 'H and 
13C nmr data obtained on trifluoroacetic (TFA) solutions of Ura 
(3) and Dap (15) with the assumption that UraH+ and DapH+ 
respectively were the species present in TFA. On the basis of 
our data, we calculate for TFA solutions Ura/UraHf = 20: 1 
and D a p H + / D a p ~ $ +  = 3: 1. It is clear that when working with 
polyfunctional bases such as pyrimidines, dissolving the bases 
in one acid solvent and attributing to a single species the 
observed chemical shifts may be misleading. 

Protonatiotz sites 
The values of pK1 and pK2 given for Cyt in Table 3 suggest 

that the first protonation of Cyt is likely to be on N-1 while its 
second protonation (and also both protonations of Ura and Thy) 
takes place on the exocyclic C=O. However, the I3C data in 
Table 5 and particularly the direction and magnitude of the shifts 
on protonation give additional information on the protonation 
sites. First, for Dap. where there is only nitrogen protonation. 
we note that the first protonation expected on N-1 for this 
4-aminopyrimidine (1  5) is indeed accompanied by an upfield 
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TABLE 5. I3c shift valuesa (pprn) of neutral and protonated cytosine. uracil. thymine, 
and related bases 

Base C-2 C-3 C-4 C-5 C-6 

Cytb 
CytH' 
CytH- 
CytHz2+ 
Ura 
UraH- 

' 

"Standard deviation usually better than 0.10 ppm 
bSpectra recorded in Me2S0 .  
'Estimated from our data and pK2 values (6). 

shift of C-2 and C-6, which are adjacent to the protonation site 
N- 1 ; this is in accordance with the cr effect observed by Pugmire 
and Grant (16) on five- and six-membered heterocycles. We 
also note, however, that for the second protonation of Dap on 
N-3, while the adjacent C-4 also moves upfield: the adjacent 
C-2 has this time a small downfield shift. This must be related 
to the presence of the first proton on N-1. Then for Cyt, 
we observed an upfield shift of C-2 (-8.9 ppm) and C-4 
(-6.5 ppm) in line with a first protonation on N-3. This N-3 
protonation of Cyt parallels that of cytidine, the nucleoside 
derived from Cyt, where the corresponding "C shifts are 
-8.6 ppm (C-2) and -6.1 ppm (17). Furthermore. we can state 
that the first protonation of Cyt occurs exclusively at N-3 since 
our C-2 and C-4 protonation shifts are very close to the average 
N-3 methylation shifts (-8.5 ppm (C-2) and -6.7 ppm (C-4)) 
found for cytidine and deoxycytidine (12u). Concerning the 
second protonation of Cyt, obviously occurring on the carbonyl 
0=C-2,  we observe not only the expected downfield shift of 
C-2 (+5.2 ppm), which is admittedly much smaller than the 
+ 30-ppm shifts reported for aliphatic ketones (1 8) ,  but, as well, 
a larger ~ 9 . 6 - p p m  downfield shift of C-5 emphasizing the 
importance of conjugation effects in the pyrimidine ring. The 
I3C shifts for MeCytHf (Table 5) and the protonation shift for 
M e C y t ~ $ +  are very close to those found for the corresponding 
Cyt cations (except for C-6 adjacent to the methyl group) and 
thus confirm the exclusive second protonation of the carbonyl 
0=C-2, so that there is no need to postulate the presence of a 
tautomeric monocation + HO=C-2 (3). 

Let us now turn to the assignment of the protonation site 
in both UraH+ and closely related ThyH+. It is generally 
agreed that the most stable monocation UraH+ is that which is 
protonated at 0 - 4  (3, 5 ,  19, 20). Our 13C data for UraH+. 
u r a ~ $ + ,   thy^+, and ThyH$+ in Table 5 support this assign- 
ment. To begin with, the first protonation at 0 - 4  and the second 

one at 0 - 2  are in line with the expected downfield protonation 
shifts of the affected carbonyl carbons, first C-4 for UraH' 
(+3.0 ppm) and for ThyH+ (+0.9  pprn because of the a 
methyl group), then C-2 for U r a ~ ; +  (+4.0  ppm) and ThyH$+ 
(+3.2 ppm), which may be compared with C-2 for ~ y t ~ : +  
(+5.2 ppm). The reverse order for the carbonyl protonation 
(0-2 then 0-4) would not lead to downfield shifts. The large 
downfield shift of C-5 (+5.2 ppm) in the para position, 
observed with the unambiguous C=O protonation of CytH+ at 
C-2, is also observed for the protonation at 0 - 2  in u r a ~ : +  
(+8.3 ppm) and ThyH$+ ( t 8 . l  ppm). While a downfield 
protonation shift of C-5 (+8.9ppm) is also found for the 0 - 2  
protonation of tautomerized Hypy, originally taken as our 
model compound, the carbonyl C-2 of Hypy undergoes an 
unexpected upfield shift upon protonation, thus emphasizing the 
difficulties inherent in the choice of a model compound, Hypy 
apparently not being a good model for hydroxypyrimidines, 
possibly because of different conjugation effects. 
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(1986). 

An ellipsoidal cavity model has been used to study the energy changes in occupied molecular orbitals induced by solute- 
solvent electrostatic interactions. Some benzene derivatives have been selected as solutes. Calculations have been carried out at 
the CNDO and ab initio STO-4G levels. Important variations in the molecular orbital sequence, involving a change in the 
HOMO nature, have been observed. A perturbation analysis is employed to understand the orbital evolution from gas phase 
to solution. 

ENRIQUE SANCHEZ MARCOS, JOAQU~N MARAVER, MANUEL F. Rufz-L~PEZ et JUAN BERTRAN. Can. J. Chem. 64, 2353 
(1986). 

On a utilisC un modkle a cavitC ellipsoi'dale pour Ctudier les changements CnergCtiques dans des orbitales molCculaires 
occupees, qui sont induits par des interactions Clectrostatiques solute/solvant. On a choisi quelques dCrivCs benzCniques comme 
solutCs. On a effectuC des calculs aux niveaux CNDO et STO-4G ab initio. On a observe des variations importantes, impliquant 
un changement dans la nature de OM haute occupee, dans le cheminement des orbitales molCculaires. On a utilis-6 une analyse de 
perturbations pour comprendre l'evolution orbitale de la phase gazeuse a la solution. 

[Traduit par la revue] 

Introduction 
The concept of frontier orbital (1) has been widely used in 

theoretical studies of chemical reactivity (2). The use of this 
static index can be theoretically justified by a perturbation 
treatment of intermolecular interactions (3, 4). 

It has been rather general to apply Fukui's idea of frontier 
orbital from calculations where the molecules are isolated. 
However, chemical reactions of practical interest are usually 
performed in the liquid state. 

The recent techniques of ICR ( 5 ) ,  which permit the study of 
gas phase reactions, have shown the important variations that 
such processes can present when they are compared with the 
corresponding ones in the condensed phase. Therefore realistic 
values of the reactivity indexes are not easily derived in a 
scheme in which the solute-solvent interactions are neglected. 

Two basic approaches are generally applied to these inter- 
actions. The first s~mulates the solvent by a limited number of 
solvent molecules which are placed around the solute, and is 
known as the supermolecule model (6). In the other approach, 
the solute is confined in a cavity surrounded by a dielectric 
continuum representing the solvent, which is characterized by a 
macroscopic quantity, i.e. the dielectric permittivity. Electro- 
static interactions, which result from the polarization of the 
continuum in the presence of the solute charge distribution, can 
then be incorporated into the solute hamiltonian (7-1 1).  

Several papers have been devoted to the study of the solvent 
effects on the frontier orbitals of a given molecule. Klopman 
(12) used the solvation model to predict the relative order 
or hard and soft Lewis acids and bases and nucleophilic or 
electrophilic reagents in a liquid. The influence of the solvent 
on electron affinities of cations has also been investigated 
(13). Other studies have considered systems including specific 

interactions (14-16) by using the supermolecule model. More 
recently, a cavity model, in which the electrostatic part of 
the solute-solvent interactions is computed by a multipole 
expansion of the electron distribution of the solute molecule, 
has been employed to analyze the role of these interactions in 
the frontier orbital energies of several small molecules, anions, 
and cations (17). This work was able to explain the changes in 
reactivity of various species when going from the gas phase into 
solution. 

Apart from the crude representation of the solvent by a 
continuum, which has been discussed previously (18-20), the 
great limitation of the model employed by these authors is the 
use of a spherical cavity which makes it difficult to extend such 
calculations to molecules differing in spherical shape. This 
limitation can be overcome by the use of cavities fitting any 
molecular shape (7, 21). The application of such cavities is not 
very general owing to the fact that the electrostatic equations 
have to be integrated numerically. Constant coordinate cavities 
have been introduced because they allow analytic expressions 
for the electrostatic potential. 

The use of a three-axes ellipsoidal cavity has recently been 
developed (22, 23). The equations derived allow us to write the 
perturbation hamiltonian in a form very similar to the expression 
obtained for the spherical cavity. 

In this paper, the ellipsoidal cavity model has been employed 
in order to study the influence of the electrostatic solute-solvent 
interactions on a molecular orbital set of some molecules whose 
shape can not be fitted by a spherical cavity. The main aim of 
this work is to analyze the evolution of the HOMO on changing 
the medium. Given that strong solute-solvent interactions may 
be expected in some cases, a possible change in the nature of the 
HOMO should be envisaged. Therefore, we are interested in 
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analyzing the evolution of other occupied molecular orbitals. 
The molecules considered are some benzene derivatives. For 
such species the HOMO plays an important role in electrophilic 
substitution in which strong solvent effects have been emphasized. 

Method of calculation 
The method used to study the solvent effect is based on the 

spherical cavity model derived by Kirkwood, which has been 
adapted to quantum chemical calculations by Rivail and Rinaldi 
(8), and more recently extended to the use of three constant 
coordinate cavities (22,23). This model has been widely used to 
evaluate solvation energies and solvent effects on molecular 
properties and has proved to be useful in the predictions of 
experimental values (24). 

The Hartree-Fock equations for a solvated molecule are 
written 

7 A1 

where M;' is a component of the spherical multipole moment of 
order 1 corresponding to the solute electron distribution and R;" 
is a component of the so-called reaction field. In the case of a 
spherical cavity these terms can be expressed in the simple form 

[ 2 ]  R;' = f,M;" 

where f l  is the reaction field factor 

In the case of an ellipsoidal cavity the reaction field is written in 
a more involved form. Each component R ;' is now expressed as 
a linear combination of spherical moments MF of the same 
parity and of the order I f  S 1, so that the reaction field factor 
adopts a tensorial form. Accordingly, one can write 

Detailed expressions for all these operators can be found in the 
original references (22, 23, 25). 

The change in the solute molecular orbital levels where the 
solvent is considered is a consequence of two effects. First, 
the electrostatic interactions of the molecular orbital electron 
distribution with the reaction field, which modifies the initial 
eigenvalues, ep, in the form 

Secondly, the polarization of the molecular wavefunction is a 
result of the non-homogeneous electric field. This effect can be 
taken into account by making a SCF calculation in which the 
total energy is minimized. 

The results presented in this paper have been obtained by 
considering both electrostatic and polarization effects, i.e.. SCF 
calculations where the total hamiltonian includes the solute - 
dielectric continuum interaction term. An attempt at interpreta- 
tion of these results has been made by using the first-order 
perturbation theory which supplies a suitable picture to under- 
stand how the orbitals of isolated molecules are modified by the 
long-range solute-solvent electrostatic interactions. 

The molecular geometries have been obtained by minimizing 
the total energy using the CND0/2 method (26) and the 
wavefunctions have been evaluated by the CNDO/S technique 
(27). The calculations were performed by means of the 

GEOMO program (28), in which the electrostatic solute- 
solvent interaction, as described above. has been implemented. 
In the case of the benzoate anion, an additional ub irzirio 
calculation was made using a modified version (23) of the 
GAUSSIAN 76 program (29) including the method of cavity of 
Rivail and Rinaldi. 

The volume of the cavities is taken as equal to the molecular 
volume of the pure liquid at room temperature. In the case of the 
anions the volume corresponding to their neutral molecule has 
been taken (17, 30). 

Results 
In a first step we will focus on the n MO's of the benzene 

derivatives (benzaldehyde, benzoic acid, nitrobenzene, benzo- 
ate anion, and phenolate anion). Table 1 shows the orbital 
energies in gas phase, e ( ~  = I ) ,  for every occupied n orbital. 
In all cases the HOMO in the gas phase is the 1 n orbital. From a 
second SCF calculation where the solute-solvent electrostatic 
interactions are taken into account (assuming E = 78.0), the 
MO's energies, e ( ~  = 78), have been obtained. The energy 
changes for the occupied n MO's, Ae = e ( ~  = 78) - e ( ~  = 1) 
have also been included in Table 1. It is seen that these changes 
are very different for each orbital, even in the same molecule. 
and affect the Ae sign in some cases. Moreover, there are 
HOMO changes when the dielectric permittivity goes from 1 
to 78. 

We will begin analyzing the sign of Ae. A neutral solute must 
be chosen because in a charged solute the Born term is the main 
contribution leading to a global stabilization in all occupied 
MO's. Thus, Fig. 1 shows the scheme of the five occupied n 
MO's of nitrobenzene. This solute has been selected because its 
symmetry will simplify the discussion. l n  and 2 n  are the 
formerly degenerated orbitals of benzene,  IT is an oxygen lone 
pair orbital (non bonding, n ) ,  4 n  is an orbital with nodal plane 
between the ring and the substituting group and 5 n  is the most 
stable bonding orbital. The dipolar interaction is the most 
important contribution to the stabilization energy of nitro- 
benzene given the strong dipole moment of this molecule. The 
molecular dipole moment, p,, and its associated reaction field 
term, R , have the same direction as the C2 molecular axis. The 
orbitals with high electron density in the oxygen atoms, 3~ and 
5 a ,  give rise to orbital dipole moments parallel to p,, and so 
are stabilized when the dielectric permittivity goes from 1 to 78. 
On the contrary, the 1 IT, 2 n ,  and 4 n  orbitals have the highest 
orbital coefficients associated with the ring atoms, giving rise to 
orbital dipole moments that go in the direction opposite to p ~ ,  
thus their interactions with the reaction field are destabilizing. 

Benzoic acid and benzaldehyde can be analyzed in the same 
way. Thus, we have predicted the sign of Ae for every studied n 
orbital of the neutral molecules considering only the dipolar 
interaction (Table 2). Comparing these results with those shown 
in Table 1, a good qualitative agreement is found except for the 
benzaldehyde 1 n  orbital. This case will be studied later. 

A second fact deduced from Table 1 is the change in HOMO 
nature with the increase of the dielectric permittivity. Thus. at 
E = 78 the new HOMO is the   IT orbital for benzaldehyde and 
benzoic acid. and the 3 n  orbital for the benzoate anion. In the 
two former cases 2 n  was already the (HO-1)MO in gas phase. 
and therefore the crossing is only between n orbitals. IHowever. 
in the crossing of the benzoate anion, a orbitals are involved. 

Figure 2 shows energy changes in the five higher occupied 
MO's of benzoate anion vs. dielectric permittivity. For charged 
solutes, the Born term, I = 0, is the main contribution to the 
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TABLE 1 .' SCF results 

Energy 

Molecule 1 IT 2 7i 3 ~r 4 7i 5371. 

e ( e  = 1) 
Benzaldehyde e ( e  = 78) 

Ae 

e ( €  = 1) 
Benzoic Acid e ( e  = 78) 

A  e  

e ( e  = I )  
Nitrobenzene e ( e  = 78) 

A e  

e ( ~  = 1) 
Benzoate Anion e ( e  = 78) 

Ae 

e ( e  = 1) 
Phenolate Anion e ( e  = 78) 

Ae 

"Atomic units. F,nergies of the occupied .rr MO's for the isolated molecule, e(6  = 1). and the molecule introduced 
in a continuum of l = 78. e ( e  = 78). l e i s  the MO energy gap. e ( e  = 78) - e ( e  = 1 ) .  

FIG. 1 .  Occupied 371. MO's of nitrobenzene 

TABLE 2. Estimates of Ae sign by comparing each 
orbital dipole moment with the total dipole moment 

(+  destabilizing effect. - stabilizing effect) 

A e  sign 

Molecule 17i 2 7 ~  3371. 4371. 5371. 

Benzaldehyde + + -  - 
Benzoic acid + + - + +  
Nitrobenzene + + - + -  

FIG. 2. Orbital energy evolution for the five higher occupied MO's 
of benzoate anion as a function of the dielectric permittivity. (The lines 
on the right hand represent the energy level that should have each MO 
if only the Born term was considered). 

orbital energy change. This term affords a stabilizing and 
constant contribution for all occupied MO's, therefore the 
crossing between the MO's appearing in Fig. 2 have to be 
originated by the different kinds of interactions of each MO with 
the higher moments of the Reaction Field. Thus, 117, l g ,  
and 2 a  are strongly stabilized (a larger extent than the Born 
contribution) while 27-r and 37-r are stabilized less than that 
corresponding to 1 = 0 term, i .e . ,  the multipole terms give a 
destabilizing contribution to the MO energy. To explain these 
differential behaviors. in Fig. 3 the electron density of the 
benzoate anion MO's have been shown. Keeping in mind the 
constant contribution of the charge term. the relative energy 
changes can be explained by taking into account the dipole 
moments as done for neutral molecules. i .e . ,  2.rr and 317 have 

- 

1 rr (a,) ( 0 )  2n (b , )  2 u  (b,) 3n (a,) 

FIG. 3. Electron densities and orbital dipole moments of the five 
higher occupied MO's of benzoate anion. 
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FIG. 4. Energy contribution, obtained by means of eq. 151, of each 
polar term to the five higher occupied MO's of benzoate anion. 

TABLE 3." Contributions of the first two polar 
moments to the 1 IT and  IT orbitals of benzalde- 
hyde, obtained by means of the perturbational 

approach 

Contribution 

Polar moment 1 IT 27r 

"Atomic units 

orbital dipole moments which point in the opposite direction 
from p , ~ ,  while those of 1 7~ , 1 a, and 2 u  are parallel to p , ~ .  

A similar analysis may be applied to the phenolate anion. 
The 2 7 ~  orbital, the one less stabilized due to the positive 
contribution to A e  of terms 1 > 1 ,  corresponds to the benzoate 
anion 377 orbital, and the most stabilized one is 3 ~ ,  an orbital 
with high electron density in the oxygen atom. 

Nevertheless, the previous analysis does not allow the 
prediction of the orbital inversion but rather a qualitative idea of 
the energy gap between the different MO's. For this reason, to 
give a more quantitative estimate of the multipole moment 
effect, we have calculated the energy contribution of each 
multipolar term from eq. [ 5 ] ,  in a perturbational way. A 
localized charge distribution in each atom has been taken. In 
Fig. 4 the energy vs. the I-polar term have been plotted for the 
MO's of the benzoate anion. A crossing appears for the dipolar 
term, l I  , but the order of orbitals does not match the sequence 
obtained by SCF calculations. To achieve this sequence the 
contribution of the quadrupolar term, 1 2 ,  must be taken into 
account. The terms higher than l 2  are small and do not alter the 
energy order. 

A similar calculation has been carried out for benzaldehyde, 
and in Table 3 the contributions of the first two moments to the 
1 7 ~  and 2 7 ~  orbitals are gathered. In this case the quadrupolar 
term cancels the dipolar one for the l 7~ orbital, changing our 

initial provisions. It must be pointed out that both contributions 
are nearly the total energy change shown in Table 1. 

Finally, in order to test the charge distribution obtained by 
CNDO/S we have performed czb initio calculations of the 
benzoate anion using the STO-4G basis for 1 = 1 and 1 = 7 8 .  

L 

Table 4 shows the orbital energy variations obtained by means 
of CNDO/S and STO-4G, subtracting the constant contribution 
of the charge term. 

Discussion 
Solvation phenomenon is usually thought of as a unique 

effect, generally stabilizing, over the molecular system intro- 
duced in the condensed medium. In a cavity model the effect of 
solvation is envisaged as the interaction between the total charge 
distribution of the solute and the electrostatic potential gener- 
ated by the reaction field of the polarized dielectric continuum 
within the cavity. 

Given that the reaction field is generated by the charge 
distribution of the solute, it has the appropriate symmetry to 
lead to a global stabilizing interaction. Nevertheless, the charge 
distribution is not always the same in an orbital as in the whole 
molecule. Consequently, energy gaps of different sign may 
appear within the MO set. The estimate of A e  is not obvious in 
all cases. In a first approach the sign of the effect can be deduced 
taking into account the dipole moment, specially when this is 
the most important moment generated by the charge distribu- 
tion, i .e .  nitrobenzene. Thus, MO's with high contributions of 
electronegative atom orbitals, for instance the lone pair 371. 
orbital of nitrobenzene, show a strong stabilizing effect, since 
their dipole moment is parallel to the total dipole moment. On 
the other hand, MO's with high coefficients associated with the 
ring atom orbitals show a destabilizing effect because they have 
an brbital dipole moment whose direction is opposite to that of 
molecular dipole moment, i.e. the formerly degenerated rr 
orbitals of benzene 1 TT, and 2 7 ~  in nitrobenzene. 

Nevertheless, this simple approach does not predict the 
solvation effect on the MO set when the solute does not have a 
strong dipole moment or when an orbital inversion takes place. 
In both cases a more thorough estimate of A e  using higher 
multipole moments must be carried out. As has been shown in 
the previous section, a perturbational analysis gives values of 
A e  near to the variational ones of Table 1. Calculations for the 
benzoate anion and benzaldehyde show that on considering 
the multipole expansion as far as the quadrupole moment, the 
results obtained agree quite well with those of SCF calculations. 
On introducing higher moments, small corrections to the final 
energy are obtained indicating the convergence of multipole 
expansion. Usually, good descriptions of solvation phenomena 
may be achieved with the main and the next two 1-pole 
moments. 

The small changes in the MO coefficient set observed when 
E goes from 1 to 7 8  point out the minor role of polarization 
phenomena (3 1). It explains why our solvation energy estimates 
from perturbational calculations correlate quite well with the 
results obtained by SCF calculations. However, the behavior of 
the dipole expansion and its associated polarization phenomena 
are not general, due to the fact that a minimal basis set is used in 
all cases. This point will be dealt with below. 

Changes in HOMO nature due to solvent effects may involve 
important alterations in chemical reactivity. For instance, Fig. 5 
shows the shape of benzaldehyde HOMO in gas phase and 
condensed phase for E = 7 8 .  The orbital inversions found 
cause changes in the most suitable centers for electrophilic 
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TABLE 4.' SCF results 

Orbital energy 

gas p h a s e  c o n d e n s e d  p h a s e  

FIG. 5. HOMO'S of benzaldehyde. 

substitution reactions if the conditions favor an orbital control. 
Nevertheless, a small energy gap between the H O M O  donor 
level and the LUMO acceptor level is required for a frontier- 
controlled reaction.  heref fore, in addition to the changes 
caused by the solvent in the M O  set, the influence of solvation 
on the HOMO-LUMO gap must be kept in mind. 

For the anions there-is a loss of orbital control because 
the solvation strongly decreases all occupied orbital energies. 
However, reactions involving soft nucleophiles can allow a 
partial charge transfer which could make the H O M O  play a 
more important role as the reaction progresses (1). This 
situation will be favored by the partial desolvation needed in 
reactant approximation, as Klopman has recently suggested 
(32). 

For neutral molecules, there is a weaker influence of the 
solvent on the M O  energies, since the strong stabilizing 
contribution of the Born term does not appear. Therefore, 
HOMO inversion may take place without a significant decrease 
in orbital control. O n  the other hand, the weak effect of 
the solvent prevents a great HOMO-(HO-l)MO energy gap. 
Nevertheless, following Fukui's principle of narrowing of inter- 
frontier level separation ( I ) ,  the reaction progress will favor 
the increase of localized electron density over the interacting 
centers and it will increase the relative weight of H O M O  within 
the M O  set (33). 

Analogous deductions were made from a solvation study of 
these molecules with the supermolecule model (34) using H 2 0  
and H F  as solvents. This similarity implies that specific and 
electrostatic solute-solvent interactions-have common factors 
which must be linked to the properties of the solute more than to 
those of a particular solvent. Nevertheless, keeping in mind 
that hydrogen bonding itself is electrostatic to a large extent 
(31, 35), and that the solutes considered form strong hydrogen 
bonds in the supermolecule, one may deduce that the discrete 
study represents a limit of the specific interactions close to the 
interactions detailed by the continuum model. 

For this explorative work we  have chosen a semiempirical 
quantum chemical method because of its relatively low compu- 
tational time. The C N D O  method gave reasonable electron 
distribution (36) and afforded quite good answers to a number of 
problems in which the influence of the solvent on chemical and 
spectroscopy phenomena was under study (37). The ab initio 
calculations performed on the benzoate anion support this 
hypothesis. as shown in Table 4. The use of a minimal basis . L 

set probably underestimates the electronic effects derived from 
higher harmonics. However, in the cases studied these contri- 
butions do not imply large modifications in the effects, owing 

"Atomic units. Orbital energy variations in 
benzoate anion are obtained by subtracting 
the Born term, Ae' = he - l o .  

to the high values of the first terms of the multipole moment. 
Another problem is that the diffuse nature of the charge density 
of anions is rendered rather poorly by a minimal basis set. In any 
case, the picture given in this work may be  a good starting point 
for more accurate calculations. The use of more complete basis 
sets is needed to supply a more correct representation of the 
electrostatic solute-solvent interactions. In order to get a deeper 
insight into the behavior of the multipole expansion and the role 
of the polarization phenomena, ab initio calculations using 
double-l; and diffused basis sets are in progress. 
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A quantum approach to the mechanism of electrochemical reductions 
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JUAN J .  NOVOA. Can. J .  Chem. 64, 2359 (1986). 
Using the Hartree-Fock method and. in some cases. the second order Moller-Plesset perturbational method, with 4-31G, 

4-31 +G.  and 4-31 +G* basis sets, a first approach to the study of the mechanism of electrochemical reduction from 
formaldehyde to ethanol is presented. The total energy and optimized geometry of each of the molecules involved are also given. 
A proton-electron-proton-electron type mechanism is proposed. 

JUAN J. NOVOA. Can. J. Chem. 64, 2359 (1986). 
Faisant appel a la mtthode de Hartree-Fock et, dans quelques cas, 5 la mCthode des perturbations du second ordre de 

Moller-Plesset, avec des ensembles de base 4-31G. 4-31 + G  et 4-31 + G * ,  on prtsente une premiere approche 1'Ctude du 
mecanisme de la rCduction Clectrochimique du formaldehyde en ethanol. On rapporte aussi l'energie totale ainsi que la gkomktrie 
optimisCe de chacune des molCcules impliquCes. On a trouve un mkcanisme du type proton-electron-proton-Clectrun. 

[Traduit par la revue] 

Introduction 
The mechanism in an electrochemical reduction is one of 

the unresolved problems in electrochemistry. This is due to 
the difficulties encountered in experimental detection and the 
identification of the intermediates. This is therefore an area 
where quantum chemistry can be of some use since it enables 
one to study all the postulated intermediates, even if they are 
not available experimentally. 

One of the problems in the theoretical study of the electro- 
chemical reductions is the large variety of global processes 
present and the competition, between them. as shown by 
the types of final products present: monomers, dimers. a d  
organometallic compounds. The product ratios depend on 
the compound studied and the medium characteristics (pH, 
temperature, solvent, . . .). Let us start by focussing our atten- 
tion on only one reaction, for example, the reduction of a 
compound A to its associated monomers AH2, following the 
reaction 

The mechanism is known once we can establish the order of the 
addition of the two protons and the two electrons. The following 
square diagram presents all possible paths going from A to AH2 
for reaction [ I ] :  

where horizontal lines represent an electroaddition. and vertical 
lines the addition of a proton. Once the total energy for all the 
systems is known, and the transition states between them are 
located, one can establish the most stable pathway. This can 
be done by means of any of the currently available quantum 
chemical methods ( I ) .  In this work. we present a first approach 
to the problem by studying the gas phase mechanism. In further 
studies we will focus our attention on the solvent effect of the 
proposed mechanism using the appropriate methodology (2).  

Methodology 
In this study we have used the analytical form of the 

Hartree-Fock method ( 3 )  (RHF for the closed-shell systems. 

and UHF for the open-shell ones) and the 4-3 lG ,  4-3 1 + G ,  and 
4-3 1 + G *  basis sets, while the electron correlation is computed 
by means of second order Moller-Plesset method (MP2). 
Previous studies have shown that with the 4-31G* basis set at 
the HF level one obtains a mean error lower than 10 kcal/mol 
in the computed proton affinities of neutral and charged 
compounds (4), while the error is considerably higher for the 
electron affinities (5, 6), the only two types of reactions present. 
When anions are present, it has been established (7) that it is 
necessary to include diffuse orbitals in the basis set to obtain a 
proper description of the electronic distribution. For this reason, 
we have used the 4-3 1 + G and 4-3 1 + G *  basis sets, constructed 
by adding a set of s and p diffuse functions (7) to the 4-31G and 
4-31G* bases. For the computation of electron affinities, one 
also needs to include the electron correlation to achieve a high 
enough accuracy when anions are involved (8). We bear in mind 
at all times that accurate results are essential in mechanistic 
studies. 

In our case, the application of the Hartree-Fock method is 
straightforward. We compute the optimum geometry for each 
molecule in the square diagram, thereby we will know the total 
energy for all the molecules and therefore their relative stability. 
Using these relative stability indicators, we may derive a 
mechanism for the reaction. One can go somewhat further by 
computing the potential energy curve for the energetically 
allowed additions to find the possible transition states. Assum- 
ing the Franck-Condon approach is correct, then barriers 
only exist in exothermic proton additions, which simplify 
our computational effort. Using the relative stability data and 
those relative to the barriers it is possible to define a path for 
reaction [I] .  

All these computations are done with the same basis set 
to minimize the influence of the truncation error in energy 
differences. Therefore, even if there are better computations for 
some of the molecules using more extended basis sets, they 
would not be useful for our studies because the basis set 
truncation error changes from basis to basis and can be quite 
important. In this work we use three different standard bases 
widely employed in the literature to study the effect of the 
quality of these basis sets. 

Results and discussior~ 
The total energy computed for each molecule present in the 

square diagram corresponding to formaldehyde in its optimum 
geometry. together with the final symmetry group to which they 
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TABLE 1. Total electronic energy for the optimum geometry (see text) computed with each 
basis in the given electronic state; the final symmetry is also shown 

Molecule State Symmetry Basis Energy (au) 

Gives H2COH+ 

Gives H,COH$+ 

"This energy corresponds to the sum of the energies of CO plus two H into which the system dissociates. 
b4-31 + G  basis set optimized geometry. 
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TABLE 2. Energetic differences (in kcal/mol) for the linked systems by the linesa 

45.6 404.8 
27.9 148.2 
37.2 142.9 
14.1 121.0 

(29.2) (135.4) 
H2C0 - - - - - - - - - - - - - - - - - - - - - -H2CO-- - - - - - - - - - - - - - - - - - - - - -H2c02-  

-181.1 1 -392.7 1 -742.8 j 
-178.1 1 -275.9 -380.5 1 
-177.9 1 -375.2 1 -337.4 1 
-158.3 I -350.5 I -458.4 1 

(-167.6) 1 (-359.3) 1 (-347.8) 1 
I - 166.0 I 

I 

I 59.3 I 
I I I 
I 

-69.9 I 43.6 I 

I - 160.0 I I 
I 37.8 I I 

I - 178.1 I I 
I 

13.1 
I 

I 
I 

I ( -  162.5) t (12.6) I 
I 

H2COH+-- - - - - - - - - - - - - - - - - - - - - H2COH - - - - - - - - - - - - - - -- - - - -H  2COH- 

4.7 1 -177.0 1 -447.1 1 
4.2 1 -285.2 j -536.4 1 

16.9 1 -176.4 1 -432.9 1 
67.4 1 -131.1 1 -382.7 1 

(23.9) 1 (-169.3) / (-422.6) 1 
I -347.8 I I 

I -215.2 I I 

-359.3 I -207.5 I 
I I 
I -353.4 I 

I -218.7 I 

I I I 
I -376.7 I -238.5 I 
I I I 
I (-355.6) I (-240.8) I 

H ~ C O H ; + -  - - - - - - - - --- - - - - - - - H~COH,'  - - - - - - - - - - - - - - - - - - - -- H 3COH 
- -  

T h e  first value IS the 4-31G result, the second one corresponds to the 4-31 +G balue the third one is the 4-31+G* value, and the 
fourth is the MIND0/3 result The values in parentheses are the MP2 balues computed filth the 4-31 +G* basis set 

belong, and the associated electronic state, are given in Table 1 
for all the basis sets employed. The values obtained in a 
previous computation (9) using the semiempirical MIND013 
method (10) have also been included for comparison. From the 
results in Table 1 we have computed the energetic increment 
in each possible step of the reaction, following the normal 
procedure (AE = El. - EL). Those results are included in 
Table 2 and, because the total energy of the isolated proton and 
electron are equal to zero. they also correspond to the relative 
stability of these systems. 

With respect to the ab initio results, one must notice that the 
geometry optimization was only carried out with the 4-31G 
basis set. When the 4-3 1 + G or 4-31 + G* basis are used, we 
have used the 4-31G optimized geometry because previous 
experience has shown that there are only minor changes in the 
4-3 1 6  geometry when reoptimized at the 4-3 1 + G or 4-3 1 + G* 
basis set level. 

Even if geometry is not important in the reduction mecha- 
nism, it gives an idea of the route of transformations of the 
molecules. For this reason, we have included in Table 3 the 
values of the geometrical parameters together with a computer- 
generated tridimensional plot of the geometries, Fig. 1, which 
gives an overall idea of the transformations. All values are 
given in the usual units (A for lengths, deg for angles). For 
comparison, the MIND013 values computed in ref. 9 are also 
given. 

In all tables and in Fig. 1 ,  we have used the following 
conventions for the names of the molecules: Each molecule is 
identified by its stoichiometry, but the hydrogen atoms are 
grouped near the atom to which they are bounded. This enables 
one to easily distinguish the various isomers of a molecule. 

Thus, H2COH+ is obtained by adding one proton to the oxygen 
atom in H2C0 while H3CO+ is the isomer with the proton on the 
carbon atom. 

All computations have been done using the GAUSSIAN-80 
set of programs (1 1). 

Energy and geometry 
The results included in Table 1 show, as expected, a decrease 

in total energy as with an increase in quality of the basis 
set. Computations with the 4-31GX basis set show that in all 
cases except for the dianion H2C02-, the addition of a set of 
polarization functions seems to give better total energy than the 
inclusion of a set of sp diffuse functions. The same trend is 
observed when going from the 4-3 1 + G to the 4-3 1 + G* basis 
set. However, the inclusion of the diffuse set is very important 
to correctly describe the anions while it practically leaves the 
stability of the neutral systems unchanged in agreement with 
results from the literature (4 ,6) ,  All the total energies computed 
here are in good agreement with the values reported in the 
bibliography. 

There are two remarkable facts about the results in Table 3. 
One is the good agreement of the experimental and ab initio 
results, in particular when the 4-31G basis is used. The other, is 
that MIND013 geometries are very similar to the ab initio ones 
and, therefore, the latter method describes remarkably well the 
type of geometrical changes the molecules undergo. This seems 
to be promising for this method to be used in the computation of 
the square diagrams of big molecules. 

Results of Tables 1 and 3 show that the addition of an electron 
to a neutral molecule is always an endothermic process at the HF 
level with the basis set employed. However, the only reported 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2362 CAN J. CHEM. VOL. 64. 1986 

TABLE 3.  Optimum geometry computed for the molecules present in Table 2" 

Molecule Basis Parameters 

4-31G 1.206 1.081 116.4 
MIND013 1.181 1.123 126.6 
Exp. 1.203 1.101 116.5 

H2COHL CO CHI CH2 OH3 HlCO H2CO COH3 

H2COH CO CHI CH2 OH3 OCH 1 OCH2 COH3 H 1 CO-H3 H 1 CO-H2 

H2COH- CO CHI CH2 OH3 OCH 1 0CH2 COH3 H 1 CO-H3 H 1 CO-H2 

H~COH:+ CO CHI OH3 OCH 1 COH3 

4-31G 1.326 1.088 1.002 117.2 123.2 
MIND013 1.277 1.122 0.987 116.1 126.6 

H~COH: CO CHI OH3 OCH 1 CON3 HI CO-H2 H30C-H4 

4-31G 1.430 1.076 1.083 0.951 106.2 111.6 113.2 118.6 
MIND013 1.341 1.118 1.123 0.952 114.9 107.8 110.7 119.2 
Exp. 1.427 1.096 1.096 0.956 106.6 109.0 105.9 122.0 

"All the distances in A and angles in dep. The parameters are as follows: AB means the distance between atoms A and B: HlCH2 represent the angle formed by 
the bonds HI-C, and C-H2 (the hydrogens are numbered as in Fig. 1 ) :  HICO-H1 is the dihedral angle between the atom H4 and the plane formed by the 
atoms H I ,  C ,  and 0 ,  looking from the atom bonded to H4 (see Fig. 1) .  Only the symmetry nonequi~alent parameters are indicated. The MIND013 and experimental 
(ref. 10) values are also given for comparison. 

the geometry of the CO fragment is given. The two H -  fragments are at dissociation distance. The experimental CO distance is I .  128 A. 
'Corresponding to the staggered conformation (the most stable with a 4-31G base) 

datum on these molecules is the electron affinity of the I-13C0 
molecule, whose experimental value is 36.7 kcal/mol. Previous 
studies in this field have shown that if one wants to reproduce 
the experimental electron affinity of the neutral compounds one 
needs, at least, to work with a 4-3 1 + G basis set and the MP2 
method (8). A computation at that level, using the optimized 
4-3 1 + G geometry, gives a total energy for the H,CO molecule 
of - 114.448669 au, while the same value for the H3CO- anion 
is -114.484130 au, that is. one obtains the correct stability 
between the systems and a value of 22.3 kcal/mol (experi- 

mental value of 41.3 kcal/mol), while at the 4-3 1 + G* level, 
the same property takes the value of 29.13 kcal/mol. In any 
case, when compared to the Hartree-Fock results, we see that 
they are correct in sign, and the error is almost of chemical 
precision. Having these results in mind we have performed 
computations using the 4-31 +G* basis for all the systems, at 
the MP2 level and with the 4-31G geometries. From these 
values, one can conclude that the addition of an electron to the 
neutral molecules H2C0 and H2COH is endothermic, while the 
same process is exothermic for the cations, and endothermic for 
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FIG. 1. Three dimensional plot of the optimized geometries of the molecules included in Table 2. The atoms are identified by their atomic symbol 
and the molecules to which they belong are indicated in the upper-left comer. Broken lines are used to represent non-bonds and solid ones for bonds. 

H2COp. At this point, one must notice that the MIND013 
values reproduce remarkably well the MP2 values for the 
electronic affinity of all the systems, either neutral or not. 

In relation to the proton addition process, the results 
computed here show that the protonation of formaldehyde is 
only possible on the oxygen atom and with a geometry which 
preserves the C=O double bond. After this step, a second 
protonation can happen on the formaldehyde molecule. Pre- 
vious computations on both isomers (12), H,COH~+ and 
H,COH:+, done under the constraint of C3c. symmetry on the 
methyl group of the first molecule, show that the most stable 
isomer is H*COH:+ because it preserves the double bond. 
A full optimization of both systems does not change the 
conclusion. The only new fact which appears is that H ~ C O H ~ +  
is not stable and splits into HCOH' and H:. 

The addition of an electron to the planar and isoelectronic 
compounds H2C0, H2COH', and H ~ C O H ~ +  breaks up their 
planarity. This is an endothermic process for the first corn- 
pound, but an exothermic one in the last two cases. The 
exothermicity is proportional to the net charge of the system. 

The addition of a second proton to the H2COH molecule is 
possible on either the carbon or the oxygen. However, the 
H2COH: isomer is 5 kcal/mol more stable than H3COH+ at the 
4-31G* level, while in the other cases the stability is preserved. 
The addition of a new electron reverses the relative stability 
and the H3COH isomer is about 100 kcal/mol more stable than 
H2COH2. 

Energetics 
From the results in Table 1 .  one can compute values in 

Table 2 as simple differences. Furthermore, we have also 
included for comparison the MIND013 results obtained from a 
previous study (9). 

Let us take note that Table 2 do not include the H3CO+, 
H&O, and H3COp molecules. H,CO+ does not exist as it 
transforms into H2COHt without a barrier. Thus the H3C0 

system can only be obtained through protonation of the H2COp 
molecule. However, because the H2CO- molecule is energeti- 
cally unstable, this path is not possible and H,CO is never 
formed. Similarly, we can not obtain H,CO- as an intermediate 
in the reduction of H2C0.  

Before using results in Table 2 to establish a reduction 
mechanism, it is necessary to know the quality of these results, 
by comparing these with the experimental values for the two 
types of reaction described in this table: proton and electron 
additions. Electron additions have been dealt with above and we 
have concluded that MP2 computations done with a 4-3 1 + G* 
basis describe the sign and value of the energy increment 
with almost chemical precision. The MP2 values obtained are 
included in parentheses, and can be used as reference for all the 
other results in the same table. For proton affinities, one can see 
that the experimental value for the proton affinity of formalde- 
dyde in the gas phase (- 177.2 kcal/mol) compares very well 
with the 4-3 lG* computed value of - 180.7 kcal/mol, and with 
the4-31+Gand4-31+G*values(-178.1 and 177.9kcal/mol, 
respectively), while for the H3CO- system the theoretical value 
using a 4-31GY basis set gives a value of -41 1.1 kcal/mol 
while the experimental value is -384.6 kcal/mol. Both results 
lend confidence to the theoretical prediction of this property at 
the 4-3 1 + G* level. We can conclude that the sign and the order 
of magnitude of the energetic variation involved in the reaction 
is correctly described by our best result. Therefore, we have the 
level of precision to establish the mechanism of reduction for 
our compound. 

Electronic correlation exerts practically a uniform effect 
on the HF results of the cations and the neutral molecules 
(a lowering of about 0.2 au in the total energy) and a slightly 
higher results (a lowering of 0.3 au in the same property) for the 
anions. However, this correction does not affect the sign of the 
energy increments included in Table 2 and, therefore. for the 
reaction studied. the electron correlation does not affect the 
main facts of the reaction energetics. 
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Finally, we  can compare the "best" results reported here with 
those computed with the other basis sets and with M I N D 0 / 3 .  In 
the first case, one can also see that the results from using 4-3 1 6  
are very similar to those from using 4-3 1 + G*,  except when the 
dianion is also involved. In relation to the M I N D 0 / 3  results, 
the electron and proton affinities are very well matched for 
the compounds studied here. Thus, the M I N D 0 1  3 values 
conlputed for the proton affinity for H 2 C 0  and H 3 C 0  are 
- 158.3, - 322.7 kcal/mol, respectively (experimental values 
are - 177.2, -384.6 kcal/mol) while the computed electron 
affinity of H,CO is 45.2 kcal/mol (the experimental value is 
36.7 kcal/mol). As to the relative stabilities shown in Table 2,  
one can see that the tendencies in the M I N D 0 1 3  results are 
exactly the same as those reported for 4-31 + G *  MP2. 

Mechanism 
Looking at Table 2,  we can establish a mechanism for the 

reduction of formaldehyde to ethanol by successive addition 
of two protons and two electrons. This, as  has already been 
indicated, can be done by, first, seeking the exothermic 
pathways and, then, studying their kinetic behaviours. Thus, 
the first step is the protonation of the initial compound on the 
oxygen atom (the only exothermic pathway). s ince there is n o  
activation barrier in this reaction, it is therefore kinetically 
allowed. 

After the first protonation, the next step is an electroaddition, 
because the proton addition to the H2C0H'  system to give 
H 2 C O ~ $ +  has a barrier and is endothermic (12). The third step 
can only be a new protonation for energetic reasons. ~ ~ a i n - ,  
there is no barrier for this reaction. Finally, the fourth step is 
an electroaddition. This mechanism proton-electron-proton- 
electron is known experimentally as  CECE because the proton 
addition is said to be the chemical step, while the electroaddition 
is the electrochemical one. 

Conclusions and final comments 
Previous results have shown that it is possible to  elucidate 

the mechanism of electroreduction of a compound by using 
quantum chemical methods. Even if the experimental condi- 
tions are far from the isolated molecule, the chemical informa- 
tion behind the reported results are of interest. Thus, they show 
that the electroaddition of the formaldehyde is not energetically 
stable because the double bond is broken, an effect which is 
independent of the existence of a solvent, whose primary effect 
is to stabilize the charged systems. In any case, we  are now 

starting a study to elucidate the effect of solvent in electro- 
chemical reductions. 
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Solvent effects on the rates and equilibria of the proton transfer reaction 
of 4-nitrophenylphenylcyanomethane to tetramethylguanidine 

MAHMOOD HOJATTI' AND KENNETH T. LEFFEK 
Department of Chemistry, Dnlhousie Universih, Halifan, N.S. ,  Canada B3H 4H6 
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M A H M ~ ~ D  H ~ J A T T I  and KENNETH T. LEFFEK. Can. J .  Chem. 64, 2365 (1986). 
The equilibrium constants and second-order rate constants, both at 25"C, have been determined for the proton transfer reaction 

from 4-nitrophenylphenylcyanomethane to tetramethylguanidine in a number of different solvents. While the equilibrium 
constants show a good correlation with the dielectric constant function 0 - 1 / 2 0  + 1 ,  the rate constants are randomly scattered 
with respect to this parameter and also the solvent parameter E T .  The rate constants do show a general trend in relation to the 
solvent parameters AN and DN. These results are interpreted as support for the hypothesis that the transition state of the proton 
transfer occurs early along the reaction path. 

M A H M ~ ~ D  HOJATTI et KENNETH T. LEFFEK. Can. J .  Chem. 64, 2365 (1986). 
OpCrant dans un certain nombre de solvants, a 25°C. on a dCterminC les constantes d'kquilibre ainsi que les constantes 

de vitesse du deuxikme ordre pour la rCaction de transfert de proton du nitro-4 phinyl phCnylcyanomCthane a la titramethyl- 
guanidine. Alors que les constantes d'Cquilibre prksentent une bonne corrClation avec la fonction de constante diklectrique 
D - 1 / 2 0  + 1 .  les constantes de vitesse sont riparties au hasard par rapport B cette fonction ainsi que par rapport au paramktre 
ET du solvant. Les constantes de vitesse prksentent une correlation genCrale par rapport aux parametres AN et DN du solvant. 
On croit que ces rCsultats supportent I'hypothese selon laquelle 1'Ctat de transition du transfert de proton se produirait t6t 
au cours de la rCaction. 

[Traduit par la revue] 

Introduction 
Previous investigations of the proton transfer reaction of 

4-nitrophenylphenylcyanomethane and substituted derivatives 
with tetramethylguanidine (TMG) studied the activation para- 
meters, deuterium isotope effects, and the Hammett correlation 
(1, 2). These studies led to the conclusion that the transition 
state for the reaction occurred early along the reaction coordi- 
nate with the negative charge development still concentrated on 
the central carbon atom of the methane. 

In this paper the variation of the equilibrium constant K, and 
the second-order rate constant kf with the solvent are studied to 
further test this hypothesis. A variety of pure solvents were 
selected in order to test whether K, and kf were governed by 
specific or non-specific solvation effects. 

Results and discussion 
In each solvent studied the reaction of 4-nitrophenylphenyl- 

cyanomethane with T M G  base gave a product with a single 
broad absorption peak, A, , ,  varying between 565 n m  and 
590 nm, d e ~ ~ n d i n g  on the solvent. The product has been shown 
Iry ~reiii;,b work (1,  2) to be  the ion-pair of reaction [I]. The 
equilibrium constants, K,, were determined for the reaction 

[ I ]  N02C6H4CHCN + HN=C(N(CH,),), 

C6H5 
kt - N O ~ C ~ H ~ C C N . .  . H ~ N & C ( N ( C H ~ ) ~ ) ~  

k b I 
C6H5 

using the Hildebrand-Benesi method (3). The method yields 
eq. [2] for reaction of the type shown in [ I ]  in which 

the absorbance at equilibrium and E is the molar extinction 
coefficient of the ion-pair product. 

In each solvent, for a given concentration of the methane 
within the range of 1 x lop% to 5 X 10p5 M, the absorbance 
was measured at A,,,,, for a series of different base concentra- 
tions. The results were fitted to eq. [2] by a linear least 
squares calculation. The correlation coefficients for 7 to 9 base 
concentrations were generally 0.999 or  better. Values of K, and 
E were calculated from the slope, ~ / K , E ,  and the intercept, 1 / ~ ,  
for each solvent. The results are summarized in Table 1. 

Caldin and Mateo (4) carried out an investigation of the 
variation of the equilibrium constant with solvent for the 
proton transfer reaction from 4-nitrophenylnitromethane to 
tetramethylguanidine and found only a general trend for the 
variation of log Kc  with the standard dielectric constant functions 
D-' and D - 1 / 2 0  + 1 ( 5 ) ,  indicating that in that reaction 
non-electrostatic interactions are important. In contrast to this. 
the results in Table 1 show quite a good correlation with both 
D-' a n d D  - 1 / 2 0  + 1. T h e p l o t o f l o g K , v s .  D - 1 / 2 0  + 1 
is shown in Fig. 1. With the exception of the value of log K ,  
in methanol, the remaining seven points give a correlation 
coefficient of 0.987. A similar plot of log k, vs. Dp ' gives a 
correlation with a slightly better coefficient of 0.991, again with 
the methanol point badly off the line correlating the other seven 
solvents. Attempted correlations with the solvent parameters E T  
(6, 7). AN (8, 9), and DN (9, 10) give very low correlation 
coefficients. 

It is concluded that the solvation factors controlling the value 
of the equilibrium constant, K,, for the reaction in [I]  in the 
solvents studied are general electrostatic effects and involve 
only a small amount of specific solvation, except for the reaction 
in methanol solvent. Either the methanol is acidic enough to 
result in specific solvation of the carbanion ion-pair or there is 
an acid-base equilibrium between methanol and T M G  yielding 

the product is an ion-pair. The initial concentrations of the a methoxide ion which then acts as the proton-abstracting base 

acid and base are represented by a and b, respectively, A is from the carbon acid. The latter reaction would lead to the 
same product as [I] ,  but at least one methanol molecule would 

'Postdoctoral Fellow 1982- 1984. be specifically solvated to the carbanion. Also, the observed 
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TABLE 1 .  Equilibrium constants for the reaction of 4-nitrophenylphenylcyanomethane with 
tetramethylguanidine at 25.0°C 

Dielectric A,,,,(nm) K ,  (dm' m o l l  ) 
Solvent constant D of product E ? std. dev. 

1. Ethyl acetate 
2. Tetrahydrofuran 
3. 2-Butanol 
4.  Ethanol 
5. Benzonitrile 
6. Methanol 
7. Acetonitrile 
8. Propylene carbonate 

TABLE 2. Second-order rate constants for the reaction of 4-nitrophenylphenylcyanomethane 
with tetramethylguanidine at 25.0°C 

Solvent ET DN AN ki (dm3 m o l l  s ' )  i std. dcv. 

2. Tetrahydrofuran 37.4 20.0 8.0 19.2 
3. 2-Butanol - - - 0.76i0 .01  
4. Ethanol 51.9 31.5 37.1 36.220.1 
5. Benzonitrile 42.0 11.9 15.5 23.920.6:v 
6. Methanol 55.5 25.7 41.3 34.520.9 
7. Acetonitrile 46.0 14.1 18.9 7 .9 t0 .2*  
8. Propylene carbonate 46.6 15.1 18.3 11.2520.5 

FIG. 2. Plot of loglo k ,  vs. DN ( @ )  and AN (m) for the proton 
transfer between 4-nitrophenylphenylcyanomethane and tetramethyl- 
guanidine. 

FIG. 1. Plot of loglo K ,  vs. L) - 1 / 2 0  + 1 for the proton transfer 
between 4-nitrophenylphenylcyanomethane and tetramethylguanidine. 

equilibrium constant would be the product of K ,  for reaction [ I ]  
and the equilibrium constant for the acid-base reaction between 
methanol and TMG. 

The pseudo first-order rate constants, k f ,  were determined 
for the proton transfer reaction using a large excess of base, as 
previously described (1). The results are shown in Table 2.  The 
log kf values show no correlation with the dielectric constant 
functions D-'  or D  - 1 / 2 0  + 1 (correlation coefficient 0.04), 
nor with the solvent parameter ET (6, 7) (correlation coefficient 
0.4). There does exist a general trend, shown in Fig. 2 ,  between 
log kfand the electron acceptor parameter AN (8,9) (correlation 
coefficient 0.60) and also between log kf and the electron donor 

parameter DN (9, 10) (correlation coefficient 0.72) indicating 
that the transition state of the reaction may be stabilized by 
specific solvation of both the developing positive and negative 
charges. 

The possibility of a contribution from proton tunnelling exists 
in the values of the rate constants, which is not the case for the 
equilibrium constants. Evidence for a significant contribution to 
k f  from proton tunnelling was found (1) for this reaction in 
acetonitrile and benzonitrile solvents, but it was not possible to 
make any quantitative estimate of its importance. However, it is 
unlikely that this effect would play a major role in determining 
the rate constant in comparison to specific solvation effects on 
the transitim state. 

The marked difference between the variation of the equili- 
brium constant with solvent and that of the second-order rate 
constant with solvent, clearly shows that the transition state 
of the reaction is not at all product-like. The fact that the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HOJATTI AND LEFFEK 2367 

second-order rate constant does  not correlate well with any 
solvent parameter probably means that the amount of charge 
development in the transition state varies f rom solvent to  
solvent, but is not extensive in any of the solvents studied. 
Thus, this study of solvent effects on  the proton transfer 
from 4-nitrophenylphenylcyanomethane to  TMG supports the 
hypothesis that the transition state occurs early on  the reaction 
coordinate. 

Experimental 
The preparation and purification of the reactants have been described 

previously (2). The solvents were purified carefully by standard 
methods. Reagent grade ethyl acetate was purified by washing it with 
aqueous sodium carbonate (5%), then with a saturated solution of 
calcium chloride. After drying over anhydrous potassium carbonate. 
the solvent was fractionally distilled from P20s.  

Peroxide-free reagent grade tetrahydrofuran (THF) was dried over 
potassium hydroxide pellets and then refluxed over a mixture of sodium 
wire and benzophenone. The pure solvent was fractionally distilled 
from this mixture. 

The alcohols were purified using the procedure of Lund and Bjerrum 
(1 1). Magnesium turnings (5 g) were added to the alcohol (60 mL) 
together with sublimed iodine (0.5 g) and the mixture was refluxed until 
the iodine colour had disappeared and all the magnesium was converted 
to the alkoxide. Additional alcohol (900 mL) was added, refluxed for 
1 h ,  and then fractionally distilled. The purified alcohol was stored 
over 4A molecular sieves. 

Reagent grade propylene carbonate was dried over 4A molecular 
sieves for 2 days. Potassium permanganate (10 g/kg) was added with 
constant stirring and the resultant MnOz was filtered off. The excess 
permanganate was destroyed by heating the solution to 120°C. The 
solvent was distilled at reduced pressure and passed through a column 

of alumina. It was then twice fractionally distilled at reduced pressure, 
each time taking the middle two-thirds fraction and storing it under an 
inert atmosphere. 

Acetonitrile and benzonitrile were purified as previously described 
(1). 

The equilibrium measurements were carried out using a Cary 219 
spectrophotometer and the kinetic measurements were made with a 
Durmm-Gibson stopped-flow spectrophotometer as described pre- 
viously (2). 
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Experimentally determined proton affinities of 4- methyl - 3 - penten - 2 -one, 
2-propyl ethanoate, and 4-hydroxy -4-methyl-2-pentanone in the gas phase 

AFAF KAMAR,' ALEXANDER BALDWIN YOUNG, AND RAYMOND EVANS MARCH' 

Department of Chemistry, Trent Universie, Peterborough, Ont. ,  Canada KYJ 7B8 

Received June 17, 19853 

AFAF KAMAR, ALEXANDER BALDWIN YOUNG, and RAYMOND EVANS MARCH Can. J.  Chem. 64, 2368 (1986) 
Proton affinities have been determined for 4-methyl-3-penten-2-one. 2-propyl ethanoate. and 4-hydroxy-4-methyl-2- 

pentanone in the gas phase at 333 K. A quadrupole ion store (QUISTOR) was employed to study mass spectrometrically the 
equilibrium between a species of known proton affinity and one of the above compounds; equilibrium between protonated species 
was monitored over an ion storage duration of 100 ms. The values of the proton affinities were found to be 870.5 t 0.8  kJ m o l l  
for 4-methyl-3-penten-2-one (mesityl oxide); 842.7 t 0.6  kJ mol-' for 2-propyl ethanoate: and 831.6 i 0.8 kJ mol-' for 
4-hydroxy-4-methyl-2-pentanone (diacetone alcohol). 

AFAF KAMAR, ALEXANDER BALDWIN YOUNG et RAYMOND EVANS MARCH. Can. J .  Chem. 64, 2368 (1986). 
Operant en phase gazeuse, a 333 K, on a determine les affinitts protoniques de la methyl-4 pentene-3 one-2, de 1'Cthanoate de 

propyle-2 et de l'hydroxy-4 methyl-4 pentanone-2. On a utilisC un emmaganisage quadrupolaire d'ions (QUISTOR) pour Ctudier 
par spectromttrie de masse 1'Cquilibre entre une espece d'affinitk protonique connue et chacun des composCs mentionnes 
ci-dessus; on a enregistre les Cquilibres entre les especes protonees a des pkriodes d'emmagasinage ionique de 100 ms. On a 
trouvk que les affinitts protoniques sont les suivantes : pour la mtthyl-4 penthe-3  one-2 (oxyde de mtsityle), 870,5 A 
0,8  kJ mol-I; pour 1'Cthanoate de propyle-2, 842,7 A 0,6  kJ mol-I, et pour l'hydroxy-4 methyl-4 pentanone-2 (diacktone 
alcool), 831,6 t 0,8  k~ mol-I. 

[Traduit par la revue] 

Introduction 
In the course of a study of the ion chemistry of 2-propanone 

and the infrared multiphoton dissociation of protonated dimers 
of 2-propanone, it was found necessary to investigate the ion 
chemistry and photochemistry of both diacetone alcohol and 
mesityl oxide (1). In order to compare the reactivities of 
isomeric ions within the above systems, a knowledge of the 
proton affinities of diacetone alcohol and mesityl oxide was 
necessary. However, the proton affinities were not available in 
the literature (2). With the quadrupole ion store (QUISTOR) in 
which gaseous ions can be stored for up to 200 ms we believe 
that thermal equilibria can be measured (3), hence the relative 
proton affinities for diacetone alcohol and mesityl oxide, along 
with that for isopropyl acetate were determined. 

A knowledge of the gas phase basicities or proton affinities 
(PA) of molecules is crucial in the calculation of enthalpies of 
formation of protonated species and further, the calculation of 
enthalpies of reaction for subsequent reactions and particularly 
for unimolecular dissociation. In addition, the hierarchy of 
gas phase basicities permits the investigation of structural and 
electronic substituent effects in the absence of the complicating 
and often considerable role of solvent. 

Experimental 
The basic apparatus used in this study consisted of a QUISTOR 

mounted in place of the ion source of a quadrupole mass filter (Vacuum 
Generators QXK 400). Known mixtures of gases were admitted to the 
QUISTOR and ionized with a pulsed electron beam. The temporal 
variation of ionic products of subsequent ion molecule reactions was 
monitored over a period of 100 111s. The ratio of protonated ion 
intensities was plotted as a function of time to ensure that equilibrium 
was established; as revealed by a constant ratio over the final 20-60 ms. 

Although the apparatus has been described in detail previously 
(1,4),  a brief description of the technique u5ed in this work is presented 

here. The QUISTOR was composed of three electrodes as required for 
the generation of a three dimensional quadrupole field. and consisted of 
a hyperboloid of one sheet combined with a hyperboloid of two sheets 
forming the ring and end-cap electrodes, respectively. These electrodes 
were fabricated from stainless steel and polished to a mirror finish. 
The radius of the ring electrode, from which the physical size of the 
QUISTOR may be established (4), was 1 cm. The end-cap electrodes 
were perforated to permit the passage of electrons or ions through the 
electrodes. The three electrodes were arranged symmetrically with 
the ring electrode located between the end-cap electrodes and were 
separated by ruby sphere spacers which provided both electrical 
insulation and accurate spacing of the electrodes. The reactant inlet 
system was contained in a heated oven and consisted of a 6 L glass bulb 
with a side asm and septum holder. The total pressure with the glass 
bulb was measured with a pressure gauge (Matheson, Model 63-5601. 
pressure range 0-760 Torr) while the pressures of each of the reactants 
was calculated from a knowledge of the temperature of the oven the 
volume of the reactant inlet system and the volume of sample injected. 
The temperature of the oven was such that all reactants existed in 
the vapour phase. The reactants were admitted to the vacuum tank 
surrounding the QUISTOR and quadrupole mass filter assembly 
through a heated stainless steel line in which the rate of flow was 
controlled by a micrometer needle valve (Whitey). The total pressure 
within the vacuum tank was measured using a Penning gauge. 

Once the reactant mixture of known composition was admitted to the 
vacuum tank, gaseous positive ions were formed within the QUISTOR 
by a short pulse of electrons, of 100 ps duration and 70 eV energy, 
controlled by a pulse generator (Hewlett-Packard). Reactions between 
primary ions produced by electron impact and reactant molecules were 
initiated with the onset of the electron pulse and continued concurrentlj- 
with reactions of secondary and tertiary ions with reactant molecules 
for up to 100 ms. A scan delay generator was used to vary continuously 
the storage time over this range of 100 ms at a predetermined rate. The 
scan delay generator triggered both an extraction pulse and a detection 
pulse. Equilibrium with respect to proton transfer between each pair of 
reactants was judged to have been attained when the ratio of protonated 
ion intensities remained constant during the final 20-60 ms of storage. 

'~egis tered in the Ph.D. programme in Chemistry at Queen's 
University. Kingston, Ont. ,  Canada K7L 3N6. Results and discussion 

'Adjunct Professor, Department of Chemistry, Queen's University, A general proton transfer reaction may be written 
Kingston, Ont., Canada K7L 3N6. 

' ~ev i s ion  received July 31, 1986. [ I ]  A H + + B S A + B H -  
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KAMAR ET AL 2369 

ind the associated equilibrium constant, Keq as 

rhe ratio of the concentrations of A and B may be calculated 
from the known volumes of each injected into the bulb; the ratio 
~f the concentrations of the protonated species AH+ and BHf 
s determined mass spectrometrically from the respective ion 
~ntensities. The equilibrium constant may be expressed in terms 
~f Gibbs' free energy, AG. 

where R is the gas constant and T the absolute temperature. 

[4] A G = A H  - TAS 

The enthalpy change (AH) for reaction [ I ]  is equal to the 
difference in proton affinity between molecule A and molecule B . 

[5] AH = PA(A) - PA(B) = APA 

Thus in order to obtain AH or to obtain the proton affinity for 
either A or B when the proton affinity of either B or A is known, 
the TAS term or entropy contribution to AG must be evaluated. 
The AS term in eq. [4J may be subdivided into individual 
contributions due to translational, vibrational, and rotational 
entropies. 

When the molecular masses of the species A and B in eq. [ I ]  
are approximately equal, the translational entropy contribution 
is insignificant; furthermore, vibrational changes due to the 
transfer of a proton from A to B may also be expected to be 
negligible when A and B are similar molecules. The contribu- 
tion due to rotational symmetry changes may be calculated if 
structures are assumed for the gas phase protonated species. 
Save for the case of diisopropyl ether, AS,,, is assumed to be 
zero for the equilibria employed in these studies. 

Diisopropyl ether has a rotational axis of symmetry about the 
oxygen atom which may be retained if a planar configuration 
with respect to the oxygen atom is adopted in the protonated 
ether. However, if the configuration adopted is pyramidal as is 
suggested in both protonated water and methanol (5). the axis of 
symmetry is lost in the protonated ether and a rotational entropy 
correction of R In 2 must be applied. Invocation of Occam's 
razor allows no rotational entropy contribution for the equilibrium 
between mesityl oxide and diisopropyl ether, i.e. ,,, = 0 ,  
hence for all the equilibria investigated 

[7] AG = PA(A) - PA(B) = APA 

Since the proton affinity of one of the species in the equilibrium 
is known from the literature (2), the proton affinity of the other 
may be inferred from the calculated APA. 

Diacetone alcohol 
The relatively low volatility of diacetone alcohol and its facile 

dehydration to mesityl oxide at temperatures in excess of 350 K 
posed some experimental problems. Furthermore. attempts 
to establish equilibrium with respect to proton transfer with 
compounds of proton affinity lower than that of diacetone 
alcohol resulted in the rapid dehydration of protonated diace- 
tone alcohol to form protonated mesityl oxide. Equilibrium 
for proton transfer was established at 330 K for mixtures of 
diacetone alcohol with 2-butanone (of higher proton affinity), 
typically 1:6. in the reaction 

at 333 K and a total pressure of 8 x lop5 Torr. An equilibrium 
constant of 4.9 k 0.4 was obtained, from which it was 
determined that the proton affinity of diacetone alcohol was 
4.4 kJ molp' (1.05 kcal mol-I) less than that of 2-butanone 
which is reported (2) as 836.0 kJ mol-I (199.8 kcal molpl) .  

Thus as shown in Fig. 1, the proton affinity of diacetone 
alcohol is 831.6 kJ mol-' (198.8 kcal mol-') with an experi- 
mental uncertainty of k 0 . 8  kJ mol- ' ( LO. 2 kcal mol- ' ). 

There is no information on the proton affinities of hydroxy 
ketones in the literature (2 )  from which an estimate of the 
proton affinity of diacetone alcohol may be made. However, an 
additivity route may be followed wherein the proton affinity of 
the unsubstituted ketone 4-methyl-2-pentanone is estimated and 
the effect of substitution of a hydroxyl group for hydrogen at 
position 4 is determined. On the basis of proton affinities for 
2-butanone, 836.0 kJ molpl (2), 3-pentanone, 842.6 kJ molpl 
( 2 ) ,  3-methyl-2-butanone, 841.4 kJ m o l l  (2), and 3,3-di- 
methyl-2-butanone, 846.6 kJ molp ' (2), the proton affinity 
of 4-methyl-2-pentanone is estimated to be 848.5 kJ molp' 
(202.8 kcal mol-I). Based on this estimate, the substitution of 
a hydroxyl group for a hydrogen at position 4 would appear to 
lower the proton affinity by some 16.9 kJ mol- (4.0 kcal molpl); 
this effect is attributed to electron withdrawal by the hydroxy 
group and the formation of an intramolecular H-bond in the 
neutral species as depicted by structure I .  

When a bridged structure is assumed also for the protonated 
species it is anticipated, as one of the referees has pointed out, 
that stabilization due to cyclization will be probably greater in 
the protonated species than for the neutral species. Thus the 
above argument for the lowering of the proton affinity of 
diacetone alcohol from that calculated by additivity rules to 
that observed experimentally would be invalidated. Enhanced 
stability due to cyclization of the protonated species should be 
manifested as enhanced proton affinity, yet the experimental 
findings indicate a lowered proton affinity. Thus we conclude 
that the formation of a bridged structure for the protonated 
species which is indicated by the ready infrared multiphoton 
dissociation of this species (1) does not explain, in itself, the 
lower than anticipated proton affinity of diacetone alcohol. 

M e s i ~ l  oxide 
The proton affinity of mesityl oxide was found to be close to 

that estimated from the addition (6.3 kJ mol-') of a methyl 
group to 3-penten-2-one (PA 864.8 kJ mol- (2)). Equilibria 
with respect to proton transfer between mesityl oxide and 
2-propoxy-2-propane were readily established for each of 
several optimum mixtures (1:7.5) of the two compounds at a 
total pressure of 8 x l op5  Torr. The equilibrium constant for 
the reaction 
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Proton Affinity Ladder 

kJ  mol-' ikcal mol-' ! 
4-methyl-3-penten- 

870.5 (208.1) 

T 
2-one 

i rnesityl oxide 

, (2.1) 

a 1 2-propoxy-2~ropane 
861.9 (206.0) ( d~(sopropyl ether 1 [yOy) 

842.7 (201.4) 2-pmpy ethanoate 

841.4 a (201.1) ' (0'3' 3-methyl-2-butanone 

l(lOi 4-hydroxy4inethyi- 
2-pentanone 

831.6 (198.8) ( d~acetone alcohol ! 

a 
827.6 (197.8) methyl ethanoate 

a REFERENCE 2 

FIG. 1. Proton affinity ladder. Values for proton affinities are shown 
on the left hand side. Equilibria between pairs of compounds are shown 
by double-headed arrows with the value of AG for each equilibrium 
given in parentheses and in kcal mol-'. Equilibria between each of 
2-propanone and methyl ethanoate with diacetone alcohol could not be 
obtained as explained in the text. 

was determined to be 23 1 2 at 333 K from which it was 
determined that the proton affinity of mesityl oxide exceeded 
that of 2-propoxy-2-propanone by 8.6 kJ mol- I. 

As the proton affinity of 2-propoxy-2-propanone is given (2) 
as 861.9 kJ mol- ' (206.0 kcal mol- ), then the proton affinity 
of mesityl oxide is 870.5 kJ mol-I (208.1 kcal mol- I ) ,  as 
shown in Fig. 1 with an experimental uncertainty again of 
20 .8  kJ m o l l .  The enhanced proton affinities of a .  P unsatur- 
ated ketones with respect to aliphatic ketones we attribute 
to resonance stabilization of the protonated a ,  unsaturated 
ketone. 

Isopropyl acetate 
While the proton affinity of isopropyl acetate is not recorded 

in the literature, it was thought to be similar to that of the 
isomeric ester methyl 2-methyl propanoate which is given (2) as 
843 kJ mol-'. As the equilibrium is determined mass spectro- 
metrically, a direct comparison between the two esters cannot 
be made without resorting to isotopic substitution. 

Equilibrium between isopropyl acetate and 3-methyl-2- 
butanone, reaction [ 1 11, was readily established for several 
mixtures (1 : 1) at a total pressure of 8 X lop5 Torr. Equilibrium 
was observed over a time period greater than that required to 
reach equilibrium. 

The equilibrium constant was found to be 1.6 1 0.1 from 
which it was determined that the proton affinity of the former 
exceeded that of the latter by 1.3 kJ mol-'. As the proton 
affinity of 3-methyl-2-butanone is given (2) as 841.4 kJ mol-' 
(201.1 kcal m o l l ) ,  then the proton affinity of isopropyl acetate 
is 842.7 kJ m o l l  (201.4 kcal mol-I), as shown in Fig. I ,  with 
an experimental uncertainty of ? 0.6 kJ mol- ' . 

I .  A .  KAMAR. A. B. YOUNG. and R. E. MARCH. Can. J .  Chem. 64. 
1979 (1986). 

2. S. G. LIAS. J .  F. LIEBMAN, andR.  D. LEVIN. J .  Phys. Chem. Ref. 
Data 13, 695 (1984). 

3. M. A.  ARMITAGE. M .  J .  HIGGINS. E .  6. LEWARS. and R. E. 
MARCH. J .  Am. Chem. Soc. 102, 5064 (1980). 
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Electrometric studies on molecular complexes. Part 1. 
Biamperometric study of some molecular complexes of iodine 

RAM ADHAR SINGH 
Department of Chemistn,  Facult! of Science, Bnnnras Hindu Uni~ 'ers i8 ,  Varanasi-221 005, India 

Received January 13, 1986 ' 
RAM ADHAR SINGH. Can. J .  Chem. 64, 2371 (1986). 
A simple method for separate determination of thermodynamic parameters of molecular complexes in solution is reported. 

It is based on a polyiodide dissociation equilibrium in conjunction with the biamperometry . The equilibrium constants and the 
enthalpies determined by this method are in good agreement with the recent literature data, lending support for the applicability 
of the method. The advantages of the present technique over the other have been outlined. 

RAM ADHAR SINGH. Can. J. Chem. 64, 237 1 (1986). 
On decrit une mCthode simple pour dCterminer sCparCment les paramktres thermodynamiques de complexes molCculaires en 

solution. Cette mCthode est baste sur un Cquilibre de dissociation d'un poly-iodure. de concert avec la biampCromCtrie. Les 
constantes d'Cquilibre ainsi que les enthalpies qui ont CtC dCterminCes par cette mCthode sont en bon accord avec le donnCes 
rkcentes de la 1ittCrature; ceci laisse croire que la mCthode peut &tre appliquke. On met en relief les avantages de cette mCthode 
par rapport aux autres techniques. 

[Traduit par la revue] 

Introduction 
A molecular complex between an electron donor and an 

electron acceptor is an association somewhat stronger than Van 
der Waal's association, having definite stoichiometry in which 
the identities of the molecules are retained to a large extent (1). 
The existence of the molecular complexes has been recognized 
for a long time ( 2 ,  3 ) ,  but the recent interest in this field arose 
after the discovery of new absorption bands in the electronic 
spectra of iodine in organic solvents by Benesi and Hildebrand 
(4). Mulliken proposed the valence bond theory of the mole- 
cular complex formation on the basis of charge transfer from 
the electron donor to the electron acceptor molecules ( 5 ,  6). 
Since then, this field has been an active area of research as is 
evident from a number of monographs (7-9) and reviews (10).  
However, there are a number of reports in the literature in 
which the experimental results do not conform to theoretical 
predictions ( 1 ,  1 1 - 14). These raised doubts on the reliability of 
experimental data obtained by electronic spectroscopy, parti- 
cularly for weak molecular complexes (1 1) .  This conventional 
spectral method yields the equilibrium constant ( K c )  and molar 
extinction coefficient ( E A )  of the complex from the composite 
spectral data Kc€,,, obtained from the slope of BH plots and E,, 

from the intercept (4 ) .  Since for weak molecular complexes, Kc 
is of the order of 1 dm3 mol-' whereas is of the order of 
10~-10' dm2 mol-I, a slight error in the intercept (ex  values) 
would lead to a sizable error in Kc values. It has been suggested 
that if the Kc values can be determined separately and reliably, a 
more accurate value of EX can be obtained from the composite 
spectral data, KCek (1 1,  15). Recently we have explored the 
possibility of separate determination of Kc by common physi- 
cal techniques, e .  g . ,  refractometry (1 6- 18), surface tension 
measurement (19), spectral-solubility method (20) ,  and the 
radiotracer solubility technique (21-23) for a range of molecu- 
lar complexes and have found them as feasible and convenient 
alternative to the conventional electronic spectroscopy. No 
doubt, these techniques have distinct advantages, but they do 
offer some difficulties. For example, in the spectral solubility 
method, a prior knowledge of isosbestic point is needed for the 
separate determination of Kc (1 1,20) .  In the radiotracer solubil- 
ity method a radioactive constant activity source [(CH3)4N15*] 

'Revision received August 6. 1986. 

is to be synthesized using radioactive molecular iodine prior to 
the addition of donors (21-24). To overcome these difficulties 
we turned our attention to the electrometric techniques which 
are known to yield reliable and quantitative determinations 
of iodine concentrations. The polyiodide-solubility equilibria 
offer a unique advantage. Once the equilibria in the solvent and 
donor solutions are established and the solutions have been 
removed from the constant activity source, they can be analysed 
by any technique which bears a quantitative relationship with 
the iodine concentration, at any temperature. in any medium, 
and in any chemical form ( I  1, 20-23). 

Motivated by this fact, we have initiated a study on the 
use of electrometric techniques for the direct determination 
of equilibrium constants and enthalpies of molecular complex 
formation in liquid solutions. The techniques like potentio- 
metry, biamperometry, conductometry, etc., are well known 
for quantitative analysis (25-29) but they have been used only 
rarely in the study of molecular complexes. 

Only a few reports have appeared in the literature on the 
use of the electrometric techniques in the study of molecular 
complexes (30-37). The polarography has been used to determine 
the formation constants for some aromatic molecular complexes 
with strong electron acceptors (30, 3 1). The conductometric 
titrations have been used to detem~ine stoichiometries and the 
trend in the stabilities of some charge transfer complexes in 
solution (32-37). However. to the best of our knowledge, the 
above and other electrometric techniques have not been used 
for the determination of all thermodynamic parameters in the 
molecular complex formation equilibria. In this report, we 
have used the biamperometric titration method in conjunction 
with the constant activity method to evaluate the equilibrium 
constants, enthalpies, free energy, and entropy changes asso- 
ciated with the formation of molecular complexes in liquid 
solution. The acceptor chosen is molecular iodine which forms 
molecular complexes with electron donors ranging from some 
of the weakest to some of the strongest complexes known ( 1 , 9 ) .  
Also, a convenient constant activity source, namely, tetra- 
methylammonium pentaiodide, (CH3)4N15, is available for this 
acceptor. The donors chosen are such that the recent data are 
available for comparison so that accuracy of the technique 
can be tested. The electron donors used in this study to form 
typically weak and moderate molecular complexes with iodine 
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are aromatic hydrocarbons, namely, benzene, mesitylene, 
hexamethylbenzene, biphenyl, naphthalene, and anthracene 
and aromatic amines , namely, diphenylamine, aniline, and 
o-toluidine. The biamperometric titration method will be 
discussed in detail in the next section. 

Materials and methods 
Carbon tetrachloride and benzene (BDH both of spectral grade) 

were dried over molecular sieve (A4 size). Naphthalene and anthracene 
(both of BDH microanalytical reagent grade), hexamethylbenzene 
(Ega Chemie), biphenyl and diphenylamine (both of BDH AnalaR 
grade) were purified by fractional crystallization in suitable solvents. 
Mesitylene (Koch-light). aniline, and o-toluidine (both of E. Merck) 
were purified by fractional distillation at reduced pressure, after drying 
over KOH pellets. Tetramethylammonium iodide, (CH3)?NI. and 
tetramethylammonium pentaiodide, (CH3)4N15, were synthesized as 
reported in the literature (38). Sodium thiosulphate (AnalaR grade) 
and KI03  (AnalaR grade) were used without further purification. 
Deionized water was used for making aqueous solutions. 

Constant acriviQ method 
This method is based on the dissociation equilibrium of tetramethyl- 

ammonium pentaiodide (CH3)4N15 (1 1,  20-23) and is as follows: 

K 
[ l ]  (CH3),N15 (solid) & (CH3)4N13 (solid) + I? (solvent) 

solvent 

where Kd is the dissociation constant of (CH3)4N15. At a fixed 
temperature and in a non-polar solvent, e .g . ,  CCI,. (CH3),N15 and 
(CH3),N13 are insoluble and remain as solids whereas the molecular 
iodine goes into the solvent. After the above equilibrium is reached a 
constant iodine concentration is obtained in CC14. The addition of 
donor, D, to the system (reaction [ I ] )  results in the formation of the 
donor-iodine molecular complex. Assuming the stoichiometry of the 
complex as 1:1, donor-iodine equilibrium in CC14 solution can be 
written as follows: 

where K c  is the equilibrium constant. The above complex formation 
results in the loss of iodine obtained through reaction [ I ] .  To 
compensate for this loss, some more (CH3),N15 dissociates to maintain 
the same iodine concentration as in reaction [:I. The system now 
becomes, 

[3] (CH3),N15(solid) + D(so1ution) (CH3),N13(solid) 

+ (D.12 + 12)(solution) 

The increase in iodine concentration in reaction [3] over to that in 
reaction [ l ]  is equal to the concentration of the complex whereas the 
free iodine concentration in reaction [3] is the same as that in reaction 
..- 
111. 

It has been established experimentally that no other equilibria exist 
between polyiodides and donor-polyiodides (since the donor is in 
solution and polyiodides are solids and have I; and I; centers thus 
no interaction with electron donor is expected). In the experimental 
concentrations range, I; species have also not been detected. The 
equilibrium constant, K c ,  for eq. [2] can be written as 

where C o  is the initial donor concentration. CI is the concentration 
of iodine in solution after equilibrium [ I ]  is reached, at a particular 
temperature, and in a particular solvent, and C7 is the concentration of 
iodine in solution after the equilibrium [3] is reached, i .e.  after adding 
the donor to the solvent-polyiodides system. 

Thus with the help of the constant activity method, determination 
of Kc requires only a reliable estimation of iodine concentration in 

reactions [ I ]  and [3]. We have made use of the biamperometry to 
determine the iodine concentrations in solutions. 

Biarnperornetry 
The biamperometric determination of the concentrations is per- 

formed by observing the changes in current as a function of titrant 
volume. A small emf (100-150 mV) is applied between two indicator 
electrodes (Pt-Pt or Pt-graphite) which are immersed in a well stirred 
solution. A reversible redox couple (6) must exist before or after the 
end point (24-29). In this particular case, we have iodine-iodide 
reversible couple and the titrant is aqueous sodium thiosulphate 
solution. One indicator electrode is platinum and the other is graphite. 
This electrode system has been found to be more sensitive than the 
Pt-Pt combination (39) and is used in all experiments in this study. 
Bradbury (40-41) and Kolthoff (42) have shown mathematically that 
the current in the equivalence point region is proportional to the 
concentration of iodine remaining in solution. Before the titrant is 
added, a large amount of iodine is present and a high current is 
observed. However as the titration proceeds, iodine reacts with sodium 
thiosulphate and iodide is formed, resulting in a decrease in iodine 
concentration and thus a decrease in current. The current is calibrated in 
this study against the deflection in a ballistic galvanometer, the torsion 
in its wire being proportional to the current passing through it. 
The deflection is spotted on a linear scale with the help of a small 
mirror, illuminated by light. The biamperometric titration method for 
estimating iodine concentrations requires very simple instrumentation 
and offers great sensitivity ( 1 0 - ~ - 1 0 - ~  M). It is the best electrometric 
technique for determining the tracer concentration (26). The equi- 
valence point is the intersection of two straight line portions in the 
galvanometer deflection vs. titrant volume plots and can be determined 
reliably. 

Experimental 
About 150 mg of (CH3)4N15 was placed in different stoppered 

vessels containing 50 mL CCl, in one and 50 mL of donor solutions 
of different concentrations in CCI, in others. These vessels were 
shaken in a thermostat maintained at a particular temperature for 
2-3 days after which the dissociation equilibria of (CH3),N15 were 
established as evident from a constant iodine concentration as a 
function of time. No I j  species in measurable amounts in any solutions 
were present as no electronic absorption bands at 363 and 290 nm, 
characteristics of IT species, were detected (9, 11, 20). The iodine 
solutions in CC14 were then separated from (CH3)4N15 and (CH3)4N13 
and iodine concentrations were determined using biamperometric 
titration method. Since iodine in CCI, could not be analysed with 
aqueous sodium thiosulphate due to phase separations, 10-20 mL 
methanol and some solid KI was added to facilitate the extraction of 
iodine from CC14 to the aqueous phase. An emf of 50-150 mV 
was applied between the electrodes. A 2 rnL semimicroburette with 
0.01 mL division graduation connected to a self-filling reservoir was 
used for adding the titrant. 

The current measured with the help of a ballistic galvanometer, the 
torsion being proportional to the current passing through it. Thus the 
greater the current, the higher the torsion in the wire of the ballistic 
galvanometer which is calibrated on a linear scale on which the mirror 
refiection from the galvanometer is spotted. The equivalence point 
was obtained by plotting galvanometer deflection against the titrant 
volume. At least three titrations were performed for each solution and 
the results were reproducible within the experimental error. It was 
found that the presence of donors in CC14 solution does not interfere 
with the quantitative estimations of iodine concentrations as the iodine 
concentrations obtained by this method are comparable to the results 
obtained using other methods (20-23). The equilibrium constants at 
different tmeperatures (25, 30, 35.40°C) were calculated using eq. [4] 
and -AH', -AGO, and AS' values for the complexes evaluated using 
suitable thermodynamic relations. The data were analysed by least 
squares on a ICL 1905 S computer. 

Results and discussion 
A representative set of biamperometric titration plots between 

the galvanometer deflection and titrant volume for the estima- 
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Volume of Thiosulphate (mL) 

FIG. 1 .  Galvanometer deflection-titrant volume curves for bi- 
amperometric determination of iodine concentrations in solution using 
platinum-graphite electrode system for 10 mL iodine solutions after 
equilibration at 25OC. 1 ,  CC14; 2 ,  benzene (0.2 M); 3, naphthalene 
(0.2 M); 4,  mesitylene (0.15 M). Concentration of sodium th~osul- 
phate used = 3.25 X 1 0 - 9 .  

tion of iodine solutions in CC14 and donor solutions as indicated 
have been shown in Fig. 1. For all other iodine solutions, i.  e . ,  
obtained for different donor concentrations and at different 
temperatures, similar titration plots have been obtained. It is 
evident from the slanted portion of the figure that a linear 
relationship exists between the galvanometer deflection and the 
concentration of iodine before the equivalence point. At and 
after the equivalence point, no redox couple (I;/Ip) is present 
as all the iodine present has been consumed by thiosulphate, no 
deflection in thealvanometer is observed. This is evident from 
the horizontal linear portion in Fig. 1. The equivalence point is 
the intersection of the two linear portions (40-42). 

The iodine concentrations determined bv this method are in 
excellent agreement with those obtained by the spectral and the 
radiotracer techniques. The heat of dissociation of (CH3)4N15 
obtained from the concentration of iodine in pure solvent at 
different temperatures using this method (34.1 kJ molpl )  also 
agrees well with the available data (33.9 kJ mol-I by the 
spectral solubility method (20) and 34.3 kJ molpl  by the 
radiotracer solubility method (2 1). 

The total iodine concentrations in different donor solutions in 
CC14 at 25°C as determined by biamperometry when plotted 
against the equilibrium donor concentrations vary linearly as 
shown in Fig. 2.  The concentration of the different molecular 
com~lexes formed. determined from the increase in iodine 
concentrations for different donors concentrations in CC14 over 
that in the pure CC14 at 25°C is also found to vary linearly 
with the equilibrium donor concentrations. This indicates that 
predominantly 1 : 1 molecular complexes are formed in the 
experimental range of donor concentrations. This supports the 
assumption (reaction [2]) of 1 : 1 stoichiometries for all the 
complexes studied. The equilibrium constants for different 
complexes in CC14 at 25°C calculated using eq. [4] by least 
squares method are reported in Table 1 .  In the same table, we 
have also given the standard enthalpies (-AH0),  free energy 
(-AGO), and entropy changes (AS') for different complexes. 

Equi l ibr ium D o n o r  Conc antration(mol) 

FIG. 2. Plot of total iodine concentration (mmol) against equili- 
brium donor concentration (mol) in CC14 at 25OC determined by 
biamperometry. 1 ,  Benzene; 2 ,  naphthalene; 3, biphenyl; 4 ,  mesityl- 
ene; 5 ,  hexamethylbenzene: 6 ,  diphenylamine. 

Literature data are included in parentheses for comparison. It is 
evident that the results obtained by using this technique are in 
very good agreement with those obtained by spectral solubility 
and radiotracer solubility methods based on polyiodide disso- 
ciation equilibria. As reported earlier (9, 11, 22, 23). the 
values obtained by these methods are slightly higher than 
those obtianed by conventional spectral methods using Benesi- 
Hildebrand and related equations (10). This can be explained 
on the basis of the solubility method which includes both the 
specific (charge-transfer) and non-specific (solvent effects) 
interactions whereas the conventional s ~ e c t r a l  method is based 
on specific charge-transfer interactions only. The non-specific 
solvent effects include solvent caging, dispersion, and polariza- 
tion effects (1 1,20,21).  There is also the possibility of different 
conformational isomers of the complexes in solution. Thus 
with solubility equilibria, we observe the total effect of all the 
above parameters in addition to the specific charge transfer 
interactions, and hence a higher Kc value. In the case of 
aromatic amines the existence of mixed complexes of n - u as 
well as T - u in the same solution mav also be resvonsible for 
higher Kc values. It may be mentioned here that it is quite 
difficult to determine the different contributions proposed above 
but when the molar extinction coefficients of these com~lexes  
are reevaluated using the composite K , E ~  value obtained from 
the slope of BH plots and K ,  values obtained by the present 
method, the new E L  values vary in accordance with the 
Mulliken's theory, i.e. higher molar extinction coefficients for 
stronger complexes in a particular series (1). K ,  and -AH' 
values using the present technique also vary in the same order as 
predicted theoretically on the basis of the electron donating 
ability of different donors, viz. benzene < naphthalene < 
biphenyl < mesitylene < hexamethylbenzene < anthracene < 
diphenylamine < aniline < o-toluidine. The plot of -AH' vs. 
AS' values for different complexes is nearly linear indicating 
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TABLE 1. Equilibrium constants and other thermodynamic parameters for the molecular complexes of 
iodine with some donors in CCl, solution determined by biamperometry 

Kc  (dm' mol-' ) -AGO ( k ~  mol-l) 
Donor (25°C) -AH' (kJ mol-l) (25°C) -AS() (J K- ' )  

Benzene 

Naphthalene 

Biphenyl 

Mesitylene 

Hexamethylbenzene 

Anthracene 

Diphenylamine 

Aniline 

"Value from ref. 19. 
bValue from ref. 11. 
'Value from ref. 20. 
"Value from ref. 43. 

that sufficient charge-transfer contribution exists for the forma- 
tion of these complexes. 

Two systems, anthracene-iodine and diphenylamine-iodine, 
deserve special mention. These systems could not be studied by 
the spectral solubility method as their isosbestic points could not 
be located. Since the determination of isosbestic points is not 
needed in the present technique, these systems could be  easily 
studied by the biamperometric technique and their Kc and 
-AH' values have been determined. Thus this technique can be 
used successfully where other techniques have failed. Further 
study of alcohol-iodine, aliphatic amine-iodine, and some 
nitroamino-toluenes-iodine systems have indicated the general 
applicability of the present technique. These data are under 
publication elsewhere (44). The differential potentiometry has 
also successfully been used for separate determinations of 
equilibrium constants and enthalpies of the molecular com- 
plexes of iodine in liquid solution (45). This also supports the 
electrometric techniques as viable alternatives to conventional 
methods. 

The results presented in this paper clearly show that the 
biamperometry solubility method is a convenient alternative to 
the conventional spectral method for the direct determination of 
equilibrium constants of molecular complexes in solution. It has 
some advantage over the spectral solubility method as the exact 
location of isosbestic points is not needed prior to establishing 
the solubility equilibria. In addition, the problem of overlapping 
spectral bands is avoided. The present method also has the 
advantage over the radiotracer solubility method as no labelled 
polyiodide source is needed. The biamperometry requires very 
simple instrumentation but offers great sensitivity. The method 
is relative and is best for electrometric determinations of low 
concentrations. The biamperometry-solubility is a useful com- 
bination which gives direct and reliable values of equilibrium 
constants and the other thermodynamic parameters for the 
molecular complexes in solutions. 
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X-ray and 'H nmr analyses of 5-(m-benzyloxybenzy1)-1-[(1,3-dihydroxy-2- 
propoxy)methyl]uracil, an acyclonucleoside inhibitor of uridine phosphorylasel 
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GEORGE I. BIRNBAUM, JEAN-ROBERT BRISSON, SHI HSI CHU, ZHI HAO CHEN, and ELIZABETH C. ROWE. Can. J .  Chem. 
64, 2376 (1986). 

The title compound crystallizes in the triclinic space group and the cell dimensions are a = 16.890(3), b = 9.586(2). 
c = 6.316(1) A, a = 91.09(1), P = 93.50(1), y = 93.04(1)". X-ray intensity data were measured on a diffractometer, and the 
crystal structure was determined by direct methods. Least-squares refinement. which included all hydrogen atoms, converged 
at R = 0.056 for 3454 observed reflections. Adjacent six-membered rings are approxiniately perpendicular to one another. 
The glycosidic torsion angle [C(6)-N(1)-C(1')-0(4')] is 96.2(2)". In the acyclic moiety, both C-OH bonds are gauche 
with respect to C(4')-O(4'). The gauche conformation is also dominant in solution, as determined by high-resolution ' H  nrnr 
spectroscopy. Results of nuclear Overhauser experiments lead to conclusions about the flexibility of the molecule. 

GEORGE I. BIRNBAUM, JEAN-ROBERT BRISSON, SHI HSI CHU, ZHI HAO CHEN et ELIZABETH C.  ROWE. Can. J. Chem. 
64, 2376 (1986). 

Le composC mentionnk dans le titre cristallise dans le groupe d'espace pi, avec a = 16,890(3), b = 9,586(2). c = 6,316(1) A, 
CY = 91.09(1), p = 93,50(l) et y = 93,04(1)". On a mesure les donnees d'intensite des rayons-X a I'aide d'un diffractomktre et on 
a determine la structure cristalline par des methodes directes. On a affini la structure, incluant tous les atomes d'hydrogenes, par 
la methode des moindres carrCs jusqu'a une valeur de R = 0,056 pour 3454 reflexions observees. Les cycles a six chainons 
qui sont adjacents sont pratiquement perpendiculaires l'un par rapport a l'autre. L'angle de torsion de la liaison glycosidique 
[C(6)-N(I)-C(1')-0(4')] est Cgal a 96,2(2)". Dans la portion acyclique, les deux liaisons C-OH sont gauche par rapport 
?i la liaison (C4')-O(4'). D'apres la rmn du ' H  B haute resolution, la conformation gauche predomine aussi en solution. 
En se basant sur les rksultats d'effets Overhauser nuclCaires. on a tire des conclusions relatives B la flexibilite de la molCcule. 

[Traduit par la revue] 

Introduction 
The title compound, also called 4'-hydroxymethyl-5-benzyl- 

oxybenzylacyclouridine, HM-BBAU (I ) ,  is a derivative of 
5-benzyloxybenzylacyclouridine (BBAU) (2-4) and is one of 
the most potent inhibitors known to date for the enzyme 
uridine phosphorylase (UrdPase). It is a uridine analog of the 
antiviral agent known variously as 9-(1,3-dihydroxy-2-pro- 
poxymethy1)guanine or DHPG (5), 2'-nor-2'-deoxyguanosine 
or 2 ' NDG (6), or BIOLF-62 (7), and was originally synthesized 
to improve the water solubility characteristics of BBAU. 

Uridine phosphorylase is one of two important mammalian 
phosphorylases in the salvage pathway of nucleic acid metabo- 
lism. As inhibition of this enzyme would be expected to affect 
adversely the growth and replication of cells, it is a target 
enzyme in the design of drugs for cancer chemotherapy (8). 
Inhibitors of uridine phosphorylase are potentially useful not 
only as inhibitors of pyrimidine salvage but also as potentiators 
of the action of antineoplastic drugs such as 5-fluoro-2'-deoxy- 
uridine (FUdR, FdUrd) which are subject to phosphorolytic 
cleavage in vivo to less active and more toxic bases (4). 

The "acyclo" side chain (beta-hydroxyethoxynlethyl-) of 
acyclovir and of BBAU is an open chain corresponding to the 
C(1')-O(4')-C(5')-O(5') portion of the furanose ring of 
natural nucleosides. HM derivatives carry the resemblance 
one carbon atom further, containing both C(5')-OH and 
C(3')-OH groups in the side chain. 

The crystal structure and conformation of acyclovir have 
been determined (9), with especial attention to the conformation 

'NRCC No. 26398. 

of the side chain (two orientations in the three independent 
molecules) and its possible relevance to antiviral activity. The 
inhibitory activity of the BBAUs against UrdPase (no antiviral 
activity) may be mediated by other parts of the molecule as well. 
For these reasons, we considered it worthwhile to determine the 
detailed conformation of HM-BBAU (1) in the solid state and 
in solution. 

17 
1 8 A 1 6  

Experimental 
HM-BBAU was prepared as previously described (1) and crystal- 

lized from ethanol. Precession photographs indicated the triclinic space 
group P 1. A prism measuring 0.15 X 0.25 x 0.50 mm was mounted 
on a CAD4 diffractometer; the crystal data are as follows: 

C Z Z H Z ~ N ? ~ ~  mw =,412.43 
Triclinic, a = 16.890(3), b = 9.586(2), c = 6.316(1)"A. a = 
91.09(1), P = 93.50(1), y = 93.04(1)", V = 1018.8 A ~ .  p, = 
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1 . 3 4 g ~ m - ~ ,  Z = 2(20°C, C u K a l ,  h = 1 . 5 4 0 5 6 ~ ) ;  F(000) = 436, 
k(CuKa)  = 7.7cm-' .  

Unit cell dimensions were determined from a least-squares refine- 
ment of the angular settings of 25 high-order (40 < 0 < 50") 
reflections. Intensities were measured with Ni-filtered CuKa  radiation, 
using w/20 scans with variable scan ranges and speeds. Three 
standard reflections were measured at regular intervals: their intensities 
decreased to 75% of the starting values during the data collection. Of 
the 4231 unique reflections with 0 5 76' there were 3458 (8 1.7%) with 
I 2 3 ~ ( 1 )  which were considered observed. The intensities were 
corrected for crystal decay and for Lorentz and polarization factors; 
absorption corrections were unnecessary. 

The structure was determined by direct methods with the aid of the 
computer program MULTAN78 (10). Of the 64 starting sets subjected 
to tangent refinement, the solution with the highest combined figure 
of merit yielded an E map on which all 30 non-hydrogen atoms 
were located. The atomic parameters of these atoms were refined by 
block-diagonal least squares with anisotropic temperature parameters. 
All hydrogen atoms were found on difference Fourier maps and 
their prameters were refined with isotropic temperature factors. 
The scattering factors were taken from the "International tables for 
X-ray crystallography" (1 1). Throughout the refinement the function 
C u,(lF, I - IF, I)' was minimized and a factor of 0.8 applied to all 
shifts. The following weighting scheme was used during the final 
stages: 11' = w I .  w2, where w = 1 for IF, 5 5 ,  W ,  = 5 /  IF, for 
IF, > 5; and w2 = sin2 0 /0 .5  for sin' 0 < 0 .5 ,  w2 = 1 for 
sin2 0 2 0.5 .  This scheme made the average values of u.(AF2) 
independent of F,I and sin2 0. After the final cycle the average 
parameter shift equalled 0.06tr and the largest 0 . 5 0 ~ .  Four strong, 
low-order reflections suffered from secondary extinction effects and 
were given zero weights. The final conventional residual index R is 
0.056 and the weighted index R ,  is 0.079. A final difference Fourier 
map showed no significant features. The coordinates of non-hydrogen 
atoms are listed in Table 1. Anisotropic temperature parameters, 
hydrogen atom parameters, and a list of observed and calculated 
structure factors are available from the Depository of Unpublished 
Data.2 

The proton nuclear magnetic resonance spectrum of HM-BBAU at 
300 K was obtained on a Bruker AM-500 spectrometer. The sample 
(10 mg) was dissolved in 0 .5  mL DMSO-d6 with a drop of tetramethyl- 
silane as the internal reference. The ' H  nmr spectrum was assigned 
by spin decoupling and two-dimensional homonuclear shift-correlated 
experiments. The nuclear Overhauser experiments were performed 
by irradiation of each separate line in a multiplet (12) followed by 
subtraction of one off-resonance control. 

Results and discussion 
Solid-state structure 

A stereoscopic view of the molecule is shown in Fig. I .  
The pyrimidine ring is a lmo~t~planar ,  C(2) deviating most 
from coplanarity (by 0.007(2) A);  the two benzene rings are 
completely planar. The dihedral angle between the pyrimidine 
ring and the benzene ring attached to C(7) is 82.0" while the 
angle between the two benzene rings is 96.1". The former 
orientation is necessarv in order to avoid steric interactions 
between two six-membered rings joined by a single carbon 
atom. However, the relative orientation of the two benzene 
rings, joined by -0-CH2-, is not only unnecessary but is, 
in fact, highly unusual. We will discuss this feature in more 
detail below. 

Most bond lengths in the pyrimidine moiety (Fig. 2) are in 
good agreement with average values which we recently calcu- 
lated for thymine residues (13). The only exception is the 
lengthening of the C(4)-C(5) bond by 0.011 A, probably 

' ~ h e s e  tables may be purchased from the Depository of Unpubl~shed 
Data, CISTI, National Research Council of Canada, Ottawa, Ont. .  
Canada K l S  0S2. 

TABLE 1. Final atomic coordinates and thermal parametersa 

Atom 

"All values were multiplied by 10'. We, = (1/3)XXU,a,*a,*a,a ,  
z 1 

attributable to the bulky substitution at C(7). The agreement 
in bond angles is also very good, except at C(2) where 
N(1)-C(2)-N(3) is 1.5" larger while N(1)-C(2)-O(2) is 
1.7" smaller than normal; these deviations amount to 3u. 

The glycosidic torsion angle is 96.2(2)" (Fig. 3). This is 
exactly the mean value for ten molecules of acyclonucleosides 
in which C(1') is a secondary carbon atom (14). In this 
conformation there is minimal steric interaction between the 
aglycon and its acyclic side chain. The conformations about 
the C(3')-C(4') and C(4')-C(5') bonds (Fig. 3) are those 
favored by the gauche effect (15). In the former case the 
orientation of adjacent C-0 bonds is g a u c h e  while in the 
latter it is The C(1')-O(4') bond is significantly 
shorter than C(4')-O(4'). This phenomenon is commonly 
observed in nucleosides as well as in acyclonucleosides (9, 
16, 17). 

The following three intermolecular hydrogen bonds are 
observed in the crystal: 

The distances and angles are listed in Table 2. The corrected 
H . .  . A  distances were calculated after extending the covalent 
0-H and K-H bond lengths to their nominal values of 0.97 
and 1.04 A, respectively. As expected on the basis of the 
cooperativity effect (18), the O(5')-H...0(2) bond is the 
strongest one. 

The packing of the molecules in the crystal is shown in Fig. 4. 
As in the individual molecules. benzene rings in adjacent 
molecules are almost perpendicular to one another. Thus, H(12) 
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FIG. 1 .  Stereoscopic view of HM-BBAU; the thermal ellipsoids correspond to 509  probability. 

TABLE 2. Distances and angles for hydrogen bonds 

Distances, A Angles, deg 

D A A  at D . . . A  H . . . A  H...A,,, D-H. . ,A 

and H(13) are pointed toward the T-electron cloud of the 
terminal benzene ring in a symmetry-related molecule. as 
indicated by fairly short H(12)...C(19) and H(13)...C(18) 
distances, 2.85 and 2.83 A, respectively. 

Solution conformation of the hydro.xymethp1 groups 
The conformations about the C(4')-C(3') and C(4')-C(5') 

bonds are the same since the geminal protons of C(3') and C(5') 
have similar chemical shifts (Table 3) and coupling constants. 
In solution, the hydroxymethyl group is usually assumed to be 
in dynamic equilibrium between three staggered rotamers. The 
observed vicinal coupling constants are then an average of 
the coupling constants for each rotamer. Using the modified 
Karplus equation proposed by Haasnoot et al. (19), the coupling 
constants for each rotamer were obtained and from these the 
fractional populations of the three rotamers were estimated 
(Table 4). Since the assignment of the geminal protons can be 
reversed, there are two possible soiutions. However, in the solid 
state both gauche rotamers are present, but not the trans rotamer 
(Fig. 3). Consequently, the first set of values in Table 4 is in 
better agreement with the X-ray results and with the gauche 
effect (15) and is therefore more likely (16). 

Solution conformation about other bonds 
The degree of flexibility of the molecule could be ascertained 

by observing that the protons of all the other CH2 groups (i.e. at 
C(7), C(14). and C(l ')) appeared as single lines. If the molecule 
had been rigid or a CH2 group slowly reorienting itself between 
different conformers, the individual protons in the CH2 group 
would have different chemical shifts. 

Nuclear Overhauser experiments presented in Table 5 also 
indicate that there is a high degree of internal motion in the 
molecule since both positive and negative nOe's were observed 
when irradiating different resonances. The sign of the nOe 
depends on the correlation times of the protons which experi- 

ence an nOe, and as the degree of internal motion increases 
more positive nOe values should be observed (20). Thus, upon 
saturation of the H(1') signal a negative enhancement was 
observed for H(6) while a positive enhancement was observed 
for H(4') ,  indicating that there is more internal motion between 
H(4') and H(1') than between H(6) and H(1'). Hence, there 
appears to be more rotation about the C(4')-O(4')-C(1') 
linkage than about the N(1)-C(1') bond. This interpretation of 
the nOe's is in agreement with the observed preference for a 
torsional angle of -90" about the N(1)-C(1') bond (see 
above). There is, nevertheless, sufficient flexibility about the 
glycosidic bond to allow a change from the anti to the syn 
conformation. This may be relevant to the interaction of 
HM-BBAU with UrdPase in view of the suggestion that 
the natural substrate, i.e. uridine, is in the syn conformation 
when bound to the enzyme (14). Upon saturation of the H(7) 
resonances a negative enhancement was observed for H(6) 
while positive values were detected for H(9) and H(13), again 
suggesting that the C(7)-C(8) bond is more flexible than 
C(5)-C(7). When the resonance of H(14) was irradiated, only 
positive enhancements were observed for H(9), H( l  I) ,  H(16), 
and H(20), indicating a higher degree of internal motion about 
the C( 10)-O(1O)-C(14)-C(15) bonds. 

Biological implications 
In recent years it has been found (2, 21-23) that addition 

of the acyclo side chain to a series of uracils increases the 
inhibition of S- 180 cytosol UrdPase by a factor of 10- 10' over 
that of the corresponding uracil. It was also found that a free 
terminal -OH group in the acyclo side chain was necessary 
for activity. Since substitution of the terminal -OH by a 
chloro or nitro group, or esterification, resulted in loss of 
the inhibitory capacity, and substitution by an amino group 
diminished but did not abolish it, it was concluded that 
hydrogen bonding in this region was important in binding the 
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0 H 

FIG. 2. (Top) Bond distances (in A): unless otherwise indicated, 
their estimated standard deviations (esd's) are 0.003-0.004 A. (Bot- 
tom) Bond angles (in deg); their esd's are 0.2-0.3". 

inhibitor to the enzyme (21). The participation of the -NH 
and 2-keto groups in hydrogen bonding also appears to be 
essential. 

The early observation of increased binding of acyclothymi- 
dine over acyclouridine (21) and the comparative inhibitory 
activities of a series of uracil derivativcs evaluatcd by Bakcr 
and Kelley (24) led to the speculation that a hydrophobic region 
exists adjacent to the active site of UrdPase and participates in 
the binding of effective inhibitors. In support of this conclusion, 
Niedzwicki et al. (2) have calculated from inhibition constants 
that the contributions of AGO' brought about by substituting a 
benzyloxy group on the mrta position of 5-benzyluracil and 
converting the uracil to an acyclouridine are very nearly 
additive. Both regions seem to be involved in the binding of the 
inhibitor to UrdPase. 

FIG. 3. Newman projections along N(1)-C(lf), C(3')-C(4'), 
and C(4')-C(5'). The esd's are 0.2-0.3" for torsion angles which do 
not involve hydrogen atoms and 2" for those which do. 

TABLE 3. First order proton chemical shifts (in ppm) for 
HM-BBAU 

TABLE 4. Population of rotamers (in 5%) for the hydroxymethyl 
groups in HM-BBAU 

Population 

3 ~ ( H . ~ , )  3 ~ ( ~ , ~ b )  gauche' trans gauche- 

As mentioned above, the orientation of the two benzene rings 
in HM-BBAU is unusual. A survey of the recent Cambridge 
crystallographic database (25) revealed twelve molecules with 
an Ar-O-CH2-Ar fragment. In all of the them the 
C(Ar)-O-CH2-C(Ar) torsion angle corresponds to a trans 
orientation about the O-CH2 bond, the average absolute 
value of that angle being 174(3)". In HM-BBAU the torsion 
angle C(10)-O(10)-C(14)-C(15) has the abnormal value 
of 82.1(3)". The orientation about the C(14)-C(15) bond is 
also somewhat unusual, the O(10)-C(14)-C(15)-C(20) 
torsion angle being only 5.6(2)". In only three of the twelve 
molecules surveyed was the corresponding angle less than 1 I", 
the other nine ranged from 24 to 82". The small angle in 
HM-BBAU brings about a non-bonded interaction between 
O(10) and H(20) which is relieved by increasing the bond angle 
O(10)-C(14)-C(15) to 114.4(2)". The solid-state conforma- 
tion of the benzyloxybenzyl moiety may be significant in view 
of the suggestion that this hydrophobic portion of HM-BBAU 
fits into a binding site adjacent to the active site of UrdPase. 

The near-perpendicular orientation of the two benzene rings 
in the HM-BBAU molecule and the "herringbone" packing of 
these rings in the crystal lattice, where H atoms at the edge of 
one molecule point toward C atoms on the face of the adjacent 
molecule (Fig. 41, are reminiscent of recent findings by Burley 
and Petsko (26). Their anaiysis of four biphenyl peptides or 
peptide analogs and 34 proteins revealed similar aromatic- 
aromatic interactions which, it was suggested, may contribute 
to the stabilization of protein structures. Similarly, the binding 
of HM-BBAU to UrdPase must be stabilized by an interaction 
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FIG. 4. Stereoscopic view of the molecular packing in the crystal. The directions of the axes are x , J +, z O 

TABLE 5. Intensity changes (in 56) due to nuclear Overhauser effects" 

Saturated H(16) 
signal H(6) H(7) H(9) H(11) H(12) H(13) H(14) H(20) H(1') H(4 ' )  

"The estimated errors are i 20%. 
bThe area of the saturated peak was set to - 100% 
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The adduct obtained on nitration of 4-bromotoluene in acetic anhydride is (Z)-3-bromo-6-n1ethyl-6-nitrocyclohexa-2,4-dienyl 
acetate. Its stereoselective rearrangement product, obtained on thermolysis in the presence of p-cresol, is (2)-5-bromo-2- 
methyl-6-nitrocyclohexa-2,4-dienyl acetate. Reaction with hydrogen chloride in ether is also stereospecific and gives (2)-3- 
bromo-6-methyl-6-nitrocyclohexa-2,4-dienyl chloride. The crystal structures of these compounds are reported. 

GORDON W. BUSHNELL, ALFRED FISCHER, GEORGE N.  HENDERSON et SUMIT RAY MAHASAY. Can. J. Chem. 64, 2382 
(1986). 

L'adduit obtenu par nitration du bromo-4 toluene dans I'anhydride acetique est l'acetate de bromo-3 methyl-6 nitro-6 
cyclohexadii.ne-2,4 yle-(Z). Son produit de transposition stCreosClective, obtenu par thermolyse en presence de p-crCsol, est 
llacCtate de bromo-5 methyl-2 nitro-6 cyclohexadiPne-2,4 yle-(Z). Sa rkaction avec le chlorure d'hydrogene dans I'Cther est aussi 
stkreospbcifique et elle conduit au chlorure de bromo-3 methyl-6 nitro-6 cyclohexadiene-2,4 yle. On a determine les structures 
cristallines de ces composCs. 

[Traduit par la revue] 

Nitration in acetic anhydride of aromatic compounds in 
which a substituted position is of a comparable or greater degree 
of activation than an unsubstituted position often leads to the 
formation of nitronium acetate adducts (1, 2) in which the nitro 
group is attached to the activated substituted (ipso) position. 
Most commonly the 1,4 adduct is formed, normally as a pair 
of diastereomers. However, a 1,2 adduct is obtained when 
p-tert-butyltoluene (3), 2-methyl-2-(2'-methy1phenoxy)propa- 
noic acid (4), 4-methoxy- or a 4-halotoluene (5) is the substrate. 
Only one diastereomer of the 1,2 adduct is obtained. The 1,2 
adducts undergo a 1,5 thermal rearrangement of the nitro 
group (6). Both stereospecific and stereorandom rearrangement 
processes have been observed (6). In the case of the diene 
from 4-  bromotoluene, 3- bromo-6-methyl-6-nitrocyclohexa- 
2,4-dienyl acetate (Pa),  the stereorandom rearrangement is 
made stereospecific when p-cresol is added. The p-cresol is 
believed to suppress a radical rearrangement process (6: 7).  
Two stereochemical questions arise from these observations. 
(i) What is the stereochemistry (syn or anti) of the nitration 
addition reaction? (ii) What is the stereochemistry of the 
stereospecific rearrangement process, i .e . ,  is the nitro group 
rearrangement suprafacial or antarafacial? In the present work 
we report the results of single crystal X-ray diffraction structure 
determinations on l a  and its stereospecific rearrangement 
product, 2a, a diastereomer of 5-bromo-2-methyl-6-nitrocyclo- 
hexa-2,4-dienyl acetate, which provide the answers to these 
questions. We have also determined the structure of the 
single diastereomer of 3 - bromo-6-methyl- 6-nitrocyclohexa- 
2,4-dienyl chloride, 3a ,  obtained on reaction of l a  with 
hydrogen chloride. 

Results and discussi~n 
Diene l a  was formed in 64% yield as a single diastereomer on 

the nitration of 4-bromotoluene in acetic anhydride containing 
trifluoroacetic anhydride and was isolated by crystallization of 
the crude reaction product. Diene l a  isomerized and partially 
aromatized when a solution in chloroform was allowed to stand 
at ambient temperature. The isomerization was carried out on a 
preparative scale by heating a solution of l a  in benzene at 74°C 
for 1 h when a mixture of 2a (357~1, its diastereomer 2b (35%), 
unreacted l a  (26%), and its diastereomer l b  (4%), together 
with a trace of 5-bromo-2-methylphenyl acetate was obtained. 
The diastereomers 2a and 2b were isolated from the reaction 
mixture by fractional crystallization. Diene l b  was obtained 
from the mother liquor by treatment with aqueous ammonia to 
selectively aromatize the rearranged dienes 2a and 2b,  followed 
by chromatography. The secondary nitro group makes the 
elimination of acetic acid from the rearranged dienes extremely 
facile, whereas the tertiary nitrodienes are unreactive under the 
same conditions. Isomerization of diene l a  in the presence of 
p-cresol gave only one product diene, 2u. The dienyl chloride 
3a was obtained in 82% isolated yield when hydrogen chloride 
was bubbled through a solution of l a  in ether at -78°C and the 
mixture then worked up. 

The structures of l a ,  2a,  and 3a were determined by X-ray 
crystallography (Table 1). Dienes l b  and 2b decomposed too 
rapidly on irradiation for structure elucidation. Table 2 contains 
fractional atomic coordinates and isotropic temperature para- 
meters for l a ,  2a ,  and 3a.  Table 3 contains bond lengths, 
which agree well with the literature values for similar bonds as 
compiled in the Chemical Society's special publications (8). 
Table 4 contains bond angles and shows sp3 and sp2 hybridised 
atoms subtending angles close to 109.5" and 12OU, respectively. 
Tables deposited2 contain anisotropic temperature parameters 
for l a  and 3a (Tables S1, S2), intermolecular distances 
(Tables S3, S4, S5), mean planes, torsion angles, and Newman 

l a  20 

' For part XXVI, see ref. 2.  

2Copies may be purchased from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, Ottawa, Ont. ,  
Canada KIA OS2. 
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BUSHNELL ET AL. 

TABLE 1. Crystal data for l a ,  2a, and 3a 

Crystal system Orthorhombic Monoclinic Orthorhombic 
Space group Pbca (No. 61) P21/n (No. 14) P c ~ 2 ~  (No. 29) 
0 (A) 27.445(8) 7.386(3) 11.901(5) 
b 9.683(3) 7.618(2) 6.758(2) 
c 8.335(2) 19.498(6) 11.495(4) 
I3 ($g) - 92.91(4) - 

v (A3) 2215(1) 1095.7(6) 924.5(6) 
Formula C9HI0NO4Br C9H 10N04Br C7H7NO2C1Br 
Mol. wt. 276.09 276.09 252.5 
Z 8 4 4 
Drneask cmP3) - 1.67 1.78 
Dcalcd 1.656 1.674 1.814 
Mounting axis c a a 
Standard reflections 18 00,080.006 060,006, 400 200, 006, 020 
Measured range (20) 0-40" 0-30" 0-50" 
No. of steps 160 200 160 
(0.01" in 20. 0.25 s) 
Background count (s) 40 50 40 
Fraction of reflections 

with F / u ( F )  > 3 0.82 0.93 0.89 
p,(cm-') (A = 0.71069 A )  39.25 39.67 49.40 
Crystal shape. 
Perpendicular distance, 

origin to faces: 0.081, 0.300, 0.231, 0.180, 0.237. 0.080, 
?(loo), ?(010), ?(001) 0.473 mm 0.162 mm 0.189 mm 
Transmission 0.10-0.53 - 0.17-0.47 
Convergence d/u(max) 0.11 0.007 0.004 
R 0.0763 0.1033 0.0551 
R ,< 0.0941 0.1029 0.0601 
Difference map maximum (e AP3)  0.83 1.17 0.58 
No. of observations 1033 597 862 
No. of parameters 136 61 108 

projections (Tables S6, S7, SS), and structure factors (Tables 
S9, S 10, S 1 1). The intermolecular distances are all greater than 
3.1 P\, demonstrating the molecular nature of the crystals. When 
the three structures are compared there are many similarities. 
The nitro groups plus the adjacent C atom are planar as are the 
acetate groups. The h2xadienyl rings are non-planar, with the 
saturated atoms 0.24 A (ave.) from the weighted least squares 
(w.1.s.) planes. Each saturated ring atom is on the opposite side 
of the plane relative to the nearest ethylene moiety, and t h ~  
unsaturated ring carbon atoms are generally close to 0.10 A 
from the w.1.s. plane. Birch, Hinde, and Radom attributed the 
non-planarity of the parent molecule, 1,3-cyclohexadiene, to 
angle strain at the saturated carbon atoms and steric interaction 
between eclipsed methylene hydrogen atoms outweighing the 
stabilizing effect of conjugation (9). Computed values for the 
C=C-C=C torsion angle in 1,3-cyclohexadiene range from 
8 to 20°C (9-14) indicating a shallow minimum in the energy 
function (1 1). Experinlentally obtained values are consistently 
close to 17.5' (15-18). Our experimental values for the 
substituted cyclohexadienes are lower, 9.9(13)", 12(3)', and 
13.2( 15)', respectively. 

The (2)  configuration of the a isomers is evident from the 
cis disposition of nitro and acetate in l a  and 2u and the cis 
arrangement of nitro and chlorine in 3a (Figs. 1-3). The 
structures of l b  and 2b follow from the fact that these are the 
diastereomers of the a isomers, as is indicated by the close 
similarity of the nmr spectra of l a  with those of l b  and of 2a 
with those of 2b. There are two possible conformations of each 
diastereomer and, in the cases of Pa and 30. that in which the 
adjacent methyl and acetate or chlorine groups are (pseudo) 
trans diaxial and the nitro group and neighbouring hydrogen are 

therefore equatorial is preferred. This preference is reasonable 
in that the conformer with the smaller substituent (hydrogen) 
gauche to both methyl and nitro and the larger substituent 
(acetate or chlorine) gauche only to nitro, would exhibit less 
torsional strain than the other conformer in which the larger 
substituent is gauche to both neighbouring substituents. The 
preferred conformer of 2a is that which has axial nitro and 
equatorial acetate rather than vice versa. It is likely that this 
preference reflects a greater electronic repulsion between the 
neighbouring C-Br and C-NO2 dipoles than that between the 
C-OAc and C-CH3, the consequence being that the bromine 
and the nitro group are forced to be further apart (i.e. nitro axial) 
than the methyl and acetate or chlorine (acetate or chlorine 
equatorial). Interaction between the neighbouring dipoles at sp2 
and sp3 carbons ~hou ld  be minimized when the wbstituent at 
the tetrahedral carbon is axial. 

On nitration of 4-bromotoluene formation of the cis 1,2 
adduct l a  is completely dominant, none of the trans diastereo- 
mer l b  being detected in the product mixture. Generally the 
formation of adducts is under kinetic control (19) as is evident 
in the present instance from the fact that in the thermal 
rearrangement, when equilibrium conditions are approached, 
both diastereomers l a  and l b  are present together. Thus we 
must look to the transition state to account for the stereoselec- 
tivity. Three possible explanations come to mind. Ridd has 
suggested that in acetic anhydride the nitronium ion is com- 
plexed with acetic acid and that it only becomes free in the 
encounter pair (20). If the reaction with the substrate occurs 
immediately after the nitronium ion is liberated, and the further 
reaction of the carbocation occurs before the solvation shell 
has had time to relax, then the acetic acid molecule which was 
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TABLE 2. Fractional atomic coordinates and temperature parameters 
( a )  l a U  

Atom x / a  ~ / b  Z /  c Uc,  

- - ~- 

"Coordinates X lo5 for Br and X 10' otherwise; temperature parameters 
X 104 for Br and X 10' otherwise. 

( b )  2aa 

Atom 

"Coordinates X lo4. temperature parameters X lo4 for Br and X 10' othem ise 

( c )  3aU 
- 

Atom X / Q  ~ / b  z /  L. Ue, 

"Coordinates x104. The Br atom z coordinate was fixed: temperature 
parameters X lo4 for Br and C1. X 10' otherwise; estimated standard deviations 
are given in parentheses; U,, is the equivalent isotropic temperature parameter: 
U,, = (1/3)C,C,U,,n~a~(a, .a,) :  T = exp -(8n2~, , ,s in '  @ / A 2 ) .  

TABLE 3. Interatomic distances (A)" 

Atoms Distance Atoms Distance 

( c )  3a 
C(3)-Br 1.947( 8 )  C(1)-CI 1.828( 9 )  
0 (1 ) -N( l )  1.207(10) O(2)-N(1) 1.207(10) 
C(6)-N(l )  1.540(11) C(7)-c(6)  1.530(13) 
C(3)-C(2) 1.325(13) C(5)-C(4) 1 .344(14) 
C( l ) - c (2 )  1.517(12) C(6)-C(5) 1.480(13) 
C(4)-C(3) 1.457(13) c ( l ) -C(6)  1.527(!2) 

"Estimated standard deviations are given in parentheses. 

attached to the nitronium ion will be favourably placed to add to 
the 2-position in a cis manner. The second explanation proposes 
that the nitro group in the carbocation favours cis addition of the 
acetic acid molecule through hydrogen bonding of the latter to 
the nitro oxygen. This sets up the carbonyl group in a favourable 
position to add cis to the nitro group. The third explanation 
proposes that the carbocation is stabilized through carbon- 
carbon hyperconjugation involving the ring-methyl bond. This 
would result in the ring tending towards being planar with the 
carbon-nitrogen bond in the plane of the ring and the ring- 
methyl bond perpendicular to the ring. Approach of the acetic 
acid molecule would then be less hindered from the nitro face 
than from the methyl face. 

Diene 2 is thermodynamically more stable than diene f (in the 
rearrangement reaction, 1 forms 2 to an extent of more than 
50%) yet no diene 2 is obtained from the nitration reaction. 
Thus, even though some (8%) attack of nitronium ion occurs 
at the position ortho to the bromine, none of the resulting 
nitrocyclohexadienyl cation is trapped by acetate, all of it 
undergoing deprotonation to the 4-bromo-3-nitrotoluene. Like- 
wise, none of the nitrocyclohexadienyl cation resulting from 
addition of nitronium ion ortho to methyl is trapped. Trapping 
of secondary nitrocyclohexadienyl cations is extremely rare 
(21, 22). The deprotonation reaction with its attendant gain 
in resonance energy is almost always greatly favoured over 
addition of a nucleophile. It is thus evident that the rearrange- 
ment cannot involve a cationic intermediate, rather stereo- 
random radical and stereospecific sigmatropic pathways are 
involved (4, 6, 7). This is of course also evident from the 
non-polar conditions under which the rearrangement is carried 
out. The addition of p-cresol suppresses the radical reaction and 
allows the observation of the sigmatropic process. Since (Z)-I 
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BUSHNEL 

TABLE 4.  Bond anglesa 
(a)  l a  

Atoms Angle Atoms Angle 

C(8)-O(3)-C(l) 116(2) C(7)-C(2)-C(l) 118(2) 
( 2 ) - 1 - ( 1 )  125(3) C(2)-C(1)-0(3) 108(2) 
6 - 1 - 0 1 )  123(2) C(6)-C(1)-O(3) 1 lO(2) 
C(6)-N(1)-O(2) 113(2) C(6)-C(1)-C(2) 115(2) 
C(4)-C(5)-Br 122(2) C(5)-C(6)-N(l) 108(2) 
C(6)-C(5)-Br 116(2) 1 - C 6 - 1 )  1 lO(2) 
C(6)-C(5)-C(4) 122(2) C(1)-C(6)-C(5) 108(2) 
C(3)-C(4)-C(5) 121(2) O(4)-C(8)-0(3) 121 (2) 
C(2)-C(3)-C(4) 120(2) C(9)-C(8)-0(3) 11 l(2) 
C(1)-C(2)-C(3) 11 7(2) C(9)-C(8)-0(4) 128(3) 
C(7)-C(2)-C(3) 124(2) 

( c )  30 

Atoms Angle Atoms Angle 

(d) Endocyclic torsion angles (deg) 

Torsion angle 

Bonds l a  2a 3n 

"Estimated standard deviations are given in parentheses. 

gives (2)-2 this process is suprafacial as would be required if the 
new C-NO2 bond is formed synchronously with the fission of 
the original C-NO2 bond. 

Reaction of acetate l a  with hydrogen chloride gives the 
dienyl chloride with retention of configuration. This reaction 
would be expected to involve a carbocation intermediate or, 
at least, an incipient carbocation intermediate. A S N i  type 
mechanism with a six-membered cyclic transition state can be 

FIG. 1 .  An ORTEP drawing of the molecular structure of l a  
showing the 25% probability ellipsoids. 

FIG. 2. An ORTEP drawing of the molecular structure of 2a 
showing the 25% probability spheres. 

envisaged in which hydrogen chloride, hydrogen bonded to 
carbonyl oxygen, is situated with the chlorine conveniently 
located to displace the acetate function. Alternatively, the 
chlorine could displace the acetate in an S N i f  reaction by 
adding to the 5-position through a cyclic transition state. Both 
mechanisms would lead to the same diastereomer although, in 
principle, they can be distinguished since, if a single enantiomer 
of the reactant were used, different enantiomers of the product 
would be formed from the two pathways. If C-0 bond 
breaking runs slightly ahead of C-C 1 bond formation both the 
incipient carbocation intermediate and a cyclic transition state, 
accounting for retention of configuration, can be accommodated. 
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separated and the residue was washed with ether (300 cm3). The 
combined ether solution was washed with cold water (4 X 300 cm3) 
and then dried. Removal of ether on the rotovapor at 15OC yielded a 
reddish-brown oil (25.5 g). The 'H  nmr spectrum of the crude mixture 
gave the composition as (Z)-3- bromo-6-methyl-6-nitrocyclohexa- 
2,4-dienyl acetate ( l a )  ( 6 4 8 ) ,  4-bromo-3-nitrotoluene (8%) and 
4-bromo-2-nitrotoluene (28% ) .  Crystallization from ether-pentane 
mixture at -20°C afforded crude diene l a  (9 g) as pale yellow crystals 
which, after further recrystallization, had mp 48-49°C: ir (KBr): 1745 
and 1230 (OCOCH3), 1555 and 1365 (NO2) cmp' ;  uv (CH2C12): 
266.4 nm (350 m2 m o l l ) ;  ' H  nmr (250 MHz, CDCI,) 6: 1.77 (s. 3, 
CH3), 1.98 (s, 3, OCOCH?), 5.45 (dd, I .  H(l)),  6.13 (dd, 1, 
H(4)), 6.37 (ddd, I ,  H(2)), 6.45 (ddd, 1, H(5)) ppm. J12 = 6.15, 
J l s  = 1.76, Jz4 = 1.80. J 2 5  = 0.55. J45 = 10.23 Hz: 13C nmr (CDC13. 

c2 62.9 MHz) 6,: 20.6 (OCOCH,), 23.1 (CH,), 70.4 (C(1)). 86.8 
(C(6)). 122.0 (C(2)), 122.6 (C(3)). 127.8 (C(4)). 128.5 (C(5)), 169.0 
(OCOCH3) ppm. Anal. calcd. for C9HI0NO4Br: C 39.15. H 3.65, 
N 5.07; found: C 39.36, H 3.52, N 5.04. 

Isomerization of (Z) -3- bromo-6-methyl-6-nitrocyclohexn-2,4 -dien?;l 
acetate ( 1  a)  

A solution of diene l a  (10 g. 36 mmol) in benzene (20 cm3) was 
heated in a water bath at 74°C for 1 h. Removal of the benzene on the 
rotovapor at 25°C yielded a reddish-brown oil. The 'H  nmr spectrum of 

3. An ORTEP drawing of the molecular structure of 3a the oil indicated the presence of l a  (26%), its diastereomer l b  (4%), 
showing the 25% probability ellipsoids. (Z)- and (E)-5-bromo-2-methyl-6-nitrocyclohexa-2.4-dieny acetate 

(2a) and (2b) (70%). with traces of 4-bromo-3-nitrotoluene and 
Ex~erimental 5-bromo-2-methylphenyl acetate. Fractional crystallization from 1: 1 

Melting points are uncorrected and were determined on a Buchi 
SMP-20 melting point apparatus. Infrared spectra calibrated with 
polystyrene were recorded on a Perkin Elmer 283 spectrometer. 
Observations were made on potassium bromide discs for solids and on 
thin films between sodium chloride plates for liquids. Proton nuclear 
magnetic resonance spectra were recorded on Perkin Elmer R-32 
(90 MHz) or Bruker WM 250 (250 MHz) spectrometers. The nmr 
spectra of the nitration reaction mixture was recorded with the acetic 
anhydride peak at 2.15 ppm as the lock signal. The substitution reaction 
with hydrogen chloride was followed using the ether peak at 1.85 ppm 
as the lock signal. For all other solutions, tetramethylsilane (90 MHz) 
or the solvent deuterium signal (250 MHz) was used as the lock signal. 
Carbon-13 nuclear magnetic resonance spectra were recorded on the 
Bruker WM 250 (62.9 MHz) spectrometer using solutions in CDC13 
with TMS as the internal standard. Ultraviolet spectra were recorded on 
a Beckrnan DU-8 spectrophotometer. Elemental analyses were carried 
out by Canadian Microanalytical Service Ltd., Vancouver, B.C. 

4-Bromotoluene was from J .  T. Baker, acetic anhydride was 
certified ACS from Fisher, trifluoroacetic anhydride was Aldrich gold 
label. Fuming nitric acid (Fisher, 300 cm3) was purified by distilling 
from urea (10 g) and sulfuric acid (500 cm3) at < 35°C and was stored 
at -25°C. 

Solvents for chromatography including pentane (reagent, Fisher). 
ether (Fisher), and petroleum ether (reagent, Fisher) were dried over 
sodium and distilled before use. Silica gel used for chromatography 
was 60-200 mesh, Davison Commercial grade H. 

Nitration of 4-bromotoluerre 
A nitrating mixture was prepared by the careful addition of acetic 

anhydride (51.1 g, 0 .5  mol) with stirring to freshly distilled nitric acid 
(12.6 g, 0.2 mol) at -78°C. After the completion of addition, the 
mixture was warmed to P C ,  stirred for 15 min at O°C and cooled to 
-40°C. Trifluoroacetic anhydride (21.05 g, 0.1 mol) was then slowly 
added to the mixture at -40°C. A solution of 4-bromotoluene ( 1  7.1 g. 
0.1 mol) in acetic anhydride (10.2 g, 0.1 mol) was addeddropwise with 
stirring over 30 min to the nitrating mixture at -40°C. The reaction 
mixture was then stirred for an additional 90 min at -40°C and then 
cooled to -78'C and poured into ether (50 cm3) at -78°C. Ammonium 
hydroxide (450 cm3, 28%) was added in portions to the stirred mixture. 
After the addition was complete, stirring was continued for 1 h while 
the mixture warmed to room temperature. The ether layer was 

ether-pentane at --~Pc gave diene 2a (2.56 g) in the first two crops. 
The third crop (0.96 g) contained a mixture of 2n and 2b (1 : 1). Further 
crystallization from 1:2 ether-pentane solution yielded a mixture of 2b 
and 2a (95 : 5 )  as the fourth crop (700 mg). Finally. from 1 : 3 ether - 
petroleum ether. diene l a  was obtained as the fifth crop (600 mg). 

Recrystallization of the first crop (300 mg) from 1:l ether - 
petroleum ether gave pure diene 2a as pale yellow crytals (240 mg), 
mp 93-95°C; ir (KBr): 1735 and 1230 (OCOCH,), 1560 and 1370 
(NOz) cmp' ;  uv (CH2C12): 279.75 nm (721 m2 mol-I): ' H  nmr 
(250 MHz, CDCI3) 6:  1.82 (br dd, 3, CHI),  2.17 (s, 3. OCOCH,), 
5.35 (d, 1, H(6)), 5.79 (ddq, 1, H(3)), 5.91 (ddq, 1. H(1)). 6.69 (d, 1, 
H(4)) ppm. J13 = 2.65, J lh  = 8.70, JI.z.hfe = 1.00. Ji4 = 6.25, 
J3.2.Me = 1.63 Hz; I3c nmr (62.9 MHz, CDC13) 6,: 18.0 (CH3),  20.5 
(OCOCH,), 70.9 (C(1)), 87.5 (C(6)), 109.5 (C(5)), 119.5 (C(3)), 
134.1 (C(4)). 135.1 (C(2)). 169.8 (OCOCH,) ppm. Anal. calcd. for 
C9HION04Br: C 39.15, H 3.65. N 5.07; found: C 39.08, H 3.67. 
N 5.07. 

Recr~;stallization of the fourth crop (500 mg) from 1:l ether - 
petroleun~ ether at -20°C gave pure diene 26  as pale yellow crystals 
(420 mg), mp 63-64°C; ir (KBr) 1745 and I210 (0COCH3), 1558 and 
1360 (NO?) cm-I; uv (CH2C12): 279.75 nm (820 m2 mol-I): ' H  nmr 
(250MHz. CDCI,) 6: 1.83 (d, 3, CH3). 2.15 (s, 3, OCOCH,), 5.24 
(d. 1, H(6)). 5.86 (dq, 1 ,  H(3)). 5.93 (d. 1,  H(1)). 6.66 (d. 1 ,  
H(4)) ppm, Jlh = 3.47, Jj4 = 6.32, J3,2.hlr = 1.04 Hz; nmr 
(62.9 MHz, CDCI,) 8,: 19.9 (CH,), 20.7 (OCOCH,), 70.8 (C(1)). 
90.1 (C(6)), 109.1 (US)),  122.4 (C(3)), 132.2 (C(4)), 132.5 (C(2)), 
169.8 (OCOCH3)ppm. Anal. calcd. for C9HI0NO4Br: C 39.15, 
H3.65,  N5.07;found: C39 .3 .  H3 .54 ,  N5.18.  

The 'H nmr spectrum of the mother liquor at this stage showed the 
presence of dienes 2a and 2b  (37701, Pa (37%), 1 b (5%), 5-bromo- 
2-methylphenyl acetate and 4-bromo-3-nitrotoluene (21 '3%). In order to 
isolate diene l b ,  the dienes 2 a  and 2b were selectively aromatized. 
A solution of the reaction mixture (2 g) in ether (10 cm3) was stirred 
in an ice bath with ammonium hydroxide (5 cm3, 28%) for 15 min. 
The mixture was diluted with ether (80 cm3). washed with cold brine 
(4 x 20 cm3), and the solution dried over anhydrous magnesium 
sulfate. The 'H nmr of the residual oil, obtained after removal of 
solvent at 15"C, revealed the presence of 4-bromo-3-nitrotoluene 
(37%), 5-bromo-2-methylphenyl acetate (21 %), diene In (37%). and 
diene I b  (5%). The mixture (1 .3  g) was separated by column 
chromatography on silica gel (180g) using a mixture of ether - 
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petroleum ether as eluent at -40°C. Initial fractions eluted with 
3% ether gave 4-bromo-3-nitrotoluene. Mixtures of phenyl acetate, 
bromonitrotoluene, and diene l a  were eluted next with 6% ether. 
Further elution with 10% ether gave mixtures containing diene l b  
(95%) and 4-bromo-3-nitrotoluene (5%). Diene l b  did not crystallize 
from ether - petroleum ether and was characterized in solution. It had 
'~nmr(250MHz,CDCI , )6 :  1.74(s,  3,  CH3), 2.13 (s, 3 ,0COCH3) ,  
5.94 (m. 1, H(2)), 6.23 (m, 3, H(1). H(4) and H(5)) ppm; nmr 
(62.9MHz, CDCl,, -15°C) 6,: 18.2 (CH3), 19.6 (OCOCH,), 70.8 
(C(l)), 87.0 (C(6)), 117.1 (C(3)), 126.5 (C(2)), 127.2 (C(4)), 129.1 
(C(5)), 169.5 (OCOCH3). 

In some small scale reactions, diene l a  was isomerized by heating a 
solution in CDC13 in an nrnr tube in a thermostated water bath. p-Cresol 
was added to some reactions as an inhibitor. Reactions were followed 
by 'H  nmr at 90 MHz. Typical results were as follows: after 1 h at 60°C 
in the absence of inhibitor the composition was l a  (72%). l b  (trace), 
2a (19'%), 2b (9%); after 15 h in the presence of p-cresol (0.25 mol 
proportion) the composition was l a  (32%) and 2 a  (68%) and no 2b  
was detected at any prior stage. 

iZ)-3-Bromo-6-methyl-6-nitrocyclohe.xa-2,4-dienyl chloride (3a)  
Hydrogen chloride was bubbled through a solution of l a  (275 mg, 

1 mmol) in ether (5 cm3) at -78"C, for 15 min, and the mixture was 
then stirred for 45 min while the bath was allowed to warm to -40°C. 
The 'H nmr spectrum of the mixture at this stage showed the presence 
of a new diene as the only product. The solution was diluted with ether 
(20 cm3) at -78°C and neutralized by the addition of cxccss aqueous 
ammonia. The ether was separated and the aqueous layer extracted 
with ether. The combined ethereal extracts were dried (MgSO,) and 
the ether removed on the rotavapor at lS°C to give chloride 3 a  
(206 mg, 8 2 9  isolated yield). Crystallization from ether - petroleum 
ether at -20°C gave pale yellow crystals, mp 87°C: uv (CH,CI,): 
273 nm (351 m' mol-I): ir: 1540 (NO2), 740 (C-CI) c m ' :  ' H  nmr 
(250 MHz, CDC13) 6 :  1.81 (s, 3, CH3), 4.89 (dd, 1, H(1)). 6.20 
(dd, 1, H(4)). 6.36 (dd, 1, H(2)), 6.54 (dd, i . H(5)) ppm. J12 = 6.47, 
JIS = 1.72, J2, = 1.81, J45 = 10.30 Hz; ';c nmr (62.9 MHz. 
CDCI,) 6,: 24.2 (CH3), 58.6 (C(1)). 89.1 (C(6)). 121.2 (C(3)), 
124.2 (C(2)), 128.1 (C(4)), 129.1 (C(5)) ppm. Anal. calcd. for 
C7H7N02CIBr: C 33.29, H 2.79, N 5.55; found: C 33.39, H 2.67, 
N5.51.  

X-ray drffracrion studies 
Compounds l a ,  2a ,  and 3 a  were examined on Weissenberg and 

precession cameras to determine the symmetry and approximate cell 
dimensions, and subsequently transferred to a Picker 4-circle diffrac- 
tometer automated with a PDP11/10 computer and using Zr filtered 
Mo radiation. The crystal data are given in Table 1. The symmetry 
positions for 2a  were x, J, z ;  -r ,  -y. - z ;  (2 + x) ,  (4 - y) ,  (a + z); 
and (2 - x),  (2 + y), (2 - z ) .  The cell dimensions were refined by least 
squares using pairs (19, 13, and 8,  respectively) of 28 measurements 
obtained by an automatic centering routine. The asymmetric unit was 
one molecule in each case. In measuring the intensities 8 / 2 8  scans 
were used. Three standard reflections preceded each batch of 50 
measurements and the sum of their intensities was used to correct for 
crystal decomposition. The class of compounds under study was soft 
and low melting. l a ,  2 a ,  and 3 a  were selected as the best and most 
durable single crystals. but melting terminated the measurements on 
2a. Lp corrections were done. Absorption corrections were applied by 
numerical integration for compounds l a  and 3 a  using Gaussian grids 
(4 x 10 X 12 for l a ,  12 X 8 X 8 for 3 u ) .  No reflections were omitted 
from the data sets. 

Strut ture s o l ~ ~ r ~ o n  and refinemer~t 
SHELX (23). MULTAN (24), and ORTEP (25) and local programs 

were used The structures were solved using direct methods and 
refined uslng electron-density maps and the method of least squares 
mininxsing 2 15 I IF, I - F, I I ' The atomlc qcatterlng factor5 u ere 
those included in the SHELX progrdm (23. 26) The we~ght~ng  
schemesemployed were 11 = I / (u ' (F )  + 0 301 F') for l a a n d 3 a .  and 
unit weights for 2a  No speclal posltlons were occupied For 3a.  the z 

coordinate of the Br atom was fixed, since there was no reference point 
in the z  direction provided by the symmetry elements. For compounds 
l a  and 3 a  anisotropic thermal parameters were used for all atoms, 
but for compound 2a isotropic temperature factors were employed. 
Hydrogen atoms were not found. Final difference maps were calculated 
as a further check and the maxima, given in Table 1. indicate no 
chemical mistakes. 

Acknowledgements 
We thank Mrs.  Katherine A. Beveridge for technical assis- 

tance, the Natural Sciences and Engineering Research Council 
of Canada for financial support, and the University of Victoria 
for the award of a University of Victoria Fellowship (to 
S.R.M.) .  

1. D.  J .  BLACKSTOCK, A. FISCHER, K. E. RICHARDS, J. VAUGHAN. 
and G. J .  WRIGHT. Chem. Commun. 641 (1970). 

2. A. FISCHER. G.  N.  HENDERSON, and L. M.  IYER. Can. J .  Chem. 
63, 2390 (1985). 

3. A. FISCHER and R. RODERER. Can. J .  Chem. 54, 3978 (1976). 
4. G. S .  BAPAT. Ph.D. Dissertation, University of Victoria, Vic- 

toria, B.C. 1983. 
5. A. FISCHER, D. L. FYLES, and G. N. HENDERSON. J .  Chcm. Soc. 

Chem. Commun. 513 (1980). 
6. G. S .  BAPAT, A. FISCHER, G.  N .  HENDERSON, and S .  RAY 

MAHASAY. J .  Chem. Soc. Chem. Commun. 1 19 (1983). 
7. S. RAY MAHASAY. Ph.D. Dissertation, University of Victoria, 

Victoria, B.C. 1984. 
8.  L. E. SUTTON (Editor). Tables of interatomic distances and 

configurations in molecules and ions. The Chemical Society, 
London, 1958; Tables of interatomic distances in molecules and 
ions supplement 1956- 1959. The Chemical Society, London. 
1965. 

9 .  A. J .  BIRCH. A. L. HINDE, and L.  RADOM. J. Am. Chem. Soc. 
103, 284 (1983). 

10. N.  L. ALLINGER and J .  C. TAI. J. Am. Chem. Soc. 99, 4256 
(1977). 

11. A. WARSHEL and M.  KARPLUS. J. Am. Chem. Soc. 94, 5612 
(1972). 

12. G. FAVINI, F. ZUCCARELLO, andG. BUEMI. J. Mol. Struct. 3,385 
(1963). 

13. A. KOMORNICKI and J. W. MCIVER. J .  Am. Chem. Soc. 96,5798 
(1974). 

14. N. L. ALLINGER and J .  T. SPRAGUE. J. Am. Chem. Soc. 95,3893 
(1973). 

15. S. S. BUTCHER. J .  Chem. Phys. 42, 1830 (1965). 
16. G. DALLINGA and L. H. TONEMAN. J .  Mol. Struct. 1 ,  11 (1967). 
17. M. TRAETTEBERG. Acta Chem. Scand. 22, 2305 (1968). 
18. H. OBERHAMMER and S. BAUER. J. Am. Chem. Soc. 91, 10 

(1969). 
19. A. FISCHER and G.  N. HENDERSON. Can. J .  Chem. 59, 2314 

(1981). 
20. J .  H. RIDD. Adv. Phys. Org. Chem. 16. 1 (1978). 
21. 6. G.  CROSS, A. FISCHER, G.  N.  HENDERSON, and T. A.  SMYTH. 

Can. J. Chem. 62, 1446 (1984). 
22. R. G. CLEWLEY. Ph.D. Dissertation, University of Victoria, 

Victoria, B.C.,  1985. 
23. G. M. SHELDRICK. SHELX-76. a program for crystal structure 

determination. Anorganisch-Chemisches Institut der Universitat 
Gottingen. 1976. 

24. P. MAIN. MULTAN-78, a system of computer programs for the 
automatic solution of crystal structures from X-ray diffraction 
data. Department of Physics, University of York, England. 1978. 

25. C.  K .  JOHNSON. ORTEP: A Fortran thermal ellipsoid plot 
program for crystal structure illustrations. ORNL-3794, Revised. 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. 1965. 

26. D. T. CROMER and J .  T. WABER. International tables for X-ray 
crystallography. Vol. 4 .  Kynoch Press, Birmingham, England. 
1974. pp. 99 and 149. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Kinetic benzylidenation. Part I. The selective formation 
of five-membered ring benzylidene acetals from aldose diethyl dithioacetals 

T. BRUCE GRINDLEY, SRIHARI KUSUMA, AND T. STANLEY CAMERON 
Department of Chemistry, Dalhousie Uni13er.sity, Hnlifm, N. S., Canada B3H 4J3 

Received August 30, 1985 ' 
T. BRUCE GRINDLEY, SRIHARI KUSUMA, and T. STANLEY CAMERON. Can. J .  Chem. 64, 2388 (1986). 
Reaction of D-arabinose diethyl dithioacetal with one equivalent of benzaldehyde dimethyl acetal in the presence of 

p-toluenesulfonic acid at -40°C gave a mixture of the two epimers of 5-0-methoxyphenylniethyl-D-arabinose diethyl 
dithioacetal initially. After 14 h at -20°C, the major products were R-  and S-4,5-0-benzylidene-D-arabinose diethyl 
dithioacetal. The structure of the S isomer was determined by X-ray crystallography. The crystal was orthorhombic, with space 
group P212121r cell dimensions a = 5.179(4), b = 12.469(3), c = 27.150(4) A,  and Z = 4. The crystal structure was solved 
using the SHELX (76) system and refined to R = 0.060 for 714 reflections. The sugar chain was in a zigzag conformation, the 
4,s-0-benzylidene ring in a 0 - 5 ~ c  conformation, and the plane of the phenyl ring was nearly perpendicular to the plane of the 
five-membered ring (88" angle). There were two short OH-S hydrogen bonds, one intramolecular and one intermolecular. 
Reaction of the diethyl dithioacetals of D-glucose, D-galactose, D-mannose, and D-ribose at -20°C as above also gave mixtures 
of the terminal five-membered ring 0-benzylidene diastereomers. 

T. BRUCE GRINDLEY, SRIHARI KUSUMA et T. STANLEY CAMERON. Can. J. Chem. 64, 2388 (1986). 
La rCaction du diCthyl dithioacetal du D-arabinose avec un Cquivalent du dimethyl acetal du benzaldkhyde. en presence 

d'acide p-tolu&nesulfonique, a -40°C. conduit initialement a un mClange des deux Cpimkres du diCthyl dithioacktal du 
0-mCthoxyphCnylmethyl-5 D-arabinose. Apr2s 14 h, a -20°C, les produits principaux sont les diethyl dithioacetals des 
0-benzylidene-4(R) et 4(S) ,  5 D-arabinoses. En faisant appel a cristallographie par rayons-X, on a determink la structure de 
I'isom&re S .  Les cristaux sont orthorhombiques et appartiennent au groupe d'espace P212121 ; avec a = 5.179(4), b = 12,469(3) 
et c = 27,150(4) A et Z = 4. On a rCsolu la structure cristalline en faisant appel au systkme SHELX (76) et on l 'a  affinCe jusqu'a 
une valeur de R = 0,060 pour 714 rCflexions. La chaine de sucre existe dans une conformation en zigzag, le cycle 
0-bcnzylid2ne-4.5 existe dans une conformation 0 - 5 ~ c  et Ie plan du noyau phenyle est pratiquement perpendiculaire au plan du 
cycle a cinq chainons (angle = 88"). I1 existe deux liaisons hydrogenes OH-S qui sont courtes. l'une est intramolCculaire alors 
que I'autre est intermol6culaire. Les reactions des diCthyl dithioacetals du D-glucose. du D-galactose, du D-mannose et du 
D-ribose, a -20"C, dans les conditions dkcrites plus haut, conduisent des mClanges dcs 0-benzylidenes B cinq chainons 
diastbrkoisorn&res en positions terminales. 

[Traduit par la revue] 

Introduction 
Monosaccharide diethyl dithioacetals can be easily prepared 

and are potentially attractive synthons for chiral synthetic 
targets. Their acyclic structure allows the employment of 
protecting group strategies different from those adopted from 
pyranose and furanose sugars. Study of techniques for selective 
blocking of the various hydroxyl groups of these compounds has 
not been extensive. Cyclic acetals are convenient protecting 
groups and a particularly useful one is the benzylidene acetal. In 
the past few years, this "protecting group" has been shown to 
also be a versatile functional group that can be selectively 
transformed in a large number of ways." 

The preparation of 0-benzylidene derivatives of acyclic 
carbohydrates has been studied to some extent. In most known 
cases, products have been obtained under conditions of thermo- 
dynamic control (5, 6). Typical reaction conditions involve 
benzaldehyde as the solvent and give products of multiple 
acetalation. The structures of the major products can be 
predicted on the basis of the Hann-Hudson rules ( 7 )  and com- 
pounds containing 2-phenyl- 1,3-dioxane rings are normally 
obtained. For instance, dithioacetals of D-ribose, D-xylose, and 
D-lyxose formed 2,4:3,5-di-0-benzylidene acetals (8). 

Kinetic acetalation has a number of advantages over thermo- 
dynamic acetalation (9, 10). Most notable is the ease with which 
partially acetalated products can be obtained. In addition, the 

'Revision received July 22. 1986. 
2 ~ o r  a summary, see ref. 1 .  More recent methods are reported in 

refs. 2 and 3. The related p-methoxybenzylidene acetal can also be 
selectively transformed (4). 

products often have different structures than the thermodynamic 
products. For instance, kinetic isopropylidenation of unsubsti- 
tuted hexoses gave 4,6-0-isopropylidene derivatives (9), quite 
different products than those obtained under thermodynamic 
control. The reaction of methyl hexopyranosides with one 
equivalent of a,a-dimethoxytoluene (benzaldehyde dimethyl 
acetal) in N,N-dimethylformamide containing a trace of acid at 
60°C under reduced pressure was shown by Evans (1 1) to give 
better yields of the normal 4,6-0-benzylidene derivatives than 
the typical 50% or lower yields obtained under thermodynamic 
 condition^.^ A number of other workers have used this reagent 
to make benzylidene derivatives of pyranose and furanose 
sugars (12). Brecknell and Carman (14) obtained a mixture of 
the diastereomeric 5,6-0-benzylidene derivatives of D-glucose 
phenylosotriazole in unspecified yield by reaction with benzal- 
dehyde in dimethyl sulfoxide containing a trace of concentrated 
sulfuric acid at room temperature for 4 h. In this publication, 
we describe the kinetic benzylidenation of aldose diethyl 
dithioacetals using benzaldehyde dimethyl acetal. 

Results and discussion 
Benzylidenation of D-arahinose diethyl dithioacetul13a) 

The reaction of 3n with benzaldehyde dimethyl acetal in 
dimethylformamide at -40°C in the presence of a trace of 
p-toluenesulfonic acid was slow. Thin-layer chromatography 
suggested that one product formed initially, followed by two 
others. The initial product was shown to be a mixture of the 

 nothe her efficient way of performing benzylidenations has recently 
appeared ( 13). 
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GRINDLEY ET AL 2389 

TABLE 1. "C Nuclear magnetic resonance dataa 

''C Nuclear magnetic resonance chemical shifts (ppm) 

Phenyl carbons SEt group 
' J C  H 

Compound C-1 C-2 C-3 C-4 C-5 C-6 Acetal C Quat. C Other C CHz CHI Acetal C 

"At 20 MHz 
'At 90.8 MHz 

two epimers of 5-0-methoxyphenylmethyl-D-arabinose diethyl 
dithioacetal(3b), chiefly on the basis of spectral data (discussed 
below), and also because it rearranged on standing to a mixture 
of the other two products. Compound 3 b  was shown to contain a 
methoxyphenylmethyl group by means of its mass spectrum and 
also from the observation of signals assignable to a lnethoxyl 
group both in the 'H and 13C nmr spectra. The mass spectrum 
contained an M+ peak: minor peaks corresponding to loss of 
CH30H and .CHOMePh, as well as a major peak at rn/z  121, 
corresponding to CHOMePhl+. The location of this group 
was assigned from the observation of downfield shifts of 3 .3  and 

CH20R 

3 a R = H  
3b  R = CHOMePh 

3.7 ppm for the signals of C-5 in the "C nmr spectrum of the 
two isomers present in 3b  in comparison to the shift in the 
starting material, 3 a  (see Table 1). No other signals were 
shifted significantly. Downfield shifts of similar magnitude 
were always observed for hydroxyl-bearing carbon atoms when 
the hydroxyl group became attached to a benzylidene acetal 
carbon (see later). 

Reaction under similar conditions at -20°C produced 3 b  
initially, but after 14 h 3 6  had disappeared and the other two 
components from the previous reaction, 3 c  and 3d,  were the 
sole products. These two components were separated by column 
chromatography. The component (3c) that moved faster on tlc 
gave crystals suitable for X-ray crystallography. 

The crystal structure was solved using the SHELX (76) 
package with a final R-factor of 6.0470. Tables 2 and 3 show 
atomic parameters and torsional angles. Figure 1 shows the 
crystal structure and Fig. 2 shows the crystal packing. In Fig. 1, 
hydrogen atoms are numbered in relation to the numbers of the . - 

carbon atoms to which they or. if hydroxyl hydrogens, their 
oxygen atoms, are attached. To avoid clutter, the minimum 
number of hydrogen atoms associated with a single carbon is 
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CH(SEt), 

PhCH(0Me)2, H+ 

DMF, -20°C, 14 h 0 

CH20H CH20 

TABLE 2. Atomic parameters for the non-hydrogen atoms of 3ca 

Temperature 
Name Xla Y /  b z/ c factorb 

labelled. In the following discussion, carbohydrate numbering 
(see structures) indicated by a dash (e.g. C-1) will be used 
except in the discussion of the crystal structure where crystallo- 
graphic numbering will be used (see Fig. 1). This numbering 
method is indicated by labels without dashes (e.g. C l ) .  

The crystal structure demonstrated that compound 3c was S -  
4,5-O-benzylidene-D-arabinose diethyl dithioacetal. The sugar 
chain was in the zigzag conformation, a5 expected for an 
arabinose derivative (1 5, 16). There was considerable thermal 
motion in the ethyl groups of the diethyl dithioacetal. Similar 
observations have been made for these groups in other diethyl 
dithioacetal derivatives (17). 

This crystal structure determination is the first for a com- 
pound containing a five-membered benzylidene ring. The 
five-memb~red ring was in the " - 5 ~ c  conformation with 0 2  
0.324(16) A above the plane defined by 0 1 ,  C8. and C9 and the 
acetal carbon, C7, 0.264(20) A below the plane. The phenyl 
group adopted a quasi-equatorial orientation and was approxi- 
mately perpendicular to the five-membered ring: a plane defined 
by 0 1 ,  C7, and 0 2  had an angle of 88(3)" with a plane defined 
by the benzene ring (atoms C3, C4, C5. and C7 were used to 
define the plane). This orientation of the phenyl group resulted 
in short nonbonded distances between the acetal hydr~gen and 
the nearly eclipsed al;omatic ortho carbon, 2.42(10) A, and its 
hydrogen, 2.35(14) A. 

The torsional angle that the phenyl ring makes with the 
1,3-dioxane ring in 2-phenyl- l,3-dioxanes has attracted consi- 
derable interest (18-25). Two extreme conformations, termed 
parallel and perpendicular, are defined by the angle that the 
plane of the phenyl ring makes with the a-C-H bond. Com- 
pounds containing 2-phenyl-1.3-dioxane rings have adopted a 
wide range of conformations in the solid state (18-23). Results 
from calorimetric investigations were consistent either with free 
rotation about the acetal C to phenyl C bond or with a low barrier 
(< 1.0 kcal molpl )  (23, 24). Nuclear magnetic resonance 
results suggested that the parallel conformation is slightly 
favoured (0.4 2 0.2 kcal mol-') (25) and recent molecular 
mechanics calculations supported the conclusion that this 
conformation is more stable (by about 1 kcal mol-') (23). 

Application of the nmr method, the J technique, to a 
2-phenyl- 1,3-dioxolane derivative indicated that the parallel 
conformation was favoured to a greater extent (1.0 kcal molp ' )  
for this ring size (25). In agreement with this result, compound 
3c was found here to adopt the same conformation. 

Molecular mechanics calculations have now been performed 
on 2-phenyl-l,3-dioxolane using an MM2 program (26) modi- 
fied to include improvements for alkylbenzenes (27) and the 
anomeric effect (28). The results were not consistent with the 
above conclusion. Initial calculations determined that the most 
stable ring conformation of 2-phenyl-1,3-dioxolane was the 
envelope conformation with the acetal C out of the plane and the 
phenyl group equatorial. Other conformations were examined 
by driving the various torsional angles internal to the 1.3- 
dioxolane ring. The barrier to rotation about the bond from the 
acetal C to the phenyl carbon was calculated by driving the 
ortho-C-C-C-aH torsional angle in 10" steps. The maxi- 
mum for this latter process occurred at 40°, 0.1 kcal molp' 
above the 90" value and 0.3 kcal mol-I above the 0" value. 
Allinger and Chung had calculated a 0 kcal molpl  barrier for 
2-phenyl- 1,3-dioxane using the earlier MM 1 force field (29). 
They ascribed the negligible barrier to a balance between 
ortho-hydrogenlring oxygen repulsion in the perpendicular 
conformation and ortho-hydrogenlaH repulsion in the parallel 
conformation (29). Introduction of the anomeric effect in 
the recent calculation (23) shortened the C-0 bonds and 
hence destabilized the perpendicular conformation. The smaller 
0-C-0 bond angle in a 1,3-dioxolane ring should decrease 
the ortho-hydrogenlring oxygen repulsion in the perpendicular 
conformation, which should cause the energy difference between 
the two extreme conformations to become smaller. The results 
of the calculations were in agreement with this expectation. 
The contradiction between the limited experimental results and 
those from the molecular mechanics calculations do not allow a 
firm conclusion to be drawn at this time. 

There was only one OH-0 hydrogen bond, a weak 
intramolecular bond between H102 and 0 4 :  the 04-03 and 
04-H102 distances were 2.767(11) A and 2.53(8) A,  respec- 
tively, and the 04-H102-03 angle was 99(6)". However, 
there were two short OH-S hydrogen bonds. An intramole- 
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GRINDLEY ET AL 

TABLE 3. Selected torsional angles for 3 c  

Atoms Angle (deg) 

C(13)-S(1)-C(12)-S(2) -59 ( I )  
C(13)-S(1)-C(12)-C(11) 68 ( 1) 
C(12)-S(1)-C(13)-C(15) 140 ( 1) 
C(14)-S(2)-C(12)-S( 1) -60 ( 1) 
C(14)-S(2)-C(12)-C(Il) 171 ( 1) 
C(12)-S(2)-C(14)-C(16) 173 ( 2) 
S(1)-C(12)-C(I 1)-C(I0) 57 ( I) 
S(1)-C(I2)-C(11 )-0(4) 179 ( 1) 
S(2)-C(12)-C(l I)-C(10) -174 ( 1) 
S(2)-C(12)-C(11)-0(4) -52 ( 1) 
C(6)-C(1)-C(2)-C(3) O (  2) 
C(2)-C(1)-C(6)-C(5) -1 ( 2) 
C(7)-C(1)-C(2)-C(3) - 178 ( 2) 
C(2)-C(1)-C(7)-O(1) 57 ( 2) 
C(2)-C(1)-C(7)-0(2) -63 ( 2) 
C(7)-C(1)-C(6)-C(5) 177 ( 2) 
C(6)-C(1)-C(7)-O(1) -121 ( 2) 
C(6)-C(1)-C(7)-0(2) 119 ( 2) 
C(1)-C(2)-C(3)-C(4) 1 ( 3) 
C(2)-C(3)-C(4)-C(5) -1 ( 3) 

Angle (deg) 

0 (  3) 
1 ( 3) 

- 167 ( I) 
157 ( 1) 

-43 ( 1) 
33 ( 1) 
3 4 (  1) 

-11 ( 1) 
113(  1)  

- 1 4 (  1) 
-135 ( 1) 

69 ( 1) 
-166 ( 1) 
-173 ( I )  

-48 ( 2) 
-170 ( 1) 

67 ( 1) 
65 ( 1) 

-58 ( 1) 

H153  

H I 1 2  
H I 3 2  

H l O l  

FIG. 1. Stereoview of 3c  with the crystallographic atom numbering scheme 

cular bond was present between H112 and S2; the 04-S2 
and H112-S2 distances were 2.934(9) and 2.26(10) A. 
respectively, and the 04-H112-S2 angle was 130(8)". The 
second hydrogen bond was intermolecular, between HI02 on 
the adjacent molecule in the cell and the same sulfur atom 
S2; the 03-S2 and H102-S2 distances were 3.253(9) and 
2.50(8) A, respectively, and the S2-H102-03 angle was 
158(7)". The 03-H102 bond distance was short. 0.80(8) A .  
Because the 0-H-S angle for this hydrogen bond was close 
to 180°, any increase in the 0-H bond distance results in a 
decrease in the S-H distance of almost the same amount. 
Experimental evidence indicates OH-S hydrogen bonds have 
about the same strengths as OH-0 hydrogen bonds (30) 
although theoretical studies suggest they are somewhat weaker 
(31). The S-H hydrogen bond distances observed here were 
consid~rably less than the sum of the van der Waals radii 
(3.05 A) and are among the shortest known (30-32). 

The structure of the slower moving component was un- 
ambiguously established as R-4,5-0-benzylidene-D-arabinose 

diethyl dithioacetal(3d) from selective decoupling experiments 
in the 'H nmr spectrum of its di-0-acetate derivative. The key 
experiment is shown in Fig. 3. It is known that signals of protons 
on secondary carbons bearing 0-acetate groups are shifted 
downfield by - 1 ppm when compared to those of the hydroxy 
compounds (33). In the 361.08-MHz 'H nmr spectrum of the 
diacetate, signals of two protons appear as doublets of doublets 
having chemical shifts greater than 5.0 ppm. Selective irradia- 
tion at the positions of either of these downfield signals reduces 
the other to a doublet, indicating that the signals arise from 
protons on adjacent carbons. Irradiation at 5.37 ppm, the 
position of one of these two quartets, reduces the doublet at 
3.98 ppm to a singlet. Since only H-1 in these compounds 
can give rise to a doublet in its ' H  nmr spectrum, the two 
downfield signals are those of H-2 and H-3. Therefore the parent 
compound (3d) has the 4,5-0-benzylidene structure. The 
assignment of the R-configuration in the 4,5-0-benzylidene 
ring of 3d  followed from the previous assignment of the 
S-configuration to its epimer 3c.  
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GRINDLEY ET AL. 2393 

5 a R = H  5c  R = Ph, R' = H 6a  6c R = Ph, R '  = H 7a 7 c  R = Ph, R' = H 
56 R = CHOMePh 5d R = H, R' = Ph 6d R = H ,  R'  = Ph 7 d  R = H,  R' = Ph 

to some extent, to ring size. These ions probably arise from 
cleavage of the two or three terminal carbon atoms of the 
sugar chain along with the attached benzylidene acetal. In the 
compounds described in this paper, the peak at m l z  149 was 
normally more intense; the compounds in the following paper 
(42), which have a six-membered ring spanning the three 
terminal carbon atoms, gave rise to spectra with more intense 
peaks at m l z  179. However, there were enough exceptions 
(4c, d)  that these observations cannot be considered diagnostic 

acetal  
H 

I 

I of ring size. 

CH(SEt)2 CH(SEt), 1:; 1:: 0 

1 I ;  .-++ ' & k t y  r* C H 2 0 H  C H 2 0  
4 a  

x 
4c R = Ph, R '  = H 

FIG. 3. Part of the 361.08 MHz ' H  nmr spectrum of 3d shown in 
the absence of decoupling (below), with decoupling at the signal of 
H-2 (above). 

r - -  

the normal products. For most of these reactions, the major 
products were accompanied by minor amounts ( < 4 % )  of 
materials that were not fully characterized but that were thought 
to be chiefly 2-phenyl-1,3-dioxane derivatives involving the 
terminal primary carbon, on the basis of their 'H  and I3c nnlr 
spectra. 

The mass spectra of aldose diethyl dithioacetals have been 
investigated by DeJongh (41). The mass spectra of the present 
compounds showed most of the features observed (41). of 
which the most notable were prominent molecular ions, loss of 
thioethyl radical from the molecular ion (often supported by 
metastables). and base peaks at m l z  135 (+CH(SEt)*). The 
relative intensities of the peaks at m / z  149 and 179 were related, 

- T - 7- 7-- -- I - T - 4d R = H ,  R'  = Ph 
, c - . - i . -  1 

The present results provide some information about the 
mechanism of this reaction. Isolation of the acyclic O-methoxy- 
phenylmethyl acetal (3b) from the reaction at -40°C indicates 
that the reaction at -20°C proceeds through this intermediate. 
This acyclic acetal rearranged to the five-membered ring acetals 
on standing in a chloroform-d solution as well as in the reaction 
medium at -20°C. The preference for attack by the primary 
alcohol is caused by steric factors. The five-membered ring 
diastereomers do not rearrange into one another or other 
products at -20°C. Thus? they are the kinetic products at this 
temperature. Presumably, they are preferred over the thermo- 
dynamically more stable six-membered rings because of the 
more favorable entropy of activation for their formation (10). 

The rate constants for formation of the acyclic intermediates, 
e.g. 3b,  were observed to be of the same order of magnitude 
as that for ring closure from this intermediate. In contrast, 
the rate constants for epimerization or rearrangement (42) are 
smaller by at least two orders of magnitude. Epimerization 
or rearrangement must take place through carbocation inter- 
mediates. Formation of the acyclic intermediate and its ring 
closure could occur via carbocation intermediates or via an 
SN2 process. Both types of reactions would have an initial 
equilibrium protonation step, followed by the rate-determining 
step. The oxygen atom being protonated is in a methoxyl group 
for the faster reactions and is attached to a primary or secondary 
carbon for the slower ones. The latter type of oxygen atom is 
probably more basic (2). Thus, the difference in the rates of 
reaction must occur in the rate-determining step. This step is 
therefore different in mechanism for the faster reactions and 
involves an SN2process. The greater steric interactions present 
in an S N 2  transition state are more consistent with the great 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2394 CAN. J. CHEM. VOL. 64, 1986 

discrimination between primary and secondary hydroxyl groups 
observed here. 

Experimental 
Melting points were determined with a Fischer-Johns melting point 

apparatus and are uncorrected. The 'H and "C nmr spectra were 
recorded at 79.6 and 20 MHz, respectively, on Varian CFT-20 or 
FT-80 spectrometers in chloroform-d with tetramethylsilane as the 
internal standard, unless otherwise specified. Selective homonuclear 
decoupling was performed with a Wavetek Model 171 frequency 
synthesizer. The 'H nmr spectra at 60 MHz and ' H  nmr spectra at 
361.08 MHz or ',c nmr spectra at 90.8 MHz were measured on Varian 
T-60 and Nicolet NT-360 NB spectrometers, respectively. The 'H  nmr 
spectra were analysed on a first-order basis. Mass spectra were 
obtained with a CEC 21-104 mass spectrometer with an inlet 
temperature of 150°C operating at a 70-eV ionizing voltage unless 
otherwise specified. The ir spectra were recorded on a Pye Unicam 
SP 1000 spectrophotometer. Optical rotations were determined on 
Perkin-Elmer 141 or Bellingham and Stanley polarimeters. Bath 
temperatures between -20°C and room temperature were controlled 
with a Haake FK bath while those at -20°C and below were controlled 
in a Neslab bath by a Neslab CC-100 cooler and an Exatrol 30 control 
unit. Thin-layer chromatography (tlc) was performed on 0.25 mm thick 
precoated (BDH EM reagents) silica gel 60F-254 glass plates cut to be 
approximately 7 cm long. Plates were developed by spraying with a 2% 
ceric sulfate solution in 1 M sulfuric acid and heating for a few minutes 
at 150°C. The term pet. ether refers to petroleum ether 30-60°C unless 
otherwise specified. Compositions of eluent systems used were as 
follows: A, pet. ether:ethyl acetate, 2 : l ;  B, pet. ether:ethyl acetate, 
2:3;C, pet. ether:ethylacetate, 7 :3;D,  pet. ether:ethyl acetate, 3:1;E, 
benzene:methanol, 9: 1; F ,  pet, ether :ethyl acetate. I: 1. Column 
chromatography was performed using silica gel 60 (70-230 mesh) 
(Merck). Anhydrous p-toluenesulfonic acid was obtained from the 
commercial monohydrate by heating 5 h at 56'C under vacuum 
(0.5 Torr; 1 Torr = 133.3 Pa) in a drying pistol in the presence 
of phosphorus pentoxide. N,N-Dimethylformamide was purified by 
distillation from calcium hydride. Microanalyses were performed by 
the Canadian Microanalytical Service, Ltd., Vancouver, B.C. 

General method for benzylidenation under kinetic control 
A solution of dried aldose diethyl dithioacetal (10 mmol) and 

anhydrous p-toluenesulfonic acid (1) (50 mg, 0.58 mmol) in dry 
N,N-dimethylformamide (DMF) (20 mL) was cooled to -20°C. 
a ,a-Dimethoxytoluene (2) (12 rnmol) was added and the reaction flask 
attached to a water aspirator. After 14 h at -20°C, when tlc indicated 
complete conversion of starting material, thc solution was poured into a 
5% sodium bicarbonate solution (50 rnL) and the mixture was extracted 
with ether (3 X 30 mL). The combined extracts were washed with 
water (2 X 30 mL), dried over anhydrous magnesium sulfate, filtered, 
and concentrated on a rotary evaporator at 40°C. All recrystallizations 
of solid products were from dichloromethane/pet. ether 65-7j°C, and 
all crystals were colorless. 

Benqlidenution of D-arabinose diethyl dithioacetal(3a) a t  -20°C 
Compound 3 a  (2.56 g, 10 mmol) in DMF (10 mL) was treated with 

compounds 1 (100 mg) and 2 (1.824 g, 12 mmol) as in the general 
method. The product, a pale yellow syrup, contained two components 
by tlc (solvent A), which were separated by column chromatography 
on silica gel (100 g) using solvent A as eluent. 

The first fraction (0.936 g,  27%, Rf  0.44) crystallized and was 
recrystallized to give fine needles of S-4,s-0-benzylidene-D-arabinose 
diethyl dithioacetal (3c),  mp 71-72°C; [a] ;4  -31" (c  4.00, chloro- 
form); ' H nmr 6 :  1.26, 1.28 (2t, 6H, 2 SCH2CH.?, J = 7.3, 7 .5  Hz), 
2.50 (br s, exchanged with D20 ,  OH-3). 2.67, 2.69 (2q, 4H. 
2 SCH2CH3, J = 7.3, 7 .5  Hz), 3.37 (d, IH, exchanged with D20 .  
OH-2, JZ,OH = 2.6 Hz), 3.79 (dd after D 2 0  exchange. 1H. H-2, 
J1,2  = 9.7 HZ, J2.3 = 2.0 HZ), 4.05 (d, lH ,  H-1. J1,2 = 9.3 HZ). 
4.12-4.36 (complex m. 5H), 5.93 (s, l H ,  benzylidene H), 7.24-7.51 
(m,5H, Ph); m/z: 344(19, M + ) ,  283 (2, M - .SEt), 177 (19). 149(5), 
137(14), 136 ( l l ) ,  135(100, +CH(SEt)2), 107 (16), 105 (23), 91 (13), 

75 (13). Anal. calcd. for Cl6HZ4O4SZ: C 55.78, H 7.02; found: 
C 55.62, H 7.16. 

The second fraction (1.404 g ,  41%, R 0.33) crystallized and was 
recrystallized to give very fine needles of R-4,5-0-benzylidene-D- 
arabinose diethyl dithioacetal (3d), mp 87-88°C: [a];4 -60" (c  4.00, 
chloroform); 'H nrnr 6:  1.24 (t, 6H, 2 SCH2CH3, J = 7.4 Hz), 
2.65, 2.68 (2q, 4H, 2 SCH2CH3, J = 7.6, 7 .5  Hz), 2.90 (br s,  1 H, 
exchanged with DzO, OH-3), 3.34 (d, IH, exchanged with DzO, 
OH-2, J2,0H = 2.3 Hz), 3.78 (dd after D 2 0  exchange, IH,  H-2, 
J l , 2  = 9.3 HZ, J2,3 = 1.8 HZ), 4.01 (d, 1H. H-1, JI.? = 9.3 HZ), 
4.04-4.36 (complex m, 5H), 5.78 (s, IH,  benzylidene H). 7.25-7.53 
(m, 5H, Ph); m/z: 344 (4, M-) ,  283 (6, M - .SEt), 177 (16), 149 (7), 
135 (100, "CH(SEt)2), 107 (21), 105 (24), 91 (16), 77 (13), 75 
(16); metastable: 232-235 (344-283). Anal. calcd. for C16H2404S2: 
C 55.78, H 7.02; found: C 55.77, H 7.23. 

Benqlidenution of D-arabinose diethyl dithioacetal (3a)  at  -40°C 
Compounds 1 (50 mg), 2 (0.912 g, 6 rnmol). and 3a (1.28 g, 

5 mmol) were kept in DMF (10 mL) at -40°C for 100 h. The product, a 
pale yellow syrup, was separated by column chromatography, on silica 
gel (100 g) using solvent A as eluent, into 3 fractions. A (0.078 g, 5%. 
Rf0.44) ,  B (0.098 g, 6573, Rf0.33) ,  and C (0.306 g, 18%. Ri0.20) .  
Fractions A and B were shown to be identical to compounds 3c and 
3d, respectively. 

Fraction C, a solid, was recrystallized to give fine needles, a mixture 
of R- and S-5-0-(methoxyphenylmethy1)-D-arabinose diethyl dithio- 
acetal (3b), mp 71-73°C; [a]g4 +4" (c 1.56, chloroform); 'H  nnu- 
(60 MHz) 6 :  1.28 (t, 6H, 2 SCH2CH3, J = 7.5 HZ), 2.70, 2.72 
(2q, 4H, 2 SCH2CH3, J = 7.5 Hz), 2.95-3.22 (m, exchanged with 
D20 ,  3H, 30H), 3.32 (s, 3H, 0CH3),  3.46 (br s,  exchanged with DzO, 
OH), 3.66-4.32 (complex m,  6H), 5.48 (s, lH,  benzylidene H). 
7.28-7.60 (m, 5H, Ph); "C nmr 6 :  50.0. 50.2 (2 OMe C); m/z: 376 
(4.5%, M y ) ,  344 (11, M - CH30H), 283 (10,344 - .SEt), 256 (3), 
255 (5, M - CHPhOCH,), 209 (6. 344 - 135), 179 ( lo) ,  177 (29). 
135 (100, 'CH(SEt)2), 121 (50. 'CHOMePh). 107 (34). 105 (35). 91 
(20), 77 (26). 75 (24). 

A reaction, as above. but for 253 h, yielded 3 b  (6%). 3c  (20%). 
and 3d  (22%). 

S-2,3-Di-O-acetyl4,5-0-benqlidene-~arabinose diethyl dithioacetal 
Compound 3c (0.258 g,  0.75 mmol) in dry pyridine (1.184 g,  

15 mmol) and acetic anhydride (3.06 g,  30 mmol) was stirred 14 h, then 
poured into ice-water (30 mL). The mixture was extracted with ether 
(3 x 30 mL), and the ether extracts were combined, washed with 
saturated cupric sulfate solutions (3 X 30 mL), saturated sodium 
bicarbonate solutions (3 x 30 mL), and water (3 x 30 mL), dried 
over anhydrous magnesium sulfate, filtered, and concentrated. The 
resulting pale yellow syrup (0.295 g, 89%) was homogeneous on tlc 
(Rf0.75 in solvent A); ir (neat): 1745 cm~.' (C=O), no OH stretching 
band; ' H  nrnr 6:  1.22 (t, 6H, 2 SCH2CH3, J = 7.3 Hz), 2.10 
(s, 6H, 2COCH3), 2.67 (q, 4H, 2 SCH2CH3, J = 7.3 Hz). 3.92-4.23 
(complex m, 4H), 5.43 (dd, IH, H-3), 5.77 (m, IH, H-2). 5.95 (s, 1H, 
benzylidene H). 7.29-7.47 (m, 5H. Ph); 'H nmr(benzene-d6) 6 :  1.05, 
1.09 (2t, SH, 2 SCH2CH3, J = 7.4 HZ). 1.79, 1.85 (2s. 3 COCH3), 
2.52,2.61 (2q, 4H, 2 SCH2CH3, J = 7 .2  Hz). 3.94-4.29 (complex rn, 
4H), 5.68 (dd, 1 H, H-3, J 3 , 4  = 7.0 HZ, J Z . 3  = 3.5 HZ), 5.95 (s,  lH,  
benzylidene H), 6.04 (dd, IH, H-2, J l  = 6.6 Hz. J2,3 = 3.5 Hz), 
7.12-7.21 (complex m, 3H, 3 phenyl H), 7.41-7.55 (m, 2H, 2 
phenyl H). 

R-2,3-Di-O-ace~l-4,5-O-ben~lide1ze-~-arabi1~ose diethy1 rlithioncetal 
Compound 3d  (0.258 g, 0.75 mmol) was acetylated as in the 

previous reaction. The product ( R ,  0.66 in solvent A) crystallized and 
was recrystallized twice to give feathery crystals of the title compound 
(0.26 g,  31%); mp 87-88°C; [a];"3Oo ( c  3.04, chloroform); 
' H  nmr (361.08 MHz) 6:  1.18. 1.19 (2t, 6H, 2 SCH2CH.3, J = 7.29. 
7.34 HZ), 2.08, 2.15 (2s, 6H, 2COCHI), 2.59 (q, 4H, 2 SCH2CH3, 
J = 7.36 Hz), 3.98 (d, lH,  H-1, J l , 2  = 7.0 HZ). 4.02 (dd. lH. ki-5, 
J4,s = 7 . 2 H z ,  J5,j, = 8 . 3 H z ) , 4 . 1 3 ( d d ,  lH ,  H-5', J4.s' = 4 . 6 H z ,  
Js.j, = 8.5 HZ), 4.28 (dt, lH,  H-4, J 3 , j  = 6.8 HZ, J4,s. = 4.6 HZ, 
J4.5=6.8Hz),5.37(dd,1H.H-2,JI,2=7.1H~,J2,3=3.2H~).5.76 
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(dd, l H ,  H-3, J2,3 = 3.1 Hz, J 3 , 4  = 6.8 Hz). 5.78 (s, lH,  benzylidene 
H), 7.27-7.37 (complex m, 3H, 3 phenyl H). 7.46-7.49 (m, 2H, 
2 phenyl H). 

Attempted rearrangements of R -  and S-4,5-0-6enzylidene-~-czrabi- 
nose diethyl dithioacetal ( 3  d and 3 c ,  respectively) a t  -21 "C 

Compound 1 (10 mg) was added to a solution of compound 3 d  
(126 mg) in dry DMF (2 mL) at -21°C. The solution was kept at 
-21°C for 14 h, then worked up in the normal fashion. The product was 
shown to be identical with starting material (3d) by tlc and 'H nmr. 

Atternpted rearrangement of 3 c  under the same conditions for 14 h 
also produced starting material only. 

Benz)lidenation of D-ribose diethyl dithioacetal(4aJ 
Compound 4 a  (1.28 g, 5 mmol) in dry DMF (7 mL) was treated with 

compounds 1 (50 mg) and 2 (0.912 g, 6 mmol) as in the general method 
but for 49 h .  The product, a pale yellow syrup. was fractionated by 
column chromatography, on silica gel (100 g) using solvent A as 
eluent, into a major compound (0.982 g,  57%, Rf  0.50) and two very 
minor components (Rfs  0.20 and 0.17), which were not examined 
further. The major component was a mixture of R -  and S-4,5-0-  
benzylidene-D-ribose diethyl dithioacetal (4c and 4d) ,  +0.1 
(c  4.52, chloroform); ' H  nrnr 6 :  1.24, 1.25 (2t, 6H, 2 SCH2CH3, 
J=7.1,7.5Hz),2.67,2.70(2q,4H.2SCH2CH3, J = 7 . 4 , 7 . 2 H z ) ,  
3 00-4.26 (complex m, 8H). 5 79, 5 98 (2s, l H ,  benzylidene H's 
from R and S Isomers, intensity ratio 6 5 79 6 5 98, 2 3), 7 26-7 46 
(complex m, 5H, Ph). m/z 344 (17, M-) .  283 (4, M - .SEt), 256 
(9), 221 (3), 209 (2), 179 (13). 177 (29), 159 (31, 149 (4). 135 
(100, +CH(SE~)?),  133 (9). 117 (9), 107 (48), 105 (49), 104 (16), 103 
(15), 77 (20), 75 (34), metastable 232-235 (344-283) 

Benqlidenation of D - ~ ~ U C O S ~  dietl~xl dithioc~cetczl (5a)  
Compound §a (8.58 g,  30 mmol) in dry DMF (60 mL) was treated 

with compounds 1 (300 mg) and 2 (5.472 g, 36 mmol) as in the general 
method. The product, a pale yellow solid, was fractionated by column 
chromatography, on silica gel (300 g) using solvent B as eluent. into 
three fractions, A (1.80 g, 16%, Rf0.66) ,  B (3.89 g, 35%, Rf  0.60), 
and C (0.31 g. 3%, Rf 0.40 (not examined further)). 

Fraction A crystallized and was recrystallized to give fine needles 
of S-5,6-0-benzylidene-D-glucose diethyl dithioacetal (Sc), mp 91- 
92°C; [a ] i4  +65" (c 4.00, chloroform): 'H nmr 6 :  1.25 (t. 6H, 
2 SCH2CHS, J = 7.3 HZ), 2.66, 2.69 (2q, 2H, 2 SCH2CH3. J = 
7.5 Hz), 3.20 (d, exchanged with D20 ,  l H ,  OH-2, Jz,or-r = 8.9 Hz). 
3.61-4.36 (complex m. 9H), 5.92 (s, lH ,  benzylidene H), 7.28-7.48 
(complex m, 5H, Ph); m/z: 374 (38, M A ) ,  313 (2, M - .SEt), 251 
(I ,  313 - HSEt), 239 ( lo) ,  209 (2), 207 (3). 177 (31, 149 (8). 135 
(100, +CH(SEt)>), 107 (30). 105 (28). 103 (12). 91 (19), 77 (1 l ) ,  75 
(1  31, metastable: 260-264. 

Fraction B crystallized and was recrystallized to give flakes of 
R-5,6-0-benzylidene-D-glucose diethyl dithioacetal (5d),  mp 108- 
109°C; [a ] i4  +2S0 (c  4.00, chloroform); ' H  nmr 6: 1.25 (t. 6H, 
2 SCH2CH-?, J = 7.3 HZ), 2.64. 2.69 (2q, 4H, 2 SCH2CH3, J = 
7.5 Hz), 2.95 (d. exchanged with D 2 0 ,  l H ,  OH, J = 8.8 Hz), 
3.58-4.34 (complex m, 9H), 5.81 (s, l H ,  benzylidene H), 7.32-7.47 
(m, 5H, Ph): m/z: 374 (23. M i ) .  313 (9, M - .SEt), 251 (5, 313 - 
HSEt), 239 (44). 209 (8), 207 (1 1). 177 (7), 149 (25), 135 (100, 
+CH(SEt)2), 117 (13), 107 (83). 105 (75), 103 (44). 91 (57), 77 (36). 
75 (41), metastable: 260-264. Ancil. calcd. for C17H2h05S2: C 54.52, 
H 7.00; found: C 54.44, H 7.11. 

In only one of several reactions performed as above on compound 5 a  
(5.12 g, 20 mmol), poor yields of the normal products, 5 c  (0.98 g,  
13%) and 5d (1.62 g, 2 5 8 ) ,  were obtained and another product, 6 - 0 -  
(methoxyphenylmethy1)-D-glucose diethyl dithioacetal (56) (0.84 g, 
I l R ,  Rf  0.43 in solvent B). was also isolated. 5 b  was probably the 
same compound as fraction C above. Compound 5 6  was a syrup, 
[ a ] i4  +25' (c  4.8,'chlorofonn): ' H  nmr 6 :  1.24 (t. 6H. 2 SCH2CHj, 
J = 7.5 Hz). 2.70, 2.72 (2q, 4H, 2 SCH2CH3, J = 7.5 HZ). 3.32 
(s, 3H. 0 C H 3 ) ,  3.52-4.68 (complex m,  1 lH) ,  5.50 (s, IH, benzyli- 
dene H), 7.34-7.62 (m, 5H, Ph); m / z :  406 (0.4. M '), 374 (12. M - 
CH'OH). 313 (3, 374 - .SEt), 286 (4, M - PhCOCH,), 239 
(11, 374 - 135). 207 (5), 149 (81, 135 (100, -CH(SEt)2), 121 
(49, ' CHOMePh). 

Benqlidenation of o-galactose diethyl dithioacetal (6a j  
Compounds 6 a  (8.58 g. 30 mmol), 1 (300 mg), and 2 (5.472 g, 

36 mmol) were kept in DMF (80 mL) as in the general method. The pale 
yellow syrupy product was fractionated by column chromatography, 
on silica gel (300 g) using solvent D as eluent, into two components, 
A(4.15g,  37% yield, Rf0.66)  andB (0.47g, 470, Rf0 .32) .  

Fraction A crystallized and was recrystallized to give colorless 
flakes, a mixture of R- and S-5,6-0-benzylidene-D-galactose diethyl 
dithioacetal (6c and 6d) ,  mp 106-107°C; [ a ] 5 9 6 6 "  ( c  3.53, 
chloroform); 'H nmr 6:  1.27 (t, 6H, 2 SCH2CH7, J = 7.4 Hz), 
2.55-2.86 (m, 4H, 2 SCH2CH3), 3.41 (d, IH, exchanged with D 2 0 ,  
OH, J = 2.3 Hz), 3.92-4.37 (complex m, 9H), 5.82, 5.97 (2s, IH, 
benzylidene H's. intensity ratio 6 5.82 : 6 5.97, 2:3),  7.32-7.55 
(m, 5H, Ph); mlz: 374 (4, MA) ,  313 (3, M - .SEt), 295 (2), 251 (8). 
239 ( lo ) ,  221 (7), 209 (3), 207 (X), 189 (5), 179 (4), 177 (13), 175 (3). 
149 ( l l ) ,  145 (6), 137 (141, 136 (13), 135 (100, +CH(SEt),), 133 (7), 
127(4), 117(5), 115 (3), 107 (32), 105 (17), 104(7), 103 (11),91 (171, 
85 (6), 79 (7). 77 (1 I ) ,  75 (13). Anal. calcd. for C17HZb05S2: C 54.52, 
H 7.00; found: C 54.49, H 6.91. 

On tlc in solvent E, fraction A could be separated into two 
components (Rf's 0.37 and 0.40). Fraction B was a syrup, a mixture of 
two compounds from its ' H  nmr spectrum (60 MHz): 6 5.40 and 5.90 
(2s in intensity ratio 4:  1). It was not examined further. 

Benzylidenation of D-mannose diethyl dithioacetal (7aJ  
Compounds 70 (2.002 g, 7 mmol), 1 (100 mg), and 2 (2.55 g, 

16.8 mmol) were kept in DMF (15 mL) as in the gencral method. 
The pale yellow syrupy product was fractionated by column chroma- 
tography, on silica gel (115 g) using solvent F as eluent, into two 
components, A ( 1 . 0 2 ~ .  40%, Rf0.50)  andB (0.49g, 19%, Rf0.35).  

Fraction A crystallized and was recrystallized to give needles of 
S-5,6-0-benzylidene-D-mannose diethyl dithioacetal (7c); mp 76- 
77°C; [a ] i4  +13" (c 0.86, chloroform); ' H  nmr 6: 1.27 (t, 6H. 
2 SCH2CH3, J = 7.3 HZ). 2.68, 2.72 (2q, 4H. 2 SCH2CH3, J = 
7.4 Hz). 3.00-3.12 (br m, 2H, exchanged with D20.  OH-3. and 
OH-4), 3.25 (d, lH,  exchanged with D20 .  OH-2, J = 3.3 Hz), 
3.97-4.34 (m, 7H), 5.95 (s. lH ,  benzylidene H), 7.25-7.41 (m, 4H, 
Ph); m/z: 374(37, M'), 313 (5, M - .SEt), 295(2), 251 (2, 313 - 
HSEt), 239 (13), 209 (3), 207 (9), 189 (5), 177 (7), 149 (lo),  145 (6), 
135 (100, 'CH(SEt)2). 107 (35), 105 (371, 103 (17), 91 (20), 77 (14), 
75 (18), metastable: 261-263. Anal. calcd. for C17H2605S2: C 54.52, 
H 7.00; found: C 54.30, H 6.98. 

Fraction B crystallized and was recrystallized to give fine needles of 
R-5,6-0-benzylidene-D-mannose diethyl dithioacetal (7d); mp 85- 
86°C; [a]: -3" (c  3.56, chloroform); ' H  nmr6 :  1.24, 1.26 (2t, 6H, 
2 SCH2CH3, J = 7.4 HZ), 2.64, 2.69 (2q, 4H, 2 SCH2CH3, J = 

7.5 Hz), 3.00-3.12 (br m. 2H. exchanged with D 2 0 ,  OH-3 and 
OH-4), 3.17 (d, IH,  exchanged with DzO, J = 3.7 Hz), 3.94-4.33 
(complex m, 7H). 5.78 (s, lH ,  benzylidene H), 7.30-7.52 (m, 5H, 
Ph); m/z: 374(6 ,  M-) ,  313 (3, M - .SEt), 295 (2), 251 (2), 239 
(12, M - 135). 207 (5), 189 (4), 179 (I),  177 (4), 149 (68), 137 (9), 
136 (8), 135 (100, -CH(SEt),), 133 (3), 127 (3). 117 (5), 115 (3). 107 
(29), 105 (27), 104 (a),  103 (16), 91 (17), 79 (7). 77 (9), 75 (13). 
metastables: 263-261 (374-3 13), 277-280 (3 13-295). 

X-ra)~ cnstallographic study of 3 c  
Recrystallization of 3 c  twice more from dichloromethane/pet. ether 

65-75" gave needles suitable for the crystallographic study. 

Crysml data 

ClbH2404S~ fw = 344.5 
Crystal size (mm), 0 .3  x 0 .3  x 0.4, orthorhombic, space group 
P212121 with a = 5.179(4) A, b = 12.469(3) A, c = 27.150(4) A, 
V = 1753.3 A', Z = 4,  D ,  = 1.305 g (20 i 2°C); MoKa 
radiation, h = 0.70926 (graphite monochromator), ~ ( M o K a i  = 

2.70 cm-'. F(000) = 736 e.  

Structure determination 
An Enraf-Nonius CAD-4 diffractometer was used to determine the 

unit-cell dimensions from 25 general reflections with 10 < 0 < 14°C. 
953 unique reflections were collected, of which 714 had I > u(I) ,  
0 < 20 < 46". Tnese were used in the structure solution and refinement. 
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The intensities were reduced by routine procedures described pre- 
viously (43). Lorentz and polarization corrections were applied, but no 
absorption or extinction corrections. Scattering factors were taken from 
ref. 44 and were corrected for the real part of the anomalous dispersion 
effect. The structure was solved using the SHELX (76) system (45). 

The non-hydrogen atoms were located from the E-map. Full-matrix 
least-squares refinement was performed using first isotropic, then 
anisotropic, temperature factors. The hydrogen atoms were located 
from a difference Fourier map, except for H161, H162, and H163. 
which were placed geometrically in chemically reasonable positions. 
Refinement was continued with anisotropic temperature factors on 
the non-hydrogen atoms and isotropic temperature factors on the 
hydrogens until R = 0.60. R ,  = 0.061. The least-squares weights 
were calculated from w-' = u 2  IF,I + 0.10414 1 ~ ~ 1 ~ .  In the final 
cycle, the maximum parameter shift (A/u) was 0.01. The final atomic 
parameters for the non-hydrogens atoms are given in Table 2 and 
torsional angles in Table 3.' 

Molecular mechanics cnlculatiorzs 
Molecular mechanics calculations were performed using the MM2 

program (1980 version), modified for use on a Perkin-Elmer computer 
(26). The program was modified locally to incorporate improvements 
in the force field for alkylbenzenes (27) and for the anomeric effect 
(28). Calculations were performed on a Perkin-Elmer 3230 computer. 
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Kinetic benaylidenation. Part HI. Rearrangement of the kinetic products 
from benaylidenation of aldose diethyl dithisacetals 

T. BRUCE GRINDLEY A N D  SRIHARI KUSUMA 
Departnlent of Chemistry, Dnlho~~sie  Universiiy, HaIifia~, N.S., Cana~tu B3H 4J3 

Received August 30. 1985 

T. BRUCE GRINDLEY and SRIHARI KUSUMA. Can. J. Chem. 64, 2397 (1986). 
Terminal five-membered 0-benzylidene derivatives of aldose diethyl dithioacetals can be rearranged at room temperature in 

N,N-dimethylformamide, often in high yields. Derivatives with the arabirzo configuration for their three terminal secondary 
hydroxyl groups, i .c.  D-glucose, D-mannose. and D-arabinosc dcrivativcs, rearranged to structures containing terminal 
six-membered 0-benzylidene rings. 4,s-0-Benzylidene-D-ribose diethyl dithioacetal rearranged chiefly to the 2,4 isomer, 
which was obtained by crystallization. Chromatography yielded some of the 3 , s  isomer. 5,6-0-Bcnzylidene-D-galactose diethyl 
dithioacetal rearranged to a mixture of the two 4.5-0-benzylidene diastereomers. contrary to predictions based on the 
Hann-Hudson rules. A revised set of rules for acetal stability in N,N-dimethylformamide has been formulated. D-arabinose 
and D-ribose diethyl dithioacetal were shown to react with a, a-dimethoxytoluene under rearrangement conditions to give the 
products noted above in good yields. 

T. BRUCE GKINDLEY et SRIHARI KUSUMA. Can. J .  Chem. 64, 2397 (1986) 
Dans le N, N-dimethylformamide, a la tempkrature ambiante, on peut provoquer une transposition, generalernent avec de bons 

rendements, des derives 0-benzylidknes a cinq chainons de diCthyl dithioacktals d'aldoses situCs en position terminale. Les 
dirivCs possedant une configuration nrabino pour leurs trois groupements hydroxyles secondaires en position terminale, par 
exemple, les derives du D-glucose, du D-mannose et du D-arabinosc, se transposent en structures contenant des cycles 
0-benzylidenes a six chainons situis en position tenninale. Le diCthyl dithioacetal du 0-benzylid6ne-4,5 D-ribose se transpose 
principalement en son isomere-2,4 qui est obtenu par cristallisation. Par chromatographie, on a aussi obtenu un peu de 
l'isomkre-3,5. Le diethy1 dithioacktal du 0-benzylidene-5.6 D-galactose se transpose en un melange des deux O-benzylidknes- 
4,5 diastCreoisomeres; ce resultat est contraire a celui prevu sur la base des ritgles de Hann-Hudson. On propose une nouvelle 
fo~mulation dkcrivant la stabilitk des acktals dans le N,N-dimethylformamide. On demontre que le diethy1 dithioacetal du 
D-arabinose et du D-ribose reapissent tous les deux avec I'a .a-dim@thoxytolu~ne. dans les conditions de la transposition, pour 
conduire aux produits mentionnes ci-dessus, avec de bons rendements. 

[Traduit par la revue] 

Introduction TABLE 1. 13C Nuclear magnetic resonance chemical shifts 

The preceding paper outlines a convenient method for the for mod; compoundsa 

preparation of terminal monosubstituted five-membered ring 
0-benzylidene derivatives of aldose diethyl diihioacetals under OR 

kinetic conditions (1). These monosubstituted derivatives would OR 
be considerablv more useful if they could be rearranged to 
other monosubstituted derivatives inB predictable fashio;. The 
results herein demonstrate that such rearrangements can be 
achieved. 

The stabilities of di- and tri-0-benzylidene derivatives of 
alditols and related acyclic carbohydrates have been studied 
extensively (2-4). However, monosubstituted derivatives have 
been considerably more difficult to prepare and hence few 
reports of their rearrangements have appeared. 

Results 
Structiiral assignments 

Literature methods for structural assignments to compounds 
containing 2-phenyl- l,3-dioxolane rings have been discussed in 
the preceding paper (1). In addition, chemical shift changes on 
formation of five-membered 0-benzylidene rings were outlined 
(1). Similar considerations are useful for determining the 
location and confirming the ring size of six-membered 0- 
benzylidene acetals. Table 1 outlines a comparison of the 
chemical shifts of the carbons of some model diols with those 
of the same carbons in the derived 2-phenyl-1,3-dioxane 
compounds. The chemical shift of carbon-2 of a 1,3-propanediol 
was shifted upfield markedly (6-10 ppm) on formation of an 
0-benzylidene acetal, as had previously been noted for forma- 
tion of 0-methylene (5), 0-isopropylidene ( 3 ,  O-cyclohexyli- 

'Revision received July 22. 1986. 

C-l Diol 
Benzylidene 

derivative 
~i f ference '  

C-2 Diol 
Benzylidene 

derivative 
~ i f f e rence  

C-3 Diol 59.2 66.3 68.4 
Benzylidene 67.0 73.0  72.6 

derivative - - - 
Difference" 7.8 6.7 4 .2  

"In ppm. Values for diols from ref. 6, for benzylidene derivatives 
from ref. 7. For numbering purposes, all compounds are treated as 
substituted 1,3-propanediols. 

bValue for benzylidene derivative - value for diol. 

dene (S), and 0-ethylidene acetals (6). Since this effect occurs 
only on formation of six-membered rings, it, along with other 
indicators (7). can confirm the presence of this ring size. 
Conway et al.  had observed a marked upfield shift for the signal 
of carbon-5 in pyranose sugars on formation of 4,6-0-benzyli- 
dene derivatives (8). The signals of carbons-1 and -3 of a 
1,3-propanediol are shifted downfield by approximately 4- 
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2398 CAN J CHEM VOL 64. 1986 

TABLE 2. 13C Nuclear magnetic resonance data"." 

13C Nuclear magnetic resonance chemical shifts (pprn) 

Phenyl carbons SEt group 
'~c.tr (Hz? 

Compound C-1 C-2 C-3 C-4 C-5 C-6 Acetal C Quat. C Other C CH2 CH3 Acetal C 

3 e 54.6 70.0 80.2 61.7 71.3 101.1 137.5 126.2,128.2. 24.1, 14.5, 160 
129.0 25.3 14.5 

3e-3a  -0.5 -1.9 +9.3 -9.8 +7.2 
4 e 53.8 76.7 79.1 65.9 70.5 100.8 137.5 126.0, 128.3. 25.9, 14.5. 160 

129.0 25.9 14.5 
4e-4a  -1.0 -0.2 $7.4 -7.9 +7.3 

4 f  51.9 85.5 64.4 80.9 62.6 100.7 137.7 126.3, 128.1, 25.1, 14.6, 160 
128.8 25.4 24.6 

4f-4a  -3.2 +8.6 -7.3 +7.0 -0.7 
5 e 54.7 73.5 69.9 82.8 61.6 71.2 101.1 137.4 126.2. 128.3, 24.8, 14.5, 161 

"At 20 hlHz in chloroform-d. 
'Data for 3a-7a from ref. 1 .  

8 ppm on benzylidenation; the size of the effect decreases with 
increases in substitution. 

This latter observation was applied extensively in the current 
study. Most products were 2-phenyl-1,3-dioxane derivatives 
with alkyl substituents only at position-4. The signal of the 
primary carbon in these products was assigned readily by off- 
resonance decoupling. A significant downfield shift ( > 6  ppm) 
for this signal in comparison with that of the same carbon in its 
precursor allowed the structure of the product monobenzylidene 
derivative to be assigned unambiguously. 

Reactions 
R-4,5-0-Benzylidene-D-arabinose diethyl dithioacetal (3d)2 

rearranged slowly at room temperature in N,N-dimethylforma- 
mide containing 6% p-toluenesulfonic acid to R-3,5-0-benzyli- 
dene-D-arabinose diethyl dithioacetal (3e). The rearrangement 
was complete after 100 h and the product was isolated in high 
yield (93%). Yields were lower at higher temperatures. The 
product was shown to contain a six-membered ring by the 
chemical shifts of the acetal C (101.1 ppm) (7) and the acetal 
proton (5.52 ppm) (7), the 'J , , ,  value of the acetal carbon 
(160 Hz) (7), and the upfield shift of a secondary carbon (C-4, 
-9.8 ppm). The location of the ring was apparent from the 
downfield shift obtained for the "G nmr signal for C-5 when its 
position in the spectrum of 3 e  was compared with its position in 
D-arabinose diethyl dithioacetal acetal (3a) (shift +7.2ppm). 
The same product (3e) was obtained under the same conditions 
from the S-epimer of 3 d  ( 3 ~ ) ~  slightly more slowly (140 h) and 
in slightly lower yield. 3 e  was also obtained in 76% yield 
directly from D-arabinose diethyl dithioacetal (3a) by reaction 

 umberin in^ of compounds in this paper is based on that in Part I 
(1). The a series of compounds are the unsubstituted aldose diethyl 
dithioacetals while the b series do not appear in this publication. 

with a ,  a-dimethoxytoluene under the conditions for the above 
rearrangements. 

The rearrangement of a mixture of R- and S-4,5-0-benzyli- 
dene-D-ribose diethyl dithioacetal (4c) was more complex. 
After 63 h, two components were evident, one of which had the 
same Rf as the starting material. The compound which moved 
much slower on tlc was R-2,4-0-benzylidene-D-ribose diethyl 
dithioacetal(4f ). This compound had previously been prepared 
indirectly by Zinner (9). An efficient method of preparation of 
the analogous derivative of the dipropyl dithioacetal has been 
developed (10). The faster moving component (obtained by 
preparative tlc) was a mixture of 4c and R-3,5-0-benzylidene- 
D-ribose diethyl dithioacetal (4e) from which the latter com- 
pound was crystallized. The structure of this compound was 
assigned as for 3e  (see Table 2). The ratio of 4f to 4e  in the 
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GRINDLEY AND KUSCMA 

3c and 3d 3e 

4c and 4d 

F"'""" 

5d R = H, R'  = OH 5e and 7e 
7 d  R = OH, R '  = H R = CHOHCH(SEt), 

original product was 2: 1. The product after 142 h of rearrange- 
ment contained only 4f and 4e in the ratio of 6 :  1 and 4f was 
isolated by recrystallization (61 5% yield). Reaction of D-ribose 
diethyl dithioacetal (4a) with a,a-dimethoxytoluene under 
rearrangement conditions for 133 h gave a mixture of 4f, 
isolated by crystallization (64%), 4e (19%), and the known (9) 
2,4: 3, 5-di-0-benzylidene-D-ribose diethyl dithioacetal (1  0%). 
Unidentified five-membered ring derivatives were present in 
trace amounts but were not isolated. 

Rearrangements of the R-S,6-0-benzylidene derivatives of 
D-glucose (5d) and D-mannose diethyl dithioacetal (7d) for 
100 and 40 h gave the R-4,6-0-benzylidene isomers 5e  and 7e  
in 57 and 84% yields, respectively. The structures of both 
products could be assigned unambiguously as outlined above 
(see Table 2). 

Rearrangement of a mixture of R- and S-5,6-0-benzylidene- 
D-galactose diethyl dithioacetal for 140 h gave two products, 
R- and S-4,s-0-benzylidene- galactose diethyl dithioacetal 
(6g and dh),  which were separated by column chromatography. 
The location of the 0-benzylidene ring was assigned by analysis 
of part of the 'H  nmr spectra of the triacetates of each of 
these compounds and confirmed by homonuclear decoupling 
experiments. The configurations at the acetal centers in the 
five-membered rings were not assigned. The crude product 
contained a lesser amount of a third compound (6e). which was 
not isolated. 6e  had an ' H  nmr signal for an acetal proton at 
5.56 ppm, consistent only with a 2-phenyl-l,3-dioxane ring 
without axial substituents at positions-4 and -6 (7). Only one 
such 0-benzylidene derivative can be obtained from D-galactose 
diethyl dithioacetal, R-4,6-0-benzylidene-D-galactose diethyl 
dithioacetal (6e). 

Rearrangement for a shorter period of time (70 h) yielded 
more of the first product (6g) (47% vs. 17%). However. the 
second fraction was a mixture of two compounds, 6h  and 6e,  
which were not separated. 

6c and 6d 6g and 6h  

Discussion 
If the rearrangement occurred via an intramolecular mecha- 

nism, the product distribution would be determined solely by 
product stability. The stability of benzylidene acetals derived 
from acyclic polyols has been extensively investigated (2-4). 
Stability orders for all acetals under the conditions of prepara- 
tion (generally in the aldehyde in the presence of an acid 
catalyst) have been codified as the Hann-Hudson rules (4, 11). 
For the 0-benzylidene acetals, the order (4) of decreasing 
stability is: 4,6-cis-disubstituted-2-phenyl- 1,3-dioxane rings > 
4-substituted-2-phenyl-l,3-dioxane rings > 4,s-trans-disubsti- 
tuted-2-phenyl- 1,3-dioxolane rings = 4-substituted-2-phenyl- 
1,3-dioxolane rings > 4,6-trans-disubstituted-2-phenyl- 1,3- 
dioxane rings = 4,7-trans-disubstituted-2-phenyl- 1,3-dioxe- 
pane rings. 

Of the compounds rearranged, only the D-glucose and D- 
ribose derivatives could form the most stable type of O-benzyli- 
dene acetal, a 2,4-0-benzylidene derivative in each case. Thls 
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SCHEME 1 .  Mechanism pathways available for rearrangements of termlnal 0-benzylidene 
derivatives of aldose diethyl dithioacetals. 

derivative was the major product from the D-ribose reactions 
but was predominant only after very long rearrangement times. 
It was not isolated from any D-glucose reactions although a 
compound with an ' H  nmr signal at 5.58 ppm was a major 
component in the crude product (not separated) from a rear- 
rangement reaction performed over a long time (163 h). The 
4,5-0-benzylidene isomers obtained in the galactose reaction 
were trans-4,s -disubstituted-2-phenyl- 1 ,3  -dioxolanes. The 
2,3-0-benzylidene-D-galactose diethyl dithioacetal diastereo- 
mers not observed would also have 4,5-trans disubstitution in a 
1,3-dioxolane ring and should have about the same stabilities as 
their 4,5 isomers. Thus, the major and perhaps sole route for 
these rearrangements was intramolecular. 

An intramolecular rearrangement would proceed in stepwise 
fashion up the carbohydrate chain. A probable mechanism is 
illustrated in Scheme 1. The reaction of 4.6-0-benzylidene- 
hexopyranosides with hydrogen chloride and sodium cyano- 
borohydride to give 6-0-benzyl derivatives (12) indicated that 
the acetal C-0 bond to a secondary oxygen is cleaved more 
rapidly than the bond to primary oxygens in the presence of 
Bronsted acids. Ring closure of the carbocation to form the 
five-membered ring of the starting material is faster ( 1 )  but 
the terminal six-membered ring product obtained as the final 
product in the arabinose, glucose. and mannose cases is more 
stable. 

The rapid appearance of 2,4-0-benzylidene-D-ribose diethyl 
dithioacetal (4f) (the major rearranged product after 13 h) 
suggests that it was obtained directly from starting material. 
Protonation of the primary oxygen. cleavage to give the 
carbocation, and ring closure is a possible route to 4f. 
Alternatively, 3 ,4-0-benzylidene-D-ribose diethyl dithioacetal, 

a relatively unstable cis-4.5-disubstituted- 1,3-dioxolane deri- 
vative, could be an intermediate. Cleavage of 2-phenyl-1,3- 
dioxane rings would be expected to be slower on the principle of 
microscopic reversibility and has been observed to be slower 
in hydrogenolysis reactions (13). The very slow appearance 
of 2, 4-0-benzylidene-D-glucose diethyl dithioacetal in the 
rearrangement of 5d  supports this contention. The former 
compound could be obtained directly from the first rearranged 
product, the 4,6-0-benzylidene isomer. 

The rearrangement of 5,6-0-benzylidene-D-galactose diethyl 
dithioacetal to R- and S-4,s-0-benzylidene-D-galactose diethyl 
dithioacetal in preference to the 4,6-0-benzylidene isomer (6e )  
was a violation of the Hann-Hudson rules of acetal stability 
(4, 1 I) ,  if the reaction was thermodynamically controlled. The 
slightly decreased amount of 6e present in the crude product 
after 140 h, as compared to the amount after 60 h. suggests that 
the three products were close to equilibrium. The Hann-Hudson 
rules were formulated on the basis of the products obtained 
from benzylidenation of alditols in benzaldehyde, sometimes 
containing water or ethanol. The stated preference for 4-substi- 
tuted-2-phenyl-1,3-dioxanes over tratzs-4,5-disubstituted-2- 
phenyl-1,3-dioxolanes was originally based on the reactions of 
galactit01 (14) and D-glycero-D-galactoheptitol (D-perseitol) 
(15). 1.3:4.6-Di-0-benzylidenegalactitol and 1 ,3 :5 ,7-di -0-  
benzylidene-D-perseitol were obtained in 93 and 89% yields, 
respectively. However, in both cases, the product crystallized 
in the reaction mixture. which was allowed to stand overnight 
to continue crystallization. Thus, this particular part of the 
Hann-Hudson rules was based on the ability of the product to 
crystallize rather than on its stability in solution. 

A number of publications that are related to this problem have 
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GRIKDLEY AND KUSUMA 240 1 

recently appeared. The most relevant was on the benzylidena- 
tion of 1-deoxy-D-galactitol in benzaldehyde (16). Separation of 
the product mixture by chromatography gave a 1 : 1 mixture of 
2,3:4,5- and 2 ,3  :4,6-di-0-benzylidene isomers (680 mg) plus a 
pure 2,3:4,5 isomer (160 mg). Thus, the ratio of products 
containing 4,5-0-benzylidene rings to their 4 ,6  isomers was 
about 3:2, contrary to the Hann-Hudson rules, and the 
individual 4 ,s  isomers were present to almost the same extent 
as the 4,6 isomers (assuming the two configurations in the 4 ,s  
rings were equally populated). 

The reaction of D-glucitol with benzaldehyde in aqueous 
N,N-dimethylformamide containing hydrochloric acid gave a 
mixture of the 2,3-0-benzylidene diastereomers, which rear- 
ranged slowly to the 2,4-0-benzylidene isomer. Although the 
reaction was followed by gas-liquid chromatography and 
'H nmr spectroscopy, no evidence for the presence of either the 
1,3- or 4,6-0-benzylidene isomers was obtained at any reaction 
time (17). The results in the preceding paper (1) suggest that 
the initial products of this reaction are the 1,2- and 5 ,6 -0 -  
benzylidene derivatives, which rearrange to the 1,3- 4,6-, and 
2,3-0-benzylidene isomers. However, benzylidenations with 
benzaldehyde are probably not as selective for primary hydroxyl 
groups as those with a,a-dimethoxytoluene. 

A number of publications have reported alkylidenation of 
alditols (18-22). Although a consistent pattern of preference 
was not observed for all aldehydes and conditions, the results 
(18-22) suggest that 4-monosubstituted-2-alkyl-1,3-dioxane 
rings are favoured over trans-4,s -disubstituted- 2 - alkyl- 1 ,3  - 
dioxolane rings (19, 20) in contrast to the results for benzyli- 
denation. The actual preferences must be small and hence are 
strongly dependent on reaction conditions. Where conditions 
can be characterized (present study, and refs. 16-20), it appears 
that solvents of greater polarity (present study) lead to more of 
the dioxolane ring containing products. This observation is not 
what would be expected on the basis of the polarity of the 
parent ring systems; the dipole moments of 1,3-dioxane (23), 
2-phenyl-1,3-dioxane (24). 1,3-dioxolane (25), and 2-phenyl- 
1,3-dioxolane (24) are 2.13 (benzene), 2.05 (carbon tetra- 
chloride), 1.47 (benzene). and 1.37 D (carbon tetrachloride), 
respectively. However, the stabilities of the acetalated products 
depend on the polarities of the whole molecules, which are 
difficult to predict. 

Another factor that could be important is hydrogen bonding. 
The OH group on C-5 of 4,6-0-benzylidene-D-galactose diethyl 
dithioacetal has an axial orientation at the C-5 position of 
the 1,3-dioxane ring. The hydrogen bonding of an axial 
hydroxyl group at position-5 made cis-2-isopropyl-5-hydroxy- 
1,3-dioxane more stable than its trans-isomer (26). by amounts 
which decreased in more polar and hydrogen bond accepting 
solvents. The change in stability was 0.64 kcal molpl  when the 
position of equilibrium in cyclohexane was compared with that 
in 1,2-dimethoxyethane. A similar change in stability for the 
two types of rings in benzaldehyde, as opposed to N,N- 
dimethylformamide, could explain the difference in the results 
obtained here as compared to those in ref. 16.  The combination 
of these results indicates that in the absence of hydrogen 
bonding, 4,s-trans-disubstituted-2-phenyl- 1 ,3 -d ioxane  rings 
are more stable than 4-substituted-2-phenyl-1,3-dioxane rings. 

The above conclusion suggests that rearrangements of any 
mono-0-benzylidene-D-arabinose diethyl dithioacetal should 
lead eventually to a mixture in which the 2,3-0-benzylidene 
derivatives are prominent. and any mono-0-benzylidene-D- 
mannose diethyl dithioacetal should give 3.4-0-benzylidene 
derivatives. However, attempts to equilibrate 2.3- and 3 , s - 0 -  

benzylidene-D-arabinose diethyl dithioacetal were unsuccess- 
ful. Loss of the 0-benzylidene group occurred faster than 
equilibration, particularly for the latter compound. 

In conclusion, the above results support a somewhat different 
order for benzylidene acetal stability in N,N-dimethylforma- 
mide than that presented in the Hann-Hudson rules (4). The 
order of decreasing stability is: 4,6-cis-disubstituted-2-phenyl- 
1,3-dioxane rings > 4,s-trans-disubstituted-2-phenyl-1,3- 
dioxane rings > 4-substituted-2-phenyl-1,3-dioxane rings > 
4-substituted-2-phenyl-1,3-dioxolane rings > 4,5-cis-disub- 
stituted-2-phenyl- l , 3  -dioxolane rings. No information was 
obtained about the relative stabilities of 1,3-dioxepane rings. 

Experimental 
For general methods, see Part I .  

General method for the rearrangement of 0-benzylidene rings 
R-3,s-0-Benqlidene-D-arabinose diethyl dithioacetal (3e) by the 

rearrangement of R-4,s-0-benzylidene-D-arabinose diethyl di- 
thioacetal(3 d) 

A solution of 3d  (0.344 g, 1 mmol) and anhydrous p-toluenesulfonic 
acid (2) (10 mg, 0.058 mmol) in N,N-dimethylformamide (2 mL) was 
stirred for 100 h, when tlc (solvent A) indicated that all of the starting 
material had disappeared and a single product had been obtained 
(Rf 0.33). The solution was poured into an ice-cold sodium hydrogen 
carbonate solution (270, 10 mL), which was extracted with ether 
(3 X 10 mL). The combined ether extracts were washed with water 
(2 X 10 mL), dried (MgS04), filtered, and concentrated under reduced 
pressure at 40°C. The crystalline product (0.320 g, 93%) was recrystal- 
lized from dichloromethane/pet. ether (65-75°C) to give colorless 
crystals of the title compound (3e); [a];' -66" ( c  4.00, chloroform); 
mp 125126°C; ' H  nmr 6: 1.26 (t, 6H, 2 SCHzCH3, J = 7.4 Hz), 2.70 
(q. 4H, 2 SCH2CH3, J = 7.3 Hz), 3.14 (d, lH ,  OH, J = 6.4 Hz), 
3.57-4.55 (complexm, 7H), 5.52(s,  lH,  benzylideneH), 7.17-7.62 
(m, 5H. Ph); m/z: 344 (19, M'), 283 (6, M - .SEt), 265 (I ) ,  221 (4), 
179 (161, 177 (121, 149 (5), 135 (100, 'CH(SEt)?), 117 (5), 115 (3),  
107 (30), 105 (21), 103 (7). 91 ( l l ) ,  79 (1 l) ,  77 (13), 75 (9). Anal. 
calcd. for C16H2404SZ: C 55.78, H 7.02; found: C 55.85, H 6.88. 

3 e  by the rearrangement of S -4,5 - 0 -  benzylidene -D-arabinose 
diethyl dithioacetal (3  c j 

Compound 3c (0.344 g,  1 mmol) was rearranged as in the general 
method, but for 140 h. The crystalline product (0.289 g, 81%) (Rf 
0.33, solvent A) was recrystallized to give colorless crystals, mp 
123-125"C, undepressed when mixed with the product from the 
rearrangement of 3d. 

3 e  from D-arabinose diethy1 dirhioacetal (3a)  
A solution of 3 a  (5.12 g, 20 mmol), a,a-dimethoxytoluene 

(3.648 g, 24 mmol), and anhydrous p-toluenesulfonic acid (2) (0.2 g. 
1.16 mmol. 6%) in N,N-dimethylformamide (40 mL) was stirred 
100 h, then worked up as in the general method for rearrangement 
reactions. The pale yellow crystalline product (5.21 3 g, 76%) (Rf0.33, 
solvent A) was recrystallized to give colorless crystals, mp 123- 
125"C, undepressed when mixed with 3e. 

R - l  ,3-0-Benzylidene-D-ribose diethyl dithioacetal (4f) 
(a) By rearrangement 
The mixture of R- and S-4, 5-0-benzylidene-D-ribose diethyl 

dithioacetal (4c) (1) (0.344 g, 1 mmol) was rearranged for 63 h as in 
the general procedure. The pale yellow crystalline product (0.28 g, 
82%) contained two components (R f' s of 0.50 and 0.21, solvent A). 
The ratio of integrals of signals in the ' H  nmr spectrum of 5.58 and 
5.49 ppm was 2.1. 

Recrystallization gave the slower moving component, the title 
compound (4f), as colorless needles (0.155 g,  45%). A second 
recrystallization from methanollwater gave needles, mp 12 1 - 122°C 
(lit. (9) mp 119-120°C); [a]:2 -26.3" (c  1.68, chloroform) (lit. (9) 
a ,  -22.4"); ' ~ n m r ( 6 0 M H z ) S :  1.27 (t. 6H, 2 SCH2CH3. J = 7 Hz), 
2.75 (q, 4H, 2 SCH2CH3, J = 7 Hz), 3.20 (br s,  lH ,  OH), 3.62-4.32 
(complex m, 7H), 5.57 (s, 1H, benzylidene H), 7.15-7.46 (m, 5H, 
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Ph); mlz: 344 (23, M-), 283 (5, M - .SEt), 265 (3), 221 (6), 209 (7), 
179 (4), 177 (23), 149 (3), 137 (9), 138 (8), 135 (100, +CH(SEtj2). 117 
(9), 108 (4), 107 (45), 105 (12), 104 (5), 103 ( I I ) ,  91 (51, 89 (6). 87 
(8), 79 (13), 77 (121, 75 (34). Anal. calcd. for C16H2404S2: C 55.79, 
H7.03, S 18.61;found: C55.69,  H6 .96 ,  S 18.55. 

Preparative tlc (solvent F) on the mother liquor from the first 
recrystallization of 4.f gave a crystalline product recrystallized from 
dichloromethane/pet. ether, then from methanol/water. The colorless 
needles of R-3,5-0-benzylidene-D-ribose diethyl dithioacetal(4e) had 
mp 68-69.5"C: [ a ] i 2  -47.0" (c  3.57, chloroform); H nmr (60 MHz) 
6: 1.22 (t ,  6H, 2 SCH2CH3, J = 7 HZ), 2.60, 2.70 (2q, 4H. 
2 SCH2CH3, J = 7 Hz), 3.30 (br d ,  IH, OH, J = 3 Hz), 3.50-4.55 
(complex m, 7H), 5.49 (s, IH,  benzylidene H), 7.31-7.55 (m, 5H, 
Ph); mlz: 344(17,M+), 283 (4, M - .SEt), 265 ( I ) ,  221 (3), 179(23), 
177 (16), 149 (2), 137 (9), 136(8), 135 (100, +CH(SEt)2). 117 (4). 115 
(3), 107 (37), 105 (10). 91 (6), 79 (14), 77 ( lo ) ,  75 ( lo ) ,  metastable: 
232-235 (344 283). 

Rearrangement exactly as above, but for 142 h, gave 4 f in  61 9 yield 
after recrystallization. The 'H  nmr spectrum of the crude product had 
signals for the benzylidene H of 4f and 4e with a peak height ratio 
of 6.1. 

(b)  Directly from D-ribose diethy1 dithioacetal (4a )  
Compound 4a (8.04 g ,  31.4 mmol). a ,a-dimethoxytoluene (5.73 g. 

35 mmol), and anhydrous p-toluenesulfonic acid (0.47 g) were stirred 
in anhydrous N,N-dimethylformamide (70 rnL) for 133 h. Normal 
work-up gave a solid product, which on recrystallization from 
dichloromethane/hexane gave colorless needles of 4f (6.1 g). The 
mother liquor (4.72 g) was separated by column chromatography on 
silica gel (200 g) (solvent D). Three crystalline fractions A (1.40 g. 
lo%), B (2.10 g. 19%). and C (0.84 g) were obtained. 

Fraction A was recrystallized from dichloromethane/hexanes to 
give colorless needles of 2,4 : 3 -5-di-0-benzylidene-D-ribose diethyl 
dithioacetal, mp 125-126°C (lit. (9) mp 122-123°C): [a];2 -71.0" 
(C 1.68, chloroform (lit. (9) [ a ] ,  -64.2"); ' H  nmr 6:  1.23 (t. 6H. 
SCH2CH3, J = 7.5 HZ). 2.76 (q, 4H, 2 SCH2CH3, J = 7.5 Hz), 
3.72-4.50 (complex m, 6H), 5.67, 5.72 (2 s, 2H, benzylidene H), 
7.17-7.63 (m, 1 0 H .  Ph); 'C nmr 6: 14.5, 14.6 (Me), 25.3 (SCH2), 
51.0 (C-I), 72.5 (C-5). 75.3, 72.5 (C-3, C-4), 83.7 (C-2), 101.6, 
101.8 (acetalc, ' J ~ , ~ ~  = 162.7, 162.4Hz). 126.1, 128.2, 129.1 (Ph). 
137.0, 137.2 (quaternary Ph). 

Fraction B was shown to be 4e while Fraction C was 4f.  The total 
yieldof 4f was 6 .94g,  64%. 

R-4,6-0-Berzglidene-D-glucose diethjl dithioacetal (5e)  
R-5,6-0-Benzylidene-D-glucose diethyl dithioacetal ( 5 d )  (2.47 g. 

6.6 mmol) was rearranged for 100 h with the same proportions of 
reagents as in the general method. The crude pale yellow syrupy 
product (2.213 g) contained one major and one minor component, 
which were separated by column chromatography on silica gel 
(solvent B).  

Fraction A (1.40 g,  57%), a solid. was recrystallized to give color- 
less crystals of the title compound (5e); mp 114-1 15°C; [a];' -9' 
( C  2.09, chloroform); ' H  nmr (60 MHz) 6:  1.21 it, 6H, 2 SCH2CHI, 
J = 7.5 Hz), 2.40-2.85 (m, 4H, 2 SCH2CH3), 3.45-4.53 (complex 
m, lOH), 5.40 (s, benzylidene H), 7.00-7.60 (m. 5H, Ph): m/z: 374 
(0.3, M'), 288 ( I ) ,  287 (2), 286 (1 l ) ,  225 ( I ) ,  207 (3), 193 (2),  177 
(3), 163 (6), 145 (3), 137 (111, 136 (26), 135 (loo),  117 (4). 107 (24). 
106(6), 105 (35), 104(10), 103 (1 I), 102 ( lo ) ,  75 (7). 73 (13). 71 (8). 

An intermediate fraction (0.24 g. 10%). had H nrnr signals at 5.90 
(major), 5.80, 5.64 (minor), 5.52 (minor), and 5.40 (minor) ppm. 

Fraction B (0.17 g, 752, R f ) .  a pale yellow syrup, had ' H  nmr 
signals at 5.52 and 6.05 ppm and was not investigated further. 

Rearrangement of 5 d for 163 h 
Rearrangement of 5 d  (1.496 g) as previously, but for 163 h, gave a 

pale yellow syrup (1.104 g), a complex mixture on tlc: 'H  nmr 6 :  
6.04, 5.94, 5.58, and 5.44 with peak heights in the ratio 2:8:4:5 .  
respectively. 

R-  and S-4,5-0-benzylidene-~-galacto.~e diethy1 dithioacetul i 6g  and 
6hi  

A mixture of R- and S-5. 6-0-benzylidene-D-galactose diethyl 

dithioacetal (6c and 6 d )  (1) (1.870 g, 5 mmol) was rearranged as in 
the general procedure for 140 h. The colorless crystalline product 
(1.7 g, 91%) (partial 'H  nmr, 6:  5.54.5.88, and 5.95 (3s, benzylidene 
H, intensity ratio 13: 19:22, respectively)) was separated by column 
chromatography on silica gel i100g) using solvent F as eluent. 

Fraction A (0.032 g, 2'32, Rf  0.60), the starting material, was 
followed by an overlapping fraction (0.034 g, 2%). 

Fraction B (0.314 g, 17%, Rf 0.49). a solid, was recrystallized 
to give colorless crystals of 4,5-0-benzylidene-D-galactose diethyl 
dithioacetal (6g); mp 106- 107°C; [a];' + 5" (c 3.72, methanol), 
'H nrnr (60 MHz) 6: 1.24 (t, 6H, 2 SCH2CH3, J = 7 Hz). 2.67. 2.70 
(2q, 4H, 2 SCH2CH3, J = 7 Hz), 3.40 (br s, lH,  OH), 3.53-4.33 
(complex m, 9H), 5.88 (s, IH, benzylidene H). 7.06-7.50 (m. 5H, 
Ph); m/z: 374(34, M+) ,  313 (8. M - .SEt). 312 (8). 279 (7). 256 (5), 
251 (7), 207 (7). 206 (1 1). 179 (9), 177 (9), 167 (6), 150 (6), 149 (43). 
137 (1 I), 136 (12), 135 (100, -CH(SEt)2), 107 (32), 105 (36). 91 (23). 
79 (9), 77 (12). 

Fraction C (0.675 g, 36%, Rf  0.36), a solid, was recrystallized to 
give colorless crystals of 4,5-0-benzylidene-D-galactose diethyl di- 
thioacetal(6h), mp 85-86°C; [a];' + 13" (c  3.08. methanol); ' H  nrnr 
(60MHz) 6 :  1.21 (t, 6H, 2SCH2CH3. J = ~ H z ) ,  2.62 (q. 4H, 
2 SCH2CH3, J = 7 Hz), 3.45 (br d,  IH, OH, J = 3 Hz), 3.55-4.42 
(complex m, 9H), 5.95 (s, lH,  benzylidene H), 7.12-7.62 (m, 5H. 
Ph); mlz: 374 (14, M'), 327 (2), 326 (2), 313 (7), 312 (5), 295 (3), 
279 (7). 251 (9). 239 (3), 221 (3), 207 (7), 206 (6), 189 (3),  179 (8). 
177 (9), 149 (23). 145 (5), 137 (12), 136 (13), 135 (100, -CH(SEt)2). 
133 (7), 122 (1 l ) ,  107 (32), 106 (6), 105 (30). 104 (13). 103 (13). 91 
(12), 85 (6), 79 (9), 77 (12), 75 (11). 73 (10). 

Rearrangement of 6c  (0.374 g,  1 mmol) as above, but for 70 h, gave 
a syrupy product with ' H  nmr signals at 5.94,5.88, and 5.54 ppm with 
peak heights in the ratio 10:21: 14. The mixture was separated by 
column chromatography into two fractions. A and B. Fraction A 
(0.218 g, 47%) was compound 6 g .  Fraction B (0.105 g. 23%) was a 
mixture of compound 6h and compound 6e:  partial ' H nmr. 6: 5.58. 
5.95 (2s, benzylidene H). 

2,3,6-Tri-0-ace~l-4,5-O-ber1zylidene-~-galactse dierhyl dithiouce- 
tal (6i) 

Compound 6g (0.28 g,  0.75 mmol), acetic anhydride (3.06 g, 
30 mmol), and dry pyridine (1.184 g, 15 mmol) were stirred 14 h, then 
poured into ice-water (30 mL). The mixture was extracted with ether 
(3 x 30 mL) and the combined extracts were washed with saturated 
cupric sulfate solutions (3 X 3 mL). saturated sodium hydrogen 
carbonate solutions (3 x 30 mL), and water (3 X 30 mL), then dried 
(MgS04), filtered, and concentrated to a pale yellow syrup (0.309 g,  
83%). homogeneous on tlc (Rf0.42. solvent C): [a];"48" (c  1.415, 
chloroform); ir (neat): 1746 cm-' (acetate CO), no OH stretch; 
'Hnmr6 :  1.13-1.42(m, 6H, 2SCH2CH3), 2.06,2.13. 2.15i3s. 9H, 
3 COCH.?), 2.67 (q, 4H, 2CH2CH3, J = 7.3 Hz), 3.90-4.45 (complex 
m, 4H. H-4, H-5, H-6. H-6'1, 4.12 (d, lH ,  H-1. Ji,z = 6.4Hz). 5.44 
(dd, lH,  H-2, JI,2 = 6.5 HZ, J2 ,3  = 3.8Hz) .  5.83 (dd, l H ,  H-3, Jz 3 = 
3.8 Hz, J3,4 = 8.6 HZ), 5.98 (s, IH, benzylidene H). 7.35-7.42 
(m, 5H, Ph). 

2 3 6 Trl-0-czcenl-4 5 - 0  benzxhdrne-D-galnt t u x  dreth~l  drrhrouc e- 
tal (6j) 

Compound 6h ( 0  374 g,  1 mmol). dr j  pyridine (1 58 g, 20 mmol), 
and acetic anhydride (4 08 g, 40 ~nmol) were stirred 14 h. then worked 
up as for 6h The pale yelloa sjrup (0 44 g,  88%), homogeneous on tlc 
(Rf 0 30, solvent C), [ a ] i 4  +71° ( c  1 09, chlorofomi), ir (neat) 
1750 cm-' (acetate. CO). no OH stretch. ' H  nmr 6 1 08-1 42 (rn 6H. 
2 SCH2CH3), 2 11, 2 11. 2 13 (2s, 9H 3 COCN,), 2 58 (q. 3H. 
2 SCH7CH2. J = 7 3 Hz), 3 42-4 78 (complex m, 4H, H-4, H-5. H-6. 
H-6'1, 3 98 (d 1H. H-1, J1 2 = 6 6 HZ), 5 38 (dd. lH ,  H 2, JI 2 = 
6 5 Hz, J2 3 = 3 3 HZ), 5 75 (dd, IH, H-3, J2 3 = 3 4 HZ J7 4 = 

7 6 Hz), 5 95 (s, l H ,  benz>lidene H), 7 28-7 5 1 (m, 5H, Ph) 

R-4,6-0-Berzzyliderze-D-mannose diethyl dithiorrcetul 17e) 
R-5.6-0-Benzylidene-D-mannose diethyl dithioacetal (7tl) ( 1 ) 

(1.015 g. 2.71 mmol) was rearranged for 40 h as in the general 
procedure. The pale yellow crystalline product (0.835 g ,  8 4 4 ) .  
homogeneous on tlc (Rf0.50. solvent F), was recrystallized to give fine 
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colorless needles of the the title compound (7e). mp 175-176"C, 
- l o  ( c  3 39. chloroform), ' H  nmr 6 1 27 (t, 6H, 2 SCH2CH3, 

J = 7 3 Hz), 2 69, 2 75 (2q. 4H. 2 SCH2CH3, J = 7 4 Hz), 2 83 
(br s, 1H, OH), 3 41-4 33 (complexm, 8H). 4 76 (br s. lH,  OH). 5 53 
(s, lH,  benzylidene H), 7 20-7 50 (m, 5H, Ph), m/: 374 (1, M' ), 
327 (I ) ,  313 (9), 295 (2), 251 (3), 239 (5), 209 (3). 207 (5). 189 (4), 
179 (5). 177 (9). 149 (4), 145 (8), 137 (9). 136 (9), 135 (100, 
'CH(SEt)2). 207 (42), 105 (26), 104 (9), 103 (18), 91 (9). 85 (8), 79 
(12), 77 (12), 75 (14). 73 (9) Anal calcd for C17H2605SZ C 54 52, 
H 7 00. S 17 12, found C 54 23, H 6 94, S 16 83 

Rearrangement of2,3-0-benzylidene-D-arabinose diethjl dithiouce- 
ta l (3gi  

Compounds 3g  (27) (180 mg) and 2 (20 mg) in N,N-dimethyl- 
formamide (2 mL) were kept 192 h, then worked up normally. The 
'H nmr spectrum of the product had signals at 6.09 and 5.5 1 ppm with 
integrals in the ratio 3 .4:  1.  Signals having intensities approximately 
1/10 that of the signal at 5.51 ppm were apparent at 5.78, 5.91, and 
6.23 ppm. 

Rearrangement exactly as above. but for 336 h, gave a product with 
'H nmr signals at 6.09 and 5.52 ppm having a ratio of integrals of 
4 .1 : l .  

To the product from immediately above (100 mg) in N.N-dimethyl- 
formamide (2 mL) was added 2 ( 150 mg). Aliquots removed after 120 
and 264 h and worked up normally both had intensity ratios for ' H nmr 
signals at 6.09 and 5.52ppm of 3 .2 .  

Rearrangement of 3,5-0- benzylidene-D-arabinose diethyl dithioace- 
tal(3e) 

Compounds 3e (30 mg) and 2 (10 mg) in N,N-dimethylformamide 
(1 mL) were kept 288 h,  then worked up normally to give a syrup: 
partial 'H nmr, 6 :  6.09 and 5.52 (2s, intensity ratio 1:s).  

A second rearrangement reaction identical to the above was kept 
288 h, then more 2 (100 mg) was added and the reaction kept a further 
288 h, and worked up to give a syrup (3 mg); partial ' H  nmr, 6:  5.55 
(s, only benzylidene H signal visible). 
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Freeze-drying Fourier transform infrared attenuated total reflection spectroscopy 
sf surface adsorbed layers. Water-assisted proton transfer in cytidine-5'-phosphoric acid 
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SIMONA BADILESCU and CAMILLE SANDORFY. Can. J .  Chem. 64. 2404 (1986). 
The zwitterionic structure of cytidine-5'-phosphoric acid (5'-CMP) in the acid form has been studied by means of freeze- 

drying ATR spectroscopy. Surface deuteration and protonation studies of the hydrated sample were accomplished and some 
band assignments are made. The dependence of the proton transfer process in the zwitterionic CMP(H) on relative humidity is 
evidenced. The ability of the water molecules adsorbed on the thallium bromide iodide crystal to act as proton donors and the 
enhancement of the degree of dissociation of the adsorbed water are demonstrated. 

SIMONA BADILESCU et CAMILLE SANDORFY. Can. J .  Chem. 64, 2404 (1986) 
Nous avons examine la structure de l'acide-5'-cytidyl-phosphorique (5'-CMP) par spectroscopie infrarouge de rkflexion totale 

attinuke, combinee avec la technique de la congelation suivie par sublimation ("freeze drying"). Des Ctudes de deuteration ct dc 
protonation ont CtC accomplies sur le composC hydratC adsorb6 sur une surface de KRS-5 (TlBrI). L'Cquilibre de protonation 
dans le CMP(H) zwitterionique dCpend de 1'humiditC relative. On dCmontre que les mol6cules d'eau adsorbees sur la surface 
d'un cristal de bromure-iodure de thallium sont capables d'agir comme des donneurs de proton. L'augmentation du degr6 de 
dissociation de I'eau adsorb6e est Cgalement mise en Cvidence. 

Introduction 
The site of protonation in some l S ~ - l a b e l e d  cytosine deriva- 

tives in water solution has been studied by high-resolution 
proton and nitrogen-15 nmr spectroscopy (1, 2). The results 
were compatible with protonation at the N(3) nitrogen of the 
cytosine. Strong delocalization of the unshared electron pair on 
the amino nitrogen to N(3) has been inferred. 

X-ray investigations have shown (3-6) that the free acids of 
cytidine 5'- and 3'-monophosphates (CMP) occur as zwitterions 
in the solid state. The protonation results from the migration of 
one of the phosphate protons onto the N(1) of the cytosine. 
Significant differences-in molecular dimensions (bond lengths 
and bond angles) between the protonated and unprotonated 
cytosine bases were observed. Protonation results in a distortion 
from coplanarity of the pyrimidine ring and in enlarged bond 
angles and bond distances at the site of protonation. A 
shortening of the exocyclic amino carbon-nitrogen bond has 
been also observed. The hydrogen atoms were located and the 
state of ionization of the phosphate has been established. The 
phosphate group in CMP is present as the monovalent anion 
RHP04- and the individual P-O bonds differ significantly 
from each other. Generally, the protonated P-O(H) distance is 
longer than the unprotonated P - O  or the P=O distance. In 
the sodium salt of 5'-CMP the phosphate group is a double anion 
with two negative charges distributed between the three oxygen 
atoms. The P-O distances are all nearly equal (7). 

X-ray studies have evidenced (5) a very specific association 
pattern of the molecules in the zwitterion form instead of the 
well-known base stacking association. The molecules are linked 
together through hydrogen bonds involving the amino hydrogen 
atoms, the hydrogen atoms of the protonated N(3) nitrogen 
and the phosphate groups forming an infinitely extended right 
handed spiral around the screw axis. 

1mpo;ant frequency shifts toward higher frequencies in 
comparison with the neutral form have been observed for the 
double bond stretching and "amino" scissoring bands (1800- 
1500 cm-') of the protonated cytosine and poly C (8- 1 I ) .  The 
observed shifts have been accounted for by increased n-electron 

"localization" in specific double bonds. Normal coordinate 
analysis of cytosine was performed (12) with a valence force 
field and the potential energy distribution among the internal 
coordinates was calculated. The complexity of this region and 
the high degree of coupling between different modes has been 
emphasized. 

Infrared spectra of zwitterions involving phosphate groups 
have been particularly studied in model phospholipid head 
molecules (1 3). In these molecules, asymmetrical intramole- 
cular hydrogen bonds with large proton polarizability have been 
evidenced. The absorbance of the infrared continuum which is 
characteristic of the easily polarisable hydrogen bonds with a 
double minimum potential well (14) has been investigated as a 
function of the degrees of deprotonation and protonation. The 
samples were deprotonated by addition of various amounts of 
sodium hydroxide to the solution of the zwitterion. At 100% 
deprotonation (Na' salt) all easily polarisable hydrogen bonds 
have disappeared. 

The spectroscopic behaviour of some phospholipids with 
respect to hydration has been related to the polar head 
interaction of the terminal part of the molecule (15. 16). The 
perturbation of the intramolecular hydrogen bond between the 
PO2- and NH3+ groups by the insertion of water molecules 
between the two head groups has been assumed. 

Freeze-drying FT-IR-ATR (FD-kT-ATR) spectroscopy has 
been proposed as a method for hydration studies of biologically 
important molecules in two previous papers (17, 18). We havc 
studied the ATR spectrum of hydrated cytidine-5'-phosphoric 
acid as a function of relative humidity and have observed a 
strong dependence of the general spectral pattern on the degree 
of hydration. Surface deuteration experiments have evidenced 
the involvement of most parts of the molecule of 5'-CMP in 
surface hydration. We have observed a contribution of the water 
bending band to the intensity of some of the 5'-CMP bands in 
the solid state spectra (1800- 1600 c m l  ) .  Our previous results 
have indicated that this effect is more important in the free acid 
spectra. The "hydration" behavior of the different vibrations in 
the CMP molecule seems to be different in the acid and in the 
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sodium salt forms. The zwitterion structure determines a very 
specific association pattern and the strong involvement of the 
phosphate groups in these associations has been evidenced. 

A study of the zwitterion-water interaction by freeze-drying 
FT-IR-ATR spectroscopy will be presented in this paper. 

Experimental 
The spectra were recorded on a Nicolet SDXB FT-IR spectrometer, 

with a resolution of 2 cm-' equipped with a DTGS detector. Collection 
times for the spectra (100 co-added interferograms) were less than 
2 min. The Model 300 ATR attachment (Barnes Analytical) with a 
parallelogram (25 X 10 X 3 mm) KRS-5 plate was used. 

The ATR crystals have been hydrated (before the deposition of the 
sample) by keeping them for a day in an atmosphere of constant relative 
humidity (r.h.). Constant r.h. was maintained by a saturated solution of 
an appropriate salt contained in a flat dish. Humidities were chosen so 
that the controlling salts had a constant temperature coefficient between 
20 and 27°C for their relative humidity (1 9). 

The ATR spectrum of the adsorbed sample was recorded and the 
crystal was kept in the sealed container holding the appropriate 
saturated salt solution at a controlled temperature. The attainment of 
equilibrium between the water of the adsorbed layers and the r .h.  of 
the ambient atmosphere was followed spectroscopically and was found 
to require several hours. 

Cytidine-5'-phosphoric acid (5'-CMP, MW 323. from yeast) and 
cytidine-5'-monophosphate (disodium salt) were obtained from thc 
Sigma Chemical Company, and used without further purification. 
A solution (250 yL) (0.1-0.2 mg r n K 1  in deionized water) of the 
compound was deposited on the hydrated crystal surface and the 
freeze-drying procedure was accomplished. The stages of freeze- 
drying and the cleaning procedure of the crystal have been described 
elsewhere (17). The crystal with the adsorbed sample was kept again 
for several hours in a controlled r.h. atmosphere. 

Surface deuteration experiments were performed. A layer of liquid 
deuterium oxide was deposited on the hydrated sample and freeze- 
dried. The frozen deuterium oxide was removed by sublimation. CMP 
molecules were deposited on the hydrated crystal surface by freeze- 
drying and then the crystal was kept for several hours in the corres- 

cctrurn. an ponding r .h.  atmosphere. After recording of the ATR sp- 
aqueous solution of HCl (pH = 2) was deposited and the freeze-drying 

was performed again. 
Hydration experiments were carried out at different mechanical 

states of the crystal surface. When the surface is pumped at 50°C for 
4 h ,  water is removed from the microvoids of the surface. During the 
freeze-drying procedure, molecules are trapped into the microvoids 
and the control of the r .h .  is no more possible. 

Results and discussion 
The structure and atom numbering of cytidine-5'-phosphoric 

acid, 5'-CMP(H), in the zwitterion form is given in Fig. 1. 
The ATR spectra of the 5'-CMP(H) show infrared continua 
extending over the entire range from 4000 to 1800 e m '  and 
again below 1400 e m ' .  Such a continuum is characteristic of 
easily polarisable hydrogen bonds with a double minimum 
potential well (14.20, 21). According to X-ray data (5) this type 
of hydrogen bond may be formed between the phosphate group 
and the protonated cytosine base nitrogen. For the cytidine- 
3r-phosphate polecule, Sundaralingam and Jensen (3) have 
found 2.783 A between the purine(3) nitrogen and the phos- 
phate qxygen atoms and the hydrogen-oxygen distance is 
1.679 A. This hydrogen bond is represented by the proton 
boundary structures P-OH+. . .N and P-0-. . .'HN. the 
second being of greater weight. The ir continuum in this system 
may also be caused by the polarizable H-bonds formed by the 
excess and defect protons which occur due to protolytic splitting 
of the adsorbed molecules (14). 

FIG. 1. Structure and numbering the 5'-CMP molecule. 

FIG. 2. ATR spectra of highly hydrated 5'-CMP(H) (1800-400 c m '  
region): ( a )  66% r.h.;  (b) 86% r.h.  

In the spectrum corresponding to 66% r.h. ,  the continuous 
absorption extends towards low wavenumbers and the absorbance 
of the continuum exceeds significantly the values corresponding 
to both 20% and 92% r.h. The strong absorption in the 
4000-3600 e m '  region has been assigned in a previous paper 
(17) to the stretching vibration of the water adsorbed on the 
thallium bromide iodide crystal surface. Figure 2 shows the 
1900-700 em-' region in the 5'-CMP(H) spectra for two 
different r.h. values - 66% (a)  and 86% (b). As r.h. is 
increased (Fig. 2b) the bands become sharper and better defined 
in the phosphate region. A strong dependence of the absorbance 
ratio A1280/A1262 on the r.h. is observed. The absorption of the 
1280 cm-' band increases with increasing amounts of water in 
the 66-92% r. h. range. For the main 1 100 em-' band, at lower 
r.h. values the bands are broad, many bands overlap, and the 
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FIG. 3. ATR spectra of the hydrated 5'-CMP at 4 4 4  r .h . :  (a )  acid 
fosm; (b) sodium salt form. 

resolution of the spectral features is not possible. In a previous 
paper (19) the ATR spectra of 5'-CMP were given for six 
different r.h. values and some assignments of the bands were 
made. A thorough examination of the phosphate region in 
both zwitterion and ionic forms (Fig. 3) leads to a tentative 
assignment of the observed bands. In the sodium salt form 
(Fig. 4) the asymmetrical and symmetrical vpO,>- vibrations 
corresponding to the fully ionized phosphate group have been 
assigned to the bands near 1100 and 985 cm-', respectively. 
Figure 4 shows that the intensity of the asymmetrical phosphate 
band (1 100 c m ' )  increases with increasing r.h. but no signifi- 
cant frequency displacements have been observed. As we have 
previously (17, 18) pointed out the phosphate group is the main 
hydration site in the mononucleotide molecule. 

In the zwitterion structure in the solid state ionized and 
unionized phosphate groups occur simultaneously and both of 
them are influenced by the degree of hydration. Therefore, 
the complexity of the zwitterion spectrum (Fig. 3a )  may be 
accounted for by a further lowering of the symmetry of the 
molecule with respect to the Na+ salt form. In addition, 
adsorption effects due to the field of the ATR crystal lattice have 
been observed. At lower r.h. the broad absorption centered at 
942 cm-' can be assigned to hydrated ionic phosphate groups. 
The presence of water molecules affects the intramolecular 
hydrogen bond by insertion between the two groups. As 
Bertolu77a et al. (16) have recently pointed out in the case of 
some phospholipids an indirect perturbation of the intramole- 
cular hydrogen bond by interaction of water molecules with the 
P-0- group is also possible. 

The shoulder at the lower frequency side of the broad band 
between 1050 and 1000 cm-' can be assigned to unionized 
P-OH groups (22) hydrogen bonded to the adsorbed water 
(in the first layers of the surface). This absorption is markedly 
reduced in the Na' salt form (Fig. 3b) as well as in the highly 
hydrated acid form (Fig. 2). The band located at 1280 cm-' 
may receive an important contribution from the external C-N 
vibration, but the strong coupling with C-C and ring C-W 

WAVENUMBERS ( crn-') 

FIG. 4. ATR spectra of the hydrated 5'-CMP in sodium salt form at 
different r.h. values: (a)  20% 7c.h.; (b)  7 6 9  r.h. 

FIG. 5. Dependence of the frequency of the carbonyl band ( v ~ = ~ )  
on the r.h. values in transmission and ATR. 

vibrations (10) does not allow a precise assignment. The other 
band in this region, the 1262 cm-' band was assigned to the 
vp=O vibration (22, 23). 

The important contribution of water to the absorption band 
of the CMP zwitterion structure has been demonstrated. The 
spectral pattern changes due to the surface deuteration of a 
highly hydrated sample. In the 1800-1600 c m '  region, both 
the water bending (about 1650 cm-')  and the 1680 c m '  band 
(assigned previously (9, 10) to the scissoring vibration of 
the amino group) are removed by deuteration. The strong 
dependence of v c = ~  on the r.h. 5% values has been observed in 
the transmission measurements (Fig. 5). The decrease of the 
frequency with increasing r.h. can be accounted for by the 
presence of C=O. .H-0-H hydrogen bonds in the hydrated 
molecule. The lack of this relationship in the surface hydration 
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r h., % 

FIG. 6. Dependence of the protonation degree (Ai684 /Al725)  on 
r.h. values. 

TI Br l 
C r y s t a l  

+ + +  - + +  
sur face  

FIG. 7. Water-assisted proton transfer at the crystal surface 

(ATR measurements) seems to show that the carbonyl groups 
are less involved with hydrogen bonding with surface water. 

Further protonation of CMP(H) results in an enhanced 
absorbance of the 1680 c m l  band. This band belonging to the 
"amino" scissoring receives an important contribution from 
the protonated structure (-CO-NH-). In addition, a weak 
absorption band near 2700 c m p l  has been observed. We have 
considered the A1680/A 1725 absorbance ratio as a measure of the 
degree of protonation. This ratio does not depend on the degree 
of hydration in the transmission measurements (Fig. 6). To the 
contrary, a strong dependence of this ratio on the r.h. has been 
found in the ATR spectra. The degree of protonation seems to be 
the highest when the r.h. value is approximately 66%. These 
results show the involvement of the surface adsorbed water 
n~olecules in the proton transfer processes (Fig. 7). The 
mechanism of this water-assisted proton transfer is not known. 
Zundel (14) pointed out that proton transfer equilibria are 
strongly shifted to the right when water molecules are added to 
the water-free solutions or to films of polymers. The ability of 
the adsorbed water to act by itself as a proton donor is evidenced 
by the following experiment. The crystal was pretreated under 
vacuum at 5Q°C and this has provoked a partial surface 
dehydration. In this way a network of very fine pores accessible 
to water was developed and the contact surface between the 
crystal and water strongly increased. Trapped CMP molecules 
in a crystal pretreated in this manner are strongly protonated by 
the adsorbed water molecules. In Fig. 8 the intensity of the 
1684 c m  ' band is strongly increased. The general pattern of the 
spectrum corresponding to the trapped molecules is the same as 
that of molecules protonated by addition of HCl. Thcse rcsults 
show that the adsorbed water may act as a strong donor by 
releasing its proton. 

FIG. 8. Enhanced protonation in the "trapped" molecules 

The increased degree of dissociation of the adsorbed water 
was reported in many of the earlier works on the special 
properties of the water adsorbed on silica glass surfaces 
(24, 25). Because of the strocger ionic character of the thallium 
bromide iodide surface as compared to silica, one may also 
expect a high degree of dissociation for water adsorbed on this 
surface. In order to exvlain the increased surface electrical 
conductivity a strong enhancement of the water dissociation by 
surface electrical fields was assumed by Fripiat et al. (24). 
Recently Ibach (26) and Chabal et al. (27, 28) showed that 
water adsorption on Si (100) is dissociative. Hydride formation 
upon molecular chemisorption of water on annealed surfaces 
has been indicated. Moreover, the electronic structure of 
molecularly adsorbed water has been computed theoretically 
(29, 30) with a semiempirical approach and it was demonstrated 
that water is chemisorbed to silicon surfaces. 

We have observed the occurrence of very narrow (micro- 
scopical) scratches on the surface when the crystal was 
submitted to a great number of freeze-drying procedures. 
Freezing of water in the voids involving volumetric expansion 
produces some mechanical destruction (frost action) (31-33). 
This mechanical inhomogeneity of the surface induces an 
energetic and structural inhomogeneity in the adsorbed water 
layers. Therefore, with low amounts of water (degassed crystal) 
the strongly adsorbed water can enhance proton transfer in the 
molecule. At higher r.h. values the depth of the adsorbed water 
layer becomes too thick and its properties are similar to those of 
bulk water. Our results show the importance of the mechanical 
state of the crystal in the FD-ATR measurements. Crystals 
having many microscopical channels adsorb water very strongly 
and the keeping of a constant r.h. level is quite difficult. 

Conclusions 
The freeze-drying ATR spectra of hydrated 5'-CMP in both 

acid and Na salt forms have been studied. Intramolecular 
hydrogen bonding with proton transfer resulting in an infrared 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2408 CAN J. CHEM VOL. 64. 1986 

continuum has been found for zwitterionic 5'-CMP(H) on the 
hydrated crystal. 

The  dependence of the general spectral pattern of 5'-CMP(H) 
on the r.h. has been pointed out. Assignments for the bands in 
the phosphate region of the hydrated 5'-CMP(H) are proposed. 

Surface deuteration of the semiprotonated 5'-CMP(H) showed 
the important contribution of the water bending vibration to 
the absorbance of the bands in the 1800- 1600 cm-  ' region. 
Deuteration and protonation studies on the hydrated samples 
were carried out in order to ascertain some assignments for the 
bands in this region. The 1684 cm- '  band has been assigned to 
a vibration having mainly NH+ character. 

The role of the adsorbed water in the proton transfer process 
has been underscored. The ability of the water molecules to act 
as proton donors has been accounted for by an increased degree 
of dissociation of the water adsorbed on  the thallium bromide 
iodide crystal surface. 
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Comparison of oxygen and sulphur adsorption on the (0001) surface of zirconium 
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P. C.  WONG and K. A. R .  MITCHELL. Can. J. Chem. 64, 2409 (1986). 
Low energy electron diffraction (LEED) and Auger electron spectroscopy (AES) have been used to compare the adsorption 

and coadsorption of O2 and H2S on the (0001) surface of zirconium where exposures are in the one to five Langmuir regime. The 
new observations made are as follows: (i) that sulphur forms a stable (3 X 3) surface structure after heating to 600°C; (ii) that the 
Zr(0001) surface with high O coverage adsorbs H2S, whereas the surface with high S coverage does not adsorb oxygen in 
detectable amounts; and (iii) that for surfaces with adsorbed H2S a sudden increase in the 150 eV to 92 eV Auger peak ratio occurs 
on heating to 530°C. 

P. C. WONG et K. A. R. MITCHELL. Can. J .  Chem. 64, 2409 (1986). 
On a utilist la diffraction Clectronique a basse Cnergie (DEBE) et la spectroscopie Clectronique du Auger (SEA) pour comparer 

I'adsorption et la coadsorption du O2 et du H2S sur la surface (0001) du zirconium, ou les expositions se situent dans le regime 
un a cinq de Langmuir. Les nouvelles observations qui ont pu &tre faites sont les suivantes : (i) apres avoir CtC chauffC a 600°C, 
le soufre forme une structure de surface (3 X 3) stable; (ii) la surface (0001) du Zr tres couverte par le O adsorbe le H2S alors 
que la surface tres couverte par le S n'adsorbe pas de quantitis dktectables d'oxygene et (iii) dans le cas des surfaces qui ont 
adsorbe du H2S et qui ont CtC chauffkes a 530°C, il se produit une augmentation rapide du rapport des pics a 150 eV et 92 eV du 
spectre electronique de Auger. 

[Traduit par la revue] 

1. Introduction 
There is considerable technological interest in the surface 

chemistry of zirconium (1-3), although information is still very 
liniited on the structural aspects of chemisorption at coverages 
of the order of a monolayer (formed by exposures of just a 
few Langmuir, where 1 L = l o p 6  Torr s). Some studies have 
recently investigated the chemisorption of small molecules like 
Hz,  0 2 ,  N2,  CO,  and NO on polycrystalline zirconium (4-7), 
and concluded that dissociative c h e m i ~ o r ~ t i o n  occurs followed 
by diffusion into the bulk on  heating at above 500 K (except 
hydrogen which desorbs at above 700  K). In addition. pre- 
liminary surface structural analyses with low-energy electron 
diffraction (LEED) for surface structures involving oxygen 
chemisorption provide support for the model of subsurface 
incorporation at low coverages (8, 9). In this model, O atoms 
occupy octahedral hole sites in zirconium, and therefore the 
structure relates to that of bulk ZrO rather than to that of the 
final oxidation product Z r 0 2 ,  which forms at higher oxygen 
exposures or higher temperatures (3, 10). 

This present paper uses LEED and Auger electron spectro- 
scopy (AES) to compare the adsorption and coadsorption of  O 2  
and H2S on the Zr(0001) surface. It is believed that such studies 
can provide further insight into the surface structures formed by 
low-exposure chemisorption on  zirconium. 

2. Experimental 
The apparatus and cleaning procedures used were as described 

previously from this laboratory for a LEED crystallographic analysis 
for the clean Zr(0001) surface (1 1). Adsorption studies were made on 
surfaces which showed sharp (1 X 1) LEED patterns, with hexagonal 
symmetry at normal incidence, and for which no contaminants were 
apparent with AES measured by a cylindrical mirror analyser. The 
experiments used high-purity oxygen or H2S which were directed to the 
Zr(0001) surface via a nozzle. For various exposures of the adsorbing 
gas, the relative amounts of adsorbed species were assessed with 
appropriate Auger peak height ratios; specifically for oxygen 

(i.e. the ratio of the Auger peak height for O at 510 eV to that of Zr at 
92 eV), and for sulphur 

(where is the peak height for overlapping Zr and S Auger signals 
at 150 eV). For Zr it appears advantageous to use the Auger peak 
which involves emission from the N shell; this limits the influence of 
attenuation and shiftjbroadening effects which have been noted in the 
valence shell spectra (4. 12). After each adsorption experiment, the 
sample surface was cleaned by Ar' bombardment and re-ordered by 
heating to 600°C followed by immediate cooling (heating and cooling 
rates are approximately 1°C sC1). The cleaned zirconium surface is 
characterized with Ro = 0.0 and R s  = 1.4. 

3. Results and discussion 
3.1 . O2 adsorption 

Exposure of a clean, ordered Zr(0001) surface to oxygen at 
room temperature yields (1 X 1) LEED patterns with high 
background, although (2 X 2) patterns can be observed after 
heating at below 220°C. This is less than the temperature at 
whichdiffusion into the bulk occurs, and therefore we  intemret 
the heating as providing just an ordering effect. The sharpest 
(2 x 2) pattern was obtained for an initial oxygen exposure 
(1.2 L) which gives Ro equal to 0.16; the associated surface 
structure appears sufficiently stable at room temperature and 
lo-'' Torr for the sharp LEED pattern to  be maintained for at 
least 3 days. With larger initial exposures to oxygen the (2 X 2) 
pattern gives way to a (1 x 1) pattern, which is best established 
with an exposure of about 3 .6  L and a surface coverage 
corresponding to Ro = 0.23.  The LEED intensity-versus- 
energy curves for this structure have clear differences from 
those of the clean Zr(0001) surface; examples for (1,1) beams 
are included in Fig. 1. 

3.2. H2S adsorption 
When a cleaned and ordered Zr(0001) surface was exposed 

to about 4 .2  L of H2S at room temperature, sulphur adsorption 
occurred (R = 2.8), but no extra LEED beams were detectable 
even after heating to 500°C. However, on  heating to 530°C, 
Rs  was found to increase to  3.1, an observation, which in 
conjunction with a report by Lin and Gilbert (7), appears to 
be associated with hydrogen desorption. Further, with a short 
heating to 600°C, a very sharp (3 x 3) LEED pattern was 
observed on  cooling to room temperature, for which Rs  
remained at 3.1. Higher S coverages, as measured by R s ,  can be 
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ELECTRON ENERGY ( e V )  

FIG. 1. Intensity versus energy curves measured for the (1 , l )  beam 
from (a) clean Zr(0001), (b) Zr(0001)-(2 x 21-0 with Ro = 0.16, 
(c) Zr(0001)-(1 X 1) with Ro = 0.23, (d) Zr(0001)-(3 X 3)-S 
with R s  = 2.4, ( e )  Zr(0001)-(3 X 3)-S with R s  = 3.1. 

obtained by giving larger initial exposures to H2S; however, 
following annealing at 600°C, the (3 x 3) LEED patterns show 
increasing disorder as Rs increases beyond 3.1. Intensity- 
versus-energy curves for the diffracted beams (e.g. Fig. 1) 
suggest that the moderate coverage (3 X 3) structures with Rs 
less than 3.1 correspond to mixed regions of clean surface and 
of (3 x 3) domains. The latter regions appear to be stable for 
long periods. 

3.3. 0 2  and H2S coadsorption 
A series of experiments for assessing structural aspects of the 

coadsorption of O2 and H2S on an initially clean Zr(0001) 
surface have been made, and the results are summarized in the 
following subsections. 

3.3.1. 0 2  on Zr(0001)-(3 x 3)-5 with Rs > 3 . 1  
No evidence could be found from AES or LEED for oxygen 

chemisorption occurring on (3 x 3) surfaces with Rs greater 
than 3.1 when exposed to oxygen at room temperature. 
The same statement holds for these surfaces when annealed 
following the procedures used above for the formation of the 
Zr(0001)-(2 x 2)-0 and Zr(0001)-(1 X 1)-0 surface 
structures. 

3.3.2. O2 on Zr(0001)-(3 X 31-5' with Rs < 3.1 
When a partially S covered (3 x 3) structure was exposed to 

oxygen, and treated according to the conditions that give the 
(2 X 2)-0 structure as in 3.1, the LEED pattern shows a 
superposition of the individual (2 x 2)-0 and (3 X 3)-S 
patterns. This observation is consistent with the existence of 
separate (2 X 2)-0 and (3 x 3)-S domains on the surface, 
with linear dimensions 1a;ger than the transfer width of the 
instrument used (- 100 A) (13). For an initial partially S 
covered surface with Rs = 2.3, values of Rs and R ,  were found 
to be 2.1 and 0.13, respectively, after the preparation of the 
mixed surface. The decrease of Rs appears associated with the 
effect of oxygen on the Auger zirconium signal at 150 eV ( 12). 

On further heating to 600°C, the (3 X 3) part of the LEED 
pattern remains essentially unchanged and Rs returns to 2.3, 
while the (2 X 2) pattern disappears and Ro goes to zero as 
expected for oxygen diffusion into the bulk. 

3.3.3. H2S on Zr(0001)-(2 x 2)-0 
When an oxygen surface which shows a (2 X 2) LEED 

pattern with Ro = 0.16 and Rs = 1.3 was exposed to about 
3.5 L of H2S at room temperature and annealed at 530°C, a 
diffuse (1 x 1) LEED pattern with high background was 
observed. However, with further heating at 600°C, a very sharp 
(3 X 3) LEED pattern was recovered on cooling to room 
temperature (Ro = 0.0, Rs = 2.3). 

3.3.4. H2S on Zr(0001)-(1 X 1)-0 
The observation in 3.3.3 was found to extend even to a 

surface with the highest oxygen coverage considered here 
(viz. Zr(0001)-(1 X 1)-0 with Ro = 0.23). After exposure 
to H2S at room temperature, the LEED pattern becomes diffuse 
with high background (Rs = 2.3, Ro = 0.26), but after 
annealing at 600°C and cooling to room temperature a sharp 
Zr(0001)-(3 x 3)-S pattern results with Rs = 2.9 and 
Ro = 0.0. 

3.3.5. Coadsorption without annealing 
AES shows that the basic tendencies observed in 3.3.2 and 

3.3.4 extend also to a Zr(0001) surface which is treated entirely 
at room temperature. Specifically it was found that oxygen does 
not significantly adsorb on a high S coverage Zr(0001) surface, 
whereas H2S will adsorb on a high 0 c ~ \ ~ e r a g e  surface. 

4. Concluding remarks 
This work highlights the contrasting behaviours of oxygen 

and sulphur chemisorption on the Zr(0001) surface. Thus while 
the highest coverage oxygen surface is still able to adsorb H2S, 
the highest coverage sulphur surface does not adsorb oxygen in 
detectable amounts. These observations are consistent with 
oxygen forming subsurface structures (8), whereas sulphur 
probably forms a coincidence-site (3 x 3) structure in which the 
overlayer involves either a sufficiently high density of S atoms 
to block 0 adsorption, or a protective combined layer of Zr and 
S ,  perhaps with a zirconium sulphide structure. Analyses of the 
surface geometries of these systems are in progress, but the 
general chemical observations reported here do appear to set 
some limits on the possible structural arrangements. Investiga- 
tions are also undcnvay to probe the origin of the increase in Rs 
at 530°C for surfaces which initially contain H2S. Finally it is 
noted that this work provides no evidence for significant sulphur 
and oxygen combination processes, either when surfaces with 
coadsorbed S and 0 are heated. or when S-saturated surfaces 
are heated in oxygen. 
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Comparative sulphur cation chemistry 
in a hydrocarbon flame with H2S, OCS, and SO2 additives 
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NICHOLAS S.  KARELLAS and JOHN M .  GOODINGS. Can. J. Chem. 64, 2412 (1986) 
A fuel-rich, conical, premixed, methane-oxygen flame at atmospheric pressure was doped separately with 0 . 2  mol% of HzS, 

OCS, and SOz to probe the chemistry of sulphur at its source during combustion. These three additives represent a broad range of 
fuel-sulphur contaminants since they occur early, intermediate, and late in the sulphur oxidation sequence. A wide variety of 
sulphurous cations, formed by chemical ionization reactions, is observed for each-additive by sampiing the flame into a mass 
spectrometer. The total ionization profile measured along the flame axis is enhanced in the reaction zone when a sulphur additive 
is present; the mechanism involves the formation of sulphurous negative ions which reduces the rates of cation loss by 
electron-ion recombination and ambipolar diffusion. Mass spectra measured in the mass range 10- 1 10 u at fixed points on the 
flame axis are very similar for all three additives, and are not helpful in the identification of the additive. However, the general 
presence of sulphur is evident from large signals measured near the reaction zone at five principal mass numbers; namely, 45 u 
(CHS'), 47 u (CH3S'), 58 u (C2H2SA), 59 u (C2H3S+), and 69 u (C3HS') related to CS, thioformaldehyde, thioketene, 
and C3S. 

NICHOLAS S.  KARELLAS et JOHN M. GOODINGS. Can. J. Chem. 64, 2412 (1986). 
Dans le but d'Ctudier la chimie du soufre a sa source au cours de sa combustion, on a dopC une flarnme oxygenelmCthane, 

prtmClangCe, conique, riche en carburant et operant a la pression atmosphtrique avec 0 , 2  mol% de l'un ou l'autre des composCs 
suivants, soit le HzS, le OCS ou le SOz. Ces trois additifs correspondent un Cvantail large de contaminants carburantlsoufre, 
puisqu'ils se retrouvent tant au debut, qu'a la fin ou au cours du stade intermkdiaire de la suite des oxydations du soufre. Pour 
chacun des additifs et faisant appel2 un Cchantillonage par spectromCtrie de masse, on peut observer une grande variCtC de cations 
sulfureux, qui se foment  par des rkactions d'ionisations chirniques. Lorsqu'un additif de soufre est prCsent, le profil total 
d'ionisation, tel que mesurC en suivant le dCveloppement de l'axe de la flamme, subit une augmentation dans la zone de la 
rkaction; le micanisme implique une formation d'ions sulfureux ntgatifs qui rCduit les taux de perte de cations par recombinaison 
Clectronlion et par diffusion ambipolaire. Les spectres de masses, mesurCs entre 10 et 100 u et a des points fixes de l'axe de la 
flamme, sont trks semblables pour chacun des trois additifs et ne sont pas utiles pour ]'identification de l'additif. Toutefois, la 
presence gCnCrale de soufre est Cvidente a partir de signaux trks importants qui sont mesurCs pres de la zone rCactionnelle, a cinq 
valeurs principales de masse, soit 45 u (cHS'), 47 u (CH3S' ), 58 u (C2H2S'), 59 u ( C 2 ~ ? S ' )  et 69 u (C,HS-) qui sont relites 
respectivement au CS, au thiofomaldChyde, au thiocetene et au C3S. 

[Traduit par la revue] 

Introduction 
Combustion processes account for more than 90% of the 

energy consumed in the United States (1). Also, more than 90% 
of SO, emissions result from combustion (1). A Canadian 
emissions inventory indicates that 80% of the total SO2 
emissions arise from a relatively few point sources concentrated 
in industrial sectors involving smelters, major utilities, and 
fossil fuel production plants (2). Our objective has been to 
learn as much as possible about the chemistry of sulphur 
in combustion by observations of sulphurous ions formed in 
a hydrocarbon flame doped with fuel-sulphur additives. By 
sampling the flame at atmospheric pressure into a mass 
spectrometer, it is possible to probe the sulphur chemistry at its 
source in and around the flame reaction zone. 

Initially, studies of sulphurous anions were carried out in a 
premixed, fuel-rich, CH4-O2 flame doped with QCS ( 3 ) ,  and 
with H2S and SO2 in addition for comparison purposes (4). The 
sulphur chemistry gives rise to a variety of species of high 
electron affinity leading to large sulphurous anion signals 
confined mainly to the flame reaction zone. The positive ion 
chemistry is more complex, but extends through the reaction 
zone into the burnt gas downstream. In a recent study of the 
same flame with OCS additive, more than 40 suiphurous cations 
were observed in the mass range below 110 u ( 5 ) .  The ion 
chemistry leading to the formation of these cations has been 
considered in detail involving reactions of primary sulphur ions 
with neutral hydrocarbon flame constituents (5). 

The present study extends the observations of sulphurous 
cations in the same fuel-rich, CH4-O2 flame doped separately 
with 0.2 mol% of HzS, OCS, and SOz. These three additives 
were chosen to be early, intermediate, and late in the sulphur 
oxidation sequence. As such, they cover a broad range of 
possible fuel-sulphur contaminants. We hoped to establish 
mass-spectrometric fingerprints in different flame regions from 
which the nature of the sulphur contaminant could be identified. 
In fact, the three additives give very similar mass spectra, 
indicative of extensive pyrolysis of the fuel-sulphur early in 
the reaction zone. However, general fingerprints for sulphur 
compounds are evident at five principal mass numbers. Also. 
the sulphur additives enhance the observed total positive ion 
signals primarily in the flame reaction zone. The mechanism 
of the latter enhancement has been traced to the formation of 
sulphurous anions which affect the normal rates of cation loss 
by electron-ion recombination and ambipolar diffusion. 

Experimental 
All of the ion concentration measurements were performed on 

the same CM4-0, flame of fuel-rich composition (equivalence ratio 
4 = 2.15) whose ion chemistry we have studied extensively in the past 
(6. 7). It was of the laminar premixed type with a conical luminous 
reaction zone (height 5 mm, base diameter = 3 mm, thickness = 
0.3 mm) to facilitate ionic sampling along the flame axis into the mass 
spectrometer. The flame has a burnt gas velocity of approximately 
1 m s-' and an adiabatic flame temperature of 2460 K, although 
the measured temperature of the equilibrium burnt gas was close to 
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2200 K. The flame was stabilized at atmospheric pressure on a simple, 
tubular, quartz burner (2.3 mm id) surrounded by a flowing argon 
shield to minimize the entrainment of atmospheric air. Provision was 
made to add separately 0.2 mol% of H,S, OCS, or SO, to the premixed 
gas in exactly the same way as was done previously for the study with 
OCS (5). The additive could be introduced or removed without altering 
the flame. All gases were used straight from the cylinders without 
further purification (CH4 > 99.0%, O2 > 99.6%, Ar > 99.9%, H2S > 
97.5%, OCS > 97.5%, SO, > 99.90%). The burner was mounted on a 
motor--driven carriage with accurate alignment of the flame axis with 
the sampling orifice of the mass spectrometer. The calibrated burner 
drive provided spatial resolution of 2 0 . 0 2  mm along the flame axis 
(designated z) for measurements of ion concentration profiles. 

The flame-ion mass spectrometer has been described previously 
in detail (6). The flame burned against a 60°, conical, chromium, 
sampling nozzle of orifice diameter ca. 0.1 mm mounted in a 
water-cooled flange of the type described by Hayhurst and Telford (8). 
The sampled ions pass through two stages of differential pumping into 
a quadrupole mass filter. The mass-analyzed ions are detected with a 
parallel-plate Faraday collector connected to a vibrating reed electro- 
meter having a grid-leak resistance of 101° ohms. The ion signal 
magnitudes in the figures are quoted in volts based on the detected ion 
current passing through 10" ohms. The mass spectra shown below 
have been corrected for mass discrimination in the filter against ions of 
high m/e  measured at high resolving power. The dynamic range of 
sensitivity of the apparatus is five orders of magnitude. 

A method has been described (6) involving a relatively sharp 
minimum in the pressure profile of the sampled gas for locating a 
reproducible origin (z = 0) in the flame (not referred to the burner). It 
corresponds to the downstream edge of the luminous reaction zone on 
the flame axis. In this way, a family of ion profiles at different mass 
numbers m / e  can be accurately overlaid on the distance scale z. It is 
also an imporiant consideration when comparing mass spectra at fixed 
points on the flame axis (e.g. z = - 0.15 mm upstream in the reaction 
zone, and z = 0.2 and 1.5 mm downstream) for the undoped flame 
with those measured in the presence of an additive. Small changes in 
position can alter the spectra considerably. 

Results and discussion 

Figure 1 gives profiles of the total positive ion signal 
measured along the flame axis for the undoped flame and for the 
flame doped separately with 0.2 mol% of H2S, OCS,  and SO2.  
These signals are obtained by removing the dc voltage from the 
rods of the quadrupole mass filter so  that ions of every m l e  are 
transmitted. Although the peak magnitude of all four profiles is 
constant within experimental error: the upstream ion signals in 
the reaction zone are enhanced. A shoulder is evident on the 
profiles, particularly that for SO2 where the total ion signal is 
almost doubled. The effect is progressively smaller with OCS 
and H2S although still clearly evident. One possible explanation 
is the occurrence of a new chemi-ionization reaction involving 
sulphur species such as 

which is analogous to  the usual fundamental chemi-ionization 
process normally associated with hydrocarbon flames (9) 

(standard heats of reaction AH' are given in kcal mol- '  at 
298 K). However, reaction [ I ]  is unlikely because it is so 
endothermic. Also, it is difficult to explain the constant 
profile peak magnitude if a second chemi-ionization reaction is 
operative. In the previous OCS study ( 5 ) ,  we stated that we  
did not have a satisfactory explanation of the enhanced total 
ion signal in the flame reaction zone. However, the correct 

FIG. 1 .  Total positive ion profiles in the absence of sulphur (solid 
line) and with the flame doped with 0.2 mol% of H2S, OCS, and SO,. 
The reaction zone is located upstream of z = 0 (negative z ) .  

FIG. 2. Total negative ion profiles in the absence of sulphur (solid 
line) and with the flame doped with 0 .2  mol% of H2S, OCS, and SO2. 
The reaction zone is located upstream of z = 0 (negative z). 

explanation of the phenomenon is now forthcoming and has 
far-reaching consequences, particularly for the mass spectra 
observed with the SO? additive. 

At each point in the flame, the steady-state ion signal 
observed is governed mainly by the advection of ions (i.e. 
transport by the neutral flow) to and from that point. The slope 
on the total ion profile depends on the relative rates of 
ion production, essentially by reaction [2], and ion loss via 
recombination processes and ambipolar diffusion. Upstream in 
the reaction zone, the profiles with sulphur additives rise more 
steeply than the undoped flame profile. The steeper rise is 
indicative of either increased ion ~ r o d u c t i o n  or decreased loss. 
Decreased loss is the logical candidate for the following reason. 

Figure 2 shows total negative ion profiles for the undoped 
flame and for the same three s u l ~ h u r  additives under the same 
flame conditions taken from an earlier study of sulphurous 
anions (4). The order of anion peak magnitudes is undoped 
< H2S < OCS < SO2. Since a flame is a quasi-neutral plasma, 
an increased negative ion concentration implies a decreased 
concentration of free electrons. Rate coefficients a for ion-ion 
recombination are, in general, about an order of magnitude 
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smaller than electron-ion recombination coefficients (10- 12). 
Also, for a plasma at thermal equilibrium, it is easy to show that 
the ambipolar diffusion coefficient D, for ion-ion diffusion can 
decrease-by at most a factor of two compared with D ,  for 
electron-ion diffusion (1 3). Thus, relatively fast electron-ion 
loss processes are replaced by slower ion-ion processes in the 
presence of sulphur additives, with a concomitant increase in 
the total positive ion signal. In the reaction zone, the rate of 
diffusion loss - D,d2n/dz2 along the flame axis z involving the 
second derivative of the charge concentration n can be estimated 
from the upstream undoped profile given in Fig. 1. It amounts 
to 2 X lo i3  ions cm-3 s-' for D, = 2 cm2 s-' at 1500 K and 
1 atm (9, 14) and a peak ion concentration of 2 :< 101° cm-3 
(15). Diffusion loss in a radial direction can be neglected 
because the radial concentration profile is flat near the flame 
axis in the reaction zone. The electron-ion recombination loss 
rate a n 2  has the same value for (Y. = 2 X lop7 cm3 s- ' (9, 14). 
When the negative ion concentration is increased by the addition 
of sulphur compounds, a decreases more than D, and the change 
of the recombination rate is probably dominant. However, the 
approximate equivalence of diffusion loss and recombination 
loss in the reaction zone is a rather surprising result for a flame at 
atmospheric pressure. In contrast, near the peak of the positive 
ion profile "at pressures above about 30 mm Hg, ambipolar 
diffusion does not play an important role" (16). In any event, 
Fig. 1 shows that the upstream positive ion signal magnitudes 
follow the expected negative ion order given in Fig. 2: namely, 
undoped < H2S < OCS < SO2. It is not necessary to invoke 
a new chemi-ionization reaction for ion production involving 
sulphurous neutrals. 

A bit further downstream in the reaction zone near z = 

- 0.2 mm, the shoulders on the positive ion profiles in Fig. 1 are 
observed to occur near the negative ion profile peaks given in 
Fig. 2.  At this point in the reaction zone, the flame temperature 
is rising rapidly and the negative ion signals decrease sharply 
due to thermal detachment processes which regenerate free 
electrons. The slower loss of cations by ion-ion processes is 
replaced by faster electron-ion processes; the slopes of the 
cation profiles decrease and bend over to form the shoulders 
observed in Fig. 1. The shoulders indicate an enhanced rate of 
ion loss by electron-ion processes, and the profiles for the 
doped flames "catch up" to the undoped flame profile. By the 
time the peak position of the total positive ion curves is reached 
all of the profile magnitudes are the same within experimental 
error. In general, the anion and the cation chemistry proceed 
independently in flames. This upstream phenomenon is a rare 
case where the anions and cations interact, albeit indirectly. 

Downstream of the peak in Fig. 1 ,  the profile magnitudes 
for the doped flames are slightly greater than the magnitude 
of the undoped flame profile. In this region, the negative ion 
concentration is too small to alter the cation signal significantly 
and a different explanation must be invoked. The outstanding 
difference between the undoped and the doped flames is that the 
latter all show a number of sulphurous cations whose profiles 
maximize just downstream of the  total ion peak.  he major 
sulphurous ion profiles are given in Fig. 3 for the flame doped 
with OCS, together with the H30+ profiles for the doped and 
undoped flames. In decreasing order of signal magnitude these 
ions are assigned to 45 u (CHSf),  47 u (CH3S+), 58 u 
(C2H2Sf ), 69 u (C3HSf ), and 59 u (C2H3Sf). That is, the large 
sulphurous cations at this point in the flame are protonated forms 
of CS, KCHS, CH2CS, and C3S except for ionized thioketene 
C 2 H 2 S t  The latter is probably formed from protonated 

FIG. 3. Profiles of the five major sulphurous cations at 45 u (CHS'), 
47 u (CH3S'), 58 u (C2H2St), 59 u (C2H3S+), and 69 u (C3HS+) for 
the flame doped with 0.2 mol% of OCS additive. The profile at 19 u 
(H30') is also shown with OCS present (dashed line) and absent (solid 
line). The reaction zone is located upstream of z = 0 (negative z). 

thioketene C2H3Sf by exothermic reactions such as (5) 

[3] C2H3S+ + H (OH) CZH2S+ + Hz (H20) 

All of these sulphur species have high proton affinities (17). 
Their presence effectively delays the protonation of water to a 
region further downstream in the flame, as shown by the shift of 
the H30+ profile in Fig. 3. The behaviour with H2S and SO2 
additives is similar to that shown for OCS. The enhanced total 
ion signals downstream in Fig. 1 for the sulphur-doped flames 
indicate a lower rate of electron-ion recombination for the 
sulphurous cations. That is, a reduced ionic loss rate correlates 
with an enhanced total ion signal. The expected loss process for 
protonated cations is dissociative recombination of the type 

involving the proton bond. It is tempting to hypothesize a 
correlation of a high proton affinity with a low electron-ion 
recombination coefficient, but available data are inadequate to 
substantiate such a claim. 

Mass spectra 
In our previous study with the OCS additive (5), it was shown 

that primary sulphur ions CH,Sf (x = 1, 3, 5) in the reaction 
zone undergo extensive ion-molecule reactions with CH4/CH3, 
C2H2, and OCS to form a considerable variety of secondary 
sulphurous cations. Just downstream of the reaction zone, the 
ion chemistry appears to be dominated by reactions of primary 
sulphur ions including H,S' (x = 0-3) with C2H2 present as an 
intermediate. A few ions (H,S', SO+, S z + )  persist throughout 
the burnt gas region in equilibrium with the natural flame ions 
HCO+ and H 3 0 f .  As a general comment about the present 
study, much of the detailed ion chemistry observed with OCS 
appears to be operative with the H2S and SO2 additives as well. 
However, it was not the purpose of the present study to reiterate 
the sulphur ion chemistry in detail discussed previously for OCS 
(5). Rather, it was the intention to see if different additives 
provide distinctive sulphurous cation signals at various points 
in the flame which can be identified with a particular additive. 

Mass spectra were scanned in the range 10-1 10 u in the 
undoped flame and in the flame doped separately with 0.2 mol% 
of H2S, OCS, and SO2. The spectra were measured at three 
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/ SPECTRA A T  -0. 15 rnm U. S. 

I O N  MASS Nl 'M[ IF2 (u) 

FIG. 4. Mass spectra measured at z = - 0.15 mm upstream in the flame reaction zone. The spectra are presented in groups of four at each mass 
number corresponding (from left to right) to the undoped flame (dashed line) and the flame doped with 0.2 mol% of H2S, OCS and SO2 (solid lines). 

fixed points on the flame axis: upstream in the reaction zone, 
near the peak of the total positive ion profile, and downstream in 
the burnt gas. Figure 4 refers to a point in the reaction zone at 
z = - 0.15 mm upstream near the shoulder position on the total 
positive ion profiles. At each mass number, the spectra are 
presented in groups of four corresponding (from left to right) to 
the undoped flame (dashed) followed by the H2S, OCS, and 
SO2 additive signals. Essentially two types of behaviour are 
observed. Firstly, the presence of sulphurous cations is evident 
at those mass numbers where all three additives produce a 
substantial increase in signal magnitude compared with that 
of the undoped flame. Prominent examples occur at 45-49 u 
(CH,Sf, x = 1-5), 58-61 u (C2H,Sf, x = 2-5), 71 u 
(C3H3S+), 77-79 u (CH,S2+, x = 1-3 and possibly also 
(CH3)2SOH+ at 79 u), 85 u (C4H5S'), and 97 u (C5H5S+). 
Within many of these groups, the highest ion signal is observed 
with OCS, the next highest with H2S, and the smallest with the 
SO2 additive. As mentioned previously (5), OCS appears to be 
an effective donor of S atoms in ion-molecule reactions of 
the type 

[ 5 ]  XY + + OCS --z XYS+ + CO 

In general, most of the sulphurous cations involve the formation 
of a C-S bond. For a given ion, the relative signal magnitudes 
for the three additives correlate with the inverse order of their 
bond dissociation energies which is OC-S (71.6 kcal mol-I) 
< HS-H (89.0) < OS-0 (130.5). In the case of SO2, both 
S-0 bonds must ultimately be broken to form a C,,H,Sf ion 
but the initial formation of SO as a reactive intermediate is 
probably required for sulphurous cation formation. 

The second type of behaviour is evident at mass numbers 
where the additives produce little change from the undoped 
flame signal (e.g. H30f  at 19 u,  C3H3+ at 39 u,  etc.). In a 
number of these cases, however, H2S and OCS produce little 
change but SO2 shows a substantial increase (e.g. protonated 
ions of formaldehyde CH30+ at 3 1 u, methyl alcohol CH5Of at 
33 u, ketene C2H30f at 43 u. and hydrated hydronium H502+ at 
37 u, etc.). The reason for the enhancement with SO2 follows 
directly from the explanation already given for the upstream 
shoulders on the total ion profiles shown in Fig. 1. Negative ions 

are most readily formed with the electronegative SO2 additive 
so that the loss rates of individual ions by electron-ion 
recombination and ambipolar diffusion are correspondingly 
decreased. In general, an increase in signal magnitude at a 
given mass number in the presence of a sulphur additive is not 
sufficient evidence for the production of a sulphurous cation, 
and caution must be exercised. 

The prospects for the identification of a particular sulphur 
additive from the mass spectra are disappointing. This is 
exemplified in the present study involving the three additives 
H2S, OCS, and SO2 which occur early, intermediate, and late in 
the sulphur oxidation sequence. Distinguishable behaviour of 
different additives is most likely to be observable in the reaction 
zone before very much time for chemical reaction has elapsed. 
From these spectra it is evident that pyrolysis of the additive 
precedes the ion chemistry to a considerable degree such that all 
three additives show substantially the same sulphurous cation 
signals. Even the behaviour observed with SO2 is not unique 
since any electronegative additive will show the same pheno- 
menon. The high mobility of free electrons permits them to 
diffuse upstream against the flow to some degree where they 
attach to-electronGative species to form negative ions; the 
process is aided by the lower upstream flame temperature. 

The behaviour further downstream with the three additives 
is even more regular as equilibrium is approached. Figure 5 
presents spectra at z = 0.2  mm, a point on the flame axis near the 
maximum of the total positive ion profiles. The same groups of 
four signals are given at each mass number for the updoped 
flame (dashed) and for the flame doped with H2S, OCS, and 
SO2. Series of sulphurous cations are evident at 34 and 35 u 
(H2Sf and H3Sf,  protonated HS and H2S), 44-49 u (CH,Sf, 
x = 0-5), 57-61 u (C2H,Sf, x = 1-5), 68-71 u (C3H,Sf, 
x = 0-3), 81-86 u (C4H,Sf, x = 1-6), and >92 u (C5HxS+, 
x > 0) although the signal magnitudes are very small above 
72 u. 

Those ions which persist well downstream in the burnt gas are 
shown in Fig. 6 measured at z = 1.5 mm for the undoped and 
sulphur-doped flames. The usual signals are obtained for H 3 0 +  
(19 u) with its ''0 isotopic derivative (21 u) and first hydrate 
H5O2+ (37 u). The presence of HCO' (29 u) is indicative of the 
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tix~x 2 ~ 1  5 
t t . t  t t !  t 
r- m: 0 m u ,  b 
m m: a a- a 

I 
SPECTRA A T  0. 2 mm D. S. 

FIG. 5. Mass spectra measured at z = 0.2 mrn, just downstream of the flame reaction zone. The spectra are presented in groups of four at each 
mass number corresponding (from left to right) to the undoped flame (dashed line) and the flame doped with 0 .2  mol% of H2S, OCS, and SO2 
(solid lines). 

ION Mj4:,5 t ~ l ' b l t j i H  :-,i 

FIG. 6. Mass spectra measured at z = 1.5 nlm dow~lstrearll in the burnt gas. The spectra are presented in groups of four at each mass number 
corresponding (from left to right) to the undoped flame (dashed line) and the flame doped with 0.2 mol% of H2S, OCS, and SO: (solid lines). 

proton transfer equilibrium 

where CO (mole fraction 0.30), not C 0 2 ,  is the major carbon- 
containing product in the burnt gas of this fuel-rich flame. 
The remnants of the very large C3H3+ signal (39 u) are still 
observable, and a trace of Na+ impurity (23 u) is observable 
too. The very curious groups of signals around 56,74,  and 91 u 
have beer? traced to Fe(C0)5 present as an impurity in the lecture 
bottle of OCS. In addition to the major isotope 5 6 ~ e  (91.8% 
abundance), iron has the stable isotopes 5 4 ~ e  (5.8%), 5 7 ~ e  
(2.1%), and 5 8 ~ e  (0.3%). The major isotope produces the ions 
Fe+ (56 u), FeH+ (57 u), F ~ O H +  (possibly formed by protona- 
tion of FeO, 73 u), Fe+.H20 (=  protonated FeOH, 74 u), 
FeOH+. H 2 0  (= protonated Fe(OH)2, 91 u), and Fe+. 2H20 
( =  the first hydrate of protonated FeOH, 92 u), with a hint of 

FeCO+ (84 u). The same signals were reproduced by spraying 
an aqueous solution of Fe(C1)3 into the flame using an atomizer. 
A number of these iron ions, notably Fe+ (56 u), are also evident 
in Fig. 5 for the OCS additive. The flame-ion chemistry of 
transition metals is the subject of ongoing research in our 
laboratory. 

The persistent sulphurous cations in Fig. 6 include H2S+ 
(protonated HS, 34 u), H3S+ (protonated H2S, 35 u) and the 
remnants of some of the CHIS+ ions (x = 0-5 at 44-49 u) 
whose profiles decrease to zero somewhat further downstream. 
Within this latter group, SO+ (48 u) is evident for all three 
additives. Relatively large signals are obtained for S2+ (64 u) 
and its 34S isotopic derivative (66 u, 4.2% natural abu~dance). 
The flame was doped separately with an equal concentration 
(0.2 mol%) of the three sulphur additives. although these 
sulphur compounds tend to "stick" in the tygon tubing connect- 
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ing the flow meter to the burner. Even allowing for some 
experimental variation in additive concentration, the sulphurous 
cation signals at a given mass number from the three additives 
are not constant. Evidently the sulphur species have not attained 
equilibrium 1.5 mm downstream of the reaction zone. 

Conclusions 
A fuel-rich, CH4-O2 flame was doped separately with 

0.2 mol% of H2S, OCS, and SO2 chosen to be early, inter- 
mediate, and late in the oxidation sequence of fuel-sulphur. 
A number of conclusions can be drawn about the comparative 
behaviour of the three additives. 

(1) A great variety of sulphurous cations is observed in the 
mass range 30- 110 u, but the same cations are observed with all 
three additives. 

(2 )  The total ionization profile is enhanced in the flame 
reaction zone when sulphur additives are present. The magni- 
tude of the enhancement increases with increasing tendency of 
the additive to form negative ions. 

(3) The mechanism of the enhancement involves a decreased 
rate of loss for positive ions when relatively fast cation-electron 
recombination and ambipolar diffusion are replaced by the 
corresponding cation-anion processes which have slower rates. 
The change of the recombination rate is probably the dominant 
effect. 

(4) When a sulphur additive is present, the observation of an 
enhanced ion signal does not constitute a yriori evidence for the 
formation of a sulphurous cation. The above mechanism is also 
applicable to non-sulphurous ions in the flame reaction zone, 
and caution must be exercised. 

( 5 )  This phenomenon is a rare case in flame-ion chemistry in 
which the positive ion chemistry and the negative ion chemistry 
interact, albeit indirectly. 

(6) Just downstream of the reaction zone, the maximum total 
positive ion signal observed is the same whether or not a sulphur 
additive is present. This provides evidence that the sulphurous 
species are not involved in any new chemi-ionization reaction. 

(7)  Downstream throughout the burnt gas, the total ion signal 
is slightly enhanced when a sulphur additive is present. In 
general, sulphurous species have higher proton affinities than 
their oxygen analogues (17). The formation of a number of 
protonated sulphurous cations early in the burnt gas appears to 
delay the normal recombination of H 3 0 +  ions to a region further 
downstream. 

( 8 )  Mass spectra of sulphurous cations scanned at fixed 
points in the flame are very similar for all three additives, even at 
an early stage in the flame reaction zone. Evidently appreciable 
pyrolysis of the sulphur additive precedes the ion chemistry. 

(9) The mass spectra are not helpful in revealing the identity 
of the sulphur additive. The detailed sulphurous ion chemistry 

has already been discussed for the OCS additive (5). It is 
expected to be very similar for H2S and SO2, and also for other 
sulphur compounds present as fuel contaminants. 

(10) For analytical or monitoring purposes, sulphurous 
cations are best observed just downstream of the flame reaction 
zone where the sulphur ion chemistry is fully developed. In 
order of increasing mass number or, coincidentally, decreasing 
signal size, the major ions occur at 45 u (CHS+), 47 u 
(CH3S+), 58 u (C2H2S'), 59 u (C2H3S+), and 69 u (C3HS'). 
Most of the total sulphurous cation signal is encompassed by 
these five ionic species. 
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Sulfoconjugation of dopamine. 
A critical examination of the reaction between dopamine and concentrated sulfuric acid 
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Dopamine, a physiologically important biogenic amine, is readily sulfoconjugated in vivo to give the 3- and 4-0-sulfates of 
pharmacologic importance. A major synthetic source of these esters has involved reaction of dopamine with sulfuric acid; 
however, the homogeneity of the products of this apparently straightforward reaction has been questioned. For this rcason, in the 
present study this reaction was studied in considerable detail and our results establish that the concern about the authenticity 
and purity of dopamine-0-sulfates used for pharmacological studies is justified. In addition to the esters, difficultly separable 
dopamine-2, -5, and -6-sulfonic acids, plus several unidentified products, were obtained. A detailed account of the isolation and 
physicochemical characteristics of the identified products is presented. The dopamine-0-sulfates, whose structures have recently 
been established unequivocally by single crystal X-ray diffractometric analysis in this laboratory. were further characterized 
by means of mass (electron impact, field desorption, and fast atom bombardment) and 'H and 13C nuclear magnetic 
resonance spectroscopy. In addition, redox potentials for the isolated reaction products, as well as high performance liquid 
chromatography, thin-layer chromatography, and color reactions of the dopamine-0-sulfates, are reported. Thermolysis of the 
3- and 4-0-sulfates yielded similar mixtures of products. 

TIKAM JAIN. CARL KAISER, DENNIS M. ACKERMAN, DAVID L. LADD, KEI-LAI FOKG, GERALD D. ROBERTS, DAVID B. 
STAIGER, LOUISA LAM DAVIS, R. LEE WEBB et LLOYD M. JACKMAN. Can. J .  Chem. 64, 2418 (1986). 

La dopamine, une amine physiologiquement importante, est facilement sulfoconjuguee in vivo, donnant les sulfates-3-0 et 
-4-0 de dopamine qui ont une importance pharmacologique. Urie source synthktique principale de ces esters est la reaction de la 
dopamine avec I'acide sulfurique; cependant, I'homogCnCite de ces produits a CtC mise en doute. Pour cette raison, cette reaction 
a CtC CtudiCe en dCtail. En plus des esters, les acides sulfoniques de la dopamine et de plusieurs autres produits non identifiCs 
ont CtC obtenus. Un compte rendu detail16 du procCdC de sCparation et des caracteristiques physico-chirniques des produits 
identifies est prCsentC. Les sulfates-0 de la dopamine, dont les structures ont CtC CtabliCs sans ambigui'tC au moyen de l'analyse 
par diffraction d'un monocristal par les rayons X, ont CtC caracterisks de plus au moyen de la spectromCtrie de masse et de la 
rCsonance magnCtique nuclCaire 'H et 13C. Les rCsultats obtenus indiquent que ces doutes concernant l'authenticite et la puretC 
des sulfates de dopamine utilisCs dans les Ctudes pharmacologiques Ctaient justifiCs. En plus, les potentiels oxydo-rCducteurs 
des produits isolCs, la chromatographie en phase liquide, la chromatographie en couche mince et les analyses des couleurs de 
rCaction dea sulfates-0 de dopamine sont aussi dkcrits dans ce rapport. La thermolyse des sulfates-3 et - 4 - 0  ont donnes des 
mClanges semblables. 

Dopamine (1) is an important neurotransmitter and bio- of 4 and 5 by treating dopamine with concentrated sulfuric 
synthetic intermediate in the conversion of tyrosine to the acid (6). For the past ten years, dopamine-0-sulfates used 
biogenic amines norepinephrine (2) and epinephrine (3) (1). for pharmacological studies have derived primarily from this 
Both dopamine and its metabolites undergo extensive sulfo- procedure. Unfortunately, until recently the chemical charac- 
conjugation in humans and animals (2). High performance terization and homogeneity of these products had not been 
liquid chromatographic (hplc) analysis of human urine (3) established unequivocally (7). 
indicates that the major metabolic products are the 0-sulfates 4 For this reason, as described in this paper, we undertook a 
and 5. The possible physiological role of these conjugates critical examination of the reaction between dopamine and 
has received considerable attention in recent years; however, concentrated sulfuric acid under identical conditions (6), giving 
their precise function is uncertain. They may simply represent particular emphasis to spectral and physicochemical character- 
metabolic products that are readily eliminated (4). Alterna- ization of the products. Fractionation of the reaction products 
tively, they may act as  protected forms of the biogenic amine, by Dowex (H+ and OAc) column chromatography was accom- 
which serve as a reservoir that can be  transported in the plished as described in the literature (6). The course of 
mammalian system to release dopamine via sulfaiase catalyzed fractionation was monitored by thin-layer chromatography 
hydrolysis (5). Jenner and Rose ( 6 )  in 1973 first demonstrated (tlc) using ultraviolet light (uv), ninhydrin, and Gibbs' and 
the in vitro conversion of dopamine to its 4-0- (4) and Pauly 's reagents for visualization. More importantly, unlike the 
3-0-sulfates (5) by phenolsulfo&ansferase-containing rat liver literature procedure, selected chromatographic fractions were 
preparations. These researchers also reported the preparation examined by FT (Fourier transform) 'H  nmr spectroscopy. This 

eventually led to the isolation of hitherto unknown nuclear 

'Author to whom correspondence may be addressed. sulfonated products together with the dopamine-0-sulfates: of 
'present address: Ayerst Laboratories Research, Inc., Princeton, special interest was the isolation of dopamine-2-sulfonic acid. 

NJ 08540-0340, U.S .A. The initial fractions of the column chromatography (see 
'Revision received August 22, 1986. Experimental) yielded two crystalline products. O n  the basis 
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of FT 'H nmr spectroscopy these substances were identified 
as dopamine-6- and -5-sulfonic acids (7, 8), re~pect ively .~  
Perhaps significantly, these products, which were not described 
in the original report (6), have tlc mobility profiles that are 
remarkably similar to those of dopamine-3-0-sulfate (5) and 
its 4-isomer (4). For this reason, 'H nrnr examination of the 
reaction product is a particularly important determinant of 
homogeneity. 

Further elution of the Dowex (H+ ) column with water yielded 
dopamine-4-0-sulfate, mp 265-267"C, whose 'H nmr spec- 
trum was consistent with the structure. Compared to dopamine, 
the aromatic proton on C-5 (6  7.06, ortho coupled, J = 
8.1 1 Hz) was deshielded by the 4-sulfate ester (A6 0.38 ppm). 
The mother liquors of the above crystalline crops were pooled 
and chromatographed over a Dowex (OAC) column. Elution of 
the column with 0.05 M HOAc yielded a further crystalline 
material. This was identified as dopamine-2-sulfonic acid (9) by 
'H and 13C nmr spectroscopy. 

Interestingly, 9 is slightly more mobile than dopamine and 
the tlc spot turns characteristically pink upon standing in air. 
Further elution of the column with 0.15 M HOAc yielded 
fractions that upon crystallization from water gave additional 
dopamine-4-0-sulfate, mp 257-258°C. The mother liquors of 
the crystalline crops were pooled and chromatographed over 
a Dowex (OAc) column to give dopamine-3-0-sulfate, mp 

'After our isolation of 7 and 8, Osikowska et a / .  (8) employed 
preparative hplc to isolate a product, mp 272-275°C (dec.) from the 
sulfation of dopamine. This was identified as dopamine-6-sulfonic acid 
on the basis of 'H nrnr spectroscopy. The published ' H  nmr spectrun~ 
corresponds to that of our crystalline dopamine-6-sulfonic acid (71, 
mp 215-220°C: however, the reported mp corresponds more closely 
to that of our crystalline dopamine-5-sulfonic acid (8), mp 279-283°C. 
This inconsistency is unexplained. 

268-270°C ( d e ~ . ) . ~  Again compared to dopamine, the proton 
on C-2 (6 7.07, r~zeta coupled, J = 1.5 Hz) was deshielded by 
the 3-sulfate ester (AS 0.44 ppm). 

Some of the physicochemical properties of 4 and 5 ,  whose 
structures have been unequivocally confirmed by single-crystal 
X-ray diffractometric analysis in this laboratory (12, 14), were 
also examined. The 13c nmr spectra of dopamine sulfonic acids 
(Table 1) are diagnostic. Interestingly, the sulfonic acid group 
had a greater deshielding effect at C-6 (AS 21.74 ppm) than at 
C-2 (AS 12.74 ppm) and at C-5 (AS 11.79 ppm). Relatively, the 
sulfonic acid group in the form of the 0-ester (Table 2) has very 
little effect on the carbon shift, e.g. AS 3.17 ppm for 4 and 
5.56 ppm for 5. 

In aqueous solution dopamine-3-0-sulfate (5) failed to 
undergo appreciable hydrolysis upon standing at room tempera- 
ture for eight hours. Conversely, under similar conditions or 
upon storage of an aqueous solution at 0-5OC for several days, 4 
was partially hydrolyzed to dopamine in tlc detectable amounts. 
However, identical hydrolytic behavior of the two 0-sulfates 
was observed during our cyclic voltametric measurements in 
phosphate buffer at pH 7.4, where a second peak at 0.24 and 
0.28 volts appeared to originate from hydrolysis of dopamine- 
4-0-  and -3-0-sulfates, respectively. The cyclic voltammo- 
grams of the sulfonic acids (Table 3) showed a characteristic 
oxidation at 0.40 V against a standard calomel electrode. 
This value is considerably lower than those observed for the 
0-methyl or 0-sulfate derivatives. Thus this procedure offers a 
means to distinguish the sulfonic acid derivatives from the 
0-sulfates at relatively low concentrations. Thermolysis of 
dopamine-0-sulfates, like treatment of 1 with concentrated 
sulfuric acid, gave an array of products of which the dopamine 
sulfonic acids are the major identifiable products. Perhaps 
significantly, the overall ratios of identifiable products from 
both reactions are almost similar. This suggests that the 
dopamine sulfonic acids (7, 8 ,  and 9) may be thermolytic 
products originating from dopamine-0-sulfates that may be the 
primary reaction products deriving from sulfation of 1.  

The mass spectra of dopamine-0-sulfates and sulfonic acids 
have been studied in some detail using electron impact, 
field desorption (FD), and fast atom bombardment (FAB) 
techniques. The FAB and FD mass spectra of dopamine-3-O- 
sulfate display relatively more intense peaks at m / e  153 than do 
those of dopamine-4-0-sulfate. This fragment, resulting from 
the expulsion of SO3, seems a characteristic feature of dopamine- 
3-0-sulfate. The peak at m / e  169 represents the benzylic ion 
fragment containing a cyclic sulfate unit, i.e., 10, which may 
also exist as the corresponding tropylium ion. The expulsion of 
SO, as well as of the -CH2NH2 unit of the ethylamine side 
chain to yield the benzylic ion fragment 11 seems a common 
feature among both dopamine sulfonic acids and dopamine-0- 
sulfates. 

In summary, in our study possible contaminants in dopamine- 
0-sulfates prepared by the sulfation method have been identi- 

%felting points reported for both 4 and 5 vary considerably. Thus 
mp's of 2577259°C (9), 264-265°C ( lo) ,  278-280°C (1 I ) ,  265- 
267°C (12), and 273-274°C (13) have been reported for 4 and mp's of 
275-277°C (1 l ) ,  254-256°C (lo), and >250°C (9) are given for 5. 
We have isolated various analytically pure crystalline crops with 
different degrees of hydration and melting point range. All these 
preparations displayed identical high-field nmr spectral features. Thus, 
for an unambiguous identification of dopamine-0-sulfate, one must 
rely on the proton nmr, not on the melting point, of the crystalline 
material. 
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TABLE 1. Chemical shifts (ppm) for sp2 carbons in 13C nmr spectra of dopamine sulfonic acids 

Chcmical shift (ppm) at indicated sp2 carbon 

Compound C- 1 C-2 C-3 C-4 C-5 C-6 
- - 

Dopamine 126.0 116.3(d) 146.5 143.0 118.2(d) 115.4(d) 
Dopamine-2-sulfonic acid 125.9 129.0(s) 144.9 143.1 120.6(d) 116.1 (d) 
Dopamine-5-sulfonic acid 129.2 119.1(d) 140.5 146.5 130.0(s) 118.9(d) 
Dopamine-6-sulfonic acid 126.0 1 15.4(d) 146.4 142.9 1 18.2(d) 137.2(s) 

TABLE 2. I3C Nuclear magnetic resonance shifts with coupling constants of dopamine-0-sulfates 

Carbon 
position 6 l3C J C - ~ 2  JC-HS J C - ~ 6  6 l3C Jc-HZ J c - H 5  J c - H 6  

"Unresolved splitting. 
bExhibits a partially resolved splitting of ca. 3.0 Hz from 
'These two values can be interchanged. 

TABLE 3. Redox potentials of catechols 

Oxidation (V) Reduction (V) 

Catechol 
Dopamine (1) 
Dopamine-6-sulfonic acid (7) 
Dopamine-5-sulfonic acid (8) 
Dopamine-4-0-sulfate (4) 

Dopamine-3-0-sulfate (5) 

4-0-Methyldopamine 
3-0-Methyldopamine 

fied and characterized. Thus, caution should be exercised in 
evaluating reported pharmacologica! data for dopamine-3- and 
-4-0-sulfates prepared by treatment of dopamine with concen- 
trated sulfuric acid. This method is impracticable for the 
synthesis of dopamine-3-0-sulfate, unliki that of dopamine- 
4-0-sulfate, since it involves a tedious isolation procedure 
coupled with a low yield. The recently reported synthetic 
procedure (9) is clearly preferable for the preparation of the 
former. 

Experimental 
Melting points were obtained using a Thomas-Hoover Uni-Melt8 

capillary melting point apparatus and are uncorrected. Electron impact. 
field desorption (FD), and fast atom bombardment (FAB) mass spectra 
were recorded on Varian Mat CH-5 DF and VG ZAB 1-F mass 
spectrometers, respectively. FAB mass spectra were run in glycerol 
DMF matrix. The 'H and I3C nmr spectra were obtained in DMSO-d6 
with a Bruker IWP 200 spectrometer; for the sake of brevity and 

I the hydroxylic proton 

relevance only the aromatic region is reported. The data in Table 2 were 
generated using a Bruker WP 360 spectrometer. Unless otherwise 
specified, hplc was performed on a Waters HPLC using Partisil 
5-ODs-3 RAC I1 columns (5.0 p n ,  10 cm, id 4.60 mm) with mobile 
phase (0.025 M C1CH2COOH and 0.001 M ED'TA adjusted to pH 2.8 
by NaOH plus 0.004 M n-octylamine) at 0.7 mL/min with a Kratos 
SF 769 detector at 280 nm. The tlc plates (Analtech 20 X 20 cm, 
prescored) were developed in a n-BuOH-HOAc-H20 (4: 1 : 5 ,  upper 
phase) system. The tlc spots were visualized by uv light, aerial 
oxidation, ninhydrin, and Gibbs' and Pauly's reagents. The tlc plates 
sprayed with Gibbs' reagent (1% ethanolic solution of 2,6-dichloro- 
quinone-p-benzoquinone-4-chlorimine) were exposed to ammonia 
vapors. Freshly dissolved Pauly 's reagent (diazotized sulfanilic acid, 
1%. aqueous Na2C03 solution, 10%) was used for spraying purposes. 

Cyclic voltanmetry experiments were performed using EG&G 
Princeton Applied Research equipment including a Model 175 univer- 
sal programmer and Model 1731179 potentiostat/digital coulometer. 
A three-electrode system consisting of a glassy carbon working 
electrode, a platinum wire auxiliary electrode, and a saturated calomel 
electrode was used for all voltammetric studies. The cyclic voltammo- 
grams were recorded on a Houston Instrument Model 2000 X-Y 
recorder with a scan rate of 200 mV/s. All samples were prepared at a 
5 mM concentration using 0.1 M phosphate buffer at pH 7.4 as the 
supporting electrolyte. 

Reaction of dopamine and concentrated ff2SO4 
Dopamine hydrochloride (4.0 g; 21 mmol). after being dried at 

100°C over PZ05 in vacuo for 6 days, was added with vigorous stirring 
in small portions to 11 mL of concentrated H2S04 (206 mmol; d = 

1.84) maintained at O°C throughout the experiment. The addition took 
about 53 mins. Stirring was continued for an additional 7 min. The 
reaction mixture was then quickly poured with vigorous stirring into 
100 mL of water - crushed ice mixture and the resulting solution 
was immediately applied to a column (30 X 5 cm) of Dowex 50W 
(X8, 200-400 mesh, H* form. 450 g).  
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Fractionation and isolation of products 
The column was eluted with water and fractions were collected at 

the rate of 20 mL/10 min (total fractions = 150); each fraction was 
evaluated by tlc and color reactions of the spot, pooled according to 
the R f  values and color reactions. Fractions 1-20 contained highly 
polar and uv positive material and the solutions were highly acidic. 
These fractions were not pursued. The tail fractions (101-150) 
upon lyophilization gave a trace of white solid material, which was 
combined with the mother liquors for Dowex (OAc) column chroma- 
tography (vide infra). 

Dopamine-6-sulfonic acid (7) 
Fractions 21-35 upon standing at 0-5°C gave crystalline material as 

stout rectangular crystals of dopamine-6-sulfonic acid (500 mg: overall 
yield: 8.2%): mp 215-220°C (dec.): tlc: R f  0.40, spot turns brown 
upon standing in air; hplc: retention time 2.76 min; 'H nmr 6: 7.34, 
6.62 (s, 1H each); ms (70 eV) m/e (% relative abundance (% RA)): 
molecular ion at 233 absent, 153 (10; M+ - SO,), 124 (71, 11 + H), 
123 ( 2 6 , l l ) ;  FD m/e(% RA): 233 (60. M'), 123 and 153 absent;FAB 
(+ mode) m/e (% RA): 234 (44, M + l ) ,  153, 123, 124; ( -  mode): 
232 (33, M - l ) ,  152, 121. Anal. calcd. for C8Hl lN05S. l  H20:  
C 38.24, H 5.18, N 5.58, S 12.75; found: C 38.05, H 5.06, N 5.52, 
S 12.26. An aqueous solution on standing at room temperature 
develops coloration. 

Dopamine-5-sulfonic acid (8 j 
The pool containing fractions 36-60 was lyophilized and crystal- 

lized from water to give dopamine-5-sulfonic acid (200 mg; overall 
yield: 3.3%); mp 279-283°C (dec.); tlc: R f  0.29, spot turns brown in 
air; hplc: retention time 3.87 min; 'H nrnr 6:  6.84 (d, l H ,  J = 2 Hz), 
6.63 (d, lH,  J = 2 Hz); ms (70 cV) m/e (8  RA): no molecular ion at 
233, 153 (29, M+ - SO3), 124 (100, 11 + H), 123 (59, 11); FD nzle 
(% RA): 234 (>90, M + l) ,  123 and 153 absent; FAB (+ mode) m/e 
(% RA): 234 (78, M + I), 153, 123, dimeric fragments: 466, 467; 
( -  mode) m/e (% RA): 232 (100, M - I), 153, 123. Anal. calcd. for 
C8H11N05S.H20: C 38.24, H 5.18, N 5.58, S 12.75; found: C 38.37, 
H 5.32, N 5.49, S 12.56. A clear aqueous solution upon standing at 
room temperature decomposes to give a colored solution. 

Dopamine-4-O-sulfate (4) 
Lyophilization of fractions 61-100 yielded a white powder that after 

three crystallizations from water gave dopamine-4-O-sulfate (300 mg; 
overall yield: 4.9%); mp 265-267°C; hplc: retention time 8.04 min; 
'Hnrnr6:7.06(d,H-5,  J =  8 .1Hz) ,6 .74(d ,H-2 ,  J =  2.1Hz) ,6 .63 
(dd, H-6, J = 2.1 and 8.1 Hz); I3C nmr: see Table 2; ms (70 eV) 
m/e(%RA): nomolecularionat233, 169 (3, lo), 153 (2, M' - SO3), 
124 (19,11+ H). 123 (8,11): FD m/e (%  RA): 234 (27, M + l ) ,  154 
(51, 153 (2, M +  - SO?), 124 (I ) ,  123 (absent); FAB (+  mode) m/e 
(% RA): 234 (3, M + I ) ,  153 ( I ) ,  124 (0.3), 123 (0.7); ( -  mode): 
232 (11, M - I ) ,  151 (6), 122, 121 (absent). Anal. calcd. for 
C8HllNO5S.O.5 H20: C 39.67, H 4.96, N 5.79, S 13.22; found: 
C39.40, H4.80,  N5.82,  S 13.25. 

Dowex I ( X 8 ,  OAcj column chromutography: dopamine-2-sulfonic 
acid (9 j 

'The mother liquors of the above crystalline crops containing some 
dopamine were combined and applied on a column of Dowex 1 
(X8, 200-400 mesh, OAC form, 500 g) and eluted with water (2 L). 
Elution of the column with 0.05 M HOAc (200 mL) followed by 
lyophilization and crystallization from water yielded dopamine- 
2-sulfonic acid (9, 150 mg; overall yield: 3.1%); mp 260°C: tlc: 
R f  0.58, spot turns pink in air; hplc: retention time 4.68 min: FT 
'Hnmr6:  6.57 (AB yar te t ,  2H, J = 8.0 Hz); ms (70eV) rn/e(% RA): 
molecular ion at 233 absent, 153 ( M I  - SO,), 154 (M + 1 - SO,), 
123 (31, l l ) ,  124 (87, 11 + H): FD m/e (% RA): 234 (M + l ) ,  
233 (100. M-),  154. 153: FAB m/e ('170 RA) (positive mode): 
234 (85, M + I),  dimeric fragments: 466, 467. Anal. calcd. for 
C8HllNO5S.O.5 HZO: C 39.67, H 4.96, N 5.79; found: C 39.82. 
H 4.84, N 5.34. 

Dopamine-3-O-sulfate ( 5 )  
Elution of the above column with 0.15 M HOAc (500 rnL) and 0.5 M 

HOAc (200 rnL) gave 20-mL fractions, which were evaluated by tlc 

and Pauly's reagent. Fractions showing yellowish-pink color were 
pooled, lyophilized, and crystallized from water. The crystalline crops 
(mp 257-258°C) were identified as dopamine-4-O-sulfate by 360- 
MHz 'H nmr spectroscopy. The mother liquors of the crystalline crop 
were chromatographed over Dowex 1 (X8,200-400 mesh, OAC form, 
100 rnL) and eluted with 0.15 M HOAc (200 mL) and 0.5 M HOAc 
(75 mL). Fractions showing pink reactions with Pauly's reagent were 
pooled, lyophilized, and crystallized from water to give dopamine-3- 
O-sulfate (8 mg; overall yield: 0.13%); mp 268-270°C (dec.); hplc: 
retention time 7.53 min; 360-MHz 'H nmr 6:  7.07 (d, lH,  J = 1.5 Hz), 
6.86-6.76 (m, 2H); I3C nmr: see Table 2; ms (70 eV) m/e (% RA): no 
molecularionat233, 169(1, lo) ,  153 (50,M' - SO3), 124(100), 123 
(74, 11); FD m/e (5% RA): 234 (12, M + 11, 154 (59), 153 (6), 124 
(0.24), 123 (1); FAB (+  mode) m/e (% RA): 234 (34, M + I),  154 
(15), 153 (a), 124 (4), 123 (1.1); ( -  mode): 232 (100, M - I),  153 
(0.8), 152(8), 123 ( I ) ,  122(1). Anal. calcd. forC8Hl1NO5S: C41.20,  
H 4.75, N 6.01; found: C 40.98, H 4.76, N 5.96. 

An aqueous solution of dopamine-3-O-sulfate standing at room 
temperature for 8 h did not show any decomposition to dopamine 
(by hplc and tlc), whereas dopamine-4-O-sulfate displayed some 
decomposition to dopamine (by tlc). 

Redox ~otentials 
Cyclic voltammetric measurements of dopamine, dopamine-0- 

methyl ethers, and dopamine sulfonation products were carried out in 
0.1 M phosphate buffer at pH 7.4 using a glassy carbon paste electrode. 
The oxidation and reduction peaks are given in Table 3 with reference 
to a saturated calomel electrode. 

Thin-layer chromatography and color reactions of dopamine-0- 
su&ates 

Identical concentrations of the solutions of dopamine-O-sulfates 
were spotted on tlc plates (20 X 20 cm) and the plates were run in the 
same tank containing the upper phase of n-butanol - acetic acid and 
water (4:1:5). The plates were air dired and sprayed under identical 
conditions using dopamine (1) as a control. The results are given 
below: 

R I 0.43 0.32 0.40 
Aerial oxidation 

on plate dark light yellow bright yellow 
Ultraviolet light + + + + + 
Pauly ' s  reagent dark yellow pink 
Ninhydrin yellowish brown purplish brown 
Gibbs' reagent dark blue brown 

Mixed spot analysis with authentic samples of dopamine-O-sulfates 
yielded identical results. 

Thermolysis of dopamine-O-sulfates 
A few crystals of dopamine-3-O-sulfate (mp 268-270°C) and 

dopamlne-4-O-sulfate (mp 257-258°C) were allowed to melt in 
capillary tubes for less than a second. The capillary tubes containing 
the melt were immediately chilled and extracted with water. The tlc 
analysis of the extract revealed the presence of three sulfonic acids, 
proven by mixed spot analysis. The hplc analysis of the thermolysate 
of dopamine-3-O-sulfate revealed the presence of dopamine (207~1, 
dopamine-6-sulfonic acid (21%), dopamine-5-sulfonic acid (38'170), 
dopamine-2-sulfonic acid (7%), dopamine-3-O-sulfate (0.37~1, dopa- 
mine-4-O-sulfate (7%), plus unidentified peaks with retention times 
7.92 min (7%), 12.24 min (0.5%), and 18.93 min (2%). The hplc 
analysis of the thermolysate from dopamine-4-O-sulfate showed 
the presence of dopamine (19%), dopamine-6-sulfonic acid (1 9%), 
dopamine-5-sulfonic acid (20%), dopamine-2-sulfonic acid (3%), 
dopamine-3-O-sulfate (2951, and dopamine-4-O-sulfate (6%). 
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High performance liquid chromatographic analysis of dopamine-0- 
su(fates 

The hplc analysis of 4 and 5 was demonstrated by using a sample of 
"dopamine-3-0-sulfate" prepared by the method of Jenner and Rose 
(6). Analysis of this sample using solvents A and B' in the ratio of 8 : 92 
yielded a major peak with retention time of 5.79 min and a minor peak 
with retention time of 5.56 min, corresponding to dopamine-3-0- and 
-4-0-sulfates, respectively. The areas of two peaks-were in the ratio 
of 6 : l .  
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Mobility of thermal cations in low density alkane gases1 
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NORMAN GEE, M. ANTONIO FLORIANO, and GORDON R. FREEMAN. Can. J .  Chem. 64, 2423 (1 986). 
Mobilities p. of thermal cations were measured in gases of six linear n-alkanes. ethane to n-decane, and in i-butane and 

neo-pentane, as functions of density n and temperature T. The low density limit was reached where np. and the temperature 
coefficient at constant n, (dnp./dT),. were constant. At all temperatures the average momentum transfer cross sections a,,, 
equalled (1.2 -C 0.4) times the cross sections expected from simple polarization. At high temperature a,,,, might be approaching 
a hard sphere limit. 

NORMAN GEE, M.  ANTONIO FLORIANO et GORDON R. FREEMAN. Can. J .  Chem. 64, 2423 (1986). 
On a mesure les mobilitCs, k, des cations thermiques dans des gaz de six n-alcanes IinCaires, de 1'Cthane au n-decane, ainsi 

que dans I'isobutane et le nCo-pentane; on a mesure ces mobilitks en fonction de la densite, n, ainsi que de la temperature, T. 
On atteint la limite minimale de la densite lorsque r l p .  ainsi que le coefficient de tempkrature a valeur constante de rr , (drz p./dT),, , 
sont constants. A toutes les tempkratures. les sections droites moyennes des moments de transfert, cr,,,, sont tgales h 1.2 -C 0,4 
fois les valeurs auquelles on pourrait s'attendre pour les sections droites en se basant sur une polarisation simple. A des 
temptratures Clevees, il est possible que les valeurs de a,,, approchent une limite de sphkre dure. 

[Traduit par la revue] 

Introduction 
W e  have previously reported mobility values p for radio- 

lytically generated cations in simple molecular fluids (1) and 
hydrocarbons (1-3) over wide ranges of conditions, from the 
normal liquid where p is determined by the fluid viscosity q to 
moderately dense gases where the number density n deter- 
mines p .  The transition between viscosity and density control 
occurred at 0 . 6  5 7 /qc 5 3 (subscript c denotes critical fluid), 
corresponding to 0 .5  5 n / n ,  5 1.9.  This  transition zone is the 
dense gas - low density liquid region. Clustering effects were 
important, especially in the saturated gas. In hydrocarbon 
gases, clustering persisted down to the lowest n used and 
appeared as a density dependence of n p  and of (dn p/dT), ,  , 
the temperature coefficient at constant n .  In ethene and cyclo- 
propane gases density independence of n p  and of (drzpldT),,  
was reached at n < 3 x mo1ecules/m3 (4). The present 
work extends measurements of I*. in alkanes to  n < 3 X 

Experimental 
The suppliers of the hydrocarbons. the purification techniques, a 

diagram of a conductance cell, a listing of the voltage supplies, a 
description of temperature control and sources of density values are 
given in ref. 5 .  A sample current against time signal trace, a description 
of the signal amplifier and data collection system, and the method of 
checking that results at high temperature are free from effects of 
thermal decomposition of the hydrocarbons or outgassing of the cell 
are given in ref. 4. 

To obtain the mobility we ionized the sample in the conductance cell 
with a 100ns pulse of X rays from a van de Graaff accelerator. The 
pulse delivers -6 X 10'' eV/g to the sample. The ion drift distance 1 in 
the conductance cells was measured directly with an inside micrometer 
to within 10.001 cm; values for the five cells used ranged from 0.465 
to 1.058 cm. The drift time t d  was measured from a current-time trace 
(see Fig. 1 of ref. 4), and p. = 1-1 Vtd 

Results and discussion 
A .  Field independence 

The  mobility was measured typically at field strengths 0 . 4  5 

(E/n)(Td) 5 5, where Td = l o p 2 '  V m2/molecule; occasion- 

'~ss i s ted  financ~ally by the Natural Sciences and Engineering 
Research Council of Canada. 

ally fields as low as 0 .13  Td and as high as 50  T d  were used. 
No field dependence was found. At each ( n , T )  more than 
10 measurements (half using positive and half with negative 
applied voltage) were averaged to give p with average deviation 
of 1-3%. 

The density normalized mobilities n p in the saturated vapors 
are in Fig. 1. The nonsaturated gases are used to study the effect 
of temperature on n p .  The effect is more clearly shown by 
normalizing the different density sets to an average n p  at a 
given T (4). The present results (Fig. 2) were normalized at 
294 t 1 K to ( lo2 '  molecules/m V s): C2H6, 2.82; C3Hs, 1.86; 
n-C4Hlo, 1.32; i -C4HIo,  1.35; n-C5H12, 1.07; neo-CsH12, 
1.23. The exceptions were n p  for n-CsHls which were 
normalized to 6 .14  x lo2' molecules/m V s at 382 K and 
n-CloH2, which were not normalized. The average change in 
n p  on normalization was 2 3 %  and the maximum change 8%. 

Ion mobilities are often referenced to n = 2 .69  x mole- 
cules/m3 and symbolized as K O .  The present results (Figs. 1 
and 2) can be expressed as K O  using K O  ( c m 2 / v  s) = n p  
(molecules/m V s) /2.69 X lo2 ' .  

The observed mobilities are independent of applied field 
strength because the threshold for ion heating was not reached. 
Ion heating is appreciable when the ion drift velocity ud = p E  
approaches the speed of random thermal motion of the mole- 
cules, umOl = (3kB~/M,01)112 where kB is Boltzmann's 
constant and MmoI is the molecular mass (6, 7).  This indicates 
that the threshold field for ion heating is 

Ethr = c,,~ / p (low field) 

Equation [ I ]  gives (E/?z),~, = 160 Td in ethane at 293 K (2b) .  
In many cases ion heating is observed when cd approaches the 

speed of sound c o  in the gas (8, 9). This result is similar to [I] ,  
because co  = ( y k B ~ / ~ , , 1 ) 1 1 2 ,  where the heat capacity ratio 
y (10) ranges from 1.66 in ethane to 1.15 in n-decane (1 1). 
Hence co  = 0.7c.m01, which would give (E/n),, ---- 110 Td in 
ethane at 293 K. Similar calculations indicated that the values of 
( E l r ~ ) , ~ ,  at 300 K in the other alkanes are larger than 110 Td .  
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FIG. 1. Density dependence of n p  in saturated vapors: ( a )  rz-octane. +: n-decane, @: ( b )  ethane. @ ,  0; propane, A ,  A: n-butane, m, 0; 
n-pentane, V, Q. (c) i-butane, +, 0; neo-pentane, @, 0. Solid symbols are present work. Open symbols are refs. 2b  and 3.  The tempera- 
tures for some rzk accompany the symbol. 

FIG. 2. Temperature dependence of present n k  values in nonsaturated gases at ( n /  10" molecules ( a )  ethane, C (1.40); V (I  ,501; 
A (2.70); propane, @ (0.69), A (1.38); n-butane. + (1.  lo),  V' (2.26); n-pentane, 0 (0.59),'0,(1.13): (0)  i-butane, ( 1 . 1 7 ) , n ( 1 . 4 6 ) .  
0 (2.56); neo-pentane, @ (0.59), A (1.37), V' (2.63); n-octane, V (0.485). 0 (0.99); (c) n-decane, A (0.096). 0 (0.105), V (0.228). a,. : 
average of room temperature values, used to normalize the different density sets to remove random scatter produced by uncertainties in the 
gas densities and cell dimensions. The n-octane values had been normalized at 382 K by shifting one set up and the other down by 2.3% "O. 

All of our measurements were taken at E / n  less than that n p  in most hydrocarbon gases initially decreased before 
therefore the mobilities are those of thermal cations. increasing at yet higher n (refs. 2b,  3 and Fig. 1) .  

At these densities ( d n p l d n ,  increased strongly with n .  In 
B. Low density limit terms of an Arrhenius model, the activation energy at constant 11 

At constant T, low n and very low ion mole fraction the in C2-C4 alkanes increased from -3 kJ/mol at -0.07 X 

product n p  should be independent of n (6). Along the molecules/m3 to - 13 kJ/mol at - 1.4 X and - 30 kJ/mol 
liquid-vapor coexistence curve n and Tincrease concomitantly; at n ,  = (3 t 1) x molecules/m3 (2b). Hence d n p l d n  < 0 
a 10-fold increase in n can occur for a 1.3-fold increase in in the saturated gas was attributed to clustering of neutral 
T (Fig. 1) .  Since at constant n,  the temperature coefficient molecules on the cations yielding lowered n p  values (1 ,  2b). 
(dnp/dT), 0 (2b), then in saturated gases d n p l d n  2 0 was We chose therefore to consider the low density limit for 
expected. However, at n > 2 x loZ5 molecules/m3 we found cation behavior to be attained when n p  (T) and hence 
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GEE ET AL 2425 

TABLE 1. Average momentum transfer cross sections 

"Reference 19. 
bEquation [2] using n )L from Fig. 2 and M ,  = M,,, . 
'Equation [ 6 ] .  
dBimolecular neutral-neutral cross section from Lennard-Jones diameter, 

ref. 20. 

(dnp./dT), becomes density independent. At such densities 
n k  in the saturated gas is also expected to be approximately 
constant over a fairly large range in n,  as it would correspond to 
a small range in T (Fig. 1 and ref. 4). For cations in ethene and 
cyclopropane the low density limit was reached at n < 3 X 

loz5 molecules/m3 (4). All the present measurements were near 
or at the low density limit (Figs. 1 and 2). 

C. Average cross sections 
The product np. is related to the average ion-molecule 

momentum transfer cross section a,,, by (12): 

where M, is the ion-molecule reduced mass, e the protonic 
charge, c the relative velocity of the ions with respect to the 
molecules, and for a Maxwellian distribution, 

[3] ( c )  = ( 8 k B ~ / n M , )  " 

The averaging in eq. [2J is equivalent to: 

where u,, is the momentum transfer cross section. Equation [2] 
is derivable from eq. 15-3-18] of ref. 6 in which n". ' I  is a,,,. 
For N4+ in N2, am at low collision energy 5 = M,c2/2 was 
equal to that of the simple polarization potential uPol ,  and at 
high 5 it was close to the hard sphere value for N2-N2 collisions 

(13). This behavior is expected from the Langevin model 
(14, 15). 

In the radiolysis of the present hydrocarbons, the initial 
monomer or dimer cations (16-18) might polymerize with 
product olefins, so M, in eqs. [2] and [3] can vary from 0.5MmO1 
to Mmol. Using n from Fig. 2 and M, = MmOI gave lower limit 
values of a,,, (Table 1). At a given temperature increasing the 
carbon skeleton length from ethane to n-octane increased u,,,; 
on going from n-octane to n-decane u,,, seemed to decrease 
-9%. Comparison of n- and i-butane a,,, at a given T 
revealed little isomeric structure effect, but u,,, in neo-pentane 
was consistently less than in n-pentane at the same T. This is 
attributed to fragmentation of the neo-pentane ions to t-butyl 
ions. Our previous finding of a larger u,,, in neo-pentane at 
7.2 x lozs molecules/m3 than in n-pentane at 2.25 X (3) 
is due to the effect of density at n > 3 x loz5 (Fig. 1). 

The u,,, values can be compared with values of the average 
polarization apol,,., . Substitution of uPo1 (15) 

where cx (C m2/V)  is the polarizability of the molecule and € 0  is 
the permittivity of vacuum, into eq. [4] gives 

[6] a,,, ,,,, /m2 = 0 . 0 1 3 3 ( c x / 4 ~ ~ ~ T ) ~ / ~  

Values of c x / 4 ~ ~ ~ ,  corresponding to polarizability in the non-SI 
units of volume, were taken from ref. 19 to calculate values 
of crPol,,,, listed in Table 1. At all temperatures the ratio of 
experimental to polarization average cross section expt/pol 
equalled 1 .2  i 0.4. This is much different from the case of 
electron scattering in these same gases where expt/pol ranged 
from 0.02 to 0.2 (5 ) .  

At high temperatures a,,, might be expected to approach a 
hard sphere value ah, (14, 15). A lower limit to ah, is the neutral 
molecule - neutral molecule cross section amOl = T dzJ, where 
dLJ is the Lennard-Jones diameter (20); multimer formation 
would increase a,,,, so uhs  > umO1 would result. Values of umOl 
from ref. 20 are listed in Table 1. Above 600 K a,,, approaches 
amOl. However, even in the butanes where a,,, < upol ,,,, , at 
T > 620 K, a,,, is still about 20% larger than a m O l .  These 
results are consistent with either incomplete transition between 
polarization and hard sphere potential controlling the mobility, 
or with the cations being multimers. 
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Short synthesis of 193Z,6Z,9Z-tetraene hydrocarbons. Lepidopteran sex attractants1 
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JOCELYN G. MILLAR and EDWARD W. UNDERHILL. Can. J. Chem. 64. 2427 (1986). 
A short, convergent synthesis of 1,3Z,6Z,9Z-tetraene hydrocarbons was developed. A key step was the regioselective 

alkylation of 1,s-dibromo-2-pentyne. The method was used to synthesize tetraenes of chain lengths CI8-C2", to be used in field 
trials as sex attractants and (or) inhibitors of the winter moth, Operophtera brumata L., and the Bruce spanworm 0. bruceata H. 
(Lepidoptera: Geometridae). 

JOCELYN G. MILLAR et EDWARD W. UNDERHILL. Can. J. Chem. 64, 2427 (1986). 
On a lnis au point une courte synthbse convergente des hydrocarbures tetraeniques-1,3(Z),6(2),9(2). Une etape clC implique 

l'alcoylation rCgiosClective du dibromo- 1.5 pentyne-2. On a utilisC la methode pour synthetiser des tetraknes comportant de 18 a 
20 atomes de carbone; on a utilisk ces hydrocarbures pour determiner leurs proprietes cornrne attractant sexuel et (ou) inhibiteurs 
des espbces Operophtera brumata L. et 0 .  bruceata H. (Lepidoptera; Geometridae). 

[Traduit par la revue] 

To date, two 1,3Z96Z,9Z-tetraene hydrocarbons 1 (Scheme 1) 
have been reported as lepidopteran sex attractants. These are 
the nonadecatetraene l b ,  which appears to be the sole compo- 
nent in the sex pheromone of the winter moth, Operophtera 
brumata L. (Lepidoptera: Geometridae) (1, 2), and the hene- 
icosatetraene I d ,  which is one of several components in the sex 
pheromone of Utetheisa ornatrix L. (Lepidoptera: Arctiidae) 
(3). As these homologous hydrocarbons were found in species 
from two different families, it is very likely that these 
compounds or their homologs are sex pheromone components 
for other lepidopteran species as well (4). As part of our 
work in screening potential sex attractants, we were interested 
in obtaining a series of these compounds for field testing. 
In particular, we wanted the tetraenes l a -c  to test as sex 
attractants and (or) inhibitors for two sympatric species, 
0. brumata, mentioned above, and the Bruce spanworm, 
0. bruceata H. Both species are morphologically very similar, 
and can only be differentiated by dissection. In addition, they 
both appear to use the nonadecatetraene 1b as a sex attractant 
(1). One species, 0. brumata, is an economic pest of hard- 
woods and fruit trees ( I ) ,  while the other is of lesser economic 

The diol was converted to the dibromide 4 (89%) by treatment 
with carbon tetrabromide and triphenylphosphine (1 1). The 
diynes 6a-c required for the alkylation step were constructed by 
cuprous salt-catalyzed reaction of the Grignard reagent of the 
appropriate terminal alkyne 5 with propargyl bromide (12, 13). 
Cuprous iodide-catalyzed reaction of the Grignard reagents of 
the diynes 6 with dibromide 4 (12, 13) selectively gave the 
desired 1-bromo-3,6,9-alkatriynes 7,  contaminated with small 
amounts (6-12%) of isomeric impurities. The impurities were 
easily removed by recrystallization of the crude bromotriynes 
from pentane at 0°C (64-6996). The pure bromotriynes 7 
were stereoselectively reduced with dicyclohexylborane to the 
bromotrienes 8 (59-65%) (14, 15). In our hands, this method 
of partial hydrogenation has proven to be completely stereo- 
specific, with no trace of trans isomers detected by capillary 
gc/ms of the crude product. In contrast, we and others (16) 
have found that catalytic semihydrogenation of methylene- 
interrupted poly-ynes is frequently beset with problems such as 
catalyst poisoning with trace impurities, isomerization of the 
resulting cis double bonds, and over-reduction. 

The syntheses were completed by base-induced elimination 
importance (5, 6). It would therefore be advantageous to of HBr. Thus, heterogeneous mixtures of potassium tert- 
develop sex attractant lures that were specific for each species. butoxide, bromotrienes 8, and phase transfer catalyst (18- 

To construct efficiently the series of homologous tetraenes, crown-6), stirred in hexane at - 10 to 0°C (17), gave tetraenes 1 
we required a common intermediate to which a chain of varying (58-65% isolated yields). Temperature control was critical 
length could be appended. Of the five previously reported in this reaction, as warming the mixture to room temperature 
syntheses of tetraenes of this type, three routes (2 ,7 ,8)  involved gave reduced yields and some isomerization, while the reaction 
progressive extension of the carbon skeleton from the saturated proceeded very slowly below - 15°C. 
end of the chain, which is not efficient for synthesis of a series This method thus represents a short and highly stereoselective 
of homologs. The other two routes (4, 9), one of which (9) route to 1,3Z,6Z,9Z-tetraene hydrocarbons. 
appeared while our work was in progress, were amenable to 
synthesis of a homologous series. However, both routes made 
use of protecling groups, thus necessitating extra steps for 
the introduction and removal of these groups, and for the 
subsequent manipulation of the deprotected functionality. We 
felt that a considerably shorter synthesis that did not require 
protecting groups could be devised, by judicious choice of the 
sequence of steps and of regioselective reaction condition?. 

This more direct approach has proven to be successful 
(Scheme 1). Thus, cuprous salt-catalyzed reaction of 3-butyn- 
1-01 2 with aqueous formaldehyde gave d io l3  (55-62%) (10). 

'Issued as NRC No. 261 10. 
'~uthor to whom correspondence may be addressed 

Experimental 
All reactions were carried out under N', in oven-dried glassware. 

THF was distilled from benzophenone ketyl under N2 before use. 
Routine capillary gc runs were carried out with a Hewlett-Packard 
5790 instrument, fitted with DB-5 column (30 m X 0.25 mm). Proton 
nmr spectra were recorded at 360 MHz on a Bruker AM-360-WB 
spectrometer. The ir spectra were recorded on a Perkin-Elmer 237B 
instrument. Electron impact (EI) mass spectra (70 eV unless otherwise 
stated) were recorded on a Finnigan 4000E gc-ms unit with an Incos 
2300 data system, using an SP2100 capillary gc column. The ms data 
are reported in the form m l z  (relative intensity). Accurate mass 
measuiements were performed by the Mass Spectrometry Laboratory, 
Psychiatric Research Unit, University of Saskatchewan, with an 
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MS902S instrument with VG console update, using PTFBA internal the filtrate was concentrated and distilled under vacuum. After a large 
standard. forerun of bromoform and excess carbon tetrabrornide, dibromide 

Preparation of 2-pentyn-1,5-diol(3) 
The preparation of 3 was a minor modification of that previously 

reported (8). Cuprous chloride (4.0 g,  40 mmol) was dissolved in 12% 
aqueous HCI (60 mL), and the solution was cooled in an ice bath. 40% 
Aqueous KOH (60 mL) was added dropwise over 1 h, giving a brown 
suspension. The mixture was filtered with suction, and the solid residue 
was washed well with water. The moist solid residue was added to a 
mixture of 3-butyn-1-012 (13.0 g, 186 mmol), 37% aqueous formalde- 
hyde (21.67 g, 267 mmol), water (4 mL), and CaC03 (0.2 g). The 
mixture was refluxed under N2 for 3 days, cooled to room temperature, 
diluted with ethyl acetate (250 mL), and dried with anhydrous Na2S04 
(10 g). The mixture was filtered with suction through a plug (2.5 cm x 
5 cm) of anhydrous Na2S04, and the solids were rinsed thoroughly 
with ethyl acetate. The filtrate was concentrated and distilled, giving 
diol3 as a viscous oil (10.23 g, 55% j ,  bp 90-91°C (0.1 Torr (I Torr = 
133.3 Pa)) (lit. (10) bp 90-95°C (0.03 Torr)); ir (neat) A,,,: 
3700-3000 (s), 2235 (w), 1100-990 (s) cm-';  nmr (D20) 6: 4.09 
( t ,2H,  J =  2.1Hz,H-1) ,3 .56( t ,2H,  J =  6.7Hz,H-5) ,2 .35( t t ,2H,  
J = 6.7, 2.1 Hz, H-4); ms: 100 (Mt , 0.03), 99 (0.24), 82 (20.6), 70 
( 7 . 3 ,  69 (8.5), 53 (20.8), 52 (loo),  51 (18.9), 50 (12.5), 44 (13.9). 

Preparation of 1,5-dibromo-2-pentyne (4)  

4 was obtained as a pale yellow oil (4.01 g, 89%), bp 40-43°C 
(0.04 Ton); ir (neat) A,,,: 2240 c m '  (w); nmr (CDCI,) 6 :  3.80 (t, 2H, 
J = 2 . 4 H z , H - l ) , 3 , 3 3 ( t , 2 H ,  J = 7 . 2 H z , H - 5 ) , 2 . 7 l ( t t , 2 H , J = 7 . 2 ,  
2.4 Hz, H-4); ms: 228 (3.5). 226 (6.8), 224 (3.5), 147 (55.1). 145 
(56.7), 95 (2.8), 93 (3.5), 66 (50.4), 65 (100). 63 (I 1.7). Exact Mass 
calcd. for c ~ H ~ ~ ~ B ~ ~ :  223.8836: found 223.91 18. 

Preparation of l , 4 - d i ~ n e s  (6 )  
Ethyl magnesium bromide (approximately 65 mmol) was prepared 

from ethyl bromide (7.63 g, 70 mmol) and ,Wg turnings (1.58 g. 
65 mmol) in THF (75 mL). 1 -Decyne § a  (8.28 g. 60 mmol) was added 
dropwise, and the solution was heated at 40-45°C for 2 h. The solution 
was then cooled to < - 10°C in an ice-salt bath. CuI(190 mg, 1 mmol) 
was added. and the mixture was stirred 20 min. Propargyl bromide 
(7.3 g, 61 mmol) was then added dropwise, maintaining the tempera- 
ture < -10°C. The mixture was warmed to 203C over 3 h, stirred 
overnight, quenched with aqueous NH4C1 (100 mL), and extracted 
with hexane (3 x 100 mL). The combined organic extracts were dried 
(Na2S04), concentrated. and distilled under vacuum, giving diyne 6 n  
(7.85 g, 74%) as a colourless oil, bp 53°C (0.2 Torr), which yellowed 
rapidly upon exposure to air: ir (neat) A,,,: 3330 (m), 2960 (m), 2935 
(s). 2860 (m), 2130 (w) cmp' ;  nmr (CDCl?) 8:  3.12 (dt, 2H, J = 2.7, 

A s o l u t i o n o f d i o l 3 ( 2 . 0 ~ , 2 0 n ~ m o l ) a n d c a r b o n t e t r a b r o m i d e  2 . 4 H z , H - 3 ) , 2 . 1 3 ( t t , 2 H , J = 7 . 1 , 2 . 4 H z . H - 6 ) , 2 . 0 3 ( t , l H , J =  
(14.94 g, 45 mmol) in dry CH2Cl2 (100 mL) was cooled to P C ,  and 2.7 Hz, H-I),  1.46 (br quintet, 2H, J = 7.0 Hz, H-7), 1.4-1.1 
triphenylphosphine (1 1.79 g, 45 mmol) was added in portions over (m, IOH, H-8 to H-12), 0.86 (t. 3H. J = 7 Hz. M-13): ms (25 eV): 176 
20min.Themixturewaswarmedto200Cover1h.TheCH2C12was (M+,0.1) ,119(20.4) ,105(35.7) ,95(29.5) ,91(100),81(46.7) .79 
removed on a rotary evaporator, with no heating, and hexane (100 mL) (32.6). 78 (27.0), 67 (40.2), 55 (44.8). 
was added to the residue. The mixture was cooled to 0°C and filtered. The known 1,4-tetradecadiyne 6 b  was similarly prepared in 75% 
The solid residue was washed with ice-cold hexane (2 X 25 mL), and yield, bp 65°C (0.15 Torr) (lit. (7) bp 125°C (25 Torr)). 1,4-Penta- 
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MILLAR AND 1 JNDERHILL 2429 

decadiyne 6c was prepared in 76% yield, bp 82°C (0.1 Torr). The ir and 
nmr spectra were analogous to those of 6 a .  Mass spectra (25 eV) were 
characterized by a base peak at m/z 91, diagnostic fragments at M - 39 
(2-4%) and M - 81 (3-9%), and a series of ions at M - C,H2,, ,. 
The molecular ion was very small or absent. 

Capillary gc/ms showed that the diynes 6 were contaminated with 
small amounts of isomeric materials (=5%).  These isomeric impuri- 
ties were carried through to the next step, where they were removed 
during the purification procedure. The diynes appeared to be stable for 
several months if stored at - 2S°C under N2. 

Preparation of I-bromo-3,6,9-triynes (7) 
Diyne 6a (1.85 g, 10.5 mmol) was added to a freshly prepared 

solution of = 11.5 mmol of ethyl magnesium bromide (prepared from 
280 mg Mg (1 1.5 mmol) and ethyl bromide (1.36 g, 12.5 rnmol)) in 
THF (15 mL) at 20°C. The resulting solution was warmed at 40-4S°C 
for 2 h, then cooled to O0C, and CuI (95 mg, 0.5 mmol) was added. The 
mixture was stirred for 20 min, then cooled to < - 15°C in an ice-salt 
bath, and a solution of dilbromide 4 (2.26 g, 10 mmol) in THF (5 mL) 
was added dropwise over 20 rnin. The mixture was warmed to O0C over 
2 h, stirred at 0°C for 8 h, and warmed to 20°C overnight. The mixture 
was poured into 5% aqueous NH4Cl (50 mL), extracted with hexane 
(3 X 25 mL), backwashed with brine (1 x 25 mL), dried (Na2S04), 
and filtered with suction through a plug (3 cm x 3 cm) of Na2S04. The 
filtrate was concentrated under reduced pressure, and the residue was 
recrystallized from hexane at - 2S°C, giving 7 a  (2.21 g, 69%) as white 
plates, mp 26-27.S0C, which slowly yellowed after exposure to air and 
(or) light: ir (neat) A,,,: 2960 (m), 2930 (s), 2860 (m), 2215 (w) c m '  ; 
nmr (CDCI,) 6:  3.39 (t, 2H, J  = 7.4 Hz, H-1), 3.13 (m, 4H, H-5, 
H-8), 2.71 (tt, 2H. J  = 7.4, 2 .2  HZ, H-2), 2.13 (tt, 2H, J  = 7.2, 
2.2Hz,H-11), 1.46(m, 2H,H-12), 1.5-1.1 (m, 10H,H-13 toH-17), 
0.86 (t, 3H, J = 6.7 Hz, H-18); ms (25 eV): 279, 277 (M - 43, 1.21, 
155 (33.0), 143 (34.7), 137 (48.4), 129 (46.7), 128 (48. l ) ,  95 (54.4), 
91 (35.0), 82 (45.4), 81 (loo), 67 (61.4). Exact Mass calcd. for 
Cl8H2?lBr - C3H7: 279.0572; found: 279.0493. 

I-Bromo-3,6,9-nonadecatriyne 7 b  was similarly prepared in 81% 
crude yield. In this case the crude material was used directly in the next 
step; an analytical sample recrystallized from hexane at - 10°C gave 
mp 30-32°C. 1-Bromo-3,6,9-eicosatriyne 7 c  was obtained in 64% 
yield after recrystallization from hexane, mp 35-37°C. The ir and nmr 
spectra of 7b and 7 c  were analogous to those of 7 a .  Mass spectra 
(25 eV) were characterized by a base peak at m/z 81, doublets of 
ions at (279, 277), (265, 263), etc., and diagnostic fragments at 
M - C8H8Br (30-so%), M - CsH6Br ($I%), and m / z  21 1 (2-4%). 
The molecular ion was very small or absent. 

The pure crystalline compounds gave a single peak on capillary gc, 
and appear to be stable when stored at - 25°C under N2. 

Preparation of I-bromo-3Z,62,9Z-trienes ( 8 )  
A suspension of dicyclohexylborane (21 mmol) was prepared by 

dropwise addition of cyclohexene (3.45 g, 42 mmol) to a solution of 
borane-dimethylsulfide complex (10 M, 2.1 mL, 21 mmol) in THF 
(25 mL), maintaining the temperature at 0-5°C. The resulting mixture 
was warmed to 20°C, stirred 2 h, then cooled to O°C again, and 
bromotriyne 7a  (1.61 g,  5 .0  mmol) in THF (5 mL) was added. The 
mixture was warmed to 20°C over 2 h, and stirred an additional 2 h. 
Glacial acetic acid (8 mL) was then added dropwise and the resulting 
solution was stirred overnight. The solution was then cooled and made 
basic by slow addition of aqueous NaOH (5 M, 30 mL), followed by 
dropwise addition of 30% aqueous H202 (8 mL). The resulting mixture 
was diluted with water (100 mL) and extracted with pentane (3 X 

50 mL). The combined organic extracts were dried (Na2S04) and 
concentrated, and low-boiling by-products were removed by warming 
at 45°C ander vacuum (0.1 Ton). The residue was purified by flash 
chromatography on silica gel (3.5 cm id x 20 cm), eluting with hexane, 
giving 8 a  (1.07 g, 65%) as a colourless oil, isomerically pure by 
capillary gc; ir (neat) A,,,: 3020 (m), 2960 (m), 2930 (s), 2860 (m), 
1210 (m) cm-'; 'H nrnr (CDCI,) 6:  5.51 (dtt, l H ,  J  = 10.7, 6.3, 
1.4Hz, H-4), 5.42-5.32 (m, 4H, H-3. H-6, H-7, H-lo), 5.31 (dtt, lH ,  
J =  10.6,6 .9 ,  1.3 Hz, H-9), 3 .36( t ,  2H, J =  7.1 Hz,H-1) ,  2.80 

(m, 4H, H-5, H-8), 2.64 (m, 2H, H-2), 2.04 (m, 2H, H- l l ) ,  1.5-1.1 
(m, 12H, H-12 to H-17), 0.86 (t, 3H, J  = 6.9 Hz, H-18); ms: 328,326 
(M', 0.6), 188 (29.3), 186 (30.6), 95 (19.3), 93 (33.8), 82 (20.0), 81 
(27.9), 80 (55.7), 79 (loo), 67 (41.5), 55 (15.6). 

Exact Mass for 8 a  could not be measured due to interference from 
the internal standard. Exact Mass for a pure sample of 8b ,  calcd, for 
C19H3381~r: 342.2745; found: 342.1914. 

Known triene 8 b  (4,9) was similarly prepared from crude triyne 7b,  
in 71% overall yield from 4. The isolated material was contaminated 
with isomers (7%) ,  and was used in the next step without further 
purification. Triene 8 c  was prepared in 59% yield from pure 7c.  The ir 
and nrnr spectra of 8 b  and 8 c  were analogous to those of 8a .  Mass 
spectra were characterized by a base peak at m/z 79. a doublet at M - 
C4H6 (I%), a doublet at m/z 186 and 188 (15-20%), and doublets at 
(91,93), (105, 107), etc. The molecular ions were small but discern- 
able (1%). 

Preparation of 1,3Z,6Z,9Z-tetraenes (1 j 
A solution of bromotriene 8 a  (0.50 g, 1.53 mmol) in hexane (15 mL) 

was cooled to - 23OC (CC14/C02 slush) and potassium tert-butoxide 
(250 mg, 2.23 mmol) and 18-crown-6 (40 mg, 0.15 mmol) were added 
sequentially. The mixture was slowly warmed to O°C, and stirred at 0°C 
for 3 h. The reaction was quenched by addition of powdered NH4C1 
(1 g) and stirring for 1 h at O°C. The mixture was then poured into 
ice-water (25 mL), and the organic layer was separated, washed with 
brine, and passed through a short column of neutral alumina (2 cm id X 

5 cm). The column was rinsed well with hexane, and the combined 
eluate was concentrated, giving tetraene l a  (215 mg, 58%), >98% 
pure by capillary gc (the only impurity detected was 1.4% u ~ e a c t e d  
starting material); ir (neat) A,,,: 3085 (w), 3020 (m), 2960 (m), 2930 
(s), 2860 (m), 995 (m) cmp'  ; nmr (CDCl,) 6 :  6.65 (dddd, lH,  J  = 

16.9, 10.8, 10.6, 1.1 Hz, H-2), 6.00 (br t ,  lH,  J  = 10.8 Hz, H-3), 
5.46-5.26 (m, SH, H-4, H-6, H-7, H-9, H-lo),  5.19 (br d,  IH, J  = 

16.9 Hz, H-1 cis), 5.10 (br d,  lH,  J  = 10.1 Hz, H-1 trans), 2.95 
(t ,2H, J =  6.1 Hz ,H-5) ,2 ,80( t ,2H,  J =  6.1 Hz,H-8) ,2 .04(brdt ,  
2H, J = 6.8, 6.7Hz, H- l l ) ,  1.41-1.1 (m, 12H, H-12 toH-17), 0.86 
(t, 3H, J =  6.6Hz, H-18);ms(25eV): 246(M+,4.2) ,  192(15.4), 119 
(25.0), 106 (29.0), 105 (24.2), 93 (44.4), 92 (46. I ) ,  91 (64.1), 80 
(loo), 79 (87. l ) ,  78 (33.0), 67 (29.6). Exact Mass calcd. for C18H30: 
246.2348; found: 246.2356. 

Known tetraene 1 b  (2, 4 ,  7, 9) was prepared from the isomerically 
impure 8b.  After purification by flash chromatography on AgN03- 
impregnated silica gel (lo%), eluting with stepwise gradients of ether 
in pentane, chemically and isomerically pure tetraene l b  was obtained 
in 63% yield. All spectra were identical to literature data. Tetraene l c  
was prepared in 65% yield as described for l a .  The ir and nmr spectra 
were conlpletely in accord with those of l a  and 1 b. Mass spectra of 1 b 
and l c  were characterized by a base peak at m/z 80, diagnostic peaks at 
M - 41 (2-396) and M - 54(10-IS%), andclustersofionscenteredat 
m/z80,91,  106, 119, 133, 147, 161, and 175. The molecularion was 
easily discernable (4-6%). 
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Cellules photoelectrochimiques de phtalocyanine 
d'hydroxyaluminium deposees par rotation 

G ~ R A R D  PERRIER ET LI? H. DAO' 

Institut National de la Recherche Scientifique ( I N R S - E ~ ~ ~ ~ L ~ ) ,  C.P. 1020, Varennes (QuP.), Canuda JOL 2P0 

R e p  le 12 mai 1986 

G ~ R A R D  PERRIER et L!? H. DAO. Can. J .  Chem. 64, 243 1 (1986) 
Des cellules photoClectrochimiques a base de phtalocyanine d'hydroxyaluminium (PcAIOH) ont CtC fabriqukes par la mCthode 

de dCposition par rotation ((<spin-coating,,). Le comportement spectral et electrique des cellules NESA/PcAIOH/BQ/HQ/Pt 
est CtudiC et comparC a celui de cellules ou les films de PcAlOH sont produits par sublimation. A cause de la faible solubilitC de 
PcAlOH dans les solvants organiques volatils, le DMSO utilisC pour la dCposition par rotation semble rester piCgC dans le film 
solide et diminue le rendement de la cellule photoClectrochimique. L'Ctude de l'influence de la contre-Clectrode sur l'efficacite 
des cellules a permis de montrer qu'une contre-electrode en vanadium conduisait a des valeurs plus ClevCes de J,, , V,,, et q 
comparee a une contre-electrode en platine, mais prCsentait des phCnomknes de corrosion. 

GBRARD PERRIER and L t  H. DAO. Can. J. Chem. 64, 2431 (1986). 
The spin-coating technique was used to produce hydroxyaluminum phthalocyanine (PcAlOH) photoelectrochemical cells. 

The spectral and electrical behavior of NESA/PcAIOH/BQ/HQ/Pt cells is studied and comparisons are made with cells based 
upon sublimed PcAlOH films. Due to the weak solubility of PcAlOH in volatile organic solvents, the DMSO used in the 
spin-coating method seems to be trapped in the solid film, and leads to a decrease in the photoelectrochemical cell efficiency. 
Studies on the influence of the counter-electrode showed that a vanadium counter-electrode gave higher values of Js,, V,, , and q 
than a platinum one, but corrision phenomena were observed in that case. 

1. Introduction 
Une approche intkressante de la conversion de 1'Cnergie 

lumineuse en Cnergie Clectrique consiste en l'utilisation de cel- 
lules solaires a base de semiconducteurs organiques. L'intCrEt 
en est surtout Cconomique, le coilit du mattriau semiconducteur 
Ctant peu ClevC car les techniques de synthitse et de purification 
sont en gCnCral assez simples, de m&me que les mCthodes de 
fabrication des films minces. 

Les propriCtCs des semiconducteurs organiques ont CtC 
connues dits les annees 1950 alors que leurs forces photo- 
Clectromotrices ont CtC mesurees sur des substrats inorganiques 
(1,2). Des progres remarquables ont CtC rCalisCs dans l'augmen- 
tation de I'efficacitC de conversion des cellules photovoltai'ques 
organiques, passant de au debut des annCes 1970 
1% actuellement (3). Les composCs de type phtalocyanine 
ont r e p  une attention particuliere en tant que colorants pour la 
sensibilisation spectrale et la stabilisation de semiconducteurs 
inorganiques (4-9) et en tant que semiconducteurs formant des 
jonctions liquides avec des couples redox (10-25). 

On connait de nombreuses formes polymorphiques de phtalo- 
cyanines, en particulier les formes a, f3 et x (26). Ces 
formes correspondent a un empilement diffkrent des molCcules 
planaires; les formes a et x sont les plus conductrices (27-29). 
La prksence de l'oxygitne augmente grandement la conductivite 
des phtalocyanines (30) et intervient dans la formation d'itats 
de surface accepteurs d'klectrons (3 1). 

La sublimation est la technique de deposition la plus 
frequemment utilisCe pour la fabrication de films de phtalo- 
cyanines (10-19), mais on retrouve aussi 1'ClectrodCposition 
(20) et la dCposition par monocouches (32, 33). Les phtalo- 
cyanines peuvent Etre aussi dispersees dans un polymere et 
le mClange obtenu peut Etre CtalC en films minces a l'aide 
d'un couteau ou d'un rouleau (23, 24), ou dCposC par rotation 
(27, 34) sur un support transparent. 

Ce travail presente une nouvelle cellule phototlectrochi- 
mique a base de phtalocyanine d'hydroxyaluminium ou le 

1. Auteur a qui adresser toute correspondance. 

film mince de semiconducteur organique pur a CtC depose 
par rotation (ccspin-coating,,). Le comportement spectral et 
Clectrique de ces cellules est CtudiC et comparC a celui de cellules 
ou le film mince de phtalocyanine d'hydroxyaluminium a CtC 
depose par sublimation; la cellule est ensuite optimisee et un 
diagramme des niveaux d'Cnergie est ClaborC. 

2. Partie experimentale 
2.1 Mat6riaux 

La phtalocyanine d'hydroxyaluminium (PcAIOH) a CtC prCparCe 
comme suit. La phtalocyanine de chloroaluminium a d'abord CtC 
synthCtisCe en chauffant de 1'0-phtalonitrile et du chlorure d'alumi- 
nium dans de la quinoline; le produit purifiC est ensuite chauffC 
reflux dans une solution aqueuse d'ammoniaque (30%) en presence de 
pyridine (35) pour donner PcAlOH. Aprks des extractions rCpCtCes 
avec des solvants organiques, PcAlOH est dissoute dans l'acide 
sulfurique concentre et la solution obtenue est versee dans un melange 
eau-glace. Le solide bleu foncC est filtrC et lave successivement avec 
l'eau, 1'Cthanol et I'acCtone. 

Les films organiques ont CtC dCposCs sur des supports conducteurs 
transparents de dimensions 25 mm x 50 mm constituCs de lamelles de 
NESA (Sn02 d o g ,  PPG Industries); ces lamelles ont CtC nettoykes 
par immersion successive dans une solution de dCtergent, dans l'eau 
du robinet et l'eau distillte, puis dans le methanol. La mCthode de 
dCposition par rotation consiste en la dCposition d'une goutte d'une 
suspension de PcAlOH dans du DMSO au centre du substrat en 
rotation; la force centrifuge permet ainsi 1'Ctalement de la goutte sur le 
substrat. L'Cpaisseur des films (de 100 a 3000 A) peut &tre variCe en 
jouant sur la vitesse de rotation (de 1000 a 3500 r/min) ainsi que sa 
durCe, et sur la concentration de PcAlOH dans le DMSO; le sCchage est 
effectuC a l'air libre pendant une dizaine de jours. La mCthode de 
dCposition par sublimation utilise le systkme dCcrit par Linkous et al. 
(13); la tempkrature de sublimation est de 520°C a des pressions 
typiques de 5 X Torr (1 Torr = 133.3 Pa). L'epaisseur du film 
(de 100 a 5500 A) peut &tre variee en jouant sur la duree de la 
sublimation (de 5 min 1 h). 

Les contacts Clectriques sont rCalisCs a l'aide d'un fil de cuivre colle 
sur la partie conductrice du substrat et recouvert d'une peinture a 
l'argent (G.C. Electronics). Une surface active variant de 1 a 4 cm2 est 
definie en recouvrant 1'Clectrode d'un vernis incolore limitant le contact 
avec la solution. L'Cpaisseur des films est dCterminCe a l'aide d'un 
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FIG. 1. Photographies obtenues au microscope Clectronilue A balayage de la surface de films de PcAlOH : A : film d'kpaisseur 700 ~ $ C ~ o s k  p a  
rotation, grossissement 2 000; B : film d'bpaisseur 700 A deposC par rotation. grossissement 20 000; C : film d'Cpaisseur 600 A sublimC, 
grossissement 20 000. 

735 nm; celle-ci se trouve en plus grande quantitC dans les films 
Cpais, obtenus pour des temps de sublimation plus longs, ou le 
substrat a atteint des tempCratures plus Clevees. 

Les spectres d'action des cellules a base de PcAlOH dCposee 
par rotation et sublimke sont pres~ntes aux figures 4B et 5B pour 
des Cpaisseurs de 250 A et 150 A ,  respectivement. Le courant 
mesure doit Etre corrigC pour I'intensitC de la lampe, ainsi que 
pour la reponse du detecteur et la variation du courant J,, 
avec l'intensite lumineuse I (variee en modifiant la tension 
d'alimentation de la lampe). Cette variation prend la forme 
(29) : 

ou k est une constante de proportionnalite et y l'exposant de 
lumibe de la cellule, dont la valeur se situe autour de 0,90 pour 
toutes les cellules. Les spectres d'action corriges representent 
alors le photocourant obtenu en court-circuit pour un flux 
constant de photons a chaque longueur d'onde; il est donne par 
la formule : 
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t I I I I I I I I 
0 2 4 6 8 

L'H 

FIG. 2. Variation de J,, et V,, avec le pH de la solution ([BQ] = 

[HQ] = lo-' M et I = 10mW ~ m - ~ ) .  

qui peut aussi s'tcrire 

FIG. 3. A : Variation de J,, et V,, avec la concentration du couple 
rCdox ([BQ] = [HQ]; pH 2,5; I = 10 mW ~ m - ~ ) .  B : Variation de J,, et 
V,, avec la concentration du rCducteur ([BQ] = 4 X M; pH 2 ,5;  
I = 10mW cm-'1. 

ou N,,, et N ,  sont le flux de photons incidents maximum et le 
flux de photons incidents pour la longueur d'onde consideree, 
respectivement. Le flux de photons maximum est ici de 8,3 x 
1014 photons cm-* s ' pour une irradiation directe de l'interface. 
Les spectres d'action suivent l'allure des spectres d'absorption 
pour les deux types de films. Dans le cas d'un film sublime. la 
forme a serait la plus photoactive; la contribution de la forme P 
au photocourant est assez faible et ne varie que tres peu avec 
1'Cpaisseur du film de PcAlOH. 

FIG. 4. A : Spectre d'absorption d'un film d'kpaisseur 250 A de 
PcAlOH dCposC par rotation. B : Spectre d'action du m&me film. 

On peut tirer le rendement quantique de la cellule partir du 
spectre d'action a l'aide de l'eq. [3] (39) : 

ou hv est 1'Cnergie du photon, q la charge de 1'Clectron et N le 
flux de photons incidents. Le rendement quantique est alors le 
rapport entre le nombre d'electrons collectes et le nombre de 
photons incidents et p r e ~ d  une valeur de 1,58% a 628 nm pour 
un film d'epaisseur 250 A depose par rqtation et 0,93% a 618 nm 
pour un film sublimC d'epaisseur 150 A. Cependant, la reponse 
spectrale d'un film sublime couvre une part plus grande du 
spectre visible. 

3.4 Courbes courant-tension 
La figure 6A nous montre les caracteristiques J-V d'une 

cellule NESA/PcAlOH/BQ/HQ/Pt dans les conditions opti- 
males d'electrolyte; la courbe 1 represente les caracteristiques 
du NESA dans le noir, les courbes 2 et 3 celles d'un film 
dlCpaisseur 250 A depose5 par rotation, dans le noir (2) et sous 
illumination (3), &t les courbes 4 et 5 celles d'un film sublime 
d'epaisseur 150 A dans le noir (4) et sous une mtme illumina- 
tion (5). Les courbes J-V de PcAlOH dans le noir montrent 
des rectifications moyennes, les rapports de rectification etant, 
a 0,2 volts, de 5,8 pour le film dCposC par rotation et de 2,2 pour 
le film sublime. Lorsque les electrodes sont irradiees en lumiere 
blanche, on note l'apparition de photocourants cathodiques 
dans la zone de polarisation inverse, indiquant que les electrons 
provenant du semiconducteur organique vont reduire la benzo- 
quinone en solution. 

Dans la region ou la polarisation de l'electrode est directe, un 
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FIG. 5. A : Spectre d'absorption de films sublimCs de PcAlOH pour 
diffkrentes Cpaisseurs. B -  : Spectre d'action d'un film sublimC de 
PcAlOH d'Cpaisseur 150 A. 

0,6 0,4 0,2 0,O 0,2 0,4 

POTENTIEL ( V )  

FIG. 6. A : Caract$ristiques J-V (1) du NESA dans le noir; (2) d'un 
film d'Cpaisseur 250 A de PcAlOH dCposC par rotation, dans le noir et 
(3) sous illumination en lumikre blancbe de 10 mW (4) d'un film 
de PcAlOH sublimC dlCpaisseur 150 A,  dans le noir et (5) sous mCme 
illumination. B : DCtermination graphique de J,, et V,, . 

photocourant anodique apparait pour le film sublime, contraire- 
ment au film depost par rotation, pour lequel il n'existe aucun 
photocourant. D'autre part, la pente des courbes J-V en 
polarisation directe dans le noir est assez diffkrente; ces portions 
de courbes suivent l'tquation suivante (20) : 

TABLEAU 1. Courant d'Cchange a 1'Cquilibre Jo, paramktre de 
la diode rn et rCsistance en sCrie R ,  de la cellule NESA/ 
PcAIOH/BQ/HQ/Pt sclon la technique de dkposition du film 

organique 

MCthode de dCposition Jo ( p ~ / c m 2 )  rn R,  (0) 

Rotation 0,4 1,4 500 
Sublimation 0,1 1,2 1220 

oii Jo est la densite de courant d'echange, m est un paramktre 
ajustable et Rs est la resistance en strie de la cellule photo- 
electrochimique. Cette expression est similaire 2 celle qui dkcrit 
les caractCristiques J-V dans l'obscurite pour une barrikre de 
Schottky a la jonction metal-semiconducteur (40). 

Lorsque V 2 3 kT/q, le dernier terme entre parenthkses peut 
Ctre ntglige (20). Si R, = 0 ,  un graphique de In J en fonction de 
V donne une droite avec Jo comme ordonnee a l'origine; m est 
obtenu 2 partir de la valeur de la pente. Si R, i: 0 ,  sa valeur 
peut Ctre dCterminCe par la deviation de la courbe a la linearite 
lorsque le potentiel applique est elevt. Les valeurs de J o ,  m et R,  
pour les deux types de films sont rapportees dans le tableau 1. 
On remarque principalement que le film depose par rotation 
presente une rtsistance en sCrie beaucoup plus faible que le 
film sublime. Ce phenomkne ainsi que l'absence de courant 
anodique dans le film depost par rotation pourrait Ctre dQ 2 la 
presence de traces de solvant dans la masse du semiconducteur 
organique. 

L'intersection de la courbe J-V sous illumination avec 
les axes des courants et tensions nous donne le courant en 
court-circuit J,, et la tension en circuit ouvert Voc, respective- 
ment (fig. 6B ). On peut ainsi calculer le facteur de remplissage 
ff dCfini comme suit : 

161 ff = 
( J  . V )  ma, 

Jsc . voc 

Cette valeur de ff varie peu d'une cellule a l'autre et se situe 
autour d'une valeur moyenne de 0,35. L'efficacitC des cellules 
est alors donnee par : 

Les valeurs de J,, , Voc , ff et q sont presentees dans le tableau 
2 pour les deux types de films. Des courants plus tlevCs et des 
tensions plus faibles sont produits lorsque le film de PcAlOH est 
depose par rotation, conduisant a des valeurs trks semblables de 
rendement de conversion qui se situent pour les deux types de 
films aux alentours de 5 x 

3.5 Photocourants et potentiels de b a d e  plate 
Les variations d'amplitude et de signe du photocourant en 

lumiere blanche avec le potentiel applique sont tracees sur la 
figure 7 pour un film d'epaisseur 250 A depose pfr rotation a pH 
2,5 (a)  et pour un film sublime d'ipaisseur 230 A a pH 2,5 (b), 
4,5 (c)  et 6,O (d). Le couple rtdox est BQ/HQ aux conditions 
optimales de concentration; les potentiels redox dans les 
conditions de pH sont indiques par de flkches. 

Dans la gamme de potentiels utiliske, le photocourant atteint 
un maximum lorsque le potentiel est augment6 dans la direction 
cathodique. La decroissance du courant cathodique lorsque 
des tensions cathodiques tlev6es sont appliquees est due a la 
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TABLEAU 2. Courant de court-circuit J,,, tension en circuit ouvert V,,, facteur de 
remplissage ff et rendement de conversion pour des films de PcAlOH dCposCs par 

rotation et par sublimation (I = 10 mW ~ m - ~ )  

MCthode de dCposition J S C  (pA/cm2) VOC (mV) ff r l (10-~%) 

Rotation 
Sublimation 

TABLEAU 3 .  Potentiel de bandes plates Vfb, potentiel redox Ercd, tension maximale A V  
et tension en circuit-ouvert V,, selon la methode de dCposition du film organique et le 

pH de la solution 

Methode de dkposition PH Vfi (V) Ere, (V) AV(V) voc (v) 

Rotation 
Sublimation 

compCtition entre les Clectrons produits dans le noir et les 
Clectrons photogenCrCs pour les espkces oxydCes disponibles a 
l'interface (20). Cette conlpetition est visible sur la figure 6A 
ou les valeurs des courants dans le noir rkjoignent celles des 
courants sous illumination. 

On observe des photocourants cathodique et anodique lorsque 
le film est depose par sublimation, tandis qu'aucun courant 
anodique n'apparait pour un film dCpose par rotation, comme 
l'indique la figure 6A.  

Dans le modele de bande du semiconducteur organique, en 
considerant que le contact PcAlOH/NESA est ohmique (24),  
le point ou le photocourant passe de cathodique a anodique 
correspond au potentiel de bandes plates (V%) du pigment (10). 
Si un potentiel est appliquC du cBtC cathodique de Vfb ,  une 
rCgion de charges d'espace est crCCe dans PcAlOH; les trous et 
les Clectrons photogCnCr~s sont sCparCs par le champ Clectrique 
present dans la region de charges d'espace, et les Clectrons sont 
inject& dans la solution. Du cBtC anodique de Vfb ,  PcAlOH se 
comporte comme une rCsistance variable pour le transfert des 
trous dans la solution. Lorsque PcAlOH est illuminCe. sa 
rCsistance diminue 2 cause de l'augmentation de la densit6 en 
porteurs de charges. Les photocourants anodiques ne sont pas 
dus a une sensibilisation de Sn02  car ils sont presents aussi 
lorsque le substrat est le platine. PcAlOH dCposCe sur du NESA 
n'est pas une simple couche resistive, mais sa presence modifie 
la disponibilite du redox B l'interface comme le montre la figure 
6 A  si on compare les courbes directes pour le NESA nu et 
recouvert de PcAlOH. Le tableau 3 rapporte les valeurs de Vfb 
mesurCes sur la figure 7. Quand aucun photocourant anodique 
existe, on utilise une extrapolation des courbes pour determiner 
Vfb. La difference A V est definie comme suit : 

et correspond la tension maximale que peut fournir la cellule. 
Le potentiel de bande plate varie beaucoup avec le pH de la 
solution dans le cas du couple rtdox BQ/HQ, alors qu'il a CtC 
trouvC indCpendant du pH dans le cas du couple rCdox 13-/Ip. 
Un comportement identique a CtC observC (20) pour un film de 
SAIPc. I1 peut Ctre expliquC en formulant l'hypothkse de la 
formation d'un faible complexe de transfert de charge entre 
PcAlOH et la benzoquinone a la surface du film. Un complexe 
de transfert de charge a 1'Ctat fondamental a dCja CtC observC 

FIG. 7. Variation du photocourant avec le potentiel appliquC sur un 
film d'epaisseur 250 A dt osC par rotation 2 pH 2,5 (a) et pour un film 
sublimC d'epaisseur 230 1 pH 2,5 (b), 4,5 (c) et 6 ,O (d). 

entre H2Pc et le chloranil; il augmente la conductivite dans 
le noir et la photoconductivitC du pigment (14, 41, 42). La 
benzoquinone est un accepteur plus faible que le chloranil, mais 
un complexe a 1'Ctat fondamental a CtC rapport6 dans I'acktone 
entre BQ et des tCtratolylporphines libres et de zinc (43),  qui 
sont des molCcules tres proches de PcAlOH. La diminution de 
Ere,,, est de 0,059 V par unit6 de pH, et la prCsence de la 
benzoquinone sur 1'Clectrode doit causer un dkplacement du 
potentiel de bande plate si l'hydroquinone est aussi adsorbCe 
sur la surface du semiconducteur. De pH 2,s B pH 6,0, la 
diminution de E,,,,, doit &tre de 0,21 V (valeur mesuree : 
0,17 V), et la variation de V, avec le pH est de 0,36 V dans 
le mCme sens. Cet effet est similaire au dkplacement de Vfb  
avec le pH pour les oxydes semiconducteurs (44). Si BQ/HQ 
n'affectait pas le potentiel de bande plate de PcAlOH. on 
s'attendrait a une augmentation de la tension en circuit ouvert 
V,, avec le pH, le potentiel rCdox devenant de plus en plus 
cathodique. Ceci n'est pas observe exptrimentalement. 
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TABLEAU 4. Variation du courant de court-circuit sous illumination (J,,) et dans le noir (J,,,,), du rapport IJnOlri/J,,, de la 
tension en circuit ouvert sous illumination (V,,) et dans le noir (Vn,,,), du rapport I V,,,,I/Voc et de I'efficacitk de conversion q 
en fonction de 1'Cpaisseur du film de PcAlOH, de la puissance lumineuse incidente et de la nature de la contre-Clectrode 

(films dCposCs par rotation) 

Puissance 
~ ~ a i s s e u r  lumineuse Contre- JSC J ~ O I I  1 n o  1 / ,  V,, Vmlr 1 I /  v 

(A) (mw cm-') electrode (p,A ~ m - ~ )  cmP2) (%) (mV) (mV) 

faibles (Ta, Nb, Pb, Sn, Cu, Fe, Ti, Zn, Al) ou s'oxydent tres 
rapidement (Sc). Les Clectrodes du tableau 4 (Pt, Au, Zr, V) ont 
une rCponse stable (films de PcAlOH dCposCs par rotation). 
Le meilleure rtponse est fournie par une contre-Clectrode en 
vanadium avec J,, = 175,2 F ~ / c m ~  et V,, = 337 mV pour une 
puissance lumineuse de 85 mw/cm2. Des valeurs ClevCes sont 
aussi obtenues avec le zirconium (J,, = 117,2 FA/cm2 et V,,, = 

226 mV). I1 semble donc que le rendement de la cellule soit 
limit6 par le taux de rCaction du rCducteur a l'klectrode 
mCtallique. Cependant, I'Clectrode de zirconium est soumise a 
une corrosion assez rapide (10 h) due a un mCcanisme Clectro- 
chimique catalyse par les photocourants, et on pense qu'il en est 
de mCme avec le vanadium; en effet, les courants et tensions 
dans le noir sont importants (15,6% et 64,1470 des courants et 
tensions totaux), bien qu'aucune corrosion ne soit visible la 
surface de 1'Clectrode mCtallique. Les contre-electrodes en 
platine et en or sont par contre tres inertes dans les conditions 
d'expkrience et nous permettent d'Cviter la corrosion, mais elles 
conduisent 2 des valeurs plus faibles. 

3.8 Mod2le de bandes 
L'absorption de photons par 1'Clectrode semiconductrice 

conduit, a travers un processus excitonique, a la crCation de 
paires Clectron-trous; ces derniers se sCparent sous l'effet 
du champ Clectrique de la jonction. Les Clectrons (porteurs 
minoritaires) arrivent ii l'interface semiconducteur-Clectrolyte 
et vont rtduire une espkce oxydante en solution. Les trous 
se dCpiacent travers le semiconducteur lui-m6me; ils recom- 
binent ensuite au contact ohmique (NESA) avec les Clectrons 
venant du circuit extirieur qui sont foumis par la rCaction 
d'oxydation du reducteur la contre-Clectrode. Le transfert 
d'klectrons du semiconducteur a l'espece Clectroactive de 
1'Clectrolyte est possible thtoriquement si la distribution d'tner- 
gie de l'espece en solution recouvre la bande de conduction du 
semiconducteur de type p. 

Ainsi, il est possible de tracer un diagramme montrant les 
niveaux d'Cnergie du semiconducteur et le potentiel rCdox du 
couple en solution (fig. 10). Le niveau de Fermi, E F ,  de la 
solution est reprCsentC par le potentiel redox du couple, mesurt 
dans les conditions expkrimentales (Ered = 0.29 V/ECS pour 
BQ/HQ a pH 2,5) et les bandes d'energie du semiconducteur 
sont celles trouvCes par Lawrence et al.  (46) pour SAlPc, soit 
E, = 3,90 eV pour la bande de conduction et E, = 1,80 eV pour 
le saut de bande interdite. Le potentiel de bandes plates, Vfb, 
correspondant au niveau de Fermi du semiconducteur sous 
illumination, est determine par l'intersection avec l'axe des 

NESA P c A l  OH ~ l e c t r o l ~ t e  

 tats de 
surface 

FIG. 10. Diagramme des bandes d'energie de la cellule NESA/ 
PcAlOH/BQ/HQ/Pt B pH 2.5. 

tensions de la courbe photocourant-tension appliquee (photo- 
courant = courant sous illumination - courant dans le noir). 
Quand aucun photocourant anodique n'est mesure, on utilise 
une extrapolation de la courbe pour trouver Vfb. Dans le ca: 
de la cellule formCe d'un film de PcAlOH d'kpaisseur 250 A 
obtenu par rotation, la valeur de Vfb mesuree est de 0,43 V/ECS 
pour BQ/HQ. Aprks le contact avec I'Clectrolyte, les electrons 
passent de la solution au semiconducteur pour Cgaliser les 
niveaux de Fermi. I1 en resulte une distribution de charges a 
l'interieur du semiconducteur sur une profondeur W, ce qui 
cree un champ electrique conduisant a la separation des paires 
electron-trou-genir~es par la lumiere. La vitesse de transfert 
des charges entre la phtalocyanine et l'oxydant en solution est la 
plus rapide quand 1'Cnergie de 1'Ctat excite de la phtalocyanine 
(represente par 1'Cnergie de la bande de conduction) est proche 
de celle de l'accepteur d'electrons. D'aprks Gerisher (47), les 
fonctions de distribution des niveaux d'energie du couple rCdox 
BQ/HQ sont donnCes par leur potentiel redox et leur Cnergie de 
reorientation A = 0,5 eV. Le recouvrement entre les niveaux 
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d'inergie de  la benzoquinone et de  la bande d e  conduction de  
la phtalocyanine n'est pas grand, mais de  nombreuses donnCes 
experimentales (21, 23,  24) portent a croire qu'il existe chez les 
phtalocyanines des etats de surface par l'intermediaire desquels 
se fait 1'Cchange de  charges. Ces Ctats de  surfaces sont situes 
autour de - 0 , l  V/ECS et on  observe alors un bon recouvrement 
d'knergie entre ces Ctats de  surface et  la benzoquinone en 
solution, comme le represente la figure 10. 

4. Conclusion 
Des films minces de  semiconducteurs organiques ont CtC 

prepares par deposition par rotation sur des substrats trans- 
parents. Les efficacitks des cellules photoClectrochimiques ainsi 
obtenues sont du mCme ordre de  grandeur que celles obtenues 
pour des films sublimes. Cependant, le  solvant DMSO utilisC 
durant la dCposition est difficile a eliminer et  sa presence tend a 
diminuer l'efficacite des cellules photoelectrochimiques. 

La formation d'un faible complexe de transfert de charge 
entre la benzoquinone et PcAlOH peut Ctre a l'origine du 
dCplacement du potentiel de  bande plate avec le pH de  la 
solution. L'emploi d'une contre-Clectrode en vanadium a 
permis d'atteindre des valeurs ClevCes pour le courant de 
court-circuit (J,, = 0,175 mA/cm2) et  pour la tension en circuit 
ouvert (V,, = 0,337 V) sous une irradiation de  85 mW/cm2 en 
lumiere blanche avec le  couple redox BQ/HQ.  Le rendement de  
la cellule est alors de  2 ,4  X l o p 2 % ,  mais des phCnomenes de  
corrosion apparaissent a la contre-Clectrode. Une cellule stable 
NESA/PcAlOH/BQ/HQ/Pt possede une efficacite de  conver- 
sion de  0 , 0 0 6 7 ~  sous illumination de  lumiere blanche d'intensitC 
10 mW/cm2. Ce rendement peut &tre amCliorC en augmentant la 
photoconductivite e t  en Clargissant le  spectre d'absorption de la 
phtalocyanine d'hydroxyaluminium par un traitement chimique 
approprik (38, 48, 49). 
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The synthesis, X-ray structure, and substitution lability 
of chloro(2,3,7,8,12,l3,17,18-octaethylporphinato)(triphenylphosphine)rhodium(III) 

DAVID C .  THACKRAY, SARA ARIEL, TAK W. LEUNG, KUSUM MENON, BRIAN R. JAMES,' AND JAMES TROTTER 
Department of Chemistry, University of British Columbia, Vancouver, B.C., Canada V6T lY6 
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DAVID C. THACKRAY, SARA ARIEL, TAK W. LEUNG, KUSUM MENON, BRIAN R. JAMES, and JAMES TROTTER. Can. J. Chem. 
64, 2440 (1 986). 

The rhodium(II1) octaethylporphyrin complex Rh(OEP)(PPh3)C1 (I)  has been synthesized via Rh(II1) or Rh(1) precursors, and 
fully characterized both by spectroscopy and single~rystal data. The crystals, available as a bis(ch1oroform) solvate are triclinic, 
P1,  a = 13.478(5), b = 14.300(5), c = 15.346(4)A, a = 102.33(2), P = 102.89(2), y = 90.56(3)", Z =  2, D, = 1.384gcm-'. 
The structure was determined from Mo diffractometer data and refined by least-squa;es methods to R = 0.095, R,. = 0.068 for 
5189 reflections. The octahedrally coordinated rhodium atom is displaced by 0.077 A from the mean plane of thq four N atoms, 
towards the triphenylphosphine group. The average Rh - ring nitrogen distance is 2.024 A, Rh-P is 2.306(3) A and Rh-Cl, 
2.442(2) A. Solution equilibria studies on 1 describe formation of Rh(OEP)L2' (L = PPh3, PnBu3) via thermal reactions 
(including thermodynamic data for the PPh3 system). and formation of Rh(OEP)CI(L1) species (L' = CO, THF, MeCN) via 
photochemical processes. 

DAVID C. THACKRAY, SARA ARIEL, TAK W. LEUNG, KUSUM MENON, BRIAN R. JAMES et JAMES TROTTER. Can. J. Chem. 
64, 2440 (1986). 

On a synthCtisC le complexe dloctaCthylporphyrine rhodium(III), Rh(OEP)(PPh3)C1 (1) a partir de prCcurseurs de Rh(lI1) ou 
de Rh(1) et on I'a complt-tement caracttrist tant par spectroscopie que par diffraction des rayons-X sur un cristal unique. Les 
cristaux, obtenus sous une forme solvatCe par deux molCcules de chloroforme, sont tricliniques et ils appartiennent au groupe 
d'espace P 1  avec a = 13,478(5), b = 14,300(5) et c = 15,346(4) A et a = 102,33(2), P = 102,89(2)et y = 90,56(3)', Z = 2et 
D, = 1,384 g ~ m - ~ .  On a dCterminC la structure a partir de donnCes de diffraction au Mo et on a affin6 la structure par la mkthode 
des moindres carrCs jusqu'a des valeurs de R = 0,095 et de R,, = 0,068 pour 5189 rCflexion~.~ L'atome de rhodium, de 
coordination octakdrique, est dCplacC vers le groupe triphCnylphosphine etil slCloigne ainsi de 0,077 A duoplan moyen des quatre 
atomes de N. La distance moyenne Rh-azote du cycle est Cgale a 2,024 A, celle de Rh-P B 2,306(3) A et celle de Rh-Cl a 
2,442(2) A. Des Ctudes d'kquilibres en solution (qui incluent des donnCes thermodynamiques pour le systt-me PPh3), effectuCes 
sur le composC 1 ,  dtcrivent la formation de Rh(OEP)L,+ (L = PPh3, PnBu3) par le biais de reactions thcrmiques ainsi que la 
formation d'espt-ces Rh(OEP)CI(L1) (L' = CO, THF, MeCN) par le biais de processus photochimiques. 

[Traduit par la revue] 

Introduction 
Of particular interest to us  is the investigation and develop- 

ment of metalloporphyrin chemistry as  it relates to  catalysis 
involving small molecules such as 0 2 ,  C O ,  and H z .  While most 
of the focus has been on ruthenium porphyrin chemistry (1-8), 
we have renewed interest in  our earlier work on  rhodium 
porphyrins (9). 

In this paper, we  report the details of the preparation and 
characterization of Rh(OEP)(PPh3)C1,2 1, including an X-ray 
structure and some solution chemistry. Solution data on  the 
formation of the bisphosphine cations Rh(OEP)(L)2+, where L 
is PPh3 or PnBu3,  are also presented. The latter complexcs 
are of interest because isoelectronic ruthenium porphyrin 
complexes containing tertiary phosphines as axial ligands have 
a key role in catalytic decarbonylation of aldehydes (3), and 
oxidation of phosphines and thioethers by molecular oxygen 
(6). Coordination of tertiary phosphines to a Rh(II1) porphyrin 
superoxide complex at  low temperature has been suggested 
from esr data (lo), but to our knowledge 1 is the first reported 
isolated rhodium porphyrin complex containing a phosphine. 

Experimental 
Materials and methods 

Elemental analyses were performed by P. Borda (University of 

'To whom correspondence should be addressed. 
'~ igand  abbreviations used: OEP = dianion of octaethylporphyrin: 

TPP = dianion of tetraphenylporphyrin; THF = tetrahydrofuran; 
DMA = N,N1-dimethylacetamide; NBD = norbornadiene; COE = 
cyclooctene; DMSO = dimethylsulphoxide; porp = general porphyrin 
dianion. 

British Columbia). Electronic spectra were recorded on a Cary 17D or a 
Perkin-Elmer 552A uv/vis spectrophotometer fitted with a Perkin- 
Elmer Model C550-0555 Thermoelectric single cell holder and a 
Model (2570-0701 Digital Controller. Solution infrared spectra were 
obtained using a Nicolet 5DX FT-IR instrument. Nuclear magnetic 
resonance spectra were obtained on a Bruker WP-80 or a Varian 
XL-300 instrument in FT mode. Conductivity measurements were 
made at 25OC under anaerobic conditions using a Thomas Serfass 
conductivity bridge and a cell from Yellow Springs Instrument Co. 

Spectral grade benzene, toluene, and THF from Fisher Scientific 
were freshly distilled from benzophenone ketyl, and were freeze- 
pump-thaw degassed prior to use. N.N'-Dimethylacetamide was 
vacuum-distilled from CaH2. Samples for uv/vis experiments were 
handled anaerobically under vacuum or an argon atmosphere using 
tonometers (1 mm pathlength) described elsewhere (1 1). Deuterated 
solvents were from MDS Isotopes and were used without further 
purification. All other solvents used were either spectral or reagent 
grade and used as purchased. The phosphines were reagent grade from 
Strem Chemicals Inc. 

Rhodium was obtained as RhC13.3H20 (42.618 Rh) from Johnson, 
Matthey Ltd. H20EP was a gift from Dr. D. Dolphin (Univer- 
sity of British Columbia). The [Rh(COE)2C1)]2 dimer (12) and 
Rh(0EP)CI. 2H20 (1 3) were prepared by the literature methods. 

monohydrate 
Method A: 82 mg (0.12 mmol) Rh(OEP)C1.2H20 and 33 mg 

(0.12 mmol) PPh3 were placed in a small Schlenk tube under argon. 
The solids were dissolved in 20 mL freshly dried benzene. After - 15 min the solution was filtered and the filtrate volume reduced In 
vacuo to -3 mL. The product was precipitated by addition of freshly 
dried hexanes and collected on a frit, and washed 3 times with 2 mL 
portions of hexanes before drying in vacuo. Yield was 52 mg (50%) of 
a red purple powder. Anal. calcd. for C54H61N4RhC1PO: C 68.20, 
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THACKRAY ET AL 

TABLE 1. Nuclear magnetic resonance spectral data at 30°C for Rh(II1) octaethylporphyrin complexesa 

Complex 'H meso-H -CH2- CH3 o-H m-H p-H 

"'H nrnr shifts, 300 MHz, relative to TMS; 31P shifts (all doublets, J(Rh-P) Hz given in parentheses) relative to 85% HH,PO,, 
downfield being positive. Proton integrations were consistent with the assignments. 

bPhenyl and butyl protons all appear as multiplets. 
'In CD,CN; data very similar in CD,Cl,. 

C6D6. 
'Overlaps with -CH,- proton shifts. 
In CD2CI2. 

*In THF-dB. 
hFormed in siru by dissolving Rh(0EP)Cl .2H20 in THF-d,. 
'In CD,CN at 121.421 MHz. 
'In CD2C12 at 121.421 MHz. 

toluene at 32.21 MHz. 
'In DMA at 32.21 MHz. 

H6.31,N5.89,  P3.26,  C13.78:found: C68.3,  H 6 . 7 , N 5 . 6 ,  P 3 . 3 ,  
C13.8. 

Method B: 400 mg (0.56 mmo1)of [ R ~ ( C O E ) ~ C ~ ] ~ ~  were suspended 
in 100 mL of mesitylene together with 0 .6  g (1.1 mmol) of H20EP. 
A stream of CO gas was passed through the mixture while refluxing for 
6 h. To the resulting red solution, 0 .3  g (1.1 mmol) of PPh3 were added 
and the CO flow replaced by a N2 flow. Refluxing was continued for 
1 h. After cooling the solution to room temperature, the solvent was 
removed in vacuo. The crude product was purified by recrystallization 
from CH2C12 / hexane. Typical yields were - 65%. 

Crystals for X-ray crystallographic analysis were obtained with 
two solvate CHCl, nlolecules by slow evaporation of a solution of 
RhOEP(PPh3)C1. H 2 0  in CHC13 / hexane. The solvated complexes 
were soluble in MeOH, EtOH, acetone, MeN02, THF, CHC13, DMA, 
DMSO, MeCN, C6H6, and toluene, slightly soluble in diethyl ether, 
and insoluble in alkanes. Dilute solutions were found generally to be 
light-sensitive; the MeCN solutions were non-conducting. 

'H and 3 1 ~  data are given in Table I :  uv/vis. h,,,,/nm (log 6) in 
C&, [Rh] = (0.9-6.0) X M, 2S°C in vacuo: 608 (3.41), 563 
(4.47), 533 (4.41), 422 (5.20), 351 (4.59); in Nujol mull: 617, 564, 
535, 418, 350. 

Solution equilibrium measurements 
Equilibrium constants for replacement of chloride by PPh3 in 

CH2C12 solution, reaction [ I ] ,  were measured by a spectrophotometric 

titration technique. Ambient light was excluded during sample mani- 
pulations by using dimmed room lighting and by covering all exposed 
surfaces with black plastic tape. Aliquots (p.L) of lo-' M PPh, in 
CH2C12 (or alternatively solid PPh,) were added to dilute solutions 
(-5 x M) of 1 in CH2C12. Formation of 2 within seconds was 
evidenced by a red shift of the Soret from 419 to 429 nm, and the cu and 

3~ imi la r  results were obtained using [Rh(NBD)Cl]-, or R h ( ~ y ) ~ C l ,  
as starting materials. 

p bands from 560 to 568 and 529 to 537 nm, respectively, with a 
concomitant decrease in the intensity of the a band relative to the P 
band (Fig. 1). Measurements were also performed on solutions con- 
taining various amounts of [Ph4As]C1, ["Bu4N]C1 or ["Bu,N] [ClO,] 
to examine the effect of ionic strength and [Cl-1. No change from the 
initial spectrum of the complex was noted on addition of the chloride 
salts to solutions of I.  

The value of K was found by using visible data (at 560 nm) obtained 
using different combinations of initial concentrations of 1 (Co), and 
added C 1  (e lo )  and PPh3 ( P o ) .  By defining A and A. as the 
absorbances measured at 560 nm with and without added PPh, , and 
and er as the extinction coefficients of 1 and 2, eq. [2] may be derived 
(1 = path length): 

The co (23 350) and c, (6 500 M-I cm-') values were available 
experimentally because the limiting spectra of 1 and 2 for the 
equilibrium could be measured under readily attainable conditions 
(high [Cl-] with no added phosphine. and high [PPh3] with no added 
C1-, respectively). Since ionic products are involved, the thermo- 
dynamic equilibrium constant (K) will be a function of the mean ionic 
activity coefficient (7,) and the experimental equilibrium constant 
(Kobs). 

where y, is defined by the familiar Debye-Hiickel limiting law 

The value of K was determined from the intercept of log,, K ,,bq plotted 
vs. IJ.1'2 at a particular temperature. Figure 2 shows such a plot for the 
data at 25OC (Table 2), and, for the data at p. < 7 7 M, the line 
drawn gives an intercept corresponding to loglo K = - 1.75 (K = 
0.0174). The slope of the least squares line drawn (of slope - 2Az, z- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL 64, 1986 

550 

Wavelength, nm 

FIG. 1. Spectrophotometric titration of Rh(OEP)(PPh3)C1 with 
added PPh3 in CHzC12 at 2S°C, [Rh] = 8 X M; curves 0-5 result 
added [PPh,] of 0.0, 0.38, 1.09, 2.69, 5.01, and 7.18 X lop2 M, 
respectively. 6 shows the spectrum of Rh(OEP)(PPh3)2+ (formed at 
[PPh,] - 5 x M and p - 0.02 M). 

FIG. 2. Plot of loglo Kobs VS.  (ionic strength) ' I 2  for data of Table 2. 

or + 2A for this particular equilibrium) is 26.9. The calculated value for 
the slope using the standard expression for A (1414 is 26.7, showing 
remarkably good agreement. 

Thermodynamic parameters for equilibrium [ I ]  were obtained by 
repeating the equilibrium measurements (log Kobs VS. at four 
other temperatures over the range 10-30°C. Values of K (temp) are 
0.0327 (lO°C), 0.0262 (15"C), 0.0202 (20"C), and 0.0128 (30°C). The 
data give an excellent Van't Hoff plot from which values of AH' 
(-7.8 2 0.5 t kcal mol-') and AS' (- 34.8 i 0.8 cal mol-' K- ' )  
were estimated. 

( 2 = ~ ) l ~ 2 ( ~ ; ~ ~ ~ ~ ~  4 ~ = -  - , where N = Avogadro's number, e = 
2.303 

electronic charge, E = dielectric constant (8.90 for CH2C12 at 25"C), 
k = the Boltzmann constant, T = absolute temperature. 

TABLE 2. Variation of Kobs for reaction [I]  in CH2C12 at 25°C" 

"Up to p = 6.74 X M, the ionic strength results solely from 
the ions generated by reaction [I] ,  i .e.,  no salt has been added. Initial 
[Rh(OEP)(PPh,)Cl] between (4.0-8.0) X M. 

bAdded 6.48 X M Ph,AsC1.H20. 
'Added 1.79 X lo-' M Ph,AsCl.H,O. 
dAdded 1.82 X lo-, M Ph4AsC1.H20; addition of H 2 0  to 2 X 

lo-' M had no measurable effect on the equilibrium reaction. 
'Added 1.76 x lo-' M "Bu,NClO,. 
fAdded 2.03 X M "Bu,NCl. 

X-ray crystallographic analysis 
A reddish-brown crystal of Rh(OEP)(PPh3)C1.2CHC13, with {loo}, 

{O 101, and (00 1) faces and of dimensions 0.35 X 0.43 X 0.20 mm, 
was mounted on an Enraf-Nonius CAD4-F diffractometer in a general 
orientation. Unit cell parameters were refined by least squares 
treatment of sin 0 values measured with MoKa, radiation for 25 
reflections with 30 C 20 G 40". Crystal data (at 22'C) are: 
C56H61 CI7N4PRh fw 1172.18 
Triclinic, a = 13.478(5), b = 14.300(5), c = 15.346($) A, a = 

102.33(2), P = 102.89(2), y = 90.56(3)", V = 28:2(3) A ~ ,  Z = 2, 
D, = 1.384g ~ m - ~ ,  MoKa,  radiation, A = 0.70930 A, p = 6.6cm-I. 
Space group P 1, from structure analysis. 

Intensities were measured for i h ,  ? k, 1 reflections with 4 C 20 
54", with graphite-monochromatized MoKa radiation, w-(513) 0 scan 
at 0.7-10. lomin-I, orange (1 .OO + 0.35 tan 0)" (extended by 25% on 
both sides for background measurements), horizontal aperture (2.0 + 
tan 0)  mm, vertical aperture 4 mm, Lorentz polarization and absorption 
corrections (transmission factors from 0.787 to 0.887); three standard 
reflections (500,530,525) were monitored for orientation and intensity 
control (intensity dccay during data collcction of 35%, probably 
resulting from loss of chloroform. limited the accuracy of the data set). 
9394 Independent reflections were measured, and 5189 with F 2 

3 u ( F )  were used in the analysis; u 2 ( l )  = S + 2B + [0.04(S - B ) ] ~ ,  
S = scan count, B = background count. 

The coordinates of the Rh and P atoms were determined from the 
Patterson function and those of the remaining non-hydrogen atoms 
from a subsequent difference Fourier map; the asymmetric unit 
contains one porphyrin-rhodium complex and two chloroform mole- 
cules. The structure was refined by block-diagonal least-squares 
methods, with minimization of Cw(F, - FC)?, w = 1 / u 2 ( F ) ;  SHELX 
computer programs (15) were used, with scattering factors of ref. 16 
and anisotropic thermal parameters. Hydrogen atoms were included 
at calculated positions but were not refined positionally, apart from 
adjustment of methyls as rigid groups. Isotropic temperature factors of 
the H atoms were refined. Refinement converged at R = 0.095, R, = 
0.068 for 5189 reflections and 721 variables refined in three blocks of 
209, 270, and 242 variables, respectively. The error in an observation 
of unit weight was 2.02e, the mean and maximum shifts in the final 
cycles were 0.2 and 0 . 9 u ,  respectively, and the maximum fluctuations 
in a final difference map were i 1.6 e k'.   he chloroform molecules 
and the outer atoms of the ethyl and phenyl groups exhibit large thermal 
motion, with rms displacements of up to 0.5 A. 

Final positional parameters for the non-hydrogen atoms are given in 
Table 3, with equivalent isotropic thermal parameters (U,, = 113 X 

trace U). Anisotropic thermal parameters, bond lengths and angles, 
hydrogen parameters, and measured and calculated structure factors 
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THACKRAY ET AL. 2443 

Atom 

Atom coordinates ( x0104) and equivalent temperature 
factors ( A ~  X lo3) 

TABLE 3. (concluded) 

Atom I/ a y/b z/c u e ;  

C(52) 4286(9) - 1560(9) 1229(12) 85 
C(53) 4189(13) -881(10) 716(13) 139 
C(54) 3945(11) 63(9) 1064(11) 115 
C(55) 8950(9) 2807(8) 3726(9) 83 
(356) 9509(10) 4659(9) 1875(10) 92 

"U,, is one third the trace of the diagonalized temperature factor matrix. 

9935(3) 5133(3) 1085(3) 146 (Tables 4-8, respectively) have been placed in the Depository of 
1004Yi3) 5323(4) 2968(3) 174 Unpublished ~ a t a . '  
1833(5) 2060(5) 3558(5) 3 1 
2302(5) 3294(5) 2443(6) 37 Discussion 

The synthesis of Rh(OEP)(PPh3)C1, 1, via addition of 
phosphine to Rh(OEP)C1.2H20 (method A) is straightforward 
but the route to the precursor Rh(II1) complex via [RhCl(C0)2]2 
involves separation from other rhodium porphyrin products 
(13). The second method (B) described, via the readily 
synthesized [Rh(COE)2C1]2 precursor, is somewhat more 
convenient, but 1 is obtained from what is undoubtedly a 
complex mixture of rhodium porphyrin species. The labile 
cyclooctene is likely to be readily displaced by the CO to form 
[RhC1(C0)2]2 and the synthesis then becomes akin to that 
described in method A. However, in situ monitoring by infrared 
in the carbonyl region reveals a myriad of bands that indicate the 
presence of several carbonylporphyrin complexes (see ref. 13), 
including what is probably Rh(OEP)(CO)Cl, 2085 cm-', from 
which 1 can be formed by treatment with PPh3 (see below). 

Structure description 
The molecule of the porphyrin complex (Fig. 3) contains a 

central Rh(II1) ion coordinated to the four N atoms, with a PPh3 
and C1 ligand completing distorted octahedral geometry at Rh. 
Rh is displaced from the mean piane of the four N atoms towards 
the phosphine ligand by 0.077 A .  The whole porphyrin nucleus 
shows deviations frqm exact planarity, with a maximum 
deviation of 0.098 A and a root-mean-square deviation of 
0.06 A from a mean plane. The eight outer C atoms of the 
peripheral ethylogroups are displaced from the porphyrin plane 
by about 1.3 A, all on the same side of the plane as the 
phosphine group. There are no obvious non-bonding inter- 
actions that force the Rh atom to lie out of the plane towards the 
phosphine, and it is not clear why all the ethyl groups point 
towards the phosphine, although the analogous situation exists 
in the structure of Ru(OEP)(PPh,)Br (5). The variable orienta- 
tions found for the ethyl groups within OEP structures have been 
discussed previously but not rationalized (17). 

The Rh-N dist$nces are 1.982-2.061(8) A ,  the average 
distance of 2.024 A being reasonably close to values observed 
in the few other Rh-porphyrins which have been studied 
(18-21). The Rh-P and Rh-Cl distances of 2.306(3) and 
2.442(2) A are also with the ranges usuaily observed. Tbe 
P-C bond lengths are 1.828-1.839(10) A, mean 1.834 A. 
The angles at P show some large variations from the tetra- 
hedral value, with Rh-P-C = 110.9, 113.5, 123.0(4)" 
and C-P-C = 99.0, 100.5, 108.3(4)". These variations 
presumably result from steric interaction between the phenyl 

5 ~ h e  structure factor table, anisotropic thermal parameters, hydrogen 
parameters, bond distances and angles may be purchased from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont., Canada KIA 0S2. 
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FIG. 3. Structure of the Rh(0EP) (PPh3)Cl. 2CHC13 complex. 

rings and the porphyrin nucleus; the large Rh-P(1)-C(43) 
angle of 123.0(4)" involves the P-C bond which eclipses the 
Rh-N(l) bond. There are some variations in bond distances 
and angles within the porphyrin nucleus, but the lengths and 
angles are generally close to normal values (5). 

Intermolecular distances correspond to normal van der Waals 
interactions. The two solvent chlorofoqn molecules have 
normal dimensions, mean C-C1 = 1.73 A. 

Solution species 
The non-ionic chlorotriphenylphosphine complex 1 remains 

6-coordinate in solution. Beer's law was obeyed over the range 
(0.9-8.0) X l op4  M in benzene solution, in the dark. The 
'H nmr spectrum of solutions at lop3-lop2 M (Table 1) is 
consistent with the presence of a diamagnetic metallo-octaethyl- 
porphyrin complex, that is substituted unsymmetrically with 
regard to the porphyrin plane, i.e., two different axial ligands 
are present (5-8). Within such complexes the methylene 
protons of the ethyl side-chains become anisochronous and 
appear as an ABX3 multiplet (6, 22). In symmetrically 
substituted species, e.g. the bisphosphine complexes (see 
below), the -CH2- protons appear as a single quartet due to 
coupling with the adjacent -CH3 group. There is no evidence 
for free phosphine in solutions of 1, and the uv/vis spectrum is 
unaffected by addition of C1-. Coordination of a single PPh3 is 
shown by integration of the o- ,  m-,  and p-protons which are 
shifted upfield from their normal positions by the ring current of 
the porphyrin (7, 17). Further, the solid state uv/vis spectrum 
shows absorption maxima that correspond closely to those 
measured in solution. 

Addition of PPh3 or PnBu3 to the complex in polar solvents 
(MeCN, CHZC12, diethyl ether, DMA) resulted in formation of 
cationic bisphosphine complexes, reactions [ I ]  and [ 5 ] .  

The nmr spectroscopic evidence was cleanest for the reaction 
with PnBu3. Upon addition of two equivalents of phosphine to 
CD3CN or CD2C12 solutions of 1, the 'H nmr spectrum of 1 was 
replaced by a new set of signals due to R ~ ( O E P ) ( P " B U ~ ) ~ +  
(Table 1). The methylene protons of the ethyl side chains appear 
as the expected quartet, while the upfield resonances due to 

coordinated PnBu3 were in a 2: 1 equivalent ratio relative to the 
porphyrin. Reaction [5] was also monitored by 3 1 P { 1 ~ )  nmr, 
free PPh3 being clearly observed. An excess of PPh3 (to - 1 0  ' M) 
was required for in situ formation of Rh(OEP)(PPh3)2t, which 
was observable by 'H and 3 1 ~ { ' H )  nmr of CD2C12 solutions 
(Table 1). The conductance of a MeCN solution of 1 after 
addition of PPh3 rose to a limiting value of 125 0 '  cm2 mol- ', 
consistent with formation of a 1.1 electrolyte (23, 24). Essen- 
tially identical nmr data in CD2C12 and CD3CN argue against 
formation of the ion-pair [Rh(OEP)(PPh3),+. . .C1-] in di- 
chloromethane. Stronger binding of PnBu3 relative to tri- 
arylphosphines has been reported for the isoelectronic, d 6  
Ru(1I)OEP and Ru(1I)TPP complexes (17) and was accounted 
for by the higher basicity of the trialkylphosphines (25). 

Formation of mixed PPh3/PnBu3 or Rh(OEP)(PnBu3)C1 
complexes was not evident by nmr. Also, the ionic bisphos- 
phine complexes were not formed at all in toluene or benzene 
solution. The more polar CH2C12 (E = 9) or MeCN (E = 36) 
were required to promote equilibria [ l ]  or [5]. 

Reactions [I]  and [5] could also be monitored by uv/vis 
spectroscopy. Addition of phosphine resulted in a red shift of 
the Soret and visible bands (see Experimental section) with a 
marked diminution of the a band (Fig. 1). These findings 
are qualitatively consistent with coordination of an additional 
strong ligand (26). A corresponding reverse blue shift of the 
spectrum of Ru(OEP)(PnBu3)(S) (S = DMSO or MeCN) 
compared with that of Ru(OEP)(P"BU~)~ has been noted 
previously (17). 

Equilibrium [I]  was studied quantitatively using uv/vis 
spectroscopy, following qualitative observations on the inhibi- 
tion of the forward reaction in the presence of added chloride. 
The same isosbestic points (Fig. 1) were observed during a 
spectrophotometric titration with PPh3 at a given temperature, 
or during variation of temperature over the range 10-30°C at 
any chosen [PPh,]. Indeed, the latter type of experiment allows 
for a rapid estimation of Kobs as a function of temperature using 
just a single solution; such values were in good agreement with 
those estimated from the more extensive data sets described in 
the Experimental. 

The net rapid substitution reaction [ I ]  almost certainly occurs 
via a dissociative process and a 5-coordinate intermediate, 
reactions [6], [7]. The overall K value (= K 1  K2) shows that a 
[PPh3] of -0.2 M is required to convert 90% of 1 (initially at 
-5 x lop4 M) into 2 at 25°C. 

The stoichiometric conversion with PnBu3 implies that the 
equilibrium constant for [5] is > lo3 at corresponding condi- 
tions. The large negative AS0 value (- 34.8 cal mol-' K ' )  for 
reaction [I]  is reasonable for transformation of neutral species 
into solvated charged ones. Chloride is expected to form a 
stronger bond than PPhl to Rh(III), and thus the overall 
exothermicity (-7.8 kcal molp') of the forward reaction pre- 
sumably results from contributions of the solvation enthalpies 
of the product ions. 

Under dark (thermal) conditions (see below), CHzC12 solu- 
tions of 1 do not react with 1 atm CO (-5 x l op3  M), implying 
that CO at this concentration cannot compete for 3 with the back 
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THACKRAY ET AL.  

SCHEME 1 .  Reactivity scheme for solutions of Rh(OEP)(PPh3)C1 

TABLE 9. Visible spectral data (a and 6 )  at 25°C for Rh(II1) 
octaethylporphyrin complexes 

Complex LX band (loglo E), band (loglo E )  

"Nujol. 
bBenzene. 
'THF. 
dCH2C12. 
'MeCN. 
fFormed in situ from Rh(OEP)CI.2H20 

reaction of equilibrium [6], even though the [Cl-] must be very 
low since K 1  is immeasurably small. At an added [PPh3] of 
about 5 X M, reaction [ I ]  with [I] - 5 x 10 M would 
generate -35% of the bisphosphine cation. This implies that 
K 2  (reaction [7]) is much smaller for CO addition than for 
PPh3 addition. Isoelectronic with 3, the neutral, isolated 
Ru(OEP)(PPh,) species reacts more readily with CO (3 ,6 ,  17), 
presumably because the better T-acceptor properties of CO 
(vs. PPh3) are more compatible with the lower oxidation state of 
Ru(I1). The lack of reaction with CO also indicates negligible 
dissociation of PPh3 under these conditions to form Rh(OEP)Cl, 
which is known to react with CO to form Rh(OEP)(CO)Cl 
(27, and see below), reactions [8] and [9] : 

Complex 1 in benzene, THF, or MeCN, however, is 
photochromic in the presence of 1 atm CO, and reacts according 
to reactions [8] and [9]. Exposure to laboratory light or sunlight 
yields within minutes an in situ carbonyl (vco = 2087 em-' in 
THF) with concomitant release of PPh3, and the nmr data 
(Table 1) are consistent with the presence of Rh(OEP)(CO)Cl. 
Quantitative re-formation of 1 occurs in the dark over a few 

hours via intermediate Rh(OEP)(solvent)Cl species (as judged 
by comparison with the visible spectrum of Rh(0EP)Cl dis- 
solved in the appropriate solvent). solutions of 1 in THF or 
MeCN on exposure to light in the absence of CO also yield the 
Rh(OEP)(solverlt)Cl species. Visible spectral data are given in 
Table 9. 

The noted reversible carbonylation-decarbonylation reac- 
tion, in the daylight and dark, respectively (somewhat atypical 
in that the decarbonylation process is often photo-assisted), is 
of potential interest as a further model for solar energy storage in 
biological systems (28). 

The 'H and 31P nmr data for all the species (Table 1) show 
shifts that are typical for diamagnetic, octahedral, metallo- 
porphyrin complexes (2, 17, 29), and the magnitudes of the 
'J(RhP) coupling constants are appropriate for octahedral 
Rh(II1) products (30). 

The findings on reactivity can be summarized as shown in 
Scheme 1. Phosphine ligation of 1 is thermodynamically 
favoured relative to CO ligation. However, reactivity towards 
CO is enhanced in the presence of these ligands by "forcing" 
the system through unsaturated intermediates generated photo- 
chemically. These equilibria are of particular relevance to 
the reactions of M(porp)L, complexes (M = Fe, Ru; L = 
phosphine, MeCN, THF, etc.) with gas molecules such as CO 
and 0 2 ,  that also go via a dissociative mechanism ( l , 3 , 3  1-35). 

Enhancement of the concentration of the 16-electron, 5-coordi- 
nate complexes is important in a catalytic context, such 
as decarbonylation of aldehydes which can proceed via the 
M(porp)(CO)L species (3, 33). In this regard, preliminary data 
indicate that phenylacetaldehyde can be used as a carbonyl 
source, instead of CO gas, to form Rh(OEP)(CO)Cl from 
Rh(OEP)(PPh,)Cl, under conditions of laboratory lighting. 

Concluding remarks 
The synthesis, along with characterization by uv/vis, 'H and 

31P{1H) nmr spectroscopy and X-ray crystallography, of the 
complex Rh(0EP) (PPh3)Cl, 1, are presented. Additionally, 
spectroscopic evidence is presented for solution equilibria of 1 
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involving formation of Rh(OEP)LZt (L = PPh3, PnBu3)  via 
thermal reactions, and Rh(0EP)  (C1)(L1) (L' = C O  , THF, 
MeCN) via photochemical processes. Thermodynamic data 
have been estimated for formation of the bis(tripheny1phos- 
phine) species. 
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The reactions of trichloromethylium with oxygen- and sulfur-containing compounds 
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JOHN ALFRED STONE and NANCY JOAN MOOTE. Can. J. Chem. 64, 2447 (1986). 
The gas phase reactions of CC13+ with acetone, diethyl ketone, dimethyl ether, diethyl ether, several cyclic ethers, sulfides, 

and disulfides have been examined using high pressure mass spectrometry. In many of the reactions a stabilized ion-molecule 
complex is observed which may or may not react further. With disulfides a second reaction channel is electron transfer, the 
observation of which shows that the 0-0 ionization energies of these compounds are lower than the ionization energy of CC13 
(8.28 eV) and hence lower than the values obtained by photoelectron spectroscopy. Rate constants for the disappearance of 
CC13+ in general show an increase in value with increase in reaction exothermicity. The lack of a measurable effect of pressure 
on rate constants is discussed for some association reactions which have reaction efficiencies well below unity. 

JOHN ALFRED STONE et NANCY JOAN MOOTE. Can. J. Chem. 64, 2447 (1986). 
Utilisant la spectromttrie de masse haute pression, on a Ctudie les reactions en phase gazeuse du CC13+ avec I'acCtone, la 

pentanone-3, le mCthoxymCthane. l'ethoxyethane et plusieurs Cthers, sulfures et disulfures cycliques. Dans plusieurs de ces 
rCactions, on a observC la formation de complexes ion/molCcule qui peuvent Cventuellement donner d'autres rkactions. 
Avec les disulfures, les transferts d'Clectrons offrent une deuxikme voie de rCaction; leur observation dCmontre que les Cnergies 
d'ionisation 0-0 de ces composCs sont plus basses que 1'Cnergie d'ionisation du CC13 (8.28 eV) et donc plus basses que les 
valeurs obtenues par spectroscopie photoelectronique. Les vitesses de disparition du CC13+ augmentent gCnCralement avec 
une augmentation de I'exothermicitC de la reaction. On discute du fait que, pour quelques rkactions d'association qui ont des 
efficacitks rCactionnelles bien au-dessous de un, il n'y a pas d'effet mesurable de la pression sur les constantes de vitesse. 

[Traduit par la revue] 

Introduction 
The mechanisms of the reactions of CC13' with carbonyl- 

containing compounds were examined by Ausloos and co- 
workers (1) using ion cyclotron resonance (icr) at pressures 
in the range 10-6-10p5 Torr (1 Torr = 133 Pa) and ambient 
temperature. For aldehydes and ketones it was suggested that 
the preferential addition of CC13+ to oxygen is immediately 
followed by a four-centre reaction leading to the formation a 
mono halogenated carbonium ion: 

O....CCl,+ . . . . 
[ l ]  CC13+ + R'COR --* R'--k....kl + CC1,O + RICCIR+ 

I 

With acetone the sole product ion is CH~CCICH,+ but the 
more exothermic reaction of CC13+ with diethylketone results 
in the further decomposition of 95% of the initially produced 
C2H5CC1C2H5+ by loss of HC1 to give C5Hgf. 

The measured rate constants for the reactions of CC13+ and 
other halomethyl ions with carbonyl-containing compounds 
appeared to correlate well with reaction exothermicity. For 
example, the second order rate constants for the reactions of 
CC13+ with CH3COCH3 and C2H5COC2H5 were respectively 
< 3 x l o p 1 '  and 9 X lop1' em3 molecule-' s p l .  It was 
concluded that not only does reaction efficiency (defined as 
kreacrion/kcollision where k is a specific rate constant) vary 
directly with exothermicity but that the results also indicate that 
the lifetime of the ion-molecule complex is probably an even 
more important factor; the shorter the complex lifetime: the 
lower the reaction efficiency. Such lifetimes are, however, not 
readily determined. 

In earlier experiments with CC13+ using high pressure mass 
spectrometry (HPMS) with ion source pressures in the range 
2-5 Torr, we found that stable aromatic.CC13' adducts were 
observable (2) whereas previous studies at much lower ion 
source pressures (- Torr) had failed to detect such species 
(3, 4). Thus while collisional stabilization is not of importance 

at low pressures, it can be of significance at the higher pressures 
of our HPMS studies. The mean times between collisions of 
ions with neutrals at 4 Torr and lop5 Torr are roughly and 
lop3  s,  respectively, at 300 K. There is thus the possibility, 
using HPMS, of investigating whether Ausloos' claim that the 
very low reaction efficiency of CC13+ with acetone (1) is due to a 
very short ion-molecule con~plex lifetime. If this complex can 
be observed using HPMS then its lifetime ia at least lop9 s.  

The reactions of CC13' with another major class of oxygen 
bases, namely, the ethers have not been reported. We have 
examined such reactions using both linear and cyclic ethers and 
make comparisons with the results for carbonyl compounds. 
These ether results have also been compared with those obtained 
for thioethers. 

Thiosulfonium ions of the type (CH3SSCH3)R+ (R = H, 
alkyl) have been generated by displacement reactions in icr 
studies (5) and although they have been known and studied for 
some time in the condensed phase ( 6 ) ,  their gas phase reactions 
have received little attention. We have therefore investigated 
the possibility of generating thiosulfonium ions by the addition 
of CC13+ to RSSR under HPMS conditions. If this is possible 
then other thiosulfonium ions might be generated in a similar 
manner. 

Experimental 
The pulsed electron beam, high pressure ion source mass spec- 

trometer has been described previously (7). Premixed samples of 
accurately known composition are flowed into the field free ion source 
from a heated reservoir via a heated leak valve. The source is operable 
in the pressure range 1-4 Torr. the ion beam being most intense at the 
higher pressures. Kinetic data are obtained by pulsing the electron 
beam, the temporal profiles of the different ion currents emerging from 
the ion source exit slit after the electron beam pulse being monitored 
with ion counting equipment and a multichannel analyser. 

Methane (Matheson Ultra-high Purity) had a stated purity exceeding 
99.99%; carbon tetrachloride (Fisher Spectrograde) was used as 
received; all other compounds were of the highest purities available. In 
no cases were ions attributable to impurities observed in any mass 
spectrum. 
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I I I 
1 2 

TlME (ms) 

FIG. 1. Normalized ion intensities after a 85 ks pulse of ionizing 
electrons in a CH3COCH3/CCI4/CH4 (0.001 1 /0.46/99.5) mixture 
at 1.37 Torr and 300 K.  To enhance clarity no experimental points 
are shown. The curves show the temporal profiles of I.  CC1,-; 
2, CH3COCH3.CC13' (m/z 175); 3, C4H50CI2 (mi - .  139); 4, 
(CH3COCH3)2H' (m/z 117); 5 ,  C6HliOf ( m / z  99); 6. C7H1102C12+ 
(m/z 197); 7, CH3COCH3.H+ (m/z  59). The (m/z )  value for the most 
abundant form of the ion is given but the graph shows the total 
normalized intensity for the ion. 

Results and discussion 
CC13+ is formed from CC14 by dissociative proton transfer 

from CH5+ and C2H5+, the major reagent ions in methane (2). 

It is the only ion present at times greater than 100 p,s after a 
pulse of ionizing electrons in a CH4/CC14 (100/0.3) mixture 
at ion source pressures from 1-4Torr and temperatures from 
300-600 K.  The CCl,+ ions formed then react with molecules 
of interest introduced into the gas mixture at very low 
concentrations (<0.01 mol%). 

The plots of normalized ion currents as functions of time such 
as those in Figs. 1 to 4 can be interpreted to show the sequences 
of reactions following the interaction of CC13+ with an added 
neutral. In addition, the linear decay with time of the logarithm 
of the normalized CC13+ ion current allows the determination of 
the pseudo first order rate constant of the reaction of CC13- with 
the neutral. Knowing the concentration of the latter in the ion 
source the second order rate constant may be determined. 

[3] M + Ccl3+ + products 

Taking the measured ion current i, as being proportional to 
ion concentration in the ion source at time t and i, that at time 
zero, eq. [4] may be integrated to yield 

I I I 

1 2 3 4 
TlME ( m s )  

FIG. 2. Normalized ion intensities after a 50 ks pulse of ionizing 
electrons in a C2H5COC2H5/CCI4/CH4 (0.0059/0.32/99.7) mixture 
at 3.6 Ton and 455 K.  The curves show the temporal profiles of I .  
C2H5COC2H5.H+ (m/z 87); 2, (C2HsCOC2H5)2H- ( m / z  175); 3 ,  
CC13-; 4 ,  C2HSCOC2HS.CCl3+ ( m / z  203); 5 ,  csH9+ ( m / z  69): 6 ,  
C2H5CClC2H5+ (m/z 105). 

Values of k for the various neutrals studied under a variety of 
temperatures and pressures are given in Table 1 .  Also given are 
the efficiencies of reaction per ion-neutral collision, k /kADO,  
where kADo is the rate constant for collision calculated using 
the average-dipole orientation theory of Su and Bowers (8) .  

CC13+ + acetone 
This system was examined at pressures around 3.8 Torr at 

several temperatures and also at a pressure of 1.37 Torr at 
302 K. The results for the latter experiment are shown in Fig. 1. 
The results for the other conditions do show some marked 
changes from those in Fig. 1 but these changes involve 
secondary reactions occurring at long ion residence times. The 
only primary reaction observed in all cases is the fornlation of 
the acetone. CC13+ adduct 

The tertiary carbocation I reacts further with acetone vla four 
different channels whose relative importances change markedly 
with change of temperature and to a much lesser extent with 
change of ion source pressure. 

The structures shown for the products of reaction [7] are 
plausible but not proven. At 302 K channel [7b] is dominant 
(Fig. 1 )  but with increasing temperature the protonation reaction 
[7a] increases in importance. Above 462 K neither tn/z 139 nor 
m / z  197 are observed, the only chlorine-containing ion being I, 
which is of course only present at short reaction times. n ~ / z  59 
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I 
0 + HCI + COCI, 
I 

CH3-C-CH3 + HCI 
I 

reacts rapidly with neutral acetone to yield m l z  117 the proton- 
bound dimer ((CH3)2C0)2Hf. 

It is noteworthy that the sole product ion observed using 
icr at pressures of - lop5  Torr, and ambient temperature 
CH3CC1CH3+ (1) formed in reaction [I] ,  was not observed in 
this HPMS study. The reported reaction efficiency of 0.015 in 
the icr study is much less than the value of 0.5 for the association 
reaction observed in this study at 302 K (Table 1). There is the 
possibility that any CH3CC1CH3+ formed reacts immediately 
by chloride abstraction from the CCl,, which is present in 
high concentration, to regenerate CC13+ so that it itself is not 
observable. Such a reaction was not reported in the icr study. 

CC13+ + diethylketone 
The adduct (C2H5)2COCC13+ is the only product at 298 K. 

It reacts rapidly by proton transfer yielding first (C2H5)2COH+ 
which is further solvated to ((C2H5)2C0)2H+. At 455 K two 
other initial products first appear, viz. C5HgC and (C2H5)2CCl' 
in approximately equal but quite low yields (Fig. 2) whose 
relative values change little with pressure. In the icr study 
at -320 K the only two products were C5Hgt (95%) and 
(C2H5)2CCli. The present higher temperature, higher pres- 
sure results show that decomposition of the nascent diethyl 
ketone.CC13+ complex is possible in a manner similar to that 
which occurs at low pressure but only if sufficient thermal 
energy is available. The total energy available in the CC13+ 
adduct of diethyl ketone at any temperature before a stabilizing 
collision occurs is greater than that for the acetone.CC1,- 
adduct under the same conditions because of the larger number 
of atoms present and because of the greater exothermicity of the 
adduct forming reaction. The latter is presumed to follow from 
the greater basicity of diethyl ketone. Although the four-centre 
intermediate illustrated by reaction [ I ]  is possible for both 

1 

2 4 6 8 10 12 
TIME (ms) 

FIG. 3.  Normalized ion intensities after a 100 ys  pulse of ionizing 
electrons in a (CH3)20/CC14/CH4 (0.0031 /0 .44/99.6)  mixture at 
4.6 Torr and 360 K. 0 CCI3+ ; 0 (CH3)20CC13+ ( m l z  163); 
( C H ? ) ~ O +  ( m / z  61) .  

1 2 3 
TIME (ms) 

FIG. 4 .  Normalized ion intensities after a 60 ys  pulse of ionizing 
electrons in a (C2H5)20/CC14/CH4 (0 .0058/0.32/99.6)  mixture at 
3.2 Torr and 464 K. The curves show the temporal profiles of 1 ,  
C2H50CC12' ( m / z  127): 2 .  CC13': 3. (C2H5)301  ( m / z  103); 4 ,  
(C2H5)20 .H+ ( m / z  75) ;  5 ,  C4H9OT ( m l z  73) .  

dimethyl and diethyl ketone, only the CC13' complex of the 
latter decomposes in such a manner under HPMS conditions. 

The only reactions observedfor (C2H5)C0CC13+, (C2H5)2CC1+, 
and C5H,+ are proton transfer to the neutral ketone. again 
followed by further solvation to give the proton bound dimer. 
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TABLE 1. Rate constants and reaction efficiencies for the reaction M + CCII- + products 

M Temperature (K) Pressure (Torr) k ( 10l0 cm3 molecule-' s-I) k / k A D O  

Dimethylether 
Dimethylether 
Dimethylether 
Dimethylether 
Dimethylether 
Dimethylether 
Dimethylether 
Dimethylether 
Dimethylether 
Dimethylether 
Dimethylether 
Acetone 
Acetone 
Acetone 
Diethylketone 
Diethylketone 
Furan 
2,5-Dihydrofuran 
Tetrahydrofuran 
2,5-Dimethyltetrahydrofuran 
2-Methylfuran 
2,3-Dihydropyran 
Tetrahydrothiophene 
Dimethylsulfide 
Diethylsulfide 
Diethyldisulfide 
Di-n-propyldisulfide 
Di-n-propyldisulfide 
Di- n -propyldisulfide 

"Obtained using eq. [14]. 
bEfficiency for formation of (C3H,S)2CCI,' or (C2H5S)ZCC13+. 

CC13' + dimethyl ether 
The adduct (CH3)20CC13' is the sole initial product. Its 

yield decreases with increasing temperature until at tempera- 
tures above 530 K no reaction is observed. There is no evidence 
for an equilibrium between complex and reactants and the 
complex. an oxonium ion, reacts further with the neutral ether to 
yield the more stable trimethyloxonium ion (Fig. 3). 

Reaction [9] is slow, k = 2.5 2 1 x lo-" cm3 rnolc- 
cule-' s-' at both 298 K and 360 K. It may be regarded as 
a bimolecular nucleophilic displacement, i .e . ,  attack by the 
neutral ether on one of the methyl groups of (CH3)20CC13+. 
There are at least two possible explanations for this low reaction 
rate constant. The reaction is thermoneutral or more probably 
slightly endothermic since the stabilizing effect of a CCl, on a 
positively charged centre is a little greater than that for CH3 (9). 
The lack of a significant temperature coefficient for the rate 
constant shows that the endothermicity cannot be large, and 
indeed if it were the reaction would not be observed. Another 
explanation might be that displacement occurs with high 
efficiency but attack occurs mainly at CC13 leading to no net 
change. However. it has long been known that the substitution 
of hydrogen by halogen on a carbon atom engenders a lowering 
of reaction rate for liquid phase S N 2  reaction at that carbon 
(10, 1 I ) ,  suggesting that attack will be mainly at CH3. 

CC13' + diethyl ether 
Unlike dimethyl ether, diethyl ether produced no observable 

CC13+ adduct. The reaction was studied only at 464 K when the 
sole product was C2H50CC12' formed by loss of C2H5Cl or 
C2H4 + HC1 from the initial collision complex. 

[lo] (C2H5)20 + CC13++ C2HsOCCI2' + CzH5C1(CzH4 + HCI) 

Figure 4 shows that the disappearance of CC13- has two 
components, an initial rapid decay followed by a much 
slower decay. At long times the decay curves for CC13+ and 
C2H50CCl2' have identical slopes, a behaviour that was found 
to be independent of both diethyl ether and carbon tetrachloride 
concentrations. This may be rationalized by invoking a reaction 
which regenerates CC13+. 

[ l l ]  C2H50CC12' + CCI4 CIHSOCCl~ + CCli ' 

C2H50CC12+ also disappears by a slow reaction with diethyl 
ether yielding mainly the triethyloxonium ion and a much 
smaller amount of the protonated ether. 

Because of the occurrence of reaction [ l l  j it is impossible to 
obtain a satisfactory rate constant for reaction [lo] using eq. [S] . 
A minimum value of 3 x 10- lU cm3 molecule- ' s ' is obtained 
from the initial slope of the decay curve. A better value is 
obtained by noting that reactions [ lo] and [I 1 j are much faster 
than any other reactions involving CC13+ and C2H50CC12' and 
that in a given experiment the concentrations of both diethyl 
ether and carbon tetrachloride, which are much greater than 
those of the ions, remain constant. Reactions [lo] and [1 11 may 
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STONE AND ? 

0.2 0.4 0.6 
TIME ( m s l  

1 2 3 
TIME ( m s )  

FIG. 5 .  ( a )  The temporal profiles of C2H50CC12' ( 0 )  and CC13- 
(0). The data are from Fig. 4 and have been renormalized. ( 0 )  The 
kinetic plot for the data in (a) according to eq. [14]. 

therefore be combined as a pair of opposing pseudo first order 
reactions 

where k+ = k l o  [C2H5) 2 0 ]  and k - = kl I [CC14]. The CC13+ and 
C2H50CC12+ ion currents in Fig. 4 are renormalized in Fig. 5a 
in which the approach to equilibrium is given by (12) 

where io ,  it, and i ,  are the renormalized ion currents for either 
ion at times zero, t, and after attainment of equilibrium. The 
approach to the equilibrium normalized ion current value is 
exponential for both ions in Fig. 5a as shown by the plot of 
ln(i ,-  i,)vs. t(Fig. 5b).Theslopeofthisplotgives(k+ + k - )  
and the ratio k + / k  is obtained from the ratio of renormalized 
equilibrium ion currents. The values of k lo  and k ,  are obtained 
from k +  and k using appropriate diethyl ether and carbon 
tetrachloride concentrations. Four different experiments gave 
k l o  = (9 i 2) X 1 0 - ' ~ c m ~  moleculeP' sP '  and k l ,  = (2 k 1) X 

loP" cm3 moleculeP' s- ' ,  the error limits representing one 
standard deviation. 

CC13' + cyclic ethers 
The reactions of CC13- with a number of furans and 

2.3-dihydropyran were briefly examined. The results of the 
rate constant measurements which are shown in Table 1 are 
generally for single measurements and are therefore to be taken 
only as indications of the magnitudes of the values, each 
result should, however, be within i 25% of the average value 
that would be obtained if multiple determinations had been 
performed. 

Both furan and 2-methylfuran give the CC13+ adduct as the 
major primary product. The only other product observed with 

1 2 3 
TIME ( m s )  

FIG. 6.  Normalized ion intensities after a 60 ks pulse of ionizing 
electrons in a furan/CC14/CH4 (0.0079/0.32/99.6) mixture at 
3.5 Torr and 458 K. The curves show the temporal profiles of I ,  
C4H40.CCI3+ ( m / z  185); 2 ,  CC13-: 3. C4H30CCI2' ( m / z  149); 4. 
C4H40HS ( m / z  69); 5,  C4H40C~H5+ ( m / z  97). 

both compounds is formed by loss of HC1 from the adduct. As 
shown in Fig. 6 for furan, this ion has the same temporal profile 
as that of the adduct implying that it is formed competitively 
with the adduct and not by its further reaction. This lack of 
further reaction of the adducts shows that CC13+ probably adds 
at oxygen and not at the double bond. Under HPMS conditions, 
addition to the double bond would lead to an ion which 
condenses with or transfers a proton to the neutral ether. No 
such reactions were observed, the very small constant yields of 
protonated furan and ethyl furan cation seen in Fig. 6 almost 
certainly arise from protonation by CHSt and C2HS+ and 
addition of C2HSf from the methane reagent gas. CC13' 
addition to furan is therefore different to protonation for which 
the preferred site is the a carbon (13) even though the most basic 
site is oxygen (14). Protonation probably occurs first at oxygen 
but subsequent transfer to an a carbon with concurrent gcometry 
relaxation leads to a more stable structure. The oxonium ion is 
the preferred structure for the CC13' adduct because a CCl, 
group at the a carbon would have a destabilizing effect on the 
resulting carbocation. 

When the heterocyclic ring is partially or fully hydrogenated 
the CC13+ adduct is not observcd at all (2.3-dihydrofuran, 
tetrahydropyran, 2,5-dimethyltetrahydrofuran) or its yield is 
very small (tetrahydrofuran). In all cases the spectra are very 
complex. Ions are observcd which are formed by hydride 
transfer to CC13& and by loss of HC1, 2HC1. and COClz from an 
initially formed adduct. For example, the reaction of CC13' 
with 2,3-dihydropyran (C5H80) yields. in decreasing order of 
intensities, C5H7C12+, CSH70i, and C 3 ~ & 1 2 + .  

CC13' + szdjides and disulJides 
The sulfur compounds are different to the oxygen compounds 

in their behaviour towards CC13+ in that very stable adducts are 
invariably formed. For example, while tetrahydrofuran gives 
C4H7+ and C3H,0Cl+ as major products, tetrahydrothiophene 
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1 2 
TIME (ms )  

FIG. 7. Normalized ion intensities after a 60 ps ionizing pulse of 
electrons in a (C2H5)2S/CC14/CH4 (0.0050/0.46/99.5) mixture at 
4.1 Torr and 460 K :  0 CC13+; 0 (C2H5)2SCC13+ (m/z 207); 
C4H9S+ (m/z 89); (C2H5)2SH- (mlz  91). 

1 

TIME (ms)  

FIG. 8. Normalized ion intensities after a 60 ys ionizing pulse 
of electrons in a (C3H7S)2/CC14/CH4 (0.002510.5 1199.5) mixture 
at 3 .4 Torr and 570 K. 0 CC13+; (C3H7S)?- ( m l i  150): 
( c ~ H ~ S ) ~ C C ~ ~ +  ( m / z  267); (C3H7S)3' (m/z 225). 

gives the adduct (90%) and C4H7Sf formed by hydride transfer 
to CC13+. Neither of these ions reacts further with neutral 
thiophene. Dimethyl sulfide (CH3SCH3) shows similar behav- 
iour, the adduct comprises 92% of the products, the remainder 
being CH3SCH2' formed by hydride ion transfer. The latter 
ion reacts further by association with neutral sulfide to give 
C4HI1S2+. There is no evidence for the formation of a 
trialkylsulfonium ion analogous to the trialkyloxonium ion 
observed with dimethyl ether (reaction [9]) even though such 
ions are much more stable than the analogous trialkyloxonium 
ions (15). 

Both diethyl sulfide and di-n-propyl sulfide give the adduct as 
the major product, diethyl sulfide also yields 10% C2H5SC2H4+ 
formed by hydride ion transfer. The analogous product for 
di-n-propyl sulfide is isobaric with C35C13' at m / z  117, but 
using the known isotopic pattern of chlorine to subtract the 
contribution from CC13+ it is calculated that the yield of 
C3H7SC3H6 is much less than 10% of the total product ions. 
These results are to be contrasted with those for diethyl ether for 
which the sole product is C2H50CCl2+. Also in contrast to 
the dimethyl ether adduct, these sulfide adducts, like that of 
dimethyl sulfide are unreactive and do not yield a trialkyl- 
sulfonium ion. Figure 7 shows that C2H5SC2H4+ formed m the 
reaction of CC13+ with diethyl sulfide reacts slowly, probably 
by proton transfer, to the neutral sulfide. 

With the disulfides a new reaction channel opens up as 
electron transfer becomes competitive with adduct formation. 
For example, in the case of di-n-propyl disulfide the reactions 
are 

Temperature has a significant effect on the relative yields of 
the products, electron transfer being favoured at high tempera- 

ture (Fig. 8) while adduct formation is favoured at low 
temperature (Fig. 9). At long ion residence times both products 
react further to give the dithiosulfonium ion (C3H7S)3+ 

The rate constants for reactions [16] and [17] were calculated 
from the linear slopes of the ion current curves at long reaction 
times for a temperature of 298 K (Fig. 8b); k16 = 7 X 

10-lo em3 molecule- ' s- ' and k = 2 X lo- ' '  ~ r n - - ~  mole- 
cule-' s-'. Values cannot be calculated at higher temperatures 
since the decay curves have a small slope and the precursor ion 
CC13+ is still present in significant amounts. 

One of the few studies of the ion chemistry of disulfide 
systems involved dimethylsulfide using ion cyclotron resonance 
(5). No rate constants were measured but the molecular ion, 
(CH3S)2+ was found to react only very slowly with the 
disulfide, the reaction product being (CH3S)3? However, it 
was found that the thiosulfonium ion (CH3S)2CH3T, unlike 
(C3H7S)2CC13f in this study, did not react further; a reaction 
analogous to 16 was calculated to be endothermic by about 
3 kcal mol-'. We have no estimate of the enthalpy change for 
reaction [15] but since it occurs with almost unit efficiency it 
must be exothermic by > 4  kcal mol-'. 

Since most of the dithiosulfonium ion, (CH3H7S)3+, arises 
via reaction [16], as seen from the slopes of the decay 
curves in Fig. 8b ,  the branching ratio k15a/k15b may be 
obtained with small error from the ratio {[(C3H7S)2CC13f)] + 
[(C3H7S)3+])/[(C3H7S)]2+. The ratio shows very little varia- 
tion with pressure over the range 2-4 Torr but does tend to 
decrease by about 20% over the ion residence times. Table 2 
shows that such variations are small compared with the dramatic 
effect of temperature. 

Table 1 shows that the rate constant for the disappearance of 
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STONE AND MOOTE 2453 

FIG. 9. Normalized ion intensities after a 60 ks pulse of ionizing 
electrons in a (C3H7S)2/CC14/CH4 (0.0025 10.5 1 /99.5) mixture 
at 3.1 Torr and 298 K.  0 CCl3-: (C3H7S)2+ ( m / z  150); 3 
( c ~ H ~ S ) ~ C C ~ ~ ~  ( m / z  267): A (C3H7S)3+ ( m / z  225). 

CC13' in the presence of disulfide which is equal to (k15, + 
klsb) is essentially independent of temperature and is equal to 
the rate constant for collision. The factor of fifty change in 
the branching ratio which strongly favours electron transfer at 
high temperature probably reflects the decreased lifetime of the 
collision complex at high temperature. Since electron transfer is 
one of the accessible channels, the ionization energy of CC13 is 
greater than those of (C3H7S)2 and (C2H5S)Z. Electron transfer 
can occur over a much greater distance than group or atom 
transfer and will occur upon first collision. Presumably with 
disulfides electron transfer to CC13+ is always the first step in the 
ion-neutral encounter. This may or may not be followed by the 
formation of a stabilized complex. At high temperature the 
ion-molecule collision complex contains significant thermal 
energy as well as the ion-molecule interaction energy and 
consequently has a much shorter lifetime than at lower 
temperatures. The association reaction [15b] which may require 
third body stabilization is therefore discriminated against. At 
low temperature the association complex has a much reduced 
energy content, and hence a longer lifetime and a stabilized 
complex can be formed, i.e. [15b] is favoured over [15a]. 

The occurrence of the electron transfer reaction [15a] 
supports the contention that the reported ionization energies of 
alkyl disulfides do not correspond to a 0-0 transitions (16). For 
example. photoelectron spectroscopy yields ionization energies 
for diethyl- and di-n-propyl disulfides of 8.44 and 8.34 eV, 
respectively (17), well above the ionization energy of CC13+ 
(8.28 eV (18)). Both CCl,' and CC13 are planar, or almost 
planar, the lone electron in the radical being accommodated in a 
P, orbital. There will be little geometry change on ionization of 
the radical and the reported ionization energy obtained using 
monochromatic electrons corresponds to the 0-0 transition. 
The neutral disulfides have a CSSC dihedral bond angle close to 
90" (19) while calculations suggest an angle close to 180' for 
CH3SSCH3+ (20). There are therefore very large geometry 

TABLE 2. The branching ratio (electron transfer/complex 
formation) for CC13+ + RSSR 

R Temperature (K) Branching ratio 

C3H7 570 8.0 
C3H7 454 1.6 
C3H7 300 0.32 
CzH5 45 3 1.6 

changes on ionization and photo electron spectroscopy ioniza- 
tion potential values will be larger than those for 0-0 transi- 
tions. Kinetic considerations suggest that the 0-0 ionization 
energy of CH3SSCH3 is 7.4 eV (16) which is consistent with the 
pesent results 

Rate constants for the reactions of CC13+ 
Under icr conditions ( l ~ - ~ - l O - ~  Torr, 320 K) no stable 

adducts are observed when CC13+ reacts with acetone, the 
only product being CH3CC1CH3+ (1). Under HPMS conditions 
(3-3.5 Torr, 300-460 K) the adduct CH3COCH3CC13+ is 
the only product. The measured second order reaction rate 
constants are also very different at 300 K,  viz. icr 3 X 

lo-" cm3 molecule-' s-' and HPMS 1 x l op9  cm3 mole- 
cule-' s-'. In addition, in the present study, the efficiency of 
reaction at 300 K is 0.5,  a value independent of pressure. The 
efficiency of the reaction of CC13+ with acetone was not 
measured as a function of pressure at other temperatures but the 
association reaction of CC13+ with dimethyl ether was studied. 
Although the rate constant decreases when the temperature is 
raised from 298 to 345 K,  the reaction efficiency is essentially 
independent of pressure at both temperatures. The above facts 
have several implications. 

At l o p 5  Torr the mean time between ion-molecule collisions 
is lop3 s while at 3 Torr it is 5 x lo-' s. Since the reaction 
efficiency is 0.5 for CC13+ + acetone at high pressure and 
300 K, based on the measured pseudo second order rate 
constant, 50% of the initially formed reaction complexes must 
have lifetimes of at least 1 0 - ~ - 1 0 - ~  s. The lack of a pressure 
dependence of the rate constant over the range 1-4 Torr implies 
that the lifetimes of these collision complexes which are finally 
detected as stabilized species are somewhat longer. Since only 
-50% of the initial collisions between CC13+ and acetone and 
30% of those between CC13+ and dimethyl ether at 300 K lead 
to a stabilized complex then respectively 50% and 70% of the 
collision complexes have lifetimes much shorter than lop8  s. 
There are three possible explanations for this behaviour. (a) 
There are two populations of initial collision complexes, those 
with lifetimes sufficiently long for stabilization to occur under 
HPMS but not icr conditions and those with much shorter 
lifetimes which decompose to reactants. This is equivalent to 
invoking a geometrical or steric factor in the initial collision 
which selects reactive versus non-reactive collisions. Such a 
factor would not be strongly temperature dependent, contrary to 
what is observed. (b)  Secondly, it is possible that the first 
collision with a neutral molecule by a long-lived collision 
complex may be either stabilizing or dissociative. The general 
scheme would be 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2454 CAN. J .  CHEM. VOL. 64. 1986 

The branching ratio k2/k3 would be temperature dependent 
and would decrease as the total energy of AB+* increases with 
increasing temperature as collisions of ABf * with M become 
less efficient at stabilizing the complex. This energy includes 
both the thermal energy and the energy of the interaction of the 
ion and neutral molecule. ( c )  The third possibility is a radiative 
stabilization of a fraction of the initially formed association 
complexes in competition with back dissociation. Smith and 
Adams (21) favour such an explanation for their observation 
that above their experimental minimum pressure of 0.2 Torr the 
association reaction between CH3+ and H 2 0  has a constant, 
less than unit efficiency. An explanation for the absence of a 
pressure dependence on the efficiency is not given. 

The problem encountered when trying to decide between 
(b) and ( c )  is the lack of data covering a sufficiently large 
but continuous pressure range. A phase space model for the 
association reaction CH3+ + HCN + CH,.HCN+ in which 
both radiative and third body stabilization are considered shows 
a linear dependence of reaction efficiency on pressure only at 
very low pressure (22). At pressure above 0.2 Torr the model 
predicts that the observed second order rate constant changes 
only slowly with pressure and has values which are considerably 
less than the collision rate constant if the efficiency of the third 
body stabilization reaction is well below unity. Such a slow 
change of measured second order rate constant with pressure 
may not then be experimentally observable over a small range 
of pressure such as used in the present work. If radiative 
stabilization is a significant factor in the association reaction 
of CC13+ with acetone, then CH3COCH3CCl3+ should be 
observed in icr experiments at very low pressures where the 
mean lifetime between collisions is larger than in HPMS. The 
fact that no such complexes were observed does not necessarily 
negate the argument in favour of radiative stabilization. As 
Adams and Smith (23) have pointed out, the presence of 
residual excitation energy from their method of formation in 
ions taking part in association reactions under icr conditions 
leads to results which may be far removed from those obtained 
when the ions are thermalized. In the icr study ( I ) ,  CC13+ was 
formed by electron impact dissociative ionization of CC14 in 
mixtures containing 5- 10% CH3C0CH3 in CCl,. The ten to 
twenty thermalizing collisions of CC13+ with CCl, prior to 
an encounter with acetone may not have been sufficient to 
eliminate all the excess energy of formation, although if C1- 
transfer occurs at a significant rate in CC13+ /CC14 collisions it is 
generally accepted that thermalization can be very efficient. 

Adams and Smith (23) have recently discussed the kinetics of 
ion-molecule association reactions with special emphasis on 
the association of small species. Their conclusions regarding 
such relatively simple systems are similar to those stated above, 
in particular the difficulty in determining the role of radiative 
association and indeed in determining whether the measured 
effective rate constants for some quite simple association 
reactions (eg. CH3+ + HCN G CH3+.HCN) do exhibit 
pressure dependences in the pressure range 0.2-4 Torr, i.  e . ,  has 
or has not "saturation" occurred? The mechanisms of reactions 
involving more complex species such as those reported here will 
probably be even more difficult to decipher. 

The reaction efficiencies shown in Table 1 are computed in 
terms of the exverimental second order rate constants. As stated 
previously none of these rate constants shows a significant 
pressure dependence and so even nominally third order reac- 
tions may be discussed in terms of the efficiencies per initial 
ion-molecule collision. In general, the efficiency for the 

oxygen bases increases with increasing complexity of the 
neutral. For example, CC13' reacts with diethyl ketone in 16% 
of the encounters at 455 K while only 1.2% of the encounters 
with acetone lead to product. In both cases the major initial 
product is formation of R2C0.CC13' (R = CH3. C2H5). 
Similarly, dimethyl ether has a lower reaction efficiency than 
diethyl ether at the same temperature. The reactions in this case 
are of course different in that dimethyl ether forms a stabilized 
complex whereas no stabilized complex is observed with diethyl 
ether. 

The cyclic ethers show a rather limited range of reaction 
efficiencies. Furan, which mainly forms the adduct has the 
lowest efficiency while the efficiency increases as the degree of 
hydrogenation and the complexity of the ring increases. Since 
many of these results are from single experiments this can only 
be a generalization. The relatively high efficiency of tetrahydro- 
thiophene compared with furan or tetrahydrofuran is consistent 
with the greater efficiencies of reaction of CCl,+ with the 
thioethers compared with the ethers. Although the disulfides 
react with essentially unit efficiency at all temperatures and 
pressure, the efficiency for chemical reaction other than electron 
transfer is little different from that of the sulfides, in both cases 
this is mainly an association reaction. 

Conclusion 
The reactions of CC13+ with many of the compounds studied 

are very efficient even at the temperature of -460 K used in 
most of the studies. This is in spite of the fact that for many of 
the compounds the primary product is a stabilized ion-neutral 
complex. As suggested by Ausloos and co-workers (1). reaction 
efficiency does appear to increase with increasing exothermicity 
of reaction, e.g.  diethyl ketone > acetone and diethyl ether > 
dimethyl ether. For the ketones this implies that a greater 
number of ion-molecule complexes have sufficiently long 
lifetimes for stabilization to occur when the size of the neutral 
molecule increases, which is also in agreement with a sugges- 
tion of Ausloos and co-workers. In their icr work no stabilized 
complexes were observed and bimolecular chemical changes 
were studied. The present results show that such changes, 
provided that they are initiated by excited ions. will be preceded 
by long-lived (> lop8 s) ion-molecule complexes. 

The lack of a significant pressure dependence of the experi- 
mental second order rate constants for association reactions 
is not a uniaue observation but the ex~lanation for it is still 
unclear. An examination of such reactions might profitably be 
carried out using a selected ion flow tube at pressures in the 
range 0.05 to 1 Torr. 
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A water soluble dimeric steroid with catalytic properties. 
Rate enhancements from hydrophobic binding 
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J .  PETER GUTHRIE, JOHN COSSAR, and BRIAN A.  DAU SON. Can. J .  Chem. 64, 2456 (1986). 
Dimeric steroids can be formed by reductive amination of terephthalaldehyde with 3-amino steroids using cyanoborohydride. 

An amino group in the 11 @-position can be blocked using a formyl group, and this can be removed by acid hydrolysis after 
dimerization. Trifluoroacetyl is not a suitable blocking group: although it can be removed by acid hydrolysis from monomeric 
steroids, it was only removed from the dimer under forcing conditions which caused degradation. The dimeric steroid is a catalyst 
for the hydrolysis of arylpropionate esters with good leaving groups. Acylation is markedly accelerated by hydrophobic binding 
of the aryl group of the substrate to the steroids. Rate enhancements, relative to imidazole, of up to 5.5 X 10' were obtained, 
and analysis of the data shows that the potential rate enhancement is 1.1 X 10'. The magnitude of the hydrophobic binding is 
consistent with what was seen with earlier catalysts. Aggregation. even at very low concentrations, was a problem with 
anionic substrates. 

J. PETER GUTHRIE, JOEN COSSAR et BRIAN A. DAWSON. Can. J .  Chem. 64, 2456 (1 986). 
On peut former des steroides dimkres par amination reductrice du tkrephtalaldehyde avec des amino-3 stkroi'des, sous 

I'influence du cyanoborohydrure. On peut bloquer un groupement amino-11 p a I'aide d'un groupement formyle qui peut 
Ctre enleve par une hydrolyse acide, a la suite de la dimerisation. Le groupement trifluoroacCtyle n'est pas approprie pour 
bloquer, m&me si on peut I'enlever des steroi'des par hydrolyse acide; en effet, on ne peut I'enlever monomkres qu'en utilisant 
des conditions fortes qui provoquent une degradation. Le stCroi'de dimkre est un catalyseur pour l'hydrolyse des esters 
arylpropionates portant de bons groupement nucleofuges. L'acylation est fortement accClCrCe par une fixation hydrophobe du 
groupement aryle du substrat par les stCroi'des. On a O ~ S ~ N C  des augmentations de vitesses, relatives a l'imidazole, allant 
jusqu'a 5,5 x lo2 et une analyse des donnCes dCmontre qu'il est possible d'obtenir des augmentations de vitesse de l'ordre de 
1 , l  X lo5. L'amplitude de la fixation hydrophobe est en accord avec ce qui a CtC observC antkrieurement avec d'autres 
catalyseurs. M&me ?I de faibles concentrations, I'aggrCgation est un probleme avec les substrats anioniques. 

[Traduit par la revue] 

Introduction 
We have reported studies of various catalytic molecules 

based on a steroid skeleton, which provided a hydrophobic 
binding surface (1-4). By linking two steroid moieties in a 
dimeric catalyst we were able to achieve larger rate enhance- 
ments (3, but encountered severe experi~rlental difficulties as a 
result of the very low solubility of this catalyst. We now wish 
to report the preparation of a very soluble dimer, which should 
allow extensive studies of the hydrophobic interaction. We have 
confirmed the large rate enhancements previously reported for 
phenanthryl substrates. In the initial experiments we found that, 
despite the high solubility of the catalyst, there can be severe 
problems of aggregation when the substrate has the opposite 
charge. 

Results 
Preparation and proof of structure for model dimers 

Our plan was to prepare steroid dimers by reductive amina- 
tion of 3-P-aminosteroids using terephthalaldehyde and cyano- 
borohydride (6). We first examined two model systems to test 
the reaction conditions. We prepared the dimer derived from 
cyclohexylamine, as shown in Scheme 1. Initial experiments 
using methanol as solvent led to the desired con~pound but 
in impure form. Addition of molecular sieves improved the 
efficiency, but the presence of pulverized sieves at the end of the 
reaction was undesirable. Upon changing to methoxyethanol as 
solvent we found that the reductive amination gave quite pure 
material in  9 0 7 ~  yield with no further attempts at optimization. 
We tried to titrate this material to obtain pK, values for use 
with the dimeric steroid but were frustrated by the extreme 
insolubility of the neutral compound; even at 0.00065 M 
precipitation occurred at pH 9.85. The pH after addition of half 

'Author to whom correspondence should be addressed 

an equivalent of O H  can be taken as an approximation to the 
first pK,; with a solution at 0 .1  M ionic strength (KCl) this value 
was 9.0: with a somewhat more concentrated solution at 1 .OM 
ionic strength the value observed was about 10 .0  (this required a 
short extrapolation past the point where precipitation occurred). 

Then w e  prepared 3-P-amino-androstane-17-P-ol(7), 5, and 
the dimer derived from it, as outlined in Scheme 1. The amine 
function was introduced stereospecifically by dissolving metal 
reduction of the oxime, 4 (7,  8). That the reduction occurred 
with the desired stereochemistry was shown by the broad signal 

\ 
in the spectrum of the dimer attributed to ,CH-NH2--. The .. 

\ 
width at half height, w l I 2 ,  was ca. 24  Hz; for ,CH-OH, 

which we assume is a reasonable model, an a - H  has w l  = 

7 Hz, while a P-H has w = 20  Hz  (9). The monomeric amine 
was obtained as the hydrochloride. and was very insoluble. so 
that the signals from the methine protons were not readily 
visible; it was simpler to examine the dimer to establish 
the stereochemistry of the first reduction step. Dimerization 
proceeded smoothly: a yield of 54% was obtained with little 
effort at optimizing the conditions. The identity of the dimer. 5, 
was established by its ' H  nmr spectrum and its exact mass. 

Dimerization of 17-P-(4(5/-imidazoly1)-11 -P-trljuoroaceta- 
mido-5a-nndrostan-3-bmine 

In order to prepare the desired dimer of 17-P-(4(5)-imida- 
zoly1)-5a-androstane-3-P, I I-P-diamine, 8,  was necessary to 
block the 11-@-amino group. Trial experiments at reductive 
amination of 6 using terephthalaldehyde had led to insoluble 
gelatinous precipitates.2 This was interpreted as polymerization 
involving reaction at both the 3- and 1 1-amino groups. Since we 
had found that the trifluoroacetyl group resisted base hydrolysis 

'J. P. Guthrie, unpublished observations. 
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GUTHRIE ET AL. 

from an 1 1-P-amide, but could be hydrolyzed in acid (4). we 
initially tried this blocking group, as outlined in Scheme 2. 
Dimerization of 17-P-(4(5)-imidazoly1)- 1 1 -p-trifluoroacetami- 
do-5a-androstan-3-P-amine I O U ,  proceeded reasonably well, 
to give a material with an nrnr spectrum consistent with structure 
12a, but on attempting to hydrolyze the blocking groups we 
found that they did not come off under conditions which sufficed 
for the monomeric steroid (either refluxing 6 N HCl or refluxing 
6 N  CH3S03H). and use of more vigorous conditions led to 
extensive degradation of the dimer. 

Kinetics of reactions with p-~zitropherzyl esters 
All of the kinetics data are found in Table 1.  By working 

at low substrate concentrations it was possible to obtain rate 
constants for the reaction of 13 with 14b, 15b, and 16b. In the 
case of 16b it was necessary to use concentrations of less than 
lo-' M to avoid precipitation and/or aggregation which led to 
spuriously low rates. We found that the use of tris buffers led 
to erratic and irreproducible behavior. which we have also 
observed in other reactions ( lo) ,  but that borate buffer was well 
behaved. The second order rate constants obtained from plots of - 
kobs VS. [ 1 3 ]  are found in Table 2. Dimerization of 17-P-(4(5j  -imidazolyl) -1 1 - P-formamido-5a- 

Figures 1 ,  2 ,  and 3 show the kinetics behavior of the phenyl-, androstan-3P-amine 
naphthyl-, and phenanthrylpropionate substrates. In each case it 

We found that formy' was a group for the should be noted that the inherent reactivity of the substrates, as 
11-P-amino function. since it could be put on readily, resisted shown by the rates of uncatalyzed hydrolysis. was trimethyl- 
'lkaline (which h ~ d r o l ~ z e d  a 3-formamido group). ammonionitrophenyl > carboxynitrophenyl > nitrophenyl, but 
and be removed acid Conditions were the rate for 13 were in the order 
found which gave the desired dimerization of l o b ;  and for 126 carboxynitrophenyl > trimethylammonionitrophenyl > nitro- the blocking groups were removable by acid hydrolysis using 

phenyl, except for the esters of 3-(3-phenanthry1)propionic 
HC1 at for h '  The stereochemistry of has been acid. As we have observed in related studies (4), the electro- 

established ( I ) .  and this establishes the stereochemistry of 13. static interactions of and catalyst have a powerful The integration of the 'H  nmr proves that two steroids have been 
influence on the observed reactivity patterns. linked by one p-xylylene bridge. The 13C nrnr spectrum proves 

the symmetry of the molecule because we observe the correct Kinetics of reactions with esters of 3-1zydro,xy-4-nitrobenzoic 
number of peaks for two identical steroid residues linked by acid 
a p-xylylene bridge. Without further experiments a detailed These esters had been the best ester substrates for 8, so we had 
assignment cannot be made with any confidence. The exact expected that they would also be best for 13. Although 14a and 
mass confirms the composition of 13. 15a were relatively straightforward to study, we had extra- 
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NH: RCONH 

NHCOR 
I I N 

kNH+-wF$$ NHCOR NH 

l l a ,  b 

ordinary difficulty getting readily interpretable rate constants 
from the reaction of 13 and 16a. It was only possible to get 
simple behavior by using solutions where the reagent in excess 
was at a concentration less than 3 x l op6  M with the other 
reagent at about a ten-fold lower concentration. Figure 3 
illustrates the simple behavior shown at low concentrations, 
and the major and variable inhibitory effects seen at higher 
concentrations with either catalyst or substrate in excess. The 
second order rate constants are found in Table 2. In the case of 
14a simple kinetic behavior was observed even at high 
concentrations of 13; plots of kobs VS. [13]  showed distinct 
curvature, which could be analyzed in tenns of preassociation. 
An Eadie-Hofstee (11, 12) plot was reasonably linear, see 
Fig. 4, and led to an apparent binding constant of (6.3 i 1.4) x 
l op4  M. Although the behavior seen is qualitatively what would 
be expected for binding of substrate by catalyst, the linearity of 
the Eadie-Hofstee plot is imperfect, so that what was observed 
may be the result of some more complex aggregation process. In 
any case the binding constant determined from such an analysis 
need not refer to the productive mode of binding which leads 

directly to the catalytic transition state, but may refer to 
some form of non-productive binding which has the substrate 
improperly oriented relative to the catalytic groups. The pheno- 
menon of non-productive binding is a well known complication 
in enzymology (13). For the other carboxynitrophenyl esters no 
signs of binding, or at least of simple binding behavior, were 
apparent. 

Kinetics of reactions with 4-trirnethylarnrnorzio-6-nitrophenyl 
esters 

These substrates were, as anticipated, well behaved. The 
second order rate constants are found in Table 2. In the case of 
16c we carried out experiments over a wide range of concentra- 
tions of 13 and observed apparent saturation kinetics. Figure 5 
shows an Eadie-Hofstee plot for the data; although there is 
considerable scatter, it is clear that we have observed saturation 
kinetics, with an apparent binding constant of (4.62 t 0.98) x 
l op5  M. At this point it would be rash to build much 
interpretation upon this number because of the possibilities for 
non-productive binding or aggregation. We have frequently 
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GUTHRIE ET AL. 

TABLE 1. Kinetics of ester reactions with 13" 

[Ester] [Dimer] 
x lo6 x lo6 a I a 2 a3 x 10' a4 x 10' 

Carboxynitrophenyl estersb 
14a 
0.342 0 .  0.0185(0.0001) -0.0165(0.0001) 
8.39 0 .  0.3696(0.0001) -0.3679(0.0001) 
1.28 13.9 0.0436(0.0001) -0.0429(0.0001) 
0.428 5.81 0.0344(0.0001) -0.0200(0.0001) 
3.77 40.6 0.1982(0.0001) -0.1746(0.0002) 

30.0 377. 0.2949(0.0002) -0.2761(0.0003) 
82.9 1152. 0.5288(0.0002) -0.1478(0.0005) 
k = (0.167 ? 0.016) X + (17.1 t 0.4)[dimer]f 

p-Nitrophenyl esters 
17b 
26. 290. 0.4534(0.0002) -0.499(0.025) 

0.082(0.025) 
26. 0 .  0.4316(0.0003) -0.400(0.0003) 
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TABLE 1. (continued) 

[Ester] [Dimer] 
x lo6 x lo6 a 1 f l 2  

4-Trimethylammonio-2-nitrophenyl esters' 
14c 
10.1 0. 0.1697(0.0001) -0.1344(0.0001) 
1.06 11.5 0.0512(0.0001) -0.0506(0.0001) 
1.06 23.0 0.0517(0.0001) -0.0501(0.0001) 
1.05 45.6 0.0565(0.0001) -0.0486(0.00011 
5.69 92.4 0.0507(0.0001) -0.0484(0.0001) 
9.87 172. 0.0455(0.0001) -0.0422(0.0001) 

14.2 360. 0.0693(0.0001) -0.0583(0.0001) 
k = (1.48 t 0.02) X + (6.40 1 0.08)[dimer]~ 
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GUTHRIE ET AL 

TABLE 1 .  (concluded) 

[Ester] [Dimes] 
x lo6 x lo6 a 1 

"All reactions in aqueous solution at 25'C, ionic strength 0.1 (KCl), pH 8.00 maintained by 0.0928 M borate buffer. 
Substrates were added as acetonitrile solutions: the final solutions were 0.01-3.6% acetonitrile ( v / v ) .  Data were fitted to J = 
a ,  + a 2  exp ( -a , t ) ;  if there was a drift in absorbance at long times the data were fitted to J = a ,  + a 2  exp ( - a 3 t )  + a,t. 

bFollowed at 425 nm using 10 crn cells unless otherwise noted. 
'2 cm cell. 
dOmitted from the fit of k,,, vs. [reagent in excess]. 
'1 cm cell. 
/Fitted by least squares; k = a + b[reagent in excess]; in most reactions the catalyst is in excess. 
*This run was carried to completion and showed the pattern of an initial burst of phenoxide release followed by a long pseudo 

zero order phase of phenoxide production. 
hFollowed at 450 nm. 
'Data fitted to y = a ,  + a ,  exp ( - a 3 t )  + a ,  exp ( -a , t ) ;  the absorbance time curve showed a small but definite decrease 

in absorbance at long times, constituting a second exponential phase. a ,  and a5 are given in the second row for this experiment. 
' 5  cm cell. 
kFollowed at 402 nm. 
'Followed at 400 nm using 10 cm cells unless otheruise noted. 
"'Followed at 350 nm. 
"Fitted by least squares to J = a , / ( l  + a z / x ) .  

encountered considerable scatter in kinetics when aggregation quantities. It should be noted that the rates of reaction of the 
of the reagents influences the overall rate of reaction (10, 14). smaller substrates are strongly affected by electrostatic inter- 

The behavior for all of the substrates is shown in Fig. 6 ,  actions between catalyst and substrate, but that for 16a-c the 
which plots the observed second order rate constants for all nine reactivity order is the same as for imidazole as catalyst, i.e. the 
substrates with 13, as well as the two times the rate constants for inherent reactivity of the substrates has reasserted itself. 
the reactions of imidazole and 8 with the corresponding acetate 
esters as a function of T, the Hansch hydrophobicity parameter Discussion 
(15, 16) for the aryl group in the arylpropionic acids. The lines Analysis of hydrophobic effects 
have no theoretical significance but simply join related points. To analyze the effect of hydrophobic stabilization of the 
For the overall rate constants the dependence upon the hydro- transition state upon the rates of reaction of 13 with the various 
phobicity of the aryl binding group is clearly non-linear, substrates we must correct for all other modes of reaction than 
suggesting that the observed rate constants are not simple the one of special interest, namely, reaction with both steroid 

residues interacting with the aryl group in the arylpropionate 
substrate molecule: The imidazolyl groups are able to react by 
themselves without any hydrophobic interaction, and reaction 
could occur with only one steroid residue in contact with the 
substrate. We can achieve the desired correction by subtracting 
twice the rate constant for the reaction of 8 with a substrate 
from the observed rate constant for the reaction of 13 with 
the substrate. This can be done with the negatively charged 
substrates which have been thoroughly studied with various 
catalysts. As a measure of hydrophobicity we use the TT (15, 16) 
value of the aryl binding group. The results of this analysis are 
seen in Fig. 7. It is clear that there is a linear dependence of 
log kc,, upon the hydrophobicity of the aryl group; if we 
extrapolate to T = 0 ,  i.e. to the hypothetical rate of reaction of a 
priopionate ester reacting by the same transition state as the aryl 
propionates, it is possible to calculate the stabilization of the 
transition state for the observed reactions relative to this 
hypothetical reference state. For the phenanthryl substrate this 
rate enhancement amounts to a factor of 1.1 x 10'-fold, or 
6.9 kcal/mol in stabilization. As we have observed before (4,5) 
only part of this potential rate enhancement is actually observed; 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
07

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2462 CAN. J .  CHEM. VOL. 64, 1986 

TABLE 2. Rate constants for reactions of substituted imidazoles with ester substrates 

Second order rate constant (M- '  s-') for 

Catalyst Imidazole 8 A" Be  13 No catalyst 

"All in aqueous solution at 25"C, ionic strength 0.1 (KCl). In the present work the pH was maintained at 8.0 using 0.0928 M borate buffer 
bReference 4 ;  pH was maintained at 7 .9  using 0.0097 M tris buffer. 
'Reference 5; pH was maintained at 8 .0 using 0.01 M tris buffer. 
d17P-4(5)-Imidazolyl- 11-keto-3P-amino-5u-androstane. 
'(u,ut-Bis-(17P-4(5)-imidazolyl-l 1-keto-501-androstan-3P-amino)-p-xylene. 

0. 200. 400. 600. 800. 1000. 

106~131 ( M I  
FIG. 1 .  Rates of reaction of esters of 3-phenylpropionic acid as a 

function of the concentration of 13; (0) 5-carboxy-2-nitrophenyl 
esters; (0) 4-trimethylammonio-2-nitrophenyl esters; (A)  4-nitro- 
phenyl esters. Inset: data for low concentrations of 13 only. 

FIG. 2. Rates of reaction of esters of 3-(2-naphthy1)propionic acid 
as a function of the concentration of 13: (0) 5-carboxy-2-nitrophenyl 
esters; (0) 4-trimethylammonio-2-nirrophenyl esters; ( A )  4-nitro- 
phenyl esters. 

this is attributed to the crowding and torsional strain involved 
in achieving a transition state where the imidazole has attacked 
the ester carbonyl and simultaneously the aryl substituent is 
arranged parallel to the hydrophobic face of the steroid bearing 
the imidazole. Despite this unfavorable interaction we  have now 
achieved an observable effect of 550-fold in rate. By using 
alternative substrates, less subject to  steric interactions, we  

hope to obtain more of the potential rate enhancement. The next 
class of substrates to investigate will be ketones subject to 
general base catalyzed elimination reactions (3). 

We wished to relate the observed stabilization energy to the 
surface area of the substrates removed from contact with 
solvent. A rough approximation to this surface area can be 
calculated by taking the area of the polygon whose vertices lie 
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0. 160. 2PI0. 300. 

1 0 ~ ~ 1 3 1  (M) 
FIG. 3. Rates of reaction of esters of 3-(3-phenanthry1)propionic 

acid as a function of the concentration of 13: (0) S-carboxy-2- 
nitrophenyl ester5; (0) 4-trimethylammonio-2-nitrophenyl esters: ( A )  
4-nitrophenyl esters. 

FIG. 5. Eadie-Hofstee plot of the data for the reaction of 160 with 
13. The line was fitted by least squares, and gives k,,, = (5.79 t 0.84) 
X s f ' ;  K ,  = (4.62 k 0.98) X lo-'M. 

0. 
0. 5. 10. 15. 20. 

(kobs  - k0) /C131  ( M - ~ s - ' )  
FIG. 4. Eadie-Hofstee plot of the data for the reaction of 14n with 

13. The line was fitted by least squares, and gives k,,, = (1.28 2 0.24) 
x s-' : K, = (7.36 i- 1.67) x M .  

along the C-H bonds of the arene at the van der Waals radius of 
hydrogen. This gives a value of 144 for the combined upper 
and lower surfaces of phenanthrene. When a phenanthryl group 
is bound by 13 both surfaces should be removed from contact 
with water. as well as some part of the edge surface which is 
near the bridging p-xylylene group. Since this interaction pro- 
duces 5.4 kcal/mol of potential stabilization, we may calculate 
the strength of the hydrophobic interaction as 0.038 kcal/A2. 

Figure 8 shows the absorbance vs. time curve for an 
experiment in which 16a was allowed to react with a catalytic 
amount of 13, and the reaction was followed to completion. The 
pattern seen is of "burst" kinetics (17) with rapid acylation of the 
catalyst, followed by slower turnover kinetics, with hydrolysis 
of the acylimidazole intermediate regenerating catalyst which is 
promptly acylated again. The reaction, once the burst was over, 
was roughly zero order in substrate until the substrate was 
consumed. Observation of this behavior confirms that 13 is a 
catalyst, although the deacylation is in fact quite slow, since 
nothing in the design of 13 acts to facilitate it. 

Our preliminary results with trimethylammonionitrophenyl 
esters suggest that the above calculation of the hydrophobic 
interaction energy may be too low. We were surprised to 
find that the rate constants for the reaction of the ester of 
3-(3-phenanthry1)propionic acid with a cationic phenol were 
faster than for the corresponding ester of an anionic phenol. This 
contradicts our previous findings concerning the electrostatic 
effects on catalysis by 8 (4). However, the rate effect shows up 
consistently for all three cationic esters of arylpropionic acids. 
When we compare rates for each type of substrate relative to the 
rate constant for 8 plus the corresonding acetate, the relative 
rates for corresponding anionic and neutral esters are quite 
similar but those for the cationic esters are faster. The effect is 
less striking for the smaller aryl groups. 

Two hypotheses spring to mind to expain these results: 
( I )  That the anionic esters, although they have a stabilizing 
electrostatic interaction in the transition state for imidazole 
attack, obtain this stabilization at the price of less than optimal 
hydrophobic interactions. Thus an anionic ester with a large 
binding group is superior for 8, where the total hydrophobic 
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FIG. 6. log k 2  for various substrates as a function of the hydro- 
phobicity parameter, T .  The lines are arbitrary, serving only to join 
related points. The points at n  = 0  are for imidazole (unfilled) and 8 
(filled) as catalyst, and are twice the observed rate constant to allow 
for the two imidazolyl groups in 13; (0) carboxynitrophenyl esters: 
(0) trimethylammonionitrophenyl esters: ( A )  nitrophenyl esters. 

stabilization available is modest, but not for 13 where much 
stronger hydrophobic stabilization is potentially available. (2)  
That the rates observed for 16a are subject to inhibition resulting 
from aggregation, even at the lowest concentration which we 
could use, and the true value is actually larger than for 16c. 

To test these hypotheses will require further experiments and 
in particular an investigation of the effect of ionic strength 
on the behavior of these substrates. At 1 M ionic strength 
the importance of electrostatic stabilization should be much 
decreased, as should the severity of aggregation problems. 

The first hypothesis is given some support by the imperfect 
parallelism between the rate constants for the reaction of 
carboxynitrophenyl esters with 13 and the 11-keto analog ( 5 )  as 
summarized in Table 2. Although the rate constants for 16a are 
the same within experimental error, the rate constant for 15a is 
greater for the 1 1-keto steroid, and that for 14a is greater for the 
11-ammonio steroid. This could be the result of the sort of 
trade off between hydrophobic and electrostatic stabilization 
discussed above. 

Aggregation 
A distressing finding in these experiments was that even 

though the dimeric steroid with four positive charges was very 
soluble, there were still extreme difficulties with aggregation of 
substrates and/or catalyst plus substrate, leading to spuriously 
low reaction rates. For the p-nitrophenyl esters. which are of 
very low solubility in water, these results were not surprising, 
but the difficulties encountered with the hydroxynitrobenzoate 

FIG. 7. log kc,, for 14a, 15a, and 16a as a function of the 
hydrophobicity parameter, T .  The line was fitted by least squares: 
log kc,, = -2.28 F 0.14 + (1.13 * 0 . 0 4 ) ~ .  

esters, which had been relatively well behaved with 8, consti- 
tuted an unpleasant surprise. It is, however, not without 
precedent that hydrophobic anions and cations show precipita- 
tion at very low concentrations (18). We are forced to conclude 
that the use of anionic substrates with 13 is unlikely to be 
desirable. By cont~ast the cationic trimethylammonionitro- 
phenyl esters were well behaved, despite the inherent rate 
inhibiting effect of repulsions between substrate and catalyst. 
These substrates are. however, very reactive and difficult to 
purify. Our finding of peculiar behavior, probably attributable 
to precipitation of anionic substrate by cationic catalyst at low 
concentrations suggests that in the design of enzyme models it 
would be more desirable to avoid the use of one charge type of 
solubilizing substituent, and use enzyme models with a small 
net charge. 

Conclusions 
The experiments reported above demonstrate that with a 

soluble, stereochemically defined catalyst. it is possible to 
achieve significant rate enhancements, of up to 5.5 X lo2, 
resulting from hydrophobic stabilization of a transition state, 
and there is the potential for considerably larger effects, 
of 1.1 X 10'. Two design principles for artificial enzymes 
emerge from our work: the hydrophobic binding energy for 
simple binding zegions such as we have used amounts to 
0.038 kcal/mol A ~ ;  hydrophobic artificial enzymes should not 
have high electrostatic charges. 

Experimental 
Methods 

Compounds containing imidazole were visualized on tlc plates 
by spraying first u-ith a freshly prepared 1 : l  mixture of saturated 
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TIME (31 

FIG. 8. Absorbance vs. time curve for the reaction of 9.52 X M 16a with 1.16 X M 13. Acylation of the catalyst is followed by 
turnover, giving zero order kinetics. 

methanolic sodium nitrite and 1% sulfanilic acid in 1 M HCI, and 
immediately afterwards spraying with 2 M methanolic KOH. Column 
chromatography was carried out using Glenco columns and mixing 
chambers, which allow the use of linear solvent gradients. Samples, 
dissolved in the minimum volume of solvent. were mixed with dry 
silica and evaporated. The dry residue was placed on top of the column 
and rinsed in with a little of the initial elution solvent. Elution was 
carried out under pressurization by nitrogen at 10-15 psi to give a flow 
rate of 2 mL/min. The water content of solvents was determined using 
a Photovolt Aquatest IV moisture analyzer. The presence of boro- 
hydride was tested for using aqueous triiodide-starch solution. A few 
drops of a solution containing active borohydride dispelled the color. 
Silica for column chromatography was Merck Silicagel 60 PF254. Thin 
layer chromatography was carried out using Analtech Uniplates with 
silica gel GF. Nuclear magnetic resonance spectra were recorded on 
Varian T60, EM360, XL200, or XL300 instruments. TMS, for organic 
solvents, and DSS (4,4-dimethyl-4-silapentanesulfonic acid), for D 2 0  
were used as internal standards. 

Materials 
Sodium cyanoborohydride was purified as described by Borch 

et al.  (6), and assayed by iodometric titration. A weighed amount of 
cyanoborohydride was washed (methanol) into a flask containing 
excess potassium iodide and a known volume of potasslum iodate 
standard solution which had been acidified with excess acetic acid. 
Each hydride in cyanoborohydride reduced one molecule of iodine to 
two iodides. The remaining iodine was titrated using thiosuifate 
solution freshly standardized against potassium iodate. Terephthal- 
aldehyde was purified by sublimation in vacuum. Ethyl formate for use 
as a formylating agent was freshly distilled from sodium carbonate. 
2-Methoxyethanol (Fisher Certified) was distilled: the fraction boiling 
at 123-124°C was used. A test for peroxides was negative; the water 
content was 500 kg/mL. The last 25% of the distillate had only 
60 (*g/mL of water. Dimethylformamide. DMF, was dried by storing 
it over CaH2. Acetonitrile used as a solvent for stock solutions of 
substrates was purified by distillation. 

a ,  a'-Biscjclohexylamino-p-qlelze 
Terephthaldehyde. 335 mg (2.5 mmol), was dissolved by heating in 

dry (60 pg/mL water) 2-methoxyethanol, 5 .0  mL cyclohexylamine. 
0.50 g (5.0 mrnol), was added and the mixture refluxed gently for 
30 min. On cooling to room temperature, the di-aldimine crystallized 
out. A few drops of the reaction mixture. reheated to dissolve the 
product. were used for a proton spectrum in CDC13: 6 7.75 (s) 

aromatic protons; 8.30 (s) aldimine CH: 0.5- 1.7 cyclohexyl CH2. The 
cyclohexyl CH-H was obscured by solvent absorptions from 6 3-5. 
A small portion of the di-imine was recrystallized from methanol. 
mp 128.5-129.5"C. 

To the reaction mixture was added acetonitrile, 2 mL and more 
methoxyethanol, 4 mL, and it was warmed gently until the solids 
dissolved. NaBH3CN, 200 mg (9.5 mequiv.), dissolved in methanol, 
2 mL, was added after the mixture had cooled to ca. 50°C. Acetic acid, 
1 drop, was added and bubbles slowly started to form. The mixture was 
cooled to room temperature. Acetic acid, 0.3 mL, in 3 mL acetonitrile, 
3 mL, was added over a period of 5 min and the mixture stirred 
for another hour without heating. After evaporating about half the 
solvents, the mixture was left overnight. By morning it had partially 
solidified. Rewarming gently dissolved the solids; the 'H-nmr (CDC13) 
showed that all of the aldimine signal at 8.3 had disappeared. There was 
no signal at ca. 106 indicating the absence of aldehydes. The signal 
attributed to the aromatic protons had shifted to 7.56. After adding 
methanol, 20 mL, and water, 20 mL, the solution was homogeneous 
and the pH was 7.6. The solution was washed into a separatory funnel 
with 1 M HC1,25 mL, and ether, 30 mL. The ether layer was discarded 
and the aqueous layer was basified with NaOH to pH 13, and extracted 
four times with ethyl acetate, 50 mL. The ethyl acetate extracts were 
dried (Na2S04), evaporated, and dried at 7OoC, 0.25 Ton. The residue, 
664 mg of slightly yellow oily liquid (93% of expected weight), would 
not crystallize. ' H-nmr (CD30D/CDC13) 6 : 7.25 (s). 2H, aromatic 
protons; 4.7-4.8, 3H, overlapping Ar-CH2 and NH; 2.2-2.8, 
lH ,  cyclohexyl CH-N; 0.5-2.2, 10H, aliphatic CH?. Exact mass: 
expected for CZOH3?N2: 300.25654; found 300.25531. 

The oily liquid diamine was treated with 2 M HCI in methanol, 3 mL, 
and thc mixture allowed to cool in the freezer. Crystallization was 
complete after 2 h and the solid dihydrochloride was washed with cold 
ethanol, yielding 486 mg (55%) white non-hygroscopic fine crystals, 
mp 335 with partial decomposition and partial sublimation. 'H-nmr 
(D20; DSS as internal reference) 6 : 7.60 (s) 4H, aromatic CH; 4.30 (s), 
4H, Ar-CH2; 3.14 (br, w , , ~  = 26 Hz), 2H. cyclohexyl CH-N; 
1 .O-2.4, aliphatic CH2.  

Sa-Androstan-17/3-01-3P-amine 
5a-Androstan-176-01 (stanolone, Sigma) was converted to the 

oxime by reaction with hydroxylamine hydrochloride in pyridine. The 
crude product had mp 203-209°C; lit. (7) mp 213-214°C. 'H-nmr 
(CDCI3) 6 :  18-CH3, 0.75 (s); 19-CH3. 0.93 (s). The oxime was 
reduced to the amlne by refluxing with sodium in propanol. The crude 
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product had mp 153-156°C; three recrystallizations from ether - of purified terephthalaldehyde, 19.9 mg (0.148 mmol), in the same 
petroleum ether gave material with mp 169-170°C; lit. (7) mp 170- solvent, 5 mL. The solution was heated gently and allowed to cool 
17 1°C; (19) mp 167-169°C. 'H-nrnr (CDC13:CD30D) 6: 18-CH3, under a stream of nitrogen. No precipitate formed. Dry NaBH,CN. 
19-CH3, 0.70 (s), 0.80 (s); (0.5 M DCI in D20:CD30D) 6 :  18-CH3, 100 mg, was added and dissolved with stirring. Glacial acetic acid, 
0.87 (s); 19-CM3, 1.01 (s). Exact mass: expected for C19H3,N0 0.3 rnL, was added infiveportions, 60 pL,  at 15 minintervals while the 
291.25621; found 291.25573. mixture was gently heated and stirred under a stream of nitrogen. 

a ,  a '-Bis-(l7P-hydro~-5a-nndrosran-3P-ami~zo)-p-qIerze 
5a-Androstan-17P-o1-3p-amine, 249 mg (0.854 mmol), and tereph- 

thalaldehyde, 54 mg (0.40 mmol), were each dissolved in 2-methoxy- 
ethanol, 1 mL, and washed together into a 100 mL flask with an extra 
6 rnL of the solvent. A precipitate formed almost immediately upon 
mixing. More solvent, 20 mL, was added and the mixture heated to 
a gentle reflux with stirring, but the precipitate did not completely 
dissolve. The mixture was cooled to 50°C and treated with NaBH3CN, 
200 mg, dissolved in ~nethoxyethanol, 5 mL. After stirring 5 min. 
glacial acetic acid, 60 pL, was added and the mixture kept warm 
(60-70°C) for 2 h, during which time another seven portions of acetic 
acid, 60 pL. were added at intervals (ca. 0 .5  mL acetic acid in all). 
Midway through the reaction, the mixture became homogeneous and 
the cloudiness disappeared, but a different kind of precipitate began to 
form almost immediately after the solution cleared. It dissolved when 
the temperature was raised to 100°C but came out of solution again on 
cooling to room temperature at the end of 2 h. The mixture was cooled 
in an ice-bath and the precipitate filtered, washed with cold methanol- 
water, and air-dried. The pH of the mother liquor was 4.6. The solid 
was most soluble in chloroform-methanol. Thin layer chromatography 
with 50:50 CHC13: 1 M NH3/MeOH gave one iodine-staining spot, 
rf = 0.9. The proton nrnr spectrum showed two singlets at 0.87 and 
0.73 ppm, assigned to the methyl groups, with the same separation as 
the signals from the methyl groups in 5a-androstan-l7P-ol-3P-amine 
HCI. A singlet at 2.0 ppm suggests that the compound was the diacetate 
salt of the dimer desired, and the rest of the spectrum was consistent 
with that. A signal assigned to the benzylic methylene was apparent at 
4.0 ppm. Aromatic protons appeared at 7.4 ppm. The yield of product 
as the diacetate (mw 805.2; mp 270-280) was 187 mg (0.232 mmol). 
Yield based on terephthalaldehyde 58%; based on steroid. 54%. 

After dissolving in aqueous methanol. basifying, and extracting with 
ethyl acetate, 149 mg of the free base was recovered: mp 270- 
280 decomp.: yield, 5 4 9  based on aldehyde. 51% based on steroid. 
'H nmr (CDCl3/CD30D): 6 :  CH3 (s) 0.73. 0.83; CH-N (br.) 2.2- 
2.7; CH-0 (br) 3-3.5; ArCH2-N (s) 3.77: aromatic C H  (s) 7.28. 
The compound was essentially pure by tlc (rf = 0.5 with 5% 
Et2NH/20% EtOH/75% benzene, I2  stain). Exact mass: expected for 
C46H72N202 684.55936; found 684.55954. 

a ,  a'-Bis-(I 7P-4(5)-imidazoljl-l1 6-trijuoracetamido-5a-andro- 
stan-3P-amino)-p-,qlene, 12a  

17P-4(5 )-ImidazolylL3P, 11 p-diamino-50-androstane trihydrochlo- 
ride, 8 ,  100 mg, was dissolved in trifluoroacetic acid, 2 mL, and cooled 
in an ice bath before addition of trifluoroacetic anhydride, 1 mL. 
Sodium carbonate, 400 mg, was then added and the mixture stirred, 
with cooling in ice, for 2 h. Then methanol, 2 mL, was added and the 
reaction mixture was basified using 30% aqueous ammonia, 10 mL. 
and extracted with ethyl acetate, 3 x 30 mL. The extracts were dried 
(Na2S04) and evaporated. The crude 17P-4(5)-imidazolyl-3P, 11 P- 
bistrifluoracetamido-5a-androstane, 9a,  was dissolved in 2 N metha- 
nolic KOH and left 3 hat  room temperature. Aqueous HCI (2 N). 5 n L ,  
and water, 10 mL, were then added and the solution extracted with 
ethyl acetate, 5 mL. The aqueous solution was then basified using 30% 
aqueous ammonia, 5 mL. and extracted with 1 :9  methanol :chloro- 
form, 4 X 40 mL. The organic layer was evaporated and then purified 
by preparative layer chromatography (silica) developing with 50:50 
chloroform: 1 M methanolic ammonia. The extract from the thick plate 
was freed of silica by extracting from aqueous ammonia using 
chloroform. The material so obtained was used for dimerization 
experiments. An amount of 10a corresponding by Pauly assay (25) to 
167 mg (0.358 mmol) of 8.3HCl was dissolved in 2-methoxyethanol, 
5 mL, to form a nearly clear solution and combined with a solution 

- .  

The mixture was left at room temperature under a stream of nitrogen 
overnight and by morning, about 80% of the solvent had evaporated 
and a small amount of fine precipitate had settled. After adding water, 
20 mL, a voluminous semi-solid separated; the pH was 4.35. The 
iodine test indicated that borohydride was still present. 

The mixture was cautiously acidified with concentrated HCI. 8 mL, 
and made up to 75 mL with aqueous methanol. Most of the precipitate 
dissolved after stirring on a steam bath for 30 min. The solution was 
washed into a separatory funnel with water, 50 mL, methanol, 10 mL, 
and ether, 25 mL, and shaken. The ether layer yielded about 20 mg of 
white solid which was not Pauly positive; this was discarded. The 
aqueous layer was basified, 5 M NaOH, 40 1nL. to give a pH of 12.5. 
A fluffy precipitate formed; the mixture was extracted with ethyl 
acetate, 3 X 75 mL. The first three extracts yielded 228.8 mg of 
slightly yellow glassy solid. Thin layer chromatography, 15% diiso- 
propylamine: 10% methanol: 75% CHC13, visualized with Pauly spray, 
showed two red spots at rf = 0.7 and 0.55, an orange spot at rf = 0.4. 
and a red spot attributed to starting material at rf ca. 0 .2 .  Column 
chromatography on 14 g of silica gel eluted with a gradient from CHC13 
to 3% i-Pr2NH, 15% 'cMeOH, 82% CHC13 gave 53 mg of a fraction 
consisting mainly of what is believed to be 17P-4(5)-imidazolyl-3P- 
(4'-hydroxymethylphenyImethylamino)-l1~-trifluoroacetamido-5a- 
androstane ( 'H nmr (CDC13/CD30D) 6 :  0 .6  (s). 0 .9  (s). CH3: 4.6 (s) 
ArCH20H; 6.7 (s), 7 .4  (s) imidazolyl CH;  7 .3  (s) p-phenylenc CH) ,  
and 58 mg of the desired dimeric compound ('H-nmr (CDCI3/CD30D) 
6: 0.62 (s). 0.94 (s) CH3; 2.60 (br, wl = 20 Hz) C3H-N: 3.83 
(br, 1 1 > 1 , ~  = 6 HZ) C l  I H-N; 4.57 (s) ArCH2: 6.73 ( s ) ,  7.49 (s) 
imidazolyl CH; 7.32 p-phenylene C H  ), as well as 30 mg of starting 
material. There were small amounts of other unidentified byproducts. 

Attempted hydrolysis by refluxing for 24 h in 6 M methanesulphonic 
acid, basifying with a large excess of 20% Na,C03 and extracting with 
ethyl acetate gave mixtures showing that there had been extensive 
degradation. 

17P-4(5)-ImidazolyI-II~-forrnc7n~ido -5 cu-arzdrosfutze-3~ine,  
l o b  

8.3HC1, 595 mg, dissolved in methanol. 10 mL. and triethylamine. 
10 mL, was added to ethyl formate, 50 mL. A white precipitate formed. 
The mixture was refluxed under nitrogen for 7 days. The precipitate 
was nearly dissolved after day 3. The reaction solution was evaporated 
to near dryness then MeOH. 50 mL, was added and the mixture 
evaporated again. Then it was washed into a separatory funnel with 
MeOH, 20 mL, and water, 100 rnL. K2C03 (3 M). 20 mL. was added 
and the mixture extracted with EtOAc, 7 x 150 mL. Drying and 
evaporating to dryness yielded a caked glassy solid weighing 645 mg: 
90.6% of expected. It had only one major Pauly positive spot (rf = 0.7 
with 20% MeOH: 3 8  Et3N:77% CHCI3). 'H  nmr (CDCI3/CD3OD) 6: 
0.66 (s), 0.99 (s) CH3: 2.62 (br, w, . >  = 14 Hz) C17H-imidazolyl: 
3,68(br,  1vl,2 = 22Hz)CSH-N;4.59(br, ~ v ,  = 8Hz)ClIN-N; 
6.76 (v br), 7.52 (v br) imidazolyl CH: 7.93 (s), 7.97 (s) CHO-N. 
The crude formylation product, 645 mg, was dissolved in 0 .6  M 
methanolic KOH, 50 mL, and left 7 days at room temperature under 
nitrogen. The base was neutralized with C 0 2  gas. concentrated NH3, 
30 mL, added and the mixture washed into a 500 mL separatory funnel 
with water, 125 mL, and extracted with 7% MeOH:93%> CHCI, , 7 x 
100 mL. Evaporation yielded 615 mg of residue. 102%. Colurnn 
chromatography on silica, eluting with a gradient from CHC13 to 
3% ET3, 20% MeOH in CHCI,. The major product recovered 
was I 1 p-formamido-I 7 P-4(5)-imidazolyl-5 a-androstan-3 p-amine, 
306 mg, 51%, ('H-nmr ( C D 3 0 D / ~ ~ C 1 3 )  6 :  0.67 (s). 0.98 (s) CH3; 
7.83 (s) CHO-N: 7 .5  (s) CHOO-) with some byproducts running 
ahead and behind. The slower eluting material. 1 17 mg, was in part the 
corresponding diamine, which could be recycled. 
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Acid hydrolysis of1 1 ~-formamido-l7P-4(5)-imidazoljl-5a-andro- 
stan-3P-amine, 10 b 

l o b ,  20 mg, was refluxed 18 h in 2 M methanolic HCI, 10 mL, 
washed into a separatory funnel with water, 10 mL. 20% Na2C03, 
30 mL, and 1 M KOH - saturated KCl, 10 mL. Extraction with ethyl 
acetate, 6 x 6 mL, yielded 16 mg, identified by 'H nmr and tlc 
behaviour as 17 p-4(5)-imidazolyl-Scu-androstane-3 P,  11 P-diamine. 
The imidazole protons could be seen at 6 .6  and 7.4 but no formyl 
protons could be seen at 7.9. Thin layer chromatography gave one 
major spot at low rf which ran side-by-side with the 3,ll-diamine and 
several minor spots with higher rf's. 
a ,  a '-Bis-(17P-4(5)-imidazolyl-ll p-formamido-5 a-androstan-3P- 

amino)-p -.xylene, 12 b 
11 p-Formamido- 17P-4(5)-imidazolyl-Scu-androstan-3~-amine, 8b, 

242 mg (0.629 mmol), was dissolved in dry 2-methoxyethanol, 10 mL, 
and methanol, 4 mL. Terephthalaldehyde, 38.25 mg (0.285 mmol), 
was dissolved in 2-methoxyethanol, 5 rnL. The two solutions were 
mixed to form a clear solution containing a calculated 10% excess of 
amine. Most of the methanol was evaporated by gentle heating under a 
stream of nitrogen. A white precipitate formed on cooling, NaBH3CN, 
340 mg, dissolved in MeOH, 3 mL, was added. (6.8 mequiv., a 6-fold 
excess). A solution of acetic acid, 0 .5  rnL. in MeOH, 10 mL, was 
added in 1 mL portions over a period of 2 h, at a temperature of ca. 
30°C. Reaction continued overnight at room temperature under a slow 
stream of N2. A positive iodine test confirmed that cyanoborohydride 
was still present. The solution was clear and colorless. Acetic acid. 
5 mL, was added and produced no visible effect. The reaction mixture 
was washed into a beaker with methanol, 20 mL. and 2 M HC1,5 mL, 
added. Hydrogen evolution stopped after about 1 h. The solution was 
extracted using ether. The ether extract was discarded. The pH of the 
aqueous phase was 1.6. Basifying with concentrated NH3, 40 mL, 
brought the pH to 10.1 and caused precipitation of product. Extraction 
with 7% MeOH: 93% CHC13, 5 X 200 mL, drying with Na2S04, and 
evaporating yielded 300 mg of white solid. Repeated column chroma- 
tography was necessary to separate the desired material from mono- 
meric steroid. The second column was eluted with a gradient from 10% 
MeOH, 90% CHCI, to 20% MeOH:3% Et3N:77% CHCC. This gave 
118 mg of pure dimer and 75 mg mixed dimer and monomer. The third 
column was eluted using a gradient from 10% MeOH, 9 0 8  CHC13 to 
3 0 6  MeOH:3% Et3N:67% CHC13. This gave 57 mg of pure dimer, 
7 mg of a mixture of dimer and monomer. and 9 mg of monomer. With 
118 mg of pure dimer from the second column this gave 175 mg product 
(0.201 mmol, 71% based on terephthalaldehyde and 64% based on 
monomer. Exact mass: expected for C54H78N802, 870.62477; found 
870.62066. The fragmentation pattern showed an ion with nearly equal 
intensity 15 amu lower, and no equal or greater intensity ions above 
627 amu. The most prominent fragment above 400 amu is the one at 
486 corresponding to a loss of one steroid skeleton without its attached 
benzyl carbon. There are almost as prominent fragments 14 amu lighter 
and 17 amu heavier than 486. The most promillent mass between 100 
and 400 is 384 which is the mass of 11-formyl monomer. 
Acid hydrolysis of 12 b 

Chromatographically purified 12b, 100 mg. was dissolved in 1 M 
DCl in D20 .  1 mL. After four cycles of addition of DzO, 1 mL, and 
evaporation to dryness, the deliquescent crystalline solid was dissolved 
in D 2 0 .  0 .4mL. 'H-nmr 6:  0 .5  (s), 0 .9  (s) CH3; 4-4.5 (v br) ArCH2 
and CH-N: 7 .3  (s), 1H. 7 .9  (s), lH ,  imidazolyl CH; 7 .5  (s), 2H, 
aromatic CH; 8 .5  (s). IH, CHO-N. When 0.1 mL of 35% DC1/D20 
was added. the spectrum was hardly changed except that the exchange 
signal was increased and shifted from 5 .0  to 5 .5  ppm. It appears that the 
benzylic CH protons. expected to absorb at 4-5 ppm by comparison 
with the model compound dicyclohexylamino-p-xylene dihydrochlor- 
ide do not give as sharp a signal as expected. The dimer was lcft in the 
-2 M DC1 solution to allow time for hydrolysis at room temperature, 
anticipating a slight change in spectrum. The growth of a new signal at 
8.0 ppm at the expense of the N-formyl signal at 7.75 ppm permitted 
the reaction to be followed. It was slow at 25°C. but after 4 h at 85OC 
hydrolysis was 90% complete. 'H-nmr 6: 0 .9  (s). 1.1 (s) CH3; 3.9 

(br, wl,2 = 8 HZ) ClIH-N; 4 .2  (br, w l J 2  = 6 Hz) ArCH2: 7.2 (s), 
8 .4  (s) imidazolyl CH; 7.4 (s) p-phenylene CH. Heating for another 
half-hour at 95OC completed the reaction. "c-nmr spectrum: (D20 
with excess DCl) 6 wrt TMS (formic acid used as internal standard): 
133.63, 133.27, 132.60, 130.94, 116.24,57.03,56.66,54.89,48.66, 
48.11, 46.97, 45.33, 42.16, 35.76, 35.16, 31.57, 31.24, 30.48, 
27.19, 25.99, 24.32, 23.84, 15.07, 14.55. 

a ,  a '-Bis-(17P -4(5)-in1idazolyl-11/3 -amino-5 a -androstan-3P - 
amino)-p-xylene, 13 

126,459 mg (0.53 mmol) was dissolved in 3 N HC1 and heated 6 h on 
a steam bath. Basification and extraction yielded 248 mg of material 
shown by tlc analysis to contain some Pauly positive impurities. This 
material was chromatographed on silica, 70 g ,  slurried in toluene, and 
packed in a 2.5 cm diameter column. Elution was carried out with 
a gradient from 20% methanol: 1% aq. NH3:79% toluene to 75% 
methanol: 5% aq NH3:20% toluene a pressure of 12 psi (N2) to give 
a flow rate of 2 mL/min, yielding 126 mg of almost pure dimer 
(21% based on monomer). Exact mass: expected for C52H78N8: 
814.635; found 814.632. The fragmentation pattern showed a mass of 
314 intensity 17 amu lower than 8 14.6 and no equal or greater intensity 
masses above 500 amu. The most prominent fragment heavier than 400 
is the one at 458 corresponding to a loss of one steroid skeleton. There 
are fragments with half this intensity 17 amu heavier and 15, 16, and 17 
lighter than 458. The most prominent mass between 200 and 400 amu is 
356, which is the mass of the monomer. 

13 which had been purified by column chromatography, 100 mg, 
was dissolved in methanol, 3 mL, and an excess of 1 M HC1 was added, 
0.8 mL. Ethyl ether. 20 mL was added to cause precipitation of the 
dimer hydrochloride. 200 MHz 'H  nmr (D20) 6 :  0.72 (s). 3H. CS8H3; 
1.00 (s), 3H, C19H3; 2.90 (t, J = 9 Hz), IN, C17H; 3.30 (br, wl12 = 
20Hz), IH, C3H:4.00(br ,  w,,, = 12Hz). 1H. Cl IH;4 ,32(s ) ,2H,  
Ar-CH2-; 7.34 (d, J = 1.4 Hz). 1H. imidazole (CS'H; 7.57 (s), 
2H, p-phenylene CH; 8.61 (d, J = 1.4 Hz), l H ,  imidazole C2'H. 

Substrates for kinetics 
14a, 15a ,  16a, 15b, 15c, and 17b were prepared and purified as 

previously described (4). 
p-Nitrophenyl hydrocinnamate, 14 b 
Hydrocinnamic acid, 900 mg (6 mmol) was dissolved in a mixture of 

CH2C12, 10 rnL, SOC12, 3 mL, and DMF, 0.5 mL, and the mixture 
refluxed under N2 for 6 h. It was evaporated to near dryness, 
redissolved in ethyl acetate. 10 mL. and added to a solution of sodium 
p-nitrophenoxide, 1 g ,  inpyridine. 30 mL, refluxedfor 3 h, poured into 
a mixture of ice, 100 g,  and 6 M HCI, 100 mL, extracted once with 
ethyl acetate, 75 mL, washed once with water, 25 mL, dried over 
Na2S04, evaporated and purified by column chromatography on 60 g 
silica eluting with 10% ethyl acetate:90% hexanes as solvent. One 
recrystallization of the eluate from CCll gave pure material, mp 97- 
97.5"C in 16% yield. 200 MHz 'H-nmr (CDCI,) 6: 2.94, 3.08 
(distorted triplets of A2B2), 4H, -CH2-CH2-; 7.18 (d, J = 

9.2 Hz), 7.2-7.4 (complex). 7H, nitrophenyl C2H and C6H over- 
lapping Ph-CH2-; 8.25 (d, J = 9.2 Hz), 2H. nitrophenyl C3H 
and C5H. Exact mass: expected for CI5Hl3NO4 271.08444: found 
27 1.08469. 

p-Nitrophenjl-3-(2-naphthy1)-propionate, 1 5 b  
This was prepared using the same procedure: mp 124.5-125°C 

(ether:petroleum ether) Lit. mp 126- 128°C (95% ethanol) (4). 
200 MHz 'H-nmr (CDC13) 6 :  3.00, 3.22 (distorted triplets of A2B2, 
J = 7.4), 4H. -CH2-CH2-; 7.13 (d, J = 9.2), 2H, nitrophenyl 
C2H and C6H; 7.3-7.8 (complex), 7H. naphthyl; 8.17 (d. J = 
9.2 Hz), 2H, nitrophenyl C3H and C5H. Exact mass: expected for 
CI9HI5NO4 321.10009; found 321.10000. 

p-Nitrophenjl-3-(3-phenunth~1)-propionc~te, 1 6 b  
Phenanthrylpropionic acid, 176 mg, was heated to reflux with 

SOC12, 2 mL, DMF, 0.5 mL, CH2C12, 25 mL, for 2 h. The solvent 
and excess SOU2 were evaporated, CH2C12, 25 mL, added followed 
by a solution of sodium p-nitrophenoxide, 200 mg, in dry pyridine, 
5 mL, with stirring at room temperature for 2 h. The mixture was 
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poured into a separatory funnel and partitioned between water and ethyl 
acetate. The organic layer was washed twice with 1 M HC1 and once 
with saturated aqueous sodium chloride. After drying and evaporating, 
the last traces of pyridine were removed by heating to 100°C at 0.5 mm 
for 10 min. The red oil was chromatographed through a column of 
85 g silica with 30% ethyl acetate:l% acetic acid:69% hexanes. 
A crystallization from 5 mL cold CCI, yielded 25 mg of light yellow 
solid, mp 108-1lO"C. 200 MHz 'H-nmr (CDCl,) 6: 2.94 (t, J = 

7.4Hz),3.23(t,J=7.4Hz),4H,-CH2-CH2-;6.99(d, J = 9 . 2 ) ,  
2H, nitrophenyl C2H and C6H; 7.4-8.6 (complex), 9H, phenanthryl; 
8.02 (d, J = 9 .2  Hz), 2H, nitrophenyl C3H and C5H. Exact mass: 
expected for C23H17N04, 371.11574; found 371.11535. 

A condensation between 3-PPA and p-nitrophenyl using trifluoro- 
acetic anhydride both as solvent and condensing agent all in one step 
gave a purer product, mp 1 1 1 - 1 12"C, after column chromatography 
and crystallization as above. 

A stock solution of 16b was prepared using 5.23 mg in 5.0 mL. using 
40% acetic acid:60% acetonitrile as the solvent. This solution was 
0.00252 M inester. This stock solution (300 bL) added to 75 mLO.l M 
aqueous KC1 gave a cloudy mixture (1.0 X M in ester) which, 
after stirring 2 days was clear and colorless with white solid floating 
on top. After filtering and adding solid NaOH to make it 1.0 M in 
hydroxide, the uv spectrum was measured. The absorbance at 400 nm 
was 0.0124 and that at 500 nm was 0.0036. The spectrum from 500 to 
250 was an almost featureless rise with barely discernible lumps at 
400 nm, 320 nm (A = 0.025), and 270 nm (A = 0.05). This puts an 
upper limit on the solubility of PNP-PPA, based on the known 
extinction coefficient of p-nitrophenoxide of 17500 i 2500 (20), of 
7 X lo-' M. 

4-Trimethylammonio-6-nitrophenyl-3-pherzylpropio~zute iodide, 14c 
Prepared by the method used for 15c (2); mp 160-160.5"C. 

200 MHz 'H nmr (DMSO-d6) 6: 3.02 (s), 4H, -CH2-CH2-; 3.83 
(s), 9H, N + ( C H ~ ) ~ ;  7.30 (distorted s), 5H, C6H5-: 7.65 (d, J = 

9.0 Hz), lH,  nitrophenyl C6-H; 8.58 (d of d, J = 9.0, 3.2), lH, 
nitrophenyl C5-H; 8.81 (d, J = 3.2 Hz), IH, nitrophenyl C3-H. 

4-Trimethylammonio-6-nitrophenyl-3 - (2 -naphthylj -propionute 
iodide, I 5 c  (2) 

For this compound, mp 158-160°C. 200 MHz 'H-nmr (DMSO-d6) 
6: 3.02 (distorted triplet - A2B2), 4H, -CH2-CH2-; 3.76 (s), 
?H, N+(CH3)3; 7.4-7.5 (complex), 3H and 7.8-7.9 (complex) 4H, 
naphthyl; 7.74 (d, J = 9.2Hz), IH, nitrophenyl C6-H; 8.54 (d of d, 
J = 9.4, 3.2), lH ,  nitrophenyl C5-H; 8.80 (d, J = 3.0 Hz), lH,  
nitrophenyl C3-H. 

4 -Trimethylamrnonio - 6-nitrophenyl-3 - (3 -phenanthql)propionate 
iodide, 16c 

3-(3-Phenanthry1)propionic acid, 515 mg (2.06 mmol), was dis- 
solved in dry DMF, 3 mL. containing dry Et3N, 0.30 rnL (2.1 mmol). 
Ethyl chloroformate, 0.2 mL (2.1 mmol) was then added and the 
mixture stirred for 15 min. 4-Hydroxy-3-nitrophenyltrimethylamrno- 
nium iodide (2, 21), 676.2 mg (2.087 mmol), dissolved in dry DMF, 
4 mL, containing Et3N, 0.3 mL (2.1 mmol), was added to the first 
solution and the mixture was stirred at room temperature for 1 h. 
The reaction mixture was then poured into ether, 100 rnL. and the 
precipitate was filtered, washed with ether and petroleum ether, and 
then dried. The crude yield was 1.25 g. This material was dissolved in 
CH2C12, 150 mL, and methanol, 10 mL, and then poured into ether, 
200 mL. The precipitate, 850 mg, had mp 130- 133°C. The solid was 
dissolved in CHCl?, 200 mL, and methanol, 3 mL, and poured into 
ether, 250 mL; after cooling in ice, 624 mg of solid, mp 133-134"C, 
was recovered. Recrystallization from methanol : acetic acid : ben- 
zene : ether 5 : 5 : 20: 10 gave mp 135- 136°C. Recrystallization from 
acetic acid:ethanol, with cooling to -10°C gave mp 137-138°C. 
200 MHz 'H-nmr spectrum (DMSO-d6): 6: 3.27 (A2B2 pattern). 
4H, Ar-CH2-CH2-CO; 3.76 (s), 9H, N-CH3; 7.71 (d, J = 
9.4 Hz), 1H, nitrophenyl C6-H; 7.5-8.8 (complex), 9H, phen- 
anthryl H; 8.55 (d of d, J = 3.2, 9.2 Hz), lH,  nitrophenyl C5-H; 
8.82 (d, J = 3.4 Hz), 1H, nitrophenyl C3-H. Peaks attributed to 
the trimethylammonionitrophenyl residue are assigned by comparison 

with a spectrum of the phenol. 200 MHz 'H-nmr (DMSO-d,) 6: 3.71 
(s), 9H, N'(CH3)3: 7.32 (d, J = 9.4Hz), lH,  C6-H; 8.24 (d of d, 
J = 9.4, 3.2Hz), lH,  C5-H; 8.49 (d, J = 3.4Hz), 1H, C3-H. 

Spectra in DMSO of all of these esters had signals corresponding to 
minor amounts of unesterified phenols, signals which grew in intensity 
after the DMSO solutions were kept at room temperature for a few 
hours, and which became major ones after heating. It was confirmed 
by taking a spectrum of the acetate that this compound, which had a 
reasonably sharp melting point, 155-158"C, lit: mp 152-155°C (21); 
mp 154- 156.5"C (4), also appeared contaminated in DMSO. It seemed 
likely that solvolysis was occurring in DMSO. 

Spectrophotometric analysis for trimeth~~lammonionitrophenyl esters 
Stock solutions of the phenol and the esters were made up in purified 

acetonitrile. The absorbance changes at 400 nm were determined for 
replicate injections, and the extinction coefficients determined. Com- 
pound, extinction coefficient (number of injections); 4-hydroxy-3- 
nitrophenyltrimethylammonium iodide, 4940 2 20 (7); 14c, 4970 * 
20 (5); 15c, 4920 ? 40 (8); 16c, 4920 i 50 (6). We conclude that these 
esters are pure within the limits of this assay, i.e. 1%. 

Kinetics 
Kinetics experiments were carried out as previously described (5). 

A stock solution of 13 was prepared from 6.00 mg 13.6HC1 in 2.0 mL 
water. Initial experiments were carried out using pH 8 tris buffer, as 
previously employed (5), but we encountered severe problems of 
non-reproducible rates, and spuriously fast reactions, which have been 
seen in other reactions (10). The kinetics reported in Table 1 were 
carried out using borate buffer, ionic strength 0.1, pH 8.00 (22); 
0.0928 M B(OH)3, 0.0072 M NaOH. and 0.0928 M KCI. Stock 
solutions of the esters were prepared in purified acetonitrile. 

Data were fitted to theoretical equations by weighted least squares 
(5,23,24), using suitable computer programs. Kinetics data were fitted 
to y = a l  + a z  exp (-a3t),  y = a l  + a2 exp (-a3t) + a4t,  or 
y = a l  + a 2  exp (-a3t) + a, exp (-a5t).  
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The pK, values of simple aldehydes determined by kinetics of chlorination 
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J. PETER GUTHRIE and JOHN COSSAR. Can. J. Chem. 64, 2470 (1 986). 
From the kinetics of chlorination of acetaldehyde and isobutyraldehyde we have been able to determine the pK, values of the 

free aldehydes (corrected for covalent hydration) as 16.9 t 0.5 and 15.7 t 0.5, respectively. These values are in reasonable 
accord with other work and show that our kinetic method for ketone pK,'s can be extended to aldehydes. For isobutyraldehyde 
the transition from rate-determining halogenation to rate-determining enolization occurs at [OCl-] values around M for 
hydroxide concentrations of 0.1 to 1. For acetaldehyde the transition would only occur at much higher [OCI-1. 

J. PETER GUTHRIE et JOHN COSSAR. Can. J. Chem. 64, 2470 (1986). 
En se basant sur la cinetique de la chloration de I'acCtaldChyde et de I'isobutyraldthyde, on a pu dCterminer que les valeurs des 

pK, des aldehydes libres (corrigees pour I'hydratation covalente) sont respectivement 16,9 t 0,5 et 15,7 ? 0,5. Ces valeurs sont 
en bon accord avec d'autres travaux et ces concordances dkmontrent que notre m6thode cinetique pour dCterminer des pK, de 
cCtones peut &tre Ctendue aux aldehydes. Dans le cas de l'isobutyraldChyde, la transition entre une halogination qui determine la 
vitesse de la reaction et une Cnolisation qui dCtermine la vitesse de la rCaction se produit a des valeurs de [OCl-] qui se situent 
autour de M pour des concentrations d'ions hydroxydes allant de 0,l a 1 M. Dans le cas de I'acCtaldehyde, la transition 
ne se produirait qu'8 des valeurs beaucoup plus Clevtes de [OCI-1. 

[Traduit par la revue] 

Introduction 
We have reported (1-3) a method for determining the pKa 

of a simple ketone by analysis of the kinetics of alkaline 

0 0- 
I I I 

R1R2CH-C-R3 R1R2C=C-R3 + H+ 

halogenation. The kinetics are normally carried out with the 
halogenating agent in excess, under pseudo-first order condi- 
tions, so that 

u = kOb, [ketone] 

kobs = k2 [halogen] total 

k2 = k20 + k 2 [ O H - ]  

The basis of the method is the evaluation of the term in the rate 
law which is first order in carbonyl compound and first order in 
halogenating agent, but zero order in base; this is expressed as 
k20. Such terms were first detected by Bartlett (4, 5 ) .  We have 
shown (1, 2) that these terms represent diffusion-controlled 
reaction of the enolate with the hypohalous acid, i.e. the 
conjugate base of one reagent and the conjugate acid of the 
other. The other term in the rate law, k2-, represents reaction of 
the enolate ion with the hypohalite ion. The pKa of the carbonyl 
compound is then easily calculated from: 

[ I ]  log k20 = log kdiff + p~~~~~ - pKaK 

where kdiff is the rate constant for a diffusion-controlled 
reaction, p ~ a H O X  is the acid dissociation constant for the 
hypohalous acid, and p ~ a K  is the acid dissociation constant 
for the keto tautomer of the carbonyl compound. We have 
examined the question of the best value to use for the rate 
constant of a diffusion-controlled process involving an un- 
symmetrical reagent such as a carbon-carbon double bond and 
proposed that the best value is log kdiff = 9.2 0.5 (2). A value 
of this magnitude, kdiff = (2.8 * 0.2) X 1 O9 M -  ' s ', has been 
reported recently for the reaction of bromine with acetophenone 
en01 (6). 

' ~u thor  to whom correspondence should be addressed 

Recently Kresge has reported a pK, of 15.49 i 0.04 for 
isobutyraldehyde (7 ) ,  based on measurements of the rates of 
ketonization of the enolate and of base-catalyzed enolization. 
Kresge has also determined a pK, of 16.73 i 0.06 for 
acetaldehyde (8, 9). 

In addition to our work on acetone (1-3) we have been 
investigating a number of other ketones in work now nearing 
completion, and have examined the question of whether our 
method can be applied to simple aldehydes. We wish now 
to report a determination of the pK, of acetaldehyde, and a 
less detailed examination of the behavior of isobutyraldehyde 
showing that our method is consistent with the results of Kresge 
and co-workers (7, 10). 

Results 
When the observed pseudo-first order rate constants for the 

chlorination of acetaldehyde with hypochlorite in excess are 
plotted vs. [OCl- 1, good linear relations are obvious; see Fig. 1. 
For some of the sets of data the best straight lines appeared to 
have non-zero intercepts. When straight lines arc fitted to the 
data by least squares it is found that the intercepts are small and 
show little sign of any simple dependence upon the hydroxide 
concentration. For some of the data sets it was noticed that the 
point at highest [OClp] falls below the line determined by the 
other points. This suggests that the first signs of curvature are 
being detected; the data do not, however, define a curve. The 
best data treatment appears to be the use of straight lines 
constrained to pass through the origin. As shown in Fig. 1, such 
lines give a reasonable description of the data, and correspond to 
the expected pattern. 

The slopes of these plots constitute the apparent second 
order rate constants for the chlorination reaction: when they 
are plotted against [OHp],  as shown in Fig. 2,  the trend is 
monotonic, but non-linear. It is, however, necessary to correct 
for both addition of water and ionization of the hydrate, as 
shown in Scheme 1 .  Good values for Kh (1 1) and Kh- (12. 1 3 ) ~  
are available and permit calculation of corrected rate constants 

'we thank Professor Kresge for con~municatlnp this result prior to 
its publication. 

3 ~ h -  = K,/K, ;  pK, = 13.57 (12, 13). 
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e k - p p L  ----, 

0 3 2 E 4 a 
1213 [[lcl-l  

FIG 1 Kinetics of chlorination of acetaldehyde at various hydrox- 
lde concentrat~ons Successive offsets of 0 5 in lo3 k have been added 
to the rate constants so that the different data sets do not overlap (-) 
[OH-] = 0 026, ( - . - . )  [OH-] = 0 054, (- .  .-) [OH-] = 0 106, ( - - )  
[OH-] = 0 243, (--) [OH-] = 0 486. (---) [OH-] = 0 984 

0 L p p  1 
0 a a 5 ! 0 

i 3 H  ' 
FIG 2 Pseudo-second order rate constants for the chlorination of 

acetaldehyde ( A )  kz,,, , the slopes derived from Flg 1, (0) kzLo,,  
the same values corrected for hydration and hydrate anion formation 
as described In the text 

corresponding to reaction of the free aldehyde. When these 
kc,, values are plotted against [OHp], as shown in Fig. 2, an 
excellent straight line results. with a slope of 2.10 -+ 0.02 and 
an intercept of 0.769 t 0.0022. This leads to a carbon pK, for 
the aldehyde of 16.8 t 0.5. 

FIG. 3. Kinetics of chlorination of isobutyraldehyde at various 
hydroxide concentrations. The lines were determined by least squares 
fitting: (E) points included in the least squares fitting; (0) points 
omitted in the least squares fitting. 

One process which might lead to non-zero intercepts for 
plots of kobs VS. [OCl-] at fixed [OH-], corresponding to 
hypochlorite independent consumption of acetaldehyde, would 
be aldolization. However, the equilibrium constant for this 
process is only 400 M-' (14) and it would not proceed to a 
significant extent at lop4 M acetaldehyde. 

When the observed pseudo-first order rate constants for the 
chlorination of isobutyraldehyde are plotted vs. [OCl-] at fixed 
[OHp] a non-linear dependence is obvious, see Fig. 3,  with 
leveling off at high [OCl-1. The data were fitted to eq. [2] by 

non-linear least squares. For each of two sets of data one point 
was clearly divergent from the line defined by the others; in 
the final calculations these two divergent points were omitted. 
The theoretical lines based on the least-squares parameters are 
shown in Fig. 3. 

In analyzing the hydroxide and hypochlorite dependence of 
these kinetics we make use of the mechanism shown in Scheme 
1. In terms of this mechanism, the observed rate constant is 
given by eq. [3] 

[3] kobs={kl[OHpl/{l + K h ( l  + Kh-[OH-l)))/ 
(1 + k p l / { k 2 0 ~ , / ~ ~ 0 C ' [ O ~ - ]  + k2)[OC1-1) 

Kh ,  the equilibrium constant for hydration of isobutyraldehyde, 
and Kh-, the equilibrium constant for ionization of the hydrate, 
are available from the work of Hine et al. (15). The quantity 
kl[OHP] can be extracted from the a l  values using these 
equilibrium constants. At 0.034 M OHp k,  [OH-] is 0.00500 t 
0.00008; at 0.106 M OH- kl[OH-] is 0.0153 1 0.002; at 
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TABLE 1.  Kinetics of chlorination of aldehydesa 

[Aldehyde] X 10" [OH-] 

( a )  Acetaldehyde 
1.510 1.171 
0.685 0.098 
0.360 0.049 
0.769 0.0866 
0.148 0.044 
0.284 0.071 
0.486 0.077 
1.257 0.140 
0.224 0.0293 
0.544 0.0654 
0.144 0.0214 
0.470 0.0585 
0.672 0.0837 
1.177 0.142 
1.761 0.224 
0.268 0.0370 
0.669 0.0849 
0.181 0.0251 
0.812 0.1183 
1.351 0.188 
0.317 0.0495 
1.037 0.145 

(b) Isobutyraldehyde 
0.9308 0.0983 
0.4708 0.0513 
0.2973 0.0433 
0.1810 0.0299 
0.0995 0.0137 
0.0933 0.0124 
0.1689 0.0175 
0.2096 0.0433 
0.384 0.0402 
0.6175 0.0563 
1.013 0.1189 
1.397 0.1671 
0.3304 0.0515' 
0.6639 0.0831' 
1.261 0.1489' 
1.329 0.1490' 
1.345 0 . 1 3 5 3 ~  
2.539 0.2747~ 

"All in aqueous solution at 25'C, ionic strength = 1.0 M (KC]). Data were fitted to y = A ,  + A, exp (-A,t) or 
y = A + A ,  exp (-A3t) + A4t. Quantities in parentheses are estimated standard deviations of the parameters calculated by the 
least-squares program. The calculated standard deviations for A ,  and A ,  were C0.001 in all cases except the last entry in the 
table (where A,  = 2.439) for which both were ca. 0.002. All reactions in cells with 1 cm path unless noted. 

b10 cm path length. 
'5 cm path length. 
d2 cm path length. 

0.992 M OH- it is 0.140 -+ 0.006. From these values kl = 

0.145 ? 0.001 was calculated, which is in excellent agreement 
with Kresge's value of 0.142 + 0.01 1 (10). The apparent 
second order rate constant, which would be obtained directly at 
very low [OCl-1, can be calculated as al/a2. The values so 
obtained are 12.13 -t 0.85 ([OHp] = 0.034); 19.1 i 0.7  
([OH-] = 0.106); and 106 i 13.8 ([OHp] = 0.992); seeFig. 4.  
Uncertainties in the apparent second order rate constants were 
calculated including the covariance between a l  and a2 (16). 
After correcting for hydration and hydrate anion formation we 
obtain 19.6 t 1.4, 31.8 -+ 1.1, and 235 + 3 1, respectively. 
Least-squares fitting gives k2 = (12.17 i 2.43) + 1190.7 i 

27 .O) [OH-]. From the intercept we calculate (2) a pK, value of 
15.67 1 0.51. Kresge et al. reported 15.49 1 0.04 (7). 

Discussion 
It is a striking observation that the kinetics of alkaline 

chlorination of acetaldehyde show almost no signs of a tendency 
to undergo a change in rate-determining step with increasing 
[OCl-] in the range covered by our experiments, while for 
isobutyraldehyde the change in rate-determining step is quite 
apparent, and indeed becomes nearly complete at low [OH-]. 
A major reason for the difference lies in the carbon acidities of 
the two carbonyl compounds, and in the fact that the rates of 
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GUTHRIE AND COSSAR 

base-catalyzed proton abstraction are in the reverse order 
compared to acidity. The pK, values are 16.8 and 15.7, and 
the rates of proton abstraction are 1.17 M-' s-' (9)2 and 
0.145 M-' s-' for acetaldehyde and isobutyraldehyde. As a 
consequence the rate of reprotonation of acetaldehyde enolate 
by water is about 100 times faster than for isobutyraldehyde 
enolate. Since partitioning between the two available paths 
determines which step is rate determining, a larger rate constant 
for reprotonation of the enolate will require a higher [OClp] 
to cause a change in rate-determining step, if the rates of 
halogenation of the enolates are the same. This is the case at 
low [OHp], where diffusion-controlled reaction with HOCl 
dominates the kinetics of halogenation. At high [OHp] the rate 
of halogenation is dominated by the contribution from reaction 
of OC1- with the enolate. These rate constants are not expected 
to be the same, and are well below the diffusion-controlled 
limit. Surprisingly, however, it seems unavoidable to conclude 
that the relative rates of the reactions of the enolates with OC1- 
are in the unexpected sense, with isobutyraldehyde being the 
more reactive. Thus the more hindered and the more stable 
enolate is the more reactive. The rate constants for the reactions 
of the enolates with OClp are 1.3 X lo3 for acetaldehyde and 
9.5 x lo3 for isobutyraldehyde. A possible explanation for this 
unexpected order might be a transition state for the reaction of 
enolate with hypochlorite ion which resembles a charge transfer 
complex between the alkene and hypochlorite ion. 

The change in absorbance for each reaction provides a 
measure of the stoichiometry. Although there is considerable 
scatter in the values for both aldehydes, it seems clear that for 
acetaldehyde the stoichiometry is greater than 2 but less than 3. 
There is no clear dependence of the observed stoichiometry 
upon the hypochlorite concentration. For isobutyraldehyde the 
observed values scatter about the expected value of 1 .  Observa- 
tion of a stoichiometry less than 3 for acetaldehyde suggests 
that for this compound as for acetone (3) hydrolysis of the 
intermediate partially chlorinated aldehydes is a major side 
reaction. 

Our method for the determination of pK, values of simple 
carbonyl compounds has now been shown to work for aldehydes 
as well as ketones. The major disadvantage of the method is that 
it relies upon an imprecisely known value of the rate constant 
for a diffusioc-controlled reaction. Although the uncertainties 

FIG. 4. Pseudo-second order rate constants for the chlorination of 
isobutyraldehyde: ( A )  k2app, the values derived from the data in Fig. 1; 
(0) kz,,,, the same values corrected for hydration and hydrate anion 
formation as described in the text. The line is calculated by weighted 
least squares. 

in this value will diminish as more absolute determinations 
become available, it will probably be found to vary for different 
compounds and/or reactions even though it is very insensitive 
to the chemical nature of the reaction occurring after diffusion. 
The major advantage of the method is that it uses standard, 
widely available, apparatus and inexpensive chemicals. 

Experimental 

Materials 
Isobutyraldehyde, Aldrich 98%, was distilled at atmospheric pres- 

sure and the middle fraction boiling at 62-63OC was used for kinetics. 
A stock solution, 0.168 M ,  was prepared using glass-distilled water as 
solvent. 

Acetaldehyde dimethyl acetal, Eastman, was distilled at atmos- 
pheric pressure and the middle fraction boiling at 63-64'C was used for 
kinetics. Weighed amounts of the acetal were hydrolyzed in 0.001 M 
HC1 (4 h at room temperature). neutralized to pH 8 (pH meter) using 
1 M NaOH, and then made to a known volume with water. Two stock 
solutions, 0.191 M and 0.0446 M ,  were used. 

Solutions containing sodium hydroxide and sodium hypochlorite 
were made up and titrated as previously described (2, 3). The ionic 
strength was held at 1 M using KC1. 

Methods 
Kinetics procedures were as previously described (2, 3). Reactions 

were initiated by injecting small volumes of an aldehyde stock solution 
into alkaline hypochlorite solution; the volume change was always less 
than 1 % . 

Calculations. Data were fitted to theoretical equations by non-linear 
least squares (16, 17), using computer programs written for the 
purpose. 
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COMMUNICATION 

Total syntheses of the sesquiterpenoids ( + )-axamide-1, ( ir: )-axisonitrile-1, 
and the corresponding C-10 epirners 
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EDWARD PIERS and BIK WAH ANISSA YEUNG. Can. J .  Chem. 64, 2475 (1986). 
Total syntheses of ( * )-axamidel (I),  ( + )-axisonitrile- 1 (2), and the corresponding C- 10 epimers 16 and 17 are described. 

The key steps of the synthetic sequence involve methylenecyclohexane annulation of 2-methyl-2-cyclopenten-I-one and 
TiC1,-catalyzed conjugate addition of 3-methyl-1,l-bis(trimebhy1siloxy)-1-butene to the bicyclic enone 8.  

EDWARD PIERS et BIK WAH ANISSA YEUNG. Can. J .  Chem. 64, 2475 (1986). 
On decrit les synthkses totales des (+)-axamide-l (I) ,  (5)-axisonitrile-1 (2) et de leurs kpimkres en C-10, 16 et 17. 

Les Ctapes clCs de la synthbse impliquent I'annelation de la mkthyl-2 cyclopentene-2 one-1 avec le mCthylenecyclohexane et 
I'addition conjuguke. catalysee par le TiCl,, du mCthyl-3 bis(trimCthylsiloxy)-1,l buthe-l  sur l'knone bicyclique 8.  

[Traduit par la revue] 

The structurally unusual natural products ( + )-axamide- I ,  
( + )-axisonitrile- 1 ,  and ( + )-axisothiocyanate- 1, isolated from 
the marine sponge Axinella canrzabina, have been shown to 
possess the constitution (1) and absolute stereochemistry (2)' 
depicted in structural formulas 1-3, respectively. These sub- 
stances, which belong to the relatively small group of axane- 
type sesquiterpenoids (carbon skeleton 4), appear to be bio- 
genetically related to the eudesmane family of terpenoids 
(carbon skeleton 5). We report herein a total synthesis of ( 2 )-1 , 
(2 ) -2 ,  and the corresponding C-10 epimers (16 and 17, 
respectively) via a route (see Scheme 1) in which our recently 
developed methylenecyclohexane annulation method (3) played 
a key role. 

1 R = NH-CHO 4 5 
2 R = N ~ C  
3 R = N=C=S 

Conjugate addition of 2-(5-chloro-I-penteny1)magnesium 
bromide (3) to 2-methyl-2-cyclopenten-1-one (6) and sub- 
sequent intramolecular alkylation of the resultant product 
provided (85%) the cis-fused bicyclic ketone 7.2 Conversion 
(4) of 7 into the corresponding a-bromo ketone, followed by 
dehydrobromination (5) of the latter substance, gave the enone 8 
(77% from 7).  Interestingly, at least under the conditions 
employed for the formation of 8, the exocyclic double bond 
showed no inclination to migrate into conjugation with the 
enone function. 

It is evident from an examination of molecular models that 

'1n ref. 2a,  the absolute configuration at C-10 of compounds 1-3 
is depicted incorrectly. 

2 ~ 1 1  compounds reported herein exhibited spectra in accord with 
structural assignments. New compounds gave satisfactory molecular 
mass determinations (high resolution mass spectrometry). 

conjugate addition to the enone system of 8 would occur 
preferentially from the convex (6 )  face of the molecule. In the 
event, treatment of 8 with 3-methyl-1,l-bis(trimethylsi1oxy)- 
1-butene3 in the presence of TiC14 gave, in 88% yield, a mixture 
of two keto acids 9 and 10, in a ratio of about 3: 2, re~pect ively .~  
Separation of this mixture by a combination of fractional 
crystallization and column chromatography (silica gel) pro- 
vided the pure substances 9 (44%, mp 172-173°C) and 10 
(32%, mp 120-121°C). Removal of the keto function from 
9 by Wolff-Kishner reduction gave the acid 115 (90%, mp 
120-121°C), which was converted via the acid chloride 12 
into the acyl azide 13. Curtius rearrangement of the latter 
substance, followed by treatment of the resultant isocyanate 
with 2-trimethylsilylethanol (7), afforded the crystalline carba- 
mate 14 (mp 79.5-80.5"C, 89% from 11). Reaction of 14 
with tetra-n-butylammonium fluoride (7) provided (72%) the 
primary amine 15, which, when treated with acetic formic 
anhydride (8) gave ( i )-axamide-1 (I) ,  a viscous oil, in 90% 
yield. 

The 'H nmr spectrum of ( 2 ) - 1  indicated that it consisted of 
a 3:2 mixture of rotamers associated with the amide linkage. 

3 ~ h i s  reagent was prepared (86%) by treatment of 3-methylbutanoic 
acid with LiNPri (2.2 equiv.) in dry tetrahydrofuran (THF) - hexa- 
methylphosphoramide, followed by trapping of the resultant dianion 
with Me3SiC1 (2.4 equiv.). 

4~i tanium tetrachloride-catalyzed addition of ( E ) -  1 -ethoxy -3  - 
methyl-1-trimethylsiloxy-1-butene to the enone 8 (see ref. 6) provided 
(89%) a mixture of ethyl esters corresponding to 9 and 10 (ratio = 
45:55, respectively). Hydrolysis of this mixture with potassium 
hydroxide in refluxing ethanol was slow and caused (some) syntheti- 
cally unproductive epimerization of the chiral center adjacent to the 
ester function. Acids 9 and 10 were produced in a ratio of about 
1 :2, respectively (82% yield). 

the 'H nrnr spectrum of 11, the angular ((2-8) proton gives rise 
to a doublet (J = 10.5 Hz) at 6 1.86. In what appears to be the most 
stable conformation of 11, the dihedral angle between the trans- 
related protons at C-8 and C-1 (axane numbering) is close to 180' 
and, thus, the observed coupling constant is consistent with the 
assigned stereochemistry. Similar observations were made for 10-epi- 
11 (Wolff-Kishner reduction product of 10). 
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QHH - QHH - qHH QHR 

R . R-N ' H .  
i- H / z  O/-- r 

1 R = i'jH,CHO 14 R = C02(CH2)2SiMe3 11 X = OH 16 R = NH-CHO 
2 R = N - C  1 5 R = H  12 X = C1 17 R = N* 

13 X = N, 

(a) 2-(5-Chloro-1-pentenyl)magnesium bromide ( 1.3 equiv.), CuBr.Me2S (0.32 equiv.), BF?.Et20 
(1.3 equiv.), THF, -7S°C, 3 h; NH4CI, H20;  (b) KH, THF, room temperature, 2 h; (c) LiNPr;, 
THF, -78°C; Me3SiC1, -78°C to room temperature, 1.5 h; (d) N-bromosuccinimide, THF, O0C, 15 
min; (e) LiBr, Li2C03, N,N-dimethylfonnamide, reflux, 3 h: (f) 3-methyl-1.1-bis(trimethy1siloxy)- 
1-butene, TiC14, CH2CI2, -78°C. 2 h; HZO: (g) H2N-NH2, diethylene glycol, 1 IVC,  3 h: 190"C, 30 
min; cool, add KOH, then heat at 1903C, 6 h; H-; (h) (COCI)>. PhCH3, room temperature; (i) NaN3, 
acetone-H,O, 0°C; (j) PhCH,, 80°C. 2 h: Me3SiCH2CH20H. PhCH?, 80°C. 20 h; ik) n-Bu4NF, 
THF, 50°C, 35 min; (1) CH3CO2CHO, EtzO, room temperature, 10 h; (m)  p-toluenesulfonyl 
chloride, pyridine, room temperature, 3 h. 

SCHEME 1 

Comparison of the (limited) spectral data reported (1 b) for w,,, = 15 Hz), 4.72 (t, 1H: J = 2 Hz), 4.80 (t, 1H, J = 2 Hz). 
natural (+)-axamide-1 with those exhibited by our synthetic The chromatographic behavior (glc) and 'H nmr spectrum of 
material did not lead to an unambiguous conclusion regarding (?)-I7 were clearly different from those of natural (+)- 
compound identity. However, dehydration (9) of ( t )-I afforded axisonitrile- 1 .6 

(86%) (t)-axisonitrile-1 (2), which exhibited mp 45-46°C 
(recrystallization from petroleum ether); ir (CC14): 3070, 2 136, Acknowledgements 
1645, 1390, 1376, 899 cm-'; 'H nmr (CDC13, 400 MHz) 6: We are grateful to the Natural Sciences and Engineering 
0.88, 1.03 (d, d ,  3H each, J = 6.5, 6.5 Hz), 0.99 (s, 3H), Research Council of Canada, Merck Frosst Canada, Inc., and 
1.20-1.26(m,1H),1.41-1.57(m,5H),1.60-1.71(m,1H), MerckandCo.Inc.forfinancia1support. 
1.96-2.12 (m, 3H), 2.15-2.22,2.18 (superimposed m, d (J = 
1C. Hz), respectively, 2H), 2.42-2.52 (m, IH), 3.20-3.26 1. ( a )  F. CAFIERI, E. FATTORUSSO, S. MAGNO, C.  SANTACROCE, 
(m, 1H, w l , ~  = 17 HZ), 4.79-4.85 (m, 2H, w l , ~  = 5.5 Hz). and D. SICA. Tetrahedron, 29,4259 (1973); (b )  E. FATTORUSSO, 
The chromatographic behavior (glc, tIc) and the 400-MHz S. MAGNO, L. MAYOL, C.  SANTACROCE, and D. SICA. Tetra- 
1 H nmr spectrum of our synthetic (*)-I were found to be hedron, 31, 269 (1975). 

identical with those of an authentic sample of (+)-axisoni- 2. ( a )  M. AD'NOLF', L. DE NAPOLI, B. DI BLASIO, A. IENGO. C. 

trile- 1 . PEWNE, and C.  SANTACROCE. Tetrahedron Lett. 28 15 (1977); 
(b) A. IENGO, C.  SANTACROCE, and 6. SODANO. Experientia. 35, Subjection of the keto acid 10 to a sequence of reactions very 10 (1979). 

similar to that described above provided ( ? )-10-epi-axamide- 1 3, E, and B,  W, A ,  YEUNG, J, Org, 49, 4567 (1984). 
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Maddox, and Greg Gerhardt. Can. J .  Chem. 58, 1198 1250 (1986). The chlorination of acetone: a complete kinetic 
(1980). Acylation of aromatic substrates with ketenes. An analysis. 
example of vinyl oxocation reactivity. Page 1262. The expression for the stoichiometry of chlorina- 

Page 1201. In Table 6 (Substrate specificity for diphenyl- tion of acetone should be: 
ketene), the first entry under "Area ratio (mols/mol)" should 
read 189 instead of 18.9. nacetone = 1 + f l ( l  +f2) + (1 - f l )  + [(I - f l )  
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Page 1264. Figure 7, which is calculated using this expression 
K. R. Fountain, Pamela Heinze, Dave Maddox, Greg should be: 
Gerhardt and Paul John. Can. J .  Chem. 58, 1939 (1980). 
Acylation of aromatic substrates with ketene. 11. Hammett- 
Brown studies on substituted aromatic compounds. 

Page 1944. The last paragraph on the right hand column 
"The results for the 5: 1 experiment were used to determine the a, 

C toluene/benzene ratio as follows." should read "The results of 9 
the 5 : 1 experiment were used to calculate the partial rate factor 8 
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FIG. 7. Stoichiometry for chlorination of acetone in aqueous alkali. 

Number of moles of hypochlorite consumed per mole of acetone 
reacting, as a function of hydroxide and hypochlorite concentrations. 
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